
1977 19 

The Preparation from Cyclopentadiene Trimer of Alcohols and Ketones 
containing the Perhydro-4,9:5,8-dimethanobenz[f]indene Ring System 
By Athelstan L. J. Beckwith,' Organic Chemistry Department, University of Adelaide, Adelaide, South Australia 

5000 
Martin L. Gilpin, Dyson-Perrins Laboratory, Oxford University, Oxford OX1 3QY 

endo,exo,endo-Perhydro-4,9 : 5,8-dimethanobenz[f] inden-6-exo-ol (2) and other alcohols and ketones containing 
the perhydro-4.9 : 5,8-dimethanobenz[f] indene ring system in either the endo,exo,endo- or the exo,exo,endo-form 
have been prepared from cyclopentadiene trimer (1 ). The acid-catalysed addition of water and various carboxylic 
acids to the 2.3-double bond of the diene (1) has been investigated. It appears that the degree of Wagner-Meer- 
wein rearrangement accompanying such additions is related to the steric bulk of the addend. The route employed 
for the preparation of the bridgehead 3a-alcohol (26) involved the stereo- and regio-selective allylic oxidation of the 
2,3-olefin (1 5) with t-butyl perbenzoate and a copper-salt catalyst. The mass and 13C n.m.r. spectra of represen- 
tative alcohols and ketones are reported. 

IN connection with studies in these laboratories of the 
microbiological hydroxylation of rigid, cyclic systems 
we required various alcohols and ketones [e.g. (2), (7), 
etc.] containing the perhydro-4,9: 5,8-dimet hanobenz cf3 - 
indene ring system. 

Surprisingly, in view of its ready availability, there has 
been relatively little work carried out on cyclopentadiene 
trimer (1). Nevertheless, sufficient is known of its 
chemistry to indicate that it is a particularly suitable 
starting material for the preparation of the required 
compounds. For example, the two double bonds in 
structure (1) differ considerably in reactivity 2-4 thus 
making it possible to functionalise the molecule a t  either 
end or at both. Also, acid-catalysed additions to the 
6,7-double bond proceed with Wagner-Meenvein re- 
arrangement:+ and thus the trimer (1) can be used for 
the preparation of compounds in both the endo,exo,endo- 
and the exo,exo,endo-series. Finally, since only one face 
of each double bond in (1) is relatively free from steric 
hindrance, the introduction of substituents in a stereo- 
specific fashion should be readily accomplished. 

Cyclopentadiene trimer (1) has been prepared previously 
by heating cyclopentadiene, or its dimer, in a sealed 
v e ~ s e l . ~ - ~  We found, however, that it could be obtained 
more expeditiously by heating redistilled endo-cyclo- 
pentadiene dimer at  140-150 "C under reflux in nitrogen 
for 24 h. Under these conditions the yield of purified 
trimer (1) is small (ca. 6%), but unchanged dimer is 
easily recovered and recycled. The structure of cyclo- 
pentadiene trimer (1) formed from the endo-dimer has 
been fully elucidated by chemical methods and Confirmed 
by a detailed analysis of its n.m.r. spectrurn.lOJ1 
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The route chosen for the preparation of 6-oxygenated 
ertdo,exo,ertdo-compounds involved, as a first step, the 
treatment of the trimer (1) with mercury(I1) acetate 
followed by sodium borohydride. The oxymercuration- 
demercuration reaction l2 of norbornene derivatives has 
been shown previously to proceed without Wagner- 
Meenvein rearrangement, and with a high degree of 
specificity on the exo-face.l3 Since the 6 ,7-double bond 
of cyclopentadiene trimer (1) is more reactive than the 
2,3-double bond, and its endo-face is more hindered than 
that of the norbornene double bond, it was expected that 
oxymercuration-demercuration would proceed both 
regio- and stereo-specifically. In  fact when the mixture 
of unsaturated acetates and alcohols initially obtained 
was hydrogenated over platinum and then hydrolysed, 
only one alcohol was isolated. The overall yield was 
high when 1 mol. equiv. of mercury(I1) acetate was em- 
ployed, but was lowered by the use of an excess of reagent. 
The structure (2) expected for the product was confirmed 
by its lH n.m.r. spectrum, which contains a broad doublet 
a t  7 5.95 ( J  6 Hz), typical of e~zdo-a-protons.~~ Further- 
more the substantial downfield shift of this signal as 
compared with the corresponding signal in norbornan-2- 
exo-ol [T(CCl,) 6.421 l4 indicates the presence of an endo- 
linkage at  the 4a-position [cf. 6-endo-methylnorbornan-2- 
exo-ol which has the 2-proton resonance at ~(Ccl,) 5.99 
(br d, J 7 Hz)15]. 

Oxidation of the alcohol (2) can be carried out with 
Jones reagent, but better yields of the ketone (3) were 
obtained when Brown's two-phase procedure was used.16 
An excess of reagent was required, and the reaction pro- 
ceeded unusually slowly, presumably because of the 
severe steric hindrance to base-promoted removal of the 
a-proton in the intermediate chromate ester.]' The 
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n.m.r. spectrum of the ketone (3) contains a signal from 
only one proton with a shift in the bridgehead region at 
T ca. 8.8,11 and this is assigned to H, at the 10-position, 
since other bridgehead protons are expected to be de- 
shielded by the carbonyl group. 

R' R2 
(21 OH H - 
(31 0 
(41  H OH 
( 5 )  OAc H 
16) H OAc 

Reduction of the ketone (3) with sodium borohydride 
proceeded smoothly but slowly (see below) and unusually 
rigorous conditions were required. The sole product was 
different from the alcohol (2) and was therefore assigned 
the structure (4), further support for which is provided 
by the similarity of the n.m.r. signal of the a-proton ( T  

5.73, broad m), to that of the equivalent proton in 
norbornan-2-endo-01 ( T  5.88, broad m) .14 

The reaction of formic acid with cyclopentadiene 
trimer (1) has been reported to proceed with Wagner- 
Meerwein rearrangement to afford an exo,exo,endo-mono- 
adduct in quantitative yield.4 However, when the tri- 
mer (I)  was heated under reflux with formic acid for 8 h 
the product was shown by n.m.r. spectroscopy to contain 
ca. 17% of starting material. The reaction of the trimer 
(1) with formic acid in chloroform proceeded more cleanly 
and gave a quantitative yield of formates. However, 
the n.m.r. spectra of the products from both reactions 
contained resonances at T 5.15 and 4.95 indicative of the 
presence of both exo,exo, endo- and endo,exo,endo-f ormates . 
This was confirmed by hydrogenation and hydrolysis of 
the mixtures of formates, which afforded mixtures of two 
alcohols. The n.m.r. spectra of the products contained 
two broad doublets in the a-proton region. The minor 
(ca. 20%) at T 5.95 ( J  6 Hz) corresponds to the signal for 
the a-proton in the unrearranged alcohol (2), and the 
major (ca. 80%) at  T 6.25 (J  7 Hz) is assigned to the 
required rearranged exo-alcohol (7). 

I 
R 2  U 

The separation of the isomeric alcohols (2) and (7) 
proved difficult. Both column chromatography and 

t.1.c. with a variety of solvents and adsorbents were in- 
effective. Fractional crystallization from methanol or 
light petroleum gave crystalline samples, but they had 
differing m.p.s and their n.m.r. spectra showed them to 
be mixtures. One such sample, m.p. 104-106°, com- 
prised a 2 : 1 mixture of (2) and (7); presumably the 
material of similar m.p., previously regarded as pure (7) ,3 
was also a mixture. Eventually a pure sample of the 
rearranged alcohol (7) was obtained by fractional crystal- 
lization of the mixture from nitromethane-methanol. 
An alternative method, suitable only for small quantities, 
involves preparative t.1.c. of a mixture of the acetates (6) 
and (10) followed by alkaline hydrolysis of the fraction 
of higher RF value. As expected the signal for the a- 
proton appeared in the n.m.r. spectrum of (7) as a high- 
field doublet ( T 6.25, J 7 Hz). 

In an attempt to develop a more specific route to the 
rearranged alcohol (7), the trimer (1) was treated with a 
number of different acids. In each case the crude pro- 
duct was hydrogenated, hydrolysed, where appropriate, 
with methanolic potassium hydroxide, and analysed by 
g.1.c. The results (Table 1) reveal some interesting 
trends. 

