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droxybicyclo[4.3 .O]nonan-3-one ethylene ketal: ir (CCL) 3600- 
3400 (OH) and 1735 cm-l (C=O); nmr (CDCla) 6 4.25-3.45 
(m, 6, OCH&HzO and CHzOAc), 3.26 (broad s, 1, OH), 2.5- 
1.5 (m, 14, remaining protons). 

A solution of 0.111 g (0.390 mmol) of the above acetate in 
methanol (10 ml), water (10 ml), and concentrated HC1 (1 ml) 
was stirred for 30 inin and worked up as above to yield 0.0771 g 
(82.3%) of 6-(2-acetoxyethyl)-l-hydroxybicyclo[4.3.OJnonan- 
3-one: ir (CClr) 3600-3300 (OH), 1735 (ester C=O), and 1720 
cm -1 (C=O ) . 

A solution of 0.0771 g (0.321 mmol) of the keto1 acetate and 
50 mg of TsOH'HzO in benzene (60 ml) was heated at  reflux for 
2 hr with azeotropic removal of water. The benzene solution 
was cooled, washed with 10% KzCOa (30 nil), dried (MgSOa), and 

concentrated to leave 0.0713 g (theory) of crude (80% pure by 
glpc) enone acetate la. 

Registry No. -la, 38312-34-4; 2, 20826-94-2; 3, 

9,38312-40-2; 11,38312-41-3; 12,38312-42-4; 9-oxatri- 
cyclo [4.3.3.0]dodecane-3,8-dione ethylene ketal, 38312- 
43-5 ; 6-(2-acetoxyethyl)-l-hydroxybicyclo [4.3.0 Jnon-3- 
one ethylene ketal, 38312-44-6; 6-(2-acetoxyethyl)-l- 
hydroxybicyclo[4.3.O]nonan-3-onel 38312-45-7. 

Acknowledgment. -The authors are gratJeful to 
Dr. P. D. Ellis for determining the l a c  nmr spectra. 
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A novel synthesis of 3,4-dimethyltricyclo[3.3.3.0]undecan-2-one (2) from bicyclo[4.3.0]non-l(6)-en-2-one (7) is 
A mechanistic interpretation for the different ratio of the three cycloadducts (8a-c) obtained from 

Cycloadducts 8a and 8b were found to undergo re- 
reported. 
irradiation of 4 with cis- and trans-2-butene is presented. 
arrangement to 2 at  different rates. A synthesis of tricyclo[4.3.3.0]dodecan-7-one (6) is also reported. 

I n  our recent investigation of cycloaddition reac- 
tions of crowded enones and olefins,2 we irradiated 3,4- 
dimethyltricyclo [3.3.3.0]undec-3-en-2-one (1) in cy- 
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clohexene. In  addition to the [2 + 21 cycloadduct 3 
(and other products isomeric with 3) mas formed 
a product suspected to be 3,4-dimethyltricyclo- 
[3.3.3.0]undecan-2-one (2), derived from photoreduc- 
tion. In  order to confirm this suspicion we chose to 
synthesize 2 independently. Although the saturated 
ketone 2 could undoubtedly be generated from enone 
1 by reduction with lithium in ammonia,* we chose to 
use a less obvious approach which was suggested by 
some other work which will be described shortly. This 
decision led not only to  a novel synthesis of 2, but also 
yielded some mechanistic information on enone photo- 
annulation (an area of study where information is 
sparse4) as well as interesting relative rate differences 
of Wagner-Meerwein shifts in isomeric systems. 

The earlier results which suggested this alternate 
approach to 2 are shown in Scheme I. Although bi- 
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cyclo [4.3.0]non-1(6)-en-2-one (7) undergoes photocyclo- 
addition with 1,2-dichloroethylene readily,s prelimi- 
nary results from our laboratory indicated that cyclo- 
addition reactions of bicyclo [4.4.0]dec-1(6)-en-2-one 
(4) with olefins (other than ethylene) were not succesa- 
fuL6 Enone 4, however, does undergo sluggish photo- 
annulation with ethylene to yield tricyclo [4.4.2.0]- 
dodecan-2-one (5 ) .  Ketone 5, when treated with p -  
toluenesulfonic acid (TsOH) in benzene a t  reflux, 
undergoes two Wagner-Meerwein shifts to yield tri- 
cycle [4.3.3.0]dodecan-7-one (6)  , quantitatively. 

