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Abstract: The oxidation of alkenes and alcohols with hydrogen peroxide (H202) and molecular
oxygen, is quite an interesting objective for both academic and industrial fields. In this paper,
we focused on polyoxometalates and microporous transition metal carboxylates as oxidation
catalysts. For H202-based epoxidation reactions catalyzed by dimeric mono, dr, and
trrtitanium (IV)-substituted Keggin polyoxotungstates, #rrtitanium (IV) - substituted Keggin
polyoxotungstate was the most active because it exhibited the fastest formation rate of active
hydroperoxotitanium (IV) intermediate. Furthermore, we investigated a novel method for the
grafting reaction of transition metal-substituted polyoxometalates onto a silica surface.
Keggin-type vanadium(V)-substituted polyoxomolybdate (PMoV) was electrostatically anchored
to a modified silica surface having cationic ammonium moiety. The PMoV-grafted silica material
exhibited activities higher than those of homogeneous PMoV reactions for the oxidation of
various alcohols with 1 atm dioxygen in the presence of isobutyraldehyde (IBA). Microporous
copper(Il) carboxylates showed unique activities for the oxidation of alcohols with H2O2 in a
heterogeneous system, in which a green-colored species, Hy[Cu,™" (OOCCgH ;(CO0),(0,)]-H,O was one
of the active oxidizing intermediates.

Keywords: polyoxotungstate, microporous copper(Il) carboxylate, alkene epoxidation,
alcohol oxidation, grafting method
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MELE FiE
(BusN)7H[(o-PTiW11039)201(1) D &5k
[(PTiW11039)2018 7 b 7 7 F L7 v £ =7 L i
(TBA )G AUIE, BEICHESh Tnbs 7 —7
vy FRIOAKREEZKE L TiTo72 9, LLTFIZ, *
DFEHETR T, K77 T, TiCls (0.43 mL) % 110
mL @ Kr[a-PW11030]-8H20 (4.6 g, 1.47 mmol) /K¥&
RIZINZ %, ZOMEFEWREREZ 30 HrFEN L.
AT T 7 404 —. G. type, 0.2 pm) THiH L
72o %D AHIZEFE O BusNBr (10.6 g, 0.83 mmol)
EIMZ D EAQOILENENRT D, ZOAMGSEIRE
1 R, AGtEE 2770 7 o v 2 —(.
G. type, 0.2um) CHEUL L7-, ZOMkE% 0°CTT
T h= MU KDL HRET S Z LI DL,
AK(B0O0mLx3), =% /—(50mL x 3), =—7 /L(50
mLx3) T L CHMM 257, INEUEFE)4.26g
(80.2%), JtFor#r: FEE GHEE): C, 19.08%
(18.78%); H, 3.63% (3.56%); N, 1.52% (1.37%), »
U AIBE S0 -72(0.021%), IR (cm™):
1070vs [v(P-O)], 964vs, 887vs, 808vs, 652s
[v(Ti-O-TY], 594w, 517m, 3P NMR (CDsCN #): §
-13.12, TG/DTA: 20.3% D E &, AL —7 %
319.3, 337.0, 376.6, 435.7 °C |2 L 7=, Z DEHE:
WX, 7 D TBA*OSiFE(23. 7%k i LTz,
W3 L7k X D EERZ L,

(BusN)7KHa[(a-1,2-PTi2W10038)2021(2) DA A% 2

[(0-1,2-PTiaW10038)202]10 > TBA ¥ D &RkIX. pH
2.2 OEEME T [(0-1,2-PTiaW10038)202]100D 5 1V o7
HEk¥i%(0.8 g, 0.144 mmol)® (2 i H > BusNBr(9.5
g, 29.4 mmoDIZMZ 5 Z & TiT-72, 30 4y
%, AGLEE AT T 7 4 02—, G. type,
0.2 um) TEIUL L, A(BGO mLx2), =% / —/L(50

