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to the flask, and the assembly was immersed in an oil bath heated to 
100 "C. The slurry was stirred at 100 "C for 48 h and then allowed to 
cool to room temperature. The reaction was quenched by addition of 
deuterium oxides (5 mL) and worked up in the usual manner. NMR 
integration of a VPC2* collected sample of the product (4a) showed 
no evidence for deuterium incorporation. 

Reduction of a Mixture of 2a and 3a with LiAlH4 in DME-dlo. 
A 0.35-g (2.1 mmol) sample of monochlorides 2a and 3a (75:25), 0.441 
g (11.6 mmol) ol'LiAIH4, and 5 mL of DME-dlo (Merch, Sharp and 
Dohme Canada) were placed in a 25-mL flask equipped with a reflux 
condenser and a drying tube. The flask was immersed in an oil bath 
heated to 100 "C. The slurry was stirred at 100 "C for 50 h, cooled, 
quenched with water, and worked up in the usual manner. An NMR 
of the crude product (4a) showed no evidence of deuterium incorpo- 
ration. 

R e g i s t r y  No.--la, :1591-42-2; l b ,  69912-46-5; Za, 69912-47-6; 2b, 
69912-48-7; Zc, 69912-49-8; 3a, 69912-50-1; 3b, 69979-97-1; 4a, 

chloroform, 67-IF-3;  lithium aluminum deuteride, 14128-54-2. 
2214L14-4; 4b, 40474-25-7; .5,768-00-3: 6,16917-35-4; 7b, 69912-51-2; 
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IJsing cinchona alkaloids ( 6 , 7 )  and derivatives thereof as catalysts in nonpolar solvents, optically active Michael 
adducts were obtained when cyclohexanone derivates la-lc and the indanone derivative 4 were used as donors and 
methyl vinyl ketone as the acceptor. The absolute configuration of the adducts was determined. The conversion 
of the Michael adducts to decalones of type 14a suggests a synthetic strategy adaptable to the synthesis of chiral 
terpenes, steroids, and related natural products. 

The  preparation of optically active compounds by asym- 
metric induction in C-C bond formation is of primary im- 
portance for the  synthesis of pharmacologically active com- 
pounds such as sesquiterpenes and steroids. Despite consid- 
erable efforts in this field, relatively few reactions are known 
which proceed in reasonable chemical and optical yields.2-5 

Scheme I 

1 2 3 

1,3  a R = H b R , R  = O C H E H f l  c R,R = SCHaCH+ 

W C 0 2 R  + f i  -= 
0 

4 2 5 
4,5  R = CHJ 

The  possibility of preparing optically active Michael ad-  
dition products by use of a chiral basic catalyst was first re- 
ported in 1973.6 In a brief communication from our laboratory, 
the use of cinchona alkaloids as catalysts in Michael reactions 
was described (enantiomeric excess u p  to  71%),7 while more 
recently we showed tha t  certain polymer-bound alkaloid de- 
rivatives are poor catalysts in reactions of this type.s 

In the present more systematic study we disclose the results 
of the alkaloid-catalyzed asymmetric Michael reactions 
summarized in Scheme I. In addition to testing the influence 
of variations in the structure of the chiral catalyst, the solvent, 
and the reaction temperature, we focused our attention on an 
unambiguous determination of the enantiomeric excess and 
tried to settle the absolute configuration of the preferentially 
formed products. 

Catalysts. Seven different catalysts were tested. Quinine 
(6), quinidine (7), and eucupine (8) were from commercial 
sources, and 0-acetylquinine (9)9 and quinine methiodide 
(10) lo were synthesized according to  known procedures. 
Quinine methohydroxide (1 1)l0 and quinidine methohyd- 
roxide (12)'O were prepared with the  aid of a n  ion exchange 
resin from the  corresponding iodides and used as about 0.05 
or 0.08 M solutions in ethanol (for details, see Experimental 
Section). 

0022-3263/79/1944-2238$01.00/0 0 1979 American Chemical Society 



Asymmetric Induction in the  Michael Reaction J .  Org. Chem., Vol. 44, No. 13 ,  1979 2239 

Table I. Michael Reactions of la-lca 

Michael adduct 
reaction 

cyclohexa- total time, h % 
none solvent vol- (constant chemi- 0t0 optical 

derivative enone catalyst (% ume, temp, rotation cal [cY]R~~;B,*  purityc 
entry (mmol) (mmol) (mmol) CzH50H) mL OC at 578nm, h) no. yield deg (config.) 

2 la  (2.1) 2 (3.3) 11  (0.025) dioxane (2) 25 +25 67 (>1.5) 3a 99 f 4 . 2  5 ( R )  
3 la  (2.1) 2 (3.1) 11  (0.025) CHZC12 (2)  25 $25 43 (G20) 3a 89 +6.2 8 (R)  
4 la  (2.0) 2 (3.1) 11 (0.025) benzene (2) 25 $25 74 (>2.5) 3a 99 +8.2 1 0 ( R )  
5 la  (2.0) 2 (3.1) 11  (0.025) toluene (2) 25 +25 1 8 ( > 1 j  3a 90 +8.5 10 (Rj  
6 la  (2.0) 2 (3.1) 1 1  (0.025) CC14 (2) 25 +25 1 (3/4) 3a 98 +13.7 17 ( R )  
7 la  (2.0) 2 (3.1) 1 1  (0.025) cc14 (2) 25 +25 19 (3/4) 3a 100 f 1 3 . 7  17 ( R )  
8 la  (1.91 2 (3.1) 1 1  (0.04) cc14 (2) 25 +25 17 ( - )e  3a 97 f14 .6  1 8 ( R )  
9 la  (2.0) 2 (3.1) 11  (0.025) Cc14 (5)  10 +25 4/5(2/5) 3a e +12.0 l 5 ( R )  

