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I. INTRODUCTION

The purpose of this research has been to investigate the
kinetics of the acid hydrolysis and isotopic exchange of
chloride ion with the chloride ligands of trans-dichloro-
diammineplatinum(II). This work was a continuation of the
studies of the chlorocammineplatinum(II) series previously be-
gun in this laborétory (L, 2, 3, 4, 5; 6) . It was hoped that"
fhese studiés would clarify the mechanism of substitution re-
actions involving sdquare planar platinum(II) complexes.

Platinum(II) complexes normally exist in a square planar
configuration rather than in the familiar tetrahedral arrange-
ment. This structure permits the iﬁvestigation of cis- and
;;gggreffeéts on‘the kinetic behavior of various isomers. The
results of this work with the trans-[Pt(NH3),Cl,] complex are
'contrasted with the behavior of the gggr[Pt(NH3)ZClz] isomer
as wéll as the other chloroammineplatinuﬁ(II) complekes in
section V. .

The trans-dichlorodiammineplatinum(II) complex was first
»prepared by Reisetl(7) in 1840 and is soﬁetimes referred td as
"Reiset's Salt." Five years later the cis-dichlorodiammine-
platinum(II) complex was synthesized by‘Peyrone (8). About
fifty years passed, however before Werner (9) was able'to
correctly ascertain that these two compounds were tﬁe ¢cis and
trans isomers of a square planar configuration about the

central metal atom. His ﬁostulation was based entirely on
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chemical evidence and other workers, Reihlen et al. (10),
refuted this conclusion as late as 1926, claiming that the
trans-isomer was really a dimeric form of the cis compound.
Their conclusion was based on molecular weight determinations
using liquid ammonia as a solveﬁt. Werner‘s postulation, how-
ever, was ultimately proven to be correct by structural
studies (11).

Among the early workers studying platinum(II) compounds
was Jorgenson (12). He investigated substitution reactions of
[Pt(NH3)4]i.and [PtCl4]= and observed the formation of dif-
ferent isomers of the general formula [Pt(NH3)2C12]. He found
the properties of these isomers to be similar to the products
obtained earlier by Reiset (7) and Peyrone (8).

A year after Werner's postulation, a test for distin-
guishing the cis and trans isomers was discovered by Kurnakow
(13) . He noted that gggf[Pt(NH3)2c12] reacted with thiourea
(tu) to yield [Pﬁ(tu)4]012, whereas under the same conditions,
thé trans isomer gave [Pf(tu)2012].

The behavior of aqueous solutions of thoreammineplati-
num(II) complexes Was first stgdied by Werner énd Miolati (14)
"who observed condﬁctivity evidence of a reaction occurring..
‘Later, in a more extensive study, Drew et al. (15) studied the
- extent of reaction using conductivity measurements and foun&
that both cis- and E;gggr[Pt(NH3)zclz] aﬁtainea an appreciable

conductivity after several hours in solution.



Jensen (16) interpreted this behavior inlterms'of hydrolysis
reéctions of the type:
[Pt(NH3) ,C1,] + Ha0 == [Pt(NH3),CL(Hp0)]" + c1~ (I.1)
[Pt (NH3) 2C1 (H20) 11 + Hp0 = [Pt (NH3) 2(H,0) 511 + c1™ (I.2)
Later, King (17, 18) investigated compounds of the type
[Pt (NH3) 5X5] and [Pt(NH3)3X]X. This work showed that com-

pounds in which X was C1~, Br~ or NO,~ behaved as non-
electrolytes in the diammine case and as salts of univalent
cations in the triammine caée. When X was Nb3‘, 504"or
pPicrate the compounds hydrol-rzed either completely or sub-
stantially into the aduo di- =33 triammines.

The aquation rates of cis- and ;;ggggdithiosulfato-
platinate(II) were measured an?ﬁksh;n (19) using conductivity.
He found the cis isomer hydr/:iy:zef much more readily than the
trans form of the salt.

‘ The effects of ultrafiuisf radiation on the stability of
aqueous solutions of gigrfpt(NH3)2c12] was studied by
Babaevo and Mosyagina (20) . They found that under intense .
radiation a black precipitate containing polymerized Pt (OH)g=
groups was formed,

Grantham et al. (2) observed that [Pt¢l4]= undergoes an
acid hydrolysis and that the observed exchange of chloride
ion with complexed chloride could be explained by this aqua-

tion reaction plus an additional first order reaction with the

monoadquo complex. The suggested possibility 6f a second
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'hydrolysis forming the diaquo species was later investigated
_quantitatively by Sanders and Martin (5). An extensive study
of the acid hydrolysis of'K[Pt(NH3)Cl3] was carried out by
Elleman et_al. (3) in which it was demonstrated that a second
aquation following the initial hydrolysis provided pathways
to explain all of the observed exchange. The non-eduivalent
chlorides in the complex were observed to undergo separate
hydrolyses. The hydrolysis rates And equilibrium of cis-

[Pt (NH3) oCL3] were studied by Reishus and Martin (6). Again
the observed exéhange could be explainea by a two step acid
hydrolysis systeﬁ. The hydrolyéis of EPt(NH3)3CI]+ has re-
cently beén studied by Aprile and Martinl who found'that a -
second order direct chloride exchange term was necessary in
addition to the hydrolysis process to completely characterize
the observed exchange. Grinberg et al. (21, 22) also studied
the hydrolysis kinetics of K[Pt(NH;)Cl3], K,[Ptcl,],

[Pt (NH3) 3c1]Cl, cis- and trans-[Pt(NH;) ,C1,].

Leden and Chatt (23) reporﬁed a very rapid aquation for
the [Pt(czHa)C13]’ complex, the equilibrium being attained in
two minutes.

Complexes have been classified by Taube (24) as labile
or inert, based on their substitution and exchange behavior.

Taube proposed that if the central metal atom has unutilized

lAprile, F. and Martin, D. S., Jr., Ames, Iowa. Exchange

and hydrolysis data. Private communication. 1961.




inner orbitals, the ligands will usually be labile; whereas if
all sub-~shells are filled, the complex will exhibit inert be-
havior. He explained these obéérvations in terms of an ex-
change transition state which was stabilized by the donation
of an electron pair from the enteringvligand td an empty metal
orbital. Platinum(II), then, would be classified as an inert
complex according ;o Taube's definition. Indeed the exchange
rates of the chloroammineplatinum(II) series have been slow
enough to conveniently measure, the.;£§g§¢{?t(NH3)2C12] com-
plex having.the fastest rate.

Banerjea et al. (25) studied the hydrolysis and substitu-
tion reactions of some chloroammineplatinum(II) complexes with
‘é variety §f nucleophilic reagents. They observed no acid
hydrolysis for E;gggr[Pﬁ(NH3)2clz] although the complex did
undergo a measurable chloride ekchange. The reactions studied
fell into two categories: (1) those thét were first order in
complex but zero order in feactant and all of nearly the same
rate; (2) those that were first order in both the complex and
the reactant with faster rates than those of the first céte-
gory. In general the reactants of category 1 were low in the
trans~directing series whereas reactants of category 2 had
'high trans-directing properties. They proposed a "dissqcia-
tion" mechanism for the substitution reactions of square planar
complexes which was later discussed in more generalized form

by Basolo and Pearson (26, pp. 188-189).
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The ﬁell known trans-effect will not be discussed in de-
tail here as the subject has been reviewed by others (27). 1In
essence, the Eggggfeffeét, originally designated by Chernyaev
(28), refers to the observation that substitution of ligands
into the inner coordination sphere of Pt(II) complexes was not
statistical in nature,.but réther was governed by a directional
effect. Certain ligands present in the square.planar con-
figuration induced substitution into the position tramns to the
ligand rather than into the cis position. The use of tﬁis
theory in preparing various isomeric Pt(II) complexes was dis-
cussed by Quagliano and Schubert (29). Several theories have
been proposed to explain this effect, however two proposals
séem to satisfy the largest number of experimental observa-
£ions. For ligands unable to form m-bonds with the metal
atom; Grinberg (30) suggested that induced dipoles, directed
away from the ligand ;;ggg_to the labilizing ligand, weakened
the bond to the trans-ligand rather than the two gig}ligands.
The magnitude of this weakening depended on the polariz-
ability of the electron cloud of the labilizing ligand. For -
ligands which may form m-bonds with the metal atom by utiliz-
ing the d electrons of Pt(II) and vacant p or d orbitals on
the ligands, the theory of Chatt et al. (31) and Orgel (32)
seems to suffice well, They proposed that the pr - dr or the
dr - dar bond reduces the electron density near the ligand

trans to the labilizing ligand, thereby lowering the energy



of the transition state'for an S, 2 attack by another poten-
-tial ligand at this position. These theories substantially
predict the following observed order of decreasing trans-
effect: CN ~ C,H; ~ CO ~ NO ~ SC(NH;) ~ RpS ~ R3P ~ NO,~ ~
I~ ~ CNS™ > Br~ > cCl™ ) pyridine ) NH3 » OH™ ) H,O0.
Substitution reactions in which OH™, NH3 and pyridine
replaced the chlorides in Kz[PtCI4], K[Pt(NH3)Cl3],
[Pt(NH3) 3C1]Cl and Ky[PtBry] have been studied by Grinberg
(33) . He found first order kinetics for alkaline hydrolysis
in each case and second order reactions for the NH; substitu-
tion. Accordingly, an équation sﬁep followed by neutraliza-
tion of the acidic proton on the water 1igand}was proposed as
the mechanism . of alkaline hydrolysis. Grinberg also dis-
cuséed the gsgggreffect and noted that the order of trans
directing ligands changes, depending on the type and valence
state of the central metal atom and the temperature. He also
cited evidence for a cis-effect: the rate of NH3 substitution
of [Pt(NH3)C1l3]”, in which the NH3 substitutes in the cis
position, was greaﬁer than the rate for [PtCl4]=; also bromide
exchanged more rapidly with [Pt(NH3)Br3]~ than with [PtBr4]=.
This gggreffect was stronger in Br-Pt-Br systems than in
Cl-Pt-Cl and quite weak in NH3-Pt-Cl compounds.
| Basolo et _al. (34) studied the relative reactivities of
replaceable ligands in planar Pt(II) cbmplexes of the type

[Pt(dien)x]+,_where dien = diethylenetriamine. They found
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the following order of replaceability: NO;~ >cl” )'Br; >

I~ > SCN~ D> No,~. This paralleled the trans-effect series and
inferred that strongly trans directing ligands are more diffi-
cult to dislodge.

Chatt and co-workers (35) have recently reported an
extraordinary series of compounds of the type trans-

[Pt (R3M) oXH], where M = P or As; X = NO3, Cl, Br, I, NO,, SCN,
CN and R = alkyl or aryl radical. The hydride is directly |
bound to platinum and it was found to have a large trans-
directing effect.

