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Nickel Nanoparticles Immobilized on Pristine Halloysite:
An Outstanding Catalyst for Hydrogenation Processes

Alejandro Pérez Alonso,™® Steven Mauriés,” Jean-Bernard Ledeuil, Lénaic Madec,"
Doan Pham Minh,” Daniel Pla,*® and Montserrat Gémez*"

Nickel nanoparticles (NiNPs) immobilized on halloysite-based
supports were straightforwardly synthesized and fully charac-
terized by different techniques with the purpose of evaluating
the catalytic performance of these as-prepared composite
materials as catalysts in hydrogenation reactions. Thus, halloy-
site bearing amino (HAL-NH,) and ammonium (HAL-NEt,)
groups led to less active catalytic materials in comparison with
unfunctionalized halloysite supports, probably due to relative
strong metal-support interactions with amino and tetraalkylam-
monium functions, consequently hindering the interaction of
unsaturated substrates at the surface of the catalytic material.

Introduction

Clay minerals represent one of the basic constituents of soil."”
Because of their abundance and environmental compatibility,
clays have been intensely explored as catalysts, in particular
applied in organic synthesis (for selected reviews, see:™).
Among them, halloysite (HAL), a 1:1 aluminosilicate clay,
exhibits a hollow nanotubular morphology, with a general
composition of Al,(OH),Si,05nH,0. Depending on the source
and purification treatments, the nanotubes show external and
internal diameters in the range of 40-60 nm and 10-15 nm,
respectively, with lengths comprised between 500-1500 nm,
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Despite NiNPs supported on pristine halloysite provided merely
agglomerates, NiNPs stabilized by quinidine on unfunctional-
ized halloysite (NiC) proved to be a highly effective and
versatile catalyst operating at relative low temperature (25-
100°C) and metal loading (1-20 mol %Ni), very well-adapted to
reduce a large range of functions (alkenes, alkynes, ketones,
aldehydes, nitro...). Moreover, NiC was able to selectively
reduce substrates from biomass to yield high value-added
products, such as squalane, saturated fatty acids, furfuryl
alcohol and y-valerolactone.

where each nanotube is constituted of ca. 10-15 aluminosilicate
layer rolls; these layers are assembled by hydrogen bonds
(between octahedral Al(OH); and tetrahedral SiO, sites), result-
ing in hollow nanotubes featuring inner alumina-rich domains
and outer silica enriched surface areas Because of its
availability, biocompatibility and adjustable characteristics, such
as a high surface area and easy chemical surface modification,
HAL has found applications in a wide range of fields, including
drug delivery, energy storage, and environmental remediation
among others,”” and also in catalysis.”! Actually, halloysite has
been efficiently applied as acid-based catalyst for organic
transformations such as cyclo-condensation of chiral alcohols
with ketones®™ and esterification of carboxylic acids from
biomass.”” HAL can be easily functionalized through the
reactivity of silanol and/or aluminol groups, mainly using
organosilanes.® This fact together with its nanotubular struc-
ture and physico-chemical properties renders HAL appropriate
for the immobilization of metal-based nanoparticles (MNPs)."”
Thus, gold nanoparticles were immobilized on decorated HAL
with polyethylenimine and applied for the selective oxidation
of benzyl alcohol into benzaldehyde."” PdNi and PdCo
bimetallic nanoparticles were immobilized on HAL for methane
oxidation, giving exclusively carbon dioxide and water.""
Regarding metal-catalyzed hydrogenations, MNPs based on
heavy metals (Ru, Rh, Pd, Pt, Au...) exhibited quite high stability
and catalytic efficiency, but showed a limited scope.”'? To the
best of our knowledge, only one recently reported contribution
describing nickel supported on HAL has been thus far applied
to furfural hydrogenation."

This contribution represents the first report describing well-
defined Ni nanoparticles on halloysites. We describe herein the
synthesis and full characterization of nickel-based nanoparticles
on both functionalized and pristine halloysite-based supports
and their efficient catalytic applications in hydrogenations of a

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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large variety of functional groups (alkynes, alkenes, ketones,
aldehydes, and nitro groups), including the hydrogenation of
substrates leading to the formation of added value products
from bio-mass reactants, such as squalane, saturated fatty acids,
furfuryl alcohol and vy-valerolactone.

