Sept. 20, 1960

4:1 chelate; however, the 3:1 2-methyl-8-quino-
linol chelate can be prepared. Likewise, the 4:1,
and under certain conditions, the 5:1 2-methyl-8-
quinolinol thorium chelate can be precipitated
from solution while only the 5:1 8-quinolinol che-
late can be obtained.

The heats of solvation of the 2-methyl-8-quinoli-
nol thorium and uranium chelates are decidedly
more positive than those found for the 8-quinolinol
chelates. In fact, the thorium chelate has a posi-
tive value. Little can be said about the nature of
the interaction between the solvate molecule and
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the metal chelate because the heat of rearrangement
of the complex, after removal of the solvate mol-
ecule, is not known.

The structures of the solvated metal chelates re-
main unknown. It is thought, however, that the
structures of the thorium and scandium chelates dif-
fer from that for uranium. The exact structural
assignment will have to await further studies by X-
ray methods.

Acknowledgment.—The financial assistance of a
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Rhodium(IIT) Complexes with Ethylenediaminetetraacetic Acid
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Aquo-(ethylenediaminetriacetatoacetic acid )-rhodium(III) has been obtained from rhodium(III) hydroxide and aqueous
ethylenediaminetetraacetic acid at 145-150° and the potassium and ammonium salts of this acidic complex by neutraliza-

tion.

Resolution was effected through the active ¢is-dinitro-bis-(ethylenediamine)-cobalt(III) cation.
occurred at 96° (half-life, 163 min.), and at 20° in Pyrex vessels in sunlight.

Racemization
The dichloro and dibromo complexes, in which

the ethylenediaminetetraacetic acid behaved as a quadridentate ligand, were obtained in optically active forms, which did
not exhibit photoracemization, but decomposed in aqueous solution very slowly to yield the active aquo complex.

On the basis of photometric studies,! complexo-
metric titrations,? ion-exchange® and chromato-
graphic* separations, it was concluded originally
that rhodium complexes with ethylenediaminetet-
raacetic acid were not formed. Recently, how-
ever, it has been found that when freshly prepared
solutions of rhodium(III) chloride were heated with
ethylenediaminetetraacetic acid, the pH of the
solution slowly decreased, a new absorption band
appeared at 353 muy, and after a time rhodium hy-
droxide was no longer precipitated by alkali.’? The
previous failures to detect complex formation were
ascribed, reasonably enough, to the inertness of the
anionic rhodium complexes present in the aged
solutions. The composition of the complex was
not ascertained.

In the present work, the preparation, properties
and resolution of some of the complexes are de-
scribed. Ethylenediaminetetraacetic acid was
found to react in boiling aqueous solution with
rhodium(III) chloride and nitrate, and pale yellow
solids could be isolated as the ammonium salts.
None of the products could be characterized by
analysis and they apparently consisted of mixtures.
Fractionation of the material obtained from the
rhodium(III) chloride reaction gave a series of
yellow substances of different solubilities none of
which could be identified. With silver nitrate,
some silver chloride precipitated slowly, and the
infrared curves showed the presence of free car-
boxylic acid group(s) in all fractions.

(1) W. M. MacNevin and O. H. Kriege, Anal. Chem., 36, 1768
(1954); 28, 16 (1956).

(2) W. M. MacNevin and 0. H. Kriege, ibid., 37, 535 (1955).

(3) W. M. MacNevin and E. S. McKay. ibid., 29, 1220 (1957).

(4) W. M. MacNevin and M. L. Duaton, ibid., 29, 1806 (1957).

(5) W. M. MacNevin, H. 0. McBride and E. A. Hakkila, Chem. &
Ind. (London), 101 (1958).

