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Studies on Transition Metal Peroxo Complexes. Part 8.' The Nature of 
Peroxomolybdates and Peroxotungstates in Aqueous Solution t 

Nicholas J. Campbell, Andrew C. Dengel, Catherine J. Edwards, and William P. Griffith * 
Inorganic Chemistry Laboratories, Imperial College of Science and Technology, London S W7 2A Y 

The nature of the species formed in solutions of [Mo0,I2- and [WO,]'- (1-0.1 mol drn-,) in the 
presence of H,O, (5-0.5 mol  dm-3) from p H  12 to acid has been studied by  Raman and i.r. 
spectroscopy and, for molybdenum-containing species, by 9 5 M ~  n.m.r. spectroscopy. The 
polymerisation processes are far less complex in the presence of  H,O, than in its absence. The 
principal species are likely to be [M(0,),I2-, [M0(0,),I2-, [M20,(0,),(H,0),]2- and, at lower pH, 
complexes containing the [ M O (  02)]'+ unit. Vibrational assignments are proposed for 
K,[M,0,(0,),(H,0),]~2H20 ( M  = M o  or W )  using l80 and 'H substitution. Parallel studies on the 
oxidation of alcohols and alkenes by  [M0,I2- in excess of H,O, from p H  7 to 0.5 suggest that 
[ M,O,( 02),( H,0),I2- is the most effective oxidising species. Stoicheiometric oxidations of  primary 
alcohols to aldehydes, of secondary alcohols t o  ketones, and of  cyclohexene t o  its epoxide by 
[ PPh,],[ M,0,(0,),] are briefly reported. 

There has been much interest in the nature of the isopoly species 
formed by acidification of aqueous solutions of the molybdate 
([Mo0,12-) and tungstate ([W0,l2-) ions, and a number of 
techniques have been applied to the problem.2 However there 
are only scattered and often conflicting data on the nature of the 
species formed when [MOO,]'- or [WO,]' - is acidified in the 
presence of H 2 0 2 . 3  In this study we use Raman spectroscopy as 
a principal technique with supporting evidence from 9sMo 
n.m.r. to study the nature of solute species in solutions of 
[MO,]'- (M = Mo or W) in H 2 0 ,  at different pH and con- 
centrations. These techniques have not been applied before to 
the study of polymerisation processes in peroxomolybdates 
and peroxotungstates, and indeed parallel Raman and n.m.r. 
studies have rarely been used together to probe solute 
structures, but both Raman ' q 4 v 5  and n.m.r.6 spectroscopy have 
been successfully separately applied to the problem of 
isopolymolybdates and isopolytungstates. We also use here the 
technique of comparing the Raman spectra of solid peroxo 
complexes which have known structures with the spectra of the 
solutions at different pH values, and have conducted a brief 
parallel survey on the oxidising ability of such solutions with 
respect to alcohols and alkenes. 

Results and Discussion 
(u)  Raman and 95Mo N.M.R. Spectra of Species with Known 

Structures.-In order to obtain information on the structures of 
the species in solution we need to obtain data on systems of 
known structure. A number of peroxo- and oxoperoxo-molyb- 
dates have been structurally characterised by X-ray methods 
but only two tungsten species. Those studied are [Zn(NH,),]- 
CMO(O2)4I,' Kz[Mo203(0z)4(H20)z1*2H20,8 CHpYl2- 
[Mo2O3(Od,(H2O)2] and [ H P Y ] ~ [ M ~ ~ O Z ( O ~ H ) ~ ( ~ , ) , ~ , ~  
K2[W203(0,) ,(H,0)2]~2H20; l o  there are also a number of 
'isopolyperoxo' complexes, viz. [NH4],[Mo30,(O2),~; 
2H20,11 K4[Mo,Oi2(Od21 and K,CMo,022(02)21°8H20, 
K6 CMOS 0 1 o ( 0 z )  81 *5H2O, ' K5 CMo702 1 (0, ) 2  (OH)] *6H20 

t Supplementary data available (No. SUP 56742, 11 pp.): Raman, i.r., 
and n.m.r. data; see Instructions for Authors, J. Chem. SOC., Dalton 
Trans., 1989, Issue, pp. xvii-xx. 

and ~NH414~Mo8024(02)Z(H20~2~~4H20~' ' [NH418[Mo1 0- 
0 2 2 ( 0 2 )  121.1 6H20, '  and K6[W,0*(02)6(C03)]*6H20. 

