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Abstract

Water-soluble ruthenium nanoparticles stabilizedrdaydomly methylateg-cyclodextrins (RaMeCDs) grafted
with chiral amino-acid moieties like-alanine (Ala) and.-leucine (Leu) were prepared in aqueous solution by
two approaches: i) a one-step hydrogen reductiorutbienium trichloride as metal source in the pneseof
appropriate cyclodextrins (one-pot method) or iilNaBH, reduction of the metal salts, followed by the
stabilization of ruthenium hydrosol by the additioh chirally modified RaMeCDs (cascade method). The
influence of the ligand’s nature and the synthes$hodologies on the size, dispersion and surfemgepties of
the obtained ruthenium colloids were studied by T&hM NMR analyses. The spherical ruthenium suspessi
contain very small particles (0.82-1.00 nm) withrroav size distributions. Their catalytic propertiegere
evaluated in biphasic hydrogenation of various piat compounds (olefins, ketones and disubstitatezhes)
showing promising results in terms of activity a@dectivity. Nevertheless, no significant enantiomexcesses
were observed.
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1. Introduction

Optically active cyclohexyl moieties play a keyeah the synthesis of various biologically activeletules or
auxiliaries.[1] Among the various strategies, enatimor chemical resolution approaches|2] or chanatiliary-
bound substrates[3-6] were used to produce thesieallp enriched intermediates. An elegant altermat
method will rely on the catalytic diastereoselegtivydrogenation of monocyclic polysubstituted beese
Recently, metal nanoparticles (NPs) have emergeal @extinent class of catalysts for various reastig7, 8]
and especially for arene hydrogenation under mitthditions,[9, 10] owing to their original surface
reactivities.[11-13] Their preparation usually reqe the presence of protective agents such asctarts,
polymers, or ligands, etc.[14-16] Towards the iasirg demand in optically enriched intermediatesjous
chiral compounds have been investigated as preéectgents of colloidal species for the developrmaht
asymmetric catalytic reactions. In this case, ttiog agents should be able to transmit theiratiformation

to the substrate and thus control the enantiodiscdtion in reduction processes. [17, 18] Accordiagour
knowledge, only a few chirally modified metal naatalysts have been described in the hydrogenation o
prochiral aromatic molecules within organic medi@][First studies were performed in the hydrogematf o-
cresol derivatives using colloidal rhodium protectey a chiral lipophilic amineR)-(-)-dioctylcyclohexyl-1-
ethylamine (DOCEA), leading to very low asymmeinduction.[19] Metal NPs stabilized by chiral N-dwn
ligands[20] or carbohydrate derived 1,3-diphosphiiends[21, 22] also revealed poor enantiomeritees €€
values in the hydrogenation of methylanisole is@amer

Besides, in order to fit in with green chemistrinpiples,[23] the use of finely dispersed nanopéet in water,

a readily available and environmentally benign enty has gained growing attention due to their veop
ability and easy work-up.[24-28] In this aqueousdinm, the problematic undissolved substrates can be



circumvented by the use of micellar systems,[29, k@ surfactants.[31-34] In this context, our gmphas
described a series of optically amphiphilic compisjrderived fromiN-methylephedrineN-methylprolinol or
cinchona derivatives possessing various counter-&nefficient stabilizers of rhodium NPs in wd8%], [36]
These nanocatalysts proved to be highly activdhénasymmetric hydrogenation of ethyl pyruvate archiral
disubstituted benzenes, with modest enantiodisogtian.

An alternative approach to improve biphasic catalprocesses consists on the use of inverse phassfdr
catalysts, such as cyclodextrins (CDs) or calixasd7-39] In case of CDs, physico-chemical pragsrtould

be easily modulated through the choice of the gaviize, the nature of the substituents and thistgution
degree.[40], [41] Among them, randomly methylafedyclodextrins (RaMeCD) have proved to be partidula
efficient[37, 42, 43] and have demonstrated to tmenising candidates as stabilizers for metallicasecies in
water.[44] Based on these physic-chemical propertar group has investigated RaMeCD-protectedenitim
NPs (RU NPs) as nanocatalysts in the hydrogenation ofrslg#5] ketones[46] and arenes.[45, 47] Recently,
the influence of the preparation method on NPs sigzewell as on their reactivity has particularlyebe
studied.[46] Both synthesis methodologies (one-pad cascade) led to very small NPs with narrow size
distributions, which proved to be very active ie tlieduction of model substrates.

