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The mechanism of the enamino ketone variant of the Robinson annelation has been clarified. Isomeric enamino 
ketones 10 and 11 were prepared by methylation of the cross- and fully conjugated enolate anions of cyclic enami- 
no ketone 5, and both isomers gave the same mixture of dimethyl-3,4,8,8a-tetrahydro-1,6(2H,7H)~naphthalene- 
diones on reaction with methyl vinyl ketone. The annelation products are derived from a common trione interme- 
diate, 13. Efforts to alter the mechanistic course of the annelation reaction were unfruitful. 

An important class of synthetic intermediates related to 
the Wieland-Miescher ketone1 (4, R = H) can be prepared 
by Robinson annelations of 2-methylcyclohexane-1,3-dione 
with unsaturated ketones like 2. In the procedure described 
by Newman and Ramachandran2 a base-catalyzed Michael 
reaction generates the triketone 3, which then undergoes 
aldol cyclization on treatment with pyrrolidine in benzene. 
A variant of this approach, developed by Coates and 
S h a ~ , ~  uses the monopyrrolidine enamine 5 derived from 
the 1,3-diketone reactant and employs a heterogeneous 
reaction medium incorporating a buffered acetic acid cata- 
lyst (Scheme I). 

Coates and Shaw found that reaction of 3-penten-2-one 
(2, R = CHs) with 5 gave predominantly the trans diketone 
4 (R = CH3) accompanied by small amounts of the cis iso- 

mer. However, by using a more polar solvent such as di- 
methylformamide or dimethyl sulfoxide, they were able t o  
obtain higher proportions of the cis isomer (e.g., 1:l). 

Two distinct mechanisms for this modified annelation 
procedure can be conceived (Scheme 11). 

An initial acid-catalyzed Michael addition should gener- 
ate an intermediate (6),  which could then be hydrolyzed to 
3 followed by pyrrolidine-induced aldol cyclization (mecha- 
nism A). Other mechanisms leading to intermediate 3 can 
also be envisaged (e.g., hydrolysis of 5 to 1 followed by con- 
ventional annelation, as in mechanism A'), but for the pur- 
poses of this discussion they need not be distinguished 
from mechanism A. Alternatively, the immonium interme- 
diate 6 could undergo aldol-like cyclization to a nitrogen- 
containing precursor (7) of diketone 4 (mechanism B), as 
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proposed by Stork et al.1° for the reaction of the pyrrol- 
idine enamine of cyclohexanone with methyl vinyl ketone. 
In mechanism A the product stereochemistry, when R = 
CH3, is determined in the aldol cyclization step (i.e., by the 
relative rates of reaction at each of the two cyclic carbonyl 
groups). In  mechanism €3, however, the configuration of 
product (4) is determined in the Michael addition step- 
provided, of course, that the immonium function in 6 domi- 
nates the carbonyl group in its reactivity. In either case a 
solvent effect is needed to explain the results reported by 
Coates and Shaw. 

We have prepared a pair of isomeric methyl homologs of 
5,  which not only permit us to distinguish the mechanisms 
described above, but also offer-in the event mechanism B 
is operating-the possibility of unprecedented control in 
synthesizing derivatives of the Wieland-Miescher ketone. 

The ability to  conduct controlled alkylations of enamino 
ketone 5 requires selective formation of either the cross- 
conjugated (8) or fully conjugated (9) conjugate bases of 
the substrate. Since lithium isopropylcyclohexylamide 
(Rathke’s base4) has been effective in preparing the kineti- 
cally favored cross-conjugated bases of cyclohe~enones~ 

Scheme I11 
0 

0 

9 11 

and since Stork6 has used a similar method to  generate the 
conjugate bases of enol ether derivatives of 1, our initial ef- 
forts were in this direction (Scheme 111). 

If the amide base is maintained in excess during reaction 
with 5, the  cross-conjugated intermediate 8 is formed ex- 
clusively, and on methylation gives the dimethyl enamino 
ketone 10. Alternatively, the presence of a slight excess of 5 
during the initial stage allows equilibration of bases 8 and 
9, with the latter predominating. Methylation of 9 then 
gives the isomeric product 11. 

