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An efficient synthesis of pentacyclo[4.3.0.0~~5.O~~~.O~~’]nonan-9-one (5 ,  homocubanone) has been devised and its 
conversion to a variety of tetracyclo[4.2.0.0~~5.04~~]octan-3-yl (secocubane) derivatives is described. Baeyer-Villig- 
er oxidation of exo-secocubyl methyl ketone (14) gave the corresponding acetate 15, which was reduced to exo al- 
cohol 16. Similar oxidation of endo-secocubyl methyl ketone (13) gave acetate 18 and trifluoroacetate 19, shown 
to have the rearranged exo-tetracyclo[4.2.0.02~4.03~8]octan-5-yl structure. exo-Secocubyl mesylate (17) solvolyzed 
in acetic acid with a rate of k = 1.27 x sec-’ at 75O, and gave one product, acetate 18. The results obtained in 
this investigation are compared with the reactivity of exo-  and endo- bicyclo[2.2.0]hex-2-y1 derivatives and ex- 
plained in terms of controlling steric, geometric, and conformational factors. 

The study of strained polycyclic small-ring compounds 
has become widespread in recent years.l In particular, 
the use of the cubane “cage” compound series pentacyclo- 
[4.4 .O .02 95.03 ,8.0437]decyl (bishomocubyl), pentacyclo- 
[4.3.0.02,5.03,8.04,7] (homocubyl), and cubane itself has 
facilitated the study of strain-reactivity relationships. In- 
vestigations with derivatives of these cage compounds have 
given insight into the nature of transition metal catalyzed 
rearrangements of strained systems? and solvolysis studies 
of bishomocubyl ( 1)3 and homocubyl (2)4 derivatives have 
offered exceptional opportunities for the investigation of 
transition states, intermediates, and strain release factors 
in carbonium ion rearrangements. 

A natural extension to the studies of cubane-related cage 
compounds is the tetracyclo[4.2.0.02~5.04~7]o~tyl (secocub- 
ane) system (3). These solvolytic studies of secocuban-3-yl 
derivatives (4) offer exceptional opportunities for the study 
of the geometrical and stereochemical requirements of car- 
bonium ion rearrangements in strained systems. The puck- 
er5z6 of the side cyclobutane rings in the rigid secocubyl 
cage causes a large stereochemical difference in the rear- 
rangement routes open to the exo and endo isomers of 4. 
Furthermore, one would anticipate significant differences 
in exo vs. endo reactivities in the secocubyl series. 

J 

4 5 

The discovery of the intramolecular [ Z  + 21 photocy- 
cloaddition reaction has lead to the development of syn- 

thetic routes to a variety of polycyclic cage  compound^.^ 
However, the difficulties which make these compounds 
such a synthetic challenge often hamper further studies. 
The multistep, low-yield synthetic routes to homocubaness 
and secocubanesg limit the quantities of material available 
for solvolytic and other chemical investigations. We now 
wish to describe the development of a convenient and effi- 
cient synthesis of homocubanone ( 5 )  which makes large 
quantities of ketone available for use as a synthetic inter- 
mediate. We also wish to report, in detail, on the conver- 
sion of 5 to monofunctionalized secocuban-3-yl derivatives, 
and the studies undertaken of the solvolytic reactivity of 
the secocubane compounds. 

Synthesis. The synthesis of homocubanone was accom- 
plished by the series of reactions outlined in Scheme I. The 
synthesis of tetrachlorohomocubanone ketal 9 was first re- 
ported by Warrener and coworkers;1° however, no experi- 
mental details were given and no attempt was made to op- 
timize the yield. In the present study, it has been found 
that a 65% yield of 6 could be obtained when the reactants 
were refluxed in n-octane (bp 125’) for 6 days.11J2 Dechlo- 
rination of 9 with lithium metal and tert-butyl alcohol in 
tetrahydrofuranL3 gave homocubanone dimethyl ketal (10) 
in 90% yield. Ketal 10 was hydrolyzed to homocubanone ( 5 )  
with 5% aqueous sulfuric acid. The sequence illustrated in 
Scheme I represents a 30% overall yield synthesis of 5 from 
cyclooctatetraene, and is capable of providing 20-30-g 
quantities of material for further synthetic efforts. 

Conversion of 5 to the secocubane system was achieved 
via nonenolizable ketone ~1eavage.l~ Thus, when 5 was 
added to a stirred suspension of potassium tert-butoxide 
and water in tetrahydrofuran, and the mixture was heated 
a t  50’ for 6 hr, an 85% yield of a mixture of endo-and exo- 
secocubane-3-carboxylic acids (11 and 12) in a 9:1 ratio was 
obtained. The NMR spectrum of the mixture of 11 and 12 
contained broad singlet resonances a t  6 2.3 for 11 and 2.5 
for 12 (in a ratio of 9:l) for the methylene protons and a 
broad multiplet a t  6 3.0-3.7 for the remaining cage protons 
of both isomers. The upfield shift of the methylene protons 
of endo isomer 11 is consistent with the results found for 
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other cage and half-cage compounds, and this shift has 
been attributed to steric compression in the endo isomer.15 

The synthetic route to exo-secocubane-3-mesylate (17) is 

illustrated in Scheme 11. The acid mixture, 11 and 12, was 
treated with oxalyl chloride, and the resultant crude acid 
chloride mixture was converted to a mixture of endo and 
exo methyl ketones 13 and 14 by treatment with lithium di- 
methylcuprate.16 The mixture of methyl ketones was sepa- 
rated by silica gel chromatography, or alternatively, was 
quantitatively converted to exo isomer 14 by treatment 
with sodium methoxide in methanol. Baeyer-Villiger oxi- 
dation of 14 with trifluorooperacetic acid in buffered meth- 
ylene chloride17 gave exo acetate 15 in good yield. Lithium 
aluminum hydride reduction of 15 gave exo-secocuban-3-01 
(16), which was converted to mesylate 17 in the usual man- 
ner.18 

The NMR spectra of both alcohol 16 and mesylate 17 ex- 
hibited the characteristic doublet, J = 2 Hz, at 6 4.85 and 
5.55 assigned to the protons 01 to the alcohol and mesylate 
group, respectively. In addition, both spectra had similar 
two-proton multiplets a t  6 2.4 for the methylene protons 
and six-proton multiplets a t  6 3.5 for the cage protons. The 
similarities between the spectra of 16 and 17 indicate that 
mesylate formation occurred without rearrangement of the 
cage skeleton. 

