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I. INTRODUCTION

The subject of this thesis is the acid hydrolysis (aquation) and
isotopic exchange of the chloride ligands in the cirn-dichlorodiammine-

platinum(II) complex.

Platinum(II) compounds have been studied for over a hundred years.
Among the early workers Jorgensen (1) and Peyrone (2) investigated the re-

actions

[Pta ]t + 28 —— [Ptax,] + 24 (1.1)

and

[PtX,]= + 24 —— [PtAX,] + 2X (1.2)

respectively, where A was NH3 or an organic amine and X was a halide. It
was noted that different isomers with the formula [PtX2A2] were obtained
from the two preparations. Werner (3) wes the first to explain the exist-
ence of the two isomeric forms by the proposel of a square planar configurs-
tion for Pt(II) complexes.

It hs3 been proposed that in agqueous acid solutions g;gr[Pt(NH3)2012]

undergoes the following aquation:
cis-[Pt(NE;) ,01,] === [Pt(NH;),01(E,0)]* + €1~ (1.3)
- [Pe(E;),00 (007" = [Pt(NE3),(B20),1" + 01" (1.4)

Werner and Miolati (4) observed conductivity evidence of this aquation;
however, they did not interpret their results in this way. More recently
Drew et al. (5), Jensen (6), and Xing (7,8), ussd conductivity measure-

ments to study the extent of aquation in Pt(II) ammines. King in



particular carrled out extensive experiments witih compounds of the general
type [Pt(NH;),X,] end [Pt(NH;)4X]X. He found two calsses of di- and iri-
ammines: the first in which X=C1~, Br~, and NO,~ dissolved in water s
such and behaved as nonelectrolytes in the diammine case and es salts of
univalent cations in the triammine case while the seCond class (X:NOB-,
SOE=, picrato, etc.) dissolved with complets or substantial conversion
into the aquo di- and triammines, Ryabchikov (9) investigated the iso-
meric bases of cis- and jggggr[Pt(NEB)ZCIZJ. He prepared the hydroxo com-
plexes by treatment of the chloro compounds with AgN03 and by titration of
the resulting nitrato complex with NaOH. It was observed that although
both complexes required two equivalents of acid, the cis-dinydroxo compound
behaved as a monoacidic substance in that only one break was observed in
the titration curve while the trans-dihydroxo complex behaved as a di-
acidic substance. A quantitative treatment of the hydrolysis of KZCPtCIH]
by Grentham et al, (10) was later reinvestigated with respect to the
second aquation equilibrium by Sanders and Martin;. The acid hydrolysis
of K[PtNH3013] vas exemined by Elleman 2t al,(11). And Grinberg and
Kukushkin (12) investigated the hydrolysis kinetics of K[PtN33013],

K [PEC1, ), and [Pt(N33)301]Cl. Leden and Chatt (13) found that the aqua~

tion equilibrium
[Pt(CZH#)CIBJ' + B0 === irene-[Pt(C,H,)C1,(E,0)] + C17 (I.5)

was established within two minutes. Gelman et al. (14) cited evidence for

the formation of aquo species of halide pyridine platinum complexes.

1sanders, C. I. end D. S. Mertin, Jr., Ames, Iowa. Acid hydrolysis
of [PtC1y]~ and [PtCl3(E0)]". Private communication. 1960,



The exchange and rates of substitution ¢f ligands in transition metal
complexes was the subject of a review article by Taube (15). He defined
labile complex ions as ones in which the ligand exchange substantiaelly es-
tablished equilibrium in not more than two mimutes and inert complex ions
as ones in which the equilibrium required longer periods of time to be
attained. Furthermore it was stated that the rates of substitution wawe
influenced predominantly by the électronic configuration of the complex
ion. Labile complexes were found fto be ones in which the central metal
atom hed vacant 4 orbitals to accommodate the electron palr of the in-
coming ligand: inert complexes were characterized by filled 4 orbitals on
the central atonm.

With this definition Pt(II) complexes would ve classified as inert.
And in general the ligand exchenge of many Pt(Il) complexes have very con-
venient half-times to measure experimently. ZEarly excihisnge studies wers
done primarily by the Russian schooi of chemisis. Grinberg and Filinecvy
(16) investigated the [PtBrb]=-Br" system and & year later Grinberg (17)
reported on the applicaticns of radioactive tracers to problems concern-
ing complex compounde. He studied several Pt(II) and Pt(IV) systems
among them the one above and [PtBré]z-Brv'. Exchange in the [PtX,] -X*-
system was investigated more tnorougnly and systematically by Grinberg and
Nikol'skaya (18). They let X bs CK”, I, Br~, and C1~, end found that the
rates of exchange decreased in the series IN° > I™ 7 Br™ > C1~ but also that
the stabilities of the [Ptxu]= complexes toward dissociation were in the
same ordex, The significance of this reversel in the thermodyamic sta-
bilities of Pt(II) complexes was discussed by Leden snd Chatt (13). They

also found that the affinities of the halides and thiocyranate ion for



Pt(II) increased in the order F << €17 Br < I~ SCN~ whereas for most
metals the order of halide stability is the reverse of that given above.
It was noted that the metals of reverse order were Cu{I), Pa(II), Ag,
Pt(1I), Au, and Hg and that these all had low valences but formed strongly
covalent bonds with donor atoms of low electronegativity. Metals in this
group are also known to have filled d orbitals under the valence shell,
The reverse stability of the [MX;]~ ions was attridbuted to dm-pm or
dn-dN bonding between the 4 electrons of the metal and vacant p or 4
orbitals on the ligand atoms

Grantham et al. (10) examined the exchange of C1*~ in the K,[PtCly]
system and reported that the exchange with Kz[Pt614] occurred by only the
observable first acid aquation while the exchange with [PtGlB(Hzo)]-
occurred by & chloride independent process. Sanders and Martinz later
showed that the first and second aguation equilibria can explain the ob-
served exchange. The K[Pt(NHB)OlBJ-Cl“ system was investigated by Elleman
et al. (19). They found that exchange occurred by the hydrolysis equili- .
bria and by a chloride indevendent process. The latter could also have
been an aquation reaction with a small equilibrium constant. Grinberg
and Shagisultanova (20) reexsmined the [PtBr4]=-Br*° exchange and found
that it proceded through an aguo species. The same mechanism for the ex-
change between halides and PA(II) complexes was indicated in work dene by

Grinberg et al. (21), and Zttle and Johnson (22) also concluded that CL-

exchanged wita [Co(HHB)u_Cl,,]+ by a slow aquation process. In fact both

21vi4.



Taube (15) and Stranks and Wilkins (23) point out in general that there
are very few unambiguous examples of direct ligand exchange of transition
metal complexes in solution because of the excellent complexing power of
the water molecule.

Banerjea gglg,(zu) investigated, rather extensively, kinetics for
the reaction of various Pt{II) complexes with a veriety of nucleophilic
reagents. They found that the reactions fell roughly into two categories.
In the first category the reactions were first order in complex, zeroth
order in reactant, and they reacted at approximately the same rate; in the
second category the reaciions were first order in both complex and re-
actant and the rates were faster than thnose in the first group. In
general the nucleophilic reagents in category 1 were conspicuous by their
low position in the trans-effect series while those in category 2 had high
Yrans-effects. For the substiiution reactions of square planar complexes
tue authors proposed a "dissoclation" mechanism which was later described
in a wmore generalized form in a book by Basolo and Pearson (25, pp. 188-
189). Before discussion their mechanism, it will be helpful to explain
wkat is neant by the trans-effect 2nd to discuss briefly the various the-
ories that have been proposed to expiein it.