The efficiency of the acid-catalyzed rearrangement 
of 5 to 6 suggested that the photoannulation of enone 
7 with 2-butene1 followed by acid-catalyzed rearrange- 
ment of the resulting isomers 8, should comprise a good 
synthesk of ketone 2 (Scheme 11). Execution of this 
reaction sequence (using cis-&butene) resulted in the 
production of ketone 2 from a mixture of isomers 8, 
in an overall yield of 82%. This product was identical 
with the photoreduced product obtained from the 
irradiation of enone 1 in cyclohexene. The trans re- 
lationship of the methyl groups in 2 was ascertained 

(6) R .  1,. Cargill and J.  W.  Crawford, J. OTO. Cham., 85, 356 (1970). 
(6) One explanation for this difference holds that the excited state of 4 

is not as long-lived as the excited state of 7, owing to rigidity differences, 
which would make decay of excited 4 to ground state a more favorable 
process than decay of 'I to ground state. 
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by recovering 2 unchanged from NaOMe-MeOH a t  
reflux. Had 2 been the cis isomer, base treatment 
would certainly have converted all or most of it into 
the thermodynamically more stable trans isomer. 

By monitoring the conversion of 8 into 2 by glpc, 
we noticed that the two major isomers of 8 underwent 
the skeletal rearrangement a t  markedly different rates. 
In  order to gain further insight into this difference in 
behavior, we first had to determine the stereochem- 
istry of the isomers of 8 which were formed. At this 
point we suspected that the two major isomers of 8, 
in the cycloaddition of enone 4 and cis-2-butene, were 
the two trans isomers, as one would predict from a 
nonconcerted cycloaddition process.' I n  order to  
confirm this suspicion we performed the cycloaddition 
with trans-2-butene as well, to determine whether the 
same two products were formed preferentially. The 
product ratios from photoannulations of enone 7 with 
cis-2-butene and trans-2-butene are shown in Scheme 
111. In each case, the same three cycloadducts (8a, 

SCHEME I11 

7 8a 8b 
i 28% i 65% 

i j  6% ii 86% 

8c 8d 9 
i 4% i not observed i 3% 

ii 7% ii not observed ii 2% 

8b, and 8c) were formed, as well as small amounts of 
a keto olefin, thought to be 9. 

In  order to further establish that the two major 
isomers produced from cycloaddition of 7 with cis- 
2-butene were the trans isomers, sild to determine 
which was which, an nmr study of these two adducts 
with a shift reagent [Eu(DPR.I)3] was undertaken. 
Since the degree of deshielding suffered by a proton or 
group of protons is inversely proportional to  r3  [r being 
the average internuclear distance between the proton(s) 

(7) I t  seemes reasonable to conclude that $he 1,2 interactions of the 
methyl groups on the cyclobutane ring would have more to do with the 
resulting product stereochemistry than whether a methyl group lay over a 
five- or six-membered ring. 
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Figure 1.-Effect of nmr shift reagent on methyl groups at vary- 
ing distances from binding site. 

and the bound Eu3+Il8 it is evident that for the four 
possible positions of a methyl group, the degree of 
deshielding should decrease, going from a to d, as shown 
in the structure below. To carbon tetrachloride solu- 

0 

tions of known concentrations of the two major cyclo- 
adducts from 7 and cis-&butene were added known 
amounts of Eu(DPJQ3, incrementally. A plot of 
methyl gropp chemical shift against [Eu(DPJI),]/ 
[ketone] for the two ketones is shown in Figure 1. 
This graph shows that the structures given for these 
two ketones in Scheme I11 (sa and 8b) are correct, 
since (i) no two lines in the plot coincide and (ii) the 
two inner lines correspond to the methyl groups in one 
ketone and tbe two outer lines correspond to the methyl 
groups in the other ketone. 

The structure of the minor cycloadduct was estab- 
lished as 8c by its identity (glpc and mass spectrum) 
with one of the products obtained from catalytic hy- 
drogenatian of 

10 

The results of these photoannulations of enone 7 
with cis- and trans-2-butene agree well with the theory 
proposed by Dilling'O in his study of cycloaddition re- 
actions of cis- and trans-dichloroethylenes with cyclo- 
pentenone. Schemes IV  and V show the mechanistic 
interpretations for initial p bonding and initial a bond- 
ing, respectively, where the diradical intermediates 
(11 and 13, 12 and 14, 15 8nd 17, and 16 and 18) are 
rotationally equilibrated before ring closure. Per- 
centages directly above and below the ketones 8a-d 
are the observed yields of the products (from Scheme 

(8) M. R. Willcott, R. E. Lenkinski, and R. E. Davis, J. Amer. Chem. Soc , 
94, 1742 (1972). 

(9) The structure and stereochemistry of ketone 10 have been established: 
N. P. Pe& R. L. Cargill, and J. W. Crawford, J. Org.  Chem.,  88, 1222 (1973). 