The data for [M(O2),I2- and [M203(Oz)4(HzO)2]2- are 
listed in Table 1 and in SUP 56742. For the dimeric species 
K2[M203(02)4(H20)2]*2H20 (M = Mo or W) we also have 
l80- and 'H-substitution data to help in assignment of bands. It 
is generally agreed 1 * 1  '.' ' that the stretching modes associated 
with the side-bonded peroxo ligand (vsym(O-O), vS,,[M(O2)], 
and vasym[M(02)]} are to be found near 880,600, and 530 cm-I 
respectively, the first two totally symmetric stretches being 
polarised in the Raman spectra of solutions of the complexes. 
Terminal M=O stretches are expected near 950 cm-', with the 
corresponding deformation near 300 cm-'.' * For binuclear 
species containing M,O units, the symmetric and asymmetric 
M 2 0  stretches lie near 500 and 750 cm-' r e s p e c t i ~ e l y , ' ~ ~ ~ ~  much 
dependent on the M-0-M angle." 

(i) [M(02),]'-. These species are highly explosive, so it is 
very difficult to obtain their Raman spectra in particular. We 
and others have obtained Raman 1 6 * 2 2 7 2 3  and i.r. 2 2 - 2 6  data 
for [M(O,),]"- species (M = Nb, Ta, Cr, Mo, or W); as a 
consequence of their dodecahedra1 ( D Z d )  symmetry ' the spectra 
are relatively simple. In Table 1 we present data for salts of 
[M(O,),]'- (M = Mo or W); Raman spectra of these 
explosive materials could not be obtained. 

(ii) K2[M~0,(0,),(H20),]~2H20 (M = Mo or W). We 
have earlier reported the Raman spectra of both these salts in 
the solid state with partial assignment of bands as well as the i.r. 
spectra of the solids and solutions in 'H,O from 4 000 to 700 

report Raman and i.r. data for the normal, deuteriated, and 80- 
substituted complexes in the solid state and in aqueous solution 
(see Table 1 and SUP 56742). 

It is apparent from these data that the bands near 960 cm-' 
which are essentially unaffected by deuteriation but shift to 
lower wavenumber on l80 substitution are likely to be due to 
v(M=O) (calculated shifts on l80 substitution are 47 cm-', close 
to the observed values). The three bands near 860 (Mo or W), 
620 (W) and 580 (Mo), and 560 cm-' (Mo or W), the first two of 
which are polarised for aqueous solutions, are essentially 
unaffected by deuteriation or l80 substitution. Since the l80 

substitution was achieved by recrystallisation of [M203(0,),- 
(H20)*I2- from H,' 80, which would not isotopically 
substitute the peroxo ligand, we may confidently assign these 

cm-l , 2 3  and there are further i.r. data for the salts. 25 We now 
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Table 1. Vibrational spectral data (cm-')' for [M(02)4]2- and [M,03(02)4(H20)2]2-  

K [ M o *03( 0 2 ) 4 (  H ' * 0),]-2H 8O 

V( M=O) 
1.r. 825vs 
1.r. 865vs 
1.r. 964vs 
Raman 955( 10) 
Raman 960(10)p 
1.r. 905s 
Raman 905( 10) 
Raman' 914(10)p 
1.r. 966vs 
Raman 956( 10) 
1.r. 962s 
1.r. 96 1 vs 

959( 10) 
950(9) Raman 

Raman 967( 1O)p 
1.r. 927vs 

926(8) 
914(10) Raman 

v ( 0 - 0 )  

853s 
850(8) 

853s 
853(7) 

852s 
850(8) 
861m 
855vs 

854(7)P 

852(7)P 

867(9) 
87 1 (SIP 
863s 

867(7) 

765s 
762(2) 

715m 
715w 

761s 
761(3) 
722s 
715s 

723(2) 

