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Abstract: Highly selective conjugate additions of Grignard reagents to cyclic and linear enones catalyzed by
recyclable heterogeneous polysaccharide/nanocopper catalysts are disclosed. The method also allows the synthe-
sis of ketones with an all-carbon quaternary center. When integrated with catalytic asymmetric tandem reactions
using enals and β-ketoesters, it yields chiral β,δ-disubstituted ketones with high stereoselectivity.

Keywords: all-carbon quaternary center, catalytic conjugate addition, Grignard reagents, integrated asymmetric
tandem reactions, microcrystalline celluloses, nanocopper catalysts

1. Introduction
In organic synthesis, one of the most common strategies
for the construction of β-substituted carbonyl compounds
is the addition of nucleophiles to electron-deficient
conjugated systems. The noncatalyzed reaction of α,β-
unsaturated carbonyl compounds with organometallic
reagents can afford a mixture of 1,4-addition and 1,2-
addition products.[1] However, it is known that a catalytic
amount of copper salt, added to the reaction mixture,
selectively directs the outcome of the reaction toward
the 1,4-conjugate addition pathway.[2] In addition, several
groups studied the use of copper catalysis for expanding
the scope of the 1,4-conjugate addition to enones for the
synthesis of chiral products using chiral ligands.[3]

The development of robust and selective heteroge-
neous catalytic processes is fundamental for the future
of sustainable organic synthesis, since the possibility
of recovering the catalyst after the reaction completion
opens up for recycling and avoiding the presence of
metal pollutants in the reaction waste/product.[4] In
2018, Hell and coworkers disclosed that copper(II)
immobilized on a 4 Å molecular sieve support was able

to catalyze 1,4-addition of aryl magnesium compounds
to chalcones.[5] However, they observed a loss in recy-
clability, and the substrate is strictly limited to chalcones
as acceptors.[5] Thus, the latter catalyst, in the reaction of
EtMgBr with 2-cyclohex-1-one, gave a complex reaction
mixture in which both the 1,2- and 1,4-addition products
were detected together with undefined byproducts.[5] It is
therefore a need for the development of a broad-scope het-
erogeneous catalyst for the addition of Grignard reagents
to a variety of more general yet challenging cyclic and
acyclic enones with high 1,4-selectivity.

Cellulose and chitosan are the most abundant organic
biopolymers in the world with several important appli-
cations for the improvement of life and health.[6] In this
context, Moores and our team have demonstrated that
these types of heterogeneous polysaccharides can serve
as a sustainable support for the immobilization of vari-
ous transition metal nanoparticles (e.g., Pd, Au, Cu),
enabling their use as heterogeneous catalysts for a vari-
ety of organic transformations.[7–10] With respect to
copper, the assembly of heterogeneous cellulose-Cu
NPs can catalyze challenging Alder-ene reactions of
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allenynamides to pyrrolines[9] and enantiospecific cross-
coupling of propargylic mesylates with Grignard
reagents to give allenes.[10] Based on the lack of sustain-
able, recyclable, and heterogeneous catalysts for the 1,4-
conjugate addition of Grignard reagents to enones, we
decided to investigate the heterogeneous polysaccharide-
Cu NPs as catalysts for this important transformation in
organic synthesis.

Herein we disclose that polysaccharide-immobilized
(e.g., microcrystalline cellulose (MCC), chitosan) Cu(I/II)
NPs are efficient and recyclable catalysts for the selec-
tive 1,4-conjugate addition of Grignard reagents to a
large variety of enones (Figure 1). The use of Cu NPs
immobilized on heterogeneous polysaccharides can also
be integrated with asymmetric one-pot tandem reactions
to afford the corresponding products with high stereose-
lectivity. It is noteworthy that the MCC support with its
amphiphilic nature[11] enables the heterogenized Cu to
act more like a homogeneous catalyst resulting in high
selectivity with a broad substrate scope.