First, as expected for a reaction believed to proceed by 
initial protonation of the diene (l), the rate is related to 
the strength of the acid. Among the carboxylic acids 
the order of reactivity is trifluoroacetic > trichloroacetic 
> formic > acetic ; the reactions of acetic and isobutyric 
acids are extremely slow even at reflux temperature, and 
acceptable yields of products were obtained only when a 
strong mineral acid ciltalyst was added. 

TABLE 1 
Relative yield of I carranged product from acid-catalysed 

addition to cyclopentadiene trimer ( l )a  

Reaction Temp. Yield 
Addend Catalyst Solvent time (h) ("C) (yo) 

ButCO2H HBF4 10 110 10 
(10 ml) (0.6 ml) 

(10 ml) (0.5 ml) 
PrC02H HBF, 1 110 14 

C1,C*C02H CCl, 5 80 36 

CCl, 0.1 80 56 F,CC02H 

AcOH (' g, HBF, 0.4 115 88 

HC0,H CHCl, 24 ca. 65 82 

HC02H 

(12 ml) 

(10 ml) 

(1 €9 

(10 ml) (0.5 ml) 

(' 4 100 88 
(3 

(10 ml) 
H20 (2 ml) HBF, Dioxan 4 100 80 

(0.5 ml) (8 ml) 
H20 (2 ml) H2S04 Dioxan 2 100 84 

(0.4 g) (8 ml) 
a 0.4 g in each experiment. b As percentage of total yield of 

adducts. 

The degree of rearrangement accompanying addition 
appears to be independent of the strength of the acid. It 
may be slightly dependent on the temperature; the 
results suggest that the formation of rearranged products 
is favoured by higher temperatures, but more closely 
controlled experiments are needed to confirm this. The 
extent of rearrangement appears to be determined mainly 

C 43% wlv in water. 
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by the bulk of the nucleophile. The small reagents 
water, formic acid, and acetic acid afford relatively high 
yields of rearranged products, but the bulky trichloro- 
acetic and isobutyric acids give mainly unrearranged 
endo ,ex0 , endo-compounds. 

This observation of a relationship between the extent 
of rearrangement accompanying addition to a norbornene 
system and the size of the reagent appears to be without 
precedent. We believe that in this instance it reflects 
secondary steric effects involving non-bonded inter- 
actions between H, on the 4,g-methano bridge and 
adjacent protons. The outcome of the attack of a 
nucleophile HY on a pair of rapidly equilibrating ions 
(or on a non-classical norbornyl cation) will reflect the 
relative stability of the two transition states (13) and 
(14). When Y is small the dimensions of each transition 

of unhindered norbornan-2-one-type corn pound^.^^ As 
expected the signal for the a-proton in the n.m.r. spectrum 
of the endo-alcohol (9) was a multiplet a t  lower field than 
that for the a-proton in the exu-isomer (7). 

Qualitative studies indicated that there is a large 
difference between the rates of reduction of the ketones 
(8) and (3) with sodium borohydride, the former being the 
more reactive. Presumably, reduction of the endo,exo,- 
endo-ketone (3) is hindered by the increase in non-bonded 
interaction between the oxygen atom and 10-H, as a 
tetrahedral centre develops at C-6. The difference in 
reactivities of the two ketones allows the reduction to be 
conducted selectively. When a mixture of (3) and (8) 
was treated with 1 mol. equiv. of sodium borohydride in 
ethanol a t  room temperature for 40 min the latter was 
completely reduced, but the former was virtually un- 
affected. The resultant mixture of the ketone (3) and 
the two alcohols (7) and (9) was readily separated by 
chromatography. 

In an endeavour to develop a more stereospecific route 
to the alcohol (9), catalytic hydrogenation of the ketone 
(8) was attempted. However, reduction would not pro- 
ceed until trifluoroacetic acid was added to the mixture, 
and the reaction then produced the epimeric alcohols (7) 
and (9), and a less polar compound, the properties of 
which agree with its formulation as the endo-6-methoxy- 
compound (12). This may have arisen via intermediate 
formation and subsequent hydrogenation Of a 

state should be very similar to those of the appropriate 
parent hydrocarbon, and we expect, therefore, that such 
reactions will proceed more readily through that structure 
(13) which contains the preferred exo-configuration at  the 
4a, 8a-ring junction. vinyl ether. 

When HY is large there will be an interaction between 
Y and the adjacent proton at  C-11. In  the case of the 

Alder and Stein reported that the mono-ene (15) can 
be prepared by partial hydrogenation of the trimer (1). 

transition state (14) this Can be relieved by increase in the However, when the Of (l) Over Platinum 
11,5,6- and 11,8,7-bond angles, a perturbation which in wa,S stopped after Of mol' 

equiv. of hydrogen, the product was found to contain 
appreciable quantities of both the diene (1) and the 
fully saturated compound (19). The use of palladium- 
charcoal as catalyst ensured a more selective reaction, but 
the best results were obtained when Brown's nickel 
boride 2o was employed. 

Oxidation of the olefin (15) with selenium oxide in 
acetic acid gave, after hydrolysis and purification of the 
product over precipitated silver,21 the allylic alcohol (16). 
The exo-stereochemistry is assigned on the ground that 
endo-attack would be subject to considerable steric hin- 
drance, and is supported by the presence in the n.m.r. 
spectrum of the alcohol (16) of a sharp singlet a t  T 5.30 
assigned to the a-proton. The epimeric alcohol (18) 
would be expected to show considerable coupling between 
the ct-proton and H-9a. Oxidation of the alcohol (16) 
with Jones reagent afforded the ketone (17) in modest 
yield. 

Hydrogenation of the alcohol (16) without concomitant 
hydrogenolysis was accomplished with the use of rhodium 
-alumina, the catalyst of choice for reduction of allylic 
alcohols.22 Oxidation of the alcohol (20) thus prepared, 
by the two-phase method, afforded the ketone (21) in 

2L L. F. Fieser and G. Ourisson, J. Amer. Chem. SOC., 1953, 75, 

22 H. 0. House, ' Modern Synthetic Reactions,' 2nd edn., 

causes very little increase in the non-bonded interactions 
of 10-H, with adjacent protons. However, in the case of 
transition state (13) any similar change in the 11,5,6- and 
11,8,7-bond angles will cause a large increase in the steric 
interaction of the buttressed protons 1 l-H, and 10-H,. 
We conclude that when Y is large, the transition state 
(13) is destabilized with respect to (14) and that products 
will be formed preferentially via the latter. 

The ketone (8) was obtained by Brown oxidation of the 
rearranged alcohol (7) or, more conveniently, of a mixture 
of the alcohols (2) and (7). In the latter case the result- 
ant mixture of ketones (3) and (8) could be separated by 
chromatography. The ketone (3) so obtained was identi- 
cal with the compound formed directly from the unre- 
arranged alcohol (2). In agreement with the assigned 
structure the ketone (8) shows one high-field doublet in 
its n.m.r. spectrum, due to 10-H,. 

Reduction of the exo,exo,endu-ketone (8) with lithium 
aluminium hydride or sodium borohydride afforded a 
9 : 1 mixture of the endo- (9) and the exo-alcohol (7), a 
product distribution typical of metal hydride reductions 

la H. C. Brown and J. H. Kawakami, J. Amer. Chem. SOC., 

l9 H. C. Brown and H. R. Deck, J. Amer. Chem. SOC., 1966, 87, 

2o H. C. Brown and C. A. Brown, J. Amer. Chem. SOC., 1963,85, 

1975, 97, 5521; and references cited therein. 

5620. 4404. 

