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The mechanism of [y-H,SiV,W10040]* -catalyzed epoxidation of alkenes with hydrogen peroxide in acetonitrile/
tert-butyl alcohol was investigated. The negative Hammett p* (—0.88) for the competitive oxidation of p-substituted
styrenes and the low Xso (Xso = (nucleophilic oxidation)/(total oxidation)) value of <0.01 for the [y-HaSiVoWigOg]*~-
catalyzed oxidation of thianthrene-5-oxide reveal that the strong electrophilic oxidant species is formed on
[y-H2SiV,W19O40)*~ (1). The preferable formation of trans-epoxide for the epoxidation of 3-substituted cyclohexenes
shows the steric constraints of the active oxidant on I. The 51V NMR, 18W NMR, and CSI-MS spectroscopy show
that the reaction of | with hydrogen peroxide leads to the reversible formation of a hydroperoxo species
[y-HSiV,W100300H]*~ (lI). The successive dehydration of Il forms lI, which possibly has an active oxygen species
of a u-n%n?-peroxo group. The kinetic and spectroscopic studies show that the present epoxidation proceeds via
lIl. The energy diagram of the epoxidation with density functional theory (DFT) supports the idea.

Introduction halogen ions with hydrogen peroxide by vanadium-contain-

L , . _ing enzymes (vanadium haloperoxidases) are well-known.
Epoxidation of alkenes has received considerable academic . -
Recently, the catalytic activity of polyoxometalates has

and industrial interests because epoxides are widely used as " q h attention b f the feasible desi f
epoxy resins, paints, surfactants, and intermediates in variou eceived much attention because of the teasible design o
organic synthesesThe use of hydrogen peroxide as a catalytically active sites and because the redox and acidic
terminal oxidant for the catalytic epoxidation system pro- properties can be controlled at atomic or molecular levels.

duces only water as a byprodddiany catalytic systems Various lacunary or transition-metal-substituted polyoxo-

with high-valent early transition metals such as titanium- metalates have been reported to be active for the catalytic
(IV), tungsten(VI), and rhenium(VIl) have been reported to

; idati i (4) (a) Wei, D.; Chuei, W.; Haller, G. LCatal. Today1999 51, 501.(b)
Egrg)f:i?jggve for the epOX|dat|on of alkenes with hydrogen Schuchardt, U.; Guerreiro, M. C.; Shul’'pin, G. Russ. Chem. Bull.

1998 47, 247. (c) Neumann, R.; Levin-Elad, Mppl. Catal,. AL995
Vanadium(V) compounds are not generally effective ég’zﬁ_’?‘.(?g)ng;zfi'r'ﬂ%f'gi“téﬂ} .ZI EStgg”g‘lJr:f .f‘.‘;"m‘fﬁteaﬁigé.
catalysts for the epoxidation of nonfunctionalized alkenes Mol. Catal.198Q 7, 59. (f) Eisenbraun, E. J.; Bader, A. R.; Polacheck,

with hydrogen peroxide because of the contribution of the J. W.; Reif, E J. Org. Chem1963 28, 2057.
radical mechanisrh while the vanadium-catalyzed epoxi-
dation with organic hydroperoxidesind the oxidation of

(5) (a) Bolm, C.Coord. Chem. Re 2003 237, 245. (b) Conte, V.; Di
Furia, F.; Licini, G.Appl. Catal., A1997, 157, 335.

(6) (a) Crans, D. C.; Smee, J. J.; Gaidamauskas, E.; Yar@hém. Re.
2004 104, 849. (b) Rehder, Dinorg. Chem. Commur2003 6, 604.
(c) Butler, A.Coord. Chem. Re 1999 187, 17. (d) Butler, A.; Walker,
J. V.Chem. Re. 1993 93, 1937.

(7) (a) Hill, C. L. In Comprehensie Coordination Chemistry jIMc-
Cleverty, J. A., Meyer, T. J., Eds.; Elsevier: Amsterdam, The
Netherlands, 2003; Vol. 4, p 679. (b) Kozhevnikov, |. @atalysis
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epoxidatior? The steric effects of the active oxidants formed
on the bulky polyoxometalates have also been reported in
some cases$.

The mechanism of vanadium-based oxidation with per-

oxides has extensively been studied. For the vanadium-

catalyzed epoxidation with organic hydroperoxides, it has

been accepted that the oxygen transfer reaction to an alkene

proceeds via an intermediate with asymmetfdecoordina-

tion of the alkylperoxide to the Lewis acid vanadium ceffer.
Allylic alcohols are epoxidized more rapidly than NDun-
functionalized alkenes, which is explained by the rapid
coordination of the hydroxyl group to the vanadium center
followed by the intramolecular oxygen transtéror the
oxidation of halogen ions and sulfides with hydrogen
peroxide by vanadium haloperoxidases and their mimics, the
formation of a hydroperoxovanadium species has been
proposed based on kinetic and NMR restits. It is
proposed that the protonation of a symmetyieperoxova-
nadium complex provides a nucleophilic center like that of
the asymmetric alkylperoxovanadium species, while catalyt-
ically active hydroperoxovanadium complexes have never
been isolated. Butler et al. reported that the divanadium
complex L0O,(0,); was an active species for the oxidation
of bromide with hydrogen peroxide, while the mononuclear
ions of VO(G)" and VO(Q),~ were inactivet?

We have previously reported the epoxidation of alkenes
with hydrogen peroxide catalyzed by divanadium-substituted
polyoxotungstateyf-H,SiVoW1004]* in acetonitrile (MeCN)/
tert-butyl alcohol (-BuOH) (v/v = 1/1) (entries +11, 13,

17, and 19-23 in Table 1)t> Nonactivated aliphatic terminal
C3;—Cyp alkenes including propene could be oxidized to the
corresponding epoxide with99% selectivity and>87%
efficiency of HO, utilization (entries £5). The epoxidation

of cis- andtrans-2-octenes gaveis-2,3-epoxyoctane (90%

(8) Kamata, K.; Yonehara, K.; Sumida, Y.; Yamaguchi, K.; Hikichi, S.;
Mizuno, N. Science2003 300, 964.

