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A. INTRODUCTION

' Substifution reactions have been used for many years in the synthesis of octahedral
platinum(IV) coordination compounds. Russian chemists particularly have made extensive
use of substitutions in the preparation of a large variety of complexes varying in type and
complexity from symmetncal complexes with six identical ligands, to some with six dis-
tinetly dlfferent hgands in the coordination sphere of the platinum(IV) ion' . It has only
been recently, however, that attempts have been made to understand the mechamsms of
substitution react:ons of piatmum(IV) It was clearly recognized from preparatwe work
that these reactions were generally slow at room temperature and that platmum(lV’) com-
plexes were charactenzed as being inert. This behavior was not surprising since. platl- '
num(IV) has the same low-spin d® &lectronic configuration as the cobale(HI), thodium{EIE),
and mdlum(l[l) ions which were also known to form characteristiczlly inert complexes.
However an interesting and distinct featu re of a number of platmum(IV) subsututlons
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was noted. The presence of small amounts of four-coordinate platinum(II) complexes, or
reducing agents capable of reducing platinum(IV) to platinum(II}, produced a marked in-
crease in reaction rates2™%_ The role of the square-planar platinum(ll) complexes wes not
at all clear. until the kinetics of several reactions were investigatad in detail>*®. From the

' results of these stindies and some recent investigations” %2 an important reaction path has
emerged for substitutions of certain types of platinum(IV) complexes, a path which in-
volves an inner-sphere redox process.

B. RATE LAWS AND MECHANISM

The first detailéd kinetic investigation of a platinum(II}.catalyzed substitution was a
study® of radiG-chioride exchange with the frans-dichloro-bis(ethylenediamine)plati-
num{IV) cation, (1) (en = ethylenediamine}.

trans-Pt(en); Cla2* + *CI” =  trdns-Pt(en), C1*CI** + CI” (1)
The reaction was found to be cétalyzed by the Pt{en).2" cation, and the kinetics were -
described by a third-order rate law, eqn. (2}.

“dlzrans-Pt(en)Cl,*) /dr = k, [Pt(en)zClng] [Pt(en),?*] [*CI"] {2)

Subsequently, a variety of reactions of the generai type (3) have been found to exhibit
third-crder kinetics with rate dependence on the substrate platinum(IV) complex trans-
PtL,ZX, the entering ligand, Y, and a suitable platinum(1l} complex, PiL,.

ransPtL,ZX +Y - transPIL,ZY + X . 3)

The mechanism for platinum(il)-catalyzed substitutions of the type shown in reaction
(3) was first postulated by Basolo et al.®, to explain the radio-chloride exchange (1). The
reaction sequence postulated involves the formation of an inner-sphere bridged complex,
which is then followed by a lipand-transfer. This is outlined in reactions (4)-(7) in general
terms for reaction (3), but is fundamentaly the Basolo-Pearson scheme.

PtL, + Y 2% pop,-y (4
X-Ptl,-Z +Ptl4-Y = X-PtL,-Z-PtL,-Y (5)
X-PtLy-Z-PtL,-Y = X-Ptlq +Z-PtL,-Y 6)
X-Ptly 2 X + Py, @)

The.reaction sequence (4)—(7) is consistent with a third-order rate law provided the forma-
tion of the five-coordinate platinum(II} complex with the entering ligand, reaction (4} .is

a rapidly established equilibrium lying to the left. Either the secand or third step of the
sequence is assumed to be rate-determining. Further, the sequence predicts a retention of
Beometric confi gu'ration for the rrans platinum(IV) substrate. Such retention of configu-
ratjon has heen observed in all examples of reaction (3) studied. Also, the sequence pre-
dicts platmum exchange between the catalyst and the substrate. ThlS feature was verified



PtILCATALYZED SUBSTITUTIONS OF Pt!V COMPLEXES 243

for reaction (8) by Cox et al.® using a platinum-193 tracer.
trans—' 95 Pt(en)2C122+ +CI° — rm:ns_Pt(eh)ZClzﬁ-i 4 195 Pt(en),’* +Crr . .. (8)

The rate of reaction (8) at 25°C was found io agree, to within experimental error, with
the rate of radio-chloride exchange of reaction (1}, which had been measured previously *.
Thus, the reaction sequence of (4)—(7) describes not only a substitution pracess but also
a redox eleciron transfer process between platinum(Ii) and platinum(IV).

The purpose of this review is to preser:i the vantage point given the platinum(II)-catal-
yzed reaction path by recent studies. Such a review is timely not only in developing a
mechanistic basis for platinum(1V) substitutions — which is of interest in its own right —
but also from two other viewpoints. First, the substitution process outlined in reactions
(4)—(7) can be visualized as an oxidative addition reaction of the planar platinum(II) com-
plex in which the entering ligand ¥ and the lipand Z from the platinum(IV) complex are
added to the platinum(1I). Oxidative addition reactions of complexes of low ¢oordination
number have been of considerable interest recently in the study of homogeneous catalysis
of certain organic reactions such as olefin hydrogenaiion and polymerization 2324, Sec-
ond, the reaction sequence {4)—(7) is of interest because of the two-electron redox feature.
Inner-sphere processes involving two-electron transfers are presently not well character-
ized. The platinum(I1)—platinnm(IV) reactions present themselves as nearly ideal systems
in which to study such a process.