1005. Benjamin, California, 1972, p. 13. 
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good yield. Its n.m.r. spectrum contains resonances in catalysed benzoyloxylation of olefins with t-butyl per- 
the high-field region (ca. T 8.8) for five protons, the bridge benzoate exhibits marked regio- and stereo-selectivity. 
protons at C-10 and C-11 accounting for four of these. The reaction is sensitive to steric hindrance, and proceeds 
The other resonance is assigned to H-8a, which is sub- preferentially by loss of tertiary hydrogen atoms to give 
stantially shielded by the carbonyl group. Reduction of products containing the less substituted possible double 
the ketone (21) with lithium aluminium hydride or bond. It was expected therefore that the reaction of the 
sodium borohydride afforded solely the endo-alcohol (22). olefin (15) with t-butyl perbenzoate would proceed via 

R2 

%R2 R.' - R2 * R 2  /&+ R2 R' 

(15) H H (19) H H R' R2 

% ( 2 6 )  

(20)  H OH 

(21) 0 
(22)  OH H 

- (23) OH H 

( 2 1 )  '0 
( 2 5 )  H OH 

__y__./ 

As expected, the reaction of the olefin (15) with bora- 
bicyclononane occurred stereospecifically on the less 
hindered exo-face, but was not regioselective, for it pro- 
duced, after oxidative work-up, a mixture of the two exo- 
alcohols (20) and (23). The mixture could not be separ- 
ated chromatographically, but pure samples of the com- 
ponents were eventually isolated by fractional crystalliz- 
ation. 

Brown oxidation of a mixture of the alcohols (20) and 
(23) afforded the readily separable ketones (21) and (24). 
In  a later experiment the olefin (15) was treated with 
diborane and the product was oxidized directly with 
chromic acid. This procedure afforded not only the 
expected ketones (21) and (24), but also the saturated 
hydrocarbon (19) ; clearly under the conditions used 
protolysis of the intermediate borane competes with its 
oxidation. 

Reduction of the ketone (24) with sodium borohydride 
proceeded rapidly and stereospecifically to afford the 
endo-alcohol (25). 

the allylic radicals (29) and (30), formed respectively by 
the loss of hydrogen atoms from the 1- and 3a-positions, 
with some preference for the latter. Selective conversion 
of the radical (30) into the tertiary benzoate (27) would 
then be aided both by the normal preference for formation 
of a disubstituted olefin, and by the considerable increase 
in ring strain engendered by formation of its trisubsti- 
tuted isomer (28). In the event these expectations were 
realised. Heating the olefin (15) with t-butyl perbenzo- 
ate in the presence of copper(r1) octanoate as catalyst 
gave a mixture of benzoates which wa5 reduced with 
lithium aluminium hydride and hydrogenated over 
rhodium-alumina. G.1.c. showed the product to com- 
prise mainly a mixture of the alcohols (20) and (26). 
Interestingly, the oxidation of the allylic radical (30) is 
completely regiospecific, for neither of the alcohols (23) 
or (25) was detected. Likewise, the oxidation of the 
alternative intermediate is highly stereospecific, for the 
product contained only a trace of the endo-alcohol (22). 
Treatment of the mixture of alcohols (20) and (26) with 

For the preparation of the tertiary alcohol (26), use of 

Recent investigations 23,24 have shown that copper-ion- 
the Kharasch reaction appeared to be 23 D. J. Rawlinson and G. SosnovskJ'~ Synthesis, 1972, 1.  

24 A. L. J. Beckwith and G. Phillipou, Austral. J .  Chem., 1976, 
29, 1277. 
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chromic acid under Brown’s conditions smoothly oxi- 
dized the former; the pure alcohol (26) was readily 
separated chromatographically from the resultant mix- 
ture. 

Mass S@ctra.-All the saturated alcohols in the 
endo,exo,endo-series showed strong peaks at  m/e 134 in 
their mass spectra, and for the 6-exo-, 1-exo-, and l-endo- 
compounds [(Z), (20), and (22)] this was the most ahun- 
dant ion. In the case of the 6-hydroxy compounds (2) 
and (4), the ion m/e 134 appears to arise by loss of water 

metastable defocusing experiments indicated that the 
ion at mle 174 was formed in one step, presumably by loss 
of C,H,O in a retro-Diels-Alder process. 

The mass spectra of the 6-ketones [(3) and (S)] were 
relatively simple, each showing an abundant molecular 
ion, and an important fragment ion at m/e 109, the form- 
ation of which must involve intramolecular hydrogen 
atom transfer to the oxygen atom followed by loss of 
C,H,,. The mass spectra of the 1- and 2-ketones [(17), 
(21), and (24)] were more complex, each showing at least 

TABLE 2 
Chemical shifts a for 13C nuclei in compounds containing the perhydro-4,9: 5,8-dimethano- lH-benzrflindene ring system 

c- 1 
c-2 
c-3 
C-3a 
c-4 
C-4a 
c-5 
C- 6 
c-7 
c-8 
C-8a 
c-9 
C-9a 
c-10 
c-11 

(19) 
26.5 
29.4 
26.5 
47.5 
41.7 
42.3 
41.4 
24.7 
24.7 
41.4 
42.3 
41.7 
47.5 
39.1 
42.3 

(2) 
26.5 
29.3 
26.5 
47.5 
40.9 
40.4 
50.3 
71.0 
38.2 
40.7 
42.0 
41.5 
47.5 
39.6 
38.4 

(3) (26) (20) 
26.6 25.7 74.3 
29.4 29.2 38.5 
26.1 36.3 24.0 
47.1 92.3 46.5 
41.3 49.2 41.7 
40.2 41.5 43.2 
56.1 41.3 41.5 

219.2 24.7 24.6 
42.6 24.7 24.6 
39.3 41.3 41.5 
45.9 41.8 41.7 
42.0 41.5 39.9 
47.0 58.3 57.7 
39.6 36.5 38.4 
39.9 42.8 42.6 

Q (p.p.m. from Me,Si). 

(23) 
35.8 
76.1 
35.8 
45.2 
40.7 
42.2 
41.5 
24.6 
24.6 
41.6 
42.2 
40.7 
45.2 
37.8 
42.5 

(24) 
39.1 

220.3 
39.1 
40.1 
41.3 
41.1 
41.3 
24.7 
24.7 
41.3 
41.1 
41.3 
40.1 
36.9 
42.0 

(7) 
26.4 
29.5 
26.4 
47.3 
45.1 
39.7 
48.6 
75.4 
44.25 
41.1 
45.1 
45.1 
47.5 
40.3 
32.7 

( 8) 
26.3 
29.5 
26.3 
47.3 
45.2 
40.1 
54.2 

216.7 
48.4 
40.5 
44.9 
45.9 
47.3 
39.2 
35.4 

TABLE 3 
Shielding effects (p.p.m.) of substi tuents on  13C resonances for endo,exo,endo-perhydro-4,9:5,8-dimethano-lH-benz[flindene 

Position l-exo-OH 2-exo-OH 3a-OH 6-exo-OH 2-Ketone 6-Ketone 
c- 1 +47.8 + 9.3 -0.8 0.0 + 12.6 +O.l 
c-2 +9.1 + 46.7 - 0.2 -0.1 + 190.9 0.0 
c-3 -2.5 +9.3 + 9.8 0.0 + 12.6 - 0.4 
C-3a - 1.0 -2.3 +44.8 0.0 - 7.4 - 0.4 
c-4 0.0 - 1.0 + 7.5 -0.8 - 0.4 - 0.4 
C-4a + 0.9 -0.1 - 0.8 - 1.9 - 1.2 -2.1 
c-5 +0.1 + O . l  -0.1 + 8.9 -0.1 + 14.7 
C-6 -0.1 -0.1 0.0 +46.3 0.0 + 194.5 
c-7 -0.1 -0.1 0.0 + 13.5 0.0 + 17.9 
C-8 t o . 1  $0.1 -0.1 -0.7 -0.1 -2.1 
C-8a - 0.6 -0.1 - 0.5 -0.3 - 1.2 f3.6 
c-9 - 1.8 - 1.0 - 0.2 - 0.2 - 0.4 +0.3 

c-10 -0.7 - 1.3 -2.6 + 0.5 -2.2 + 0.5 
C-9a + 10.2 - 2.3 + 10.8 0.0 - 7.4 - 0.5 

c-1 1 +0.3 + 0.2 + 0.5 - 3.9 - 0.3 -2.4 

from the molecular ion, followed by loss of C,H, in a 
retro-Diels-Alder process. However, an appropriate 
metastable peak in the mass spectrum of the l-endo- 
alcohol (22) indicates that in this case, a t  least, the 
molecular ion loses C,H,O in one step, and the same may 
be true of the other saturated 1- and 2-alcohols. Interest- 
ingly, the allylic alcohol (16) has a base peak at  m/e 132. 
The formation of this ion must involve rearrangement, 
for there is no simple fragmentation pathway by which 
the molecular ion can lose C,H,O in either one step or 
two. 