Results and Discussion

Synthesis and characterization of NiNPs on halloysite-
based supports. With the aim of modifying the support
surface with functional groups able to stabilize metal nano-
particles, we prepared both HAL-NH, (based on the method-
ology described in the literature)® as well as a novel
functionalized halloysite bearing ammonium moieties, HAL-
NEt;, thus favoring the NiNPs stabilization by coordination
and electrostatic effects, respectively (Figure 1a). These
supports were characterized by ICP-AES (Inductively coupled
plasma atomic emission spectroscopy), elemental analysis,
FTIR (Fourier Transform Infrared spectroscopy) and ssNMR
(solid state Nuclear Magnetic Resonance). FTIR spectra of
HAL-NH, and HAL-NEt; showed absorption bands corre-
sponding to CH, (ca. 1380 and 1490 cm™') and NH, for HAL-
NH, (1556 cm™") deformations (see Figure S1 in the Support-
ing Information); for the hydroxyl groups, no significant
variations were observed (3500-3600 cm™'), in agreement
with the partial functionalization of the as-prepared supports
(see below). *Si CP/MAS NMR spectra of commercial
halloysite, HAL-NH, and HAL-NEt; exhibited a chemical shift
at ca. —92 ppm assigned to the Q® band of halloysite
[(Si(OSi);(OAD)]; for HAL-NH, and HAL-NEt;, two bands at ca.
—59 ppm and —68 ppm were also observed which can be
attributed to bidentate (T?) and tridentate (T°) bonded Si,
respectively, meaning that two or three ethoxy groups from
the starting material were hydrolyzed as shown schematically
in Figure 1 (see Figure S2A in the Supporting Information).™
This behavior was also corroborated by '*C CP/MAS NMR
spectra of HAL-NH, and HAL-NEt;, showing clearly the
resonances corresponding to the propyl-amino and propyl-
triethylammonium groups, respectively, in the absence of the
diagnostic signals of ethoxy groups (see Figure S3 in the

toluene
_—
120°C, 24 h 03
/ o) o /OEI

[/ OH

JS OH O—g;
R = NH,, HAL-NH,
R = NEt3*I", HAL-NEt;

_ HAL + QD Hz (3 bar) Z
(b) [Ni(cod),] + or
HAL-R EtOH 100 °C a
overnight
R = NH,, HAL-NH, MeO
R = NEts*I, HAL-NEt;
NiA: NINP@HAL-NH,

NiB: NINP@HAL-NEts Qb
NiC: NiNP-QD@HAL

(a)
(OEt)sSi—(CHy),~CHoNH;

or +

(OEt)sSi—(CHy)p~CHoNEts'T"

Figure 1. (a) Synthesis of functionalized halloysites (HAL-NH, and HAL-NEt,);
(b) one-pot synthesis of NiNPs supported on HAL-based materials, NiA-NiC
(blue clusters denote NiNPs).
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Supporting Information). These observations agree with the
CHN elemental analyses of HAL-NH, and HAL-NEt;. Thus, the
C/N ratios for HAL-NH, and HAL-NEt;, 3.2 and 8.75 respec-
tively, are higher than the expected ratios for the completely
hydrolyzed y-aminopropyltriethoxysilane molecular precur-
sors (2.7 and 6, respectively), corroborating the partial
hydrolysis of ethoxy groups (see Table S1 in the Supporting
Information). Al MAS NMR spectra for HAL and for function-
alized materials HAL-NH, and HAL-NEt; did not exhibit
significant differences, proving that no functionalization on
aluminol moieties took place (see Figure S2B in the Support-
ing Information). XPS (X-ray Photoelectron Spectroscopy)
analyses also confirmed the proposed functionalization of
the halloysite-based materials and evidenced the presence of
iodine for HAL-NEt; (see FigureS4 in the Supporting
Information).

The synthesis of NiNPs supported on (un)functionalized
halloysite was carried out under relatively mild conditions,
using nickel bis(cyclooctadiene) as metal precursor in ethanol
under hydrogen atmosphere at 100°C overnight (Figure 1b).
When unfunctionalized HAL (commercial material employed
without any treatment prior to its use as catalyst support), only
aggregates were obtained (Figure 2a). However, using HAL-NH,
as both support and NPs stabilizer, gave both supported and
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Figure 2. TEM micrographs of: (a) Nickel supported on HAL; (b) NiNPs
supported on HAL-NH, (NiA); (c, d) NiNPs supported on HAL-NEt; (NiB); and
(e, f) NiNPs supported on HAL stabilized by quinidine (NiC).
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unsupported aggregates (Figure 2b). For HAL-NEt;, well-dis-
persed spherical NiNPs on the functionalized support were
obtained, exhibiting a mean diameter of 554+1.0 nm as
evidenced by TEM (Transmission Electron Microscopy; Figure 2c
and 2d). The CHN elemental analysis of NiA and NiB were
unchanged compared to the functionalized supports (HAL-NH,
and HAL-NEt; respectively), proving that no degradation of the
functionalized supports occurred during the synthesis of the
catalytic materials (Figure 1b; see Table S1 in the Supporting
Information).

Based on our previous experience regarding the synthesis
of unsupported metal nanoparticles,™ we added quinidine in
the reaction mixture, a natural alkaloid able to stabilize MNPs,"®
also obtaining small (53+1.5nm) and very well-dispersed
nanoparticles on unfunctionalized halloysite (Figure 2e and 2f).
HAADF-STEM (High-Angle Annular Dark-Field- Scanning Trans-
mission Electron Microscopy) coupled to EDX (Energy-Disper-
sive X-ray spectroscopy) analyses of NiC evidenced that nickel
was homogenously dispersed on the support (Figure 3). How-
ever, the use of choline chloride as stabilizer led to NiNPs not
adsorbed on the nanostructured clay (see Figure S5 in the
Supporting Information).

