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Preparation and Properties of the Mixed Trinuclear Molybdenum-Tungsten Cluster 
'Aqua Ion'; [WMo2( p3-O)( p2-0)3(OH2)9]4+t 
Ayyub Patel and David T. Richens" 
Department of Chemistry, University of St. Andrews, North Haugh, St. Andrews KY16 9ST, Scotland 

Reaction of K2[MoCIG] (or MoC14) with K2[WCle] in HCI (2 M) at 80°C for 1 h has led to the isolation and 
characterisation of the first hetero Mo-W trinuclear cluster 'aqua ion'; [ W M O ~ ( ~ ~ - O ) ( ~ ~ - O ) ~ ( O H ~ ) ~ ] ~ + ;  subsequent 
solution studies have shown that both redox properties and water substitution rates at the two molybdenum centres 
are significantly influenced by the presence of the remote tungsten atom. 

The chemistry of triangular cluster 'aqua ions' having the 
incomplete cuboidal structure [(M3) (p3-O) ( ~ ~ - 0 ) ~  (OH2)9]4+ 
(M3 = M o ~ ,  W3) (I), has been extensively developed.1 Further 
detailed studies have involved investigations into the mechan- 
isms governing water ligand replacement reactions.233 
Features of note include a lo5  difference in water exchange 
rate at the two different water ligands, with those approxi- 
mately trans to the p2-0x0 groups being more labile. In 
addition these same water sites are responsible for the 
unusually high acidity (Ka 0.4 M M o ~ ,  0.2 M W3) of these aqua 
ion clusters. There is a growing feeling that electronic 
properties over the entire cluster may be responsible for these 
reactivity patterns. Such properties are difficult to detect on 
the homometal species due to the %fold symmetry. Recent 
efforts have thus switched to exploring ways of perturbing the 
symmetrylreactivity by incorporating heteroatoms in the 
cluster. Sykes has observed a general increase in the rates of 
water substitution on replacing systematically all of the pox0 
groups by sulphido groups.4 Our approach has been to 
investigate the synthesis and properties of heterometal aqua 
ion clusters of this general M3X13 cluster type and we have 
prepared a mixed Mo-W derivative on which it is hoped 
studies may be able to detect influences of a remote 
heteroatom on the reactivity at a particular site. 

Jr Taken from A. Patel, Ph.D. Thesis, University of Stirling, 
December 1988. 

Mixed Mo-W species are known in the series of trinuclear 
bicapped clusters of general formula [M3( p3-0)2( P - R C O ~ ) ~ -  
(OH2)3]2+ (M3 = M03, M O ~ W ,  MoW2, W4.5 We have found 
that heating 2 : 1 molar quantities of Kz[MoCl# (or MoC147) 
with K2[WC1,$ at 80°C in HCI (2 M) (-0.07 M in total metal) 
for 1 h followed by filtration (removal of blue precipitate), 
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Figure 1. Electronic spectra of trinuclear aqua ions in Hpts solution 
(2 M): (-) [WMo204]4+, ( . . . . . ) [Mo304I4+, ( - - - - - )  [W304l4+. 

dilution to 0.5 M H+, and DOWEX 50 W X 2 ion-exchange 
column chromatography leads to a pinkish-brown band 
elutable from the column with either toluene-p-sulphonic acid 
(Hpts) (2 M),  HCl (2 M), or CF3S03H (2 M). 

Flame atomic absorption analysis, using samples of 
[Mo304]4+ and [W304]4+ aqua ions as standards, has con- 
firmed the 2 : 1 ratio of Mo to W in the chromatographically 
pure pinkish-brown solution. The electronic spectrum of 
[WMo204]4+ (Figure 1) recorded in Hpts (2 M) or CF3SO3H 
(2 M) shows two absorption bands in the visible region at 400 sh 
(E -227) and 515 nm (E 168 mol-1 dm3 cm-1 per WMo2 unit). 
These two transitions may be compared to the single 
transitions observed in the case of [Mo304]4+ (505 nm) and 
[W304]4+ (456 nm), and tentatively assigned to arise from the 
presence of molecular orbitals involved in interactions 
between both Mo, and Mo and W atoms. 

A cyclic voltammogram (Hg cup electrode) recorded in 
Hpts (2 M) at 25°C shows one reversible process centred at 
-0.21 V vs. the normal hydrogen electrode (NHE) prior to 
the proton reduction limit. Controlled potential electrolysis at 
-0.3 V generates the electronic spectrum shown in Figure 
2(c). The same spectrum can be obtained by titration of 
[WMo204]4+ with two equivalents of E u ~ +  aqua ion (Eo -0.4 
V). Cerium(1v) titration confirmed the formation of the 
mixed-valence WMO~(III, 111, IV) aqua ion as observed similarly 
in the case of reduction of both [Mo304]4+ (ref. 9) and 
[ W304]4+. 10 The electronic spectra of the reversibly formed 
M o ~ ,  W3, and now WMo2 (111, 111, IV) mixed-valence aqua ions 
are strikingly similar in profile suggesting a common electronic 
and molecular siructure (111).1oaJ1 The near-IR band at 880 
nm (E 290) is similarly assigned to an intervalence trans- 
ition.9.11 
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Figure 2. Electronic spectra recorded in Hpts (2 M): (a) (-) 
[WMo2O4I4+, (b) ( - - - - - ) + one equivalent of Eu2+, (c) ( - a  -) + two 
equivalents of E u ~ + ,  (d) ( . . . . . ) following treatment with amalga- 
mated zinc. 