The two alcohols (7) and (9) in the exo,exo,endo-series 
behaved differently. In each case the most abundant 
ion had m/e 174. Although ions at  m/e 200 formed by 
loss of water from the molecular ion were also detected, 

25 J. B. Stothers, ‘ Carbon-13 NMR Spectroscopy,’ Academic 
Press, 1972. 

one abundant ion, e.g. with m/e 133, 83, and 105, respec- 
tively, the formation of which must involve rearrange- 
ments. However, in the case of each of the-saturated 
ketones, (21) and (24), the ion at m/e 134 resulting from, 
retro-Diels-Alder loss of C5H,0 is also abundant. 

13C N.m.r. Spectra.-Off -resonance and broad-band 
decoupled 13C n.m.r. spectra were recorded for the hydro- 
carbon (19), a number of its oxygenated derivatives, and 
the alcohol (7) and ketone (8) in the exo,exo,endo-series. 
Assignments (Table 2) were made by comparison between 
the spectra of closely related compounds, and by refer- 
ence to previous work with norbornane derivative~.~5,~6 

For example, the spectra of the hydrocarbon (19) and 
its derivatives containing oxygen functions at the 1-, 2-, 
or 3a-position each show a triplet resonance equivalent 

26 J. B. Grutzner. M. Jautelat, J. B. Dence, R. A. Smith, and 
J. D. Roberts, J. Amer. Chem. SOL, 1970, 92, 7107. 
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to two carbon atoms close to 6 24.7, which is absent, 
however, from the spectra of the 6-oxygenated compounds 
(2) and (3). Clearly, this signal arises from C-6 and -7. 
Similarly, all the compounds studied which contained no. 
substituent in the 1-, 2-, or 3a-position show a two-carbon 
triplet at ca. 6 26.5, and a less intense triplet at ca. 6 29.4. 
These must be assigned to C-1 and -3 and C-2, respectively. 

Assignments for carbon atoms close to the position of 
functionality were made by comparison of the spectra 
with those of derivatives of 2-exo-hydroxy- and 2-0x0- 
n o r b ~ r n a n e . ~ ~ * ~ ~  Thus the chemical shifts for C-5, -6, 
and -7 are close to those reported for the equivalent 
positions in 6-exo-methylnorbornan-2-0ne.~~ Other as- 
signments were made by trial and error. It is believed 
that those given in Table 2 for compounds in the endo,- 
exo,endo-series are unequivocal. However, since the 
parent hydrocarbon was unavailable, some of the assign- 
ments for the compounds (7) and (8) in the exo,exo,endo- 
series are less certain. 

In Table 3 are given shielding effects for hydroxy- 
substituents at various positions in the endo,exo,endo-ring 
system. They agree well with those recorded previously 
for norbornanes and other cyclic systems. Since there is 
every indication that the normal additivity rules hold for 
compounds of the general type studied here, we expect 
that the data in Tables 2 and 3 will be of value for the 
determination of the structures of microbiological 
h ydroxylat ion products. 

EXPERIMENTAL 

M.p.s were determined with a Kofler hot-stage apparatus. 
1.r. spectra were recorded with a Unicam SP 1000 or a 
Perkin-Elmer 237 instrument for solutions in carbon tetra- 
chloride] unless otherwise stated, and U.V. spectra with a 
Carey 14M spectrophotometer for ethanolic solutions. lH 
N.m.r. spectra were recorded with a Perkin-Elmer R-14 
(100 MHz) or R-32 (90 MHz) instrument for solutions in 
carbon tetrachloride, unless otherwise stated. 13C N.ni.r. 
spectra were recorded for solutions in CDC1, with a Bruker 
WH 90 Pulse Fourier Transform instrument operating at  
22.6 MHz. Sweep widths of 5-6000 Hz were used, giving 
an accuracy of ca. 0.1 p.p.m. to the figures quoted for the 
broad-band and off -resonance decoupled spectra. Mass 
spectra were recorded on a Varian MAT CH-7 (low resolution) 
or A.E.I. MS9 (high resolution) spectrometer. Micro- 
analyses were carried out under the supervision of Dr. F. B. 
Strauss of these laboratories. 

The silica gel used in column chromatography was of 
grade M60, and preparative layer chromatography was 
carried out with either large (20 x 100 cm) or small plates 
(20 x 20 cm) coated with 0.1 cm thickness of unbaked 
kieselgel PF,,,, 366. The maximum amount of material per 
small plate was 100 mg and per large plate 500 mg, but 
frequently much lower loadings were used. T.1.c. was per- 
formed on 20 x 5 cm plates coated with 0.1 mm of the above 
material. G.1.c. was conducted with a Perkin-Elmer 881 
instrument [carrier gas (N,) flow rate 30 ml min-11. On a 
20 f t  x & in column of 3% PDEAS on Chromosorb W a t  
200 "C alcohols were eluted in the order (26), (25), (22), (7), 
(20), (2), (23) with retention times 11.8, 13.35, 14.65, 15.8, 
16.6, 17.3, and 17.6 min, respectively. Ketones were separ- 
ated on a 10 f t  x Q in column of 5% Apiezon on Chromosorb 

W. 
18.2 and 19.6 min, respectively. 

dimethano- 1 H-benz[fl indene ( 1) .-Cyclopentadiene dimer 
(250 ml; freshly purified by fractional distillation under 
reduced pressure) was heated in nitrogen under reflux, in an 
oil bath at  140-160 "C for 20 h. Distillation then afforded 
starting material] b.p. 68" at 15 mmHg, and a fraction (29 g), 
b.p. 125-140" at 10 mmHg, which solidified on cooling. 
The latter was triturated with cold ethanol (120 ml) and the 
resulting mixture filtered. Crystallization of the residue 
from methanol afforded the diene (1) (15.6 g), m.p. 66-67' 
(lit.,l68") (Found: C, 90.8; HI 9.2. Calc. forC,,H,,: C, 90.9; 
H, 9.1yo), vmL 3060, 2970, 1667, 1615, 750, and 690 cm-l, 
T 4.09 (2 H, m, 6- and 7-H), 4.39 and 4.55 (2 H, 2m, 2- and 
3-H), 7.05 (1 H, m, 3a-H), 7.28 (2 H, s, 5- and 8-H), 7.70- 
7.90 (4 H, complex), 8.00-8.10 (4 H, complex), 8.81 (2 H, 
m, 11-H), and 9.25 (1 H, d, J 10 Hz, 10-H,), m/e 198 (M+, 
lo%), 132 (21), 91 (14), 67 (19), 66 (loo), and 65 (11). Less 
pure material (2.8 g), m.p. 60-64", was obtained from the 
mother liquor. 

endo, exo, endo-Perhydro-4,9: 5,8-dimethanobenz[fl inden- 6- 
exo-ol (2).-Mercury(11) acetate (3.3 g) in water (10 ml) was 
added with stirring during 10 min to cyclopentadiene 
trimer (1) (2.0 g) in tetrahydrofuran (20 ml) and water (3 ml) 
maintained at  20 "C. After further stirring (30 min) the 
suspension was treated with sodium borohydride (240 mg) 
in sodium hydroxide solution ( 3 ~ ;  10 ml). Ether (150 ml) 
was then added, and the mixture was filtered through 
Celite. The filtrate was washed repeatedly with water and 
with sodium hydrogen carbonate solution, dried, and evap- 
orated to afford an oil (2.75 g), vmx 3610 and 1720 cm-1, 
which was dissolved in methanol (60 ml) and hydrogenated 
(1 atm; 20 min) a t  room temperature over platinum oxide 
(60 mg) . The mixture was then filtered through Celite and 
the filtrate was treated with potassium hydroxide (2 g) in 
water (3 ml), and heated under reflux for 1.5 h. After being 
concentrated under reduced pressure the mixture was 
diluted with water and extracted with ether. The ether 
layer was then washed and evaporated to afford the alcohol, 
which crystallised from cyclohexane in laths (2.0 g, 92y0), 
m.p. 135-137" (Found: C, 82.5; H, 10.4. C,,H,,O requires 
C, 82.5; H, 10.2%), vmX 3620, 1080, 1045, and 992 cm-l, T 
5.95 br (1 H, d, J 6 Hz, 6-H), 7.60-8.20 (8 H, complex, 4-, 
9-, 5-, 8-, 4a-, 8a-, 3a-, and 9a-H), 8.34-8.67 (9 H, complex, 
1-, 2-, 3-, and 7-H and OH), and 8.77 and 8.90 (4 H, 2 m, 10- 
and 11-H), m/e 218 (8+, 26%), 200 (70), 149 (35), 134 (100). 
132 (79), and 66 (94). 

