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sequence of total dipole moments should be
R:N < RsAs v RsP. In terms of this model
m-bonding would play a less significant role in
understanding the relative donor abilities of these
ligands toward transition metals.

This approach is continued in a description?
of the relative donor tendencies of the primary,
secondary, and tertiary ethylphosphines toward
Co(II).

(24) W. E. Hatfield and J. T. Yoke, Inorg. Chem., 1, 470 (1962).
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The rates of the reactions of Pt(dien)H.0?* (dien
compared with the rates obtained for the reactions of the Pt(dien)Br* complex,

diethylenetriamine) with different ligands are reported and

A reagent independent rate,

as well as a totally second. order rate, is observed for the reaction of the aquo complex with Cl~ and NO;~. The

mechanistic significance of this first-order rate is discussed.

It is concliided that an aquo complex, formed by an

SN2 reaction with water, is the principal intermediate in the totally first-order reactions of platinum(II) com-

plexes.

Introduction

Ligand substitution reactions of square-planar
metal complexes in solution have been found in
general to exhibit a combination of first- and
second-order rate behavior,!—*!

The mechanism which leads to second-order
kinetics can be visualized as a direct bimolecular
reaction between the incoming ligand and the
complex. However, although there is now con-
siderable evidence that the first-order process
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involves the solvent to some degree, the extent
of this solvent participation is unknown. In
water solution the acid hydrolysis reaction com-
pletely accounts for the first-order rates found for
%C1~ exchange with different chloroplatinum(II)
complexes, where sufficient kinetic data are
available.3~® Thus an aquo complex must be
involved as the first-order reaction intermediate
in these cases.

Since the mechanism leading to the aquo
complex intermediate is still a matter of specula-
tion, it seemed desirable to study in detail the
reaction rates of one particular aquo complex,
Pt(dien)H,0%*, with a variety of different ligands.
This complex was chosen since the reaction
kinetics of the “parent” Pt(dien)X+ (X = (],
Br, I) complexes have been studied extensively.5—1

Experimental

A. Materials.—The [Pt(dien)NO;]NO; complex used
was prepared and analyzed as described earlier.s All
other materials used were reagent grade,

B. Determination of Reaction Rates.—The Pt(dien)-
H:0%* solutions were prepared by dissolving [Pt(dien)-



482 Harry B. GRay aND RICHARD J. OLCOTT

NO3]NO; in water, which liberates the cotérdinated nitrate
instantaneously?®
very fast
e
Pt(dien)H,0%+ + NO;~ (1)

Pt(dien)NO;+ + H,0

Thus the conductances of these solutions correspond to
completely dissociated nitrate ions and doubly charged
cations (molar conductance of Pt(dien)H,O%* is 113 in
0.0004 M solution, 120 in 0.0002 M solution at 25°).
Furthermore, the reactions reported in this work go to
completion as judged by the total conductance changes

Pt(dien)H,0%* + X~ —> Pt(dien)X* + H,0 (2)

observed. This gives an additional check that the reacting
solution initially contained Pt(dien)H,02*.

The reactions given by eq. 2 were followed by both spec-
trophotometric and conductivity methods. The details
of the experimental procedures and the treatment of the
data have been given in previous publications.” ™ Com-
plete concentration data are given in the tables for the
separate reactions, The Pt(dien)X* product complexes
of eq. 2 have been isolated as [Pt(dien)X}X salts,® and
their spectra and conductivities in water are known.¥,12
This offers proof that the reaction rates being followed in
solution actually correspond to eq. 2, since the product
solutions were identical physically with independently
prepared Pt(dien )X solutions.

Good first-order plots were obtained from the data in all
cases. These reactions must be regarded as pseudo first-
order when the concentration of reacting ligand is much
greater than the Pt(dien)H,02* concentration. However,
ever at comparable concentrations of ligand and complex,
good first-order behavior existed. The possible signifi-
cance of this is given in the next section.

Results and Discussion

Pseudo first-order rate constants (kons) are
reported in Table T for the reaction of Pt(dien)-
H,0?t with different ligands. The reaction rates
are approximately, but not exactly, second order.
This departure from total second-order behavior
will be discussed later.