mLx2), =—7 /(50 mLx2) TP L7-, Z DMt
Bx 0°C T7 & b= F U V/EHRTTF LD OFIL
Bro Lok L, =% ) — (50 mL), =—7 /(50
mL) T L7z, IEWUHE):0.27 g (28.3%), LR
Brogziife GHER):C, 19.75% (19.45%); H, 3.73%
(3.70%); N, 1.76% (1.42%); K, 0.58% (0.57%), IR
(cm™D): 1097vs [v(P-0)], 962vs, 887vs, 809s, 686s
[v(Ti-O-TD)], 595w, 519m, 3P NMR (CDsCN H1): §
-11.37, TG/DTA:22.1% ® #H &J§, FE#AL—7 %
311.1, 321.9, 394.2 °C (2B L7z, Z OEERIL.
7 # D TBA*D 53 f#(24.5%) 25 his L T iz, g L
oI KL D EEWR L,
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LK ER#(1.0 g, 0.18 mmol)? (2% > BusNBr
(2.3g, 7.0mmoD) &Mz 5 Z & Tiro7=, 30 i
g, Ak Z A 7T 07 4 L& —(. G. type,
0.2 um) TEIZ L, A(BOmL x 2), =% / —/1(50 mL
x 2), T—7/L(50 mL x 2) ¥ L=, I EUR):
0.39g(32.8%), JtH /A1 2l GHAMH): C, 20.42%
(20.29%); H, 3.58% (3.89%); N, 1.58% (1.48%); K,
0.66% (0.59%). IR (cm): 1063s [v(P-O)], 963vs
[W-O1l, 889s [W-Ocl, 822s [W-Oel, 738, 699s [v(Ti-
O-Ti)], 594 w, 520 m, 3P NMR (CDsCN ): § -10.15,
TG/DTA: 23.4% D HE &, FEE— 271X, 309.6,
331.0 °C [l L 7=, Z D EERIL. 7 # D TBAT O
IR(25.6 %) kI L TNz, s L= KIC X A
Pz L,

K4dPMo01:1VVO40] (PMoV)D Y HRE~DEEAL
TENT 7 AU H (Azmax, 200m2/g) % 25 °C
T2HME Lz, oLt & oy ) hFEE LD OH
HDO¥IE, 4.67 OH groups/mm?2, 1.55 mmol OH
groups/gd, Z DHEIE7- U 7(1.0 g% 80 mL
DAK ) — 4L, 0.28, 2.78, 8.34 mL (0.5,
5.0, and 15.0 mmol) ®(MeO)sSi(CHz)sN(CH3)3Cl
Mz Te, ZOREW% 80°C T 6 K& L7,

Bon-AfLEEEIR L, A%/ —/1(10 mL x 3)
THHE L=, oES5H [0.5 mmol DT w7 U
VIR EMER LS E] ERME: C, 1.93%; H,
0.16%:N,0.42%. & 5 fH (SiO2)59(Si(CH2)s-
N(CH3)3C1(0.27 mmol=Si(CH2)sN(CHs)sCl groups/g):
C, 1.94%H, 0.41%; N, 0.38%, BET ##if4: 138
m2/g, TLHEHH [6.0mmol DT L v 7 L TH|
ERWEESHA] ERMHE: C, 2.81% H, 0.20%; N,
0.75%, aIEHE: (Si02)40(Si(CH2)3- N(CH3)sCD) (0.39
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mmol =Si(CH2)sN(CH3)3Cl group/g): C, 2.81%; H,
0.59%; N, 0.55%, BET #f#: 130 m2/g, TT#E45y
Hr [15.0 mmol DT v 7V v FHIZE W35
A1 FHIE: C, 2.90%; H, 0.35%; N, 0.50%, #FEL{E:
(Si02)43(Si(CH2)sN- (CH3)3Cl) (0.36 mmol =Si(CHz)
sN(CH3)sCl groups/g): C, 2.62%; H, 0.55%; N, 0.51%.
TREOMRER NS, Ty 7V v THIOERKHE
Fril. 0.39 mmol =Si(CH2)sN(CH3)sCl groups/g
ThH-o7,

