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Specific rates of reduction, with Eu*+, of 23 pentaamminecobalt(II1) complexes (containing a variety of carboxylato groups) 
are compared to rates with Cr2+ and V2+. Most values of ~ E U  (25", p = 1.0) lie near 1 M-1 sec-1. Rates are remarkably 
insensitive to electronic effects, are enhanced slightly by neighboring -OR and -F groups, and are increased strongly by 
neighboring -SO3-. The V2+ and Eu*+ reductions of a,@-unsaturated complexes are slightly faster than those of aromatic 
complexes but, in contrast to reductions by Crz+, are generally acid independent, indicating that the variations in the Cr*+ 
series reflect medium effects rather than partial protonation of the carboxylato ligand. The present results add to growing 
evidence that E$+ reductions of carboxylatocobalt(II1) complexes are, in large part, inner sphere. 

Although the rapidity of substitution about europium(II1) 
centers has to date prevented a direct demonstration of the 
inner-sphere mechanism for reductions by Eu(II), indirect 
evidence pointing to ligand bridging in the reduction of 
carboxylatocobalt(II1) complexes is accumulating. Specific 
rates for a substantial series of such reductions have been 
found2 to parallel the corresponding reductions with Cr(II), 
which have long been recognized to proceed with ligand 
transfer.3 Moreover such reactions with E d +  proceed 101-105 
times as rapidly as with Ru(NH3)62+, in contrast to the 
kEu/kRu ratio near 0.1 in instances where the structure of the 
oxidant rules out the inner-sphere path.2 It has been noted 
that the various inner-sphere reductants respond with some 
selectivity to incorporation of neighboring groups into the 
carboxyl ligand; those donor groups which are "soft" in the 
Pearson sense4 favor Cr2.t and Cu+ over Eu2+,2,5 whereas those 
which are hard favor reduction by the lanthanide center. 

In the present extension of rate measurements in the Eu(I1) 
series, we have encountered marked rate enhancement by the 
neighboring -SOr group. We also present data on reduction 
of a,@-unsaturated carboxylato complexes which point toward 
reinterpretation of an earlier study dealing with Cr(I1) re- 
ductions.6 

Experimental Section 

Materials. Solutions of Eu(II)?J Cr(II),8 and V(II)9 were prepared 
and analyzed as described. Carbonatopentaamminecobalt(II1) 
chloride,2 the corresponding nitrate,*a and lithium perchlorate5 were 
prepared as described. Those cobalt(IT1) complexes not available from 
previous studies295JQ were prepared from the aquopentaammine 
perchlorate in watersd or the carbonatopentaammine perchlorate in 
methanol2 as described. Elemental analysis of complexes prepared 
here for the first time or those for which a check on purity was desired 
appear in Table I. 

Rate Measurements. Rates were cstimated from measurements 
of absorbance changes on the Cary 14 recording spectrophotometer 
as described.2~7~8b Measurements were made at  502 nm. Reactions 
were first order each in Co(II1) and reductant, but rate measurements 
were generally carried out under pseudo-first-order conditions with 
at  least a tenfold excess or reductant. For a number of complexes 
having uncoordinated donor sites or olefinic linkages, rates were 
followed at  three or more acidities in the range 0.05-1 .O M H+. Ionic 
strengths were adjusted to near unity by addition of twicerecrystallized 
LiC104. Reactions were followed for at least 5 half-lives. Rate 
constants evaluated from successive half-life values within a single 
run agreed to within 5%; no trends indicative of systematic errors were 
noted, and average values did not differ significantly from those 
obtained from least-squares treatment of logarithmic plots of ab- 
sorbance differences against reaction time. Specific rates obtained 
from replicate runs checked to within 8%. No evidence for auto- 
catalysis, as reported for related ~ystems,2~7Jo was obtained. 

Table 1. Analyses of Pentaamminecobalt(II1) Perchlorates, 
RCo(NH,),(ClO,), 

%, calcd %, found 
C H Co C H Coa R 

o-Hydroxycinnamato 21.34 4.30 11.5 21.18 4.19 11.4 
p-Hydroxycinnamato 21.34 4.30 11.5 20.90 4.19 11.2 
p-Fluorophenylacetato 19.30 4.23 11.8 19.25 4.23 11.8 
P-Styrylacrylato 25.6 4.8 10.4 24.4 4.0 10.1 
a See ref 8a. 