By looking at the ratio of rates of the Pt(dien)-
Br+ and Pt(dien)H,O0?* complexes with different
ligands it is clear that the aquo complex is re-
active enough to be an intermediate in the
reactions of the bromo complex. The reactivi-
ties of different ligands toward Pt(dien)H,0%**
are seen to decrease in the order

OH™>» I~ ~CNS™ > Br > Cl7> NO;" > py

The reaction of Pt(dien)H,0** with OH~ is
immeasurably fast, as expected, since conversion
to Pt(dien)OH™ in this case requires only a proton
transfer. This contrasts with the inert behavior
found for hydroxide ion in substitution reactions

(12) H. B. Gray, unpublished results,
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TaBLE 1
RATES OF REACTION OF Pt(dien)H:0?* witH VARIOUS
LicanDs IN WATER SOLUTION AT 25°

Pt(dien)- Reactivity
Ligand H02+ relative to
conen., concn., kobs 102, Pt(dien)-
Ligand M M sec, ~1 Brt ¢
Cl- 0.005 0.0002 0.53 ca. 50
.003 .0002 .30
.001 .0002 .13
.0004 .0002 067
.0002 .0002 .046°
Br- .005 .0002 3.5
003 .0002 1.8
.001 .0002 0.73
I~ .001 .0002 3.9 ca. 50
NO,~ .00451 .0002 0.30
.00266 L0002 17
.00092 .0002 .080 ca. 30
.000245 .0002 .027
CNS— .001 .0002 1.45 ca. 20
OH~ 005 .0002  Too fast to Very
0005 .0002 measure large
Pyridine .005 .00125 0.19 ca. 100
0004 .0004 .031

¢ Expressed as the ratio of Z.s for the aquo complex to
kons for the bromo complex, for the same initial concen-
trations of reactants. Data for the Pt(dien)Br T reactions
are taken from ref. 8 and ref. 10. ? Reaction is 809, com-
plete at equilibrium. All other reactions go to completion.

of platinum(Il) complexes.®” The reactivity
order for the other ligands, which must displace
H,0 from the complex, is approximately the same
as is observed for substitutions in Pt(dien)X+
complexes.!

Competition experiments, summarized in Table
II, provide additional evidence that an aquo
complex is the intermediate in the first-order
reactions of the Pt(dien)X+ complexes. The
rates and products of the reactions of Pt(dien)X+
and Pt{dien)H,0*" with the reactant pairs X,
OH~ and X, py are reported, with X~ as Br~ or
I~. Notice that the first-order reaction rates of
OH~ with Pt(dien)X* complexes are not affected
by adding a considerable amount of X~ to the
solution, This must mean that the principal
first-order intermediate always selects OH—
over I~ or Br—. As expected, Pt(dien)H.O0*+
reacts with the samme OH—, X~ combinatious to
give ca. 1009 Pt(dien)OH* complex. Further-
more, the principal first-order rate for the re-
action between Pt(dien)X* and pyridine is
strongly inhibited by the addition of X—. Con-
sistent with this, Pt(dien)H,0%* is completely
couverted to Pt(dien)X™ in the presence of the
same X, py combinations.

There are two fundamentally different paths
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TaBLE 11

COMPARISON OF THE RATES AND PRODUCTS OF THE REACTIONS OF Pt(dien)X * axp Pt(dien)H,02* wiTH VARIOUS LIGANDS
IN WATER SOLUTION AT 25°

Complex

conen,, Potential reactants and ions initially
M present in solution, M

Pt(dien)Br*

0.001 0.001 Br- 0.001 OH~
.001 .005 Br~ .001 OB~
.0012 .0024 NO,~  .00124 py
.001 .001 Br~ .00124 py

Pt(dien)I*

0.007 0071~ .007 OH~
.007 009 1 .007 OH~
.007 0151~ .007 OH~
.007 031 .007 OH~

Pt(dien)H,02*
0.0005 .001 NOs~ .001 py

.001 Br—

.0005 .001 NO;~ .0025 py
.0025 Br~

.0005 .001 NO;~ .0025 py
0025 I-

.0005 .001 NO;~ .001 OB~

.001 Br~

.0005 .001 NGy~ .007 OH~

03 1-

® These reactions are rapid and almost completely second order.

First-order
reaction rates,

Reaction products k1 (104) sec, ™!

