
1304 H.  DIAZ AND H.  TAUBE Inorganic Chemistry 

the rate by a factor of -18 and 5 Sf perchloric acid 
raising the rate by a factor of -90. 

With the activation parameters evaluated for the 
reaction of chromium(I1) ion with chlorochromium(II1) 
ion, one can make a direct comparison of these quan- 
tities with those evaluated for the reaction of mer- 
cury(I1) ion with chlorochromium(II1) ion. Espenson 
and BirkZ2 evaluated A H *  and A S *  for the latter 
reaction to be 18 kcal mol-’ and - 5  cal mol-’ deg-I, 
respectively, for solutions with ionic strength 1.0 M .  
Although the difference in ionic strength makes the 
comparison somewhat uncertain, the rather dramatic 
differences are not obscured by this uncertainty. The 
activation energy is much greater for the mercury( 11) 
reaction, but the entropy of activation is much less 
negative. There is evidence that the reaction of 

(22) J. H. Espenson and J. P. Bilk. I m r g .  Chem., 4, 627 (1965). 

mercury(I1) with chlorochromium(II1) ion produces 
pentaaquochromium(II1) ion as an intermediate;23 
it seems that a reaction producing this unstable inter- 
mediate would have a high activation energy. In 
each of the reactions, however, the aquometal ion of 
charge 2+ (mercury(I1) and chromium(I1)) must 
lose a water molecule before forming the activated 
complex, so the differences of the values of AH* also 
reflect differences in the enthalpy of formation of these 
species from the stable aquometal ions. Corresponding 
differences between the activation parameters for 
formation of the two analogous activation complexes 
{ (H3N);CoBrHg4+) * and { (H3N)5CoBrCr4+] * have 
been discussed by Ogard and TaubeZ4 and by TaubeSz5 

(23) S. P. Ferraris and E. L. King, J .  A m .  Chem. Soc., 92, 1215 (1970). 
(24) A .  E. 0gat.d and H. Taube, ibid., 80, 1084 (19.58). 
(25) H. Tauhe, Adunu.  I t iovg .  C h e m .  Radiochenz.. 1, 28 (1WXI). 
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The reactions of chromous ion with fumaratopentaaquochromium(III), cis-fumaratoaquotetraamminecobalt(III), and cis- 
fumaratoaquobis(ethylenediamine)cobalt(III) have been studied. For the last complex the rate law has the form 
-d[Cr*+] ldt = (k-h’[H-] -l + k, + kh’[H+])[Cr2+] [Oxid], while for the first two complexes, the k-h’ and k, terms suffice to 
express the variation of rate with [H+] in the range 0.1-1.0 M .  The values of k ,  a t  35’ for the three complexes, respectively, 
are -3, 61, and 9.1 1W-l sec-l. The relative insensitivity of rate to  change in identity of the oxidizing agent is taken as 
indicating a stepwise mechanism for electron transfer. I t  is inferred that the activated complex corresponding to  the k-iL‘ 
term is doubly bridged with OH- and the adjacent carboxyl of the fumarate serving as bridging groups. The role of the 
proton in the kh’ term is interpreted as that  of stabilizing the radical intermediate derived from the fumarate. This inter- 
pretation does not make obvious, however, why the kh’ term appears for one cobalt complex but not the oth:r. 

Comparisons’ of the rate of reduction by chromous 
ion of isonicotinamidepentaamminecobalt(II1) and iso- 
nicotinamidepentaaquochromium(II1) have suggested 
that in these systems the electron transfers by a radical 
ion or stepwise mechanism. It seemed to us worth- 
while to extend the comparison to other ligands fea- 
turing conjugated bond systems. We selected fuma- 
rate ion because considerable work has already been 
devoted to it with pentaamminecobalt(I11) as the 
acceptor  enter^-^ and because basic issues having 
to do not only with the mechanism of electron transfer 
but also with the configuration of the activated com- 
plex remain unresolved. Whereas with isonicotinamide 
as ligand, the latter issue can be settled by determining 
the identity of the immediate products of the reaction, 
with fumarate this direct method fails because the 

(1) F. Nordmeyer and H. Taube, J .  Am. Chem. Sac., 90, 1162 (1968). 
(2) H. Taube, ibid., 77, 4481 (1955). 
(3) R. T. M. Fraser, D. K. Sebera, and  H. Taube, ibid., 81, 2908 (1969). 
(4) U. K. Sebera and H. Taube, ibid., 83, 1786 (1961). 
(5)  J, K. Hurst and H. Taube, ib id . ,  90, 1178 (1968). 

ligand is symmetrical. The ligand deserves attention 
also because the rate of reduction of acid fumarato- 
pentaamminecobalt(II1) by chromous ion shows a term 
first order in [H+]  and the role of the proton in the acti- 
vated complex is not understood. In making com- 
parisons between acceptor centers we have not limited 
ourselves to studies with pentaaquochromium(II1) but 
have extended the investigation to aquotetraammine- 
cobalt (111) and aquobis(ethy1enediamine)cobalt (111). 

Experimental Section 
Materials.-Stock lithium perchlorate solutions were prepared 

from two sources, commercial lithium perchlorate obtained from 
G. F. Smith Co. and that obtained by adding small portions of 
Baker Xnalyzed reagent grade lithium carbonate to 6 F per- 
chloric acid solutions. The product obtained from both sources 
was recrystallized twice from aqueous solution before final dilu- 
tion. An oxidizing component is often present in perchlorate 
solutions, but the conservation of chromous ion in the exchange 
experiments shows that this complication was not a factor in the 
present work. 

