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Challenging Thermodynamics: Hydrogenation of Benzene to 1,3-
Cyclohexadiene by Ru@Pt Nanoparticles

Andreas Weilhard,™ ! Gabriel A. Abarca,® Janine Viscardi,® Martin H. G.
Scholten,*? Fabiano Bernardi, Daniel L. Baptista® and Jairton Dupon

Dedicated to Prof. Faruk Nome (UFSC-Brazil) in the occasion of his 65™ anniversary.

Abstract: Since the earliest reports on catalytic benzene
hydrogenation, 1,3-cyclohexadiene and cyclohexene have been
proposed as key intermediates. However, the former has never been
obtained with remarkable selectivity. Herein we report the first partial
hydrogenation of benzene towards 1,3 cyclohexadiene under mild
conditions in a catalytic biphasic system consisting of Ru@Pt
nanoparticles (NPs) in ionic liquid (IL). The tandem reduction of
[Ru(COD)(2-methylallyl);] (COD = 1,5-cyclooctadiene) followed by
decomposition of [Pty(dba);] (dba = dibenzylideneacetone) in 1-n-
butyl-3-methylimidazolium hexafluorophosphate (BMI.PFg) IL under
hydrogen affords core-shell Ru@Pt NPs of 2.9 + 0.2 nm. The
hydrogenation of benzene (60 °C, 6 bar of H;) dissolved in n-
heptane by these bimetallic NPs in BMI.PF; affords 1,3-
cyclohexadiene in unprecedented 21% selectivity at 5% benz
conversion. On opposition, almost no 1,3-cyclohexadiene
observed using monometallic Pt(0) or Ru(0) NPs under the same
reaction conditions and benzene conversions. The study re

composition of the catalyst material as well as the
under biphasic reaction conditions. It is proposed that
catalysts in ILs and under multiphase condifj
asymmetric mixture”) can operate far from th
equilibrium akin to chemically active membranes.

Introduction

Benzene hydrogenation is one
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clohexene (CHE) and
exane (CHA) product."
benzene to CHE is quite a
performed at the industrial scale with
tivities  employing  modified Ru
the preparation of mono-
hydrogenated p s) is still a challenge even in terms
of detection under catalytic hydrogenation conditions, since
upder stan?conditions the reaction of benzene and H; to

challenge,” it ca

Ds is 13 I/mol uphill in free energy. This catalytic reaction
erefore thermodynamically impossible. In this vein, first-
i DFT calculation mechanism of benzene

to be at best minor products, since they are not formed
inant reaction path. The only product that can
desorb HA, and the most-abundant reaction mixture
contains bénzene and hydrogen.'"""? Nonetheless, CHE and
CHDs have been obtained during hydrogenation of benzene
prognoted by lanthanide NPs in ammonia, albeit in virtually
yometric conditions."®! Interestingly, CHD is also usually
ed as intermediate during the dehydrogenation of CHE or
A by Pt catalysts.['*"®

hers'"® and we!"”! have already demonstrated that Ru NPs
modified by ILs are quite effective and selective catalysts for the
partial hydrogenation of benzene to CHE, but no CHDs have
been detected so far. We have envisioned that the selectivity of
this reaction may be improved by controlling the electronic
properties of the NPs, the atomic geometry of the NPs’ surface
atoms in the ILs, the reactions conditions (temperature, pressure
and benzene concentration), and by using multiphase conditions,
for example, by extracting the formed CHE from a
NPs/IL/benzene phase. Therefore, working far from the
thermodynamic  equilibrium, ideally in non-equilibrium
thermodynamic conditions, it will be possible to achieve higher
CHE selectivities, at least at the very early stages of benzene
hydrogenation.

Activation of the Pt catalytic centre (using which, CHD is formed
during dehydrogenation of CHE) may be induced by the
introduction of Ru as a second component in a bimetallic NP.I"®
"*I' Analogous observations in terms of electronic modifications
have been made with Pd@Au NPs in dehalogenation
reactions,”” hydrogenation reactions,?"! Pt@Co®? and Pd@Ag
NPs for decomposition of formic acid.**

We report herein that indeed, the use of an extracting phase
with the bimetallic Ru@Pt NPs in 1-n-butyl-3-methylimidazolium
hexafluorophosphate (BMI.PFs) allows not only the formation of



CHE but also 1,3-CHD with unprecedented selectivity for the
partial hydrogenation of benzene.

