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General Introduction 

Heteropolyoxometalates have extensively been used as practical catalysts for oxidation 

and acidic processes in various industrial fields [ 1 a, 2, 3] In recent years, a wide range of 

their potential applications are spread in many fields [I a, 2] such as magnetic and conducting 

[ 4, 5], electrodes [ 6 ], non-linear optical [7], and biomedical materials [8] because of their 

versatile properties. 

Heteropolyanions are formed by the condensation of an oxo acid of metal (M) and that 

of heteroatom (X) and classified into various types of structures according to the composition 

of X :M, as summarized in Table 1 [ 1 b, 1 c, 9, 1 OJ Among them, the Keggin anion 

Table 1. Typical Classes of Heteropolyanions 

X:M Formula arne of Structure 

-, 

: 12 [PW 12o4oF- Keggin 

1:12 [CeMo 12042]8- Silverton 

2:18 [P2 W 18062]6- Dawson 

1:9 [MnMo9032]6- Waugh 

1:6 [T eMo6024]6- Anderson 

1: I l [PW 11 039) 7- defect Keggin 

I: 10 [PW I 0o36J 7- defect Keggi n 

I :9 [PW9034]9- defect Keggi n 

(X:M = 1: 12) are representative, because they are easily prepared , thermally and chemically 

stable, and widely used as catalysts [3]. The Keggin structure [I l ], having overall T d 

symmetry, is constructed with a central X04 tetrahedron (X= P, Si, As, etc.) surrounded by 

twelve metal-centered M06 octahedra (M= W, Mo , Y, Nb, etc.) arranged in four groups of 

three edge-shared octahedra, M 3 013; these triplet groups are linked by shared corners to one 

another and to the central X04 tetrahedron [ld] (Fig . 1 ). The oxygen atoms of the Keggin 

anion are classified into four species [ 1 OJ: four internal ones (Oi) binding the X and three M 



atoms, twelve terminal ones (Ot) bound to the 

M atoms, twelve edge-sharing ones (Obe) 

bridging between two M06 octahedra within 

the same M3013 triplet, and twelve corner-

sharing ones (Obc) bridging between two 

M3013 triplets ; Obe and Obc atoms are 

expressed in terms of ob atoms put together. 

Heteropolyoxometalates resemble discrete 

fragments of solid metal oxides and, in addition, 

are superior to conventional metal oxides in the 

respects that they are soluble in water and 

Figure 1. Polyhedral representation of the 

Keggin anion. a-[XM 1204oJn-. Hatched 

and plain parts indicate the central xo4 
tetrahedron and M06 octahedra. respectively . 

organic solvents and that their structures can be well-defined at the molecular level of 

polyanions [3]. Thus, from the viewpoint of molecular design of catalysts, their properties 

as a model complex of metal oxide catalysts as well as their inherent catalytic activities have 

been attracting particular attention . Furthermore, since their properties can be controlled by 

modifying the constituent elements (heteroatoms and addenda atoms) of polyanions and 

counter cations, the relationships between the structures and the properties of heteropoly 

compounds have systematically been investigated [ 1 0]. 

Mixed addenda heteropolyoxometalates, which contain two or more kinds of elements 

as addenda atoms, have recently attracted much interest, because the metal atoms substituted 

for the parent ones furnish the polyanions with novel properties such as enhancement of the 

catalytic activities and selectivities [3, 12- 18], supporting for transition metal catalysts [ 19], 

introducing of sites of direct ligand binding [20], magnetic interactions [21 - 23] , and 

formation of new types of geometrical isomers [24-27]. One of the major problems for this 

class of heteropoly compounds is that it is difficult to synthesize one with precise structure 

including the location of the different addenda atoms. Mixtures containing a variety of 

species with different composition of the addenda atoms tend to be afforded [28], and even 

2 

for the spectes with a umque composition there are numerous possibilities [29, 30] of 

positional isomers [ l e, 31] of the different addenda atoms as well as geometrical isomers [32] 

Stereospecific positional tsomers of metai(M)-trisubstituted dodecatungsto-

heteropolyanions of the Keggin type, [XM3 W904o]n- (X= heteroatom), are demonstrated in 

F. ? ['"' '"'] tg. - .).) . The A-type positional isomers (a and c) have three adjacent corner-shared 

M06 octahedra of the substituted metal and the B-type one (b) has three adjacent edge-shared 

M06 octahedra constructing the M3013 triplet . The geometrical isomers are also 

demonstrated in Fig. 2. The Keggin anions (a and b) are denoted by the a-isomer [I I]. 

The structure of the 0-isomer (c) has an edge-shared W3013 triplet rotated by 60° about the 

three-fold axis of the a-isomer, thereby reducing the overall symmetry of the anion from Jd 

to C'Jv [32]. 

(a) (b) (c) 

Figure 2. Pol\'hedral representation of the positional and geometrical rsomers of metal-

trisubstituted dodecatungsto heteropolyanions of the Keggin type. A-a-1 XM :i W 9040 111- (a). B-a­

IXM3W904ol11- (b). and A-~-IXM]Wg0,_wl 11- (c) . Hatched. plain. and shaded parts mdrcatc the 

central X04 tetrahedron. \V06 octahedra. and M06 octahedra. n;specti\ ·ely . 

The first object of this study is to confirm the methods for the syntheses of specific 

positional isomers of the mixed addenda heteropolyoxometalates derived from the trivacant 

lacunary nonatungstophosphate precursor, A- ag[PW 9034] [34, 3 5]. The precise 

structures of the 0-isomers of the A-type metal-trisubstituted dodecatungstophosphate anion 

salts, A-0-[PM3 W904o]n- (M = V(V) and Nb(V), n = 6; M = Mo(Vl), n = 3), have been 

3 
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determined by the single-crystal X-ray anal yses, the sites of the substituted addenda atoms List of Publications 

having been clarified . 1. 

The redox mechani sms of heteropolyoxometalates of the Keggin type have 

systematically been studied in relation to their catalytic functions [1 0, 36- 41]. Although a 

heterogeneous (vapor/solid phase) reduction of the a.-dodecamolybdophosphate (cx­

[PMo 1 204oJ3- ) compounds in catalytic processes is known to be accompanied by an 

elimination of the bridging oxygen atoms in the Mo- 0 - Mo bonds [I 0, 36, 38, 40], no 

investigations have been done to clarify the difference in the reactivity between the corner-

sharing and the edge-sharing oxygen atoms. In this study, the individual reactivity of both 

the bridging oxygen atoms has been evaluated through the stoichiometric reductions of the a.­

[Pf\1o 12040]3- anton salt and of the A-~-[PMo3 W 904oJ3- am on salt with 

triphenylphosphine in a homogeneous system. 

Chapter I describes syntheses and spectroscopic properties of A-~-[PV 3 W 904o]6--, A­

~-[PNb3 W904oJ6- , and A-~-[PMo3 W904oJJ- anion salts in comparison with their 

geometrical a.-isomers. 

Chapter 2 describes the determination of the crystal structures of three ~-isomers of 

these salts . 

Chapter 3 refers the isomerization of these ~-isomers to the corresponding a.-isomers 

together with their kinetics . 

In chapter 4, reduction of cx-(NBun4)3 [PMo 1204o] and of A-~-

(NBu114)3 [PMo3 W 904oJ with triphenylphosphine are examined in acetonitrile. Some 

oxygen-deficient reduced species of these heteropoly compounds are isolated and their 

spectroscopic properties are discussed . 

In chapter 5, the kinetics of the above-mentioned oxygen-transfer reactions are 

discussed . 
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Chapter 1 

Syntheses and Spectroscopic Properties of the a- and P-lsomers of the A-Type 

Vanadium-, Niobium-, and Molybdenum-Trisubstituted Oodecatungstophosphate Anion 

Salts 

1.1 Introduction 

The redox properties of mixed addenda heteropolyoxometalates, which contain two or 

more kinds of elements as addenda atoms, can be precisely controlled by modifying the 

constituent addenda atoms [ 1] . Therefore, the relationships between the structures and the 

redox properties of such compounds have attracted much attention in relation to discrete 

model complexes of mixed metal oxides catalysts [l - 4]. One of the major problems for 

these compounds is that it is difficult to synthesize one with precise structure including the 

number and the location of the substituted metal atoms . Mixtures containing various 

species with different compositions of the addenda atoms tend to be afforded [5], and even for 

the species with a unique composition there are numerous possibilities [6, 7] of positional 

isomers [8, 9] of the different addenda atoms as well as geometrical isomers [ 1 0]. 

Stereospecific syntheses of metal-trisubstituted dodecatungstosil icate compounds 

([SiM3w9o40]7- , M = V and Nb) [11 - 13] were done by using structurally well­

characterized A-type trivacant lacunary nonatungstosilicate precursors, the A-a-

On the other hand, it is 

uncertain whether the trivacant lacunary nonatungstophosphate anion, [PW 9034]9- , is an a­

or 0-isomer [16]. By using the A- and B-[PW9034]9- anion salts as precursors, two a­

isomers of nonatungstotrivanadophosphate compounds, the A-a-[PV 3 W 904oJ 6- [ 11] and B­

a-[PV 3 W 904oJ6- anion salts [ 16], were synthesized, respectively. 

In this chapter. by using the sodium salt of the A-type trivacant lacunary 

nonatungstophosphate anion, A-Nag[PW g034] [ 16], as a precursor, A-type vanadium-, 

niobium-, and molybdenum-trisubstituted dodecatungstophosphate amon salts, A-0-

10 

[PV3 W904oJ6-, A-a-[PV3 W904oJ6-. A-0-[PNb3 Wg04oJ6 , A-a-[PNb3 w9o40]6-, and 

A-0-[PMo3 W 904oJ3- , were synthesized and their structures were characterized by their 

spectroscopic properties 

1.2 Experimental 

Materials. Nonasodium nonatungstophosphate heptahydrate [ 16 ], A-

Na9[PW 9034} 7H20, and heptapotassium monohydrogen hexaniobate tridecahydrate [ 17], 

K7H[Nb601 9llJH20, were prepared according to the procedures in the literatures. 

Preparation of N onatungstotrivanadophosphate Anion Salts. 

To an aqueous (90 cm3) solution of avo, (4 .23 

g, 34.4 mmol) was added 12 mol dm- 3 HCI (50 cm3) and then 1,4-dioxane (.SO cm3) . To 

the vigorously stirred pale-yellow solution, freshly prepared A-Na9[PWg034J·7H20 ( 14 2 g, 

5.54 mmol) was added slowly in small portions (about 50 mg) to turn red immediately. 

After stirring for 1 hat room temperature, CsCI solids (1 3.2 g, 78.4 mmol) were added to the 

solution. The resulting red precipitates were collected by filtration, washed with methanol, 

and dried in vacuo to afford a red powder ( 12.5 g). lt was dissolved in water (3 50 cm3 ), 

yellow insoluble materials being removed by centrifugation. The supernatant solution was 

cooled to give dark-red columns of A-0-Css .4Ho 6[PV 3 W 904oli2H20 (I 0. 5 g, 56% yield) 

The composition of the cation was determined by the single-crystal X-ray analysis described 

in chapter 2. Twelve molar amounts ofwater were determined by thermogravimetry based 

on the weight loss of the salt heated up to 300°C (Found 6.0%, Calcd 6.33%) The 

compound contained no sodium ion based on atomic absorption spectroscopy. Anal. 

Found : H, 0.67: Cs, 22; P, 0.91; V, 4.4; W, 48%. 

0 73; Cs, 21 03 ; P, 0.91 ; V, 4.48; W, 48.48% 

To the above-mentioned supernatant solution 

was added an aqueous (25 cm3) solution of NBu174Br (6.45 g, 20.0 mmol) The resulting 

red precipitates were collected by filtration, washed with water and ethanol , and dried in 

1 I 



vacuo to afford a red powder of A-~-(NBu174)4H2[PV3 W904oJ (8 20 g, 43% yield) Anal. 

Found: C, 22.29; H, 4.20; N, 1.57; P, 0.88; V, 4.1; W, 47o/o. Calcd for 

C64H 146N4o40PV3W9: C, 22 .28; H, 4.27 ; N, 1.62; P, 0.90; V, 4.43; W, 47 .96%. 

A-~-(NBun4)6[PV3W9040l· To an acetonitrile (10 cm3) solution of A-0-

(NBu174)4H2[PV3 W904oJ ( 100 g, 0.290 mmol) was added a methanol solution containing 

10 wto/o of NBu1740H ( 1.51 g, 0.582 mmol) and the solution was stirred for 5 min at room 

temperature. After the solvent was evaporated to dryness under reduced pressure, the 

residue was washed with diethyl ether, collected by filtration , and dried in vacuo to afford a 

red powder of A-~-(NBu174)6[PV3W904oJ (0 .930 g, 81% yield) . Anal. Found: C, 30.17; 

H, 5 70; N, 2. 17%. Calcd for C96H216N604oPV3 W9: C, 29 .32; H, 5.54; N, 2.14% . 

A-a-Cs61PV 3 W 904ol· The a-isomer of the A-[PV 3 W 904oJ6- anion was 

prepared by the condensation of A-Na9[PW9034l7H20 and NaV03 in an acetate buffer 

solution at pH 4.8 according to the procedure in the literature [ 11, 18] as follows . To an 

acetate buffer solution (pH 4.8, 100 cm3) was added NaV03 (3 50 g, 28.7 mmol) and then A­

Na9[PW9034l7H20 ( 14 .0 g, 5.46 mmol) . After stirring for 48 h at room temperature, 

CsCl solids ( 10.0 g, 59.4 mmol) were added to the solution . The resulting orange 

precipitates were collected by filtration, washed with water and methanol, and dried in vacuo 

to afford an orange powder of A-a-Cs6[PV3W904oJ (14 .2 g, 79%). 

A-a-(NBun 4)4HziPV3W904o]. A-a-Cs6[PV3 W904oJ (71 0 g, 2. 17 mmol) was 

dissolved in v.ater (I 000 cm3) and followed by addition of an aqueous (25 cm3) solution of 

NBu114Br (6 45 g, 20.0 mmol) . The resulting red precipitates were collected by filtration, 

washed with \Vater and ethanol, and dried in vacuo to afford a red powder of A-a-

Anal. Found C, 22 .30; H, 4. 11 ; N, I . 70%. 

Calcd for C64H146N404oPV3W9· C, 22.28; H. 4.27; , 1.62o/o . 

Preparation of Triniobononatungstophosphate Anion Salts. 

dissolved in a 30° o H202 aqueous solution ( 17 cm3) at room temperature [12, 17] and to the 
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solution was added water (220 cm3) After stirring for 10 min at the temperature, 12 mol 

dm-3 HCl ( 1. 0 cm3) was added and then 1 ,4-dioxane ( 1 0 cm3 ). To the vigorously stirred 

pale-yellow solution, freshly prepared A-Na9[PW9034l7H20 (7 12 g, 2 78 rnmol) was 

added slowly in small portions (about 50 mg) to turn yellow gradually. After stirring for I 

h at room temperature, the yellow suspensions v .. ere filtered and to the filtrate \\ere added 

CsCI solids (6 .00 g, 35.6 mmol) . The resulting yellov., precipitates vvere collected by 

filtration, washed with methanol, and dried in vacuo to afford a yellow powder ( 4 94 g) It 

was dissolved in water (320 cm3), white insoluble materials being removed by centrifugation 

The supernatant solution was cooled to g1ve yello\.\ Cf\'Stals of A-0-

Fourteen molar amount of \\ater \A;ere 

determined by thermogravimetry based on the weight loss of the salt heated up to ~00 C 

(Found 6.4o/o, Calcd 6. 90% ). The compound contained neither sodium nor potassium ion 

based on atomic absorption spectroscopy. Anal. Found Cs, 20; '\Jb , 7 5; P, 0.86, \\' , 46°o 

Calcd for H28Cs6Nb3054PW9: Cs, 21.82; b, 7.63 ; P, 0.85, \V, 45 .28°o 

A-~-(NBun4)5HIPNb3W904ol· To the above-mentioned supernatant so luti on 

was added an aqueous (15 cm3) solution of NBu114Br (3 .40 g. 10 5 mmol) The resulting 

pale-yellow precipitates were collected by filtration, washed \Vith water and ethanol. and dried 

in vacuo to afford a pale-yellow powder of A-~-( Bu114)5H[P!\b3 \\'904oJ (2 39 g. 23 ° o 

yield). Anal . Found : C, 24 .92; H, 4.65 : N, 1.86, Nb, 7 9. P. 0 7-+: \\' . 43° o Calcd for 

C80H181N5NbJ04oPW9 : C, 25 .17; H, 4 78: ~. 1 83 : 0Jb. 7.30: P. 0 81. \V. 43 34°o 

A-a-Cs6[PNb3W9040l· An acetate buffer solution (pH 4 8. ~ 0 cm3) containing 

A-Na9[PW9034]'7H20 (188 g, 0.735 mmol) was heated at 60°( for I hand then cooled to 

room temperature . 

dissolved in a 30% H202 aqueous solution ( 4 0 cm3) at room temperature and to the solution 

was added water (40 cm3). To the solution was added the abo\·e-mentioned butTer solution 

containing A-Na9[PW9034]'7H20 to turn yellow immediately . After stirring for 2 h at 

room temperature, CsCI solids ( 1.50 g. 8.91 mmol) \Vere added to the solution and stirred for 
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2 h. The resulting yellow precipitates were collected by filtration, washed with methanol, 

and dried in vacuo to afford a yellow powder of A-a-Cs6[PNb3 W904olll H20 (0 .894 g, 

34o/o yield) . Eleven molar amounts of water were determined by thermogravimetry based 

on the weight loss of the salt heated up to 300°C (Found 5.1 %, Calcd 5.51 %). The 

compound contained neither sodium nor potassium ion based on atomic absorption 

spectroscopy. Anal. Found : Cs, 21: Nb, 7. 7; P, 0.83; W, 45% . Calcd for 

To the above-mentioned buffer solution 

containing A-Na9[PW9034]-7H20 (1 .88 g, 0.735 mmol) and K7H[Nb6019ll3H20 (0 .500 

g, 0.368 mmol) was added an aqueous (50 cm3) solution of NBu17 4Br ( 1.10 g, 3.41 mmol) . 

The resulting pale-yellow precipitates were collected by filtration, washed with water, and 

dried in vacuo to afford a pale-yellow powder of A-a-(NBu114)5H[PNb3 W904oJ (I 34 g, 

48°/o yield) . Anal. Found : C, 24.76; H, 4.58; N, 1.86; Nb, 7.3: P, 0.61; W, 45% . Calcd 

for CgoHJgJNsNb3o40rw9: C, 25 .17; H, 4.78; N, 1.83; Nb, 7.30; P, 0.81; W, 43.34% . 

Prepar·ation of Trimolybdononatungstophosphate Anion Salts. 

A-f3-K3JPMo3W904ol· To an aqueous (35 cm3) solution of Na2Mo04·2H20 

(7 30 g, 30 .2 mmol) was added 12 mol dm- 3 HCl (50 cm3) and then 1,4-dioxane (50 cm3) . 

