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I. INTRODUCTION 
BeVera1 textboob and review articles devoted to the 

chemistry of co6rdination compounds (27, 37, 39, 60, 
112, 260, 274, 409) contain scattered material on the 
oxalato complexes. No specific review of these com- 
plexes is presently available, although oxalate as a bi- 
dentate ligand has been of great interest in coardina- 

tion chemistry for a long time. It is the purpose of the 
present review to collect most Of the pertinent details 
concerning the chemistry of the oxalato complexes Of 

metala, in the hope of encouraging increaeed attention 
to the structure, stability, and lability of these intereeb 
ing compounds. The literature survey includes published 
work through 1989. 
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11. OXALIC ACID AND THE SIMPLE OXALATES 

A. OCCURRENCE 

Oxalic acid, one of the oldest known acids, was dis- 
covered by Scheele nearly 200 years ago and is bio- 
logically, chemically, and industrially important. It is 
widely distributed in nature, such as in certain wild 
species of genera Rumex and Xanthoxalis: Rumex ace- 
tosella, Rumex acetosa, Xanthoxalis strictu, Oxalia aceto- 
sella, Sarcobatus vermiculatus. Air-dried leaves of the 
latter contain as high as 9.4 per cent of oxalic acid as 
the neutral sodium and potassium salts (89). A detailed 
account of the occurrence of organic acids (in particular 
of oxalic acid) in plants is available in a bulletin of the 
United States Department of Agriculture (62). Certain 
types of algae, moulds, lichen, and ferns are rich in 
oxalic acid, and the urine of animals and man generally 
contains calcium oxalate, particularly in pathological 
cases (oxaluria). Ferrous and calcium oxalates are some- 
times found as minerals. 

B. PREPARATION AND PROPERTIES 

Oxalic acid is made by a variety of methods and its 
physical and chemical properties are well known (174, 
279). Interest in the study of inorganic oxalates has re- 
sulted largely from the use of oxalate ion as a precipi- 
tating and a chelating agent. Most of the simple oxalates 
are insoluble in water (excepting those of the alkali 
metals) and are therefore prepared generally by pre- 
cipitation reactions of the following type: 

M:: + n/2 C102- -., M(C*O~),,/S.ZH~O 

Elodium oxalate is commercially made from the cellu- 
lose of sawdust by fusion with alkali and decomposition 
of the resulting formate to yield the oxalate. I t  is also 
obtained by the reaction of carbon dioxide with sodium 
amalgam. Oxalates of potassium, rubidium, and cesium 
are prepared in a like manner. 

m 

Oxalates of lithium, sodium, potassium, rubidium, 
cesium, and ammonium are soluble in water, lithium 
oxalate being the least soluble; there is no evidence of 
any complexation in any of these cases. 

Beryllium oxalate has the formula BeCz0a.3Hz0 
and is highly soluble in water, unlike the other oxalates 
of elements of Group IIA. This high solubility is as- 
sumed to be a case of autocomplexation when solid 
beryllium oxalate is dissolved in water: 

2BeCt04 = BeD+ + Be(CnO&'- 

A salt of the formula NazBe(CzO&.2HsO has been pre- 
pared, supporting the concept of the Be(C204)P ion 
(386). 

Boron forms an interesting oxalate in which all bonds 
are reported to be covalent (112): 

Because of the cobrdinating properties of the biden- 
tate oxalate ion, most of the metals form complex oxa- 
lates in addition to simple oxalates. However, only 
complex oxalates are indicated for the metals titanium, 
niobium, tantalum, molybdenum, tungsten, osmium, 
iridium, and antimony, and the existence of simple 
oxalates of these metals is questionable. Figure 1 sum- 
marizes data on the tendency of metals to form oxa- 
lates, simple and/or complex. 

Many of the simple oxalates are crystalline solids or 
amorphous powders, white or colored depending on the 
cation, and are generally sparingly soluble in water. 
The solubility product constants range from -lo-' to 
-10-80; those of the bivalent metal oxalates generally 
lie between and -lo-". The least eoluble oxa- 
lates are those of thorium and the rare earths. However, 
all oxalates dissolve in acids and most of them in excess 
oxalate to form complexes. 

He 
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Sincc the majority of the simple oxalates are insoluble 
in water and can be conveniently precipitated, the 
phenomenon of coprecipitation has been studied in de- 
tail, especially in the case of oxalates of calcium, stron- 
tium, barium, coppcr, silver, zinc, cadmium, lead, iron, 
bismuth, thorium, and the rare earths. The precipita- 
tion of CaC2O4-HaO provides an interesting example 
from the analytical point of view, as this compound was 
once suggested as suitable for the gravimetric deter- 
mination of calcium. Detailed investigation (360) of 
its hygroscopic character, of the decomposition of the 
hydrate on prolonged drying at  115-125"C., and of the 
entrainment properties, however, virtually ruled out 
its utility for direct weighing. The coprecipitation of 
anions with calcium oxalate decreases in the order: 
10s- > Cropa-, Sol2- > BrOa- > C1-, Br-, I-. Homo- 
geneous precipitation of oxalate has certain advan- 
tages, and calcium, magnesium, zinc, thorium, actin- 
ium, uranium(IV), and the rare earths have been suc- 
cessfully determined by this method (159). 

The phenomenon of coprecipitation has received in- 
creased attention since the discovery of radiotracers, 
and the mechanism of such carrying processes (181) is 
explained in terms of (1) isomorphous replacement, (2) 
adsorption, (3) anomalous mixed-crystal formation, 
and (4 )  internal adsorption. Recent tracer investiga- 
tions on the rare earth oxalates using Ygl, Ce141, Nd'", 
and Yb16Q provide a great deal of information (136, 359, 
428) on the various factors which control coprecipita- 
tion with solid solution formation, and on the relation- 
ship which exists between distribution coefficients and 
the solubility products of the precipitated oxalates. 
Cerium has been shown to form (226) anomalous mixed 
crystals with lead oxalate. In  the case of yttrium, ce- 
rium, neodymium, and ytterbium complex formation 
has been established from studies of the solubility of 
these oxalates in buffered oxalate solutions (93,94, 137). 

Coprecipitation has been particularly useful in iso- 
lating carrier-free Posla on oxalates of calcium, stron- 
tium, scandium, and lanthanum (381); Pbq" on silver 
oxalate (141, 304); Razz' on silver oxalate (304); AC"~ 
on lanthanum oxalate (283, 452); Patra on thorium 
oxalate (413); and Am(II1) on bismuth oxalate (414) or 
lanthanum oxalate (195). 

The coprecipitation of iron(II1) oxalate with the oxa- 
lates of calcium, strontium, barium, sinc, cadmium, 
copper, silver, and lead has been studied (321). In  the 
case of barium oxalate the mechanism is mainly the 
occlusion of the mother liquor in the precipitate and 
the formation of a complex salt between barium oxalate 
and iron(II1) oxalate. With strontium, zinc, cadmium, 
copper, silver, and lead oxalates, occlusion in the 
precipitate is the main mechanism of coprecipitation, 
whereas with calcium and lead oxalates, photochemical 
decomposition of iron(II1) oxalate also increases the 
coprecipitation of iron. An interesting relation between 

solubility of tbe oxalates cited above and t8he minimum 
amount of ferric ion adsorbcd has been described in the 
paper quoted. 

The coprecipi tation of the oxalates has some practical 
application in the preparation of solid solutions of 
metal oxides (for example, oxides of magnesium, man- 
ganese, iron, cobalt, nickel, and zinc) by thermal de- 
composition. The mechanism of such thermolysis reac- 
tions has been studied recently (352). 

111. THE COMPLEX OXALATES 
A. GENERAL CLASSIFICATION 

The metal oxalato complexes may be classified with 
respect to the number of oxalate groups coordinated to 
the metal ion, as shown in table 1. Some doubtful and 
less important metal oxalato complexes (e.g., Sns- 
(C,OJS- (445)), and several "mixed" oxalato com- 
plexes (Le,, those in which ligands other than oxalate 
are also present, as in Co(en)zC204+, Pd(NHa)aCnOi', 
IrPyCla(CpO~)2-, etc.) have been deliberately omitted 
from the table. These are not regarded as typical oxa- 
lato complexes for the purposes of the present discus- 
sion, except in certain cases where the oxalate ligand 
exhibits its own special properties, such as in oxalate 
substitution reactions. Certain of these mixed oxalato 
complexes are therefore discussed in detail in the ap- 
propriate sections of this review. 

The few neutral complexes that are reported to exist 
in aqueous solution (e.g., UO2Cz04O (331), U(Cz04)r' 
(170), VO(HC204)20 (456), CoCzOaO (142), Gat(C204)so 
(365), Sn(C204)20 (109)) are not included in table 1, 
since the evidence regarding their occurrence is not in 
every case unequivocal. Those which are known with a 
reasonable degree of certainty are dealt with later in 
this review (see Section 111,C). 

B. BTRUCTURE 

Evidence concerning the structure of the oxalato 
complexes has been obtained by means of many physico- 
chemical methods, including electrical conductance 
measurements, polarography, ion exchange, chroma- 
tography, electrophoresis, absorption spectroscopy, mag- 
netic susceptibility measurements, x-ray, crystallog- 
raphy, reaction kinetics, and isotopic exchange. 

1. Evidence from preparative chemistry 
Coordination complexes exhibit various types of iaom- 

erism, and preparative chemistry has been in many 
cases very helpful in identifying the isomers. The bi- 
dentate oxalate ligand can occupy only two cis poeitione 
in an octahedral structure, since the spanning of the 
trans position is sterically prohibited. For example, 
oxalate chelation has been used as a diagnostic tool in 
determining the cis configuration of Co(NHa)a(NOs)r- 
ion (27), although reliance on this method alone is not 
always justified. 
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TABLE 1 

Clmssificdion of oxalato coinplexes 

I. I . . . , . . . . . , . . , , . , . , . , , , , . . . 

Ib . 3 I . . . I . I . . , . . . , . . . . I . . . . . . . , . 

11.. . . . . . . . , . . I I . .  , . . . , . . . . . . , , , , 

IIb . . . , . . , . . . . . . . . . . . . , . . . . . I . , . , 

110.. . . . . , , I . ,  . , . . . . . . . , . . . . . , , . . 
111. ............................. 

IIIb.. . . . . . . . . . . . . . . . . . . . . . . . , . . . 

1110. * . * * . . . . . . * . . . . . , . . . . . . . . . . . 

IVa.. ........................... 

Ivb. . . . . . . . . . . . . , , , . . . . . . . . . . , . 

Formula of Bpeoicu 

M(CYO~ 

FIG. 2. Cis-trans ieomerism in biaoxeleto complexea. 

Metal Ion and Raferenona 

AI(II1) (24, 126) 
Cr(III) (165, 385) 
Mn(II1) (407) 

AR(I) (383) 
TI(I) (113) 

AI(II1) (24. 120) 
Cr(II1) (438) 
Mn(II1) (75, 407) 
Fe(II1) (22) 
Co(II1) (7) 
Os(II1) (120, 308) 

BdII)  (388) 
Mg(I1) (34) 
Ca(I1) (06) 
Sr(I1) (68) 

Mn(I1) (296) 
Fe(II) (173) 

B ~ ( I I )  (es) 

NpOz+ (176) 

Ge(IV) (133) 
R u W )  (78) 

Al(II1) (28) 
Sa(II1) (447) 
V(II1) (330) 
Cr(II1) (92, 436) 
Mn(II1) (73-75) 
Fe(II1) (28) 

Co(I1) (142) 
NI(I1) (303) 

SnUV) (110) 
Zr(IV) (131. 3.54) 

PU(II1) (143) 

Ti0 + (398) 
MoOi* (391) 

Y(II1) (137) 
In(II1) (292) 
SC(II1) (310) 
Ce(1II) (94) 
Nd(II1) (94) 
Od(II1) (301) 

Co(I1) (342) 
Ni(I1) (11, 67) 
c U ( r 1 )  (60a, 348. 349) 
Zn(I1)  OS, 236) 
Cd(I1) (238, 423) 
Pb(l1) (931) 

Ir(1V) (loa) 
Th(IV) (449) 

CO(II1) (28) 
Oa(II1) (385) 
Y(II1) (137) 
SbUII) (308) 
Ru(II1) (78) 
Rh(II1) (437) 

Zn(I1) (243) 
UOl' + (449) 

€If(IV) (131, 485) 
Th(1V) (171) 

Yb(II1) (93) 
Rh(II1) (36) 
Ir(II1) (118) 
Po(II1) (380) 
Pu(1II) (163) 
Am(II1) (300) 

Pt(I1) (171) 
Ti01 (29) 
VO*+ (116, 418) 
OSOl't (446) 
UO'+ (79, 84, 801) 

Pu(IV) (184) 

Ir(II1) (202) 
Ce(II1) (94) 
Yb(1II) (93) 
Pu(II1) (181) 
NbO: (182) 
TsO*+ (182) 

U(IV) (272) 
Pu(1V) (184) 

(a) Cis-trans isomerism 
Cietrans isomerism is observed in certain bisoxalato 

complexes of metals whose ligancy is six and is illus- 
trated in figure 2. It is interesting to note that the cis 
and trans isomera differ a great deal in their properties 
and frequently identification is made from preparative 
chemistry. A case in point is the well-etudied Cr- 
(CSO~)~(HSO)S- ion (g8, 184, 438). On the other hand, 

though ions of the type M(C204)2(I120)s- (where M is 
aluminum, manganese, iron, rhodium, iridium) would 
be expected to exhibit cis-trans isomerism, no definite 
evidence is available a t  the present time from prepara- 
tive chemistry. 

Detailed studies of cis-trans isomerism are reported 
for only a few systems, e.g., Cr(C204)a(HaO)e- ion. 
However, boiling or evaporation to dryness of the oia 
ealt generally yields the trans isomer, e.g., Ir(CnO& 
C l P  (103) and Rh(C%O4)nCln8- (106). Preparative 
chemistry has been of value in the study of Mn(CsO& 
(HoO),- (74). The trans compound is golden yellow, 
whereas the cis is green and the trana-ois isomerisation 
seems to be fast. 

In general, cis and trans isomers differ appreciably in 
many respects. Table 2 illustrates this with some proper- 
ties of the Cr(C204)2(H20)2- ion. 

(b) Optical isomerism 
Many potentially asymmetric tris- and tetraoxalato 

complexes have been fully or at least partially resolved. 
Conflicting evidence reported in certain cases is dis- 
cussed along with the methods of resolution employed. 
In table 3 are listed oxalato complexes which have been 
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-. 

Amax. e FKI - ~ 

Cr(C:Oc):(A:O): - 
mu 

666 3 2 . 0  

681 61 .o 8 . 4 t  

trans (pink-red). . .  . . . . . .  I 418 34.4 7 . 5  

o h  (blue-ireen). . .  I . .  I . 418 88.6 7 . 6  

PK: ___ .... 

1 0 . 6  

9 . 7  
8.e.t 

* Data from referenas 98, t Data from reference 184. 

Mn(C:Oa):*- (0.01 M) 
(oxalate buffer). . . . . .  

Fe(C:Od)ll-. . . . . . . . . . . .  
CO(CrO4)::- (0.1 M). . . .  

Rh(C~04)r'- . . . . . . . . . . .  

Ir(CrODI:-. . . . . . . . . . . .  
u(Caod4'- (0.01 M). . . .  

TiOC10~- . . . . . . . . . . . . .  

TABLE 3 

Asymmetric oxohlo complezea 

670 

620 
850 
420 
806 
620 
398 
380 

(shoulder) 
439 
492 
607 
582 
885 
410 
180 

Comolex I 1 References 

AI(c:o4)1:-. . . . . . . . . . . . . . . . . .  
Cr(C101) II - . . . . . . . . . . . . . . . . . .  
Fe(CrOdc:-. . . . . . . . . . . . . . . . . .  
co(c1o4)l: -. . . . . . . . . . . . . . . . . .  
Ga(C:O4)11-. . . . . . . . . . . . . . . . .  

Rh(CrOSt8 -. . . . . . . . . . . . . . . . . .  
Ir(C:O4)a8-, . . . . . . . . . . . . . . . . . .  
Ge(C:O4)1'-. . . . . . . . . . . . . . . . . .  
[Coen:C:O41+. . . . . . . . . . . . . . . .  
(Cren(CtO4)rl- . . . . . . . . . . . . . . .  
[CO(NHI):C~OI(NO:)~] -. . . . . . .  
cia- [Rh(CiO4)rCl]~-. . . . . . . . . . .  
d e -  [Ir(C:O4)rCl:]8 -. . . . . . . . . . . .  
(RuPy(C:01)aN0] -. . . . . . . . . . .  
Zr(C:04) 4 4  - . . . . . . . . . . . . . . . . . .  
U(C104)44-. . . . . . . . . . . . . . . . . . .  

Resolved 
Unsucocnsful 
Rwolved 
Resolved 
Unsuccesaful 
Resolved 
Unsuccessful 
Resolved 
Reaolved 
Resolved 
Partially 

Resolved 
Resolved 
Resolved 
Resolved 
Reaolved 
Resolved 
Unsuccesaful 
Resolved 
Unsuocessful 

waolved 

the subject of such resolution experiments. 
The resolution of the anionic oxalato complexes is 

accomplished by standard techniques of fractional re- 
crystallization, precipitation, or extraction, utiliaing 
the cationic form of an easily separable optically active 
compound, for example, quinine, strychnine, cincho- 
nine, or brucine. In  certain cases an optically active com- 
plex ion like Co(en)sa+ has also been found useful as a 
precipitating agent. Strychnine has been successfully 
employed in the resolution of Co(Cn04)aa-, Cr(Cz04)a8-, 
Rh(CzOi)a", and Ir(CzO&a- (204). 

Several investigations on Al(Ca0i)a'- (212) and 
Fe(C204)aa- (212, 237a) prove conclusively that the 
resolution of these complex ions is not possible by con- 
ventional methods. This evidence of their labile ionic 
character is further corroborated by the practically in- 
stantaneous exchange of the ligand as shown by experi- 
ments using radioactive oxalate (266, 266). Conflicting 
reports in the case of Al(C204)a'- may be due to the 
presence of an impurity or to some autocatalysis of a 
short-lived active intermediate formed during the 
resolution process. For u(c,o,>44-, the alleged resolu- 
tion into the d- and 1-forms (271, 272) has been shown 

1 A partial resolution of a 60 per cent methanol/water solution 
of (NH,),Fe(CtOJ, was effected by Kreba, Diewald, Arlitt, and 
Wagner (2374, who employed a very rapid chromatographic 
separation technique at - 36°C. 

t,o be wrong, as the ohserved rotmations were found t,o he 
largely due to traces of quinine iodide left in soliit>ion 
when quinine was rised as a resolving agent, (21.1). 

An int,erest,ing exnmple of the first, recorded resolu- 
tion of a hexacoordinntcd outcr-orbital complex of a 
tctrapositive ion is that of C:e(C&3,)32-- (294). Sttrych- 
nine and quinine snlts were used for thr purpoae and a t  
least a partial resolution of t>he Qe(Cz04)32- ion was ef- 
fected, suggesting predominant>ly covalent character 
for the complex ion. Exchange experiments with radio- 
active oxalate or radiogermanium should provide 
further information about the nature of the Ge(Cz04)aa- 
ion. 

Resolution of the Ir(CnO4)&1za- ion (104) clearly es- 
tablishes the cis configuration of this ion, as the trans 
form cannot exhibit optical sctivity by reason8 of sym- 
metry. 

2. Spectroscopic data: ultraoiolel, viaibk?, and infrared 
Metal oxalato complexes offer an interesting series of 

compounds for the spectrophotometric study of metal- 
oxygen (M-0) bonds. A number of general discussions 
of this approach have appeared in the literature (18, 
112a, 148, 160, 161, 1G2, 277, 370). Specific data on 
their absorption spectra are presented in tables 4, 5,  and 
6. The absorption spectra in the visible and ultraviolet 
regions were in general run in water as solvent, and in 
some cases the solution contained excess added oxalate 
ion to stabiliee the oxalato complex under observation. 
An interesting example is the work on Cr(Co04)38-. A 
comparison of the spectra in HIIO and DzO showed 
nearly complete absence of crystal-field splitting (183), 
in contrast to Cr(HzO)aa+, where the crystal-field 
splitting is significant. Although the absorption spectra 
of Cr(Cs04)aa- and Cr(H20)sa+ resemble each other 
closely, this relatively small crystal-field effect in the 
case of Cr(C104)aa- confirms the observation that the 

TABLE 4 

Visible absorption specirn of metal ozalato complezes 

3 3 . 6  
97 
76 

308 

220 
170 

8 
280 

-1000 

1 8 . 6  
3 4 . 1  
3 3 . 4  
2 8 . 4  
8 4 . 0  

I 
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TABLE 6 
Ultraviolet absorption spectra of me41 oxalato complexes 

Oxalato 
Complex 

mr 
260 

268 
254 

<246 
260 
230 
392 
343 (mln.) 
262 
267 
266 
263 
380 
280 
360-230 

248 

-am 
330 
268 
290 
200 
260-270 
269 
260 

(shoulder) 

a8 
61 
40 
46 

2612 

03 
11 

2400 
73 
67 
070 
106 
3802 

Structureless 
absorption 

No maximum 
209 
60 

4600 

-300 

- 

sa - 
47 - 

Refsranoe 

spectra of complexes where the inner-orbital ligands 
remain fixed are insensitive to even drastic changes in 
solvent environment (49). 

The ultraviolet absorption 'spectra of dimethyl oxa- 
late and many carboxylic acids and their esters have a 
characteristic band of low intensity in the region 210- 
260 mp, This may be identified with the covalently 
bound carboxyl group and is most likely due to transi- 

tions of the r electrons of the >C=O group. The ab- 
sence of this low-intensity band in the ultraviolet absorp- 
tion spectrum of aqueous potassium oxalate solution and 
the existence of only an inflexion (see figure 3) in the 
case of aqueous oxalic acid solution indicate there are 
no covalently bound carboxyl groups as such in these 
compounds. Instead, only oxalate ion is present, in 
which all the oxygen atoms are equivalent. If, however, 
one examines the ultraviolet absorption spectrum of a 
dilute aqueous solution of oxalic acid ill) in 0.1 
M or 1.0 M hydrochloric acid, i t  is found (160) that 
the spectrum approaches the shape of that of dimethyl 
oxalate and, in 93 per cent sulfuric acid, almost dupli- 
cates the latter but has lower absorbance. These obser- 
vations are consistent with the complete suppression of 
the ionization of oxalic acid (pK's 1.25 and 4.28) in 
strong mineraI acids. Similar support is obtainable from 
a study of the infrared spectra of carboxylic acids, esters, 
and salts, indicating the different nature of carboxyl 
groups in these compounds. Study of the ultraviolet 
and infrared absorption spectra of the mctal oxalato 
complexes, therefore, throws much light on the struc- 
tural characteristics of coordinated oxalate and indi- 
cates whether it is "ionic" or "covalent" (326) in nature. 

The ultraviolet absorption spectra of a great majority 
of the oxalato complexes (see table 5) resemble those of 
dimethyl oxalate and molecular oxalic acid, with R low 
intensity band in the region 250-270 mp. The maxima 
seem to vary with the cation. Table 7 illustrates the in- 
teresting relation between the absorption maximum 
and the size and charge of the cation (160). The ab- 
sorption maximum, A,,,., is seen to increase smoothly 

TABLE 6 
Infrared abaorplion apedra of metal oxalalo complezea 

Oxalsto Complex 

(CHa)aCaOc. . 
LitCIO4. . . . .  
NaaClOc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
XaC104 . €310. . .  
CaCrO4.HaO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BaC104. Ha0 .... 
XaMg(C104h. 2H 
XlCd (C103a. 2 HI 
&Cu(ClO4)1~ OH1 

&Ni(C&4)t. 6HrO 
KaPd(Ca01)i. 2HaO 
IPd ( NHS t(Ca04) 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
KaAl(Ca0~)r~BHrO.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
XrCr(CaOda.3HrO. . . . . . . .  . .  
KaFs(CaO4)a. 3 HrO . . . . . . . .  . .  

. . . . . . . . . . . . . . . . . . . . . . .  

KaCo(cr0dr. 3H10.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K18b(CaO~)a.3HaO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
NaaCu(CaO4)1(HtO)a. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Na[Cr(C&)a(H10)r]. 6H10. .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
KICr(Ca03a(H10)al~~HaO.. . .  . . . . . . . . . . . . . . . . . . . . .  
KaIRh(C104)rClal~HtO (cia). . .  