The early workers in platinum chemistry were concerned primarily with
the preparation of various compounds., Tney noticed that the substitution
of ligands into the inner coordinaiion spnere of Pt(II) complexes was not
gtetistical in nature, but rather, seemed to be governed by some directional
effect. Werner (3) mentioned in passing that the position of substitution
of a ligand in Pt{II) complexes seemed influenced by the coordinated

ligand in the position trans %o the incoming group. The term "trans-



effoct” was so designated initially by Chernyeev (26) and it stated that
the bond holding a ligand trans to an slectronegative or otherwise labiliz-
ing 1igand was weakened. Quagliano and Schubert (27) discussed the trans-
effect qualitatively and illustrated its use in preparations of numerous
isomeric Pt(II) complexes. The first fairly general theory of this effect
was an electrostatic explanation proposed by Grinberg (28). For ligands
unable to form 17 -bonds with the metal atom, he found & correlation be-
tween the polarizability of the ligand and its trans-effect. Grinberg
theorized that if one ligand of a square planar complex had a greater
polarizability than ths other ligands, it would induce a dipole in the cen-
tral atom oriented away from the group trars to the labilizing ligend.
This he concluded weakened to & relatively greater extent the bond trans
to the polarizing ligand than the two bonds cis to it. Hence substitution
was favored in the trans position. Grinberg's proposel served as a pat-
tern for other purely electrostetic theories by Syrkin (29) and Cardwell
(30). These later hypotheses were more generel in that they wera based on
a greater induced replusive potential at the trans-position from a nega-
tive ligand than at the cis-positions.

While these theories correlated the irans-effect of groups such as
Héo, Nﬂé, and C1~, they could not explain the large trans-effect of such
ligands as Br~, I", C,H, n.jP, B,S, €O, NO, etc. Chatt et al. (31) and
Orgel (32) irdependently utilized T -bonding between the d electrons of
Pt(11) and vacant p or d orbitals on the ligends to explain the trans-
sffect. Contrasted to the previcus theories, a W-bonding ligandi would
not necessarily weaken the bond to the group opposite it btut instead would

remove the d electrons of Pt from the area about that ligarnd. In this way



the trans position is made more accessible to an incoming negative ligand;
that is, the energy of the transition state for an Spo attack by a ligand
at the trans ligand is lowered. Pictorially it may be represented as
follows. For a complex _t_La.g_g-EPtAzxz] in which the ligands X are unable
$0 Tt = or double-Lond, the spaclial distribution of the dXz or d.yz orbitals

of the platinum atom is

For a complex [PtA.ZIJ(] where L can T-bound with the platinum's electrouns,

Y

(1.6)

the 4Tt -p Tt bond might be represented as

(N "
L, — PtD--X | " (1.7)

+ +

This & ~bonding hypothesis and the elecirostetic theory for non-T-tending

ligands qualitatively predicts tue following observed order of decreasing



trans-effect rather well: ON  CoH,~COAHO 7 SC(NE,)~RyS ~RsP N0~ I~
ONS™ 7 Br™ > 017 7 pyridine 7 NE; > OF" 2 H 0.

To return to Basolo and Pearson's book (25, pp. 188-189), they pro-
posed the mechanisms below for substitution of square planar complexes in
solution. For complexes with noc-Tbonding ligands the authors proposed
the following "dissociation" mechanism of substitution through & square

pyramnid intermediate.

(MLAX] + Y (MLAY] + X
Path 1 Path 11
S Y
L R L :
S — -
ﬂ/f?\,c +Y = LS
.‘,7(1\7*,5‘004 +X ‘L-*,Slow
5 y
Lo \ @
:[Y‘/ﬂ fast S L ;f\:\/ (1.8)
84 A L a R s
+Y fast q :: :: < fust /l‘, fast
S Ny Y
Ll\’ 5 \ L\:/ﬂ
P oMC
R LNY g3
s S
Pro&uct

By Path I the kinetics of the substitution would be first order in com-

plex and zeroth order in the reactant. Peth II would be first order in



both complex and reactant because of the top squilibrium, Both paths are
cheracterized by a stable solvated complex, [MA5LS].
If L or Y is capable of Tr -bonding, the authors proposed a "dissocia-

tion" mechanism of substitution through a trigonal bipyramid intermediate

as given below:

s

: Y Y
N R fast L\‘\:/‘/g slow L‘WMV/H
R S R x g7 Nx
S s (1)
/H,slow 1\,'Fast
v g
IR SR :
R O Ns T a0y (2.9)
(T X
) 1) fast
L S
© R
\M\
a” o Y
s
Product

¥hen L or Y is capable of <r~bonding, this path (first order in ccaplex
and Y) will be favored because the trigonel bipyramid intermediste will dbe
stebilized by double bonding betwsen L or Y and the dxz_zz and/or the 4.
orbitals of Pt. This is the seme concept introduced by Chatt and Orgel
except that it is applied to the incoming ligand instezd of a coordinated

ligand. The path through intermediate (P') considers the pessibility that
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X may be lost initislly during the formation of the trigonal bipyramid.
It is obvious that by both "dissociation" mechanisms the solvent plays
an important role in aiding the displacement of X. And indeed when
Pearson et_al.(33) studied the rate of chloride exchange of trans-
[Pt(py),01,] in e variety of solvents, they found that the rates were in-
fluenced in a manner explainsble by a strong interaction of the solvent and
metal ion in the iate determining step.

Exchenge in Pt(IV) complexes will be discussed only briefly. It ie
significant to note that exchange is believed not to proceed via the
stable agquo intermediates but by a redox mechanism. Rich and Taube (34)
showed that exchange between [PtCly]™ and [PtCl6]= was catalyzed by Pt(III).
Grinberg and Shagisultanova (20) supported this mechanism for exchange
while Basolo et _al. (35) cited evidence that could indicate exchange in

Pt(IV) complexes is catalyzed by Pt(II).
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II. EXPERIMENTAL

A. Materials

l. Pt

Platinum was obtained from the Fisher Scientific Company in the form
of Ké[PtC16].

To obtain iridium-free platinum all of the purchased material was
treated in the following manner. Aqueous solutions of K2[Pt016] were made
basic (pH 11) with NaOE and the [PtClg]~™ was reduced to Pt by addition of
a small excess of hydrazine. After the filtrate was removed, the platinum
was treated with hot concentrated HK03 followed by hot concentrated HCl to
remove tke less noble metals. After the metal was washed with water, it
was converted to Hy[PtClg] by tremtment with hot aqua regia as described
by Vezes (36) in his method for preparing Kz[PtCIhJ. The solution of
Hp[PtClg] was then converted to H,[PtBrg] by heating to near dryness three
times with concentrated HBr. The [PtBrg]™ was precipitated as K,[PtBrg]
by the addition of aqueous ECl and this violet-colored salt was then re-
crystallized at least three times from hot water.

The iridiun-free K,[PtBrg] was recycled through the same reduction
procedure go obtain iridium-free platinum,

Any waste solutions that were believed to contain platinum were also
treated as above to reclaim the platinum for future preparations.

2. Xp[PtCly]

K2[Pt014} wae prepared according to the method described by Vsszaes
(36). BEp[PtClg], prepared from platinum by treatment with hot aqua regis,

was converted to the insoluble Ep[PtClg] by the addition of KCl and reduced
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to E,[PtC1,] by refluxing the Pt(IV) salt with stoichiometric amounts of
E;C504. The reflux solution yielded reddish crystals of K [PtCly] which
vere recrystallized from hot water.