To the vigorously stirred solution, freshly prepared A-Na9[PW9034l7H20 (14 .2 g, 5 54 

mmol) was added slowly in small portions (about 100 mg) to turn yellowish--green 

suspensions. After stirring for 1 h at room temperature, KCI solids (3 .00 g, 40.2 mmol) 

were added to the solution. The resulting yellow precipitates were collected by filt ration, 

washed with a saturated KCl aqueous solution, and dried in vacuo to afford a yellow powder 

of A-0-K3[PMo3W904oJ (12 .0 g, 79% yield) . 

dissolved in methanol (300 cm3) and to the solution was added Me4Br (2.80 g, 18.2 mmol) 

dissolved in methanol ( 100 cm3) The resulting yellow precipitates were collected by 

filtration, washed \Vith methanol, and dried in vacuo to afford a yellow powder of A-0-
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It was recrystallized from acetonitrile to give 

yellow columns . Anal. Found : C, 5.23 : H, 1.42: N, 1.40, Mo, 9 6, P, 1.2, W, 56% 

Calcd for C12H36Mo3N304oPWg: C, 5 08: H, I 28, N, I 48 , Mo, 10 15 : P, I 09, W, 58 35%. 

dissolved in methanol (300 cm3) and to the solution was added NBu"4Br (5 00 g, 15 5 mmol) 

dissolved in methanol (50 cm3) . The resulting yellow precipitate was collected by 

filtration, washed with methanol, and dried in vacuo to afford a yellow powder of A-0-

It was recrystallized from acetonitrile to 

give yellow columns. Found : C, 17.24; H. 3.20; , 1.24: Mo, 8.3, P, 0.90: W, 49°;o 

49.53% . 

Physical Measurements. IR spectra were measured with a Perkin-Elmer 983G 

and a Nicolet 5DX spectrophotometers in KBr pellets . 31 P and 51 V MR spectra were 

measured with a JEOL JNM-EX270 spectrometer operating at I 09.36 and 71 04 MHz, 

respectively. 183w NMR spectra were measured with a JEOL GSX-400 spectrometer 

operating at 16.625 MHz. 31 P, 51 Y, and 1 83w MR parameters pulse width , 4. 7, 5. I , 

and 80 1-1s: sweep width, 5400, 60000, and 8000 Hz: number of acquisitions, 500- 5000, 200, 

and 30000, respectively. For all NMR measurements, the cesium, potassium, and 

tetraalkylammonium salts were dissolved in deuterium oxide (0 003- 0.004 mol dm- 3 ). 

methanol-J4 (0 .01 - 0.02 mol dm- 3), and acetonitrile-J3 (0.01 -0.05 mol dm 3), respectively 

31 P, 51 V, and 183w MR chemical shifts were expressed in ppm with negative \'alues 

upfield from those of 8S%H3P04, YOCI3 (neat), and Na2 W04 in deuterium oxide (2 mol 

dm- 3), respectively, using the sample replacement method [ 19]. 

1.3 Results and Discussion 

a-Dodecatungstophosphate, a-H 3 [PW 1204o], was prepared by the condensation of 

Some mixed addenda 
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molybdotungstophosphates, a-H 3 [PM ox W 12- x04oJ (x = 1 ~ I I), were reported to be 

conveniently obtained by modification of the above-mentioned, usual method using mixtures 

of Na2Mo04 and Na2 W04 in a variety of molar ratio s instead of Na2 W04 solely [2.1, 22]. 

A unique Mo/W composition for these compounds was suggested by their IR spectra; the 

characteristic bands r23] of the potassium salts of these polyanions were continuously 

changed according to the Mo/W ratios of starting materials and distinct from those of the 

However, the author found that 

these mixed addenda compounds were composed of mixtures of a series of anion salts of 

molybdotungstophosphates, a-[PMox W 12- x04o] 3- (x = I ~ 1 0), which was revealed by their 

31 P NMR spectra as demonstrated in Fig. 1- 1 [24]. "a-(NBu" 4)3 [PMo6 W 604oJ" prepared 

a 

b 

c 

I I I 
0 -5 -I 0 -15 

5 I ppm 

Figure 1-1. 3lp NMR spectra of a.-(NBun 4)3l PMo 1204ol (a). ex-

(NBun 4)3IPW 1204ol (b). and "a.-(NBun 4)3fPMo6 \V 6040 I" prepared b\ the 

condensation ofNa2HP04. 6Na2Mo04. and 6Na2W04 (c) measured in acctonitrile-c/3 
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by an equimolar mixture of Na2Mo04 and Na2 W04 shows mainly ten 3 I P MR signals 

observed with about I ppm intervals at the region between those of a-(NBu114)3[PW 1204oJ 

Therefore, each of the eleven signals is considered to be 

derived from a-(NBu114)3[PMoxW12- x04oJ (x = I, 2, 3, .... , 10). Furthermore, in contrast 

to the single, sharp signals of a-(NBu174)3 [PW 1204oJ and a -(NBu114)3 [PMo 1204o], each 

signal is broadened and split, which suggests the existence of positional isomers [8 , 9 J having 

a unique Mo/W composition. It was pointed out that direct syntheses of mixed addenda 

heteropolyanions from respective, constitutive oxometalates are liable to lead to mixtures of 

isomers based on their 3 1 P NMR spectra [6, 7]. 

All of the vanadium-, niobium- , and molybdenum-trisubstituted 

dodecatungstophosphate anion salts prepared by using A-Nag[PWg034] as a precursor also 

showed IR spectral patterns characteristic of the Keggin-type structure. The typical , 

are shown in Fig. 1- 2 In the region of 1200- 600 crn- 1, both the compounds show four 

major bands they are assigned to P- Oi (Oi band) [25] , M=Ot (terminal oxygen. 0 1 band, M -

V and W), M- Obc- M (corner-sharing oxygen, Obc band), and M- Obe- M (edge-sharing 

oxygen, Obe band) stretching modes on the analogy of the assignments of the Keggin-type 

polyanions [23] . The distinctions between the spectra of these a- and 0-isomers are as 

follows First , A-a-(NBu114)4H2[PV3W904oJ develops well-separated Obc (883 em 1) 

and Obe (805 cm- 1) bands, while the Obc band (880 em- !) of A-0-

(NBu" 4)4H2[PV 3 W g04oJ is weak and obscured by the broad Obe band (805 crn- l) 

Second, the Oi band of the 0-isomer ( 1077 ern- 1) appears in the lower frequency region 

compared with that of the a-isomer (1 086 cm-1) Third, in a lower frequency region 

(500-300 cm- 1 ), a strong band is observed for the a-isomer (3 82 crn- 1 ), and three broad 

ones for the 0-isomer ( 406, 3 74, and 328 cm- 1 ). These findings are in good agreement 

with the spectral behavior characteristic of a- and 0-isomers of [XM 1204oJn- polyanions 

(X= P, Si , Ge, and As; M = Mo and W) [23]. The other vanadium- , niobium-, and 
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molybdenum-trisubstituted dodecatungstophosphate anion salts also showed the similar IR 

spectral patterns characteristic of the a- and B-isomers . The wave numbers of the lR bands 

ofthese isomers are summarized in Table 1- l. 
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Figure 1-2. 
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Table 1-1. Wave Numbers (cm- 1) of the Relevant IR Bandsa) of Metal-

Trisubstituted Dodecatungstophosphate Anion Salts 

Salt Stretching Mode 

P- Oi M=Ot M- Obc- M M- Obe- M 

A-B-Cs5.4Ho .6[PY3 w9o40] 1074 962 _b) 806 

A-B-(NBun4)4H2[PY 3 W 904oJ 1077 959 880 (w) 805 

A-B-(NBu"4)6[PV 3 W 904oJ 1077 950 882 (w) 806 

A-a-Cs6[PY3 W904oJ 1086 956 874 801 

A-a-(NBun 4)4H2[PV 3 W 904oJ 1086 954 883 805 

A-B-Cs6[PNb3 W904oJ 1045 959 _b) 813 

A-B-(NBu114)5 H[PNb3 W 904oJ 1045 955 876 (w) 815 

A-a-Cs6[PNb3 W904oJ 1050 964 887 797 

A-a-(NBu"4)5H[PNb3 W904oJ 1054 959 890 808 

A-B-K 3 [PMo3 W 904oJ 1070 973 880 (w) 817 

A-B-(NMe4)3 [PMo3 W 904oJ 1070 970 882 825 

A-B-(NBu"4b [PMo3 W 904oJ 1070 975 875 (sh) 804 

a) w, weak; sh, shoulder. 

b) Obscured as a shoulder band of the Obe band . 

All of these metal-trisubstituted dodecatungstophosphate amon salts showed single, 

sharp 31 P NMR signals as summarized in Table 1- 2, in contrast to the multiplet signals of 

11 a-(NBu"4)3[PMo6W6040] 11 as shown in Fig. 1- 1(c) . This indicates these salts consist of 

a single species of the mixed addenda heteropolyanion, and neither mixtures containing a 

species with different composition of the addenda atoms or positional isomers of the 

substituted metal atom . The signals of the a-isomers of vanadium- and niobium-

trisubstituted dodecatungstophosphate anion salts are observed at about I ppm higher field 

compared with those of the corresponding B-isomers, suggesting these salts are not mixtures 

of geometrical isomers The signal of the a- or B-isomer of ( Bun 4)4H2[PV 3 W 904oJ is 

observed at higher field compared with that of the cesium salt of the corresponding isomer . 
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Similar differences of the 31 P NMR signals are also observed for the a- and 0-isomers of 

These observations are ascribable to protonation of the 

[PM3 W904oJ 6- (M - V and Nb) anions, as discussed later . 

Table 1-2. 31 P NMR Chemical Shifts of Metal-Trisubstituted 

Dodecatungstophosphate Anion Salts 

Salt Solventa) Chemical Shiftb) 

A-0-Css .4Ho.dPY 3 W 904oJ 020 - 10.98 

A-0-(NBu" 4)4H2[PV 3 W 904oJ wet CD3CN - 11.42 

A-0-(NBu" 4)6[PV 3 W 904oJ wet C03CN - 10.90 

A-a-Cs6[PV 3 W 904oJ D20 - 11.66 

A-a-(NBu114)4H2[PV 3 W 904oJ wet C03C ' - 12.64 

A-0-Cs6[PNb3 W904oJ 020 - 7.07 

A-0-(NBu114)5 H[PNb3 W 904oJ wet CD3CN - 7 95 

A-a-Cs6[PNb3 W904oJ 020 - 8.22 

A-a-(NBu17
4)sH[PNbJ W904oJ wet C03CN - 9.01 

A-0-K 3 [PMo3 W 9o40] CD30D - 11 .43 

A-0-(NMe4)3 [PMo3 W 9040J CD3CN - 10.03 

A-0-( Bu" 4)3 [PMo3 W904oJ CD3CN - 10.03 

a) About I 00 equivalent amounts of H20 to the salt were added in the wet 

acetonitrile-d3 . 

b) Negative values in ppm upfield from 85%H3P04. 

The 183 w NMR spectrum of A-0-K 3 [PMo3 W 904oJ in methanol-d4 shows two sharp 

peaks at - 93.9 and - I 05 .2 ppm with integrated intensities in the ratio 1:2, as depicted in Fig. 

1-3 . Both of them arc observed as doublets by the spin-spin coupling with the 3 1 P nucleus 

(2.Jw-O-P = 1.5 and 1.0 Hz, respectively). Furthermore, both the signals have satellites 

due to the reciprocal 2.Jw- O- W coupling of 21 .0 and 15 6 Hz, respectively It was 

reported that the magnitude of the 2 Jw-o-w coupling constant varied with the W-0-W 
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bond angle [26] The W- Obe W angles within the same W30 13 triplet are smaller than 

the W-Obc- W angles between the different W3013 triplets, therefore, 2.Jvv Obe- W 

coupling constants (5- 12 Hz) are distinguishably smaller than 2.Jw Obc w ones ( 15- 30 

Hz) [ 1 I , 1 3 ]. These findings were applied to the structural characterization of some 

polyoxotungstate anions [27- 29], especially , A- and 8-type positional isomer of metal-

trisubstituted dodecatungsto heteropolyanions [I I , 13] . The present compound exhibit s the 

larger 2.Jw- O- W coupling constants, which suggests that two kinds of 'vY atoms are linked 

together through the corner-sharing Obc atoms, that is , this molybdenum-trisubstituted 

dodecatungstophosphate anion is an A-type positional isomer Consequently, the signal at 

the lower field in Fig . 1- 3 can be assigned to the three "cap" \A.' atoms in the rotated, trigonal 

edge-shared W3013 triplet and the other to the six "belt" W atoms adjacent to both the "cap" 

-90 -95 -100 -105 -110 

6 I ppm 

Figure 1-3. IX::lw NMR spectrum of A-~-1(3!PMo3\VqO-toltn mcth~nol-d-t . 
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W and Mo atoms . 

acetonitrile-d3 showed the similar 183w NMR spectral patterns, although the satellites due to 

the 2.Jw- O- W coupling were obscured . The parameters are summarized in Table 1- 3 . 

Table 1-3. 183w NMR Parameters of A-0-[PMo3 W 904oJ3- Anion Salts 

Salt Solvent 8 (ppm) 2.Jw- o - P (Hz) 2.Jw- o - w (Hz) 

A-0-K 3 [PMo3 W 9o 40] CD30D - 93 .9 1.5 21.0 

- 105 2 1.0 15 6 

A-0-(NMe4)3[PMo3 W904oJ CD3CN - 91 .4 1. 5 _a) 

- 101.5 1.0 _a) 

A-0-(NBu114)3 [PMo3 W 904o] CD3 CN - 91 .1 1. 5 _a) 

- 101 .3 1. 5 _a) 

a) Not resolved. 

The reaction solution for the condensation of NaV03 and A-Na9[PW9034] as 

described for the preparation of A-0-Css.4H0 _6[PV3 W904o] in the experimental section 

using deuterium oxide instead of water showed only a single, sharp 31 P NMR signal at 

- 11 .65 ppm and two l83w NMR signals at - 106 7 and - 117 .9 ppm with integrated 

intensities in the ratio l :2. The l83w NMR spectral pattern was similar to that of A-0-

K 3 [PMo3 W 904o] described above . The lower field signal assignable to the three 11 Cap" W 

atoms showed satellites due to the spin-spin coupling c2 .Jw- Obc- W = ca 16 Hz), although 

the higher field signal assignable to the six "belf 1 W atoms was broadened by the quadrupolar 

influence of the 51 V nuclei . 

acetonitrile-d3 vary with amounts of added water, as demonstrated in Fig . 1- 4 . The broad 

183w NMR resonance in dry acetonitrile-d3 is gradually transformed to the two peaks with 

addition of water. With 1 00 equivalent amounts of water, two sharp signals are observed 

at - 99.4 and - I 07 .6 ppm with integrated intensities in the ratio I :2, which are similar to the 
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Figure 1-4. 31 P (a. b. c). 51 v (d . c . f) . and 1 R3w NMR spectra (g . h . i) of 

A-~ -(N Bun 4)4H 2 fPV 3 W 9040 l in acctonitrile-d3 . The amount of added '' atcr is 

0 (a. d. g). 10 (b , e. h). and 100 equivalent (c_ f i) of water to the salt. 

signals observed for the reaction solution. The lower field signal shows unambiguous spin-

spin coupling satellites (2.Jw- Obc- W = 18 .1 Hz) . The value of the coupling constant 

agrees with those observed for pairs of tungsten atoms via the corner-sharing oxygen atom as 

described above . Concomitantly, the broad 51 V MR resonance consisting of two or more 

components in dry acetonitrile-d3 is transformed to a single, broad signal (- 574 6 ppm) with 

10 equivalent amounts of water. In the 31 P NMR spectra, the broad signal (- I 1.64 ppm) in 

dry acetonitrile-d3 is also sharpened and shifted to a lower field with addition of water. 

These results indicate that the bridging oxygen atoms of A-0-(NBu17 4)4H2[PY 3 W 904oJ are 

protonated, as observed for A-0-( Bu"4)4H 3 [SiY 3 W 904oJ [ 13]. ln dry acetonitrile-d3 , 

the protonation site is rather localized on the NMR time scales and the C3v symmetry for the 

naked A-0-[PYJ W904o] 6- anion is lowered, leading to broadening of 31 P, 51 Y, and 183w 
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The presence of water accelerates the 

exchange process between the protonation sites of the bridging oxygen atoms Hence, the 

A-0-[H2PV3 W904oJ4- anion is observed as a species having overall average CJv symmetry . 

A-0-( Bu174)4H2[PY3 W904oJ was deprotonated in acetonitrile by addition of two 

equivalent amounts of N Bu1140H The obtained salt of A-0-( Bu114)6[ PV 3 W 904oJ 

afforded a si ngle, sharp 3 I P NM R signa l at - I 0. 90 ppm in wet acetonitrile-d3 (about I 00 

equivalent amounts of water to the sa lt added) . Furthermore, upon the reaction of A-0-

(NBu114)4H2[PY3W904oJ vvith three equivalent amounts ofNBu1740H, the product gave the 

Therefore, the fully 

deprotonated A-0-( Bu114)6[PY 3 W 904oJ salt did not decompose in the presence of 

additional OH- The distinction between the 3 1 P NMR resonances of A-0-

is assumed to reflect the structural difference between these polyanions; the pol yanion moiety 

of A-0-(NBu114)4H2[PV 3 W 904oJ is protonated . 

1.4 Conclusion 

The vanadium-, niobium-, and molybdenum-trisubstituted dodecatungstophosphate 

anion salts were prepared by using A-Na9[PW9034] as a precursor and they were found to be 

single species of the a - or 0-isomers of A-type metal-trisubstituted ones, A-[PM 3 W 904o]n­

(M - V and Nb, n - 6, l\1 = Mo, n = 3), by their IR, 31 P and 1 83w NMR spectroscopic 

properties. The protonation of the [PM3W904oJ 6- (M = V and Nb) anions was also 

suggested by their NMR spectral behavior . 

The present compounds are the first examples containing a 0-isomer of an A-type PW 9 

unit. To obtain these 0-isomers the addition of I ,4-dioxane to the condensation solution is 

indispensable, because the isomerization of the mixed addenda polyanion from a 0-form to an 

a-one would be depressed in a mixture of aqueous and organic solutions, as described for the 

synthesis of 0-[SiW 1204oJ4- anion [30]. In contrast, by using the same precursor and the 
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different conditions of condensation, the corresponding a-isomers, A-a-[PM 3 W 904o]6- (M 

= V and Nb) anion salts, were successfully obtained Taking into consideration that the 0-

isomer of the Keggin-type polyanion is generally unstable and tends to isomerize to the 

corresponding a-one as described in chapter 3, the present A-type tri vacant lacunary 

precursor, A-Na9[PW9034] , is suggested to be a 0-isomer 
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Chapter 2 

Crystal Structures of the ~-Isomers of the A-Type Vanadium-, Niobium-, and 

Molybdenum-Trisubstituted Dodecatungstophosphate Anion Salts 

2.1 Introduction 

Mixed addenda heteropolyoxometalates have attracted much attention from the 

viewpoints of catalyst-support materials [ 1 J and magnetic characteristics having interaction 

between different metals [2], as well as fundamental structural chemistry [3 , 4] and their 

inherent catalytic activities [5- 11] . Of primary importance in these fields is an acquisition 

of the precise structure of the heteropolyanion, including the positional isomerism [ 12] of the 

different metal atoms as well as the geometrical isomerism [I J ] , as described in chapter I . 

As for the partially substituted heteropolytungstates, their structures in solution, especiall y the 

location of the substituted metal atoms, have been confirmed in detail by multinuclear (29Si , 

31 P, 51 v, and 183w) NMR spectroscopies [3, 14- 16]. In the solid states, on the other 

hand, these substituted metal atoms are susceptible to disordered arrangements [I 7- 20] and, 

hence, only a few mixed addenda heteropolyanions of the Keggin type have been structurall y 

clarified by a single-crystal X-ray analysis, the sites of the different addenda atoms having 

been determined [21 - 26]. 

