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Abstract

Lanthanum(III) was immobilized on various zeolite supports by simple cation exchange. The resulting materials were tested i
proportionation of H2O2 into singlet molecular oxygen (1O2). The rate of H2O2 disproportionation and the reaction of the formed1O2 with
citronellol as a typical olefinic substrate were strongly dependent on the zeolite topology and composition. Zeolites with a large cr
small pores, or a one-dimensional pore system showed low activity in the disproportionation of H2O2. In contrast, zeolites with a sma
crystal size or zeolites possessing large intersecting pores were active1O2 generators. La supported on ultrastable Y zeolite (USY)
zeolite Beta were identified as the most active and efficient catalysts. Typically, within 24 h at 40◦C, 100 mol of citronellol hydroperoxide
is produced per mol of La supported on USY zeolite. Within this time, 800 mol of H2O2 is disproportionated into1O2. In comparison
with unsupported La-hydroxide, La-USY shows a significantly higher activity and a slightly more efficient use of H2O2. The heterogeneou
nature of the catalysis by La-USY was verified by filtration tests, and its stability was proved by X-ray diffraction and recycle expe
Finally, the catalyst was used in the peroxidation of various olefinic compounds. Compared with conventional molybdate catalysts
is particularly useful for the selective peroxidation of allylic alcohol derivatives, with very little competitive epoxidation and no a
oxidation being observed.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Chemical production of singlet molecular oxygen,1O2
(1�g), with the use of readily available reagents such
hydrogen peroxide, might provide a safe and inexpensiv
ternative to the currently used photochemical generatio
singlet oxygen[1–3]. Although the latter method is still mos
frequently used in organic synthesis, it requires substa
investments in complicated gas/liquid photoreactors, wh
do not profit from an economy of scale. Moreover, lar
* Corresponding author. Fax: +32-16-32-1998.
E-mail address:pierre.jacobs@agr.kuleuven.ac.be(P.A. Jacobs).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.05.013
scale photooxidation entails hazardous processing co
tions because of the combination of light, organics,
dioxygen. As a result, industrial photooxidation is limit
to the manufacture of low-volume, high-value compou
such as aroma chemicals[4].

A frequently used chemical source of1O2 is the oxidation
of H2O2 by aqueous sodium hypochlorite[5–7]

NaOCl+ H2O2 → 1O2 + H2O + NaCl.
The reaction produces a stoichiometric amount of chloride
salt, and the rate of reaction is not easily controlled. There-
fore, a significant part of the formed1O2 is lost in gas bub-

http://www.elsevier.com/locate/jcat
mailto:pierre.jacobs@agr.kuleuven.ac.be
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bles. Moreover, hypochlorite can induce side reactions s
as chlorination or epoxidation.

A milder method for the chemical production of1O2
is the metal-catalyzed disproportionation of H2O2. Sev-
eral inorganic compounds such as Na2MoO4, Na2WO4, and
Ca(OH)2 are known to catalyze this reaction[8]

2H2O2
catalyst→ 1O2 + 2H2O.

The key step is the formation of peroxo-metal interme
ates, which disproportionate into singlet oxygen and wa
The molybdate/H2O2 system has proved to be useful for t
peroxidation of olefinic compounds because of its high
ficiency in generating1O2 under mild reaction condition
[2,9–13]. Moreover, highly active heterogeneous Mo ca
lysts have been prepared by the immobilization of molybd
on anionic clays[14–17]. However, a disadvantage of the
Mo catalysts is their low selectivity in the1O2 oxidation of
allylic alcohol and allylic amine derivatives[18]. The low
selectivity is due to the enhanced tendency of allylic al
hols to undergo epoxidation via direct oxygen-atom tran
from peroxo-Mo species[19,20]. Moreover, in the oxidation
of secondary allylic alcohols, enone formation might co
pete.

Recently, the use of lanthanum(III) and H2O2 for the se-
lective 1O2 oxidation of allylic alcohols to the correspon
ing hydroperoxy homoallylic alcohols was reported[18,21].
Moreover, it was found that La/H2O2 is able to peroxi-
dize certain allylic amines, a reaction that cannot be car
out successfully with conventional Mo catalysts becaus
competingN -oxidation[22]. Disadvantages of La, howeve
are the lower activity and the less efficient use of H2O2
compared with Mo. These drawbacks may be related
the appearance of the active catalyst as a peroxidized
oxo/hydroxo precipitate. This material is a solid possess
a dense gel structure, which may cause mass transfer lim
tions. The latter is important in view of the short lifetim
of 1O2. A typical value in water is 4.5 µs, correspon
ing to a mean travel distance of 200 nm[23]. In addition,
the presence of numerous low-frequency O–H bonds in
La-hydroxide gel may induce enhanced quenching of1O2
[24,25]. Therefore, dispersion of lanthanum on a suita
support might enhance the activity of the catalyst by allo
ing higher diffusion rates. Moreover, a larger portion of
formed 1O2 may react with the substrate instead of be
lost by quenching.

Very recently we have shown that La-exchanged zeo
can be used as active and selective catalysts for the ge
tion of 1O2 from H2O2 [26]. Zeolites are suitable suppor
for this reaction because of their high surface area, r
framework, high thermal and oxidative stability, and lar
cation exchange capacity. Moreover, La-exchanged zeo
are widely used in the petrochemical industry (e.g., catal

cracking)[27–32], although their application in the synthesis
of fine chemicals, especially in the field of oxidation chem-
istry, is rather unexplored[33,34].
atalysis 233 (2005) 422–433 423
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In this study, various support materials were evalua
in the La-catalyzed generation of1O2 from H2O2. Zeolites
were compared with other support materials such as c
and ion-exchange resins and with unsupported La cata
such as La(OH)3 and La2O3. Next, the most promising ca
alyst, La-USY zeolite, was optimized, and the influence
reaction conditions on the activity and efficiency of this c
alyst was studied. Finally, the scope of the La-USY cata
was determined in the peroxidation of various olefinic co
pounds.

