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Intimate ruthenium-platinum nanoalloys
supported on carbon catalyze the hydrogenation
and one-pot hydrogenation-coupling reaction of
oxidized amino derivativest
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The use of bimetallic nanoparticles as catalysts in complex organic synthesis is rare, despite the widespread
use of these materials in thermal C; chemistry and electrocatalysis. Here we show that intimate RuPt
nanoalloys, supported on charcoal, catalyze the synthesis of secondary and tertiary amines from a variety
of amino derivatives, such as quinolines, isoquinolines, nitrobenzenes, oximes and nitriles, under mild
reaction conditions. The organic reactions include not only direct hydrogenation reactions but also
hydrogen-borrowing couplings in cascade, to access the desired amines in one-pot from readily available
materials. The recyclable bimetallic solid catalyst is at least one order of magnitude more active than the
monometallic counterparts in some cases, which illustrates the advantages of Ru-Pt co-operation during

rsc.li/catalysis

Introduction

Alloyed bimetallic nanoparticles (nanoalloys) are now
accessible to researchers and their use in a great variety of
fields has rapidly increased during the last years." A
representative bimetallic combination is ruthenium-platinum
(RuPt), well-known during years in nanoalloyed form, and
with extensive use in thermo- and electro-catalysis, for
instance for carbon monoxide oxidation,> hydrogen and
oxygen evolution reactions (HER and OER),> methanol
oxidation and fuel cell applications, and hydrodeoxygenation
reactions,”® among other reactions.” Related to this, RuNi
nanoalloys have also been employed as catalysts.® In striking
contrast, little use of RuPt nanoalloys has been done in more
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hydrogenation and hydrogen-borrowing reactions.

complex organic synthesis. To our knowledge, the selective
hydrogenation of benzene to 1,4-cyclohexadiene’ and the
reduction of phthalates’” have been some of the few reported
examples with relatively complex organic reactions catalysed
by RuPt nanoalloys.

Reactions involving the selective transferring of H atoms
constitute an atom-efficient, economic and environmentally-
friendly way to prepare new chemicals in organic synthesis.®
Fig. 1 shows two examples with broad industrial application,’
the classical Sabatier hydrogenation where H, is activated,
dissociated and transferred on a metal surface catalyst; and
the hydrogen-borrowing coupling reaction, where the metal
catalyst first receives dissociated H atoms from the substrate
and then gives them back, after the coupling of two substrate
molecules."”

While the Sabatier reaction is commonly catalysed by Pt
metal surfaces, the hydrogen-borrowing reaction is usually
catalysed by Ru organometallic complexes; thus, the
combination of both processes in one-pot with a single
catalyst is not trivial.'»'* If achieved, the potential use of
oxidised amino derivatives as starting materials for the
synthesis of alkyl amines, after incorporation of an unlimited
amount of external H atoms, will open new synthetic
opportunities.

It is well-known that Pt(0) nanoparticles rank among the
most active catalysts for the dissociation and transfer of H,
to unsaturated bonds such nitro and carbonyl derivatives,"®

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Management of H atoms by metal catalysts during classical
hydrogenation and hydrogen-borrowing reactions, and the
combination of both. The three reactions are studied in this work for
different amines, with RuPt nanoalloyed catalysts.

while low valence Ru complexes and nanoparticles are
considered the most efficient catalysts for the hydrogenation
of aromatics*'® and the deaminative coupling of amines.®
Thus, it was envisioned here that a nanoparticle containing
both Pt and Ru, intimately segregated, could catalyse in
much better way than Pt and Ru, by separate, either the
hydrogenation of amino-containing aromatic rings, the
hydrogen-borrowing reaction of amines, or concomitantly
both, enabling the one-pot hydrogenation-hydrogen-
borrowing reaction of oxidized amine derivatives."” It is
shown herein that, indeed, Ru-Pt nanoalloys catalyse the
synthesis of secondary and tertiary alkyl amines after
hydrogenation of quinolines, isoquinolines, nitrobenzenes,
nitriles or imines, and also of aromatic rings, enabling amine
or oxime hydrogen-borrowing couplings during the reaction.

