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ABSTRACT: Electron deficient ruthenium nanoparticles supported on Ru fulleride nanospheres allows the successive and
chemoselective hydrogenation of nitrobenzene, to aniline and then to cyclohexylamine. The catalysts were prepared in a
straightforward manner by decomposition under dihydrogen of [Ru(COD)(COT)] in the presence of Cs. The nitrobenzene
hydrogenation reaction is solvent sensitive, and proceeds faster in methanol than in other alcohols. The same behaviour, i.e. two
steps successive hydrogenation, has been observed for several substituted nitroarenes. Density functional theory calculations
suggest that the observed chemoselectivity is mainly governed by the presence of surface hydrides on the electron deficient Ru
nanoparticles. At the threshold value of 1.5 H per Ru surface atom, the formation of aniline is favored due to the net preference of
the NO,—coordination.
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. Introduction NH,
Selective hydrogenation is involved in many industrial +H2/-H20
ydrog y
processes, and it is one of the widest areas of research in
catalysis. In particular, the catalytic hydrogenation of
nitrobenzene (NB) is an industrially important reaction, which

may lead to aniline (AN) or cyclohexyl amine (CA) as major AN

products. Additionally, a condensation side reaction may

produce dicylohexylamine (DCA) as the major by-product NH,

(Scheme 1). It is admitted that in NB, the aromatic ring is -NH3

electron deficient and coordinates only weakly to metals

typically used in hydrogenation reactions. In contrast, the nitro O/ \O
group is strongly coordinating and is usually hydrogenated

first. AN, which is an important intermediate for

polyurethanes, dyes, pharmaceuticals, explosives, and

agricultural products,! is industrially produced via NB Scheme 1. Main products and by-products formed during
selective hydrogenation. Reactions performed in the liquid NB hydrogenation.

phase used a variety of metal catalysts (Ni, Pt, and Pd)

associated to modifiers, and organic solvents. For instance, Commercially, it may be produced via reductive amination of

DuPont hydrogenates NB in the liquid phase using a Pt-Pd cyclohexanol or phenol, or hydrogenation of AN. A variety of
catalyst on a carbon support with iron as modifier. The metals such as Ni, Co, Rh, Ru, Pd and Pt can be used for the

modifier provides good catalyst life, high activity, and hydrogenation of AN either in the vapor or in the liquid phase.
protection against hydrogenation of the aromatic ring."! CA can The design of a single metal and non-promoted catalyst, which
be used in the synthesis of artificial sweeteners, metal could hydrogenate in a controlled manner NB to produce
corrosion inhibitors, rubber vulcanizing additives, dyestuff, selectively either AN, or CA in a single step is therefore of

plasticizers and extracting agents for natural products.? paramount interest. In this context, recent advances in the



design of nanostructured catalysts for selective hydrogenation
have been recently reviewed.® Supported ruthenium catalysts
could be interesting candidates since the literature indicates
that Ru is the best catalyst among the platinum metals for the
hydrogenation of aromatic amines to alicyclic anilines,** and
in addition, a high selectivity towards AN can be obtained by
careful choice of the support.” Electron deficient Ru
nanoparticles (NPs) have been reported to be highly active
since AN desorption is facilitated.® Furthermore, in the case of
a controlled reaction, Ru could be more selective to AN,
thanks to a preferential coordination of the nitro group. As far
as the support is concerned, higher NB conversions have been
reported when using carbon supports rather than silica or
alumina.® Carbon is rather chemically inert allowing avoiding
condensation reactions, known for more acidic oxide supports.
The direct reduction of NB to AN by carbon materials
(carbocatalysis) such as fullerenes (Cgo) or carbon nanotubes
(CNTs) has also been discussed.”!! Ruthenium supported on
CNTs allow for hydrogenation of both the aromatic ring and
the nitro group,’ and CA was produced with 90% selectivity.
In that case, the AN selectivity reached a maximum of 64%.
The use of mixtures of CNT-supported Pt and Ru catalysts has
also been proposed.'? Indeed, mixtures of PUCNT, having a
high activity in NB hydrogenation, and of Ru/CNT, highly
selective for the hydrogenation of AN to CA, provided high
activity at constant high selectivity. Ru/C-NaNO, catalyst was
found to catalyze NB hydrogenation to produce AN (100%
selectivity at 80°C) or CA (100% selectivity at 90°C) in high
yield, depending on the reaction temperature.'®> Considering
the fact that Ce is a well-known electron acceptor, a Ru@Cg
catalyst should provide electron deficient Ru NPs, which
could be of interest for this reaction. Herein, we report a
simple method for the preparation of Ru@Cg, catalysts
consisting of a Ru fulleride core and a shell of Cg stabilized
Ru NPs. A significant charge transfer from ruthenium to
fullerene has been evidenced by Raman spectrometry, XPS,
and supported by density functional theory (DFT)
investigations. These catalysts allow to obtain AN or CA with
high selectivity (>90%) at 80°C under 30 bar of hydrogen.

