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Ketones 3X, 3N, 4X, a n d  4N were synthesized and i r rad ia ted  wi th u l t rav io le t  l ight .  Compounds 3X a n d  3N 
gave products, ena l  6 a n d  oxetane 5,  respectively, w h i c h  are believed t o  have been fo rmed f r o m  n,r* states of t h e  
carbonyl  groups. Ketones 4X a n d  4N gave products, 8 and 7, respectively, w h i c h  were probab ly  fo rmed f r o m  
~ , r *  states o f  t h e  double bonds. 

Earlier studies of the photochemistry of simple endo-5- 
acylnorbornenes2,3 (1) have revealed a photocycloaddition 
reaction of significant synthetic versatility as well as one 
which involves intriguing mechanistic subtleties. I t  has 
been shown4 that oxetanes of structure 2 are formed from 
1 with quantum efficiencies ranging from 0.10 to 0.22 and 3x 3N 

1 2 

that essentially no other products are produced. In partic- 
ular, type I and type I1 cleavages were not competitive 
even in favorable cases, e.g. ,  R = t-C4H9, i-CsH11.~ 
Preliminary studies with exo-5-acylnorbornenes did not 
yield well-defined product mixtures, on the other hand. 
Thus, these results raised several questions concerning the 
factors which control the efficiency of oxetane formation 
and the general structural limitations of this reaction. In 
addition, the behavior of the exo systems was perplexing 
and a more detailed investigation was clearly of interest in 
view of the paucity of data on the behavior of constrained 
y,d-unsaturated  ketone^.^ 

To these ends, an investigation of the synthesis and 
photochemistry of the following four ketones was initiat- 
ed: 3X, 3N, 4X, and 4N. 

4x 4N 

The choice of these systems was governed by the rela- 
tively fixed geometrical orientations of the chromophores. 
From the drawings shown below, it can be seen that only 

3N 4N 

in 3N is the n orbital of the carbonyl group suitably posi- 
tioned with respect to the double bond to permit the 
mode of interaction proposed for exciplex formation in the 
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+e 

5 -  -2e 

oxetane reaction.6 On the other hand, the situation in 4N 
is such that only the .rr orbitals of the carbonyl group can 
interact with the double bond. The behavior of the two 
exo isomers 3X and 4X was of intrinsic interest (see above) 
in the realm of photochemistry of unsaturated carbonyl 
systems and it was instructive to use them as model sys- 
tems for the corresponding endo systems. 

We report here the major chemical consequences of ir- 
radiations of these four ketones, and assign some tentative 
mechanistic schemes to rationalize the observed products. 

Results 
Syntheses. The spiro ketones 3X and 3N were conve- 

niently prepared as a 1 O : l  mixture by the reaction of cy- 
clopentadiene with the Mannich base of cy~lopentanone.~ 
Presumably, this reaction involves the intermediacy of a-  
methylenecyclopentanone, which undergoes a Diels-Alder 
reaction with the diene (eq 1). In agreement with recent 

HC 
\\ 0 jq -[m] -+ (3) 

fi + --t 3X + 3N 

studies of the stereochemistry of Diels-Alder reactions of 
methylated dienophiles,8 we assign the endo stereochem- 
istry to the minor isomer 3N. Our structural assignment 
was also based on nmr data which pertains to the chemi- 
cal shifts of the 3-endo protons in these isomers. This pro- 
ton in the exo isomer 3X appeared as a four-line multiplet 
centered at  6 0.80. The larger coupling ( J  = 10.7 Hz) is 
attributed to geminal splitting and the smaller one (J = 
2.8 Hz) is the result of long-range coupling with the anti 
C-7 p r ~ t o n . ~  The origin of the upfield shift of this proton 
has been attributed9 to the anisotropy of the carbon-car- 
bon bond at  C-2.10 

Similarly, the ketones 4X and 4N were obtained via a 
Diels-Alder reaction between 2-cyclopentenone and cyclo- 
pentadiene (eq 2 ) .  It was advantageous to use aluminum 