The present review is based primarily on comparative rate data resulting from a num-
ber of detailed kinetic studies. These data are presented in tables and are followed by dis-
cussion of reactivity correlations. Reactivity dependence on the nature of the bridging,
entering, leaving, and non-labile cis ligands are discussed, followed by solvent and ionic-
strength effects. Finally, attention is drawn to certain side reactions observed in several

studies.

C. RATE DATA

Platinum(il)-catalyzed substitutions of platinum(IV) complexes exhibii characteristic
third-order kinetics, first-order each in the platinum{IV) substrate, an entering ligand Y,
and the platinum(II} complex. Table 1 includes rate constants and activation parametars
for reactions im which the four in-plane [igands in the platinum(IV) complex and those in
the platinum(1I) complex are identical, as in reaction (9).

ransPtL ZX +Y + PtL, - trans-PrL,ZY + X + PtL, - _ ©)

The platinum(ll) complex is regenerated during the course of the reaction and thus is a
catalyst in a strict sense. Table 2 presents rate constants and activzfion parameters for
some related reactions in which the in-plane ligands in the platinum{IV) complexes are
different from those in the platinum(II} complexes. This is shown in reaction (10).

trans-PtL,ZX + Y + PtLy' > sransPtL',ZY + X + PtL, - o)

The kinetics of these reactions are also third-order and the mechanism of reactions (4)—(7)
is still applicable. In fact, the exchange of the in-plane ligands may be offered as evidence
of platinum exchange.
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TABLE 1 . .
Rate data for rrans-PtL,ZX + Y + PtLy > rapsPtL4ZY + X +Ptl4

zZ Y X AN as* k3(25%)  :© u Ref.
kealmol™')  (caldeg 'mol™) (M 2sec”™®) N .

PHNH3)sZ> + Y™+ Pt(NH3),>" = 1ronsPt(NH3)4ZY?" + NH, + Pt(NH;3), 2"

1 T NH, 6 =29 3.9%107 0.016 10
I Br NH3 8 -15 1.2x10° 0.016 10
1 oar NH,3 11 -10 5.6x10° 0.016 10
Br Br NH; 10 -19 1.2%10% 0.22 10
Cl cr NH3 18 -13 1.2x1073 .32 10
od . NH, Very slow 0.0t a9
trans-Pt(NH) 4 ZX 3" + YO + PtNH3)s 2 = mransPy(NH1)4ZY 2" + X0 + Py(NH ). 2*

Cl Br- cr 8 -24 1.1x10% 0.20 12
Br Br- cr 3 -30 _ 1.9x10% 0.20 12
Br Br r 8 -16 s.0x10® 020 41
cl cr a 6.5 0.015 6
a - cr Br 11 -20 6.3 0.20 12
Br ar Br 6 -22 4.2x10° 0.20 12
cl NH cr 6 -37 12 0.37 11
a cr SCN~ 10 -20 2.7 1.10 13
SCN cf SCN™ s -30 1.8x10° 0.20 13
Ct cr Py 6.2x10 0.20 14
Cl Py ci : ¢ ~sx107} 0.20 14
cl NO; o - 3.3(507) 0.235 9
trans-Pt(CH3NH 3}4Cl3 2" + 2 Br + PH(CH3NH )4 >* = trans Pt{CH3NH )4 Bra > + 2 CI” + PH{CH3NH ), 2*
cl Br cr 7 -26 9.6x10'? 0.066 20
rans-PH(CaHsNH2)4Cla 2" + 2Br™ + PU(C 7 HsNH )42 " — rrans-PHC 1 HsNH )4 Bra® + 2C1 + PU(C HsNH, )4 2
al Br™ cr 7.3 -29 1.6x10! 0.066 20
trans-Pt(en)sCla2" + Y™ + Pt(en),®* = rrans-Pt(en),CLY** + CI + Pi(en),?*

ql c 7 -24 3.9x10'20% 1.0 38
Cl NO;  CT 1.0xX101(50% 0235 9
cl Br Cl 6 -27 3.0x10° 0066 20
cl 1 cr 2.5 -29 4.0x10° 100 35
trans-Pt(sn)(1e1)C15 2% + 2Bt + Pr(en)(tet) 2" = trans-Pr(en)(tet)Bro2* + 2CI” + Pi(en)(tety 2"

ct Br cr 9 -32 1.7x1067 100 35
rrans-PH(C-Megen)3Cla 2"+ Y™ + PHC-Megen)a " — trans-PH{C-Megen), C1YZ + CI™ + PH(C-Megen)z "
Cl cr cr Very slow 0.02 6
Ci NO; o - Very stow 0235 - 9
fransPi(en}(NO3)3ZX + Y™ + Pt(en)(NO3)2 = trans-Pt{en)(NO3) 227 + X~ + Pt(en)(NO2)a

cl Br c 5 -29 1.6x102 . 010 21
Ci cr Br C gAx107? 0.10 21

8r cr Br g.4x10 10.005 21
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TABLE 1 (continued)

z Y X - aH* ‘AS* k3259 u Ref.
(kcalmol'')  (caldeg 'mol™) M %sec®) M)

frans-Pt(dien)NH3ZX 2" + Y~ + Pi(dien)NH;2* > trans-Pr(dien)NH32Y ** + X~ + Pt(dien)NH;3*