1009, Pt(dien)OH* 1.32
1009, Pt(dien)OH * 1.32
1009, Pt(dien)py?* 0.83
100%, Pt(dien)py?* .03

OHt .42
OH* .42
OH* .42

1009, Pt(dien
1009, Pt(dien
100% Pt(dien

1009, Pt(dien)OH + 42
1009% Pt(dien)Br+ ¢
1009, Pt(dien)Br+ ¢
1009, Pt(dien)I* “
1009, Pt(dien)OH* Too fast to
measure
1009, Pt{dien)OH * Too fast to
meastire

The halide complexes are the sole initial reaction

products, but they subsequently react slowly and completely with the pyridine in solution.

which can lead to an intermediate aquo complex,
which in water solution undoubtedly has a tetra-
gonal structure'®: (a) an SN2 reaction with water,
via a trigonal bypyramid transition state

OH:\

A
:/ slow //OHg
A—Pt—X ——> —Pt\ —_—
/i /X
A | A
« OH,
OH
A
4
A—Pt—OH: + X (3)
A

OH.

and (b) a dissociative type mechanism, which
can be either an SN1, with no solvent inter-
action in the transition state

A A
J/ slow / +H0
A—Pt—X —> A—Pt + X ——
/
A A
A

/
A—Pt—OH, (4)
\ /

or a mechanism which allows the two axial solvent
molecules to stabilize an unstable square pyramid
intermediate

QHz OHZ

LA LA

i slow v +H:0

A—Pt—X —> APt +X ——>

| A"

OH, OH,
OH,
A
4

The evidence against the pure SN1 mechanisin
(eq. 4) can be summarized by three observations:
(a) the first-order rate constants for reactions of
platinum(II) complexes in water solution are
invariant to changes in the net charge on the
complex, =" (b) sterically hindered platinum(1I)
complexes, which block the solvent {rom the metal
ion, react much slower (1/20 to 1/100,000)
than analogous unhindered complexes,®!' and

(13) F. Basolo and R. G. Pearson, ‘“Mechanisms of Inorganic
Reactions,” John Wiley and Sons, New York, N, Y., 1958, p. 186,



484 HARRY B. GRAY AND RICHARD J. OLCOTT

(c) for reactions in different solvents, first-order
rates seem to bear no relation to the dielectric
constant of the medium, but, however, do
roughly parallel the codrdinating ability of the
solvent toward platinum(II).}* On the basis of
this evidence the Sn1 mechanism will be elimi-
nated, and only paths 3 and 5 will be considered as
possible principal reaction mechanisms.

If the dissociative mechanism (eq. 5) leads to
the aquo complex intermediate, the square pyra-
mid transition state is required to react only with
water, and never with any other potential ligand.
Otherwise, the observed first-order radiochloride
exchange rates found by Martin, ef al.,*~® would
not be directly related to the acid hydrolysis rates
of the corresponding chloro complexes. That is,
if any other major first-order exchange path
exists, such as direct capture of the dissociative
transition state by *Cl—, the observed chloride ex-
change rate would have been faster than the
acid hydrolysis rate. For path 5 to be consistent
then, the reaction between an aquo complex and
an incoming chloride ligand is required to follow
a rate law completely first order in chloride.
With this restriction, it now is necessary to ex-
amine the experimental rates more closely.

Figure 1 shows that plots of &ops vs. [X ] for the
reactions of Pt(dien)H,O** with Cl= and NO;~
give straight lines, but with appreciable and equal
intercepts.'* This intercept is certainly an indica-
tion that the aquo complex itself undergoes a
reaction which is independent of Cl— and NQO.~
concentration. As additional evidence, almost
perfect first-order kinetic plots were obtained for
very low (0.0002-0.0004 /) and comparable
initial coucentrations of Pt(dien)H,0%** and Cl—
or NO,~, the concentration region in which the
totally first-order process predominates. The
only reasonable totally first-order reaction path
available for the aguo complex involves the dis-
sociation of water, thus forming a transition
state which should resemble the postulated
square pyramid. Since this path is apparently
observed and leads to a net chemical reaction,
Cl~ and NO,~ must be able to compete very effi-
ciently with water for this transition state.
Thus, by showing that a dissociative path exists
for Pi(dien) H,0F, 1t is necessary to conclude that
the principal mechanism responsible for the ob-
served first-order rates for Pi(diem)X+ complexes
does not involve this unstable dissociative interme-

(14) These reactions are singled out because they are slow enough
to permit accurate measurements,
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kobs 102,
sec. 7},

I

0.002 0.004
Conen, Y, M.,

Fig. 1.—Dependence of kons on concentration. of X~

at 25° for Pt(dien)H,O?+ reactions: (a) X~ = NO;7;
(b)X~ = Cl-,
diate. This leaves path 3, tnvolving a trigonal

bipyramid intermediate, as the only mechanism
consistent with all of the experimental facts.

