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I ntroduction

Over the past decade, transition metal nanopasti®s) with
narrow size distributions have attracted a great deattention
in a wide range of applications, such as catalyis. a general
viewpoint, metal NPs are known to exhibit uniquepgerties
that cannot be achieved by their bulk counterpafisese
systems are known to provide a high surface area
catalytically active metal thanks to a large fraotiof surface-
exposed metal atoms and high number edges andtsieteac
which catalysis usually takes place. However, igé&nerally
assumed that the most important drawback of triansihetal
NPs is their tendency to aggregate, leading to dbshe major
part of their characteristics. An effective way golve this
problem is to stabilize the NPs by immobilizing then a solid
support (e.g. inorganic oxides, porous carbons naoluble
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Ruthenium-containing B-cyclodextrin polymer
globulesfor the catalytic hydrogenation of biomass-
derived furanic compounds

R. Herbois*® S. No&|*" B. Léger®® S. Tilloy,** S. MenueP? A. Addad® B.
Martel ¢ A. Ponchel® and E. Monflief?®

The confinement of catalytically active metallic nugarticles within discrete and robust
microenvironments was successfully achieved by gqisan water-compatible three-dimensiong}
cyclodextrin-based polymer. The strategy was exanhiosing ruthenium through an aqueous colloida
approach involving the chemical reduction of rutiuem nitrosyl nitrate by sodium borohydride in the
presence of a water-solubBeCD polymer crosslinked with citric acid (poly(CTRCD). The advantage

of this polymer for nanoparticles synthesisijsto exert additional stabilizing effects througterst
interactions (crosslinked chains arfidcyclodextrin entities) and electrostatic interaos (ionisable—
COOH groups) andi) to provide accessible nanopockets between thdesjabctions of the polymer
skeleton. The poly(CTB-CD) Ru(0) system was characterized at differeages of the synthesis by
combining proton nuclear magnetic resonance spgoty, dynamic light scattering and transmissic:
electron microscopy measurements. The results igigtedd that, in contrast with a series of control
colloidal ruthenium catalysts, the specific usepoly(CTR{3-CD) allowed not only the stabilization of
smaller size-controlled ruthenium nanoparticlesptagimately 1.8 nm) but also their confinement in
individual superstructures having sizes mostlyha tange of 50 to 100 nm. These polymer-encapsulate
ruthenium nanoparticles were applied as catalyststifie agueous phase hydrogenation of biomass-
derived 2-furaldehyde and 3-(2-furyl)acrolein undeifd reaction conditions, i.e. 303 K and 1 MPaeTh
high reactivity was related to the presence of vidlial globular objects acting as catalytic
“microreactors”, in which the consecutive hydrogeéma reactions and product/substrate diffusiona'
exchanges can occur efficiently in the confinedcgza The robustness of the system was demonstratcu
through recycling experiments and TEM characteiizet after catalytic tests.

polymersy® or by using soluble capping agents (e.g
surfactants, ligands or polymefs)t

In recent years, a number of studies has utilibedability of
specially nanostructured polymers to serve as oeariwith
confined cavities, in which nanoparticles can beoaumodated
and protected against aggregation while facilitatithe
exchanges between the interior and exterior ofpblgmeric
ehvironment. Thus, utilization of micelles-formirgdock co-
polymers!?14 and dendrimef81® have been employed as
structures capable of incorporating metallic namtiglas active

in catalysis. Pertinent examples can be found imerse
excellent reviews?'® For instance, El-Sayed and coworkers
reported for the first time the use of differenhgmtions (G2-
G4) of poly(amidoamine) dendrimers bearing hydrogsdups
(PAMAMOH) to encapsulate Pd NPs for their use irzdi
cross-coupling?

This journal is © The Royal Society of Chemistry 2014 Green Chem., 2014, 00, 1-3 | 1
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Scheme 1 Schematic structures of the poly(CTRED) polymer in a two-dimensional representatiogftjl and in a three-dimensional imaging using 3Dddling
Blender Software (right)

In the case of low-generation dendrimers (G2 anjl @& less
dense structure was favorable to the catalytiovigtivhereas
conversely G4 dendrimer resulted in a lower agtiditie to a
lower substrate accessibility. Interestingly al$phas been
reported by the group of Schubert that well-defipatladium

NPs with a diameter of about 4 nm could be stadglimside a
five-arm star-shaped block copolymer formed of

pollutants removal and chiral photoreactii® Surprisingly
and to the best of our knowledge the use of crioged
polymers as a stabilization medium for the syntheesf
catalytically active metal nanoparticles has beaarcely
investigated?®