&Tb(Ca04)4*4HtO. .................................... 
&U(Ca01)4. 6HaO. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Abaorption Frequencies 

1770 1776 
I660 ve 
1840 VII 

1650 1628 
1000 n 
1020 V I  

imo ieoo 
1728 1704 
1663 b 
1610 b 
1673 1640 ah 
1036 b 
1636 b 
1705 M ieso VI 

1096 VI 1666 vn 1630 nh* (*NH: stretching) 
1726 VI 11396 VI 1400 VI 
1710 VI ieeo VB 1400 VI 

1710 ve 1680 VI 1390 VI 

1710 VI isso VI 1397 VI 
1716 rh 1660 b 
1726 m 1680 VI 1412 VI 

1716 VI ieoo VI 1660 vs 1395 VI 
1716 VI ieeo VI 1600 VI 13~6 VI 

ioe7 1398 
ioeg 1406 

1700 I 1670 a, b 1664 I, b 1402 I 

1839 1424 
1618 1422 
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Oxalsto Complex 

1 2 10-2M, K2C2O4 in H20 

imr. I r/d* 

290 eeo 270 260 290 2 4 0  tSo 290 

X,W 
FIG. 3. Ultraviolet abaorption epectra of ionically and cova- 

lently bound oxalate (from Graddon (180)). Reproduced by 
courtesy of Pergamon Preea, Inc., New York City. 

mr 

Be(CtOi)r' -. ...................... 258 
Tb(Ci01)4'-. ...................... 250 
Al(C104) 1' - ....................... 280 
Zr(CsOSr'-. ...................... 288 

Mg(ChO~)it-. ..................... 254 

with z/da, where z is the oxidation number of the cation 
and d is the "ideal" covalent-bond distance from metal 
to oxygen (le0). In  other words, the low-intensity band, 
which is characteristic of a covalently bound oxalate, 
is displaced toward longer wavelengths as the coulombic 
force of attraction between the cation and the coardi- 

0 . 4 4  
0 . 6 2  
0.87 
0.70 
0 . 7 8  

TABLE 7 

Ullraviolel abeorption maximum and sire of cation' 

E g ( M 3 t ~ - .  ...................... 253 

Zn(CtO~tt-  ....................... 257 
In(Cr03:-. ....................... 258 
Be(C101):'-. ...................... 2.58 

Cd(Ct031*-. ...................... 255 
0.41 
0.41  
0 . 4 8  
0.81 
0.62 

nated oxalate group increases. Graddon's theomtical 
treatment (160) of the elcct,ronic transition energy, E, 
associated with the wavelength of the absorption band 
is applicable here. The theory shows that the experi- 
mentally determined electronic transition energies are 
related to the properties of the coardinating cation by 
the equation: 

E 3 -&all' 

where E is the electronic transition encrgy, k is a con- 
stant, z is the oxidation number of the cation, and 1 is 
the distance of the cation from the carbonyl group (see 
figure 4). The calculated and experimental values for k 

FIG. 4. Chelation of oxalate. - , C-C-0 angle 118"; 
0-M-0 angle bo;  C-C distance, 1.43 A,;  C-0 distance, 
1.36 A.; M-0 distance, d A. Tho values of the coordination angle, 
8, are 109.5", W", and 70.5" for tetrahedral, octahedral, and 
eight c&rdination, reeptively. T h o  d ia the eum of the "ideal" 
covalent radii of the atoms M and 0. See Craddon (160). 

are 42 and 24, respectively. They are in remarkably 
good agreement considering the various approximations 
made at each stage in the treatment, which is based 
entirely on classical electrostatistics. 

The infrared absorption spectra of the simple and 
complex oxalates (see table 6) run by the Nujol mull or 
potassium bromide disk method check well in many 
casea. Table 6 shows only frequencies that are necessary 
for the purpose of comparison of the two types of bind- 
ing, ionic and covalent, in the various metal oxalato 
complexes cited. A covalently bound oxalate group, as 
in dimethyl oxalate, gives rise to absorption in the region 
1720-1760 cm. -I  characteristic of > C d  stretching 
frequency and ionically bound oxalates (cf. simple 
oxalates) at 1600-1650 cm.-l The spectra of various 
oxalato complexes show a very strong absorption in 
the neighborhood of 1700 cm.-*, indicating a certain 
degree of covalent character of the bound oxalate in the 
complex. It has been estimated, for example, that with 
the Complexes of iron(III), aluminum(III), chromium- 
(111), and cobalt(III), there is 60 per cent covalent 
character (370). 

For simple oxalate monohydrates, K&dh. HSO, 
CaC,OI. HtO, and BaC20r-HI0, the broad absorption 
band at 680 cm.-I has been identified with the water 
molecule, since the band disappeared on deuteration 
(370). Dehydration of the oxalato complexes of manga- 
nese, nickel, copper, and cadmium caused no significant 
change in the infrared absorption spectrum. Strong hy- 
drogen bonding is indicated, however, in the cam of the 
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Oxalrto Complex 

hydrated crystalline magnesium complex, KsMg- 
(CnO4)l s2H10. The codrdination of water molecules to 
magnesium is also supported by the impossibility of do- 
hydrating the complex without decomposition, thus sug- 
gesting an octahedral et<ructure for the anion Mg- 
(C204)2(F-120)22- (160). In this connection, it is interest- 
ing to note that some recent dehydration (334) and 
proton magnetic resonance studies (177) of &Rh- 
(Cz04)a .4.51120 indicate an intra-hydrogen-bonded ion, 
as shown in figure 6. 

Mspnetla Moment 
(in Bohr 

mrgnetons) 

6K'  

K~Al(Cs04) Y .  3 HsO . . . . . . . . . . . .  
HIVO(CsOd):(?). . . . . . . . . . . . . .  
K:Cr(C~04)1,3H~0. . . . . . . . . . .  
K:Mn(C~04):.3Hr0.. . . . . . . . . .  
K:[Mn(C~O~)r(OII):]~2HrO.. . .  
KYFE(C~OI)~.~HIO. . . . . . . . . . .  
KsCo(CsO4):. . . . . . . . . . . . . . . . .  
K[RU(CYO~)Y(NO)(CII~,N) 1 . .  . .  
KYCo(CrOdr.3HtO . . . . . . . . . . .  
KtRh(CrOc)~.4.513~0 . . . . . . . . .  
K Y I ~ ( C Y O ~ ) I ,  4.6H:O. . . . . . . . . .  
K4[Re(C~Oc)s(OH)r01 . . . . . . . . .  
K ~ W ( C Y O ~ ) ~ . ~ H ~ O . .  . . . . . . . . . .  

6 

'8H20 

Poha. 1 M810.' 

Diamsgaetio 
1 . 4  (?) 1.73  
3 . 7 5  3.88 
4 . 8 8  4 .90  
2 .79  (?) 3 .88  
5 . 7 5  6 .01  
4 .07  3 .88  

Diamagnotia 
Dlamagnetio 
Diamagnetio 
Dlamagnetio 
Diamapnotic 

2.6 (f0.3) 2.83  

FIG. 5. Structure of K8Rh(C20& *4.51120 (Gutowsky, Porte, and 
Harris (177)). 

Other studies (147) on infrared absorption charac- 
teristics have shown that it is possible to discriminate 
between coordinatcd water and crystal water. For ex- 
ample, trans-KCr(C~04)2(H20)~ .3Hz0 shows two bands 
a t  1012 and 965 cm.-', whereas KaCr(C2Oi)a .3Ha0 
does not, ruling out the existence of coordinated water 
in the latter. In  aqueous solution, however, the results 
of isotopic exchange between Cr(C20Jas- and C i O P  
(166) and other substitution reactions of the Cr(C20r)s8- 
ion are best interpreted in terms of a monoquated ion 
intermediate, the existence of which hm been supported 
by (1) studies of the proton relaxation phenomenon 
(298) and (2) application of the Gross-Butler equation 
to rates of aquation of Cr(C20&*- in H2O-D20 solvent 
mixtures (238) (see Section 111,D,3,(a)). 

3. Magnetic susceptibilities 
The magnetic susceptibilities of oxalic acid and simple 

oxalates have been determined by several workers (276, 
276, 343, 420). Both in the solid state and in solution, 
the ionic magnetic susceptibility, xcI0,*-, for the oxa- 
late ion may be obtained from the data. Interest in 
such experimental determination of the magnetic sus- 
ceptibilities in the case of oxalato complexes is centered 
on the metal ion and not on the oxalate ion as such. In 
table 8 are shown a number of observed and calculated 
magnetic moments and also the number of unpaired 
electrons in the central metal ion of the complex. Mag- 
netic data offer convincing evidence for the bond type 
in these complexes; for example, both Mn(CaO4)P and 
Fe(CiO&*- are definitely ionic, as confirmed by other 
atudies (see Section III,D,3,(c)). 

TABLE 8 
Magn,elic moments of oxalalo complexes 

Number 
of Un- 
paired 
Elso- 
trona 

0 
1 
3 
4 
3 
5 
3 
0 
0 
0 
0 
0 
2 

* Calculated on the "spin only" formula, p = 2 d / s ( S  + 1). 

The high value of 4.07 for PobB. for 1GCo(C204)g 
places this compound among other cobalt(I1) com- 
pounds which are generally classed as "ionic" com- 
plexes from the magnetic data alone (140,318). No data 
on the magnetic susceptibilities of the compounds con- 
taining the C O ( C ~ O ~ ) ~ ~ -  ion are presently available. 
Such data would enable calculation of its magnetic 
moment and classification of it into the spa# or daspa 
grouping. The ion, however, is well charscterieed in 
solution (see table 11). 

Although the value reported for k b s .  in the case of 
K4U(Cz04)4.5H20 is somewhat uncertain, there is no 
doubt that the compound is paramagnetic in solution 
and the observed moment corresponds to two unpaired 
electrons. It is likely that the two electrons, in excess 
of the inert radon configuration present in the uranium- 
(IV) ion, are unpaired in this complex also. Further 
evidence in this direction is available from the studies 
on the acetylacetonates (197) and the benzoylace- 
tonates (358) of uranium(1V). 

4 .  Determination of crystal structure 
Investigations on the crystal structure of different 

forms of oxalic acid [HpCn04.2Ha0 (96, 122, 219, 336, 
463), a-(COOH)1 (W), &(COOH), (193)j and of simple 
oxalates [(NH4)2C20,.Hz0 (194, 207), K2C204.HtO 
(193), Rb2C101sHa0 (193), NaGO4 (208), and AgtCnOl 
(169) J have clearly shown the characteristic difference 
between the oxalate ion and the oxalic acid molecule. 
For oxalic acid dihydrate the data conclusively show a 
chain structure via hydrogen bonding, as shown below. 

...o O.. .H. . .  
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Compound 

KIA~(CIOI)I. 2.6H10. , . . . . . . . . . . . , . . . . . 
KtCr(CtO4)a. 3H;O. . . . . . . . . . . . . . . , , . . . . 
RbaCr(Ct0da. zHiO . . . . , . . . . . . . . . , . . . . 
(NH4)aCr(CrOl)a.2HtO.. . . . . . I . , . 

- 
lronbKCr(CiO~)t(HrO)i.3IIiO . . . . . . . . . .  
NaaCr(CtO4)a. 4.6Hi0. . . . , . . . . . . , . . . . . . 
KaMn(CrOda~3HiO.. . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . .  
KtCo(CiO4)r~3.6HaO. . . . . . . . . . . . . . . . . . 

(NRS:Co(CaOda~3HiO ................ 
KiSb(Cr04)a~3HsO. . . . . . . . . . . . . . 

The O * - ~ I I Q * . O  distance of 2.52 A. is tho shortest, known 
hydrogen bond (122). Furthcr evidence from the dihy- 
drates of acetylenedicarboxylic acid (123) and diacetyl- 
enedicarboxylic acid (124), which exhibit the same pat- 
tern, confirms the chain structure. Also a recent study 
of the nuclear magnetic resonance spectrum of 
(COOH)z 21120 suggests that oxalic acid dihydrate 
does not contain t,he HaO+ ion (347). Another example 
having a chain structure resembling that of &(COOH), 
is silver oxalate (169). On the other hand, sodium oxa- 
late (208) i A  a unique oxalate with no water of crystalli- 
zation. It allows the study of the structure of the oxalate 
ion in a normal ionic environment, unlike the simple 
oxalate hydrates of other elements. Work on sodium 

Symmetry 
Clamifleation 

Monoclinic 
Monoclinic 
Monoclinia 
Triclinic 

Monocllnic 
Monoolinia 
Monoclinic 
Monoclinic 
Triolinio 

Monoclinic 
Orthorhombic 

oxalate shows that the oxalate ion is planar. The inter- 
atomic didances and the bond angles are illustrated in 
figure G. The angles C-C-01 and c-C-01~ were a t  
first reported unequal (208), but this is now ascribed 
to possible error of the x-ray analysis. It is therefore 
concluded that the free oxalate ion has V h  symmetry 
and that the bound oxalate has CS, aymmetry (148). 
This conclusion is further substnntiated by the x-ray 
data of trona-K[Cr(CaO,)*(Hz0)2].3H10 (313), for 
which various interatomic distances and bond angles 
are shown in figure 7. 

Available crystallographic data of several other oxa- 
lato complexes are presented in table 9. It must be 
pointed out that only a few have been investigated 
thoroughly. Incomplete x-ray data are not sufficient 

&U(c&4)4*5Hio ..................... 
KaRh(Ct0da. 4 .5Hto .  . . . . . . . . . . . . . . . . . 
KaIr(Cr03:. 4.6HiO. . . . . . . . . . . . . , . , . . . 
KiO8Oi(CiOdr~2HtO .................. 
XJCO(C,O~)I.HYO ..................... 

FIQ. 6. Structure of the oxalate ion (Jeffrey and Parry (208)). 

Monoclinic 

Triclinic 

Triclinic 

Triclinic 

Trigonal 

FIG. 7. Structure of the trans-Cr(C~O&(H,O)~- ion (Van Niekerk 
and Schoening (313)). 

TABLE 9 

Crystdographic dater on ozalato complezes 

Space Qroup o b e  P 
~ ~~ ~ 

A .  A .  A .  
7.71 18.74 10.40 108OO' 
7 .81  19.60 10.40 108OO' 
7 .78  10.90 10.73 88'10' (a) 

112e36' (0) 
67"31' (7) 

7 .85  6.74 13.88 1W030' 

o : b : o  
0.8823:1:0.3916 88M'40' 
0.6963:1:0.6680 Q I W  (d 

88021' ( 7 )  
101O13' (6) 

8 .1  10.47 3.67 121°23' 
16.10 11.34 10.13 (84") 
16.84 12.36 10.61 ~ 4 0 ~ 0 '  

o : b : o  
1.0732:1:1.0316 

1 .W71: 1 : 1,0406 

0.600 : 1 : 1 . O M  
0.739 : i : i . w e  

0 : c  
1 : 0.8868 
I : 0.8838 
1 : O .  8520 

P 7 
Q B O l l '  104O17' 138~11' 
99'45' 102"4' 67"14' 
88'38' 104'3' 66'9' 
8B036' 94'30' 57O1' 
83'29' 81'7' QQ"28' 
a 

10O017' 
100'38' 
100028' 

KrPb(CrO4)r is reported to contain planar lead groupings: o - 4.03; b - 3.88; o - 4.86 (81). 
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for determination of structure and should be treated 
with caution. Evidence comes from x-ray studies on the 
tetraoxalato complexes of zirconium(1V) and hafnium- 
(IV) for two kinds of complex ions, each being the mir- 
ror image of the other. This probably indicat,es that the 
complex ions are optically active, although further 
proof would be desirable (214). 

6. Miscellaneous data 
Among several other methods that offer some insight 

into the structure of oxalato complexes is the one based 
on the determination of the dialysis coewents.  Ionic 
formulas were suggested by such studies (58) in aqueous 
solution for the following metal oxalato complexes: 

Fer(Cn04)44- CUZ(CZOM- vo(czo4)'- Mn(CtOAs8- 
Co~(ClO4)4~- Cd2(C~0&'- u0z(cz04)'- Cr(C~0r)a"- 
N i&O,)p Zne( CXO4),4- Fo( C204)sa- Thz( Cz04)a*- 
Mn~(C:0~)2 -  TIO(CzO4),*- CO(CrO4),'- Z~Z(CZO~)IP-  

At least some of the experimentally found ionic weights 
agreed remarkably well with the ones calculated from 
the proposed formulas, considering the limitations of the 
dialysis method (206, 277). The formula of the thorium 
complex is confirmed in a recent dudy using a cello- 
phane membrane (145). 

The ion-exchange method has proved valuable in 
many cases (see Section 1IIlC,2), particularly in study- 
ing the structure of certain basic chromium oxalato 
complexes (176a) and also that of the unusual copper 
complex Cu(HC~04)6~- (82). 

An interesting series of compounds containing the 
PbzC~04~+ ion 

in which all four oxygen atoms are bonded to metal has 
been reported (430) on the basis of solubility studies. 
Similar ions containing zinc and cadmium (423) are 
postulated to explain the increased solubility of zinc 
oxalate and cadmium oxalate in the presence of excess 
cation. 

C. STABILITY AND STABILITY CONSTANTS 

Several methods for the detection of the presence of 
complex ions and the determination of thcir stability 
constants are described in standard textbooks on co- 
ordination chemistry (27, 48, 256, 274). In this section, 
the methods that have been successfully employed in 
the study of the oxalato complexes will be discussed 
exclusively. Available data on the stability constant 
are presented in table 11. Only the cumulative stability 
constants are listed in the table. It is noted that in 
many cases there is good agreement in the values for the 
stability constant determined by more than one pro- 
cedure. Some of the data relating to the stepwise sta- 

bil ig constants are discussed under "Methods of De- 
termination" below. 

1 .  Methods of determination 

(a) Spectrophotometric method 
Job's method of continuous variation (107, 210, 216, 

274, 312) hals been the most frequently used for the 
spectrophotometric determination of the composition 
and stability of complex ions both in the visible and in 
the ultraviolet region. The single-step instability con- 
stants recently reported from such studies for the three 
aluminum oxalato complexes AICz04+-, AI(Cn04)2-, and 
Al(C2OJP are 5.6 X lo-*, 1.4 X and 4.9 X 

Stnudies on the ultraviolet absorption spectra of the 
SnCl4-KzC~0~ system suggest the complexes Sn(C204)ro 
and Sn(CaOa)44- (108); this is in keeping with the 
previous observations made in conductometric studies 
(110). 

respectively (24). 

The reaction 
VO" -/- 2CeOc'- = vO(c104)~'- 

has been followed spectrophotometrically a t  300 mp, 
and a 1 : 2 complex was reported (417). At pH 2-3 and 
ionic strength 0.5 the pK for VO(CZO&~- is 9.76. At 
pH > 3 precipitation apparently occurs. In an inde- 
pendent study on the same system (456), a combination 
of potentiometric pH measurements, conductance 
measurements, and optical density data a t  572-574 mp 
and 726 mp shows the formation of a blue complex, 
VO(HCz04)z0, stable at pH 1.44.5.  Although the pres- 
ence of the ion VO(HC204)+ is suggested, no evidence 
is available for [VO(OH)C,O,]-. 

Studies on the oxalato complexes of molybdenum(IV), 
molybdenum(V), and molybdenum(V1) indicate the 
presence of the ions (MOOC&)~ (392), (MoO~C204)- 
(32, 391), and ( ~ o ~ ~ ~ ~ ~ ~ ) ~ "  (305, 350, 362, 383), re- 
spectively. Preparation of a molybdenum(1V) complex 
in the solid form has been recently achieved by elec- 
trolytic reduction of ammonium molybdate in the 
presence of oxalic acid to give a yellow-brown solid 
having the composition (NH&Mo(C~04)4*8H20 (395). 
Spectrophotometric investigation of the process 

Mood'- + 9 0 4 ' -  + 2H+ e MoOiCz04'- + HzO 

a t  260-300 mp confirms a 1 : 1 complex, and the equilib- 
rium constant reported for the reaction is 10" (410). 

The behavior of otherwise noncomplexing NpO, + ion 
in the presence of the Cz042- ion is indeed interesting. 
A detailed study of the neptunium(V)-oxalate system 
showed that the peak a t  983 mp in the NpO2+ spectrum 
is shifted to 990 mp, presumably owing to complexation 
in aqueous solution. The association constants, KI 
and Kz, for the mono- and dioxalato species are 2.00 X 
10' and 6.10 X loa, respectively, a t  pH 4.87 and ionic 
strength 0.5 (175). 
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(b) Solubility method 

Since a great majority of the metals form sparingly 
soluble simple oxalates, as well as complex oxalates, 
increase in thc solubility of a simple oxalate in excess 
oxalate forms the basis of this method. For example, the 
solubility of lead oxalate increases linearly with excess 
oxalate-ion concentration (231), indicating the forma- 
tion of Pb(CzOJa2- (see table 11). Solubilities have also 
been useful in obtaining the stability constants of oxa- 
late complexes of magnesium(II), nickel(II), cadmium- 
(11), and cobalt,(II) (34), and demonstrating complex 
formation in the case of copper(II), zinc(II), and tho- 
rium(1V) (59, 60, Ma). 

The introduction of the radioisotope technique has 
enabled determination of solubilities a t  very low concen- 
trations, and the technique has been used to obtain the 
solubility-product constants of the simple oxalates as 
well as the stability constants of the oxalato complexes 
of yttrium(II1) (137), cerium(II1) (94), and ytter- 
bium(II1) (93). The experimental procedure is to pre- 
pare equilibrium solutiorls by adding the radioactive 
rare earth ion to buffered oxalate solutions a t  constant 
temperature (25OC.) and to analyze for the hydrogen- 
ion activity by a pH determination, the total oxalate 
by permanganate titration, and the total rare earth 
content by radioassay. Experimental solubilities as 
well as calculated total rare earth concentrations are 
plotted as a function of oxalate-ion activity, as shown in 
figure 8 for yttrium. The curve is calculated from the 
relation : 

Ytot.1 = T,T - + K6L2 1 ac:o4' - 
aOr04'- Y Y ~ +  + KiYyc,04+ 

ds04*- + 
K~YY(c~o~),  - K~YY(c~o~)~:  - 

a L t -  

where K., = (Ya+)l(C204*-)a 

KI = (Y~+)(Cn04'-)/~YCn0,+~ 

Kt = ( Ya+)(C~O4*-)*/[Y(C~O,),-1 

Ka = (Ya+)(CnO,'-)'/[Y(C*o,)aa-1 

and 7's are the various activity coefficients (taken as 
unity). The -log (Y)Mtsl vs. -log ac,04-: curve re- 
sembles those obtained for cerium(III), neodymium- 
(111), and ytterbium(II1). A significant feature is that 
yttrium(II1) forms a trisoxalato complex, as also does 
cerium(III), but not neodymium(II1) and ytterbium- 
(111). This may be explained as due to the relatively 
smaller size of the Ys+ ion as compared to the rare earth 
ions. 

Studies of the solubility of antimony(II1) oxide in 

6.0 5.0 4.0 3.0 2.0 
-100 acz0i 

FIQ. 8. Total yttrium concentration in buffered oxalate S O ~ U -  

tions (Feibush, Rowley, and Gordon (137)). 

solutions containing oxalate-bioxalate indicate an oxa- 
lato complex of antimony(II1) (308) : 

SbO+ + 2HC104- Sb(G0,)r- + HnO 

K = 6.23 X 10' (25°C.) 

From the experimental K values a t  25O, 2 7 O ,  and 3OoC., 
AFO, A H o ,  and ASo are calculated as 17 kcal. mole-', 
Bo kcal. mole-', and 142 e.u., respectively. The high 
positive value for ASo is attributed to chelation and 
the cotjrdination number for antimony(II1) in Sb- 
(CzOJl- is reported as 4. Since the 4d and 5.9 levels are 
filled in antimony(III), it is surmised that the three 5p 
orbitals and one 5d orbital are involved in bond forma- 
tion of the pad type (cf, tellurium(1V) chloride), re- 
sulting in weak bonds. Thie can be seen in the strong 
tendency of antimony(II1) complexes to hydrolym to 
antimony(II1) oxide, where the codrdination number 
for antimony(II1) is 3. The following equilibria are also 
reported in the SbnO~-oxalate system (309, 310): 

(solid phaee) 

The removal of oxalate from solution to the solid*phase 
has been observed, and the situation may well be more 
complicated than the scheme presented indicates. 