(10) W. L. Dilling, T. E.  Tabor, F. P. Boer, and P .  P .  North, J .  Amer. 
Chem. Soc., 92, 1399 (1970). 
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111). Percentages under the diradical intermediates 
(11-18) represent relative amounts of each which must 
be formed to produce the ratios of ketones to which 
they close. Finally, the percentages over the arrows 
indicate the amounts of each diradical which close to 
each ketone. If Q: bonding occurs initially (Scheme V) , 
a majority (88%) of diradical 16 from cis-2-butene 
must close to 8a, whereas a majority (54%) of diradical 
18 (in rotational equilibrium with 16) from trans-2- 
butene must close to 8c. Such an inconsistency does 
not arise in the mechanistic pathway involving in- 
itial /3 bonding (Scheme IV). For this reason, we favor 
the mechanistic pathway shown in Scheme IV. 

Small amounts of a keto olefin, assigned structure 
9,  were also formed in the photoannulations of enone 
7 with both cis- and trans-Bbutene. This photoprod- 
uct was not considered in the mechanistic interpreta- 
tions of Schemes IV and V, but can be envisioned as 

arising from diradical intermediate 11 or 12 by intra- 
molecular hydrogen abstraction. 

As was previously mentioned, ketone 8b rearranged 
to 2 much more rapidly than did ketone 8a (see Ex- 
perimental Section). These results are best interpreted 
by comparing the energetics of the processes leading 
to the intermediates 8a * and 8b * from the respective 
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OH 
8a* 

8b 8b' 

ketones. In  the formation of intermediate 8a*, 
both methyl groups are being positioned over the planes 
of the rings, or into sterically crowded environments. 
However, in the formation of intermediate 8b *, both 
methyl groups are being twisted away from these ster- 
ically crowded regions. Thus, since the ground-state 
energies of 8a and 8b must be similar, the activation 
energies for conversion of these two ketones into 2 
should differ with that for 8a + 2 being the larger. 

Experimental Section'l 
TricycIo[4.4.2.0] dodecan-Lone (5).-A solution of 1-01 g 

(6.72 mmol) of bicyclo[4.4.0]dec-l(6)-en-2-one (4)12 in methylene 
chloride (150 ml) saturated with ethylene was irradiated (Pyrex 
filter) at low temperature'8 for 20.5 hr. Progress of the reaction 
was monitored by glpc (10% Carbowax 100Oh1, 6 ft X 0.125 in., 
150", 30 cc/min of He); the addition was 50% complete after 5 hr, 
and 95% complete when irradiation was terminated. The reac- 
tion solution was warmed to room temperature and dried (?vlgso4!, 
and the solvent was removed by distillation to  leave a clear 011 
which was short path distilled to  yield 0.939 g (78%) of 95% pure 
11. Separation from the small amount of starting enone present 
by preparative glpc (10% Apiezon M, 8 ft X 0.25 in., 175', 85 
cc/min of He) afforded pure 5 :  bp 69" (0.6 mm); uv max (95% 
EtOH) 292 nm (e 14); ir (CC14) 1705 cm-1 (C=O); nmr 6 2.5-1.1 
(m); mass spectrum (70 eV) m/e 178 (molecular ion). 

Anal. Calcd for Cl2HL80: C, 80.85; H, 10.18. Found: C, 
80.82; H, 10.04. 

(11) All boiling points and melting points are uncorrected. Micro- 
analyses were performed by Bernhardt Microanalytisches Laboratorium, 
Elbach Uber Engelskirchen, West Germany. Infrared spectra were recorded 
using a Perkin-Elmer Model 257 grating spectrophotometer. All nmr 
spectra were determined using tetramethylsilane as an internal standard, 
with a Varian A-60 nmr spectrometer. Ultraviolet spectra were recorded 
with a Perkin-Elmer Model 202 spectrophotometer. Analytical gas-liquid 
partition chromatograms were determined using a Varian Aerograph 1200 
flame ionization chromatograph, and preparative glpc separations were 
conducted using a Varian Aerograph 90-P-3 chromatograph. Irradiations 
were carried out using a Hanovia high-pressure mercury arc (450 \I1), internal 
probe, type L. with the filter specified. 

