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Abstract

Selective oxidation of 1-octen-3-ol to 1,2-epoxy-3-octanol and 1-octen-3-on wih ehtalyzed by CsHsN(CH2)15CHs }7
HoHo (W 19036(cetyl-HoW10) in a CHG-H,0O, aqueous biphasic system, adapted as a test catalytic reaction, was ki-
netically investigated. The rate equations for the epoxide and enon formation were successfully described by equations:
Repoxy = k1.epoxyfsubstrate][HO,]%6, and Renon = k1 enorlSUbstrate][HO2] ~%6. A working mechanism in which 50O,
molecule acts additionally to the substrate molecule which has been activated by interaction with a peroxo-species formed
on the cetyl-LnW10 catalyst was proposed; thg0bl molecule promotes the epoxide formation, but suppresses the enon
formation. 2-Hexen-1-ol was easily oxidized in the catalyst system, although 2-octene without a terminal OH-group was
not. Moreover, the activity decreased drastically as the olefinic-group was far away from the terminal position. These results
indicate that the terminal OH-group plays an important role in the activation of the substrates. The working state and the
activity of catalyst were greatly influenced by the polarity of the solvent used. Especially, in the organic solvent-free system,
the activity was very much promoted. Thus, cetyl-LnW10 is a suitable catalyst, from the environmental viewpoint. With
the oxidations of both 1-octen-3-ol and 2-hexen-1-ol catalyzed by a series of Ln(lll)W10; Ln: La—Er, the activities varied
regularly according to the tendency of contraction of the Ln(lll) ion. Those findings were interpreted reasonably by the mode
of interaction and the working mechanism postulated, and clearly support the proposal th&téhections of the Ln(lIl)
ion participate in the catalysis. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction also from HO, and oxoanions, have effectively oxi-
dized terminal alcohols, olefins and allylic alcohols
Catalyst systems, derived frompy8, and the usual [1-11]. Various ‘transition-metal-substituted polyoxo-
type of heteropoly-oxometalates (“Keggin type”), and metalates’ based on the Keggin structure have also
been well-known as excellent catalysts for the selec-
* Corresponding author. tive oxidations of various organic substrates [12—-17].
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We have synthesized and characterized a seriesalso the epoxide formation rate in 2-hexen-1-ol were
of lanthanide decatungstates {MbLnW10-nH20; found to vary, although slightly, along with the con-
LnW10, Ln = La-Yb] [18]. The lanthanide deca- traction in the Ln(lll) ion size. The chemical effect
tungstates modified with a 1-hexadecylpyridinium of the Ln(lll) ion on the catalysis will be discussed
cation (cetyl-LnW10) behaved as unigue catalysts based on those findings.
for HoO, oxidations of alcohols and olefins; for
instance, cetyl-How10 in a CH&HH,O, aqueous
biphasic system has effectively catalyzed secondary 2. Experimental
alcohols such as 2-octanol to 2-octanone and terminal
alcohols containing a phenyl group, such as benzyl 2.1. Materials and preparation procedures
alcohol, but did not catalyze terminal alcohols such
as 1-hexanol to the corresponding aldehyde [19,20]. A series of NaHoLn(ll)W 10036:nH20 (Na-Ln
With the epoxidation of olefins, similarly, the inner W10; Ln: La—Er) compounds were synthesized accor-
olefin, such as cyclooctene, was rather rapidly con- dingtothe literature [18,25]. The samples, Na-LnW10,
verted to epoxycyclooctane, while the terminal olefin were successfully modified with a 1-hexadecylpyridi-
containing a phenyl group, such as styrene, was not nium cation according to the literature [2,26]. Typ-
epoxidized. Under organic solvent-free conditions, ically, to a stirred solution of those samples (ca.
especially cetyl-How10 behaved as an active catalyst 1 g) in distilled water (5ml), an aqueous solution
for the O, oxidations of the above-mentioned al- of 1-hexadecylpyridinium chloride monohydrate (ca.
cohols, olefins and allylic alcohols. Furthermore, the 9M amounts) was added dropwise at room tem-
catalytic ability and stability were very high even at perature. After 2h, the resulting precipitate was
90°C in those reacting systems [19]. filtered, washed with distilled water, and dried in

The catalytic activities for the $0, oxidation of vacuo. The catalyst samples will be designated cetyl-
benzylalcohol and cyclooctene in a CHEH,O, LnW10.
aqueous biphasic system have been compared among An agueous solution of N&V1003, was prepared
the series of cetyl-LnW10 [Ln: La—Er]. The activity —according to the literature [4] as follows. N&O4-
for the former tended to increase with the contraction 2H,O (3.3g, 10mmol) was dissolved in distilled
of the Ln(lll) ion in cetyl-LnW10; on the contrary, water (50ml) at 80C, and the pH of the solution
the activity for the latter tended to decrease with the was adjusted to 2.0 by adding a HGl®olution. The
ion size contraction [20]. Those findings were favor- sample was similarly modified with a 1-hexadecyl-
ably interpreted according to a working hypothesis pyridinium cation (cetyl-W10). An aqueous solu-
proposed by Mimoun and co-workers [21,22] and tion of HaPW;2049-nH20, obtained from Nippon
a peroxo-complex model previously postulated in a New Metal Co. Ltd., was also modified with a
H20,—-LnW10 reacting system [23,24,30]. 1-hexadecylpyridinium cation (cetyl-PW12).

