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Abstract

A series of ruthenium nanoparticles (Ru NPs) bearing different ligands on their surface have
been used as catalysts in the selective hydrogenation of nitrobenzene to cyclohexylamine. Ru-
Ceo, Ru-PVP, Ru-HDA and Ru-IPr, (PVP: polyvinylpyrrolidone; HDA: hexadecylamine, IPr: 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene) have been chosen due to their different
electronic properties, HDA and IPr as donor ligands, PVP as polymer with small interaction
with the Ru NPs surface and fullerene Cgo acting as an electron-attractor ligand, while their
size and structure remain similar. A clear influence of the ligand on the Ru NPs surface on the
catalytic performances was observed. The less donor ligands promote the hydrogenation of
the N-phenylhydroxylamine intermediate, which is considered as the rate determining step,
leading to the more active catalysts, affecting also the chemoselectivity of the reaction. Density
functional theory (DFT) calculations show that the hydride coverage of the Ru NPs plays a key
role in the adsorption of N-phenylhydroxylamine on the surface of the NPs. This adsorption is
indeed unfavored for realistic coverage values, higher than 1.5H/per surface Ru atom,
explaining the accumulation of this intermediate under hydrogenation conditions, as observed
with all Ru NPs here studied. In addition, DFT calculations show that the adsorption of N-
phenylhydroxylamine is favored when fullerene Ceo is present on the Ru NPs surface
compared to the uncapped Ru NPs, which correlates well with the higher TOF observed for
Ru-Ceo catalysts compared to the other Ru NPs systems bearing more donating ligands, and
also the higher selectivity obtained with this catalyst.
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Introduction

The effects of coordinated ligands on transition metals in catalysis are well documented.’2
Many examples can be found in the literature where the ligand modulates activity and
selectivity of the catalytic center, for instance in the hydroformylation® or carbonylation of
methanol.* Although the homogeneous catalytic systems are easier to characterize and
therefore to understand and to modulate, their main drawback is that they are not easy to
separate from the products making them difficult to reuse and even contaminating the final
products. Because of this drawback, most industrial catalytic processes are nowadays based
on heterogeneous catalysts. However, in general, heterogeneous catalysts are less selective



and more complicated to characterize and therefore more difficult to understand and tune. In
recent years the understanding of heterogeneous catalysts progressed and this emphasized
the importance of their precise characterization including the metal-support interactions and
the surface chemistry of the metal due to their effect on the catalytic properties.>” The tuning
and understanding of the metal-support interaction allows obtaining more selective and
efficient heterogeneous catalysts. For instance, a strong electronic metal-support interaction
on Pt/CeO: catalysts promotes a charge exchange between Pt and CeO;, increasing the
electron density of Pt when compared to other supports (SiO2, TiO2 or carbon) as evidenced
by Raman and X-ray Photoelectron Spectroscopy (XPS) analyses. This highest electron
density on Pt enhances the hydrogen activation at room temperature, leading to more active
catalysts in the hydrogenation of quinoline. Also, the easy release of the hydrogenated product,
1,2,3,4-tetrahydroquinoline, prevents the over hydrogenation and improve the selectivity.® The
chemoselective hydrogenation of halonitroarenes can be enhanced also by modulating the
metal-support interaction. Pt NPs supported on several carbon nanotubes (CNT), containing
or oxygen functional groups or nitrogen doped, have been prepared. XPS clearly shows a
charge transfer from nitrogen species present on the nitrogen doped CNT to Pt NPs, thus
generating electron rich Pt NPs in this support. The authors correlate this feature to the highest
chemoselectivity of this catalysts when compared with other CNT supports.® Cooperation of
the support with gold nanoparticles allows obtaining a very selective catalysts for the
hydrogenation of nitrostyrene to the corresponding aniline. A preferential adsorption of the
reactant on the catalyst through the nitro group in Au/TiO- species was found using IR studies
and quantum calculations. This preferential adsorption was not observed in gold/silica catalyst,
which is not chemoselective for this reaction.®

