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was decolorized with activated charcoal and recrystallized several 
times from ether-pentane, yielding 10.5 g (51%) of fine orange 
needles: mp 92-93"; nmr (CC14) 6 6.8-7.7 (m, Ar H's, 8), 4.46, 4.16 
(t's C5H4, 4), 3.90 (s, C5H5, 5), 2.86 (s, C-2 H's, 2), 2.37 (s, CH3, 
3). 

Anal. Calcd for CzsHzzDz03SFe: C, 64.94; H and D, 5.63. 
Found: C, 64.22; H and D, 5.50. 

Solvolysis Reactions. All solvents were deoxygenated by sever- 
al hours of refluxing while a stream of Nz was bubbled through 
the liquid. The reactions were carried out under Nz using 0.50 g of 
1-OTs-1-dz and 50 ml of solvent under the conditions given in 
Table I. Each reaction mixture was worked up by pouring into 
ice-HzO, extraction with ether, washing with NaHC03 solution 
and then with HzO, and chromatographing the residue from the 
extract through ,alumina which separated any unreacted tosylate 
from the product. In preliminary trials, it was noted that, while 
1-OH and 1-OAc from solvolyses in acetone-Hz0 and in HOAc 
were stable over alumina, passage of the formolysis product 
through the alumina column resulted largely in cleavage of the 
formate to the alcohol. Consequently, after separation of any un- 
reacted tosylate, the acetolysis and formolysis products were hy- 
drolyzed by refluxing for 8 hr in 50 ml of dioxane-20 ml of 10% 
NaOH and all D scramblings were measured using the resulting 
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The scope of hydroperoxide oxidations, as catalyzed by 
molybdenum compounds, has widened perceptibly in re- 
cent years. Such oxidations have been used to  convert 
alkenes to epoxides,2 imines to imine  oxide^,^ tertiary 
amines to amine  oxide^,^ and substituted anilines to ni- 
t robenzene~ .~  We here report extension of the use of the 
molybdenum- hydroperoxide combination to the oxidation 
of substituted azobenzenes to azoxybenzenes, a conversion 
which is generally carried out with peroxycarboxylic acids. 
In comparing the two methods, we find that the yields of 
azoxy compounds from the metal-catalyzed reactions 
compare favorably with those from the peroxy acids, but 
reactions with the R02H-Mo systems are considerably 
slower. In favorable cases, the catalyzed oxidations exhibit 
significant regiospecificity ; moreover, we would anticipate 
them to be useful for azo oxidations in cases where a per- 
acid-sensitive group (such as keto) lies elsewhere in the 
molecule. The catalyzed oxidations have not been effec- 
tive in the oxidation of azobenzonitriles. 

In conjunction with tert-butyl hydroperoxide, we have 

used, as catalysts, molybdenum hexacarbonyl [Mo(C0)6] 
and the dipivaloylmethane chelate of molybdenum(V1) 
[MoOz(dpm)z],6 both of which are soluble in hydrocarbon 
solvents. Reaction conditions, yields, and conversions are 
summarized in Table I. 

The marked similarity between the MoOz(dpm)z-cata- 
lyzed oxidations here described and the MoOp(acac)z-cat- 
alyzed epoxidation of olefins (for which kinetic evidence 
points to a nonradical path2b) suggests a polar mechanism 
featuring the transfer of electron-deficient oxygen to one 
of the azo nitrogens, and the observed catalytic ineffec- 
tiveness of those metal centers which promote homolysis 
of hydroperoxides6 may be taken as further evidence for 
the heterolytic character of the catalyzed azo oxidations. 
Moreover, with each of the unsymmetrically substituted 
azobenzenes, the distribution of isomeric azoxy products 
from the MoOz(dpm)z-catalyzed reaction corresponds 
closely to that from the oxidation with peroxyacetic acid.? 
Note that, in the one case where we find a difference, the 
MoOz(dpm)z-catalyzed oxidation of the monomethoxy de- 
rivative is significantly more regiospecific than the oxida- 
tion with CH3C03H. 

