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Abstract

In order to better respond to environmental staihglahe development of metal nanoparticles
using green approaches has exponentially growthélast decade. Cyclodextrins, which are
cyclic oligosaccharides composed ofi§(7(3) or 8f) glucopyranose units, have appeared to
be interesting candidates for the synthesis of hmetaoparticles. Indeed, through the ability
to form inclusion complexes or supramolecular atklweith organic molecules or metal
precursors, cyclodextrins can be successfully epapldo stabilize size-controlled zerovalent
metallic nanoparticles active for hydrogenationcteens carried out in aqueous or gas-phase
media. In this summary of our works, we report ttyatlodextrins could be used in various
forms and environments) in free form,ii) in complexed form with appropriate guests

moleculesjii) in combination with polymer matriceg) in thermosensitive hydrogels amyl



immobilized onto porous carbons supports. All thestadies highlight the fact that
cyclodextrins can be seen as multi-task agentsdnocatalysis.

Keywords: metallic nanopatrticles, cyclodextrin, hydrogeoatiagueous phase

1. Introduction

Transition-metal nanoparticles (NPs) have attraetepowing interest both in academic and
industrial communities in the last decades dueh#r tunique physical properties and their
potential applications in biomedical [1], optic&l] [and electronic [3] areas as well as in
catalysis [4]. Much effort has therefore been fecl®n the NPs synthesis for catalytic
applications by judicious choices (solvent, stabilj and reducing agents, metal precursors)
in order to investigate correlations between sysithestructure and reactivity. In addition, the
efficiency of colloidal metallic particles in cayais is closely related to the stability issue of
the catalytic system in the course of the reacfldre choice of the capping agent is critical as
it controls both the size and shape of the pagjdiet also the dispersion of the metal species,
while providing long-term stability during the cbfisc process. Moreover, the development
of green synthetic approaches, such as aqueousermigps of nanoparticles, leads
researchers to introduce ecofriendly capping agenish as ammonium salts, water soluble
phosphanes, dendrimers, polymers or cyclic oligdsaddes. In this context, cyclodextrins
(CDs), which are nontoxic cyclic oligosaccharidessisting of six §-CD), seven §-CD) or
eight {-CD) a-1, 4 linked D-glucopyranose units, have appeaodoktinteresting candidates

in the noble metal nanoparticle synthesis (Schenig]l

< Scheme 1>

The specific coupling of the glucose monomers gies to a rigid conical cylinder whose

inner surface is hydrophobic and the outer surfagerophilic. Through host-guest



interactions, the internal cavity can form inclusicomplex with a large number of organic
molecules of appropriate size and shape [5,6]. Thimplexation property has long been
utilized in pharmaceutical, food, cosmetic or tiextndustries and has found applications in
the field of chemical sensing, environmental reragdn and catalysis [7-9].

The first example of CD stabilized metal NPs fotabgis was reported by Komiyana in
1983, involving non functionalized CDs, called matCDs [10]. The authors reported that the
refluxing of an aqueous solution of rhodium (llihdaa-CD or B-CD in the presence of
ethanol gave a colloidal suspension of rhodiumiglag that could effectively catalyze the
hydrogenation of olefins. In another approach, &aidnd coworkers have extensively
described thaper-6-thiof3-CD can effectively stabilized platinum [11], pallam [11-13],
silver [14] and gold [15,16] nanoparticles througlultiple sulfur bonds between the metal
core and the oligosaccharide. Interestingly, it @esn found thagper-6-thio{3-CDs-stabilized
palladium NPs were effective catalysts for the bgeénation of C=C or C=N double bonds
[11] and C-C coupling reactions [12]. The efficigraf the nanocatalyst is not only reduced
on its stability but also on its capacity to beseld to the substrate in liquid or gas phase in
order to convert it.

Our continuous interest in the use of chemicallydified cyclodextrins in catalysis [17-22]
has led us to envisage the use of cyclodextrirdaslizers of aqueous suspensions of noble
metal nanoparticles for hydrogenation reactionsrierout in agueous or gas phase
conditions. On the basis of our contributions irs theld since 2006, we describe that
cyclodextrins could be used in various forms anglirenments:i) in free form, ii) in
complexed form with guest moleculas,) in combination with polymer matricesy) in
thermosensitive hydrogels ampto immobilize the particles onto porous carbongsuis.

More precisely, we showed thgt methylated CDs can be used as metallic NPs capping

agents for the hydrogenation of alkenes and aré@memgueous biphasic conditions. An



optimization of the NPs synthesis parameters hiasdefd to get smaller particles size with
less cyclodextrin amounts. We will report also tbatalytically active metallic nanoparticles
can be obtained using inclusion complexes formed between cyclodextring ammonium
salts or diphosphine ligands o) water soluble polymers (in which cyclodextrins ased as
co-additives or grafted covalently onto the polymackbones). Then we will describe that

a supramolecular-based hydrogel waticyclodextrin has recently proved to be an excellen
candidate to lead to stable metallic nanopartieleive in thermoregulated aqueous-phase
hydrogenation. Finally, we will extend the applioats of cyclodextrins to the preparation of
supported heterogeneous catalysts, thus showirigvthareformed cyclodextrin stabilized
metallic NPs can be easily immobilized onto a psroarbon support and successfully used in

gas-phase hydrogenation reactions.

2. Freecyclodextrins as metallic(0) NPs protective agents

As it has been reported by the group of Kaifer|ayextrin-based colloidal suspensions have
proven to be stable and active catalysts in hydragen or C-C coupling reactions

[12,13,23,24]. In some cases, the cyclodextrinelghown a dual role as NPs stabilizer but
also as mass transfer agent. The first studiesngeaith the synthesis of Ru(0) NPs in water
using methylated cyclodextrins as protective ageras reported by Monflier and Roucoux
[25,26]. These cyclodextrins have the advantageettighly soluble in water, cheap, non-
toxic, commercially available and have the propeftyeing surface active [27]. It is worth

noting that, generally, these cyclodextrins are fatly methylated and several degrees of

substitution (DS) could be obtained (Table 1). Eh@gclodextrins are named RaMe-CDs.

< Tablel1>



2.1. Classical preparation
Catalytic aqueous suspensions of zerovalent Rupaatides are easily prepared by chemical
reduction of ruthenium trichloride with an exce$ssodium borohydride in dilute agueous

solution of methylated cyclodextrins (Scheme 2).

< Scheme 2>

In order to get information on the ruthenium nambples stabilized by methylated
cyclodextrins, TEM characterization has been perémt. As an illustrative example, Fig. 1
shows the TEM picture and corresponding particke slistribution of Ru(0) nanoparticles
synthesized by using RaM&ECD (1.8) as stabilizer with an optimized ratio@D to metal of
10 [26]. The ruthenium nanoparticles are organiméal non-ordered superstructures with an

average particle size of 2.5 nm, with 80% of theathie species between 2 and 3 nm.

