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Preface

This dissertation is a collection of the author’s studies, which have been carried out
under the supérvision of Professor Kiyotomi Kaneda at the Division of Chemical Engineering,
Department of Chemical Science and Engineering, Graduate School of Engineering Science,
Osaka University from 1998 to 2003.

The presént thesis deals with the design of high-performance hydroxyapatite-bound
transition metal complex catalysts for various types of oxidation and carbon-carbon bond-
forming reactions. Currently, the catalysis of nanostructured heterogeneous catalysts has
received considerable attention because of their unique functions that cannot bé attained with
homogeneous catalysts.

Development of novel catalysts with high selectivity and economically favored
reaction rate has been of a grate importance in both academic and industrial fields. Transition
metal complexes, in which both steric and electronic properties can be tuned up by varying-
the active metal center and/or organic ligands, have been developed to greatly contribute
t(i)ward\making the arsenal of powerful synthetic methods. However, they are often faced with
a number of disadvantages such as thermal instability and difficulties assc;ciated with
corrosions of reaction wall. In view of thev current interest in establishment of ecologically
acceptable chemical processes, there is an increasing emphasis on the development of
heterogeneous catalysts for organic synthesis. Therefore, the author tried to. create
high-performance heterogeneous catalysts using hydroxyapatite, having promising ability as a
macroligand for catalytically active centers.

The preparation protocol of | solid catalysts using hydroxyapatites will provide an
attractive route for the design of nanostructured catalysts at the atomic and moiecular levels.
The author strongly believes that this study on the development of hydroxyapatite-bound
transition metal complex catalysts can offer significant contributions in achieving the simple

and clean organic syntheses in the 21st century.
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Chapter 1

General Introduction



1. Preliminary

Ever-growing demand for energy and raw materials of mankind is gradually
pushing natural resources to their limits, giving rise to more environmental problems. In this
regard, chemistry has played a contradictory role, although it represents one of the most
successful and diverse sectors of manufacturing industries in many regions of the world. The
range of chemical products is enormous, and they make invaluable contributions to our
quality of life. However, these manufacturing processes also lead to millions of tons of waste.
As a consequence, the role of chemistry is not generally accepted by public; chemistry is
actually considered by many as the cause of the pollutions. Hence, so;called “green
chemistry” becomes increasingly important, with the objective to create new products,
processes, and services that achieve societal, econéinic, and environmental beneﬁts [1].

Traditionally, fine and specialty chemicals have been produCed predominantly via
classical organic syntheses employing toxiq and/or hazardous stoichiometric reagents. Many
of these processes were developed simply to maximize product yield disregarding thé
environmental influences of inorganic waste and toxic by-products formed during the reaction.
In acid catalyzed reaction, for example, most of the waste is generated during the separation \
stage of the process when a water quench and neutralization results in the formation of large
volumes of salts waste. Increasing waste disposal costs are adding to the envirénmental and
the societal costs of an'increasingly hostile public towards chemical waste [2]. Therefore the
drive toward cleaner technologies brought about by public, legislative and corporate pressure
provides new and exciting opportunities for catalysis and catalytic processes [3].

Transition metal complexes are powerful catalysts for organic synthesis, for when
the suitable ligands are assoéiated with the metal center, they can offer chemo-; regio-, stereo-,
and enantioselectivity under mild reaction conditions [4]. The use of homogeneous transition .
metal catalysts on an industrial scale, however, is faced with the number of disadvantages
such as losses of expensive metal, difficulties associated with corrosion, and plating out on

the reaction wall [5]. Also, this procedure often generates large volumes of waste eluent and
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devours a lot of energy. The efficient use of solid catalysts that stay in a separate phase to the
organic compounds can go a long way to achieving these goals through simpler processes,
less waste and reusable catalysts.

Heterogeneously-catalyzed processes are widely used in large-scale petrochemical
processes [6], but the development of better catalysts in fine, specialty and pharmaceutical
chemicals manufacfuring processes has been hindered by the presence of numerous kinds of
active sites and also by the low concentraﬁon of active sites. These faétors have precluded a
rational improvement of these systems, hence the empirical nature of heterogeneous catalysis.
Catalysis is primarily a molecular phenomenon, and it must involve surface organometallic
intermediates and/or transition states. Thus, one must be able to construct a well-defined
active site, test its catalytic performance, and assess a structure-activity relationship, which
will be used, in turn—as in homogeneous catalysis—io design better catalysts. By the transfer
of the concepts and tools of molecular organometallic‘chemistry to solid surfaces, surface
organometallic chemistry can generate well-defined active species by understanding the
reaction of organometallic complexes with the support, which can be considered as a rigid
ligand [7]. This new‘approach to heterogeneous catalysis can bring molecular insight into the
design of new catalysts and even allow the discovery of new reactions. After more than a
century of existence, heterogeneous catalysis can still be improved and will play a crucial role
in solving current problems of the chemical ‘processes. It offers an answer to economical and
environmental issues faced by industry in the production of fine and pharmaceutical

molecules.

(93]



2. Background
2-1. Hybrid-Heterogeneous Catalysts

The development of heterogeneous catalysts with well-defined surface structure that
enable rapid and selective chemical transformations and can be separated complétely from the
product is a paramount challenge [8]. These hybrid-catalysts can be synthesized by a number
of methods: (i) adsorption of the organic spgéies into the pores of support; (ii) construction of
the organic molecule piece by piece within the confines of cavities of the support (the
“ship-in-bottle” technidue); (iii) attachment of the desired functionality to the support by
covalent bond formation; (iv) direct synthesis into the final composite material (isomorphous
substitutibn in framework position) [9]. The types of solid used can be organic, e.g., polymers,
or inbrganic, e.yg., silica and alumina.

In the following, ﬁ,lndbar’nental baékground on hybrid-heterogeneous catalysts,

including synthesis, characterization, and their catalytic performances are reviewed. As target .
reactions, the author mainly focused on the selective oxidation and carbon-carbon

bond-forming reactions.

2-1-1. Polymer-Supported Metal Phosphine Complexes

Polystyrene is one of the most popular organic polymeric materials used in synthesis
due to its inexpensiveness, ready availability, mechanical robustness, chemical inertness, and
facile functionalization [10]. The simplest ways to prepare a polymer-immobilized phosphine
ligand is direct reaction of a functionalized polymer such as bromopolystyrene or Merrifield’s
resin with a derivative of the desired ligand. This route has been employed mahy times and is
often still pfeparative method of choice. The commercial availabilities of polystyrene resins in
a variety of cross-linked densities, particle size, and types permit investigation of these
variables on catalytic performances. Simple ligands such as 1 are easily prepared from
bromostyrene by initial lithiation of the support to form lithated polystyrene and the reaction

with PPh,Cl. An alternative way to introduce phosphines is by replacing brominated or
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chloromethylated resins with LiPR; or KPR;. Attachment of metals to phosphine-derivatized
polymer support is often achieved via a phosphine substitution reaction or direct formation of

the phosphine complex by reaction with an organometallic precursor (Scheme 1).

Scheme 1
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Jang has reported the use of polymer-bound palladium catalyst 2 in the Suzuki
coupling reaction of a number of organoboranes with iodobenzene and aryl triflates, with the

polymer-supported catalyst being prepared from Merrifield resin in two steps (Scheme 2)

[11].

Scheme 2
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The obtained results were good with isolated yields of the coupling products in the range
78-96 %. Catalytic activity was at least comparable to homogeneous Pd(PPh;),, and in some
cases was significantly improved. The'catalyst was reused more than 10 times with no
decrease in activity, showing the huge utility of these sﬁpported catalysts.

Uozumi et al. reported the amphiphlic resin-supﬁorted MOP ligands PEP-MOi)
were prepared on a polystyrene glycol-polystyrene graft copolymer fdr asymmetric allylic
substitution (Figure 1) [12]. Treating this amphiphlic resin-supported MOP ligands with
[PdCI(5-C3sHs) ), gave the corresponding supported catalysts 3. Up to 84 % ee was obtained
- by using this catalyst in the asymmetric allylic substitution of 1,3-diphenyl-2-propenyl acetate

with 3-methyl-2 4-pentanedione in aqueous media.

o)
H
SO _)j\/N
< o’)n\N , o)
e & :
OAC 5 mol % Pd-PEP-MOP  Ph. -~ Ph
Ph”X""Ph CHMe(COCHs3), Me——COCH;

COCHs

Figure 1. Amphiphlic catalysts for asymmetric allylic substitution

A number of polystyrene (PS)-supported ruthenium complexes have been reported
to catalyze olefin metathesis reactions [13]. Blechert reported the synthesis of the
permanently immobilized olefin metathesis catalysts 4, as shown in Figure 2 [14]. This was
used to catalyze olefin metathesis reactions of diallyl malonic acid diethyl ester, giving RCM
product quantitatively for 40 min. The catalyst was recycled four times without loss of the
catalytic activity. With the soluble catalyst 5 this reaction is complete in less than 5 min,
which clearly suggests that fast metathesis reactions are diffusions controlled when the

immobilized catalysts is employed.
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Figure 2. PS-supported ruthenium complex catalysts for olefin metathesis reaction

2-1-2. Organic-Inorganic Hybrid Catalysts

Binding of a ligand to a solid support via a covalent bond has become the most
often employed method of heterogenization of a transition metal complex catalyst [15].
Clearly the supports and/or homogeneous complexes must be functionalized in such a way as
" to be effect immobilization, However, the linking to the inorganic support often leads to
detrimental change of catalyﬁc pérformances.. Immobilization without covalent bonds
frequently avoids the chemical modification of the homogeneous catalyst, and several
strategies were reported to date. The complex can be encapsulated within a pore of a zeolite or
embedded into a mesoporous silicate [16]. It is also possible to immobilize a cationic or
anionic complex by ion pairing with an anionic and cationic solid [17]. Another strategy
involves the use of a thin layer of a suitable solvent containing the homogenequs catalyst onto
a solid with a high surface area [18]. In any case of immobilization, the support materials
need to be thermally, chemically, and mechanically stable during the reaction processes.
Moreovef, the structure of the support needs to be such that the active sites are well dispersed

on its surface and that these sites are easily accessible [19]. Generally, this requires the
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support to have a reasonably high surface area (typically > 100 m’g™") and appropriate pore
size (i.e., > 20 A) to allow easy diffusion of the reactants to the active sites [20]. Inorganic
supports such as silica, zeolite, alumina, zirconia, ZnO, clay, etc., ge\nerallyy meet these criteria
rather than organic polymers.

For example, Kim et al. reported a salen complex immobilized on the surface of
mesoporous MCM-41 in a step-by-step manner (Figure 3) [21]. Reaction of (3-aminopropyl)
trimethoxysilane With MCM-41 molecular sieves gave the modified MCM-41 with a free
amino group, which was used to connect the salen_ligand. A multifunctional group aldehyde
2,6-diformyl-4-ert-butylphenol was attached to MCM-41 through imine bond férmation.
Subsequeﬁt routine chemisfry furnished the imfnobilized salen complex 6. In the aéymmetric
epoxidation of styrene using m-CPBA/NMO as oxidants, the corresponding epoxidé was
obtained in 89% ee at 92% conversion (Scheme 3). In comparison, 84 % ee at 97 %

conversion was observed when the homogeneous catalyst was used.

Scheme 3
’ O
©/\ 6 ©/<'
e

Contemporaneously, Kim ef al. also immobilized the chiral (salen)Mn complexes by
direct ion-exchange with Na'-type MCM-41 (Figure 4) [22]. The heterogenized chiral
(salen)Mn complexes 7 exhibited relatively high enantioselecﬁvity for epoxidation of styrene
using m-CPBA/NMO as oxidant system, as compared with the homogeneous counterparts. |
This improvement of ee was explained by steric restriction of the olefin’s approach to the
catalytic site in the mesopores. Moreover, the immobilized (salen)Mn complexes were stable
during the reaction without any leaching. The catalytic activity and selectivity were not

changed after three reuses in the epoxidation of styrene.
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Figure 3. Salen Mn complexes immobilized on mesoporous MCM-41
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Figure 4. Salen Mn complexes immobilized on mesoporous MCM-41by direct ion exchange



Recently, Lemaire studied the Diels-Alder reaction catalyzed by chiral
bis(oxazoline) Cu complex immobilized on silica surface (Figure 5) [23]. The catalytic
performance bf the silica-grafted 8 was examined for asymmetric Diels-Alder feaction of
3-acryoyl-2-oxazolidinone with cyclopentadiene (Scheme 4). The heterogenized catalyst
could be efficiently recycled when Cu(ClO4),°6H,0 was used as the metal precursor. The
catalytic activity did not diminish after four cycles. To obtéin the best result, the silanol
groups of this silica catalyst were protected by trimethylsilyl groups, and thus 92 % ee was
obtained. These results, although not quite as good as those of the homogeneous system, are
better than any achived so far with heterogeneous bis(éxazoline) ligands in Diels-Alder

reaction. Moreover, this system has the advantage of being compatible with air humidity.

Figure 5. Chiral bis(oxazoline) Cu complex immobilized on silica

-Scheme 4
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2-1-3. Sol-Gel Processed Interphase Catalysts
With the aim to develop high-performance heterogenized homogeneous catalysts,
the concept of “interphase catalysts” Bas recently been introduced [24]. An interphase is
defined as a region within a material in which a stationary and mobile component penetrates
each other on a molecular level. The stationary phase is composed of an inert matrix, flexible
spacer, and an active center, whereas the mobile phase consists of a solvent or dissolved
reactants. In the ideal interphase, ’the reactive center is uniform, well-defined, and highly
mobile. Rigid but highly porous materials can as well serve as supporting matrix afforded that
sufficiently long spacers lead to a satisfactory mobility of the reacﬁve centers. However,
convehtional supported catalysts are faced with the major disadvantages such as leaching,
poor selecﬁvity, and restricted accessibility. On the contfary, an interphase system combines
many advantages of homogeneous (high activity, selectivity, reproducibility)’ and
heterogeneous (easy separation and recovery of the catalyst from the réaction mixture)
catalysis. For the preparation of interphase Catalysts, the sol-gel process is a powerful tool
[25]. Suitable polysiloxane networks (hybrid polymers) are synthesized under
low-temperature conditions. Si-multaneous co-condensation of T-silyl-functionalized metal
complexes or ligands with various alkoxysilanes provide materials in which, in the case of
ideal interphase, the reactive centers are nearly homogeneously distributed across a
chemically and thermally inert carrier matrix.
Sol-gel derived ruthenium catalysts for the synthesis of N,N-dimethylformamide
(DMF) from supercritical carbon dioxide were reported by the group of Baiker [26]. As
ligands, T-silyl-functionalized phosphines of the type of PhyP(CH,),Si(OEt); and
Me,P(CH,)Si(OMe)3 were’employed.' Co-condensation with TEOS produced the ruthenium
(II) catalysts 9 k(Figure 6). The structural characterization by means of *'P and *Si NMR,
EXAFS, XRD, TEM, and nitrogen physisorption showed that prepared gels ’had micro- to
mesopdres and that the organometallic complexes were immobilized as monomer. Under the

required reaction conditions, both candidates were stable and able to produce DMF with
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100 % selectivity; a maximum turnover number (TON) of 110,800 corresponding to a TOF of
1860 h' (Scheme 5). Leaching of active species from the catalysts was negligible, because the

filtrate exhibited no catalytic activity in subsequent activity test. -
RUCI;(PPha); + 3 (E10)3Si(CH),PR,

Cli
— > (Et0)3Si~—\ ’
2P
) _Ru___~.
(Et0)3Si—r~P ‘ PRy
R

Si(OEt);

Cl

(2]
)
\

o d

LRI DTN ) b 1D

9

Figure 6. Synthesis of sol-gel derived ruthenium (ll) catalysts.

Scheme §
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An attractive topic-is the nondesfructive immobilization of cobalt Schiff base
complexes [27]. As an example, in a first step a cobalt (salen) compound was obtained by
reaction of cobalt acetate with a solution of aminopropyltriethoxysilane and salicylaldehyde.
Then the silyl-modified salen complex was poiy-co-condensed with TEOS to give 10 (Figure
7). The polysiloxane 10 was characterizéd by FT-IR, UV-vis, XPS, ICP-MS, EPR, BET, TGA,
and laser ablation studies. Oxidation of ethylbenzene to acetophenone was carried out in
DMSO at 130 °C under an oxygen atmosphere in the presence of pyridine and potassium -
rerr-bﬁtoxidé. After 72 h, the conversion achieved a value of 99.9 % (Scheme 6). Leaching of
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cobalt analyzed with ICP in the filtrate amounted to < 0.1 wt %.

HoN ,,
OH EtOH
*  Co(0,CCHg)y'H,0 —_—
=0

o, O o, 0
Co TECS Co
—_ N f— —_— —nt” Sap—
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(EtO)3SI SI(OE'[)3 lllllllllullllllsinu||||l|||IIISiH xxxxxxxxxxx
10

Figure 7. Immobilization of cobalt Schiff base complexes.
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2-1-4. Immobilized Nanoparticles

Scheme 6

Nanoscale transition metal particles are gaining increasing attention in the field
of catalysis, nanoelectronics, and r;laterial science because of their existence on the borderline
molecular states with discrete quantum energy levels [28]. However, the application of liquid
suspensions of metal nanoparticles in catalysis is limited due to the difficulties of the products
separation and catalysts recycling. Several method and supports have been in{/estigated for
the immobilization of metal nanoparticles. Transition metal nanoparticles can be either
adsorbed on inorganic >supports or chemically bonded to polymeric materials.

Liu reported the immobilization of Pd, Pt, or Rh colloids stabilized by
PVP)poly-vinyl-pyloridone on silica [29]. The metal nanoparticles are deposited by

adsorption of the protective polymers/metal complex on silica and this adsorption was due to
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hydrogen bonds formed between poljmers and the hydroxy! functions of silica. With t‘he same
procedure, Au or Pd némoparticlés dispersed within the pores of mesoporous silica or in the
interlamellaf space of silicates such as montmorillonite and kaolinite have been reported [30].

Hirai [31] and Toshima [32] grafted Pt and Rh colloids onto polyacrylamide gel
having aminoethy]group. The immobilization is achieved by formation of amide bonds by
reaction of ester function of protecting polyrher with amine fuhction of the gel (Fig;ure 8).
According to TEM analysis, the grafted nanoparticles remains unchanged during the

immobilization process.

Protection layer

Figure 8. Immobilization of Pt and Rh colloids onto polyacrylamide gel.