The p-C1 substituent appears to have little directive ef- 
fect in reactions of this kind, for oxidations of the 4-chloro 
compound yield mixtures of azoxy products with the a 
isomer only slightly predominant.8 In the oxidation of the 
nitro and monomethoxy compounds, the sites at which at- 
tack preferentially occurs, both with t-BuOzH- 
MoOz(dpm)z and with CH~COSH,  are consistent with sig- 
nificant contributions of structures 1 (NB deactivated)8 
and 2 (N, activated). The reaction of the methoxy deriva- 
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tive in acetic acid is, however, complicated by the partial 
conversion of this azo compound to its conjugate acid,g 
with protonation principally at N,, which is the more nu- 
cleophilic nitrogen. In the latter oxidation the ratio of the 
two possible azoxy products will depend not only on the 
mode of partition of the azo compound between two acidic 
and one basic forms, but also on the rate of oxidation of 
each form. The oxidation with t-BuOzH-MoOz(dpm)z, 
which is carried out in a nonacidic medium, is free from 
this complexity and yields only the a product. 

With M O ( C O ) ~  as catalyst, the hydroperoxide oxidation 
of the monomethoxy compound yields a mixture of nearly 
equal quantities of a and p azoxy products. This striking 
change in selectivity argues strongly that substantial al- 
teration in mechanism has resulted from variation in the 
oxidation state and the ligand environment of molybde- 
num. The MoOz(dmp)z-catalyzed reaction may be reason- 
ably assumed to proceed through the same type of Mo(V1) 
-hydoperoxide complex which has been shownzb to inter- 
vene in the Moon( acac)z-catalyzed epoxidation of cyclo- 
hexene. For the Mo(CO)6-catalyzed reaction, in which the 
active catalytic specieslo features molybdenum in one of 
its lower oxidation states, reaction through a ternary com- 
plex of metal, substrate, and oxidant, such as those char- 
acterized in oxidation catalyzed by the lower oxidation 
states of rhodium and iridium,ll remains a clear possibili- 
ty.  Suggested transition states for the two types of cata- 
lyzed oxidation are shown schematically as 3 and 4. 
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Table I 
Oxidations of Substituted Azobenzenesa 

Reactant Products 

K: --@.=y+ R, 
Total Con- 

0 Time, yield, version, 
Registry no. Ri Rz Registry no. Ri Rz % % 

21650-55-5 OCHa OCHI 21650-70-4 OCHI OCH3 A 4 78 95 
21650-49-7 OCH, H 43187-18-4 OCH3 H 100 A 4 81 95 

OCHI H 47 B 24 88 95 
43187-52-6 H OCHi 53 

OCHB H 74 c 20 75 100 
H OCH, 26 

Oxidantb hr 

OCHI 
H 

6141-95-3 C1 H 43187-53-7 C1 
43187-54-8 H 

c1  
H 

20488-61-3 NOz H 43187-19-5 NOz 
NOz 
NO2 

H 62 D 1 86 100 
OCHa 38 
H 60 A 24 73 76 
c1 40 
H 60 C 20 50 100 
c1 40 
H 100 A 24 73 30 
H 100 c 20 84 100 
H 100 D 24 86 100 

Reaction temmrature 60'. Oxidants: A. t-BuOzH-MoOz (dpm)z, benzene; B, t-BuOzH-Mo(CO)s, benzene; C, CH3COaH, 
HOAc; D, m-ClCA6H&03H, CHClB. 

3 

In our view, the most interesting facet of this study re- 
lates to the directive effects encountered. In virtually all 
other cases in which an activating group is substituted for 
a deactivating group on a conjugated system, the effects 
of the two groups, although of opposite character, are 
transmitted to  the same site or sites. Aromatic azo com- 
pounds appear to be unique in that conjugative deactiva- 
tion by a ring substituent operates on one nitrogen, 
whereas conjugative activation affects the other, with the 
net result that  either a strongly electron-attracting or a 
strongly electron-donating substituent a t  one para posi- 
tion directs electrophilic attack to that nitrogen adjacent 
to the unsubstituted ring.12 

Experimental Section 
Melting points were taken in open capillary tubes and are un- 

corrected. Ultraviolet spectra in ethanol were recorded on a Cary 
14 spectrophotometer. Mass spectra of azoxy derivatives were 
measured with an A.E.I. MS 12 mass spectrometer operating at  
70 eV with the source a t  200"; the spectra were additionally deter- 
mined a t  80" to show that no thermal migration of oxygen had 
occurred. Both ultraviolet and mass spectra were taken on mate- 
rials crystallized from aqueous ethanol, for noncrystallized mate- 
rial gave unsatisfactory spectra. It is thus possible that the iso- 
mer distributions in the analyzed azoxy products differed slightly 
from those in the crude products. 

