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Ion-exchange chromatography has been used to isolate and characterize intermediates in the aquation of the (ethyl- 
enediamine)bis(oxalato)chromate( 111) ion. The complex C ~ ( C ~ O ~ ) ~ ( N H ~ C H ~ C H ~ N H ~ ) ( H Z O )  is the major intermediate 
at pH 1 and aquates in turn to c i~-Cr(C204)2(H~O)~ with a first-order rate constant of (1.9 f 0.1) X 10-5 sec-1 at 25.0°C. 
Two other intermediates, C ~ ( C ~ O ~ ) ( N H ~ C H ~ C H ~ N H ~ ) ( H Z O ) ~ +  and Cr(C204)(NH2CH2CH2NH3)(H20)32+, result from 
an oxalate aquation process which is operative at  lower pH and leads to the product Cr(C204)(H20)4+. The kinetics of 
the first step in the aquation of Cr(C204)z(NHzCH2CHzNHz)- have been investigated spectrophotometrically at 570  nm, 
where first-step products are isosbestic with their ultimate reaction products. The rate of change of absorbance with time 
obeys simple first-order kinetics at hydrogen ion concentrations from 0.50 to 2.00 M .  Observed rate constants for the process 
aredescribed by kobsd = ka C kb[H+] C kc[H+]*, where ka = 1.7 X 10-5 sec-’, k b  = (7.69 f 0.11) X 10-5 M-l sec-1, and 
kc = (6.15 f 0.07) X M-2 sec-l at 25.OoC and j~ = 2.01 M (KNO3). Activation enthalpies, AH*, for ka ,  kb ,  and 
kc, computed from data at  25.0, 35.0, and 45.OoC, are 20.6 f 0.6,  17.6 f 0.2, and 16.6 f 0.6 kcal mol-’, respectively, 
while activation entropies, AS*, are -1 1.4 f 1.9, -1 8.3 f 0.5, and -22.0 f 1.8 cal mol-’ deg-1. Observed concentrations 
of mono(oxalato) and bis(oxalat0) species at 1 and I O  half-lives are consistent with the aquation rate law if ka is associated 
with primary, uncatalyzed ethylenediamine aquation, kc describes second-order, hydrogen ion catalyzed oxalate aquation, 
and k b  describes acid-catalyzed aquation of both ethylenediamine ( k b ’ )  and oxalate ( k b ” ) .  At 25.OoC, kb’ = (1.7 f 0.8) 
X 10-5 M-1 sec-I and kb” = (6.0 f 0.9) X M-]  sec-I. A protonated, half-bonded oxalate ligand is proposed to account 
for hydrogen ion catalysis of the aquation process. 

Introduction 
Aquation processes of oxalatochromate(II1) complexes have 

clearly been established as pH-dependent processes by past 
investigators. For example, aquation of Cr(ox)+ to cis- 
Cr(ox)2(H20)2- has as its rate law233 -d In [Cr(ox)33-]/dt = 
k’[H+] + k”[H+]2. The cis-Cr(ox)2(H20)2- complex aquates 
in turn to Cr(ox)(H20)4+ with a rate law given by4 -d In 
[Cr(ox)2(H20)2-]/dt = k[H+]. In both cases, only a single 
aquation step was noted for the loss of an oxalate ligand, and 
no evidence was found which would support the existence of 
large concentrations of monodentate oxalate species. 

In contrast, ethylenediamine5 and polyamine complexes6-9 
of chrornium(II1) aquate in distinct, stepwise fashion through 
monodentate or partially “unwrapped” species. These pro- 
cesses seem to be independent of pH in acid solution, or are, 
a t  worst. inversely dependent upon the hydrogen ion con- 
centration. I n  the simplest case, Childers et al5 have found 

that the Cr(en)(H20)43+ ion aquates in two pH-independent 
steps and have isolated the monodentate ethylenediamine 
complex intermediate Cr(enH)(HzO)++ using ion-exchange 
chromatography. 

When both ethylenediamine and oxalate are  coordinated 
to chromium(III), the question of relative ligand reactivity 
must ultimately arise and the kinetic interplay of the two, 
different bidentate ligands must be considered. 

Schlaferlo has determined that the Cr(ox)z(en)- complex 
ion aquates to cis-Cr(ox)z(H20)2- in two steps which are 
essentially pH independent. However, his investigations have 
been limited to pH values above 1.05 where hydrogen ion 
catalyzed aquation of the oxalate ligand should not be evident. 
The magnitude of Schlafer’s first-order rate constants, when 
compared to the second- and third-order rate constants for 
oxalate aquation processes,l-3 suggests that competitive 
aquation pathways should exist a t  lower pH values. Loss of 
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Table I. Analytical Data for Complexes Obtained Using 
Ion-Exchange Chromatography 

Molar ratio 
Cornp1exa.b c,o,2- : Cr C, H, N, : Cr 

Cr(ox),(enH)(H,O) 2.010 * 0.008c 1.008 f O.OIOc 
Cr(ox)(enH)(H,O);’ 1.009 f 0.008 1.012 * 0.015 
Cr(ox)(en)(H,O),’ 1.007 * 0.002 1.006 ?: 0.007 
cis-Cr(ox),(H,O),- 2.000 * 0.004 
Cr(ox)(H,O),’ 1.000 f 0.004 

a Abbreviations: ox, C,0,2-; en, NH,CH,CH,NH,; enH, = 
NH,CH,CH,NH,’. 
for Cr(II1). Standard deviation of triplicate determinations. 

oxalate from Cr(ox)z(en)- is evident in the presence of heavy 
metal ions.11 

We have therefore examined the aquation of Cr(ox)z(en)- 
a t  higher hydrogen ion concentrations in an attempt to es- 
tablish the existence and nature of aquation processes which 
compete. with the simple ethylenediamine aquation proposed 
by Schlafer. We have used chromatographic techniques to 
isolate reaction intermediates which are indicative of oxalate 
aquation, and we have determined the kinetic parameters for 
the oxa!ate aquation process. Our results, combined with those 
of Schlafer, should lead to a clearer understanding of mixed 
polyamine-oxalato complexes of chromium(II1). 
Experimental  Section 