10 la  (2.0) 2 (3.1) 11  (0.025) CC14 (2) 25 0 69 ( - l e  3a 88 +17.0 21 ( R )  
11 la  (20) 2 (31) 11  (0.25) CC14(2) 250 -16 4Of(-) '  3a 99 +17.:3 21 ( R j  
12 la (2.0) 2 (3.1) 11  (0.025) cc14 (2) 25 -20 7'2f(-)' 3a 96 +17.8 22 ( R )  

14 lb (2.01 2 (3.1) 11  (0.04) cc14 (2)  25 $25 'I~('/ls) 3b 100 f 8 . 7  2 O ( S )  

1 la  (2.0) 2 (3.1) 11  (0.025) CH3CN (2) 25 +25 l l g d  (-)e 3a d 0 0 

13 la (2.0) 2 (3.1) 12 (0.04) cc14 (2) 25 $25 l/3 (<W) 3a 99 -7.1 9 ( S )  

15 lb (2.0) 2 (3.1) 1 1  (0.04) cc14 (2) 25 -21 88f (-1' 3b 100 +11.2 25 ( S )  
16 I C  (2.0) 2 (3.1) 11  (0.04) cc14 (2)  25 +25 l("/*) 3c 100 +4.8 15(S) 
17 I C  (2.0) 2 (3.1) 11  (0.04) CC14 (2)  25 -20 88f(-)' 3c 99 +6.1 21 (SI 
a For a detailed description of the performance of the experiments, see the Experimental Section. Optical rotations were taken 

in CC14 ( c  1.8-2.6). Reaction stopped before completion; 
according to lH NMR, a 4:l mixture of 3a and la was obtained. e Not determined. f Reaction mixture was kept at 25 "C for 1-2.5 h 
before workup. 

Based on the calculated values for the pure enantiomers (see Table 11). 

10 x- . I- 
11 x- - w- 

12 

Results 
Michael Reactions of the Cyclohexanone Derivatives 

la-lc. In the  presence of either quinine (6) ,  eucupine (8), or 
sparteine, lalL did not react at all or only extremely slowly 
with the enone 2 to  give 3a. Since it was known tha t  this re- 
action proceeds in 91% yield when benzyltrimethylammonium 
hydroxide (Triton B) is used as a base,I2 we tried quinine 
methohydroxide ( 1 1 )  as a catalyst. Table I illustrates tha t  
conditions were found which led to (+)-3a in almost quanti- 
tative chemical yield and optical purities up  to 22% (entry 12). 
When quinine methohydroxide (12) was used in place of 11, 
( - ) -3a was formed (entry 13, Table I). As expected, lbl" and 
the new (I-keto ester IC did not react with 2 in the  presence 
of quinine (6) .  Quinine methohydroxide (11)  led to  the for- 
mation of (+)-3b and (+)-3c, respectively, in quantitative 
chemical yields and more than 20% optical purities (entries 

15 and 17, Table I). Since none of the Michael adducts 3a-3c 
were known in enantiomerically pure form, the specific rota- 
tions of the pure enantiomers had to be determined. For this 
purpose, the new method for the determination of enan- 
tiomeric purities developed in our laboratory14 lr, was used. 
This method is based on the transformation of a mixture of 
enantiomeric ketones with (S)-(+)-butane-2,3-dithiol (13)'G 
to a mixture of diastereomeric dithioacetals. T h e  ratio of di- 
astereomers is determined by integration of the 'H noise- 
decoupled jC NMR spectrum. The reactions performed are 
summarized in Scheme 11,17 and Table I1 contains the nu- 
merical results. 

The absolute configuration of the preferentially formed 
enantiomers of the Michael adducts was tentatively assigned 
by use of the chiroptical properties of their cyclization prod- 
ucts (+)-14a-(+)-14c (Figures 1 and 2). It has been shown that 
the sign of the Cotton effect for the n - T* transition (R band) 
of bicyclic enones of this type depends on their conforma- 
tion.lB Inspection of Dreiding models of (+)-14b and (+)-14c 
suggests that  the conformation I1 with a planar enone system 
is strongly favored over conformation I (nonplanar enone 
system). From the positive R band CD spectra of (+)-14b and 
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Table 11. Determination of the Specific Rotation of the Enantiomerically Pure Michael Adducts 3a-3c 

dithioacetal specific rotation calcd. 
Michael adduct cyclization product 13C NMR signals used for enantiomerically pure 

entry no. (c  in CC14), deg no. (c in cc14), deg no. of ee, ppm (% ee)n ee no. [ ~ ] ~ 1 5 7 8  calcd, deg 
[4K157s IQlK157s for determination % Michael adduct 

1 (+)-3a 

2 (+)-3b t 8.7 (2.0) 

3 (+)-3c 

+14.6 (2.1) (+) - 14a f37.4 (2.2) 

(+)-14b f28.7 (2.4) 

+6.1 (2.6) (+) - 1 4 ~  f16.9 (2.4) 

The 13C NMR spectra were measured by H. Hiemstra on a Varian X 

+ l  

- 1  

- 3 t  
t AE c 

t 

300 360 A ( N i l l  
Figure 1. CD spectra of (+)-14a (18% optical purity), (+)-14b (optical 
purity unknown), and 14c (optical purity unknown) in dioxane. 

