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Figure 1-1 The structure of [PO,{WO(0,),},1"-
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Figure 1-2  The structure of [WZnMn",(H,0),(ZnW,0;,),]'>.
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(a) (b)

Figure 1-3 Polyhedral models of [PT12W10040]7“ anion. The TiOg
octahedra are shaded in Figure 1-3(a) and the central tetrahedron
represents PO43".(a) and Schematic views of the Tim2WV204 ring
in four electron reduced species, [PTipW 1004011 1- anion is shown
in Figure 1-3 (b).
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0,,]%7" (x=0-2) and [Ge,Ti,W,0,,]'* in cyclooctene

%

1 Activity of [PTi, Wiz«

‘ Tabie 2-

‘oxidation. -
‘ } Solvent Cyclooctene Cyclooctne epoxide
Catalyst
conversion (%)  yield(%) turnover

MM;W a 153 12.8 —_—
B, PWe:Ou] a 12 11 32
(4-40p), [PV, O] a 16 14 41
(4-dea),[PW0u0] a 12 11 34
H, [PW,0,0]*6H;0 a 12 12 35
' H,[PW, 204(‘)].5}{ ,O° a 9 9 25
(C;gty}pyridium chloride)

H3[PW120401°6H20b a 12 10 35
(Aliquart ® 336)

[NBu,J;[PTiW, ,O,,]*H,0 a 58 54 161
(4-ddp), JLi, s[PTiW,,0,,]*14H,0 a 58 54 161
(4-dea), Li, [PTiW,,0,,J*4H,0 a 31 26 80
[NBu,LK,[PTi,W,,0O,,]°6H,0 a 59 56 169
(4-ddp), (Nas [PTi,W,,O,,]*5H,0 a 60 55 166
(4-dea),Na,[PTi,W, ,0,,]*9H,0 a 59 58 173
(4-ddp), {Nag S[PTi,W,,O,,]*5H,0 b 80 70 211
[4-ddp), ;Na, J[PTi,W,,0,,]*5H,0 c 56 48 148
4-dea);Na,[PTi,W, ,0,,]*0H,0 b 43 38 114
4-dea);Na,[PTi,W, ,0,,]9H,0 c 52 46 138
NBul(NaH,[Ge,Ti,W, (0, ,]*10H,0° a 59 46 118
A-ddp)sH,[Ge, TigW, 0, ,]*4H,0° a 10 4 20
4-dea)H;[Ge,TigW, ,0,.1H,0° a 33 24 48

*0 wmol catalyst, 6 mmol cyclooctene and 12 mmol 30 % H,0, were mixed for 10 hin 30 ml
olvents of CH,CN/CH,Cl, (1/1,v/v) at 50 C (a), CH,CN at 69 <C (b) and CH,CN/C,H,
V1,v/v) at 64 (a).
gOSMmOI Cet}ilpyridinium chloride was used as a phase-transfer agent.
Tile ‘gﬂml Ahqg&rt ® 336 was used as a phase-transfer agent.

ounts of catalyst was 30 pLmol.
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Oxidation of alkene catal

yzed by (4-ddp), sNa, [PTi,W ,0,,]*5H,0 and (4-

é dP)A‘[PEN H,1H, [PTi,W,,0; 3(02)2]°H20.
 Alkene Catalyst Conversion (%) Product selectivity® (turnover)
N epoxide 1,2-diol 1-on-2-o0l
yclooctenc a 59 92 (169) 8 (15)
b 94 94 (264) 6 (18)

cyclohexene a 11 82 (264) 15 (5) 3(1)
- b 24 3(1) 83(60) 14 (10)
~ }-octene” a 11 82 (26) 18 (6)

20 pmol (4—ddp)1‘5N35‘5[PTi2W10040]°5HZO (a) and (4-ddp),[PrNH,H,[PTL,W,,0,5(0,),]
«H,0 (a), 6 mmol alkene and 12 mmol 30 % H,O, were mixed in 30 ml solvents of

CH,CN/CH,Cl, (1/1,v/v) at 50 <C for 10 h.
~ *Percentage of given product of total product.

b 48 h of reaction time was employed.
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Figure 2-1 Kinetic profiles of cyclooctene oxidation as a first-order plots for each catalysts.
Reaction conditions are10 mmol 4-ddp salt of catalysts, 6 mmol cyclooctene and 12 mmol H,O,
at 50 °C in 30 mi CH3CN/CH,Cly (1/1, v/v).

(4-ddp)4 5Lig s[PTiW 10401 14H,0 (L)), (4-ddp)4[Pri2NH2][PTiW1 1039(07)1°H,0 (&)
(4-ddp); sNag 5[PTipW5O40le14Hy0 (D), (4-ddp)4[PriNH3][PT12W10038(02)2]°H20 ( 4)
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[catalyst] (M)

1071 5x107"1 1
[cyclooctene] (M)

(4-ddp) 4 sLig 5[PTIW | 104q1°14H,0 ()
(4-ddp) 4[PrinNH,J[PTiW 1 1 039(09)1°HyO ( I
(4-ddp) sNag s[PTiyW0040l*14H,0 ()
(4-ddp)4[PrINH3][PTis W | 003g(09)]°H O ( &)

104 | e
1071 5x10-1 1
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Figure 2.2 Plots of log(r=observed rate at initial stage of epoxide generation) against log(initial
Concentration of catalyst (A), cyclooctene (B) and HyO5 (C). Reaction conditions are 0.06-0.91
M 4-ddp salt of catalysts, 0.18 M cyclooctene and 0.36 M H,O, for (A), 0.6 mM 4-ddp salt of
;aialyStS, 0.12-0.36 M cyclooctene and 0.36 M HyO, for (B) and 0.6 mM 4-ddp salt of catalysts,

1M Cyclooctene and 0.12-0.36 M H, Oy for (€) at 50 °C in 30 ml CH3CN/CH,Cly (1/1, v/v).
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Figure 2.3 IR spectra of 4-ddp salts of (4-ddp), ;Nag[PTi,W,,O,]°5H,0O before
reaction (a), * (4-ddp),[PrNH,]H,[PTL,W,,0;4(0,),]°H,0 before reaction (b), and (4-
ddp),[PrNH,H,[PTi,W,,0,,(0,),]°H,0 after the cyclooctene oxidation (c) under reaction
conditions of 20 wmol catalyst, 6 mmol cyclooctene and 12 mmol 30 % H,0, at 50 C for 24
h in 30 ml CH,CN/CH,CI, (1/1,v/¥). '
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Figure 2-4 Plausible process in the alkene epoxidation by HyO, with both
P P 2Y72
[PTiy W15 040125 and [PTi,W 5 4035(02),]C+2¥)" (x=1 and 2)

catalysis. In figure, reaction schemes for both TiOg and neighboring WOg

octahedral sites in the anion are represented.
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50C—EIC L7ze BUSERMOEME PEG-20M 71 7 A % 2 72 GC-MS (Hitachi
M80 GC-MS spectrometer) 1= & o TIT 2720 RUGHIR DAY L BRFEDEE AL
#30mFrET =5 T4 (TC-WAX) % i 2 72 GC (GL Science GL-353) 14 -
T BEZ 1mDELF2T—Y 77T L%M272GC (Hitachi 164 GC) 12X o
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3.1 #&

2ETT RN MYNL- YOO R Y REEEFRT [PTIW,, 0,15
[PTLW,,. 040,15 (x=1, 2) 2TBERILKRIZ L2 7 Vo v OBRALIUSIZH L
BRI A O I L ER LI DL ) Y —RIIB T AR e Mt L 58
B Lk EZE A BRILE & T 5 ST, FOMBIEE L S0 5720127 00 FR )V ARY
yUTOAY Y, VouuxIy ol gy AuaEPFbhs Z DS, L
P ANTF ALEEOFRH S EEN RIS T Lnb TR . ey Vg
A D VIR OBRESEIN TV S, [PTLW, 0, DY 7V =7 LB T
P N VBEBEPTLEHOEEESE LR, eEICER LTS » A b
TO 2 EAOVE F VR R BT RS [PTLW,05,(0,),]" D BHE IR D RIEE A
Y B EEELPIC LS E A EBIOORECEUCERICTE = M)V E,
gt & LR b BSWIEE R L 72 [PTLW, 0,4(0,),]" & BV TBBR{LKEIZ L 5~
yaF s v OBALRIEEIT, 2 OBALEIL O FUCHERE 2 & e © v CIRET L
720 [PTL,W,,05(0),) 1EBVIERE A7, [NBy] HE LTHW, Kb
: BEREIT UV AT PV, P NMR ARZ bV F A7) v 7Ry v A b —Of
 ‘%%%K%dwfﬁ@@g%4%«@7»7ywmﬁ%@ﬁbto

3-2 BREER

3-2-1 EHEE T VA v ORISHED

o BEALKEICLAEHRB TV YOBRAERKE T T A
??{Mh¢wﬂm&mewM%@%yﬂu>@%ﬁﬁﬁ%?%b:buw@ﬁ%%w
‘ fTﬁ%Lto%%%Tmm&1Kﬁﬁowfﬂ@7W7V@35&%mlﬁ#yw
 WTh Y B LTI R AR L7 Y — e R Y AL
S BT E RTER L VR Y B S LA [ LRRMCHBIL G,
 RRMEY s TA s Ty >0 s Ty > T Y DMETE R0 12 OFFIET

S OBTHEMOENE—HLTED. TN NNV BOAS VRE
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BT BT A (4-ddp)-[PTL,W 00,017 (4-ddp)-[PTi,W ,0,4(0,),1" Dl iG55 &
12 b FERED MDD Sz L LIRERBD R ARmhLA L 7 1 YD RILHE
X147 T o> TR >R TR VYDIETE L, SOFRFITIRF Y D3R
RIFE T L KWTVT VIR T 522 0OREHEDORFF . (4-ddp)-
[PTi,W,,055(0,),]" / 7 b= F U h-Yrmniy YREEHERIIBITADDE R
BCHoTze T Y BRBIZR DI > TRICEDRD L7z 2 &b SIS
DEE E 2 51 [NBu)-[PTLW,,0,,(0,),]" / 7+ b =} 1) VR T (4-ddp)-
[PTL, W, ,0,5(0,),]" RIZHA TV 7 ¥ %% TiO\0,) 4 ~D XV irksichifr LT
ICRIBDEAT LT Wb & HEBl & 7z,
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~ gable 3-1 Epoxidation of various  alkene catalyzed by [NBu,],[PrNH,],H
, [PTiszO,% 4(0,),]1°2H,0.

—_—
Alkene Conversion (%) Product selectivity® (%)
—
1-octene 56.7 1-octene oxide 25.0
n-heptanoic acid 13.2
2-decene 45.0 1-decene oxide 66.7
1-dodecene 41.7 1-dodecene oxide 92.8
2-octene 95.8 2,3-epoxyoctane 38.2
2,3-octanediol 26.1
cyclooctene 99.3 cyclooctene oxide 95.6

20 pmol [NBu4]4[Pr"NH3]2H[PTiZWI0038(02)2]'2H20, 6 mmol alkene and 28 mmol 60 %
H,0, were mixed in 30 ml solvents of CH,CN at 69 C for 24 h.

- * Percentage of given product of total product.
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322 @ERLKFE SR

S (4-ddp)-[PTi,W,,O,, " Z it & 3 2B b KE LA 7047 7V DB
RS TRBEORENRR SN LA, T T Y OBEREORRE £ LT
L OBBRICKRFEORBILIEAET LT B L EHLLTH D, [NBy-
[PTL,,W.OO (OLT TR S I NR AR BRIKEI LAY s OF sy
L BEUGIBCTRBOE Y LBEORERYERE L Vs 042 Y ORI
IRE % /35 A —% — & LT [NBy]-[PTL,W,,0,(0,),)" 12 & 2 BE/Ef % TR ¥ 3
AR D L B R R OSBRI LA L 5, Fige 31 ORLEE D S
EE DM REAEMEELIIONTIR: IO 4 REE & & ek e i
Me 5B =7, BREOREREERHEEEEITHD LIz, SNEI) TAT v OBILK
BB UK FE DRSS & R ANTETT A T LA S 0107 o oo AEIREE &
BB DR £ 57 2— § — L LT IRF ALY OERE L BERAE
ROz, HBEL TEEDOHFEL 2, [NBu,][PrNH,LHPTLW,,0,(0,),]*
L0 12 & B BEEEAE DR IE 751 AR+ 2 BT B\ T b FIRE I i &
BEALKEOMBIRE + B s ¢, BEOREBL TR L. ST Tble32
FF o BEOHEAETTROTNOEE S TAERYIT TS LS o795, K
WREFECRTHEZOEREEHD LTz CREEEOMEEOH A TH
CER LI RF AL ORRIICEIT L. U - VTR T A2 LT L B EHE
ENB, T v ORI & $E I ETT 5 EBBRIUKEDOAIL RIS T AR
FELGEWRIZBIT Db DEMNTRERERE, REEEEVRILTBD ., &
R TV Y DBLRUCOSEIT LT B 2 E AN L, TR T, B
LR EDEREXBRLETHEICL > TEE L. TV v OB & BRRIKED
AL DA BB LK EOE S T 5 UGS IEET L T E 2R L,
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(A)

[ cyclooctene oxide ] (x10'1 M)

[05](x1072 M)

Reaction conditions are 0.67 mM catalyst and 0.93 M 60 % H,0, at 69 °C in 30 ml CH,CN.
itial concentration of cyclooctene are 0.1 M([), 0.2 M(@®), 0.4 M(H), 0.6 M(O), 1.0
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Table 3-2

~ Product amounts and remaining H>O» amounts with a variety of initial
~ concentrtions of [BugNI4[Pr'NH3]1,H[PTip W | 5035(05),1°2H,0 ( 0.07-2.0 mM),

cyclooctne ( 0-1.0 M) and HyO, (0.27-0.93 M ) for the 24 h-reaction at 69 °C.

after reaction

before reaction

[eaayen] [OT | a0t [-[OITCH]| 103 | t0a
b o(mmy [(x107t M) (x0T M| (x107T M) |(x10T M) [ (x102 M)|(x107T M)
o r r 9.33 1.99 1.89 7.83 5.67
: 8.0 1.96 1.66 7.90 3.99
. 67 20 { 6.67 1.93 1.71 7.83 3.28
N e ' 5.33 1.70 1.33 5.37 2.58
| ' 4.0 1.51 1.26 2.90
L 2.67 0.98 0.92 2.10
10.0 r 8.28 6.27 1.37 1.35
| 6.0 5.77 5.01 4.50
,,',067 { 50 0.5 476 4.17 7.23
R 4.0 ' { 3.91 3.55 6.57 3.40
3.0 2.92 2.60 8.63
9 1.0 L 0.99 0.82 7.87 6.07
| 20 ( (| 1.862 1.734 7.308
- 1.33 1.98P 1.77b 7.600
| 20 { | 933 4
 0.33 1.93 1.76 7.30
- 0.07 L L 1.85 1.83 6.43
( 9.33 11.2
8.0 8.20
0.67 { 0 6.67 9.77
5.33 8.73
L 2.67 3.87
20 [ 8.63¢
- 1.33 8.53d
0 9.33 { '
0.33 8.23
0.67 7.33
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 for 9-h reaction, P for 12-h reaction, © for 2-h reaction, 9 for 3-h reaction.



