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Abstract

In the epoxidation system oftf CsH5NC16H33]3[PW4016]/molecular oxygen/recyclable reductant (2-ethylanthrahydro-
quinone), cyclohexene, terminal olefins and allyl chloride all underwent epoxidation reactions smoothly under mild conditions.
Good selectivities to epoxides and high reductant utilization efficiencies (72.6—94.5%) were achieved. From 1-dodecene to
1-hexene, the epoxidation reactivity of the olefin and the utilization efficiency of the reductant increased with the decrease of
carbon atoms in terminal olefins. Studies showed th&iroduced by the oxidation of 2-ethylanthrahydroquinone with
molecular oxygen was the key intermediate that afforded the direct epoxidation of the substrate. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction porphyrins, but the yields of the epoxides based on
olefins and on reductants were both poor. In the 1990s,
Selective epoxidation of olefins with molecular oxy- Mukaiyama and co-workers developed an epoxidation
gen is a great challenge to chemists for both academicsystem with dioxygen, using aldehydes or alcohols
and industrial interests. Unfortunately, direct epoxi- as the reductants [11-14]. Sometimes the epoxides
dation of olefins with dioxygen is difficult because could be obtained quantitatively. But after the epoxi-
of the poor selectivity under the conventional severe dation reaction the reductant used was converted to
oxidation conditions. According to the catalytic ox- its corresponding oxidation product (carboxylic acid),
idation model of cytochrome P-450, a reductant is which could not be easily regenerated. Thus, the reduc-
needed in the epoxidation of olefins with dioxygen tant was consumed and a large amount of less useful
under mild conditions, just like the NAD(P)H in the co-product was produced. At the same time, only a few
above model [1,2]. Many compounds, such as NaBH less reactive terminal olefins or allyl chlorides have
[3-5], H—Pt [6,7], ascorbic acid [8,9] and zinc powder been tested and the results obtained were not so good.
[10], have been used as reductants in the epoxida- Terminal epoxides and epichlorohydrins are particu-
tion of olefins with dioxygen catalyzed by metallo- larly important for the commodity chemicals [15,16].
Even for a reaction giving a quantitative yield of the
" * Corresponding author. Fax:86-411-4691570. epoxide based on the olefin, two or more equivalents
E-mail addresshuangw@ms.dicp.ac.cn (Z. Xi). of the reductant with respect to the olefin were needed

1381-1169/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
PIl: S1381-1169(00)00416-7



220 Y. Sun et al./Journal of Molecular Catalysis A: Chemical 166 (2001) 219-224

N epoxidation catalyst QA at room temperature, was added 85%Pdy (0.29g,
ST O / \ = * HO 2.5mmol) dissolved in 1 ml of water and the whole
was diluted with another 20 ml of water and then
EAHQ EAQ stirred for 30 min. To the resultant solution, 1.80g

Pd catalyst of cetylpyridiniumammonium chloride (5mmol) in
dichloromethane (40 ml) was added dropwise with
H3 stirring over about 2 min. Stirring was continued for
an additional 60 min. The organic phase was then

Scheme 1. separated, dried over N8Oy, filtered and distilled

at 50-60C (water bath) at atmospheric pressure.
in Mukaiyama’s epoxidation system. Up to now, the The dried yellow powder (85.0% yield by weight
yield of the epoxide based on the reductant (the uti- based on the quaternary ammonium salt charged)
lization efficiency of the reductant) was still not higher Wwas obtained by further evaporating under reduced

than 50% in the reported molecular oxygen/reductants Pressure. IR (neat, KBr plates) 3413, 2914, 2849,
epoxidation Systems_ 1700, 1636, 1487, 1472, 1380, 1319, 1210, 1179,

Recently, we have reported on an epoxidation 1073, 934, 883, 777, 717, 683, 541chAnal. Calcd
system, (heteropolyoxometalates catalyst/molecular for CesH114016PNsW4: C, 39.08; H, 5.95; N, 2.17.
oxygen/recyclable reductant (including 2-ethylanthra- Found: C, 38.10; H, 6.07; N, 2.44. Determining of
hydroquinone (EAHQ) and 2,3,5-trimethylhydro- active oxygen showed that no peroxo bridge existed
quinone)) [17]. The unique characteristic of this inthe molecule [18].
system is the use of a recyclable reductant. After the
epoxidation reaction, the oxidation product of the 2 2. Reaction and analysis
reductant, for example 2-ethylanthraquinone (EAQ),
can be easily regenerated to the original reductant 2 1. preparation of EAHQ

via a simple catalytic hydrogenation and then can be 5.00g of EAQ (ca. 20 mmol) was dissolved in the
reused (Scheme 1). Thus, only dioxygen, hydrogen mixed solvent of 16 ml of toluene and 12 ml of tribu-
and the olefin are consumed in the overall process ty|phosphate. Then in the presence of 0.1250 g of 5%
and no co-products are formed from the reductant.  pq;c, hydrogenation was carried out at@5under