Freshly precipitated rhodium(III) hydroxide,
free from chloride ion, failed to dissolve in
boiling aqueous ethylenediaminetetraacetic acid
even after 6 hr., but in an autoclave at 145-150°
dissolution was complete in 4 hr. The bright yel-
low solution was freed from excess acid by concen-
tration and cooling at 4°, and the solid rhodium
complex then separated on the addition of etha-
nol. The infrared spectrum showed a free car-
boxylic group, and analysis, the presence of a mole-
cule of water, from which the formula [RhH,O-
(HEDTA)] has been deduced. From pH titra-
tions, for the reactions

[RhH,O(HEDTA)] == H* + [RUH,O(EDTA)]| - =
H+*[Rh(EDTA)OH] 2

we deduce pK; = 2.32 £ 0.08 and pK, = 9.12 =
0.02. The aquo group is thus much less acidic
than in [Cr HLO(HEDTA)], (pK, = 7.52).5 The
color of the hydroxo complex anion [Rh(EDTA)-
OH] —? is not visibly different from that of the aquo
complex (absorption maxima at 293 and 359 my).
The potassium and ammonium salts were ob-
tained by neutralization of the complex acid. Reso-
lution was effected readily with the active cis-
dinitro-bis-(ethylenediamine)-cobalt(III)  cation.
Solutions of the active potassium salts retained
their rotations unchanged for three months in the
dark, but [«] s had decreased from —180 to —100°
in a year. The half life at 96° in the dark was 163
min. which is comparable with the cobalt complex”
(t/2 = 168 min. at 100°). The absorption spectra
of various samples collected during racemization
showed that apparently little decomposition en-
(6) R. E. Hamm, TH1s JourNaL, 768, 5670 (1953).

(7) F.P. Dwyer, E. C. Gyarfasand D. P. Mellor, J. Phys. Chem., 89,
(19353).
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sued. Slow racemization occurred in aqueous solu-
tion at room temperature in the diffuse laboratory
light, more rapidly in sunlight, and all activity was
lost in 2 hr. when irradiated by a 125 watt mercury
lamp. No loss in activity occurred when the solid
crystalline material was irradiated for 6 hr. In
aqueous solution strong absorption commenced at
about 450 myu, with maxima at 348 and 295 mu.
The former maximum was displaced slightly (351
mu) when photo-racemization was complete. Slow
racemization could be detected when the blue-vio-
let lines of mercury (435, 404 my), isolated with a
filter, were used for irradiation. The rotatory dis-
persion curve of the levo isomer obtained by Dr. D.
H. Busch, The Ohio State University, showed a re-
gion of anomalous dispersion with a maximum spe-
cific rotation, ([a] = —300°) at 440 mu.

Although probable, it has not been established
that the photo- and thermal racemization have the
same mechanisms. Two isomeric forms of the
[RhH,O(EDTA)] ~ anion are possible: equatorial
with the water molecule ¢is to one nitrogen atom
and frans to the other, and polar in which both ni-
trogen atoms are cis. No evidence for more than
one isomer was obtained, and it is likely that the
equatorial structure found for the [NiH.O-
(EDTA)] — anion® is present. The intramolecular
mechanism proposed by Bailar? to account for the
racemization of the cobalt complex anion [Co-
(EDTA)] ~ cannot be invoked unless the complex
actually consists of a mixture of equal amounts of
the polar and equatorial isomers, which must also
have equal or nearly equal rotatory powers. It can
be shown with models that this intramolecular
mechanism would convert one geometrical isomer to
the other, with inversion. A more feasible mecha-
nism would involve aquation subsequent to the de-
tachment of a further carboxylate group. The re-
sulting diaquo species can exist in four geometrical
isomers, but only two of these can yield the sym-
metrical intermediate, proposed by Bailar.

It should be mentioned that the photo-racemiza-
tion reaction offers the possibility of effecting an
absolute asymmetric synthesis. If the racemic
mixture is irradiated with one form of circularly
polarized light of the appropriate wave length, it
may be possible to racemize one antipode faster
than the other and thus enhance the concentration
of the more stable form. The photo-racemization
appears to be a reversible reaction, since, as will be
described later, the rhodium complex of l-propylene-
diaminetetraacetic acid regains its activity com-
pletely after standing in the dark for two days.
NModels show that in one optical isomer of the lat-
ter complex, the methyl group of the asymmetric
carbon atom interferes with the nearby C==0O
group. Only isowmer (L1) could be isolated.