303 [NBu-[PTL,W,,0,,(0,),)"/ 7+ b= b VRIZHIT B 0REk

[NBu,J-[PTi,W,,05,(0,),)" / 7T b= P NVRT Y7047 7 VAT

f@ HE DT L VRSB 588K ED D HIC DWW I DN T | il s

R L 7IREED S SUD S T2 BUSHE TR, DY 0 IS BARD LB A L

'/k,”,';’l/f:o INHD IR AR h% Figure 3-2 IZ7RT o SNHDART P VD 600-

1200 e’ DY F ARG ET O [NBu,), [PrNH,LH[PTLW ,0.,(0,),]1*2H,0 &
ML TV D [PTLW,,04(0),) B IS DRIERIZBWT L ZOFH
 REEBLEF I 0477y OBLRIGR BRIk O RS 1

',"',:Ji@“: Y ASHESR KN, RBROMIEED IR AT MVTIEERA F4 Y E5Icd

725 1300-1700 e’ DAY P UDRIGHOMEEI BT 5 b DERE > T0D B

”;b\mﬁ&mmuﬂﬁmmﬁ@ﬁﬁ%jy@ﬁ&ﬁ%%L\mﬁ@ﬁm@@mﬁ¢
 REREAELLDIH L SRS N, FE, UBSRORERKL LTI
_'/,,’,*’,TZ;Z'C"E)%Lf;@ﬁ X7 b= P VICRRETH o728 M:ci‘(&iﬁ%’: L7zo RILE DMl
@ 3p NMR A7 MV ABEAFTHELAZE A, -11.3 ppm CER YT FIVHF

il Eﬁfﬁj xpn7: (Figwe3-3) o Ui [PNH,JHIPTLW,,0,4(0,),] H,0 I & % AX7

I\ Wk —F L, YPNMR A7 PV b b R E & DR EEDHERR S 11720
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(A)

(B)

Ty

2000 1500 1000 500
Waveé number (cm™)

Figure 3-2 IR spectra of [NBu,l[PYNH,],H[PTL,W;0,,(0,),]+2H,0 after
Cyclooctene oxidation (A) and H,O, dismutaion in absence of cyclooctene (B), and
before reaction (C).
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f?ﬂA [PT,W,0054(0,),)" & ¥ 7 u 7 7 v DT

2ETHATZE H T (4-ddp)-[PTL,W,,0,(0),) / T = by h-Yr oo
| ATYREEERTOT LY Y OBIUTISICHESN S B L IE, RGOS — B
TT M U TIONO) HA N ARET AL ARELTWA, [NBu,}-
[PT,W,00,4(0,),]" DUV AR hVE T b= b VA THELREZ A, Fgue
AR L7 £ 912262 0m (6=5.03 x 10* M'em™) 12 O—~W O LMCT #IZEB &1
X & 398 nm (e=3.88 x 10° M'em™) 12 1%-0,~Ti @ LMCT % I/ S5 RIL
DB E N, [NBu,-[PTi,W,,0,,(0,),]" ®7 £ b= b VERICY 70t 757
HESELE A 7RIS B S D o 7245262 nm & 398 iml DV -
LHELEA Lize —H. [NBuKHPTL,W,,0,] 6H,0 D7+ b=} b
UV A7 P VTEBIE N7z 262 nm (e=4.50x 10° M'em?) ORIUET 702
VEMAIHETORI Lkbot, IREYV Y I UXIFUVDEETT
PTLW,,0,0(0,),1" @ UV R% b V22T 262 mm & 398 nm OFSEE DA
2Oty UREE L7 TIOO)F A b & SRICBET B WO, ¥4 &L A
OFTAPEEBIILALDOEEZ, 1RO LD BFEIELT S & LT Ketelaar 12
X D ruads T ik EFESE PTLW,0,(0), D7 & = P U VBEEOE
EOBBEEDY s 0F T VREOUHOBEDS S THER K 2R W

(K=4.04x10° M\ £,,,=3.36x10° M'em™)o

_ =

——%Tip\ K Q;P ,

B W/O + = = B \O (1)
: 3

f 77Tl R N VAR LT [NBu4]'{PTj2W1;)O3g<02)2.]7' D 3P NMR A~
- MV (Figure3-5) (& -10.7 ppm 12 v,,=36.0 Hz CHHTO— KRy 7 FMERL,
WD 5 RO 7 040 7 Y DRIT B RTHEE O ITRIROILD 27 v1p=57.0

2 DT F LA SN [NBu,l K HPTLW,,0,) 6H,0 DT h= F ) Vi
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DAY N LTI 114 ppm 1D v, =67 Hz DY ZFUAEEN, DYy
BV UA ST UEREECTOELL Ah ok, Y/ UA ST VRN
PTLW,,0,4(0,),]" D71 b= M VARTEASh Y 7F v 7 o— Mk
TIO0) A FTOY I OF s FYORRICED T A Y BROOT R LD L
RSN

L ZDED T = VEBROUTHIE [PTLW, 0,4(0,),)" DEEILREITTEE) 2 L
;,%2%’—5 “5 2500 MR E NIz, Figure 3-6 |2 [NBu,],[PrNH,]L,H[PTi, W, ,0,,(0,),]*
| ﬁyzﬁzo\ k7 v A4 L7 [NByL[PrNH,]H[PT,W,,05(0,),]*2H,0
'_ j"9‘[NBu4]4K2H[PTizwmom] “2H,0 TNENDT £ b= b )V WVEBED T A 7 ) v 7 R
'112,57 T T L% IRY o [NBy,], [PPNH,LH[PT,W, ;0,,(0,),] *2H,0 T WYwWY, Ti"/Ti"
IRB SN G 2 OB ¥ - s D S L, BB -1.28, <170V, B
'.”’{E’%ﬁ,bi 116, 144 VIZRENTZ, LA LINLDY -3y rnd s 7y zdt
BEEHILIILo TNV ERMFACELL, BB -L16, 154V
c: BRILEM A -098, -1.36 V ICEB@ & nio T [NBulL[PrNH,LH
;,;f,ffPTizwl0038(02>2] DH,0 DFA 2 ) v ZRVFEST AL 403 VAREIC 1 0
amﬁt; V— 7 Al S N7z, 2O Y — 713 [NBu,LKHPTL,W, 0,1+ 2H,0 IZIZ &
oI E D TION0), T4 FOBLETICL 2 —s ThHALEEZLR
o Lr L7 0 7 7 ¥ i¥3E7F L 72 [NBuy,],[PrNH, LH[PT,W,,0,,(0,),]* 2H,0 @
SVFES S ATIHE NS T 2EME L THETELBRLICL A -2 08B
1’ Ué? nrz,
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_ M w (wdd) (wdd)
(wdd) : 0'€L-02L-0'LL- 0°0L- 0°6- 0'8- 0'ELl-02k-0'Lb- 00}~ o_m rm,
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(A)

(B)

50 nA

(C)

1 1 i 1 1 1 1 -1

2.0 -1.0 0 1.0 2.0
Potential ( V vs. Ag-AgCl)

"Flgure 3-6 Cyclic voltammograms of 1.0 mM [NBu,], [PrNH,],H HIPTL, W,o055(0,),)*
(A), 1.0 mM [NBu,J,[PrNH, L H[PTi; W, Os(0;),]2H;0 and 5 mM cyclooctene (B)
0 mM [NBu,],K,H[PTi,W,,0,,]*6H,0 (C) in CH,CN (0.1 M LiCIO,).
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3-2-5 BB & ICHEHE

[NBu,],[PrNH,,H[PT,W,,0,,(0,),]* 2H,0 % filtift & + 2 @E{bkE 12 L
Y raF s T YOIRFACRIS ORER T BRILKID & BT ETT 2881t
IKFED TSI DR & &8 TRET L 72 TR F IALRIC O JUGEE 1L TR %
AL DIVERAE BGEEE B & R BERLIK RO S5 BUE O SUSEE 1B OB =5
AERED RO 720 TN DREOMIGEE. ¥ 7 047 7 Lk, BIRIAE
AR\ T 2D 6 FNENO LRI % Kb 720 $ - EEOHEL VR
biio’»bié‘ﬁr‘iﬁi‘iﬂﬁk%@ﬁi‘%@ﬁm@iﬁf&%ﬁblﬁé LTHREBRIAT o 720 FNENDHER
% Figure 3-7, Figure 3-8, Figure 3-9 IZ/R"$ o TRF VLRIBICB W CTHIEERE, o
JUF s TR, BRLKIRE I A TSI F N2, 0920.1,
0.940.2, 2.3+0.1 Z/RL7, TNHDEIR 2ET/RLAZ LI [PTW,,, 0,
V[P'T’Wmow,((w 16 (x=1, 2) D 4-ddpImZEMEEL LAz7 b= b)Y 00
X 4 VIRAEBEARTOT IV VEALRIBIC BB S O & AT BB LKE I T
A fir“/k%z (2.6£0.1) XRP L72d DD, SR T Vo TS B R EIZE L
otoL&%miwﬁﬁﬁmtﬁﬁéﬁﬁ%E\?7D#&%7@%ﬁ\ﬁ@%m
’,:%'?‘)J{}E‘FF (A 2 BUS KB 22, 0.8£0.1, -(0.9£0.1), 1.5+0.1 /R L7,
F200 L ICBBKERE T B SRR 2 KU EEFHVbDIEF IR
fa<+u@%%ﬁa¢%%fiﬁiénfz%¢ [PTW,,, 0, [PT, W,
- O40,(0), 10 (x=1, 2) DHFBE x0T Bo — T CHEADFIEL G VAT IEAM
jfyoaf;% EEAL K R a5 B RUG KB 0.9420.04, 1.1+0.1 7R L7, €H
FNORGEERE 2 R AR TR LI

xide]/dt=k, [catalyst]’°* [cyclooctene]®? * [H,0,]*? (2)
d[O,}/dt=k [catalyst]**® * [cyclooctene] *** [H,0,]' (3)
fdt=k [catalyst] %+ [H,0,]'"" (V70425 VFHFET) (4)

k: FUBEEER
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(PTL,W ,05,(0),]" ZMBEEEL T A7V VYOI RF VARG TIE BBk
T7 VT Y5TIOH0,) T4 "DEMNTHI &, FZTRF IALRIGILEER LK
FRE I L TBRDRISKE AR LA &b EREDOBRIKENES LT
FREEEERE N AL L. TR F VALRICOHT T A b D EER BB, LIATT
’w&/QTKMO)%4%«®mui%ﬁ@ MICETEMZH 0.1 VEBMAICE
(BEEHT Lho L MBEREL LTV A FVEE T IVr V2B LT 7
 w%ﬁK%&énéé@&@ﬁ&ofm%&&%éﬂéo:ﬂ%@%%%#
PTLW,,0,(0),)" BHMEE 27 L7 Y DX AE VURIE DRHEE LTT L
,#/#ﬁﬁtﬁwffﬁﬁéhémwi#/%&iﬁ&é:ﬁ%ﬁ@n%bumw
~ﬁ#/¢® NMEZE 272,

2 K - >=<

-0-Ti(m?-0,)-0-W(0)-0-+ >=< :#: -0-Ti(n*-0,)-0-W(0)-O- (5)

L >=< K, >=<

© 2-0-Tin*-0,)-0-W(0)-0-+H,0, —g== 20Tm]OQOKE)WKDO~ o (6)

- >=< ko

fO»Ti(n2—02)—O(OH)—W(O)—O-+H202 — -0-Ti(n>-0,)-0-W(O0H)-0-+0+H,0  (7)

o k, >=<

k%@qm]O)OWKDHﬂ)+> < —p= -O-Ti(n-0,)-0-W(OOH)-O- ®)
>=< k, >=<

flrmn©)owwmno+ﬂo—a>Oﬂm0>mwﬂwmo+ﬂo ©)

d‘[epox1de]/dt k,[-O-Ti(n0,)-O(OH)-W(O)- 07 [1,0) (10)
WAEIC LD

>=< , >f<
k,[-O-Ti(m*-0,)-O(OH)-W(0)-O-] * [H,0, ]=k_§[—O~Ti(n2—02)—O(OH)—W(O)’O“]2

>=<

Ti(n>-0,)-O(OH)-W(0)-0-= ot ky/k [H,0,] 11y -
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11 # % 10 RIRA
d[epoxide)/dt= (o ki /k )[H, 0,1’ (12)

: / -O-TiM >0,)-0(0H)-W(0)-O- & -O-Ti(m-0,)-0-W(OOH)-O- 13 £ N2 A ME B E v
CLFVTRAT VA P ORBBEMLISER LN FOSVA R EEET, h
SIIEERORITO 7 DIRESNHHETH ) EECHET L HEMIBES HT

1 _ii,tc Vo o id TR TERLE
: >=<

"—OTl(n -0,)-0-W(OOH)-O- #*& -O-Ti(n? 0) O(OH)-W(0)-O- R E D (8 -
ox) FAERT, SRITREINL D 1T o BAIEEEL Yy oAy FURE
BTV L EEs ATt s, RRRAD 3L LTHESND,

~ d[epoxide}/dt= (o k,%/k Jlcatalyst] * [cyclooctene] * [H,0, (13)
o IEH . |
EJBﬁ@;Fﬁi%%%b 2o 2RI EMT%%sziﬁ@ﬂmﬁﬁEKﬂ
P BREMA 2RE DKERLOERLAN 23K, SRRORKFLEEI %
RBPITO N KRR ROERICBRUKEN ST E EIRE B L0
rHmEN, |

IR LRI B CERIAR OSBRSS L Te TV D
TET AR CHBRIEAT L Ty Y MR I L Tl b EE R T
/ "/‘75%L%M§L A& TIOWO) A MIEALT B L FR Lz & )T VT ¥ AF
L7 RS el A 5 VR BB R DAL K DAL % VDT &
L LRSS BB KA R % B B & AV VR
RS BB EO S RBCAETT B LB LB, BROFELZVRILEY

S ,P"nzwmo}s(o ), ) &b & L7z B R LK E DS RRITIE 4 ROBEX»S 14
15 RO FSEHTETT B LEL I, |
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el ki,
' i ;Q-Ti(n 2-Oz)—O—VV(O)—O— +H,0, ——» -O-Ti(n 2~02)—O(O)-W(Q).O_ + H,0 (14)

TEE Ky
3 0 Tl(T] -0,)-0(0)-W(0)-0- + H, 0, —fm- -O-TiMm*0 ,)-0-W(0)-0-+0, +H,0 (15),

4[(&%Wmm¢@mw0&mwwmﬂnwmQ] (16

EEREE LI XY
f@&@mﬁOJOWwMHHQMﬂ@omm%mowww»omeJ(m

A0, Vdt= K, ,[-O-Ti(n?-0,)-0-W(0)-0-]*[H,0) | (I8).