(9) (a) Kamata, K.; Nakagawa, Y.; Yamaguchi, K.; Mizuno,NCatal.
2004 224, 224. (b) Neumann, R.; Juwiler, Oetrahedronl996 52,
8781. (c) Mizuno, N.; Tateishi, M.; Hirose, T.; Iwamoto, i@hem.
Lett. 1993 1985. (d) Mansuy, D.; Bartoli, J.-F.; Battioi, P.; Lyon, D.
K.; Finke, R. G.J. Am. Chem. S0d.99], 113 7222.

(10) (a) Deubel, D. V.; Frenking, G.; Gisdakis, P.; Hermann, W. AsdRo
N.; Sundermeyer, Acc. Chem. Re®004 37, 645. (b) Talsi, E. P.;
Chinakov, V. D.; Babenko, V. P.; Zamaraev, KJ1.Mol. Catal.1993
81, 235. (c) Mimoun, H.; Mignard, M.; Brechot, P.; Saussine JL.
Am. Chem. Socd986 108 3711.

(11) (a) Hoveyda, A. H.; Evans, D. A.; Fu, G. Chem. Re. 1993 93
1307. (b) Chong, A. O.; Sharpless, K. B. Org. Chem.1977, 42,
1587.

(12) (a) Smith, T. S.; Pecoraro, V. lnorg. Chem.2002 41, 6754 (b)
Casny M.; Rehder, D.Chem. Commur2001, 921.

(13) Conte, V.; Bortolini, O.; Carraio, M.; Moro, S.. Inorg. Biochem.
2000Q 80, 41.

(14) Clague, M. J.; Butler. AJ. Am. Chem. S0d.995 117, 3475.

(15) (a) Nakagawa, Y.; Kamata, K.; Kotani, M.; Yamaguchi, K.; Mizuno,
N. Angew. Chemint. Ed.2005 44, 5136. (b) Mizuno, N.; Nakagawa,
Y.; Yamaguchi, KJ. Mol. Catal. A: Chem2006 251, 286. (c) After
the previous two reports (refs 15a and 15b), we have found that the
oxidation of alkenols (entries 416 in Table 1) selectively gave the
corresponding epoxides 95%) with the OH groups intact, as follows:

OH

/\ﬁ)\R
n MeCN (1.5 mL), t-BuOH (1.5 mL), 293 K, 24 h

(R=H,alkyl group)
0.1 mmol

OH

MR (12

>79% yield
>97% select.

1(5 umol), 30% aq. H,0; (0.1 mmol)
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Table 1. Epoxidation of Various Alkenes Catalyzed by

yield of  selectivity H20,
epoxide to epoxide efficiency

entry substrate % % %
1°  propene 87 99 87
2¢  1-butene 91 99 91
3 1-hexene 92 99 92
4 1-octene 93 99 93
5 1-decene 93 99 93
6  cis2-octene 90 99 90
7 trans-2-octene 6 99 6
8  2-methyl-1-heptene 88 98 90
9  2-methyl-2-heptene 27 99 27
10 cyclohexene 90 99 92
11 cyclooctene 93 99 93
1%  cyclododecene 71 99 71
13 styrene 88 99 88
14 7-octen-1-ol 79 99 79
15 1-octen-3-ol 95 97 95
16  1-hepten-4-ol 94 99 94
17 3-methylcyclohexene 91 97 91
18  3-ethylcyclohexene 91 99 91
19  2-cyclohexen-1-ol 87 45 91
20  trans1,4-hexadiene 91 99 91
21 (R)-(+)-limonene 90 95 91
22 1-methyl-1,4-cyclohexadiene 76 89 90
23 7-methyl-1,6-octadiene 83 99 87

a Conditions: MeCN (1.5 mL){-BuOH (1.5 mL),l (5 umol, 1.7 mM),
substrate (0.1 mmol, 33 mM), 8, (30% ag, 0.1 mmol, 33 mM), 293 K,
24 h. HO; efficiency (%)= products (mol)/consumed;B, (mol) x 100.

b Propene (6 atm) 1-Butene (3 atm)d Only cis-epoxide.¢ Only trans
epoxide.f Substrate: cis/trans 70/30 (5/95 after the reaction). Epoxide:
cis/trans= 96/4.9 Epoxy alcohol: threo/erythres 80/20." Epoxy alcohol:
{(2R4R) + (2549}/{(2S4R) + (2R49} = 58/42.1 Epoxide: cis/trans=
5/95.1 Epoxide: cis/trans= 4/96.% Epoxide: cis/trans= 12/88. 2-Cyclo-
hexen-1-one (select. 5%) was formed as a byprodRdtio of 1,2-epoxide

to total epoxide was 0.99! Ratio of 8,9-epoxide to total epoxide was 0.99.
"Ratio of 4,5-epoxide to total epoxide was 0.88. Toluene (select. 11%)
was formed as a byproducRatio of 1,2-epoxide to total epoxide was
0.93.

yield) andtrans-2,3-epoxyoctane (6% vyield), respectively
(entries 6 and 7). The configuration around tre@moieties
was retained in these epoxides. Acid-sensitive styrene was
epoxidized to give 1,2-epoxy styrene as the sole product
(entry 13). This system requires only one equivalent of
hydrogen peroxide with respect to the alkene and produces
the epoxide with high yield, stereospecificity, diastereose-
lectivity, and regioselectivity>® While the formation of
hydroperoxo speciey{HSiV,W;¢03(OOH)}* by the reac-

tion of | with H,O, in 1,2-dichloroethane has been shown
by NMR and mass spectroscopf,the whole mechanism

of I-catalyzed epoxidation in the most effective solvent of
MeCNA-BUuOH is still unclear. In this paper, we investigate
the detailed mechanism of tHecatalyzed epoxidation of
alkenes with hydrogen peroxide.

