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The Michael addition of B-keto esters to 3-buten-2-one
(methyl vinyl ketone, MVK) in the presence of a pentacoord-
inate organosilicate was investigated. Ethyl 2-oxo-1-cyclo-
hexanecarboxylate reacted with MVK in the presence of pot-
assium bis(1,2-benzenediolato)phenylsilicate to furnish ethyl
2-0x0-1-(3-0x0-1-butyl)-1-cyclohexanecarboxylate in 96%
isolated yield. Ethyl 2-oxo-1-cyclopentanecarboxylate, ethyl

2-oxo-1-cyclooctanecarboxylate, ethyl 2-methyl-3-oxobut-
anoate, and ethyl 2-ethyl-3-oxobutanoate also reacted with
MVK in the presence of potassium bis(1,2-benzenediolato)-
phenylsilicate to produce the corresponding 1,4-adduct in
moderate to good yields. In these reactions, the silicate might
work as both a Lewis acid catalyst and a Breonsted base cata-
lyst at the same time.

Introduction

Organosilicon compounds are essential to modern or-
ganic chemistry.?! In particular, highly coordinate organosi-
licon compounds such as pentacoordinate organosilicates
and hexacoordinate organosilicates are believed to be the
keystones in organic synthesis.>*# Some pentacoordinate
organosilicates have been isolated and found to exhibit ox-
ophilicity or Lewis acidity. The silicates have been used as
a reactant with a Lewis acid site in organic synthesis such
as chemo- and stereoselective allylations;*>! however, to the
best of our knowledge, they have not hitherto been used
as a Lewis acid catalyst. We focused on pentacoordinate
organosilicates as a Lewis acid catalyst. We attempted the
Michael addition of B-keto esters to alkenes in the presence
of the silicate, and then realized the facile 1,4-addition of
ethyl 2-oxo-1-cyclohexanecarboxylate (2a) to 3-buten-2-one
(methyl vinyl ketone, abbreviated as MVK) in the presence
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of triethylammonium allylbis(1,2-benzenediolato)silicate
(1d)P! (Scheme 1; Table 1, entry 4).

Results and Discussion

The organosilicate-catalyzed Michael addition of the f-
keto ester 2a to MVK was first investigated under various
conditions. Silicates such as potassium bis(1,2-benzenediol-
ato)phenylsilicate  (1a),[®!  triethylammonium  bis(1,2-
benzenediolato)phenylsilicate (1b),!) (1,4,7,10,13,16-Hexa-
oxaoctadecane)potassium bis(1,2-benzenediolato)fluorosil-
icate (1¢),l”? and 1d!*¥ (Figure 1) were prepared by the previ-
ously reported methods, with slight modification. The treat-
ment of a mixture of 2a, MVK, and chloroform with 10
mol % of 1a at 40 °C furnished ethyl 2-oxo-1-(3-oxo-1-bu-
tyl)-1-cyclohexanecarboxylate (3a) regioselectively in 96%
isolated yield (Scheme 1; Table 1, entry 1).8] The reaction
proceeded in the presence of 1b to provide the correspond-
ing 1,4-adduct; however, the reaction was very sluggish. In
this case, the adduct 3a was obtained in 37% isolated yield
by increasing the reaction time (Table 1, entry 2). It is worth
noting that the catalytic activity of the silicates depended
significantly on the counter cation. The silicate 1¢ showed
a similar reactivity to la to produce the corresponding 1,4-
adduct in moderate yield (Table 1, entry 3). The silicate 1d,
which was used as both a Lewis acidic reagent and an al-
lylating agent,[! also catalyzed the reaction (Table 1, entry
4). In this case, no allylated products were obtained at all.
Additionally, the reaction in the absence of the silicate did
not proceed (Table 1, entry 5). In the Michael addition with
1.5 mmol of MVK or 5 mol % of 1a, the adduct 3a was
obtained almost quantitatively (Table 1, entries 6, 9). On
the other hand, with 1.2 mmol of MVK, 1 mmol of MVK,
or 1 mol % of 1a, the adduct 3a was obtained in moderate
yields after a prolonged reaction (Table 1, entries 7, 8, 10).
As described above, the yield of the adduct depends on the
concentration of MVK and the silicate. These results might
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Table 1. Pentacoordinate organosilicate-catalyzed Michael addition of the p-keto ester 2a to 3-buten-2-one (methyl vinyl ketone, MVK)[al