Rather complete proposals on the possible'mechanisms of
substitution of square planar complexes have been made by
Basolo and Pearson (26, pp. 188-189). If one of the 1igandé
(L) is capable of forming pr - dr or dr - dr bonds with the
platinum atom, the authors propose a trigonal bipyramid
transition state for reactions of the type:

trans-[PtAsIX] + Y —3 trans-[Pta,L¥Y] + X (1.3)

The transition state may be represented as follows:

) Y
Ve
L=Py
| Mx
Since the dy, orbital electrons of Pt(II) have a maximum con-
centration along the Pt-X and Pt-Y directions, the T-bond

formed between Pt and L reduces this electron density and

hence lowers the transition state energy. By the same
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reasoning proposed by Chatt and Orgel in explaining the Eggggr
effect, the greater the 7-bonding tendency of L, the greater
its trans-effect on the ligand X.

The mechanism for cémplexes containing -bonding ligands
involving this intermediate proposed by Basolo and Pearson is

given below.

S ] Y /,4
L :l, Fass+ \.: A SLow /Y
\(//4 —— m/ —— Lam\
A/‘;\X S : /4/,-'\" , X
-'g S A Pd'éh I
. 11510“ 71F§;£
Fo.z‘h —H: A )l<
L=A/Y Fde \I;/A
A P ‘ (r.4)
1[Fk5t
s
L\;‘/A
A7
S - solvent 5

--= weak bond

Path II includes the possibility that X may be lost
initially in forming the trigonal bipyramid intermediate. Ac-
cording to this scheme, the rate of reaction will generally be
first order in Y, however, in some cases the solvent (S) may

take the place of Y as a reagent and the overall rate may be
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independent of the concentration of the feagent which

eventually replaces the solvent.

Another "dissociation" mechanism in which a five-coordi-
nate intermediate forms from the dissociation of a ligand from
the tetragonal structure about the'Pt(II) ion has also been

proposed by Basolo and Pearson:

5 Y
L\',;/A . L\ E//4
J?LX + Y/ A’ﬁl'x
A% L Penn T
S
Peth )
T 4x'”-)< Slow +X l‘x Slov
s .Y
L\],A L‘P(A
A,m Fasz " A’
‘ A 5 s
S . | L \;,44.
+Yl Fast ,4’I\‘1‘5 Fast T Fast.
3 N Y |
? 5 L } A- (I.5)
L\},/A \ﬂ/
A/m\Y A{,E\S
; s
S

The five-coordinate intermediates above were designated as
having a tetragonal pyramid structure similar to the inter-

med;ate prcoposed for substitutions in the regular octahedron
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.of cobalt(IIX). This mechanism is éonsistent with the ob-
servation that substitution reactions of Pt(II) complexes
follow either first or second order kinetics. If the reaction
proceeds by Path I, it should show a zero order dependehce on
the concentration of Y, wheieas if it involves Path II there
will be a first order dependence on the concentration of Y.
Which of the two péths.predominates will depend upon the
complex, the nature of Y and of the'solvént. If both Paths

I and II are involved, the rate will be made up of two terms,
one zero order in Y and one first order in Y. Because of the
dissociation step, the reaction rates of either Path I or II
should exhibit a strong dependence on the ionic strength of

the solution.
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II. EXPERIMENTAL
A. Materials

1. Platinum

Platinum was obtained from either the Fisher Scientific
Company in the form of Ky[PtClg] or from the Mallinckrodt
Chemical Works, Bram Chemical Company and Allied Chemical
- Company in the form of H,[PtClg]°n Héo.‘

~ To avoid the cataiytic effects on exchange reactions due
to [Ir016]='(1), all platinum was treated as follows. A
slurry of slightly soluble KZ[PtCls] was made basic with NaOH
and the [PtClG]= was reduced to Pt° 5y a slight excess of
hydrazine. The platinum metal was then washed with water,
hot concentrated HCl, more water to remove the Cl1™, hot
concentrated HNO3 and finally water to yield the Pt free of
the less noble metéls. The platinum wasvthen converted to
Hy[PtClg] by addition of hot aqua regia, according to the
method described by Vezes (36). Heating to drynéss several
times with concentrated HBr converted the H,[PtClg] to
Ho[PtBrg]. Addition of excess KBr yielded the moderately
soluble K,[PtBrg] and subsequent recrystallization of this
violet salt effgctively‘eliminated'the iridium contamination.

The iridium-free K,[PtBrg] was then reduced to Pt° by
hydrazine in basic sglution.

All solutions containing platinum were saved after
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experimentation was complete and this platinum was periodical-

ly reclaimed by the procedure outlined above.

2. Potassium tetrachloroplatinate (II)

The preparation of K,[PtCly] waslessentially identical to
that previously described by Vezes (36). Hz[PtCls] was pre-
pared by treatment of plafinum metal with hot aqua regia
and excess KCl was added to convert it to insoluble Kg[PtClg].
This compound was then refluxed for one-half hour with
stoichiometric amounts of K,C,04 and a small amount of Pt° to
form K,[PtCl,].

K2[PtC16] + KyCy04 —F Ky[PtCly] + 2C05 + 2KC1 (II.1)

Grinberg's investigation (37) indicated that the mechan-
ism of the reduction involved an intermediate of plaﬁinum
metal and that trace amounts of Pt° accelerated the reaction.

The reddish crystals of Kpy[PtCly] were recrystallized
from hot watef by C6oling and evaporation to obtain maximum

yields of the very soluble salt.

3. Tetrammineplatinum(II) chloride

The method of preparation of [Pt(NH3)4]012 was a modifi-
cation of that described by Reiset (7) and by Gildengershel
(38);' A large excess of NH3 was added to solﬁtions of
K2[Ptcl4] and refluxed until complete conversion to

[Pt(NH3) 4]Cl, was obtained as indicated by complete re-dis-



14

solution of the initially formed green precipitate

([Pt (NH3)4][PtClq]). The compound was then crystallized by
reducing the solution volume to 50 ml. and adding 500 ml. of
a 45% acetone, 45% efher, 10% alcohol solution. The whité
crystals were then recrystallized from hot water and stored
" in tightly stoppered darkened containers in an ammonia

desiccator to minimize decomposition.

4, Trans-dichlorodiammineplatinum(II)

One of the methods for preparing trans-[Pt(NH3) ,Cl;5]

outlined by Drew et al. (15) was used in this work. Quanti-
ties of solid [Pt(NH3)4lCl, were heated to 250° C. for one-
half hour in a shallow container. It was necessary to control
the temperature fairly accurately (i_59 c.) because.of low
reaction rates below 250° C. and considerable decomposition
above 250f C. A "Wood's metal" bath was used with a Meeker
burner heat sourcé to achieve reliable temperature control.
The trans-[Pt(NH3)2Cly] was then extracted from the residue
‘with hot 0.5 N HCl. After filtering the hot solution and
crfstallizing the trans-salt, the compound was recrystallized
twice more from hot 0.5 N HCl and then twice from hot water,
filtered, washed with watef, alcohol and ether, and dried in
air. This multi-recrystallization process with the last two
recrystallizations in water was required to attain acceptable

purity as indicated by platinum and chloride analyses and by
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u.v. absorption spectré. The crystals could be stored in-
definitely in a desiccator with no decomposition. This
process gave a 60% yield of trans-[Pt(NH;),Cl,].

The other method proposed by Drew et al. (15) involved
reacting solid [Pt(NH3),]Cl, with hot concentrated HCL.
Banerjea g;_g;. (25) found, héwever, that it was ver& dif-
ficult to obtain pure Eggggr[Pt(ﬁH3)ZCL2] in good yield from
the product mixture. Consequently, this method was not used

in this work.

5. Additional reagents

Reagents such as Nazso4, used to adjust the ionic
strength; NaOH, used in potentiometric titrations; KCI,
.NaNO3, K2c204, NH3 etc. required a definite knowledge of
purity and were purchased as reagent grade chemicals from the
Baker Chemical COmpany, Fisher Scientific Company or Allied
Chemical Company. When carbonate free NaOH was desired, the
method described by Allen and Low (35) was used to purify

the NaOH.

6. Chlorine-36

Chlorine-36 was obtained in the form_of approximately
2 N HC1l from the Isotopes Division, United States Atomic

Energy Commission, Oak Ridge, Tennessee. This isotope decays

by emission of a 0.71 Mev beta particle with a half-life of
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3.5 x 102 years (40).
7. Water

All experiments were done using tap distilled water which
was redistilled from alkaline permanganate solutions. Water
used in conductivity studies was ion-exchange purified tap

water which was distilled from alkaline permanganate solutions.
B. Edquipment

1. JTon exchange columns and resin

Two sizes of ion-exchange columns were used, debending
on the aliquot volume used; 50 cm. long, 11 mm. inside
diameter and 50 cm. long, 23 mm, inside diameter. The column
sizes were determined by investigating the reéin'capacity for.
éhloride using blank solutions of.KCl and Na,S0y4. ' The columns
were fitted with coarse sintered glass filters for.rapid flow
and packed with 20 mesh resin.

The anion resin used was strongly basic Anberlite IRA-400
purchased from the Rohm and Haas Company . The resin was
shiﬁped in the chloridé form and was converted to the nitrate

form using concentrated NaNOj .

2. Geiger-Muller counter

A Tracerlab Inc. TCG-1 end window, self-quenching Geiger-

Muller counter tube was used to measure activities in all of
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the samples. The mica window thickness was 2.5 mg./cm.2 and
the tube deadtime was found to be 200 mic;o;econds by the

matched sample technique (41, p. 266). The sample rack was

mounted 7 mm. below the end window inside a lead housing.

A Berkeley deciﬁal scalar, model 100, was used to record the

pulses from the‘tube.

3. Filtering equipment

Exchange rate studies by radioactive tracer techniqués
require smooth, reproducible samples. This was achieved
by directly filteriné well coagulated slurries of the
‘radioa‘ctive AgCl samples onto round pieces .of fine (Red
Ribbon) filter paper. A glass chimney of inside diameter
2.8 cm, was fastened by rubber bands to é found sintered
glass disk of the saﬁe diameter, fused into the top of a
small funnel., A slight vacuum created by én aspirator was’

used to control the rate of filtration.

4. Constant temperature bath

A Sargent constant temperature bath was used for main-
taining all solutions within 0.1° C. of the desired tempera-
ture. The 25° C. bath was cooled by fap water running'
through a cooling coil‘énd a series of intermittant heaters
balanced the cooling effect. -The 35° C. bath required no

vauxiliary cooling other than the atmosphere. The 15° C. bath
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was cooled by a portable refrigeration coil manufactured by
the Blue M. Electric Company, Blue Island, Illinois. Precise
temperétures were maintained by balancing with fhé inter-

mittant, thermo-regulated heaters.

