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data. Gladney and Swalen® have suggested electronic
Raman and fluorescence experiments for this measure-
ment. - Magnetic resonance determinations of spin—
lattice relaxation times should also provide information
concerning the low-lying electronic states. These ex-
periments will probably have to be carried out near
4.2°K. However, this work has shown that unusually
high magnetic moments do not obtain in this series
of hexafluorotitanates, and the results also demon-
(20) H. M. Gladney and J. D. Swalen, J. Chem. Phys., 42, 1999 (1965).
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strate that unique sets of parameters A, A, and %
cannot be derived from the variation of magnetic
susceptibilities in the range 300-77°K.
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NaCl causes PdCl; to dissolve in acetic acid to give solutions with the composition (NaPdCl;),.

ments indicate this material is a dimer, Na,Pd.Cls.
Li;Pd.Clgs is also the main species.
weight measurements.

Molecular weight measure-

Spectral measurements suggest that at low LiCl concentration the dimer
The extent of association of lithium chloride into dimers was also determined by molecular
The value of Kp for the equilibrium

Kp

2LiCl 2 Li,Cl;

was found to be 2.4 M1 at 37.5°, close to the value previously reported at 16°.

From an ultraviolet spectral study it was

found that LiyPd,Cls reacts with lithium chloride according to the following equilibrium where K has a value of 0,1 M1

at 25°

K
LizPd.Cls + 2LiCl > 2Li,PdCly

Introduction

Recently the field of PA(II) catalysis has received
considerable attention as witnessed by the discovery of
many new Pd(II)-catalyzed reactions.? The solvent
used for a number of these new reactions is acetic acid.
In spite of the importance of solvent acetic acid in
PA(II) catalysis, little is known about the state of
PA(II) salts in this solvent. This paper will describe
equilibrium studies of the interaction of palladium(II)
chloride with lithium chloride in acetic acid.

Experimental Section

Materials.—Palladium chloride (Engelhard Industries) was
used without further purification. The acetic acid was dried by
refluxing over B{(OOCCH;);.2 The water content was less than
0.019%, as determined by Karl Fischer. The lithium and sodium
chlorides were of reagent grade.

Preparation and Analysis of Solutions.—The Pd(II) stock
solutions were prepared by heating solid PdCl; in the presence
of a solution of LiCl in acetic acid or, as in the case of the sodium
system, with a mixture of solid NaCl and acetic acid. They were

* To whom correspondence should be addressed at the Hercules Research
Center, Wilmington, Del. 19899.

(1) Hercules Research Center Contribution No. 1521.

(2) For recent reviews see (a) E. W. Stern, Catal. Rev., 1, 73 (1967); (b)
A. Aguilé, Advan. Organometal. Chem., 8, 327 (1867); (¢} F. R. Hartley, Chem.
Rev,, 69, 799 (1969).

(3) W. C. Eichelberger and V. K. LaMer, J. Amer. Chem. Soc., b8, 3633
(1933).

analyzed for Pd(II), chloride, and H;O by standard procedures,
LiCl stock solutions were prepared under carefully anhydrous
conditions and analyzed for chloride and H,O. They were used
only if the water content was below 0.029%,

Pd(II) determinations were carried out by polarographic
or by gravimetric‘® analysis using dimethylglyoxime. Chloride
analyses were usually carried out by the Volhard titration.
With Pd(II)-containing solutionsit wasnecessary to precipitatethe
Pd(II) with zinc to obtain accurate results.®* However, some
were made using the Aminco-Cotlove coulometric chloride titra-
tor made by the American Instrument Co.

Solutions for molecular weight measurements and ultraviolet
spectral measurements were prepared by diluting stock solutions
with anhydrous acetic acid. .

Molecular Weights.—Originally molecular weights were mea-
sured by the Signer method® at 25°, However, this method did
not prove sufficiently reproducible or accurate for our purposes.
For the molecular weights reported in this paper the Mechrolab
vapor pressure osmometer, Model 301A, was used. The pre-
set temperature of the instrument for molecular weight measure-
ment was 37.5°. The instrument was calibrated using urea
solutions of known concentration in acetic acid.