3. Ois-[Pt(NE5)p015]

Qigf[Pt(HH3)2012] vas prepared by an adaptation of a method proposed
by Lebedinskii and Golovnya (37). Six grams of KCl and six grams of
Ké[PtClu] vere dissolved in 50 ml. of a 20% nnuczajoz solutiocn and refluxed
for half an hour. After the solution cooled, the greenish-yellow pre-
cipitate was recrystallized three times from hot water, acidified with HC1;
the final product was the yellow gignyt(HH5)2012].

k, Chlorine-36

Chlorine-36 was obtained from the Isotopes Division, United States
Atomic Energy Commission, Oak Ridge, Tennsssee. The isotope was delivered
in the form of approximately 2 N. HCl. It decays by emission of a 0.71
Mev beta with a half-1ife of approximately 3.5 x 105 years (38).

5. Water

All water used in experiments was distilled water redistilled from

alknline permanganate solutions.

6. Additional reagents

All otber reegents such es NaNO3, used in recharging excharge resins,
NaoS0;, KC1, chzou, Hzﬁh- HB&CZHBOZ’ etc. were reagent grade chemicals pur-
chased either from the Baker Chemical Company or the Fisher Scientific

Company.
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B. Equipment

1. Constant temperature bath
A1l solutions were kept within 0.1° C. of the desired temperature by

a Sargent constant temperature bath. A series of intermittant heaters
belenced the cooling effect of tap water run through a cooling coil.

2. Exchange columns and resins

Ion-exchange columns, 30 cm. long, were made with a coarse sintered
glass filter for rapid flow, The columns were packed with approximately
12 to 14 em. of 50-100 in. wesh resin.

The arion resin used was Doxew~l and the cation resin was Amberlite
IR-120.

3. _Filtering equipment

Smooth uniform counting samples were obtalgsed from exchange runs by
directly filtering the AgCl precipitates onto & round filter paper. The
apparatus consisted of two parts: a round sintered glass disk with an in-
side diameter of 2.8 ecm. fused into the top of a funnel and a glass chim-
ney of the same dismetsr. With the filter naper on top of the sintered
gless disk, the chimney and disk were held together by rubber bends.
Uniform samples of 6.16 cm. 2 area were obtained by pouring the AgCl slurry
into the chimney.

L, Geiger-Muller counter

Activities of samples were measursd with a TCG-1 Geiger-Muller couater
mamfezctured by Tracerlad Inc., The tube had a deed time of approximately
300 microsecornds and was housed in a lead shield. The pulses from the tube

were recorded by e Berkeley decimal scalar, model 100. All sax:i- . were



L

pleced 7 mm, vertically below the window of the counting tube.
5. _Anslytical apparatus

To titrate acid species, stendardized solutions of NaOH were added
from a Machlett Auto-Burstte, a self-filling burette calibrated to hun-
dredths of a milliliter. The change in pE was followed with a Beckman
model "G" pH meter standardized against a pH 7 buffer. Shielded electrodes,
model 1190-80, allowed pH determinations outside the shielded cabinet.

If the absorbance of a reaction molution at a particular wavelength
was desired, a Beckman Model D.U, spectrophotometer with 1 cm. silice
cslls was used. For situations in which the uv spectrum from 220 mu to
400 mu was desired, a Cary Recording Spectrophotometer, Model 12, manu-
factured by Applied Physics Corp., Pasadena, Californie, was used with 10
cm, silica cells. No temperature control of the reaction solution was
possible with this latter instrument,

A 700° C. mffle furnace manufactured by Schaar and Company, Chicego,
Illinois, was used in the combustion analysis for platinum in cis-
[Pt(NHé)ZCIZ]. Platipum content was also determined by plating the metal
out of solution onto a pilatinum electirode with a Sargent-Slomin Electro-

lytic Anslyzer.
C. 2Procedures

1. Analysis of cis-[Pt(ngB)zclzl

Easch preparation of the platinum camplex was usually anslyzed for
platinum ard chloride and the spectrum was taken with a Cary recording
spectrorhotometer. The analysis for the metal was performed by the elec~

trolysis of a solution of a weighe? amount of the compourd for 1.5 to
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2.0 hre. The solution was acidified with sulfuric acid and a drop of
nitric acid was added as a depolarizing agent. A current of little less
than 0.1 amp. was used. (When a faster method was desired, the platioum
was determined by combustion analysis.) After the electrolysis was com-
pleted, excess AgNO3 was added to precipitate the chloride. From the
spectrum of the compound particular attention was paid to the ratio of
the absorbance of the peak at 300 mu to that of the valley at 247 mu.
Any value greater than 4.5 in this ratio was considersd to correspond to
gigr[Pt(EHB)ZCIZJ of acceptable purity. A spectrum of the compound ap-
pears in Fig. 1.

2. Determination of equilibrium titre

A weighed amount of gggf[Pt(NH3)2012] was dissolved in the desired
volume of water to which enough NaZSOQ had been added for an ionic strength
of 0.318. The contribution of the ions produced by the hydrolysis of the
complexz to the ionic strength of a solution was neglected in all reac-
tions conducted in this research. The solution was then allowed to equi-
librate in a water bath of tﬁe desired temperature. To several solutions
a weighed amount of KC1 was added also. All aliguots were titrated with
approximately 0.1 N, or 0.05 N. NaOH. The initial aliquot was generally
titrated slowly to obtain a rather complete picturs of the titration curve.
The second and third aliquots were titrated more rapidiy with points con-
centrated around the endpoint indicated by the first aliquot. Finally a
single point titration was taken dy the addition of neurly the exact
amount of base required to reach the endpoint. This was used as the end-
point of the titrations and it gave an estimate of the amount of basge-

induced aquation that occurred during the titrations. A typicel titration



Fig. 1. Spectra for the aguation of an 0.00102 M. glg_—[?t(lmg) C1,]
solution. Temp, = 25.0° C., m = 0.318., 1, 10 min. after dis~
solving complex; 2, 240 min.; 3, approximately 22 hrs., i.e.,
at equilibrium; &, approximately 45 hrs. after adding KCl to
solution, [KC1] = 0.134 M.
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curve with a single point titration is snown in Fig. 2. The average titre
obtained from these titrations was then used to find the first and second
aguation equilibrium constants from Eq. IIIL,S.
3. Determination of first aguation rate constant

The rate constant for the first aquation was determined by titration
of the acidic [Pt(NE;),C1(B,0)]* species formed during approximately the
firet 100 min. of hydrolysis. A weighed amount of the compound was dis-
golved in an aqueous Ha,S0, solution (ionic strength 0.318) of the propsr
volume and temperature. Zero time was taken to be the momsnt when the
compound was added to the solution. Aliguots, taken over & period of about
60 to & 100 min., were then titrated with NaOH as rapidly es poassible to
minimize any base-induced hydrolysis. The amount of [Pt(BEb)ZCI(HZO)]+
forned was then plotted versus time. The initial glope of the curve was
used to find the rate constant,

L, Exchange experiments

The success of the exchenge experiments rested on the clean separa-
tion of the platinum complexes from the ionic chloride in solution. Anion
exchange resins in the NO3' cycle proved an acceptable method for this
separation. AgNO3 was found to be unsuitable because of a fast induced
exchange between the complex and iezic chlorids ceused by the precipite-
tion of AgCl.