5. Additional equipment

A Machlett Auto-Burette, self-filling burette, cali-
brated to hundredths of a milliliter, was used in the
potentiometric titrations of aquated complexes with NaOH.

A Beckman model "G" pH meter, standardized against a pH'7
buffer, was used to follow pH changes. 1In order to allow ﬁH
determinations .outside the shielded cabinet, shielded
electrodes, model 1190-80 (standard-calomel and glass), were
used. Immediate mixing of the NaOH with the reaction solution
was achieved with a magnetic stirrer.

Potentiometric titrations of chloride were made with the
same pH meter used as a potentiometer. Potential differences
between a Ag-AgCl electrode4and a standard calomel electrode
.wereAmeasured as AgNO3 was added to‘the reaction solution.
The Ag-AgCl electrode was construcﬁed according to the method
outlined by Bates (42, pp. 204-206).

. Conductivity measurements were made using an industrial
Instruments, Inc. conductivity bridge, model RC 16. A Freés
type conductance cell with freshly ﬁlatinized eléctrodes was

used for all conductivity experiments:
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A Cary Recording Spectrophotométer, model 12, manu-~
factured by Ap?lied Physicé Corporation, Pasadena, California,
was used for characterization of compounds and kinetics
studies. The experimental solutions were contained in 10 cm,,
glass stoppered silica cells.

For the analysis of platinum in Eggggé[Pt(NH3)2c12]
by thermal decomposition, a muffle furnace of 700° C. maxi-
num temperature manufactured by Schaar and Company, Chicago,
Illinois, was used. An alternafe’procedure for platinum
analysis involved electrodeposition of the metal onto a
platinuﬁ electrode using a Sargent-Slomin Eiectrolytic

Analyzer.

C. Procedures

1. Analysis of trans-dichlorodiammineplatinum(IIX)

Characterization of uniformity of purity for each
preparation of ;ggggr[Pt(NH3)2Clé] consisted of platinum and
chloride. analyses andbthe u.v.-absdrptidn spectrum taken be-
tween 220 mu and 400 mu. Originally, the platinum analysis
was done electrolytically by weighing a known amount of
trans-salt into a solution containing 0.5 N sulfuric acid and
a_drép of nitric acid which acts as a cathodic depolarizef to
prevent excessive hydrogen evolutibn.‘ The platinum was then

depositéd on weighed platinum electrodes using currents of
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0.2 amp. for 2 hours. Subsequently, the chloride analysis
was done gravimetrical;y on the same sample by addition of
excess AgNO3 to precipitate AgCl. Precautions were taken to
avoid errors in this determination by keeping the AgCl in
darkened areas and the supernatant solution slightly acidié.
Later, platinum analyses by thermal decomposition proved to be
somewhat more precise than the electrodeposition procedure.
Weighed quantities of trans-[Pt(NH3),Cly] were slowly heated
to 500° C. in a muffle furnace, converting the sample quanti-
tatively to platinum black. The chloride analysis was then
done on a separate sample by reacting a known amount of Eggggf
compound dissolved in water with excess NH3 to strip the com-
plexed chloride froﬁ the compound. Then the solution was
acidified, excesé AgNO3 was added and the AgCl precipitate
was weighed. | ' |

In general, the érystals of trans-salt were conéidered
to be of acceptable purity when thé observed analysis deviated
from the calculated values by less than 0.1%.

Comparisoh of the u.v. absorption spectra of trans-
[Pt (NH3) 2C1l] with that published by Chatt et al. (43) was
found to be a sensitive criterion of purity. The valley
abéorbance at 252 mu was partigularly sensitive to impurities
and; in general, if the optical density bf this valley was
95% or less of the optical density of the valley at 295 mu,h'

acceptable purity was indicated. A typical spectrum of
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trans-[Pt(NHleCIZ].showing fhe changes produced by acid

hydrolysis appears in Figure 1.

2. Determination of first acid hydrolysis edquilibrium

Because of low solubility [0.00122 M at 25° C., cf. Drew
et _al. (15)] and slow rates of dissolution, the concentration
range studied in this research was vefy much limited. A
kﬁown amount of trans-compound was dissclved in the desired
- amount of water by shaking the mixture for about 6 hours at
35° C. The proper amount of Naj;SO4 was added to yield an
ionic strength of 0}318,neg1ecting contributions from the
hydrolysis products ([Pt(NH3)2Cl(H20)]+ and Cl~ contribute
“less than 0.1% of the total ionic strength at equilibrium).
The flask was then.diluted‘tb the mark and allowed to reach
' equilibrium at the desired temperature for at.least 48 hours.
The flasks were usually covered wiéh black tape fo minimize
prhoto-induced decomposition, héwever, exposure to room lights
in a few instances did not seem to alter the results. Ali- |
quots were then titrated with approximately 0.1 N. NaOH using
"the migrobﬁrette, sti?rer and pH meter preéiously described.
All NaOH solutions used were standardized with reagent grade
sulfamic acid using phenolphthalein as.an indicator; The
first aliquot was titrated rather deliberately to ascertain
the titration curve in general, subsequent titrations being

carried out rapidly with more points concentrated near the



Figure 1.

Ultraviolet absorption spectrum of trans- [Pt(NH3) 2].
Spectrum obtained with a solution: 7.59 x 10-4°M

trans-[Pt(NH3)2012], 0.010 M., KCl (to suppress hydroly51s)

in a 10 cm, silica cell. Dotted line shows spectrum of a
solution with no KCl taken 24 hours after dissolution to
illustrate spectral changes due to acid hydrolysis
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endpoint. Aliquots quenched by cooling to 5° ¢. exhibited
considerable reversal of the hydrolysis equilibrium as
significantly lower titres (25%) were obtained. 'Single point'
titrations were also carried out, in which the pH measured
after addition of nearly the exact amount of base redquired to
reach the endpoint could be used to indicate the amount of
base-induced aquation occurring during the titration. This
latter titre was used as the most accurate measure of the
endpoint and averages of several such titres were used to
obtain the first acid hydrolysis equilibrium constant by'
-means of the equations in section III A. A typical titration
curve is shown in Figure 2.

‘ Occasional drift of the pH reading just prier to attain-
ment of the endpoint was observed, especially in the experi-
ments done at low ionic strength. This was probably due to
a combination of incomplete rinsing of the electrodes be-

tween aliquots, CO, absorption and base-induced hydrolysis. -

3. Determination of first hydrolysis rate constant

In the evaluation of kinetics of reversible reactioﬁs by
potentiometric titratien methods one must have fresh solu-_
tions and half-times of reaction long enough to obtain several
points before'equilibrium is reached. The rate constant for
the formation of the acidic trans-[Pt(NH3) ,Cl(H,0)]% species

was determined by following the acid titfe during the first



Figure 2. Potentiometric titration curve used to determine the first
- acid hydrolysis equilibrium constant for trans-gPt (NH )2C12].
Initial trans-salt concentration was 7.53 x 10=% M,, 50 ml.
aliquot, p = 0.318, 25° C. :
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three half-times of reaction. A weighed quantity of trans-
[Pt (NH3) 2Cl3] was shaken for 10 minutes in an aqueous solution
of the proper volume, temperature and ionic strength (L = 0.318
by addition of NajSO4) The undissolved crystals Qere then
filtered off and aliquots were withdrawn for titration. The
zero time was taken to be 5 minutes aftef_the slurry was
stafted shaking. In each run a 100 ml., aliquot of the solu-
tion was reserved to be analyzed for platinum content by the
.ﬁethods described in Section II C. The ggéggrsalt concen-

" tration was also checked by using the equilibrium titre and
the known equilibrium constant. The titrations were carried
out as rapidly as possible to minimize ény base~induced
hydrolysis. In some of the runs the alidquots were duenched
by cdoling to 5° C., however the rate constant obtained
differed insignificantly from that obtained in the unduenched
runs. In general the rate constants could be reproduced to
within about 15%, however, if the crystals had dissolved any
more slowly or if the hydrolysis rate had been much faster,
this method could not have been used. By Plotting G(x), which
is the function of the observed titreé and equilibrium
constant given by Equation III.9, versus time, the rate con-
stants were determined from the half-time. A typical set of

titration curves is given in Figure 3.

4., Isotopic exchange experiments

The purpose of the exchange experiments was to follow the

rate of introduction of chlorine-36 into the complex species;



Figure 3. Titration curveé used to determine the acid hydrolysis rate
constant for trans-[Pt(NH )2C12]. Initial trans-salt con-

centration was 2.68 x 10™% M., 50 ml. aliquots, 15° C.,-
L = 0.318
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i.e. trans-[Pt(NH3) 5Cl;] and trans-[Pt(NH3) 2C1(H20)]*+. Such
experiments yield information concerning chloride lability
and extent of a second acid hydrolysis.

'All'of the exchange experiments in this work were per-
formed with "aged" solutions. In these solutions the trans-
[ét(NH3)2c12] was allowed té reach equilibrium with its hy-
drolysis species before the exchéngé was initiéted by the
addition of chlérine-36. All of the solutions were kept at a
constant ionic strength of 0.318 by simultaneous adjustment
of KC1l and Na,S0, concentrétions,' The experiments were
carried out at different chloride and trans-salt concentra-
tions. In eﬁch experiment thé rate of introduction.of
chlorine-~36 into both the neutralrand positively charged com-
plex species (;,g,‘Eggggr[Pt(NH3Y2c12] and trans-
[Pt(NH3)ZCl(H20)]+) was obtained. It_waé not feasible to
measure £he active chloride in the separate species.

The exchange experiments redquired a clean separation of
the platinum complexes from the ionic chloride, and then the
measurement of the specific activity of the complexed
chloride; The obvious method of adding AgNO4 and filtering
off the ionic chloride as'AgCI failed éompletely. Apparently,
a rapid exchange, induced by. the precipitation process, was
occurring. Also, inefficient separations of thelAg Cl pre-
cipitate from the filtrate and'stripping chloride from the

complex species by addition of -excess AgNO3 introduced
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difficulties. Because of the success found by Reishus (6)
using an ion exchange separation technique, this method was
tried and found to serve well in the characterization of the
exchange reactions.