Entry MVK Silicate [mol %] Temperature Time Isolated yield of 3a
[mmol] [ °C] [h] [%0]
1 2 la 10 40 6 96
2 2 1b 10 40 24 37
3 2 1c 10 40 6 64
4 2 1d 10 40 6 14
5 2 - 0 40 18 0
6 1.5 1a 10 40 6 94
7 1.2 1a 10 40 24 77
8 1 la 10 40 24 73
9 2 1a 5 40 6 93
10 2 1a 1 40 42 71
11 2 1a 10 70 1 94
12 2 la 10 room temp. 24 90

(2] The B-keto ester 2a (1 mmol) with MVK and the silicate in chloroform (0.2 cm?) under N».

indicate that the interaction between the silicate and MVK
plays an important role in this reaction. Reactions at 70 °C
and at ambient temperature were completed within 1 h and
24 h, respectively (Table 1, entries 11, 12). The reaction pro-
ceeded rapidly at 70 °C, but unidentified tarry products
were produced to some extent. The adduct 3a was produced
in good yield in any solvent [e.g. chloroform (isolated yield,
96%), dichloromethane (96%), toluene (96%), THF (95%),
methanol (94%), DMF (94%), and HMPA (92%)].
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a: M=K, R=Ph
b: M =[Et;NH], R=Ph
¢: M =[18-crown-6]-K, R=F

d: M = [Et;NH], R =allyl

Figure 1. Pentacoordinate organosilicates

In the presence of 10 mol % of 1a, a similar reaction of
2a with 1-penten-3-one (ethyl vinyl ketone, abbreviated as
EVK) at 40 °C for 6 h furnished ethyl 2-oxo-1-(3-oxo-1-pen-
tyl)-1-cyclohexanecarboxylate in 34% isolated yield. How-
ever, the reaction of 2a with a- or B-substituted a,B-unsatur-
ated ketones such as 3-penten-2-one, 3-methyl-3-buten-2-
one, 4-methyl-3-penten-2-one, and 2-cyclohexenone did not
proceed. The silicate was found to be very selective for
sterically less hindered a,B-unsaturated ketone such as
MVK and EVK. Acrylonitrile and o,B-unsaturated esters
such as ethyl acrylate and zerz-butyl acrylate did not react
under our conditions.

The organosilicate-catalyzed Michael addition of a vari-
ety of B-keto esters such as ethyl 2-oxo-1-cyclopentanecarb-
oxylate (2b), ethyl 2-oxo-1-cyclooctanecarboxylate (2c),
ethyl 2-methyl-3-oxobutanoate (2d), and ethyl 2-ethyl-3-
oxobutanoate (2e) to MVK was also carried out. The -
keto ester 2b reacted with MVK to produce the correspond-
ing 1,4-adduct, ethyl 2-oxo-1-(3-oxo-1-butyl)-1-cyclopent-
anecarboxylate (3b) quantitatively in the presence of any of
the silicates 1a, 1b, or 1c (Table 2, entries 1—3). In the pres-
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ence of 1la, ethyl 2-oxo-1-(3-oxo-1-butyl)-1-cyclooct-
anecarboxylate (3c), ethyl 2-methyl-3-ox0-2-(3-0x0-1-butyl)-
butanoate (3d), and ethyl 2-ethyl-3-oxo-2-(3-0x0-1-butyl)-
butanoate (3e) were obtained in moderate to good yields
from the B-keto esters 2¢, 2d, and 2e, respectively (Table 2,
entries 4, 7, 10). In the same manner as with 2a, the com-
pounds 2¢, 2d, and 2e reacted sluggishly with MVK in the
presence of 1b (Table 2, entries 5, 8, 11). The silicate 1c¢ also
catalyzed the reaction of 2¢, 2d, and 2e with MVK to fur-
nish the corresponding 1,4-adduct in moderate to good
yields (Table 2, entries 6, 9, 12). The silicate 1a was found
to be the most effective catalyst for these reactions. In the
presence of 1a, methyl 3-oxobutanoate (4) reacted with two
equivalents of MVK in chloroform at 40 °C for 6 h to pro-
duce methyl 3-oxo-2,2-bis(3-oxo-1-butyl)butanoate (5) in
50% isolated yield (Scheme 2). In this case, the correspond-
ing mono-adduct was not obtained at all. The silicates were
found to be less sensitive to the structure of the B-keto ester
since the sterically hindered B-keto esters 2d and 2e still
reacted efficiently and 4 reacted with two equivalents of
MVK. They were applicable to the Michael addition of
both cyclic and acyclic B-keto esters.

