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Mechanistic Insights into Copper-Catalyzed Michael Reactions

Elisabet Pérez,1*" Marcial Moreno-Maiias,’!lI'l Rosa Maria Sebastian,"!
Adelina Vallribera,*® and Anny Jutand*!?!

Keywords: Copper / Michael addition / Reaction mechanisms

The mechanism of the Michael reaction between 2-(ethoxy-
carbonyl)cyclopentanone (2) and methyl vinyl ketone (3) cat-
alyzed by the copper(ll) salt [Cu(5-tBu-Sal),] (1) has been in-
vestigated in toluene. The kinetics of the reaction of the cata-
lyst 1 with the oxo ester 2 has been investigated by UV/Vis
spectroscopy. It has been established that [Cu(5-tBu-Sal),] (1)
reacts with 2 in a first-order reaction, which is retarded by
5-tBu-Sal-H (6), formed in the reaction after the reversible
dissociation of [Cu(5-tBu-Sal),] to [Cu(5-tBu-Sal)]* and 5-

tBu-Sal™ and the subsequent reversible deprotonation of 2 by
5-tBu-Sal™. The formation of the mixed complex [Cu(5-tBu-
Sal)(enolate-2)] (5) is proposed and has been characterized
by cyclic voltammetry. The rate constant for the overall reac-
tion leading to [Cu(5-tBu-Sal)(enolate-2)] (5) has been deter-
mined. The reaction of the mixed complex 5 with methyl
vinyl ketone (3), investigated by cyclic voltammetry, is pro-
posed as the rate-determining step.

Introduction

The Michael addition of active methylene compounds to
activated m systems is one of the most powerful tools for
C-C bond formation.['l Catalysis by transition metals or
lanthanides is an important alternative to the use of bases.”!
Among transition metals, copper is probably the metal that
has attracted most attention as a catalyst in Michael reac-
tions since the pioneering work of Saegusa and Nelson and
their co-workers, who described the combination of iso-
cyanides and Cu,O or Cu(acac),,’! or Cu(baen)™ [the cop-
per(I) complex of the product formed by the Schiff base
condensation of 2,4-pentanedione with ethylenediamine].
Since then, several groups have studied enantioselective
Michael additions. Christoffers and co-workers proposed
the use of Co(OAc),"H>O and a-amino acid amides as chi-
ral auxiliaries [including their immobilization in poly(ethyl-
eneglycol)], obtaining excellent ees in the reactions of
enantiopure enamines of B-dicarbonyl compounds with
methyl vinyl ketone as electrophile.’] A different approach
was adopted by Jergensen and co-workers, who used the
combination of Cu(OTf), and chiral bis(oxazolines) in the
reactions of open and cyclic oxo esters with azodicarboxyl-
ates.[®! More recently, a camphor-derived acrylate equiva-
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lent has been used by Palomo et al. as a chiral acrylate in
copper-catalyzed reactions of B-oxo esters.’! Copper tri-
flate/[bmim]|BF, has been recommended for good recycling
of the catalyst.[®!