The exchange experiments employed Amberlite IRA-400
anion resin in the NO3~ cycle. Weighed quantities of trans-
[Pt(NH3)2c12] were dissolved by shaking at 35° C. for several
hours in water of the proper volume containing the desired
‘amount of KCl and Na,SO4. Any poSsible exrors due to the
presence of KCl and Nay;SO, during the dissolution (i.e.
chloride substitution of NH; etc.) were not detected by other
exchange experiments in which the KCl and Na,S04 were added
after completely dissolving the trans-salt in water. The
flask was then wrapped with black tape and allbwed to
equilibrate at the desired temperature for at least 3 days but
no longer than a week. Then the exch&nge was initiated by
addition of 5 to 50 microliters of approximately 2 N. HC136,
this moment being taken as the zero time of exchange. The
amount of 2 N. HCl36 added was in all cases negligible com-
pared to the chloride élready present in the system., Ali-
dquots, appropriately sized to yield the desired amount of
final AgCl precipitate, were then pipetted into the anioﬁ
exchange column at various times covering from 3 minutes to
three half-times of exchange. The exchange resin very ef-

fectively removed all of the ionic chloride, quenching the
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exchange reaction, and permitted the trans-compound and any
aquo species to pass through the bed. All aliquots were
eluted from the resin by a 4-fold excess of water. The ef-
fluent solution was then boiled to reduce the volume to 50

ml. Then the solutions were boiled with excess aqueous NH3
for 30 minutes to substitute NH3; for all chloride ligands,
forming [Pt(NH3)4]++ and ionic chloride. After acidification
with HyS04, excess AgNOj was added to precipitate the
chloride. The precipitate was coagulated by heating for 20
minutesband carefully filtered on weighed filter papers as
described in section II B. Afterldrying in the open air and
weighing, the AgCl samples.were-mounted on cardboard sdquares
using wide Scotch tape, counted, and the specific acti§ity
(cts./min. mg. Cl) was determined for each sample. Several

' 5lank filter papers were weighed with the samples to determine
the cprrection fof weight changes due to humidity differences.
The fact that the specific activities of sevéral exchanging
species are identically the same at exchange equilibrium and
are equal to the original ratio of radioactive chloriae to
total chloride in the system permitted Eampling the infinity
aliquots, i.e. equilibrium samples, at any time after exchange
was initiated. These aliquots were treated directly with NH3
and the total chloride was precipitated and treated in like
manner to the other.aliquots. ‘All aliquot sizes were cal-

culated to yield at least 10 mg. of final AgCl precipitate so
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as to minimize self-absorption errors by working on the plateau
of the self-absorption curve (2). 'Generally, about 90% of the
theoretically calculated complexed chloride was obtained in

the final precipitates. The fraction of exchange, F(F =

St/Sco Where St and S, denote‘specific activities at time t
and at equilibrium), for each sample was calculated and plots
of log (1 - F) versus time were made to obtain the half-time

of exchénge. A typical exchange reaction plot appears ih
Fiéure 4. The exchange resin was regenerated after each

sample by running concentrated NaN03 through the column.

5. Conductivity experiments

All conductivity experiments were done usingvelectrodes'
coated with platinum black and 1000 c¢.p.s. currents to
nminimize polarization effects. The cell constant was deter-
mined by measuring the resistance of a standard 0.0200 N KCl
solution. The electrodes were thoroughly rinsed with
conductivity water of at least 1.5 x 10”7 ohm=1 cm, "1
specific conductance between each experimental sample. The
Freas type conductance cell was thermostated at 25° C. for
all experiments. Some of the solutions were prepared by
completely dissolving weighed quantities of gggggr[Pt(NH3)2C12]'
in water. Others were preparéd by shaking a slurry of trans-

salt crystals in water for a few minutes, filtering off the un-

dissolved crystals and later analyzing for platinum con-



Figure 4. Typical exchange plot of log(l-F) versus time for the iso-

topic chloride exchange of trans-[Pt(NH3),Clp]. Trans-salt

concentration = 7.59 x 10—4 M., chloride concentration =
3.00x 10-3 M., p = 0.318, 25° C.
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centration by the methods described in Chapter II-C. Also,
conductivity measurements were made on effluent solutions from
a column containing two types of ion exchange resins, one in
the HT cycle and the other in the OH™ cycle. Conductivity
readings were taken until a steady state had attained for

each of the experiments and the equivalent conductances were
calculated from the measured resistancg (R) , known concen-
tration (C) and cell constant (k) using the classical ex-

pression relating thése parameters:

/\ = 1000x/CR (II.2)
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III. MATHEMATICAL TREATMENT OF DATA
A. First Acid Hydrolysis Equilibrium

Jensen (16} has indicated that trans-[Pt(NH3),Cl,] under-
goes acid hydrolysis when dissolved in water. In general,

this hydrolysis‘may be described by the following equations:

- R
trans- [Pt (NH3) 2Cla]+ H20 ,_.—_=J; [Pt (NH,) ,C1 (H,0) 17 + c1- (1I1I1.1)
' R

(a=-x~y) ‘ (x) (b+x+2y)
_ + Ra . . ++ -
[Pt (NH3) 2C1 (H20) ]7+H20 N [Pt(NH3) 5 (H30) 2] + C1 (I11.2)
=2 :
(%) (¥) (b+x-+2y)

where a initial concn. of Er[Pt(NH3)2C12], moles/1.

b
]

: concn. of [Pt(NH3)2Cl(H20)]%, moles/1., at time ¢
y = concn. of [Pt(NH3)5(Hp0) 217, moles/1., at time t
a-x-y = concn. of t-[Pt(NH;),Cl,], moles/1., at time t
'b = initial concn. of ionic chloride, moles/l.

concn. of ionic chloride, moles/l., at time t

v
]
+
N
~
[}

‘rate of first acid hydrolysis, moles/l. sec.

w
=
1]

R_; = rate of reverse first acid hydrolysis, moles/1.
sec..

Ry = rate of second acid hydrolysis, moles/l. sec.

rate of reverse second acid hydrolysis, moles/l.

secC.

If the extent of hydrolysis of a second éhloride (Reac-
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tion III.2) were negligible, the equilibrium constant describ-
ing the system would be given by:

[Pt (NH3) ,C1 (5,0) 1¥[C17ly 2 %o (bhxgp )Y o

K
' [?t(NH3)2C12]yo (a=-%xg5) Yo
(III.3)

where the infinity sﬁbscripts refer to the concentrations at
equilibrium or infinite time, and the ¢'s are the indicated
activity coefficients. The measured acid titre is repre-
sented by T (equiv. acid/l.). Then x = T and Equatién III.3
becomes: |

K] = Top (b4T00) v, % /(a-Teo)vg (III.4)

For solutions of low ionic strength (i.e. no added salt
.so0 the ionic strength just equals Xoo ©Or Too), Yo may be
taken to be 1, and the activity coefficient of HC1l in a
éolution of KC1 (44, p. 575) with an ionic strength justAequal
to Ty, may be used for Yif For solutions in which Na,S0, is
added to estabiish the ionic strength at 0.318 M., the con-

‘centration quotient, Ki, is defined by:
1
Ky = Ko/ 12 = Ty (P4T0) /(2=Too) (III.5)

Under these conditions of a constant high ionic strength,
all activity coefficients are expected to be constant and
accordingly the concentration ratio, Ki, will also be con-

stant with changes'ih'concentration.
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B. Rate Constant for First Acid Hydrolysis

In accord with the stoichibmetry of Reaction III.1l, the
first hydrolysis reaction is expected to be first order in
trans-[Pt(NH3) Cl,] while the reverse reaction is first order
in [Pt(NH3) 5C1(H,0) ]+ and first order in Cl™. If, in addi-
tion, the second hydrolysis is assumed to be negligiﬁle, the
expression for the time rate of change of x in Reaction
III.1 becomes::

ax/at = Ry - R_y = ky(a-x) -K_j (x) (b+x) (III.6)
where kj; = rate constant for hydrolysis, sec.-l
k-1 = rate constant for reverse hydrolysis, 1l./mole
sec. .
Since Ki = kl/k_l,’Equation III.6 rearranges to:
ax/x? + (b+K]) (x) - Kja] = -k_;dt (1II.7)
which can be integrated with the limits x = 0 when t = 0, x =
x when £t = t and the expression for x obtained from

(o)
Equation III.5 (xoo = Too) to yield the solution:

x_jt = G(x)/VaKla + (b+K]) 2 - (111.8)

1

[ (%o =X) (=Xoo+ N axc? ' 2
where G(x) = 1n i hod AKja + (bHKg) )] (I11.9)

[ (x-%Xoo + ”I4K]'_a + (b+K;) 2 )]

The measured acid titres may be substituted for the x's.

According to Equation III.8, plots of G(x) will be linear in
t. The half-time of hydrolysis, ty, obtained from these
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plots, is then used in the following expression to calculate

the rate constant k_;.
J

k_y = In 2/f(tg)(’J4Kia + (b+Kj) 2 ]
| (III.10)

Finally, k; can be calculated from the expression:

ky =k, K (III.11)

C. Isotopic Exchange Equations

1. General treatment of three component exchange systems

There may be several possible mechanisms whereby radio-
active chloride is introduced into the trans-[Pt(NH3) ,Cl;]
or the [ﬁt(NH3)2c1(H20)]+ species. Two of these paths are
by the acid hydrolyses iiluétrated in Reactions III.1 and
III.2. Also, a direct ekchange might occur in which ionic
chloride replaces complexed chloride directly.

Including the possibility of a second acid hydrolysis,

. the chloride éxchange scheme at chemidal equilibrium may be

.represenfed by the folldwing réactions:

Ry +
trans-[Pt (NH3) 2C12]+H,0 ——= [Pt (NH3) 2C1(H20) ]J+C1~
R_31"R;
(a=~Xep Yo ) | (Xeo) (btx o, +2¥o )
u, Su. vV, Sy S, Sg

(III.12)

trans- [Pt (NH3) 5C15]+c1™* B, trans-[pt (NH;) ,c1c1* 401"
(I11.13)



[Pt (N3) 0L (H20) 1+ +8,0 =223 [Pt (NH3) 2 (H20) 2] T 4CL
- R.2™Ry

V’ Sv S, SS

(III.14)

[Pt (NH3) ,C1 (H,0) ]¥ +c17* BZ; [Pt (Nm3) ,01* (0) ]F +c1™

(X ) ' (Xop) (bix +2y,Jo )
v, Sy . S, Sg
| (III.lS'

where u = c13° conen. , Cl*, atoms/ml. in gf[Pt(NH3)2C12]

| Su = W/2(a-%xy, ~Yoo ), SPecific activity of the chloride
in t-[Pt(NH3) 2C1l3] at timé t
s = c1™* éoncn., atoms/ml., in ionic chloride
Sg = s/(b+Xg +2Y,) » SPecific activity of the ionic

chloride at time t
R' = rate of diréct}chloride exchange process for
~ trans-[Pt(NH3) ,C1,]

v = 0136

concn., atoms/ml., in [Pt(NH3)2C1(H20)]+
Sy ¥ V/Xy, Specific activity of the chloride in

[Pt(NH3)2C1(H20)]+ at time t

R" rate of direct chloride exchange for [Pt(NH3)201(H20U
moles/1. min. |

Other symbols have been previously defined. In this sysﬁem,'
the total concentration of chlorine-~36 is defined by

I =u+v+s,
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The time rate of increase of u is given by
du/dt = Ry (Sg + Sy = 25y) + R (Ss = Sy) (III.16)
If a parameter, vy, is defined by |
| Y = R'/Ry © (III.17)
and Sg, Sy and S,; are put in terms of I, u, v, a, b, X and

in Equation III.16, the following equation is obtained:

