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Abstract—Stereoselective conjugate addition of chiral �-dicarbonyl derivatives to methyl vinyl ketone was promoted by
electrolysis, using a catalytic amount of electricity. With respect to the metal-catalyzed methods, the electrochemical, metal-free
conditions resulted in enhanced reactivity of the electrogenerated enolates, so that the Michael addition was found to occur under
mild conditions and short reaction times, affording products with significant diastereoisomeric excesses. When Oppolzer’s sultam
was used as the chiral inductor and prolonged reaction times were employed, a reversal in the stereoselectivity was observed,
evidencing kinetic control in the electrochemically-induced addition and subsequent thermodynamic equilibration. The electro-
chemically-based method was also exploited for the elaboration of quaternary stereogenic carbon centers. © 2002 Elsevier Science
Ltd. All rights reserved.

1. Introduction

Asymmetric conjugate addition of active methylene
compounds to activated unsaturated systems (asymmet-
ric version of the Michael reaction) represents a power-
ful and widespread tool for stereoselective C�C bond
formation.

Because of several well-known drawbacks related to the
traditional base-catalyzed procedures,1 many efforts
have been made to establish valuable synthetic alterna-
tives. Most of the methods available2 involve the use of
metal catalysts associated with chiral auxiliaries.
Indeed, many different transition metal species and
enantiomerically pure ligands have been proposed in
order to improve the chemo- and stereoselectivity of the
addition processes.3

On the other hand, a significantly different approach to
achieve this goal consists of the insertion of a chiral
inductor in the acceptor or in the donor molecule to
stereodifferentiate the nucleophilic attack.4,5

In this case, also following a poorly stereoselective
addition process, the newly created stereogenic center
can often be obtained in enantiomerically pure form by
resolution of the epimeric mixture through a number of
different techniques.

In a recent report by Moreno-Mañas,5 for instance, the
presence of an enantiopure 4-benzyl-oxazolidin-2-one
residue on the acetoacetic skeleton was exploited for
diastereoselective additions to various Michael accep-
tors, by means of a catalytic Ni(II) complex. Using
alkyl vinyl ketones as electrophiles, the obtained
epimeric mixtures were found to be configurationally
stable, and separation by column chromatography was
readily accomplished.

However, although the Ni(II)-mediated addition allows
the reactions to occur under neutral conditions and
with high chemoselectivity, complete conversion of the
starting material may require long reaction times (1–5
days) and/or moderate heating (50°C refluxing 1,2-
dichloroethane), as a result, epimerization due to the
presence of an enolizable proton has occasionally been
observed.

As is well known, various Michael reactions are effec-
tively catalyzed by electrogenerated bases6 or by direct
cathodic electrolysis.7 As an interesting application,
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Evans reported the diastereoselective conjugate addi-
tion to levoglucosenone by direct reduction to the
electrode (using thiols as nucleophiles) or via electro-
generated superoxides (using nitro or heterocyclic com-
pounds as nucleophiles).8

As part of our research program directed towards
developing new electrochemically-based synthetic pro-
cedures,9 we became interested in designing asymmetric
bond-forming reactions by electrochemical activation of
chiral substrates, under metal-free conditions.

In this context, by means of electrochemical generation
of nitrogen and carbon anions, our laboratory has
successfully achieved synthetic targets both in the
diastereoselective conjugate additions of chiral nitrogen
nucleophiles,10 and in diastereoselective alkylation of
chiral �-dicarbonyl compounds.11

It should be noted that, in both cases, owing to the lack
of any metal counterion, we noticed a marked reactivity
of the electrogenerated anions, so that the reactions
were found to proceed with short reaction times, under
mild conditions, avoiding the use of chemical bases,
metallic reagents or additives (such as crown ethers etc.)
to increase the reactivity.

We report herein our studies on the reactivity and
stereoselectivity of different �-dicarbonyl enolates
incorporating chiral auxiliaries as donors in the
Michael addition reaction with methyl vinyl ketone
(MVK), under electrochemical conditions.

