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València-Agencia Estatal Consejo Superior

los Naranjos s/n, 46022 Valencia, Spain. E-

† Electronic supplementary information
details, Fig. S1–S13, product characterisa
DOI: https://doi.org/10.1039/d4ra06449f

Cite this: RSC Adv., 2024, 14, 32944

Received 6th September 2024
Accepted 4th October 2024

DOI: 10.1039/d4ra06449f

rsc.li/rsc-advances

32944 | RSC Adv., 2024, 14, 32944–
tion/intermolecular
(enantioselective) ketone-ene reactions catalysed
by a simple solid in batch and in flow†

Miguel Espinosa and Antonio Leyva-Pérez *

The intermolecular carbonyl-ene reaction of ketones is still considered a challenge in organic chemistry,

particularly with reusable solid catalysts, and implemented in a domino reaction. Herein, we show that

the extremely cheap and non-toxic solid salt MgCl2 catalyzes the reaction of trifluoromethyl pyruvates

not only during the conventional carbonyl-ene reaction with various aromatic and alkyl alkenes (in very

high yields, up to >99%) but also in a domino reaction with the corresponding alcohols (precursors to

the alkenes) in similar good yields. The solid can be reused in both cases without any erosion of the

catalytic activity and can be employed in an in-flow process to maximize the reaction throughput.

Besides, the reaction can be performed under solventless reaction conditions. Addition of a catalytic

amount of chiral binaphthyl hydrogen phosphate allows carrying out the reaction with a reasonable

enantiomeric excess (up to >70%) and in flow, in a rare example of enantioselective solid-catalyzed

domino carbonyl-ene reaction using a cheap, simple, readily available and physically mixed catalytic

solid. The MgCl2-catalytic system is also active in the industrially relevant citronellal-to-isopulegol

carbonyl-ene reaction. These results pave the way to design sustainable domino carbonyl-ene reactions

with extremely cheap solid catalysts.
1 Introduction

Use of reusable solid catalysts in relatively complex organic
transformations is a key step towards the development of
a sustainable organic synthesis.1 However, these solid catalysts
should ideally be readily available, non-toxic and as cheap as
possible;2 otherwise, researchers tend to employ much easier-
to-prepare soluble catalysts, although the latter cannot be
recovered at the end of the reaction. A representative example of
the lack of simple solid catalysts in organic transformations is
the carbonyl-ene reaction, which typically employs soluble
catalysts, such as metal salts, complexes or organocatalysts
(Fig. 1).3

The carbonyl-ene reaction is a fundamental reaction in
organic chemistry, with industrial implementation in the multi-
ton manufacturing of isopulegol to menthol,4a,b the synthesis of
drugs4c or the production of pheromones,4d to name a few.4e

This [3,3]-sigmatropic transformation proceeds with complete
atom economy, but it is highly dependent on the nature of the
carbonyl group since aldehydes react much faster than ketones.
V-CSIC), Universidad Politècnica de

de Investigaciones Cient́ıcas, Avda. de
mail: anleyva@itq.upv.es

(ESI) available: Further experimental
tion, and NMR and HPLC copies. See

32957
While these reactive differences are not so relevant for intra-
molecular reactions, where the entropic gain by cyclic forma-
tion overcomes not only the reactivity resistance but also the
Fig. 1 Overall view of the catalytic maturity during the intermolecular
carbonyl-ene reaction of the different reactive carbonyl groups and
the envisioned domino reaction with ketones. 33 well-resolved, 3
several examples, 7 few examples, 77 rare examples or none.
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potential reversible reaction and undesired alkene isomeriza-
tion reactions, the latest undesired issues become dominant in
the intermolecular carbonyl-ene reaction.5 Therefore, it is not
surprising that aldehydes are, by far, the most studied starting
materials for the intermolecular reaction and that various
soluble catalysts have been reported in both racemic and
enantioselective versions,3,6 including strategies such as ionic
liquid solvents and selective precipitation to recover the catalyst
(Fig. 1).7

Solid catalysts have been employed successfully for the
intermolecular aldehyde-ene reaction, in particular for the
coupling with formaldehyde, where simple solid catalysts such
as zeolites are able to catalyze the transformation.8 However, for
less reactive aldehydes, more complex solids are typically
employed,4b,9 which oen involve elaborated hybrid materials
where a soluble catalyst has been immobilized by covalent
anchoring on the solid surface or physically entrapped into
a micro-structured structure,10 and in well-designed catalytic
sites inserted into metal–organic frameworks.11 These solid
catalysts of course merit acknowledgement and pave new ways
to perform sustainable aldehyde-ene reactions; however, their
limited availability and high price hamper wide-ranging cata-
lytic applications (Fig. 1).

The intermolecular ketone-ene reaction is much less devel-
oped than the aldehyde reaction, in all types of versions to be
considered, i.e. racemic,12 enantioselective,13 with reusable
soluble catalysts7,14a,b or solid-catalyzed,14c with most of the
examples reported for triuoromethyl pyruvates. Racemic
intermolecular triuoromethyl pyruvate-ene reactions are cata-
lysed by either Cu,12a Ni12a or Fe12b salts, and enantioselective
reactions have been reported for Cu,13a Pt,13b Pd,13b,c Rh,13d Ti13e

and Mg (solventless) chiral complexes,13f and also with
organocatalysts.13g–i Regarding reusable soluble metal catalysts,
the ionic liquid approach has been studied for Pd7 and In14a

complexes, and the selective precipitation approach, for Cu
complexes.14b However, triuoromethyl pyruvate-ene reactions
with solid catalysts are particularly devoid of examples in the
literature: we just found a 20 years-old study on entrapped Cu
complexes in zeolites.14c Thus, any solid catalyst able to catalyze
the intermolecular ketone-ene reaction, even for activated
ketones such as triuoromethyl pyruvates, would constitute
a step forward in the eld. Furthermore, if this solid is readily
available, cheap and non-toxic, in other words really sustain-
able, the advance will be more relevant, since it is plausible that
any other easier carbonyl-ene reaction, i.e. with aldehydes or
intramolecular, will also be feasible with this solid catalyst. The
enantioselective version with this type of cheap and available
solid will only make sense, in our opinion, with a relatively
simple and cheap chiral substance, aer a physical mixture with
the solid, since an otherwise elaborated complex material
synthesis will avoid any wide access to researchers.

