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A INTRODUCTION

The reduction reacttons of plattnum(IV) complexes have been extensively examined in
the last few years!™® The work carried out 1n this field has been mainly concerned with
redox reactions occurring by 1nner-sphere reaction mechanisms, whereas outer-sphere redox
processes have only occastonally been tnvestigated” In order to carry out a systematic
study of the latter types of reaction, we have studied the reduction of platinum(IV}
complexes by ferrocene, whose abtlity to act as reducing agent towards morganic
compounds 15 already known® Ferrocene is expected to favour outer-sphere redox
mechanisms, because of 1ts inertness to substitution and saturation of 1ts coordination
sphere Moreover, 1ts solubility in most non-aqueous solvents makes possible the study of
the reduction of several platmum{IV) complexes whose insolubility 1n water would prevent
any investigation with other outer-sphere type reductants.

We have carried out an mnvestigation of the kinetics of reduction of the complexes
trans-[PtL, Xs 1 (L = As(C3H;s )3(AsEty), P(n-CaH; )3 (PPrs), P(CaHs )3 (PELs),
8(C4Hs), (SEt,), piperidine (pip), X = CI, Br) by ferrocene in methanol, ethanol,
[-propanol, 2-propanol, 2-methyl-2-propanol, 1,2-ethanediol These platnum(IV)
complexes were chosen because considerable information about their behaviour 1n redox
reactions occurring through an inner-sphere redox mechamsm s already available?®1°

Ferrocene reacts quantitatively with the above-mentioned platinum(iV) complexes i alt
the solvents used, according to

trans-[PtL, X4 ] +2 Fe{CsH;), ~ trans-[PtL, Xz} +2 Fe(CsHg), " +2 X~ (1)
where L = ASEt3, PPI';, PEt3, SEI:, Pps X= Cl, Br

The reaction of all the platinum(IV) complexes under pseudo-first-arder condittons
obeys a pseudo-first-order rate law. The pseudo-first-order rate constants, kg, are linearly
dependent upon the concentration of ferrocene, as shown by the examnples reparted n
Fig. 1 Therefore, the rate law for the disappearance of platinum{1V) is given by the
relationship
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Fig 1 Pscudo-first-order rate constants kgpg. for the reductton of (a) trens-|Pt{PPr3)2 Bra | n ethanol
and {b} trans-[Pt{PEt3),Cls] in 1,2-ethanediol, as a function of ferrocene concentration
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In Table I we have reported the values of the second-order rate constants, k, and the
activation pararneters.

The form of the rate law, together with the stoicheiometry of the reaction, 15 1n
dgreement with a redox mechanism mvolving two monoeiectronic redox steps, viz

slow

Pt + Fell =5 pI + Fellf (3a)
Pl + pell B2, pyll 4 g (3b)

The first step is rate-deternuning and impizes the formation of a platinum{Ill) intermediate.
Piatinum{IIl) mtermediates in redox processes have already been mvoked by several
authors, and recently kinetic evidence of their occurrence has also been obtained®-!! -2
The passibiltty of a mechanism implying a brelectronte step, with the formation of an
iron{IV} intermediate, is believed to be very unlikely On the basts of the inertness 16
substitution and saturation of coordination of ferrocene, 1t 1s very likely that the slow step
mvolves an outer-sphere redox mechanism. In addition, an inner-sphere redox mechamsm
involving an activated complex such as I 1s expected to be prevented by the steric hindrance
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between the cyclopentadienyl rings of ferrocene and the large ligands L bonded cis with
respect 1o the bridgmg hahide

L  C:Hs

! \L/
X3 Pt. X -Fe

| 1\

L CsHs

[

The reactrnty of the platinum(lV) complexes with the same X 15 1n the order SEty >
pip > PEt3 > PPr3 2> AsEtj3, in all the solvents employed The same sequence of reactivity
has previously heen found in methanot when these complexes are reduced by I, SCN™,
SeCN™, §,0;%, [Ni(diars), Y] ¥ (diars = o-phenylenebisdimethylarsine; Y = Cl, Br)
through an inner-sphere redox mechanism?®+'%>'3 In these cases, the reactiviiies of the
vanious trans-tetrachloro complexes at 40°C towards these reducing agents were found to
obey the linear free energy relationship

logk=r(X)+rg #)

