
lirtskh Vol. 37, No. 2.5. pp. 4521 to 4342.liel 
Plintcd in Greal Britain. 

GENERAL APPROACH FOR THE SYNTHESIS OF 
POLYQUINANES. FACILE GENERATION OF 
MOLECULAR COMPLEXITY VIA REACTION 

OF 1,2-DICARBONYL COMPOUNDS WITH 
DIMETHYL 3-KETOGLUTARATE 

R. MITSCHKA. J. OEHLDRICH, K. TAKAHASHI and J. M. COOK* 
Department of Chemistry, University of WisconsirtMilwaukee, Milwaukee, Wl53201, U.S.A. 

U. WEISS* 
Laboratory of Chemical Physics, National Institute of Arthritis, Diabetes, Digestive and Kidney Diseases, 

Bethesda, MD 20205, U.S.A. 

and 

J. V. SILVERTON 
National Heart, Lung and Blood Institute, Bethesda, MD 20205, U.S.A. 

(Recciued in U.S.A. 3 April 1981) 

Abe&art-The condensation of dimethyl 3-ketoglutarate I with 1.2dicarhonyl compounds provides access to the 
polyquinane derivatives tricyclo[6.3.0.0’J]undecane - 3,79 - trione 27, tricyclo[3.3.3.01~]undecane 31; tetra- 
cyclolS.5.1.0’~‘3.0’o~‘3] - tridecane - 2,6,8,12 - tetraone 41; te~cyclo[6.6.O.O’~.~,“~e!~d~a~ - 2,79,14 - tetraoue 44; 
and the tet~cycl~S.S.i.0’“~13~t~decane triones 5b and 6b. The unique structure of staurane tetraone 41 has 
resulted in sonorous resolution of the two antipodes on c~stalli~t~n from DMF. In addit~n, e~mination of 
the crystal structures of tetraones 41 and 44, in terms of strain energy, coupled with tbe steric accessibility of the 
@diketone functionality contained in 41 and 44 have heen employed to explain why tetraone 44 and trione 27 
undergo a retroClaisen reaction (CH>OH) more rapidly than staurane tetraone 41. 

The synthesis, physical properties and chemical reac- 
tivity of di- and polycyclic condensed ring systems 
composed of cydohexane units have tong been the 
object of intense study. In contrast, relatively little 
attention has been paid until recently to the analogous 
cyc~open~no~ systems. Yet questions related to con- 
formation, chemical ~havio~, and perhaps phar- 
macological action of such compounds definitely deserve 
investigation. In addition, substances with carbon 
skeletons derived entirely, or in part, from di- and tri- 
cyclopentanoid systems have been found in nature; dis- 
covery of many additional compounds of this type may 
be confidently expected. 

We have been involved for some time”Ub in the 
development of a general method for the preparation of 
polyquinanes, and some of the systems of interest for the 
initial phases of this investigation are depicted in Fig. I. 
Our synthetic strategy was based on the earlier obser- 
vation that two molecules of dimethyl 3-ketoglutarate 1 
reacted with one molecule of giyoxal2 in aqueous acidic 
solution to provide modest and somewhat erratic yields 
of tetramethyl cis - bicycloI3.3.0Joctane - 3.7 - dione - 
2,4,6,8 - tetracarboxylate 3: a substance which had been 
obtained previously by a much more involved proce- 
dure.’ Acid-catalyzed hydrolysis, followed by spon- 
taneous decarboxylation of the resulting #Lketoacids 
gave cis - bicyclo[3,3,0loctane - 3,7 - dione 4. The 
reaction of 1 with 12dicarbonyl compounds other than 2 
established’ the generality of the process. For example, 
P~Nvaidehyde and biacetyl gave the I-monomethyl and 
IJdimethyl analogs of 3, respectively, while alicyclic 

12diones provided the corresponding [n.3.3] propellane 
derivatives. 

In a synthetic (not electronic) sense, the generation of 
two five-membered rings from reaction of 1 and 2 
parallels the generation of two six-membered rings in the 
Dieis-Alder reaction, as illustrated at the bottom of 
Scheme I. Consequently this facile production, albeit in 
low yield (15%). of two polyquinane rings from aliphatic 
precursors led us to investigate this condensation under a 
variety of conditions in order to explore the synthetic 
potential of this process. 

Several other j3-ketoesters were produced from 1 and 
2 which contributed to the complex nature of this 
process; these compounds 5s: 6aP la,’ &,‘1 and 9n8 are 
illustrated in Scheme 2. The endocyclic and exocyclic 
triketones Sn’ and 60: respectively, are members of the 
polyquinane series represented by structure F (see Fig. 
1). The structures of the polycyclic products fa-7a, as 
well as their co~esponding hydrolysis products 5&7b, 
have been confirmed by spectroscopyS-8 and in some 
cases by X-ray analysis?.’ In addition, the structures of 
the trione 8b and the cage compound 9b have been 
reported in an elegant piece of work by Bertz.* 

Careful examination of structures Sa-& in a retrosyn- 
thetic sense, provided the first clue to the low yield of 3 
in the earlier work for many of the /3-ketoesters &&I 
appeared to be reaction products of 1 and 2 with 3.9 
Apparently, dimethyl &ketoglutarate 1 and glyoxal 2 
were present in equilibria with intermediates in the reac- 
tion medium which event~ly led to the numerous 
products shown in Scheme 2. 
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In au attempt to improve the yield of the desired 
b~yclo[3.3.0~~ system in the ~~n~~n it was 

glyoxal (or equivalent) with one molecule of dimethyl 

decided to explore the mechanism of this sequence to 
3-ketoglutarate to generate the &hydroxy-ketone IO. 

determine what parameters had a direct effect on the 
This hydroxy-ketone could then undergo a second aldol 

formation of 3. The mechanism initially proposed* ten- 
reaction to provide 13 foliowed by loss of a molecule of 
water to generate the key intermediate 14, a 4 - 

ted on the aldol condensation of one molec& of hydroxycyclopent - 2 - enolone. This material 14 would 
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not be expected” to lose another molecule of water 
since this would generate a high-energy cyclo- 
pentadienone; however, the quite reactive enone system 
of 14 would be an ideal Michael acceptor. Addition of a 
second molecule of 1 to the enone 14 followed by the 
series of steps outlined in Scheme 3 (14+ IS + 16) would 
provide 3. 

Much time and effort has been spent in our laboratory 
in an attempt to isolate intermediates in this sequence, 
especially the I:1 adduct similar in structure to the 
4hydroxycyclopentenolone 14. In the earlier work,29 
when 12diones such as glyoxal, biacetyl, pyruvalde- 
hyde, cyclohexane - I,2 - dione, etc. were reacted with 1, 
no I:1 adducts were either isolated or trapped. Use of a 
hindered 12dione, however, such as camphorquinone, 
which could not add a second molecule of 1, did provide 
a I:1 adduct. This compound was shown to be a dihy- 
droxydihydrofuran 17 rather than a 4 - hydroxycyclo - 
pentenolone. Moreover drastically different reaction 
conditions provided the furan (from cyclododecanedione 
and 1. pTsA, A) 18;” again a molecule which could be 
derived from a dihydroxydihydrofuran. The isolation of 
furans 17 and 18 coupled with the lability of lf toward 

retro-aldol reactions, led us to modify our initial 
mechanistic hypothesis to include equilibration between 
the dihydroxyfuran 12 and the p-hydroxy ketone 10 oin 
the enol 11, as depicted in Scheme 3. It now became 
apparent that compounds such as 11 and 12 might well be 
present during the reaction sequence, as well as the other 
products depicied in Scheme 2. Efforts to isolate a 
B-hydroxycyclopentenolone were eventually rewarded 
when I ,2diones such as benzil and phenanthrenequinone 
were stirred with 1; however, the condensation did not 
take place until strongly alkaline conditions were 
employed, and hydroxycyclopentenolones such as 19” 
do not add another mole of 1 to the enone.” Even 
stronger evidence has been forthcoming recently for the 
origin of intermediates such as 14 in the condensation. 
Careful examination of the structure of the cage com- 
pound 9b8 clearly indicated this molecule can be derived 
by an intermolecular condensation between two mole- 
cules of 14; furthermore, our efforts to trap a 1:l inter- 
mediate in the alicyclic area have recently resulted in the 
characterization of the crystalline Chydroxycyclopen- 
tenolone 21” (from biscyclohexyldiketone). The pre- 
paration of furans 17 and 18 and enones 19 and 21, 
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coupled with the isolation of 9b from the original reac- 
tion of 1 with 2, serve to corroborate the mechanistic 
scheme proposed earlier,’ as outlined in Scheme 3. 

Based on the findings presented above an extensive 
investigation of the reaction of 1 with 2 under a variety 
of conditions (principally in aqueous buffer) has been 
carried out.68.9*‘s’ In fact, when I and 2 were reacted in 
alkaline medium**“’ only the desired tetramethyl cis - 
bicycle - (3.3.0)octane - 3,7 - dione - 2,4,6,8 - tetra- 
carboxylate 3 was produced which provides for the first 
time facile entry into the parent ring system. It is im- 
portant to mention that in alkaline solution @H = 8.3 or 
CH,OH/NaOH)**‘S’ none of the byproducts illustrated in 
Scheme 2 were observed by tic, in contrast to the con- 
densation in acidic medium. Recent evidencelsb suggests 
the mechanism, in the case of glyoxal, in alkaline media 
may be slightly different than that which occurs at acidic 
PH. 

One further point needs to be made regarding the 
condensation described in the preceding pages with 
regard to its potential as a synthetic method: The 
sequence 1 plus 2 has the merit of complete stereo- 
specificity; it leads to derivatives of cis - bicyclo[3.3.0] - 
octane in every case investigated to date. The configura- 
tion of the parent compound 4 was first demonstrated 
by Wanzlick’6 through conversion to the known cis - bi- 
cyclo[3.3.0]octane.” Since this hydrocarbon had been 
shown by Barrett and Linstead’” to be more stable, 
thermodynamically, than its truns-stereoisomer by 6- 
7 kcal/mol, this stereospecificity is not surprising. The 
mild conditions under which the condensation of 1 with 2 
occurs take definite advantage of this thermodynamic 
preference for the c&isomer. In fact, the same cis 
contiguration has been demonstrated for the ring-junc- 
tures of all compounds discussed in this paper wherever 
evidence is availabIe’.7.‘9; generally data have been 
obtained by X-ray crystallography (see Fig. 2).5.7*‘9 

Armed with the realization that condensation of 1 and 

2 was stereospecific, and that conditions could be desig- 
ned to facilitate synthesis of the simplest member 4 of 
the class in high yield,‘*“’ we studied the synthesis of a 
number of ring systems A-H, illustrated in Fig. I. Al- 
through studies directed toward construction of all the 
structures in Fig. I are in progress, only the successful 
entry into ring systems A, C, D, F and H will be 
described here, while the conversion of these molecules 
to the parent hydrocarbons will remain a topic for future 
reports. 