Experimental Section

Instruments. IR spectra were measured on Jasco FT/IR-460 Plus
using KBr disks. NMR spectra were recorded at 298 K (unless
noted) on a JEOL JNM-EX-27(?$Si, 53.45 MHz;18, 11.20
MHz; 51V, 70.90 MHz; 1’0, 36.5 MHz) spectrometer. Chemical
shifts ©) of 29Si, 183\, 51V, and 17O were reported in parts per
million downfield from external SiMg(solvent, CDC{), NayWO,
(solvent, DO), VOCl; (neat), and KO (neat), respectively. UV
vis spectra were recorded on a PerkinElmer Lambda 12 spectrom-
eter. Cold-spray ionization mass (C9VS) spectra were recorded
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on a JEOL JMS-T100LC. Typical measurement conditions were
as follows: olifice voltage<{95 V), sample flow (0.05 mL mint),
concentration (0.14 mM), spray temp (253 K), and ion source temp

(room temp). The spectroscopic measurements were carried out withentry

the tetran-butylammonium salt of, unless otherwise stated. GC
analyses were performed on a Shimadzu GC-14B with a flame
ionization detector equipped with a TC-WAX capillary (internal
diameter= 0.25 mm, length= 30 m) or a SE-30 packed column.

Mass spectra were recorded on a Shimadzu GCMS-QP2010 at an

ionization voltage of 70 eV equipped with a DB-WAX capillary
column (internal diameter 0.25 mm, length= 30 m).

Synthesis and Characterization of [(-C4Hg)4N]4[y-H2SiV,-
W10040]*H20. An aqueous solution ofyfH,SiVoW1¢O40)4~ was
prepared according to ref 16, and the anion was isolated
as the tetran-butylammonium (TBA) salt. The potassium salt of
[')/-Sinoo%]B_ (Kg[V—SinoO36]‘12Hzo,l7 8 g, 2.7 mmol) was
quickly dissolvedm 1 M HCI (28 mL) followed by the addition of
NaVQs; (0.5 M, 11 mL, 5.5 mmol). The mixture was gently stirred
for 5 min. The solution was filtered off followed by the addition
of [(n-C4Hy)4N1Br (8 g, 25 mmol) in a single step. The resulting
yellow precipitate was collected by the filtration and then washed
with an excess amount of water (300 mL). The crude product was
purified twice with the precipitation method (additiori ® L of
H,0 into an acetonitrile solution of the tetrabutylammonium salt
of I (50 mL)). The analytically pure tetma-butylammonium salt
of | was obtained as a pale-yellow powder. Yield: 7.43 g (76%).
Anal. Calcd for [(GHg)aN]sH2SiVoW1¢040'H,0: C, 21.4; H, 4.15;

N, 1.56; Si, 0.78; V, 2.83; W, 51.1; 4@, 0.50. Found: C, 21.4; H,
3.91; N, 1.59; Si, 0.79; V, 2.88; W, 51.2;,8, 0.50.5V NMR
(MeCN): 6 —564 ppm Avy; = 130 Hz).183W NMR (MeCN-ds):

0 —82.2 ppm Qvy, = 9.6 Hz),—95.6 ppm Avy, = 2.5 Hz), and
—129.7 ppm QAvy, = 2.9 Hz) with an integrated intensity ratio of
1.9:1.0:2.12°Si NMR (MeCN-g): 0 —84.0 ppm QAvy, = 2.0 Hz).

IH NMR (MeCN-d3): 6 5.07 (2H, s, VVOH-V), 3.13 (cation),
1.63 (cation), 1.43 (cation), 0.99 ppm (cation). The s
spectrum (in MeCN) showed shoulder bands at 246- (36 000
M~1 cm™1), 285 (24 000), and 350 nm (5900). IR (KBr, chr
1151(w), 1106(w), 1057(w), 1004(m), 995(m), 966(s), 915(vs), 904-
(vs), 875(s), 840(m), 790(vs), 691(m), 550(m), 519(w), 482(w),
457(w), 405(m). The tetra-butylammonium salt ol was used
for the experiments, unless otherwise stated.

Catalytic Reactions.The typical reaction experiment was conduc-
ted as follows: 1 (5 umol), MeCN (anhydrous (kD, <0.005%),
1.5 mL),t-BuOH (recrystallized, 1.5 mL), oxidant (30% aqueous
H,0,, 100 umol), and substrates (1Qomol) were charged in the
reaction vessel. The reaction was carried out at2982 K. The
reaction solution was periodically sampled and analyzed by GC in

Table 2. Epoxidation of 1-Octene Catalyzed Ibyin Various Solvents

yield of  conv. of
initial rate  epoxide  H2O;
solvent mM h—t % %
1 MeCN#t-BuOH (viv=1/1) 23 93 >99
2 MeCNt-AMOH (viv = 1/1) 5.1 76 97
3 MeCN/3-methyl-3-pentanol 2.1 41 88
(viv=1/1)
4 MeCNi-PrOH (viv= 1/1) 14 4P >99
5 MeCNkecBuOH (v/iv=1/1) 5.8 33 >99
6 MeCN/MeOH (v/v=1/1) <0.01 1 14
7 MeCN/EtOH (v/iv= 1/1) <0.01 2 9
8 MeCN/benzene (v/# 1/1) 0.1 8 82
9 MeCN 0.2 7 89
10 1,2-dichloroethane 0.8 7 >99
119 1,2-dichloroethan&BuOH 18 93 >99
(viv=1/1)

12 acetone <0.01 <1 14
13 MeCN#t-BuOH (v/iv= 5/1) 85 >99
14 MeCN#t-BuOH (v/iv= 2/1) 86 >99
15 MeCN#t-BuOH (viv=1/2) 93 >99

aConditions: solvent (3 mL), (5 umol, 1.7 mM), 1-octene (0.1 mmol,
33 mM), H0; (30% ag, 0.1 mmol, 33 mM), 293 K, 24 RAcetone (40%
based on KO;) was formed<¢ 2-Butanone (37% based on,®) was
formed.d The tetran-decylammonium salt of was used as a catalyst
because of the low solubility of the tetrabutylammonium salt.

Quantum Chemical Calculations.The calculations were carried
out at the B3LYP level theo®§ with 6-31++G** basis sets for
H, C, and O atoms, 6-31G* for Si atoms, and the douptpsality
basis sets with effective core potentials proposed by Hay and®Vadt
for V. and W atoms. The geometries were optimized within the
following symmetry restrictions:D,, for ethene;C,, for H,0,
epoxyethane, ]/{'HgSngWloO4o]47, [)/-SiVZWloOgg(Oz)]AP, and
[y-SiV,W1003¢47; no symmetry restrictions for dimethyldioxirane,
peracetic acid)[-HSiV,W10039(OOH)]*~, and all transition states.
Transition state structures were searched by numerically estimating
the matrix of second-order energy derivatives at every optimization
step and by requiring exactly one eigenvalue of this matrix to be
negative. For the transition states, the frequency analysis was
conducted at the same level without diffuse and polarization
functions at the final geometry. The optimized geometries were
shown in Tables S3S6 (Supporting Information). The zero-point
vibrational energies were not included. All calculations were
performed with the Gaussian03 program pack&ge.