where k 1s the second-order rate constant for the reduction of the substrate under
consideration by a gven reductant, r{X) 1s the value of log & for the corresponding reaction
of trans-[Pt(PPry), Cl;], selected as standard substrate, rg 1s 2 constant whose value
depends only upon the nature of the ligand L Now we find that the reactivity towards
ferrocene of both rrans-[PtL, Ciy ] and trans-[PtL, Brg] s also related to the r, values
assigned to L (except for L= pip) Figure 2 shows that whatever the halide bonded to
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Fig. 2 Correfation between rg and the values of lag & for the reduction of (a) rrans-[PtL,Cly | and
{b) trans-[PtLsBrg |, at 40°C
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platinum(1IV) and whatever solvent 1s used, the same linear relationshup 1s obtained by
plotting log k at 40°C against ry Thus, changes of free energy of activation related to
changes of L are unaffected by the halide bonded to platinum(IV), by the solvent used and
by the mechanism operating This is 1n agreement with the hypothesis previously reported?,

according to which the change of reactivity towards reduction of trans-[PtL, X, ]
complexes by changing L s related to its relative m-acceptor and o-donor abihty The slope

of the lines of Fig 2 15 0 87 instead of 1, which would be expected on the basis of a
relationship such as (4} It 1s not possible to discuss this point because it is not clear
whether this difference 1n slope 1s reliable or due merely to some error in the assignment of
the r; value for L = SEt,, which 15 most unportant in estimating the slope

The complex trans-[Pt(pip); Bry] always reacts faster than expected on the basis of the
value of r; assighed to piperidine (1.95) Although the reactivity m methanol of this
complex does not deviate markedly from the expected value, wider discrepancies are
encountered in ethanol and 11 I-methanol In fact, the solvent effect in this case 15 dfferent
from that observed for all the other complexes, as shown in Fig 3 These anomalies are
most likely related to the fact that prperidine 1s the only ligand in the series bearing an
armimic proton, which can play a specific role 1n the solvation and stabihisation of the
activated complex, posaibly through hydrogen bonding with the solvent and with the

trans-[PUSEL1,Br]
trons-[P1(s E4,3,C1,)

trans-[PHCaH, NLEr,]

fr‘ans—[Pt( P Et3)2 Br‘]

!'rans-rf’t(As Et3}285J

log k {40*C})
e

trans-[PHAPry), Br, |
trans-[PHPEL;),Cl,]
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Fig 3 Correiation between the values of log &k for the reduction of frans-[PtL3 X4} by feTocene at
40°C and the polanty of the solvent, expressed in terms of Kosower’s Z parameter
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imcoming reductant [t must be pomted out that reactivities lugher than expected on the
basis of a linear relationship such as (4) have previcusly been found when complexes of the
type trans-[Pt{NH; R), X, ] react with thiosutphate® 1n methanolic solution

The tetrabromo complexes react 10--20 times faster than the corresponding tetrachloro
complexes, independently of the hgand L and the solvent used Previous work on the same
compounds showed that the bromo complexes react 1n methanol about 5000 times faster
than the corresponding chloro complexes when the reductant was I, SCN™, SeCN™,

5,03 27, [Pt(drars), Y] + (Y =Cl, Br, 1?9, and S0—200 times faster when the reductant was
[Ni(diars), Y]* (Y = CI, Br)}!® In these cases the reactions involve an inner-sphere redox
mechanism, and the reactivity changes occurring by changing the halide depend on (1) the
relatvely easy formation of the bridging intermediate, which in turn depends 1n seme way
on the relative affin:ity of the reducing agent towards the bnidging hatide, and (1) the
relative stability of the oxidation products, which 1s related to the halides transfarred On
the other hand, when the reductant 1s ferrocene, no bond fermation i1s beheved teo occur in
going from the reactants to the activated complex, according to the mechanism proposed,
and the oxidation product 1s always ferrcinium, whatever the halide X bonded to
platinum(IV). Here the reactivity change occurring by changing the halide can be assipned
mainly to the lower deformation energy of rrans-[PtL, Bry] with respect to rrans-[PtL, Cls ]
required to make these substrates available for the electron transfer®* The comparatively
strongly hugher reactivity observed in the inner-sphere reduction reactions of
frans-[PtL, Bry ] must be explained by the relative ease in making the bridged intermediate
and by the relative stability of the oxadation products These factors have already been
invoked to explain some kinetie features of the reduction of platinum(IV) complexes by
mner-sphere reductants*™®. In this connection 1t 1s remarkable that aithough the bromo
complexes are generally more reactive than the corresponding chioro complexes, we have
found®® that amino complexes of the type trans-[PtL; Cls] 1n acid solution react with Fe?™
about 10 times faster than the coriesponding trans-{PtL, Bry] In these cases the oxidation
products are respectively FeCl?" and FeBr®™, which quickly dissociate 1a selution The
hugher stability of FeCI?2 ¥ is believed to be the most important factor contributing to the
observed reactivity trend.