On the other hand, metal nanoparticles (NPs) which to some extent present intermediate
characteristics between those of homogeneous and heterogeneous catalysts have been
successfully used as catalysts.''® In many cases NPs are stabilized by ligands, limiting their
growth -i. e. determining their size and shape-, and keeping them well dispersed -i. e. avoiding
their coalescence.' These ligands are chemically bonded to the surface of the NPs and can
thus affect their catalytic behavior, either by altering the properties of the metal or directly by
blocking some of the metal sites. The coordination of ligands to the surface of NPs has been
studied in detail for Ru,'526 Pt,27-28 Rh,2%-30 | 25.31-32 gnd Au333% NPs mainly with spectroscopic
techniques together with Density Functional Theory (DFT) calculations. Even if today the
coordination of stabilizing ligands on the surface of NPs is better understood, it is not always
the case for the interaction of intermediate catalytic species with the surface of the NPs, and
only a few studies are reported.?® 3% 3640 The use of those NPs as catalysts has revealed the
remarkable effect of the ligands anchored on the surface of the NPs. Pt NPs stabilized with
long-chain N-heterocyclic carbenes; used as catalysts in hydroboration reactions clearly show
an influence of the bulkiness of the N-substituent of the carbene on the catalytic activity.*' Also,
Pt NPs stabilized with zwitterionic amidinates display a notable ligand effect in the
hydrogenation of electron-poor carbonyl groups, where the catalytic activity is influenced by
remote groups introduced in the aryl-N-substituents of the amidinates present on the surface
of the NPs.?” Similarly, N-heterocyclic carbene-stabilized Ru NPs are active catalysts in the
hydrogenation of aromatic substrates; in this case modulating the activity and the selectivity of
this hydrogenation reaction.?? The surface modification of oleylamine-capped gold NPs with a
carbene ligand enhanced the reduction of CO, to CO when compared to the unmodified gold
NPs. The authors attributed this improvement to the strong o-donation of the carbene ligand
giving electron rich gold surfaces, which could explain the change in the mechanism observed
with the carbene modified gold NPs in which a fast electron transfer is detected.*? Also, the
presence of ligands (PhC=C) in the atomically precise AuAg nanocluster significantly improve
the catalytic properties of the cluster compared to the relative bare nanocluster in the oxidation
of triethylsilane.*® Also, the efficiency of RuCo bimetallic nanoparticles in the selective
reduction of nitrostyrene to aminostyrene was modulated by the polystyrene support; polymers
containing electron-withdrawing substituents consumed faster the substrate.** Ultrathin Pt
nanowires have been coated with ethylenediamine, which electronic effect shape the catalytic
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activity in the hydrogenation of nitrobenzene.*® The ethylenediamine-capped Pt NPs exhibit a
high selectivity to the thermodynamically unfavorable N-phenylhydroxylamine (PHA), while the
bare Pt NPs produced the further hydrogenated amine. DFT calculations reveal that the
modification of the Pt surface with ethylenediamine makes the Pt electron rich, favoring the
adsorption of electron-deficient reactants (nitrobenzene) over electron-rich (PHA) and
therefore preventing it to be fully hydrogenated to the aniline.

In a previous study by some of us we described the preparation of a catalysts by decomposition
under dihydrogen of (1,5-cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium(0) [Ru(COD)(COT)]
in the presence of fullerene Cgo.'® The combination of several experimental techniques,
together with DFT calculations allowed us to have an insight into the structure of these Ru-Ceo
species. These Ru nanomaterials are composed by Ru-Cso polymeric spheres with the surface
decorated with Ru NPs. The molecular species self-assembled as spheres consist in a
polymeric structure in which a Ru atom is coordinated to two Cgo displaying a n2®-n®
coordination mode as pointed out by transmission electron microscopy (TEM), Extended X-
Ray Absorption Fine Structure (EXAFS), Wide-Angle X-ray Scattering (WAXS), and DFT
calculations. Raman and XPS analyses evidenced a charge transfer from Ru to fullerene.
These electron-deficient Ru NPs supported on Ru fulleride nanospheres allow the successive
and chemoselective hydrogenation of nitrobenzene (NB) to aniline (AN) and then to
cyclohexylamine (CA).® At first this behavior was attributed to the fact that Ru NPs are
electron-deficient, however, DFT calculations have shown that the coordination mode of NB
on such nano-objects changes with the hydride coverage of the Ru NPs. At low coverage -
mode coordination is favored, for which both hydrogenation of the aromatic ring and the nitro
groups are possible. At high hydride coverage —i.e. hydrogenation reaction conditions-, NO»-
mode coordination prevails, for which only NO» hydrogenation is possible. It has been shown
that Pt nanoparticles modified with an electron-rich amine can produce very selectively PHA,*
showing that the electron density of the surface has a large impact in this hydrogenation
reaction, in this case, disfavoring the coordination of an intermediate, and leading to a very
selective catalyst. The possible ligand effect due to the presence of electron-rich or electron-
poor ligand on the Ru NPs surface in the hydrogenation of nitrobenzene to cyclohexylamine
has been further investigated in this work. With the purpose, several Ru NPs wearing different
ligands on the surface, named Ru-Ce, Ru-PVP, Ru-HDA and Ru-IPr (PVP:
polyvinylpyrrolidone; HDA: hexadecylamine, IPr: 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene) have been synthesized and used as catalysts in the hydrogenation of nitrobenzene.
These previously described Ru NPs, synthesized by the same methodology, have been
chosen due to their similar characteristics -size, crystallographic structure, hydride coverage
of the surface- while the surface is decorated with ligands which display different electronic
properties; HDA and IPr as donor ligands, PVP as polymer with small interaction with the Ru
surface and Ceo acting as an electron-attractor ligand.

