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a  b  s  t  r  a  c  t

The  homogeneous  epoxidation  of  cis-cyclooctene  with H2O2, catalyzed  by various  Zr/Hf-containing
Keggin sandwich  polyoxometalates  (POMs),  i.e.,  the  1:2  complexes  [M(�-PW11O39)2]10− (M  =  Zr,  1  and
M  = Hf, 2),  the  4:2  complexes  [[{M(H2O)}2{M(H2O)2}2(�-OH)3(�-OH)2](�-1,2-PW10O37)2]7− (M  =  Zr,  3
and M = Hf,  4),  the  2:2 complexes  [{M(�-OH)(H2O)}2(�-PW11O39)2]8− (M  = Zr, 5 and  M = Hf, 6),  and  the 3:2
complex  [Zr3(�2-OH)3(A-�-PW9O34)2]9− (7), was  examined.  At  least  two different  reaction  types  exist:
(1) one  brought  about  by  the  highly  catalytically  active  Venturello  complex  [PO4{WO(O2)2}4]3−,  which
was  generated  by  reactions  of  the Zr/Hf-containing  POMs  with  hydrogen  peroxide,  and  (2)  the  reaction
with active  species  formed  on  Zr/Hf  clusters  in  the  POMs.  In  the first  type,  the  original  sandwich  structures
are  not  maintained  during  the  reactions  (as  shown  in  1,  2, 3, and  4),  but  in  the  second  type,  the sandwich
ydrogen peroxide
olyoxometalates

structures  are  maintained  (as seen  in  5  and  6).  7 was  inactive.  The  reaction,  (5 + cis-cyclooctene)  +  H2O2,
was explicitly  influenced  by changing  the  reaction  time  of  5 and  olefin,  before  addition  of  H2O2,  indicat-
ing  a significant  interaction  between  5 and  olefin,  such  as coordination  of  olefin  to the  POM.  Thus,  for
homogeneous  olefin  epoxidation  by  hydrogen  peroxide  catalyzed  by  di-Zr/Hf  clusters,  a new  mechanism
is  proposed  through  olefin-coordinated  species  to di-Zr/Hf  centers.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

In academic and industrial fields, the selective catalytic epoxida-
ion of alkenes with an environmentally friendly oxidant, aqueous
ydrogen peroxide, is an interesting objective [1–5]. Transition-
etal-substituted polyoxometalates (POMs) have attracted con-

iderable attention as oxidation catalysts because they are resistant
o oxidative degradation. Furthermore, the “active sites” of their
ransition metals and countercations can undergo extensive syn-
hetic modifications. The most commonly studied types of reaction
re H2O2-based epoxidation and sulfoxidation catalyzed by metal-
ubstituted POMs [6–18].
Several H2O2-based oxidation reactions catalyzed by
itanium(IV)-substituted POMs have been extensively investigated
19], e.g., the monomeric Keggin monotitanium(IV)-substituted

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Kana-
awa University, Hiratsuka, Kanagawa 259-1293, Japan. Tel.: +81 463 59 4111;
ax: +81 463 58 9684.

E-mail address: nomiya@kanagawa-u.ac.jp (K. Nomiya).

ttp://dx.doi.org/10.1016/j.molcata.2014.07.020
381-1169/© 2014 Elsevier B.V. All rights reserved.
POM [�-PW11TiO40]5− [20–23] and its conjugated acid [�-
P(TiOH)W11O39]4− [21,23]; the dimeric Keggin monotitanium(IV)-
substituted POM [(�-PTiW11O39)2O]8− [23], and the monomeric
Keggin 1,5-dititanium(IV)-substituted POM [�-1,5-PW10Ti2O40]7−

[22,24,25].
With regard to the catalytic activities of the dimeric mono-,

di-, and tri-titanium(IV)-substituted �-Keggin polyoxotungstates
[(�-PTiW11O39)2O]8− (Ti1), [(�-1,2-PW10Ti2O38)2O2]10− (Ti2), and
[(�-1,2,3-PTi3W9O37)2O3]12− (Ti3) in alkene epoxidation with
H2O2, it has been reported that the structure around the tita-
nium centers has a strong influence on the catalytic activities [26].
The formation of catalytically active peroxo- and hydroperoxo-
titanium(IV) species has been confirmed [26–29]. Previous
studies of H2O2-based oxidation catalyzed by Ti-substituted
POMs have also indicated that the protons in countercations
and/or reaction solutions are crucial for the catalytic activi-
ties and the formation of active hydroperoxo–titanium and/or

protonated peroxo species [23,26,30–35]. In alkene epoxidation
with H2O2 catalyzed by Ti-substituted POMs, homolytic O O
cleavage of the Ti–hydroperoxo species, followed by oxygen
transfer to the alkene [radical mechanism], has been proposed

dx.doi.org/10.1016/j.molcata.2014.07.020
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.07.020&domain=pdf
mailto:nomiya@kanagawa-u.ac.jp
dx.doi.org/10.1016/j.molcata.2014.07.020
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33]. For example, it is generally accepted that in oxida-
ion catalyzed by dititanium-containing 19-tungstodiarsenate(III),
Ti2(OH)2As2W19O67(H2O)]8−, the Ti–hydroperoxo groups are the
ctive oxygen-donating intermediates for alkene epoxidation [32].