Results and discussion
Synthesis and characterisation of the catalysts.

Ru-Pt nanoalloys with molar ratios 2:1, 1:1 and 1:3, on
activated charcoal (RuPt-C), were prepared by impregnation
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of the support with an aqueous solution of the corresponding
amounts of H,PtCl, and RuCl;. The total metal contain was
typically kept in 5 wt%. The material was then dried at 100
°C and reduced under a H,/N, flow (1:10) at 360 °C.'®
Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES), after treatment of the solids with strong acid
aqueous solutions and filtration, confirmed that the total
metal amount was incorporated and persisted onto the solid.
For the sake of comparison, monometallic Ru-C and Pt-C
samples were prepared by the same methodology. Fig. 2
shows high resolution transmission electron microscopy (HR-
TEM) images of different samples of RuPt-C, with well-
dispersed, homogeneous nanocrystallites present in the
catalysts, and with an average size around 5 nm. Table 1
shows the particle diameter size values for the different
samples of RuPt-C, as well as of the monometallic Ru-C and
Pt-C materials, the latter presenting average sizes of d = 9.6
and 2.3 nm, respectively (Fig. S1t). Powder X-ray diffraction
(XRD) analyses confirmed the relative average size of the
nanoparticles, after applying the Scherrer equation (Fig. S21).

Scanning transmission electron microscopy with annular
dark field detector (STEM-DF) confirmed the metallic nature
of the crystallites, and energy-dispersive X-ray spectroscopy
(EDX) analysis, in Fig. 2D and E, shows that Ru and Pt are
the only constituents of the nanocrystallites, and that both
metals are intimately mixed at the sub-nanometer regime,
since the signals of Ru and Pt are spatially coupled (see also
Fig. S37).

Scanning of some discrete particles in FESEM supports
the presence of Ru and Pt in equal amounts in the 1:1
nanoalloy (Fig. S41). However, in order to have a more
precision measurement of an individual nanoalloy crystal,
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Fig. 2 A) Representative HR-TEM image of 100 nm? for RuPt-C (1:1), the inset shows the histogram taken from at least 5 different images and the
calculated particle average size. B) Amplification of a RuPt nanocrystallite (1:1). C and D) Two representative STEM DF images of RuPt-C samples
(1:1), the orange arrow points one typical nanoparticle. E) EDX sweeping spectra of the squared area in D), the signal for residual Fe on the support
serves as a blank and follows a completely different pattern than the Ru and Pt signals. F) TPR spectra of Ru-C (blue line), Pt-C (red line) and a
representative sample of RuPt-C (grey line, 1:1), after previous oxidation of the samples. G) Pt4s XPS of RuPt-C (1:1). H) Rus, XPS of RuPt-C (1:1).
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Table 1 Percentage of atoms in surface for the different nanoparticles supported on carbon, taken the diameter size of different nanoparticles as an
average in the HR-TEM measurements, and approaching the nanoparticles to perfect nanocubes for the mathematical calculation

Entry Catalyst Particle diameter (d, nm) Atoms on surface (%)
1 Ru-C 9.6 7

2 Pt-C 2.3 19

3 RuPt-C (2:1) 6.5 11

4 RuPt-C (1:1) 5.3 13

5 RuPt-C (1:3) 4.0 13

STEM-DF with a high-angle annular detector was employed
(Fig. S5t). Spectra were collected by sweeping during just 625
ms, to avoid damaging of the nanoparticle, which was
enough to observe the interaction of the nanoparticle with
the electron beam despite the very low current (barely 100
pA) employed. As it can be seen, the quantification, with the
atomic error measured, gives a molar Ru:Pt ratio of
approximately 1:1. Besides, only intimate but not
monometallic, shell-core or partially segregated particles
could be observed. In view of the extremely good
homogeneity of the nanoparticles on the material (Fig. S67),
these results strongly support the formation of intimate RuPt
nanoalloys on the charcoal surface.