The solubility of uranyl oxalate in excess oxalate 
suggests the complex ion UO,(C,O,)2- (79, 301)vand 
in exceaa UO2+ the neutral complex (UO,C,O~)o (331). 
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Recent studies on the solubility of uranium(1V) oxalate 
(170, 171) give evidence for the equilibria: 

U(C204)dH~O)n U(CZO~)Z(HZO)~-IOH- + H + 

U(C,O4)z(HzO). F! U(Cz04)(HzO).'+ + C904'- 

The latter equilibrium is reportcd to contribute -30 
per cent to the overall proccss. It is also conrludcd that 
the ion U(Cz0,)44- is a stronger acid than Th(CzO4)4'-. 

(c) Kinetic method 
An ingenious application of reaction rates to the esti- 

mation of stability constants of MnCzOd+, R4n(C204)2-, 
and Mn(C2OJa'- has been reported as a rcsult of the 
rate studies: (1) catalytic oxidation of oxalic acid by 
chlorine in the presence of manganesc(II1) (406); (2) 
catalytic oxidation of oxalic acid by bromine in the 
presence of manganese(II1) (407); and (3) rate of dis- 
appearance of manganese(II1) in the permanganate- 
oxalate reaction (408). It was assumed that the follow- 
ing rapid equilibria were maintained between Mn8+ 
and C2Oda-, and that the oxidation of oxalate ion by 
manganese(II1) proceeded by three independent first- 
order paths: 

Mn*+ + C202- # MnCnOd+ Ki 

MnCtOc+ 4- C ~ 0 4 ~ -  F! h'fn(CaO&- K1 

hln(C~O4)r- + cdh2- Mn(Cz04)sa- Ka 

MnCpO,+ -L kl 

Mn(CIOa)2- -L kn 

Mn(CtO4):*- -L ks 

A detailed study, therefore, of the dependence on 
oxalic acid over a wide range gives sufficient data to es- 
timate the values of the various constants. The follow- 
ing are the stepwise stability constants of the oxalate 
complex estimated in this work a t  25.2OC. and ionic 
strength 2.0: 

K I  = 9.6 X 10' 

K 2  = 3.9 x 10' 

K ,  7.1 X 10' 

The large decrease in going from KI to K2 to Ka in the 
oxalato complexes of mnnganese(II1) is also observed 
with aluminum(III), gallium(III), chromium(III), and 
iron (111). 

It is interesting to note that the equilibrium constant 
for the reaction 

Mn(GO4)P F! M ~ ( C Y O ~ ) Y -  + C104'- 

estimated as 1.4 X lo-* (25.2OC., ionic strength 2) by 
the kinetic method, agrees reasonably well with the 
value 3.8 X (OOC., lower ionic strength) reported 
earlier in a spectrophotometric study (74). 

The analogous reaction 

Cr(C~04)+- # Cr(ClO4)r- + C204'- 

was involved in an isotopic exchange study, and from 
the kinctic data the equilibrium constant has been es- 
timated as 3.5 X 10-4 a t  75OC. (238). The only com- 
parable figure in the literature waa obtained from pH 
studies and is 3.4 X lo-' a t  32OC. (126). The two values 
are consistent if AH of the reaction has the reasonable 
magnitude of 20 kcal. mole-'. 

(d) Ion-exchange method 
The ion-exchange method (373-375, 377) (in certain 

cases in conjunction with radioisotopes) has been use- 
ful in identifying oxalato complexes and in determining 
their stability constants. Studies of manganese(I1) 
(257), cobalt(I1) (142, 257, 376), copper(I1) (82), 
sinc(I1) (235, 376), cadmium(I1) (235), germanium(1V) 
(133), sirconium(IV), hafnium(1V) (131), and uranium- 
(IV) (257) merit mention. 

Using Ambcrlite IRA401 in the oxalate form, the 
solution containing the copper(I1) complex was 
equilibrated a t  3OOC. for 18 hr. before analyzing for 
copper content, total oxalate, and hydrogen ion. 
Several experiments conducted in this way gave evi- 
dence for a hexacoordinatcd copper(I1) complex of the 
formula C U ( I I C ~ O ~ ) ~ ~ - ,  stable on the resin phase, and 
in solution thc well-known complex Cu(CzOJz2- (82). 

Studies of the gcrmanium(1V)-oxalate system indi- 
cate that the composition of the species depends largely 
on the pH of the solution. Below pH 3 the principal 
species is Ge(Cz04)a2- and a t  pH 3-6, GeO(Cz04)22- 
and GeOz(Cz04)2-. At pH > 7 there was no evidence 
of any sorption of complcxes on the resin (133). 

By a combination of ion-exchange method using 
Dowex-50 and the various radioisotopcs Mn6', Corn, 
Zns6, Cd1l6 1 ,  Zrg6 IIf'81, and Pa, the stability constants 
of the rcspective oxalato complexes have been deter- 
mined. These values seem to be in good agreement with 
those obtaincd by other methods (see table 11). Similar 
studies using FeK9 and Cow indicate that the iron(I1) 
oxalate complexes are more stable than the cobalt(I1) 
oxalato Complexes (128). Evidence for a pcntaoxalato 
complex M(Cz04)6e- of sirconium(1V) and hafnium(1V) 
is indicated (131). The following equilibrium constants 
were obtained for the equilibria in the U022+-oxalate 
system: 

(UOZHCEO~+)/ (UO~+)(HC~O~-)  2510 

[ UOz( HCz04)z) /( UOzHCzO4 +)( HCzOr-) = 360 

a t  25OC., pH 0.90, and ionic strength 0.16. Somewhat 
lower values for the same equilibrium constants at  
25OC. in 1 ill perchloric acid and in 2 M perchloric acid 
are ascribed to thc ionic strength effect (257). 

Stability constants of the type 
K = (MnX)/(Mn'+)(X*-) 
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Solvont 

log K 
Equilibrium Extrnntion 

where XI- is oxalato, malonate, succinate, glutarate, 
pimelatc, or nzclrtte, wcre obtained by tjhe ion-exchange 
method and showcd int,crosting dcpcndcncc on size of 
the chelate ring, as illustrated in figure 9. The grcater Ion 

Exchange 
log K 

3.0 - 

y 2.0 - 
s" 

1.0 - 

Chromium(II1). . . . . . . . . . . . . . . . . . . . .  
Iron(II1). . . . . . . . . . . . . . . . . . . . . . . .  
Oallium(II1). . . . . . . . . . . . . . . . . . . . . . .  
Aluminum(II1). .................... 

5 6 7  8 9 I O  II 12 
Chelate rlng d t e  

FIQ. 9. Stability veraus chelate ring size in manganese(I1) 
dicarboxylates: (1) oxalate, (2) malonatc, (3)  succinate, (4) 
glutarate, (5) pimelate, (0) azelate (from Li, Westfall, Linden- 
baum, White, and Schubert (257)). Ilcproduced by courtesy of 
the American Chemical Society: 

3 . 3 8  X 10-8 
1.71 X 10-8 
2 .85  X 10-8 
2.08  X 10-4 

stability in the case of five- and six-membered rings 
may well be due to an entropy effect (274). 

An interesting example is the study of the oxalato 
complexes of plutonium(III), plutonium(IV), and 
plutonium(V1) by a combination of Npectrophotometric 
(151), solubility (97, 150, 152, 154, 299, 319), ion- 
exchange (132, 153), potentiometric (299), and polaro- 
graphic (144, 345, 426) methods. 

Ion-exchange studies using KU-2 cation exchanger 
have shown that americium(II1) forms oxalato com- 
plexes of the type Am(CeOJ2-, Am(HC204)ao, and 
Am(HC204),-, and that their dissociation constants 
are 1-2 X 10-lo, 2.3 X lO-lo, and 1.0 X lo-", respec- 
tively (300). 

(e) Solven t-ex trac tion method 
The solvent-extraction method in conjunction with 

radioisotopic tracers has been widely applied to the 
study of complex-ion equilibria (86, 100, 114, 201, 356, 
357). Chloroform containing cupferron has been em- 
ployed in the study of cobalt(I1) oxalato complexes 
using Cow as the tracer (376). With zinc(II), ZnG was 
the tracer for extraction into chloroform containing 8- 
hydroxyquinoline (376). Stepwise stability constants 
for this ion determined by the solvent-extraction 
method are compared with those obtained from the ion- 
exchange method in table 10 at  25OC. and ionic strength 
0.16. 

(f) Potentiometric method 
T h e  essential details of the potentiometric method 

and its accuracy and reliability for the dctcrmination of 
the stability constants of complex compounds are well 
known (5, 48, 67, 69, 344). It has bcen applied with 
remarkable success in the study of the trisoxalato 
complexes of aluminum(III), chromium(III), iron(III), 
and gallium(I1I) (126). Experimentally, this involves 
measurement, of the pH of equilibrium mixtures of 
known quantities of the trisoxalato complex with vary- 
ing quantities of standard acid at constant temperature 
and ionic strength. From a knowledge of the KI and Kg 
of oxalic acid under the same conditions, and by the 
application of Bjerrum's method, the following Ka 
values are reported (126) : 

Decomposition by acid of these trisoxalato complexes 
does not go beyond the bisoxalato stage even in the 
presence of much acid-in the case of chromium(III), 
as high as -1 M (238). Apparently the bisoxalato com- 
plexes are very stable once they are formed (126). 
This conclusion is confirmed by recent kinetic studies of 
the acid-catalyzed aquation of the Cr(C204)2en- ion, 
where the only observed reaction is substitution of 
water for ethylenediamine (368). The decomposition of 
Al(C204)2- to AlC204+ is indicated (126), although an 
earlier study (244) failed to detect the same. But evi- 
dence for A1(C204)2- comes from many other sources- 
conductance, spectrophotometric, and thermometric 
studies (364)-and a value of has been estimated 
for the equilibrium constant (126) : 

K (A~*+)(CIOI'-)'/[AI(CIO~)~-] 

By a combination of conductance, potentiometric, and 
spectrophotometric studies of the gallium(III)-oxalate 
system it was shown that the complex ions Ga2(C204)ao, 
Ga(C204)2-, and Ga(C204)aa- occur in solution at pH 

pH titrations have enabled evaluation of the follow- 
ing stepwise equilibrium constants (427): K1 = 

1.6-7.4 (365). 
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lO4.10*0.1OJ Ka = 10a.'Jb*o.lo, and Ks = 1 0 ~ ~ * ~ * o ~ l o ,  where values are reported for the equilibrium 

KI (NiCn04)/(Ni*+)(C*0,'-) Mg'+ -/- C1Ot*- = MgCaO? 

KI = [ N i( CtO4)n' -1 /( NiCa01)( C204' -1 These are 2.55 (68), 2.65 (338), and 2.76 (2OOC.) (387) 
a t  ionic strengths 0.2, 0.07, and 0.10, respectively. 

Studies of the thorium(IV)-oxalate system indicate 
From similar pH measurements, three agreeing log K Th(CzOl)'- with a high order.of stability- (see table 11). 

TABLE 11 
Stability conatants of oralato complexes 

-~ 

Oxalato Complex 

Mn(Ci0c) . . . . I 

Fe(C:O,)+. . . . I .  

Yb(CYO4) +. . , . I . .  

Ag(C:Oc) -. , . . . . . . . . . . , . . . . 
TI( GO,) -. . . . . . . . . . 
TiO(C:O,) -. . . . . . . . I . . . . . . . 

Ce(C:Od): -. . . . . . . . . . . . . . . . 

Co(C&<):'-. . . , . . I . . . . . . . . * 
Ni(C:Od)::-. . . . . . . . . . . , . . . . . 
Cu(C:Od)r:-. . . * . . . . , . . . . . . . . 

Zn(C:O&:-. , , . , . . . . . . I . . . . . 

Cd(C:Od)iy-. . . . . , . . . . . . . , . .  

Pb(C:Odi'-. . . . . . , .  . . I . .  . . . 
VO( C:O,)t' - . . I , . . . . . . . . . . * . 
AI(Cr06):' - .  . . . . . . I . , I . . . . . . 
Mn(&Od)a:-. . . . . . . . . . . . . . . . 
Fe(C:04)1:-. , . . . . . . . . . . . . . . I 

Co(C:O,) a' - . . . . . . . . . . . . . . . . . 
Y(C:O,)l:-. . . . . , . . . . . . , . . . . 
Ce(C:Od)al -. , , . . . . . . . . . . . . . . 
Nd(CiO,)a'-. . . . . . . . . . . . . . . . 

' Yb(C:O,)1*-. s.............. 

Co(ClO,)a~-. . . . . . . . . . . . . . . . . 
Ni( C:O$I' -. . . . . , . . . , . . . . . . . 
Zn(CtO~)id-. . . . . . . . . . . . . . . . . 
Fe(C:03:'-. . . . . . . . . . . . . . . . . 
Th(C:03,'-. . . . . . . . . . . . . . . . 

Log K 

7.25 
9.98 
0.4 
0.62 
0.62 
6.04 
7.21 
7.30 

4 
9.41 
2.03 
1.96 
2.05 
13.0 
13.0 
0 . 0  
10.67 
10.2 
10.10 
0.79 
10.48 
11.51 
11.89 

4.38 
6.25 
0.67 
4.62 
4.6 
0.7 
0.65 
0.61 
12.30 
8.3 
10.32 
7.48 
7.30 
7.04 
7.11 
6.77 
6.06 
6.04 
0.64 
0.70 
10.3 
0.08 
10.42 
21.0 
23.9 

-e-7 

20. a 
1'1.9~ 

-20 
11.47 
11.30 

>14 
> 14 

9.7 
8.13 

8. 61 
8.16 

6.22 
24.48 

-14 

Temperature 

C. 

26 

25 
26 

26 
26 
18 
26 
26 
18 

- 
- 

- 

a3 - 
- 
32 
26 

26 
26 
26 
25 

- 

a6 - 
25 
25 

26 

I 6  

- 
- 
- 

a6 - 
18 

-20 - 
a5 
26 

26 
26 

20 

- 
- 
- - 

32 
26 - - - 
26 

26 

26 
24 

-18 

18 
25 

-18 

26 

- 
a6 

- 

- 

Conditions 
P 

Method 

Spectrophotometric 
Kinetlo 
Potentiometrio 
Solubility 
Bolubility 
Solubility 
Solubility 
Solubility 
Electrical conduotsnce 
Potentiometrio 
Potantiometrio 
Potentiometrio 
spectrophotometric 
Spectrophotometric 
Potentiometrio 
Potentiometric 
Kinetic 
Potentiometrio 
8olubility 
Solubility 
Bolubility 
Solubility 
Solubility 

Solubility 
Solubility 
Polaromaphio 
Bolubiiity 
Polarographic 
Solubility 
Ion exchange 
BoluMlity 
Polarographic 
Potentiometrio 
Polsrographio 

Bolubility 
Boluhility 
Ion exchange 
Bolubility 
solubility 
Ion exahange 
Solubility 
Spectrophotometric 
Potentiometrio 
Pobntiometrio 
Kinetlo 
Polsrographio 
Polarographio 
Potentiometrio 
Solubility 

Solubility 
Bolubility 
Solubility 
Bolubility 
Potmgraphio 
Ion exahange 
Polarographlo 
Potentiometrio 
Bolubility 

Bolubility 
Potentiometrio 

- 

- 

- 
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TABLE 11 (Continued) 

Oxrlato Complex 

VOIHYC:OI~+, I I I I I I . . I ,  . I . . 
UOl(ClO4)r~ - I I I . * I . , I I I , , * . . 
NpOi(C10d - .  . . . . . . . . . . . . . . .  
NpO:(CiOh'-. I . . I I I , . . I . , . 
Pu(Cr0~) l -  . . . . . . . . . . . . . . . . . .  

Pu(Cy04)1:-. . . . . . . . . . . . . . . . . .  

Pu(C,O,)4'-. . . . . . . . . . . . . . . . . .  

Pu(HCiO4)4-. . . . . . . . . . . . . . . . .  
Pu(C10,)I +. . . . . . . . . . . . . . . . . .  
Pu( ClOdI' -. . . . . . . . . . . . . . . . . .  
Pu(C104)44-. . . . . . . . . . . . . . . . . .  
PUOl(ClO4),~ -. . . . . . . . . . . . . . . .  
Am(CtO4)r -. . . . . . . . . . . . . . . . . .  
Am (HCZO,)~ - ,  . . . . . . . . . . . . . . .  

Loa R 
- 

2 . 5 7  

10.67 

3 . 3 0  
3 . 7 8  
7 .04  
8 . 3 1  
8 . 1 5  
8 . 2 6  
8 . 3 8  

8. BO 
8 . Q 2  

11.02  
10.80 

2 3 , 4 0  

10.08 

8 . 7 6  

27 .48  
2 7 . 4 8  
11 .4  
9 . 8  

11.0 

Conditionn Temperattire 
P 

of?. 
a6 

aa 
- - 
70 
ao - 
70 
20 
25 
70 
20 
26 

20 
20 
25 
20 

- 

- 
- 
- 

Method 

Bpeatrophotometrio, 
potentlomatdo 

Bpsatrophotomatrlo, 
potsntlomstrlo 

Bpsatrophotometrla 
Bpaotrophotometrio 
Bolubility 
Solubility 
Ion erohange 
Solubility 
Solubility 
Polaroaraphio 
Solubility 
Solubility 
Polarogrrphio 
Ion exohsnge 
Solubility 
Solubility 
Polarographio 
Solubility 
Solubility 
Ion exohsnge 
Ion exohange 

Referenoen 

P = ionic strcnsth: '0 = approaching ZOIO p;  K refers to cumulative or gram atability oonstants: M + nL - MLn. 

However, a hydrolytic reaction of the type 
2H20 + M(Cz04)4'- = M(CzO4)a(HzO)(OH)'- + HCs04- + H C  

seems to be a gencral feature for the tetraoxalates of 
thorium(IV), uranium(IV), eirconium(IV), and haf- 
nium(1V) (214). A low pH is therefore preferred when 
the tetraoxalates are being prepared. One of the insol- 
uble products of the complete hydrolysis of K4Th (Cz04)~ 
has been identified as KzThz(Cz04)8, and it is very likely 
that the following equilibrium may be present along 
with complet,e or partial dissociation to free Th4+ ion 
(54) : 

2Th(CzOd)r'- Thz(Cz04)6'- + 3C104'- 

Similar potentiometric measurements made while 
adding oxalate ion to the zirconyl ion indicate the for- 
mation of di-, tetra-, hexa-, and octaoxalatozirconium- 
(IV) complexes (52, 295). 

(g) Polarographic method 
Investigation of inorganic complex ions by the polaro- 

graphic method has been reviewed earlier (149, 259). 
Titanium(II1) and titanium(1V) yield (327) reversible 
polarographic waves in oxalic acid solutions at  pH < 3. 
The E112 in volts vs. the standard calomel electrode is 
expressed as : 

El/* = -0.25 - 0.080 pH + 0.020 l o g [ H G O ~ ]  

being independent of titanium concentration. The elec- 
trode reaction can be written as: 

TiO(Ca04)P  + 2H+ + e- = Ti(Cz04)2- + HzO 

and the Elp, extrapolated to 1 M oxalic acid and pH 0, 
is -0.25 v. vs. the standard calomel electrode or 0 v. 

vs. the stxmdard hydrogen electrode (cf. E" for Ti*+- 
Ti02+ ca. -0.04 v. vs. the standard hydrogen elec- 
trode). The slight shift of 0.04 v. shows that the sta- 
bility constants of TiO(CzO&2- and Ti(C2Ol)a- are not 
very different from each other, although no absolute 
values were obtained in this study. However, in the 
same paper, some spectrophotometric measurements on 
the yellow titmiium(II1) oxalato complex at  390 mp 
are reported which indicate the formula Ti (C~04)~  -. 

Some new spectrophotometric and conductometric 
studies (398) on the TiOCzOd- ion give a value of 
2.161 X lo-* for the stability constant at 23OC. The 
colorless titanium(1V) oxalato complexes have also 
been studied rccently (25) by measurement of the opti- 
cal density of the solutions in the ultraviolet region. 
At pH 6 1 the main species is TiOC20ro (Kdiss. = 2.5 
X lo-'), and as the pH increases TiO(C204)22- (Kdial. 

= 5 X forms. Titanium is not precipitated as 
the hydroxide in oxalate media at pH's below 5. 

Studies on the polarographic characteristics of 
vanadium(II), vanadium(III), vanadium(IV), and 
vanadium(V) in oxalate media enabled partial identi- 
fication of the oxalato complexes. The variations of the 
observed Ell2 with oxalate concentration in the vana- 
dium(II),(III)-oxalate system indicate the couple: 

V ( C ~ O C ) ; - ~ ~  + e- = 2C2o4*- + v(c~o~):T~P 

with an Eu value of -0.89 v. vs. the standard hydrogen 
electrode in solutions of pH -4.5 (261). Vanadium(1V) 
has been reported to form a complex with the HC204- 
ion (456) (see Section III,C,l,(a)). 

Extensive investigation of the iron(II),(III)-oxalate 
system (259, 260, 366, 394, 416) offers conclusive evi- 
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dence for the ions Fe(C*04)z2-, Fe(Cz04)a4-, and Fe- 
(Cz04)aa- (see table l l  for the stability conat,ants). 

Polarographic study of the coppcr(I1)-oxalate sys- 
tem resulted in new thermodynamic data (286) for 
several polynuclear basic oxalato complexe8 of copper- 
(11) such as [CU~(OH)~(CZO~) lo. The standard potential 
for the half-cell reaction, 

c u  + 2Cdh'- = cu(c&4)**- + 2e- 

is -0.04 v. The stability constant for Cu(C20,)P is 
listed in table 11. 

Polarographic and spectrophotometric data on the 
oxalato complexes of niobium and tantalum in aqueous 
solutions indicate the existence of +3 and +4 oxidation 
states of these elements, posaibly as their oxalato com- 
plexes (130). 

The ion Pb(C104)z2- is reported to be stable in 
aqueous solution (288) at pH 7.4-10.7, and the Elis 
value of -0.581 f 0.002 v. agrees well with the value 
calculated from the dissociation constant determined 
earlier by the solubility method (231). At pH -12, a 
basic oxalate of the formula 3Pb(OH)z*PbCz04 pre- 
cipitates from oxalate solutions (0.05 M ) .  The reaction 
is : 

4HPbOz- + 4HzO + cs04'- = 3Pb(OH)s*PbC(O4 + OOH- 

The equilibrium constant for this reaction is given as 
1.9 X 10' (288). 

(h) Other methods 

Abnormally low Am values were observed in 8ome 
early studies of solubility and e2ectricaZ condwtunce of 
systems containing oxalate and magnesium(I1) , man- 
ganese(II), cobalt(II), nickel(II), ainc(II), and cad- 
mium(I1) (372) and were explained in terms of com- 
plex formation. The conductance method (189, 237, 
274) has been applied to the detection of the complex 
ions Cr(Cz04)z(HzO)n- and Cr(CaOd)(HzO)4+ (385). 
Conductance studies on mixtures of Na2Mo04 and 
Na2Cz04 at pH 7.64-8.50 indicate the presence of 
MOO~(CZO~)Z~- (339, 340), but this has been questioned 
recently because of observations on the same system 
which indicate only a 1 : 1 complex between molybdate- 
(VI) and oxalate (382, 404) (see also Section III,C,l,- 

,!i',?ectrophoresis has been employed to demonstrate 
the presence of the oxalato complex of magnesium(I1) 
(297), but no quantitative determination of the sta- 
bility constant was made or claimed. However, the 
relative tendency of magnesium(I1) to form complexes 
with carboxylate ions was determined aa oxalate > 
citrate > tartrate. 
By a i Y w " e t r i c  titration procedure (55) using 

fairly concentrated solutions of thorium(1V) nitrate and 
potassium oxalate, which give an appreciable rise in 
temperature on mixing, observations were made which 

(a)). 

indicate complexes of the types Th(CzOc)2-, Th- 
(CzO&'-, and Thz(Cn04)s2-, Data in the same paper 
on the depression of the freezing point of mixtures of 
thorium(1V) nitrate and potassium oxalate and on 
the results of a cryoscopic titration confirm the complex 
ions Th(CzO4)a'- and Th(Cz04)r4-. 

Several zirconium oxalato complexes have been re- 
ported in a systematic study of the phases which separate 
on mixing ZrOC20d, M2C204, and H20 at  various tem- 
peratures; these have been reviewed in a textbook (52). 

Study of complex formation in solutions by the pro- 
ton magnetic resonance method has been discussed 
recently (351). Data are given for Fe(C204)P, includ- 
ing a description of a method for determining the sta- 
bility constant. 