The reactivity towards ferrocene of the platnum(1V) complexes constdered depends
strongly on the solvent. Figure 3 shows that the reactivity increases with the polarity of the
solvent, which has been expressed 1n terms of Kosower's Z values!® Several theones on the
solvent effect upon redox reactions occurting by an outer-sphere redox mechanism are
known'®, but we cannot take advantage of them to explain quantitatively our results In
fact, we should need to know the free energy changes of the elementary step {3a) with the
solvent, which are not avarlable and perhaps not even evaluable A qualitative explanation
can however be offered. Beaning in muind that the reactants are uncharged, the trend of
Fig 3 appears to be consistent with an activated complex in which separation of charges

®Gome change of reactivity must also be accounted for by the changes of driving force related to the
reduciton potentials of rrane-[PtloXa ]
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has occurred to some extent. In fact, a reaction involving separation of charges in the
activated complex 1s expected to show a higher rate in more polar solvents Moreover, such
a reaction path 1s also expected to show higher entropies of activatton in more polar
solvents'” Thus expectation 1s m satisfactory agreement with our expernimental results,

B EXPERIMENTAL SMCTION

{1} Materials

Platinum(IV) complexes and ferrocene were prepared following the methods of the
literature?»13.18.19

The solvents were purnified following the standard methods®®
{r1) Spectrophoiomerric siudies

These were made by using either a Beckman DK2A or an Optica CF4R spectrophoto-
meter The reactions were normally studied tn situ, the sihea cells bemg used as reaction
vessels and constant temperature being mamtained by circulating water [rom a thermostat
through the cell holder A reference cell containing ferrocene in an equimolar amount to
that of the reaction mixture was used 1n all cases

fa} Storcheiometry of the reaction

Preliminary spectrophotometric measurements showed that the platinumi{fV} complexes
under mnvestigation react with ferrocene 1o solution, yielding ferncinium as oxidised
product The existence of sosbestic points either i the vistble andfor in the UV region
showed that no mtermediates were formed tn detectable amounts during the reaction Only
in the case of zrans-[P{SEt; ); Bry ] in 2-methyl-propanol did 4 second reaction occur
However, this did not lead to formation of ferricinium, and was therefore subsequent to the
redox step Ferricintum has been identified i solution from its absorbance spectrum n the
regrion 450—700 nm*' Mareove:, a comparisen of the absorbance spectrum of the reaction
ruxture at the end of the reaction with that of known solutions of ferncimum perchlerate
showed that 2 g 1ons of fernetnum are always formed per mole of platinum(IV) reacted
The reduction product, rrans-[PtL, X; ], has been 1dentified by separation from the
reaction muxture The general procedure was to react 10 ml platinum(IV) (I X 1073
mole 17!y with 2 ml ferrocene (1 X 1072 mole .17 '), At the end of the reaction both
platinum{}V) and ferrocene had reacted quantitaiively The reaction nuxture was then
treated with 20 mi ethyl ether and 20 ml water Th ethereal layer, containing only the
platinum{II} complex, was dried over Na; S04 and evaporated The restdue was dissolved in
methanol and 1dentified by comparning its UV spectrum with that of known platmum(11)
complexes The reduced product of the reaction of trans-[Pt{SEt,); Bry ] in 2-methyi-2-
propanol has not been isolated It has been 1dentified as trans-[Pt{SEt; }, Br, | from the
1sosbestic poinis present during the [irst stages of the reaction, thetr position being the
same as that met in the other solvents

{b} Kinetics

Stock solutions of the reagents were prepared by weght, and appropriate volumes of the

solutions, previously brought to the reaction temperature, were mixed in the
Coord Chem Rev , 8 {1972}
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spectrophotometric cell at the start of the reaction. At suitable time 1ntervals the spectrum
of the reacting mixturec was scanned over 400250 nm In the case of relatively fast
reactions, the absorbance at a lixed wavelength 1n the UV region was recorded agaist time
The reactions of trans-[Pt(SEt;); Bry] m methanol were followed by means of a stopped-
flow apparatus The reactions were carmied out by using concentrations of ferrocene at teast
30 times higher than those of the starting platinum(IV) Table I reports the intervals of
concentration of ferrocene explored 1n the single cases In such condittons the
disappearance of platinum(IV) followed a pseudo-first-order rate law The pseudo-first-
order rate constants, kgns, were determmed from the siope of the plots of log (D, — D_)
agamst ume, where D, and D__ are the absorbance of the reaction mixture at time ¢ and af
the end of the reaciion, respecirvely The value of D for the reaction of
trans-[Pt(SEty )2 Brz ] m 2-methyl-2-propanol was derived both by extrapolation methods
and from the known molar absorbance of ferricimum and trans-[Pt(SEt, ), Bry ], supposed
to be the only products formed during the reactron The values of ks were then evaluated
from the slope of log (D, — D) vs time for the first stages of the reaction.

a
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