Exchange experiments were conducted in two types of solutions:

"eged™ solutions and ¥fresh™ solutions., The former were ones in which
the gig:[?t(Nﬁs)zclz] was allowed to reach equilibrium with its hydrolysis
specles before the exchange was initisted dy the addition of radiocactive

chloride; the latter were ones in which the platinum compound, KCl, and



Fig. 2. Titratiemn curve for aged solution of gi_.g_—[Pt(NE;)ZCI ] with approximately 0.1 N. NaOH.
Temp. = 25.0° C., p = 0.318, iritial concentration o% complex = 0,005 M,
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Nazsou were dissolved in solution simultansously with the addition of
redioactive chloride.

The object in both types of exchange experiments was to follov the
rate of introduction of 0136 into either the QAErEPt(Kﬂj)zclzl alone or
into the combined _g;_s_-[Pt(mB)zclzj and [Pt(NHS)ZCI(HZO)]"‘ species.

The introduction of chloride into g;gr[Pt(Nﬁa)zclz] in an aged solu-
tion was determined in the following way. The desired amounts of the com-
plex, EC1, and NapSO, were weighed out and dissolved in water of the proper
tempsrature and volume., The solution was allowed to equilibrate at this
temperature. After the reaction flask was wrapped with black electrical
tape to prevent any lighit-induced exchange, 5 to 20 lambda of 2 N, H0136
were introduced into the reaction solution. This moment was taken as the
zero time of exchange. After five minutes, the first aligquot of the solu-
tion (generally 15-25 ml.) was pipetted into an anion exchange column in
the N°3- cycle to remove all the ionic chloride and effectively quench the
exchange reaction., Directly from the anion column the solution passed
into a cation exchange column in the Na* cycle to remove the [Pt(KH3)ZCl-
(HZO)]+ species. The aliquot was finally eluted from ths sxchange resins
with 100 ml, of water. The effluent solution was made dasic by %the addi-
tisn of excess agueous NHB and boiled for 30 min. to replace all the chlo-
ride ligands on the neutral complex with NH?. In the process ionic chlo-
ride and [Pt(NEB)bJ++ were formed. The solution was then acidified with
32504 and an excess of AgN03 wae added to precipitate the chloride. The
AgCl was counted and its specific activity determined (cts./min. mg. C17).
The specific activity at infinite time, i.e., at equilibrium, was found by

direct treatment of & small aliquot with E33 and the precipitation of the
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chloride present in all species. The fraction of exchange for the cis-
[Pt(NHB)chz] species only, F,,, et five minutes was, therefore, Sg min./
Sewe The other aliquots, taken periodically over at leasi one time of
half-exchange, were treated in the same menrer.

If the time of half-reaction for tuhe exchenge of caloride in the
cis-[Pt(NE;),01,] and the [Pt(NH;),01(H,0)]* species together had been
desired, the procedure would have been the same except that the aliquots
would not have bLeen passed through tne cation resin,

Fresh solution exchange experiments were handled in an identical

manner, but all the aliquots were taken within the first two hours of

excliange.,
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III. MATHEMATICAL TREATMENT OF DATA

A. Aquation Equilibrium Constants

Research by other workers (4,5,6,7,9) have indicated that cis-

[Pt(NK3)2012] undergoes an acid hydrolysis. The aquation of the complex

may be described by the equations:

By
cis-[Pt(NE3) 201, —=> [Pt(NH;)2C1(E0)]* + C1 (111.1)
(a-x-y) R (x) (b+x+2y)
+ 2 - -
[Pt(NH;) 01 (H,0)]" == [Pt(NH3),(8;0),]7 + C1 (111.2)
(x) R.2 (¥) (b+x+2y)
where a = initial concn. of gigr[Pt(Nﬂa)ZCIZJ. moles/1.
x = concn. of [Pt(BB3)201(HZO)]+, moles/l., at time t
¥ = conen. of [Pt(NHB)z(HZO)Z]H'. moles/l., at time t
(a=x-y) = concn. of g;grfPt(NH3)2012], moles/l., at time ¢
b = initial concn. of ionic chloride, moles/l.
(v+x+2y) = concn. of ionic chloride, moles/l., at time t
The expressions for the rates were taken to be
R = k (e-x-y), moles/l.sec.
R, = k_;x(b+x+2y), moles/l.sec.
Ry = kX, moles/1.ssc.
R, = k_oy(b+z¢2y), moles/l.sec.
Concentration equilibrium constants for reactions III.1 and III.2, re-

spectively, can be written as



2k

~ xg(b + x4 + 2y,)

T la-x,-7,)

(111.3)

. To(b + xq + 2y,)

IIL.4
. = (11L.4)

where the subscript e on the x and y indicate steady state equilidrium
concentrations of those species,

Po be completely rigorous, activity coefficients for each species in
solution should be included to obtain thermodynamic equilibrium constants;
hovwever, all reaction solutions were conducted at & constant ionic strength
of 0.318. Therefore, it was expected that all activity coefficients were
constant and that any concentration ratios would remain constant also
under these conditions.

With the assumption that each water ligand has one acidic hydrogen
atom, the total observed equilibrium titre, Ty, would be (x, + 2y,). Now

the equilibrium constants can be rewritten as

K = Ze(b + To) | (111.3a)
(a'-xe-ye )
and
b
K, = o(d + %) . (II1.4a)
Xa

After x, and y, are eliminated from the product KjE,, & rolation between
the measurable quantities a, Tg, and (b + Ty) and the unknown equilib-

riun constants is obtained!

[(b+ Te)Te = (b + Ty)alRy + (Tg-28)K3E, = = (b + To)?m, (111.5)
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Therefore from tws titrations that differ in a and/or b, two differ-
ent equilibrium titres can be found and the two equilibrium constants can

Pe determined by simultaneously solving the two equations of type III.S.
B. Rate Constant for First Aquation

From reactiopns III.1 and III.2 the expression for the rate of forma-

tion of [Pt(NH,),C1(H,0)]* is given by
372 2

dx/dt = ky (a~x~y)-k_;x(b+x+2y)-kox+k oy (b+x+2y) (111.6)

If, during the early stages of aquation, the amount of x and y formed is

small, the approximation can be made that

dx/dt = k;a
or, upon integration,

x = klat (111.7)

If the derivative (dx.-dt)t =0 is the initial slope of the graph of X

versus t, then kl is given by

K = [(ax/at) t=01/a, (111.8)
C. ZIZxchange Zquations

1. Aged solution exchange equations

It is obvious that Egs. III.1 and III.2 represent a patk by which
radioactive chloride can be introduced into both gigrﬂPt(NH3)2Clz] and
[Pt(NHB)ZCI(EeO)]+. An glierpate path of exchange exists also if either

of the ebove platinum species exchange directly with the chloride ion. If
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the rates of these alternate paths are designated R' and R'!, the total

chloride exchange scheme can bhe written as:

R
9_1_3_-[Pt(NH3)2012] :l [pt(m3)201(320)]* + 01 (111.9)
(a~xg=¥,), LS| (xg), (b+xo+27,) s
u, su v, Sy 8, Sy
[Pt (NE3) 501 (00 1% %_ 1:1='c(ma3):,_(19[20)2:|“'+ + 017 (111.10)
2
R -
cle-[Pt(NE5) 501,] __EI;A.g;g,[Pt(NH3)01cl*] + 01 (111.11)
[ 3]
[Pt (E;) ,01(E,0)1* ._E;;s [PH(NEy),01*(5,0)]" + 017 (IIL12)
whsTs a = 0136, C1*, atoms/ml. in g}gr[Pt(NHB)ZClZJ

Sy = u/2(a-xe-ye). specific activity at time ¢ of the chloride
in cis-[Pt(NE5),C1,]

v = C1* atoms/ml. in [Pt(¥H,),C1(E,0)]*

&
"

v/xy, specific activity of chloride in [Pt(NEB)ZCI(Hzo)]+
at time t
s = 01" atoms/ml. in ionic €1~
S, = s/(b+xe+2ye), specific activity of the iomic C1™ at
time ¢
I=u+7v + s, totel number of C1* atoms/ml.

