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Figure 1. Stern-Volmer plot of p-carotene quenching of the pho- 
tooxidation of trimethyl phosphite, 0.051 M in benzene-methanol 
(4:l by volume) using Methylene Blue sensitizer. 

the addition of hydroquinone, as expected for a singlet oxy- 
gen ~ x i d a t i o n . ~  The intermediacy of singlet molecular oxy- 
gen in dye-sensitized photooxidations has frequently been 
inferred from competition between the substrate and 
known singlet oxygen acceptors, or from the observation of 
an identical reaction brought about by singlet oxygen 
formed by nonphotochemical means.6 Such methods are 
inapplicable in this case, since phosphites are oxidized by 
the oxidation products (hydroperoxides and endoperox- 
ides) of the usual singlet oxygen acceptors and also by the 
reactants (hydrogen peroxide, phosphite ozonides) usually 
used to prepare singlet oxygen in the dark.7 Therefore we 
turned to the specific quenching by energy transfer of sin- 
glet oxygen by @-carotene and by 1,4-diazabicycl0[2.2.2]0~- 
tane ( D a b ~ o ) . ~ , ~  Phosphate formation was quenched clean- 
ly by both quenchers, and linear Stern-Volmer plots (see 
Figure 1) were observed in every case attempted. Singlet 
oxygen is thus confirmed as the oxidizing agent in this 
reaction. 

The most attractive reaction mechanism is shown in 
Scheme I. The lack of reversibility of step 4 was shown by a 
linear plot of relative 4-l (phosphate) us. [phosphite]-l, 
but the possibility of quenching by phosphite cannot be 
eliminated. Since h d  for singlet oxygen and the rate con- 
stants for 0-carotene quenching of singlet oxygen are 
known for the solvent used, the rates of step 4 can be ob- 
tained from the slopes of the Stern-Volmer plots and are 
included in Table I. These rates are comparable to the 
rates of reaction of singlet oxygen with tetrasubstituted 
olefins and correlate with the electron-releasing ability of 
the alkoxy groups. 

Scheme I 
Rate 

Io 
2. 'RB* - 3RB* h s c  

3. w* + 302 - ~ R B ~  + '0, ks  

L 'RB + hv - 'RB* 

4. (RO)3P + lop - (RO)3P.02 (1) hi 
5.  1 + (R0)3P - 2(RO),PO ks 

The structure of the intermediate 1 cannot be deduced 
from the information available at  this time. An intermedi- 
ate of the same stoichiometry was proposed for the direct 

oxidation of phosphites and phosphines by phosphite ozon- 
i d e ~ , ~ , ~  and similar intermediates were proposed for the 
singlet oxygen oxidations of disulfideslO and sulfides.ll In 
the latter case, a zwitterionic structure (RzS+-O-O-) was 
suggested based on solvent effects. A similar intermediate 
may be expected in the photooxidation of phosphites. 

We are continuing to explore the scope of this reaction 
and seeking evidence for the structure of the intermediate.. 
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Nonstereospecific Diels-Alder Reactions. I. Reaction 
of Hexachlorocyclopentadiene with 1,2-Disubstituted 

Ethylenes 

Summary: The Diels-Alder reaction of hexachlorocyclo- 
pentadiene and related dienes with a variety of trans-sub- 
stituted ethylenes takes place with partial to extensive, de  
facto violation of the cis principle, including in one in- 
stance the loss of the structural integrity of the dienophile; 
two concurrent mechanisms, one involving concerted cy- 
cloaddition and the other biradical intermediates, are con- 
sidered for the products. 

Sir: The immense success of the Diels-Alder reaction in 
synthesis is due to a great extent to its stereospecificity 
whereby the steric integrity of the reactants is preserved in 
the adducts. This behavior, known as the cis rule, is consid- 
ered to be the cardinal stereochemical principle of the 
Diels-Alder reacti0n.l We wish to report now on an exten- 
sive series of Diels-Alder reactions of hexachlorocyclopen- 
tadiene (1) in which the steric integrity of the dienophile 
was lost in the adduct, often extensively, in a clear, de facto 
violation of the cis rule. 