Results and discussion

Ruthenium nanoparticles were synthesized by decomposition under dihydrogen of
[Ru(COD)(COT)] in the presence of the respective stabilizing compound using previously
described (Ru-Ceo,'® Ru-HDA,*¢ Ru-PVP4 and Ru-IPr#’) or modified procedures (Ru-PVP20%6
see experimental section). TEM analyses reveal Ru NPs sizes of 1.6 £ 0.6 nm (Ru-Ceo), 1.1 £
0.6 nm (Ru-PVP20), 1.0 + 0.5 nm (Ru-PVP4), 1.3 £ 0.5 nm (Ru-HDA) and 0.8 + 0.4 nm (Ru-
IPr) (Figure 1). The Ru content being (%): 50.1 (Ru-Ceo), 19.5 (Ru-PVP20), 4.2 (Ru-PVP4),
41.2 (Ru-HDA) and 30.7 (Ru-IPr).



Ru-PVP20 1.1 £ 0.6 nm Ru-PVP4 1.0 £ 0.5 nm

Ru-HDA 1.3 + 0.5 nm Ru-IPr 0.8 £+ 0.4 nm

Figure 1. TEM images of Ru-Ceo, Ru-PVP20, Ru-PVP4, Ru-HDA, and Ru-IPr (scale bar 50
nm).

CO is a vibrational probe to determine the basicity of metal centers, with lower energies of vco
band indicating more electron density on the metal centers. In order to establish the relative
basicity of the Ru NPs here synthesized, CO was added to the solid samples of the Ru NPs
and then the Attenuated Total Reflection - Fourier-Transform InfraRed (ATR-FTIR) spectra
were recorded (Figure 2 and Figure S2-S6). The vco confirmed that Ru-Ceo are the more
electron-deficient Ru NPs showing two bands at 2061 and 1994 cm™', when compared with the
Ru NPs stabilized with PVP which display a vco at approximately 2000 cm™. Ru-IPr and Ru-
HDA are the more basic Ru NPs of the series displaying lower frequencies (1982 cm™; 1918
cm™, and 1962 cm™, respectively). By analyzing charge densities out of DFT calculations, on
two different molecular models: a pristine Russ cluster, and a Ru13-2Ce0, supposedly mimicking
respectively the electronic structure of Ru-PVP and Ru-Ceso NPs samples, we confirmed the
electron-deficient character of Ru-Ceo NPs with an averaged electron loss of -0.15e per surface
Ru atom when compared to the naked cluster.

Ru-PVP4

CO band (cm) ===Ru-PVP20

Ru-Cgo 2061; 1994
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Figure 2. Enlarged portion of the ATR-IR spectra of the Ru nanocatalysts after CO exposure.

Nitrobenzene hydrogenation was studied at 30 bar of H> and 80 °C in ethanol (see Table 1).
Stepwise hydrogenation first to aniline and then to cyclohexylamine was observed in all cases
studied except for Ru-HDA where small amounts of CA were detected at the beginning of the
reaction. Ru-Ceo proceed selectively, first hydrogenating the —NO2 group (Figure 3, purple



curve) to form aniline (Figure 3, green curve), and then after two hours of reaction producing
CA (Figure 3, yellow curve) and also dicyclohexylamine (DCA) and N-ethylcyclohexylamine
(CA-Et) as byproducts (Figure 3, orange curves). The curves of the other catalysts are
presented in the Sl (Figure S7-S11).

Table 1. Hydrogenation of Nitrobenzene in Ethanol with Different Ru Catalysts?

TOF Time Selectivity (%)
Catalyst (h1yp. (h) AN AN-Et AN=Et CA CA-Et DCA
Ru-Coo 136.9 2 95 4 1 i i i
4 - A ; 76 10 14
Ru-HDA 129.2 2 76 1 3 16 4 ;
6 - ; - 83 16 1
Ru-PVP20 82.8 3 82 6 12 § : :
6 - - ) 63 14 23
Ru-PVP4 714 3 76 6 18 - - -
6 . : A 63 16 21
Ru-IPr 648 3 68 12 18 - - n
6 57 26 17

3Reaction conditions: 2.5x102 mmol of Ru, 4 mmol of nitrobenzene, 1 mmol of dodecane (internal standard),
30 bar Hy, 80°C, 30 mL EtOH. "Determined by GC-MS using internal standard technique. TOFs calculated
at 1 h of reaction related to the % of Ru surface atoms.

time (h)

Figure 3. Time-concentration curve for nitrobenzene hydrogenation with Ru-Ceo.
Nitrobenzene (purple curve), aniline (green curve), N-ethylidene-aniline (red curve),
cyclohexylamine (yellow curve), dicyclohexylamine (dark orange curve); N-
ethylcyclohexylamine (orange curve).