BUGH RS BNV AFVEBEET 55 Y 727 % A4 b OKBIRE
e BTERE A, RERELC 10 BORRE N DOV LR
CESRBS, CFROBES L DRSNS OMETFETH S,

ISR 16 ROR S RABRILKROSRELAY 7 045 7Y ORI
DO TRMICETT 5 LIET 5 &L TR E U LRIG & B0 - T 5 HRE
DHERS 18 TR E N,

S 1D
' >=<

"O-Tl(ﬂ -0,)-0-W(0)-0-]=(1/K)[-O-Ti(n* -oz) -0-W(0)-0-]* [cyclooctene]' (19)
HY. 19R%F 18 KITAA
. >=<
’ (20)

fdt=(k, /K)[-O-Ti(n*-0,)-0-W(0)-O-] * [cycloocte] ' * [H,0,]

RAER BN 3R EMIEL Y s 04 s 7 Y OREEICELT-RT A
BB S 5 AR R 1218 & o3 & D ¢, CORIEDV
RIS T, : ‘

51



10°" 7
(A)
e
) -2‘
< 10
?0'3 L . .
0 107 1073 1072
[ catalyst] (M)
1071
(B)
<
=
10“2 1
107" 5x10°" 1
[ cyclooctene ] (M) '
1071
(C)
t ool
Z 10
103 :
0 1071 5x1071 1
[Ho05]1(M)

re 3-7 Plots of log r (r=initial rate of epoxide generation) against log (initial
entrations of catalyst (A), cyclooctene(B) and H,0,(C)). Reaction conditic;ns are 0.07-
mM catalyst, 0.2 M cyclooctene and 0.93 M H,0, for (A) and 0.67 mM catalyst, 0.1-
A cyclooctene and 0.93 M H,O, for (B) and 0.67 mM catalyst, 0.2 M cyclooctene and
0.93 M H,0, for (C) at 69 °C in 30 ml CH,CN. ' '
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1
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;fgure 3-9 Plots of log r (r=initial rate of oxgen generation) againskt log (initial

'ﬁ‘éentrations of catalyst (A) and H,0,(B)). Reaction conditions are 0.07-2.0 mM catalyst

0.93 M H,0, for (A) and 0.67 mM catalyst and 0.27-0.93 M H,0, for (B) at 69 °C in
CH,CN. ' ‘

54



%zﬁ Yy AFNEIE 2 BICBITA D DITHEL TIT - 720 [NByl,[Pr,NH,],H
’f,,fﬁtPTigwxoO38(Oz)z] *2H,0 DA D~ T 0B BB D SRS 2 BOEREIIRLCS
. 20720

~j ;‘{Ngu‘,]‘;[Pr"zN H,],H[PTi,W,,0,,(0,),] *2H,0 D& i

[PrNH, L H[PTi, W, ,0,4(0,),]*H,0 K& (1 g/ 4 mlH,0) I [NBu,JBr (0.8
) AIIZ72H. 2N HCUKIEEIZ & ) pH 5.0 ICHEE L 720 BEHRL L TLERL
7z [NBu,J,[Pr ' NH,LH[PTi,W,,0,4(0,),] °2H,0 % B E&DHEE K TEE Lok, LIk
xg e, (TMESWEWMME C. 23.08; H, 455; N. 185, Hafl

€ H, N,OGK,PTL W, 1 Cy 23725 Hy 479 Ny 2.18 %)

BRMLARIC LB F LT 1 S BILRIS

BB T LR LA HE IR LR X9 50 ml KT T R IH
Tffo i, TN Y (3-30 mmol) & (2-60 pmol) %7k b= ROV (30 ml)
CIERL. 60% MBS (928 mmol) & MA TG E Lize RGP, B
B RF v s Ay —F -2k THEBEL, RRREIR 69 C—EIZ L, BAE

121 -5 COT—5 0V EKRDBEAEE (1/3, vww) 2FRSE, 7L =M VD
ERAW 2 72 TR OMEIIHAS A4 b ) DI o THEBM SN DA 2

D5 20 ml DEMEHIH Lze TREF VB~ A 702 ) I T YTy Y
SL7RIBEEY 30 mF vy E¥T Y — AT 4 (TC-WAX) % 2 72 GC (GL Science
GL-353) 12 & o THHT L CEFTIRRE R IET L 7o DURER O E M1 PEG-20M 77
T A EAE 272 GC-MS (Hitachi M80 GC-MS spectrometer) 12X o TiTo 7z, BEERD
REBEREARO TARBS DL 2 ml FOFASA P YV LTS
VYL BRPOBELRTEEL LT ImDELXF 27—V — TN TL2HA

72 GC (Hitachi 164 GC) 12X o TEE L7,
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Wit KBr L v b EET JASCO FT/IR-5000 = A V>, UV A7 kviz
FoTHIE L. 'PNMR ARZ MVIZAMHPEME & LT 85 % H,PO,

EZA7F

H taChl 330 -
% FRFREIRIC CD,CN & D,0 % v T JEOL GSX-270 (*'P. 109.4 MHz) 124

Q{(EIJZE l-/f“o

Q{?Uw?ﬁ»&yx#u—wﬂi

%,{7 Yy 2 R NF VI AREF Y a vy MANSNI Ay b (ERE
iﬂmm)t77>7&ay91$v~&—(8%ﬁMNKm>biofﬂib
Lom&mﬁkNmmmwnmpgqm2HO@7%bwkuw@ﬁL%% Hel
0.1 M LiCIO, #MA. TVITY @R LENLME L. REEEER (EE
33 um) EEEEBIC, TIFT 7 AT EHEE, Amma%W(mnﬁﬁ)%

AT
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1 #E

T EEEROR) F Y TAT VBRTH S (H,W,,0,01°« [BW,,0,,1""
W0l FEEILHE0, HILFIIS 6 BT FTHLENS EAEESRTY
g 182 T EUREEOANFORYBEO 2 BT R, [HAsMo,0,1" .
HPMo, O * IHETEI & 2 TY 32 FNEBIHT = A v EBSEICHEREL
s5—77 6 ETRILE TR L - THEL YA E N EF LA W,0, 2=V
L0 3 B Y FATVEFI 4 0y Y S AT VRTE LTRELT 2 28 H
é.g;ﬂﬂt?"ﬁ%ﬁ% XPES DRI HHEE SN T ET, T2 [HW,,0,]° 138 HIZES
I 6 BT 12 BT, 18ET, 24 WA T TEIL AN, WENDEED 6 B
B L FRIC T = VBB Y Y T AT VR WY& WY (24 BFEICET
T NTWY) TR ENA EEZ LTS, LA LA s b BREOME
CET A ML T =73 kL M [HW,0,07 D6 BT EITHE .
Rb,H,[H,W, 0, Je~ 18H,0 O X MBS QSN H Y , WHW & DIFFATR
%ént%@@\T:ﬁV%%WQ&yﬁx%yﬁ%ﬁ?4zﬁwﬁ—®tbﬁﬁ
DIEMEARIEDE T Th o129 AETIILFHICEL SN 6 BTEIUE,
K.[BW,,0,,(H,0),]°13.5H,0 @ X MM 4T\, 7 =4 ¥ BT % BT DR
BAST 4 Ak — T F BT RSN, FIRED K [BW,,0,190H,0 O
EICB LT X SAEMmTIC & o TEll 2 sk, [BW,,0,,(H,0),1 LB L7

4-2 RREEE

42-1 K, [BW,,0,,]0H,0 D#EahifiE

Table 4-1 12 K (BW,,0,,]*9H,0 DFEGILFEM /T A —F — & Table 4-2 N
T OREEZ Yo K[BW,,0,]°0H,0 O BT I3 RFAMICKHI S 15 2AEED
BETHER S T\, BT, 222 (D) AH0F A MIALET 25017 1a
EL. 2AC,) WHERT A MLET 20T 1b KT, IS DS TFHLFE
Iz IEF— DS T TH D T ik KJ[BW,,0,,]9H,0 Difii i & EIKICER S TIE
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L #"BNMRANZ | VDS -17.3 ppm 1Cv,, 13.8 Hz TH B I RDE — 7 DA%EIR
wﬁ: Y SHEHE SN (Figure 4-3) o Figure 4-1 1225 Q0§ O BEAET-H
Ry FYTET A VHETE R R, 1a & 1b WTNDT b K[BW,,0,,]9H,0
M@)&fﬁ%%% 7ok VBRI TR AR a-r F UG R LA, AT
A F YRR, T A Y ORERRIR L o Tl TRTON YT AL A
Qiif:&i 2. 7(1)-3.3(1) A DEEHEICFESAKS L 37 =4 VB RAOBRFEFHEAL L
ifyﬂiﬁ&i 7.8 THhote T KO6) ETEKOG" EF (I symmetry code : Xy -ys
) LEERE (L20) A) B TE Y, TR 12 £ LTRITE L7z

K [BW,,0,,]0H,0 O 7 =F ¥ § i 12 MOz wo, /mifil ¢ 24
BTk L. 20 Wo, \TiEE 3 EaHia L THREA W,0,2= v P EBR L,
X5 |2 OBIA W0, 15y b 4 BATEARAT A I LIk o THEERSATY
%o Figure4-2|T1a & 1b OBILEF W0, 2=y PERT . F YT AT > R B
R W,0, 2=y FRIZBIT S b0k 2 BO#EA W0, L= M BT
BV DD OEE - MR O A S A AT R T BIA WeeeW BIHERE
i} 3.304(3)-3.324(3) A (£ 3.3133) A) TH Y, THAIA WeeeW [HJEHE
3.633(3)-3.659(3) A (T 3.6453) A) LW EbDEo7z, W-O-WHEMIL,
£ W-O-W $54 4 Tld 118(2)-122(2)° (F# 119(1)7) « TERIEE W-O-W 68T
3 141(2)-1512)° L ATE L £ 4 » T 7,

HABA T 5 WO, NAKEEL C, AT VFEZ D W-ORIEIE 3
BRICAHEND, —ORERNBERTLO EREAEEZFo LA TH Y
W=0 LESNDH, BPIZE 2 MO Y Y I AT VETEEETARELOMKET
WO, LRENDLLNDE W=0D T Y AMIHEL3WDY ¥ 7 AT VEFE
ANFOEFCH LR EET R IETHHBELOEETW-OQ,) THh, INbH
DFEAPEE T W=0< W-O(,) < W-O(1,) PNEIZEC R D LI 1.66(3)-1.79(5)
A, 1.82(35-1.96(4) A, 2.33(3)-2.473) ATH o720 I W=01Zx L W-O(u,) #°k
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"‘@%ﬁﬁﬁ%‘é%ﬁﬁ“@ai NS VABRICL A, F72W=0& W-0O(u,) DT HER

:96(1)—105(2)" 290" A RELFNRTW A, IhiE W=0& W-O,) HOEER

GRRCEHLOTH D KB , TAEMER LR OISR OHEE, 2.67(5)-
284(6) A 1, FIMEER R & MIAUGERE R OBEME, 2.60(5)-2.954) A LIZIZHL
(o TnbIEPLIHLNTHL, v

AFUEFTHEFRTERFRTRTO S Y7 RAT VETH 54 3.50) A

DEHICHEL., 4 O p, MAERETHER SN A MUIADOF LIFE LT,

O)-B-O(W,) FEATEEE, AEE 1L 1.493) AL 109(5)" TH Y p, BUEHEMSR TR
x5 UEAARZIEMEA (109.28°) 12ED 272,
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formula
f.w.

space group
/A

b/A

/A

o/deg
B/deg
v/deg

VA3

Z
Dc/gecm_?’
p/em” 1
F(000)

cryst. size/mm
scan method

data collcn range
h, k, 1 range

no. of data measd

no. of unique data

no. of obsd data
([IF1>3.0c(F)])

no. of variables
R/%

R'/%

S, goodness of fit

max shift/error

Table 4-1 Crystal and refinement data for Ks[BW ,0,4]°9H,0

K5B1W12049H 18
3215

€222

19.055(3)
33.004(6)
12.439(2)

90

90

90

7823(2)

6

4.094

268.796

8388
0.15x0.15x1.8, plate
®-20

5°26<55°

0,25 /0,43 /0,17
4897

4895

3491

249
5.8
6.2
1.88
0.117




":»4_2 Atomic coordinates for KS[BW1204O]°9H20 with estimated standard deviations

(e.s.d.s) in parentheses

o X y Z atom X y b4
;/2;3'76;(1) 0.00373(6) -0.3027(2)  O(14) 0.445(2) -0.032(1)  -0.252(3)
W a716(1) -0.07521(5) -0.5092(2)  O(15) 0.444(2) -0.089(1)  -0.409(3)
0.5061(1) -0.07401(5) -0.3018(2)  O(16) 0.456(1)  0.0250(8) -0.430(3)
0.8579(1) 0.29001(6) 0.0313(2)  O(17) 0.8652) 03411(9) -0.045(3)
0.7985(1) 0.35185(6) -0.1573(2)  O(18) 0.728(2)  0.362(1)  -0.046(3)
0.6906(1) 0.31675(6) 0.03042)  O(19) 0.778(2)  0.312(1)  0.102(3)
0.5730(1) 0.27664(6) -0.1756(2)  O(0) 0.670(2)  0.263(1)  0.076(3)
0.8640(1) 0.28396(6) -0.3644(2)  O(Q21) 0.588(2) 0.233(1)  -0.074(3)
0.6795(1) 0.31303(7) -0.3638(2)  O(22) 0.855(2) 0.3228(8) -0.254(3)
0(23) 0.720(2)  0.344(1)  -0.253(3)
; 0.750 0.250 0.297(4) 0(24) 0.623(2)  0.3098(9) -0.078(3)
k@ 1.000 0.132(2) 1.000 0(25) 0.944(2) 0.261(1)  -0.289(3)
k@) 0.5516(6) 0.1836(4)  0.333(1) 0(26) 0.771(2) 0.297(1)  -0.406(3)
{4  0.5000 0.1323(5)  1.000 0Q27) 0.591(2) 0.316(1)  -0.285(3)
x5 0.197(2)  0.069(1)  0.340(4) O(28) 0.855(2) 0.233(1)  -0.439(3)
g6  0.500 0.000 0.045(3) 0(29) 0.767(2)  0.284(1)  -0.093(3)
L 0(30) 0.811(2) 0.2413(8) -0.239(2)
o 0.308(2) -0.006(1)  -0.208(3) '
oy 0.312(2) -0.111(1)  -0.486(4) O(31) 0.890(2) 0.234(1)  0.321(4)
03 0491(2) -0.1108(8) -0.206(3) 0(32) 1.000 0.196(2)  0.500
0 0922(2) 0.3006(8)  0.122(3) 0(33) 0.933(4) 0.149(2)  0.332(9)
05  0.820(2)  0.402(1)  -0.184(3) 0(34) 0.704(2)  0.173(1)  0.335(5)
0F)  0.646(2) 0.344(1)  0.128(3) 0(35) 0.710(3) 0.098(2)  0.161(7)
on  0488(2)  0.288(1)  -0.154(4) O(36) 0.407(2)  0.061(1)  0.007(5)
08 0910(2) 0311(1)  -0.458(3) 0O@B7) 1.067(7) 0.111(4) 1.24(1)
09) 0.662(2) 0.351(1)  -0.462(4) 0@38) 0.265(6)  0.000 1.000
0010)  0.579(2) -0.044(1)  -0.228(3)
0Ly  0.580(2) -0.1017(8) -0.376(3) B(1)  0.500 0.000 -0.500
0(12) 1 0.32002)  0.045(1)  -0.384(3) B(2)  0.750 0.250 -0.13(1)
013)  0.343(2) -0.0334(9) -0.409(3)
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Figure 4-1 Anion stacking of molecule 1a (a) and 1b (b) and the crystal packing of
K[BW,,0,,]°9H,0 (c).
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4-3 Selected bond distances (A) and angles (°) for KS[BW 12040]@9H20.

e 1.71(3) W(2)-0(2) 1.66(3) W3)-03)  1.73(3)
}115~,é:‘y?o( o 1.90(3) W(2)-0(1 1Yy 1013) W(3)-0(10)  1.93(3)
?si}_fo(lz) 1.95(3) wro21h  1.933) W(3)-0(11)  1.92(3)
ygs“f%)r,o(13) 1.88(3) W(2)-0(13) 1.94(3) W@3)-0(14)  1.90(4)
. 1221}-0( 14) 1.96(4) W(2)-0(15) 1.91(4) W3)-0(15)  1.86(4)
:ﬁﬁ@_yo(16) 2.38(3) w06y 2.43(3) w3)-0e16l)  2.38(3)
1@,‘@,0(4> 1.70(3) W(5)-0(5) 1.72(3) W6)-06)  1.74(3)
o0 1.94(3) W(5)-0(17) 1.92(3) W(6)-0(18)  1.92(3)
{9009 1.89(3) W(5)-0(18) 1.96(3) W(6)-0(19)  1.90(3)
; -Q@)-O(ZOVI) 1.90(4) W(5)-0(22) 1.88(3) W(6)-020)  1.92(4)
;*%g;g@-mm\/l) 1.82(3) W(5)-0(23) 1.93(3) W(6)-0(24)  1.88(3)
§#0029) 2.33(3) W(5)-0(29) 2.47(3) W(6)-0(29)  2.38(3)
'iﬁ’;;;;gr,;;-o<7> 1.69(4) W(8)-0(8) 1.72(3) W©}-00)  1.79(5)
J7-0@21D) 1.95(3) W(8)-0(22) 1.89(3) W(©)}-0(23)  1.88(3)
§7-0024) 1.89(3) W(8)-0(25) 1.95(3) W©-0(26)  1.90(3)
gmosYh  1.9103) W(8)-0(26) 1.90(3) W©-027)  1.95(3)
i-027) 1.91(4) W(8)-0(28) 1.94(3) w©)-028"h  1.89(3)
"JW(7)-0(30W) 2.42(3) W(8)-0(30) 2.34(3) W(©9)-030"h  2.38(3)
H1-0(16) 1.46(3)

