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Radical Catalyzed Epoxidation with Oxygen1 

Sir: 

We wish to report the following reactions of oxygen, cata
lyzed by amino radicals complexed with zinc chloride. Under 

Me2N- + O2 = = Me2NO (1) 
1 I 

ZnCl2 ZnCl2 

1 
jy < ° 

Me2NO^ + ^ C = C ^ — / \ + Me2NO-
! ^ Q Q I 
ZnCl2 /{ / V ^nCl2 

(2) 
the experimental conditions used, these reactions were usually 
followed by a third. The case for the unique reactions (eq 1 and 

O OH \ A 

/ \ + HNMe2 —* ,C-C (3) 
C C ' ' I ^NMe2 

2) rests on the following observations and arguments. Tetra-
methyl-2-tetrazene (TMT) in dry THF solution was mixed 
with an excess of anhydrous ZnCl2 and the appropriate olefin. 
The mixture was warmed at 40-50 0C from 5 to 10 h under a 
stream of oxygen. The reaction mixture was separated by acid 
extraction (1 M HCl) of the basic products2 and fractionation 
of these by GLC. The components of this fraction were 
subjected to mass spectral and NMR analysis.3 The reaction 
of styrene and a-methylstyrene gave the amino alcohols 4 and 
5, respectively, in 30-40% yields. 

These products are consistent with the following (eq 4). The 
reactions (eq 4) have precedent in the mechanism proposed by 
Minisci and Galli4 to explain their results on addition of redox 
generated amino radicals to alkenes in presence of oxygen. 

PhC(R)=CH2 + -NMe2 —*- PhC(R)CH2NMe2 

ZnCl2
 2 

2 + O2 —* PhCXR)CH2NMe2 (4) 
I 
O—O 

3 
3 + R'H —• —«- —* PhC(R)CH2NMe2 

OH 
4,R = H 
5,R = Me 

Mechanism 4, however, does not explain the behavior of the 
other alkenes studied. Indene gave two amino alcohols, 
fran.s-2-dimethylamino-l-indanol (6)5 and trans-l-dimeXh-
ylamino-2-indanol (7)6 in 5-10% yields, each. While amino 
alcohol 6 is consistent with mechanism 4, the amino alcohol 
7 is not, because it would require the addition of the amino 
radical to the benzylic position, an energetically unfavorable 
site. The reaction of rrans-/3-methylstyrene produced, exclu
sively, CT->>?/!ro-l-dimethylamino-l-phenyl-2 propanol (8). This 
reaction was both regio- and stereospecific. The products from 
m-/3-methylstyrene were f/ireo-1-dimethylamino-l-phenyl-
2-propanol (9) and rAreo-2-dimethylamino-l-phenyl-1-pro
panol (10). Again, the reaction was stereospecific but, in this 
case, not regiospecific. In the case of the /3-methylstyrenes only 
amino alcohol 10 is consistent with mechanism 4. 

All of the "abnormal" products can be accounted for if it 
is assumed that they are formed by reaction 3. Thus, treatment 
of indene oxide with dimethylamine gave 7, //-a«5-/3-methyl-
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styrene oxide and gave exclusively 8, and cw-/3-methylstyrene 
oxide gave a mixture of 9 and 10, in the same proportion as in 
•the reaction with the TMT:ZnCl2:02 mixture. In fact, treat
ment of the epoxides with a mixture of TMT and ZnCl2 gave 
the same products.8 The case for an epoxide intermediate was 
further strengthened by the observation that treatment of cy-
clooctene with TMT:ZnCl2:02 mixture in the THF gave a 12% 
isolated yield of cyclooctene oxide 11. This epoxide is ex
traordinarily unreactive toward nucleophilic ring opening. No 
amino alcohol was formed when 11 was treated with dimeth-
ylamine or with the TMT:ZnCl2 mixture.9 