IZ 1 

x = 0,s 
(+)-14c (Figure l), the absolute configurations shown in Chart 
I can be deduced by application of the  octant rules modified 
for a,P-unsaturated ketones.l8 

Chart I 

S - (,+) - 14 b s - (+) - 14c 

15a 138.08h37.65 (18) 18 (+)-3a +81 
61.53/60.46 (20) 
57.08/56.64 (16) 
38.99/38.44 (17) 
37.97/37.35 (18) 

18.22/15.43 (16) 
17.37h6.49 (16) 

35.37/34.55 (20) 

15b 57.36h6.77 (22)  20 (+)-3b +44 
56.32/55.38 (18) 
55.71/54.95 (20) 
54.69/54.44 (20) 
47.68/47.23 (24) 
43.79/42.91 (22) 
39.22/38.33 (16) 
36.50/35.98 (18) 

15c 57.17h6.57 (24) 
36.35/35.61 (18) 
18.66h6.33 (20) 
17.92h5.28 (22) 

100 spectrometer at  25.1 

21 (+)-3c +29 

MHz. 

300 350 400 A M l )  

Figure 2. ORD spectra of (S)-(+)-16 (reconstructed from ref 19), 
(+)-14a (18% optical purity), and (+)-14b (optical purity unknown 
in dioxane. 

The  CD spectrum of (+)-14a has negative and positive 
partial bands, probably due to conformational equilibria. The 
shape of the  ORD spectra of (+)-14a and (+)-14b is similar 
to the shape of the ORD spectrum of (S)-(+)-1619 (Figure 2 ) .  

s - (+) - 16 R - (+) - 14a 

This supports the absolute configuration of (+)-14b deduced 
from the CD spectrum and leads to the suggestion tha t  (+)- 
14a has the  R configuration at C(4a).20 

We therefore propose tha t  the preferentially formed ad- 
ducts in the  Michael reactions catalyzed by 1 1  have the ab- 
solute configurations shown in Chart  11. 

Michael Reactions of the Indanone Derivative 4. In the 
presence of cinchona alkaloids, the  indanone derivative 4*2 
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Table 111. Michael Reactions of 4 a  

Michael adduct 5 
solvent total reaction time, h % optical 

4, 2, catalyst p%I volume, temp, (constant rotation % chemical purityC 
entry mmol mmol (mmol) CzH50H) mL "C a t578nm,h)  yield [ ( ~ ] ~ ~ 5 7 8 , ~  (config.) 

1 20 31 
2 2.0 3.1 
3 2.0 3.1 
4 2.0 3.1 
5 2.0 3.1 
6 2.2 3.7 
7 2.0 3.1 
8 2.0 3.1 
9 2.0 3.1 

10 4.0 6.2 

6 (0.21) 
6 (0.02) 
6 (0.02) 
6 (0.02) 
8 (0.02) 
11 (0.02) 
10 (0.02) 
9 (0.02) 
9 (0.02) 
7 (0.04) 

250 -21 
25 +25 
25 +25 
25 f 2 5  
25 +25 
25 +25 
25 +25 
25 +25 
25 +25 
50 -21 

185d ( - ) e  
18.5 (16.5) 
48 (>34) 
68.5 (67) 
14 (6) 
'15 ( '15) 
116 ( - ) e  
890 (-If 
940 (-1'' 
240d ( - ) e  

99 
98 
98 
97 
99 

100 
100 
41 
53 

100 

-58.8 
-46.3 
-40.7 
-25.4 
-46.3 
-11.7 

-9.0 
$3.9 

f14.5 
f52.9 

a For a detailed description of the performance of the experiments, see the Experimental Section. Optical rotations were taken 
Reaction in benzene (c 2.0-2.8). Based upon the published value, [aJRT578 -77" (c 2, benzene), for enantiomerically pure ( - ) -5 .7 

mixture was kept at  25 "C before workup. e Not determined. f Reaction was stopped before reaching constant rotation. 

S - ( + ) - 3 b  X = O  
R - (+) - 3a 

S - ( + ) - 3 c  x = s  

Scheme 111 

readily reacts with the enone 2 t o  form the  optically active 
Michael adduct 5 in good optical and chemical yields.7 The 
enantiomer formed in excess depends on the choice of the  
catalyst: quinine (6) and cinchonidine produced levorotatory 
5, and cinchonine led to dextrorotatory 5.  The optical rotation 
of enantiomerically pure ( - ) -5  was determined [[a]RT578 -77" 
(c  2, benzene)']. 

We felt that  the forementioned reaction would be better 
suited to  gain more insight into the nature of the  activated 
complex of Michael reactions catalyzed by chiral bases than 
the reactions of the  much less reactive cyclohexanone deriv- 
atives la-lc. T h a t  this is true can be seen from the  results of 
the Michael reactions of 4 catalyzed by cinchona alkaloids and 
derivatives thereoff collected in Table 111. Except for the re- 
actions catalyzed by 0-acetylquinine (9) (entries 8 and 91, all 
reactions gave virtually quantitative chemical yields. The SIR 
ratios of 5 ranged from 88:12 (entry 1) to  15235 (entry 10). 

