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Abstract

The activity of ruthenium-hydroxyapatite (RuHAp) in the oxidation of benzyl alcohol with molecular oxygen was more than tripled by the
incorporation of Ru into organically modified HAp and no detectable product beside benzaldehyde was formed. The effective modifiers prolinol,
proline, benzoic acid, and hexanoic acid have functional groups that can form strong hydrogen bonds with the surface OH and phosphate groups
of HAp. On the basis of catalytic, DRIFT, SEM, STEM-EDX, ICP-OES, and BET measurements, we assume that the major reason for the activity
enhancement is the higher intrinsic activity of Ru species due to their different location and coordination in organically modified HAp. It is very
probable that incorporation of Ru is not an ion-exchange process, but rather an adsorption process controlled by the polar organic compounds.
Interestingly, during this process the modifiers leach out and thus do not disturb the catalytic oxidation of alcohols. The slope of the Hammett
plot of p-substituted benzyl alcohols indicates that §-hydride elimination from the alcoholate intermediate is the rate-determining step under

kinetically controlled reaction conditions. The catalysts are reusable with no sign of Ru leaching.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

There is a growing need for “green” technologies in the syn-
thesis of fine chemicals and pharmaceutical intermediates. For
catalytic oxidation, an attractive approach is the use of a solid,
recyclable catalyst and molecular oxygen as the only oxidant,
that is, without any sacrificial reductant or other additive. An-
other important target is to achieve the highest possible yield
and thus minimize the additional costs of separation and waste
removal that may be a critical factor in a small-scale synthesis
[1-6].

There are only a few heterogeneous catalysts that afford the
quantitative transformation of primary alcohols to aldehydes,
and the production rates characterized by the average turnover
frequency (TOF) at high yields are frequently insufficient for
practical application [7-14]. Supported Pt and Pd catalysts are
more active, but, with a few exceptions, further oxidation of the
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aldehyde to carboxylic acid is significant [2,15-17]. In aque-
ous alkaline medium, gold nanoparticles are highly active under
very mild conditions and provide the corresponding carboxylic
acid in excellent yield [18-20]. In the absence of a base co-
catalyst, the aldehyde is the major product, but below 373 K
commonly applied in the synthesis of fine chemicals, the reac-
tion rates are moderate [21]. Recently, outstanding rates (initial
TOF up to 86,500 h_l) have been achieved under solvent-free
conditions with supported Au and Pd-Au catalysts [22-24];
however, the required high reaction temperature (433 K) limits
the use of these catalysts for the synthesis of complex, thermo-
labile compounds typical in fine chemistry, and the selectivities
at this elevated temperature are poor, only around 60%.
Hydroxyapatite [Ca;o(PO4)¢(OH)>, HAp]-based materials
have attracted increasing interest as solid, recyclable cata-
lysts. Sebti et al. have developed a wide spectrum of hetero-
geneous catalysts based on the apatite structure to catalyze
several organic reactions [25-27], including Knoevenagel con-
densation [28,29], Friedel-Crafts alkylation [30], and Michael
addition [31]. Apatites are also effective in the conversion
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of alcohols to aldehydes. Calcium phosphate—vanadate apatite
catalyzes the aerobic oxidation of propargylic alcohols [32],
whereas Pd nanoparticles supported on HAp and ionic Ru in-
corporated into the HAp matrix (RuHAp) are effective in the
oxidation of various primary and secondary alcohols [17,33].
RuHADp is also a good catalyst for the mild racemization of chi-
ral secondary alcohols [34].

A disadvantage of high Ru loading (17 wt%) in the orig-
inal RuHAp catalyst [33] is that Ru ions incorporate deeply
inside the microporous channels of HAp, resulting in poor ac-
cessibility of the active sites and rather low alcohol oxidation
activity (TOF 0.6-6 h~!). Enhancement of the redox activity
of the catalyst requires reduction of the total amount of Ru
ions and controlling their location in HAp [34,35]. The pref-
erential location of the isolated Ru ions close to the surface
of HAp particles could be achieved by using promoting metal
ions (Co** and Pb?"), which occupy the “hidden” sites inside
the narrow channels, and by applying short contact times dur-
ing incorporation of Ru [35]. These modifications enhance the
activity in alcohol oxidation by more than an order of mag-
nitude and increase the selectivity to the corresponding car-
bonyl compounds to 100% [36]. In situ EXAFS analysis during
benzyl alcohol oxidation and a detailed kinetic study [36] re-
vealed that (i) the probable active sites are dihydroxo ruthenium
species, (ii) the oxidative dehydrogenation reaction obeys the
Mars—van Krevelen mechanism, and (iii) the reduced hydrido-
ruthenium species is inactive in alcohol dehydrogenation with-
out reoxidation by molecular oxygen. Depending on the actual
oxygen concentration at the catalyst surface, the rate-limiting
step is either the reoxidation of the ruthenium hydride species
or the B-hydride elimination step from the alcoholate interme-
diate.

