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coupling constant consistent with the mixed-halide complex 
HgBrI(PBu&. It was deduced from these NMR experiments 
that the halide complexes undergo a typical Calingaert re- 
distribution reactionnZ4 
H ~ B T ~ ( P B u , ) ~  + HgI,(PBu,), 2HgBrI(PBu3), (14) 

Similar deductions are readily made from the electrochemical 
data (see eq 8). Halide-exchange reactions are observed to 
be extremely rapid from the N M R  data which is consistent 
with all the electrochemical results which are characterized 
by reversible behavior and rapid exchange reactions involving 
X- or HgX,. NMR and other studies on HgXZz6 demonstrate 
the halide lability associated with these compounds. Mixtures 
of HgX, and HgX’, are known to be in equilibrium with their 
respective mixed species: 

The same appears to be true of all related reactions such as 

as required to interpret the electrochemical data. 
In N M R  experiments,” solutions of equimolar mixtures of 

HgC12(PBu3), and HgC12(pmp), at room temperature showed 
two ,lP resonances with mercury satellites. The coupling 
constants were very similar to those of the starting materials 
although both resonances had moved toward each other. Two 
resonances in the mercury spectrum confirm that at room 
temperature there is no appreciable concentration of the 
mixed-ligand complex. At lower temperatures NMR reso- 
nances attributed to HgCl,(PBu,)(pmp) were reported. From 
electrochemical data, the redistribution reaction eq 17 in its 

H g C M P B G  + HgCldPmP), + 2HgClz(PBu3)(PmP) 
(17) 

own right does not explain the exchange reaction occurring 
in this system. Our electrochemical results indicate that the 
mixtures containing different phosphine ligands require far 
more detailed investigation in order to provide a definitive 
account of the chemistry. 

The available data are consistent with the fact that the 
mercury-halogen bond is weaker in the H ~ X , ( P B U ~ ) ~  com- 

HgClz + HgIz + 2HgClI (15) 

HgX2 + HgX2P2 HgZX4P2 (16) 

(25) J. C. Lockart, “Redistribution Reactions”, Academic Press, New York, 
1970. 

(26)  P. Peringer, Inorg. Chim. Acro, 39, 67 (1980). 

plexes than in the HgXz(pmp), systems, while all the evidence 
suggests that the converse is true of the mercury-phosphorus 
bonds. Facile exchange reactions of the kind 

HgXz(PmP)2 + HgX2(PBu3)2 + 

[HgX31- + [HgX(PmP)2(pBu,),l (1 8) 

[HgX,(PBu,)l- + [HgX(PBu,),(PPh,)l+ (19) 
HgXZ(pmp)Z + HgXZ(PBu3)2 + 

in addition to other reactions would therefore be consistent 
with the electrochemical data at  room temperature and par- 
tially account for the NMR data of the mixture not being 
exactly in agreement with the individually prepared solution 
with respect to the position of the HgX2P2 resonances. Pre- 
sumably lower temperatures favor the reaction in eq 17 in 
preference to the reaction represented by eq 18 or 19. At this 
point in time it is clear that N M R  data is inadequate for a 
complete understanding of the intricate range of equilibria and 
exchange reactions that can occur. Both electrochemical and 
N M R  experiments indicate how facile the reactions between 
X-, HgX2, HgX2P,, Hg2X4P2, etc. are. From the synthetic 
point of view, the system adjusts rapidly to its equilibrium 
position upon addition of any one of the compounds involved 
in the equilibrium. 

In summary, the above examples demonstrate that under 
appropriate circumstances electrochemical techniques can 
provide a powerful approach to obtaining data of the kind 
widely obtained from NMR measurements. Work in these 
laboratories is continuing to develop a theory enabling a more 
quantitative approach to interpreting the data and to further 
investigation of the possible usefulness of the electrochemical 
approach. 
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Eu” ion reacts with pyruvic acid in air-free, aqueous, acidic solutions. The only organic product is lactic acid, which forms 
after a two-electron reduction of the keto form of pyruvic acid. The overall stoichiometry is 2:1, metal ion to organic acid, 
respectively. The kinetics were studied in detail by the stopped-flow technique. Under conditions of excess Eu” ion over 
pyruvic acid, two stages are observed: a fast stage, which corresponds to the reduction of all available keto form in equilibrium 
with the hydro form of pyruvic acid, and a slow stage, during which hydrated pyruvic acid reacts only after being transformed 
to the carbonyl form by an acid-catalyzed reaction, which under these conditions is the rate-determining step. A mechanism 
is proposed and compared to the mechanisms of the corresponding reactions of the d elements Cr2+, V2+, and Ti3+. 