In the present work, as a part of our research on g atm of 1. The reaction was terminated when about
the catalytic epoxidation of olefins with dioxygen, var- g_10mmol of EAHQ was formed. The hydrogenation
ious olefins, including cyclohexene, terminal olefins  soytion was then filtrated to remove Pd/C. The exact
and allyl chloride, were tested as substrates in the concentration of EAHQ was determined by chemical

epoxidation system ofr{-CsHsNCi6Hz33]3[PWaO1¢] analysis and the hydrogenation solution was stored
(M)/molecular oxygen/EAHQ. The reaction mecha- nder N.

nism of this epoxidation system was also investigated.

2.2.2. General procedure for the epoxidation of
) olefins with Q
2. Experimental In a glass reactor, 0.0968 g of the epoxidation cata-
lyst M (0.05 mmol), 2.46 g of cyclohexene (30 mmol)
and a certain volume of the hydrogenation solution
containing 10 mmol of EAHQ were mixed. Then 1 atm
of O, was introduced. The reaction was maintained at

Unless specially mentioned, the chemicals used in
this work were at least of the C.P. grade and were used
as purchased.

2.1. Preparation oM - - ,
1 At room temperature, EAHQ can be oxidized completely with

. . . . Oy to EAQ. At the same time quantitative;B; is produced. The
A suspension of tungstic acid (2.50g, 10 mmol) in amount of B0, can be titrated using the classical KMp®ethod.

19 ml of 30% aqueous ¥0, was heated to 6@ and_ Thus, the exact concentration of EAHQ in the hydrogenation
stirred for 60 min. To the obtained colorless solution, solution can be obtained.



Y. Sun et al./Journal of Molecular Catalysis A: Chemical 166 (2001) 219-224 221

Table 1
Epoxidation of olefins catalyzed byl with O, and EAHQ at 35C?
Entry Substrate Time (h) Based on EAHQ Based on the olefin
Conversion (%) Yield (%) Conversion (%) Selectivity (%)
1 Allyl chloride 8 0
2 1-Dodecene 15 82.8 74.4 27.6 89.8
3 1-Octene 14 100 83.4 33.6 82.7
4 1-Hexene 13 98.4 88.5 32.8 90.0
5 Cyclohexene 2.5 100 93.0 34.0 91.2

aReaction conditions: hydrogenation solution containing 10 mmol of EAHQ, olefin:EAMHQ:600:200:1 (molar ratio), 1 atm of £
35°C.

35°C with vigorous stirring for 2.5 h. After the reac- Comparing with the results at 35, the epoxidation
tion, the reaction solution was analyzed by GC with results at 45C for various olefins were very similar,
the internal standard method. Gas chromatographic as shown in Table 2. After 8h at 46, there was
analyzes were performed with a SF-102 gas chro- also no epichlorohydrin detected for the epoxidation
matograph equipped with FID and columns filled with of allyl chloride (entry 1). With regard to terminal
SE-30. olefins, elevating of the reaction temperature reduced
A similar procedure was employed for the epoxi- the disparities in the reaction time required, due to
dation of 1-hexene, 1l-octene, 1-dodecene and allyl the difference of epoxidation reactivities of terminal
chloride. olefins. But from 1-dodecene to 1-hexene, the yield of
the epoxide, based on EAHQ, also rose from 72.6 to
94.5% (entries 2—4). The epoxidation of cyclohexene
3. Results and discussion resulted in 92.7% of epoxide yield based on EAHQ
after 1.5h (entry 5).

The results of the epoxidation of various olefins in ~ Since the molar ratio between the substrate and
the epoxidation system dfl/O-/EAHQ at 35C are EAHQ of all the reactions listed in Tables 1 and 2
shown in Table 1. was 3:1, the theoretical maximum conversion of the

Under the reaction conditions employed, no epoxi- olefin was 33.3%. So the resulting conversions of
dation reaction occurred even after 8 h when allyl chlo-
ride was used as the substrate (entry 1). Comparing
with the epoxidation results of terminal olefins having
different carbon atoms, the yield of the epoxide based
on EAHQ went up from 74.4 to 88.5% with the de-
crease of carbon atoms from 1-dodecene to 1-hexene'c
(entries 2—4), while at the same time the reaction time = *
required to reach maximum yield of the epoxide, based
on EAHQ, dropped from 15to 13 h, as shown in Fig. 1.
These indicate that both the epoxidation reactivity of ° "
the olefin and the epoxidation results were enhanced > o
with the decrease of carbon atoms from 1-dodecene to
1-hexene in this epoxidation system. Thus, the epoxi-
dation reactivity follows the sequence: 1-dodecene Time (h)
1-octene< 1-hexene. _ _— - .