Akashi et al. prepared transition metal’nanoparticles covalently bonded to the
support through protecting polymer [33]. The supports used were polystyrene microspheresl
with surface-grafted PNIPAAm (Figure 9). This synthetic procedure consists of the reduction
of HyPtCls in the presence of the microspheres. Thus, PNIPAAm chains will stabilize and

maintain dispersed Pt nanoparticles on the surface of the polystyrene microsphere.
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PNIPAAM

Colloidal Pt

Figiare 9. Pt colloids supported on polystyrene microspheres.

2-2. Properties of Apatite Compounds

The apatite and related calcium phosphates have been of considerable interest to
biologists, mineralogists, and inorganic and indﬁstrial chemists forvmany years [34]  The
reasons for this are clear: the apatite form the mineral component of bones and teeth, and the
more acid calcium phosphates are probably also involved in mineralization process; apatites
and other calcium phosphates are increasingly used as biocompatible materials for bone
replacement or for the coating of bone phosphorous, particularly phosphates for the
production of fertilizers; and they are used as phosphorous in fluorescent light tubes. The
great veréatility of apatites in accepting a large variety of substitutional ions complicates their
study, but also ﬁresents considerable interest in its own right.

The detailed structures of the apatite compounds have been well established by -
both X-ray [35] and neutron diffraction studies [36], and most recently the application of
atomic force microscopy has been reported [37]. Stoichiometric calcium hydroxslapatite
[Ca;o(PO4)s(OH),] has a hexagonal structure constructed from columns of Ca and O atoms

which are parallel to the hexagonal axis with lattice constants of a = 9.418 and ¢ = 6.884 A
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[38] (F1oure 10). Three oxygen atoms from each POy tetrahedron are shared by one column
with the fourth oxygen atom attached to a neighboring column. The hexagonal unit cell of
calctum hydroxyapatlte contains ten cations located on two sets of non-equ1valent sits, four on
site I (Cay) and six on site II (Cap). The calcium ions on site I are aligned in columns, while
those on site I are in equilateral triangles centered on the screw axes. The site I cations are
coordinated to six oxygen atoms belonging to different PO, tetrahedra and also to three,r
relatively distant, oxygen atoms. The site II cations are found in cavities in the walls of the
channels formed between the cations and O atoms. The hydroxygroups are situated in these
channels and probably form an approximatély triangular coplanar arrangement with t‘lle Ca

ions [39].

Columnar Ca (Cay)
Screw axis Ca (Cayy) ‘\

~less A

Side View Top View

()Ca oP OI

Figure 10. Structure of Hydroxyapatite

Hydroxyapatites have several unique characteristics, which makes them worthy
of consideration as nanostructured materials. The chemical composition of hydroxyapatites

can be also modified from the stoichiometric form, Ca;o(PO4)s(OH), (Ca/P = l.67), to the
16



nonstoichiometric Ca-deficient form without significant changes in the crystallographic
structure. Nonstoichiometric hydroxyapatites have the formula Ca;.z2(HPO4)z(PO4)s.z2(OH),.z
(0<Z <1, 1.5 < Ca/P < 1.67), in which the charge deficiency due to the lack of Ca’* in the
lattice is compensated by both H' introduction and OH™ removal [40]. The Ca-deficient
hydroxyapatites function as acid catalyst [41], while stoichiometric hydroxyapatite has base
properties [42]. The selectivity of alcohol dehydrdgenation and dehydration over
hydroxyapatite catalysts has been reported to be controlled by this stoichiometry [43].
Hydroxyapatite can be prepared cheaply from readily available materials. They have
relatively high surface areas, 60-100 m*/g, and high heat resistance (stable up to 1173 K) due
to their nonporous structure. Another notable characteristic of this material is flexibility in its

elemental composition, as expressed follows [44].

M;0(Z04)sX;
where M : Ca, Pb, Cd, Sr, Nij, Eu, Al Y, La, Ce, Na, K. etc.
Z :P As, V,Cr, Si, C, Al S, Re, etc.

X :0OH,FE ClL Br,I, O, N, COs3, H;O, D(Vyacancy), etc.

Suzuki and co-workers have concluded that the divalent cations possessing ionic radii within
the radius of Cay (1-1.05 A) and Cay (0.9-1.3 A) as well as higher electronegatiiiity than that
of Ca*" can be readily accommodated into the apatite framéwork [45]. One more important
feature is cation exchange abilities [46]. Various kinds of transition metal cations cankbe
readily accommodated into the apatite framework via cation exchange process, which have a
high potentiality for ‘the function as the catalytically active center. These many advantages
makes the hydroxyapatites attractive as catalysts and catalyst suppoﬁs, even though, few

excellent applications has been studied so far [47].
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3. Purpose of This Thesis

Recent intgrest in evolution of environmentally-benign organic synthesis has

evoked a renewed interest in developing heterogeneous catalysts that mainfain high activity

‘and selectivity. Creation of a stable énd well-defined active center on solid surface is a
promising protocol for designing more efficient hybrid-catalysts that bridge the gap between
homogeneous and heterogeneous catalysis. To date, most of these attempts have been directed
toward the anchoring of‘\ metal complex catalysts on various insoluble supports. These
catalysts, however, have oﬁéﬁ encountered diminishing of catalytic activity in comparison
With homogeneous analogues together with their limited stability towards metal leaching.

The main purpose of this thesis is to design new types of the hybrid-catalysts
based on hydroxyapatites (HAP) for attaining “green organic synthésis”. The choice of
hydroxyapatite is motivated by the following advantages: 1) well-defined mondmeric active
species can be precisely created on their surface based on multiple functionalities, 1i) active.
species are immobilized rig‘idly on hydroxyapatite surface, which can help to overcome the
problems toward metal leaching iii) neutral nature avoids side-reactions -arising from
acid-base properties of support itself. Thus, hydroxyapatite serves as a promising macroligand
for catalytically active center. The use of hydroxyapatite facilitates catalyst/product sepération
and recycling of catalysts, and which also provides unique catalytic functions including site
isolation of Well—deﬁned active species, cooperative action by several sites, and steric control |
of a reaction intermediate. Furthermore, the designing of the prominent heterogeneous
catalysts can allow large-scale operations, contributing to the increasing demands for

environmentally-friendly chemical processes.

4. Outline of This Thesis
The present thesis deals with the studies on the catalyst design of the
hydroxyapatite-bound transition metal complexes toward green organic syntheses. The

strategies of the design of nanostructured hydroxyapatites are illustrated in Figure 11.
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In the next Chapter, the author prepared hydroxyapatite-bound Ru complex based
on cation-exchange ability by treatment of stoichiometric hydroxyapatite, Caig(PO4)s(OH),,
with an aqueous RuCl; solution. An equimolar substitution of Ru®" for Ca>* occurred on the
surface of hydroxyapatite, which gave a monomeric Ru®>” species surrounded by oxygen and
chlorine atoms (RuUHAP). This RuHAP could efficiently catalyze the oxidation of alcohols and
amines using molecular oxygen as a sole oxidant (egs. 1 and 2). Moreover, this RUHAP

catalyst was applicable to the oxidation of silanes to silanols in the presence of H,O and O;

(eq. 3).

Ry H Ri
X+ 120, RuHAP O +HO  (eq. 1)
R, OH toluene, 80°C RS
R4, Ry=alkyl, aryl
H_ NH
X * o+ 0 RUAAR . R-Cc=N *+2HO  (eq.2)
R : toluene, 110°C
H
R=alkyl, aryl
X v
RuHAP
R,—Si—H ! »  R,~Si—OH (eq.3)
| 0,, H,0, ethylacetate, 80°C |
R3 R3
R=alkyl,alkenyl,
alkynyl, aryl

Description in Chapter III is the synthesis of hydroxyapatite-bound cationic Ru
complexes. The simple surface modulation of the neutral RUHAP using AgX (X=SbF¢ " and
TfO ) afforded cationic Ru species with potentially vacant coordination sites. The obtained
cationic RuHAPs exhibited Lewis acid property, promoting Diels-Alder and aldol reactions
with high efﬁciencies‘(eqs. 4 and 5). No Ru leaching was detected even under aqueous
conditions, and then the catalyst was recyclable. Furthermore, the bresent Ru catalyst showed

unique catalytic functions including acid-base bifunctional catalysis and steric control of a
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reaction intermediate.

() + 2 come £ (eq.4)
Cationic RuHAP CO,Me

ANt CN
NCCN @ZO | <_:_>——{ (€9.5)
-~ N

In Chapter IV, new classes of hydroxyapatite-bound Pd complex (PdHAP-1),
which was synthesized with nonstoichiométric hydroxyapatite Cag(HPO4)(PO4)s(OH), is
described. The PAHAP-1 exhibited high catalytic activity for the Mizoroki-Heck reactions (eq.
6), and was shown to give a remarkably high TON of up to 47,000 in .the reaction of
bromobenzene with styrene. Moreover, the PAHAP-1 catalyst was also applicable to the
Suzuki-Miyaura coupling reaction of chloroarenes bearing electron-withdrawing substituents

in the presence of TBAB (tetrabuthylammonium bromide) and a small amount of water.

‘ Br
: PAHAP-1 ‘ -
oo - s o
R K,COs3, NMP, 130°C : O ,
R

Finally, the author summarizes overall conclusions of the present thesis. The scopes
for the extensive design of the hydroxyapatite-bound metal complex catalysts are also

mentioned.
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Chapter 11

~ Hydroxyapatite-Bound Ruthenium Complex as Highly Efficient

Heterogeneous Catalyst for Aerobic Oxidations
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II-1. Aerobic Oxidation of Alcohols Catalyzed by Hydroxyapatite-Bound

Ruthenium Complex

1. Introductioh

The selective oxidation of alcohols to the corresponding carbonyl compounds plays a
crucial role both in industrial and academic areas [1]. Many oxidizing reagents such as
hypochloride [2], chromium (VI) oxide [3], permanganate [4], ruthenium(VIII) oxide [5], and
dichromate [6] have been employed to effect this transforma‘rion, but these stoichiometric
oxidants possess the serious disadvantages that they are eXpensive and/or toxic, and produce
equimolar amounts of deoxygenated wastes. Because of the increasing demand for
development of environmentally-benign oxidation processes in organic chemistry, much
attentiorl has been directed toward the development of a catalytic protocol in combination
with molecular oxygen (0O;) or air as a primary oxidant, which isv readily available,
inexpensive, nontoxic, and would produce water as the sole by-product [7]. This “green
method” for converting alcohols into carbonyl compounds on an industrial scale, remains an
important challenge of synthetic chemistry.

A number of methods for metal-catalyzed aerobic oxidations of alcohols, both
homogeneous and heterogeneous, have been developed. Especially ruthenium compounds
have been thoroughly investigated as catalysts. For example, RuCl; [8], RuCly(PPhs); [9],
hydrated RuO; [10], Ru,Os(py)s (py=pyridine) [11], [RusO(0.CR)cL;]" (R=CHs, C,Hs;
L=H,0, PPh;) [12], and Ru-hydrotalcite [13] have proved to be efficient catalysts for the
oxidation of alcohols using molecular oxygen. Unfortunately, these systems require relatively
large amounts of catalyst and their scope was generally limited to activated alcohols, i.e.
benzylic and allylic‘ ones. On the other hand, Ru/CeO, [14], tetrapropylammonium
perruthenate (TPAP), either as such [15] or supported on polystyrene [16] or MCM-41 [17],
and Ru/Co-hydrotalcite [18] exhibited enhanced actir/ity and could be applicable to

non-activated aliphatic alcohols. Backvall er al. have established RuCl(OAc)(PPh3)3k
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/hydroquinone/Co(salophen)(PPhs) system from the biomimetic approach [19], in which
hydroquinone-benzoquinone redox cycle would facilitate an electron-transfer to re-oxidize
ruthenium hydride species. Similar catalytic system using low-valent ruthenium complexes
like RuCly(PPh3); in combination with hydroquinone-K,CO; [20], 2,2°,6,6'-
tetramethylpiperidine N-oxyl [21], and Cs,COj3 [22] have been also developed to affect this
transformation (Scheme 1). Most recently, Mizuno ef al. have reported the effective aerobic
oxidation‘of both activated and nonactivated alcohols containing sulfur, nitrogen, ,and
carbon-carbon double bonds with dioxygen or in air by ruthenium on alumina as a

heterogeneous catalyst [23].

RUC|2L3 OH
R4 H
) ML ,)ox
R2><OH RuH, © (’ m) H,0
T o
. + 2HCI ‘
2 R TRy : i
| Rl Ru @ MLy, 1/20,
(L=PPhs)
)(J)\ 3 o] ML,,= Co(salophene)(PPhsz)
R1 RZ
Hydrogen transfer
2 >‘\/\/\<
M LsRu Ruf, N "o
L3RU\ :
, ocb OH
Ry_H 2 >(j<
RuU 1/20
R2>< OH N i

6 TEMPO

Scheme 1. Possible Hydrogen Transfer Mechanism of Ru-Catalyzed Aerobic Alcohol Oxidation

29



In recent years many research groups have extensively investigated
palladium-catalyzed aerobic alcohol oxidations. The first successful system that did not
require chlorinated solvents or copper salts for reoxidation of reduced palladiurh(O) was
reported in 19777‘ by Schwartz [24]. This method involved a simple PdCl,/NaOAc-catalyzed
reaction in ethylene carbonate at ambient temperature, but full conversion was reached after
ca. 100 hours. Twenty years later, Peterson and Larock have described the aerobic oxidation
of alcohols using Pd(OAc),-NaHCO; in DMSO solvent [25]. In both cases, ethylene
carbonate and DMSO acted both as the solvent and the ligand for a smooth reoxidation of
Pd(0). Soon afterward, better results were reported by Uerﬁura et al. who carried out the
reabtion in toluene and obtained full conversion in 2 hours with 5 mol% catalyst [26]. In this
non-coordinating solvent, howevef, the usé of a ligand such as pyridine is indispensable to

maintain the catalytic activity without concomitant precipitation of palladium black. Sheldon

112 0,
‘Y.‘ H202 R1> <H
Ho0 . Rg OH
Ar 1 x
/N\ 0 ‘
Pl d .
N A . Rz‘/ 1
P Ht AN jo
Ar : . I/N\ /OH
Pd.
N OH
. |
Ar
0O, -~
Ar cluster
Ry
Al Rz
NS CH
| N d
o
\Pd/ Hzo
Ar N/
. |
Ar

Scheme 2. The Catalytic Cycle Proposed for Alcohol Oxidation with the Aqueous-Soluble
Phen*Pd(ll) Catalyst.



et al. reported a quite sophisticated catalytic system for aerobic oxidation in water [27]. A
water-soluble Pd*"-bathophenanthoroline disulfonate (PhenS*Pd™) is a stable and reusable
catalyst for a diverse array of alcohols in biphasic water-alcohol conditions (Scheme 2). Most
recently, Sigman, as well as Ferrein and Stolta, discovered that the combination of a Pd(II)
salt and (-)-sparteine effectively catalyzed the aerobic oxidative kinetic resolution of
secondar}; alcohols (Scheme 3) [28]. This reaction gives moderate to good k. values for

various benzylic alcohols.

N/
N
\ 7/
/Pd\
?H Cl Cli ‘ j)\ /Cﬂ—l
- + :
/\ [ - 1 L]
R* R Chiral Pd Catalyst R™ R R™ 'R
racemic alcohol Oz - non-racemic

Scheme 3. Pd((-)-sparteine)Cl,-Catalyzed Oxidative Kinetic Resolution of Secondary
Alcohols using Molecular Oxygen.

Independently, Kaneda ef al. have been developed the efféctive aerobic oxidation
of allylic alcohols to the corresponding o,B-unsaturated aldehydes catalyzed by
Pd,Phen,CO(OAc)s complex [29] and Pdss;Phenso(OAc)iso giant cluster [30]. They have
postulated that multiple interactions between the allylic alcohols and the péired site of the Pd
atoms at the surface of the Pd cluster play a definitive role in the above oxidation (Scheme 4).
Furthermore, new type of palladium-grafted hydroxyapatite (PdHAP) have been prepared by
Kaneda ef al., which can effectively promote alcohol oxidation, displaying a remarkable high
TON of up to 236,000 [31]. Besides ruthenium and palladium, a few other metals, e.g. copper
[32], osmium [33], cobalt [34], and vanadium [35], have also been shown to catalyze aerobic

alcohol oxidations. However, most reported systems require relatively large quantities of



catalyst (5-10 mol %), high O, pressure (10-20 bar), and additives to complete the catalytic

cycle.

Pd?* (PdX,, X=OAc’, NO3)

08 ; d ~N
e :/0 Pd* (Pd0) () pd°

1/2 0,

H,0

Scheme 4. A Possible Reaction Mechanism of Oxidation of Cinnamy! Alcohol Catalyzed by
the Ensemble Pd Site of the 8-sheli Pd Nanoclusters Surface.

In this chapter, the author designed the hydroxyapatite-bound ruthenium complex
(RuHAP) as an effective heterogeneous catalyst for the aerobic oxidation of various alcohols
including allylic, benzylic, aliphatic, and heteroatom-containing ones. This heterogeneous
catalyst has advantages not only of using O, as an oxidant, but also of simple work-up
procedure and reusability of the catalyst, over other homogeneous ‘ones. The author descrived
a preparation of the RuHAP on the basis of the characterization using physicochemical

methods and its unique catalysis for the alcohol oxidation.