Materials. tert-Butyl h y d r o p e r ~ x i d e l ~ ~  and m-chloroperoxy- 
benzoic acid13b were purified and analyzed as described. p-Xi- 
troazobenzene (Aldrich) was purified by chromatography on neu- 
tral alumina (Merck), eluting with CH2C12, then recrystallized 
from ethanol. p-Chloroazobenzenel4a and azodianisole,14b both 
prepared as described, were purified by recrystallization from 
ethanol, as was p-phenylazoanisole (Pfaltz and Bauer). Metal 
chelates were prepared as described.6 Benzene (Matheson Spec- 
troquality) was dried over 4A molecular sieve before use. 

Molybdenum-Catalyzed Oxidations. The substituted azoben- 
zene (1.2 mmol), MoO2(dpm)2 (8 mg, 0.016 mmol), and tert-butyl 
hydroperoxide (0.45 g, 5 mmol) were dissolved in 10 ml of ben- 
zene, and the reaction mixture was heated in a stoppered flask a t  
60". Reaction times are listed in Table I. The mixture was cooled 
and filtered, the solvent was evaporated under vacuum, and the 

oily residue was chromatographed on W200 neutral alumina (Wa- 
ters). Two bands were eluted: the first, with CHZC12, yielded un- 
reacted starting material; the second, with 97:3 CHzClz-acetone, 
yielded the azoxy compound, which was crystallized from aque- 
ous ethanol. 

Oxidation of azodianisole yielded 4,4'-dimethoxyazoxybenzene 
in 78% yield: mp 115-116" (nematic), 135" (isotropic) (lit.15 mp 
llB", 135"); nmr (CC14) AzBz aromatic 6 8.16 (d, 4, JAB = 9.5 Hz) 
and 6.84 (d, 4, J A B  = 9.5 Hz), 3.78 (s, 6); Amax (EtOH) 355 nm (e  

Oxidation of p-phenylazoanisole yielded 4'-methoxy-NNO- 
azoxybenzene (the cy isomer8) in 72% yield: mp 68-69" (lit.16 mp 
66.5-67.5"); mass spectrum m/e (re1 intensity) 228 (42), 212 (21), 
135 (16), 121 (47), 107 (60), 77 (100). For comparison, the iso- 
m e P  was isolated from the peroxy acid oxidation, described 
below, by fractional crystallization from hexane at  constant melt- 
ing point, mp 41-42" (lit.16 mp 42-43"), 

Oxidation of p-chloroazobenzene yielded a mixture of the cy and 
P-azoxy derivatives8 (3:2) with total yield 7370, mp 61-62", Re- 
corded melting points are 81-82" for the pure cy and 69-70" for the 
pure 6 isorner.lT 

Oxidation of p-nitroazobenzene yielded only the a-azoxy com- 
pound: mp 150-151" (lit.la mp 152-153"); mass spectrum m/e (re1 
intensity) 243 (14), 122 ( lo) ,  105 (17), 91 (13), 77 (100). 

The oxidation of the p-methoxy compound, as catalyzed by 
M O ( C O ) ~ ,  was performed under similar reaction conditions but 
yielded a mixture of the isomeric azoxy derivatives. 

Oxidations with Peroxy Acids. For oxidations with peroxy- 
acetic acid, the azo compound (1.2 mmol) was treated with 2.0 ml 
of 30% hydrogen peroxide in 15 ml of glacial HOAc for 20 hr at  
60". The cooled reaction mixture was added to 100 ml of water, 
and the solution was extracted with two 25-ml portions of 
CH2C12. The combined extracts were washed with 5% NaHC03, 
dried over anhydrous Na2S04, and concentrated under vacuum. 
Subsequent work-up was as described for the catalyzed oxida- 
tions. 