oY Uhy ) EHEEE U (1.0 g
0.27, 0.39 mmol =Si(CH2)sN(CH3)sCl groups/g) %
7k (40 mI)IZ 30 g # L=, = Z~. /K(50 mL)
W fR L 7= Ka[PMouVVOasl-7TH20 (1.03 g, 0.5
mmol) Z Mz . 25°C T 24 Bl L7, 55 hlE
RZEEIL L, /K30 mLx3) THE4, 2 W HiitiL
BL7-, TEHH [0.27T mmol DT h v 7Y v
THRIEMFF L2 ) B &2 L25E] SEHEIE: N,
0.66%; P, 0.16%; Si, 38.3%; Cl, < 0.02%; K, <
0.01% . &F B i © {(Si02)59(Si(CHz2)sN(CH3)3)4-
(PMo11VO40)(H20)15 (0.057 mmol PMoV/g): N,
0.32%; P, 0.18%; Si, 38.4%, st [0.39 mmol
DT Ry TV TRIEMEF LI Y DAL
=381 ERIE: N, 0.50%; P, 0.17%; Si, 37.9%; Cl,
0.21%; K, < 0.01%. #tEf#: {(SiO2)40}(Si(CH2)3N-
(CH3)3)4(PMo011VO40)(H20)5 (0.082 mmol PMoV/g):
N, 0.46%; P, 0.25%; Si, 37.54%.,
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1222w, 1045w, 929w, 784m, 767m, 727w, 526m,

BET #fifi: 328.4 m2/g, MfLEE: 4.9 A, EHKEK

W75 & 1.09 mol/mol of copper, DR UV-vis® Amax
260, 385, 665 nm, 7~ > A7 kL1805 [v(0-O)]
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mm x 15 m); FID, DB-WAX &+ 5 U 7 7 4(0.53
mm x 15 m) L @HEEEKIsIa~ N7 T 7 4 —
(Shim-pack VP-ODS 150 mm L x 4.6 mm ID)T
1T-77,
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F 1. Ti BN Y Bt At & L7z HO, I LD T v
DR XA ?

HE (mmol) ik TOFs™® BIRE/%
ruFrT s 1 3.7x 104 > 99d
(7.70) 4.7 x 104 > 99d

2 1.2 x 103 > 99d

1.3 x 1073 > 99d

48x 103 > 99d

3.6 x 103¢ > 99d

v a~¥t 1 —e —
(4.93) 2 7.6 x 1076e 83f

3 1.2 x 104 86!

1-47 5 1 —t —
(6.37) 2 5.4 x 1062 >99h

3 3.1 x 105 >99h

aReaction conditions: catalyst 0.02 mmol, substrates
4.93—7.70 mmol, 30 % H202 9.72 mmol, solvent, 1:1
(v/v) CH2Cl2/CH3CN 30 mL, under air. "TOF = turnover
number (TON)/s after 5 min. cafter 1 h. dcyclooctene
oxide was epoxidation product. ¢after 4 h. fcyclohexene
oxide and cyclohexanediol were epoxidation products.

gafter 3 h. 11,2-epoxyoctane was epoxidation product.
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RIEM 72~ v A% VR LTV 2D O IEMEZR N
A4 Ra~A % VRENERLTWDD)NEXKF|TX
RN, EIT, BB LKRFEFET T I u AT
Mz 5L, LB 8 DDA, ENAWNAREDZE
LWHDBRRE LN, ZDOZ N, {LEW 3 MMb
EM 1,2 L0 oA Ra~u4d Y FOERENS
WZ ERNGhoTo, ZOZ ik, Bb i MRS
S S PN AY

3. (kW3 DF & LAV =ZBHA 1 O X FkE
.