In contrast, only a few examples of H2O2-based oxidation
atalyzed by Zr-containing POMs have been reported, by Khold-
eva’s group, e.g., oxidation catalyzed by 2:2 complexes of Zr in
imeric Keggin POMs such as (Bu4N)7H[{PW11O39Zr(�-OH)}2],
Bu4N)8[{PW11O39Zr(�-OH)}2], and (Bu4N)9[{PW11O39Zr}2(�-
H)(�-O)] [36]. Kholdeeva’s group proposed that the active

pecies for cyclohexene oxidation was an unstable Zr–peroxo
pecies (31P NMR  at ı −12.3 ppm) generated by ligand exchange
f the coordinating water ligands of the monomeric POM,
Bu4N)3+n[PW11O39Zr(OH)n(H2O)3(2)-n] (n = 0 and 1), with the per-
xo (H2O2) ligand. They also suggested that the acid proton
s crucial for catalysis by Zr-containing POMs. With respect to
atalysis by Zr-containing POMs, Kortz’s group reported the stoi-
hiometric oxidation of l-methionine by the side-on peroxo species
i.e., �-�2-peroxo-containing Zr2 species) of the dimeric Keggin
OM K12[Zr2(O2)2(�-SiW11O39)2]·25H2O [37].

In this work, we focused on epoxidation of cis-cyclooctene
ith aqueous hydrogen peroxide catalyzed by various struc-

urally characterized Zr/Hf-containing Keggin sandwich
OMs, i.e., [M(�-PW11O39)2]10− (M = Zr, 1 and M = Hf, 2),
[{M(H2O)}2{M(H2O)2}2(�-OH)3(�-OH)2](�-1,2-PW10O37)2]7−

M = Zr, 3 and M = Hf, 4), [{M(�-OH)(H2O)}2(�-PW11O39)2]8−

M = Zr, 5 and M = Hf, 6), and [Zr3(�2-OH)3(A-�-PW9O34)2]9− (7).
n the reactions with 5 and 6, the original sandwich structures were
ept after the reactions and the active species were formed on the
r/Hf centers, whereas in the reactions with 1–4, the reaction was
rought about by the highly active Venturello complex [38–46],
hich was generated during the reaction. No catalytic activity was

bserved for 7 and the side-on peroxo species with heteroatom
 [{Zr(�-�2-O2)}2(�-PW11O39)2]10− (8), the latter of which was
ynthesized from a reaction between 5 and aqueous H2O2 [see
upporting Information].

In this paper, we report full details of homogeneous cis-
yclooctene epoxidation with hydrogen peroxide catalyzed by
r/Hf-containing Keggin sandwich POMs (1–8), and propose that

 significant interaction between olefin and POMs (5 and 6), i.e.,
n olefin coordination process is present before attack of hydrogen
eroxide.

. Experimental

.1. Materials

The following reactants were used as received: 30% aque-

us H2O2 (Wako), Bu4NCl (TCI), and CD3CN and D2O (Isotec).
3[PW12O40]·3H2O was prepared by a traditional method and

dentified using FTIR spectroscopy, thermogravimetry (TG) and
ifferential thermal analysis (DTA), and 31P NMR  spectroscopy.

able 1
ompositions, formulas, and abbreviations of precatalysts.

M: lacunary POM ratio Formula 

1:2 complex (Et2NH2)10[Zr(�-PW11O39)2]·7H2O 

(Et2NH2)10[Hf(�-PW11O39)2]·8H2O 

4:2 complex (Bu4N)7[[{Zr(H2O)}2{Zr(H2O)2}2(�-OH)3(�3-OH)
(Bu4N)7[[{Hf(H2O)}2{Hf(H2O)2}2(�-OH)3(�3-OH

2:2 complex (Bu4N)7H[{Zr(�-OH)(H2O)}2(�-PW11O39)2]·3H2O
(Bu4N)7H[{Hf(�-OH)(H2O)}2(�-PW11O39)2]·3H2O
Li8[{Zr(�-OH)(H2O)}2(�-PW11O39)2]·20H2O 