For cyclohexene, epoxidation exibited the highest E;gfirwlé gg@gﬁ O;yf/le avcvti'tf]not'zmznzné:zgpgﬁ'gggon’gatsmnal
epoxide yield (93.0%, based on EAHQ) and the short- conditions are all the same as those in Table 1, square: 1-hexene,
est reaction time required (2.5 h, entry 5). circle: 1-octene, triangle: 1-dodecene.
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Table 2
Epoxidation of olefins catalyzed byl with O, and EAHQ at 45C?
Entry Substrate Time (h) Based on EAHQ Based on the olefin
Conversion (%) Yield (%) Conversion (%) Selectivity (%)
1 Allyl chloride 8 0
2 1-Dodecene 7 86.4 72.6 28.8 84.0
3 1-Octene 7 93.3 79.2 311 84.9
4 1-Hexene 7 100 94.5 34.0 92.6
5 Cyclohexene 15 100 92.7 34.0 90.9

aExcept for the reaction temperature (@3, other reaction conditions are the same as those in Table 1.

the olefins based on the olefins (27.6—34.0%) were the epoxidation catalyd¥l. So it is important to in-
high. At the same time good epoxide selectivities vestigate whether O, plays an important role or not
(82.7-92.6%) and high olefin conversions based on in this epoxidation system. The experiments and re-
EAHQ (82.8-100%) were obtained. Thus, high yields sults are summarized in Table 3. In entry 2, the hy-
of the epoxides based on EAHQ (72.6-94.5%) were drogenation solution containing EAHQ was oxidized
achieved in the epoxidation system Mf/molecular with O at 35°C at first to give EAQ and blD,. After
oxygen/EAHQ. This is another characteristic of this cutting off of the Q, cyclohexene an were added
new epoxidation system, with which high utilization and the epoxidation reaction was carried out &tC35
efficiency of the reductant, which is much higher than for 2.5h. The epoxidation results thus obtained were
50%, could generally be obtained. just the same as those achieved from the ‘normal’ pro-
The reaction mechanism of the epoxidation system cedure (entry 1). If 30% aqueous®, was directly
of M/molecular oxygen/EAHQ was also studied. The used as the oxidant, similar conversion of cyclohex-
guestion usually raised is that whether the epoxida- ene was obtained under the same reaction conditions,
tion of the olefin comes from the concerted interac- but the selectivity of cyclohexene oxide dropped from
tion of EAHQ, molecular oxygen and the olefin with  94.0 to 87.6% (entry 1 versus 3). When the reaction
catalystM or molecular oxygen interacts with the re- temperature was decreased td@psimilar dropping
ductant EAHQ at first to give pD2 then the olefin of the selectivity was found (entry 5 versus 6). This
undergoes the epoxidation reaction with the help of decrease in selectivity may be due to the existence

Table 3
Influence of different oxidants on the epoxidation of olefins

Entry Substrate Oxidant t (°C) Time (h) Based on EAHQ or #0, Based on the olefin

Conversion (%) Yield (%) Conversion (%) Selectivity (%)

1 Cyclohexeng Oy 35 2.5 99.3 93.3 33.1 94.0
2 Cyclohexen% O 35 2.5 99.3 93.6 33.1 94.2
3 Cyclohexeng& 30% HO, 35 2.5 98.4 86.2 32.8 87.6
4 Cyclohexengé 15% H,O, 35 2.5 100 72.0 34.1 70.4
5 Cyclohexeng& Oy 20 8 96.6 87.3 32.2 90.4
6 Cyclohexeng  30% HO» 20 8 97.2 77.2 324 79.4
7 1-Hexené Oy 35 13 98.4 88.5 32.8 90.0
8 1-Hexené 30% HO» 35 13 100 90.8 33.8 89.6

aExcept for the reaction temperature, other reaction conditions are the same as those in Table 1.

b Hydrogenation solution containing EAHQ was oxidized with Gompletely at 35C to give HOy, then G was switched off,
cyclohexene andM were added to the solution and the epoxidation reaction was carried out@t BBe other reaction conditions are
the same as those in Table 1.

