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Titanium substituted zeolite beta(Ti-AI-P) catalyses the epoxidation of oct-I -ene with TBHP; high selectivities to epoxide 
(92-100%) are observed when the Brgnsted acid sites are neutralized by ion exchange with alkali or alkaline earth metal 
ions. 

The catalytic epoxidation of propylene with alkyl hydroperox- 
ide (Scheme 1; R1= Me) accounts for more than 1 million tons 
annual production of propylene oxide worldwide. Both 
homogeneous (molybdenum compounds) and heterogeneous 
[titanium(rv)/silica] catalysts are used in the ARCOl and 
Shell2 processes, respectively. 

Neither of these catalysts is effective with hydrogen 
peroxide as the oxidant owing to severe inhibition of the 
catalyst by water.3 More recently Enichem workers showed4 
that titanium(1v) silicalite (TS-1) is an effective catalyst for the 
epoxidation of lower olefins, such as propylene, with 30% 
aqueous hydrogen peroxide, under mild conditions (40 "C) in 
MeOH as solvent. The success of TS-1 can be attributed to the 
hydrophobic nature of the pores of silicalite, which favours the 
diffusion of the nonpolar olefin substrate to the active site. 

On the other hand, TS-1 does not catalyse epoxidation with 
alkyl hydroperoxides, such as TBHP, owing to the limited size 
of the silicalite pores (5.6 x 5.3 A). Similarly, pore size 
restrictions render TS-1 ineffective for the epoxidation of 
branched and cyclic olefins, such as cy~lohexene.~ Conse- 
quently, there is considerable interest in the incorporation of 
titanium(1v) into large pore molecular sieves. Recently, the 
synthesis of titanium-containing zeolite beta (pore size 7.6 x 
6.4 A) was reported.5 Ti-A1-P was shown to catalyse the 
oxidation of hex-1-ene with aqueous hydrogen peroxide in 
MeOH as a solvent, albeit with a lower activity than TS-1. The 
major product was, however, the corresponding diol deriva- 
tive, presumably formed by ring opening of the intermediate 
epoxide catalysed by the Bronsted acid sites in the Ti-Al-P. 

catalyst #O\ R'CH=CH2 + R20,H - RICH-CH2 + *OH 

Scheme 1 Reagents: Catalyst : MoV1 (homogeneous) or TiIV/Si02 
(heterogeneous) R2=But or Ph(Me)CH- 

The lower activity of Ti-Al-P, compared to TS-1, is pre- 
sumably due to the more hydrophilic character of the pores of 
the former, resulting from the presence of aluminium. 

We now report that when the Bronsted sites in Ti-Al-P are 
neutralized by alkali metal exchange the resulting material is 
an efficient catalyst for the epoxidation of oct-1-ene (Scheme 
1; R1 = C6H13) with TBHP. 

Ti-A1-P was synthesized by a slightly modified version of the 
published procedure.5 Titanium tetraethoxide (1.60 g; 7.0 
mmol) was added dropwise with stirring to a 22.4% ( d m )  
aqueous solution of tetraethylammonium hydroxide (31.81 g; 
216 mmol) at 20 "C. Aerosil200 silica (23.65 g; 394 mmol) was 
subsequently added during 10 min to give a clear solution 
which was stirred for 2 h at 20 "C. A solution of aluminium 
nitrate (0.25 g; 0.67 mmol) in water (1 ml) was added and the 
mixture transferred to a 200 ml Teflon bottle, which was put in 
a stainless steel autoclave. The autoclave was rotated (600 
rpm) at 135 "C for 10 days after which time the solid material 
was separated by centrifuging, washed four times with hot 
water and dried at 65 "C in a vacuum oven. This material was 
then calcined at 550 "C for 24 h. X-Ray powder diffraction and 
IR spectra of the crystals were in agreement with published 
data.5 Inductively coupled plasma-atomic emission spec- 
trometric (ICP-AES) analysis showed Si/Ti and Si/Al molar 
ratios to be 41 and 46, respectively. Alkali metal exchange was 
carried out by treating the catalyst twice with 0.5% ( d m )  
aqueous metal acetate at 70-85 "C followed by washing with 
water(2 x) and methanol(2 x), drying at 120 "C and calcining at 
530 "C. X-Ray diffraction analysis confirmed that the catalyst 
had the BEA topology and elemental analysis using induc- 
tively coupled plasma (ICP) spectrometry indicated a titanium 
content of 2.5%. In common with TS-1, Ti-Al-P exhibits a 
characteristic IR band at 960 cm-1. 