(Et2NH2)8[{Zr(�-OH)(H2O)}2(�-PW11O39)2]·6H2O
(Et2NH2)10[{Zr(�-�2-O2)}2(�-PW11O39)2]·11H2O

3:2  complex (Bu4N)6.5H2.5[Zr3(�-OH)3(A-�-PW9O34)2] 
is A: Chemical 394 (2014) 224–231 225

Venturello complex (Bu4N)3[PO4{WO(O2)2}4] was synthesized
using a modified version of the reported method [38] and char-
acterized by elemental analysis, 31P and 183W NMR  spectroscopy
(see Supporting Information). (Et2NH2)8[{�-PW11O39Zr(�-
OH)(H2O)2}2]·6H2O (EtN-5) and the lithium salt (Li-5) were
prepared using a modified version of the reported method [47],
and identified by CHN analysis, FTIR spectroscopy, TG/DTA, and
31P NMR  spectroscopy. The side-on peroxo dinulcear Zr complex
(Et2NH2)10[{Zr(�-�2-O2)}2(�-PW11O39)2]·11H2O (EtN-8) was
synthesized by a reaction of EtN-5 with 30% aqueous H2O2 using
a modified version of the reported method [37], and characterized
by elemental analysis, TG/DTA, FTIR, 31P NMR  and x-ray crystallog-
raphy (also see Supporting Information). Other precatalysts were
prepared according to the reported methods or modified versions
of these [47–52], and identified by elemental analysis, FTIR spec-
troscopy, TG/DTA, and 31P NMR  spectroscopy. The precatalysts and
their abbreviations are shown in Table 1. The abbreviation consists
of a combination of the countercation and polyoxoanion (EtN-
and BuN- represent Et2NH2 and Bu4N countercations, respec-
tively). The polyoxoanion moieties are denoted as complexes,
by a combination of the number of metal centers and the two
lacunary POMs, i.e., 1:2 complexes of one metal center (Zr/Hf) and
two monolacunary POMs (EtN-1 and EtN-2)  [49], 4:2 complexes
of four metal centers (Zr/Hf) and two  dilacunary POMs (BuN-3
and BuN-4) [51,52], 3:2 complexes of three Zr centers and two
trilacunary POMs (BuN-7) [50], and several types of 2:2 complexes
such as (i) 2:2 complexes consisting of two  hydrated metal centers
(Zr/Hf) and two monolacunary POMs with a P heteroatom (BuN-5,
BuN-6, and Li-5) [47], and (ii) 2:2 complexes consisting of a Zr2
center with two side-on peroxo groups and two monolacunary
POMs with a P heteroatom (EtN-8). Instrumentation/analytical
procedures are described in Supporting Information.

2.2. Catalytic reactions

Homogeneous reactions of cis-cyclooctene, catalyzed by several
POMs as Et2NH2, Bu4N, or Li salts (Table 1), were carried out in
round-bottomed flasks. cis-Cyclooctene (1.0 mL,  7.70 mmol), 30%
aqueous H2O2 (1.0 mL,  12.72 mmol), and a POM (0.01–0.02 mmol)
in a mixed solvent (30 mL)  consisting of CH3CN and CH2Cl2 (15/15
v/v), a mixed solvent (31 mL)  consisting of CH3CN and water (30/1
v/v), or a mixed solvent (33 mL)  consisting of CH3CN and water
(30/3 v/v) were mixed at 25 ◦C under air. The reaction solution was
sampled after 0.0, 0.5, 0.75, 1.0, 1.5, 2.0, 2.25, 2.5, 3.0, 4.0, 5.0, 6.0,
and 24 h and analyzed using Shimadzu GC-17AAT and Shimadzu
GC-2010 Plus gas chromatographs (TCD) and a DB-FFAP capillary
column (0.53 mm × 15 m).  The catalytic activities of POMs 1–8,

evaluated as turnover numbers (TON) and/or turnover frequen-
cies per second (TOF), were compared with those of the Venturello
complex and several previously reported Ti-containing Keggin
POMs.

Abbreviation Ref.

EtN-1 [49]
EtN-2 [49]

2](�-1,2-PW10O37)2]·3H2O BuN-3 [51,52]
)2](�-1,2-PW10O37)2]·2H2O BuN-4 [51,52]

 BuN-5 [47]
 BuN-6 [47]

Li-5 [47]
 EtN-5 [47]

 EtN-8 This work
BuN-7 [50]
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Fig. 1. TON–time curve of cis-cyclooctene epoxidation with 30% aqueous H2O2
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Fig. 3. TON–time curve of cis-cyclooctene epoxidation with 30% aqueous H2O2

catalyzed by POMs (Li-5, BuN-5, BuN-6, BuN-7, and EtN-8). Reaction conditions:
atalyzed by POMs (EtN-1 and EtN-2). Reaction conditions: catalysts 0.02 mmol,
ubstrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol, under air at 25 ◦C.