Chromium(II1) perchlorate was prepared by dissolving Mal- 
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linckrodt Analytical reagent grade potassium dichromate (0.5 
mol) in a solution of 350 ml of concentrated (70-72%) perchloric 
acid in 4500 ml of water. The potassium dichromate was re- 
duced by slow addition of 180 ml (1.54 mol) of a 30y0 solution of 
hydrogen peroxide. After boiling to remove the excess hydrogen 
peroxide and reducing the volume to 1 l., the solution was cooled 
to O", and the precipitate of potassium perchlorate was filtered 
off. Solutions of chromous ion were obtained from chromium- 
(111) perchlorate solutions by reduction with amalgamated zinc 
under a nitrogen atmosphere. Labeled chromium(I1) per- 
chlorate solutions were prepared as described by Deutsch .6 

Fumaratopentaaquochromium(II1) perchlorate was formed 
by reaction of fumaratopentaannninecobalt(II1) with chromous 
ion. Fumaratopentaamminecobalt(II1) perchlorate (0.06 mol), 
prepared by the method of Sebera and T a ~ b e , ~  was dissolved in 3 
1. of water and 45 ml of 70-72y0 perchloric acid was added. 
After deoxygenating the solution by bubbling nitrogen through 
it for 1 hr, 46 ml of a solution 1.1 M in chromium(I1) perchlorate 
and 0.1 F i n  perchloric acid was slowly added with stirring. The 
reaction mixture was kept under nitrogen for 10 min and then 
diluted to 5 1. The resulting solution was passed through an 
ion-exchange column. To minimize column hydrolysis the low- 
acid-low-temperature technique described by Deutsch6 was used 
to elute the fumarate complex. An aliquot of the resulting 
solution, when diluted 25 times and passed through a new ion- 
exchange column in the same way as before, ran as a single band 
with no detectable formation of Cr(H20)sa+. The concentration 
of the complex in solution was assumed to be equal to the total 
chromium concentration. 
trans-Dichlorobis(ethylenediamine)cobalt(lII) perchlorate was 

obtained by a modification of the methods of Linhard and Stirn? 
and ot Bailar.8 Ethylenediamine (1.2 kg of a 10% solution) was 
added, with stirring, to a solution of 320 g of CoClz.AHzO in 1 1. 
of water. A stream of air was passed through the solution for 10 
hr, and, after the oxidation was complete, 700 ml of concentrated 
hydrochloric acid and 150 g of sodium perchlorate were added. 
The mixture was heated in a water bath until the brown precipi- 
tate formed was replaced by green crystals. After cooling to 0" 
the green crystals were filtered off, washed with cold water, and 
dried a t  105'. cis-Fumaratoaquobis(ethy1enediamine)cobalt- 
(111) perchlorate was prepared by suspending carbonatobis- 
(ethylenediamine)cobalt(III) perchlorate? (0.033 mol) in 50 ml of 
water. Concentrated perchloric acid (8 ml) was added and, after 
gas evolution had ceased, the solution was added to a mixture of 
0.30 mol of fumaric acid and 0.22 mol of sodium hydroxide in 
500 ml of water. The resulting solution was heated to 70" and 
kept a t  that temperature for 1 hr. The reaction mixture was 
then cooled to room temperature and 27 ml of concentrated per- 
chloric acid was added. The precipitate of fumaric acid that 
formed was filtered off and the filtrate was diluted to 3 1. and 
passed through an ion-exchange column. The column was eluted 
with a solution 1.99 A l  in lithium perchlorate and 0.01 M in 
perchloric acid. The first of three bands eluted was identified 
.is the t~ans-diacid0 complex (the assignment of structures is dis- 
cussed below), the second as the desired cis-fumaratoaquobis- 
(ethylenediamine)cobalt(III) complex, and the third band as the 
diaquo complex. 

Despite several attempts to crystallize the desired complex, 
i t  was not possible to isolate it in the solid form. Hence its 
solutions as eluted were used for kinetic measurements, and the 
concentration of the complex was considered t o  be equal to the 
total cobalt concentration. 
cis-Fumaratoaquotetraamminecobalt(II1) perchlorate was pre- 

pared by suspending carbonatotetraamminecobalt(III)g (0.1 
mol) in 100 ml of water and adding 23 ml of concentrated per- 
chloric acid. After all effervescence had ceased, the solution 
was added to 200 ml of water containing 0.16 mol of sodium 
hydroxide and 0.11 mol of fumaric acid. The reaction mixture 

(6) E. Deutsch and H. Taube, Iirovg. C h e m . ,  7 ,  1532 (1068). 
(7) M. Linhard and G. Stirn, Z. An07g. Allgenz. Chem., 268, 116 (1952). 
(8) J. C. Bailar, Inorg. Syn . ,  2, 222 (1946). 
(9) G. Schlessinger, i b i d . ,  6, 173 (1062). 

was kept a t  70" for 1 hr (longer heating times lowered the yield 
because of the formation of an unidentified insoluble cobalt com- 
pound believed to be a polymeric species). After cooling the 
solution to room temperature, 6.5 ml of concentrated perchloric 
acid was added; the reaction mixture was then filtered and the 
components of the filtrate were separated by ion-exchange chro- 
matography. The first of three bands eluted with a 1.3 F lith- 
ium perchlorate 0.2 F perchloric acid solution was identified as 
trans-difumaratoaquotetraamminecobalt(II1) ion, and the third 
band, as the diaquo complex. The cis-fumaratoaquotetraam- 
minecobalt(II1) fraction was diluted 25 times and absorbed on a 
new ion-exchange column. Upon elution with a solution 0.8 F 
in lithium perchlorate and 0.2 F in perchloric acid, two compo- 
nents were obtained. The first one was not identified; the second 
one was identified as the cis-fumaratoaquotetraamminecobalt- 
(111) ion. 

Several attempts t o  recrystallize the cis isomer gave the same 
insoluble cobalt compound obtained when the reaction mixture 
was heated for more than 1 hr a t  70". Accordingly, the solu- 
tions of cis isomer, as eluted from the ion-exchange column, 
were used for kinetic measurements. As before, the complex 
concentration was considered to be equal to the total cobalt- 
concentration. 

Stock solutions of cis-fumaratoaquobis(ethy1enediamine)- 
cobalt(III), cis-fumaratoaquotetraamniinecobalt(III), and fuma- 
ratopentaaquochromium(II1) were kept at 0" for 10 days without 
noticeable aquation or isomerization. 

Analyses .--The total chromium and perchlorate concentra- 
tions of solutions, as well as the acid concentration of solutions of 
complexes other than hexaaquochromium(III), were determined 
as described in the literature.6 

The concentration of free acid in hexaaquochromium(II1) 
solutions was determined by the method of King and Neptune,lo 
and the total Co(I1) and Co(I11) concentrations were determined 
by Kitson's method." The concentration of Cr(I1) in a solution 
was assumed to be equal to the total chromium concentration of 
the solution from which it was made. 