Although the use of CDs-based structures in chiiatrimination is well-documented,[48] the use dD<C
modified by chiral substituents for the stabilipati of NPs and their application in enantioselective
hydrogenations has not been described to our kigeleHere, we report the synthesis of novel ruthariNPs
capped by methylated CDs grafted with chiral meigtisuch as-alanine (RaMeCD-trz-Ala) ot-leucine
(RaMeCD-trz-Leu) (Fig. 1) in order to induce asynpeduring supramolecular recognition processe®séh
supramolecules[49] were synthesized in 5 steps froino-6-azido RaMeCD precursor using click
synthesis[50] with good yields and were subsequemsied to avoid aggregation of RNPs during their
preparation. Two easy and reproducible routes fmieand cascade methods) were applied for the sgistiof
RU’ colloids and their comparison. Their charactetirat have been performed by Transmission Electron
Microscopy (TEM) and Diffusion Ordered SpectroscofOSY) experiments while their catalytic reactyvit
was compared in the biphasic asymmetric hydrogematif various prochiral substrates. In a first eét
experiments, methyl 2-acetamidoacrylate and etgylate were studied as model substrates of a wedch
functionalized olefin and ketone, respectively. tagpdenone was also investigated as a pertinentratdsn
terms of chemoselectivity (carbonyl group vs. artienaing) and stereoselectivity through the asynriuet
reduction of the ketone function. Finally, the abéal nanocatalysts were evaluated in the sterezisele
reduction of a prochiral arena{methylanisole), which remains a real challengasymmetric catalysis field.
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{RaMeC% < {RaMeCDE

RaMeCD-trz-Ala RaMeCD-trz-Leu
Fig. 1. Structure of grafte@-cyclodextrins with chiral amino-acid moieties likalanine (Ala) and-leucine (Leu)

2. Experimental
2.1. Reagents and chemicals

Randomly methylate@-cyclodextrin (RaMeCD (1.8)) was purchased fromn&igAldrich. This cyclodextrin
was partially methylated. Methylation occurred asitions C2, C3 or C6 and 1.8 OH groups per glucapgyse
unit were statistically modifiedL-AlanineN-[(1-randomly methylate@-cyclodextrinyl-H-1,2,3-triazol-4-
yl)methyl amide] (RaMeCD-trz-Ala) and-leucineN-[(1-randomly methylate-cyclodextrinyl-H-1,2,3-
triazol-4-yl)methylamide] (RaMeCD-trz-Leu) were pexed according to a previously described procefdi@le
Ruthenium chloride hydrate was obtained from Stfeéimemicals. Sodium borohydride and all substrate® we
purchased from Sigma-Alrich, Ags Organics or Alfa Aesar and were used withouthimipurification. Water
was purified using Millipore Elix 5 (type MSP 108ystem.

2.2. Analytical procedures

2.2.1. TEM analysis
Transmission electron microscopy (TEM) images wpsformed at “Service Commun de Microscopie
Electronique de I'Université Paul Sabatier” (UPSME&CAN) in Toulouse or at “Université Pierre et Mari



Curie”. They were recorded with a JEOL 1011 elattmicroscope operating at 100 kV with resolutioimpof
4.5 A or with a JEOL TEM 100CXIl electron microseopperated at an acceleration voltage of 100 kV,
respectively. A drop of RNPs in water was deposited on a carbon-coatedezapinl and dried in air. The size
distributions were determined through a manualyaiglof enlarged micrographs with Image J softwasiag
Microsoft Excel to generate histograms of the statl size distribution and a mean diameter. Aiste200
particles on a given grid were measured in ordebtain a statistical size distribution and a mémmeter.
2.2.2.NMR analysis

