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A INTRODUCTION 

Reactrons of Cr*+ wrth mononuclear cobalt(II1) ammme complexes have been studred 

extensively by Taube and colleagues r It has been possrble to determme the mechamsm 

of such reactions by rdentrficatron of the chrommm(III) product, the inner-coordmatron 

sphere of whrch rs Inert to substrtutron. Thus the product of the reactron 

Cr2 + -I- Co(NHs)s Cl2 + 5 CrCl” + Co*’ f 5 NH4* 

1s monochloropenta-aquochromrum(III), CrC12’, and the mechamsm 1s unambrguously 

of the Inner-sphere type 2 The product of (2), however, IS the hexa-aquochrommm(II1) ion, 

Cr3+. and the mechanism 1s outer-sphere3 _ 

Cr2+ + Co(NH3)e3+ 5 Crgc + co2+ + 6NH,,+ 

Thrs review summarizes recent studies on the reactions of Cr’+ with bmuclear cobalt(II1) 

complexes_ Stepwrse reduction of the cobalt(II1) centres occurs with the consumptron of 

two Cr2+ ions, and the chrommm(II1) product from each reduction is once agam dragnostrc 

of the mechamsm. 

We consider, first, possrble combmatrons of inner- and outer-sphere mechanisms, and 

the form of the chromrum(II1) product to be expected from each. 

B POSSIBLE REACTION SCHEMES 

Wth a complex of type I, it IS possrble for the Cr*+ to make use of the oxyanron, Y04’-, 
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as a bridging hgand for electron transfer. Such a mechamsm ~111 gve a cobalt(U)-chromium(II1) 
intermediate. If the mtermedlate IS stable, then inner-sphere reduction by a second Cr3* wfl 
gwe a bmuclear chrommm(ilI) product, and the reaction scheme (3)-(4) ~11 be effective. 

Cr2+ + (Corn), --f co=-Cr” + coz+ (3) 

Cr’+ + Co” - CP + (Cr”), + Co*+ (4) 

If the ColI1 -Cr Ii1 Intermediate decomposes before attack by the second Cr*+ occurs, or 
d the second stage 1s outer-sphere*, then the final product will be monomenc chrommm(II1) 

The Cr*+ reduction of II may also be inner-sphere with X or possibly OH- as brldgmg hgand, 
but m tbs case formation of a cobalt(III)-cluonuum(II1) intermediate would require electron 
exchange between the cobalt(II1) and cobalt(I1) centres, which in ths case seems unhkely. 

The product 1s therefore monomeric chrommm(III), at least 50% being hexa-aquochrommm(II1) 
If both steps are outer-sphere then the reaction sequence 1s (S)-(6) 

Cr2+ + (CoI$ + Cd11 c C&II + Co2+ (5) 

C12+ + &II1 + Cr 111 + Co2+ (6) 

and rhe product will be 100% hexa-aquochromlum(II1) An outer-sphere followed by mner- 

sphere reaction sequence will give 50% hexa-aquochrommm(III), and 50% substituted 

chromium(II1). 

More elaborate mechanisms are necessary when the Cr*+ also reduces the brldgmg 

&and present in the dlcobalr reactant. Examples of such reactions are with 
p-superoxo4 and ,u-peroxo’ dicobalt complexes. 

Reductions of two tetramerlc cobalt(II1) complexes have also been studied and 
w111 be considered briefly m a later section. 

C. REACTIONS IN WHICH THE l-IRST STEP IS INNER-SPHERE 

In this category are complexes of type I, where YOs2- z S04*- (ref. 6), 
SeO, ‘- (ref. 6) and Hp042- (ref. 7), the p-amide-p-oxalato complex III (ref 81, 
and the I.t-amldo-p-peroxo complex IV (ref. 5). / 
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*TUB po.sslb&ty seems extremely unhkely, sznce for the second stage Just as many stes are 
available on the oxidant for Inner-sphere attack by the Cr2+. 
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The formation of cobalt(W)-chrommm(II1) mtermediates 1s apparent in all cases, 
and spectra of these mtermedrates have been obtained except IG the case of the selenato 
complex6 A more detaded study of the latter 1s lfficult because further reduction of 

