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Abstract

Aqueous suspensions of modified cinchonidine platinum nanoparticles produced JRm@lkreduction in the presence of the surfactant
N, N-dimethyl-N -cetyl-N-(2-hydroxyethyl)Jammonium chloride salt have shown efficient activity for the asymmetric hydrogenation of ethyl
pyruvate in biphasic media under hydrogen pressure. The agueous phase containing the Pt(0) nanocatalysts can be used for further runs wi
a total conservation of activity and enantioselectivity fB){(+)-ethyl lactate up to 55%. Characterization of the reusable catalytic system
by transmission electron microscopy revealed the formation of a “colloidal superstructure.”
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction was largely used as stabilizer of nanoparticles to prevent ag-
gregation13—-15] Bénnemann et al. also described the use
Asymmetric hydrogenation ofr-ketoesters over cin-  of protonated dihydrocinchadine as a stabilizer of plat-
chona alkaloid-modified platinum catalysts originally re- inum nanoparticles. In an adeacid/MeOH mixture and un-
ported by Orito and co-workef$—4]is still avery important  der hydrogen pressures up to 100 b&)-éthyl lactate was
research areg5—7]. Excellent results in terms of enan- obtained with an enantiomeric excess (e.e.) of §06617]
tiomeric excesses (up to 97%) have been obtained in the|n our laboratory, we have developed efficient stabilization
reduction of ethyl pyruvate under optimum reaction condi- of various nanoparticles in water by highly water-soluble

tions with these Pt/cinchona systeifs-10]. In particular,  protective agents such as ammonium surfactant. These col-
recent studies have beenrflemed with colloidal cata-  |ojdal catalysts give satisfactory results for arene derivative
lysts[11] and their development continues to attract interest hydrogenation in aqueous medja8,19] In this article,
for two reasons: (i) supports such as,@, Si0,, TiOy, we show that platinum nanoparticles protected AyN -

and zeolites and their influence can be eliminated, and (ii) dimethyl-N-cetyl-N -(2-hydroxyethyl)ammonium chloride

size _and s_hapg of the nanoparticles can be controlled. S_eV'saIt (HEA16CI) and modified with-{)-cinchonidinel ef-

ergl investigations on the .hydrog'enatlon of pyruvate deriv- ficiently catalyze the asymmetric hydrogenation of ethyl

atives were conducted with platinum and other nanoclus- ., ate in pure biphasic liquid-liquid (water/substrate) me-

ters[9,12-15] In most cases, polyvinylpyrrolidone (PVP) - 4ia 4t room temperature&seheme L We demonstrate that

surfactant-protected nanoparticles can be reused for succes-
* Corresponding author. Fax: (+33)(0)2-23-23-81-99. sive hydrogenations with a total conservation of e.e. values
E-mail addressalain.roucoux@ensc-rennes.fr (A. Roucoux). up to 55%.
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Scheme 1. Asymmetric hydrogenation of ethyl pyruvate in water.

2. Experimental after 1 min using cellulose before transferring to the mi-
croscope. Histograms of the nanoparticles size distribution
2.1. Materials were estimated once the original negative had been digitally

scanned for more accurate resolution. Measurement of about
Ethyl pyruvate, {)-cinchonidine 96%, and hexachloro- 250 particles was made with an automatic counting objects

platinic acid hexahydrate @PtCl-6H,0) were used as re-  Program (SCION Image) andag analyzed with Kaleida-
ceived from Acros. To remove ionic impurities, water was Graph program.
deionized by a conventional resin method (final resistivity,
15 MQ). The surfactant HEA16Cl was prepared and fully 2.4. Catalytic hydrogenation of ethyl pyruvate
characterized as previously repor{é8,19]
Enantioselective hydrogenations were conducted in a