Results 
Baeyer-Villiger oxidation of endo ketone 13 with trifluo- 

roperacetic acid in buffered methylene chloride proceeded 
at a much slower rate than 14, presumably owing to steric 
hindrance in the endo isomer. The reaction gave a 90% 
yield of approximately equimolar amounts of an acetate 18 
and a trifluoroacetate 19 with rearranged carbon skeletons. 
The acetate and trifluoroacetate had infrared carbonyl ab- 
sorptions a t  1730 and 1780 cm-', respectively, and both 
compounds had an ion corresponding to formula CsHg for 
the parent carbon skeleton fragment in the mass spectrum, 
isomeric with the secocubyl cage system. The NMR spectra 
of 18 and 19 were very similar, with a signal for the a-oxy 
proton a t  6 4.75 and 5.0, respectively. Both compounds ex- 
hibited broad, complex multiplets a t  6 1.6-2.3 and 2.3-2.9, 
and the acetate had a three-proton singlet a t  6 1.95 for the 
acetate methyl group. 
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The high-field multiplet a t  6 1.6-2.3 is indicative of a 
fused cyclopropane ring in the rearranged carbon skele- 

The absence of any NMR or infrared evidence for 
unsaturation suggests that the new structure is still a tetra- 
cyclic system. The production of both acetate and trifluo- 
roacetate is consistent with ionization of the first-formed 
acetate, followed by carbonium ion rearrangement prior to 
collapse of the products. The equimolar ratio of acetate to 
trifluoroacetate, formed in spite of the overwhelming ex- 
cess of trifluoroacetate ion in solution, is indicative of the 
much greater nucleophilicity of acetate anion and/or inter- 
nal return of the acetate anion. 

Lithium aluminum hydride reduction of the crude mix- 
ture of 18 and 19 gave a single alcohol 20, which was oxi- 
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Figure 1. I3C NMR spectrum of solvolysis acetate 18: (a) off- 
resonance coupled; (b) wide-band coupled. 

dized with chromium trioxide-pyridine to the correspond- 
ing ketone 21. The ketone had the molecular formula 
CsHs0, determined by high-resolution mass spectroscopy, 
an infrared carbonyl absorption a t  1750 cm-I, and an ultra- 
violet A,,, a t  202 nm ( t  2500), indicative of a cyclopropyl 
conjugated ketone.20 

The above data are consistent with the proposal of a cy- 
clobutyl-cyclopropylcarbinyl rearrangement of the first- 
formed endo-secocubyl acetate (22) to the tetracy- 
clo[4.2.0.@~4.03~8]~~t-5-yl ring system (23). A similar rear- 
rangement of a strained cyclobutyl ketone, carvonecam- 
phor, to a cyclopropylcarbinyl system under Baeyer-Villig- 
er conditions has been reported by Buchi.zl The formation 
of both acetate and trifluoroacetate products from rear- 
rangement of 22 under Baeyer-Villiger conditions indicates 
that a solvated carbonium ion, free of acetate counterion, 
was formed. For steric reasons, it was expected that nucleo- 
philic attack would give exo products 18 and 19, due to the 
endo-methylene hydrogen (Hendo) ,  which blocks approach 
from that side of the molecule. 

The exo configuration of 18 and 19 was confirmed by ad- 
dition of Eu(fod)s to a solution of alcohol 20 in carbon tet- 
rachloride. The multiplet assigned to the methylene pro- 
tons of 20 a t  6 1.90 moved downfield a t  a slower rate than 
the signals for the protons /3 to the hydroxyl group (Hg) 
when successive 1-mg portions of Eu(fod)s were added. 
Models indicate that the hydroxyl oxygen of endo alcohol 
24 would be very close to Hendo, and the NMR resonance of 

H, OH H 
20 24 

the methylene protons of 24 would be expected to separate 
as the Hendo signal was shifted downfield a t  a rapid rate. 

Final proof of the structure of acetate 18 was obtained 
from its carbon-13 NMR spectrum. The off-resonance 
decoupled and wide-band decoupled I3C NMR spectra of 
18 are shown in Figure 1, and the chemical shifts and as- 
signments of the various resonances are listed in Table I. 

Table I 
13C NMR Assignments for Solvolysis Acetate 18 

OCCH , 
0 in  

18 

Carbon 6 ,  PP"' Split t ing 

1 
2,3 

4 
5 
6 
7 
8 
9 
10 

4 1  .O 

21.2 
81.3 
46.2 
43.4 
39.4 

171.3 
32.0 

20.0,20.5 
Doublets 
Doublets 
Doublet 
Doublet 
Doublet 
Triplet 
Doublet 
Singlet 
Quartet 

The presence of three cyclopropyl carbons a t  6 20.0-21.2, 
one methylene carbon a t  6 43.4, which appears as a triplet 
in the off-resonance spectrum (C-7), and the appropriate 
chemical shifts of the tertiary carbons in relationship to 
their surroundings confirm the structure of 18. 