< Fig. 1>

The catalytic activity of ruthenium nanoparticlealslized by 10 equivalents of RaMee€D
has been evaluated in the hydrogenation of vaumsaturated substrates such as long-chain

alkenes under 1 bar of hydrogen at room temperéiaige 2).

< Table2>

These alkenes were totally hydrogenated in théurased analogues with TOFs ranging from
12 to 22 H. These TOF are modest in comparison to other agueanocatalytic systems but

the experimental conditions are less harsch [28% Wworth noting that the RaMe-CD and



RaMey-CD-stabilized NPs were active for the decene hygenation (entries 1 and 4).
However, the catalytic activity decreased with @aging the chain length {£Ci,>Cy4).
This phenomenon was already observed in aqueolsdigorganometallic catalysis in the
presence of modified cyclodextrins and hydrophobubstrates and this decrease was
attributed to a lower solubility of the resultingclusion complex in water [29,30]. The results
obtained with RaMe-CD-stabilized Ru(0) NPs emplasimat the methylated cyclodextrins
could play the role of a supramolecular shuttlee TD/Ru molar ratio has been lowered and
it appeared that ratios below 10 were not sufficienobtain stable and catalytically active
colloidal suspensions during the reaction cour$es€& observations can be explained by the
dual role of the cyclodextrin. Indeed, CDs are oy steric stabilizers but they also act as
supramolecular shuttle between the hydrophobictsatesand the nanoparticle surface by

forming inclusion complex.

These colloids have been further evaluated in ffigdgenation of various arene derivatives
under mild conditions (room temperature, atmosghégdrogen pressure). The catalytic

results have been summarized in Table 3.

< Table3>

Very interestingly, the hydrogenation of aromatiogs depends both on the type of
methylated cyclodextrina( 3, y) and on the substitution degree (DS). Indeed, viReMe o -

CD was used as the stabilizer, the aromatic ringewot hydrogenated (entries 5 and 9). In
contrast, their total hydrogenation was observeth viRaMey-CD-stabilized Ru(0) NPs
(entries 8 and 12). These results can be explaimedhe cavity size of the different

cyclodextrins which leads to more or less importatéractions with the substrates. In the



case of the RaMB-CD, the hydrogenation selectivities were relatedttie substitution
degree. For instance, whereas the hydrogenaticstyoéne is complete with RaMeCD
(0.7) (entry 6), the hydrogenation of the aromatig can be avoided by selecting Rale-
CD (1.8) (entry 7). Notably, this tendency could/ddeen extended to other substrates such
as ethylbenzene (entries 10 and 11), allylbenzen&ri¢s 15 and 16) and propylbenzene
(entries 17 and 18). These catalytic results candoeelated to the deeper hydrophobic host
cavity of the RaMg3-CD with the highest degree of substitution whiadm ovrap more
efficiently the aromatic rings avoiding their hydemation [31]. The TOF values are modest
compared to others catalytic systems but the @axtivere carried out at room temperature

under atmospheric hydrogen pressure [28,32].

The obtention ofcis-pinanes, important intermediates in perfume andrphceutical
industries [33,34], by pinene hydrogenation waso aéxplored (Table 4). RaMe-CDs-
stabilized Ru(0) NPs have been tested and comparaghenium particles stabilized B,
N—dimethylN-cetyl-N-(2-hydroxyethyl) ammonium chloride (HEA16CI), arfactant which

had already proven its efficiency as stabilizer,385.

< Table4>

As shown in Table 4, all catalytic systems ledhe total conversion of the substrate with a
cis'trans mixture and no destabilization of the nanoparsickecurred during the reaction
course. For both pinenes, the highest diastere@somxcess was obtained with Ra®lie€D
(entries 1 and 6) and RaMecD (entries 4 and 9). It is important to note thhe

stereoselectivities were better with the ruthenMRs stabilized by methylated cyclodextrins



than those stabilized by the ammonium surfactarg.dauld also presume that the cavity of

the oligomers and the steric hindrance have a alegffect on the diastereoselectivity.

2.2. other NPs synthesis strategies

More recently, the synthesis of Ru(0) NPs from @ias been performed following two new
optimized strategies [37]. The comparison has Ipeate on the size and the dispersion of the
resulting particles in the one hand, and also @ dfability, the catalytic activity and the
selectivity in the hydrogenation of various hydroplt substrates on the other hand.

The two strategies are resumed in Scheme 3.

< Scheme 3>

The one pot approach has consisted in the hydragrction of ruthenium trichloride salt in
presence of RaMB-CD in water. According to preliminary experimersequivalents were
suitable to get stable and active ruthenium NP$§. [B6contrast, the cascade method was
carried out in two successive steps. A Ru(0) hyalregas obtained by controlled NaBH
reduction with dropwise addition, with a final pHhlue lower than 4.9 in order to avoid
particle agglomeration. Then, 5 equivalents of RgMeD were added in the previous
hydrosol. Whatever the strategy, stable colloidepgnsions were obtained confirming that
randomly methylated cyclodextrins were efficiemtislizers for ruthenium NPs.

The colloidal suspensions have been fully chareetdiby TEM measurement (Fig. 2).

< Fig. 2>



As evidenced by TEM measurements, both approaelas lwell-dispersed NPs. The one pot
strategy allows stabilizing particles with an agsradiameter of 1.0+0.2 nm, while the
cascade method led to a mean size of 1.4+0.2 nmaddition, Dynamic Light Scattering

(DLS) experiments [38] were performed on the agsesuspensions of nanoparticles after
one week of preparation and showed the presenseppdmolecular edifices around the NPs
surface. To have a deeper insight on the intemnagtioetween the randomly methylated
cyclodextrins and metal surface in both methodsS®@xperiments have been carried out in
D,0 solution [39,40]. Whatever the synthesis strategyilar values of diffusion coefficients

and hydrodynamic radius were obtained. Contraryhat is usually observed with strongly
interacting ligands, such as phosphines [39,418, 'th NMR experiments exhibited no

significant difference in the chemical shifts oétbyclodextrins indicating weak interactions
between the RaMe-CDs and surface of the metallmoparticles. Consequently, we could

presume the dispersive agent behavior of the cggkoidh.

The catalytic activity of the ruthenium nanopaegbprepared by each strategy was evaluated
in the hydrogenation of several model substratesluding 3-methylanisole, methyl-2-
acetamidoacrylate and ethylpyruvate under 20 bahyafrogen. For ethylpyruvate and
methyl-2-acetamidoacrylate, the catalytic actigitielated to the NPs prepared by the cascade
method were slightly higher. As an example, thexduer frequencies were 17*fior the
cascade strategy against 12 for the one pot strategy. The possibility of reayglthese
catalytic systems was investigated on the hydragemaf ethylpyruvate, and whatever the
strategy, it is showed that four successive runewaehieved without any significant loss of

stability and activity.



