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Abstract

Catalytic oxidation of olefins (styrene and cyclohexene) and alcohols (benzyl alcohol and cyclohexanol) under air pressure by molecular
oxygen over Cp(OH)PQ; and CyO(POy)» catalysts has been studied. The catalytic data show that these catalysts are very active in the
catalytic oxidation of olefins and alcohols. Adsorption of molecular oxygen gr{@d)PQ; and CyO(PQy)2 catalysts shows a peak at
802 cnt L in infrared (IR) spectroscopy, assigned to adsorbed-oxygen species. Characterizatip(OH D, and CyO(PQy), catalysts
with molecular oxygen in solvent by electron spin resonance (ESR) spectra shows typical signals assigned to hydroxyl radicals, which may
be responsible for the high catalytic activities of the catalysts.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction tion of organic substrates by molecular oxygen yet, which is
possibly assigned to their almost inactive sites for the acti-
Selective oxidation of olefins and alcohols to produce vation of molecular oxygen.
epoxides, aldehydes, and ketones is of great importance in There have been a number of successful examples of
the fine chemical and pharmaceutical industries [1-5]. Tra- catalytic oxidation of organic substrates by molecular oxy-
ditionally, these catalytic procedures produce a great dealgen, but most research is focused on homogeneous catalysts
of environmently undesirable wastes because inorganic oxi-[15-18]. For example, Sheldon and co-workers report ox-
dants and organic solvents are used [5-9]. It is highly desir- idation of alcohols to aldehydes and ketones over homoge-
able to replace the conventional process by an environmen-neous catalysts of Pd—complex [15b]; Marké and co-workers
tally benign procedure. discovered an efficient, copper-based catalyst that can oxi-
Recently, microporous crystals of titanosilicates were dis- dize a series of alcohols into aldehydes and ketones under
covered which have remarkable catalytic properties for se- mild conditions [17]. More recently, several successful ex-
lective oxidation [5,10-14]. For example, TS-1 exhibits high amples of the catalytic oxidation of organic substrates by
activity and selectivity in the catalytic oxidation of olefins molecular oxygen over heterogeneous catalysts have been
and alcohols using 0, under mild conditions [13,14]. The  reported [19—22]. Thomas and co-workers show oxidation
use of HO; is atom efficient and the only by-productis wa-  of ,-alkanes at the terminal carbon atoms with high se-
ter, Wh|Ch can be designed as green teChnO|Ogies. HOWeVer|ectivity by using mo'ecu|ar Oxygen over microporous a|u_
compared with that of molecular oxygen, the relatively high minophosphates in which Mn or Co species are introduced
cost of O, severely hinders its wide application in cat- intg the framework as redox centers [19]. Furthermore, Xi
alytic oxidation. Therefore, catalytic oxidation by molecular 54 co-workers reported the reaction-controlled phase trans-
oxygen would be valuable. Unfortunately, there is no report ¢q, catalysis for olefin epoxidation by molecular oxygen,
for pure microporous titanosilicates in the catalytic oxida- \yhich combines the advantages of homogeneous and hete-
rogeneous phases [23]. Notably, although the oxidation of
~* Corresponding author. organic substrates by molecular oxygen is carried out un-
E-mail address: fsxiao@mail.jlu.edu.cn (F.-S. Xiao). der mild conditions, the reaction pressure is still relatively
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high (near 1 MPa). Therefore, heterogeneous catalysis un-While the reactants were added into the reaction quartz tube,
der much lower pressure such as air pressure is desirable. the ESR spectra were measured.
Kaneda and co-workers have shown a successful exam-

ple with high activity and selectivity under air pressure [24]. 2.3. Catalytic tests

They synthesized a new Ru—complex heterogeneous cata-

lyst, which gives excellent conversion in aerobic alcohol The catalytic tests were performed in a 50-ml glass re-

oxidation. We have reported that copper hydroxyphosphateactor and stirred with a magnetic stirrer. The substrate and

(Cw(OH)PQy) with easy preparation is a good catalyst for catalyst were mixed in the reactor and heated to a given tem-

catalytic oxidation of organic substrates by®p [25—-28]. perature. Then oxygen was introduced into the reactor and