. Results and discussion

.1. Zr/Hf-containing POMs as precatalysts for cis-cyclooctene
poxidation by H2O2: Catalysis by 1–4 and Venturello complex

Homogeneous epoxidation of cis-cyclooctene with hydrogen
eroxide catalyzed by various Zr/Hf-containing POMs was exam-

ned under the conditions of POM (0.02 mmol), cis-cyclooctene
7.70 mmol) and 30% aqueous H2O2 (12.72 mmol) in a mixed sol-
ent (30 mL)  consisting of CH3CN:CH2Cl2 (15/15 v/v), at 25 ◦C in air.
he POMs used were 1:2 complexes (EtN-1 and EtN-2),  4:2 com-

lexes (BuN-3 and BuN-4), and the freshly prepared Venturello
omplex, (Bu4N)3[PO4{WO(O2)2}4]. The time course versus TON
lots of epoxide formation are shown in Figs. 1 and 2.

ig. 2. TON–time curve of cis-cyclooctene epoxidation with 30% aqueous H2O2 cat-
lyzed by POMs (freshly prepared Venturello complex, BuN-3,  and BuN-4). Reaction
onditions: catalysts 0.02 mmol, substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol,
nder air at 25 ◦C.
catalysts 0.02 mmol, substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol, under air at
25 ◦C.

The conversions of cis-cyclooctene after 24 h-reactions were
more than 83–95% for both EtN-1 and EtN-2,  and more than 77–95%
for both BuN-3 and BuN-4.  BuN-4 shows a rapid increase in activity
after an induction period of more than 6 h and the final TON was
almost the same as that of BuN-3 after 24 h-reaction. The TONs after
24 h-reactions for EtN-1 and EtN-2 (Fig. 1) and those for BuN-3 and
BuN-4 (Fig. 2) reached more than 300.

The reactions by EtN-1,  EtN-2,  BuN-3 and BuN-4 (Figs. 1 and 2)
are quite different from those by BuN-5 and BuN-6 (Fig. 3). In
the solutions of the 24 h-reactions of EtN-1 and EtN-2 (6.35
and 6.27 �mol, respectively) and H2O2 (0.636 mmol), formation of
the Venturello complex was  confirmed by 31P NMR  as signals at
3.57 ppm (from EtN-1)  and 3.54 ppm (from EtN-2).  In fact, the
highly active reaction by the Venturello complex has been well
known [38–46]. In Figs. 1 and 2, it should be noted that the TONs
after 6 h-reactions for EtN-1,  EtN-2,  and BuN-3 were about two
times of the TON after 6 h-reaction for the separately prepared,
fresh Venturello complex, indicating that the POMs (EtN-1,  EtN-2,
and BuN-3) generate 2 mol  of the Venturello complex during the
reactions.

Thus, the catalysis by EtN-1,  EtN-2,  BuN-3,  and BuN-4 was  actu-
ally due to the Venturello complex, which was derived by direct
reaction with hydrogen peroxide.

3.2. Homogeneous epoxidation of cis-cyclooctene with hydrogen
peroxide catalyzed by POMs 5–8

The 2:2 complexes BuN-5 and BuN-6,  and the 3:2 complex
BuN-7 (POMs 0.02 mmol) were used in a mixed solvent (30 mL)
consisting of CH3CN/CH2Cl2 (15/15 v/v) as homogeneous catalysts
for epoxidation of cis-cyclooctene. The 2:2 complex of Zr as a Li salt
(Li-5, 0.01 mmol) and the separately prepared, side-on peroxo–Zr2
species EtN-8 (0.02 mmol), both of which were water soluble, but
insoluble in organic solvents, were also used as homogeneous cat-
alysts in a mixed solvent (31 mL)  consisting of CH3CN/water (30/1
v/v). The TON–time course curves are shown in Fig. 3.

In the reactions by 5 and 6 in the presence of 30% aqueous
H2O2, a color change was  not observed, i.e., the original colorless,
clear, homogeneous solution was  maintained during the course
of the reaction. This is in contrast to the oxidation reactions with

30% aqueous H2O2 catalyzed by mono-, di-, and tri-titanium(IV)-
substituted Keggin POMs (Ti1, Ti2,  and Ti3 as Bu4N salts), in
which the colors of all the POMs changed from colorless to yel-
low or orange as a result of formation of peroxotitanium(IV)
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Table  2
Epoxidation of olefins (cis-cyclooctene, cyclohexene, 1-octene, and styrene) with 30% aqueous H2O2 catalyzed by BuN-5 and Li-5.