0 

0 + + 4 X  -+ 4N 

chloride as a catalyst in this sequence, since the yield was 
doubled under milder reaction conditions.ll The predomi- 
nant isomer (80%) was identified as the endo ketone (4N) 
by spectral comparisons with data from an authentic sam- 
ple .I2 

Irradiations. All four ketones were irradiated in deoxy- 
genated benzene with Pyrex-filtered light. Two volatile 
products in the ratio 98:2 were produced from 3N. The 
major component showed no hydroxyl or carbonyl absorp- 
tions in the infrared region and no nmr absorptions below 
6 4.48. The latter absorption appeared as a one-proton 
doublet of doublets and is typical2 of oxetanes of structure 
2. In view of the earlier precedent, structure 5 is assigned 
to this photoproduct. Further evidence in support of this 

5 
assignment was deduced from the mass spectral cracking 
pattern of 5. The base peak at m / e  106 corresponds to the 
molecular ion less the elements of acrolein. The break- 
down may be rationalized in terms of oxetane cleavage 
followed by a reverse Diels-Alder reaction13 (eq 3). 

t 
r h T  + 

L - 1 CH,=CHCH=O 
Compound 3X led to a five-component product mixture, 

two components of which were shown to be 3N (6.5%) and 
5 (17%). The other two minor products totaled 5% and 
were not examined. The major product (72%) displayed 
absorptions attributable to aldehydic and olefinic groups 
in both the nmr and ir spectra. This data, the microana- 
lytical results, and the mass spectrum all support the enal 
structure 6 for this product. 

6 

Irradiation of 4N gave a product which was neither an 
oxetane nor an enal as evidenced by the absence of unsat- 
uration and the presence of a carbonyl group at  5.67 p. 
Attempts to define the structure of this compound by var- 
ious chemical and spectral means failed to point to an 
unambiguous answer. The crystalline 2,4-dinitrophenylhy- 
drazone derivative was therefore subjected to X-ray crys- 
tallographic ana1y~is . l~ This procedure led only to struc- 
ture 7, a finding which is consistent with all other data. 

4N - 4 t h  
‘0 

7 

The last ketone to be studied, 4X, was found to produce 
as many as nine products upon irradiation in benzene. 
Since isolation and identification of these products did 
not appear feasible, other conditions were examined. Irra- 
diation in methanol proceeded more cleanly to produce 
one major product which was further degraded on longer 
irradiation. The initial photoproduct was isolated and 
identified as the saturated ketone 8 and the degradation 
products as 9 and 10. This overall sequence (8 - 9 - 10) 
had been observed in an earlier study15 and was con- 
firmed in this work. 

4 x - & -  

0 
8 

0 10 
9 

Discussion 
The notable features of these results may be best appre- 

ciated by comparisons of behavior within the two main 
structural and stereochemical groups, i .e. ,  3X us. 3N, 3X 
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Table I 
Q u a n t u m  Yield and Quenching Data  for 4N + 7 

~ ~~ ~~ ~~ 

Norbornene, 
Determinatioin 4N, M M +a 

Consumption of 
4N 0.139 0 0.26 =k 0.03 

0.139 1.445 0.20 i: 0.02 
Formation of 7 0.139 0 0.095 f- 0.005 

0.139 1.445 0.026 i 0.003 
Formation of exo,- 

trans,endo dimer 
of norborneneb 0.139 1.445 0.009 i 0.002 

a Conversions varied from 9 to  14%. b Other dimers were 
formed to a minor extent. 

us.  4X, etc. In this way the influence of the effect of struc- 
ture and stereochemistry on the photoreactions may be 
assessed. 