When mesylate 17 was stirred for 22 hr in sodium acetate 
buffered acetic acid a t  80°, a quantitative yield of a mix- 
ture of acetates was obtained. Analysis of the mixture by 
VPC showed 90% of one acetate, which proved to be identi- 
cal with rearranged acetate 18 obtained from Baeyer-Vil- 
liger reaction of endo ketone 13. In addition, trace amounts 
of several other products were obtained which were not in- 
vestigated. 

17 \ 
OAc 

18 
The acetolysis rate of 17 was determined a t  three tem- 

peratures by measuring the disappearance of the NMR sig- 
nal for the proton CY to the mesylate group vs. an internal 
standard (chloroform). Calculations based on these mea- 
surements give first-order rate constants of h = 1.27 X 
sec-' a t  75.6', h = 2.61 X sec-l a t  60.0°, and h = 2.95 
X sec-l a t  44.7'. Extrapolation to 25' gives h = 2.5 X 
lob7 sec-l, E ,  = 30 f 3 kcal/mol, and AH1 = 27 f 3 kcall 
mol. 

Discussion 
I t  is instructive to compare the reactivities of secocubyl 

derivatives with their corresponding bicyclo[2.2.0]hex-2-y1 
models. McDonald and Daviszz found that exo- and endo- 
2-acetylbicyclo[2.2,O]hexanes (25 and 26) exhibited reactiv- 
ity in the Baeyer-Villiger reaction similar to that of exo- 
and endo-secocubyl ketones 14 and 13. Oxidation of exo 
ketone 25 gave the corresponding acetate 27, but similar 

H H 
25 27 

treatment of endo ketone 26 gave a mixture of the expected 
endo acetate 28, rearranged acetate 29, and a trace of 30. 
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Table I1 

Cumpd 

Relative solvolysis 

rate, X = OSOZR Ref 

8 X 10' 

9 .o 

24 

2 5  

2 . 3  This study 
H 

OAc OAc 
29 30 

Endo acetate 28 underwent further rearrangement on 
standing a t  -26O in carbon tetrachloride solution, forming 
additional 29 and 30. 

The relative solvolysis rates of the compounds relevant 
to this study are summarized in Table 11. Acetolysis of bi- 
cyclo[2.2.0]hex-2-y1 tosylate (31) proceeded with carbon- 
carbon bond migration to form ion pair 32, which collapsed 

I 
H 

31 

32 

to give rearranged tosylate and acetate products.23 The cy- 
clobutane rings of 31 are nearly planar. Hence, the forma- 
tion of a stabilized bicyclobutonium ion, such as that gen- 
erated from cyclobutyl tosylate, is prohibited. Since the 
solvolysis rate of cyclobutyl tosylate is faster than expected 
by bond-angle deformation considerations because of the 
formation of such a nonclassical ion, the fact that 31 solvo- 
lyzes only nine times slower than cyclobutyl tosylate is be- 
lieved to indicate some anchimeric assistance to ionization 
due to p,y-bond migration. 

Solvolysis of endo-bicyclo[2.2.0]hex-2-yl 3,5-dinitroben- 
zoate (33) in aqueous acetone gave a mixture of rearranged 

I 
ODNB 

34 

33 

alcohols and internal returned d in i t robenzoate~ .~~ The 
greatly accelerated rate of 33 (Table 11) was attributed to 

the formation of bicyclobutonium ion intermediate 34. 
The large endo/exo rate ratio for the bicyclo[2.2.0]hexyl 

system is in line with the observed rate ratios for the gener- 
al series of bicyclo[m.2.0]alkyl derivatives.26 The high sol- 
volytic reactivity of the endo compounds is explained by a 
disrotatory opening of the central bond to maintain maxi- 
mum overlap with the developing p orbital a t  the site of the 
leaving group. In this manner a bicyclobutonium ion simi- 
lar to 34 can be formed. A similar mechanism in the exo 
compounds is prohibited owing to the steric interaction be- 
tween the opposing bridgehead hydrogens. 

In exo-secocubyl mesylate (17), the side cyclobutanes are 
puckered, and the leaving group is held in an axial configu- 
ration. Hence, 17 should solvolyze at a slow rate relative to 
c y c l o b ~ t a n e . ~ ~  Furthermore, a Wagner-Meerwein rear- 
rangement in 17, similar to that in 31, is prohibited by ste- 
ric and strain factors. Yet the relative solvolysis rate of 17 
is the same order of magnitude as 31; in fact, it is actually 
somewhat faster. The conformation of 17 prevents any an- 
chimeric assistance to solvolysis, and hence it is unlikely 
that much, if any, rearrangement occurs during the rate- 
determining ionization. However, the unexpected rate ac- 
celeration can be explained by relief of steric compression 
of the endo-methylene hydrogens on ionization of 17 to a 
classical trigonal carbonium ion (35). The driving force at- 
tributed to such steric compression strain release does ac- 
count for the observed solvolysis rate, and there is prece- 
dent for rate accelerations of solvolyses due to steric com- 
pression strain release.28 

17 35 

While rearrangement of 35 to carbonium ion 23 repre- 
sents a calculated1" strain release of approximately 16 kcal, 
further rearrangements of the cyclopropylcarbinyl carboni- 
um ion could release a great deal more strain energy. I t  is, 
therefore, somewhat surprising that the rearrangement se- 
quence stops a t  23. An examination of molecular models in- 
dicates that 23 would be expected to be a stable cyclopro- 
pylcarbinyl carbonium ion owing to the rigid bisected ge- 
ometry, and hence a significant barrier to further reaction 
would be anticipated. The formation of a cyclopropylcar- 
binyl rearrangement product is also consistent with the 
rearrangement of endo-2-acetylbicyclo[2.2.0]hexane (26),  
which gave mainly cyclopropylcarbinyl acetate product 29. 

