
Green Chemistry

PAPER

Cite this: Green Chem., 2024, 26,
5221

Received 8th December 2023,
Accepted 22nd March 2024

DOI: 10.1039/d3gc04848a

rsc.li/greenchem
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chitin derived mono and bimetallic catalysts†
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The upgrading of a benzyl-type alcohols was explored via an orthogonal tandem sequence comprised of

a first oxidative step producing the corresponding aldehydes, and a subsequent reductive amination to

achieve both secondary and tertiary amines. To the scope, acetonitrile (ACN) was used as a solvent and a

source/precursor of reactant amines, and different heterogeneous catalysts based on Rh and Mo, were

designed as mono- and bi-metallic systems in the form of metal nanoparticles dispersed on a chitin-

derived N-doped carbons. A parametric analysis carried out separately for the oxidation and the reductive

amination allowed to choose the best performant catalyst for both the reactions of the tandem process. A

one-pot two-step protocol was implemented accordingly: as an example, benzyl alcohol was quantitat-

ively and selectively oxidised to benzaldehyde (>99%) which in turn, was converted to

N-benzylethanamine (66%) or N-benzyl-N-ethylethanamine (60%) in the presence of [Rh(5%)-N/C–Mo

(5%)]-N/C or [Rh(3%)-N/C–Mo(5%)]-N/C as catalysts, respectively. The tandem sequence proved success-

ful also for other bio-based benzyl-type alcohols that afforded the corresponding secondary/tertiary

amines in yields up to 53–93%. Overall, the study proved the viability of an innovative method aimed not

only at process intensification for multistep synthesis, but also at the valorization of substrates (alcohols)

and biopolymers (chitin) derived from biomass.

Introduction

Tandem reactions, especially in combination with renewables,
offer a powerful tool to design strategies for the valorization of
biomass derived molecules.1–3 Apart from simple bi-catalytic
reactions, the nature of the catalysts and the mechanisms
allow to classify different sequences as domino and tandem
reactions, auto tandem, assisted tandem catalytic processes,
and orthogonal tandem catalytic (OTC) trasformations.4,5 The
last category, though it requires a challenging catalyst design,
is perhaps the most attractive one for its intrinsic wide applica-
bility based on the concept of two different catalysts operating
side-by-side to perform two sequential catalytic cycles.6 OTC-
reactions are further divided into orthogonal auto tandem cat-

alysis and orthogonal assisted tandem catalysis depending on
whether an input is provided after the first cycle is finished.

As part of our long-standing interest on this subject,2–5 OTC
assisted tandem catalysis caught our attention to devise proto-
cols aimed at combining the upgrading of bio-based com-
pounds with the use of catalysts synthesised from renewable
sources. A one-pot two step sequence comprised of an initial
oxidation of benzyl-type alcohols to the corresponding alde-
hydes followed by the reductive amination of the aldehydes to
both secondary and tertiary alkylamines, was chosen for the
scope of this paper (Scheme 1).

Yet, the selection of catalysts (cat. 1 and cat. 2) and reaction
conditions was neither obvious nor straightforward.

A literature inspection indicated that among the many cata-
lytic systems available for the alcohols oxidation,7,8 emerging

Scheme 1 Orthogonal tandem catalytic (OTC) sequence in this work.
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trends highlighted the use of supported nano-sized transition
metals based on not endangered elements (Mo, Fe, Co),9

coupled to benign oxidants, such as molecular oxygen and
air.10,11 Also, carbocatalysts, specifically carbon nanotubes
(CNTs), have been recently proposed as sustainable materials
for the conversion of benzyl alcohol to benzaldehyde, though a
solid oxidant as peroxymonosulfate (PMS) was necessary.12

On the other hand, a variety of transition metal catalysts
and conditions have been reported to convert carbonyl com-
pounds to amines via protocols of reductive amination. This is
a fundamental reaction in organic synthesis, covering about a
quarter of all processes applied for the formation of C–N
bonds in pharmaceutical and medicinal chemistry.13,14 The
use of Rh as an active phase deserve attention in this context.
Excellent results have been reported by immobilizing Rh nano-
particles (NPs) on spherical covalent organic frameworks
(COFs) in which the nitrogen atoms of the framework/support
served as anchoring sites to stabilize metal atoms, forming
sufficiently strong coordinate bonds. These nanocatalysts
allowed quantitative reductive amination processes (+30
examples) with selectivity often >90%, under mild conditions
(2 MPa H2 and 90 °C).15 Other approaches described Rh-NPs

supported on both N-doped carbons (achieved from mixtures
of phenanthroline and activated carbons) and carbon nano-
fibers as highly effective catalysts for the conversion of aro-
matic aldehydes into primary and secondary amines with
yields in the range of 90–99%.16 Moreover, aside from
ammonia and amines, a range of nitrogen-containing deriva-
tives with functional groups amenable to reduction have been
described as reaction partners. These included nitriles,
amides, nitro derivatives, urea, sulfonylhydrazines, azides,
methyl carbamates, and isocyanates. Nitriles, in particular,
were one of the most promising options from both environ-
mental and large-scale production standpoints, because of
their versatility to act in a double role as reaction solvents and
precursors of amines obtained via in situ hydrogenation. This
strategy was recently exemplified in a previous contribution by
members of our group, that described a cascade reaction
where a Pt/TiO2 nanocatalyst allowed the hydrogenation of
acetonitrile to a mixture of primary and secondary amines that
were used in the same reactor for the reductive amination of
benzaldehyde (Scheme 2).17

Also, other TiO2-supported Rh, Ru, Pt and Pd nanoparticles
proved effective for the acetonitrile-assisted reductive amin-
ation of furfural.18

From this analysis, the choice for the catalysts design in
this paper fell on transition metal nanoparticles (MNPs) sup-
ported on N-doped carbons. These carbonaceous-based
materials have in principle, two interesting attributes: (i) the
N-sites may be active for base-catalyzed reactions, and (ii) if
used as supports for MNPs, they allow a uniform dispersion of
the active sites thanks to specific bonding interactions
between the nanoparticles and N-functional groups, particu-
larly pyridinic ones, distributed on the support surface.19

These interactions significantly prevent metal leaching,
thereby leading to the synthesis of robust catalysts. The prepa-
ration of N-doped materials (N/C) has been described through
a variety of carbonization processes carried out by combining
different carbon and nitrogen sources,20 or alternatively, start-
ing from N-containing polymers of both fossil and bio-based
origin as polyvinylpyrrolidone,21 and chitosan,22 respectively.
In this context, also the use of chitin, the second most abun-
dant biopolymer on Earth, can be valorized for the sustainable
synthesis of heterogeneous catalysts. Commercial chitin is
available in dozen million tons from the extraction of biowaste
of the fisheries sectors, mostly crustacean shells, but contrarily
to chitosan, its applications are limited due to the low solubi-
lity in almost all media. Therefore, strategies to convert chitin
into high-added value materials and composites are highly
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Scheme 2 Pt/TiO2 nanocatalyst for a cascade reaction: 1: hydrogen-
ation of acetonitrile; 2: reductive amination of benzaldehyde.
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desirable in the circular economy vision.23–28 We recently con-
tributed to this subject by designing a library of catalysts com-
prised of core–shell nanoparticles of metal/metal oxides based
on Ni, Fe, Co and Mo supported on chitin-derived N-doped
carbons.29 In the presence of air and acetonitrile as an oxidant
and solvent, respectively, these systems proved effective for the
oxidation of different benzyl-type alcohols; interestingly, sup-
ported Mo was the most performant catalyst to control the pro-
ducts distribution and achieve conversion and selectivity both
above 90% towards the corresponding aldehydes as products
of partial oxidation.

Inspired by these findings and considerations, we wish to
report herein an innovative strategy for the tandem process
outlined in Scheme 1 and further described in Scheme 3
which specifies the active metal phases and their involvement
in the multiple steps of the overall sequence. Supported Mo
was the oxidation catalyst by which alcohols dissolved in aceto-
nitrile (ACN) were converted into aldehydes. ACN, solvent for
the oxidation reaction, was the precursor of amines (as in
Scheme 2) reactants for the step of reductive amination. A Rh-
based system catalysed both the hydrogenation of acetonitrile
and the reductive amination reaction.

This paper demonstrates that the catalysts achieved by
either co-dispersion of Mo- and Rh-nanoparticles on N-doped
carbons or by mechanical mixing of the corresponding mono-
metallic systems, proved not only active for the desired reac-
tions, but also stable and tolerant to the diverse (oxidative/
reductive) environments experienced throughout the entire
sequence. For example, in the presence of a mixture of [Rh
(5%)-N/C–Mo(5%)]-N/C or [Rh(3%)-N/C–Mo(5%)]-N/C as cata-
lysts and acetonitrile as solvent/amines precursor, benzyl
alcohol dissolved in ACN was quantitatively and selectively oxi-
dized to benzaldehyde (>99%) using air as an oxidant. Then,
by switching from air to a H2 atmosphere, benzaldehyde was
converted to a mixture of N-benzylethanamine or N-benzyl-N-

ethylethanamine, whose proportions were increased up to
66% and 60%, respectively, by changing the Rh loading from 5
to 3 wt% in the used catalytic systems. The protocol was suc-
cessfully extended to other biomass-derived alcohols.