Apparatus and Methods.-All spectra were taken using a Cary 
Model 15 recording spectrophotometer. 

Temperature control was obtained using two Forma-Temp 
refrigerated, constant-temperature baths. The temperature of 
the water in these two baths was held to 4z0.1'. 

The apparatus used to prepare and mix air-sensitive labeled 
Cr(I1) solutions was as described in ref 6. 

For the tracer experiments an approximate volume of labeled 
Cr(I1) solution was added, by means of a syringe, to a known 
volume of stock fumaratopentaaquochromium(II1) solution which 
had previously been mixed with a solution containing lithium per- 
chlorate and perchloric acid, in the necessary amounts to give the 
desired ionic strength and acid concentration, and purged with 
oxygen-free nitrogen for a t  least 1 hr. A second syringe was used 
to take aliquots of the reaction mixture a t  different times, usually 
six in less than 2.5 min. The reaction was quenched by inject- 
ing each of these aliquots into a deoxygenated 0.01 F oxalato- 
pentaamminecobalt(II1) perchlorate solution.e The components 
of the quenched solution were separated by ion-exchange chro- 
matography and the specific activity of the chelated oxalato- 
chromium(II1) complex, which corresponded to the specific 
activity of the Cr(I1) ion in the reaction mixture, was determined. 
At the end of the exchange experiment a total chromium analysis 
was performed and from this and the known amount of fumarato- 
chromium(II1) used the exact amount of labeled Cr(I1) added 
was calculated. Concentrations of Cr(I1) and fumaratoaquo- 
chromium(II1) ions ranged from 2.4 X lows to 5.0 X M ,  
respectively. 

Radioactive samples were counted on a Nuclear-Chicago Model 
No. 8785 analyzer-scaler coupled with a Nuclear-Chicago DS 202 
(V)  well-scintillation detector. 

The reaction of chromium ion with cis-funiaratoaquobis(etliy1- 

(10) E. L. Kingand J .  A.  Neptune. J .  A m .  Chent. Soc., 77, 31S6 (1955) 
(11) K. E. Kitson, Anal. Chcm.,  22. 664 (1850). 
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Figure 1.-Absorption spectra of czs-(en)2Co(H20)FuOHZf ( 0 )  
and ti.ans-(en)fCo(FuOH)I+ (0) in 0.1 ;M HClOd a t  25" and p = 

1.50, 

enediaminejcobalt( 111) and sis-fumaratoaquotetraani~ninecobalt- 
(111) ions was studied by the stopped-flow technique. The 
apparatus used was a niodification12 of the one designed by Sutin 
and coworkers . I 3  

Results 
Characterization of Species.-The fumaratopenta- 

aquochromium(II1) ion had been prepared b e f ~ r e . ~ J  
As pointed out in the Experimental Section, when 

the reaction mixture for preparation of cis-fumar- 
atoaquobis(ethylenediamine)cobalt(III) was passed 
through an ion-exchange column, three bands were 
obtained. The first of the three bands was readily 
eluted and gave a solution from nhich a solid crys- 
tallized. This solid was recrystallized from a diluted 
perchloric acid solution. It possessed the absorption 
spectrum characteristic of a trans isomerL4 (see Figure 1 

T A B L E  I 
.ABSORPTION CHARACTERISTICS OF 

BIS(ETHYLENEDIAMISE)COBALT(III) IONS AT 25" 
Substituents .& X m l i r  e A,,>,, Ref  

cis-(HzO) z 355 66 1 495 7 0 . 8  14 
cis-(H20)0AcC 360 77 6 498 100.0 14 
c i s - ( ~ 2 ~ ) ~ u ~ ~ d  360 9 49s 106 7 This work 
I ~ a i z s -  (H20)~ 349 5 3 . 7  441 3 7 . 2  545 3 3 . 1  14 
lrans-(H?O)OAc 355 6 6 . 1  445 3 2 . 4  543 5 1 . 3  14 
traizs-(FuOH): 394 102.3  445 3 5 . 3  539 8 1 . 9  This work 

Extinction coefficients in JJ-1 an-'. 
AcO represents the acetate ligand. FuOH represents the 
a Wavelengths in nni. 

fumarate ligand 

and Table I) .  -1nul. Calcd for (C2H~Nz)zCo(C~H~- 

Found C, 28.09; H, 4.60; C1, 6.92; K, 11.09. On 
the basis of these results the ion eluted in the first 
band was taken to be trans-bis (bifumarato) bis(ethy1ene- 
diamine) cobalt (I I I). 

The second band, which was eluted a t  a rate cor- 
responding to a + 2  ion, showed an absorption spectrum 
similar to that of known cis isomers14 (see Figure 1 
and Table I). On this basis the second component 

04)zClO~: C, 28.33; H,  4.37; C1, 6.97; N, 11.01. 

(12) J. A. Stritar, I'h.11, Thesis, Stanford Lniversity, Stanford,  Calif., 

(13) G. l h l z a n d  N.  Sutin,  lnorn.  Chri i z . ,  2, 917 fl9fX3). 
(14) V. Carunchio, Q. Illuminati, and G. 01-taggi, i b i d . ,  6 ,  2168 (196 i ) .  

1967. 

nm 

Figure 2.-A%bsorption spectra of cis-(NH3)4Co(H?O)FuOH"' 
(0 )  and trans-(SHa)aCo(FuOH)2+ (0) in 0.1 MHHClO4 at 25' and 
u = 1.50. 

was taken to be the cis-fumaratoaquobis(ethy1enedi- 
amine)cobalt(III) ion. The possibility that this com- 
pound was cis-hydroxoaquobis(ethy1enediamine)co- 
balt(II1) can be ruled out because a t  the pH of the 
eluent, -2) the diaquo complex, which has pK, = 

6.06, is overwhelmingly favored over the hydroxo- 
aquo form.'j 

The same criterion was used to identify the products 
obtained in the preparation of cis-fumaratoaquotetra- 
amminecobalt(II1). The first band obtained in the 
ion-exchange separation gave a solution from which a 
soiid crysta!lized. After recrystallization from aqueous 
perchloric acid, the elemental analysis was made. 
Anal.  Calcd for (NH,),Co(C~H304)2C101: C, 21.04; 
H,  3.98; Cl, 7.76:  N, 12.27. Found: C, 20.91; H, 
3.98; C1, '7.87; N, 12.25. The absorption spectrum 
was similar to that of a trans isomerlR as can be seen 
in Figure 2 and Table 11. These results led to the 