Domino reactions are desirable in organic synthesis to
minimize the isolation of intermediates and maximize the
throughput of the reaction, i.e. to intensify the chemical
process.15 The domino reaction makes further sense if different
reactions are catalysed by the same compound. The alkenes
employed in the carbonyl-ene reaction come from the
© 2024 The Author(s). Published by the Royal Society of Chemistry
corresponding cheaper alcohols, aer dehydration, thus
a domino reaction from the alcohol to the nal carbonyl-ene
product would be of interest. However, this domino reaction
is not straightforward with ketones since the equivalent of H2O
generated during the dehydration reaction can degrade most of
the metal catalysts employed so far for the carbonyl-ene reac-
tion; indeed, we could not nd in the literature any example of
domino dehydration/intermolecular carbonyl-ene reaction with
ketones, although other domino carbonyl-ene reactions have
been reported.16 A simple solid catalyst for the intermolecular
carbonyl-ene reaction of triuoropyruvates, compatible with
water, would open the door for this envisioned domino
reaction.

MgCl2 is one of the cheapest solids available, massively used
in industrial catalysis as a support/modier for the Ziegler–
Natta catalyst.17 However, the catalytic behaviour of MgCl2 in
organic synthesis is yet to be exploited.18 Herein, we show that
MgCl2 catalyzes not only the intermolecular ketone-ene reaction
of triuoromethyl pyruvates in high yields, but also the domino
dehydration/intermolecular (enantioselective) carbonyl-ene
reaction with tertiary alcohols, and that the solid is fully reus-
able (up to ten uses for the ketone-ene reaction). MgCl2 has
apparently not been reported as a catalyst but as an additive in
carbonyl-ene reactions.19 Besides, this process can be run in
ow. The use of an amorphous solid catalyst such as MgCl2
enables the suppression of the solvent, in contrast to some
elaborated or micro-structured solid catalysts, where the diffu-
sion of reactants and products plays a key role during the
catalytic process.20 Thus, our protocol here can be carried out
solventless and with a 1/1 molar ratio of both reactants (the
ketone with either the alcohol or the alkene), which maximizes
the sustainable value of the process and also makes a substan-
tial difference with many of the catalysts reported for the
intermolecular carbonyl-ene reaction. In addition, the enan-
tioselective version is achieved by mixing MgCl2 with
binaphthyl hydrogen phosphate,21 one of the cheapest chiral
proton substances available, to be run in ow with decent
enantioselective excess.

2 Experimental section
2.1 Materials

All reagents were obtained from commercial sources and used
as received. Anhydrous MgCl2 was obtained from Merck-Sigma.
The list of synthesized compounds and their abbreviations (3–
29) is given in the ESI†.

2.2 Instrumentals

See ESI† for details.

2.3 Catalytic tests

2.3.1 Reaction procedure for the MgCl2-catalyzed racemic
intermolecular ketone-ene reaction. In a 2 mL glass vial
equipped with a magnetic stir bar, 0.25 mmol of the styrene
derivative and 0.25 mmol of the corresponding pyruvate were
introduced along with 0.0125 mmol of anhydrous solid MgCl2,
RSC Adv., 2024, 14, 32944–32957 | 32945
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and the mixture was magnetically stirred at room temperature
for the required time. If the solvent was employed, 0.5 mL of
solvent was added. The reaction was followed by either GC or
TLC. At the end of the reaction, the crude was ltered for the
removal of the catalyst and puried by column chromatography
(if necessary) to afford the isolated products.

2.3.2 Reuses of MgCl2 for the intermolecular ketone-ene
reaction. Aer the completion of the rst reaction, the crude
mixture was separated from the catalyst via centrifugation, and
the solid was washed a couple of times with n-hexane and dried
under reduced pressure, to be directly used for the next reac-
tion. The reaction yields were determined aer analysis of the
liquid phase by GC.

2.3.3 Reaction procedure for the MgCl2/binaphthyl
hydrogen phosphate-catalyzed enantioselective intermolecular
ketone-ene reaction. In a 2 mL vial equipped with a magnetic
stir bar, 0.0125 mmol of anhydrous MgCl2 and 0.05 mmol of the
corresponding chiral ligand were introduced, along with 0.5 mL
of dichloromethane (DCM), and the mixture was stirred for
30 min. Aer that time, 0.25 mmol of the styrene derivative and
0.25 mmol of methyl 3,3,3-triuoropyruvate 2 were introduced,
and the mixture was magnetically stirred for the required time
at room temperature. Reaction yields were determined by GC
and the enantiomeric excess (ee) was determined by chiral
HPLC.

2.3.4 Reaction in-ow for the intermolecular ketone-ene
reaction. A xed-bed tubular reaction, with a length of
21.5 cm and an inner diameter of 4 mm, was lled with 2 g of
silicon carbide followed by a mixture of 2 g of silicon carbide
and 111 mg of a mixture of anhydrous MgCl2 and the chiral
phosphoric acid 21 in an z5/2 weight ratio, and nally, lled
with another 2 g of silicon carbide. Then, 1.3 mL of a-methyl
styrene 1 diluted in 9.7 mL of DCM and 1 mL of methyl 3,3,3-
triuoro pyruvate 2 diluted in 10 mL of DCM were introduced at
once through a syringe pump with the chosen ow. Aliquots
were periodically taken at the exit of the reactor and measured
by GC to determine the yield of the reaction at different times,
and chiral HPLC to determine the ee.

2.3.5 Synthesis of isopulegol 28 from citronellal 27. Citro-
nellal 27 (0.25 mmol) in DCM (0.5 M) and anhydrous MgCl2
(20 wt%, z10 mg) were placed in a 2 mL vial equipped with
a magnetic stir bar, and the mixture was magnetically stirred at
40 °C overnight (the vial was sealed to avoid losses of DCM, the
boiling point of which is 39.6 °C). Aer the reaction, the solid
was separated and the mixture was analyzed by GC and puried
by column chromatography to give product 28 in 52% isolated
yield.

