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M/2(C=0)6('fDDX) i s  shown in formula 4. 
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In conclusion it may be m m t m e d  that TDDX differs from 
liexaphos in forming binuclear complexes in most cases. This 
behavior may be expeckd on the basis of the stereochemistry 
of the ligand, which has two triphos moieties scparated by six 
carbon atom? of the rigid p-xylene aromatic syc,tem. 

Further studies on the reactions of the complexes of 'TDDX 
with small molecules such as dioxygen, dinitxopen, hydrogen, 
carbon monoxide, and nitric oxide arc in progress. 
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The reaction between permanganate ion and (dimethyl sulfoxide)pentaamminecobalt(IlI) in aqueous solutions containing 
hydrochloric and perchloric acids gave approximately the same ratios of  chloro- to aquoperrtaamminecobalt(ll1) products 
as reactions between nitrous acid and the azido- or carbamatopentaamminecobalt(lI1) complexes and hence supplied further 
evidence for the forination and existence of the five-coordinate pentaamminecobalt(I11) complex. Effects of variation of 
the composition of the reaction medium on the competition reactions of this five-coordinate complex were studied and an 
effect by so-callcd "inert" cations was found. Since the aquation of (dimethyl sulfoxide)pentaamminecobalt(III) may possibly 
proceed through the five-coordinate intermediate, the rate of a.quation of  the dimethyl sulfoxide complex was studied in 
MCl04 and in Wa.C;104 solutions to determine whether this effect also occurred in the aquation reaction; it did not. 

~~~~~~~~~~~~ 

It has been pstulated1J that the five-coordinate intermediate 
Co(i'dkh)53+ (here symbolized by M3+) was formed in the 
induced aquations of  MN32+ and of M(CQzNM2)z+ upon 
reaction with NO+. Because these two complexes are of the 
same charge type and involve a common reactant, it is desirable 
to obtain, if possible, further evidence for the occurrence of 
M3f by generating it from other reactions. Such evidence has 
been obtained by oxidizing (dimethyl su1foxide)penta- 
amminecobalt(III), represented by M(DMS0)3+, with per- 
manganate ion in the presence of competing ligands and is 
reported here. The oxidation of dimethyl sulfoxide (DMSO) 
to dimethyl sulfone by KIWnO.2 is rapid and quantieative.3 The 
dimethyl sulfone is a poor iigand and apparently leaves the 
first coordination shell of Co(lTI) generating M3+. Also 
reported here are studies s u p p d n g  an earlier conclusion4 that 

spontaneous aquation of M( )3+ in various aqueous 
media and mixed solvents proceeded by an Id mechanism. 
Fearson and M o o ~ G  have already shown that the aquation of 
Co(NH3)sNOP involved a different intermediate than the 
one formed in the induced aquations. 
~X~~~~~~~~~~ Section 

Chemicals. (Dimethyl sulfoxide)pentaamminecobalt(III) per- 
chlorate was prepared by the method of Mac-Call and Beyer.6 
(Acetonitrile)pentaamminecobaIt(%TI) perchlorate was prepared by 
heating the corresponding aqua complex with liquid acetonitrile 
containing just enough water to dissolve the aqua complex at 70" untii 
a golden yellow precipitate began to form and the supernatant liquid 
was a clear yellow. Liquid acetonitrile was added from time to time 
to replace that lost by evaporation. The mixture was cooled to 0" 
and filtered, and the precipitate dissolved in a minimum amount of 
water with slight warming. The solution was cooled to 0' and 1 3  
by volume of HC104-H20 was added dropwise with continuous 



Aquation of [Co(NH3)5(DMSO)] (C104)3.2H20 

Table I. Values of the Ratio R” = ([MC1Z+]/[MOH,3‘][Cl-]) for 
HCl+ HCIO, Media [0.150mmol of [M(DMSO)](C1O4),.2H,O, 25’1 

[HCl], [HCl- mmol of mmol of 
M 0 , ] ,M Z,bM MC12+ MOH,3+ R,M-’  

1 .oo 1.0 0.022 0.125 0.18 
2.00 2.0 0.038 0.110 0.17 
1.50 0.50 2.0 0.029 0.122 0.16 
1.00 1.00 2.0 0.019 0.128 0.15 
0.50 1.50 2.0 0.0094 0.137 0.14 

a Defined in ref 1. Ionic strength calculated on the basis of the 
predominant electrolytes present. 

stirring and cooling. The precipitate was filtered, washed with cold 
water, then ethanol, and then ether, and oven-dried at 50’. Anal. 