TABLE I1 
ABSORPTION CHARACTERISTICS OF 

TETR.4AMMIh'ECOBALT(III) IOSS AT 25" 
Ref Substituents A,,," e'' Xrnax  B Xmar e 

czs-(HPO)z 355 1; 503 56 16 
cis-(HrO)OAc 355 50 510 67 16 
cis-(H2O)FuOH 355 6 3 . 2  509 7 6 . 4  This work 
(IVans-OAc)? 363 66 170 2 6  550 62 16 
( t r a n s - F u 0 H ) n  361 8 1 . 3  468 2 7 . 6  547 7 3 . 6  This work 

Extinction coefficients in M-' cm-I. a Wavelengths in nm. 

conclusion that the species contained in this band was 
the trans-bis(bifumarat0) tetraamminecobalt(II1) ion. 

The second band, when passed through an ion-ex- 
change column, again gave two components which 
were eluted a t  somewhat similar rates. The first com- 
ponent eluted was not identified; the second one gave 
the absorption spectrum expected for a cis isomer'O 
(see Figure 2 and Table 11) and was considered to 
be the cis-fumardtoayuotetraarIiminecobalt(II1) ion. 
As before, the acidity of the eluent, in this case 0.2 .Vf 
H+. eliminated the possibility of the second band 
beirig the cis-hydruxoacluotetr~a~~iirnirlecobalt(Tr~~ ioli. 

(1 5) 1'. Carunchio, G. Grassini~Stuazza. 0.  Ortaggi, and C. Padigliunr, 

(16) K. U. ICopple and a. I<. RIiller, Zrrorg. Chcirz. 2 ,  1 2 0  ilO(iHi. 
J .  iiiotfi.  A-fLcl. Citeiii.. 27, R 1 1  (1465) 
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Further confirmation of the assigned structures for 
the cobalt(II1) complexes was obtained from a study 
of the stoichiometry of the reaction and from kinetic 
measurements. The identification of the chromium- 
containing product as the fumarato complex indicated 
the presence of the fumarato ligand in the Co(II1) 
complexes and the linearity of the rate plots demon- 
strated that only one Co(I11) species was present 
in each of the stock solutions. Furthermore, the acid 
dependence found, which is characteristic of cis-aquo 
complexes, implied the presence of a water molecule 
cis to the fumarate ligand. 

Stoichiometry.-Aquation of the reactants and/or 
the products, although thermodynamically favored, 
is expected to be so slow that i t  should not be a major 
reaction during the time the electron-transfer reac- 
tions take place. Hurst and Taube3 have confirmed 
this for the case of fumaratopentaaquochromium(II1). 
They found that for this complex the specific rate 
constant for acid hydrolysis a t  45" and 1 M acid is 
7.5 x sec-I. On the basis of the rate constants 
for acid hydrolysis for several amminecobalt(II1) com- 
plexes" this is expected to be true also for the Co(II1) 
complexes considered here and is confirmed by the 
study of the stoichiometry of the reactions. 

For cis-fumaratoaquobis(ethylenediamine)cobalt(III) 
and cis-fumaratoaquotetraamminecobalt(II1) stoi- 
chiometries were determined by analysis of the spent 
solutions for cobaltous ion and by determination of 
the amount of fumaratopentaaquochromium(II1) 
formed. The latter was determined by separating the 
components of the reaction mixture using ion-exchange 
chromatography. It was found that a t  least 89% 
of the chromous ion, when the Co(I11) complex was 
in excess, gave fumaratopentaaquochromium(II1). 
Some aquation of the chromium product in the column 
is expected because a long column is needed for good 
separation of the species. As to stoichiometry with 
respect to cobalt, when the reactant in excess was 
chromous ion, 95yo of the total cobalt was recovered 
as cobaltous ion. 

The Chromium(I1)-Fumaratopentaaquochromium- 
(111) Isotope Exchange Reaction.-The McKay equa- 
tion18 was applied to the data obtained for the exchange 
process 

(1) 

Assuming that the exchange reaction 1 follows the rate 
law 

rate = k[Cr2+][CrFuOHZ+] = kab (2 ) 
then 

Cr*2+ + CrFuOHZf = Cr2+ + Cr*FuOH2+ 

and k can be determined from the slope of a plot of 
log (1 - F )  vs.  time with (1 - F )  taking the forms 

l - f l = 1 - 5  (xo = 0 )  

, - p = a  
XCO 

Ym - J4J 

(17) F. Basolo and  R. G .  Pearson. "Mechanisms of Inorganic Reac- 

(18) H. A. McKay, N o f u w ,  142, 997 (1938). 
tions," 2nd ed, John Wiley and Sons, Inc., New York, N. Y., 1967, p 164. 
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Figure 3.-Plot of specific rate constant for the Cr2+-Cr- 
(HzO)sFuOH2+ isotope exchange reaction vs. 1/[H+] a t  0.5" 
(.)and 10.Oo(0)andatp = 1.00. 

where x and y stand for the specific activity, counts 
per minute per mole, of CrFuOH2+ and Cr2+, respec- 
tively, a t  time t. 

The plots of log (1 - F )  vs.  time fitted straight 
lines, as expected from eq 2. The values of k are 
summarized in Table 111; comparison of the entries 

TABLE 111 

ISOTOPE EXCHANGE REACTION AT p = 1.0 
RATE DATA FOR THE Cr2+-CrFuOH2+ 

IOa[Cr*+1, 108LCrFuOH2+l, [Hi], Temp, k ,  
M M M O C  M-1 sec-1 

0.99 1.20 0.133 0 . 5  3.71 
0.94 0.80 0.200 0 . 5  2.99 
0.80 2.40 0.200 0 . 5  2.62 
0.95 0.80 0.200 0 . 5  2.85 
1.82 0.80 0.200 0 . 5  2.93 
2.03 1 .61  0.200 0 . 5  2.86 
1.45 2.00 0.500 0 . 5  1.78 
1.96 2.00 0.900 0 . 5  1.52 
0.80 2.40 1.000 0 . 5  1 .49  
0 .44  0.40 0.133 10.0 7.39 
0.65 0.70 0.167 10.0 6.20 
0.71 0.70 0,222 10.0 5.19 
1.10 0.90 0.333 10.0 3 .98  
1.46 1 . 00 0.500 10.0 3.16 
2.01 2.00 0,900 10.0 3.59 

shows that the rate of exchange is indeed first order 
in each of [Cr2+] and [CrFuOH2+]. 