Treatment of potassium aquo-(ethylenediamine-
triacetatoacetate)-rhodium (III) with concentrated
hydrochloric and hydrobromic acids at 90° gave
the dichloro and dibromo complexes K[Rh{H,-
EDTA)ClJ and K[Rh(N.EDTA)Bry. The in-
frared spectra of the complexes in Nujol showed
two peaks of comparable intensity in the carbonyl
region corresponding to two free carboxylic acid

(8) H. H. Weakliem and J. L. Hoatd, THis JourNal, 81, 543 (1959).
(9) J. C. Bailur, /. Tnorg. & Nuclear Chem.. 8, 165 (1958).
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groups and two complexed carboxyl groups. The
active complexes prepared from active K[KhH,O-
(EDTA)] did not undergo photo-racemization in
aqueous solution, but, in the dark, the halogen
atoms slowly dissociated, and, at the end of two
months, the original aqueous complex was obtained
with complete retention of configuration.

Attempts to isolate the corresponding iridium-
(IIT) complexes were not successful. The hexa-
chloroiridate(IV) and (III) ions reacted with the
formation of a mixture of chloro complexes, while
iridium (IIT) hydroxide in the autoclave at 145° was
transformed to a mixture of iridium(IV) oxide and
iridium. In the presence of a trace of ethanol,
iridium(III) or iridium(IV) oxide was reduced to
the metal completely. Though crystalline diastereo-
isomers of the anion [CrH,O(EDTA)] — easily were
prepared with the active cations ¢is-dinitro-bis-
(ethylenediamine}-cobalt(IIT) and oxalato-bis-
(ethylenediamine)-cobalt(I1I), no activity could
be detected in the potassium salts following the
elimination of these resolving agents. The failure
to effect resolution is ascribed to rapid intramolec-
ular racemization, and it is, perhaps, significant
that the structurally analogous anion ethylenedi-
amine-bis-(oxalato)-chromate(III) has a half life
of less than four minutes at 20.6°.1°

Experimental

(All rotations were measured at 20° in a 2 dm. tube.)

di-Aquo - (ethylenediaminetriacetatoacetic acid)-rhodium-
(III) 1*—Freshly precipitated rhodium(III) hydroxide, pre-
pared from rhodium nitrate solution (containing 0.602 g.
Rh) by precipitation at 90° (pH 7) by the addition of
sodium bicarbonate, was suspended in water (50 ml.) in
a Pyrex tube. Ethylenediaminetetraacetic acid (4 g.)
was added, the tube sealed and the mixture heated at
145° in an autoclave coutaining a little water for 6 hr.
After cooling to room temperature, tlte tube was chilled
in ice and opened carefully. Sometimes, a small internal
pressure had developed, presumably due to some decarbox-
vlation of the ethylenediaminetetraacetic acid. The excess
H,;EDTA and a little rliodium metal were removed, and the
vellow filtrate evaporated to 15 ml. on a steam-bath in a
current of air. A small amount of dark vellow material
that separated on the gradual addition of ethanol was re-
jected. Further addition of alcohol caused the required
substance to separate as fine. vellow ueedles, which werc
collected. washed with 500, aqueous ethanol, then acetone
and air-dried.

The pH titration curve was obtained by using a 0.005
M solution of substance, 0.1 N potassium hydroxide and a
Cambridge pH meter. For the dissociation of the proton
fromm the complexed EDTA and the aquo group the
values werc respectively pK; = 2.32 & 0.08 and pK. ==

0.15 4 0.02.
Adnal. Caled. for [RUIH.O(CpH;N.Og) ] €. 29.28:
1, 3.69; N. 6.83. Found: C, 20.36: H, 3.82: N. 6.74.

di-Potassium and Ammonium Aquo-(ethylenediaminetri-
acetatoacetate)-rhodium(III) 1-Hydrate.—Tlie concenttrated
aqueous solution of the acid complex above (15 ml.) was
treated witlt potassium or amumonium acctate (3 g.) and
then ethanol (200 ml.). The viscous yellow oils erystallized
on standing and were redissolved in water (15 ml.) in the
presence of potassiuni or ammonium acetate (1 g.) and re-
precipitated with ethanol. The pale yellow crystals werc
washed with alcoliol and acetone and air-dried.

Anal. Caled. for K[RhHgO(C]gI’ImNQOg)]'HQOI C, 25.75
H, 346; N, 601; for NH; [RhHgO(CmHyzOQOg)]'HQO:
C,26.97; H,4.53; N,9.44; Rh,23.10. Found: C, 25.68;
H, 3.74; N, 6.11; C, 27.22; H, 4.538; N, 9.47; Rh, 23.23.
(10) E. Bushra and C. H. Johnson, J. Chem. Soc., 1937 (1939).