Another approach to enhancing the activity of RuHAp while
maintaining its excellent selectivity is organic modification.
Surface modification of HAp with alkyl phosphates [37—40],
dodecyl alcohol [41], alkenoic acids [42], and amino acids
[43,44], and the effect of amino acids on the mineralization
of HAp [45—48] have already been reported. Here we report
the effect of organic modification on the catalytic properties
of RuHAp in the oxidation of benzylic alcohols and 2-octanol
(Scheme 1), used as model reactions for the oxidation of aro-
matic and aliphatic alcohols. The structure of the new catalysts
and the mechanism of the reaction have been investigated using
various techniques.
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Scheme 1. Oxidation of benzylic alcohols and 2-octanol with oxygen on or-
ganically modified RuHAp. No other product beside the carbonyl compounds
could be detected.

2. Experimental
2.1. Materials

Starting materials for catalyst preparation were RuClz hy-
drate (36% Ru, 99.9%, ABCR), aqueous ammonia solution
(ca. 25% NHj3, Merck), (NH4),HPO4 (98%, ABCR), Ca(NO3)>
-4H70 (99%, Strem Chemicals), hexanoic acid (>99.5%, Al-
drich), 2-ethylhexyl-phosphate (VWR), proline (>99.5%;
Fluka), prolinol (2-(hydroxymethyl)pyrrolidine) (>98%, Lan-
caster), and benzoic acid (>99.5%; Aldrich). Benzyl alcohol
(>99%; Fluka), 4-nitrobenzyl alcohol (99%, Acros), 4-chloro-
benzyl alcohol (99%, Acros), 4-methoxybenzyl alcohol (>98%,
Acros), 4-methylbenzyl alcohol (99%, ABCR), 2-octanol
(99.5%; Fluka), toluene (Baker) and mesitylene (98%, Acros)
were used as received.

2.2. Catalyst preparation

Two different methods were found to be useful for the prepa-
ration of organically modified HAp. In method I, stoichiometric
HAp was first synthesized by a wet chemical method using
Ca(NO3)-4H;0 and (NH4),HPOy, and then calcined at 773 K
for 3 h [49]. Then surface modification of HAp with hexanoic
acid (resulting in “HAp-HAcid”) and 2-ethylhexyl-phosphate
(resulting in “HAp-Phos”) was carried out as follows. A 1-g
HAp sample was stirred at reflux temperature for 5 h in 60 mL
of 1.36 M solution of hexanoic acid in hexane or in 60 mL of
0.01 M 2-ethylhexyl-phosphate solution in a 2:1 acetone—water
mixture. The modified apatite HAp-HAcid and HAp-Phos were
filtered off, washed with hexane or acetone, respectively, and
dried in vacuum for 24 h at room temperature.

In method II, the organic modifier proline, prolinol, or
benzoic acid was added during the preparation of HAp us-
ing a molar ratio of Ca(NO3),:(NH4)2HPO4:organic modi-
fier of 1:0.6:0.31. The (NH4),HPO,4 solution was added to
the Ca(NO3); solution containing the organic modifier. In the
case of the poorly soluble benzoic acid, the solution was re-
fluxed. Otherwise, the preparation followed the procedure de-
scribed by Sugiyama et al. [49]. The materials HAp-proline,
HAp-prolinol, and HAp-BAcid (HAp-benzoic acid) were dried
overnight at 363 K. Incorporation of Ru was carried out by
shaking 1.0 g of organically modified HAp with 75 mL of
a 6.7 mM aqueous RuClz solution at room temperature for
10 min [35]. The catalyst was filtered off, washed with deion-
ized water, and dried at room temperature for 6 h in vacuum.