2.3.6 Reaction procedure for the MgCl2-catalyzed racemic
domino dehydration/intermolecular ketone-ene reaction. In
a 2 mL glass vial equipped with a magnetic stir bar, 0.25 mmol
of the alcohol derivative and 0.25 mmol of the corresponding
pyruvate were introduced along with 0.0125 mmol of anhydrous
solid MgCl2, and the mixture was magnetically stirred in a pre-
heated oil bath at 50 °C for the required time. If the solvent was
employed, 0.5 mL of dichloroethane (DCE) was added. The
reaction was followed by GC aer taking aliquots periodically,
diluting them in 1 mL of DCM, ltering through a 25 mm
32946 | RSC Adv., 2024, 14, 32944–32957
nylon™ lter and adding N-dodecane (11 mL, 0.05 mmol) as an
external standard.

2.3.7 Gram-scale domino reaction. In a 50 mL round-
bottomed ask equipped with a magnetic stir bar, anhydrous
solid MgCl2 (285 mg, 3 mmol), 2-phenylpropan-2-ol 29 (4.2 g, 30
mmol) and methyl 3,3,3-triuoropyruvate 2 (4.5 mL, 30 mmol)
were sequentially weighted, and the mixture was magnetically
stirred in a pre-heated oil bath at 50 °C for 18 h. Aer that time,
the reaction was cooled and the solid catalyst was removed by
decantation. The liquid phase was analysed by GC and NMR.

2.3.8 Leaching test. Two parallel reactions were set up in
2 mL glass vials equipped with a magnetic stir bar, as described
above, but at 0.3 mmol scale and using DCE as the solvent (0.5
M). The reactions were followed by GC aer taking 50 mL
aliquots periodically, diluting them in 1 mL of DCM, ltering
through a 25 mm nylon™ lter and adding N-dodecane (11 mL,
0.05 mmol) as an external standard. Aer 40 min, one of the
reactions was ltered in hot through a 25 mmnylon™ lter, and
the ltrates were placed in another 2 mL glass vial equipped
with a magnetic stir bar at 50 °C. Both reactions were followed
by GC as described above, for additional 3 h.

2.3.9 Reuses of MgCl2 for the domino reaction. Aer
completion of the rst reaction, the crude mixture was sepa-
rated from the catalyst via decantation, and the solid was
directly used for the next reaction. The reaction yields were
determined aer analysing the liquid phase by GC.

2.3.10 Reaction in-ow for the domino reaction. The same
procedure for in the ketone-ene reaction was followed, but
using 2-phenylpropan-2-ol 29 instead of a-methyl styrene 1.

3 Results and discussion
3.1 Intermolecular carbonyl-ene reaction with
triuoromethyl pyruvates

3.1.1 Catalytic results with simple metal salts. First, we
studied the intermolecular ketone-ene reaction with simple
metal salts, in order to nd a catalyst that will be compatible
with the envisioned domino reaction. Table 1 shows the results
for the benchmark intermolecular ketone-ene reaction between
a-methyl styrene 1 and triuoromethyl pyruvate 2, catalyzed by
different metal salts. We chose Cu and Fe simple salts (chlo-
rides, acetates, etc.) in the rst approach to study the reaction,
since previous reports mainly used more expensive (and acidic)
triate-type salts.12b The use of readily available CuCl2$2H2O led
to a complete polymerization of the styrene reactant 1 in
dichloromethane (DCM) as a solvent, despite using an excess
(1.5 equiv.) of pyruvate 2 at room temperature (entry 1), which
indicates that some pre-hydrated metal salts could not be
compatible with the carbonyl-ene reaction. Thus, we repeated
the reaction with anhydrous CuCl2 and 4 Å molecular sieves
(MS), and in contrast with the aqueous catalyst, a quantitative
yield of the carbonyl-ene reaction product 3 was obtained aer
18 h reaction time, aer monitoring the reactionmixture by gas-
chromatography coupled to mass spectrometry (GC-MS, entry
2). Cu(OTf)2 was also tested, and the reaction also proceeded
quantitatively (entry 3). These results indicate that it is not
necessary to use highly strong acid metal salt catalysts but
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Catalytic results for the intermolecular ketone-ene reaction
between a-methyl styrene 1 (0.25 mmol) and methyl pyruvate 2 (1–1.5
equiv.) with metal salts (5 mol%) in different solvents (1 M) at room
temperature (20 °C) for 18 h

Entry
Metal catalyst
(5 mol%) 2 (eq.) Solvent Drying agenta 3b (%)

1c CuCl2$2H2O 1.5 DCM — <1
2 CuCl2 4 Å MS >99
3 Cu(OTf)2 >99
4 Cu(OAc)2 65
5 CuO 66
6 CuCl 87
7 FeCl2 91
8 CuCl2 — >99
9 Cu(OTf)2 >99
10 — 4 Å MS 80
11 CH(OEt)3 47
12 — 55
13 MgSO4 80
14 MgCl2 — >99
15 MgO 67
16 MgCO3 30
17 CaCO3 38
18 MgCl2 1.0 >99
19 Toluene 86
20 Acetone 3
21 EtOAc 19
22 EtOH <1
23 Et2O 56
24 ACN 61
25 THF <1
26 No solvent >99

a MS: molecular sieves. b GC yields, double-checked by 1H-NMR, and
referred to the starting material 1. c Polymerization of 1.

Fig. 2 Kinetic plot of the intermolecular ketone-ene reaction between
a-methyl styrene 1 and methyl pyruvate 2 (1 equivalent) catalyzed by
MgCl2 (5 mol%, black line) or none (blue line) in a DCM (0.5 M) solvent
at room temperature. Lines are a guide to the eye. GC yields. Error bars
account for 5% uncertainty.
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chloride salts are enough to achieve >99% yield of 3, provided
that water is not pre-coordinated to the metal catalyst.

