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The transfer hydrogenation of carbonyl compounds into alcohols with isopropanol has emerged as a
green alternative to the use of hazardous reducing agents. Ni(0) nanoparticles have been described as
an efficient catalyst for this reaction, while their classical preparation is still associated with a number
of safety and environmental concerns. Here, we report a sustainable, ecological and straightforward
preparation of a biosourced Ni(0) based material, by thermal decomposition of Ni(Il) formate made from a

Ni hyperaccumulating plant. The resulting catalyst, EcoNi(0), shows high catalytic activity and selectivity
for the transfer hydrogenation of carbonyl compounds, including challenging aldehydes. The process
seeks to be an incentive for the economic development of phytoextraction.

1. Introduction

Mining and metallurgical operations are in the top for the metal
waste production. They are problematic, because they are not
biodegradable and persistent in organisms and ecosystems. These
environmental issues can be addressed by an ecological solution,
called phytoextraction [1-3]. Phytoextraction has emerged as a
novel approach to clean up metal-polluted soils in which plants are
used to transfer metal trace elements (TE) from soils to shoots. This
phytotechnology leads to the development of a vegetative cover,
which forms a protection against wind and water erosion of TE. It
is among the less costly technologies of soils remediation and has
a good public acceptance [4]. However, TE concentration in plant
leaves is high enough to generate new contaminated wastes.

Our group has shown that these plant wastes produced could
be recovered using an innovative concept of sustainable chem-
istry. Taking advantage of the remarkable adaptive capacity of
some plants to hyperaccumulate metals, ecocatalysis is based on
the original use of metal species of plant origin as catalysts in
fine organic chemical reactions. This allows the preparation of
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biomolecules using an eco-responsible and bio-inspired approach
[5]. The obtained results demonstrate that these new polymetal-
lic catalysts present a unique chemical structure [6-8]. They offer
new opportunities for cooperative catalysis within the synergy
between metals [9-11], and present huge potential for the future
[12]. Their activities, chemoselectivity and recyclability are higher
than traditional catalysts in many reactions [13-15]. Ecocatalysts
constitute an entirely new generation of efficient green oxidative
catalysts [16], Lewis acid catalysts [17], and sustainable C—C forma-
tion agents [18]. They can be used as alternative reagents to replace
those prohibited by European REACH regulations [14,19].

Ecocatalysis brings a change in paradigm: biomass from phy-
toextraction is no longer considered as contaminated waste, but
rather as a natural restoration system with high added value [20].
This biomass is a natural reservoir of transition metals, precious
in organic synthesis. In other words, waste becomes a useful and
innovative chemical tool.

However, the use of ecocatalysts as potential green reducing
agents has never been studied. The interest of EcoNi in the area of
reduction is thus promising for ecological and chemical reasons.

We have recently reported that biosourced polymetallic
ecocatalysts EcoNi(Ill) prepared from biomass derived from
Ni hyperaccumulating plants, could efficiently and selectively
mediate different addition reactions on alkenes and aromatic
compounds [20-22]. The synthetic protocols based on the use
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of EcoNi(Il) catalysts combined several advantages: low catalyst
loading, high yields of reaction products, short reaction times, eco-
friendly reaction conditions, high selectivity and the possibility
of the catalyst recovery and reuse. Therefore, we envisaged the
possibility of applying these EcoNi(Il) materials as new bio-based
feedstock to synthetize novel EcoNi(0) catalysts and to study their
catalytic activity in the transfer hydrogenation of carbonyl com-
pounds. In this communication, we show that greener reductions
of ketones and aldehydes can be performed with high yield and
selectivity, with a biosourced EcoNi(0) catalyst.