In order to determine the absolute configuration of the 
preferentially formed enantiomer of 5 ,  ( - ) - 5  was converted 
to the  enone (+)-19 and to  the  cross-conjugated (-)-20 
(Scheme 111). The  CD spectra of both (+)-19 and (-)-20 show 
a positive Cotton effect for the n - T* transition (R band) a t  
about 360 nm (Figure 3). Inspection of Dreiding models of 19 
shows tha t  the  conformation is strongly favored in which the  
oxygen atom and all of the carbon atoms except C(1) of the  
cyclohexenone ring are in the same plane. Provided tha t  the  
carbomethoxy group has no dramatic influence on the Cotton 

t 
Figure 3. CD spectra of (-1-5 (78% optical purity), (+)-19 (optical 
purity unknown), and (-)-20 (optical purity unknown) in dioxane. 

effect,*" application of Snatzke's modified octant rulesl8~23 
leads to the absolute configuration of (+)-19 depicted in 
Figure 4. The  carbomethoxy group has no influence on the  
chiroptical properties of 20 because i t  lies in the  nodal plane 
of the octant. Here, the  modified octant  rule^^*^^^ allow an 
unambiguous structure assignment of (-)-20 (see Figure 4). 
On the basis of this evidence, (-1-5 has the S configuration 
at C(2).  

Discussion 
We will limit our discussion almost entirely to the Michael 

reactions of the indanone derivative 4, although the difference 
in reactivity between 4 and the cyclohexanone derivatives 
la-lc seems to be striking. In  light of the fact that 2-car- 
bethoxycyclopentanone is not only a stronger acid than 2- 
carbethoxycyclohexanone but tha t  the corresponding five- 
membered enolate also is reacting much faster with methyl 
iodide than the  six-membered this difference is easily 
understood. In addition, both types of reactions gave com- 
parable optical yields when similar conditions were used 
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Scheme IV 

1 

1 

(entry 5 in Table I and entry 6 in Table 111). 
The kinetics of the reaction between 2-carbethoxycyclo- 

hexanone (la) and the enone 2 catalyzed by alkoxide ions have 
been studied.25 In analogy to  these results and in accordance 
with our own findings, we assume tha t  the reversible forma- 
tion of the enolate is followed by an irreversible alkylation 
(Scheme IV). 

From Table 111, several conclusions concerning the role of 
the chiral catalyst can be drawn. (1) The spatial arrangement 
of the substituents a t  C(8) and C(9) is mainly responsible for 
the stereochemistry of the Michael adduct. Quinine (6,8S,9R) 
and the diastereomeric quinidine (7,8R,9S) led to the pref- 
erential formation of (S)-(-)-5 (entry 1) and (R)-(+)-5 (entry 
IO), respectively, in similar optical purity. (2) The hydroxyl 
group a t  C(9) is crucial for the success of the reaction. Its 
acetylation not only caused a strong decrease in reaction ve- 
locity, but the optical purity of 5 was also lowered (compare 
entries 2 and 5). (3) The  role of the aromatic part of the cata- 
lysts is not clear. Introduction of a bulkier substituent a t  C(6') 
had no influence on the asymmetric induction (compare 
entries 2 and 5 ) ;  when the quinuclidine nitrogen was blocked 
as in 10, the quinoline nitrogen was basic enough to  secure a 
reaction, but the reaction velocity and the asymmetric in- 
duction were lower (entry 7).  

In addition to  the influence of the chiral catalyst, the in- 
fluence of the temperature and the solvent must be consid- 
ered. When the reaction temperature was lowered, the enan- 
tiomeric excess increased (entries 8 and 12 in Table I, entries 
1 and 2 in Table 111). Addition of as little as 2% of ethanol to 
CC14 almost halved the optical purity and slowed down the 
reaction velocity (entries 2 and 4 in Table 111). Unfortunately, 
the reactions of the cyclohexanone derivatives la-lc with the 
enone 2 catalyzed by the methohydroxides 1 1  and 12 had to 
be performed in the presence of a small amount of ethanol; 
omission of ethanol led to heterogenous mixtures and no or 
a t  least very slow reactions. Additional information came from 
the reactions of la: in acetonitrile-2% ethanol, a slow reaction 
with no asymmetric induction was observed; the reaction in 
CC14-2% ethanol was fast and gave 17% asymmetric induction 
(entries 1 and 6 in Table I). 

An apolar solvent obviously favors the formation of a tight 
ion pair of the protonated catalyst and the enolate ion. The 
hydroxyl group of the catalyst probably forms a hydrogen 
bond with the enone, bringing i t  into position and activating 
the system toward 1,4-addition and the preferential formation 
of one enantiomer. 

Addition of ethanol would result in a t  least a partial de- 
struction of the hydrogen bonds. 

0 a 
(*) - 19 

COzCH, 

\ 
---Po---- _ _  

0 f-g- 
(-) - 20 

CO,CHJ 
\ 

(-) - 5 

Figure 4. Structure determination of ( - ) -5.  Stereo formulas of (+)-19 
and (-)-20 with corresponding octant projections. 