¢t . B o 4 -33 3.0x10% 010 21
Br ol Br 1.4x10% 0.0025 21
frans-Pt(dien)BrCl;" + Br™ + Pi(dien)Bs* — trans-Pi(dien)BrClBr* + CI” + Pt(dien)Br*

a Br or 6 =27 2.0x10% 0.20 18
trans-Pt(diars)yCla®" + 2Bs™ + Pi(diars),2* = trans-Pt(diars) ;Bra2* + 2CI + Pt(diars),2*

Cl Br cr 6.1 -22 3.2x10° 0.066 20
trans-PHCNYG ZX?™ + Y+ PHCN)42 ™ = trans-PHON)4ZY 2™ + X+ PHCN)4 2~

cl Br cr 2 48 4.5 1.01 22
Br Br cr 0 -4 4.2x103 1.01 22
Cl ¢ Br 6 —48 ~ 2.0x1062 1.01 22
Br o Bf 2 -42 7.2X10" 1.01 - 16
Br Br CN™ Very slow 1.01 40
trans-Pt(NO2)4Br2 2" + CI + Pt(NO,)s ™ > trons-PtNO2)4CIBr ™ + B + Pi(NO )42~ '
Br cr Be -1 64 7.6%107t 1.01 16

4 Extrapolated value from rates at higher temperatures,

TABLE 2
Rate data for frans-PtL4ZX + Y + PtL',; -+ rmnsAPtL", ZY + X + PtL,4

123 ' AH* AS* k3(25%) & Ref.
(kealmoi 1) (cldeg'mnail) M Zsec ) 1(s)

trans-PENH3)4Cl>" + CI + PtL 32 = trans-PIL' s CL2" + O + PE(NH 5) 427

PY(CH N Hy)e 2t 0.5 . 0.066 19
Pe(en) " 8.6 -21 1.5x10%(35%) 0.066 19
Pt{diars), 2" 14.5 -11 1.5(35% 0066 19
trans-Pt(NH3)4Cly > + Br + PAL'"® — grone-PIL'(CIBH ™ + CI7 + PH(NH ) 2"
PL(CH3NH;),** 7.8 =25 _ 4.1x10! 0.066 20
Pt(en);2" 66 -23 9.6x102 0.0656 20
Pr(dien)NH, 2" 59 27 4.0x10? 0.20 i8
Pt(dien)Br" . 1.6 23 - 1.3x10% 0.20 18
Pt(dien)NO," 8.4 -21 1.2x10% 0.20 18
Pt(diars), I+ 9.5 -18 8.7x10'9 0.066 20
rans-PL(NH3)4Bra®" €I + PtL's*" = frans-PtL';CIBr?* + Br + Pt(NH3)52" '
PHCH3NH,Y . 66 =22 1.6x10> 0.066 20
PLC,HsNH,), 2" 70 -24 3.3x10° 0.066 20
Pi(en),?t 4.9 -23 5.3x10% 0.066 20
Pi(diars), ™ 9.2 -10 . 7.5x10° . 0066 20
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TABLE 2 (continued)

PtL's AH® as* k3(25%) ™ Ref.
(kcalmol )  (cal deg 'mol™) (M_zsac ) )

m,,g.pt(cu3nﬂ,) 4Cl3 R+ O + Pt 2 = ansPtL3Cla ™ + CI™ + Pt(CH3NHa)4 2+
Pt(diars)y ** 13 -16 8.5% 101 (35% 0.066 19
trans-PH(CH3NH2)4Cl, 2" + Br + PtL'; 2" = mans-PiL'3CIBe®" + CI + PHCH3NH,)4 2"
Pt(NH3)4 " 7.0 -24 2.1%x10°% 0.066 20
Pt(en), 2* 68 " -21 1.8x10° 0.066 20
Pi(diars); " 19 22 . 1.6x10%7 0.066 20
nans—Pt(CgHSNH2}4C' 2 L ol + PtL Y > ransPiL ClL 2" + CU + PUC,HsNH ) o 2t
Pt(NH3); 2" 10 -20 1.3x10’ 0.066 19
Pt(diars), 2" 9.6 -24 6.6(35%) 0.066 19
trans-PHC2HgNH 2)4Cly 2" + By + PtL's*" = trans-PtL',CIBr** + CT + PH(CaHsNH2)1 2"
Pt(NH3), 2" - 58 -29 1.4x102 0.066 20
Pt(CH3NH 1) Ead 5.6 -30 : 1.0x10%4 0.066 20
Pt(en)z3* 5.7 -25 1.1x102 0.066 20
Pt(diars) 22+ 16 -22 2.6x10% 0.066 20
l’fﬂ'ﬂS—Pt(Cﬂ)gClgz+ +CI +ptl' 2 > !mns-PtL';;Clz.“ +CI + Ptlen)y 2+