In the present paper, the catalytic activity and se-
lectivity for the oxidation of allylic alcohols such 2.2. Analyses and characterization
as l-octen-3-ol and 2-hexen-1-ol withp®&, on the
series of cetyl-LnW10 compounds are investigated The samples, thus, prepared were identified mainly
kinetically to examine the stereo-selective features by UV-VIS, FT-IR and ICP with reference to the
and additionally the effects of the OH-group in the previous papers [18,20]. The compositions of Na, Ln,
substrates on the catalyses in detail to understand fur-and W were analyzed by an ICP apparatus, Simadzu
ther their working states and mechanisms. In the caseModel ICP-1000l1l. FT-IR spectra were recorded on a
of 1-octen-3-ol, for instance, the selectivity for the Perkin-Elmer Model 1760X over the frequency range
epoxide formation greatly increased with the®} of 4000-450 cm? with a resolution of 4 cm? by the
concentration; the epoxide yield increased to 90% normal KBr-disk method. The results of ICP-analyses
or more in 60% (KHO) at 30°C in a CHCk—H,0» for Na-LnW10 were confirmed to coincide well with
aqueous biphasic system. The ratio of the epoxide the results previously reported [18,20]. The FT-IR
formation rate to the enon-one in 1-octen-3-ol and spectra of Na-LhW10 and the characteristic bands
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also corresponded well to those mentioned previously portant role in the activation step of the catalytic
[18,20]. epoxidation of allylic alcohols.
A peroxo-complex was suggested to be formed in a
LnW10/H,O; reacting system, the structure of which 3.1 Epoxidation of an allylic alcohol having
has been postulated by in situ FT-IR, FT-Raman, and an olefinic-group at the terminal, 1-octen-3-ol,
183W NMR spectrometries, [20,23,24] and its catalytic ith H,0,
behavior has also been studied kinetically as referred

in Fig. 10(B) [29,30]. 3.1.1. KO, concentration dependence of the

oxidation rate: kinetic analysis
The oxidation of 1-octen-3-ol on cetyl-HoW10 has
) ) ) been carried out at 3@ in the CHC} (20 ml)—HO2
The organic reagents (special grade), which were 5que0us biphasic system under different concentra-

purchased from. Kanto Chem!cal Co. Ltd., E. Merk tions of H,O,, 18-60%. The substrate disappeared
and Tokyo Kasei, were used without further treatment. gradually with time, and then 1,2-epoxy-3-octanol and

H20, aqueous solution produced by Tokai Denka 1.octen-3-on formed in a constant ratio of ca. 2:1, as
Ind._ Ltd., was used. The oxidation reactions were jjjystrated, e.g. 30% bD; in Fig. 1(a). The first-order
carried out [19,20,26] as follows. In a three-necked gnalysis was successfully applied to the time course
round-bottom flask (100 ml), 0 (18-60%, 10ml;  4f the substrate as shown in Fig. 1(b). From the incli-
100 mmol), a substrate (8 mmol), a solvent (0-20ml) nation of the linear line, we can determine exactly the
and pentadecane (0.123g; 0.58 mmol) as an mternalapparem rate constark, ops The turnover frequency
standa_\rd were introduced_. After ca. 30 min of holding (TOF) for the epoxide and enon formations, per hours
the mixture at the reaction temperatures (02D  ang per molar-catalyst, could then be estimated based
under N atmosphere, the reaction was started by the 5, the values of the formation ratio ard ops re-
addition of a catalyst (0.05-0.2g; 0.01-0.04mmol). gpectively. The data similarly collected for 18-60%
A part of the reacting solution was sampled at an H,0, were also favorably analyzed, and the rate con-
interval and was added to CH{to extract the re-  stants and the TOF values obtained are summarized
actant and products for analysis. The product yield jn Taple 1. The TORpoxy Values increase greatly with
was determined by GC @ mm x 30m DB-Wax  jncreasing HO, concentration. On the contrary, the
capillary column) using the internal standard method. TOFenontends to decrease, although the data seem to
When t-butyl alcohol and acetonitrile were used as pe gcattered. In order to examine thgd4 concentra-
the solvent, a constant amount of the standard sub-jgp, dependence of the TOF values, In(TOF) was plot-
stance (0.123g; 0.58 mmol) was previously added to g against In(HO,-concenration, %) in Fig. 2. From
CHClz (10 ml) for the extraction. the slopes of the curves, we can evaluate the reaction
orders of the formation processes of 1,2-epoxy-3-ol
and 1-octen-3-on from 1-octen-3-ol. In fact, the activ-
ity for the former product increases depending upon
. the order of ca. 1.6 of the #D,-concenration. On
On cetyl-HoW10 as a test catalyst under an organic e gther hand, that for the latter decreases depend-
§olvent-fr_ee _condmon, 2—oct§n—1—ol was oxidized ca. ing upon the order of ca-0.6, although the TORa
five to six times more rapidly than was 1-octen- jncreased according to the order of ca. 1.0. As a re-
3-ol, in which the former was converted to 2,3-epOXy- gt the reaction rate equations for the selective ox-

1-octanol Without the oxidation of the terminal idations of 1-octen-3-ol to 1,2-epoxy-3-octanol and
OH-group, while the latter gave 1,2-epoxy-3-octanol 1_gcten-3-on with HO, are derived as Egs. (1) and
and 1-octen-3-on in a ratio of ca. 3:1, as compared (2), respectively.

in Table 4 of [19]. The activity for the epoxidation

of cyclooctene was too low, ca. 1/20 or 1/30 of that Repoxy = k1,obdSubstrate}’[H20,] (1)
for 2-octen-1-ol. Thus, from those comparisons, the

