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The design of promising Lewis acid catalysts has attracted X_ oEt ]+ X
considerable interest in organic synthesis because of their unique * . B T ¢ %O
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bond-forming reactions Despite the advantages of homogeneous o~ R o,
metal complex catalystdifficulties in recovering the expensive P"O 0\"'p ]
catalyst metals and ligands from the reaction mixtures severely limit p== NS
their industrial applications. Attempts to overcome these problems Figure 1. Proposed structures of (A) RUHAP, (B) cationic RuHAP&nd
have so far been directed toward the anchoring of efficient soluble -(I1) (I, X = SbF; Il , X = OTf), and (C) Ru-enolate intermediate &
systems on insoluble matrixes. These hybrid-catalysts, however, T

have been inadequate due to (i) inferior activities, as compared t0 140 1. RUHAP-(I)-Catalyzed Diels—Alder Reaction?
homogeneous analogues, (ii) tedious multistep preparations, and
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(iii) leaching of active components. R R

Our alternative strategy for the design of the hybrid-catalysts @ I /\fr * @ Q
focuses on the utilization of hydroxyapatites (HAP), having a 1an=1 23 R<Me
promising ability as a macroligand for catalytically active centers. bn=2  1c 2b R=OMe
Recently, by using the cation-exchange method, we have success- enyy diene dienophile time (h) vield (%)° endolexot
fully created a stable monomeric Ru phosphate complex on the 1 1a 2a 2 92 90/10
surface of the hydroxyapatite (RUHAP) as a versatile catalyst with  d 1a 2a 4 82 91/9
superior activity for the selective oxidation reactions and possessing 3 la 2b 5 92 91/9
high reusability?@c Herein, we present a new type of hydroxya- 4 la 2c 4 91 100/0
patite-bound cationic Ru complex with potentially vacant coordina- 2 12 gg g gg 100/0
tion sites that are generated by simple modulation of the neutral 7 1c 2e 6 93

RuHAP using silver salts. By acting as a Lewis acid toward
carbonyl and cyano groups, these cationic RUHAPs exhibited 2Reaction conditions: diene (1.2 mmol), dienophile (1 mmol), ni-

effective catalytic activities for DielsAlder and aldol reactions ~ romethane (5 mL), cationic RUHAR)((0.05 g, Ru: 0.05 mmol), room
temperature? Determined by GC based on dienophile using an internal

under mild and neutral conditions. standard techniqué Determined by*H NMR. @ Cationic RUHAP-{1 ).
Treatment of a hydroxyapatite, POy)s(OH),, with an aqueous
RuCl-nH20 solution at room temperature yielded the RUHAP (Ru  room temperature. For example, reaction between cyclopentadiene
content: 0.97 mmol ¢!). Characterizations by means of elemental 1a and methyl vinyl ketone?a proceeded smoothly to afford
analysis, XPS, EDX, and RtK edge XAFS demonstrated the  5-acetyl-2-norbornene in 92% yield with a favorable endo:exo
occurrence of an equimolar substitution ofRéor C&* to generate selectivity (entry 1). In marked contrast to the homogeneous
a monomeric R¥ species surrounded by four oxygen atoms and [Ru' (salen)(NO)HO]*SbR~ complex, the RuHAP}) was ap-
one chlorine atom (Figure 1A% The cationic RuHAP4() and -(I ) plicable to a less reactive dienophile of methyl acryt2ive(entry
were prepared by treatment of the RUHAP, at room temperature 3) %2 |t is generally known that product inhibition is a crucial
under argon atmosphere, with an aqueous solution of AgX (1.1 drawback in traditional Al-, Ti-, or B-based Lewis acid catalysis.
equiv of Ru; X= SbR~ and TfO", respectively). The absence of When the above reaction dfa with 2b was completed, two
chlorine was confirmed by XPS analysis of the cationic RUHAPs. substrates were added, and a new mixture was allowed to further
The Ru K-edge XANES spectrum was quite similar to that of the react. The subsequent three reactions gave the corresponding
parent RUHAP, showing that the Ru species exists in the 3 cycloadduct in over 92% yields at essentially the same rates,
oxidation staté.In the Fourier transform (FT) df3-weighted Ru showing that the present catalyst can keep its inherent activity during
K-edge EXAFS, there were no peaks around 3.5 A due to the the successive reactions.
presence of contiguous Ru sites. The inverse FTs of the cationic From practical and environmental considerations, the develop-
RuHAPs were well fitted by replacing the Rl bond (2.32 A) ment of water-tolerant Lewis acid catalysts is particularly attractive.
in the RUHAP with a RerO bond (2.10 A) assignable to a weakly  The cationic RuUHAP4() has proved to be a useful catalyst for the
coordinated aqua ligarfdConsequently, a well-defined cationic Ru  aldol reaction of nitriles with carbonyl compounds in water,
phosphate complex can be created on the hydroxyapatite surfaceaffording the corresponding,3-unsaturated nitriles in excellent

as illustrated in Figure 1B. yields® Representative results are summarized in Table 2. The
As can be seen from Table 1, several Digfdder reactions were present catalyst exhibited a specific activity only toward nitriles as
successfully accelerated by the use of the cationic RUHARS aldol donors; other active methylene compounds such as 2,4-

an effective heterogeneous Lewis acid catalyst in nitromethane atpentanedione, dimethyl malonate, and nitroethane, whidseghues
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Table 2. RuHAP-(ll)-Catalyzed Aldol Reaction Using Nitriles@