Pt{NH3), 2* 8.5 : -29 2.4(35%) 0066 19
Pt(diars);2* 15.8 -14 4.3%10 2359 0.066 19
rrmns-m(en)zch2+ + Br +PtL's2" = frans-PtL 4 CIBr2* + CI™ + Pt(en)» 2"

Pt(NH3), 8.9 ~24 1.6x10" 0.066 20
PHCH NH2 2™ 9.5 -23 6 0.066 20
.rmns-Pt(dm:s) JCL 2T+ 7+ Pl = mrans-PtL'3Cly 2" + CF + Pi(diars), 2"

Pt(NH1)4** 5.0 -34 6.9x10" (352) 0.066 19
Pt(CHzNH,), 2" 4.8 © =36 3.2x 10‘(350) 0066 19
PYC;HsNH),2* 39 41 1.4%10%(35%) 0.066 19
Pi{en)52* 6.1 -30 9.8x10'(35%) 0.066 1§
fransPt(diars)aCly 2" + Bf + PtL’y?" —~ frans.PtL'yCIBr** + Pi(diars)y>* _
Pt(NH3)4** 3.6- . -32 1.1x103 0.066 20
P(CH3NH3) " | 4.9° -30 3.2x10% . 0066 20
PHCH NH,), P 5.4 -28 _ 4.3x10% 0.066 20
Ptfen), ¢+ 40 -32 8.3x10? 0.066 20
frans-Pi(dien)NH;Cla 2" + Br + Pt(dien)Br* — rrans-Pt(dien)BrCIBr™ + CI” + Pt(dien)NH; 2"
Pi(dien)Br" ‘80 . -21 Lxio* 020 - 18
mans-Pt(dien)NO1Cla" + Br + Pt(dlen)Bl‘ = frans-Pi(dien)BrCiBr™ + CI™ + P(dien)NO;"
Pt(dien)Br" 50 -28 9.3x10? 020 18
trans-PI(NH3),Cly + CI + PIL 2f = trans-PtL'Cly** +cx + transPt(NH3),Cl; _
PHNHy)a Y 81 -2 1. 1)(102 0.066 17
P{CH3NH2) ™ 74 . ~-23 - 24x10° 0.066 17
'PuczH.;NH,)4 70, =26 aexi10* 0.066 - 17
Pi(en)?* 17 o -18 Co20x10® T 0066 17

'Pt(d.a:s} > 0 8s Y A2 Coesx10? 0.066 17 -
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TABi..E 2 {continued)

1}

Pri’, AH* AS* k3(25) © mt . Ref
(kealmol™) - (cal deg 'mol™)y (M 2secly. TR

rrans-Pt(N H4),Cly + Hr + PtL 2* > pancPtl’ aClBr + CI” + rmns-Pt(NHs);Ch .

Pt(NH4)42" 6.0 -24 1.3x 103 L0056 17
PH(CHaNHg)4 ™ 5.5 -25 1L6x10®  oces 17
Pt{Czﬂghﬂzh 5.3 29 : 2.9x10° 0.066 17
Pt(en),”" . 5.2 -21 2.4x10° .. 0066 17
Pt(diars),>* 6.3 -1 6.3x10° 0.066 ' 17
trans-PHCH3NH2) 2CL + CI + PIL's ™ > transPIL'4Clp** + CF + fransPt{CH3NH,),Cl,
Pt(NH3), *" 6.5 -27 _ 8.6% 10" 0066 17
PHCH;3NH 3}, 6.2 28 1.7% 102 0.066 17
Pt(diars)7%* 8.0 -15 49x10” 0.066 17
trans-PH(CH3NH)3Cly + Br +PtL'4>" — frans-PtL 4 CIBr** + CI” + trans-Py(CH3NH2) 2 Cly.
Pr(NH3), 2" . 5.8 -25 8.1x10° - 0.066 17
Pt(CH3NH2)4 : 4.9 -28 1.2x10? 0060 17
Pe(diars), 2 6.2 -13 2.9x10° 0.066 17
trans-Pt(NH3z)qBry + CT + PIL"; 2* > praps-PiL 4 CIEs " + BE + trans-Pt(NH3),Bry
PH(CH,NH-~), 2* 4.8 ~24 1.2x% t0? 0.0G6 17
P:(C,H3NH2)4 4.2 -29 2ax10? 0.066 17
Pi(en), 3.7 -21 3.1x10° 0.066 17
P:(dm.rs}z ~1x107 0.066 17