The very reactive nature of the endo-secocubyl system is 
apparent from the results of the present study. Unfortu- 
nately, this extreme reactivity has thus far precluded the 
isolation of an endo-secocubyl derivative for solvolytic 
studies. However, based on the results of solvolysis studies 
on the bicyclo[2.2.0]hex-2-y1 system, a minimum rate pre- 
diction for the endo-secocubyl system would be lo8 relative 
to the exo system. Furthermore, the fact that the leaving 
group in an endo derivative would be equatorial relative to 
the puckered cyclobutane ring would be expected to en- 
hance the endo/exo rate ratio to an even greater extent. 

Experimental Section 
Melting points were measured with a Buchi Schmelzpunktbest- 

immungsapparat, and are uncorrected. Infrared spectra were ob- 
tained with a Perkin-Elmer Model 137 spectrometer, and ultravio- 
let spectra were recorded with a Perkin-Elmer Model 202 spec- 
trometer or a Beckman DK-2A spectrophotometer. Nuclear mag- 
netic resonance spectra were obtained with Varian Model T-60 or 
HA-100 spectrometers. 
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Thin layer chromatography (TLC) was done on silica gel coated 
microscope slides. The plates were sprayed for analysis with a 
phosphomolybdic acid solution. Analytical vapor phase chroma- 
tography was carried out with a Hewlett-Packard Model 5750 re- 
search chromatograph and preparative vapor phase chromatogra- 
phy was done on a Wilkins Aerograph, Model A-90-P. Combustion 
analyses were performed by the Microanalytical Laboratory, and 
mass spectra were obtained from the Mass Spectroscopy Laborato- 
ry, College of Chemistry, University of California, Berkeley. 

Technical grade ether distilled from potassium hydroxide and 
technical grade pentane distilled from phosphorus pentoxide were 
used for recrystallizations and chromatography. Dry ether was pre- 
pared by refluxing reagent grade ether with sodium and benzophe- 
none. Dry tetrahydrofuran was refluxed with and distilled from 
lithium aluminum hydride, Irradiation grade acetone was refluxed 
with and distilled from potassium permanganate. All other sol- 
vents used were reagent grade unless otherwise specified. 
anti-Dimethyl Tricyc10[4.2.2.0~*~]deca-3,7,9-triene-7,8-di- 

carboxylate (6). A solution of 5 g (0.048 mol) of cyclooctatetraene 
and 6.1 g (0.050 mol) of dimethyl acetylenedicarboxylate in 20 ml 
of n-octane (bp 125') was refluxed for 6 days under nitrogen. The 
reaction was followed by the loss of cyclooctatetraene resonance in 
the NMR spectrum of the reaction mixture. When cyclooctate- 
traene was almost gone, the reaction was cooled and solvent and 
unreacted starting material were removed by distillation a t  aspira- 
tor pressure. The residue was distilled a t  diffusion pump pressure 
(20 p )  through a short-path distillation apparatus to give 8.7 g of a 
mixture of adduct 6 and dimethyl phthalate. Careful integration of 
the NMR spectrum of the mixture showed it to be about seven 
parts 6 to one part dimethyl phthalate, which indicated a 7.65-g 
(65%) yield of adduct 6: bp 80-100' (20 p )  [lit." bp 140-150' (2.0 
mm)]; NMR (CC14) 6 2.7 (2 H, m, cyclobutene bridgehead), 3.7 (6 
H, s, over 2 H ,  m, esters and bridgeheads), 6.0-6.2 (4 H ,  m, vinyl- 
ic); ir (CC4) 1740, 1650, and 1600 cm-'. No attempt to obtain the 
adduct in pure form, free from dimethyl phthalate, was made. 

anti-endo-anti-Dimethyl 4,5,6,7-Tetrachloro- 15.15-dime- 
thoxypentacyclo[8.2.2.14~~.02~9.0~~8]pentadeca-5,11,13-tri- 
ene-11,12-dicarboxylate (7). A solution of 170 g (0.75 mol) of 6 
and 210 g (0.80 mol) of 1,2,3,4-tetrachloro-5,5-dimethoxycyclopen- 
t a d i e ~ ~ e * ~  in 400 ml of chloroform was refluxed under nitrogen with 
constant stirring for 10 days. The solvent was removed by rotary 
evaporation and the crude solid residue was washed several times 
with 50% ether-pentane, collected by filtration, and dried under 
reduced pressure. The combined washings were concentrated and 
the residue was dissolved in chloroform and refluxed for another 7 
days. The total yield of adduct 7 was 290 g (76%): mp 182.5-185.5' 
(lit.lo mp 186'); NMR (CDC13) 6 2.1 (2 H, m),  2.4 (2 H, m), 3.6 and 
3.8 (6 H, s, OCH3), 4.1 (2 H, m), 6.6 (2 H, t ,  J = 4 Hz, vinylic); ir 
(CHCl3) 1725, 1640, 1620, and 1200 cm-'; mass spectrum m/e 473 
(M - Cl). 

Anal. Calcd for CnH2006C14 (510.27): C, 49.40; H ,  3.90; C1,27.80. 
Found: C, 49.34; H, 3.80; C1, 27.92. 

endo-1,6,7,8-Tetrachloro-9,9-dimethoxytricycl0[4.2.1.0~~~]- 
nona-3,7-diene (8 ) .  Adduct 7, 237 g (0.465 mol), was pyrolyzed by 
heating a t  200' for 15 min. The resultant oil was chromatographed 
on 1500 g of silica gel, and elution with 30% ether-pentane gave 
145 g (100%) of crude 8. The crude solid was dissolved in 95% etha- 
nol, decolorized with Norit, and recrystallized to give pure 8: mp 
83.5-84.5' (lit.lo mp 80-81'); NMR (Cc4)  6 3.4 (2 H, s, bridge- 
head), 3.60 and 3.65 (3 H ,  s, OCHd, 6.1 (2  H ,  s, vinylic); ir (cc14) 
1625 and 1170 cm-l; mass spectrum m/e 314,316,318. 