Table 11. Specific Rates for Europium(II), Chromium(II), and 
Vanadium(I1) Reductions of Carboxylatopentaamminecobalt(II1) 
Complexes, R(NH,),coIII a 

-- R kEu kCrb kV 
Renzoato 0.83 0.15 0.5gg 
o-Iodobenzoato 0.78 0.095e 0.90h 
o-Bromobenzoato 1.03 0.096e 
o-Chlorobenzoato 1.15 O . l l e  0.57h 
o-Fluorobenzoato 2.0 O.lSe 0.72 
p-Methoxybenzoato 0.78 O.lge 
0-Methylbenzdat o 0.80 0.084 
5-Sulfosalicylato (I) 0.88 
Pentafluorobenzoato 1.10 0.08f 
p-Sulfobenzoato (11) 1.16 0.20 
o-Thiomethylbenzoato (111) 1.20 0.38e 0.75 
m-Sulfobenzoa to 1.43 0.22 
o-Fluorophenylacetato 1.67 
p-Fluorophenylacetato 1.10 
o-Methoxybenzoato 2.20 0.28e 0.60 
o-Sulfobenzoato 7.40 0.50 2.5 
AcetatoC 1.97" 0.35 1.29' 
Sulfoacetato (IV) 36 2.3 6.8 
N,N-Dimethylnicotinamide (V) 0.45l 0.030 1.38g 

a Specific rates inM- '  sec-' at 25". p = 1.0 unless otherwise in- 
dicated. Except for the acetato complex, reductions are with Eu(I1) 
independent of (H+) in the range 0.1-1.0M. ( C O I ~ ~ ) ,  = 7 X 10"- 
1 X lou3 M. (Eu")/(Col") = 10-100. Values for Eu(I1) reductions 
are averages of three to five replicate runs; agreement between runs 
was better than 8%. Specific rates for Cr2+ reductions taken from 
ref 3 and 8 unless otherwise indicated. 
low acidities. " p = 4.0. Experiments by MIS. Jean Thomas. e M =  
3.0. f A. Liang, Ph.D. Thesis, Kent State University, 1972. g See 
ref 1Oc. R. T. M. Fraser,J. Amer. Chem. Soc., 84,3436 (1962). ' See ref 7. 

Limiting specific rate at 

Temperatures were kept at  25.0 & 0.2O during the entire series of 
experiments. 

Results and Discussion 
Rate constants for reduction by Eu2+ are assembled and 

compared to those by Cr2+ and V2+ in Tables I1 and 111. The 
reduction of the acetato complex by each of the three metal 
centers is retarded at  high acidities2,lOc,11 reflecting partial 
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'Fable III. Reductions of Alkenecarboxylatopeneaamminecobalt(IIX) 
Complexes, R(I \ JH, ) ,COI~~ a 

P. K. Thamburaj and Edwin S. Gould 

~~i,N-dimethylnicolinannide complex (V), whereas with Xu. 
(NH3)62+, for which reduction by the outer-sphere path is 
mandatory, members of the carboxylato series are reduced two 
orders of magnitude more slowly than oxidant V. Since other 
rate comparisons2 rule out special accelerative effects in the 
reaction of compkx V with h(Nbl13)62.9., the nicotin- 
arnidc-carboxyl rate reversal constitutes an additional point 
of evidence that a secund and more facile path has become 
available for carboxylato reductions by Bu2+, as well as by 
Cr2+* 

Values of  ICE^ substantially greater than unity in Table II 
are associated only with those oxidants having a second donor 
group in a position favoring chelation. The effect is marginal 
for -SCH3, small for both - O M 3  and -F (note the contrast 
with the kcr trends), but large with -S83-.15 Moreover, 
acceleration by sulfonate is seen to be much more marked for 
Euz+ than for the other metal centers. Since it is unlikely 
indeed that the sulfonate function can facilitate internal 
electron transfer, rate enhancement almost certainly arises from 
an increase in the degree of formation of the precursor, which, 
for the suifoacetato derivative may be represented as WII. 

$4- 
o a  
\\ 

/s-o\ 
Eu 

Acr yla t o 1.00 0.48 1.60 0 .82  
0.10 0.52 1.70 0.87 

m-Methoxycinnamalo (VI) 1.00 0.75b 1.85 0.91 
0.10 l.Ogb 1.90 0.93 

o-Rydroxycinnamato  1.00 0.7'1 1.92 0.85 
0.10 0.93 2.01 0.91 

p-Hydroxycinnamato 1.00 0.60 2.24 0.78 
0.10 0.92 2.47 0.79 

0-Styrylacrylato (VII) 1.00 0.96 2.00 0.89 
0.10 1.37 2.12 1.05 

a Specific rates i n M - '  sec-' at  25"; p = 1.0. (Lo - (2.4-3.0) X 

these reductions are averages of two t o  four replicate runs; agreement 
be tween runs was bet ter  than 6%. 

l o u 4  M. ( F , U ~ ' ) / ( C O ~ ~ ~ )  = 2040.  Eu" added to ' Cor I. - Values fo r  

p = 1.20 (see ref 6 ) .  