In order to confirm the formation of intimate RuPt
nanoalloys, temperature-programmed reduction (TPR)
experiments between -100 and 600 °C were performed, for
Ru-C, Pt-C and RuPt-C samples, after previous oxidation
under air. Fig. 2F shows that Ru needs a temperature of
~500 °C to be reduced, Pt is extremely easy to be reduced, at
~-50 °C, and the RuPt sample (1:1) shows an intermediate
reduction temperature of 150 °C, with a signal in the RuO,
reduction temperature range (450 °C) that accounts for
~15% of the total integrated area.'® The 2:1 and 1:3 RuPt-C
samples consistently gave the intermediate temperature
reduction peak as the major signal, at around 150 °C (Fig.

S71). The RuO, signal decreases as the RuPt nanoalloy
enriches in Pt, to give <10% of integrated area for pure Ru
phase in the 1:3 RuPt-C sample. These results confirm that
the three RuPt-C materials are mainly formed by intimate
alloyed nanoparticles, which no more presents the
chemophysical properties of the individual Ru or Pt
aggregates but intermediate properties.

Fig. 2G and H shows the X-ray photoelectron spectroscopy
(XPS) measurements of RuPt-C (1:1), with main peaks at
binding energies of 74.4 and 461.6 eV for Pt 4f;, and Ru
3ps/2, respectively, which agrees well with both metals in zero
valence state. Small contributions (around 15% for both) of
76.1 eV and 465.3 eV can be assigned to P> and Ru*’,
respectively, associated with surface species."’

Catalytic results

We first focused on the selective hydrogenation of quinolines,
a challenging reaction in organic chemistry since the basic N
atom of the aromatic ring easily poisons and deactivates
metallic catalysts.”® Table 2 shows the regioselective
hydrogenation of quinoline 1 to 1,2,3,4-tetrahydroquinoline 2
in the presence of Ru-C, Pt-C or RuPt-C catalysts. While
both monometallic catalysts give <50% of 2 (entries 1-4), the
three different RuPt nanoalloys consistently give good yields

Table 2 Synthesis of 1,2,3,4-tetrahydroquinoline 2 by partial hydrogenation of quinoline 1

Metal(s)-C (cat.)

m Hy (10 atm)
N/ Hexane (0.2 M) ©\/Nj
60°C, 18 h H

1 2
Entry Metal Mol%* Conversion” (%) Yield” (%)
1 Ru 1 41 25
2 10 100 48
3 Pt 1 9 0
4 10 74 35
5 RuPt (1:1) 1 54 41
6 10 100 68
7 RuPt (1:3) 1 94 83
8 10 100 80
9 RuPt (2:1) 1 59 44
10 10 100 64
11 RuPt (1:1)° 1 100 68
12 RuPt (1:1)* 10 100 73
13 RuPt (1:1)° 10 100 80

“ Total amount of metals. ” GC yield, using n-dodecane as an internal standard. ° 10 times less metal wt% impregnated on the solid. ¢ Pt

impregnation first.  Ru impregnation first.
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Fig. 3 Hydrogenation of quinolines, isoquinolines, benzofuranes and
arenes using different RuPt nanoparticles on carbon. Reaction
conditions: THF (0.25 M), H, (10 atm), RuPt/C, 60 °C, 18 h. GC or NMR
yield.

of 2 (44-83%, entries 6-13), regardless of the order of
impregnation of the metal on the support (compare entries
10 and 12-13). The 1:3 RuPt nanoalloy proved catalytically
superior to the 1:1 and 2:1 counterparts, and the total
amount of metals can be decreased to 1 mol% without
depletion in the final yield of 2 (entry 7). Even the amount of
metals impregnated on the solid can be decreased ten times
(to 0.5 wt%) without hampering the final yield, provided that
a total catalytic metal amount of at least 1 mol% is employed
(entry 11).

Fig. 3 shows that the different RuPt-C catalysts allow
the selective hydrogenation not only of different quinolines
(products 2, 4-18) but also of isoquinolines (product 3),
benzofuranes (product 19) and benzoic methyl ester
(product 20),>" in good yields and with good tolerance for
halide (products 5, 6 and 10), alcohol (product 7), ether
(product 9), cyano (product 12), carboxylic acid (product

View Article Online

Paper

13), amide (product 14) and ester substitutions (product
20).