2. Experimental

2.1. Materials

All materials were obtained from commercial sources
were used without purification. Allylic alcohols were su
plied by Mercachem. Hydrogen peroxide was a 50 w
aqueous solution from Acros. Commercial 30 and 50 w
H2O2 could be used interchangeably, providing similar
sults. H2O2 and alkyl hydroperoxide solutions are strong
oxidizing and should be handled with appropriate prec
tions.

Data on the origin and some physicochemical proper
of the zeolite supports are compiled inTable 1. The prop-
erties of the USY zeolites used in this work have alre
been described in detail[35,36]. Montmorillonite (K10),
Laponite, and Amberlyst 15 were obtained from Aldric
Laporte Inorganics, and Janssen Chimica, respectively.

2.2. Synthesis and characterization of La catalysts

2.2.1. Preparation of La-exchanged zeolites
The catalysts were prepared by simple ion excha

of zeolites, cationic clays, or sulfonated resins with La3+
cations. For all catalyst preparations, distilled water w
used.

Commercial H+ zeolites or cationic clays were first co
verted to the NH4+ form by stirring for 1 h in aqueous NH3

Table 1
Specifications and physicochemical properties of zeolites used in this

Zeolite Origin Si/Ala Sizeb

(µm)
Surface areac

(m2/g)

Y Zéocat 2.7 3.2 672
USY PQ, CBV720 13.0 0.2–0.5 820
Beta PQ, CP811BL-25 10.8 0.1–0.7 739
Mordenite Norton, Zeolon 100 11.0 1.5–3.5 480
Dealuminated

(deal.) mordenite
Zéocat, ZM510 6.5 1–2 530

A Union Carbide 0.9 1–3 –
L Uetikon, EXAR109 3 1 220
ZSM-5 Alsi-Penta, SN-27 13 – –
a Si/Al ratio from 27Al NMR.
b Crystal size as determined by SEM.
c BET surface.
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(pH 10) at room temperature (1 g zeolite per 50 ml wat
This procedure was repeated once. Next the NH4

+ zeolites
were converted to Na+ zeolites by three successive ion e
changes with NaNO3 for 24 h at room temperature (1
zeolite per 50 ml of 0.5 M NaNO3 in water). Between step
the zeolites were separated by filtration, washed with
tilled water, and dried at 40◦C.

Commercial Na+ zeolites were stirred only once in aqu
ous NH3 and were ion-exchanged twice with NaNO3 before
La3+ exchange.

La zeolites containing 0.2 mmol La per gram of so
were prepared by ion exchange of Na+ zeolites with
La(NO3)3 ·6H2O (1 g zeolite/50 ml water) for 24 h at 70◦C.
The La zeolites were separated by filtration, washed w
distilled water, and dried at 40◦C.

2.2.2. Physical measurements
The crystallinity and stability of the catalysts we

evaluated by X-ray diffraction (XRD) with a Siemen
D5000matic diffractometer and Ni-filtered Cu-Kα radiation
of 0.1542 nm at 40 kV and 50 mA. Diffractograms we
recorded between 2θ = 4◦ and 2θ = 55◦ with a scanning
rate of 2θ 1◦/min.

Infrared emission of1O2 was measured with a liq
uid nitrogen-cooled germanium photodetector (model E
817L; North Coast Scientific Co., Santa Rosa, CA, US
sensitive in the spectral region from 800 to 1800 nm w
a detector of 0.25 cm2 and a sapphire window. The detect
was connected to a lock-in amplifier from Stanford Resea
Systems (model SR830 DSP) and was powered by a N
Coast Scientific Corp. Bias Supply (model 823A).

2.3. Chemiluminescence experiments

2.3.1. Detection of the IR Luminescence of1O2 at 1270 nm
A typical chemiluminescence experiment was carried

as follows. A solution containing 2 g La zeolite (0.04 M L
and 550 µl NaOH (2 M) in 10 ml methanol was stirred
35◦C, and the mixture was pumped continuously throug
quartz cell placed in front of the germanium detector. O
the background noise of the IR signal was stable, 25
H2O2 (0.4 M, 50 wt%) was introduced. The intensity of t
luminescence signal (Ip) was recorded as a function of tim

2.3.2. Determination of the1O2 yield by
chemiluminescence measurements

For the determination of the1O2 yield produced by the
La-zeolite/H2O2 systems, first a chemiluminescence sig
was recorded in the absence of a chemical trap (Fig. 2). At
the end of the reaction, a second batch of H2O2 was added
to the reaction mixture. After stabilization of the IR sign
a known amount ofα-terpinene was added to react w
a part of the1O2 produced. This highly reactive chemic

1
trap is known to react withO2 by a pure chemical process.
Hence, the missing area in the luminescence signal corre-
sponds to the amount of1O2 trapped byα-terpinene. Since
talysis 233 (2005) 422–433

the total area under the curve is directly related to the
mulated amount of1O2 generated, comparison of the are
under the two curves recorded in the absence and presen
α-terpinene allows the determination of the total1O2 yield.

2.4. Catalytic experiments

2.4.1. Disproportionation of hydrogen peroxide
The composition of the reaction mixture was 10 ml al

line methanol (0.02 M KOH), 0.25 g La catalyst (0.05 mm
La), and 10 mmol H2O2 (50 wt%). The reaction was stirre
at 20◦C. H2O2 concentration was determined by cerim
try [37]. Typically, 200-µl aliquots of the reaction mixtu
were diluted into 20 ml water containing 2 ml 7 vol% aqu
ous H2SO4. The mixture was titrated with 0.1 M Ce(SO4)2 ·
4H2O in aqueous H2SO4 (1 M) until the color of the solution
changed to yellow.