Yoo
1 du (1+y) (14v/2)
R.1 at * 1 [(b+xoo+2yb°) ¥ (a=Xoy ~Yoo) I+
- ' (I11.18)
1 4+ vy 1 (L + )

V [y w2y - xoo“] = [ v2ygy 12
where Ry; = RL = Rop, the rate of the first acid hydrolysis
at chemical equilibrium, o
Similarly, the time raté of increase of v is given by
av/dat = Ry (S, =~ Sy) + R"(Sg = Sy) + Ry(Sg - Sy) (II1.19)
With the definition of another parameter, 8, by
B = (R" + Rp)/R; (III.20)
énd substitution of S, Sg and Sy in terms of I, u, v, a, b,

Xop and Yoo in Equation III.19, the following equatioh is ob~-

tained:
1 -d_v Ll + } ﬁ
R+1 at TV [ (Xp) + (b + X +2Yoo)] +

(I11.21)

B 1 = B
| “ [(b+x°°+2y°°) - 2(a - xoo‘Yoo)] e[-.x(b+xoo+2ybo)]I

" Equations III.1l8 and III.2l1 are linear first order dif-

ferential equations and their,solutions for the condition that
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u=v=0att=0 are of the form .
' -a3t -a.t
1 - ufuy, =1 - 5y/Sy,=R1e + Age

1 - Vv/Vep = 1 = Sy/Syco=B;e + Bye

where the infinity subscripts refer to infinite time or
equilibrium. These two solutions may be combined to yield
the following expression:

—azt (III.22)

1 - (u+v)/(up + Vo) = Cle-alt + Cae
The total fraction of exchange for all complexed chloride is
giQen by F,.o = (u + v)/(uyp + Vo) - |

The parameters C;, Cp, aj and ay are determined by a, b,
Ki, ki, g8 and Y. ‘Expressions for evaluating the above ‘
Aparameters (C's and a's) are obtained by substitution of the -
above solutions into Equétions IXX.18 and IXI.2l. Therefore,
the time of half-exchanée for all complexed chloride (i.e.,
timé.for (u + v)/(ugo + Vo) = %) can be célculated from - |
Equation III.22 for a given set of concentratiqn conditions
from the ﬁalues of C;, C3, a3 and as. This calculation re-
quires that both B and ¢ be known. In general, the calcula-
tion involves trial and error adjustment of B and ¢ until thé
calculated fime of half-éxchange matches the experimental
value. It is impossible to détermine both B and v if a single
fraction of exchange, i.e., Fy4y, is measured. This problem |
can be resolved, however, if the concentration conditions can

be adjusted so as to make one of these parameters very small.
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The form of the other parameter {;,é., the rate laws and
values of rate constants involved in the R's in the expression
assumed for the parameter; Equations III.1l7 and III.20 are
examples) can then be determined at these concentration con-
ditions. Thus one of these parameters is known at concen-
tration conditions in which both B and y must be considered
and the other parameter can be determined as fpllows.
Calculated.curves of 1 - Fy4v versus time are prepared for
various values of the unknown pafameter (for example B) and

a known value of y. A value of B for each experiment is then
selected for which the calculated time of half-exchange”
matches the experimental values;

AIt should.be pointed out that if the value of the frac-
tion of exchange in gf[Pt(NH3)2c121 only, viz. u/hoo; is known’
at some instant of time, this knowledge yields no information
concerning the value of the fraction of éxchange in
[Pt(NH3)2c1(H20)]+, vis. v/vyp, or the value of F,,,. This is
true because there are three exchanging species: trans- |
[Pt(NHj)gClzl, [Pt(NH3)éCl(H20)]+ and C1-. Thérefore, at any
particulér time the ffaction‘of exchange of the system is not
uniquely described by Fu,  F,, or Fy,,, but rather any two of the
three. '

2. Treatment of two component exchange system

If the initial concentration of ionic chloride is much

lafger than the concentration quotient, i.e., b >>'Ki, then
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the equilibrium concentration of [Pt(NH3)2C1(H20)]+ will be
much less than the total platinum concentration, i.e.,
ﬁ;?(au Consequently, v will be much less than u and it
follows that dv/dt will be much less than du/dt. If dv/dt in
Equation'III.l9 is set equal to zero, there obtains the
following expression for P:

B = (Sy = Sy)/(Sg = Sy) (III.23)
If B ié replaced by (R" + Rj)/Rj3, Equation III.23 is solved
for the product RjSy, this product is substituted into the
equation for du/dt (Equation III.16) and finally (R" + Rj)
is replaced by PR;, the following expression is obtained:

(1 + 2B)R;
(1 + B)

du/dat = [ + R'] (8g = Sy) (III1.24)

The exchange system is now a "two comporent” one in which ex-
change is taking place between Eggggf[Pt(NH3)2c12]‘and c1-
only. This system is characterized by Reactions III.12 and
III{;3. The total rate of exchange in this system is N
designated as R which is given by ‘

R = (L +28)Ry/(L +B) +R (III.25)
Since X0 and y,, are much émaller than a in this system (see
the discussion on page 44) they may be omitted in the ex-
pressions for Sg and Su;';,g,, Sg = s/b and Sﬁ = u/2a. Undér
these conditions, I, the total number of radioactive chloride
atoms per milliliter, becomes I = u + s since a negligible

number of ci1™* atoms are in the mono-aquo complex.
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— e =

Substitution for the quantities of Sg and Sy in terms of I,
u, a, and b in Equation IIX.24 and incorporation of R from
Equation III.25 yields
du/at + R(b + 2a)u/2ab = RI/b |  (III.26)
This expression is easily integrated to yield a single éx-
ponéntial solution for u. The following expression for R/a.
is readily obtained from this solution.
R/a = 1n 2 (2b)/Ty, (b + 2a) (III.27)
where Ty = the half-time of exchange at high chloride con-
centrations, i.e., in a two component system.
In accord with the stoichiometry of Reactioﬁs III.12,
III.13, III.14 and III.15 the rates are expected to have the
following forms: |

Ry = k(a8 - X5 = Yoo!

R' = k'(a - Xoo - Yop) (B + Xop + 2¥op)
Ry = ka(xe)
R* = k" (%) (b + Xop + 2¥5)

where ki, k', ky and k" are the rate constants for the indi-
cated'reactions. |

As the initial concentration of ionic chloride {(b) becomes

high, keeping the initial concentration of trans-salt ("a")

constant, x and Yo, Will become smaller. In the limit at

(o)
very high chloride concentrations, R, will go to'zerb and R"

will become constant since (xg,) (b + Xgo + 2Y0) =
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Ky (a - X - Yoo) at chemical equilibrium. Also, Rj will be-
come constant and R' will be proportional to b.

From the measured half-times of exchange at high chloride
concentratidns, calculations of R/a at various values of b can
be made using Equation III.27. Thus a plot of R/a versus b
can be made to determine the dependence of R/é on b, From
the considerations of the exchange rate behavior at high.
chloride concentrations discussed on page 46, this plot might
be expected to be a straight line with zero or a finite slope
depending on the value of k'. By extrapolatioﬁ of this plot
to obtain the orainate value at zero chloride doncentration,
information concerning the magnitudes of kp and k", or Ry and
R" can be obtained if the value of k; is known. If k, and k".
are very small, this ordinate value should be just kj. If kj
and k" are appreciable, the ordinate value will be higher than
k1. If Ry and R" are small, then B is small and from
Equation III.24,'the expression for the rate of exchanée at

high chloride concentrations becomes:

R =Ry +R'" . (III.28)
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IVv. RESULTS
A, First Acid Hydrolysis Equilibrium

The existence of an acid.hydrolysis reaction of
g;gggﬁ[Pt(NH3)2Clz] in agueous solutions was demonstrated
by several experimentalbobservations.

First, the absorption spectrum of the complex changed on
aging adqueous solutions as shown in Figure 1. The oquilibrium
spectrum reverted back to the initial spectrum on adding ex-
cess chloride. Observations with other chlofoammineplatinum(II)
complexes haoevrevealed that substitution of an H,0 group for
chloride in the coordination sphere causes the transition
peaks to shift to lower wavelengths in general. Conclusions
based on ligand field theory (45) indicate that H,0 has a
higher ligand field strength than ch;oride. The spectral
changes occurring for E;gggr[Pt(NH3)2C12] indicate a shift
of peaks to lower wavelengths. |

ASecond, the initial molar conductance of freshly pre-
paredlsolutions of the trans-salt was found to be about
7 1./ohm mole cm. Howéver, the cohductivity changed quite
rapidly, reaching an..equilibrium value of about 35 1./ohm mole
cm, after 3 hours at 25° C, Several solutions were run throuéh
cation and anion ékchange columns in the H+ and OH™ cycles
to completely remové any ionic impurity; however, the ef-

£luent solutions always exhibited the same conductivity
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behavior.
Third, the solution pH decreased on aging due to the acid
dissociation of the aquo complex
[Pt (NH3) oC1 (H0) ]T == [Pt(NH3) 2cl(0H)] + HF (Iv.1)
Fourth; potentiometric titrations of the system with
‘standard NaOH indicated the formation of a weak acid, the rate
of formation of which reached an equilibrium value. A typical
set of titration curves is shown in'Figu;e 3.
Also, some potentiometric titrations of chloride using
a Ag-AgCl electrode; standard AgNO3 and acidified acetone
solvent indicated a general increase in chloride concentration
on aging freshly prepared aqueous solutions of trans-com-
pound. No quantitétive data were obtained using this
technique, however, due to inconsistent blank determinations.
Because of the results of Banerjea gg_gl}‘(ZS), who were
unable to détect.a'significant acid hydrolysis for |
E;gggr[Pt(ﬁH3)2c12]; great care was téken to insure tﬁe purity‘
'of the compound and the conéiétency of the above mentioned
observations. ihelcompound was re-synthesized several timeé
and as many as eight successive fraétional crystallizations
were carried out without altering the behavior or the ultra-
violet absorption spectrum.- It is believed that Banerjea
et al. found no qhange in conductivity because the hydrolysis
had probabiy already rEaéhed equilibrium during their lengthy

' dissolution period.
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The NH, ligands could not have been replaced as this
substitution would have increased the pH as the reaction pro-
ceeded whereas a decrease was observed.

The results obtained from equilibrium potentiometric
titrations at 15°, 25° and 35° C. are giQen in Table 1. The
equilibrium quotients were calculated from the measured
titres using Equations IiI.4 (lLow ionic strength) and III.5
(high ionic strength). The titres shown represent averages
of two to four titrations and the equilibrium quotients were
averaged over all such sets of titrations. A typical titra-
tion curve with.a single point titration is shown in Figﬁre 2.

