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(except for the oxygen atom) and the anion have been omitted 
from the bottom portion of 4. Room-temperature magnetic 
moments for these complexes are near those for magnetically dilute 
copper(I1) ions, - 1.9 pB (see ref 33 and references therein). A 
recent reportlg has described a CU404 complex, [Cu4(OH),- 
(S03CF3),( ( P Y ) ~ N ) ~ ]  (S03CF3)2, which contains tris(2-pyridy1)- 
amine instead of a (dialky1amino)ethanol derivative; the ( P Y ) ~ N  
coordinates as a bidentate ligand bound via the pyridyl groups, 
and the OH- ions provide the oxygen bridging atoms. 

The (py)*PhCOH ligand can provide both the pyridyl groups 
for coordination to the copper(I1) as in the complex above and 
the bridging oxygen atom to obtain a cubane-like structure. The 
data for this complex are consistent with such a CU404 unit as 
(1) the stoichiometry suggests there must be some sharing of the 
donor atoms between copper(I1) ions, (2) limited solubility in both 
nitromethane and acetonitrile suggests some association of cop- 
per(II)-(py),PhCO- units, (3) the room-temperature magnetic 
moment (Table 11) is consistent with the magnetic moments of 
other Cu,O, clusters, (4) infrared bands in the 1600-1400-cm-', 
1000-980-cm-', and 800-700-cm-' regions suggest coordinated 
and nearly equilvalent pyridyl rings while there are no bands above 
3200 cm-' as!ignable to the carbinol group, and (5) perchlorate 
bands are broad but do not show any pronounced splitting, in- 

dicating only slight distortion from Td symmetry. Molecular 
models show that steric considerations do not preclude such a 
structure. We are currently trying to obtain suitable crystals for 
an X-ray structure analysis to provide an unambiguous assignment 
to this complex. 
Conclusions 

This investigation has shown that the ligand bis(2-pyridy1)- 
phenylcarbinol can function as a tridentate ligand (N,N,O) re- 
gardless of whether the carbinol group remains protonated. 
Complexes of varying stoichiometry are easily obtained depending 
upon the metal ion and/or the reaction conditions employed. 
Finally, a cluster complex [M( (py)2PhCO-)]t+ unique for cop- 
per(I1) with this particular ligand has been prepared. 
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Unique kinetic situations arise in considering substitution reactions of the triangular Mo(IV) ion [ M O ~ O ~ ( H ~ O ) ~ ] ~ + .  For the 
condition in which [NCS-] is in large (310-fold) excess a statistically corrected rate constant is used, assuming three equivalent 
sites on the Mo,O?+ ion, and equilibration rate constants k ,  can be expressed as k ,  = (kI/3)[NCS-] + k q .  With [Mo,O,- 
(H20)9]4+ in excess the reaction is constrained by the low [NCS-] to form only Mo304(NCS)'+, and k ,  = kl[Mo3044+] + k- , .  
A comparison is made by using different anions, p-toluenesulfonate; trifluoromethanesulfonate, and perchlorate, I = 2.0 M (Li+ 
salt). At 25 OC forward and backward rate constants at [H'] = 2.0 M are kl  = 0.78, 1.02, 2.13 M-l s-I and 103k_, = 1.57, 1.94, 
2.18 s-l for the three anions, respectively. Rate constants k ,  and k-, (and the aquation step k2) have [H'] dependences of the 
kind a + b[H+]-l, with b dominant for [H'] = 0.8-2.0 M. Solutions containing higher complexes obtained by equilibrating 
Mo302+ (1.3 X lo-, M) with NCS- ( 5  X lo-, M) give, on ion exchange, bands that in order of elution (Mo and NCS-) analyze 
for MO,O~(NCS),~+, Mo,O,(NCS)~+, and Mo3Od4+. A fraction not held on the column at  [H+] = 0.3 M is believed to contain 
Mo304(NCS),+ as well as free NCS-. Two kinetic stages are observed for aquation of Mo,O,(NCS)~+, which are assigned (for 
2 M HPTS) to k- ,  (here 1.7 X lo-, s-l) and k_z = 0.24 X lo-, s-l. Consistent with these assignments, the faster and not the slower 
rate constant is observed in the aquation of Mo,O,(NCS)~+. Implications regarding different isomeric forms of Mo,O,(NCS)~+ 
and Mo3O4(NCS)?+ are considered. 