4 Extrapolated value from rates at higher emperature.

D REACTIVITY CORRELATIONS
(i} Effect of the bridging ligand

One of the characteristic features of inner-sphere reactions is the sensitivity of rates to
the nature of the bridging lipand 25:2¢. The platinum(IV) redox substitutions are no excep-
tion. Indeed, the dependence of reactivity on the bridging ligand Z of reactions (5) and
(6) is quite striking. Comparative data from Table 1 for reactions involving the same
leaving ligands X, entering ligands Y, and in-plane lipands L, but differing bridging ligands
Z give the following order of reactivity for Z: I" ® Bi” > -SCN™ > CI” & OH . The reiative
rates for L= NHj; at 25°C and u = 0.2 M are approximately 4.7 X 10%: 400: 30: 1: ~1073
for these ligands. A similar order among the three halide ligands is observed for reactions
(11)%7 and (12)*® which are also believed to proceed by an inner-sphere ligand transfer
process. The relative rates-are much smaller howaver: T > Br~ > CI” with relatwe rates
100:15:1 and 5:2:1 for reactions (11) and (12) respectively.

Cr(NH,)sX?* + Cr(Aq)** +5 H,0 > Cr(H,0)sX? + Cr(Aq)** +5 NH3 (11)
Co(NH3)sX?* + Cr(Aq)** + SH,0 - Cr(H,0)sX** + Ca(AQ)** +SNHy ©  (12)

Coord, Chem. Rev., 7 (1972) 241-255
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As Taube ?? and others®*® have pointed out, the effect of the bridging ligand on the
rate of inner-sphere redox reactions is related to the ability of the bridging ligand to
“mediate™ the electron transfer process. The ligands with lighter donor atoms possess
empty orbitals to facilitate electron transfer only at relatively high energy. The heavier
and more polarizable ligands in contrast have lower energy available orbitals which can
participate in bridge bonding and thus provide an effective path for the electron transfer
process. Indeed, ligands such as NH3 or H,O would not be expected to bridge at all,
while an iodine atom should be quite effective.

The activation parameters collected in Table 1 show that the reactions are character-
ized by negative entropies of activation and relatively small enthalpies of activation. This
behavior has also been noted 22 as a characteristic feature of the inner-sphere process in-
volving a bridged transition state. It may be pointed out that the marked rate dependence
on the nature of the bridging ligand Z results primarily from a favorable A&*. This be-
havior is consistent with stronger bridge bonding in a fransition state involving a good
bridging ligand.

An alternate '?, but perhaps helpful way to visualize the redox ligand transfer process
is to consider the formation of the bridged complex, the redox electron transfer and the
subsequent dissolution of the complex as a nucleophilic displacement on the bridging
ligand Z by the five-coordinate platinum(Il} species of reaction (4). This is illustrated in
(13).

\ /“ \/IV \/ v \/I[
Y-Pt' <Y Z Pt X, Y-Pt— Z &Pt~ X 13
VAN VAN /\ /\ a3

The more readily Z will expand its coordination number to accommodate the electron
pair, the more stable will be the bridged transition state for such a process. Formally, the
process can be considered®® as the transfer of Z* from one platinum center to the other
rather than an electron transfer.

(i} Effect of the entering and leavirng lgands

The variation of reactivity as a function of the nature of the entering and leaving
ligands is not nearly as striking as the dependence of reactivity on the nature of the
bridging ligand. From suitable comparisons among the reactions of Table 1 the order of
reactivity for entering ligands Y is SCN™ > Br~ > CI” > 1" > NHj3 ~ NG, ~ Py. The rela-
tive rates for L= NHj3 at 25°C and p ~ 0.2 M are approximately 800:85:4:3:1:~1:~0.5.
The order ofreactivity for leaving ligands X is Py > Br > SCN™ >Cl” > I > NH; » CN~
while relative rates for L = NH; at 25°C and p ~ @ 2 M is approximately 5 X 10*: 5 X
107:2X 10%:1.7X 10%:450 : 1 : < 107>, Aside from the rather large effects for NH,
and CN as leaving ligands, the reactivity dependence on both the entering'and leaving
ligands is small compared to the dependence on the bridging ligand. The lower reactivity
of NH; and CN™ leaving ligands is likely. due- to the strength of the Pi-NH; and Pt-CN
bonds. Examination of activation parameters for comparative reactions in Table 1 re-
veals that the difference in both entering and leaving ligand reactivity are often a result
of nearly compensating differences in AH* and AS*. Such behayior suggests that a combi-
naiion of effecis including differences in solvation, bond strengths and donor capability,
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are responsible for the reactivity variations, rather than any fundamental features of the
bridged redox pathway. For example, the order of leaving ligands generally correlates

with the stability of the platinum(iV) substrate with the more stable complexes being

the less reactive. The order of entering ligands is similar to the reactivity of Y in planar
platinum(1]) substitution reactions (with the exception of a lower reactivity for iodide).
The order of the rates for cliloride replacement by Y in frans-Pt(py), Cl,* is SCN™ > 1~ >
Br™ > CI" ~ NQO; ™ ~ NH; ~ py. Perhaps the similarity is not too surprising in view of the
assaciative first step of the redox substitution mechamsm reaction (4), and the assocm-

tive pathway presumed for platinum(l) substitutions *2

(iii} Effect of the non-labile cis ligands

Although the ligands L cis to the X-Pt-Z-Pt-Y axis in the bridged complex of reactions
(5) and (6) are formally “non-participating” ligands in the redox substitutions, they exert
an influence on reactivity nevertheless. Both steric and inductive electronic effects of
these ligands appear to be important. The former is a direct consequence of the geometry
of the bridged complex; bulky in-plane ligands are expected to hinder bricge formation.
In the case of the latter, bonding to the entering, bridging, and leaving ligands are all af
fected by inductive effects, particularly those which serve to alter the net charge on the
platinum centers.