It must be noticed that the partially hydrogenated bicyclic
aromatic products are stable under hydrogenating reaction
conditions, and resist a further hydrogenation of the second
aromatic ring. However, if the RuPt-C catalyst is active
enough, it may be expected that the hydrogenation of
anilines will occur under similar reaction conditions. Table 3
shows the results for the hydrogenation of nitrobenzene 21 at
60 °C in the presence of Ru-C, Pt-C or RuPt-C catalysts.
Here, the nitro group should be easily hydrogenated to give
aniline in one-pot. Indeed, 1 mol% of the Ru and Pt catalysts
give aniline 22 as the major product (entries 1 and 2),
however, the different RuPt nanoalloy compositions give the
corresponding  hydrogenation-coupling  product, ie.
dicyclohexylamine 24, in significant amounts, to finally
achieve a 94% yield of 24 when 10 mol% of RuPt (2:1) is
used (entry 8). In contrast to the hydrogenation of quinolines
and derivatives, the hydrogenation-coupling reaction
proceeds better with Ru-rich rather than Pt-rich nanoalloys
(compare entries 5, 8 and 9). These results reflect the
importance of studying different metal compositions of the
supported nanoalloy in catalytic studies.

The order of impregnation of the metal in the support is
not catalytically relevant (compare entries 5 and 11-12) and
the amount of impregnated metal in the solid has also low
impact in the results (compare entries 3 and 10). Other
reaction conditions tested, which include different reaction
temperatures (25 to 100 °C), solvent (dichloromethane,
1,4-dioxane, dimethylsulfoxide and water), substrate
concentration (neat) and support (Al,03), did not improve the
results.

The superiority of RuPt nanoalloys vs. the separate metals
to catalyse the hydrogenation of aniline is in line with
previous literature.®**>* However, the ability of RuPt-C to

Table 3 Synthesis of dicyclohexylamine 24 by hydrogenation and amine coupling from nitrobenzene 21. Conversion was 100% in all cases. Mass
balances are completed with by-products coming from hydrogenolysis reactions

NO,  Metal(s)-C (cat.) NH, H "
Hy (10 atm) N N
el O CR NGRS
Hexane (0.2 M)
21 60°C, 18 h 22 23 24
Entry Metal Mol%* 22" (%) 23 (%) 24" (%) Selectivity to 24 (%)
1 Ru 1 99 — — —
2 Pt 1 92 8 — —
3 RuPt (1:1) 1 79 — 6 79
4 5 28 2 19 28
5 10 5 2 17 17
6 RuPt (2:1) 1 41 26 33 56
7 5 67 8 25 76
8 10 — 6 94 94
9 RuPt (1:3) 10 — 12 88 88
10 RuPt (1:1)° 1 57 6 12 12
11 RuPt (1:1)7 10 45 4 11 11
12 RuPt (1 :1)° 10 0 4 36 36

“ Total amount of metals. ” GC yield, using n-dodecane as an external standard. © 10 times less metal wt% impregnated on the solid. ¢ Pt

impregnation first.  Ru impregnation first.

This journal is © The Royal Society of Chemistry 2023
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Table 4 Synthesis of dicyclohexylamine 24 by hydrogenation and coupling of oxime 25. Conversion was 100% in all cases

_OH Metal(s)-C
N‘ (5 mol%) H
© H, (10 atm) O/ \O
Diethyl ether (0.2 M)

25 60°C, 18 h 24
Entry Catalyst Yield” (%) TOF,” (h™)
1 Ru-C 37 535
2 Pt-C 67 2353
3 RuPt-C (1:1) 92 4285
4 RuPt-C (2:1) 94 8300
5 RuPt-C (1:3) 89 14250

“ GC yield, using n-dodecane as an external standard. ” Calculated as initial rate of the reaction per superficial atoms, considering perfect

nanocubes (see next section).

catalyse the amine coupling is wunique, and nicely
complements the direct hydrogenation. With these results in
hand, the coupling of other oxidized amine derivatives, in
this case oximes, was attempted. Oximes have been rarely
used as coupling partners in hydrogen borrowing reactions,*
despite they are intermediates during the hydrogenation of
nitrocompounds.?® Thus, the possibility that oximes could
also participate in the one-pot hydrogenation-coupling
process, with the RuPt-C catalysts, was tested.