More interestingly, the performances of the naragats have been evaluated in the
chemoselective hydrogenation of acetophenone (SeHgm

< Scheme 4>

<Fig. 3>

Two reaction intermediates were identified. Forhboatalysts, 13% of 1-cyclohexylethanone
was measured by gas chromatography, while phemylethwas detected with a yield up to
30% (Fig. 3). It was assumed that an inclusion dempetween the aromatic ring and the
cyclodextrin was formed, thus leading to the pmfiéal hydrogenation of the carbonyl

group. To confirm this hypothesis, the hydrogemabbtert-butylacetophenone has been also
carried out (Scheme 5). Indeetkrt-butylaromatic compounds are known to be well-
recognized byp-cyclodextrins, forming 1:1 inclusion complexes lwihigh association

constant, typically in the range of 100° M [42,43].

< Scheme 5>

As it was expected, only traces of 1tédtbutylcyclohexyl)ethanone was detected,

confirming the mass transfer role of the cyclodextNevertheless, the catalytic systems were

unstable at the end of the reaction, probably dua too strong interaction between the

aromatic substrate and the cyclodextrin cavity.

2.3. Extension to amino acid grafted-RaMe-5-CDs

10



More recently, these methodologies (one pot andacksapproaches) have been extended to
prepare ruthenium NPs stabilized by randomly metiegp-cyclodextrins grafted with chiral

amino-acid moieties, such as L-leucine and L-akut8cheme 6) [44].

< Scheme 6>

The influence of the ligand and synthesis methaglolon the size, dispersion and surface
properties were studied. These Ru(0) NPs stabilzedmino acid-grafted RaM&CD were
evaluated in the hydrogenation of prochiral moddbstrates such as acetophenone, ethyl
pyruvate, methyl-2-acetamidoacrylate and 3-methstde under 20 bar of Hat room
temperature. The stability of the aqueous collogiepensions under reaction conditions was
established, indicating that RaNBe€D bearing optically active moieties acts as ditient
protective agent around the nanoparticle surfateddition, the catalytic data showed that,
whatever the strategy, Ru(0) NPs containing L-leeianoiety were more active than those
capped by RaM@-CD-trz-Ala (respectively 100% vs 54% of ethyl-2elgxypropanoate).
However, no significant enantiomeric excess wassonea probably due to the weak or

deficient interaction between the chirally modifiegtlodextrin and the nanoparticle surface.

3. NPsstabilization by a host-guest complex

As an extension to our previous studies, the imideeof methylated cyclodextrins on the
synthesis and catalytic activity of metallic NPsotected by stabilizing agents, e.g.

ammonium salts [35,36] or diphosphine compoundg [88s also investigated.

11



3.1. Sabilization by cyclodextrin-alkyl ammonium salt combination

lonic surfactants such as alkyl ammonium saltskamvn to be good candidates to stabilize
active metallic NPs [35,36]. Moreover, this famdy surfactants is well-known to strongly
interact with 3-CD derivatives [45]. The synthesis of aqueous vzaent ruthenium NPs
stabilized by an inclusion complex composed of canly methylated cyclodextrins with
ammonium salts bearing a lipophilic chain was itigesed [46]. NMR spectroscopic studies
were performed to prove the formation in water wfirclusion complex between RaNge-
CD and the chloride salt of N,N-dimethyl,N-hexadddy2-hydroxyethyl)ammonium
(HEA16CI). The continuous variation technique, ndm#b’s method, emphasized the

existence of such a complex (Fig. 4).

<Fig. 4>

The 'H NMR spectra of aqueous solutions containing ciffé ratios of CD to surfactant
exhibited chemical shifts variations for both th@tpns of HEA16CI| and cyclodextrin, in
agreement with a 1:1 stoechiometry of the inclusmymplex. Additional T-ROESY

experiments also confirmed the existence of arugich complex (Fig. 5).

<Fig. 5>

The Ru(0) NPs stabilized by the mixture HEA16CI/ReACD were synthesized following a

specific procedure [46]. Briefly, sodium borohydridvas added to an aqueous solution
containing the surfactant and Rafdé=D and was quickly added to a ruthenium chloride
solution (HEA16CI:CD:Ru = 1:1:1). The reduction teastaneously occurred and a color

change was observed. The resulting nanoparticlese wbaracterized by transmission

12



electronic microscopy and showed a homogeneoushdison with an average size of about
4 nm. The particles were organized in super-strastgimilarly to those previously observed
with the Ru(0) NPs stabilized by the uncomplexe®B$-CD [26]. The catalytic activity of
the Ru(0) colloidal suspension stabilized by RgBAED:HEA16CI mixture in a ratio 1:1 was
evaluated in the hydrogenation of several funcliaed aromatic compounds (i.e. anisole,
toluene and styrene) and their performances werspaced to the Ru(0) nanoparticles

prepared using only the ammonium salt surfactaabl@s).

< Table5>

Whatever the substrate, the RaBk&D/ HEA16CI stabilized Ru(0) NPs was the mostwaecti
catalytic system, indicating a beneficial effecttbé inclusion complex as stabilizer. In the
case of anisole, the catalytic activity of the abdVPs is three times higher than the NPs
stabilized by the ammonium surfactant. The samdetecy is observed for the toluene and
styrene hydrogenation. The difference of activigswelated to a different organization of the
stabilizer around the metal surface. Indeed, wisetka Ru(0) NPs stabilized by HEA16CI
were protected by a surfactant double layer, asadir described by other groups [47,48], it
was suggested that RaN3e€D affected the adsorption of the surfactant anrttetal surface
and prevented the double layer formation. The dettrin could act as a spacer between the
alkyl chains and reduced the intermolecular int&was, thus allowing a better mobility and
diffusion of the substrate at the vicinity of thetal surface. Moreover, a partial release of the
cyclodextrin (controlled by the thermodynamic eduilm of the host-guest complex) is also
possible and this would reduce the steric hindraarceind the particle and lead some free

cyclodextrins to be more available to solubilize gdrganic substrate in water (Scheme 7).
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< Scheme 7>