Anal. Calcd for CllH1002C14 (316.04): C, 41.75; H, 3.16; C1,44.90. 
Found: C, 41.58; H, 3.08; C1, 44.74. 

1 ,6,7,8-Tetrachloro-9,9-dimethoxypentacyclo[4.3.O.Oz ,5.0328: 
04,7]nonane (9).A solution of 20 (64 mol) of diene 8 in 2 1. of 
irradiation grade acetone was deaerated with nitrogen and irra- 
diated with a GE-AH6 high-pressure 1000-W mercury vapor lamp. 
The irradiation was followed by TLC (10% ether-pentane) and was 
ceased after 18 hr. The solvent was rotary evaporated and the resi- 
due was chromatographed on 1500 g of silica gel, eluting with 5% 
ether-pentane. The product was recrystallized from pentane to 
yield 15 g (75%) of 9: mp 143-145' (lit.lo mp 123O); NMR (CC4) 6 
3.4-3.8 (6 H, s, on 4 H, m); ir (CC4) 3000 and 1200 cm-'; mass 
spectrum m/e 314 (M+), 279 (M - Cl). 

Anal. Calcd for C11H10O2Cl4 (316.04): C, 41.75; H, 3.16; C1,44.90. 
Found: C, 41.89; H, 3.17; C1, 44.68. 
9,9-Dimethylpentacyclo[4.3.0.02~5.03~8.04~7]nonane (10). A so- 

lution of 4.0 g (0.013 mol) of ketal 9 and 8.3 g (0.112 mol) of dry 
tert-butyl alcohol in 70 ml of dry tetrahydrofuran was stirred vig- 
orously under anhydrous conditions and 1.6 g (0.224 mol) of finely 

cut lithium wire was added. The spontaneous exothermic reaction 
which ensued was moderated by ice-bath cooling to maintain a 
gentle reflux. When the reaction subsided the mixture was re- 
fluxed for an additional 3 hr and cooled. The mixture was strained 
(to remove excess lithium) into 500 ml of crushed ice. The aqueous 
solution was extracted with ether and the ether extracts were dried 
(MgSOd), filtered, and rotary evaporated to yield 2.1 g (91%) of a 
colorless oil shown to be almost pure dechlorinated ketal 10 by 
VPC (SE-30 column, 130'). Short-path distillation gave pure ketal 
10: bp 67-75' (2.0 mm); NMR (Cc4)  6 3.0-3.55 (8 H, m, cage pro- 
tons), 3.15 (6 H, s, ketal protons); ir (CC14) 2940, 1450, 1100, and 
1050 cm-l; mass spectrum m/e 178 (M+), 177 (M - H), 163 (M - 
CH3), 147 (M - OCH3). 

Anal. Calcd for CllH14O2 (178.20): C, 74.20; H, 7.87. Found: C, 
74.43; H,  7.95. 
Pentacyclo[4.3.0.~~5.03~8.04~7]nonan-9-one (Homocubanone, 

5). A suspension of 0.46 g (2.58 mmol) of ketal 10 in 25 ml of 5% 
aqueous sulfuric acid was stirred vigorously a t  room temperature 
for 9 hr. A white, crystalline solid gradually formed in the aqueous 
solution. The solid was extracted with ether, and the ether extracts 
were washed with 5% aqueous sodium bicarbonate solution until 
neutral and dried (MgS04). Solvent was removed by distillation 
through a short glass helix packed column to yield 0.3 g (88%) of 
crude homocubanone (5 ) .  An analytical sample of ketone was ob- 
tained by recrystallization from pentane: mp 66-68'; NMR (CC4) 
6 3.0 (2 H, m, a protons), 3.5 (6 H ,  m, cage protons); ir (cc14) 1760 
and 1716 cm-'; mass spectrum m/e 132 (M+). 

Anal. Calcd for C9HsO (132.17): C, 81.80; H, 6.06. Found C, 
81.5; H, 5.9. There was difficulty with the analysis because of the 
compound's volatility and its tendency to hydrate readily. 
exo- and endo-Tetracyclo[4.2.O.O2~5.O4~7]octane-3-carboxylic 

Acids (11 and 12). A 300-ml, three-necked flask was fitted with a 
reflux condenser, a rubber septum inlet, and a nitrogen inlet, and 
was flushed with nitrogen. A slurry of 32.8 g (0.292 mol) of potassi- 
um tert-butoxide in 180 ml of dry tetrahydrofuran was introduced, 
and the flask was cooled in an ice bath. The slurry was stirred 
magnetically and 1.57 ml (0.087 mol) of water was slowly added via 
syringe. Homocubanone (3.5 g, 0.026 mol) was added a t  once, and 
the mixture was stirred a t  room temperature for 1 hr and heated a t  
50° for 6 hr. The mixture was cooled and poured into crushed ice, 
and the residual salts were washed out with water. The aqueous so- 
lution was washed with ether until the washings were colorless, 
and the aqueous layer was acidified with concentrated hydrochlo- 
ric acid and extracted with ether. The combined extracts were 
dried (MgS04), filtered, rotary evaporated to yield 3.86 g (97%) of 
a yellow, waxy solid. Sublimation (80°, 0.2 mm) afforded 3.398 g 
(85% isolated yield) of a mixture of endo and exo acids 11 and 12 
which were not separated: NMR (CDCl3) 6 2.3 and 2.45 (2 H, 2 
broad s in ratio of 9:1, methylene protons), 3.0-3.7 (7 H, m, cage 
protons and a-acid proton of endo isomer), 3.6 (1 H, s, a-acid pro- 
ton of exo isomer); ir (CHCl3) 3600-2500, 1695, and 1265 cm-'; 
mass spectrum mle 150 (M+), 105 (M - C02H); 