[ Results and discussion

A series of Ru@Cg catalyst with Ru/Cg molar ratio ranging
between 1 and 50 was prepared by decomposing
[Ru(COD)(COT)] (COD = 1,5 cyclooctadiene, COT = 1,3,5-
cyclooctatriene) under H» (3bar) in the presence of C¢p at r.t. in
CH,Cl, (see SI for experimental details). The decomposition
reaction of [Ru(COD)(COT)] in the presence of Cg results in
the selective formation of spherical particles with mean
diameter increasing with the Ru/Cg ratio, from 36.2 + 1.2 nm
for Ru/Cep=1 (Figure 1-a) to 63.3 + 0.8 nm for Ru/Cs=50.
Depending on the Ru/Cg ratio, these spherical particles can be
or not surface decorated with metallic Ru NPs (< 1.5 nm). For
a Ru/Cg ratio of 1, a polymeric structure is obtained, in which
each Ru atom is coordinated to two Ce, with a n*®-n¢
coordination mode.'* HREM performed on this sample (Figure
S1) did not reveal the presence of any Ru NPs. However
STEM images (Figure 1-b) allow visualizing extremely small
objects, isolated atoms and clusters with a few atoms that are
stabilized on the surface of the Ru fulleride. They are seen as
light gray dots distributed uniformly through the fulleride
spheres.

This polymeric phase is the kinetic product of the reaction.
The presence of isolated Ru atoms on the surface of these

spheres (single atom catalyst) should maximize the efficiency
of metal atom use, which is particularly important for
supported noble metal catalysts.'> For Ru/Cg ratio > 1, Ru
NPs are produced (Figure 1-c), presumably from the
atom/cluster germs, producing the thermodynamic products of
the reaction. The presence of Ru NPs only on the surface of
the ruthenium fulleride has been confirmed by electron
tomography (Figure 1-d,e). Interestingly, the Ru mean NP size
does not change with the Ru loading (Table 1), and 1.35 £
0.02 nm Ru NPs can be produced by this method for a Ru
loading as high as 60% w/w.
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Figure 1. a) TEM micrograph of Ru@Ceo 1/1; b) STEM of
Ru@Cgp 1/1 (scale bar 10 nm); ¢) HREM of Ru@Cego 20/1 (scale
bar 20 nm); d) and e) TEM and 3D analysis of Ru@Cso 20/1 by
electron tomography (scale bar 50 nm).

As XRD was not informative due to the very small size of the
NPs, WAXS analyses have been undertaken. After corrections
and Fourier Transforms, the related PDF functions are very
close, and consistent with metallic Ru NPs with low structural
disorder and sizes in the 1.5-2.5 nm range. From the shape of
the envelope (Figure S2) characterized by a rapid initial
decrease and a secondary maximum for a larger value (ca 1.5
nm) before the final decrease, size dispersion is likely, with a
large proportion of NPs much smaller than the 2.5 nm value.
This is in agreement with TEM measurements.



Table 1. Loading and mean particle size of the Ru@Cgo
samples.

Ru/Cep* Ru load® (%) Ru NPs mean size (nm)°
1/1 10.6 Not observed

2/1 16.7 1.16 £0.02 nm

5/1 35.6 1.31 £0.03 nm

10/1 48.7 1.26 £0.03 nm

20/1 50.4 1.10 £0.01 nm

30/1 54.7 1.34 £0.01 nm

50/1 61.9 1.31 £0.02 nm

2 Synthesized by decomposing [Ru(COD)(COT)] under Hz (3 bar)
in the presence of Ceo at r.t. in CH2Clo. ® by ICP. ¢ Manual
measurement from enlarged TEM micrographs of at least 200
objects.