In this chapter, the structures of vanadium-, niobium-, and molybdenum-tri substituted 

dodecatungstophosphate anion salts were clarified by single-crystal X-ray anal yses as A-type 

metal-trisubstituted, geometrical ~-isomers , A-~-

These are the first X-ray structural 

determinations for a heteropolyanion containing a ~-isomer of an A-type PWg unit in contrast 

to an ex-isomer of an A-PW 9 unit observed for some tungstodiphosphates [2 7- 3 I]. The 0-

isomer of the Keggin-type polyanion is generally unstable compared with the corresponding 

ex-one and structural determinations of the 0-isomers by single-crystal X-ray anal yses have 

been limited; 0 1-[SiMoW 1104oJ4- [17], 0-[SiW1204oJ4- [32, 33], and 0-[PMo1204oJ 7-
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[34]. Furthermore, the positional parameters of the ces1um cations of A-0-

Cs5 .4Ho.6[PV 3 W 904oJ afford important information concerning protonation to the 

[PY3 W904o] 6- anion . 

2.2 Experimental 

Materials. Preparations of the crystals of the vanadium-, niob ium-, and 

molybdenum-trisubstituted dodecatungstophosphate anion salts were described in chapter 1. 

X-Ray Crystal Structure Determination. 

Intensity data were collected on a Rjgaku AFC-7R four-circle diffractometer with graphite­

monochromated MoKa (A = 0 71069 A) radiation, at the Faculty of Science, Osaka 

University. The crystallographic data are summarized in Table 2-1 . The unit-cell 

parameters were determined from 18 independent reflections with 28 over the range of 21 9-

27 .6 ° Three standard reflections were monitored after the collection of 150 reflections. 

No significant decays in their intensities (maximum 8.2o/o) were observed throughout the data 

collection . The reflection data were corrected for Lorentz and polarization effects, together 

with absorption (transmission factors , 0.273-0 999) [35]. 

The structure was solved by the direct method (SHELXS86) [36] and refined by a full-

matrix least-squares technique. The function Ili'(IF0 ~-I Fc1)2 with 11 ' = ( a2(F0 ) + 

0.0009F0 
2)- 1 was minimized for the refinement. All of the non-hydrogen atoms, except 

for 0( 13) of the polyanion (see Fig. 2- 1) and one oxygen atom (0(30)) of eight water 

molecules, were refined anisotropically . Although the thermogravimetric analysis 

determined twelve water molecules for this complex molecule as described in chapter 1, eight 

oxygen atoms of water were clarified from the D-Fourier maps . The positions of the 

hydrogen atoms were not determined. Since the Cs( 4) atom on a mirror plane afforded a 

very large Beq (about 15 A2) compared with those (3 .40-6. 79 A2) of the other Cs atoms, the 

occupancy factor was refined to be reduced to 0.2. Thus, the counter cations are considered 

+ + ) to be (Cs )54(H 0.6· Although numerous large peaks (up to 3.15 e A- 3) near to the Cs 

28 

Table 2-1. Crystallographic Data 

Fommla 

Fommla weight 

Cr\'stal size I mm 

Crystal system 

Space group 

a I A 

b I A 

c I A 

fJ IO 

V I A3 

z 
.., 

Deale I gem--' 

F(OOO) 

j..t(MoKa) I 111111- 1 

T I oc 
Scan range 28 I o 
Scan width ~w I o 

Scan speed 

O)l 0 min- l 

Scan mode 

Number of unique 

refl cct ions 

Number of reflections 

with J > 3cr(J) 

R 

Rw 

A-~-cs5 .4Ho_ 6-

1PY3w9o40J ·12H20 

H24 .6Cs5.4052PY3W9 

3412.9 

0.2 X () I X 0.3 

Orthorhombic 

Phcm (No . 57) 

13 64X(4) 

21.417(2) 

16 . 742(2) 

4X93( I) 

4 

4 .632 

5950.4 

27 .0 

r _) 

3-60 

1.00 + 0.35tan8 

16(3 ° <28 < 50 ° )and 

R(50 ° s:; 28 s:; 60 ° ) 

0)- 28 

7R44 

4123 

0 .046 

0 .060 

A-~-Cs6- A-~-(NMq)3-

[PNb3w 9o 40 i · !4H2o IPMo3w 9o 40 J 

H2gCs6054 PNb3W 9 C 12H36 30 .. wPMo3Wy 

3654.0 2X3 5 9 

0.2 X 0.2 X 0.4 OA X 0.45 X 0.7 

Monoclinic Orthorhombic 

F21 1c (No . 13) J>mn21 ( 0.31) 

16.X65(4) 13 .X44(10) 

13577(4) 12 X71(10) 

22 240(5) 14 .6X7(13) 

9226(2) 

50XX(2) 2617(3) 

4 2 

4 .769 3 5YX 

6376 2512 

26.5 20 .5 

23 )""' __ ) 

3- 5 6-55 

1.05 + 0.35tan8 1.63 + 0.30tan8 

32 16 

w-28 (J) - 28 

9726 3397 

.5432 214X 

0.071 0.091 

0.079 0 .095 

and W atoms (0.8-1.2 A) were contained on the D-Fourier map, they were ignored because 

they make no chemical sense. Calculations were performed with the TEXSAN structure 

analysis software [3 7] on an IRIS INDIGO workstation at the Faculty of Science, Osaka 

University . The atomic-scattering factors were taken from the usual sources [3 8]. The 
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final positional parameters for non-hydrogen atoms are listed in Table 2- 2 Figures 2- I 

and 2- 4 were drawn with a local version of OR TEP II [39]. 

Intensity data were collected on a Rigaku AFC-

7R four-circle diffractometer with graphite-monochromated MoKa (A = 0. 7 I 069 A) radiation , 

at the Faculty of Science, Osaka University . The crystallographic data are also summarized 

in Table 2- 1. The unit-cell parameters were determined from 20 independent reflections 

with 28 over the range of 8.4 7- 11.75 o . Three standard reflections were monitored after 

the collection of I 50 reflections . No significant decays in their intensities (maximum 

12. 7%) were observed throughout the data collection The reflection data were corrected 

for Lorentz and polarization effects, together with absorption (transmission factors , 0 .128-

1.000) [35]. 

The structure was solved by the direct method (SHELXS86) [36] and refined by a full-

matrix least-squares technique assuming anisotropic thermal parameters for the P., Nb and W 

atoms and isotropic ones for the Cs and 0 atoms. The function LI1 '(1F0 1-1Fc1)2 with 11 ' = 

(a2(F0 ) + 0.0009F0 
2)- 1 was minimized for the refinement Although the 

thermogravimetric analysis determined fourteen water molecules for this complex molecule 

as described in chapter 1, eight oxygen atoms of water were clarified from the 0-Fourier 

maps. The positions of the hydrogen atoms were not determined . Calculations were 

performed with the TEXSAN structure analysis software [3 7] on an IRIS INDIGO 

workstation at the Faculty of Science, Osaka University. The atomic-scattering factors 

were taken from the usual sources [3 8]. The final positional parameters for non-hydrogen 

atoms are listed in Table 2- 3 . The terminal oxygen atoms bound to the Nb atoms were 

disordered in two positions (0(10)/0(11), 0(12)/0(13), and 0(14)/0(15)); their occupancy 

factors were also summarized in Table 2- 3. One of the Cs atom was disordered in two 

positions (Cs(3 )/Cs(8)) , which were also disordered with the oxygen atoms of water 

molecules respectively (Cs(3)/0(58) and Cs(8)/0(57)) ; their occupancy factors were also 

summarized in Table 2- 3. Figures 2- 2 was drawn with a local version ofORTEP Il [39]. 
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Atom 

W(l) 
W(2) 
W(3) 
W(4) 
W(5) 
Cs( 1) 
Cs(2) 
Cs(3) 
Cs(4) 
V(l) 
V(2) 
P( 1) 
0(1) 

0(2) 

0(3) 
0(4) 

0(5) 
0(6) 
0(7) 
0(8) 
0(9) 
0(10) 
0( 11) 
0(12) 
0(13) 
0(14) 
0(15) 
0(1 6) 

0( 17) 
0( 18) 

0(19) 
0(20) 
0(21) 

0(22) 

0(23) 

0(24) 

0(25) 
0(26) 
0(27) 

0(28) 
0(29) 
0(30) 

X 

0 .05965(6) 
0 24924(7) 
0.46549(6) 
0 .09900(6) 

0.294 72(8) 
0.4821(1) 
0 .8900(2) 
0 .2040(2) 
0 .9101(5) 
0 .2775(2) 

0.4808(3) 
0.2541(5) 

- 0.055( 1) 

0 .267(1) 

0 .545(1) 
0 .042(1) 
0 . 1166(9) 
0.3709(10) 
0521(1) 
0 .2213(9) 
0 365(1) 
0.0398(1 0) 
01931(10) 
0 .3 752(1 0) 
0 21 0( 1) 
0 .020( 1) 
0 340( 1) 
0 .044( I) 
0.195(1) 
0 133(1) 

0 2869(1 0) 
0.5209(1 0) 

0 .246(2) 

0 .396(1) 

0 .294( I) 
0 .571(1) 

0 .345(2) 
I. 069( 1) 
0 . 598(2) 

0 .718(1) 

0.5 
0 .839(4) 

y 

0 .03222(3) 
0 .08979(3) 
0 . 15244(3) 
0 .20216(3) 
0.26045(4) 
0 14953(8) 
0 .1440(1) 
0 0355(2) 
0 . I 587(3) 

- 0 .0437(1) 

0 .0161(2) 
0 0979(3) 
0 .0104(6) 

0 .1 040(7) 

0 .1863(7) 
0 . 0231 (7) 
0 .0638(6) 
0 .1 I 86(6) 
0 . 1777(9) 
0 .0618(5) 
0 .1 043(7) 
0 1218(5) 
0 .1679(5) 
0 2208(6) 
0 1633(6) 

0 .2416(6) 
0 3337(7) 
0 .2229(7) 
0 .2674(5) 

- 0 0383(5) 

0 .0073(5) 
0 .0744(6) 

-0 0627(8) 

- 0 .019 I (6) 

- 0 . I I 05(6) 

- 0 .0307(8) 

0 .25 
0 . 1220(7) 

0 . 197(1) 
0 055(1) 
0 
0.132(2) 
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z 

0 . 13790(5) 
0 .03766(4) 
0 . 15019(5) 
0 . 14820(4) 
0 .25 
0. 59724( I 0) 
0 .50 13(2) 
0 .75 
0 .75 
0 .1424(2) 

0 .25 
0 .25 
0 . I 043(9) 

- 0 .0620(9) 

0 .0847(9) 
0 .25 
0.04 I I (8) 
0 .0778(8) 
0 .25 
0 1753(8) 
0 .25 
0. 1539(8) 
0 .0769{8) 
0 .1724(8) 
0 .25 
0 . 0870(9) 
0 .25 
0.25 
0 . 1707(8) 
0.1280{8) 

0.0464(8) 
0. 1690(8) 

0 .25 

0 . 1747{9) 

0 . 1028(10) 

0 .25 

0.5 
0 .632( 1) 

0 .75 
0 . 112( I) 
0 
0 25 

Beq I A2 

I 5 I (I) 
1.65( 1) 
1.53(1) 
I .40( 1) 
I 3 8(2) 
3 .40(3) 
6 .79(6) 
5 .96{8) 
5.2(2) 
1.66(6) 

I 63(8) 
I I ( I) 
2. I (3) 
2 7(3) 

2 .8(3) 
I 5(3) 

I .8(3) 
I 7(3) 
1.6(3) 
I .4(2) 
1.3(3) 
I .8(2) 

1.6(2) 
I . 8(2) 
0 .9(2) 
2 .6(3) 
I . 5(3) 
I. 0(3) 
I . 8(3) 
I .8(2) 

I . 7(2) 
I . 8(3) 

2 .4( 4) 

2.4(3) 

2. 6(3) 

2 .4( 4) 

2 .9(5) 
5 .0(5) 
4 .8(7) 
5 .7(6) 
6.4(9) 

10.5(8) 



Table 2-3. Atomic Coordinates and Beq of A-0-Cs6[PNb3 W904oli4H20 
0(16) 0.827(1) 0 .31 4(2) 0 .2561(10) 3 0(5) 

Atom X y z Beq I A2 occupancy 0( 17) 0.671(1) 0 .327(2) 0 2499( I 0) 3. I (5) 

0( 18) 0 751(1) 0472(2) 0.2117(9) 2 8(4) 

W(1) 0 85303(9) 0.4111(1) 0 .19489(6) 2 82(3) 0( 19) 0 .915(1) 0 .1 29(2) 0 .1214(10) 3 0(5) 

W(2) 0 .74872(9) 0 .2185(1) 0 .24985(6) 2 . 70(3) 0(20) 0739(1) - 0.008(2) 0 . 1742(10) 3. I (5) 

W(3) 0 .65122(9) 0.4175(1) 0 . 18950(6) 2 79(3) 0(21) 0575(1) 0. 145(2) 0 . 1121(10) 3 .2(5) 

W(4) 0 .96158(9) 0 .2516(1) 0 09328(6) 2 94(3) 0(22) 0.546(1) 0.401(2) 0 .053(1) 3.5(5) 

W(5) 0 .84235(9) 0 .0386(1) 0 .15072(6) 2 83(3) 0(23) 0755(1) 0.467(2) 0 .0189(10) 3 .0(5) 

W(6) 0 64167(9) 0 .0488( 1) 0 . 14748(6) 2 81 (3) 0(24) 0958(1) 0.386(2) 0. 066( I) 3 4(5) 

W(7) 0 53 736(9) 0 .2692( I) 0.07824(6) 2 92(3) 0(25) 0.823(1) 0 104(2) 0 .018(1) 3 .4( 5) 

W(8) 0 64334(9) 0.461 I (I) 0 02715(6) 2.87(3) 0(26) 0.668(1) 0. 109(2) -0. 023( 1) 3 6( 5) 

W(9) 0 86660(9) 0.4476(1) 0 03182(6) 2. 78(3) 0(27) 0.746(1) 0 .262(2) - 0 .065( 1) 3 .3(5) 

Cs( I) 0.3977(2) 0 .0470(2) 0 1468(1) 4. 70(7) 0(28) 0.920(1) 0.313(2) 0 . 166i(9) 2. 9( 5) 

c (2) 0 0979(2) 0 .0181(2) 0 . 1591(1) 4 .81(7) 0(29) 0 579(1) 0 .324(2) 0 . 1538(9) 2.5(4) 

Cs(3) 0 5990(3) 0.2280(4) 05910(2) 6 . 10(9) 0 .773 0(30) 0749(1) 0.303(2) 0. 1521(9) 2 2(4) 

Cs( 4) 0.4149(2) 04761(3) 0 1450(1) 6 .3 8(9) 0(31) 0 956( I) 0.215(2) 0 .0144(10) 3 2(5) 

Cs(S) 0 0257(3) 04131(6) 0.6468(2) 10.8(2) 0 .609 0(32) 0875(1) 0 373(2) - 0 .037( 1) 3 6( 5) 

Cs(6) 0 2284(4) 0 .3025(5) 0 . 0539(3) 6 .9(2) 0 .391 0(33) 0 629(2) 0 .394(2) - 0 043( 1) 3.6(5) 

Cs(7) 0 8723(6) 02167(7) 0 .5255(5) 4 8(2) 0(34) 0 541 ( 1) 0 .236(2) 0 .0004( 1 0) 3.3(5) 

Cs(8) 0 .5711 0.242 0 .7272 6 10 0 .227 0(35) 0822(1) 0.280(2) 0 .0567(9) 2 5(4) 

Nb( I) 0.8596(2) 0 .2244(3) - 0 .0450( I) 3 05(7) 0(36) 0.675(1) 0.287(2) 0.0496(9) 2 8(4) 

Nb(2) 0 .7371(2) 0 .0196(3) 0 .0122(1) 3 .10(7) 0(37) 0. 744( I) 0 . 142(2) 0.0944(9) 2.5(4) 

Nb(3) 0 .6391 (2) 0 .2426(3) - 0 .0541 (I) 3 13(7) 0(38) 0 824( 1) 0.137(2) 0.2124( I 0) 3.2(5) 

P( I) 0 .7480(5) 0.2538(7) 0 .0890(4) 2 3(2) 0(39) 0 .667(1) 0 . 148(2) 0 .2086( 1 0) 3. 0( 5) 

0( I) 0 916( I) 0.489(2) 0 2325( 1 0) 3 . 1 (5) 0(40) 0.846(1) 0.468(2) 0. 1179( 1 0) 3 . 0( 5) 

0(2) 0 748( 1) 0180(2) 0323(1) 3 6(5) 0(41) 0.662(2) 0.470(2) 0.112(1) 4 I (6) 

0(3) 0 588(2) 0 .500(2) 0 223( I) 3 7(5) 0(42) 0.658(2) - 0 012(2) 0 .075(1) 4 .5(6) 

0(4) 1059(2) 0 .236(2) 0 . 112(1) 3.7(5) 0(43) 0.822(1) -0.020(2) 0 .0770( 1 0) 3 .0( 5) 

0(5) 0 906( 1) - 0 042(2) 0 .187(1) 3 .4( 5) 0(51) 0.764(2) 0 .330(4) 0.618(2) 8(1) 

0(6) 0 .575(1) - 0 .025(2) 0.1826(10) 3 .4( 5) 0(52) 0 .122(2) 0 .554(3) 0 .632( 1) 5. 8(7) 

0(7) 0.442(2) 0 266(3) 0 .089(1) 4 .7(6) 0(53) 0.111(2) 0 .221(3) - 0 .048( 1) 2.7(8) 

0(8) 0617(1) 0.577(2) 0 008( 1) 3 .5(5) 0(54) 1 0 161(4) 0 .25 5.2(10) 1/2 

0(9) 0.906(2) 0.554(3) 0 .015(1) 5.5(7) 0(55) 0 5 0 . 184(3) 0 .25 4 .5(8) 1/2 

0( 10) 0 .939(5) 0 . 193(7) - 0 102(3) 5.2 0.403 0(56) 0 .264(2) 0 .086(3) 0 .706(2) 7 I (9) 

0( 11) 0 .869(3) 0 .214(4) - 0 . 131 (2) 5.2 0 .597 0(57) 0.5711(8) 0 .242(1) 0 .7272(5) 14( I) 0 945 

0( 12) 0 .764(3) - 0.066(4) - 0 .052(2) 4 .5 0 .571 0(58) 0 .5990 0.2280 0.5910 14 0 .055 

0( 13) 0 .705(4) - 0 .1 06(6) - 0 .018(3) 4 5 0.429 0(59) 0 246(3) 0 .412( 4) 0.658(2) 9(1) 

0( 14) 0 .594(3) 0 . 181(5) - 0 126(2) 4.1 0 .510 0(60) 0.236(4) 0 .297(6) 0 .745(3) 14( I) 

0(15) 0 584(3) 0 .277(5) - 0 . 129(2) 4.1 0.490 

conlinued 
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Table 2-4. Atomic Coordinates and Beq of A-~-(NMe4)3 [PMo3 W 904o] 
Intensity data were collected on a Rigaku AFC-5R 

Atom X y z Beq I A2 
four-circle diffractometer with graphite-monochromated MoKa (A = 0 71069 A) radiation, 

W(l) 0 .3642( 1) 0.4706(1) 0.2681(1) 3 .40(3) at the Faculty of Engineering, Osaka University . The crystallographic data are also 

W(2) 0 .24349(9) 0.3581(1) 0.4396(1) 3 .35(3) summarized in Table 2- 1. The unit-cell parameters were determined from 13 independent 
W(3) 0 .3785(1) 0.2336(1) 0.6313(1) 2 .98(3) 

W(4) 0 3757(1) 0.5929(1) 0.4897( 1) 4 .21(4) reflections with 28 over the range of 29 .0- 30 0 ° Three standard reflections were 

W(5) 0 .5 0.4 798(2) 0 .6642(2) 3 .51(5) monitored after the collection of 150 reflections . No significant decays in their intensities 
Mo(l) 0 .3691(2) 0.2029(2) 0 .2843(2) 1. 13(4) 

Mo(2) 0 5 0.0816(3) 0.4687(3) 1.78(7) (maximum 2 .5o/o) were observed throughout the data collection The reflection data were 

P(l) 0 .5 0.3549(10) 0.448(1) 2.4(2) corrected for Lorentz and polarization effects, together with absorption (transmission factors , 
0(1) 0.408(2) 0.336(2) 0 .3 84(2) 5.2(6) 

0(2) 0 .5 0.468(2) 0.499(2) 2 .2(6) 0.214-1000) [35] . 