Some of us have previously reported that Ni(salicyl-
aldehydate),2H,O [Ni(sal),"2H,0] is an efficient catalyst
for the reactions of a series of Michael acceptors and 3-
methyl-2,4-pentadione and ethyl 2-methyl-3-oxobutanoate
with the generation of quaternary centers.’] Furthermore,
some of these reactions were performed under organic per-
fluorinated biphasic conditions using a nickel(I) complex
of the Schiff base of salicylaldehyde and 4-(perfluorodecyl)-
aniline. The perfluorinated phase, in which the catalyst is
soluble, was reused in four consecutive reactions without
loss of activity.['] We have also been interested in the dia-
stereoselective metal-catalyzed Michael addition reactions
of N-acetoacetic and 3-oxostearic acid derivatives of enan-
tiomerically pure common chiral auxiliaries, a method that
has been applied with success to the synthesis of enantio-
pure syn-1,2-hydrazino alcohols.!'!! In addition, we have
compared the activity of different transition metals and
came to the conclusion that the copper(Il) complex of sali-
cylaldehyde is slightly better than [Ni(sal),-2H-O]. To im-
prove the solubility in organic solvents we introduced a zerz-
butyl group onto the aromatic ring. Thus, complex [Cu(5-
tBu-Sal),] (1) catalyzed the Michael reaction of 2-(ethoxy-
carbonyl)cyclopentanone (2) with butenone (3), ethyl acryl-
ate, acrylonitrile, and diethyl azodicarboxylate. One serious
limitation of many metal species is that their catalytic ac-
tivity is limited to very active Michael acceptors (unsatu-
rated ketones and dialkyl azodicarboxylates), other acceptors
such as acrylates and acrylonitrile being inactive.
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Although the usefulness of the Michael reaction has been
widely demonstrated, experiments have so far provided lim-
ited insight into the mechanism. In particular, for the
above-mentioned reaction, a catalytic cycle based on the
results of IR and UV/Vis spectroscopy and GLC analysis
was proposed for this reaction (Scheme 1).['?) The catalytic
cycle starts from complex 1, and we assume the formation
of intermediate 5 and free 5-tert-butylsalicylaldehyde (6) by
an exchange of Cu ligands. Evidence for the formation of
complex 5 was indirectly obtained by identification of 5-
tert-butylsalicylaldehyde (6) by IR spectroscopy (1655 cm™!)
and GLC analysis of the reaction mixture of 1 and 2 (molar
ratio 1:2). Moreover, we undertook a preliminary UV/Vis
spectroscopic study of the interactions of covalent catalyst
1 with the components of the reaction of 2 and 3. We deter-
mined that B-oxo ester 2 interacts with copper complex 1,
as shown by the bathochromic displacement (in dichloro-
methane) of the bands in the UV/Vis spectrum of copper
complex 1 upon mixing 1 with 2. No significant interaction
between 1 and 3 was detected in that UV/Vis region. These
results suggest the in situ generation of some active species
with the general structures of 5 and/or 7, which should both
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Scheme 1. Previously suggested catalytic cycle for catalyst 1.
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react in a similar way. In fact, the copper enolate 7, inde-
pendently prepared from B-oxo ester 2 and Cu(OAc),,'?
reacts with butenone (3) to afford the Michael adduct 4
in 84% yield (Scheme 1). Complex 7 is formed by ligand
exchange of Cu complex 5 in the presence of B-oxo ester 2
at room temp. over a long period of time.

To obtain more insight into the proposed steps and inter-
mediates of the mechanism for the reaction of the oxo ester
2 with 2-butenone (3) catalyzed by [Cu(5-rBu-Sal),]
(Scheme 1), the kinetics of the first steps of the catalytic
cycle have been investigated by UV spectroscopy and elec-
trochemical techniques.

Results and Discussion

Mechanism of the Reaction of [Cu(5-rBu-Sal),| (1) with the
Oxo Ester 2, as Monitored by UV Spectroscopy

All experiments were performed in toluene at 30 °C.
[Cu(5-tBu-Sal),] (1; ¢y = 0.706 mM) exhibited an absorption
band at A, = 397nm (Figure 1). When reagents 2
(20 equiv.) and 3 (100 equiv.) were added to a fresh solution
of [Cu(5-tBu-Sal),] (1; 2 mm) in toluene, the UV band of 1
disappeared within 10 min. A new UV band was observed
at Anax = 423 nm, the absorbance of which was almost con-
stant within 4 h. After 5 h (corresponding to the end of the
catalytic reaction), the UV band of complex 1 was restored
(Figure 2), albeit with decreased absorbance. Thus, [Cu(5-
tBu-Sal),] (1) disappeared in a fast reaction in the presence
of the reagents and did not accumulate in the catalytic reac-
tion. It was readily transformed into another Cu complex,
the concentration of which was almost constant during the
catalytic reaction. This intermediate Cu complex accumu-
lated (resting state) and was thus involved in the rate-de-
termining step of the catalytic reaction. Its structure should
not differ too much from that of the initial catalyst 1 be-
cause their respective maximum wavelengths are close to
each other (423 vs. 397 nm).
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Figure 1. UV spectrum of [Cu(5-7Bu-Sal),] (1; 0.706 mM) in toluene
in a 1 cm pathlength cell at 30 °C.