Anal. Calcd for CgHlo02 (150.18): C, 72.00; H, 6.67. Found: C, 
71.77; H, 6.69. 

exo- and endo-3-Acetyltetracyclo[ 4.2.0.02*5.04.7]o~tane (13 
and 14). A 1.24-g (8.27 mmol) sample of a mixture of endo and exo 
acids 11 and 12 was dissolved in 50 ml of benzene and an excess (10 
g) of oxalyl chloride was added. The mixture was stirred a t  room 
temperature for 1 hr and the solvent and excess oxalyl chloride 
were removed by rotary evaporation to yield a crude acid chloride 
mixture: ir (CC4) 1780 and 1720 cm-'. 

A solution of the acid chloride in dry ether was added via syringe 
to a solution of lithium dimethylcuprate (24.8 mmol) in 150 ml of 
ether a t  -78'.16 The mixture was stirred a t  -78' for 20 min and 
hydrolyzed at  that  temperature with methanol. The mixture was 
warmed to room temperature and poured into water, and the solu- 
tion was suction filtered through Celite. The organic layer was sep- 
arated, the aqueous layer was extracted with ether, and the com- 
bined organic layers were washed with saturated salt solution and 
dried (MgS04). The solvent was removed by distillation through a 
glass helix column to yield 1.17 g (95%) of a yellow oil shown by 
VPC (SE-30 column, 130') to be a mixture of endo and exo ke- 
tones 13 and 14. The mixture was separated by chromatography on 
silica gel (10% ether-pentane) to give pure exo ketone 14 and endo 
ketone 13. Analytical samples were obtained by preparative VPC 
(SF-96 column, 135'). Exo isomer 14: mp 40-42'; NMR (CC4) 6 
2.1 (3 H, s, methyl), 2.45 (2 H, broad s, methylene), 3.3 (6 H, broad 
s, cage), 3.65 (1 H, s, a-keto proton); ir (CCL) 2940 and 1700 cm-'; 
mass spectrum m/e 148 (M+), 147 (M - H), 133 (M - CHd,  105 
(M - COCH8). 
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Anal. Calcd for CloHlzO (148.21): C, 81.04; H, 8.16. Found C, 
81.26; H, 8.27. 

Endo isomer 13: mp 35-36'; NMR (CC4) 6 2.1 (3 H, s, methyl 
group), 1.8-2.5 (2 H, m, methylene protons), 2.6-3.8 (7 H, m, cage 
protons and a-keto proton); ir (CC4) 2940 and 1750 cm-l; mass 
spectrum mle 148 (M+), 147 (M - H), 133 (M - CH3), 105 (M - 
COCH3). 

Anal. Calcd for CloHlzO (148.21): C, 81.04; H, 8.16. Found: C, 
80.73: H. 8.22. 

Isomerization of Methyl Ketones 13 a n d  14. A 2.32-g (0.016 
mol) sample of endo ketone 13 was dissolved in 200 ml of anhy- 
drous methanol and a trace of sodium methoxide was added. The 
mixture was stirred a t  room temperature under nitrogen for 5 days 
and poured into 10% aqueous hydrochloric acid, and the solution 
was extracted with ether. The combined extracts were washed with 
dilute sodium bicarbonate and dried (MgSOd), and the solvent was 
removed by distillation to yield 2.19 g (94%) of exo ketone 14, iden- 
tical with an authentic sample, as the only product. 

exo-Tetracyclo[ 4.2.0.02~5.04~7]o~tan-3-ol Acetate (15). To a 
stirred suspension of 1.9 g (12.8 mmol) of exo ketone 14, 24 g (167 
mmol) of anhydrous disodium phosphate, and 140 ml of methylene 
chloride was added, dropwise, a methylene chloride solution of tri- 
fluorooperacetic acid [prepared from 12.6 ml (85.7 mmol) of triflu- 
oroacetic anhydride]. The mixture was stirred for 1 hr a t  room 
temperature and filtered, and the inorganic salts were washed with 
additional methylene chloride. The combined organic phase was 
washed with 10% sodium carbonate solution and dried (MgSOd), 
and the solvent was removed by distillation through a glass helix 
column to yield 2.036 g (97%) of acetate 15. An analytical sample 
was obtained by preparative VPC (SF-96 column, 135'): NMR 
(CC4) 6 2.0 (3 H, s, methyl), 2.3-2.8 (2 H, m, methylene), 3.0-3.6 (6 
H, m, cage), 5.5 (1 H, broad s, a-ester proton); ir (CC14) 2920,1730, 
and 1235 cm-l; mass spectrum_ rnle 164 (M+), 121 (M - COCH3), 
105 (M - OAc). 