The acetate ( 5 ) ,  prepared by treatment with acetic an- 
hydride-pyridine at  ambient temperature overnight, crys- 
tallized from light petroleum in prisms, m.p. 61-62' (Found : 
C, 78.4; H. 9.3. C,,H,,O,requiresC, 78.4; H, 9.2y0), vmx 
1735, 1370, 1250br, and 1035 cm-l, T 5.08 (1 H, d, J 6 Hz, 
6-H), 7 . 6 8 . 2 5  (8 H, complex, 4-, 9-, 5-, 8-, 4a-, 8a-, 3a-, and 
9a-H), 8.05 (3 H, s, Ac), 8.3-8.6 ( 8  H, complex, 1-, 2-, 3-, 
and 7-H), and 8.72 and 8.82 (4 H, 2 m, 10- and 11-H). 

endo, exo,endo-Perhydro-4,9: 5,8-dimethanobenz[flinden-6- 
one (3).-An aqueous solution (25.0 ml) of chromic acid was 
prepared from sodium dichromate dihydrate (5.0 g) and 
concentrated sulphuric acid (3.75 ml). A sample (1.50 ml) 
was added slowly with stirring to the 6-exo-alcohol (0.44 g) 
in ether (15 ml) and the mixture was then stirred for a 
further 2 h. Ether and water were then added, and the 
ether layer, after being washed successively with dilute 

At 220 "C the ketones (8) and (3) had retention times 

endo,exo,endo-3a,4,4a, 5,8,8a, 9,9a-OcIahydro-4,9: 5,8- 

27 K. Alder and G. Stein, Annalen, 1933, 504, 206. 
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sulphuric acid, water, and aqueous sodium carbonate, was 
dried and evaporated. Crystallization of the residue from 
light petroleum gave the Ketone as prisms (0.33 g, 76y0), 
m.p. 94-95' (Found: C, 83.35; H, 9.15. C15H22O requires 
C, 83.3; H, 9.3%), vmX 1745, 1170, 1149, and 968 cm-l, T 

7.36 (1 H, m, 5-H), 8.08and 8.27 ( 2 H ,  2 d ,  J 5Hz) ,  8.45- 
8.6 (8 H, complex, 1-, 2-, 3-, and 11-H), and 8.78 (1 H ,  d, J 
11 Hz, 10-H,), m/e 216 (Mf, 98%), 173 (lo), 133 (15), 109 
(loo), 91 (34), 79 (37), and 55 (m*, 216- 109). 
endo,exo,endo-Perhydro-4,9: 5,8-dimethanobenz[flinden-6- 

endo-ol(4).-A solution of the ketone (3) (0.34 g) and sodium 
borohydride (0.12 g) in ethanol (10 ml) was boiled under 
reflux for 2.5 h, then cooled, diluted with water, and acidi- 
fied. Extraction with ether afforded the alcohol, which 
crystallised from hexane in needles (0.27 g, 78%), m.p. 122- 
123" (Found: C, 82.4; H, 10.2. CI5H2,O requires C, 82.5; 
H, 10.2%), vmx. 3640, 1140, 1045, and 1015 cm-l, T 5.73 (1 
H, partially resolved m of 6 lines, Wa 20 Hz, 6-H), 7.P-8.05 
(8 H, complex, 4-, 9-, 5-, 8-, 3a-, 9a-, 4a-, and 8a-H), 8.25- 
8.40 (2 H ,  m, 7-H), 8.42 and 8.52 (7 H, 2 m, 1-, 2-, and 3-H 
and OH), and 8.72 (4 H, m, 10- and 11-H), m/e 218 ( M + ,  
17%), 200 (26), 183.5 (m*, 218 ---t 200), 149 (26), 134 (50), 
132 (59), 89.5 (m*, 200- 134), and 66 (100). 

The acetate (6) crystallised from light petroleum in needles, 
m.p. 88-89' (Found: C, 78.4; H, 9.3. C1,H2402 requires 
C, 78.4; H, 9.3y0), vmx. 1740, 1235, and 1045 cm-l, z 5.15 
(1 H, quint, J 5 Hz, 6-H), 7.5-8.15 (8 H, complex, 4-, 9-, 
5-, 8-, 3a-, 9a-, 4a-, and 8a-H), 8.05 (3 H ,  s, Ac), 8.1-8.4 
(2 H, m, 7-H), 8.56 ( 6 H ,  m, 1-, 2-, and 3-H), and 8.70 and 
8.85 (4 H, 2 m, 10- and 11-H). 

exo,exo, endo-Perhydro-4,9: 5,8-dimethanobenz[flinden- 6- 
exo-ol (7).-A mixture of cyclopentadiene trimer (1) (3.0 g), 
formic acid (20 ml), and chloroTorm (40 ml) was boiled under 
reflux for 24 h, then cooled, diluted with ether, and shaken 
with water. After being washed with aqueous sodium 
carbonate the organic layer was evaporated to yield a mix- 
ture of formates as an oil (3.8 g), vmx. 1725 and 1175 cm-', 
T 2.05 (1 H ,  s, CHO), 4.95 (0.2 H, m, 6-H in endo,exo,endo- 
formate), and 5.15 (0.8 H, m, 6-H in exo,exo,endo-formate). 
A similar but less pure oil containing ca. 17% of starting 
material was obtained when cyclopentadiene trimer (4.0 g) 
in formic acid (2.8 g) was boiled under reflux for 8 h, and the 
product was then dissolved in ether and worked up as des- 
cribed above. 

The oil (3.8 g) in methanol (60 ml) was hydrogenated (1 
atm; 20 min) a t  ambient temperature over platinum oxide 
(60 mg). The resulting suspension was filtered, through 
Celite, and the filtrate was treated with potassium hydroxide 
(3.0 g) in water (6 ml) and refluxed for 2 h. Evaporation 
followed by partitioning of the residue between ether and 
water gave, on evaporation of the ether layer, a crystalline 
mixture of alcohols (3.0 g, 92y0), estimated by n.m.r. to con- 
tain ca. 20% of the endo,exo,endo-compound (2) and ca. 80% 
of its isomer (7). 

A sample (1.3 g) of the mixture was dissolved in nitro- 
methane (20 ml) and methanol (5 ml), and the solution was 
set aside in an open flask a t  ambient temperature. The 
first crop of crystals (0.6 g), collected after 24 h, comprised a 
mixture of the two alcohols in approximately equal propor- 
tions. When the filtrate was set aside for a further 48 h 
there was obtained a second crop (0.45 g), m.p. 76-84', 
which, when recrystallised from light petroleum, afforded the 
pure alcohol as laths, m.p. 88-90' (Found: C, 82.4; H, 10.2. 
C1,H2,0 requires C, 82.5; H ,  10.2%), vmx. 3630, 1070, 997, 
and 988 cm-l, T 6.25 (1 H, d, J 7 Hz, 6-H), 7.72 (2 H, m), 

7.8-8.2 (6 H, complex), 8.2-8.8 (11 H,  complex), and 8.84 
(2 H, d, J 11 Hz, 10-H, and 1 l-HJ ; m/e 218 ( M f ,  8%), 200 
(46), 174 (loo), 138.9 (m*, 218- 174), 107 (51), 91 (46), 
66 (50), and 47.6 (m*, 174 + 91). 