The reduction of the carbonyl group of aldehydes and ketones
to the corresponding alcohols is among the most common trans-
formations in organic synthesis. Since early reports of reduction by
diborane, metal hydrides are some of the most important reagents
for performing this synthetic transformation at the laboratory scale.
Alkali and alkaline earth metal hydrides, boranes and derivatives,
alanes and derivatives, metal borohydrides, metal aluminohy-
drides, silanes, stannanes and transition metal hydrides have been
largely described [23]. The synthetic utility of these reagents is
beyond question. However, in the context of Green Chemistry, the
operating conditions and safety of the reagents/solvent/process are
obvious drawbacks of this methodology. Workup procedures are
hazardous to handle and generate a large amount of wastes as
by-products. The reduction step is often carried out with a sto-
ichiometric amount of metal hydride. The reduction of carbonyl
compounds to alcohols by catalytic hydrogenation represents the
main industrial alternative to the use of hazardous metal hydrides
[24]. Currently, the preferred transition metals for hydrogenation
of carbonyl compounds are Ru, Pt, Pd, Rh and Ni. However, these
catalytic processes often require high temperatures and pressures,
which can be an industrial risk. Another challenge associated with
the catalytic hydrogenation of carbonyl group into alcohol is the
cost of the metal catalyst. A major concern regarding the future
availability of these metal elements is their resource depletion and
the difficultly of access to metal deposits [25].

Transfer hydrogenation (hydrogen transfer, H-transfer) is an
interesting alternative methodology for the reduction of carbonyl
compounds. The first advantage of this process over catalytic
hydrogenation is the elimination of safety restrictions associated
with the use of high pressure and temperature. The first examples
of H-transfer reduction of ketones were reported with aluminium
alkoxides (Meerwein-Ponndorf-Verley (MPV)reduction). The main
drawback of this method is the reversibility of the reaction, the
necessity of using a stoichiometric amount of catalyst and the
hazardousness of Al(OiPr);. A milestone was the discovery that
metal complexes were able to catalyze the H-transfer reduction
of ketones [26]. While a number of catalysts still rely on homoge-
neous complexes of expensive metals, such as Ru, Rh or Ir, several
greener alternative catalysts have been proposed, including the
use of heterogeneous catalysts. These materials comprise zeolites,
hydrotalcite and various metal oxides, which are easily available
and cheap [27,28]. However, their synthetic potential is often lim-
ited to small substrates and their use frequently requires high
temperatures.

Dehydrated alumina supported KOH can also be used as an effec-
tive catalyst in the presence of isopropanol as a source of active
hydride and solvent, under microwave irradiation [29].

A recent alternative is the description of H-transfer reduction
of carbonyl compounds promoted by Ni(0) nanoparticles [30,31].
Good to high yields of the corresponding alcohols were obtained
depending on the nature of the substrate. The Ni nanoparticles
were reused several times, maintaining a high catalytic activity. In
terms of Green Chemistry, this methodology raises however several
issues: the mixture of THF/i-PrOH as solvent is less advantageous
than the eco-friendly isopropanol solvent alone. The preparation of
Ni(0) nanoparticles by reduction of Ni(Il) with lithium powder and

a catalytic amount of DTBB (4,4’-di-tert-butylbiphenyl) in THF, was
hazardous and exhibited a high environmental impact.

Improvements were thus required in order to meet the stan-
dards of current eco-friendly chemistry.