A similar y-alkylation of an enamino ketone conjugate 
base was recently reported by Yoshimoto et  a1.7s12 HOW- 
ever, these workers used n- butyllithium as the initiating 
base, and our efforts to repeat this aspect of their work 
failed. 

It is not easy to distinguish 10 and 11 by spectroscopic 
means (see the data in the Experimental Section). Both 10 
and 11 yielded the same dimethylcyclohexane-1,3-dione 
(presumably 12) on hydrolysis. Reaction of 12 with pyrrol- 
idine was expected to  take place a t  the less hindered car- 
bonyl group, and the product of this reaction was assigned 
structure IO. I 

The use of isomers 10 and 11 to distinguish mechanism A 
and B is straightforward. Reaction of 10 and 11 with meth- 
yl vinyl ketone (2, R = H) by mechanism A should yield the 
same mixture of Wieland-Miescher ketone derivatives 14 
and 15, since the triketone 13 is a common intermediate. 

13 14 15 

On the other hand, mechanism B predicts that 10 will be 
selectively transformed to 15 and 11 to  14. 

When these reactions were effected under the conditions 
specified by Coates and Shaw, both 10 and 11 gave the 
same 1:5 mixture of 14 and 15. In the case of the reaction of 
methyl vinyl ketone with 11, a small amount of another 
product, tentatively identified as the triketone 13 by ir and 
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mass spectrometry,  was also obtained. Assignment of s t ruc-  
tures  14 and 15 to these products was achieved by direct  
comparison of these isomers with authent ic  samples pre- 
pa red  by unambiguous syntheses. 

Compound 14 was prepared by reaction of the dienol 
ether 168 with carbon te t rabromide in pyridine, followed by 
hydrogenation of the resulting dibromomethylene deriva- 
t ive 17 using a 2% Pd/SrCOs catalyst. T h i s  synthetic meth- 
od is based on the work of Liisberg et aL9 in the prepara- 
t ion of 6-methyl-A4-3-keto steroids. 

16 CBr, 
17 

H, , Fd / SrCO, 
THF, Et,N I l.(L-Pr),NLi,THF, -78O 

2.CHJ I 3. H,O+ 
I 

15 
14 

Methylation of 16, using l i thium diisopropylamide and 
methyl iodide, afforded 15 after hydrolysis of the interme- 
d ia t e  methylated dienol ether. 

The experiments described here clearly show that this 
annelation proceeds by mechanism A under the reaction 
conditions defined by Coates a n d  Shaw. Nevertheless, i t  
would b e  very useful t o  develop conditions for effecting an 
equivalent annelation by mechanism B, since the regiose- 
lective control provided b y  such a pathway is desirable. 
However, efforts to effect an acid-catalyzed reaction of 
enamino ketone 5 with methyl vinyl ketone, in a variety of 
anhydrous solvents ranging in polarity f rom benzene to 
hexamethylphosphoric tr iamide, were unsuccessful. Even 
with elevated temperatures  a n d  prolonged reaction times, 
very little reaction occurred, and the amount of Wieland- 
Miescher ketone in t h e  neutral products was always very 
small. 

