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A B S T R A C T   

Substituted cyclohexenones are well-known building blocks for the synthesis of numerous natural products and 
bioactive compounds. Despite their widespread use, they are prepared under conditions that are not compatible 
with the principles of green chemistry. Here the synthesis of substituted cyclohexenones was revisited using a 
tandem annulation-decarboxylation strategy, in an eco-friendly process without compromising on efficiency. To 
meet this challenge, environmental catalysts, named ecocatalysts®, which derived from biomass wastes were 
used. Under microwave activation, ecocatalysis assisted by statistical tools led to excellent yields, as well as 
remarkable green metrics for the whole synthetic process, which both exceeded those previously reported. The 
reaction was scaled-up allowing the recycling assessment of the best ecocatalysts®. The reaction was also 
extended to other substrates. The catalytically active species within the best ecocatalyst® was identified through 
extensive characterisation by MP-AES, XRPD, SEM, XPS and solid-state NMR, allowing to depict a mechanism 
confirmed by DFT calculations.   

1. Introduction 

Cyclohexenones have been widely used as building blocks for the 
synthesis of more complex natural or biologically active compounds 
with anticancer, antimicrobial, antiviral, antineurodegenerative, 
immunomodulatory, contraceptive or pheromone-like properties [1,2]. 
They have also been employed in conjugation chemistry leading to 
medicinally interesting derivatives [3]. In both cases, cyclohexenones 
could be derivatised by several reactions, as cycloaddition reactions [4], 
1,4-additions [5,6], 1,2-additions [7], 2-halogenations [8] or Pd 
(II)-catalysed enantioselective arylboronic acid additions [9,10]. 
Despite their widespread use, most syntheses of substituted cyclo-
hexenones are indirect and require several steps leading to low or 
moderate overall yields. For example, the synthesis of 3-methyl-2-cyclo-
hexenone, or seudenone, an insect pheromone isolated from the 
destructive pest Dendroctonus pseudotsugae, was reported in 2–3 steps 
with a yield range of 50–60%, according to the strategy, the Birch 
reduction of 3-methylanisole [11,12], the Wittig reactions of δ-keto-
carboxylic acids [13] and the oxidation of 1,8-cineole followed by a 

retro-aldol condensation [14]. Inspired from an annulation approach 
using acyclic precursors, a tandem annulation-decarboxylation synthe-
sis was reported as an alternative single-step strategy and with better 
yields [15–17]. However, the reaction conditions were not compatible 
with the principles of green chemistry as petroleum-based strong bases, 
long reaction time and waste-producing workup were needed. 

Here, the synthesis of substituted cyclohexenones was revisited using 
the same tandem annulation-decarboxylation strategy in an environ-
mentally friendly process while intending to improve the yields previ-
ously reported. Environmental catalysts, named ecocatalysts® [18–24], 
which derived from biomass wastes were used to replace the usual 
petrochemical bases. Two types of biomasses were selected: food waste 
as spent coffee ground and plants that are problematic for the biodi-
versity and require their removal from the environment as Invasive 
Alien Species (IAS) (Fallopia japonica and Arundo donax)[25] and as 
fast-growing species (Salix alba). Indeed, the management of such bio-
masses is costly and developing an alternative utilisation of the derived 
wastes represents an economic support [18,26]. 

In addition to being environmental wastes, the biomasses must bear 
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two main criteria: being abundant and displaying a high content in K 
and/or Mg related to potential Brønsted basic and/or Lewis acidic 
properties [20,27]. Indeed, ecocatalysts® derived from F. japonica and 
S. alba to a lesser extent catalysed the Michael addition of dime-
thylmalonate onto 2-alkyl cyclopentenones illustrating their basic ac-
tivities [27]. 

Extending these results, ecocatalysts® derived from F. japonica, 
A. donax, S. alba and spent Coffea arabica were prepared and analysed by 
MP-AES and XRPD. They were engaged in the model reaction for the 
synthesis of 3-methyl-2-cyclohexenone under microwave activation. 
Using Spearman correlations, the reaction conditions were optimised 
with the four ecocatalysts® and the influence of the key experimental 
factors were detailed. Recycling and reuse of the best ecocatalyst® were 
studied, allowing the calculation and comparison to literature of seven 
green metrics of the model reaction process. The reaction was then 
extended to other mono- and disubstituted cyclohexenones. Finally, a 
fine study of the catalytically active species within the best ecocatalyst® 
was performed by comparing its reactivity versus commercial salts and 
by a deeper characterisation by SEM, XPS and solid-state NMR. The 
reaction mechanism was revisited with the catalytically active species 
supported by DFT calculations. 

2. Experimental part 

2.1. Materials 

3-buten-2-one (90%), 1-penten-3-one (97%), crotonaldehyde 
(99.5%), glycerol (>99%), Ca5(PO4)3OH and MgO were purchased from 
Sigma-Aldrich. Methacrolein (90%), mesityl oxide (95%), ethyl ace-
toacetate (98%), ethyl 2-methylacetoacetate (95%) and ethyl 3-oxoval-
erate (97%) were purchased from TCI. 3-penten-2-one (85%) was 
purchased from Alfa Aesar. CaCO3 was purchased from Carlo Erba Re-
agents. Pure Arabica coffee grounds were purchased from Carte Noire. 