0(3) 0 .5 0 .256(2) 0 .505(2) 3 .1(6) The structure was solved by the direct methods [ 40]. All the calculations were 
0(4) 0 .327(3) 0.128(3) 0 .205(3) 12( 1) 

0(5) 0 5 - 0 .056(2) 0.468(4) 9(1) performed using the TEXAN Crystallographic Software Package of Molecular Structure 

0(6) 0.320(2) 0.540(2) 0 .178(2) 5.8(7) Corporation [ 41]. The positions of the N atoms of three tetramethylammonium group 
0(7) 0.126(2) 0335(2) 0.465(2) 5.6(6) 

0(8) 0 .304(2) 0 .704(2) 0.494(2) 4 .5(6) could be determined from D-Fourier maps . However, no C atoms of methyl groups were 

0(9) 0 .5 0 .525(3) 0.771(3) 4 .0(7) found The positions of the hydrogen atoms were not determined The full-matrix least-
0(1 0) 0 .316(2) 0 194(2) 0 706(2) 6.2(7) 

0( 11) 0 .3 54(2) 0 .332(2) 0 .211(2) 6 .3(7) squares refinements were carried out by assuming anisotropic thermal parameters for the W 

0( 12) 0 .261 (2) 0 .240(2) 0 357(2) 4.4(6) atoms and isotropic ones for the Mo, N, 0, and P atoms . The final positional parameters 
0( 13) 0.253(2) 0.431(2) 0 .334(2) 4 .7(6) 

0(14) 0 .399(]) 0 .556(1) 0 602( l) 2 6( 4) for the atoms except for Hand C atoms are listed in Table 2- 4 . 

0(15) 0 .5 0 .653(3) 0.456(3) 4 .7(8) 

0( 16) 0.404(3) 0 .114(2) 0 553(2) 8 5(9) 

0( 17) 0 .5 0 .203(3) 0 679(2) 4 .0(8) 2.3 Results and Discussion 

0(18) 0.421(3) 0 .114(3) 0 .390(2) 11 ( 1) Crystal Structures of the Heteropolyanions. Perspective view of the anions of 
0( 19) 0 5 0 218(3) 0 .260(3) 5. 1 (8) 

0(20) 0 .306(2) 0 .280(2) 0 .540(2) 4 0(5) 

0(21) 0 5 0.452(4) 0 259(4) 1 0( 1) illustrated in Figs . 2- 1, 2- 2, and 2- 3, respectively, together with the atom-labeling scheme 
0(22) 0 .380(2) 0 .570(2) 0 .355(2) 5 1 (6) 

0(23) 0 .285(2) 0.484(2) . 0.494(2) 3 7(5) Every anion is a geometrical ~-isomer [ 13], which results from a 60° rotation about the 

0(24) 0.403(2) 0 .377(2) 0 .662(2) 3. 8( 5) threefold axis of one trigonal edge-shared W 3013 unit of the Keggin structure (a-isomer), as 
N(1) 0 0.196(6) 0 . 793(6) 12 5(8) 

N(2) 0 .5 0. 843(3) 0.735(3) 2 .7(7) described in General Introduction . It belongs to an A-type metal-trisubstituted 

N(3) 0 .5 0 .329(4) 0 981 ( 4) 7(1) dodecatungstophosphate anion in which three W atoms of three different W3013 units 

are replaced by three V, Nb, or Mo atoms [3] . The bond distances of these anions are 
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Figure 2-1. Structure of the anion of A-0-Css.4Ho.6[PV3W904oJ·l2H20. Thermal ellipsoids 

arc shO\\·n at the 50% probability level. Atoms arc related to starred ones by a mirror symmetry. 

summarized in Tables 2-5, 2-6, and 2- 7. The M- 0 and P-0 distances and the 0 - M- 0 

and 0 - P- 0 angles classified by the bonding type of the oxygen atoms [ 42] are summarized 

in Tables 2- 8 and 2- 9, respectively. The M06 (M = W, V, Nb, and Mo) octahedra have 

geometries elongated in the direction of the internal oxygen atoms (Oj) coordinated to the P 

atom, whereas the terminal M- Ot bonds opposite to the internal M-Oj ones are appreciably 

short in the octahedron. The Ob atoms of each M06 octahedron share those of the adjacent 

octahedra so as to construct the longitudinal and latitudinal framework of the anion like a ball. 
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Figure 2-2. Structure of the anion of A-0-Cs6[PNbJW904ol·14H20 Thermal ellipsoids 

are sh0\\'11 at the 50% probability level. 

The V- Obc distances (I . 79(2)- 1 896(7) A) are appreciably short compared with the 

other M-Ob (M =Wand V) ones (1 .82(1)-1 .99(1) A) in A-~-Css4Ho . 6[PV3W904o] and 

the Nb-Obe ones (2.03(3)-2 .09(2) A) are appreciably long compared with the other M- Ob 

(M =Wand Nb) ones (179(2)- 2.0 1(3) A) in A-~-Cs6[PNb3W904ol These findings are 

ascribable to the facts that the ion radius [ 43] of w6+ (coordination number 6 ), 0. 74 A, is 

longer than that of y5 + (coordination number 6), 0.68 A, and shorter than that of Nb5+ 

(coordination number 6), 0. 78 A, and that three substituted metals form the comer-shared 

M3 013 (M = V or Nb) unit of the A-type through the three Obc atoms . In contrast , no 
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Figure 2-3. Structure of the anion of A-~-(NMe4)3i PMo3 W904ol. Thermal ellipsoids are 

shown at the 40% probability level. Atoms arc related to starred ones by a mirror symmetry . 

appreciable difference is observed between the W- Ob (1 .74(3)-2 .01(5) A) and Mo- Ob 

distances ( 1.64(5)- 2 .06(4) A), which is ascribed to the fact that the ion radius [43] of Mo6+ 

(coordination number 6 ), 0. 73 A, is almost equal to that of w6+ (coordination number 6 ), 

0.74 A 

The bond angles surrounding the metal atoms and heteroatom (P) in A-~-

The sum of the four 0b- M- Ob (M = W, Y, 

Nb, and Mo) angles of each M06 octahedron is considerably smaller than 360° for a perfect 
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Table 2-5. Bond Distances (A) ofthe Anion of A-~-Css.4Ho . 6[PV3W904o]·12H20 

Atom Atom Distance Atom Atom Distance Atom Atom Distance 

W(l) 0(1) 1.73( 1) W(3) 0(7) 1.915(9) V( I) 0(8) 2.45(1) 

W(1) 0(4) 1. 90 I (3) W(3) 0(9) 2.40( I) V( 1) 0( 18) 1.99(1) 

W(l) 0(5) 1.92(1) W(3) 0( 12) 1.95(1) V( I) 0( 19) I 95(1) 

W(l) 0(8) 2.38(1) W(3) 0(20) 1.86( 1) V( I) 0(21) 1.896(7) 

W(1) 0(10) 1. 96( 1) W(4) 0( 10) 1.90( I) V( 1) 0(22) 1.79(2) 

W(l) 0(18) 1. 82( I) W(4) 0( ll) I . 90( I) V( I) 0(23) 1.59( l) 

W(2) 0(2) 1.7 1(1) W(4) 0( 13) 2.43( I) \'(2) 0(9) 2.46(2) 

W(2) 0(5) 190( 1) W(4) 0( 14) 1.71(2) V(2) 0(20) l 92( 1) 

W(2) 0(6) 190( 1) W(4) 0( 16) 1.913(7) V(2) 0(22) I 87(2) 

W(2) 0(8) 2.41(1) W(4) 0( 17) 1.95(1) V(2) 0(24) I 59(2) 

W(2) 0(11) 1.95(1) W(5) 0(12) 1. 90( I) P( 1) 0(8) l 54( l) 

W(2) 0(19) 1.85(1) W(5) 0( 13) 2.38(1) P(l) 0(9) I 52(2) 

W(3) 0(3) 1.71(2) W(5) 0(15) 1.69(2) P(l) 0( 13) 1.53(2) 

W(3) 0(6) 1.91(1) W(5) 0(17) 1.91(1) 

octahedron: 350.2- 351.2° m A-~-Cs5.4Ho 6[PV3W904o], 346- 351 ° m A-~-

Cs6[PNb3 W 904o], and 342- 346° in A-~-(NMe4)3 [PMo3 W 904o] . The Ot- M- Ob angles 

are apparently larger than the 0i- M- Ob ones in each compound . These values indicate 

that the metal atoms deviate from the planes formed by four ob atoms to the outside of the 

anion in order to construct the framework. 

adopt almost a regular tetrahedral arrangement having P- Oi distances of I 52(2)- 1 54( 1) and 

1.51(2)- 1.5 5(2) A and 0i-P- Oi angles of 108 .1(9)- 110.2(6) and 107(1)- 111(1)0
, 

respectively. In contrast, the P04 tetrahedron in A-~-(NMe4)3 [PMo3 W 904oJ is largely 

distorted (P- Oj, 152(5)- 1.63(5) A~ Oj- P- Oj , I 0 I (2)-1 19(2 t ), as was observed for other~­

isomers of dodecatungstosilicate anions, ~-K4[SiW 1204oJ (Si- Oi , 1.37- 1.83 A~ Oi-Si- Oj, 

99-117°) [32] and ~-(NBun4)4[SiW 1204o] (Si- Oj, 1 63- 1.86 A; Oj- Si- Oi, l 03- 117°) [33]. 
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Table 2-6. Bond Distances (A) of the Anion of A-~-Cs6[PNb3 W904ol14H20 

Atom Atom Distance 

W(1) 0(1) 

W(I) 0(16) 

W( l) 0( 18) 

W( 1) 0(28) 

W( I) 0(30) 

W(l) 0(40) 

W(2) 0(2) 

W(2) 0(16) 

W(2) 0( 17) 

W(2) 0(30) 

W(2) 0(38) 

W(2) 0(39) 

W(3) 0(3) 

W(3) 0(17) 

W(3) 0(18) 

W(3) 0(29) 

W(3) 0(30) 

W(3) 0(41) 

W(4) 0(4) 

W(4) 0(19) 

W(4) 0(24) 

W(4) 0(28) 

W(4) 0(31) 

W(4) 0(35) 

W(5) 0(5) 

W(5) 0( 19) 

W(5) 0(20) 

1. 70(3) 

1 96(2) 

I 95(2) 

I .87(2) 

246(2) 

1.88(2) 

1.71(2) 

I 85(3) 

I .97(3) 

246(2) 

I 90(2) 

I 88(2) 

174(3) 

1.85(2) 

I . 89(2) 

1.90(2) 

243(2) 

1.88(3) 

1.70(3) 

I. 95(3) 

I .93(3) 

1. 98(2) 

182(2) 

248(2) 

171(3) 

188(2) 

1.94(2) 

Atom Atom Distance 

W(5) 

W(5) 

W(5) 

W(6) 

W(6) 

W(6) 

W(6) 

W(6) 

W(6) 

W(7) 

W(7) 

W(7) 

W(7) 

W(7) 

0(37) 

0(38) 

0(43) 

0(6) 

0(20) 

0(21) 

0(37) 

0(39) 

0(42) 

0(7) 

0(21) 

0(22) 

0(29) 

0(34) 

W(7) 0(36) 

W(8) 0(8) 

W(8) 0(22) 

W(8) 0(23) 

W(8) 0(33) 

W(8) 0(36) 

W(8) 0(41) 

W(9) 0(9) 

W(9) 0(23) 

W(9) 0(24) 

W(9) 0(32) 

W(9) 0(35) 

W(9) 0(40) 
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247(2) 

1. 95(2) 

1.84(2) 

1. 71 (3) 

1. 89(2) 

1.87(3) 

247(2) 

1.95(2) 

1.83(3) 

1.64(3) 

1.95(3) 

1.88(3) 

1.95(2) 

I. 79(2) 

245(2) 

168(3) 

1.94(3) 

1. 90(2) 

1 82(3) 

247(3) 

1.91(2) 

164(4) 

1.91(2) 

1.88(3) 

1.85(3) 

246(2) 

1. 98(2) 

Atom Atom Distance 

Nb(l) 0(10) 

Nb( 1) 0( 11) 

b( 1) 0(25) 

b(1) 0(27) 

Nb(1) 0(31) 

Nb(1) 0(32) 

Nb(l) 0(35) 

Nb(2) 0(12) 

Nb(2) 0(13) 

Nb(2) 0(25) 

Nb(2) 0(26) 

Nb(2) 0(37) 

Nb(2) 0(42) 

Nb(2) 0(43) 

Nb(3) 0(14) 

Nb(3) 0(15) 

Nb(3) 0(26) 

Nb(3) 0(27) 

Nb(3) 0(33) 

Nb(3) 0(34) 

Nb(3) 0(36) 

P(l) 0(30) 

P(1) 0(35) 

P(l) 0(36) 

P(1) 0(37) 

I. 93(7) 

1.92(5) 

1.85(3) 

2 .01(3) 

2 .06(2) 

2 04(3) 

2.49(2) 

1. 90( 5) 

1.91(8) 

1. 99(3) 

1. 84(3) 

2.47(2) 

2. 03(3) 

2.06(2) 

1.93(5) 

l. 94(6) 

1. 99(3) 

1. 86(2) 

207(3) 

2.09(2) 

2.44(2) 

1.55(2) 

1.51(2) 

1 54(2) 

153(3) 

Table 2-7. Bond Distances (A) ofthe Anion of A-~-(NMe4)3[PMo3W904o] 

Atom Atom Distance 

W(1) 0(1) 

W(l) 0(6) 

W(l) 0(11) 

W(l) 0(13) 

W(l) 0(21) 

W(l) 0(22) 

W(2) 0(1) 

W(2) 0(7) 

W(2) 0(12) 

W(2) 0(13) 

W(2) 0(20) 

W(2) 0(23) 

W(3) 0(3) 

W(3) 0(10) 

2 .51(4) 

1.71(5) 

197(4) 

1.89(4) 

1. 90( 1) 

1.82( 4) 

244(4) 

1.70(4) 

197(4) 

1.82(4) 

1 98( 4) 

1.89(4) 

2.52( 4) 

1.49(5) 

Atom Atom Distance 

W(3) 

W(3) 

W(3) 

W(3) 

W(4) 

W(4) 

W(4) 

W(4) 

W(4) 

W(4) 

W(5) 

W(5) 

W(5) 

W(5) 

0(16) 

0( 17) 

0(20) 

0(24) 

0(2) 

0(8) 

0(14) 

0(15) 

0(22) 

0(23) 

0(2) 

0(9) 

0(14) 

0(24) 

195(4) 

1. 87(2) 

1.78(4) 

1.93(4) 

2.36(3) 

1.73(4) 

1. 74(3) 

1.95(3) 

2 .01(5) 

1.88(4) 

2.44(5) 

1.67(6) 

1. 94(3) 

1.89(4) 

Atom Atom Distance 

Mo(l) 0(1) 

Mo(l) 0(4) 

Mo( I) 0( I I) 

Mo(l) 0(12) 

Mo(l) 0(18) 

Mo( I) 0( 19) 

Mo(2) 0(3) 

Mo(2) 0(5) 

Mo(2) 0(16) 

Mo(2) 0(18) 

P( I) 0( I) 

P(l) 0(2) 

P(l) 0(3) 

2 3 I (3) 

1.62(4) 

1.99(5) 

I 90( 4) 

2 06( 4) 

I 86( I) 

2.31(5) 

I 77( 4) 

I 86( 5) 

1.64(5) 

1.60( 4) 

1.63(5) 

1.52(5) 

Consequently, it is noteworthy that the present ~-isomers, A-~-Css.4H0 _ 6[PY 3 W904o] and 

A-~-Cs6[PNb3 W 904o], have almost regular tetrahedra of the central P04 moieties . 

The non-bonded metal-metal distances between neighboring M06 (M - W, Y, Nb, and 

Mo) octahedra in the present A-~-[PM 3 W 904oJn- (M = V and Nb, n = 6; M = Mo, n = 3) 

anion salts are summarized in Table 2- 10, 2- 11, and 2 12, respectively, and their averaged 

values are summarized in Table 2-13. The W-W distances in these compounds are almost 

identical. Since the spatial locations of the W cap [ 44] atoms are closer to those of the 

Wbelt atoms in the ~-isomer compared with in the a.-isomer, the corner-shared Wbelt- W cap 

distances (av 3 62- 3.68 A) are obviously shorter than the corner-shared Wbelt- Wbelt ones 

(av. 3 .75-3 .77 A) . Accordingly, the edge-shared W3013 unit comprising the Wcap atoms 

is distorted and the edge-shared Wcap-Wcap distances (av . 3.41-342 A) are apparently 

longer than the edge-shared Wbelt- Wbelt ones (av 3 .33- 3 38 A) 
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,--... ,--... ,--... ,--... Table 2-9. 0-M- 0 and 0 - P- 0 Angles C) Classified by the Bonding Types 1421 of the Oxy gcn "<j- lrl "<j- V'J 
'--" '--" '--" '--" 
...0 0\ r--

Atoms a) 0 0' r-- r'l 
('~ C'i u I (]) I I I ..D ..D ,........, 

0 
--. 

0 
--. 0 --. 6 --. 

A-~-Cs6l PNb3 W 9040 I 0 lrl lrl "<j- (''") A-~-Cs5 .4Ho . 6 [PV3 W904o1 A-~-(N Mc4)3l PMo3 W 9040 I "<j- I '--" I '--" b '--" I ---...-
"<j- ...0 ('l 

0 0 ...0 0 00 ...0 0 r'J ·12H20 ·14H20 0' ~ ~ ~ ~ ('l 

~ 
M 
0 

0b- M- Ob 80 .0(5)- 94.2(7) 8l(l)- 9S(l) 77(2) 1 00( 2) ~ 
0.... --. ......-_ --. --. --. 