2.3. Characterization techniques

The BET surface area and pore size distribution were de-
termined by Nj adsorption—desorption at 77 K using a Mi-
cromeritics ASAP 2010 instrument. Before measurement, the
samples were degassed in vacuum at 333 K. Powder X-ray dif-
fraction (XRD) analysis was carried out on a Siemens D5000
powder X-ray diffractometer using the Cu-K, radiation in the
step-scanning mode between 20° and 80° (20), with a step size
of 0.01° and 2 s/step. Diffuse reflectance infrared (DRIFT)
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spectra were collected with a Bruker Optics Equinox-55 by co-
adding 100 scans at 4-cm~! resolution. The instrument was
equipped with a HVC-DRP2 reaction chamber (Harrick) and
a liquid N»-cooled MCT detector. Samples were diluted with
KBr, and reference spectra of KBr were acquired at room tem-
perature. The Ca, P, and Ru contents in the catalyst samples
were determined by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES).

Scanning electron microscopy (SEM) investigations of the
as-synthesized samples were performed on a Gemini 1530
(Zeiss) at low voltage (U = 1 keV; field emission gun). For
scanning transmission electron microscopy (STEM), the sam-
ples were suspended in ethanol, and some droplets were de-
posited on a holey carbon foil supported on a copper grid.
The investigation was performed on a field emission transmis-
sion electron microscope (Tecnai 30F, FEI, with a SuperTwin
lens with Cg = 1.2 mm), operated at 300 kV. STEM images
were recorded with a high-angle annular dark field (HAADF)
detector, using almost exclusively incoherently scattered elec-
trons (Rutherford scattering) to obtain images with atomic num-
ber (Z) contrast [50]. An energy-dispersive X-ray (EDX) spec-
trometer attached to the Tecnai F30 enables performance of
elemental analyses on selected spots (diameter 3—5 nm) in the
HAADF-STEM images [51].

2.4. Alcohol oxidation

The catalytic tests were performed with pure O, at 1 bar
and 333 K using a solution of 1 mmol alcohol in toluene or
mesitylene and 10-60 mg of catalyst. After reaction, the cata-
lyst was filtered off and washed carefully with 2-propanol. The
selectivity and conversion were determined by gas chromatog-
raphy analysis (Thermo Quest Trace 2000, equipped with an
HP-FFAP capillary column and a flame ionization detector),
and the products were identified by authentic samples.

The role of oxygen transfer into the liquid phase and
to the catalyst surface and that of adsorption of water co-
product on RuHAp was discussed in a previous study [36].
The reaction rate was characterized by the turnover frequency
(TOF), {mol(alcohol)/(mol(Ru)h)}, calculated at full conver-
sion (TOF,,) and at 5% conversion (TOFy), if not otherwise
stated. Note that the reported TOFs represent conservative es-
timates because they are based on the determination of the
number of Ru sites by ICP-OES, not on the real number of
accessible sites.

3. Results
3.1. Catalyst characterization

The XRD patterns of the modified HAp and RuHAp samples
revealed only the characteristic peaks of HAp. This observa-
tion is in agreement with those of previous studies on RuHAp
[35,36]. The crystallinity was not influenced by the surface
treatment of HAp according to method I, but synthesis of HAp
in the presence of organic modifier (method II) resulted in con-
siderable line-broadening, indicating decreasing crystallite size

Table 1
Characterization of (organically modified) HAp and RuHAp materials by ICP-
OES analysis and BET measurement

Organic Ca/P (Ca+Ru)/P Ru BET

modification (mmol/g) (m?/g)

method
HAp - 1.67 - - 60
RuHAp - 1.60  1.66 0.37 65
HAp-Phos I 152 - - 55
RuHAp-Phos I 1.59 1.64 0.28 73
RuHAp-HAcid 1 1.58  1.63 0.28 77
HAp-BAcid I .61 - - 51
RuHAp-BAcid 1I 1.61  1.66 0.31 82
HAp-proline I .52 - - 75
RuHAp-proline  1II .52 1.59 0.35 107
HAp-prolinol I 1.63 - - 77
RuHAp-prolinol  1I 1.63  1.68 0.34 100

of the HAp phase. It is known from the literature that amino
acids have an inhibitory effect on the crystal growth of HAp,
possibly through adsorption onto the active growth sites of the
HAp crystal surface [44,45,48]. Introducing Ru barely influ-
enced the crystallinity, because the short contact time between
HAp and the RuCls solution prevented a considerable restruc-
turing, as described previously [35].