2.2. Methods 

2.2.1. Analysis and quantification 

2.2.1.1. MP-AES analysis. The elementary composition of ecocata-
lysts® was measured using an Agilent MPAES4210 Microwave Plasma 
Atomic Emission Spectroscopy with an Agilent SPS 3 Autosampler. We 
used dinitrogen supplied via an F-DGSi N2 generator Thyster 1Df for the 
plasma. The samples were introduced via a OneNeb nebulizer and a 
single-pass cyclonic spray chamber. All samples were prepared by mi-
crowave digestion using an Anton Paar Multiwave Go. A mixture of 
HNO3 (4 mL, 65%) and HCl (2 mL, 37%) was added to the ecocatalyst® 
material (100 mg), using a method specially developed for the samples 
(20 min ramp to 164 ◦C and 10 min at 164 ◦C). Once cooled, the solu-
tions were diluted to 50 mL with ultrapure water with 1% of HNO3 and 
diluted 10 times before injections. 

2.2.1.2. Quantification by GC-MS and GC-FID. Gas chromatography 
analyses were performed using a Thermo Scientific Trace 1300 device 
with dihydrogen as the vector gas coupled with an ISQ simple quadru-
pole mass detector for the identification and FID flame ionisation de-
tector was used for quantification. The column was a Trace TR-5MS 
column 30 m, 25 mm, 25 µm Thermo Scientific. 

In brief, 1 µL of solution was introduced into the GC-MS-FID with an 
injector temperature of 280 ◦C; split mode was 1/20 with a flow gas of 
1 mL/min. The column temperature was programmed as follows: 
initially, the temperature was kept at 40 ◦C for 1 min and then heated up 
to 280 ◦C with a rate of 70 ◦C/min and held at 280 ◦C for 2 min. The run 
time was 7 min. 

The mass spectra of products were recorded using Electron Ionisation 
in positive ion mode. The transfer temperature was 300 ◦C. A full scan 

mode (m/z = 50–650) was used with centroid acquisition. Scan time was 
0.05 s. 

An air flow of 350 mL/min, a dihydrogen flow of 33 mL/min was 
used for the FID and the detector temperature was 280 ◦C. 

The quantification of the molecule concentration was monitored by 
GC-FID using external calibration. 

2.2.1.3. Nitrogen sorption isotherms. Nitrogen sorption isotherms were 
recorded at 77 K on a Micromeritics TriStar volumetric apparatus by 
admitting doses of nitrogen in a measurement cell. Prior to the nitrogen 
sorption experiments, the samples were outgassed at 200 ◦C under 
vacuum overnight. The BET surface area of each sample was determined 
using the Brunauer-Emmett-Teller (BET) method46 on the linear range 
of the isotherms typically at p/p0 = 0.05–0.35. 

2.2.1.4. Scanning electron microscopy (SEM). SEM images were recor-
ded on a Zeiss EVO HD15 Scanning Electron Microscope. 

2.2.1.5. X-ray powder diffraction (XRPD) analysis. XRPD data mea-
surements were performed using a Bruker diffractometer (D8 Advance, 
with a Cu Kα radiation λ=1.54086 Å) equipped with a Lynxeye detector. 

2.2.1.6. X-ray photoelectron spectrometry (XPS) analysis. XPS measure-
ments were performed (ESCALAB 250 from Thermo Electron) on com-
mercial MgO and on Eco1-E-spent C. arabica with a monochromatic 
excitation source, Al Kα x-rays (1486.6 eV) operating at 15 kV and 6 mA. 
A spot size of 500 µm, a transition energy of 150 eV at a step of 1 eV for 
the survey and a transition energy of 20 eV at step of 0.1 eV for high- 
resolution were used. The photoelectron spectra were calibrated using 
the binding energy of C––C component of C1s at 284.4 eV. 

2.2.1.7. Analysis by 1H and 13C NMR. 1H and 13C solution NMR spectra 
were recorded on an Avance III Bruker 600 MHz spectrometer equipped 
with a TCI Prodigy cryoprobe. 

2.2.1.8. Analysis by 25Mg solid-state NMR. 25Mg solid-state NMR ex-
periments were performed on Eco1-E-spent C. arabica and commercial 
MgO dilute at the same wt% of Mg (8.1% in average) of the ecocata-
lyst®. The experiments were conducted on a VARIAN VNMRS 600 MHz 
spectrometer (PT-ICGM France) using a 7.5 mm HX probe. Samples were 
spun at 5 kHz at room temperature. Spectra were recorded using a single 
pulse sequence with a π/2 quadrupolar solid pulse of 3 μs and a relax-
ation delay D1 of 100 s (to accommodate the long relaxation time of 
MgO). The number of transients acquired was 822 for Eco1-E-spent 
C. arabica and 188 for commercial MgO dilute at 8% in Al2O3. 25Mg 
NMR chemical shifts were referenced a 1 mol/L MgCl2 aqueous solution 
(δ = 0 ppm). 

2.2.2. Synthesis 

2.2.2.1. Harvest and collection of ecocatalysts®. Spent coffee grounds 
were collected from the wasted coffee grounds after preparation of pure 
Arabica coffee in our laboratory. Spent coffee grounds were collected at 
different period of time (January, July and October 2023), coming from 
different batches of the same producer (Carte Noire). 