Introduction 

a notable feature being the apical p3-oxo 
The trimeric M0304 core in Mo(1V) is now well characterized, 
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ion [ M o ~ O ~ ( H ~ O ) ~ ] ~ +  is unusual in that four different types of 
0 atoms are attached to each Mo. Murmann and  colleague^?^ 

(1) Bino, A.; Cotton, F. A.; Dori, 2. J .  Am. Chem. SOC. 1978, 100, 5252; 
1979, 101, 3842. 

(2) Schlemper, E. 0.; Hussain, M. S.; Murmann, R. K. Cryst. Struct. 
Commun. 1982, I!, 89. 

(3) Richens, D. T.; Sykes, A. G. Comments Inorg. Chem. 1981, I ,  141. 

using '*O-labeling techniques, have obtained information regarding 
exchange rates. At 25 "C and in 1 M methanesulfonic acid 
(CH3S03H) the half-time for exchange of the p3-0x0 is 5 days, 
for the three p,-oxo's >3 years, for the three H20's trans to the 
p3-0~0 1.1 h, and for the six H20's trans to the p2-0x0's -20 min 
(at 0 "C). We now extend these studies to include NCS- anation 
of [ M o ~ O ~ ( H ~ O ) ~ ] ~ +  and related aquation reactions. For the 
duration of the experiments considered the four core 0 atoms of 
Mo@,~+ can be assumed to be inert. Previous studies from this 
laboratory on M03044+ have been r e p ~ r t e d . ~ - ~  The instability 

(4) Murmann, R. K.; Skelton, M. E. J .  Am. Chem. SOC. 1980,102, 3984. 
(5) Rodgers, K. R.; Murmann, R. K.; Schlemper, E. 0.; Shelton, M. E. 

Inorg. Chem. 1985, 24, 1313. 
(6) Ramasami, T.; Taylor, R. S.; Sykes, A. G. J .  Am. Chem. Soc. 1975, 

97. 5918. 
(7 )  Ojo, J. F.; Sasaki, Y.; Taylor, R. S.; Sykes, A. G. Inorg. Chem. 1976, 

15, 1006. 
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(to oxidation) of Mo3044+ in perchlorate over long periods,' and 
our intention to ion exchange the products obtained on equili- 
bration of Mojo:+ with NCS-, led to studies with alternative 
anions having poor donor properties, namely p-toluenesulfonate 
(PTS-), used in most studies, and trifluoromethanesulfonate 
(TFMS-). 
Experimental Section 

Materials. Sodium molybdate Na2[Mo04].2H20 (Analar, BDH), 
potassium hexachloromolybdate(III), K3[MOC16] (a gift from Climax 
Molybdenum Co.), sodium thiocyanate (Technical, BDH) recrystallized 
once from ethanol, p-toluenesulfonic acid (Sigma Chemicals), and tri- 
fluoromethanesulfonic acid (Aldrich and 3M) were used. The lithium 
salt of HPTS was prepared by addition of Li2C03 (Reagent Grade) and 
recrystallizing 2-3 times. All other chemicals were of Analar grade 
purity. 

Preparation of Mo"~. A solution of Na2[Mo04].2H20 in 2 M HCI 
(25 mL, 0.3 M)  was added to K3[MoCI6] in 2 M HCI (50 mL, 0.3 M). 
Both solutions were deoxygenated prior to mixing. The reaction mixture 
was kept at 90 "C for - 1 h,I0 and the resultant red solution of Mo(IV) 
trimer was stored under N2. Portions of this stock solution (5-10 mL) 
were diluted 50 times with 0.5 M HPTS and left to stand at  room 
temperature for at least 1 day to allow aquation of coordinated chloride. 
To separate the aqua ion the solution was transferrd to a Dowex 50W-X2 
cation-exchange column (12 cm X 1.2411 diameter). A red band was 
held on the column, and a diffuse yellow-brown band of Mo(V), dimer 
formed below this. Elution of the MoV2 was achieved with 0.5 M HPTS. 
The red band moved slowly under these conditions and split into two 
bands, the first of which was eluted with 1.0 M HPTS. This was shown 
to contain Cl-. The second band, containing the [MO:?(H~O)~]~+ ion, 
was eluted with 2.0 M HPTS. To obtain Mo304 in HClO, and 
HTFMS, the HPTS solution was again ion exchanged onto a Dowex 
50W-X2 resin, this time by using a very short column (2 cm long) and 
eluting with 2.0 M HC1O4 (or HTFMS) after first washing off the HPTS 
and then moving the band to the bottom of the column with 1.0 M 
HC10, (or HTFMS). The Mojo4,+ has a peak at 505 nm (c = 63 M-I 
cnil!Mo). 