At the beginning of the reaction N-ethylidene-aniline (AN=Et) was also detected in the reaction
media (Figure 3, red curve). This intermediate compound was observed in all the nanocatalysts
studied, although the detected amount was variable depending on the Ru catalyst used. The
lowest quantity was observed for Ru-Ceo (7%) and Ru-HDA (6%) catalysts, while for the other
catalysts N-ethylidene-aniline was detected in the range of 15-20%. It has been proven that
Ru can catalyze the reaction of PHA with an alcohol to produce the respective imine.*® PHA is
an intermediate of the nitrobenzene hydrogenation sequence (Scheme 1) and several
experimental and theoretical studies point out that the reduction of the N-phenylhydroxylamine
is the rate-determining step in the hydrogenation pathway using Au,*® Pt,5° Ni®' or Pd over Pt.2
In this sense, it seems feasible that AN=Et detected in the reaction media is produced by the
reaction of PHA and the ethanol used as the solvent in the presence of Ru, and PHA reacts
with the solvent as it is accumulated in the reaction media instead of being hydrogenated. In
order to confirm that AN=Et is produced from the reaction of PHA with EtOH, as PHA was
never detected in the catalytic solutions, we have performed an NMR tube experiment to follow
the reaction of PHA over the Ru nanoparticles. PHA and Ru-IPr were dissolved on THF-dg in
a screw cap NMR tube. Then, an excess of EtOH was introduced and the NMR tube was
heated at 80°C for 1h. The 'H NMR spectrum was recorded showing new signals attributed to
the AN=Et, the iminic proton at  9.65 ppm as a quartet (Jun = 2.8 Hz) and a doublet (Jun = 2.8



Hz) at 8 2.06 ppm attributed to the methyl group (Figure S12, Sl). Also, the '"H NMR spectrum
of the brown solution shows that PHA disproportionates to nitrosobenzene, aniline and
azoxybenzene. These observations correlate well with the DFT calculations observations (see
below), which show that PHA spontaneously disproportionates on the Ru NPs surface to give
AN in the absence of hydrides on the surface.

N

e
5 A0

? H, DCA
NO. NH NH
2 H2 2 H2 2
— —
Ha AN CA
Hy 4
NHOH N” HN HN
EtOH Hy Hy
— — —
PHA AN=Et ANEt CAEt

Scheme 1. Simplified reaction pathway for the hydrogenation of nitrobenzene to
cyclohexylamine.’

As N-ethylidene-aniline is produced from PHA, and taking into account that the hydrogenation
of PHA is likely the rate determining step of the reaction, a more important quantity of this
compound indicates a less favored hydrogenation, allowing to the reaction of PHA with the
solvent. Also, the final amount of CA-Et, which is produced mainly by the hydrogenation of
AN=Et (see below, aniline hydrogenation), can be a better indicator of the PHA accumulated
during the reaction as it is more stable than AN=Et. Indeed, a good correlation exists between
the calculated TOF and the mmol of AN=Et or CA-Et in the analyzed solutions: Ru-Ceo 136.9
h'; 0.3 mmol AN=Et; 0.4 mmol CA-Et > Ru-HDA 129.2 h''; 0.3 mmol AN=Et; 0.6 mmol CA-Et
> Ru-PVP20 82.8 h'; 0.6 mmol AN=Et; 0.5 mmol CA-Et > Ru-PVP4 71.4 h'; 0.6 mmol AN=Et;
0.6 mmol CA-Et > Ru-IPr 64.8 h''; 0.7 mmol AN=Et; 1.0 mmol CA-Et. In consequence, also
the selectivity of this hydrogenation reaction in EtOH is related to the hydrogenation of PHA.
As less favored the reaction is, i. e. increased amount of the AN=Et in the reaction media, the
selectivity towards aniline and therefore to cyclohexylamine decreases.

From the analyses of the TOF and the selectivity of the nitrobenzene hydrogenation it can be
proposed that the ligand on the Ru nanoparticles surface plays an important role in the catalytic
performances of the Ru nanocatalysts. The less basic Ru NPs Ru-Cego are the more active and
selective in this conditions, while the more basic, Ru-IPr are the less active and selective, the
Ru NPs sterically stabilized with the PVP polymer showing intermediate values. The
accumulation of the PHA intermediate indicates that basic ligands on the surface of the Ru
NPs, as Ru-IPr NPs, disfavor its hydrogenation which is considered the rate determining step,
and hence disfavoring the catalytic performances in terms of activity and selectivity. Even if
steric effects cannot be completely run out, the stabilizing agents used in this work should
minimize this effect: PVP interact very weakly with the metallic surface, HDA is very fluxional,*®
Ceo is mainly located in the core of the nanospheres,'® and IPr despite is not fluxional in solution
is able to easily accommodate aryl rings on the surface to be hydrogenated indicating that is
mobile on the surface.?? 4’ Indeed, Ru-PVP20 and Ru-PVP4 display slightly different TOFs,
being Ru-PVP20 the faster of the catalysts as probably the surface is more accessible (less
PVP in the sample), indicating a slightly steric effect, but the selectivity seems to be mainly
governed by electronic effects as both, Ru-PVP20 and Ru-PVP4, show the same product
distribution. The electronic effect on the activity observed here is consequent with the findings