32:0(29) 1.25(6)

12)-0(30) 1.79(9)

w00l 9902) oaothy-w(-016)  77(1)

- W(D)-0(12) 99(2) 0(12)-W(D)-0(16)  78(1)

0)-W(1)-0(13)  100(1) O(13)-W(1)-0(16)  85(1)

OW(1)-0(14)  100(2) O(14)-W(1)-0(16)  84(1)

Uh-W(1)-0(16) 174(1)

016)-B(1)-0(16M) 107(2)
Wg-By-o06thy  11002)
We-B(y-016tY)y  111(2)

\_

S}’Inrnetry codes : II=(-x,-y,z) NI=(x,-y,-z) IV=(-X,y,-2) VI=(1/2-x,1/2-y,2)
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flﬁ"4—2—2 K;[BW,,0;,(H,0)]°13.5H,0 D abiE

- Table 4-4 2 K [BW,,0,,(H,0),1°13.5H,0 O EILFR IS8T XA =5 — % |
 pable 45 T DEREER T, K [BW,,0,,(H,0),]°13.5H,0 DHRAET A Y Y
AV ET S VI o THEE N, S 5 I T 2 EIC B AN 5.
K, [BW,;050]®0H,0 Dty & FARIZH ) 7 LA A 212 2.58(4)-3.21(3) A DB
AL LET A Y EHOBRREFPMUELTE Y, RAEINENT -9 %
 RLTwr. B 4 HOBEADE ST OGH) REEEIKE HRERT £ 7
;_u:f:avb\ GAERE 12 & L ORI & PUR S 472, BITEIEA~ v 7 v BRI
1h 6 BFEILTHDH Z LRSI NI, TFigure 43 TR T L 912
KS[BWIZOW(H 0),]°13.5H,0 DR T E/KICEHSET'BNMR 2 HIEL 2L 25,
14.5ppm I v, , 420 Hz TH B ¥ 7 F VHRER SN2 SD Y 7T VIEEALSTSH
B K [BW;,0,]°9H,0 | kA -17.3ppm  (v,, 13.8 Hz) £ D $EEHEL 7 L. &
TFWVENILL o TWwh, FWTNOY T F VIS ERICPRY) 70— F i
YT URBRS T B, FRO Y 77 VEERD S E R T NMR B ORE
CTHEE SN TBY NMR BELEINARTVRERSICL B D LHEE SN,

BW,,0,,]” % [BW,,0,,(H,0),]" ICXAEETERVEEZ D, [BW,,0,]° & F
e -7 FUHEEFED [PMo,0,,]" DEITETIAZ D L) AT OEFD NMR
VT VORESSE Y 7 MIERI R T, 2 BAEICHE o-[HPMo, 0,1 4 EFETT
78 B-[H,PMo0,,0,,1* ®*'P NMR AXZ VDY 7 FidEn£h, -56 ppm & -
126 ppm ICERAI S, HICEREARICBIT S 34 ppm LD SBEUSHIZY T P LT
W (5E) .

Figure 4-4 12 K [BW,0,,(H,0),]*13.5H,0 D7 =4 V& &R T 7T =F ¥ &
BISBIAETH B K [BW,,0,]°90H,0 & FIKEIZ a-4 F LR AR LT 1

HH W,0,,ED 3 BOKRMMEBREASRICERSNTEY, 724 Y EHEON
%fﬁ‘fé*ﬁ 3G, EBLER LD B EWLDIZR 572,

Table 4-6 IZ7 =4 v BIEEOWL OPOLB-BEEMOESHE & E4Mm%
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g, TEA YR BRI A AR WO RAHRE T b & IR LT
O RAHEIE T OMAEHEE AV T IRICE ) RO ND W,

o= 1904 d WO K& s (1)

'1“57;73“ VBREERT Y Y /AT VETIIBWT W-0 fEEHMEDORN KD/
LA W-WE) BT TR 3.93)4.24) DEERLINEING S VI AT Y
ETOFETAIE 4 lTH Y. 5.7(5-6.7(7) DEZ/RT WH-W(12) KT DE Al
i‘;,6 HTHHIEEREL TS, Figure 4-5 12 K[BW,,0,,(H,0),]213.5H,0 IZBIF
BBE WN,0, 22y b ERT. WIWE) BT —EOBEE W,0,, 15
CREBELTBY B Lo TR AT 6 BFIET =4 Y EBEMEIERL
i’{tb“(\ﬂé@“ﬂi?& (L ZoBE WY0, 25y MCRETEIELTwAE EER O
B I U K [BW,,0,,(H,0),]°13.5H,0 2% ESR A% FVOREIAHETH 2 =
b, LRI L > TR Z R LS b bR SNz, LKA R
FETORKERELROIE ZH,06-0(12) BT} 1.6(2)-22(3) FRLIZDIH
L. #nEi W)-WE3) B FORMVERZERFTHE O(1)-03) FETid 0.45(4)-
0.55(6) £ NS REER L. O)-03) BT O/ 58 EOEIEAET. 3
BFERE LTV D H,0 OEERETA7R L2 123 <L O(1)-003) FEFidehe
M2WFOT T PRV a Y LT0wEEEZLNL, TDLHITWI)-WE) B
DEIGFIREDRICEIR SN A Z &1 Figure 4-5 (IR L7z &9 12 0(1)-03) R+
DEFIR TG L TR ERRKPEET S 724 VEBRTORE IR TR S
NZZZERPBLEREENL, BIZITHGEKOBRET 0(41)-0(54) 13 0@46)-O(1)-
O@7). 0(44)-02)-0(13)" (II symmetry code : -x. -y -z), O(42)-0(3)-0(43) IZBVT
TNFNOETBIEEEL 2.53(5)-2.72() A EAKRERHFL TV ARG FICBITHER
KETH O, 2528 A 0% L <, O OFRMUIBELRLETLHED
KGFI2 BT % H-OH DA 118.7° 7 1V 110()-115(2)° TH - 72,
LR T T R TEM RS TH o 72 WO, NHEREEEIZEITIC & o TEML
L\ K, [BW,,0,,(H,0),]°13.5H,0 O 7 =4 Y iE TR 3 MEICHES N, |1
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SEBRITCENII WY TH B W)-WE) 12k 2 WO, NERMEETH Y, FiblL7
Cp o 3D WYO, AR FE—0BIE WY,0,, MENICTFELTWwS, €0
EC IS WVO, ATRHEEE THE A LTw5E WA-WO) I2X% 6 HD
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Table 4-4 Crystal and refinement data for K5[BW 12037(Hy0)5]<13.5H,0

praen

formula
f.w.
space group
oA
/A
/A
o/deg
B/deg
v/deg
VIA3

Z

o3
D /geem

p/em” 1
F(000)

cryst. size/mm
scan method

data collcn range
h, k, lrange

no. of data measd

no. of unique data

no. of obsd data
([IFI>3.0c(F)])

no. of variables
R/%

R'/%

S, goodness of fit

max shift/error

K5B1Wi5053 sHzs
3302

P1

11.803(4)
12.064(4)
18.790(6)
86.55(3)

80.55(3)

63.42(3)

2360(2)

2

4.646

297.124

2898
0.3x0.2x0.1, plate
®w-26

5°<20<55°

-13,15 /70,15 /£24
11383

10869

5700

371
8.1
9.0
2.09
0.021

L



- deviations (e.s.d.s) in parentheses

5 Atomlc coordinates for KS[BW12037(H20)3]°1 3.5H20 with estimated standard

1751(2)
1317(2)
0.3591(2)
0.2485(2)
0.0759(2)
10.1303(2)
0.1325(2)
0.4302(2)
0.4917(2)
0.2777(2)
0.0507(2)
20.2153(2)

0.194(1)
-0.501(1)
-0.568(1)
-0.396(1)
-0.014(2)

0.141(3)
10.041(3)
- 0.534(3)

5) 0.172(3)
06 0.269(3)
0{7} -0.095(3)
08 -0.573(3)

;10(19) -0.291(3)
i 0.135(3)
012) -0.216(3)
013) -0.080(3)
Ui4) -0.287(3)
U15) -0.343(3)
16y -0.248(3)
017y -0.007(3)
fGGS) 0.045(3)
019) -0.142(3)
1\

y z atom X y z
0.0281(2) -0.1458(1)  O(20) -0.423(3)  0.421(3)  -0.119(1)
0.1863(2) -0.0857(1)  O(21) -0.465(3)  0.267(3)  -0.183(1)
0.2347(2) -0.1011(1)  O(22) -0.069(3)  -0.008(3)  -0.347(2)
0.0441(2) -0.3299(1)  O(23) 0.191(3)  0.008(3)  -0.260(1)
-0.0305(2)  -0.3042(1)  O(24) 0.038(3)  0.341(3)  -0.205(1)
0.1779(2) -0.2255(1)  0O(25) -0.316(3)  0.576(3)  -0.144(2)
0.4733(2) -0.1641(1)  O(26) -0.495(3)  0.465(3)  -0.252(2)
0.5373(2) -0.1858(1)  O(27) -0.429(3)  0.152(3)  -0.307(2)
0.3157(2) -02729(1)  O(28) -0.256(3)  0.136(3)  -0.422(1)
0.3025(2) -0.4178(1)  O(29) 0.120(3)  0.054(3)  -0.392(2)
0.2275(2) -0.3911(1)  0O@30) 0.166(3)  0214(3)  -0.328(2)
0.5288(2) -0.3295(1)  O@l) -0.137(3)  0.558(4)  -0.253(3)

0(32) -0.378(3)  0.613(3)  -0.273(2)
0.143(2)  -0.1269(7)  O(33) -0.452(3)  0357(3)  -0.376(1)
0.037(2)  -0.170(1) 0O(34) -0.094(3)  0.240(3)  -0.429(1)
0.641(2)  -0.3829(7)  O(35) -0.047(3)  0.393(3)  -0.365(2)
0.865(1)  -0.4495(6)  O(36) -0.288(3)  0.451(3)  -0.387(1)
0.262(2)  -0.5837(7)  O@37) -0.201(2)  0.204(3)  -0.182(1)

0(38) -0.260(3)  0.241(3)  -0.303(2)
0.158(4)  -0.129(2) 0(39) -0.039(3)  0.186(3)  -0.283(1)
0.190(3)  0.004(1)  O(40) -0.223(3)  0.393(3)  -0.243(1)
0.281(4)  -0.025(2)
10.092(3)  -0.358(2) O@41) 0.380(5)  -0.092(5)  -0.091(2)
0.180(3)  -0.325(2) 0(42) -0.655(4)  0.139(4)  -0.014(2)
0.160(3)  -0.198(2) 0(43) -0.682(3)  0.518(4)  -0.030(2)
0.562(3)  -0.113(2) O44) 0.093(4)  0.323(4)  -0.012(2)
0.666(4)  -0.154(2) 0O(45) 0.199(4)  0.433(5)  -0.120(2)
0.367(3)  -0.272(2) 0O(46) -0.303(4)  -0.199(5)  -0.188(2)
0.335(4)  -0.507(2) O(47) 0.109(4)  -0.318(4)  -0.172(2)
0.242(4)  -0.470(2) 0@48) 0.115(5)  0.553(6)  -0.304(3)
0.643(3)  -0.388(1) 0(49) 0.463(5)  -0.134(5)  -0.306(3)
0.011(3)  -0.066(2) O(0) 0.417(3)  0.127(4)  -0.404(2)
0.241(4)  -0.016(2) O(51) 0.361(4)  -0.082(4)  -0.471(2)
0.066(2)  -0.085(2) 0(52) 0.592(4)  -0.362(5)  -0.502(2)
0.014(3)  -0.232(2) O(53) 0.115(4)  0.502(4)  -0.467(2)
0.045(3)  -0.212(1) 0O(54) 1.000 0 -0.500
0.143(3)  -0.143(2)
0.358(3)  -0.098(1) B(1) 0.273(3)  -0.270(3)

-0.172(6)
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Figure 4-4 The structure of [BW,0,,(H,0),]’ anion.
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4_ 6 Selected bond distances (A) and angles (°) for Kj [BW12037(H2O)3]»13.5H20.

2.11(4) W(2)-0(2) 2.16(3) W(6)-0(6) 1.71(3)
1.96(3) W(2)-0(13) 1.95(4) W(6)-0O(18) 1.83(3)
1.99(3) W(2)-0(14) 1.94(3) W(6)-0(23) 1.96(3)
2.01(3) W(2)-0(18) 2.04(3) W(6)-0(24) 1.80(3)
2.01(2) W(2)-0(19) 2.02(3) W(6)-0(30) 1.97(3)
2.09(3) W(2)-0(37) 2.06(3) W(6)-0(39) 2.38(3)
1.72(3) W(12)-0(12) 1.71(3) B(1)-0(37) 1.85(8)
1.84(3) W(12)-0(31) 1.96(3) B(1)-0(38) 1.49(7)
1.99(3) W(12)-0(32) 1.88(3) B(1)-0(39) 1.44(7)
1.94(3) W(12)-0(35) 1.97(3) B(1)-0(40) 1.39(7)
1.90(4) W(12)-0(36) 1.99(3)
2.42(3) W(12)-0(40) 2.26(3)

“5('1)‘_w(1)_0(13) 88(1) O37)-W(1)-0(13) 100(1)

oW(D)-O0(15) 84(1) O(37)-W(1)-O(15) 102(1)

o()-W(1)-0(16) 84(1) O(B7)-W(D)-0(16)  88(1)

o)yW(D)-0(17) 85(1) O(37)-W(1)-0(17) 89(1)

.og;)-W(l)—O(37) 170(1)

g(a)-wm)-oaé) 100(2) O(38)-W(4)-0(16)  86(1)

04 W(4)-0(22) 99(1) 0(38)-W(4)-0(22)  84(1)

0[@d)-W(4)-0(27) 102(1) O(38)-W(#H)-027)  75(1)

0[8-W(#)-0(28) 101(1) O(38)-W(4)-O(28) 72(1)

0{4)-W(4)-0(38) 173(1)

,'Q{é)-W(s)-oag) 102(2) O(39)-W(6)-0(18)  85(1)

0(6)-W(6)-0O(23) 98(1) O(39)-W(6)-0(23)  76(1)

0(6)-W(6)-0(24) 98(1) 0(39)-W(6)-0(24)  89(1)

0(6)-W(6)-0(30) 99(1) 0(39)-W(6)-0O(30) 72(1)

Q(é)-W(é)-0(39) 170(1)

QCO)—W(IO)—O@S) 97(1) O(38)-W(10)-0(28)  77(1)

0(10-w(10)-0(33)  101(1) 0O(38)-W(10)-0(33)  78(1)

0(10)-W(10)-0(34)  96(1) O(38)-W(10)-0(34)  84(1)

0(10)-W(10)-0(36)  99(2) O(38)-W(10)-0(36)  86(1)

0(10)-W(10)-0(38)  174(1)

8(13)-W(1)—W(2) 49(1) O(14)-W(2)-W(1)  942(9)  O(15)-W(1)-W(2)  96.4(9)

0(13)-W(1)_W(3) 94.6(9) O(14)-W(2)-W3)  50(1) O(15)-W(1)-W(3)  50(1)

(I3)-W2)-W(1)  49.509) O(14)-W(3)-W(1)  94(1) O(15)-W(3)-W(1)  50.5(9)

0

(I3)}W(2)-W(3)  94.8(9) O(14)-W(3)-W(2) 49.09)  O(15)-W(3)-W(®2) 97(1)

387)8(1)-0(38) 94(4) 0(38)-B(1)-0(39)  115(4) 0(39)-B(1)-0(40) 127(5)

5 7-B(1)-0(39)  93(5) 0O(38)-B(1)-0(40)  116(5)

Y37)-B(1)-0(40)  95(3)

‘\
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Figure 4-6 Enviroments of the central BO, tetrahedron for K [BW,,0,,]*5H,0 and
K,[BW,,0,,(H,0),]°13.5H,0. Itaric number are mean values of distances (A) and angles (°).