DOSY NMR was recorded on a Bruker Avance |l 408ctppmeter at 400.13 MHz foH and equipped with a
BBFO probe and Z-gradient coil and a GREAT 1/1Gdgmat unit. All experiments were recorded using 2Be
PGSE sequence for diffusion measurement using ktieti echo with bipolar gradient without spinnifidhe
relaxation delay was adjusted to 3 s while theid TA and the little DELTA were set at 50 ms andG2us,
respectively. A series of 16 experiments of 64 Or<ans was recorded. The shape of the gradient was
rectangular and its duration was 5 ms. The streoftthe gradient was varied during the experimeamd
calibrated by measuring the self-diffusion of tesidual HDO signal at 298K of a doped water tub&aiaing
1% H,0 in DO, with 0.1 mg GdGImL D,O and 0.1% CEDOH (1.87 x 10 n.s?). All the spectra were
acquired using 65K points and 5600 Hz and processtbcdthe Bruker Topspin software package DOSY gigin
line broadening of 1 Hz. All of samples (RaMeCD-#&ta, mixture of RuC{3H,O and RaMeCD-trz-Ala or
R’ @RaMeCD-trz-Ala NPs synthesised by one-pot metfat} prepared in £D solution at a concentration of
7.2 mM of RaMeCD-trz-Ala and analysed at 298K.

2.2.3. Gas chromatography

For hydrogenation of prochiral substrates, the eosien and the enantiomeric excess were deterntiyieghs
chromatography using Fisons Instruments GC 900@ssavith FID detector equipped with a chiral Varian
Chiralsil-Dex CB capillary column (30 m, 0.25 mnd.). Parameters were as follows: isotherm progrdth w
oven temperature, 90 °C (ethyl pyruvate amemethylanisole) or 130 °C (acetophenone and methyl
acetamidoacrylate); carrier gas pressure, 50 kPa.

2.3. Synthesis of aqueous ruthenium(0) suspension

2.3.1. One-pot method

To an aqueous solution (6 mL) of RyBH,O (3.8 mg, 1.44 x I®mmol) was added at once cyclodextrin
(RaMeCD-trz-Ala or RaMeCD-trz-Leu) (7.2 x 1@nmol) dissolved in 4 mL of water. The mixture was
vigorously stirred at room temperature undgratinosphere (B = 1 bar) until the reaction’s colour turned from
dark brown to green brown (about 5-7 h). The cdHlbiruthenium solution was then stirred overnightomm
temperature before used in catalytic test.

2.3.2. Cascade method

To an aqueous solution (50 mL) of RgBH,O (26.1 mg, 0.1 mmol) was added dropwise and uwidgrous
stirring a freshly prepared aqueous solution (aldo8itmL) of NaBH 0.1 M at room temperature. The reduction
occurred quickly and was characterized by a pragrescolour change from dark brown to light brovien
green brown. The addition of NaBhvas stopped when an additional drop made all atren solution turn
dark brown while the pH value was kept lower 4.8eTcolloidal solution was then stirred overnightr@m
temperature before addition of the aqueous solydd@&2 mL) of cyclodextrin (RaMeCD-trz-Ala or RaMBE
trz-Leu) (0.5 mmol). The obtained ruthenium nantples were stirred for 24 h before used in catalgst.

2.4. General procedurefor high pressure hydrogenation reactions

The stainless steel autoclave was charged with afaeous colloidal ruthenium suspension (10 mL,
1.44 x 10 mmol or 1.00 x 18 mmol for the catalyst prepared by one-pot or cdsaaethods, respectively) and
appropriate substrate ([substrate]{Ruatio = 100/1). The autoclave was degassed timess and hydrogen gas
was admitted to the system at a constant presQ@édars). The mixture was stirred vigorously atmnoo
temperature for time (h). Samples were removed friome to time to monitor the reaction by gas
chromatography in previously mentioned conditions.

2.5. General procedurefor catalytic lifetimetests

The stainless steel autoclave was charged with afaeous colloidal ruthenium suspension (10 mL,
1.44 x 10 mmol or 1.00 x 18 mmol for the NPs produced by the one-pot or caseadthods, respectively)
and ethyl pyruvate ([substrate]/[Buatio = 100/1). The autoclave was degassed ttinees and hydrogen gas
was admitted to the system at a constant pres@réar H). The mixture was stirred vigorously at room
temperature until total conversion of ethyl pyrevgi8 h and 6 h depending on the catalyst syst&imd.
agueous phase was washed successively with EtOA®O (#L) then stirred overnight before reuse in et
run.