Leaves of Salix alba were harvested in September and November 
2022, and June 2023, in Picardie (France). The organic reactions were 
conducted using S. alba, which was harvested in June 2023. 

Aerial parts (leaves, stems and petioles) of Fallopia japonica were 
harvested in June and September 2023, in Saint-Julien-de-la-Nef 
(France) by the BIOINSPIR company. The organic reactions were con-
ducted using F. japonica, which was harvested in September 2023. 

Aerial parts (leaves and stems) of Arundo donax were harvested in 
May 2022 and July 2023, at the Biopole of Grabels (France). The organic 
reactions were conducted using A. donax, which was harvested in May 
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2022. 

2.2.2.2. Preparation of ecocatalysts®. After collection, aerial parts of 
A. donax, F. japonica and S. alba were ground and thermally treated in a 
furnace under air flow at 550 ◦C for 4 h generating Eco1-E-A. donax, 
Eco1-E-F. japonica, and Eco1-E-S. alba (with a granulometry of 500 – 
<50 µm, 50 – <50 µm and 100 – <50 µm). Spent coffee grounds were 
thermally treated in a furnace under air flow at 550 ◦C for 4 h generating 
Eco1-E-spent C. arabica. The granulometry of Eco1-E-spent C. arabica 
was <50 µm. The resulting ashes were directly used as catalysts. 

In the name “Eco1-E”, the number “1” stands for the single thermal 
treatment in comparison to other ecocatalysts® that had been prepared 
following more complex procedures. The letter “E” stands for elements, 
meaning that the biomass from which the ecocatalyst® derives has not 
accumulated any specific element related to an associated phyto-
technology, in comparison to other ecocatalysts® which could be 
enriched in trace metals. 

Procedure for the model reaction: the synthesis of 3-methyl-2-cyclo-
hexenone 3 with optimised conditions. 

Ethyl acetoacetate (30 mmol, 3.83 mL, 2 equiv.), Eco1-E-spent 
C. arabica (0.17 mmol, 53 mg, 0.01 equiv. of Mg), 3-buten-2-one 
(15 mmol, 1.39 mL, 1 equiv.; purity = 90%) and glycerol (7.5 mmol, 
0.6 mL, 0.5 equiv.) were mixed in a microwave reactor (CEM Discover® 
2.0). The reaction mixture was ramped to temperature for 10 min until 
220 ◦C, then was stirred for 45 min at 220 ◦C. After cooling to room 
temperature, the ecocatalyst® was filtered through sinter with ethyl 
acetate (10 mL) and the collected solution was concentrated under 
reduced pressure. The crude product was purified by flash- 
chromatography (cyclohexane/ethyl acetate: 90/10) providing 3- 
methyl-2-cyclohexen-1-one 3 in 90% yield as a light-yellow liquid. 

2.2.2.3. General procedure for the recycling of Eco1-E-spent C. arabica. 
The reaction was carried out in twelve 75 mL microwave reactors 
working in parallel (CEM MARS 6™ Synthesis). In one reactor, ethyl 
acetoacetate (90 mmol, 11.5 mL, 1.5 equiv.), Eco1-E-spent C. arabica 
(0.66 mmol, 208 mg, 0.01 equiv.), 3-buten-2-one (60 mmol, 5.43 mL, 1 
equiv.; purity = 90%)) and glycerol (30 mmol, 2.2 mL, 0.5 equiv.) were 
mixed. Reaction mixtures were ramped to temperature for 20 min until 
220 ◦C, then were stirred at 220 ◦C for 1 h. The crude product was pu-
rified by distillation and provided 3-methyl-2-cyclohexen-1-one 3 as a 
light-yellow liquid. The remaining solid was thermally treated in a 
furnace under air flow at 550 ◦C for 4 h and reused as such in the 
following run of reaction. Recycling was performed up to 3 runs. 

2.2.2.4. General procedure for the scope of substituted cyclohexenones. On 
a 30 mmol scale reaction, β-keto ester (2 equiv.), Eco1-E-spent C. arabica 
(0.01 equiv. of Mg), conjugated enone (or enal) (1 equiv.) and glycerol 
(0.5 equiv.) were mixed in a microwave reactor (CEM Discover® 2.0). 
The reaction mixture was ramped to temperature for 10 minutes until 
180 ◦C or 220 ◦C, then was stirred for 30–60 minutes at 180 ◦C or 220◦C. 
The crude product was quantified by GC-FID or NMR with mesitylene as 
internal standard. The product was further isolated by distillation (see 
ESI for details). 

2.2.2.5. Statistical analysis of the reaction conditions. The exploration of 
the best reaction conditions was investigated by calculating a Spearman 
correlation matrix. The correlations were calculated from a total of 38 
experiments performed with the four ecocatalysts® (Eco1-E-F. japonica, 
Eco1-E-A. donax, Eco1-E-S. alba, Eco1-E-spent C. arabica) and a total of 
11 variables (the catalytic loading and its composition in Ca, K, Mg and 
Na, the thermal treatment of the ecocatalyst®, the quantity of glycerol, 
the reaction time, the reaction temperature and the yield). The signifi-
cance of the correlation coefficients between the variables and the yield 
were evaluated by calculating p-Values using a t-test. p-Values lower 
than 0.05 were considered to reject the null hypothesis. 

