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Abstract—A catalytic asymmetric Michael reaction of a-substituted malonates with broad generality was developed using the
La-linked-BINOL complex. To enhance the reactivity of unreactive o-substituted malonates, we examined the effects of
concentration and additives; 1.0 M was the best concentration and HFIP (1,1,1,3,3,3-hexafluoroisopropanol) accelerated the
reaction efficiently. Under the optimized conditions, the catalytic asymmetric Michael reaction of a variety of a-substituted
malonates proceeded successfully in high yield (up to 93%) and excellent enantiomeric excess (up to 99% ee). The addition of
HFIP was also effective for the reaction of nonsubstituted malonates. In this case, 5 mol% of the La-linked-BINOL complex was
sufficient for completion of the reaction in approximately 24 h. Moreover, several Michael adducts were readily converted to the

bicyclic compounds. © 2002 Elsevier Science Ltd. All rights reserved.

The development of catalytic asymmetric carbon—car-
bon bond-forming reactions is a major goal in organic
synthesis and a number of excellent asymmetric cataly-
ses have been developed over the last two decades.!
Only a few reactions, however, are commonly utilized
in the catalytic asymmetric synthesis of complex
molecules. One of the main reasons might be the limita-
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tion of the substrates. Thus, it is necessary to develop a
useful catalytic asymmetric reaction with extremely
broad substrate generality. The Michael reaction is one
of the most powerful carbon—carbon bond-forming
reactions and considerable efforts have been made to
develop a catalytic asymmetric version of this reac-
tion.>* We succeeded in developing two excellent
multifunctional asymmetric catalysts, the AlLibis-
(binaphthoxide) (ALB) complex*® and the La-
linked-BINOL complex,*® for the asymmetric Michael
reaction of malonates to enones. The ALB complex is
highly active and readily applied for practical large-
scale synthesis.>® The La-linked-BINOL complex,
which was developed more recently, is suitable for use
in research because it is stable to moisture, can be
stored as a powder, is easily handled, and is effective
for a variety of enones.>¢ On the other hand, no
catalytic asymmetric Michael reaction of a-substituted
malonates, except for the o-methyl substituted mal-
onate,>® has yet been reported,” despite the greater
utility of substituted Michael adducts than nonsubsti-
tuted adducts for complex molecule synthesis. We
report here the first example of a general catalytic
asymmetric Michael reaction of o-substituted mal-
onates. This reaction was realized by optimization of
the La-linked-BINOL catalyst system in terms of reac-
tivity, including the effects of concentration and addi-
tion of HFIP (1,1,1,3,3,3-hexafluoroisopropanol). We
also report further effective transformation of Michael
adducts to useful bicyclic compounds.
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The Michael adduct 3, which has a substituent at the
a-position of the malonate moiety, is a useful interme-
diate, especially when the substituent contains func-
tional groups, because it can be directly used for further
transformation, such as the next ring construction (vide
infra). Transformation from Michael adduct 4, which is
easily prepared using an already established asymmetric
Michael reaction, to 3 requires three additional steps
and usually the substituent-introduction step makes this
process impractical due to the decreased nucleophilicity
of the ester enolate derived from substrate 5.% There-
fore, direct preparation of the substituted Michael
adduct 3 using a catalytic asymmetric Michael reaction
of a-substituted malonates is very desirable (Scheme 1).

We first examined the catalytic asymmetric Michael
reaction of dibenzyl allylmalonate (2a) to 2-cyclopen-
tenone (1) using the ALB complex, however 2a was
unreactive and gave the Michael adduct 3a in only 36%
yield and 19% ee, even when using 20 mol% of the
catalyst. We then examined the La-linked-BINOL com-
plex because it has broad generality with respect to
enones. Fortunately, previously reported conditions (10
mol% of the catalyst, 4°C, 0.4 M in DME)*® gave the
Michael adduct in excellent enantiomeric excess (99%
ee), although there was only moderate chemical yield
(67%) even after 84 h. Therefore, we attempted to
enhance the reactivity of the catalyst. After intensive
optimization, the concentration of the reaction turned
out to be a significant factor for improving chemical
yield. The best concentration was 1.0 M.’ and the
Michael adduct 3a was obtained in 86% yield without
loss of enantiomeric excess (99% ee). In contrast to the
ALB catalyst system,® increasing the concentration
further did not improve reactivity. The result of the
scope and limitations of these improved conditions is
summarized in Table 1.!° Many types of a-substituted
malonates, which contain additional functional groups,
such as carbon—carbon double bonds, esters, and allylic
acetates, can be used as a Michael donor, and enan-
tioselectivity was nearly complete although the chemical
yield was still unsatisfactory.