2.4.2. Determination of the1O2 yield by chemical trapping
with β-citronellol

For all catalysts, a standard activity test was carried
with β-citronellol as a substrate. A 25-ml flask was charg
with 10 ml alkaline methanol (0.02 M KOH), 5 mmol ci
ronellol, 0.25 g catalyst (0.05 mmol La), and 20 mmol H2O2
(50 wt%). The reaction mixture was stirred at 20◦C for
24 h. Reaction of1O2 with β-citronellol yields an equimo
lar mixture of isomeric allylic hydroperoxides. Before G
analysis, the excess H2O2 and the hydroperoxide produc
were reduced to the corresponding alcohols with the us
excess trimethylphosphine, (CH3)3P (1 M), in tetrahydro-
furan (THF). This reduction step is fast and quantitat
GC analysis indicated that the two allylic alcohols ofβ-
citronellol were the sole products, and, unless stated o
wise, other probable by-products, such as the diastereom
epoxides, were not formed. For GC analysis, a Hew
Packard 5890 gas chromatograph equipped with a 0.32
i.d. × 50 m WCOT fused silica column coated with
Chrompack CP-Sil 5 CB stationary phase (1.2 µmdf ) was
used. The instrument was equipped with a flame ioniza
detector (FID) and was coupled to a HP 3396 integrator.
quantified the reaction products by taking into account
propriate response factors.

2.4.3. Peroxidation of olefinic compounds
The general procedure for the peroxidation of olefi

compounds was as follows. A 25-ml flask was charged w
5 ml alkaline methanol (0.04 M KOH), 5 mmol olefin, 0.25
La-USY (0.05 mmol La), and 20–50 mmol H2O2 (50 wt%).
For the more hydrophobic olefins, 10 ml methanol (0.02
KOH) was used. The reaction mixture was stirred at 40◦C,
and the reaction progress was followed by GC analysi
the crude reaction mixture after centrifugation and reduc

with excess (CH3)3P.

Products were identified by GC-MS, by1H and 13C
NMR, and by comparison of their GC retention times with
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those of authentic allylic hydroperoxides or allylic alc
hols prepared by photochemical oxidation in the prese
of meso-tetraphenylporphyrin (chloroform) or rose beng
(methanol) as a photosensitizer. In these photooxidati
the reaction mixture was irradiated with light from a Sch
KL-1500 fiberoptics cold light source. The solution was k
under an oxygen atmosphere at 0◦C. For GC-MS analy-
sis, a Fisons GC 8000 series gas chromatograph equi
with a 0.32 mm i.d.× 60 m WCOT fused silica colum
coated with a Varian CP-Sil 5 CB Low bleed/MS statio
ary phase (0.25 µmdf ) was coupled to a Fisons MD 80
mass spectrometer.1H and13C NMR spectra were recorde
on a Bruker Avance 300 spectrometer at 300 and 75 M
respectively.

2.4.4. Heterogeneity test
To check the heterogeneous nature of the observed c

ysis, a conventional filtration test was carried out[38]. At
5–10% conversion ofβ-citronellol, the catalyst was sep
rated from the reaction mixture by centrifugation, and
reaction progress in the filtrate and in the catalyst sus
sion was further monitored by GC analysis.

3. Results and discussion

3.1. Catalyst screening

The catalytic activity and H2O2 efficiency of lantha-
num(III) immobilized on various supports were studied
three ways. First, the ability of the catalysts to disproporti
ate H2O2 was evaluated. Next, the production of1O2 from
H2O2 disproportionation was measured indirectly by its
action with citronellol as a chemical trap. In a third approa
the 1O2 yield was determined by the direct detection of
chemiluminescence of1O2.

3.1.1. Disproportionation of H2O2

Preliminary experiments indicated that the presence
catalytic amount of a base such as KOH is necessary fo
observation of any activity of the La catalysts in the disp
portionation of H2O2. A typical reaction was carried out i
the presence of 5 mM La immobilized on a support and 1
H2O2 (50 wt%). Methanol containing KOH (0.02 M) wa
used as the solvent, and the reaction mixture was stirre
20◦C. Some typical kinetic profiles of the disproportion
tion of H2O2 in the presence of a support, Na-Y, and
actual catalyst, LaNa-Y, are shown inFig. 1. In the absence
of base, the decomposition of H2O2 was almost negligible
Initial H2O2 disproportionation rates were calculated fro
the initial linear region of the [H2O2] versus time plots. Fo
the data points inFig. 1, values of 22 and 1 µM s−1 were
calculated for LaNa-Y and Na-Y, respectively. Clearly, t

highest rate was observed for the La-exchanged zeolite, and
the contribution of the support or the base to the dispropor-
tionation of H2O2 or to the generation of1O2 was negligible.
atalysis 233 (2005) 422–433 425
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Fig. 1. Disproportionation of H2O2 in the presence of Na-Y (1) and
LaNa-Y ("). Reaction conditions: 0.25 g Na-Y or LaNa-Y (0.05 mmol L
10 ml 0.02 M KOH in MeOH, 10 mmol H2O2 (50 wt%), 20◦C.