For comparison, albeit this work was focused on molyb-
denum and rhodium-based materials, other metals (Pd, Ru)
were also explored.

Results and discussion

Envisioning the design of a robust, versatile, and high-per-
formance catalytic system tailored for OTC reactions, this
investigation explored Mo, Pd, Ru, and Rh precursors. A solu-
tion-based methodology was followed by using EDTA as a che-
lating agent, 2-propanol as solvent, and chitin as a dual source
of carbon and nitrogen (Fig. 1). After heating (80 °C, 9 h) with
stirring, the suspension was filtered, and the residual solid
was thermally treated (500 °C) under a N2 flow. Our previous
studies,29 confirmed that this synthetic strategy was advan-
tageous to achieve a better control over the morphology, size,

Scheme 3 Tandem sequence comprised of oxidation of alcohols, hydrogenation of acetonitrile, and reductive amination of aldehydes. Further
details are discussed in the ESI, Scheme S3.†

Fig. 1 Schematic representation of the synthetic strategy used for the
preparation of the catalytic samples.
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and dispersion of the metal particles compared to convention-
al impregnation methods.

Catalysts characterization

All samples underwent comprehensive characterization
through a multi-technique approach, encompassing X-ray
Photoelectron Spectroscopy (XPS), X-ray powder diffraction
(XRPD), N2-physisorption measurements, High-Resolution
Transmission Electron Microscopy (HRTEM), and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). The full charac-
terization analysis of molybdenum nanoparticles supported on
N-doped carbon materials was reported in a previous study of
our group (details have been provided in the ESI†). A more
comprehensive discussion is presented here for rhodium-
based catalysts, along with their bimetallic (Mo/Rh) counter-
parts. Moreover, characterization results of other materials pre-
pared using the same synthetic protocol, such as Pd and Ru-
modified samples, also assessed in the reductive amination
step with lower selectivity, are additionally presented in the
ESI.†

Monometallic catalysts

Rhodium nanoparticles supported on N-doped carbons were
examined at various loadings of 5, 3, and 1 wt%. The corres-
ponding samples were designated as Rh(5%)-N/C, Rh(3%)-
N/C, and Rh(1%)-N/C, respectively. XRD patterns of the
rhodium-based materials are shown in Fig. 2.

A common feature of all samples, regardless the metal load-
ings, was the presence of a peak at around 25°. As for the Mo
(5%)-N/C sample (see ESI, Fig. S1†), this peak was attributed to
the (002) crystallographic plane, related to the parallel stacking
of graphene-like sheets. Notably, the same signal was observed
in the XRD diffractograms of all the other Ni, Co, Fe, Ru and
Pd-based catalysts (shown in the ESI, Fig. S4 and S8†).

The broad peak shape was primarily due to the amorphous
nature of the synthesized samples. The three least intense
signals at 41, 48 and 70° were associated to the typical diffrac-
tions of the (111), (200), and (220) crystalline planes of metallic
Rh.30 The intensity of these three peaks increased at the

higher Rh loading, thereby confirming a correlation with the
metal content (Fig. 2).

The textural properties of the Rh(5%)-N/C and Rh(1%)-N/C
samples were investigated by N2-physisorption analysis. Fig. 3
compares the corresponding adsorption isotherms. Both
samples exhibited mesoporous characteristics, featuring type-
IV isotherms.

The BET surface area, mean pore diameter, and pore
volume of the Rh-N/C samples are shown in Table 1. The two
samples exhibited outstanding features; interestingly, however,
their surface area was nearly 40% larger than that of the mol-
ybdenum-based material (cfr. Table S1, ESI†). It was hypoth-
esized that this difference was due to the different metal pre-
cursors used in each case, (NH4)MoO4 and RhCl3·H2O, respect-
ively. The slight increase in the mean pore size diameter and
the reduction in pore volume of the Rh(5%)-N/C sample com-
pared to the Rh(1%)-N/C sample suggested that the higher
metal loading brought about an occlusion of smaller pores
within the carbonaceous matrix.

XPS analysis of a representative Rh-based sample, particu-
larly Rh(5%)-N/C is presented in Fig. 4. Furthermore, the XPS
results of the Rh(1%)-N/C and Rh(3%)-N/C samples are
reported in Fig. S11 and S12,† respectively. Spectra confirmed
the presence of Rh particles on the surface of the nitrogen-
doped carbonaceous supports.

The C 1s spectra of the Rh samples were deconvoluted into
four contributions located at approximately 284.7, 286.1,
287.5, and 289.0 eV (Fig. 4A). Such contributions correspond
to C–C/CvC bonds (graphitic and aromatic carbon), C–OH or
C–N/C–O, CvO bonds, and carbonate, respectively. In
addition, in the N 1s XPS regions, the core-level XPS spectrum

Fig. 3 N2-physisorption isotherms of Rh(1%)-N/C (A) and Rh(5%)-N/C
(B), and their comparison (C).

Fig. 2 XRD patterns of the Rh-based materials with loading of 5 wt%
(black), 3 wt% (blue), and 1 wt% (green).

Table 1 N2-physisorption parameters of Rh(1%)-N/C and Rh(5%)-N/C
samples

Material sample SBET
a [m2 g−1] DBJH

b [nm] VBJH
c [cm3 g−1]

Rh(1%)-N/C 474 5.8 0.24
Rh(5%)-N/C 489 6.5 0.23

a SBET: specific surface area was calculated by the Brunauer–Emmett–
Teller (BET) equation. b DBJH: mean pore size dimeter was calculated by
the Barret–Joyner–Halenda (BJH) equation. c VBJH: pore volumes were
calculated by the Barret–Joyner–Halenda (BJH) equation.
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revealed the presence of two main peaks at ca. 398.6 and 400.8
eV, associated to pyridinic (Np) and pyrrolic (Npyr) groups,
respectively (Fig. 4B). Moreover, in the O 1s XPS region of the
prepared materials, two primary contributions were observed
at around 531.1 and 533.1 eV, attributed to lattice oxygen in
metal oxides and adsorbed/bonded water, respectively
(Fig. 4C).

In the Rh 3d region, peaks characteristic of both Rh0 and
Rh3+ were detected at binding energies of 307 and 309 eV,
respectively (Fig. 4D). More specifically, the peaks at 307 and
312 eV were assigned specifically to the doublet Rh 3d5/2 and
Rh 3d3/2, distinctive of Rh0, and the peaks at 309 and 314 eV
were respectively assigned to the doublet Rh 3d5/2 and Rh
3d3/2, of Rh

3+.31 Furthermore, the presence of additional con-
tributions at around 310.7 and 315.4 eV strongly indicated the
formation of Rh–N bonds.

As previously commented, this metal–N interactions could
likely enhance the stability of the samples preventing leaching
phenomena during their use under liquid phase reaction con-
ditions. Interestingly, a slight decrease in the pyridinic nitro-
gen content was noticed as the rhodium content in the
samples increased (Fig. 5). This decrease was attributed to an

increasing formation of nitrogen-metal bonds on the surface.
XPS quantification analysis are reported in Table S2 in the
ESI.†

HRTEM and STEM images of the three Rh-based mono-
metallic samples (Rh(5%)-N/C, Rh(3%)-N/C, and Rh(1%)-N/C)
are displayed in Fig. 6. The presence of a well-defined laminar
structure of the carbonaceous support was noticed in all
samples. HRTEM images confirmed the presence of uniformly
distributed Rhodium nanoparticles with an average diameter
of (5.9 ± 2.0) nm for the Rh(5%)-N/C sample, (5.2 ± 2.0) nm for
the Rh(3%)-N/C sample, and (3.9 ± 2.0) nm for the Rh(1%)-N/C
sample. Additionally, micrographs and mapping analysis pro-
vided evidence of the formation of highly dispersed metallic
entities throughout the sample (Fig. 6 and 7, respectively).

In addition to the monometallic samples, bimetallic
counterparts were also prepared looking forward to developing
OTC processes. Two bimetallic samples were prepared at a con-
stant loading of molybdenum (5 wt%) and varying the Rh
amount from 3 wt% to 5 wt%. These catalysts were labelled as
[Rh(3%)-Mo(5%)]-N/C and [Rh(5%)-Mo(5%)]-N/C, respectively.

The [Rh(3%)-Mo(5%)]-N/C sample was chosen as the repre-
sentative bimetallic sample for characterization in this work. It
is reasonable to anticipate that bimetallic materials would
display unique characteristics and behaviors compared to
their monometallic counterparts. In this case, possible inter-
actions between Rh and Mo metal centers could lead to
unique physicochemical properties and different catalytic
behaviors in the reactions under investigation. The discussion
of these aspects will be presented in the following paragraphs.

The XRD pattern of the sample is shown in Fig. 8. Alike the
monometallic materials, the peak at approximately 25° was
associated to the (002) crystallographic plane related to the
parallel stacking of graphene-like sheets.