Results and Discussion

The most commonly used synthetic method for the generation of
bimetallic core@shell MNPs is the reduction of a second metal
onto pre-formed cores, but this generally leads to larger NPs
(>10 nm).”" Using the “template” method, small Ru@Pt NPs
have been easily prepared in BMI.PFs. The Pt(0) precursor was
decomposed over a previously synthesised ruthenium core,
while self-nucleation of Pt was inhibited by keeping the
temperature above the nucleation temperature of Pt.'"® Thus,
the reduction of [Ru(COD)(2-methylallyl);] (COD = 1,3-
cyclooctadiene) in BMI.PFg at 75 °C for 18 h under 5 bar of
hydrogen affords Ru(0) nanoparticles.”® The addition of
[Ptz(dba);] (dba = dibenzylideneacetone) to the thus prepared
Ru(0) nanoparticles in IL followed by treatment with molecular
hydrogen (4 bar) at 75 °C for 24 h affords a black solution
containing Ru@Pt nanoparticles of 2.9 £ 0.1 nm (Figure 1).
These nanoparticles were characterised by Rutherford
backscattering (RBS), transmission electron microscopy (TEM),
scanning transmission electron microscopy (STEM), energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS). The RBS analyg
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shows a 2:1 Pt:Ru composition (Figure S1) indicating that half of
the initial Ru was not incorporateghin the bimetallic structure.
Indeed, the Ru species not incor have been extracted
during purification step (extraction wit , benzene and
pentane) as determined by ICP-OES he organic
phase (Table S1).

The mean size diameter o
(120 kV) and HAADF-STEM (3

s determined from TEM
icrographs (Figure 1)
The NPs are well
igures 1a and 1b.
of isolated particles are
d to FFT analyses may
e Ru@Pt particles. The
nt sometimes prevails in

High-resolution H
also shown (inset:

was also acquired, supporting the
u@Pt surface (Figure 2). The mean
s (2.8-2.9 nm) is larger than those
d Pt(0) (both approximately 2.5 nm)
prepared in ILs. The Ru@Pt NPs in the IL are stable and do not

ow any sj@ of agglomeration/aggregation after one week
ure S2)4ote that density functional theory calculations have
already reported to characterize the interactions between
BMWRFs IL and Ru@Pt model nanoclusters.?®
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The metal-metal distances calculated from the XRD
diffractogram of isolated Ru@Pt NPs are shifted, as compared
to pure metals (Figure S3). The obtained diffractograms match
with the one, which has been simulated for Ru@Pt (Figure S3)
rather that with the one calculated for Pt/Ru alloy and the
monometallic Pt+Ru aggregate mixture.!' 2" The highest
convergence found with a Ru@Pt core-shell structure with a
hexagonal closed packed (hcp) Ru-core and a face-centered
cubic (fcc) Pt-shell has an average size of 3.4 nm, slightly larger
than what was determined by TEM (Figure 1). However, the
reflex for Pt(200) could not be detected. It is assumed that the
intensity is lowered and shifted to lower degrees resulting in an
overlapping with the Ru(101) reflex akin to what was observed
earlier." Also, the Pt(220) is shifted to lower degrees, indicating
a thicker platinum shell (Figure S3). The determined lattice
parameters for ruthenium are in good accordance with
theoretical values, while the refined lattice parameter for the
platinum shell gives a cell parameter of 4.028 A, which is slightly
stretched compared with pure Pt (3.9231 A),”® indicating
interactions between the Ru-core and Pt-shell. This is probably
due to the poor crystalline Ru-core and/or to the partial entrance
of Ru into the Pt-shell."