Table 2
H2O2 disproportionation and citronellol peroxidation catalyzed by L
catalysts

Entry Catalyst H2O2
disproportionation,
initial ratea

(µM s−1)

Citronellol
peroxidation,
yield (24 h)b

(%)

1 LaNa-mordenite 2 0
2 LaNa-deal. mordenite –c 3
3 LaNa-L 5 0
4 LaNa-A 8 0

5 LaNa-Y 22 1
6 Na-Y 1 –c

7 LaNa-ZSM-5 30 5
8 LaNa-montmorillonite 67 9
9 Na-montmorillonite 15 –c

10 LaNa-laponite –c 20
11 LaNa-Amberlyst 15 10 15
12 LaNa-USY 33 45
13 LaNa-Beta 38 43

14 La(OH)3 0.2 2d

15 La2O3 < 0.2 2d

16 La(NO3)3 17 20d

a Reaction conditions: 0.05 mmol La (0.25 g La-zeolite), 10 ml MeO
(0.02 M KOH), 10 mmol H2O2 (50 wt%), 20◦C.

b Same conditions but 5 mmol citronellol, 20 mmol H2O2, 24 h. GC
analysis after reduction with excess (CH3)3P. Selectivity to allylic hy-
droperoxides> 95% in all cases.

c Not determined.
d Incomplete H2O2 disproportionation.

In the same way as for LaNa-Y, the initial rates of H2O2 dis-
proportionation by the other La catalysts were calcula
These data are compiled inTable 2.

3.1.2. Determination of the1O2 yield by chemical trapping
with citronellol

In the presence of citronellol as an olefinic substrate,

consecutive reactions may take place in the present system:
the La-catalyzed disproportionation of H2O2 into 1O2 and
the subsequent reaction of1O2 with citronellol. The latter
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Scheme 1. Generation of1O2 and its reaction with citronellol.
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Fig. 2. Chemiluminescence signal of1O2 generated from a suspension c
the presence of NaOH (0.1 M) at 35◦C.

reaction does not require intervention of a catalyst. An
most equimolar mixture of isomeric allylic hydroperoxid
is formed. These products and the product distribution
characteristic for the peroxidation of citronellol via a1O2
oxidation pathway (Scheme 1).

Alternatively, the formed1O2 may be converted to3O2
via quenching by the solvent or via physical quenching
citronellol. Moreover, some part of1O2 may be quenche
by collision with the support. The results of the peroxid
tion of citronellol by various La catalysts are compiled
Table 2. The reported yields correspond to the total yield
the two allylic hydroperoxides after 24 h of reaction. In
cases selectivity for allylic hydroperoxides was near 10
and no epoxides were formed. The hydroperoxide yield
taken as a measure for the1O2 yield. As a consequence o
the above-mentioned quenching processes, the actual
1O2 yield will always be higher than that determined by t
chemical reaction of1O2 with citronellol.

3.1.3. Determination of the1O2 yield by
chemiluminescence measurements

The infrared luminescence of the weak radiative tra
tion of 1O2 at 1270 nm was used as specific and unequiv
proof for the formation of singlet (1�g) molecular oxygen in
the disproportionation of H2O2 catalyzed by La zeolites, an
it indicates that other reaction pathways do not contrib

significantly to the decomposition of H2O2 [39,40]

1O2
(1

�g
) → 3O2

(3
�g

−) + hν (1270 nm).
ning 2 g LaK-USY (0.04 M La) and H2O2 (0.4 M, two batches) in methanol, i

l

Table 3
Assessment of1O2 yield of La-catalysts by chemiluminescence measu
mentsa

Entry Catalyst Ip
b

(mV)
tend

c

(min)

1O2 yield
(%)

1 LaNa-mordenite 9.2 76 0
2 LaNa-ZSM-5 3.2 48 0
3 LaNa-Amberlyst 15 10 29 0
4 LaNa-Y 40 23 18
5 LaNa-montmorillonite 36 18 19
6 LaNa-Beta 112 26 27
7 LaNa-USY 220 14 50

a Reaction conditions: 4 g La-catalyst (0.2 mmol La/g), 1 ml NaOH
(2 M), 500 µl H2O2 (50 wt%), 20 ml MeOH, 35◦C.

b Ip, maximum intensity.
c tend, total reaction time. Error,±5% of the stated values.

By recording this signal as a function of time, we det
mined the total1O2 yield. We calibrated the signal by addin
a 1O2-trapping agent to the reaction mixture.α-Terpinene
was chosen as a1O2 trap since it reacts almost quantitative
with 1O2 toward the cyclic peroxide ascaridole. Addition
α-terpinene leads to a decrease in the area inFig. 2. From a
comparison of the missing area with the total area reco
in the absence ofα-terpinene, the cumulated amount of1O2
can be calculated. For each catalyst, the maximum inten
(Ip) of the signal, the reaction time (tend), and the area unde

the curve were determined (Table 3). The maximum inten-
sity of the signal is related to the rate of1O2 generation, and
the total area is related to the total yield of singlet oxygen.
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3.1.4. Discussion
According to their activity in the disproportionation

H2O2 and the peroxidation of citronellol (Table 2), the La
catalysts can be divided into three groups. A first ser
comprising LaNa zeolites mordenite, L and A, shows ne
gible or very low activity in the disproportionation of H2O2

(entries 1–4). This may be related to the small pores
the one-dimensional pore system of the zeolites. Furt
more, unfavorable location of La within the zeolite mig
affect the activity. In this respect it is interesting to note t
calcination of active La zeolites (e.g., LaNa-USY) stron
reduced the activity. A key parameter controlling the lo
tion of La in zeolites is the degree of hydration of the La3+
cation [29,31]. The large diameter of the hydration sphe
of the La cations prevents their access to, for example
sodalite cages of zeolite Y. When the La-zeolite is hea
the trivalent cations are partly dehydrated and might mig
to positions in which coordination of H2O2 with La is less
favored.

