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Previous studies by one of us have dealt with the kinetics 
of Fe(II1);catalyzed hydrolysis of (oxalato)(amine)cobalt(III) 
complexes (NSCoC204+, NS = (NH,),, (~ I I )~ (NH, ) ) .~~ ,  The 
kinetic data could be interpreted in terms of the rapid and 
reversible equilibrium preassociation of Fe(II1) with the 
NSCoC204+ species to form the precursor complex, 
NSCoC204Fe4+, followed by the catalyzed water substitution 
at the cobalt(II1) center to yield N , C O O H ~ ~ +  and mono(ox- 
alato)iron(III) species. The solution equilibria involving the 
formation of the binuclear species of Fe(II1) and several other 
di- and trivalent nonreducing substitution-labile metal ions with 
(NH,),CoC2O4+ have also been investigated spectrophoto- 
metr i~al ly .~ Data on the kinetics of the very rapid formation 
of such binuclear species are at present not available, though 
studies have been made of the formation kinetics of many 
mononuclear Fe(II1) complexe~ .~ .~  A later paper in the 
present series will deal with the analogous reaction between 
Fe(II1) and (salicylato)pentaaminecobalt(III) cations of the 
type NSCoOCOC6H40H2+, where N, = (NH,),, (en)2(NH3), 
and tetraethylenepentamine, providing further insight into the 
nature of these very rapid binuclear complexations. 
Experimental Section 

Materials and Method. (Oxalato)pentaamminecobalt(III) per- 
chlorate, [(NH3)5CoC,04H] (CIO&, was prepared by the standard 
procedure.' A,,,, nm (e, M-' cm-I): 507 (74.0) for 
(NH3)5CoC204H2+ in 0.1 M HC104 medium, which agrees well with 
the previously reported values.* Iron(II1) and the free acid content 
of the stock solution of iron(II1) perchlorate (G. F. Smith Chemical 
Co.) were estimated by EDTA titration and pH measurement, re- 
spectively. Fisher Certified reagents were used. The ionic strength 
of the reaction mixture was adjusted with sodium perchlorate. So- 
lutions were prepared in laboratory distilled water, which was further 
purified by passage through a mixed-bed ion-exchange column. A 
Cary 118C UV-visible spectrophotometer was used for spectral 
measurements. 

Rate Measurements. The kinetics of complexation of 
(NHJ5CoC204H2+ with Fe(II1) was investigated at 20.0 I t I 30.0 
OC and I = 1.0 M. The rate measurements were made at 350 nm 
(absorbance increases with time) on an automated Durrum Model 
110 stopped-flow assembly. One of the syringes of the apparatus 
contained the solution of iron(II1) perchlorate, whereas the other had 
the solution of the cobalt(II1) complex; both solutions were adjusted 
to I = 1.0 M and the same preselected acidity. Runs were made under 
pseudo-first-order conditions in the usual way with [complex], = 
(5.0-8.0) X lo4 M. The observed pseudo-first-order rate constants 
were calculated by use of a linear least-squares program and are 
reported as the mean of at least five kinetic runs. 
Results and Discussion 

Table I presents the observed pseudo-first-order rate con- 
stants as a function of total Fe3+ concentration, [Fe3+IT, and 
[H+] at 20 I t I 30 OC. One notes (see Figure 1 for illus- 
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Figure 1. Plot of !cow vs. [Fe3+IT at 25 OC. [H']: 0, 0.05 M; A, 
0.1 M; 0, 0.2 M; 0, 0.3 M. 
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a Proton dissociations occur in the direction of the arrows ad- 
jacent to each dissociation constant. 

trative data at 25 "C) that the kobsd values increase linearly 
with [Fe3+IT at a fmed acidity, that there is a nonzero intercept, 
that the intercepts are essentially independent of acidity, and 
that the slopes of the straight lines decrease with increasing 
acidity. A proposed mechanism for the reaction is presented 
in Scheme I, where it is assumed that, in the experimental 
acidity range, all possible reactant species are involved, viz.: 
Fe(H20)6,+ ( =Fe3+), Fe(H20)50H2'  (=FeOH2+), Co- 
(NH3),C204+ (zRC204+),  and Co(NH3),C204H2+ (= 
RC204H2+). The corresponding rate law is of the form 

