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Nonstereospecific Diels-Alder Reaction. 11. Reaction 
of Hexachlorocyclopentadiene with 1,l-Disubstituted 

and Monosubstituted Ethylenes 

Summary: The major epimers in the adducts of hexachlo- 
rocyclopentadiene, and related dienes, with unsymmetrical 
1,l-disubstituted ethylenes are those in which the bulkier 
substituents are endo, irrespective of secondary orbital in- 
teraction considerations; similar results obtain with mono- 
substituted ethylenes as well, where the cyano and aldehy- 
do substituents yield significant proportions of the novel 
exo adducts. 

Sir: In the preceding communication we described the 
Diels-Alder reaction of hexachlorocyclopentadiene (1) with 
a variety of 1,2-disubstituted ethylenes, which takes place 
with a de facto violation of the cis principle, and suggested 
that steric hindrance may be the main underlying cause for 
the anomalous behavi0r.l To gain a better insight into the 
role of various substituents in these reactions, we examined 
the behavior of 1,l-disubstituted olefins as well. 

The experiments were carried out by heating 1 with the 
olefin in a stirred and sealed, all glass system at the lowest 
temperature a t  which the reaction proceeded a t  a conve- 
nient rate and quantitatively analyzing the crude product 
by proton nmr before any subsequent separation, purifica- 
tion, and identification steps. To facilitate structure assign- 
ment, adducts of 1 with symmetrically 1,l-disubstituted 
ethylenes have also been prepared as model compounds; 
the pertinent 1,2,3,4,7,7-hexachloronorbornenes yielded 
the following nmr parameters: 5,5-dimethyl- (2) 6, Hex, 

1.02; 5,5-diphenyl- (31, Hex0 3.633, Hendo 3.158 (Jgem = 
-13.6 Hz); 5,5-dichloro- (41, Hex, 3.497, Hendo 3.114, ( J  = 
-14.7 Hz), CDC13 solution. Isomer distribution data in ad- 
ducts of representative, 1,l-dissimilarly substituted ethy- 
lenes are shown in Table I. 

The results of these kinetically controlled2 experiments 
indicate the following competitive relationships for the less 
hindered endo position. 

2.499, Hendo 1.963 (Jgem = -13.0 HZ), CH3,exo 1.50, CH3,endo 

(CH,),CH > CH,CH, > H,C 
CHSOOC C1 P h  >> H3C - ClCH, CHO > CN 

C1 >> CHSOCH, > H3C 

While the alkyl series underlines the role of size in the 
competition, and i t  apparently can be extended to include 
the aldehydo and cyano substituents, several of the cases 
reflect the results of opposing forces. Thus, while secondary 
orbital interaction3 between the T system of 1 and the di- 
enophile can be invoked with phenyl, methoxycarbonyl, 
and perhaps even ~ h l o r i n e , ~  to rationalize their endo selec- 
tivity, it  cannot account for the preferentially exo pattern 
of the aldehydo and cyano s u b s t i t ~ e n t s . ~  However, size and 
secondary attractive forces, when considered jointly, seem 
to accommodate the results. When in competition, size ap- 
pears to dominate over secondary interactions (methyl us. 
the planar aldehydo and the linear nitrile substituents) 
and, expectedly, the two effects reinforce each other when 
not in opposition (phenyl us. methyl).6 

The results of the reaction of 1 with a-methylstyrene ( 5 )  
differ from literature data in two respects. 

(a) The structure assigned7 to the crystalline adduct8 
(6A) of 1 and 5 had the phenyl group exo and was derived 
from the nmr spectrum of its deuterium-labeled analog 
based on the assumption that the exo proton resonates 
downfield from the endo proton. Exact repetition of the 
reaction conditions7 yielded in our hands a crystalline ad- 
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Table I 
Distribution of Isomers in Adducts of 1 with 

Unsymmetrically l,l,-Disubstituted Ethylenes" 

Y 96 yendo/yexo X 

CH3 CH3CHz 64 1.8 

CH3 ClCHz 45 0.8 
CH3 CHSOCHZ 70 2.3 
CH3 C6H5 89 8.1 

CH3 NC 24b 0.3 
CH3 CH3OOC 92 11.5 

CH3 (CH,),CH 85 5.7 

CH3 OHC 48 0.9 

CH3 c 1  9 oc 9.0 
C6H5 ClCH2 10 .  0.1 
C6H5 c1 5 5d 1.2 
CHSOCHZ c1 81  4.3 
NC c 1  97 32.3 
CHSOOC c1 60 1.5 
BrCH, Br  86 6.1 

= T h e  numerical values are the extent of the given isomers 
present in the adduct; hence they are no t  necessarily y ie ld  data. 
The other epimers are present . in  complementary percentages. 
b d I n  the corresponding adducts of 7 the analogous epimer i s  
present in 30,89, and 56%, respectively. 

duct as the major product, mp 67-69O, 6A, whose nmr anal- 
ysis, in CDC13, showed the methylene doublets (6 2.67 and 
3.15, J = -13.9 Hz), the methyl singlet (6 1.88), and the 
closely bunched aromatic protons ( 6  7.24). A comparison of 
these parameters with those of model compounds 2 and 3 
indicates that the downfield doublet of 6A coincides well 
with the upfield (endo) doublet of 3, and the upfield dou- 
blet of 6A matches closely the downfield (exo) doublet of 2. 
The converse matching for the epimeric adduct 6B (6 He,, 

and 7.5-7.66, multiplets) plus the fact that the methyl peak 
of 6A is more deshielded than that of 6B, indicate that in 
the major adduct, 6A, the methyl group is exo9 (Figure 1). 