3. Resultsand discussion
3.1. Synthesis of ruthenium(0) nanoparticles

Based on results previously obtained in our groith RI"@RaMeCD systems,[46] ruthenium nanoparticles
were prepared through two approaches, one-potgés reduction) and cascade (NaBttiemical reduction)
routes (Scheme 1).

H, (1 bar), RaMeCD-trz-Ala
or RaMeCD-trz-Leu

one-pot \
RuCls Ru’@RaMeCD-trz-Ala
Ru’@RaMeCD-trz-Leu
cascade /
1) NaBH,

2) RaMeCD-trz-Ala or
RaMeCD-trz-Leu

Scheme 1. Two methodologies for RuO@RaMeCD-trz-Ala and RuO@RaM#&@Reu NPs synthesis

In the one-pot method, ruthenium(lll) chloride wamultaneously reduced under hydrogen pressureaah r
temperature (rt) and stabilized in water in thespree of appropriate chiral cyclodextrins (RaMe@bAla or
RaMeCD-trz-Leu) (5 eq). The higher steric hindramdegrafted CDs and/or the coordination of the reta
precursor with triazole moieties[51, 52] renderkd teduction more difficult than previously obsehfer the
preparation of R@RaMeCD NPs, thus requiring a longer reaction time

The cascade method consists on the preparationudfsispensions in two steps: i) chemical reduction of
RuCk,-3H,0 by a dropwise addition of an aqueous NaBidlution;[53] ii) post-stabilization of obtaineduR
hydrosol by addition of 5 eq of suitable chiral CO$erefore, this strategy offers a great advantatiewing

the modulation of the cyclodextrin’s amount.

3.2. Characterisation of ruthenium(0) nanoparticles

The water-soluble R@RaMeCD-trz-Ala or RU@RaMeCD-trz-Leu colloids obtained by both methodsev
characterized by TEM analysis,[54] in order to etate the influence of the ligands and the preparat
approaches on the size, morphology and disperdidineometallic cores of the NPs. The micrographd e
size distributions are presented in Fig.2 and Fig.
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Fig. 2. TEM imaes of R?@RaMeCD-tr-AI NPs prepared by (a) one-pot methadléShar =20nm) and (b) cscade
method (Scale Bar = 20 nm)

In all cases, the colloids were well-dispersed lo& ¢rid, with spherical morphologies and narrowngtad

deviations. The RUNPs displayed a mean size in the range 0.82-InQGepending on the ligand nature and
the preparation methods. The more sterically hieddigand,L-leucine-grafted cyclodextrin, appeared to be
more effective than its alanine analogue in théikzation of R suspensions, leading to the formation of



smaller NPs (0.96 and 0.82 nm vs. 1.00 and 0.98mspectively). In addition, while similar sizes ree
observed with RaMeCD-trz-Ala-protected ‘RMPs synthesized by both approaches (Fig. 2), th® NPs

prepared by the cascade strategy were slightlylenmtalan those obtained by the one-pot methodenctise of
RaMeCD-trz-Leu as stabilizing agent (Fig. & Fig 3b). This better control of the NPs growth Idoresult

from the pre-stabilization of Ruhydrosol with hydronium ions or other hydrated SoftO,", H,05", etc.)

generated during the NaBHeduction of the RugBH,0.[53] Moreover, in comparison with R@RaMeCD

systems,[46] these NPs exhibited smaller diamefergreviously mentioned,[53, 54] this phenomenould be

explained by the protonation of Ala or Leu moiet&pH of medium (~4.9), thus producing ammoniumm®

that may reinforce the NPs stability within agquesokition thanks to coulombic interactions[55, Bfiile the

RaMeCD backbone provides only a steric stabilizatio
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g 3. TE images of RUWRaMeCD-trz-Leu NPs prepared by (a) one-pot methodleéar = 2) and (b) cascade
method (Scale bar = 50nm)

