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Carbon-supported metal catalysts are widely used in het-
erogeneous catalysis.! Indeed, the carbonaceous materials
satisfy most of the desirable requirements for a catalytic
support, such as chemical inertness, stability, high surface
area, and easy recovery of the metal phase by burning off
the spent catalyst. However, the inert nature of the carbona-
ceous surfaces sometimes makes it difficult to deposit
metals, leading to mediocre dispersions of the metallic
phase without narrow size distribution.?

To overcome these difficulties, carbon-supported nanopar-
ticles prepared by the deposition of stabilized metal colloids
onto carbon supports have received considerable attention
over the past decade.”! The stabilization of the colloidal
metallic species requires the addition of a protective agent
to prevent the aggregation of the colloids into bulk materi-
als. Several articles have offered highly detailed reviews of
the specific synthesis techniques for preparing nanoparticles
by chemical methods.”! Concurrently to the stabilization of
nanoparticle suspensions, it appears also crucial to consider
the affinity of stabilized colloids for the carbon surface to
obtain well-defined carbon-supported nanoparticles.

As cyclodextrins (CDs) are known to adsorb spontaneous-
ly onto carbonaceous supportst! and to stabilize metal nano-
particles,® we envisaged combining these properties to syn-
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thesize new selective heterogeneous catalysts for gas-phase
hydrogenation reactions. In fact, we speculated that the an-
chorage of the metallic nanoparticles on the organic support
would be easier in the presence of CD and that these CDs
could induce new selectivities through molecular recognition
processes. The specific size, shape, and hydrophobic environ-
ment of the CD cavity could, for example, enforce the sub-
strates to adopt conformations that are either not or less
populated in the proximity of the metal surface or stabilize
certain reactive intermediates.

Among the different cyclodextrins described in the litera-
ture, the randomly methylated cyclodextrins (RaMe-CDs;
Scheme 1) appear to be the best candidates to validate our
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Scheme 1. Preparation of carbon-supported Ru’ nanoparticles stabilized
by various methylated cyclodextrins.

Methylated cyclodextrins (G = H or CHj3):

RaMe-a-CD (n = 6, DS: 1.8 random),RaMe-§3-CD
(n=7, DS: 1.8 random), RaMe—y-CD (n = 8; DS:
1.8 random).

concept. Indeed, we have recently demonstrated that these
methylated CDs can stabilize efficiently Ru’ nanoparticles
in water and that these CD-capped nanoparticles catalyze
the hydrogenation of aromatic compounds in water.[°¢! Fur-
thermore, we have recently discovered that RaMe-CDs can
be easily adsorbed on carbon supports (see Supporting In-
formation).”

The carbon-supported ruthenium nanocatalysts were pre-
pared from CD-stabilized aqueous colloidal suspensions,
which were obtained by the chemical reduction of rutheni-
um chloride, followed by their adsorption onto the charcoal
support (Scheme 1). The solids are denoted Ru-x-RaMe-
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CD/C, where x is the initial molar ratio of RaMe-CD to
RuCl; used to stabilize the colloidal suspension. The ad-
sorbed metal content in the catalysts was determined by ele-
mental analysis and can be averaged to 1.4+0.2wt%
(Table 1).

Table 1. Ruthenium content and BET specific area of the ruthenium
carbon-supported catalysts.

Catalyst Ru BET area Surface loss
[wt%] [m’g '] [%]"

C (Nuchar) 0 1570 -

Ru/C 1.9 1548 1.4
Ru-3-RaMe-B-CD/C 1.2 830 47
Ru-5-RaMe-B-CD/C 1.5 764 51
Ru-10-RaMe-pB-CD/C 1.4 715 54
Ru-3-RaMe-a-CD/C 1.2 724 54
Ru-3-RaMe-y-CD/C 1.2 924 41
Ru-2-HEA/C 1.8 936 40

[a] Calculated by using the carbon surface (1570 m*g™") as a reference.