In  Figure 3 the values of k in Table 111 have been 
plotted against 1/ [H+ ] a t  two different temperatures. 
The straight lines obtained are consistent with the 
two-term rate law 

rate - (k, + k .I,'[H +1 - ')[Cr2+] [CrFuOil2+] 

The values of k,  and k-h' a t  0.5 and 10.0") as well 
as the activation parameters calculated according to 
the absolute rate theory,l9 are summarized in Table 

(19) W. J. Moore, "Physical Chemistry," 3rd ed, Prentice-Hall. Inc , 
Englewood Cliffs, N. J., 1962, p 297. 
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Figure 4.-Plot of specific rate constant for the Cr2+-cis- 
(en)zCo(H20)FuOH2+ oxidation-reduction reaction os. [H +I 
a t  15.0” and p = 1.50. The solid line is drawn using the rate 
constants for 15” shown in Table IV. 
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Figure 5.-I’lot of specific rate coxistarit for the Cr2 ‘‘--cis- 
(SH3)4Co(H20)FuOH2+ oxidation-reduction reaction os. 1/[H+] 
a t  15.0’ (Q ), 25.0” (e), and 32.0” (0) and a t  p = 1.50. 

I V  (at 20’ the reaction was too fast to be measured 
by conventional techniques). 

Reaction of Chromium(I1) with cis-Fumaratoaquo- 
bis(ethylenediamine)cobalt(III).-This reaction, as 
well as that  of Cr(I1) with cis-fumaratoaquotetra- 

amniinecobalt(III), was studied by stopped-flow spec- 
trophotometry. 

The integrated rate law for a second-order reaction 
with different concentrations of reactants as given 
in ref 1 was used to determine the values of k (rate/ 
[Cr2+] [complex]) for varying conditions, and the values 
arc summarized in Table V. The first and third 
experiments of the table show that, a t  constant hydro- 
gen ion concentration, the rate law is of the form : rate 
= k[Cr2+][Co(III)]. 

Figure 4 shows the variation of k with hydrogen 
ion concentration a t  15’. Similar curves are obtained 
a t  25 and 32’, and they fit the three-term rate law: 
rate = (k, ,  + kh’[H+] + k-h’[H+]-’) [Cr2+][Co(III)]. 

A least-squares computer program was used to cal- 
culate k,,, k h ’ >  and k-k’ as well as the “best” curve 
from the data in Table V, the best curve being shown 
in Figure 4. In these calculations equal weight was 
given to all data points. These results and the activa- 
tion parameters are summarized in Table IV. 

Reaction of Chromium(I1) with cis-Fumaratoaquo- 
tetraamminecobalt(II1) .-Table VI contains the specific 
rate constant k as a function of acidity and temperature 
for this system. A plot of k us. 1/[H+] gives a straight 
line (see Figure 5). The results in this case require 
only a two-term rate law: rate = ( k ,  + K--h’[H+]-l) 
[Crz+][Cr(III)]. The rate and energetic data for the 
reaction of Cr(I1) with cis-fumaratoaquotetraam- 
minecobalt(II1) appear in Table IV. 

Discussion 
The nature of the isotope-exchange reaction between 

Cr(I1) and fumaratopentaaquochromium(II1) and the 
results obtained in the study of the stoichiometry 
of the reactions under consideration require that the 
several reactions proceed with complete transfer of 
the fumarate ligand to the primary coordination sphere 
of chromium. This necessarily means bridging by the 
anionic ligand, and indicates, moreover, that  aquation 
of the reactants and the products is not important 
during the time in which the oxidation-reduction re- 
actions take place. 

The following scheme accommodates the observations 

(3 1 
I?. 

C ~ S - R ( H ~ O ) ( F U O H ) ~ ~  f Cr2+ -+ products 

1;Kh 
c ~ . Y - K ( H ~ O ) ( F U O H ) ~ +  f H I  ci~-R(H20)(FuOHn)~+ (4) 

kh  
cis-R(H20)(FuOH~)~+ + Cr2+ --+ products (5 1 

K-I, 
~ ~ S - R ( H ~ O ) ( F U O H ) ~ ”  cis-R(OH)(FuOH)+ f H +  ( A )  

k-1, 
(:is-K(OH)(FuOH)’ f Cr2- --+ products ( 7 )  

Known values of Kh and K--h for several Co(I1I) 
and Cr(II1) complexes6,20-22 indicate that, in general, 
Kh is large and K-k is small. There is no reason to 
expect the values for the complexes considered in 
this study to differ greatly from those reported and 

(20) Reference 17, p 32. 
(21) K. D. Kopyle and R. I<. Miller, PI’OC. Chcm. Soc., 306 11062). 
(22) A. Adin, J .  Doyle, and  A. G. Sykes, J .  Chein. SOL.,  A ,  1504 (1Y67) 
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TABLE IV 

WITH FUMARATOCHROMIUM(III) AND FUMARATOCOBALT(III) COMPLEXES 
RATE AND ENERGETIC DATA FOR THE REACTION O F  CHROMiUM(I1) 

Temp, 
Complex OC koa A H o + ~  AsO*' khId AHh'fb A.Thf*' k-h" AH-h'*b AS-h'*C 

( N H ~ ) ~ C O F U O H ~ '  1 . 9  0.48 6.7 -36 2.16 2.9 - 45 

c ~ s - ( N H ~ ) ~ C O ( H ~ O ) F U O H ~ +  15.0 42.3 5.1 -33 2.03 4 . 5  - 42 

14.3 0.75 2.76 
25.1 1.32 3.48 

25.0 60.7 2.51 
32.0 72.8 3.36 

25.0 9.10 1.86 0.72 
32.0 11.7 1.72 1.02 

10.0 1.72 0.76 

cis- (en)zCo (H20)FuOH + 15.0 5.42 7.4 -29 2.02 -2.2 -65 0.52 6 .2  -38 

( HpO)6CrFuOH2+ 0 . 5  1.13 6.3 -35 0.34 12.6 -15 

a k ,  in M-' sec-'. Enthalpies of activation in kcal mol-'. Entropies of activation in eu. kh' in sec-l. k-h' in sec-'. 