Results and Discussion

Effects of SolventsTable 2 shows thé-catalyzed epoxi-
dation of 1-octene in various solvents. The catalystas

combination with mass spectroscopy. The products were identified 5Jmost inactive in MeCN, 1,2-dichloroethane, and acetone.

by the comparison of mass and NMR spectra with those of authentic The epoxidation proceeded in the mixed solvents containing
samples. The carbon balance in each experiment was in the rangesecondary or tertiary alcohols (entriesd and 11). Among
of 95—-100%. The reaction rates were determined with the reaction '

profiles at the low conversiorg(10%) of HO,. The HO, remaining
after the reaction was analyzed by theC¥ titration18 The prod-
ucts for the oxidation of thianthrene-5-oxide were quantitatively (19)
analyzed by HPLC according to ref 19. The reaction conditions (i.e.,
concentration of substrate, substrate to oxidant ratio, reaction
temperature, etc.) were controlled to minimize overoxidation to
trioxide for the evolution of the true electronic nature of the
oxidant!®d

(18) Vogel, A. I.A Textbook of Quantitate Inorganic Analysis Including
Elementary Instrumental Analysisongman: New York, 1978.

(a) Sato, K.; Hyodo, M.; Aoki, M.; Zheng, X. Q.; Noyori, R.
Tetrahedron2001, 57, 2469. (b) Adam, W.; Mithcell, C. M.; Saha-
Moller, C. R.; Selvam, T.; Weichold, Ql. Mol. Catal. A: Chem.
200Q 154, 251. (c) Adam, W.; Golsch, D1. Org. Chem1997, 62,
115. (d) Adam, W.; Golsch, D.; Gth, F. C.Chem—Eur. J.1996 2,
255. (e) Bonchio, M.; Conte, V.; Assunta, M.; Conciliis, D.; Di Furia,
F.; Ballistrei, F. P.; Tomaselli, G. A.; Toscano, R. M.0Org. Chem.
1995 60, 4475. (f) Herrman, W. A.; Fischer, R. W.; Correia, J. D. G.
J. Mol. Catal.1994 94, 213. (g) Adam, W.; Golsch, DChem. Ber.
1994 127, 1111.

(20) Becke, A. D.J. Chem. Phys1993 98, 1372.

(21) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 270.

(16) Canny, J.; Thouvenot, R.;Ze A.; Herve G.; Leparulo-Loftus, M.;
Pope, M. T.Inorg. Chem.1991, 30, 976.
(17) Tezg A.; Herve G. Inorg. Synth.199Q 27, 85.
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Figure 1. Hammett plots (lod(x/ku) vs op plots) for competitive oxidation

of styrene and p-substituted styrenes. Reaction conditions: Styrene (0.2

mmol), p-substituted styrene (0.2 mmdl)(10 zmol), H,O, (30% ag, 0.2
mmol), MeCN{-BuOH (v/iv =1, 6 mL), 293 K. Slope= —0.88.
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predominantly attack the sulfide site of SSO to form the
diastereomericcis- and transthianthrene-5,10-dioxides
(SOSO0), while nucleophilic ones attack the sulfoxide site
of SSO to form thianthrene-5,5-dioxide (SgQeq 1)°

The results for oxidation of SSO by showed the
extremely lowXso value Xso = (nucleophilic oxidation)/
(total oxidation)= (SSQ + SOSQ)/(SSQ + SOSO+
2S0SQ); SOSQ = thianthrene-5,5,10-trioxide) 0f£0.01
(eq 2), indicating the strong electrophilic nature of the active
oxygen specie$

I (2 umol),
30% aq HO, (50 «mol)
SsO —————
(ZOO‘LtmOD MeCN (4 mL),t-BuOH

(1 mL), 293K, 8h

ransSOS0 . ois s0sO+ SSQ + S0SQ (2)

49 umol
>(ggo/}f, sel?act (trace)  (trace) (trace)

The 3-alkyl-substituted cyclohexenes provide a quantitative

around the 1:1 (v/v) ratio gave the highest yield, while the measure of purely steric effects for the epoxidations since
oxidation of secondary alcohols simultaneously proceededelectronic interactions between the=C double bond and
in the mixed solvents with secondary alcohols. The epoxi- the allylic substituents are not possiB¥eThe epoxidation

dation did not proceed in the mixed solvents with primary
alcohols (entries 6 and 7). The epoxidation with tert-
butylhydroperoxide (TBHP) did not proceed in both MeCN
and MeCN{-BuOH (v/v = 1).

Electronic and Steric Character of the Active Oxygen
Species.The good linearity of Hammett plots (Idgdky)
versusot) for the competitive oxidation of styrene and

of 3-alkyl-substituted cyclohexenes (entries 17 and 18 in
Table 1) gave the corresponding epoxides with the oxirane
ring trans to the substituents and was highly diastereoselec-
tive; the trans diastereoselectivity (transfci95/5) for the
epoxidation of 3-methyl-1-cyclohexene Hy(eq 3) was
higher than those of titanosilicates (92#8)nethyltrioxorhe-
nium (49/51)2% and stoichiometric oxidants aftCPBA

p-substituted styrenes (Figure 1) suggests that the presen(48/52§ and dimethyldioxirane (52/48¥.
epoxidation proceeds via a single mechanism. The negative

pt value of —0.88 agrees with the formation of an electro-
philic oxidant onl.23

The electronic character of the active oxygen species

formed onl was further examined with thianthrene-5-oxide

(SSO), which has been used as a probe to examine the
electronic character of an oxidant; electrophilic oxidants

(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,
V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.
W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.;
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.;
Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
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1(5 umol), 30% aq. H,0, (0.1 mmol)

MeCN (1.5 mL), t-BuOH (1.5 mL), 293 K, 24 h

0.1 mmol
Do Do O O
N } J
2 Y
cis

trans
5 : 95

Further, it is noted that more accessible, but less nucleo-
philic, double bonds in nonconjugated dienes suctiass

(23) (a) Liu, C.-J.; Yu, W.-Y.; Li, S.-G.; Che, C.-M.. Org. Chem1998
63, 7364. (b) Al-Ajlouni, A. M.; Espenson, J. H. Am. Chem. Soc.
1995 117, 9243. (c) Baumstark, A. L.; Vasquez, P.L.Org. Chem.
1988 53, 3437. (d) Hanzlik, R. P.; Shearer, G. ®.Am. Chem. Soc.
1975 97, 5231.