2.2. Preparation of stabilized platinum nanoparticles 150-ml stainless-steel autoclave with a magnetic stirrer at

20°C. Five milliliters of the aqueous suspension (contain-

The suspensions were prepared in pure water &C20 ing 9.5 x 1073 mmol Pt, 19 x 1072 mmol surfactant,
by hydrogen reduction in a stainless-steel autoclave. For ex-1-9 x 1072 mmol cinchonidine), and 441 mg (3.8 mmol,
ample, hexachloroplatinic acid (10 mg91x 10~2 mmol) substrate/P£ 400) of ethyl pyruvate was introduced into
was dissolved in deionized water (10 ml) containiMgV- the autoclave. The autoclave was flushed with hydrogen sev-
dimethyl-N-cetyl-N-(2-hydroxyethyl)Jammonium chloride eral times. Finally, the required hydrogen was added until
salt (38 x 10-2 mmol). Then, the autoclave was flushed with the desired pressure was reached (40 bar). The hydrogena-
hydrogen several times, and reduction was carried out undertion reaction was conducted for a desired period (up to 1 h).
40 bar of hydrogen. The mixture was stirred (1500 min At the end of the reaction, the two phases were separated
for 2 h to give an aqueous Pt(0) colloidal suspension. The by decantation and the aqueous phase could be reused. The
reduction was characterized by a color change from yellow conversion of ethyl pyruvate and the e.e. value of the final
to black. The highly stable aqueous suspension of nanoparti-Product were determined on a Fison GC 9000 with a FID
cles can be stored in air for a long time without aggregation. €quipped with a Chrompack CP-Chirasil-Dex CB column
Finally, the appropriate amount of cinchonidine§ (25 mx 0.25 mm, 0.25-pm film) at 98C. The enantioselec-
102 mmol for a molar ratio of cinchonidine/Pt of 2) was tiVity is expressed as e.e. (%) 100 x ([R] — [S])/(LR] +
introduced into the aqueous suspension of platinum nanopardSD-
ticles. The mixture was stirred for several hours (1-24 h).
The aqueous solution obtained was stable and can be used
for catalytic hydrogenation. 3. Resultsand discussion

2.3. Size distribution of nanoparticles 3.1. Characterization of the catalytic system

Transmission electronic microscopic studies were con-  The catalytically active aqueous suspension was made
ducted using a Philips CM 12 instrument at 120 keV. Sam- of metallic platinum(0) particles prepared by the reduc-
ples were prepared by the dropwise addition of the stabilized tion of hexachloroplatinic acid in dilute aqueous solution of
platinum nanoparticles in water onto a copper sample meshHEA16CI under hydrogen pressure. The surfactant is eas-
covered with carbon. The colloidal dispersion was removed ily synthesized by quaternization 6f, N-dimethylethanola-
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Scheme 2. Preparation of aqueous suasjon of platinum nanoparticles.
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Fig. 1. Transmission electron micrograph and size distribution histogram of
Pt—-HEA16CI suspension.

mine with the appropriate 1-&drohexadecane according the
literature[18,19](Scheme P
The molar ratioR = HEA16CI/Pt has previously been

optimized to prevent aggregation and to provide good ac-

tivity. Based on laboratory studi¢$8], the best system has
been defined aR = 2, which gives sufficiently hydrophilic

been digitally scanned. Measurement of about 250 particles
showed that the particles size was about 2.5 nm. The aque-
ous platinum suspension is finely dispersed and can be stored
under atmospheric conditions.

3.2. Adsorption of the modifier on surfactant-stabilized
platinum catalyst

The cinchona alkaloids used most frequently are cin-
chonidine and its derivatives. As previously reporfad],
these chiral modifiers were atacterized by three crucial
structural elements:

(i) an extended aromatic moiety, which is assumed to be
adsorbed on the platinium surface via thebonding
system;

(i) the stereogenic region, which determines the chirality
of the product; and

(i) the tertiary quinuclidine N which is directly involved in
the interaction with th carbonyl reactant.

In our study, ¢)-cinchonidine as the chiral modifier was
introduced into the stabilized system Pt—-HEA16Cl. Dur-
ing nanoparticle formation, the pH value decreased from
7 for pure water to about 2.1 due to the formation of hy-
drochloric acid. This acid mbably accelerates the solubi-
lization of the modifier in the aqueous phase by protonation
of the quinuclidine N atom and formation of ammonium
salts. Moreover, spectroscopic studies have shown that this
protonation favors interaction between modifier and the car-
bonyl reactant, which is crucidbr the enantiodifferentia-
tion [20,21] Extensive efforts have been made in the de-
velopment of a reproducible biphasic catalytic system. The
most important parameters in developing an efficient Pt—
HEA/(—)-cinchonidine system in water are

(i) modifier concentration,
(i) solubility time and adsorjon time of the cinchonidine
on the Pt surface, and
(i) hydrogen pressure.