TABLE V 
RATE DATA FOR THE CHROMIUM(II)- 

C~~-FUMARATOAQUOBIS(ETHYLENEDIAMINE)COBALT( 111) 
ELECTRON-TRANSFER REACTION AT p = 1.5 

102[CrZ+], lOa[Co(III)], [H+l, Temp, k,a M -1 

M M M O C  sec-1 

2.50 5.00 0.600 15.0 7 .4  i 0.2 
25.0 11.5 f 0.2  
32.0 14.4 f 0.3  

2.50 5.00 0.400 15.0 7.2 f 0.1  
25.0 11.2 f 0 .2  
32.0 14.5 f 0.2  

2.00 3.00 0.600 15.0 7 . 5  i 0.2  
25.0 11.6 f 0.1  
32.0 14.6 f 0 . 2  

2.50 5.00 0.900 15.0 7 .9  f 0.2  
25.0 1 1 . 7 3 ~  0 . 1  
32.0 14.6 f 0.2 

2.50 5.00 0.200 15.0 8 .4  f 0 . 1  
25.0 13.1 f 0 . 1  
32.0 17.4 f 0.2  

2.50 2.50 0,100 15.0 10.8 zk 0.1  
25.0 15.9 i 0.3  
32.0 22.1 i 0 . 8  

2.50 5.00 0.300 15.0 8.0 f 0.2  
25.0 12.1 f 0.1 
32.0 14.9 f 0 . 2  

2.50 5.00 1. a00 15.0 8 . 3  f 0.2  
25.0 11.9 f 0.2  
32.0 14.5 f 0.2 

2.50 2.50 0.050 15.0 15.7 f 0.4  
25.0 25.9 f 0.6 
32.0 34.6 i 0 . 8  

a Entries for rate constants are the mean values of a t  least three 
determinations. 

so, a t  least in the acid range 0.1-1.0 F, cis-R(HzO)- 
FuOHz+ is the dominant form of the oxidant. If, 
as is entirely reasonable, reactions 4 and 6 are rapid 
equilibration steps, the rate law is 
rate = ( k ,  + khKh- l [H+]  + 

where [ ~ ~ ~ - R ( H Z O ) F U O H ~ + ]  is tantamount to  the total 
concentration of oxidant. The experimental param- 
eters kh' and k--h' then are to be identified with khKh-I 

and k-hK-h,  respectively (for fumaratopentaaquo- 
chromium(II1) and cis-fumaratoaquotetraammine- 
cobalt(II1) kh' = 0). 

Table IV shows a summary of the rate and energetic 
data obtained in the present work ; the corresponding 

k- hK- h [H +] -'I [CrZ +] [ c ~ ~ - K ( H ~ O ) F U O H ~  +] 

TABLE V I  
RATE DATA FOR THE REACTION OF CHROMIUM(II) 

WITH C~S-FUMARATOAQUOTETRAAMMINECOBALT(III) AT p = 1.5 
1OZ[Cr2+1, lOS[Co(III)1, [H +I, Temp. k,a ;I4 -1 

M M M O C  sec-1 

2.50 9.00 0.500 15.0 46.6 f 0.9  
25.0 66.0 i 0.9  
32.0 78 f 2 

2.50 6.40 0.090 15.0 6 5 5  2 
25.0 88 f 3 
32.0 1 1 0 4 ~ 3  

2.50 6.50 0.200 15.0 52.1 i 0.8 
25.0 73.1 0.9 
32.0 91 i 2 

2.00 6.50 1.000 15.0 44.3 f 0 . 7  
25.0 62.8 + 0.7  
32.0 76.8 i 0 . 5  

2.50 6.50 0.133 15.0 57.5 i 0 . 9  
25.0 80 f 1 
32.0 98 f 2 

Entries for rate constants are the mean value of a t  least three 
determinations. 

values for the chromium(I1)-fumaratopentaammine- 
cobalt(II1) system are included for purposes of com- 
parison. 

The similarity of the values of the entropies and 
enthalpies of activation observed in Table IV for the 
ko path suggests that  for all four cases a common 
mechanism in which the electron transfer takes place 
through the fumwato ligand is operating. 

Hurst and Taube5 have found that the values of k o  
for FuOH-, FuOCH3-, and FuNH2- as ligands in 
pentaamminecobalt(I1 t) complexes do not depend on 
the nature of the substituents on the remote end of 
the fumarato group. These results imply that the k, 
path involves adjacent attack, and to the extent that  
this proposal is accepted, it can be assumed to apply 
also to cis- (NH3)dCo (OH2)FuOHz +, cis- (en)zCo (OHz) - 
FuOHzf, and (HzO)5CrFuOHz+. The proposal, more- 
over, is supported by some of the effects observed 
in the present study. 

Nordmeyer and Taube' have pointed out that  the 
large (lo6 or greater) rates observed for the reduction 
of the pentaamminecobalt radical compared to the 
pentaaquochromium radical (kc,/kc,) when F- and 
OH- are bridging ligands suggests that  a resonance 
mechanism for electron transfer is operating. When 



Inorganic Chemistvy 

isonicotinamide is the bridging ligand, kco/kcr is only 
1C). We note that when fumarate is the bridging 
ligand, kc,/kc, measured by the rate of reduction of 
(NH3)$20FuOH2+ and (H20)&rFuOH2+ is -0.4. 

The fact that kco/kcr in this case is less than unity 
need be no cause for concern. In gauging the effect 
of changing from Co(II1) to Cr(II1) as electron acceptor 
cis-(NH3)~Co(H20)FuOH2+ rather than (KH3):Co- 
FuOH2+ should be compared to (H20):CrFuOH2++. In  
Table VI1 a number of comparisons for aquocobalt 

T A B L E  1;II 
COMPARISUNS OF SPECIFIC RATES ( k , )  OF THE REACTION OF Cr2+ 

WITH ~S-AQCOTETRAAMMINECOBALT(III) AND 

PRsTAAQr;oCHROMIUlM(III) COMPLEXES AT 25" A K D  /.4 = 1.0 
I . -Specific rates, 11-1 sec-'----. 