The strategy has been examined with the synthe$is o

@monodisperse borohydrate-reduced ruthenium NPstingta

poly(ethylene oxide) (PEO) core and a pelgaprolactone) from ruthenium nitrosyl nitrate (Ru(NO)(NfR) as the metal
(PCL) corond® Reduction of the palladium acetate waprecursor and a cyclodextrin polymer, which is dedoas
performed with NaBkl and the reaction was supposed to occpoly(CTR-CD), as the protective polymer. Poly(CTRED)
preferentially in the hydrophilic PEO core of thersshaped is a three-dimensional polymer (3D-polymer) resgitirom the
copolymer. These NPs were found to efficiently lyata the controlled polyesterification between natfeyclodextrin and
Heck coupling of styrene with 4-bromoacetophenone. citric acid (CTR). From environmental viewpoints gynthesis
upplied by Aldrich Chemicals and used as receivadrified has the great advantage of using only non-toxic aater-
developing efficient chemical transformations undewluble reagents, therefore avoiding the need dfitiadal
environmentally benign conditions. For this purposeter- organic solvents. The ability of poly(CTRCD) 3D-polymer
soluble polymer scaffolds modified with complementa to specifically promote the stabilization of snmsilte-controlled
recognition units, such as cyclodextrins, congtitam attractive Ru(0) NPs within discrete spherical microdomaindl vbie
system to control the growth and dispersion of inetdiscussed on the basis of proton nuclear magnetonance
nanoparticles in aqueous colloidal suspenstérEWe report spectroscopy NMR), dynamic light scattering (DLS), and
herein that three-dimensional cross-linked cyclodies transmission electron microscopy (TEM) measurememtd
polymers can be used as matrices to stabilize anfine metal compared to behavior of other water-soluble corgtabilizing
nanoparticles into a microenvironmef@tcyclodextrin 3-CD) systems. The catalytic activity of the poly(CPRED) Ru(0)
is a torus-shaped cyclic oligosaccharide compos$exskeena- NPs will be finally evaluated in the aqueous hydnoation of
D-glucopyranose units forming a rigid cavity and hggh 2-furaldehyde and 3-(2-furyl)acrolein selected asodet
number of reactive hydroxyl groups available fovss-linking. compounds of biomass-derived-feedstocks. Indeednfbased
The fabrication of cyclodextrin polymers exhibitingn derivatives are important chemicals readily acddssfrom
interconnected nanoporosity has already been destin the pentosan-rich biomass and appear as key chemiceu
literature via the use of epoxides, epichlorohydrin, activatddtermediates for the synthesis of bio-based prtsdtitrough
carbonyl compounds pyromellitic dialdehydes, polpoxylic catalytic processe®;3 with applications in the field of fine
acids as cross-linking agert£® The choice of the cross-chemicals, polymers and biofuéfs3®

linking agent and degree of cross-linking is knawrinfluence

the behavior of the polymer in terms of water-sdiband Results and Discussion

swellability. Thus for instance, high cross-linkgublymers

formed by the polycondensation of cyclodextrinsairthree- Synthesisand characterization

dimensional network have recently emerged as \ilrsaffhe synthesis of poly(CTR-CD) 3D-polymer was carried out
nanosponge systems with high efficiency for drudivéey, in the dried state at 140°C according to a methaVipusly

2 | Green Chem., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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reportec?’ Briefly, the process consists of the polyesteaiiien reaction medium changes upon addition of Nafim orange
of CTR with 3-CD in the presence of NaFIQ; as catalyst at a to dark brown due to the reduction of Ru(lll) to(RBuwhile the
respective weight ratio of CTR/CD/catalyst of 10/10/3. Then,pH varies between 6.1 and 8.1. The resulting addioi
the water-soluble fraction of the polymer is quemively dispersion is visually stable for months and ndreedtation is

recovered upon addition of water, dialyzed againstter
(6,000-8,000 Da cellulosic membranes) and finallyphilized
in order to obtain a white powder. The average md&r
weight of poly(CTRB-CD) based on gel
chromatogram analysis is MW = 25000 with a polydisjty
index of 2.2 while the rate of incorporation BfCD in the
polymer determined by peak integration in thd NMR
spectrum is estimated to be 49 wt. % (Fig. 1, specia.). The
calculation method is given in the Supplementarytemal.
Note that the peaks &t= 6.11 and 7.85 ppm are attributed to
small quantity ofcis andtrans-isomersof aconitic acid units
formed as side-products during the dehydrationitoicacid at
140°C (7 wt. %)y® Additionally, an acid-base titration of
poly(CTR{3-CD) gives 4.05 mmol g acidic sites with a mean
pKa value of 4.1 (Fig. S1 in the Supporting Infotima), which
is coherent with the presence of available carboxgkcid
groups within the cross-linked polymer. Taken tbeget the
physicochemical characteristics of poly(CPRED) are of
interest for providing a suitable environment tabslize metal
NPs through steric interactions (polymer afidCD) and
electrostatic interactions (ionisable—COOH groups) also to
confine them within pockets formed by the stablecjions of
3D-polymer network, as schematically represente&dcheme
1.

observed.
In addition,'H NMR experiments carried out in2D in the

presence of poly(CTIR-CD) at different points of the

permeatiorpreparation (i.eafter the consecutive addition of the following

reactants, NaHCOs, Ru(NO)(NOs)s and NaBHi) have not
revealed major changes in the 3.3-5.5 ppm regidnichwis
ascribed to the proton signals@®CD and ester functions. This
result is indicative of the fact that there is nppieciable
hydrolysis of the ester bonds within the crossdithkpolymer
aetwork, despite the fact that the pH of the migtincreases up
to 8.1 during the NP synthesis (Fig. 1).

HS' HS' HG
H, (CD) Hz Hs(CD) CH, (CTR)

— )
C=CH
(aconitic acid)
1
| (@)

Y
Ao,

(d)

B-CD

é NaHCO; ) A
Eq.(@) poly(CTR-B-CD)-COOH ——— poly(CTR-B-CD)-COONa J\
B |
NaBH
Ru(NO)(NO;); 4 .
Eq. (b) + - -
poly(CTR-B-CD)-COONa 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15
& (ppm)
poly(CTR-B-CD) Ru(0)

_ NPs cis-, trans-aconitic acid citric acid (CTR)

Scheme 2 Synthesis of Ru(0) NPs stabilized by poly(CBFGD) oH

HOOC / COOH
HOOC COOH

Concerning the synthesis of poly(CTRED)-protected COOH

ruthenium NPs, the current procedure is a sligimigdified
version of a published meth®d® and is carried out in two
successive steps (Scheme 2). In the first step dtmu (a)],

100 mg of poly(CTRB3-CD) is solubilized in an aqueous

solution of NaHC@ (molar ratio of NaHC®to COOH = 1) to
convert the carboxylic acid groups into the coroesting
sodium carboxylate salts, with respect to a pH eabf
approximately 6.1. The mixture is kept under comistdirring
at room temperature for 3 hours. In the second [¢Eguation

COOH

Fig. 1 *H NMR analysis in RO of poly(CTRf-CD) after addition of the different
reactants used for the synthesis of Ru(0) NPsP(&stine poly(CTRB-CD); (b)
poly(CTR$-CD) with NaHCQ; (c) poly(CTR$-CD) with NaHCQ and
Ru(NO)(NG)z and (d) poly(CTRB-CD)with NaHCQ, Ru(NO)(NQ)s and
NaBH.