Precatalyst Substrate Epoxide TONc Selectivity (%)c Other products

BuN-5a cis-cyclooctene cyclooctene oxide 166 99 –
cyclohexene trans-cyclohexane-1,2-diol 101 37 2-hydroxycyclohexanone
1-octene 1,2-epoxyoctane 23 – heptanal
styrene styrene oxide 7 – benzaldehyde

Li-5b cis-cyclooctene cyclooctene oxide 132 99 –
cyclohexene trans-cyclohexane-1,2-diol 38 62 2-hydroxycyclohexanone
1-octene 1,2-epoxyoctane 23 – heptanal

a Solvent 15:15 (v/v) CH2Cl2/CH3CN, 30 mL.
b Solvent 30:1 (v/v) CH3CN/H2O, 31 mL.
c After 24 h.

Reaction conditions: catalyst 0.02 mmol, substrate cis-cyclooctene 7.70 mmol, cyclohexene 9.86 mmol, 1-octene 6.37 mmol, or styrene 8.70 mmol, 30% H2O2 aq. 12.72 mmol,
under  air, at 25 ◦C.

Table 3
Epoxidation of mixed olefins (cis-cyclooctene and cyclohexene) with 30% aqueous H2O2 catalyzed by BuN-5 and Li-5.

Precatalysts Mixed substrate (mmol) Total conversion (%)c Products (mmol)c TONc Selectivity (%)c

BuN-5a cis-cyclooctene (1.54) 92 cyclooctene oxide (1.4) 71 99
cyclohexene (4.62) 68 trans-cyclohexane-1,2-diol (1.2) 58 37
cis-cyclooctene (4.62) 61 cyclooctene oxide (2.8) 138 97
cyclohexene (1.54) 58 trans-cyclohexane-1,2-diol (0.2) 11 25

Li-5b cis-cyclooctene (1.54) 53 cyclooctene oxide (0.8) 41 99
cyclohexene (4.62) 23 trans-cyclohexane-1,2-diol (0.5) 31 58
cis-cyclooctene (4.62) 51 cyclooctene oxide (2.4) 118 99
cyclohexene (1.54) 23 trans-cyclohexane-1,2-diol (0.2) 9 51

Reaction conditions: catalyst 0.02 mmol, mixed substrate cis-cyclooctene and cyclohexene, 30% H2O2 aq. 12.72 mmol, under air, at 25 ◦C.
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a Solvent 15:15 (v/v) CH2Cl2/CH3CN, 30 mL.
b Solvent 30:1 (v/v) CH3CN/H2O, 31 mL.
c After 24 h.

nd/or hydroperoxotitanium(IV) intermediates [26,27]. The cat-
lytic activities of BuN-5 and BuN-6 at 25 ◦C were monitored by
C during 24 h-reactions. Cyclooctene oxide was  the major prod-
ct (selectivity > 99%), and no induction period was observed for
hese reactions. The ratio of the activity with BuN-5 to that of the
enturello complex was about 38% after 6 h and 49% after 24 h.
lso, the ratio of the activity with BuN-6 to that of the Venturello
omplex was about 29% after 6 h and 45% after 24 h.

In comparing Li-5 and BuN-5 as precatalysts for cyclooctene
poxidation, it should be noted that the catalytic activity was
uN-5 > Li-5 (see Tables 2 and 3, Section 3.5. (4)), whereas the cat-
lytic stability was Li-5 > BuN-5.  Powder samples of BuN-5 and
uN-6, recovered after 24 h-reactions by evaporating the reac-
ion solutions and reprecipitating with excess diethyl ether, were
haracterized using FTIR and 31P NMR  spectroscopies. The orig-
nal sandwich structures were maintained during and after the
eactions. However, the recovered sample of the Bu4N salt was
ontaminated with saturated Keggin POM species [PW12O40]3−

s minor species, which was confirmed by 31P NMR  signal at -
4.40 ppm in CD3CN, whereas that of the Li salt was not. Repeated
euse of the Bu4N salt resulted in increased amounts of the
aturated Keggin [PW12O40]3− species. Thus, with regard to cat-
lyst stability, it appears that the Li salt is superior to the
u4N salt.

