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Abstract

Lanthanum-containing materials were obtained by coprecipitation of La3* and Mg2+, Ca2t, or Zn2t in the presence of sodium carbonate.
All materials were tested in the disproportionation of hydrogen peroxide into singlet molecular oxygen (10,). Whereas La supported on Mg or
Ca hydroxycarbonate showed very low catalytic activity, La-doped zinc hydroxycarbonate was far more active, even without addition of a soluble
base. This may be related to the high surface area and small crystal size of the Zn material and the high number of easily accessible basic
sites. The catalytic performance of a series of La-containing Zn hydroxycarbonates with varying La/Zn ratios was strongly dependent on the
composition; the highest catalytic activity was observed for materials having relatively small amounts of La. Structural characterization of the
materials revealed that at low La content, the Zn—La coprecipitate can be considered a Zn hydroxycarbonate (hydrozincite) doped with a small
amount of La. At higher La content, distinct La (hydroxy)carbonate phases are formed, which are less active in the disproportionation of HyO».
Filtrate tests demonstrated that the La-doped Zn hydroxycarbonate is a truly heterogeneous catalyst, allowing recycling of the catalyst. Finally,
this material was used for the selective peroxidation of functionalized alkenes. After reduction of the hydroperoxides, the corresponding allylic
alcohols were obtained in good chemical yield (>90%).
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction oxide in the presence of a metal catalyst,

catalyst |
. . . 2H,0, — "0 +2H;0.
Singlet molecular oxygen ('0,) is a valuable reagent in or- 22 2+ 22

ganic synthesis. This electrophilic two-electron oxidant shows
unique nonradical reactivity and high chemoselectivity [1]. For
instance, reaction of 102 with electron-rich alkenes yields al-
lylic hydroperoxides, which can be converted to synthetically
useful allylic alcohols [2].

The most frequently used method for the production of 'O,
is the photosensitization of triplet molecular oxygen [3,4]. Al-
ternatively, singlet oxygen can be generated from hydrogen per-
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Several inorganic compounds (e.g., Mo, W, La, Ca) are known
to catalyze the disproportionation of HyO; [5]. Molybdenum
is often the preferred catalyst because it generates 'O, with
high H,O» efficiency under mild reaction conditions [6—8]; for
instance, homogeneous molybdate (MoOff) in aqueous sol-
vents or microemulsions has been used for the peroxidation of
olefinic compounds [9-11]. On the other hand, highly active,
heterogeneous Mo catalysts have been prepared by immobiliza-
tion of MoOi_ on anionic clays [12—16]. Recently, the use of
lanthanum(III) hydroxide and La-exchanged zeolites has been
reported for the catalytic disproportionation of HyO5 into sin-
glet oxygen [17-20]. Although lanthanum shows lower activity
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and less efficient use of HyO, compared with molybdenum, La
has some advantages in the selective oxidation of allylic alco-
hols and certain allylic amines [17,21]. These reactions cannot
be carried out using conventional Mo catalysts, due to com-
peting epoxidation of the double bond or N-oxidation by the
direct reaction of the Mo-peroxo species with these functional
groups. In contrast, La-peroxo species themselves show no re-
activity toward these functions.

But the catalytic activity of lanthanum hydroxide is rather
low, presumably because most of the lanthanum is buried in the
inactive bulk phase. Consequently, only a small number of the
Laions are catalytically active. The immobilization of La on ze-
olites results in improved activity, but the micropores within the
zeolites may induce enhanced quenching of 'O or may hinder
the diffusion of bulky olefins. On the other hand, zeolites are
rather expensive materials, and these catalysts are active only if
a soluble base like sodium hydroxide is added [18,19]. In this
study, we prepared lanthanum-containing materials by simple
coprecipitation of La’* and Mg+, Ca>*, or Zn>* with sodium
carbonate and evaluated the catalytic activity of the resulting
materials in the disproportionation of hydrogen peroxide into
singlet oxygen.

2. Experimental
2.1. Materials

All materials were obtained from commercial sources and
used without purification. La(OH)3 and LayO3 were obtained
from Aldrich and Acros, respectively. Hydrogen peroxide was
a 50 wt% aqueous solution obtained from Acros. Commercial
30 and 50 wt% H;O» could be used interchangeably, provid-
ing similar results. (Caution: HyO» and alkyl hydroperoxide
solutions are strongly oxidizing and should be handled with ap-
propriate precautions.)