Calcd for [CO(NH~)S(CH~CN)](CIO~)~: C, 5.07; H,  3.84; N, 17.76. 
Found: C, 5.02; H, 3.93; N, 17.10. The spectrum showed absorption 
maxima at  332 and 465 nm with molar extinction coefficients of 53.7 
and 61.0 M-1 cm-1 in satisfactory agreement with literature values 
for the product obtained by a different synthetic method.7 
[ C O ( N H ~ ) S S O ~ ] H S O O ~ H Z O  was prepared as described.* 

Determination of Product Ratios. A 0.0835-g (0.150-mmol) sample 
of [Co(NH3)s(DMSO)] (C104)3*2H20 was dissolved in an aqueous 
solution containing the competing ligand and HC104 or NaC104 to 
maintain a given ionic strength. The dissolution of the solid occurred 
rapidly and negligible aquation of the DMSO complex occurred at 
2 5 O .  The solution was stirred magnetically and 3.50 ml of 0.039 M 
KMn04 was injected rapidly by syringe at zero time. After 10 min 
the precipitate of Mn0z was filtered and washed until washings were 
colorless. The filtrate and washings were poured onto about 3 ml 
of wet AG50W-X4 200-400 mesh resin and transferred in small 
portions, while being kept cold, to a 25 cm X 1 cm column of the same 
resin. Negligible interconversion of the product complexes occurred 
under these conditions. 

The MnOz precipitate always retained about 4-8% of the product 
cobalt(II1) complexes. These complexes were apparently occluded 
in the precipitate so they could not be removed by washing with water. 
Their recovery was effected by dissolving the MnOz precipitate in 
concentrated HCl and diluting to 50.00 ml so as to yield a 4 M HCl 
solution. After several hours in a 45’ bath the manganese was 
completely reduced to nonabsorbing manganese(I1) and the total 
concentration of the aquo- and chloropentaammine complexes resulting 
could be determined spectrophotometrically at the isosbestic point, 
508.5 nm; the absorbance of this solution did not change over periods 
up to 2 days. After elution of the product complexes from the resin 
column the total recovery of cobalt(II1) was (100 & 1.5)%. 

The MS04+ complex was eluted with 1 M HC104. The 2+ 
complexes were separated from the 3+ complexes with 2 M HC104. 
After the two charge types were well separated, 3 M HC104 was 
usually used to elute the 2+ complex. The eluent was collected in 
a container cooled in an ice-water bath and diluted to a known volume 
with the acid used for the elution. The spectrum of the eluent was 
taken to confirm the product obtained and the amount of product 
therein was determined spectrophotometrically. 

Co(NH3)5(CH3CN)3+ was separated from Co(NH3)sOHP and 
eluted with 3 M HC104. Co(NH3)50Hz3+ was usually eluted with 
4 M HCl; negligible conversion to the chloro complex occurred because 
a duplicate experiment using 3 M Hc10.1 for elution gave a very 
similar spectrum for the product aquo complex and the same analysis 
for the amount of aquo complex formed when spectrophotometrically 
determined at  Amax 490 nm. However, as a precaution the amount 
of aquo complex formed was always determined at the isosbestic point 
as well as at 490 nm; the two values were always in agreement. The 
wavelengths (in nm) and molar extinction coefficients (in M-1 cm-I), 
respectively, used for the determination of the amounts of complexes 
formed were as follows: Co(NH3)50HP,  490 (48.0), 508.5 (45.0); 
Co(NH3)5CP+, 532 (50.4), 508.5 (45.0); Co(NH3)5N$+, 518 (266), 
302 (7810): Co(NH3)sBrz+, 550 (57.7); Co(NH3)sN032+, 500 (57.4); 
Co(NH3)sS04+, 514 (61.6); C O ( N H ~ ) ~ ( C H ~ C N ) ~ + ,  465 (61.0). 

The error in the number of millimoles of a product formed was 
not more than A396 when more than 0.01 mmol of product was formed 
and did not exceed f5% for any of the results given. 

Aquation Rate of Co(NM3)5(DMS0)3+. Sufficient solid [Co- 
(NH~)S(DMSO)](C~O~)~.~HZO was weighed out to give a 1 X 10-3 
M solution and dissolved in the reaction medium thermostated at 45.0 

0.1’ in a water bath. Aliquots of reaction mixture were removed 
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Figure 1.  Chloride ion-water competition in the induced aquation 
of M(DMSO)3’ by MnO,‘, using 0.150 mmol of [M(DMSO)](Cl- 
0,),.2H,O and 0.02 M HCIO, (except when HC1 was used), at 25”: 
solid circles,Z= [NaCl] + [NaClO,] = l.00M; open circles, I = [Na- 
Cl] + [NaClO,] = 1.50 M ;  crosses, I = [NaCl] + [NaClO,] = 2.00 M ;  
squares, I = [HCl]; triangles, I = [NdCl]. 

