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While it is unclear exactly why the presence of Ti(0-i- 
Pr)4 provides such a strong tendency for 2,3-epoxy acids 
and secondary amides to be opened by nucleophiles at  C-3, 
the observed regioselectivities may be rationalized by 
proposing the formation of an intermediate titanium 
complex such as 18. Opening at C-3 occurs preferentially 
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for the reasons postulated in the previous communication. 
Furthermore, the ir orbitals of the carbonyl group and 
bond b are essentially orthogonal, and thus acyl activation 
for substitution a t  C-2 is not possible." 

I t  is obvious that the use of Ti(O-i-Pr)4 to direct the 
attack of nucleophiles to C-3 of 2,3-epoxy acids and amides 
holds considerable promise for the preparation of com- 
pounds of general structure 17. Coupled with asymmetric 
epoxidation and the facile oxidation of epoxy alcohols to 
glycidic acids by the catalytic Ru04/H5106 s y ~ t e m , ~  this 
approach should provide ready access to these compounds 
in high enantiomeric purity. 
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An Unprecedented Selective Autoxidation of 
Tertiary Amines to Amine Oxides 

Summary: Tertiary amines have been found to react 
directly with molecular oxygen under high O2 pressures 
to give in an unexpected result the corresponding N-oxide 
in high yields. 

Sir: During our studies of the oxygen oxidation of tertiary 
amines,2 we have discovered a pathway in which the con- 

version to N-oxide is effected directly and selectively with 
no catalyst. This transformation proceeds, although slowly, 
in polar solvent media, under high oxygen pressures (-50 
bar), and at  elevated temperatures (90-130 "C), to afford 
in some instances >95% yield of the N-oxide (Table I). 
This result is in marked contrast to the previously reported 
autoxidations of tertiary amines where dealkylation is the 
predominant pathway. Amine oxides have previously only 
been observed as minor byproducts arising from the re- 
action of tertiary amine with an intermediate a-hydro- 
p e r ~ x i d e . ~ - ~  Further, none of the known amine aut- 
oxidation pathways would predict amine oxide yields of 
>50%. 

In a typical procedure a trimethylamine solution in 
water (2.4 M) was shaken under 71 bar air at  100 "C for 
64 h. After this period, >95% conversion to the N-oxide 
resulted as monitored by HPLC and confirmed by isolation 
of the crystalline Me3NO-2H20. Non-water-soluble tertiary 
amines can be similarly oxidized in high yields, but ho- 
mogeneous aqueous alcohol solutions must be used or a 
nonselective autoxidation occurs. In the alcohol cosolvent 
systems only low levels of alcohol oxidation products were 
observed, indicating that peracids derived from alcohol are 
not the N-oxide-producing oxidants in such systems.6 

Kinetic data were obtained in aqueous systems to avoid 
problems with potential solvent oxidation. This necessi- 
tated the use of water soluble amines with relatively low 
volatility. For this reason the oxygen concentration 
(pressure) dependence was studied in H 2 0  a t  125 "C for 
the oxidation of N-methylmorpholine (0.2 M) over the 
range of 40-100 bar 02. At  constant oxygen pressure the 
amine reacts in a pseudo-first-order manner. The rate of 
conversion to the N-oxide was found to be first-order in 
oxygen during the monitored period (-24 h). Amine oxide 
yields were >85% of converted amine during this period 
in all cases. 

The structure of the tertiary amine plays a significant 
role in determining both the reaction rate and types of 
products obtained in these high-pressure autoxidations. 
The most selective conversion to N-oxides occur with al- 
iphatic amines (Table I, entries 1-4). Phenyl-substituted 
tertiary amines, such as N,N-dimethylaniline, react a t  
faster rates than aliphatic amines but afford complex 
mixtures of products with dealkylations predominating a t  
low conversion. Aromatic amines such as pyridine are 
unreactive. When the a-carbon is activated, as in N,N- 
dimethylbenzylamine, a competitive cleavage of the car- 
bon-hydrogen bond is observed, yielding benzaldehyde, 
but the pathway yielding N-oxide still predominates. 