knetic Studies. Formation of the 1:l complex was monitored at  X = 
370 nm in acidic HPTS reactant solution, I = 2.00-2.02 M (LiPTS). 
Runs were carried out with first Mo30:+ and then NCS- in excess. The 
concentration of [NCS-] was restricted to 6 4  X lo-' M to avoid extensive 
formation of the higher thiocyanato complexes. Final absorbances (A,) 
were measured for each run, and the slopes of plots of In ( A ,  - A,) 
against time (linearity >85% completion) gave equilibration rate con- 
stants k,. The Guggenheim method was also used.lla With increasing 
[NCS-] ( 3 5  X lo-' M) the linearity decreased to <75%. Aquation 
studies a t  340 nm (sometimes 380 nm) were carried out on Mo304- 
(NCS))+ and M o ~ O , ( N C S ) ~ ~ +  obtained by the ion-exchange procedures 
described below. At the dilutions used these reactions were assumed to 
yield the fully aquated product. Runs in which NCS- was at  a higher 
concentration (0.005-0.050 M) with M o 3 0 P  at  1.0 X lo4 M gave 
biphasic kinetics consistent with more extensive coordination of the 
NCS-. Because of the complexity of a rigorous treatment for consecutive 
equilibria these conditions were not explored further. 

Ion-Exchange Separation of Products. Reactant solutions (50 mL) 
with [NCS-] = 5 X lo-' M ,  [Mo,O:+] = 1.3 X lo-' M, and [HPTS] 
= 0.3 M (ionic strength not adjusted) were thermostated at  25 "C for 
1 h. Ion-exchange separation of the products was carried out on an 
air-free, ice-cooled Dowex 50W-X2 column (16 cm X 1.2-cm diameter). 
The reaction mixture was loaded onto the column, and elution was com- 
menced with 0.5 M HPTS. All eluant solutions were collected and 
analyzed. The first fraction collected was not held by the column. Other 
bands that separated on the column were a diffuse brown band, which 
was eluted with 0.5 M HPTS, a dark brown band (eluted with 1.0 M 
HPTS), and a red band (2.0 M HPTS). The same procedure was carried 
out by using HCIO, instead of HPTS when an identical number of bands 
was observed. Analyses obtained by the procedures described below are 
given in Table I. 

Analysis of Products. The center of each band was collected sepa- 
rately and made up to a known volume with water and H I T S  so that the 
final [H+] was approximately 0.50 M. The Mo(IV) was analyzed by 
titrating an aliquot against cerium(1V) with ferroin as the indicator. 

(8) Harmer, M. A,; Richens, D. T.; Soares, A. B.; Thornton, A. T.; Sykes, 
A. G .  Inorg. Chem. 1981, 20, 4155. 

(9) Richens, D. T.; Sykes, A. G. Inorg. Chem. 1982, 21,418. 
(101 Souchar, P.; Cadiot, M.; Duhameaux, M. C. R.  Seances Acad. Sci., Ser. . .  

C 1966, 262, 1524. 
(1 1) (a) Frost, A. A,; Pearson, R. G.  "Kinetics and Mechanism", 2nd Ed.; 

Wiley: New York, 1961; p 49. (b) Ibid. p 166. 
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Table I. Analyses of Different Fractions Obtained following 
Ion-Exchange Separation (0 "C) of a Solution of Mojo:+ (1.3 X 
lo-' M) and NCS- (5 X IO-' M) Equilibrated at Room Temperature 

band Mo:NCS- % total Mo dominant form 
low-charged product" b 15 
diffuse brown band 1.65:l' 31 Mo3O4(NCS):+ 
dark brown band 3.7:ld 30 Mo304(NCS)'+ 

( - 20 "cy 

red band no NCS- 19 MOjOq4+ 

"Not held by column. bContains free NCS-. 1.64:l for solution 
equilibrated in 0.30 M HC10,. d3.5:1 for solution equilibrated in 0.30 
M HCIO,. e [H'] = 0.30 M. 

Figure 1. Electronic spectra of M o ~ O , ( N C S ) ~ ~ +  (-), Mo304(NCS)-'+ 
(- -), and Mojo:+ (e-) in 2 M HPTS. 