Further speculations seem to be premature. We do not yet 
know exactly which parts of the catalysts play a role in the 
asymmetric induction, and the preferred conformations of the 
cinchona alkaloids and their derivatives are unknown too.26 
Our efforts to  change the asymmetric induction by the in- 
troduction of a bulky group in the 4 position of la gave also 
a negative result; the optical purities of the Michael adducts 
of lb and IC were almost the same as the optical purity of the 
adduct of la (entries 8,14, and 16, Table I). Finally, we would 
like to stress the point that  nitrogen-containing bases of 
natural origin are of moderate strength. Therefore, they are 
of limited use as bases in asymmetric synthesis. T o  our 
knowledge, the methohydroxides 11 and 12, being much 
stronger bases, have not been used in asymmetric reactions 
before.29 Their utilization in other asymmetric reaction cer- 
tainly merits investigation. 

Expe r imen ta l  Section 
Instrumentation. Melting points were determined on a Mettler 

FP 2 melting point apparatus. All melting and boiling points are un- 
corrected. The temperatures cited for short-path distillations refer 
to the maximum temperature attained by the air chamber during the 
distillation. Optical rotations were measured at  room temperature 
(RT) on a Perkin-Elmer 241 polarimeter with 1-dm cells. UV spectra 
were measured on a Beckman 24 spectrophotometer and IR spectra 
on an Unicam I1 spectrophotometer. 'H NMR spectra were recorded 
at  either 60 (Varian A-60 spectrometer) or 100 MHz (Varian XL-100 
spectrometer) as indicated; chemical shifts are reported in 6 units 
(ppm) relative to Me4Si (6 0). ORD and CD spectra were measured 
on a Cary 60 recording spectropolarimeter with a Cary 6002 CD ac- 
cess o r y . 

Solvents. All solvents used for Michael reactions were dried ac- 
cording to standard procedures and kept over molecular sieves. 

Substrates. Commercial 3-buten-2-one (2) was distilled a t  reduced 
pressure and stabilized by addition of about 0.1% of hydroquinone. 
Published procedures were used for the synthesis of ethyl 2-oxocy- 
clohexanecarboxylate (la),11 ethyl 8-oxo-1,4-dioxaspiro[4.5]dec- 
ane-7-carboxylate ( l b ) ,  3o and methyl 2,3-dihydro-l-oxo-lH-in- 
dene-2-carboxylate (4).22131 

Ethyl 8-Oxo-1,4-dithiaspiro[4.5]decane-7-carboxylate (IC). 
To a stirred solution of 23.1 g (0.10 mol) of diethyl 4-oxoheptanedioate 
in 15 mL of 1,2-ethanedithiol cooled to 0 "C was added 16 mL of BF3 
etherate. After the mixture was stirred for 30 min, the ice bath was 
removed and the solution was left at  room temperature for 18 h. A 
300-mL amount of 10% aqueous NaOH and 100 mL of toluene were 
then added, the organic layer was separated, and the aqueous layer 
was extracted twice with 100 mL of toluene. The combined extracts 
were washed with three portions of 100 mL of H20 and evaporated. 
Distillation (150 "C a t  0.05 mm) of the residue gave 26.5 g (86%) of 
diethyl 1,3-dithiolane-2,2-dipropanoate (21). Analytically pure 21 
was obtained by short-path distillation (150 O C  at  0.05 mm): IR (neat) 
2995,2945, 1738,1453, and 1180 cm-'; NMR (60 MHz, CC14) 6 4.07 
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(q ,  4,  J = 7 Hz), 3.26 (s, 4), 1.95-2.72 (m, 81, and 1.24 ( t ,  6 , J  = 7 Hz). 
Anal. Calcd for C13H2204Sz: C, 50.95; H, 7.24; S, 20.92. Found: C, 50.85; 
H, 7.26; S, 20.81. 

To  a stirred solution of 18.8 E (0.06 mol) of 21 in 100 mL of drv ether 
was added 2.64 g (about 0.06 mol) of a 55-60% NaH suspension in oil. 
The mixture was warmed briefly. A vigorous reaction ensued. After 
10 min, 100 mL of ether was added and the mixture was left a t  room 
temperature for 2.5 days. Careful addition of 10 mL of acetic acid 
followed by 25 mL of HzO dissolved all of the solid material. The or- 
ganic layer was separated and washed twice with saturated aqueous 
NaHC03 and three times with HzO. The oil which remained after 
evaporation of the ether was distilled (160 "C at  0.01 mm) to yield 10.0 
g (63%) of IC as a viscous oil which solidified (mp 46-51 " C )  on addi- 
tion of ethanol. An analytical sample was prepared by short-path 
distillation (160 "C a t  0.01 mm): mp 47-50 " C ;  IR (neat) 2950, weak 
absorptions at  1742,1720 (keto ester), strong absorptions at 1660,1620 
(enol), 1290, and 1220 cm-'; H NMR (100 MHz, E l 4 )  of enolized IC 
(about 90% by comparison of the integration of the triplets displayed 
by the ester groups) 6 12.12 (s, l),  4.19 (q,  2,  J = 7 Hz), 3.30 (br s, 4), 
2.79 (br s, 2), 2.3-2.6 (m, 2 ) ,  2.0-2.2 (m, 2), and 1.30 (t, 3 , J  = 7 Hz); 
signals a t  6 3.36 (s, 4) and 1.26 (t, 3, J = 7 Hz) can be assigned to IC. 
Anal. Calcd for CllH160&: C, 50.74; H,  6.20; S, 24.63. Found C, 51.00 
H, 6.20; S, 24.58. 