Preparation of K[Cr(ox)z(en)l.1.75H20. A 20.0-mmol amount of 
K3Cr(ox)y3HzO and 2.5 mmol of oxalic acid dihydrate were heated 
gently on a steam bath in 20 ml of 0.75 M nitric acid until dissolution 
was complete. Ethylenediamine was then added in three 10-mmol 
portions at 5-min intervals. The resulting solution was heated on the 
steam bath for 5 min after the last ethylenediamine addition, and 
crystallization was then allowed to proceed for 12 hr at OOC. The 
crude product was removed by filtration, redissolved in 75 ml of water, 
and filtered again to remove the insoluble [Cr(en)z(ox)] [Cr(ox)z(en)] 
complex salt which had coprecipitated. Finally, the filtrate was treated 
with acetone (ca. 75 ml) until it became slightly turbid. When the 
acetone-water mixture was slowly cooled to OOC, the final product, 
ca. 2.5 g (35% yield, based on K3Cr(ox)3.3HzO), precipitated as a 
fine, red, crystalline solid which was separated by filtration, washed 
with acetone, and air-dried. Anal. Calcd for KCr(C204)z- 
(CzHzNz).1.75H20: Cr, 14.49; Cz042-, 49.1; N, 7.81; H20, 8.79. 
Found: Cr, 14.52 f 0.06; c ~ 0 4 ~ - ,  49.1 f 0.1; N, 7.82 f 0.03; HzO 
(as volatile material at 1 10°C), 8.64 f 0.09. 

The visible absorption spectrum of this complex in 0.1 M nitric 
acid at 25.OoC and p = 1.00 M (KNO3) is in substantial agreement 
with previously reported spectra.’2,l3 Our preparation and analyses 
lead to slightly larger molar absorptivities at the visible absorption 
maxima than those reported by House and Garner13 (see Table 11). 

Preparation of trun~-K[Cr(ox)2(H20)2].3H20. This complex salt 

Six normal coordination sites are assumed 

was prepared by the method of Werner14 and was used in the 
preparation of the cis complex. Anal. Calcd for KCr(C204)~- 
(Hz0)23HzO: Cr, 14.56; C2042-, 49.3. Found: Cr, 14.67 f 0.02; 

Isolation of the Cr(ox)(H20)4+ Complex Ion. A 0.10-mol sample 
of potassium oxalate was added to 100 rnl of a solution which was 
0.1 M in chromic perchlorate and 0.1 M in perchloric acid. The 
solution was maintained at 50°C for 12 hr, at which point potassium 
bicarbonate was added to bring the solution pH to 6.0. After an 
additional 24 hr a t  50°C, the solution was cooled to 5°C and filtered 
to remove potassium perchlorate. This solution was used to charge 
a column of 100 ml of Dowex 50W-X8 (50-100 mesh) cation- 
exchange resin which was in the H+ form. The column was then 
washed with 100 ml of 0.01 M perchloric acid to remove neutral and 
anionic species. Finally, the Cr(ox)(H20)4+ complex was eluted at 
room temperature with a solution 0.1 M in nitric acid and 0.9 M in 
potassium nitrate. At a flow rate of 1 ml/min, the Cr(ox)(H20)4+ 
band was symmetrical in appearance and separated cleanly from the 
other cationic species on the column. A center cut (yield 12% based 
on chromium(II1)) of the band was taken for analysis and charac- 
terization. Analytical results are given in Table I and the visible 
absorption maxima of the complex are given in Table 11. 

Isolation of the cis-Cr(ox)z(H20)z- Complex Ion. The cis-Cr- 
(ox)z(H20)2- ion was obtained in solution by allowing the trans 
complex to isomerize in 0.1 M nitric acid for periods of time computed 
to be in excess of IO half-lives for the trans-cis isomerization.l5 The 
complex was chromatographed on a column of Dowex 1 -X8 (100-200 
mesh) resin in the NOT form to ensure the absence of mono- and 
tris(oxalat0) complexes. Elution was rapidly accomplished at a rate 
of 1 ml/min using a solution which was 0.1 M in nitric acid and 0.9 
M in potassium nitrate. A center cut of the intense purple band, 
containing 80% of the total chromium, was taken for analysis and 
characterization. Analytical results are given in Table I and the visible 
absorption maxima of the complex are given in Table 11. Spectra 
of the Cr(ox)(H20)4+ ion and cis-Cr(ox)2(HzO)z- are in excellent 
agreement with those of Spinner and Harris,l6 who have also obtained 
both complexes chromatographically. 

Isolation of the Cr(ox)z(enH)(HzO) Complex. A 1-mmol sample 
of KCr(ox)z(en).l.75HzO was treated with 10 ml of 0.1 M nitric acid 
for 12-18 hr at 2 5 T .  The solution was then passed through a 50 
ml column of Dowex 50W-X8 resin in the H+ form to remove cationic 
species and a 100 ml column of Dowex 1-X8 resin in the N03- form 
to remove anionic species. The total purple effluent (0.26 f 0.02 
mmol) was taken for analysis. Analytical results are given in Table 
I. 

Isolation of the Cr(ox)(en)(H20)2+ Complex Ion. A 1-mmol sample 
of KCr(ox)2(en).1.75HzO was treated with 10 ml of 2.0 M nitric acid 
for 2.5 hr at 25OC. The reaction mixture was then used to charge 
a 50 ml column of Dowex 50W-X8 resin which had been equilibrated 
with the eluent, a solution of 0.10 M nitric acid in 0.90 M potassium 
nitrate. This complex exhibited remarkable stability on the column 
and was successfully eluted as a single, red band at room temperature. 
Successive fractions showed no difference in their visible absorption 

c20d2-, 49.4 f 0.2. 