The absence of shift associated to fR€D protons supports
the view that the interactions betwe@rCD and ruthenium
species are relatively weak, in agreement with cemre study
reporting that the common cyclodextrins generallst as

b)], the ruthenium salt (4Amol) is added to the deprotonatedyisyersing steric agents for the stabilization 6si42 It can

polymer and the mixed solution is stirred for amliéidnal 30
minutes before the introduction of sodium borohgdrias
reducing agent (10 equiv. per mole of Ru)t. Thercolf the

This journal is © The Royal Society of Chemistry 2014

be further noted that the two singletsdat 6.11 and 7.85 ppm
characteristic of the olefinic proton of this andtrans aconitic

Green Chem., 2014, 00, 1-3 | 3



Green Chemistry

ARTICLE

esters are absent from the spectrum measured offiiGI R-
B-CD) Ru(0) NPs (Fig. 1, spectrum d), and this carrddated
to the ability of zerovalent ruthenium to hydrogenaouble
bonds in unsaturated compounds. Comparison witlordra
spectrum of poly(CTR3-CD) with NaHCQ and NaBH, but
without addition of ruthenium salt, has clearlyaddished that
the reduction of the C=C double bonds occurrethéngresence
of metal (Fig. S2, spectrum e in the Supportingtnfation). It
is also shown that the addition of NaH&® poly(CTRB-CD)
gives rise in all cases to a low-field shift of theoton NMR

signals of the Ckgroups belonging to the cross-linked chains

caused by the deprotonation of the carboxylic geaips to the
negatively-charged carboxylate groups (Fig. 1, spdrto d).

Evidence of the impact of the structure of poly(CERD) to
stabilize monodisperse ruthenium nanoparticles lhbaen
highlighted by TEM analysis at different magnificais (Fig.
2). The TEM
nanoparticles assembled in water with poly(C®&D) are
incorporated within superstructures forming disergtobules
of more or less spherical shape. The size of tiperstructures
has been estimated to be mostly in the range 6 300 nm in
diameter. More specifically, these globular objecase
composed of a large number of confined size-cdeuloietal
nanoparticles, as illustrated in Fig. 2b. The cgponding
particles surface density in the poly(CPR=D) Ru(0) sample

has been measured by counting ca. 600 particlem fro

representative micrographs of spherical superstrast(Fig. S3
in the Supporting Information). The results indecdhat the
density is relatively uniform in each aggregatepragimately
comprised of 50,000 to 80,000 nanoparticles pa?f. A more
detailed examination carried out at a higher macgtibn
shows that small Ru nanocrystals isolated withia plolymer
matrix are obtained (Fig. 2c), with a narrow sizstrébution

centered at 1.76 0.32 nm (Fig. 2d). Indeed, we can see that ca.

90 % of the particles have a size between 1.5 éhdrd and no
particles larger than 3.25 nm can be found. Spe=difi,

crystalline domains are shown in Fig. 2e with tlmespnce of
distinct lattice planes, which can be further amatyby reduced
fast Fourier transform (FFT)-derived diffractiontigans (Fig.
2f). The FFT-derived diffraction pattern indicatélsat the
diffraction spot could be identified as rutheniumnocrystals
with a hexagonal close-packed structure, baseti@neflection
from the (101) planes having a typical d-spacind@&f0 nm.
The incorporation of ruthenium within the poly(CTRED)

polymer has also been confirmed by electron miaber
analysis, with the appearance of its characterlsieds in the
EDS spectrum. (Fig. S4 in the Supplementary mdjeria

Note that the presence of aggregates of submidcamn vgith

narrow size distribution has been supported by tenhdil

dynamic light scattering measurements carried out

poly(CTR{3-CD) Ru(0) NPs. As evidenced in Fig. 3, the

correlation function is a single exponential funotindicating a
monodisperse sample. The corresponding size disiwib plot
is monomodal with an apparent hydrodynamic diametehe
poly(CTR{3-CD) Ru(0) assemblies centred at ca. 80 nm.

4 | Green Chem., 2014, 00, 1-3
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image in Fig. 2a reveals that the Ru(0)

1.25
1.5

(101) Ru(0)
0.20 nm
o

(0]

Fig. 2 TEM images of poly(CTR3-CD) Ru(0) NPs at different magnifications:
(a) 50 K. (b) 100 K. (c) 480 K. (d) Particle sizistdbution of the ruthenium NPs
obtained from the measurement of ca. 200 parti¢elsTEM image of a single
nanoparticle at a magnification of 700 K. (f) ReddcFFT-derived diffraction

pattern in a typical crystalline region.

This journal is © The Royal Society of Chemistry 2014
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B-CD) with NaHCQ, prior to the reduction of the Rusalt by
NaBHs, do not result in stable colloidal suspensionse (th

5 oaf T _ ol szgiiﬁm"[\. precipitation of black ruthenium is clearly obsetva the end
% 06 § 100 / \ of the procedure). These results indicate that olasge
§ 04t g / 4 amounts of carboxylate groups present at the begjnof the
% 0.2} 5 E st / \ synthesis can ensure appropriate conditions forctrgrolled
S ool S o I/ \ nucleation of ruthenium nanoparticles, probablyebtablishing

0 1 2 3 2 1 10 100 1000 electrostatic interactions with the ®Ru metal centers,

loa (t, uS)

Fig. 3 Correlation function (left) and apparent hydrodyna diameter
distribution (right) of the scattered intensity fpoly(CTR{3-CD) Ru(0) NPs
colloidal suspension at 298 K.

size (d. nm) themselves dispersed within the cross-linge€D polymer.