2.2. Synthesis and characterization of lanthanum-containing
materials

2.2.1. Coprecipitation of lanthanum and zinc

In a typical synthesis, a La-doped Zn hydroxycarbonate
(La/Zn ratio = 10/90, La[10]Zn[90]) was prepared by co-
precipitating La>* and Zn?* nitrate salts with NayCOj3. In
a 500-mL round-bottomed flask, 0.045 mol Zn(NO3),-6H,O
and 0.005 mol La(NO3)3-6H,O were dissolved in 100 mL of
deionized water, and the solution was heated to 80 °C. Next,
a solution of 0.066 mol Na,CO3 in 50 mL of deionized wa-
ter was added to the La—Zn solution at a constant rate of
100 mLh~!. After the addition of NayCOs3, the mixture was
stirred for another 1 h. The suspension was then cooled to room
temperature, and the white precipitate was centrifuged (10 min
at 3500 rpm) and washed/centrifuged three times with deion-
ized water (3 x 150 mL). Finally, the material was dried by
lyophilization. Subsequently, 150 mL of deionized water was
added to the solid, and the resulting suspension was freeze-
dried in a 1-L flask. This material was designated La[10]Zn[90].

The same procedure was used for the preparation of La-
containing materials with different La/Zn molar ratios (La/Zn
= 0/100, 1/99, 5/95, 25/75, 50/50, and 100/0) by varying
the relative concentrations of the La and Zn salts. The amount
of NapCO3 was adjusted to maintain the NapyCO3 /(1.5 La +
Zn) molar ratio at 1.25 in all cases. The resulting materi-
als were designated La[0]Zn[100], La[1]Zn[99], La[5]Zn[95],
La[25]Zn[75], La[50]Zn[50], and La[100]Zn[0].

2.2.2. Coprecipitation of lanthanum and magnesium or
calcium

The synthesis of La-doped Mg or Ca hydroxycarbonates
was identical to the preparation of La[10]Zn[90] except for
the use of Mg(NO3),-6H,O or Ca(NOs3),-4H,O instead of
Zn(NO3)2-6H20. The resulting materials were designated
La[10]Mg[90] and La[10]Ca[90].

2.2.3. Material characterization

The crystallinity of the La-containing materials was eval-
uated by powder X-ray diffraction (XRD) using a Siemens
D5000matic diffractometer with Ni-filtered CuK o radiation
(A = 0.1542 nm). Diffractograms were recorded between 20 =
3° and 20 = 80° with a scanning rate of 26 0.15° min~!.
Fourier transform infrared (FTIR) spectra were recorded on
a Nicolet FTIR 730 spectrophotometer using the KBr pellet
technique. The spectra were acquired by accumulating 128
scans at a resolution of 2 cm™! in the range of 400-4000 cm™!,
Zn and La contents of the solids were determined by inductively
coupled plasma (ICP) mass spectrometry at the Soil Service of
Belgium (Leuven) after the samples were dissolved in aqueous
nitric acid. Thermogravimetric analysis was performed using
a Thermal Analysis Q500 thermobalance. Samples (10-20 mg)
were heated from room temperature up to 800 °C at a heating
rate of 5°C min~! under a nitrogen gas atmosphere. Electron
micrographs were obtained using a Philips XL.30 FEG scanning
electron microscope. N adsorption and desorption isotherms
were measured on a TriStar 3000 gas adsorption analyzer from
Micromeritics. Before analysis, the samples were dried under
a Np flow for 10 h at 150 °C. To determine the basic proper-
ties of the La-doped catalysts, 0.15 g of the material was dried
at 150 °C for 15 h and suspended in 2 mL of an indicator solu-
tion (0.1 mg of bromothymol blue or phenolphthalein per mL of
dry toluene). These suspensions were stirred for 0.5 h and were
titrated with a solution of benzoic acid (0.01 M) in toluene [15].

2.2.4. Detection of the IR chemiluminescence of 105 at
1270 nm

Near-infrared emission of 'O, at 1270 nm was measured
with a liquid nitrogen-cooled germanium photodetector (model
EO-817L, North Coast Scientific Corp., Santa Rosa, CA) sen-
sitive in the spectral region of 800—1800 nm with a detector of
0.25 cm? and a sapphire window. The detector was connected to
a lock-in amplifier (Stanford Research Systems, model SR830
DSP) and was powered by a bias supply (North Coast Scientific
Corp., model 823A).

A typical chemiluminescence experiment was carried out
as follows. A suspension containing the La[5]Zn[95] catalyst
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(0.1 g) in methanol (10 mL) was stirred at 40 °C, and the mix-
ture was pumped continuously through a quartz cell placed in
front of the germanium detector. Once the background noise of
the IR signal was stable, 5 mmol HyO; (50 wt%) was intro-
duced. The intensity of the signal at 1270 nm was recorded as
a function of time. The maximum intensity of the signal is re-
lated to the rate of 'O, generation, and the total area under the
curve is directly related to the cumulated amount of singlet oxy-
gen. The yield of 10, generated from the La[5]Zn[95] catalyst
was determined by comparing the total area under the signal
curve with that obtained for the NayMoO4/H;0O» system under
similar reaction conditions. For the latter system, it has been
shown that the 10, yield is 70% in methanol [9,16].