RMJLTS 
System A. Tricyclo[6.3.0.0’J]undecane-3,7,9-trione 21 

Initial efforts directed toward construction of ring sys- 
tems depicted in Fii. I centered on the synthesis of the 
tricyclic trione 27 (System A), as illustrated in Scheme 5. 
This arrangement of three fused, five-membered rings is 
present in isocomene,- tricyclodehydroisohumulone, a 

A tricyclodehydroisohumulone 

constituent of beer,Mb and this system also comprises a 
portion of the structure of retigeranic acid.*’ The 1,2- 
dioxo derivative 23 required for synthesis of the trione 
27 had been prepared earlier by Wolff from 35 - 
dibromolevulinkz ackln It was, however, found more 
convenient to convert levulinic acid to the S-benzylidene 
derivative, according to the method of Zaheer,= fol- 
lowed by ozonolytic cleavageU of the newly generated 
benzylidene double bond. This sequence provided 45 
dioxopentanoic acid 23 in very good overall yield from 
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22. The dioxo monoacid 23 was subsequently stirred third ring may have formed but had undergone nucleo- 
at room temp with two equivalents of 1 in citrate-phos- philic ring-opening during the workup. In a somewhat 
phate buffer (pH = 5.6) to generate a 70% yield of the similar /3-diketone, cis - bicycloI3.3.0loctane - 2,8 - 
l-substituted bicyclo[3.3.0]octanedione tetracarbocylate dione, Eaton had observed rapid ring opening on treat- 
24~. This is an extremely facile and productive manner in ment with aqueous base.= It was decided, therefore, to 
which to build up molecular complexity in the 
polyquinane area, as pointed out earlier.lb Moreover 

employ conditions for the cyclization which completely 
excluded nucleophiles from the reaction medium. This 

when the same reaction was performed in alkaline would prohibit the retro-Claisen reaction from competing 
medium (bicarbonate solution, pH = 8.3) an 80% yield of effectively with formation of the desired trione 27. Pre- 
the desired cis - bicyclo[3.3.0]octane system 24s was viously Loewenthal and Neuwirthz6 had reported the 
realized. This is in agreement with the improved yields of 
the parent system 3 when prepared at alkaline PH.‘*” 

successful cyclization of a-ketoacids, via the enol, 
catalyzed by a sulfonic acid. This method appeared very 

The tetraester 24a was converted to the pet&t-ester %&I attractive since the nucleophilic byproduct (water) could 
(CH,OH, HCI) in quantitative fashion, while hydrolysis be continuously removed by azeotropic distillation. This 
of 24a gave the key I$‘-propanoic acid - cis - bicy- approach was found to be quite successful; heating the 
clo[3.3.0] - octane - 3,7 - dione 25. The NMR, IR and monoacid Mb in benzene-dioxane solution in the 
mass spectra of these compounds were in complete presence of a catalytic amount of naphthalene - I - 
agreement with the assigned structures (see Experi- sulfonic acid furnished a good yield of crystalline tricy- 
mental). clo[6.3.0.0”]undecane - 3,7,9 - trione 27; no attempts to 
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Many efforts were made to form the third S-membered 
ring of the desired system (A). Initially, the pen&ester 
24b was treated with sodium methoxide in dry methanol; 
however, only starting material was recovered. This was 
not surprising, since the tricyclic trione prepared from 
the pen&ester 24b would be devoid of a hydrogen atom 
at the newly formed j3diketone ring juncture, and 
therefore could not form a stable enolate. This would 
permit the attack of methoxide anion on the Bdiketone 
in a retroclaisen fashion to regenerate 24b instead of the 
desired trione. In an analogous fashion the monoester 
26a was treated with bases under a variety of conditions 
(NaOCHa, CH,OH; NaOCH,, benzene; NaH, THP); 
however, these procedures always returned 26~ 

Since starting material was recovered continually from 
the base-catalyzed sequence, it occurred to us that the 

maximize this yield have been made to date. The trione 
was purified by column chromatography on silica gel 
(benzene/ethyl acetate, gradient elution). During and 
after the chromatography the trione 27 must be kept 
away from nucleophilic solvents for the Bdiketone bond 
undergoes a retro-Claisen reaction on stirring of 27 in 
methanol (see below). Analogously, the trione is regio- 
specifically transformed to the monoacid 26b when 
treated with aqueous bicarbonate. 

The structure proof for n was relatively straightfor- 
ward and based primarily on spectroscopy. The IR spec- 
trum of 27 contained bands at 1760.8 and 1734.8cm-‘, 
while a weak band at 1707 cm-’ was indicative of the 
small amount of enol present in this fldiketone system. 
These bands are similar to those of the /3-triketone, 
cis,syn,cis - tricyclo[6.3.0.ti7]undecane - 2,4,l I - trione, 
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reported by Eaton.= Further proof for the assignment 
was obtained on examination of the “C-NMR spectra of 
the monoacid ~UJ and the hiketone 27 (see Experimen- 
tal). In the carbon spectrum of %h the signal for the 
carboxylic acid carbon appeared at 177.7 ppm; however, 
on conversion of this compound to 27, this resonance 
line disappeared and a new signal was observed at 
206.5ppm. This observation is in complete agreement 
with the formation of the third S-membered ring; the 
other signals were consistent in number and chemical 
shift for a structure with the symmetry (C.) of 27. 

No direct evidence on the stereochemistry of ring 
systems in compounds 2427 is available other than 
carbon NMR data; we formulate them as c&compounds 
on the basis of the preferred thermodynamic stability of 
the ci.s - bicyclo[3.3.0]octane system alluded to earlier.‘* 
Furthermore, X-ray crystallographic analysis of the 
endo-stereoisomer Sb (Scheme 2) of the tetracyclic 
triketone obtained from 1 and gfyoxal indicated cis 
stereochemistry at all ring junctions.’ The tricy- 
clo[6.3.0.0’J]undecane system present in the pentacyclic 
sesterterpene, retigeranic acid, ’ has also been shown to 
have this &stereochemistry. While a few other syn- 
theses of tricyclo(6.3.0.0’-$ndecane systems have ap- 
peared over the last several years,= to the authors’ 
knowledge the five-step synthesis described in Scheme 5 
is the shortest, most direct route to a simple system such 
as 27. The lability of the trione 27 toward aqueous base, 
and the regiospecitic retro-Claisen ring opening of 27 in 
the presence of methanol will be discussed below. 

System C. Tricyclo[3.3.3.0’J]undecune 
Another system chosen as a target for synthesis can be 

formally recognized as the [3.3.3]propellane 31 (C, Fig. 
I). Although this symmetrical structure was interesting 
on its own merit, the fact that this hydrocarbon com- 
prises the skeleton of the natural sesquiterpene mod- 
hephen? provided further impetus for construction of 
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such a system. The ability to generate rather intricate 
polycyclopentanoid hydrocarbons again by way of the 
condensation of 1,2diones with 1 can be amply illus- 
trated by the three-step synthesis of the [3.3.3]-propel- 
lane (see Scheme 6). 

Cyclopentane - 1,2 - diones are somewhat labile in 
aqueous acidic or basic media;m*b consequently the 
condensation of cyclopentane - I,2 - dione Zs with 1 in 
acidic buffer (pH = 5.6) provided initially2 only 2040% 
yields of the (3.3.3lpropellane tetramethyltetracarbxyl- 
ate 29, moreover, yields were decidedly lower at pH = 
8.3. The corresponding condensation with cyclohexane - 
I,2 - dione had been carried out in better than 80% yield 
23’ which suggested that the lability of the dione 28 lies 
at the root of the problem. The tetracarboxylate 29, on 
hydrolysis, was converted to the propellane dione Xl 
which was subsequently subjected to Wolff-Kishner 
reduction to generate the [3.3.3]propellane 31 (C, Fig. 1). 
Several improvements in the sequence need to be men- 
tioned. The yields of the I:2 adduct 29 have been in- 
creased by addition (small portions) of the dione 28 to an 
excess of glutarate 1 at pH = 6.6 which circumvents the 
lability of said dione. In addition, the temperature of the 
medium during conversion of 29 to 30 was found to be a 
critical factor; for if this temperature was maintained at 
or near 87” the yields of 30 were observed to range from 
8740% (see Experimental for details). Finally, the start- 
ing dione 2$ previously prepared in poor yield by the 
acyloin method?2 can now be obtained readily by the 
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oxidative cleavage of Zcyclopentylidene cyclopentanone 
developed in our laboratoriesT3 The sequence of trans- 
formations outlined in Scheme 6 has also been employed 
to synthesize the [4.3.3], t6.3.31 and [10.3.3]propellanes?’ 

By use of the technology outlined in Scheme 6, the 
[3.3.3]-propellane derivatives 32 and 33 have been pre- 
pared.Y The cyclopropyl ketone 32 is available in seven 
steps from 28 while 2 - methyl - 6,8,9,ll - tetramethyl 
tetracarboxylate 33 was obtained in one step from reac- 
tion of 1 with 3 - methyl - I,2 - cyclopentanedione. The 
chemistry of these latter two systems will be reported 
elsewhere.” 

32 
..c 33, R = C02CH3 

SW 

Syslem D. Tetracyclo(S.5.1.~‘3.0’0~‘3]tridecane - 2,6,8, 
12 - tetraone (LLstaurone tetraone”) 

In the previous syntheses described here, the emphasis 
was placed on construction of polyquinane ring systems 
composed of three fused five-membered rings; however, 
the concept of a “general approach” dictates that the 
method must be capable of extension to more complex 
systems. To further explore the potential of the reaction 
of I.2 - dicarbonyl compounds with dimethyl 3-keto- 
glutarate 1 the tetracyclic system designated D was 
chosen as the next carbocycle for study. Not only was a 
considerable amount of interest generated in D because 
of the high degree of symmetry (D2d point group) in- 
herent in the molecule, but a suitably functionalized 
compound related to D might provide entry into mole- 
cules which house a planar tetracoordinate carbon 
atom.3’ In addition, when work in this area began no 
report of a carbocyclic molecule related to D had ap- 
peared; therefore, the condensation of Udicarbonyl 
compounds with 1 might provide the first access to this 
ring system. 

Retrosynthetic analysis of the structure of D clearly 

X X m X 

H 

40, X-O, Y=leaving 
es 

grow 

delineated two possible routes of attack for entry into 
such a system. The most obvious was the conversion of 
the previously prepared trione 27 to the carbocycle; 
however, the susceptibility of 27 to ring opening reactions 
(see above) militated against this approach in favor of a 
pathway which would take advantage of the DM symmetry 
of the molecule. The immediate goal was therefore pre- 
paration of the cis - bicyclo[3.3.0]octane - 3,7 - dione 
derivative 40 in the hope that the functional groups(=)0 
which remained would be capable of manipulation to the 
tetracyclic system. 

The synthesis of tetracyclo[5.5.1.04”3.0’0~‘3]tridecane - 
2,6,8,12 - tetraone 41 is outlined in Scheme 7. The readily 
available tenzyl acetoacetate was chosen as the starting 
material; two successive alkylations with sodium 
hydride-ethyl bromoacetateM provided better than 70% 
overall yield of the symmetrical triester 35. Catalytic 
removal of the benzyl function permitted generation of a 
j?-keto acid intermediate which spontaneously lost car- 
bon dioxide to furnish the desired diester 36 (93%).” 
This step was a vast improvement over the conversion of 
the triester 35 to the diester 36 by way of an hydroly- 
sislestetication sequence initially employed in our 
laboratory, since the hydrogenolysis route provided a 
very clean, distillable diester 36. Previously several 
attempts under Knoevenagel-Schmidt conditions had 
been made to convert the methyl ketone function of the 
triester 35 to a benzylidene derivative” but these were 
unsuccessful presumably because the ketone function of 
35 was too hindered for facile formation of an enamine 
with piperidine. Treatment of the diester 36 with hen- 
zaldehyde, however, under identical conditions furnished 
excellent yields of the desired benzylidene adduct 37.‘* 
The benzylidene derivative 37 was then treated with 
ozone, followed by decomposition of the ozonide with 
dimethysulfide” which gave ethyl 3 - carbethoxymethyl- 
4J - dioxopentanoate 38, after chromatography, in 80% 
yield. If the ozonide was destroyed by catalytic hydro- 
genation (Pd/C) the yield of 38 was nearly identical; 
however, the chromatography was much easier to per- 
form in the latter case. 