(11) For nomenclature see: F., P. Dwyer and F. L. Garvan, TH1S
JourNaL, 80, 4480 (1958).
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I-Potassium  Aquo-(ethylenediaminetriacetatoacetate)-
rhodium(III) 1-Hydrate.—The d,] salt was dissolved in a
solution (35 ml.) of [-c¢s-dinitrobis-(ethylenediamine)-
cobalt(III) acetate, prepared from [-[Coeny(NO;),Br,!2
(3.6 g.) and silver acetate (1.67 g.) and the mixture cooled
to 5°. The diastereoisomer, I-{CoenyNOz);]l-[RhH:0-
(EDTA)]-2H:0. separated as fine golden needles on scratch-
ing the sides of tlie vessel. After 10 lir. at 5° the solid was
collected, waslied with 50% aqueons ethanol (20 ml.),
ethanol and acetone and air-dried (vield, 2.55 g.). A 0.19;
solution gave [« ]ue — 130°.

Anal.  Caled. for [Co(CyHgNy)2(NOs)2] [RhHO(Cyo-
H;;N:0;3]-2H,0: C, 23.47; H, 4.78; N, 15.65. Found:
C,23.62; H, 4.55; N, 15.67.

The diastereoisomer (2.5 g.), potassium iodide (6 g.)
and water (15 ml.) were ground together i1 a mortar for
3 min. The insoluble iodide of the resolving agent was
filtered off and washed with 109, potassium iodide solution
(3 ml.). Addition of alcohol to the filtrate and washings
gave the [-isomer, which separated as glistening micaceous
plates after recrystallization from water (10 ml.) by the
addition of alcohol (yield, 1.52 g.). A 0.19, solution gave
[alp —140°, J[olser —180°. A 0.07% solution con-
taining one equivalent of potassium hydroxide, (i.e.,
K:[RhOH(EDTA)] gave [a]p —79°, [alua —93°.

Anal. Found: C,25.62; H,3.62; N, 5.83.

d-Potassium  Aquo-(ethylenediaminetriacetatoacetate)-
rhodium(III) 1-Hydrate.—The filtrate from the separation
of the [-diastereoisomer above was treated with potassium
iodide (6 g.) and cooled to 5° for 15 min. After filtration
the crude, partially racemic isomer was precipitated with
alcohol, separating as a fine yellow powder. Itwasrecrystal-
lized three times from water (15 ml.) by the addition of
alcohol. The optical forms were less soluble than the race-
mate. The characteristic miicaceous plates separated on
the third recrystallization (vield, 1.3 g.); [alua—+ 180°.

Anal. Found: C, 25.53; H, 3.40; N, 5.95.

Racemization.—The rate of racemization was determined
at 96 = 1° in 0.259%, aqueous solution, in the absence of
light. Samples (10 ml.) withdrawn at intervals were cooled
immediately in an ethanol/solid carbon dioxide mixture.
The half life was calculated to be 163 min. from the mean
value of the rate constant, £=4.26X 1073 min."! where &
is the rate of racemization which is double the rate of in-
version.

dl-Potassium-(ethylenediaminediacetatodiacetic acid)-di-
chlororhodate(III).—The acid d,-[RhH.O(EDTA)], (2.3
g.) was stirred with concentrated hydrochloric acid (1 ml.)
to yield a uniform paste and heated, with stirring, on the
steam-bath for 7 min., by which time most of the acid had
evaporated. The cold orange-yellow solid was ground up
with cold water and then ethanol (40 ml.) added. The solid
was collected, washed well with ethanol and acetone and air-
dried (vield, 2.9 g.). The crude material (1.5 g.) was puri-
fied by dissolution in water (9 ml.) containing potassium
acetate(1 g.)and after filtration, the addition of concentrated
hydrochloric acid (2 ml.). The pale orange leaflets were
washed with 509, alcohol and air-dried.

Anal. Caled. for K[Rl’l(CmHuNgOs)Clg]:
2.80; N, 5.57; Cl, 14.1.
5.52; Cl, 14.1.