OH-group has been suggested to play quite an im- Renon= k1 obdsubstrate}’[H,07] ~*° (2)

2.3. Catalytic reactions and procedures

3. Resaults
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Fig. 1. (a) Kinetic data for the selective oxidation of 1-octen-3-ol to 1,2-epoxy-3-octanol and 1-octen-3-on on cetyl-HoW10 in the CHCI
(20 ml)-H, O, (30%) aqueous biphasic system at°80 substrate 8.0 mmol, catalyst 0.04 mmol. (b) Application of the first-order equation
to the kinetic data: plots of I@p/C) vs. time.
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Table 1
The HO, concentration dependence of the first-order rate constapts TOFepoxy and TORnon for the HO, oxidation of 1-octen-3-ol
in CHCI3 solvent (20 ml) at 30C

H202 (%) K1,0bs (hil) kepoxy (hil) Kenon (hil) TORotal (hil) TOFepoxy (hil) TOFenon (hil)
60 0.0672 0.0541 0.0068 13.8 12.2 15
54 0.0546 0.0408 0.0084 10.3 9.1 1.3
48 0.0461 0.0332 0.009 8.2 6.8 15
42 0.0424 0.0252 0.0097 8.1 6.2 2.0
36 0.0403 0.0208 0.0081 7.3 5.4 18
30 0.0353 0.0183 0.0105 5.6 3.7 1.9
24 0.0278 0.0132 0.0084 5.4 3.4 2.0
18 0.0259 0.0056 0.0128 4.5 1.4 3.1
3
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Fig. 2. The BO, concentration dependencces of the total oxidation rate {f£)Fof 1-octen-3-ol and the formation rates of TQkxy and
TOFenon Plots of In(TOF) vs. In(HO, concentration, %): ¢) TORotal; (@) TOFepoxy; and O) TOFenon Substrate 8.0 mmol, catalyst
0.04 mmol, BO, (18-60%, 10 ml) 100 mmol.

Table 2

Temperature dependence 0f®) oxidation of 1-octen-3-ol on cetyl-LnW2£0

Temperature°C) UT (x1073) (K1) TOFotal (h™1) TOFepoxy (N71) TOFenon (h™1)
30 3.30 26.2 20 6.2

40 3.195 455 31 14.5

50 3.096 134 87 47

60 3.003 244 142 102

70 2.916 320 165 155

aSubstrate 8.0 mmol, catalyst 0.04 mmol, in CklGblvent (3.0 ml) at 30—7¢C.
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Fig. 3. The temperature dependences of the selective oxidation rates of 1-octen-3-ol on cetyl-HoW10 in th€30MISH,O, (30%)
aqueous biphasic system at 302T0 Arrhenius plots for TOfa (<); TOFepoxy (@); and TORnon (O).

3.1.2. Temperature dependences of the oxidation ca. 30% higher than that (58 kJ md) for the epox-
rates: Arrhenius parameters ide formation. Thus, we can see that the ratio of the
The oxidation of 1-octen-3-ol on cetyl-HoW10 has epoxide to the enon greatly increases with decreasing

been carried out in the temperature range of 3070  temperature; the epoxide formation becomes more

in the CHC} (3.0 ml)-H0O, (30%) aqueous biphasic  favorable at lower temperatures.

system. The data collected were analyzed well by the

first-order kinetics, according to the procedure de- 3.1.3. Catalytic activities on a series of cetyl-LnW10

scribed earlier. The results are summarized in Table 2, (Ln: La—Er) compounds during theJ@, oxidations

and the Arrhenius plots for the TOF values show of 1-octen-3-ol in the CHGFH2O2 aqueous

good linear lines as illustrated in Fig. 3, in which the biphasic system

point at the highest temperature (0) was rejected The kinetic data were similarly well analyzed on

because it deviated somewhat below the straight lines. catalysts other than cetyl-How10 in the CH&H,0,

The Arrhenius parameters evaluated from the linear aqueous biphasic system at 0 TORpoxy and

lines are given in Table 3. It is noted that the activa- TOFgnonfor the H,O, oxidation of 1-octen-3-ol in the

tion energy (80kJmott) for the enon formation is  series of Ln(ll)W10 (Ln: La—Er) were successfully
evaluated. Those values were plotted as a function of
the ionic sizes of Ln(lll) in Fig. 4, in which TQlpoxy
seems to retain on a flat line; curve A, but TQé

Table 3 . . . . .

Arrhenius parameters for the selective oxidation of 1-octen-3-ol tends t_O mcrgase slightly with the contraction m_ the

to epoxide and enon formation with,B, on cetyl-LnW10 in Ln(lll) ionic size; curve B, although the data points

CHCl3 solvent (3.0 ml) at 30-68C are rather diverse from each other. Thus, the ratio of

Reaction Ea (kJmolL) In(TORy) (1) TOFepoxy/ TOFenon Clearly decreases between 2.0 and

3.0 with the contraction; curve C, the values of which

were magnified by 10 in Fig. 4. Thus, the Ln(lIl) ionic

size, and thus, the Afelectron, might be suggested

Epoxide formation 58 25.9
Enon formation 80 33.7
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Fig. 4. The comparisons of the catalytic activities and selectivities for th@,Hbxidations of 1-octen-3-ol on the catalyst series of
cetyl-Ln(ll)W10 in the CHC} (10 ml)-HO> (30%) aqueous biphasic system at°80 Plots of TOFRpoxy, TOFenon and the ratio of
[TOFepoxy TOFenor] magnified by 10 as a function of the ionic radii of Ln(lll). Substrate 8.0 mmelDiH(30%, 10 ml) 100 mmol, catalyst

0.04 mmol.

to affect the enon formation greatly rather than the
epoxide formation.