(1) kobsd = kdd2[Fe3+lT + kf3 
where 

kf = ( ~ I K I  + W d / [ H + I  k2 k&~Kh/[H'l~ (2) 

k,  = ( k 1  + k4) + /C-~[H+] + k-,K',/[H+] (3) 

(4) 

( 5 )  

(6) 
The known values' of 103Kh at Z = 1 .O M are 1.20, 1.64, and 
2.29 M at 20, 25, and 3OoC, respectively.'0 Also, 103K, has 
the values" 8.0, 8.8, and 9.5 M at Z = 1.0 M and the three 
indicated temperatures, respectively. Values for K 6  are not 
known, nor can they be derived from our rate data, but can 

fl = [H+l/([H+l + Kh) 

f 2  = [H+l/([H+l + Kl) 

f3 = [H+l/([H+l + Kb) 

(9) M?burn, R. M. J. Am. Chem. SOC. 1957, 79,  537. 
(10) With use of these values it can readily be shown that the acidity of the 

reaction medium as adjusted by added HC104 is changed only negligibly 
by the hydrolysis of Fe(H20)63+. 

(1 1) See Table I of ref 2. 

0020- 1669/82/ 1321 - 1265$0 1.25/0 0 1982 American Chemical Society 



1266 Inorganic Chemistry, Vol. 21, No. 3, 1982 

Table I.  
with (NH,),CoC,O," 

Ratc Data for the Complexation of Aqucous Fe(II1) 

Notes 

2.4 
5.0 
7.4 

10.0 
12.4 

5.0 
10.0 
15.0 
20.0 

5 .0 
10.0 
15.0 
20.0 

2.0 
3.0 
4.0 
5.0 
6.0 

2.4 
5.0 
7.4 

10.0 
12.4 

5 .0 
10.0 
15.0 
20.0 

5.0 
10.0 
15.0 
20.0 

2.0 
3.0 
4.0 

2.4 
5 .0 
7.4 

10.0 

5.0 
10.0 
15.0 
20.0 

0.1 
0.1 
0.1 
0.1 
0.1 

0.2 
0.2 
0.2 
0.2 

0.3 
0.3 
0.3 
0.3 

0.05 
0.05 
0.05 
0.05 
0.05 

0.1 
0.1 
0.1 
0.1 
0.1 

0.2 
0.2 
0.2 
0.2 

0.3 
0.3 
0.3 
0.3 

0.05 
0.05 
0 .os 
0.1 
0.1 
0.1 
0.1 

0.2 
0.2 
0.2 
0.2 

20.0 0.1 "C 
0.98 i 0.02 
1.18 i 0.02 
1.35 i 0.02 
1.54 i 0.02 
1.77 t 0.05 

0.93 ? 0.02 
1.06 i 0.01 
1.24 5 0.02 
1.45 t 0.01 

0.84 t 0.01 
0.95 i 0.03 
1.08 f 0.02 
1.17 0.06 

0.79 f 0.02 

0.73 i 0.03 

0.73 i 0.01 

25.0 i 0 . 1  'C 
2.02 i 0.03 
2.39 i- 0.14 
2.84 i 0.14 
3.28 i 0.14 
3.70 i 0.10 
1.45 i 0.01 
1.77 I 0.06 
2.30 t 0.12 
3.00 i 0.17 
3.39 i 0.03 

1.39 i 0.11 
1.75 i 0.04 

2.63 i 0.1 3 

1.33 2 0.05 
1.61 2 0.07 
1.85 i 0.06 
2.26 + 0.05 

1.14 i 0.03 

0.86 i- 0.12 

0.95 i 0.04 

2.18 I 0.03 

1.00 i 0.07 

30.0 i 0.1 "C 
3.00 i 0.06 
3.80 i 0.04 
4.49 * 0.06 

2.10 i 0.05 
3.05 0.05 
3.75 z 0.07 
4.50 i 0.10 

1.80 + 0.05 
2.50 1 0 . 0 5  
3.20 . 0.05 
3 75 + 0.0s 

1.5 I 0.1 

1.4 i 0.1 

1.17 + 0.03 

78.5 i 2.5 

35.0 i 2.5 

22.5 i 1.0 

439.7 i 7.7 

207.9 i 14.3 

83.9 i 3.0 

61 .0 i 5.1 

778.1 i 32.4 

320.7 i 13.7 

133.0 t 6.0 

" I =  1.0M: ( C O ( I I I ) ] T =  15.6-8.4) X 10.' 31. 