Anal. Calcd for C1oH1202 (164.21): C, 73.14; H, 7.37. Found: C, 
72.90; H, 7.19. 
exo-Tetracyclo[4.2.0.0z~5.04~7]octan-3-ol (16). Acetate 15, 2.03 

g (12.3 mmol), was reduced with a fivefold excess of lithium alumi- 
num hydride a t  0' in dry ether. The solution was hydrolyzed with 
aqueous ammonium chloride solution and extracted with ether, 
and the solvent was rotary evaporated to give 1.41 g (94%) of crys- 
talline alcohol 16. Recrystallization from ether-pentane gave a 
pure sample of 16: mp 102-103'; NMR (CC4) 6 1.3 (1 H, broad s, 
hydroxyl proton), 2.0-2.4 (1, H, m, methylene proton), 2.4-2.7 (1 
H, m, methylene proton), 2.9-3.7 (6 H, m, cage protons), 4.85 (1 H, 
d,  J = 2 Hz, a-hydroxyl proton); ir (cc14) 3600-3100 and 2950 
cm-'; mass spectrum mle 122 (M+), 121 (M - H); 

Anal. Calcd for CsHloO (122.17): C, 78.65; H, 8.25. Found: C, 
78.38; H, 8.12. 
exo-Tetracyclo[4.2.0.0z~5,04~7]octan-3-ol Mesylate (17). A 

300-ml, three-necked flask was fitted with a nitrogen inlet and an 
addition funnel, and was flamed out under nitrogen flush. A solu- 
tion of 658 mg (5.4 mmol) of alcohol 16 and 688 mg (6.0 mmol) of 
methanesulfonyl chloride in 60 ml of benzene was added and the 
flask was placed in an ice bath. The solution was stirred magneti- 
cally and 800 mg (8.0 mmol) of triethylamine was added, dropwise, 
over a period of 2 min. The reaction mixture was removed from the 
ice bath and stirred a t  room temperature for 30 min. The mixture 
was filtered, the salts were washed with additional benzene, and 
the combined organic solution was rotary evaporated to yield a 
crude, colorless oil which solidified on standing. The crude residue 
was dissolved in pentane and concentrated to afford pure crystal- 
line mesylate 17: 1.04 g (96%); mp 83.5-85'; NMR (CC4) 6 2.3-2.8 
(2 H, m, methylene), 2.9 (3 H, s, methyl), 3.2-3.9 (6 H, m, cage), 
5.55 (1 H, d, J = 2 Hz, a-OMS proton); ir (CC4) 2930, 1455, 1210, 
and 1175 cm-'; mass spectrum mle 105 (M - OMS). 

Anal. Calcd for CsH1203S (200.26): C, 53.97; H, 6.04; S, 16.01. 
Found: C, 53.73; H, 5.96; S, 15.78. 
exo-Tetracyclo[4.2.0.02~4.03~8]octan-5-acetate (18) and  Tri- 

fluoroacetate (19) via Baeyer-Villiger Reaction of Endo Ke- 
tone 13. Following the procedure described for the exo ketone 14, 
0.78 g (5.25 mmol) of ketone 13 was oxidized, and after stirring for 
1 hr a t  room temperature, the mixture was refluxed for 5 hr. The 
solvent was removed by distillation through a glass helix column to 
yield 0.98 g of yellow oil. VPC (SE-30 column, 120') examination 
of the product mixture showed two equal-intensity peaks account- 
ing for about 90% of the material and several components present 
in small quantities. Preparative VPC (SF-96 column, 130') of the 
two major components of the mixture afforded pure samples of ac- 
etate 18 and trifluoroacetate 19. Acetate 18: NMR (CC4) 6 1.5-2.2 

(6 H, m, cyclopropyl and methylene), 1.95 (3 H, s, methyl), 2.3-2.9 
(2 H, m, bridgehead), 4.75 (1 H, m, a-ester); ir (CCL) 3020. 2930. 
1725, and 1240 cm-'; mass spectrum mle 164 (M+), 121 (M - 
COCHd, 105 (M - OAC): 

Anal. Calcd for CloHlzOz (164.21): C, 73.14; H, 7.37. Found: C, 
73.00; H, 7.29. 

Trifluoroacetate 19: NMR (CC4) 6 1.6-2.4 (6 H, m, cyclopropyl 
and methylene), 2.4-2.9 (2 H, m, bridgehead), 5.0 ( 1 H, m, a- 
ester); ir (CC4) 3020, 2930, 1780, and 1155 cm-'; mass spectrum 
rnle 218 (M+), 105 (M - C02CF3). 

Reduction of the  Rearranged Acetate 18-Trifluoroacetate 
19 Product  Mixture  f rom Ketone 13. Formation of Rear-  
ranged Alcohol 20. A 1.1-g (ca. 5.8 mmol) portion of crude prod- 
uct mixture from the Baeyer-Villiger reaction on endo ketone 13 
was reduced with excess lithium aluminum hydride a t  Oo in ether. 
The crude mixture was hydrolyzed with aqueous ammonium chlo- 
ride and extracted with ether. Solvent was removed by distillation 
through a glass helix column to yield 0.50 g (70% from the ketone) 
of crude alcohol 20. Recrystallization, sublimation, and column 
chromatography failed to produce pure 20. However, a pure sam- 
ple was obtained by preparative VPC (SF-96 column, 120'): NMR 
6 1.45 (1 H, s, OH), 1.4-1.8 (4 H, m, cyclopropyl), 1.8-2.1 (2 H, m, 
methylene), 2.3 and 2.6 (1 H, m, bridgeheads), 3.95 (1 H, m, a-hy- 
droxyl proton); ir (CC4) 3600-3100, 3020, 2930, and 1060 cm-'; 
mass spectrum mle 122 (M+), 121 (M - H), 105 (M - OH). 