Ot- M- Ob 98 1 (7)- 1 05 .2(7) 99(1)- 108(1) 94( 2)- 111(3) '----' lrl "<j- '<:j" '<:j" lrl 
r'l ---...- ---...- ---...- '--" --. r-- M ('l r'J 

Oi-M- Ob 70 .3(5)- 86. 8(5) 68 7(9)- 83.6(9) 62(2)- 89( I) "<j- 0 0\ r-- lrl ...0 (]) 

~ 
('l ('l 

u I (]) I I I I 0i- P- Oi 108 .1(9)- 110 2(6) 107(1)- 111(1) 101(2)- 119(2) z ..D 
....-._ 

..D 
....-._ ....-._ --. ....-._ 

'<:j" r 'l ....... lrl 0- r'J lrl (/) ---...- 0 0 0 E I 
..__,. ---...- ---...- '--" 

0 
---...-

C2 I 00 I '<:j" I 0\ I I.D ('l 
0 I r-- r-- "<j- r'l I lrl 

a) M = W. V. Nb. and Mo . ....... <( ~ ~ ~ ~ ('l 0.... <( 
c: 
(]) 

Table 2-10. Non-Bonded Metal- Metal Distances (A) of bl) 
>-, 
X 

A-~-Cs5 .4Ho.6[PV 3 W 9o40]"12H20 0 
(]) ....-._ ....-._ ....-._ ....-._ ...c: r'l N I.D N ....... '--" '--" '--" '--" t...- 0\ "<j- 0\ Atom Atom D istance Average 0 0 0 0\ '<:j" 

,........, C'i C'i N ('l 0 u I (]) I I I ~ ('l ..D ....-._ ..D ....-._ ....... ....-._ 
0-

,--.... 

Edge-shared Wbelt- Wbelt 3 .33 ::r: 0 M 0 M 0 lrl ('l 
(/) '--" '--" '--" '-" 
(]) "<j- I "<j- I M I 0 I "<j-

W(l) W(2) 3 .321(1) a. z 00 z 0 z 0\ ..D '<:j" 
>-, 

N z N W(3*) 3.342(2) E-
,........, 

W(3) 0 
b() '<:j" 
c: 0 

-o 0\ 
Edge-shared Wbelt- Y 3 38 c: 3: 0 .....-., ....-._ --. --. _..-.., 

co M N M M N ('l 

W(3) V(2) 3.371(4) ,..D ---...- ---...- '-" '-" '--" 
(]) z 00 r-- -:::t' 00 lrl 

0\ 0\ r-- "<j- lrl W(2) V(l) 3377(3) ...c: 0.... C'i ....... 
'---' 

>-, I.D u I (]) I I I I W(l) V(1) 3.390(3) ..D (/) 

..D 
....-._ 

..D 
,--.... .....-., --. _..-.., u N ('l ....... M 6 N ('l -o I 0 ---...- 0 ---...- 0 ---...- ---...-

0 
---...-

(]) C2 I r-- I 0\ I '<:j" 
I 

(''") 

t.= I 00 r-- I.D '<:j" I lrl 
Edge-shared W cap- W cap 3.41 · ;n <( ~ ~ 3: ~ ('l 0.... 

(/) 

W(4) W(5) 3.406( 1) cd 

u 
W(4) W(4*) 3.409(1) --. 

<><t: 
'-" 
(/) --. 

Corner-shared V- V 3 .57 (]) r-- --. --. u '-" N N c: 0 I.D '--" '-' '-" 
V(l) V(2) 3 .548(5) cd N 0\ 0\ 0\ I.D ....... ::r: 00 0\ lrl -:::t' (/) 

C'i V(l) V(l *) 3 .604(7) 5 N 
~ ~ ~ ~ 0 u (]) ,........, 

..D N ..D ,....... 

0 
,..... 

I 0 0 '-" 0 '-' '-" 0- '-"" 

Corner-shared Wbelt- W cap 3 .68 "<j- 0\ N 0\ lrl 0.... 0 ~ 
r--

~ 0\ I lrl I "<j-
-o 0\ > > N W(2) W(4) 3 .663(1) c: 

~ cd 

W(l) W(4) 3.6829(9) 0 M 

I > 
W(3) W(5) 3.685(1) ~ 

0.... 
'----' 
I.D 
0 '-" '-" '-" '-"" ..__,. 

I.D lrl r'l M '<:j" 

3 .75 ::r: 0\ 0\ r-- -:::t' lrl Corner-shared Wbelt- Wbelt 00 '<:j" ......... N I lrl u I (]) I I I I W(2) W(3) 3 750( 1) N (/) --. --. --. --. ,-.... 
Q.l u ..D ..- ..D ....... N 6 N 

W(l) W(l *) 3 754(2) I 0 '-' 0 '-' 0 '-' '-' 
0 

'-" .c C2 I 0 I N I 0\ I 00 ('l 

eo: I 0\ 00 I.D (''") I lrl 

~ <( 3: ~ ~ ~ N 0... 
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Table 2-11. Non-Bonded Metal- Metal Distances (A) of 

A-0-Cs6[PNb3 W 904o]·l4H20 

Atom Atom Distance Average 

Edge-shared Wbelt- Wbelt 3.38 

W(4) W(9) 3.368(2) 

W(7) W(8) 3382(2) 

W(5) W(6) 3.385(2) 

Edge-shared WbeJt- Nb 3.49 

W(8) Nb(3) 3.473(4) 

W(9) Nb(l) 3.478(4) 

W(4) Nb(1) 3.483(4) 

W(7) Nb(3) 3.483(4) 

W(6) Nb(2) 3.491(4) 

W(5) Nb(2) 3 505(4) 

Edge-shared W cap- W cap 3.41 

W(l) W(3) 3 .402(2) 

W(l) W(2) 3 .405(2) 

W(2) W(3) 3.411(2) 

Corner-shared Nb- Nb 3.72 

Nb( I) Nb(2) 3 718(5) 

Nb( I) Nb(3) 3 724(5) 

Nb(2) Nb(3) 3 725(5) 

Corner-shared Wbelt- W cap 3.67 

W(8) W(3) 3 656(2) 

W(6) W(2) 3.664(2) 

W(4) W(l) 3 6 70(2) 

W(7) W(3) 3 673(2) 

W(9) W(l) 3 .676(2) 

W(5) W(2) 3.687(2) 

Corner-shared Wbelt- Wbelt 3 .77 

W(8) W(9) 3 767(2) 

W(6) W(7) 3. 769(2) 

W(4) W(5) 3.775(2) 
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Table 2-12. Non-Bonded Metal- Metal Distances (A) of 

A-0-(NMe4)3 [PMo3 W 9040J 

Atom Atom Distance Average 

Edge-shared Wbelt- Wbelt 3 36 

W(l) W(2) 3.352(4) 

W(3) W(3 *) 3.365(6) 

Edge-shared Wbelt- Mo 3.49 

W(l) Mo(l) 3.455(4) 

W(2) Mo(l) 3.497(4) 

W(3) Mo(2) 3.516(6) 

Edge-shared W cap- W cap 3.42 

W(4) W(5) 3 .414( 4) 

W(4) W(4*) 3.441(7) 

Corner-shared Mo-Mo 3.62 

Mo(l) Mo(1 *) .3 .624(8) 

Mo(l) Mo(2) 3.614(7) 

Corner-shared Wbelt- W cap 3.62 

W(2) W(4) 3 .609( 4) 

W(1) W(4) 3. 619( 4) 

W(3) W(5) 3.620(4) 

Corner-shared Wbelt- Wbelt 3. 75 

W(2) W(3) 3 740(4) 

W(1) W(1*) 3.761(6) 

On the other hand, the Mbottom-Mbottom (Mbottom = V, Nb, and Mo) distances are 

distinguishable from one another depending on the ion radii [ 43] of these metals as described 

above (V5 + < Mo6+ ~ w6+ < Nb5+) . The corner-shared Y3013 unit is contracted, which 

results in the shorter corner-shared V-V distances (av . 3.57 A) compared with the corner­

shared Wbelt-W cap ones (av . 3 .68 A) . In contrast, the corner-shared Nb3 013 unit is 

spread out, which results in the longer corner-shared Nb--Nb distances (av 3. 72 A) compared 
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with the corner-shared Wbelt- Wcap ones (av . 3.67 A) The corner-shared Mo- Mo 

distances (av . 3.62 A) are quite equal to the corner-shared WbeJt- Wcap ones (av . 3.62 A) . 

Protonation Site of the Heteropolyanion. 

cesium cations were surrounded by 

s1x to nme oxygen atoms of the 

polyanion and of water molecules 

with the Cs-0 contacts of 2. 96(2)-

3.50(1) A, although all water 

molecules were not found m the 

structure determination. Non-

bonded contact (2. 96(2) A) between 

Cs(4) and 0(21) bridging V(l) to 

V( l *) was the shortest among them, 

as illustrated in the packing diagram 

of the compound (Fig. 2-4 ). The 

other non-bonded contacts between 

the Cs atoms and the oxygen atoms 

of the polyanion were 3.07(2)-

3.50(1) A As described m the 

experimental section, the occupancy 

factor of the Cs( 4) atom on the 

m1rror m the symmetry operation 

was reduced to 0 .2, indicating the 

disordered arrangement of Cs( 4) and 

a proton in the fractions of 0.4 and 

0.6, respectively. The short 

Cs(4)- 0(21) distance is, therefore, 

Figure 2-4. Crystal structure of A-~-

Shaded and plain 

ellipsoids indicate ccs1um and \\atcr-oxygcn atoms. 

respectively . Dashed lines represent the shortest non-

bonded contact bet\\CCn Cs(4) and 0(21) (2.96(2) A) . 
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considered to be due to the contribution of binding of the proton to the 0(21) atom. In 

accordance with this, the V(l )- 0(21) distance (1.896(7) A) was appreciably longer than the 

V(l )-0(22) one (1 . 79(2) A), which supported protonation of the 0(21) atom . The 

lengthened distance between a metal atom and a protonated oxygen atom was also observed 

In A-~-Cs6[PNb3 W904o], such short non-bonded 

contacts between the Cs atoms and the oxygen atoms bound to the Nb atoms were not 

observed (> 3. 12(3) A). 

ln chapter 1, protonation at the bridging oxygen atom m A-~-

(NBu17 4)4H2[PV 3 W 904oJ was also indicated by its 31 P, 51 V and 183w NMR spectral 

behavior. The most probable protonation site was thought to be the bridging oxygen atom 

in the V- 0 - V bond, since this atom was suggested to be the most basic one among the 

oxygen atoms in the polyanion, as previously described for the A-~-[HSiY 3 W 904oJ6- anion 

[3]. Thus, the present finding concerning protonation at the 0(21) atom in the V- 0-V 

bond accords with the previously estimated protonation site 

The bond-valence sums (BVS) [46] of the oxygen atoms of A-~-

Css.4Ho.6[PY3W904oJ are summarized in Table 2- 14. The BVS value ofthe 0(21) atom, 

1.56, is apparently smaller compared with those of the other bridging oxygen atoms (Obc' 

Obe, and Oi), 1.87- 2.09, which are in good agreement with their formal charges of 2. 

Since the 0(21) atom is expected to be protonated as described above, a reduction in the BVS 

value for this oxygen atom may be compensated by 0-H bond formation, as previously 

reported for some heteropolyanions [23, 4 7]. Valences of the terminal M-Ot bonds are in 

the range of 1.66- 1.85, which are comparable to those of the terminal W-Ot bonds calculated 

for [H2PTi2 W 1 o04o] 5- [23]. The BVS values of the P, Y, and W atoms of the present 

heteropolyanion were calculated to be 5.03, 5.04-5 .07, and 6 02-6.27, respectively, which 

were also consistent with these formal charges of 5, 5, and 6. 
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Table 2-14. Bond-Valence Sums (BVS) ofthe 

Oxygen Atoms of A-~-Cs54Ho.6[PV3W904o] 

Oxygen atom 

Corner-sharing oxygen atom (Obc) 

0(21) 

0(22) 

0(10) 

0( 11) 

0( 12) 

0(6) 

0(4) 

Edge-sharing oxygen atom (Obe) 

0(19) 

0(20) 

0(18) 

0(17) 

0(7) 

0(16) 

0(5) 

Internal oxygen atom (Oi) 

0(8) 

0(9) 

0(13) 

Terminal oxygen atom (Ot) 

0( 1) 

0(2) 

0(3) 

0(14) 

0(23) 

0(24) 

0(15) 
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1.56 

1.87 

1.94 

1.96 

J .96 

2.07 

2.09 

1.87 

1.90 

1.90 

193 

2.01 

2 02 

2.04 

196 

2.01 

2.05 

166 

175 

1. 75 

1 75 

1.79 

1. 79 

1.85 



2.4 Conclusion 

The structures of vanadium-, niobium-, and molybdenum-trisubstituted 

dodecatungstophosphate anion salts were clarified by single-crystal X-ray analyses as A-type 

metal-trisubstituted, geometrical 0-isomers of the Keggin type, A-0-Css 4Ho _ 6[PV 3 W 904o], 

A-0-Cs6[PNb3 W 904o], and A-0-(NMe4)3 [PMo3 W 904o], in which three substituted metals 

formed the corner-shared M 3013 unit of the A-type through the three corner-sharing oxygen 

atoms. The structural characteristics of these polyanions were reflected in the differences 

between the ion radii of the substituted metals . The positional parameters of the cesium 

cations of A-0-Cs5 .4Ho_6[PY 3 W 904oJ afforded structural information concernmg 

protonation to the oxygen atom of the [PY3 W904o] 6- anion. 
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Chapter 3 

Isomerization of the 0-Isomers of the A-Type Vanadium-Trisubstituted 

Dodecatungstophosphate Anion Salts to the Corresponding a-Isomers 

3.1 Introduction 

The 0-isomers ofthe Keggin-type polyanions are generally unstable compared with the 

corresponding a-ones and tend to isomerize to the a-form in an aqueous solution [ 1]. The 

stability of ~-[XM 1 204oJn- anions, that is, the rate of the 0-to-a isomerization of them, 

depends on the kind of both X (heteroatom) and M (metal atom) . The 0-forms of the 

polyanions involving P or As as a heteroatom were reported to isomerize to the corresponding 

a-ones much easily and , therefore, such 0-isomers were much difficult to be isolated [ 1- 3]. 

The 0-isomers of [SiW 1204oJ4- anion salts were found to be relatively stable even in an 

aqueous solution [ l] . In contrast, isomerization of 0-H4[XMo1204oJ (X = Si and Ge) 

occurred readily 111 aqueous solutions and their kinetic studies were undertaken by 

polarography [2, 4] and by absorptiometry (5] , in which the rates of isomerization were found 

to depend on pH of the solutions . Consequently, the 0-to-a isomerization is quite of 

interest, because it provides useful information about the formation and isolation of B-isomers. 

However, only a few studies on 0-to-a isomerization of 0-dodecamolybdosilica.te and 0-

dodecamolybdogennanate acids have been reported as described above [2, 4, 5] and little is 

known about the mechanism of the isomerization . 

ln a series of 0-isomers of A-type metal-trisubstituted dodecatungstophosphate anion 

salts, A-0-[PM3 W 904oJ n- (M = V and Nb, n = 6 ~ M = Mo, n = 3 ), as described in chapter I , 

A-0-(NBu11 4)4H2[PY 3 W 904o] was found to isomerize to the a-form with moderate rate 

both in the solid state and in solution under mild conditions, in contrast to A-0-

Cs54Ho 6[PY3W904oJ and A-0-(NBun4)6[PY3W904o], which were stable in the 0-form. 

In this chapter, the 0-to-a isomerization of A-0-(NBun4)4H2[PY 3 W 904o] was directly 

followed by Fourier transform-IR (FT -IR) and 31 P NMR spectroscopies, which afforded its 
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kinetics as the first example of the 0-to-a isomerization in the so lid state and its mechanism 

concerning the protonation to the polyanion moiety 

3.2 Experimental 

Materials. Preparations of 

the vanadium-, niobium-, and molyb­

denum-trisubstituted dodecatungsto­

phosphate anion salts were described 

in chapter 1 . 

Physical Measurements. 

Measurements of IR and 31 P NMR 

spectra were described in chapter I . 

FT -lR spectra m solution were 

measured with a Nicolet SOX 

spectrophotometer using a KRS-6 cell 

with a 0 1-mm light path . 

3.3 Results and Discussion 

A-0-(NBun4)4H2[PV 3 W 904oJ 

was heated at 80°C for 160 h, which 

had the same IR spectral patterns as 

those of A-a-(NBu174)4H2[PY3 Wg04oJ 

depicted in Fig . 1-2 in chapter 1. 

This indicates the isomerization of the 

0-form to the a-one in the solid state. 

Figure 3- 1 shows the 31 P NMR 

spectra of the wet acetonitrile-d3 

-10 -11 -12 -13 -14 

6 

7 

-10 -11 -12 -13 -14 

o I ppm 

Figure 3-1. 31 P NMR spectra of the wet acetonitrile­

d3 solutions of A-~-(N8un 4)4H2[PV3 W 904oJ heated 

at R0°C in the solid state heating time: 0( I). 2(2). R(3). 

19(4). 39(5). 94(6). and 160 h(7) . 
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solutions [6] of the 0-isomer heated at 80°C in the solid state. The sharp signal observed at 

- 1 1 .42 ppm for the unheated 0-isomer decreases in the intensity with the heating time and, 

concomitantly, a new signal develops at - 12.28 ppm; the chemical shift is corresponding to 

that observed for the a-isomer. These findings indicate the 0-to-a isomerization according 

to the reaction (Eq . 3- 1 ). 

Figure 3- 2 shows the progress of the isomerization of A-0-(NBu17 4)4H2[PV 3 W 904o] 

to the a-isomer at 40, 60, 80, and 1 00°C in the solid state, which is evaluated by the intensity 

ratios of their 3 I P NM R signals measured in wet acetonitrile-d3 (Fig. 3- 1 ). The first-order 

rate law (Eq . 3- 2) was applied to the kinetics of this isomerization; 

0.8 

tl 0.6 
..__. 

+ 

0.4 

0.2 

0~----~----J_----~----~----~----~----~----~----~---~ 

0 200 400 600 800 1 000 
Heating time I h 

Figure 3-2. Progress of the isomerization of A-P-(NBun4)4H2l PV3 W 9040 l to the a -isomer 

heated at 40(0)_ 60( + )_ XO(O)_ and 100°C(e ) in the solid state. 
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ln(1 - [a]/([0]+[a])) = ln([0]/([0]+[a])) =-k1t (3-2) 

where [a] and [0] are the 

concentration of the a- and 0-

isomers, respectively. Plots 

of ln([0] / ([0J +[a])) vs time 

for the isomerization at each 

temperature are shown in Fig. 

..., ..., 
Linear correlations _) - _)_ 

between them are observed up 

to 60-70o/o completion of the 

isomerization . From the 

slopes of their plots the first-

order rate constants, k 1, were 

evaluated tO be 2. 19 X 1 o-7 

~ 

+ 
c:L 

-
c:L 

c 

-0.2 

-0.4 

-0.6 

-0.8 

-1 .0 

-1 .2 
0 

Figure 3-3. 

100 200 300 400 500 

Time I h 

Plots of ln([PJI([p]+fa])) vs. time for the 

at 60°C, 9.64 X 1 o- 6 (s- 1) at isomerization of A-P-(NBun 4)4H2[PV3W904o1 to the a-

go oc, and 7.94 x lo- 5 (s- 1) isomer heated at 40(0). 60( + ). 80(0). and 100°C( e ) in the 

at 1 00°C. Figure 3-4 shows 
solid state. 

