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ABSTRACT

Lolium perenne L., a common plant perennial ryegrass from Europe, northern Africa and Asia, was
selected to produce biomass under field conditions. The biomass of this nonfood crop was from a
highly contaminated agricultural soil by potentially toxic metals (Cd, Pb and Zn) with the aim of
maintaining the agricultural vocation of these soils. In this perspective and in view of the metal
concentration (Cd, Pb, Zn, macro- and micro-nutrients), the biomass of ryegrass was considered
as a bio ‘ore’ resource and was used as the starting material for the preparation of
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contemporary biosourced catalysts. The heterogeneous catalyst from the current work was
successfully used in the synthesis of Moclobemide, used to treat anxiety and major depressive
episodes. Through this original approach, Moclobemide was synthesized in one step, in 80%

yield under solvent-free conditions.
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Introduction

The design of chemicals and their processes represent a
major global challenge in both economic and environ-
mental terms. Limiting the use of hazardous products
constitutes currently one of the main objectives when
industrials develop innovative chemical processes to
synthesize new organic or inorganic compounds. The
major challenge for industrials is to avoid the use of
hazardous products for cleaner chemistry. The term
‘green chemistry’ reflects this vocation to protect the
environment but also to create economic benefits and
to fit into a circular economy process (1). In this
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regard, catalysis is one of the fundamental pillars of
the 12 principles of green chemistry (2). Many reactions
need to be catalyzed thanks to organic or inorganic
catalysts to produce high added-value molecules with
high selectivity while reducing the number of toxic com-
pounds, steps as well as separating agents (2). To fit into
green chemistry, these catalysts must be robust, cost-
effective, non-toxic and if possible, re-usable. The main
objective of the current study was to use a new gener-
ation of catalysts in order to synthesize formally the anti-
depressant Moclobemide. This molecule, named (4-
chloro-N-(2-morpholin-4-ylethyl)benzamide) constitutes
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the active ingredient of the marketed Amira®, Aurorix®,
Clobemix®, Depnil®, Manerix® and Moclamide® drugs.
The title amide is a reversible inhibitor of monoamine
oxydase A (IMAO) (3). The resulting inhibition has as con-
sequence the increase of the cerebral concentration of
the monoaminergic mediators. Indeed, according to
the mechanism of action, Moclobemide decreases the
catabolism of norepinephrine, serotonin and, to a
lesser degree, dopamine. Moclobemide is used to treat
major depressive episodes and anxiety.

Recently, new catalysts, called ‘ecocatalysts’, have
been developed and are involved in many reactions
(4). Taking advantage of the hyperaccumulating plants
biomass, these ecocatalysts (Eco-Mn®, Eco-Zn®, Eco-
Cu®) are produced from metals found in the biomass.
This approach is very interesting since it affords good
yields, high regio — and stereo-selectivity, low catalytic
loading and the possibility of recycling these catalysts
under mild conditions (5, 6). However, these hyperaccu-
mulating plants are: (i) often small in size (e.g. Anthyllis
vulneraria L.), which requires specific tools to harvest
them, (ii) endemic to a specific geographical region
(i.e. Grevillea exul Lindley) (7), (iii) unusual plants in
some regions (e.g. Noccaea caerulescens (J.Presl &
C.Presl) F.K.Mey, Bacopa monnieri (L.) Wettst) and (iv)
not recommended for a production in large-scale con-
taminated soils due to the lack of seeds.

Other plants, called ‘metal tolerant plants’ can also
grow on metal contaminated soils while concentrating
significant amount of metals (8). Among these, Lolium
perenne L., ubiquitous plant easy to grow, harvest and
spread throughout Europe, Asia and northern Africa, is
known for its phytomanagement ability in field-exper-
iments (9). An original transformation of the ryegrass
biomass into biosourced catalyst was thus investigated
in the current work and a green, solventless and ecoca-
talyzed synthesis of Moclobemide via aminolysis reac-
tion was conducted. To the best of our knowledge,
only one similar amidation reaction was tested to
obtain this target drug (10).