A second group includes La catalysts (LaNa-montmo
lonite, zeolites LaNa-Y and LaNa-ZSM-5) showing an a
preciable activity in the disproportionation of H2O2 but only
a low conversion of citronellol (entries 5–9). This might
due to H2O2 decomposition via a different route, such
homolytic decomposition by metal impurities. For exa
ple, montmorillonite contains small amounts of iron. T
relatively high decomposition activity of the parent supp
compared with that of the actual La catalyst corrobora
this idea (entries 8 and 9). Another explanation for the
hydroperoxide yield could be the hindered access of
ronellol to the pores due to steric hindrance or to pola
mismatching. In such a case, most of the1O2 produced will
be quenched by collision with the solvent or with the zeol

For this second series of catalysts, valuable informa
on the generation of1O2 can be obtained from the dire
detection of1O2 by means of chemiluminescence measu
ments (Table 3). This technique eliminates the disadvanta
inherent in the use of probe molecules such as citrone
In Fig. 3, the 1O2 yield obtained by chemical trapping o
1O2 with citronellol and the yield obtained by chemilum
nescence measurements are compared for the variou
catalysts. Although the reaction conditions are slightly d
ferent for the two experiments, the same trend is obser
The only exception is LaNa-Y. Although only a very lo
hydroperoxide yield is observed for LaNa-Y, the chemi
minescence measurement shows that a substantial am
of 1O2 is formed. This means that1O2 is produced indeed
but it cannot react efficiently with citronellol because
enhanced quenching of1O2 within the zeolite or the low
concentration of citronellol within the zeolite pores as
consequence of polarity differences. Finally, in accorda
with the above-mentioned discussion,Fig. 3 shows that the
1
O2 yields assessed by chemical trapping are systematically
lower than those determined by chemiluminescence mea-
surements.
atalysis 233 (2005) 422–433 427

a

t

Fig. 3. Comparison of1O2 yield produced by La-catalysts and H2O2 as
determined by chemiluminescence (CL) and chemical reaction (CR)
citronellol. Similar reaction conditions as inTables 2 and 3. Different cata-
lyst batches were used in comparison withTable 2.

The third series comprises La catalysts showing a r
tively high activity in both disproportionation and perox
dation (Table 2, entries 10–13). LaNa-Beta and especia
LaNa-USY give the highest yield of citronellol hydropero
ides. The large difference in hydroperoxide yield betwe
LaNa-Y (entry 5) and LaNa-USY (entry 12) is striking. Z
olite Beta has a large external surface area, and both ze
Beta and USY have a three-dimensional intersecting p
system with 12-membered ring micropores or with me
pores. Both factors likely favor the access of citronellol
the close proximity of the1O2 producing centers or, alterna
tively, the easy escape of1O2 from the zeolite interior to the
solution containing citronellol. In contrast to the polar Y z
olite (Si/Al = 2.7), the USY and Beta zeolites used in th
work typically have a Si/Al ratio of 10–15 (Table 1). This
suggests that differences in adsorption properties for H2O2
and citronellol might be important as well.

Finally, in contrast to zeolite-supported La, unsuppor
La, such as commercial La(OH)3 (entry 14) and La2O3 (en-
try 15), displays very low activity in both the absence a
presence of added base, whereas La-hydroxide prepar
situ by the addition of NaOH to La-nitrate shows reasona
activity (entry 16). However, the observed activity is at m
half of that of the most active La zeolites, and the efficie
at complete H2O2 conversion is 5–10% less.

3.2. Optimization of La-USY

The preliminary screening experiments (Table 2) showed
that LaNa-USY is the most promising catalyst for the d
proportionation of H2O2 into 1O2. Therefore, further opti
mization of this catalyst was carried out. La-USY zeoli
with various Si/Al ratios were tested, and the influence
the immobilization technique on the activity was studied

3.2.1. Influence of the Si/Al molar ratio of La-USY
USY zeolites with various Si-to-Al molar ratios (Si/Al)
were exchanged with a limited amount of La (0.05 mmol
La/g). The activity of the La-USY catalysts in the dispro-
portionation of H2O2 was determined (Fig. 4). On the other
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Fig. 4. Kinetic profiles of the H2O2 disproportionation by LaK-(US)Y zeolites. Left: no CBV ("), K-CBV720 (!), LaK-CBV600 (2), LaK-CBV100 (1).

Right: LaK-CBV712 ("), LaK-CBV780 (!), LaK-CBV720 (2), LaK-CBV760 (1). No CBV, without La and without USY; K-CBV720, K-USY without La.
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Data labels show the Si/Al ratio. Reaction conditions: 0.25 g LaK-zeolite
in MeOH, 40◦C.

Table 4
Peroxidation of citronellol with LaK-(US)Y zeolites and H2O2

a

Entry Catalyst Si/Alb Yield (24 h) (%)

1 LaK-CBV100 2.6 2.0c

2 LaK-CBV600 2.8 11.5c

3 LaK-CBV712 5.8 25.3c

4 LaK-CBV720 13 29.2
5 LaK-CBV760 30 30.0
6 LaK-CBV780 37 31.6

a Reaction conditions: 0.25 g LaK-(US)Y (0.0125 mmol La, 0.05 mm
La/g), 2.5 mmol citronellol, 5 mmol H2O2 (50 wt%), 5 ml 0.01 M KOH in
MeOH, 40 ◦C.

b Bulk analysis, determined by ICP[35,36].
c Incomplete H2O2 decomposition.

hand, the efficiency of H2O2 use of these catalysts was ev
uated with the peroxidation of citronellol as a test react
Results are shown inTable 4. Zeolites with a low Si/Al ra-
tio showed a low activity in the disproportionation of H2O2,
and, accordingly, the yield of citronellol hydroperoxides w
low. On the other hand, zeolites with a high Si/Al ratio
showed both a high H2O2 disproportionation rate and a hig
yield of hydroperoxides. The lower activity of LaK-CBV78
might be due to the limited cation exchange capacity of
zeolite, resulting in a La loading lower than 0.05 mmol/g.
Thus, the most active and efficient catalysts with a reas
able cation exchange capacity are LaK-USY zeolites wi
Si/Al ratio of 15–30.