If there were an appreciable second acid hydrolysis,
Equétions III.4 and III.5 would not satisfactorily descfibe
the equilibrium and one would observe changes in an équi-
librium constant calculated from these equations as the
iniﬁial trans~[Pt(NH3) oC1l;] concentration is éhanéed. As
can be seen in Table 1, the caléulated equilibrium constants
wefe substantially unchanged over the approximately 2.5 fold
concentration range. Therefore, this systém appeared to be
vervaell characterized by the single equilibrium shownlin
Reaction III.1. A value of 2 x 10”2 M. at 25° C. was set as
an‘upper limit for.a second hydrolysis equilibrium quotient,
Ké, from the indicated vériations for Ki. The estimated un-
certainty in Ki is about 10%.

The acid, trans—[Pt(NH3)2Cl(H20)]+, was indicated from
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Equilibrium quotients for the acid hydrolysis of

Table 1.
trans-[Pt (NH3) oCl,]
Free ,
Ionic Initial Equilibrium chloride Equilibrium
strength [Pt (NH;}) 2C1,] titre added? quotient
"yt "a 4 " 4 "b* K; or K
(M.) (M. x 10%) (M. x 10%) (M. x 10%) o 104
For 15.0° cC.
0.318 5.00 © 2,40 0.013 2.22
0.318 5.60 2.51 '0.13 2.14
0.318 5.94 2.61 0.13 2.15
Average 2.2
For 25.0° cC.
0 4.08 1.48 0o 0.84
0 8.16 2.23 .0 0.81
0] 8.44 2.27 o 0.80
_ Average .0.82
0.318 7.82 3.73 0.013 " 3.42
0.318 7.53 3.51 0.013 3.07
0.318 4,33 2.44 0.013 3.16
0.318 8.26 3.75 0.013 3.13
0.318 3.73 2.17 0.013 3.03
0.318 5.86 3.05 0.013 3.31
Average 3.2;
For 35.0° C.
0 8.13 . 2.55 0 1.12
0 8.29 2.70 0 1.25
0 8.43 2.55 0 1.09
_Average 1.1
0.318 4.06 2.53 0.13 4.41
0.318 8.16 4,17 0.13 4.49
0.318 8.26 4.14 0.13 . 4.31
0.318 ' 8.63 4,24 0.13 4,22
Average

4.4

aThe concentration of chloride was obtained from the
analysis of the Naj;S04 added to ddjust the ionic strength.
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the titratioh curves to have a pK of approximately 6. This
is slightly lower than the pK indicated for cis-
[Pt(NH3)2Cl(H20)]+ which was about 6.7 (6).

From the temperature dependence of Ki, shown in Figure 5,
AH® for Reaction III.l was found to be approximately 5.5

kecal. /mole.
B. Rate Constant fof First Acid Hydrolysis

The mathematical treatment of the kinetics of acid
hydrolysis were discussed in'éhapter III. Graphs of G(x)
versus time, where G(x) is defined in‘EquatiOn III.9, ob-
tained from the titration of fresh soluEions of trans-

[Pt (NH3) ,C1,] at 25 ° c.; zero and 0.318 ionic.stfength, are
shown in figure 6. The straigh£ lines - in Figure 6 do'ndt go
through 1 because of the uncertainty in zero time due to the
slow dissolution of the crystals of trans-salt. A typical set
of titration curves illustrating the hydrolysis proceeding to
equilibrium is shown in Figure 3. From the slopes of the
graphs in Figure 6, the values of k_; and kl were calculated
by the procedure discussed in Chapter III. The results show-
ing k; and k_; are tabulated in Table 2.

The reactions could be followed satisfactofily for about'
two half-times and rate constants could generally be dupli-
cated to within about 15%. The exéhange'experimehts described

in the next section probably provided better values for the



Figure 5. Temperature dependence of the acid hydrolysis equilibrium .
quotient, K;, for trans-[Pt(NH;),Cl,]. AH® = 5.5 kcal./mole
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Figure 6. Plots of G(x) versus time for the first acid hydrolysis
‘ “kinetics of trans-[Pt(NH3)2c12] at 25° C., Zero and 0.318

ionic strengths. Initial trans-compound concentrations

were 5.23 x 10~4 M. and 3.25 x 1074 M. at zero and 0.318
ionic strengths respectively
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' Table 2. Rate constaﬁts for the reversible acid hydrolysis of trans-[Pt(NH3)2c12]

Initial
Initial ionic
[Pt (NH;) ,CL,] strength Equilibrium ,. Half- kls K
o T [Pt (NH;) ,CL(H,0) "] time  (x10°) -1
Temp. a" |, W 3/ 2¢+ Mg - 1o
°c. M. x 10 : "o " min. sec. sec. M.~
15° - 2.68 0.318 1.56 147 3.2 0.145
25° 3.00 - 0.318 1.89 60 8.9 0.28
~ 25° 5,23 o . 1.70 22 10.0 1.2
35° 9.03 . . 0.318 4.44 13.2 28 0.65
35° 6.27 0 2.14 8.8 27 2.5

LS.
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acid hydrolysis rate constants., One of the sources of error
in the potentiometric titration expériments was the low titre
due to very small amounts of [Pt(NH3)2Cl(H20)]+ formed during
the early stages of hydrolysis. Also, drift in the pH |
readings, base-induced hydrolysis and inaccurate values of
the total platinum concentration found by anélysis introduced
additional error.

It is interesting to note that the markedly different
slopes in Figure 6 for zero ionic strength and Q.318 ionic
strength correspond to nearly the same value of k; as is
indicated in Table 2. Thus all of the ioniq strength in-
fluence on Ki is reflected in k_;. The implications of this
feature on the mechanism of hYdrolysis are discussed in
Chapter V. |

Figure 7 shows the.temperatqre dependence ' of kl and k;l
graphically.. The enthalpy of activation, AHi, was cal-
culated to be 19.6 kcal./mole for kj and 13 kcal./mole for
k;l. The entropy of activation, ASi, was, ~11 e.u. for k3

and -19 e.u. for k_;. .

C. Exchange of Chloride with Trans—dichlorodiammine-

platinum(II) and.Trans—chloroaquodiaﬁmineplatinum(II)

The experimental procedures and mathematical treatment of
the kinetics of exchange reactions were discussed in,Chaptéfs'

ITI and III. In each exchange experiment the total fraction of



Figure 7. Temperature dependence of the acid hydrolysis rate constants,
k; and k.j, for trans-[Pt(NH3)Cly]. AEF = 19,6 kcal./mole
“for k; and 13 kcal_./moile for k_;. AS:I: = -11 e.u. for ki and
-19 e.u. for k_j : ‘
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exchange, Fy.y, was measured since both Eggggf[Pt(NH3)2C12]
and [Pt(NH3)2Cl(H20)]+ came through the ion exchange column.
A typical exchange plot of 1n(1’Fu+v) versus time is shown in
Figure 4. Normaily, these plots appeafed 1inear.over a period
of at least twice the times of half-exchange. The rates of
exchange were calculated from the observed times of half-
ekchange using Equation III.27, which was derived under the
assumption that the amount of [Pt(NH3)2C1(H20)]+ present was
very small so that the exchange systeﬁ was a "two component"
system. This assumption is valid at all chloride concentra-
tions above 0.01 N. because the amount of mono-aquo compound
present at equilibrium is negligible under these conditions.
The conditions and the resﬁlts of the exchange expefiments at
15°, 25° and 35° C. are tabulated in Table 3.

Exchénge of chloride with the twé platinum species
present must take place through the acid hydrolysis reactions.
In addition to acid hydrolysis, exchaﬁge might also take place
through some other pathway such as a direct chloride exchange
which may or may not be chloride dependent.

It was observed that the times of half-eXchanQe
initially increased with increasing chloride concéntration,
_then reached a maximum at about 0.01 N. KCl and then decreased
as ;he chloride concentration increased'further- This
strongly suggestéd that a second process, such as direct

chloride exchange, was competing with the hydrolysis-reaétion



Table 3. Exchange of the chloride ligands of trans-[Pt(NH3)2012]

" Initial Initial . Equilibrium Time of Rate of
Temp. [Pt(NH3),Cl,] added [c1™]2 [Pt (NH3) 5 (Hy0) CLT] half- exchange
(°c.) uat wp "o exchange R
o (M. x 10%) (M.) M. x 106 (min.)  (sec.”! M.)
x 108
© 15,0 5.95 - 0.001 100 390 1.6
4,67 0.003 32 570 1.4
4,98 0.040 2.7 560 2.0
4,95 0.070 1.5 460 2.4
25.0 7.59 0.001 179 126 5.4
0.003 81 160 7.3
0.010 27 190 8.0
0.040 6.9 160 10.6
0.070 4.0 150 11.3
0.100 2.8 130 13.2
3.80 0.001 95 170 2.9
0.003 41 190 3.7
0.040 3.4 190 4.5
‘0,100 1.4 130 6.6
35.0 7.59 0.001 194 42 16.5
0.020 15 61 27.
0.040 7.7 56 30.
0.070 4.6 49 35,
| 0.100 3.1 43 41,
3.80 0.001 106 56 8.9
0.040 3.8 58 14.9
- 0,100 1.5 43 20.

QIonic strength was adjusted to L = 0.318 by addition of NajS04.

b

R calculated with assumption that R" = 0 and that x<{a.

[4°}
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in the total.observed exchange; The quantity R/a (recall R

is the total rate of exchange and a is the initial trans-
-éompound concentration), calculated from Equation III.27 for
each of the experiments, was then plotted as a function‘of
chloride ion concentration for 15°, 25° and 35° C. These
graphs are shown in Figure 8. For all bf tﬁe experiments with
[c1”] > 0.003 M. the points for each temperature fell closely
along sﬁraiéht lines. The straight lines all had finite
positive ;lopes. This, then was graphic evidence for the
existence of direct exchange by a chloride dependent process.
The straight lines extrapolated back to zero chloride con-
centration géve vélués of the ordinate thch aéreed quite
cloself with the values of kj determihea by the potentiomet;ic
titration method, - Thus, the Valﬁes of kj, the first acid
hydrolysis rate constant, and k' the direct ekchange rate
constant, were determined from the intercept and slope of the
straight line function. The values of ki and k' obtained from
the exchange plots are éiven in Table 4 along with the values
of k3 obtained by.titration-procédureé.' The fact that‘kl,
obtained from the exchange piot intercept; and k;, obtained
by titration, agreed dquite well with each other indicated that
(R" + Rz) was not very large in the lineér portion of the
curve. The reasoning behind this’conclusion was discussed in
Chaptef‘;li, page 47. | ‘ i |

So, for all chloride concentrations greater than



Figure 8. Plots of R/a versus chloride concentration at
: 15°, 25° and 35° C. for the chloride exchange
of trans-[Pt(NH3),Cly]. Ionic strength = 0.318
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Table 4. Comparison of first hydrolysis rate constants from
exchange data and titration data and values of
direct chloride exchange rate constant at 15°, 25°
and 35° C, for trans-[Pt(NH3),Clp;]. (n = 0.318)

ki ki . '
Temp. (x105 sec.-l) (%105 sec.-1) k
(°c.) by exchange by titration (x104 M."L sec.™)
15.0 3.1 3.2 : 2.3
25.0 9.8 8.9 7.8
35,0 ~ 31.0 28.0 23.0

0.003 M., the expression for the total rate of exchange was:
R=Rj+R' = kl[grpt(NH3)2Clz]+k'[EfPt(NH3)2C12][Cl'] (Iv.2)

Because of the smaller experimental error, it is pro-
posed that the values of kj obtained from the isotopié-ex—
change data are more accurate than those. found by titration.‘
The temperature dependence of k' is shown gréphically in
.Figure 9. lThe enthalpy of activation for k', AHI, was
calculated to be 19.6 kcal./mole and the entropy of activation,
Asi, was -7 e.u.