With the preparation of the 1,2dicarbonyl compound 
js well in hand, the stage was now set for the first of two 
critical steps required for preparation of the tetracyclic 
tetraketone 41. Dissolution of two equivalents of 
dimethyl 3-ketoglutarate 1 in bicarbonate solution (pH = 
8.3). followed by addition of one equivalent of the 
dicarbonyl compound 38 provided, after several days, a 
51% yield of the desired I:2 adduct, tetramethyl - l,3’ - 
diethylglutarate - cis - bicyclo[3.3.0]octane - 3,7 - dione - 
2,4,6,8 - tetracarboxylate 39a (see Experimental for im- 
portant details). When the reaction was repeated in 
citrate-phosphate buffer (pH 5.6-6.0)39 the yield of 
hexa-ester 39a was 42%. It is believed the lower yield of 
39a. as compared to the results obtained during synthesis 
of 24a (see Scheme 5) is due to steric congestion in the 
transition state during formation of 39a. This steric con- 
gestion is extremely important for it begins to define the 
limits of the condensation of dicarbonyl compounds with 
1; data to support this hypothesis will be presented 
below. Hydrolysis and decarboxylation of the hexaester 
39s smoothly provided the diketodiacid 40 (76%) al- 
luded to earlier as the key intermediate for the con- 
struction of ring-system D. 

Attention was now turned to the conversion of the 
diketodiacid 40 to the desired tetracyclic system 41. 
From the very beginning it had seemed desirable to 
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effect the conversion of the bicyclic ketone 40 to the 
tetracyclic tetraone 41, by way of two simultaneous 
acid-catalyzed cyclizations. Moreover, the mass 
spectrum (indirect inlet, electron impact) of the di- 
acid 40 contained the base peak at a mass value con- 
sistent with the parent peak of 41, while direct inlet, 
chemical ionization mass spectroscopy showed the 
parent peak of 40 as the most intense signal in the 
spectrum. To take advantage of this phenomenon, 
several high-vacuum pyrolysis reactions of 40 were car- 
ried out; however, only mixtures of compounds and 
products of carbonization were observed in each case. 
Heating the diacid 40 in benzenedioxane solution in the 
presence of a catalytic amount of naphthalene - 1 - 
sulfonic acid, according to the earlier work of 
Gehldrich,” also provided only complex mixtures of 
decomposition material. It was decided a more rapid 
reaction under more dilute, more acidic conditions might 
facilitate the intramolecular nature of the acid-catalyzed 
cyclixation, while decreasing the formation of 
byproducts. In accordance with this hypothesis, the 

diacid 40 (0.6g) was stirred for four days with naph- 
thalene - 1 - sdfonic acid (0.5g) in refluxing cumene- 
diglyme (2:l) which resulted in the precipitation of the 
tetraone 41 (78% yield) as a light grey microcrystalline 
powder; this material was the sole component of the 
crystalline solid isolated from the sequence. This con- 
stitutes the first synthesis of a carbocyclic molecule in 
which four j-membered rings are attached to the same 
central carbon atom. The cross-like shape of the struc- 
tural formula of 41 prompted us to proposelb the name 
“staurane” (from Greek stauros, cross) for the hypo- 
thetical parent hydrocarbon D. To the best of our know- 
ledge only one other derivative of the staurane system is 
known and this was reported by Keese@ in 1979. 

The structure proof for staurane - 2,6,8,12 - tetraone 41 
was initially based entirely on spectroscopic datalb some 
of which will be discussed below. Tetraketone 41 (m.p. 
288”) is remarkably insoluble in common organic solvents 
with the exception of pyridine, dimethylformamide, and 
dimethylsulfoxide and, in fact, it was purified by subli- 
mation (MY’, 0.02 mm) or by crystallization from 
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dimethylformamide. Although the proton NMR of such a 
symmetrical molecule is nearly first order [6 (pyridine- 
d,) 2.51 (2H, d, J = 6.5 Hz), 2.59 (2H, d, J = 6.5 Hz), 2.87 
(2H, d, J=8.4Hz). 2.95 (2H. d, J =8.4Hz);’ 3.07 (2H, 
sextet), and 4.05 (2H, s)] the burden of proof for the 
assigned structure rested with the carbon NMR spectra. 
Since each quadrant of 41 (CZV symmetry) was identical 
to its nearest neighbor, the five line carbon spectrum [6 
(CD,CN), 39.5 (d), 46.1 (t), 64.3 (s), 67.4 (d) and 208.0 (s)] 
was sufficient evidence to conclude that the structure 
was correct as proposed. Furthermore, the exact mass of 
41 [M’, talc. for C13H120,, 232.0736, found 232.07391, 
established by high-resolution mass spectrometry, was in 
agreement with the proposed structure. The tetraketone 
41 is somewhat more strained than the triketone 27, as 
evidenced by examination of both Dreiding models and 
the IR spectra of the two species; the spectrum in the 
case of the tetraone contained distinct bands at 1769.5 
(m), 1736. (s), 1710. (s) and 1679.2 (sh) cm-’ while the 
bands found in the spectrum of 27 11760.8, 1734.8 and 
1707.8 (w)] were similar, but at lower wave numbers. 

The spectroscopic findings reported above on 41 are 
consistent with the symmetry (C,,) expected from 
examination of its structure. Surprisingly, however, X- 
ray crystallographic analysis obtained recently on the 
molecule (see Fig. 3) clearly indicates that this symmetry 
does not exist in the crystal, but that the four cyclo- 
pentanone rings assume two different conformations. 
The molecule, therefore, has an approximate two-fold 
axis as the only element of symmetry. As a consequence, 
41 exist; in the crystal in the form of d or I-antipodes, 
and each crystal is made up exclusively of molecules of 
one antipode. If well-developed crystals of the tetraone 
become available the compound might be resolved in the 
way Pasteur in 1848 performed the first resolution of a 
racemate. It is doubtful, however, whether the optical 
activity of 41 would survive in solution. 

Although several reactions have been carried out in 
order to convert 41 to staurane (D), most of these will be 
presented elsewhere:’ however, one critical observation 
needs to be discussed. When the trione 27 was stirred in 
methanol at room temp the compound was regio- 
specifically transformed into the monoester 26~ within 
a few hours as indicated in Scheme 8; however, the 
staurane system 41 remained intact even while stirred in 
methanol for 24 hr (see Scheme 8). The relatively low 
reactivity of 41 compared to the lability of 27 was not 
due to the insolubility of the former, since a mixture of 
methanol, 41, and pyridine at room temp was also 
without action, however, if the tetraone was stirred in 
refluxing methanol for a period of 16-24 hr, the diester 
derivative of 39b was produced in quantitative yield. 
Both fldiketone bonds in 27 and 41 had undergone 
fission in a regiospecific sense. Moreover, attempts to 
observe the formation of the trione monoester failed 
which further indicated that triones such as 27 undergo 
cleavage (retro-Claisen) of the Bdiketone bond much 
more rapidly than the staurane system 41. 

Since the future conversion of staurane tetraone to the 
parent hydrocarbon D will rely heavily on the stability, 
or lack thereof, of the /3diketone moieties, the relatively 
low reactivity of the tetraone 41 intrigued us. Three 
possible explanations for this reactivity pattern have 
emerged to date: (1) there must be orbital overlap of the 
@diketone bond which breaks with the remaining car- 
bonyl. This may be poor in the case of 41; (2) the higher 
degree of symmetry in 41 (C& may permit the strain 

energy to be more evenly spread over the entire mole- 
cule as compared to the less symmetrical 27 (C,). This 
fact may be reflected in differences in torsional strain, 
angle strain, and bond lengths contained in the two 
molecules; (3) the approach of the nucleophile toward 41 
may be hindered for some reason in the case of 41, 
whereas this same steric restriction may not operate 
during the ring opening of trione 27. The IR data pre- 
viously discussed clearly indicated that the staurane sys- 
tem 41 contained more strain energy than 27; however, 
torsion angles, bond angles, etc. were necessary from 
X-ray crystallographic data (see below) before one of 
these hypotheses could be selected over another. If, 
however, symmetry and torsion angles did play a role in 
the stability of 41, a molecule related to 27 and 41 with 
symmetry properties between these two molecules might 
be of interest ois a uis the reaction with methanol. The 
tetraketone 44 (Schemes 8 and 9) was just such a mole- 
cule. The preparation and reactions of this tetra- 
cyclic[6.6.0.0’J.08~‘*]tetradecane system are described in 
the next section. 

System H. Tetracyclo[6.6.0.0’~S.08~‘2]tetradecane - 2,7,9, 
144etraone 

Interest in the tetracyclo[6.6.0.0”.@.‘2] tetradecane 
system represented by structure H (Fig. I) was not solely 
due to its unique molecular structure but was also stimu- 
lated by the desire to study, as mentioned above, the 
facile retroClaisen reaction of a tetraone (C2) such as 44 
(see Scheme 8). Examination of the structure of 44, in a 
retro-synthetic sense, indicated that a dioxodiester 47 
might serve as a precursor to 44 via the I :2 adduct 48; 
however, this sequence was abandoned, since it suffers 
from two serious drawbacks. In the previous section it 
had been shown that the dioxodiester 38 reacted with .l 
to furnish the I:2 adduct of type 39a at best in only 51% 
yield, principally due to steric congestion in the tran- 
sition state. In addition, the repulsion between propionic 
acid groups (cisdisposed) in the intermediate leading to 
48 was considered a problem in the high-yield pre- 
paration of such a molecule. Both of these difficulties, 
however, were surmounted by judicious choice of an 
alicyclic (rather than aliphatic) starting dione which 
decreased the steric interactions in formation of the I:2 
adduct, while assuring the desired cis-stereochemistry in 
the product. 

In this vein, the two Crgroups destined to become the 
two cyclopentane rings attached centrosymmetrically to 
the cis - bicyclo[3.3.0]octane - 3,7 - dione system of 44 
were housed in the cyclooctene ring of the intermediate 
[6.3.3]propellene SO. Immobilized in this fashion the two 
C-3 units were less likely to interfere with formation of 
the I:2 adduct. This approach was indeed successful 
since the I:2 adduct SO was obtained in very high yield 
(86%); its further conversion into 44 was uneventful. 

The readily available diene. cycloocta - I ,5 - diene was 
converted to the I,2-dicarbonyl compound 49 by the 
method (H,O,) of Yates.42 Reaction of 49 with two 
equivalents of dimethyl 3-ketoglutarate produced the 
crystalline tetramethyl(6.3.3lpropellene tetracarboxylate 
50 in better than 85% yield. Hydrolysis in the usual 
manner gave the [6.3.3]propellene dione 51 in 92% yield. 
This dione was converted in modest yield (1125%) to 
the diketo diacid 45n by treatment with ozone; however, 
stirring the propellene 51 with osmium tetroxide followed 
by chromium VI oxidation of the resulting diol furnished 
the diacid 45 in 60% overall yield. When the diacid 45 
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was heated with a catalytic amount of naphthalene - 1 - 
sulfonic acid in refluxing cumenediglyme extensive 
decomposition occurred. To circumvent this problem the 
diacid 45 was heated with an equivalent amount of 
naphthalene - 1 - sulfonic acid in refluxing benzene- 
dioxane solution for several days which resulted in the 
precipitation of an off-white solid (47%). Addition of a 
small amount of naphthalene - I - sulfonic acid to the 
mother-liquors followed by heating for several days gave 
another 13% of the tetraone 44 (total yield, 60%). 