R H

' R
1 1
>< + 1720, RuHAP /ko + Hy0
Ry “OH R |

Ry, R,= alkyl, aryl

2. Experimental
2-1. .General

'H- and PC-NMR spectra were obtained on JEOL GSX¢270 or JNM-AL400
spectrometers at 270 or 400 MHz in CDCl; with TMS as an internal standard. Infrared
spectra were obtained with a JASCO FTIR-410. Elemental analysis was carried out by Perkin
Elmer 2400CHN. Analytical GLC was performed by Shimadzu GC-8A PF with flame
ionization detector equipped with KOCL 3000T, Silicon SE-30, and OV-17 columns. Powder
X-ray diffraction patterns were recorded using Philips X’Pert -MPD with Cu Ka radiation.
XPS were measured on Shimadzu ESCA-KM using MgKa radiation. Ru K-edge X-ray
absorption spectra were recorded at room temperature in a transmission mode at the EXAFS |
facilities installed on the beam line BLO1B1 station attached to Si (311) monochromator at
SPring-8 of JASRI, Harima, Japan. The EXAFS data were normalized by fitting the
background absérption coefficient around the energy region higher than the edge about 35-50
eV with the smoothed absorption of an isolated atom. Fourier transformation (FT) of
}P-weighted normalized EXAFS data was performed over the 3.5 A <rk/ A <12 A range to
obtain the radial structure function. CN (coordination number of scatters), R (distance
between an absorbing atom and scattérer), and Debye-Waller factor were estifnated by
curve-fitting analysis with the inverse FT of the 0.8 < R/ A < 2.8 range assuming single
scattering. Data reductions were performed with the FACOM M-780 computer system of the
Data Processing Center of Kyoto University. [36]

(NH4),;HPO4 and Ca(NO;),"4H,0 were purchased from Wako Pure Chemical aé a

special grade. RuCl;-nH,O was obtained from N. E. Chemcat. Alcohols as substrate and



solvents were purchased from Wako Pure Chemical, Tokyo Kasei, and Aldrich, and puriﬁéd
by the standard procedures prior to experiments. All of the ox’idation products are well known
compounds. Their identities w.ere confirmed by comparison with infrared spectra, elemental
analyses, and NMR spectra.
2-27’. Synthesis of Hydroxyapatite-Bound Ruthenium Complex

A stéiChiometric calcium hydroxyapatite of Ca/P=1.67 (HAP), Caio(PO4)s(OH),,
was synthesized according to the literature pro‘cedure [37]. (NH4);HPO4 (40.0 mmol) was
dissolved in deionized water (150 mL) and pH was adjusted to 11 with aqueous NH; solution.
To a solution of Cam0'3)2-4H20 (66.7 mmol) in deionized water (120 mL) adjusted to pH 11
with aqueous NH3 éolution was added drop-wise over 30 min into the above solution with
vigorous stirring at room temperature, and then the obtained milky solution was heated at
90 °C for 10 min. The precipitate was ﬁltered, washed with deionized watér, and dried at
110 °C, giving Ca;o(PO4)s(OH); (Z = 0, HAP-0). The HAP (1.0 g) was stirred with 75 mL of
a 267 x 12)'2 M aquedus RuCl3.H,0 solution at 25 °C for 24 h. The obtained slurry was
filtered, washed with deionized water and dried overnight at 110 °C, yielding 1.01 g of the
RuHAP as a dark brown powder.
2-3. General Procedures for the Oxidation of Alcohols Catalyzed by Hydroxyapatite-
Bound Ruthenium Complex

A typical procedure for the aerobic oxidation is as follows. Into a reaction vessel
with a reflux condenser were placed RuHAP (0.2 g, Ru: 0.34 mmol), 1-phenylethanol (0.24 g,
2 mmol) and toluene (5 mL). The resulting mixture was stirred at 80 °C under 1 atm of O,.
The progress of reaction was monitored by GC analysis. After 2 h, 98 % yield of
acetophenone was obtained. |
2-4, Procedure of the Large-Scale oxidation of Benzyl Alcohol

Into a reaction vessel with a reflux condenéer were placed Benzyl alcohol (10.8 g,
100 mmol), RuHAP (0.2 g), and toluene (100 ml). The resulting mixture was stirred at 90 °C

~under 1 atm of O for 24 h, benzaldehyde was produced in 98% GC yield. The organic layer

34



was separated, followed by removal of solvent under a reduced pressure. The residue was

then distilled to give pure benzaldehyde (9.6 g, 91 % yield).

2-5. Recycling of the Hydroxyapatite-Bound Ruthenium Complex for Alcohol Oxifation
The first run was carried out under the same reaction conditions as described in

section 2-3. After the oxidation, the spent RUHAP could be easily separated from the reaction

mixture by a filtration and the isolated RUHAP was washed with deionized water prior to

reuse. These recycling procédures were repeated three times in the same manner as identical

conditions of the first run.

3. Results and Discussion
3-1; Characterization of Hydroxyapatite-Bound Ruthenium Com>plex :

| To gain insight into the structure of surface-bound Ru species of the RuHAP,
detailed study were performed using physicochemical methods. The XRD peak positions of
‘the RuHAP were similar to those of the parent HAP. From the elemental analysis, (Rﬁ+Ca)/P
- ratio of the RuHAP was estimated to 1.67 (Ru content: 17.1wt%, 1.69 mmol-g™), which
shows the occurrence of an équimolar substitution of Ru’* for Ca®" at the column of Ca and O
atoms parallel to hexagonal axis [37]. The presence of chlorine was confirmed by XPS and
EDX analyses; the atomic ratio of Ru to Cl waé 1:1. The Ru K—édge XANES spectrum of the
RuHAP resembles that of RuCls. In Fourier transform (FT) of A’-weighted Ru K-edge
EXAFS of the RuHAP, the lack of peaks around 3.5 A indicates no Ru-Ru bond on the
RuHAP in Figure 1(a). The inverse FT of main peaks was well fitted by the use of three Ru-O
and single Ru-Cl shells, as summarized in Figure 1(b) and Table 1. The distance from Ru to
the nearest four oxygen atoms, Ru-O(1), in the RUHAP is well consistent with a value of the
RuO; (R=1.96 A), and the Ru-Cl distance of 2.32 A is close to that found in
monochlororuthenium‘ complexes [38]. Conclusively, the Ru species on the surface of the
RuHAP exists as a monomeric Ru cation species surrounded by oxygen and chlorine and a

proposed surface structure of the RuHAP is represented in Figure l(c).
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The present simple preparation method using the cation-exchange ability of HAP can allow a
strong protocol to create a monomeric metal species on the solid surface as a hybrid

heterogeneous catalyst.

Table 1. Results of Curve-fitting Analysis for RuHAP 2

shell C.NP RYA oA
Ru-O(1) 4.1 1.97 0.0067
Ru-O(2) 2.1 2.28 0.0008
Ru-0(3) 1.7 262 -0.0054
Ru-Cl 1.2 2.32 0.0010

® The region of 0.8-2.8 A was inversely fourier transformed.

® Coordination number. © Interatomic distance. ¢ Difference
between Debye-Waller factor of RuHAP and that of the
reference sample. )

3-2. Catalytic Performances for Aerobic Oxidation of Alcohols

To explore potential ability of the RuHAP, oxidation of alcohols using molecular
oxygen as an oxidgnt were performed. As can be seen from Table 2, various alcohols
smoothly oxidized in the presence of the RUHAP at 80 °C under 1 atm of O, atmosphere to
give the corresponding carbonyl compounds in excellent yiélds. Especially, benzylic and
allylic ones showed high reactivity for the oxidative dehydrogenation (entries 1-13). A 100
mmol-scale oxidation of benzyl alcohol was also performed to give 98% yield of
benzaldehyde; the turn over number appfoached 290 after 24 h. It is notable that a primary
aliphatic alcohol of 1-octanol was smoothly oxidized to afford 1-octanal without any
formation of the corresponding carboxylic acid and ester (entry 14). Whe;l the reaction
temperature was raised from 60 to 80 °C, 1-octanoic acid was obtained in 82% yield for 6 h
without formation of the corresponding aldehyde. Moreover, this catalyst system was
applicable to the oxidation of heterocyclic alcohols including nitrogen and sulfur atoms. For

example, 2-pyridinemethanol and 2-thiophenemethanol gave the corresponding aldehydes in
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Table 2. Oxidation of Various Alcohols Catalyzed by RuHAP Using O,?

entry ‘ substrate product time (h) - convn (%)b yield (%)b
1 ' 3 100 >99
CHO
2 (y oA Y 3 100 95
ch » 48 20 17

CHO
OH
4 5o oy 3 100 >99
Cl cl
CHO
5 Oy oH T 3 100 92
o

HsCO H5CO

2 100 98

7 | 2 100 ~ >99
8 Ej/\w OH @CHO 1 100 99
o o

9 2 100 95
10 XX"0H A -CHO 4 99 99
, OH 0
12 PP PP 5 93 91
OH o «
13 YO/ §/@/ 6 83 80
14° NN 0H STTTCHO 16 95 94
OH o
15 PP 6 % %
OH « o
16 T (&1 4 100 95
17 [ B 10 100 99
P . >
N ~-OH N CHO

18 L )\ _oH @CH o 2 100 94
0
9 24 100 >99

19

W
O
(2
]

2 Reaction conditions: alcohol (2 mmol), RuHAP(0.2 g, Ru: 0.34 mmol), toluene (5 mL), 80 °C, O,
atmosphere.,b Determined by GC using an internal standard technique. ° Under 1 atm of air
instead of O,. ¢ N, atmosphere. ® The reaction temperature was lowered to 60 °C " Reaction
conditions: alcohol (1 mmol), RUHAP ( 0.1 g, Ru:0.17 mmol).
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high yields (entries 17 and 18). Generally, heterocyclic alcohols coordinate to metal and
inactivate the catalysts. It is possible to synthesize dicarbonyl compounds, which is an
important building block in organic synthesis, via the oxidation of «-hydroxyketones (entry
19). Even under air conditions in place of pure O,, the above oxidations proceeded smoothly;
a quantitative yield of benzaldehyde was obtained within 3 h (entry 2). Unfortunately, the
reaction of cyclohexanol was significantly slow, resulting in the formation of only 34 % of
the cbrresponding ketones. Important points concerning the use of heterogeneous catalysts are
their lifetime and leaching of active species,'in solution, particularly for industrial and
pharmaceutical applications of alcohol oxidation. The RuHAP catalyst could be reuseci with a
retention of its high catalytic activity and select‘ivity; the yield of benzaldehyde in the case of
benzyl alcohol could be kept over 93% during three recycling experiments. The Ru content
between a fresh and spent RUHAP catalysts did not change and no Ru leaching in the filtrate
was observed during the above recycles by ICP méthod whose detection limit is 24 ppb.

In the present RUHAP catalytic system, the competitive oxidation in an equimolar
mixture of p-substituted benzyl alcohols gave a Hammett p value of -0.429, which is much
smaller than -1.9 with ruthenium-oxo compounds, e.g. cis-[(NL‘)RuWOQ]2+ [39], but is close to
-0.431 with a stoichiometric reagent of a monomeric RuCl,(PPhs); complex (Figure 1). These
results suggest that the present RuUHAP catalyst does not contain ruthenium-oxo species as the
active oxidant. When an equimolar mixture of 1-octanol and 4-octanol was used as substrates,
95% of 1-octanal was selectively obtained together with 5% of 4-octanone (Figure 2)
[21][40]. In the intramolecular competitive oxidation of 1,7-octanediol, the RuHAP catalyst
gave chemoselectively 7-hydroxyoctanal in 81% yield (Scheme 5). The above high
chemoselectivity for primary hydroxyl functions is not similar tobthat of bulk Ru catalysts
such as RuO, and Ru/Al, 03, but to that of a monomeric RuCly(PPhs); complex. The author
thinks that this cataiytic behavior may be attributed to monomeric Ru cation species on the

RuHAP surface.
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conditions: alcohol (1 mmol), Ru catalyst (0.17 mmol of Ru), toluene
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3-3. Reaction Mechanism of the Aerobic Oxidation of Alcohols Catalyzed by
Hydroxyapatite-Bound Ruthenium Complex

The above results of the Hammett p value and a preference for primary versus
seco‘ndary hydroxyl groups suggest that the present RuHAP-catalyzed alcohol oxidation
involves an alkoxy-ruthenium intermediate. Therefore, we propose a possible catalytic cycle
using the RuHAP as follows (Scheme 6). The oxidation is initiated by a ligand-exchange
between an alcohol and a Cl species of the RUHAP to give a Ru-alcoholate species [41],
which ﬁndergoes the B-hydride elimination to produce the corresponding carbonyl compound
and a Ru-hydride species. Reaction of the hydride species with O, affords a
Ru-hydroperoxide species, followed by the ligand-exchange to regeneréte the Ru-alcoholate
species together with the formation of O, and H,0. H0O; is a more probable intermediate for

the formation of O, and H,0O, but H,;O; in the reaction medium could not be detected.

LRu-Cl

Surface of RUHAP
R4 S <H
R; OH
H,0 +1/20, HCI
T LRu—O> < R,
H
H,0, Ry

R1> <H ‘ R1/U\

Ry~ “OH
LRu-OOH LRu-H
O,

Scheme 6. A Possible Alcoho! Oxidation Mechanism Catalyzed by RuHAP
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Figure 3. Time profile of O, uptake and benzyl alcohol conversion
catalyzed by RuHAP. Reaction condition: alcohol (2 mmol), RUHAP
(0.1 g :Ru: 0.3 mmol), toluene (5 mi), 60°C.

In the case of RuCly(PPhs)s, the catalytic cycle was not completed without
hydroquinone [20] or 2,2’,6,6’-tetramethylpiperidine N-oxyl [21]. It is notable that our
RuHAP catalyst does not need the above addi'}[ivves for the catalytic aerobic oxidation. Further,
the aBove mechanism can bé well evidenced by the following experiments of bénzyl alcohol:
(i) Addition of a radical trap, 2,6-di-tert—butyl—p—cresol, to the reaction medium hardly
influences the oxidation. (ii) One mole of H,O was produced for every mole of benzaldehyde
formation. (iii) In monitoring the O, uptake, two moles of benzaldehyde were equivalent to
one mole of O, conSumptiQn (Figure 35. (iv) Under N, atmosphere, benzaldehyde was
obtained only in a stoichiometric amount to Ru element on the RuHAP catalyst (Table 2,
entry 3). Kinetic‘s data of this alcohol oxidation could be well accommodated with a rate
equation based on the Michaelis-Menten type model :for the above proposéd mechanism [42].
The initial rate (Rg¢) of the oxidation of benzyl alcohol could be expresé ‘as
Ro=ky[C)/{1+ka/(k1[S])}, where [C] is the concentration of the RuHAP, [S] is the
concentration of benzyl alcohol, and %, and %, are rate constants of an alcoholate formation

and B-elimination step, respectively. From the O, uptake experiment, the feaction step of a

Ru-hydride species with O, was very fast. The apparent activation energies for each steps
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were calculated to be 43.4 and 64.7 kl'mol’, respectively. The PB-elimination is a
fate-determi»ning step in the overall oxidation .process because the ky/kp values of 7.0 and 4.7
were observed in the competitive oxidation of benzyl alcohol with benzyl-d; alcohol
(CsDsCD,OH) and the intramolecular kinetic isotope effect for the oxidation of
p-methyl-a-deutero-benzyl alcohol (Scheme 7) [42]. This value‘ is far smaller than those
reported for the stoichiometric benzyl alcohol oxidations with ruthenium-oxo complexes, e.g.
[Ru"(tpy)(O)(CH:CN)** - (kulkp =12.1) [43], cis-[(No)RuVO > (hkwkp =21) [44],
[(bpy)2(py)RuV(0)]** (ku/kp =50) [45], and [Ru' (tpy)(CHsCN)2(0)]** (ku/kp =61.5), which

also reveal that the present RﬁHAP catalyst does not contain ruthenium-oxo species as the

active oxidant, as shown by Hammett plots.

Scheme 7
Intermolecular Intramolecular
DD . HD
OH
OH OH
ky/kp=7.0 ‘ knylkp=4.7
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4. Conclusins

The author pioneered synthetic method of a novel heterogeneous ruthenium catalyst
using hydroxyapatite based on their cation-exchange ability. An extensive characterization by
means of XRD, XPS, EDAX, and Ru K-edge XAF S revealed that a monomeric Ru cation
species could be uniformly fixed on the surface of hydroxyapatite. The RuHAP catalyst
system has préven to be simple, clean, and general for aerobic alcohol oxidations and does
not require any additiv‘es and co-catalysts to complete the catalytic cycle; which is dominated
by the formation of a monomeric Ru species as the phosphate complex on the RuHARP surface.
No Ru leaching was observed during oxidations and then the Ru catalyst was recyclable,
which demonstrates that the hydroxyapatite serves as a suitable maéroligand for tﬁe
catalytically activ-e Ru center.

The ébove hydrOxyapatité-bou‘nd ruthenium complex catalyst were further
applicable to a wide range of ﬁmctional group transformat‘ions such as amine and silane

oxidations under atmospheric O, pressure, as described in the following Sections.
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II-2. Oxidation of Primary Amines to Nitriles Catalyzed by Hydroxyapatite-

Bound Ruthenium Complex using Molecular Oxygen

1. Introduction

Nitriles are key constituent in numerous natural products, and they also serve as
versatile synthetic intermediates for pharmaceuticals, agricultural chemicals, dyes, and
material sciences [1]. One of the most general methodologies for synthesis of alkylnitriles is a
nucleophilic displacement of alkylhalides with inorganic cyanide ions, although the reaction
is frequently accompanied by elimination of hydrogen halides especially with bulky
alkylhalides [2]. Ammoxidation and Sandmeyer reaction are also well-known methods, but
they require hazardous reagents and severe reaction conditions [3]. o,f-Unsaturated nitri”les
can be prepared via a Wittig reaction of the corresponding aldehyde with cyanoalkyl
phosphonate [4]. However, it resulted in an unbiased mixture of E- and Z-isomeric nitriles.
Nitrile synthesis by means of dehydration of amides or aldoximes with an appropreate
nonmetal dehydrating agents such as P,Os would be an alternative method [5]. However it
suffer from serious disadvantage.s such as inconvenient preparation of the reagents, limited
substrate scope, or incompatibility of sensitive functional groups under the reaction
conditions.

With ever-growing environmental concern in organic reactions, there is a strong
need for a preparative method of highly -efficient nitrile synthesis. Direct oxidative
dehydrogenation of primary amines is one powerful candidate for a clean nitrile synthesis.
Many stoichiometric reagents in the above dehydrogenation have, however, been used [6],
which often result in the production of a vast amount of environmental wastes [7]. Catalytic
protocols using molecular oxygen as an oxidant are more desirable from the consideration of
“green and sustainable chemistry” [8].

As described in Chapter II-1, the author has succeeded in creating a monomeric Ru**
species on the surface of hydroxyapatite (RuHAP), which acts as a highly efficient

heterogeneous catalyst for the aerobic oxidation of various alcohols. During the course of
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these studies, the author has also found that the aerobic oxidation of amines to the
corresponding nitriles smoothly occurred in the presence of this RuHAP catalyst. Compared
with other catalysts for this amine oxidation, the RuHAP system has many advantages as
follows: (i) high catalytic activity for the oxidation of both aromatic and aliphatic amines
under mild reaction conditions, (ii) a reusable heterogeneous catalyst, (iii) use of molecular

oxygen as an ultimate oxidant, and (iv) applicability to the hydration of nitriles to amides.