The upon triangles indicate edge-shared W0, , group and the lower corner-shared W, triad.
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423 [BW,0,,]" L [BW,,0,,(H,0),1” OHEED L

[BW,,0,]" & [BW,0,(H,0,]" %Y ATV EFIZL o THEREN D
g AL L72d D% Figure 47 1R T o WIS FAT R 3 FITHE S 4L,
#OTEIE W-W-W DFAAIIT 1200 DAFABERL, FOETWHAXDRERLIE
=@ ONIET B0 BT ICAET 5 ZATBIEBIH W0, fE %, THICMET 5
AR TESA LT b WO, NERERT . &7 RRTIFROMN» L T/0
=g F0FIAT [BW,,0,]" T 0.1 A, [BW,,0,,(H,0),]" Ti 0.4 A DFEHEIZAL

B 72 BB L7 & 91D [BW),0,,(H,0),]" TR S L7z WY,0, ik L5

LT B-O,) DFFGHEEZ 1.8508) A & [BW,0,]" ICB1T5 149 A XD E
v — 7. 3 B OHEREIE BW,,0,,]° T281) A 29 A &, LTO=MEHE
DEEEEE 57 A %R L, [BW,,0,,(H,0),1" TEEhLh 2.9(1) A.27(1) A5.6 AT
Hol o CDLIIETILL > TRV ERTOMBEARECBE LTV LICLHED
5%, WHBICKE REVWDT 2V &P 6 EITIK Lo TE LA E— N
i%%%%7;ﬁy%%mfﬂ%ﬁ¢;5K%&ﬁ%ﬁ%@?é&%i%nto

[BW,,0,,(H,0),]" TIEBIEA WY,0,EiEHNIC WY-WY OERIEEVTFEL
TH Y. [BW,0, 128 2HHEH W0, HEND WeeW FIHEEEL D D
0.754(3)-0.786(3) A EH i VL o Tz, ZOFEILYVEHISEAEL TS
WV, MRS L W, 0, NEREER O Whew,  HEHE [BW,0,]" I©8
WCTEA A LT b WO, NEARR D Weeew EIHHEL D 0.014(3)-0.073(3) A &
Vi, BLORARITIEBES L W0, NHEEE D W, oW, A
[BW,,0,," PHAaICH~T 0.0103)-0.0323) A B %2~ HREEALL
W, O, /NEKE D W, eooW,, BIEEHEEIS [BW 0,1 IXBIT2 5D L0 B 0.003(3)-
0053(3) A ML o TWwh, TRTEMEH L7z W00 AHERED W00 Woion
BIBRSE L R HEFRELAAL I EIZE 2T [BW,0,]5 BT 0DLD D
0.014(3)-0.0733) A E<. W,,0, NHERE W, (.05 NHEED W oooW, o [
HEE D 0.017(3)-0.055(3) A Fvr,
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4 [BW;00l" « BW,0,,(H,0),]" D IR ARY b & FTYART Py
2

Figure 4-8 12 K,[BW,,0,,]0H,0 & K, [BW,0,,(H,0),]*13.5H,0 D IR A2 F
WEIRYANRT B %R T o K[BW,,0,,]1°0H,0 TiL 980 cm’ (T < )D Y 7T
it v, (W=0) I, 96lem’ (77 ) £ 959 cm’! (IR) v, (W=0), 912cem' (7%
:,,y) r 910 cm’ (IR) i3 v,, (B-0) & THEILHE W-O(u,)-W DIRFFIREN 2 RAE L 72 D D,
a2 (IR) AHEEE W-O(1,) W O FHER IR IE S L7z,

I K, [BW,,05,(H,0),]¢13.5H,0 ® IR A7 FVIZIEE 512 WY-WY #E &0
| miEoTHRLALEISRE 90!, 810em’ MHEILERD T K
SRR E N, [BW,,0,,)7 % [BW,,0,,Co(H,0)]" D IR AT PNy —~
LTV, |
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Figure 4-8 The IR and Raman spectra of K [BW,,0,,]¢9H,0 and
K [BW,,0,,(H,0),]+13.5H,0.
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d—Naxo[SiW9O34]°18HzO\ K [BW,0,,J*9H,0 DEIE T £ TITHRE S N7k 4o
o THT 2 Fo SR B TRAL A R OGO IR 2 IC BT A 2 &
BV IR ARZ BV JASCO FT/R-5000, 7% ¥ A< b LI Jobin-Yuon

76400 Raman spectrophotometers WX D lE L7z,

| SRR B LIS TIT 2 720 K [BW,,0,]9H,0 i (0.3 g/20ml H,0) 12

K, [BW,,0,;(H,0);]°13.5H,0 D& B
K [BW,,0,,]°0H,0 D&ETTIF TN E TICHE SN T4 FALFERIIT 6 BT

i

245kl LT MeOH S ml ABIZ. 12N HCLIC k- T pH % 0.5 KHi#E L7 &

 oEHE A VICE L TERFHAT. 500 W EEASRITIC £ > T3 HERILL

SIS L 700 & ORICEHOMAITREERD - FE TR ERICRIL
Lo =5 LCRIE SIS KC10.5 g & a-Na  [SiW,0,,1°18H,00.25 g 2.
AC T—RBBET LI IVEBE, WROKHE L LT K

[BW,,0,,(H,0),]°13.5H,0 % 4720 i ILE D 55747 i KMnO, FRWICEMAREIC L

D47 o 7o MM ERRIL Ag-AgCl AR, MEFIFLMRIZ I PrEM & LA L. TOA Electronics

IM-5S ion meter 12 & 0I5 L7 WERRIE—0FH72D 55£0.1 BT DEICE

THbHIENPRINIZ

g NMR A/} 7 MIVOEITE
plEsiEne & L C HBO, #EAICHEREELbOEMAL, JEOL GSX-270
(I'B, 86.7.MHz) 12 &> Tl L7z

X $RiE & AT

WEE B DR — ¥ 13 AFC-s TSR BIE T E (B 2w THE
L7, X SUBICIE Mo @ K, %275 774 P THELLAbDEEHLL
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2=0.71069)0 FREEME 3 026 EALLIT LD 8 min' ., Hik T 2 7,

[BW,,0,0l*0H,0 DfGdidH 7 AT 7 A /3= CHUY T, K [BW,,0,,(H,0),]
13.5H,0 DL Lindemann glass capillaries (23 U7z % O % &8 (ZHUD 4315 TRl
| 7z o orientation mawix & 4% 7 O M LI KJ(BW,,0,]9H,0 . K
(BW,,05,(H,0),1°13.5H,0 £ EM 20.0°20 =24.7", 20.0°=20=25.0° THIZE L7
s HOREEHWTT o 72, BTOY 7 b 2 T TEXSAN 2R L. [ER 3
L 12 K [BW,,0,01°9H,0 #¥ MITHRIL*Y, K[BW,,0,,(H,0),]°13.5H,0 I SAPI*” % {HH

L7z WAURHIF I K [BW,,0,,]°9H,0 5 DIFABS*, K [BW,,0,,(H,0),]+13.5H,0 i3
Yscan 1 £ B bDTIT> 72,
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KW T D a-[PMo,,0,,]" DIiE TG UG DREE L F
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51 BB

o E VB EREORY A XV EY) T MIKERP TR EE

Lo RIS DT 570 T ORI S b 0T % o BRI
KT IZB VT 0-[PMo,,0,01" 2 BEMITRITLT 5 L 2 A BEICL>T6 BT
O TERREENA LN T 0TI T L E B WED SHEINTED ok
R TR I - TRMEEASEAT LT 2 TR, 4 RILEIE TR

B FVHEEEFFO 2 LAVREN T A DRI AIREE T RO L X TH %o 7z
50 % U WV KEHT T a[PMo,,0, 7 AT VE VP E FT VDL

RETAIC Y > TETL SN, FBITHED P NMR ¥ 7 P HREFE SN TR E 0 C
DI o-[PMo,,0,,]" DETCIE 50 % ¥4 F 4 ¥ KEHH T o B 2 BFEIUAE, o Bl
AETBTACEL L0, o B4 BRI R4 BsouE IR
L ASRENS AR YA I U RS LIETY VEY T T VED
NI SN, FARERR T2 BRI LCHE, o B 2 BEIUE
PR ENF 0K, pH 2 BFETEICREELL T AL EET R B 4 BETT
e pEmIbAD TR S, B EEREMRIE T I o BB LA SMEAL S 5 S &
FENT, AETREBEAGAR TR T 0-[PMo,,0, " DIEETLIIL% *'P NMR T
Wt U ZIRE 0 By T 3 AIRTL O 0-B-[PMo, O, ,(OH),I" B &b = & & £ 71
S EIEOES LR 2 BEFRTESTR SN A, o8 2 BFEIUE
R L AL » T BB 4 BT R ITE L o-B-[PMo,O,,(OH), 1" AR < 1L
Lr¥mEans, B BTETEE BA4BEFRIUVEICEL TIEETL
FETIT DA VELT YESYLAENASI EIL o TINOETTEOR AL %
o, X BHEEN #4750 770 o Bl 2 BRI X AEERITI NI TT &
F= b UL @ [PMo,, O, 2 BTET 5 2 L IC & 2 TIFEH N7z [HPMo,0,,1" *
YK T [HAs (Mo, 001 BT 5 2 LIZ Lo TERLT (H,AsMo,,0,,1"
W2 SNTOHEND LB VTN 724 VERADOATORFLEEG LTS
BEETIN T4 A4 —F— LR hoTwh, $72 BB 4 EFRITETH
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(HPMo,0p1 D X HHE S AR DS X N b DD BLGEREE TH o 72720, fah
pEAEAEON TV R HEOT 1 24 =5 = DL IEERTRRD 5
BB o 2 MR T T =4 v BRERICFRALL. B4R
BV TIET =4 Y EEEERT 5 4 HOBIE Mo,0,; F=v R DHIT 60°
FiE L7 Mo,O, 2= v P ERERC 3 EDOBICE Mo,0y L= T (RiETH %
BT 5 3 M0 2 B O Mo H T &R Z T 5 THRIER O Mo,0;, = b
BELLTWAZ LB L7,

5.2 #HE

5.2-1 *'PNMR A7 bV

0-[PMo,,0,, 1 VAT DR ICRIC DREREZLALE 2P NMR AT PLIZ & -
THE L7270 W DRDPDANRY PV EFUGRFIFRET 5 ot DT VR
% Figure 5-1 & Table 5-1 12/ T o SEREATO o-[PMo,,0,,]" ZKIED P NMR A X
7 b VI @ [PMo, 01" & 0-[H,PMo, 0] IWRE S5 ¥ 7 TV EERZN -
3.64 ppm & -1.25 ppm 12 10.7 1 1.0 MEEL TR Lz, KEWHD a-
[H,PMo, 0,1 I3 0-[PMo,, 0,01 & KT B L 2B — BT L 72 b O LRl &
ND, e 1 BEEEE, 051 ppm. 0.24 ppm, -6.27 ppm, -5.62 ppm & 7
F U DNERERH S 7o 4 BERIERET 121 12,58 ppm 123 7 IV ASERAL, 36 I
HI243 024 ppm DY XTIV E -12.58 ppm DY 7 F VD HHFREL 1.0 132.3 TH
TEL 720 76 BRI 3 Ok 2 b A S8 BR L 7245, 36 R LARE X =7 bV Iz b0l
Bl S NSRS 36 RO OB TR T Lzb D& Lz, SERARE,
510 405 b 18 BRI P 0.24 ppm &-12.39 ppm (KA F - T 24 ViE
T AL DEHESND YT UDEH SN, BICUSFICHB L2, -5.62
ppm & -12.58 ppm O ¥ 27 F VFTERT 5 & 510, X MBHERATIC & o T OfiED
B & 200 X7 2 BFSRIOHE o-[HPMo,,0,,]" & 4 B350 B-[H,PMo,,0,,]" P
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_ 3pNMR Y FNVEY T M ELES Erb INSI)wE L7z 0.51 ppm D

S rFMIEINETOHED S a[PMo,0, " HED 3 KIAHTH L a-B-
[H,PMo,0, (O, AR S L5 9 SHBESOY 7 F ML TREE TR

LEDELZAREASRTY R, FREEIKIED PP NMR AT PLTE
4-[PMo,,0,,1" & a-B-[H,PMo,0,,(OH); " 12 & A -3.40 ppm & 0.51 ppm O ¥ 7 )V
70— KL L7z, BILEJEH. -3.40ppm DY 7 FIVid 1.9 Hz 55 135.0 Hz 12
FCIEAY L 0.51 ppm DY Z FiE 105.0 Hz A5 11.7 Hz N R 272 2 &
FHEITAE 0-[HPMo,0,,]" & 4 ETEILE B-[H,PMo,,0,]" IZ& % -5.62 ppm -
12,56 ppm DY 7 F VLT MDY 7 F VAN TRVRIEE HF2 ¥ 7T
PEI S NP5, FRENEKTD 300 Hz & 21.1Hz T& ) -3.40 ppm & 0.51 ppm
CERISND Y ZF LD L1000 Hz %2 5 2 Eidad o7,
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] I I
4 ]
bR “waw mwk«mm‘j Wbl dendilipdepind M‘ Rofiin

(0h) @)
L N
(0.5hn) a2h)
| ey

(1h) (18 h)
M SN —— ¥ U A
(2h) (36 h)

rM‘\A/\J&\x«!‘l el J\Jk e | %‘M W&WM%WW#&W \W

ll!lllllllllllll!l T VT T T T Tl

5 g .2 -4 -6 -8 -10 .12 -14 2 0 -2 -4 <6 -8 -10 -12 -14
(ppm) (ppm)

Figure 5-1 Time cource of the change in 3!'P NMR spectra in the reduction of
a-12 molybdophosphate. Reaction condition are 20mM o-H;[PMo0,,040113-14 H,O
and 8 M CH;O0H in H,O. '
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Table 5-1 Quantities (mM) of each species of photolytes for several step of the
photolysis. They were calclated with intensity ratio in P NMR spectra. Value in ()

indicate v | ,,, Hz.

pm| 0.51 | 024 |-0.035| -1.07 | -3.40 | -5.62 | -6.27 | -12.39 | -12.58
h
0 1.7 | 183
(1.7 | 1.9
0.17 | 3.3 05 | 2.3 | 139
(105) 2.6) | (2.6) | (75.0)
05 | 64 | 03 | 06 | 25 | 84 1.7
@79 @5 | @25 | 22 | 129 (6.0)
1 86 | 12| 04 | 12 | 38 | 10| 37
8.0y (6.1) | 3.2) | (2.1) | (135 | 30.0)| (4.1)
2 9.0 | 1.5 0.6 33 | 5.6
40.0) | (5.0 (2.0) 28.0)] (3.7)
4 6.4 | 0.8 0.3 53 | 63 0.9
(24.0)| (3.7) (3.5) (14| (4.1) (5.8)
6 48 | 06 55 | 6.0 3.0
(19.8) | (2.8) 6.1) | (3.0 (5.1)
12 3.4 | 07 52 | 6.0 4.8
(15.9) ] (2.8) 5.2) | 3.1 (5.0
18 0.7 | 0.8 8 6.0 | 1.0 | 125
(12.0)| (2.8) 28 | 3.0 | 3.0 | 26
24 | 07 | 07 24 | 1.8 | 08 | 136
aLn| @.3) 25| 25| o | 22
30 0.6 1.4 | 18.1
2.8) |- 4.8) | (3.5)
36 0.6 19.4
(2.8) 21.1)
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ff}j 502 0-[(PD),NH,],[HPMo,,0, |4 H,0 O Gtk E