ICP-AES data proved that nickel was quantitatively adsorbed
on the solid (4.8 wt% for NiA; 5.2 wt% for NiB; 4.4 wt% for NiC).
Powder X-Ray Diffraction (PXRD) of NiC revealed the presence
of crystalline fcc Ni(0); for NiA and NiB, amorphous material was
observed (broad signals), hardly distinguishing the signals
corresponding to the metal phase (see Figure S6 in the
Supporting Information). This fact can be due to the physisorp-
tion of (3-aminopropyl)triethoxysilane for NiA and 3-
(triethylammonium)propyl)triethoxysilane iodide for NiB, in
agreement with thermogravimetric analyses (Figure 4), which
both materials showed a relative high mass loss in the temper-
ature range of 70-110°C (3.5 wt% for NiA and 1.9 wt% for NiB)
in comparison with NiC (0.8 wt%). A comparison of PXRD
diffractograms of the corresponding functionalized halloysite
supports (HAL-NH, and HAL-Et;, see Figure S6 in the Supporting
Information), indicates that the broad signals observed at ca.

[ e |

250 hm

250 nm

250 nm

Figure 3. (a) HAADF-STEM image of NiC (framed area corresponding to the
EDX mapping); (b) EDX mapping of NiC.
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Figure 4. Thermogravimetric analyses and the corresponding derivative
mass loss curves for the catalytic materials NiA, NiB and NiC, and halloysite
(HAL).

10-20° (26 values) mainly appeared during the immobilization
of the Ni-based nanoparticles.

Thermogravimetric analyses (TGA) of NiA, NiB and NiC
showed a mass loss (0.7-3.5%) in the temperature range of
74-110°C, attributed to the physically adsorbed water or 3-
aminopropyltriethoxysilane molecular precursors (NiA exhib-
ited the highest mass loss probably due to the presence of
adsorbed 3-aminopropyltriethoxysilane), in agreement with
reported functionalized halloysites."* These catalytic materi-
als also showed a mass loss (1.5-5.1%) in the temperature
range of 325-360°C, attributed to the degradation of grafted
organic fragments. The third mass loss (11-11.7%) in the
temperature range of 400-650°C, also present for pristine
halloysite (13.3% mass loss), matched with the dehydroxyla-
tion of aluminol/silanol groups (Figure 4)."*'" From these
data, ca. 1.5-5.0 wt% of functionalization can be proposed
for the three catalytic materials.

XPS survey spectrum (Figure 5, left) of NiC showed the
presence of Ni, and Si and Al from HAL as well as N and C from
quinidine (oxygen content comes from both support and
stabilizer; see Table S2 in the Supporting Information for XPS
at.% quantification). Note that Si, Al and O contents are in good
agreement with the Al,(OH),Si,O; composition (percentage of
quinidine is much lower compared to the support). Importantly,
the Ni 2p XPS core level spectrum (Figure 5, right) of NiC
showed three contributions: Ni° (31%), NiO (43%) and Ni(OH),
(26 %). These results highlight that the preparation method for
NiC is effective to obtain zero-valent NiNPs, albeit its partial

© 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH
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Figure 5. XPS survey (left) and Ni 2p (right) spectra of NiC. Black, red and
blue peaks correspond to the Ni(0), NiO and Ni(OH), envelopes (see

Figure S7 and Table S2 in the Supporting Information for more information
about the fit procedure) used to fit the experimental data (dotted line).

oxidation. It is important to mention that due to the low nickel
content in the sample (1 at.%) and the high reactivity of the
zero-valent NiNPs (rapid oxidation even under glovebox Ar
atmosphere or under ultra-high vacuum during XPS analysis),
XPS analysis of such powder sample was a challenge."”
Consequently, the real percentage of Ni° in the sample is more
likely higher that the determined one (31 %). When XPS analysis
was carried out under common conditions (preparation of the
sample in air), only nickel oxide was observed (see Figure S8 in
the Supporting Information).