Table 11. Fraction of Product Species Containing One Oxalate Ligand at “Infinite Time” and at 1 Half-Life in the Primary 
Aquation of Cr(ox),(en)- 

T,  “C [H*l, M fCr(ox)‘’b FCr(ox)a’c CfCr(ox))calcda’d 

20.0 2.00 0.93 0.910 
25 .O 
25 .O 
25.0 
25.0 
25 .O 
35.0 
35.0 
35.0 
35.0 
45 .O 
45 .O 
45.0 
45 .O 

0.50 
1 .oo 
1.50 
1.80 
2.00 
0.50 
1 .oo 
1.50 
2.00 
0.50 
1 .oo 
1.50 
2.00 

0.56 
0.75 
0.87 
0.90 
0.90 
0.55 
0.76 
0.85 
0.93 
0.56 
0.78 
0.83 
0.93 

0.587 
0.737 
0.825 

0.906 
0.579 
0.742 
0.830 
0.895 
0.565 
0.768 
0.832 
0.909 

0.76 
0.89 
0.94 
0.95 
0.96 
0.74 
0.88 
0.93 
0.95 
0.69 
0.85 
0.91 
0.94 

a The fraction of product species which contains one oxalate ligand. Species include Cr(ox)(en)(H,O)’, Cr(ox)(enH)(H,O),”, and Cr(ox)- 
(H,O),*. 
K1 cm-’. 
cationic species at 1 half-life and Ni is the number of moles of Cr(ox),(en)- taken. 
Table V and the assumption that ethylenediamine aquation is independent of [H’]. 

Calculated from “infinite-time’’ absorbance data. fCr(ox) = (e,Ci - Am)/(€, - eZ)Ci, where E ,  = 50.2 M ’  cm-’  and c 2  = 31.6 

= 2.0 h‘ (GO,). d Calculated, using the rate data of 
Determined after ion-exchange separation of cationic species at i = t ,  ,,. F e  ox) - 2h’t/Ni, where N ,  is the number of mole3 of 
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spectra, so the entire band (0.38 f 0.02 m o l )  was taken for analysis.17 
Analytical results are given in Table I .  

Isolation of the Cr(ox)(enH)(H20)32+ Complex Ion. In every 
chromatographic isolation of Cr(ox)(en)(H20)2+, a small, pale purple 
band remained at  the top of the column during elution. The quantity 
of material in this band was enhanced by carrying out the reaction 
for 32 hr in 20 ml of 2.0 M nitric acid and the complex was eluted 
with a solution 0.1 M in nitric acid and 1.8 M in potassium nitrate 
after complete elution of Cr(ox)(en)(H20)2+. It was not possible 
to obtain large quantities (0.10 f 0.03 mmol) and the complex was 
not appreciably stable. By careful elution at 15OC we were able to 
obtain reproducible spectra and analytical results for the complex. 
Analytical results are given in ‘Table I. 

Analytical Methods. All complex salts and solutions of complex 
ions were analyzed for chromium after oxidation to chromium(V1) 
with ammonium peroxydisulfate in 1 M sulfuric acid. Chromium(V1) 
was reduced to chromium(II1) with an excess of standard 0.1 N ferrous 
ammonium sulfate and the excess ferrous ion was back-titrated with 
standard 0.1 N potassium dichromate to a diphenylaminesulfonate 
end point. 

The amine nitrogen content of solid samples was determined as 
ammonia using the Kjeldahl method. Solution samples, obtained from 
chromatographic treatment of reaction mixtures, were analyzed for 
amine nitrogen using a small-scale modification of the Kjeldahl 
method. Chromatographed samples for these analyses were eluted 
with sulfuric acid-potassium sulfate eluents having the same formal 
cation concentrations as the solutions described above. The amine 
nitrogen analyses were keyed to chromium analyses on portions of 
the same solution. 

Oxalate was determined by the method of Hamm.18 Solution 
oxalate analyses were again keyed to chromium analyses on portions 
of the same solution. 

Volatile materials were determined as the mass loss of I-g samples 
of the complex salt at  1 IOOC. 

Spectral Measurements. Spectra of the complex ions between 350 
and 650 nm and repeated-scan spectra were run on a Beckman DB 
spectrophotometer. The location of absorption maxima and the values 
of molar absorptivities were verified using a Guilford Model 240 
spectrophotometer. Temperature was maintained in the cell block 
of both instruments with a Lauda K2/R circulating water bath. 

Kinetics Measurements. A survey of the reaction kinetics of the 
Cr(ox)2(en)- complex was made using the Guilford Model 240 
spectrophotometer. Reaction rate constants were evaluated as the 
slope of plots of -In ( A  - Am) vs. time for absorbance changes at 570 
nm. Rate plots were linear for at  least 4 half-lives and rate constants 
were independent of the dwell time of the sample in the light path. 
At this wavelength, Cr(ox)z(enH)(HnO) and cis-Cr(ox)z(HzO)z- are 
isosbestic, with t i  50.2 M-I cm-I. In addition, Cr(ox)(en)(H20)2+, 
Cr(ox)(enH)(H20)32+, and Cr(ox)(H20)4+ are almost isosbestic, with 
€ 2  31.6 f 0.6 M-1 cm-1. An observed, simple first-order process is 
reasonable if cis-Cr(ox)2(H20)2- does not aquate to Cr(ox)- 
(H20)4+ 19 and if Cr(ox)z(enH)(HzO) aquates primarily to cis- 
Cr(ox)2(H20)2-. If either condition is not valid, a plot of -In ( A  - 
Am) vs. time would be nonlinear, indicating the presence of two, 
consecutive first-order processes. 

Solutions for the rate determinations were prepared by dilution 
of standard nitric acid and potassium nitrate solutions at the tem- 
perature of the rate determination. Reactions were initiated by adding 
the complex salt to 25.0 ml of the reagent solution and quickly 
transferring a portion of this solution to a 1 .OO-cm cuvette in the cell 
block of the spectrophotometer. “Infinite-time’’ absorbance values 
were taken as the constant value obtained after I O  half-lives of the 
reaction. Absorbance was checked for constancy at  2-hr intervals 
until two identical values were obtained. 