2.2.2.6. DFT calculations. Density Functional Theory (DFT) calculations 
were performed as implemented by Gaussian 16 C.01. The SCF conver-
gence default was used for Gaussian and the symmetry constraint was 
ignored. A hybrid functional, which include a mixture of Hartree-Fock 
exchange with DFT exchange-correlation, was used. The PBE1PBE 
functional that uses 25% exchange and 75% correlation weighting, is 
known in the literature as PBE0. The 1996 pure functional of Perdew, 
Burke and Ernzerhof was made into a hybrid by Adamo [28]. The double 
-ζ basis set def2-SVP [29], with polarisation functions was used. The D3 
version of Grimme dispersion with Becke-Johnson damping was added 
for empirical dispersion [30], typically used for non-covalent in-
teractions, supramolecular complexes in solution. 

3. Results 

3.1. Structural characterisation of ecocatalysts® 

Four ecocatalysts® were prepared by thermally treating in air 
biomass wastes coming from IAS, fast-growing species and spent coffee 
grounds generating Eco1-E-A. donax, Eco1-E-F. japonica, Eco1-E-S. alba 
and Eco1-E-spent C. arabica. 

The elemental composition of ecocatalysts® was characterised by 
MP-AES (Fig. 1(a) & Table S1). All ecocatalysts® displayed the presence 
of physiological elements, Ca, K, Mg and Na, due to their biological 
origin but their concentration slightly differed from each other. Indeed, 
ecocatalysts® derived from IAS, Eco1-E-A. donax and Eco1-E-F. japonica, 
showed a high concentration of K while Eco1-E-S. alba and Eco1-E-spent 
C. arabica displayed well-distributed concentrations of elements. 

The structure of ecocatalysts® was characterised by XRPD (see full 
spectra in Fig S1) and crystalline species were classified according to 
increasing pKa (Fig. 1(b)). All ecocatalysts® showed the presence of 
basic species such as magnesium oxide (periclase), carbonates (K2CO3, 
fairchildite (K2Ca(CO3)2), CaCO3), and/or phosphates (hydroxyapatite 
(Ca5(PO4)3OH)), but also the presence of other slightly acidic or neutral 
salts related to their natural origin. 

3.2. Synthesis of 3-methyl-2-cyclohexenone 3 

3.2.1. Optimisation of the reaction conditions supported by statistical 
calculations 

Considering the presence of basic species within the four ecocata-
lysts®, all ecocatalysts® were tested in the tandem annulation- 
decarboxylation reaction of β-ketoesters. The preparation of 3-methy- 
2-cyclohexenone 3 starting from ethyl acetoacetate 1 and butenone 2 
was chosen as the model reaction under microwave activation. 

The exploration of the best reaction conditions was investigated by 
studying the influence of 11 variables: the type of ecocatalyst® and its 
catalytic loading and hence its composition in Ca, K, Mg and Na, the 
Thermal Treatment (TT) of the ecocatalyst®, the quantity of glycerol, 
the reaction time and the reaction temperature. Each of these variables 
were optimised following a one-variable-at-a-time (OVAT) strategy (see 
all tested conditions with the corresponding yields in Table S2). The 
variables and the corresponding yields of 38 reactions were statistically 
analysed by calculating the Spearman correlation matrix and associated 
p-values (Fig. 2(a)). The Spearman correlations of the 11 variables with 
the reaction yield were represented as circles whose surface is propor-
tional to the intensity of the correlation and whose ordinate corresponds 
to the relative correlation. 

The reaction conditions and the composition, hence the type, of 
ecocatalyst® displayed the most important correlations with the yield. 
Indeed, the quantity of Mg (0 – 0.11 equiv.) and the reaction tempera-
ture (100 – 220 ◦C), respectively showed high and positive correlations 
(0.61 and 0.60), which were also statistically significant (p-value of 
0.001 and 0.002). The reaction time showed a medium and positive 
correlation with the yield. One variable, which is the only one to present 
a negative but still medium correlation with the yield, was the absence 
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of TT of the ecocatalyst®. 
Bearing in mind that the quantity of Mg within the ecocatalyst®, its 

preparation and the reaction temperature were key parameters for the 
reaction, the four ecocatalysts®, prepared at 550 ◦C and introduced in 
the same molar equivalent of Mg, were compared at 180 ◦C during 
30 min (Fig. 2(b)). Eco1-E-spent C. arabica was the most efficient as it 
led to the highest yield with the lowest quantity of catalyst (81% as the 
average yield of 9 experiments). 

Furthermore, the reaction temperature playing an important role on 
the yield, the reaction was studied using the best ecocatalyst®, Eco1-E- 
spent C. arabica, at higher temperatures (Fig. 2(c)). The highest tem-
perature of 220 ◦C led to the best conversion and selectivity towards 3 
(100 and 92%). Indeed, the side products 4 and 5, which were observed 
at lower temperature, were transformed at 220 ◦C into the desired 
cyclohexenone 3. 