We were also interested in studying the robustness of the
stabilizer under hydrogen conditions. Based on our previous
work concerning the stabilization of palladium nanoparticles by
cinchona derivatives,"® we carried out a hydrogenation reaction
of quinidine using NiC as catalyst, proving that the quinoline
group was not modified in contrast to the vinyl moiety that was
converted into an ethyl group (see Figure S9 in the Supporting
Information); this result shows that the interaction of the
stabilizer at the metal surface through the aromatic fragment

agreement with the
nanoparticles."”
Ni-catalyzed hydrogenations. The as-prepared catalytic
nanomaterials (NiA-NiC) were used for the hydrogenation of
diphenylacetylene (1) in ethanol under smooth conditions

reported works involving platinum

ICKLL : Nio 43%
- ',’*115_.,3”5',253134" NilOH);  2e% (25°C, 3 bar H,, 1 mol% Ni) with the aim of comparing their
1200 1000 800 600 400 200 0 880 870 860 850 catalytic activity (entries 1-3, Table 1). Nanocatalysts supported

on functionalized halloysites (NiA, NiB) were less active than
that on unfunctionalized support, NiC (entries 1 and 2 vs 3,
Table 1). The catalyst supported on functionalized HAL with
amino groups (NiA) was inactive after 24 h of reaction, while
NiB led to 18% conversion to the corresponding alkene; NiC
gave full conversion after only 7 h, selectively obtaining (2)-1a
(entry 3, Table 1). From these results, the amino and ammonium
functions on the support seem to trigger a poisoning effect
probably due to strong metal-support interactions (by dative
coordination of amino groups to the metal or by electrostatic
interactions through the ammonium moieties), thus hindering
the contact between the substrate and metal sites. Longer
reaction time afforded a full hydrogenation of the exocyclic
C=C, only obtaining 1,2-diphenylethane (entry 4, Table 1). For 1-
phenyl-1-propyne (2), the hydrogenation was faster than with
diphenylacetylene; thus, the selectivity towards the correspond-
ing alkene was lower (entries 5 and 6, Table 1). In agreement
with this observed behavior, NiC fully reduced (2)-1a and (2)-
2a into 1b and 2b, respectively (entries 7 and 8, Table 1).
However, lower activity was observed for the corresponding (E)-
stereoisomers (entries 9 and 10, Table 1), without observing
isomerization. The slight increase in catalyst activity working at
a higher pressure (entry 11, Table 1) points to a lower
adsorption energy for (F)-alkene than for (2)-alkene on the
metal surface.

Taking into account the high performance of NiC towards
non-aromatic C—C multiple bonds, we expanded the hydro-

Table 1. Hydrogenation of alkynes (1, 2) catalyzed by NiNP immobilized on halloysite-based supports, NiA-NiC.”!
R 1 mol% Ni
@/ [catalyst] ©/\ R
+ H —— > + ©/\/
(3bar)  25°C, EtOH R

1,R=Ph (2)-1a, R=Ph 1b, R =Ph

2,R=Me (2)-2a,R = Me 2b, R = Me
Entry Catalyst Substrate t [h] Conv. (Yield) [%]™ Selectivity [%]®
1 NiA 1 24 0(0) -
2 NiB 1 24 18 (18) >99 (2)-1a
3 NiC 1 7 >99 (>99) >99(2)-1a
4 NiC 1 24 >99 (99) 99 1b
5 NiC 2 3 >99 (99) 73,(2)-2a

27,2b
6 NiC 2 6 >99 (99) 2,(2)-2a
98, 2b

7 NiC (2-1a 24 >99 (99) @
8 NiC (2)-2a 24 >99 (99) 9l
o NiC (E-1a 24 16 (16) @
109 NiC (F)-2a 24 27 (25) @
171 NiC (E)-1a 24 56 (50) g
[a] Results from duplicated experiments. Reaction conditions: 1 mmol of substrate, 2 mL of degassed solvent, 0.01 mmol of total Ni (determined by ICP).
[b] Determined by GC using 2-methoxynaphtalene as internal standard. [c] After 4 h, no conversion. [d] Cyclopentylmethylether (CPME) used as solvent due
to the insolubility of (E)-1a and (E)-2a in EtOH. [e] 10 bar H,. [f] Only 1b was formed. [g] Only 2b was formed.
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genation study to other functional groups including nitro-,
carbonyl- and nitrile-derivatives (Table 2). For nitroarenes (3-5),
a dramatic electronic effect of the aromatic ring was observed
(entries 1-3, Table 2). While nitrobenzene and 4-hydroxynitro-
benzene led to the corresponding anilines in high yields (more
than 80%, entries 1-2, Table 2), substrate 5 containing a chloro
substituent gave a very low conversion (entry 3, Table 2), and
1,3- and 1,4-dinitrobenzene substrates were inactive. The
presence of electron-withdrawing groups probably hinders the
substrate coordination to the metal surface due to its lower m-
electron density on the aromatic ring than those containing
electron-donor moieties; in this latter case, the m-rt substrate-
metal surface interaction can be more favored, in agreement
with the behavior observed for other types of reactivity.””
Aldehydes (6-10) and ketones (11-15), both bearing aryl
and alkyl substituents, were efficiently reduced into the
corresponding primary (entries 4-8, Table 2) and secondary

Table 2. Ni-catalyzed hydrogenation of nitro and carbonyl derivatives.”’