3.2. Epoxidation of allylic alcohols having the
OH-group in the terminal with BO,

3.2.1. Activation of the olefinic-group located in a
different position

We are interested in how the activity of cetyl-LnW10
for the epoxidation differs with the olefinic-groups
located in different positions. Hence, the epoxidation
of 2-, 3- and 4-hexen-1-ol were investigated using
cetyl-HOW10 as a test catalyst in the CH&H,O,
aqueous biphasic system under the following condi-
tions; substrate 8.00 mmol, catalyst 0.04 mmal(Ox
(30%) 10 ml (100 mmol), CH@I10 ml, at 30°C. The

tions of cis-5-octen-1-ol and 2-octene were measured
similarly. The epoxides initially formed tended to be
converted further to undetectable products, especially
in the oxidation of 3- and 4-hexen-1-ol. However, in
any case, the time course of the substrates was suc-
cessfully analyzed by first-order kinetics, as shown in
Fig. 5. The apparent first-order rate constakis)
were exactly determined from the slope of the curves,
and then the turnover frequency (TOF, % was also
evaluated, as summarized in Table 4. The TOF values
for those substrates are compared clearly in Fig. 6.
When the olefinic-group is far from the terminal
OH-group (2— 3 — 4), the TOF values decrease
almost in proportion to an exponential function. The
potentiality of the cetyl-LnW10 catalyst for the epox-
idation of the substrates without the OH-group, e.g.

changes in the concentration of the substrates and2-octene, is very poor. The TOF fais-5-octen-1-ol

the corresponding epoxides formed with time were

is, in fact, one order of magnitude higher than that for

measured at intervals. For comparison, the oxida- 2-octene, although the olefinic-group is too far from
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Fig. 5. The first-order analysis for the kinetic data for the epoxidations of the series of hexene-1-ol on cetyl-HOW10 in theHeBILCI
aqueous biphasic system at<3D: (@, O) trans and cis-2-hexene-1-ol; [, <) cis-3- and 4-hexene-1-ol;/{, A) cis-5-octene-1-ol and
2-octene, respectively. Substrates 8.0 mmol, catalyst 0.04 mm@l; K80%, 10 ml) 100 mmol, CHGI10 ml.

the terminal OH-group. Thus, these results suggestthe data collected in the course of the reactions were

clearly that the terminal OH-group plays an impor- also analyzed successfully according to first-order

tant role in inducing the substrates effectively into an kinetics. The rate constanki(opy and the corre-

activated state for the epoxidation. sponding TOF values, thus, obtained are summarized
in Table 5. The TOF values are illustrated in Fig. 7.

3.2.2. Epoxidations of trans- and cis-2-hexen-1-ol in

various organic solvent—40, aqueous biphasic

systems ' . Table 5
Th? cgtalytlc behawolr of Cetyl'HOW]-_O for the Epoxidation rates of 2-hexene-1-ol with,6&, in various solvents
epoxidation otrans andcis-2-hexen-1-ol with HO» on cetyl-How10 at 30C
was e_xamlned in the I_mpha_5|c media; aqgeog@fl— Solvent Substrate Kiove  TOF
organic solvents having different polarities such as (-1  (hh
CsHg, CHCIg, t-BuOH, and CHCN [28]. In any case, CoHe Transz-hexenlol  1.22 176
Cis-2-hexen-1-ol 1.28 185

Table 4
Epoxidation rates of various hexen-1-ol with,® on cetyl- CHCls gzzr;%ﬁéizﬁg:gl'm 82?(25 Z;
HoW10 in CHC§ at 30°C '

1 1 t-BuOH Trans2-hexen-1-ol  1.59 229
Substrate ke.obs (M) TOF () Cis-2-hexen-1-ol 1.36 196
Trans2-hexen-1-ol 0.632 o1 CHCN Trans2-hexen-1-ol 176 254
Cis-2-hexen-1-ol 0.616 89 Cis2-hexen-1-ol 147 212
Cis-3-hexen-1-ol 0.222 32
Cis-4-hexen-1-ol 0.052 7.5 In-organic solvent-free Trans2-hexen-1-ol  7.29 729
Cis-5-octen-1-ol 0.105 15 Cis-2-hexen-1-ol 719 710
2-Octene 0.011 1.6

aKg,obs (Mmol hi1).
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2-octene

cis-5-octen-1-ol

cis-4-hexen-1-ol

sajelisqns

cis-3-hexen-1-ol

cis-2-hexen-1ol

trans-2-hexen-1-ol

0 10 20 30 40 50 60 70 80 90 100
TOF/h!

Fig. 6. The TOF evaluated from the first-order rate constakitgp§ for the epoxidations of the series of hexene-1-ol withOdl on
cetyl-How10 in Fig. 5.