3.2.2. Environmental impact assessment through green metrics comparison 
The reaction conditions as well as the associated workup procedure 

were compared to similar strategy processes from literature. To do so, 
several green metrics were calculated – the E-factor evaluating the 
production of wastes, the process mass intensity (PMI) which has been 
detailed for the workup procedure and allows to depict the E-factor in 
details, the energy consumption during the reaction and the space-time- 
yield (STY) representing the time and reactor volume required for 1 g of 
product, the turn over number (TON) representing the lifetime robust-
ness of a catalyst and the turn over frequency (TOF) measuring the TON 
per unit time – and the presence of hazardous compounds was flag 
marked (Table 1). The methods of calculation are described in the ESI. 

Usually, strong and synthetic Brønsted bases, such as alcoholates, are 
used to promote the annulation reaction for a few hours at reflux fol-
lowed by a decarboxylation step, which requires higher or longer 
heating, leading to moderate and good yields (55 and 76%) [15–17]. A 
different approach was studied in neutral conditions using hexame-
thylphosphoramide in the presence of lithium chloride and led to a 
similar yield of 73% [31,32]. 

Both approaches presented good yields and some good metrics in 

Fig. 1. (a) Elemental composition of ecocatalysts® determined by MP-AES. MP-AES data are the mean ± SD of three independent preparations of ecocatalysts®. (b) 
Crystalline species of ecocatalysts® detected by XRPD analysis. 

Fig. 2. Optimisation of the model reaction conditions of ethyl acetoacetate 1 and butenone 2 under microwave activation. (a) Spearman correlations of 11 variables 
with the yield (0 – 92%) from the model reaction carried out on 38 experiments. Spearman correlations are represented as circles whose surface is proportional to the 
absolute value and the ordinate is the relative value. *** p-value < 0.001, ** p-value < 0.01 and * p-value < 0.05. Range of variables studied: thermal treatment of 
ecocatalysts® (none, 350 ◦C and 550 ◦C), composition of ecocatalyst® (equivalent of Ca (0 – 0.16 equiv.), K (0 – 0.21 equiv.), and Na (0 – 0.03 equiv.), Mg (0 – 0.11 
equiv.)), and reaction conditions (quantity of glycerol (0 – 0.5 equiv.), reaction time (30 – 90 min), reaction temperature (100 – 220 ◦C)); (b) Comparison of 
ecocatalysts® (Eco1-E-S. alba, Eco1-E-F. japonica, Eco1-E-A. donax and Eco1-E-spent C. arabica) efficiency in the model reaction with the optimised conditions (180 
◦C (MW), 30 min, glycerol (0.5 equiv.), ecocatalyst® (0.01 equiv. of Mg, 0.02 equiv. of Ca or 0.05 equiv. of K); (c) Influence of the reaction temperature over the 
formation of side products in the model reaction (100 – 220 ◦C (MW), 30 min, glycerol (0.5 equiv.), Eco1-E-spent C. arabica (0.01 equiv. of Mg, 0.02 equiv. of Ca)). 
Yields were quantified by GC-FID analysis. 
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Table 1 
Comparison of green metrics. Red flag indicates hazardous compounds (HMPA) according to the CLP classification. *Isolated yields. ¥Crude yield. #Recycling of the 
ecocatalyst® was conducted at a larger scale (x 4) on 12 reactors in parallel in similar conditions. TON and TOF were calculated from the yields of each run given in 
Table S4. ND: not determined as the product was not isolated from the crude reaction mixture.  

ref catalyst 
(origin) 

method conditions yield E-factor PMI 
(PMI workup) 

energy 
(◦C.h) 

STY 
(g.h¡1.L¡1) 

TONTOF (h¡1) 

[15] t-BuOK 
(synthetic) 

batch 20 h, 83 ◦C 76%* 307 310 
(298) 

1173 46 ND 

[16,17] NaOMe 
(synthetic) 

batch 5 h, 81 ◦C 
then 1 h, 100 ◦C 

55%* 29 33 
(20) 

355 12 ND 

[31,32] 
LiCl, HMPA  

(synthetic) 

batch 2 h, 160 ◦C 73%¥ ND ND 270 ND ND 

present work Eco1-E-spent C. arabica 
(biosourced) 

batch 
microwave 

20 h, 180 ◦C 
45 min, 220 ◦C 

68%* 
90%* 

7 
5 

9 
(4) 
7 
(3) 

3100 
162 

2 
49 

ND 
1718# 

572#  

Fig. 3. Exploration of substrate scope (β-keto ester (2 equiv.), Eco1-E-spent C. arabica (0.01 equiv. of Mg and 0.02 equiv. of Ca), α,β-unsaturated ketone (or ketal) (1 
equiv.) and glycerol (0.5 equiv.), a 220 ◦C, 45 min; b 180 ◦C, 30 min). Yields were quantified by GC-FID analysis for the model reaction or by 1H NMR using 
mesitylene as internal standard for the other reactions. 
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individual categories but the present work based on ecocatalysis led to 
the best yield (90%) and the best green metrics in every category when 
the reaction was conducted under microwave activation. In details, the 
microwave activation led to a significant decrease of the reaction time, 
which is related to a low energy consumption and a high STY compared 
to the other reactions conducted in batch. The E-factor, which evaluates 
the wastes generated during the reaction and workup procedure, is 
much lower compared to other processes. Taken together, the PMI and 
PMI workup show that the low value of E-factor is due to combined 
efforts to perform the reaction solvent-free, with a minimum of reagent 
in excess and to perform the work up using a minimum of organic and 
aqueous layers. 