BuN-7 was inactive for epoxidation of cis-cyclooctene. The
ide-on coordinated peroxo–Zr2 species (EtN-8) did not show any
ctivity (Fig. 3); the TON after 24 h was 0.8 without addition of tri-
uoromethanesulfonic acid (TFSA) and 17.3/19.0 with addition of
FSA 1:2/1:4, respectively. Kortz et al. reported that the side-on per-
xo species of a dimeric Zr complex with Si heteroatom was active
n the stoichiometric oxidation of l-methionine, but the reaction

as not catalytic [37]. In the POM with P heteroatom, the side-

n peroxo species (EtN-8) is probably formed during the course
f reaction from the active, end-on hydroperoxo species Zr–OOH,
hich will be formed at the early stage of the reaction of POM 5
ith aqueous H2O2 (Fig. S3).
3.3. Homogeneous epoxidation of olefins with hydrogen peroxide
catalyzed by BuN-5 and Li-5: selection of cis-cyclooctene as a test
substrate

The epoxidations of olefins (cis-cyclooctene, cyclohexene, 1-
octene, and styrene) with 30% aqueous H2O2 catalyzed by BuN-5
and Li-5 were examined at 25 ◦C under air in a mixed solvent
(30 mL)  consisting of CH3CN and CH2Cl2 (15/15 v/v) and a mixed
solvent (31 mL)  consisting of CH3CN and water (30/1 v/v), respec-
tively.

Cyclohexene has been known as a useful test substrate that
allows one to distinguish between homolytic and heterolytic
oxidation mechanism [35]. It has been said that formation of
allylic oxidation products, 2-cyclohexene-1-ol, 2-cyclohexene-1-
one, cyclohexene oxide is an indication of a homolytic oxidation
by hydrogen peroxide (radical mechanism), whereas the selec-
tive formation of trans-cyclohexane-1,2-diol (major product) and
cyclohexene oxide (minor product) suggests a heterolytic mecha-
nism (ionic mechanism) [35]; distribution of products containing
cyclohexene oxide depends on the reaction mechanism. Our results
of cyclohexene oxidation suggest the ionic mechanism, i.e., het-
erolytic mechanism (Table 2), in which 2-hydroxycyclohexanone
as other products is derived by further oxidation of trans-
cyclohexane-1,2-diol.

In this work, we  selected cis-cyclooctene as a test substrate for
further studying the reaction in detail rather than cyclohexene,
because cis-cyclooctene gave the best results in the viewpoints of
the sole product of oxidation, i.e., highest selectivity for the epoxide,
and the highest TON of the epoxide (Table 2).

3.4. Results from changing reaction times between Li-5 and
cis-cyclooctene before addition of H2O2 and between Li-5 and

H2O2 before addition of cis-cyclooctene (Control experiments #1)

Control experiments (Fig. 4) consisting of the reac-
tions (I) (Li-5 + cis-cyclooctene) + H2O2 (Entries 1–3) and (II)
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Fig. 4. Results of control experiments consisting of two  types of reaction: (I) (Li-5 + olefin) + H2O2 and (II) (Li-5 + H2O2) + olefin, which were examined by changing the
a or (I) a
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ddition times of the second additive (olefin or H2O2) to Li-5. Reaction conditions f
ir  at 25 ◦C. Reaction product in (I) and (II): cyclooctene oxide.

Li-5 + H2O2) + cis-cyclooctene (Entries 4–6) were carefully car-
ied out by changing the reaction times of the second additive
cis-cyclooctene in (I) or H2O2 in (II)) to Li-5. GC analysis was
erformed during 24 h-reactions after addition of H2O2 in (I) or
is-cyclooctene in (II). In the reaction (I), the highest activity (TON
05.8) was observed for Entry 3, in which hydrogen peroxide
as added on 10 min  after Li-5 and cis-cyclooctene were mixed,

nd the final solution was analyzed after 24 h-reaction. As the
eaction time of Li-5 and cis-cyclooctene increased, the activity
ecreased (Entries 1 and 2). This indicates that there is a significant

nteraction between the POM and cis-cyclooctene before addition
f H2O2. An olefin coordination as such an interaction is proposed.
ased on theoretical and experimental studies containing x-ray
rystallography, several ZrIV ion (d0)–olefin bonding complexes
ave been reported in the literature [53–57]. The longest reaction
ime (one week) between Li-5 and cis-cyclooctene resulted in
he lowest activity (Entry 1). The reason may  be attributable to
olymerization such as ring-opening metathesis of cis-cyclooctene
oordinated to Li-5 [58]. The coordinated olefin can undergo the
ucleophilic attack of free and/or coordinated hydrogen peroxide.
hus, the reaction (I) is due to the ionic oxidation mechanism by
ydrogen peroxide rather than the radical oxidation mechanism.

In contrast, the similar control experiments were also carried
ut using a dimeric trititanium(IV)-substituted Keggin POM (Ti3)
hat has been known as epoxidation catalysis via radical mech-
nism [26]. The reaction times between Ti3 and cis-cyclooctene
ere changed (1 h and one week), followed by adding H2O2, and

nalysing the products after 24 h-reactions. The TONs of epoxide
roduced during different reaction times (1 h and one week) were

lmost unchanged (∼150). These results are quite different from
he results using Li-5.