In CH3CN solvent having a high polaritys (= paid to the fact that the activities for thensisomer
37.5), the reaction was thought to be carried out ap- tends to be higher than that for th@s-isomer in
parently in a monophasic state such that the substratethe solvents having higher polarity; that is, in the
and catalyst dissolve mutually in a mixed solvent of CH3CN-H,O2 aqueous system, the activity for the
aqueous HO, and CHCN. However, in benzene transisomer was greater (ca. 20%) than that for the
(¢ = 2.3), the reaction certainly took place in the cis-isomer, although in the benzenex®p aqueous
organic solvent-aqueous;B; biphasic system, in  biphasic system, on the contrary, the former activity
which both the substrate and catalyst dissolve ho- was less (ca. 5%) than the latter. Those points will be
mogeneously in the organic phase. In the solvents discussed in detail in the following sections.
having a medium polarity such as CHQk = 4.8)
andt-BuOH (¢ = 12.5), the reaction can be regarded 3.2.3. Temperature dependences of the epoxidation
apparently as proceeding in a biphasic system, al- of trans- and cis-2-hexen-1-ol in GEN solvent and
though the substrate and catalyst may be distributed organic solvent-free systems
partially in both phases. The concentrations of the In the CHCN solvent—-HO, aqueous system, the
substrate and catalyst could not be evaluated exactly epoxidations ofrans andcis-2-hexen-1-ol took place
in these situations. Thus, the activity and selectivity in a unified phase, while in the organic solvent-free
would vary not only with the polarity, but also with  system the reaction occurred in the biphasic media,;
the extent of the distribution of both the substrate and aqueous HO,—substrate dissolved the catalyst di-
catalyst into the reacting region (layer), although the rectly, in a temperature range of 0-3D. The amount
TOF values tend to decrease with the decrease in theof the catalyst used was reduced to one-fourth, be-
polarity of the solvent. However, attention should be cause the activity was too high to be measured without
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Fig. 7. Effects of the solvents on the TOF for the epoxidationtrafs and cis-2-hexene-1-ol with KO, on cetyl-HoW10 at 36C: (H)
and (J) trans andcis-2-hexene-1-ol, respectively. Substrate 8.0 mmol, catalyst 0.04 mna@l; kB0%, 10 ml) 100 mmol, solvents 10 ml.

saturation. Thus, the reaction conditions were selected Table 6

as follows: substrate 8 mmol, catalyst 0.01 mmol, Temperature dependences of epoxidation rates of 2-hexen-1-ol with

H,05 (30%) 100 mmol. The amount of catalyst used H20, on cetyl-HoW10 in CHCN and in organic solvent-free at
. 0-30°C

was low compared with that of the substrate, and also

the reaction temperature was rather low. In fact, the ;ecr;‘perature Substrate TOF (W)
data collected for both the substrate and product in In CH;CN  In solvent-
the course of the reaction were quantitatively ana- free
lyzed by zero-order kinetics at least up to ca. 60—70% 30 Trans2-hexen-1-ol 254 729
conversion. TOF (h!) values, as estimated from Cis-2-hexen-1-ol 212 710
the zero-order rate constarkyeps (mmol 1)) per 20 Trans2-hexen-1-ol 97.7 428
0.01 mmol of the catalyst, are added in Table 6. Cis-2-hexen-1-ol 75 347
The TOF values in the organic solvent-free sys- 10 Trans2-hexen-1-ol 33.7 159
tem appear to be about three- and nine-times higher Cis-2-hexen-1-ol 22.7 145
than those in the C§)CN system at 30 and 1, 0 Trans2-hexen-1-ol 10.1 93
respectively, in Table 6. Thieansisomer is also pref- Cis-2-hexen-1-ol 9.1 75

erentially epoxidized rather than thés-isomer. The
Arrhenius plots of TOF for bottrans andcis-2-hexen-
1-ol in CH3CN solvent and in the organic solvent-free are summarized in Table 7. It should be noted that
system show good linear lines as illustrated in Fig. 8. the activation energies are about 20-25 kJThol

The Arrhenius parameters estimated from the plots lower in the organic solvent-free state than in the
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In(TOF/h™)

in solvent free

3.25 3.3 3.35 3.4 3.45 35 3.55 36 3.65 37

1000/T/K

Fig. 8. Arrhenius plots for the epoxidation rates (TOFhof trans andcis-2-hexene-1-ol with KO, on cetyl-HoW10 in the CBICN and

in the organic solvent-free systems in the temperature range of°G:3@) and ) trans- and cis-2-hexene-1-ol in organic solvent-free;
(®) and ©) trans and cis-2-hexene-1-ol in CBCN, respectively. Substrate 8.0 mmol,® (30%, 10 ml) 100 mmol, catalyst 0.04 mmol
in CH3CN (10 ml) and 0.01 mmol in the solvent-free.

Table 7

Arrhenius parameters for epoxidation ratest@fns and cis-2-
hexen-1-ol with HO, on cetyl-HowW10 in CHCN and solvent-free

states at 0-3@

organic solvent-free condition as follows; substrates
8.00 mmol, catalyst 0.04 mmol, Jd&d, (30%) 10 ml
(100 mmol) at 0C. The data gathered in the course
of the reactions were also analyzed successfully ac-

Solvent Substrate Arthenius parameters .o ding to zero-order kinetics. TOF values foans
In(ToF) -~ B and cis-2-hexen-1-ol were evaluated similarly from
) (kymol™) the changes in the substrates with time, and the mean
In CHCN Trans2-hexen-1-ol  34.5 73.5 TOF values are illustrated in Fig. 9 for comparison.
Cis-2-hexen-1-ol 35.1 74.4

In solvent-free Trans2-hexen-1-ol  26.3
Cis-2-hexen-1-ol 27.4

49.6
52.6

CH3CN solvent, as will be discussed in the following

sections.