The Ca/P and (Ca + Ru)/P ratios and the Ru content of the
samples were measured by ICP-OES (Table 1). The Ca/P ratio
in HAp corresponded to the theoretical value of stoichiomet-
ric HAp (1.67). The Ca/P ratio of RuHAp decreased compared
with that of pure Hap, and the (Ca 4 Ru)/P ratio was 1.66, in
agreement with the partial replacement of Ca>* ions by cationic
Ru species. In contrast, in the organically modified HAp sam-
ples (HAp-Phos, HAp-BAcid, HAp-proline, HAp-prolinol), the
Ca/P ratios were significantly lower than 1.67, revealing the
nonstoichiometric nature of these materials. Moreover, intro-
ducing Ru into the organically modified HAp samples did not
reduce the Ca/P ratio, suggesting that incorporating Ru into the
apatite lattice is not an ion-exchange process.

The BET surface areas of organically modified RuHAp sam-
ples were 20-80% higher than those of unmodified RuHAp
(Table 1). Another interesting observation is that incorporation
of Ru changed the surface area of unmodified Hap only mar-
ginally, but produced an increase of around 30 m?/g in the
case of organically modified HAp samples. The latter effect
may be attributed to the simultaneous dissolution (leaching) of
the organic modifier. A similar phenomenon was observed pre-
viously with HAp modified by alkyl phosphate and hexanoic
acid, where removal of the modifiers by outgassing at 473 K
provided materials of higher surface area [37,42]. Evidence of
leaching of the organic modifier during Ru incorporation by IR
spectroscopy is given below.

The morphology of the catalysts was investigated by SEM;
some representative micrographs are collected in Fig. 1. HAp
prepared in the absence of organic modifier formed dense plate-
like aggregates (Fig. 1A). No obvious morphological differ-
ence could be observed between unmodified HAp and surface-
modified HAp (see method I), but HAp modified during its
synthesis (according to method II) showed a decrease in the
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Fig. 1. SEM images of HAp (A), RuHAp (B), HAp-BAcid (C), and RuHAp-BAcid (D).

Fig. 2. HAADF-STEM images of (a) RuHAp and (b) RuHAp-BAcid. In both cases, some of the HAp crystals are covered by Ru particles (bright spots).

average size of the fragments of aggregates, and the surface
appeared smoother compared to HAp (Fig. 1C). After incor-
poration of Ru into unmodified Hap, the structure became
quite compact (Fig. 1B). On the other hand, the structure of
RuHAp samples modified organically according to method II
were fluffy, as illustrated by the micrograph of RuHAp-BAcid
(Fig. 1D). The morphological changes revealed by SEM are in
good agreement with the increased surface area of RuHAp-
proline, RuHAp-prolinol, and RuHAp-BAcid catalysts (Ta-
ble 1) and provide further evidence against the simple exchange
of Ca ions by Ru ions as the ruling mechanism.
HAADF-STEM images of the RuHAp and RuHAp-BAcid
samples revealed some of the crystals coated with bright dots
(Fig. 2). Because Ru is the strongest scatterer in this system
(i.e., has the highest atomic number), the sites in which Ru is
located appear with the brightest contrast. Therefore, the bright

dots correspond to Ru “particles” (possibly aggregates of Ru’+
species), which are about 1 nm in diameter. The micrographs re-
veal the inhomogeneous distribution of Ru on the HAp crystals.
In both samples, the Ru loading varies from crystal to crystal,
and even crystals without Ru are present (see, e.g., the crys-
tal on the left side of Fig. 2b). Interestingly, the Ru species
appeared on the crystal surface, and no significant difference
could be observed between the Ru distributions in convention-
ally prepared and organically modified RuHAp samples. We
note that reduction of Ru** in the electron beam to metallic
Ru and also some restructuring of Ru during the measurement
cannot be ruled out.

The unexpected inhomogeneous distribution of Ru in the ap-
atite matrix was confirmed by EDXS spot analyses (Fig. 3).
When the spot was set on areas containing bright dots, peaks
characteristic of Ru (i.e., K peaks at ~19.2 and ~22 keV [not
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shown here] and L peaks at ~2.7 keV) were observed, along
with those of P (K peaks at ~2 keV) and Ca (L peaks at ~3.7
and ~4.0 keV).