H_ NH, ,
>/\ 4+ 02 RuHAP ~ R-C=N + 2H20
R*H - toluene, 110°C
Ri NHR; . RuHAP NRs
X+ 1120, - + H,0
R, H toluene, 110°C R7 R,
’ RuHAP %
R4-C= + H,O ; > il
sON T T 150°C R4—C-NH,

R=alkyl, aryl

2. Experimental
2-1. General ,

'H- and PC-NMR spectra‘ Were obtained on JEOL GSX-270 or JNM-AL400
spectrometefs at 270 or 400 MHz in CDCl; with TMS as an internal standard. Infrared spectra
were measured with a JASCO FTIR-4.10. Elemental analysis was carried out by Perkin Elmer
2400CHN. Analytical GLC was performed by Shimadzu GC-8A PF with flame ionization
detector equipped with KOCL 3000T, Silicon SE-30, and OV—17 columns.

(NH4);HPO4 and Ca(NQs),"4H,0 were purchased from Wako Pure Chemical as a
special grade. RuCls-nH,O was obtained from N. E. Chemcat. Amines’ as substrate and
solvents were purchased from Wako Pure Chemical, Tokyo Kasei, and Aldrich, and purified

by the standard procedures prior to experiments. 4-(Aminomethyl)benzyl alcohol was
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synthesized according to the literature procedure [9]. All of the oxidation products are well
known compounds. Their identities were confirmed by comparison with infrared spectra,
elemental analyses, and NMR spectra.
2-2. Synthesis of Hydroxyapatite-Bound Ruthenium Complex
A calcium hydroxyapatite, Ca;o(PO4)s(OH),, was synthesized according to the
literature procedure [10]. 1.0 g of the calcium hydroxyapatite was stirred at 25 °C for 24 h in
75 mL of 2 2.67 x 102 M aqueous RuClj; solution. The obtained slurry Was ﬁltered, washed
“with deionized water and dried overnight at 110 °C, yielding the RuHAP as a dark brown
powder (Ru*" content: 1.69 mmol-g™). The surface structure of the present RUHAP was
determined by means of XRD, XPS, EDAX, and Ru K-ledge XAFS as described in Chapter
2-1.
2-3. General Procedures for the Oxidation of Amines Catalyzed by Hydroxyapatite-
Bound Ruthenium Complex
A typical amine oxidation is as follows. Iﬁto a reaction vessel with a reflux
condenser were\successively placed the RuHAP (0.2 g, Ru: 6.5 mol%), p-xylene (15 mL), and-
n-dodecylamine (0.96 g, 5.2 mmol). The reaction mixture was stirred at 125 °C under
atmospheric pressure of Q. After 24 h, the RuHAP was separated by filtration and the organic
layer was distilled to afford pure n-dodecanenitrile (0.88 g, 94% yield).
2-4. General Procedures for the Hydration of Nitriles Catalyzed by Hydroxyapatite-
Bound Ruthenium Complex
A typical hydration of nitriles is as follows. Into a stainless autoclave (100 mL)
were successively placed the RUHAP (0.2 g, Ru: 6.5 mol%), H,O (3 mL), and benzonitrile
(0.103 g, 1 mmol). The reaction mixture was stirred at 150 °C under inert atmosphere. After
24 h, the RuHAP was separated by filtration and the filtrate was extractéd with diethylether
(25 mL x 3). Removal of the solvent under reduced pressure afforded pure benzamide (0.99 g,

94% yield).
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3. Results and Discussion
3-1. Oxidation of Various Amines Catalyzed Aby Hydroxyapatite-Bound Ruthenium
Complex

Thev results of oxidation of various primary amines catalyzed RuHAP in the présence of
molecular oxygen are summarized in Table 1. Many benzylic amines were converted into the
benzonitriles in high yields ‘(entries 1-8). Notably, our RuHAP could oxidize aliphatic amines
to the corresponding nitriles in high yie‘lds (entries 9-12). It is said that aliphatic\ amines give
low yields of the nitrilgs in homogeneous Ru—catalyzedbsystems such as frans-[Ru " (tmp)(0,)]
[8a] - (Hytmp=5,10,15,20-tetramesitylporphyrin) and RuCly(PPhs); [8c] using moleculaf
oxygen. Among the solvent examined, toluene. and dichloromethane were good solvents,
while acetonitrile gave slightly low yield. When an cquimolar mixture of n-octylamine and
1-octanol was used as substrates, the oxidation of n-octylamine occurred exclusively to afford
n-octanenitrile in 91% yield for 12 h without any oxidaﬁon products derived from 1-octanol
(Figure 1). 1-Octanol alone was smoothly oxidized to afford 1-octanoic acid in 82% yield
within 6 h under the same reaction conditions as described in Chapter II-1. Also, an
intramolecular competitive oxidation of 4-(aminomethyl)benzyl alcohol afforded
chemoselectively 4-cyanobenzyl alcohol in a quantitative yield because the amino function
coordinateé more strongly to a Ru center than the hydroxyl one (Scheme 1).
2-(1-Cyclohexenyl)ethylamine and geranylamine gave the allylic and vinylic nitriles in high
'yields without geometrical isomerization of double 'bohds, respectively (entries 13 and 14). As -
exemplified in Table 2, the RuHAP catalyst was applicable to the dehydrogenation of
secondary amines [11]. Heterocyclic amines such as indole and 1,2,3,4-tetrahydroquinoline
gave indole and quinoline in over 99 % yields, respectively (entries 1 and 2). In the case of
dibenzylamine, N-benzylidenebenzylamine could be obtained in 91% yield (entry 5). Other
secondary amines such as N-methylbenzylamine and N—éthylbenzylamine afforded the
corresponding imines accompanied with benzaldehyde through the imine hydrolysis.

Oxidation of rertiary amines did not proceed under the present conditions.
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Table 1. Oxidation of Primary Amines Catalyzed by RuHAP in the Presence of O5°

entry substrate product time (h) convn (%) b yield (%) b
2 @/ 12 100 90
2 NH, @(CN 12 100 96
3¢ OCHs OCHs 12 100 97
CN
4 @ANH? ©/ 12 92 90

o CN
NH,
5 j 12 100 97
H3CO/©A HsCO |
CN
6 ﬂ“”z /@ 12 100 9 .

" CN
8 CINH2 @[CI 12 100 >99
9 SOONH, ~yoN 12 100 91
10 LN, \(\),GCN 24 100 >99
11 70 NH, S CN 24 100 >99

CN \
12 /\/\CNHz N\Q 24 100 98
NH
13 O/V 2 O/\CN 24 100 ©>99
14 \%/\(NHz \%/\(CN 12 . 100 81

15 , [OV(N rOJ:A/ 24 100 04

NH, CN

@ Reaction conditions: amine (1 mmol), RuHAP (0.1 g, Ru: 0.17 mmol), toluene (10 mL), 110°C,
O, atmosphere. ® Determined by GC using an internal standard technique.
© N-Benzylidenbenzylamine was also formed (10% yield). d Recycling experirment.
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Figure 1. Competitive oxidation of n-octylamine (A) and 1-octanol(QO)
using RuHAP. Reaction conditions: n-octylamine (1 mmol), 1-octanol (1
mmol), RuHAP (0.1 g, Ru: 0.17 mmol), toluene (5 ml), 100°C, O, flow.

Scheme 1

HO 0,, 90°C HO

99 %

Table 2. Oxidation of Secondary Amines Catalyzed by RuHAP in thé Presence of O,%

entry substrate - product temp. (°C) convn (%) b yield (%) b

1 @f\ @ 100 100 >99
2 ©\/j @\/j 80 100 >99

NS
3 ©3\IH @3\1 @QN 80 100 88, 11

4 ©\ @\ & 110 100 >99

ACEEREN S
@H@ @ N/\© 130 98 91

@ Reaction condmons amine (1 mmol), RUHAP (0 1@, Ru: 0.17 mmol), toluene (10 mL), O,
‘ atmosphere 24'h. ® Determined by GC using an internal standard technique.
© p-Xylene(10 ml) was used instead of toiuene.
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The spent RuUHAP catalyst was easily separated from the reaction mixture and the ICP
analysis of the filtrate showed that no leaching of the Ru species was observed during the
above oxidation. In the oxidation of 4-methoxybenzylamine, the RUHAP was removed after
40 % conversion. The ﬁltrate was further reacted at 110 °C for 12 h and no reaction was
occurred, /showing that the oxidation occurs on the surface of HAP. Moreover, this catalyst
could be reused with retention of its high catalytic activity and sélectivity; the yields of
2-methoxybenzonitrile in the case of 2-methoxybenzonitrile kept over 96 % during the four
recygling experiments (Table 1, entry 3).

3-2. Hydratioh of Nitriles Catalyzed by Hydroxyapatite-Bound Ruthenium Complex

The preparation of amide is one of the most important synthetic tranéfOrmations
in organic synthesis, which is usually carried out in the laboratory’using acid or base catalysis.
A problem associated with this reaction is that it is often not possible to stop at the amide
stage and further hydrolysis to the corresponding acid occurs. Recéntly, catalytic method
using transition metal complexes have been reported, but they require extremely severe
reaction conditions and the yield for aliphatic nitriles are often low. Consequently, with
respect to the environmental concerns, there is a strongi vdemand for a clean and highly
efficient catalytic methodology for the conversion of nitriles to amides.

Interestingly, when water was used as a solvent instead of toluene, which was
employed in the oxidation of amines, the RuHAP could also catalyze the hydration reaction of
many nitriles, 7.e., n-hexanenitrile, n-octanenitrile, benzonitrile, 4-methoxybenzonitrile, and
3-cyanopyridine to afford excellent yields of the corresponding amides without any
formations of carboxylic acids, respectively, as shbwn in Table 3. This hydration system using
the RUHAP has advantages over other reported methods because of it§ simple and clean
operation under neutral conditions and of a high reactivity for both aliphatic and aromatic
nitriles [12]. Finally, the RuHAP catalyst could be applied to the one-pot synthesis of
nicotinamide, a highly versatile intermediate of nicotinamide nucleotides, directly from

3-aminomethylpyridine, giving an excellent yield of a pure amide (Scheme 2).
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Table 3. Hydration of Nitriles Catalyzed by RuHAP in the Presence of H,O 2

entry substrate ' proddct convn (%) b yield (%) b

CN CONH,

o™ O

CN «~CONH,
2 /©/ o2 90
HsCO H;CO",

CN CONH

3 ® B 2 100 o

. . N N ’

4 CN CONH, 100 91

5 CN CONH>» 100 >99

& Reaction conditions: nitrile (1 mmol), RuHAP (0.1 g, Ru: 0.17 mmol), water (3 m\L),
150°C, N, atmosphere, 24 h. b Determined by GC using an internal standard technique.

O
NN, 6) N Gi) |
q (Y () N

N N
9M1%
Scheme 2. Reaction conditions: (i) RuHAP (0.1 g), amine (10 mmol),

1,2-diethoxyethane (25 mL), O, atmosphere, 120 °C, 16 h, (ii) followed
by adding water (5 mL), N, atmosphere, 150 °C, 48 h.

3-3. A Possible Reaction Mechanism

In the oxidation of various para-substituted benzylamines, the Hammett plot showed

a negative p value, —0.137, which is close to that with a monomeric RuCl,(PPhs)s;, p =-0.118,

~

as shown in Figure 3. These results suggest that the present RuHAP-catalyzed amine
oxidation involves an amino-ruthenium intermediate. In addition, molar ratio of O, uptake to
benzonitrile yield was 1:1. Addition of radical trap, 2,6-di-fert-butyl-p-cresol, to the reaction

mixture hardly influences the oxidation. In consideration of the reaction mechanism of the
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RuHAP-catalyzed aerobic alcohol oxidation, a most possible catalytic cycle for this amine
oxidation are proposed in Scheme" 3. Initially, a ligaﬁd exchange between an amine and a
surface Cl moiety of the RuUHAP gives a Ru-NHCH,R species, followed by an elimination to
produce a Ru-H species and an intermediate imine. Attack of molecular oxygen on the
hydride species affords a Ru-OOH species, which reacts with the imine to produce a
Ru-N=CHR species. The second dehydrogenation of the ‘imine to nitrile proceeds via the
similar path described in the above. H,0; is a more probable intermediate for the formation of
O; and H,O, but H;0; in the reaction medium could not be detected. The formation of imine
as a reaction intermediate is supported by the fact that the RuHAP is able to catalyze the
oxidation of sécbndary amines to the corresponding imines. In the nitrile hydration, the
reaction of ‘the surface Cl moiety with water yields a Ru-OH species, which attacks
nucleophilically to a nitrile. A formed iminol intermediate, Ru—N=C(OH)R [12b],
subsequently undergoes a ligand exchange with water to give the amide accompanied with the

Ru-OH species.

0.12
0.08 |
T
< 0.04 |
N
Ry
£
0 L.
X=Cl
-0.04 ' . : '
-1 . -=0.75 -0.5 =-0.25 0 0.25

o’ (-)

Figure 2. Hammett plots for the oxidation of p-substituted benzyl
amines catalyzed by RuHAP (@) and RuCl,(PPhs); ((J) Reaction
conditions: amine (1 mmol), Ru catalyst (0.34 mmol of Ru), toluene
(5 mL), 80°C, O, atmosphere. Hammett o values for RuHAP and
RuCl(PPhs); were -0.137 and -0.118, respectively.
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4. Conclusions

In conclusion of Chapter II-2, the RuHAP efficiently catalyzed the oxidation of
many primary and secondary amines using molecular oxygen, and could be further extended
for the nitrile hydration. In both inter- and intramolecular competition experiments, the
RuHAP system displayed a preference for amine versus alcohg)ls. No leaching of the Ru
species in the reaction solution was observed, which allows the hydroxyapatite catalyst to be
recycled with retention of its high catalytic activity and selectivity. This protocol can be
readily applied to large-scale process with high efficiency, making it an economical and an

environmentally benign process for the preparation of nitriles.
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II-3. Oxidation of Organosilanes to Silanols Catalysed by Hydroxyapatite-

Bound Ruthenium Complex in the Presence of Water and Molecular Oxygen

1. Introduction

Organosilicon compounds are of paramount importance as valuable building blocks
[1], among which silanols have been prominently utilized in industry for the production of
silicon-based polymeric materials [2] as well as in organic synthesis as reaction intermediates
[3]. Eépecially noteworthy is that organosilanols have been recognized as an efficient /organic
donor in metél—catalyzed cross-coupling reactions [4]. Although the wide utility of silanols
requires efficient preparative procedures for the compounds from readily available precursors,
only a limited number of methods are available to date, including hjdrolysis of halosilanes,
stoichiometric oxidation of organosilanes, and reaction of siloxanes with alkali feagents [5].
These methods often result in the production of vast amounts of toxic wastes.

A more promising procedure is the catalytic insertion of oxygen atom into the Si-H
bond of organosilanes, which have been carried out by some metals [6]. This protocol, however,
is rather limited due to the fact that in generally produces mixfure of the silanol and its
undesirable disiloxane. Therefore, highly efficient catalytic transformation of silanes to the
corresponding silanols is particularly attractive from both environmental and synthetic
perspectives [7]. Recently, Chang et al. have reported the effective hydrolytic oXidation of
silanes including alkynyl and alkenyl groups catalyzed by the [RuCly(p-cymene)], cqmplex [8],
but the use of homogenous catalyst often demonstrate limited practical utility due to difficulties
in separation and recovery.

In Chapter II-1 and II-2, the author showed that monomeric Ru cation speéies could be
uniformly introduced into hydroxyapatite surface based on cation-exchange ability. This
hydroxyapatite-bound Ru complex (RuHAP) exhibits excellent catalytic performances for the
aerobic oxidation of alcohols and primary and secondary amines, Which is attributable to a

monomeric Ru species as the pho'sphate complex on solid surfaces [9]. In the course of our
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ongoing studies for exploring practical organic transformations using the RuHAP, the author
also found that oxidation of silanes occurred smoothly to give the corresponding silanols. The
catalytic system described here is a powerful candidate for a promising synthetic protocol
because of following advantages: (1) use of nonpolluting oxidants of water and molecular
oxygen, (2) high selectivity and substrate tolerance, (3) stereospecific oxidation via inversion of

the configuration of silanes, and (4) simple work-up procedure and easy recovery of catalyst.

R1 . R1

I
R,—Si—H RuHAP - R,—Si—OH
| 0,, H,0, ethylacetate, 80°C |
R3 R3
R=alkyl,alkenyl,
alkynyl, aryl

2. Experimental
2-1. General
'H- and “C-NMR spectra were obtained on JEOL GSX-270 or JNM-AL400
spectrometers at 270 or 400 MHz in CDCl3 with TMS as an internal standard. Infrared spectra
were measured with a JASCO FTIR-410. Elemental analysis was carried out by Perkin Elmer
2400CHN. Analytical GLC was performed by Shimadzu GC-8A PF with flame ionization
detector equipped with KOCL 3000T, Silicon SE-30, and OV-17 c¢olumns. |
(NH4),HPO4 and Ca(NOs),'4H,0 were purchased from Wako Pure Chemical as a
special grade. RuCl;*nH,O was obtained from N. E. Chemcat. Silanes as substrate and solvents
were purchased from Wako Pure Chemical, Tokyo Kasei, and Aldrich, and purified by the
rstandard procedures prior to experiments. All of the oxidation productsr are well known
compounds. Their identities were confirmed by comparison with infrared spéctra, elemental

analyses, and NMR spectra.
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2-2. Synthesis of Hydroxyapatite-Bound Ruthenium Complex

A calcium hydroxyapatite, Calo(PO4)6(OI-I)2, Was synthesized according to the
literature procedure [10]. 1.0 g of the calcium hydroxyapatite was stirred at 25 °C for 24 h in 75
mL of a 2.67 x 10? M aqueous RuCl; solution. The obtained slurry was filtered, washed with
deionized water and dried overnight at 110 °C, yielding the RuHAP as a dark brown powder
(Ru*>" content: 1.69 mmol-g™). The surface structure of the present RuHAP was determined by
means of XRD, XPS, EDAX, and Ru K-edge XAFS as described in Chapter 2-1.
2-3. General Procedures for the Oxidation of Silanes Catalyzed by Hydroxyapatite-Bound
Ruthenium Complex |

Into a reaction vessel equipped with a reflux condenser were successively placed the

RuHAP (0.2 g, Ru**: 0.2 mol %), ethyl acetate (50 mL), dimethylphenylsilane (100 mmol), and
water (200 mmol). The reaction mixture was stirred at 80 °C under an atmospheric O, pressure.
After 6 h, the RUHAP was separated by filtration and the organic layer Was distilled tb afford
pure dimethylphenylsilanol (94% isolated yield).
2-4. A Procedure for the Reaction of (+)-methylethylphenylsilane

The optically active (+)-methylethylphenylsilane (ee 98 %) was obtained from
racemic methylethylphenylsilané by preparative HPLC (Daicel Chiralcel OJ-HX2, n-hexane,
1.0 mL/min, 0°C, 254 nm, tzs=13.1 min). Into a /reaction vessel equipped with a reflux
condenser were successively placed the RuHAP (0.01 g), 1,4-dioxane (4 mL), 0.1 mol/L of
(+)-methylethylphenylsilane in #-hexane solution (1 mL), and watef (1 mmol). After the
reaction mixture was stifred at 80 °C under O, atmosphere for 24 h, the RuHAP was separated
by filtration. To the filtrate was added LiAlH, (0.3 ﬁumol) solution in 1,4-dioxane (2 mL),
followed by stirring at 90 °C for 24 h to afford (—)—methylethylphenylsilaﬁe (ee 97%, determined
by HPLC, tzs=14.2 min). It is known that the reduction of silanols using LiAlH, proceeds with a

retention of stereochemistry [11].