selenate occurs durmg the second or subsequent stages of the reaction, with the forma- 
tion of colloidal selemum. Kmetic data for the first stages of the Cr2’ reductlor,s are 
gven in Table 1. The mtermedlate with, for example, the g-amldo-lr-sulphato reactant 
is beheved’ to be the complex (NH3),Co S04.Cr(H2 0)54* Aquatlon to mononuclear 
complexes has been shown to be slow (10m4- ICY5 set-’ at 25”) Present mdlcatlons 

are that decomposition of the mtermedlate IS m all cases slower than the second stage 

of the Cr*+ reduction. 

Final spectra are consistent with the formation of &chromlum(IiI) species when 
the reactant IS the p-sulphato, Cc-phosphato or p-oxalato complex. The precise struc- 
ture of the products IS aC present uncertam Hydrogen-ion dependence ln krnetlc 
studies wllh the sulphato and phosphato complexes (Table 2) Indicates mvolvement of 

TABLE 1 

The Cr** reduction of bmuclear cobalt(lI1) complexes. ReactIons m whlLh cobalt(III)-chrommm(III) 
mtermedates are formed. Kmetlc data for the first stage of reductmn at 25O, p =2.0 M (LICIO,). 

Reactant Rate constant AH+ 
(1 mole-’ set-‘) (kcai.mole-*) 

Asi 
(e-u.1 

(NH3)4Co.&f(NH2.S04).Co(NH;)43 + 7.4 8.7 -25.3 
(NH314Co. I.c(NH2,Se04).Co(NH3J4 3+ 372 7.2 -22.4 
(NH3LKo Cr(NH2,HP0,Ko(NH3)4 3+ 31 6 9.15 -21.0 
(NH3)&o. I.r(NH2,C204H).Co(NH& 4+ 1 45 8.7 -28.6 
(NH&Co- p(NH2,C204).Co(NHa)4 3+ 35.2 9.8 -18.6 
(en)aCo. /J(NH2,02).Co(en)23+ 2040 8 03 -!6.5 

TABLE 2 

Ihe Cr* reduction of bmuclear cobalt(II1) complexes RedctlOns m whxh cobalt(LII)-chrommm(II1) 
mtermedxates are formed. Kmetlc data for the second stage of reduction at 25O (except where stated), 
/.I=20M(Ix104) 

Reactant Rate constant AH+ AS+ 
(1 mole-’ se=-‘) (kul mole-‘) (e-u.) 

(NH3)sCo. /.f(S04)_Cr(H20&,4+ 0 256 14.6 -12.2 
(NH&Co fl(S04).CrOH(H20)q3+ 0 192 13.9 -15 3 
(NH3)sCo. fi(H2P04).Cr(H20)s5+ (I 0.098 (30’=) 
(NH3)sCo. p(H2PO4) Cr(OH)(H20)44+ 0 043 b (30°) 
(NH3)sCo_ p(HP04).Cr(OH)(H20)4J+ 0 035 = (30°) 
(NH&Co. g(C204) Cr(H20)s4+ 1.88 5.9 -37.6 

a Pos.$bly outer-sphere gvmg 2 CrBc + Co*+ as products b Uruts set-‘_ c Unds 1-l mole set-’ 
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COIlJUgate base forms* and hydroxo brldgmg to the Cr’+. Some hydroxo brldgmg 1s 

therefore to be expected m the chrommm(ii1) dlmer from thus path 

The reactlon of the p-amldo-Cr_peroxo complex IV (ref. 5) gves an Intermediate 

wluch IS tentatively assigned the formula (en)* (NH3)Co O2 .Cr(H* O)54+. ion-ex- 

change separation of the products has been carried out and no mononuclear 

chrommm(ii1) Ions were detected m experiments with one equrvalent of Cr2+ The system 

IS comphcated by the further consumption of two equivalents of Cr2+ and reduction of the 

peroxo bridge (0, *- + 2 H,O), before the final stage m which the second cobalt(ii1) 