3.2. Alcohol oxidation

It was shown earlier [35] that RuHAp is a good and highly
selective catalyst for the oxidation of aromatic and allylic al-
cohols to the corresponding carbonyl compounds with oxygen,
but transformation of aliphatic primary and secondary alcohols
was sluggish and incomplete. Hence, here the catalytic activ-
ity of the RuHAp samples was tested mainly in the oxidation of
benzyl alcohol (Table 2). With the exception of RuHAp-Phos,
organic modification led to considerably higher activity, and all
catalysts produced only benzaldehyde with no further oxida-
tion to benzoic acid even at high conversions. The best catalysts
were prepared by method II; that is, Ru was incorporated into
HAp samples synthesized in the presence of organic modifiers.
On the basis of the TOF values determined at 5% (TOF) or
full conversion (TOF,y), the modified catalysts outperformed
the reference sample by a factor of about 2-3. The time profile
of the oxidation of benzyl alcohol and 2-octanol with RuHAp
and RuHAp-prolinol is shown in Fig. 4 as examples.

Intensity

Fig. 3. HAADF-STEM image of RuHAp-BAcid and EDXS spot analyses per-
formed at points a and b. Only a section of the EDX spectra with peaks of P, Ru
and Ca is shown. The presence of Ru peaks in the spectra proves that the bright
spots in the HAADF-STEM images correspond to Ru species.

Table 2
Catalytic oxidation of benzyl alcohol with molecular oxygen; the selectivity to
benzaldehyde was always 100%?

A preliminary kinetic study revealed that oxidation of ben-
zyl alcohol was not free from mass transport limitations. As
discussed previously [36], at relatively low temperatures the re-
moval of water co-product from the catalyst surface was slow
and rate-limiting. Application of temperatures close to the boil-
ing point of the solvent accelerated the removal of water but
decreased the oxygen partial pressure, and reoxidation of the
ruthenium-hydride species in RuHAp became the rate-limiting
step. Higher oxidation rates were achieved by replacing toluene
with mesitylene, which has a lower vapor pressure, and by re-
ducing the amount of solvent and catalyst (cf. Tables 2 and 3).
Even with this, however, inhibition of the global reaction rate by
accumulation of the co-product water could not be eliminated
at conversions higher than about 5%.

The results of the oxidation of para-substituted benzyl al-
cohols are summarized in Table 3. Almost complete con-
version and 100% selectivity to the corresponding aldehydes
were achieved within 15-45 min, despite the moderate reaction
temperature (333 K). The decelerating effect of the electron-
withdrawing substituents (-NO,, —Cl; Hammett substituent
constant o > 0) on the average TOF values can be clearly seen,
but the electron-donating substituents (-OMe, —-Me; o < 0) did
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Fig. 4. Oxidation of benzyl alcohol with RuHAp (O) and RuHAp-prolinol (@),
oxidation of 2-octanol with RuHAp (A) and RuHAp-prolinol (A). Reaction
conditions: 60 mg catalyst, 1 mmol benzyl alcohol, 10 ml toluene, 333 K,
1 bar O,.

Table 3
Catalytic oxidation of benzyl alcohols with molecular oxygen according to
Scheme 1; the selectivity to benzaldehyde was always 100%?*

Catalyst Organic t Yield TOF, TOFgy

modification ~ (min) (%) 1 T ) Entry X m (catal.) t Yield TOF,y

method (mg) (min) (%) (b
RuHAp - 130 >99 36 21 1 H 60 15 >99 215
RuHAp-Phos I 155 >99 38 23 2 H 40 20 >99 242
RuHAp-HAcid I 66 >99 74 54 3 Me 60 17 >99 190
RuHAp-BAcid I 49 >99 82 66 4 MeO 60 17 >99 190
RuHAp-proline | 57 >99 72 50 5 cl 60 20 >99 161
RuHAp-prolinol I 42 >99 78 70 6 NO, 60 45 98 72

4 Reaction conditions: 60 mg catalyst, | mmol benzyl alcohol, 10 ml toluene,
333 K, 1 bar O5.

4 Reaction conditions: RuHAp-BAcid, 1 mmol alcohol, 4 ml mesitylene,
333 K, 1 bar O5.
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Fig. 5. Hammett plot of p-substituted benzyl alcohols. Reaction condi-
tions: 1 mmol p-X-benzyl alcohol (X = H, Cl, NO,, Me, or MeO), 10 mg
RuHAp-BAcid (0.0031 mmol Ru), 4 ml mesitylene, 333 K, 1 bar O, t =2 min.