2. Experimental section
2.1. Reagents and methods

All reagents and solvents were purchased from Sigma-Aldrich
and were used without further purification. Leaves of Psycho-
tria gabriellae were harvested in New Caledonia, in the Mont
Koghi locality. GC-MS analyses were performed using a Shimadzu
QP2010SE, equipped with a 30 m x 0.25 mm x 0.25 pm ZB-5MSi
Guardian column (Phenomenex®) with hydrogen as carrier gas.
Inductively coupled plasma mass spectrometry (ICP-MS) analy-
ses were performed using the metal analysis of total dissolved
solutes in water. The samples were acidified with nitric acid 2.5%
and stirred for 30 min. The digestates were diluted to 0.005 gL~1.
Three blanks were recorded for each step of the digestion and
dilution procedure on a HR-ICP-MS Thermo Scientific Element XR.
Three analyses were performed for each sample in order to deter-
mine the standard deviation of the measurement. X-ray diffraction
(XRD) data measurements on the samples dried at 110°C for 2h
were performed by using a BRUKER diffractometer (D8 advance,
with a CuKa radiation A=1.54086°A) equipped with a LynxEye
detector. TGA was performed with a TA Instruments Q500, under
a flow of N, on 14mg of material. Nitrogen sorption experi-
ments were performed using a Micromeritics Tristar apparatus.
The specific surface area Sggr was calculated by the Brunauer-
Emmett-Teller method (BET). Pore volume and average pore size
were estimated using the Barrett-Joyner-Halenda method with the
Kruk-Jaroniec-Sayari equation (BJH/KJS). All calculations were per-
formed on the adsorption branch of the isotherm. Prior to analyses,
the sample was outgassed overnight at 110°C. XPS analyses were
performed with an ESCALAB 250 spectrometer (Thermo Electron
Corporation), using a monochromatized focused Al K X-ray source
(1486.6 eV). The calibration of the spectrometer was done with Cu
2p3/2(932.8eV), Au 4f7/2(84.0eV) and Ag 3d5/2(368.6eV). TEM
images were taken using a Jeol 1200-EX2 Transmission Electron
Microscope at accelerating voltage of 100kV. EDS analysis with
energy resolution 133 eV in scanning mode was performed using
a Jeol JEM-2200FS Field Emission Electron Microscope at acceler-
ating voltage of 200 kV. SEM images were obtained at the ‘Institut
Européen des Membranes’, Montpellier, France, using a Hitachi S-
4800 Field Emission Scanning Electron Microscope.

2.2. Preparation of EcoNi(Il) formate

Leaves of Psychotria gabriellae were air-dried and crushed, then
heated to 400 °C under air for 5 h. The resulting powder (20 g) was
heated in formic acid (400 mL) under stirring, to 90°C for 18 h. The
resulting blue-green suspension was cooled to room temperature,
then filtrated through a pad of Celite®, rinsed with 100 mL of formic
acid. The acid solution was discarded, then the resulting solid (mix-
ture of insoluble formates and Celite®) was rinsed with 3 x 100 mL
of boiling water. The resulting bright green solution was collected
by filtration, then concentrated under reduced pressure, affording
EcoNi(II) formate as a light green solid (14.9 g).

2.3. Preparation of EcoNi(0)

The EcoNi(0) was obtained by thermolysis of EcoNi(Il) formate.
For this purpose, 180.7 mg of EcoNi(Il) formate were placed in a
tubular oven by the aid of a porcelain crucible. The sample was first



heated to 250°C for 2 h in a nitrogen stream in order to eliminate
volatile species. After this time, the nitrogen flux was stopped and
the temperature was raised to 380°C during 3 h. After cooling to
room temperature, the EcoNi(0) was recovered as a black powder.
Yield: 70.8 mg.

2.4. Representative procedure for ecoNi(0)-catalyzed H-transfer
reduction

EcoNi(0) (1 mol%) and Al,03 basic BrockmannI(1 g, activated by
heating to 400 °C for 15 min) were added to a 25 mL flask containing
i-PrOH (5 mL) and the carbonyl compound (1 mmol). The resulting
mixture was magnetically stirred to 80°C. The reaction progress
was monitored by GC-MS analysis, with the following tempera-
ture programme: 4 min isothermal at 40°C, then increasing from
40°C to 270°C at 20°C.min~!. GC-MS calibration was performed
by analysis of known quantities of pure products and dodecane as
an internal standard.

3. Results and discussion

We demonstrate here that EcoNi(0) prepared by thermal reduc-
tion of EcoNi(Il) formate has high potential in green reduction of
carbonyl compounds, and that this ecocatalyst is well adapted for
the selective reduction of multifunctionalized compounds, includ-
ing conjugated aldehydes.