The more soluble monoacidic salt K;[Rh(HEDTA)-
Cl;] was prepared by suspending the above di-acid salt
(0.3 g.) in water (5 ml.), containing potassium acetate,
(1.2 g.) and gradually adding alcohol. Amal. Caled. for
Kz[Rh(CmHlsNgOg)Clz]‘5H‘201 C, 1902, H, 367, N, 4.44,
Found: C, 18.91; H, 3.46; N, 4.63.

d-Potassium(ethylenediaminediacetatodiacetate) -di-chlo-
rorhodate(III) 4-Hydrate.—A slurry of d-K[RhH:O-
(EDTA)]'H,O (0.4 g.) and concentrated hydrochloric
acid (0.3 ml.) in a small evaporating dish was stirred until
nearly all of the solid had dissolved and then heated on the
steam-bath for one minute. The mixture became almost
solid, and the excess acid then was removed by intermittent
heating in a current of air. The cold solid then was ground
up with cold water (0.2 ml.) and potassium acetate (1 g.),
to yield a clear orange solution. Ethanol (8 ml.) was added,
the sides of tlie vessel scratched, and after 15 min. the orange-
yvellow crystals were collected and washed with ethanol

C, 23.86; H,
Found: C, 23.62; H, 2.96; N,

(12) F. P, Dwyer and F. L. Garvan, “Inorganic Syntheses,” E.
G. Rochow, Ed., Vol. VI, in publication.
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(vield, 0.48 g.) ([a]p 4112°). The pale yellow filtrate
was inactive. The substance was recrystallized twice
from water (3 ml.) containing potassium acetate (1 g.),
by adding alcohol (8 ml.) in two portions. The first frac-
tion ([a]lp + 64°) was rejected. The more soluble
fraction contained the pure substance, which had [«]D
+ 136°, [alus < 176° for a 0.1259, solution. Solu-
tions containing 0.19 of the tripotassium salt in the pres-
ence of one and two equivalents of hydrochloric acid gave,
respectively, [«]p + 71° and + 62°. These values cor-
respond to successive protonations of the free acid groups.

Anal. Caled. for Ks [Rh(CmeNzOs)Clz] 4H20! C, 18.44;
H, 3.09; Cl1,10.88. Found: C,18.90; H, 3.03; Cl, 10.68.

di-Potassium-(ethylenediaminediacetatodiacetic acid)-di-
bromorhodate(III).—This was prepared in the same man-
tier as the dichloro compound above using constant boiling
hydrobromic acid. After purification by dissolution in a
little water containing potassium acetate, and reprecipita-
tiog with acid, the substance was obtained in bright orange
leaflets.

Anal. Caled. for K[Rh(H,EDTA)Br.]: C, 20.28; H,
2.38; N, 4.73; Br, 27.00. Found; C, 20.09; H, 2.71;
N, 4.77; Br, 26.87.

The hydrogen complex H[Rh(H:EDTA)Br;|-H.O was
made in a similar manner from [RhHO(H-EDTA)], or by
dissolving K [RhH,O(EDTA)]-H:0 in excess of hydrobromic
acid and heating on the steam-bath. The bright orange
compound separated on cooling.

Anal. Caled. for H[Rh(CmHuNzOg)Brg]-Hzoi C, 2137;
H, 3.05; N, 4.98. Found: C, 21.56; H, 2.80; N, 4.83.

The monoacidic salt K;[Rh(H-EDTA)Br;]-4H:O was
made by dissolving K |[Rh(H,EDTA)Br.], (0.3 g.) in water
(4 ml.) containing potassium acetate (1.2 g.), and precipi-
tating with alcohol. This orange salt was more soluble
in water than the acid salts above.

Anal. Caled. for Kz [Rh(CyoH13N203)Br: ]-4H,O: C, 16.63;

H, 2.93; N, 3.88. Found: C, 16.66; H, 2.96; N, 4.03.

I-Potassium-(ethylenediaminediacetatodiacetate)-dibromo-
rhodate(III) 4-Hydrate.—This was prepared and puri-
fied in the same manner as the active dichloro compound
using -K[RhH,O(EDTA)]-H.O and hydrobromic acid. A
0.125%, solution of the pure material gave [a]D —136°,
[ae]seer — 164°.

Amnal. Caled. for K3 [Rh(CmHmNgOg)Br‘z]'4H20: C, 16.22;
H, 2.72; Br, 21.59. Found: C, 16.00; H, 2.65; Br, 21.6.