3.2. Sabilization by cyclodextrin-hydrosoluble diphosphine combination

Cyclodextrins have long been used as mass-trapsfenoters in biphasic aqueous phase
catalysis processes using water soluble organolwatamplexes with sulfonated phosphines
as ligands [17,49,50]. Spectroscopic studies detraied that, depending on nature and
position of the substituents on the aromatic risgifonated phosphines can interact with
RaMe{3-CD by forming inclusion complexes and tune thelgéic performances of the metal
centers [43,51]. On the basis of previous resultshe organometallic synthesis of water-
dispersed zerovalent ruthenium NPs by employinglatkilfonated diphosphines (which
showed interesting catalytic activities for the mpgknation of unsaturated substrates in
agueous biphasic conditions) [52], the effect & #Hddition of cyclodextrin to sulfonated
diphosphines was also investigated. The idea wasnthine the advantages of a sulfonated
diphosphine as water soluble stabilizer of NPs wathcyclodextrin for its shuttle and
supramolecular control effects in biphasic aqugthese catalysis [53]. The objective was to
get stable water-soluble ruthenium NPs, to charaeteheir surface state (in particular,
identification of diphosphine/RaM@-CD association close to the metal surface if prgse
and to study their catalytic behavior in terms daftivaty and selectivity during the
hydrogenation of aromatic substrates. Thus, ruthennanoparticles were synthesized by
hydrogen reduction of the organometallic ruthenicomplex [Ru(cod)(cot)] and stabilized
either with 1,4-bis[(di-m-sulfonatophenyl)phosphim&ane (dppbs) or its combination with
RaMef-CD in THF. The so-obtained Ru(0) NPs were isoldigdorecipitation and finally

easily re-dispersed in water [52].

< Scheme 8>
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The ability of the resulting NPs to be easily repairsed in water was related to a strong
coordination of the phosphorous atom to the maidiase and coulombic repulsion of the
charged sulfonated groups of the ligand molecuB£5(]. The synthesized nanoparticles
(diphosphine alone and phosphine-cyclodextrin mejtuvere fully characterized by several
techniques (TEM, HRTEM, WAXS, DLS, liquid and soNMR spectroscopy). Whatever the
stabilizer (without or with CD as co-additive), TEages showed small and well-dispersed
particles with an average diameter between 1.21ahdm. It is interesting to note that the
precipitation-redispersion of the Ru(0) NPs changetdher the dispersion nor the average
size. The NPs environment in solution was studigdDihS. The results showed that the
hydrodynamic radius depended on the amount of dgsfitin present during the NPs
synthesis which is a strong indication that thelayextrins surround the metal particles
surface.

Deep-NMR experiments in water allowed evidencing ititeraction between the aromatic
rings of the diphosphine and the cavity of the agleltrin. Resonance shifts 1 and3'P
NMR in D,O confirmed the presence of a weak interaction betwthe dppbs and RaNge-
CD (aromatic protons and protons which are in tyaoclextrin cavity) and a fast exchange
between associated and dissociated states byivasgaif the diffusion coefficient of CD and
diphosphine. The formation of an inclusion compleas also confirmed by the presence of a
split in 2 resonances for the diphosphifit® (and**C CPMAS NMR). NMR experiments
showed also that the diphosphine/CD mixture inducsttong reduction in the affinity of the
sulfonated ligand towards the metal surface, irtaigathat CDs were located close to it.
However, the addition of RaM&-CD on a preformed dppbs-stabilized Ru(0) NPs swmiut
did not change the NMR spectra, thus evidencing tt@ dppbs/CD complex was formed

only if the diphosphine and cyclodextrin were bptasent in the beginning of the synthesis.

15



In order to investigate the influence of the cyeiin on the catalytic performances of the
diphosphine-stabilized NPs, the hydrogenation ofdehocompounds such as styrene,

acetophenone amd-methylanisole was carried out (Table 6).

< Table6>

Based on TOF values, whatever the substrate, anitadémprovement was observed with
increasing the initial amount of cyclodextrin. Moraterestingly, in the case o

methylanisole, we observed that the quantity oflaextrin dramatically influenced the
stereoselectivity towards the preferential formatod thecis isomer (51%vs 100% for dppbs

and dppbs/5.0 CD respectively).

4. NPsand polymers

Contrary to the previous nanoparticle systems kstali with molecular cyclodextrins or host-
guest associations, the possibility of using watduble polymer backbones in the presence
of cyclodextrins has been explored for the synthesimetallic colloidal suspensions. Two
main strategies were investigatephysical mixture of polymers and cyclodextrins and

cyclodextrin-grafted polymers.

4.1. Physical mixtures
Among the water-soluble capping agents, polymeesvadely used to stabilize metal NPs
[55-59]. The use of cyclodextrins as additives he tsynthesis of polX-vinyl-2-
pyrrolidone)-stabilized metal NPs in colloidal saspions, was studied [60]. The idea was to
take advantage of the amphiphilic properties of GBswell as their ability in stabilizing

molecule-metal ion adducts with inorganic saltséatrol the size of the particles. For this

16



purpose, ruthenium NPs were synthesized in theepoesof polyil{-vinyl-2-pyrrolidone)/CD
mixture of controlled ratio and the TEM images loé torresponding particles were carefully
compared. For the standard Ru(0) NRsg, Ru(0) NPs stabilized by pol{vinyl-2-
pyrrolidone) (PVP) alone, the particles were emgapin string-like assemblies by the effect
of PVP chains [61]. The morphology did not seembw® altered by the presence of
cyclodextrin. However, a slight decrease in the mearticle size was noticed when
cyclodextrins were added to the PVP (2.5 and 2.3 with 3-CD and RaMe3-CD,
respectively against 3.0 nm without cyclodextrit).and T-ROESY NMR experiments did
not reveal any evidence of the inclusion of soragspof the PVP within the hydrophobic
cavity. DOSY analyses showed that the diffusionffat@ient was similar to that of the pure
polymer. On the other hand, the well-known aggregaof cyclodextrins in aqueous
solutions, which can give rise to large agglomeratehe 200-300 nm range [62], was deeply
disturbed by the presence of PVP. According toDh& experiments, we observed that these
CD aggregates had the tendency to significantlgabear in the presence of PVP in the favor
of small-sized assemblies of only 2 or 3 cyclodextmits as evidenced by the presence of a
band at about 2-3 nm. The disaggregated CDs wetereesl to interact easier with the soluble
Ru (Ill) precursor than PVP, thus increasing thigcieincy in controlling the growth of the

Ru(0) after the reduction step (Scheme 9).

< Scheme 9>

To confirm this hypothesis, an additional experimeas realized, in which the CDs were
added to a preformed PVP-stabilized Ru colloidapsmsion and kept stirred during 24
supplementary hours. Notably, the size range ofpédmicles was the same to that of the

control preparation (without CDs). It is important mention that the presence of PVP was

17



crucial in order to ensure long term stability lo¢ tRu(0) NPs, knowing that a ratio of PVP to

Ru higher than 8 was absolutely required.