Thus, in the exo, endo pair 3X, 3N, it  is clear that  the 
proximity and accessibility of the double bond is the deci- 
sive factor which diverts the endo ketone away from type 
I cleavage. Since the efficiency of oxetane formation (0.21) 
equaled that of ketone loss, i t  is concluded that rapid ex- 
ciplex formation6J6 followed by oxetane formation and 
radiationless decay account for the fate of most of the ex- 
cited state(s) of 3N.6J6 It  is pertinent to note that the ab- 
sorption spectrum of 3N exhibits an enhanced intensity 
characteristic of systems in which the n orbital interacts 
with the x system.17 Interestingly, the n - a* absorption 

A,,, (C6H12) 307 nm 
( t  54.4) 

O W  
3N 

A,,, (C,HlJ 302 nm 
( t  27.4) 

0 
11 

of the exo isomer 3X also shows enhanced intensity and a 
red shift. These chromophores have a relative geometry 

3x ( t  55,3200) 12 ( t  26.9) 

which is ideally suited for u coupling as defined by Cook- 
son and coworkers.18 Although the overall course of the 
reaction 3X - 6 is not abnormal, the consequences of 17 
interactions may not be apparent until one takes into ac- 
count all of the parameters which define excited-state be- 
havior. 

Neither of the fused ketones 4X and 4N undergoes reac- 
tions typical of cyclopentanones, e.g. ,  type I cleavage or 
photoreduction, in contrast to the behavior of the saturat- 
ed analogs.l5 The observed reactions both involved reduc- 
tion of the double bond, a process which is characteristic 
of a,a* states of strained olefins.19 In these systems a like- 
ly sequence of events would entail energy transfer steps 
from the TI state of the excited carbonyl groups to the 
ground-state olefins.20 There is precedent in both cases for 
the requisite subsequent processes. Thus, the triplet olefin 
in 4N could undergo intramolecular abstraction followed 

by cyclization (eq 4) in a fashion analogous to that ob- 
served by ScharPl (eq 5 ) .  

The overall reaction 4N - 7 could be quenched by 
added norbornene with the concurrent production of di- 
mers. From the data in Table I it can be seen that most 
of the product (7) arises from the quenchable state (+o/+ 
= 3.6). The most straightforward interpretation of this 
data involves competitive excitation transfer from triplet 
carbonyl to norbornene or 4N.22 The data also demand 
that a nonquenchable state is involved in those other pro- 
cesses which consume 4N but which do not lead to 7 .  

In the exo system 4X, energy transfer is followed by a 
series of radical abstraction reactionslg which ultimately 
produce the saturated ketone 8 (eq 6). This sequence par- 

allels the photoreduction of norbornenes, which can be 
sensitized by acetone or aromatic donors.23 

The contrast in behavior between 3N and 4N is instruc- 
tive in the context of the overall behavior of endo-&acyl- 
norbornene photochemistry. On the one hand, 3N rapidly 
forms an oxetane in competition with what must be a fac- 
ile type I cleavage. On the other hand, the behavior of ke- 
tone 4N resembles that of an isolated carbonyl system. 
Thus, in constrast to simple endo-5-acylnorbornenes, 
quenchable triplet states of 4N are formed. We conclude 
that the singlet state is relatively long lived as a conse- 
quence of weak or negligible exciplex formation. These re- 
sults lend support to the ideas6 discussed above con- 
cerning the geometrical requirements for exciplex forma- 
tion. 

The contrasting behavior between 3X and 4X is proba- 
bly the result of differences in ease of a cleavage toward 
tertiary and secondary centers.24 These differences in turn 
are the deciding factors which control the extent of energy 
transfer to the ground state molecules. 

The results of a related study in which the behavior of 
13 and 14 was studied was recently reported.25 It was 

Y 14 
d' 

13 

15 

found that irradiation of both isomers produced ester 15, 
but that  chemical yields were significantly lower in the 
case of 14. Conceivably, these reactions may involve ener- 
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gy transfer steps which compete to differing extents with 
the type I cleavages. 

Summary. The widely disparate behavior of these four 
ketones exemplifies the subtleties implicit in the photo- 
chemistry of complex molecules. We have rationalized the 
results in terms of reasonable assumptions about the rela- 
tive magnitudes of the rates of competing processes. In 
any case, these results have led to a better understanding 
of the geometrical requirements for exciplex and oxetane 
formation and to a useful synthesis of a new tetracyclic 
ring system ( i9.30 
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