Moreover, the ecocatalyst® was the first catalyst that could be 
recycled and reused for the preparation of cyclohexenones. Recycling 
study of Eco1-E-spent C. arabica was performed on a larger scale, also 
illustrating the scale-up of the reaction. Eco1-E-spent C. arabica could be 
reused up to 3 runs with a loss of activity of less than 9%, the 4th and 5th 
runs leading to lower yields (Table S4). The TON and TOF were quite 
high thanks to the low catalytic loading and a short time reaction needed 
to obtain a high yield. 

Finally, the presented work also stands out by the use of non- 
hazardous ecocatalysts® related to their natural origin. Indeed, in 
addition of being biosourced, Eco1-E-spent C. arabica was derived from 
a waste that was upcycled by a direct and simple preparation by thermal 
treatment, leading to a good but perfectible Life Cycle Analysis (LCA). 
Indeed, the thermal treatment leads to a weight loss of 97–99% ac-
cording to the biomass. In order to improve the LCA, the combustion 
heat could be used in heating systems, as it had been suggested for 
agromining, and the produced gases could be captured in chemical trap. 

3.3. Scope of the tandem reaction for the synthesis of substituted 
cyclohexenones 3–13 

The best ecocatalyst®, Eco1-E-spent C. arabica, was used to extend 
the synthesis to other methyl and ethyl substituted cyclohexenones 
(Fig. 3). 

The strategy has been successfully applied to the synthesis of mono- 
and disubstituted cyclohexenones 7–10 as 3-ethyl, 3,6-dimethyl, 2,3- 
dimethyl and 3,5-dimethyl cyclohexenones with good yields (70 – 
88%). However, the use of α,β-unsaturated aldehydes instead of 
α,β-unsaturated ketones did not conduct to the cyclohexenones 11–13 in 
satisfying yields. Indeed, methacrolein and crotonaldehyde led to their 
non-surprisingly polymerisation, which has been previously described 
in basic conditions [33–38]. Furthermore, the use of 4-methyl-3-pente-
n-2-one led to a poor conversion of 17%, probably due to steric 
hindrance. 

In general, the increase of temperature has not led to a significant 
increase in yield, which is interesting for regulating the energy 
consumption. 

4. Discussion 

4.1. Investigation of the active species within ecocatalysts® 

Before investigating the nature of the active species of the best 
ecocatalyst®, Eco1-E-spent C. arabica, the reproducibility for the syn-
thesis of 3-methyl-2-cyclohexenone catalysed by Eco1-E-spent C. arabica 
was studied over time. Three ecocatalysts of Eco1-E-spent C. arabica 
were prepared coming from different batches of coffee grounds, 
collected in three periods of time (winter, summer and autumn). Their 
elemental composition varies in K and Na, but varies little in Mg (Fig. 1 
(a)). The three Eco1-E-spent C. arabica were hence introduced in the 
same molar equivalent of Mg, since it has been determined as a key 
parameter of the reaction. The three ecocatalysts® led to similar yields 
independently of the batch of biomass (Fig S5), illustrating the repro-
ducibility of the method. 

4.1.1. Comparison of reactivities of Eco1-E-spent C. arabica and 
commercial salts 

The high efficiency of Eco1-E-spent C. arabica was investigated by 
studying the individual reactivity of commercial salts that were found in 
its crystalline structure: MgO, CaCO3 and Ca5(PO4)3OH (Fig. 4(a)). 
Magnesium oxide introduced in the same molar quantities of Mg as in 
Eco1-E-spent C. arabica led to the highest yield of 71% and the closest to 
the yield obtained with Eco1-E-spent C. arabica (81% as the average 
yield of 7 experiments). The calcium salts, calcium carbonate or hy-
droxyapatite, led to low yields of 14 and 13%. A mixture of the three 
salts led to a similar yield as the one obtained with only MgO. 

Suspecting that the active species in Eco1-E-spent C. arabica could be 
MgO, ecocatalysts® which have been prepared at different temperatures 
were engaged in the model reaction: another ecocatalyst® derived from 
spent coffee ground prepared at a lower temperature of 350 ◦C and a 
non-thermally treated spent coffee ground. Commercial MgO used in 
chemical catalysis is usually prepared at 700 – 1000 ◦C [39,40]. But the 
apparition of MgO from magnesite (MgCO3) can occur at lower tem-
perature between 400 and 750 ◦C [41,42]. In any cases, both 
Eco1-E-spent C. arabica (350 ◦C) and spent coffee ground should not 
contain any MgO. As expected, the reactivity of these last two collapsed. 
Moreover, the quantity of catalyst was much higher, due to the lower 
ratio of Mg and the remaining organic matter, and such high quantity of 
ecocatalyst® disrupted the reaction stirring, also contributing to the 
lower yields. 