Introduction with the reduction of pyruvic acid by the f-electron donor Eu2+. 
The first two papers dealt with the reduction of pyruvic acid 

In view O f  the biological importance of the hydrogenation by the d-electron donors CrZ+ 1 and v2+ 2 ions. In using low- 

( 1 )  J. Konstantatos, N. Katsaros, E. Vrachnou-Astra, and D. Katakis, J .  
Am. Chem. SOC., 100, 3128 (1978). 

of pyruvic and other keto acids, we decided to undertake an 
investigation of their EXhx behavior, using 
ions as probes. This is the third paper of the series and deals 
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valent metal ions, we take advantage of the following features. 
(a) Relatively small differences in the reagents are 

"amplified" and may be reflected in completely different rate 
laws, stoichiometries, products, and mechanisms. Thus, re- 
duction by Cr2+, for example, proceeds by transfer to one 
molecule of pyruvic acid of two electrons from two metal ions, 
leading to the formation of a 2: 1 chromium(II1):lactate com- 
plex. In the reduction by V2+ the major product is di- 
methyltartaric acid. 

In effect, by using different metal ions, one can focus on 
various aspects of the redox properties of pyruvic acid and 
hopefully single out those that are independent of the reducing 
agent. 

(b) The low-valent metal ions react preferentially with the 
keto form of pyruvic acid. The hydro form is reduced only 
after being dehydrated. Moreover, the hydro to keto trans- 
formation serves as a convenient "internal clock" for the redox 
steps. Thus, in the system Cr2+ + pyr3 this transformation 
is slow compared to the redox steps; in the system V2+ + pyr 
it is fast. In the system Eu2+ + pyr reported here the rates 
are comparable. 

Experimental Section 

Materials. Triply distilled water was used in all experiments. 
Solutions of Eu"' ion were prepared by dissolving europium(II1) oxide 
in perchloric acid. Europium(I1) perchlorate solutions were prepared 
from the above solutions by electrolytic reduction as described pre- 
vio~sly.~ They were kept under argon atmosphere to avoid air 
oxidation and in the dark to prevent photochemical ~xidation.~ The 
concentration of europium(I1) and europium(II1) ions was checked 
spectrophotometrically, on a Cary 14 spectrophotometer, or amper- 
ometrically, on a Metrohm A.G. Herisau potentiograph, No. 436. 
Dimer-free pyruvate was supplied by Fluka and stored in a refrigerator. 
Stock solutions were prepared the day of their use, because pyruvic 
acid slowly dimerizes. 

Reclaiming of Europium. Europium(II1) was recovered from reacted 
solutions by precipitating as europium(II1) oxalate. The precipitate 
was then filtered, washed, dried, and finally decomposed to europi- 
um(II1) oxide in an oven at 900 O C .  The oxide was analytically pure, 
and it was used to prepare new solutions. 

Stoichiometry. The stoichiometry of the overall reaction was 
determined both in presence of excess Eu ion over pyruvic acid and 
vice versa. In the first case, the unreacted Eu" ion concentration was 
determined by adding an aliquot of a deaerated Fe"' solution in 
aqueous sulfuric acid and titrating the resulting Fe" with standard 
CeIV solution amperometrically on the potentiograph. In the second 
case, Eu"' ion was precipitated as oxalate. After filtration, the 
unreacted pyruvic acid, in the filtrate, was determined polaro- 
graphically, in a citrate-phosphate buffer at pH 3.95, with use of a 
Metrohm A.G. Herisau rapid polarograph. The excess of oxalic acid 
did not affect the polarographic wave of pyruvic acid. 

Reaction Products. The organic product of the reaction was isolated 
from the reaction mixtures by extraction with ether. Its identification 
was done by elemental analysis and mass spectrometry and from its 
NMR spectrum. 

Kinetic Measurements. The kinetics were followed spectrophoto- 
metrically with use of an Applied Photophysics stopped-flow apparatus. 
The working wavelength for all runs was 402 nm. At this wavelength 
aqueous europium(I1) ion has an absorptivity E = 24 whereas euro- 
pium(II1) ion is practically transparent. 