Experimental Section 
Preparation of 2,6-Dimethyl-3-(l-pyrrolidyl)-2-cyclo- 

hexen-1-one (10). A. To a chilled (0') solution of 0.31 ml (2.2 
mmol) of diisopropylamine in 1 ml of dry tetrahydrofuran (THF) 
under dry nitrogen was added 1.0 ml of a 2.15 M solution of n- 
butyllithium in hexane. To the resulting solution of lithium diiso- 
propylamide (LDIA) was added a solution of 358 mg (2.0 mmol) of 
5 (prepared by the method of Coates and S h a d  and recrystallized 
from ether, mp 37-39') in 1 ml of THF. This enolate solution was 
stirred at  0" for 30 min, following which 0.15 ml (2.4 mmol) of 
methyl iodide was added. The resulting mixture was warmed to 
room temperature, stirred for 15 min, and then concentrated 
under reduced pressure. An ethyl acetate solution of the residue 
was washed with water and brine, dried (Na2S04), and evaporated 
under reduced pressure to give 351 mg (91%) of 10 as a light brown 
oil which crystallized when chilled, Several recrystallizations of 10 
from ether gave colorless, deliquescent crystals: mp 27-35'; ir 
(neat) 1540, 1605 cm-'; NMR (CDCld 6 1.04 (d, J = 6.5 Hz, 3), 
1.2-2.3 (m, 7), 1.86 (s, 3), 2.50 (br t, 2), 3.45 (m, 4); uv max (95% 
EtOH) 317 nm (e 26,300) 

Anal." Calcd for ClzH1gNO: C, 74.57; H, 9.91; N, 7.25. Found: C, 
74.66; H, 10.01; N, 7.29. 
B. A compound having the same spectroscopic properties as 10 

was produced by the reaction of pyrrolidine with dione 12. A solu- 
tion of 65 mg of 12 (produced by hydrolysis of 97 mg of 10 or 11 in 
5% HCl at  100" for 15 min) in 3 ml of benzene and 0.075 ml of pyr- 
rolidine was refluxed through a Dean-Stark trap for 75 min and 
then concentrated under reduced pressure. An NMR spectrum of 
the crude product was superimposable with that of 10 produced by 
the methylation of 5. 

Preparation of 2,4-Dimethyl-3-(l-pyrrolidyl)-2-cyclo- 
hexen-1-one (11). To a solution of 4.6 mmol of LDIA in 2.5 ml of 
THF under nitrogen at  0' was added a solution of 895 mg (5.0 

mmol, 8.7% excess) of 5 and 2.5 ml of dry hexamethylphosphoric 
triamide in 2.5 ml of THF. The resulting enolate solution was 
stirred a t  room temperature for 21 hr and then a t  40' for 3 hr. 
After this solution was cooled to O', 0.35 ml (5.6 mmol) of methyl 
iodide was added, and the mixture was allowed to return to room 
temperature for 1.5 hr. Work-up as described for the preparation 
of 10 gave 986 mg of yellow oil. Column chromatography (silica gel, 
1:lO methanol-ether) of 748 mg of this oil gave 403 mg (63%) of 11. 
Several recrystallizations from ether gave colorless, deliquescent 
crystals: mp 27-35'; ir (neat) 1540, 1605 cm-'; NMR (CDC13) 6 
1.20 (d, J = 7 Hz, 3), 1.5-2.2 (m, 6), 1.91 (s, 3), 2.36 (br t, 2), 2.55 
(m, l ) ,  3.56 (m, 4); uv max (95% EtOH) 323 nm (a 26,300). 

Anal. Calcd for ClzHlgNO: C, 74.57; H, 9.91; N, 7.25. Found: C, 
74.56; H, 9.95; N, 7.18. 

Preparation of 6-Ethoxy-8a-methyl-3,7,8,8a-tetrahydro- 
l(2H)-naphthalenone (16). The procedure of Boyce and White- 
hurs@ was modified to give better yields. A solution consisting of 
35 ml of benzene, 9 ml(54 mmol) of distilled triethyl orthoformate, 
15 mg of p-toluenesulfonic acid, and 8.9 g (50 mmol) of Wieland- 
Miescher ketone 4, R = H, was stirred under nitrogen at  room 
temperature for 4 hr. The reaction mixture was neutralized with 
three drops of triethylamine, diluted with 35 ml of ether, and ex- 
tracted successively with 15 ml of 10% NaHC03, 20 ml of water, 
and 20 ml of brine. After being dried over NazSO4, the solution 
was evaporated in vacuo to give a yellow oil which could be used 
without further purification. 