To further enhance reactivity, we examined several
additives, which were previously reported to be benefi-
cial during the improvement of our multifunctional
catalysts. THF,*® additional bases (KO-z-Bu and LiH-
MDS),?® salts (LiCl, CsCl, MgCl,), Et,Zn,* Ph,As=0,"!
Ph,P=0,"> HMPA, MS4A,"" etc. None of them, how-
ever, effectively improved this asymmetric Michael
reaction system in terms of chemical yield and enan-
tiomeric excess. Thus, we examined other types of
additives. Alcohols had interesting effects.!® That is,
HFIP increased the reaction rate and chemical yield
without decreasing the enantiomeric excess. 2,2,2-Trifl-
uoroethanol also had a small positive effect on the
chemical yield. On the other hand, MeOH and ArOH
decreased both chemical yield and enantiomeric excess,
and i-PrOH had almost no effect on the reaction.
Under the best conditions (4°C, 1.0 M in 10/1 mixture
of DME/HFIP), Michael adduct 3a was obtained in
93% yield and 99% ee. The concentration of the reac-
tion was also important in the presence of HFIP. The
chemical yield of 3a dropped to 86% when the concen-
tration was 0.4 M.'" These conditions were applicable
to various o-substituted malonates (shown in Table
2).15 In the presence of HFIP, all of the corresponding
Michael adducts were obtained in higher yield com-
pared with those shown in Table 1.6

In addition, HFIP effectively accelerated the Michael
reaction of nonsubstituted malonates. Thus, only 5
mol% of catalyst forced the reaction to completion in
approximately 24 h with 83-95% yield and >99% ee
(Table 3). Under these decreased catalyst-loading con-
ditions, the best ratio of DME and HFIP was 20:1, and
the best concentration was 0.4 M to substrate (0.02 M
to catalyst).

The reaction profile of the Michael reaction in the
presence or absence of HFIP was investigated (Fig. 1).
The addition of HFIP increased the initial reaction rate
and the reaction proceeded more than twice as fast as
in the absence of HFIP; as a result, nearly 90% conver-
sion was observed within 24 h. The beneficial effect of

Table 1. Catalytic asymmetric Michael reaction of various o-substituted malonates 2a-g

o)

(10 mol%)

(1.0 equiv.) (1.0 equiv.)

(,5)-La-linked-BINOL
{j {002Bn
+ R
CO.Bn  DME (1.0 M), 4°C CO2Bn

R COan
1 2a-g 3a-g
Entry Malonate (R) Product Time (h) Yield® (%) Ee® (%)
1 2a: CH,CH=CH, 3a 86 86 99
2 2b: (CH,),CH=CH, 3b 88 65 99
3 2¢: (CH,);CH=CH, 3c 106 66 96
4 2d: (CH,),CO,Me 3d 88 69 99
5 2e: (CH,),CO,Et 3e 92 62 98
6 2f: (CH,);CO,Et 3f 89 55 95
7¢ 2g: CH,CH=CHCH,O0Ac 3g 84 77 99

# Isolated yield.
® Determined by HPLC analysis.

¢ cis/trans (~1/30) in both 2g and 3g. Enantiomeric excess was determined after ozonolysis.
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Table 2. Catalytic asymmetric Michael reaction of various a-substituted malonates 2a—-g in the presence of HFIP
(S,S)-La-linked-BINOL
(10 mol%)
1 + 2a-g 3a-g
. . DME-HFIP (1071, 1.0 M)
(1.0 equiv.) (1.0 equiv.) 4°C
Entry Malonate (R) Product Time (h) Yield* (%) Ee® (%)
1 2a: CH,CH=CH, 3a 87 93 99
2 2b: (CH,),CH=CH, 3b 85 80 98
3 2¢: (CH,);CH=CH, 3c 88 84 96
4 2d: (CH,),CO,Me 3d 87 83 98
5 2e: (CH,),CO,Et 3e 92 75 96
6 2f: (CH,),CO,Et 3f 89 71 95
7¢ 2g: CH,CH=CHCH,OAc 3g 83 87 98
4 Isolated yield.
® Determined by HPLC analysis.
¢ cis/trans (~1/30) in both 2g and 3g. Enantiomeric excess was determined after ozonolysis.
Table 3. Catalytic asymmetric Michael reaction of nonsubstituted malonates using 5 mol% of the catalyst
Q  (8,9)-Lavlinked-BINOL
. COzR (5 mol%)
- CO,R' DME-HFIP (20/1, 0.4 M) COzR’
(1.0 equiv.) (1.0 equiv.) " COR
1:n=1 9: R'=Bn 11-14
7:n=2 10: R'=Me
8:n=3
Entry Enone Malonate Product Time (h) Yield® (%) Ee® (%)
1 1 9 11 25 83 >99
2 7 9 12 24 95 >99
3¢ 7 9 12 24 79 >99
4 7 10 13 18 86 >99
5 8 9 14 30 85 >99
4 Isolated yield.
® Determined by HPLC analysis.
¢ The reaction was performed in DME without HFIP.
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Figure 1. The initial rate and time course of the generation of 3a in the presence or absence of HFIP. The yield of 3a was
determined by 'H NMR: the reaction in the presence of HFIP ([J) and in the absence of HFIP ().