The general expression for the rate of increase of u is given by

%% = ~2R; Sy + B3(S, + Sg) + B'(S; - §,) . (111.13)

Since for a steady state system R} = R_j, division of du/dt by R+1’ sub-
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stitution of 8 = I-u-v, and rearrangement ylelds

1 du 1+X%) Q+X)
Fh 4t * [(a"xe'!v'e’ + (b+xe+2y, Ja +

1. (2 +3) o (1 +¥)
[E- DXy +2¥o v LT5;§;;%§ZTJI

(III1.14)

where K is defined as the ratio of R'/gtl.

Likewise the general expression for the rate of increese of v is
&% = S, - RSy - RySy + RS + R1(S, = &), (I111.15)
Agein for a steady state system this expression becomes

1 dv 1 _ (Baow)
Ry at * [2Iarze-ye7' Tﬁlzu+2yb)]u *

(14P+w0) (Bew)y w
S e D (e

where @ is defined as R+p/R+1 and @ is defined as R''/R#;. The general

(111.16)

solutions for differential Eqs. III.14 end I1II.16 are

-CA

-A
U~ Uy = Aje 1t + Aye 2t

and

4
]
4
A

= Ble‘°\lt <+ Bze"°&2t

where Uy, and Ve, are the values of u and v at infinite time or equilib-
rium. These equations cazn be written in terms of fractions of exchange

for each separate species as follows:

(1= Fy) = Ale” *1% 4 alem 2t (I111.17)



28

l-&

(l - Fv) = Ble lt + Bée- dzt

(111.18)

where Fy = u/u,, and Fy = v/v,, are the fractions of exchange at time t

for tae cls-[Pt(NE3),C1,] and the [Pt(m3)261(320)3+ species, respectively.

The constants A{, A;, Bi, Bé, Okl. and Okz are functions of the known equi=-

librium solution concentretions, k), and the parameters ¥, (3’ , and W, The

rate of exchange of chloride with both platinum species together is given

by

St

-t
: - 2

o (111.19)

+ C

Thus if &, b, K3, Kp, k;,8,(3, and W are known, the constants in the
above equations can be calculated to give the functions in III.17, 1II.18,
and II1,19 which can then in turn be compared with the experimental curves,
It should be pointed out that althougn the functions in the gbove expres-
gions are double exponentiel, they frequently cannot be resolved cver the
region waich is measured experimentslly, i.e., 0<F<.6. In this region
they are not distinguishebvle from single exponentiels. Noreover, if,

for example, the value of Fu is known a% some instant of time, this knowl-
edge gives you rno information concerning the value of Fv at that time
because this system has three exchanging species——g}gr[Pt(NHB)ZClz],
[Pt(NHj)ZCI(HZO)]+, and C1°. Therefore at any particuler time the frac-
tion of exchange of the system is no% uniquely described by ¥, Fv' or

FS but rather any twe of the three. It is also interesting to note thet
if either of the platinum species were ¢o exchange rapidly with C17, it

is possible, before equilibrium is estsblished between the three species,

for the frectiorn of exchange of that specles to be greater than unity.
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2, _Tresh solution exchange eguations

For fresh solutions the exchange scheme can be written as III.9 and
III.11. Now, however, the rates R, and E_; are no longer equal, bdut they
together with R! are variables. Moreover, during short times, x and y
can be cornsidered negligible compered to & and b; therefore (a=x=y)xa
and (b+x+2y)2b. With these restrictions dx/dt = k)a and x = kyatex,
where x, is the value of x at gero time, i.e., the time when the C1* was

added. The expressions for the rate were taken as

R =ka (111.20)

Ry = k)% = kyx.b + k&, (kgat)b . (111.21)
The rate of appearance of u is given by
u

B - omps, + By (S, + §y) # RIS, - 5,) . (111.22)

Since it is assumed that S, = §, = 0 and §; = I/b, the above can be re-

written in the integrated form as
=k x It + Kk aIt?/2 + R'It/D . (111.23)

Beceuse S, = u/2a and Sy = I/(b + 22), the fraction of exchange at time %

can be expressed as

2 '
Su _kax(b+za)t ok (b+2e)tS | RY(br2a)t (I11.24)

This equation is an spproximation which is valid for short times and it is

generally satisfactory for values of su/sco up to approximstely 0.2.
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IV. RESULTS
A. Aquation Equilibrium Constants

The aquation of g;gf[Pt(Nﬂb)zclz]vin aquecus solutions is described
by reactions III.1 and III.2. Experimentally this aquation was indicated
by several phenomena. The pE of the solutions decreased gradually over

approximately 20 hrs., to an equilibrium valus because of the dissoclation
+
[PE(NE;) 501 (Hx0)]" —— [Pt(NE3)C1(0H)] + E* . (1v.1)

For 0.005 M. solutions of the complex & steady state pE of 4.6 was at-
tained after 22 hrs. Further evidence was the change in ‘e absorption
spectrum of the solutions over ar interval of time as shown in Fig. 1
and the increase in the conductivity of the solutions upon aging. 1In
addition, the second aquation was indicated by fluctuations in the value
of the equilibrium constant, calculated from titres of solutions with
different initiel concentrations of the complex,when just a single egui-
librium constant was used to describe the system. A typleel titration
curve with a single point titration is shown in Fig. 2.

The possibility that the NH3 ligends were replaced insteed of the
chloride ligands can be eliminated since such a substitution would cause
the solutions to become basic whereas they were observed to beccme more
acidic.

In Table 1 are presented the observed equilibrium titres each of which
is an average of three titrations. By means of Eq. III.S5 velues of the
first and second equilibrium constants were cbtained from these experi-

mental titres. The average values of the constants are given in Table 2.



Teble 1. Observed titres used to calculate average K; and K, and calculated titres as test of self-
consistancy of the average constants

Initial Initial Equil. Equil. Titres

Tomp. [Bis-[Pb(NH3) 201/, [KC1],  [Pt(NE;),01(E0)*],  [Pt(NH3),(E,0),**], 1o, M. x 107
) a, M. x 103 b, M. x 103  x, M. x 103 v, M. x 10% Obsd. Calcd,
35.0 1.5 0.00 1.01 1.6 .32 1,31
2.5 0.00 1.57 1.6 1.90  1.90

5.0 0.00 2.71 1.8 3.06  3.06

25.0 5.0 0.00 2,140 ok 3.08  3.10
5.0 1.03 2.21 2.6 2.72  2.73

2.5 0.00 1.36 3.1 1.97  1.98

2.5 1.00 1.27 2.1 1,68 1.68

15.0 1.50 0.00 1.00 1.2 1.2 1.25
2.5 0.00 1.56 1.4 1.83  1.80

3.0 0.00 1.76 1.k 2.06 2,04

4,0 0.00 2.21 1.4 2.49 2.49

1€
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Table 2. Average values of first and second aquation equilibrium con-

stants®
Ky, moles/l., K,, moles/1.,
0
Temp., “C. x 103 x 10%
35.0 3.9 2.0
25.0 3.3 L4 b
15.0 , 3.3 1.6

2Tonic strength was 0.318 in all experiments

The self-consistancy of the average K; and Kz was checked by finding cal-
culated titres with the average values of the constants for comparison
with the observed titres. These calculated titres are also presented in
Table 1. It is felt that the value of Ky is known rather well, to within
10%; however, the uncertainty in K, is at least 30% and perhaps larger.
This large uncertainty and indeed the question of whether K2 is needed at
all to explaln the experimental data is discussed in some detail in sec-
tion V.,

From the temperature dependence of K, AE® was found to be approxi-

mately 0 £ .3 kcal./mole.