3H,R=H
R NHz  4H R=OH

5R=Cl 5H,R = Cl
SR e R
» R=4- N N = 4]
8 R=4-CF3 \_/—¢Ho QCHZOH by ior,
9.R=24,6-OMe 9H, R = 2,4,6-OMe
OMAN HO/\/\/\/\/
10 10H
\i/ [NIC] (5 mol%) OH
—_—
1 Ha (3 bar) 11H
60 °C, EtOH
0 OH
12,R = Me 12H, R = Me
13, R=iPr ®_<R ©—<R 13H, R = iPr
Rg:o R@OH
14,R=H 14H,R=H
rac-15, R = Me 15H, R = Me
o OH
~0 ~O
16 O 16H o
Entry Substrate t [h] Conv. (Yield) [%]®
! 3 4 >99 (82)
2 4 4 >99 (99)
3 5 4 76)
49 6 8 82 (82)"
5 7 8 56 (54)°!
6 8 8 92 (90)
7 9 8 86 (82)
8 10 8 79 (74)
9 11 8 >99 (87)
10 12 8 87 (86)
11 13 24 99 (99)
[24 (23)1®
129 14 24 54 (52)
139 rac-15 24 97 (87) [d.e. =44 %]
14loM! rac-15 24 35 (33) [d.e.=52%]"
15 16 24 91 (90)

[a]Mean results from duplicated experiments. Reaction conditions: 1T mmol
of substrate, 2 mL of degassed solvent, 0.05 mmol of total Ni (determined
by ICP). [b] Determined by GC-FID NMR using dimethyl sulfone as internal
standard. [c] 42 % conversion after 2 h. [d] Using 2.5 mol% Ni. [e] Quantita-
ative yield after 24 h. [f] Results after 8 h. [g] At 100°C; d.e. denotes
diastereomeric excess. [h] Using NiD as catalyst. [j] Determined by 1H

NMR using dimethyl sulfone as internal standard.

ChemCatChem 2022, €202200775 (5 of 9)

alcohols (entries 9-13, Table 2), respectively. It is important
to highlight that acetalization was not observed in any case
(competitive reaction with ethanol), probably due to the low
acidity of halloysite, in agreement with the irrelevant activity
of pristine halloysite in esterification reactions compared to
the high activity observed using sulfonic acid-modified
HAL.[ZH

The unsymmetrically substituted ketones 12-15 were
chosen with the aim of studying the stereoselective influence
of quinidine, acting as NiNP stabilizer, in the reduction
towards the corresponding alcohol (entries 10-14, Table 2).
For methyl phenyl ketone, isopropyl phenyl ketone and a-
tetralone (12-14), only racemic mixtures were obtained
(entries 10-12, Table 2; see Figure S10 in the Supporting
Information). Using rac-15 as substrate, a diastereomeric ratio
of 44% was observed (entry 13, Table 2; see Figure S11 in the
Supporting Information). With the purpose of determining
the diastereoselectivity induction (promoted by the substrate
structure or by the chiral stabilizer), a new Ni-based catalytic
material (NiD) was also prepared containing an achiral
stabilizer, 4-(3-phenylpropyl)pyridine, which we previously
applied in the synthesis of ruthenium and palladium
nanoparticles™ (see Figure S12 in the Supporting Informa-
tion). Under the same catalytic conditions, NiD exhibited a
lower activity than NiC (entry 14 vs 13, Table 2), probably due
to the high aggregation of NiNPs in the case of NiD; but both
systems showed essentially the same diastereoselectivity
trends, indicating that the observed behavior is induced by
the substrate and not by the chiral stabilizer (see Figure S13
in the Supporting Information). Moreover, ethyl pyruvate was
selectively hydrogenated, leading to a racemic mixture of
ethyl lactate (entry 15, Table 2).

Benzonitrile hydrogenation led to a mixture of products,
mainly constituted of N-benzylidenebenzylamine and dibenzyl-
amine, together with minor amounts of benzylamine, probably
due to the fast nucleophilic addition of benzylamine to the
intermediate phenylmethanimine (see Figure S14 in the Sup-
porting Information); attempts to avoid this addition by in-situ
protection of benzylamine (addition of boric acid, di-tert-butyl
dicarbonate or benzyl chloroformate) was unsuccessful (see
Table S3 in the Supporting Information).”®!

We studied the reuse of the catalytic material NiC for the
benzaldehyde hydrogenation. The catalyst was recycled with-
out activity loss for 5 runs, exhibiting a slight yield decrease
up to the 8™ run (see FigureS15 in the Supporting
Information). ICP-AES analyses of the organic extracts (after
the 3, 7™ and 8™ runs) evidenced that no significant nickel
leaching occurred.

Taking into account the performance of NiC for the
reduction of C=C bonds and carbonyl groups, we were
interested in the hydrogenation of substrates leading to added-
value products, in particular those coming from biomass, such
as fatty acids, squalene, furfural and levulinic acid, in order to
reach selectively saturated fatty acids,*” squalane,” furfuryl
alcohol™ and vy-valerolactone,?” respectively.