The final pH is also an important factor that aféethe stability
of the aqueous suspensions containing ruthenium(Rigs S8
in the Supporting Information). Indeed, its infleenhas been
In water, the ability of cross-linked cyclodextpolymers to investigated by adjusting the pH in the range df02via the
form under certain conditions porous nanopartidesoughly controlled addition of acid or base reagents (HCNaOH) to
spherical structures with a submicron size haveaaly been suspensions of poly(CTR-CD) Ru(0) NPs, whose synthesis
observed by TEM measurements by Trotta and co-wefke has been described earlier. Therefore, we estittae the
The mechanism, which limits the growth and regulatiee stability of the colloids can be maintained by adijug the pH
shape is not well understood and possibly origgd®m to 5.0 or higher and this range is consistent wlith almost
surface-tension effect. However, it is expected tha presence complete dissociation of the carboxylic acid gro@90 %).
of rigid cyclic B-CDs moieties covalently cross-linked to thé&Jnder such conditions and on the basis of the nitme
polymer chains plays an important role for the #pec content initially incorporated into the polymer, d#an be
distribution of the metal NPs within the cavitief the 3D- concluded that the protective action of poly(CBRED) occur
polymer structure. The formation of pockets regignerally when the ratio COQto Ru is very high (above ca. 9). This is i
from the building up of the junction units, whicheaformed good agreement with the literatf'* where it has already
and stabilized through various interactions, sushhydrogen been reported that sodium acetate could be usecbntrol
bonding or hydrophobic association. Thus when, riurihe accurately the particle size of ruthenium NPs ifyplophases,
synthesis of Ru(0) NPs, poly(CTRCD) is substituted by provided that sodium acetate was added in sufficerounts.
another polymer, referred to as poly(CTR-MaltoDjegared Taken together, these results indicate that thesepree of
using the same polyesterification procedure as pheviously carboxylate groups provide sites of interaction hwithe
described, except that maltodextrin (MaltoD; lined@ositively charged metal ion (RY, which are known to play
polysaccharide with a dextrose equivalent valudé®)fis used an important role during the nucleation of metaistérs in the
instead ofp-CD, ruthenium particles with a significant largefhitial stages of reduction. In addition, it can &lso assumed
average particle size (3.79 0.82 nm) and a broader sizdhat the carboxylates exert a negative charge éogibbule
distribution (2-6 nm) are clearly produced (Fig. 86 the surfaces, establishing mutual electrostatic repaolsithat
Supporting Information). More importantly, it is wib contribute to their stabilization. This assumptibas been
emphasizing that no discrete spherical superstrestoan be further supported by zeta potential measurementsthef
detected, but only branched wire-like assemblieswhich @adueous suspensions of poly(CBRED) Ru(0) NPs. This
metal nanoparticles are attached to each otherplserved. technique is considered to be a useful indicateevaluate the
Similar conclusions can be reached by using théusogalt of balance between the repulsive and attractive foroesolid
CTR (molar ratio of COOH to NaHGG: 1) as protective agentsuspensions. Poly(CTR-CD) Ru(0) NPs shows zeta potential
in the synthesis of Ru(0) NPs. Indeed, TEM pictuoéshe Values of -30.2, -33.4 and - 33.8 mV at pH = 5,8l 40,
collected CTR-Ru(0) NPs show an average size I&spectively. This range of negative values indictitat the
approximately 3.15+ 0.60 nm (Fig. S6 in the Supportingcolloidal suspensions can be classified as phygicstable
Information). Additionally, the utilization of amiple mixture While the small shift in potential observed at pH® can be
of CTR andp-CD in a non-polymerized state containing thEelated to a slightly greater accumulation of casftate groups
same amounts of cyclodextrin moieties and COOH ppoas ©f the globules.

those stated in the final poly(CTRCD) polymer, results in a
more densely packed morphologies of ruthenium gagiwith
a higher polydispersity associated to the coexistenf small The catalytic activity of the colloidal suspensiomade of

particles (2-3 nm) and large particles (> 20 nniy (557 in the poly(CTR{3-CD) Ru(0) NPs and its different controls has becn
Supporting Information). first evaluated in the aqueous hydrogenation ofiraifiehyde

To evaluate the importance of the carboxylate gsoap the Catalytic tests have been conducted in a stainksel

stability of the poly(CTR3-CD) Ru(0) colloidal suspension, Weautoclave_ at 393 K under a d|hydrogen pressure iPa and
have performed other additional control experimefisst, it the reaction kinetic was monitored by gas chronvatoiy

has been shown that the absence of pre-treatmeray(iCTR- (procedure in the experimental section). The resoft the
catalytic runs after 1.5 h reaction are summarirnetiable 1.

Catalytic hydrogenation

This journal is © The Royal Society of Chemistry 2014 Green Chem., 2014, 00, 1-3 | 5
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Table 1 Influence of the nature of the protective agerthefRu(0
NPs for the catalytic hydrogenation of 2-furalde&yd

/ \ Protective agent/Ru(0) NPs / \
(O 1.0 MPa H,, 303 K O * O
O OH OH
FA THFA
. Selectivity (%)
/)

Entry Stabilizer Conv. (%) FAC THEAS
1 poly(CTR{-CD)° 62 95 5
2 poly(CTR-MaltoDy 16 100 0
3 CTR 33 93 7
4 PM(CTR+3-CD)* 38 96 4
5 PVP-K30 28 96 4
6 Ru/ALO,? 13 95 5
7 Ru/C 5 85 5

@ Reaction conditions: Ru (40umol, 1 equiv.), 2-furaldehyde (2 mmol, 50

equiv.), B (1.0 MPa), solvent (40, 12 mL), stirring rate (1400 rpm),
temperature (303 K), reaction time (1.5 s}abilizer previously treated with

NaHCQy.q at a molar ratio of NaHC{Qo COOH of 1 before the reduction of

the ruthenium(lll) salt (except for the Entry SIFA for furfuryl alcohol and

THFA for tetrahydrofurfuryl alcohol? 100 mg of cross-linked polymer or '€arrangement

physical mixture of CTR an@-CD (50/50 wt./wt. %)250 mg of CTR!35.2
mg of PVP-K30 used as received (3pnol, 7.5 equiv.).? 80 mg of
commercial supported Ru catalyst used as recebred. (%).