Eyring plots for the rate constants . The activation parameters were calculated using the 

Eyring equation : ~H*= 93 .3 (kJ mol- l) and ~S * = -77.3 (J K- 1 moJ- 1) . 

The other 0-isomers, A-0-Css .4Ho. 6[PV 3 W 904o] , A-0-( Bu"4)6[PV 3 W904o] , and 

A-0-[PM3 W904oJn- anion salts (M = Nb, n = 6; M = Mo, n = 3 ), were also heated at I 00°( 

in the solid state for several hours . However, the 31 P NMR spectra of them measured in 

deuterium oxide or wet acetonitrile-d3 were identical with those of the respective unheated 0-

isomers, indicating no isomerization to the a-isomers . The difference between these 0-

isomers and A-0-(NBu17 4)4H2[PV 3 W 904oJ is that the number of protons in their cation parts 

is up to one for the former and two for the latter These results suggest that protonation to 
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the polyanion of A-0-( NBu114)4H2[PV 3 W 904oJ promotes the 0-to-a isomerization m the 

solid state. 

Figure 3- 5 shows theFT -IR spectral changes of an acetonitrile solution containing A-0-

In the region of 

1200 600 c m- 1, there 

occur four major bands 

characteristic of the 

Keggin-type structure . 

They are assigned to P- Oi 

[7], M=0 1 (M = V and W), 

M- Obc- M, and M- Obe-

M stretching modes, as 

described in chapter 1 [8]. 

In the region of the 

obscured Obc band, a new 

one develops at 885 cm- 1 

with time Concomitantly, 

the Oi band (I 078 cm- 1) 

I--..,--

.Y. 

c 

-14 

-16 

-18 

-20 

-22 
2.6 

Figure 3-4. 

• 

2.8 3.0 3.2 

Eyring plots of the rate constants for the 

isomerization of A-~-(N8un 4)4H2[PV 3 W 90401 to the a-isomer 

in the solid state 

decreases, while a new one in the higher frequency ( 1088 cm-1) increases The final 

spectrum in Fig 3- 5 was changed no more by further heating of the solution at 60oc and 

The 3 I P NMR spectrum of an acetonitrile-d3 solution contain iing A-0-

(NBu"4)4H2[PV 3 W 904oJ showed the spectral changes similar to those observed for the 

compound heated in the solid state depicted in Fig. 3-1 . These findings indicate that the 0-

form also isomerizes to the a-one in solution. The progress of the isomerization in 

acetonitrile-d3 was examined in the presence of some kinds of proton sources . It was 
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evaluated by the intensity ratios of the 3 l P NMR signals of the 0- and a -isomers, as depicted 

in Fig. 3-6. The rate of the isomerization increases by the addition of HCI. Furthermore, 

the presence of DC! instead ofHCI appreciably decreases the rate, indicating a deuterium 

effect. These results indicate that the appreciable increase of proton concentration in the 

solution promotes the protonation to the polyanion and consequently accelerates the 0-to-a 

isomerization . On the other hand, in the presence of a large amount of H20 the rate of the 

isomerization decreases compared with that in dry acetonitrile-d3 . This is presumably due 

to the depression of the protonation caused by the addition of H20 to the solution. 

(J) 
u 
c 
cu 

2.0 r----.-----..--------r----.-----.,.------, 

1.5 

-e 1.0 
0 
V) 

..0 
<l:: 

0.5 

0 ~---~---~---~----~---~-----~ 
1200 1100 1000 900 800 700 600 

Wave number I cm-1 

Figure 3-5. FT -I R spectral changes of an aceton itri lc sol uti on containing 

A-~-(NBun 4)4H2[PV 3 W904ol (2.40 x 10- 2 mol dm- 3) reaction time at 60°C: 

0( I). 20(2). 9X(3). 164(4). 315(5). and 644 h(6). x: peak of the sohcnt 
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One ofthem is probably bound to 

the bridging oxygen atom (Obc) in the V- 0 - V bond, because it is the most basic one among 

the oxygen atoms in the polyanion, as previously described for the A-0-[HSiV 3 W 904o]6-

anion [9]. The other protonation site is considered to be the bridging oxygen atom (Obc) 

between the Wcap and Wbelt atoms [10], as illustrated in Fig . 3- 7, on the basis ofthe finding 

that the protonation to the A-0-[PY3 W904oJ6- anion promotes the 0-to-a isomerization 

isomerize under the same conditions as described above, although they had one proton or less 

in the cation parts . The proto nation to the bridging oxygen atom (Obc) in the V- 0 - V 

bond of A- 0-Css 4Ho 6[PV 3 W 904o] is suggested by the structural determ in at ion as 

0.8 

t5 0.6 
~ 

+ 

- 0.4 

0.2 

O .r--~--~--~----~--~--~--~--~----~--~--~--~---~--~ 
0 100 200 300 400 500 600 700 

Heating time I h 

Figure 3-6. Progress of the isomerization of A-~-(N Bun 4)4H2[ PV 3 W 9040 I to the ct-isomer in 

dry acetonitrile-d3( e ) at 60°C. and in the presence of H20(0). 0.1 M HCI( + ). and 0 I M DC I( D) . 

where I 00 equivalent amounts of the additive to the salt \\"Crc used . 
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described in chapter 2. The proton in A-0-

be bound to the bridging oxygen atom (Obc) in 

the b- 0 - Nb bond, because it is the most basi c 

one among the oxygen atoms in the polyanion, as 

previously described for the A-0-

It is, therefore, 

suggested that protonation to the bridging oxygen 

atom (Obc) in the M- 0 - M (M = V and b) bond 

is not responsible for the 0-to-a isomerization . 

3.4 Conclusion 

A-0-(NBu" 4)4H2[PY 3 W 904oJ isomerized 

to A-a-( Bu114)4H2[PY 3 W 904o] both in the 

solid state and in solution under mild conditions . 

Figure 3-7. Pol~ hedral representation 

of the A-P-IH2PV3Wl)O .. wl4- anton 

together "ith probable proto nation site 

Hatched. plam. and shaded pa11s mdtcate 

the central POq. tetrahedron. W06 

octahedra. and octahedra. 

respcct1 \ cl ~ 

The isomerization process was directly followed by FT -IR and 3 I P NM R spectroscopies, 

which afforded its kinetics as a first-order reaction in the 0-isomer In contrast, the other f3-

ISomers of A-type metal-trisubstituted dodecatungsto-phosphate anion salts, A-~­

[PM3 Wg04o]n- (M = V and Nb, n = 6; M = Mo, n = 3), containing one proton or less in 

their cation parts did not isomerize under the same conditions It was suggested that the 0-

to-a isomerization was promoted by protonation to the bridging oxygen atom in the W- 0 - W 

bond ofthe polyanion . 
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Chapter 4 

Reductions of the a.-Dodecamolybdophosphate Anion Salt and of the A-Type 

Molybdenum-Trisubstituted Dodecatungstophosphate Anion Salt with 

Triphenylphosphine, and Spectroscopic Properties of the lsolated Oxygen-Deficient 

Reduced Species 

4.1 Introduction 

a.-Dodecamolybdophosphate ( a-H 3 [PMo 1204oD and related compounds are known as 

practical oxidation catalysts and their redox mechanisms have systematically been studied in 

relation to their catalytic functions [ 1-7] . In heterogeneous (vapor/solid phase) redox 

processes, behavior of the lattice oxygen atoms of the polyanion attracted much attention and 

it was well clarified that the a-dodecamolybdophosphate anion was reduced by hydrogen or 

organic substrates (methacrolein, cyclohexane, and isobutyric acid) accompanied by 

elimination of the bridging oxygen atom in the Mo- 0 - Mo bond [ 1- 4]. In addition, the 

electronic structure calculation for the polyanion revealed that the bridging oxygen atoms in 

the Mo- 0-Mo bonds were exclusively reactive among the oxygen species [5] However, 

only a few studies were reported on the characterization of the oxygen-deficient reduced 

forms, which were isolated by the heterogeneous reduction of the polyanion with hydrogen or 

organic substrates at elevated temperature [ 4, 6]. Under these conditions, the polyanion 

reduced in the solid state was liable to decompose [7] and to be reduced with some 

heterogeneity [ 4]. Although the polyanion can be characterized as a structurally well-

defined oxomolybdenum complex [1 , 7], an oxygen-transfer reaction of the polyanion in a 

homogeneous system has not been reported so far . lt is therefore of interest to investigate a 

stoichiometric reduction of the polyanion under rather mild conditions and to characterize 

properties and geometries of the oxygen-deficient reduced polyanion species . 

The bridging oxygen atoms in the Mo- 0 - Mo bonds of the a-dodecamolybdophosphate 

anion are classified into two species, the corner-sharing one (Obc) and the edge-sharing one 
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However, no investigations have been done to clarify the difference in the 

reactivity between these two bridging oxygen atoms so far. A structurally designed mixed 

addenda heteropolyanion, A-~-[PMo3 W904oJ3- is advantageous to evaluate the individual 

reactivity of each bridging oxygen atom, because three Mo atoms in this polyanion are linked 

to each other through only the Obc atoms, and three Mo06 octahedra are coordinated to the 

"unreactive" PW9034 unit. 

ln this chapter, triphenylphosphine ( PPh3) was used as a reducing agent, which was 

known to abstract an oxygen atom from oxomolybdenum complexes [9] , and reductions of a­

(NBu" 4)3 [PMo 1204oJ and of A-~-(NBu" 4)3 [PMo3 W 904o] with PPh3 were investigated in 

a non-aqueous solution . ln this system, the polyanions were homogeneously reduced 

without hydrolytic decomposition . The reduction processes were directly followed by FT-

IR and 3 1 P NMR spectroscopies . The oxygen-deficient reduced species were isolated and 

characterized by X-ray diffractometry, lR, 31 P NMR, and X-ray photoelectron spectroscopies. 

Behavior of the lattice oxygen atoms of the polyanions upon reduction was also discussed . 

This is the first study. on the reactivity ofthe Obc atom in the Mo- 0 - Mo bond ofthe Keggin­

type polyanion in the absence of the corresponding Obe atom. 

4.2 Experimental 

Materials. Tetrabutylammonium a-dodecamolybdophosphate(3- ), a-

(NBu114)3[PMo1204o] , was prepared by the cation-exchange reaction of commercially 

available a-dodecamolybdophosphoric acid triacontahydrate, a-H3 [PMo 1204olJOH20, 

with an excess amount of NBu11 4Br in methanol 

recrystallized from acetonitrile to give yellow crystals . 

1.59%. 

The precipitates were filtered and 

Anal. Found: C, 22 . 57~ H, 4 . 26 ~ N, 

Tetrabutylammonium a-dodecatungstophosphate(3- ), a-(NBu114)3 [PW 1204o], was prepared 

m the same manner. Preparation of tetrabutylammonium A-~­

trimolybdononatungstophosphate(3- ), A-~-(NBu"4)3 [PMo3 W 904o], was described in 
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chapter 1. Tetrabutylammonium a -monomolybdoundecatungstophosphate(3-), a-

(NBun4)3 [PMo W 11 04oJ, was prepared according to the procedures in the literature [I 0]. 

Reactions of the Tetrabutylammonium Salts with PPh3. Reactions of the 

tetrabutylammonium salts with one or two equimolar amounts of PPh3 were homogeneously 

carried out in acetonitrile under a nitrogen atmosphere. The progress of the reactions was 

followed by the amount of triphenylphosphine oxide (OPPh1) formed in the solution The 

concentration of OPPh3 was determined from the intensities of the FT- I R bands at I 194 and 

544 cm- 1, since a linear relationship between them was obtained independent of the 

coexistence of the other species in the solution . The same reactions were done in 

acetonitrile-d3 degassed by the freeze-thaw cycle method The 3 I P MR spectra of the 

solutions contained in a sealed NMR tube were measured at different times 

Neither a-(NBu114)3 [PW 1204oJ nor a-( Bu114)3 [PMo W 1 1 04oJ reacted vvith PPh3 

under similar conditions, which was confirmed by the FT-IR spectra of the reaction solutions 

Isolation of the Reduced Species. An acetonitrile (200 cm3) solution containing 

a-(NBu"4)3[PMo1204oJ (4 00 g, 1.57 mmol) and an equimolar amount of PPh3 (0 412 g, 

1. 57 mmol) was refluxed under a nitrogen atmosphere. After all amounts of PPh3 were 

oxidized to OPPh3 , the solvent was evaporated to dryness under reduced pressure. A 

residue was washed with methanol to remove OPPh3 and dried in vacuo to afford the dark 

blue, two-electron reduced compound, a-(NBu114)3[PMo 12039], (3 31 g, 83 % yield) 

Anal. Found : C, 22 .86; H, 4.28 , , 1.59; Mo, 45 ; P, 1.3. Calcd for C 48H 108 3 Mo 12039P 

C, 22 . 76 ~ H, 4 . 30 ~ , 1 . 66 ~ Mo, 454; P, 1.22%. 

A reaction of a-(NBun4)3[PMo1204oJ (4 00 g. 1.57 mmol) v..ith two equimolar 

amounts of PPh3 (0 824 g, 3. 14 mmol) was done in the same manner, affording the dark-blue, 

four-electron reduced compound, a-( Bu11 4)3 [PMo 1203 3], (3 .24 g, 82% yield) Anal. 

Found : C, 22 .71 ~ H, 4 . 20 ~ N, 1.62, Mo, 46, P, I 3 Calcd for C48H 108 3Mo 12038P: C, 

22 . 90 ~ H, 4 . 32 ~ N, 1 . 67 ~ Mo, 45 7, P, 1.23 %. 

A reaction of A-~-( Bu114)3 [PMo3 W904oJ (I 77 g, 0 530 mmol) with an equimolar 
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amount of PPh3 (0.139 g, 0.530 mmol) was done in acetonitrile ( 100 cm3) at 60°C under a 

nitrogen atmosphere. According to the same procedure described above, was obtained the 

dark-blue, two-electron reduced compound, A-~-(NBun 4)3 [PMo3 W 9039] ( 1.46 g, 83% 

yield). Found : C, 17 .37; H, 3.15; N, 1.26; Mo, 8.6; P, 0.97; W, 48o/o . Calcd for 

Reoxidation of the Reduced Compounds. These reduced compounds were 

heated at 200°C in the air for half an hour to change from dark-blue to bluish-green. The 

bluish-green powders were dissolved in acetonitrile and oxygen gas was bubbled through the 

solution . After the solution turned pale greenish-yellow, it was evaporated to dryness 

under reduced pressure to afford the reoxidized compounds. 

Physical measurements. Measurements of FT -IR spectra were described in 

chapter 3. Electronic absorption spectra were measured with a Hitachi 340 

spectrophotometer using a quartz cell with a 1-mm light path. Both the measurements were 

carried out under a nitrogen atmosphere. X-ray photoelectron spectra were measured for 

compressed pellet samples with a Shimadzu ESCA-750 spectrometer employing MgKa 

radiation at 5 kV and 30 rnA. All the spectra were referenced to the C 1 s 112 signal of the 

tetrabutylammonium cation at 285.0 eV for correction of the charge effect. Deconvolution 

of the spectra was carried out with a Shimadzu ESCAP AC-760 data system employing a 

Gaussian-Lorentzian shape fit. X-ray diffraction patterns were measured with a Rigaku 

Denki rotertlex X-ray diffractometer RAD-rA employing CuKa radiation at 40 kV and 100 

rnA. 3 I P NMR spectra of the reaction solution of a-(NBun 4)] [PMo 1204oJ were 

measured with a JEOL JNM-FX90Q spectrometer operating at 36.23 MHz. The sample 

was dissolved in acetonitrile-d3 (ca. 0. 01 mol dm- 3) degassed by the freeze-thaw cycle 

method and sealed. Chemical shifts were determined by using the sample replacement 

method [11] externally referenced to 30%H3P04 and reported in ppm with negative value 

upfield from the standard. NMR parameters: 30° pulse width, 6 ~Ls; sweep width, 400, 

1000, and 2500Hz; relaxation delay, 20 s; number of acquisition, I 00- 300 . Measurements 
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of 31 P NMR spectra of the reaction solution of A-~-(NBu114)3 [PMo3 W 904oJ were the same 

as those described in chapter l . 

4.3 Results and discussion 

A yellow acetonitrile 

solution containing a-(NBufl4)3 [PMo 1204oJ and an equi molar amount of PPh3 gradually 

turned green and finally dark-blue. The FT -IR spectral changes of the solution at 23 °C are 

shown in Fig. 4- 1. 

intensity with time. 
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Figure 4-1. FT-IR spectral changes of an acetonitrile solutton containing 

a-(NBun 4 )]1PMo 12 o 40 1 (6 .00x Jo-3 mol dm-3) and an cquimolar amount of PPh3 : 

reaction time at 23°(: 0.1(1). 24(2). 73(3). 174(4). 506(5). and 1039 h(6). /:peaks ofthc solvent . 
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accompanying the oxygen atom transfer from the polyanion to PPh3 

reduction was followed by the amount of OPPh3 formed in the solution. 

4- 2, all amounts of PPh3 are finally oxidized to OPPh3 in the reaction 

The progress of the 

As shown in Fig. 
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Figure 4-2. Amounts of OPPh3 formed in reactions of a-( Bun4)3IPMot204ol 

\\ tth an cquunolar amount of PPh3 at 23 °C (0). and t\\·o equimolar amounts of PPh3 

at 23 °C (e) and at the rdlux temperature (Jt..) in acetonitrile: IPMot204olinit. : the 

initial concentration of a-(N Bun 4)3[ PMo 120•+0 1-

In the region of 1100- 700 cm- 1 (Fig . 4- 1 ), there are four major bands (Oi, Ot, Obc, 

and Obe bands [ 13 ]) characteristic of the Keggin-anion structure During the reaction, the 

Oi and two Ob bands drastically decrease in their intensities and gradually shift to lower 

frequencies, whereas the Ot band is appreciably broadened. The absorbances of the Oi and 
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two ob bands decrease quite linearly with the degree of the reduction progress. Although 

the Ot band apparently decreases in absorbance, its band area is almost unchanged during the 

reaction, as illustrated in Fig. 4-3 . 
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Figure 4-3. The variation in intensity ofthe FT-IR bands ofa-(NBun4)3[PMo1204ol 

during the reaction ,,·ith an equimolar amount of PPh3 in acetonitrile at 23°(. Relative 

intensity is based on the absorbance for the Oi(D). Obc(D.). and Obc(.&.) bands and on 

the band area for the Ot band( •). 

These findings suggest that the bridging oxygen atom in the Mo- 0 - Mo bond is 

eliminated in the reduction of the polyanion, which results in the depress of the symmetry of 

the polyanion and the weakened Oi and two Ob bands. The similar spectral behavior was 

also observed for the reduction of the a-dodecamolybdophosphate anion in a heterogeneous 

(vapor/solid phase) system [ 1- 4]. Furthermore, the electronic structure calculation for the 

cx-dodecamolybdophosphate anion revealed that the bridging oxygen atoms in the Mo- 0 - Mo 
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bonds were exclusi vel y reactive among the oxygen species [5]. Consequently, m the 

present reaction, two-electron reduction of a-(NBu174)3 [PMo 1204oJ by PPh3 

homogeneousl y proceeds according to the reaction (Eq . 4- 1 ), accompanied by the transfer of 

one bridging oxygen atom in the Mo- 0 - Mo bond to PPh3 . However, the difference in the 

reactivity between the Obc and Obe atoms was equivocal, since even the reduction of the 

Keggin-type polyanion without any elimination of the lattice oxygen atom resulted in the 

symmetry depression of the polyanion to weaken the Oi, Obc, and Obe bands, as reported for 

the electrochemical reduction ofHJ[PMo1204o] [2, 4]. 