Ligand ci+ ( N  Hd)rCu (HrO) L (Hr0)sCrL kco,kcr 
OH - 9 x lOGn 0.7d 1.3 X 10' 
OAc - 470 < 1 0 - 4 d  > 4 . 7  X lo5  
FuOH- 60.7b ,c  m3* -20 
Reference 16. 1, This work. u = 1.5, d Reference 1 

and aquochromium are summarized, including the one 
of present interest. On the revised basis, the reduction 
of Co(II1) over Cr(II1) is favored by a factor of 20, 
and admitting a special role of water in the cis position 
and allowing for the statistical factor of 4, the ratio 
becomes 80. Even with this increased ratio, the rate 
of reduction by chromous ion through the acid fumarate 
ion by the k ,  path is remarkably insensitive to the 
oxidizing power of the acceptor center, and it seems 
reasonable then to suppose that the k, path for both 
centers involves a stepwise mechanism. 

A comparison of k, for c ~ s - ( N H ~ ) ~ C O ( H ~ O ) F U O H ~ +  
and czs-(en)2Co(H20)FuOH2+ shows that the replace- 
ment of four ammonia molecules by two ethylenedi- 
amine molecules diminishes the reaction rate by a 
factor of about 7. A similar effect has been observed 
by Haim and SutinZ3 for the pair ~ i s - (NH~) (en )~Co-  
NCS2f-(NH3)jCoNCS2+ and by FraserZ4 for the pair 
( ~ ~ ) ~ ( N H ~ ) C O S O ~ + - ( X H ~ ) ~ C O S O ~ - .  

Little that is useful can be said about the factors 
affecting k, when the data for (XH3)5CoFuOH2+ and 
C ~ ~ - ( N H ~ ) ~ C O ( H ~ O ) F U O H ~ +  are considered. If the ad- 
jacent attack mechanism is accepted, then we must 
reckon with the possibility that  by changing the ligand 
cis to the bridging group we are changing its solvation 
requirements and, by doing so, changing the environ- 
ment in the region where chromous ion attacks. It 
should be noted that in the system studied by Nord- 
ineyer and Taube,l where remote attack has been 
demonstrated, the change from the pentaammine to 
the tetraammine is expected to have much less influence 
than in the present case. 

The possibility must be considered that the k, path 
for a complex having a water molecule in cis positiori 
involves an activated complex in which a proton has 
been transferred from a cis-water molecule to another 
position on the bridging group. For (NH3)jCoFuOH2-F, 

(28) A .  Haim and N. Sutin,  J .  Am. Cheni. Soc., 88, 434 (1966) 
(2.1) I<. T. M .  I ~ i a s e ~ , I ~ u ~ r ~ : .  r h e i n . ,  2, 984 (1963). 

however, this possibility is excluded and, because it 
is highly improbable that the agreement in rates and 
activation parameters between (NH3)5CoFuOH2- and 
the rest of the complexes in Table IV is accidental, 
it is concluded that the proton in the cis water is 
not redistributed in the activated complex. In any 
event, the comparison of k, for the Cr(II1) complex 
and the tetraamminecobalt(II1) complex on the basis 
discussed remains valid. 

If adjacent attack for the k ,  path is accepted as 
the most probable mechanism, as the evidence pre- 
sented before suggests, i t  is remarkable that a pendant 
group such as the fumarate anion is so much more 
effective than the acetate anion in promoting reaction, 
particularly since neither is on the direct line for 
electron transfer. The same effect has been ob- 
served25 m Z G  with other conjugated bridging ligands, and 
it has been suggested that the conjugated pendant 
group lowers the energy of an unoccupied orbital of 
the lead-in carboxylate group and, hence, stabilizes 
the ion-radical intermediate 

We proceed now to a consideration of the term in 
the rate lam which is inverse in [H+].  Table I V  
shows that, except for (NH3)jCoFuOH2+, each of the 
rate laws features a term of this kind. Similar rate 
laws have been obtained for other electron-transf er 
reactions including that of Cr(I1) with Cr(SCN)2+,23 
Cr (H2PO2) +,27  CrOA4c2 and cis-(NH3)iCo(H20)- 
OAC*+.~' This type of rate law can be taken to imply 
that in forming the activated complex a proton is 
lost from a cis-aquo group. That this path does not 
appear in the rate law for (NH3)5CoFuOH2+ confirms 
the interpretation advanced because coordinated am- 
monia loses protons extremely slowly in acidic solution. 

The existence of a doubly bridged activated com- 
plex has been demonstrated unequivocally only for 
the reactions of Cr(I1) with cis-(HSO)qCr(N3)2+ 28 and 
with diazidobis(ethylenediamine)cobalt(III) , 2 N  but it 
is implicated on the basis of indirect evidence in the 
other reactions just referred to. It is reasonable then 
to suppose that a doubly bridged activated complex 
operates also in the case of the fumarate ligand 

r 1 3 +  

L -I 

It is interesting again to make comparisons between 
the acetate ion and the fumarate ion as bridging ligands. 
Table VI11 shows such comparisons. K-I ,  For a futna- 
rate complex should riot differ greatly froiri the value 

(26) E S. Goiild and H. Taube, J .  A?,$. (.'hunt. .Yoc.. 86, ii7OIj (196i3). 
(26) H. Price arid H. 'Taulie, l m > p g .  C'htw,, 7 ,  I (1968). 
(27) K. A. Schroeder and J. H. lSspensiin, J .  Am.  Cheru. Soc., 89, 2318 

(1967). 
(28)  I<. Snellgrove and IS. 1.. Kin<, i b i d . .  84, 4000 (1QSZj. 
(29) 4. Haim, ibii i . .  88, 232-1 (1966). 
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TABLE VI11 

OF Cr2+ WITH cis-R(H20)LZf AT 25' AND /L = 1.0 

I< L- = FuOH- L- = OAc- k-b'(0Ac-) 

COMPARISONS OF SPECIFIC RATES (k-h' ) O F  THE REACTION 

r-- Specific rates, sec-'---- k-h'(FuOH-)/ 

(HzO LCr -2.5" 5.8  x 10-4b -4.3 x 103 
(NH3)4C o 2 .5lC 2.8d  0 . 9  
(enhCo 0.72 . . .  . . .  