Infinite-time absorbance measurements at 570 nm are necessarily 
those of nonequilibrium mixtures of complex ions and depend on the 
relative abundance of mono(oxa1ato) complexes and bis(oxalat0) 
complexes which result from the various possible aquation steps. The 
fraction of the mixture in the form of a mono(oxa1ato) complex may 
be calculated asfcr(ox) = (tiC~ - A-)/(ei - CZ)CI, where CI is the initial 
concentration of Cr(ox)2(en)- and ti and e2 are the molar absorptivities 
of the isosbestic points given above. Considering the preconditions 
for linearity of first-order plots at 570 nm, the fractionfcr(ox) should 
reflect the fraction of Cr(ox)z(en)- which reacts via an initial oxalate 
aquation step. Values of Jc~(ox)  obtained from the various rate 
determinations are tabulated in Table 11. 
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Table 111. Visible Absorption Maxima of Complex Species in 0.10 
M Nitric Acid at  25.0°Ca*b 

h,,, nm emax, M-’ cm-’ 

Cr(ox),(en)- 530 92.5 f 0.9c 
394 100.0 f 1.0 

Cr(ox), (enH)(H,O) 546 59.4 f 0.4 
405 72.0 f 0.5 

63.1 f 0.4 Cr(ox)(en)(H,O),+ 522 
39 1 62.0 f 0.5 

Cr(ox)(enH) (H, 0)  J 2  + 540 39.1 f 0.5 
40 3 48.4 f 0.5 

cis-Cr(ox), (H,O),- 562 50.9 f 0.1 
416 65.8 f 0.2 

Cr(ox)(H,O),+ 555 34.8 f 0.1 
417 39.5 f 0.2 

Complex 

a Abbreviations: ox, C,O,’-; en, NH,CH,CH,NH,; enH, 
NH,CH2CH2NH,+. Ionic stren th l.OOM(KN0,). Standard 
deviation of six determinations. Ionic strength 1.90 M (KNO,). 

The fraction of the product species in the form of mono(oxa1ato) 
complexes was also determined at 1 half-life of the observed reaction. 
This was accomplished by allowing 1 mmol of the Cr(ox)z(en)- 
complex in 25.0 ml of the appropriate reaction medium to react for 
1 half-life, quenching the reaction mixture in 225 ml of water at  2”C, 
and then passing the resulting solution through a 40 ml bed of Dowex 
50W-X8 (50-100 mesh) resin in the Na+ form. Cationic products 
which result from initial aquation of an oxalate ligand, Cr(ox)- 
(en)(H20)2+, Cr(ox)(enH)(H20)32+, and Cr(ox)(H20)4+, were 
retained by the column under these conditions. After the column was 
washed free of neutral and anionic species, the resin was removed 
from the column and the cationic species were quantitatively removed 
from the resin by two successive oxidations with basic solutions of 
hydrogen peroxide. These solutions were combined and analyzed for 
chromium content. Results of these determinations are tabulated in 
Table I1 as &(OX), where FCr(ox) = 2Nt /Nl .  Here, Ni represents the 
number of millimoles of cationic species present in the aquation mixture 
at t = 1112 and N,  represents the number of millimoles of the Cr- 
(ox)z(en)- complex present at  time zero. Unreacted Cr(ox)z(en)- 
and the neutral or anionic species resulting from partial or complete 
aquation of the ethylenediamine ligand, Cr(ox)2(enH)(HzO) and 
cis-Cr(ox)2(H20)2-, were not retained by the resin and the sum of 
their concentrations in the effluent was determined after oxidation 
with ammonium peroxydisulfate. Recovery of chromium(I11)- 
containing species by these techniques averaged 99.8% of the 
chromium(II1) taken. 

Results 
Characterization of Reaction Intermediates. The compo- 

sition of the primary coordination sphere of the reaction 
intermediates of this study was inferred from analytical data 
and their ion-exchange chromatographic behavior, which 
served to define relative charge. The visible absorption spectra 
of the complexes and, in particular, the location of the 
low-energy maxima support these assignments. Species 
postulated as containing monodentate ethylenediamine (one 
amine chromophore) have low-energy maxima a t  higher 
wavelengths than those containing bidentate ethylenediamine 
(two amine chromophores). This observation is in agreement 
with the relative locations of low-energy maxima for Cr- 
(enH)(HzO)s4+ (A 549 nm)5 and Cr(en)(H20)43+ ( A  517 
nm).20 Spectral data are given for the reaction intermediates 
in Table 111. 

The rule of average environment21 may be used to estimate 
the location of the low-energy absorption maximum of the 
parent complex and each of the reaction intermediates. First, 
it is assumed that the absorption is due to the 4Tzg(F) - 
4Azg(F) octahedral field transition, the transition of energy 
1ODq. Then, it is assumed that the contribution of each 
bidentate oxalate ligand to lODq is equal to one-third of the 
magnitude of 1004 for Cr(ox)$- (17,600 cm-1),22 and the 
contribution of each coordinated amine functional group is 
one-sixth of lODq for C r ( e n ) P  (21,800 cm-I).23 The field 
contribution of coordinated water was estimated from the 
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above data and the position of the low-energy maximum of 
either cis-Cr( ox) 2( HzO) 2- or Cr(ox) (H20)4+. When the 
complex field is generated in part by two oxalate ligands, one 
water molecule contributes 3030 cm-1 to the total field; and, 
when the complex field is generated in part by one oxalate 
ligand, one water molecule contributes 3050 cm-1 to the total 
field. Using these estimating bases, estimates of lODq and 
the wavelength of the low-energy absorption maximum of the 
species of this investigation are as follows: Cr(ox)z(en)-, 
19,000 cm-1, 526 nm: Cr(ox)z(enH)(HzO), 18,400 cm-1, 543 
nm; Cr(ox)(en)(HzO)z+, 19,190 cm-1, 521 nm; Cr(ox)- 
(enH)(Hz0)32+, 18,590 cm-1, 538 nm. The close corre- 
spondence of the estimates to the observed positions listed in 
Table I11 lends further support to our assignment of groups 
to the primary coordination sphere of chromium(II1). 