To investigate the scope limitations of the RaMe-CD as
stabilizers, two additional CD-free samples were synthe-
sized. In the first sample, no stabilizer was used and in the
second one, the RaMe-CD was replaced by the chloride salt
of N,N-dimethyl,N-hexadecyl,N-(2-hydroxyethyl)ammonium
(HEA), which is a well-known protective agent of rutheni-
um nanoparticles.®

Proof of the adsorption of Ru’ nanoparticles was first ob-
tained by porosity measurements. Indeed, the textural prop-
erties of the support are greatly affected when the nanopar-
ticles were adsorbed onto the charcoal (Figurel and
Table 1).
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Figure 1. N, adsorption isotherms and BJH pore size distributions of the
carbon support () and Ru-3-RaMe-f3-CD/(O).

For instance, the Ru-3-RaMe-f-CD/C sample presents
much lower adsorbed amounts of N, on the whole isotherm,
consistent with much lower specific areas (i.e. 830 vs. 1570
and 1548 m?g~! for C and Ru/C, respectively). This phenom-
enon characterizes unambiguously the adsorption of the
CD-stabilized nanoparticles and this adsorption preferential-
ly blocks the entrance of the micropores (<2 nm). The loss
of surface measured with the Ru-2-HEA/C is of the same
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order of magnitude as that measured with the Ru-3-RaMe-
v-CD/C (41 and 40 %, respectively). It is generally agreed
that the ease of adsorption of organic compounds on char-
coals increases with their molecular mass and decreases with
their water solubility.l”! Taking into account that both HEA
and RaMe-y-CD are water soluble, these results indicate
that surfactants and RaMe-CDs interact differently with the
surface.

The successful adsorption of nanoparticles was further
confirmed by thermogravimetric measurements (Figure 2c¢).

Weight loss / %

0 100 200 300 400 500
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Figure 2. Thermogravimetric profiles under a N, atmosphere of a) char-
coal; b) Ru/C; ¢) Ru-3-RaMe-3-CD/C. d) Derivative curve of the TGA
profile of Ru-3-RaMe-3-CD/C.

Indeed, a rapid weight loss occurs in the 235-400°C temper-
ature range, due to the thermal decomposition of the CD
capping agent."”! From the weight loss, it can be deduced
that about 20 % of the introduced amount of RaMe-f-CD is
still anchored onto the carbon surface. Thermogravimetric
analyses prove also that the supported nanocatalysts are
thermally stable up to 235°C under a nitrogen atmosphere
and under a hydrogen atmosphere (see Supporting Informa-
tion), which is of fundamental importance for catalysis.

As these results provided evidence of the adsorption of
the ruthenium particles protected by RaMe-CDs, their cata-
lytic behavior was investigated in the hydrogenation of o-,
m-, and p-xylene in the gas phase at 85°C. Table 2 reports
the steady-state catalytic activities, expressed as turnover
frequencies (TOFs), and the selectivities; the only products
being the two cyclic products cis- and trans-dimethylcyclo-
hexane (DMCH). The results presented in Table 2 indicate
clearly that carbon-supported Ru’ nanocatalysts prepared
with RaMe-CD-stabilized nanoparticles are more efficient
than the classical Ru/C catalyst whatever the substrate.
Moreover, the steady-state TOFs reported in the literature
for the gas-phase hydrogenation of o-xylene at 100°C with
ruthenium systems are 1.5-17 times lower than the best
value generated in this work.'"l Notably, RaMe-a-CD and
RaMe-y-CD are less efficient than RaMe-f3-CD whatever
the substrate. Catalytic activity was also found to be depen-
dent on the CD/Ru ratio. In the case of o-xylene, the best
result was obtained for a CD/Ru ratio of 3:1 (Table 2, en-
tries 4 and 5). Reproducibility of this optimum has been
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Table 2. TOFs!” and selectivities in xylene hydrogenation at 85°C on
ruthenium catalysts

Entry  Sub. Catalyst TOFx10°  Sel;  Sel.u
[s™'] [%]  [%]