Here, we show the catalytic activity and selectivity in oxida- sealed in the reaction system. After the reaction for 24 h the

tion of olefins (styrene and cyclohexene) and alcohols (ben- product was taken out from the system and analyzed by gas

zyl alcohol and cyclohexanol) by molecular oxygen under chromatography (GC-17A, Shimadzu, using a flame ioniza-

air pressure over GYOH)PQ; and CuO(PQ,), catalysts. tion detector) with a flexible quartz capillary column coated
with OV-17. The volume of oxygen consumed in the cat-
alytic test was measured with the gas-detected equipment

2. Experimental made by us.

2.1. Preparation of samples , )
3. Resultsand discussion
The copper hydroxyphosphate of LOH)PQ, was hy-
drothermally synthesized usingNCH2CHaNH2, H3POy,
and CuAe¢ as starting materials with a molar ratio of
1.0HpNCH2CH2NH2:2.9H3POy:1.0CuAe:25H,0 [24,28].
First, CuAg was mixed with water, followed by the addition
of H3POy. After stirring, NCH2CH2NH2 was added into
the mixture. Then the mixture was stirred until it became ho- P°'e> [25-27] . I _—
mogeneous. Finally, the gel sealed in a steel autoclave was Table 1 presents catalytic activities and selectivities

X . In styrene by molecular oxygen under air pressure over
heated in an oven for 3 days at 18D. The crystalline prod- .
uct with a crystal size of 50-500 um was filtered, washed Clp(OH)PQ, and CuO(PQy); catalysts. Obviously, Cugl

! ’ - 0 i
with distilled water, and dried at ambient temperature. it?‘i’;sorr?llatgleer:};;cl’;\gza?éytﬁoﬁgxg %i’i@ﬁ%r;gh;ﬁ;w
CwO(PQy)2 was prepared from calcination of g{®H) y yae. '

POy at 850°C for 6 h [29].

Characterization of GOH)PQy and CuO(POy)2 crys-
tals shows that both samples are thermally and hydrother-
mally stable below 650C, and the surface area of sam-
ples is very small (e.g., surface area of GCDH)PQ,; at
1.4 n?/g), indicating that there are no micropores or meso-

Table 1
Catalytic epoxidation of styrene and cyclohexene by molecular oxygen over

2.2. Characterization of samples various samples

Samples Substrate Conv. Product selectivity (%)

The samples in this study were characterized by X-ray

) ) i - (%) P1 P2 P3 P4 P5
dlﬁractlgn (XRD), scanning electron mlgrography (SEM), Cuch Styrend 8 o0 o 10 o o
adsorptlon of N, water, and hgxane, dlfferentlal thermal Cip(OM)PQ,  Styrené 302 169 144 601 55 31
analysis (DTA), and thermogravimetry analysis (TGA), and cy,0(PQy), Styren@ 277 200 O 800 0 O
infrared spectroscopy (IR). Cwp(OH)PQ,P  Styren@ 149 678 0 322 0 O
Infrared spectra of molecular oxygen or organic sub- TS-T° Styrené 182 133 583 290 14
strates adsorbed on the samples were recorded on FT-IRCUCk Cyclohexen€ 7.3 38 302 543 117

spectrometer (PE 430) with resolution of 1 thi Before ~ C®2OHPQ Cyclohexen€ 467 41 285 657 17
. CwO(PQy); Cyclohexend 459 03 294 686 17

measurement of mqlecular oxygen adsorption, the samples(:uZ(OH)F>o4e Cyclohexen 287 50 273 388 267
were pressed to thin wafers (5 fr@r?) and were placed g1 Cyclohexen® 05 87 23 0o 0
Into a quartz cell eqmpped with KBr WlndOVSVS. The sam- @ 17.4 mmol of styrene; 90 mg of catalyst; time, 24 h; temperature,
ple disks were evacuated at 40D for 2 h (107 Torr) and 353 K; no solvent; P1, styrene epoxide; P2, phenylacetaldehyde; P3, ben-
cooled to room temperature, then 5 Torr of molecular oxy- zaldehyde; P4, benzoic acid; P5, phenylacetic acid and some ether.
gen or organic substrate was exposed to the disks at room P Molar ratio of styrene: HO, = 3, Ref. [27a].
temperature. At the same time, the infrared spectra were ; Molar ratio of styrene: HOz = 3, Ref. [13].
recorded. ESR spectra were recorded at room temperature, _ 19-> mmol of cyclohexene; 81 mg of catalyst; time, 24 h; temperature,