The activity of MgO and Eco1-E-spent C. arabica was compared at 
different concentrations of Mg in the reaction mixture (Fig. 4(b)). Their 
activity gave similar profiles, supporting that the active species within 
Eco1-E-spent C. arabica was MgO. 

4.1.2. Extensive morphological and structural characterisation of Eco1-E- 
spent C. arabica 

The morphology of Eco1-E-spent C. arabica was determined via 
scanning electron microscopy (SEM) and nitrogen sorption experiments 
(Fig. 5). In general, ecocatalysts® or biomass derived from a unique 
thermal treatment are powder-like materials with low porosity [39,43]. 
In the present case, the nitrogen sorption isotherm of Eco1-E-spent 
C. arabica indicates a specific surface area SBET of 10 m2/g. The nitro-
gen uptake takes place essentially at high relative pressures (p/p0 > 0,9), 
pointing towards interparticular porosity, i.e., porosity that is formed at 
the interstitial space between the particles. SEM microscopy confirms 
this assumption as the SEM image of Eco1-E-spent C. arabica essentially 
shows two populations of particles: agglomerated spherical nano-
particles of a diameter in the range of 50–200 nm and larger micro-
metric size particles. Nitrogen sorption and SEM analyses therefore give 
concordant results regarding the morphology of the material. 

Despite its low porosity, the Eco1-E-spent C. arabica displays high 
catalytic activity, that cannot be explained by the low specific surface 
area. 

The similar reactivity of Eco1-E-spent C. arabica and MgO strongly 
suggested that MgO might be the active species within the ecocatalyst®, 
however further characterisation was needed to conclude that all the Mg 
species corresponded to MgO. XRPD analyses attested the presence of 
MgO and no other crystalline adducts but considering that this tech-
nique only shows the crystalline species within a powder, 25Mg solid- 
state MAS NMR experiments were conducted on Eco1-E-spent 
C. arabica and on commercial MgO to remove any doubt (Fig. 6(a)). 
Both catalysts were introduced with the same dilute of Mg (8.1% in 
average, see Fig. 1(a)) but do not present the same density, the MAS 
NMR spectra were normalised to respect the quantity of powder intro-
duced in the rotor. Both MAS spectra display an identical peak centred 
on 25.8 ppm for commercial MgO and 26 ppm for Eco1-E-spent 
C. arabica; such chemical shifts are consistent with MAS spectra of 
MgO from literature [44]. No other peak was detected on the spectrum 
of Eco1-E-spent C. arabica supporting that one Mg species was mainly 
present as MgO in the ecocatalyst®. 
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To support solid-state MAS NMR spectroscopy of 25Mg observations, 
XPS analyses were performed on Eco1-E-spent C. arabica and on com-
mercial MgO (Fig. 6(b-d)). The XPS spectrum of Eco1-E-spent C. arabica 
was more complex than commercial MgO due to the presence of other 
species related to its plant origin. However, the binding energy (BE) of 
Mg2p and Mg2s of Eco1-E-spent C. arabica was identical to the ones of 
commercial MgO (Fig. 6(b)). Deconvolution of the fitted envelopes 
shows the presence of three species of magnesium in both catalysts 
(commercial MgO and ecocatalyst®): MgO (70 and 79%), Mg(OH)2 (18 
and 14%) and Mg(CO3)2 (12 and 6%). The presence of other Mg species 

than MgO in both catalysts are not surprising since XPS analyses only 
showed the surface sample and is not entirely representative of the bulk. 
Anyway, both catalysts present quasi-identical XPS spectra, supporting 
that the Mg species within Eco1-E-spent C. arabica corresponds to MgO. 

4.2. Investigation of the reaction mechanism catalysed by MgO and DFT 
calculations 

Considering the unexpected and high reactivity of Eco1-E-spent 
C. arabica and MgO in the synthesis of cyclohexenones, the reaction 

Fig. 4. Evaluation of the active species within Eco1-E-spent C. arabica in the model reaction. (a) Comparison of the catalytic efficiency of commercial salts and Eco1- 
E-spent C. arabica (ethylacetoacetate (2 equiv.), Eco1-E-spent C. arabica (0.01 equiv. of Mg and 0.016 equiv. of Ca), 3-buten-2-one (1 equiv.) and glycerol (0.5 
equiv.), 180 ◦C (MW), 30 min). Yields were quantified by GC-FID analysis. The molar quantities of Mg and Ca, that were introduced in the reaction mixture as 
commercial salts, were identical to the one present in Eco1-E-spent C. arabica. (b) Evolution of the yield versus the equivalence of Mg in MgO and in Eco1-E-spent 
C. arabica introduced in the reaction. 

Fig. 5. Morphology of Eco1-E-spent C. arabica. (a) Nitrogen sorption experiments; (b) Representative example of SEM image.  
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mechanism was discussed using the relative Gibbs energy of interme-
diate compounds calculated by DFT using the B3LYP-GD3BJ/def2svp 
level of computation as implemented in the Gaussian 16 program [45] 
(Fig. 7). 