2.3. Catalytic experiments

2.3.1. Disproportionation of hydrogen peroxide

A typical reaction mixture consisted of 10 mL of methanol,
0.1 g of catalyst, and 5 mmol HyO, (50 wt%). The reaction
mixture was stirred at 40 °C. H,O, concentrations were deter-
mined by cerimetric titration [22]. Small aliquots (200 pL) of
the reaction mixture were diluted into 20 mL of water contain-
ing 2 mL of aqueous HySO4 (7 vol%). The mixture was titrated
with 0.1 M Ce(S0O4),-4H,0 in aqueous HySO4 (1 M) until the
color of the solution changed to yellow.

2.3.2. Oxidation of citronellol

In a typical experiment, a 25-mL flask was charged with
10 mL of methanol, 0.2 g of catalyst, 10 mmol of B-citronellol,
and 20 mmol of HyO; (50 wt%), and the reaction mixture was
stirred at 40 °C. The concentration of S-citronellol (0.75 M)
is well above its 8 value (8 = 0.15 M in methanol), implying
that most of the formed 'O, is chemically trapped and that the
loss of 'O, via alternative quenching pathways is very small
[23]. Gas chromatography (GC) analysis of the reaction mix-
ture was performed after complete HyO, conversion. Before
the GC analysis, the solid catalyst was removed by centrifuga-
tion, and the hydroperoxides were reduced to the corresponding
alcohols using excess trimethylphosphine (1 M) in tetrahydro-
furan. A Hewlett Packard 5890 gas chromatograph (Chrompack
CP-Sil 5 CB fused silica WCOT column, 30 m x 0.32 mm X
1 um) equipped with a flame ionization detector was used for
this.

2.3.3. Heterogeneity and catalyst reuse

To verify the heterogeneous nature of the observed catal-
ysis, a conventional filtrate test was carried out [24]. Using
La[10]Zn[90] as the catalyst, the peroxidation of B-citronellol
was carried out under standard conditions. At 30% conversion
of B-citronellol (4 h), half of the reaction mixture was filtered at
40°C. The clear filtrate and the remaining catalyst suspension
were further stirred at 40 °C, and the progress of the reaction
was monitored by GC analysis.

To study the recycling of the La-doped zinc hydroxycar-
bonates, the La[10]Zn[90] catalyst was reused four times in
the oxidation of B-citronellol in both the presence and absence
of KOH (0.02 M) as a soluble base. The reaction was carried

Table 1

Chemical composition (ICP-MS analysis) of the La—Zn coprecipitates

Entry Sample La/(Zn + La) La

[mol%] [mmol g~ ]

1 La[1]Zn[99] 1.1 0.09

2 La[5]Zn[95] 5.1 0.41

3 La[10]Zn[90] 9.9 0.74

4 La[25]Zn[75] 25.9 1.61

5 La[50]Zn[50] 52.6 2.55

6 La[100]Zn[0] 100.0 3.55

out under standard conditions. After each run, the catalyst was
separated by centrifugation, washed with acetone, and dried at
room temperature.

2.3.4. Peroxidation of functionalized alkenes

A 25-mL flask was charged with 10 mL of methanol,
10 mmol alkene, 0.2 g of La[10]Zn[90] (0.15 mmol La), and
60-80 mmol HyO; (50 wt%). The reaction mixture was stirred
at 40 °C, and the reaction progress was followed by GC analysis
of the crude reaction mixture after centrifugation and reduction
with excess (CH3)3P. Products were identified by GC-MS and
by comparing the GC retention times with authentic allylic al-
cohols prepared by photochemical oxidation [19].

3. Results and discussion
3.1. Material characterization

3.1.1. Chemical analysis

A series of La-containing materials with varying La/Zn ra-
tios was prepared by coprecipitation of La’t and Zn? nitrate
salts with sodium carbonate. The metal composition of the re-
sulting materials was determined by ICP mass spectrometry. As
shown in Table 1, the La/(Zn + La) ratio of the final materials
closely reflects the metal composition of the original synthesis
mixture. The lanthanum content varied between 0.1 mmol g !
for La[1]Zn[99] and 3.5 mmol g_1 for La[100]Zn[0].