Ultraviolet Spectral Study.—The spectra were run on a Cary
Model 11 spectrometer at 25°. In order to obtain reproducible
spectra, it was found necessary to ensure that the solutions were

(4) (a) R. Wilson and R. Daniels, Anal. Chem., 27, 904 (1955); (b) W. W,
Scott, ““Standard Methods of Chemical Analysis,” Vol. I, 6th ed, Van No-
strand, Princeton, N. J., 1962, p 883.

(5) A. Steyermark, ‘“‘Quantitative Organic Microanalysis,”” 2nd ed, Aca-
demic Press, New York, N. Y., 1961, p 535.
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dry. The cell thicknesses were 0.1, 1, and 10 mm depending on
the PA(II) concentrations.

A computer was used for the determination of uv absorption
coefficients D, and D; of the ions Li;PdyCls and Li;PdCly and
equilibrium constants K; and Kp. Total uv absorbance D; at
several concentrations of chloride C; can be used in a nonlinear
regression routine® to obtain values for the parameters D;, Do,
K, and Kp. One palladium concentration, Pd, and data for one
wavelength are used for each computation of a set of parameters.

Let P; equal the amount of Li;PdsCls, P; the amount of Li,Pd-

Cly, C: the amount of LiCl, and C; the amount of Li;Cl,. We can

then write the material balance equations
2P, + P, = Pd 1)
6Py + 4P, + 20, + G = (2)

and the equilibrium equations
K= pep @)
Cy

Kp = T 4)

Equations 2-4 can be combined with elimination of C; and C»
to obtain

6P; + 4P; + 2P.2/(K:P:/Kp) + Pi//KiPs — C: = 0 (5)

This is an equation in the unknown P; when we compute P; =
Pd — 2P;from eq 1. It can be solved by an implicit method to
obtain a value for Ps.

The predicted total absorbance is given by

D; = PD, — P:D, (6)
The nonlinear regression routine minimizes the sum of the squares
of the deviations of these predicted D;'s from the observed D;’s.

Although the computer program was written to calculate Kp
as a parameter, the data apparently were not good enough to
warrant this. The regression routine failed to converge on most
of the sets of data and widely different values for Kp were ob-
tained on the few sets where convergence was obtained.

Similar computer programs were written to calculate the data,
presuming that equilibria such as those represented by eq 9 and
10 are taking place. An example of the calculation of K; from
one set of spectral data is shown in Table I.

TasLE I
EXAMPLE OF CALCULATION OF K; FROM SPECTRAL DATA®
102[Lis- 10?[Lis-

[Cl], —Absorbeney’— Pd:Cls],® PACL] [LiCl],¢  [LizCla]®  Ki°
M

M Caled Obsd M M M M-
0.90 1.491 1.500 0.363 0.624 0.322 0.266 0.103
0.80 1.487 1.475 0.375 0.600 0.298 0.228 0.108
0.70 1.418 1.44 0.392 0.568 0.273 0.191 0.110
0.60 1.375 1.3556 0.433 0.485 0.246 0.155 0.090
0.50 1.308 1.316 0.451 0.447 0.216 0.120 0.095
0.4 1.265 1.256 0.480 0.390 0.183  0.086  0.094
0.2 1.101 1.070 0.570 0.211 0.103 0.027 0.074
0.1 0.971 1.005 0.601 0.149 0.0468 0.0056 0.169
e [PA(II)]y = 0.0185 M; X 280 nm; Kp = 2.6 M~1 Best

parameters: K; = 0.0995; D, = 0.835; D; = 2.25. ? Stand-
ard deviation of absorbance 0.027. ¢ Calculated by using the
observed absorbance and best D; and D;.

Results
State of Association of Palladium(II) Chloride at
Low [LiCl].—Palladium(II) chloride is very insoluble
in acetic acid alone, but addition of the soluble salt, LiCl,
greatly increases the solubility and, by using a molar
ratio of solid PdCl,; to LiCl in solution of greater than
1, solutions can be made which contained close to three

(6) D. W. Marguardt, J. Soc. Ind. Appl. Math., 11, 431 (1963).
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chlorides per Pd(1I). If NaCl, which has low solubility
in acetic acid, is used in place of LiCl, the solutions con-
tain almost exactly three chlorides per Pd(II) as pre-
viously reported.” Thus, in these solutions, Pd(II)
must exist as (MPdCl;), (M = Na or Li). The value
of n was determined by molecular weight measurements.
However, the measurement of # was complicated by the
fact that the Pd(II) solutions contained excess LiCl or
NaCl. This would cause the apparent molecular
weights of (MPdCly), to be low. If the concentration
of LiCl or NaCl is known, the experimental molecular
weight can be corrected to give the true molecular
weight of (MPdCl;),. In the lithium system if we as-
sume that three chlorides are associated with Pd(II),
the free lithium chloride concentration is then