UV spectral analysis of a fresh solution of [Cu(5-/Bu-
Sal),] (1; 0.73 mm) after given periods of time revealed that

its absorbance slowly decreased with time: 13% lower after
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Figure 2. Evolution with time of the UV spectrum of [Cu(5-7Bu-
Sal),] (1; 2 mm) in toluene in a 1 cm pathlength cell at 30 °C after
addition of a mixture of 2 (20 equiv.) and 3 (100 equiv.). The dark-
blue, pink, black, green, and red UV spectra were recorded after
10 min, 1, 2, 3, and 4 h, respectively. The upper turquoise UV spec-
trum, which characterizes complex 1, was recorded after 5 h.

4 h and 21% lower after 20 h, attesting to a slow decompo-
sition of 1. Kinetic measurements of the reaction of 1 with
the oxo ester 2 could thus be investigated within 4 h without
a significant contribution from the decomposition of 1. The
kinetics of the reaction of complex 1 (0.7 mm) with the oxo
ester 2 was monitored by UV spectroscopy by recording the
decrease in its absorbance D (Dy = 1.7), measured at A,
= 397 nm, with time after the addition of the oxo ester 2
(20, 30, 40, and 50 equiv.; Figure 3). In all cases, the final
absorbance was low (D = 0.25) and almost constant, at-
testing to an irreversible reaction between 1 and 2.
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Figure 3. Variation of the UV absorbance at A = 397 nm of [Cu(5-
tBu-Sal),] (1; 0.7 mm) in toluene after the addition of 2 (20 equiv.)
at 30 °C.

The plot of Inx against time was not linear throughout
the reaction and for all concentrations of the oxo ester 2 [x
= molar fraction of 1, x = (D, — Dgna)/(Dy — Dginar), in
which D, = absorbance at time ¢, D, = initial absorbance,
and Dg,, = absorbance at the end of the reaction; Fig-
ure 4]. The kinetic curve may be divided into two parts:
Part I at short reaction times (Inx = —k' ), which charac-
terizes the reaction up to 50% conversion, and Part II at
longer reaction times, beyond 80% conversion (Inx =
—k ) when the disappearance of [Cu(5-tBu-Sal),] (1) was
slower (Figure 4). The plot of k', against the concentra-
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tion of 2 was linear, attesting to a first-order reaction in the
oxo ester 2: k'op = k'[2] with k' = 8.9 M !s ! (toluene, 30 °C;
Figure 5).113
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Figure 4. Kinetics of the reaction of [Cu(5-tBu-Sal),] (1; 0.73 mm)
and the oxo ester 2 (20 equiv.) in toluene at 30 °C. x = molar frac-
tion of 1.
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Figure 5. Determination of the reaction order for the oxo ester 2
in its reaction with [Cu(5-/Bu-Sal),] (1; 0.7 mm) in toluene at 30 °C.
ko was determined from the slope of the straight line at short
reaction times (Part I), as in Figure 4, for different concentrations
of 2.

For simplification, [Cu(5-tBu-Sal),] (1) was expressed as
CuA, and the oxo ester 2 as BH. The reaction of neutral
CuA, with BH cannot proceed directly because acid/base
reactions must be involved. The neutral complex CuA, is
partly dissociated in solution to CuA™* and A~. Indeed, the
absorbance of CuA, increased upon successive addition of
AH (6, 5-tert-butylsalicylaldehyde) that is, successive ad-
dition of A~ (Figure 6). These results suggest that CuA* is
involved in the catalytic cycle through Equilibrium (1) in
Scheme 2.

According to the proposed mechanism displayed in
Scheme 2, Part I in Figure 4 would be represented by Equa-
tions (1)—(3), and Part IT by Equations (4) and (5), in which
some CuA, would be regenerated from the formation of
AH in Equation (2). The kinetic law corresponding to
Equations (1)—(3) is displayed in Scheme 3.