When comparing the conversion of 2-furaldehyde otrex
different samples, it is readily apparent that tlehenium
nanoparticles stabilized within the cross-ling«CD polymer
is by far the most active system. It is worth menithng here
that the effect of3-CD within the poly(CTRB-CD) Ru(0)
system cannot be connected to the usual abilit3-@D to
enhance mass transfer rates during catalytic psests't
Indeed, no inclusion complex betwe€CD and 2-furaldehyde
could have been observed By NMR. Thus, the poly(CTRB-
CD) Ru(0) NPs reach 62 % conversion after 1.5 htr{Ef,
Table 1) whereas, after the same period, the tledrol
citrate-based ruthenium catalysts prepared fromy(GdiR-
MaltoD), CTR alone and PM(CTR+CD) (referred to as the
physical mixture between CTR andB-CD without
polymerization) show significant lower conversions, 16 %
(Entry 2, Table 1), 33 % (Entry 3, Table 1) and%8§Entry 4,
Table 1), respectively. However it should be notedt the
latter system prepared by physical mixture cannat
considered as an efficient stabilizer of Ru(0) MiPee a black
precipitate is observed at the end of the reactiompromising
therefore their reusability. The product distriloatindicates in
all cases the preferential formation of the unsdatd furfuryl
alcohol (FA) with selectivity ranging from 93 to A0%.For
comparison, another colloidal system obtained bgnthal
reduction of RuG3HO with NaBH: in the presence of
poly(N-vinyl-2-pyrrolydone) (PVP-K-30, MW= 58000) as
also used as reference cataffsf:*®8 The corresponding
average particle size is 2.95 0.84 nm?® When these PVP
Ru(0) nanoparticles were exposed to furfural hydragion,
the reaction proceeds slowly, achieving a convarkigel of 28
% (Entry 5, Table 1), which is 2.2 times lower thidmat of
poly(CTR{3-CD) Ru(0) NPs. Concurrently to these rutheniu
colloidal systems, commercial heterogeneous cataksch as

6 | Green Chem., 2014, 00, 1-3
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Ru/Al2Os (5 wt. %) and Ru/C (5 wt. %) have also been
evaluated as controls in this reaction, by keemogstant the
metal content and therefore the substrate to matial (Fig. S9

in the Supporting Information). Thus after 1.5 haaton,
hydrogenation of 2-furaldehyde vyielded 13 % conwers
(Entry 6, Table 1) and 5 % conversion (Entry 7, [€ab) for
Ru/C and Ru/AOs respectively, without affecting the
selectivity (94-95% FA). The latter results are dgreement
with the high-throughput screening of various aloani
supported monometallic catalysts performed by Hubed
coworkers, who reported a moderate initial activitgh their 3

% RuU/AkLOs catalyst*® The use of Ru/C catalysts was alsa
examined by different research groups in the hyeinagion of
2-furaldehyde in watet’! Thus Ordomsky et al. showed that,
while the initial reaction step mainly proceeds hwithe
formation of FA, a number of hydrogenolysis by-prot, such
as 1,4-pentanedione, 1-hydroxy-4-pentanone
cyclopentanone, were formed through ring opening/@n
reactioPs. Finally, these comparisons are
indicative of the difficulty of hydrogenating seteely 2-
furaldehyde to FA and THFA with the use of convenél
supported ruthenium catalysts, thus highlighting tresult
obtained with poly(CTH3-CD) Ru(0) NPs. Note also that thc
level activity of poly(CTRB-CD) Ru(0) NPs is of the same
order of magnitude as that reported by Liaw etcal. NiB
nanoparticle catalysts, but under more severe tondi (T =
353 K, P(H) = 1.8 MPa)253

Taken together, our results show that the hydraimmactivity

of the aforementioned colloidal catalysts can baegally
correlated with the average size of the rutheniuantigdes.
Indeed, the best results are obtained with theotig®ly(CTR-
B-CD) allowing the stabilization of the smallest Rug¢lusters
of the series, i.e. 1.76 nm. In addition, the ageament of these
metal NPs in the surrounding protective microenvwinent has
also to be considered as an important factor tffatta their
ability to expose a large fraction of active sit€he utilization
of the polymer formed by the crosslinking @fCD with CTR
provides isolated micrometer-scale globular assE®bthat
promote the confinement and dispersion of high itersze-
Bontrolled Ru(0) NPs but also the product/substdiffeisional
exchanges between the globule and bulk solutiorusTlhe
rigidity and steric hindrance of-CD caused by the cyclic
arrangement of the seven glucose units is suggestethy a
critical role for ensuring good diffusion of theamant. This
idea is further supported by the fact that a mushel activity

is observed for the Ru(0) NPs stabilized by polyiReWaltoD)
compared to those by poly(CTRCD). This result may be
correlated to a greater flexibility of the lineatrusture of
maltodextrin, presumably responsible for the foiorabf less

or

well-defined cavities in the 3D-polymer networkléted to the

numerous hydroxyl groups that can be randomly affierently
involved during the polyesterification process).

To validate the stabilization with poly(CTRCD), we have
extended the time of reaction to complete the hyenation
reaction. Fig. 4 shows the reaction profile for llyelrogenation
of 2-furaldehyde over poly(CTR-CD) Ru(0) NPs at 303 K.