Aquation of Active Dichloro and Dibromo Complexes.—
Aqueous solutions (0.29%), of the active complexes were
kept at 20° in the dark for 2 months. At the end of this
time both solutions had become very pale yellow, and the
absorption curves corresponded to that of [RhH,;O(EDTA)]~
ion. The specific rotations ([a]sse) had decreased from
+ 176 to + 124° and from — 184 to — 113°, respec-
tively. From the expected stoichiometry of the reaction
and the molecular rotation of active K[RhH,O(EDTA)]-H:O
the calculated valuesare + 129° and — 113°. Hence within
experimental error there is complete retention of configura-
tion in the aquation of the complexes.

Attempted Resolution of the [CrHO(EDTA)]~ Anion.—
The acidic substance [CrH,O(H.EDTA)] was prepared by
the method of Hamm.8 This violet complex (9 g.) in water
(50 ml.) was stirred with potassium acetate (8 g.) until
dissolution was complete. Ethanol (250 ml.) was added,
and a violet oil separated which became crystalline upon
warming the mixture on the water-bath for 20 min, The
solid was recrystallized from water by adding ethanol to
vield purple micaceous plates.

Anal. Caled. for K[Cero(CloHuNgOg)]'Hgoi C, 28.95:
H, 3.88; N, 6.75. Found: C, 28.5; H, 3.9; N, 6.76.

Debeye-Scherrer powder photographs (Fe Ka and 114.6
mm. camera diameter) showed the isomorphism of [Cr-
H,O(H-EDTA)] and [RhH;O(H-EDTA)], and the two
potassium salts. The diastereoisomers were prepared
from barium aquo-(ethyvlenediaminetriacetatoacetic acid)-
chromium(III), (from Ba(OH).-8H,0.(1.6 g.); [CrH:0O-
(H-EDTA)], (3.3 g.) in aqueous solution, by adding
d[Coeny(NO;)]2504,12 (3.8 g.) or d=[Coeny(C;04):504,'?
(8.2 g.). After removing the precipitate of barium sulfate,
the solution was concentrated at 60° to 30 ml., and methanol

(13) A. Werner, Ber., 46, 3281 (1912),
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(30 ml.) added. The crude solid was fractionally crystal-
lized from water by adding alcohol. The resolving agent
then was removed from a concentrated aqueous solution
of each fraction by the addition of potassium iodide. After
removal of the iodide precipitate, the potassium salt of the
chromium complex was caused to crystallize by the addi-
tion of aleohol.  All fractions were inactive.

Infrared Spectra of Rhodium(III) and Chromium(III)
Complexes.—The spectra of [RhH.O(H-EDTA)] and
[CrH.O(H-EDTA)] were almost identical, showing peaks
at 1742, 1643 and 1742, 1650 cm.™! in the carbony! region.
The peak at 1742 cm.™! has been assigned to the free car-
boxylic acid group, and the higher frequencies to the three
codrdinated carboxyl groups. The relative intensities of
the peaks are in conformity with tliese assignments. No
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peak could be assigned unequivocally to the coordinated
water niolecule.

As expected, the spectra of K[Rh(H;-EDTA)Cl,] and
K[Rh(Hy;-EDTA)Br:]| were very similar. In the carbonyl
region two peaks of comparable intensity and breadth were
found, at 1720 cm.™! (two free carboxylic acid groups)
and 1598 cm.™! (two codrdinated carboxyl groups) for the
former substance and at 1717 cm. ! and 1595 em. ™! for the
latter.

Acknowledgments.—The authors are indebted to
Mr. E. P. Serjeant and Dr. J. E. Fildes for as-
sistance with the pX determinations and the micro-
analyses.
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Polynuclear Complex Formation Between Nickel(II) and Mercaptoacetate Ions!

By D. L. LEUSSING, R. E. LARAMY AND GENE S. ALBERTS
RECEIVED FEBRUARY 24, 1960

Nickel(II) and mercaptoacetate ions react to forin a series of polynuclear complexes of the composition Ni[Ni(RS), ] 272
The monomeric Ni(RS).™ is also formed. The coexistence of both polynuclear and monomeric species in solution makes
difficult an exact description of the system, but to a good approximation the solution equilibria can be described in terms of the

species Niy(RS);~¢ and Ni(RS),".