2. Results and discussion

2.1. Electrochemically-promoted addition of N-ace-
toacetyl oxazolidin-2-one

We have already reported on a previous study,11 which
showed that electrochemical deprotonation of N-ace-
toacetyl oxazolidin-2-ones can be very efficiently per-
formed by electrolysis, under galvanostatic control, of
acetonitrile/tetraethylammonium perchlorate (TEAP)
solutions containing the active methylene compound.
The corresponding tetraethylammonium enolates were
obtained in nearly quantitative yield after consumption
of 1.2 F/mol current, and used for efficient alkylations
with organohalides.

In connection with the above investigations, we tested
the reactivity of 1a12 (chosen as a model compound) in

the conjugate addition to the representative Michael
acceptor MVK under a variety of experimental condi-
tions (Scheme 1).

As shown in Tables 1 and 2, to find the optimal
electrochemical conditions, two sets of experiments
concerning the partial or complete consumption of the
starting material were carried out either by altering
either the current quantity or the reaction time.

As expected, the reaction required only a catalytic
amount of electricity to proceed (0.02–0.14 F/mol),
while a decrease in the selectivity was noticed on
extending the reaction time (Table 2, entries 2–4).

Thus, the reaction performed under the conditions
reported in Table 2 (entry 2) yielded the addition
product in 93% isolated yield with complete conversion
of the starting material, showing the best result in terms
of efficiency and chemoselectivity.

Table 1. Electrochemically-induced Michael addition of 1a
to MVK: electricity dependence

Entrya Charge (F/mol) 2a yield (%)b 1a conv. (%)c

0.0251 44 50
0.052 65 88

74 1000.083
100790.114

0.145 80 100

a General electrolysis conditions: two compartments cell, Pt anode
and cathode. 1a (1 mmol)+CH3CN (15 ml)+Et4NClO4 (0.6 mmol),
galvanostatic control, current density 10 mA/cm2. Reaction temper-
ature: 0°C�rt. Reaction time: 3 h.

b The yields refer to chromatographically pure 2a.
c The conversions are calculated on the recovered, chromatographi-

cally pure starting material 1a.

Table 2. Electrochemically-induced Michael addition of 1a
to MVK: reaction time dependence

Entrya Reaction time (h) 2a yield (%)b

1 1 89
2 932
3 803

18 654

a General electrolysis conditions: two compartments cell, Pt anode
and cathode. 1a (1 mmol)+CH3CN (15 ml)+Et4NClO4 (0.6 mmol),
galvanostatic control, current density 10 mA/cm2. Electrolyses
stopped after consumption of 14×10−2 Faraday/mol of 1a. Reaction
temperature: 0°C�rt.

b The yields refer to chromatographically pure 2a.

Scheme 1.
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It should be noted that in all cases, the �-monoaddition
product was the only product detectable by 1H NMR
analysis of the crude mixtures, while no by-products
arising from either double-addition, electroreduction of
the carbonyl functionalities, or nucleophilic attack by
the cyanomethyl anion (which may form in the
cathodic solution)13 were observed.

2.2. Electrochemically-promoted addition of enantiopure
acetoacetic derivatives

To assess the generality of the procedure and more
especially, to ascertain whether this electrochemical
process was a practical method for stereoselective
Michael addition, a series of enantiopure acetoacetic
derivatives (1b–f)12 were synthesized and submitted to
the reaction conditions reported in Table 3.

The acetoacetates of Oppolzer’s sultam and Evans’
oxazolidin-2-ones afforded the addition products in
good to excellent yields, with remarkable diastereoiso-
meric excesses. In contrast, the use of D-ribonolactone
as a chiral inductor led to a significant decrease in the
chemoselectivity and diastereoselectivity (Table 3, entry
14).

Lower chemical yield was also observed on using a
stoichiometric amount of electricity (Table 3, entry 7).

Interesting results were obtained on performing the
Michael addition of the acetoacetyl derivative 1b. The
immediate quenching of the reaction (as soon as the
GC–MS analysis indicated the consumption of the
starting material) led to the addition products in 85%
isolated yield and 71:29 d.r. (Table 3, entry 1), while a
quasi-reverse diastereoselectivity (33:67 d.r.) was
obtained when the reaction mixture was maintained
under the electrochemical conditions for 18 h (Table 3,
entry 6) or on a slight increase of the applied electrical
charge (Table 3, entry 2).

Since a prolonged reaction time, as well as an increas-
ing of the current quantity would promote
diastereomeric equilibration, we propose that, at first,
the less stable isomer (identified as the kinetic product)
is mainly produced. The following thermodynamic
equilibration would eventually lead to the predomi-
nance of the thermodynamically favored product.