Other Cu salts such as Cu(OAc)2, CuO and CuCl gave inter-
mediate yields of product 3 (65–87%, entries 4–6) aer 18 h of
reaction time, and the reactions did not progress further
beyond an additional 5–10% aer monitoring the reaction for
96 h (4 days). These results suggest that an intermediate acidity
of the metal salt is positive to catalyze the reaction. The iron salt
FeCl2 gave 91% yield (entry 7) and the more active Cu salts also
gave >99% yield of 3 without the 4 Å MS (entries 8 and 9). A
blank experiment with 4 Å MS gave 80% yield of 3 (entry 10),22a

higher than the blank experiment with an organic drying agent
(ethyl acetal, 47%, entry 11) or without any additive or catalyst
(55%, entry 12). The use of another inorganic drying agent such
as MgSO4 gave 80% yield of 3 (entry 13), which not only
conrms that the removal of water is benecial for the reaction,
but also suggests that water can be present during the reaction
and that inorganic drying agents might also catalyse the reac-
tion.22a To check this, MgCl2 was used as a catalyst without any
© 2024 The Author(s). Published by the Royal Society of Chemistry
other drying agent, and product 3 was obtained >99% yield
(entry 14). Other Mg2+ salts such as MgO andMgCO3 were much
less active for the reaction (30–67%, entries 15 and 16) as well as
CaCO3 (38%, entry 17). The fact that basic metal salts decrease
the yield below the blank experiment (compare entries 16, 17
and 12) indicates that neutral to acid conditions are necessary
for the carbonyl-ene reaction to proceed.

The reaction was repeated without any excess of pyruvate 2,
i.e. with equimolecular amounts of 1 and 2, and >99% yield of 3
was still obtained (entry 18). The kinetic experiment shown in
Fig. 2 clearly showcases the catalytic action of MgCl2. At this
point, the screening of different solvents was performed (entries
19–26). Toluene was the only solvent to give a high yield of 3
(86%, entry 19) with equimolecular amounts of 1 and 2, while
acetone, ethyl acetate (EtOAc), ethanol (EtOH), diethyl ether
(Et2O), acetonitrile (ACN) and tetrahydrofuran (THF) gave
poorer results (>1–63%, entries 20–25). It seems that somewhat
polar aprotic solvents are benecial for the reaction.22b Grati-
fyingly, the solventless reaction gave >99% yield of product 3.
Notice that neither the reactants nor the solvents were thor-
oughly dried, indicating that the reaction conditions were
compatible with water in the reaction medium, of interest for
a possible domino dehydration/carbonyl-ene reaction. A kinetic
experiment conrms the catalytic action of MgCl2 under
solventless reaction conditions (Fig. S1†). This result is satis-
factory from both an economic and sustainable point of view,
since the carbonyl-ene reaction proceeds quantitatively without
any type of waste (nor solvent) and with an extremely cheap and
easy-to-remove solid catalyst (see ahead), to give the nal
product 3 aer simple ltration. It is worthy to comment here
that these catalytic results with Mg(II) are drastically different
from those previously reported with some soluble Mg(II) triate
salts,13f since our study is focused on a simple, non-toxic,
inexpensive and reusable solid catalyst. MgCl2 acts here as
RSC Adv., 2024, 14, 32944–32957 | 32947
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a general acid catalyst for the carbonyl-ene reaction, the
mechanism of which is well known (see Fig. 1).

3.1.2 Scope of the reaction. The carbonyl-ene reaction of
different alkenes and pyruvates, catalyzed by MgCl2, was carried
out under optimized solventless reaction conditions, i.e.
5 mol% of MgCl2, room temperature and 18 h reaction time.
The results are shown in Fig. 3. For the sake of comparison, the
corresponding experiments with DCM as a solvent were also
performed.

A variety of para-substituted a-methyl styrenes engage well
with pyruvate 2 to give the carbonyl-ene methyl-, chloro-, tri-
uoro-, hydroxy- and methoxy-substituted products 4–8 in very
good isolated yields (67–94%) under solventless reaction
conditions. The ortho-substituted products 9–10 were also
Fig. 3 Scope of the carbonyl-ene reaction of different alkenes and
pyruvates catalyzed by MgCl2 (5 mol%), at room temperature for 18 h,
without any solvent or DCM (0.5 M). The results from left to right
indicate: GC yield for the solventless reaction, isolated yield (between
parentheses) and GC yield in DCM. Reactions were performed twice,
showing very good reproducibility.

32948 | RSC Adv., 2024, 14, 32944–32957
obtained in good isolated yields (78–80%). It is noteworthy that
some of these products are obtained in signicantly lower yields
when DCM is used as a solvent (products 6, 9 and 10). On the
contrary, only in one case (product 7), the yield was higher in
DCM, probably due to the lower solubility of the phenol group.
Other aromatic rings such as naphthalene and furan are toler-
ated, to give products 11–12 in quantitative (99%) isolated
yields.

A simple alkyl alkene also works satisfactorily in the reaction
(product 13, 91% isolated yield aer 72 h reaction time),
although the presence of a chloro-substitution signicantly
decreases the nal yield (product 14, 37% isolated yield) as well
as with an ester substituted alkene (product 15, 20% isolated
yield) aer 6 days. However, a tert-butyl-substituted alkyl alkene
is obtained in very high yields (product 16, 93% isolated yield).
An unsaturated ketone is also reactive (product 17, 34% isolated
yield) and particularly remarkable is the reaction with the
natural compound limonene, to give product 18 in 73% isolated
yield. It is noticeable that a good tolerance to different func-
tional groups is found during the reaction, and also that most of
the alkyl alkenes showed lower yields in the DCM solution, in
some cases <10% GC yield.

A diene such as isoprene also reacts to give product 19 in
54% yield; however, the Diels–Alder reaction competes under
the present reaction conditions. Since both reactions are in
equilibrium, the products of both reactions may interconvert
during the course of the reaction. In order to assess this
hypothesis, kinetic experiments were performed. The results
(Fig. S2†) show that, indeed, the Diels–Alder product of isoprene
with pyruvate 2 rapidly appears at the beginning of the reaction,
to then slow and nally decrease, and give the carbonyl-ene
product 19. The formation of 19 is only possible by the action
of MgCl2, since the reaction without catalyst gives the Diels–
Alder product in >98% yield, at the same initial reaction rate
than with MgCl2 (Fig. S3†). In other words, MgCl2 takes
advantage of the equilibrium of the Diels–Alder reaction to
drive the reactants to the carbonyl-ene product 19 under the
present reaction conditions.

The pyruvate methyl ester can be changed, and ethyl and n-
octyl pyruvates were also reactive with alkene 1, to give products
20 and 21 in 99% and 47% isolated yields, respectively. These
results, together, demonstrate the reasonable generality of the
MgCl2-catalyzed pyruvate-ene reaction under solventless reac-
tion conditions and employing equimolecular amounts of
reactants, which results in the higher yields, to directly isolate
the product aer simple ltration.