Material and methods
Study site and plant cultivation

The study site (latitude: N 50° 26" 18”; longitude: E 3° 0’
53") is located near the former Metaleurop Nord plant,
a lead smelter which ceased operations in October
2003 after 110 years of industrial activity. This site was
contaminated by potentially toxic metals (PTMs) due
to the past atmospheric deposition of contaminated
dusts. Nevertheless, the main contamination is limited
to the ploughed layer (0-25cm) of the agricultural

soils. Seeds of Lolium perenne L. (Seed company:
Carneau; variety: Cantalou) were sown on the soil
surface. For this preliminary study, quadrats (40 x
40 cm; n=9) were established regularly within the
study site. The growth period lasted 8 weeks in the
summer period (May-June 2018).

Digestion of plant and soil sample analyses

Plant digestion
0.3 g of dry plant samples (crushed and sieved to <
315 um) were put into a 50-mL digestion tube and
5 mL of HNOs (69%) were added. In a first step, the reac-
tion medium was heated at 65+ 5°C in an hot block
digester (DigiPREP MS, SCP Science) for 20 min and
then, at 90 = 5°C for 45 min. After heating, 1.2 mL of
deionized water and 1.8 mL of H,0, (30%) were slowly
added in the cooled solution and the mixture was
heated at 90 + 5°C for 45 min. Finally, the mixture was
cooled at room temperature and the volume was
adjusted to 25mL with deionized water. Each
digested-solution was filtered over an acetate Millipore
membrane (0.45 ym porosity) and stored in acid-
washed plastic bottles at 4 °C prior to analysis.

Each plant sample was dried at 105°C in a muffle oven
(P 330, Nabertherm) till a constant mass in order to
determine the residual moisture content. A correction
to dry mass was obtained and was thus applied to the
reported metal concentrations (Cd, Pb, Zn, Cu, Mn, Fe,
Ca, Mg, Na and K). A calcination of plant samples was
then conducted at 500°C for 8 h to obtain ashes. The
metal concentrations in ashes were then expressed at
500°C.

Soil digestion

0.3 g of dry soil sample (dried at 40 °C, crushed and
sieved at <250 um) was placed in a digestion tube
with 3 mL of HNO3 (69%) following the USEPA 3050 B
method. The mixture was first heated at 95+ 5°C for
2 h and 45 min in the hot block digester. After cooling,
0.9 mL of H,0, (30%) and 0.6 mL of deionized water
were slowly added to the solution and the reaction
medium was heated for 15 min. Then, 3 mL of HCI
(37%) were added in the cooled solution and the
mixture was heated again for 15 min. After cooling, the
volume was adjusted to 25 mL with deionized water
and the mixture was filtered over an acetate Millipore
membrane (0.45 um porosity). Samples were then
stored at 4°C before analysis.

Metal analysis
The concentration of PTMs (Cd, Pb, Zn, Cu, Mn and Fe),
alkali (Na and K) and alkali earth metals (Ca and Mg) in



soil and plant digests were determined by flame atomic
absorption spectrometry (AA-6800, Shimadzu, Tokyo,
Japan) following the recommendations described in
the literature. High-intensity boosted-discharge hollow-
cathode Cd, Pb and Zn lamps (Hamamatsu, lwata,
Japan) were used to avoid spectral interferences (11,
12). For Cu, Mn, Fe, Na, K, Ca and Mg, lamps were oper-
ated between 6 and 12 mA and a deuterium lamp (D2
lamp) was used for the background correction.

Determination of soil parameters

Soil pH was measured according to the NF ISO 10390
method (13) and total carbonates were determined by
measuring the release of CO, by means of a Bernard cal-
cimeter and resulting from the reaction between HCI
and carbonates (14).

Preparation of the biosourced catalyst (Biocat)

Ashes from ryegrass biomass were mixed in 2M HCI
(ratio solid:liquid 1:10) for 2 h at 70°C. After cooling,
the mixture was filtered on celite and the filtrate was
evaporated to dryness. The residue was dried at 80°C
for 12 h and then mixed with montmorillonite K10 in
dry methanol to obtain 1.22 mmol Zn per g of support
(15). Activation of this catalyst was performed at 120°C
overnight (15).

Synthesis of Moclobemide by aminolysis reaction
and physico-chemical characterization

Starting materials were commercially available and were
used without further purification (suppliers: Carlo Erba
Reagents S.A.S., and Fisher Scientific). Moclobemide was
obtained by simple aminolysis reaction between a
methyl ester, here methyl 4-chlorobenzoate 1 (1g,
5.86 mmol) and corresponding amine, the 4-(2-ami-
noethyl)morpholine 2 (0.77 mL, 5.86 mmol), in equimolar
ratio, under magnetic stirring and heating for 24 h at 40°C
or at 100°C. Target product has been isolated in 40%
(0.63 g) and 80% vyield (1.26 g), respectively after flash
liquid chromatography purification on Combiflash Com-
panion RF200 (Serlabo Technologies, Entraigues)
equipped with prepacked silica column (CHROMABOND
column Flash RS 25 SiOH, 25 g of adsorbant) purchased
from Macherey-Nagel using a gradient of n-heptane/
ethyl acetate 100/0-0/100 as the mobile phase.