The absolute configurations of the two stereoisomers of
2b cannot be assigned at this stage. However, ab initio
HF/3-21G calculations for the two isomers showed
calculated heats of formation differing by �14 kcal/
mol in favour of the epimer having the S configuration
at the newly created stereogenic center.

As others factors might affect the stereoselectivity of
the addition, we investigated the steric hindrance effects
of the substituent at C(4) of the oxazolidin-2-one moi-
ety. As shown in Table 3, the phenyl and benzyl
substituted analogs react to give products with very
poor diastereomeric excesses, while a marked improve-

ment was observed when an isopropyl substituent was
present oxazolidin-2-one residue.

No improvement in the diastereoselectivity was
observed on performing the reaction at −20°C (Table 3,
entry 12, Scheme 2).

Scheme 2.

Table 3. Electrochemically-induced Michael addition of
chiral 1b–f to MVK
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2.3. Electrochemically-promoted addition of enantiopure
�-methyl acetoacetic derivatives

The potential of this electrochemically-based method-
ology was then further explored for the stereocon-
trolled construction of stereogenic quaternary carbon
centers (QCCs), a topic of great interest in organic
synthesis.

In this case, the problems related to the possible
epimerization due to the presence of an enolizable
intercarbonyl proton are obviously circumvented, but
their configurations cannot be regarded as definitively
locked since a racemization process might take place
via retro-Michael reaction. Thus, several examples of
racemization processes at QCCs of Michael adducts
have been reported recently.14 We must therefore
assume that in this case, mild and carefully controlled
reaction conditions, work-up and purification proce-
dures are required to prevent loss of diastereo-
selectivity.

Our objective was to achieve a stereoselective C�C
bond formation exploiting the pre-existing stereocen-
ters in the starting substrates, again under electro-
chemical, metal-free conditions.

As shown in Table 4, the chiral substrate 3a provi-
ded the addition product in 62% yield and 65:35 d.r.
Moreover, although the stereoselectivity of the pro-
cess increased with descending temperature, the use of
lower temperatures compromised the yield of the
reaction.

Various attempts to carry out the Michael addition
on the chiral (2R)-methyl N-acetoacetyloxazolidin-2-
one 3b gave unsatisfactory results. In fact, no addi-
tion product was observed after 2 days by performing
the reaction at −60°C (or at −20°C), while very poor
conversion (<30%) and stereoselectivity (52:48 d.r.)
was obtained at room temperature.

3. Conclusion

In summary, we have shown an electrocatalytic
approach to chiral enolates, which was successfully
used in the Michael addition to MVK. With respect
to the metal-catalyzed reaction, the electrochemical
methodology offers the advantages of milder condi-
tions, and short reaction times. Good to excellent
yields and chemoselectivities were obtained by elec-
trolysis under galvanostatic conditions, avoiding either
metal or basic catalysts and, as a consequence, easy
set-up and work-up procedures were established.
Regarding the stereochemical aspects of the process,
despite the fact that the reactions were completed in
the absence of a chelating counterion,15 moderate to
high stereoselectivities were obtained solely by virtue
of the stereodirecting influence of the existing stereo-
centers in the enolate molecule.

4. Experimental

4.1. General

The electrochemical apparatus, the cells, NMR and
polarimeter instruments used in this study have been
described elsewhere.10

Dry acetonitrile (Lab-scan, anhydroscan) was used as
received, while propionitrile was freshly distilled twice
from CaH2. Tetraethylammonium perchlorate (TEAP)
was purified as already described.10 Chromatography
was performed with silica gel (70–230 mesh Merck).
TLC analysis was carried out on Merck Kieselgel
F254 plates. I2, vanillin and UV light were used as
detector systems.

4.2. Electrolyses and conjugate addition to methyl vinyl
ketone. General procedure

A solution of 1a–f or 3a–b (1 mmol) in anhydrous
acetonitrile (15 mL of 0.02 M acetonitrile solution of
TEAP) was electrolysed at 0°C, under galvanostatic
control (I=10 mA cm−2) in a divided cell (platinum
gauze cathode and anode). At the end of the electrol-
ysis, methyl vinyl ketone (1.5 equiv.) was added to
the cathodic solution and the reaction stirred, under
an argon atmosphere, until TLC disappearance of the
starting material. The mixture was then concentrated
in vacuo and the resulting oil purified by silica gel
chromatography.