To develop a rationale for the failure of 1 to form a Diels- 
Alder dimer on heating,2 a possible result of steric hin- 
drance between the chlorines of the incipient bridge and 
the exo positions, we investigated the reaction of 1 with 
trans -1,2-dichloroethylene (2). Heating the pure reactants 
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H 
4 

6a 

c1 q(;; 
CI 

in equimolar proportions in a stirred, closed glass container 
for 67 hr a t  163-165' yielded in 47% conversion an adduct 
which consisted of 95% I of I cis-endo-octachloronorbornene 
(3, mp 190-192°)3 and 5% of the trans isomer (4).3 The un- 
reacted olefin contained 39% of cis -dichloroethylene (5).495 

Heating 1 with equimolar amount of 5 a t  163-165' for 62 
hr gave in 62% conversion a product which consisted of 
99.9% of 3 and 0.1% of cis-exo- octachloronorbornene (mp 
96-98°).3a-b The unreacted olefin contained only the 
amount of 2 that was originally present (2%) in 5. 

Control experiments with neat 2,3 ,4 ,  and 5 showed that, 
when heated separately, neither of them underwent any 
isomerization under the above conditions. Even in the pres- 
ence of HCl gas, a possible by-product and catalyst, 2 failed 
to yield any 5 a t  all a t  165'. Since 2 underwent isomeriza- 
tion only in the presence of 1, it  is tempting to postulate 
that the two reactants formed a biradical intermediate akin 
to the free radicals invoked in the neat7 or iodines and ben- 
zoyl peroxidesc catalyzed isomerization of 2 and 5.9 Scheme 
I is proposed to account for the products. 

While in Scheme I3 can most simply be derived from 1 
and 5 by the (2 + 4) cycloaddition process, the diastereo- 
meric biradical6b, whose intermediacy is necessary for the 
isomerization of the olefin,IO could also conceivably yield 3 
directly by a simple coupling mechanism.13 Although our 
present data do not allow a gauging of the energy require- 
ments of the various steps (concerted 2 + 4 addition, birad- 
ical formation, radical epimerization, /3 scission, and ring 
closure), the latter three processes certainly have consider- 
ably lower energy requirements than the first two, and a t  
the relatively high temperature of the reaction they readily 
could occur. The formation of 3 by a dual pathway thus ap- 
pears permissible. However, competition between the facile 
steps of 6b still could yield preferentially the /3 scission 
rather than coupling product.14 The data also suggest that 
steric repulsion is the major underlying cause for the loss of 
the stereochemical integrity of the dienophile in the adduc- 
tion p r o ~ e s s . ' ~ J ~  This view is supported by examples in 
which steric hindrance is reduced. Thus 2 yielded with 5,5- 
dimethoxytetrachlorocyclopentadiene (7) and tetrachloro- 
furan (8) only 10 and 5% of cis adducts, respectively, while 
with cyclopentadiene 2 yields only the trans adduct.13as21 
Consonant with these results, 1, 7, and 8 produced with 5 
increasingly more exo-cis adducts, 0.1,2.0 and 9.4%, respec- 
tively, further confirming the effect of the incipient norbor- 
nene bridge on the stereochemistry of the adducts. 

The loss of the stereochemical integrity of the dienophile 
in the formation of thermal adducts with 1 was encoun- 
tered in various degrees with a multitude of other olefins 

Cl 
3 

Table I 
Distribution of Isomers in Adducts of 1 with 

Trans  Olefins 

H\&Y 

d C \ H  

A 

160-176" 
__* 1 +  II 

I I I 

H X X 
A B C 

Composition of adducts, % 
X Y A B C 

CN CN 57 .. 43 
COOCH3 COOCH, 73 .. 27 
COCl COCl 84 .. 16 
P h  P h  7 1  .. 29 
CH3 CH3 -100 .. -0 
CH3 COOCH, a4 4 12 

CH3 COCl 23 3 74 
CH3 CN 1 2  31 57 

c 1  30 13 57 CH3 
CHzCl c 1  13 
P h  c 1  5 14 81 

(dichloromethy1)norbornene. 

CH3 P h  74 20 6 

38" 

0 Adduct contained also 49% of 1,2,3,4,7,7-hexachloro-5-endo- 

(Table I), with 5-methylpentachlorocyclopentadiene and, 
to a lesser extent, with 7 and 8 as the dienes as well. 

With allylic trans olefins as dienophiles, not only their 
stereochemical but also their structural integrity may be 
lost in the adduction process. Thus, while trans -1-chloro- 
propene (9) and 1 yielded adducts differing only in stereo- 
chemistry, the adducts of 1 and trans 1,3-dichloropropene 
(10) contained structurally isomeric products as well 
(Table I). Neither 9 nor 10 showed any sign of isomeriza- 
tion when heated separately a t  the same temperature range 
in control experiments. A scheme analogous to that out- 
lined above can account both for the stereochemical and 
structural isomerization of the olefins, and, consequently, 
for the structure of the adducts as well. 
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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- 