(12) Enone 4 was prepared by G. W. Hanwell using the method of H. 0. 
House and H. W. Thompson, J. O m .  Chem., 36, 3729 (1971). For alternate 
methods, see R. K. Hill and R. T. Conley, J. Amer. Chem. Soc., 8% 645 
(1970), and R. G. Carlson and E .  G. Zey, J. Ow. Chem., 37, 2468 (1972). 
(13) Low temperature was maintained by immersing the irradiation 

vessel in a Dry Ice-isopropyl alcohol bath, and circulating isopropyl alcohol, 
cooled indirectly with Dry Ice, through the probe. 
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Tricyclo[4.3.3.0] dodecan-7-one (6).-A solution of 0.252 g 
(1.41 mmol) of ketone 5 and 0.5 g of p-toluenesulfonic acid mono- 
hydrate (Baker, TsOH'HzO) in benzene (45 ml) was heated at 
reflux for 45 min. Progress of the reaction was monitored by 
glpc (10% Carbowax 1000M, 6 ft x 0.125 in., 150°, 30 cc/min of 
He). The cool reaction solution was washed with saturated 
NaHC03 (25 ml) and water (15 ml), dried (MgSOd), and concen- 
trated to leave 0.243 g (95%) of 95% pure 6 .  Separation from 
the small amount of enone 4 (present initially in 5 )  by preparative 
glpc (10% Apiezon M, 8 ft X 0.25 in., 175O, 85 cc/min of He) 
afforded pure 6 :  mp 121-123'; uv (95% EtOH) 292 nm 
(e  30); ir (CCla) 1735 cm-l (c=o) ;  nmr (CCla) 6 2.30 (t, J = 
7 Hz, 2, COCHz), 2.1-1.1 (m, 16, remaining protons); mass 
spectrum (70 eV) m/e 178 (molecular ion). 

Anal. Calcd for C12Hl80: C, 80.85; H,  10.18. Found: C, 
80.88; H, 10.10. 

Cycloaddition of Enone 7 and cis-Z-Butene.-A solution of 1.47 
g (10.8 nimol) of enone 76 and ca. 20 ml of cis-2-butene (Mathe- 
son, CP grade) in methylene chloride (140 ml) was irradiated 
(Pyrex filter) for 8 hr a t  low temperat~re. '~  Progress of the 
reaction was monitored by the disappearance of 7 with glpc (3% 
SE-30, 8 f t  X 0.125 in., 140°, 30 cc/min of He). The reaction 
solution was warmed to room temperature and dried (MgSOd), 
and the solvent was removed by distillation to leave 2.08 g (the- 
ory) of a mixture containing isomeric 10,ll-dimethyltricyclo- 
[4.3.3.0]undecan-2-ones 8a (%yo), 8b (65y0), and 8c (4%), and 
6-(l-methylprop-2-enyl)bicyclo[4.3.0]nonan-2-one (9) (3%), 
RS determined by glpc. All of these components were collected 
from glpc (10% Apiezon M, 8 f t  X 0.25 in., 160', 85 cc/min of 
He) for spectral analysis. Collected samples were reanalyzed on 
analytical glpc (10% Carbowax 1000b1, 6 ft X 0.125 in., 150°, 
30 cc/min of He) to ensure purity. 

Ketone 8a had ir (CCl,) 1690 cm-l (C=O); nmr (CCL) 6 
2.5-0.8 (m, all protons, with CH3 doublets, J = 7.2 Hz, a t  0.90 
and 0.87); mass spectrum (70 eV) m/e (re1 intensity) 192 (l),  
137 (92), and 108 (100). 

Anal. Calcd for ClaHzoO: C, 81.20; H,  10.48. Found: C, 
80.81; H ,  10.28. 

Ketone 8b had ir (cc14) 1690 cm-1 (C=O); nmr (CCl4) 6 
2.5-0.8 (m, all protons, with CHI doublets, J = 7.2 Ha, a t  0.99 
and 0.93); mass spectrum (70 eV) m/e (re1 intensity) 192 (15), 
137 (70), and 108 (100). 

Anal. Calcd for C13H&: C, 81.20; H ,  10.48. Found: 
C, 81.01;H, 10.36. 

Ketone 8c had ir (CCL) 1690 cm-l: mass soectrum (70 eV) 
m/e (re1 intensity) 192 (6),'137 (94), and 108 (160). Insufficieni 
quantities of 8c were available for nmr and elemental analyses. 

Ketone 9 had ir (CCla) 3060 (vinyl CH), 1705 cm-l (C=O); 
nmr (Cch)  6 6.0-4.0 (m, CHz=CH), 5.03 (m, CHz=CH), 2.5- 
0.7 (m, remaining protons, with CH3 d, J = 7.2 Hz, a t  0.93); 
mass spectrum (70 eV) m/e 192 (molecular ion). 