Although each of the intermediate species could conceivably 
exist in two isomeric forms, we were unable to obtain chro- 
matographic evidence for isomeric species in the reaction 
mixtures. We are therefore unable conclusively to deduce the 
geometry of the isolated species. However, the correlation of 
predicted low-energy maxima with observed values has an 
implicit dependence upon symmetry conditions and would seem 
to forbid high-symmetry, trans arrangements of Cr(ox)z- 
(enH)(HzO) and Cr(ox)(en)(HzO)z+. Of the species isolated, 
the Cr(ox)z(enH)(HzO) complex is the most likely one to 
consist of a mixture of isomers. The method used in isolation 
of this complex should not permit differentiation of isomeric, 
uncharged species. 

Aquation at pH 1. Repeated scans at  25OC of the spectrum 
of a 5.6 X 10-3 M solution of Cr(ox)z(en)- in 0.10 Mni t r ic  
acid ( p  = 1.00 M )  duplicated the results of Schlafer.lo 
Successive recorder traces gave constant intercepts at  577 and 
419 nm, while the intercept of successive traces with the 
“time-zero” trace varied in a constant progression from 456 
to 464 nm. Scans made after 10 hr showed an additional, 
constant intercept a t  476 nm and a shift in the 577-nm in- 
tercept to slightly lower wavelength. The “infinite-time” 
spectrum, taken after 200 hr, closely approximates that of 
cis-Cr(ox)2(H20)2-. Deviations in this final spectrum could 
be ascribed to 6% of the product being Cr(ox)(Hz0)4+. 

An uncharged reaction intermediate was isolated from 0.10 
M nitric acid after 12-18 hr at  25°C. This intermediate 
contained 1 mol of ethylenediamine and 2 mol of oxalate for 
every mole of chromium. It was also isosbestic with Cr- 
(ox)z(en)- at  419, 456, and 577 nm and with cis-Cr(ox)z- 
(H20)z- at  416, 476, and 570 nm. Since cis-Cr(ox)z(HzO)z- 
is isosbestic with Cr(ox)z(en)- a t  418, 464, and 575 nm, the 
observed spectral changes in 0.10 M nitric acid could be 
rationalized by proposing this single intermediate for the 
“high-pH” aquation process. In accordance with its stoi- 
chiometry and chromatographic behavior, we have formulated 
the reaction intermediate as Cr(ox)z(enH)(HzO), a complex 
containing a monodentate ethylenediamine ligand. The 
spectral characteristics of this complex are given in Table I11 
and spectra of the major species in the “high-pH” reaction 
are shown in Figure 1. 

Full chromatographic development of the reaction mixture 
a t  18 hr indicated the presence of Cr(ox)z(en)-, Cr(ox)z- 
(enH)(HzO), cis-Cr(ox)z(HzO)z-, and a red, cationic complex 
formulated as Cr(ox)(en)(HzO)r+ (ca. 5% of the species 
present). The latter complex constituted our first identification 
of an oxalate aquation pathway for the reaction. This pathway, 
operative in 0.10 M nitric acid, may successfully account for 
the small pH dependencies which Schlafer foundlo and as- 
cribed to Cr(ox)z(enH)(HzO). 

Aquation at pH 0. Repeated scans at 25°C of the spectrum 
of a 5.6 X 10-3 1l4 solution of Cr(ox)z(en)- in 1.00 M nitric 
acid differed greatly from those of the reaction at  pH 1. Early 
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Figure 1. Visible absorption spectra of the dominant species in 
the aquation of Cr(C,O,),(NH,CH,CH,NH,)- at [Hi] = 0.10 M :  
Cr(C,O,),(NH,CH,CH,NH,)-, -; Cr(C,O,),(NH,CH,CH,- 
NH,)(H,O), - -; cis-Cr(C,O,),(H,O),~, - - - -. 

I I I I I I I 

WAVELENGTH lnm) 
Figure 2. Visible absorption spectra of the dominant species in 
the aquation of Cr(C,O,),(NH,CH,CH,NH,)- at [HI] = 1.00 M :  
Cr(C,O, ), (NH,CH, CH , NH ,)-, -, Cr(C,O, )(NH,CH,CH, - 
NH,)(H,O),+, - - - - ; Cr(C,0,)(NH,CH,CH,NH,)(H,0)32+, - -; 
CI(C,O~)(H,O),+, - - -. 

recorder traces had no common points of intersection and the 
position of the low-energy maximum drifted from 530 to 526 
nm before returning to the higher wavelengths characteristic 
of the anticipated product species. After 26 hr, points of 
repeated intersection occurred at  419, 458, and 570 nm, in- 
dicating that late intermediates and products were isosbestic 
a t  these points. 

Two new cationic reaction intermediates were isolated by 
ion-exchange chromatographic separation of the reaction 
components. On the basis of elution characteristics and 
analytical results, these intermediates have been assigned the 
formulas Cr(ox)(en)(H20)2+ and Cr(o~)(enH)(HzO)3~+. The 
former complex was most easily eluted and had a low-energy 
absorption maximum a t  522 nm ( t  63.1 f 0.4 M-I cm-I), 
while the latter complex was difficult to elute and had a 
low-energy absorption maximum at 540 nm ( e  39.1 f 0.5 M-1 
cm-1). The spectral characteristics of these ions are given in 
Table 111. Visible absorption spectra of major species involved 
in the “low-pH” aquation process are shown in Figure 2. The 
existence of large quantities of Cr(ox)(en)(H20)2+ conclusively 
proves that oxalate aquation competes favorably with 
ethylenediamine aquation a t  high hydrogen ion concentrations. 

We  have determined the rates of 
aquation of Cr(ox)z(en)- spectrophotometrically a t  570 nm. 