For cases of large concentrations of the absorbing species, Eu", 
for which transmittance values were of the order of -5% a 10- to 
20-fold increase in the sensitivity of the stopped-flow instrument was 

(2) J. Konstantatos, E. Vrachnou-Astra, N. Katsaros, and D. Katakis, J .  
Am. Chem. SOC., 102, 3035 (1980). 

(3) In this paper pyruvic acid is abbreviated by pyr, and its hydrated and 
keto forms are abbreviated by pyr(hydro) and pyr(keto), respectively. 

(4) (a) H. Taube and H. Myers, J.  Am. Chem. Soc., 76,2103 (1954); (b) 
S. hied and H. Taube., ibid., 95,8198 (1973); (c) A. Haim, Acc. Chem. 
Res., 8 (1975); (d) E. Vrachnou-Astra and D. Katakis, J .  Am. Chem. 
SOC., 97, 5357 (1975). 

(5) D. L. Douglas and D. M. Yost, J .  Chem. Phys., 17, 1345 (1949). 
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Figure 1. Typical pseudo-second-order plots for the reaction between 
Ed1 ion and pyr ( [EuIn], [pyr], and [H+], in large excess over [Euulo). 
I: [EuII], = 5.8 X lo-' M, [Eu"'l0 = 0.100 M, [pyr], = 0.100 M, 
[H+], = 0.45 M. 11: [Eu1IIo = 5.8 X lo-' M, [ E U ~ ~ ' ] ~  = 0.030 M, 
[pyr], = 0.100 M, [H+], = 0.50 M. 111: [Eu"], = 5.8 X lo-' M, 
[ E U " ~ ] ~  = 0.150 M, [pyr], = 0.100 M, [H+], = 0.45 M. 

adequate in order to obtain good measurements. Although values 
for the transmittance at "infinite" time could not be determined very 
accurately under these conditions, this did not affect the values of 
the rate constant, since all these cases correspond to pseudo-first-order 
kinetics. 

The range of values for the initial concentrations of Eu" ion is not 
too extensive (2.5 X 10-*-5.0 X lo-' M) because of the instrumental 
limitations and the inherent characteristics of the reaction. The rate 
law is nevertheless cross-checked under a variety of experimental 
conditions (see Results). 
Results 

Products and Stoichiometry. In strongly acidic solutions, 
the only organic product identified was lactic acid. The overall 
stoichiometry of the reaction was always found to be one 
organic molecule to two metal ions, irrespective of the initial 
concentrations of the reacting solutions. 

Spectra. The absorption spectra of Eu" and Eu"' species 
were taken on the Cary 14, and they agreed with those re- 
ported in the l i t e r a t ~ r e . ~  

Kinetics. (a) The rate of the reaction of aqueous Eu" ion 
with pyr was followed for concentrations of pyr and hydrogen 
ion in excess over Eu" ion. Under these conditions the order 
with respect to Eu" is not simple; it changes between the values 
of 1 a t  the start to the value 2 at the end of the reaction. 

(b) Previous experience4 suggested that this change in the 
order could be attributed to retardation by Eu"', the con- 
centration of which is building up during the reaction. The 
role of Eu"' ion was investigated by adding it in large excess 
over Eu". The excellent transparency of Eu"' a t  the working 
wavelength (402 nm) excluded technical complications. Under 
these new conditions, kinetics were simplified and the rate of 
the reaction was found to be second order with respect to Eu". 
Typical pseudo-second-order plots are shown in Figure 1. The 
corresponding kinetic data are given in Table Ia. Table Ia 
contains kinetic data obtained under different initial concen- 
trations of hydrogen ion and pyr. These data clearly show that 
the rate of the reaction is indeed inversely proportional to Ed1' 
ion concentration and that k2(obsd) is also directly proportional 
to pyr and hydrogen ion concentration. k2(obsd) therefore, 
certainly encompasses the terms [H'], [pyr], and [Eu"']-'. 