IS reduced A cobalt(ii1) chromophore 1s retamed until the final stage 1s lmrnment 

Other mechanisms would almost certamly grve more rapid reductron of the second 

cobalt(iiI) 

D. REACTIONS IN WHICH NO INTERMLDIATE IS DETECTED 

Krnetlc data for the first stage of reactlons m this category are listed m Table 3. The 

first of these reactions9 may be summarized 

Cr7+ + (NH,),Co.NH, .Co(NH,), ‘+ 5 Co(NH,), j+ + C!r3+ + Co’+ + 5 NH,+ (7) 

Cr2+ + CO(NH~&~+ 5 Cr3+ + Co2+ f 6 NH4+ 

and, since the kmetlcs give no hydrogen-ion dependence, and there 1s no avallable site 

for bndgmg, both steps must clearly be outer-sphere_ The first stage of the reaction of 

the p-amrdo-p-hydroxo complex (protonated form”) 1s also outer-sphere No mter- 
mediates were detected m the reactions of the other complexes listed in Table 3 dnd 

TABLE 3 

The Cr2+reductions of bmuclear cobaIt(II1) comple\es. Rare constants (25O) for reactions m which 
no cobalttIII)-chrommm(III) mtermedlates detected 

Reactant cc 103k AH+ AS* Ref. 
(M) (1 mole-’ set-‘) (kc~l.mole~~_‘) (e u.) 

(NH&Co. MN&) Co(NH3)s 5+ 0.4 9 
(NH3)4Co. /.r(NH2. OH) CO(NH~)~ 4+ 

3 1 = 

((ii+] -dependent) 2.0 
WH314Co. P(OH,OH).CO(NH~)~ 4-b 

1 12 b (350) 19.9 -7.5 IO 
1.0 173b 83 -43 11 

(NH&Co. P(NH2.HC02).Co(NH3)4 
(NH&Co. /J(NH~.CH,CO,).CO(NH,~;,~+ :.: ’ 68 6” 

13.9 -25 12 
048 12 0 -3-t 12 

0 Intermediate formation of CO(NH&~+ Rate cons ta n t corresponds to first stage of reduction Both 
steps outer-sphere ’ No intermediate detected Rate constant corresponds to first stage of reductron 
Outer-sphere folIowed by mner-sphere reactlon sequence 1s most probable 

*The pi& for the acid dissociation of water hgands in cobdIt(III)-chromlum(III) lnter- 
medtltes, e.g. (NH&Co SOS Cr(HzO)s 4+, 1s presumably in the 3-6 region. 
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the relatrve rates for the two stages of the Cr*+ reductron are therefore slow and then 
fast. A slower second stage is requrred for the detectron of mtermedrates. It IS concluded 

that formatron of a cobalt(M)-chrommm(II1) mtermediate IS unlikely for these reactions 
since the reducrbrhty of a complex 1s unhkely to be increased on replacmg one of the 
cobalt(II1) metal ions by a chrommm(II1). Although special consrderatrons may prevarl 

for some systems, the reactions m Table 3 are probably all outer-sphere The first stage 
of the reduction of the y-format0 complex’* gtves Co(NH3)s(HC02)“, similarly the 
p-acetato complex gives’* CO(NH~),(CH~CO~)~+ The final products will be 
Cr(H,O),(HCO,)*+ and Cr(H,O),(CH,CO,)*+ respectrvely. Ion-exchange separation 
of the final products 111 the format0 reactron has mdicated Cr(H2 O), 3+ and small amounts of 

Cr(H2 0)s(HC01)2+ as products However, the separation 1s not quantrtatrve, owmg 

to the slowness of the reactrons and the Cr2+-catalyzed aquatron of Cr(H20)5(HC02)2f 
The reactions m Table 3 are all apprecrably slower than those listed in Table 1 As d 

consequence of this, bridge cleavage followed by rapid Cr” reduction at hgand sites which 
then become available, becomes a possrbrlny Such paths have been detected m kinetic 
studies of the complexes (NHa),Co p(NH2 ,OH) CO(NH~)~~+ (ref.10) 
(NH3),Co&OH.0H) CO(NH~)~~+ (ret 11) and (NH,),Co&NH,.HCO,) Co(NHs)d4+ 

(ref. 12) 
Additional steps which are observed m the Cr*+ reduction of the p-amide-p-hydroxo 

complex, correspond to the loss of termmal ammoma hgands”, VIZ 

/ 
NH2 

‘CO(NH&+ 
H+ NH2 

(NH&CO 
1 ‘OH’! 