(24) The high trans/cis ratio of SOSO can be explained by the steric effect;
the sterically hindered active species encumber attack afisrslfide
lone pair by theperi-hydrogen atoms of SS&¢

(25) Adam, W.; Corma, A.; Garaj H.; Weichold, OJ. Catal.200Q 196,
339.

(26) Adam, W.; Mitchell, C. M.; Saha-Mter, C. R.Eur. J. Org. Chem.
1999 785.

(27) Bellucci, G.; Berti, G.; Ferreti, M.; Igrosso, G.; Mastrorilli, .Org.
Chem.1978 43, 422.
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Figure 2. 5V NMR spectra of (a) (3.3 mM) in MeCNft-BuOH (viv= 0.0021
1/1) and that treated with 10 equiv ot&, (30% aq, 33 mM) for 1.5 min :
at 293 K in (b) MeCN/t-BuOH (v/i= 1/1), (c) MeCNi-PrOH (v/iv= 1/1), 0.0011
(d) MeCN/MeOH (Vv = 1/1), (e) MeCN, and (f) 1,2-&4Cl>. )
0 T r r :
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1,4-hexadiene, R)-(+)-limonene, 7-methyl-1,6-octadiene, [M,0,]/ (H,0P) / mM-

and 1-methyl-1,4-cyclohexadiene were highly regioselec-

; e R ; ; ; Figure 3. Changes in (B)I[] and (C) [l ] with [H205] and [H.0]. (A)
tively eQOX|d|zed in high ylglds (entnes. 223 in Table 1). 51 NMR spectra of (@)l (3.3 mM) in MeCNE-BUOH (viv = 1/1) and
The ratios of [less-substituted epoxide]/[total epoxides] (b—d) 1 (3.3 mMm) treated with 1620 equiv of HO, (33-66 mM) and
(=0.88) were much higher than those reported for the other42'\;)84HegU?{ fé Ft(,\)/l )(1?()*5&%0 ggﬂ) a&fﬁg 823-5 mi)n-(c(jl)))ﬂlzgz §Z§

. . 29 .. . mM), Hy mM). (c > mM), mM). 2
epoxidation systens: The rea(_:tIVIty Ord_er of a Ser_les _Of mM), H,O (280 mM). (B) The dependence of the concentratiotl adn

Cs—alkene®’ and the specific regioselectivity for epoxidation those of HO and HO,.

of nonconjugated dienes probably reflects the electronic and
steric character® show that the strong electrophilic oxidant species with strong
steric hindrance is formed by the reaction ofith hydrogen

These results for the competitive oxidation of p-substituted peroxide.

styrenes, oxidation of SSO, and oxygenation of 3-substituted
cyclohexenes, the reactivity order of a series gf @lkenes, (30) The relative reactivity (rate) of a series of-€lkenes decreased in

; i iNati ; ; the order of 2-methyl-1-heptene (1.2)1-octene (1.0 taken as unity)
and regioselectivity for epoxidation of nonconjugated dienes > cis2-octene (0.87) 2-methyl-2-heptene (0.03) trans 2-octene
(<0.01). Moreover, for the competitive epoxidationoi- andtrans:

2-octenes (10@mol of each, the other conditions were the same as

(28) Murray, R. W.; Singh, M.; Williams, B. L.; Moncrieff, H. Ml. Org. those in Table 1), the initial rates were 0.32 an@.001 mM minr?,
Chem.1996 61, 1830. respectively. The ratio of the formation rate @§-2,3-epoxyoctane
(29) (a) Lai, T.; Lee, S. K.; Yeung, L.; Liu, H.; Williams, I. D.; Chang, C. to that of thetrans-isomer was more than 8 1% and is much higher
K. Chem. Commur2003 620. (b) Bhyrappa, P.; Young, J. K.; Moore, than those (1.311.5) reported for the other stereospecific epoxidation
J. S.; Suslick, K. SJ. Am. Chem. S0d.996 118 5708. (c) Suslick, systems. The yields of cis-2,3-epoxyoctane and thgansisomer
K. S.; Cook, B. RJ. Chem. SocChem. Commurl987, 200. (based on KO,) even after 24 h were 91 and 2%, respectivély.
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Figure 4. CSI-MS spectra (anion modayz 3300-3400) ofl (0.14 mM)
(a) as-synthesized and (c) treated with 240 equiv gDH(95% aq) in
MeCNA-BuOH (v/v = 1/1) for 3 min at room temperature. (b) The lines
calculated for [(TBAYH2SiVoW1¢Oaq)~. (d) The lines calculated for a
mixture of [(TBA)sH2SiV,W10040] ~ (80%), [(TBA)HSIV2W10039(O0H)]~
(10%), and [(TBA)SIVoW10040]~ (10%). (e) The spectrum (a) was
subtracted from the spectrum (c). (f) The spectrum (b) was subtracted from
the spectrum (d).
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Figure 5. Dependences of epoxidation of rates on (A] gnd (B) [Ill ]

in various solvents2The [Il] and [Ill ] were estimated by (the initial
concentration of) x (the ratio of the respective signal intensities to the
sum of the vanadium signal intensities). Conditions for epoxidatiqii:67
mM), 1-octene (33 mM), kKD, (30% ag, 33 mM), 293 K. Thélv NMR
measurements df andlll were carried out under the following condi-
tions: 1 (3.3 mM), KO, (30% ag, 33 mM), room temperature. The numbers
show the solvents used for the epoxidation: 1 (Mel€BUOH), 2 (MeCN/
t-AmOH), 3 (MeCN/3-methyl-3-pentanol), 4 (MeCN/MeOH), 5 (MeCN/
EtOH), 6 (MeCNi-PrOH), 7 (MeCNs$ecBuOH), 8 (MeCN/benzene), 9
(MeCN), 10 (1,2-dichloroethane), 11 (acetone).