Furthermore, the surface composition of the Ru@Pt NPs was
investigated by XPS with two incident photon energies (1840 eV
and 3000 eV). The wide-scan XPS spectrum indicates the

presence of Pt, Ru, O, C, N, F and P atoms (Figure S4). The
oxygen atom is probably due to the oxidation of the

surface during experimental manipulation and the fl
nitrogen, and phosphorus atoms are from the IL (no metal
fluoride was observed).
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measured between the intensities of the Pt 4f to Ru 3ps. XPS
regions normalised by the corrgabonding differential cross
section and incident flux.*? The ic mean free path of
photoelectrons ejected due to an inciden energy of 1840
eV is around 18 A (Pt 4f and Ru 3p3;2 [
photon energy of 3000 eV, g

29 A (Ru 3ps region)."

region) and
by comparing the XPS
ossible to probe the Ru
f the sample. The
m 2.2 (Epn = 1840
is ratio decreases when
tent with an increase in
pared to the intensity of
result is evidence for the

eV) to 0.8 (Epn =
increasing the pro
the intensity of the'
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Figure 3. XPS measurements of Ru@Pt nanoparticles at Pt 4f ((a) and (c))
and C 1s + Ru 3d ((b) and (d)) regions at 1840 eV ((a) and (b)) and 3000 eV
((c) and (d)).

For comparison purposes, Pt(0) NPs (~2.5 nm in mean
diameter)®? and Ru(0) (~2.6 nm in mean diameter)' were
prepared in BMI.PFs using known procedures. It is known that
the hydrogenation of benzene at 75 °C, under 4 bar of hydrogen
by Pt(0) in BMI.PFs affords only CHA,'® whereas CHE was
detected at very low benzene conversion in the reaction
performed with Ru(0) NPs in BMI.PFs.""" However, we found
that by increasing the H, pressure to 6 bar and reducing the
temperature down to 60 °C, partial hydrogenated products (CHE
and 1,3-CHD, Scheme 1) could be detected (Table S2).
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Scheme 1. Hydrogenation of benzene showing the possible products.
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Only CHA was detected in the reaction performed with Pt(0)
NPs, whereas those performed with the Ru(0) NPs, CHE was
observed in 12% selectivity and, to our delight, 1,3-CHD in 23%
selectivity at 1% benzene conversion (Table S2). In the case of
bimetallic Ru@Pt NPs, the selectivity was 34% in CHE (at 1%
benzene conversion) and no CHDs were detected. This is a
clear indication that the Ru core changes Pt shell properties
since the reaction using monometallic Pt nanoparticles has no
selectivity for the partial hydrogenation products, whereas the
Ru@Pt shows relatively high selectivity for CHE (compare
entries 1 and 3, Table S2).

When the hydrogenation reaction was performed in the
presence of 2 mL of n-heptane using the same reactions
conditions, 1,3-CHD was formed (see entries 4-6, Table S2)
even in the case of Pt(0). However, 1,3-CHD was obtained in
27-33% selectivity when Ru(0) or Ru@Pt was used (entries 5

and 6, Table S2), although at very low benzene conversion (1%).

Most impressive, high selectivities (up to 21%) for 1,3-CHD were

achieved in the case of Ru@Pt NPs even at 5% benz
conversions (Figure 4).
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Figure 4. Selectivity of the partial hydrogenation products ((a) 1,3-CHOR@nd
(b) CHE) vs. benzene conversion. Reaction cglditions: 67 umol metal s
benzene/metal (mol ratio) = 670, 1 mL BMI. Co-
solvent: 2 mL n-heptane. Conversion and se
It is worth noting that no si e mean
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XPS analysis of the Ru@Pt N
intensity of the
changes from 9%
as-prepared sampl
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and 66% (Pt(IV)) in the
43% (Pt 46% (Pt(ll)) and 11%
eaction (Figure 5 and Figure S7).
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s of the nanoparticles with Pt
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atoms after catalysis (Figure 5). For a fixed photon incident
energy of 1840 eV, the Pt 4f/Ru ratio increases from 2.2
(before) to 5.5 (after the cataly tion). These results
provide evidence that the surface comp hanges through
surface segregation as
hydrogenation conditions,
NPs. 223334 Therefore, the

least two possible
on the standard
a catalyst does not alter
f a reaction. First, the
zene hydrogenation is
at such lower benzene

principle of traditio
the final thermod
reaction is not ¢
stoichiometric i
conversions.
TON >30 were
been repeated se
differe

times by 3 different chemists in two
il and UK) using distinct experimental
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Figure 5. XPS measurements of Ru@Pt nanoparticles at Pt 4f ((a) and (c))
and C 1s + Ru 3d ((b) and (d)) regions at 1840 eV ((a) and (b)) and 3000 eV
((c) and (d)) after catalysis.