HFIP was most prominent in the early stage of the
reaction. Although the role of HFIP has not yet been
clearly elucidated, we propose that this acidic (pK, 17.9
in DMSO)'7 and sterically-hindered additive acts as a
proton source'® and assists in the dissociation of the
product from the La complex.

Finally, the Michael adducts were successfully con-
verted to the corresponding bicyclic compounds.
Ozonolysis of Michael adduct 3b (91% yield) followed
by intramolecular aldol reaction using activated alu-
mina (69% yield) furnished bicyclo[4.3.0]lnonane deriva-
tive 15. Reductive cyclization of compound 3g using
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o | 1) O3/ MeOH, -78°C
then Me,S (91%)
2) alumina
BnO,C~ CO,Bn %"35')0'*20'2’ T Bno,C” "COBn
3b 15
AcO
0 )
Sml, (3.0 equiv.)
\\ _HMPA (8.0 equiv) _ HO /
THF, rt (79%) CO.Bn
BnO,C CO,LBn CO,Bn
3g 16
Scheme 2.

Sml, directly produced the bicyclo[3.2.1]Joctane deriva-
tive 16 in 79% vyield (Scheme 2). The fact that these
bicyclic frameworks often occur in natural or unnatural
bioactive compounds, such as hydrindan derivatives,
makes these highly enantioselective short processes very
useful.

In conclusion, we achieved the first general catalytic
asymmetric Michael reaction of «-substituted mal-
onates using the La-linked-BINOL complex in the pres-
ence of HFIP. HFIP accelerated the reaction of not
only the a-substituted malonates, but also nonsubsti-
tuted malonates, efficiently. In the latter case, 5 mol%
of the La-linked-BINOL complex was sufficient for
completion of the reaction in approximately 24 h.
Moreover, several Michael adducts were readily con-
verted to the bicyclic compounds. Further studies of the
reaction mechanism, catalyst structure, role of HFIP,
and application to natural product synthesis are cur-
rently in progress.
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General procedure for the catalytic asymmetric Michael
reaction promoted by (S,S)-La-linked-BINOL complex:
DME (0.23 mL) was added to the (S,S)-La-linked-
BINOL complex (18.8 mg, 0.25 mmol, prepared by the
procedure in Ref. 3b) in a test tube at —78°C, and the
mixture was stirred for 5 min at the same temperature.
Then, 2-cyclopentene-1-one (1) (21 pL, 0.25 mmol) and
dibenzyl allylmalonate (2a) (72 pL, d=1.13, 0.25 mmol)
were added. Finally, HFIP (23 puL) was added and the
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mixture was stirred at —78°C for 5 min. The dry-ice
acetone bath was then removed and the reaction mixture
was stirred at 4°C. After 86 h, the mixture was diluted
with ethyl acetate, washed with satd aq. NH,Cl, and
dried over Na,SO,. The solvent was evaporated under
reduced pressure, and the residue was purified by flash
column chromatography (SiO,, hexane/ethyl acetate 5/1)
to give (-)-(S)-3a (94.7 mg, 0.233 mmol, yield 93%) in
99% ee [DAICEL CHIRALCEL OJ-H, hexane/2-
propanol (90:10, v/v), flow rate: 0.8 mL/min, retention
time: 55 min (R)-isomer and 63 min (5)-isomer, detected
at 210 nm)].

Using the best conditions, Michael reaction of 2a to
2-cyclohexene-1-one (7) gave the corresponding (S)-
Michael adduct in 63% yield and 94% ee, while the
reaction to 2-cycloheptene-l1-one (8) gave only trace
amount of the corresponding Michael adduct.

The acidity of HFIP is nearly equal to that of phenol
(pK, 18.0 in DMSO).

In contrast, the addition of 1,1,1,3,3,3-hexafluoroiso-
propyl methyl ether did not accelerate the reaction.
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