64



3. Results and Discussion
3-1. Survey of Optimal Reaction Conditions for Silane Oxidation

Oxidations of dimethylphenylsilane (1) using various Ru catalysts were first examined
under several conditions. The sterically exposed silane was chosen as a model substrate because
its conversion to the corresponding silanol is highly sensitive to the reaction conditions, and
condensation to disiloxane is a serious drawback [6]. Aé shown in Table 1, the RUHAP catalyst
exhibited the highest activity and selectivity in the presence of water under atmospheric oxygen
to afford the corresponding dimethylphenylsilanol (2) in 99% yield (entry 1). Water and
molecular oxygen were indispensable components for attaining high silanol yields (entries 2 and

3). Among the solvents examined, ethyl acetate, acetonitrile, and DMF were excellent solvents,

Me - Me Me

I RuC L |
Ph—si—H u Catalyst Ph—SI—OH + | Ph—Si—0
Me Me Me 5

1 2 3

Table 1. Oxidation of Dimethylphenylsilane using Various Ru Catalysts

entry catalyst H>0 (eq.) atmpsphere convn. (%)b Selecht:i;vityb
1 RuHAP 5 0, >99 >99:1
2 RUHAP R 0, > —
3 RuHAP 5 Ar 7 >99:1
4 Ru/carbon 5 0, 97 73:27
5 RuO, 5 0, 84 70:30
6 Ru/AlLO3 5 0, 66 64:36
7 RuCl(PPhs)3 5 O, ' 94 56:44
8 PryN*-RuO4 5 0, 47 10:90
o° RuCls*nH,0 5 0, 48 3:97

& Reaction conditions; dimethylphenyisilane (1 mmol), ethyl acetate (5 mL), catalyst ( 5 mol% of Ru
relative to substrate), 80°C, 3 h. © Determined by GC using internal standard. “Acetonitrile was used
as solvent. '
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while n-heptane and toluene gave poor results with respect to both conversion and selectivity.
‘Typical heterogeneous Ru catalysts such as Ru/carbon, Rqu, and Ru/Al,Os3 were found to be
~ less effective under the same reaction conlditions. The use of PryN"RuQ4 and RuClsy'#H,0 led
to the silanol condensation, giving an undesirable disiloxane ,(3)’. Neutral nature of the
hydrbxyapatite pfesumably avoids side-reactions arising from acid-base properties of support
itself.
3-2. Oxidation of Various Silanes Catalyzed by Hydroxyapatite-Bound Ruthenium
Complex
Oxidation results for a variety of silénes catalyzed by the RuHAP under optimal
reaction conditions are summarized in Table 2. In our oxidation system, the corresponding
silanols were obtained without any condensation products. For example, even a sterically -
exposed silane of triethylsilane was exclusively oxidized to give triethylsilénol in 92% yield
(entry 5). As mentioned above, silanols containing small substituents are easily converted to the
disiloxane due to heat, acid, or base instability, which is a crucial drawback in other reported
synthetic procedures. The RuHAP catalyst was also applicable to the oxidation of silanes
possessing alkynyl- and alkenyl groups to form the corresponding silanols in high yields (entries
8 and 9). In the cases of diphenylsilane and 1,4-bis(dimethylsilylbenzene), the silanediols were
obtained in almost quantitative yields (entries 10-11). Sterically bulky silanes such as
triphenylsilane andvktriisopropylsilane were hardly oxidized under the present system. The
'RuHAP catalytic system represents a highly suitable method for large-scale operations; a 100
mmol scale oxidation of (1) was completed within 6 h to provide 94 % of (2). |
In the oxidation of dimethylphenylsilane, the catalyst was filtered off after ca. 50%

conversion at the reaction temperature. The filtrate was further reacted at 80 °C for 3 h and then,
no oxidation of dimethylphenylsilane occurred. Ru leaching in the filtrate was not observed by
ICP analysis whose detection limit is 0.04 ppm. It can be said that this silane oxidation proceeds
with heterogeneous Ru species. Furthermore, the RuHAP catalyst could be reused four times

without loss of the high catalytic activity and selectivity (entries 2-5). The Ru K-edge XANES
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spectra of the recovered RuHAP catalyst was similar to that of the fresh one and the EXAFS
analysis showed no Ru-Ru bond. These results support that the Ru species exist as a Ru’"
monomerA even in the used RuUHAP. No chlorine was confirmed by XPS analysis of the used
RuHAP, whereas the atomic ratio of Ru to Cl was 1:1 in the fresh RuHAP. Hence, it was

suggested that the Cl” ligand of the RuHAP was exchanged with OH" during the silane oxidation.

Table 2. RUHAP-Catalysed Oxidation of Silanes in the Presence of H,O and O, ®

entry substrate product time (h) convn. (%) b yield (%) b
1 PhMe,SiH PhMe,SiOH 3 100 99
2 Recycle 1 3 100 97
3 Recycle 2 3 - 100 98
4 Recycle 3 3 100 97
5 Recycle 4 3 100 98
6° t-BuMe,SiH t-BuMe,SiOH 24 89 89
7 Ph,MeSiH Ph,MeSiOH 12 95 92
8 Et;SiH Et3SiOH 6 93 92
9 (n-Bu)3SiH (n-Bu)3SiOH 12 100 >99
10 (n-CgHy3)3SiH (n-CgH43)3SiOH 12 92 20
11 Ph—=—S5iMe,H Ph—=—=—=SiMe,OH 14 92 92
12 Ph—=——SiMe,H Ph———SiMe,OH 12 93 90
13 Ph,SiH, Ph,SiOH, 9 100 98¢

I\I/Ie l\llle lYIe Me
14 H—§i@—§i—H / HO—S[i—QflSi—OH 24 91 91¢
Me Me Me Me ;

2 Reaction conditions; silane (1 mmol), ethyl acetate (5 mL), catalyst (0.05 g, Ru: 0.05 mmol), H20 (5 mmol),
80°C, O, atmosphere. b Determined by GC analysis using internal standard technique. © H>0 (3 mmol), 70°C.
9 solated yield.
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3-3. Oxidation of Optically Active Silane
| Growirig interest has been shown in the synthesis of optical‘ly active silanols as

useful synthetic intermediates for a variety of bioactive compounds [12]. For the stereoselective
oxidation of o;ﬁtically active silanes with retention of configuration, only stoichiometric oxidants,
i.e., m-CPBA, dimethyldioxirane, and oxaziridines, have been reported to date [5b-d].
Significantly, the RuHAP-catalyzed oxidation of optically active silanes proceeded exclusively
with inversion of the silicon configuration; the oxidation of (+)-methylethylphenylsilane in the |
~ presence of the RuHAP, followed by the reduction with LiAlH,; afforded
- (-)-methylethylphenylsilane in 97% ee. Similar stereospeciﬁc oxidatiqn has also been achieved
by [RuCly(p-cymene)], complex, but the selectivity with the RuHAP was highér than that
reported for the homogeneous Ru complex. Such prominent kperforrnance of the RUHAP might
be’ due to the structurally robust monomeric active site on a solid surface, which provides strict
steric control of the reaction intermediate.
3-4. A Possible Reaction Mechanism for Silane Oxidation

The RuHAP-catalyzed oxidation of (1) with isotopic H,'%0 led to the selective
formation of 80-labeled silanol in a quantitative yield (Scheme 1). The oxygen atom
incorporated into silanol is not derived from- molecular ongen but from water. In addition?
molar ratio of O, uptake to silanol (2) yield was 1:2. On the basis of these results, a plausible
mechanism of this silane oxidation iskproposed as follows (Scheme 2). Initially, the ligand
exchange between a silane and a surface Cl moiety of the RuHAP gives a silyl-metal
intermediate, which undergoes the nucleophilic attack of water to produce a corresponding
silanol and a Ru-H species. The reaction of the hydride species with molecular oxygen affords a
Ru-OOH species, followed by the ligand exchange with the silane to regenerate the silyl-metal
intermediate together with the formation of Oz and H,0. H,0; is a more probable intermediate
for the formation of O, and H,O, but H,0,. The inversion of the stereochemistry of silane in the
oxidation shows that the nucleophilic attack of water occurs from the backside of a Ru-silicon

bond [13]. Hydrolytic oxidation of silanes using the homogeneous [RuCly(p-cymene)], catalyst
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is moderately promoted under the oxygen atmosphere [8]. But, the above oxidation proceeds via
“the oxidative addition of silane to ruthenium, whereas the catalytic pathway of the RuHAP is
initiated by the ligand exchange with silane. This unique activation of Si-H bond using the

RuHAP is attributable to robust monomeric Ru®* species generated on solid surfaces.

Scheme 1 , o -
e S = e
’ . u - . 18
- Q“?l H 0,, H,'%0, ethylacetate 80‘;(5 @d% oH
iy Me pARILY o] y s : ‘ Me .
99% yield
, LRu-CI
Surface of RUHAP Ry
! N
H—Si
\ Re
H20+1/2 02 ‘ ! HCI
T o R
o LRu—Si_
H202 ' i .- \ Rz'
R3
4‘\\R1
H—Si_
\ Re
R3
. LRu-O0OH .  LRu-H
0,

Scheme 2. A Possible Silane Oxidation Mechanism Catalyzed by RuHAP
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4. Conélusions

In summary of Charpter II-3, the author demonstrated that the RuHAP was found to
offer an efficient heterogeneous catalyst system for the oxidation of silanes employing a
combined oxidant of watér and molecular oxygen. The oxidation proceeded selectively with
functional group tolerance. For the steleoselective oxidation of optically active silane, inversion
of configuration has been observed, ‘in contrast to the previously reported stoichiometric
oxidants. Moreover, the spent RuHAP catalyst was recyclable with retention of the high activity
and selectivity. The present catalytic systems are therefore highly suitable for large-scale

operations, meeting the increasing demands for environmentally-friendly chemical processes. -

«
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Chapter ar

Carbon-Carbon Bond-Forming Reactions usfng Hydroxyapatite-Bound

Cationic Ruthenium Complexes as Heterogeneous Lewis Acid CatalySts
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1. Ihtroduction

Lewis acid catalysis has attracted considerable interest iﬁ organic synthesis because
of their unique propefties across a diverse array of carbon-carbon bond-forming reactions [1].
Thermost conventional Lewis acids are the halide of B(IID), AI(III), Ti(IV), and Sn(IV) [2].
Hdwever, these reagents generally require stoichiometric amounts in order to achieve
maximum agceleraﬁon and must be used ﬁnder strictly anhydrous conditions. The presencé of .
even a sméll amount of water inhibits the reactions, becéuse most Lewis acid immediately
reacts with water rather than substrates. Therefore, the development of new types of Lewis
acid catalyst is particulaﬂy important; éociety, needs forward-looking technology, which is
based Qﬁ environmental accep‘fability 3] | | |

- The Diels-Alder reaction is a typical Lewis acid catalyzed process and a versatile

tool for the synthesis of natural products in organic chemistry‘(Scheme'l) [4]. The reaction
‘can proceeded with remarkable regio- and stereoselectivity up to four ’stereocenters can be
- created in one step in the formation of a six-membered ring. The rate enhancéments by Lewis
~ acids can be readily understood in terms of FMO theory, as illustrated in Figure 1‘ [5]. Upon
‘coordination to a lone pair located on the Lewis-basic‘ center of lthe dienophile,  the
catalytically active Lewis acid withdraws electron density and lowers the LUMO benergy of
the; conjugated system. This irﬁproves the HOMOgiene-LUMOienophile interaction. Recently,
several attempts have been made to accomplish the reaction enantioselectively, by
complexing traditional Lewis acids with chiral ligands and, subsequently, by using transition
metal complexes, among which those of Co [6], Fe [7], Cu [8], Ru' [9], T1 [10], and Pd [11]
have proved to be intereéting, often showing ee’s in the 95 % range. R

Murahashi et al. have diséovered that the low-valent transition metal complexes act
as redox Lewis acid catalysts for the a-C-H bond activations of amines, | nitriles, and
isonitriles [12]. The activation of o-C-H bonds is induced by the a-heteroatom effect;
coordination of heteroatom (Y) of substrate to low-valent transition metal would increase both

the basicity of the metal and acidity of the C-H bond adjacent to Y, resulting in oxidative
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O M
Lewis acid
+
M=-0

Diene Dienophile
LUMO

HOMO

Figure 1. HOMO-LUMO arrangements for Lewis acid-catalyzed
(broken line) and uncatalyzed (solid line) Diels-Alder reactions with
normal electron demand.
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addition of the metal into the a-C-H bond to afford a-metalated intermediate (Scﬁeme 2)[13].
The generated' a-metalated intermediate can be trapped with electrophiles to form a
carbon-carbon bond at the a position. For example, the Rul,(PPhs)4 complex has proved to
be an effective catalyst for the activation of the a-C-H bond of nitriles. Upon treatment with
- carbonyl compounds or oleﬁn‘s bearing electroﬁ—withdrawing groups, catalytic aldol and
Michael reactions could be performed under neﬁtral and mild reaction conditions (Scheme 3)

[14].

Scheme 2
—C—Y ___M_, —C—Y .~ —C—Y M: Lewis acid
| (. | ¥ Y: heteroatom
H H M I\III :
H
Scheme 3
R/CHCN 0O RuH,(PPh : /
1 .o _g - 2( 3)4= >C:C\
H 27 3 NC Rs
R{R2CCN R3\ ’/RS RuH,(PPhs), ll?z ' I?B Rs
]-,-I + C:C\ > R1_(I:—?"‘C|;.—EWG
| Re EWG | CCNRy H

In spite of these advantages of homogeneous metal complex catalysts, difficulties
in recovering the expensive catalyst metals and ligands from the reaction mixtures severely
limit their industrial applications. Attempts to overcome these problems have so far directed
toward thé anchoring of efficient soluble systems on insoluble matrices. These
hybrid-catalysts, however, have been inadequate due to: ’i) inferior activities, as compared to

homogeneous analogues, ii) tedious multi-step preparations, and iii) leaching of active
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components [15].

Other alternative strategy for design of the hybrid-catalysts focuses on the
utilizing of hydroxyapatites (HAP), having promising ébility as a macroligand for
catalytically active centers [16]. As described in Chapter II, the author has successfully
~created a stable monomeric Ru phosphate complex on the surface of the hydroxyapatite
(RuHAP) by using the cation-exchange method as a versatile catalyst with superior activity
for the selective oxidation r.eactions, and péssessing high'reusability.

In this Chapter, a new type of hydroxyapatite-bound cationic Ru complexes with
potentially Vacanf coordination sites were prepared by simple modulation of the neutral
RuHAP using silver salts. By acting as a Lewis acid toward carbonyl and cyano groups, these
cationic RuHAPs exhibited effective catalytic activities for Diels-Alder and aldol reactions
under mild and neutral conditions. By utilizing the unique properties of the cationic RuHAPs,
including acid-base bifunctional catalysis’and steric control of a reaction intermediate; it is
possible to develop efficient catalytic system which cannot be attained with homogeneous

metal complex catalysts.