of Zheng et al.;* electron rich Pt NPs allow obtaining phenylhydroxylamine very selectively
from nitrobenzene. The authors propose, supported by DFT calculations, that the binding of
the electron-poor nitrobenzene is favoured while the electron-rich phenylhydroxylamine cannot
adsorb easily the electron-rich surface. To get better insights of the interaction of PHA
molecules with Ru-NPs, we have performed DFT calculations on four different Ru NPs models:
a naked Ruis, a hydrogenated Rusz with a coverage values of 1.5H/per surface Ru atom
(RuisH1s), a Ru1s-(Ceo)2 complex and a hydrogenated RuisH1s-(Ceo)2 One; hydrogenated Ru
NPs models simulating the surface of the NPs under hydrogenation conditions.?® Adsorption
energies of a single PHA molecule on those models are given in Table 2, after a careful
checking of the nature of the most stable geometries. We have also considered the effect of
solvent, but using an implicit solvent model procedure, see the computational details below.
When the Ru NPs are not covered by any hydrides, the PHA molecule spontaneously
dissociates to form AN while the remaining O atom lies on the surface in a Top position with a
Ru-O distance of 1.68 A. As it can be seen in Figure 4 panel a), the AN molecule presents a
-mode coordination with the aromatic cycle interacting with three Ru atoms. The coordination
mode is 2 C-C bonds over a Ru atom and one C on top position. The thermodynamics balance
in those two cases are clearly unfavorable (<-120 kcal/mol) for the stability of PHA in the
presence of non-hydrogenated Ru NPs. However, as we pointed out recently, the influence of
hydrides is crucial, as soon as a threshold values of more than 1 H per surface Ru atom is
yielded, since coordination modes stability can be inverted.*® Here the effects of hydride
coverage are of two types: first they take electronic densities from Ru atoms, as given in Table
2, and secondly their presence on the surface stabilizes PHA molecules since the hydroxyl
group does not interact with any Ru atom. As a consequence, the adsorption energies are
much smaller: being -10 and -30 kcal/mol for the Ru-PVP and Ru-Ceo nanocatalyst models,
respectively. In order to confirm that PHA disproportionates on the Ru NPs surface in the
absence of hydrides on the surface the following experiment was set up: PHA was dissolved
in EtOH and then Ru-IPr was added to the solution, then the dark brown dispersion was heated
at 80°C in a Fisher Porter bottle under argon, and the evolution of the reaction was followed
by GC. The GC analysis of the solution at time zero indicates that PHA disproportionates
already at room temperature to form 30% of nitrosobenzene, 40% of aniline and 20% of
azoxybenzene, probably formed by the condensation of PHA and nitrosobenzene, remaining
10% of the initial PHA in the solution. After 40 min heating at 80°C the reaction evolved to the
formation of azoxybenzene (66%) remaining 33% of aniline and 1% of nitrosobenzene. The
solution was keep at this temperature overnight, the GC analysis of the solution showing no
longer evolution (70% of azoxybenzene and 30% of aniline).

Table 2. Adsorption energy of PHA on different Rui3 NPs

i Eads in EtOH i
Initial State Final State Geaeimol " (Kcallmol)  per Surface Ru stomse
Ruis + PHA Ru130 + AN -140 -145 -0.09
RuisH1s + PHA RuisH1s + PHA -10 -9 -0.35
Ru1s-(Ceo)2 + PHA Ru130-(Ceo0)2 + AN -122 -126 -0.19
Ru13H1s-(Ceo)2+ PHA  Ru1sH1s-(Ceo)2 + PHA -30 -32 -0.33

2ln comparison with a naked Ruiz NP



Figure 4. Most stable states after PHA adsorption on (a) Ru1s-(Ceo)2 and (b) RuizH1s-(Ceo)2.

On the other hand, Ru-HDA showed a different trend when compared to the other catalyst here
studied. The reaction was not as chemoselective as observed for the other nanocatalyst since
small amounts of cyclohexylamine (less than 10%) were detected after 1h of reaction, while
nitrobenzene was still present in the reaction media. This different behavior can also affect the
TOF and the selectivity considering that a basic molecule, CA, is present in the reaction media,
being not comparable with the rest of the nanocatalyst. To clarify the role of CA two sets of
experiments were carried out using Ru-IPr nanocatalysts, which provides the highest
quantities of AN=Et and is the slowest catalyst, adding 0.5 or 1.5 mmol of CA in the reaction
media. The first analysis of the data shows that the TOFs of the NB hydrogenation are higher
when adding CA (Table 3, 64.8 h™' to 91.4 h™' (0.5 mmol of CA) and 138.3 h'' (1.5 mmol of
CA)); and the AN=Et detected in the reaction media decreases (0.7 mmol AN=Et for Ru-IPr;
0.4 mmol AN=Et for Ru-IPr + 0.5 mmol of CA; and 0.2 mmol AN=Et for Ru-IPr + 1.5 mmol of
CA). Also, the concentration curves show that the CA introduced at the beginning of the
reaction was completely consumed in the Ru-IPr + 0.5 mmol of CA test whereas 60% of the
initial CA was reacted in the Ru-IPr + 1.5 mmol of CA experiment. It seems reasonable to
propose that the PHA interacts with the strongly basic CA favoring the hydrogenation rate-
determining step. However, we cannot rule out the possibility that this interaction takes place
directly with nitrobenzene. It has been previously proposed that NB can interact with amino
groups to form intermediary species (hydrogen bonded NB-AN adducts) which promoted the
NB hydrogenation rate.®® Indeed, during the Ru-IPr + 1.5 mmol of CA experiment an
intermediate species has been detected that, according to the mass and 'H NMR spectra (see
Sl), corresponds to the imine produced by reaction of CA and EtOH, CA=Et. However, in the
Ru-IPr + 0.5 mmol of CA experiment the double alkylation product with EtOH (CA(Et)2) was
identified. The consumption of the initial CA in the Ru-IPr + 1.5 mmol of CA experiment
corresponds to 0.8 mmol, which is a similar value than the AN=Et produced during the catalysis
performed without CA, pointing out that probably CA is more likely interacting with PHA than
with NB. The double alkylation product CA(Et)> found in the Ru-IPr + 0.5 mmol of CA
experiment is due to the lack of enough CA to react so CA-Et, also a strong base, reacts in
turn with the PHA present in the reaction media. Furthermore, these results can explain the
higher hydrogenation rate observed for Ru-HDA. HDA is a ligand which binds reversibly to the
surface of metal nanoparticles, i. e. free and coordinated amine are present in the solution.?®
46 As HDA is also a strong base (the pKa of HDA and CA is 10.6) which can enhance, as CA,
the hydrogenation reaction of NB, it could explain the different behavior in terms of activity and
selectivity when compared with the other catalysts used here.