675s 

Ramanc 921(8)p 872(9)p 

1.r. 967s :12s(sh) 722s 

Raman 960(10) 875(7) 726(2) 
Ramand 965(10) 875(6) 725(1) 

For solids. Aqueous solution. ' In H 2 1 8 0  solution. Acetonitrile solution. 

complexes 

Vsym- 
CM(O,)I 
560m 
580m 
615m 
620( 2) 
622(3)P 
61 5m 
620(2) 
6 2 W P  
61 5m 
622(3) 
614m 
575s 

582(5) 
5 7 3 (3) P 
595s 

584(7) 

574(4)P 
578s 

588(5) 

592m 

606(4) 
594(4) 

535m 
525s 
560s 

559(2)dp 
560vs 
562(7) 
5 5 8( 8)dp 
547s 
565(7) 
576m 
531m 

557(5) 450( 1 ) 

405w 
405( 1) 

447w 
445( I )  
457w 
454w 

533(4) 454(1) 
540( 1O)p 
5 30m 

535(8) 435( 1) 

539(10)dp 
532m 450w 

530(4) 448( 1) 

533s 457w 

559(5) 
560( 5 )  

330m 
317(2) 259(1) 
32 1 (2)dp 

312(2) 
31 l(3)dp 
31 l m  
310(2) 255(1) 

335m 

344(4) 260( 1 )  
317(3) 
340m 

341(4) 255( 1 )  

308( 5 )  
325w 

339(2) 256(1) 

bands to v(0-0), vsym[M(02)], and v,,,,[M(02)] respectively. 
The only other bands shifting substantially on l80 substitution 
are those at 762 and 450 cm-' (W) and 715 and 454 cm-' (Mo). 
These drop to 715 and 405 cm-' (W) and to 675 and 435 cm-' 
(Mo). We tentatively assign them to vasym(M20) and v,,,(M,O) 
respectively (for [Cr20,12 - the vasym(Cr20) and v,,,(Cr20) 
modes are at 730 and 572 cm-' 19} ,  and note that the shifts 
observed are larger for the tungsten complex. The calculated 
shifts {using the secular equations given by Wing and 
Callahan2' and M-0-M angles of 136.1 and 139" respectively 
reported from X-ray data on K,[M20,(02),(H20)2]-2H20 
(M = Mo8 or W l o ) >  for the molybdenum complex are to 690 
and 430 cm-' for the va,,,(M,O) and v,,,(M20) modes 
respectively; for the tungsten complex the shifts are to 732 and 
426 cm-' . The agreement between observed and calculated 
shifts is fair, especially in view of the approximations involved in 
the calculations; 2 1  the M-0-M angle in the solutions may well 
differ from those for the solids and thus affect the shifts. 

The only bands to shift on deuteriation are those due to the 
metal-OH2 stretch { v[M(OH,)]}. For the tungsten dimer, this 
band is shifted from 330 to 311 cm-' on deuteriation; for the 
molybdenum dimer the shift seen is from 335 to 325 cm-' 
(calculated shifts 10 cm-' in both cases). 

( b )  Pero.uotungstates in Aqueous Solution.-We consider 
these first since, on account of the greater stability of the 
solutions, we were able to obtain many Raman spectra, though 
unfortunately very little 183W n.m.r. data could be obtained 
because of the low receptivity of the ' 83  W nucleus. We used HC1 
to adjust the pH, but the use of HClO, or H2S04 gave closely 
similar spectra. The H 2 0 2 :  W ratios used were 5 :  1, 2: 1,  and 
1 : 1;  no complexes with a peroxide: metal ratio greater than 4: 1 
are known.3 Detailed results are given in SUP 56742. 

(i) pH 9-7. Above pH 9 we are unable to obtain solutions 
of sufficient stability to record good Raman spectra. Solutions 
containing H 2 0 2  : W ratios of 5 : 1 show (in addition to the 0-0 

stretch of H 2 0 2  at 876 cm-') polarised bands at 858 and 574 
cm-' which we assign to v(0-0) and v,,,[W(02)] of 
[W(02),12-; a weak depolarised band at 596 cm-' probably 
arises from v,,,,[W(O,)]. These values are fairly close to those 
observed for solids containing [W(O2),I2- (Table 1 )  and we 
thus conclude that [W(0,),l2 - is the principal species in such 
solutions, in agreement with other a u t h 0 1 - s . ~ ~ ~ ~ ~  For solutions 
with H20 , :  W ratios of 2: 1 and 1 : 1 at pH 9-7 we observe 
additional Raman bands at 960 and 560 cm-' which are likely to 
arise from [W203(02),(H20)2]2- (see Table 1 ) .  