The second and most probably explanation is that under these
asymmetric dynamic conditions (MNPs/ILs/organics/H;) the
reaction proceeds far from equilibrium® and the reaction
surface is better considered as a separate thermodynamic
systemP®*¥  (“2-D reaction surface”).”® Indeed, chemical



reactions far from equilibrium may exhibit various phenomena of
temporal and spatial self-organization'*® and complex transitory
structures,*"! as for example in Pt surface.*” Moreover, the
viscoelastic model is probably the most adequate to describe the
dynamic asymmetric mixture (MNPs/IL/organic substrates and
products) since it is composed of fast and slow components, as
in colloidal suspensions.*? Therefore, the IL/NPs catalytic
system can be regarded as a chemically active membrane'”
(confined space)***? in which benzene is retained in the
catalytic phase and the hydrogenated products (CHD, CHE and
CHA) are expelled akin to that observed in the partial
hydrogenation of dienes by Pd based catalysts in neat ILs!*¢*¥
or supported in hybrid/IL materials.*"’

Hence, the catalytic system MNPs/IL/nheptane provides the
conditions in which the 1,3-CHD formed is removed from the
catalytic site probably by benzene/n-heptane mixture. Indeed, in
the reaction performed with the isolated Ru@Pt, i.e. without
BMI.PFs, the 1,3-cyclohexadiene selectivity drops from 21% in IL
to 5% without IL at 5% benzene conversion (Figure 6). Moreover,
the reaction performed employing co-solvents such as
dichloromethane, which is miscible with the IL, gave very low
selectivity for the partial benzene hydrogenation products.

40 10
I RU@Pt NPs I RU@Pt NPs
35 221 Ru@Pt NPs (without IL) V27721 Ru@Pt NPs (without IL)

o -3
L

Selectivity CHE (%)
N

Selectivity CHD (%)

N
h

2

3
Conversion (%)

Conversion (%)

Figure 6. Selectivity of the products in the benzene hydr,
by Ru@Pt NPs in the presence and absence of the IL
Reaction conditions: 67 pmol metal NPs, benzene/metal (mol ra
60 °C and 6 bar of H,; 2 mL of n-heptane.

Moreover, benzene is at least 20 tim
the alkenes!'” and thus can displac

40% at
1,4-CHD

1% conversion to 26% at 5%
was observed in any
nanoparticles indica,

no-hydrogenation of benzene, i.e.
ith specific catalytic sites, mainly

reducing the
the surface atoms at which it was formed. This activation is very
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likely a result of the modification of the geometric/electronic
structure of the Pt surface ed by the presence of
subsurface Ru atoms. This m ion accelerates the
benzene partial reduction through a su il stabilisation of
the reactive intermediate (1,3-CHD) th
and removed from the IL i
phase before it is hydroge

as compared to
0¥nm Ru@Pt NPs.'®
(2.9 nm) NPs compared
nm) implies only a small
ace atoms (from 55% to
s).5% Moreover, the Pt

to those of mono
reduction of face t
48%, assumi

PS (only 9% of Pt(0) in Ru@NPs against
37% in Pt(0 is known that the affinity of benzene for

its acti

increases the stabilisatio
allows its desorption.

e demonstrated that small (~2.9 nm), stable and well
PF¢ soluble Ru@Pt NPs can be easily prepared
reduction of Ru(ll) followed by decomposition of
Pt(0) orgarfometallic precursors under hydrogen. The Pt(0)
surface of these core-shell like Ru@Pt NPs display
unprecedented catalytic properties towards the hydrogenation of
e to 1,3-CHD (21% at 5% benzene conversion) that is
etely different from monometallic Pt(0) or Ru(0), which
“very low selectivities” for partial hydrogenated products
der the same reaction conditions. The Pt electronic
odification is very likely due to its higher electron deficiency
provoked by the subsurface Ru atoms in which the
“encapsulated” substrate/intermediate molecule can only adapt
specific conformations as it has to adjust to the geometric and
electronic features of the IL/NPs container. The fine-tuning of the
reaction conditions, in particular the use of n-heptane, in the
hydrogenation of benzene allows the formation of the partial
hydrogenation product 1,3-CHD in relatively high selectivity
(21%), although at low substrate conversion (5%) using Ru@Pt
NPs in BMI.PF¢. These results indicate that metal NPs in highly
organized ILs can operate far from the equilibrium (similar to a
chemically active membrane) and thus open a new window of
opportunities for the development of more selective “soluble”
heterogeneous catalysts.

