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Ecological Recycling of a Bio-Based Catalyst for Cu Click
Reaction: a New Strategy for a Greener Sustainable

Catalysis

G. Clavé,” L. Garoux,” C. Boulanger,” P. Hesemann," and C. Grison*®’

We report the elaboration of novel bio-sourced ecocatalysts for
the Cu catalyzed azide-alkyne cycloaddition reaction (CuAAC).
Ecocatalysis is based on the recycling of metals issued from rhi-
zofiltration of metal rich effluents, and an innovative chemical
valorization of the subsequent biomass in the field of catalysis.
Taking advantage of the remarkable ability of Eichhornia cras-
sipes to accumulate Cu(ll) into its roots, these can be directly
used for the preparation of copper containing ecocatalysts,
called EcoCu, which appear as highly active catalysts in the
CuAAC reaction. Furthermore, the recycling of Cu from the re-
action mixture via E. crassipes is carried out ecologically. The re-
sulting EcoCu, material displays reusability for the CuAAC re-
action under identical experimental conditions without a loss
of its catalytic activity.

1. Introduction

Some intensive mining activities, quarrying and industrial met-
allurgic activities are responsible for the pollution of soils and
aquatic systems in the form of metal trace elements (TEs)."
This is incredibly worrying, since the soil plays an essential role
largely determining food production and water quality. More-
over, TEs are some of the most harmful compounds. They are
not biodegradable and persist in contaminated organisms and
ecosystems. Today, preserving the quality of soils and water has
become a priority. There is a real need to develop innovative
and efficient technologies to restore polluted sites and ecosys-
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tems. Phytoremediation is used to solve environmental prob-
lems caused by TEs. The most heavily researched phyotechnol-
ogies are phytoextraction and rhizofiltration. In the case of
phytoextraction, TEs are extracted by plants and stored in their
leaves.'”™ Z With the rhizofiltration, the process occurs in an
aquatic medium and TEs are bioconcentrated into roots."
However, their development is still restricted by the fact that
contaminated biomass is not recovered; the aerial parts of met-
al hyperaccumulating plants or the roots of aquatic plants are
considered as contaminated wastes. Our group has recently
proposed the new concept of ecocatalysis as a unique use of
phytoextraction.” Taking advantage of the remarkable adaptive
capacity of some plants to hyperaccumulate TEs,"” ecocatalysis
is based on the novel use of metal species of plants origin as
reactants and catalysts of fine organic chemical reactions.
Showing for the first time that the above-ground parts of land
plants that hyperaccumulate Zn, Ni and Mn could be trans-
formed into ecocatalysts. The first results showed that these
ecocatalysts could be used as new generation Lewis acid cata-
lysts"® *. Multicomponent reactions, Diels-Alder® and domino
reactions” are particularly efficient. Soft oxidation reactions like
epoxidation® or the chaining in situ of the oxidation/epoxide
opening/oxidative cleavage sequence® could be compared fa-
vourably with the current industrial processes to access plat-
form molecules. The polymetal systems obtained from the bio-
mass produced by phytoextraction are original (unusual
oxidation levels, new associated chemical species, effects of
synergy). They can be used as heterogeneous catalysts in syn-
thetic transformations giving access to molecules with high
added value for fine and industrial chemicals (perfumes and
cosmetics,”™ medicines and oligomers of biological interest,"”
highly functionalised aromatic heterocyclic compounds,”” key
intermediaries of varied industrial chemical processes and bio-
pesticides).'?

We have recently reported bio-based and bio-sourced
EcoPd catalysts, which enable innovative recovery of metal
charged biomass from plants used in rhizofiltration to extract
palladium from synthetic solutions."™ We have shown that the
obtained EcoPd catalysts exhibited high catalytic activity in
Heck and Suzuki cross-coupling reactions and required consid-
erably lower EcoPd quantity compared to conventional palla-
dium catalysts. The developed synthetic protocols based on
the use of bio-based catalysts present several advantages: low
catalyst loading, high catalytic activity and selectivity, short re-
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[Cu] in effluent (mg/L) Roots BCF

Table 1. Copper concentration in roots and leaves of E. crassipes (wt% =+ standard deviation), and BCF and TF calculation

Leaves BCF TF

(Wt% =£SD) (in roots) (Wt% =+ SD) (in leaves)
027 0.0028 2.4 (petiole) 0.010
n5 + 0.0013 234 + 0.015 (petiole)
(petiole)

action times, eco-friendly reaction conditions, and the possi-
bility of catalyst recovery and reuse.
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Scheme 1. Process of ecological recycling of EcoCu illustrated by the CuAAC
click reaction.