Thiocyanate was determined spectrophotometrically a t  470 nm as Fe- 
(NCS)2+ by the following procedure. A calibration line (25 "C) of 
absorbance against [NCS-] (range up to 2.5 X lo4 M) was determined 
by adding 2 mL of NCS- stock solutions to 5 mL of iron(II1) sulfate 
(0.20 M)  in 2.0 M H2S04,  and made up to 10 mL with H 2 0 .  The 
[NCS-] could then be read off the line when 2 mL of an unknown 
solution was treated in the same way. A large excess of Fe(II1) (as 
prescribed) is essential. Variations in [H+] (0.2-0.7 M) for the NCS- 
solutions had negligible effect on the absorbance. Spectra of thiocyanato 
products are shown in Figure 1. Peak positions at  335 nm give e (M-' 
cm-'/Mo) for MO,O,(NCS)~*' (5650; average of two determinations 
within 2% of each other) and Mo,O,(NCS)~+ (3830; average of two 
values within 8% of each other), which can be compared with c for 
M o 3 0 P  (520 at 300 nm). Solutions were 2.0 M in HPTS, which 
absorbs strongly below 300 nm. 

Results 
1:l Anation of Mojo:+. Earlier data' for the equilibration of 

with NCS- to give M o ~ O ~ ( N C S ) ~ +  (in perchlorate so- 
lutions), which were obtained prior -to establishing the trimer 
structure, have been modified to include the statistical factor.I2 
Equilibration rate constants, k,, at 25 "C with (a) NCS- 
(210-fold excess) and (b) Mo"~  (210-fold excess expressed as 
monomer) in PTS- and TFMS- are listed in Table 11. Rate 
constants k l  and k-]  are defined by the rate law 

-d[M0302'] /dt  = 
kl[M0304~+] [NCS-] - k-1 [ M o ~ O ~ ( N C S ) ~ + ]  (1) 

With NCS- in 210-fold excess a study of the approach of 
equilibrium is described by ( 2 ) ,  assuming three equivalent sites 

( 2 )  k ,  = (kl/3)[NCS-] + k-I 

that are accessible to NCS- on Mo302+. In the presence of excess 
Mo3044+ the reaction is constrained (by the lower [NCS-I) to 
form only M O ~ O ~ ( N C S ) ~ + ,  and the rate constant for approach 
to equilibrium is governed by (3). Rate constants kl and k-] from 

k ,  = k , [ M 0 ~ 0 ~ ~ + ]  + k-] (3) 

(12) Vanderheiden, D. B.; King, E. L. J .  Am.  Chem. SOC. 1973, 95, 3860. 
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Table 11. Equilibrated Rate Constants, k ,  (25 "C),  for the Reaction 
of NCS- with [ M o ~ O ~ ( H ~ O ) ~ ] ~ ' '  

I03[Mo1VJ, M I03[NCS-], M 103k,, s-I 

Reaction in 2 M HPTS (Except as Indicated) 
0.033 
0.033 
0.033 
0.033 
0.033 
0.41 
0.41 
0.41 
0.42 
0.7 1 
0.73 
0.73 
0.99 
0.99 
0.99 
1 .oo 
1.33 
1.33 
1.67 
1.79 

0.033 
0.033 
0.033 
0.36 

1.05 
1.60 
2.00 
2.96 
3.8 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

Reaction in 2 M HTFMS 
2.8 
3.4 
4.0 
0.10 

1.91 
1.92 
2.08 
2.10 
2.62 
1.84 
3.3" 
4.56 
1.85 
2.06 
2.20 
2.21 
2.29 
4.3" 
5.7b 
2.35 
4.7" 
2.55 
5.5" 
2.86 

3.00 
3.10 
3.30 
2.25 

"[HPTS] = 1.5 M. b[HPTS] = 1.0 M. c I  = 2.0 M. 

Table 111. Summary of Rate Constants k ,  and k- ,  (25 "C) for the 
Reaction of NCS- with Mo?OP4' in 2 M Aqueous Acid Solutions 

acid k , ,  M-I s-l 103k-,, s-I K, ,a  M-' 
HPTS 0.78 f 0.12 1.57 f 0.14 498 
HTFMS 1.02 f 0.15 1.94 f 0.21 
HCIO, 2.13 f 0.15 2.18 f 0.18 

"From the ratio k , : k _ ,  

546 
987 

0 0.5 1.0 1.5 
lO'([NCS-] / 3  or [MOW),]) /M 

Figure 2. Equilibration rate constants, k ,  (25 "C), for the 1:l reaction 
of NCS- with I = 2.0 M. Points are shown for NCS- cor- 
rected for the statistical factor (solid) or Mo3014+ (open) in large excess 
and are for runs in 2 M HPTS (A and A), 2 M HTFMS (0 and W), or 
2 M HC104 (0 and 0) .  