The three distinct and sharp peaks at 41, 47 and 70° were
ascribed to the characteristic diffractions associated with the
(111), (200) and (220) crystalline planes of metallic Rh. These
results mirrored those observed for the monometallic Rh-

Fig. 5 (A) Rh 3d regions of the Rh samples Rh(1%)-N/C, Rh(3%)-N/C,
and Rh(5%)-N/C, (B) N 1s regions of the Rh samples Rh(1%)-N/C, Rh
(3%)-N/C, and Rh(5%)-N/C.

Fig. 4 XPS spectra of the Rh(5%)-N/C sample, including C 1s (A), N 1s
(B), O 1s (C) and Rh 3d (D) regions.

Fig. 6 HRTEM (A, B and C) and STEM (D, E and F) micrographs of the
Rh-N/C samples with 5%, 3% and 1% of Rh respectively.
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based sample, albeit differences in signals intensity were dis-
cernible, with the bimetallic material exhibiting more well-
defined peaks. Interestingly, no additional signals related to
the presence of molybdenum entities were detected, thereby
suggesting the formation of well-dispersed low-sized metal
nanoparticles or even clusters.

The adsorption isotherm of [Rh(3%)-Mo(5%)]-N/C, as well
as a comparison with the adsorption isotherms of the mono-
metallic samples are shown in Fig. 9 and Fig. S13 (ESI).†

Bimetallic catalysts

The bimetallic catalyst displayed a behavior analogue to that
previously described for monometallic materials, exhibiting a
type-IV isotherm reasonably associated with the presence of a
mesoporous structure. Moreover, the surface area, mean pore
diameter, and pore volume of [Rh(3%)-Mo(5%)]-N/C closely
resembled those obtained for the monometallic rhodium cata-

lyst (Table 1). This similarity suggested that the formation of
the mesoporous architecture was mainly influenced by the
rhodium precursor (Table 2).

The bimetallic sample was also characterized by XPS ana-
lysis (see Fig. 10 and S14†). In analogy to the previously dis-

Fig. 8 XRD patterns of the sample [Rh(3%)-Mo(5%)]-N/C (green) com-
pared with the monometallic sample Rh(3%)-N/C (black).

Fig. 7 HRTEM in STEM mode-EDX micrographs of the Rh-N/C samples: Rh(3%)-N/C (top) and Rh(1%)-N/C (down).

Fig. 9 N2-physisorption isotherms at −196 °C of the prepared bi-
metallic [Rh(3%)-Mo(5%)]-N/C sample.

Table 2 N2-physisorption analysis of [Rh(3%)-Mo(5%)]-N/C sample and
comparison with monometallic analogues

Material sample SBET
a [m2 g−1] DBJH

b [nm] VBJH
c [cm3 g−1]

[Rh(3%)-Mo(5%)]-N/C 496 5.4 0.25
Rh(1%)-N/C 474 5.8 0.24
Mo(5%)-N/C 285 2.9 0.20

a SBET: specific surface area was calculated by the Brunauer–Emmett–
Teller (BET) equation. b DBJH: mean pore size dimeter was calculated by
the Barret–Joyner–Halenda (BJH) equation. c VBJH: pore volumes were
calculated by the Barret–Joyner–Halenda (BJH) equation.
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cussed XPS spectra of monometallic materials: (i) the C 1s
region of [Rh(3%)-Mo(5%)]-N/C, showed four distinct contri-
butions located at ca. 284.7, 285.9, 287.3, and 288.8 eV, which
corresponded to C–C/CvC bonds (graphitic Ng and aromatic
carbon), C–OH or C–N/C–O, CvO and carboxylate/carbonate
bonds, respectively; (ii) the N 1s regions of the sample showed
two main peaks at ca. 398.6 and 400.8 eV, due to pyridinic (Np)
and pyrrolic (Npyr) groups, respectively; (iii) the O 1s XPS
region showed two main contributions at approximately 531.0
and 533.1 eV, associated with lattice oxygen in metal oxides
and adsorbed/bonded water, respectively.

The Mo 3d and Rh 3d regions were then inspected (Fig. 10).
In the Mo 3d XPS region, two distinct contributions were
identified at 232.4 and 235.5 eV, assigned to the doublet Mo
3d5/2–Mo 3d3/2, indicative of MoO3. Some remarkable differ-
ences were noticed from the comparison with the XPS spec-
trum of the monometallic Mo(5%)-N/C sample (Fig. S1, ESI†).
Interestingly, the signals at binding energies of 230.4 and
233.5 eV, associated with the doublet Mo 3d5/2 and Mo 3d3/2
contributions of Mo(IV) in MoO2, previously observed in the
monometallic material, were absent in the bimetallic sample.
Moreover, no signals related to Mo–N bonds were detected for
the [Rh(3%)-Mo(5%)]-N/C material. It was hypothesized that a
stronger affinity between rhodium and nitrogen resulted in the
exclusive formation of Rh–N bonds instead of Mo–N bonds.

By contrast, the Rh 3d regions of the bi- and the mono-
metallic sample were substantially superimposable (Fig. 4 and

10), thereby indicating that the presence of molybdenum did
not influence the chemical nature of the rhodium entities.

HRTEM images of the two Rh- and Mo-based bi-metallic
samples ([Rh(5%)-Mo(5%)]-N/C and [Rh(3%)-Mo(5%)]-N/C) are
displayed in Fig. 11. HRTEM images confirmed the presence
of uniformly distributed rhodium nanoparticles. Rh particles
in the [Rh(5%)-Mo(5%)]-N/C sample (Bi-M5) present similar
dimensions to the mono-metallic Rh-based materials while,
for the lower Rh loading of the [Rh(3%)-Mo(5%)]-N/C sample
(Bi-M3), the particles displayed certain tendency to form
agglomerates. On the other hand, Mo nanoparticles were
found homogeneously dispersed in both bimetallic samples. It
is pertinent to highlight that monometallic and bimetallic
systems may exhibit distinct behaviors in terms of nano-
particle nucleation and formation. Deeper investigations are
required to unveil the impact of molybdenum and higher
rhodium concentrations on nanoparticles formation and
dimensions.

Catalytic activity

The synthesized catalytic systems, both the mono- and bi-
metallic samples, were tested for the tandem sequence of
Scheme 3 which was comprised of the oxidation of a benzyl-
type alcohol to the corresponding aldehyde, the hydrogenation
of acetonitrile and imines, and the reductive amination of the
aldehyde.

Moreover, under the investigated conditions, competitive
transamination side-reactions occurred (described later in this
section). Due to complexity of these multiple pathways, the
approach used to study the tandem sequence was to explore
the reaction steps separately in order to optimize the con-
ditions independently for the single involved processes.

Selective oxidation of BnOH

Benzyl alcohol was chosen as a model substrate to investigate
the oxidation step. Air was used an oxidant for both safety and
economic reasons. Initial experiments were carried out in an
autoclave (a stainless-steel vessel) charged with a mixture of
BnOH (1 mmol, 108 mg), acetonitrile as the solvent, and Mo
(5%)-N/C as the catalyst.

Fig. 10 XPS spectra of the [Rh(3%)-Mo(5%)]-N/C sample, including (A),
Mo 3d and (B) Rh 3d regions.

Fig. 11 HRTEM in STEM mode-EDX micrographs of the bimetallic samples: [Rh(5%)-Mo(5%)]-N/C (top) and [Rh(3%)-Mo(5%)]-N/C (down).
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A parametric analysis of the reaction was performed by
exploring different conditions, particularly by varying: (i) the
amount of the catalyst, from 25 to 100 mg; (ii) the temperature,
from 130 to 170 °C; (iii) the air pressure, from 1 to 20 atm; (iv)
the reaction time, from 4 to 24 h, and the volume of aceto-
nitrile (ACN), from 6 to 10 mL. At the end of each experiment,
the reaction mixture was analyzed by NMR and GC/MS that
confirmed the formation of benzaldehyde (1a) as the major, if
not exclusive, product. In some cases, benzoic acid (1b) as a
by-product of overoxidation of the alcohol was also detected.

Results are reported in Fig. S15 and 16 of the ESI.† The
study not only demonstrated that the chosen catalyst was
effective for the reaction, but it highlighted that the oxidation
was most conveniently carried out at 170 °C and 1 bar, by dis-
solving BnOH in 10 mL of ACN. Under such conditions, in the
presence of Mo(5%)-N/C (25 mg), the conversion of the alcohol
was quantitative after 18 h, and benzaldehyde was obtained
with a selectivity >99% (Scheme 4).

Interestingly, the reaction took place without pressurizing
the autoclave, with obvious advantages for both the safety and
cost-efficiency of the protocol.27 In the autoclave reaction,
autogenous pressure was generated.

The best conditions identified by the parametric analysis
(170 °C, 1 bar, 18 h, VACN = 10 mL, cat. amount 25 mg) were
then used to compare the performance of Mo(5%)-N/C to that
of three bimetallic samples as Rh(3%)-Mo(5%)-N/C, Rh(5%)-
Mo(5%)-N/C, and a mechanical mixture of Mo(5%)-N/C and
Rh(5%)-N/C, respectively. The bimetallic samples were pre-
pared with a quantity of molybdenum corresponding to the
use of 25 mg of Mo(5%)-N/C. Further details are available in
the Experimental section.