Treatment of a sample (1.4 g) of the mixture of alcohols 
with pyridine (6 ml) and acetic anhydride (3 ml) a t  80 'C for 
1 h in the usual way afforded a mixture of acetates as an oil 
(1.8 g), which was applied to five preparative chroma- 
tography plates (1 m). Five elutions of the plates with 1 : 8 
dichloromethane-light petroleum (b.p. 40-60 "C) gave 
partial separation, and allowed isolation of the exo,exo,endo- 
acetate (10) as an oil (Found: C, 78.5; H, 9.3. C1,H2,02 
requires C, 78.4; H, 9.3%). vmx. 1740, 1240, 1055, 1020, and 
985 cm-1, T 5.45 (1 H, d, J 7 Hz, 6-H), 7.68 (2 H ,  m), 7.8- 
8.2 (6 H, complex), 8.00 (3 H, s, Ac), 8.2-8.65 (9 H, com- 
plex), 8.76 and 8.82 (3 H, 2 d, J 11 Hz, 10-H, and -H, and 

When a sample (600 mg) of the acetate was boiled under 
reflux with potassium hydroxide (1 g) in methanol (15 ml) 
and water (2 ml), the pure alcohol (480 mg) was obtained. 

Addition of Acids to Cyclopentadiene Trimer.-Cyclo- 
pentadiene trimer and the acid were heated in the specified 
solvent until all the diene was consumed (t.1.c.). The mix- 
ture was then diluted with ether, and shaken with sodium 
carbonate solution and with water. The dried solution was 
evaporated and the residue, where appropriate, was heated 
with an excess of potassium hydroxide in aqueous ethanol 
until hydrolysis of esters was complete (t.1.c.). After the 
usual work-up the product was hydrogenated in methanol 
over platinum oxide and the product was analysed by g.1.c. 
The results are given in Table 1. 

exo,exo,endo-Perhyd~o-4,9: 5,8-dimethanobenz[flinden-6- 
one (8).-A sample (3.6 g) of the mixture of alcohols ob- 
tained via treatment of cyclopentadiene trimer with formic 
acid was stirred in ether (50 ml) a t  20 "C while acidified 2 ~ -  
sodium dichromate (15 ml) was added dropwise during 10 
min. The mixture was stirred for a further 1.5 h, then 
diluted with water and worked up in the usual way. 
Chromatography of the crude product (3.5 g) on alumina in 
ether-light petroleum afforded, from the first fractions, the 
Ketone (1.4 g), which crystallized from light petroleum as 
prisms, m.p. 63-64" (Found: C, 83.0; H ,  9.3. C,,H2,0 
requires C, 83.3; H ,  9.3y0), vmx. 1746, 1168, 1140, and 955 
cm-l, T 7.6-8.1 (10 H ,  complex, 4-, 9-, 5-, 8-, 4-, 8a-, 3a-, 
9a-, and 7-H), 8.16 (2H, m, 10-H,, and ll-Hy), 8.5-8.6 (7 H ,  
complex), and 8.76 (1 H, d, J 10 Hz, 10-H,), m/e 216 (M+,  
loo%), 173 (13), 109 (45), 91 (Zl), 79 (27), 66 (15), and 55 
(m*, 216 + 109). Later fractions contained mixtures of 
the ketones (8) and (3). Smaller quantities of the mixture 
of ketones can be quantitatively separated by preparative 
t.1.c. with dichloromethane-light petroleum as solvent. 

exo,exo,endo-Perhydro-4,9: 5,8-dimethanobenz[flinden-6- 
endo-ol (9).-(a) From the ketone (8). The ketone (0.80 g) 
was stirred in ether (10 ml) with an excess of lithium alumin- 
ium hydride at  ambient temperature for 1 h. The usual 
work-up gave a solid which was chromatographed on plates 
with ether-hexane (1 : 9) as solvent. The less polar 
material, on crystallization from hexane, gave the endo- 
alcohol (0.67 g, 81%) as needles, m.p. 94-95', or prisms, 
m.p. 123-124' (Found: C, 82.7; H, 10.1. CI5H2,O 
requires C, 82.5; H, 10.2y0), vmx. 3640, 1220 br, 1115, 1075, 
1053, and 1010 br cm-l, T 5.92 (1 H, m, Wi 20 Hz, 6-H), 7.5- 
8.1 (10 H, complex), 8.2-8.45 (8 H, complex, 1-, 2-, 3-, and 
7-H), 8.50 (1 H, s, D20 exch., OH), 8.82 (1 H, d, J 11 Hz, 
10-H,), and 9.04 (1 H, d, J 11 Hz, ll-Hx), m/e 218 (M+, 7%), 

1 l-Hx). 
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200 (29), 174 (loo), 107 (58), 91 (53), and 66 (41). The 
acetate crystallised from light petroleum as needles, m.p. 
36-37' (Found: C, 78.4; H, 9.5. C1,H2,02 requires C, 
78.4; H, 7.3%), vmx. 1740, 1240, 1120, 1050, and 1030 cm-1, 
T 5.25; ( 1  H, m, Wt 20 Hz, 6-H), 7.5-8.1 (10 H, complex), 
7.95 (3H,  s, Ac), 8.2-8.6 (SH, complex, 1-, 2-, 3-, and 7-H), 
8.80 (1 H, d, J 11 Hz, 10-H,), and 8.95 (1  H, d, J 11 Hz, 

The more polar material from preparative t.l.c., on crys- 
tallization from light petroleum, gave the exo-alcohol (7) 

A prelim- 
inary experiment to determine the relative rates of reduction 
of the ketones (8) and (3) was conducted as follows. A 
sample (20 mg) of the pure exo,exo,endo-ketone (8) was dis- 
solved in ethanol (1.0 ml), and to it was added 1.0 ml of a 
solution of sodium borohydride (25 mg) in ethanol (2.5 ml). 
At the same time an otherwise identical mixture containing 
the endo,exo,endo-ketone (20 mg) was prepared, Both mix- 
tures were set aside in a bath a t  22 "C and the reaction was 
followed by t.1.c. After 20 min the exo,exo,endo-compound 
(8) was completely reduced, but the endo,exo,endo-isomer (3) 
showed only a faint spot for the reduction product. Com- 
plete reduction of the latter ketone required 24 h. 

Accordingly, a sample (1.35 g) of a mixture of isomeric 
ketones estimated to contain 60% of the exo,exo,endo- 
compound was stirred in ethanol (30 ml) a t  20 "C while 
sodium borohydride (70 mg) was added in small quantities 
during 5 min. The mixture was stirred for a further 40 min, 
then worked up in the usual way to afford an oily product 
(1.41 g), which was chromatographed on plates with 
dichloromethane-hexane (1  : 1) as solvent. The fraction 
(540 mg) of highest RF value comprised the endo,exo,endo- 
ketone (3), the fraction (550 mg) of medium RF was identified 
as the 6-endo-alcohol (9), and the 6-exo-alcohol (7) was ob- 
tained from the fraction (70 mg) of lowest RB. 

Catalytic Hydrogenation of the Ketone (8) .-The ketone 
(300 mg) in methanol (20 ml) and trifluoroacetic acid (1 ml) 
was hydrogenated over platinum oxide. When uptake was 
complete (24 h) the mixture was filtered and evaporated. 
The residue, when chromatographed on a plate, afforded the 
endo-alcohol (9) (170 mg, 56y0), the exo-alcohol (7) (20 mg, 
6%), and an oil tentatively identified as the 6-endo-methoxy- 
compound (12) (80 mg, 23y0), vmx. 1450, 1210, 1120, 1100, 
and 1080 cm-1, T 6.45 (1 H, m, 6-H), 6.75 (3 H, s, OCH,), 
7.5-8.1 (10 H,  complex), 8.2-8.6 (8 H, complex, 1-, 2-, 3-, 
and 7-H), 8.85 (1 H, d, J 11 Hz, 10-H,), and 9.06 (1 H, d, J 
11 Hz, ll-Hx), m/e 232 (M+, < I % ) ,  200 (loo), 132 (20), 131 
(21), 117 (22), 105 (24), 94 (45), 93 (58), 92 (77), 91 (42), 79 
(57), 66 (58), and 67 (58). 
endo,exoJendo-3a,4,4a,5,6,7,8,8a,9,9a-~ecuhydro-4,9:5,8- 

dimethano-lH-benz[flindene (15) .-A de-aerated solution of 
nickel acetate tetrahydrate (360 mg) in ethanol (12 ml, 96%) 
was stirred under nitrogen while a solution of sodium boro- 
hydride (65 mg) in ethanol was slowly added. Hydrogen 
(ca. 110 ml) was evolved, and a fine black precipitate was 
formed. Cyclopentadiene trimer (1) (1.50 g) in ethanol (20 
ml) was then added, and the mixture was stirred under 
hydrogen. The uptake was initially rapid (ca. 10 ml min-l) 
but became slower, and when 175 ml had been absorbed the 
rate was ca. 1.5 ml min-1. When 1 mol. equiv. (185 ml) had 
been taken up, the mixture was degassed, then evaporated 
in vacuo. The residue was dissolved in light petroleum; the 
solution was filtered and evaporated to afford the olefin 
(1.48 g ) ,  which solidified to  give needles, m.p. 38" (lit.,, 36O), 

1 l-Hx). 