(2) and (3) (for any one anion of PTS-, TFMS-, or C104-) are 
in agreement. Table I11 is a listing of such values. Rate constants 
k ,  (in PTS-) increase on decreasing [H'] from 2.0 to 1.0 M, 
consistent with a dependence kl  = a + b[H+]-' as previously 
reported for perchlorate.' The term in b is also dominant for PTS- 
solutions and, from the less extensive data, is close to 1.8 s-l (cf. 
3.63 s-' for perchlorate). With [NCS-] < 4 X lo-) M (reactant 
in excess), the linearity of plots was 280% completion. Formation 
of the 2+ ion is not excluded since statistical relationships for the 
different Mo's can apply.13 

Table IV. Summary of Rate Constants (25 "C)  for the NCS- 
Anation of 
HPTS Solutions (Source of [H']), except Where Anion Has Been 
Changed (As Indicated)" 

( k , )  and Aquation Studies (kI and k2) in 

IH'1. M k , .  M-1 s-1 1 0 3 ~ .  S-I 103k_,. s-1 

Equilibration Kineticsb 
1 .o 2.07 3.7 
1.5 1.56 2.7 
2.0 0.78 1.6 
2.0 (TFMS-) 1.02 1.9 
2.0 (cIo,-) 2.13 2.2 

Aquation of M o ~ O ~ ( N C S ) ~ '  
0.8 3.8 
1 .o 
1.25 
1.5 
2.0 
2.0 (cIo4-)  

3.5 
2.8 
2.1 
1.7 (2) 
2.5 

Aquation of M O ~ O ~ ( N C S ) ~ ~ '  
0.8 4.0 0.49 
1 .o 3.1 0.40 
1.5 2.3 0.30 
2.0 1.6 0.24 
2.0 (c104-) 2.5 (2) 0.34 

"Number of runs averaged indicated in parentheses. I = 2.0 M 
(LiPTS). bAs illustrated in Figure 2. 

40t  I 

L I L 

0 0.5 1.0 1.5 

Figure 3. [H'] dependence of rate constants k- ,  (25 "C) from equili- 
bration studies (Figure 2) (W), from the aquation of M O ~ O ~ ( N C S ) ~ ~ +  
(A), and from the aquation of Mo304(NCS)'+ (0). I = 2.0 M (LiPTS). 

Aquation of Mo~O~(NCS)~+ .  For the concentration range 
adopted, (1 D-1.3) X lo4 M trimer, Mo30t+  was the sole product, 
and aquation was complete. Kinetic plots were linear to >87% 
completion, consistent with a single dominant aquation process 
identified as k.., in (1). Rate constants in PTS- (Table IV) are 
dependent on [H+]-', which can be expressed as in (4). Figure 

(4) 

[H*] - ' /M-'  

kl = c + d[H+]-' 

3 includes k-l values obtained from k ,  and from the aquation 
of Mo3O4(NCS)?+ (see below). From an unweighted least- 
squares fit c = (0.26 f 0.3) X s-l and d = (2.97 f 0.32) X 

( 1  3) Instances in which a sequence of two (pseudo-) first-order reactions 
conform to a monophasic rather than a biphasic equation and the con- 
ditions that need to be satisfied have been considered previously: (a) 
Buckingham, D. A,; Frances, D. J.; Sargwon, A. M. Inorg. Chem. 1974, 
13, 2630. (b) Pohl, M. C.; Espenson, J. H. Inorg. Chem. 1980,19,235. 
(c) Armstrong, F. A,; Henderson, R. A.; Sykes, A. G. J .  Am. Chem. 
SOC. 1980, 102, 6545. (d) Marty, W.; Espenson, J. H. Inorg. Chem. 
1979, 18, 1246. 
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I 1 1 

0.5 1.0 1.5 0 

[ H']-'/M-' 

Figure 4. [H*] dependence of rate constants k-2 (25 "C), for the slower 
stage in the aquation of Mo304(NCS)?+. I = 2.0 M (LiPTS). 

M s-'. Rate constants obtained for solutions 2.0 M in HC104 
are also included in Table IV. 