COOHQ + 

Ro 
V 

protonation of the carboxyl group, but t.he reductions of ail 
other derivatives in Table Bi appear to be acid independent. 
Acid dependencies have been reported for reductions, by Cr2+, 
of the unsaturated complexes in Table 111.6 

In the absence of cheiating centers and a second conjugated 
function3 values of kEu and kcr in the carboxylato series are 
linearly related2 

log kEu=0.67 log k,, + 0.54 (1) 

The benzoato complex closely fits this relationship, and 
reasonable agreement i s  found also for many of the substituted 
benzoato derivatives having specific rates close to 1 M-1 sec-1 
a t  25" and p = 1 .O. Indeed, as with reductions by Cr2+, one 
is impressed with the insensitivity of the Eu2* series to ring 
substitution. Even the attachment of five electron-withdrawing 
fluoro groups is nearly without effect, in contrast to the 
pronounced accelerations observed for outer-sphere 
reductions2,12 when acid-strengthening substituents are in- 
corporated into the oxidant.13313 Note furthe,r that the  ICE;^ 
carboxylato values are over twice that for the ring-bound 

VlIl 
Rate increases are less striking for the u-sulfobenzoato complex, 
which may form a chelated precursor featuring a seven- 
membered, but not a six-membered, ring.16 

Values of kcr for the a,$unsaturated complexes in Table 
TI1 have been reported to decrease as (H+) is increased from 
0.01 to 1.2 M in perchlorate media ( p  = 1.2),6 and this 
variation has been taken as evidence for partition of each 
oxidant into a protonated (tripositive) and nonprotonated 
(dipositive) form, reduced at different specific rates. Since 
such a partition should be independent of the reductant, this 
interpretation predicts similar variations in rate for reductions 
by E u ~ +  and V2+. In the present work, values of kcr are again 
found to be acid dependent (althorrgh with a somewhat 
narrower range of variation than has been recorded for the 
higher ionicity), but, with the possible exception of complex 
VII, the corresponding trends are not observed for the other 
reductants. Since other protonation equilibria are not con- 
sistent with the reported kinetic picture,l7918 it appcars either 
that protonation of the oxidant does not change its rate of 
reaction with Eu2+ or V2+ or, alternatively, that the variations 
in the Cr(1I) series reflect medium effects, similar to, but more 
intense than, those reported for the Cr2+ reduction of 

We lean strongly toward the latter view, which implies that 
inner-sphere reductions by Cr2+ should be significantly more 
sensitive than those by E u ~ +  and Vz+ to variations in the second 
coordination sphere of the reductant and beyond. This picture 
is in keeping with the suggestion2 that because of this mismatch 
of orbital symmetry between the acceptor T orbitals of the 
carboxyl bridge and the reducing electron of Cr2+, electron 
transfer requires an unsymmetric distortion of the ligand 
environment about Cr2+ in which water molecules in the second 
coordination sphere play a part. This mismatch extends neither 
to V2+ (which transfers a t2g electron) nor to the 4f electron 
lost from bu2+. However, we cannot as yet say why wch 
medium effects are more pronounced for the derivatives of 
a,fi-unsaturated acids than for aliphatic or aromatic complexes. 
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The rates of ligation of trans-@-toluylsulfinato-S)methanolbis(dimethylglyoximato)cobalt(III) and trans-(methyl- 
sulfinato-S)methanolbis(dimethylglyoximato)cobalt(III) by thiourea, p-toluidine, pyridine, di(n-propyl) sulfide (p-toluyl 
complex only), triphenylphosphine, triphenylarsine, and triphenylstibine in methanol to produce the respective trans-ligated 
complexes have been investigated. Temperature dependencies for eight of these thirteen reactions are reported, as are solvent 
dependenices for selected systems. For all systems the reaction rate is first order in the cobalt complex, the net reaction 
proceeding to a measurable equilibrium state with entering ligands di(n-propyl) sulfide, triphenylarsine, and triphenylstibine. 
For ligand concentrations less than 0.06 F, the observed first-order rate parameter, kobsd, depends upon [L] according to 
the relation kobsd = a f b[L]. Nonzero values of a are only observed for systems which proceed to an equilibrium state, 
all values of b fall within the range (3.7-18.2) X 10-2 F-1 sec-1 at  25”, and all measured values of AHb* fall within the 
range 20.0-25.5 kcal/mol. At higher concentrations of L the rate law takes the form kobsd = (a  + b[L])/(l + c[L]) where 
for the p-toluyl complex c = 0.56 f 0.05 and 0.40 A 0.05 F-1 for thiourea and p-toluidine, respectively. This and other 
evidence are interpreted in favor of the ligation reactions proceeding via a limiting s N 1  mechanism, although a prior association 
mechanism cannot be ruled out. Comparisons with previously studied systems show that in the title complexes S-bonded 
sulfinato ligands produce a moderate trans-labilizing effect; the relative ordering of trans-labilizing ability is CH3- > so32- 
>> RSOz- >> I- N NO2-. Evidence is presented which indicates that ligands which exert a kinetic trans effect in cobalt(II1) 
complexes do so at  least partially via a ground-state weakening of the trans bond. 

Introduction 
It is now well established that in cobalt(II1) chemistry 

S-bonded sulfite produces a specific and dramatic labilization 
of the ligand situated trans to it.2 Studies of several S- 
sulfitocobalt(II1) systems have established that the mechanism 

involved in this process is probably s N 1  in character, but no 
comprehensive theory is yet available to rationalize the 
phenomenon.2 In an effort to provide such a rationalization, 
we set out to determine whether trans labilization occurs in 
cobalt(II1) complexes for S-bonded ligands other than SO+. 