Since the formation of the diketo diacid occurred via 
the propellene 51, the diacid 45 was formed in stereo- 
specific fashion; moreover the production of tetraone 44 
occurred in a regiospecific fashion. The strain present in 
a system such as 52 with three contiguous sp2 centers, 
when combined with the nonbonded interactions be- 
tween methylene hydrogens (rings B and D) militate 
against formation of any of the alternative tetraone 52 in 
the reaction medium. The physical properties of the 
tetracyclo[6.6.0.0”.0”~‘2]tetraone 44 are quite similar to 
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those of the previously prepared staurane tetraone 41. 
For instance, the tetraketone 44 was insoluble in most 
organic solvents with the exception of dimethylfor- 
mamide and dimethylsuifoxide. Crystallization of the 
material from either of the latter solvents provided 
~aut~ui white crystals of m.p. 309“. The ass~ent of 
structure 44 to this hip-meiti~ solid was initially based 
on data obtained from carbon-13 NMR [S (DNS&.), 
27.45 (t), 38.95 (t), 47.55 (t), 53.47 (s), 69.46 (d), 206.07 (s), 
207.29 (s)] and IR spectroscopy [(KBr) 1759.9 (s) and 
1710.7 (w) cm-‘]. Additional support for the structural 
assignment was obtained from high-resolution mass 
spectroscopy [(M’) caic. for C,&O,, 246.0891; found, 
246.08871. Examination of the structure of the two 
possible tetraones 44 and 52 clearly established that a 
seven line spectrum (two carbonyl resonance lines) 
should result from the carbon NMR of 44, while that of 
tetraketone 52 should contain eight lines (three carbonyi 
signals). Experimentally only seven lines were observed 
in the carbon spectrum of 44. Furthermore the two 
carbonyi signals were found at 286 and 207 ppm, respec- 
tively, in agreement with the chemical shift found for the 
Bdiketone carbons in staurane tetraone (208 ppm). Sub- 
sequent to our initial report of the synthesis of 44,= we 
have had occasion to subject this material to single 
crystal X-ray analysis; the data illustrated in Fig. 4 
completely confirm our assignment. 

Earlier it was mentioned that the Gone 27 (C, sym- 
metry) underwent a retto-Ciaisen reaction much more 
rapidly than staurane tetraone 41 (GV symmetry). This 
was illustrated in Fig. 7. Because tetraone 44 (Cz) was 

intermediate in symmetry properties between 27 and 
staurane tetraketone 41, it was decided to subject it to 
treatment with methanol. In fact, as predicted,n the 
tetraone 44 underwent complete ring opening at a rate 
intermediate between 27 and 41; moreover, the only 
diester observed by tic and isolated was the symme~ical 
diester 45b. Although initially it was felt that the tor- 
sional strain in the less reactive staurane tetraone would 
be less than in tetracyclo[6.6.0.0’5.0B.‘21 44, comparison 
of the torsion angles and torsional strain between the 
systems 41 and 44 ctearly indicated that the strain is 
greater in the staurane 41 (see Fig. 2). This observation 
was important for both the IR and X-ray data agree, 
based on strain arguments, that 41 is the more strained of 
the two systems in agreement with our&revious con- 
clusions based solely on Dreiding models. 

Close examination of molecular models of 27,41 and 
44 has provided the first insight into both the regio- 
specificity and rate of retro-Claisen reaction in these three 
molecules. Both 27 and 44 have one thing in common: 
there is a path of attack open from the convex face of 
one of the Bdiketone carbonyi moieties. Attack of 
methanol on either 27 or 44 [at an angle of 109.3’ as 
regards the carbonyi plane in keeping with Baldwin’s 
rules, J. E. Baldwin, J. Chem. Sot., Chem. Commun., 734 
(1976)) to provide a regioisomer other than that already 
illustrated in Scheme 8 (%a or 45 respectively) would 
require attack on one of the carbonyls from the concave 
face of the molecule. Since it had already been 
established that 41 was more strained than 27 or 44 (IR 
and X-ray data) we turned to the model of staurane 

1 2 3 4 

cDm 25.7 27.8 20.4 28.8 

b 27.5 8.9 5.0 33.8 

41 

1 2 3 4 

*m 33.5 36.3 33.5 31.9 

A 34.6 30.4 0.2 4.2 

44 
Fii. 2. Torsion angles, bond angles and cmformatiml parameters for 41 and 44. Comparison with Figs. 3 and 4 
indicates the very close similarity of all the various ciasses of bond lengths and angles. The parameters &, 
(maximum torsion angle) and A (pse~o-lotion angle) follow C. Altom, Ii. J. Geise and C. Romers, Ter~~ed~n 
24, 13 (I%&. A would be zero for an ideal half-chair ~~orrnat~n and 36” for an ideal envelope. The ~at~ni~ of 
the rings and possible concomitant torsional strain is clearly indicated by the lower .$= values for 41. The dihedral 
angles between a II orbital on a carbonyl carbon atom and the diketone bond @ to the atom, e.g. atom 4 and bond 

5-6 in 41, are as follows: 41: Atoms 4,6, 10, 12: 33’. 39”, 42”, 36”; 1(: Atoms 3,5. IO, 12: 35”, 36”. 42”. 28”. 
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Pii. 3. Bond lengths and crystal conformation of 41 (ORTEP drawing: C, K. Johnson, Report ORNL-379A. Oak 
Ridge National Laboratory, TE. 1965). Reported bond lengths for this compound and also for 44 have esd.s 

< 0.003 A. 

Fig. 4. Bond lengths and crystal conformation of 44 (ORTEP drawing). 

skeleton of the transannular cyclization product of 
ophioboline D’3 (Scheme 12), and System G, a more 

diketo diacid 45, already in hand, will be converted to the 

complex polyquinane system composed of six fused 
monoketone 53 which can only cyclize to 54 (System E). 

five-membered rings (Fig. 1). The strategy for con- 
In regard to System G (Fig. l), recent results from our 

struction of 54 will be relatively straightforward. The 
laboratory are quite exciting and are outlined in Scheme 
13. The cyclopentene 4-carboxylic acid 55 has been 
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glyoxal S6,” and the same acid has been converted to the 
his-cyclopentenyl diketone 59.‘> Furthermore, in a pre- 
vious section it had been reported that the low yield of 
I:2 adduct 39a (staurane series, Scheme 7) had been 
obtained due to steric congestion in the transition state. 
Indirect proof for this hypothesis has now been obtained, 
in a chemical sense, since the glyoxal 56 with both side 
chains tied back reacted with 1 to provide the 1:2 adduct 
57 in greater than 85% yield. This yield has not been 
maximized, but is expected to be elevated to 90% in the 
near future. Hydrolysis and decarboxylation would then 
provide Ss, a new cis - bicyclo[3.3.0] system which could 
be converted into staurane tetraketone 41 in a simpler 
fashion than previously reported.lb From the same ap- 
proach our efforts will now turn toward conversion of 
the his-cyclopentenyl diketone 59 to the I:2 adduct 69. 
Hydrolysis and decarboxylation, followed by transfor- 
mation (OsO,lCrO,) of the resulting dione 61 to the 
tetraacid should provide a diketo tetraacid. This 
tetraacid, upon four simultaneous acid-catalyzed 
cyclixations would furnish entry into System G. Some 
precedent for this approach does exist in the ready 
conversion of the glyoxalS6 to the 1:2 adduct 57. Much 
work in this area is in progress at the moment and needs 
to be completed. 

CONCLUSION 

Recent interest in polyquinane ring systems has been 
we~ldocumented- and a number of them have been 
synthesized including ~quina~ne,‘9 peristylane,= C&- 
hexaquinacene~’ and dimethyldode~hed~ne~2 in ad- 
dition, the discovery of natural compoundsJ3 with ring 
systems derived, in part or entirely, of cyclopentanoid 
rings has stimulated additional interest in this area of 
research, furthermore some of these compounds have 
been synthesized.Y In none of the work reported to date 
has a simpler method been developed for rapid genera- 
tion of molecular complexity’s over a variety of different 
polyquinane ring systems, than the condensation of l,2- 
dicarbonyl compounds 1 with dimethyl 3-ketoglutarate 2. 
The facile preparation of 4 (R=R’=H, Fig. 1)8*‘s* and 
entry into systems A, C, D, F and H provide ample 
evidence of the versatility of this synthetic method. This 
method, moreover, has been recently empbyed by 
Coates” and Paquettes7 for the synthesis of gymnomitrol 
and bv Nicolaou for preparation of the important mole- 
cule, carboprostacycline.‘* In addition, Dauben has 
recently employed this technology for the key step in the 
synthesis of isocomene.” 

Much work remains to be done in the context of the 
present investigation, including conversion of the various 
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Bdiketones to the parent hydrocarbons, and completion 
of the synthesis of Systems B, E and G (Fig. I). Since 
the reaction of 1 with 2 to generate substituted cis - 
bicyclo[3.3.0]octane - 3,7 - diones can be carried out 
successfully under very mild conditions (room temp, 
aqueous solution), this synthetic method should be ap- 
plicable for construction of a variety of polyquinanes, 
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Scheme 12. 
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including natural products. We plan, in the future, to 
examine such possibilities and to explore the chemistry 
of compounds illustrated in Fii. I in greater detail. 

-AL 

Microanalyses were preformed on an F and M Scientific Cor- 
poration Carbon, Hydrogen, Nitrogen Analyzer Model 185: some 
analyses were also cruried out at the National Institutes of 
Health, Bethesda, Maryland. Mps were taken on a Thomas 
Hoover m.p. apparatus and are uncorrected. 

Nuclear magnetic resonance spectra were recorded on a 
Varian T-60 or Jeol FX-90 spectrometer while carbon-i3 spectra 
were taken on Varian CFT-20 and XL-100 instruments. IR 
spectra were recorded on a Beckman Aculab-l spectropho- 
tometer while FI’-IR were taken on a Nicolet MX-1 instrument. 
The low-resolution mass spectra were run oa an Hitachi RMU6, 
Finnegan 1015 or Hewlett-Packard 5859 mass spectrometer, 
while ha-resolution spectra were recorded on an AEI-MS-902 
mass s~c~ometer. 