Aquation of Mo~O~(NCS)~'+. For the range of concentrations 
(1.0-1.3) X M the final product was identified as >90% 

Two kinetic stages were observed, which were fitted 
to a consecutive treatment ( 5 ) . I l b  The first of the two constants 

Mo3O4(NCS)?+ -% M o ~ O ~ ( N C S ) ~ +  5 Mo30?+ (5) 

corresponds to k-I for the aquation of M o ~ O ~ ( N C S ) ~ + ,  and the 
second (slower) process is designated as k 2 . 1 4  This suggests that 
M o ~ O ~ ( N C S ) ~ +  in (5) is not identical with M o ~ O ~ ( N C S ) ~ +  as 
obtained by ion-exchange chromatography. By analyzing ab- 
sorbances a spectrum of the intermediate M o ~ O ~ ( N C S ) ~ +  can be 
generated with a shape similar to that of M o ~ O ~ ( N C S ) ~ +  but with 
e values about two-thirds less. The [H+]-' dependence of k-z, (6) 

(6) k-2 = e + flH'1-l 

illustrated in Figure 4, gives e = (0.08 f 0.03) X 
= (0.33 f 0.03) X 

Discussion 
X-ray crystallographic studies,l-' solution studies using I8O 

labeling$5 the characterization of a mixed-valence Mo(III,III,IV) 
form,9 and EXAFS  measurement^,'^ have established unequivo- 
cally that the aquated Mo(1V) ion is trimeric with three equivalent 
Mo's. Consistent with these experiments we have also demon- 
strated that a 0.1 M solution of [ M O ~ O ~ ( H ~ O ) ~ ] ~ +  in 4 M HPTS 
at  25 "C is diamagnetic1, Earlier, the correspondence of data 
in (2) and (3) was used as an argument for monomeric Mo(IV)., 
There is no evidence in our studies or those of Murmann and 
c o l l e a g ~ e s ~ ~ ~  for other than the trimer, and the existence of mo- 
nomeric and dimeric forms can now be firmly excluded. 

The interpretation requires that there are three equivalent sites 
on the trimer which NCS- has access to. A possible interpretation 
is that NCS- substitutes only the three H 2 0 s  that are trans to 
the p3-0x0 ligand. A different situation applies if the six equivalent 
sites trans to the p2-0x0 ligands are involved. If, however, reaction 
proceeds by NCS- ion pairing to the single octahedral face in- 
corporating the three HzO ligands on each Mo, regardless of which 
type of H 2 0  is to be replaced, then the three-equivalent-site 
interpretation is valid. The rate constant kl corresponds to reaction 
at  any one such site on the trimer. Rate constants from ref 7 in 
perchlorate are included in Figure 2 with an adjustment for the 
statistical factor. The three anions, selected because of their poor 
donor properties, give different values for kl and kl (Table 111). 

(14) Espenson, J. H. 'Chemical Kinetics and Reaction Mechanisms": 
McGraw-Hill: New York, 1981; pp 69-71. 

(15) Cramer, S.; Eiden, P.; Paffitt, M.; Winkler, J.; Dorix, Z.; Gray, H. B. 
J. Am. Chem. SOC. 1983, 105, 739. 

( 1  6) We are grateful to Dr. A. Earnshaw at the University of Leeds for help 
with these measurements. 

s-l andf 
M s-'. 

Figure 5. Different isomers for Mo3O4(NCS)?+, where x and y are 
positions trans to p3- and pz-oxo ligands, respectively. 

Both kl and k-' have dominant [H+]-' terms, as previously es- 
tablished for C104-, consistent with conjugate-base pathways. 
These are presumed to be operative from the same Mo, and the 
effect must therefore originate from the cis position, a fact that 
is often far from clear in considering substitution reactions of 
mononuclear hexaaqua or acido pentaammine complexes. Of the 
three H20 ligands attached to each Mo, that trans to the p3-OXO 
has a shorter Mo-0 bond5 and would be expected to be more 
acidic than the other two. Anation processes in which the other 
two H 2 0 s  are (preferentiany) substituted are envisaged therefore. 
Whether isomerisation can take place once substitution has oc- 
curred is a possibility we consider further below. Conjugate-base 
pathways are generally believed to be dissociative in character,"*'8 
an observation that is supported by recent volumes of activation.I9 
The large contributions from conjugate-base pathways in the 
present studies suggest that associative processes are unfavorable, 
which is of considerable interest in view of the low d-electron 
population of each Mo(1V) (d2). However Mo3O?+ is diamag- 
netic, and this and crystallographic information' are consistent 
with metal-metal bonding, which in effect increases the coordi- 
nation number around each Mo to eight. Under these circum- 
stances an associative process would be expected to be much less 
favorable. For the anation process kl ,  the acid-independent 
contribution (I is small and no reliable activation parameters are 
available; for the [H+]-'-dependent term b, which is composite, 
parameters AH* = 14.9 kcal mol-' and AS* = -6.1 cal K-' mol-' 
have been obtained in perchlorate, I = 2.0 M.' 