0-[PMo,,0,,]" K % -5.62. -6.27, -12.58 ppm D ¥ 7 F VHTEELIL 413

s CHAET B E TR L2\ [(Po,NH,]" 7174~ 2O T 2EFEIT
#&. o-[(‘Pr),NIH,],[HPMo,,0,,]4H,0 D HiG i & 1572, F 708 HITEITCE ET S
0.24 ppm & -12.58 ppm D ¥ FF N DK GREE 1132) PHAT HEBIC
[(PO),NH,I* 7 FF ¥ &MA T 4 BT RICH, o-[(Pr),NH, ], [H,PMo,,0,,]*2H,0 DI
@5, 0L TES NS ERICEHRL TP NMR AT BV
PR L7 E 2 A, FNFEN 563 ppm & -12.66 ppm (¥ T VES XTI, S
LRSIV T X SR TV, TOREMEZHL LS

0-[(P1),NH,1,[HPMo, ,0,,1¢4H,0 D X SHHEMRIT /8T A — & — & Table 52 1<
B0 JEE % Table 53 2R T o Figure 52 (CR L 72 & 910 o-[(Pn),NH,],
[HPMo,,0,,Je4H,0 O 7 =4 ¥ IS BRALE RIS o FUEEARFEL TV,
F B OERED ST 4 YERICIED 7T b Y OFEIFRR SN, X
S AT 12 B\ T 2 DRSSO B EEEAT Paynme (z=2) L&, TR A
S gy A MIEET S I EWTE LD o70hY Mo-O KA D BRD IR
N — & 13 SR AT IR T TS 2.06(8)-2.17(5) (P 2.13(4)) %27/R L. BAEERR
B39 25 1.67(3)-1.83(5) L/NZ NI ks, 70 b d— = VISGERERT
LIRIZTF A AF—F =0 ETWD LR LT,
) BFBRIELB T 24 VEHROEAEZRIATSH S o-l;[PMo,,0,]°13-
14H,0 D#E Bl 0 LB UBE L72e < DI DEIE — BRFRE I O A R A
Y 4 gy % Table 5-4 [ORT o BETET B MoseeMo [ EEEEIZ B\ THIUE MosesMo
BEEELE 3.418(2)-3.430(2) A CEH 3.422(1) A) % . THEILH MoseeMo [ BEAE W
3.711(2)-3.722(2) A CE¥3.715(1) A) "L, Ihb TR BILATHII SN
73401 A, 3.699 A LD bEDS 2. & 51T MoseeP HEEEED 3.5640(8)-3.581(1) A
(T35 3.570(1) A) EBALKICBIT2 3554 L b bIPicRhoiz, Z0LI
12 MosesMo [ JEHE %> MoeesP [IMEBEATBLAR L D B 2o /ol T =4 Y EE
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g R L2 ERRT . & 7B LAR T & B o-H,[PMo,,0,,]°13-14H,0 DT = ~
| pci®y 77y B L AR RO S MoO Mo K& 128\ TS
| gapF0E) 77V EFRIES TLEL T2 2010, Mo-Ow,) DREEH
| giz186 Ak 196 A 0 2FEHN A N2 EFRICE TS 5 a-[HPMo,,0,," 12
T TIWEMERETOMEBEOR D IZAE L EY L Mo-O,) D & HEE

| 1.891(8)-1.893(9) A (FF#y 1.892(6) A) & 1.928(3)-1.939(5) A (P 1.931(3)A) O 2
AL CAE R 7. Mo-O(,) Mo # & LA Mo-O,)-Mo i#& & M 2°
124.3(5)-126.9(4)° (T3 126.0(3)°) %. THFAILH Mo-O(u,)-Mo KA MDY 149.9(5)-
152.005° (FF 151.33)°) ZiRL. JHIEBMEHRIZBIT S 1257, 1527 CITITEL
o726
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Table 5-2 Crystal and refinement data for [(Pr'),NH,]s[HPMo,,0,1*4H,0

formula
f.w.

space group
/A

b/A

/A

VA3

Z
DC/g~"c:m'3
u/crrf1
cryst. size/mm
scan method

data collcn range
h, k, 1range

no. of data measd
no. of unique data

no. of obsd data
([IF=3.06(F)])

no. of variables
R/%

R'/%

S, goodness of fit

max shift/error

Cy4H73NP Mo 5044
2304.09

P4, /nmc

15.227(2)

13.409(2)
3108.8(5)

2

2.461
24.56
0.8x0.1x0.1
®w-26
5°26<60°

5048
2644
961

120
5.0
3.4
2.15
0.002
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. | Table 5-3 Positional parameters and B(eq) for [(Pr",NH,],[HPMo,,0,,]*4H,0 .

A

atom X y z B(eq)
 Mo(l)  0.63740(9) 0.37223(8) 0.06283(6) 2.77(3)
Mo2) 0.75 0.4851(1) 0.2423(2) 2.73(4)
p(l)  0.75 0.25 0.25 2.0(1)
o)  0.5715(7) 0.4128(6) -0.0238(5) 3.9(2)
o2 075 0.5930(7) 0.263(1) 3.8(3)
0@ 075 0.3908(7) -0.0013(7) 2.5(3)
0@4)  0.6632(6) 0.4749(5) 0.1421(5) 2.3(2)
0G)  0.6483(8) 0.25 0.0275(7) 2.5(3)
0®)  0.5598(6) 0.3361(6) 0.1652(6) 3.0(2)
o7 075 0.3331(6) 0.1847(7) 1.9(2)
0®)  0.496(1) 0.047(1) -0.264(4) 7.3(7)
N(1)  0.473(1) 0.222(1) -0.341(1) 3.0(6)
c()y  0.374(1) 0.170(1) -0.452(1) 6.5(5)
c@  0.385(1) 0.25 -0.386(1) 4.9(6)
C3)  0.497(2) 0.25 -0.255(3) 12(1)
C4)  0.592(1) 0.25 -0.226(2) 5.2(6)
C(5)  0.431(2) 025 -0.172(2) 9(1)
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Figure 5-2 The structure of [(Pr),NH,],[HPMo,,0,,]*4H,0.
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: Table 5-4 Selected bond lengths (A), angles (*) and distances (A) between metals for
 o-[HPMo 20401

Mo(1)-O(1)  1.655(7) Mo(2)-0(2) 1.67(1)
Mo(1)-0(3)  1.939(5) Mo(2)-0(4) 1.891(8)
Mo(1)-0(4)  1.930(8) Mo(2)-0(6)  1.930(9)

Mo(1)-O(5)  1.928(3)

Mo(1)-0(6)  1.893(9)
Mo(1)-0(3)-Mo(11h)  124.3(5) Mo(1)-0(4)-Mo(2) 126.8(4)
Mo(1)-0(3)-Mo(11Th)  149.8(6) Mo(1)-0(6)-Mo(XIh)  152.2(5)
i Mo(1)eesMo(1H)  3.429(3) Mo(l)eseMo(2) - 3.418(2)
5 ‘ MO(l)“’mMO(lIII) 3 722(3) MQ(l)emoMO(2XIII> 3 744(2)
Mo(1)eeP(1) 3.5640(9) Mo(2)#e<P(1) 3.581(2)
P(D-O(7) 1.54009) O(7)-P(1)-0(71T 110.6(5)
O(7)-P(1)-0(7X 1Ly 108.9(4)

Symmetry codes : Il 1/2-x,y, 2 ; Il x, 1/2-y, 2z ; IV 1/2-x, 1/2-y, z
X1 -y, -x, 1/2-2 ;XIV 1/2+y, =X, 172-y 3 XV -y, 1/2+x, 1/2-z;
XVI 1/2+y, 112+x, -1/2-z.
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5.2:3  B-[(Pr),NH,],[H,PMo, ,0,,]°2H,0 DFE E &

B-[(Pr),NH,],[H,PMo,,0,,12H,0 ® X {RIEEMAT/ ST X — 4 —%& Table 5-5
12 BT DFERE % Table 5-6 12783 oB-[(Pr),NH,L,[H,PMo,,0,] 2H,0 DT = k&
i3 C,, SR By FMEER LI (Figure 53 (@) B-7 % UL o
LSRR T B 4 EOBER Mo,0, 2= v tD—D2%% 3 [W#l % .02 607 ElR
LokEss RS, REOEY 7P VETIRRO3IIITEINL (1) BlEEL 2R
4 Mo,0,, L= PO 3EOEY 77 Y FET Mo(1)y Mo2), Mo(2™), Z#L5
% Mo, & £T. (ii) QOBIH Mo,0,, L= v MIRER & A THIGS 5 THik
HD Mo,0, 2= FFIBET 2 3EDEY 77 YT Mo(6)s Mo(7)y Mo(7")s
ZNE % Moy, LT (i) () BEU () OBIA Mo,0,, JHRIEA Mo0,, -
=y MR FNAFEED Mo-OW)-Mo ) v 7 &L TWwAb DT 77 ¥
JEF-. Mo(3)., Mo(3™™. Mo(4). Mo@d"™, Mo(5)s Mo(5"). T#L5H % Mo, &E7T o
Figure 5-3 (b)-(d) 12 B-[H,PMo,,0,," HEEN D 2 I DOEIEHE Mo, O, 18 & HFH
H Mo,0, B2 R L1z, WS 220E&E—BREARTHOMGHE,. e, 2R
BIJEEE% Table 57 WK o 7 =4 ¥ BHEDOT T OHIA MoeMo i BEHEIX AL
KTH D a-[PMo,0,]" DHEAED 3.401 A LY bR o7 HIEH Mo, oMo,
Moy, #**MOy v Moy 20oMOy o, [ ERBEIL E AL THL 3.450(6)-3.452(5) A (15 3.451(2)
A) . 3.545(5)-3.558(3) A (F13.554(2) A) | 3.423(5)-3.442(4) A (FFH 3.432(3) A)
TH Y. Moy, oMoy, on< MO, 2**Mo, < Mo, 0o Moy, PR T 2o TWize —
J5 . JES I MoseMo FIFEEEIX o-[PMo,O, ) IC BT 5 3.699 A LIH#LT
Mo, esMo,, [IHi#E (3.642(4)-3.656(4) A, 3 3.6543) A )« Moy,e+=Moy,, HIFEHE
(3.668(5)-3.679(3) A. F3 3.6752) A) 1ZH <\ MOyuon® MOy, A B BE
(3.744(5)-3.805(7) A, V3 3.764(3) A) DA ED 72 T HIL Mo, oMoy <
Mo, #¢Mo0, ,, < MO, 10 #** MOy om PIEIZFE VY, L7 L Z O MovesMo [ BEAEDZAL L
3FIET 5 Mo-O()-Mo #EH DLV FEFICBII S Nz, AL R T

95



A Moy oMoy, BRI ALK LD B o722k L, BiEHO Mo,
f O()- MOy, AL 117.0(7)-119(1)° (F3H 118(1)°) LERLARICEBIT B 1257 LK
LT DR R 0T, —J5, FEREIZAOL N ERSCTE S I Mo, ee°Mo,, [HIEEAE
L o T2 DIIH U TTEAHA Moy, -O(u)-Moy,, #EEHIE 155(1)-157(1)° (7
156(1)7) EBRALERICBIT A 1527 L0 bRV, ZOR{LIE Mo-O( )i A BEHE |2 DU
xn77e FEALARIZ BT 5 Mo-OQWRE S IEMEIL T 1.92 A Tho7zdickf L, Bk
% Mo, -O(W)-Mo,, #&ITHIT 5 Mo, OW) MEHEMIZTI 2.08(1) A RS
p . TEAIEH Mo, ,-OW)-Mo,, FEEITBITH Mo,,-OW) & HHEE T 1.87(1) A
YAV, Mo-O(W)sS & HEEICE T 28I 0 B IR T .~V b B DAt o
# Mo-O(11)-Mo #5413 Mo_-O()-Mo,, + Moy, -O(1)- Moy 2% 127(1)-128(2)° (-
¥ 128(1)°) %. TEAEA Mo-OW)-Mo FEAAIE Mo, -O()-Moyy, + Moy, O)-
Mo, A% 146(1)-150(1)" ((F¥ 148(1)°) Z/m™L Tz,
0-[PMo,, 0,1 (2Bl & 172 Mo-O(w)-Mo #4612 BT 5 4BRRIR T OME
DF D 1% B-[H,PMo,,0,," TIRIRSEICHEIR L 72 (Figure 5-3 (a) D7 =4 ¥ B
CRB TR ENEEDP NS T 5, ) TOBEHE L 2 BTRLE
[HPMo,,0,,]" TIE 7 = 4 ¥ BHERCRES NS Lo I L EHBBNTH 5,
Mo, JEF-0> Mo, -O(W)-Mo,, & & THAIEAE LTV 5D Moy -O|)-Moy, fificd
THEBEBEETOMNE OR D ITRK E , Mo-OW)#E & B EEX 1.89(2)/1.92(2)-
1.84(2)1.97(2) A (3 1.86(1)/1.95(1) A) %KL, TORZER 0-[PMo,0,]" 125
3% 1.86/1.96 A IZICEL LTV b, — 5 CAMEEEEAE ITRALAERE S v ik
D Mo, -O(L)-Moy, #5 6D Mo,,-O() #EHEBEIRTA L 72 X 5 12 2.06(1)-2.10(1)
A (FF#2.08(1) A) L2070 E %20 L Moy, -O)-Moy, o ~ MOy i0nOW)- MOy gy
BB D Mo-O() FEA1E 1.90(2)-1.98(1) A #7R L7z, EU 77 L BRFETH
DL Y ) ko2 Ry Bt —F—Eid, SV ERGOE) 7T VEFHRLE
Bt |17 & o TLET A 0(13). O(15). O(15Y 128175 b DA% 1.08(4)-1.18(4) &
INEH o2 D ED D, IS DEEREF TS IO A2 a v OV (4 P THST
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O ARERIL ELIIEA LI VLoD T U bR =Y 3 v A MIRY R -8
148 AL Moy SABEAETH OQDETEE L HND, THHLL
HORERERF DR Y Mo — & — B 1.7(1)-2.073) L R&D272,

o UHEO LI ET A VRT L) 7 Y BEH OB
Moy, ++P THIBHEAT 3.599(8)-3.625(9) A (¥4 3.615(4) A) &R L 0-[PMo,,0,," 1258
7% 3.55 A Ly LEV, Mo, +*P\ Mo, P MBIHHEL 3.55(1)-3.56(1) (¥
355(1) &) LIZE A BT, AL NSRS ATHEE R FE 0 TV b
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Table - data for [(Pri)zNH2]3[H 4PMo,0,]°2H,0

formula
f.w.

space group
A

b/A

/A

VA3

Z

D/ g°crn"3
u/cm”1
cryst. size/mm
scan method

data collen range
h, k, 1 range

no. of data measd
no. of unique data

no. of obsd data
([IF1>3.0c(F)D

no. of variables
R/%

R'/%

S, goodness of fit

max shift/error

CgHseN3P Mo1504)
2200.89

Pnma

23.805(4)
20.543(4)
13.718(2)
6709(2)

4

2.179

22.64
0.3x0.3x0.3
®-26

5°€20<55°

0,24 /0,28 /0,14
8457

8457

2849

151
8.1
7.1
3.76
0.005
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Table 5-6 Positional parameters and B(eq) for [(Pri)zNHz]B[H4PM012040]°2HZO.