Using certain displacement reactions a method ha0 
been developed for obtaining the stability constanta of 
FeCz04+, Fe(CzOJz-, and Fe(CzOJs*- (20, 21). The 
decrease in intensity of the colored complexes FeSCNs+ 
and Fe-salicylatez+ in the presence of the oxalate ion is 
stated to result from the reactions: 

FeSCNa+ + HCZ0,- = FeCz04+ + HSCN 

Fe-sal*+ + HCnO4- = FeC104~ 4- &ml 

These can be followed spectrophotometrically, and 
from a knowledge of the stability constants of the 
FeSCNZ+ and Fe-salz+ complexes it has been possible 
to calculate the stability constant for FeCzO4+. At 
pH 61 FeCz04f is the main species. At pH 2.5 Fe- 
(C504)*- predominates, and a t  a higher pH and in the 
presence of excess oxalate the main species is the 
Fe(CzO&*- ion. The dissociation constant for the ion 
FeCz04+ determined by the study is 2.2 X lo-"; this 
is in fair agreement with the independently obtained 
value of 0.7 X from optical densities in the ultra- 
violet region of isomolar solutions containing iron(II1) 
perchlorate and oxalic acid at different acidities. The 
stepwise dissociation constants for Fe(G04)~- and 
Fe(Cz04)a8- obtained in the equilibrium study above 
were 1.6 X lod and 5 X lo-*, respectively. 

&. Slability-constant dah 

The stability-constant data are shown in table 11. 
No quantitative general conclusions can be drawn, 
although a marked decrease in the stability constant is 
noticeable for all the tripositive metal oxalato com- 
plexes: M(C204)aa-, M(CzO&-, and MC104+. Qualits- 
tive predictions regarding the stability of the complex 
and the number of d electrons in the first transitional 
series apparently can be made for the oxalato com- 
plexes of manganese(I1) , iron(I1) , cobalt(II), nickel- 
(11), copper(II), and ainc(I1). Thus, in M(GOJ8- the 
stability increases in the order iron(II), cobalt(II), and 
nickel(I1) (see table l l ) ,  as predicted earlier (173). 

The complexes of the alkaline earth metals show an 
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increasing trend in stability with increasing charge2/ 
radius ratio : 

Complex 

3.43  (998) 
-3 (246) 

2.64 (296, 371) 
4 . 3  (296) 

IM(CrOOr*-] 
(MCaO@) (C104' -1 RI - 

MS(Ca0d)a' - . I , . . . . . . . . 
Ce(CrO4)r' - , , . . . . . . . . . 
Ba(CiOd)r*-, . . . . . . , . .  . 
ar(c104)r~ - , . . . . . . . . . . . 

In  the absence of more comprehensive and reliable 
data on the stability constants of the oxalato com- 
plexes, any other correlations would be only speculative 
and qualitative. 

D. REACTIONS AND REACTION KINETICS 

Since in oxalato Complexes the linkage between the 
ligand and the metal is via oxygen atoms, studies of 
reaction kinetics yield substantial data on the general 
nature of this M-0 coordinate bond. In this section 
are discussed the kinetics of the various types of reac- 
tions undergone by oxalato complexes which are per- 
tinent to this purpose. 

1. Isomerization processes 
Two independent studies (98, 184) on the kinetics of 

the trans-cis isomerization of Cr(C204)2(Hs0)2- have 
been made, using a spectrophotometric method (176, 
225). At 415 mp the cis form absorbs considerably more 
(see table 2) than the trans form and the kinetics show 
that the rate of the trans-cis conversion is first order 
with respect to the concentration of the Cr(C~04)p 
(13zO)z- ion, independent of added hydrogen ion (pH 
1.854.28), and slightly dependent on the ionic strength. 
The free energy, enthalpy, and entropy of activation are 
22.1 kcal. mole-', 17.5 kcal. mole-', and -15.3 e.u., 
respectively. The proposed mechanism involves an in- 
termediate with three molecules of water present in the 
chromium octahedron : 

ki kr 

ki k& 
tram + HnO [intermediate] i=t cie + Ha0 

This mechanism explains not only the trans-cis isom- 
erization of Cr(C204)2(H20)2- but also the exchange 
of HzO for C1 in the CrCl2(H20)4- ion, as evidenced by 
the almost identical A# value of -16.3 e.u. for the 
latter reaction (188). A reasonable assumption is that 
ka and ka >> kl >> k,, which is consistent with the high 
negative entropy of activation (184). 

Recently it has been shown (369) that below pH 2 an 
acid-catalyzed reaction contributes to the rate ac- 
cording to the law 

Rate = (kl + k2(tI+)l,s)(complex) 

No explanation of the apparent 1.5 power for the de- 

pendence on hydrogen-ion concentration has been 
proposed as yet, but over a limited range this may 
simply be a combination of first- and second-order ef- 
fects, as found for the aquat>ion of Cr(C~04),~- in acid 
solution (238). 

Similar studies on the kinetics of trans-cis isomeriza- 
tion in other systems would be interest!ing in under- 
standing the role of solvent water and of (H+) in the 
mechanism. Although no kinetic study has been made 
on the Mn(Cz04)2(H20)2- ion, two crystalline solids of 
the same composition, KMn(C20&(H~0)2.3H20, a 
golden yellow and a green form, have been isolated 
(74). Spectral evidence makes it likely that the yellow 
form is the cis isomer and the green form the trans 
isomer, and it is assumed that in solution, a rapid 
equilibrium between the cis and trans isomers is es- 
tablished. The M~(CZO~)Z(HZO)~-  ion i R ,  however, less 
stable than Cr(Cz04)2(HzO)z-. While the corresponding 
bisoxalatodiaquo compounds of iron(II1) (429), indium- 
(111) (292), and iridium(II1) (1 18) have been reported, 
no attempt has been made to separate the cis and trans 
isomers. 

2. Optical activity and kinetics of racemization 
Werner was the first to demonstrate the feasibility of 

resolving an oxalato complex when he succeeded in 
preparing the optical antipodes of K ~ C ~ ( C Z O ~ ) ~  by 
fractional crystallization of the active strychnine 
derivatives (436). Since that time, more studies have 
been made of methods of resolution and kinetics of 
racemization of oxalato complexes than of any other 
specific class of coordination compounds. Much of this 
work has been recently reviewed in detail in two text- 
books (27, 39). Several methods of resolution have been 
successful with the oxalato complexes other than the 
diastereoisomer technique already mentioned, and in- 
clude spontaneous crystallization of antipodes (204), 
preferential crystallization (440), and the "method of 
active racemates" (106). A further interesting possi- 
bility is the hitherto unconfirmed use of the selective 
decomposition of a photosensitive complex by means of 
circularly polarized light, which has been reported to 
result in the partial resolution of I<aCo(C104)3 (419). 
It now appears certain that for complexes of the type 
M(C204)aZ- only the nonlabile species with M = 
chromium(III), cobalt(III), germanium(IV), iridium- 
(111), or rhodium(II1) are resolvable, while the labile 
complexes with M = aluminum(III), manganese(III), 
iron(III), or gallium(II1) are not, despite some uncon- 
firmed contrary claims (39). Other resolvable species 
include K[Cr(en) (CzO4)z], [Cr(en)GO4 JC1, [Co(en),- 
C~041C1, and Ka[Ir(Cz04)~C1~]. 

The most widely studied oxalato complex ion is 
Cr(C204)3a-. Its racemization rate is first order in com- 
plex concentration and is markedly accelerated by 
acid, alkali, or inert salts (43). Anions ot)her than OH- 
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have little effect on tho rate, as expected for an anionic 
complex. Cations, however, show marked specific ac- 
celerating effects, the effect increasing with concentra- 
tion of a given ion and being greatest for multicharged 
ions. Similar cationic acceleration has been observed 
for Co(Cz04)aa- and [Cr(en)(CzO&]- but is of much 
smaller magnitude (66). The act’ivation energy for the 
racemization of Cr(C204)33- in water has been given 
widely divergent values, but the recently reported 
figure of 13.3 kcal. mole-’ appears to be the most, reli- 
able (379). These latter workers also investigated the 
effect of solvent, composition on the rate of racemiza- 
tion. They confirmed earlier reports (66, 436) of de- 
crease in rate with increasing proportion of acetone in 
acetone-water mixtures, and extended the study to 
include methanol, ethanol, l-propanol, 2-propanol, and 
dioxane, with similar results. No definite correlations 
were established. 

There has been much speculation concerning the 
mechanism of racemization of the resolvable trisoxalato 
complexes. Early isotopic tracer studies (265, 266) es- 
tablished that oxalate exchange with the chromium- 
(111) and cobalt(II1) analogs is much slower than 
racemization, ruling out any complete parallelism be- 
tween the mechanisms of the two processes. 

A recent detailed study of the Cr(Cz04)33--Ci02- 
exchange reaction in aqueous solution (166) showed that 
the racemization is about 2000 times as fast as the ex- 
change under similar conditions. Further insight into 
the mechanism of the racemization is offered by the 
work of Carter and Llewellyn (71), who studied 01* 
exchange between Cr(C204)38- and labeled solvent 
water. This process is acid-catalyzed and occurs a t  a 
rate slower than but within an order of magnitude of 
the racemization rate under comparable conditions. 
The mechanism suggested for oxygen exchange is a 
rapid one-ended dissociative equilibration of coordi- 
nated oxalate, accompanied by a slower exchange of 
oxygen atoms with the solvent through a hydrated 
ortho-oxalate intermediate, viz. 

Cr(Cz0,)as- + C ~ ( C Z O ~ ) Z O C Z O P  ( i )  

Cr(Cz04)aOCn08~- + H20* ~t C ~ ( C S ~ ~ ) ~ ~ - C - C - O H  (ii) [ 0 0  II tH] 
Step (i) can account for the very rapid rate of racemiza- 
tion if i t  is assumed that intramolecular inversion of 
configuration occurs easily for the monodentate inter- 
mediate. Further support of this type of interpretation 
is offered by recent work (238) on the acid-catalyzed 
aqiiation of Cr(Cz04)as-, in which studies of the solvent 
deuterium isotope effect provided strong support for a 
rapid preequilibratioii step of the form: 

C r ( C ~ 0 ~ ) ~ a -  + HaO+ Ft C ~ ( C I O ~ ) Z ~ O C I O ~ H ~ H Z O * -  (iii) 

This reaction can accommodate both racemization and 
oxygen exchange in a manner similar to that outlined 
above and has the advantage of explaining the observed 
acid catalysis of both these processes. The cationic 
catalysis and organic solvent effect mentjioned earlier 
also can be fitted reasonably, if qualitatively, into t’his 
picture, since reaction (iii) would be expected to be ac- 
celerated by high ionic strength and decelerated by re- 
duction of water concentration. The recently observed 
photoracemization of Cr(C20,),a- (8) also conforms to 
these general views if it is assumed that the main chemi- 
cal result, of the photoactivation is breakage of one 
Cr-0 bond, as in reaction (i). 

It is of interest that the mechanism of loss of optical 
activity of the ion Co(en)zCzO,+ bears little or no 
resemblance to that of the trisoxalato species. A recent 
study (289) shows that the reaction becomes measur- 
able in the presence of alkali a t  elevated temperatures, 
that it is in fact, a decomposition, as suggested by 
earlier work (66)) and that it proceeds according to the 
mechanism: 

Co(en)ZC20(+ + OH- F! 
Co(en)tOCzOa OH (rate determining) (iv) 

cis-Co(en)z(OH)z+ F! truns-Co(en)2(0H)z+ (fast) (vi)  

It may be that reactions (iv) and (v) amount only to a 
mutarotation, brit complete loss of activity results 
from reaction (vi) in any case. Confirmation of this 
mechanism is afforded by the fact that the kinetic 
characteristics of the base-catalyzed oxalate exchange 
(studied by means of Ci40,2-) and of the spectrophoto- 
metrically observed decomposition reaction are identi- 
cal with those of the “racemization.” The contrast be- 
tween the behavior of CoenzCz04+ and that of the 
trisoxalato complex may possibly be ascribed to the 
existence of strong N-H-0 hydrogen bonding in the 
former, as suggested in recent deuterium-exchange 
studies (38, 51, 250). 

Finally, it should be noted that a few measurements 
of optical rotatory dispersion have been made on the 
trisoxalato complexes. Jaeger (204) obtained the curves 
for the chromium(III), cobalt(III), rhodium(III), and 
iridium(II1) analogs and noted their similarities. Later 
workers (213) reinvestigated the cobaltiate and in- 
terpreted their dat.a in terms of Kuhn’s theory of optical 
rotatory dispersion (241), which has been recently 
reviewed (239). 

A discussion has also appeared concerning the use of 
data on optical rotatory dispersion in the determination 
of the absolute configuration of the Co(Cz04)2- ion 
(240, 242). Further work in this field should prove 
quite fruitful. 
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MnCr01+ ......................................... 
Mn(CrO4)l- ....................................... 
Mn(Ct01)r'- ...................................... 
CO(c104)1'- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Rh(ClOc)a*-. ..................................... 

3. Ligand Substitution and exchange reactions 
Ligand substitution and exchange reactions have 

been recently reviewed in two textbooks both as regards 
general properties of octahedral and square planar com- 
plexes (39) and more specifically as regards the com- 
plexw of the transition metals (396). The two important 
types of substitution reactions with reference to the 
oxalato complexes are (a) reactions in which osalate 
is the leaving group and (b)  reactions in which oxa2ate 
is the entering group. Isotopic exchange reactions using 
labeled oxalate are treated separately as subsection (c), 
since the oxalate can be visualized as both entering and 
leaving the complex with one or more steps involved. 

(a) Reactions in which oxalate is the leaving group 

The most common in this type are those involving 
replacement of oxalate by the solvent itself, usually 
water molecules. For example, the kinetics of aquation 
of the ion have been studied as a function 
of complex-ion concentration, acidity, added oxalic 
acid, temperature, and DzO solvent composition using 
a spectrophotometric method (238). The mechanism 
proposed was : 

Cr( Cz04)aa- + Ha0 + d' Cr( Ca04)z OCzOaH Hz0'- 

Cr( CzO,)z * OCzOaH HzO*- + Ha0 F? 
Cr(CzOh(Hz0)o- + HC104- 

Cr(C,Ol)Z.OCzO,H.HzOa- 4- Ha0 + F !  
Cr(CzOddHz0)z- + HoCz04 

The above mechanism is consistent with the observed 
rate law: 
-d[Cr(c~O&~--] /dt = k'(HsO+)[Cr(C104)aa-] + 

k'(H,O+)*[Cr(CnOl)r*-] 

The mixed order with respect to the HaO+ ion is in- 
terpreted in terms of a rapid preequilibration of com- 
plex with one proton, followed by parallel rate-deter- 
mining reaction paths involving either noncatalyzed or 
acid-catalyzed displacement of oxalate. Experiments 
in H20/Da0 solvent mixtures showed that the rate of 
aquation increased as a function of the deuterium- 
atom fraction, in agreement with the Gross-Butler 
equation (157, 337) (see table 12). The calculated 

11.8 
4.6 X 10-9 
2.1 x 10-1 
4.3 x lo-' 
41.6 

TABLE 12 

Solvent deuterium isotope eflect on the aquation of Cr(CzO,)sa- 
Data from Kriehnamurty and Hams (238) 

26 
26 
26 
26 
80 

0.00 
0.20 
0.49 
0.01 
1 .oo 

18.3 

22.4 
34 

- 

- 

k e l p .  

I.C. -1 

x 10' 
6 . 8  
7.7 
10.1 
10.0 
17.V 

k n / k E  I k n / b  
(Calculated) (Observed) 

1.00 
1.13 
1.49 
2.88 
2 . 6 2  

I 

1 .oo 
1.24 
1.62  
2.38 

(2.62) 

* Oraphically extrapolated value. 

k J k ~  ratio was obtained from Purlee's modified Gross- 
Butler equation, using his tabulation of values for the 
&'(n) function and the equilibrium constant L at  5OOC. 
The good agreement between the observed and calcu- 
lated values for kJkH can be taken as strong support 
for the mechanism of general acid catalysis : 

S + H +  e SH+; S H +  .-* products 

with the second step rate-determining but not subject 
to isotope effect (444). This is exactly the type of 
mechanism proposed for the acid-catalyzed aquation of 
Cr ( C204) a3 -. 

The analogous acid-catalyzed aquation of Rh- 
(C2O4)aa- is markedly different, however. Aquation is 
very slow at  room temperature. The half-time is of the 
order of 1 hr. at 80°C. in 1 M perchloric acid (36). 
(Under these conditions aquation of Cr(C20r)3a- is 
complete in a few seconds.) The rate is found to be first 
order in concentration of Rh(C20&a- ion. It is near 
first order in (H+) ion at low acidities but at higher 
(HC104) the order increases with increasing concen- 
tration of perchloric acid, somewhat after the fashion 
of cases where Hammett's H function applies. Com- 
plete interpretation of this work has not yet been made. 

A summary of the data on several aquation reactions 
is presented in table 13. It can be pointed out in the 
case of manganese(II1) oxalato complexes that the 
tendency to undergo aquation decreases with increasing 
number of ligands attached to the central metal ion. 
This is in direct contrast to the chromium(II1) and 
rhodium(II1) complexes, where only the trisoxalato 

TABLE 13 
Rates of aquation of oxahto complexes 

Oxalato Complex I k 

min. -1 

....................................... 3.9 X 10-1 Cr(Cr04)ac- I 
Temperature I L o t .  

ked. mole-1 
60 

I la 
aa 

a . u  
- 15 

-37 

-2 

-1 
- 

ao - 
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[Cu(Cs04)en10. . . . . . . . . . .  
INi(C:OdenIo. . . . . . . . . . .  
[Ni(C:Oa)en:P. . . . . . . . . . .  
[Ni(C:O4)tonl:-. ......... 

AND GORDON M. HARRIS 

15.44 f 0.14 
11.28 * 0.10 
16.15 f 0.06 
13.02 f 0.08 

form aquates a t  the measurable rate under moderate 
conditions (36, 238). 

Equilibrium studies by the fipectrophotometric 
method confirm the existence of mixed complexes of the 
type: [Cu(CaOa)en lo (107), [Ni(CzO*)en lo, [Ni(C204)- 
enzJ0, and [Ni(C2O4)sn]2- (427). Thcse are formed as a 
result of the substitutions: 

Cu(C204)P + en a [Cu(C~O4)en]" + C104~- 

Ni(CzO&P- + en F! [Ni(C204)en]0 + CZOP- 

Ni(CzO4)a'- + en [Ni(GO4)zenIB- 4- c204'- 

Neither the rate of oxalate elimination or a plausible 
mechanism for the formation of the mixed complexes 
cited above is presently known. However, in the same 
studies, the overall stability constants of the mixed 
complexes in terms of equilibria with the aquo metal 
ion, the oxalate ion, and ethylenediamine are given pre- 
cisely and are listed in table 14. 

Reaction k Temperature AH 

kca2. mole - 2  86C. -1 O C .  

Cr(H:O)e'+ + C:Od:-. ........................... 2.82 x lo-' 25 23.2 
Cr(C:Od(H:O),+ + C:Oc'-. ...................... a.io x io-' 25 23.7 
Cr(C:O~)r(H:O):- + CiOdfi-. ..................... 1.05 X IO-' 40 22.6 

TABLE 14 

Stability constants of mixed oxalato complexes 

AS: Reference 

6.U. 

7.5 (185) 
4.4 ( 185) 

-4.2* (187) 

hfixed 
Complex Log K Conditions 

1 M NaNOa, 26% 
1 M KNO:, 25'C. 
1 M KNOa, 26'C. 
1 M KNOI, 26OC. 

(b) Reactions in which oxalate is the entering group 

Several reactions which form oxalato complexes may 
be treated as substitution reactions in which the oxalate 
group enters the coordination sphere of an aquo metal 
ion or replaces mother ligand: 
M( HzO):" - M( HzO),-a( GO,) + m - l  - 
or 

M( H,O),A(CBOI) +'-' - 
M( HzO)sLp - M( HzO),L,A( CZO~)  +"-* - 

The successive substitutions generally take place in 
steps that are identifiable, as in the case of hlniil- 
oxalate and Cr(HzO)6a +-oxalate systems, which have 
been extensively investigated. Whereas equilibrium 
studies indicate the stability of t,he species, rate data 
enable postulation of a reasonable mechanism for the 
substitution process, as illustrated below. 

The manganese(II1) oxalato complexes have been 

the subject of several types of investigations: prepara- 
tive studies (73), equilibrium studies (74), rate studies 
(120, 121), oxidation-reduction studies (405, 406, 408), 
as intermediates in the permanganate-oxalic acid reac- 
tions (252-254, 258), and isotopic exchange studies (6, 
336). Various features of these studies have recently 
been thoroughly reviewed (246). 

The kinetics of the reaction between Cr(H,O)eaf and 
CZ02- have been followed by polarographic, conducto- 
metric (185), and spectrophotometric (187) methods. 
The following tentative mechanism consistent with rate 
data has been suggested for the oxalate chelation reac- 
tions. The additional observation that the rate of addi- 
tion of acetate ion to chromium(II1) is nearly the same 
as the rate of addition of oxalate ion shows that the 
slow step must be breakage of a Cr-OH2 or formation 
of a Cr-0 bond rather than completion of the chelate 
ring (186). 

Cr(Hz0)2+ + CZOP- - Cr(C~04)(HzO)s+ (rapid?) 

Cr( C204)( H20)s + + Cr( God)( HZO),(OII)~ + €1 + 

( K  = 1.0 x lo-) 

Cr(C20d H20)dOH)O - - - o  Cr( CzO4)( Hz0 )a(OH (slow) 

Cr(C204)(H20)3(0H)O + H + * Cr(Cz04)(H~O)r + 

Cr( CzOJ(HzO), + -+ Cr(CzO&( H20)3- (rapid) 
clod'- 

kt C ~ ( C ~ O ~ ) Z ( H ~ O ) I -  1 -  Cr(C~04)dHzO)z- (elow) 

The third chelation step to form Cr(C204)a'- appears 
to proceed in the same way, and the rate is found to be 
independent of pH over the range 4.0-9.3 (187). A 
summary of rate data is presented in table 15. 

Substitution of oxalate in Irans-Pt(NHa)zCIa has 
been studied recently. At 25OC., 5 X lod4 M in com- 
plex ion, and 0.01 M in oxalate ion, the rate constant 
is 4.8 X lo-* min.-' All other conditions being the 
same, the rate constant is found to nearly double if the 
oxalate-ion concentration is doubled (30). 

(c) Isotopic exchange studies 

The application of the isotopic exchange technique ir.. 
understanding t,he nature of inorganic complexes in 
solution is discussed a t  length in a recent review (397). 
The available data on oxalate complexes are sum- 
marized in table 16. Thorough kinetic investigations 
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TABLE 16 

Isotopic exchange studies 

I Conditions 

I Reactsnt 
Concentration 

Reaction 

M 
0.03 ,  0.016 
0 . 0 0 , 0 . 0 1 2  

0.06, 0 . 0 5  
0.010, 0.010, 0.025 HCIO4 
0.006, 0.005, 0.05 HClO4 

0.01, 0.005, 0 . 1  HsCtOt 
0.06. 0.012 
0 . 0 1 , 0 . 0 1  

0 . m  0.012 
0.035. 0 .015  

0.007. 0.007 
0.007 in K1CIOd 
0.028, 0.028 
Predicted EIOW 
0.005, 0.007, 0.07 NaCIOd 

0.01-0.11 each 
0.02-0.15 each 
0 . 1  each 
0.0&0.28 each 

- 

- 

have been made only in a few cases, e.g., Cr(CzOi)a'-, 
Co(C~04)3~-, and Rh(C204)3a-. 

The kinetic characteristics of ligand exchange in 
Cr(C,04)aa- (166, 238) have recently been described 
in detail. Earlier qualitative experiments (265, 266) had 
shown that this ion as well as C0(C~04)3~- exchanges 
negligibly slowly at  room temperature, in contrast to 
the rapidly exchanging aluminum(II1) and iron(II1) 
analogs. The rate law for the C ~ ( C Z O ~ ) ~ ~ - / C : O ~ ~ -  ex- 
change can be expressed as (166) : 
Rate = [Cr(C~04);~-] X 

where k.  = 1.1 X 104sec.-1 

( k a  + b(czo4*-) + kAH:O+) + ka(HaO+)(CzO,'-)) 

kb = 1.1 X 10-4 M-1 sec.-l 

k, = 1.8 X lo-* M-lsec.-' 

k d  = 2.6 X 10-1 M-* sec.-1 (all at 75OC.) 