Titration of [WMo204]4+ with one equivalent of Eu2+ 
yields the electronic spectrum in Figure 2(b), which is 
inconsistent with a 1 : l  mixture of [WMo204I4+ and 
WM02(111, 111, IV) (as observed with both W3 and Mo~) ,  and 
suggestive, in this case, of appreciable formation of the WMo2 
(111, IV, IV) intermediate, its existence possibly stemming from 
the lower symmetry in the electronic structure of this cluster. 
Further reduction of WM02(111, 111, IV) can be achieved (with 
some difficulty) using ZdHg (but not E u ~ + ) ,  giving rise to the 
spectrum in Figure 2(d) which titrates for an oxidation state of 
+3 overall. Reduction at the single W atom is believed to be 
involved here. 

A preliminary 1 7 0  NMR study (at 40.56 MHz) in Hpts (2 M) 
carried out on an enriched sample of [WMo204]4+ shows 
resonances (referenced to water) assigned to structure (11) as 
follows: 6 +24 (H20  opposite p2-0), -14 (H20 opposite 
p3-0, Mo and W sites not resolvable), +800 [Mo-(p2)0-M0], 
and +640 p.p.m. [Mo-(p2)0-W]. The p3-O group has not been 
characterised. 95Mo and 183W NMR studies are in progress. 

A kinetic study of the equilibration of NCS- with 
[WMo204]4+ in p = 2 M CF3S03- has been carried out and is 
consistent with the rate law in equation (l) ,  indicating that 
initial substitution occurs at the two more labile Mo sites as 
expected (statistical factor of 2 observed). Forward rate 
constants (kf) are approximately 50--60% of those observed 
on [Mo304]4+ in CF3S03- media with substitution occurring 
solely through the conjugate-base form (Ka 1.0 M, 25"C, 
deprotonation assumed at a Mo H 2 0  site2a). 

(1) k,, = kf[NCS-]/2 + k,, 

The somewhat slower rate constants for NCS- substitution 
and the higher acidity constant together with the slightly more 
negative reduction potential (for reduction presumably at 
Mo)lO observed for [WMo204]4+ are believed to reflect an 
electronic influence from the presence of the W atom.3~ These 
findings confirm that the reactivity of a given peripheral water 
ligand in these clusters is likely to be influenced by the 
electronic properties of both adjacent and remote metal 
centres. 

Crystalline derivatives: brown-green (NMe4)5[WMo2- 
04(NCS)9] and pink NaK[WMo204{ ( 02CCH2)2NMe} 3] have 
been prepared and are being investigated. Full details of the 
NCS- kinetic study and of the X-ray crystallography will be 
reported in a subsequent paper. 

We thank the S.E.R.C. for the award of a studentship (to 
A. P.). A. P. is currently at the Institut fur Anorganische 



276 

Chemie, Universitat Bern, Freiestrasse, 3, CH-3,000, Bern, 
Switzerland. 
Received, 9th October 1989; Corn. 91043186 

References 
1 See, e.g., F, A. Cotton and G. Wilkinson, ‘Advanced Inorganic 

Chemistry,’ 5th edn., Wiley, 1988, p. 824. 
2 D. T. Richens, L. Helm, P. A. Pittet, A. E. Merbach, F. Nicolo, 

and G. Chapuis, Znorg. Chem., 1989, 28, 1394; K. R. Rodgers, 
R. K. Murmann, E. 0. Schlemper, and M. E. Shelton, Znorg. 
Chem., 1985,24, 1313. 

3 B.-L. Ooi and A. G. Sykes, Znorg. Chem., 1988, 27, 310; P. 
Kathirgamanathan, A. B. Soares, D. T. Richens, and A. G. 
Sykes, Znorg. Chem., 1985, 24, 2950; B.-L, Ooi, A. Petrou, and 
A. G. Sykes, Znorg. Chem., 1988, 27, 3626. 

J .  CHEM. S O C . ,  CHEM. COMMUN., 1990 

4 B.-L. Ooi, M. Martinez, and A. G. Sykes, J .  Chem. SOC., Chem., 
Commun., 1988, 1324. 

5 B. Wang, Y. Sasaki, A. Nagasawa, andT. Ito, J.  Am. Chem. SOC. ,  
1986, 108, 6059. 

6 R. C. Young and R. A. Laudise, 1. Am. Chem. SOC., 1956, 78, 
4861; A. J.  Edwards, A. J.  Peacock, and A. Said, J. Chem. SOC., 
1962, 4643. 

7 M. L. Larson and F. W. Moore, Znorg. Chem., 1964,3, 285. 
8 C. D. Kennedy and R. D. Peacock, J .  Chem. SOC., 1963, 3392. 
9 D. T. Richens and A. G. Sykes, Znorg. Chem., 1982, 21, 418; 

M. T. Paffett and F. C. Anson, Inorg. Chem., 1983, 22, 1347. 
10 A. Patel, M. R. McMahon, and D. T. Richens, Znorg. Chim. Acta, 

1989, 163, M. Segawa and Y. Sasaki, J .  Am.  Chem. SOC., 1985, 
107, 5565. 

11 D. T. Richens and C. Guille-Photin, J .  Chern. SOC., Dalton. 
Trans., 1990, 407. 