. . . 353 K; no solvent; P1, cyclohexene epoxide; P2, cyclohexenol; P3, cyclo-
5,5-Dimethyl-1-pyrrolineN-oxide (DMPQO) was chosen as hexenone; P4, cyclohexanol.
a spin-trapping reagent. To determine the relative intensity e 19.5 mmol of cyclohexene; 81 mg of catalyst; time, 4 h; temperature,
of radicals quantitatively, all reagents in this study were cal- 353 K; molar ratio of cyclohexene: #D, = 2; 4 ml acetonitrile as solvent.

culated, and a quartz tube with diameter of 1 mm was used. ' Molar ratio of cyclohexene: p0, = 2; Ref. [32].
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CuwO(P(y)2 exhibit high catalytic activity by molecular  the activity in Table 2, these results suggest that oxidation of
oxygen, giving styrene conversion at 30.2 and 27.7%, re- primary alcohol is much easier than oxidation of secondary
spectively, which is comparable to that of homogeneous alcohol.
catalysts of CoGl [30] or that of heterogeneous catalysts The question of catalysis leaching in heterogeneous catal-
of TS-1 [13] and Cu(OH)PQy [27a] by use of HO, oxi- ysis is very critical. To test the leaching of the catalysts, we
dant. We also find that over G{OH)PQ; and CuO(POy)2 performed the following experiments: first, the solvents and
catalysts, epoxidation products such as styrene epoxide andhe catalysts were mixed and stirred for 24 h. Secondly, the
phenylacetaldehyde are formed, giving selectivities at 31.3 catalysts were filtered and removed, and the reactants were
and 20.0%, respectively. added into the obtained solution. Finally, oxygen was intro-

Notably, in cyclohexene oxidation by molecular oxygen duced to the reaction system. After reaction for 24 h, no
under air pressure, Cugkxhibits low conversion (7.3%).  products were detected by GC. These results suggest that
However, C4(OH)PQ; and CuO(P(Qy), are very active,  these oxidations are truly heterogeneous in nature.
giving conversion at 46.7 and 45.6%, and even higher than  Generally, the catalytic oxidation of alcohols by mole-
Cwp(OH)PQy by H20, (28.7%). Additionally, we observe  cular oxygen is performed under relatively high pressure
that TS-1 is almost inactive in cyclohexene epoxidation (0.5-2 MPa). More recently, these alcohols were success-
by H20z, which is assigned to the inaccessibility of the fully oxidized by molecular oxygen under air pressure, but
small micropores of TS-1 to the large diameter of cyclo- the noble transition metals such as Ru-complex are neces-
hexene [31,32]. These results indicate thab(@iH)PQy sary [24]. In this work, we find that copper phosphates with
and CuO(PQy); are potential catalysts for the oxidation of much lower cost are catalytically active for alcohol oxida-
bulky olefins by molecular oxygen. tion by molecular oxygen under air pressure.

Table 2 presents catalytic activities and selectivities in The catalytically active species in &®H)PQ; and
the oxidation of benzyl alcohol by molecular oxygen under CwO(PQy),» have been characterized by IR and ESR spec-
air pressure over GOH)PQy and CuO(PQy)2 catalysts.  troscopy. As shown in Fig. 1, the adsorption of molecular

Obviously, both Ce(OH)PQ; and CuO(PQy)2 are catalyti-  oxygen on Cu(OH)PQ; and CuO(PQy); catalysts exhibits
cally active. For example, GIOH)PQ; shows conversion at

18.4% with products of benzaldehyde (24.9%), benzoic acid
(17.8%), and benzyl benzoate (57.3%) in 24 h; if the reac-
tion time is reduced to 8 h, the conversion of benzyl alcohol
decreases to 7.2%, and the selectivity for benzaldehyde and
benzoic acid increases to 62.7 and 37.3%, respectively.
Notably, cyclohexanol oxidation shows lower activity
than benzyl alcohol oxidation (Table 2). For example,
Cu(OH)PQ, and CuO(PQy)2 exhibit conversion at 4.8 and
1.9% with only cyclohexanone, as product. Compared with a a

Table 2
Catalytic oxidation of benzyl alcohol and cyclohexanol by molecular oxy-
gen over Cy(OH)PQy and CuO(PQy),2

Samples Substrate Conv. Product selectivity (%)
(%) P1 P2 P3

Cu(OH)POy Benzyl alcohat 184 249 17.8 573
Cuz(OH)PO4b Benzyl alcohat 7.2 627 32.3 0
CwyO(PQy), Benzyl alcohdt 9.8 453  39.7 150
Cuw(OH)PO,®  Benzyl alcohat 245 479 147 374
Cwp(OH)POy Cyclohexandl 4.8 100