A mechanism of. exchange which is consistent (in the 
range pH 24) with this rate law is: 
Cr(C*04)~!- + H20 * 
Cr(GO4)P + HaO+ 4 steps 

C~(CZO~)Z.OC*O:.HZO'- + HzO * 
C~(C,OI)~.OCSO~H.HIO'- + HzO 4 

Cr(CS04)z .OCzOn HZO*- Preiiquilibration 

Cr( CzO4)r*OCzO,H .HZOz- 

Cr( CzO&( HZ0)z- + CZO~*- 

Cr(C204)dH~O)z- + HCz04- 
steps 

The initial protonation in the preequilibration step, as 

PH 

1 

4 . 6 6 . 0  
2 . 5  
1 . 2  

8 

6-8 

7 . 3  

Tcmperature 

o c .  
25 
60 

50 
Room temperature 

35 
17-20 

35, 50 
50 - 

Room temperature 

133 

23-25 
25 
25 
23 

Observed 
Exchange 

-90% in 20 aeo. 
<5% in 25 min. 

<5% in 6 hr. 
1% in 72 hr. 
65% in 1 hr. 

a 85% in <5 800. 

a 85% in <20 @eol 
2 95% in 10 min. 
66% in 10 min. 
6 5% in 25 min. 
50% in 130 hr. 
No exchange 
< 5% in 9 min. 

>95% in 1 min. 

50% in 5.8 hr. 
Detailed kinetics 

> 95% in <2 min. 
)95% in <3  min. 
> 95% in <2 min. 
> 95% in <2 min. 

Detailed kinetics 

- 

well as the nonexchangeability of CZ0d2- with Cr- 
(Cz04)2(Hz0)2-, has been confirmed in a subsequent 
study (238) by ( I )  experiments in solvent mixtures of 
DzO and application of the Gross-Butler equation 
(see Section III,D,3,(a)) and (a) exchange experiments 
using labeled oxalate in the C ~ ( C Z O ~ ) ~ ( H ~ O ) ~ - - C ~ O ~ ~ -  
system. The kinetic picture convincingly confirms the 
earlier postulation (263) that one-ended dissociation of 
the chelated oxalate must be an important step in the 
several types of reactions undergone by the Cr(C204)as- 
ion. 

The thermal instability of Co(C204)sa- is a deterrent 
factor which prevents conventional isotope-exchange 
studies. However, the exchange of C20r2- with Co- 
(C204)aa- was followed semiquantitatively by precipita- 
tion and radioassay of the free oxalate as CaCZO4.HzO 
(166). Oxalat,e exchange proceeds at  a rate negligible 
compared to that of thermal decomposition (the esti- 
mated half-time is >, 130 hr. at 50°C. and pH 8, com- 
pared to 6.5 hr. for the thermal decomposition under 
these conditions). It is therefore confirmed that the de- 
composition proceeds by a mechanism not involving 
appreciable reversible equilibration of c204 radicals or 
ions. Othsr related studies on the electron-transfer ex- 
change between Co(Cz04)aa- and Co(Cz04)a4- (7) and 
the photochemical and thermal decomposition studies 
(88, 99) are discussed in the appropriate sections. 

The C:Oa2- exchange with Rh(Cz04)aa- is also of 
interest in that the latter does not undergo internal 
oxidation-reduction as does the corresponding Co- 
(Cz04)aa- ion. In its great resistance to water substitu- 
tion it is significantly different from Cr(Cz04)aa-, as 
discussed in Section III,D,3,(a). The Rh(C104)aa-- 
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C:042- exchange hae been studied (36) at  133OC. and 
pII 2.1-7.3 (room temperature acidities) in solutions 
buffered with IIGOr-HCa04- and HCzO,--CzOr- and 
in unbuffered potassium oxalate. Both the total free 
oxalate and Rh(C2O&*- were varied from 5.3 X lo-* 
to 1.62 X M at a constant ionic strength, 0.12. 
At  pH 3.6, where the exchange rate is independent of 
acidity, the reaction was found to be first order in Rh- 
(Cz04)a3- and almost zero order in total oxalate. The 
first-order rate constant is 0.18 hr.-* Some preliminary 
experiments indicated an activation energy of -24 
kcal. mole-’ for this constant. A mechanism analogous 
to the Cr(C204)8a--C:04z- exchange has been found to 
explain satisfactorily the rate data for the acid-catalyzed 
part of the exchange process. The acid-independent 
and the base-catalyzed parts require further investiga- 
tion before the data on these processes can be com- 
pletely interpreted. 

4. Dimerization, addition, and polymerization 
Recent kinetic studies by a spectrophotometric 

method (164) confirm earlier observations (438) con- 
cerning the formation of olated species from cis- 
Cr(C204)z(H20)2- (see table 2 for pK values). On 
standing the hydroxy compounds, c i ~ - C r ( C ~ 0 ~ ) ~ ( H ~ 0 ) -  
(OH)2- and c i~ -Cr (C~04)~(0H)~~- ,  partly dimerize ir- 
reversibly through the formation of “01” or “diol” 
linkages and the following interrelations are observed 
(164): 

20H- 

2H ’ 2Cr (CZO,) 2(H20) 2- I- 2Cr(C204)2(HzO)(OH)Z- 

40H- 1 1 4Ht elow 1 
H 
0 

0 
2cr(czo4)z(OH)z3- ( c ~ o s ~ c ~ <  )c~(cos$- 

I H 

slow 

40H- 
- 2Cr(C2O4)?- 

The rates of dimerization were obtained from the optical 
density data a t  480 mp, and the first-order rate con- 
stant for the slow step is 2.77 X set.-' at 25°C. 
and 0.10 ionic strength. The A€€$ and AS’ values cor- 
responding to this constant and extrapolated to zero 
ionic strength are 22.5 kcal. mole-’ and -8 e.u., re- 
spectively. The observed lower values for AHt at  higher 
ionic strengths are explained in terms of the ease with 
which a polar water molecule is lost in the initial dis- 
sociation process prior to dimerization (164). In  an 
allied study (165) the same authors observed that the 
decomposition of the dimer by acid proceeds in two slow 
steps to form the Cr(Cz04)2(H20)z- ion. The residual 

basicity observed in the case of the dimer has been ex- 
plained in terms of “oxolation”: 

H 

1 

H 

H 

The nature of the polymer that is formed in aged solu- 
tions of chroniium(II1) in oxalate solutions is not well 
understood, except that the analytical data indicate 
there to be three or four chromium atoms per molecule 
of the polymer. 

An analogous study (7) on Durrant’s salt (125) indi- 
cates that the compound has the binuclear structure, 

rather than 
Ks ICO( C10&( OH)( HzO )I 

suggested first by Werner (439) and others (389). Solu- 
tions of the salt are neutral and the pH-titration be- 
havior is best explained in terms of the reaction: 

( C Z O ~ ) & O ~ ~ > C O ( C I O ~ ) Z ~ -  + 2H+ + 2H20 = 

The pK of the dimer is reported as -9 and that of the 
monomer as -7. 

The solubility of the white gelatinous zirconium(1V) 
oxalate in excess oxalate or Zr02+ clearly indicates 
complex formation, and at least one polyoxalatopoly- 
zirconic acid is reported (268) : 

OH 
~CO(C~O~)Z(HL))S- 

t 

An interesting discussion on these little-understood 
polymers is given in a recent textbook on zirconium 
(52). No kinetic studies apparently have been made of 
these systems as yet. 

The behavior of many oxalato complexes in alkaline 
media has not been investigated and much work needs 
to be done on the nature of the products, their structure, 
and their reaction kinetics. 

6. Oxidation-reduction processes, electrode-potential 
studies, and electron-exchange reactions 

(a) Oxidation-reduction processes 
Numerous investigations on the oxidation of oxalate 

ion by permanganate and associated studies dealing 
with the interaction of oxalate ion with manganese(II1) 
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Metal 

V'+/V'+ 

Ti' +/Ti01 + 

Fez +/Fez + 

CUO/CU'+ 
Zna/Zn: + 

ABa/An + 

have been recently summarized in a comprehensive 
review (246) and earlier in some critical surveys (3, 
317). The overall disappearance of manganese(II1) is 
given by the rate equation: 
-d(Mn(III))/dt - k(Mn(II1)) 

= 2kdMnC104+) + 2krlMn(CaOd1-1 + 
2k: [ Mn( C I O W I  

The factor 2 in the rate expression is introduced to 
account for the rapid reaction observed between a re- 
ducing intermediate (CO1-, C204-, or Mn+) that is 
formed in the rate-determining step and a second man- 
ganese(II1) ion, for example, 

Mn(II1) + CnO4- 4 Mn(I1) + 2C01 (408) 

That the various manganese(II1) oxalato complexes 
participate in the reaction was shown by carrying out 
the study under varying acid and oxalate concentrations. 
In  fact, this is the basis for a kinetic method of deter- 
mining the stability constants of these complexes (see 
Section 111,CJ2). In  an independent study (120) the 
kinetics of oxalate decomposition by manganese(II1) 
have been explained in terms of an activated complex 
containing a disrupted C-C ,bond, the resonance form 
of which decomposes via internal electron transfer to 
manganese(I1) , carbon dioxide, and a radical-ion. The 
radical-ion that keeps the chain operating in the reac- 
tion is said to be CZOd-. Earlier postulations of "active 
oxalic acid" (2, 3, 4, 269, 431) are better explained in 
terms of this radical-ion and are well discussed in the 
review cited (246). 

The catalysis by several metal ions of oxalate oxida- 
tion reactions is likewise explained in terms of plausible 
participation of the metal oxalato complex. For ex- 
ample, the rate of oxidation of oxalic acid by chlorine 
is affected by cations such as V02+, Cell+, MnB+, Co*+, 
Cu2+, Ni2+, and Pra+ (405). In the reduction of chro- 
mium(V1) to  chromium(II1) by oxalate, the monooxa- 
lato ion, Cr(C204)(H20)4+, has been postulated as an 
intermediate heat-stable complex which is converted to 
the bisoxalato ion, Cr(Cz04)z(H20)2-, by an excess of 
oxalic acid (17). It is known that a t  moderate acidities 
the latter is stable (238). 

The kinetics of reduction of Co(Cz0Ja'- by Fea+ have 
been studied in detail (35), and the reaction 

EO References 

aolta 
0 . 2 5  (261) 

(-0.1) (327) 
-0.77 (367) 
-0 .34  (7-86) 

-0.80 (83) 
0.76 (243. 251) 

Fe*+ + Co(C904)2- -c Fen+ + Co*+ + 3C204*- 

is found to be first order in each of the reactants. The 
second-order rate constant at zero ionic strength, 

ko = 1.6 X IO1' exp( -12,60O/RT) M-1 min.-1 

and the observed kinetic salt effects up to an ionic 
strength of 0.004 are in agreement with the Branstad 
theory (320). 

(b) Electrode-potential studies 
The effect of complexation on the Eo value of a 

couple in the presence of complexing substances in solu- 
tion is discussed in a recent review (329). Data on the 
Eo values of couples involving oxalato complexes are 
shown in table 17. From a knowledge of the stability 
constants it is possible to calculate the Eo value of the 
metal-oxalato electrode. The Eo value is thus calcu- 
lated for the Ag-AgC20r- electrode from recent dat,a 
on the stability constant of the complex (see table 11). 
The lowering of the Eo value of the MoV/MoV' couple 
as a result of complex formation in oxalic acid medium 
has been observed (402). 

(c) Electron-exchange reactions 
The electron-exchange reactions between the oxalato 

