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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
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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,
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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-
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trations of H* and HCrO,~ were both considerably
higher than that of TagBris?*, so that the latter was the
only significant concentration variable. Pseudo-first-
order plots constructed from the absorbance data were
found to be linear to at least 809, completion. The
slopes of such plots are designated kexps1, which is seen to
be —dln [TagBr?*]/ds. The values of kexpu1 proved to
be independent of the initial concentration of TagBrip?+
over the range of values (0.5-2.0) X 10~* M and were
reproducible to a mean deviation of 2.1%, (maximum
5.19%,). ,

These results indicate that the rate does not depend
on the concentration of a reaction product, TasBry3t,
as is sometimes the case in multistep Cr(VI) oxida-
tions.”® The absence of any dependence on product
concentration was confirmed by independent experi-
ments in which the 3+ cluster ion was added at concen-
trations 2-10-fold higher than the levels at which it was
produced in the earlier runs; the rate constant did not
change. :

Further variables were Cr(VI) and H* concentra-
tions. The formal concentration of Cr(VI) was varied
between 0.40 and 6.00 X 10—* F. After accounting for
the very rapid equilibrium shown in reaction 2, for

2HCrO~ = CrOp~ + H,0 (Ka) @)
which Kqis 98 M ! at 25.0° and 1.00 M ionic strength,®
the variation in [HCrO,~] is (0.38-5.41) X 10™* M.
The range of hydrogen ion concentrations studied was
5,00 X 1078 to 0.100 M. Table I summarizes the
values of Zexpu at all the concentrations studied.

The data conform to the equation

kexptt = ki[H*][HCrO,~] 4 k[HCrOs ™2 [H Y] (3)
A plot of Eexpu/[H+][HCrOs~]vs. [HCrO4~] is linear as

shown in Figure 1. The least-squares parameters are
by = (9.533 £ 0.25) X 10! M~?sec™land bk, = (3.72 £
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Figure 1.—A plot of the kinetic data in accord with eq 3.
The legend refers to different [H*]: 5 X 10-? (open circles),
7.5 X 103 (filled circles), 10~? (open squares), and 0.10 M
(filled squares). The line is the least-squares fit of the data to
eq 3.
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TaBLE I

KINeTIC DATA FOR THE OXIDATION OF
TasBri2+ By CuroMruM(VI)e

104 X 10 "tkexptl/ [H *1[HCrOs ),
[HCrOs~lav, 10%kexptl, M2 sect
[H*], M M sec™! Caled® Obsd?
0.00500 0.981 0.609 1.32 1.24 4+ 0.01
2.38 2.10 1.84 1.77 = 0.03
3.72 4.15 2.34 2.16 = 0.06 (4)
4.56 5.64 2.65 2.49 + 0.09
0.00750 0.981 1.02 1.32 1.38+0.07
1.92 2.36 1.67 1.67 = 0.07 (4)
2.91 4.74 2.04 2,00 = 0.02
3.72 7.07 2.34 2,53 &= 0.02
4.56 9.27 2.65 2.61 +0.07
0.0100 0.870 1.13 1.28 1.27+£0
0.981 1.31 1.32 1.33
1.45 2.31 1.49 1.59 &+ 0.01
2.38 4.16 1,84 1.756 = 0.09
3.72 8.61 2.34 2.31 4+ 0.01
4.56 12.1 2.65 2.65 = 0.01
5.41 16.7 2.97 3.08 = 0.10(4)
0.100 0.384 4.34 1.10 1.10
0.534 6.11 1.15 1.13 £ 0.01(3)

@ At 25.0°, u = 1.00 M, [TaeBri2*]e = 1075 M in most ex-
periments, * The uncertainty in this quantity represents the
average deviation in Zexpt: from duplicate determinations or in the
number of runs given in parentheses. ¢ Calculated values from
the least-squares parameters for the fit to eq 3.

0.09) X 10" M—3% sec—!, where the uncertainties are the
standard deviations. These parameters reproduce the
experimental results with an average deviation of 3.39,
(maximum 8.39,).

Scavenging Experiments.—Tests are often applied
for the possible presence of intermediates such as Cr(V)
and Cr(IV).® The detection of Cr(V) by its reaction
with iodide ions is an example of this method.”"® At-
tempts were made to use the induced oxidation of I~
to learn whether Cr(V) is an important intermediate.
However, the equilibrium

31~ 4+ 2TaeBri*t = I3~ + 2TacBry?t (4)

is established in less than 50 sec under the conditions
studied and consequently renders this application un-
suitable.