CuO(PQy)2 Cyclohexandl 19 100

Cwp(OH)PO®  Cyclohexand 121 100

@ 21.3 mmol of benzyl alcohol; 104 mg of catalyst; time, 24 h; tempera-
ture, 353 K; 2 ml of water as a solvent. P1, benzaldehyde; P2, benzoic acid;
P3, benzyl benzoate.

b Reaction time, 8 h; other conditions are the same as those in a. , Ll , ,

¢ 21.3 mmol of benzyl alcohol; 104 mg of catalyst; time, 6 h; tempera- 1000 900 800 700 600 500 1000 900 800
ture, 353 K; molar ratio of benzyl alcohol,J®, = 1; 2 ml of water as a
solvent. Wavelength (cm™)

d 21 mmol of cyclohexanol, 95 mg of catalyst; time, 24 h; temperature,

353 K; 2 ml of water as a solvent. P1, cyclohexanone. Fig. 1. Left: IR spectra of (a) GYOH)PQy and (b) CuO(PQy)2 sam-
€ 21 mmol of cyclohexanol, 95 mg of catalyst; time, 24 h; temperature, ples before adsorption of Qright: IR spectra of (a) GyOH)PQ, and
353 K; molar ratio of benzyl alcohol, #0, = 1; 2 ml of water as a solvent. (b) CuyO(PQy)2 samples after adsorption 0O

1
600 500

1
700
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Fig. 2. ESR spectra of (a) G(OH)PQy, (b) TS-1, (c) CuO, and (d) Cugl
samples in water after adsorption o @r 24 h.

an obvious band near 802 crh which is stable even if evac-
uated at room temperature. These results indicate that a
interaction of Cy4(OH)PQ, and CuO(PQy)» catalysts with
molecular oxygen can easily occur, forming intermediate-
0Xygen species.

The assignment of the band near 802¢non Cip(OH)

PO, and CuO(PQ,), catalysts is somewhat difficult, but

it is comparable to those of published results. Xi et al. have
reported thatf -CsHsNC16H33] 3{PO4[W(O)2(02)] 4} com-
pound has peroxide species, exhibiting a band at
840 cnt! [23]; Li et al. report that adsorption of mole-
cular oxygen on Ce@® reduced by H shows peroxide
species appearing at 883 th[33]; Jones et al. report
that Mn(TPP)(Q) (TPP, tetraphenylporphyrin) gives per-
oxide species at 844 cm [34]; Urban et al. published
that [Fé!'(OEP)Q]~ (OEP, octaethylpophyrinato anion)
shows peroxide species at 806 thn[35]. Accordingly,
the band near 802 cm by adsorption of molecular oxy-
gen on Cy(OH)PQ, and CuO(PO), catalysts may also be
assigned to peroxide species, which are possibly active in-
termediates in the catalytic oxidation of organic substrates
by molecular oxygen.

The ESR spectra of various samples in the solvent after
adsorption of @ are shown in Fig. 2. G{OH)PQ; cata-
lysts give obvious signals assigned to the adduct of hydroxyl
radicals with DMPO (DMPO-OH) [25,36], which is simi-
lar to the spectra of GYOH)PQ, with HoO,. After addi-
tion of reactants, the signals assigned to radicals disappeal
completely. These results suggest that the hydroxyl radi-
cals (OH) may be responsible for the catalytic oxidation
of organic substrates. Possibly, formation of the hydroxyl
radicals (OH) in the solution is related to an interaction
of Cup(OH)PQ; and CuO(PQy), catalysts with molecular
oxygen, which has been confirmed by the appearance of
802 cnt! species in IR spectroscopy, probably assigned to
peroxide sites.

ysis 218 (2003) 460-464 463

Based on all these observations, we propose a tentative
mechanism for the formation of peroxide species and hy-
droxyl radicals as shown in the following scheme:

Cu-OH Cu

- /\

0=0
AN u~OH+ products

Cu-OH+ Oy + -OH

4. Conclusion

Cw(OH)PQ, and CuO(PQy)2 catalysts are catalytically
active in the oxidation of olefins (styrene and cyclohexene)
and alcohols (benzyl alcohol and cyclohexanol) by molecu-
lar oxygen even if under air pressure.
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