The steric effect of L can be seen from a comparison of the reactivity of ethylene-
diamine (en), N,N,N'N’-tetramethylethylenediamine ethylenediamine (en)(tet), and
tetramethylethylenediamine (C-Me;en) complexes in Table 1. The large differences can
be ascribed to blocking of bridge formation by the bulky N-methyl or C-methyl
groups %935 It seems reasonable to presume that steric blocking is more important for
the platinum(1I) complex than the platinum(IV). The Pt{C-Meen)},** cation is probably
an ineffective reductant for all platinum(IV) complexes. On the other hand,
trans-Pt(C-Megen), X52* complexes may well be quite reactive, either with an unhindered
platinum(il) complex, or by another reaction pathway. The Pt(en) (tet)Cl;2* complex,
for example, reacts with bromide by a non-catalyzed path. This latter reaction has been
ascribed to a direct reductive attack on coordinated chloride by bromide 3%

The data of both Table 1 and Table 2 show that reactivity differences among a variety
of complexes containing nitrogen donor amines are faiily small. For example, comparable
reactions of complexes with Ly = 4C,HsNH,, 4CH;NH,, 2en, 4NH;, (dien)A (dien =
diethylenetriamine; A = NH;, NO, or Br), (NO,),(NH,)., and Xo(NH5), (X =CI or
Br) span a factor of about 20 in rate. It is also noteworthy that the effect ot charge on
the substrate and catalyst compiexes is smali'®. This is shown by compzrisons among
reactions of {dien)A, (NO;)2(NH3),, and X,(NH3), c0mplexes Some representative
data are collected in Table 3.

If the donor atom of L is changed, or if the electronic structure of the ligand is altered
from the simple o-donor type in the case of the amine complexes, a pronourced effect on
reactivity is observed. Comparisons from Table 1 show the following reactivity order for
L: %(diars) > NH; > CN_ > NO, . The relative reactivity at 25°C is approximately
8X 10°:3X 10°:70: 1. The enhanced reactivity of the o-phenylenebis(dime thylarsine),
(diars), complexes has been azcribed to the formation of a more stable five.coordinate

Coord. Chem. Rev., 7 {1972) 241-.255
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TABLE 3

Rate constants at 25°C for some amine complexes N
trans-PAL ClpM + PLLY™ + Br — trans-PtLYBrC1™ 4+ PtL7 + O

PI(IV) substrate PtL’™ 10 %k3(25°) »n Ref.
. - M2y Gn
Pt(dien)NH;Cl, " Pt(dien)NH; > 3.0 0.10 21
Pt(dien)NH;C1,%* Pt(dien)Br” 7 0.20 18
Pt (dieniNO (15" Pt(dien)Br" 9.3 0.20 18
Pt (dien}BrCl,* Pt(dien)Br* 2.0 0.20 18
PLNO)(NH )20, Pt(NO,)2(NH;), 1.6 0.10 21
Pt(NH4)3Cl4Cl4 Pt(NH3)q2* 1.1 0.066 17
Pt{CH3NH .};Cl1;Cl, Pr{NH ;) 2" 8.6 0.066 17

complex between the entering ligand and the platinum(II} complex'”. In fact, some
kinetic evidence has been found for the Pi(diars), Br* complex in methanol solution?2.
The lower reactivity in the case of the CN™ and NQ, complexes is a result of the highly
unfavorable entropy of activation (~ —40 cal deg™* mol™ for CN™ and ~ -60 cal deg™*
mol ! for NG,). This is likely partly due to the greater solvation requirements of the acti-
vated complex which would have a 5- charge compared to a 3+ charge for ammine com-
plexes involving dipositive substrate and catalyst complexes and uninegative entering
ligands.

The ligands L also affect the relative reactizity in another way. Cemparison between
the relative reactivity of a bromine and chlorine atom bridging ligands for corresponding
amminz and cyano complexes show that the rate ratio Br : Cl™ for the ammine ¢complexes
is 350:1 while that for the cyano complexes is 1800:1. Similar behavicr has been noted 29,
for reactions of the trans-Pt{NH;), X,2* or #rans-Pt(NH; ), X4 (X = CI” or Br’} complexes
with chloride in the presence of different platinum(II) complexes (Table 2). The relative
rates for Br: CI” for several ammine complexes are 440-660 for the former, and 50—170
for the latter, while relative rates for Pt(diars),>* are 12,000 and 1800 respectively 2°. The
greater sensitivity of the rates on the nature of the bridging ligand for the cyano and di-
arsine complexes has been interpreted *°+2? in terms of elecironic inductive effects. The
cyano and diarsine ligands by virtue of their r acceptor capabilities tend to increase the
positive charge at the platinum centers and thus enhance binding of the anionic bridging
ligand in the bridged complex: The greater bridge bonding would certainly place more
stringent requirements on the nature of the bridging ligand.