Here, we report greener bio-based alternatives for catalysis
taking into account new environmentally safe and sustainable
catalytic processes. Our approach is based on three principles:
i) a focus on homogeneous catalysis involving a non-endan-
gered metal, through the example of the Cu(l)-catalyzed Azide-
Alkyne Cycloaddition (CuAAC)™ i) the preparation of a bio-
based catalyst obtained by rhizofiltration of contaminated
aqueous media jii) an ecological catalyst recycling via a second
rhizofiltration procedure of the primary reaction mixture
(Scheme 1).

The main objective of this work is to demonstrate for the
first time that homogeneous catalysts involving low cost met-
als can be easily recycled through an eco-friendly and efficient
technology based on rhizofiltration. In other terms, we wish to
show that ecological recycling can be considered as a “re-
source” of metal catalysts.

2. Results and Discussion
2.1. EcoCu, Catalyst preparation and characterization
2.1.1. Preparation of the EcoCu,

Rhizofiltration of Cu(ll) rich effluents

EcoCu, was obtained via rhizofiltration of Cu(ll)-containing
aqueous media. Previously, Bacopa monnieri, Lolium multiflorum
and Eichhornia crassipes have been studied to test their ability

to accumulate copper into their roots. It was found that Bacopa
monnieri accumulates efficiently copper into its roots,”"” where-
as Lolium multiflorum accumulates both copper and palla-
dium."™ Its main asset relies on its well-developed root bio-
mass. Finally, Eichhornia crassipes was also known to
accumulate copper, to multiply easily and to form an amazing
quantity of root biomass. For these reasons, E. crassipes has all
the assets to be used as bioaccumulator for Cu(ll) and for the
synthesis of Cu-based ecocatalysts"®.

Thus, the Cu-based ecocatalysts were synthesized via rhizo-
filtration using E. Crassipes, using an acidic aqueous copper(ll)
nitrate solution(cc,nosz=11.5 mg/L). After 6 days of rhizofiltra-
tion, the copper concentration in roots and leaves of E. cras-
sipes was determined by ICP-MS analysis after drying. The re-
sults are shown in Table 1. We observed that the concentration
of copper in the root biomass of E. crassipes and the bio-
concentration factors (BCF: Cu concentration in roots divided
by Cu concentration in water) are very high. Moreover, the
translocation factors (TF: Cu concentration in shoot divided by
Cu concentration in root) in the petiole and leaves of E. cras-
sipes remain low, indicating that Cu principally remained on the
roots.

Transformation of biomass into EcoCu,.

EcoCu, derived from Eichhornia crassipes was prepared
from harvested plants’ roots following the described procedure
(see experimental part, section 3.1.). The roots were calcined at
550°C for 6 h in order to remove organic matter. The resulting
ashes were treated with concentrated hydrochloric acid, trans-
forming the metal oxides to the corresponding chlorides. After
filtration, evaporation of the acid yielded the EcoCu, catalyst.

2.1.2. ICP-MS characterization of the EcoCu,

Table 2 shows mineral composition of the EcoCu, catalyst. The
analysis showed that Cu was the major transition metal in the
ecocatalyst (4.3 wt%). Small amounts of Fe were also observed,
together with Mg, Ca, Na and K. These elements are present as
they are essential for plant growth. Because of the natural ori-
gin of the EcoCu, catalyst, some questions may arise regarding
the reproducibility of the composition of the ecocatalyst. For
this reason, the preparation of EcoCu, catalyst was replicated
10 times. Table 2 described the average of the obtained data.

2.1.3. Acidity characterization of the EcoCu, catalyst

In the CuAAC reaction, the electron density of the metal is es-
sential to promote the stepwise cycloaddition process. There-



tablished by ICP-MS.