Table 2. Pentacoordinate organosilicate-catalyzed Michael addi-

tiont

Entry B-Keto ester Silicate Time Product Isolated yield
(h] [70]
1 2b la 6 3b 98
2 2b 1b 6 3b 98
3 2b 1c 6 3b 98
4 2¢ la 6 3c 91
5 2¢ 1b 48 3¢ 75
6 2¢ 1c 6 3c 46
7 2d la 6 3d 84
8 2d 1b 48 3d 88
9 2d 1c 6 3d 91
10 2e 1a 6 3e 74
11 2e 1b 48 3e 36
12 2e 1c 6 3e 56

(2l The B-keto ester (1 mmol) with MVK (2 mmol) and the silicate
(10 mol %) in chloroform (0.2 cm?) at 40 °C under N,.

The Michael addition proceeds in the presence of a Lewis
acid catalyst.”] The silicate 1d,” which has been used as
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a Lewis acidic reagent, was found to catalyze the Michael
addition of the B-keto ester to MVK (Table 1, entry 4). In
order to investigate the Lewis acidic property of the silic-
ates, 'H, '3C, and ?°Si NMR spectroscopy and an IR ana-
lysis of a mixture of MVK and the silicate 1a, 1b, 1c, or 1d
was attempted. Unfortunately, the obvious interaction of
MVK and the silicate was not detected spectroscopically.
Furthermore, the reaction with a hexacoordinate organosil-
icate was performed and compared with that with a penta-
coordinate organosilicate. In the presence of bis(triethylam-
monium) tris(1,2-benzenediolato)silicate 6 (10 mol %),[!%
the B-keto ester 2a was reacted with MVK (2 equivalents)
at 40 °C for 6 h to produce the corresponding 1,4-adduct
3a in 12% isolated yield (Scheme 3). The catalytic activity
of 6 was lower than that of 1b (Scheme 1; Table 1, entry 2).
These results may indicate that the pentacoordinate organ-
osilicates such as 1b and 1d work as a Lewis acid catalyst
and the Lewis acidity accelerates the reaction.

0O O l
OBt + kﬂ/
(¢}
2a MVK
[EwNH, [Si :@
0
6

3 0 o0
OFt
CHCly
40°C,N,, 24 h
0
3a,Y. 12%

Scheme 3

The Michael addition also proceeds in the presence of
a Bronsted base catalyst.['"-1?] In order to investigate the
Bronsted basic property of the silicates, an H—D exchange
reaction with 1c¢ was tried. The B-keto ester 2b was treated
with 1c¢ in chloroform at 40 °C then with deuterium oxide
at that temperature.l'3l As a result, the deuterated com-
pound 2b-d was obtained in 30% isolated yield in 3.5h
(Scheme 4); the reaction in the absence of 1¢ did not pro-
ceed at all. Therefore, silicate 1¢ was revealed to catalyze
the H—D exchange reaction. It is difficult to rule out the
possibility that the pentacoordinate organosilicates such as
1c exhibit Bronsted basicity.
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Based on these results, the pentacoordinate organosilicate
might act as a Lewis acid catalyst and, at the same time,
as a Bronsted base catalyst.['¥ Thus, a plausible reaction
pathway is as follows, although the details are still unclear
(Scheme 5). Initially, the pentacoordinate organosilicate in-
teracts with MVK at its silicon atom as a Lewis acid site,
and the hexacoordinate silicate forms. At the same time, the
silicate abstracts the a-proton of the B-keto ester with its
oxygen atom acting as a Brensted base site to produce an
enolate, which binds to the counter cation of the silicate.
The Michael-type addition of the enolate to the activated
MVK then proceeds. The resulting enolate is again stabil-
ized by the counter cation of the silicate. Finally, the silicate
introduces the proton to the enolate to furnish the corres-
ponding 1,4-adduct. The regenerated silicate then catalyzes
the reaction again. The plausible reaction pathway suggests
that the Lewis acidity and Brensted basicity of the silicates
are the effective determining factors of the reactivity of the
alkenes and the B-keto esters, respectively.
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Conclusion

In conclusion, we have performed the Michael addition
of the B-keto esters to MVK in the presence of the penta-
coordinate organosilicate to furnish the corresponding 1,4-
adducts in moderate to good yields. In particular, the silic-
ate la proved to be the most effective catalyst. The penta-
coordinate organosilicates have been used as a reactant with
a Lewis acid site in organic synthesis; however, to the best
of our knowledge, they have not hitherto been used as a
Lewis acid catalyst. In this reaction, the silicate might work
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both as a Lewis acid catalyst and a Bronsted base catalyst
at the same time. We believe that the use of the silicates in
these reactions clearly opens up new possibilities in the field
of the Michael reaction since the silicates might offer a
better environmental compatibility and economy.
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