Aquation Kinetics. 
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Table IV. Pseudo-First-Order Rate Constants for the Aquation of 
Cdox). (en)- in Nitrate Mediaa 
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T, "C [H+],M 1OZCi,' M 104kobsd, sec-' 
~ 

20.0 2.00 1.07 2.59 
25.0 0.50 1.21 0.706 
25.0 1.00 1.24 1.56 
25.0 1.50 1.15 2.72 
25 .O 1.80 1.07 3.56 
25 .O 2.00 1.01 4.14 
35 .O 0.50 1.13 1.94 
35.0 1 .oo 1.14 4.20 
35 .O 1.50 1.12 7.26 
35.0 2.00 1.02 11.2 
45.0 0.50 1.13 5.19 
45 .O 1.00 1.04 10.7 
45 .O 1.50 1.11 18.0 
45.0 2.00 1.01 27.0 

" p = 2.01 M (KNO,). ' The initial concentration of 
Cr(ox), (en)-. 

Table V. Derived Rate Constants for the First Step in the 
Aquation of Cr(ox),(en)' and Their Activation Parameters",' 

T ,  "C sec-' 105kb,~-l sec-' 10 'k , . ,~ -~  sec-l 
10 k,,C 

25 .O 1.7 7.69 f O.lld 6.15 f 0.07d 
35.0 5.1 20.4 f 0.1 16.5 f 0.1 
45.0 16 52.8 f 0.5 38.0 f 0.4 

21.2 i 0.6d 18.2 f 0.2d 17.2 f O S d  %* e 20.6 i 0.6 17.6 f 0.2 16.6 f 0.6 
A&'* -11.4 f 1.9 -18.3 i 0.5 -22.0 f 1.8 

a kobsd = k, + kb[H'] + k,[H+j2. ' Ionic strength 2.01 M 
(KNO,). 
deviation in kb and k,. d Standard deviation. e Units kcal mol". 
f Units cal mol-' K - I .  

where Cr(ox)z(enH)(HzO) is isosbestic with cis-Cr(ox)2- 
(H20)z-, and Cr(ox)(en) (H20)2+, Cr(ox) (enH)( H20)32+, and 
Cr(ox)(Hz0)4+ are nearly isosbestic. Considering the dif- 
ference in the molar absorptivities of the isosbestic points for 
the two series of complexes, a simple first-order rate plot may 
only be rationalized if two of the following conditions are met: 
(1) cis-Cr(ox)2(H20)2- aquates at a rate which is negligibly 
slow compared to the rate under investigation;l6 and (2a) the 
Cr(ox)z(enH)(HzO) complex aquates to cis-Cr(ox)z(HzO)z- 
alone or (2b) aquation of Cr(ox)z(enH)(HzO) to Cr(ox)- 
(enH)(H20)32+ occurs at an appreciable rate only under 
conditions which strongly favor primary oxalate aquation of 
Cr(ox)z(en)-. In either case, the observed rate is that of 
primary aquation-aquation of Cr(ox)z(en)- to a mixture of 
Cr(ox)(enH)(H20) and Cr(ox)(en)(H20)2+. Kinetic data are 
given in Table IV for rate studies at hydrogen ion concen- 
trations from 0.50 to 2.00 M and temperatures from 20 to 
45OC. Studies of the first-step product distribution, sum- 
marized in Table 11, clearly indicate that primary ethylene- 
diamine aquation becomes less important and primary oxalate 
aquation becomes more important as the hydrogen ion con- 
centration is increased. 

The rate data of Table IV were fit to a three-term rate law 
by evaluating the function (kobsd - ka)/[H+] = k b  + kc[H+]. 
The fitting process was accomplished by varying the parameter 
ka to obtain a minimum standard deviation in the intercept 
kb and slope kc of a plot of (kobsd - ka)/[H+] vs. [H+]. The 
values of ka at which standard deviations were minimized and 
the resulting derived rate constants, k b  and kc, are tabulated 
in Table V for data at 25.0, 35.0, and 45.OoC. Activation 
parameters for each of the derived constants are also given 
in Table V .  

It is necessary to assume that primary aquation of the 
ethylenediamine ligand occurs via hydrogen ion independent 
and hydrogen ion dependent pathways to compute first-step 

Curve-fitting parameter, chosen to minimize standard 

1"erY slow 

Cr(ox)(en)(H,O),t -+ Cr(ox)(enH)(H,O)," - CI(OX~,(H,O)~' 

product compositions which approximate the values obtained 
fOrfCr(ox) and FCr(ox) in Table 11. If k b  is partitioned as kb 
= (kb' -I- kb"), where kb '  = (1.7 f 0.8) X 10-5 M-1 sec-I and 
kb" = 6.0 X M-I sec-1 at 25.OoC, a reasonable corre- 
spondence is obtained between calculated mono(oxa1ato) 
complex abundances andfcr(ox). To achieve correlation of rate 
data to F c ~ ( ~ ~ ) ,  it is necessary to partition k b  as kb '  = (2.0 f 
0.6) X 10-5 M-I sec-' and kb" = 5.7 X h4-I sec-I. In 
this partitioning, the assumption is made that ka and kb' are 
related to primary aquation of the ethylenediamine ligand, kb" 
and kc are related to oxalate aquation, and the extent of 
aquation of cis-Cr(ox)z(HzO)z- is negligible in the time scale 
of the experiment. The lack of substantial variation in either 
fCr(ox) or Fcr(ox)  with temperature suggests that kb' and kb" 
have the same, or very similar, activation enthalpies. 

The full aquation sequence indicated by our chromato- 
graphic evidence is given in Scheme I. Our partitioning of 
the rate constant for primary aquation of Cr(ox)z(en)-, derived 
from kinetic and chromatographic evidence, is included on this 
diagram. At [Hf] = 2.01) M and 25OC, the primary aquation 
step results in oxalate aquation greater than 90% of the time. 
Primary ethylenediamine aquation, on the other hand, should 
occur with 9Wo or greater frequency at pH values above 1.50. 
At intermediate hydrogen ion concentrations, the true com- 
petitive nature of the primary aquation processes is apparent, 
with roughly equal weight being assigned to each of the al- 
ternative aquation modes. 