In a typical reaction procedure 3.36 g (30 mmol) of 
oct-1-ene, 0.54 g (6 mmol) of TBHP, 0.2 g of catalyst (0.0104 
mmol Ti) and 30 ml of solvent were heated for 100 min with 

Table 1 Ti-Al-P catalysed epoxidation of oct-1-ene with TBHP : solvent effects. Reaction conditions; oct-1-ene (30 mmol), TBHP (6 mmol70% 
soh  in H20),  0.2 g (0.0104 mmol) catalyst, soh. 30 ml, 90 "C, 100 min 

Conv. (%) Selectivity ( % ) a  
TBHP 

Solvent TBHP Oct-1-ene 1 2 3 4/5 efficiency ( % ) b  

H20 
MeOHlH20 

MeOH 
MeOH(H20 free) 
BufOH 

MeCN 
MeCN(H20 free) 
PhClc 
Oct-1-ened 

(2: 1) 

CF3CHzOH 

26 
16 

13 
10 
0.3 
58 
14 
25 
11 
86 

25 
13 

13 
8 

0.2 
47 
14 
25 
0 
7 

0 
0 

0 
54 
23 
38 
80 
80 
0 
0 

0 
51 

47 
12 
00 
39 
0 
0 
0 
0 

50 50 96 
8 40 83 

0 53 100 
5 30 83 

10 44 100 
2 20 82 
2 18 100 
3 17 100 
0 0  0 

100 0 15 

a Selectivity on oct-1-ene converted. b Efficiency of TBHP conversion to oxidation products of substrate. 
used, the mixture was dried by MgS04. After filtration, it was stored with 3A zeolite. 
dried by MgS04. After filtration, it was stored with 3A zeolite. 

TBHP in chlorobenzene was 
Oct-1-ene was used as a solvent, the mixture was 
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Table 2 Ti-A1-6 catalysed epoxidation of oct-1-ene with TBHP : effect of ion exchange. Reaction conditions; oct-1-ene (30 mmol), TBHP 
(6 mmol; 70% soh in H20), 0.2 g (0.0104 mmol) catalyst, 30 ml TFE, 90 "C, 100 min 

Conv. (%) Epoxide sel. (%) 
TBHP 

Metal ion TBI-W Oct-1-ene on TBHP on Oct-1-ene efficiency (%) 

H+ 58 47 30 38 82 
Li + 40 38 95 100 95 
Na+ 15 13 86 99 87 
K+ 28 22 77 98 78 
Mg+2 37 29 72 92 78 
Ba+2 27 26 95 99 96 

F 
R'CH-CHp .O\ R20H - R'CH-CH~OH 

1 2 (p=H,alkyl) 

1 
R'CH2CHO + R'COMe R'CHO 

4 5 3 

Scheme 2 

vigorous stirring at 90 "C in a Teflon lined stainless steel 
autoclave. TBHP conversion was determined by iodometric 
titration and product yields by GLC analysis. 

In initial experiments we examined the effect of solvent (see 
Table 1) on the epoxidation of oct-1-ene with TBHP in the 
presence of Ti-A1-p (H-form). In addition to the epoxide 1 the 
corresponding diol derivative 2 was observed together with 
heptanal3 from oxidative cleavage of the diol and the epoxide 
rearrangement products, octanal 4 and octan-Zone 5 as 
depicted in Scheme 2. 

In water or aqueous MeOH no epoxide was observed. The 
major product was 2 (R=H or Me) formed by acid-catalysed 
ring opening of the intermediate epoxide. When the MeOH 
and TBHP were rigorously dried the epoxide was formed in 
54% selectivity. In tert-butyl alcohol 23% epoxide was 
observed together with the rearranged products (44%) and 
the heptanal (10%). The highest selectivity to epoxide (80%) 
was observed in MeCN as solvent. Presumably the weakly 
basic acetonitrile preferentially coordinates to the Brgnsted 
acid sites in the catalyst, thus preventing acid-catalysed ring 
openinghearrangement of the epoxide. The highest activity 
(58% conversion) was observed in 2,2,2-trifluoroethan- 
ol(TFE) as solvent. We also confirmed that no oxidation of 

the latter to trifluoroacetic acid had taken place. In chloroben- 
zene no conversion of oct-1-ene was observed. In oct-1-ene 
itself as solvent substantial (86%) TBHP decomposition was 
observed but little (7%) substrate was converted. We attribute 
the poor results observed in chlorobenzene and oct-1-ene to 
inefficient extraction of the hydrophobic oct-1-ene from the 
non polar environment of the bulk solvent into the relatively 
hydrophilic cavity of Ti-ALP (see Table 1). 

Others677 have also found that the nature of the solvent can 
have a dramatic effect on both activity and selectivity in liquid 
phase reactions catalysed by molecular sieves. 

Since the highest activity was observed in WE we elected to 
study the effect of alkali metal exchange in this solvent. As 
shown in Table 2 this resulted in a dramatic increase in 
epoxide selectivity. The most dramatic increase was observed 
with the Li-exchanged catalyst: 100% compared to 38% with 
the untreated catalyst. The conversion was slightly lower than 
with the untreated (H-form) catalyst (40% vs. 58%). 
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