not increase the rate, because of mass transport limitations in
the system. Hence, the study of the effect of para substituents
on the initial reaction rate was repeated under kinetically con-
trolled conditions, and the kx/ ky values were determined from
conversions <5%. The Hammett plot is shown in Fig. 5. The
accelerating effect of electron-donating substituents and the
decelerating effect of electron-withdrawing substituents indi-
cate that the dehydrogenation step (B-hydride elimination) is
rate-limiting and the reaction is kinetically controlled [52,53].
The slope of the Hammett plot (p ~ —0.54) is similar to
those slopes observed in the oxidation of benzyl alcohol with
17 wt% RuHAp (p = —0.43) [33], RuCl2(PPh3)3 (p = —0.58
by TEMPO/Ru = 6:1) [54], and Ru/Al,O3 (p = —0.46) [7].

To test the stability of organically modified RuHAp, the re-
action was interrupted at about 60% conversion, the catalyst
was filtered off from the hot reaction mixture, and the filtrate
was reacted under the reaction conditions. But even with these
measures, no further conversion (i.e., no leaching of the active
species leading to homogeneous catalysis) was detectable.

The possibility of repeated use of RuHAp was also tested.
After full conversion of benzyl alcohol, an equal molar amount
of 4-methyl-benzyl alcohol was added to the slurry, and the re-
action was completed. Next, the same procedure was repeated
with the opposite sequence of alcohol addition. The average
reaction rates in the oxidation of benzyl alcohol were almost
identical, independent of the order of addition of the two sub-
strates. Note that in this way the loss of catalyst during filtration
and recovery can be avoided.

3.3. Structure of RuHAp analyzed by DRIFT spectroscopy

To gain information on the structure of the catalysts at the
molecular level, we investigated all of the catalyst samples by
DRIFT spectroscopy. Some examples indicating the potential
of this technique in the characterization of HAp-based cat-
alysts are collected in Figs. 6 and 7. The DRIFT spectrum
of HAp-proline (Fig. 6¢) features the complete set of signals
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Fig. 6. DRIFT spectra of (a) HAp, (b) RuHAp, (c) HAp-proline, and (d) Ru-
HAp-proline.
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Fig. 7. DRIFT spectra of RuHAp-HA prepared by Ru incorporation after or-
ganic modification with hexanoic acid (method I, curve a) and by Ru incorpo-
ration before organic modification with hexanoic acid (curve b).

characteristic of HAp [35] with some additional bands be-
longing to proline. HAp (Fig. 6a) produced the characteristic
v(OH) vibrations of lattice hydroxyls at 3570 cm™!; asymmet-
ric and symmetric stretch modes of PO43_ at 1093, 1043, and
962 cm~!; and a set of overtone and combination bands at
2200-1950 cm™~!. The broad envelope extending from 3800—
2500 cm™!, together with the signal at ca. 1640 cm™!, suggest
the presence of surface water molecules. Carbonates, origi-
nating from the CO, adsorption from the air during sample
handling [55], are identified by the set of signals in the 1700—
1300 cm™! spectral region.

Incorporation of proline in HAp-proline is confirmed by the
signals at 1448 and 1336 cm™!, assigned to the symmetric
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OCO stretch and bending modes of the side chain, respectively
(Fig. 6¢). The attenuation of the signal at 3570 cm~! and the
increased broadening of the envelope at 38002500 cm ™! indi-
cate the interaction of the carboxyl group of proline with OH
functions of the HAp lattice. These changes in the signal of lat-
tice hydroxyls and surface water were found only in the samples
prepared by method II (HAp-proline, HAp-prolinol, and HAp-
BA) and not in HAp-Phos and HAp-HA (spectra not shown
here), which were prepared by the surface modification method
(method 1).

The signals corresponding to adsorbed proline disappeared
after incorporation of Ru in RuHAp-proline (Fig. 6d). We ob-
served the same phenomenon in the case of RuHAp-Phos and
RuHAp-HA samples and the almost complete removal (disso-
lution) of benzoic acid and prolinol from HAp-BA and HAp-
prolinol (not shown here). The CH absorption bands charac-
teristic for HAp-Phos and HAp-HA at 2966, 2935, 2880, and
2866 cm™!; the bands of carboxyl group in the spectra of
HAp-HA and HAp-BA at 1550/1545 and 1415/1385 cm™';
and the characteristic broad bands of HAp-prolinol at 1460 and
1340 cm~! disappeared or diminished greatly after treatment of
the organically modified HAp with aqueous acidic (pH = 2.2)
RuClj3 solution. Interestingly, after introduction of Ru, the sig-
nal of lattice hydroxyls, which was attenuated through the in-
teraction with the organic modifiers proline (Fig. 6, spectra ¢
and d), prolinol, and benzoic acid, did not change. This unex-
pected observation may be explained by the assumption that Ru
occupies the same adsorption sites as the organic modifiers.