As comparable size and morphology of NPs were obseRI@RaMeCD-trz-Ala produced from the one-pot
method was chosen among these nanocatalysts for MNMEstigation in order to study the nature of the
interactions between the protective agent and tamliic core.'H NMR measurements in,D solution of the
CDs and the corresponding RMPs showed no significant difference in the chenghifts of the chirally
modified CDs. Moreover, DOSY analysis[57] indicatpdte similar values of diffusion coefficierD) of these
samples at the given concentration (7.2 mM) (TdhlEntries 1 and 2). These results evidenced theweak
interactions between the CDs and the metallic ao@pposition to the coordination induced by strdiggnds,
such as 1,3,5-triaza-7-phosphaadamantane (PTA).[58]

Table 1. D values and ry values deter mined by DOSY NMR?

Entry Sample D (10° ms? ry (nm)
1 RaMeCD-trz-Ala 2.267 0.851
2 RP@RaMeCD-trz-Al4 2.290 0.842
3 RaMeCD [46] 2.460 0.784
4 RP@RaMeCD [46] 2.463 0.783

4 NMR analysis performed at 298K in,®.” NPs were prepared by one-pot method.

Compared to Rl@RaMeCD NPs, chirally modified CDs-stabilized°Rulloids displayed comparabilzvalues
(2.463x10'° and 2.290x18° m”.s", respectively) (Table 1, Entries 4 and 2). Thighgly slower diffusion in
D,0 solution could be attributed to the higher stéiitdrance and the potential electrostatic stedtitin of the
RaMeCD-trz-Ala. The hydrodynamic radiug59] of these self-diffusing species were calcuddi®m D using
the Stokes-Einstein equation. These values revahbtdthe aggregation state of CDs near the partichery
low. Finally, these DOSY NMR experiments suggestphesence of non-aggregated but mobile CDs aatray
dispersive agent around the particle surface.

3.3. Biphasic catalytic hydrogenation of prochiral substrates using ruthenium(0) nanoparticles

The RU@RaMeCD-trz-Ala and R@RaMeCD-trz-Leu NPs have been investigated in ¢dection of various
prochiral substrates, such as an activated olefietlfyl 2-acetamidoacrylate), a linear ketone (efiyylivate),
an aromatic ketone (acetophenone) and a disulestitatene r-methylanisole). The hydrogenation of these
model compounds was carried out under biphasic ittond (water/substrate) at room temperature and
monitored by gas chromatography analysis. In aglditihese reactions have been performed at 20 painktke



no conversion was observed at atmospheric hydragemitions as shown in previous studies.[46, 60]
Moreover, the stability of the triazole ring undeduction conditions of the synthesis and the gaigwas also
demonstrated.[51, 52, 61] The catalytic performarafehese systems are reportedable 2andTable 3.

Table 2, Hydrogenation of methyl 2-acetamidoacrylate and ethyl pyruvate using Ru’@RaM eCD-trz-Ala
and Ru’@RaM eCD-trz-Leu?

Entry Substrate Chiral moiety Method t(h) Products Yielqjs

(%)
1 Ala One-pot 6 100
2 Methyl 2- Leu One-pot 6 . 100
3 acetamidoacrylate Ala Cascade 6 Methyl 2-acetamidopropanoate 100
4 Leu Cascade 6 100
5 Ala One-pot ) 61
6 Leu One-pot 6 100
7 Ethyl pyruvate Ala Cascade 6 Ethyl 2-hydroxypropanoate 54
8 Leu Cascade 6 100
9 Led Cascade 6 12

3 Conditions: RB@RaMeCD-trz-Ala or Rl@RaMeCD-trz-Leu ([Substrate]/[Rumolar ratio = 100/1), 10 mL 4@, 20 bar
H,, rt.® Determined by GC analysis100% yield after 18 h of reactich10 eq of RaMeCD-trz-Leu were used.