Melting point was measured on an MPA 100 Opti-
Melt® apparatus. Thin layer chromatography (TLC) was
performed on Macherey Nagel silica gel plates with
fluorescent indicator and was visualized under a UV-
lamp at 254 and 365 nm. The retention factor (Rf) of
Moclobemide was determined using a mixture of
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dichloromethane and methanol (97:3) as mobile phase.
IR spectrum was recorded on a Varian 640-IR FT-IR Spec-
trometer. Nuclear Magnetic Resonance (NMR) spectra
were acquired at 400 MHz for '"H NMR and at 100 MHz
for '3C NMR, on a Varian 400-MR spectrometer at 25°C
with tetramethylsilane (TMS) as internal standard, at
25°C and in CDCls. Chemical shifts (8) are expressed in
ppm relative to TMS. Splitting patterns are designed: s,
singlet; d, doublet; t, triplet; q, quadruplet. Coupling con-
stants (J) are reported in Hertz (Hz).

Results and discussion

Soil properties and concentration of metals in
plant samples

The agricultural soils around the former Metaleurop
Nord smelter develop mainly on loessic materials
(16). The studied soil is silt loam. The pH of this soil
was slightly alkaline (7.86 +0.04), the soil was poorly
calcareous (16.6+3.3 g kg™') and the organic matter
contents were relatively high (6.18 £ 0.32%) probably
due to the agricultural history of the soil. The
average concentration of PTMs in the soil samples
were 11.0+04mg Cd kg™', 486+18mg Pb kg™’
and 815+67 mg Zn kg™'.

The concentrations of PTMs, alkali and alkali earth
metals were summarized in Table 1. The results showed
that the most phytoavailable metals were Fe (296 +
120mg kg™") and Zn (147 +43 mg kg™') whereas the
least were Cd (2.60+0.45mg kg™') and Pb (14.2+
3.9 mg kg ™), both of them being known as carcinogenic,
mutagenic and reprotoxic substances. As reported in
Table 1, the concentrations of alkali and alkali earth
metals are greater than PTMs. The concentrations of
these metals in the shoots of ryegrass were in the follow-
ing order K> Ca > Mg > Na (Table 1). This ranking may be
explained by the fact that K is a primary nutrient and was
defined as the most important element for plant nutrition
whereas Na is a non-essential metal for plants (17). The
concentration of Ca is lesser than that of K but higher
than Mg. Interestingly, the ratio K/(Ca + Mg) was higher
than 1 for all plant samples, indicating a higher absorp-
tion of monovalent over divalent cations (18).

In view of our objectives, Lewis acids (LA) from Zn,
Cu, Mn and Fe are of great interest in organic syn-
thesis. The ratios LA/Cd and LA/Pb were 200 +65
and 36+8, respectively. On the other hand, the
average concentrations of Ca and Mg in ashes at
5.4% and 2.2%, respectively, should contribute to the
reactivity of the biosourced catalyst since Ca and Mg
derivatives are also important catalysts in organic
synthesis.
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Application of the biosourced catalyst in the
synthesis of Moclobemide