(37 mg). 
(b) From a mixture of the ketones (8) and (3). 

v,,, 3060, 2970, and 1615 cm-l, T 4.40 and 4.55 (2 H, 2m, 2- 
and 3-H), 7.05 (1 H, m, 3a-H), 7.4-8.0 (7 H, complex), 8.30 
(2 H, m),  8.55-8.65 (4 H, complex, 6- and 7-H), and 8.80- 
8.95 (4 H, complex, 10- and 11-H), m/e 200 (M+, a%), 133 
(50), 132 (85), 91 (41), 67 (54), and 66 (100). 
endo,exo,endo-3a,4,4a,5,6,7,8,8a,9,9a-Decahydro-4,9:5,8- 

dimethano- lH-benz[flinden- l-exo-ol (1 6) .-The olefin (1 5) 
(7.42 g) in acetic acid (25 ml) and water (1 ml) was treated 
with selenium dioxide (4.55 g) and the mixture was stirred 
at 40 "C for 2 h. Ether was then added, and the solution 
was washed with saturated aqueous sodium hydrogen carbo- 
nate. The ethereal solution was filtered through Celite, and 
evaporated. The residual oily mixture of acetates and 
alcohols was refluxed with dioxan (100 ml) and 10% sodium 
hydroxide (100 ml). The mixture was concentrated in 
oucuo and the residue was taken up in ether; the solution 
was refluxed for 1 h over precipitated silver, and filtered. 
Evaporation of the filtrate gave the alcohol which crystal- 
lised from ethyl acetate-light petroleum in plates (6.53 g, 
82y0), m.p. 127-130". Recrystallization gave a sample 
with m.p. 129-130" (with sublimation) (lit.,27 135"), vmax. 
3620, 3440br, 1611, 1001, and 965 cm-l, T 4.18 (2 H, m, 2- 
and 3-H), 5.30 (1 H, s, W J  6 Hz, 1-H), 6.82 ( 1  H, m, 3a-H), 
7.73-7.86 (6 H,  complex), 8.12 (1 H, d, J 10 Hz), 8.53-8.66 
(5 H, complex), and 8.76-8.87 (4 H, complex, 10- and 11-H), 
m/e 216 (Mt, 12%), 132 (loo), 106 (43), 104 (65), 82 (66), and 
66 (66). 

endo,exo,endo-3a,4,4a, 5,6,7,8, 8a, 9,9a-Decahydro-4,9: 5,s- 
dzmethano-lH-benz[qinden- l-one (1  7) .-Oxidation of the 
alcohol (1 6) (1 .OO g) by the Jones procedure, gave, after the 
usual work-up, the ketone (17), which crystallized from 
acetone-hexane 2s plates (550 mg, 56y0), m.p. 160-162" 
(lit.,27 162") (Found: C, 83.8; H, 8.3. Calc. for Cl,Hl,O: C, 
84.1; H, 8.4y0), vmax. 1712, 1180, 1095, 920, and 890 cm-l, 
A,,,. 229 nm (E  7850), T 2.44 ( 1  H, dd, J 3 and 6 Hz, 3-H), 
3.90 ( 1  H, d, J 6 Hz, 2-H), 6.80 ( 1  H, m, 9a-H), 7.44-7.60 
(3 H,  complex), 7.78 (2 H,  m),  8.00 (1 H, d, J 11 Hz), 8.46- 
8.72 (7 H, complex), and 8.86 (2 H, s), m/e 214 (M+, 31y0), 
186 (9), 147 (33), 133 (loo), 91 (45), 82.5 (m*, 214 133), 
and 67 (42). 

endo, exo, endo-Perhydro-4,9: 5,8-dimethanobenz[f]inden- 1 - 
exo-ol (20).-The allylic alcohol (16) (5.00 g) in ethanol (70 
ml) was hydrogenated (1 a tm;  3 h) at 20 "C over 5% 
rhodium-alumina (2.0 g). After filtration through Celite 
the solution was evaporated, and the residue in chloroform 
was chromatographed on a short column of silica gel to 
afford the alcohol as needles (4.28 g, 85%), m.p. 138-140" 
(with sublimation) (Found: C, 82.7; H, 10.1 C,,H,,O 
requires C, 82.6; H, 10,lyo), vmBx. 3630, 1158, 1070, 1030, 
and 950 cm-1, T 5.86 (1 H, m, Wi 5 Hz, 1-H), 7.48 (1 H, m, 
9a-H), 7.7-8.05 (5 H, complex), 8.1-8.7 (11 H, complex), 
and 8.7-8.9 (4 H, complex, 10- and 11-H), m/e 218 (M+, 
32y0), 134 (loo), 91 (76), 83 (70), 67 (89), and 66 (79) 

endo, exo, endo-Perhydro-4,9: 5,8-dimethanobenz[flinden- 1- 
one (21).-The alcohol (20) (2.00 g)  in ether (120) was stirred 
with acidified 2~-sodium dichromate (10 ml) for 3 h at 20 
"C. The usual work-up afforded the ketone as rods (1.68 g, 
85%), m.p. 82.5-83.5" (from acetone) (Found: C, 83.5; H, 
9.4. C15H,,0 requires C, 83.3; H, 9.3%), vmx 1725 and 
1177 cm-1, T 7.3-7.6 (2 H, complex, 9- and 9a-H), 7.65- 
8.45 (9 H, complex, 2-, 3-, 3a-, 4-, 4a-, 5-, and 8-H), 8.5- 
8.65 (4 H, complex, 6- and 7-H), and 8.7-8.9 (5 H, complex, 
8a-, lo-, and 11-H), m/e 216 (M+,  65%), 134 (70), 106 ( S O ) ,  
91(69), 83(100), and 66(56). 

endo, exo,endo-Perhydro-4,9: 5,8-dimethanobenz[flinden- 1- 
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endo-ol (22).-The ketone (21) (140 mg) in ethanol (10 nil) 
was stirred with sodium borohydride (40 mg) for 1 h at 
ambient temperature. The usual work-up afforded the 
alcohol as needles (125 mg, go%), m.p. 137-138" (from 
hexane) (Found: C, 82.4; H, 10.1. C,,H,,O requires C, 
82.5; H,  10.2%), vmx. 3640, 3450br, 1070, and 1043 cm-1, 
7 5.75 (1 H,  m, Wi 20 Hz, 1-H), 7.55-8.0 (8 H, complex, 
3a-, 4-, 4a-, 5-. 8-, 8a-, 9-, and 9a-H), 8.05-8.7 (9 H, com- 
plex), and 8.7-9.0 (4 H, complex, 10- and 11-H), m/e 218 
( M f ,  46%), 200 (29), 134 (74), 91 (73), 82.5 (m*, 218- 
134), 67 (loo), 66 (66), and 62 (m*, 134 + 91). 