This study was aimed at assessing whether the presence of
Rh-based systems which were essential for the hydrogenation
and the reductive amination of the tandem sequence of
Scheme 3, affected the activity of Mo for the oxidation of
BnOH. The results are reported in Fig. 12.

The mechanical mixture of Mo(5%)-N/C and Rh(5%)-N/C
(D) yielded results comparable to those achieved by Mo(5%)-
N/C (A) alone, with quantitative conversion and selectivity.
Conversely, the use of bimetallic samples synthesized by co-
impregnation of metal precursors, implied a reduction of the
conversion to 39% and 78% for Rh(3%)-Mo(5%)-N/C (B) and
Rh(5%)-Mo(5%)-N/C (C), respectively. Also, the benzaldehyde
selectivity diminished to 85% in the case of Rh(3%)-Mo(5%)-
N/C. As indicated by the XPS analysis, these results were con-
sistent to the changes in the chemical nature of the molyb-
denum active sites (responsible for oxidation) induced by the
presence of Rh species. The study led us to conclude that the

most promising catalyst for the tandem sequence of Scheme 3,
was the mechanical mixture of Mo(5%)-N/C and Rh(5%)-N/C
that left unaltered the oxidation activity of Mo and at the same
time, thanks to the presence of Rh, it was potentially suited for
the other steps of hydrogenation and reductive amination.

Reductive amination of benzaldehyde

The reductive amination of benzaldehyde was explored using
acetonitrile as a solvent/amine precursor in a H2 atmosphere.
As anticipated in Scheme 3, this process was comprised of a
cascade sequence which included the hydrogenation of aceto-
nitrile followed by the reductive amination step. The products
distribution was therefore determined by the multiple for-
mation/occurrence of: (i) different amines from the hydrogen-
ation reaction (Scheme 3 and S1†); (ii) competitive reductive
aminations of benzaldehyde with different amines; (iii) alkyl-
ation/hydrogenation processes triggered by amines and imines
species as carbon electrophiles.

Mono-metallic catalysts

Benzaldehyde served as the model substrate for this study.
Initial batch tests were conducted in an autoclave which was
charged with a mixture of benzaldehyde (1 mmol, 106 mg), the
catalyst (50 mg), and acetonitrile (ACN, 10 mL). The reactor
was then pressurized to 30 bar with hydrogen and heated at
100 °C for 24 hours. Mono-metallic samples including Rh
(5%)-N/C, Rh(3%)-N/C, and Rh(1%)-N/C with 5, 3, 1 wt%
loading of Rh, respectively, were used as catalysts.

The analysis of the reaction mixtures, carried out by NMR
and GC/MS, confirmed the formation of three primary pro-
ducts: N-benzylethanimine (2), benzylethylamine (3), and
benzyldiethylamine (4) (Scheme 5).

According to the reductive amination mechanism, imine 2
was the first intermediate product formed by the nucleophilic

Fig. 12 Comparison of the performance of different catalysts for the
oxidation of BnOH (A) Mo(5%)-N/C, (B) [Rh(3%)-Mo(5%)]-N/C, (C) [Rh
(5%)-Mo(5%)]-N/C, (D) mechanical mixture of Mo(5%)-N/C and Rh(5%)-
N/C. Other conditions: 170 °C, 1 atm, 18 h, VACN = 10 mL.

Scheme 4 Selective oxidation of BnOH.

Paper Green Chemistry

5228 | Green Chem., 2024, 26, 5221–5238 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
ko

vo
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
6-

03
-1

5 
13

:5
4:

16
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc04848a


attack of ethylamine (originated in situ by the direct hydrogen-
ation of acetonitrile) to the carbonyl of benzaldehyde.
Compound 3 was achieved by the hydrogenation of imine 2.

A hypothesis for the formation of product 4 was formulated
based on the multiple transaminations occurring during the
hydrogenation of acetonitrile (details are in Scheme S1†).
Among other products, these reactions provided both diethyl-
amine and ethanimine. Two different routes were postulated
as shown in Scheme 6. The first one (A) was the catalytic reduc-
tive amination of benzaldehyde with diethylamine, a well-
known process.32 The second option (B) involved a nucleophi-
lic attack of 3 on ethanimine (as a carbon electrophile),33 that
originated a diamino-intermediate species. Upon the release
of ammonia and a final hydrogenation step, the tertiary amine
4 was obtained. In this case, 4 was not derived from a reductive
amination, but from an N-alkylation/hydrogenation sequence.

Other products (up to a 40% amount of the total observed
products) were also detected during the experiments. These
were categorized as “others” and their structures reported in
the ESI,† suggested that their formation was plausibly trig-
gered by a side reaction between benzaldehyde and ammonia,
followed by a variety of other parallel and/or consecutive
processes.

The results are reported in Fig. 13 which compares the con-
version of benzaldehyde and the products distribution
achieved with the use of the three investigated mono-metallic
catalysts.

Rh(5%)-N/C and Rh(3%)-N/C allowed a quantitative conver-
sion of benzaldehyde. The higher the Rh-loading, the greater
the amount of the secondary amine 3: this product was
obtained in 30% and 53% amounts with Rh(3%)-N/C and Rh
(5%)-N/C, respectively. The tertiary amine 4 (50%) was instead,
the predominant species when Rh(3%)-N/C was used. Overall,
the total of products from the reductive amination remained
undefined – ranging from a minimum of 30% (only 3) to a
maximum of 81% (53 + 28 = 3 + 4) – because 4 could derive
from different reaction pathways (Scheme 6).

The use of lower Rh-loading in the Rh(1%)-N/C brought
about a remarkable drop in the conversion (43%) and even
more significantly, the almost exclusive formation of unde-
sired products “others” was achieved with only traces of the
imine 2 (3%). An additional blank experiment (not shown in
the figure) confirmed that negligible conversion (≤ 2%) was
observed in the absence of any catalyst.

This behavior was rationalized by considering an inherent
less activity of Rh(3%)-N/C compared to Rh(5%)-N/C, due to
the lower Rh-metal loading. From the analysis of the hydrogen-
ation of ACN, if the product ethylamine was obtained rapidly
(Scheme S2, path A†), it could react further via transamination
and hydrogenation processes to obtain both diethyl- and
triethyl-amine (Scheme S2, paths B and C†). Once diethyl-
amine was consumed, the residual triethylamine could no
longer give the amination of benzaldehyde. GC-FID and
GC-MS analyses of the mixtures collected after the reactions of
Fig. 13, proved that in the presence of Rh(5%)-N/C, the concen-
tration of triethylamine was higher than with Rh(3%)-N/C.
This confirmed the hypothesis that the more active Rh(5%)-
N/C catalyst, favored both the condensation of ethylamine with
benzaldehyde to obtained the product 3, and the formation of
triethylamine that hindered the reaction by which 4 was
achieved. On the other hand, the tertiary amine 4 was pro-
duced by more than one mechanism (Scheme 6). Therefore, its
amount in the reaction solution was not entirely dependent on
the activity of the Rh-N/C catalyst.

Other metal catalysts as Pd(5%)-N/C and Ru(5%)-N/C were
tested under the conditions of Fig. 13. However, in both cases,
the reduction of the carbonyl group leading to benzyl alcohol
occurred, instead of the reductive amination (for a compara-
tive analysis, refer to Table S3 in the ESI,† which includes lit-
erature data).

Based on these findings, Rh(5%)-N/C was chosen to con-
tinue the investigation. A parametric analysis of the reductive

Scheme 5 Three main products observed in the reductive amination of
benzaldehyde using ACN as a solvent/amines precursor.

Fig. 13 Reductive amination of benzaldehyde with ACN (10 mL) carried
out at 100 °C, 30 bar of H2, and 24 h. Catalysts (50 mg) were mono-
metallic Rh-based systems with 1, 3, and 5 wt% metal loading. The
colored bars refer to conversion (blue), and amounts of products, 2
(green), 3 (yellow), 4 (orange), and others (violet).

Scheme 6 Hypotheses (A) and (B) for the formation of product 4.
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amination of benzaldehyde was carried out by varying: (i) the
amount of catalyst, from 25 to 75 mg; (ii) the temperature,
from 60 to 120 °C; (ii) the hydrogen pressure, from 10 to 50
bar; (iii) the reaction time, from 4 to 24 h, and the volume of
acetonitrile (ACN), from 6 to 10 mL. Results are reported in
Fig. S17 in the ESI.† The study demonstrated that the kinetics
of reductive amination took advantage from either the temp-
erature or the availability of gaseous hydrogen in the liquid
solution, which increased with pressure. Moreover, increasing
the amount of solvent favored the reduction 2→3 by plausibly
dissolving more hydrogen in the liquid phase and making the
gas ready for the hydrogenation processes.

Overall, the parametric analysis led us to conclude that the
reductive amination of benzaldehyde was most conveniently
carried out under the conditions already highlighted in Fig. 13
[100 °C, 30 bar of H2, Rh(5%)-N/C (50 mg), 24 h and aceto-
nitrile (10 mL) of as a solvent/reactant], by which the
maximum amount of benzyl ethyl amine 3 was 53%. The ter-
tiary amine 4, whether it was formed by reductive amination
or by other mechanisms (Scheme 6), was obtained in a 28%
amount.

