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A 570-fold spread in rate constants (25"C), [H+l = 2.0 M, is observed for 1 : 1 NCS- substitution (of H20) at Mo on the 
title complexes, with replacement of core p3(0) by p3(S) decreasing (factor of lo), and further replacement of the 
three p2(0)  by p2(S) increasing (factor of 570) the rate of substitution. 

The preparation1 and determination of structures by X-ray 
crystallography2--8 of five incomplete cuboidal trimeric MoIV 
aqua-ions in the series [MO~O,S~- , (H~O)~]~+ (x = 0-4) as in 
Table 1, have been described. There are three terminal H 2 0  
ligands attached to each Mo. Here we focus on trends in 
reactivity, and the effect which replacement of core 0 2 -  by 
S2- has on the substitution of H20 ligands. 

Different Mo identities (designated e-h) arise, depending 
on whether the Mo is bound to three y-0x0-ligands as in 
[ M ~ ~ p ~ ( o ) p , ( o ) ~ ( H ~ O ) ~ ] ~ +  (molybdenum atoms designated 
e), or to different combinations of core atoms p3(S)y2(0)2 (f), 

case of [ M O ~ ~ ~ ( O ) ~ ~ ( O > ~ ( H , O ) ~ ] ~ + ,  it has been established 
that the H20  ligands attached to each Mo behave differently 
depending on whether they are trans to the core p2-0x0 or 
p3-0~0 ligands.9 Different substitution properties are ob- 
served, with the H 2 0  trans to p2-oxo ligands the more labile. 
For [ M O ~ ~ ~ - ( O > ~ ~ ( O ) ~ ( H ~ O ) ~ ] ~ +  a statistical factor of three is 
relevant (because of the trimeric nature of the reactant) , * ( ) . I 1  

and rate constants determined with the in-coming ligand 
(NCS- or C204H-) in excess (310-fold) are a factor of three 
smaller than those with the trimer in large excess. 

Forward and back rate constants ( k ,  and k - l ,  25 "C) for 
NCS- studies (equation 1) are used to illustrate trends in 
reactivity (Table 1). Rate constants were obtained by conven- 
tional spectrophotometry (first three entries) and High-Tech 
SFA-11 rapid-mix or Dionex stopped-flow spectropho- 
tometry. In all cases, rate constants with NCS- in excess have 
been modified to allow for statistical factors, and are for 
reaction at one Mo centre. 

p3(s)p2(o)p2(s) (g), or p3(s)v2(s)2 (h) as illustrated. In the 

There is a 570-fold difference in k l  values from the most 
inert, [ M o ~ ~ ~ ( S ) ~ ~ ( O ) ~ ( H ~ O ) ~ ] ~ + ,  to the most labile, 
[ M o ~ ~ ~ ( S ) ~ ~ ( S ) , ( H ~ O ) ~ ] ~ + ,  of these ions. Closer examination 
of the data reveals a 10-fold decrease in k l  on replacing p3(0) 
in [Mo3r-13(o)~2(o>3(H20)914+ by p3(S) to give [Mo3p3(S)- 

p2(0)3(H20)9]4+. However, on replacing the p2(0)'s by u2(S) 
quite the opposite effect is observed, giving a substantial 
increase in lability of the H20's.  

In the case of [Mo3p3(S)p2(0)p2(S)2,(H20)~]4+ biphasic 
kinetics are observed,12 and rate constants for two concurrent 
processes are obtained. One of these (the slower), requiring a 
statistical factor of two to obtain a correspondence of rate 
constants with first NCS- and then MoIV in ten-fold excess, is 
identified as substitution at the Mo's of type g, and the other is 
therefore for substitution at the Mo of type h. Similarly 
[M03p3(S)y2(0)2p~(S)(H20)~]4+ provides another example of 
non-equivalent MoIV sites. Only one rate constant has so far 
been determined, and since a statistical factor of two is 
required, this process is assigned to substitution at the MoIV's 
of type g. The H20's co-ordinated to the third MoIV, which is 
bonded to two y2(0)'s are expected to substitute more slowly. 

An additional feature is the unexpectedly high acid dissocia- 
tion for H20 ligands of [ M o ~ y ~ ( 0 ) y ~ ( O ) ~ ( H ~ O ) ~ J 4 + ,  K ,  = 
0.42 M from the kinetics in toluene-p-sulphonic acid (HPTS), 
I = 2 . 0 ~  (LiPTS), where it has been demonstrated that 

Table 1. Summary of rate constants (25 "C) for equilibration with NCS- in 2.0 M-HCIO,, I = 2.0 M 

2850 
1640 
3420 
2300 

a Data from ref. 10. Absorbance changes are small. 
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substitution proceeds solely by the conjugate-base form. 
The behaviour of [Mo3p3(S)p2(0)3(H20)9]4+ is similar. The 
high acid dissociation may stem from proton bridging, as has 
been detected for other transition-metal complexes. 13,14 From 
the X-ray crystal structures on complexes with the M0304~+ 
core, it is clear that for the aqua-ion adjacent Mo’s have 
approximately parallel Mo-OH2 bonds, Mo-Mo separation 
2.52 A,3 which is appropriate for such bonding. However with 
[ M O ~ ~ ~ ( S ) Y ~ ( S ) ~ ( H ~ O ) ~ ] ~ + ,  which has an Mo-Mo separation 
of 2.77 A,S the conjugate-base pathway has also been 
identified and K ,  is of similar magnitude, a finding which is 
currently being further explored. 

These various effects, in particular the opposing trends 
which we report on replacing p3(0) by p3(S) (less labile 
H20’s) and ~ ~ ( 0 )  by p2(S) (more labile H20’s), clearly have 
implications with regard to the bonding of 0 2 -  as compared to 
S2- in these clusters. Such trends attributable to o- and 
n-bonding effects have been discussed extensively in the 
context of Pt” square-planar substitution reactions15, but are 
more difficult to appraise for octahedral and, in this instance, 
cluster-type complexes. A further effect is that which geo- 
metric distortions stemming from the replacement of 0 2 -  by 
the bigger S2- might have (note the different rate constants for 
g and h Mo’s in Table 1). From our most recent preparative 
work,’ an apical ~ 3 - 0 ~ 0  ligand does not appear to be 
compatible with p,-sulphido ligands, and the existence of such 
complexes has not been confirmed in our recent studies. 

On replacing 0x0 by sulphido ligands equilibrium constants 
K 1  (Table 1) exhibit no systematic trend and the four-fold 
variation is mild compared with the kinetic effect on k l .  We 
note that for studies in 2 M - H C I O ~  k ,  is a composite term 
incorporating K:,. Values of K ,  are of similar magnitude for 
[M03p.3(0)p2(0)3(H20)9I4+ and [Mo3C13(s)EL2(s>,(H20)g14+ , 
and we have no reason to suppose that the pattern of rate 
constants in Table 1 will change much on taking this factor into 
account. 
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