(ii) pH 7.0-1.3.  For solutions containing 5: 1 H,O,: W ratios 
the bands assigned above to [W(O2),I2- persist down to pH 
5.0, with additional bands (960, 770, and 323 cm-') assigned to 
[W203(02),(H20)2]2-. From pH 5.0 to 1.3 the bands due to 
[W(O2),I2- disappear and the Raman spectrum in this region 
is very similar to that of K2[W203(02) , (H20)2]~2H,0 in 
solution. It is therefore likely that [W203(02)4(H20)2]2 - is the 
principal solute species in the pH range 7 . G 1 . 3 ;  we have shown 
in earlier cryoscopic work that the anion in K2[W20,(02),- 
(H20),]*2H20 retains its structure in aqueous s o l ~ t i o n . ~ ~ . ~ ~  
Formation of the dimer at pH 5 has also been shown 
potentiometrically28 and cryos~opically.~~ Although the 
existence of triperoxo species such as [WO(O,),]'- has been 
~uggested,~' our Raman data give no evidence for their exis- 
tence; nor is there evidence for the proposed 2 7  protonated 
species [HW2(02)8]3-. We find that solutions of [W04]2- in 
excess of H 2 0 2  at pH 3.9, 2.5, and 1.7 have one narrow 183W 
n.m.r. resonance, at 6 -699 p.p.m. (us. 6 = 0 for [WO,]"), in 
the same position as that exhibited by an aqueous solution of 
Na2 [W203(02)4(H20>2l*2H2O. 

(iii) Below pH 1.3. In this region the solutions become 
unstable and lose oxygen. The polarised Raman band formerly 
at 960 cm-' shifts to 970 cm-' and a new band at 883 cm-' 
appears, which we assign to v(0-0) in place of the band at 854 
cm-'. These changes could arise from formation of a 
monoperoxo complex such as the 'Na2[W0,]~H20'3' 
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{perhaps better formulated as Na,[W03(0,)(H,0)]}; however, 
we observe no splitting of v(W=O) as would be expected 32 for a 
species containing cis-WO, or WO, groups and suggest that, in 
acid at least, the known species [WO(0,)Cl,I2- is formed. The 
i.r. bands reported for solid Cs,[WO(O,)Cl,] 26 are close to the 
Raman bands which we observe for [WO,]’- in excess of H,O, 
below pH 1.3. 

(c) Peroxomolybdates in Aqueous Solution.-For these we 
have been able to supplement our Raman data with 95Mo n.m.r. 
data in most cases. As with the tungstate system, our work was 
done using 5: 1, 2: 1, and 1: 1 H 2 0 2 :  Mo ratios, and pH was 
adjusted using HCl. 

(i) pH 9-5. Above pH 9 the deep red solutions were too 
unstable for Raman or 95Mo n.m.r. measurements. It has been 
implied that di- or tri-peroxo species exist in such solutions,33 
but we believe that these are mixtures or decomposition 
products of the very unstable red [Mo(0,),l2- ion. We and 

have measured the i.r. spectra of salts of 
[ M O ( ~ , ) , ] ~ -  (Table 1). The 95Mo n.m.r. spectra of solutions 
from pH 8.8 to 8.2 containing excess of H,O, show a sharp 
band at 6 -426.5 p.p.m. (0s. F = 0 for [Mo0,l2-) together 
with a broader resonance at -496.0 p.p.m.; the latter grows at 
the expense of the former with time and probably arises from 
a decomposition product. For solutions containing 2: 1 
H,O,:Mo the sharp resonance at -426.0 p.p.m. was not 
observed. It is likely that this resonance arises from 
[Mo(O,),]~ -, its sharpness arising from the relatively high 
symmetry about the metal atom (shown to be D,, in [Zn- 