(c) The reaction was further investigated with Eu" ion and 
hydrogen ion in excess over pyr. The reaction then occurs in 
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Table I. Kinetic Data for the Reduction of pyr by EuII Ion at  25 "C 

Konstantatos et al. 

a. [Eu'"lo, [PY~I , ,  [H+I [Eu"], 

[Eu"]1O3, M [ Eu"'] , M [PYrI, M [H+I, M kz(obsd) 2k, k, /k- 
5.8 0.100 0.100 0.50 830 f 30 4 150 
5.8 0.100 0.100 0.45 750 f 25 4167 
5.8 0.050 0.100 0.45 1420 f 60 3950 
5.8 0.030 0.100 0.50 2750 f 110 4125 
5.8 0.150 0.100 0.45 490 ?: 20 4083 
5.8 0.200 0.100 0.50 390 * 15 3900 
5.8 0.100 0.200 0.50 1570 t 50 3925 
5.8 0.100 0.250 0.50 2050 f 85 4100 
5.8 0.100 0.150 0.50 1225 +_ 40 4083 
5.8 0.100 0.100 0.90 1410 i 75 3917 
5.8 0.100 0.100 0.35 575 ?: 25 4107 
5.8 0.100 0.100 0.75 1270 f 50 4233 
5.8 0.100 0.100 1.40 2165 ?: 75 3 866 

b. [Eu"'], = 0; [Eu"],, [H'] % [pyr] 

ki(obsd)/ kii( o bsd# 
[ Eu"1, , M [PYrl, M [H+I,  M k'(0bsd)/2~ k"(0bsd)/2~ 2[H+I [H+I[Eu 1 

0.01 25 0.0025 0.25 0.79 14.05 3.16 4496 
0.0250 
0.0240 
0.0060 
0.0100 
0.0100 
0.0200 
0.0093 
0.0109 

0.0025 
0.0020 
0.0005 
0.0025 
0.0025 
0.0025 
0.0012 
0.0010 

0.25 
0.50 
0.40 
2.00 
0.25 
1.00 
1.00 
1.00 

0.80 
1.54 
1.29 
5.98 
0.82 
3.10 
2.95 
2.94 

29.14 
55.50 
10.90 

-goc 
11.4 

-goc 
42.0 
48.0 

3.20 
3.08 
3.23 
2.99 
3.28 
3.10 
2.95 
2.94 

466 1 
4625 
4558 

-4500 
4560 

-4500 
4519 
4406 

c. [Eu'"] % [Eu'I] % [pyr(keto)] 

[ Eu"'] , M [ Eu'I] , M [PYrl, M W+I, M exptl calcd 

kiu(obsd) 

0.180 0.005 0.0005 0.50 0.280 0.270 
0.500 0.005 0.0020 0.50 0.104 0.100 
0.180 0.005 0.0010 1 .oo 0.520 0.540 
0.500 0.005 0.0005 1.00 0.195 0.200 

a The calculation was done with use of [pyr(keto)] = 0.42 [pyr]  and k lkZ/k- ,  = 2025 * 85 L mol-' s-'. The uncertainties were calculated 
by least squares. Values are approximate since they 
were at  the limit of the stopped-flow instrument. k ,  = 2280 ? 80, k,/k., = 0.90, and k, = 3.10 L mol-' S K ' .  The uncertainties were calcu- 
lated by least squares. 

ki(obsd) and k"(obsd) refer to  the slow and fast stages of the reaction, respectively. 
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Figure 2. Typical pseudo-first-order plots for the reaction between 
Eun ion and pyr a t  25 O C  under conditions of [Eu'~'], = 0 and [Eu"],, 
[H'], >> [pyr],. Straight lines I and I1 correspond to the time resolved 
for the  fast and slow stages, respectively. [Eu"], = 0.0125 M, 
[HC10410 = 0.25 M, and [pyr], = 0.0025 M. A is the absorbance. 

two stages. Both of these stages follow first-order kinetics with 
respect to pyr and hydrogen ion, but whereas the rate of the 
fast stage is also first order with respect to Eu" ion concen- 

Table 11. Kinetic Data for the Reduction of pyr by Eu" Ion at 
25 "C; [pyr], % [Eu"],, IEu"'1, = 0 

[Eu"],, M [pyr],, M [H'], M S(expt1) S(calcd)a 

0.006 0.100 0.50 78 85 
0.006 0.150 0.25 62 63.8 
0.004 0.150 0.20 48 51.0 
0.004 0.100 0.20 33 34.0 

S(calcd) = 2k,k,/k., [H+] [pyr(keto)], where [pyr(keto)] = 
0.42[pyr] .  