3.1.2. XRD

The XRD diffraction patterns of the synthesized materials
are shown in Figs. 1 and 2. The XRD pattern of La[0]Zn[100]
corresponds with the powder diffraction data reported for zinc
hydroxycarbonates, such as ZnsCO3(OH)g or the mineral hy-
drozincite, Zn5(CO3)2(OH)g [25]. The diffraction pattern ob-
served for La[100]Zn[0] shows lower intensity and is less well
defined. Presumably, this sample contains a mixture of different
phases of normal and basic lanthanum carbonates [26-28]. The
XRD patterns of La[1]Zn[99], La[5]Zn[95], and La[10]Zn[90]
are very similar to the XRD pattern observed for hydrozincite
(Fig. 1). The XRD patterns of La[25]Zn[75] and La[50]Zn[50]
are less well defined and resemble the pattern observed for
La[100]Zn[0] (Fig. 2). The hydrozincite structure no longer can
be recognized with certainty.
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Fig. 1. XRD patterns of La[0]Zn[100] (top), La[1]Zn[99], La[5]Zn[95], and
La[10]Zn[90] (bottom).
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Fig. 2. XRD patterns of La[25]Zn[75] (top), La[50]Zn[50], and La[100]Zn[0]
(bottom).

3.1.3. Thermogravimetric analysis

The thermal decomposition profile of La[0]Zn[100] is in
good agreement with that reported for zinc hydroxide car-
bonates such as hydrozincite (Fig. 3) [25]. The weight loss
at 200-250°C corresponds to the transformation of hydro-
zincite to zinc oxide (ZnO) and the release of CO, and H,O.
La[1]Zn[99] and La[5]Zn[95] show similar thermal behavior
as La[0]Zn[100]. The La[100]Zn[0] sample shows two dis-
tinct weight losses. For the La[10]Zn[90], La[25]Zn[75], and
La[50]Zn[50] samples, three weight loss processes are ob-
served.

3.1.4. IR spectroscopy

The FTIR spectrum of La[0]Zn[100] shows a strong, broad
absorption band centered at 3360 cm™! (Fig. 4), attributed to
the O-H stretching vibrations of nonstructural water molecules.
The stretching vibrations corresponding to structural hydroxyl
groups in the hydrozincite La[0]Zn[100], which contribute to
the IR band at 3360 cm™!, are not resolved. The spectrum
clearly indicates the presence of carbonate groups. The two
strong bands at 1500 and 1380 cm™! are assigned to the two

DTG [mg °C"]

N T
P NG U R

50 150 250 350 450 550 650
Temperature [°C]

Fig. 3. DTG profiles of La[0]Zn[100] (top), La[1]Zn[99], La[5]Zn[95],
La[10]Zn[90], La[25]Zn[75], La[50]Zn[50], and La[100]Zn[0] (bottom).

Transmittance [a.u.]

4000 3600 3200 2800 2400 2000 1600 1200 800 400
wavenumber [cm"]

Fig. 4. FT-IR spectra of La[100]Zn[0] (top), La[50]Zn[50], La[25]Zn[75],
La[10]Zn[90], La[5]Zn[95], La[1]Zn[99], and La[0]Zn[100] (bottom).

components of the asymmetric C-O stretching vibration (v3)
of the carbonate anion [29,30]. The weak band at 1070 cm™!
(shoulder) is probably due to the symmetric C-O stretching
mode (v1). The strong band at 830 cm™! is characteristic of the
out-of-plane OCO bending vibration of CO%f (v2), whereas the
bands at 740 and 710 cm~! are attributed to the two components
of the in-plane OCO bending mode (v4). The bands at 1050
and 950 cm™~! in the spectrum of La[0]Zn[100] are assigned
to OH bending vibrations. In the IR spectrum of La[100]Zn[0],
the four vibration modes of the CO§_ ion appear at 1080 cm™!
(v1), 860 cm™! (v2), 1450 cm™! (v3), and 720 cm™! (v4). The
stretching band of hydrogen-bonded OH groups or nonstruc-

tural water is observed at 3440 cm™!.
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Fig. 5. N, adsorption isotherms of La[10]Zn[90] (top), La[10]Mg[90], and
La[10]Ca[90] (bottom).

3.1.5. Nitrogen gas adsorption

N, adsorption isotherms of the La—Zn, La—Mg, and La—
Ca materials are shown in Fig. 5. The derived BET surface
areas were 64.3 m?2 g~ for La[10]Zn[90], 31.9 m? g~ ! for
La[10]Mg[90], and 6.5 m?2 g_1 for La[10]Ca[90]. The corre-
sponding total pore volumes were 0.32, 0.11, and 0.02 cm? g~!
at p/po = 0.99. Clearly, the La—Zn material has the largest sur-
face area and the highest total pore volume.

?
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3.1.6. Scanning electron micrographs

Fig. 6 shows the corresponding scanning electron micro-
graphs for these materials. The La[10]Ca[90] material consists
of rod-like secondary structures and individual crystals of about
0.5 um in size. La[10]Mg[90] shows porous aggregates consist-
ing of relatively large crystallites with platy morphology. The
La[10]Zn[90] material consists of crystals of very small size.