An interesting linear free encrgy correlation has been presented recently for several
reactions of the type in reaction (9) employing several different ligands L'®. Values of
AG* from 1ate studies were plotted against AG® obtained from some equilibrium mea-
surements; these plots were linear with slopes of about 0.5. This correlation was intei-
preted as indicating a similarity betvreen the bridged activated complex and products
when the products are less stable than reactants®®.
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E. SOLVENT AND lONIC-STRENGTH EFFECTS

Most kinetic studies on platinum(1l)-catalyzed reactions of platinum(IV) complexes
have been in aqueous solution. Where ionic-strength effects have been investigated, they
have been consistent with primary salt effects, viz. increasing the ionic strength causss an
increase in reaction rates. Ionic-strength effects are generally fairly small for reactions of
cationic amine complexes but appear to be somewhat larger for reactions of anionic cyano
and nitro complexes %22 This is consistent with the higher charge on the activated com-
plexes in the latter cases.

TABLE 4

Solvent effects on rate constants at 25°C4

Solvent k3(25°)
O Fsec )

trans-Pt(en) (NO3)2Cl, + Br -* rrans-Pt{en) (NO;),ClBr + CI[™

H,0 160

CH;OH-H,0(50:50 by vol.) 26

CH3OH-H,0(89:11 by vol) 4.4

dioxane-H,0(50:50 by vol) 4.8
rans-Pten)(NO ;)2 BrCl + CIT > frens-Pt(en) (NO3)5Cl; + Br
H40 8.8

CH30H-H,0(50: 50 by vol.) 2.0
trars-Pt{en)(NQ4)gBry + CI > trans-Ptlen) (NO 3} BrCl + Br
H;0 B.ax10?
CH3OH-H,0(50:50 by vol.) 13%x10%
rans-Pt(dien)NH3Cl42* + Br — rrans-Pt{dien)NHLC1Br? " + CI”
H,0 300

CH,0H-H,0(99:1 by vol) 3200

rans-Pi(dien)NH3Br; 2 + CI = frans-Pt(dien)NH;BrC12* + Br-
H,0 i4xi0?

CH,OH 4.2x10°

4 Data taken from refl. 21.

Studies in non-aqueous solvents are limited. Some data gathered by Syamal and
Johnson?! for reactions in water, water—methanol and water—dioxane mixtures are collec-
ted:in Table 4. The reactions of the rrans-Pt(en) (NO;)2 X, complexes decrease in rate
as the solyent polarity is lowered while the rates of the reactions of frans-Pt(dien)NH; X, **
increase as the polarity is decreased. These data have been interpreted?! in terms of the
extent of association of the entering ligand with the platinum(Il) complex, the rate en-
hancement for reactions of the cationic complex suggesting an appreciable degree of asso-
ciation. However, [rom the observed rate law, no appreciable fraction of the platinum(il)
complex was associated ever. at 0.10 M halide concentration in 99% methanol.

Coord. Chem. Rev., T (1972) 241-255
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F. SIDE REACTIONS

In several kinetic studies of the platinumtl[)»cata]yzed replacements of platinum(IV) com-
plexes, rate laws obtained contained an additional term beyond the usual third-order term.
Under conditions used to study the platinum(il)-catalyzed paths, these additional terms
wure generally small in their contribution to the overall reactions. Nevertheless, the prod-
ucts of thege other pathways appear to be the same as for the catalyzed path. The side
reactions noted to the present have been of three characteristic types: (i) platinum(II)-
independent reactions, (ii) entering ligand independent reactions, and (iii) reactions
greater than first-order in entering ligand. These three types of side reactions will be dis-
cussed briefly in turn.

TABLE 5
PlaZsnum(II)independent reactions

Reaction E2425°) r Ref.
M 'sec?) ()
Pt(NH1)5I7" + CI” = trans-Pt(NHs )3 IC1?* + NH; 1.0X 1072 (359 0.016 10
Pt@UH3) 1% + Br = trans-Pt(MH;)4IBr>" + NH; 5.0x10°! 0.016 10
PeNH3) i + 17 = trans-Pt(NH3)41,2" + NH, 4.0X10 (387 0.016 10
trans-PtNH3)4CIBr> + Bf = trans-P(NH3)4Br, 2t + CI” 1.0x1072 0.200 12
trans-PHNH )4 (SCNI}CIZ* + O = trans-Pt{NH2)1Cl2 3 + SONT  2.7x107%35% 1.10 13
trans-PHCNY4CIBr 2™ + Br™ = frans-PH(CN)4Br;2 + CI” 2.5%10°t 101 22
trans-Pt(en) (tet)Cl,2* + 2 B > frans-Pt(en) (tet}Br,> " +2C°  2.0(54%) 1.00 35

(i} Platinuni(IT }-independent reactions

Platinum(II}-independent terms have been found in the rate laws for the reactions listed
in Table 5. For these reactions rate laws of the type given in eqn. (14) were found.