The effects of these experimental parameters have been stud-
ied in detail, and the results are summarizedTable 1

First, the optimal modifier concentration was investigated.
Reduction of ethyl pyruvate was performed with various
molar cinchonidine/Pt(0) ratios from 0.5 to 4. These mix-
tures were stirred for 2 h before their transfer into the auto-
clave. The results obtained in ethyl pyruvate hydrogenation
(S/Pt= 400) after 30 min of reaction and under 20 bar H
are summarized iffable 1(entries 1-4). The enantiomeric
excess value (e.e.%) foRrf-ethyl lactate was determinated

behavior to maintain catalytic species within the aqueous by GLC analysis on a gas—liquid chromatograph equipped
phase. The particle size of the Pt-HEA16CI system has with a Chrompack CP-Chirasil-Dex CB column.

been determined by transmission electron microscopic ob-

servations ffig. 1). The histogram plot of the particle size
distribution was calculated once the original negative had

In all cases, the conversion rate determinated by GLC
analysis was complete. An optimal e.e. value of 48% was
obtained for a molar ratio of 2 (entry 3). The enantiomeric
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Table 1
Effects of experimental parameters on enantiomeric excess of the hydro-
genation of ethyl pyruvate

Entry Amount Timeof Py, Substrate/PtT Reaction e.e.
of CD?  adsorption (bar) (mol/mol) (°C) time (%)
h

(min)

1 05 2 20 400 25 30 4%)

2 1 2 20 400 25 30 AK)

3 2 2 20 400 25 30 A&)

4 4 2 20 400 25 30 3&K)

5 2 05 20 400 25 60 3%)

6 2 1 20 400 25 60 1K)

7 2 2 20 400 25 60 4A%K) ] 2 - v

8 2 4 20 400 25 60 4R) e . L G
9 2 24 20 400 25 60 3R) = S : 2
10 2 2 1 400 25 60 3K) s ;R i
1 2 2 20 400 25 60 4% ; ; ;
12 2 2 40 400 25 13 5%) i #

@ Defined as moles of«)-cinchonidine diviled by moles of Pt. il # = :

excess decreased whRwas greater than 2. In this case, the
quantity of cinchonidine was sawhat excessive and there-
fore not solubilized in water.

The adsorption time for the modifier was also investi-
gated. The hydrogenation was studied after different adsorp-
tion times at 20 bar bl These results showed that the){
cinchonidine is able to adsorb onto the Pt surface and proved
that this adsorption process wesmpatible with an electri-
cal double layer around the nanoparticles, induced by the
counterions of the ammonium salts. For a cinchonidine/Pt(0)
ratio of 2, the mixture was stirred from 30 min to 24 Taf ]
ble 1, entries 5-9). Below < 2 h, the quantity of cinchoni- 1 2 3 4
dine was not solubilized in water and could not react on the Size (am)
surface of Pt nanoparticles. The better enantiomeric exceSSFig. 2. Transmission electron micrograph and size distribution histogram of
(49%) was obtained far= 2 h (Table 1 entry 7). The usual  the modified cinchonidin®t—HEA16CI system.
literature on of colloid stabilizatiofil9,22—25]report that
nanoparticles can be stabilized by the adsorption of chloride
anions to the electron-deficient metal surface (Stern layer);

consequently competitive adsorption was possible between . ) ) .
the adsorbed N-protonated modifier in its open conformation elective hydrogenatigj26-29} The results obtained in ethyl

and the chloride counterion of the ammonium surfactant. PY"Uvate aftgr GOmin of reactiqntime under 1, 20, and 30 bar
Moreover, the N-protonated modifier in its chloride form can are summarlzed ifable 1(§ntr|es 10-12). In'aII Cages, the
be described as a efficient stabilizer of platinum nanoparti- Catalytic aqueous suspension of Pt nanoparticles gives a total
cles in water in competition witthe introduced surfactant, CONVersion. The e.e. values increase with increasingrts-
justifying, in opposition to the optimal ratio established in SUre- A S|.gn|f|cant difference in e.e. is observed when the
the literature, the large excesiinchonidine moleculesrel- ~ Pressure increases from 1 bar (e-€32%) to 20 bar (e.e.
ative to Pt atoms to have the best e.e. (entry 3). = 49%). The highest e.e. (55%, entry 12) was obtained at
The particle size of the modified cinchonidine/Pt—-HEA- 40 bar, but the increase was not significant and e.e. values
16Cl system was determined by transmission electron mi- 'éached a plateau. This pt@menon can be explained by
croscopy Fig. 2). The histogram plot of the nanoparticle the competitive adsorption of substrate and hydrogen on the
size distribution was elaborated with a SCION Image pro- modified metal surface in the presence of the chiral modifier
gram. Measurement of about 200 particles in an arbitrarily and the nonchelating Clstabilizer[19]. The effect of time
chosen area showed that the particle size was about 2.7 nmon the enantioselectivity and conversion of ethyl pyruvate
Comparative TEM studiesF{gs. 1 and 2 showed that  has also investigated. The results describeBig 3 show
the catalytic suspensions had a similar average diameter and very similar enantiomeric excess value during the reaction
thus confirmed the stability of the catalytic system. Never- process. The e.e. value rises from 51 to 55% and conversion
theless, we observed a slight agglomeration without conse-rate increases from 44% after 5 min to 100% after 13 min.
quences on catalytic activities. Then, no modification of e.e. (%) is observed. The turnover