3.1.7. Basic properties of La-doped Ca, Mg, and Zn materials
To assess the basic properties of the La—Zn, La—Mg, and La—
Ca materials, the number and the strength of the basic sites
were determined by titration with benzoic acid in the pres-
ence of bromothymol blue or phenolphthalein as the pH indi-
cator [15,31]. Toluene was used as the solvent to disperse the
predried solids (15 h at 150 °C). As shown in Table 2, both
the number of weak and strong basic sites (as measured in the
titration with bromothymol blue, pK, = 7.1) and the number
of the stronger basic sites (measured with phenolphthalein as
indicator, pK,; = 9.3) increased in the order La[10]Ca[90] <
La[10]Mg[90] < La[10]Zn[90]. These results show that the La-
doped zinc hydroxycarbonate contains a high number of easily
accessible basic sites of relatively high basic strength.
Summarizing, Zn-La coprecipitates with low La content,
such as La[1]Zn[99], La[5]Zn[95], and La[10]Zn[90], can be
considered hydrozincites doped with a small amount of La,

;..\, - NS, R
agn Det WD Exp ———— 2um
10000x SC 98 1

Fig. 6. SEM micrographs of La[10]Ca[90] (top left), La[10]Mg[90] (top right), and La[10]Zn[90] (bottom).
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Table 2
Determination of the basic properties of La-doped Ca, Mg, and Zn catalysts

Table 3
Disproportionation of HyO; catalyzed by lanthanum-containing solids®

Entry Sample mmol basic sites per g of catalyst?
Bromothymol blue Phenolphthalein
(pKa=7.1) (pKa=9.3)

1 La[10]Ca[90] 0.017 0.010

2 La[10]Mg[90] 0.097 0.089

3 La[10]Zn[90] 0.276 0.272

4 A suspension of 0.15 g of the predried solid (15 h at 150 °C) in 2 mL of
toluene containing the indicator (0.1 mg mL~1) was stirred for 0.5 h and was
titrated with benzoic acid (0.01 M) in toluene. The titration experiments were
carried out twice or thrice and good reproducibility was obtained in all cases
(uncertainty < 5%).

0.5

0.4

0.3

0.2

(H202) [M]

0.1

0 40 80 120 160 200

Time [min]

Fig. 7. Disproportionation of H,O; in the presence of La[10]Zn[90]. Reaction
conditions: 0.1 g of La[10]Zn[90] (0.075 mmol La), 10 mL of MeOH, 5 mmol
Hy0; (50 wt%), 40 °C. HyO; determination by cerimetry.

which may be deposited on the structure or substituted into it.
The La[10]Zn[90] material has a relatively large surface area,
small crystal size, and a high number of easily accessible ba-
sic sites. For materials with higher La content, the hydrozincite
structure no longer can be recognized with certainty; these ma-
terials bear a resemblance to La (hydroxy)carbonates.

3.2. Catalytic performance

3.2.1. Disproportionation of H20;

The lanthanum-containing materials were tested for their
catalytic activity in the disproportionation of HyO,. The rate
of H,O, disappearance was determined by cerimetric titration.
A typical kinetic profile of the disproportionation of H,O; in
the presence of La[10]Zn[90] is shown in Fig. 7. H,O, dispro-
portionation rates were calculated from the initial linear region
of the [HyO;] versus time plots. It is assumed that the rate thus
obtained is directly related to the rate of 'O, generation. The
initial reaction rates of all La catalysts tested are compiled in
Tables 3 and 4. The activity data are presented on a weight ba-
sis (mmolgooH gcat_l s~1). For the materials with known La
content, catalytic activities on a mole basis (turnover frequen-
cies, s~ 1) are also shown.

The results in Table 3 indicate that the La-doped Zn hydrox-
ycarbonate is an active catalyst for the disproportionation of
H,0; (entry 1). In contrast, La-doped Mg or Ca materials are
almost fully inactive under these reaction conditions (entries 2
and 3). Note that Ca(OH), has been reported as a catalyst for
the generation of 10, from H,0, [32]. Immobilization of lan-

Entry Catalyst Initial rate of HyO, disproportionation
[mmolyoon geat s~ 1P [s—1°

1 La[10]Zn[90] 043 0.59

2 La[10]Mg[90] 0.01 -

3 La[10]Ca[90] 0.02 -

4 La(OH)3 0.12 0.022

5 LayO3 0.02 0.003

4 Reaction conditions: 0.1 g of La catalyst, 10 mL of MeOH, 5 mmol H,O,
(50 wt%), 40 °C.

b Activity per g of catalyst.

¢ Activity per mole of lanthanum.