The stabilities of these species and also their heats and entropies of formation were de-

termined from the temperature dependence of the formation function in the range 0 to 40°,

The formation of polynuclear complexes has been
demonstrated in several systems with nickel(II)
ions and mercaptide containing ligands. Jicha
and Busch? have isolated tetrakis-(2-aminoethane-
thiol)-trinickel(II) dichloride. The nickel(II) ions
in this complex were found to be diamagnetic?
and therefore are in a tetragonal (square-planar)
ligand field.® Jicha and Busch also found that
analogous compounds could be prepared in which
one of the nickel(II) ions is replaced by Co(II) or
Cu(Il). They propose the structure

| CH: CH,_
HZN\Ni /s\Ni /S\N'/NHZ
S N N

AN N /
CH, CH;/ CH; CH,

<+

CH; CHz\

where the central nickel ion is replaceable.

The ligand 2,3-dimercapto-1-propanol has been
shown*® to form a dimeric complex, Niy(DMP);-
OH~*. Similarly, 1,2-ethanedithiol reacts® to form
Nises;=. Jensen® has attributed the high insolubil-
ity of bis-(v-aminothiophenolate)-nickel(II) to a
network structure in which sulfur bridges join ad-
jacent nickel ions.

In an earlier work with mercaptoacetate,” the
formation function has been interpreted in terms of
the mononuclear complexes NiSCH,CO, and Ni-
(SCH,COy)s=. This function describes 7, the aver-

(1) Financial assistance for this work was made available by grants
from the National Science Foundation and the Wisconsin Alumni Re-
search Foundation.

(2) D. C. Jicha and D. H. Busch, 135th National Meeting of the
American Chemical Society, Boston, Mass., April, 1959.

(3) C. J. Ballhausen and A, D. Liehr, Tnis Jour~aL, 81, 338 (1959).

(4) D. L, Leussing, ib¢d., 81, 4208 (1959).

(5) D. L. Leussing and G. S. Alberts, sbid., 82, 4458 (1960).

(6) K. A. Jensen, Z. anorg. «. allgem. Chem., 282, 227 (1944),

(7) D. L. Leussing, THIs JoURNAL, 80, 4180 (1958).

age number of ligands complexed per metal ion in a
system, as a function of the concentration of un-
combined ligand. The present work represents a
continuation of this earlier study. An attempt was
made to determine the heats and entropies of the
formation of the originally proposed complexes.
To do this, the formation function was obtained at
various temperatures. At the lower temperatures
studied it was obvious that the simple explanation
originally proposed did not fit the results. Poly-
nuclear complexes appeared to be present in this
system also. A detailed study was made to deter-
mine the nature of these complexes.

Experimental

The preparation of reagents and solutions and the pro-
cedures used were essetitially the same as described earlier.’
The formation function was calculated from the results of
potentiometric titrations in which solutions of nickel
nitrate (or chloride) aud mercaptoacetic acid in 0.10 M
potassium cliloride were titrated with standard 1.0 }{ potas-
sium hydroxide. During titration, the solutions were
thermostated in a water-bath and were protected from air by
vigorously bubbling a stream of nitrogen through them.
The beakers which contained the solutions were capped by
stoppers tlirough which close fitting holes had been drilled
for the electrodes, buret and bubbling tube.

Titrations were made at temperatures of 0, 15, 35 and
40°. In addition to being 0.10 A in KCl and 0.00206 A7
in nickel nitrate, the following solutions contained mercapto-
acetic acid at comncentrations of 0.00978 M at 0°, 0.01145
M at 35° and 0.00990 M at 40°. The effect of variation of
the nickel concentration was studied at 15° also in 0.10
M potassium chloride. Solutions were titrated which
contained 0.00255 M iercaptoacetic acid, 0.000489 M
nickel chloride; 0.00259 3/ mercaptoacetic acid, 0.000978 A
nickel chloride; 0.01020 M mercaptoacetic acid, 0.00254 A/
nickel chloride: and 0.01028 A mercaptoacetic acid, 0.00397
M nickel chloride. The ionic strengths in tlie regions of
interest in these solutions varied frott about 0.10 to 0.12
M.

The glass and saturated calomel electrode system was
standardized at each temperature against a solution of
0.025 M disodium hydrogen phosphate, 0.025 M potas-
sium dihydrogen phosphate made up with National Bureau