a t  time t ,  the absorbance A determined at  290 nm, and the aliquot 
discarded. Plots of log ( A  - A m )  vs. time gave straight lines for a t  
least 3 half-lives and A m  was obtained after 10 half-lives. 

Results and Discussion 
Chloride lowwater Competition. In Table 1 are listed values 

of the  ratio, R, defined by Haim and Taube.1 It is seen tha t  
the values are in the range 0.14 5 R I 0.18 as compared to 
0.18 I R I 0.24 for the azido complex2 and 0.20 5 R d 0.27 
for the carbamato complex.2 The similari ty of the R values 
despite the difference in the nature of the reactants  strongly 
indicates that a common intermediate is formed. Part of the 
small difference in the R ranges may be due to the rather large 
correction of 20% which had to be applied2 for carbon-oxygen 
bond fission in the carbamato complex. Furthermore, equal 
amounts of MX2+ (X- = C1-, Br-) were formed in 1 M HX 
solutions2 and equal amounts of the same two products were 
also formed in equimolar NaX solutions in the induced 
aquation of the dimethyl sulfoxide complex (see the  following 
section on bromide ion-water competition).9 

Further results for C1--water competition are shown in 
Figure 1. It is seen that the amount of M C P  formed a t  1 .O 
and 1.5 M ionic strength,  I ,  in NaCl + NaC104 media is 
strictly proportional to NaCl concentration; the anation re- 
action between the Co(NH3)53+ intermediate and C1- does 
not show the saturation effect shown by the anation reaction 
between MOH23+ and C1- for similar media.lo311 The plot 
for I = 2.0 M shows a very small saturation effect above  1 .O 
A4 N a C l .  T h e  curves for N a C l  and  H C l  in  the absence  of 
C104- to maintain I constant  show t h e  saturat ion effect with 
simultaneously increasing C1- concentration and ionic strength. 
Increasing ionic strength stabilizes the separated reactants, 
M3+ and  C1-, as compared to the activated complex or to a 
precursor complex formed between the two ions. 

Figure 1 also shows tha t  more MC12.t is formed in  H C l  
solutions than in NaC1 solutions of equal concentration; i.e., 
the na tu re  of the “inert” cation affects the  amount of MCP+ 
produced. More results on the effect of the “inert” cation are 
shown in T a b l e  11. The increase in the values of (mmol  of 



682 Inorganic Chemistry, Vol. 14, No. 3, 1975 

Table 11. Dependence of Amount of MC1" on  Nature of "Inert" 
Cation Present l0.150 mmol of IM(DMSO)](C~O,),.2H,O, 25"] 

to the concentration of the sulfate compound used. Partly this 
result was due to the effect of increasing ionic strength and 
partly it was probably due to the saturation effect resulting 
from ion-pair formation. There was a small increase in the 
amount of MS04+ formed when H+ replaced 

Some results for simultaneous SQ42- -i. W 
competition are listed in Table HII of the su 
material. The small change in the number of millimoles of 
MS04+ formed between the most dilute and the most con- 

t the M3+ intermediate exists 
0 4 2 -  ion pairs at  all S042.- 

3- ion is not expected to saturate 
pairs and the change in the 

number of millimoles of MN032+ produced for the same 
on i s  much larger. If, indeed, near- 
2- ion-pair formation is the explanation 
IH, then it would seein that the ion pairs 

live long enough to establish equilibrium with the M3+ and 
S042- ions SO that the M3+ ions can seek out N03- ions or 
that some ion pairs live long enough to meet and react with 
W03- ions while others collapse to give an essentially constant 
ratio of xes. 

Aceto In 0.667 mol fraction water 
+ 0.333 (calculated on the basis of 
the solvents only), 0.100 mmol of M(DMS0)3+ in two ex- 
periments gave a value of 0.26 for the ratio of the acetonitrile 

3+ A ~ ~ a ~ ~ o ~ ~  in NaC804 and 
ate constants for aquation of 

M(DMS0)3+ at 4.5" for various perchlorate salt concentrations 
and various ionic strengths up to 2.0 M have been reported4 
but the rate constants for various perchloric acid concentrations 
have not been. Since substitution of HC104 for NaC104 
affected the relative amounts of MCl2+ and 
in the competition studies, it was of inter 
whether or not there was also an effect on the aquation rate 
constant because it is not known with certainty whether this 
aquation involves a D or Id mechanism.]* There was no effect 
at  0.0180, 0.100, 0.250, 0.500, 1.00, or 2.00 n/% we104 and 
so the aquation rate constants will not be repeated here. The 
rate constants for 3.00 M HC104 and 3.00 M P6aG104 were 
in the range (1.32-1.37) X 10-4 sec-1 at  4 5 O  and fell on an 
extension of the previously established4 curve relating rate 
constant to perchlorate concentration. 