complexes of a metal in two different oxidation states 
are of interest in learning about the specific anion effect 
on the rate of electron-transfer exchange. Exchange 
between Mn*(II) and Mn(II1) has been reported by 
Polissar (336) in oxalic acid medium to be fast. Subse- 
quent studies by Adamson (6) of the same system in 
perchloric acid show that the exchange is rapid but 
measurable (tli2 ca. 10-20 sec.). This suggests that the 
observed fast exchange between manganese(I1) and 
manganese(II1) in oxalic acid medium may well be 
between the respective oxalato complexes. Similar ac- 
celeration of the exchange rate between thallium(1) and 
thallium(II1) was observed in the presence of oxalic 
acid (61). More extensive studies have been made on 
the electron-transfer reaction between cobalt(I1) oxa- 
lato/cobalt(III) oxalato complexes using Coeo (7, 99), 
as well as CI4 (99), and these have been related to the 
photochemical and thermal decomposition of Co- 
(C104)~~- (7, 88). The mechanism of exchange is not 
unequivocally established, although the exchange is 

~~~~ ~ ~ ~ 

V ( C : O ~ ) ~ I ~ '  2CLh1- - V(CiOd~-" e - .  .......................... 
Ti(Cs0,):- + H:O = TiO(ClO4)::- + 2 H +  + e-. 
Fe(CiO4)rl- + ctO4l- = Fe(C:OM- + e -  ............................. 
Cuo + 2C:OG- = Cu(C:Od)t*- + 2.3- .................................. 
Z U ~ ~ + . B C ~ O O -  - Z ~ ( C ~ O ~ ) ~ ~ -  + 2s- ................................... 

....................... 

A@]+,C:O41- - Ag(CrO4) - + e -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

TABLE 17 
Oxidation potentials of oxalate electrode8 

volt8 
0.88 

(PH -4.5) 
0.0 

-0.02 
-0.04 

-0.56 
ca. 1.02 

Oxalato Complex I EO 
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known to be very slow (tiis ca. 170 hr. a t  5OOC.). One 
author (7) explains both Co* exchange and the thermal 
decomposition of C O ( C ~ O ~ ) S ~ -  in terms of C104- par- 
ticipation. 

CO(CaO4)I" * CO(C#Od)r" + CnOd- 

Co( C90c)n*- + Cz04*- e Co(c104)1~- (rapid equilibrium) 

CO(ca0~)a'- + c104- -+ CO(c104)a~- + CzO4'- + 2c01 

The thermal decomposition of Co(C204)a'- is repre- 
sented (88) as 

2cO(cz04).?'- + 2cO(II) + SCz04'- + 2coz 

with the initial rate-determining step: 

c0(czo~)s'- -+ CO(CaO4)z'- + caoh- 

and the Cz04- sustains the chain. 
The presence of C204- for any finite time in solution 

is doubted (99) on two grounds: ( I )  exchange between 
Cz04- and C:Od2- must be rapid, analogous to a similar 
syst,em: Mn04- and Mn042- (384), and (2) if exchange 
is rapid, thermal decomposition should yield C*02. 
From the absence of any significant radioactivity in the 
evolved carbon dioxide in experiments on the thermal 
decomposition of Co(C204)aa- in tthe presence of 
ci04z-, it was concluded that the radical-ion, 
does not contribute to the initial decomposition. 
Instead, the following reaction is proposed as more 
likely : 

cO(czo4)1*- -* cO(ca04)z'- + cos + Cor- 

The small activity in the evolved carbon dioxide is ex- 
plained, therefore, as due to a very slow electron- 
exchange reaction: 

c O ( C ~ o ~ ) ~ * -  + c0(c:04)~-2" 4 
cO(c:04)aa- + cO(cz04)~'" 

followed by the decomposition of the active Co- 
(Ci04)3a-. From the kinetic study of this complicated 
electron-exchange process, it was deduced that rupture 
of one of the chelated oxalates as a preliminary step 
might facilitate electron transfer in the postulated 
transition state: 

(c1o4)zco-o-c-c-o-co( Ca04)a - 
[ 0 0  II II 1 

I t  is interesting to note that traces of cerium(II1) 
catalyzed the exchange (rate constant of uncatalyzed 
exchange = 2.0 X M-' hr.-1; rate constant of 
catalyzed exchange = 8.9 X M-I hr.-l at 4 X 10-6 
M cerium(II1) and 17.7 X M-I hr.-l at 8 X 
10-6 M cerium(II1)). From these observations the fol- 
lowing overall sequence of reactions of Co(C2O4)3+ 
was proposed (99) : 

CO(CzO4)r'- 2 2 0 "z"-"gJo-J- -b 

+ Co(CnO4f'" "intemal" 
cO(Czo4)~'- + Con -k cos- 

electron tramfer 
/ 

"external" electron 
transfer 

Some inconclusive exchange data for the exchange of 
Co*(II) in excess oxalate with Durrant's salt 

OH 

co(czo4)z1 4- 
/ \  

[(c204)ZcO 

'OH' 

indicate tilz -2 hr., and plots of the nonlinear log (1 - 
fraction exchange) vs. time suggest an induction period 
(7). These complications are attributed to the general 
decomposition by acid of Durrant's salt to give the 
monomeric species, Co(C204)2(H20)2-. 

6. Thermal decomposition of solid oxalates 
There is an extensive literature on the thermal de- 

composition of what have been called in this review 
"simple" oxalates. The reactions are all relatively com- 
plicated (26) and many products are reported, including 
carbon, carbon monoxide, carbon dioxide, metal, metal 
oxides, metal peroxides, and metal suboxides, metal 
formates, peroxyoxalates, carbonates, and percarbon- 
ates. Detailed kinetic studies have been made of only a 
few compounds: the oxalates of silver(I), mercury(I), 
mercury (11), nickellII), and lead(I1). In recent years 
new techniques, particularly that of thermogravimetry, 
have been applied, and reports have appeared on many 
bivalent metal oxalates (146, 233, 234, 378, 421), a few 
rare earth oxalates (70, 433, 434), and two actinide 
oxalates, thorium(1V) (42, 111, 322), and americium- 
(111) (273). An interesting isotope-effect study has been 
made of the pyrolysis of lead oxalate (451). Some very 
early (443) work was concerned with the ignition prod- 
ucts of trisoxalatochromium(IJ1) salts. In the presence 
of air the products were carbon dioxide, chromate, and 
carbonate. More recently some exploratory work 
has been done on KaCr(CzO4)a*3H20 (432), but no de- 
tails are given as to decomposition products. Obviously 
much remains to be done in this area of the chemistry 
of complex oxalates. 

7. Photochemistry: photolysis, actinometry, 
and photochemical kinetics 

The photolysis of oxalate solutions "sensitized" by 
uranyl salts has been under study for over a century. 
The use of the reaction for chemical actinometry is well 
known and has been investigated in great detail (56, 63, 
144, 255). The mechanism of the reaction is believed to 
include the photoactivation of uranyl oxalate complexes, 
followed by a series of steps involving metastable inter- 
mediates, the nature of which may only be surmised 
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(282). With oxalate in excess, the net reaction is largely 
decomposition of oxalic acid to carbon dioxide, carbon 
monoxide, and water, with B minor pH-dependent side 
reaction leading (in the absence of oxygen) to irrevers- 
ible formation of uranium(1V). Evidence concerning the 
kinds of complexes present has been provided by com- 
bined photochemical, spectroscopic, and pH-variation 
studies of uranyl oxalate solution (192). In this work, 
the species UOzHG04e+, UOZCZO~O, and UOZ(CZO,)Z~- 
were identified, and their (first) dissociation constants 
at 25OC. were evaluated as 2.7 X lo-*, 1.5 X and 
1.8 X 10-6, respectively. The latter values agree reason- 
ably well with the figure of 1.2 X 10-6 obtained earlier 
in a similar study (333). It is of interest that recent 
flash-photolysis experiments give results which show no 
marked difference from those obtained in the low- 
intensity photochemical work and provide confirmation 
of the existence of relatively long-lived intermediates 
(325), 

Another classic study is that of “Eder’s reaction,” 
in which photolysis of a solution containing mercury(I1) 
chloride and an oxalate takes place according to the 
net reaction: 

2H~Cl2 + C201’- -C HgZC12 + 2COa + 2C1- 

The process is very sensitive to inhibitors and catalysts, 
is markedly dependent on the wavelength of the light 
employed, and appears to involve a complicated chain 
mechanism (72, 228);. The significant reactant is un- 
doubtedly the complex ion Hg2Clz(C~04)~~- (76, 78a). 
The existence of this complex has been recently con- 
firmed in a study of the reaction under the influence of 
Cooo ?-radiation (191). In  this case, however, decom- 
position is not induced by absorption of radiation by 
the complex. Rather it occurs by a chain of steps pro- 
moted by H and OH radicals, which are, of course, al- 
ways present in aqueous solutions subjected to high- 
energy radiation. 

The photochemistry of solutions of the trisoxalato 
complexes of chromium(III), iron(III), and cobalt(II1) 
has been repeatedly investigated. Apparently Cr- 
(czo4)a3- is completely immune to photodecomposition 
by near ultraviolet or visible light, either at low in- 
tensity (9) or under flash-photolysis conditions (325). 
In  contrast, the photoracsmization of optically active 
Cr(Cz04)a3- occurs readily (4 = 0.23) and is essentially 
independent of wavelength or temperature between 0’ 
and 10°C. (8). The findings conform to the concept of 
a long-lived doublet state as the photochemical pre- 
cursor to reaction. The main chemical consequence of 
the photoactivation is probably breakage of a single 
Cr-0 coordinate bond (see Section III,D,3), for which 
process the quantum energy even at X = 700 mp should 
be quite sufficient. 

The first significant work on the photochemistry of 
Fe(CzO,)r’- solutions was that of Allmand and co- 

workers (13, 14), which has been fully confirmed in 
later studies (40, 232, 262). It is established that the 
overall reaction in monochromatic light a t  room tem- 
perature yields, in the absence of oxygen, FeC204 + 
2CO2, with a quantum efficiency of about 0.5. With 
oxygen present, no ferrous salt appears, and the quan- 
tum yield is doubled. A mechanism invoking prelimi- 
nary photoexcitation of the ferric complex followed by 
internal electron transfer and dissociation to give ferrous 
salt and C20,- or HCzO4 radical fits the facta well (324, 
325). The oxygen effect is ascribed to direct oxidation 
of ferrous salt and the radical by molecular oxygen. 
The existence of the metastable intermediate is sup- 
ported both by flaah-photolysis work (325) and by a 
proton paramagnetic resonance study (199). 

The use of Fe(C804)s’- as a chemical actinometer has 
been strongly recommended and detailed procedures 
have been developed (41, 190, 323). The method ap- 
pears to have several advantages over that employing 
uranyl oxalate, including higher sensitivity, greater 
stability of photolytic solutions, and simpler analytical 
technique. 

The photolysis of aqueous C0(Cz04)3~- solution has 
been recently studied in detail (88). The results ob- 
tained confirm and supplement earlier work (205, 306, 
424). The reaction is similar to that of Fe(C204)3a- in 
regard to its products and in that it appears to involve 
the reactive radical CZO4-. Co(Cz04)a3- differs from 
Fe(Cz04)a8-, however, in that the former undergoes 
rapid concurrent thermal decomposition (see Section 
III,D,3), Its rate of photolysis seems to be completely 
independent of all factors except the rate of light ab- 
sorption, in agreement with a concept of first-order de- 
composition of a photoexcited species as the rate- 
determining process, with no complications of a chain 
reaction. The lack of oxygen effect in the photolysis of 
Co(Cz04)a3-, as contrasted to that of Fe(Cz04)a3-, may 
be ascribed to the large difference in the Co2+/Co3+ 
and Fe2+/Fe3+ oxidation potentials. A further contrast 
occurs in regard to photoracemization. With Co- 
(C204)33- this is a very inefficient process as compared 
to photodecomposition (9), while the opposite is true 
for Cr(C204)33-, as discussed above. This is also 
understandable in terms of difference in oxidation po- 
tential, in this case Co2+/Coa+ as compared to Cr2+/- 
Cr*+. 

Several fragmentary photochemical studies have been 
made of other oxalato complexes. The rate of decom- 
position of Mn(C204)8*- by polarized and nonpolarized 
white light has been measured (155). The quantum 
yield is unity and sulfuric acid inhibits the reaction. A 
noticeable photochemical “after effect” has also been 
noted in this reaction (303) and explained in terms of the 
usual postulate of a metastable intermediate. The 
photolysis of K ,CU(C~O~)~  requires sensitization by 
Fea+ or U022+, and the products of decomposition con- 
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sist of a mixture of metallic copper, copper(1) oxide, 
copper(I1) oxide, carbon monoxide, and carbon di- 
oxide (115). A mechanism consisting of a series of photo- 
activations and decompositions initiated by the sensi- 
tizer has been proposed (46). Photodecomposition of a 
complex of chloroplatinic acid and oxalate has been 
reported (31). Finally, some recent work (47) indicates 
that the bisoxalato complexes of manganese(TII), 
iron(III), cobalt(III), and zinc(I1) are photochemically 
unstable in ultraviolet light, and that C U ( C ~ O ~ ) ~ ~ -  and 
Ag(C204)- decompose to give metallic copper and silver 
under similar conditions. No kinetic data are given. 

IV. APPLICATIONS 

A. ANALYTICAL APPLICATIONS 

The formation of oxalato complexes has been used 
in analytical chemistry for the qualitative detection 
and in some cases for the quantitative determination of 
metals. The red color of Mn(Cz04)s3- has been recom- 
mended for the detection of manganese (264). The 
photolysis of oxalato complexes of metals known to 
occur in different oxidation states has also been recom- 
mended for developing spot tests (138). One such is the 
reaction between mercury(I1) chloride and C2042- 
(Eder’s reaction). Photolysis of a mixture of these two 
reactants, with or without activators such as Fe3+ 
Ce4+, UOzz+ or organic dyes, gives a white precipitate 
of Hg2Cl2, which is used as a spot test for mercury(I1) 
or CZ0d2-. Likewise reduction of H2SeOa, iodine, 
palladium(I1) chloride, tungsten(V1) oxide, and methyl- 
ene blue by oxalic acid is hastened by traces of Fe*+ ion 
and radiation. Photochemical reduction of iron(II1) 
salts by oxalic acid to iron(I1) followed by vanadi- 
metric determination has been successfully used for the 
estimation of iron (158). A new method for the estima- 
tion of iodide has been developed using complexing 
with Fe(C204)P and catalysis by oxalate ion of the 
chromium(V1)-iodide reaction (341). The compound 
KaIl”e(CzO4)a has been used for the detection of cobalt- 
(11) in the presence of nickel(I1) as a microscope slide 
test (355). Inhibition of the precipitation of tin(1V) as 
the sulfide by oxalic acid has been explained in terms of 
formation of an oxalato complex of tin(1V) (109). 

Separation of niobium(V) and tantalum(V) has been 
achieved using the oxalato complexes on Dowex-2 
columns with the help of Nbea and Talsz as tracers. 
Although the nature of the oxalato complexes of these 
elements is not fully understood, it has been possible 
to elute niobium first, using 1 M hydrochloric acid- 
0.5 M oxalic acid as the eluant. Tantalum is later re- 
moved with 6 M hydrochloric acid (156, 390). An un- 
successful attempt has been made with the help of 
radiochromatography to utilize the cationic oxalato 
complexes of iron(I1) and cobalt(I1) in their separation 
on the cation exchanger SM-12 (129). 

A semiquantitative tit,ration method using methyl 
red as indicator for the determination of aluminum(II1) 
is reported, in which the formation of scveral aluminum 
oxalato complexes is utilized (19). Complexing with 
oxalate is also useful in effectively masking the precipi- 
tation of iron(III), chromium(III), and titanium(1V) 
in benzoate precipitations of metal ions a t  varying pH’s 
(400). The microdetection and colorimetric determina- 
tion of manganese(I1) are made by an interesting cata- 
lytic reaction involving oxalato complexes of manga- 
nese(II1). The initial oxidation product of manganese- 
(11) by CrzO?- in the presence of cZ04’- is an oxalato 
complex of manganese(III), which decomposes a t  
higher temperature (100OC.) to give manganese(I1) and 
carbon dioxide. The newly formed manganese(I1) is 
again oxidized by CrzO?- to manganese(II1) and the 
cycle continues until all Crz0T2- has been reduced to 
Cra+. The resulting green color of the Cra+ ion is an 
indication of the presence of manganese(I1) (15). A 
method for the determination of calcium(I1) or Cz042- 
by indirect colorimetry has been developed by observ- 
ing the decrease in optical density when the iron(II1)- 
salicylate complex is treated with oxalate (65). The for- 
mation of Co(Ca04)aa-, as the basis for a spectrophoto- 
metric method, has been employed for the macro- 
de termination of cobalt. The essential procedure con- 
sists in oxidizing all cobalt to cobalt(II1) with lead(1V) 
oxide in the presence of C204a- and reading the optical 
density at 600-605 mp. However, chromium(III), 
iron (111), calcium (11), manganese (11) , nickel(II), and 
copper(I1) interfere seriously with the determination 
(284, 346). In a new colorimetric procedure for ger- 
manium(IV), in which quinalizarin red color is used 
(absorption peak a t  490 mp), an intermediate step in- 
volves extraction of germanium(1V) as Ge\C204)aa-. 
The complex apparently responds to this color test 
(307). 

B. INDUSTRIAL APPLICATlONB 

The acid properties, reducing action, and chelating 
ability of oxalic acid and oxalates offer a large number 
of possibilities for application in industry. Among the 
many applications of oxalic acid, those involving the 
formation of metal oxalato complexes occur in tanning, 
blueprinting, the electrolytic polishing, metal cleaning, 
or chemical polishing of metal surfaces, electroplating, 
anodizing, protection against corrosion, oredressing, 
control of soil acidity, polymerization of vinyl com- 
pounds, and actinometry. These are further elaborated 
only in cases where the chemistry of the process is 
known. 

In the chrome tanning process chromium(II1)- 
oxalato complexes find wide application. Recent studies 
show that the anionic complexes [Cr(CzOc)z(HzO)s- 
and Cr(Cz04)3a-] are more strongly adsorbed by the 
gelatin gel than the cationic complexes, [Cr(CzO,)- 
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(HzO),+ and Cr(H20),++]. However, experiments on 
the retention of chromium, using CrS1 at  pH 4 .44 .6  by 
the radio- and electrochromatography techniques, indi- 
cate that the anionic complexes are first fixed to the 
collagen and then dccompose on the gel phase to become 
possibly cationic (220, 221, 222). 

The chemical reactions in the blueprint process are 
interpreted in terms of initial photochemical reduction 
of Fe(Cz04)3a- (302). The solubility of the blue pig- 
ments, Prussian and Turnbull’s blue, in oxalate media 
to yield iron(I1) and iron(II1) oxalato complexes is 
already known (229, 230). 

The auxiliary effect of oxalic acid in the bleaching of 
indigo by chromium(V1) oxide has been explained in 
terms of an oxalato complex that can readily supply 
oxygen for the bleaching observed (399). Oxalic acid 
as a metal-cleaning agent finds application in removing 
rust and scales from radiators and other metal surfaces 
(135, 236, 353, 388). In  such chemical polishing proc- 
esses oxalato complexes are likely to participate in dis- 
solving the oxide coatings on metals (332). Studies of 
corrosion by oxalic acid on aluminum, iron, copper, tin, 
and lead are also of interest in view of the complex- 
forming ability of the metals (450). 

Anodizing aluminum in ox&! acid solutions is an- 
other interesting application, as is also the technique of 
electroplating and electropolishing in an oxalic acid 
bath. The use of oxalato complexes of chromium(II1) 
in chrome plating has been reported (198, 280), and the 
deposition potential for the oxalato complexes of chro- 
mium(III), iron(II), cobalt(II), nickel(II), and copper- 
(11) has been measured (281). 

Mn(Cz04)aa- finds application as a catalyst in the 
poIymerization of vinyl compounds (200). The oxalate 
radical-ion, CZOp-, which is known to form in the reac- 
tion of potassium permanganate with oxalic acid, as 
well as in the oxidation of C Z O P  by manganese(III), 
is regarded as the initiator in the polymerization of 
methyl methacrylate, vinyl acetate, and acrylonitrile. 

Simple solid oxalates are industrially important for 
preparing metal oxides of high purity for powder metal- 
lurgy (278) and mixed oxalates as catalysts. For ex- 
ample, the Ni-Mg-CZOd catalyzed hydrogenation of 
ethyl cinnamate, ethyl butynoate, gaseous benzene, and 
cyclohexene. Likewise, the catalytic activity of other 
mixed catalysts, Co-Mg-Cz04 and Ni-Zn-CzOd, is ex- 
plained as due to true mixed-crystal formation (249). 
While simple oxalates are generally prepared by pre- 
cipitation reactions, a t  least in the case of NiCz04.2H,0, 
it has been shown that the ratedetermining species for 
nucleation and growth is Ni(Cz04)zZ- (11, 12). Turbidi- 
metric and dilatometric kinetics of this precipitation 
reaction indicate ( I )  self-complexation of Ni2+ and (2) 
a heterogeneous reaction on the walls of the vessel. 
2NiSOdaq) + 2H2Cr04(aq) 4 

Ni(GO,)?.Ni*+(aq) + 2H*SO,(aq) (1) 

Ni(C904)1*-.Ni*+(aq) - 2NiC204*2HpO(s) (2) 