3.1. EcoNi(0) preparation and characterization

3.1.1. TGA analysis and reduction of EcoNi(ll) formate: formation
of EcoNi(0)

We focused on the formation of a Ni(0) catalyst for H-transfer
hydrogenation starting from biomass of a Ni-hyperaccumulating
plant. Leaves were harvested from Psychotria gabriellae (Rubi-
aceae), a native Ni-hyperaccumulating plant of the subtropical
Pacific island New Caledonia. They were collected from plants
growing in the Southern Province of New Caledonia. By following
a procedure described in previous reports [6,22], thermal treat-
ment of this biomass under air afforded a powder consisting of
oxides of the metal elements present in the plant. Among these
oxides, nickel was present as NiO, so that a reduction to Ni(0)
was required. Production of Ni(0) nanoparticles used as catalyst
for H-transfer hydrogenation has been previously performed by
reduction of Ni(Il) salts with several reducing agents, such as
metallithium [31-35], hydrazine [36-40], NaBH4 [41-43], ethylene
glycol [44-46], oleylamine/trioctylphosphine[47] or by thermal
decomposition of nickel isopropoxide, prepared with an excess of
Li, Na or K metal [48]. In spite of their efficiency, these reducing
agents are toxic or hazardous to manipulate. The use of alkali metals
in excess also raises sustainability issues, due to the high environ-
mental footprint associated with their production. Formation of
Ni(0) by reduction of bioaccumulated Ni(II) has been described in a
previous report, by pyrolysis of wood of another Ni hyperaccumu-
lating plant (tree Sebertia acuminata Pierre ex. Baillon), leading to
Ni(0) supported on charcoal (Ni 5-7 wt%) [49]. However, the hyper-
accumulating plant used was a rare, endangered species [50], and
no catalytic activity of the material was reported. In order to pro-
duce Ni(0) in a sustainable way from bioaccumulated Ni(II), we
selected the thermal reductive decomposition of Ni(Il) formate.

EcoNi(II) + HCOOH,,,

Table 1
ICP-MS analysis of EcoNi(Il) formate and EcoNi(0).

wt% (£sd?)

EcoNi(Il) formate EcoNi(0)
Na 47(40.2) 17.0 (£1.3)
Mg 2.5(+0.1) 4.1 (+0.3)
Ca 3.0 (£0.2) 10.2 (£0.5)
Ni 22.8 (£0.5) 40.7 (£2.9)
Mn 0.3 (+£0.006) 0.7 (£0.05)
Fe 0.6 (+£0.04) 0.9 (+0.06)

@ Standard deviation.

This procedure allows the formation of Ni(0) without the use of
additional reducing agents. This particular behavior is related to
the reducing character of formates/formic acid, which is able to
reduce Ni(Il) ‘in situ’ [51,52].

EcoNi(Il) formate was firstly obtained by formic acid treatment
of the mixture of oxides, resulting of the calcination of P. gabriellae
leaves. As Ni(II) formate is not soluble in pure formic acid, EcoNi(II)
formate was recovered by filtration as a solid containing 22.8 wt%
Ni (Table 1). This value is slightly lower compared to the theoreti-
cally expected value, based on the chemical composition of nickel
formate dihydrate (HgC40gNi). The result is due to the presence
of other metallic species of plant origin (Ca, Mg, Na, K, Fe). This
intermediate nickel salt was used to access EcoNi(0) via a sim-
ple thermolytic step. In addition of avoiding costly and hazardous
reducing agents, the use of formic acid is another sustainable asset,
because this molecule can be produced from biomass feedstocks
[53,54].Here, we used this approach for the formation of biosourced
Ni(0) catalysts, with high content in Ni, thanks to the elimination
of carbon as CO and CO, (Scheme 1) [55-57].