Chiral Catalysts. Quinine (6) was purified according to the method 
of Thron and Discherl:3z mp 175-177 "C; [ a IRT~ -167" (c 2.0, 
CzH50H) (lit.33a -169"). Commercial samples of quinidine (7) and 
eucupine (8) were used without further purification. 7: mp 171-172 
"C; [ a I R T ~  +239" (e 1.0, CZHSOHj (lit.39b +258"). 8: m p  152-154 "C 
(lit.33c 152 "C); [aIRT~ -98" (c 0.1, toluene). The procedure of Pettit 
and Guptag was used for the synthesis of 0-acetylquinine (9): mp 
117-119 "C; [ a IRT~ -54.2' ( e  1.4, CH30H) (lit.9 -32°j.34 Quinine 
methiodide (10) and quinidine methiodide (22j, synthesized according 
to Major and Finkelstein,"' were recrystallized from HzO. 10 had mp 
229 " C  dec (lit.27 226 "C), and 22 had mp 236-237 "C dec (lit.33b 248 
"C). Quinine methohydroxide (1 1) 'O and quinidine methohydroxide 
(12)'O were synthesized in t.he same way. A 10-g amount of Amberlite 
IRA-401, after being washed with 500 mL each of 1 N aqueous NaOH, 
H20,l N hydrochloric acid, Hz0, CzHsOH, and H20, was conditioned 
with 10 g of NaOH dissolved in 225 mL of HaO, followed by 250 mL 
each of Hz0 and dry CzH50H. A 2.0-mmol amount of 10 (or 22) dis- 
solved in 250 mL of dry CzHbOH was applied on the column and 
eluted. An additional 250 mL of CzHjOH was used to wash the col- 
umn. The eluates were collected under Nz or Ar, concentrated below 
25 " C  under reduced pressure, and diluted with dry CzH50H to 25.0 
mL. The concentrations of alcoholic solutions of 11 and 12 were de- 
termined by titration with 0.0107 m hydrochloric acid: 0.08 M for l l 
and 0.01 M for 12. (The concentration of 12 was too high, probably 
due to some decomposition of the ion exchange resin. We therefore 
assumed the concentration of 12 to be about 0.08 M.) The 'H NMR 
spectrum (100 MHz, CD30D) of 11 exhibited, besides the signals of 
the quinuclidine ring, the typical patterns of the substituted quinoline 
ring and the vinyl group, with signals at  d 6.12 (br s, l ) ,  3.96 (s, 31, and 
3.40 (s, 3). 

Genera l  Procedure  for Michael Reactions. (See also Tables I 
and I11 for conditions and results.) Reactions at  25 " C  were done in 
volumetric flasks kept in a thermostated bath. A solution of the a-keto 
ester (about 2 mL of solvent less than required) was brought to reac- 
tion temperature, the vinyl ketone and the catalyst were then added, 
and the flask was filled with solvent to the mark. After being thor- 
oughly mixed, part of the reaction mixture was placed in a thermo- 
stated polarimeter cell and the reaction was followed polarimetrically 
a t  ,578 nm whenever possible. After the time indicated in the tables, 
the reaction mixture was filtered through 8 g of silica. An additional 
100 mL of ethyl acetate was used to elute all of the products. The 
residue obtained after concentration of the eluates was further pu- 
rified by short-path distillation (120-180 " C  a t  0.1-0.001 mm). Re- 
actions at  temperatures below 25 "C were performed in a similar way 
but not followed polarimet,rically. 

Proper t ies  of the New Michael Adducts. E thyl  8-0x0-7-(3- 
oxobutyl)-1,4-dioxaspiro[4.5]decane-7-carboxylate (3b). An 
analytical sample was prepared by short-path distillation (130 "C a t  
0.001 mm): IR (neat) 2995, 1725, 1718, 1450, 1375, and 1040 cm-l; 
NMR (60 MHz, CC4) 6 4.13 (q,2,  J = 7 Hz), 3.94 (br s, 4), 1.5-3.2 (m, 
lo) ,  2.07 (s, 3), and 1.29 (t, 3, J = 7 Hz). Anal. Calcd for C1jH2206: C, 
60.39; H ,  7.43. Found: C, 60.02; H, 7.47. 

E thy l  8-0xo-7-(3-oxobutyl)-1,4-dithiaspiro[4,5]decane-7- 
carboxylate (3c). An analytical sample was prepared by recrystal- 
lization from CzH5OH: mp 64-66 "C; [aIRT578 +1.2" (c 2.0, CCId; IR 
(neat) 2995,1725,1718,1440,1378,1224,1110, and 1030 cm-'; NMR 
(lOOMH~,CDCl~)d4.12(q,1,J=7H~),4.11 (q , l , J=7Hz) ,3 .2-3 .4  

(m, 4), 1.5-3.1 (m, lo), 2.01 (s, 31, and 1.26 it, 3, J = 7 Hz). Anal. Calcd 
for ClsHzz04Sz: C, 54.52; H, 6.71; S, 19.40. Found: C, 54.34; H,  6.63; 
s, 19.12. 