3.2.4. Catalytic activities of the series of cetyl-LnW10
(Ln: La—Er) compounds for pD, oxidations of trans-
and cis-2-hexen-1-ol in an organic solvent-free state
The reaction rates for #D, oxidation of trans
and cis-2-hexen-1-ol were measured for the series
of cetyl-LnW10 catalysts [Ln: Na—Er] under the

On cetyl-W10 (decatungstate, without the lanthanide
ion) measured as a reference, however, the substrates
were not stoichiometrically converted to the epoxides
even in an early stage, indicating that the epoxide
formed is converted further to unknown compounds.
The activities of the cetyl-PW12 catalyst were too
low to measure the concentration change in the sub-
strates with time under the same conditions, although
the TOF value estimated only roughly was given for
comparison.

We should pay attention to the fact that the allylic
alcohols are efficiently oxidized on the cetyl-LnW10
catalyst to the corresponding epoxides without further
degradation up to 60—-70% conversion &in the
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Fig. 9. The mean values of the TOF for the epoxidationtrahs and cis-2-hexene-1-ol with KO, on the series of cetyl-Ln(Il)W10
and on the reference catalysts (cetyl-W10 and PW12) in the organic solvent-free systé@. &ubstrate 8.0 mmol, XD, (30%, 10 ml)

100 mmol, catalyst 0.04 mmol.

organic solvent-free system. Furthermore, it should
be noted that the activity tends to be higher on the

benzyl alcohol on the series of cetyl-LnW10; Ln:
La-Yb compounds have been investigated in the

catalysts having heavy lanthanide elements than thoseCHCI3—H2O, aqueous biphasic system at® The

having light and/or medium weight elements. From
the comparison of those data, the working states
on cetyl-Ln(llHW10 should be greatly differenti-
ated from the catalysts without lanthanide elements
(cetyl-W10 and PW12), clearly suggesting some
physicochemical contributions of the Ln(lll) ion cen-
tered in the catalysis.

4. Discussion
4.1. Catalytic interactions and mechanistic aspects
for the H,O, oxidation of allylic alcohols on

cetyl-LnW10

The catalytic activities for the epoxidation of
cyclooctene and the oxidative dehydrogenation of

activity for the former reaction tended to decrease with
the contraction of the Ln(lll) ion in the cetyl-LnW10
catalysts; on the contrary, that for the latter tended to
increase inversely [20]. Those results were favorably
interpreted according to a mechanistic model in the
oxidation step by Mimoun and co-workers [21,22]
and the peroxo-complex model postulated, [23,24]
in which the active species has been regarded as a
mononuclear peroxo-tungstate coordinated by a bulky
Ln-containing polyoxotungsutate group as a kind of
ligand, as illustrated in Fig. 10(B). That is, the epox-
idation of the olefin was considered to be initiated
by a nucleophilic attack of the olefin-group on the
W(VI) ion, and the oxidative dehydrogenation of the
alcohol to occur due to an electronic interaction of
the peroxo-species with the hydrogen atoms of the
OH- and ChH-groups [20].
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Fig. 10. (A) Schematic representation of a deduced working mechanism for the selective oxidations of allylic alcohols on cetyl-Ln(l11)W10:
the epoxide and enon formations correspond to Egs. (4) and (5), respectively. (B) The structure model and catalytic cycle of species (l) in
Eq. (3), as formed in Ce-, Nd-, and SmW1@} reacting systems, which have been postulated by in situ FT-IR, FT-Ramari8%td

NMR spectrometries [20,23,24] and also by a kinetical analysis [29,30].
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In the H,O, oxidation of allylic alcohols on the cat- core (LhW10) site through the narrow interspace sur-
alyst system, thus, both the interactive modes could rounded by the long chains of the hexadecyl-group,
be expected to act cooperatively. In fact, the reaction because the cross-section in the former is regarded
rates,Repoxy, Were promoted according to 1.6 of the to be slightly larger than that in the latter. On the
order of the HO, concentration, and on the contrary, other hand, thecis-isomer is oxidized easily rather
Renonwas suppressed according to 0.6 of the order, asthan thetransisomer in a non-polar solvent system
summarized in the rate Egs. (1) and (2), respectively. In such as @Hg. In such, a non-polar solvent, the hy-
the HLO,—LNW10 reacting system, a peroxo-complex drophobic long chain of the hexadecyl-group may be
has been confirmed to be formed at first as schemat-loosely extended toward the surrounding media so
ically expressed by Eg. (3) in Fig. 10(A) [23,24]. that both thetrans and cis-isomers are evenly close
In the HLO,—LNW10-allylic alcohol reacting system, to an active center of the catalyst. Similar trends in
thus, such a peroxo-species would interact simultane- the activities have been reported by Prat et al. who
ously with an allylic alcohol and the additionab8-» have observed the reactions in buffered water—alcohol
molecules, as illustrated as species (II) and) (i mixtures around pH 4.5 at 2€ with a 1.5M amount
Egs. (4) and (5), respectively, in Fig. 10(A). This of hydrogen peroxide (30%), a 0.01 M amount of
means that the additional>®> molecules act to ac-  tungstic acid, and a 0.02-0.03 M amount of sodium

tivate positively the substrate molecule for the epox-
ide formation (step C) at 1.6 of the order and, on the
contrary, negatively toward the enon formation (step
E) with —0.6 of the order. Furthermore, the steps D
and F will be followed easily to derive the formations

acetate or trimethylaminbl-oxide [27] and by Neu-

mann et al. who have investigated the epoxidation
of a series of hexen-1-ol (1 mmol) compounds with
30% hydrogen peroxide (2mmol) on ‘sandwich’
type transition-metal substituted polyoxometalates,

of the epoxide and enon, respectively. Therefore, the e.g. [WZnMn(11)(ZnWg0Oz4)-]*%~ (0.001 mmol) in a
deduced working mechanism could be explained as biphasic media at 25C [14]. Thus, this might suggest

follows: (1) the negative charge on the oxygen ion in that an activated interaction mode for the epoxidation
the peroxo-species may tend to be considerably low of the cis-isomer is energetically more advantageous
accompanied by interaction with an additional® than that of the@ransisomer in the catalyses. In their

molecule, (2) the interaction of the oxygen ion with the catalyst systems, in other words, the activation is sug-
OH-group in the substrate might become weak and at gested to take place usually in a working state which

the same time the interaction between W(VI) and the
olefin group might become strong, and thus, (3) the
formation of species (lll) from species (Il), step C, will
be favored. On the contrary, step E will be rather pro-
hibited, as illustrated in Egs. (4) and (5) in Fig. 10(A).