Table 3. Hydrogenation of Nitrobenzene in Ethanol with Ru-IPr Catalysts®

Catalyst TOF Time Selectivity (%)
v (h )b ¢ (h) AN AN-Et AN=Et CA CA-Et DCA CA-(Et): CA=Et
Ru-IPr 64.8 3 68 14 18 - - - -
6 - - - 57 26 17 17
Ru-IPr + CA
(0.5mmol) 91.4 2 66 6 9 - 12 - 7
52 23 15 10
Ru-IPr + CA
(1.5mmol) 138.3 1 54 1 5 12 8 - ; 20
55 32 12 1

aReaction conditions: 2.5x102 mmol of Ru, 4 mmol of nitrobenzene, 1 mmol of dodecane (internal standard), 30 bar Ha,
80°C, 30 mL EtOH. "Determined by GC-MS using internal standard technique. °TOFs calculated at 1 h of reaction related to
the % of Ru surface atoms.

Table 4. Hydrogenation of Aniline in Ethanol with Different Ru Catalysts?
TOF Time Selectivity (%)

Catalyst (e (h) CA  CAEt _ DCA
Ru-IPr 170.9 1 97 2 1
Ru-HDA 149.4 3 96 0 4
Ru-Ceo 236.1 1 87 1 12
Ru-PVP4 207.0 1 84 3 13
Ru-PVP20 170.1 2 81 0 19

3Reaction conditions: 2.5x102 mmol of Ru, 4 mmol of aniline, 1 mmol of
dodecane (internal standard), 30 bar H, 80°C, 30 mL EtOH. *Determined by GC-
MS using internal standard technique. °TOFs calculated a 1 h of reaction related
to the % of Ru surface atoms.

The hydrogenation of aniline was studied using the same reaction conditions as used for the
nitrobenzene hydrogenation (30 bar of H> and 80 °C in ethanol) in order to establish if the
presence of CA-Et is due to the hydrogenation of AN=Et or if it is also formed from CA (Table
4). The selectivity was high in all cases, up to 97% of CA using Ru-IPr as catalysts, because
the formation of CA-Et is almost suppressed. This indicates that the CA-Et byproduct is mainly
produced by the hydrogenation of the imine intermediate AN=Et, formed during the
nitrobenzene hydrogenation. The calculated TOFs follow the next trend: Ru-Ceo > Ru-PVP4 >
Ru-PVP20 = Ru-IPr > Ru-HDA; and the selectivity was highly dependent on the Ru NPs used.
The more basic ligands on the Ru NPs surface give better selectivity towards CA, as
dicyclohexylamine is not produced. This byproduct is produced by the condensation of the
cyclohexylamine with one partially hydrogenated intermediate (see Scheme 1).%* It has been
observed that acidic medium leads to less selective hydrogenation of aniline to produce
cyclohexylamine,® probably as a consequence of both activation of the imine intermediate and
the quenching of the ammonia by the presence of the acid.*® This would explain why Ru NPs
bearing more basic ligands do not promote this acid catalyzed reaction increasing the
selectivity towards CA. In addition, the CA selectivity obtained with Ru-IPr and Ru-HDA (97%
and 96%, respectively) is one of the highest reported to our knowledge.5® %8 The high
selectivity of the Ru-IPr in the hydrogenation of AN (Table 4) is in contrast with the selectivity
observed in the total hydrogenation of NB (Table 1). The relative percentage of CA/DCA
obtained in the NB hydrogenation (Table 1) is: Ru-Ceo: 84%CA; 16%DCA; Ru-HDA: 99%CA;
1%DCA; Ru-PVP20: 73%CA; 27%DCA; Ru-PVP4: 75%CA; 25%DCA; Ru-IPr: 77%CA;
23%DCA. Ru-Ce and Ru-HDA present a relative percentage very close to that observed in
the direct hydrogenation of aniline (Table 4), in contrast Ru-IPr (and also Ru-PVP systems),
produces more DCA in the stepwise hydrogenation of NB. These data suggest that PHA
(and/or another intermediate formed during the -NO:> group reduction) which is more
accumulated when using Ru-PVP and Ru-IPr catalysts could favour the formation of DCA. In
order to clarify this point the hydrogenation of AN was studied by adding PHA in the reaction
media. Ru-IPr was used as catalysts and the presence of PHA (1 mmol) lead to a less selective
reaction (91% of CA; 2% CA-Et; 7% DCA) pointing out that the PHA can promote the
condensation of CA and the partially hydrogenated AN.