B. Rate Comstant for First Aquation

ka1
cis-[Pt(NE;) 01,] == [Pt(¥H;),01(H,0)]* + 01~ (1v.2)
(a~x)~a | x

Graphs of x versus time, obtainad in the titration of fresh solutions

of cis-[Pt(¥H,;),01,] at 35.0, 25.0, end 15.0° C., are shown in Figs. 3, &4,
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and 5, respectively. From the initiasl slopes of these graphs were cal-
culated kj. The value of kLl was then obtained from the expression k ;=
k1/E1. In Table 3 values of k; and k ; are tabulated. Fig. 6 shows the
temperature dependence of kl graphically. From the slope of the line the
enthalpy of activation, & B¥, was calculated to be 17.4 kcal/mole. The
entropy of activation, AS¥ was -12 cal./mole deg.

Despite the use of a micro-buret, titration of the acidic [Pt(NEj),-
01(3'20)]+ species was not a very accurate method for the determination of
k) because of the very small amounts of the specles formed during the early
stages of hydrolysis. It will be shown below that the high chloride ex-
change experiments in some cases afforded a somewhat morwe accurate method
for the determination of kj.

C. Exchange of chloride with cis-[Pt(NHB)ZCIZ}
and [Pt(NT;3),01(E,0)]+

Pogsible paths for the exchange of chloride with the two platinum
specles consist of the acid hydrolysis reactions and also a direct exchengse
process. It was possible to show experimentally that exchange which may

have occurred by the direct reaction

cie=[Pt(NH;) 501, "%"'\ cia-[Pt(NE;) 01011 + €1~ (17.3)

was negligible compared to that which proceded via the aguation process.
This feature was indicated by fresh solution exchange experiments in vhiech
the direct exchange would be most noticeable because of the small quanti-
ties of the hydrolysis products present. In Fig. 7 fraction of exchange

points are plotited versus time and compared with 2 calculated frection of



Fig. 3. [Pt(NH,),C1(H,0)*] versus time graphs from the titration of
fresh Bolutions of cis-[Pt(NH5),Clp]. Temp. = 35.0° C., p =
0.318, & = initial concn. of 9_1.;5_—[Pt(NH3)2012]
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Fig. 4. [?'r(y ),01( o)+] versus time graphs from the titration of
fresh aof tions of cis-[Pt(¥HE5 ) Cl,]. Temp. = 25.0° C., p =
0.318, & = initial concn. of cis-[?t(m%)z(}lz]



37

0.7
0.6 a=0.006eM
k;=0.09 hr™'
"’Q 0.5 /
=
Q 04 e
E _
© ﬁ
L 03 g
2 S c@esse
S oo QO
o, e
0.1
O
O 20 40 60 80 100

TIME (mins)



Fig. 5. [Pt(NHB) C1(H.0)*] versus time graphs from the titration of

fresh Bofutiofis of gggrtPt(N33}201 J. Temp. = 15.0° C., p =
0.318, a = initial concn. of cis-[?t(NHB)ZCIZ]
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Pig. 6. Temperature dependence of the first aquation rate constant.
AH¥= 17.4 keal./mole, AS ¥z <12 cal./mole deg.
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Fig. 7. Fresh solution exchange curves. Temp. = 25.0° C., p = 0.318.
O, a=b=0,005M, Sy/Sepi®, & = b =0,005M., 5,,¢/53
®,a=0.005H, b=0.0025 M., Syuy/Se0- calcd. curve

from /5 = leozib‘m)t + Eyk_y (be2a) 7l

Where a = 1005 X’I', b = 00025 }"1-' and Xo = 000015 }'{.
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Table 3. Values of first aquation rate constants by titration®

Conca. ka
Zesp.. cls-[Pt(NE5) ,C1,], 32, 1./mole sec

M, x 103 gec™* x 10 x 102

35.0 5,0 .78 2.00
3.5 .81 2.06

2.5 .75 1.92

2.5 .72 1.86

25.0 6.0 +25 '
5.0 .28 .83

5.0 .25 .75

3.0 .25 75

2.5 .25 .75

15.0 4.0 .11 «33
| 3.0 11 .33
2.5 .08 .25

1.5 .11 .33

@8lonic strength was 0.318 in 2ll experiments

oxchangs curve., This curve, which is seen to describe the fresh solutiem
oxchange rates adeguately, is given by

Su o B1%p(br2a)t | Iy kp (b+2a) 62

5 ” n . (1v.4)
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This is Bq. III.2% in which a = 0.005, b = 0.0025, x, = 0.00015, and R! =
0., If R' were not zero, the above would indicate it to be less than 5%
of kyja. Therefore it was concluded that the amount of this direct ex-
change was negligible compared to the exchange proceding through the
agquation process.

All of the experimental aged solution exchange curves, i.e., ln(1l-Fy,)
or ln(l-Fu+v), were found to be linear with time over %he period of ex-
change studied. The results of all these experiments are given in Table 4,

The method of exchange in solutions of high chloride concentration
could be explained in terms of the first agquation step along and the times
of half-exchange were calculated within 104 by the first term of Eq. III.17
(that is, by a single exponential function). The constants Ai and d\l
ware considered to be functions of the known equilibrium solution concen-
trations and the rate constant kl only; the parameter K » corresponding
to the direct exchange of chloride, was set equal to zero in Eq. III.14
becauss of the observations discussed above.

Before discussing the low chloride exchange experiments, a few words
will be sald about the statement made previously that the high chloride
exchange experiments offersd another method, and perhaps a somewhat more
accurate one than the titration method, for the determination of kl. At
15.0° C. kj was titrated to be approximately .1ll x 10“"‘F gec™t (see Table
3). However, with this value in Eq. III.17, a calculated time of half-
exchange of 33 hrs. was obtalned as comparsd to the observed 47 hrs.
Without abandoning the aguation equilibrie mechanism of exchange, the
only error that could exvlain such a diecrepancy was an incorrect value

for ky. And it was found that when k; = .08 x 10~ sec™l, the calculated



Table 4. ZExchange between chloride and gggr[Pt(Nﬂj)ZCIZJ and [Pt(HH3)201(520)]+ in aged solutions

Initial Initisl Equil. Fquil. Time of half-exchange ﬁ
Temp., [Pt(NH;),01,],  [E01],  [Pt(NHy),- [Pt(Ni3)- (w) (utv)

°c., M. x 103 w. x 103 C1(EN)H], (E0);™],  Obed. Caled. Obsd. Calcd.
M. x 103 M. % 103 hrs. hrs. hrs. hrs.