Table 2. Mineral composition of EcoCu, catalyst derived from Eichhornia crassipes (wt% =+ standard deviation) es-

ticeable Brgnsted acidity con-
trary to both commercial cop-
per(ll) chlorides.

Na Mg Al K Ca Fe Zn Cu
24 13 05 23 7.7 05 0.00 43
+0.021 +0.014 +0.025 +0.019 +0.017 +0.013 +0.016 +0.026 2.1.4. XRD of the EcoCu,

fore, we studied the Lewis and Brgnsted acid properties of the
EcoCu,catalyst. We compared this ecocatalyst with commercial
copper(ll) chlorides, i.e. anhydrous CuCl, and CuCl,.2H,0. Lewis
acidity is usually defined by its strength and its hardness ac-
cording to the HSAB principle, described by Pearson"”. A con-
ventional method was used: the pyridine adsorption/de-
sorption on the catalysts, monitored via infrared spectroscopy.
This method enables a comparison of the Lewis acid strength
and Brensted acidity between different catalysts by monitoring
pyridine infrared absorption bands between 1400 and
1660 cm™". Infrared spectra of pyridine adsorbed on EcoCuj, on
commercial anhydrous CuCl,, and on CuCl,.2H,0 were recorded
at 150°C in order to distinguish physisorbed pyridine from pyri-
dine coordinately bonded to Lewis acid sites. The absorption
bands around 1450 cm™' observed on the spectra are charac-
teristic of strongly bonded pyridine to Lewis acid sites (Fig-
ure 1). Because the frequencies of these absorption bands were
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F——— N N ) ==

1 2 ser T A
70| 1635 / 1515 15374530 /1484

%T

1491

% 1449
90 f
80! 1598 1575

%T

[ !
601 1606 1491

|
96 - 1450

70] 1645 Y

%T
@
[ =]

1449
19—, ; -
16601650 1600 1550 1500 1450 1400

— EcoCu,
— Anhydrous Cudl,
— CuCl,.2H,0

Figure 1. IR spectra of pyridine adsorbed on EcoCu1, on commercial anhy-
drous CuCl, and CuCl,.2H,0.

similar in the three catalysts, we can conclude that the strength
of the Lewis acidity is not significantly different between Eco-
Cu,, anhydrous CuCl, and CuCl,.2H,0. Besides, the absorption
band, characteristic of the pyridinium ion, was observed at
1530 cm™" with EcoCu,. The presence of pyridinium cations in
the material treated at 150 °C indicates that EcoCu, displays no-

catalyst

XRD analyses were performed
in order to determine the crystalline structure of the complexes
in the EcoCu, catalyst (Figure 2). One polymetallic compound

2000

Figure 2. X-ray diffractogram of EcoCu,.

was detected: KsFe,O;. This compound is an efficient catalyst
for the industrial ethylbenzene dehydrogenation to styrene
process'®. Manganese was present in the manganosite form
MnO, in the presence of sodium chloride and calcium sulfate
hydrate. Copper was not present in a crystalline form.

2.1.5. Surface properties of the EcoCu, catalyst

Finally, the surface properties of the EcoCu, catalyst were de-
termined via nitrogen sorption. We observed that the material
displays rather low porosity with a specific surface area Sgg; of
12.0 m*/g and a mesopore volume V..., of 0.07 cm*/g. The ni-
trogen uptake appears in particular at high P/P, values indicat-
ing broad pore size distribution and an average pore size larger
than 10 nm, which is due in particular to intergranular porosity.

2.2. Eco-CuAAC Click Reaction

The copper(l) catalyzed 1,3-dipolar cycloaddition of azides with
alkynes is an ideal model reaction for different reasons. This
first example of “click-chemistry”" is based on “fusion” mecha-
nisms between two molecules with perfect atom-economy.
Moreover, the modern copper-catalysed reaction illustrates the
interest of using non-endangered metal, Cu, to promote the se-
lective formation of substituted 1,2,3-triazoles. Finally, the
CuAAC has been widely used in synthesis"*¥, medicinal chemis-
try?”, molecular biology®?", and materials science®due to
the chemical ligation properties."*? Numerous applications
are continually reviewed and enriched by new results in many
areas. For example, the reaction is very important for the label-
ling of bio-macromolecules® or functional tools to understand



complex biological systems® to elaborate valuable tools for
biochemists. These results illustrate the interest to synthesize
triazoles using aqueous systems. In the context of Green
Chemistry, the development of ligand-free catalysts is an addi-
tional challenge. It is a double advantage in terms of cost (the
high cost of the ligands limit the industrial interest of the proc-
ess) and of purification (the delicate step of separation be-
tween ligand and product is avoided).