An alternative scavenging agent, V3+, was added in
some experiments. Kinetic studies”™ have shown V#+
reacts much more rapidly with both Cr(V) and Cr(1V)
than it does with Cr(VI), whereas the reaction rates of
TagBrip?t and V3+ with HCrO,— are comparable. After
correcting for the VO?+ produced in the Cr(VI) step,
additional quantities of VO?* were formed along with
TagBry3*. The qualitative interpretation of this ob-
servation is that evidence is provided for the existence
of some chromium intermediate(s), Cr(V) and/or Cr-
(IV), with which the two reducing agents can react.
Because the number of possible reactions is large, the
data do not allow a determination of what intermediates
are reacting at either stage.

Experiments with TaCl;,2+.—A smaller number of
kinetic experifnents were carried out on the reaction of
the chloride cluster ion, which reacts more rapidly than
the bromide. The experiments covered a narrow range
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of [HCrOs~], (3.8-4.8) X 1078 M, with Ta¢Cly?* the
limiting reagent at ca. 1 X 10~% M. The kinetic data
are consistent with the rate law

- d[TaeC1122+] //dl = k3 [TasC1u2 +} [HCI‘O,;_] [H +] (5)

with k3 = (28 £ 1) X 10%® M/ ~? sec™. The range of
HCrO,~ concentrations was too narrow, however, to
claim a strictly first-order dependence on [HCrO,~],
although that result would follow by analogy to eq 3.
Reaction Mechanism.—The rate law given in eq 3
indicates the reaction occurs by two parallel pathways,
which can be represented by the net activation pro-
cesses!?
TasBri2* + HCrO,~ 4+ H*t
TagBrp2t + 2HCrO4~ + H-

[(TaeBr;2)H,CrO2 ]+  (6)
[(TasBrie)HsCr O ¥+ (7)

By analogy to other chromium (V1) oxidations,”-? 1! g
mechanism consisting of a sequence of three one-electron
steps can be proposed for the first pathway. In this
case, the first step would be :

I

k
TasBri?* + HCrO;~ - H* —> TaBrut* + H,Cro,— (8)

with the two subsequent steps, reduction to Cr(IV)
and to Cr(III), being rapid.

Other possibilities must be considered among which is
a mechanism involving a rate-determining two-electron
step

k1
TagBr2t + HCrOy— 4+ HT —> TagBrptt + Cr(IV) (9)

TaegBrp?t + Cr(IV) ~—> TagBryp?t 4 Cr(III) (fast) (10)

(10) T.W. Newton and S. W. Rabideau, J. Phys. Chem., 63, 365 (1959).
(11) J. H. Espenson, Accounts Chem. Res., 8, 347 (1970).
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TasBrp?t + TasBrptt —> 2TaeBry® ™ (fast) (11)

Provided the first step is the slowest, this is not kineti-
cally distinguishable from the one-electron mechanism.
Winograd and Kuwana!? have studied the rate of reac-
tion 11, finding 2 = 9 X 107 M~ sec~!, which is suf-
ficiently rapid to satisfy that condition. The distine-
tions that could be made using specific chemical scav-
enging for Cr(V) and Cr(IV) were not sufficient because
of other reactions occurring in this system, as discussed
above.

The pathway with a second-order dependence on
[HCrO4~] is probably accounted for by the reaction of
dichromate ion, by either of reactions 12 or 13, where

TasBrp*+ 4+ HCrO:2~ (ky) (12)
TagBry?* + CrOp2~ + H+

TagBrp!+ + 2Cr(V) (k4) (13)

HCr,072~ represents a mixed Cr(VI)-Cr(V) species.
On that basis ks = kKq™'! = 3.8 X 10° M2 sec—.
Comparing eq 8 (or 9) and 12 (or 13), which have the
same form, it is seen CrO72~ is considerably more reac-
tive than HCrO,~, which is not usually the case.®1?

The oxidation of TagCl?* occurs more rapidly than
that of TagBry,2* by a factor of ca. 3. This rate dif-
ference is in accord with the chloride cluster ion being
the stronger reducing agent by ¢a. 0.1 V.3

(12) N. Winograd and T. Kuwana, J. Amer. Chem. Soc., 93, 224 (1970).
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Chemical shifts in core electron binding energies for gaseous nitrogen compounds are compared with values estimated by

various theoretical and empirical methods.

X-Ray photoelectron spectroscopy is of great interest
to chemists because the measured core electron binding
energies are a function of the chemical environment of
the atoms—that is, the binding energies show chemical
shifts. Experimental binding energies for compounds
of a given element can be estimated from (1) correlations
with calculated atomic charges,'™® (2) thermodynamic
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