We independently checked that the decomposition of an
excess of [Ru(COD)(COT)] (3 bar Hy, r.t., CH,Cl,) on the
Ru@Cg 1/1 sample, to reach a 10/1 ratio, does not produce
the same material than Ru@Csy 10/1 (Figure S3 for TEM).
Indeed, while the Ru@Csy 10/1 sample shows well dispersed
Ru NPs on the fulleride spheres, the former sample shows the
presence of aggregated Ru NPs deposited on the fulleride
spheres. This is an indirect evidence of the fact that the Cgo
should also contribute to the stabilization of the ruthenium
NPs in the Ru@Cg samples. DFT calculations performed on a
Ruy; cluster have shown a significant stabilization of the
cluster upon Csy coordination. Calculated cohesive energy per
fullerene ranges between 64 and 92 kcal/mol for nCeo-Rui3
(n=1-6) assemblies (see SI, Figure S4 and Table S1 for the
computational details). The thermal stability of these
nanostructures was evaluated by isothermal heating under
argon. These structures are very stable up to 200°C, and begin
to degrade at 400°C (Figure S5).

Significant charge transfer from ruthenium to fullerene has
been evidenced by Raman spectrometry and XPS for all the
prepared materials, which is an important factor to take into
account, particularly if we consider the possible reactivity of
these materials. Figure 2-a shows Raman spectra excited at
532 nm of Cgp, Ru-Cgo 1/1, and 20/1 samples, in the spectral
range of the tangential pitch mode A,(2). It has been shown
that the energy of the A4(2) mode (1469.3 cm™ for pure Cgp) is
sensitive to charge transfer in transition metal fullerides.'® We
observe here a spectral shift as large as -8.7 cm™ for the Ru-
Ceo 1/1 sample and -11.6 cm™ for the Ru-Cgp 20/1 sampleas
well as, a significant broadening with increasing amount of
Ceo, caused by strong electron-phonon interaction. The charge
transfer was also evidenced by XPS (Figure 2-b), by
comparing the binding energy of Ru 3ps» in samples Ru-Cg
1/1 and 20/1 with that of metallic ruthenium (461.2 eV): the
measured binding energies were 462.2 and 461.5 eV for the

Ru-Cg 1/1 and 20/1 samples, respectively. Theoretical charge
transfers obtained by DFT for nCe-Ru;3 (n=1-6) systems are
ranging from 1.03 to 2.96 e, for n=1 to n=6 respectively
(Table S1).
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Figure 2. a) Raman spectra of excited at 532 nm of Cso and
Ru@Cg 1/1 and 20/1 samples in the spectral range of the
tangential pitch mode Ag(2); and b) XPS Ru 3p32 spectra of
Ru@Ceo 1/1 and 20/1 samples.

Nitrobenzene hydrogenation was studied at 30 bar H, and
80°C in ethanol. We independently checked that under these
experimental conditions, Ceo has no activity for this reaction.
Table 2 shows the results obtained with the Ru@Cgy samples
at different Ru/Cq ratio (see Figure S6 for the evolution of the
conversion over the time). The main reaction products were
AN and CA; DCA and N-ethylaniline (AN-Et), which is
formed from N-alkylation of aniline due to reaction with the
solvent,'!® were the only detected by-products. All catalysts
were found active for NB hydrogenation. The low loading
catalysts (Ru/Cey ratio < 5) were found inactive for the
hydrogenation of the aromatic ring, and AN was produced
with selectivity > 80%. This might be due to the extremely
small size of the Ru NPs present in these samples, which
might be poorly active for aromatic ring hydrogenation.'>?® At
Ru/Cg¢ ratio > 5, all catalysts were active for AN
hydrogenation to CA. The remarkable feature of all these
catalysts is that AN hydrogenation to CA starts only when
complete NB hydrogenation to AN has been finished (see
Figure 3 for the Ru@Cg, 10/1 catalyst).



Table 2. Results of hydrogenation of nitrobenzene in ethanol with different Ru@Cg catalysts.