Table 4
Disproportionation of HyO, catalyzed by La-containing Zn hydroxycarbon-
ates?

b

Entry Catalyst Initial rate of HyO, disproportionation
[mmolaooH geat ™! s 711 (s~

1 La[0]Zn[100] 0.02 -

2 La[1]Zn[99] 0.13 (0.30) 1.48 (3.33)

3 La[5]Zn[95] 0.40 (0.93) 0.98 (2.28)

4 La[10]Zn[90] 0.43 (1.00) 0.59 (1.35)

5 La[25]Zn[75] 0.33 (0.80) 0.21 (0.50)

6 La[50]Zn[50] 0.27 (0.73) 0.10 (0.29)

7 La[100]Zn[0] 0.20 (0.70) 0.06 (0.20)

8¢ La[0]Zn[100] + 0.03 -

La[100]Zn[0]

4 Reaction conditions: 0.1 g of La catalyst, 10 mL of MeOH, 5 mmol H,O,
(50 wt%), 40 °C.

b Values between brackets are for reactions in the presence of 0.02 M KOH

in methanol.
¢ Activity per g of catalyst.

d Activity per mole of lanthanum.
¢ Physical mixture of 0.09 g of La[0]Zn[100] and 0.01 g of La[100]Zn[O0].

thanum on other basic supports, such as hydrotalcite, yielded
materials with low catalytic activity. La-containing solids, such
as La(OH)3, showed moderate activity in the disproportionation
of HyO» (entry 4). Finally, LayO3 showed virtually no activity
(entry 5).

The observed difference in catalytic activity among La[10]-
Zn[90], La[10]Ca[90], and La[10]Mg[90] may be attributed to
the greater surface area, smaller crystal size, and higher num-
ber of easily accessible basic sites of La[10]Zn[90] (Table 2;
Figs. 5 and 6). The differences in surface area and basicity are
less pronounced for the La—Mg material.

Because of its promising catalytic properties, the La—Zn
coprecipitate was studied in more detail. A series of La-
containing Zn hydroxycarbonates with La/Zn ratios varying
between 0/100 and 100/0 was prepared, and the resulting ma-
terials were tested in the disproportionation of HyO, (Table 4).
The activity of these La catalysts was strongly dependent on
the relative amount of La that is introduced in the material
(Fig. 8). The highest activities on a weight basis were observed
for catalysts containing a relatively small amount of La, such
as La[5]Zn[95] and La[10]Zn[90] (entries 3 and 4). The highest
catalytic activity on a mole basis was observed for La[1]Zn[99],
but relatively large amounts of this catalyst were required to ob-
tain acceptable activity on a weight basis (entry 2). The most
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La turnover frequency (s™1) versus La content of La~Zn coprecipitates with

varying La/Zn ratio. Reaction conditions as in Table 4.
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Fig. 9. Chemiluminescence signal (1270 nm) of singlet oxygen generated from
a suspension containing La[5]Zn[95] and H>O; in methanol in the absence
or presence of 0.02 M KOH. Reaction conditions: 0.1 g of La[5]Zn[95], O or
0.02 M KOH in 10 mL of MeOH, 5 mmol H,O, (50 wt%), 40 °C.

active catalysts on a mole basis were the La-doped hydroz-
incites. In contrast, the La (hydroxy)carbonate phases formed
at high La loading were less active, presumably because most
of the lanthanum is buried in the inactive bulk phase. Mate-
rials containing no lanthanum, such as La[0]Zn[100], showed
negligible activity in the disproportionation of H,O; (entry 1).
A physical mixture of La[0]Zn[100] and La[100]Zn[0] contain-
ing the same amount of La as La[10]Zn[90] showed very low
activity (entry 8).

For all materials, the addition of a catalytic amount of a base
(0.02 M KOH in methanol) had a beneficial effect on activity
(Table 4). However, in contrast with other La catalysts [18,19],
the La—Zn coprecipitates were able to produce 'O, in the ab-
sence of an additional soluble base, such as KOH.

3.2.2. Detection of the chemiluminescence of ' O3 at 1270 nm

The IR chemiluminescence of the weak radiative transition
of 10, at 1270 nm was used as specific and unequivocal proof
of the formation of singlet (' A ¢) molecular oxygen in the dis-
proportionation of HyO» catalyzed by the La-doped Zn hydrox-
ycarbonates [33],

'0,('Ag) > 202CTy) +hv (A= 1270 nm).

B
o

H202 efficiency [%)]

Fig. 10. H,O, efficiency of La-containing materials in the oxidation of
B-citronellol. Reaction conditions: 0.2 g of La catalyst, 10 mmol S-citronellol,
10 mL of MeOH, 20 mmol HyO; (50 wt%), 40 °C, 48 h. GC analysis after cen-
trifugation and reduction with excess (CH3)3P (uncertainty < 2%). The HyO,
efficiency is defined as [moOlhydroperoxides mOIHOOH_1 0.5)] x 100.