() + #come | 4
: Cationic RuHAP CO,Me

N CN
voent ()= O
, ' CN

2. Experimental
2-1. General

'H- and C-NMR spectra were obtained on JEOL GSX-270 or JNM-AL400
spectrometers at 270 or 400 MHz in CDCl; with TMS as an internal standard. Infrared spectra

were measured with a JASCO FTIR-410. Elemental analysis was carried out by Perkin Elmer
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2400CHN. Analytical GLC was performed by Shimadzu GC-8A PF with flame ionization
detector“ equipped with KOCL 3000T, Silicon SE-30, and OV-17 columns. Powder X-ray
diffraction patterns were recorded using Philips X’Pert -MPD with Cu Ka radiation. XPS
were recorded on Shimadzu ESCA-KM using MgKa radiation. Ru K-edge X-ray absorption
spectra were recorded at room temporature in a transmission mode at the EXAFS facilities
installed on the beam line BLO1B1 station attached to Si (311) monochromator at SPring-8 of
JASRI, Harima, Japan. The EXAFS data weré normalized by fitting the béckground
absorption coefficient around‘the energy region higher than the edge about 35-50 eV with the
smoothed absorption of an isolated atom. Fourier transformation (FT) of k*-weighted
normalized EXAFS data was performed over the 3.5 A < &/ A < 12 A range to obtain the
radial structure ﬁ;nction. CN (coordination number of scatters), R (distance between an
absorbing atom and scatterer), and Debye-Waller factor were estimated by curve-fitting
analysis with the inverse FT of the 0.8 <R/ A < 2.8 range assoming single scattering. Data
reductions were performed with the FACOM M—780 computer system of the Data Processing
Center of Kyoto University. ) | | |

" (NH4)HPO4 and Ca(N03)2-4H20 were purchased from Wako Pure Chemical as a
special grado. RuCl3-nH;O was obtained from N. E. Chemcat. Substrate and solvents were
purchased from Wako Pure Chemical, Tokyo Kasei, and Aldrich, and purified by the standard
procedures prior to experiments. All of products are well known compounds. Their identities
were confirmed by comparison with infrared spectra, elemental analyses, and NMR spectra.
\2-2. Synthesis of Hydroxyapatite-Bound Cationic Ruthenium Complexes

A stoichiometric calcium hydroxyapatite of Ca/P=1.67 (HAP), Ca;o(PO4)s(OH),,

was synthesized according to the literature procedure [17]. The HAP (1.0 g) was stirred with a
134 x 10* M aquoous RuCl3-nH20 solution (75 mL) at room temperature for 24 h. The
obtained slurry was filtered, washed with water and dried under vacuum, yielding the RuHAP
as a dark brown powder (Ru content: 0.97 mmol- g’i). The cationic RuHAP-(I) and -(IT) were

synthesized in sifu by treatment of the RuHAP (0.05 g) with aqueous solution of AgX (1.1
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equiv. of Ru, X=SbFs", TfO") at room temperature under argon atmosphere. After 5 h, the
solution was removed, dried under vacuum and the solvent was added prior to the reaction.
For XPS and XAFS analyses, sodium salts such as NaSbF¢ and NaOTf were used instead of
silver salts to avoid an interference of insoluble AgClL
2-3. A Typical Example for the Diels-Alder Reaction

Into a reaction vessel with the cationic RuHAP-(I) (0.05 g, Ru: 0.05 mmol) and
nitromethane (5 mL) were placed cyclopentadiene (1 mmol) and methyl vinyl ketone (1.2
mmol) ﬁnder Ar atmosphere, and then the resulting mixture was stirred at room temperature.
The progress of the reaction was monitored by GC analysis. After 4 h, 92 % of
5-acetyl-2-norbornene (endo:exo=90:10) was obtained. The endo:exo ratio was determined by
'H NMR spectroscopy.
2-4. A Typical Example for the Aldol Reaction of Nitriles

Into a reaction vessel with the cationic RuHAP-(II) (0.05 g, Ru: 0.05 mmol) and
water (5 mL) were placed ethylcyanoacetate (1 mmol) and benzaldehyde (1.2 mmol) under Ar
atmosphere, and then the resulting mixture was stirred at room temperature. The progress of
the reaction was monitored by kGC analysis. After 4 h, 99 % of (F)-ethyl
2-cyano-3-phenyl-2-propenoate was obtained. For the recycling experiment, the reaction
mixture was centrifuged after the fresh run, and the liquid phase was decanted. The residual
solid catalyst was again added to water and substrates, and reacted under identical conditions.
The first, the second, and the third runs gave (£)-ethyl 2-cyano-3-phenyl-2-propenoate in 99, |
97, and 97 % yields, respectively.
2-5. A Procedure of the Large-Scale Aldol Reaction of Nitriles

Into a reaction vessel with the cationic RuHAP-(II) (0.2 g, Ru: 0.2 mmol) and
water (50 mL) were placed ethylcyanoacetate (100 mmol) and benzaldehyde (120 mmol)
under Ar atmosphere, and then the resulting mixture was stirred at 50 °C. After 24 h, the
catalyst was separated by filtration and the GC analysis of the filtrate showed a 94 % yield of

(E)-ethyl 2-cyano-3-phenyl-2-propenoate. The filtrate was extracted with diethylether (30 mL
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x 3), and the organic layer was concentrated under reduced pressure to afford the 18.1 g of a

pure product (90 % isolated yield).

3. Results and Discussion
3-1. Characterization of Hydroxyapatite-Bound Cationic Ruthenium Complexes

As described in Chapter 1I-1, the author has succeeded in creating a monomeric
| Ru’" species on the surface of hydroxyapatite (RuHAP). Characterizations by means of
elemental analysis, XPS, EDX, and Ru-K edge XAFS demonstrated that the occurrence of an
equimolar substitution of Ru*” for Ca®” to generate a monomeric Ru*" species surrounded by
four oxygen and one chlorine atoms (Figure 2A). The cationic RuHAP-(I) and -(II) were
prepared by treatment of the RuHAP, at room temperature under argon atmosphere, with
aqueous solution of AgX (1.1 equiv. of Ru; X=SbFs and TfO, respectively). The absence of
chlorine was confirmed by XPS analysis of the cationic RuHAPs. The cbmplete exchange of
the CI" by SbFs” was confirmed by‘ elemental analysis: the atomic ratio of Ru to Sb was ca 1:1.
The Ru K-edge XANES spectrum was quite similar to that of the parent RUHAP, showing that
the Ru species exists in the 3+ oxidation state. In the Fourier transform (FT) of k*-weighted
Ru K-edge EXAFS, there was no peak around 3.5 A due to the presence of contiguous Ru
sites (Figure 3B). The inverse FTs of the cationic RuHAPs were well fitted by replacing the
~ Ru-Cl bond (2.32 A) in the RuHAP with a Ru-O bond (2.10 A) assignable to a Wéakly
coordinated aqua ligand (Table °‘l, A and B). Consequently, a well-defined cationic Ru
phosphate complex can be created on the hydroxyapatite surface, as illustrated in Figure 2B.
3-1. Diels-Alder Reaction Catalyzed by Hydroxyapatite-Bound Ruthenium Complex -

As can be seen from Table 2, several Diels-Alder reactions were successfully
acceleratéd by the use of the cationic RuHAP-(I) as an effective heterogeneous Lewis acid
catalyst in nitromethane at room temperature. For example, reaction between cyclopentadiene

and methyl vinyl ketone proceeded smoothly to afford 5-acetyl-2-norbornene in 92% yield
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Figure 2. Proposed structures of (A) RuHAP, (B) canomc RuHAP—(I) and -(il)

( X-—SbFG, Il: X=OTf).

Table 1. Curve-fitting analysis for RuHAPs #

Sample - Shell C.NP RAS Ao @AY
- RuHAP(A) Ru-0(1) 41 1.97 0.0067
Ru-0(2) 2.1 2.28 0.0008
Ru-O(3) 1.7 2.62 -0.0054

Ru-Cl 12 232 0.0010
~ " Cationic RuHAP(B) Ru-O(1) 41 1.98 -0.0013
Ru-0O(2) 2.2 2.28 -0.0029
‘Ru-0(3) 1.7 2.68 -0.0007
Ru-O4) 10 -~ 210  0.0003
Cationic RuHAP Ru-O(1) 32 1.97 -0.0052

after treatment

with ethylcyanoacetate(C) Ru-0@2) . 3.0 - 228 0.0088
o Ru-O(3) - 1.7 2.61 -0.0040
Ru-N(O) 1.1 2.10 0.0114

@ lnvefse FT were performed for the regions of 0.8-2.8 A in Figure 2 (A), 0.8-2.9 A

in Figure 2 (B), and 0.8-2.8 A in Figure 2 ©)."°

Coordination number. ¢ lnteratomlc '

distance. 9 Difference between Debye -Waller factor of the RuHAP and that of the

reference sample.
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|FT] of i x (k)(A)

Interatomic distance (A)

Figure 3. Fouriertransforms (FT) of k3-weighted Ru K-edge
EXAFS experimental data for (A) RuHAP, (B) cationic RuHAP-(l),
and (C) cationic RuHAP-(ll) after {reatment with ethylcyanoacetate.
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Table 2. RuHAP-(I)-CataIyzed Diels-AIder Reaction?

entry  dienophile diene product time (h) yield (%) P endofexo®

1 > @ 7 4 92 © 90/10
2¢ o - 7 4 - 82 91/9
o |
3 O‘ @ 4 91 1000
' o S
4 CO,Me @ L 5 92 91/9
o S COMe S
. o o ,
5 © / 6 89 100/0
o o |
0 X XY e e -
| o o
o) ' o)
7 | QO I :@;«o 6 93 —
: 0 o)

2 Reaction conditions: diene (1.2 mmol), dienophile (1 mmol), nitromethane (5 mL), cationic .
RuHAP-(I) (0.05 g, Ru: 0.05 mmol), room temperature. :

b Determined by GC based on dienophile using an :ntema! standard techmque

° Determined by "H NMR. ¢ Cationic RuHAP-(II). - '

with a favorable endo:exo selectivity (entry 1). /In‘a marked contrast to the homogeneous
[Ru™(salen)(NO)H,0]"SbF¢ coinplex, which is a representative e);ample of the cationic Ru
complex having the 3+ oxidation state, the RuHAP-(I) was applicable to a less reactive
dienophile of methyl acrylate (entry 4). The RuHAP-(II) also acted as efficient catalyst for the
kDie]s~A1der reaction, but the yield of the corresponding cycloadducts was slightly low (entry
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2). This comparison reveals that the counterion structure affects catalysts efficiency. Among
the solvents‘exarnined, nitromethane and 1,2-dichloromethane gave excellent results, while
DMF and acetonitrileﬁwere poor solvents presumabiy because of coordination. It is generally
known that product inhibition is a crucial drawback in traditional Al, Ti, or B baséd Lewis
’acid catalysis [2]. When the above reaction of cyclopentadiene ‘with methyl acrylate was
completed, two substrates were added and a new mixture was allowed to further react. The
subsequent three reactions gave the corresponding cycloadduct over 92 % yields at essentially
the same rates, showing that the present catalyst can keep its inherent activity during the

successive reactions (Figure 4).

Cationic RuHAP
@ * ZcoMe — A

CO,Me

3.5

12
T

N
.
T

addition
of substrates

N

!

Amount of Diels-Alder adduct (mmol)

15 l
1 addition
of substrates
0.5
00 :
0 5 10 15 20
Time (h)

Figure 4. Time profile for the Diels-Alder reaction of
cyclopentadiene with methylacrelate catalyzed by RuHAP.
Reaction condition: methylacrelate (1 mmol), cyclopentadiene
(1.2 mmol), cationic RuHAP-(II) (0.05 g :Ru: 0.1 mmol),
nitromethane (5 ml), room temperature.
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3-2. Aldol Reaction of Nitriles with Carbonyl Compounds Catalyzed by Hydroxyapatite-
Bound Ruthenium Complex
From practical and environmental considerations, development of water-tolerant _
Lewis acid catalysts is particularly attractive [18]. The catiohic RuHAP-(II) has proved to be
 auseful catalyst for the aldol reaction of nitriles with carbonyl compounds in water, affording
the corresponding a, B-unsaturated nitriles in excellent yields [19]. Representative results are
summarized in Table 3. Especially, bezylic aldehyde showed high reactivity for the aldoi |
reaction, which could be performed at room temperafure. The reaction of ketones as acceptors
- required high reactkiokn‘ temperature and‘ionger reaétion time. The effect of the c‘bun/terion‘
 structure on catalytic activity was also observed; in the case of the RUHAP-(I), the yields of -
(E);ethyl 2-cyénb-3-pheny1-2-propénoate was slightly low (entry 2). The present catalyst
: ékhibited a specikﬁc activity only toward nitriles as aldol donors; other active methylene
’ ’compounds such és 2,4-pentanedione, dimethyl malonate, and nitroethane, whose pX, values
are simil_ar to  that of’ ethylcyanoacetate, did not yield aldol produéts under the above
- conditions. (eq. 1). For example, in a competitive reaction of ‘benzaldehyde between
ethylcyanoacetate and 2,4-pentanedione, the cationic RuHAP-(II) gave 96 % vyield of
(E)-ethyl 2;cyano—3-phenyl-Z-propenoate excluéively. In the RuHAP catalytic system, fhe '
reaction of less reactive nitriles such as benzyl cyanide hardly occurred. It«is notable that
treatment of 0‘.,‘ B-Unéaturated éarbonyl compounds such as 2-cyclopenfen—1-one and
- 2-cyclohexene-1-one with malononitrile gave the I,Z-additibn products in high yields (eq. 2);
attack of an enolate species on the carbonyl function exclusively occurred without the.
: ylk,4-adck1ition. This phenomenon is quite distinct from that of the Ru"H,(PPhs)s-catalyzed
reactibn, Whos¢ products are predominantly a result of the 1,4-addition (eq. 3) [14b]. In tgrmg
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 one, which allows a favorable

interaction with the carbonyl groups to enhance the 1,2-addition.
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Table 3. RuHAP-(II)-CataIyzyed Aldol Reaction of Nitriles with Carbony! Cor'npounds 8

entry donor acceptor product time (h)b conv. (%)b
. CO,Et
1 PN 2 4 >99
NS S oo PR
~ CO»sNH,
3 4 >99
o com @ m
CO,Et
RS 2
COyEt
5¢ NC”CO,Et ~~-CHO /\/\(;\. : %
g ~ CHO CO,Et
6 C” "CO,Et 5 92
oo (T (%
7° NG CN e ~NON 6 82
CN
CN
CN
CN
¢ NG CN O:o ‘:>:.< 5 >91
CN
@ Reaction conditions: nitrile (1.0 mmol), carbonyl compound (1.2 mmol), cationic RUHAP-(il)
(0.05 g, Ru: 0.05 mmol), HyO (5 mL), room temperature.
b Determined by GC based on nitrile using an internal standard technique.
° Cationic RUHAP-(1). ¢ 50°C. © 80°C.
O O CHO
J L T e NoReactor ®
H,0, 80 °C
~ 1,2-addition -
NC.__CN
RuHAP-(II) (5 mol %) | n=1, 90 %

H,0, 80 °C, 8 h

o)
NC“>CcN * @
(5

J\ RuH,(PPha)4 -

| PR
Et0,C” “CN 7 "CHO
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’Furthermore, ’the present catalytic system is highly suitable for large-scale
operations. A 100 mmol scale reaction of ethylcyanqacetate with benzaldehyde ﬁsing 0.2
mol % of the Ru catalyst provided 94 % of (E)-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 of
ethylcyanoacetate with benzaldehydé. ’ | |
3-3. A’Possible Reaction Mechanism

| kFor the aldol reaction of iﬁethyl iéocyanoacetafe with benzaldehyde, the cationic
RuHAP-(I) gave the corresponding oxaéoline in 90 % yield without any additives (eq.4),
whereas analogous homogeneous cationic Ru** complex of the [Ru(salen)(NO)H,0]"SbF¢
complex required a Hunig’s base (i-Pr,NEt) to complete the cafalytic cycle {20]. Other

cationic transition metal complexes such as [Pd(2,2°-bipyridyl)(CH3CN),](BF4), and
[Pd(2,6-bis(2-oxazolinyl)phenyl)] have been reported as effective catalysts for aldol reaction
of isonitrile; however t.héy also needs a suitable base. It is generally accepted that the base

abstracts a proton of isonitriles ‘coordinating to the metals.

f - Ph, CO,Me
o ) - ) E 5 .
, ‘MeOQC,ANC + PhCHO RuHAP-(D) (5 mol %) . o , @
CH,Cl,, 11,20 h O_N
90 %

(trans:cis=9:1)

: The above results introduce me a hypothesis that the cationic RuHAP serves as an
acid-base biﬁmctiongi catalyst for the aldol reactions. Hayashi and coworkers reported that
silver and gold complexes in combination with a chiral ferrocene bis-phosphine ligand gave
chiral oxazoline with good-to-excellent optical yields, when the ferrocene phosphine contains
a suitable chiral tertiary amine side chain which cén act as a base [21]. Therefore, the author

has applied IR and XAFS spectroscopy to gain the detailed structural information about the
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‘reaction intermediate on solid surface. The IR spectrum of the cationic RuHAP-(IX), upon
treatment with ethylcyanoacetate, showed a shift of the v(CN) band toward 2093 cm™ in
comparison with the free cyano group at 2260 ecm™!, together with a new peak at 870 cm'™
assigned to the P-OH group of a HPO,” ion on the hydroxyapatite surface (Figure 5C) [22].
In contrast, no interaction was oBserved in either parent RuHAP or HAP, which were inactive
for the Diels-Alder and aldol reactions. Furthermore, treatment of the sample (C) with
rbe,nzaldyehyde resulted in the disappearance of these two bands, as shown in the spectrum of
®). | |
- The FT-EXAFS analysis for the above treated sample indicéted the decrease bf the -

: coordination. number of the nearest neighboring Ru-O bond (1.98 A) from 4 to 3, and the
| appearance of an additional second Ru-O bond (2.28 A) aﬁributable to a weak inferaction
between Ru and P-OH (Figuré '3C, Table 1). These results are in agreement with the formation - |

of a Ru-enolate species surrounded by three oxygen, as shown in Figure 6C.

C o X~
B ~—l + X 0 |

OH - : . C ,
2 ethylcyanoacetate N, 210 A

210 A l 198 A > 197 A w 2.28 A

~— b -+ °
o0, | " Ru™OH
P P P‘i“o O\"F,

Figure 6. Proposed structures of (B) cationic RuHAP-(ll), and (C) Ru-enolate
intermediate (X=OTf) ' o

From the above results, it is reasonable to suggest that the cationic RuHAP-(II)-
catalyzed aldol ’reaction using nitriles ’involves the Ru-enolate intermediate, which is
generated thorough the cdoperativé catalysis between the cétionic Ru species and thé basic
phosphate ligand; the former activates the nitrile as a Lewis acid, while the latter phosphate

abstracts an acidic a-proton of the nitrile to generate enolate‘species. The Diels-Alder reaction
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can be induced‘by the Lewis acid site that originates from the cationic Ru species.
Furthermore, thé 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 frans stereoselectivity of oxazoline (frans:cis =9:1), as compared with
those of other homogeneous systems is ascribed to steric repulsion betWeen the phenyl groups
of benzaldehyde and the isocyano moiety bound Wto the Ru phosphate complex in synclinal |
configuration severely limits the formation of kcis-i/s.omer (Figure 7). The Mukaiyama-aldol
reaction of ketene silyl acetal wifh aldehyde can also be catalyzed by RuHAP-(II) (eq.5).
- However, the reaction of sterically ‘bulky silyl enol ethers derived from cjclohexenone,
acetophenone, and propiophenone hardly occurred, probably because the formation of

six-membered transition state is restricted owing to the steric congestion around the active

site.