A rational mechanism for this oxidation can be suggested 
by our data. In the low-pressure oxidation of tertiary 
amines reported by Beckwich, the yield of amine oxide is 
limited to 50% by the fact that H202 or a hydroperoxide, 
derived from a-oxidation, is required for formation of 
amine oxide.3 Our yields in excess of 50% indicate that 
the mechanism of oxidation changes significantly at  the 
increased temperatures and pressures we employ. We 
believe that this reaction involves an initial electron 
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Table I. Oxidation of Amines with Molecular Oxygen13 
amine (concn, M) solvent Po,, bar temp, "C time, h products, % yield (% NR3 convn) 

NMe3 (0.5) HZO 14" 100 14 31.5% Me3N0 (32%) 
NMe3 (2.4) H20 14 100 64 >95% Me3N0 (100%) 
H+NMe3 H2O 86 100 64 0.4% Me3N0 
N,N-dimethyldodecyl- 41 MeOH/H20 14 100 64 >95% NJ"dimethyldodecy1amine oxide (100%) 

N-methylmorpholine HzO 71 115 72 62% N-methylmorpholine oxide (88%) 

N,N-dimethylaniline 4:l MeOH/H20 71 104 23 <16% N,N-dimethylaniline oxide' (>go%) 

pyridine H20 71 100 16 0% N-oxide (0%) 
N,N-dimethylbenzyl- 2:l MeOH/HzO 71 116 7 56% N,N-dimethylbenzylamine oxide, 15% benzaldehyde (84%) 

amine (0.22) 

(0.20) 

(0.17) 

amine (0.15) 

aO.O1l M O2 in water.I2 * p H  2.2. CAt low conversion (<20%) N-methylaniline is -70% of converted amine. 

transfer to yield an amine radical cation and superoxide 
(eq l).3 This accounts for the observed first-order de- 

(1) 

pendence in NR3 and 02, as well as the slow reaction rates 
since this electron transfer is end other mi^.^ Such a 
rate-determining step is in accord with the studies of 
Beckwith et al. for low-pressure autoxidations in water.3 
The reactivity of amines in electron-transfer reactions has 
been well established by Smiths and R ~ s e n b l a t t . ~  

The necessary divergence of mechanism must occur a t  
the next step. Beckwith et al.3 postulate a-deprotonation 
of the radical cation which is inconsistent with our results. 
In our case we believe the high oxygen concentration 
permits effective 302 interception of the solvent-stabilized 
amine radical cation 1 before it can be deprotonated at the 
a-CH (eq 2). The alternative of a combination of 1 and 

(2) 

superoxide to yield 3 is not supported by Beckwith et al.3 
and would be even more unlikely under the more strenuous 
conditions we employ. The hydroperoxy radical cation can 
be reduced either by a second tertiary amine moiety ini- 
tiating a chain reaction or it might be reduced by super- 
oxide directly. At this point our data do not allow us to 
distinguish between these possibilities. The net conse- 
quence of either of these steps is production of a zwit- 
terionic species 3 analogous to that formed in the photo- 
oxidation of thioethers.'O The zwitterion 3 would react 
with a second tertiary amine (in analogy to the thioether 
caselo) to generate the N-oxide product (eq 3). The initial 

(3) 

electron transfer is the rate-limiting step in this mecha- 
nistic sequence. Our studies of the temperature depen- 
dence of the reaction for dimethyldodecylamine in 4:l 
methanol/H,O at  65 bar O2 pressure yield an E,  = 19.1 
kcal/mol and a AS* -26.1 eu. These parameters are con- 
sistent with a bimolecular rate-determining step involving 
developing charge separation." 

NR3 + 0 2  F? R3N+. + 0 2 - *  
1 

R3N+. + 302 s R3N+O0. 
1 2 

R,N+OO- + NR3 - 2R3N0 
3 
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gap of -1.12 V (26 kcal/moi). Since these are irreversible oxidations, 
the actual energy difference will be less than the measured potential 
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In conclusion, we have shown that tertiary amines can 
be directly oxidized with molecular oxygen to give high 
yields of N-oxides. The mechanism appears to involve 
initial electron-transfer followed by oxygenation of the 
radical cation. Further mechanistic studies of this sur- 
prising reaction are in progress. 
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The Oxahydrindene Component of the Avermectins' 

Summary: An intramolecular nitrile oxide cycloaddition 
involving a vinyl group at  C3 and a nitrile oxide at  C6 of 
a derivative of diacetone glucose provides a route to the 
oxahydrindene 2 stereochemically pure and appropriately 
functionalized for further elaboration. 

Sir: The milbemycins2 and avermectins3 are relatively new 
families of broad spectrum, antihelminthic, antiparasitic 
agents, which are currently the foci of considerable bio- 
logical and chemical interest. The avermectins, reported 
by Merck, Sharp and Dohme in 1979,3a are the more po- 
tent, and a patent medicine, Ivermectin, has recently been 
released for use in veterinary medi~ine .~  The complex 
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