Analvtical tic tdates used were E. Merck B~~ann UV active 
silica iel on plt&c. The spray reagent was composed of 2.6 
dinitrophenylhydrazine, ethanol and sulfuric acid. The 
cit~te~nhosp~te buffer (pH = 5.6) was prepared by dissolving 
disodium hydrogen phosuhate ~p~yd~te- (11.67 i) and citric 
acid (3.68a) in tau water WOrnI). If the start&t dione was not 
solubie in &e aqueous buffer, methanol was added to the medium 
until the 1,2&arbonyl compound dissolved, then butfer was 
added again (drop by drop) until the solution became slightly 
turbid. The addition of methanol, of course, altered the pH of the 
solution. Even thou& buffer (pW 5.6) was employed in some 
reactions, the pH recorded varied between 5.6 aud 6.6 due to the 
addition of different mounts of methanol to the medium. This 
will be discussed, where pertinent. below. The bicarbonate solu- 
tion (pH 8.3) was generated by dissolving sodium bicarbonate 
(1.40 g) in water (100 ml). In many cases the I: 2 adduct (bicyclo- 

oc~~~io~s) precipitated from the reaction medium; however, 
at alkaline pH ii was necessary to acidify the solution in order to 
brina about the orecioitation of the desired 1:Z adducts. Durintz 
this-process ice’was’added to the reaction medium and to the 
acidic solution employed for acidification. This simple process 
prevented yield loss vi0 premature hydrolysis of the j?-ketoester 
functions. It was difficult at times to separate dimethyl 3-keto- 
8httarate 1 from the I:2 adducts; it became desirable, therefore, 
to design Britons which led to precipi~tion of the desired 
abduct, thus avoiding a tiresome chromatography. In general, 
hydrolysis of the I:2 adduct to provide the bicyclo[3.3.0loctane - 
3.7 - dhc was quite facile; however, this process provides much 
better yields of the 3.7 - dione if all of tbe glutarate i has been 
removed bejm the hydrolysis. 

Levulinic acid, benzaldehyde, benzyl acetoacetate, dimethyl 
3-ketonlutarate. ethyl bromoacetate. diethyl succinate, cycloocta 
- 15 Idiene, pipehdine, glyoxal, cyclop&tylidene - 2 - cyclo- 
oentanone and nauhthalene - I - sulfonic acid (80%. 20% nauh- 
ibalene - 2 - sulfdnc acid) were purchased from Aldrich Chem- 
ical Co., inc. The palladium on carbon catalyst was obtained 
from Ffaltz and Bauer, Inc. 

S-Bmykiene tcvulinic acid 
Levulinic acid (22, 29.08, 0.25moi) and benzaldehyde (26.5, 

0.25 mol) were dissolved in dry benzene (200 ml). Acetic acid 
(30 ml. ala&l) and drv oioe~dine 110 ml) were also added to the 
mixture: ~is~solutio~ was then rekuxed for 72 hr and the water 
collected in a Dean-Stark trap. After the solution was cooled, 
water (100 ml) was added. The aqueous layer was then extracted 
with ether (3 x IS0 ml); the combined extracts were washed with 
water and dried (NarSO,). Removal of solvent at reduced pres- 
sure afforded 38.68 (75.7%) of white crystalline b-ben- 
~yl~enelev~ini~ acid: m.p. 124126” (lit.=” m.p. 124-125”); IR 
(KBr 1780 (s) and 1668 Is) cm-‘; NMR (CD&) 6 2.61-3.14 (4H, 4 
unequal singlets), 6.67 (lH, d. J = 16 Hz), 7.36 (!iH, m), 7.46 flH, 
d, J = 16 Hz). One of the peaks of the AB doublet overlaps with 
the edge of the doublet at 6 7.36. Mass spectrum: m/e 204 (M’). 
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Chromatography of the mother liquors from the crystallization mass spectrum m/e 210 (36 M’), I95 (12). I94 (16). I93 (13). 191 
above provided an additional six grams of &benzylidene levu- (12). I69 (12). I68 (24), 167 (IOO), I53 (13). 152 (13). ISI (II), Is0 
linic acid. (27l. 149 (57l. I41 (20). I37 (44). 127 (12). I25 1201. 124 (12). I23 

Preparation of 4J-dioxopenlanoic acid (23) 
S-Benzylidene levulinic acid (20.0 g. 0.098 mol) was dissolved 

in dry methanol (MO ml) and cooled to - 70” in an acetone/dry- 
ice bath. Ozone was passed through the solution until the excess 
ozone caused the solution to acquire a slit bluish color. The 
solution was allowed to warm to - lo”. When the temperature 
reached - 10”. dimethylsulfide (8.44g, 0.136 mol) was added; the 
temperature was maintained at - lo” for I hr after addition of 
methylsulfide. After I hr the temperature was permitted to rise to 
0” and maintained for I hr. At the end of the I hr period the 
solution was allowed to come to room temp and maintained for 
I hr. The solvent was removed under reduced pressure; the 
residue was dissolved in water (200 ml) and extracted with ether 
(5 x 100 ml) to remove the dimethylsulfoxide. The water was then 
removed under reduced pressure to provide 23 (13.9 g, 95.9%) as an 
oil, which was obtained as the monohydrate: IR (neat) 351X1-3000 
(broad, OH) and 1725 cm-‘; NMR (pyridined,) 6 2.18 (4H, s), 7.36 
(2H, S. gemdiol of aldehyde). A small amount of this monohydrate 
was puritied by chromatography for microanalysis. The remainder 
of the material was used directly in the next reaction. (Found: C, 
40.58; H, 4.65. Calc. for CJHsOJ C, 40.82; H, 4.8%). 

, , , . , . , . , , , , 
(28), 122 (12). 121 (12). I19 (12). I I3 (32). An additional 500 mg of 
the monoacid 25 were obtained from the mother liquors after 
chromatography (silica gel, ethyl acetate-methanol). (Found: C. 
62.84; H, 7.07. Calc. for CIIHIIOI: C, 62.85; H, 6.71%.) 

PrepomGon of fetrame~hyl I - (2’ - me&oxycarbonylethyl) bicy- 
clo[3.3.0]ocfane - 3.7 - dione 2,4,6,8 - felmcarboxylate (24b) 

The bicyclo[3.3.0btane - 3.7 - dione - 2,4,6,8 - tetracarboxyl- 
ate {Ua, 1 .OO g. 2.26 mmol) was dissolved in methanolic hydrogen 
chloride (IOml), Tbe solution was stirred for 24 hr. The pre- 
cipitate which formed was filtered from the solution and dried. 
The ester (0.95 I(. 92%) which was isolated was a white crystalline 
solid (WI): m.;. 109-111”; IR 1735, 168Ocm-‘; NMR (6DCIJ 6 
2.31 (4H. al. 3.70 (i8H. m): mass soectrum m/e 456 (IO. M’l. 425 
(19). b24.(38). 393‘(50); 392 (It-IO), MI (42). 360 (73). j3i (39j; 333 
(27). 332 (23). 329 (19). 328 (35). 318 (23), 306 (81). 301 (3l), 245 
(65). (Found: C, 52.49; H. 5.27. Calc. for C&&: C, 52.63; H, 
5.3%.) 

AIIempled preparation of te~ramethyl tricyc/o[6.3.0.Cl’J]undeca - 
3,7,9 - frione 24,6,8 - ~etracarboxylate 

The bicyclo[3.3.0]octane - 3.7 - dione - 2,4,6,8 - tetracarboxyl- 
ate (ub. 49.5 mg. 0.1 I mmol) was dissolved in dry methanol (5 ml) 
to which sodium methoxide (5.92 mg, 0.1 I mmol) was added; the 
mixture was stirred for I I hr. It was then heated to reflux for the 
last 5 hr. The solution was neutralized with cold hvdrochloric 
acid (0.2 N) and extracted with chloroform (4x iOml). The 
combined extracts were dried (Na,SO,) and the solvent was 
evaporated under reduced pressure. Only starting material 24b 
(43.0 mg) was recovered from this sequence. 

Preparation of fetmmdhyl - 1.3’ - pmpanoic acid bicy- 
clo[3.3.0]octane - 3,7 - dione 2,4,6,8 - tetmcarboxylate (24r) al 
pH 6.8 

Dimethyl 3-ketoglutarate (1. 69.6g, 0.4Omol) was dissolved 
in citrate/phosphate buffer (600 ml. pH 5.6); 4Jdioxopentanoic 
acid (23, 26.OOg, 0.176 mol) was then added in one portion. The 
solution was stirred for several days at room temn until tic 
indjcated the absence of 23, and then extracted with chloroform 
(5 X 250 ml). The combined extracts were dried (Na*SO,) and the 
solvent removed under reduced pressure. The oily residue was 
dissolved in methanol and allowed to crystallize. The crystals 
were filtered from the solution and dried, yielding 50.3 g (64.8%) 
of a white crystalline solid (Ua, m.p. 154-156”); IR (KBr) 3500- 
3100 (broad OH), 1740 (s). 1725 (s) and 1705 (s) cm-‘; NMR 
(CDCI,) S 2.31 (4H, q), 3.66 (14H, m), 9.57 (3H, broad singlet); 
mass spectrum m/e 442 (5. hi’), 410 (19, 378 (22), 368 (l7), 346 
(22), 335 (30), 334 (100). 306 (22). 305 (22). 304 (II), 303 (24), 302 
(91X 280 (30). (Found: C, 51.56; H. 4.98. Calc. for C,PHP0,2: C. 
51.59; H. S.Ol%.) 

Preparation of ktramerhyl I - (2’ - carboxyethyl) bicy- 
clo[3.3.0]ockme - 3.7 - dione - 2.4.6,8 - Idracahoxylole (24a) at 
pH 8.3 

Dimethyl 3-ketoglutarate (1,5.22 g, 0.030 mol) was dissolved in 
aqueous sodium bicarbonate buffer (100 ml), after which 4J- 
dioxopentanoic acid (23, 0.015 mol) was added to the solution in 
one t&ion. This mixture was stirred for 72hr. acid&d to 
pH = I with ice-cold 6 hf &SO, and extracted with chloroform 
(3 x lo0 ml). The combined e&a& were dried over NafiO, and 
the solvent removed under reduced pressure. The oil was dis- 
solved in methanol and allowed to crystallize. White crystals 
were isolated of 24a (5.3~. 79.996). which were identical with 
those obtained at acidic pH described in the previous experi- 
ment. 

Hydmlysir and decarboxyla~ion of UI fo provide 1 - (2’ - car- 
boxyefhyl) bicyclo[3.3.0]oclane - 3,7 - dione (25) 

The bicyclo[3.3.0]octane - 3,7 - dione derivative (26a. 100 mg, 
ate (Ua, lO.O4g, 0.023 mol) was dissolved in a mixture of COW 
centrated hydrochloric acid (50 ml), glacial acetic acid (80 ml) and 
water (IO ml), after which the mixture was refluxed for 6 hr. The 
solution was cooled and extracted with chloroform (4x 100ml). 
The combined extracts were dried (NatSO,) and the solvent was 
removed under reduced pressure. The residue was crystallized 
from ethyl acetate to provide (25, 3.2Og) white crystals (67%): 
m.p. 101-102”. IR (KBr) 3500-2800 (broad OH), I730 (s) tin-‘; 
NMR (CDCI,) 6 2.31 (l2H. m), 6.67 (2H, s, 40 exchangeable); 

Attempted preparation of tricyclo[6.3.0.0’J]undeca - 3,79 - lrione 
(271 \-. I 

The bicycloI3.3.0loctane - 3.7 - dione derivative (26a. 100 mg, 
0.476 mmoll was dissolved in drv benzene (5 ml) and sodium 
methoxide ‘was added (6, mg, i.19 mmol). ?he ‘solution was 
refluxed for 24 hr. Only starting material (Up) and compounds of 
high molecular weight were isolated. 

Tricyclo[6.3.O.O’-‘]undeca - 3.79 - trione (27) 
The nronanoic acid bicvclol3.3.0loctane - 3.7 - dione (25. 