Scheme 3.

Table 4. Electrochemically-induced Michael addition of 3
to MVK
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4.2.1. Isolated products. The starting materials 1e,5 1f16

and 3a16 the addition products 2e16 and 4a17 gave
spectral data and optical rotations according to the
literature.

4.2.2. 3-Acetoacetyl-1,3-oxazolidin-2-one, 1a. Colorless
solid, mp 61–63°C; 1H NMR � (CDCl3): 2.25 (s, 3H);
4.00 (s, 2H); 4.02 (t, 2H, J=4.0 Hz); 4.43 (t, 2H, J=4.0
Hz). 13C NMR � (CDCl3): 201.0; 179.8; 166.4; 62.2;
50.9; 42.1; 30.1. Anal. calcd for C7H9NO4: C, 49.12; H,
5.30; N, 8.18; O, 37.39. Found: C, 49.20; H, 5.20; N,
8.10; O, 37.50%.

4.2.3. 4-[(6R,7aR)-8,8-Dimethyl-2,2-dioxidotetrahydro-
3a,6-methano-2,1-benzisothiazol-1(4H)-yl]-4-oxobutan-2-
one, 1b. Colorless solid, mp 74–76°C; [� ]D=−79.7 (c
0.715, AcOEt); two tautomeric forms, spectroscopic
data for the ketonic form: 1H NMR � (CDCl3): 4.00 (d,
1H, J=16.8 Hz) 3.87–3.83 (m, 1H); 3.65 (d, 1H, J=16.8
Hz); 3.44 (apparent dd, 2H, J1=13.7 Hz, J2=3.7 Hz);
2.23 (s, 3H); 2.12–1.88 (m, 5H); 1.40–1.13 (m, 2H); 1.05
(s, 3H); 0.95 (s, 3H). 13C NMR � (CDCl3): 199.8; 164.6;
65.01; 52.7; 50.7; 48.6; 47.7; 44.4; 38.0; 32.6; 30.2; 26.4;
20.5; 19.9. Anal. calcd for C14H21NO4S: C, 56.16; H,
7.07; N, 4.68; O, 21.38; S, 10.71. Found: C, 56.22; H,
6.91; N, 4.72; O, 21.36; S, 10.79%.

4.2.4. (4S)-3-Acetoacetyl-4-isopropyl-1,3-oxazolidin-2-
one, 1c. Colorless solid, mp 53–55°C; [� ]D=+58.3 (c
0.72, AcOEt); 1H NMR � (CDCl3): 4.48–4.41 (m, 1H);
4.40–4.24 (m, 2H); 4.22–3.89 (m, 2H); 2.51–2.33 (m,
1H); 2.26 (s, 3H); 0.92 (d, 3H, J=2.9 Hz); 0.89 (d, 3H,
J=2.9 Hz). 13C NMR � (CDCl3): 200.9; 166.4; 154.3;
63.6; 58.4; 51.4; 30.0; 28.3; 17.9; 14.5. Anal. calcd for
C10H15NO4: C, 56.33; H, 7.09; N, 6.57; O, 30.01. Found:
C, 56.40; H, 6.98; N, 6.55; O, 30.07%.

4.2.5. (4R)-3-Acetoacetyl-4-phenyl-1,3-oxazolidin-2-one,
1d. Colorless solid, mp 113–114°C; [� ]D=−78 (c 1.01,
CHCl3); 1H NMR � (CDCl3): 7.39–7.32 (m, 5H); 5.44
(dd, 1H, J1=3.7 Hz; J2=8.8 Hz); 4.68 (t, 1H, J=8.8
Hz); 4.21 (dd, 1H, J1=3.7 Hz, J2=8.8 Hz); 4.00 (s, 2H);
2.25 (s, 3H).

13C NMR � (CDCl3): 201.2; 165.9; 154.0; 138.6; 129.1;
128.7; 125.9; 70.3; 57.3; 51.3, 30.1. Anal. calcd for
C13H13NO4: C, 63.15; H, 5.30; N, 5.67; O, 25.88. Found:
C, 63.21; H, 5.30; N, 5.60; O, 25.89%.