The trans-[Pt(NH3),Cl,] complex and the fPt(NH3)3C1]+
complex are the only members of the series of chloroammine
platinum(II) complexes which have a measurable, second order,
direct chloride exchange process in addition to the expecfed
acid hydrolysis. The possible reasons for this are dis- |
cussed in Chapter V. For the trans-[Pt(NH3) ,Cl,] complex,

the two processes, i.e., acid hydrélysis and direct exchange,



Figure 9. Temperature dependence of the direct chloride exchange rate
constant, k', for trans-[Pt(NH;),Cl,]. At = 19.6 kcal./mole,
ASi = -'7 e.,u. ’
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contribute abéut equally £o the tdfal exchange at [Cl~] =
0.1 M.

At very low chloride concentrations (<0.003 M.) the
pointé ih Figure 8 deviate quite severely from the straight
line function. This is due to the fact that the assumption
that [Pt(NH;) ,C1l,] D> [Pt(NH3) ,C1(Hz0)]™ is no longer valid
at low chloride concentrations and therefore Equation III.27
does not hold in this region. The amount of direct chloride .
exchange becomes negligible at low chloride concentrations,
however, exchange with the [Pt(NH3)ZCl(H20)_]+ species must be
taken into account. The mathematical treatment of the ex-
change kinetics of "three component" systems is discussed in
Chapter III-C. The values of vy, defined by

? = R'/R; = k' (a-x) (b+x) /k; (a~x) (Iv.3)
and used in the calculation of a time of half-exchange, were
fixed by the known parameteré a, b, Ki (to obtain x), k; and
k' (obtained from high cﬁloride exchange). By adjusting B =
(R" + Rz)/Rl until.the calculated time of'half—exchapge agreed
to within 10% of the observed value, the.best value of B ex~
plaining the observed exchange was found for 15°,‘25° and 35°
~C. The times of haif~exchange were also calculated assuming’
that B = 0, i.e., no,exéhan_ge with the [Pt (NH3)2Cl(H50) ]+
species takes place. The results of these calculations are
given in Table 5. | |

It is apparent that times of half-exchange calculated



‘Table 5. Chloride exchange experiments for trans—[Pt(NH3)2012] at low chloride
concentrations (added KCl = 0.001 M., & = 0.318 M,)

[Pt(égifzgizl [Pt?ggi;igiigmo)+] Hgiﬁfegﬁhange :
ngp. . man . . ﬁTE ? hrs, Salc. for Inficated ;
. . X 10% M. x 104 obsd. (R"+R2) /R1=0 (R"+Rj) /Ry
15.0 5.95 1.00° 6.5 6.7 .04
25.0 3.80 | 95 2.8 3.2 .1
25.0  7.59 79 2.1 2.4 .1 |
35.0 3.80 1.06 .93 1.03 .08 |
'35.0 7.59 1.94 ' .70 .77 .09

oL
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for (R" + R3)/R; = 0 did not differ greatly from the observed
quantit;es. Therefore (R" + Rp) was not large and was not
indicated accurately by these experiments. I£ was impossiblé
to separate the acid hydrolysis rate (Ry) and the direct
exchange rate (R*) whereas these were~éasily separated for

R = R; + R'. From the value of (R* + R3)/R; which will
account £or the observed time of half-exchange, an upper
limit of 0.5 k; can be set for a first order rate constant

k2'o
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V. DISCUSSION

The rate constants for the reversible acid hydrolysis

of trans-[Pt(NH3)5Cly] are shown in Table 2, Chapter IV. The
value found for kj;, the initial hydrolysis rate constant, was
almoét'three times larger than the value which Banerjea et al.
(25) reported for the isotop;c chlofide exchange rate con-
stént. However, the first order rate constants which they
found for substitution reactions of the g;gggysalt with
glycine, analine, pyridine and hydroxide were all approxi-
mately equal to the value of kj found in this work. It there-
| fore appéérs likely that the first order dependence of these
substitutions can be attributed to a rate-determining acid
hydrolysis followed‘by a fapid replacement of H,0 by the sub-
stituting groﬁp-or neutralization in the case of OH~. Grin-
berg (33) has also proposed this prbcess to account for
hydfogide substitution rates evaluated in his 1éboratory.
However, preliminary expefiments in this laboratory have indi-
cated that a process which is first order in hydroxide occurs
also., It appears possible in view of the measurabie direct
‘chloride exchange, that a process first order in hydroxide may

also contribute to this reaction.

As is shown in Table 2, the rate constaht, ki, is sub-
stantially independent of ionic étrength, whereas the fate
" constant for the revérse reaction, k_i, is strongly affected.

Indeed, an ionic strength of 0.318 increases the equilibrium
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quotient, Ki, which is.given by kl/k_l, to about four times
K;, the equilibrium qﬁotient at zero ionic strength. Since
the reverse of acid hydrolysis involves a reaction between two
ions whereas the acid hydrolysis reaction takes pléce between
two neutral molecules, this ionic strength effect is not
surprising. The Debye-Huckel Theory leads to the prediction
that the rate of a reaction betwéen ions of charge Z2p and Zg
should vary with the ionic strength, i, of a solution as
shdwn in the following eduation (46, p; 102) :
‘ log k, = log ko + 2AZAZanE (v.1)

where Xk and k, are the rate constants at ionic strengths
L and 0, and A is a éonstant which depends on the solvent.

This ionic strength feature argues against a simﬁle
"dissociative” mechanism such as that suggested by Basolo and
Pearson (26, pp. 188-189) which is discussed on page 10,
Chapter I. It also supports the hypothesis that the transi-
tion state for the hydrolysis has zero charge. A possible
mechanism, which is an adaptation of the'mechanism.discussed
on page 9, Chapter I, is shown in Figure.lo.

In this mechanism the initiél coordination figure is a
distorted octahedral arrangement in which the complex with its
'four séuare planar ligands forms weaker bonds to solvent |
molecules along the normal to the plane; These sdlvent li-
gands are duite labile and can undergo substitutioh reactions

by other potential ligands in solution such as ionic chloride



Figure 10. Mechanism for the acid hydrolysis and direct chloride exchange
reactions for trans-[Pt(NHj3)Cly] '
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with rapidly established equilibria. The transition state
is formed Qhen one of these axial H,O groups moves in, dis-
placing the chloride, to yield approximately a trigonal
bipYramid arrangement. If the ligand trans to the group being
replaced by H20 is capable of forming mw-bonds in which
platinum donates the electrons, then the transition state is
stabilized as was discussed on page 8, Chapter I. The
availability of the five orbitals (dez_YZ, 6s and 6Px,y,z) to
form bonds also adds favor to this transition state. The |
transition state then collapses to the tetragonal configura-
tion with a HyO group in the square and a.chloride-in.a
labile axial position. Thié chloride is rapidly replaced by
‘H20, which_is present in large excess, to form the products.
This same mechanism also seems dquite feasible to explain the
direct chloride exchange process, also shown in Figuré 10.

The remainder of.this chapter is devoted to compafisons
of acid hydrolysis and chloride exchange reactions for ﬁhe
series of chloroammineplatinum(II) complékes. It may be in-

structive for consideration of reactions of the following type:

,Hz? HIO
! F ok ¥ :
' 4F, 7 4E '
L —Pe—CL L —P4 — L —~Pr—0o (v.2)
! \ ‘ |
{ Cl . I’
H,0 - ' H,0
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where L = NH3 or Cl and the groups in the square cis to the
substated groups have been omitted for clarity,

to consider the following free energy diagram:

/DHL
L‘_Pf - ~—
ML N
H, 0
aF, o
F ( -
aFf, A L‘P'f"aﬁl + Ly
H,0 o - .
! af o
L—-ﬂt~CL
\
Ho
where AF% = free energy of activation.for acid hydrolysis
AF¢1= free energy of activation for reverse acid

hydrolysis

AF; =.standard free energy change for acid hydrolysis.

The equilibrium quotients for acid hydrolysis and the
rate constants for acid hydrolysis and direct chloride ex-
~change for the entire series of the chloroammine'complexes of
platinum(II) are shown in Table 6. The valueélin parentheses
are for zéro ionic strength, all the others being for 0.318
ionic étiength. ”

In order to make a rational comparison of the eéuilibrium
quotients and rate constants for the first acid hydrolysis,
each should be divided by a statistical factor n, the number

of equivalent chloride ligands in the complex. A plot of log

' ) - . . . 3 . 3
Kl/n versus the complex species in order of increasing charge



Table 6. Acid hydrolysis equilibrium constants, first aéuation rate constants,
and direct chloride exchange rate constants for the chloroammine-
platinum(II) complex series at 25.0° cC.2

b _ ‘ ' :
[Ptc1y4]™ [Pt (NH;) 013]‘c g:_-[1>1:(1\11a13)2012]d E[Pt(NH3)2Clz][Pt(NH3)3Cl]+e

K; 1500 c - 1400 330 . 32 27 M.
(3000) t -< 200 ' (84) (8.2) (8.4)

K;/n 375 . ¢ - 700 165 16 - 27 M.
(750)- (42)  (4.1) (8.4)

Kz 50 4 40 {2 - M.
(100) ) .

X 3.9 c -~ " 3.6 3.3 9.8 2.6 sec.”l

t -~ 2.3 . ’
k,/n .98 c - 1.8 1.6 4.9 2.6 sec.~l
kep <3 { 3 © ~3 78 7 M."lsec.”!