250 mg,’ l.i9 mmol) was d&o&d in- a solution of dry benzcn; 
(I5 ml) and dry dioxane (5 ml). Naphthalene - I - sulfonic acid 
(25 mg) was added and the solution which resulted was heated to 
reflux for five days. A Dean-Stark moisture trap was employed 
to remove water which formed during the process. The mixture 
was then cooled and the solvent removed under reduced pres- 
sure. The brown solid (250 mg) which remained was composed of 
25 and the trione 27. This solid was chromatographed on a 
column of silica gel (benzene/ethyl acetate, gradient elution) to 
provide a 6% yield of the desired trione 27 (137 mg) as a white 
crystalline solid: m.p. 142-143” (benzene); FT-IR (KBr) 1760.8 
(s), 1734.8 (s) and 1707 cm-’ (weak); NMR (CD&) 6 1.82-3.72 
(12H. m); carbon NMR 6 (CDCI,) 215.5, 206.3, 68.45, 53.21, 
48.53,44.72,43.74,39.93,38X& and j2.52. Mass spectrum &/e 192 
(M’. 100). 181 (Ill. 167 1111. I64 (271. I55 (191. I50 114). 
149 (33), 137 (l6), I36 (l9), 135 (l6), I23 (IO), lo9 (IO), lo8 il6j. 
I07 (19). In Ref. [la] we reported that 27 was crystallized from 
methanol; however, this was in error. The solvent of crystal- 
lization was benzene. although 27 can also be purified by subli- 
mation. (Found: C. 68.56; H, 6.20. Calc. for CIIHIZO,: C. 68.74; 
H, 6.2946.) 

Although attempts to maxim& the yield of this sequenecrhave 
not been made, it is believed that simply heating the reaction 
mixture for a longer period of time should provide additional 
quantities of 27. 

Reaction of rricyc/o[6.3.0.01$mdeca - 3.7.9 - trione (27) with 
methanol and sodium methoxide 

Tricyclo[6.3.0.tYJ]undeca - 3,7.9 - trione (27, 5.0mg, 
0.026 mmol) was added to a sodium metboxidelmethanol solution 
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(IO%, 2.0ml) and stirred. The reaction was monitored by thia- 
layer chromatography. After IOmin, no spot corresponding to 
starting material was observed. A new spot had developed with 
an R, value and NMR spectrum identical with that of methyl-l,3 
propionate bicyclo[3.3.0]octane - 3,7 - dione 26 (CDCI\) S 1.7& 
3.10 (13H, m), 3.74 (3H, s); JR (CDC13) 1731 cm-’ prepared by 
an unambiguous route. 

Reaction of t~cyc~o~6.3.0.0’s~undeca - 3,7 - tnbnc (27) wit/r 
~et~nol 

T~cyclo[6.3,0.01~jundeca - 3,7,9 - trione (27, 5mg) was 
dissolved in methanol (2ml) and stirred. The reaction 
was monitored by thin-layer chromatography. After IOmin, no 
change in the starting material was seen. The reaction was 
monitored at Xl min intervals and after 50min a new spot of 
higher R, had developed. After 3 hr no starting material remained 
and the new compound had an Rt value identical with that of 
methyl - 1.3’ - propionate bicycloD.f.OJoctane - 3,7 - dione 26. No 
further isolation or character&ion was done. Methanol which 
had not been previously dried was employed in this experiment. 

Prepamtion of tetra~tky~ t~cyc~o[3.3.3.0’s]~decane - 3,7 - 

dione - 2,4,6,8 - tetraca~oxylate (29) 

Dimethyl 3-ketoglutarate (1, 163Jg. 0.94 mol) was dissolved in 
citrate-phosphate buffer (3@lO ml, pH 6.6) and the resulting mix- 
ture was allowed to stir overnight until all of 1 had dissolved. At 
this point cyclopentane - I,2 - dione’3 (28, 46 g, 0.47 mol) was 
added to the solution at room temp in four-gram portions over a 
two-week period. The white precipitate which formed was 
filtered from the reaction medium and crystallized from methanol 
to provide 29 in 48% yield: m.p. 150-152” [(CH,OH, ht.2 149- 
15o”)J. Extraction of the aqueous layer (from above) with 
chloroform gave a mixture of 1 and 29. This material was 
c~omato~aphed and provided additional (10%) quantities of 
tetmcarboxylate 29. The low yield of this sequence is due to the 
lability of cyclopentane - If - dione 28 when brought in contact 
with acidic or basic media. The yield was much lower when the 
reaction was carried out at pH 8.3 and, in fact, the decomposition 
of 28 can be easily monitored by tic. The aqueous buffer was 
prepared by dissolution of dibasic sodium phosphate (327.6 ml, 
0.2 M) and citric acid (122.4 ml, 0.1 M) in tap water (2550 ml). 

Tricyclo[3.3.3.O’-‘]undeca-3,7-dione 30 

The tetracarboxylate 29 (120 g, 0.29 mol) was slur&d in glacial 
acetic acid (4OOml) and aqueous hydrochloric acid (600mf of 
10%). The mixture was brought within IS to 20min to 87” and 
then stirred at this tern~ra~ for 8 hr. Wi~in the first 50 min of 
heating, the white suspension had changed to a homogeneous 
pale yellow solution. After the 8 hr period the solution was either 
allowed to stand overnight or cooled to 0” and neutralized im- 
mediately (whichever was convenient). Chloroform or methylene 
chloride (1200 ml) and ice were added to the acidic solution after 
which potassium carbonate (aqueous, saturated) was dropped in 
carefully until the mixture was slightly alkaline. The organic 
layer was separated and the aqueous layer was extracted with 
methylene chloride (2 x800ml). The combined extracts were 
washed with brine and dried (Na,SO,). The drying agent was 
filtered from the mixture and the solvent removed under reduced 
pressure to provide a yellow solid. This solid was washed with 
cold ether to provide 30 as a white crystalline solid (48 g. 92%): 
mp. 225-226’; IR (KBr) 1730 cm-‘; NMR (CDCls) 8 1.90 (6H. sf 
and 2.50 (SH, s). This material was identical in all respects with 
the propellanedione 38 reported earlier.23’ 

If the hydrolysis was carried out at 700, the yield dropped to 
less 

48” 
n 40%. Rapid heating and maintenance of the temperature 

at 8 are critical for the high-yield preparation of Jo. This 
material was converted to the [3.3.3]propellane oia Wolff Kish- 
ner reduction according to the procedure of Alder, as descriid 
in Ref. [31]. 

Preparalion of ethyl 3.ca~oxybenzytie~~inate 

Benzyl acetoacetate (34, 19.2 g, 0. IO mol) was added dropwise 
to a slurry of NaH (2.64 g. 0.11 mol) in dry benzene (66 ml). The 
mixture was stirred until no further evolution of hydrogen gas 

was observed ( 140 min). The solution was then heated to 60” 
and ethyl bromoacetate (25.1 g, 0.15 mol) was added dropwise 
over a period of IOmin. The reaction mixture was subsequently 
brought to reflux and heating continued for 16 hr (NaBr pre- 
cipitated from the solution). The mixture was cooled to room 
temp. and water f IS ml) was slowly added. The organic layer was 
separated, dried (NaaO,) and concentrated under reduced pres- 
sure. The residue was distilled under vacuum and the fraction 
boiing at I&IIP (0.08 mm Hg) was collected to furnish ethyl 
~~xy~~ylle~li~te (22.3g, 81.1%) as a water-white liquid: 
fR (neat) 2980 (CH), 1740 (s), shoulder 1730, and 1150 (C-O) 
cm-‘: NMR (CDCI,) 6 1.25 (3H. t. J = 7 Hz). 2.20 (3H, s). 2.81 
(2H, d, J=6Hz), ii05 (IH. t, J.=6H.z), 4.05 (2H. quartet, J = 
7 HZ). 5.10 (2H. sj. 7.30 (5H. s). Mass soectrum m/e 278 fM’. I). 
259 (u,, 2ti (22);‘214 (68), i85 (59). Ii0 (37), 108’ (87), 91 (lboj: 
(Found: C, 64.80; H, 6.31. Calc. for CIJHIsOs: C, 64.74: H, 
6.47%.) 

Recombination and redistillation of the other fractions from 
this distillation provided another three grams of product. 

Diethy/ 3 - acetyf - 3 - ca~uxybe~y~giutamte (35) 

Ethyl 3 - c~~xy~nzylle~linate (20.0 g, 0.71 mol) was added 
to a slurry of NaH (Log, 0.079 mol) in dry benzene (50 ml) as 
described above. Ethyl bromoacetate (19.8 g, 1.2 mol) was added 
dropwise and the reaction was carried out in the manner pre- 
viously described. The fraction boiling at 135-138” (0.06 mm Hg) 
was collected to furnish 35 (20.2g, 78.1%) as a water-white 
liquid: IR (neat ) 2980 (s), 1738 (GO), 1150 (C-O) cm-‘; NMR 
(CDCI,) & 1.25 (6H. t, J = 7 Hz). 2.20 (3H, s), 3.15 (4H, s). 4.05 (4H, 
quartet, J = 7 Hz), 5.10 (2H, s), 7.30 (SH, s). Mass spectrum m/e 
364 (IS, M”), 346 (17), 322 (251,260 (95), 237 (100),230 (34), 202 
(78), 1% (271, 185 (36), 140 (52), 91 (85). Recombination and 
distillation of the other fractions provided another 10% of 35. 
(Found: C, 62.61; H, 6.63. Calc. for C&H&,: C, 62.62; H, 
6.64%.) 

Die&y1 3-acet~glutarate (36) 

Diethyl 3 - acetyl - 3 - carboxybenzyllevufinate (35, 2O.Og, 
O.OSSmol) was dissolved in methanol (MOmI), palladium on 
carbon (l.lOg, 5%) catalyst was added, and the mixture was 
shaken at 55 psi (Hz gas) for 8 hr. The catalyst was removed by 
filtration and the solution concentrated under vacuum. The resi- 
due was distilled under vacuum and the fraction boiling at 95-w 
(0.1 mm Hg) was collected to furnish 36 (I 1.8 g, 93%) as a water- 
white liquid: IR (neat) 2989 (s. CH), 1730 (GO) shoulder 1710 
(GO) and 1150 (C-O) cm-‘; NMR (CDCls) 6 1.30 (6H, t, J= 
7 Hz), 2.15 (3H, s), 2.55 (4H, d of d, J = 6 Hz), 3.35 fiH, quintet, 
J = 6 Hz), 4.20 (4H, quartet, J = 7 Hz). Mass spectrum m/e 230 (5, 
M’), 215 (I?), I88 (168). 186 (981, 157 (78). 142 (65), 139 (72), 114 
(96). 97 (52), 85 (41). (Found: C. 57.36; H, 7.91. Calc. for 
Cr,H,sOs: C, 57.42; H, 7.88%.) 