Here, we investigated the capacity of EcoCu, to promote
the CuAAC transformation in a model reaction between benzyl
azide and propargyl alcohol (Table 3).

Table 3. CuAAC Click reaction of benzylazide with propragyl alcohol in dif-
ferent solvent with EcoCu catalyst

. N EcoCuy N=N, OH
S O = Q)
2a 3a

1a

Entry Solvent Conversion (%)*°
1? H,O >99

2° EtOH >99

3 iPrOH >99

4 MeTHF >99

5 DMF >99

6° H,O 0

“ Reaction conditions: 1 mmol 1a, 1 mmol 2a, 5 mmol NaAsc, 20 mmol TEA,
5 mol% Cu, 25°C, 16h.

® Conversions reported were determined by GC-MS after calibration with
hexadecane as internal standard

¢ Blind experiment in which the ecocatalyst has been obtained by the same
experimental methodology employed for EcoCu (calcination + acidic
treatment) but with a plant that has not been in contact with the a CuNO,
solution

Thermal treatment of plants’ roots used to produce EcoCu;
determines the oxidation state of copper present in EcoCu;: un-
der air flow, Cu(ll) species are exclusively formed. It is generally
accepted that Cu(ll) salts are not efficient catalysts in the
CuAAC reaction. Sodium ascorbate, a natural and aqueous
soluble reducing agent, is the reagent of choice to generate an
active Cu(l) catalyst in situ."* The treatment of yellow EcoCu,
(Il) by sodium ascorbate yielded the gray-green EcoCu;(l) in five
minutes at room temperature. We further used a tertiary amine
(triethylamine, TEA) as ligand and/or base. The expected role of
this compound is the stabilisation of the Cu(l) species® and
the neutralization of Brdnsted acidity in EcoCu, (see IR studies
above), which can be a disadvantage in the catalytic cycle due
to the formation of a copper(l) acetylide intermediate.

We observed that EcoCu, is an highly active catalyst for 1,3-
dipolar cycloaddition reaction in various media (Table 3). Nearly
total conversions were found for reactions carried out in water,
ethanol, isopropanol, methyltetrahydrofuran and dime-
thylformamide. The polymetallic composition of EcoCu, did not
seem to affect the interactions between the copper site and
the substrate. The catalyst displays high selectivity; no for-
mation of side products was observed, and the only formed
product was the 1,4-subsituted triazole 3a. In particular, no oxi-

dative Glaser coupling was detected under aerobic conditions.
This result illustrates the high regioselectivity of the EcoCu, cat-
alyst in the CuAAC click reaction, in line with results obtained
with the utilization of classical copper catalysts. A large differ-
ence was observed when TEA was replaced by K,CO; under air.
Under these conditions, the coupling reaction of alkyne and
the formation of hexa-2,4-diyne-1,6-diol was the main reaction
we observed.

These results were interesting; the most efficient conditions
described in the literature employed CuSO, in aqueous con-
ditions or Cul, CuBr, Cu(OAc), or Cu in organic solvents. The ef-
ficiency of CuCl ou CuCl,/NaAsc was rarely described®”., In or-
der to unambiguously prove the catalytic activity of EcoCu, (I)
derived from the system NaAsc - EcoCu;(ll), the reaction was
performed without adding NaAsc to the reaction mixture. Un-
der these conditions, we observed no significant product for-
mation.