3.1.3 Reuses of MgCl2. MgCl2 is one the cheapest metal
chlorides in the market, with an estimated price ten times lower
than that of FeCl2 (∼3 V per kg). Therefore, its catalytic use in
the carbonyl-ene reaction does not have any impact in the
reaction material costs, neither to the process sustainability
(MgCl2 is non-toxic and easy-to-recover). With these data, in our
opinion, a simple one catalytic use of MgCl2 for the carbonyl-
ene reaction justies the sustainability of the process. Never-
theless, the reusability of MgCl2 (5 mol%) was tested for the
reaction between 1 and 2 under the optimized solventless
reaction conditions. The results in Table 2 show that MgCl2 can
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Reuses of MgCl2 (5 mol%) for the intermolecular ketone-ene
reaction between a-methyl styrene 1 and methyl pyruvate 2 (1
equivalent) without any solvent at room temperature for 18 h. GC
yields

Use 1 2 3 4 5 6 7 8 9 10

Yield (%) 92 86 94 84 84 86 80 82 94 84

Fig. 4 Enantioselective catalytic results for the intermolecular ketone-
ene reaction between a-methyl styrene 1 and methyl pyruvate 2 (1
equivalent) catalyzed by MgCl2 (5 mol%) and the chiral (R) ligands 21–
26 (6 mol%), in DCM (0.5 M) at room temperature. Yields calculated by
GC and enantiomeric excess (ee) calculated by chiral HPLC resolution.

Table 3 Results of the enantioselective intermolecular ketone-ene
reaction between a-methyl styrene 1 (0.25mmol) andmethyl pyruvate
2 (1 equiv.) with different catalytic amounts of MgCl2 + ligand 21
(5 mol%), in either DCM (0.5 M) or solventless, at 0 or 20 °C, and for 24
or 72 h reaction timea

Entry MgCl2 + 21 (mol%) Solvent T (°C)

3 (%) [ee] (%)

24 h 72 h

1 5 + 20 DCM 20 65 [44] 85 [61]
2 — 89 [41] 94 [46]
3 50 + 20 DCM 20 92 [48] >99 [57]
4 — 96 [29] >99 [27]
5 DCM 0 77 [53] N.D.
6 Reuse from entry 1 N.D. 85 [61]
7 Reuse from entry 6 N.D. 87 [72]
8 Reuse from entry 7 N.D. 90 [70]

a GC yield and chiral HPLC ee. N.D.: not determined.
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be reused up to 10 times without any signicant erosion in the
nal yield of product 3, aer simple gravity ltration at the end
of the reaction.

The used MgCl2 catalyst was analyzed by powder X-ray
diffraction (PXRD), Fourier transformed infrared (FT-IR) spec-
troscopy and X-ray photoelectron spectroscopy (XPS). The
results show that the same diffractogram was obtained for the
fresh and recovered MgCl2 catalyst (Fig. S4†), and also a very
similar FT-IR spectrum (Fig. S5†). Besides, the Mg 1s (Fig. S6†)
and Cl 2p (Fig. S7†) XPS spectra of the fresh and recovered
MgCl2 coincide, indicating that any change in the oxidation
state or bonding in the solid does not occur during the reaction.
A ltration test shows that the reaction does not evolve further
aer removing the solid MgCl2 catalyst, beyond the blank
experiment (see Fig. 2). These results conrm the robustness of
MgCl2 during the intermolecular ketone-ene reaction between 1
and 2.

3.1.4 Enantioselectivity with a chiral binaphthyl hydrogen
phosphate ligand. Enantioselective intermolecular ketone-ene
reactions have been achieved with chiral metal complexes,
mainly with chelating chiral ligands (such as PyBox)7,13–16,23 but
not with solid surfaces/chiral ligands. We envisioned here that
solid MgCl2 may adsorb particular chiral ligands on the surface
and catalyze the ketone-ene reaction to some extent of chiral
recognition. For that, the ligand should in principle have a high
affinity for a relatively hard Lewis site such as Mg2+ and be non-
chelating, since chelation is hampered on the solid surface.
Thus, we choose chiral phosphate ligands in the rst approach,
which full these two particularities. The catalytic results are
shown in Fig. 4.

The addition of the simple (R)-(−)-1,10-binaphthyl-2,20-diyl
hydrogenphosphate chiral phosphoric acid 21 (6 mol%) to the
MgCl2-catalysed reaction yielded the product (S)-3 in 78% yield
and induced an enantiomeric excess (ee) of 47%, according to
high-pressure liquid chromatography (HPLC) in chiral columns
aer subtracting the blank experiment. Kinetic experiments
show that the catalysis is caused by MgCl2 and that the ligand
only slows down the reaction (Fig. S8†). The much more
hindered and acidic triurophosphoramide naphthol (R) ligand
22 (ref. 24) gave product 3 in a similar yield (72%) but with just
6% ee. Different PyBox (R,R) ligands 23–26 also gave product 3
in 62–76% yields but without any ee. These results strongly
support the coordination of the chiral ligand 21 with the MgCl2
© 2024 The Author(s). Published by the Royal Society of Chemistry
solid catalyst to induce enantioselectivity, and the poorer
interaction of MgCl2 with the rest of ligands 22–26.

Table 3 shows the optimization of reaction conditions with
the catalytic combination of MgCl2/ligand 21. The results show
that the addition of 20 mol% of ligand 21 is benecial for the ee
RSC Adv., 2024, 14, 32944–32957 | 32949
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Fig. 5 In-flow reaction with MgCl2 + chiral ligand 21 as a catalyst
(111 mg in total, 5 : 2 wt% ratio) for the intermolecular ketone-ene
reaction between a-methyl styrene 1 and methyl pyruvate 2 (1
equivalent) in DCM (0.5 M) at room temperature. The feed flow rate is
2 mL h−1. GC yields and HPLC ees.