Regarding the formation of saturated fatty acids (Ta-
ble 3), we chose stearic acid, mainly applied in the
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Table 3. Ni-catalyzed hydrogenation of unsaturated fatty acids into stearic
acid.”
o)
o~
(2)-17, oleic acid
o)
/\/\/\/\/\/\/\/\)J\OH 0o
(E)-17, elaidic acid + H %
0 > 100 187 OH
W/\/\/\)L 20, stearic acid
OH
18, linoleic acid o
T OH
19, linolenic acid
Entry  Substrate mol% Ni  P[bar] t(h)  Conv. (Yield) [%]®
1 (2)-17 10 20 8 96 (94)
2 18 10 20 8 73 (70)
3 19 10 20 8 82 (79)
4 (2)-17 5 20 24 82 (82)
519 @-17 5 20 24 66 (62)9
6 (217 10 20 8 12(12)
7 (2)-17 10 3 8 0
8 (E)-17 10 20 8 65 (64)
[a] Results from duplicated experiments. Reaction conditions: 1 mmol of
substrate, 0.01 mmol of total Ni (determined by ICP). [b] Determined by 'H
NMR using dimethyl sulfone as internal standard. [c] EtOH used as solvent
(2 mL). [d] Product formed correspond to ethyl stearate. [e] At 25°C.

production of detergents, soaps and cosmetics due to both
its surfactant properties and its use as food additive,™®
starting by different unsaturated acids, such as oleic [(Z)-
17], elaidic [(E)-17], linoleic (18) and linolenic (19) acids. NiC
showed a high efficiency in the hydrogenation of the C=C
bonds exhibiting a (Z)-configuration, merely obtaining
stearic acid under solvent-free conditions (entries 1-3,
Table 3). Using a lower Ni loading (5 mol% Ni), the catalytic
activity was moderately lower than using 10 mol% Ni
(entry 4 vs entry 1, Table 3). However, a significant activity
decrease was observed using ethanol as solvent, only
obtaining ethyl stearate as product formed by esterification
(entry 5, Table 3). Working at lower temperature or lower
hydrogen pressure, the catalyst was almost inactive (en-
tries 6 and 7, Table 3). For the hydrogenation of (E)-17, the
catalytic activity decreased compared to (2)-17 (entry 8 vs 1,
Table 3), in agreement with the behavior observed for the
isomers of 1,2-diphenylethylene (entries 7-10, Table 1).
Squalane, an ingredient widely used in cosmetic and
pharmaceutical companies for its skin moisturizer and lubricat-
ing properties,*” was quantitatively prepared by solvent-free
hydrogenation of squalene, under 40 bar H, pressure at 100°C
for 24 h using 20 mol% Ni (Scheme 1). This approach represents
one of the few processes working under neat conditions,*” the
first involving a Ni-based catalyst; moreover, no low molecular
weight alkanes coming from hydrocarbon cracking were
observed. Furthermore, it is important to highlight that no
nickel was detected on the isolated squalane by ICP analyses
(0.1 ppm Ni after squalane extraction from the catalyst; no Ni
detection after filtration through Celite). At short time, a high
conversion was obtained (95 %), albeit as a complex mixture of
compounds due to the partial hydrogenation of squalene as
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z z A+ Ha (40 bar)

21, squalene

20 mol% Ni
[NiC]

N e e

21H, squalane
>99% conversion, 98% yield

100 °C, 24 h

Scheme 1. Squalane formation by NiC-catalyzed squalene hydrogenation.
Conversion and yield determined by 'H NMR using 2-methoxynaphtalene as
internal standard.

shown by GC analyses (see Figure S16 in the in the Supporting
Information).

Moreover, we studied the selective reduction of furfural
(24), derived from agricultural residues, to furfuryl alcohol,
important compound due to its broad spectrum on industrial
applications (resins, drugs, solvents, lubricants).®"” To our
delight, NiC allowed the exclusive formation of furfuryl
alcohol under smooth conditions using only 5 mol% nickel
loading (entries 1-4, Table 4). Even at 25°C for 8h of
reaction, the catalyst was active (entry 1, Table 4); at higher
temperature and/or longer reaction time, high yields (>92 %)
were obtained (entries 2-3, Table 4), in contrast to the
catalytic behavior of Raney nickel for which a mixture of
products was formed without formation of furfuryl alcohol.®?
In heptane, a similar catalytic behavior was observed (entry 4
vs 2, Table 4), ruling out ethanol as a hydrogen transfer agent
in these reaction conditions. Under higher H, pressure and
temperature (20 bar H,, 100°C), NiC also hydrogenated the