Figure 7
30 oy
M~=—CN Ph 'é/l<_CN H
H COMe § o CO,Me
trans cis
oCHO & OSiMes RUHAP-(IT) (5 mol %) O OH o
- e CHClp, rt, 12 h MeO Ph

90 %
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4. Conclusions

In  summary | of Chapter III, the -author demonstrated that novel
hydroxyapatite;bound cationic Ru complexes with potentially vacant coordination sites could
be obtained by the simple surface modulation of the neutral RUHAP using AgX (X=SbFs" and
TfO'). These cationic RuHAPs exhibited Lewis acid property, | promoting useful
carbon-carbon bond-forming reactions such as Diels-Alder and aldol reactions with high
efficiencies. No Ru leaching was detected even under aqueous condifions, and then . the
catalyst was recyclable. Characterization of surface organometallic intermediate by means of
IR and XAFS measurement reveals that the RuHAP-catalyzed aldol reaction involves a
cooperative catalysis between the cationic Rﬁ species and the phosphate ligand on
hydroxyapatite surface. Moreovér, the hydroxyapatite effectively served as a suitable
macroligand for the catalytically active Ru center, which provided unique catalytic functions

arising from the strict steric control of a reaction intermediate.
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Chapter 1V

Hydroxyapatite-Bound Palladium Complex as Highly Efficient Heterogeneous
Catalyst for Mizoroki-Heck and Suzuki-Miyaura Coupling Reactions
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1. Introduction

Palladium is one of the most versatile and efficient catalyst metals in organic
syntheses because of its unique catalytic performance for a wide-range of functional group
transformations [1], most notably Wacker process, and for carbon-carbon bond formations
such as Mizoroki-Heck ’coupling reaction, Fujiwara coupling, and hydroarylation reactions [2].
In modern palladium chemistry, various forms of Pd reagents such as ’simple Pd salts like
PdCl; and Pd(OAc),;, mononuclear organop’alladiurﬁ complexes, moleculaf clusters, and
colloidal particles have been explored as catalysts [1]. Generally, the precise architectures of
Pd structures play a crucial role in designing highly functionalized Pd catalyst systems
responsible for the target of organic transformations. In particular, transition metal complexes,
in which both steric and electronic properties can be tuned up by Varying fhe active metal
center and/or organic ligands, have been developed to greatly contribute toward making the.
arsenal of powerful synthetic methods. The use of homogeneous metal catalysts on an
industrial scale, however, is complicated by practical problems, such as difficulties associated
with corrosion, plating out on the reaction wall, and catalyst or ligand recovery from the
reaction mixture. Much attention has accordingly been directed toward the heterogenization
of metal complexes to create stable and well-defined active centers on solid surfaces [3].
These attempts haﬂze also led to the development of unique catalytic functions, including
active site isolation, cooperative catalysis by several sites, and steric cont’r'ol of a reaction
intermediate [4]. The remarkable progress in the development of these hybrid catalysts has
resulted in an exciting field of research in novel methodologies for catalyst design and new
organic reactions.

Palladium-catalyzed Mizoroki-Heck reaction and cross éoupling reactions
between aryl halide and nucleophiles have received considerable attention due to an enormous
synthetic potential to form new carbon-carbon bonds (eqs 1 and 2) [5]. In both cases, the first
step of the catalytic cyCle is an addition of the aryl halide to the usually supposed 14-electron

complex Pd°L, (L=monodentate phosphine ligand) to afford a c-arylpalladium(II) complex,

98



trans-ArPdXL,. The second step is a nu.clephilic attack on frans-ArPdXL,, either a
syn-addition (Mizor;)kj-Heck reaction) or transmetalation (cross coupling reactions). The final
product is generated by B-hydride elimination (Mizoroki-Heck reaction) or reductive
elimination (cross coupling reactions), as respectively shown in Scheme 1 and 2. In spite of
their synthetic advantages, commercial application has been limited due to the low turnover
numbers and relatively short catalyst lifetime [6]. Thus, current research focuses on
developing effective Pd catalysts for highly active, stable and substrate tolerance.

AX + PR + B —DPA L SR o+ HBX ()

: [Pd] ,
ArX + mNu —_— ANu + mX = (2
X=1,Br, Cl,etc. B=Base
: ArX
: [HBIX
o Pd(0) N -
Reductive elimination % Oxidative addition
L L
H-F:’d-X Ar-Fd=X
L L
AR
L
L X

AN 7 ’
A Pd L
r\3<R L Ar—PdX
| L.

B -hydride elimination

Scheme 1. Mechanism of Mlzoroki-Heck reaction
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Ar-Ar Pd(0) ArX

Reductive elimination ‘ . Oxidative addition
L L
| |
Ar~Fid—L Ar—-Pld-X
Nu L
Nu”
L "~ transmetalation
|
Ar—Pld-Nu X
‘ L

Scheme 2. Mechanism of cross-coupling reaction

The problems discussed above could be principally minimized by
heterogeneoﬁsly-catalyzed reaction. In general, the most outstanding advantages of
heterogeneous catalytic system are their ease of recovery and reusability [7]. On the other
hand, déactivation due t’o undesired irreversible agglomeration of Pd metal and dissolution of
active species are encountered under the drastic reaction conditions. Only a few reports exist
on the synthesis of heterogeneous palladium catalysts, e.g., palladiﬁrh—loaded porous glass [8],
zeolite(NaY-type)-entrapped Pd complex [9], or Pd-grafted MCM-41 [10]. Examples of some
systems have been used with varying degrees of success, however, the demand for noVel
heterogeﬁeous systems is still extremely high.

In Chapter II, the author demonstrated that monomeric Ru cation species could
be uniformly introduced into the apatite framework via their high cation—excha/nge ability [11].
This Ru-exchanged hydroxyapatite exhibits excellent catalytic performances, attributed to the

stable monomeric Ru phosphate complex structure on the solid surface. The chemical
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composition of hydroxyapatites can be also modified from the stoichiometric form,
Cai10(PO4)s(OH); (Ca/P = 1.67), to the nonstoichiometric Ca-deficient form without
significant changes in the crystallographic structure. Nonstoichiometric hydroxyapatités have
the formula Caj0.2(HPO4)z(PO4)s.2(OH)2z (0 <Z < 1, 1.5 < Ca/P < 1.67), in which the charge
deficiency due to the lack of Ca®* in the vlattice is compensated by both H+ introduction and
OH removal [12].
In this Chapter, the author presents two new classes of hydroxyapatite-bound Pd
complexes, designed with both stoichiometric and Ca-deficient hydroxyapatites, and its
evaluation as heterogeneous catalysts for Mizoroki-Heck and Suzuki-Miyaura coupling
reactions. The author also mentions‘their unique catalytic performances for the cross coupling
reabtions on the basis of the characterization of fhe active palladium species using

physicochemical methods.

Br
. ©/\ PdHAP-1 . . O
. K,COs, NMP, 130°C O

R

Br B(OH) ‘
R K,COs, 0-xylene, 120°C

2. Experimental
2-1. General

'H- and C-NMR spectra were obtainéd on JEOL GSX-270 or JNM-AL400
spectrometers at 270 or 400 MHz in CDCl; with TMS as an internal standard. Infrared spectra
were measured with a JASCO FTIR-410. Elemental analysis was carried out by Perkin Elmer
2400CHN. Analytical GLC was performed by Shimadzu GC-8A PF with flame ionization
detector equipped with KOCL 3000T, Silicon SE-30, and OV-17 columns. Powder X-ray

diffraction patterns were recorded using Philips X’Pert -MPD with Cu Ka radiation. XPS
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were recorded on Shimadzu ESCA-KM using MgKa radiation. X-ray absorption spectra were
recorded using a fluorescence-yield collection technique at the beam line 01B1 station with
attached Si (311) monochromator at SPring-8, JASRI, Harima, Japan (prop. No.
: 2001A05/63-UX—np). Fluorescence-yield was collected at room temperature using the
19-element solid-state detector. Details of data analysis are referred to the répoﬁed procedure
[13]. |

(NH,),;HPO, and Ca(NOj3),-4H,0 were purchased from Wako Pure Chemical asa
special grade. PdC12 was obtained from N. E. Chemcat. Substrate and solvents were
purchased from Wako Pure Chemical, Tokyo Kasei, and Aldrich, and purified by the standard
procedures 'priori to use. All of products are well known compounds. Their identities were
_confirmed by comparison with infrared spectra, elemental anafyses, and NMR spectra.
2-2. Synthesis of Hydroxyapatite-Bound Palladium Complexes

Hydroxyapatites were synthesized from Ca(N03)2-4H¥O and (NH,4),HPO, by the
precipitation method [14]. Selecting appropriate Ca/P molar ratios gave the stoichiometric
hydroxyapatite Caio(PO4)s(OH), (Z = 0, HAP-0) and the nonstoichiometric Ca-deficient
hydroxyapatite Cas(HPO4)(PO4)s(OH) (Z = 1, HAP-1), respectively. The vtréatment of the
HAP-O with an acetone solution of PdCL,(PhCN), yielded the hydroxyapatite-bound Pd
complex, PdHAP-Ov(Pd coﬁtent: 0.02 mmol-g']) as a pale yellow powder. The PdHAP-1 (Pd
content: 0.015 mmol-g”) was obtained using the HAP-1 as a white powder by the same
method.
2-3.A Typical Example of the Heck Coupling Reaction

PdHAP-1 (0.05 g, Pd: 0.75 umol) and K,COj3 (6.2 g, 45 mmol) were placed into
a reaction vessel with a reflux condenser. Under Ar atmosphere, N-methylpyrrolidone (NMP)
(50 mL), bromobenzene (5.9 g, 37.5 mmol), and styrene (4.7 g, 45 mmol) were added, and
then the resulting mixture was stirred at 130 °C. The progress of reaction was monitored by
GC analysis. After 24 h, 94% yield of stilbene (£ : Z =15 : 1) was obtained. For recycling

experiments, fresh reaction using bromobenzene (2 mmol), styrene (2.4 mmol), K,CO; (2.4
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mmol), NMP (5 mL), and PdAHAP-1 (0.1 g, Pd: 1.5 pmol) was carried out at 130 °C under Ar
| - atmosphere. After 4 h, the reaction mixture wa;s, centrifuged and the liquid phase was decanted.
The residual solid catalyst was again added to the substrate and reacted under identical
“conditions. The first, the second, and the third runs gave stilbene in over 92% GC yields.
| 2-4. A Typical Example of the Suzuki Coupling Reaction | | |

PdHAP-1 (0.05 g, Pd: 0.75 umol), KéCOg, (6.2 g, 45 mmol),’ and phenylboronic
acid (5.5 -8 45 vmmol) were placed into a reaction vessel with a reflux condenser. Under Ar
atmosphere o-xylene (50 mL) and 4- bromoanisole (7.0 g, 37.5 mmol) were added and the
resulting mlxture was stirred at 120 °C. The proeress of reactlon was momtored by GC

analy51s After 6 h, 91 % yield of 4- methoxyblphenyl was obtained.

3. Results and Discussion
3-1. Characterization of Hydroxyapatite-BOund Palladium Complexes -

XRD peaks for the PAHAPs were éimilar to that of the parent hydroxyapatites.
The presence of chlorine in the PdHAP~O was conﬁrméd by XPS and EDX; the atomic ratio
Vof,Pd to Cl was 1:2, and nQ' chlorine was detected in the PAHAP-1. No signals assignable to
the v(CN) bond could be observed by IR Spectroscopy, showing that the PhCN ligand of Pd
~ precursor are not involved in the immobilized Pd species. ICP analysis revealed that ho Ca*"
was present in the filtrate after palladium loading. Therefore, isomorphic s‘ubstitution‘of Ca
for Pd did not occurred in the above preparation sequence using organic solvent, which is in
sharp contrast to Ru-hydroxyapatite prepafed previously based on the cation-exchange
- method in aqueous media [11]. The Pd K-edge XANES spectra of both i’dHAPs differed from
that of Pd metal but were similar to that of Pd oxide, which reveals that all Pd species are in
the 2~F oxidation state (Figure la, A énd, B). In the Fourier transform (FT) of k-weighted
EXAFS data for the PdHAPs, the absence of peaks around 2.5 A shows that there are no

Pd-Pd bonds (Figure. 1b, A and B). The inverse FT of the peaks around 1-2 A for the
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PdHAP-0 was well fitted using Pd-Cl and Pd-O shells (Table 1A), whereas the best fit for the -
PdHAP-1 was achieved using only a Pd-O shell (Table 1B). The interatomic distances from
Pci to the Cl and to the nearest O atoms are consistent with the values for the Pd-Cl bond of
PdCl, and the Pd-O bond of Pd oxide. The second neighboring Pd-O bonds are assigned to the
weak interaction between Pd and PO, ions of hydroxyapatite. On the basis of these results,
we can propose the most reasonable surface structure for the PAHAPs, as illustrated in Figure
2. A monomeric PdCl, speéies‘ is grafted by chemisorption on the P=0 groups of the HAP-0 -
surface (Figure. 2A)v, whereas a monomeric Pd" phosphate complex surrounded by four
oxygen atoms is formed in a Ca-deficient site of the HAP-1 (Figure. 2B). Accordingly, two
unique ‘monomeric Pd species with intrinsically different surroundings can be created on a

solid surface through precise control of the Ca/P ratios of the parent hydroxyapatites.

Table 1. Results of Curve-fitting Analyses for PdHAP Catalysts®

Sample Shell C.NP R@A)° Ao (A%
PAHAP-0 (A) Pd-Cl 2.0 2.36 0.0087
'Pd-O(1) 2.1 2.01 0.0006
Pd-O(2) 3.0 2.37 0.0199
PdHAP-1 (B) Pd-O(1) 4.2 2.01 0.0031
Pd-O(2) 3.0 2.34 0.0342
used PdHAP-0 (C) Pd-Pd 6.9 2.79 0.0018
used PdHAP-1 (D) Pd-O(1) 4.2 1.98 0.0023
Pd-O@2) - 3.0 2.23 0.0325

2 The region of 0.9-2.2 A in Figure 1A, 0.9-2.0 A in Figure 1B, 1.95-3.0 A in Figure 1C,
0.8-1.85 A in Figure 1D were inversely Fourier transformed. b A is the difference
between Debye-Waller factor of PAHAP and that of the reference sample.
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Figure 1. (a) Normalized Pd Pd K-edge XANES spectra of Fourier-transforms of
k3-weighted Pd K-edge EXAFS experimental data for (A) PAHAP-0, (B) PdHAP-1, (C)
recovered PAHAP-0, (D) recovered PdHAP-1 for the Heck reaction of bromobenezene
with styrene. (b) Inverse Fouriertransforms of k3-weighted Pd K-edge EXAFS
experimental data for (A) PdHAP-0, (B) PdHAP-1, (C) recovered PdHAP-0, (D)
recovered PdHAP-1 for the Heck reaction of bromobenezene with styrene. Reactions
were conducted with bromobenzene (2 mmol), styrene (2,4 mmol), K,CO; (2,4 mmol),
NMP (5 ml), 130 °C, Ar atmosphere.
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Figure 2. Proposed surface structures around.Pd”of PdHAP-0 (A) and PdHAP-1 (B).
The nearest oxygen and chlorine atoms around the Pd" are shown.

3-2. Comparison of Catalytic Activities of Hydroxyapatite-Bound Palladium Complexes
for Mizoro‘ki-He'ck Reaction

To explore potential catalytic activity of these PdHAPs, the Mizoroki-Heck
reaction of bromobenzene with styrene was carried out using various Pd catalysts. The results
are shown in Figure 3 and Table 2. The PAHAP-1 displayed the highest catalytic activity to
give stilbene in 97 % yield for 3 h (entry 1). In contrasf, the PAHAP-0 was less effective under
the identical conditions with a concomitant color change from yellow to light gray (entry 2).
In the case of conventional palladium catalysts, e.g. Pd/Caron, Pd/AL,O3, and Pd/SiO,, full

conversion was not achieved and the yield of stilbene were 24, 7, and 11 %, respectively

Table 2. Heck Reaction of Bromobenzene with Styrene using Various Pd,Ca'(aIystsa

entry catalyst Pd (Mol %)®  time (h) convn. (%) yield (%) ©
1 PdHAP-1 0.075 3 - >99 97
2 PdHAP-0 0.075 12 80 79
3 - Pd/C (0.5 wt%) | 0.15 12 27 24
4 - Pd/ALO3 (0.5wWt%) 0.15 | 12 10 7
5 Pd/SiO, (0.5 wt%) 0.15 12 16 11
6 PACI,(PACN); - 0.5 12 86 . 85

? Reaction conditions: Bromobenzene (2 mmol), styrene (2,4 mmol), K>CO3 (2,4 mmoi),
NMP (5 ml), 130 °C, Ar atmosphere. ® Related to Bromobenzene. “Yield = (mol of coupling
product (E+2)) / (mol of Bromobenzene).
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- (entries 3-5). The use of homogeneous Pd precursor of PdCL,(PhCN), led to the significant

decrease of catalytic activity, accompanied with the formation of Pd black (entry 6).
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Figure 3. Time profile for the Heck reaction of bromobenzene with
styrene catalyzed by PAHAP. Reaction conditions: PdHAP (0.05 g,
0.075 mol%) bromobenzene (2 mmol), styrene (2,4 mmol), K,CO;
(2,4 mmol), NMP (5ml), 130 °C, Ar atmosphere.

In order to gain insight into structure-activity relationship for the Mizoroki-Heck
feaction, the recovered PAHAP catalysts were characterized by means of XAFS and TEM
analysis. Figure 1C shows the FT of K -weighted EXAFS for the isolated PdHAP-0 after the
Heck reaction of bromobenzene with styrene, which exhibited a single peak at approximately '
2.5 A due to the Pd-Pd bond with a coordination number of 6.9. TEM analysis of the
recovered PAHAP-0 also revealed the presence of Pd nanoparticles with diameter of ca. 50 A.
These results suggest that monomeric Pd! species on hydroxyapétite surface are reduced to
Pd° and subsequently transformed into Pd nanoparticles throughout ‘the reaction. On the

contrary, an original monomeric Pd" structure of the PAHAP-1 was retained even after the
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r'eéction; none of structural change around the Pd" center and Pd particle formation was
confirmed by EXAFS (Figure. 1D) aﬁd TEM analyses. The Ca-deficient hydroxyapatite
sérves as a suitable macroligand for the catalytically active center, which provide structurally
robust phosphate complex on solid surface. It can be concluded that fhe high catalytic activity
of the PdHAP-1, as compared to the PAHAP-0 and other conyentional palladium catalysts, is
ascribed to the exceptibnal stability of the monomeric Pd" species under the reaction
conditions.
3-4. Mizoroki-Heck and Suzuki-Miyaura Reactions Catalyzed by Hydroxyapatite-
Bound Palladium Complex |

A preliminary screening of the optimal reaction conditions for the Mizoroki-Heck
reaction of bromobenzene with styrene was carried out, as summarized in Table 3. With
respect to the sélvent, NMP was most effective among examined, and DMSO and o-xylene

gave poor results. The choice of base also has a significant influence on the efficiency of the

Table 3. Effects of Solvent and Base on PdHAP-1 -Catalyzed‘ Heck Reaction?

entry solvent base bonvn. (%) yield (%)b
1 NMP K2CO3 77 75
2 DMF KoCO3 31 30
3 DMA KoCOs 20 12
4 - DMSO KoCO3 0 0
S « p-‘xylene KoCO3 0 0
6 NMP KOAc v 41 34
7 NMP ' Na,CO3 21 k 18
8 NMP NaQAc 8 3
9 NMP © NEDs 3 3
10 NMP  N@us 3 1

2 Reaction conditions: bromobenzene (2 mmol), styrene (2.4 mmol), base (2.4
mmol), solvent (5 ml), PAHAP (0.1g, 0.075 mol % Pd with respect to bromobenzene),
2 h, 130°C, Ar atmosphere. P Yield = (mol of coupling product(E+2)) / (mol of
reactant)

108



reaction; KoCO; was the base of choice, whereas organic base such as NEt; and N(-Bu);
gave no yield.