be assumed12 to be somewhat smaller than Kh. It follows, 
therefore thatf,,f2, andf3 reduce to unity in the acidity range 
of the experiments so that eq 1 reduces to 

kobsd kf[Fe3+lT + kr 

Thus, the plots of kobsd vs. [Fe3+IT (such as Figure 1 )  yield 
values of kf and k, from the slopes and intercepts, respectively, 
as recorded in Table I. Referring now to the kf values, we find 
that plots of kf vs. [H+]-I are nonlinear, but good linear plots 

(12) The loss of a proton by the species Co(NH3)5Cz04Fe(OHz)5 (or Co- 
(NH3)5C204Fe(OH2)4. if the Fe3+ is chelated) will definitely be less 
facile than by Fe(Hz0)a3+, due to the influence of the negative C2042- 
center, as is evidenced by the well-known decrease in acidity of multiply 
coordinated aquo ions as the number of water ligands is replaced by 
negative OH- ligands. An example is the increase in the pK from 4.0 
for Cr(H20)63+ to 5.6 for Cr(H20)50H2+, at 25 O C  (see footnote 18 
of the paper by: Krishnamoorthy, C. R.; Harris, G .  M. J.  Coord. Chem. 
1980, 10, 65).  

r- I 
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Figure 2. Plot of kf[H+] vs. l /[H+] at various temperatures. 

are obtained when k,[H+] is plotted vs. [H+]-I (see Figure 2). 
This indicates that the k2 term makes only a minor contri- 
bution and is consistent with the recent finding13 that the 
analogous rate constant is negligible in the formation of FeA2+ 
when H A  is a moderately strong acid such as mono-, di-, or 
trichloroacetic acid, as is our species RC2O4H2+. The linear 
plots for kf[H+] vs. [H+]-' therefore yield values for (k,K1 + 
k4K4) from the intercepts and k3K1Kh from the slopes, resulting 
in the data given in the first two columns of Table 11. Es- 
timates of k ,  and k4 may be made as follows. As is discussed 
later, it may be reasonably assumed that k-, r k-4, and the 
cyclic nature of several of the equilibria in Scheme I requires 
that klKl/k4Kh = k-l/k-4 so that klK, zz k4Kh. This enables 
separate estimates of k, and k4 as given in columns 4 and 5 
of Table 11. One notes that while k, < k4 < k3, the differences 
are not great, considering the substantial changes in the nature 
of the reacting ions. Also, these values are of the same order 
of magnitude as analogous rate constants for other carboxylate 
l i g a n d ~ . ~ ~ ' ~ J ~  Similarly, the rate constants for addition of free 
oxalate to Fe3+ and FeOHZ+ have been reported16 as 7.0 X 
lo2, 2.0 X lo4, and 8.3 X lo3 M-I s-l, respectively, at 25 O C ,  

very close to the values of our analogous constants k,, k3, and 
k4. This lack of sensitivity to the magnitude and sign of the 
charges on the reactant ions clearly eliminates the simple SN2 
mechanism concept and supports an I mechanism, as expected 
for aqueous Fe(I1I) substitution reactions. There exists con- 
siderable controversy as to whether the interchanges are dis- 
sociative or associative. Recent determinations of the 
water-exchange rates6 of Fe(H20)63+ and Fe(H20)50H2+ and 
of the pressure effects on such rates" support the assumption 
of an I, mechanism for aquo ion substitutions and Id for the 
hydroxo congener. Values for the outer-sphere association 
constant, KO,, can only be surmised in our system, but with 
ion pairs of the types (3+)(1+), (2+)(1+), and (2+)(2+), 
respectively, for the three reactions, K ,  cannot be greater than 
unity.18 Our values for k,, k3, and k4 at 25 O C  thus translate 
into first-order rates of substitutive water elimination by 