3.2.2. Influence of catalyst preparation conditions
Lanthanum(III) was immobilized on USY zeolite (CBV

720) by three different techniques: solid-state ion excha
impregnation, and conventional ion exchange. These t
niques may influence the dispersion and location of La
the support. La-chloride and La-nitrate were used as
La precursor, and the zeolite was in the proton or sod

form (H-USY or Na-USY). As shown inFig. 5 for LaCl3,
conventional ion exchange (D) gives slightly better results
in the peroxidation of citronellol compared with solid-state
125 mmol La, 0.05 mmol La/g), 2.5 mmol H2O2 (50 wt%), 5 ml 0.01 M KOH

Fig. 5. Influence of the preparation conditions of La-USY (CBV-720)
the peroxidation of citronellol with H2O2. (A) Solid-state exchange o
H-USY with LaCl3 (3 h at 550◦C), (B) impregnation of H-USY with LaCl3
(ethanol, 20◦C), (C) treatment B followed by calcination (3 h at 550◦C),
(D) ion exchange of H-USY with LaCl3 (24 h at 70◦C), (E) treatment D fol-
lowed by calcination, (F) ion exchange of H-USY with La(NO3)3, (G) ion
exchange of Na-USY with La(NO3)3, (H) treatment G followed by cal
cination. Reaction conditions: 0.25 g La-USY (0.05 mmol La), 5 mm
citronellol, 10 ml 0.02 M KOH in MeOH, 20 mmol H2O2 (50 wt%), 20◦C,
24 h.

ion exchange (A) and impregnation (B). This might be
lated to the presence of a large number of easily acces
La sites in the ion-exchanged sample, whereas in the
ple prepared by solid-state ion exchange (3 h at 550◦C),
La might partly migrate to less accessible sites. Compa
with impregnation, conventional ion exchange might le
to a better dispersion of La on the surface of the zeo
which would result in a higher activity. Calcination (3 h
550◦C) of the impregnated (C) or ion-exchanged (E) sa
ples results in a significant drop in activity, and the yields
comparable to those obtained with the sample prepare
solid-state ion exchange. Therefore, for further experim
the ion-exchanged samples were dried at low tempera
(40–60◦C). By employing La(NO3)3 as the La precursor fo
conventional ion exchange (F), we obtained higher yie

compared with the use of LaCl3. For all further experiments
La-nitrate was used. On the other hand, use of Na-USY (G)
instead of the H-USY support gives the highest yield of cit-
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ronellol hydroperoxides. This might be related to the amo
of base (KOH) in the system: in the case of H-USY, KO
will be partly used to neutralize the acid sites on the zeo
surface, and the amount of KOH that can react with La3+
to form the catalytically active La-hydroxide will be lowe
Calcination of the LaNa-USY catalyst (H) again lowers
activity, but to a lesser extent than observed for the o
calcined samples. It was also observed that La-USY c
lysts prepared from K-USY instead of Na-USY gave sligh
higher yields. In accordance with this observation, the us
KOH as a base gave slightly better yield as compared
NaOH.

In conclusion, the most active La catalyst was obtained
conventional ion exchange of La-nitrate on K-USY zeo
as the support. After ion exchange, the catalyst was drie
relatively low temperature (40◦C).

3.3. Optimization of reaction conditions

After having identified LaK-USY (Si/Al = 15, 0.2 mmol
La/g, conventional ion exchange of K-USY at 70◦C, drying
at 40◦C) as the most active and efficient La catalyst for
generation of1O2, the most important reaction paramete
were optimized. The influence of the amount of base,
solvent, and the reaction temperature was studied.

3.3.1. Influence of the amount of base
As already mentioned, an essential feature of the

zeolite/H2O2 system is the need for slightly alkaline p
conditions. In neutral or acidic medium, no disproportio
ation of H2O2 is observed. The amount of base added to
reaction medium has been optimized. As shown inFig. 6,
there is a clear optimum at 0.03 M KOH. This correspond
a La/OH− molar ratio of 1/6. At lower base concentration
H2O2 disproportionation is slow. At too high a base conc
tration, the base-induced, unproductive decomposition
dominates, and yields of1O2 products decrease again. T
rates of H2O2 disproportionation at KOH concentrations

Fig. 6. Influence of the amount of base on the peroxidation of citrone

with H2O2 and LaNa-USY after 4 h (!) and 24 h (") reaction. Reaction
conditions: 0.25 g LaNa-USY (0.05 mmol La), 5 mmol citronellol, 10 ml
MeOH, 20 mmol H2O2 (50 wt%), 20◦C.
atalysis 233 (2005) 422–433 429

0.02, 0.05, and 0.1 M were 47, 80, and 107 µM s−1, respec-
tively. At higher temperatures it might be advisable to u
a smaller amount of base (e.g., 0.02 M KOH) in order
minimize the amount of H2O2 lost by unproductive H2O2
decomposition.

The base may play at least a dual role in the react
First, some of the hydroxide anions will react with la
thanum cations, yielding partially or fully hydrolyzed L
species on the zeolite surface[41–45]

La3+ + xOH− → La(OH)x
(3−x)+.

Second, the base may facilitate coordination of H2O2 on
lanthanum by converting H2O2 to the more nucleophilic
hydroperoxide anion. Hydroxide anions also can neut
ize residual acidic sites on the zeolite surface. Moreo
the alkaline pH conditions are beneficial for the stability
the allylic hydroperoxide products during the reaction a
during workup. Indeed, under acidic pH conditions, ally
hydroperoxides may undergo rearrangement and deco
sition reactions that do not occur under neutral or basic c
ditions[46].