This journal is © The Royal Society of Chemistry 2014
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The profile illustrates the sequential nature o tieaction as
furfural is first hydrogenated to the unsaturateduryl alcohol
(constant selectivity of ca. 95 %), which is suhsaygly
hydrogenated to form the saturated tetrahydrofyffatcohol.
Interestingly, the saturated alcohol is producety aiter all
furfural is converted to the intermediate furfualcohol, i.e.
after 3 h reaction. Notably, the rate of reductiofh the
endocyclic double bonds is found to be much fatbten that of
the aldehyde. Thus, 2-furaldehyde is completelyrbgenated
to the saturated alcohol with 100 mol % yield inh4with

Green Chemistry

To overcome this limitation, 3-(2-furyl)acrolein xao be
solubilized in absolute ethat®P” (12 mL) before carrying out
the hydrogenation tests in the same conditionsofperature
and pressure as those previously described (308 KjPa H).
Scheme 3 shows the possible products resulting ftben
hydrogenation of 3-(2-furyl)acrolein. The first hhpdenation
products are either the aldehyde (1) or unsaturateshol (2)
formed by the hydrogenation of the C=C bond or Cdhd,
respectively. These compounds can be further hyaratgd to
successively produce the intermediate (2-furyl)prefi-ol (3)

poly(CTR{3-CD) Ru(0) NPs without any loss of stability,and the fully saturated alcohol (4).
whereas much time is necessary with the other Reda

systems. A standard
extractions with chloroform (total volume doublitige water
extract) provides an isolated yield of 83 %. As pamative
examples, it can be noticed that the yield of TH&##es not
exceed 3 mol % and 10 mol % after 4 h reaction tiwieen the
reaction is carried out in the presence of CTR RR{CTR+3-
CD Ru(0) NPs, respectively (Fig. S10 and Fig. Shlthe
Supporting Information).

100 l

80

m 2-furaldehyde ®FA ATHFA

60

40 |

Product distribution (%)

20

Time (h)

Fig. 4 Reaction profile for the hydrogenation of 2-furaihyde over polyCTH3-
CD Ru(0) NPs: 2-furaldehydem), furfuryl alcohol @) and tetrahydrofurfuryl
alcohol (A). Reaction conditions: Ru (40 umol, 1 equiv.), 2-furaldehyde (2
mmol, 50 equiv), H (1.0 MPa), solvent (¥D, 12 mL), stirring rate (1400 rpm),
temperature (303 K), reaction time (4 h).

isolation procedure of suceess

Q)

Q\/vo
/ \ / 3-(2-furyl)propanal \ (3)\ “
O\/vo @\/\/OH —>©\A/OH
) ) / ¢} (¢}
/ \ 3-(2-furyl)propan-1-o 3-(2-tetrahydrofuryl)

- OH propan-1-ol

[e]
3-(2-furyl)propen-1-ol

Scheme 3 Proposed reaction pathway for the hydrogenatio8-(#-furyl)acrolein

Table 2 reports the catalytic performances of tby(€TR-3-
CD) Ru(0) NPs after 1.5 h reaction and, for conyumarj results
achieved in the presence of ruthenium controlsatse given.
Notably, the results show a similar tendency as$ thserved
for the hydrogenation of furfural. Indeed, it i®atly evidenced
that the use of poly(CTIR-CD) in the stabilization of Ru(0)
NPs affects positively the reactivity since the devof
conversion of 38 % is 2 to 4.75 times higher thHeat tneasured
with the other ruthenium systems (Entry 1, TableVZphatever
the Ru(0) NPs system, the unsaturated aldehydis (he main
product at this reaction time (selectivity = 87-99 and no
trace of the unsaturated alcohol intermediate &%) éver been
found. This result is not surprising given that #wddition of
hydrogen to a conjugated C=C bond is thermodyndipica
favoured over the C=0 borfd.

Table 2 Influence of the protective agent on the catalgtidrogenation of 3-
(2-furyl)acrolein with Ru(0) NP%

In order to extend the scope of poly(CPRED) Ru(0) as
catalyst, the hydrogenation of 3-(2-furyl)acroléias also been
examined. This furan derivative can be producedabyaldol
condensation of furfural with acetaldehyde andaddition can
be considered as a heterocyclic analogue of cintlishgde.
Recently, the aldol approach has given access ttange of

- Conv. Selectivity (%)
Entry Stabilizet %) @) @) ®) @
1 poly(CTRB-CD)° 38 87 0 13 0
2 poly(CTR-MaltoD) 15 90 0 10 0
3 CTR 18 96 0 4 0
4 PM(CTR+3-CD)° 19 93 0 7 0
5 PVP-K30 8 93 0 7 0

2 Reaction conditions: Ru (40umol, 1 equiv.), 3-(2-furyl)acrolein (2 mmol,
50 equiv), H (1.0 MPa), HO, (12 mL), ethanol (12 mL), stirring rate (1400
rpm), temperature (303 K), reaction time (1.5° tabilizer previously

furaldehyde-based derivatives and has opened a ralengeated with NaHCGLq at a molar ratio of NaHCQ0 COOH of 1 before the

integrated strategy for the synthesis of mediumfelength
alcohols from carbohydrate feedstock (through hgdmation
and selective deoxygenation /ring opening procgsées
However, the aldol condensation products, such 48-3
furyl)acrolein are solid at ambient temperaturesd aheir
solubility in water is extremely low, preventingezpiate mass-
transfer.

This journal is © The Royal Society of Chemistry 2014

reduction of the ruthenium(lll) salt (except foetkntry 5):100 mg of cross-
linked polymer or physical mixture of CTR afeCD (50/50 wt./wt. %)950
mg of CTR.35.2 mg of PVP-K30 used as received (g@fol, 7.5 equiv.)