Fig. 6 Results of the intramolecular carbonyl-ene reaction of citro-
nellal 27 (0.25 mmol) with MgCl2 as a catalyst (20 wt%) in DCM (0.5 M)
at 40 °C. Isolated yield.
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of the reaction, to give 85% yield and 61% ee aer 72 h reaction
time and subtraction of the blank (entry 1). If the reaction is run
solventless, the yield increases up to 94% but the ee decreases to
46%, since the solubility of ligand 21 and its interaction with
the solid metal salt diminishes (entry 2). Indeed, when a higher
amount of MgCl2 is added (50 mol%), the yields of 3 are nearly
quantitative and the ee increases to 57% in DCM but not
without any solvent (entries 3 and 4). A decrease in the reaction
temperature to 0 °C slightly improves the ee aer 24 h reaction
time (53% in entry 5 vs. 48% in entry 3), but not that much to
justify a low temperature set-up. These results demonstrate the
possibility of achieving a signicant enantioselectivity with the
solid MgCl2 in combination with the simple and commercially
available ligand 21. It is worthy to comment herein that better
enantioselective results (up to 99%) can be found in the litera-
ture with optimized homogeneous catalysts and ligands;13f

however, they are oen much expensive, toxic and unrecover-
able (see ahead).

Table 3 also shows the reusability studies for the catalytic
combination of MgCl2 (5 mol%) and ligand 21 (20 mol%). The
catalytic mixture was recovered aer fully precipitating the
ligand with n-hexane, ltering and drying. The recovered
mixture of MgCl2 and 21 was placed for a second run, to achieve
85% yield of 3with 61% ee aer 72 h at room temperature (entry
6). Twomore uses of the catalytic solid mixture were carried out,
with even higher yields and ee (up to 90% and 70%, respectively,
entries 7 and 8). These results showcase the ability of a simple
solid salt such as MgCl2 to bring enantioselectivity throughout
several reuses with the solid ligand 21.

3.1.5 In-ow reaction. The good reusability of MgCl2 in the
batch reaction led us to explore a possible implementation of
the solid MgCl2 catalyst in an in-ow process. Continuous
reactions are preferred in industry by its higher productivity,
easy monitoring and better safety.25 It is difficult to nd in the
literature in-ow reactions for the intramolecular carbonyl-ene
reaction, particularly with ketones. Besides, we attempted the
enantioselective reaction in this study, employing the combi-
nation of MgCl2 + chiral ligand 21 as a catalyst in the xed-bed
tubular reactor. Thus, the reaction between 1 and 2 was
repeated under the optimized solventless reaction conditions,
but this time in a tubular reaction packaged with 111 mg of
MgCl2 and 21 (5 : 2 wt% ratio) embedded between 2 g of silicon
carbide. Then, an equimolar mixture of 1 and 2 was passed
through the solid catalyst using a syringe pump, contragravity
wise to avoid excessive solid aggregation, and at a rate of 2 mL
h−1. The product mixture at the reactor exit was periodically
analysed by GC-MS and chiral HPLC, and the results are shown
in Fig. 5.

The in-ow reaction operates well for >6 h, with >90% yield
of 3 on average during that time. Although the ees obtained are
not high (z30%), they add value to the in-ow experiment,
since they are also consistent with the corresponding in-batch
reaction (see entry 4 in Table 3). These results pave the way to
perform intermolecular carbonyl-ene reactions in continuous
ows, catalysed by MgCl2.

3.1.6 Application to the synthesis of isopulegol (28). As
commented in the introduction, isopulegol is a necessary
32950 | RSC Adv., 2024, 14, 32944–32957
intermediate for the synthesis of menthol and it can be indus-
trially produced by the intramolecular carbonyl-ene reaction of
citronellal. Previous studies have shown that this natural
compound can be obtained with nanoscopicmetal uorides,26,27

Au-supported MgF2,28 Zr-zeolites29 or Beta-zeolites30 as solid
catalysts. Notice that MgF2 has been used as a support and not
as the active catalyst (Au in this case) and that a negligible
activity was found for MgF2 in that case.28 Indeed, all these
examples use supported metals as the active catalysts. Thus, in
order to validate our methodology in an industrial reaction, we
performed the reaction with MgCl2 as a catalyst under our
optimized reaction conditions for pyruvates. The results are
shown in Fig. 6.

MgCl2 catalyzes well the carbonyl-ene reaction of citronellal
27 into isopulegol 28 (neo-isoisopulegol is the only isolated
isomer, and the one with the higher conversion) with almost
full diastereoselectivity,31 starting from a racemic mixture of 27.
It is true that higher amounts of MgCl2 (20 wt%) and a slightly
higher reaction temperature (40 °C) were required, but the
desired compound could be isolated in a reasonable isolated
yield of 52% as the major diastereoisomer. Two different
conformers were detected in GC in a 25% ratio for each of them.
These results showcase the feasibility of the MgCl2-catalysed
protocol in industrially interesting processes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2 Domino dehydration/intermolecular carbonyl-ene
reaction

3.2.1 Dehydration reaction of 2-phenylpropan-2-ol (29). a-
Methyl styrene 1 was synthesized32 by the dehydration of
phenylpropan-2-ol 29 which, in turn, is easily prepared from
cumene and O2.33 Thus, it would be of interest to directly syn-
thesise the carbonyl-ene reaction product 3 from alcohol 29
rather than from alkene 1, not only because of the higher
availability, stability and lower price of the former but also
because, in contrast to the carbonyl-ene reaction,5b the dehy-
dration reaction is irreversible, thus smoothly generating small
amounts of (now) intermediate 1, which does not turn back to
alcohol 29 but should rapidly progress to the desired product 3
in the presence of the corresponding triuoromethyl pyruvate 2.
However, as mentioned in the Introduction, this domino reac-
tion is not straightforward with ketones, since the equivalent of
H2O generated during the dehydration reaction can degrade
most of the metal catalysts employed thus far for the carbonyl-
ene reaction.