tration, the rate of the slow stage is zero in this reactant. 
Typical pseudo-first-order plots are shown in Figure 2. Kinetic 
data derived under the conditions of the present section are 
reported in Table Ib. The presence of Eu"' ion in small 
amounts did not affect these kinetic data. If the amount of 
Eu"' ion, however, becomes comparable to that of Eu", the 
time scales of the two stages of the reaction become compa- 
rable, too. The observed rate constant, ktobsd), for the slow 
step is acid dependent and agrees ~ e l l ' 9 ~ ~ '  with that for the 
pyrthydro) to pyrtketo) transformation. In addition, the de- 
crease in absorbance at  the end of the fast stage is 45 f 5% 

(6) (a) D. E. Tallman and D. L. Leussing, J .  Am. Chem. SOC., 91, 6253, 
6256 (1969); (b) M. Becker, Eer. Eunsenges. Phys. Chem., 68, 669 
(1964); (c) H. Strehlow, ibid., 66, 392 (1963). 

(7) (a) Y .  Pocker, J. E. Meany, B. J. Nist, and C. Zadorojny, J .  Phys. 
Chem., 73,2879 (1969); (b) Y .  Pocker, J. E. Meany, and C. Zadorojny, 
ibid., 75, 792 (1971). 
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Figure 3. Pseudo-first-order plots for the reaction between Eu" ion 
and pyr ([Eun1Io >> [EunIo >> [pyr]~). I: [EU@)]O = 0.180 M, [Eun]o 
= 0.005 M, [pyrlo = 0.0005 M, [HC10& = 0.50 M. 11: [Eu1"]0 
= 0.500 M, [EulIJo = 0.005 M, [pyrIo = 0.0010 M, [HC104Jo = 0.50 
M. A is the absorbance. 

Scheme I 

E u  + O=C-COOH + H+ 
I1 b l  

* - 1  I 
CH3 

EU"' + H:O--~-COOH (1) 
I 
CH3 
- I1 

EU + H:O-C-COOH EU*" + HO-C-COOH (2) 
I 
CH3 - 

( fast )  HO-~-COOH + H+ - CH3-CHOH-COOH (3) 
I 
I 
CH3 

of the total decrease. This value was calculated by extrapo- 
lating kinetic curves such as those of Figure 2, and it agrees 
with the  percentage'^^,' of the keto form of pyr in equilibrium 
with the hydro form. 

(d) When Eu" ion concentration was in large excess over 
the concentration of pyr and Eu"' ion was present in large 
excess over Eu" ion, first-order kinetics were observed. The 
kinetic data are reported in Table IC. The pseudo-first-order 
rate constant, k"(obsd), is proportional to hydrogen ion con- 
centration. It is also clear from these runs that kiii(obsd) is 
inversely proportional to the concentration of Eu"' ion. 
Pseudo-first-order rate plots for two different concentrations 
of Eu"' ion are given in Figure 3. 

Discussion 
After considering the kinetic data reported in the results, 

we propose the reaction series given in Scheme I. 
Reaction 1 may be preceded by a fast complex formation 

preequilibrium. Inhibition by Eu"' ion is tentatively attributed 
to the reaction of this ion with the intermediate free radical. 
If we assume reaction 3 to be fast and free radical, H:O-C- 
(CH3)-COOH, concentration to be steady, the following rate 
equation is derived: 

1 d [ Eu"] 

2 dt dt  kl [Eu"'] + k,[Eu"] 

d [lactic] klkz[  Eu"] 2[ H+] [pyr( keto)] 
(1) ---=-= 

According to (I), as E d 1  ion concentration declines and Eu"' 
ion concentration builds up, the order with respect to Eu" ion 
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should change from 1 to 2 under conditions of excess pyr(keto) 
and H+ (see Results, section a). When ~ - , [ E u ~ ~ ' ]  >> k-z[Eull], 
eq I simplifies to 

d[ Eu"] 2kl k2 [ Eu"] [H'] [ pyr( keto)] 
(11) 

and kz(obsd) can be identified with 2k1k2/k-,( [H'] [pyr- 
(keto)]/[Eu"']). The data in Table Ia give the value for the 
composite constant klk2/k-'  = 2025 f 85 L mol-' s-l. 