From pH 7.2 to 5.0, the 95Mo n.m.r. spectrum shows two 
resonances, a relatively sharp one at -492.3 p.p.m. and a much 
broader one at - 266 p.p.m. The latter persists down to pH 2.5 
and is probably due to [ M o ~ O ~ ( O ~ ) ~ ( H , O ) , ] ~ -  (see below). 
The peak at -492.3 p.p.m. could arise from a triperoxo species 
[Mo0(0,),I2- or [MoO(O,),(H,O)]~-. It has been suggested 
that such species exist near pH 8 on the basis of pH and 
potentiometric data,33 and the very unstable red ‘Cs,[MoO,]- 
nH,O’ ( n  = 3 or 0) has been r e p ~ r t e d . ~ ~ . ~ ~  We have previously 
shown that the claimed triperoxo species [Hpy],[MO,] (M = 
Mo or W) 3 5  are in fact [Hpy],[M,03(0,),(H,0),]~H20,23 
so clearly triperoxo species must be regarded with suspicion. 
The species ‘Cs,[Mo07]-nH,0’ reported by Arkhipov et 
d.33.34 was found by us to show complex i.r. and Raman spectra 
with bands due to 0-0 and Mo=O stretches, suggesting that it 
is a mixture of Cs,[Mo,O,(O,),(H,O),] and more complicated 
peroxomolybdate species. The broad resonance centred on 6 
-246 p.p.m. seen in the 95Mo n.m.r. spectrum of these species 
reinforces this view. One solution of [Mo0,12- in excess 
of H ,02  at pH 8.4 did show polarised bands at 959, 872, and 
539 cm-’ which could be due to v(Mo=O), v(0-0), and 
v,,,[Mo(O,)] of a species such as [Mo0(O,),l2-. 

(ii) pH 5-2.5. The Raman spectra of 5 : l  and of 2: 1 
H 2 0 2  : Mo solutions are all very similar in this region, and also 
show bands close to those observed for K,[Mo,O3(O,)4- 
iH,O),] in water (Table 1). The 95Mo n.m.r. spectra over this 
range show a broad resonance at 6 -263 p.p.m. (with the 
additional and sharper ‘triperoxo’ resonance mentioned above 
disappearing below pH 5.1). Dissolution of K,[Mo,0,(02),- 
(H20),]-2H2O in water gives a broad n.m.r. signal at -268 
p.p.m. (pH 3), and it seems likely that the species [Mo,O3(O2),- 
(H20) , I2-  is the principal one in this pH range. Our earlier 
cryoscopic data suggested, albeit with very weak solutions, that 
the species retains its binuclear character in aqueous 
s o l ~ t i o n . ~ ~ , ~ ~  It has been suggested, from potentiometric data, 
that dimerisation of peroxomolybdates is slow in aqueous 
solution.36 

(iii) Below pH 2.5. Between pH 2.5 and 1.6 the broad 95Mo 

(NH3)41 CMO(O2~41 7>. 

n.m.r. peak at 6 - 263 p.p.m. shifts slightly downfield to - 25 1 
p.p.m., suggesting a protonation process ( 5  ‘V n.m.r. peaks 
due to peroxovanadates shift downfield on protonation 3 7 ) ,  

accompanied by minor shifts in the Raman spectrum. Species 
such as [MoO(OH)(O,),] may be formed at these lower 
pH values; such a species has been proposed on the basis of 
kinetic and spectrophotometric data.38 We have recently shown 
by an X-ray crystal-structure determination that there is proto- 
nation of the p-0x0 bridge in [NH4]3[V,0,(02)4(0H)],39 and 
the Raman and i.r. spectra of the latter complex show features 
similar to those of the [Mo0,l2--H,O, system at low pH. 