Five main synthetic strategies have been applied to syn-
thesize this molecule. The most studied was the reaction
between 4-chlorobenzoic acid and 2-morpholin-4-
ylethanamine in the presence of various catalysts as tet-
ramethyl orthosilicate (TMOS) (19), diphenylphosphoryl
azide (DPPA)/EtsN (20), bis(pentamethylcyclopentadie-
nyl) zirconium perfluorooctanesulfonate (21) or zircono-
cene dichloride (ZrCp,Cl,) (22) in different solvents such
as toluene, dichloromethane or tetrahydrofurane to
provide target molecule in 85-100% yield. The second
synthetic pathway used 4-chlorobenzoic acid chloride
and 2-morpholin-4-ylethanamine in the presence of tri-
ethylamine (3 eq.) in dichloromethane (23), disodium
carbonate or sodium hydroxide (24) to provide Moclobe-
mide in 35-95% yield. The third strategy was a transami-
dation of 4-chlorobenzoic amide in presence of 2-
morpholin-4-ylethanamine catalyzed by mesoporous
niobium oxide spheres (Nb,05) at 160°C under argon
atmosphere and allowed the synthesis of Moclobemide
in 90% yield (25). The fourth method was based on the
reaction between p-chlorobenzonitrile (1 eq.) and 2-mor-
pholin-4-ylethanamine (8 eq.) with 10% mol of iron
nitrate nonahydrate (Fe(NOs);.9H,0) as catalyst under
heating (125°C) for 24 h. The conversion was 71% and
Moclobemide was isolated in 54% yield (26). Finally, a
recent procedure reported the synthesis of the title com-
pound in 90% vyield using methyl 4-chlorobenzoate (1
eq.) and 2-morpholin-4-ylethanamine (2 eq.) and neces-
sitating an excess of strong base LiIHMDS (3 eq.) in THF
(10). In the current study, Moclobemide was obtained
from an equimolar mixture of methyl 4-chlorobenzoate
1 and 2-morpholin-4-ylethanamine 2 in the presence
of the biosourced catalyst (Scheme 1). The reaction
was conducted under two temperature conditions (40°
C and 100°C) and blank was made to evaluate the
effect of our biosourced catalyst on the reaction rate
and yield. For the four conditions, an equilibrium was
reached 24 h after the beginning of the reaction. The
reaction yields at 40°C were below 5% in the absence
of catalyst and 40% in the presence of biocatalyst
whereas they were 25% and up to 80% at 100°C, respect-
ively. The melting point of Moclobemide was 141°C and
the retention factor (Rf) was 0.31. The characteristic infra-
red bands were 3276, 2969, 2943, 2812, 1634, 1541,
1486, 1310, 1116 cm™' (Figure 1) and the nuclear mag-
netic resonance (NMR) of the nuclei 'H and '3C
(Figures 2A and B) were described hereafter.

"H NMR (CDCl;) & (ppm): 2.50 (t, J=4.4Hz, 4H, O
(CH,),), 2.60 (t, J=6.0 Hz, 2H, NHCH,CH,), 3.54 (q, J=
6.0 Hz, 2H, NHCH,CH,), 3.73 (t, J=4.8 Hz, 4H, N(CH.),),

9).
Mn (mg kg™")

Table 1. Concentrations of metals in the shoots of ryegrass (dry weight) and in ashes® (n

K(g kg™

Calgkg™)

Mg (g kg™")

Na (g kg™")

Fe (mg kg™")

Zn(mgkg™)  Cu(mgkg™")

Pb (mg kg™")

Cd (mg kg™

L. perenne at 105 °C

Ashes

?Ashes were obtained after heating the dry plant samples at 500 °C for 8 h.
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Scheme 1. Synthesis of Moclobemide from methyl-4-chlorobenzoate (1) and 4-(2-aminoethyl)morpholine (2).
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Figure 1. Infrared spectrum of Moclobemide.

6.78 (br s, TH, CONH), 7.41 (d, J=8.4 Hz, 2H, ArH), 7.71
(d, J=8.4 Hz, 2H, ArH).

3C NMR (CDCl;) & (ppm): 36.2 (CH,), 53.4 (CH,x2),
56.9 (CH,), 67.1 (CH,x2), 128.5 (CHx2), 128.9 (CHx2),
133.1, 137.7 (Q), 166.4 (CO).

From a thermodynamic point of view, these results
highlighted the necessity of our biosourced catalyst to
displace the reaction equilibrium toward the formation
of Moclobemide under the studied conditions. On the
other hand, they revealed that this reaction was an
endothermic reaction since the temperature had a posi-
tive effect on the reaction yield. It is worth mentioning
that this reaction was (i) conducted in one-step, (ii) sol-
ventless, (iii) under non-specific atmosphere conditions
(e.g. argon, nitrogen), and so, was in line with the prin-
ciples of green chemistry. These advantages may have
substantial impacts to industrial processes while being
part of an active environmental approach. Additional
studies must be investigated to evaluate the recyclability
of biosourced catalyst.
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M '
163,364
1585611}
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Wavenumber