This work; extrapolated from data a t  0.5 and 10'. Refer- 
ence 6. c This work; /L = 1.5. Reference 21. 

for the corresponding acetate complex and, therefore, 
the specific rate ratio k-h(FuOH-)/k-h(OAc-) for the 
two processes 

k- h 
cis-R( 0H)L * + Cr2 + + products 

should be almost the same as the specific rate ratio 

From Table VI11 it can be seen that when Co(II1) 
is the oxidizing metal ion, it does not matter if fumarate 
or acetate is the bridging group, whereas in the case 
of Cr(II1) as the oxidizing metal ion there is a sharp 
difference, the fumarate complex being 4.3 X l o 3  
times faster than the acetato complex. This difference 
in behavior between chromium and cobalt is not un- 
expected. Even in the pentaammine series, reduction 
of Co(II1) through OH- is a very facile process with 
the second-order specific rate being3" ca. lo7. The 
values of k-h' for the tetraammine and (en)z complexes 
would be of the same order of magnitude since the 
pKz values for the aquo acids are expected to be in 
the range of 6-7. By now considerable evidence has 
a c c ~ m u l a t e d ~ ~ - ~ ~  to suggest that there is a 
of ca. lo7 M-' sec-' on the rate of reduction by chro- 
mous ion via an inner-sphere activated complex. Thus 
little assistance in the reduction act from the added 
bridging group is expected or required when Co(II1) 
is reduced by Cr2+ through OH-. However, Cr(II1) 
is much less readily reducible than is Co(III), even 
through OH- as a bridging group, and now the second 
bridging group can be expected to play a role in the 
reaction. It is likely that, here again, special elec- 
tronic properties of the fumarate group are exploited, 
and in the case of Cr(II1) as the acceptor center 
we are dealing with a radical-ion mechanism. 

Any conclusions based on comparisons of rates for 
the Co(II1) and Cr(II1) complexes must allow for 
differences in the values of pK for the corresponding 

k- h'(FuOH-)/k- h'(OAC-). 

(30) A. Zwickel and H. Taube, J .  Am.  Chem. Soc., 81, 2188 (1959). 
(31) J. P. Candlin and H. Halpern, f novg. Chem., 4, 760 (196S). 
(32) G. Dulz and N. Sutin,  J .  Ani. Chem. Soc., 86, 829 (1964). 
(33) J. A. Stritar and  €1. Taube. Iizovg. Chem., 8 ,  2281 (1969). 
(34) I t  has been suggestedss tha t  the  limiting rate measures the rate of 

substitution on Cr(HzO)r(HsO')r' I. In view of the extraordinary lability38' 
of the water molecules in the  axial positions and  the demonstrated traits 
isotopic effect in the  reduction of Cr(II1) ~ o r n g l e s e s , ~ ~ ~  it  seems likely to  us 
tha t  the rate~limiting step is the change in shape of the  cxwdination sphere 
about Cr(I1) from tetragonal to  approximately octahedral. 

(85 )  J. Halpern, as referred to by M. Green, R. Schug, and  €1. Taube, 
I n o v g .  Chem., 4, 1184 (1965). 

(36) (a) C. W. Meredith, Ph.D. Thesis, University of California, Berkeley, 
Calif., 1965; (b) J. M. Dechant and J. B. Hunt ,  J .  Am. Chem. Soc., 89, 
5988 (1967); SO, 3695 (1968). 

acids (this can be lower by 1 unit for Cr(II1) compared 
to the Co(II1) complexes) and for the statistical factor 
and, moreover, must recognize that though the values 
of k-h'  are not much different, A H - h *  and A s - h +  

are quite different for the Co(II1) and Cr(II1) com- 
plexes. This alone points to a difference in mechanism, 
the rate for the Co(II1) complexes being limited by 
the rate of readjustment in the coordination sphere 
of the reducing agent, whereas for the Cr(II1) complexes 
it is limited by other factors. 

Perhaps the most interesting reaction pathway is 
that involving an extra proton in the activated com- 
plex. This path, in the case of pentaamminecobalt- 
(111), has been observed for FuOH-, FuOCH3-, and 
FuNH2- 4 , 5  ligands, and the sensitivity of rates to the 
nature of the remote substituent has been inter- 
preted5 as indicating reaction at  least in part by remote 
attack. The k h  path is featured also for muconate 
as ligand37 and most dramatically f ~ r ~ ~ ~ ~ ~  

-02c -* c = 0 
I 

H 
In considering the role of the proton, two distinct 
questions must be considered: (a) Where is it located 
in the activated complex? (b) What is its function? 
The fact that p-formylbenzoate shows a k h  term to- 
gether with the fact that remote attack is i n ~ o l v e d ~ ~ ~ ~ *  
suggests that  the proton is located on the adjacent 
carboxyl group. Its involvement a t  such a location 
has been interpreted4 as improving conjugation be- 
tween the two metal ion centers, an interpretation 
which is equivalent to invoking resonance transfer. 
However, its involvement can perhaps be more readily 
understood in terms of a stepwise electron-transfer 
process. Protonating the ligand can facilitate electron 
transfer from chromous ion to the ligand by lowering 
the energy of the unoccupied orbital which accepts 
the electron. This would help explain why the k h  

path is not observed (upper limit, 0.1 sec-l) 
for (Hz0)5CrFuOH2f. Reduction of Cr(II1) by a fu- 
marate radical ion is probably just marginally possible, 
and when the radical ion is stabilized by protonation, 
this path becomes insignificant compared to the others. 
We are a t  a loss, however, to understand why the 
k h  path is smaller for ~ ~ S - ( N H ~ ) ~ C ~ ( H ~ O ) F U O H ~ +  
(upper limit, 1 M-2 sec-I) than for cis-Co(HzO)(en)z- 
FuOH2+ ( k h  = 1.9 i W Z  sec-I). 
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