2. Results and Discussion
We began our studies by preparing amino group-
containing heterogeneous polysaccharide/nanocopper
catalysts starting from chitosan or cellulose. In the case
of chitosan, the amino group is present in its structure
while for cellulose we functionalized the polysaccharide
with aminopropylsilane as described previously,[10]

where tartaric acid-catalyzed silylation was used.[12] The
MCC-AmP-Cu(I/II) catalyst was prepared as previously
described[10] (see Supporting information, pp. S1�S2).
The copper nanocatalyst was characterized by scanning
transmission electron microscopy (STEM) and XPS

(Figure S1, Supporting Information). According to the
STEM, the nanoparticles have an average particle
size of 3–8 nm and are well dispersed on the catalyst
before and after reaction (Figure S1a-f, Supporting
Information). The oxidation state of the copper (CuO
and Cu2O) nanoparticles on the MCC-AmP-Cu was
determined by XPS analysis and it provided evidence
for the presence of both Cu(I) and Cu(II) in a ratio
of Cu(I):Cu(II)= 1.25:1.0 (Figure S1g, Supporting
Information). After conjugate reaction completion,
the ratio of the oxidation of copper on the isolated het-
erogeneous catalyst changed to Cu(I):Cu(II)= 2.0:1.0
(Figure S1h, Supporting Information). The Cu content
on the MCC-AmP-Cu was 8.7 wt% as determined by
inductively coupled plasma optical emission spectros-
copy (ICP-OES).

With the polysaccharide-supported Cu nanoparticles
in hand, we began to investigate the conjugate addition
using cyclohexenone 1a as acceptor and ethyl magne-
sium bromide as the nucleophile (Table 1). We observed
that the competition between the 1,2- and 1,4-addition to
1a is dependent on the reaction conditions and the
order of addition of the Grignard reagent. When using
chitosan-Cu(I/II) as the catalyst with various solvents
and different addition modes, we observed significant
amounts of the tertiary alcohol by-product 3a produced
by the 1,2-addition pathway (Table 1, entries 1–5). The
best 1,4-selectivity (2a:3a= 83:17) for the chitosan-Cu
catalyst was achieved in THF at 0 °C (Table 1, entry 4).
Decreasing the temperature to �78 °C gave a lower
selectivity (2a:3a= 56:44, Table 1, entry 5). To further
improve the methodology, we divided the addition of the
reagents into two identical sequences. Thus, half amount
of EtMgBr and half amount of diluted cyclohexenone 1a

Figure 1. Heterogeneous 1,4-conjugate addition reactions presented in this work.
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were added to the catalyst in two distinct steps (Table 1,
Entry 6). The 1,4-selectivity increased significantly and
gave 2a:3a in a ratio of 91:9. Encouraged by this result we
then used these conditions for the MCC-AmP-Cu(I/II)
catalyst. To our delight, the 1,4-selectivity increased to
a 97:3 ratio for 2a:3a (Table 1, entry 10). This result is
very close to the 99:1 ratio for 2a:3a obtained when using
homogeneous CuBr as the catalyst (Table 1. Entry 9).

After the optimization of the reaction conditions, with
a well-defined addition sequence of the reagents, we
performed the reaction using both aliphatic and aromatic
Grignard reagents for the addition to a variety of cyclic
and linear α,β-unsaturated ketones. The reactions
were performed with MCC-AmP-Cu(I/II) as catalyst
(Scheme 1). The conjugated addition of Grignard
reagents to cyclic 5-, 6-, and 7-membered α,β-unsaturated
ketones 1, respectively, gave the corresponding
substituted saturated ketones 2 in high yields and in a
1,4- to 1,2-selectivity from 96:4 to 98:2. The conjugate

addition of bulkier Grignard reagents such as PhMgBr to
1a gave the corresponding product 2j in high yield.
The MCC-Amp-Cu(I/II)-catalyzed addition of Grignard
reagents to linear α,β-unsaturated ketones 1 gave the cor-
responding β-substituted ketones 2 generally in high yield
and good 1,4-selectivity.

In comparison, conjugate reactions performed with
the chitosan-Cu(I/II) catalyst gave the corresponding
products 2 with a lower 1,4-selectivity (Scheme S1,
Supporting Information).