4.2.6. 3[(2-Oxo-1,3-oxazolidin-3-yl)carbonyl]heptane-2,6-
dione, 2a. Very dense oil. 1H NMR � (CDCl3): 4.51–4.38
(m, 5H); 4.01–3.95 (m, 2H); 2.52 (t, 2H, J=7.0 Hz); 2.26
(s, 3H); 2.07 (s, 3H). 13C NMR � (CDCl3): 205.5; 204.3;
169.0; 153.7; 62.3; 57.3; 42.3; 40.8; 29.8; 28.7; 20.8. Anal.
calcd for C11H15NO5: C, 54.77; H, 6.27; N, 5.81; O,
33.16. Found: C, 54.82; H, 6.30; N, 5.82; O, 33.06%.

4.2.7. 3{[(6R,7aR)-8,8-Dimethyl-2,2-dioxidotetrahydro-
3a,6 - methano - 2,1 - benzisothiazol - 1(4H) - yl]carbonyl}-
heptane-2,6-dione, 2b. Inseparable mixture of epimers as
a very dense oil. Spectroscopic data for the major
diastereoisomer (Table 3, entry 1): 1H NMR � (CDCl3):
4.05 (t, 1H, J=6.7 Hz); 3.85 (t, 1H, J=6.7 Hz); 3.49 (d,

2H, J=4.5 Hz); 2.51–2.49 (m, 2H); 2.48–1.75 (m, 7H);
2.25 (s, 3H); 2.10 (s, 3H); 1.50–1.25 (m, 2H), 1.13 (s,
3H); 0.95 (s, 3H). 13C NMR � (CDCl3): 207.0; 201.5;
168.7; 65.4; 57.7; 52.9; 48.3; 47.7; 44.5; 40.5; 38.2; 32.8;
29.7; 29.1; 26.3; 23.0; 20.7; 19.8.

4.2.8. 3-{[(4S)-4-Isopropyl-2-oxo-1,3-oxazolidin-3-yl]-
carbonyl}heptane-2,6-dione, 2c. Major diastereoisomer
(4S,3R): very dense oil. [� ]D=−12.9 (c 0.695, AcOEt)
1H NMR � (CDCl3): 4.50–4.44 (m, 1H); 4.42–4.33 (m,
1H); 4.29–4.15 (m, 2H); 2.53 (t, 2H, J=7.0 Hz); 2.47–
2.37 (m, 1H); 2.35 (s, 3H); 2.12–2.02 (m, 2H); 2.09 (s,
3H); 0.87 (dd, 6H, J1=7.0 Hz, J2=4.0 Hz). 13C NMR
� (CDCl3): 207.5; 204.1; 168.9; 154.1; 63.6; 58.5; 57.4;
40.8; 29.8; 28.7; 28.3; 20.7; 17.8; 14.4. Anal. calcd for
C14H21NO5: C, 59.35; H, 7.47; N, 4.94; O, 28.24. Found:
C, 59.42; H, 7.41; N, 5.03; O, 28.14%.

Minor diastereoisomer (4S,3S): colorless solid, mp 78.8–
79.9°C; [� ]D=+130.6 (c 0.735, AcOEt); 1H NMR �
(CDCl3): 4.50–4.44 (m, 1H); 4.42–4.33 (m, 1H); 4.29–
4.15 (m, 2H); 2.53 (t, 2H, J=7.0 Hz); 2.47–2.37 (m, 1H);
2.35 (s, 3H); 2.12–2.02 (m, 2H); 2.09 (s, 3H); 0.87 (dd,
6H, J1=7.0 Hz, J2=4.0 Hz). 13C NMR � (CDCl3):
207.4; 204.4; 169.0; 154.3; 63.7; 58.6; 57.8; 40.9; 29.6;
29.3; 28.4; 21.2; 17.9; 14.7. Anal. calcd for C14H21NO5:
C, 59.35; H, 7.47; N, 4.94; O, 28.24. Found: C, 59.39; H,
7.42; N, 5.00; O, 28.19%.