[LiCl) = [Cl]s — 3[PA(ID)]s (7

where [Cl]; and [Pd(II)]; are the total Cl and Pd(II)
concentrations obtained by analysis. In practice
[LiCl] is the difference between two large numbers and
difficult to obtain accurately. Furthermore, the molec-
ular weight of (LiPdCly), is very dependent on [LiCl].
In practice an error of 29, in [PA(II)]; or 5% in [Cl];
can change the calculated value of the molecular weight
of (LiPdCls), by over 200. For example in one mea-
surement [Pd(II)]; was 0.0388 M and [Cl]; was 0.131
M. The measured molecular weight was 338; by eq 7
[LiCl] was 0.015 M which gave a value of 730 for the
molecular weight of (LiPdCl),. If [Cl], were assumed
to be 0.125 M, the molecular weight value became 476.

In order to overcome this difficulty, advantage was
taken of the fact that NaCl has low solubility in acetic
acid. The (NaPdCly), stock solutions were prepared
in the presence of excess NaCl and thus were saturated
in NaCl. The solubility of NaCl in acetic acid at 37.5°,
the temperature used for the molecular weight measure-
ments, is 0.013 M2 The NaCl concentrations of the
stock solutions used to make the solutions for molecular
weight measurements are known and the experimental
molecular weight can be corrected for the presence of
NaCl. Results of molecular weight measurements are
given in Table II. The average value of »# in (NaPd-

TasBLE I1

MOLECULAR WEIGHT MEASUREMENTS ON
(NaPdCls), SoLuTIONS AT 37.5°

[PA(II)]¢,* [NaCl],? Osmotic
M M mol wt ne
0.121 0.013 393 2.03
0.057 0.013 336 1.81
0.0437 0.0085 306 2.13
0.0303 0.00865 355 2.05
0.030 0.00865 354 2.22
0.017 0.0026 399 2.15
0.012 0.0026 314 1.82
Av 2.03

@ Total PA(II) as found by analysis. ? Calculated assuming
[NaCl] = 0.013 M for stock solution used to prepare motecular
weight solutions. ¢ Calculated from the formula M = {58.44-
[NaCl] + 286.17[Pd(I1)]+}/{ [NaCl] + ([PA(II)]:/n)}.

(7) N.R. Davies, Aust. J. Chem., 1T, 212 (1964).
(8) H. Stephen and T. Stephen, “Solubilities of Inorganic and Organic
Compounds,” Vol. 1, Pergamon Press, New York, N, V., Part 1, 19683, p 655.
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Cl3), is very close to 2. Thus, in NaCl solutions Pd(II)
exists as the dimer Nay,Pd,Cls. In LiCl solutions at low
[LiCl], Pd(II) would be expected to exist in the same
form, and in fact, as shown below, there is ample evi-
dence that it does.

Association of Lithium Chloride.—Lithium chloride
is reported to associate to some extent to dimers in
acetic acid.? The value of Kp for the dimerization was
reported to be 2.8 M ~! from freezing point depression.
To determine if Kp varies with temperature to any ex-
tent, molecular weight measurements were made on lith-
ium chloride solutions at 37.5°. Somie representative
data are shown in Table III. The experimental molec-

TaBLE III

VALUES OF Kp CALCULATED FROM MOLECULAR WEIGHT
MEASUREMENTS ON LITHIUM CHLORIDE SOLUTIONS

[Cl]¢, Osmotic [LiCl], [(LiCl):], Kp,

M mol wt M M M1
0.0315 46.0 0.0267 0.0024 3.3
0.0525 46.5 0.0433 0.0046 2.4
0.0775 48.2 0.0587 0.0094 2.7
0.0935 49.1 0.06877 0.0129 2.8
0.133 49,2 0.0962 0.0184 2.0
0.1815 51.9 0.1151 0.0332 2.5

ular weight increases with [Cl};, indicating association.
Since the value of Kp is very sensitive to both [Cl], and
experimental molecular weight, the variation in calcu-
lated Kp, also shown in Table III, is considerable.
Thus a 59, error in [Cl]; or molecular weight at [Cl],
= 0.1 M causes a 409, error in Kp. For that reason
[Cl]; and miolecular weights were an average of two
measurements. The average Kp from molecular weight
measurements of 20 solutions gave a value of 2.4 !
with a standard deviation, ¢, of 0.97. Thus Kp changes
little with temperature. Since 25° is about halfway be-
tween 16 and 37.5°, a value of 2.6 for Kp was used in
subsequent calculations.