To increase the synthetic utility of the heterogeneous
Cu-catalyzed 1,4-addition of Grignard reagents to
enones it was integrated with catalytic asymmetric
tandem reactions (Scheme 2). Thus, we decided to
investigate the catalytic conjugate addition to more
structurally complex substrates such as (R)-δ-substituted
α,β-unsaturated cyclohexenones 4 (Scheme 2), which
are obtained by a catalytic enantioselective tandem reac-
tion starting with enals and acetoacetate ester as sub-
strates.[13] Our studies revealed that a broad range of
chiral cyclohexenones 4with both aromatic and aliphatic
substituents can be used as substrates for the MCC-
Amp-Cu(I/II)-catalyzed addition of Grignard reagents.
The 1,4-selective addition to 4 proceeded with high anti-
selectivity providing the corresponding products 5 in
high yields with only trace amounts of the 1,2-addition
product 6. The highest diastereoselectivity for the con-
jugate addition to (R)-4 was reached when MeMgBr or
PhMgBr were used as nucleophiles affording the corre-
sponding products 5 in high yields and 99:1 dr, respec-
tively. It is important that the ee of (R)-6, which is a
result of the initial chiral amine-catalyzed addition of
acetoacetate ester to enals, is not affected by the com-
plete reaction sequences and that the corresponding final
product 5 has the same ee as (R)-6. For example, per-
forming the conjugate reaction with MeMgBr on chiral
4a with an ee of 90% gave the corresponding product
5a with 90% ee. Cellulose is a chiral polysaccharide
and therefore we tested its influence on the stereo-
chemical outcome of the MCC-Amp-Cu(I/II)-catalyzed
reactions. This was done by switching the acceptor to
(S)-δ-substituted cyclohexenone ent-4a, which is gener-
ated by switching the amine-catalyst of the asymmetric
tandem reaction to the opposite enantiomer. The MCC-
AMP-Cu(I/II)-catalyzed 1,4-addition to ent-4a with an
ee of 90% afforded the corresponding product ent-5a
in high yield with 99:1 dr and 90% ee. Thus, the cellu-
lose scaffold did not affect the stereoselectivity of the
selective conjugate addition.

All-carbon quaternary centers are present in natural
products and their construction represents a challenge
in organic synthesis due to the inherent steric issues
associated with their formation.[14] We therefore
investigated the heterogeneous polysaccharide-Cu(I/II)-
catalyzed conjugate addition of Grignard reagents on
cyclohexenones 7 with an alkyl substituent at the
β-position, which were prepared according to the

Table 1. Conditions screening for the conjugate addition of
Grignard reagents to cyclohexanone.

Entry Cu-Catalyst Solvent Temp. [°C] 2:3a)

1b) Chitosan-Cu Et2O 0 62:38
2c) Chitosan-Cu Et2O 0 42:58
3b) Chitosan-Cu MTBE 0 62:38
4b) Chitosan-Cu THF 0 83:17
5b) Chitosan-Cu THF �78 56:44
6d) Chitosan-Cu THF 0 91:9
7e) Chitosan-Cu THF 0 90:10
8f ) Chitosan-Cu THF 0 79:21
9d) CuBr THF 0 99:1
10 d) MCC-AmP-Cu THF 0 97:3
11d,g) Chitosan-Cu THF 0 85:15

a) Determined by GC analysis. All reactions reached full conver-
sion of 1a.

b) THF (1 mL), EtMgBr (0.36 mmol), stirred for 10 min. 1a
(0.3 mmol) in THF (1 mL) was added dropwise in 30 min.
The reaction was stirred for additional 30 min.

c) 1a was added at the beginning and EtMgBr was added dropwise
for 30 min.

d) THF (1 mL), EtMgBr (0.180 mmol), stirred for 10 min. 1a
(0.15 mmol) in THF (0.5 mL) was added dropwise for
15 min. Next, EtMgBr (0.180 mmol), stirred for 5 min. 1a
(0.15 mmol) in THF (0.5 mL) was added dropwise for
15 min. The reaction was stirred for additional 30 min.

e) THF (1 mL), EtMgBr (0.36 mmol), and 1a (0.3 mmol) in THF
(1 mL) were added simultaneously dropwise in 30 min. The
reaction was stirred for additional 30 min.