4.2.9. 3-{[(4R)-2-Oxo-4-phenyl-1,3-oxazolidin-3-yl]car-
bonyl}heptane-2,6-dione, 2d. Major diastereoisomer
(4R,3S): very dense oil; [� ]D=−39 (c 1.04, CHCl3); 1H
NMR � (CDCl3): 7.40–7.30 (m, 5H); 5.26 (dd, 1H,
J1=8.8 Hz, J2=4.0 Hz); 4.70 (dd, 1H, J1=8.8 Hz,
J2=4.7 Hz); 4.59 (t, 1H, J=6.3 Hz); 4.28 (dd, 1H,
J1=8.8 Hz, J2=4.0 Hz); 2.37 (m, 2H); 2.34 (s, 3H); 2.06
(m, 2H); 2.02 (s, 3H). 13C NMR � (CDCl3): 207.2; 204.2;
168.5; 153.8; 138.8; 129.0; 128.6 (2C); 125.9; 125.8; 70.0;
57.8; 57.3; 40.4; 28.7; 28.6; 20.9. Anal. calcd for
C17H19NO5: C, 64.34; H, 6.03; N, 4.41; O, 25.21. Found:
C, 64.41; H, 6.10; N, 4.45; O, 25.04%.

Minor diastereoisomer (4R,3R): very dense oil; [� ]D=
+114 (c 0.47, CHCl3); 1H NMR � (CDCl3): 7.40–7.30
(m, 5H); 5.42 (dd, 1H, J1=8.8 Hz, J2=4.0 Hz); 4.70 (t,
1H, J=8.8 Hz); 4.55 (dd, 1H, J1=7.5 Hz, J2=4.7 Hz);
4.24 (dd, 1H, J1=8.8 Hz, J2=4.0 Hz); 2.54 (t, 2H,
J=7.0 Hz); 2.31 (s, 3H); 2.10 (s, 3H); 2.06 (m, 2H). 13C
NMR � (CDCl3): 207.5; 204.0; 168.5; 153.8; 138.3;
128.9; 128.5; 125.5; 70.3; 57.5; 57.3; 40.5; 29.7; 28.6;
20.6. Anal. calcd for C17H19NO5: C, 64.34; H, 6.03; N,
4.41; O, 25.21. Found: C, 64.38; H, 6.00; N, 4.47; O,
25.15%.

4.2.10. 2-[2,3-O-Isopropylidene-D-ribonic-�-lactone]-ace-
tyl-5-oxo hexanoate, 2f. Inseparable mixture of epimers
as a pale yellow oil. Spectroscopic data for the major
diastereoisomer (Table 3, entry 14): 1H NMR �
(CDCl3): 4.74–4.71 (m, 2H); 4.70–4.66 (m, 1H); 4.50–
4.15 (m, 2H); 3.51–3.45 (m, 1H); 2.51–2.45 (m, 2H); 2.16
(s, 3H); 2.07 (s, 3H); 2.25–1.90 (m, 2H); 1.41 (s, 3H);
1.33 (s, 3H); 13C NMR � (CDCl3): 207.2; 202.9; 173.4;
168.6; 113.8; 79.6; 77.6; 76.4; 64.1; 57.9; 40.1; 29.9; 26.6
(2C); 25.4; 21.6.
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4.2.11. 3-[2-Methyl-3-oxobutanoyl]-(4R)-phenyl-1,3-oxa-
zolidin-2-one, 3b. (The title compound was prepared
according to the Ref. 11. The mixture of epimers (d.r.=
60:40) was separated by silica gel chromatography and
the major diastereoisomer used as the starting material
as reported in Scheme 3). Colorless solid, mp 129.5–
130.9°C; [� ]D=−29.4 (c 0.71, AcOEt); 1H NMR �
(CDCl3): 7.43–7.24 (m, 5H); 5.41 (dd, 1H, J1=8.8 Hz,
J2=4.0 Hz); 4.67 (t, 1H, J=4.5 Hz); 4.55 (q, 1H,
J=7.2 Hz); 4.20 (dd, 1H, J1=8.8 Hz, J2=4.0 Hz); 2.27
(s, 3H); 1.32 (d, 3H, J=7.2 Hz). 13C NMR � (CDCl3):
204.8; 169.4; 154.0; 138.4; 129.1; 128.6 (2C); 125.8 (2C);
70.4; 57.8; 53.1; 28.2; 12.2. Anal. calcd for C14H15NO4:
C, 64.36; H, 5.79; N, 5.36; O, 24.49. Found: C, 64.41;
H, 5.71; N, 5.42; O, 24.46%.
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