3.3.2. Influence of the solvent
The solvent may play an important role, since it can

fluence both the rate of H2O2 disproportionation and th
lifetime of 1O2. Therefore, various solvents were tested
the peroxidation of citronellol with LaNa-USY/H2O2. Hy-
droperoxide yields after 24 h of reaction are reported
Fig. 7. Small-sized, polar solvents such as methanol
acetonitrile gave the highest yield of citronellol hydrop
oxides. However, no clear correlation was found betw
solvent parameters or1O2 lifetime and the hydroperoxid
yield [47]. This can be due to the presence of a substa
amount of water in the present system, which decrease
1O2 lifetime. At higher temperatures (40◦C), the reaction in
acetonitrile was less selective (90% selectivity) becaus
epoxidation via intermediately formed peroxycarboximi

Fig. 7. Influence of the solvent on the peroxidation of citronellol with H2O2
and LaNa-USY. Reaction conditions: 0.25 g LaNa-USY (0.05 mmol L
10 ml solvent, 0.2 ml 1 M NaOH in water, 5 mmol citronellol, 20 mm

H2O2 (50 wt%), 20◦C, 24 h. Selectivity to hydroperoxides> 95% in all
cases. DMF,N,N -dimethylformamide; EG, ethylene glycol; DMEG, eth-
ylene glycol dimethyl ether.
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Fig. 8. Influence of the reaction temperature on the peroxidation of citro
lol with H2O2 and LaNa-USY: 25◦C (Q), 40◦C (1), 50◦C (×), 60◦C (").
Reaction conditions: 0.25 g LaNa-USY (0.05 mmol La), 5 mmol citron
lol, 10 ml 0.02 M KOH in MeOH, 40 mmol H2O2 (50 wt%).

acid, a well-known stoichiometric oxidant for olefin epo
dation[48]. Not surprisingly, GC analysis showed the pr
ence of acetamide in the reaction mixture. Interestingly,
use of water as the solvent resulted in a rather high y
although water and citronellol are not macroscopically m
cible. For this reaction, extra methanol was added at the
of the reaction to obtain a homogeneous solution before
analysis. In view of the latter result, the peroxidation of c
ronellol in the absence of a solvent was attempted. A h
yield (85%) was obtained with La-USY and 8 equivale
of H2O2 relative to citronellol. In contrast, with La-nitrat
as the catalyst, a much lower yield (15%) of citronellol h
droperoxides was obtained at complete H2O2 conversion.
This result may indicate the selective adsorption of citron
lol in the zeolite pores or on the surface, where it can re
with released1O2.

3.3.3. Influence of the reaction temperature
The peroxidation of citronellol with La-USY/H2O2 was

studied at temperatures ranging from 25 to 60◦C (Fig. 8).
As expected, activity increased with increasing temperat
At 60 ◦C, a maximum yield of 80% was reached after 4
of reaction. Interestingly, no decrease in H2O2 efficiency
was noticed at the higher temperatures, and no side p
ucts were detected.

3.4. Heterogeneity and comparison of La-USY with
unsupported La

To check the heterogeneity of the LaNa-USY catal
we carried out a heterogeneity test. As shown inFig. 9, no
further reaction was observed in the supernatant after the
alyst was removed by centrifugation. In addition, it is sho
that the precipitate formed upon the addition of NaOH
La-nitrate also behaves as a heterogeneous catalyst[18].

Next, the activity and efficiency of unsupported la
thanum and LaNa-USY were compared (Fig. 10andTable 2;

entries 12–16). LaNa-USY shows a high rate in the dispro-
portionation of H2O2, whereas the rate of La-nitrate tends to
decrease as a function of time. Accordingly, it takes a much
talysis 233 (2005) 422–433

-

-

Fig. 9. Hydroperoxide yield as a function of time in the suspension")
with LaNa-USY (left) or La-nitrate (right) and in the filtrate (1) after cat-
alyst removal. Reaction conditions: 0.25 g LaNa-USY (0.05 mmol La
0.05 mmol La(NO3)3, 5 mmol citronellol, 10 ml 0.02 M KOH in MeOH
20 mmol H2O2 (50 wt%), 20◦C.

Fig. 10. Comparison of La-nitrate (1) and LaNa-USY (") in the dispropor-
tionation of H2O2 (left) and the peroxidation of citronellol (right). Reactio
conditions (H2O2 disproportionation): 0.25 g LaNa-USY (0.05 mmol L
or 0.05 mmol La(NO3)3, 10 ml 0.02 M KOH in MeOH, 10 mmol H2O2
(50 wt%), 20◦C. Reaction conditions (citronellol peroxidation): 0.25
LaK-USY or 0.05 mmol La(NO3)3, 5 mmol citronellol, 10 ml 0.02 M KOH
in MeOH, 20 mmol H2O2 (50 wt%), 40◦C.

shorter time to obtain maximum conversion of citrone
with LaNa-USY. Maximum conversion at 20◦C is reached
after 10 h for LaNa-USY, whereas it takes more than 24
obtain complete H2O2 disproportionation with La-nitrate.

This difference in activity may be related to the larg
number of accessible La sites on the zeolite surface, whe
in the La-hydroxide gel, a significant amount of La is bur
in the gel matrix. Next to enhanced site isolation, the
proved activity might be due to the electrostatic field exer
by the zeolite framework[49], which may destabilize th
La–O2 and O–O bonds in the peroxo-La complexes. In
dition to the higher activity and higher H2O2 efficiency, an-
other advantage of zeolite-supported lanthanum is the
mechanical strength of the catalyst. This simplifies sep
tion of the catalyst by filtration or centrifugation and ensu
stable activity in time. In contrast, this is less straightforw
for an ill-defined La-hydroxide gel whose structure and
tivity might alter upon drying.