Reaction of | with H,0,. We have reported the formation
of [y-SiVoW10038(u-OH)(u-OOH)*~ (1) with the Cs sym-
metry by the reaction of with H,O, in 1,2-dichloroethane
(eq 4) on the basis of the following resutté The polyoxo-
metalatell showed onéV NMR signal at—530 ppm, six
18 NMR signals at—79, —83, —92, —104, —127, and
—132 ppm with the intensity ratio of 2:2:1:1:2:2, respectively,
two 'H NMR signals at 5.10 and 9.45 ppm with the intensity
ratio of 1:1, respectively, and the cold-spray ionization mass
(CSI-MS, anion mode) signals centeredhalz 3354 (Figures
S1-S4)3t

[7-H,SiIV,W,0,d* (1) + H,0, =
[V'SiV2W10038(/4'OH)(“'OOH)]‘P (1 +H,0 (4)
The reactivity ofl with H,O, as well as the catalytic

activity of | (Table 2) much depended upon the solvents.
Figure 2 shows thé&V NMR spectra ofl treated with 10
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Figure 6. Dependences of epoxidation rates on (A@H], (B) [1], (C)
[H20], and (D) [1-octene] in MeCNYBUOH (v/v = 1) at 293 K. Lines
were calculated with eq 11. (A)(1 mM), 1-octene (33 mM), kD, (10—
40% aq, 8.9-42 mM), HO (140 mM); (B)I (0.33-1.7 mM), 1-octene
(33 mM), HO; (33 mM), HO (140 mM); (C)I (1 mM), 1l-octene (33
mM), H20; (33 mM), HO (110-510 mM); (D)! (1 mM), 1-octene (26
100 mM), KO, (33 mM), HO (140 mM).

Chart 1. Proposed Structure of the Vanadium Centeflin

o
v<é>v

Scheme 1. Proposed Mechanism for the Epoxidation Catalyzed by

[+-HSIV2W10039(00H)I*

11
H,O step 2
Hzo Hzo
step 1
H,O
H20,
H20,
I

[y-H2SiVo W3 00401+

I. g

step 3
/&

R

equiv of hydrogen peroxide (30% aq) at 293 K in various
solvents. Upon the addition of 10 equiv of®}b with respect

to I, each signal intensity reached a constant value within 1
min, and the sum of the signal intensities was unchanged.
In neat MeCN and 1,2-dichloroethane, in which the catalytic
reaction hardly proceeded, two signals loand Il were
observed (Figure 2e and 2f). In MeGNBUOH (v/v = 1/1),

in which| showed the highest activity, a new signat-&95
ppm (1l ) was observed in addition to the two signals (Figure
2b). In MeCN/MeOH, only one signal at549 ppm,
assignable to the monomethylester [HSW{Oso(u-OMe)} %2
was observed. In MeCINPrOH, two signals of and the
monoisopropylester{552 ppmy? were observed in addition

to two weak signals ofl andllIl .
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Figure 7. Changes in (A) epoxide yields and (B) ] (closed circles) and
[l T (open circles) for epoxidation of 1-octene catalyzed lag a function

of time. Solid and dotted lines in (A) and (B) were calculated with eqs
6—11. (A) Conditions: 1-octene (10 m\Dj, 16.7 MM @), 33.3 mM @),

100 mM @)), | (5 umol), H0, (30% ag, 10Qumol), MeCN (1.5 mL),
t-BuOH (1.5 mL), 293 K. Yields are based omn,®. (B) Conditions:
1-octene (16.7 mM (green), 33.3 mM (blue), 100 mM (redl){5 x#mol),
H20, (30% aq, 10Qumol), MeCN (1.5 mL),t-BuOH (1.5 mL), 293 K.

Figure 3 shows the effects of 8, and HO on the
formation ofll andlll . The ratio of the concentration df
([n7] to that of I ([I]) was proportional to [HO,]/[H 0],
supporting the reversible formation df (eq 4). The ratio
of the concentration dfl ([I1l ]) to [I] was proportional to
[H20,]/[H01?, suggesting the successive dehydratiotl of
to form Il , as shown in eq 5. The same dependences of
[I1)/[1] and [T }/[1] on [H20,] and [HO] were observed in
MeCN.

=1 +H,0 (5)
The CSHMS spectrum of in MeCNA-BuOH showed the
most intense parent ion peaks centereavat3338 with the
isotopic distribution that agreed with the calculated pattern
of [(TBA) sH2SiVaW1004q] ~ (Figures 4a,b and S5). Upon the
addition of 240 equiv of KD, (95% ag, 33 mM), new weak
peaks centered atVz 3354 appeared, and the parent ion
peaks were slightly shifted to the lowsvz values (Figure

4c and 4e). Thé NMR spectra showed that the treatment
of I with 10 equiv of HO, (95% aqg, 33 mM) in MeCN/
BuOH gave a mixture of, I, andlll with the ratio of 80:
10:10, respectively (Figure S6). On the basis offtheNMR
data, the pattern calculated for a mixture of [(TBH)SIV,-
W10040] ~ (80%), [(TBA)sHSIV2W10039(O0H)]~ (10%), and
[(TBA) 3SiV2W1¢O4q] ~ (10%) is shown in Figure 4d and well
reproduced Figure 4c.

The two vanadium atoms ifll would be equivalent
because only ongV NMR signal was observed fdtl . In
addition, Il is formed by the dehydration of. Therefore,
theu-n%n?-peroxo group is a possible active oxygen species.
The u-p%n?-peroxo bridge has been reported for dicopper
complexess34

Kinetics and Mechanism.Upon the addition of 1-octene
(10 equiv) to a MeCN£BUOH (v/v= 1/1) solution ofl (3.3
mM) treated with 10 equiv of kD, (30% aqueous solution),
the %V NMR signal of Il was weakened and that &
almost disappeared (Figures 2b and S7). The dependences
of epoxidation rates orll[] and [lll ] in various solvents are
shown in Figure 5. The rate increased with increasélin [
(Figure 5A), while no correlation between the rate ahd [
was observed (Figure 5B). These facts suggest that the
reaction oflll with 1-octene is rapid and théi plays an
important role in thd -catalyzed epoxidation.