In a separate study, the Cr(ox)z(enH)(HzO) complex in- 
termediate was allowed to aquate in 0.10 M nitric acid a t  
25.OoC. The rate of aquation was followed at 545 nm to an 
equilibrium mixture of cis-Cr(ox)z(HzO)z- (82%) and Cr- 
(OX)(H20)4+ (1 8%). When a calculated infinite-time ab- 
sorbance value, corresponding to that for complete aquation 
to Cr(ox)(H20)4+, was used, rate constants for two, con- 
secutive processes could be determined. The rate constant 
corresponding to loss of ethylenediamine was found to be (1.9 
f 0.1) X 10-5 sec-1, while the rate constant for aquation of 
cis-Cr(ox)2(Hz0)2- was (4.5 f 0.1) X lo-' sec-1. The former 
constant is in agreement with that obtained using the first 0.5 
hr of the rate data, the calculated absorbance interval between 
cis-Cr(ox)2(HzO)z- and Cr(ox)z(enH)(HzO), and an 
"initial-rate" evaluation technique.2' There was no spec- 
trophotometric evidence that aquation of Cr(ox)z(enH)(HzO) 
resulted in the production of Cr(ox)(enH)(Hz0)32+ a t  [H+] 
= 0.10 M .  Chromatographic separation of the reaction 
mixture at 2 half-lives on the initial reaction yielded only 
cis-Cr(ox)z(HtO)z- and traces of the ultimate reaction 
product, Cr(ox)(H20)4+. 

Aquation of Cr(ox)2(enH)(HzO) is accelerated in 2.0 M 
nitric acid, and a noticeable quantity of the parent complex 
is aquated to Cr(o~)(enH)(HzO)3~+.  We were unable to 
quantify the first-step product distribution using ion-exchange 
chromatography under these conditions due to the low con- 
centrations of parent complex available and the high ionic 
strength of the reaction medium. However, it appears that 
cis-Cr(ox)z(HtO)z- and Cr(ox)(enH)(H20)32+ occur in 
roughly equal quantities. If Cr(ox)z(enH)(HzO) and Cr- 
(ox)2(en)- react by parallel mechanisms in acidic solution, the 
linearity of the first-order plots of this study must be due to 
the fact that only small quantities of Cr(ox)z(enH)(HzO) are 
produced under conditions which would favor second-step 
oxalate aquation. 
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Table VI. Rate-Law Terms for the Aquation of Oxalate and Ethylenediamine Complexes of Chromium(II1) at 25°C 

Thomas W.  Kallen 

Complexa Rate law term, sec-' Product" AH*, kcal/mol AS*., cal/(mol deg) 
~r (ox) , ' -  1.3 X 10-SIHe] cis-Cr (ox) , (H, 0) ,- 21.6 -8.4 
C ~ ( O X ) , ~ -  b 1.3 X lo-' [H']' cis-Cr(ox), (H,0)2- 28.5 14.7 

Cr(ox), (en). d 6.0 X lo-'  ["le Cr(ox)(en)(H,O),' -17.6 

C1(en)(H,0),~' f 2.2 x 10- Cr (en H) (H, 0) 26.0' -6.0' 
CI (~~H)(H,O) ,~ '  2.1 x lo-" CI(H,O),~+ 23.3' -15.0' 
Cr(ox),(en)- g 1.8 X lo-' cis€r(ox), fH,O),- 18.9' -16.9' 

Cr(ox),(en)- 1.7 X 10-'[H+le Cr(ox),(enH)(H,O) -17.6 
Cr (0 x) , (e nH) ( H , O)h 

cis-Cr(ox),(H,O),- 2.0 X Cr(ox)(H,O),+ 23.9 -4.5 

Cr(ox),(en)- d 6.2 X 10-'[HtI2 Cr(ox)(en)(H,O),' 16.6 -22.0 

Cr(ox),(en)- 1.7 X lo-' Cr(ox), (enH)(H,O) 20.6 -11.4 

1.9 X lo-' cisCr(ox),(H,O),- 
a Abbreviations: ox, C,0,2'; en, NH,CH,CH,NH,; enH, = NH,CH,CH,NH,'. Extrapolated from ref 3. p = 2.0 M (NaClO,). Ex- 

This study. p = 2.0 M (KNO,). e Derived by partitioning kb (=7.7 X 10-5 M-I  sec-'). f Ex- 
This study, 

trapolated from ref 4. p = 2.0 M (NaClO,). 
trapolated from ref 5 . .  p = 3.OM (NaC10,). g Extrapolated from spectrophotometric data of ref 10. p = 0.16 M (NaClO,). 
p = 0.10 M ("0,). * Recalculated from original data. 

Discussion 
A mechanism consistent with our chromatographic evidence 

and the kinetic survey is given in eq 1-6. This mechanism 

(1) Cr(ox),(en)- + HI F"Cr(ox),(en) 

(2) 

(3) 

(4) 

(5 1 

HCr(ox),(en) + H' + 2H,O 9 Cr(ox)(en)(H,O),' + H,C,O, (6) 

yields a rate law for the disappearance of Cr(ox)z(en)- and 
appearance of first-step aquation products which has an 
observed rate constant given by eq 7 .  When Ki[H+] << 1, 

K, 

k 
Cr(ox),(en)- + H,O 1, Cr(ox),(-en)(H,O)- 

K 
Cr(ox),(-en)(H,O)- + H' &'Cr(ox),(enH)(H,O); K ,  >> 1 

k '  
HCr(ox),(en) + H,O -?+ Cr(ox),(enH)(H,O) 

HCr(ox),(en) + 2H,O -1, Cr(ox)(en)(H,O)' + HC,O,- 
k " 

k 

(7) 
k l  + (kz' + kz")K1 [H'] + k3Ki [€€'I2 

1 + K1 [H'] kobsd = 

eq 7 reduces to our experimental form, given by kobsd = ki 
+ (k2' + kz")Ki[H+] i- k3Ki[H+]2, where ki = ka, (k2' + 
k2")Ki = kb and k3Ki = kc of our curve-fitting treatment. If 
eq 1 is considered to be an  oxalate dechelation-protonation 
equilibrium, then it would be reasonable to expect a magnitude 
of K I  which is less than or equal to 5 X 10-2 M-I.26 