The influence of the quantity of cyclodextrin oretbatalytic activity of the resulting Ru(0)
NPs was studied, performing for the hydrogenatiénfusfural [63-65], a bio-sourced

substrate, in mild conditions (30°C, 10 bar ¢j.H

<Table7>

Whatever the PVP/CD ratio, the ruthenium NPs weseally stable and no sedimentation
was observed at the end of the catalytic test. Aliog to the results gathered in Table 7, only
a small amount of cyclodextrin was required to getactivity improvement. The obtained
results were rationalized in terms of size and rolpgy control of the Ru(0) NPs. In line
with what is generally observed in nanocataly$is,decrease in the particle size results in the
increase of the number of available surface actites, and consequently, increases the

catalytic efficiency.
4.2. Cyclodextrin-based polymer

Recently, the possibility of stabilizing metallicPN by using a 2D-polymeric structure
combining different types of stabilizing groupse(icarboxylate groups, polymeric structure

and cyclodextrin) was also investigated (Schemddf])

< Scheme 10>
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The advantage of this strategy was to provide cstand electrostatic interactions within a
single polymer matrix in order to stabilize robustnoparticles. Interestingly, this approach
was proposed to favor the interactions betweerststrate and active sites at the surface of
the metal NPs and was successfully applied todlse of rhodium. For this purpose, rhodium
trichloride was reduced by sodium borohydride ia pinesence of poly(mord{yclodextrin-
2-yl)-maleatealt-maleatealt-methylvinylether). Note that a control experimentas
performed using the same polymer backbone but withany presence of grafted
cyclodextrin. The two colloidal suspensions werearabterized by TEM and the
corresponding images clearly showed two differgpes$ of nanoparticles organization (Fig.

6).

<Fig. 6>

Thus for the Rh(0) particles stabilized by the pody containing cyclodextrins, a mono and
well-dispersed size distribution was clearly ob¢éginThe average particle size was about 2.5
nm with 80% of the NPs between 2 and 3 nm. In esttthe rhodium nanopatrticles prepared
from the cyclodextrin-free polycarboxylate (contpmlymer) was organized in non-ordered
superstructures, in which the NPs were entrappestring-like assemblies, as previously
observed for PVP-stabilized ruthenium NPs. In addjta broader particle size distribution (2

- 6.5 nm) and a larger mean particle size (3.8 ware obtained.

The catalytic properties were evaluated in the dgdnation of various alkene and arene
derivatives. For instance, in the case of 1-tetrade, the TOF were equal to 200band 420
h* for the hydrogenation reaction catalyzedriy0) NPsstabilized by polyCOONa3-CD
and polyCOONa, respectively. These results wereeladed with both the average particle

size and the dispersion of the rhodium particlabibzed by the above stabilizers. In order to
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a have a better insight on the beneficial effecthef structure of the polymer, an additional
experiment has been performed using a physicalunaxi.e. adding the same amountBef
CD in the polycarboxylate solution. The TOF wasada 400 H., very close to the value of
the polycarboxylate alone but the colloidal susmenafter the catalytic test was unstable. All
these experiments undoubtedly supported the view tthe 3-CD covalently linked to the
polymer chain induced a significant effect in terrak activity and reusability. The
involvement of a recognition process between thdocdkextrin cavity and the hydrophobic
substrate could be confirmed by the 1-tetradecewérogenation in presence of 1-
adamantane-carboxylate sodium salt, which is kntavstrongly interact witt3-CD [31].
Thus, an activity decrease was measured when & guas added and this result confirmed
that the cyclodextrin influenced the catalytic babaof the NPs by facilitating the meeting

of the substrate with the metal surface.

The recyclability was studied by reusing the aqgecatalytic layer in five successive
hydrogenation runs of 1-tetradecene. No loss diilgiaand activity was noted. The rhodium
leaching in the organic phase of each catalyticues very low (<0.2 ppm) while the TEM
experiments confirmed the robustness of the cal@adspensions, with no change in terms of

particle size and morphology.

5. Cyclodextrin-based Hydrogels

Hydrogels are hydrophilic polymer networks that edasorb a large amount of water but not
be dissolved in water. For this reashgdrogels have become popular in several applicgtio
including catalysis [67]. For instance, polymer togkls proved to be efficient templates for
thein-situ synthesis of metal NPs. Even if these metal dagiare embedded in the polymer
matrix, they showed catalytic activity. In paralledsponsive hydrogels can also undergo a

swelling transition in response to environmentainsti such as temperature, light or pH.
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Indeed, the thermoreversibility allows the NPs #itediion at room temperature and their
activation at high temperature. More precisely,eotiat metal NPs have been embedded into
the supramolecular matrix, the system can be hediede the sol-gel transition temperature
to give a sol phase where the catalytic reactiontake place.

In our case, the polypseudorotaxane [68] templatddchave been prepared from a mixture
of N-alkylpyridinium amphiphilic [py-N-(CH);,0C¢Hz-3,5-(OMe)}]” (Br) anda-CD in the
ratio of 1:2 (Scheme 11). The self-assembly of éhe®lecules yields a thermoresponsive

hydrogel, with a sol-gel transition temperatureldfC.

< Scheme 11>

The synthesis of Ru NPs was realized by classtwaiacal reduction of the chloride salt of
ruthenium solubilized in the hydrogel at the sdhtet(50°C) by an excess of sodium
borohydride. TEM analysis clearly highlighted thabslization of a homogeneous dispersion
of spherical Ru(0) NPs with an average diametet.6f nm within the hydrogel network,
which is smaller than that observed using surfastf26,46] or ionic liquids [69] as Ru(0)
NPs stabilizers. This result emphasized the effeatontrol exerted by the hydrogel internal

network structure over the Ru NPs growth.

<Fig. 7>

Very interestingly, the concept has been validétedhe catalytic hydrogenation of various
substrates, ranging from hydrophobic long-chaimydrophilic olefins, such as 2-methyl-3-
buten-2-ol. Under K pressure ranging from 10 to 40 bar at 50°C, TOlkegsgcomprised
between 4 to 350 hwere obtained. At the end of the catalytic tefieracooling to ambient

temperature, the hydrogel spontaneously returneth@ogel state and consequently the
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products could be easily recovered. The recyclihthe NPs entrapped in the hydrogel has

been successfully performed using 1-decene.