Table 5
Peroxidation of functionalized alkenes with La[10]Zn[90] and HyO,?

Entry Substrate Products distribution H>O, Conv. Sel.b

[%] leq] [%] [%]
1 6 89.6 96.7
2 90.0 97.2
3d OH Ho oH 89.5 96.8
4 8 97.8 919
5¢ 98.7 94.8

6 oH 6 80.0  99.0
7 8 9.1  99.0
|
OH
8 OH OH 8 91.1 99.0
OH

4 Reaction conditions: 0.2 g of La[10]Zn[90] (0.15 mmol La), 10 mmol
alkene, 10 mL of MeOH, 60-80 mmol H> O (50 wt%), 40 °C, 24 h. GC analy-
sis after centrifugation and reduction with excess (CH3)3P.

b Selectivity to allylic alcohols.
¢ 10 mL of 0.02 M KOH in MeOH.
d 0.2 g of La[5]Zn[95] (0.08 mmol La), 10 mL of 0.02 M KOH in MeOH.

Fig. 9 clearly demonstrates that the disproportionation of HyO»
catalyzed by the La[5]Zn[95] catalyst resulted in the formation
of singlet (' A ¢) molecular oxygen. The amount of 10, gener-
ated, as determined from the chemiluminescence experiments
(37%), is in good agreement with the H>O» efficiency assessed
from the peroxidation of citronellol (39%; Fig. 10). Thus, the
disproportionation of H,O; in the presence of La-doped zinc
hydroxycarbonates produced singlet oxygen as a principal oxi-
dizing species. The characteristic products and the unique prod-
uct distribution observed in the reaction of singlet oxygen with
alkyl-substituted olefins further indicate that 'O, was the only
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La-catalyst
2H,0, 0, + 2H,0
102
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Scheme 1. Generation of 102 and its reaction with g-citronellol.

oxidizing species involved (Table 5). The mixture of allylic al-
cohol products showed the same product distribution as that
observed for photochemical oxidation in solution. This prod-
uct distribution differed significantly from that in other types
of oxidation, such as oxidation by radical species (e.g., HO®,
O, °). Both observations indicate that !0, was the main oxidiz-
ing species.

3.2.3. Determination of the ' O yield by chemical trapping
with citronellol

The amount of singlet oxygen produced from the La-
catalyzed disproportionation of H,O; was assessed by chemical
trapping of !0, with f-citronellol, a typical olefinic substrate.
Reaction of 'O, with B-citronellol yielded an equimolar mix-
ture of isomeric allylic hydroperoxides (Scheme 1). These
products and the product distribution are characteristic of the
peroxidation of citronellol via a singlet oxygenation pathway.
Quantification of the formed allylic hydroperoxides by GC
analysis allows the assessment of H, O, efficiency, which fully
corresponds to the 10, yield if all formed 'O, is trapped by
B-citronellol. Because singlet oxygen is also lost through al-
ternative quenching processes (e.g., physical quenching by
the solvent, substrate, or solid catalyst), the yield obtained in
the oxidation of citronellol is somewhat lower than the ac-
tual amount of 'O, released by the catalyst. Nonetheless, the
citronellol yield gives a fair estimate of the amount of 'O,
available for a synthetically useful reaction with an organic sub-
strate.

The H,O, efficiencies of the different La catalysts in the
oxidation of B-citronellol are shown in Fig. 10. Materials show-
ing very low activity in the disproportionation of HyO, (Ta-
ble 3) were not tested in the oxidation of citronellol. The reac-
tion was run for an extended period (48 h) to allow complete
H;0O, disproportionation for most of the catalysts. But even
after 48 h, incomplete H,O, decomposition was observed for
La(OH)3, La[1]Zn[99], and La[100]Zn[0]. This might explain
the lower H,O» efficiency observed for these catalysts. The La-
doped Zn hydroxycarbonates La[5]Zn[95] and La[10]Zn[90]
showed HyO, efficiencies of around 40%. Similar conversions
and selectivities were obtained for La[10]Zn[90] in the pres-
ence of 0.02 M KOH. On the other hand, La[25]Zn[75] and
La[50]Zn[50] showed slightly lower conversion in the oxida-
tion of B-citronellol. The selectivity toward the expected al-
lylic alcohols was 94-95% in all cases. For La[1]Zn[99] and
La(OH)3, slightly lower selectivity (90%) was observed. Over-
all, the amount of singlet oxygen produced by the La-containing
Zn hydroxycarbonates was much less dependent on the La/Zn
ratio than the rate of H,O; disproportionation was (Table 4;
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Fig. 11. Conversion of S-citronellol as a function of time in the suspension (@)
with La[10]Zn[90] and in the filtrate ((J) after catalyst removal. Reaction con-
ditions: 0.2 g of La[10]Zn[90], 10 mmol citronellol, 10 mL of MeOH, 20 mmol
H,0; (50 wt%), 40 °C.
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Fig. 12. Reuse of La[10]Zn[90] in the peroxidation of citronellol in the presence
(gray boxes) or absence (white boxes) of 0.02 M KOH. Reaction conditions:
0.2 g of La[10]Zn[90], 10 mmol B-citronellol, 0 or 0.02 M KOH in 10 mL of
MeOH, 20 mmol H>O; (50 wt%), 40 °C, 24 h.