At pH 2.0 a new, sharper 95Mo resonance appears at 6 
- 155 p.p.m. in 5: 1 solutions of H,O,: [Mo0412- (the latter 
being 1, 0.5, and 0.1 mol dm-3), alongside the peak at -257 
p.p.m.; at pH 0.8 the latter peak disappears. In the Raman 
spectrum of 5 : 1 H,O, : [Mo0,12 - solutions the Raman band 
assigned to v , , ~ ~ ( M o ~ O )  shifts from 630 (pH 2.0) to 652 cm-’ 
(pH 0.6), and disappears in concentrated HCl solutions, while 
v(Mo=O) shifts from 976 (pH 2.0) to 980 cm-’ (pH 0.6 and 
below). Similar shifts occur when the pH of a solution of 
K2[Mo203(02),(H20),].2H,0 is lowered. Although it is 
possible that monomeric diperoxo species [M00,(0,) ,]~ - 
have been formed {e.g. ‘ C S , [ M O O , ] ~ ~ H , ~ ’ , ~ ~  presumably 
Cs,[MoO,(O,),(H,O)]}, we observe no splitting of the 
v(Mo=O) modes in the Raman as would be expected 3 2  for such 
species. It seems more likely that, at  very low pH at least, where 
oxygen is seen to be lost from the solutions, monoperoxo species 
are formed. A number of these species has been claimed, e.g. 
‘[MOO,]’-’ (presumably [MoO,(O,)]’-) in solutions for 
pH 5 to 0.5.31,40 However, under the conditions of our work, 
it is likely that the known [MoO(O,)CI,]~- will be formed at 
low P H . ~ ’  We have reported the Raman spectrum of 
Cs,[MoO(O,)CI,] l 6  and its Raman bands are close to those 
found in solutions of [Moo,]’- in excess of H 2 0 2  and 
concentrated HCl. 

We have also measured the Raman spectra of [NH,]8- 
CMolo022(02)~21=16H20,14 [NH41,[Mo307(0,),I*2H,0,” 
and K6[Mo7022(02)2]43H2012 in the solid state and in 
aqueous solution (see Experimental section; these known 
oxoperoxomolybdates were prepared by the methods of 
Stomberg and co-workers). In each case, the profiles of 
the spectra are similar for the solid state and the aqueous 
solution, suggesting retention of these isopolyperoxo structures 
in solution (in addition the 95Mo n.m.r. spectrum of 
[NH4]8[Molo0,,(02)l ,]-16H,O is complex). However, on 
addition of H,02, the complex Raman spectra disappear and 
are replaced by the spectra expected at the corresponding pH 
for solutions containing excess of hydrogen peroxide. 

It would seem that, although these isopolyperoxo species 
clearly exist, precise Mo: H,O, stoicheiometries and pH control 
are required for their preparation; similarly, while their 
structures are retained to a great degree in aqueous solution, the 
presence of excess of H,O, serves to break them down into the 
simpler monomeric and dimeric oxoperoxomolybdate species 
discussed above. 

All our 95Mo shifts lie upfield of that of [Mo0412-. Most 
oxomolybdate(v1) species give downfield shifts,6 but strong 0 
donors do produce upfield shifts,,, and for a peroxo complex 
this was first demonstrated for [MoO(0,)(CN),12 - (6 - 610 
p.p.m. relative to 6 = 0 for  MOO,]^-).^^ We have also shown 
that the peroxo species [MoO(O,),LI2 - (L = carboxylate) 
have 95Mo shifts in the -240 p.p.m. region.’ 

(d) Organic Oxidations by Peroxomolybdate and Peroxo- 
tungstate Solutions.-The epoxidation of unsaturated car- 
boxylic acids by H,02 is catalysed by [WO,]’- in aqueous 
solution at 50-65 “C and pH 4-5.5.44745 Under phase-transfer 
conditions [MOO,]’ - and [WO4I2- in aqueous solution at 
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Addition, with stirring, of tetraphenylphosphonium chloride 
(1.45 g, 3.86 mmol) gave a flocculent yellow-white precipitate 
immediately (pH 5.4). The solid was filtered off, washed with 
water (3 x 10 cm3), and dried in a vacuum desiccator over silica 
gel (Found: C, 56.0; H, 3.8; 022-, 12.5; P, 6.1. C48H4,MO2O1 'P2 
requires C, 55.1; H, 3.9; 022-, 12.2; P, 5.9%). 