Bi-metallic systems and mechanical mixtures of mono-metallic
catalysts

The reductive amination of benzaldehyde was further investi-
gated in the presence of bi-metallic systems and binary
mechanical mixtures of mono-metallic catalysts. The experi-
ments were carried out under the conditions of Fig. 14, using
the following: (i) bi-metallic samples including [Rh(5%)-Mo
(5%)]N/C (Bi-M5) and [Rh(3%)-Mo(5%)]N/C as (Bi-M3) with 5
and 3 wt% loading of Rh and 5 wt% loading of Mo, respect-
ively; (ii) two mechanical mixtures indicated as MIX1 com-
prised of Rh(5%)-N/C + Mo(5%)-N/C, and MIX2 comprised of
Rh(3%)-N/C + Mo(5%)-N/C, respectively, were used.

The amount of catalytic sample used in each reaction was
calibrated to have the same quantity of Rh used in the tests
with the monometallic systems. Further details are in the
Experimental section.

In all cases, the analysis of the mixtures collected at the
end of the tests confirmed the formation of same three main
products N-benzylethanimine (2), benzylethylamine (3), and
benzyldiethylamine (4), observed with the monometallic cata-
lysts (cfr. Scheme 4), along with the presence of a mixture of
derivatives (others).

The results are reported in Fig. 14 which shows the conver-
sion of benzaldehyde and products distribution achieved with
the use of: (i) the 5 wt% Rh-based catalysts either the bi-metal-
lic (Bi-M5) samples or the mechanical mixture (MIX1) (left,
Fig. 14A); the 3 wt% Rh-based catalysts either the bi-metallic
(Bi-M3) samples or the mechanical mixture (MIX2) (right,
Fig. 14B). For a more convenient comparison, this figure also
reports the results obtained with the mono-metallic catalysts
Rh(5%)-N/C (14A) and Rh(3%)-N/C (14B).

Compared to Rh(5%)-N/C, the use of bimetallic sample Bi-
M5 and the MIX1 catalysts improved the formation of the sec-
ondary amine 3 up to 60 and 65%, respectively (Fig. 14A).
MIX1 appeared the more perfomant system towards reductive
amination since the two products 3 and 2 (the imine precursor
of 3) reached an excellent total of 93%, with only 7% of the ter-
tiary amine 4. The same derivatives 2 + 3 and 4 summed up
67% and 22%, respectively, with Bi-M5; moreover, a not negli-
gible amount of others (11%) was detected in this case.

Rh(3%)-N/C and MIX2 showed a comparable behavior
between each other and both favored the formation of the ter-
tiary amine 4 (50–55%; Fig. 14B). By contrast, the bimetallic
[Rh(3%)-Mo(5%)]-N/C sample (Bi-M3) was more selective
towards the secondary amine 3 (48%). Albeit this was appar-
ently inconsistent, a reason for this difference was inferred
from the TEM analyses of Bi-M3, where metal clusters were
noticed, as opposed to the presence of well-dispersed Rh-nano-
particles in both Rh(3%)-N/C and MIX2. In any case, however,
a substantial amount of “others” (18–22%) was observed for all
the three catalysts based on 3wt% of Rh.

The results of Fig. 14A and B confirmed the trend high-
lighted from the comparison of the monometallic samples: a
higher Rh content was beneficial to improve the formation of
the secondary amine 3 and its precursor 2, which were origi-
nated by the reductive amination of benzaldehyde. The 5wt%
Rh-based bimetallic systems and particularly the mechanical
mixture MIX1 proved even more effective than mono-metallic
Rh(5%)-N/C, thereby suggesting that the presence of Mo
altered the (hydrogenation) activity of Rh, plausibly by favoring
a more uniform and homogeneous distribution of Rh-nano-
particles over the support.

Tandem reactions

The results of the independent investigation of the oxidation
of BnOH and the reductive amination of benzaldehyde
prompted us to study the tandem sequence of Scheme 3 by
using the mechanically prepared mixture MIX1 as the pre-
ferred catalyst. Experimental conditions were selected accord-
ing to those by which the highest selectivity and conversion of
both steps were achieved. In particular: (1) for the oxidation
reaction, T, P, and t were set to 170 °C, ambient (air) pressure,

Fig. 14 Reductive amination of benzaldehyde with ACN (10 mL) carried
out at 100 °C, 30 bar of H2, and 24 h. (A) 5 wt% Rh-based catalysts either
as mono-, bi-metallic (Bi-M5) samples or the mechanical mixture MIX1;
(B) 50 bar of H2, 3 wt% Rh-based catalysts either as mono-, bi-metallic
(Bi-M3) samples or the mechanical mixture MIX2. The colored bars refer
to conversion (blue), and amounts of products 2 (green), 3 (yellow), 4
(orange), and others (violet).
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and 18 h, respectively; (2) for the reductive amination reaction,
T, P, and t were set to 100 °C, 30 bar (H2 pressure), and 24 h,
respectively.

All tests were carried out in the presence of acetonitrile
(10 mL) as a solvent/reagent and MIX1 in the form of a
mixture of Rh(5%)-N/C (50 mg) and Mo(5%)-N/C (25 mg) as
the catalyst. Under such conditions, once the first step (oxi-
dation) was completed, the reactor (autoclave) was cooled to r.
t., purged with N2, pressurized with H2, and finally heated to
start both the hydrogenation of ACN and the reductive amin-
ation of benzaldehyde. The experiments proved that the
tandem sequence proceeded as expected from the study of the
two individual reactions (Fig. 12 and 14), even though the
whole reaction mixture, catalyst and solvent were never
treated/removed until the overall process was completed. The
results are summarized in Scheme 7.

Both reactions proceeded to complete conversion. Not
traces of BnOH or benzaldehyde were detected at the end of
the sequence. BnOH was fully oxidized to benzaldehyde (99%)
in a clean smooth process without any by-products.
Benzaldehyde was then subjected to reductive amination.
Albeit the control of the products distribution of this process
was critical due to the presence of different amines and
imines species, the product 3 and its precursor 2 were achieved
in an amount of 66% and 27%, respectively, meaning that
derivatives of reductive amination reached a 93% quantity (2 +
3). An additional experiment prolonged for up to 48 hours and
aimed to enhance the yield of compound 3 by completing the
hydrogenation of 2, was not successful: the amount of 3 was of
only 69%, while the tertiary amine 4 (24%) was increased of
almost the same quantity the intermediate imine 2 dis-
appeared. This suggested that path B in Scheme 6 was likely
the predominant reaction pathway for the formation of 4.

Also, further attempts carried out to improve the 2→3 con-
version by enhancing the H2 pressure up to 50 bar, were not
satisfactory because the tandem protocol proceeded with the
major formation of 4 (60%).

Additional tests were carried out using MIX2 (a mixture of
Rh(3%)-N/C (50 mg) and Mo(5%)-N/C (25 mg)) as the catalyst.
The oxidation of BnOH was quantitative and fully selective to
benzaldehyde under the conditions of Scheme 8 (MIX 2,
170 °C, 1 atm, 18 h). However, conditions for the second step
were modified to optimize/improve the outcome of the reduc-

tive amination, resulting in a moderate-to-good selectivity
(60%) towards the tertiary amine 4, at 100 °C, 50 bar (H2), and
4 h. These results are summarized in Scheme 8.

Substrate scope

MIX1 [Rh(5%)-N/C (50 mg) and Mo(5%)-N/C (25 mg)] the best
performing catalyst for the tandem reaction of Scheme 3 was
explored to induce the same cascade reactions on other
biomass-derived aromatic alcohols (or derivatives). The pro-
cedure and reaction conditions were those described in
Scheme 7. The results are reported in Table 3.

Vanillyl alcohol (2a). The oxidation of 2a was more than sat-
isfactory since it took place with 90% conversion and quanti-
tative selectivity toward vanillin (2b), an extremely interesting
compound as a flavoring agent and as a building block for
pharmaceuticals and polymers.34,35 The second step, however,
stopped to the formation of the imine product 2c, which was
achieved with 93% selectivity at >99% conversion. The almost
exclusive presence of this imine species confirmed that the
hydrogenation of acetonitrile did take place under the explored
conditions, but apparently the hydrogenation of imine 2c was
totally inhibited. Reasons for this behavior were not clear,
though aryl substituents of the substrate could play a role in
hindering its adsorption over the catalyst.

Furfuryl alcohol (3a). The oxidation of 3a proceeded even
better than that of vanillic alcohol, providing furfural (3b) with
>99% selectivity at complete conversion. However, the second
step was unsuccessful. A plethora of products were noticed,
among which the most abundant was the tertiary amine 3c,
achieved with a selectivity of only 26%. This result was
ascribed to the (well-known) high reactivity of furfural and left
few doubts about the need to optimize the reaction conditions
on a case-by-case basis.

4-Bromo benzylic alcohol (4a). The oxidation of 4a was
highly selective (>99%), although it was not complete (80%
conversion); while the reductive amination of
4-Bromobenzaldehyde yielded the secondary amine 4c in an
amount (53%) comparable to that achieved for the same reac-
tion of benzaldehyde.