On the other hand, in (II), the reaction times between Li-5 and
2O2 were changed. TONs (130.7 and 121.3) of epoxide produced
nd (II): catalysts 0.02 mmol, substrate 7.70 mmol, 30% H2O2 aq. 12.72 mmol, under

on 24 h-reactions after addition of cis-cyclooctene (Entries 5 and
6, respectively) were much higher than that (TON 11.9) of Entry 4.
TONs by changing reaction times of catalyst + H2O2, i.e., 24 h and
10 min  indicate that decomposition of H2O2 does not occur. Entry
4 also shows that the lowest activity results from the formation of
side-on peroxo species (POM 8) during the prolonged mixing time
(see Fig. S3). Entries 5 and 6 are probably due to the active, end-
on coordinated hydroperoxo species, which are alive at the early
stage.

Since the activities in (I) are higher than those in (II), in
the case of that Li-5, olefin and H2O2 are simultaneously coex-
istent, the process based on (I), i.e., olefin coordination and
subsequent nucleophilic attack of free and/or coordinated hydro-
gen peroxide, will be proposed as plausible reaction scheme
(Fig. 5).

3.5. Catalytic epoxidation of mixed substrates by Li-5 and BuN-5
(Control experiments #2)

Epoxidations of mixed substrates (cis-cyclooctene and cyclo-
hexene in molar ratios of 1:3 and 3:1) with aqueous H2O2 catalyzed
by BuN-5 and Li-5 were examined for 24 h. The results are shown
in Table 3.

(1) In cyclohexene oxidation, the products were cyclohexene epox-
ide as the minor product and trans-cyclohexane-1,2-diol as the
major product. trans-Cyclohexane-1,2-diol was  derived from

cyclohexene epoxide in an acidic environment, based on disso-
ciation of the coordinated water molecules in the Zr centers.
The selectivity for cyclohexene epoxide is therefore actually
the same as that for trans-cyclohexane-1,2-diol. The selectivity
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ed rea

(

(

(

Fig. 5. Propos

after 24 h-reaction for trans-cyclohexane-1,2-diol was evalu-
ated as

[trans − cyclohexane − 1, 2 − diol]/([cyclohexene]t=0

− [cyclohexene]t=24).

2) Despite the different starting molar ratios of the mixed sub-
strates, cis-cyclooctene was oxidized more than cyclohexene
by either BuN-5 or Li-5, showing strong substrate depend-
ence of these precatalysts. This fact suggests that coordination
ability of cis-cyclooctene to Zr centers is higher than that of
cyclohexene. The coordination of cyclohexene and subsequent
epoxidation will begin after the cis-cyclooctene has been almost
consumed.

3) The selectivity for trans-cyclohexane-1,2-diol in oxidation with
BuN-5 is lower than that with Li-5. The present reaction
is significantly influenced by the solvent system. BuN-5 in
CH3CN/CH2Cl2 (15/15 v/v, 30 mL)  is much more active than Li-
5 in CH3CN/H2O (30/1 v/v, 31 mL). Thus, in catalysis by BuN-5,
further oxidation products of trans-cyclohexane-1,2-diol such
as 2-hydroxycyclohexanone can be also formed, resulting in
lower selectivity.

4) Difference between catalytic activities of BuN-5 and Li-5:
although the order of the catalyst stability is Li-5 > BuN-5,
that of the catalytic activity is BuN-5 > Li-5. Both reactions
proceed in homogeneous systems. The solubilities of BuN-5
and Li-5 are different in the constituent solvents: Li-5 is sol-
uble in H2O, but insoluble in CH3CN, whereas BuN-5 is soluble
in CH3CN, but insoluble in CH2Cl2. The substrates are solu-

ble in both CH3CN and CH2Cl2. Since the present reaction is
significantly influenced by the solvent systems, the different
activities are attributable to the different reaction systems;
the system consisting of Li-5 in H2O and CH3CN becomes a
ction scheme.

“homogeneous biphasic” system, whereas that consisting
of BuN-5 in CH3CN and CH2Cl2 becomes a “homogeneous
monophasic” system.