For this reason, we then studied the thermal behavior of our
EcoNi(Il) formate via thermogravimetric analysis (TGA). The TGA
plot of the material in the range of 50-1000°C is given in Fig. S1. It
clearly appears that the material shows three distinct weight loss
steps. The first step, occurring at temperatures below 250°C, is
related to the elimination of physisorbed water and formic acid.
The decomposition of the EcoNi(Il) formate and the formation of
EcoNi(0) occurs at temperatures 300°C<T<350°C. This behavior
is very similar to previously reported results obtained with pure
Ni(Il) formate, also showing a sharp mass loss at approx. 300°C
[52]. Finally, a last mass decrease can be observed at higher tem-
peratures (T>800°C). This mass loss is due to further dehydration
steps of metallic hydroxides and/or sublimation of various metallic
species. In this context, it has to be pointed out that despite the fact
that the material is mainly constituted of Ni species, a multitude of
other metals (Na, Mg, Ca) is present (see Table 1).

In order to synthesize sufficient biosourced EcoNi(0) and to
study its catalytic properties, we exploited this thermal reduction
of Ni(II) formate into Ni(0) to access to on a larger scale (Fig. 1). We
first heated EcoNi(Il) formate to 250°C for 2 h in a nitrogen stream
in order to eliminate volatile species such as physisorbed water and
formic acid. After this time, the N, stream was stopped in order to
form a reducing atmosphere due to the decomposition of formate
and the formation of carbon monoxide in the reactor. The mate-
rial was further heated to 380°C during 3 h in order to form the
EcoNi(0).

This method can be advantageously compared to conventional
processes, which required hazardous metallurgical preparation of

—» EcoNi(OOCH),.2H,0

2EcoNi(OOCH),.2H,0 —3  2EcoNi(0) + CO + 3CO, + H, + SH,0

Scheme 1. Mechanism of formation of EcoNi(0) derived from nickel hyperaccumulating plant.
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Fig. 1. Preparation of EcoNi(0) from Ni hyperaccumulator Psychotria gabriellae.

Ni precursors [58]. EcoNi(0) was characterized via ICP-MS, nitro-
gen sorption, scanning electron microscopy and X-ray diffraction
in order to determine the chemical composition, surface properties
and crystallinity of the material.

3.1.2. ICP MS analysis

As shown by ICP-MS study (Table 1), EcoNi(0) obtained as a black
powder, is a polymetallic solid with Ni as the major transition metal
(40.7 wt%). The reproducibility of composition of similar EcoNi(0)
was studied, and showed that the levels of transition elements
are only slightly variable between samples derived from different
plants of the same species. In particular, results show the necessity
of considering leaves age in the design of sample collection to obtain
a constant TE content in batches of ECoNi(0) [59]. EcoNi(0) was pre-
pared from several batches of P. gabriellae in order to homogenize
the content and minimize possible variations in the composition.
Updated data on Ni-hyperaccumulating and accumulating plants
from New Caledonia have been presented in some recent papers of
our group, aimed at producing EcoNi catalysts on industrial scale
in view of their commercialization [60,61].

3.1.3. XRD characterization of EcoNi(0)

In order to confirm the chemical composition of EcoNi(0), we
performed X-ray diffraction measurements with this material.
Fig. 2 shows the X-ray powder diffractogram of EcoNi(0), obtained
by thermolysis of EcoNi(Il) formate. The diffractogram shows the
characteristic diffractions rays of Ni(0), along with the unexpected
alloy FeNi3, whose formation can be explained by reduction of iron
formate, present in small amount in EcoNi(II) formate (according
to Fe wt% detected in ICP-MS, see above). Besides Ni(0) and FeNis,
sharp diffraction rays at 14.7, 25.6, 29.7,31.8 and 49.3 ° indicate the
presence of calcium sulfate. Furthermore, the diffraction ray of low
intensity at 62.9° suggests the presence of nickel oxide, probably
formed during the sample preparation. Broadening of the corre-
sponding peaks suggests the formation of small nickel particles,
according to the Scherrer equation [62]. Subsequent characteriza-
tion of EcoNi(0) morphology was thus conducted to determine the
porosity and the particles size.