Phenylethyl alcohol (5a). Compound 5a underwent extensive
oxidative cleavage that mainly produced benzaldehyde (66%)

Scheme 8 One-pot two-step tandem reaction catalyzed by MIX2: (A)
oxidation of BnOH; (B) conversion of benzaldehyde to benzyldiethyl-
amine (other products – not shown in path B, were detected and were
the complement to 100% in the products distribution).

Scheme 7 One-pot two-step tandem reaction catalyzed by MIX1: (A)
oxidation of BnOH; (B) reductive amination of benzaldehyde.
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in the first step. The C–C bond (oxidative) cleavage of
unstrained alcohols is not a new process. Excellent reviews
have been reported on this subject.36

2-Aminobenzyl alcohol (6a). The reaction yielded a variety of
products under the oxidation conditions (Scheme 9). The
results are reported in Fig. S19, ESI.† Iminoquinoline (66%)
was detected as the major product (Fig. S19,† 6b). The mecha-
nism of this reaction was not investigated, but 6b was likely
obtained by cyclization of the substrate in the presence of
some species derived from ACN. The desired 2-amminobenzyl
aldehyde (7b) was observed in an amount of only 15%.
Another product was 2-(3-quinolinyl)aniline, plausibly formed
through oxidative cyclization between two moles of the sub-
strate 6a.37

Interestingly, an additional experiment conducted by repla-
cing MIX1 with the Mo(5%)-N/C catalyst resulted in a signifi-
cant improvement of the selectivity of aldehyde 7b (56%,
Fig. S19,† right). This suggested that the presence of Rh was
detrimental for the oxidation step. Based on this observation,

the tandem sequence was carried out using Mo(5%)-N/C for
the synthesis of the aldehyde 7b. Thereafter, once the oxi-
dation was complete, Rh(5%)-N/C was introduced in the
reactor to conduct the reductive amination step. The reaction
was stopped until the formation of the imine product 6c which
was observed with a selectivity higher than 99%, albeit a mod-
erate conversion (36%) was reached (Scheme 10).

Overall, the investigation of the substrate scope clearly high-
lighted that conditions for the tandem sequence needed a
case-by-case study and a general protocol could not be
defined. In other words, reaction parameters had to be set
according to the reactivity of any given alcohol/substrate.

Catalyst reusability

The costs associated with the catalyst in a liquid-phase reac-
tion can represent up to one-third of the overall process cost.
Therefore, any loss of catalyst due to leaching or other factors

Scheme 9 The reaction of 2-aminobenzyl alcohol (6a) under oxidative
conditions (170 °C; 1 atm, 18 h, VACN = 10 mL). 2-amminobenzyl alde-
hyde iminoquinoline (6b), and 2-(3-quinolinyl) aniline (8b) were the
observed products.

Table 3 Substrate scope

Entry Substrate

Oxidation (A) Reductive amination (B)

Conversion Major product (& selectivity) Conversion Major product (& selectivity)

1 90% > 99%

2 > 99% 95%

3 80% 99%

4 > 99% > 99%

5 > 99% n.d. n.d.

2a: vanillyl alcohol, 2b: vanillin, 2c: 4-(ethyliminomethyl)-2-methoxyphenol, 3a: furfuryl alcohol, 3b: furfural, 3c: N-ethyl-N-(2-furylmethyl)
ethanamine, 4a: 4-bromo benzylic alcohol, 4b: 4-Br-benzaldehyde, 4c: N-ethyl-4-bromobenzylamine, 5a: phenylethyl alcohol, 1: benzaldehyde, 2:
ethylbenzylamine, 6a: 2-aminobenzyl alcohol, 6b: imino quinoline.

Scheme 10 The reductive amination of 6a.
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is highly significant, underscoring the importance of its recov-
ery and reuse.29 To assess the stability and reusability of both
Mo(5%)-N/C and Rh(5%)-N/C catalytic samples, recycling
experiments were designed under the investigated reaction
conditions. After completing one reaction cycle, the catalysts
were separated in each case, through filtration, rinsed with
30 mL of acetone and dried overnight.

The recovered catalysts were suspended in fresh solutions
of BnOH (1 mmol) in acetonitrile (10 mL), and new reactions
(oxidation and reductive amination, respectively) were
initiated. The recycling process was repeated for seven sub-
sequent runs for both Mo(5%)-N/C in the oxidation of BnOH
and Rh(5%)-N/C in the reductive amination of benzaldehyde.
The entire series of reactions was performed twice to ensure
reproducibility. The results are depicted in Fig. 15.

Both catalytic samples maintained a steady conversion
(>99%) over the six reuses in their respective reactions. The
oxidation selectivity was constant at 99% towards benz-
aldehyde, while the selectivity towards amine 3 in the reductive
amination was oscillating in a narrow range of 50–57%.
Interestingly, from the second run, the selectivity towards ter-
tiary amine 4 increased from 23% to 40–45%, respectively.
However, in general, these results led us to conclude that the
overall performance of Mo(5%)-N/C and Rh(5%)-N/C was not
appreciably affected by the recycling process, except for the
variation/increase in selectivity towards compound 4. To better
assess the recyclability of the catalytic systems, additional
studies were conducted at incomplete conversion. The reduc-
tive amination reaction was carried out using Rh(5%)-N/C at
80 °C, 10 bar of H2, and 24 hours. Results are reported in the
ESI (Fig. S20†), confirming the good stability of the materials.

Post-recycle characterization

A post-characterization analysis of Rh(5%)-N/C was conducted
to gain insights on the chemical, structural, and morphologi-
cal features of the samples after the catalytic reactions and
their reuse, under the previously reported conditions. The
same multi-technique approach previously described for the
fresh catalytic samples was used.

As shown in Fig. 16A, N2-physisorption analysis revealed
that the used material retained a mesoporous behaviour, since
it exhibited typical Type IV isotherms with Type II adsorption

hysteresis. However, a drastic reduction in the adsorbed
volume was evident when compared to the fresh sample (as
indicated in Table 4). Consequently, a reduction in surface
area down to 44 m2 g−1 was also observed, which represents
only 9% of the initial value of the fresh sample. The pore
volume of 0.06 cm3 g−1 was almost 4 time lower than that of
the fresh sample, while the mean pore diameter (5.5 nm)
showed a lower value, in comparison with the fresh sample
(6.5 nm). These results were explained by a collapse of the
internal structure of the carbonaceous materials, resulting in
smaller pores and lower surface area.

The XRD patterns of the used Rh(5%)-N/C sample exhibited
minor differences when compared to the XRD pattern of the
fresh Rh(5%)-N/C sample (Fig. 16B). Particularly, three peaks
were identified in the used sample, at 41, 48 and 70°, in
accordance with the typical diffractions associated with the
(111), (200), and (220) crystalline planes of metallic Rh, also
found in the fresh sample. This confirms the presence of
metallic Rh in the used catalyst. In addition to these obser-
vations, the sample maintained an amorphous structure, as
indicated by the broad nature of the peaks.

The XPS analysis of the Rh-N/C used material is reported in
Fig. 17. No significant differences were observed when compar-
ing the XPS regions of the fresh Rh(5%)-N/C and used Rh(5%)-
N/C samples. In the Rh 3d region of the used sample, peaks
characteristic of both Rh0 and Rh3+ were detected with no shift
in binding energy values from the fresh sample. Furthermore,
the presence of additional contributions at around 310.7 and
315.4 eV, akin to the fresh sample, strongly indicated that the
Rh–N bonds did not were affected, most likely contributing to

Fig. 15 Catalyst recycle. Left (A) Mo(5%)-N/C recycles in the oxidation
of BnOH; right (B): Rh(5%)-N/C recycles in the reductive amination of
benzaldehyde.

Fig. 16 (A) Compared isotherms of used Rh-N/C and fresh Rh-N/C
samples; (B) compared XRD spectra of used Rh-N/C and fresh Rh-N/C
samples.

Table 4 N2-physisorption parameters of fresh Rh(5%)-N/C and used Rh
(5%)-N/C samples

Material sample SBET
a [m2 g−1] DBJH

b [nm] VBJH
c [cm3 g−1]

Fresh Rh(5%)-N/C 489 6.5 0.23
Used Rh(5%)-N/C 44 5.5 0.06

a SBET: specific surface area was calculated by the Brunauer–Emmett–
Teller (BET) equation. b DBJH: mean pore size dimeter was calculated by
the Barret–Joyner–Halenda (BJH) equation. c VBJH: pore volumes were
calculated by the Barret–Joyner–Halenda (BJH) equation.
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the stability of the samples and the prevention of leaching
during the catalytic transformations. This study highlighted
that during its utilization/recyle, the Rh(5%)-N/C sample
underwent textural, and structural modifications, but none of
these changes had an adverse impact on its catalytic
performance.