P

om X y 2 B(eq)
Mo()  0.7233(2) 0.25 0.2936(3) 2.754(3)
Mo2)  0.5977(1) 0.1660(1) 0.2886(2) 2.722(2)
Mo(3)  0.76923(9) 0.1637(1) 0.5135(2) 3.202(1)
Mo(d)  0.6357(1) 0.0738(1) 0.5067(3) 3.357(1)
Mo(5)  0.50644(9) 0.1607(1) 0.5014(3) 3.102(1)
Mo(6)  0.7247(2) 0.25 0.7133(3) 4.422(3)
Mo(7)  0.5893(1) 0.1574(2) 0.7070(2) 4202(2)
P(1) 0.6365(4) 0.25 0.504(1) 2.527(4)
o) 0.772(1) 0.25 0.209(2) 5.3(8)
0Q) 0.5766(9) 0.116(1) 0.200(1) 3.6(5)
0(3) 0.8252(7) 0.1148(9) 0.503(2) 5.3(5)
04) 0.6478(6) -0.0041(8) 0.495(2) 4.4(4)
0G5) 0.4429(6) 0.1325(8) 0.488(2) 4.0(4)
0(6) 0.756(1) 0.25 0.825(2) 4.8(8)
o) 0.568(1) 0.128(1) 0.816(2) 4.5(6)
0@®) 0.6752(8) 0.186(1) 0.245(1) 3.2(5)
009) 0.574(1) 0.25 0.243(2) 3.1(7)
0(10)  0.7522(7) 0.186(1) 0.386(1) 3.4(5)
o1l 0.6300(8) 0.1056(9) 0.376(1) 2.5(4)
012)  0.5320(7) 0.169(1) 0.376(1) 2.6(4)
013)  0.8129(9) 0.25 0.508(3) 3.2(5)
O(14)  0.7084(7) 0.1019(9) 0.521(1) 4.1(5)
0(5)  0.5476(6) 0.0719(7) 0.497(2) 3.03)
06)  0.491(1) 0.25 0.509(3) 3.8(6)
017 0.7681(8) 0.183(1) 0.649(1) 3.9(5)
O(18)  0.6188(8) 0.083(1) 0.641(1) 3.3(5)
019  0.5196(8) 0.149(1) 0.638(1) 3.4(5)
0020)  0.6650(8) 0.185(1) 0.730(1) 3.8(5)
0@l 0.569(1) 0.25 0.726(2) 47(8)
022  0.637() 0.25 0.396(2) 2.4(5)
023 0.697(1) 0.25 0.544(2) 2.7(6)
024)  0.6051(7) 0.1869(8) 0.541(1) 2.7(4)
025  0.321(1) 0.166(2) 0.489(4) 19(1)
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0.227(1)
0.500
0.164(1)
0.183(1)
0.203(2)
0.204(2)
0.241(2)
0.289(3)
0.490
0.459
0.417
0.588
0.560
0.555

0.095(1)
0.009
0.161(2)
0.094(2)
0.056(2)
0.004(2)
0.030(2)
0.047(3)
0.078
0.036
0.079
-0.049
-0.010
-0.048

0.398(2)
0.354
0.506(3)
0.479(3)
0.566(3)
0.305(3)
0.357(3)
0.292(5)
0.209
0.285
0.342
0.393
0.318
0.228

4.6(6)
16(1)
6.6(8)
8(1)
9(1)
8(1)
7(1)
20(2)
15.6°
15.6°
15.6°
15.6°
15.6°
15.6°

2) Fixed to be the same as Beq of N(2).
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2.10(1) o)
M 4 ERANCREUSEUBOASEMHERARANEARS
o) 3.558(3) e Mo(5)
1.902)
0@8)

(d)

o@ovy) . v 00D
= 1.98(1)
Mo(6) ez~ -~~~ 3.74405) Mo (7)

1.96(2) 1.92(2)

020)

Figure 5-3 Schematic representations of the anion in compound 2. (a) the structure of
B—[PM01204O]7' . The structure of (b) the rotated edge-sharing Mog0Oq3 group, (©)
The edge-sharing Mo3O;3 group comprising Mo atoms in central belt and (d) the
corner-sharing triplet group in the bottom. Thick dot lines imply that the MoQOg

octahedra share edges and thin dot lines imply that they share corners.
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Table 5-7 Seclected bond lengths(/ix), angles(”) and distances(A) between metals for B-
[H,PMo,,0,,I”.

Mo(1)-O(1)
Mo(1)-O(8)
Mo(1)-O(10)
Mo(1)-O(22)

Mo(4)-O(4)
Mo(4)-O(11)
Mo(4)-O(14)
Mo(4)-O(15)
Mo(4)-O(18)
Mo(4)-0(24)

Mo(7)-O(7)

Mo(7)-O(18)
Mo(7)-0(19)
Mo(7)-0(20)
Mo(7)-0(21)
Mo(7)-0(24)

Mo(5)-0(16)-Mo(5"")
Mo(5)-0(19)-Mo(7)

Mo(1)eeeMo(2)
Mo(1)eeeMo(3)

Mo(4)eeeMo(5)
Mo(4)eeeMo(7)

Mo(1)essP(1)
Mo(2)e==P(1)
Mo(3)eseP(1)
Mo(4)es<P(1)
Mo(5)e+=P(1)
Mo(6)eeeP(1)
Mo(7)e=*P(1)

1.64(3) Mo(2)-0(2)  1.67(2) Mo(3)-0(3)  1.68(2)
1.87(2) Mo(2)-0(8)  1.98(2) Mo(3)-0(10)  1.86(2)
1.95(2) Mo(2)-0(9)  1.92(1) Mo(3)-0(13)  2.06(1)
2.49(2) Mo(2)-0(11)  1.89(2) Mo(3)-0(14)  1.93(2)
Mo(2)-0(12)  1.97(2) Mo(3)-0(17)  1.90(2)
Mo(2)-0(22)  2.45(2) Mo(3)-0(23)  2.50(2)
1.63(2) Mo(5)-0(5)  1.63(2) Mo(6)-0(6)  1.70(3)
1.92(2) Mo(5)-0(12)  1.84(2) Mo(6)-0(17)  1.93(2)
1.84(2) Mo(5)-0(15)  2.07(1) Mo(6)-0(20)  1.96(2)
2.10(1) Mo(5)-0(16)  1.871(5) Mo(6)-0(23)  2.42(2)
1.90(2) Mo(5)-0(19)  1.92(2)
2.48(2) Mo(5)-0(24)  2.47(2)
1.70(2)  Mo(1)-0O(8)-Mo(2) 127¢1)  Mo(2)-0(9)-Mo(2") 128(2)
1.91(2)  Mo(1)-O(10)-Mo(3)  149(1)  Mo(2)-O(11)-Mo(5) 148(1)
1.92(2) Mo(2)-0(12)-Mo(5)  146(1)
1.92(2)  Mo(3)-0(13)-Mo(3¥") 119(1)

1.98(1)  Mo(3)-O(14)-Mod)  155(1)  Mo(#)-O(15)-Mo(5) 117.0(7)
239(2)  Mo(3)-0O(17)-Mo(6)  127(1)  Mo(4)-O(18)-Mo(7) 128(1)
157(1) Mo(6)-0(20)-Mo(7) 150(1)

128(1)
Mo(7)-021)-Mo(7™)  148(2)

3.452(5) Mo(2)esMo(2"")  3.450(6) Mo(3)e=sMo(3"") 3.545(5)
3.665(5) Mo(2)*==Mo(4) 3.450(6) Mo(3)eesMo(4)  3.679(3)

Mo(2)eesMo(5) 3.450(6) Mo(3)eesMo(6) 3.432(5)
3.452(5) Mo(5)*esMo(5"")  3.450(6) Mo(6)e=sMo(7) 3.545(5)
3.665(5) Mo(5)#esMo(7) 3.450(6)
3.55(1) P(1)-0(22) 1.48(3)  O(22)-P(1)-0(23) 110(2)
3.55(1) P(1)-0(23) 1.54(2)  0(22)-P(1)-0(24) 109(1)
3.625(9) P(1)-0(24) 1.58(2) O(23)-P(1)-0(24) 109.3(9)
3.621(2) 0(24)-P(1)-0(24"™)  110(1)
3.599(8)
3.56(1)
3.55(1)

Symmetry cordes : VIL x, 1/2-y, z.
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5.3 EE

531 KBTI E - TR RAENLBFOT =4 L ERANTOER

500 B X U523 IR L= & 912 2 B T& I o-[(Pr),NH, L[HPMo, ,0,)°
4m0@7:f7%%@%Wth&LfT&f@Mwwm@ﬁ%tpmMO%ﬁ
R e 0T = VBRI b A RIS 1 5 72 T & Mo-O(w)-Mo #
S BIT D Mo-O) DRGIEBEDREI/NE (ool &b, RIS 2 <
Lt 2 BTRERESHEICRYATNT =4 Y EEEHRISERELL TS C
ZzbNize

. 4 EFEITCHE B-[(Pr),NH,][H,PMo, ,0,,]2H,0 O 7 =% ¥ Tid Figure
54@)Kﬁwfkﬁf%éhtMmmwMo%%%ﬁ(@%ﬁwmwmwwmw\
Mo, -O(1)-Moy o KA TR Moy, O) Moy # ) D57 Mo-Ol) @
4 AP R EASTHIR L TV 2 2 L SALD MoseeMo FEEAEAT or-[PMo; 041" 1
BIBLDLN BEL o T2l by &5 ITHIH Moy, -O() Moy, #i& TR
JEH Moy, -O(W) Moy, A OURERFN T P 2=V 8 ¥V LTI ESD5
BIEAT £ o THLD A F N B T Figure 53 (0) ISR S Mz 2D Moy AT & 11
D Moy, BT THBINS 3 fOBEIA Mo,0,, L= b & 3D Moy, JEF
CHER R LB TEA R Mo,0, L= v MIERER L AT RAERL T s Lk
L7 '

532 0-[PMo,,0,,]" DIRTTEIEIC BT 5 BUSHIE

Table 5-1 1258 L7 BIS A CHAET 5 7 =4 YEOEVIRER, TNo 5
?NTNPNMRXNﬁFWTﬁMéﬂfwé%®aLf&f%»@%ﬁ%#%*
b%ﬂtoC@@K%%t&%@dﬁﬁ%$KﬁWMR@Vf%WkLfﬁwé
h&wT:ﬁyﬁﬁﬁELTmé%%f%bJ%Kﬁ&ﬁ@1%%%%@@@@?
%éotﬂbaﬂmqu$@fm%yﬁ%ﬁﬁﬁﬁié%fdzé%%ﬁﬁﬁﬁ

103



FHTEFWMESNTVAT LY, FRWE LRTUEHED P NMR AX7 |
CIRERAT A B | T 2 ETRICHE o-[HPMo ,0,1" ? % 7 F VA3l <
NTVD I L%ErS | BB UERPICAELEVA FETAELTH D
LD EGVEVTH A, FATEPZMPIAMRTIEFELLL o
[NBu,],[HPMo,,0,,] @ *'P NMR ¥ 7 )V (7 b= b IVEEAF) X 3.5 ppm I
ER SN TEY O, ARG THELCBRILETH 2 o-[NBu,L,[PMo,,0,] P~
7 (04 ppm) & VEEEEY 7 M LTwizZ e n, ATOKERT 0.51 ppm
CEEEN A Y TSN ETRTEICL S O TH S RIEEGETS &\
L2 LRSS 0.51 ppm D 7 F VIZBEREBIG > 5 24 BE ] & REIRBII SN 5 =
Y%, o-[PMo, 0, PKBEPTIMAMEI NPT W EREb DY T T e
a-[PMo,,0,,I" FEED 3 RIBEITH % 0-B-[H,PMo,0,,(OR); 1" & F%E L7

KRBT B a-[PMo,0,,]" DIEETTO JUSHMEE *'P NMR A7 TV
DEEEZAL (Figure 5-1) % 5KO &9 1T L7z, SBHERNICER S b D3 4
D a-[H,PMo, 0,5 B BE 2 BT 5 & o foAd LI L 727", MATRG 6 5
BB IT IR L 72e D HIE o [HPMo, O, 1 & 527 LT o-B-
[H,PMo,0,,(OH), " Bk L7220, & % W IZTT U 0-[PMo,,0,01" CHESNL EE
2726

SRS BATE 9 (IS o-B-[H,PMo,0, (OH),I" ¥ 7 F vl s iz 2 &
S o PMo, O WETIL Lo TEFEM AL & T I ab
[H,PMo,0,,(OH),’ & | ETEILENZ 3 BOEY 77 VR Mo Mo, 04(H,0),1
CAMET B L LTe O [Mo"Mo"L O (H,0), 1 DfiEiE, TN E TG ST
VB EEECAT . 4 DT 7T VDK o THEK & 115 Mo, 0,(H,0),] " 1iE *
PECRE L77o 77 0 [PMo,,0,," AT A B L 72 4efF T C 48 FERIE L T
L 3P NMR A7 N IVIZZALOEI S Lz o 72 2 £ 5> 5 o-B-[H,PMo,0;,(OH), 1"
12 BT 0-[PMo,,0,,]" DS E & N TAR L7 d O TG Z LR S 172,
<RI RIE A ER KD & 627 ppm WXH 72 ¥ 7SOV EN /£, -5.62 ppm
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12 2 B RITH o-[HPMo, ,0,01" O ¥ 7 F VBN S N, T FE TITEICANZ L
pEESTTICL DRSNS BAL2 2 7 BICFEAT -5.8 ppm (50 %, T¥ / — -k
RSB B 5\ iE -6.6 ppm (50 %y VA FA v KREAEERO IS, B CE
PR 6.4 ppm CRIEHAY SRS L LIRED DB, ST, SR
627 mom DY 7RSO MEER (B30 ) THEABIL, L0V
FLOERIHIC o B2 BFRTEN Y P UpENG Z Epb -6.27 ppm DY 74
FUIE B 6 BT RILETIER, A2 ETBTHICLAbDEERT, o
CHB IO AT IR 5 T a-B-[H,PMo,0y,(OH),J" 25 B Bl 2 BT REILEFTR SN
fm Lt by T OB, o [PMo,0," & CH,OH OJEER{LEIT RIS THERT 5
CH,0H 7 Y70 W Ic ko TLETEIL SN 0.-B-[H,PMo, O, (OH),1” %% 1 &
FENS: 3 MOEY TFVBEHEET AN HEHNE o-B-[H;PMo, O, (OH), T #*
CH,0H 7 Y HVIc o T 2 BFRILENIZ 3BDEY TFVEREREA LT A2
ETRIENEEND L E X . FD%F. o B2 BHETMEICL 5 -5.62 ppm P
S oL RSB S e D b D B 2 ETRTOAEE o B2 BAEITEICRELT
2 L7 50 0 BOMEAT & 10 p 4 BT-RTTAE D A AR S A1, BafthyIC
I RSHETED 97 %9 a-[PMo,,0,,1" 7% B #l 4 TEF=ITCAE, B-[H,PMo,,0,," % T&
a8, .2 ETEIVE a-[(Pr),NH,],[HPMo,,0,0l 4H,0 Dk % IR
L 77 2 AT (1.8 mMYOEYGEAAE F T P NMR A7 b vid 48 B RIILE
% oM ETETEDY VTNV TR, 4 BFETM B-[HPMo,,0,]" DV 7
F N EFE LT (-12.68 ppm & 0.26 ppm D ¥ FFIVORTIRENL 1.0:1.0) o 85%
H,PO, % fE¥E & L C H,PO, % 0.48 ppm D ¥ 7TV IRBLZRE OV H B L
5 0.26 ppm DY FFNMET = VERSGHL TERLZY VIRIZE B DL
Ui o0 BBIeHd B 4 ETRICE L U Y BRICIIRS R Mo TR
L-botBhbhs, LiL, BETET2ATIEY VERICHS T AT 7TV
ORI S ot B LEOY 7 F VORI E AT, B
4 BTERTAESEBNENS TP NMR A7 PVIZEC D& JCAE AT o-B-
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[mM@pMmmﬁ@A@vﬁfwﬁﬁméhé:t#%\ﬁ%mibiﬁttu
7@@%¢Kﬁﬁfé%07f7@kﬁﬁbfaBﬂUWMQﬂHm}%%ﬁﬁ
ék%ito%&éﬂthﬂUW@Qﬂmm}dﬁﬁ%%ﬁ%@bﬂ?ltmi
of%%%Kﬁ@T&T@Uy%UT?VMﬁ4%%iTEﬁéﬂ5@T%éﬁo
ez L7 BB 4 BT BT AR OIS Scheme 5-1 2% L1072,

aﬁquM*%m@ﬁ¢f%m$%m%ﬁ?5%f@\%%ﬁﬁmwﬁﬁ
BCT oA VEBRO o ke B RHOREMIEY BRSNS LREL 3T, 2
BRI B AL LT LI o b L 4 BTRIVE T o ko B
O RHAL 2352 L7z 20 X D R BMLIZETIZ L » THXONLRFDT =
BRI AT A OB EORELICKE(EAENLEEX DN
salEICEL7 L )0 2 B RTECRETET T =4 v BReRIIRRILL
#é@ﬁﬁtﬁ%%%%@fmmymyuamﬁwfkﬁfﬁéﬂt%%ﬁ&%
FEL T 5, TG T o Y O 2 BT RIVEDOHE, BV E R
Lir—FT 4 ETETEOT =4 VEEOHKER ¢, LBAKETHL o
[PMo,,0,]" ® T, & Y KV, FABETRL 6 BFRIUEICBWTLRTE
?Ml@@@%ﬁwpmllv%WK%E%LT@W%@?ZﬁV%E®H%ﬁ
SEMLAE L DRV, SHLE D o F VSRR BRIGEICEIVN S WIS
FOT oA v EBORBEEE TSI LI Lo TRILEFSERIIERENLS
%J5K%%%ktf%%ﬂb\§%m%%§ﬁﬁ%<&%K%of7:ﬁ7%%
DAL L. — BT ETHRELEETRET 5 LE 270