15.0 2.5 134 .06 - 7 bs - 4s 0.0

25.0 5.0 1.0 2,22 .26 5,32  5.00 3.90 3.80 1.0

2.5 1.96 .18 5.50 5.50 4,33 4,30 0.9

5.0 1.60 .10 6.“0 6.20 - 5020 007

10 1.13 .ol 7.45 7.40 6.90 6.80 0.5

134 .12 - 13.3 i4.5 - 14,5 0.0

268 .06 - 12.1 & 14,9 - 14,9 0.0

268 .06 - 13.8  14.9 - 14.9 0.0

2.5 134 .06 - 10.5 & 1s5.0 - 15.0 0.0

13“4’ 006 - 1308 1500 - 15.0 0.0

35,0 5,0 2.5 2.19 .09 2.32  2.00 1.48 1.53 1.0

10 1.28 .02 2.75 2.5k 2.36 2.32 0.6

13" olu - 4.33 5.0’4‘ - 5.0“ 0.0

BAnion resin did not remove all the ionic chloride from the aliquots before the complex chloride
was precipitated
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time of half-exchange was 45 hrs. which is in good agreement with the
observed time. Likewise at 35.0° C., the average value for the rate con-
stant was .76 x 10~% sec~! by titration while the exchange rates indicated
& velue nearer .72 X 10=4 gec=l. At 25.0° C., the value of kl obtained by
titration was consistant with that indicated by the exchange experiments.
To summarize then, the values of kl used in ®q. III.17 to describe the
high chloride aged solution exchange experiments were .08 x 104 gec~! at
15.0° C., 25 x 10~ gec™L at 25.0° C., and .72 x 10~% sec™! at 35.0° C.
These ;onstanta were then, of course, used to describe the low chloride
exchange experiments also.

In the latter experiments the exchange was attributed to both the
first and second aguation reactions. Typizal plots of low chloride aged
solution exchange runs are given in Fig. 8. The time of helf-exchange
for chloride and g}_g_-[Pt(NHB)ZCIZJ was calculated within 10% by the com-
plete form of Eq., III.17 (that is, & doudle exponential) while the ex-
change rate for chloride with Q_s_-[Pt(HHB) 2012] and [Pt(N33)201(H20)]+
together was given within 104 by BEq. 1I1I.19. The constants Ai, Aé. Bi,
Bé.<ﬂ1, and 0\2 of these two expressions were functions of the equilibrium
concentrations, k, and 3. The parameter (W, corresponding to the direct
exchange of chloride and [Pt(NH3)201(520)]+, was set equal to zero in
Fq. I11.16 as the parameter § had been in Eq. III.14., However, in the
case of (Wthis was somewhat more arbitrary than for ¥ in that it could
not be shown experimentally that<® was zero. The exchange experiments
would measure the introduction of C1* into [Pt(NH3)ZCl(EZO)]+ by both the
direct exchange and the second aguation process since these two reactiocns

are experimentally indistinguiskable; hence it might be more realistic



Fig. 8. Plots of low culoride aged solution exchange experiments. Temp. = 25.0° C., u = 0.318, a =
.005 4., b = .001 K. A, 1n(2-F,)i B, 1n(1l-Fy,)
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to describe the times of half-exchange of chloride into both platinum
species by the parameter (@+w). However, all of the exchange was con-
sidered to proceed via the second hyirolysis for two reasons: (1) the
existance of the second aquation equilibdrium *ras indicated by experiments
in this research and by investigations of other workers and (2) because
there are very few examples of a transition metal complex exzchanging
directly with a ligand in aqueous solutions. Before discussing the para-
meter}3 in more detail, it should be restated here that the low chloride
exchange experiments were not carried out over an interval of time long
enough to distinguish the two components of Eqs., III.17 and IIL.19.
Rather, 3 was arbitrarily varied until the times of half-exchange indi-
cated by the above equations agreed within 10% with the observed times of
half-exchange.

In section III the parameterfB was defined as the ratio of the rate

of the second aquation to the rate of the first squation:

ﬂ = B2/py (1IV.6)

The velues of}g necessary to calculate times of half-exchange in agreement
with the observed times for exchange experiments tkat differed in the ini-
tial concentrations of ckloride are tabulated in Table 5. Ian Fig. 9 is
shown a plo% afjgv@rsus total chloride concentration. It is seen that

the curve approximates the squation
B = S/[c17] (1v.7)

where C is & constant. Xq. IV.6, which definesfg , ¢an be put in such a

forn;
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Table 5. Values of (3 and the corresponding second aquation rate con-
stants from low chloride exchange experiments®

Initial Initial "
®emp.,  [s1e-[Pt(NE)2012)] [gc1), JE) 2,
og, M. x 10 M. x 103 sec™™ x 10
25.0 5.0 1.0 1.0 .28
2.5 009 '33
5.0 0.7 .36
10.0 0.5 42
35.0 5.0 2.5 1.0 .92
10.9 0.6 1l.25
87onic strength of 0.318 for all experiments
2 k2Xe ko 1
}Gg §:1 k_1x,(b+xy+2y,) ( ) [c1-] | (17.8)

where the valuc of the second aguation rate constant, k2, is the only un-
Imown. The values of k2 obtained from the exchange expariments are listed

in Table 5 also.



Fig. 9. Plot oij versus concentration of chloride
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V. DISCUSSION

The exchange of chloride in the gigf[Pt(Bﬂé)zclz]-Cl' system was
found to proceed through the scid hydroliyeis steps illustrated in reac~
tiens III.1 and 111.2. As previously mentioned in secticn IV, the first
equilibrium constant was fairly accurately known, within 10%. but the value
of the second equilibrium constant possessed a large uncertainty. This
uncertainty is not too surprising when ons realizes that the experimen-
tal titres are on the order of 1.24~3,08 x 10~ M. (see Table 1) and
that the [Pt(333)2(320)2]++ species contributes only about 10% or 20% of
these totals. Since the concentration of the diaquo species is so small
in these solutions, what then would be the result if the second aguation
step was just ignored? In Table 1 the four observed titres at 25.0° C.
ere given as 3,08, 2,72, 1.97, and 1.68 x 10™3 M., 1If the second agration
is sesured nop-existant, these four titres would give values for Zl of
Lok, 4,46, 7,32, end 5.49 x 10™> moles/l., respectively. This variance
ig hardly consistant with a single equilibrium constant system and does
indicete the exlistance of a second aguation., If the secend\aquation is
included now, the four observed titres ecan be paired up in six different
combinations to give as values of Kl, 3.31, 3.28, 3.22, 3.13, 3.53, and
2.95 x 10~3 moles/1. This method then gives & feirly constant value for
Ej. At the seme time, however, the correspording values obtaired for K2
were 4.2, 1.3, 4.6, 5.1, 3.7, end 5.8 x 10~ moles/l. Thus, although K,
cannot be determined with much accuracy, it is still necessary to include
the cecord aquation in order to make sense of the experimentally obteined

data. Further evidence of the uncertainty of K, is the sensitivity of its
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value towards changes in the oebserved titres, Thus, if one of the two
titres nsed to calculate K; and K, by Eq. III.5 is altered by 2%, the
corresponding change in K, is 30% or more.