Such studies provide data for correlating particle size 
as a function of precipitating conditions. 

Complex formation always has a significant effect on 
particle size and the latter is important in powder metal- 
lurgy. The preparation of powders of pure thorium(1V) 
oxide of uniform controlled particle size suitable for use 
as a slurry blanket in a homogeneous reactor has been 
attempted by the thermolysis of precipitated thorium 
oxalate and thorium ammonium oxalate. The system 
Th(Cz04)~-(NH4)2C204-Ha0 therefore has been studied 
in detail in this connection to learn the effect of com- 
plexation on the particle size of the precipitated oxa- 
lates (167). Natural bauxite contains iron as impurity, 
and a method has been developed to treat finely di- 
vided ore with oxalic acid at 90-100°C. whereby the 
oxalato complexes of iron(II1) are separated from the 
insoluble residue containing mostly aluminum. Subse- 
quent photoreduction of the solution in sunlight, fol- 
lowed by evaporation and calcination of iron(I1) 
oxalate, enabled recovery of the iron as pure oxide. 
The use of Fe(Cz04)aa- in actinometry has already been 
mentioned; it has the advantage over other actinometers 
in its simplicity and stability. An interesting use of a 
digital computer for obtaining the concentrations of the 
individual chemical species in the iron(II1) -oxalic 
acid system has been reported (401). 

C. OTHER APPLICATIONS 

Whereas simple oxalates occur in biological systems, 
complex oxalates do not because the excess oxalate-ion 
concentration required for the stability of the complexes 
is toxic, At lower oxalate-ion concentration precipifa- 
tion results, since the great majority of the simple 
oxalates are insoluble in water. Simple oxalates are 
present in low concentration as calcium oxalate in malt 
and beer (8-20 p.p.m.) (64) and in many other prod- 
ucts. Emetic properties have been reported for some 
oxalato complexes of antimony(II1) : HSbClOs, KSb- 

4Hz0 (422). A mixture of sodium tungstate and oxalic 
acid is proposed as a buffer solution for varying pH’s, 
and some complex-ion equilibria are apparently in- 
volved in the overall stabilization of pH (45). In a study 
of the effect of anions on soil acidity some experiments 
were performed with C20r2-. Aluminum in the soil 
was found to be converted to Al(C~04)3~-, eliminating 
the often-experienced hydrolytic acidity due to its 
presence in soil (10). Copper plays an important part in 
the inhibition of succinic dehydrogenase, and introduc- 
tion of oxalate into the system causes reversal of this 
action, presumably owing to  complexation and lowering 
of the copper(I1)-ion concentration (196). 

The list of applications given here is by no means 
exhaustive. Many more uses for the oxalates and oxalato 
complexes can be foreseen, in view of the unique proper- 

(CzO4)z * HzO, KzHSb (Cz04)a 2Hz0, KaHzSb (Cz04)a.- 
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ties of oxalate ion, since it is a t  once a base, a reducing 
agent, and a complexing agent. 

The authors are indebted to Miss I. M. Cheplowitz, 
our Departmental Librarian, for much assistance in the 
literature search, and to Dr. E. L. Sward, Jr., who pre- 
pared the drawings. Financial assistance from the 
United States Atomic Energy Commission through 
Contract No. AT(30-1)-1578 with the University of 
Buffalo is gratefully acknowledged. 

V. REFERENCES 
(1) ABEGQ, R., AND SPENCER, J. F.: Z. anorg. Chem. 46, 406 

(2) ABEI,, E.: Z. Elektrochem. 43, 629 (1937). 
(3) ABEL, E.: Monatsh. Chem. 83, 695 (1952). 
(4) ABEL, E.: Z. physik. Chem. (Leipzig) 202, 93 (1953). 

(1905). 

(5) ACKERMANN, H., PRUE,  J. E., AND SCIIWARZENBACH, G.: 
Nature 163, 723 (1949). 

(6) ADAMSON, A. W.: J. Phys. & Colloid Chem. 55,293 (1951). 
(7) ADAMSON, A. W., OGATA, H., GROSSMAN, J., AND NEWBURY, 

R.: J. Inorg. & Nuclear Chem. 6, 319 (1958). 
(8) ADAMSON, A. W., AND SPEES, S. T., JR.: Proceedings of the 

International Conference on Coordination Chemistry, 
London, 1959. 

(9) ADAMSON, A. w., AND SPORER, H.: J. Am. Chem. 800. 80, 
3867 (1958). 

(10) ALESTIN, S. N., A N D  ALEBSINA, L. 1.: Pedology (U.S.S.R.) 
1953, 453; Chem. Abetracts 41, 1786 (1947). 

(11) ALLEN, J. A.: J. Phys. Chem. 57,715 (1953). 
(12) ALLEN, J. A., AND HAIQH, C. J.: J. Am. Chem. SOC. 75,5245 

(1954). 
(13) ALLMAND, A. J.,.AND WEBB, W. W.: J. Chem. SOC. 1929, 

1518, 1531. 
(14) ALLMAND, A. J., AND YOUNQ, K. W.: J. Chem. SOC. 1931, 

3079. 
(15) ALMASSY, GY., AND DEZSO, I.: Acta Chim. Acad. Sci. 

Hung. 8, 11 (1955); Chem. Abstracts 50, 8380 (1956). 
(16) AVIT, M.: French patent 893,255 (June 5, 1944); Chem. 

Abstracts 47, 6104 (1953). 
(17) AZNAREZ, J. I., AND RAQA, J. B. V.: Anales real. soc. espafi. 

ffs. y qufm. (Madrid) SOB, 656 (1954); Chem. Abstracts 
49,766 (1955). 

(18) BABAEVA, A. V., AND MOSYAOINA, M. A.: Doklady Akad. 
Nauk S.S.S.R. 64, 823 (1949); Chem. Abstracts 43, 4954 
(1949). 

(19) BABKO, A. K.: Sbornik Nauch.-Issledovatel. Rabot Kiev. 
Ind. Inst. 1937, No. 4, 283; Chem. Abstracts 33, 7232 
(1939). 

(20) BABKO, A. K., AND DUBOVENKO, L. I.: Zhur. ObshcheI 
Khim. 26, 660 (1956); Chem. Abstracts 50, 15314 
(1 956). 

(21) BABKO, A. K., AND DUBOVENKO, L. I.: Zhur. ObshcheI 
Khim. 26, 996 (1956); Chem. Abstracts 52, 3477 (1958). 

(22) BABKO, A. K., AND DUBOVENKO, L. I.: Zhur. ObshcheI 
Khim. 26, 660, 1133 (1956); Chem. Abstracts 52, 3477 
(1958). 

(23) BABKO, A. K., AND DUBOVENKO, L. I.: Zhur. Neorg. Khim. 
2, 808 (1957); Chem. Abstracts 52, 947 (1958). 

(24) BABKO, A. K., AND DUBOVENKO, L. I.: Zhur. Neorg. Khim. 
2, 1294 (1957); Chem. Abstracts 52, 3584 (1958). 

(25) BABKO, A. K., AND DUBOVENKO, L. I.: Zhur. Neorg. Khim. 
4, 372 (1959). 

(26) BAIDINB, A.: “Decomposition of Solid Oxalates,” Ph.D. 
Thesis, Rutgers University (1958) ; obtainable from Uni- 
versity Microfilms. Ann Arbor, Michigan. 

(27) BAILAR, J. C., JR. (Editor): Tile Chemistry of the Coordina- 
tion Compounds. Reinhold Publishing Corporation, New 
York (1956). 

(28) RAILAR, J. C., JR., A N D  JONES, E. M,: Inorganic Syntheses, 
Vol. I., edited by H. 8. Booth, pp. 35-8. McGraw-Hill 
Book Company, Inc., New York (1939). 

(29) BALLHAUSEN, C. J., A N D  ASMUSSEN, R. W.: Acta Chem. 
Scand. 11, 479 (1957). 

(30) BANERJEA, D., BASOLO, F., AND PEARBON, R. G.: J. Am. 
Chem. SOC. 79, 4055 (1957). 

(31) BANERJEE, R., CHAKRAVORTY, H., AND SARKAR, S.: 9. 
Indian Chem. SOC. 20, 207 (1943). 

(32) BARBIERI, G. A., AND MALAQUT, A.: Mem. accad. mi. 
ist. Bologna 9, 3 (1951-52); Chem. Abstracts 47, 8574 
(1053). 

(33) BARBIERI, R., BELLUCO, U., AND BRUNO, M.: Gasz. chim. 
ital. 87, 1393 (1957). 

(34) BARNEY, J. B., 11, ARQERSINQER, W. J., JR., A N D  REYN- 
OLDS, C. A,: J. Am. Chcm. SOC. 73, 3785 (1951). 

(35) BARRETT, J., AND BAXENDALE, J. H.: Trans. Faraday SOC. 
52, 210 (1956). 

(36) BARTON, D., AND HARRIS, G. M.: To be published. 
(37) BASOLO, F.: Chem. Revs. 52, 459 (1953). 
(38) BASOLO, F., PALMER, J. W., AND PEARSON, R. G.: J. Am. 

Chem. SOC. 82, 1073 (1960). 
(39) BASOLO, F., AND PEARSON, R. G.: Mechanism of Inorganic 

Reactions. John Wiley and Sone, Inc., New York (1958). 
(40) BAUR, E., OUELLET, C., A N D  WHCKERLIN, E.: Z. wise. 

Phot. 30, 88 (1931). 
(41) BAXENDALE, J. H., AND BRIDQQ, N. K.: J. Phys. Chem. 59, 

783 (1955). 
(42) BECKETT, R., AND WINFIELD, M. E.: Australian J. Sci. Re- 

search A4,644 (1951). 
(43) BEESE, N. W. D., AND JOHNSON, C. H.: Trans. Faraday 

soc. 31, 1632 (1935). 
(44) BELLUCO, U., BRUNO, M., AND BUSULINI, L.: Ricerca sci. 

28, 1166 (1958). 
(45) BERKEM, A. R.: Rev. fac. 6ci. univ. Istanbul MA, 298 

(1953); Chem. Abstracts 48, 3765 (1954). 
(46) BHAGAWAT, W. V.: Z. anorg. u. allgem. Chem. 218, 365 

(1 934). 
(47) BISIBALOVA, N. A.: Ukrain. Khim. Zhur. 17, 807 (1951); 

Chem. Abstracts 49,6734 (1955). 
(48) BJERRunl, J.: kfetul Ammine Formation in Aqueous Solu- 

tion. P. Haas and Sons, Copenhagen (1941). 
(49) BJERRUAI, J., ADAMSON, A. W., AND BOSTRUP, 0.: Acta 

Chem. Scand. 10, 329 (1956). 

Stability Constants. Part I .  Organic Ligands, Special Pub- 
lication No. 6, The Chemical Society, London (1957). 

(50) BJERRUM, J., SCHWARZENBACH, G., AND SILLEN, L. G.: 

(51) BLOCK, H., AND GOLD, V.: J. Chem. SOC. 1959, 966, 
(52) BLUMENTHAL, W. B.: The Chemical Behaviw of Zirconium. 

D. Van Nostrand Company, Inc., Princeton, New Jersey 
(1958). 

(53) BOSE, D. M.: Z. Physik 65, 682 (1930). 
(54) BOSE, M., AND CHOWDHURY, D. M.: J. Indian Chem. SOC. 

(55) BOSE, M., AND CHOWDHURY, D. M.: J. Indian Chem. SOC. 

(56) BRACKETT, F. P., JR., AND FORBES, G. 8.: J. Am. Chem. 

(57) BRINBLEY, S. R.: J. Am. Chem. SOC. 61, 965 (1939). 
(58) BRINTZINQER, H., AND ECKHARDT, W.: Z. anorg. u. allgem. 

(59) BRITTON, H. T. S., AND JARRETT, M. E. D.: J. Chem. Soc. 

31, 111 (1954). 

32, 674 (1955). 

SOC. 55, 4459 (1933). 

Chem. 224, 93 (1935). 

1936, 1489. 



THE CHEMIBTRY OF T H E  METAL OXALATO COMPLEXES 24 1 

(60) BRITTON, H. T. S., AND JARRETT, M. E. D.: J. Chem. SOC. 
1936, 1494. 

(608) BRITTON, H. T. S., A N D  Moss, A. A.: J. Chem. SOC. 1936, 
1487. 

(61) BRUBAKER, c. H., JR., AND ANDIIADE, C.: J. Am. Chem. 
Soc. 81, 5282 (1959). 

(02) BUCH, M. L.: Bibliography of Organic Acids in Higher 
Plants, U. 9. Department of Agriculture, Agricultural 
Research Service, ARB-73-18, October, 1967, pp. 46-67. 

(63) BUCHI, R. P. F.: Z. physik. Chem. (Leipsig) 111, 269 
(1924). 

(64) BURQER, M., AND BECKER, K.: Am. SOC. Brewing Chemists, 
Proc. 1949, 102; Chem. Abstracts 44, 8050 (1950). 

(65) BURRIELMARTI, R., RAMIREZ-MUNOZ, J., AND FERNAN- 
DEZ-CALDES, E.: Anal. Chem. 25, 583 (1953). 

(66) BusIiRA, E., A N D  JOHNSON, c. H.: J. Chem. soc. 1939,1937. 
(67) CALVIN, M., A N D  WILSON, K. W.: J. Am. Chem. Soc. 67, 

2003 (1945). 
(68) CANNAN, R. K., A N D  KIBRICK, A,: J. Am. Chem. SOC. 60, 

2314 (1938). 
(69) CARLSON, G. A., MCREYNOLDS, J. P., AND VERHOEK, F. H.: 

J. Am. Chem. SOC. 67, 1334 (1945). 
(70) CARO, P., A N D  LORIEFLS, J.: J. recherches centre natl. 

rechercho sci. Labs. Bellevue (Paris) 39, 107 (1957); 
Chem. Abstracts 52, 11641 (1968). 

(71) CARTER, J. H.: Private communication. 
LLEWELLYN, D. R., A N D  ODELL, A. L.: Proceedings of Aus- 

tralian Symposium on Atomic Energy, Sydney, July, 
1958. 

(72) CARTLEDOE, G. H.: J. Am. Chem. SOC. 63, 906 (1941). 
(73) CARTLEDGE, G. H., AND ERICKS, W. P.: J. Am. Chem. SOC. 

(74) CARTLEDGE, 0. H., AND ERICKS, W. P.: J. Am. Chem. SOC. 

(75) CARTLEDGE, G. H., AND ERICKS, W. P.: J. Am. Chem. SOC. 

(76) CARTLEDGE, G. H., AND GOLDHEIM, 5. L.: J. Am. Chem. 

(77) CHARONNAT, R.: Compt. rend. 178, 1423 (1924). 
(78) CHARONNAT, R.: Ann. chim. 16, (lo), 173 (1931). 
(7%) CHEN, MEI-CHIO, AND HSIAO, CHI-JU: J. Chinese Chem. 

SOC. 10, 154 (1943); Chem. Abstracts 38, 2895 (1944). 
(79) CHERNYAEV, I. I., GOLOVNYA, V. A., AND SCHELOKOV, 

R. N.: Zhur. Neorg. Khim. 2, 1769 (1957); Chem. 
Abstracts 52, 9838 (1958). 

(80) CLARK, H. C., CURTIS, N. F., AND ODELL, A. L.: J. Chem. 
SOC. 1954, 03. 

(81) CLAYTON, W. J., AND VOSBURGH, W. C.: J. Am. Chem. SOC. 
59,2414 (1937). 

(82) COCKERELL, L. D., AND WOODS, P. H.: J. Am. Chem. SOC. 
80, 3850 (1958). 

(83) COHEN, S. A., IWAMOTO, R. T., AND KLEINBERQ, J.: J. Am. 
Chem. SOC. 82, 1844 (1960). 

(84) COLANI, A.: Bull. SOC. chim. [4] 37, 861 (1924). 
(85) COLMANN, J, P., AND HOLTZCLAW, H. F., JR.: J. Am. Chem. 

(86) CONNICK, R. E., AND MCVEY, W. H.: J. Am. Chem. SOC. 

(87) COPAUX, H.: Bull. SOC. frang. mineral. 29, 67 (1906). 
(88) COPESTAKE, T. B., AND URI, N.: Proc. Roy. SOC. (London) 

(89) COUCH, J. F.: J. Chem. Educ. 14, 26 (1937). 
(90) Cox, E. G., DOUQILL, M. W., AND JEFFREY, 0. A.: J. 

(91) Cox, E. G., SHORTER, A. J., AND WARDLAW, W.: Nature 

(92) CROFT, H.: Phil. Mag. 21, 197 (1842). 

98, 2061 (1936). 

58, 2065 (1936). 

62, 3057 (1940). 

SOC. 55, 3583 (1933). 

SOC. 80, 2054 (1958). 

71, 3182 (1949). 

A228, 252 (1955). 

Chem. SOC. 1952, 4854. 

139,71 (1937). 

(93) CROUTHAMEL, c. E., AND MARTIN, I). s., JR.: J. Am. Clicm. 
SOC. 72, 1382 (1950). 

(94) CROUTHAMEL, c. E., A N D  MARTIN, D. S., JR.: J. Am. Chcm. 
SOC. 73, 569 (1951). 

(95) CRUICKSHANK, D. W. J., AND AHMED, F. R.: Acta Cryst. 
6, 385 (1953). 

(96) CUNNINQHAM, B. B.: Proc. Intern. Conf. Peaceful Usee 
Atomic Energy, Geneva, 7, 226 (1966). 

(97) CUNNINQHAM, B. B., AND WERNER, L. B.: U.S. AEC R s  
port CN-328 (October, 1942). 

(98) CUNNINQHAM, G. E., BURLEY, R. W., AND FRIEND, M. T.: 
Nature 166, 1103 (1952). 

(99) DAINTON, F. S., LAURENCE, G. S., SCHNEIDER, W., 
STRANKS, D. R., AND VAIDYA, M. 8.: In  Radioisotopes in 
Scientific Research, edited by R. C. Exterman, pp. 306- 
25, Pergamon Press, London (1958); Proceedings of the 
International Conference on Radioisotopes in Scientific 
Research held at Paris, September 9-20, 1957, No. 
UNESCO/NS/RIC 211. 

(9Oa) DAVIES, C. W.: Trans. Faraday SOC. 23, 351 (1927). 
(100) DAY, R. A., JR., AND POWERS, R. M.: J. Am. Chem. SOC. 

(101) DELBPINE, M.: Compt. rend. 159, 239 (1914). 
(102) DELBPINE, M.: Bull. soc. chim. 21, (4), 157 (1917). 
(103) DEL~PINE, M.: Compt. rend. 175, 1409 (1922). 
(104) DELBPINE, M.: Ann. chim. 19, 149 (1923). 
(103) DEL~PINE, M.: Compt. rend. 175, 1409 (1922). 
(104) DELBPINE, M.: Ann. chim. 19, 149 (1923). 
(105) DELBPINE, M.: Ann. SOC. espafi. fls. y qulm. (Madrid) 27, 

(106) DELBPINE, M.: Bull. SOC. chim. [5] 1, 1256 (1934). 
(107) DEWITT, R., A N D  WATTERS, J. I.: J. Am. Chem. SOC. 76, 

(108) DEY, A. K.: Proc. Natl. Acad. Sci. India A26, Part 2, 120 

(109) DEY, A. K., AND BHATTACHARYA, A. K.: Proc. Natl. Acad. 

(110) DEY, A. K., AND BHATTACHARYA, A. K.: J. Indian Chem. 

(111) D’EYE, R. W. M., A N D  SELLMAN, R. G.: J. Inorg. & Nuclear 

(112) DIEHL, H.: Chem. Revs. 21, 39 (1937). 
(112a) DOUVILLE, MME. FRANFOIS, DUVAL, E., AND LECOMTE, 

J. L.: Bull. soc. chim. 9, 548 (1943); Compt. rend. 212, 
697 (1941). 

76, 3895 (1954). 

485 (1929). 

3810 (1954). 

(1957); Chem. Abstracts 53, 5000 (1959). 

Sci. India A15, 86 (1946). 

SOC. 25, 571 (1948). 

Chem. 1, 143 (1955). 

(113) DRUCKER, C.: Z. physik. Chem. (Leipzig) 96, 381 (1920). 
(114) DRYSSEN, D., AND SILLEN, L. G.: Acta Chcm. Scand. 7, 

(115) DUBE, H. L., AND DHAR, N. R.: J. Phys. Chem. 36, 626 

(116) DUCRET, L. P.: Ann. chim. 6, 705 (1951). 
(117) DUFET, H.: Bull. SOC. frang. mineral 26,30 (1903). 
(118) DUFFOUR, A.: ThBse, Paris, 1912. See Sidguick, N. V.: 

The Chemical Elements and their Compounds, p. 1281. 
Clarendon Press, Oxford (1950). 

(119) DUFFOUR, A,: Ann. chim. phys. 30, 169-240 (1905). 
(120) DUKE, F. R.: J. Am. Chem. SOC. 69, 2885 (1947). 
(121) DUKE, F. R.: J. Am. Chem. SOC. 70, 3975 (1948). 
(122) DUNITZ, J. D., AND ROBERTSON, J. M.: J. Chem. soc. 1947, 

(123) DUNITZ, J. D., AND ROBERTSON, J. M.: J. Chem. Soc. 1947, 

(124) DUNITZ, J. D., AND ROBERTSON, J. M.: J. Chem. SOC. 1947, 

(125) DURRANT, F. G.: J. Chem. SOC. 87, 1781 (1905). 
(126) DUTT, N. K., AND SUR, B.: Z. anorg. u. allgem. Chem. 293, 

663 (1953). 

(1932). 

142. 

148. 

1145. 

195 (1957). 



242 KOTRA V. KRISHNAMURTY AND GORDON M. HARRIS 

(127) DWYER, F. P., A N D  SARQESON, A. M.: J. Phys. Chem. 60, 
1331 (1956). 

(128) ELOVICH, 8. Yu., AND MATORINA, N. N.: Zhur. Fia. Khim. 
30, 383 (1956); Chcm. Abstracts 50, 11079 (1956). 

(129) ELOVICH, 8. Yu., AND MATORINA, N. N.: Primenenie 
Mechenykh Atomov v Anal. Khim., Akad. Nauk 
S.S.S.R., Inst. Geokhim. i Anal. Khim. 1959, 83; Chem. 
Abstracts 50, 3945 (1956). 

(130) ELSON, R. E.: J. Am. Chem. SOC. 75, 4193 (1953). 
(131) ERMAKOV, A. N., BELYAEVA, V. K., AND MAROV, I. N.: 

Trudy Komissii. Anal. Khim., Akad. Nauk S.S.S.R. 
Inst. Geokhim. i Anal. Khim. 9, 170 (1958); Chem. Ab- 
stracts 53, 3967 (1959). 

(132) ERMAKOV, A. N., BELYAEVA, V. K., MAROV, I. N., AND 
CHMUTOVA, M. K.: Zhur. Neorg. Khim. 4,493 (1959). 

(133) EVEREST, D. A.: J. Chem. SOC. 1955,4415. 
(134) Omitted. 
(135) FAUST, C. L., AND BEACH, J. G.: U.S. patent 2,563,229 

(1951). 
(136) FEIBUSH, A. M., ROWLEY, K., AND GORDON, L.: Anal. 

Chem. 30, 1605 (1958). 
(137) FEIBUSH, A. M., ROWLEY, K., AND GORDON, L.: Anal. 

Chem. 30, 1610 (1958). 
(138) FEIQL, F.: J. Chem. Educ. 21,479 (1944). 
(139) FIELD, R. N., AND VOSBURQH, W. C.: J. Am. Chem. SOC. 

(140) FIQQIS, B. N., AND NYHOLM, R. 8.: J. Chem. SOC. 1954, 12. 
(141) FAJANS, K., AND ERDEY-GRITz, T.: Z. physik. Chem. 

(Leipzig) A158, 97 (1932), 
(142) FOMIN, V. V., A N D  SIN’KOVSKII, V. V.: Zhur. Neorg. Khim. 

1, 2316 (1956); Chem. Abstracts 51, 7928 (1957). 
(143) FOMIN, V. V., VOROB’EV, 5. P., AND ANDREEVA, M. A.: 

Soviet J. At. Energy 4, No. 1, 63 (1958) (English trans- 
lation); Atomnaya Energ. 4, No. 1, 57 (1958); Chem. 
Abstracts 53, 8887 (1959). 

(144) FORBES, G. S., AND HEIDT, L. J.: J. Am. Chem. SOC. 56, 
2363 (1934). 

(145) FRANK, B.: Ann. Univ. Mariae Curie-Sklodowska, Lubin- 
Polonia, Sect. AA, 11, 47 (1956); Chem. Abstracts 53, 
13743 (1959). 

(146) FREEMAN, E. S., AND CARROLL, B.: J. Phys. Chem. 62, 
394 (1958). 

(147) FUJITA, J., NAKAMOTO, K,, AND KOBAYASHI, M.: J. Am. 
Chem. SOC. 78, 3963 (1956). 

(148) FUJITA, J., NAKAMOTO, K., AND KOBAYASHI, M.: J. Phys. 
Chem. 61, 1014 (1957). 

(149) GAYER, K. H., DEMMLER, A,, AND ELKIND, M. J.: J. Chem. 
Educ. 30, 557 (1953). 

(150) GEL’MAN, A. D., DRABKINA, L. YE., AND MOSKVIN, A. I.: 
Zhur. Neorg. Khim. 7, 1646 (1958); Chem. Abstracts 
53, 17643 (1959). 

(151) GEL’MAN, A. D., MATORINA, N. N., AND MOSKVIN, A. I.: 
Doklady Akad. Nauk S.S.S.R. 117, 88 (1957); Chem. 
Abstracts 52, 12647 (1958). 

(152) GEL’MAN, A. D., MATORINA, N. N., AND MOSKVIN, A. I.: 
Soviet J. At, Energy 3,1115 (1957) (English translation); 
Atomnaya Energ. 3, 308 (1957); Chem. Abstracta 53, 
5832 (1959). 

(153) GEL’MAN, A. D., MATORINA, N. N., AND MOSKVIN, A. I.: 
Soviet J. At. Energy 4, 55 (1958) (English translation); 
Atomnaya Energ. 4, 62 (1959); Chem. Abstracts 53, 
9778 (1959). 

(154) GEL’MAN, A. D., AND MOSKVIN, A. I.: DoMady Akad. 
Nauk S.S.S.R. 118, 493 (1958); Chem. Abstracts 52, 
19360 (1958). 

(155) GHOSH, J. C., AND KAPPANNA, A. N.: J. Indian Chem. SOC. 
3, 127 (1926). 

71, 2398 (1949). 

(156) GILLIS, J., EECKHART, J., CORNAND, P., AND SPEECKS, A,: 
Mededel. Koninkl. Vlaam. Aced. Wetenschap. Belg., 
K1. Wetenschap 15, No. 13, 3 (1953); Chem. Abstracts 
48, 9862 (1954). 

(157) GOLD, V.: Trans. Faraday SOC. 56, 255 (1960). 
(158) GOPALARAO, G., ARAVAMUDAM, G., AND VENKATAMMA, 

N. D.: Z. anal. Chem. 146, 101 (1955). 
(159) GORDON, L., SALUTSKY, M. L., AND WILLARD, H. H.: 

Precipitation from Homogenema Solution. John Wiley 
and Sons, Inc., New York (1959). 

(160) GRADDON, D. P.: J. Inorg. & Nuclear Chem. 3,308 (1956). 
(161) GRADDON, D. P.: Chem. & Ind. (London) 1956,80. 
(162) GRADDON, D. P.: J. Inorg. & Nuclear Chem. 5, 219 (1958). 
(163) GRADDON, D. P.: J. Inorg. & Nuclear Chem. 7, 75 (1958). 
(164) GRANT, D. M., AND HAMM, R. E.: J. Am. Chem. SOC. 73, 

(165) GRANT, D. M., AND HAMM, R. E.: J. Am. Chem. SOC. 80, 

(166) GRAZIANO, F. D., AND HARRIS, G. M.: J. Phys. Chem. 63, 

(167) GREFIQ, A. T.: Report No. K-1314, U.S. AEC (August 12, 

(168) GREY, J. T., JR.: J. Am. Chem. SOC. 68,605 (1946). 
(169) GRIFFITH, R. L.: J. Chem. Phys. 11,499 (1943). 
(170) GRINBERQ, A. A,, AND PETRZHAK, G. I.: Trudy Radievogo 

Inst. im. V. G. Khlopina, Khim. i Geokhim. 7, 50 
(1956); Chem. Abstracts 51, 17352 (1957). 

(171) GRINBERQ, A. A., PETRZHAK, G. I., AND EVTSEV, L. I.: 
Zhur. Neorg. Khim. 3, 204 (1958); Chem. Abstracts 52, 
16972 (1958). 

(172) GRINBERO, A. A., AND RYABCHIKOV, D. I.: Acta Physico- 
chim. U.S.S.R. 8, 773-86 (1938); Chem. Abstracts 33, 
7690 (1939). 

(173) GRINBERQ, A. A., AND YATSIMIRSKI~, K. B.: Iavest. Akad. 
Nauk S.S.S.R., Otdel. Khim. Nauk 1952, 211; Chem. 
Abstracts 46,9353 (1952). 

(174) GROSSFELD, J.: Z. ges. Kohlensaure Ind. 26, 453 (1921); 
Chem. Abstracts 15, 2881 (1921). 

(176) GRUEN, D. M., AND KATZ, J. J.: J. Am. Chem. SOC. 75, 
3772 (1953). 

(176) GUQQENHEIM, E. A.: Phil. Mag. [7] 2, 638 (1926). 
(176s) GUSTAVSON, A.: Svensk. Kem. Tid. 56, 14 (1944); J. 

(177) GUTOWSKY, H. S., PORTE, A. L., AND HARRIS, G. M.: 

(178) HAENNY, CH., AND ROCHAT, G.: Helv. Chim. Acta 32,2441 

(179) HAENNY, CH., AND WIKLER, E.: Helv. Chim. Acta 32,2444 

(180) HUN, E. L.: Phys. Rev. 80,580 (1950). 
(181) HAHN, 0. : Applied Radiochemistry. Cornell University 

(182) HAISSINSKY, M., AND JENQ-TSONCI: Anal. Chim. Acta 4, 

(183) HALPERN, J., AND HARKNPISS, A. C.: J. Chem. Phys. 31, 

(184) HAMM, R. E.: J. Am. Chem. Soc. 75, 609 (1953). 
(185) HAMM, R. E., AND DAVIS, R. E.: J. Am. Chem. SOC. 75, 

(186) HAMM, R. E., JOHNSON, R. L., PERKINS, R. H., AND DAWS, 

(187) HUM, R. E., AND PERKINS, R. H.: J. Am. Chem. Soc. 77, 

(188) HAW, R. E., AND SHULL, C. M., JR.: J. Am. Chem. SOC. 

3006 (1956). 

4166 (1958). 

330 (1959). 

1957). 

Intern. SOC. Leather Trades Chem. 30, 264 (1946). 

Private communication. 

(1949). 

(1949). 

Preas, Ithaca, New York (1936). 

328 (1949). 

1147 (1959). 

3085 (1953). 

R. E.: J. Am. Chem. Soc. 80,4469 (1958). 

2083 (1955). 

73, 1240 (1951). 



THE CHEMISTRY OF THE METAL OXALATO COMPLEXES 243 