The kinetic law in Equation (7) reveals a first-order reac-
tion for BH (2), which was found experimentally (Figure 5),
and a reaction order of —1 for AH. The experiments shown
in Figure 4 were conducted in the absence of added AH.
AH was generated in Equation (2) at a concentration that
varied throughout the reaction. To confirm the kinetic law,
1015

www.eurjic.org



FULL PAPER

A. Vallribera, A. Jutand et al.

3
6 (4 equiv.)
a . 6 (3 equiv.) \
< 6 (2 equiv.) \
o 2r
c
]
2
o
7]
< 4t
\ 6 (1 equiv.)
0

1 1 1 1
0 2000 4000 6000 8000 1 10*
Time (s)

Figure 6. Evolution of the UV absorbance at 4 = 397 nm of [Cu(5-
tBu-Sal),] (1; 0.53 mm) in toluene in a 1 cm pathlength cell at 30 °C
in the presence of 6 as indicated by the arrows (total number of
equiv. of 6).
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rate = k3[B][CuA*]
[Cu] = [CuA*] + [CuA,] = [CUA*] + [CUA*TA VK, = [CUA'I(1 + [ATJIKy)
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I [AYK; >> 1, then d[Cul/dt = —kK4[BIICUVIAT] = —ksK Ko[CUIIBHIAH]
d[Cuy/[Cu] = _—ksKiKo[BH]dt &
[AH]

Integration of Eq. (6) gives Eq. (7)
if BH and AH are in large excess (> 10 equiv.)
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Scheme 3.

the disappearance of 1 (CuA,) in its reaction with 2 (BH)
was studied in the presence of excess AH (6). Compound 6
(5 equiv.) was first added to [Cu(5-rBu-Sal),] (1; ¢y =
0.25 mm), the absorbance of which at 4 = 397 nm increased
with time (Figure 7), in agreement with the experiments
shown in Figure 6. The oxo ester 2 (20 equiv.) was then in-
troduced after the absorbance had reached a constant value
(Figure 7), and the absorbance of 1 dropped to its final
value, as observed in the absence of added AH (Figure 3).
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Figure 7. Evolution of the UV absorbance at A = 397 nm of [Cu(5-
tBu-Sal),] (1; 0.25 mm) in toluene in a 1 cm pathlength cell at 30 °C
after the addition of 6 (5 equiv.). The oxo ester 2 (20 equiv.) was
added after 2800 s, as indicated by the arrow.

The kinetics of the latter reaction was investigated by
plotting 6lnx — x + 1 vs. time [x = [1],/[1], in the presence of
6, x = (D, — Dgina1)/(Dg — Dginay), in which D, = absorbance at
time 7, Dy = initial absorbance, and Dy,,; = absorbance at
the end of the reaction]. The plot was linear up to 65%
conversion (Figure 8), in agreement with the theoretical ki-
netic law obtained when 6 (5 equiv.) was added. The kinetic
law 6ln x — x + 1 = —k3 K, K,[BH]t/C,, was obtained by inte-
gration of Equation (6) in Scheme 3, in which [AH] =
¢o(6 — x). From the slope of the straight line, one determines
k3K, K> = 0.063 s (toluene, 30 °C). This was further con-
firmed when the same reaction was performed by adding
10 equiv. of 6 to 1 before the oxo ester 2 (20 equiv.). Indeed,
a similar value was found (k;K;K, = 0.051s!) from the
slope of the straight line obtained by plotting Inx vs. time
[Equation (7)] up to 50% conversion. Both experiments
provide evidence that the reaction order for 6 is indeed —1.
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Figure 8. Kinetics of the reaction of [Cu(5-rBu-Sal),] (1; 0.25 mm)
with the oxo ester 2 (20 equiv.) in the presence of 6 (5 equiv.) added
before 2 (see Figure 7) in toluene at 30 °C.

The reaction of [Cu(5-Bu-Sal),] (1) with the oxo ester 2
was also monitored by cyclic voltammetry!'4l performed in
acetonitrile (a solvent compatible with electrochemical ex-
periments that is also a good solvent for Michael reac-
tions).!'> The cyclic voltammogram of 1 (2 mm) performed
at a steady gold disk electrode exhibited a main irreversible
reduction peak at EPr; = —0.53 V vs. SCE followed by a
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minor reduction peak at EPg, = -0.89 V (Figure 9). An oxi-
dation peak observed on the reverse scan at EPg, = —0.08 V
characterized a species generated at the second reduction
peak, a “naked” Cu® adsorbed at the electrode, as illus-
trated in Figure 9. The mechanism for the electrochemical
reduction of 1 is displayed in Scheme 4.