Experimental Section

General Information. All manipulations involving the metal complexes
were carried out under an argon atmosphere using Schlenk or glovebox
techniques. [Ru(COD)(2-methylallyl);] was obtained from Sigma-Aldrich
and used without further purification. The BMI.PFg,1%? [Ptz(dba)3][53] and
the Ru(0)® and Pt(0)*¥ NPs were prepared according to reported



procedures. Benzene was degassed and stored under argon prior to use.
All of the other chemicals were purchased from commercial sources and
used without further purification. NMR spectra were recorded on a Varian
VNMR spectrometer (300 MHz).

GC and GC-MS. GC analyses were run with an Agilent Technologies GC
System 6820 with a FID detector and a DB-17 column (T injector =
250 °C; P = 103 kPa; T program = 10 min at 40 °C, 10 °C/min until
250 °C, then 10 min at 250 °C). GC-MS analyses were run with a
Shimadzu QP50 with a Rtx-5MS column; T injector = 250 °C; P = 103
kPa; T program = 10 min at 40 °C, 10 °C/min until 250 °C, then 10 min at
250 °C; EI =70 eV).

Preparation of Ru@Pt NPs. A standard reaction: a Fischer-Porter bottle
was loaded in the dry-box with the precursor [Ru(COD)(2-methylallyl),]
(64.5 mg, 0.2 mmol) and 6 mL BMI.PFs. The system was stirred under
vacuum for 20 min and heated until 75 °C. Then, 5 bar hydrogen was
added to the system and kept reacting for 18 h at 75 °C. The obtained
black suspension was evacuated to remove the volatiles. Then, to the
formed Ru nanoparticles, a solution of [Pty(dba)s] (110 mg, 0.1 mmol) in
10 mL acetonitrile was added. All volatile compounds were removed
under reduced pressure at 75 °C and 4 bar of hydrogen were added.
After 24 h the black solution was washed with benzene (3 x 20 mL),
ethanol (3 x 10 mL) and pentane (3 x 30 mL). Again, the system was
evacuated to remove all volatile compounds. The formed nanoparticles
were stored under argon at -20 °C. The nanoparticles were analysed by
transmission electron microscopy (TEM), scanning transmission electron
microscopy (STEM), energy-dispersive X-ray spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS) and electron and X-ray diffracfj
(XRD). For XRD analysis the NPs were isolated by centrifugation wit
addition of THF (10 mL) and washed with DCM (10 x 10 mL), ethal
x 10 mL) and pentane (3 x 10 mL) and dried under reduced pressure.

Hydrogenation of Benzene. As a general procedure, a
benzene (4 mL, benzene/catalyst = 670) with a co-solven
mL) was added to a Fischer—Porter reactor that
appropriate amount of catalyst (67 umol of metal
BMI.PFg (1 mL). The reactor was pressurised with 6
Sample was taken from the reaction mixture every 10
desired reaction time, the reactor was cooled to room tempera
depressurised. GC and GC-MS analysis (Figures S8-S10) of the samp
were used to determine conversions and selectivities.
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The sample was investigated using the long scan, Ru 3d, Ru 3ps,, Pt 4f,
O 1s and C 1s scan regions. The spe were collected using an InSb
(111) double crystal monochromator hoton energies of 1840
and 3000 eV. The hemispherical electron a PHOIBOS HSA3500
150 R6) was set at a pass energy of 30 eV, a

1.0 x 10°° mbar. The monochrom
at the Si K edge (1839 eV).
energy was performed usi

energy calibration was done
libration of the analyser’s

verify possible chargi
at a 45° take off angl

26 range of 20° to 90° with
of 1 s per step with Cu Ka
tor of graphite. Data processing
Rietveld method using FullProf software. The
tion (IRF) of the diffractometer was obtained
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instrumental resolution
from the, ndard.

ements
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