Nitro- group Selectivity [%]*

Aromatic ring

Selectivity [%]*

Ru/Ceo TOF Time TOF Time
e i AN ANEC . CA DCA CA-Et

1/1 18.7 48 80 20 - - - - -

2/1 33.6 48 84 16 -- - trace -- -

51 443 24 96 4 1322 6 91 4 5

10/1 55.7 4 90 10 100.4 3.5 86 7 7

20/1 60.8 3.5 91 9 182.1 2 84.5 8.5 7

30/1 59.8 3 91 9 123.1 1.5 82.5 9 8.5
50/1 42.6 3 92 8 134.5 1.5 89 5 6

Reaction conditions: 5 mg Ru@Cgy catalyst, 500 mg (4.06mmol) nitrobenzene, 200mg (1.1 mmol) dodecane (internal standard), 30
bar H, 80°C, 30 mL EtOH.  determined by GC-MS using internal standard technique. ® TOFs calculated at 1h of reaction (=30%
of conversion) except for ratios 1/1 and 2/1 (3h). ¢ TOFs calculated at 0.5h of reaction (=50% of conversion) except for ratios

5/1 and 10/1 (1h).

To the best of our knowledge such behavior has never been
reported before. Controlled and chemoselective hydrogenation
of NB over these Ru@Cg catalysts is thus possible. Indeed,
selectivity towards AN higher than 90% and selectivity
towards CA higher than 80% have been obtained whatever the
Ru/Cgo loading. If we consider the activity of these catalysts,
the TOF were systematically higher for the hydrogenation of
the aromatic ring compared to the nitro group. Apparent
activation energies for NB and AN hydrogenation for the
Ru@Cg 10/1 catalyst were calculated using the kinetics
measured at 60, 80 and 90° C (5 mg of Ru@Cg 10/1 catalyst,
NB or AN 0.2M, 30 bar H,, 20 mL EtOH see SI, Table S2 and
Table S3 for further details). According to the NB and AN
hydrogenation conversion rates in the temperature range of 60-
90° C the calculated activation energies are 63.4 and 34.6
kJ/mol, respectively. Competitive hydrogenation in the
presence of both NB and AN was performed using the
Ru@Cg 10/1 catalyst (see Table S4).
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Figure 3. Time-concentration curve for NB hydrogenation
with Ru@Ce (Ru/Ce = 10/1).

The reaction proceeds similarly, NB was selectively
hydrogenated first with no presence of CA in the reaction
mixture. The direct hydrogenation of AN also produced
selectively CA, nevertheless the activity of the catalyst was
lower (see Table S5). After reaction, the size of the Ru NPs, as
well as the size of the Ru@Cs nanospheres was not
significantly changed (Table S6 and Table S7). Recyclability
tests were performed with the Ru@Cg, 10/1 catalyst (see SI
for experimental details and Table S8). A slight decrease of
the final conversion was observed in the successive catalytic
runs. Nevertheless, Ru was not detected in the final product by
ICP analyses, indicating that there is no leaching of soluble Ru
species. Taking into account these results, the decrease of the
conversion during the recycling tests is more likely due to the
slight increase of the Ru NPs mean size after catalysis (Table
S6).

Highly exothermic reactions, such as NB hydrogenation often
employ a solvent to help dissipating the excess heat generated
during the reaction, and to prevent possible explosion. It has
been shown that the nature of the solvent employed has a
significant effect on the rate and selectivity of the catalytic
hydrogenation reactions.?! Solvents may play different roles,
in addition to the usual one (heat management, solubilisation),
such as: i) change the solubility of hydrogen, ii) compete with
the reactants for adsorption at the metal surface, iii) catalyze
side reactions, iv) provoke catalyst agglomeration, and V)
interact with the reactant. Concerning the latter effect,
favorable thermodynamic interaction between the solvent and
the reactant is expected to reduce the adsorption of the reactant
on the catalyst, while unfavorable interaction should aid the
adsorption. The Ru@Cg 10/1 catalyst was used to evaluate the
influence of the solvent (Table 3). Methanol, ethanol and
isopropanol were compared. Hydrogen solubility in these
solvent is expected to follow the order: iPrOH > EtOH >
MeOH, as H, solubility in alcohols increases with the number