f ) THF (1 mL), EtMgBr (0.36 mmol), stirred for 10 min. 1a
(0.3 mmol) in THF (1 mL) was added dropwise in 120 min.

g) Chitosan-Cu (2.5 mol%) used as catalyst.
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Scheme 1. Substrate scope for the conjugate addition of Grignard reagents to enones. Reaction conditions: MCC-AmP-Cu (5 mol%),
THF (1 mL), and R3MgBr (0.180 mmol) were stirred for 10 min. 1 (0.15 mmol) in THF (0.5 mL) was added dropwise for 15 min. Next,
R3MgBr (0.180 mmol), stirred for 5 min. 1 (0.15 mmol) in THF (0.5 mL) was added dropwise for 15 min. The reaction was stirred for an
additional 30 min to reach the full conversion of 1.

Scheme 2. Integration with catalytic asymmetric one-pot tandem reactions and catalytic conjugate reactions to δ-substituted enones 4. The
reaction conditions of Scheme 1 were used. a)Determined by 1H-NMR. b)Determined by GC. c)Isolated yield. d)ee of 4a= 90%.
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literature[15] (Scheme 3). The MCC-Amp-Cu(I/II) was
able to catalyze the transformation with good 1,4-
selectivity affording the corresponding ketones 8 with
a quaternary stereocenter at the β-position. Even steri-
cally hindered ketones such as 7d and 7e were readily
converted to the corresponding ketones 8d and 8e,
respectively, in high yields. In comparison, the chitosan-
Cu(I/II) catalyst afforded significant amount of the
1,2-addition alcohol product 9 in>60:40 ratio to the
ketones 8.

To demonstrate the practicability of the developed
approach, a gram-scale reaction using the model
substrate 1a and ethyl magnesium bromide was carried
out (Figure 2A). A similar outcome, with respect to
yield and selectivity, as that of the standard-scale
reaction was obtained. To evaluate the stability and recy-
clability of our heterogeneous MCC-Amp-Cu(I/II) cata-
lyst, we performed recycling experiments under standard
reaction conditions. The catalyst, after each cycle, was
separated from the reaction mixture by simple centrifu-
gation and washed with dry solvent. Then, the recycled
heterogeneous catalyst was used directly for the next
run. As shown in Figure 2B, it was possible to recycle
the heterogeneous catalyst 10 times without any consis-
tent loss of reactivity and selectivity. A leaching test was
also performed. The heterogeneous MCC-Amp-Cu(I/II)
catalyst was filtered off from the reaction mixture,
and the remaining solution was subjected to elemental
analysis (ICP-OES) to determine the Cu content.
The analysis revealed a Cu content of 5.4 ppm in the
solution.

There are several advantages of immobilizing
Cu-nanoparticles on cellulose compared to other types
of supports. It is renewable, sustainable, readily avail-
able, and inexpensive. Moreover, it demonstrates a broad
substrate scope as compared to inorganic supports such

as zeolites that only could utilize chalcones as substrates.
The cellulose-supported copper nanocatalyst can also be
recycled, which brings a major advantage over homoge-
neous copper catalysts since after the reaction the latter
becomes a toxic and environmentally hazardous waste.

A

B

Figure 2. A) Gram-scale reaction. B) Catalyst recycling studies.
Carried out as in Scheme 1 but with 10 mol% of catalyst and twice
the scale (see Supporting Information, p. S8).

R2MgBr+
MCC-AmP-Cu(I/II)

THF, 0 oC

7 8 9

O O

R1

HO R2

R1 R1
R2

+

O

Me

8a:9a=91:9
8a:9b=40:60b

O

Me

8b:9b=88:12

O

Bu
Me

8c:9c=97:3
Yielda=80%

O

Bu

8d:9dc=81:19
Yielda=70%

O

Bu

8c:9e=82:18
Yielda=73%

Scheme 3. Substrate scope of β-substituted cyclic hexenones. a)Isolated yield of 8. b)Chitosan-Cu used as catalyst. c)10 mol%
MCC-Amp-Cu was used.
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In comparison to chitosan, the cellulose support gives a
higher regio- and chemoselectivity. The difference in
reactivity and selectivity between these polysaccharide
supports is likely due to factors such as the aminopropyl
(AmP) group that is further away from the amino group
of chitosan as well as the structure of the heterogeneous
polysaccharide (crystallinity, polymer chain-length, and
monomer structure).