Oxidation of Rearranged Alcohol 20. Formation of Ketone 
21. A lOO-ml, three-necked flask was flamed out under nitrogen 
flush and a solution of 1.58 g (20 mmol) of dry pyridine was added. 
The solution was stirred magnetically and 1.0 g (IO mmol) of chro- 
mium trioxide (dried over phosphorus pentoxide) was added. The 
mixture was stirred for 15 min to form the chromium trioxide- 
bispyridine complex and 200 mg (1.64 mmol) of crude alcohol 20 
was added. The mixture was stirred a t  room temperature for 1 hr 
and filtered, and the residual tar was washed with several portions 
of ether. The combined filtrates were washed with 5% sodium hy- 
droxide solution until the washings were colorless, 5% hydrochloric 
acid, saturated sodium bicarbonate, and saturated sodium chloride 
solutions. The organic phase was dried (MGSOI), and the solvent 
was removed by distillation through a glass helix column to yield 
110 mg (55%) of a colorless oil. VPC (SE-30 column, looo) exami- 
nation of the product mixture showed 90% of one component, ke- 
tone 21, which was purified by preparative VPC (SF-96 column, 
120'): nmr (CCL) 6 1.4-2.0 (3 H, m, cyclopropyl), 2.1-2.5 (3 H, m, 
methylene and a-keto), 2.85 (2 H, m, bridgehead); uv max 
(CH30H) 202 nm ( e  2500); ir (Cc4)  3020, 2930, and 1750 cm-I; 
high-resolution mass spectrum mle 120.0577 (CsHsO), 91.0545 
(C7H7). 

Preparat ive Acetolysis of exo-Tetracycl0[4.2.0.0~~~.- 
O4.']octan-3-ol Mesylate (17). Mesylate 17 (972 mg, 4.86 mmol) 
and 480 mg (5.86 mmol) of anhydrous sodium acetate were dis- 
solved in 100 ml of dry acetic acid. The solution was stirred and 
heated to 80' for 22 hr, cooled, and poured into 500 ml of water. 
The solution was extracted with pentane twice and with ether 
once, and the combined extracts were washed with saturated sodi- 
um bicarbonate until the extract was neutral. The extract was 
dried (MgS04), and the solvent was removed by distillation 
through a glass helix column to yield 812 mg (100%) of a clear oil. 
This oil was examined by VPC (SE-30 column, 120') and was 
found to consist of 90% acetate 18, identical with an authentic 
sample. 

Determination of the  Acetolysis Rate  of Mesylate 17. Ap- 
proximately 0.5 ml of a solution of 69.3 mg (0.346 mmol) of mesyl- 
ate 17 and 30 mg (0.364 mmol) of anhydrous sodium acetate in 2 
ml of dry acetic acid was placed in an NMR sample tube. Two 
drops of chloroform was added and the tube was sealed under ni- 
trogen atmosphere. The tube was placed in a constant-tempera- 
ture bath a t  75.6' and the solvolysis was followed by NMR by 
measuring the decrease of the a-mesylate proton signal a t  6 5.55 
against the internal standard chloroform signal, using repeated in- 
tegration technique (error 5%). The rate calculated by computer 
using a least-squares analysis was 1.2 x 

Similar rate determinations were made a t  60.0 and 44.7' and 
gave rates of 2.61 x sec-l, respectively. Good 
first-order plots were obtained in all three cases. These data give 
E. = 30 i 3 kcallmol and AH = 27 f 3 kcallmol. 
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9,9-Dimethoxy-1,2,3,4-tetrachloropentacyclo[4.3.0.02~5.03~s.04~7]n~nane (2) was found to rearrange t o  cage- 
opened ketone 4 o n  treatment w i t h  concentrated sulfuric acid, but, w i t h  hydrogen bromide in acetic acid, keta l  2 
was hydrolyzed to tetrachlorohomocubane (3). Treatment  o f  3 w i t h  aqueous base gave rise t o  the  oxahomocubane 
acid 6, while treatment w i t h  sodium hydroxide in benzene gave tetrachlorosecocubane acid (8). T h e  conversion of 
3 t o  6 was shown t o  proceed through 8 v ia a sequence o f  intramolecular chlorine displacements by the isolation of 
intermediate lactone 10. These results are discussed in relat ion t o  reactions of similar compounds which have 
been previously described in the l i terature. 

As part of an investigation of the tetracyc10[4.2.0.0~,~.- 
04,7]octane (secocubane) ring system, various chlorinated 
cage compound intermediates have been studied in an at- 
tempt to  devise an efficient synthetic route to secocuban- 
5-yl derivatives (1). The chemistry of polycyclic cage com- 

1 
pounds is altered a great deal owing to the electron-with- 
drawing inductive effects and to the steric effects of multi- 
ple chlorine substitution: and in the present study atten- 
tion has been directed toward the role of these two effects 
upon the rearrangement pathways of the cage system. 

Tetrachlorohomocubanone ketal (2) was prepared in 
good yield by the method of Warrener and coworkers? At- 
tempts to hydrolyze ketal 2 with various concentrations of 
sulfuric acid (up to 75% acid a t  temperatures up to SO0) 

were unsuccessful, the ketal being recovered quantitatively. 
However, treatment of 2 with concentrated sulfuric acid a t  
room temperature gave an unsaturated ketone 4, which was 
isomeric with the expected cage ketone 3, in 70% yield. The 
infrared absorption of the product a t  1750, 1625, and 1590 
cm-' was compatible with an 0-chloro conjugated carbonyl 
group and an additional chlorinated cyclobutene double 
bond.5 The ultraviolet spectrum, A,,, 234 nm ( t  6700), also 
indicated a conjugated ketone. The NMR spectrum exhib- 
ited multiplets a t  6 3.6 and 3.4 in a ratio of 2:l in addition 
to a one-proton doublet at 6 7.7. Double irradiation of the 
signal at 6 3.6 caused the 6 7.7 doublet to collapse to a sin- 
glet. 

The above data indicate cage-opening rearrangement of 
a hydrolysis intermediate with carbonium ion character a t  
the carbonyl carbon t o  give the product, 3,4,6,8-tetrachlo- 
rotricyclo[4.3.0.02~5]nona-3,8-dien-7-one (4). One possible 
mechanism for the rearrangement to 4 is illustrated in 
Scheme I. The driving force behind the indicated 1,3-sig- 
matropic shift is not clear, but such a shift is necessary in 