of carbon atoms.”> The relative permittivity () follow the
order MeOH (g; = 32.7) > EtOH (& = 24.5) > iPrOH (& =
17.9). A significant solvent effect was noticed both on catalyst

solvent on the rate of hydrogenation. The interactions seem to
affect the energetics of the reaction, as reflected in the value of
the activation energy, which was observed to change with the

reaction medium.?! However, over palladium catalysts
supported on nanodiamonds, the higher rates of NB
hydrogenation were obtained in butanol, followed by ethanol
and then methanol.*

activity and selectivity. As far as the activity is concerned,
methanol is by far the best solvent. Results obtained on Pd/C
catalysts have shown that NB?* or nitrotoluene?'
hydrogenations proceed much more rapidly in methanol than
in isopropanol or ethanol. It has been proposed that the
interaction between the solvent and the reactant is probably
the dominant factor that decides the overall effect of the

Finally, we also broadened the spectrum of substrates to
substituted nitrobenzenes (Table 4), in order to vary the
electron donating/withdrawing character of the substituent.

Table 3. Results of hydrogenation of nitrobenzene with the Ru@Cg (Ru/Ceo = 10/1) catalyst in different solvents.

Nitro- group Selectivity [%]* Aromatic ring Selectivity [%]*

Solvent
TOF Time N- TOF Time N-
AN . CA DCA .
hte h alkylation hle h alkylation
MeOH 42.6 3 98 2 134.5 3 88 5 7
EtOH 55.7 4 90 10 1004 3.5 86 7 7
Isopropanol 37.0 6 100 O 45 4 94.5 2 35

Reaction conditions: 5 mg Ru/Cg 10/1 catalyst, 500 mg (4.06mmol) nitrobenzene, 200mg (1.1 mmol) dodecane (internal standard),
30 bar H», 80°C, 30 mL solvent. “ determined by GC-MS using internal standard technique. ® TOFs calculated at 1h of reaction
(=30% of conversion). ¢ TOFs calculated at 1h of reaction.

Table 4. Results of hydrogenation of substituted nitroarenes with the Ru@Cgo (Ru/Cso = 10/1) catalyst in ethanol.

Substrate Nitro- group Selectivity [%]* Aromatic ring Selectivity [%]*

TOF Time s-AN  N- TOF Time s-CA  s-DCA  N-alkylation
holb h alkylation p-10 h
@Noz 55.7 4 90 10 100.4 35 86 7 7
ONOz 94.8 2.5 94 6 36.0 4.5 89 3.1 7.8
mOmz 1093 2 92 8 38.6 5 96.7¢ 1.5 1.8
FONOQ 236.0 1 92.5 7.5 1143 3 85.2¢ 9.1 5.7
HOONOZ 168.4 1 98 2 243 7 87 n.d. 12

Reaction conditions: 5 mg Ru/Cs 10/1 catalyst, (4.06mmol) nitroarene, 200mg (1.1 mmol) dodecane (internal standard), 30 bar H»,
80°C, 30 mL solvent. “ determined by GC-MS using internal standard technique at 100% conversion. . ® TOFs calculated at 1h of
reaction. ¢ Selectivity towards the de-halogenated substrate.



For all substrates tested, the stepwise hydrogenation to
produce the fully hydrogenated amine was observed. As
expected from the electronic effects, p-chloronitrobenzene and
p-fluoronitrobenzene react faster than p-nitrotoluene to
produce the respective aniline.”® Further hydrogenation of
toluidine, provides particular challenges with respect to
chemo- and diastereoselectivity. Indeed: i) the aromatic ring
can be fully or partially hydrogenated; ii) the amino group can
be cleaved off or may be susceptible to parallel or consecutive
reactions; and iii) the methyl group opens the possibility of
cis/trans diastereomerism in the hydrogenated product. Para-
toluidine was fully converted only after 4.5h. In parallel with
the consumption of p-toluidine, cis- and trans-4-MCyNH> and
small amounts of the three secondary amine (4-MCy),NH
diastereomers were formed, as well as the N-alkylation
product. Cis- and trans-4-MCyNH, were formed in a ratio of
4, which is unusually high for Ru/C catalysts.?**” For chloro
nitrobenzene hydrogenation, ruthenium is known as a good
catalyst for minimizing dehalogenation, while keeping a fast
rate for reduction of the nitro group.”®3 Chloroaniline is
usually obtained with high selectivity on carbon supports.’'-33
The complete hydrogenation that should produce
chlorocyclohexylamine has not been reported. However, it is
known that on Pt/Al,O; catalysts, after the hydrogenation of p-
chloronitrobenzene to p-chloroaniline, the aromatic haloamine
undergoes hydro-dechlorination to aniline, and further ring
hydrogenation to cyclohexylamine.** After 2 hours of reaction
the Ru@Cg catalyst allows the production of p-chloroaniline
with 92% selectivity. In a second stage, the p-chloroaniline
undergoes hydro-dechlorination to AN, and further ring
hydrogenation to produce CA. The p-fluoronitrobenzene
shows the same behavior.