As shown in Fig. 4- 2, the reaction of a-(NBu"4)3[PMo1204oJ with two equimolar 

amounts of PPh3 in acetonitrile at 23 °C proceeds very slowly in the reduction process of the 

two-electron reduced species, whereas at the reflux temperature all amounts of PPh3 are 

finally oxidized to OPPh3; that is, a-(NBu174)3 [PMo 1204oJ undergoes four-electron 

reduction by two equimolar amounts of PPh3 according to the reaction (Eq . 4- 2) 

a-(NBu174)] [PMo 1204oJ + 2 PPh3 ~ a-(NBu" 4)3 [PMo 1203 g] + 2 OPPh3 ( 4- 2) 

The FT-lR spectral changes of the reaction (Eq . 4- 2) in acetonitrile at the reflux 

temperature showed considerable decreases of Oi and two Ob bands in absorbance, while the 

band area of the Ot band was almost unchanged during the reaction . Figure 4- 4 shows the 

FT -IR spectra of the isolated two- and four-electron reduced compounds in acetonitrile 

together with that of a-(NBu114)3 [PMo 1204ol The similar features were observed for the 

spectra of them measured in KBr pellets . This spectral behavior indicates that the second 

oxygen atom eliminated from a-(NBu114)3[PMo12039] is also ascribed to the bridging 

oxygen atom in the Mo- 0 - Mo bond . 

Spectroscopic Properties of the Reduced Compounds of a-(NBun 4hiPMot2040l· 

The X-ray photoelectron spectra oft he Mo 3d electrons of a-(NBu114)][PMo 1204oJ and the 
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FT-IR spectra of a-(NBun4)3iPMo1204ol (a) . 

a-(NBun4)3[PMo12039i (b). and a-(NBun4)3IPMo1203xl (c) 

(5 .00 x Jo- 3 mol dm - 3) in acetonitrile 

reduced compounds are shown in Fig. 4- 5. The spectrum of a-(NBun4)3 [PMo 1204oJ 

exhibits the characteristic doublet due to Mo(Vl) 3ds/2 and Mo(Vl) 3d3 /2 electrons, which is 

caused by the spin-orbit coupling [ 14]. The doublet observed for a-(NBu114)3 [PMo 12039] 

is broadened on the lower binding energy sides and that for a -( Bu114)3 [PMo 1203 g] further 

broadened . The parameters for deconvolution of these spectra are summarized in Table 4- 1. 
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The separation between 3d5f2 and Jd312 bands is 

found to be 3.2 eY and the intensity ratio of them to 

be 1.2- 1.4 for all the deconvoluted curves; these 

values are in good agreement with those reported for 

molybdenum oxides [I 4, 15]. The new doublet 

which appears at a 1.2- 1.3 eY lower energy region 

compared with that of the Mo(Yl) ion can be 

assigned to the Mo(V) 3d electrons, based on the 

binding energies for the Mo(Y) 3d electrons in a-

dodecamolybdophosphate amons [ 4, 6] and 

molybdenum oxides [I 4, 15]. No signals due to 

Mo(IV) and further reduced molybdenum ions were 

observed in a lower binding energy region. The 

contents of Mo(Vl) and Mo(Y) ions in the reduced 

compounds estimated from peak areas of the 

deconvoluted curves are also g1ven in Table 4- 1. 

These results indicate that the two- and four-electron 

reduced amons are constituted by 

[PMo(Vl)1 oMo(Y)2,039]3- and [PMo(Vl)gMo(V)4038]3-, 

respectively. On the other hand, the binding 

energies of the P 2p electrons of the reduced 

compounds are almost the same as that of a-

(NBu" 4)3 [PMo 1204oJ (Table 4- 1) This 

indicates that no internal oxygen atoms (Oi) ligating 

the phosphorus atom are eliminated during the 

reduction, the valence state of P(V) being preserved. 

Therefore, the elimination of one oxygen atom in the 
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Figure 4-5. X-ray photoelectron 

spectra of a-(NBun 4)3[PMo 1204oJ (a). 

a-(NBun4)J[PMo12039l (b). and a-

Dashed 

lines represent deconvolutcd curves. 

Table 4-1. Binding Energies (eV) for Deconvoluted Curvesa) 

Compound Mo(Vl) Mo(Y) 

3d3 /2 3d3 /2 

a-(NBu"4)J [PMo 1204oJ 236 .1 

a-(NBun4)J[PMo12039] 236 3 235. I 

(0 20) 

a-(NBun 4)3 [PMo 1203 g] 236.2 234.9 

(0.4 7) 

Mo(Vl) Mo(Y) 

Jds;2 

232 .9 

233 .1 

233 .0 

231 .9 

(0.20) 

231 .7 

(0 .50) 

pb) 

2p 

134.4 

I 35 . I 

134.6 

a) Ratio of the peak area of Mo(V) to that of the corresponding Mo(YI) in parentheses. 

b) For the original measured peak. 

Mo(VI)-0- Mo(Vl) bond IS reasonably concluded to produce two Mo(V) 1ons 111 the 

polyanion. 

The reduced compounds exhibit an intense band in the visible and near infrared 

regions, as depicted in Fig. 4-6, which is assigned to the intervalence charge transfer 
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(Mo(V)~Mo(Vl)) band as was observed for reduced a-dodecamolybdophosphate amons, 

"heteropoly blues" [ 16] The intensity of the band was reported to be proportional to the 

number of electrons introduced to the polyanion [ 16, I 7) The intensity of a-

(NBun 4)3 [PMo 12033] (Em ax = 12500 dm3 mol- 1 cm- 1) is about twice that of a­

(NBu"4)3 [PMo 12039] (Emax = 5800 dm3 mol- l cm- 1 ), indicating that the anion structure 

of the Keggin type is retained in the present two- and four-electron reduced compounds. 

The FT -IR spectra of reoxidized compounds of a-(NBu174)3 [PMo 12039] and a­

(NBu114)3 [PMo 12033] were essentially identical with that of a-(NBu114)3 [PMo 1204ol the 

Oi, Ot, and two Ob bands were regenerated in intensity and in shape. Furthermore, the X-

ray diffraction patterns of the reoxidized compounds are very close to that of a-

(NBu114)3 [PMo 1204o], although the patterns of the reduced compounds are entirely different 

from that of a-(NBu17 4)3 [PMo 1204o], as depicted in Fig 4-7. These observations 

indicate that no decomposition occurs on the anion structure of the oxygen-deficient reduced 

compounds. 

3lp NMR Spectra of the Reduced Compounds of a-(NBun4)3[PMot204ol· 

Figure 4-8 shows 31 P NMR spectra of an acetonitrile-d3 solution containing a-

As the reaction 

proceeds, the signals observed at +0.24 and -1.76 ppm due to a-(NBu114)3(PMo1204oJ and 

PPh3, respectively, decrease in their intensities and two new signals develop at +30.6 and 

- 2.36 ppm which are ascribed to OPPh3 and a-( Bu17 4)3 [PMo 12039], respectively. 

Both the 31 P MR spectra of the isolated reduced compounds, a-

- 2 60 ppm, respectively . Upfield shifts of the signals of these reduced compounds 

compared with that of a-(NBu114)J[PMo1204oJ were also the same as those of the 

electrochemically reduced a-dodecamolybdophosphate anion species [ 18, 19] o other 

signals were observed besides those of these reduced compounds, indicating that essentially 

no other oxidation states of the polyanion were present . In addition, the narrow line 
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widths (~v 112 < 1 Hz) of the observed signals suggest a single anion structure of the Keggin 

type for each reduced compound. 

10 15 20 25 30 35 40 

2 e I deg. 

Figure 4-7. X-ray diffraction patterns of a-( Bun 4)31 PMo 12040 I (a). a-( Bu17-t)3i PMo 12039i 

(b). a-(NBun4)3iPMo120J~I (c). and the rcox1dizcd compound ofa-(N8un4)3IPMoJ203xl (d) 
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Figure 4-8. 31 P NMR spectral changes of an acctonitrile-c/3 solution containing 

a-(NBu 11 4 )3[PMoJ104ol and an equimolar amount of PPh3 : reaction time at 74 °C: 

0(1). 1.5(1). 2 .3(3). and 13 h(4) . 
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Figure 4-9(a) shows the 3 I P NMR spectrum of an equimolar mixture of a-

Signals occur at 

Hz) and at - 2 31 ppm (a-

(NBu"4)3 [PMo 12039], 6v 112 < I Hz) with integrated intensities in the ratio I : 1. An 

equimolar mixture of a-(NBu17 4)3 [PMo 1204oJ and a-(NBu"4)3 [PMo 1 203 g] in the same 

solvent also gives the signals at + 0 .22 ppm ( a-(NBu17 4)3 [PMo 1204o] , v 112 - 2. 9 Hz) and 

- 2 .58 ppm ( a-(NBu114)3 [PMo 1203 g], 6v 1/2 = 14 Hz) with integrated intensities in the ratio 

I :0 .9 , although they are somewhat broad (Fig . 4- 9(b)) . 

a 

b 

1 0 -1 

6/ ppm 

These findings indicate that the 

-2 -3 

Figure 4-9. 3 I P MR spectra of cquimolar mixtures of a-(N Bu17 4)3[ Pl\l o 120 .. wl 

and a-(NBu 11 .+)3[PMo12039l (a) . and a-(NBu 11 -+)3[PMo120-+ o l and 

a-(NBu11 4)J!PMot203RI (b) in acctonitrilc-d3 
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anion structures of a-(NBun4)J[PMo12039] and a­

(NBun4)3 [PMo 1203 g] are not affected by a­

(NBun4)3[PMo1204oJ in solution . 

On the other hand, a mixture of the two reduced 

compounds, a-(NBu114)3[PMo12039] and a­

(NBun4)J[PM0]20Jsl in acetonitrile-d3 exhibits a 

new single resonance at the averaged position 

between those of a-(NBu17 4)3 [PMo 12039] and a-

(NBu" 4)3 [PMo 1203 g] according to their relative 

amounts, as shown in Fig. 4- 10 ln the reduction 

equimolar amount of PPh3 in acetonitrile-d3, the 

signal of a-(NBu114)3[PMo12039] was continuously 

shifted to a higher field and finally to the position of 

a-(NBu"4)3 [PMo 1203 8] , the intensity and the line 

width of the peak being almost unchanged These 

findings support some interaction between a-

in the solution . Thus, a pair of Mo(V) ions in a-

(NBu114)3 [PMo 1203 g] is suggested to interact with a 

bridging oxygen atom of the Mo(Yl)- 0 - Mo(YI) 

accompanied by the transfer of an oxygen atom 

between them \vithin the NMR time scale, as depicted 

in Scheme 4- 1. 
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Figure 4-10. 31 P NMR spectra of 

mixtures of a-(NBun4)JIPMo12039l 

and a-(N Bun 4)3l PMo 1203g I 111 

acctonitrilc-d3 : mole fraction of a-

(NBun~)J!PMot203RI: O(a). 0.34(b). 

0.50(c). 0.66(d). O.R9(c). and I (f). 
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Scheme 4-t. 

FT-1R spectral changes 

of a yellow acetonitrile solution containing A-~-(NBu114)3[PMo3 W904oJ and an equimolar 

amount of PPh3 at 60°( are shown in Fig . 4- 11 . Decrease of the PPh3 band intensities 

and increase of the OPPh3 ones are observed similar to those for the reaction of a-

(NBu17 4)3 [PMo 1204oJ with PPh3 (Fig. 4- 1 ), which also indicates that PPh3 reduces A-~-

(NBu" 4)3 [PMo3 W 904o], accompanied with an oxygen atom transfer from the polyanion to 

PPh3 The progress of the reduction has been estimated by the I R band of OPPh3 (see the 

experimental section) 
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Figure 4-11. FT-IR spectral changes of an acetonitrile solution containing 

A-P-(NBun4hiPMo3W904ol (5.30 x Io-3 mol dm- 3 ) and an equimolar amount of PPh3: 

reaction time at 60° C : 0(1 ). 24(2) . 97(3). 151(4). 241(5). and 465 h(6). x: peaks of the solvent. 

In the region of 1100- 700 cm- 1, the spectral changes of the four major bands. (Oi, Ot, 

Obc, and Obe bands [13]) characteristic of the Keggin-anion structure are essentially similar 

to those observed for the reduction of a-(NBu"4)][PMo1204o] with PPh3 (Fig 4-1) 

Taking into consideration that neither nor a-

(NBu17 4)3 [PMo W 1 1 04oJ reacts with PPh3 as described 111 the ex peri mental section, it is 

suggested that the corner-sharing bridging oxygen atom 111 the Mo-0- Mo bond of A-0-
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(NBu11 4)3 [PMo3 W 904o] is also eliminated during the reduction and the two-electron 

reduced species, A-0-(NBu"4)J[PMo3W9039], is formed according to the reaction (Eq 4- 3) . 

As shown in Fig. 4-12, all amounts ofPPh3 are found to be finally oxidized to OPPh3 

in the reaction. The rate of reduction of A-0-( Bu"4)3[PMo3 W904o] with PPh3 is much 

smaller than that of a-(N8u174)3 [PMo 1204o], which may be ascribed to the number of the 

bridging oxygen atoms in the Mo- 0 - Mo bonds: only three Obc atoms exist in A-0-

+> .,.... 
c 

!"') 

.c. 
0.... 
0.... -!"') 

.c. 
0... 
0... 
0 

Figure 4-12. 

Reaction time / h 

Amounts of OPPh3 formed in reactions of 

a-(NBun4)3IPMo1204ol (0) and of A-P-(NBun4)3IPMo3W904ol (e) 

with an equimolar amount of PPh3 in acetonitrile at 60 ° C : 1PPh31init: 

the initial concentration of PPh3 
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The reaction was also followed by 3 1 P NMR 

spectral changes of an acetonitrile-d3 solution 

containing A-0-(NBu114)] [PMo3 W 904oJ and 

PPh3 . The solution had two signals at - 3.93 

and - I 0.05 ppm ascribed to PPh3 and A-0-

former signal decreased in intensity with time and, 

concomitantly, the new broad signal ascribable to 

OPPh3 developed at +28 .6 ppm . In accordance 

with this, a new signal ascribed to A-0-

(NBun 4)3 [PMo3 W 9039] occurred at a higher 

field ( - 10.1 1 ppm) than that of A-0-

(NBun4)][PMo3W904o], as depicted in Fig 4- 13. 

However, it is noteworthy that the upfield shift 

(0 .06 ppm) of the 31 P signal of A-0-

(NBu"4)][PMo3 W904oJ upon the reduction is 

very slight compared with that observed for the 

reduction of a.-(NBun 4)3 [PMo 1204oJ (the upfield 

shift ; 2. 60 ppm) . 

Spectroscopic Properties of the Reduced 

Compound of A-0-(NBun4)3lPMo3W904ol· 

The IR spectra of A-0-(NBu"4)3 [PMo3 W 904o] 

and A-0-(NBu114)3 [PMo3 W 903 9] measured in 

KBr pellets are illustrated tn Fig. 4- 14. 

Although the Oj, Obc, and Obe bands decreased in 

their intensities upon the reduction, the entire 

spectral pattern of A-0-(NBu"4)3 [PMo3 W 903 9] 
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Figure 4-13. 
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31 p NMR spectral 

changes of an acetonitrile-d3 solution 

and an equimolar amount of PPh3 : 

reaction time at 60°C: 0( l). 18(2). 44(3). 

64(4}. 204(5). and 424 h(6) . 

was similar to that of A-0-(NBu"4)3[PMo3W904ol Therefore, the geometry of the 0-

isomer of the Keggin-type polyanion is essentially retained for both the species . The 31 P 

NMR spectrum of A-0-(NBun4)3[PMo3W9039] in acetonitrile-d3 showed only a single, 

sharp signal at - 10.12 ppm, confirming a single species of the oxygen-deficient reduced 

polyanion salt. 
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IR spectra of A-~-(NBun4)3IPMo3W904ol (a) and 
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Figure 4 15 shows the X-ray photoelectron spectra of the Mo 3d, P 2p, and W 4f 

The 

reduced compound exhibits bands due to P(V) 2p, W(Vl) 4f5/2 and 4f] 12 electrons which are 

~ 
Cf) 

c 
QJ 

c 

Mo 3d 5; 2 

Mo Jd3;2 

240 

Figure 4-15. 

I I 
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w 4fs;2 

p 2p 

I, 
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Binding energy / eV 
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very close to those observed for A-~-(NBu174)3 [PMo3 W 904oJ . On the other hand, the 

characteristic doublet band due to Mo(Vl) 3dJ /2 and Jd512 electrons, which is appreciably 

observed for A-~-(NBu" 4)3 [PMo3 W 904o], is obscured for the reduced compound by the 

new bands at the lower energy sides . This indicates the formation of an Mo species in a 

lower valence in the reduced compound. This broad band is deconvoluted into four bands, 

as depicted in Fig. 4- !6. The bands at the first and the third highest binding energies are 

ascribed to Mo(Vl) Jd3;2 and Jds /2 electrons, respectively, because the binding energies are 

almost identical to those for A-~-(NBu174)3 [PMo3 W 904ol The other two bands which 

occur at a 1.6- 1.8 eV lower energy region compared with those of the Mo(Vl) ion can be 

assigned to the doublet due to the Mo(V) 3d electrons, as described for the reduced species of 

a-(NBu"4)][PMo1204ol For both the doublets, the separations between 3dJ /2 and Jds /2 

bands are found to be 3 . 1-3.3 e V and the intensity ratio of them to be about l . l, which agrees 

with those reported for the reduced species of a-(NBu174)3 [PMo 1204oJ as described above . 

Binding energies of the Mo 3d, P 2p, and W 4f electrons of A-~-(NBu"4)3[PMo3 W904oJ 

and A-~-(NBu114)][PMo3 W9039] are summarized in Table 4- 2 No bands due to Mo(lV) 

and further reduced molybdenum ions were observed in a lower binding energy region 

The ratio of the Mo(VI) and Mo(V) ions in A-~-(NBu174)3[PMo3W9039] was evaluated to 

be I :2 from the areas of the deconvoluted bands . These results indicate that the reduction 

of A-~-(NBu17 4)3 [PMo3 W 904oJ with PPh3 does not occur on P(V) or W(VI) atoms but 

occurs on Mo(V1) atoms, accompanied by elimination of one of the corner-sharing bridging 

oxygen atoms in the Mo(VI)-0-Mo(Vl) bonds and formation of two Mo(V) ions in the 

polyanion. Furthermore, these findings are consistent with the fact that neither a-

bridging oxygen atoms in the W- 0 - W and Mo-0- W bonds are not transferred to PPh3 

under the conditions used . 
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Figure 4-16. X-ray photoelectron spectmm ofMo 3d electrons for A-0-(NBun4)3IPMo3VV9039l ­

Dashed and dotted lines represent decom·oluted and synthesized curves. respectively . 
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Table 4-2. Binding Energies (eV) of the Mo 3d, P 2p, and W 4f Electrons of the Mixed 

Addenda Heteropolyanion Saltsa) 

Compound Mo(Vl) Mo(V) Mo(VI) Mo(V) P(V) W(Vl) W(VI) 

3d3J2 3d3J2 3d5J2 3d5J2 2p 4f5J2 4f7/2 

A-~-(NBu"4) 3 [PMo3 W 9040J 236.6 2334 134.3 38 .2 36.0 

(1.4) ( 1 .4) (2 0) ( l .4) (1 4) 

A-~-(NBu114)3 [PMo3 W 903 9] 236.6 234.8 233 .3 231 .7 134.2 37 .8 35 .7 

( 1.8) (2 1) (] .9) ( 1. 9) (2 3) ( 1.6) ( 1.6) 

.a) Peak width (eV) for deconvoluted bands in parentheses. 