To confirm the leaching of organic modifier during incor-
poration of Ru, we prepared two catalysts by surface modi-
fication of RuHAp (instead of HAp according to method I)
with 2-ethylhexyl-phosphate (RuHAp-Phos*) and hexanoic
acid (RuHAp-HA*). The DRIFT spectra of these samples re-
vealed the presence of organic modifiers, in contrast to the
structure of RuHAp-Phos and RuHAp-HA, which were pre-
pared by method I. The striking structural difference is illus-
trated in Fig. 7 for the example of hexanoic acid-modified
RuHAp, where the presence of hexanoic acid was confirmed
by the bands at 2966, 2935, 2880, and 2866 cm™! [v(C-H)]
and at 1550 cm™! [y (OCO)]. The appearance of the band at
1880 cm~! in hexanoic acid-modified RuHAp demonstrates the
presence of ruthenium as described in our previous paper [35].
RuHAp-Phos* and RuHAp-HA* were poorly active in alcohol
oxidation; the TOF in benzyl alcohol oxidation decreased from
38 h~! (RuHAp-Phos, Table 2) to 7 h~! (RuHAp-Phos*), and
from 74 h~! (RuHAp-HA, Table 2) to 5 h~! (RuHAp-HA*).
Clearly, the organic modifier applied according to methods I
and II influences the structure of HAp (and thus RuHAp), but it
leaches out during the subsequent incorporation of Ru and does
not disturb the catalytic application of the new materials.

4. Discussion

Two different methods have been used for the successful
organic modification of RuHAp. In a three-step synthesis, the
organic compound was added to the conventionally prepared
HAp (method I), and in the two-step route the organic modifier

was present already during the synthesis of HAp (method II).
In both cases, Ru ions were incorporated into the organically
modified HAp. An inverted approach, organic modification af-
ter introduction of Ru, proved inferior due to the poor oxidation
activity of the catalysts. Method II seems to be the most promis-
ing route, because of its simplicity and the high activity of the
resulting catalysts. A limitation of this route is that only water-
soluble organic modifiers can be used together with Ca(NO3);
and (NH4),HPOy in the aqueous-phase synthesis of HAp.

Organic modification of HAp by methods I and II resulted in
different morphologies of the samples (Fig. 1) and remarkably
higher activity in the oxidation of benzyl alcohol and 2-octanol
(Table 2; Fig. 4). An important point is that organic modifica-
tion did not diminish the excellent selectivity of RuHAp to ben-
zaldehyde (100%). The efficient modifiers include carboxylic
acids (hexanoic and benzoic acids), an amino acid (proline),
and an amino alcohol (prolinol). A common feature of these
compounds is that they can interact strongly with the OH and
phosphate functions of the HAp matrix via H bonding.

The enhanced catalytic activity may be traced to an increase
in the number of accessible Ru sites and higher activity of Ru
species due to differing coordination to the HAp lattice. To
estimate the number of accessible active sites, the transforma-
tion of benzyl alcohol to benzaldehyde was investigated under
Ar. In the absence of molecular oxygen, the active sites are
rapidly reduced and become inactive in the further transfor-
mation of benzyl alcohol [36]. For these reactions, 0.2 mmol
of benzyl alcohol and 50 mg of RuHAp or RuHAp-prolinol
were used in 10 mL of toluene under the reaction conditions
described in the Experimental section. The conversion of ben-
zyl alcohol after 10 min leveled off at 4% with RuHAp and at
4.3% with RuHAp-prolinol. The corresponding turnover num-
ber (TON) values were 0.43 for RuHAp and 0.51 for RuHAp-
prolinol. Clearly, the 19% increase in the number of accessible
(reducible) sites cannot explain the more than threefold-greater
catalytic activity of the organically modified catalyst (Table 2).
Note that the 19% increase in the TON is smaller than the dif-
ference between the BET surface areas of RuHAp-prolinol and
RuHAp (65%; Table 1).