Conclusions

The stepwise selective hydrogenation of nitrobenzene to aniline and then to cyclohexylamine
has been observed for the Ru catalysts: Ru-Ceo, Ru-PVP, and Ru-IPr. Ru-HDA exhibits a
slightly different behavior as cyclohexylamine was detected on the reaction media when
nitrobenzene was not completely consumed. These results point out that the stepwise
hydrogenation is modulate by another parameter. In a previous study by some of us® DFT
calculations showed that is the hydride coverage of the Ru NPs which is key to modulate the
coordination mode of the substrates. Here, DFT calculations clearly show that the adsorption
of the N-phenylhydroxylamine, which its hydrogenation is considered as the rate determining
step of this multistep hydrogenation, on the Ru NPs surface depends strongly on the hydride
coverage. Indeed, PHA disproportionates on Russ and Ruis-(Ceo)2 to give aniline, behaviour
observed experimentally in this work, but also described elsewhere.®® PHA adsorbs weakly on
the surface of hydrogenated Ru NPs (RuisH1s and RuisH1s-(Ceo)2). The weak interaction of PHA
with the Ru surface can explain why PHA is accumulated on the reaction media (in this study
correlated to the N-ethylidene-aniline detected on all the reaction media studied), leading to
the stepwise hydrogenation. Indeed, we have probed here that when adding a strong base
(CA) in the hydrogenation solution, the TOFs increased; also explaining why Ru-HDA is much
more active than expected as HDA is likely acting not only as stabilizing ligand but also as a
strong base. Although the hydride coverage seems to be crucial for the adsorption of the PHA
intermediate, the ligands on the surface of the Ru NPs modulate the activity and selectivity of
the nitrobenzene hydrogenation reaction. Ru-Ceo showed the better performances in terms of
activity and selectivity (TOF= 136.9 h'; 95% AN) as probably promotes better the
hydrogenation of PHA. DFT calculations show that the coordination of fullerene Ceo on the
surface of the NPs allows a stronger coordination of the PHA when compared to bare Ru NPs,
fitting well with the experimental results. In contrast, Ru-IPr is less active and selective,
however, this performance can be explored in the future in order to obtain selectively N-
hydroxylanilines which are industrially important intermediates.5°%® A ligand effect was also
observed in the aniline hydrogenation, the basic stabilizers IPr and HDA leading to high
selectivities to CA (97% and 96%, respectively).

Experimental part
General Methods

All operations were carried out under argon atmosphere using standard Schlenk techniques
or in an MBraun glovebox. Solvents were purified by standard methods or by an MBraun SPS-
800 solvent purification system. [Ru(COD)(COT)] was purchased from Nanomeps Toulouse,
fullerene Ceo, HDA, PVP, nitrobenzene, aniline, cyclohexylamine and dodecane from Sigma-
Aldrich, CO and Hx from Air Liquid. All these reactants were used as received. IPr was
synthesised following the procedure described elsewhere.5*

The ruthenium content was established by inductively coupled plasma optical emission
spectroscopy (ICP-OES) performed at the LCC in a Thermo Scientific ICAP 6300 instrument.

Liquid NMR were performed on a Bruker Avance 300 instrument.

ATR-IR spectra were recorded on a Perkin-ElImer GX2000 spectrometer available in a
glovebox, in the range 4000-400 cm~'.

TEM and HRTEM analyses were performed at the “Centre de microcaracterisation Raimond

Castaing, UMS 3623, Toulouse”. TEM by using a JEOL JEM 1011 CX-T electron microscope
operating at 100 kV with a point resolution of 4.5 A. The approximation of the particles mean
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size was made through a manual analysis of enlarged micrographs by measuring at least 200
particles on a given grid.

GC analyses were performed on a Perkin Elmer Autosystem XL equipped with a Restek Rtx
5-Amine column (30 m, 0.53 mm, 1 uym). GC-MS analyses were performed in a PerkinElmer
Autosystem GC equipped with an Elite-5MS Capillary Column (30 m x 0.25 mm x 0.25 ym)
coupled to a Turbo Mass mass spectrometer. Quantitative analyses of the reaction mixtures
were performed via GC techniques using calibration solutions of commercially available
products.