(13) Perlmutter-Hayman, B.; Tapuhi, E. J .  Coord. Chem. 1976, 6, 31 
Reference 13, Table 111. 
Mentasi, E.; Baiocchi, C. J .  Coord. Chem. 1980, 10, 229. 
These rate constants, quoted in Table 111 of ref 13, were calculated from 
the data of Moorhead, E. G.; Sutin, N. Inorg. Chem. 1966, 5, 1866. 
Swaddle, T. W., paper presented at Conference on Inorganic Reaction 
Mechanisms, Wayne State University, Detroit, Mich., June 10-12, 
1981. 
Simple electrostatic theory predicts a value of about unity for the as- 
sociation of an ion with an uncharged molecule and steadily decreasing 
values for the association of like-charged ions as the Z , Z 2  factor be- 
comes more positive. See discussion given by: Hammes, G. G.; Ste- 
infeld, J. I. J .  A m .  Chem. SOC. 1962, 84, 4639. 
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Table 11. Kinetic Parameters for the Formation and Dissociation o f  (NH,),CoC,0,Fe4' 

1 0 - ~ k  ,b 10- * k ,c 1 0- 3k, ,c 
M-I s-l ( k - ,  + k L L d  s-] M-I  s-l M-I s-l 

( k l K l  + 
temp. "C k,Kh)F s-' 

20.0 6.15 i 0.01 2.3 i 0.1 3.8 2 .5 0.75 c 0.03 
25.0 15.3 t 1.0 3.7 * 0.4 8.7 4.6 1.0 f 0.1 
30.0 22.1 c 1.0 5.4 c 0.4 11.0 4.8 1.4 f 0.2 

A H ' ,  kcal mol-' 
AS ' ,  cal deg-' mol-' 

14.5 * 0.7 
11.0 t 2.4 

10.4 * 0.6 
-23.5 t 2.0 

a As determined from the intercept values of the plots given in Figure 2. Calculated from the slope values of Figure 2 and the known 
values of K ,  and K h  at the three temperatures. 
values of the intercepts of kobsd vs. [Fe3+]  T plots of the type given in Figure 1. 

Calculated by assuming k , K ,  = k,Kh (see text). Values of (k-l + k4) are averages of the 

RC204+ from the Fe(H20)63+ species of -9 X lo2 sS1 and 
from the Fe(H20)50H2+ species by RC204+ and RC204H2+ 
of -4 X lo4 and -5 X lo3 s-I, respectively. The water-ex- 
change rate constants for Fe(H20)63+ and Fe(H20)50H2+ are 
known to be close to 1.6 X lo2 and 1.4 X lo5 s-', respective- 
ly.6J9 Comparisons of these values with the substitutive rate 
constants lead to the assignment of the I, mechanism to our 
Fe(H20)63+ complexation reaction and of Id to the two Fe- 
(H20)50HZ+ complexations, in total agreement with the 
conclusions already q ~ o t e d . ~ , ' ~  We were able to determine 
reasonably precise activation parameters only for the k3 
pathway (see Table 11) and these are not substantially different 
from figuresZo for the reactions of FeOH2+ with large anions 
such as C1- and S042-. 