Table 4. Ni-catalyzed hydrogenation of biomass substrates.”
| O [ [NiC] (5 mol% Ni) | o PFH
L/)_/ H, (3 bar) L/)_/
22 furfural EtOH 22H, furfuryl alcohol
0]
)WOH [NiC] (20 mol%) \CD):
— (o)
o} H; (40 bar)
23, levulinic acid solvent free 23H, y-valerolactone
Entry Substrate mol% Ni T[°C] t[h] P[bar] Conv. (yield) [%]"
1 22 5 25 24 3 46 (45)
2 22 5 60 24 3 99 (97)
166 (66)]'
3 22 5 100 8 3 95 (92)
44 22 5 60 24 3 82 (80)
[59 (59)1
5 22 1 60 24 3 15 (0)
6 23 20 100 48 40 >99 (99)
163 (52))"
[al Mean results from duplicated experiments. Reaction conditions:
1 mmol of substrate, amount of total Ni determined by ICP. [b] Deter-
rmined by GC-FID using 2-methoxynaphtalene as internal standard.
[c] After 8 h. [d] In heptane. [e] Only acetalization was observed. [f] After
24 h.
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C=C bonds of furfural, leading to a mixture of products (see
Figure S17 in the Supporting Information); this result proved
the higher efficiency of NiC compared to the Ni-based
catalyst on halloysite described in the literature.”™ Using
lower Ni loading (1 mol%), no formation of furfuryl alcohol
was observed (entry 5, Table 4).

Levulinic acid, coming from lignocellulose exhibits an
important potential as a platform chemical.®?¥ In particular,
levulinic acid can afford vy-valerolactone by catalytic
hydrogenation,® which is applied as green solvent, fuel
additive and also for the synthesis of precursors for the
production of polymers, among the most common uses.®™
Under solvent-free conditions at 100°C and 40 bar H, pressure,
full conversion towards vy-valerolactone was chemoselectively
obtained (entry 6, Table 4); the catalyst was inactive using lower
Ni loading (10 mol%) or applying lower pressure (3 bar).

Conclusion

In this work, original Ni-based catalysts supported on halloysite
(@ natural nanostructured clay) constituted of well-defined
nanoparticles, are described for application in hydrogenation
processes. Thus, we prepared composite materials constituted
of nickel nanoparticles immobilized on both pure and function-
alized halloysites, with the purpose of comparing their effect in
catalysis. The nanomaterials were prepared by decomposition
of [Ni(cod),] under a dihydrogen atmosphere in the presence of
the corresponding support; the as-prepared materials were fully
characterized [(HR)TEM, PXRD, XPS, FTIR, TGA, ICP], evidencing
the effect of the support and added stabilizers [quinidine,
choline chloride, 4-(3-phenylpropyl)pyridine] on nickel nano-
particles dispersion. Pristine halloysite in the presence of
quinidine acting as NiNPs stabilizer (NiC) led to the most
efficient and versatile catalyst, showing its performance in the
reduction of several functional groups (C=C, C=C, NO,, carbonyl
derivatives) including its ability to be reused. This catalytic
material also exhibited an outstanding performance in the
formation of valuable products such as saturated fatty acids,
squalane, furfuryl alcohol and vy-valerolactone, from biomass
substrates.

Experimental Section

Materials, instrumentation, synthesis of precursors, preparation of
functionalized halloysite-based supports, and catalyst recycling are
described in the Supporting Information (SI). Figures S1-517 and
Tables S1-S3 containing supplementary information in relation to
that discussed in the main text; characterization of organic products
obtained in the studied hydrogenations ('H and *C NMR spectra,
and MS data).

Synthesis of supported nickel nanoparticles on amino-func-
tionalized halloysite (NiA: NiNP@HAL-NH,). A Fisher-Porter
bottle was charged with bis(cyclooctadiene)nickel(0) (115.0 mg,
0.42 mmol) and the functionalized halloysite HAL-NH, (500 mg,
1.7 mmol), and then sealed with a septum inside the glovebox.
The Fisher-Porter bottle was then removed from the glovebox
and the solids were suspended in degassed EtOH (20 mL) under
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Ar prior to sealing the Fisher-Porter with its head. The system
was then pressurized with H, (3 bar) at room temperature,
heated at 100°C and stirred for 18 h. A black dispersion was
obtained and this suspension was then transferred to a
centrifuge tube under Ar. Centrifugation was carried out at
4000 rpm for 10 min. After the removal of the supernatant, the
solid was dispersed in degassed EtOH (3x 10 mL). The obtained
black solid was dried under vacuum overnight and stored in the
glovebox (420 mg, 76 % yield). The as prepared catalytic material
was characterized by FTIR, ICP-AES, PXRD, TGA, XPS and TEM.