3.6. 31P NMR spectra of POM 5 in the presence of mixed or single
substrate (cis-cyclooctene and/or cyclohexene) and aqueous H2O2

Solution 31P NMR  spectra of 5 are strongly dependent on sol-
vents and countercations; BuN-5 in CD3CN shows a signal at
−2.00 ppm, EtN-5 in D2O at −3.59 ppm, Li-5 in D2O at −3.53 ppm
together with minor peaks at −4.47 and −4.58 ppm, and Li-5 in
CD3CN at −2.07 ppm (Table S2). The 31P NMR  spectrum of Li-5
in CD3CN in the presence of aqueous H2O2 showed a signal at
−2.80 ppm as a broad peak after 1 h-mixing and at −2.57 ppm after
216 h-mixing. The latter signal was  in good agreement with that
of the separately prepared, side-on peroxo species EtN-8 in CD3CN
(−2.55 ppm). Thus, the broad signal at −2.80 ppm is attributable
to the end-on hydroperoxo species. The 31P NMR  spectrum of
Li-5 in CD3CN on 1 h after excess cis-cyclooctene or cyclohexene
was added showed signals at −2.11 ppm or −2.14 ppm, respec-
tively; the signals on 168 h after the addition were observed at
−2.14 ppm for cis-cyclooctene and at −2.16 (main) and −2.60 ppm
(minor) for cyclohexene. The signals at −2.11 ppm and −2.14 ppm
are assignable to the olefin-coordinated species of cis-cyclooctene
and cyclohexene, respectively. The 31P NMR  signal at −2.08 ppm
for L-5 (2 mmol) in CD3CN solution containing olefin mixtures of
cis-cyclooctene (154 mmol) and cyclohexene (462 mmol) was the
same as the signal for olefins mixed in a different ratio, i.e., cis-
cyclooctene (462 mmol) and cyclohexene (154 mmol), even after
1 h and/or longer (Table S2). These facts are consistent with that

the coordination ability of cis-cyclooctene is higher than that of
cyclohexene. Thus, it is suggested that under the co-existence of cis-
cyclooctene, neither cyclohexene coordinated species nor mixed
coordinated species are formed. These results are also consistent
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ith those for epoxidation of mixed substrates with different molar
atios (see Section 3.5).

.7. Comparison of present work with catalysis by Ti-containing
OMs and Zr-containing POMs reported in the literature

1) The 2:2 complexes (5 and 6) and the 1:2 complexes
[M(PW11O39)2]10− (M = Zr 1 and Hf 2) underwent mutual inter-
conversion under appropriate pH conditions [47], suggesting
that these complexes are not rigid, but flexible. However, they
showed quite different catalytic behaviors in the epoxida-
tion of cis-cyclooctene with H2O2; the 2:2 complexes formed
active species on dinuclear Zr/Hf centers in sandwich struc-
tures, whereas the 1:2 complexes generated the highly active
Venturello complex.

2) The active species formed by 5 and 6 are substantially differ-
ent from those formed by Ti-substituted POMs. In the latter
case, homolytic O O cleavage of the Ti–hydroperoxo species,
followed by oxygen transfer to the alkene, has been considered
[33]. It is generally accepted that Ti–hydroperoxo groups are
the active oxygen-donating intermediates for the epoxidation
of alkenes, but the alkene-coordinating species have never been
considered.

3) The active species formed by 5 and 6 are also different from that
derived from the Zr2-containing POMs reported by Kholdeeva’s
group [36], which has been proposed as an unstable Zr–peroxo
species (31P NMR, ı −2.3 ppm) formed by a ligand exchange of
the monomeric species (Bu4N)3+n[PW11O39Zr(OH)n(H2O)3(2)-n]
(n = 0 and 1) with a peroxo (H2O2) ligand.

. Conclusion

Two different types of cis-cyclooctene epoxidation with
ydrogen peroxide were found in catalysis by Zr/Hf-based
andwich-structured POMs 1–8.  The reactions with 1–4,  which
ave very high activities, were brought about by the Venturello
omplex [PO4{WO(O2)2}4]3− [38–46], which was  generated by
eactions with hydrogen peroxide, whereas the reactions with 5
nd 6, which gave moderate activities (about 45% those of 1–4),
roceeded via active species formed on dimeric Zr/Hf clusters in
he sandwich structure. The 2:2 complex containing side-on per-
xo species on the Zr2 centers (8) and the 3:2 complex (7) showed
lmost no activities. Two control experiments (#1 and #2) sug-
est that the reactive species of 5 is formed as the dimeric species
ontaining cis-cyclooctene coordinated to Zr atom. Thus, for homo-
eneous olefin epoxidation by hydrogen peroxide catalyzed by
i-Zr/Hf clusters, a new mechanism is proposed through olefin-
oordinated species to di-Zr/Hf centers. The epoxidation of olefin
ith H2O2 catalyzed by 5 probably proceeds via nucleophilic attack

f free and/or coordinated hydrogen peroxide to the coordinated
lefin (the ionic mechanism), which is contrasted to the catalysis
y the Ti-substituted POMs via radical mechanism.
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