X-ray crystallographic studies on [ M O ~ ~ ~ ( N C ~ ) S ( H ~ ~ ) ] ~ - , ~  
as well as the Mo(V) dimer [M0204(NCS)6]4-20 and [Mo- 
(NCS),] p, indicate N-bonded thiocyanate. No evidence has been 
obtained for any involvement of S-bonded isomers. It is also 
apparent that the charge density on Mo3044+ does not give suf- 
ficiently extensive 1:l ion pair formation with NCS- for this to 
be influential in the kinetics (KIP C 30 M-'). It is not certain 
whether different values of rate constants for studies in PTS-, 
TFMS-, and C104- are due to inner- or outer-shere complexing 
of these anions to [ M o ~ O ~ ( H ~ O ) ~ ] ~ + .  A size effect C104- < 
TFMS- C PTS- is noted. 

A particularly interesting aspect of this work concerns the 
assignment of rate constants for the aquation of Mo304(NCS)2+, 
since the faster and not the slower process is observed in separate 
studies on M o ~ O ~ ( N C S ) ~ + .  Possible isomers for Mo304(NCS)2+ 
are indicated in Figure 5, where x denotes positions trans to the 
p3-0x0 and y denotes positions trans to the ~ ~ - 0 ~ 0  ligands. Rapid 

(17) Sasaki, Y.; Sykes, A. G. J. Chem. SOC., Dalton Trans. 1975, 1048. 
(18) Swaddle, T. W. In "Advances in Inorganic and Bioinorganic 

Mechanisms"; Sykes, A. G., Ed.; Academic Press: London, 1983, Vol. 
2, p 106. 

(19) Swaddle, T. W.; Merbach, A. E. Znorg. Chem. 1981, 20, 4212. 
(20) Fletcher, S. R., Sykes, A. G., unpublished work. See also: Glowiak, 

T.; Rudolf, M. F.; Sabat, M.; Jezowska-Trzebiatowska. "Proceedings 
of the 2nd Climax International Conference on the Chemistry and Uses 
of Molybdenum, Oxford, England, 1976"; Climax Molybdenum Co., 
Ltd.: Ann Arbor, MI, 1976;~ 17. 

(21) Knox, J. R.; Eriks, K. Inorg. Chem. 1968, 7, 84. 
(22) Richens, D. T.; Harmer, M. A.: Sykes, A. G. J. Chem. SOC., Dalton 

Trans. 1984, 2099. 
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interconversion is not suggested by the results of Murmann and 
 colleague^.^ For aquation studies, providing the Mo's behave 
independently, isomers i and ii would be expected to give uniphasic 
(statistical)  kinetic^^^-^^ and not the behavior observed. Isomer 
iii is likewise unable to explain the rate constant pattern for 
Mo3O4(NCS)?+ and M o ~ O ~ ( N C S ) ~ + .  The remaining formula- 
tions, iv (for which there are two isomers) and v, provide reasonable 
explanations, although it is not clear how occupancy of the x 
position comes about. If isomerization is the result of the second 
substitution occurring at  the same Mo, which would favor isomer 
v, then microscopic reversibility requires that the reverse events 
must occur in the aquation process. However it is less likely that 
a second substitution occurs a t  the same Mo since that Mo will 
already have four negatively charged ligands coordinated to it. 
Single y and x occupancy might be favored because separation 
of the two negatively charged NCS- ligands will be maximized. 
However, this then raises the question as to whether the Mo sites 
are behaving as three equivalent independent sites. A mixture 
of isomers including isomers i-iii may of course be present and 
may contribute to the effects observed. We were unable to sep- 
arate into different forms the M o ~ O ~ ( N C S ) ~ +  and Mo304- 
(NCS)zZ+ bands in further ion-exchange experiments. The am- 
plitude of absorbance changes for the first and second aquation 
steps of M o ~ O ~ ( N C S ) ~ * +  are about equal in magnitude. The 
possibility of using N M R  to comment further on these effects is 
currently being explored. 

(23) Armstrong, F. A,; Henderson, R. A.; Sykes, A. G. J .  Am. Chem. SOC. 
1980, 102, 6545. 

(24) Marty, W.; Espenson, J. H. Inorg. Chem., in press. 
(25) Buckingham, D. A,; Francis, D. J.; Sargeson, A. M. Inorg. Chem. 1974, 

13, 2630. 