The slower of the two stages observed under the conditions 
stated in the Results, section c, is interpreted if the reaction 

CH3-C(OH)2-COOH -% CH3-CO-COOH + H 2 0  (4) 

is included in the mechanism. During the fast stage Eu" ion 
reduces the equilibrium quantity of the keto form of pyruvic 
acid, which is 42% of the total pyruvic acid. Kinetics for this 
part of the reduction are described by rate equation I, which 
for [Eu"] >> [pyr(keto)] is approximated to 

--- - 
dt k-l [Eu"'] 

d[bu"] 
dt  

--- - 2kl [Eu"] [H'] [pyr(keto)] (111) 

Kinetic data in Table Ib fit eq 111, 2kl [Eu"] [H'] can be 
identified with kii(obsd), and we obtain k l  = 2280 f 80 L 
mol-' s-'. The ratio k2/k-' can also be calculated now: k2/k-l  
= 0.90. Kinetics of the slow stage are even simpler as they 
can be assigned to reaction 4, which under these conditions 
becomes the rate-determining step. 

If we assume steady state for the keto form we obtain 

The data in Table Ib  give a value k4 = ki(obsd)/2 = 3.10 L 
mol-' s-l, which is in excellent agreement with the value 3.20 
reported by the authors' in a previous work. 

Under conditions such as [Eu"'] >> [Eu"] >> [pyr] and 
rather low absolute concentration of Eu" ion (Results, section 
d; Table IC), the observed rate constant agrees nicely with that 
calculated on the basis of the rate equation (I), where [pyr- 
(keto)] should now be replaced by [pyr]. 

With hydrogen ion and pyr(keto) in large excess over Eu" 
ion integration of eq I gives 

XO = [Eu" ]~  + [Eu"']~ x = [Eu"], 
(VI) x3 = [Eu"'l0 

Plots of the data in section a of the Results based on eq V are 
given in Figure 4. From these plots, for which x3 = [EU"']~ 
= 0 and xo = [Eu~~] , ,  we obtain S .  This parameter is also 
calculated with use of eq VI, and the independently determined 
values of the rate constants, calculated and experimental, are 
in very good agreement. 

When Eu"' ion is present and is in large excess over the Eu" 
ion (xo N [ E u ( ~ ~ ~ ) ] ,  and xo/x >> (k2/k-1 - 1) In x), eq V is 
approximated to 

S = k1k2/k-,[pyr(keto)][H+] 

1 /X  = S /  [Eu"']ot + 1 /xinitial 

This last equation is the integrated second-order equation 
applied in section b of the Results to derive the data reported 
in Table Ia. k2(obsd) is therefore identified with S/[EU"']~. 

It was mentioned in the Introduction that the hydro to keto 
transformation serves as a convenient "internal clock". In the 
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Figure 4. Plots of the equation xo/x - (k2 /k - ,  - 1) In x = St + 1 
- (k2 /k - ,  - 1)  In xo. All runs were 0.005 M in [Eu"],,. I: [Eu"']~ 

M, [pyr], = 0.0020 M, [H'], = 0.50 M. 111: [EU"']~ = 0.180 M, 
[pyr], = 0.0010 M, [H+], = 1.00 M. IV: [EU"']~ = 0.500 M, [pyr], 

reaction between Cr" ion and pyruvic acid' this transformation 
is rate determining. In the reaction between V" ion and 
pyruvic acid2 the redox reaction is rate determining. The 
corresponding overall redox reaction of Ti"' ion is even slower.* 

= 0.180 M, [pj~], 0.0005 M, [H+]o = 0.50 M. 11: [ E u ' ~ ] ~  = 0.500 

= 0.0005 M, [H+], = 1.00 M. 

The rates of these d ions correlate with their oxidation po- 
tentials: 

Cr" (0.40 V) > VI1 (0.255 V) > Ti"' (-0.04 V) 

On this scale f-donor Eu" ion with an  oxidation potential of 
0.43 V is expected to react slightly faster than Cr" ion. It does 
not. The explanation should not perhaps be sought in the redox 
reaction per se, but in the preceding complex formation 
(preequilibria, not depicted in the mechanism). It is reasonable 
to expect that complex formation via the d orbitals of Cr" is 
more effective than formation via the f orbitals of Eu" ion. 

In the reaction of pyruvic acid with V" ion the rate, in the 
range 0.5-2.5 M HC104, is independent of hydrogen ion 
concentration. In the corresponding reaction of Eu" ion a 
linear dependence on hydrogen ion concentration is observed. 
I t  can be argued that in both cases the rate-determining 
electron-transfer step is catalyzed by hydrogen ion, but in the 
case of the d-electron donor V" ion the dependence on hy- 
drogen ion concentration is canceled out by the inverse de- 
pendence in the preceding complex formation. This does not 
seem to be the case with Eu" ion. 