+ H20 - (NH313C0 
/ \ 

CO(NH&+ + NH; 

I ‘OH’1 
NH3 NH3 H20 NH3 

(9) 

The aquo product reacts rapidly with Cr*’ A study has been made of the Cr*+ reduction 

of the draqdo product which 1s obtained followmg replacement of a second ammonla13 

The rate law 1s predommantly of the form Icobs (set-’ ) = a [H’]-’ 
An interesting observatron IS that with the y-amrdo-p-superoxo complex as oxtdant 

(the 4+ analogue of IV) the first stage of reductron IS outer-sphere, and hexa-aquo- 
chromium(M) can be separated quantrtatrvely by ion-exchange procedures’ The 
reactron is too fast to study by the stopped-flow method (k > 5 x lo5 1 mole-’ set-’ at 
4”C), and electron transfer may occur raprdly before the inner-coordination sphere of 
the Cr*’ can lose a water molecule and form an mner-sphere actrvated complex. The 
product 1s the p-amrdo-p-peroxo complex, and as already mdrcated (Table 1) tins now 
reacts with Cr*’ at a somewhat slower rate by an inner-sphere mechanism Hoffman 

and Taube4 have stuled the Cr*+ reduction of the p-superoxo complex 
(NH,)&o.O, .CO(NH~)~ ‘+ and ftnd k = 2.3 x lo3 1 mole-’ set-’ (2S0), AH’ = OS f 0 5 
kcal mole-’ and As* = -41 ? 1 .O e-u. The peroxo complex, (NHJ)sCo.Oz _Co(NHs)s4+. 

decomposes rapidly m acrdic solutions, and the oxygen released is presumed to react 
with additional Cr*+_ 
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E. REACTION OF TETRAMERS , 

The reactrons of complexes V (ref 12) and VI (ref 11) have been studred They 
constitute a novel type of reactton m vrew of the bulkmess of the reactant and the overall 
charge. The reactrons have been studred m the presence of excess Cc’+, and good second- 

order kmettcs are observed. A slow first step (whrch IS outer-sphere) followed by faster 

subsequent steps (probably Inner-sphere) seem hkely. Krnetrc data are listed n-t Table 4. 
The nature of the chromrum(III) product has not yet been determined. 

,+ /OH \ 6+ 
\ 

OH’ 
Co(NH& 

VI 

TABLE 4 

The Cr2*reductlon of tetramenc cobalt(iI1) complexes. Kmetlc data for first stage of reduction at 2S”. 

Reactant lJ 103k AH+ As+ Ref. 
(M) (rnole-?vz~-~) (hcal.mole-‘) (e-u.) 

[((NH&Co2(0H) &%16+ 0.2 3.8 7.3 -45 12 
[((NH&CO(OH)~) 3Co] 6+ 1.0 3.2 9.1 -39 11 

l-. ISOLATION Ol- PRODUCTS 

The first stage of work on Cr*+ reducttons of bmuclear cobalt(M) complexes may be 
said to be complete. Kinetic and mechamstrc studres have clearly mdrcated which systems 
gtve a btttld-up of cobalt(iII)-chrommm(II1) complexes, and bmuclear chrommm(II1) 
complexes as final products. Stage two calls for the rsolatron of the products 
Clearly rt 1s possible to retatn stgntlicant amounts of the cobalt(III)-chromum(III) 
complexes by using one equivalent only of Cr- reactant Subsequently, the study 

of the products of the reactron of higher polymerrc cobalt(II1) complexes may 
prove wortbwhrle. 
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