Ethyl 3 - carbethoxymethyl - 5 - benzylidenelevulinate (37) 

Diethyl ?I-acetylglutarate (36. 2O.Og, 0.083 mol) was dissolved 
in dry benzene (100 ml). Benzaldehyde (lS.Og, 0.14 mol), piperi- 
dine (5 ml) and glacial acetic acid (15 ml) were added and the 
mixture was heated to reflux with a Dean-Stark trap to remove 
water. Heating was continued until no more water was obtained 
(approximately 135 hr). The reaction mixture was cooled, and the 
solvent removed under reduced pressure. Water (50ml) was 
added and the solution extracted with cMoroform (3~ lOOmI). 
The combined extracts were dried (Na,SOI) and concentrated 
under reduced pressure. The residue was c~omato~phed on 
silica gel (benzene-ethyl acetate, gradient elution) to provide 37 
(22.6g, 81%) as a red-brown oil: IR (neat) 2960 (s, CH), 1735 
(GO), 1685. 1655, 1605, and II50 (br. C-0) cm-‘; NMR (CDCII) 
6 1.25 (6H, t, J = 7 Hz), 2.65 (4H. d of d. J = 6 Hz), 3.75 (IH. 
quintet, J = 5 Hz), 4.15 (4H, quartet, J = 7 Hz), 6.80 (IH, d. J = 
16 Hz). 7.45 (SH, complex multiplet), 7.75 (IH, d. J = 16 Hz). Part 
of the quintet at S 3.75 overlapped with the quartet at 6 4.15. One 
of the peaks of the AB doublet overlapped with the complex 
pattern at 6 7.45. Mass spectrum mle 318 (41, M’), 290 (171,273 
(211, 257 (271, 244 (571, 230 (621, 215 (311, 199 (61, 185 (161, 141 
~~~~Fou~: C, 67.69; H, 7.03. CaJc. for CIIHXO$ C, 67.92; H, 
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Ethyf 3 - c~~ethoxymethyl - 4J - d~xopentonoate (38) 
Ethyl 3 - carboethoxymethyl - I,5 - benzylidenelevuIinate (37, 

16.0 g, 0.050 mol) was dissolved in dry methanol (175 ml) and 
cooled to -78’ in a dry-ice acetone bath. Ozone was bubbled 
thro@ the solution until a slight blue color developed (ap- 
provably Mmin). The reaction vessel was Bushed with 
oxygen for 5 min and then allowed to warm to 8” over a period of 
1 hr. Paliadbnn on carbon (0.508,5%) was added to the mixture 
which was shaken for 8 hr at atmosp~ric pressure with hydrogen 
gas. The solvent was removed under reduced pressure, and the 
residue chromatographed on silica gel (benzene-ethyl acetate, 
gradient elution) to give 38 (10.5g, 88%) as the gemdiol: IR 
(neat) 3680-3120 (OH), 2980 (s), 1730 (br, C=O); NMR (CD&) 6 
i.30 >6H, t, J = 7Hz). 2.75 j&I, d of d, J =6 Hz), 3.70 (iH, 
auintet. J = 6 Hz). 4.10 (4H. auartet. J = 7 Hz). 7.25 (2H. s. gem 
diol).g’Mass sp&um 1&2&t (N’j. (Found:.C, 50.30; H,. 6.59. 
Calc. for CIIH,s07: C, 50.38; H, 6.87%.) 

Tetromethyt I - ~bislethoxyeutbonyimetkyf~m~hyl~ bicy- 
clo[3.3.0]&tane - 3,7 l dione Z&,6,8 - te~racu~oxy~ate-(~~ 

Dimethvl If-ketoniutarate (I. IO.On. 0.057 moB was added to an 
aqu~us .&Bum ~~~~~e.solut~n (l~rnl,. pH 8.3) and the 
mixture stirxed for IOmin. Ethyl 3 - ~~thox~cthyl - 45 - 
dioxopentanoate (38,j.i g, 0.021 mot) was added, and the mixture 
was stirred at room temp for 7 days. Upon acidiication to pH 6.8 
with cold hydro~No~c.aeid (I N), crystals of 39a p~~ipi~t~ 
from the solution and were collected by liltration. The filtrate 
was extracted with chloroform (3 x I50 ml) dried (NasSO,) and 
concentrated under vacuum, The residue was chromatographed 
on silica gel (benzene&hyl acetate, gradient elution) to give 
Il.0 g of an oil which was dissolved in hot rne~~ol and left to 
crystallize overnight. Tbe total yield of crystals of 39a was 5.98g 
(51%): m.p. 135-137” (from methanol); IR (KBr) 3-2950, 
1748-1610 (br ester and enol absorption@; NMR (CDCis) 6 1.25 
(6H, t, J = 7 Hz), 2.50 (SH, multiplet~, 3.80 (i6H, 4 x OCHr groups 
overlapping with two other protons), 4.05 (4H. q, J = 7 Hz) and S 
9.57 (lH, broad enol, D&exchange). Mass spectrum mle S56 
(27. M”). 524 (36). 492 (91). 460 (63). In order to obtain a second 
crop of’&, it was sometimes necessary to chromato~ph the 
mother liquors over silica gel. (Found: C, 53.95; H, 5.74. Calc. for 
CUH310,,: C, 54.66; H. 5.74%.) 

Preparation of tetramethyl - I - (bi~(ethoxyco~ony~methyi) - 
methyls bicyc~o~3.3.~]octu~e - 39 - dione 2,4,6,8 - tetr@cor - 
boxyiofe (39af in citrat~pkospk~te bufer 

Dimethyi 3-ketoglutarate (I, lO.Og, 0.057 mol) was added to a 
ci~te~phosphate buffer system (ItXlmi, pH 5.6) and stirred for 
10min. Ethyl 45 - dioxo - 3 - ~~thoxyme#y~n~n~te (38, 
5.1 g, 0.021 mot) was then added at room temp with stirring. Since 
38 was not completely soluble in the buffer, methanol was added 
until the solution clarified. Addition amounts of the 
~i~te/phosphate buffer solution were subsequently added until 
the solution became slightly turbid; stirring was continued for 2 
weeks. Since no precipitate formed during this process the reac- 
tion mixture was extracted with chloroform (3 x 15Oml); the 
chloroform extracts were combined, dried (NasSO,) and concen- 
trated under reduced pressure. The residue was chromato- 
graphed on silica gel (benxene-ethyl acetate, gradient elution) to 
yield an oil (l3.58) which was dissolved in hot methanol and 
allowed to crystallize. A white crystalline solid (39a. S.Og.42.196) 
was obtained which was identical in all respects with 39a repor- 
ted in the previous experiment. 

P~p~rution of tetramethyi 2 - co~oxymetky~ - 2 - kydmxy - 4 - 
0x0 - 6 - pkesyl - I SJ - cyc~~~et~~~oxyli~ ucid ester@ 

Dimethyl 3-ketoglutarate (Ii.Og, 0.063mol) was added to 
aqueous bicarbonate buffer (200ml. nH 8.3) and stirred for 
Id min. Benzaldehyde (3.5g d.032molj was added to this solu- 
tion and the reaction stirred for 2 days. The reaction mixture was 
filtered and the precipitate washed with cold me~anol to give 
i3.ig (95.3%) of a white crystahine powder identioal in alI 
respects with the title compound: m.p. 187-188’; IR (KBr) 3540 
(OH), 2966 (s, CH), 1730 (br, GO) and i15Ocm-*; NMR 
(DMSDd& S 2.65 (2H. d of d, J = 17 Hz), 3.48 (13H, m~tiplet), 

3.90 (iH. t, J= 12Hz). 4.40 (IH, d, J= 12Hz), 5.38 (lH, s), 7.23 
(SH, s). Mass spectrum C.I. (NHs) m/e 454 (M’t 18, FJO), 437 
(M’ t 1, 100). 436 (MI + 10). The spectral data are identical with 
those of an authentic sample of the ester prepared by the method 
of W. Hfinsel and R. Halier, Arch. Phamr. 303, 334 (1970). 
(Found: C, 57.51; 8, 5.60. Caic. for C2,HX0rD: C, 57.79, H, 
5.58%) 

I - ~3is~cu~oxymetky~)rn~ky~~ bicyc~o[3.3.O]ocfu~e - 3,7 - dione 
(4) 

The tetramethyl bicycio]3.3.0loctane - 3,7 - dione - 2,4,6,8 - 
tetra~~xylate (39a+ 4.08 0.007 mol) was added to a solution of 
concentrated hydrochloric acid (16 ml), glacial acetic acid (28 ml), 
and water (3 ml). The mixture wqs refluxed until CO* evolution 
ceased, (approximately Shr). The solution was cooled and 
extracted with chloroform (4xfOml). The combined extracts 
were dried (Na$O,) and ununited under vacuum. Toluene 
(2OOml aiiquots) was added to the oil and removed under 
reduced pressure until tbe acetic acid had been Rashed from the 
residue. The solid which remained was boiled in ethyl acetate 
and allowed to cool. A white crystalline solid was filtered from 
the soiution to provide 48 (LSg, 76.5%): mp. 180-185” (BtOAc); 
IR (KBr) 3588-m (br), 1736, 1715 and IrKKlcm-r; NMR 
(Me&&d+,) S 2.46 (l4H, m), 12.0 (2H, br singlet). Mass spectrum 
m/e 268 (2, M’), 250 (26). 232 (lOOf), 206 (47). 284 (4S), I90 (621, 
162 (78). (Found: C. 58.16; H, 6.01. Calc. for CIrHu.06: C. 58.20; 
H, 6.01%.) 

Tetrucycfo(5.S.1.D’~‘~.O’o~“~t~decune-2,6,8,I2-tetrukerone (41) 
The bicyclo[3.3.0~~~ - 3.7 - dione derivative (48, 0.68 mg, 

23mmol) was added to a solution of cumene (45ml), diglyme 
(21 ml) and Mpht~ene - I - suffonic acid (0.5 g, 2.0 mmol), and 
the mixture rt&xed for 4 days. The reaction was cooled and the 
solid which had precioibted filtered from the medium to orovide 
41 (0.40 mg, 7&l%* yield) as a grey microcrystalline solid. Sublima- 
tion (PXP, 0.02 mm Hg) gave a white mi~r~rystalIine solid: m.p. 
288” Idec], recrystallized from DMF; IR (FT, KBr) 2960, 1769.5 
(m), 1737 (s), 1710 (s) and 1697 (w) cm“; NMR-‘H (pyridined,) 
S 2.51 (2H, d, J = 6.5 Hz), 2.59 (2H, d, J = 6.5 Hz), 2.87 (2H, d. 
J = 8.4 Hz). 2.95 (2H. d, J = 8.4 Hz). 3.08 (2H. sextet) and 4.05 
(2H, s)]; NMR-13C (from TMS) S (Me&&b,) 37.5, 44.8, 62.5, 
65.8,2~.Oppm {proton decoupled spectrum). Mass s~c~rn 232 
(100, M”), 284 (41, I98 (131, 170 (Sk 163 (2(J), 162 (33). I61 (16). 
149 (5), 148 (71, I47 (6), 137 (12), I36 (34), I35 (21). I34 (u;), I22 
(IS), I21 (17). 120 (IS). I05 (IS). 94 (12). 91 (22): chemicaI 
locution (NH,), m/c 240 (180; k&t iSi, in NO,‘& 262 (108, 
M* + 30). High resolution mass spectrum m/e 232.0739 (9.5, M+f, 
284.8768 (651, 190.0640 (So), 162.0689 (90). (Found: C, 67.78; H, 
5.37. Calc. for Cr3Hr20,: C, 67.24; H, 5.24%,) 

Since the mother liquors from the above filtration contained 
only diacid 48 and naphthalene - 1 - suEonic acid, it is believed 
the-yield of this conversion can be increased above the 85% level 
ahhot@ no attempt has been made as yet to do this. 

Reuctio~ of tetracyc~o[S.5.1.~~‘3.0~o~‘3~t~d~o - 2,6,8,12 . t&&e - 
tone (41) with methanol 

Tetracyclo[5,5.I.OL~“.O’“‘fltridecane - 2.5,6,12 - tetraketone 
(41, 5.0 mg, 0.021 mmol) was added to methanol (2 ml) and stir- 
red. The reaction was monitored by tic at 30 min intervals. After 
stirring for 8 hr no new spots could be seen. l’be reaction was 
heated to reflux and after 16hr all of the starting material had 