1 0-xyl Ru/C 1.29 98.1 1.9

2 o-xyl Ru-3-RaMe-y-CD/C 5.73 97.9 2.1

3 o-xyl Ru-3-RaMe-a-CD/C 8.59 98.2 1.8

4 oxyl  Ru-3-RaMe-B-CD/C"  14.4 96.1 3.9

5 oxyl  Ru-3-RaMe-B-CD/C  14.6 96.1 3.9

6 o-xyl Ru-5-RaMe-3-CD/C 7.44 97.4 2.6

7 o-xyl Ru-10-RaMe-3-CD/C 9.86 97.2 2.8

8 o-xyl Ru-2-HEA/C 0 - -

9 m-xyl  Ru/C 3.17 92.5 75
10 m-xyl  Ru-3-RaMe-y-CD/C 11.3 91.7 8.3
11 m-xyl  Ru-3-RaMe-a-CD/C 20.5 91.2 8.8
12 m-xyl Ru-3-RaMe-B-CD/C'l  30.5 88.6 11.4
13 p-xyl Ru/C 2.78 85.0 15.0
14 p-xyl Ru-3-RaMe-y-CD/C 10.8 84.7 153
15 p-xyl Ru-3-RaMe-a-CD/C 20.0 83.3 16.7
16 p-xyl Ru-3-RaMe-B-CD/Cll 29.8 78.1 21.9

[a] Turnover frequency defined as number of moles of converted xylene
per mole of ruthenium per second. [b] First synthesis batch. [c] Second
synthesis batch.

confirmed by using two Ru-3-RaMe-f-CD/C catalysts ob-
tained from two synthesis batches. For a CD/Ru ratio of
greater than 3:1 the decrease in activity could be caused by
an excess of adsorbed CD on the support, which reduces the
accessibility of the substrate to the active metal sites. Aston-
ishingly, no catalytic activity has been measured by using
nanoparticles stabilized with HEA (Table 2, entry 8). With
regard to the metal content (1.8 %), this result indicates that
the metal surface is inaccessible for the substrate when
HEA is used as protective agent. This surface effect can be
explained by the fact that the long-chain structure of the
surfactant is flexible and can form, upon drying, a layer cov-
ering the surface that renders the metal particles catalytical-
ly inactive, unlike CDs. In fact, this phenomenon could not
occur with the nanoparticles protected by CDs due to the
rigid structure of the macrocycle.

In terms of the stereoselectivity, the product distribution
in the hydrogenation of o-xylene shows a preferential for-
mation of the cis-1,2-DMCH whatever the ruthenium-based
catalyst. This stereoselectivity tendency was in line with that
generally observed for the ruthenium-supported catalysts in
the hydrogenation of o-xylene.'” Even though o-xylene hy-
drogenation is often considered as a structure-insensitive re-
action, Vannice and Rahaman reported that different fac-
tors, such as the nature of metal, surface acidity, and metal
particle could affect the selectivity.'¥l On the basis of the
roll-over model proposed by Inoue and co-workers,' it is
generally considered that the formation of the trans product
is more energetically demanding and requires a longer stay
of the aromatic precursor on the surface, and therefore a
stronger adsorption. This could be achieved by strengthen-
ing the interactions of the intermediate with the active site.
In this context, it should be emphasized that the use of Ru-
3-RaMe--CD/C results in a twofold increase in trans-1,2-
DMCH selectivity. This stereoselectivity effect has been fur-
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ther confirmed with the other xylene isomers (Table 2, en-
tries 12 and 16). Indeed, whatever the substrate, the use of
RaMe-f-CD as stabilizing agent always improves the cata-
lytic activities and the trans to cis ratio.

These results cannot only be rationalized by the promoter
effect of CDs on the dispersion of the active species. In fact,
we assume that the CDs could play an additional role
during the catalytic process, through host-guest interactions.
Accordingly, the preferential formation of the trans product
could be linked to host—guest interactions occurring between
the gaseous substrate and the CD adsorbed onto the Ru’
nanoparticles.™® The ability of solid CDs to interact selec-
tively with gaseous o-, m-, and p-xylene compounds has al-
ready been reported for gas-phase chromatography applica-
tions through the use of CD-packed columns."® Further-
more, it has been observed that the effect of inclusion on
the retention followed the same tendency as that observed
in reverse-liquid chromatography.'® Finally, we have found
that trans-DMCH selectivities can be connected to the for-
mation constants (K;) between xylenes and native CDs de-
termined in aqueous media (Figure 3)."7 As clearly shown
in the Figure 3, the higher the formation constant is, the
higher the selectivity for the trans product is.