0|.5 (; -0?5 -:I -11.5
E (Volt vs SCE)

15 1

Figure 9. Cyclic voltammetry performed at a gold disk electrode (d
= 1 mm) in acetonitrile containing nBusNBF, (0.3 M) at a scan rate
of 0.5 Vs ! at 22 °C. Reduction of [Cu(5-7Bu-Sal),] (1; 2 mm).

Cu'A, + 1ee—» CUA + A~ Ry

CUA +1e — CW® + A~ R,

Cu® — Cu' + 1e” 05

Scheme 4.

AH (6) exhibited a single irreversible reduction peak at
EPRr; = —1.75 V. The oxo ester 2 was not electroactive in the
investigated potential range (+0.5 to -2 V). The oxo ester 2
(1, 2, 3, 4, 10, and 20 equiv.) was added to [Cu(5-zBu-Sal),]
(1; 2 mMm) in acetonitrile. A progressive decrease in the two
successive reduction peaks of 1 was observed in the corre-
sponding CVs, and they fully disappeared in the presence
of 4 equiv. of 2 (Figure 10). Three new reduction peaks ap-
peared at EPgy = —1.18V, EPrs = —1.61V, and EPg; =
—1.83 V vs. SCE. The latter is close to the reduction peak
of AH (6). This shows that a reaction between 1 and 2 took
place that delivered AH [as proposed in Equation (2) of
Scheme 2]. The oxidation peak at EPg, = —0.08 V, which
characterizes the oxidation of an electrogenerated “naked”
Cu® adsorbed at the electrode, was still observed in the re-
verse scan in the absence of complex 1 due to its reaction
with the oxo ester 2 (Figure 10c). This indicates that the
reduction process at R4/Rs generates “naked” Cu’. R, and
R are thus assigned to the reduction of the mixed complex
CuAB (5) [Equation (3) in Scheme 2].

The further steps of the catalytic cycle were then investi-
gated by adding methyl vinyl ketone (3; 1 equiv.) to CuAB
(5), formed by treating 2 (4 equiv.) with [Cu(5-Bu-Sal),] (1;
2 mM) in acetonitrile. The two reduction peaks R; and R,
of [Cu(5-rBu-Sal),] (1) were partly recovered (Figure 11),
whereas the two reduction peaks R, and Rs of CuAB (5)
were still observed but at a lower intensity than in the ab-
sence of 3 (compare Figure 11 with Figure 10c).
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Figure 10. Cyclic voltammetry performed at a gold disk electrode
(d = 1 mm) in acetonitrile containing nBuyNBF, (0.3 m) at a scan
rate of 0.5Vs! at 22°C. (a): Reduction of [Cu(5-tBu-Sal),] (1;
2 mMm); (b): in the presence of 2 (4 mm); (c): in the presence of 2
(8 mm).

Ry

1I.5 1 05 0 -05 -1 -15 -2 -25
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Figure 11. Cyclic voltammetry performed at a gold disk electrode
(d = 1 mm) in acetonitrile containing nBuyNBF, (0.3 m) at a scan
rate of 0.5 Vs ! at 22 °C after the addition of 3 (2mm) to CuAB
(2 mm) generated in situ as in Figure 10c.

The reduction peak currents of R; and R, of 1 further
increased upon the addition of a further 3 equiv. of 3 at the
expense of the two reduction-peak currents of CuAB (5) at
R, and Rs. The reduction peak of AH (6) was no longer
detected. These experiments provide evidence for the reac-
tion of methyl vinyl ketone (3) with the intermediate com-
plex CuAB (5), which restored the initial [Cu(5-7Bu-Sal),]
(1). The disappearance of AH (6) indicates that a proton-
ation reaction has occurred, as required for the formation
of the Michael product 4. Consequently, the first catalytic
cycle has been closed. This also shows that the reaction of
CuAB (5) with methyl vinyl ketone (3) is quite slow and
suggests that the mixed complex 5 is involved in the rate-
determining step of the catalytic cycle. Such a step was also
observed by UV spectroscopy (Figure 2).

All the data obtained by UV/Vis and cyclic voltammetry
studies allowed us to propose a new catalytic cycle for this
reaction (Scheme 5). The rates and mechanism of the first
three steps have been determined. Furthermore, the mixed
complex [Cu(5-rBu-Sal)(enolate-2)] (5) appears to be the
1017
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key intermediate in the catalytic reaction and is involved in
the rate-determining step. Similar complexes have pre-
viously been proposed for lanthanide-catalyzed Michael ad-
dition reactions.[!>]
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Scheme 5.