In order to optimize the reaction conditions with water, we
closely studied different other parameters of the reaction such
as the presence of TEA, the quantity of sodium ascorbate, the
quantity of added EcoCu, and the influence of the reaction
time (Table 4). It is interesting to note that EcoCu, is active at

Table 4. Influence of TEA and NaAsc on the EcoCuACC Click reaction

. N EcoCuy N=N, OH
oo O = QL
2a 3a

1a

Entry TEA (eq.) NaAsc Mol% Cu time Yield®® [%)]
(eq)

1° 20 5eq. 5 16 h >99

2° 20 5 eq. 1 5 days 58

3? 20 5eq. 5 4h >99

4 20 5eq. 5 1h 50

5 0 5eq. 5 1h >99

6 0 2 eq. 5 1h 44

7 0 1.5 eq. 5 1h 7

8 0 1eq. 5 1h 0

9 Reaction conditions: 1 mmol 1a, T mmol 2a, H,0, 25°C.
® Yields reported were determined by GC-MS after calibration with
hexadecane as internal standard

room temperature. In an initial trial, we observed that the re-
action went to completion after 4 h (entry 3). 5mol% repre-
sented the ideal amount of Cu in EcoCu. An excess of sodium
ascorbate was required and at least 5 eq. were necessary (en-
tries 5-8). Surprisingly, TEA interfered negatively with the re-
action. We observed higher catalytic activity in the absence of
the amine (entry 5). The optimized reaction conditions are as
follows: treatment of EcoCu, by sodium ascorbate and the ad-
dition of azide 2a and alkyne 1a in water led to the expected
triazole 3 a quantitatively after only 1 h at room temperature.

In order to confirm the synthetic potential of EcoCu, in the
CuAAC, we studied the general application of the reaction with
various azides and alkynes. As shown in Table 5, the reaction
proceeded with aliphatic, aromatic and functional substrates



such as propargyl ester, alkenyl, amino and alcohol moieties.
No rate difference was observed between primary and secon-
dary azides. The activity of EcoCu, catalyst was comparable to
the homogeneous Cu catalysts”” and recent Cu(l) Schiff base
network polymer heterogeneous catalysts described by Taskin
et al.®®

Another interesting issue is the simplicity of the treatment.
No chromatographic purification or other purification step was

Table 5. CuAAC Click reaction of different azides and alcohols by the EcoCu methodology required. A simple addition of
Me-THF or EtOAc allowed the
Entry Azide Alkyne Product Yiel.d (%) *° Yield®ef isolation of the reaction prod-
1 2 3 (this work) . .
ucts with a high degree of pu-
e Z ~99 rity.
1 e ©/ 3b o) ~ 999l
5 Q)\__O —Ns 3c ~99 i 2.3. Ecological recycling and
1By T use of recycled EcoCu,
. = <99 2.3.1. CuAAC and
3 [:: ’:[/ s ) “E ““] 3d 78) >99% rhizofiltration of reaction
= mixture
4 [:/’“]/’“-u, wig/ _ 3e 08 og2e! The concept of ecological re-
S S cycling involves the reuse of
o metal containing waste via rhi-
3 [/ ]/ R HO g, 3 >99 61" zofiltration. For this purpose,
e = we studied a second rhizofiltra-
6 “T)J\o/\ g 3g ~99 g5l tion of the Cu containing re-
Ny & action mixture of a CuAAC re-
“/ = action with E. crassipes.
. \[ H/“*Ns ah o9 - We studied the reaction be-
[ j X tween benzyl azide and phenyl-
S acetylene on a 371 mg scale
g @'/\Na Hsz\\:\\\ 3 o9 2928 uhfier standard reaction con-
ditions (2 eq. NaAsc, 25°C, 1 h,
©/\N3 i - H,0). The reaction product 3d
9 HD)K/\\ 3j >99 >99 .
= was extracted with Me-THF. The
Q metal content of the aqueous
10 \(U\o/‘\ Z 3k >99 - and organic layers were then
N analyzed by ICP MS. (Table 6).
@ Reaction conditions: 2 eq. NaAsc, 25°C, 1h, H,0. The ICP-MS  analysis  in-
®Yields determined by GC-MS after calibration with an internal standard. Values between parentheses are isolated dicates that 95% of the copper
yields. remained in the aqueous layer.
The result was similar with oth-
er elements. Surprisingly, sig-
Table 6. ICP MS analysis of aqueous and organic layers after the reaction performed with EcoCu,. (mg/L + stan- nificant amounts of sodium
dard deviation). and calcium were present in
Aqueous layer the Me-THF phase. The pres-
Na Mg Al K Ca Fe Zn Cu ence of these cations could be
1289 225 8.01 47.2 59.8 176 255 78.7 explained by  the  con-
+0.020 +0.030 +0.028 +0.017 +0.060 +0.022 +0.023 +0.018 tamination of glassware.
Organic layer The straightforward rhizofil-
Na Mg Al K c Fe Zn cu tration of the aqueous layer via
486 133 0.20 1.77 453 0.45 0.72 457
+0.008 +0.002 +0.054 +0.032 +0.017 +0.015 +0.010 +0.013 E. crassipes led to the ecological
recycling of Cu. The ex-
perimental conditions were