Strans | %o

0 50 100 150 200 250
K Im™"
Figure 3. Selectivities for trans-DMCH in the hydrogenation of o- (A),

m- (M), and p-xylene (@) versus the formation constants between a-, -,
and y-CD and o-, m-, and p-xylene.!'”)

In summary, carbon-supported ruthenium nanoparticles
protected by methylated B-cyclodextrins have been success-
fully used as heterogeneous catalysts in the gas-phase hydro-
genation of benzene derivatives. Originally, the RaMe-§3-
CDs appeared to be multi-functional molecular receptors
capable of stabilizing and dispersing ruthenium particles on
the carbon support and of modifying the stereoselectivity
through host-guest interactions. In fact, the $-CDs consti-
tute new binding sites (via the hydrophobic cavity) in the
proximity of the metal surface, contributing positively to the
overall rate of hydrogenation, but more importantly, to the
preferential formation of trans-DMCH. These results dem-
onstrate that the methylated cyclodextrins can be considered
as new tools to develop heterogeneous catalysts for gas-
phase reactions.
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Experimental Section

General: Randomly methylated p-cyclodextrin (RaMe-f3-CD) was pur-
chased from Aldrich Chemicals. Randomly methylated a-cyclodextrin
(RaMe-0-CD) and randomly methylated y-cyclodextrin (RaMe-y-CD)
were prepared by adapting a procedure reported by Y. Kenichi et al.'®l
These cyclodextrins were partially methylated. Methylation occurred at
positions 2, 3, or 6, and 1.8 OH groups per glucopyranose unit were stat-
istically modified.

Preparation of Ru-v-RaMe-CD/C: In aqueous solution, the precursor
RuCl; (90 mL, 0.3x10~* mol) was added to an aqueous solution contain-
ing x equivalents of RaMe-a-, RaMe-f3- or RaMe-y-CD (60 mL, x x 0.3
x10~*mol). The solution was stirred for 15 min. Sodium borohydride
(7.5x107* mol) in doubly distilled water (50 mL) was added all at once
under vigorous stirring at room temperature and the solution was kept
under agitation for 2h at room temperature. Then, charcoal (1 g) was
added to the ruthenium(0) colloidal suspension and stirred for an addi-
tional two hours. Finally, the catalyst was filtered, washed thoroughly
with water (3 x40 mL) and dried at 100°C for 48 h.

Porosity measurements were obtained from nitrogen adsorption/desorp-
tion isotherms at 7=-196°C with a Nova 2200 apparatus from Quan-
tachrom Corporation. Specific surface areas were calculated from the
BET equation using P/P, values in the 2.5x 10~ and 0.17 range and the
pore size distributions were obtained from the desorption branch with
the BJH method.

Thermogravimetric measurements were performed by using a SDT 2960
analyzer from TA Instruments, equipped with a flow gas system. The cat-
alysts were treated under a nitrogen atmosphere, and the temperature
was allowed to increase at a rate of 2°Cmin~' from room temperature to
800°C.

Typical catalysis procedure: For these reactions, o-, m-, and p-xylene
were purchased from Aldrich (99.99 %) and gaseous hydrogen from Air
Liquide (99.995%). Hydrogenation activities were measured at 85°C,
without additional activation steps, in a fixed-bed flow reactor at atmos-
pheric pressure. The hydrogen feed was saturated with vapors (1 kPa) of
o-, m-, or p-xylene at 27, 23, and 22°C, respectively. The total flow rate
of the reaction mixture (molar ratio Hy/xylene of 100) was 60 mL min~".
To keep the conversions low (<20%), small amounts of catalyst were
placed in the reactor, that is, 25 and 50 mg for o-xylene, and m- and p-
xylene, respectively. The products of the reaction were analyzed in a gas
chromatograph (Perkin-Elmer Clarus 500) equipped with a 5% diphenyl
95% dimethyl silicon capillary column (25 mx0.25 mm) and a FID de-
tector. Catalytic activities were evaluated in the steady-state, obtained
after about 10 min. Each catalytic run was performed in duplicate and
the reported results are the averages of two runs.
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