The value of the first agquation rate conatant, ki' was determined by
two methods: (1) titration of the s&cidic aguo species as it formed during
the early stage of aquation and (2) comparison of the calculated times of
half-exchange for high chloride aged solution exchange experiments with the
obssrved times. The second method was possible because g;gy[Pt(KHB)2612]
only exchanges with C1™ through the aquation processes, and since the high
[01™] effectively suppressed the second aquation, the rates of exchange
were proportional to only one rate constant--kl. The value of kl found
from both of these methods at 25.0° C. was .25 x 107% gec-l, Banerjea
et al, (24) reported a value for kl at 25,0° C. of .38 x 10’“ secl, They
obtained thelr data from the potentiometric titration of the chloride
formed during agquation, but the value of the comstant was calculated from
the usual first order equation. This may in part account for the differ-
ence in the two values beceuge the first order expression actually applies
to only a single irreversible step and not to a reversible reaction be-
tween two species much leas to the case of three speciles as exists in the
eis~[Pt(NH,) 501,)-[Pt(NE,) ,C1(E0)]*-[Pt(NE,) . (B0) ]+ eystem. 4s &
check to determine how large a difference this method for the svaluation
of k; would cause, some titration data for the g;gf[Pt(HEj)zclz] system,
vwhich gave a value for k) of .25x 10~% gec-l from the initial slope of
x v, t, indiceted e ky of .43 x 104 gec™t from the time of half;reaction
from the usual first order plot. It was elso possible to compare the

value of the constant with that derived from the conductivity data of
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Drew et al. (5). Their data, when applied to the same first order ex-
pression used by Banerjes et sl. indicated that k; was .48 x 10~ sec”l.

The entropy of activation for the first aquation process (-12 cal./
mole deg.) is consistant with the expectation for a neutral molecule dis-
gociating into two ions.

The rate constant for the second equation, ks, was determined in-
directly from the dependence of the exchange parameter f on the concen-
tration of chloride. The values of k, obtained at 25.0° C. are listed in
Table 3. It is noted that 80}3 decreases from 1.0 to 0.5, k2 increases

b gec™l, A cursory glance might suggest that this

from .28 to .42 x 10™
small but definite increase indicates that kz is not constant, However

the calculated half-times of exchange are rather insensitive towards the
value of‘ﬁ , especially whenjB becomes much less than 1.0. This is ex~
pected since a low value of}B corresponds to the situation in which the
second aquation contributes less and less to the overall chloride exchange
procsse. Wher, moreover, the value of kz is seen to depénd rather strongly
on S (see Eq. IV.8), the small incremse in the rate constant is not con-
sidered to be significant. The average value of ké was .35 x 10‘4 sec-l.

It is possible to compare this with the rate constant Banerjea et al. (24)

obtained for the reaction
cis-[P(NE;) C1(0H)] + OF  —— cis-[Pt(NE5),0H),] + €17 (v.1)

since this resction 1s believed to proceed via the second aguation proc-
ess, i.e., H;0 reacts initislly with the [Pt(NHB)ch(OH)] complex to form
[Pt(NHB)z(OH)(BQO)]+. They reported a value for the rate comstant of

22 X 10‘4 sec‘l. The difference in two values probably reflects the
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fact that the reactions are not strictly analogous in that water reacts
with [Pt(NHB)ZGI(HZO)]"' in one case and [rt(ma)zcl(oa)] in the other.
Also the former reaction occurs in acidic solutions while the latter re-
ects in a basic medium.

Before leaving the discussion of the second agquation rate constant,
a few words will be saild about an attempt to evaluate k.o directly by
preparing [Pt(NH3)2(Eéo)2]++ and following the rate at which the spectrum
of the solution changed after chloride was added to it. However the re-
gults were inconclusive, primarily it is thought, because a solution of
pure |:Pt(mj)2(nzo)2]++ could not be prepared. The method of preparation
was one used by Ryabchikov (9) and entailed treating a solution of cis-
[Pt(NH3)2012] with Ag,0.

The kinetics for chloride exchange in the cis-[Pt(MH4),C1,] - €17
system were found to be similar to the exchange kinetics for the [PtCI“J’.
[Pt(RH3)013}‘. and CPt(NH3)3°1]+ complexes in that ali of these substitu-
tions were first order in complex, zeroth order in chloride, and proceeded
by either an observable acid hydrolysis equilibrie or by & process zero
order in chloride. The values of the aquation and chloride exchange rate
constants for these complexes are given in Table 6. Also summsrized in
Table 6 are the known concentration equilibrium constants for the acié
hydrolysis equilibria. From these results it is apparant that C1~ cannot
compete with 320 as a comple#ing agent in these agueous systems. It is also
noticed that the rate constants all fall within the range .15 to .38 =

=5 sec'l despite the fact that the charges on the complexes vary from

10
<2 %0 1. Such a behavior is inconsistant with a Syl reaction, bdut is com-

patible with a reaction in which & bond-making step occurs simultaneously
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Table 6., Acid hydrolysis equilibriun constants, first aquation rate con-
atants, and chloride exchange rate constants for the chloro-
emmineplatinum(II) compiex series at 25.0° C.

Ky K2

Complex x 1§31:;c'1 x :gﬁp;ec'l x 103 x 10°
[PtC1,]™ .38% .36 1.4 1.92°
[Pe(uE3) 61,17 .37 .36 14.0 .05
cis-[Pt(NE,) 01,1 .25 .25 3¢3 o e
[pt(NH3)3c1]+d .15 .22 - —

&(10)

bSanders, C. I. and D. S. Martin, Jr., Ames, Iowa. Acid hydrolysis
of [PtC1y]~ and fPtClj(HZO)]°. Private communication. 1960

¢(19)
d(on)

with the Mond-~breaking between the platinum atom and a chloride ligand.
The above observations ere accountied for by Path I of mechanism I.8
proposed by Basolo and Pearson (25). They stated that the exchange of
ligands such as NH3’ Cl-, and H20, whick are unable to form double bonds
with the central metal atom, could proceed by this path which is charac-
terized by first order kinetics in the complex, zeroti order kinetics in
chloride, and a stulle solvated intermediate. The apparent ineensitivity
of the rate constents to the charge on the complexes is accounted for by
the two rather loosely coordinated water molecules, above and below tne
plane of the complex, moving towards the Pt(II) ion and bonding with it

in a sguore pyramid trensition state as the chloride ligand is released.
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VI. SUMMARY

The acid hydrolysis of gggr[Pt(Nﬂé)zclz] may be described as

cle~[PY(NEy) ,01,] T=== [Pt(XH;),01(8;0)]* + 01 (VI.1)
[PY(NH;) 501 (,0)]" == [Pt(NH;),(80),1"* + c1” (V1.2)

The concentration equilibrium constant for the first hydrolysie step,
K,, was determined, within 10%, to be 3.9, 3.3, and 3.3 x 10”3 moles/l. at
35.0%, 25.0°, and 15.0° C., respectively. Also the rate constant for this
initial aquation step, kl' was found to be .72, .25, and .08 x 10'“ sec'l
at the three temperatures, respectively. The temperature dependence of
k; indicated that AE] = 17.4 kcal./mole and AS} = -12 cal/mole deg.

The concentration equilibrium constant for the second hydrolysis step
was determined, within 30%, to be 2.0, 4.4, and 1.6 x 10"“ moles/l. at
35,0%, 25,0°, and 15.0° C., respectively. The second aquation rate con-
stant, k,, at 25.0° C. was approximately .35 x 10'4 sec L,

The exchange of Cl~ with gigr[Pt(Nﬂa)ZCIZJ was found to follow first
order kineticg in the complex, zeroth order kinetics in chlerids, arnd to
proceed via the first aquation step shown above., The exchange of C1~ with
[Pt(NH‘B)ZCKHZO)]+ was characterized by the same kinetice and was found to
proceed by a chloride independent process which could be assigned to the

second aguation step shown agbovs.
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