HRTEM-EDX analyses and HRTEM micrographs (Fig. 18) of
the re-used Rh(5%)-N/C sample did not exhibit significant
changes as compared to the fresh sample, given that the mean
particle diameter was calculated to be around (6.0 ± 2.0) nm,
while it was (5.9 ± 2.0) nm for the fresh material. HRTEM-EDX
results also demonstrated a homogeneous distribution of the
active rhodium sites, maintaining a good dispersion. However,
there were some agglomerated regions that likely contributed
to the increase in the mean particle diameter.

Mechanochemical perspectives

While solvents have a crucial role for chemical processes, they
have a huge impact on health and safety, environment, regulat-
ory compliance, and cost management. Proper risk assess-
ment, safety measures, and sustainable practices are essential
to address these challenges effectively. Even more, the design
of solvent free protocols for organic transformations is a thril-
ling and challenging goal, which has recently spurred the
scientific community to explore solventless mechanochemical
protocols for the preparation of chemicals and materials.38–40

Inspired by such premises, the final stage of this work was
dedicated to evaluating the catalytic performance of the syn-
thesized materials, particularly the Mo-N/C systems, through
mechanochemically-assisted oxidation reactions. More specifi-
cally, a solvent free continuous-flow protocol was developed
using a twin-screw mini extruder to produce vanillin by the
selective oxidation of vanillyl alcohol. The choice of this reac-
tion was dictated by the fact that both the starting material,
vanillyl alcohol, and the desired product, vanillin, were solids
with melting points significantly higher than room tempera-
ture (115 °C and 83 °C, respectively).41 This characteristic
made them suitable candidates for a solvent-free mechano-
chemical approach.

During this investigation, three different oxidizing agents
were considered, namely air, hydrogen peroxide, and urea
hydroperoxide. Through all these experiments, the extrusion
mixture was made of 2 g of substrate (vanillyl alcohol, 2a),
100 mg of Mo(5%)-N/C catalyst, and the oxidant in appropriate
amounts (see Table S4, ESI†). The reaction conditions were set
at 80 °C, 100 rpm, and 1 h of residence time. Notwithstanding
its affordability, safety, and widespread availability, air use was
unsuccessful (Scheme 11, A).

Urea hydroperoxide was then selected based on a literature
review of solid oxidizing agents with a relatively low melting
point (up to 95 °C) and a good environmental acceptability
when compared to other solid oxidants as, for instance, pot-
assium permanganate. Urea hydroperoxide allowed a conver-
sion of 70%, but the selectivity towards vanillin was of only
6%. The primary amine 2d emerged as the major product
(77%, Scheme 11, B): albeit the mechanism of this reaction
was not explored, the result was intriguing and potentially
interesting to unlock new avenues for the synthesis of amine-
containing compounds using a solventless mechanochemical
approach.

Finally, hydrogen peroxide allowed an excellent reaction
outcome with conversion and selectivity towards vanillin of
95% and 90%, respectively (approximately corresponding to
an 86% yield) (Fig. 19). It should be noted here that when
introduced in the liquid form, hydrogen peroxide allowed the
formation of a slurry-like mixture with the reagent and catalyst

Fig. 18 HRTEM in STEM mode-EDX micrographics of the Rh(5%)-N/C
used sample.

Fig. 17 XPS results of (A) Rh 3d, (B) C 1s, (C) N 1s, (D) O 1s of the used
Rh-N/C sample.

Scheme 11 schematic representation of the oxidation of vanillic
alcohol using (A) air, (B) urea peroxide, (C) hydrogen peroxide. 2b: vanil-
lin, 2c: creosol, 2d vanillyl amine.
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under the conditions described above. Overall, hydrogen per-
oxide emerged as the optimal oxidizing agent for this reaction.
Blank experiments in the absence of catalytic material were
also conducted in this case, yielding a 20% conversion of
vanillyl alcohol to vanillin, thereby confirming the crucial role
of the catalyst. The encouraging preliminary findings achieved
with hydrogen peroxide in this study will be a groundwork for
more extensive investigations in our lab in the near future.
Turnover Number (TON) and the Turnover Frequency (TOF) of
this mechanochemical process were 474 and 474 h−1, respect-
ively.42 Further studies in this regard will be performed to opti-
mize the herein proposed mechanochemical approach.

CHEM21 toolkit: the application of Green Metrics

The final section of this work was dedicated to an assessment
of the investigated protocols, employing the CHEM21 toolkit
Zero Pass (see Table S3, ESI†).43 Specifically, the sustainability
of the processes designed for the two sequential steps of the
oxidation of benzyl alcohol to benzaldehyde and reductive
amination of benzaldehyde have been evaluated, including
also the mechanochemical approach for the production of
vanillin from vanillyl alcohol.

As it can be seen in Fig. 20A, the oxidation step presents
excellent results for the metrics included in the Zero Pass of
the CHEM21 toolkit (Table S5†). All values are proximate to 1,
the maximum.

Moreover, the Mass Intensity (MI) resulted to be 1.02,
which is an excellent efficiency ratio. It is necessary to
mention that ACN is solely a solvent in the oxidation step and

should normally be considered in the calculation of MI.
However, it is both a solvent and a reactant for the next reac-
tion step. This complicates the assessment of the consumed
mass of ACN, as it can be readily recycled and replenished
during step B of the tandem reactions. If considered it would
give a value of MI of 74.79 kg of required input material to
yield 1 kg of product, which, however, does not truly represent
this process.

The results of the metrics applied to the reductive amin-
ation step confirm that the major limiting factor of the reduc-
tive amination steps is the low yield (Fig. 20B). To calculate
MI, ACN will first be considered as a recyclable solvent,
leading to an MI of 5.10. On the other hand if the ACN mass
was considered as a non-recoverable solvent, MI would be
92.81 kg kg−1.

Both yield and selectivity are green flags for the oxidation
step (>89%), while in the reductive amination are red (<70%)
although near to amber flag (70–89%) with 66% selectivity and
yield for the secondary amine 3.

Finally, the green metrics of CHEM21 Zero Pass’ toolkit
were applied to the mechanochemical extrusive oxidation reac-
tion of vanillyl alcohol to vanillin and the hexagon graph
shows excellent results (Fig. 20C). In this mechanochemical
process no ACN or any other solvent was used, bringing the MI
at 1.28 kg of mass needed to yield 1 kg of product, in contrast
with the potential 74.79 kg in the oxidation process of BnOH
to benzaldehyde in ACN. This was the best process in terms of
greenness according to the CHEM21 Zero Pass toolkit. A
summary is shown in Table 5.

Experimental
Materials and equipment

Benzyl alcohol, furfuryl alcohol, 1,5-bis(hydroxymethyl)furan,
1-phenylethanol, vanillyl alcohol, 1-pentanol, cyclopentanol,
acetonitrile, 2-propanol, chitin, EDTA, CoCl2·6H2O, Fe
(NO3)3·9H2O, Ni(Ac)2·4H2O, (NH4)MoO4, Pd(OAc)2, RuCl3·H2O
and RhCl3·H2O were commercially available compounds
sourced from Sigma-Aldrich. If not otherwise specified,
reagents and solvents were employed without further purifi-
cation. Air gas was purchased from SIAD, Italy. Extruding tech-
niques were carried on using a mini-extruder (ZE 12 HMI
extruder from Three Tec., Seon, Switzerland).

GC-MS (EI, 70 eV) analyses were performed on a HP5-MS
capillary column (L = 30 m, Ø = 0.32 mm, film = 0.25 mm). GC
(flame ionization detector; FID) analyses were performed with

Fig. 19 Mechanochemical synthesis of vanillin.

Fig. 20 Hexagon radial chart comprising CHEM21 Zero Pass metrics
applied to (A) oxidation reaction; (B) reductive amination reaction; (C) to
the mechanochemical oxidation of vanillyl alcohol.

Table 5 Summary of the CHEM21 Zero Pass toolkit flag system applied
to the devised processes
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an Elite-624 capillary column (L = 30 m, Ø = 0.32 mm, film =
1.8 mm). 1H, 13C NMR spectra were recorded in the Bruker
Avance III HD 400 WB equipped with a 4 mm CP/MAS probe,
at 400 and 101 MHz, respectively. Chemical shifts were
reported downfield from tetramethylsilane (TMS) and MeOD,
DMSO-d6 and CDCl3 were used as solvents.

Synthesis of supported metal nanoparticles on chitin derived
N-doped materials

In a typical synthesis, the salt chosen as a metal precursor
(based on Co, Fe, Ni, Mo, Pd, Ru, and Rh; see above) was dis-
solved in 2-propanol (60 mL), together with EDTA (1 g) (see
Fig. 15). EDTA was utilized as a powerful metal complexing
agent with the aim to achieve a dispersion of the metal active
sites as uniform as possible over the support. The amount of
the precursor salt was calibrated to achieve different metal
loadings, from 1 up to 5 wt%. Subsequently, chitin (5 g) was
added to the mixture, which was kept under stirring for 9 h at
80 °C under reflux. The suspension was filtered and the so
obtained solid was dried at 100 °C overnight and finally,
heated at 500 °C (heating rate was 5 °C min−1) under N2 flow
(10 mL min−1) for 1 h. The catalytic samples achieved by this
procedure were labelled as Ni–N/C, Fe–N/C, Co–N/C, Mo–N/C,
Rh–N/C, Pd–N/C, Ru–N/C for the nickel, iron, cobalt, molyb-
denum, rhodium, palladium, and ruthenium catalysts, respect-
ively. Also, bimetallic samples were synthesized using Mo and
Rh metals: this metals combination was chosen as Mo and Rh
separately exhibited the best catalytic activity for the investi-
gated reactions. The synthesis of these materials was identical
to that of their mono-metallic counterparts. The amount of
metal precursor used for the materials preparation was always
calculated assuming that, after calcination, the obtained cata-
lyst mass would be ca. 30% of the total initial mass which
comprises (i) metal salt precursor(s), (ii) 5 g of chitin, (ii) 1 g of
EDTA as the complexing agent. Accordingly, 1 and 0.6 mmol of
metal salt were used to produce 5 and 3 wt% respectively of
metal on the final material. These values were unaltered when
preparing the bimetallic samples, as the co-presence of Mo
and Rh on the finished material did not bring significant
changes in the preparation procedure.