No induction period was observed for the epoxidation by
I. The kinetic studies on the epoxidation of 1-octene showed
the first-order dependences of the reaction rate on the
concentrations of hydrogen peroxide §{b}], 8.9—42 mM,
Figure 6A) andl (0.33-1.7 mM, Figure 6B). The rate
decreased with the increase in the concentration of water

(31) We conducted’0 NMR experiments to detect hydroperoxo species
Il formed by the reaction df with 1’O-labeled HO, (80% enriched;
purchased from Icon as a 2% solution ia'# and concentrated to
30% at a reduced pressure). While the formatiot afas confirmed
with the 3V NMR spectrum, no'’O NMR signals assignable td
were observed in the range fL000 to+2000 ppm. Thé’O NMR
spectrum of the solution df treated with H’O showed the broad
signal of V—(OH),—V in | around+120 ppm Avy, = 3 kHz at room
temperature). It has been reported that'i@NMR signals of peroxo
and alkylperoxo species are sometimes too broad to be observed (see
Postel, M.; Brevard, C.; Arzoumanian, H.; Riess, JJGAm. Chem.
Soc.1983 105 4922 and Groarke, M.; Gqatves, I. S.; Herrman,
W. A.; Kiihn, F. E.J. Organomet. Chen2002 649, 108) Casny et
al. reported thel’O NMR signals and the tentative assignment of
hydroperoxovanadium species formed by the treatmefsobphyllum
nodosumbromoperoxidase witht’O-enriched HO, (Czsny, M.
Rehder, D.; Schmidt, H.; Vilter, H.; Conte, V. Inorg. Biochem200Q
80, 157). Therefore, the detection of tHéO NMR signals of
hydroperoxo groups bound to early transition metals such as Ti, Mo,
and V has been very difficult. On the other hand, #& NMR
spectrum was more informative; by labeling of the peroxidic oxygens
with Hx’O,, the 'H NMR signal at 9.5 ppm was significantly
broadened from\vy, = 1.2 to 6.4 Hz (in MeCNd3 at 273 K), while
the line width of the signal at 5.1 ppm was not chang&dy, = 1.4
+ 0.1 Hz). This strongly suggests that the proton of the signal at 9.5
ppm is bound to the peroxidic oxygen, supporting the assignment of
the signal as a hydroperoxo group.

(32) (a) Nakagawa, Y.; Uehara, K.; Mizuno, horg. Chem.2005 44,

14. (b) Nakagawa, Y.; Uehara, K.; Mizuno, horg. Chem.2005
44, 9068.

(33) (a) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. hem. Re. 2004
104, 1013. (b) Que, L., Jr.; Tolman, W. BAngew. Chem.Int. Ed.
2002 41, 1114.

(34) The detection ofil with IR, Raman, and UVvis spectra has been
unsuccessful because of the overlap of the strong bands of the
polyoxometalate framework.
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Figure 8. Calculated energy diagram of the epoxidation of ethene catalyzédrbthe gas phase (energies in kJ ridl

following five elementary processes

K
| +H,O,— 1l +H,0 (6)

k2
I+HO0—I1+H0, ()
Il —k3>III + H,0 (8)

k4
n +H,0—1 9
ks .

Il + alkene— | + epoxide (10)

(k,—ks: rate constants)

First, the bis«-hydroxo compound reacts reversibly with
hydrogen peroxide to form the-hydroxou-hydroperoxo
species ofll (eqs 6 and 7; step 1). The compouhdis
reversibly dehydrated to form the active oxygen speltles
(eqgs 8 and 9; step 2). Thehl, reacts with alkenes to form
Figure 9. Ball and stick representation for the calculated structure at the the (‘forr?Spondmg. epoxides (eq 10; step 3). The °‘,’er"’?"
transition state of the reaction betweléhand ethene (lengths in A). Blue, ~ €poxidation rate is expressed by eq 11 (see details in
gray, red, yellow, black, and white balls represent silicon, tungsten, oxygen, Supporting Information). On the basis of the kinetics and
vana_dium, carbon, and hydroge_n atoms, respeptively. Gre_en arrows sh0W51V NMR data, the rate constanks—ks were calculated to
the displacement vectors of the vibration mode with an imaginary frequency. L . .
The value of the imaginary frequency is 3%n1. be 0.022 mM! min~t, 0.291 mM* min~%, 34.2 mim?,
1.69 mM?! min™t, and 12.2 mM! min~!, respectively
([H20], Figure 6C). The dependence of the rate on the (alkene, 1-octene; solvent, MeGNBUOH (v/v= 1/1); temp,
concentration of 1-octene ([1-octene], 100 mM) showed 293 K). The time course of epoxidation calculated by the
saturation kinetics (Figure 6D). The epoxidation of 1-octene, numerical integration of eq 11 (shown by the solid lines)
cis-2-octene, and cyclooctene with weak steric effects and fairly well reproduced the experimental results of epoxide
different electron densities showed the same time courses ayields and [I] and [Ill ] as a function of time (Figure 7),
the high substrate concentrations (167 mM) (Figure S8). supporting Scheme 1. The slight deviation of the observed
These dependences can be explained by the change of thgields from the calculated ones at a longer reaction time is
rate-determining step from the oxygen transfer step fiibm  probably explained by the nonproductive decomposition of
to the G=C double bond (at low concentration of 1-octene) H;O5.

to the regener.ation oft (at high concentration of 1-octene?. k kske[catalyst[H,0;][alkene]
On the basis of all of the results, we propose a possible rate= 5
reaction mechanism in Scheme 1, which is divided into the koky[H,0]” + (k[H,0] + ky)ks[alkene]

1734 Inorganic Chemistry, Vol. 46, No. 5, 2007
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F5e

ethene

cis-epoxidation
3-methylcyclohexene

Figure 10. Approaches of various alkenes lib (distances in A).