similar above-mentioned (see
chapter 2.1.1.). The roots of E. crassipes were directly trans-
formed into the regenerated ecocatalyst labelled EcoCu,.

2.3.2. Characterization of EcoCu,

ICP-MS analyses of recycled EcoCu, were performed after dilu-
tion of the mineralized solid in an aqueous solution of 1% ni-
tric acid (Table 7).



Table 7. ICP MS analysis of EcoCu,.

nylacetylene has been per-
formed with EcoCu,. Under the

Na Mg Al K ca Fe Zn cu conditions of the model test re-
0.97 1.20 1.05 1.10 3.55 1.35 0.02 229 action (2 eq. NaAsc, 25°C, 1h,
+0.018 +0.030 +0.034 +0. +0.036 +0.041 +0.033 +0.037

H,0, 5 mol% Cu), 3d was quan-

The analysis showed that Cu was still the major transition
metal in the EcoCu,. The ecocatalyst derived from ecological re-
cycling was less concentrated in Cu (2.29 wt%) than EcoCu, de-
rived from the first rhizofiltration (4.30 wt%), because the bio-
concentration of E. crassipes was not quantitative in the
adopted conditions. However, the copper level is still sufficient
for ecocatalysis. A small amount of Fe was observed in both
ecocatalysts EcoCu; and EcoCu,. Iron was the second most
abundant transition metal in the ecocatalysts, with contents of
0.50 wt% in EcoCul and 1.35 wt% in EcoCu,. The quantities of
Mg, Ca, Na and K were similar between the two materials.
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Figure 3. X-ray diffractogram of EcoCu,.

XRD analysis of EcoCu, (Figure 3) has been performed in or-
der to compare the structure of the EcoCu, and EcoCu, cata-
lysts.

XRD analysis of the EcoCu, material showed that iron was
present in the bernalite form. Thus, contrary to EcoCu,, iron
was in the Fe(lll) state. It is known that the synthesis of this
mineral appears to be a challenge, because the synthesis of
bernalite by crystallization from Fe(OH), is difficult. Man-
ganosite form MnO was not present, but graphite-3R was
found. This could be the result of the incomplete combustion
of lignine during the thermal treatment. Similar to EcoCu;, cop-
per was present only in amorphous form.

2.3.3. Use of recycled EcoCu, into EcoCu,

In order to prove the catalytic activity of EcoCu after ecological
recycling, the CuAAC reaction between benzylazide and phe-

titatively obtained. EcoCu, con-

tained about 2 times less cop-
per than EcoCu,, but its reactivity was maintained. This result
demonstrates that the other metal species have no negative ef-
fect on the rate of the reaction. Also, this interesting result con-
stitutes a proof of concept for ecological recycling in homoge-
neous catalysis.

3. Conclusions

We have shown for the first time that EcoCu catalysts enable
the innovative recovery of metal charged biomass from plants
used in rhizofiltration to decontaminate effluents rich in cop-
per.

EcoCu produced from E. crassipes roots is a highly efficient
homogeneous catalyst for the CUAAC reaction. The process is
very simple, carried out in aqueous media, and does not re-
quire the presence of an amine. The products obtained with
EcoCu catalysts do not require further purification.

Another special and innovative advantage is that EcoCu can
be reused through ecological recycling of the reaction mixture
via a second rhizofiltration cycle. The recycled EcoCu displays
similar catalytic activity. This easy recovery of EcoCu is another
valuable asset in terms of Green Chemistry.
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