LLEDZ &6 Ti3 EH#R Y o A-Ti3 ¥4
k2% H2Og ~X— A DA S I EiEEZ2 7R L
i, bAW 3 & HoO2 & DS THERT DA
R ~)L % VO A RGRE M OAEY L 0 bk
W2 EITRENT S SR Lz, S 51T, X i
W —Z bR 7= 1£3% D Bond Valence Sum I3,
0(1) 1.69, 0(2) 1.73, O(3) 1.45, 0(33) 1.75, 0(39)
1.69, 0(40) 1.72, 0(41) 1.65, 0(42) 1.67,0(43) 1.52
Lo T M3 D A-Ti3 @ Ti-O-Ti f & e # (0(3)
EOoOMNTHBT e b, L RLA—XpNA R
2L A X VREOERZREL TS Z & bR L
776

VIR TV TR EN LY AREA~DOR
Y BR¥E D [ E{r @310

RO EMEE LT, TIVvEELSVT
oV TE BN LR ) OB E(L S S
NTWBN, TEVEY A F~DT 2 v EEOENL AL
EHEOERTEZH ZEDBRALNIR>TND D, &
ITCARMETIE., TR AT AL ELOVT
V1w 7 v 7 AE(Me0)sSi(CH2)sN(CH3)sCl) % A
WTC, RVBEOLSAEBRET VE=0 L ATF
v EOHEMMHEEREZRMAT A Z XD, Y
feta 2 > U ARmEICEE L, EEROBEELEZD<
ZLICRY LR ¥ — 4 1 B, 2T, B
W b iR CIEME 2 79 Ka[PMo1:VVO40] (PMoV)
ZENC LT, EEILRTE OB IR MEIZ SV TR L
oo Flo, HEZOXF YT 72V E—va b L
T. [#f& 3P NMR, DR UV-vis, TEM %17 - /=#
R RNUBEEIT Y A REISESBL THEL T
LT L EER L,
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Scheme 1.
PMoV &t U 1 (PMoV-SiOg) % [E {4 fil i & L
A TFNLUT T E REEFTOT L a— Lo
LROSHER 23 2 1T, BLARIT. Tt
RURXTNVTE R, F7FALTATE R, V7~
XY T, BIRRIISO% ThoT-, X — o F—
N=$(TON)IZ, WTNDHE H PMoV % Hv =1
—% &0 H PMoV-SiOz & W= ARE)—RDIEH 2
mnolz, 72, PMoV &) b 2 HICWPLRA L
72 PMoV/SiO: LV &> T h v 7V v I HIE L
7= PMoV-SiOz DIF 5 itk Th »7-, kD
END, BB BEAFEELT 5 & TEER
HiEDOEK RS RV BEZEE(LTELZ L0y
Moz,

F I HLE SO T a T PR BRI
Pk B L L7 L a— Lok LR
¥— RS S P OTE R R O BEER L O
&R

[Cull (00 CCsH10CO0)2]-Ha0(4) % [ {4 fi 4 & L
- iBER LK L HFE A DT L a— )L O GG
REE IR T, AR OO R AR T (kK
FOREIZELRFLTEBY, #l1 e LT
46 fELL T O HoO2 Z N L2354, fikiiED AR F @
MHREEIZE @ LT=0IZxt L, 69 5L EOBsnED
AR, HEaN bR~ Z G L, TOF X, H2O:
WhngEorne L bicbm< ooz, KIGHICEL

% 2. PMoV [EE(LT Y H &l & U745 T iREe SR
W2k BT v a— Lol ?

G i TONP

(mmol)
RXUVI)IVT ) a— )b PMoV 54
(48.4) PMoV-SiOz 153
PMoV/SiOse 21
PMoV-SiOzd 152
1-42 %7 — PMoV 22
(6.34) PMoV-SiOz 117
ra~FHY ) — PMoV 21
(9.40) PMoV-SiOz¢ 84

aReaction conditions: PMoV 20 pmol, PMoV-SiO2
(0.082 mmol/g, 5 umol of PMoV), CHsCN 3 — 8 mL,
alcohol 6.34 — 48.4 mmol, IBA 11.0 — 37.6 mmol, AOz)
= 1 atm, reaction temperature 85 °C. PTurnover
number (TON) after 168 h. cPMoV/SiOz (0.082 mmol/g,
5 umol of PMoV) was used. Water (5 mL) was used as
a solvent. ePMoV-SiOz (0.057 mmol/g, 5 umol of PMoV)
was used.