Quantum Chemical Calculations. The energies of the

propene

tfrans-epoxidation

reversible. The formation of the active compléx and HO

reaction steps calculated with density functional theory from Il (step 2) was calculated to be energetically much

according to Scheme 1 are summarized in Figuie8.The

unfavorable {E(Ill ) + E(H,O)} — E(Il ) = +71 kJ motlY),

calculated reaction energy of step 1 was small (exothermic,in agreement with the fact thit was not formed in aprotic
—14 kJ motY), in agreement with the fact that this step was solvents, where the stabilization of,® by solvation is

(35) We used ethene as a model substrate for the computational approact{40) Since all of the polyoxometalates used for the calculations have the

to thel-catalyzed epoxidation because of the very large system size.
The geometry optimization of the transition state of the reaction

betweenlll and ethene took 3 months with our Intel Xeon 2.8 GHz

server computer. The use of ethene as a model substrate is common

in the computational study of the alkene epoxidafi®r?

(36) Deubel, D. V.; Sundermeyer, J.; Frenking JGAmM. Chem. So2000
122 10101.

(37) Gisdakis, P.; Antonczak, S.; Ktmeier, S.; Herrmann, W. A.;'Rah,
N. Angew. Chem.nt. Ed. 1998 37, 2211.

(38) Sever, R. R.; Root, T. Wl. Phys. Chem. B003 107, 4090.

(39) Quirpnero, D.; Morokuma, K.; Musaev, D. G.; Mas-Balled®e; Que,
L., Jr.J. Am. Chem. So@005 127, 6548.

same charge of-4 and the sizes are almost the same, the solvent
effects on polyoxometalates are probably close to one another. The
solvent effects on kD, and HO are probably close to each other
since both molecules are neutral and the sizes are almost the same.
Thus, the solvent effects would not much affect the reaction energy
(—14 kJ motl exothermic) of step 1l (+ HO, — Il + H20). In a
similar way, the reaction energy-217 kJ mof* exothermic) and the
energy barrier{49 kJ mol?) of the reaction ofll with ethene {1

+ CoHy — SiVoW1¢039* + CoH40) would not be much affected by
the solvent effects. On the other hand, the reaction energy (71 k3 mol
endothermic) of step 2I(— Ill + H;0O) would be lowered in polar,
protic solvents such as MeCNBuOH where HO is stabilized.

Inorganic Chemistry, Vol. 46, No. 5, 2007 1735
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small*° The energy barrier of the oxygen-transfer reaction the C=C length was kept at 1.361 A. The shortest distances
of Il with ethene (step 3) was calculated to be 49 kJthol  of the peroxidic oxygen and the double bond were 2.63 and
The value is smaller than those calculated for the epoxidation3.26 A for trans- and cis-epoxidation, respectively, suggesting
of ethene with peracetic acid (71 kJ myland dimethyl- the strong repulsion for the cis-epoxidation.

dioxirane (72 kJ molY) at the B3LYP/6-3%++G** level and

than those reported for molybdenum diperoxo complex Conclusions

[MoO(O2)2(OPMey)] (69 kJ mof?),*° [CHaRe(0)(Q)z]"Hz0

(68 kJ mof?),® and titanosilicate model complex
[Ti(OSiH3)3(57?>-O0H)]-H0 (57 kJ mol?)®8 at the B3LYP
level.

Figure 9 shows the calculated structure at the transition
state of the reaction betwedh and ethene. The ethene
molecule approached along the-O peroxo bond axis. The
O—0 peroxo bond was lengthened from 1.486)to 1.773
A, and the G=C double bond was also lengthened from 1.332
(ethene) to 1.361 A. The Ci(ether&)(peroxo) and
C2(ethene)O(peroxo) lengths were 2.149 and 2.082 A,
respectively, and very close to each other, suggesting the,
concerted approach of the<€C double bond to the active

oxygen center. The H1 and H2 atoms were surrounded by  acknowledgment. We acknowledge Dr. K. Yamaguchi,
the polyoxometalate framework, while the H3 and H4 atoms pr. T. Imago, Mr. K. Watanabe (The University of Tokyo),
were not. Next, the steric effects of various alkenes were pr. K. Kamata, and Miss M. Kotani (Japan Science and
investigated by the substitution of methyl groups forH1  Technology Agency) for their help with experiments. This
H4 (Figure 9) to form propene, isobutemis-2-butene, and  \ork was supported, in part, by the Core Research for
trans-2-butene. All G-H lengths were kept longer than 2.467  Eyolutional Science and Technology (CREST) program of
A (the shortest ©H length in Figure 9) by rotating the  japan Science and Technology Agency, a Grant-in-Aid from
alkene molecule on the center of the double bond andthe Ministry of Education, Culture, Sports, Science, and
lengthening the distance between the peroxidic oxygen andTechnology of Japan for Scientific Research, and a project
the double bond (for ethene, 2.00 A). The shortest distancesyf Research and Development Projects for Economic Revi-
between the peroxidic oxygen and the double bonds undertgjization: The Project to Design Sustainable Management

these conditions were 2.10, 2.29, 2.40, and 3.10 A for ang Recycling System of Biomass, General and Industrial
propene, isobuteneis-2-butene, andrans2-butene, re-  \yastes.

spectively (Figure 10), showing the strong repulsion between

the substituents and the polyoxometalate framework for trans-  Supporting Information Available: Rate law derivation for
substituted alkenes. The same analysis was performed fothe mechanism in Scheme 1, Tables-§B, and Figures S1S8.
the diastereoselective epoxidation of 3-methy|cyC|Ohexene.ThiS material is available free of charge via the Internet at
The structure of 3-methylcyclohexene was separately cal- "tP/pubs.acs.org.

culated at the B3LYP/6-3t+G** level in the restraint that 1C0623258

The results for the oxidation of 3-alkylcyclohexenes,
styrenes, and SSO with hydrogen peroxide catalyzedl by
show that the strong electrophilic oxidant species with the
strong steric hindrance is generated. TheNMR and CSH
MS spectra show that the reaction bfwith hydrogen
peroxide leads to the generation of the hydroperoxo species
II. The successive dehydration &f forms Il , which
possibly has an active oxygen species of-a27?-peroxo
group. The kinetic and spectroscopic studies show that the
present epoxidation proceeds Vih. The DFT calculation
results support the proposed mechanism and explain the steric
hindrance of the active oxygen species.
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