Pd(II)-LiCl Equilibrium in Acetic Acid.—The ultra-
violet spectta of solutions of Pd(II) in anhydrous acetic
acid, which are between about 0.025 and 0.8 M in lith-
ium chloride, exhibit three isosbestic points. Sample
spectra are shown in Figure 1. The presence of the
isobestic points indicates that only two Pd(II) species
are present in this range of chloride concentrations.
At low chloride concentrations, the spectriim is identical
with the spectrum of Na,Pd.Cls saturated with NaCl
strongly suggesting the starting species is the dimer,
LisPd;Cle.

The data were treated by means of a nonlinear least-
squares-fit regression analysis. Several types of equi-
libria were assumed and equilibrium constants were cal-
culated. The various equilibria are shown in eq 8-10,

Ky
Li;Pd;Cls + 2LiCl = 2Li,PdCl, (8)
K:
LiPdCl; + LiCl 222 Li,PdCl, 9
K;
LiPd,Cls + LiCl == LiyPd,Cly (10)

(9) J. Kenttamaa, Suom. Kemistilehti B, 88, 9 (1959).
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Figure 1.—Spectra of Pd(II) in acetic acid: ——, [LiCl] = 0.2
M; --— [LiCl] = 0.3 M; — —, [LiCl] = 0.5 M.
TABLE IV

VALUES OF THE EQUILIBRIUM CONSTANTS
FOR VARIOUS EQUILIBRIA®

[(Pd]s, M A, mpy Ki, M1 " Ko, M1 Kz, M1
0.00088 280 0.095 4.8 5.3
0.0045 255 0.13 4.6 5.6
0.01 275 0.10 1.1 0.43
0.01 255 0.11 2.4 2.6
0.0168 255 0.11 1.92 2.1

@ [Pd] constant arid {Cl]¢ varied during a given run.

and the results are summarized in Table IV, Only for
the equilibrium involving the reaction of dimer with two
lithium chlorides (eq 8) were constant values of the equi-
librium constant obtained at various [Pd(II}]y’s and dif-
ferent wavelengths, The average value of the constant
for a number of runsis 0.10 ML,

Discussion

The results clearly indicate that at low chloride con-
centration Pd(II) in acetic acid exists as a dimer. Al-
most certainly this dimer is the chloride-bridged dimer.
X-Ray structures of similar Pd(II) structures have been

Cl Cl Cl72-

2Li*

determined®® 1! and there is considerable evidence that
the chloride-bridged dimer type of structure exists in
solvents of low dielectric constant,12—14

Furthermore the bridge-splitting reaction depicted by
eq 8 is well known for Pd(II) chloro-bridged binuclear
coniplexes, 1315
1(10) J. N. Dempsey and N. C. Baenziger, J. Amer. Chem. Soc., T7, 4984
( g(ﬁ; F.G. Mannand A. F, Wells, J. Chem, Soc., 702 (1938).

(12) R. J. Goodfellow, P. L. Goggin, and L. M. Venanzi, ibid., 4, 1897
(1967).

(13) C. M. Harris, S. E. Livingstone, and N. C. Stephenson, ibid., 3697
(1958).

(14) W. Kitching, C. J. Moore, and D. Poddrell, Inorg. Chem., 9, 541
(1970).