4.4 Conclusion 

Reductions of a-(NBu"4)J [PMo 1204oJ and of A-~-(NBu"4)] [PMo3 W 904oJ with 

PPh3 in acetonitrile homogeneously proceeded, accompanied by the transfer of the bridging 

oxygen atoms in the Mo-0-Mo bonds to PPh3 . The 31 P NMR and X-ray photoelectron 

spectra of the isolated reduced species revealed that they were single species of oxygen-

deficient reduced forms of a-(NBu"4)3 [PMo(VI) 1 oMo(V)2039] , a-

(NBun 4)3 [PMo(Vl)8Mo(V)403 8], and A-~-(NBu" 4)3 [PMo(V1)Mo(V)2 W 9039]. Among 

the bridging oxygen atoms in the Keggin-type polyanion, it was demonstrated that the corner-

sharing one in the Mo- 0 - Mo bond was reactive for the oxygen-transfer reaction upon the 

reduction of the polyanion. 
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Chapter 5 

Kinetics of Oxygen-Transfer Reactions of the a-Dodecamolybdophosphate Anion Salt 

and of the A-Type Molybdenum-Trisubstituted Dodecatungstophosphate Anion Salt 

with Triphenylphosphine in Non-Aqueous Solution 

5.1 Introduction 

Oxygen-transfer reactions of oxomolybdenum complexes have been well-established 

with regard to the mechanisms and kinetics as model systems for molybdoenzymes [I, 2]. 

In these systems it was demonstrated that substrates abstract the terminal oxygen atom of an 

Mo=O bond in the dioxomolybdenum complexes, whereas the bridging oxygen atom of an 

Mo- 0 - Mo bond in the ~L-oxo dinuclear complex is unreactive In contrast to these 

findings , the oxygen-transfer reactions of a-[PMo1204oJ3- and of A-0-[PMoJ Wg04oJ3 

anion salts with PPh3 revealed that PPh3 did not abstract the terminal oxygen atom, but, 

rather, the bridging one in the Mo- 0 - Mo bond, according to the reactions (Eqs 4- 1 and 4-

3), as described in chapter 4. ln this chapter, kinetic studies of these oxygen-transfer 

reactions were discussed . 

5.2 Experimental 

Materials. Preparations of a-(NBu"4)3 [PMo 1204oJ and a-(NBu114)3 [PW 1204oJ 

were described in chapter 4. Preparation of A-~-(NBu114)3 [PMo3 W 904oJ was described 

in chapter 1. Acetonitrile was distilled from calcium hydride and deoxygenated by 

bubbling nitrogen before use . 

Reactions and Kinetics. The reactions of a-( Bu17 4)3 [PMo 1204oJ and of A-0-

(NBull4)3 [PMo3 W 904oJ with PPh3 were carried out in acetonitrile at different temperatures 

using a thermostated bath under a nitrogen atmosphere . The progress of the reactions was 

followed by the amount of OPPh3 formed in the solutions, which was determined based on 

the intensity ofthe FT-lR bands ofOPPh3 , as described in chapter 4. 
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Electrochemical Measurements. The cyclic voltammetry and controlled-

potential electrolysis of a-(NBu"4)3 [PMo 1204o] , A-0-(NBu" 4)3 [PMo3 W 904o] , and a­

(NBun4)3[Pw12o40] , (1 .0 x lo- 3 mol dm- 3) in acetonitrile were conducted with a BAS 

CV -SOW in the presence of NBun 4Cl04 ( 1. 0 x 1 o- 1 mol dm- 3) as a supporting electrolyte, 

using a glassy carbon working electrode for cyclic voltammetry, a platinum working electrode 

for controlled-potential electrolysis, a platinum counter electrode, and a saturated calomel 

reference electrode. 

5.3 Results and discussion 

PPh3 in Acetonitrile. Oxygen-transfer reactions of dioxomolybdenum complexes 

(Mo Vlo2Ln; L = s2CNR2, S2PR2, cysteinato, 8-quinolinolato, acetylacetonato, etc ., n = 2; 

L = tetradentate S4 or N2S2 donor ligand, n = 1) with PR3 (R = aryl or alkyl) are known to 

produce monooxomolybdenum complexes (MoiVoL11) at first , followed by dimerization of 

Mol V OLn with unreacted Mo Vlo2 L11 to afford 1-1-oxo dinuclear complexes (Mo Y 203 L217), 

which complicates the kinetics ofthe reactions [1, 2]. However, under the conditions of the 

absence of a dinuclear Mo Y 203L2n complex, the oxygen-transfer reaction of a 

dioxomolybdenum complex containing a bulky ligand [3 , 4] or a Shiff base ligand [5] showed 

fairly simple kinetics of the reaction, being of first order in both the Mo Vlo2Ln complex and 

the substrate [2] . For the present study, although the one oxygen-deficient reduced species, 

a-[PMo 12o 39]3-, formed by reaction (Eq. 4- l) could be further reduced by an excess of 

PPhJ , the secondary reduction was considerably slow compared with the primary one, as 

described in chapter 4 . Furthermore, from reaction (Eq . 4- 1) with equimolar amounts of 

a-(NBu"4)3[PMo 12o4oJ and PPh3 , no other polyanion species different from a-

[PMo 12039]3- were obtained, even under the refluxing conditions. Thus, the second-

order rate law (Eq . 5- l) is applicable to the kinetics of reaction (Eq . 4- 1 ); its integrated form 

is given in Eq. 5- 2, where [PMo 12] and [PMo12Jo are the concentration and the initial one of 
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a-(NBu" 4)3 [PMo 1204o], respectively : 

- d[PMo12J/dt = k2[PMo 12J[PPh3] 

1 /[PMo 12J = k2t + 1 /[PMo 12Jo 

(5- I) 

(5 2) 

Plots of l/[PMo12J vs . time for the reaction ofa-(NBu114)3[PMo1204oJ (6.00 x 10- 3 

mol dm-3) with an equimolar amount of PPh3 at 23 °C are shown in Fig 5- 1. A linear 

correlation between them is observed up to 65% completion of the reaction . From the 

slope of these plots the second-order rate constant k2(23 °C) was evaluated to be 6 . 53 ' 

Reactions of a-(NBun 4)3 [PMo 1204oJ and PPh3 in the molar 

ratio of 1:2, 1:3, and 1:0 .5 were also carried out at 23 °C. Based on the kinetic data 

treated in second-order forms, the resulting rate constants were calculated to be 6. 50 "· I o- 4-

6.61 x 1o- 4 (dm3 mol- 1 

- 1) s . As shown in Fig. 

5- l , linear relationships 

between I /[PMo 12J and 

reaction time are also 

observed for the reactions of 

a-(NBu" 4)3 [PMo12040J 

(7 85 x lo- 3 mol dm- 3) 

with an equimolar amount of 

PPh3 at 40, 60, and 82°C. 

The kinetic data for 

reaction (Eq . 4- 3) were 

also treated in second-order 
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tration of A-0-(NBu174)3 [PMo3 W904oD and the reaction time are observed for the reactions 

of A-0-(NBu174)3[PMo3W904oJ (5 .30 )t Io- 3 mol dm- 3) with an equimolar amount of 

PPh3 at various temperatures, as shown in Fig. 5- 2 . 

The rate constants 

determined from the slopes 

of these plots for reactions 

(Eqs . 4- 1 and 4- 3) are 

summarized in Table 5- l . 

Figure 5- 3 shows Eyring 

plots for the rate constants 

of both reactions obtained 

at vanous temperatures . 

The activation parameters 

were calculated using the 

Eyring equation: L1H t = 

43 .6 and 43.4 (kJ mol- l) 

and L1S + = - 1 58 and - I 8 I 

(J K- 1 mol- 1) for reactions 

(Eqs . 4- l and 4- 3 ), respec-

..­
I 

0 

E 
('I) 

E 
-o 

..--
1 

m 
s 

('I) 

420 

360 

300 

0 240 
~ 
0.... 

180 
0 100 200 300 400 

Time I h 

Figure 5-2. Plots of I/ IPMo3W9I vs . time for the reaction of 

A-P-(NBun 4)3lPMo3 Wg04oJ with an equimolar amount of PPh3 

in acetonitrile at 23 (0). 40 (e ). 60 (D). and R2'T (+ ). 

tively (Table 5- 1) . These values in each parameter are almost identical for both reactions 

Negative activation entropies indicate an associative mechanism for these reactions . 

Reduction Mechanisms of and A-0-

The redox behavior and oxidizing power of heteropoly 

compounds can be evaluated in connection with their redox potentials [5- 9]. Cyclic 

voltammograms of a-(NBu114)3 [PMo 1204oJ and A-0-(NBu114)3 [PMo3 W 904oJ measured in 

acetonitrile are illustrated in Fig. 5- 4 . The first and second highest reversible couples 

observed for both heteropolyanion salts correspond to each one-electron reduction-oxidation 
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Table ~ 1. Kinetic and Activation Parametersa) for the Oxygen-Transfer Reactions of 

Heteropolyanion Salts with PPh3 

Salt L1H t L1S t 
----------- I kJ mol- l I J K- 1 mol- l 

a-(NBun 4)3 [PMo 120 40] 6 .53 20 .3 56 . 1 1 51 

(±0.05) (±0.3) (±0. 7) (±2) 

A-0-(NBu17 4)3 [PMo3 W 904oJ 0.458 1.31 4 .06 10.0 

(±0.005) (±0.08) (±0.23) (±0.2) 

a) Errors estimated at the 95% confidence level in parentheses . 

transfer between Mo(Vl) and 

Mo(Y) . The one-electron 

transfer for each couple was 

confirmed by controlled-

potential electrolysis, which 

was consistent with the 

results of the Keggin-type 

polyanion m an aprotic 

solvent [ 1 0]. The voltam-

metric data are summarized 

in Table 5- 2. The half-

wave potentials (E 1 /2) of A-

0-(NBu17 4)3-[PMo3 W 9040J 

-11 

I--N -13 
..)C. 

c 

-15 

-17 
2 .8 3.0 

43 .6 - 158 

( +2 7) (±8) 

43.4 181 

(±3 0) (±9) 

3.2 3.4 

are observed to be higher than Figure 5-3. Eyring plots of the rate constants for the 

the corresponding potentials reductions of a-(NBun4hiPMoJ204oJ ( • ) and of 

of a-(NBull4)3[PMo1204oJ. A-0-(NBun4)3IPMo3W904ol (0) \Yith PPh3 . 

The positive shifts of the 
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Mo(VI)/Mo(V) redox potentials of mixed molybdotungstophosphate anions, compared with 

those of the molybdophosphate anion, were also observed [6, 8, 9, 11]. In addition, the 

reduction of a P-isomer polyanion is known to occur at a higher potential than the 

corresponding a-isomer polyanion [ 12] On the other hand, the W(VI)/W(V) redox couples 

a 

b 

121-LA 

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 

E IV vs. SCE 

Figure 5-4. Cyclic voltammogr~ms of a-(NBun4)3fPMo1204ol (a) and 

A-~-(NBun 4)3[ PMo3 W 9o40 1 (b) ( 1.0 x l o-3 mol dm- 3) in acetonitrile containing 

NBun4c1o4 (1.0 " l0- 1 mol dm- 3) : scan rate. 10 mY s- 1: initial potential. +0.700 

(a) and +0 .900 V \ 'S . SCE (b): initial scan direction cathodic . 
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Table 5-2. Voltammetric Data for Heteropolyanion Saltsa) 

Salt E l/2b);y ~EC)/mV . / d) Ipc Ipa 

a-(NBu71 4)3 [PMo 1204o] +0.204 61 1.04 

- 0.218 60 0.94 

A-P-(NBu"4)3[PMo3 W904o] +0 .374 60 1.01 

- 0.175 63 0.99 

a) In acetonitrile containing NBu114Cl04 (1 .0 x lo- 1 mol dm- 3), scan rate 10 mY s- 1. 

b) Half wave potential (V vs. SCE) for the Mo(Vl)/Mo(V) redox couple. 

c) Separation of cathodic and anodic peaks. 

d) Ratio of cathodic and anodic peak currents. 

of a-(NBu714)3[PW1204o] were observed at lower potential regions (E 1/2 = - 0 .224 and 

- 0 .745 V vs SCE) in acetonitrile. Accordingly, the reduction of the W(Vl) atoms in A-

P-(NBu71 4)3 [PMo3 W 904o] would occur at lower potentials than that of Mo(VI) atoms. 

Such an electrochemical redox behavior IS consistent with the findings that a-

(NBun 4)3 [PW 1204o] was not reduced by PPh3 and that the reduction of A-P-

(NBufl4)3[PMo3 W904o] with PPh3 did not occur on W atoms, but, rather, on Mo atoms~ the 

bridging oxygen atoms in the W-0-W and Mo-0- W bonds were not transferred to PPh3, as 

described in chapter 4 . 

Although the electrochemical reduction of the Mo(VI) atom tn A-P­

(NBu17 4)3 [PMo3 W 904oJ occurs at a higher potential compared with that tn a­

(NBu174)3[PMo1204o], the k2 value of reaction (Eq. 4- 3) is smaller than that of reaction (Eq . 

4- 1) at the same temperature by more than one order of magnitude (Table 5- 1) . These 

findings indicate that the difference in the rates ofthe present reactions can be ascribed to the 

number of active sites for the oxygen-transfer reaction of these two heteropolyanion salts, 

rather than the reduction potentials of the Mo(Vl) atoms of these salts . 

The reduction of A-P-(NBu114)3 [PMo3 W 904o] with PPh3 does not occur on W(VI) 

atoms, but on Mo(VI) atoms, accompanied by the elimination of one of the Obc atoms in the 
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Mo(VI)- 0 - Mo(Vl) bonds, as described in chapter 4. There are only three Obc atoms in 

Mo- 0 - Mo bonds of A-~-(NBu114)3 [PMo3 W 904o], whereas twelve Obc and twelve Obe 

The activation enthalpies and entropies 

are, however, almost identical in each parameter for reactions (Eqs 4- 1 and 4- 3) (Table 5- l ). 

These results suggest that the transition state for the oxygen-transfer reaction via the Mo- 0-

Mo site of A-~-(NBu114)3[PMo3W904oJ (Eq . 4- 3) is the same as that of a­

(NBu114)J[PMo1204oJ (Eq . 4- 1 ). 

5.4 Conclusion 

The kinetics of the oxygen-transfer reactions of a-(NBu114)3 [PMo 1204o] and of A-0-

(NBu"4)J [PMo3 W 904oJ with PPh3 revealed that each reaction was first order in both the 

heteropolyanion salt and PPh3 . The second-order rate constant of the latter reaction was 

smaller than that of the former one by more than one order of magnitude This difference 

was ascribed to the number of active sites for the oxygen-transfer reaction of these two 

heteropolyanion salts, rather than the reduction potentials of the Mo(VI) atoms of them. 

The activation parameters were, however, almost identical for both reactions, which 

suggested that the transition state for the oxygen-transfer reaction via the Mo- 0 - Mo site of 

A-0-(NBu114)J[PMo3 W904oJ was the same as that of a-(NBu" 4)3 [PMo 1204ol 
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Chapter 6 

Summary 

This thesis dealt with the syntheses, structural characterization, and redox properties of 

the A-type metal-trisubstituted dodecatungstophosphate anion salts. The results obtained 

through this work are summarized as follows . 

In chapter I , a- or ~-isomers of the A-type vanadium-, niobium-, and molybdenum­

trisubstituted dodecatungstophosphate anion salts, A-[PM3 W904oJn- (M = V and Nb, n = 6; 

M = Mo, n = 3 ), were prepared as single species by using A-Na9[PW 9034] as a precursor. 

Each of the isomers was successfully obtained under the different conditions of reactions of 

the same precursor, which suggested that the precursor, A-Na9[PW9034], was a ~-isomer. 

The behavior of protonation of the [PM3 W904o]6- (M= V and Nb) anions was clarified by 

their NMR spectra . 

In chapter 2, the structures of the metal(V, Nb, and Mo )-trisubstituted 

dodecatungstophosphate anion salts were clarified by single-crystal X-ray analyses as A-type 

metal-trisubstituted, geometrical ~-isomers of the Keggin type, A-~-Css .4Ho.6[PV 3 W904o], 

formed the corner-shared M3013 unit of the A-type through the three corner-sharing oxygen 

atoms. The structural characteristics of these polyanions were reflected in the differences 

between the ion radii of the substituted metals . In the crystal structure of A-~-

Css.4H0 _6[PV 3 W904o], one cesium atom was disordered with a proton, which afforded 

structural information concerning protonation to the oxygen atom of the [PV 3 W 904oJ6-

am on. 

ln chapter 3, A-~-(NBu174)4H2[PV 3 W 904oJ was found to be isomerized to A-a­

(NBu114)4H2[PV3 W904o] both in the solid state and in solution under mild conditions. 

The isomerization process was directly followed by FT -IR and 31 P NMR spectroscopies, 

which afforded its kinetics as a first-order reaction in the ~-isomer In contrast, the other ~­

tsomers of A-type metal-trisubstituted dodecatungstophosphate amon salts, A-~-
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[PM3 W904oJn- (M = V and Nb, n = 6: M = Mo, n = 3), containing one proton or less in 

their cation parts did not isomerize under the same conditions. It was suggested that the ~-

to-a isomerization was promoted by protonation to the bridging oxygen atom in the w- o- w 

bond of the polyanion. 

In chapter 4, reductions of a-(NBu114)] [PMo(Vl) 1204o] and of A-~-

(NBun 4)3 [PMo(Vl)3 W 904oJ with PPh3 m acetonitrile were found to proceed 

homogeneously, accompanied by the transfer of the bridging oxygen atoms in the Mo(VI)-

0 - Mo(VI) bonds to PPh3 . The 31 P NMR and X-ray photoelectron spectra of the isolated 

reduced species revealed that they were single species of oxygen-deficient reduced forms of 

a-(NBun 4)3 [PMo(VI) 1 oMo(V)2039], a-(NBu114)] [PMo(Vl)gMo(V)403 gl, and A-~-

(NBu"4)3[PMo(VI)Mo(V)2W9039l Among the bridging oxygen atoms in the Keggin­

type polyanion, the corner-sharing one in the Mo- 0 - Mo bond was reactive for the oxygen­

transfer reaction upon the reduction ofthe polyanion. 

In chapter 5, the kinetics of the above-mentioned oxygen-transfer reactions revealed 

that each reaction was first order in both the heteropolyanion salt and PPh3 . The second-

order rate constant of the reaction of A-~-(NBun 4)3 [PMo3 W 904o] was smaller than that of 

a-(NBun 4)3 [PMo 1204oJ by more than one order of magnitude . This difference was 

ascribed to the number of active sites for the oxygen-transfer reaction of these two 

heteropolyanion salts, rather than the reduction potentials of the Mo(Vl) atoms of them . 

The activation parameters were, however, almost identical for both the reactions, which 

suggested that the transition state for the oxygen-transfer reaction via the Mo-0-Mo site of 
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