Figure 4. a) Side view of the m—mode coordination of a
nitrobenzene molecule on a facet of a naked 2Cgo-Ruis
molecular complex; b) Side view of the NO,-mode
coordination of a nitrobenzene molecule on the edge of a
naked 2Cso-Ru;3 molecular complex.

In order to understand the controlled and chemoselective
hydrogenation of NB over the Ru@Cse catalysts, a DFT study
has been performed, in order to explore the coordination
thermodynamics of a single NB molecule on a 2Ceg-Ruis
molecular model. Two coordination modes, denoted m-mode
and nitro-mode, appeared to be in competition. The first mode
is when the m -system of the NB interacts with a facet of the
Ru;s. The second one corresponds to the nitro group attached
to an edge of the cluster; see Figure 4a and 4b.

It is then clear that for the m-mode, both hydrogenation of the
aromatic ring and the nitro group are possible, while only the
latter will be available in the nitro-mode coordination. Without
any hydrides on the metallic surface, the adsorption energy of
both configurations is similar, -50 and -57 kcal/mol for nitro-
and m-mode respectively. It has to be noted that for an infinite
Ru(0001) surface, which could be viewed as a good
approximation of facets presented by large Ru NPs,** the
adsorption energy drops but remains in favor of the n-mode, -
45 kcal/mol vs. -30 kcal/mol. This is an interesting result that
is not in agreement with what is usually admitted.

Here we propose that the NO,-mode is favored by the
presence of numerous hydrides on the metallic surface, with
an experimental ratio between 1.3 and 2 H per surface Ru
atom.’*” Recently a theoretical study has shown that on small
Ru NPs, the maximum coverage value is 1.6 H per Ru surface
atom.*® As shown in Figure 5, for low coverage values, the n-
mode is thermodynamically favored, but as soon as enough
hydrides are present on the surface, the NO,-mode becomes
more stable. Considering the experimental conditions
(temperature and pressure of H,), it is possible to consider that
the small metallic NPs are fully covered, and are preferential
sites for the selective hydrogenation to aniline.
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Figure 5. Evolution of the energy difference between the two
adsorption modes with respect to the ratio of H per Ru surface
atoms present on the metallic cluster.

l Conclusion

We successfully prepared, in a straightforward manner,
ruthenium@Cgp nano-objects. These structures consist in a
ruthenium fulleride core (kinetic product of the reaction),
surrounded by a shell of Ru NPs (= 1.5 nm). These materials
are characterized by a significant charge transfer between Ru
and Cée, providing electron deficient Ru centers. The catalytic
activity of these objects has been investigated for NB
hydrogenation. The remarkable feature of this study is the
controlled and chemoselective hydrogenation of NB, which
provides, first AN, and then CA, with high selectivities. DFT



calculations have shown that the coordination mode of NB on
such nano-objects changes with the hydride coverage. At low
coverage m—mode coordination is favored, for which both
hydrogenation of the aromatic ring and the nitro group are
possible. Whereas at high hydride coverage, NO>-mode
coordination prevails, for which only NO:2 hydrogenation is
possible. Thus the combination of electron poor ruthenium
nanoparticles and high hydride coverage explain the very high
selectivity observed with Ru@Ceo catalysts. For comparison, a
Ru/CNT catalyst gives only a maximum selectivity towards AN
of 64%.°
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