3.1.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) with EcoNi(0) was per-
formed in order to confirm the oxidation state of nickel in the
EcoNi(0) material, after thermal decomposition of EcoNi(HCOO),.

- V - Anhydrite - CaSO,
m - Nickel-Ni
- 0 - Awaruite - NizFe
= L - Nickel oxide - NiO
3
Pt
£
2
F
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0 10 20 30 40 50 60 70 80 920
2 theta/ degrees

Fig. 2. X-ray diffractogramm of EcoNi(0) and detected species.
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Fig. 3. XPS spectrum of EcoNi(0).

The Ni 2p core level XPS spectrum (Fig. 3) shows three peaks cen-
tered around 856, 861 and 873 eV, which can readily be assigned
to Ni(0) 3p3/2, Ni(II) 2p3/2and Ni(0)2p1/2, respectively. The peaks
observed for Ni(Il) 2p3/2 s could be assigned to the presence of NiO,
that may originate from the surface oxidation of Ni(0) nanoparticles
during the XPS sampling procedure. Ni(Il) may be overestimated as
XPS is a surface sensitive method which only takes into account the
surface of the material. These observations are in agreement with
the recently reported results of Zahmakiran et al. [63]

3.1.5. Characterization by nitrogen sorption and SEM

We studied the textural properties of the material via nitro-
gen sorption. The nitrogen sorption isotherm is given in Fig. 4. The
isotherm shows that the EcoNi(0) is a moderately porous material
with a specific surface area of 109 m?/g and a mesopore volume
of 0.20 cm3/g. The progressive nitrogen uptake over a quite large
P/Py range indicates rather broad pore size distribution. Finally, the
strong nitrogen uptake at high partial pressures indicates intergrain
porosity and suggests that the material is constituted of agglomer-
ated primary nanoparticles.

These results are confirmed via scanning electron microscopy
(SEM). SEM images of the material clearly confirm the granular
morphology of the material; with consists of agglomerated par-
ticles displaying a particle size in the range of 15-50 nm (Fig. 5b).

3.1.6. TEM analysis

The characterization of EcoNi(0) via Transmission Electron
Microscopy (TEM) affords valuable information about the texture
and homogeneity of the material. Two representative TEM images
are given in Fig. 6. The material is constituted of particles of a diam-
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Fig. 4. Nitrogen sorption isotherm of EcoNi(0).

eter of several hundreds of nanometers. It clearly appears that these
particles are heterogeneous and consist of at least two phases. Ni(0)
nanoparticles of variable size can clearly be seen. The diameter of
these particles is in the range of 2-20 nm. The Ni(0) particles are
embedded within a matrix of a support material, probably calcium
sulfate, as indicated by XRD and ICP-MS analysis.

3.1.7. EDS analysis

Finally, we performed Energy-dispersive X-ray spectroscopy
(EDS) analysis in order to confirm the morphological features of the
material and its chemical composition. EDS analysis with EcoNi(0)
(see Supporting information) clearly shows that this material dis-
plays a heterogeneous morphology. Elemental mapping allows
differentiating nickel rich domains with Ni contents up to 70 wt-
% on the one side, and nickel poor domains with nickel content
lower 10 wt-% and containing mainly calcium, sulfur and oxygen.
This result therefore confirms the XRD analysis which indicated the
presence of a significant amount of calcium sulfate in the material.
EDS analysis also indicates the presence of small amounts of mag-
nesium and manganese in the material, therefore confirming the
results obtained by ICP-MS analysis.

In conclusion, TEM, SEM, XPS and EDS analysis give concordant
results regarding the elemental composition and the morphology
of the EcoNi(0) material. In fact, EcoNi(0) is constituted of Ni(0)
nanoparticles which are embedded in a calcium sulfate matrix.
Nickel poor and nickel rich domains are present in the same parti-
cles.