The dehydration reaction was, rst, independently studied
with some of the most active catalysts for the ketone-ene reac-
tion (Table 1). The results are shown in Table 4, for two different
reaction temperatures and reaction times (20 °C and 18 h, and
75 °C and 3 h, named conditions A and B, respectively). It can be
Table 4 Catalytic results of the dehydration reaction of 2-phenyl-
propan-2-ol 29 (0.2 mmol) to form a-methyl styrene 1 with different
metal salts (5 mol%) in dichloroethane (DCE) as a solvent (0.5 M), either
at room temperature (20 °C) for 18 h (condition A) or at 70 °C for 3 h
(condition B)a

Entry
Metal catalyst
(5 mol%) Condition 1b (%) 30b (%) Ratio 1/30

1 — A <1 <1 —
2 B 5 <1 5.0
3 CuCl2 A <1 <1 —
4 B 40 4 10.0
5 Cu(OTf)2 A 8 2 4.0
6 B 52 20 2.6
7 Cu(OAc)2 A <1 <1 —
8 B <1 <1 —
9 CuCl A <1 <1 —
10 B <1 <1 —
11 FeCl2 A 19 3 6.3
12 B <1 >99 0.01
13 4 Å MS A 2 <1 2
14 B 15 <1 15
15 MgO A <1 <1 —
16 B <1 <1 —
17 MgCl2 A <1 <1 —
18 B 24 <1 24

a MS: molecular sieves. b GC yields, mass balances are complete with
unreacted starting material 29.

© 2024 The Author(s). Published by the Royal Society of Chemistry
seen that all the catalysts were inactive at room temperature (20
°C) except FeCl2 (entry 11), which however generates signicant
amounts of by-products 30. This mixture of by-products (the
structure for the head-to-tail product is shown, but the other
potential dimers are also formed) comes from either the
dimerization of alkene 1 or the coupling of the carbocation
intermediate of alcohol 29, which may be expected with strong
Lewis acids, as those typically required for the carbonyl-ene
reaction of reluctant carbonyl group such as ketones.12

Indeed, when heating at 70 °C, the complete conversion to by-
products 30 was realized with FeCl2 (entry 12). In contrast, Cu
salts with enough Lewis acidity were able to catalyse the desired
dehydration reaction to form product 1 aer heating (entries 4
and 6), although unavoidably generating some by-products 30.
Gratifyingly, 4 Å MS (entry 14) and, particularly, MgCl2 (entry
18), only gave product 1 without any by-products 30. The high
selectivity of MgCl2 towards 1 is explained by an intermediate
Lewis acidity, circumventing the formation of 30 while reason-
ably giving the desired product 1. The relatively low yield of the
former (24%) should not be a problem since, in the domino
reaction, 1 (as an intermediate) will rapidly react with pyruvate 2
to the desired carbonyl-ene reaction product 3, while still at low
concentrations. Besides, the non-reversible nature of the
dehydration reaction will shi the equilibrium towards the
domino reaction; indeed, an independent experiment shows
the lack of reactivity of 1 with H2O under the optimized reaction
conditions (Fig. S9†).

3.2.2 Domino reaction of 2-phenylpropan-2-ol (29) with
triuoromethyl pyruvate (2). Table 5 shows the results for the
domino dehydration/intermolecular carbonyl-ene reaction of
alcohol 29 with triuoromethyl pyruvate 2 catalysed by MgCl2
(5 mol%). The reaction temperature was set at 50 °C and the
reaction time at 18 h, in order to have intermediate reaction
conditions between the dehydration (Table 4) and the inter-
molecular carbonyl-ene reaction (Table 1). For the sake of
comparison, CuCl2 was also tested as a catalyst.
Table 5 Catalytic results for the domino dehydration/intermolecular
carbonyl-ene reaction of alcohol 29 with methyl pyruvate 2 (1 equiv.)
catalysed by MgCl2 (5 mol%) in either dichloroethane (DCE) as
a solvent (0.5 M) or without any solvent, at 50 °C for 18 h

Entry Metal catalyst Solvent 1a (%) 30a (%) 3a (%)
Select. to
3 (%)

1 — DCE 3 4 7 50
2 MgCl2 DCE 10 14 60 71
3 CuCl2 DCE <1 84 15 15
4b MgCl2 None 3 (<)1 12 (9) 85 (91) 85 (91)

a GC yields, mass balances are complete with unreacted starting
material 29. b GC, weight and 1H NMR yield for an experiment on
a 9 g scale (30 mmol of 29 and 45 mmol of 2).

RSC Adv., 2024, 14, 32944–32957 | 32951
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Table 6 Catalytic results for the domino dehydration/intermolecular
carbonyl-ene reaction of different alcohols and trifluoromethyl pyru-
vates (1 equiv.) catalysed by MgCl2 (5 mol%) in either dichloroethane
(DCE) as a solvent (0.5 M) or without any solvent, at 50 °C for 18 h. For
product structures, see Fig. 3

Entry Product Solvent Yielda (%)

1 3 DCE 60
2 None 85
3 4 DCE 15
4 None 40
5 5 DCE 20
6 None 76
7 6 DCE 2
8 None 35
9 8 DCE 92
10 None 99
11b 16 DCE >99
12b None >99
13b 18 DCE 13
14b None 75

a GC yields, mass balances are complete with unreacted starting
materials, alkene and ether by-products. b Reaction carried out at
100 °C.

Fig. 7 Results of the domino dehydration/intermolecular carbonyl-
ene reaction of alcohol 29 with trifluoromethyl pyruvate 2 (1 equiv.)
catalysed byMgCl2 (5mol%) without any solvent, at 50 °C for 18 h, after
recovering the MgCl2 catalyst by decantation and reuse. GC yields,
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The above-mentioned results show that the domino reaction
indeed proceeds well with MgCl2 as a catalyst, to give 60% yield
of the carbonyl-ene reaction product 3 when DCE is used as
a solvent (entry 2), and 85% yield when any solvent is not used
(entry 4). A hot ltration test shows that there is no signicant
amount of catalytically active species in the solution for the
domino reaction since, aer hot ltration of the MgCl2 solid
catalyst, the conversion is only z10% (Fig. S10†), similar to the
blank experiment without any catalyst (entry 1 in Table 5), in
contrast to the 50% conversion found in the presence of the
catalyst aer 3.5 h. Thus, any leaching can be discarded. A 9 g
scale experiment with catalytic MgCl2 and without any solvent
yields 91% of product 3 (using 1.5 equiv. of 2 in this case),
according not only to GC but also to the recovered and weighted
crude, as well as to the corresponding 1H, 13C, 19F and DEPT
NMR characterization (Fig. S11,† top). The photograph of the
mixture at the end of the reaction shows the good separation of
the MgCl2 solid catalyst from the liquid phase, and also the
separation of the water generated during the domino reaction
(Fig. S11,† bottom). In contrast, CuCl2 only gave 15% of the
desired product 3, and the rest was by-products 30 (entry 3 in
Table 5), in accordance with the low activity towards the
carbonyl-ene reaction of the pre-hydrated CuCl2 complex cata-
lyst (entry 1 in Table 1).