2 H 2 0  (1.0 g, 1.93 mmol) was dissolved in water (30 cm3), and 
the solution treated with tetrabutylammonium hydrogensul- 
phate (1.31 g, 3.86 mmol) with stirring. The flocculent yellow 
precipitate was filtered off, washed with water (3 x 15 cm3), and 
dried in a vacuum desiccator over silica gel. Recrystallisation 
from dichloromethane afforded a crystalline sample of the 
complex (Found: C, 44.2; H, 7.2; N, 2.9; 022-, 15.6. 
C32H72M02N2011 requires C, 45.1; H, 8.5; N, 3.3; 022-, 
15.0%). Infrared and Raman spectra, cm-': i.r. (Nujol mull) 960s, 
946s, 865s, 720m, 593m, 534m, 454w, and 332w; Raman (solid, 
KBr disc) 963 (lo), 880 (6), 715 (l), 586 (4), 556 (6), 448 (3), 330 
(1); (acetonitrile solution) 960 (lo), 878 (7), 710 (3), 593 (3), 
and 558 (6) (numbers in parentheses are relative Raman 
intensities). The complex can be similarly prepared from 
tetrabutylammonium chloride, but the analogous tungsten 
complex could not be isolated using either tetrabutylammonium 
reagent. 

[NHJ [Mo 0022(0 2 )  2]-1 6H20.  The preparation was 
based on the method of Stomberg and co-worker~ . '~  
Ammonium heptamolybdate, [NH,],[Mo,02,]~4H20 (3.72 g, 
3.0 mmol), was dissolved in water (1.5 cm3) and the solution 
treated with 30% H 2 0 2  (2.8 cm3). The pH of the solution was 
adjusted to 2.8-3.0 using nitric acid (8 mol dmP3). The dark 
yellow solution yielded yellow crystals after ethanol addition 
and storage at 5 "C; these were filtered off, washed with ethanol, 
and air-dried (Found: H, 2.4; N, 5.3; 022-, 17.6. H,,Mo,,N,O,~ 
requires H, 3.0; N, 5.3; 022-, 18.0%). Infrared and Raman 
spectra, cm-': i.r. (Nujol mull) 953vs, 947s, 927s, 891vs, 872s, 
849s, 730br, 686m, 622s, 554m, 472w, and 335w; Raman (solid, 
KBr disc) 967 (lo), 957 (sh), 923 (4), 900 (3), 873 (3), 853 (l), 690 
(2), 630 (2), 590 (4), 555 (7), 516( 4), 474 (2), 366 (l), 334 (l) ,  and 
309br; (aqueous solution) 970 (lo), 943 (8), 916 (4), 898 (2), 872 
(4), 850 (4), 660 (2)br, 565 (4), 469 (2), 345 (3), and 302 (2). 

[NH4],[Mo3O7(O2),]~2H20. The method was based on 
that of Trysberg and Stomberg." A solution of ammonium 
heptamolybdate (15.45 g, 12.5 mmol) in water (25 cm3) was 
treated with 60% H 2 0 2  (0.52 cm3, 12.5 mmol). The bright 
yellow solution (pH 5.5) was adjusted to pH 8 using ammonia 
solution. The solution was placed in a refrigerator, whereupon 
yellow crystals formed overnight. The crystals were filtered off, 
washed with ethanol, and air-dried (Found: H, 2.6; N, 7.9; 022-, 
19.7. H2,Mo3N,017 requires H, 3.2; N, 8.8; 022-, 20.1%). 
Infrared and Raman spectra, cm-': i.r. (Nujol mull) 953s, 918s, 
885s, 841m, 820w, 796w, 670br, 616m, 585w, 559m, 470m, and 
315w; Raman (solid, KBr disc) 958 (8), 936 (lo), 900 (8), 884 (6), 
864 (4), 619 (2), 587 (3), 566 (5) ,  556 (sh), 400 (2), 363 (4), 336 (4), 
314 (4), 237 (sh), and 219 (7); (aqueous solution) 957 (7), 934 
(lo), 897 (9), 874 (sh), 850 (2), 580 (sh), 558 (4), 353 (l), 317 (3), 
306 (4), and 210 (2). 