Table 4 shows that cyclohexanone oxime 25 reacts in the
presence of 5 mol% of different RuPt-C samples to give
dicyclohexanamine 24 in 89-94% yields, while Ru-C and
Pt-C gave 37 and 67% yields, respectively. Kinetic
experiments showed that the initial turnover frequency
(TOF,) for the RuPt-C catalysts approaches 10000 h™*, one
order of magnitude higher than for monometallic catalysts
(=500 and 2300 h™" for Ru and Pt, respectively). Although it
is true that the concept of TOF is questionable for
nanoparticles since it considers that all the surface atoms are
active during catalysis, the TOF is at least a quantitative
approach to compare between different nanoparticle sizes.

Fig. 4 shows the one-pot synthesis and then reductive
coupling of oximes, from aldehydes and hydroxylamine
hydrochloride, to yield the symmetric secondary amines
27a-b as coupling products in excellent yields. Since the
participation of nitrobenzenes and oximes in amine coupling
under hydrogenating conditions opens the door to the use of
other amine precursors, nitriles were also tested,”” and Fig. 4

o) RuPt-C (1:1, 5 mol%) R Product Yield (%)
H, (8 atm) R H\/R cyclohexy! 27a 95
NH,OH-HCI (6 eq.) >(\rl‘4 27b o7
26  Diethyl ether (0.2 M) 27
60°C, 18 h
n-OH (R R Product Yield (%)
| RuPt-C (1:1, 5 mol%) RoR N._R CHy, 29a 70
~ ~
Hy (8 atm) O/ ) O/ Ph 28b 95
RCN (1 M) 4-AcPh  28¢c 73
60°C, 18 h 28a-d 29a-d nPr 28d+29d 53 +45

25

Fig. 4 One-pot synthesis of secondary and tertiary amines catalysed
by RuPt-C (1:1) from aldehydes 26 and hydroxylamine chloride (top),
and from oxime 25 and nitriles (bottom).

2512 | Catal Sci. Technol, 2023, 13, 2508-2516

also shows that they can be coupled to oximes to give amines
28a-d and 29a-d in reasonable yields.

The RuPt-C (1:1) catalyst could be reused up to 4 times
for the coupling of cyclohexanone oxime 25, with a decrease
in the final yield from 92 to 77% yield. A hot filtration test
shows that catalytically active species are not present in
solution (Fig. S8t), which confirms the heterogenous nature
of the catalysis but does not explain the loss of catalytic
activity throughout the reuses. A possible cause for catalyst
deactivation is aggregation of the nanoalloy particles during
reaction. However, XRD analysis of the spent catalyst did not
show any aggregation of the RuPt NPs according to the
Scherrer equation (Fig. S9t). Another possible cause for
catalyst deactivation is poisoning of the surface with heavily
adsorbed organic products. To study this, an elemental
analysis of the thoroughly washed wused catalyst was
performed, and it was found that the spent solid catalyst
contained an additional 2.2% of nitrogen after reaction
(Table S17). Thus, the loss of catalytic activity can be ascribed
to adsorbed nitrogen species derived from the reactant
which, however, does not severely hamper the recyclability of
the solid catalyst. It has to be noticed that while the RuPt
nanoparticles are stable according to the Scherrer equation,
the Ru nanoparticles agglomerate, at least to 2.5 times bigger
average diameter sizes (Fig. S91), and the latter also adsorb
organic compounds (Table S17).