The results of the cross coupling reactions catalyzed by the PAHAP-1 under
optimal conditions are summarized in Table 4. It was found that the PAHAP-1 acts as an
outstanding catalyst for the Mizoroki-Heckreaction. For example, the TON based on Pd
reached 47,000 for 2’4 h in the case of bromobenzene with styrene (entry 1, eq: 3). The
reaction proceeded efficiently without the signiﬁcant influence of the substituents, giving the
corresponding coupling products in excellent yields. To the best of my knowledge, the
PdHAP-1 is the most active heterogeneous catalyst for the Heckfeaction of bromoarenes
among the reported so far. Unfortunately, electroﬁ-donating groups at ortho position retarded
the reaction, presumably because of the steric hindrance on solid surface. Moreover, the
PdHAP-1 was applicable to the Suzuki-Miyaura coupling reactions with a TON approaching
40,000 for 4 h in the reaction of bromobenzene with phenylboronic acid (entry 7, eq. 4) [15].
With respect to the solvent, o-xyleﬁe was superior to polar solvent such as DMF, NMP in the

Suzuki coupling reaction.

Br ‘ T O |
AN H -
©/ * ©/\ FdAAP-1 x (3)
. K,CO3, NMP, 130°C, 24h O

TON=47,000

Br B(OH),
o K2COg, o-xylene, 120°C, 4h

TON=40,000

A crucial question then becomes whether the coupling reactions occur on the
solid surféce or with dissolved palladium species [16]. In the Heck reaction of bromobenzene
with styrehe, the catalyst Was removed after 50% conversion under Ar atmosphere, followed
by addition of K,COjs to the filtrate and further reaction at 130 °C for 6 h. The Heck reaction
hardly occurred after catalyst removal. No Pd leaching in the filtrate was detected by ICP

analysis. In a separate experiment, the used PdHAP-1 catalyst was found to be recyclable with
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retention of its high catalytic activity. Therefore, it can be said that this Mizoroki-Heck
reaction undergoes heterogeneously on the PAHAP-1 surface. |
3-5. Mechanistic Investigation

“A new class of Pd" complexes having Pd-carbon & bonds, such as palladacycle
complexes [17], PCP pincer-type complexes [18] and cyclometallated imine complexes [19],
have recently been demonstrated to show high activities for the Mizoroki-Heck reaction. It is
suggested that the Mizoroki-Heck reaction catalyzed by these Pd complexes proceed via the
Pd"/Pd" rather than the traditional PdO/lv)dII cycle because of their thermal stability. The
PdHAP-1. catalyst also exhibited an exceptionally high stability under this reaction; the
EXAFS spectra of thé recovered catalyst showed the Pd exist as a monomeric cation species
even after the reaction. The above result indicate that the involvement of a Pd(0) as the active
species seems unlikely. Therefofe, the comparisons of catalytic behavior in the
Mizoroki-Heck reaction were performed. In the present PdHAP-1 catalytic system, the
'competitive Heck reactions in an equimolar mixture of p-substituted iodobenzenes using
styrene gave a Hammett p value of 1.09, which differs from 2.00 with Pd(PPh3)4 [20], bﬁt is
similar to 1.39 with the Pd" PCP-type complex [18]. In a competitive reaction between
n-butylacrylate and styrene with iodobenzene, the PdHAP-1 and the palladacycle gave
relatively high ﬁroduct ratios between n-butylcinnamate and - stilbene, of 9.6 and 7.3,
respectively. Tﬁese values significantly exceeded 4.1 observed with Pd(PPhs)s. The above
phenomena associated with the extremely robust monomeric Pd" structure of the PdHAP-1
strongly support that this Heck reaction does not proceed via the traditional Pd’/Pd" cycle.
Furthermore, it is thnght that the rate-determining step in Heck reaction catalyzed by the
PdHAP-1 is not the oxidative addition, but rather than the insertion of the olefin 'intoAthe
arylpalladium intermediate. This assumption is also supported by the kinetic studies for the
reaction of bromobenzene with styrene; the reaction rate is zero order in aryl bromide and first
order in olefin. These unusual Pd performances are attributed to a phosphate ligand on the

hydroxyapatite surface, which effectively serves as a powerful alternative to organic ligands.
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3-6. Suzuki-Miyaura Coupling Reactions of Chloroarens Catalyzed by Hydroxyapatite-
Bound Palladium Complex

The use of more readily available aryl chlorides in the palladium-catalyzed cross
cdupling reactions is a challenging task for industrial application [21]. The low activity of aryl
chlorides is attributed to the strong dissociation energy of the C-ClI bond (bond dissociation
energies for Ph-X: Cl: 96 kcalfmol'l; Br: 81 kcal-mol™; I: 65 kcal'mol'l), which leads to

reluctance of oxidative addition to. Pd centers [22]. As mentioned above, the PdAHAP-1 has

Cl o~ BOH2  paHAP-1 (0.15 mol%)
* »  Ac »
Ac , solvent, base,

additive, 130°C, 1 h

Table 5. A Screening of the Optimal Reaction Conditions for Suzuki Coupling Reaction
Catalyzed by PdHAP-12

entry ~ solvent ~ base additive yield (%) ®
1 DMF/H,0 (50:1) K3PO, TBABF 92
2 DMF/H,0 (50:1) KsPOg — 34
3 DMF KsPO, TBAB 60
4 DMF/H,0 (50:1) K3PO, TBAI 90
5 DMF/H,0 (50:1) . K3PO,4 TBACI trace
6 DMF/H,O (50:1)_ KaPOy4 SDS 29
7 DMF/H,0 (50:1) KsPO, Span 80 29
8 o-xylene/H,0 (50:1) K3POy4 TBAB ’ trace
9 " 'NMPH,0O (50:1) K3POy4 TBAB 90
10 DMF/H,O (50:1)  LisPO, TBAB trace
11 DMF/H,0 (50:1) K,CO3 TBAB 82
12 DMF/H,0 (50:1) KOH TBAB 67
13 DMF/H,0 (50:1) KOtBu TBAB 63
14 DME/H,0 (50:1) NEts TBAB 15

& Reaction conditions: 4-chloroacetophenone (1 mmol), pheny! boronic acid (1.5 mmol),
PdHAP-1 (0.15 mol % of Pd based on aryl chloride), solvent (5 ml), H,O (0.1 ml), base
(2 mmol), additive (0.1 mmol), 130 °C, Ar atmosphere.

® Determined by GC analysis based on aryl halide using an internal standard technique.
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proved to be an efficient heterogeneous catalyst for the Suzuki-Miyaura coupling reaction of
aryl bromides. However, the reaction of aryl chlorides hardly occurred uhder the standard
conditions employed for the aryl bromide (o-xylene, K,COs;, 120 °C). Therefore, a
~ preliminary. screening of optimal reaction conditions for this coupling reaction of
p-chloroacetophenone with phenyl boronic acid was carried out as the test reaction.

As shown in Table 5, the catalytic activity of the PAHAP-1 was significantly
_ improyed in the presence of TBAB (BusN'Br: 10 mol %) and small amount of water
(volumetric ratio: DMF/H,0=50/1), affording the corresponding p-acethylbiphenyl in 92 %
/yield (entry 1). Additio’n of TBAI (Bu4N+I') led td similar result (entry 4), but- TBAC
(Bu4N+C1') gave lower yield (entry 5). The use of anionic (SDS) and nonionvic surfactants
(Span 80) did not influence the reaction rate (entries 6 and 7). Among the solvent examined,
DMF and NMP gave satisfactory yields (entry 9), while nron—polar solvent like o-xylene,
which was the best solvent for the aryl bromide, failed to promote the reaction (entry 8). With’
respect to the bases, KsPO4 and K,CO; were the bases of choice. Other bases such as KOH,
K7OBu, and NEt; were substantially less effective, and the use of Li;PO4 gave no product
(entries 11-14). These optimal conditions are generally applicable to the Suzuki coupling
reaction of aryl chloride bearing electron-withdrawing substituents and gave excellent yields
of cross-coupled products, as summarized in Table 6. The PdAHAP-1 exhibited the highest
catalytic activity, as compared with that of other conventional heterogeneous catalysts, e.g.
Pd/Carbon, Pd/Al,0s, and Pd/SiO,, under identical conditions (entries 1-4). In the case of
chlorobenzene, however, moderate yield of biphenyl was obtained (entry 8).

The TEM image of the isolated PdHAP-1 catalyst after the Suzuki-Miyaura
coupling reaction of p-chloroacetophenone with phenyl boronic acid showed the presence of
Pd nénoparticles with diameter of ca. 50 A. It can be said that the monomeric Pd” species of
the PdHAP-1 surface, which was extremely stable under the reaction conditions of aryl
bromide, were transformed into Pd nanoparticles throughout the reaction of aryl chloride. Tt

has been known that chemical and electrochemical reduction of transition metal salts in the
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presence of ammonium salts leads to R4N"X" stabilized colloids [23]. A recent study points to
the involvement of intermediary colloidal Pd nanoparticles generated under thermolytic
conditions for the Heck ‘reaction [24]. Hence, it is likely that under PdHAP-1 reaction
conditions, BusN'Br-stabilized Pd° nanoparticles are formed in sifu and then function as
catalysts. Furthermore, the enhancement of catalytic activity of the PdAHAP-1 by the addition
of TBAB may be ascribed to the formation of anionic [Br-Pd’-L] (L=ligand or neighboring
Pd) \sp‘ecies on the surface of Pd particles, which facilitate oxidative addition and reductive

elimination during the Pd%/Pd" catalytic cycle [25].

' B(OH), PdHAP-1 '
ArCl  + - Ar@
DMF, KsPOy, , :

TBAB, H,0, 130°C

Table 6. Suzuki Coupling Reaction Catalyzed by PdHAP-1?

entry catalyst aryl chloride ~ time (h) yield (%) °
1 PdHAP-1 1 92
2 Pd/Carbon /©/C' 1 48
3 Pd/AlL,O3 Ac 1 trace
4 Pd/SiO, 1 trace

Cl
5 PAHAP-1 /@ 1 >99
| O.N _
, Cl
6° PdHAP-1 ' /©/ 1 >99
NC

gd PAHAP-1 5 30

o
7¢ PAHAP-1 /©/ 2 70
OHC

® Reaction conditions: aryl chloride (1 mmol), phenyl boronic acid (1.5 mmol),
PdHAP-1 (0.15 mol % of Pd based on ary! chloride), DMF (5 ml), H,O (0.1 mi), KsPO,
(2 mmol), TBAB (0.1 mmol), 130 °C, Ar atmosphere.

® Determined by GC analysis based on aryl halide using an internal standard
technique. © Without H,0. ¢ PdHAP-1 (0.3 mol % of Pd)
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4. Conclusions

The author demonstrated a novel approach to catalyst design using

" - hydroxyapatites and realized excellent catalytic performances. Accurate control of the Ca/P

ratios of hydroxyapatites afforded two different Pd species on their surfaces. Using the
sfoichiometric hydroxyapatite, Ca;o(PO4)s(OH),, monomeric PdClg species could be grafted
on its surface (PdHAP-0). The PdHAP-0 gave a poor TON in the Mizoroki-Heck reaction of
bro‘mobenzene with styrene, accompanied with the formation of Pd particles. ,Another
monomeric Pd" phosphate complex could be generated in a Ca-deficient ,sjte of the
', ndnstoichiometric hydroxyapatite, Cag(I-IPO4)(PO4)5(O}I), affording a cétalyst with -
~ monomeric Pd" structure and high ac‘;ivity for the ’Mizof‘oki-Heck feaction. Mbreovef, t‘he’
PdHAP-l catalyst was also a'p’plicable to the Suzuki-Miyaura coupling reaction of chloroarens
. bearing électron-withdrawing éubstituents in the,presénce‘ of TBAB and a small amount bf
water. No Pd leaching was observed for the above reactions, and then the catalysts were
recyclable. The PdHAP-1 catalytic system is therefore highly suitable for large-scale

operations, meeting the increasing demands for environmentally-friendly chemical processes.
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General Conclusions

This thesis deals with the study on the catalyst design of high-performance
hydroxyapatite-bound ruthenium and palladium complex' catalysts for various types of
selective oxidation using molecular oxygen and carbon-carbon bond-forming reactions. The
hydroxyapatite-bound transition metal complex catalysts for the above organic reactions
could be developed based on the promising‘ ability of the hydroxyapatite as a Iﬁacroligand for
~ catalytically active centers. | | | |

- Chapter I surveys the methodologies for the preparaﬁon of the hybrid-catalysts that
combine the advantages of both homogeneous and heterogeneous catalysis. The author
emphasized the importance of fhe sophisticated catalyst design at atomic and nylolecular‘levels,

~which makes. a pivotal contribution to developing environmentally—acceptable organic

syntheses.

In Chapter II, the author described the hydroxyapatite—bound Ru complex (RuHAP),
' which was synthesized bésed oo cation-exchange ability of hydroxyapatite, Caw(PO4)6(OH)2?
by 'treatment‘ With an aquéous RuCl; solution. Chafacterizatioqs using physicochemical
- methods have proved that the equimolar substitution of Ru** for Ca®* occurred on the surface
of hydroxyapatite, which afforded a monomeric Ru’" species surrounded by oxygen and
cﬁlorine atoms. This RuHAP acted as an effective heterogeneous catalyst for the oxidation of
vafious alcohols using molecular oxygen to give corresponding carbonyl compounds in.
~ excellent yields. In the case of homogeneous RuCl(PPhs); complex, the catalytic cycle was
not completed without hydroquinone or 2,2°,6,6’-tetramethylpiperidine N-oxyl, whereas our
RuHAP catalyst does not need any additives for the above aerobic oxidation. Moreover, this
’ RuHAP catalyst was apphcable to the oxidations of amines and silanes in the presence of

molecular oxygen, giving the correspondmg mtrlles and silanols in high yields, respectlvely
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In Chapter III, the novel synthesis and unique catalytic .performances of the
hydroxyapatite-bound cationic Ru complexes were described. Treatment of the neutral
RuHAP with an aqueous solution of AgX (X=SbF¢ ', OTf ") reédily afforded cationic Ru
species having potentially vacant coordination sites. Such cationic RuHAPs acted as
heterogeneous Lewis acid catalysts, which could effectively promote the Diels-Alder and
aldol reactions under mild and neutral reaction conditions. Notably, in the reaction of nitriles
with a, B-unsaturated carbonyl compounds, 1,2-addition exclusively occurred by the cationic
RuHAP in contrast to the homogeneous Ru complex, RuH,(PPhs),, which prefers 1,4-addition.
IR and FT-EXAFS analyses for the reaetien intermediate suggested that the cationic
RuHAP-(IT)-catalyzed aldol reaction using nitriles involves cooperative catalysis between the
~ cationic Ru species and the basic phosphate ligand on the VHAP surfaee; the former activates
the nitrile as a Lewis acid, while the latter phosphate abstracts an acidic a-proton of the nitrile

to generate enolate species as a reaction intermediate.

In Chapter IV, the author represented a novel approach to catalyst design using
hydroxyapatites based on the nomstoichiometry of the HAP. Treatment of Ca-deficient
hydroxyapatite, Cag(HPO4)(PO4)s(OH), with PdCI,(PhCN), provided a highly efficient
catalyst (PdHAP-1) for the Mizoroki-Heek and SuzukiQMiyaura coupling reactions. It is
notable that the original monomeric Pd" structure of the PAHAP-1 was retained even after the
Heck reaction, hone of structural change around the Pd"” center and Pd particle formation was
confirmed by EXAFS and TEM analyses. Furthermore, the catalyti‘c performances of the
PdHAP-1 was different from that of the Pd(PPhs)s, but was similar to those of the pd"
PCP-type complex and the palladacycle. These phenomena associated with the extremely
robust monomeric Pd" structure of fhe PdHAP-1 strongly supported that this Heck reaction

does not proceed via the traditional Pd°/Pd" cycle mechanism.

The present thesis described catalysts design of the hydroxyapatite-bound transition

metal complex catalysts based on the unique properties, and their prominent catalyses for
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various types of organic syntheses. u The hydroxyapatite catalysts could be éasily separated
from the reaction mixture without metal leaching and reused with retention of their high
catalytic performance for the above reactions. The author hopes that this design strategy for
hydroxyapatite-bound transition metal catalysts can be further applied to a wide range of
functional group transformations including asymmetric reactions, ’aiming at “green” organic

synthesis.

* Finally, the author points out the further extended developments for the synthesm of .

‘ hlghly functionalized hydroxyapatlte catalysts as follows.

. The immobilizatiqn of metal ions on inorganic matrices has openved}many‘ tracks to more
practical organic syntheﬁc .processes. As stated in the present thesis, various kinds of
- transition metal cations can be readily accommodated into the hydroxyapatite framework
_based on their large cation exchange ability. Anoiher notable feature of the hydroxyapatites is

anion exchange ability. The author has foﬁnd that transition metal anions such as RuOy and

0s04* were substituted for PO, on the surface of hydroxyapatite as the catalytically active |
center. It is expected that such catalysts would have high potential abilities for aeroblc a]cohol

oxidation and oxidative cleavage reaction of olefins using HzOz as an oxidant.

* The immobilization of biological catalysts e. g., enzymes, catalyt.ic antibodies, and whole
~cells in robust matrices to enhance their life time as well as their recovery and repeated use
have been the focus of attention for‘,several years. Hydroxyapatites, the main combonents of
bones and. teeth, have ‘high potentiality for the function as a promising support of ’
heterogeneous biocatalysts because of their strong affinity toward biological molecules. The
kauthor expects that a fusion of organic chemistry and biochemistry through hydroxyapatite

open up the new field on chemistry and chemical engineering,
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