Synthesis of supported nickel nanoparticles on ammonium-
functionalized halloysite (NiB: NiNP@HAL-NEt;). A Fisher-Porter
bottle was charged with bis(cyclooctadiene)nickel(0) (115.0 mg,
0.42 mmol), and the functionalized halloysite material (500 mg,
1.7 mmol) and then sealed with a septum inside the glovebox. The
Fisher-Porter bottle was then removed from the glovebox and the
solids were suspended in degassed EtOH (20 mL) under Ar prior to
sealing the Fisher-Porter with its head. The system was then
pressurized with H, (3 bar) at room temperature, heated to 100°C
and stirred for 18 h. A black dispersion was obtained and this
suspension then was transferred to a centrifuge tube under Ar.
Centrifugation was carried out at 3000 rom for 5 min. After the
removal of the supernatant, the solid was dispersed in degassed
EtOH (3% 10 mL). The obtained black solid was dried under vacuum
overnight and stored in the glovebox prior to use (460 mg, 84%
yield). The as-prepared catalytic material was characterized by FTIR,
ICP-AES, PXRD, TGA, XPS and TEM.

Synthesis of supported nickel nanoparticles stabilized by quini-
dine on unfunctionalized halloysite (NiC: NiNP-QD@HAL). A
Fisher-Porter bottle was charged with bis(cyclooctadiene)nickel(0)
(343.0 mg, 1.25 mmol), quinidine (QD: 371.0 mg, 1.15 mmol) and
halloysite (1497 mg, 5.09 mmol), and then sealed with a septum
inside the glovebox. The Fisher-Porter bottle was then removed
from the glovebox and the solids were suspended in degassed
EtOH (50 mL) under Ar prior to sealing the Fisher-Porter with its
head. The system was then pressurized with H, (3 bar) at room
temperature, heated at 100°C and stirred for 18 h. A black
dispersion was obtained and this suspension was then transferred
to a centrifuge tube under Ar. Centrifugation was carried out at
3000 rpm for 5 min. After removal of the supernatant, the solid was
dispersed in degassed EtOH (3x 10 mL). The obtained black solid
was dried under vacuum overnight and stored in the glovebox
(1.3899, 86% yield). The as-prepared catalytic material was
characterized by FTIR, ICP-AES, PXRD, TGA, XPS and TEM.

Synthesis of supported nickel nanoparticles stabilized by quinine
on unfunctionalized halloysite (NiNP-QN@HAL). A Fisher-Porter
bottle was charged with bis(cyclooctadiene)nickel(0) (343.0 mg,
1.25 mmol), quinine (QN: 371.0 mg, 1.15mmol) and halloysite
(1500 mg, 5.10 mmol), and then sealed with a septum inside the
glovebox. The Fisher-Porter bottle was then removed from the
glovebox and the solids were suspended in degassed EtOH (50 mL)
under Ar prior to sealing the Fisher-Porter with its head. The system
was then pressurized with H, (3 bar) at room temperature, heated
at 100°C and stirred for 18 h. A black dispersion was obtained and
this suspension was then transferred to a centrifuge tube under Ar.
Centrifugation was carried out at 3000 rpm for 5 min. After removal
of the supernatant, the solid was dispersed in degassed EtOH (3 x
10 mL). The obtained black solid was dried under vacuum overnight
and stored in the glovebox (1.369 g, 75% yield). The as-prepared
catalytic material was characterized by FTIR, ICP-AES, PXRD, TGA,
XPS and TEM.

General procedure for Ni-catalyzed hydrogenation reactions at
low pressure. Substrate (1.0 mmol) in T mL of EtOH (except on the
case of E-alkenes were CPME was used as solvent) and in the
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presence of the Ni corresponding catalytic material (from 1 to
5 mol%: NiNP/quinidine@HAL, NiNP/quinine@HAL, NiNP@HAL-NEt;,
NiNP@HAL-NH,) was pressurized with H, at room temperature
(3 bar) in a Fisher-Porter bottle, heated at the specified temperature
and stirred for the appropriate time. After depressurization and
cooling down to room temperature (when needed), the organic
phase was recovered by filtration and the catalytic material was
washed with pentane (3x2 mL). The combined organic fractions
were analyzed by Gas Chromatography coupled with a Mass
Spectrometry detector, using 2-methoxynaphtalene as internal
standard, unless otherwise stated.

General procedure for Ni-catalyzed hydrogenation reactions at
high pressure. The substrate (1.0 mmol of fatty acids or
0.5 mmol of squalene) in the presence of the corresponding Ni
catalyst (from 5 to 20 mol%) was pressurized with H, (from 10 to
40 bar) at room temperature and heated at the specified temper-
ature, and stirred for the appropriate time, using a high-pressure
autoclave. After depressurization and cooling down to room
temperature, the product and the catalyst were washed with
pentane (3x2 mL) and the product was recovered after filtration
through Celite®. The combined pentane fractions were evapo-
rated under reduced pressure and the organic residue was
analyzed by 'H NMR (except for squalene which was analyzed by
GC-FID), using dimethyl sulfone as internal standard.
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A sustainable nanomaterial: The part-
nership between a nanoclay (halloy-
site) and a first-row transition metal
(nickel) led to a versatile catalyst, per-
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mitting the synthesis of target
products by hydrogenation processes,
together with a remarkable selectivity
and an efficient catalyst recycling.
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