disappeared and a new spot of higher RI could be seen. The new 
spot had an R, value identical with that of dimethyl l,3’-giutarate 
bicyclo[3.3.0]octane - 3,7 - dione (39h) prepared by an alternate 
route IIR (CDCls), 174Ocm-’ (GO); NMR (CDC13) 8 1.60-3.20 
(multiplet) and 3.64 (3H, s)]. No further purification or isolation 
was done. The methanol employed in this experiment was not 
previously dried. 

This reaction was repeated at room temp after the ketone 41 
had bee.n dissolved in Kline. Addition of methanol followed by 
stirring at room temp- for 6 hr again led to isolation onIy of 
startin materiaf 41. 
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Tetramethyl tricyclo[6.3.3.0”]undeca - II - me - 3,7 - dione 
2,4,6,8 - tetracarboxylate (SO) 

Cyclooct - 5 - ene - 1.2 - dione 49 (6.5 g, 0.047 mol) prepared by 
the method of YateP was added to aqueous citrate-phosphate 
buffer (lOOmI, pH 5.6) and dimethyl 3-ketoglutarate I (16.39g. 
0.094mol) was added to the mixture at room temp. In order to 
obtain a homogeneous solution, methanol (lOOmI) was then 
added to the reaction and the liquid was stirred at room temp for 
two days. A white solid precipitate was collected by 
vacuum filtration and washed with methanol to urovide SO 
(18.1 g; 0.2g additional material was obtained from ihe mother 
liquors, total yield, 86.3%): m.p. 177-179”; IR (KBr) 1740 and 
166Ocm-‘; NMR (CDCI,) 6 1.95-2.90 (EH, m). 3.64) and 3.75 
(14H. two singlets overlapping with two otlmr protons, 4x 
OCHs), 5.65 (2H, m). Mass spectrum m/e 474 (M+). (Found: C, 
68.45; H, 5.38. Calc. for CUH26010: C, 60.75; H, 5.4846.) 

Tricyclo[6.3.3.0’J)undec-11-ene-3.7-dione (51) 
The tetraester 56 (4.5 g) was shinied in a solution composed of 

aqueous hydrochloric acid [75 ml, 10% (v/v)] and glacial acetic 
acid (4Oml). The mixture was brought to reflux, and held there 
until all of the solid had dissolved and no further evolution of 
carbon dioxide was observed. The solution was cooled in an ice 
bath, chloroform (200ml) was added and cold (ice) aqueous 
sodium carbonate solution was dripped in until the solution 
became slightly alkaline (ph 8). The organic layer was separated 
and the aqueous layer which remained was extracted with chlo- 
roform (3x50 ml). The combined extracts were dried @JarSOd), 
filtered, and the solvent was removed under reduced pres- 
sure. The oily residue (2.1 g) was purified by chromatography on 
alumina (chloroform) to provide a 90% yield of 51 as an off-white 
solid: m.p. 75-77”; IR (KBr) 1738cm-‘; NMR (CDCI,) 8 2.10 
(4H, m), 2.48 (4H. m), 2.45 (4H, s), 2.55 (4H, s), and 
5.60 (2H, 1, distorted); carbon-‘)NMR (CDCI,) 6 25.0 (t), 34.51 
(1). 48.82 (s), 51.93 (1, intense signal), 128.61 (d) and 215.72 (s, 
GO). Masss spectrum (CL, CH,), 219 (M+ + 1, 100). (Found: C. 
77.00; H, 8.00. Calc. for CllH1a02: C, 77.06; H, 8.25%.) 

Preparation of 1 I.12 - dihydroxytricyclo [[6.3.3.0’J]undecane - 
3,7 - dione 

The diketone 51 (7.74g, 0.036 mol) dissolved in tetrahydro- 
furan (I5 ml) was added dropwise to a solution [which contained 
N - methylmorpholine - N - oxide (5.5~. 0.041 mol), osmium 
tetroxide (0.037 g, 0.16 mmol), t-butanol (65 ml), tetrahydrofuran 
and water (7ml)j maintained at 0” (ice bath). The addition 
required 30min. The liquid was then allowed to warm to room 
temp. at which time it was monitored by tic. After 4 hr tic 
indicated the absence of starting material after which the mixture 
was filtered through celite to remove the catalyst. The solvent 
was removed from the filtrate under reduced pressure and the 
residue was taken up in ethyl acetate (I50 ml). The organic layer 
was washed with dilute hydrochloric acid (10% (v/v)], separated 
and the aqueous layer was extracted with chlorofo’rm (3 X 
15Oml). The aqueous layer was further extracted with ethyl 
acetate on a continuous extractor. The combined extracts were 
dried (Na#.O,) and the solvent was removed under reduced 
pressure to provide the desired II,12 - dihydroxytricy- 
clo16.3.3.0’J1undecane - 3.7 - dione (5.8a. 64% yield). Continuous 
extraction of the filtrate provided another 15% of the desired diol 
as an oil; IR (neat) 3465 (broad OH) and 174Ocm-‘: NMR 
(CDCI,) 6 1.90 (8H, m), 2.48 (8H. s), 3.9 (2H, m), 4.38 (2H, broad 
s, disappeared on addition of 40 to sample). Mass spectrum m/e 
252 (hi+). 

This material was used directly in the next experiment. 

Preparation of diketo diacid (451) 
The dihydroxydione (5.8 g, 0.023 mol) obtained from the pre- 

vious experiment was dissolved in acetone (360 ml) and cooled in 
an ice bath. Jones’ reagent 114.0 g of 00~. 12 ml of cone H$O, 
diluted to lOOmI with Hz01 was added dropwise at 0” until the 
solution developed a permanent orange-brown color at which 
time the solution was stirred for an additional 30 min (0’). After 
this, ethyl acetate (36Oml) and water (36Oml) were added fol- 
lowed by addition of sodium bisultite until the ethyl acetate layer 

became clear. The mixture was then concentrated under reduced 
pressure to remove the acetone, followed by several extractions 
with ethyl acetate (4~500ml). The organic layer was dried 
(NaaSO,). while the aqueous layer was subjected to continuous 
extraction (ethyl acetate) for several days. The combined organic 
layers were concentrated under reduced pressure to provide the 
diacid 48a (3.9 g. 60% yield). The yield could be increased (15%) 
by continuous extraction of the aqueous layer with ethyl acetate 
over longer periods of time. The diacid (458) was purified by 
heating in ethyl acetate to provide a white crystalline solid: m.p. 
220’; IR (KBr) 31~2800, 1740, and 1710cm-‘; NMR (DMSO- 
de) 8 1.50-2.00 (4H, m), 2.OW.60 (4H, m), 2.40 (8H, s) and 10.5 
(2H. broad singlet): carbon-13 NMR (DMSW) 29.37, 30.78, 
48.14, 49.33, 175.61 and 218.08ppm. Mass spectrum m/e 282 
(M’). (Found: C, 59.37; H, 6.25. Calc. for CI&06: C, 59.57; H, 
6.38%) 

Tetracyc/o[6.6.0.0’J.@*‘2]tetradecane - 2,7,9,14 - tetraone (44) 
Naphthalene-I-sulfonic acid (0.69g, O.oMs mol) was added to a 

solution of benzene (70 ml) and dioxaoe (25 ml) and the mixture 
heated to reflux for 24 hr; water was removed oin a Dean-Stark 
trap. The diacid 48a (0.8 g, 0.0028 mol) was then added, and the 
Dean-Stark trap replaced by a fresh trap containing dry benzene 
(IO ml). The reaction mixture was subsequently refluxed for eight 
days; the precipitate which formed was filtered from the solution 
to provide 44 (0.32 g, 47% yield) as an off-white solid. Additional 
quantities (15%) of 44 were obtained by adding naphthalene - 1 - 
sulfonic acid (5Omg) to the filtrate and heating the mixture to 
reflux for six additional days. The combined solids were crystal- 
lized from DMSO: m.p. u)9”; IR (FT, KBr) 1759.9 (s) and 1710.7 
(w) cm-‘; NMR (DMSW) 6 2.20 (2H, m). 2.35 (4H, m), 2.50 
(2H, m), 2.90 (4H, s), 3.20 (ZH, s, Bdiketone proton); carbon-13 
NMR (DMSO-d& 27.65 (0.38.95 (t), 47.55 (0.53.47 (s), 69.47 (d), 
206.07 (s), 207.29 (s). (Found: C, 68.00; H, 5.60. Calc. for 
C,,H,,O,: C, 68.29; H. 5.6%) 

Treatment of 44 with methanol 
The tetraketone (44, 100mg) was added to methanol (20ml). 

and the mixture left to stir at room temp. Tic (silica gel, ethyl 
acetate/benzene) indicated the presence- of a -new compound 
after several hours. The starting material had disappeared after 
stirring for IOhr and the new compound was found to be iden- 
tical in all respects with 4!th [IR (KBr) 1745 a&l 1728 (sh) cm-‘; 
NMR KBCI,) 6 1.60-2.50 18H. ml. 2.40 (8H. s). 3.70 I6H.s. 
2OCHr). Mass spectrum @.I:, CH,) 311 (M 4 1, lOO%)] prepared 
by an unambiguous route. The methanol employed in this 
sequence was not previously dried. The diester produced was 
shown to be 48b; hbwever, both the diacid UI and a mono- 
ester/monoacid were also present in the reaction. The ketone 44 
did not open up readily to 45b in the presence of dry methanol: 
therefore, it is presumed the water present in the methanol lead 
regiospecilically to the diacid or the monoester/monoacid and 
these materials catalyzed the regiospecific addition of methanol 
to 44 to furnish diester 45b: m.p. 145-6” (CH,OH). The 
tetraketone 44 was converted to 4Sh in only 7 hr when stirred in 
methanol at 55”. 

I J - Dmethyl 2,4,6,8 - tetramethoxycarbonylbicyclo[3.3.0]- 
octane - 3,l - dione (4. R=R’=CH,) 

Dimethyl 3-ketoglutarate (7Og. 0.4Omol) was dissolved in 4OOml 
of a freshly prepared solution of sodium hydrogen carbonate 
(5.6 g, pH 8.3). Biacetyl (17.2 g, 0.20 mol) was added to the solu- 
tion in one portion and the resulting mixture was stirred at room 
temp for 24 hr. during which time white crystals separate. The 
solid was collected by suction filtration and dried in vacuum to 
give 67-68s. m.p. 158-W (lit.’ W-6”. sublimed). The filtrate 
was cooled- in an ice bath, acidified to pH 5 (pHydrion paper) 
with dilute HCI, and extracted with three 100ml portions of 
chloroform. The combined organic layers are washed-with brine, 
dried over anhydrous sodium sulfate, and the solvent was 
removed under reduced pressure to yield an additional 2-3g 
(878% total). Recrystallization from hot methanol gives 6667 g 
(83-84%), m.p. l59-168’. (Found: C. 54.45; H. 5.30. Calc. for 
C,sHnO,o: C, 54.28; H, 5.53%) 
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