3.2.3 Scope of the domino reaction. The results for the
domino dehydration/intermolecular carbonyl-ene reaction of
different alcohols and pyruvates, catalyzed by MgCl2, either in
DCE as a solvent or without any solvent, are shown in Table 6.

The results show that the domino dehydration/
intermolecular carbonyl-ene reaction performs successfully for
various aromatic and aliphatic alcohols, using the same MgCl2
catalyst under both dichloroethane (for comparative purposes)
and solventless conditions, obtaining the best results under the
latter. The reaction temperature had to be slightly increased to
50 °C in almost all cases (entries 1 to 10), in order to enhance
the dehydration reaction rate. Different para-substituted alco-
hols were tested under the optimized reaction condition giving
the expected ene-product with excellent to good yields for the
chloro (entry 6, 76% yield), triuoromethyl (entry 8, 35% yield)
and the methoxy-substituted products (entry 10, 99% yield). In
contrast, a,a-trimethylbenzyl alcohol yielded the desired ene-
product in moderate yields (entry 4, 40% yield). Regarding
aliphatic alcohols such as 2,4,4-trimethyl-2-pentanol (entries 11
and 12) and a-terpineol (entries 13 and 14), the reaction
temperature had to be increased to 100 °C, giving, nevertheless,
the corresponding products in high yields (99% of 16 and 75%
of 18, respectively). The catalyst amount could be maintained to
5 mol%.

3.2.4 Reuses of MgCl2, in-ow and enantioselectivity for
the domino reaction. Fig. 7 shows the results for the reuse of
MgCl2 during the dehydration/intermolecular carbonyl-ene
reaction of equimolecular amounts of alcohol 29 and tri-
uoromethyl pyruvate 2, without any solvent. The results show
that the solid catalyst can be easily recovered by simple
decantation and reused up to three times without any erosion in
the nal yield to product 3, only decreasing in the fourth use.
32952 | RSC Adv., 2024, 14, 32944–32957
Furthermore, analogously to the carbonyl-ene reaction, the
one-pot reaction was performed enantioselectively, using the
same chiral phosphoric acid, (R)-(−)-1,10-binaphthyl-2,20-diyl
hydrogenphosphate chiral phosphoric acid 21 (6 mol%).

Different ratios of alcohol 29 and pyruvate 2 were tested
along with MgCl2, as shown in Table 7. Equimolar amounts of
mass balances are complete with unreacted starting material 29.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Results of the domino reaction catalysed by a mixture of
MgCl2 + chiral ligand 21, either in DCM (0.5 M) or without any solvent,
at room temperature

Entry Pyruvate 2 (eq.) Solvent 1a (%) 30a (%) 3b [ee] (%)

1 1 DCE 12 5 54
2 3 92 7 44
3 5 95 5 44
4 1 None 8 92 55
5 3 74 26 46
6 5 79 21 37

a GC yields. b HPLC ees.
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both reagents 29 and 2 led mostly to the formation of product
30 either in the absence or presence of DCE as a solvent (entries
1 and 4). However, increasing the amount of pyruvate to 3
equivalents led to a severe decrease in the undesired by-product
formation (entries 2 and 5), even though this amount is not
negligible in the case of the solventless reaction. As a result, and
due to any small difference in performance between the reac-
tion using 3 or 5 equivalents of 2 (entries 3 and 6), the use of 3
equivalents of 2 was selected for the application of the reaction
conditions for the in-ow reaction.
Fig. 8 In-flow reaction with MgCl2 + chiral ligand 21 as a catalyst
(111 mg in total, 5 : 2 wt% ratio) for the domino reaction, in DCE (0.5 M)
at room temperature. The feed flow rate is 0.7 mL h−1. GC yields and
chiral GC ees. Error bars account for a 5% uncertainty.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The same conditions as in the ene-reaction were tested for
the in-ow domino dehydration/intermolecular carbonyl-ene
reaction, as shown in Fig. 8. Although conversions towards
the desired ene-product 3 did not exceed 20% at a ow rate of
2 mL h−1 (Fig. S12†), a slight decrease in the ow rate to 1.5 mL
h−1 led to good conversions with moderate enantiomeric
excesses during the rst hour of the ow reaction (Fig. S13†).
The conversion decreased drastically aer that time. Conse-
quently, ow was further decreased to 0.7 mL h−1, leading to the
best results, as shown in Fig. 8.

The in-ow reaction operates well for >6 h; aer stabilization
of the reactive system during the rst 30 min, the yields range
from 70 to 90%. Furthermore, a 44% ee is achieved aer 30 min
reaction, which is consistent with the enantioselectivity ob-
tained in the batch experiment and demonstrates that the in-
ow chiral version of the domino dehydration/intermolecular
carbonyl-ene reaction can be achieved with moderate ees
during the rst hour, similarly to the intermolecular carbonyl-
ene.

4 Conclusions

The intermolecular ketone-ene reaction of triuoromethyl
pyruvates with alkenes and the corresponding domino
dehydration/ketone-ene reaction with tertiary alcohols are cat-
alysed by the simple salt MgCl2 in high yields (up to >99%)
under solventless, mild reaction conditions. The solid salt can
be reused in batch or implemented in ow, to give very good
yields (>80%) in both cases of the ketone-ene product aer
extensive use (up to 10 uses in batch and 6 h reaction time in
ow for the ketone-ene reaction). The use of the simple and
commercially available chiral phosphoric acid ligand 21 allows
performing the enantioselective version of the reaction, in very
high yields (>85%) and with signicant enantiomeric excess (up
to 70%) when the solid mixture is reused in batch (the in-ow
enantiomeric excess is z30%). The industrial synthesis of iso-
pulegol from citronellal is also viable with MgCl2 as a solid
catalyst. This study brings the extremely inexpensive and non-
toxic solid MgCl2 as an efficient reusable catalyst for carbonyl-
ene reactions, preferable in tandem with the previous dehy-
dration reaction of the corresponding tertiary alcohols.
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M. Boronat, R. Pérez-Ruiz and A. Leyva-Pérez,
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