There is some evidence that mechanism 4 may be competing 
with the epoxidation mechanism under our conditions. The 
reaction of indene oxide with dimethylamine of the TMT: 
ZnCl2 complex fails to give any 6, and yet this product is 
formed in the reaction with the TMT:2nCl2:02 mixture. A 
small (5%) but significant yield of 1-dimethylamino-2-octanol 
was obtained in the reaction of 1-octene with TMTiZnCl2)O2. 
This product was also formed when octane-1,2-epoxide was 
stirred with dimethylamine for several days. However, there 
was also obtained a small amount of 7V,7V-dimethyl-6-hy-
droxy-1-octylamine in the TMT:ZnCl2:02 reaction. This 
product could only have been formed by intramolecular H-
atom transfer in the intermediate l-dimethylamino-2-octyl 
radical, followed by reaction with oxygen. 

Reaction 1 is reversible. Little or no amino alcohols were 
formed if the temperature of the reaction was raised to 100 0C 
or if the oxygen flow was restricted. The main product under 
those conditions was the addition of two dimethylamino groups 
to the double bond.10 In the absence of ZnCl2 the epoxidation 
reaction does not proceed well. Only a trace of (<1%) was 
obtained when TMT was photolyzed in the presence of cy
clooctene and oxygen. The role of ZnCl2 is not understood yet. 
It may force the equilibrium (eq 1) further to the right or it 
may stabilize the nitroxyl radical (or both).11 There is little 
precedent for reactions 1 and 2 in the literature. Reaction 1 is 
reminiscent of the formation of peroxy nitrogen trioxide from 
nitric oxide and oxygen,12 but the closest analogy for eq 2 are 
reactions such as those of acylperoxy radicals with alkenes to 
give epoxides and the corresponding carboxylic acids.13 The 
latter, however, may have an alternative explanation. The 
present data indicate the epoxide formation is stereospecific 
and consequently the reaction seems to be a concerted transfer 
of an oxygen atom from 1 to the alkene. This type of reaction 
may be a fairly general phenomenon. In fact, something like 
this may be occurring during biological epoxidations where 
atmospheric oxygen is introduced stereospecifically into double 
bonds (such as in squalene 14) or aromatic systems (such as 
carcinogenic polynuclear aromatic hydrocarbons15). Further 
work on this reaction is progressing in our laboratory. 
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A Novel Stereospecific Alkenyl-Alkenyl Cross-Coupling 
by a Palladium- or Nickel-Catalyzed Reaction of 
Alkenylalanes with Alkenyl Halides 

Sir: 

Direct and selective coupling of two unlike alkenyl groups 
by the reaction of an alkenylmetal derivative with an alkenyl 
halide has been difficult. None of the known alkenylmetals of 
the main group elements appears to undergo satisfactorily a 
stereospecific substitution reaction with an alkenyl halide.1 

Although the reaction of alkenylcuprates with alkenyl halides 
is promising, it does not appear to have been well devel
oped.2 

We wish to report that a general and selective procedure for 
the synthesis of conjugated (E,E)- and (£,Z)-dienes can now 
be provided by the reaction of (£)-alkenylalanes, readily ob
tainable via hydroalumination of alkynes,3 with alkenyl halides 
in the presence of suitable palladium or nickel complexes (eq 
1). 

The scope of the new procedure is indicated by the results 
summarized in Table I and a few representative examples 
shown below. 

Although no detailed mechanistic study has been made, the 
initial step must involve the oxidative addition of an alkenyl 
halide to a Pd or Ni complex to form the intermediate (I),4 

since no other binary combinations induce any noticeable re
action under these conditions. The following mechanism which 
is analogous to those proposed for other related cross-coupling 
reactions4 seems to accommodate all of the experimental re
sults (eq 5). 

The following observations and interpretations may be worth 
noting. (1) The Pd-catalyzed reaction in each case is highly 
stereospecific (>97%), supporting an assumption that all steps 
proceed with retention of configuration.5 Moreover, no ho-
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