4.2. Catalytic features and working states of cetyl-
Ln(l1)W10 on the HO, oxidation of allylic alcohols

The effects of the solvent on the chemo-selectivity
for the epoxidation of 2-hexene-1-ol as shown in
Table 5 and Fig. 7 are greatly suggestive for consid-

is rather free from steric hindrance.

The activity for the oxidation of 2-octanol to
2-octanone decreased with a decrease in the polarity
of the organic solvents used, as previously reported
[19]. The order of the activity is almost the same as
that for the present epoxidation of 2-hexene-1-ol ex-
cept for the GHg solvent, in which the activity was
rather higher than in the case of the CHGblvent.
Thus, the working state of the catalyst may also be
considered to be similar to those for 2-octanol oxida-
tion described in detail in the previous paper [19], i.e.
in the H,Oo—cetyl-LnW10 catalyst system, the neigh-

ering the catalytic features and the working states of borhood of the active site is greatly hydrophilic, and

cetyl-Ln(Il)W10. Such chemo-selectivity would be

the catalyst core is surrounded by long hydrophobic

caused by a size effect of the substrates: The highly hexadecyl chains.

hydrophobic long chains of the hexadecyl-group
in the catalyst may be shrunk tightly in a polar
solvent such as C#CN. In such a situation, the

cisisomer may have more difficulty compared to
the transisomer in gaining access to the catalyst

In this situation, the distributed state of the solvent
molecules necessarily depends greatly upon their po-
larities. Substrate molecules have to access the active
site by going through the hydrophobic region at first
and then the hydrophilic region, containing the solvent
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molecules, for the activation. The great differences in the contraction of the Ln(lll) ion size, and on the
the activity of the organic solvents used (Table 5 and contrary, the latter tended to increase inversely [20].
Fig. 7), thus, should be caused by the varieties of those Based on those findings, it has been proposed that
working states, besides the differences in the apparentan electrophilic interaction of the W(VI) ion with
concentrations of the catalyst and substrate as indi- the olefinic-group causes the epoxide formation to
cated in the previous section. In fact, the activities in progress favorably. On the other hand, a nucleophilic
the present catalyst systems were varied greatly from interaction of the peroxo-group with the H-atom in
solvent to solvent and also from substrate to substrate.the OH-group does the same for the enon formation,

Additionally, the TOF for hexen-1-ol decreased as illustrated in Fig. 8 of [20]. The densitys, on the
drastically when the position of the olefinic-group W(VI) might become low with the contraction of the
was far from the terminal OH-group, and further, the Ln(lll) ion size, because the bonding interaction be-
TOF for cis-5-octen-1-ol was ca. 10 times higher than tween Ln(lll) and polyoxotungstate units is stronger,
that for 2-octene without the OH-group (Table 4 and when the lanthanide is heavier (18) and upon further
Fig. 6). Thus, it should be emphasized again that the speculation, when the numberin the 4f*-electrons
terminal OH-group plays an important role in the ac- is greater.
tivation of the olefinic-group on the present catalyst  The reactive interaction modes of allylic alcohols
systems. with the peroxo-complex formed on cetyl-Ln(l1)W10

It should also be noted that the TOF for the epox- were postulated to be species (I) and)(ih Egs. (4)
idation of 2-hexen-1-ol is substantially promoted in and (5) in Fig. 10(A). The interaction modes between
the organic solvent-free state, e.g. ca. three to nine the peroxo- and OH-groups also contributed greatly to
times higher than in the GI€N solvent at 30-0C as the epoxide formation, as discussed earlier. Further-
compared in Table 6. Under the organic solvent-free more, a free HO2 molecule participates additionally
condition, the catalyst with 1-hexadecylpyridinium is in the epoxide- and enon-formation steps, as shown
dissolved and dispersed directly in the substrate, andin Eqgs. (4) and (5), positively in the former and nega-
thus, the reaction apparently takes place in a biphasictively in the latter. With the oxidation of 1-octen-3-ol,
state and in an extremely concentrated state of the sub-the rate for the enon formation increased slightly with
strate. Therefore, a rapid reaction rate could be real- the contraction of the Ln(lll) ion size, although that
ized, although HO, molecules have to be transferred for the epoxide formation retained almost constant.
from the agqueous $0, to the catalyst-containing  Thus, the ratio of TOkpoxy/TOFenonWas found to de-

substrate phase. Additionally, it should be mentioned
that the activation energies are about 20-25 kJthol
lower in the organic solvent-free state than in the
CH3CN solvent. These differences in the activation
energy (ca. 20kJ mol) might suggest that the ap-
proach of substrate molecules to the active site on
the catalyst core is greatly interrupted by the JCH
solvent molecules distributed in and/or around the
1-hexadecylpyridinium chains [19].