R3
o RuHAP-(IT)
R1/\CN + RZ/U\ R, _— Rz)\/m
CN
donor acceptor
entry Ry = R, = Ry = time (h)  vield (%)°
1 COsEt (39) Ph H @a) 4 >99
2 COyEt (33) Ph H @a) 4 78
3 CONH; (3b) Ph H @a) 4 98
4d CO.Et (33) PhCH=CH H (4b) 8 95
5d CO.Et (33) n-CsH7 H (40 3 95
6  CO.Et(3a) 3-cyclohexene  H4d) 5 92
7 CN (30 Ph Me @ 6 82
8° CN (30 —CsHio— (4f) 3 >99
e CN (3¢ —C4Hs— (49) 5 91

aReaction conditions: nitrile (1.0 mmol), carbonyl compound (1.2
mmol), cationic RUHAP{() (0.05 g, Ru: 0.05 mmol), 4O (5 mL), room
temperature? Determined by GC based on nitrile using an internal standard
technique ¢ Cationic RUHAP-[). 950 °C. €80 °C.

Scheme 1
o) NC._CN
y 9
R . RuHAP-(II) (5 mol %) | het. 90%
NC™ "CN H0, 80°C, 8 h n=2. 89 %
( - ) g
3¢ 5a n=1, 5b n=2
Scheme 2
RUHAP-(IL) (5 mol %) " CcoMe
MeO,C”NC + PhcHo RUHAP-D (5 mol %) 90 %
CH,Clp, rt, 20 h OVN (trans:cis=9:1)

6 4a 7

are similar to that of ethylcyanoacetada, did not yield aldol
products under the above conditions. It is notable that treatment of
o,-unsaturated carbonyl compounis—b with 3c gave the 1,2-
addition products in high yields, as shown in Scheme 1; attack of
an enolate species on the carbonyl function exclusively occurred
without the 1,4-addition. This phenomenon is quite distinct from
that of the RUiHy(PPh)s-catalyzed reaction, whose products are
predominantly a result of the 1,4-additiéhin terms of the HSAB
principle, a trivalent Ru enolate species generated from the RUHAP
may behave as a harder nucleophile than that from the divalent Ru
species, which allows a favorable interaction with the carbonyl

groups to enhance the 1,2-addition. Furthermore, the present

catalytic system is highly suitable for large-scale operations. A 100
mmol scale reaction o8a with 4a using 0.2 mol % of the Ru
catalyst provided 94% of)-ethyl 2-cyano-3-phenyl-2-propenoate
within 24 h. More significantly, no Ru leaching even under aqueous
conditions was detected by ICP analysis whose detection limit is
0.03 ppm. The recovered catalyst could be reused without loss of
its activity; over 97% yields were attained for the three recycling
reactions of3a with 4a.

For the aldol reaction of methyl isocyanoacetateith 4a, the
cationic RUHAP-(1 ) gave the corresponding oxazoliién 90%
yield without any additives (Scheme 2), whereas the [Ru(salen)-
(NO)H,O]*SbRs~ complex required a Hunig’s baseRrLNEt) to
complete the catalytic cycRThe IR spectrum of the cationic
RuHAP-(1), upon treatment witl8b, showed a shift of the(CN)
band toward 2093 cri in comparison with the free cyano group
at 2260 cm?, along with a new peak at 870 crhassigned to the
P—OH group of a HP@~ ion on the hydroxyapatite surfagé?

The FT-EXAFS analysis for the above treated sample indicated

the decrease of the coordination number of the nearest neighboring a1

Ru—O bond (1.98 A) from 4 to 3, and the appearance of an
additional second RuO bond (2.28 A) attributable to a weak
interaction between Ru and#®H > These results are in agreement

with the formation of a Ru-enolate species surrounded by three
oxygens, as shown in Figure 1C. It is reasonable to suggest that
the cationic RUHAPI()-catalyzed aldol reaction using nitriles
involves the Ru-enolate intermediate, which is generated through
the cooperative catalysis between the cationic Ru species and the
basic phosphate ligand; the former activates the nitrile as a Lewis
acid, while the latter phosphate abstracts an acigjizoton of the
nitrile to generate an enolate species. The Diélsler reaction

can be induced by the Lewis acid site that originates from the
cationic Ru species. Furthermore, the hydroxyapatite effectively
serves as a suitable macroligand for the catalytically active Ru
center, which allows strict steric control of the reaction intermediate.
Vide supra, the high trans stereoselectivity7oftrans:cis= 9:1),

as compared to those of other homogeneous systéhesyd the
effective suppression of product inhibition in the Diekslder
reaction can be attributed to the steric hindrance imposed by solid
surface.

In summary, the design of novel Lewis acid catalysts and their
effectiveness for useful carbewarbon bond-forming reactions were
demonstrated. No Ru leaching in the reaction media was observed,
and then the catalyst was recyclable. Our protocol based on
hydroxyapatites as a macroligand represents an opportunity for the
nanoscale design of functionalized catalysts, and further extension
to asymmetric catalysis remains to be explored.
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Steric repulsion between the phenyl groupdaénd the isocyano moiety

bound to the Ru phosphate complex in synclinal configuration severely

limits the formation ofcis-isomer.
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