K,[Mo,O~~(O~),]*~H,O. The method of Stomberg et al." 
was modified as follows. Potassium molybdate (12.38 g, 52.0 
mmol) was dissolved in water (40 cm3), and the solution treated 
with 60% H 2 0 2  (2 cm3). The effervescent yellow solution was 
treated with concentrated HCl (ca. 3.7 cm3) until the pH was 
6.2. Addition of ethanol and storage at -5 "C gave a yellow 
solid, which was filtered off, washed with ethanol, and air-dried 
(Found: H, 0.9; K, 15.6; 022-, 4.2. H,,K,Mo,O,, requires H, 
1.1; K, 16.0; 022 -, 4.4%). Infrared and Raman spectra, cm-': i.r. 
(Nujol mull) 935s, 900vbr, 840s, 825m, 650vbr, 580s, 470m, and 
368w; Raman (solid, KBr disc) 930 (lo), 921 (4), 910 (6), 898 (8), 
892 (8), 872 (6), 844 (2), 830 (l), 632 (l), 588 (l), 537 (3), 467 (l), 

CNB 2 LM 2 0 3  ( 0 2  141- The salt K2 [Mo2 0 3 (0 2)4(H2 0) 21' 

451 (21,410 (21, 366 (5 ) ,  336 (3), 312 (4), and 225 (8); (aqueous 
solution) 945 (lo), 939 (sh), 926 (9, 908 (4), 897 (5) ,  870br, 
600br, 569 (2), 372 (3), 353 (2), 306 (2), 238 (sh), and 212 (2). 

Stoicheiometric Oxidation of Alcohols using [PPh,],[M,- 
0,(02),] (M = Mo or W).-The oxidation procedure for p -  
anisyl alcohol using the molybdenum complex is typical. 

p-Anisyl alcohol (24.7 mg, 0.17 mmol) and [PPh,],[Mo,- 
03(02),] (187 mg, 0.179 mmol) were dissolved in dichloro- 
methane (50 cm3) in a round-bottom flask. The solution was 
stirred for 3 h, after which t.1.c. [diethyl ether-light petroleum, 
b.p. 4&6O0C (50:50)] showed the reaction to be complete. 
The solution was evaporated to dryness, and the residue 
extracted with diethyl ether (2 x 25 cm3). The combined ether 
extracts were evaporated to dryness, and the product dissolved 
in the minimum volume of ethanol. The solution was treated 
with an acidic, saturated solution (10 cm3) of 2,4-dinitro- 
phenylhydrazine in methanol to yield the hydrazone derivative. 
This was filtered off, washed with cold water, and dried to 
constant weight. 

Investigation of Competing Epoxidation: Reaction of Cyclo- 
hexene with [ NBu,] [ M 0203 (0 2)4] .-C yclo hexene (7.5 mg, 
0.091 mmol) and [NBu,]2[Mo203(02),] (77.6 mg, 0.091 
mmol) were dissolved in CD3CN (2 cm3) and the mixture 
stirred under nitrogen for 24 h, after which time the solution had 
changed from dark yellow to light yellow. The pryton n.mir. 
spectrum was measured [S 5.50, t, CH=CH; 3.00, t, CH2CH20; 
1.78m and 1.30m, cyclohexyl CH,; p.p.m. relative to SiMe,]. 
The ratio of integrals of the triplet at 6 5.50 to the triplet at F 3.00 
was ca. 1 : 14. 

General.-Raman spectra were measured for solids on a KBr 
matrix as spinning discs or in solutions in spinning cells using a 
Spex Ramalog 5 spectrometer and a Coherent Radiation 
Innova 90 krypton-ion laser, with excitation at 6 471 and 5 648 
A. Infrared spectra were measured on a Perkin-Elmer 683 
instrument, for solids as liquid paraffin films between caesium 
iodide plates or as aqueous solutions between calcium fluoride 
plates. The 95Mo and lB3W n.m.r. spectra were measured 
on a Bruker WM250 instrument at 16.43 and 10.42 MHz 
respectively in 10-mm tubes with a 5-mm insert containing 
2 H 2 0  for locking purposes. 
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