DFT calculations were carried out using the Vienna ab initio simulation package VASP.5%68
The code uses the full-potential projector augmented wave (PAW) framework.%°7° Exchange-
correlation effects have been approximated using the PBE functional”’ and applied in spin-
polarized calculations. A kinetic-energy cutoff of 400 eV was found to be sufficient to achieve
a total-energy convergence within several meV, considering a Gamma only k-point sampling
calculations for all the considered complexes, in conjunction with a gaussian smearing of 0.05
eV. During geometry optimization runs and cell relaxations, all the atoms were fully relaxed
until forces on individual atoms were smaller than 0.01 eV/A. Calculation cells for isolated
molecules and complexes were 25x26x27 A3, to avoid spurious interactions between periodic
images. Figures of the different geometries were produced thanks to the 3D visualization
program VESTA.”? Henkelman'’s software”™ was used to performed Bader charge analysis.
Implicit solvent model has been included in the calculations as proposed by Hennig et al.”*"®
The optimal geometries upon Hydrogen adsorption were constructed following the results of
Ref’8, meaning that all available s sites were occupied and then the top sites and if necessary
some Bridge sites were used to build the starting geometries, before PHA adsorption. The
interaction of an EtOH molecule and the different Ru NPs models has been investigated and
provide similar adsorption modes and thus adsorption energies as compared to PHA.

Synthesis of Ru nanoparticles

In a typical experiment [Ru(COD)(COT)] complex was introduced in a Fisher-Porter bottle, and
a solution of the desired stabilizer was then introduced in the reactor. The resulting solution
was pressurized with 3 bar of Hz. The solution, which turned black after few minutes of reaction,
was kept under stirring overnight at room temperature. After this period of time, excess of Ho
was eliminated and the volume of solvent was reduced under vacuum. Pentane was then
added to the colloidal suspension to precipitate the Ru nanoparticles. After filtration under
argon with a cannula, the black solid powder was washed twice with pentane and filtrated
again before drying under vacuum. For each ratio studied, the quantities of reactants are
detailed hereafter.

Ru-Ceo: 250 mg (0.79 mmol) of [Ru(COD)(COT)]; 28.5 mg (0.04 mmol) of fullerene Ceo and
125 mL of CH2Clz. Yield: 105 mg. ICP analysis Ru: 50.1%

Ru-HDA: 250 mg (0.79 mmol) of [Ru(COD)(CQOT)]; 43 mg (0.18 mmol) of HDA and 160 mL of
THF. Yield: 125 mg. ICP analysis Ru: 41.1%

Ru-PVP4 5/1: 150 mg (0.48 mmol) of [Ru(COD)(CQOT)]; 1000 mg of PVP and 60 mL of THF.
Yield: 800 mg. ICP analysis Ru: 4.2%

Ru-PVP20: 90 mg (0.29 mmol) of [Ru(COD)(COT)]; 100 mg of PVP and 40 mL of THF. Yield:
80 mg. ICP analysis Ru: 19.5%

Ru-IPr: 240 mg (0.76 mmol) of [Ru(COD)(CQOT)]; 148 mg (0.38 mmol) of IPr and 90 mL of
pentane. Yield: 164 mg. ICP analysis Ru: 30.7%
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Surface reactivity with CO

The adsorption of carbon monoxide on the surface of the nanostructures was performed in the
solid state as follows. A purified sample of nanoparticles was introduced in a Fischer-Porter
bottle. The reactor was pressurized with 1.5 bar of CO for 24 h. Then, the CO gas was
evacuated under vacuum for 20 min and the ATR-IR spectra were recorded.

General procedure for the hydrogenation of nitrobenzene and aniline

Hydrogenation reactions were performed in Top Industry high pressure and temperature
Stainless steel autoclave with a controlling system. In a typical experiment, the autoclave was
purged by three vacuum/argon cycles. The mixture of the Ru catalysts, dodecane (as internal
standard, 1 mmol) and the corresponding substrate (4 mmol) in 30 mL of ethanol was prepared
in a glovebox, ultrasonicated for 5 min and then transferred into a high-pressure autoclave
under argon atmosphere. The autoclave was heated to 80°C and pressurized with a constant
pressure of 30 bar of Hz;the stirring rate was fixed at 1000 rpm. Samples of the reaction mixture
were taken periodically and then analysed by GC and/or GC-MS.

Supporting Information

The Supporting Information is available free of charge at http://pubs.acs.org.

TEM images of Ru nanoparticles together with their respective size histogram, ATR-IR
spectrum of Ru NPs, calculation of fraction of surface atoms, time-concentration curves for
nitrobenzene hydrogenation with Ru nanoparticles, mean particle size of the Ru NPs before
and after catalysis, NMR spectrum of the reaction of N-phenylhydroxylamine with ethanol in
the presence of Ru-IPr, GC-MS of the reaction mixture Ru-IPr + CA at 1h of reaction, NMR
spectrum of the reaction mixture Ru-IPr + CA at 1h of reaction (PDF).
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