Considering the best behaviour of the poly(CE+H#&D) Ru(0)
NPs and in order to provide a better insight irite teaction
mechanism, a kinetic experiment has been finallpdooted
(Fig. 5). The kinetic curve reveals that the hydnoation of 3-
(2-furyl)acrolein in the presence of colloidal npadicles

Green Chem., 2014, 00, 1-3 | 7
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occurs in three consecutive steps, as mentionedealdwus, it catalysis (Fig. S12 in the Supporting Informatiofhis last
is observed that 3-(2-furyl)acrolein is first conesl to 3-(2- result gives a strong indication of the resistarafe the
furyl)propanal (1), which is subsequently hydrogedao 3-(2- ruthenium nanoparticles under the catalytic condg&iused for
furyl)propan-1-ol (3). The last step (very fast) ithe the hydrogenation of furan derivatives compoundsenvthey
hydrogenation of the heteroaromatic ring leadinghte fully are dispersed within the protective large supecsires formed
saturated alcohol product (4). Interestingly, thensecutive by poly(CTRf-CD). Further evidence of the fact that the
reaction mechanism over the poly(CPR=D) Ru(0) system chemical structure of the polymer network is né¢r@d during
allows accessing the unsaturated alcohol (3) ouwratd catalysis and product extraction has been alsoirsdataby *H
alcohol (4) in high selectivitiesia the hydrogenation of 3-(2- NMR measurements (Fig. S13 in the Supporting Infdiom).
furyl)acrolein. The reaction is completed (100 M6l yield) Finally, the enhanced catalytic stability and perfances can
after 7.5 h reaction, without any signs of destahilon of the be attributed to the ability of this cross-linkedlymer to
poly(CTR{3-CD) Ru(0) colloidal suspension. provide a good balance of stabilizing propertiethvtihe metal
surface, both in terms of steric interactions (pody and3-CD)
and electrostatic interactions (ionisable-COOH gs)u
100 l m3{(2-furyl)acrolein o(1) X(2) ©(3) 0(4) .o without hindering the catalytic activity.

100

\,
(&)
[
\

50

Product distribution (%)

Conversion after 4 h. (%)

25 — — — — — —

e 0 N B EE B

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5

Fig. 5 Reaction profile for the hydrogenation of 3-(2yfjacrolein over

polyCTR-CD Ru(0) NPs: 3-(2-furyl)acroleirmj, 3-(2-furyl)propanal (1), 3-(2-

furyl)propen-1-ol (2), 3-(2-furyl)propan-1-ol (3né 3-(2-tetrahydrofuryl)propan- Fig. 6. Reusability of poly(CTR3-CD) Ru(0) NPs in the hydrogenation of 2-
1-ol (4). Reaction conditions: Ru (40 pmol, 1 equiv.), furfural (2 mmol, 50 furaldehydeReaction conditions: Ru (40umol, 1 equiv.), 2-furaldehyde (2 mmol,
equiv.), & (1.0 MPa), HO, (12 mL), ethanol (12 mL), stirring rate (1400mp 50 equiv.), H (1.0 MPa), solvent (0, 12 mL), stirring rate (1400 rpm),
temperature (303 K), reaction time (8 h). temperature (303 K), reaction time (4 h).

Recycling Conclusions
The reusability of poly(CTH-CD) Ru(0) NPs has been

specifically investigated on 2-furaldehyde at 1 Maand 303 o ) . - .
K. After a first run with the fresh catalytic syste(4 h) and characterization of water-dispersible ruthenium aparticles

complete conversion of 2-furaldehyde (> 95 %), ¢healyst is utilizing a three-di.mensionzﬂ-cyclodextrin poly.m.er (p_repared
thoroughly washed with diethyl ether until completgy polycor?(_jensanon be_tween ngt&é:D and C|tr|c_a0|d) _as a
elimination of the reaction product. After removaf the npvel sta_szer. R_uthenlum VY‘?S introduced bY usmtgt_pemum
remaining diethyl ether under vacuum, the aqueamimidal nitrosyl nitrate while the stability of the ruthem colloids was

suspension is reloaded with 2-furaldehyde and dibgyein and profoundly affected by the acid or alkaline natwoe the
reused in hydrogenation as in the initial run. Fégclearly polymer aqueous solution. Under appropriate comaiitiof pH,

exhibits that the colloidal suspension made of OKR3-CD) TEM r.evealed that the usg of poly(CIH €D) led to the
Ru(0) NPs is stable and reusable under the reactiaditions, formation of generally spherical, discrete supeigtires of ca.
preserving its activity on the hydrogenation ofu?aldehyde to 50'_109 r.1m in dlamet.er, which are F:omposgd of aelanmber
tetrahydrofurfuryl alcohol after 5 consecutive ruiMoreover, OT |r.1d|v.|dua| ruthenium nanoparticles with a narrosize- g
it is worth mentioning that the stability of thelp@TR-3-CD) dlstrlbgtlon centergd around 1.8 nm. The_se .en."nbedd\
Ru(0) system has been checked by TEM measureniémts ruthenium nanoparticles were successfully appliedficient

the picture taken after reaction clearly shows thatdiscrete and reusable catalysts for the aqueous phase fgmitign of

superstructures encapsulating the metal nanopssticdre furan-derivgd co.mpounds, such 2-fura.ldehyde a_1nd2-3-(
maintained without any apparent change of morphetog furyl)acrolein. This easy approach contributes tovgle a

Notably, the Ru(0) NPs displays a Gaussian-likeridistion generation of more robust colloidal catalysts, i@ not only

and a mean diameter of 1.87 nm with 95 % betwesmad 2.5 the C(.)nfln_ement of catalytically active nan.opaetmlbut also
nm is obtained, correlating with the data obtairteefore the diffusional exchanges between the microcapsulé the

In conclusion, we have described the synthesis aiwu

8 | Green Chem., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014
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bulk solution. These features are known to be latofs in Particle density distribution was determined witfe fprogram

heterogeneous catalytic processes. SCION Image by using ca. 600 Ru(0) NPs selectedduhiple
regions of the TEM images with surface areas ranffiom 300

Experimental to 400 nm.