Preparation of 4-Dibromomethylene-8a-methyl-3,4,8,8a- 
tetrahydro-l,6(2H,7H)-naphthalenedione (17). A solution con- 
taining 618 mg (3.0 mmol) of dienol ether 16, 2.00 g (6.0 mmol) of 
carbon tetrabromide, 3 ml of pyridine, and 3 ml of dioxane was 
maintained at  room temperature under nitrogen for 24 hr and then 
heated a t  45' for 24 hr. The resulting dark solution was filtered, 
concentrated under reduced pressure, acidified, and extracted with 
ethyl acetate. The organic extract was washed successively with 6 
N HCl, 10% NaHC03, and brine before being dried over Na2S04. 
Evaporation of the solvents in vacuo left 954 mg of a brown semi- 
solid which was chromatographed (silica gel, ether) to yield 514 mg 
(50%) of brown 17. Several recrystallizations from methylene chlo- 
ride-ether gave white needles: mp 85-86'; ir (KBr) 1565, 1610, 
1665, 1720 cm-'; NMR (CDC13) 6 1.36 (5, 3), 1.9-2.8 (m, a), 6.25 (s, 
1); uv max (95% EtOH) 260 nm (shoulder e 5700), 287 (76001, 

Anal. Calcd for C12H12Br202: C, 41.41; H, 3.48. Found: C, 41.44; 
H, 3.38. 

Preparation of 4,8a-Dimethyl-3,4,8,8a-tetrahydro-1,6- 
(2H,7H)-naphthalenedione (14). To a suspension of 800 mg of 
2% Pd/SrCOa catalyst (saturated with hydrogen) in 6 ml of dry 
THF was added a solution of 1.740 g (5.0 mmol) of 17 and 1.4 ml 
(10 mmol) of triethylamine in 8 ml of THF. The mixture was 
stirred vigorously and allowed to absorb 376 ml (15.0 mmol) of hy- 
drogen a t  atmospheric pressure. After filtration, the catalyst was 
washed well with THF and the filtrate was concentrated. An ether 
solution of the residue was extracted with water and brine, dried 
(NazSOd), and evaporated to give 987 mg of a yellow oil. Column 
chromatography (silica gel, 30% ethyl acetate-hexane) gave 312 mg 
(32%) of light yellow 14 as an epimeric mixture, from which the 
more stable equatorial methyl epimer could be isolated after equil- 
ibration of the product in a CCL solution of HCl. Recrystallization 
from ether-petroleum ether gave white needles: mp 28-34'; ir 
(KBr) 1605, 1665, 1710 cm-l; NMR (CCl4) 6 1.18 (d, J = 6.5 Hz, 31, 
1.39 (s, 3), 1.5-2.9 (m, 9), 5.60 (d, J = 2 Hz, 1). 

Anal. Calcd for C12HL602: C, 74.97; H, 8.39. Found: C, 74.83; H, 
8.31. 

Preparation of 2,8a-Dimethyl-3,4,8,8a-tetrahydr0-1,6- 
(2H,7H)-naphthalenedione (15). To a solution of 0.50 mmol of 
LDIA in 0.5 ml of THF under nitrogen at  -78' was added a solu- 
tion of 103 mg (0.50 mmol) of dienol ether 16 in 0.7 ml of THF. 
The resulting solution was stirred at  -78' for 20 min and then 
treated with 0.035 ml (0.60 mmol) of methyl iodide. This solution 
was stirred a t  -78' for 10 min and at  room temperature for 30 rnin 
and finally diluted with water and ether. The organic phase was 
washed successively with 5% HCl, water, and brine, giving 103 mg 
of methylated dienol ether after evaporation of the solvent in 
vacuo. This crude product was hydrolyzed for 3 hr a t  room temper- 
ature in a solution containing 1 ml of THF, 1 drop of 6 N HCl, and 
several drops of water. Work-up as usual gave 83 mg (87%) of 15 
which, after purification by GLC (10-ft 4% QF-1, ZOO'), was ob- 
tained as a yellow oil: ir (neat) 1615, 1670, 1710 cm-'; NMR (cc14) 
6 1.02 (d, J = 6.5 Hz, 3), 1.41 (s, 3), 1.5-3.0 (m, 9) 5.61 (m, 1). 