The data of Table VI indicate that both ethylenediamine 
and oxalate aquations of Cr(ox)z(en)- proceed a t  unusually 
rapid rates when compared to rates for similar species under 
the same conditions. First-step aquation of ethylenediamine 
is a factor of 103 more rapid than either aquation step of 
Cr(en)(H20)43+ a t  25OC and is further distinguished by 
having a hydrogen ion dependent pathway. The difference 
in rates might be rationalized on the basis of relative complex 
charge, but there is little difference between aquation rates 
or activation parameters for Cr(en)(Hz0)43+ and Cr- 
(enH)(H20)54+; and, Cr(ox)z(en)- and Cr(ox)2(enH)(HzO) 
show similar uncatalyzed ethylenediamine aquation rates as 
well. The activation enthalpy for primary ethylenediamine 
aquation of Cr(ox)z(en)- bears little resemblance to that for 
aquation of Cr(en)(Hz0)43+ or Cr(enH)(H20)54+. Instead, 
activation parameters most closely resemble those for aquation 
processes of polyamine complexes which involve concurrent 
isomerization,7-9 in spite of large complex charge differences 
and different, apparent strain features for the various species. 

Acid-catalyzed aquation of an oxalate ligand from Cr- 
(ox)z(en)- is 30 times more rapid at  25OC than aquation of 
cis-Cr(ox)z(H20)2- and 7 times more rapid than Cr(ox)33- 
aquation when the rate constants are statistically corrected. 
Activation enthalpies of the oxalate aquation terms are 

A B 
Figure 3. Proposed half-bonded oxalate intermediates in the 
hydrogen ion catalyzed aquation of Cr(C,O,),(NH,CH,CH,- 
NH,)-. 

substantially less than those for Cr(ox)33- or cis-Cr(ox)z- 
(H20)2-. Instead, the activation parameters strongly resemble 
those for racemization of Cr(ox)z(bpy)- and Cr(ox)z- 
(phen)- 27 and those for catalyzed isomerization processes of 
tran~-Cr(ox)z(H20)2-.28~29 

Correlation of both the ethylenediamine and the oxalate 
aquation processes to systems undergoing isomerization or 
racemization strongly suggests that both occur during basic 
isomerization or racemization steps. In the case of uncatalyzed 
ethylenediamine aquation (ka), a tetragonal twist along either 
of two 0-Cr-N axes could be imagined to lead to occasional 
loss of one end of an ethylenediamine ligand and entry of one 
water molecule into the coordination sphere of chromium. The 
activation energy for this twisting mode should be greater than 
that for racemization by trigonal or rhombic twists,30,31 where 
ligand interaction is minimized, but less than that for an 
unassisted, dissociative aquation. Since the same tetragonal 
twisting motion could lead to combined isomerization and 
aquation of complexes like 1,2,3-Cr(trienH)(HzO)34+ (Ea = 
21.2 f 2.2 kcal/mol),s 1,2,6-Cr(trienH)(H20)34+ (Ea = 18.0 
f 2.6 kcal/mol),g and 1,2,6-Cr(dien)(H20)$+ (Ea = 19.6 f 
0.6 kcal/mol),7 the activation energy we have determined, 21.2 
kcal/mol, would seem to be entirely reasonable. 

Acid-catalyzed aquation ( k b )  is most reasonably discussed 
in terms of half-bonded oxalate intermediates in view of the 
existing literature. These intermediates must necessarily 
exclude water from entry into the coordination sphere of 
chromium(II1) during racemization or isomerization reactions 
of oxalato or aquooxalato species.32-34 Intermediates consistent 
with our observations are shown in Figure 3. Either inter- 
mediate, A or B, could lead to racemization by rotation and 
rechelation of the half-bonded oxalate. However, intermediate 
A would also tend to lead to aquation of oxalate or one end 
of the ethylenediamine ligand during rotation, due to the steric 
interference between the half-bonded oxalate and the 
"puckered" backbone of the ethylenediamine ligand. Our 
results a t  25OC indicate that activation by a single hydrogen 
ion leads to 78% oxalate aquation and 22% primary ethyl- 
enediamine aquation. 

If the rigid, planar ligand 1 ,IO-phenanthroline (phen) i s  
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substituted for ethylenediamine, there would be no steric 
barrier to rotation of oxalate in either intermediate and 
aquation would not be a consequence of catalyzed racemi- 
zation. If the more flexible, planar ligand 2,2’-bipyridine (bpy) 
is substituted for ethylenediamine, oxalate aquation would be 
more substantial during acid-catalyzed racemization. These 
projections, based on our mechanism, are confirmed by 
Broomhead’s observations.27 

We have chosen to draw the half-bonded oxalate inter- 
mediates as quasioctahedral species, with the carbonyl group 
of the rotated oxalate ligand shielding, or stabilizing, the sixth 
coordination position of chromium(II1). This arrangement 
has great potential for rationalizing the remarkable similarity 
in the 1 8 0  exchange parameters of oxalate complexes of 
chromium( III)35 and for explaining the similarity of exchange 
parameters to the kinetic parameters for racemization and 
aquation of related bis(oxa1ato) species. The latter processes 
require an additional change in geometry of intermediates A 
or B, while 1 8 0  exchange presumably requires attack of water 
a t  carbon. Therefore, the similarity between 1 8 0  exchange 
and racemization-aquation parameters is in all probability 
coincidental. However, ’ 8 0  exchange may occur via inter- 
mediates like A or B at a point distant from the chromium(II1) 
center with rates and activation parameters which are es- 
sentially independent of the nature of the complex ion. 

A consequence of the application of our mechanism to other 
mixed-ligand complexes containing oxalate is that hydrogen 
ion catalyzed aquation of simple, monodentate ligands should 
also occur through rotation of half-bonded oxalate. Carbon 
dioxide36 and the nitrate ion37 are believed to catalyze simple 
aquation processes by a similar mechanism. Hydrogen ion 
catalysis of cis-Cr(ox)2(H20)2- water exchange38 and aquation 
of acetatobis(oxalato)chromate(III) complexes39 have been 
reported. A more complete examination of other, simple 
systems should lead to additional examples which correlate 
with our observations. 
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