Registry No. Eu2+, 16910-54-6; pyr, 127-17-3; lactic acid, 50-21-5. 

(8) Unpublished results of the present authors. 
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Kinetic measurements of the cleavage of the Cr-C bond in (ethylenediamine-N,N,N',~'-tetraacetato)(hydroxyalkyl)- 
chromium(II1) complexes, [Cr(CRlR20H)(EDTA)]2- (R1,R2 = H or CH,), to give [Cr(EDTA)(H20)]- were made at 
ionic strength of 1.0 (LiC104). The reactions obeyed the rate law -d[complex]/dt = (k ,  + kl[H+])[complex] for the CH20H 
and C(CHJ20H complexes and the rate law -d[complex]/dt = [(ko + kl[H+])/(l + Q[H+])][complex] for the CH(CH3)OH 
complex. The rate constants at 25.0 OC were ko = (2.52 & 0.22) X lo4 s-l and kl  = 256 h 3 M-' s-l for [Cr- 
(CH20H)(EDTA)]z-, ko = (1.35 & 0.1 1) X lO-'s-I and kl  = 73.5 & 4.2 M-I s-l for [Cr(CH(CH3)0H)(EDTA)l2-, and 
ko = (1.38 & 0.03) X for [Cr(C(CH3),OH)(EDTA)l2-. The activation parameters of 
these reactions were also determined. The value of Q was determined to be 2 X lo3 M-l at 25.0 OC. Comparison of the 
kinetic parameters with those of the corresponding (hydroxyalky1)pentaaqua complexes indicates that the uncoordinated 
carboxylic acid group of the coordinated EDTA acts as an internal electrophile to the chromium-bound carbon atom. 

s-l and k l  = 176 f 3 M-' 

Introduction 
Schmidt et al. reported the preparation of (hydroxyal- 

kyl)pentaaquachromium(III) complexes ( [CrR(H20),l2+) and 
the kinetics of the acid hydrolyses of [CrR(H20)5]2+ to 
[ C T ( H ~ O ) ~ ] ~ + . *  I t  was found, in the present work, that 
analogous reactions in the presence of ethylenediamine-N,- 
N,N',N'-tetraacetate afforded (ethylenediaminetetra- 
acetato) (hydroxyalkyl)chromium( 111) complexes (hereafter 
abbreviated as [CrR(EDTA)IZ-), in which the R ligands were 
CH20H-, CH(CH,)OH-, and C(CH3)20H-. This paper 
describes the preparation of [CrR(EDTA)I2- and the kinetic 
results of the cleavage reactions of the Cr-C bonds in these 
complexes. Through the comparison of the kinetic behaviors 
of the [CrR(EDTA)I2- complexes with those of the corre- 
sponding [CrR(H20),j2+ complexes, a unique effect of the 

EDTA ligand on the rate of the Cr-C bond cleavage will be 
discussed. 
Experimental Section 

Materials. Redistilled water was used to prepare all the solutions. 
The solutions of [Cr(H20)6](C104)2 were prepared by the reduction 
of [Cr(H20)6] ( C Q ) ,  solutions with zinc amalgam. The [Cr"- 
(EDTA)(H2O)l2- solutions were prepared by the addition of the 
[Cr(HzO)6]2+ solutions into solutions containing excess EDTA. An 
aqueous hydrogen peroxide solution (30%) was used without further 
purification and standardized against potassium permanganate so- 
lutions. The alcohols, methanol, ethanol, and 2-propanol, were purified 
by distillation. The solution of LiC104 was prepared as reported 
previously.2 In most experiments, the solutions of [CrR(EDTA)I2- 
complexes were prepared as follows. The [Cr(H20)6]2+ solution was 
injected into a solution containing appropriate amounts of H202, 
EDTA, and alcohol (methanol, ethanol, or 2-propanol) under a ni- 
trogen or argon atmosphere. The initial concentrations of the reagents 

(1) Schmidt, W.; Swinehart, J. H.; Taube, H. J.  Am. Chem. SOC. 1971,93, 
1117. 
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(2) Ogino, H.; Tsukahara, K.; Tanaka, N. Inorg. Chem. 1979, 18, 1271. 
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