Next, the green metrics of the current eco-cata-
lyzed synthetic route were calculated and compared
to those of previously reported procedures. Results
of the main green metrics (yield, Atom Economy
(AE), Waste, Reaction Mass Efficiency (RME) and
Environmental Factor (E-Factor)) for all syntheses dis-
cussed in this manuscript are presented in Table 2.
AE defines the percentage of reactants engaged in
the reaction process that may be considered as
waste materials. Reaction Mass Efficiency (RME)
measures how efficiently the mass of reactant ends
up in the desired product and does not include cat-
alysts, solvents, or other reactants not specifically in
the balanced chemical equations of the process.
The E-Factor shows how effective the overall pro-
duction capability is by comparing the amount of
waste generated by the process with the amount of
desirable product that is created. The lower E-
Factor, the more efficient and greener the process
is (27).
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2A

Figure 2. Nuclear magnetic resonance (NMR) spectrum of Moclobemide: 2A: "THNMR, 2B: "3C NMR.

The analysis of these parameters calculated for
different reported procedures and for the current eco-
catalyzed process highlighted the fact that the high
yield of moclobemide did not imply favorable green
metrics and was insufficient to conclude on the environ-
mental aspect of the processes. The most eco-friendly
procedures proved to be those described in entries 3
(21), 4 (22) and 10 (this study) (Table 2). Our method
was the third-best regarding the AE, waste, RME and E-
Factor. However, it is important to note that even if

the biosourced catalyst showed slightly reduced cataly-
tic activity, thanks to its heterogeneous nature, it was
recovered and reused at the end of the reaction. The bio-
sourced ryegrass catalyst showed good catalytic per-
formance up to 5 cycles of utilization. It was tested
only on 5 runs of the same chemical transformation. At
the end of the 5th run, re-used biosourced catalyst still
allowed moclobemide formation (47%), which was
much higher compared to the reaction carried out
without catalyst (25%).



Table 2. Calculated main green chemistry metrics of
representative synthetic pathways described to produce
moclobemide and of current ecocatalyzed procedure.

Yield AE Waste RME E-
Entry Reference (%) (%) (%) (%) Factor
1 Braddock et al. 2018 100 455 54.5 455 1.13
(19)
2 Bodnar et al. 2015 100 27.0 73.0 27.0 2.63
(20)
3 Li et al. 2018 (21) 85 93.7 6.30 79.7 0.19
4 Allen et al. 2012 (22) 85 90.0 10.0 76.5 0.24
5 Donnier-Maréchal 35 93.7 6.28 32.8 1.98

et al. 2017 (23)
6 Dascalov et al. 2000 99 18.7 81.3 18.5 4.51

(24)
7 Ghosh et al. 2014 20 64.6 354 58.1 0.72
(25)
8 Allen et al. 2009 (26) 54 22.2 77.8 12.0 74
9 Li et al. 2019 (10) 90 28.8 71.20 25.9 2.85
10 This study 80 89.3 10.7 71.5 0.52
(biosourced
catalyst)
Conclusion

Production of ryegrass shoots on a contaminated agri-
cultural soil was conducted to evaluate: (i) the appli-
cation of this biomass in metal uptake and (ii) the
ability of the transformed biomass to catalyze an amidifi-
cation reaction. Moclobemide was the product of inter-
est since (i) it is a biologically active molecule used as
the main ingredient of antidepressant commonly used
in medicine and (ii) only one amidification reaction start-
ing from methyl 4-chlorobenzoate and 4-(2-aminoethyl)-
morpholine was previously investigated to obtain this
target drug and was characterized by poor green
metrics. Characteristics of biomass and transformed-
biomass allowed the synthesis of Moclobemide in 80%
yield under environmentally friendly conditions (100°C,
24 h, atmospheric pressure, solvent-free, one-step).
This transformation integrates several of the 12 prin-
ciples of the green chemistry and falls within a phyto-
management technique of contaminated soils, the
whole of the procedure being a part of the circular
economy process. The green metrics of this transform-
ation was calculated and compared to a major part of
previously reported procedures. The values of AE,
waste, RME and E-factor placed the current procedure
in the top of the three greenest syntheses described to
date to access moclobemide. Moreover, the biosourced
catalyst proved to be recyclable and was successfully
used for 5 runs of the same chemical transformation.
For all these motives, the production of the target bio-
sourced catalyst is attractive for both producers and
chemical industry, whereas the prospect of a generation
of green synthetic transformations comes at a key
moment for the sustainability of agriculture on contami-
nated soils.
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