Cycloaddition of Enone 7 and trans-Z-Butene.-A solution of 
0.833 g (6.11 mmol) of enone 76 and ca. 20 ml of trans-2-butene 
(Matheson, CP grade) in methylene chloride (140 ml) was 
irradiated (Pyrex filter) for 2.5 hr a t  low temperature.13 Reac- 
tion progress was monitored as above and the reaction solution 
was worked up as above to leave 1.17 g (theory) of isomeric 
ketones 8a (6%), 8b (86Oj,), 8c (7Oj,), and 9 (2%). 
3,4-Dimethyltricyclo[3.3.3.0]undecan-2-one (2).-A solution 

of 1.41 g (7.34 mmol) of ketones Sa, Sb, Sc, and 9 (in a ratio of 
11:24: 1.4: 1.0, respectively) and TsOH.Hz0 (0.5 g) in benzene 
(40 ml) was heated at  reflux for 8 hr. Progress of the reaction 
was monitored by glpc (10% Carbowax IOOOM, 6 ft X 0.125 in., 
150", 30 cc/min of He) and the four ketones in the initial mixture 
eluted at 8.0, 9.8, 12.2, and 15.5 min, respectively. After 8 hr 

the peaks a t  9.8 (Sb), 12.2 (Sc), and 15.5 min (9) were absent," 
and a new peak at  7.0 min had developed. A substantial amount 
of the ketone a t  8.0 min still remained. The reaction mixture 
was cooled and 75% of the reaction solution was washed with 
saturated NaHC03 (25 ml) and water (20 ml), dried (MgS04), and 
concentrated to leave 1.02 g (96Y0) of a mixture of two ketones at  
7.0 and 8.0 min. These ketones were collected from preparative 
glpc (10% Apiezon M, 8 ft X 0.25 in., 150°, 85 cc/min of He), 
a system in which the two ketonas eluted in the same order. An 
infrared spectrum (CClr) of the smaller peak at  8.0 min was identi- 
cal with that of ketone Sa. An infrared spectrum of the large 
product peak at  7.0 min (ketone 2)  was identical with that of the 
photoreduction product from 1. Ketone 2 had ir (CClr) 1730 
cm-l (C=O); nmr (CClr) 6 2.45-0.78 (m, with CH, doublets, 
J = 7.2 Hz, a t  1.02 and 0.91); mass spectrum (70 eV) m/e 192 
(molecular ion). 

Anal. Calcd for C18H200: C, 81.20; H ,  10.48. Found: C, 
80.93; H,  10.39. 

The remaining 25% of the reaction mixture was heated at  re- 
flux for an additional 24 hr and worked up as above to yield 0.300 
g (85%) of pure 2. 

To determine the stereochemical relationship of the methyl 
groups in ketone 2,  a 0.300-g (1.56 mmol) quantity of 2 in 10 mi 
of 1.5 N NaOMe WRS heated at  reflux under an inert atmosphere 
for 2 hr. The cool reaction solution was diluted with water (20 
ml) and extracted with pentane (3 X 15 ml). The combined 
extracts were dried (MgSO4) and concentrated to leave 0.208 g 
(707.) of unchanged 2,  as evidenced by its infrared spectrum. 
Analysis by glpc (10% Carbowax 1000M, 6 ft X 0.125 in., 150°, 
30 cc/min of He) and coinjection with authentic 2 both gave a 
single peak. 

Reduction of Ketone 10.-A solution of 16 mg of ketone lo@ 
(ca. 80% pure from preparative glpc) in 5 ml of methanol was 
hydrogenated a t  46 psi for 2 hr using 3.2 mg of platinum oxide 
catalyst. The catalyst was filtered, and the filtrate was diluted 
with water, extracted with carbon tetrachloride, dried (MgSOa), 
and concentrated. Analysis by glpc (coinjection) (DEGS) 
showed the presence of Sa and 8c (ratio ca. 2: 1, respectively), 
along with small amounts of two products derived from the 
original impurity in 10. The mass spectrum (70 eV) of 8c ob- 
tained from 10 is identical with that obtainedin thephotoannula- 
tion experiments. 

Registry No. -2,38312-59-3; 4, 18631-96-4; 5,38312- 
61-7; 6, 38312-62-8; 7, 22118-01-0; 8a, 38312-64-0; 

38312-67-3; cis-2-butene1 590-18-1 ; trans-2-butene1 624- 
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8b, 38343-72-5; 8 ~ 9  38312-65-1; 9, 38312-66-2; 10, 
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(14) Ketone 9, as well as ketones 8b and Bo, was apparenlly converted t o  
It is conceivable that 9 was converted to  ketone 2 during this 8-hr period. 

2 via ii as follows. 

9 