AfPtaAV)] fde = {kz + ks [P(ID]} [Y] [Pr(AV)] (14)

Values of &, are listed in Table 5. In many cases it was acknowledged that they are less
precise than values of k4, and in somme cases the observed platinum(lI}-independent path
was of such magnitude that it could have been caused by a platinum(1l) impurity of only a
few percent in the platinum(IV) samples. However, where temperature dependence was
investigated, the k5 platinum(Ii)}-independent path showed considerably larger values of -
AR* than the corresponding k3 path %22, In these cases also it is not completeiy certain
that the paths are simply Ffirst-order in Y. Clearly, additional careful study of these reac-
tions is required. :
A mechanistic iinterpretation of the platinum(II}-independent path is admittedly spee
ulative in view ol the available rzute data. The data are consistent with a direct replace-
ment reaction, though the dependence on the nature of Y is puzzling. It is interesting:
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that the magnitude of k, s largest for Y = Br™. A direct reductive attack on coordinated
halide by the entering halide has also been suggested for these platinum(IH)-indepenuent
reactions**

{ii) Entering-ligand-independent reactions

The rate law for the bromide replacement of reaction (15)
trans-Pi(CN)4Bry >~ + CI” - trans-P(CN); CIBr>~ +Br~ (15}

contained '® a term which was independent of CI™. This rate law is given in eqn. (16);

~d[rans-Pt(CN) Br,* " Hdr= {ky + k5 [CT] } [Pt(_fCN)fF] [irans-Pt(CN)4Br,*7] (16)

the value of k, was found io be 7.8 M~ 1sec™! at 25°C and u = 1.01 M. A related kinetic
behavior was observed 17 for reaction (17) where k, was reported as less than 4 X 1072 M}
at 25°C and u = 0.066 M. 17

trans-P(NH;3 )2 Clg + Pt(py)s 2* + Br™ = zrans-Pi(py)s CIBr** + rrans-Pt(NH; ), Cl, + CI”

Tke chloride-independent term for reaction (15) was interpreted as solvent (water) parti-
cipating as an entering ligand!®_ This perhaps is not unreasonable since the activated
complex would be reduced in charge. Solvation requirements would thus be less stringent
for a complex of 4- charp2 compared to 5- for Y = CI', The replacement of the water
molecule must be rapid, leading to product. This process could be a direct replacement
of water by chloride, although a platinum(ii)-catalyzed path ecannot be ruled out. The
only requirement is that this replacement be faster than the incorporation of solvent.
The'behavior for reactions (17) was ascribed!” to unfavorable desolvation of the
Pt(py)a?* complex.

[iii} Reactions greater than first-order in entering ligand

Two examples of reactions which exhibit a greater than first-order dependence on the
entering ligand Y have been reported !3:2* . Both of these reactions involved cationic
platinum(IV) substrates. Reaction (18) was studied** in water while reaction (19) was

studied?! in water and water-methanol solutions. These reactions showed rate laws of
the type in eqn. (20). -

trans-Pt(NH3)5(SCN).** + CI” = trans-Pt(NH3), (SCN)CI** + SCN” (18)
{nars-Pr(dien)NH, Cl,>* + 2 Br™ — trans-Pt(dien)NH; Bry*v+2CI (19)

-d[Pt(AV)]/de = {k3 + & [YT]} [PAD] (Y} [PAV)] (20}

Values reported for k, at 25°C for reactions (13) and (19), respectively, are 2.5 X 102 M
' (u=0.20M)and 1.7 X 102 M2 sec™! (u=0.10 M), The greater than first-order de-

pendence on the entering ligand for these reactions was attributed 1%3? to the fon'natlon
of platinum(IV), Y~ ion pairs of the type mrans-Pt(NH;)a(SCN), 2", CI” or
trans-Pt(dien)NH; Cl, **, Br. lon pairs have been reporied in related systems »34 for ex
ample trans-Pt(en),Cl, 2", CI, trans-Pt(en);Br; **, Br™ and rans-Pt{lNH3 ), Br,**, Br.
Coord. Chem; Rev., 7 (1972) 241255
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G. -'concwsmns

The relatively wide variety of pIatmum(II)-platmum(IV) systems which are susce pnble
to investigation have provided considerable data for reactivity correlations. These correla-
tions focus attention on the more intimate features of the redox ligand-transfer reaction
pathway. Considerable information has thus been obtained from the platinum{ll)— .
platinum(IV) systems. Indeed these reactions may be of the nature of prototypes for pos-
sible redox substitution pathways in other metal complex systems. For example, several
reactions of rhodium(III) have been found %37 to be accelerated by reducing agents,
and bridged reaction paths involving unstable rhodium(l) complexes have been postulated.
QOther possible systems where such a pathway might be important inciude iridium(I)—
iridium(111), palladium(Ib)—palladium{IV), and gold(I)—gold(III).
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