Registry No. [Go(NW3)s(DMSO)]3+, 44915-85-7; [Co(N. 
H3)5(CH3CN)](C104)3, 15663-50-0; MnOc,  14333-1 1-2; C1-, 
16887-00-6; Br-, 24959-67-9; N3-, 14343-69-2; N03-, 14737-55-8; 
S04*-, 14808-79 4; CEI3CN, 75-05-8; Mgz+, 22537-22-0; Cazi-, 

Supplementary Material kwillable. Three tables showing the 
dependence of amounts of MN032-t- and MS04+ formed on com- 
position of reaction media will appear following these pages in the 
microfilm edition of this volume of the journal. Photocopies of the 
supplementary material from this paper only or microfiche (105 X 
148 mm, 24X reduction, negatives) containing all of the supplementary 
material for the papers in this issue may be obtained from the Journals 
Department. American Chemical Society, 1155 16th St., N.W., 
Washington, D.C. 20036. Remit check or money order for $3.00 
for photocopy or $2.00 for microfiche, referring to code number 
AIC405 368. 

14127-61-8. 
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the relative amounts of products formed. 

Bromide Ion-Water C ~ ~ ~ e ~ ~ ~ ~ o n ~  The amount of MBr2+ 
formed from 0.150 mmol of M(DMSO)3+ at 2.0 M constant 
ionic strength was proportional to NaBr concentration: 0.01 1 
nnmol of MBr2+ for 1.00 M NaBr 4- 1.00 M NaC104 and 
0.021 mmol of MBr2* for 2.00 M NaBr. The amount of 
MBr2+ produced was essentially equal to the amount of MCP+ 
produced (0.012 and 0.021 mmol, respectively) for the same 

r in place of NaGl. Therefore equimolar Br- 
and C1- compete equally well for the present intermediate, 
when other conditions are the same, as Buckingham, et aE.,2 
found. The fact that Br- and C1- show essentially identical 
behavior toward the intermediate formed in the induced 
aquations but have different rate laws for the anation of 
MOH23+ supports the argument5,lz that the spontaneous 
anations of MOH23i- by CI- and Br- proceed through a 
different intermediate than do the induced reactions. The 
values of k x / k w  (to use the notation of Maim and Taube'), 
obtained from the halide ion-water competition products and 
from the relation kxlka = Kka/lze, are equal within experi- 
mental error when improved values11J2,13 of K, ka, and ke are 
used for 1 M ionic strength and 2 5 O ,  and hence they cannot 
be used to show that the spontaneous and induced anations 
by C1- and Br- do not involve the same intermediate. 
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The rate law for the oxidation of tin(I1) by cobalt(II1) in perchlorate acid solutions is given by -d[Co(III)]/dt = k’.  
[Co(III)] [Sn(II)], where k’ = k-i[H+]-l + k-z[H+]-2. The activation parameters associated with k-1 and k-z are A h *  
= 13.2 f 0.3 kcal/mol, AS-i* = 5.2 & 1 cal/(mol deg), AH-2* = 17.4 f 0.8 kcal/mol, and M-2* = 17 h 3 cal/(mol 
d e d .  

Introduction 
Alternate mechanisms, involving either a sequence of 

one-electron steps or a single, two-electron step, are possible 
for the oxidation of Sn(1T). Therefore, the reactions of Sn(I1) 
with one-electron oxidants such as Co(II1) are of mechaniqtic 
interest. Many’-7 of the previous studies involving the reaction 
of Sn(I1) with a variety of oxidants were carried out in hy- 
drochloric or sulfuric acid solutions in order to prevent for: 
mation of insoluble stannic oxide. These complexing acids 
often affect the reaction rate and may even have an effect on 
the stoichiometry. Complex formation and its problems may 
be avoided by using perchloric acid as the solvent. Although 
the oxidation of Sn(I1) in perchloric acid eventually produces 
colloidal stannic oxide, the rate of oxide formation is slow8 
compared to the rate of oxidation of Sn(I1). As a result, oxide 
formation does not interfere with rate measurements made in 
perchloric acid solution. 