< Scheme 12>

6. Adsorption of CD-stabilized metal (0) NPs onto porous materials

The development of efficient heterogeneous catalyyistems is a well-developed research
area both in academic and industrial domains. Amtwegmethods which are referenced to
obtain supported metallic nanopatrticles, their dépm onto a porous support from stabilized
colloidal suspensions has received considerabdatadh over the past decade. At the end of
the synthesis, the excess stabilizing moleculesbearemoved from the nanoparticle surface
by washing or thermal treatments to increase tlessibility of active sites to reactants and
intermediates. However, the design of well-strustiuand stable supported metal NPs should
take into account not only the stability of thevawit dispersed particles, but also the metal-
support interactions that exert a dominant effestnd) the deposition step. Thus among the
materials used as carriers for nanoparticles imhzalion, porous carbon materials are of
increasing interest because of their attractivesmlmghemical properties (e.g. high pore
volume, large surface area, high thermal and charstabilities, high adsorption capacity). In
this context and knowing that cyclodextrins can astefficient protective agents for the
stabilization of ruthenium NPs in aqueous phase aardspontaneously adsorb onto carbon
supports [70], we have studied their use in theamation of carbon-supported ruthenium
catalysts for gas-phase hydrogenation reactions.idéa was to take advantage of an easy
anchoring of the metallic nanoparticles onto thdea supportia the cyclodextrin combined

with interesting activities and selectivities.
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To validate the strategy, a series of carbon-supgauthenium nanocatalysts were prepared
by the adsorption on a porous activated carbonug@RNPs pre-formed in aqueous solution
by chemical reduction of Rugin the presence of RaMe-CD-( 3- andy-) [71,72]. After the
adsorption step, the solids were recovered byafitin and thoroughly washed with water.
According to nitrogen adsorption measurements, dat Itlearly been shown that the
immobilization of the RaMe-CD-stabilized Ru(0) NPy deeply affected the textural
properties of the porous carbon carrier. It wasregdting to note that, whatever the initial
molar ratio of CD to RuG|] the Ru content was about 1.4 + 0.2 wt. %. In thola
thermogravimetric measurements proved that the apeelp nanocatalysts were thermally
stable up to 235°C under both inert and reducimgoapheres. Finally, the study of the
dispersion and morphology of the supported pagiglere carried out by TEM analysis. For
instance, the TEM characterization of the RWED/C sample for which the Ru(0)
nanoparticles were synthesized with a 3:1 ratio R&#Mef-CD to Ru showed that

nanoparticles had a spherical shape with an aveliageeter of 2.4 nm (Fig. 8).

<Fig. 8>

The catalytic activity of the carbon supported RalP stabilized Ru NPs was evaluated in

the hydrogenation of xylene isomers in gas phaS&4t.

< Table8>

First, the catalytic results have clearly shownt tthee Ru(0) nanocatalysts prepared with
randomly methylated cyclodextrins are more effitiggan the control Ru/C (entries 1 and 8).

However, the catalytic activity depends on the agtektrin size and initial CD/Ru ratio. The
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best results have been obtained with R@Meb with a molar ratio of cyclodextrin to
ruthenium of 3. When this ratio is greater, a lowecessibility of the substrate to the metal
site is postulated, leading to an activity decre&séerms of stereoselectivity, tiwans to cis
ratio is improved in the presence of CDs-basedlysita and thus whatever the substrate.
These results can be explained by several factmis as the dispersion of the active species
through a promoter effect of the CD and the hostsgunteractions occurring between the
substrate and cyclodextrin, which is adsorbed dhto particles. The hydrogenation of a

mixture of xylene isomers(tho- andpara-) has also been studi€gig. 9).

<Fig. 9>

It has been shown that carrying out the hydrogenatif a mixture ob- andp-xylene (420
and 580 ppm, respectively) instead of pure xylezwk to major changes in the catalytic
reaction. Thus, an inhibition effect of the xyledmgdrogenation is observed especially for the
Ru/C, Ru-3eCD/C and Ru-3/CD/C samples as evidenced by the cumulated TOFesalt
seems that a competitive adsorption of the aronsatistrates occurs on the same active sites
of the catalyst and that in particularxylene plays the role of a pseudo-poison for the
hydrogenation op-xylene. Interestingly, the aforementioned inhdnitieffect is significantly
reduced by using RaM@-CD, showing again that the RuB&D/C sample remains the most

effective catalyst for the hydrogenation of xylefested separately or in mixture).

7. Conclusions and per spectives

In this review, we have demonstrated that cycladlet especially randomly methylated,
could be seen as a multitask agent for the praparat nanoheterogeneous catalysts. From

the first stages of the NPs synthesis to the datgbyocess, these water-soluble cyclic and
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nontoxic oligosaccharides have proven their utiatyd efficiency to get stable, active and
recyclable catalysts, dispersed in solution or sugo onto carbon support. All colloidal
systems keep stable (no metal sedimentation) agrileof the catalytic test. Except the case
of metal NPs embedded in a hydrogel structurergelaange of substrates, petro and bio-
sourced, has been converted under mild experimeatalitions (room temperature-30°C and
1-20 bar of hydrogen) in short times (less thammérg). We have highlighted that RaMe-CDs
could not only be seen as a stabilizing agent,atad as dispersing agent and could further
serve as mass transfer agents in aqueous biptaalgtic reactions. When NPs are stabilized
by surfactants, diphosphines or polymers in presefidree cyclodextrins, a beneficial effect
in the synthesis has been obtained by decreasingles size, improving distribution and
robustness. These improvements could be assigngubtential inclusion complexes or
rupture of natural cyclodextrin aggregates. Anotliay to get highly stable and active metal
NPs is the use of a combination of stabilizersyjpars and cyclodextrins) by the synthesis of
cyclodextrin-based polymers where cyclodextrins aowalently linked to the polymer
backbone. The polyCO@{3-CD(x=0.04)-stabilized Rh(0) NPs have shown highaivities
than the particles without cyclodextrin (polyCOONay the particles stabilized by the
physical mixture (polyCOONa $-CD). This review also showed that cyclodextrinweha
good affinity with carbonaceous suppovia the adsorption of the NPs. Recent studies have
shown that cyclodextrins could serve as active @lihspersant on inorganic support by the
formation of supramolecular adducts between théodgxtrin and the metal salt [73,74]. For
instance, Zr@ supported cobalt oxide NPs have been synthesiz@dhave shown activity in
the formaldehyde oxidation. In the future, thisastgy could be applied for the synthesis of
supported zerovalent metal nanoparticles. Finalllythese different aspects clearly showed

that cyclodextrins are multitask agents in nandgsita
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Scheme captions

Scheme 1. Cyclodextrins structure.

Scheme 2. RaMe-CD-stabilized Ru(0) NPs synthesis.

Scheme 3. Two methodologies for RaM@-CD-stabilized Ru(0) NPs synthesis.

Scheme 4. Acetophenone hydrogenation with Ral@é€=D-stabilized Ru(0) NPs.

Scheme 5. Tert-butylacetophenone hydrogenation with Rap4€D-stabilized Ru(0) NPs.
Scheme 6. Structure of RaM@-CD grafted with chiral amino acid moieties.

Scheme 7. Dynamic organization of the stabilizers aroundRug0) NPs.

Scheme 8. Synthesis of dppbs-stabilized Ru(0) NPs.

Scheme 9. Proposed mechanism for the PVP: CD-stabilized RNE) synthesis.
Scheme 10.  PolyCOOg{3-CD structure.