(189) HARNED, H. S., AND OWEN, B. B.: The Phuslsical Chemistry 
of Electrolytic Solutions, 3rd edition. Reinhold Publishing 
Corporation, New York (1958). 

(190) HATCHARD, C. G., A N D  PARKER, C. A,: Proc. Roy. Soo. 
(London) A235,518 (1956). 

(191) HAUSEMAN, E. A., AND DAVIS, R .  W.: J. Am. Chem. SOC. 
76, 5341 (1954). 

(192) HEIDT, L. J.: J. Phys. Chem. 46, 624 (1942). 
(193) HENDRICKS, 8. €3.: Z. Krist. 91, 58 (1935). 
(194) HENDRICKB, S. B., AND JEFFERSON, M. E.: J. Chem. Phya. 

(195) HERMAN, J. A.: U.S. AEC LA-2013. 
(196) HORECKER, B. L.: Enaymologia 7,331 (1939). 
(197) HUTCHISON, C. A., JR., AND ELLIOT, N.: J. Chem. Phye. 16, 

(198) ICKI, J. J. G.: U S .  patent 2,748,069 (May 29, 1956). 
(199) INQRAM, D. J. E., HODOSON, W. G., PARKER, C. A,, AND 

REES, W. T.: Nature 176, 1227 (1955). 
(200) INOUE, R., YAMAUCHI, T., AND OZEKI, T.: Chem. High 

Polymers (Japan) 11, 489 (1954); Chem. Abstracts 50, 
6087 (1956). 

(201) IRVING, H., ROSSOTTI, F. J. C., AND WILLIAMS, R.  J. P.: 
J. Chem. SOC. 1955, 1906. 

(202) JAEGER, F. M.: Proc. K. Akad. Wetensch. Amsterdam 21, 
203-14 (1918); J. Chem. SOC. Abstracts 116, Pt.  1, 5 
(1919). 

4, 102 (1936). 

920 (1948). 

(203) JAEGER, F. M.: Rec. trav. chim. 38,171 (1919). 
(204) JAEQER, F. M.: Rec. trav. chim. 38, 243-65 (1919). 
(205) JAEGER, F. M., AND BERGER, G.: Rec. trav. chim. 40, 153 

(1921). 
(206) JANDER, G., A N D  SPANDU, H.: Z. physik. Chem. (Leipaig) 

A188,65 (1941). 
(207) JEFFREY, G. A., AND PARRY, G. 5.: J. Chem. SOC. 1952, 

4864. 
(208) JEFFREY, G. A., AND PARRY, G. 5.: J. Am. Chem. SOC. 76, 

5283 (1954). 
(209) JEZOWSKA-TRZEBIATOWSHA, B., AND WAJDA, S. : Bull. acad. 

polon. mi., SBr. sci. Chim., g6ol. et ghgraph. 6, 217 
(1958); Chem. Abstracts 52, 16971 (1958). 

(210) JOB, P.: Compt. rend. 180, 928 (1925); Ann. chim. [lo) 
9, 113 (1928); [ll] 6,97 (1936). 

(211) JOHNSON, C. H.: Trans. Faraday SOC. 28, 845 (1932). 
(212) JOHNSON, C. H.: Trans. Faraday SOC. 31, 1614 (1935). 
(213) JOHNSON, C. H., AND MEAD, A.: Trans. Faraday SOC. 29, 

625 (1933). 
(214) JOHNSON, F. A.: Ph.D. Thesis, University of Wisconsin 

(1958); obtainable from University Microfilms, Ann 
Arbor, Michigan. 

(215) JOHNSON, F. A., AND LARSEN, E. M.: Abstracts of Papers 
Presented a t  the 134th Meeting of the American Chemi- 
cal Society, Chicago, Illinois, September, 1958, p. 39N. 

(216) JONES, M. M., AND KEITH INNES, K.: J. Phys. Chem. 62, 
1005 (1958;. 

(217) JJ~RQENSEN, C. K.: Acta Chim. Scand. 10, 508 (1956). 
(218) Omitted. 
(219) KASPER, J. S., Lucm,  C. M., AND HARKER, D.: Acta 

(220) KAWAMURA, A.: Bull. Japan AESOO. Leather Technol. 1,24 

(221) KAWAMURA, A., AND NAKAJIMA, H.: Bull. Japan AEEOC. 

(222) KAWAMURA, A., AND WADA, K.: J. Am. Leather Chemists' 

(223) KEHRMANN, F.: Ber. 20, 1594 (1887). 
(224) Omitted. 
(225) KINO, E. L.: J. Am. Chem. SOC. 74,563 (1952). 

Cryst. 3, 436 (1950). 

(1956). 

Leather Technol. 2, 34 (1956). 

Aasoo. 52, 476 (1957). 

(226) KIROINTSEV, A. N.: Zhur. Neorg. Khim. 2, 1Oi2 (11157); 
Chem. Absttracts 52, 7819 (1958). 

(227) KISS, A. v., AND ACS, v.: z. anorg. 11. allgem. Chem. 247, 
190 (1941). 

(228) KISTIAKOWSKY, G. B. : Photochemical Processea, p. 182. 
The Chemical Catalog Company, Inc., New York (1928). 

(229) KOHN, M.: Monatsh. Chem. 66,303 (1935). 
(230) KOHN, M., A N D  BENCZER, L.: Monatsh. Chem. 44, 97 

(231) KOLTHOFF, I. M., PERLICH, R. W., AND WEIBLEN, D.: J. 

(232) KORNFELD, G.: J. Phys. Chem. 44, 949 (1940). 
(233) KORNIENHO, V. P.: Ukrain. Khim. Zhur. 23, 159 (1957); 

Chem. Abstracts 51, 12617 (1957). 
(234) KORNIENKO, V. P.: Sbornik Nauch. Rabot. Akad. Nauk 

Beloruss. S.S.R. Inst. Khim. 5, 92 (1956); Chem. Ab- 
stracts 52, 6906 (1956). 

(235) KORSHUNOV, I. A., POCHINATLO, A. P., A N D  TIKHOMIROVA, 
V. M.: Zhur. Neorg. Khim. 2, 68 (1957); Chem. Ab- 
stracts 51, 16184 (1967). 

(1923). 

Phys. Chem. 46, 661 (1942). 

(236) KOVACS, A.: Hungarian patent 115,327 (1936). 
(237) KRAUS, K. A.: Ann. N. Y. Acad. Sci. 51, 789 (1949). 
(237a) KREBS, H., DIEWALD, J., ARLIT~, H., AND WAQNER, 

J. A.: Z. anorg. u. allgem. Chem. 287,98 (1956). 
(238) KRISHNAMURTY, K. V., AND HARRIS, G. M.: J. Phys. Chem. 

64,346 (1960). 
(239) KUHN, W.: Ann. Rev. Phye. Chem. 9, 417 (1958). 
(240) KWN, W., AND BEIN, J.: Z. physik. Chem. (Leipzig) B24, 

(241) KUHN, W., AND BRAWN, E.: Z. physik. Chem. (Leipaig) 

(242) KUHN, W., AND ROMETSCH, R.: Helv. Chim. Acta 27, 1080 

(243) KUNSCHERT, F.: Z. anorg. Chem. 41, 338 (1904). 
(244) LACROIX, 8.: Ann. chim. (France) 4, 5 (1949). 
(245) LACROIX, S.: Bull. soc. chim. France 1947, 408. 
(246) LADBURY, J. W., AND CULLIS, C. F.: Chem. Revs. 58, 403 

(247) LAMBLING, J.: Bull. EOC. chim. France 1949, 495. 
(248) LANDESEN, G.: Z. anorg. Chem. 154, 429 (1926). 
(249) LANGENBECK, w., DREYER, H., NEARING, D., AND WELK- 

(250) LAPIDUS, G.: Ph.D. Thesis, The University of Buffalo 

(251) LATIMER, W. M.: Ozidution Pobntiala, 2nd edition, p. 171. 

(252) LAUNER, H. F.: J. Am. Chem. SOC. 54, 2597 (1932). 
(253) LAUNER, H. F.: J. Am. Chem. SOC. 55, 865 (1933). 
(254) LAUNER, H. F., AND YOST, D. M.: J. Am. Chem. SOC. 56, 

2571 (1934). 
(255) LEIGHTON, W. G., AND FORBES, G. 8.: J. Am. Chem. Soo. 

52,3139 (1930). 
(256) LEWIS, J., AND WILKINS, R. G. (Editors): Modern CoordG 

nation Chemistry. Interscience Publishers, Inc., New York 
(1960). 

(257) LI, N. C., WESTFALL, W. M., LINDENBAUM, A., WHITI, 
J. M., AND SCHUBERT, J.: J. Am. Chem. SOC. 79, 5864 
(1957). 

(258) LIDWELL, 0. M., AND BELL, R. P.: J. Chem. SOC. 1935,1303. 
(259) LINGANE, J. J.: Chem. Revs. 29, 1 (1941). 
(260) LINGANE, J. J.: J. Am. Chem. SOC. 68,2448 (1946). 
(261) LINQANE, J. J., AND MEITES, L., JR.: J. Am. Chem. Soc. 

(262) LIVINGSTONE, R.: J. Phys. Chem. 44,601 (1940). 
(263) LLEWILLYN, D. R., AND ODELL, A. L.: Proc. Aust. At. 

(264) LOCHMAN, G.: Chem. Ztg. 57, 214 (1933). 

335 (1934). 

SB, 281 (1930). 

(1944). 

(1958). 

DER, J.: Z. anorg. u. allgem. Chem. 281, 90 (1955). 

(1960). 

Prentice-Hall, Inc., New York (1953). 

69, 1021 (1947). 

Energy Symposium 5, 623 (1958). 



244 KOTRA V. KRISHNAMURTY AND GORDON M. HARRIS 

(265) LONQ, F. A,: J. Am. Chem. SOC. 61, 570 (1939). 
(266) LONQ, F. A.: J. Am. Chem. SOC. 63, 1353 (1941). 
(267) LONQ, F. A,:  J. Am. Chem. SOC. 73, 537 (1951). 
(268) LOWENSTEIN, E.: Z. anorg. 11. allgem. Chem. 63,105 (1909). 
(269) MALAPRADE, L., AND COULOMBEAU, J.: Compt. rend. 238, 

(270) MANN, F. G., CROWFOOT, D., GATTIKER, D. C., AND 
2322 (1954). 

WOOSTER, N.: J. Chcm. SOC. 1935, 1642. 

J. P.: J. Am. Chem. SOC. 65, 329 (1943). 

65,333 (1943). 

(271) MARCIiI, L. E., FERNELIUS, w. c., AND MCREYNOLDS, 

(272) MARcItI, L. E., AND MCREYNOLDS, J. P.: J. Am. Chem. Soc. 

(273) MARKIN, R. L.: J. Inorg. & Nuclear Chem. 7, 290 (1958). 
(274) MARTELL, A. E., AND CALVIN, M.: Chemistry of the Metal 

Chelate Compounds. Prentice-Hall, Inc., New York 
(1952). 

(275) MATA PRASAD, KANEKAR, C. R., WALVEKAR, S. P., AND 
KHANOLKAR, D. D.: J. Chem. Phys. 18,936 (1950). 

KHANOLKAR, D. D.: J. Chem. Phys. 18,941 (1950). 

(1958). 

(276) MATA PRASAD, DHARMATTI, 8. s., KANEKAR, c. R., AND 

(277) MATHIEW, J. P.: J. Inorg. & Nuclear Chem. 8, 33-63 

(278) MAYER, S. E.: US. patent 2,636,892 (April 28, 1953). 
(279) MAYOR, Y.: Rev. chim. ind. (Paris) 46,356 (1937); 47,3-6, 

73-9 (1938); Chem. Abst,racts 32, 4950 (1938). 
(280) MAZZUCCHELLI, A., AND BACCI, U.: Gazz. chim. ital. 62,756 

(1932). 
(281) MAZZUCCHELLI, A., AND BACCI, A.: Gazz. chim. ital. 62,764 

(1932). 
(282) M C B R A ~ Y ,  J. J., AND LIVINQSTONE, R.: J. Phys. Chem. 50, 

176 (1946). 
(283) MCLANE, c., AND PETERSON, 5.: NNES IV-l4B, 1371 

(1949). 
(284) MEHLIO, J. P., A N D  ZEAQAS, G. J.: Chemist Analyst 40, 76 

(1951). 
(285) Omitted. 
(286) MEITES, L., JR.: J. Am. Chem. SOC. 72, 184 (1950). 
(287) MEITES, T., A N D  MEITES, L., JR.: J. Am. Chem. SOC. 73, 

(288) MEITES, T., AND MEITES, L., JR.: J. Am. Chem. SOC. 73, 

(289) MELOON, D., SHEEL, S., A N D  HARRIS, 0. M.: To be pub- 

(290) MENKER, H., AND GARNER, C. S.: J. Am. Chem. SOC. 71, 

(291) METLER, V., AND VOSBURQH, W. C.: J. Am. Chem. SOC. 

(292) MOELLER, T.: J. Am. Chem. SOC. 62, 2444 (1940). 
(293) MOELLER, T., AND GRAHN, E. H.: J. Inorg. & Nuclear 

Chem. 5, 53 (1957). 
(294) MOELLER, T.; AND NIELSEN, N. C.: J. Am. Chem. SOC. 75, 

5106 (1955). 
(295) MOHANTY, S. R., SINQH, D., AND MURTY, J. G.: Current 

Sci. (India) 24, 229 (1955). 
(296) MONEY, R. W., AND DAVIES, C. W.: J. Chem. SOC. 1934, 

400. 
(297) MONNIER, A. M., AND CHOUTEAU, J.: Arch. Sci. Physiol. 

1, 407 (1947); Chem. Abstracts 43, 4970 (1949). 
(298) MORQAN, L. O., NOLLE, A. W., HULL, R. L., AND MURPHY, 

J.: J. Chem. Phys. 25, 206 (1956). 
(299) MOSKVIN, A. I., AND GEL'MAN, A. I).: Zhur. Neorg. Khim. 

3,956 (1958); Chem. Abstractg 52, 16842 (1959). 
(300) MOSKVIN, A. I., KHALTURIN, G. V., AND GEL'MAN, A. D.: 

Radiokhimiya 1, 141 (1959); Chem. Abstracts 53, 21347 
(1959). 

(301) MOSKVIN, A. I., AND ZAKHAROVA, F. A,: Zhur. Neorg. 
Khim. 4, 2151 (1959). 

1304 (1951). 

1161 (10511. 

lished. 

371 (1949). 

55, 2625 (1933). 

(302) MUKAIRO, T., AND TBUJIMURA, 8.: J. Chem. SOC. Japan, 

(303) MUKERII, B. K., A N D  DHAR, N. R.: J. Indian Chem. SOC. 

(304) MUMBRAUER, R.: Z. physik. Chem. (Leipzig) A163, 142 

(305) MURQIER, M., AND SALLE, M.: Compt. rcnd. 232, 1558 

(306) MURQULESCU, I. G.: Bul. 800. gtiinte Cluj 8, 193 (1935). 
(307) NAIR, C. K. N., AND OUPTA, J.: J. Sci. Ind. Research (India) 

(308) NANDA, A. C., AND PANI, S.: Current Sci. (India) 22, 300 

(309) NANDA, A. C., AND PANI, S.: J. Indian Chem. Soc. 31, 588 

(310) NANDA, CH. B. N., AND PANI, S.: J. Indian Chem. SOC. 34, 

(311) NEOGI, R., AND DUTT, N. K.: J. Indian Chem. SOC. 15, 83 

(312) NEWMAN, L., AND HUME, D. N.: J. Am. Chem. SOC. 79, 

(313) NIEKERK, J. N. VAN, AND SCHOENINQ, F. R. L.: Acta 

(314) NIEKERK, J. N. VAN, AND SCHOENINQ, F. R. L.: Acta 

(315) NIEKBRK, J. N. VAN, AND SCHOENINQ, F. R. L.: Acta 

(316) NIEKERK, J. N. VAN, AND SCHOENINQ, F. R. L.: Acta Cryst. 

(317) NOYES, R. M.: Trans. N.Y. Acad. Sci., Ser. 11, 13, 314 

(318) NYHOLM, R. S.: QuRrt. Revs. (London) 7,377 (1953). 
(319) O'CONNOR, R. R.: U S .  AEC Report CN-102 (June, 1944). 
(320) OLSON, A. R., AND SIMONSON, T. R.: J. Chom. Phys. 17, 

1167 (1949). 
(321) OSAWA, T.: J. Chem. SOC. Japan, Pure Chem. Sect. 71, 

68-70 (1050); 72, 463 (1951); Bull. Chem. SOC. Japan 
23, 244 (1950). 

(322) PADMANABHAN, V. M., SARAIYA, 9. C., AND SUNDARILM, 
A. K.: J. Inorg. & Nuclear Chem. 12, 357 (1960). 

(323) PARKER, C. A.: Proc. Roy. SOC. (London) A220, 104 (1953). 
(324) PARKER, C. A.: Trans. Faraday SOC. 50, 1213 (1954). 
(325) PARKER, C. A,, AND HATCHARD, C. G.: J. Phys. Chem. 63, 

22 (1959). 
(326) PAULINQ, L.: The Nature of the Chemical Bond, 3rd edition. 

Cornel1 University Press, Ithaca, New York (1960). 
(327) PECKSOCK, R. L.: J. Am. Chem. Soc. 73, 1304 (1951). 
(328) PERCIVAL, E. G. V., A N D  WARDLAW, W.: J. Chem. SOC. 

(329) PERRIN, D. D.: Rev. Pure & Appl. Chem. (Australia) 9, 

(330) PICCINI, A., AND BRIZZI, N.: Z. anorg. Chem. 19, 400 
(1899). 

(331) PIMENTEL, G. C., AND STEVENSON, F. R.: U.S. AEC TID- 
5290, Book 1, 168 (1958); Chem. Abstracts 53, 16656 
(1959). 

(332) PIMER, R.: Electroplating 6, 401 (1953); Chem. Abstracts 
48, 58 (1954). 

(333) PITZER, E. C., GORDON, N. E., AND WILSON, D. A.: J. Am. 
Chem. SOC. 58, 67 (1936). 

(334) PLUMB, W., AND HARRIS, G. M.: Private communication. 
(335) PRINQLE, G. E.: Acta Cryst. 7, 716 (1954). 
(336) POLISSAR, M. J.: J. Am. Chem. SOC. 58, 1372 (1936). 
(336a) PRASAD, MATA: See references 275 and 276. 
(337) PURLEE, E. L.: J. Am. Chem. SOC. 81, 263 (1959). 
(338) RAAFLAUB, J.: Helv. Chim. Acta 43,629 (1960). 

Ind. Chcm. Sect. 56, 224 (1953). 

5,203 (1928). 

(1933). 

(1951). 

11B, 274 (1952). 

(1953). 

(1954). 

481 (1957). 

(1938). 

4571 (1957). 

Cryst. 4, 35 (1951). 

Cryst. 5, 196 (1952). 

Cryst. 5,  475 (1952). 

5, 499 (1952). 

(1951). 

1929, 2628. 

258 (1959). 



T H E  CHEMISTRY OF T H E  METAL OXALATO COMPLEXES 245 

(339) RAMANARAO, D. V., AND PANI, S.: Current Sci. (India) 22, 

(340) RAMANARAO, D. V., A N D  PANI, 5.: J. Sci. Ind. Reeearch 

(341) RAMANJANEYULU, J. V. 8., A N D  ~ S I U K L A ,  R. K.: Z. and. 

(342) RAMMEI~SBERG, C.: Ann. Physik 93,24 (1854). 
(343) RAMPF, P., A N D  SEQUIN, M.: Bull. 800. chim. Francc 1950, 

(344) RANDALL, M., A N D  YOUNO, L. E.: J. Am. Chem. SOC. 50, 

(345) REAS, W. H.: U S .  AEC Report REC-53 (April 15, 1946). 
(346) REZNIK, B. E., AND DLUOACH, R. E.: Nauch. Zapiski 

Dnepropetrovsk Gosudarst. Univ. 43, 73 (1953); Chem. 
Abstracts 49, 3723 (1955). 

(347) RICIIARDS, R. E., AND SMITH, J .  A. S.: Trans. Faraday SOC. 
47, 1261 (1951); 48, 675 (1952). 

(348) RILEY, H. L.: J. Chem. SOC. 1929, 1307. 
(349) RILEY, H. L.: J. Chem. SOC. 1930, 1642. 
(350) RIPAN, R., DUCA, A,, AND CETEANU, I.: Acad. rep. popu- 

lare Romhe, Filiala Cluj, Sthdii cercetki chim. 9, 47 
(1958). 

(351) RIVKIND, A. I.: Doklady Akad. Nauk S.S.S.R. 100, 933 
(1955); Chcm. AbAtracta 50, 1392 (1956). 

(352) ROBIN, J.: Bull. soc. chim. France 1953, 1078. 
(353) ROSENFELD, M., AND PICKETT, C. F.: U.S. patent 2,631,950 

(354) ROSENHEIM, A., AND FRANK, P.: Ber. 40,803 (1907). 
(355) RYAN, J. C., YANOWSKI, L, K., AND CEFOLA, M.: Mikro- 

(356) RYDDERG, J.: Acta Chem. Scand. 4, 1503 (1950). 
(357) RYDBERG, J., AND SULLIVAN, J. C.: Acta Chem. Scand. 13, 

(358) SACCONI, L.: Atti accad. Lincei [8] 6, 639 (1949). 
(359) SALUTSKY, M. L., AND GORDON, L.: And. Chem. 28, 138 

(360) SANDELL, E. B., AND KOLTHOFF, I. M.: J. Phys. Chem. 37, 

(361) SARWR, P.: Bull. soc. chim. 39, 1390 (1926). 
(362) SARMA, B., AND RAY, P.: J. Indian Chem. SOC. 21, 149 

(363) SARTORI, G.: Gam. chim. ital. 64,3  (1934). 
(364) SAVCHENKO, G. S.: Iavest. Sektora Fie.-Khim. Anal., Inst. 

ObshcheI Neorg. Khim., Akad. Nauk S.S.S.R. 25, 289 
(1954); Chem. Abstracts 49, 15587 (1955). 

(365) SAVCHENKO, G. S.: Khim. Redkikh Elementov, Akad. Nauk 
S.S.S.R., Inst. Obshchei i Neorg. Khim. 1957, No. 3, 57; 
Chem. Abstracts 52, 2631 (1958). 

(366) SCHAAP, W. B., LAITINEN, H. A., A N D  BAILAR, J. C., JR.: 
J. Am. Chem. SOC. 76, 5868 (1954). 

(367) SCHAPER, C.: Z. physik. Chem. (Leipaig) 72,315 (1910). 
(368) SCHLAFER, H. L.: J. Inorg. & Nuclear Chem. 13,101 (1960). 
(369) SCHLLFER, H. L. : Private communication (June, 1960). 
(370) SCHMELZ, J., MIYAZAWA, TATSUO, MIZUSHIMA, SAN- 

ICHIRO, LANE, T. J., AND QUAGLIANO, J. v.: Spectro- 
cliim. Acta 9, 51 (1957). 

(371) SCHOLDER, R.: Ber. 60, 1510 (1927). 
(372) SCHOLDER, R., A N D  LINSTR~M, C. F.: Ber. 63B, 2831 (1930). 
(373) SCHUBERT, J.: J. Phys. & Colloid Chem. 52, 340 (1948). 
(374) SCHUBERT, J.: In Ion  Exchange Theory and Application, 

edited by F. C. Nachod. Academic Press, Inc., New York 
(1949). 

273 (11)53). 

(India) 13B, 9.1 (1954). 

Chem. 151,31 (1956). 

542. 

989 (1928). 

(1953). 

chemie ver. Mikrochim. Acta 38,466 (1951). 

2057 (1959). 

(1956). 

153, 443, 459 (1933). 

( 1944). 

(375) SCHUBERT, J.: J. Phys. Chem. 56, 113 (1952). 
(376) SCHUBERT, J., LIND, E. L., WESTFALL, W. M., PFLEQER, 

(377) SCHUBERT, J., AND RICHTER, J. W.: J. Phys. & Colloid. 
R., AND LI, N. C.: J. Am. Chem. SOC. 80, 4799 (1958). 

Chem. 52, 350 (1948). 

(378) SCHUELI, W. J.: J. Phys. Chem. 63, 83 (1959). 
(379) SCHWEITZER, G. K., AND ROSE, J. L., JR.: J. Phye. Chem. 

(380) SERVIONE, M.: J. chim. phye. 31,223 (1934). 
(381) SERVIONE, M.: Compt. rend. 195, 41 (1932). 
(382) SERIfAIAII, U. V.: J. Sci. Ind. Research (Indin) 18B, 437 

(1959) I 
(383) SHCHIQOL, M. B., A N D  BIRNBAUM, 8. M.: Zavodskaya Lab. 

14, 1427 (1948); Chem. Abstracte 43, 5337 (1949). 
(384) SIfEPPARD, J. c., AND WAIIL, A. c.: J. Am. Chem. soc. 79, 

1020 (1957). 
(385) SHUTTLEWORTH, S. G.: J. Intern. SOC. Leather Trades 

Chem. 30, 342 (1946); Chem. AbRtracts 41, 1571 (1947). 
(386) SIDGWICK, N. V., AND LEWIS, N. B.: J. Chem. SOC. 129, 

1287, 2538 (1926). 
(387) SIMMS, H. S.: J. Phys. Chem. 32, 1121 (1928). 
(388) SNELL, C. T.: Chem. Ind. 65,742 (1949). 

anorg. u. allgem. Chem. 220, 1 (1934). 
(390) SPEEKE, A,, AND HOSTE, J.: Talanta 2,332 (1959). 
(391) SPITTLE, H. M., AND WARDLAW, W.: J. Chem. SOC. 1928, 

(392) SPITTLE, H. M., AND WARDLAW, W.: J. Chem. SOC. 1929, 

(393) SRIVASTAVA, S. C.: J. Sci. Ind. Research (India) 18B, 437 

(394) STACKELBERG, M., AND FREYHOLD, H.: Z. Elektrochem. 46, 

(395) STEELE, M. C.: Australian J. Chem. 10, 368 (1957). 
(396) STRANKS, D. R.: In Modern Coordination Chemistry, edited 

by J. Lewis and R. G. Wilkina, pp. 78-173. Interscience 
Publishers, Inc., New York (1960). 

(397) STRANKS, D. R., AND WILKINS, R. G.: Chem. Revs. 57, 
743 (1957). 

(398) SUBBANNA, V. V., RAO, G. s., AND BHATTACHARYA, A. K.: 
J. Sci. Ind. Research (India) 18B, 127 (1959). 

(399) SUNDER, C.: Bull. soc. ind. Mulhouse 98, 249 (1932); 
Chem. Abstracts 26, 3928 (1932). 

(400) SUZUKI, S., AND YOSHIMURA, C.: J. Chem. SOC. Japan, 
Pure Chem. Sect. 72, 428 (1951); Chem. Abstracts 46, 
1847 (1952). 

(401) SWINNERTON, J. W., AND MILLER, W. W.: J. Chem. Educ. 
36, 485 (1959). 

(402) SYROKOMSKI~ V. S., AND AVILOV, V. B.: Zavodskaya Lab. 
14, 1279 (1948); Chem. Abstracts 49, 12172 (1955). 

(403) TANANAEV, I. V., AND D E ~ I M A N ,  E. N.: Khim. Redkikh 
Elementov, Akad. Nauk S.S.S.R., Inst. ObshcheI i 
Neorg. Khim. 1, 87 (1954); Chem. Abstracts 49, 10779 
(1955). 

(404) TANANAEV, I. V., AND VORONTSOVA, A. A.: Zhur. Neorg. 
Khim. 4, 445 (1959). 

(405) TAUBE, H.: J. Am. Chem. SOC. 68, 611 (1946). 
(406) TAUBE, H.: J. Am. Chem. SOC. 69, 1418 (1947). 
(407) TAUBE, H.: J. Am. Chem. SOC. 70, 3928 (1948). 
(408) TAUBE, H.: J. Am. Chem. SOC. 70, 1216 (1948). 
(409) TAUBE, H.: Chem. Revs. 50, 69 (1952). 

56, 428 (1952). 

(389) SPACU, G., MUROULESCU, J. M., AND VANCEA, M.: z. 

2742. 

297. 

(1959). 

120 (1940). 

(410) TCHAKAIUAN, A., AND VARTAPETIAN, 0.: COmpt. rend. 
234, 212 (1952). 

(411) THOMAS, W.: J. Chem. SOC. 119, 1140 (1921). 
(412) THOMAS, W.: J. Chem. SOC. 121, 2069 (1922); 123, 617 

(413) THOMPSON, R.: AECD-1897 (1948). 
(414) THOMPSON, S., MORGAN, L., JAMES, F., AND PERLMAN, I.: 

(415) TILLU, M. M., AND ATHVALE, V. T. Anal. Chim. Acta 11, 

(1923). 

NNES IV 14B, 1339 (1949). 

62 (1964). 



246 KOTRA V. KRIBHNAMURTY AND GORDON M. EIARRIS 

(416) TOROPOVA, V. F.: J. Gen. Chem. (U.S.S.R.) 11, 1211 
(1941); Chem. Abstracts 39,4018 (1945). 

(417) TRUJILLO, R., AND TURRES, F.: Andes real. EOC. espafi. fls. 
y qulm. (Madrid) 52B, 157 (1956); Chem. Abstracte 50, 
16528 ( 1956). 

(418) TRUJILLO, R., TURRES, F., AND ASCANIB, J.: Publs. inet. 
quim., “Alonso Barba” (Madrid) 10, 191 (1966) ; Chem. 
Abstracts 51, 11907 (1957). 

(419) TSUCHIDA, R., NAKAMURA, A., AND KOBAYABHI, M.: J. 
Chem. SOC. (Japan) 56, 1335 (1935). 

(420) UGIAY, YA. A.: J. Gen. Chem. (U.S.S.R.)24, 1297 (1954); 
Chem. Abstracts 49,4383 (1955). 

(421) VENKATESWARLU, K., AND SIVARAMAN, S.: Trans. Faraday 
SOC. 53,438 (1957). 

(422) VOLMAR, Y., AND GAETTLEMANN, G.: Compt. rend. 216,826 
(1943). 

(423) VOSBURQH, W. C., AND BECKMAN, F. J.: J. Am. Chem. SOC. 
62, 1028 (1940). 

(424) VRANEK, K.: Z. Elektrochem. 23, 336 (1917). 
(425) WAHL, W., AND ANDERSEN, M.: Ber. 60, 399 (1927). 
(426) WATTERS, J. I.: U.S. AEC Report CK-1371 (March, 1944). 
(427) WATTERS, J. I., AND DEWFIT, R.: J. Am. Chem. Soc. 82, 

(428) WEAVER, B.: Anal. Chem. 26, 474 (1964). 
(429) WEINLAND, R. F., AND SIERP, F. W.: Z. anorg. Chem. 117, 

(430) WEINLAND, R., AND PAUL, F.: Z. anorg. Chem. 129, 242 

(431) WEISB, J.: DiECUESiOnE Fwaday h c .  2, 188 (1947). 
(432) WENDLANDT, W. W.: Texas J. Sci. 10, 271 (1958); Chem. 

1333 (1960). 

59 (1921). 

( 1923). 

Abstracts 53,6864 (1959). 

(433) WENDLANDT, W. W.: Anal. Chem. 30, 58 (1959). 
(434) WENDWNDT, W. W.: Anal. Chem. 31, 408 (1959). 
(435) WENOER, P., DUCKERT, R., AND RUBCONI, Y.: Helv. Chim. 

(436) WERNER, A.: Ber. 45,3061 (1912). 
(437) WERNER, A.: Ber. 47, 1954 (1914). 
(438) WERNER, A,: Ann. 406,261 (1914). 
(439) WERNER, A,: Ann. 406,271 (1914). 
(440) WERNER, A., AND BASEHART, J.: Ber. 47,2171 (1914). 
(441) WERNER, A., AND MCCUTCHEON, J.: Ber. 45, 3281 (1912); 

(442) Omitted. 
(443) WERNER, E. A.: J. Chem. Soc. 51,383 (1887). 
(444) WIBERQ, K. B.: Chem. Revs. 55,713 (1955). 
(445) WILLARD, H. H., AND TORIBAM, R. R.: J. Am. Chem. 

(446) WINTREBERT, L.: Ann. chim. phys. [7] 28,76, 114 (1903). 
(447) WIETH, F.: Z. anorg. Chem. 8 7 , l  (1914). 
(448) WYROUBOFF, G.:  Bull. EOC. franc. min6ral. 23, 65 (1900). 
(449) WYROUBOFF, F. N., AND VERNEUIL, A.: Ann. chim. phys. 

(450) YAJXHONTOV, V. D.: J. Appl. Chem. (U.S.S.R.) 19, 761 

(451) YANKWICH, P. E., AND COPELAND, J. L.: J. Am. Chem. SOC. 

(452) YOVANOVITCH, D.: J. chim. phys. 23, l(1926). 
(453) ZACAARIASEN, W. H.: Z. Krist. 89, 442 (1934). 
(454) ZAMBONINI, F.: Z. Krist. 47, 621 (1910). 
(455) ZIMMERMAN, J. R.: J. Chem. Phys. 21, 1605 (1953). 
(466) ZOLOTAVIN, V. L., AND KALUGIINA, N. N.: Zhur. Neorg. 

Khim. 1, 703 (1958); Chem. Abstracte SO, 15315 (1956). 

Acta 28,274 (1945). 

46, 2171 (1914). 

SOC. 64, 1762 (1942). 

6, (8), 441 (1905). 

(1946). 

79,2081 (1957). 