Experimental Section 

Materials. Solutions of tin(I1) perchlorate were prepared, stored, 
and handled as described previously.9 Most of the rate runs were 
made using solutions of cobalt(II1) perchlorate prepared by the 
electrolytic oxidation of cobalt(I1) perchlorate solutions. The 
electrolysis was carried out in a two-compartment cell employing a 
platinum gauze anode through which a current of 0.5 A was passed 
for 6-7 hr. During the electrolysis, the cell contents were stirred and 
were maintained at  0-5” with an ice bath. A fiw runs were made 
using Co(II1) solutions prepared by a slight modification of the method 
of Hofmann-Bang and Wulff.10 In this method, Co(I1) is oxidized 
by hydrogen peroxide in the presence of potassium bicarbonate to yield 
solutions of tris(carbonato)cobaltate(III) ion. Acidification of the 
solutions produces solutions of the aqua ion. Solutions of iron(II1) 
perchlorate were prepared from G. F. Smith iron(II1) perchlorate 
which had been recrystallized three times. Lithium perchlorate was 
prepared by neutralizing the carbonate with perchloric acid. The salt 
was recrystallized twice from water before being used to prepare stock 
solutions. 

Analyses. Stock cobalt(II1) perchlora.te solutions were analyzed 
for Co(II1) by delivering an aliquot of the deaerated solution into a 
known excess of iron(I1) sulfate solution followed by back-titration 
of the Fe(I1) left after the Co(1II)-Fe(I1) reaction was complete. The 
Co(II1) content of solutions used in kinetic experiments was de- 
termined spectrophotometrically at 2,50 nm. Total cobalt concen- 
trations of stock solutions were determined spectrophotometrically1 1 
after reduction of the Co(11I) with sodium sulfite. Cobalt(I1) 
concentrations were determined from the difference in total cobalt 
and Co(II1) concentrations. 

Table I. Apparent Second-Order Rate Constants at Different 
Reactant Concentrationsa 

10-3ki, 10-3ki, 
104[c0- 104[Sn- P2-I 104[c0-  104[Sn- M-’ 
(III)&,M (II)],, M sec-’ (111)l0,M (II)]O,hf sec-’ 

21.3 10.4 16.0 2.83 2.04 14.2 
14.5 10.4 16.1 6.15 5.20 15.9 
9.56 10.4 15.66 14.2 18.0 15.3 
5.74 10.4 15.7 14.0 31.0 14.4 
1.25 10.4 15.3 

a Conditions: 20”, 1 .OM HClO,, p = 2.0 (LiCIO,). 
prepared by bicarbonate method. 

The Sn(I1) content of the tin(I1) perchlorate solutions was either 
determined iodometricallyl2 or determined by addition of an aliquot 
to a known excess of vanadium(V) perchlorate solution followed by 
titration of the excess vanadium(V) with Fe(I1) in 6 M sulfuric acid. 
In a few stoichiometry experiments Sn(I1) was determined spec- 
trophotometrically a t  252.5 nm. 

The acid concentration of metal ion solutions was calculated from 
a knowledge of the metal ion concentration and the total perchlorate 
concentration as determined by passage of an aliquot through a 
cation-exchange resin and titration of the hydrogen ion in the eluent. 

Rate Measurements. The rate of the reaction was followed by 
measuring the decrease of the absorbance of Co(II1) a t  either 402 
nm or 604 nm as a function of time using a Durrum-Gibson D-110 
stopped-flow spectrophotometer. Apparent second-order rate constants 
were calculated from the absorbance vs. time data. 

Calculations. Apparent second-order rate constants and activation 
parameters were calculated using a nonlinear least-squares computer 
program. 

Induction Experiments. Attempts were made to induce the slow13 
reaction between Sn(1I) and Fe(II1) by the addition of Co(II1). In 
a typical experiment 0.034 mequiv of Co(II1) was added to a stirred 
solution containing 0.359 mequiv of Sn(I1) and 0.105 mequiv of 
Fe(II1). In other experiments, the order of addition was Fe(II1)- 
Co(II1)-Sn(I1). The reaction medium was 1.2-2.9 M HC104 at  
22--24O. The amount of Fe(II1) consumed was determined spec- 
trophotometrically a t  310 nm. 
Results 

Sn(I1) + 2Co(III) 3 Sn(IV) + 2Co(II) (1  1 
The stoichiometry was checked by mixing Sn(I1) and Co(II1) 
in mole ratios ranging from 1O:l to l:lO, allowing the reaction 
to take place, and determining the amount of excess reactant 
left after the reaction was complete. Agreement between the 

Co(II1) 

Stoichiometry, The expected stoichiometry is given by 