Scheme1ll. Thermoresponsive N-alkylpyridinium amphiphile-CD), hydrogel obtained by self-assembly.

Scheme12. Thermoregulated Ru NPs catalyzed hydrogenatioftkehas.
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Scheme 1. Cyclodextrins structure.
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RuCl; RaMe-CD-stabilized Ru(0) NPs
2. NaBH,4

Scheme 2. RaMe-CD-stabilized Ru(0) NPs synthesis [25,26].
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Scheme 3. Two methodologies for RaM&-CD-stabilized Ru(0) NPs synthesis [37].
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Scheme 4. Acetophenone hydrogenation with Ragk&D-stabilized Ru(0) NPs [37].
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Scheme 5. Tert-butylacetophenone hydrogenation with RapA€D-stabilized Ru(0) NPs [37].
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Scheme 6. Structure of RaM@-CD grafted with chiral amino acid moieties [44].
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Ru(0) Nanoparticles stabilized
by inclusion complexes

Scheme 7. Dynamic organization of the stabilizers around®ug0) NPs. Reprinted with permission
from [46]. Copyright (2009) Royal Society of Cheimys
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Scheme 8. Synthesis of dppbs-stabilized Ru(0) NPs [53].

39



o,
3 9) &% 2, &8
o e a8 ZYW N
E0S  eve | NG _Ruan, 5 tetye,
1 6 H,0 ('] \ Mo A H,0 grl 2
2 227 22
¥ cps desagregatio
NaBH,
H,0
Y
2, '\;%/
N
& -”
e

2.3 nm for RaMe-CD
2.5 nm for native CD

L
EL]
L
5
o
15
i

= 2612 0,61 nm

3

1]
16 2 38 3 36 4 45
Diameter [nm)

y-CD-stabilized Ru(0) NPs

&= 200+ 0.40 am

15 2 28 3 35 & 45
Dlameter [nm)

RaMey-CD-stabilized Ru(0) NPs

Scheme 9. Proposed mechanism for the PVP:CD-stabilized RN synthesis. Reprinted with
permission from [60]. Copyright (2012) Royal Sogiet Chemistry.
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Scheme 10.PolyCOOg{3-CD structure [66].
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Scheme 11. Thermoresponsive N-alkylpyridinium amphiphike-CD), hydrogel obtained by self-
assembly [68].
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Scheme 12. Thermoregulated Ru(0) NPs catalyzed hydrogenatfiatkenes. Reprinted with
permission from [68]. Copyright (2012) Wiley-VCH Xag GmbH &Co.
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Figure captions
Transmission electron micrograph and size distioioubf RaMeB-CD-stabilized Ru(0) NPs.

Size distribution and TEM pictures of RaNdecD-stabilized Ru(0) NPs prepared by the (a) one
pot and (b) cascade approach.

Kinetics of acetophenone hydrogenation with Rgd¥eb-stabilized Ru(0) NPs.
Job’s plot derived fromH experimental data -CD.

Partial contour plot of the T-ROESY NMR (300 MHZ)aosolution containing RaMp{1 mM)
and HEA16CI (1 mM) in BO at 298 K.

TEM and size distribution of Rh(0) NPs with PolyCR&g{3-CD (a) and PolyCOONa (b) as
stabilizers.

Transmission electron micrograph (a) and sizeildigion of Ru(0) NPs.
TEM and size distribution of RuB3CD/C (3 molareq. of CD to Ru).

Cumulate TOF ob-xylene ando-xylene in mixture over Ru(0)/C (85°C, feed compiosi = 420
ppmo-xylene and 5810 ppmxylene in H, total flow rate = 60 mL.mit).
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Fig.1. Transmission electron micrograph and size didtidiouof RaMep-CD-stabilized Ru(0) NPs.
Reprinted with permission from [21]. Copyright (ZQ@Royal Society of Chemistry.
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Fig.2. Size distribution and TEM pictures of RaNde=D-stabilized Ru(0) NPs prepared by the (a)
one pot and (b) cascade approach. Scale bars: 5SRepninted with permission from [37]. Copyright
(2013) Wiley-VCH Verlag GmbH &Co.
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Fig.3. Kinetics of acetophenone hydrogenation with RgMeD-stabilized Ru(0) NPs. Reprinted
with permission from [37]. Copyright (2013) Wiley&H Verlag GmbH &Co.
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mM) and HEA16CI (1 mM) in BO at 298 K. Reprinted with permission from [46].pgdght (2009)

Royal Society of Chemistry.
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Fig.6. TEM and size distribution of Rh(0) NPs with PolyORa-g—{3-CD (a) and PolyCOONa (b) as
stabilizers. Reprinted with permission from [66p®right (2012) Royal Society of Chemistry.
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Fig.7. Transmission electron micrograph (a) and sizeidigion of Ru(0) NPs. Reprinted with
permission from [68]. Copyright (2013) Wiley-VCH Wag GmbH &Co.
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Fig.8. TEM and size distribution of RUB3CD/C (3 molar eq. of CD to Ru). Reprinted with
permission from [72]. Copyright (2011) Elsevier.
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Fig.9. Cumulate TOF ob-xylene andp-xylene in mixture over Ru(0)/C (85°C, feed composi =
420 ppmo-xylene and 5810 ppm-xylene in H, total flow rate = 60 mL.mif). ® Second preparation
of Ru-33-CD/C. Reprinted with permission from [72]. Copyrig2011) Elsevier.
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Tablel

Description of randomly methylated CDs.

R=from 1 to 3n CH;3
n=6to 8

Average number of OH groups

Abbreviations n
substituted per glucopyranose unit
RaMea-CD 6 1.8
RaMef$-CD (1.8) 7 1.8
RaMef-CD (0.7) 7 0.7
RaMey-CD 8 1.8
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Table2
Hydrogenation of long chain alkenes in presendeadfle-CD-stabilized Ru(0) NPs [28].