Fig. 5. SEM images of EcoNi(0).
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Fig. 6. TEM images of EcoNi(0).

Table 2
Optimization of the reaction conditions.

0 EcoNi(0) nanoparticles OH

i-PrOH, base, 80 °C R1J\R2

R R2
Entry EcoNi(0) (mol%) Base Time (h) Substrate Yield (%)*
1 100 - 25 Cyclohexanone 29

2 10 NaOH 20 mol% 18 Cyclohexanone 56

3 10 NaOH 30 mol% 18 Cyclohexanone 100

4 1 NaOH 30 mol% 24 Cyclohexanone 100

5 1 Al, 05" 24 Cyclohexanone 100

6 - Al, 05" 6 2-Dodecanone 11

7 1 Al,03° 6 2-Dodecanone 93

8 - Al, 05" 24 Acetophenone 9

Reaction conditions: ketone (1 mmol), i-PrOH (5 mL), EcoNi(0) (amount based on Ni), base, 80 °C.

2 Yield of the corresponding alcohol determined by GC-MS analysis.
b Al,03 basic Brockmann I activated, 1 g/1 mmol ketone.

3.2. Reduction of carbonyl compounds catalyzed by EcoNi(0)

3.2.1. Conditions of reduction

The catalytic properties of EcoNi(0) were assessed in the MPV
reduction of carbonyl compounds. A preliminary study was con-
ducted with cyclohexanone and 2-dodecanone, as model substrates
(Table 2). Using EcoNi(0) alone, only a low yield of reduction prod-
uct was observed for cyclohexanone (29%, entry 1), even with a
stoichiometric amount of EcoNi(0), and after prolonged heating.
However, addition of a catalyticamount of NaOH (20 mol%) allowed
to lower the catalytic loading of EcoNi(0), while leading to a marked
increase of reaction yield (56%, entry 2). The amount of EcoNi(0)
could thus be reduced up to 1 mol%, by using 30 mol% NaOH, afford-
ing a quantitative reduction of cyclohexanone (entry 4). In spite of
its efficiency, NaOH is a strong base, used in homogeneous phase in
the reaction. We thus turned to alumina, a greener heterogeneous
base. By using a ratio of one gram per mmol of ketone, alumina
substituted for NaOH with the same efficiency, when associated to
1 mol% of EcoNi(0) (entry 5). Previous studies have reported the
catalytic activity of alumina in MPV reduction of ketones, either
at elevated temperatures (300°C) [64], or with large amounts of
solid (ca 5g per mmol of substrate) [65], or in drastic conditions
to avoid any trace of moisture [66]. In this context, we evaluated
the activity of alumina in our experimental conditions, without
EcoNi(0): whereas reduction of 2-dodecanone occurred with 93%
yield by combining alumina and 1 mol% EcoNi(0), only 11% yield
was observed with alumina alone, in the same conditions (entries
6-7). The example of acetophenone (entry 8) confirmed the very
low reactivity of sole alumina in isopropanol. These results thus
showed that alumina was almost not active in our conditions with-
out EcoNi(0), and that ketone reduction occurred with high yield
only when both species were associated. This observation is con-
sistent with a number of previous reports, both in homogeneous

[26,67] and heterogeneous catalysis [27,28], where mechanistic
studies have shown that addition of a base often promoted the
interaction between isopropanol and the active metal species. It
should be noted, that the amount of alumina could be reduced, but
the reaction is slowed.

Although any attempt to directly reuse the EcoNi(0) failed, this
methodology can be considered advantageous, because the addi-
tion of formic acid followed by the described thermic treatment
(see part 3.1.1) allowed the regeneration and reuse of ecocatalyst.
The properties of EcoNi(0) are preserved after regeneration.