Catalytic reaction mechanism

The catalytic activity of the supported nanoparticles can be
referred to the surface atoms, in contact with the reagents.
Thus, the % of surface atoms for each catalyst was calculated
(Fig. S10t). For that, the following formula was employed: d =
1.105 X 0.29 X Ngwm®, where the diameter of the
nanoparticle (d, obtanied from HR-TEM experiments) was
used to calculate the number of total atoms (Ni) in the
(Ru)Pt nanoparticle. The approach of considering nanocubes
instead of circular particles facilitates the calculation and
does not give much error for small nanoparticles, as it is our
case here. With values taken from typical crystallographic

This journal is © The Royal Society of Chemistry 2023
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distances for Ru and Pt, the % of atoms in surface for each
catalyst could be calculated. The results are shown in
Table 1, above. With these data in hand, the turnover
frequencies for the individual reactions and catalysts can
now be calculated, since initial rates for each solid catalyst
are addressed from the initial points in the corresponding
kinetic curve, where the particle size should still be
maintained, at least in a first approximation. To check this,
the RuPt-C (1:1) solid was treated with an atmosphere of H,
in the pre-chamber of the XPS instrument, at 60 °C for 1 h
(Fig. S117). The main peaks observed for Ru in the RuPt-C
(1:1) sample before treatment appear at 460.0 eV (8%) and
461.6 eV (75%) for Ru, that corresponds to Ru® and Ru®',
respectively, and at 74.3 eV for Pt, which corresponds to Pt°
(85%). Despite the amplitude of the signals, it can be
considered that the Ru 3p and Pt 4f peaks are mainly
unmodified after H, treatment, which confirms that the
RuPt-C (1:1) catalyst keeps the observed structure under the
catalytic hydrogenation reactions.

Then, we studied the hydrogenation reaction with a variety
of aromatic molecules. First, three aromatic rings with very
different electron density (anisole, tert-butylbenzene and
trifluoromethylbenzene; Table S2 and Fig. S12f) were
tested.”® It was found that the richer Pt nanoalloys, i.e. RuPt
(1:3), were the more active catalysts, despite Pt-C was merely
inactive. Notice that not only Ru-C and Pt-C by separate,
were low active for the reaction, but also a physical mixture
of Ru-C and Pt-C was also inactive. The low catalytic activity
observed for the Ru/C catalyst can be explained by a partial
oxidation on surface, which is easy considering the slow size
of the crystallites and is in accordance with the XPS
measurements. Without Pt in the nanoparticle, H, splitting
should be more difficult. Regarding substrate substitution,
the different RuPt-C catalysts roughly obey the Taft rule, ie.
aromatic rings with bulky substituted groups reacts
sluggishly due to steric constraints on the extended metal
surface, as assessed here with tert-butylbenzene (see Table
S2t). This result further proves the heterogeneous nature of
the catalyst, in accordance with the classical Horiuti-Polanyi
mechanism for the hydrogenation of aromatics on metal
surfaces.>® A second study on the aromatic hydrogenation
reaction was performed with acetophenone as a substrate
(Tables S3-S5 and Fig. S137), where it was found again that
the RuPt nanoalloy (1:3) was much more catalytically active
than the Ru-richer Pt nanoalloys and also than the
monometallic counterparts, achieving complete
hydrogenation of the substrate. A third study was performed
with para-vinyl benzoic acid, a substrate containing alkene,
aromatic and carboxylic acid functionalities (Table S67). The
results showed that the alkene functionality is much more
rapidly hydrogenated than the arene ring on the RuPt-C (1:
1) nanoalloy catalyst, while the carboxylic acid remains
unreacted. These results prove that the catalytic activation of
the organic functional group controls the reaction rate, and
that H, dissociation easily occurs on the RuPt-C nanoalloy.
Overall, the results on the hydrogenation of different arene

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Deconvoluted Pty (top) and Rusz, (bottom) XPS measurements
of the different solid catalysts, showing the electron transfer from Ru
to Pt. For Pt, a shift to lower binding energies is found (more electron
rich). For Ru, a shift to higher binding energies is found (more electron
poor). Lines are a guide to the eye. Notice that the Pt 4f signal for the
RuPt-C (1:3) alloy is not shown since residual pure Pt nanoparticles
shift the signal to higher binding energies. Regarding the Ru signals,
the alloy RuPt-C 1:1 does not show any metallic Ru signal, as it can be
somewhat observed in the RuPt-C 2:1 alloy.
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rings support the key role of nanoalloyed Pt as the more
active metal for the catalysis.