2Al1 values listed have been multiplied by 105, vValues listed in parentheses
are for zero ionic strength, all others are for ionic strength 0.318, Values

listed without additional values for zero ionic.strength are the same at both
zero and 0.318 ionic strength.

b(a,5).
©(3,4),
de) .

eAprlle, . and D, S, Martln, Ames,. Iowa, Acid hydrolysis and chloride exchange
of [Pt(NH3)3c1] Private communication. 1961.

fEstlmated values‘

8L
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is shown in Figure 11. In this plot a line of negative ﬁlope
has been drawn through points for g;gr[Pt(NH3)2C12] and
[Pt(NH3)3Cl]+. The slope of this line can be explained by
considering the coulombic interaction between the chloride'and
the}comblex. The acid hydrolysié involves separating a’v
negative species, Cl~, from £he compléx and one would expect
this process to become easier, giving a largér value of Ki/n,.
as the charge on the complex becomes more negafive. For these
two complexes the chloride replaced must be trans to an NH3.

Another line drawn through the points for Pt014= and
trans-[Pt(NH;) ,C1,], for which the replaced Cl1~ is trans to a
Cl™, lies approximately parallel to the first 1ine. Values of
Ki/n in this line are roughly a factor of. 10 below the first
line. This indicates that AF{ is less positive for
NH3-Pt-Cl —3 NH3-Pt-OH, than for Cl-Pt-Cl —3) Cl-Pt-OH,.
If r-bonding was contributing significantly to the stability
of the Pt-Cl bond,.then a C1™ Egggg’to a cl” is expected to
 .destabilize the system since:the.two wfbonds must compete for
the same.platinum d orbital. Instead, the opposite effect is
observed. Therefére,‘it appears likely that #—bonding'is not
significant in this system;

‘The [Pt(NH3)013]; complex was purposely omitted from the
above discussion as it fequires special cohsideration. The
acid hydrolysis :eactions for this complex were studied by

Elleman et al. (3, 4). Their assignment of the acid hydroly-



Figure 1l. Plot of log K. /n for the entire series of
chloroamminepfatinum(II) complexes comparing
the acid hydrolysis equilibria
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sis predominantly to the chloride cis to an ammonia ligand was
made from tracer studies of substitution reactions which could
possibly be subject to misinterpretation, especially if sig-
nificant amounts of both cis- and E;gggf[ft(NH3)C12(H20)] were
present. If this assignment were reversed to indicate'
hydrolysis of the trans-chloride, then the value of log Ki/n
measured for this ccmplex would fit nicely with the curve for
the replacement of trans-chloride. From Table 6 it can be
seen that Ké; the second acid hydrolysis equilibrium quotient,
" is very iow for the [Pt(NH3)Cl3]" complex and out of line with
the values found for PtCl,= and g_jﬁ—[Pt(NH:s)éClz]. If hy-
dtolysis of the trans-chloride is assumed, then the secohd
hydrolysis involves the reaction Cl-Pt-Cl — Cl-Pt-OHz. Thus,
the low value of Ké would be in agreement with the previously
discussed stability of Cl-Pt-Cl, compared to NH3-Pt-Cl.

The effect of increasing ionic strength on the equili-
'briuﬁ quotient for PtCly™ is to cause a significant decreese.
The edquilibrium quotient for [Pt(NH3)Cl3]‘ remains unchanged
with increasing ionic strength and the value for [Pt(NH3)3Cl]+
increases considerably.; The equilibrium quotient for cis~
[Pt(NH3)2c12] was not measured at varying ionic strength
These observations are expected since, from Equation V.1, the
product Zp%p will be positive, zero‘and'negative for the re-
verse acid hydrolyses of Ptc14=, [Pt (NH3)C13]", and
[Pt(NH3)3Cl]+ respectively. Thus an increase in p will in-
,creaSe‘k_l for PtCly™, cause no change in k_; for |
[Pt(NH3)C13]' and decrease k_; for [Pt(NH3)3Cl]+. Therefore,
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since kj is essentially independent of ionic strength for all
of these complexes, the equilibrium quotients, gi&en by
Ki = ky/k_;, are expected to vary inversely with k_;.

The énthalpies and entropies of activation for the acid
hydrolysis and direct chloride exchange reactions together
.Qith the standard free energy change of hydrolysis are given
in Table 7. | |
Téble 7. Enthalpies, entropies and standard free energy

change of acid hydrolysis for hydrolysis and direct

chloride exchange reactions of the chloroammine-
Platinum(II) complexes.

Complex Ki Ky k_1 ' k'

uw = 0.318 AF° au¥ As* AH* As:t AHi, ASI
.kcal. Xkcal. eu. kcal. eu. kcal. eu.

[Ptc1,]™ 2.48 21 -8 15 -18 - -

[pt(mm;) 1] 2.52 19 -15 17 -l4 - -

- c-[Pt(NH3) 5C1,] 3.38 19.5 -14 17 -14 - -
t-[Pt(NH;) ,C1,]) 4.78 19.5 -11 13 -19 19.5 -7

[Pt (NH,) 5e1]7 4.86 18 -18 19 -4 29 19

" The m§st striking feature in these quantities .is the
similarity in‘AHi for k,, all of the values being within 2
kcal. of 19 kcal./mole. This remarkable similarity in the
hydrolysis rate constants despite the wide variation in the

charge of the complex is also revéaled in a plot of log kl/n

which appears in Figure 12, Furthermore, it can be seen from



Figure 12. Plot of log k /n for the entire series of
chloroamm:.neplat:.num( II) complexes comparing
the acid hydrolysis rates :
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Table 6 that k3 for each complex remains unchanged despite
large chanées in the ionic strength of the solution. These
observations could not be explained by a "dissociation“.
mechanism to yield a coordination number of three for the
transition state, as such a process is expectéd to show
large ionic strength effects and probably would exhibit widely
different rate constants. These facts are consistent, however,
_ with the mechanism shown in Figure 10 in which the trigonal
bipyramid transition state is formed by a similar intra-
molecular rearrangement:for each of the complexes with little
dependence upon ionic éharge.

A‘wide variation in Asi for both k; and k_; is observed,
as shown in Table 7. However, this is not too surprising

+

since the 2 kcal. variation in AH' is equivalent to an’
entropy effect of i.G'e.u. The values of AH* can scarcely‘
be determined with greatef.aécuracy.~ Therefore, it is rather
difficult to speculate any significant trend in the values of
Asi; One would expect the largest change in Asi for k_; from
complex to complex since this reaction involves ionic species
uniting.to-form a fransition sﬁate with a different charge

. from the original complex. Except for the trans-[Pt(NH3)2C12]

complex, a trend is observed towards more negative values of

AS]{_1 as the complex charge becomes more negative.
The values of Arf'for acid hydrolysis are relatively

independent of the complex. The acid hydrolysis rate for
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trans-[Pt(NH3) Clp] is the fastest, but only by a factor of
four over the slowest rate. This reactivity possibly reflects
the absence of a permanent aipole in the complex reactant.

The effectiveness of the ;ggggreffect in NH5; substitution
by Cl for the preparation of cis-[Pt(NH3),Cl,] is surprising
in view of the lability of both the cis- and E;gggfchlorides
foward acid hydrolysis. A factor.of only five in the fate
constants might account for the high yield of cis-compound
since any gggggf[Pt(NH3)2C12] formed would react much faster
with ﬁH3 and be removed from the products,

The values of log k_; are plotted in Figure 13. This
pPlot reveals two sets 6f points with larger values of ko1
as the.complex chafge becomes mére positiQe. This geheral
trend is consistent with the coulombic attraction of chloride
‘to the complex. The set éontéining [PtC1,]™ and trans-

[Pt (NH3) 5C15] lies above the éet of points cohtaining cis-
[Pt(NH3)2C12].ahd [Pt(NH3)3CI]+. Again if the assignment.of
cis- and trans- chlorides for [Pt(NH3)Cl3] were reversed,

then the members of the top series would be characterized by
having the Hzo group trans to a chloride, whereas each complex
in the lower sequence would have H,O0 trans to an NH3 .ligand.

Thus, Figure 13 indicates that AFi is lower if the H,0 being

1
replaced is trans to Cl, in agreement with the classical
trans-effect.

The chloride dependent exchahge reaction found for



Figure 13, Plot of log k_; for the entire series of

chloroammineplatinum(II) complexes comparing
the reverse hydrolysis rates
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trans-[Pt(NH;3) ,C1,] and [Pt(NH3)301]+ is the only such
measurable process found with any of the chloroammine com- -
plexes of platinum(II). Examples of chloride competing with
the solvent, which is present in large excess, for displacing
a chlofide are quite rare. Such a process has beeh found,
however, in the exchange of Cl~ with the sdquare planar
[AuCcly]™ (47). It appears likely that the replacement of
chloride 1igands.by ionic chloride is enhanced as the ionic
charge on the complex becomes more positive. This, again, is
consistent wi#h the coulombic attraction between chloride and
“the complex. The rate constant, k', for trans-[Pt(NH3) ,C1,]
must be at least 25 times that for cis-[Pt(NH3)5Clp] which was
too small to be measured in the presence of the acid‘hy-
drolysis. This indicates that AF'i, the free energy of
activat;on for direct chloride exchange, is less positive when
the transition state involves three chlorides in the trigonai

Plane, i.e.,

Ct
\CL

Indeed, the lability of the chloride in the trans-

'[Pt(NH3)zclz] complex is quite éxceptional.
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VI. SUMMARY

The equilibrium and kinetics of acid hydrolysis for
trans-[Pt(NH3) 2Cl3] were measured. The equilibrium quotient
- at High ionic_st;ength, Ki, for this reaction was determined

to be 2.2, 3.2, and 4.4 x 107¢

moles/1. at 15°, 25° and 35° C.
respectively. The equilibrium quotients at zeto ionic
strength were 0.82 and 1.1 x 10-4 moles/l. at 25° and 35° C.
respectively. The equilihrium was satisfactorily'described
by a single chloride hydrolysis. The extent of a second
hydrolysis was so small that only an upper limit of 2 x 103
moles/l. can be set for a second acid hydrolysis equilibrium
constant, Ké. The rate constant for the single acid hy-
drolysis, kj, was found to be 3.2, 9.8 and 32 x 107> sec.”!
at 15°, 25° and 35° C. respectively. This rate constant was
independent of ionic strength and values of 19. 64kcal /mole
and -11 e.u. were found for AH* and AS¢ respectlvely. An
upper limit of 0.5 k; was set for the second acid hydrolysis
rate constant, k2.

The rate law for exchange of Cl~ with trans- [Pt(NH ) ,CL ]
was found to be:

= ky [Pt (NH3) ,C1,] + k' [Pt(NH;) ,C1,][C17] g (VI.1)

The value of k; found by exchange experiments agreed with that
‘fOund‘by titration proeedures; The second order direct:

exchange rate constant, k', was 7.8 x 104 M.~1l sec. -1 and

+

AHps = 19 6 kcal./mole and AS%.- -7 e.u.
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The behavior of trans-[Pt(NH3)2Clp] with respect to acid
hydrolysis and chloride exchange was contrasted with the be-

havior of the other chloroammineplatinum(II) complexes.
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