3. Va2 D LR EEEHAD SR 2 Al
L L7l KR L AT L a— ol a

BB (mmol) R /% TOFs ™'
2-7 R ) —)b TE R (>99) 1.6 x 107
(13.1)
2-7 1R —)b TE Ry (>99) 58x 107
13.1)¢
vru~xy)—  rua~FH /s 1.1x10*
9.5) (>99)
vrua~z¥ )= rua~F¥ /s 16x10*
9.5)¢ (>99)
RyOATAa—)L  ROAXTATE R 7.0x10%
9.7) (>99)
RUDATAa—)  RUXTFAFTER 1.5x 107
9.7)¢ (>99)
1-42 % ) —v I FATALFE R LIx10*
(6.4) (>99)
-4 2 % ) —)v FIFALTLTFTE R 1.6x10*
(6.4) (>99)

aReaction conditions: catalyst 206 pumol, substrate 6.4
— 13.1 mmol, 30 % H20:2 9.7 mmol (23-fold excess),
CH3CN 10 mL. Pafter 1 h. ‘TOF = turnover number
(TON)/s after 1 h. dH202 (48.5 mmol, 113-fold excess)
was used. ¢H202 (19.4 mmol, 46-fold excess) was used.

SN O BOE LA D L < TR E)NFH A
RoTLED &, IS HHET LR RoTc 2 &
N, ZOfEE Y L < IXE OO LS A SO R AR
ThbEHELE, 612, (LAY 4TV Tholk
BIZx L CHEMEfEE 2 R L2, A X
DB NE W 227 a8 ) — L DIE ) B D)L
T a—)LRevra~kt ) — L rokxdnkk
BX0E TOF RNEholzZ iz ftema Db o5
ABREOF 7 fLOBREIREIC L2 b0 L Bbh
b, F1o. F/MELE D T2 A S Tl A R
Shenofe T Enn, REEERD DT /7 fllFLA il
O BICHRRH D Z LBy hoTz, EHIT,
AT FER LAY — RBOG THAT L TR 0 . il
DIISTRIRA~D YR Lid7e <, il (kLT
N L EfER LT,

FEWNT, RONHRIER EZ 2 bkt d L < IEE
BOLFFED ) b Fk DL AR D B & R 2 72,
FEAOHAD-~ 4% Vi (He[Cut(OOCCsH1o-
C00)2(02)]- H:OBG)IL, 7Tk b=+ U rthT{LEY
41220 {50 HoO2 ZUSINT 5 Z & CHEET 52 & A3
Wk, (bA&W 4 & 5 oK X HEHF—2 15
U— FL MEFTIZ L D ZOEEEZIET S &L 1L
A 4 © 2 &TD[Cu(0O0CsH10CO0)]JE Iz .
u-1,2-trans O~V A X VEPE L TR Y £h
IZE > CREM® Cu-Cu M OHEHEEN 2.992(6) A 75
4.572(4) A ICEL R TWB Z ENShoT- (M 4),

5, fbEM B DT~ A7 hLTIE, 805
em VZHT 2Ny R Sz (X 5), Z o>
Rix, 760 cm™ fHTiIcBl S D YA R-A B0
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.4 ainG Rz 4 Oy iEEQ@), atinbR7Z 5O
o T4 D).

Cull-O0-Cul! f <> 590-616 cm'! I[ZHH < 5
Culll(ue-0)2Culll FED & O & [T > TE Y |
800-840 cm?l (2 B W & . b pl,2-trans
&@OOQN@@(H)%%’;é%@&ﬂmLT
W, SBIEBOHING, LAY b ULt Y
@ﬁl%CiTﬁﬁT%é_k%%mbto_®i
D Tedil-~ VA% L, A REESRERIE T LR T
BRI SN TWD b o0, B & HEE -
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