First, whatever the chiral ligand (RaMeCD-trz-AlaRaMeCD-trz-Leu) and the preparation methods (oote-
or cascade), the reduction of methyl 2-acetamigdeater occurred exclusively on the activated C=Chiedwond
with complete conversion in 6 h (Table 2, Entried)1However, the carbonyl group of ethyl pyruvatas
selectively and totally reduced into the correspomdalcohol only with RU@RaMeCD-trz-Leu (Table 2,
Entries 6 and 8), while RaMeCD-trz-Ala-capped’RuPs synthesized by both methods displayed lower
reactivity towards this compound (61% and 54%, eespely) (Table 2, Entries 5 and 7). In all cases,
significant enantiomeric excess was recorded (< 586)improve the enantiodiscrimation during theabaic
process, higher amounts of CDs grafted with climaino acids (up to 10 eq.) were introduced, bubdnhately
with no enhancement of the asymmetric induction ardtamatic decrease in the initial hydrogenatee of
ethyl pyruvate (12% after 6) (Table 2, Entry 9,tfumte d). Extra amount of added RaMeCD-trz-Leu plibyp
hampered the substrate’s approach during the tiatadyocess, thus lowering the reaction rate. jmahe
complete conversion was achieved in 18 h of readtioe (Table 2, Entries 5 and 9, footnote c). keaond set
of experiments, the influence of the nanocatalysthe chemoselectivity (carbonyl group vs. aromatig) was
studied, using acetophenone as substrate. Undatahdard reduction conditions, only %RaMeCD-trz-Ala
NPs prepared by cascade method led to the quamitidrmation of the totally hydrogenated produtt (
cyclohexylethanol) in 8 h (Table 3, Entry 3). Otimamocatalysts gave a mixture of 1-cyclohexylethamad 1-
phenylethanol as the intermediate obtained fronrédection of the carbonyl group (Table 2, Entiie® and
4). No 1-cyclohexylethanone intermediate, produfredn the reduction of the aromatic ring, was detd¢ct
suggesting that the carbonyl group is easily rddleacicompared to the aromatic ring. Besides, fothbo
methodologies, R@RaMeCD-trz-Ala nanocatalysts were found slightlgrenactive than RaMeCD-trz-Leu-
capped RUNPs (Table 3, Entries 1 and 3 vs. 2 and 4). Fumhbee, the nanospecies synthesized by the cascade
method (Table 3, Entries 3 and 4) also revealeiféinetics than those formed by the one-pot path{@able
3, Entries 1 and 2).

In a third set experiments, considering the origiefiiciency of nanoparticles-based catalysts taisathe
reduction of aromatic rings, the challenging steedective hydrogenation of-methylanisole was investigated.
The different reactivity of the NPs prepared byhbeipproaches was clearly confirmed. Effectivelye th
conversion of this disubstituted arene was apprateiy two times greater in case of NPs preparedasgade
method than those obtained from one-pot systeml¢TabEntries 7 and 8 vs. 5 and 6), probably owimghe
NPs sizes. Here, the nature of the ligands providedmparable effect on the reactivity and thecsieigy of the
m-methylanisole hydrogenation. In all cases the tloelynamically less stableis compound was the major
product providing a diasterecisomeric excedd 6f 50% (Table 3, Entries 5-8). This selectivitgshusually
been observed with heterogeneous catalytic syqd@2hsand is explained byt-interactions between the
substrate and the catalyst's surface during thegss favouring the addition of hydrogen to onlg 6face” of
the arene.[19, 63] For reactivity and selectivipmparisons, 100% of 1-methoxy-3-methyl-cyclohexamze
obtained in highede values (70-100% imis-isomer) with water-soluble R@RaMeCDs NPs [46]because of
the less steric hindrance of non-grafted CDs. bBseeof the reaction time until 18 h could simultarsy
improve the conversion (up to 100%) and the diasisomeric selectivity (up to 70%) of themethylanisole’s
reduction (Table 3, Entry 5, footnote c¢). Howewaddition of five additional equivalents of ligan(igable 3,
Entry 9, footnote d) affected neither the rate ther selectivity of hydrogenation reaction. Finatlyese adjusted



conditions did not afford a better valueesf(< 5%). As observed by DOSY NMR, the high mobilitithe CDs
at the particles’ surface probably limits the chingluction.