(b) The reaction of 5 with 1 yields not one, but two epim- 
eric adducts. As such, it is not exo/endo stereospecific, as is 
neither its reaction with 5,5-dimethoxytetrachlorocyclo- 
pentadiene (7) and tetrachlorofuran (8), which yield 88 and 
80%, respectively, of the analogs of 6A. In fact, none of the 
reactions of Table I are completely stereospecific.1° 

The data of Table I suggest that the sterically least de- 
manding aldehydo and cyano substituents are forced in the 
sterically unfavored exo position when they are in competi- 
tion with bulkier substituents. To  evaluate them against 
the smallest of substituents, several monosubstituted ethy- 
lenes were allowed to react with l and the adducts analyzed 
for isomeric composition. 

As anticipated, the halogens and bulky carbon substitu- 
ents, such as ter t -  butyl, phenyl, and methoxycarbonyl 
yielded endo adducts only, but propylene, acrolein, and ac- 
rylonitrile produced 5, 14, and 14%, respectively, of the exo 
products as well. With 1, 7, and 8, acrylonitrile yielded in- 
creasingly more exo adducts, 14, 17 and 38%, respectively, 
providing thus additional support for the steric argument 
and suggesting again the relatively subordinated role of 
secondary orbital interaction in these reactions. 

3.495, Hendo 2.125, J = -13.2 Hz, CHs 1.375, Ph  7.1-7.4 
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Singlet Oxygen Scavenger Method for the 
Determination of Ketone Peroxide Kinetics 

Summary: The rate of decomposition of dicyclohexylidene 
diperoxide (I) has been monitored spectrophotometrically 
by use of the colored singlet oxygen scavenger "tetracy- 
clone" (111) (tetraphenylcyclopentadienone). The rate con- 
stants determined for I are in good agreement with those 
determined iodometrically. 

Sir: In 1967 Story and coworkers1 found that the thermal 
and photochemical decomposition of cyclic ketone perox- 
ides such as I and I1 produced macrocyclic hydrocarbons 
and lactones (eq 1 and 2). About 5-10% ketone was also 
produced. Story suggested that the ketone was produced 
with the evolution of singlet oxygen. 

The detection of singlet oxygen in liquid phases is re- 
stricted almost entirely to chemical methods which might 
be misleading (but several methods are a ~ a i l a b l e ) . ~ - ~  In 
order to determine the singlet oxygen in a liquid phase, one 
may decompose the precursor in the presence of an appro- 
priate singlet oxygen acceptor.5 

I I1 I11 

0 0  

M 
For example, Murray and coworkers used tetracyclone to 

measure the per cent of singlet oxygen evolved from ozone 
adducts of isopropyl alcohol and isopropyl ether (eq 3).6 In 
our laboratory Brennan used tetracyclone to scavenge sin- 
glet oxygen from phosphorus ozone a d d u c t ~ . ~  

I11 + '02 - G,,; + co 

CGH6 

C6H5 

rv 

(3) 

It  occurred to us that this highly colored compound 
might be used (if thermally stable) to measure the singlet 
oxygen evolved from peroxide precursors. The extinction 
coefficient of this compound is high [e  1250 l./(mol cm)], 
thus allowing the singlet oxygen yields to be determined on 
dilute peroxide solutions with the aid of a spectrophotome- 
ter. 

The stable free radical technique for the determination 
of free radical initiator kinetics had been so successful for 
the determination of the kinetics and free radical efficien- 
cies of diacyl peroxides that we decided to apply the same 
technique to peroxides which might give singlet oxygen on 
decomposition.8 

The advantages are (a) the solution of peroxide is dilute 
enough so that induced decomposition is negligible; (b) the 
rate constant and the efficiency of singlet oxygen produc- 
tion (the fraction of singlet oxygen per mole of peroxide 
which reacts with the scavenger) may be determined in a 
single experiment. 

The rate data for the decomposition of cyclohexanone di- 
peroxide obtained by monitoring the disappearance of the 
colored band a t  510 mp in tetracyclone were calculated 
from eq 4 and are presented in Table I (see ref 8 for deriva- 
tion of a ,similar equation). The rate data are in good agree- 
ment with that obtained by following the rate iodometri- 
cally in all solvents except cycl~hexane.~ The reason for 
this discrepancy has not been completely resolved. 

In (A - A , )  = -ht + In c P , e ,  (4)'O 

The values of e ,  for I range from 0.05 to 0.02 in the sol- 
vents studied, and it appears that the peroxide is not an ef- 
ficient source of singlet oxygen. The yield of cyclohexanone 
varies from 0.10 to 0.20 mol/mol of peroxide; so the maxi- 
mum available singlet oxygen is 5 to 10% (0.05 to 0.10 for 
e,). Furthermore, it  is likely that the values of e ,  recorded 
in Table I are too high since it is possible for the fading of 