General Zeta Potential analysis

Ru(NO)(N)3 solution (1.5 wt. % Ru) was purchased frordeta potential measurements were carried out inemwat
STREM chemicals. 2-furaldehyde was purchased frddni¢gh suspension using a Malvern Zetasizer Nano ZS.&fpetential
Chemicals and was used after distillation undemuuat 3-(2- corresponds to the potential difference betweendibpersion
furyl)acrolein, sodium borohydride, citric acid armbdium medium and the electrical double layer of fluidaatted to the
hydrogenocarbonate were obtained from Acros Orgaaitd dispersed particle. The measurements are based loaser
Aldrich Chemicals and were used without any furthédoppler electrophoretic mobility of metallic nanofees via
purification. Absolute ethanol was purchased frorishér the Helmholtz—Smoluchowski equatidgw(n/e)epe, Wherepe is
Scientific. B-CD and Glucidex®Maltodextrin 19 (dextrosedefined as the ratio between the velocity of thetattie
equivalent 19) were generous gifts from Roquetteérds nanoparticles and the magnitude under the appliedtrie
(Lestrem, France). Poly(CTR-CD) and poly(CTR-MaltoD) field, n is the viscosity of the suspending liquid aadhe
polymers have been synthesized by polyesterifinatio the dielectric conductivity of water. The colloidal ggssions were
presence of citric acid according to a previousgparted analyzed without any previous treatment.

procedure®® Two commercially available supported ruthenium .

catalysts, RU/C (5 wt. %) and Rus@k (5 wt. %), were General procedurefor the hydrogenation of 2-furaldehyde
supplied by Aldrich Chemicals and used as receiVdified The stainless steel autoclave was charged with L2ofrnthe
deionised water from Fresenius Kabi was used asaru standard colloidal suspension of Ru(0) (g6ol, 1 equiv.).

solvent. Then 50 equiv. of 2-furaldehyde was added intoaheclave
] ] ] and hydrogen was admitted to the system at conptassure
Synthesis of colloidal Ru(0) nanoparticles up to 1.0 MPa. The mixture was heated to 303 K stitckd at

In a typical experiment, the colloidal suspensiamsvprepared 1400 rpm. At regular time intervals, precise volsnoé sample
as follows at ambient temperature. 100 mg of polfREB-CD) were withdrawn from the reaction mixture (5¢.) and
(MW = 25000, 4.05 mmol § COOH acidic sites) were subjected to direct organic extraction with dietitger (2 mL).
dissolved in 5 mL of deionized water in the presemé a The reaction was then monitored by analyzing thaggiots
controlled amount of NaHC O(molar ratio of NaHC® to using a Shimadzu GC-17A gas chromatograph, equiptéda
COOH = 1) and the mixture is kept under vigorousisy methyl silicone capillary column (30 m x 0.32 mmyea flame
during 3 h. Then 269 mg of Ru(NO)(N)? solution (1.5 wt.% ionization detector. Conversions, selectivities &B@ yields
Ru) (40umol, 1 equiv.) were dispersed in 3 mL of deionizedere quantified by gas chromatography, based orrdlative
water. The both solutions were mixed together unigorous GC-areas referred to an external standard (decatibyated to
stirring during 30 minutes. Then, 15.2 mg of NaB@E00 the corresponding pure compounds.

pmol, 10 equiv.) previously dissolved in 4 mL of wawere For the recycling procedure, after complete corivarsof
quickly added to the mixture. The resulting colldid furfural, the hydrogenation products were extradigdiquid-
suspension was kept under vigorous stirring forhadirs in liquid extraction and decantation with diethyl athEhen after
order to check that there is no sedimentation ef rietallic elimination of the organic phase under vacuum, dbkoidal

particles before the beginning of the catalytid¢.tes suspension was reloaded with 2-furaldehyde andddidgen
. and reused in hydrogenation in the autoclave aritesl
NMR analysis above.

The 'H spectra were recorded at 300.13 MHz on a Bruker . .

Avance DRX300 spectrometer..® (99.92%, isotopic purity) General procedurefor hydrogenation of 3-(2-furyljacrolein

was purchased from Euriso-Top. THé chemical shifts are The catalytic tests for the hydrogenation of 34{Bf)acrolein

given in parts per million (ppm) relative to thartethylsilyl-3- have been carried out in a similar manner as thewigusly

propionic acid-@&2,2,3,3 sodium salt (98% atom D) ino@ described for the hydrogenation of 2-furaldehydegegt that

using internal capillary. the 50 equiv. of 3-(2-furyl)acrolein were solubdizinto 12 mL
of absolute ethanol.

TEM analysis

Transmission Electron Microscopy (TEM) was perfodnmm a Acknowledgments

Tecnai microscope (200 kV). A drop of the colloid
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size distribution of the nanoparticles was estimhaafter the

measurement of 200 particles with the program SCi@bige.

a'll'he TEM facility in Lille (France) is supported Itge Conseil
Regional du Nord-Pas de Calais and the Europeanofag
Development Fund (ERDF). We thank Grégory Crowyd an
Dr. Antonio Da Costa from the University of Artdisr their

This journal is © The Royal Society of Chemistry 2014 Green Chem., 2014, 00, 1-3 | 9



Green Chemistry

help with NMR and TEM measurements, respectivelyd.Rs 13
grateful to the Ministéere de [I'Education Nationaldg
I'Enseignement Supérieur et de la Recherche for RheD.
grant. 14
15

Notes and r efer ences 16

2 Université d'Artois, Unité de Catalyse et de Cleidu Solide (UCCS), 17
Faculté des Sciences Jean Perrin, Rue Jean So8®dA8, F-62307 Lens
Cedex, France.

b CNRS, UMR 8181, F-59650 Villeneuve d’Ascq, France

¢ Université de Lille, UMET, UMR 8207, F-59650 Vitleuve d’'Ascq,
France

T Preliminary experiments showed that the mosablétmolar ratio of
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the presence 100 mg of poly(CTRRED) (normal experimental
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poly(CTR{3-CD) after addition of different reactants (Fig.)SZEM
characterization for the surface density calcutatmf Ru(0) NPs in
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2-furaldehyde as a function of time over Ru/C andARO; control
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Graphical Abstract

Furan
derivative

Hydrogenated

poly(CTR-B-CD) Ru(0) NPs  © size : 1.8 nm

Robust and highly efficient ruthenium nanoparticles confined within individual
microenvironments formed by a three-dimensional B-cyclodextrin polymer were easily

prepared for the hydrogenation of biomass-derived furan compounds in water.
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