3.2.2. Scope of the methodology

The conditions developed with EcoNi(0)/Al,03 were applied
to a range of carbonyl compounds, to assess the scope of the
method (Table 3). The previous result of cyclohexanone reduc-
tion was further optimized with reduction of reaction time to
2h (entry 1). These conditions were extended to the reduction
of other ketones (entries 2-3 and 5-6), but long reaction time
(24h) remained necessary for complete reduction of acetophe-
none (entry 3). Aldehydes are challenging substrates for H-transfer
reduction, especially in basic conditions, as they can easily undergo
unwanted aldol condensation. For this reason, whereas H-transfer
reduction of ketones has been described with a large number of
catalysts, only a few have been reported for aldehydes [26]. In
our case, reaction of 1-heptanal afforded 78% yield of 1-heptanol
(entry 4), demonstrating that the catalytic system EcoNi(0)/Al,03
was efficient for aldehyde reduction, with a minimal amount of
side products. Interestingly, the conversion of benzaldehyde (entry
7, 99%) can be advantageously compared to literature (42 and
93%).[31-33,43]The catalytic system showed a high selectivity
toward carbonyl compounds, as illustrated by the reduction of
the aldehyde group of 3-nitrobenzaldehyde, without any reduc-
tion of the nitro group, even after a prolonged reaction time



Table 3
Scope of the EcoNi(0)-catalyzed H-transfer reduction.

Entry Substrate Time (h) Product Yield (%)*
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Reaction conditions: substrate (1 mmol), i-PrOH (5 mL), EcoNi(0) (1 mol%), Al,03 basic Brockmann I activated (1 g), 80°C.

2 Yield determined by GC-MS analysis.
b Side products resulting of aldol condensation were formed in 18% yield.
¢ Same cis/trans ratio for substrate and product: 24/76.

(entry 9). Similarly, the reduction of the aldehyde group of 4-
cyanobenzaldehyde is chemoselective (entry 8). Contrary to Ni(0)
nanoparticles described by Yus et al., our methodology is compat-
ible with an alkyne moiety (entry 10) [68].

Finally, the catalytic system EcoNi(0)/Al,03 revealed a high
selectivity during the H-transfer reduction of o,[-unsaturated

aldehydes, like citral (entry 12). Reduction of citral can lead to a
plethora of products, due to the combination of the three reducible
groups. Whereas selective reduction of the carbonyl group is usu-
ally performed with catalysts based on precious metals like Pt, Au
or Ir [69], EcoNi(0)/Al,03 catalyzed citral reduction into geraniol
in 97% yield. Moreover, no modification of the cis/trans ratio of



substrate occurred during reaction, conferring strong advantages
to the EcoNi(0)/Al, 05 system as an alternative to expansive cata-
lysts. Interestingly, the hydrogenation of citronellal with Ni/Al,03
delivers citronellol, another compound used as fragrance ingredi-
ent (entry 11) [69]. We can conclude that Ni(0) and other elements
present in EcoNi(0) demonstrate the interest of the original poly-
metallic complexes of the plant-based catalyst.

4. Conclusion

In conclusion, we exploited the thermal reductive decomposi-
tion of biosourced Ni(IlI) formate made from the Ni hyperaccumu-
lating plant Psychotria gabriellae, as an green alternative method for
preparation of Ni(0), without hazardous and toxic reducing agents.
Characterization of the resulting material EcoNi(0) confirmed that
the material consists of agglomerated primary Ni(0) nanoparti-
cles. Combined to alumina as a mild heterogeneous base, EcoNi(0)
catalyzed the transfer hydrogenation of a range of carbonyl com-
pounds, with isopropanol as an eco-friendly reagent and solvent.
With only 1 mol% of EcoNi(0), ketones and aldehydes were reduced
into alcohols, with high yield and selectivity. In particular, reduc-
tion of citral into geraniol, a molecule of commercial importance
in the fragrance industry, highlighted the performances of the cat-
alytic system as a valuable alternative to classical catalysts based
on precious metals. The alternative we propose, using nickel hyper-
accumulating plants to produce bio-based reducing agents could
bring extra added value to the phytoextraction and the programs
of ecological restoration.
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