Cyclization of t h e  Michael Adducts 3a-3c. E thyl  3,4,5,6,7,8- 
Hexahydro-2-oxo-4a(2H)-naphthalenecarboxylate (14a). A 
solution of 1.77 g (7.4 mmol) of 3a, [a IRTgi8  +14.6' (c 2.1, CC14), and 
75 mg (0.4 mmol) ofp-toluenesulfonic acid in 100 mL of toluene was 
heated at  reflux in a flask equipped with a Dean-Stark trap. After 22 
h, the reaction mixture was cooled, washed with saturated aqueous 
NaHC03 solution and saturated aqueous NaCl solution, and con- 
centrated at  reduced pressure. Short-path distillation (130 " C  at 0.1 
mm) yielded 1.54 g (94%) of the known12 enone 14a as a colorless oil, 

E thyl  4',6',7f,8f-Tetrahydro-6'-oxospiro[ 1,3-dioxolane-2,2'- 
( lfH)-naphthalene]-8'a(3'H)-carboxylste (14b). To  a solution 
of 595 mg (2.0 mmol) of 3b, [alRT578 +8.70° (c 2.0, CC14), in 3 mL of 
dry C2H50H, cooled to 0 "C, was slowly added a solution of NaOCzHj, 
freshly prepared from 48 mg (2.10 mmol) of Na and 2.5 mL of dry 
C2HjOH. The reaction mixture was stirred for 2 h at 25 "C, cooled 
again to 0 "C, and acidified by 0.20 mL (3.5 mmol) of acetic acid. The 
yellow solution was diluted with 50 mL of toluene and evaporated 
almost to  dryness at  reduced pressure. The residue was dissolved in 
50 mL of toluene and 25 mL of Hz0. The organic phase was washed 
with saturated aqueous NaHCOs solution and H20. Concentration 
of the organic phase a t  reduced pressure gave a yellow oil which 
yielded 238 mg (43%) of spectroscopically pure 14b after two short- 
path distillations (150 " C  at 0.03 mmj, [aIRT5;8 +28.7' (c 2.4, CC14). 
14b solidified on standing. An analytical sample was prepared by 
recrystallization from CzHjOH and short-path distillation (130 " C  
at 0.005 mm): mp 72-74 " C ;  IR (neat) 2995,1725,1680,1630, and 1460 
cm-'; NMR (100 MHz, CDC13) d 5.95 (d, 1. J = 2 Hz), 4.22 (q, 1, J = 
7 Hzj, 4.18 (q, l ,J = 7 Hz), 3.8-4.1 (m, 4j, 1.4-3.1 (m, 10). and 1.26 it,  
3, J = 7 Hz). Anal. Calcd for Cl~H2005: C. 64.27; H ,  7.19. Found: C,  
64.01; H ,  7.34. 

Ethyl  4',6',7',8'-Tetrahydro-6'-oxospiro[ 1,3-dithiolane-2,2'- 
(l'H)-naphthalene]-8'a(3'H)-carboxylate ( l l c ) .  The cyclization 
procedure outlined for 3a was followed using 655 mg (1.98 mmol) of 
3c, [aIRTjj8 t6.1' ( e  2.6, CC14), and 25 mg ofp-toluenesulfonic acid 
in 100 mL of toluene. A 596-mg amount (96%) of 14c, [NIRT5j8 +16.9" 
(c 2.4, CCld), was obtained after short-path distillation (185 " C  at 0.05 
mm) as a viscous oil which slowly solidified. An analytical sample was 
prepared by recrystallization from CpH5OH followed by short-path 
distillation (155 "C at  0.01 mm): mp 85-87 "C; IR (Nujol) 1708,1672, 
and 1638 cm-'; NMR (60 MHz, cc14) 6 5.82 (d. 1, J = 1.5 Hz),  4.18 
(q, 2 , J  = 7 Hz), 3.2-3.5 (br s,4i ,  1.7-3.2 (m, 10). and 1.30 it,  3 , J  = 7 
Hzj. Anal. Calcd for CljH2003S2: C, 57.66; H. 6.45: S. 20.52. Found: 
C, 57.47; H, 6.52; S, 20.50. 

I l lustrative Procedure  for  t h e  Prepara t ion  of Dithioacetals 
15a-15c. To  a cooled solution of 312 mg (1.0 mmol) of 14c in 187 mg 
(1.5 mmol) of (S)-(+)-butane-2,3-dithiol ( 13)'"Jfi was added 0.60 mL 
of BF3 etherate with stirring. After 2 h a t  room temperature, 10 mL 
of ether was added and the mixture was washed with 10% aqueous 
NaOH solution and H20. The organic phase yielded, after concen- 
tration at  reduced pressure and drying at  0.001 mm, 421 mg (100%) 
of 15c as an oil which was used without further purification for the 
determination of the enantiomeric excess (see Table 11). (The IR 
spectrum of neat 15c showed the complete absence of the c\.d-un- 
saturated carbonyl group at  1672 cm-I.) 