We assume that the major reason for the enhanced activity
of organically modified RuHAp is the higher intrinsic activity
of the ruthenium species due to their different location and co-
ordination. The results of the ICP-OES (Table 1) and DRIFT
measurements (Figs. 6 and 7) suggest that incorporation of
ruthenium in the organically modified HAp lattice occurred in
a different way than the incorporation of ruthenium into HAp.
The ion exchange between Ru?* and Ca®* in the organically
modified HAp can be excluded based on the Ca/P ratios (Ta-
ble 1). Note that ion exchange as the dominant mechanism
of incorporating metal ions into HAp has already come under
question [56-59]. The DRIFT measurements revealed similar
coordination in the ruthenium species and the organic modi-
fiers to the lattice hydroxyl groups. It is very probable that in
organically modified HAp, ruthenium is located mainly on the
outer surface and anchored to phosphate and hydroxyl groups.
These sites are more accessible to the relatively bulky alcohol
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Table 4

Comparison of highly selective catalysts in the oxidation of benzyl alcohol to benzaldehyde with oxygen

Catalyst T p(Or) Solvent Conversion Yield TOF,y Reference
(K) (bar) (%) (%) (h~1)

RuM/HAp 353 1 PhCH3 100 >99 2 [33]

RuMDco@/HAp 363 1 PhCHj3 100 >99 78 [35]

RuTD/HAp-BAcid 333 1 Mesitylene 100 >99 242 Present work

Ru™MMn™V)Mn@V)/HT 333 1 PhCH3 100 99 50 [11]

Ru®)colD/A1,04 383 1 PhCHj3 100 >99 80 [12]

Ru™D/TiO; nanotube 390 8 PhCH3 75 75 450 [13]

Rul/Tio, 353 4 CgH4Cly 100 100 100 [14]

Pd/HAp 363 1 PhCF;3 >99 99 500 [17]

Pd/AI(OH)3 343 1 PhCHj3 - >99 100 [60]

substrate, and thus the transport processes are enhanced in the
catalyst particle.

In the oxidation of benzyl alcohol over RuHAp modified
with benzoic acid (RuHAp-BAcid), TOFs up to 242 h~! (Ta-
ble 3) could be achieved at full conversion with no further
oxidation of benzaldehyde to benzoic acid. The reaction was
complete in 20 min under very mild conditions (333 K, 1 bar).
The activity is about threefold higher than that of the cobalt-
promoted RuHAp [35] and more than two orders of magnitude
greater than that of the original RuHAp catalyst [33], as shown
in Table 4. When considering the different reaction tempera-
tures, the development is even more impressive.

Characteristic data of other catalysts that afford at least 99%
chemoselectivity and high average rates at high conversion in
the aerobic oxidation of benzyl alcohol to benzaldehyde are col-
lected in Table 4. The highest rates (TOF = 450-500 h~1) were
reported for Pd supported on HAp [17] and hydrated ruthenium
oxide supported on titania nanotubes [13]. When considering
the more forcing reaction conditions (higher temperature, par-
tially higher pressure), the activity of our catalyst seems com-
parable with the two best examples.

5. Conclusion

Ruthenium-exchanged hydroxyapatite is a promising new
catalyst for various oxidation reactions using molecular oxy-
gen as the sole source of oxidant. Our working hypothesis was
that the catalyst activity can be improved by fine-tuning the
structure of the catalyst, including the location and accessibil-
ity of the Ru active sites. The first successful example of this
approach has been published recently [35]. Here we presented
a new methodology, involving modification of the host mate-
rial by adding polar organic compounds able to form strong
hydrogen bonds with the OH and phosphate functions of hy-
droxyapatite. ICP-OES, N; adsorption, SEM, and DRIFT spec-
troscopy revealed that the twofold-to-threefold greater activity
of ruthenium-hydroxyapatite modified by hexanoic acid, ben-
zoic acid, prolinol, or proline is due mainly to different location
and coordination and better accessibility of the active sites,
and partly to morphological changes of the apatite structure.
It seems that the organic modifiers act as “templating agents”
for the controlled location and coordination of the Ru species,
but they leach out during incorporation of Ru and thus do not

bias the catalytic process. In other words, the strikingly dif-
ferent chemical compounds act as structural modifiers but are
(practically) absent in the final RuHAp catalyst. If the modi-
fiers are added to the catalyst after the incorporation of Ru, they
diminish the oxidation activity dramatically.
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