24, 2954-2962 

Equilibrium constants for (1:l) complexing from k ,  and k-,  
values in Table I11 are 498 (2 M HPTS), 546 (2 M HTFMS), 
and 987 M-' (2 M HC104) at  25 O C .  The equilibration exper- 
iment referred to in Table I can be used to calculate K1, K,, and 
K,, assuming that the low-charged species (15%) is M0304- 
(NCS),'. The calculated molarity of free NCS- is 3.2 X 
M, so that K 1  = 490 M-l in agreement with the kinetic value of 
498 M-' in Table 111. From product analyses indicated in Table 
111, relative values of the equilibrium constants K,:K,:K3 are 
1.5:1:0.47 whereas for a statistical relationship ratios 3:1:0.33 
would be expected to apply. Also (e, - to) should be equal to 1/2(tz 
- to) (the subscripts refer to the number of thiocyanates bound), 
and this does not seem to be the case from the information ob- 
tained. This draws attention to the involvement of x and y positions 
and again raises the question as to whether the x substituent is 
generated directly or by isomerization. For the highest NCS- 
concentration (4 X lo-) M), the equilibrium constant K,  indicates 
-67% 1:l complexation to Mo3O:+. Some further anation to 
give the 2:l thiocyanato product would be expected to contribute 
at this stage, which is not apparent in kinetic plots consistent with 
a statistical situation applying. At [NCS-] = 5 X M reduced 
linearity (to 75%) in kinetic plots is observed, from which point 
runs become increasingly biphasic with increasing [NCS-1. 
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The equilibria, kinetics, and mechanisms of the reactions of the Irc162-'3- redox couple in nitrous acid have been investigated in 
aqueous solution at 25.0 OC in nitric and perchloric acid media by conventional and stopped-flow spectrophotometry. In 1 M 
HC104, when IrC16)- and HN02 are mixed, the equilibrium HN02 + H+ + IrC12- s NO + H 2 0  + is established in a 
few milliseconds, with +d[IrCi62-]/dt = kr[H+][HN02][IrC163-] - k,[NO][IrC162-], where kf = 1.8 X lo4 M-2 s-I a nd k,  = 1.4 
X lo6 M-' s-I. At high [HN02], this reaction precedes a slow loss of IrC12- that is due to formation of NO<. In 1 M NO< 
with [HN02] > [IrCI:-] the rapid equilibrium is followed by zero-order formation of IrC162-, and with [IrCI6)-] > [HN02] the 
process is autocatalytic. When IrC162- is mixed with N(II1) at pH 1 2 ,  is consumed with rates that increase with acidity; 
at pH <2 the rates become less, the kinetics become non first order, and IrC1:- is only partially consumed. All of these phenomena 
have been accurately simulated by numerical integration of the set of differential equations that arise from kf and k ,  as defined 
above and several previously established processes intrinsic to nitrous acid/nitric acid mixtures. The kf step is interpreted as 
rate-limiting diffusion-controlled electron transfer from IrC163- to NO'. The reaction of NO2 with [Fe(TMP)3]2' (TMP = 
3,4,7,8-tetramethylphenanthroline), observed directly by pulse radiolysis, has a rate constant of 1 .O X lo7 M-l s-I; this rate constant, 
in conjunction with the results of a prior study of the reaction of NO2- with [Fe(TMP),13', has confirmed the choice of ther- 
modynamic data used to analyze the hc162-'3- reactions 

Introduction 
This is the second of our reports on the behavior of substitu- 

tion-inert one-electron redox couples in aqueous nitrous acid. The 
first report, which described the reactions of [Fe(TMP)3]2+/3+ 
(TMP = 3,4,7&tetramethylphenanthroline), showed that reaction 
1 was central in the mechanism.l No evidence could be found 

[Fe(TMP)3]Z+ + NOz ~t [Fe(TMP)J3+ + NOz- (1) 

for a significant role being played by the nitrosonium ion as in 

(1) Ram, M. S.; Stanbury, D. M. J .  Am. Chem. SOC. 1984, 106, 8136. 
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eq 2. Reaction 2 was eagerly sought, because of the expectation 

[Fe(TMP)3]z' + NO+ e [Fe(TMP)3]3+ + NO (2) 
that nuclear tunneling would have a major influence on its rate 
constant. 

In continuation of the search for a reaction proceeding through 
a NO+/NO pathway, as in eq 2, the IrC16z-/3- system was selected 
because it is anionic, it has a higher reduction potential, and it 
has a lower self-exchange rate than the [Fe(TMP)3]2+/3+ system. 
This system has proven to be remarkably complex, with analytical 
solutions to the kinetics only under quite limited conditions. 
However, by means of numerical integration the entire gamut of 
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