The above interpretation must be viewed with
some caution, due to the extreme difficulty of
proving the existence of a totally first-order re-
action rate for Pt(dien)H,0%t (or any aquo

complex). To appreciate this difficulty, it is
sufficient to recall the observed ‘‘first-order”
reaction between Rh(NH;);H0%t and Br-,

which is instead probably second order.'® The
fact that first-order plots of the kinetic data were
obtained at low, comparable concentrations of
complex and Br~ was attributed to an accelera-
tion of the second-order rate, due to decreasing
ionic strength, as the reaction progressed. How-
ever, in the present case, since the same ‘‘first-
order” intercept was obtained for Cl- and for

(15} A. B. Lamb, J, Am. Chem. Soc., 61, 699 (1939).
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NO,~ (also for py with the data available), and
furthermore since ionic strength effects usually
are negligible in all platinum(II) reactions,
the totally first-order rate interpretation seems
reasonable.

It is interesting to compare the second-order
rate constants for Cl= and NO,™, obtained from

TasLE III
BiMOLECULAR RATE CONSTANTS IN WATER SOLUTION AT
25° FOR Cl~ AND NO:~ AS REACTANTS FOR SEVERAL
PraTinuM(II) CoMPLEXES®

k2 10¢ M 1 sec. ™t
Complex Ci= NOg=
Pt(dien)H, 02+ 1 X 104 0.56 X 104
Pt(dien)Br* 8.8 37
Pt(NHa)aCl+ 0.7 87
trans-Pt(NH;).Clp 7.8 >104
PtCL2- ~0 >10¢

? Data not reported in this work taken from ref. 10,
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the slopes of the lines shown in Fig. 1. Nitrite
ion actually reacts slower than chloride with this
doubly charged platinum(II) complex cation,
in sharp contrast to the relative reactivities of
these ions with neutral and negatively ' charged
platinum(IT) complexes. These data are given
in Table III. There is a dramatic decrease in
the NO;~ 'to 'Cl~ reactivity ratio in going from
PtCl2~ to Pt(dien)H,0%t+, which is consistént
with the proposal that the NO;= attack on plati:
num(II) is mainly electrophilic, while the Cl-
attack is mainly nucleophilic.?®
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The solid acidic chelates formed by the reaction of the tripositive rare.earth ions with the protonated ethylene,
diamine-N,N,N',N'-tetraacetaté; ligand have been studied by means of thermobalance, infrared, and X-ray dif-
fraction measurements, The oven-dried (110° for 24 hr.) chelates of cerium through samarium were found to be

monohydrated, while the remaining members were anhydrous.

Infrared studies suggested that the change in

hydration number was accompanied by a change in the amino acid ligand from a pentadentate to a hexadentate

configuration,
change does not take place in solution.

Introduction

The ability of ethylenediaminetetraacetic acid
(abbreviated Hy(EDTA)) to form exceptionally
stable chelates with the trivalent rare earth ions
(abbreviated Ln) is well known. The study of
these chelates was initially of a practical nature
since differences in the stability constants of
chelates of adjacent rare earth iomns afford a
means of separating rare earth mixtures in ion-
exchange systems.? However, since the rare
earths constitute a series of trivalent ions with

(1) Contribution No. 1030, Work was petformed in the Ames
Laboratory of the U. S. Atomic Energy Commission,

(2) F. H., Spedding and J. E., Powell, Chem. Eng. Progr., Symp.
Ser., 80, No, 14 (1954).

Measurements of the acid dissociation constants of these chelates indicated that a corresponding

gradually decreasing radii, they offer an excellent
opportunity to study the theoretical aspects of
chelation. Conversely, the study of ‘chelation
has afforded a means of comparing the individual
properties of rare earth ions, It has been shown
that the stabilities of rare earth chelates generally
increase as the atomic number increases due to
the so-called lanthanide contraction.

Most of the published information on the rare
earth chelates has been concerned with their
properties in agueous solutions. Studies of -the
solid compounds have been limited to several
preliminary investigations of rare earth-EDTA
chelates. Brintzinger and his co-workers have
reported the preparation of the compounds