It has already been noted that the rate constant for the 
hydrolysis of the binuclear product complex, k,, is essentially 
independent of acidity at each temperature (see Table I and 
Figure 1). From the form of eq 3, it is obvious that neither 
k-2 nor k-3 can contribute perceptibly to the dissociation rate 
of the complex, so that eq 3 reduces to k, = (k-' + k-4). 
Furthermore, it is seen that k-, and k4 should be very similar 
in magnitude, since the transition states for the two reactions 
must not differ greatly if a t  all. In fact, any differences in 
distribution of the hydrolysis products can be expected to be 
determined at a given acidity of the medium by the very rapid 
proton transfers governed by Kh and K,. Experimental con- 
firmation of such an identity is provided by calculations based 
on the published datal3 concerning the reactions of mono-, di-, 
and the trichloroacetate species with a aqueous Fe(III), which, 
as noted above, behave in a manner somewhat similar to our 
system. Use of these data2' results in rough estimates at 25 
OC for k-' of 12, 17, and 69 s-I and for k-4 of 43, 25, and 15 
s-', respectively, for the three chloroacetate species, satisfac- 
torily supporting our conclusion that k-, z k4. Our complex 
C O ( N H ~ ) ~ C ~ O ~ H ~ +  has a pK close to that of CH2C1C02H, 
but our binuclear product C O ( N H ~ ) ~ C ~ O ~ F ~ ~ +  has a charge 
2 units greater than CH2C1C02Fe2+. The rather slow disso- 
ciation rate of the binuclear complex (k-' z k-4 = 0.5 s-l as 
compared to k-' = k-4 z 20 s-l for the acetato species) may 
be taken as evidence that Fe(II1) in the binuclear species is 
chelated by the oxalate moiety. Similar conclusions were 
reached from consideration of the stability constants of various 
analogous binuclear complexes4 and the high catalytic power 
of Fe3+ relative to H+ in promoting water-for-oxalate sub- 
stitution at  a cobalt(II1) center.2 The activation parameters 
for RC204Fe4+ dissociation are quite "normal", being similar 
to thoseB for a series of FeLH dissociations, with A P  typically 
in the range 9-15 kcal mol-' and M* in the range -10 to -30 
cal deg-' mol-I. All in all, one can conclude that Co- 
(NH3)SC204H2+ behaves as a conventional ligand in both its 

(19) Another recent measurement of the water-exchange rate of Fe(H20)63+ 
ion has yielded a value of 167 SKI at 25 OC (Dodgen, H. W.; Liu, 
Gordon; Hunt, J .  P. Inorg. Chem. 1981, 20, 1002). 

(20) Cavasino, F. P. J .  Phys. Chem. 1968, 72,  1378. 
(21) Data for kl, kq, K1, KHA.  and KOH given in ref 13 and the equality K4 

= K ~ K H A / K o H  were utilized in this calculation. 

association and dissociation reactions involving aqueous Fe(II1) 
species. 
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Recently we reported2 that both diborane(6) and tetra- 
borane( 10) react with bis(trimethy1phosphine)-diborane(4) 
to give a novel triboron complex cation B3H6[P(CH3)J2+: 

3/2B2H6 + B2H4'2P(CH3)3 - B3H6[P(CH3)312+B2H7- 

B4H10 + B2H4'2P(CH3)3 - B3H6[P(CH3)312+B3H< (1) 
In these reactions, B2H6 and B4H10 are cleaved unsymme- 
trically: B2H6 - "BH2+ + BH4-" and B4HI0 - "BH2+ + 
B3Hcn. The BH2+ unit combines with the diborane(4) adduct 
to give the triboron cation. The BH, anion further reacts with 
diborane(6) to form the BzH7- anion. 

It was of interest to see if the next higher borane, penta- 
borane( 1 l ) ,  would react with B2H4*2P(CH3)3 in the manner 
similar to that observed for diborane(6) and tetraborane( 10). 
The study of the reaction, which is reported in this paper, 
showed that the reaction pattern of B5Hll was different from 
that of B& or B4HIO; the unsymmetrical cleavage of BsHIl 
was not effected by B2H4.2P(CH3)3. 
Results and Discussion 

A rapid reaction occurred at -80 "C between B5Hll and 
B2H4-2P(CH3)3 in a 1:l molar ratio in dichloromethane to give 
trimethylphosphine-borane( 3) and other compounds. As the 
reaction solution was allowed to warm, the latter products 
underwent gradual changes. At room temperature the solution 
contained (CH3),PBH3, (CH3)3PB5H9, B5H9, and B2H6 as the 
final reaction products. 

As noted earlier, B2H4.2P(CH3), cleaved both the B2H6 and 
B4HI0 molecules unsymmetrically to give the B3H6[P(CH3)3]2+ 
cation and the anion characteristic of unsymmetrical cleavage 
of that borane.2 Since it had been known that B5Hll, like 
B2H63 and B ~ H ~ o , ~  undergoes unsymmetrical cleavage with 

(1 )  To whom correspondence should be addressed. 
(2) Kameda, M.; Kodama, G. J .  Am.  Chem. SOC. 1980, 102, 3647. 
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