3.5. Catalyst stability and reusability
To evaluate the stability of the catalyst under the alka-
line pH conditions used, X-ray powder diffraction patterns
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Fig. 11. X-ray diffraction patterns (left) of K-USY (top), LaK-USY (middle), and LaK-USY after three runs (bottom). Reuse (right) of LaNa-USY in the
.05 m H
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peroxidation of citronellol. Reaction conditions: 0.25 g LaNa-USY (0
(50 wt%), 20◦C, 24 h.

were recorded before and after repeated use of LaK-U
(CBV-720) in the peroxidation of citronellol. As shown
Fig. 11, no appreciable changes are noticed in compar
with the parent K-USY zeolite. Therefore, the zeolite str
ture remains unaffected under the reaction conditions.
decrease in signal intensity that occurs in going from
USY to LaK-USY can be explained in terms of the enhan
adsorption of X-rays by La cations. LaNa-USY was reu
in three subsequent reactions. After each run, the cat
was separated by centrifugation, washed three times
methanol, and dried at 60◦C. As shown inFig. 11, no ap-
preciable decrease in activity or efficiency was observed

3.6. Peroxidation of olefinic compounds with H2O2 and
LaK-USY

Under the optimized conditions, LaK-USY was used
the peroxidation of various olefinic compounds (Table 5).
Alkyl-substituted alkenes react with1O2 via the so-called
ene or Schenck reaction, and mixtures of regioisomeric
lylic hydroperoxides with a unique product distribution a
obtained[50,51]. This is illustrated by the peroxidation o
2-methyl-2-heptene (Table 5, entry 1). This substrate typ
cally requires 6 eq of H2O2 to achieve complete conversio
The selectivity of the reaction of1O2 generated by La-USY
H2O2 is similar to that of known solution photochem
istry. Thus, the regioselectivity-sensitive probe 1-meth
1-cyclohexene (entry 2) gave a hydroperoxide mixture sh
ing the same product distribution as that observed for p
tooxidations in isotropic media[52]. In contrast, recen
reports on the photooxygenation of alkenes within se
tizer dye-exchanged zeolites show product distributions
are drastically influenced by the zeolite microenvironm
[53–58]. In these studies large amounts of zeolite were u
relative to the amount of substrate (e.g., 5 mg alkene per
mg of zeolite). In contrast, in the present study a much hig

substrate-to-zeolite ratio was used, and the aqueous reac
tion conditions used may have prevented close cation-olefin
interactions. Alternatively, this may mean that the largest
mol La), 5 mmol citronellol, 10 ml 0.02 M KOH in MeOH, 20 mmol2O2

t

part of 1O2 escapes into solution and then reacts with
dissolved substrate[59]. The observed product distributio
significantly differs from that of other types of oxidatio
such as oxidation by radical species, and thus provides a
tional evidence that1O2 is the main oxidizing species[52].

Oxyfunctionalized alkenes such as the monoterpene
ronellol (entry 3) cleanly yielded the allylic hydroperoxid
products, with no oxidation of the primary alcohol observ
For comparison, the oxidation of citronellol with La(OH3
requires at least 12 eq of H2O2 to fully convert citronellol,
versus only 8 eq with the La zeolite[18]. Photooxidation of
citronellol is the first step in the preparation of rose oxide
important perfumery ingredient[4,60,61]. Secondary alco
hol groups such as those present in 6-methyl-5-hepten
were also inert under the reaction conditions (entry 4).
linalool (entry 5) and geraniol (entry 6), two monoterpen
containing allylic alcohol functionalities, regioselective p
oxidation occurred at the isolated, electron-rich 6,7-dou
bond. In the case of linalool, no peroxidation or epoxidat
of the less electron-rich, allylic double bond was observ
Whereas no epoxidation occurred at the allylic 2,3-dou
bond of geraniol, some peroxidation of this double bond w
observed, especially at high substrate conversions.

Finally, La-USY/H2O2 was used for the oxidation of a
lylic alcohols to the corresponding hydroperoxy homoally
alcohols [62–65]. Subsequent reduction of the hydrop
oxide functionality yields the enediols[66–71]. This is il-
lustrated by the peroxidation of 3,4-dimethyl-3-penten-2
(entry 7) and 4-methyl-3-penten-2-ol (mesitylol, entry
The oxidation proceeded with high chemoselectivity tow
the hydroperoxide products, and very little epoxidation a
no alcohol oxidation were observed. In contrast, conv
tional Mo catalysts show much lower selectivity in the1O2
oxidation of allylic alcohols because of competing epoxi
tion [18]. More generally, an advantage of La over Mo is t
the rate of1O2 formation is independent of the H2O2 con-

-centration, whereas in the case of Mo the concentration has
to be carefully controlled to maintain optimum activity and
to suppress competitive epoxidation.
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Table 5
Peroxidation of olefinic compounds with LaK-USY/H2O2

a

Substrate Products H2O2
(eq)

Conversion
(%)

Selectivity
(%)Distribution (%)

8 98 99

1 46 54

10 98 97

2 34 19 47

8 99 97

3 47 53

8 97 99

4 46 54

8 98 99

5 44 56

8 92 82

6 46 54

4 87 88

7 41b 13b 46

10 51 94

8 76b 24b
a Reaction conditions: 0.25 g LaK-USY (0.05 mmol La), 5 mmol olefin, 5 ml MeOH (0.04 M KOH), 20–50 mmol H2O2 (50 wt%), 40◦C, 24 h. Entries 1–2:
10 ml MeOH (0.02 M KOH). GC analysis after centrifugation and reduction with excess (CH3)3P.

b Pair of enantiomers.
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4. Conclusions

In conclusion, it was shown that lanthanum(III)-exchan
zeolites USY and Beta are active, selective, and efficient
alysts for the generation of1O2 from H2O2. A small crystal
size, a large external surface, and a three-dimensional i
secting pore system with large pores allow a high rate
1O2 generation and an efficient reaction of1O2 with olefinic
compounds. These properties also explain the superior
formance of La zeolites compared with unsupported La.
some applications, such as the peroxidation of allylic a
hols, the La catalysts show superior selectivity compa
with conventional Mo catalysts.
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