Distribution (%)

Hydrogen pressure is also an important factor in enantios-
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Fig. 4. Effect of recycling on the enantiomeric excess for the asymmetric
hydrogenation of ethyl pyruvate by theodified cinchonidne/Pt—-HEA16CI
system.
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excesses were calculated for all runs by GLC anali#is .4
shows the comparable enarstdectivity of 55% for all runs
Fig. 3. Effect of ethyl pyruvate conversion on enantiomeric excess values. without intermediate additionfmih(;honidine- In al_l Cages,

we observed complete conversion after a reaction time of
frequency (TOF), defined as moles ethyl lactate/moles Pt in- 1h. i i
troduced/min was 31 mirt. After hydrogenation, the aqueous suspension of nanopar-

Finally, the best result observed in this work (e=€55%) tic]es was studied by transmission'electron mjcroscopy

appears to be competitive with that obtained using a sup-(Fig- 9. We observed that nanoparticles essentially have
ported Pt catalyst for ethyl pyruvate hydrogenation per- @n average diameter of about 3.25 nm, with 73% of the

formed in water solvent under similar conditiof@9]. Sig- nanoparticles.between 2.22 qnd 3.97 nm. TEM investigation
nificant results using platum catalysts are describedTa- reveals a particular organization of metal particles, suggest-
ble 2 ing that nanoparticles aggregate to form a superstructure.

In short, the optimized catgtic system prepared with a Apparently, aqueous colloidal dispersions of Pt nanoparti-
cinchonidine/Pt-HEA16Cl ratio of 2 and an adsorption time cles form higher-order superstructures larger than 100 nm.
of about 2 h gives a significant enantiomeric excess value These aggregated structureshrsters are slightly branched
when the hydrogenation of ethyl pyruvate is performed un- and very slightly dense, justifying the absence of sedimenta-
der 40 atm hydrogen. Our original approach is to use col- tion. This superstructure has previously been described with
loidal metallic particles finely dispersed and stabilized in Rh metal nanoclusters stabilized by Pi&8] and palladium
water by a highly water-soluble surfactant; consequently the stabilized by surfactant89]. Finally, as shown irFig. 4,
aqueous phase can be reused. In this context, the durabilthe results suggest that the enantioselective hydrogenation
ity of the catalytic system was investigated by employing of ethyl pyruvate is insensitive to the spatial agglomera-
it in several successive hydrogenations. After the first cy- tion of platinum nanoparticles, and the catalytic activities
cle, the agueous phase containing the colloidal suspensiorare conserved during the recycling process. To our knowl-
of platinum was separated from th&)¢ethyl lactate af- edge, this is the first example allowing total conversion
ter extraction with hexane and slow decantation and thenand conservation of the enantioselectivity with recycling
reused in a second run. In the same way, the catalytic sus-by a modified platinum catalytic system stabilized in wa-
pension was recovered for a third cycle. The enantiomeric ter.

Table 2

Comparison of platinum systems in asymmetric hydrogenation of pyruvate derivatives

Entry Catalyst Substrate Solvent T (°C) Py, (bar) e.e. (%) (conf.) Ref.
1 Pt-PVP Methyl pyruvate EtOH/AcOH 25 40 F8( [12]
2 Pt—PVP Methyl pyruvate EtOH 25 40 )Y [12]
3 Pt/AlL,O3 Methyl pyruvate HO 25 40 44R) [12]
4 pPt/C Methyl pyruvate EtOH 40 10 3B} [31]
5 Pt/AlL O3, PU/SIG Methyl pyruvate EtOH 20 10 64-TR) [32]
6 Pt/Al,O3, Pt/SIG Ethyl pyruvate EtOH 20 70-100 78} [33]
7 Pt/Al,O3 Ethyl pyruvate MeOH/AcOH 25 10 97 [34]
8 Pt/graphite Methyl pyruvate Ci€lo 20 30 48R) [35]
9 Pt/HNaY Ethyl pyruvate AcOH 25 70 8R) [36]

10 Pt/K10 Ethyl pyruvate Toluene 25 20 B( [37]

11 Pt-HEA16CI Ethyl pyruvate Water 25 40 35( This work
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