Fig. 8). H,O, efficiencies around 40% were observed for most
of the catalysts. Presumably, for most of the materials, the
formed 'O; can react with B-citronellol with similar efficiency.

3.2.4. Heterogeneity and catalyst reuse

To verify whether the observed catalysis was due to the solid
La catalyst or to leached lanthanum species, the La[10]Zn[90]
catalyst was used for the peroxidation of S-citronellol, and a fil-
trate test was carried out [24]. After 4 h (32% conversion of
B-citronellol), half of the reaction mixture was filtered at 40 °C,
and both the clear filtrate and the remaining catalyst suspension
were further stirred at 40 °C. As shown in Fig. 11, no further
conversion of B-citronellol was observed in the clear filtrate,
whereas the reaction proceeded smoothly in the catalyst sus-
pension. Even after 48 h, the conversion of B-citronellol in the
filtrate did not increase. On the other hand, as measured by
cerimetric titration, the concentration of HyO; in the clear fil-
trate did not decrease after catalyst removal. These experiments
clearly demonstrate the complete absence of any catalytically
active La species in solution.

To study the reusability of the La-doped zinc hydroxycar-
bonates, the La[10]Zn[90] catalyst was reused in four subse-
quent oxidation reactions of B-citronellol in both the presence
and absence of KOH (0.02 M) as a soluble base. After each
run, the catalyst was separated by centrifugation, washed with
acetone, and dried at room temperature. As shown in Fig. 12,
a small decrease in the conversion of S-citronellol was observed
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in the third or fourth run. However, the slightly decreasing con-
version might be due in part to small losses of catalyst during
the subsequent separation and washing steps between the dif-
ferent runs.

3.2.5. Peroxidation of functionalized alkenes

The La[10]Zn[90] catalyst was used for the peroxidation
of various functionalized alkenes (Table 5). The oxidation of
citronellol with La[10]Zn[90] and 6 eq. of HyO; resulted in
90% conversion after 24 h. The selectivity toward the allylic
alcohols was 97% (entry 1). No oxidation of the primary al-
cohol group and only very limited epoxidation of the double
bond were observed. Reaction in alkaline conditions (0.02 M
KOH) or the use of La[5]Zn[95] under such pH conditions re-
sulted in nearly identical yields (entries 2 and 3). The addition
of 8 eq. of HyO, gave almost complete conversion of citronel-
lol in both the absence and presence of KOH as a soluble base
(entries 4 and 5). The product distribution in the oxidation of
citronellol did not vary significantly with the degree of conver-
sion, the La content of the catalyst, or the choice of reaction
conditions. An almost equimolar mixture of isomeric allylic
alcohols was formed in all cases (entries 1-5). The peroxida-
tion of B-citronellol is of particular relevance, because it is the
first step in the industrial three-step synthesis of rose oxide,
a well-known ingredient used in rose and geranium perfumes
[34-36]. Linalool (entries 6 and 7) and 6-methyl-5-hepten-2-ol
(entry 8) showed slightly lower reactivity toward singlet oxy-
gen but, as observed for §-citronellol, these substrates were also
oxidized with high selectivity. For linalool, a monoterpene con-
taining an allylic alcohol functionality, peroxidation occurred at
the isolated electron-rich 6,7-double bond. Epoxidation of the
less electron-rich allylic double bond was not observed. Sec-
ondary alcohol groups also did not react under these conditions
(entry 8), demonstrating the excellent chemoselectivity of the
La[10]Zn[90] catalyst.

4. Conclusion

Several lanthanum-containing materials were evaluated for
their catalytic activity in the disproportionation of hydrogen
peroxide. Whereas La supported on Mg or Ca materials showed
almost no catalytic activity, La-doped Zn hydroxycarbonates
showed high activity in the disproportionation of H,O3, even
in the absence of a soluble base. By varying the La/Zn ratio
of the La-modified Zn hydroxycarbonates, La[10]Zn[90] was
identified as the most active catalyst. This material can be con-
sidered a La-doped hydrozincite. This catalyst demonstrated
high regioselectivity and chemoselectivity in the peroxidation
of functionalized alkenes.
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