The resulting materials were ground to powder (particle
size <200 μm) and stored in the oven (60 °C, 15 mbar) until
further use. The yield of the obtained materials was ca. 25 ±
5%, based on the total weight of chitin and the metal precur-
sor used.

Material characterization

Surface chemical composition analysis was conducted using
XPS with a Physical Electronics VersaProbe II Scanning XPS
Microprobe. The XPS system was equipped with monochro-
matic X-ray Al Kα radiation and operated at a vacuum level of
10−7 Pa. To reference the binding energies, the C 1s peak from
adventitious carbon at 284.8 eV was used. High-resolution
spectra were obtained with a concentric hemispherical analy-
zer using a constant energy pass of 29.35 eV and a 200 μm dia-
meter analysis area. The analysis chamber maintained a

pressure below 5 × 10−6 Pa throughout the measurements.
Data acquisition and analysis were performed using PHI
ACCESS ESCA-F V6 software. A Shirley-type background was
subtracted from the signals, and Gauss-Lorentz curves were
applied to accurately determine the binding energy of atomic
levels for different elements in the recorded spectra.

XRPD patterns were obtained in the laboratory using a
PANalytical X’Pert Pro automated diffractometer located in the
central research facilities (SCAI) at the University of Málaga. The
measurements were performed in the Bragg–Brentano reflection
configuration, employing a Ge(111) primary monochromator
(Cu Kα1) and the X’Celerator detector. The data acquisition uti-
lized a step size of 0.0167° (2θ). The XRPD patterns were col-
lected within the 4 to 70° range in 2θ, with each step having an
equivalent counting time of approximately 60 seconds.

N2 physisorption measurements were performed using a
Micromeritics TriStar 3000 instrument. To prepare the
samples, they were subjected to outgassing at 120 °C for a dur-
ation of 2 h. Subsequently, adsorption and desorption iso-
therms were recorded at a low temperature of −196 °C.
Specific surface areas were determined employing the BET
method, while pore volumes were calculated based on the
adsorption isotherms. Pore size distributions were estimated
utilizing the Barrett, Joyner, and Halenda (BJH) algorithm,
which is integrated into the Micromeritics software.

HRTEM analysis was conducted using a TALOS F200x
instrument operating in STEM mode (Scanning Transmission
Electron Microscopy). This instrument was equipped with a
High-Angle Annular Dark Field (HAADF) detector and operated
at 200 kV with a 200 nA current. Microanalysis was carried out
using an Energy-Dispersive X-ray (EDX) Super-X system, which
featured four X-ray detectors and an X-FEG beam.

To assess metal leaching, ICP-MS was employed, utilizing an
Elan DRC-e spectrometer manufactured by PerkinElmer SCIEX.

Typical oxidation reaction procedure and product analysis

Experiments were conducted within a 50 mL tubular reactor
crafted from borosilicate glass (Pyrex). The reactor was charged
with benzyl alcohol (1 mmol, 108 mg), along with the catalyst
and acetonitrile. The quantities of the catalyst mass and aceto-
nitrile volume were systematically varied during the optimiz-
ation of reaction parameters. Subsequently, the reactor was
positioned inside a jacketed stainless-steel autoclave, which
was equipped with a manometer and two needle valves. This
autoclave was pressurized to the desired air pressure and
heated to the designated temperature. The reaction mixture
was maintained under continuous magnetic stirring at a rate
of 700 rpm. At the end of the reaction, the autoclave was
gradually cooled to room temperature using an ice bath. It was
subsequently gently purged. Upon completion of the reaction,
a sample of the reaction mixture was withdrawn using a
syringe and subjected to analysis by GC-FID to determine reac-
tion conversion and selectivity. Lastly, the samples were evap-
orated using a rotary evaporator (60 °C, 15 mbar). The
obtained dried sample was analyzed by GC-MS and NMR in
CDCl3 solvent.
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Typical reductive amination reaction procedure and product
analysis

The experiments were conducted within a 50 mL tubular
reactor made of borosilicate glass (Pyrex). This reactor was
charged with benzaldehyde (1 mmol, 106 mg), along with the
catalyst and acetonitrile. The quantities of catalyst mass and
acetonitrile volume were systematically varied during the
optimization of reaction parameters.

Subsequently, the reactor was placed inside a jacketed
stainless-steel autoclave, which was equipped with a man-
ometer and two needle valves. This autoclave was pressurized
to the desired air pressure and heated to the desired tempera-
ture. The mixture was continuously stirred magnetically at a
rate of 700 rpm. After the completion of the tests, the autoclave
was cooled to room temperature using an ice bath, followed by
gentle purge. Upon the conclusion of the reaction, a sample of
the reaction mixture was withdrawn using a syringe and sub-
jected to GC-FID analysis to determine reaction conversion
and selectivity. Lastly, the samples were evaporated using a
rotary evaporator (60 °C, 15 mbar). The obtained dried sample
was analyzed by GC-MS and NMR in CDCl3 solvent.

Typical tandem reaction procedure and product analysis

Experiments were performed in a 50 mL tubular reactor of
borosilicate glass (Pyrex) loaded with benzylic alcohol
(1 mmol, 108 mg), the catalyst and acetonitrile. The quantity
of mass of the catalyst and the volume of acetonitrile used,
were studied during the optimization of reaction parameters.
The reactor was then placed in a jacketed stainless-steel auto-
clave equipped with a manometer and two needle valves. The
autoclave was pressurized with the desired air pressure and
heated to the desired temperature. The mixture was kept
under magnetic stirring at a rate of 700 rpm. Upon concluding
the first step, the autoclave was allowed to cool to room temp-
erature using an ice bath and was gently purged. Following
this, the autoclave was charged with hydrogen at the desired
pressure and heated to the optimized temperature for the
second stage of the tandem process. After the reaction was
completed, an aliquot of the reaction mixture was withdrawn
by a syringe and analyzed by GC-FID to determine the reaction
conversion and selectivity and rotary evaporated (60 °C,
15 mbar). The obtained dried sample was analyzed by GC-MS
and NMR in CDCl3 solvent. Detailed characterization data can
be found in the ESI.†

Conclusions

This work presented the synthesis of heterogeneous metal cat-
alysts supported on a biomass-derived N-doped carbon. These
materials were prepared following a one-pot protocol whereby
chitin was used as a sustainable source of carbon and nitro-
gen. Both non-noble and noble metals were considered along
with their combinations, particularly bimetallic catalysts based
on Mo and Rh.

The catalytic behaviour of the designed materials was evalu-
ated in a tandem sequence comprised of (A) the selective oxi-
dation of biomass-derived alcohols to the respective aldehydes
using air as a green oxidant, followed by (B) the reductive
amination of aldehydes into alkylamines (or imines) using
acetonitrile (ACN) as both solvent and reactant, and H2 as
reducing agent. The designed mono-metallic catalytic
materials and even more the mechanical mixture MIX1 based
on Mo(5%)-N/C and Rh(5%)-N/C mixed in a 1 : 2 ratio, dis-
played excellent results in terms of conversion for both steps
of the tandem reaction, that in most cases were quantitative.
As for the selectivity, it was more than satisfactory for the oxi-
dation reactions, while a complicated behaviour was encoun-
tered in the reductive amination, where the products distri-
bution was also influenced by the in situ hydrogenation of
acetonitrile, which leads to several parallel reactions, lowering
the overall selectivity towards reductive amination products.
Additionally, in both steps the heterogeneous catalytic system
could be recycled for up to six repeated reactions, without any
considerable loss of its performance, in terms of both conver-
sion and selectivity. In particular, the oxidation step achieved
green flags (recommended procedure) according to the
CHEM21 Zero Pass toolkit, though a relatively high mass
intensity was calculated (MI = 74.79 kg kg−1).

Finally, the oxidation of vanillyl alcohol to vanillin was
implemented by a solvent-free, continuous flow mechano-
chemical approach in a mini twin-screw extruder using H2O2

as a green oxidant. The results of this test were remarkable,
obtaining 86% yield of vanillin (95% conversion and 90%
selectivity) on a synthetic scale (2 g of substrate). This process
was awarded a green flag according to the CHEM21 Zero Pass
toolkit, providing an excellently low MI of 1.28 kg kg−1.
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