S t ruc tu re  Determination of (-)-Methyl 2,3-Dihydro-l-oxo- 
2-(3-oxobutyl)-1H-indene-2-carboxylate [(-)-51. Methyl  
1,2,9,9a-Tetrahydro-3-oxo-3~-fluorene-9a-carboxylate (19). 
A suspension of 3.02 g (11.6 mmol) of (-1-5, [nIRTj;8 -58.8" i c  2.1, 
benzene), in 60 mL of dry CH30H cooled to 0 "C was treated dropwise 
with a solution of NaOCH3, freshly prepared by adding 7 mL of dry 
CH30H to 290 mg (12.6 mmol) of Na. After addition was complete, 
the reaction mixture was warmed to room temperature and stirring 
was continued for 2.5 h. Addition of 1.2 mL of acetic acid and 200 mL 
of toluene followed by concentration at  reduced pressure and washing 
a toluene solution of the residue with Hz0,O.lX aqueous NaOH so- 
lution, and HzO furnished, after concentration of the organic phase, 
a yellow oil which contained only about 30% of the desired product 
19 ('H NMR analysis). Repetition of the aforementioned procedure 
with 230 mg (10 mmolj of Na and 22 h of reaction time gave, after 
fractional recrystallization of the crude reaction product from CC14, 
two crops of colorless crystals, namely, 980 mg of 19, [aIRT578 +41° 
( c  2.1, benzene), and 236 mg of 19, [aIRT578 +313O (c 2.0, benzene), 
in 43% total yield. The second crop, further purified by short-path 
distillation (120 "C a t  0.005 mm), was used for the oxidation to 20 and 
the UV and CD measurements. Two recrystallizations from cc14 of 
the first crop provided an analytically pure sample of 19: mp 126-127 

[ a 1 ~ ~ j 7 8  +37.40 2.2, cci4). 
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"C; IR (Nujo l )  1720,1660, and 1638 cm-'; UV (dioxane) A,,, 307 nm 
( 6  15 400), 289 (1.8 4001, and 229 (10 300); NMR (100 M H z ,  CDC13) 
K 7.2-7.7 (m, 4),6.38 (s, 1),3.62 (s, 31, 3.32 ( A B  q, 2, J = 16 Hz,  AVAB 
= 54 Hz),  and 2.0-2.9 ( A B C D  m, 4). Anal. Calcd for C15H1403: C, 
74.36; H, 5.82. Found: C, 74.38; H, 5.78. 

M e t h y l  9,9a-Dihydro-3-oxo-3H-fluorene-9a-carboxylate (20). 
A solut ion o f  160 mg (0.66 mmol)  o f  (+I-19, [mIRT578 t313O (c 2.0, 
benzene), and 181 m g  (1.63 mmol)  o f  SeO:! in 14.1 g of  te r t -bu ty l  a l -  
cohol was ref luxed for 43 h. Evaporation of  the te r t -bu ty l  alcohol a t  
reduced pressure, f i l t ra t ion o f  the residue through 15 g of neutral 
Al2O:i w i t h  toluene, and shor t -path d is t i l la t ion (160 "C a t  0.02 m m )  
o f  the eluate yielded 89 m g  o f  impure 20, [a ]RT578  -191" (c 1.8, ben- 
zene). Analyt ical ly pure 20 (52 mg, 33%) was obtained by recrystal- 
l izat ion f rom hexane followed by short-path d is t i l la t ion (125 "C a t  
0.001 mm): mp 106-124 "c; [@IRT578 -238" (c 0.5, benzene); IR 
(Nujol) 1730,1660,1638, and 1605 cm-'; UV (dioxane) A,,, 314 nm 
( c  15 000) and 247 (13 600); NMR (60 M H z ,  CDC13) 6 7.3-7.8 (m, 4) ,  
6.3-7.2 ( A B C  m, 3),3.60 (s, 3), and 3.48 ( A B  q, 2, J = 16 Hz,  AVAB = 
49 Hz). Anal. Calcd for C15H1203: C, 74.99; H, 5.04. Found: C, 74.69; 
H, 5.04. 
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The reaction o f  2,2,4,4-tetramethylpentane-3-thione S-oxide w i t h  R C H z M g X  gives a thiirane, whereas the reac- 
t ion  w i t h  R 2 C H M g X  affords a sulfide. The reaction w i t h  1,l-dimethylethylmagnesium chloride results in the for- 
mat ion  o f  2,2,4,4-tetramethylpentane-3-thione. T h e  reactions are interpreted in terms of competit ive nucleophilic 
attack and one-electron-transfer processes: a Grignard reagent f rom a pr imary  alkylmagnesium halide prefers the 
nucleophilic attack, whereas a tert-alkylmagnesium halide prefers the electron transfer. A see-alkylmagnesium ha-  
l ide is between them in behavior. 

Sulfines belong to  a class of heterocumulenes and are 
available by several Since sulfines have three 
potentially reactive centers (carbon, sulfur, and oxygen), we 
can expect a variety of reactions with them. Reactions of ar- 
omatic sulfines with  diene^,^ 1 , 3 - d i p o l e ~ , ~ - ~  and nucleophiles* 
give sulfoxides. Aryl arylthiosulfinesg and aryl arylsulfonyl- 

, sulfineslo behave similarly. On the other hand, substitution 
on the sulfinyl carbon is known for c h l o r o ~ u l f i n e s . ~ ~ J ~  

Sulfines have also been the subject of interest from the 

0022-3263/79/1944-2244$01.00/0 

viewpoint of theoretical c a l ~ u l a t i o n s . ~ ~ - ~ 7  van Lierop and his 
co-workers have proposed, based on the ab  initio INDO cal- 
culations on sulfine and halogenated sulfines, that  regardless 
of the substituent(s) the charges on sulfur and oxygen were 
almost constant, keeping the S-0 grouping as a whole almost 
neutral. 

T o  extend our understanding on the chemistry of sulfines, 
i t  is desirable to study their reactions systematically. The 
reactions of aliphatic sulfines have been especially ignored, 
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