B RO A B BB T aPMo, O, 1ok B ¥ 7T a-B-
[&M@&M@mﬁﬁié?ﬁ%»ﬁ#&b?ﬂwFﬁﬁéoCﬂ@lﬂ%@7;
;Y RRIEREICHEET A CHOH 7 YW VIZ ko THEITEN, TOBRIZT VT
VAESRET B 0 & HEE SN A MRS 2 T B R,
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5.4 EE&

FEIIEIFB L OGO E T FICBRT 2 2 &2 (HW

a-[(Pr),NH,] [HPMo,,0,,]°4H,0 D &K

0-H,[PMo,,0,,]°13-14H,0 K& (0.2 g/ 20 ml H,0) IZETHIFMHLEL T
MeOHSml %Mz 770 COWEEAEEVICE L TEEFHEA T, 500 W mHKE
JTIC X -T2 HESESOEE BE L7z S ORICEROBITEAEH O FBICEL
L7 &9 LTEILEN2EHIC (Pr),NH,*HCIO, 2.0 g & MeOHSml & /MA.4C
T—REHETLHZ LTI FL, $HRES L LT o-[(Pr),NH,],[HPMo,,0,,]°4H,0
B8, BILEOSH L KMnO, & W7 BAEHRE L V7o 7z, HEEKRE
Ag-AgCl BAR, VEREARICIL Pt EM Z A L, TOA Electronics IM-5S ion meter (= X
hilE Lz WEMRIE—0TH f: D 1.8+0.1 ETTOETLETH D I EAIRE
N7 CLESATERE : C. 12.64 ;H, 2.46 ; N, 3.47 % w1l C, H,;;N Mo ,0,, -

C. 1251 ; H. 2.43 ) N. 3.19 %, )

B-[(Pr),NH,1,[H,PMo,,0,,]°2H,0 D&k

%
N

o-[(Pr),NH,],[HPMo,,0,,]4H,0 O & B & [F &k & 3 2 L & o

H,[PMo,,0,,]°13-14H,0 KEH A AR VI L TERFHA T, 500 W HEKE
Tz k » T3 ARSI Z AT Lz, @ICSNABRIC (Pr),NH,HCIO, 2.0 g &
MeOH S ml 2%, 4 C T—HEBT S LIZL D FE, AABORIK & &
T B-[(Pr),NH,L,[H,PMo0,,0,,]2H,0 % 37z, BITE OHATIE o-[(Pr),NH,],
[HPMo,,0,,]e4H,0 |28 1) 5 54 & FAARIAT N 37201 BFOOREILETH AL &
PRENT, (CEDTITENE . 10.50 ; H. 2.85 ; N, 2.04 %, HG§{H
C,H,N,PMo,,0,, : C. 9.97; H, 1.94; N, 2.60 %, )
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p NMR ZRY kU
3P (121.7 MHz) NMR A2 b Vit 298+1 K, EE S5 mm O NMR EZHw
- JEOL AL 300 spectrometer 1= & o TillZE L7z 7 I 7V ¥ 7 b id 85 % H,PO, &4t
sppmie & LCHSE L7 0-[PMo,,0,,] KO TR I IL DR LZALITRD & 9
123K 776 8 M D MeOH # &5 20 mM D a-[PMo,,0,,] AEH % EFE 5 mm O NMR
#1206 ml A, 500 W S HEASRATIC & o TERIEE BAS Ll e v 7o i
SfRIZEBAST X B £ 9 1T inversion-recovery 1EIZ X o T T Fr &Ko, —FR
W7 = VD THEO S EORSONSVAT A LAY A LERST0" 7SV A
TG L7, FEEmHUE 132 EICERE L72o SN & R <9 4 72012 line-broadening
factor 1 1Hz (2552 Lice V7 FVORBGIEENENOD Y 7 VDR & il
BENT S bR D 0L KD, KnRFOY ¥ EE ﬁ@’/\f@? A VREAIANRY
FVICHEHNRTW D EWIFHRO T TCENETNOT =4 VD EEET 272,

X $RIBE AT

Wik L O 7 — £ 13 ARC-5 DUSHE B3 EE (gl v CliE
L7 X SIEIZIE Mo O K, %7977 A4 THEEILALLDE[MAL
(A=0.71069), EEHIEIF ©-20 FEAEIZ LY 8 min' T, a-[(Pr),NH,],[HPMo, ,0,,l°

4H,0 | OXFORD CRYOSTREAM COOLER version 3.1 % fv1C 275 K THl L,
B-[(Pr'),NH, ], [H,PMo, ,0,,]°2H,0 13 Z i THIE L 720\ F LD ifii i % Lindemann glass
capillaries {23 172 % 0 % ZEE ICHUY A THEIE L 720 orientation matrix & T ER

DOFEFIE o-[(Pr),NH,],[HPMo,,0,,1*4H,0. B-[(Pr),NH,],[H,PMo,,0,,]2H,0 €1
FH21°L20=257, 20°<20=<25" CHlE L7z 25 MORET & W TIT o 720 TD
V7 bz 7id TEXSAN®? 2 L. B8 o-((Pr),NH,],[HPMo, ,0,,]°4H,0 *
SHELXS-86°",  B-[(Pr),NH,],[H,PMo,,0,,]2H,0 i¥ SAPI-91* =i/ L 720 WA
FizwndInd Yscan i £ A DD TITo 72,
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F 72 o-[(Pr'),NH,],[HPMo,,0,,]*4H,0 DFFHTIZE T N(1eeeN(1") [HIHHE &
0(8)+*O(8*™ I BE M 13 £ LT 0.84(4). 1.17(4) A EEREEETS o 7272012 N(1). O(8)
DEFNENOBELAMRE 12 LELSE TR L7Ze  B-[(Pr),NH,L[H,PMo,,0,]
oH,0 W L TIHFET S 3MOI A Y TUENTIVATFF D)L, LHECHE
LTHT A AL+ —F—LTBY ., BTFOFEMERL) 7714~ XNTnhw, 72
e phFA VI L CTREERFIRECRS PO HFALTER % 12 & LT
L7z
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BEALKEICL DA L7 4 v DIRF VBB WTT Y Y RFI2 -4
ﬁméﬂt[mywhqﬁmw[memqmmgwmwﬁmz)ﬁﬂ@mmﬁm;
LA LT 4 v DIEE TS ICECHENEE AR C & R L FUCHEE I
T 5 MAEEE,

1. ﬁmﬁ%@%ﬁ@IRZN7FWK§Wﬁ&#otCk#%ﬁm¢\
WMWMQMWMJNMWHQM@aWWWFLD6i7;ﬁ7%%%ﬁﬁtﬁﬁ%
HHEVER 2R 2 L R S LT,

2. wnwm%ww(FLD%%ﬁ&Ltﬁmfwﬁﬁﬁﬁﬁﬁﬁt
WEWMQMQMM”@ﬂ,Dﬁ%ﬁﬁﬁﬁ®ﬁ%%?%ofﬁ@@ﬁ*4b@
n2ﬂNWﬁ$V¢KﬁD74Vﬁ%ﬁ?élbﬁ“PNM&UVXNﬁbw\%
A7)y 2 RVT VT T LADFERLVRENT

3. TR E AL & E S TS % Bk EO RGO RERILRD L g,
IZRD BTz,

dlepoxide}/dt=k, [catalyst]’« [cyclooctene]” * [H,0,]* (1)
d[O, Vdi=k,[catalyst]"®* [cyclooctene] - [H,0,]'7 (2)
d[0, }/dt=k [catalyst]*** * [H,0,]"" (v rud s 7 VIFEET) (3)

k: USSR E R

4. WEWM%@%F%%ﬁk?é?»#ywiﬁ#vﬁﬁmwﬁmﬁﬁm2
@ﬁ@A4Fu&»ﬁ#v%\@mmgwmmwwokinmuua
w«mmo-@ﬁﬁéﬁﬁblﬁ%vwimwﬁﬁﬁm%ﬁ%ﬁoto

@ﬁitm%WT@@ﬁ%ﬁtLTA%D%U@%@%#%%Q\A%D
ﬁU@ﬁ@ﬁ@&Lf%ﬁ@%%&bﬁ%ﬁ%7»ﬁ&ié%fwézkﬁ%m
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:@;5&%ﬁﬁm%ﬁ%#aiﬁﬁﬁﬁmﬁﬁuﬁf%ﬂ%%%%:tmgg
RERECH L, ARFETRIEELLATUFRIBTHL 6 LT RLM
K [BW,,0;,(H,0);1°13.5H,0, @ i 0 BF- TR o-[(Pr),NH,],[HPMo, ,0,]*4H,0. 4
5 TR B-[(Pr),NIL],[H,PMo, ,0,,2H,0 O X #RAKEFAT 1= M L. Shb Ok
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The olefin epoxidation with H,0, by Keggin-type polyoxometalate catalysts

and crystal-structural studies of photoreduced polyoxometalates.
Eri Ishikawa

Heteropolyoxometalates have been used as catalysts for the oxidation of
hydrocarbons with H,0, in homogenous liquid phase. Especially, some d-electron-
transition-metal substituted polyoxometalates (TMSP) show unique catalytic property.
However, the complexity of these TMSP-catalyzed oxidation systems have prevented to
obtain mechanistic details. In this thesis, both an excellent activity of d~Keggin—type
fitanium-substituted polyoxotungstates [PTLW,,,0,]%* and [PTLW, 5., Ou0 (05

(x=1 and 2) as a catalyst for epoxidation of olefin with H,0, and structural details of

multi-electron reduced species of Keggin-type polyoxometalates  arc described, and

mechanistic details of both the catalytic process and the photoreduction are also discussed.

The aryldiazonium salts of [PTLW ;0] and [PTi W, Ou (015
(x=1 and 2) showed a high catalytic activity for the olefin epoxidation with HZO? n
acetonitril/dichrolomethane v(l/l, v/v) without degradation. The observable} induction
period was characteristic of [PTi,W,,, 041" catalyst in contrast 0 [PTi,W,,.Os0.
(0,) 1 catalyst containing n%-peroxo ligands at Ti sites, implying that alkenes are in
the vicinity of the n2-peroxo ligands at T i sites during the epoxidation. The epoxidation
reaction provides that the H,0, dependence in the rate law is 2.6. Such a high H,0,
dependence which is unique to this system indicates that H,0, is involved in generating
the active catalyst prior to the rate-determining step. To obtain the detail of the mechanism
of the epoxidation, both the cyclooctene epoxidation and the dismutation of H,0, was
investigated in the cyclooctene / tetra-butylammonium salts of [PT'12W10038(O2)2]7' /
acetonitrile system. The H,0, dependence in the cyclooctene epoxidation and the H,0,
disumutation were 2.3 and 1.5, respectively. The cyclooctene coordination to the
TiO,(0,) site in the catalyst was confirmed by changes in both UV and *'P NMR spectra.

From these results, it was inferred that : (i) in this system, the epoxidation proceeds
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through the formation of two type hydroperoxo intermediates. (ii) the H,O, disumutation
is competitive with the alkene coordination to the TiO4(0,) site which would be the active

site for both epoxidation and disumutation of H,0,.

In the oxidation of hydrocarbons by polyoxometalate catalyst, the reduced
polyoxometalates are often produced as intermediates. Therefore, it is important to
understand both the structure of reduced polyoxometalates and the location of injected
electrons in the reduced polyoxometalates to clucidate catalytic mechanism and obtain an
enhanced catalytic activity. From this points of view, three crystal structures of

photoreduced Keggin-type polyoxometalates were clarified.

The single crystal X-ray structural analysis of six-electron  reduced
KS[BWQO”(HZO)S]GB.SHQO shows that the anion pOSSESSES o-Keggin structure with
C,, symmetry. Six electrons are located to one edge-shared WY.0,, group and contribute
to formation of W-W" bonds with a mean bond length of 2.453(3) A. Each of the three
ferminal oxygen atoms in the edge-shared w",0,, group is displaced by an aqua ligand.
Mean W"-O(aqua) bond length is 2.15(4) A. These aqua ligands are bonded to lattice

water molecules and oxygen atom in neighboring anion by hydrogen bonds.

The single crystals of two-electron reduced OL—[(Pri)ZNHz]4[HPM01ZO4O]°4HZO
(1) and four-electron reduced B—[(Pri)zNH2]3[H4PM012040]°2H20 (2) were obtained by
photochemical reduction of OL—H3[PMOIZO4O]°DH20 in aqueous solution and characterized
by X-ray structural analysis. The neighboring MoeeeMo distances for edge- and corner-
shared MoOq octahedra in 1, 3.442(1) and 3.711(2) A respectively, are longer than those
in the oxidized anion (X—[PM012040]3‘ (3.401 and 3.699 A, respectively). The lengthened
MoeesMo distances for 1 suggests the delocalization of two injected clectrons over the
anion framework. In the anion of 2, the Moee*Mo distance for edge-shared MoOq
octahedra within the belt and between belt and bottom, 3.554(2) and 3.432(3) A
respectively, are longer than that (3.401 A) for the oxidized anion. In the oxidized anion

a-[PMo,,0,,17, two Mo-O(mm) bond lengths (with 1.86 and 1.96 A) are very asymimetric.
1240 y asy

120



On the other hand, the edge-shared Mo-O(m) bond lengths within belt and between belt
and bottom in 2 nearly symmetric. This structural change indicates that the four injected
electrons are localized in three edge-shared Mo,0O,; groups, not in the rotated edge-shared
Mo,0,, groups.

The photoreduction process of aqueous solution containing o-[PMo,,0,,] were
investigated by means of *'P NMR spectroscopy and following process of the
photoreduction were proposed : one-electron reduced species produced in the first step for
the multi reduction is decomposed to OL-B-[H3PM09031(OH)3]3‘ and trinuclear Mo cluster,
[Mo3Oé(HZO)7]5+‘ The latter incorporates one electron in the cation framework. Two-
electron reduced o-[HPMo,,0,01" is generated by the coupling of one-electron reduced
OL—B—[H3PM09031(OH)3]4' with trinuclear Mo cluster. The former is produced
photochemically. Finally, the four-electron reduced B-[H4PM012O40]3‘ is produced by the
disproportionation of two-electron reduced ot—[HPMOIZOw]“', followed by the hydrolysis

of the oxidized anion.
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