Anal. Calcd for C12H1602: C, 74.97; H, 8.39. Found: C, 75.04; H, 
8.40. 
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Reaction of 10 with Methyl Vinyl Ketone. To a solution con- 
sisting of 0.13 ml of water, 0.13 ml of acetic acid, and 62 mg of sodi- 
um acetate was added 0.100 ml of methyl vinyl ketone and 215 mg 
(1.11 mmol) of 10 in 1 ml of benzene. The mixture was refluxed 
under nitrogen for 4 hr, cooled, diluted with benzene, and extract- 
ed with 5% HC1. The organic phase was washed successively with 
water, 10% NaHC03, and brine, dried (NazSOd), and evaporated in 
vacuo to give 179 mg of a yellow oil. GLC analysis of (5-ft 4% QF-1, 
175O) of this oil showed 14 and 15 in a ratio of about 1:5 by com- 
parison of the retention times with those of authentic samples. 

Reaction of 11 with Methyl Vinyl Ketone. To the same aque- 
ous acetic acid solution used above was added 0.070 ml of methyl 
vinyl ketone and 193 mg (1.0 mmol) of 11 in 1 ml of benzene. The 
mixture was refluxed for 4.5 hr and worked up as above to give 142 
mg of a yellow oil. GLC analysis of this oil showed 14 and 15 in a 
ratio of about 1 5 ,  and a small amount of a third component which 
was isolated by preparative GLC (10-ft 4% QF-1, 190") and tenta- 
tively identified as the trione 13 by its ir [(CC4) 1695, 1720 cm-l] 
and mass spectra (mol wt 210). 
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Silver acetate reacts with 1-bromoadamantane in carbon tetrachloride to produce 3-chloro-1-adamantyl acetate 
as the major product. Silver bromide acts on adamantane in cc14 to give a low yield of 1-chloroadamantane. Bro- 
mine, phosgene, bromotrichloromethane, and hydrogen chloride are significant by-products. Addition of silver ac- 
etate to the silver bromide greatly increases the yield of chlorinated adamantanes. Similar treatment of l-ada- 
mantyl acetate with these same silver salts in CC4 gives mainly 3-chloro-1-adamantyl acetate. Silver bromide is 
the primary initiator of these free-radical chlorinations but, unlike many radical processes, oxygen is a require- 
ment for its propagation. Catalysis by silver acetate was traced to the intermediacy of bromine chloride which can 
function as an efficient initiator for the carbon tetrachloride chlorination of adamantane. 

In connection with concurrent studies in the field of ada- 
mantane chemistry, we needed an authentic sample of 1- 
adamantyl acetate. Although we were aware of its synthe- 
sis2 from the alcohol by treatment with acetic anhydride, 
production of the acetate from 1-bromoadamantane and 
silver acetate in carbon tetrachloride appeared to  be a fea- 
sible alternative to that procedure. 

It was observed, however, that after refluxing for 20 hr 
and standing for 4 days, the principal product was 3- 
chloro-1-adamantyl acetate (2) with the anticipated l-ada- 
mantyl acetate (3) forming in considerably smaller 
amounts (eq 1). 

In addition to typical acetate absorptions at 1740 and 
1240 cm-l the infrared spectrum of chloroacetate 2 showed 
a band a t  840 cm-' attributable to C-C1 stretching. An nmr 
spectrum displayed five peaks a t  T 7.63, 7.74,7.93,8.10, and 
8.40 corresponding to  2, 2, 8, 3, and 2 protons, respectively. 
Structure 2 was further confirmed by a spontaneous posi- 
tive test toward alcoholic silver nitrate reagent. 

Since 1-adamantyl acetate was identified as a product, 
attention focused on silver acetate or the silver bromide by- 
product as species which might be involved in the conver- 
sion of acetate 3 to the chIoroacetate 2. 

A review of the literature did not reveal examples of the 
direct halogenation of a hydrocarbon by silver acetate initi- 
ation in CC4. In fact, the tendency for silver acetate to  ho- 
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