Reaction of the Olefin (15) with 9-BorabicycZo[3.3. llnonane. 
-The olefin (2.34 g) was added to a 0.5~-solution of 9- 
borabicyclo[3.3. llnonane in tetrahydrofuran (25 ml) , under 
nitrogen, and the mixture was set aside under nitrogen a t  
ambient temperature for 24 h. Sodium hydroxide (1.2 g) 
in water (5 ml) and hydrogen peroxide (30% ; 4 ml) were 
then added, and the mixture was stirred a t  60 "C under re- 
flux. After 1 h further similar quantities of sodium hydrox- 
ide and hydrogen peroxide were added and stirring was con- 
tinued for a further 1 h. The mixture was then diluted with 
ether, washed with aqueous sodium carbonate, and evsp- 
orated. The oily residue (4.5 g) was taken up in dichloro- 
methane and chromatographed on silica to separate cyclo- 
octane- 1,5-diol from the required alcohols. Fractional 
crystallization of the latter mixture from cyclohexane 
afforded small samples of the l-exo-alcohol (20) and the 2- 
exo-alcohol (23) as needles, m.p. 144" (Found: C, 82.3; H, 
10.0. C1,H,,O requires C, 82.5; H, 10.2y0), vmax. 3630 and 
1050 cm-l, T 5.73 (1 H, quint, J 7 Hz, 2-H), 7.5 (1 H, m), 7.82 
(2 H, m), 8.05 (2 H, m), 8.1-4.3 (5 H, complex), 8.4-8.7 (6 
H, complex), and 8.7-8.95 (4 H, complex, 10- and 11-H), 
m/e 218 (M', 22%), 134 (loo), 133 (41), 91 (74), 67 (77), and 
66 (89). The acetate crystallised from light petroleum in 
prisms, m.p. 98-99" (Found: C, 78.5; H, 9.3. C,,H,,O, 
requires C, 78.4; H, 9.3%), vmx. 1735, 1360, 1240, and 1040 
cm-l, z 4.96 (1 H, quint, J 7 Hz, 2-H), 7.50 (2 H, m), 7.80 
(2 H, m), 7.9-8.15 (2 H, complex), 8.05 (3 H, s, Ac), 8.2 (4 
H,  m), 8.4-8.7 (6 H, complex), and 8.7-9.0 (4 H, complex, 
10- and 11-H). 
endo,exo,endo-Perhydro-4,9: 5, 8-dimethanobenz[flinden-2- 

one (24).-(a) The mixture of alcohols (1.60 g) obtained from 
the preceding experiment was dissolved in ether (50 ml) and 
stirred with acidified 2~-chromic acid (7 ml) a t  25 "C for 1 h. 
The usual work-up afforded a crystalline mixture of ketones 
(1.2 g) which was separated by plate chromatography with 
dichloromethane-hexane (1 : 1) as solvent. The 1-ketone 
(21) was identified as the material (0.74 g, 1.6%) in the band 
of lower RF value. The material of higher Rp on crystalliz- 
ation from light petroleum gave the 2-ketone as plates (0.54 
g, 34y0), m.p. 134-135" (Found: C, 83.4; H, 9.2. C,,H,,O 
requires C, 83.3; H, 9.3%), vmax. 1740, 1410, and 1170 cm-1, 
7 7.35 (2 H, m, 3a- and 9a-H), 7.85 (6 H, m), 7.9-8.2 (2 H, 
complex), 8.25-8.45 (2 H,  complex), 8.5-8.7 (4 H, complex, 
6- and 7-H), and 8.7-8.9 (4 H,  complex, 10- and 11-H), m/e 
216 (M', 15Y0), 134 (49), 105 (59), 92 (39), 91 (88), 79 (82), 
and 66 (100). 

(b)  The olefin (15) (1.50 g) was stirred in ether (20 ml) with 
lithium borohydride (150 mg) at 20 "C under nitrogen while 
a 48% solution of boron trifluoride in ether (330 mg) was 
added during 10 min. Stirring was continued for 3 h, and 
then water (5  ml) was added, followed by a solution (15 ml) 
of sodium dichromate (3.7 g) and sulphuric acid (3 ml) 
during 30 min. The mixture was stirred for a further 3 h, 
then worked up in the usual way to afford a solid (1.2 g), 

plate chromatography of which gave the 1-ketone (410 mg, 
25y0), the 2-ketone (350 mg, 22y0), and endo,exo,endo- 
perhydro-4,9:5,8-dimethanobenzLflindene (310 mg), m .p 
48" (lit.,, 49"), identical with a specimen prepared by hydro- 
genation of cyclopentadiene trimer. 
endo,exo,endo-Perhydro-4,5: 9, 8-dimethanobenz[flinden-2- 

endo-ol (25).-The 2-ketone (24) (40 mg) was stirred with 
sodium borohydride (15 mg) in ethanol (4 ml) for 3 h, and 
the mixture was then worked up in the usual way. The 
alcoho2 (35 mg) crystallised from hexane in plates, m.p. 139- 
140" (Found: C ,  82.4; H,. 10.3. C15H2,O requires C, 82.5; 
H,  10.2y0), vmX. 3 640, 1 300, 1 160, 1 120, 1 100, 1080, 1065, 
and 1 050 cm-1, z 5.90 ( 1 H,  m, W ,  25 Hz, 2-H), 7.82 and 8.05 
(8 H, 2m, 3a-, 4-, 4a-, 5-, 8-, 8a-, 9-, and 9a-H), 8.15-8.7 
(9 H, complex), and 8.7-9.0 (4 H,  complex, 10- and 11-H), 
m/e 218 (M', 2.5y0), 200 (ll),  134 (16), 132 (40), 105 (34), 
91 (91), 79 (72), 77 (67), 68 (loo), and 67 (78). 

The acetate crystallised from light petroleum in rods, m.p. 
115-116" (Found: C, 78.2; H, 9.2. C,,H,,O requires C ,  
78.4; H, 9.3%), v,, 1735, 1365, 1230, and 1040 cm-1, 7 5.04 
(1 H, tt ,  J 5 and 9 Hz), 7.80 and 8.10 (8 H, 2m, 3a-, 4-, 4a-, 
5-, 8-, 8a-, 9-, and 9a-H), 8.05 (3 H, s, Ac), 8.1-8.45 (4 H, 
complex, 1- and 3-H), 8.45-8.7 (4 H, complex, 6- and 7-H), 
and 8.7-8.95 (4 H, complex, 10- and 11-H). 

endo,exo, endo-Perhydro-4,9: 5, S-dimethanobenz[flinden-3a- 
ol (26).-A solution of t-butyl perbenzoate (1.70 g) in benz- 
ene (90 ml) was added with stirring during 20 min to  a 
refluxing solution of the olefin (15) (3.50 g) and copper(I1) 
octanoate (20 mg) in benzene (90 ml) under nitrogen. After 
being refluxed for a further 24 h, the mixture was cooled, 
diluted with ether, and washed successively with dilute 
sulphuric acid, sodium carbonate solution, and water. 
Evaporation of the ethereal solution afforded a yellow oil 
(4.38 g), which was dissolved in ether (50 ml), treated with 
lithium aluminium hydride, and boiled under reflux for 2 h. 
The usual work-up afforded an oil (4.1 g) which was sub- 
jected to  dry-column chromatography on silica gel with 
dichloromethane as solvent. The fraction of high RF was 
starting material; that  of RF ca. 0.3 comprised a mixture of 
solid alcohols (1.5 g) . 

The latter in ethanol (60 ml) was hydrogenated ( 1 atm ; 3 
h) a t  20 "C over 5% rhodium-alumina (2.0 g). The usual 
work-up afforded a solid (1.44 g) which was shown by g.1.c. 
to contain the 3a-alcohol (57%) and the l-exo-alcohol (41%) 
and its endo-isomer (2%). The solid was dissolved in ether 
(20 ml) and treated in the usual way with acidified 2~-sodium 
dichromate (10 ml). Work-up afforded an oil which, when 
chromatographed in silica gel, gave the 1-ketone (21) (0.45 g. 
24%) and the alcohol (26) (0.68 g, 36%), as laths, m.p. 136" 
(from hexane) (Found: C, 82.2; H, 10.2 CI5H2,O requires 
C, 82.5; H, 10.2y0), vmX. 3620, 1300, 1180, and 1040 cm-1, 7 

7.7-8.1 (7 H, complex), 8.1-8.35 (5 H, complex), 8.35- 
8.7 (7 H, complex), and 8.7-9.0 (4 H, complex, 10- and 
11-H), m/e 218 (M', 2%), 135 (58), 134 (loo), 93 (26), 91 (26), 
84 (82), and 67 (26). 
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