The preparation of cyclohexenones is not straightforward starting 
from butenone 2 and ethylacetoacetate 1, as in basic conditions they can 
lead to two synthetic routes: the desired tandem annulation- 
decarboxylation (Fig. 7 in green) or the tandem annulation- 
crotonisation (Fig. 7 in red). Intermediates of both routes were simu-
lated by DFT and their relative Gibbs energy was compared in the 
presence of the active species within the best ecocatalyst®, MgO. MgO 
was represented as a stable cluster of (MgO)10 to mimic the surface of 
magnesia while optimising the calculation time. The Michael addition of 
ethylacetoacetate 1 onto butanone 2 was catalysed by the expected 
Brønsted basicity but also the Lewis acidity of MgO. Indeed, interactions 
between the carbonyls of ethylacetocetate 1 and Mg of (MgO)10 (d C––O – 

Mg = 2.10 Å) were spontaneously observed and converged to a lower 
energy complex (ΔE = –18 kcal.mol− 1), illustrating the Lewis acidity of 
MgO. As the Michael addition of ethylacetoacetate 1 onto butanone 2 
started by the deprotonation of ethylacetocetate 1, the acidic proton was 
added onto the closest oxygen of (MgO)10; the generated [enolate 1’- 
(MgO)10H] complex converged to a lower energy ((ΔE = –19 kcal. 
mol− 1), illustrating the Brønsted basicity of MgO. This Michael addition 
was observed experimentally as the Michael adduct 4 was mostly 
observed at 100 – 150 ◦C (Fig. 2(c)). 

Then intramolecular aldol condensation of 4’ was also favoured by 
the basic properties of MgO leading to the key tertiary alcoholate 14’. 
This alcoholate 14’ could now follow two possible modes of reaction 
sequences. However, the presence of MgO stabilises the alcoholate 14’ 
avoiding its protonation ((ΔE = – 30 kcal.mol− 1) and activates the ester 
moiety (d C––O – Mg = 2.20 Å), leading to an intramolecular lactonisation 

and giving the bicyclic lactone 15. Indeed, the product 16 resulting from 
the protonation of the alcoholate requires more energy than the lacto-
nisation. At last, MgO favours the lactonisation followed by a sponta-
neous decarboxylation instead of the protonation followed by the 
crotonisation, as only 6% of the β-ketoester 5 was observed at 150 – 200 
◦C (Fig. 2(c)). Such theoretical analysis was consistent with the experi-
mental results as only the decarboxylation product, the desired cyclo-
hexenone 3, was observed at 220 ◦C (Fig. 2(c)). 

5. Conclusion 

The synthesis of substituted cyclohexenones was revisited thanks to 
ecocatalysis while respecting the principles of green chemistry. Ecoca-
talysts® derived from biomass wastes efficiently catalysed the reaction 
with better yields than previously reported. One ecocatalyst® derived 
from spent coffee ground was particularly efficient (92% in only 30 min) 
and could be recycled and reused up to 3 runs without any significant 
loss of activity. The whole process was assessed by calculating 7 green 
metrics, among which were found an excellent E-factor, a low energy 
consumption, a correct STY and high TON and TOF. The catalytically 
active species in the ecocatalyst® derived from spent coffee ground 
could be clearly identified as MgO through synthetic experiments and 
characterisation by XRPD, solid-state NMR and XPS. The activity of MgO 
was also supported by DFT calculations allowing to revisit the reaction 
mechanism. 

However, one might wonder the advantage of using ecocatalysis 
instead of conventional MgO. Conventional MgO is produced for a cat-
alytic use by heating at high temperature (700 ◦C - 1000 ◦C) MgCO3 
obtained by mining extractions [39,40], mainly opencast, or MgCl2 
obtained from seawater and salt deposits treated by CaO [46], which 
itself requires another preparation. The ecocatalysts® allows the 

Fig. 6. Characterisation of Eco1-E-spent C. arabica and comparison to commercial MgO. (a) 25Mg solid-state MAS NMR spectra of Eco1-E-spent C. arabica and 
commercial MgO dilute at 8.1% with a spectral window of 120: –100 ppm. (b) Superimposition of XPS spectra of Eco1-E-spent C. arabica and MgO with a spectral 
window of +40: +120 eV. (c) XPS spectrum and fitted curves of Mg2p of Eco1-E-spent C. arabica. (d) XPS spectrum and fitted curves of Mg2p of commercial MgO. 
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valorisation of an abundant biomass waste, which is easily transformed 
at a moderate temperature of 550 ◦C. The ecocatalysts® give access to a 
new generation of biosourced MgO with similar reactivity and exhibits 
environmental benefits in comparison to conventional MgO. 
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[23] G. Clavé, F. Pelissier, S. Campidelli, C. Grison, Ecocatalyzed Suzuki cross coupling 
of heteroaryl compounds, Green. Chem. 19 (2017) 4093–4103, https://doi.org/ 
10.1039/C7GC01672G. 

[24] V. Escande, L. Garoux, C. Grison, Y. Thillier, F. Debart, J.-J. Vasseur, C. Boulanger, 
C. Grison, Ecological catalysis and phytoextraction: symbiosis for future, Appl. 
Catal. B Environ. 146 (2014) 279–288. 

[25] H.E. Roy, A. Pauchard, P. Stoett, T. Renard Truong, S. Bacher, B.S. Galil, P. 
E. Hulme, T. Ikeda, K.V. Sankaran, M.A. McGeoch, L.A. Meyerson, M.A. Nuñez, 
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