(15) F. A. Cotton and G. Wilkinson, “Advanced Inorganic Chemistry,”
21d ed, Interscience, New York, N. V., 1966, p 1031,



376 Inorganic Chemistry, Vol. 10, No. 2, 1971

The results of this study can be compared with the
Pd(II)~-Cl~ equilibrium in aqueous solution.?® In
water there is no evidence for dirmer and above a chlo-
ride concentration of 0.1 M the Pd(II) exists almost en-
tirely as PdCL2~. It is not surprising that in a low di-
electric constant solvent, such as acetic acid, Pd(II)
exists as a chloride-bridged dimer at low [LiCl] and that
the equilibrium constant for breaking the dimer bridge
isonly 0.1 M~!. However, it does mean that the study
of Pd(II)-catalyzed reactions in acetic acid will be more
complex than in water, first, because there will be more

James H. EPSENSON AND ROBERT J. KINNEY

PdA(II) species to consider and, second, because there
are several ways for a dimeric Pd(II) species to interact
with a substrate. Furthermore, when lithium chloride
is involved in the reaction sequence, the association of
LiCl must be taken into account.,
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The oxidation of TagBris?* to TaeBri2® ™ by Cr(VI) occurs at a rate given by the expression —d[TasBr?2*}/dt = {k1 + ks
[HCrO4™] } [H*][HCrO4~] [TasBrin?*], with by = (9.63 = 0.25) X 108 M~2sec tand k, = (3.72 & 0.09) X 107 M 3 sec™!

(25.0°, u = 1.00 M).
tion by Cr0:27.

Introduction

Tantalum cluster ions TasX"+, with X = Br or C
and # = 2, 3, or 4, have been shown to undergo reversi-
ble electron transfer,2—* and the mechanisms of some of
their redox reactions have been considered.*=% The
oxidation of TaeBri,?* by HCrO,~ occurs according to
the net equation

3TaeBr;2t + HCrO;~ 4+ 7HT = 3TaeBryptt + Cr(III) + 4H.0

1
A consideration of the electrode potentials® indicates
that further oxidation to the polynuclear 44 ion should
occur; that second step occurs more slowly, however,
possibly accompanied by some decomposition of the
cluster framework. The present work has been con-
fined to a kinetic study of reaction 1 in acidic solution
and to some related studies on TagCli?+.

Experimental Section
The source of TagBrie?™ is the hydrate salt TagBri-8H-O0,

* To whom correspondence should be addressed,
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Energy Commission, Contribution No. 2780. (b) Fellow of the Alfred P.
Sloan Foundation, 1968-1970. (c) Undergraduate research trainee in the
Ames Laboratory, summer 1969
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Inorg. Chem., &, 1491 (1065).

(3) N. E. Cooke, T. Kuwana, and J. H. Espenson, submitted for publi-
cation.

(4) J. H. Espenson and R. E. McCarley, J. Amer. Chem. Soc., 88, 1063
(1966).
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The kinetic data for k; are consistent with a mechanism in which three successive single-electron steps
convert Cr(VI) to Cr(III), by way of intermediate Cr(V) and Cr(IV).
electron mechanism, and no distinction is possible at present.

The kinetic data are also consistent with a two-
The second rate term can be interpreted as a parallel oxida-

The corresponding value of k; for TasClia271s 2.8 X 104 M ~2sec™1,

prepared according to published procedures and purified by re-
crystallization from water.? Other reagents were prepared and
purified as in earlier work.” The reaction kinetics were studied
spectrophotometrically, using a Cary Model 14 instrument for
most experiments,’ with a few experiments carried out using the
stopped-flow method.”» Inmost of the rate runs the decrease in
concentration of the TagBri,?T species was monitored using its
intense absorption band at A 637 nm (¢ 7100 M em 1), with a
few runs performed at X 870 nm, a maximum for the product
TagBriz®t (¢ ~6100 M cm™1). All the rate measurements
were made at 25.0°, with lithium perchlorate added to maintain a
constant ionic strength of 1.00 M.

Results and Interpretation

Stoichiometry.—The stoichiometry of the reaction
was determined by spectrophotometric titrations of
known amounts of TagBrp?+ with HCrO,~. Breaks in
the titration curves at [TagBrp?t+]/[HCrO,~} = 3.0
and 1.5 tepresent the two steps in the oxidation of
TasBrp?t first to TagBrp®* and subsequently to Tae
BI‘124+.

The second reaction occurs much more slowly than
the first, so that even with a considerable excess of
HCrO,™, as was the case in the kinetic experiments de-
scribed subsequently, no appreciable interference is
caused by the reaction of the 3+ cluster ion and
HCI'OA,—.

Kinetics.—In most kinetic experiments the concen-

(7) (a) J. H. Espenson, J. Amer. Chem. Soc., 86, 5101 (1964); (b) K. M.
Davies and J. H, Espenson, tbid., 92, 1884 (1970).