Then, the hydrogen-borrowing coupling reaction of 22 was
studied (Table S7t). It was found that Ru-C was very active in
forming product 23, but not 24, if a stoichiometric amount of
cyclohexylamine is added to the reaction mixture. The fact
that product 23 (aromatic-aliphatic) is exclusively formed
with the Ru-C catalyst, and not product 24 (aliphatic-
aliphatic), and that cyclohexylamine is required for the
coupling to proceed, strongly supports that Ru sites are
mainly involved in the coupling but not in the hydrogenation
reaction. In accordance, Pt-C is totally inactive for the
coupling reaction under the same reaction conditions, while
the RuPt-C (1:1) nanoalloy catalyst gives the fully
hydrogenated product 24. These results corroborate that Ru
metal atoms mainly constitute the active metal sites for the
hydrogen-borrowing coupling reaction.

The above catalytic results and conclusions are in line
with the expected electronic properties of the Pt and Ru
atoms in the RuPt nanoalloy. Pt is more electronegative than
Ru, and since both are in formal zero oxidation state, Pt
removes some electron density from Ru to get itself slightly
more electron rich, while Ru gets more electron poor within
the intimate nanoalloy. The value of relative electron density
transferred from Ru to Pt has been calculated to be ~0.04
e’ Thus, in one hand, nanoalloyed Pt is more prone to
dissociate H, through transferring of electron density to the
antibonding c* orbital of H,, then facilitating hydrogenation
reactions. And in the other hand, nanoalloyed Ru is slightly
more cationic to coordinate and activate the C-N bonds of
the amine, thus manifolding the hydrogen-borrowing
coupling. XPS measurements of the different RuPt-C solids
confirm the electronic transferring of Ru to Pt.*" Fig. 5 shows
that lower and higher binding energies values for Pt and Ru,
respectively, can be found in the different RuPt nanoalloys,
compared to the monometallic materials. For instance, the
peaks corresponding to Pt 4f decrease in their binding energy
(from 74.7 to 74.4 eV and from 77.3 to 76.0 eV, respectively)
with the amount of Pt. Thus, one can say that electron poorer
Ru atoms and electron richer Pt atoms are present in the
nanoalloy.

Fig. 6 shows a plausible general mechanism for the
hydrogenation and the one-pot hydrogenation and coupling
reactions with intimate nanoalloyed RuPt-C catalysts.'” The
oxidised alkyl or aromatic amine undergoes hydrogenation to
primary alkyl amines over Pt sites on the catalyst. The

Pt sites Ru sites
Amine precursor, RN + H, ~ -H -NH;
R= Aromaticoralkyl ——= RNz <= RSy —= [RONTR
N=NO,, NOH, cN  ~ (H20) +H,

% RuPt-C catalyst

Fig. 6 Proposed reaction mechanism for the hydrogenation and one-
pot hydrogenation-coupling of nitrocompounds, oximes and/or
nitriles, over RuPt-C catalysts and under a H, atmosphere.
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hydrogenated molecule then participates in the hydrogen-
borrowing event on the Ru sites of the catalyst, to give the
corresponding secondary amine. Further hydrogenation can
then occur, again on Pt sites. Depending on steric effects, the
secondary amine can suffer, or not, a last dehydrogenation
and coupling to form the tertiary amine. Alternatively, the
secondary amine can attack a primary imine formed by
dehydrogenation of the primary amine to form the tertiary
amine. This mechanism is supported by the formation of the
coupling product 24 when starting the reaction either from
aniline 22 or cyclohexylamine, and also by the confirmation
by gas-chromatography coupled to mass-spectrometry (GC-
MS) that NH; appears as a major by-product during reaction.

Conclusions

RuPt nanoalloys supported on charcoal outperform the
catalytic activity of monometallic Ru-C and Pt-C
nanoparticles for the synthesis of secondary and tertiary
amines from oxidized amine derivatives, under a hydrogen
atmosphere. The solid catalyst is truly heterogeneous and
recyclable. These results may stimulate new studies on
nanoalloys as catalysts for complex organic synthesis, likely
superior compared to monometallic counterparts, especially
in tandem reactions.
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