Conclusions

The mechanism for the [Cu(5-7Bu-Sal),]-catalyzed
Michael reaction has been investigated by UV/Vis spec-
troscopy and cyclic voltammetry. The rates and mechanism
of the first three steps of the catalytic cycle have been char-
acterized. [Cu(5-tBu-Sal),] (1) reacts with the B-oxo ester 2
in a first-order reaction retarded by 5-rBu-Sal-H. The reac-
tion consists of a reversible dissociation of 1 to [Cu(5-tBu-
Sal)]* and 5-/Bu-Sal-, followed by the deprotonation of 2
by 5-tBu-Sal” to form enolate-2, and the subsequent forma-
tion of the mixed complex [Cu(5-tBu-Sal)(enolate-2)] (5;
Scheme 5). The rate constant for the overall formation of 5
was determined as k3K K,. The intermediate complex 5 was
characterized by UV/Vis spectroscopy and cyclic voltamme-
try studies. It reacts with methyl vinyl ketone (3) to give the
Michael product 4 in the rate-determining step (Scheme 5).

Experimental Section

General Methods: All experiments were performed by using stan-
dard Schlenk techniques under argon. UV/Vis spectra were re-
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corded on an mc? Safas Monaco spectrometer. Cyclic voltammetry
was performed with a home-made potentiostat and a Tacussel
GSTP4 waveform generator. The voltammograms were recorded
with a Nicolet 301 oscilloscope.

Materials: Toluene was distilled from sodium and acetonitrile was
filtered through dry alumina. [Cu(5-7Bu-Sal),] (1) was prepared as
described previously.l'?l Oxo ester 2 and methyl vinyl ketone (3)
were commercial.

General Procedure for the UV/Vis Experiments: The UV/Vis experi-
ments were performed in a 1 cm pathlength cell thermostatted at
30 °C. A solution of 1 (3 mL, 0.703 mm) in toluene was added to
the cell. The UV/Vis spectroscopy was performed from time to time
up to 20 h to test the stability of 1. In another experiment, 2
(17.7 uL, 0.12 mmol, 20 equiv.) and 3 (48 puL, 0.6 mmol, 100 equiv.)
were simultaneously added to the cell containing a fresh solution
of 1 3mL, 2mwm) in toluene. The UV/Vis spectroscopy was per-
formed from time to time up to 5 h (Figure 2) corresponding to the
end of the catalytic reaction.

Kinetic Studies: The kinetics of the reaction of 1 (0.7 mm) with 2
was performed by recording the decrease in the absorbance of 1 at
397 nm with time after the addition of various amounts of 2 (20,
30, 40, and 50 equiv.) until total conversion in all cases. The de-
celerating effect of 6 (5 and 10 equiv.) on the rate of the reaction
of 2 (20 equiv.) with 1 (0.25 mm) was investigated under the same
conditions as above.

General Procedure for the Cyclic Voltammetry Experiments: Typical
experiments were carried out in a three-electrode cell connected to
a Schlenk line. The counter-electrode was a platinum wire of
around 1 cm? apparent surface area. The reference was a saturated
calomel electrode separated from the solution by a bridge filled
with acetonitrile (2 mL) containing nBuyNBF, (0.3 m). Degassed
acetonitrile (10 mL) containing nBuyNBF, (0.3 M) was introduced
into the cell followed by 1 (8.3 mg, 0.02 mmol). Cyclic voltammetry
was performed at a steady gold disk electrode (1 mm diameter) at
a scan rate of 0.5 Vs at 22 °C. The oxo ester 2 (3 pL, 0.02 mmol)
was then added and cyclic voltammetry performed as above. The
oxo ester 2 was then successively added up to 20 equiv. (see text)
and CVs were recorded between two additions. In another experi-
ment, complex 5 was generated by the reaction of the oxo ester 2
(12 pL, 0.08 mmol) with 1 (8.3 mg, 0.02 mmol). Methyl vinyl
ketone (3; 1.6 pL, 0.02 mmol) was then added. Cyclic voltammetry
was performed as above. Additional 3 (4.8 uL, 0.03 mmol) was fi-
nally added and monitored by CV.
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