4.3. Some chemical effects of Ln(lll) ion in
cetyl-LnW10 on the catalytic oxidation of allylic
alcohols with BO»

The activities for the epoxidation of cyclooctene
and the oxidative dehydrogenation of benzylalcohol
on the series of cetyl-Ln(ll)W10 compounds had
been measured in CH&IH,Oo aqueous biphasic
system, in which the former tended to decrease with

crease with the ion size contraction between ca. 2.0
and 3.0, as shown by curve C in Fig. 4. This trend coin-
cides well with that of the oxidative dehydrogenation
of benzylalcohol [20]. In the case of the epoxidation
of 2-hexen-1-ol, the activity also tended to increase
rather greatly with the Ln(lll) ion contraction, in con-
trast to the case of the epoxidation of cyclooctene [20].
However, this tendency is understood by a postulation
in which, upon the epoxidation of 2-hexen-1-ol, the
activation could be controlled preferentially by the in-
teraction between the peroxo- and OH-groups rather
than the interaction between the W(VI) ion and the
olefin group, the strength of which also varied with the
Ln(lIl) ion contraction. Finally, it should be empher-
sized that Ln(lll) in cetyl-Ln(II)W10, and further the
4f™-electron, clearly participated directly or indirectly
in the catalytic oxidation of allylic alcohols, by com-
paring the TOF values with those on cetyl-W10 and
PW12 in Fig. 9.
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4.4. Utilization of BO,—cetyl-LnW10 catalyst
systems for selective oxidation of hydrocarbons

In aqueous KHO,—Ce(IV)-, Nd(Il)-, and Sm(lll)
W10 reaction systems, the ;B decomposition
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5. Conclusions

Selective oxidation of allylic alcohols such
as l-octen-3-ol and 2-hexen-1-ol which have an
olefinic-group and an OH-group at the terminal, re-

was greatly suppressed with the use of an increasedspectively, with HO, on cetyl-LnW10 was kineti-

amount of HO, except for Ce(IV)W10 [29]. In
fact, alcohols and olefins (20 mmol) on cetyl-HoW10
(0.02 mmol) were quantitatively catalyzed to the cor-
responding aldehydes and epoxides wittOgl (30%,
30mmol) in the organic solvent-free state even at
90°C, as referred to Table 4 of [19].

The activities of cetyl-How10 for 2-, 3-, and
4-hexene-1-ol shown in Fig. 6 seem to be compa-
rable with those of Prat et al. [27]. The TOF for
2-hexene-1-ol was roughly estimated to be only ca.
25h~1 at 20°C based on their reaction conditions.
It decreases drastically when the olefinic-group is
kept away from the terminal OH-group (2 3 —

4); this is very similar to the present data, as de-
scribed in Section 4.2. In the oxidation of 3- and

4-hexen-1-ol, the formation of by-products similarly

could not be avoided. With respect to the epoxidation
of hexen-1-ol, the present catalyst especially in the
organic solvent-free state (TOF ca. 400hat 20°C

in Table 6) is clarified to be much more active than
their catalyst system.

In the catalyst systems of Neumann et al.
[14] as previously described, about 70-80% con-
versions resulted in the oxidation dfans and
cis-2-hexen-1-ol after 18 h. TOF values are estimated
to be roughly 40-45h! based on the reaction con-
ditions. The TOF values also greatly increased on
Nap1[WZnRuw(ZnWg0Os4)2] in an aqueous phase;
192 and 174h! for cis- and trans-2-hexen-1-ol at
25°C, respectively (Table 4 in [14]). The TOF for
cis-3-hexen-1-ol was certainly lowered to one-fifth of
that for cis-2-hexen-1-ol.

The cetyl-HoW10 catalyst was elucidated to be

twice as active or more than those catalysts by Neu-

mann et al. from comparison of those TOF values,
and thus, should be fully utilized for 2D, oxidation

of hydrocarbons, as tentatively stated in the preceding

cally investigated under various working conditions:
(1) the reaction rate equation for 1-octen-3-ol has
been expressed by the first-order of the substrate
in the organic solvent—40, aqueous biphasic sys-
tems, and also the rates for the epoxide- and the
enon-formation depended upon 1.6 an@.6 of the
order of the HO, concentration, respectively, as sum-
marized in Egs. (1) and (2). The mechanistic aspects
of the selective oxidation are summarized in Egs. (4)
and (5) of Fig. 10(A); (2) the activity for a series of
hexene-1-ol compounds decreases drastically when
the olefinic-group is far from the terminal OH-group,
and 2-octene without the OH-group, as a reference,
is not really epoxidized, suggesting that the terminal
OH-group plays an important role in inducing the
substrates effectively into an activated state for the
epoxidation; (3) in organic solvent—aqueousQd
biphasic systems, the working states and abilities of
the cetyl-LnW10 catalysts are strongly regulated by
the polarity of the solvent used; (4) in the organic
solvent-free system, the activity is extremely acceler-
ated, thus, cetyl-LnW10 must be utilized as a catalyst,
from the environmental viewpoint; (5) with the epox-
idation of 2-hexen-1-ol, the activity tends to increase
in correlation with the contraction of the Ln(lll) ion
centered in cetyl-Ln(ll)W10. With the oxidation
of 1-octen-3-ol, the activity ratio of the epoxide- to
enon-formation, TOkpoxy/ TOFenon tends to decrease
with the contraction of the Ln(lll) ion. These findings
were understood favorably based on the interactive
modes and the working mechanism postulated in
Fig. 10, suggesting also that the™4électron of the
Ln(lll) ion participates directly or indirectly in the
catalyses.
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