Table 3. Hydrogenation of acetophenone and m-methylanisole using Ru’@RaMeCD-trz-Ala and
Ru’@RaM eCD-trz-L eu®

Entry Substrate Chiral Method t(h) Products Yields
moiety (%)°
1 Ala One-pot 8 1-Phenylethanol / 1-Cyclohexylethanol 94
(2/98)
2 Leu One-pot 8 1-Phenylethanol / 1-Cyclohexyletthan 87
(10/90)
3 Acetophenone Ala Cascade 8 1-Phenylethanol / 1-Cyclohexylathan 100
(0/100)
4 Leu Cascade 8 1-Phenylethanol / 1-Cyclohexylethan 92
(16/84)
5 Ala One-pot 8 1-Methoxy-3-methylcyclohexane 22
(cisltrans 75/25)
6 Leu One-pot 6 1-Methoxy-3-methylcyclohexane 21
(cisltrans74/26)
7 . Ala Cascade 6 1-Methoxy-3-methylcyclohexane 42
m-Methylanisole (cisltrans75/25)
8 Leu Cascade 6 1-Methoxy-3-methylcyclohexane 47
(cisltrans 76/24)
9 Led Cascade 6 1-Methoxy-3-methylcyclohexane 41
(cisltrans76/24)

3 Conditions: Re@RaMeCD-trz-Ala or R@RaMeCD-trz-Leu ([subtrate]/[Rumolar ratio = 100/1), 10 mL 4D, 20 bar
H,, rt.® Determined by GC analysi$100% yield of 1-methoxy-3-methylcyclohexarmsttrans85/15) was obtained after
18 h of reaction® 10 eq of RaMeCD-trz-Leu were used.

3.4. Catalytic lifetime of ruthenium(0) nanoparticles

The catalytic lifetime of RUNPs capped by chirally modified CDs was checketh@hydrogenation of ethyl
pyruvate (20 bar Hat rt) to justify their stability (Scheme 2).

Ru’@RaMeCD-trz-Ala
or RuY@RaMeCD-trz-Leu oH

Q (1 mol%)
)H(O\/ /H‘/O\/
(one-pot or cascade)
© H, (20 bars), H,O, rt, 6-18 h ©
1"t run: 100%

2" run: 100%
Scheme 2. Catalytic lifetime study of Ri@Chiral CDs nanoparticles in the hydrogenation oflgiiruvate

After a first run, the aqueous phase containingidmeocatalysts was separated from the hydrogepateidict by
extraction with ethyl acetate (EtOAc) and then eslign a second run after addition of a new quardity
substrate. All catalytic systems kept both thedctvity and stability since total conversion wasiaved and no
agglomerates were visually observed during thedleay tests. Consequently, as well as methylated, J&6]
the RaMeCDs grafted with optically active moiet{@$a or Leu) proved to be efficient supramolecuddifices
in the nanoparticle environment to maintain thdatdél solutions within the aqueous phase durirgdatalytic
process in the studied conditions.

4. Conclusions

In summary, ruthenium nanoparticles stabilized lBgGivalents of randomly methylatBetyclodextrins grafted
with optically active skeletons {alanine orL-leucine) were easily and reproducibly preparedviy pertinent
methods. Among both approaches, the cascade mefferd more flexibility in adjusting the CDs quaids.

The nanospecies have been compared in terms ofwgtey stability and catalytic performances. TEMilgees
showed very small (< 1.0 nm) and well-dispersed HiR$ DOSY NMR experiments revealed the presence of
mobile CD edifices around the particle surface.sehebservations confirmed an efficient dispersoig of the



CDs to prevent NPs from aggregate formation in wafde obtained RUNPs revealed efficient catalytic
activities and selectivities in the biphasic hydrogtion of various prochiral substrates at roompenature
under 20 bar K Generally, Ru nanocatalysts containinBpucine moiety were more active than NPs capped by
RaMeCD-trz-Ala and those prepared by the cascadbatieseem to be more efficient than those synthdsiz
from one-pot method. Finally, the stability of tRe’ NPs was also investigated through recycling testthyl
pyruvate hydrogenation. Regarding the results, yhathd cyclodextrins are relevant candidates for
supramolecular catalysis in terms of selectivitie functionalization of their secondary face byrahsynthons
could modify the interactions with the particleigfaice as well as with the substrate, and thus megyromising

in terms of the (expected) enantiodiscrimination.
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