For oxidations with m-chloroperoxybenzoic acid, 1.2 mmol of 
the azo compound and 530 mg of the peroxy acid were dissolved 
in chloroform and allowed to react for 1 hr at  60". The reaction 
mixture was cooled, washed with aqueous Na2S03, dried over 
Na2S04, and concentrated under vacuum. Subsequent work-up 
was as described above. 

Analyses of Mixtures of Isomeric Azoxy Compounds. The 
fractions of a and p isomers in the azoxy products derived from 
oxidation of the 4-chloro and 4-nitro azo compounds were deter- 
mined mass spectrometrically.ls Analyses of the mixtures from 
the oxidation of the 4-methoxy compound were by uv spectrosco- 
py, using the ratio of absorbances at  300 and 250 nm. The ratio 
A300/A250 (EtOH) was found to be 0.584 for the pure cy isomer 
and 1.435 for the 6 .  

Attempts to study the kinetics of reactions catalyzed either by 
MoO~(dpm)z  or Mo(C0)5 were unsuccessful, owing to partial and 
gradual deactivation of the catalyst and small amounts of precip- 
itation during the course of the reaction. KO complex could be ob- 

2.47 x 104). 
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served between MoOz(dpm)z  and p-phenylazoanisole, e i ther  in 
t h e  v is ib le  or  t he  u l t rav io le t  spectra. 
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We have been interested in functionalized 2-azabicyclo- 
[3.3.l]nonanes because of their possible elaboration into 

more complex molecules with potential analgetic activity. 
An inspection of the literature indicates a paucity of 
routes to the 2-azabicyclo[3.3.l]nonane skeleton and only 
a few examples2 of any derivatives having a functional 
group in the carbocyclic ring. Our synthetic route was 
chosen on analogy to that used for another azabicyclo sys- 
tems and was dependent on the success of an intramolec- 
ular Michael-type cyclization. 

Diethyl 3-oxoglutarate was converted in two steps, by a 
slight modification of the procedure of Theilacker and 
Schmid,4 to crystalline 3,5-dihydroxyphenylacetic acid 
(I) ,  the  starting point in the synthesis. The latter authors4 
reported obtaining the dione 2 in a 59% yield by conver- 
sion of 1 to its ethyl ester followed by reduction with Pt/ 
H2. We were able to improve not only the yield, but the 
time necessary for obtaining 2 by directly reducing 1 in an 
atmosphere of Hz (50 psi) with rhodium on alumina in 
base a t  elevated temperature, thus affording 2 in a 77% 
yield. The physical properties were consistent with 2 ex- 
isting in the expected enolic form, that is, uv max 254 nm 
(e  14,800) and nmr ( D M s 0 - d ~ )  6 5.20 (s, 1, vinyl H).  

,GOOH /COOH c 0 

I II 
1. CCCOCCl RhlA1Z03 , 

10% NaOH 2 PhCH2NH2 
H2 OH 3. NaOH-H20 HO OH 

1 2 

H 

f O N R  

H 

P O N R  
LiAIH, 

f i O H  - f i O C H ,  
3 4 

O = C Q  
'R 

7 

a, R = CH&Hj 
b, R = CHj 

Amide formation directly on 2 is complicated by the 
fact that primary amines also react with the conjugated 
enolic system. We were able to overcome this by forming 
the amide by the mixed carbonic anhydride method used 
by Anderson, et al.,5 for the synthesis of peptides. When 2 
is treated with 2 equiv of isobutyl chloroformate and N- 
methylmorpholine ("inverse addition" 5 ) ,  not only is the 
carboxyl activated for amide formation but the enolic hy- 
droxyl is protected as the carbonate ester. Subsequent 
treatment with benzylamine or methylamine, followed by 
hydrolysis of the intermediate carbonate and neutraliza- 
tion, gave the amides 3a and 3b in 60 and 64% yields, re- 
spectively. A solution of 3a in refluxing methanol contain- 
ing p-toluenesulfonic acid readily gave the enol ether 4a 
in a 89% yield, nmr 6 3.65 (s, 3, OCH3), uv max 248 nm ( e  
16,400). The methylamide 3b was also converted to its 
methyl enol ether 4b; however, it apparently was more 
sensitive to hydrolysis as attempts a t  crystallization 