Due to the similarity in the reactivity and selectivity
of the homogeneous Cu-catalyzed conjugate addition of
Grignard reagents to enones, we propose the simplified
mechanism depicted in Scheme 4 for the conjugate addi-
tions occurring at the Cu nanoparticle surface of the
MCC-AmP-Cu catalyst.[3]

The pathway of the conjugate addition involves
the formation of an intermediate species at the Cu nano-
particle surface via π-complexation followed by the
formation of a magnesium enolate through a Cu(III)
intermediate (Scheme 4). The complex with the double
bond of the enone through copper is also accompanied
with enone activation via Mg2þ coordination with the
oxygen. Next, reversible intramolecular rearrangement
to a Cu(III)-intermediate via oxidative addition where
copper forms a σ-bond with the β-carbon of the enone
occurs. As shown by Nakamura et al. for organocuprates
this type of intermediates should be very unstable.[16]

Finally, reductive elimination of the σ-complex affords
an active Cu(I) species at the heterogeneous cellulose
surface and the enolate, which is hydrolyzed to the prod-
uct ketone.

3. Conclusion
In summary, we have developed a highly efficient hetero-
geneous copper-catalyzed 1,4-conjugated addition reac-
tion of Grignard regents to a variety of α,β-unsaturated
ketones. A wide range of β-substituted ketones were
obtained in high yields and selectivity. The heterogeneous
copper-catalysis is also readily integrated with catalytic
asymmetric tandem reactions to provide the correspond-
ing chiral β,δ-disubstituted ketones in high yields
and diastereoselectivity without affecting the high ee
of the intermediate δ-substituted enones. The broad sub-
strate scope for the MCC-Amp-Cu(I/II) catalyst is attrib-
uted to the amphiphilic nature of cellulose that enables
Cu to act in a way similar to homogeneous reaction con-
ditions. In stark contrast, Cu immobilized on molecular
sieve support gave a complex mixture when used as a
catalyst for the addition of EtMgBr to cyclohexenone
1a.[5] The heterogeneous MCC-Amp-Cu catalyst was
recycled 10 times without any significant loss in reactiv-
ity and any significant metal leaching. In parallel, we
have extended the use of this nanocopper catalyst to effi-
cient cross-coupling of allylic alcohol substrates with
Grignard reagents.[17]

4. Experimental Section
General Experimental Procedure for the Heterogeneous
Cellulose Nanocopper-Catalyzed Conjugate Reactions: In a
microwave vial, polysaccharide-CuI/II (5 mol%) was added, and

Scheme 4. Proposed catalytic cycle for the conjugate addition of Grignard reagents to α, β-unsaturated carbonyl compounds using
MCC-AmP-Cu as the catalyst.

RESEARCH ARTICLE advsynthcatal.com

Adv. Synth. Catal. 2025, 00, e9602 e9602 (6 of 7) © 2025 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH

 16154169, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsc.9602 by M

id Sw
eden U

niversity, W
iley O

nline L
ibrary on [22/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advsynthcatal.com


the vial was capped and flushed with N2. THF (1 mL) and
R3MgBr (0.180 mmol) were then added at 0 °C and stirred for
10 min. Next, a solution of 1 (0.15 mmol) in THF (0.5 mL)
was added dropwise by hand over 15 min. Then, R3MgBr
(0.180 mmol) was added, and the reaction was stirred for 5 min.
After that, another portion of 1 (0.15 mmol) in THF (0.5 mL) was
added dropwise over 15 min, and the reaction was stirred for addi-
tional 30 min at 0 °C. The reaction was quenched with H2O
(1 mL) and extracted 4 times with Et2O. The organic phase
was dried over Na2SO4 and concentrated under reduced pressure.
The product was then purified by silica-gel flash column
chromatography.
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