Entry Substrate Cyclodextrin (DS) TOFYh
1 Decene RaMe«a-CD 17
2 Decene RaMef-CD (0.7) 18
3 Decene RaMef-CD (1.8) 17
4 Decene RaMey-CD 22
5 Dodecene RaMef-CD (1.8) 15
6 Tetradecene RaMef-CD (1.8) 12

dConditions: catalyst (1.4xT®nol), CD (1.4x10'mol), 1-dodecene (1.4xFnol), hydrogen pressure (1 bar), temperature
(20°C), stirring rate (1500 rpm), 10 mL watéTurnover frequency defined as number of mol of #abs per mol of

ruthenium per hour.
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Table3

Hydrogenation of monosubstituted aromatic compoundpresence of RaMe-CD-stabilized Ru(0)

NPs [26]2
Entry Substrate RaMe-CD(DS) Product TOR)th
1 Benzene RaMea-CD Benzene -
2 Benzene RaMef-CD (0.7) Cyclohexane 25
3 Benzene RaMef-CD (1.8) Cyclohexane 25
4 Benzene RaMey-CD Cyclohexane 10
5 Styrene RaMe«a-CD Ethylbenzene 10
6 Styrene RaMef-CD (0.7) Ethylcyclohexane 9
7 Styrene RaMef-CD (1.8) Ethylbenzene 9
8 Styrene RaMey-CD Ethylcyclohexane 4
9 Ethylbenzene RaMe@-CD Ethylbenzene -
10 Ethylbenzene RaMe{-CD (0.7) Ethylcyclohexane 9
11 Ethylbenzene RaMef-CD (1.8) Ethylbenzene -
12 Ethylbenzene RaMey-CD Ethylcyclohexane 4
13 Toluene RaMef-CD (0.7) Methylcyclohexane 17
14 Toluene RaMef-CD (1.8) Methylcyclohexane 17
15 Allylbenzene RaMef-CD (0.7) Propylcyclohexane 8
16 Allylbenzene RaMef-CD (1.8) Propylbenzene 34
17 Propylbenzene RaMef-CD (0.7) Propylcyclohexane 9

18 Propylbenzene RaMef-CD (1.8)

Conditions: Ru (1.5xI8mol), CD (1.5x10mol), substrate (1.5x1®nol), hydrogen pressure (1 bar), temperature

Propylbenzene -

(20°C), stirring rate (1500 rpm), 10 mL water, 2%Furnover frequency defined as number of mol of ks per
mol of ruthenium per hour.
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Table4
Hydrogenation ofi- andB-pinenes with Ru(0) NPs [286].

Ru(0) NPs X
or —_— +
| bar H, RT, H,0

a-pinene B-pinene
Entry Substrate Stabilizing agent time d.e. (%)
1 a-pinene RaMex-CD 24 96
2 a-pinene RaMe3-CD (0.7) 41 94
3 a-pinene RaMe$-CD (1.8) 40 93
4 a-pinene RaMerCD 9 95
5 a-pinene HEA16CI 30 88
6 B-pinene RaMex-CD 6 74
7 B-pinene RaMe3-CD (0.7) 4 57
8 B-pinene RaMeB-CD (1.8) 4 52
9 B-pinene RaMerCD 24 75
10 B-pinene HEA16CI 15 50

aConditions: Ru (1.5xIfmol), CD (1.5x10'mol), substrate (1.5x%¥nol), hydrogen pressure (1 bar), temperature
(20°C), stirring rate (1500 rpm), 10 mL watdime corresponding to total conversiodiastereoisomeric excess.
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Table5
Hydrogenation of aromatic compounds with RapA&D/HEA16ClI-stabilized Ru(0) NPs [48].

Entry Substrate Stabilizer TOF (hh)P
1 Anisole HEA16CI 3.4
2 Anisole RaMef-CD/HEA16CI 10.2
3 Toluene HEA16CI 2.2
4 Toluene RaMef-CD/HEA16CI 10.1
5 Styrene HEA16CI 14.3
6 Styrene RaMef-CD/HEA16CI 26.7

4Conditions: Ru (3.8xIfmol), HEA16CI (7.6x18mol) or HEA16CI (3.8x10mol) + RaMeB-CD (3.8x10°mol),
substrate (3.8xI%mol), hydrogen pressure (1 bar), temperature (208@ying rate (1500 rpm), 10 mL watét.
Based on hydrogen consumption
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Table6
Arene derivatives hydrogenation catalyzed by R} [53]*

Entry Substrate Stabilizer TOF (hYP
1 Styrene dppbs 67
2 Styrene dppbs/0.2 RaMeCD 162
3 Styrene dppbs/1.0 RaMeCD 604
4 Styrene dppbs/5.0 RaMeCD 2448
5 Acetophenone dppbs 36
6 Acetophenone dppbs/0.2 C RaMeCD 89
7 Acetophenone dppbs/1.0 RaMeCD 257
8 Acetophenone dppbs/5.0 RaMeCD 944
9 m-Methylanisole dppbs 28
10 m-Methylanisole dppbs/0.2 RaMeCD 89
11 m-Methylanisole dppbs/1.0 RaMeCD 295
12 m-Methylanisole dppbs/5.0 RaMeCD 1350

Conditions: Ru NPs (10 mg), substrate (3.9%6l), hydrogen pressure (10 bar), temperature (208@g (120
min), 10 mL water®Turnover frequency defined as number of mol of tnabs per mol of ruthenium per hour.

60



Table7

Hydrogenation of furfural with Ru(0) NPs [6D].

7\ o Ru(0) PVP/CD U\/OH . D\/OH
o 30°C, 10 bar H, H,0 Y o
Entry CD PVP/CD Conversion (%) FA sdlectivity (%)
- 8:0 30 94
1 a-CD 8:2 30 95
2 y-CD 8:2 38 94
3 RaMea-CD 8:2 34 97
4 RaMey-CD 8:2 61 90
5 RaMef-CD 8:2 53 90
6 RaMef-CD 8:0.5 37 97
7 RaMef-CD 8:1 52 93
8 RaMef-CD 8:4 52 90

4Conditions: Ru(0) (3.8xIfmol), PVP-K30 (3.0 x18mol), substrate/Ru(0) (mol/mol) = 50,@ (12 mL), H (10 bar),
stirring rate (750 rpm), 30°C, 1.5 h.

61



Table8

TOFs and selectivities in xylene hydrogenation mezdon ruthenium-based catalysts [72)].

Entry Substrate Catalyst TOF<®0 Trans sel (%)
1 o-xylene Ru/C 4.2 0.9
2 o-xylene Ru-3y-CD/C 5.7 2.1
3 o-xylene Ru-30-CD/C 8.6 1.8
4 o-xylene Ru-33-CD/C 14.9 3.9
5 o-xylene Ru-1.83-CD/C 8.6 3.4
6 o-xylene Ru-33-CD/C 7.4 2.6
7 o-xylene Ru-1@B-CD/C 9.9 2.8
8 m-xylene Ru/C 6.6 7.5
9 m-xylene Ru-3y-CD/C 11.3 8.3
10 m-xylene Ru-30-CD/C 20.5 8.8
11 m-xylene Ru-33-CD/C 30.5 11.4
12 p-xylene Ru/C 6.7 15.0
13 p-xylene Ru-3y-CD/C 10.8 15.3
14 p-xylene Ru-30-CD/C 20.0 16.7
15 p-xylene Ru-33-CD/C 29.8 21.9

dConditions: 85°C, carrier gassHH,:xylene=100:1, total flow rate=60 mL.mtn"Turnover frequency defined as number

of mol of substrate per mol of ruthenium per hour.
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