¢ O,/EAHQ was replaced by aqueous®. Except for the reaction temperature, other reaction conditions are the same as those in
Table 1.
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OH o] Bt Table 4
Et fast 1O The reusing of EAHQ for the epoxidation of cyclohexene catalyzed
OOO + 0, O‘]O 22 by M with air and EAHG@
OH o Use times Based on EAHQ Based on cyclohexene
o of EAHQP ; , , —
, epoxidation catalyst M\ , Q Conversion Yield Conversion Selectivity
H0, + /c=c\ B EE———— /c—c\ + H0 (%) (%) %) (%)
1 97.8 90.8 39.1 92.9
Scheme 2. 2 99.8 91.3 399 915
3 95.0 90.4 38.0 95.2

. . aFor the preparation of EAHQ, mixed trimethylbenzenes was
of water in the aqueous 3@, which could make the employed instead of toluene. A certain volume of the hydrogena-

cyclohexene oxide (very sensitive to water) to be hy- tion solution containing 10 mmol of EAHQ was oxidized by air
drolyzed. When more diluted aqueous®} (15%) (1atm) at 35C with vigorous stirring until a bright yellow so-
was used, the selectivity of cyclohexene oxide de- lution was obtained. After switching off of the air, 0.0242g of
ceased further to 70.4% (entry 4). If 1-hexene was used epoxidation catalysM (0.0125mmol) and 2.14g of cyclohexene
as the substrate, no notable difference was found be-(industrial purity, 96% GC, 25mmol) were added, and the epoxi-
. . dation reaction was carried out at“Twith stirring for 3 h.

tween the epOX|dat|0n results usmg/(—DAHQ or 30% bThe epoxidation catalys¥! was soluble in the reaction so-
aqueous HO; as the oxidants (entry 7 versus 8). This |ution. After the epoxidation reaction, it precipitated from the re-
can be explained as that 1,2-epoxyhexane is stableaction solution, which was then removed. Then the unconverted
enough towards water under the reaction conditions cycl_ohe_xene and the product cyclohexene oxide were recovered by
employed. From the above results and discussion, it 9iSiation: EAHQ was then regenerated according to the prepa-
can be concluded that 4@, produced from the oxi- ration conditions of EAHQ described in the experimental section.
dation of EAHQ with molecular oxygen is the key in-
termediate in the epoxidation systemMfmolecular
oxygen/EAHQ, which affords the direct epoxidation
of the substrate. The reaction mechanism can be illus-
trated as follows (Scheme 2).

It can also be concluded that this epoxidation sys-
tem might be much advantageous for the preparation

of the epoxides which are sensitive to water, such as Under th diti EAH idized
cyclohexene oxide and so on. nder these conditions, Q was oxidized to

Since HBHO; is the key intermediate for the epox- F;]AQ completel()j/ alft?r thﬁ reacgon. Aft((jarhseparatllgn ,Of
idation of the olefin in the epoxidation system of the unconverted olefin, the procuct and the epoxidation

M/molecular oxygen/EAHQ, then the epoxidation catalystM, EAQ (together with the mixed solvent)
reaction temperature employed can be much higher c0Uld be easily hydrogenated over a Pd/C catalyst

than the permitted temperature of EAHQ oxidatfon to regenerate the EAHQ fpr recy?'e uses. Results in
[19,20]. This elevated temperature can be of great Table 4 show that there is no §|gn|f|cant |anue.nce
help for the epoxidation of the inactive allyl chloride. on the conversion a_nd selectivity of the epoxida-
For example, the hydrogenation solution containing tion of cyclohexene in th_e system dd/molecular

10 mmol of EAHQ was oxidized with @at 35C oxygen/EAHQ after recycling.

at first to give BO,, then 25 mmol of allyl chloride
and 0.13mmol of catalysM were added and the
epoxidation reaction was run at % for 1.5h. A

93.5% conversion of the allyl chloride and a 80.5%
yield of epichlorohydrin (both based on EAHQ) were
achieved. This good result manifests another unique
feature of this epoxidation system. When the aqueous
H>0o, instead of @, was used directly as the oxidant,
at 75 C similar epoxidation results were obtained for
the epoxidation of allyl chloride.

4. Conclusions

- _ _ In the epoxidation system d#l/molecular oxy-
Dgrmg the industrial 2-ethylanthraqumoqe process fqr the pro- gen/EAHQ, various olefins (including cyclohexene,
duction of HO,, the temperature in the oxidation step is usually 1-h 1-oct 1-dod d allvl chlorid
controlled (usually< 55°C) to avoid the decomposition of 4@, -nexene, 1-oc _ene_‘ -ao epene ana allyl chiori _e)
and to prevent the side reaction betweepOb and EAHQ at underwent epoxidation reactions smoothly under mild

catalytic sites. See references [19,20]. conditions. Good selectivities (82.7-92.6%) and high
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yields of epoxides (based on EAHQ, 72.6-94.5%)
were achieved. The utilization efficiencies of the re-
ductant were all much higher than 50%. It was also
found that from 1-dodecene to 1-hexene, the epoxida-
tion reactivity of the olefin and the yield of the epoxide
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bon atoms in the terminal olefins. The results showed
that HbO» produced by the oxidation of EAHQ with
molecular oxygen was the key intermediate that af-
forded the direct epoxidation of the substrate.
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