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A. INTRODUCTION 

Much work has been reported in recent years dealing with the kinetic behavior of nickel, 
palladium and platinum complexes, mainly as a consequence of the introduction of new 
techniques for studying fast reactions’s * . The purpose of the present review is to present 
an up-to-date outline of what has been achieved in this area. The great amount of infor- 
mation now available-in the literature is such that some restriction of the material to be - 

reported was necessary. For this reason several kinds of process, such as intramolecular 

rearrangements, rotation and inversion reactions, catalytic and intramolecular oxidation- 
reduction reactions3 -’ 2, will not be considered here. 

The review is divided in two parts. The first (Sect. B) will consider reactions in which 
the central metal atom of the complex retains its oxidation state; the second @ct. C) will 

*No reprints available. 
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consider oxidation-reduction reactions. The article is further subdivided on the basis of the 

oxidation state of the central metal atom. This was found convenient because the reaction 
mechanism, the reactivity and the configuration of the complexes usuaUy change with the 

oxidation state of the centraI metal atom. 

B. SUBSTITUTION, ISOMERIZATION AND RELATED REACTIONS 

(i) ZerovaIen t metal complexes 

A great number of zerovalent metal complexes of the nickel triad are well known2 3-2 * . 
The kinetic investigations carried out so far on these compounds are concerned mainly 

with tetrahedral nickel (0) complexes, whereas those of palladium (0) and platinum (0) 

have been relatively little studied2 g-3s. 

These complexes undergo substitution reactions through a dissociative mechanism, 

leading to the formation of a tricoordinate intermediate in the rate-determining step. 

Slow 
ML,---tML, + L (la) 

fast 
ML, + L’ -ML,L’ Cm 

According to this mechanism the reaction rate is found, in a given solvent, to be first-order 

in the complex and independent of the concentration of the entering ligand, with rate 
constants and activation parameters independent of the nature of the entering group (see 

for example the data for CO exchange and substitution of Ni(CO)4 by PPh3 in Table 1). 

The entropies of activation are always positive, also in reasonable agreement with a disso- 
ciative mechanism. Evidence for the occurrence of a tricoordinate intermediate has been 
obtained by means of competition experiments32 in which C* 8O and PPh3 were allowed 
to react simultaneously with Ni(C’ 60),. It was found that the rates of CO-exchange and 
PPh, substitution were both lower than the rate of the reaction with either &and individu- 
ally. However, the sum of the two rates was equal to the rate of the reaction of Ni(C’ “O), 

with CO or PPh, alone. This is explained by mechanism (11, where CO and PPh, react 

competitively with the tricoordinate intermediate after the rate-determining step. 

The rates of substitution reactions of zerovalent metal complexes are very sensitive to 

the nature of the non-leaving groups coordinated to the central metal atom. For example, 
the rate of CO exchange in nickel(O) complexes of the type Ni(CO)n(PR3)4_n varies in 

the order Ni(CO), > Ni(CO),(PR,) > Ni(cO)2 (PR 3 ) *, and this trend is related to an 
increasing Ni-C strength3’ in going from Ni(CC& to Ni@I& (PR& - The rates are also 
strongly dependent on the nature of the leaving group, as is expected when a dissociative 
mechanism is operating. Thus, the rate of substitution of phosphines of 
Ni(CO),(PR,), @Rg = PC1,.I?(CH, CH, CN),,PPh,, P(n-Bu),P(OEt),,P(OPh),) _ 
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Rate constants nnd xtivation paramctcrs for substitution reactions of zcrovafcnt metal conlplexcs of the nickel trtad 9 
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Complex Entering group I k AH* AS” Solvent Ref. 
$ 

-I Z 
(“C) (set ) (kcal.mcWL) (c;ll.dcg-’ .moIc-t ) 5 

Prw__l--__-_r-__-__ -P--w-- 
E 

Ni(CO), CO 25 1.83 x w2 22,l 7.7 a 32 wF 
25 1.07 x Io-2 24.0 13.1 Mlexanc 32 ? 

I'Pll, 25 1.02 x 1O-2 24.2 13.5 ~2-~l~~~n~ 32 
E 2s 6.87 X 1O-3 2Gh 20.9 Cyclohexane 33 

25 1.94 x w2 20.4 2.0 Tolw~c 33 E 

25 2.03 X lO-2 22,3 8.4 T~lucnc 32 !z 
Ni(PI: 3)d C,N I I NC 47.2 3.22 x IO+ 29,l 13.8 n-!leptanc 35 

47.2 
$ 

6.16 X IO--’ 28.4 10.7 Tolucnc 35 u 
WPI: 3)4 C,W, ,NC 13,3 1.1 x w2 24.4 17.6 ~2-~i~Xan~ 35 F 

13.5 2,21 x 1K2 22s 12.3 Tolucnc 35 
Ni(P(OEt)& 3.77 x w6 

% 
C,H, ,NC 40.8 32,l 18.8 &l-lCXklfIC 34 2 

40.8 9.68 x IO+ 26b2 1,3 Bcnzenc 34 
g 

Pd(PKW& P(OU), -10.5 8.5 22.4 31.2 Tolucnc 34 

PtWJW3h P(OEt), 51 1.3 26.2 22.3 Toluene 34 
H -_---_ - -- - --- y-__~ 

a Reachon curicd out m the gaseous phusc. ;F! 

5: 
9 
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usually decreases with increasing basicity of the leaving ligand, i.e. PCl, B P(CH2CH2 - 

(CN)3 = PPh3 > P@-Bu),*. Only the complexes with phosphites react more slowly than 

would be expected on the basis of the basicity of the leaving phosphite. This has been 
ascribed to an increase of the Ni-P bond strength with respect to that expected from c- 

bonding only, possibly due to n-bonding effect? ‘. The contribution of cr- and ;r-bonding 
to the metal-ligand bond strength is also considered to be responsible for the change in 
the rate of substitution reactions of M(PRs)a (M = Ni, Pd, Pt; PRa = PF3, P(OEt),) with 
phosphines, phosphites and isocyanides, when M is changed3 4 r3 ’ _ The reactivity of these 
complexes is in the order Ni < Pd > Pt, and this trend is mainly due to the fact that the 
enthalpy of activation for the rupture of the M-P bond varies in the order Ni > Pd < Pt. 
This is also regarded as being the relative order of the M-P bond stren,@h and is considered 
to arise from CT and n contributions to the M-P bond. The IC contribution, which is very im- 
portant in metal (0) complexes, decreases 36 in the order Ni > Pd > Pt. The strongest 
a contrrbution is expected to be encountered for platinum, regarded as the most electro- 
negative of the triad. Thus, the lowest bond strength encountered for the pailadium (0) 

complex, and therefore its highest reactivity, is attributed to the small tendency of 

palladium to r-bond and its intermediate tendency to a-bond- On the other hand, the 
reiatively higher bond strength encountered in the nickel (0) and platinum (0) complexes, 
and their lower reactivity, is primarily due to the greater tendency of nickel to n-bond and 
to that of platinum to o-bond. 

Although the specific role of the solvent is not yet clear, it has been ascertained that 
it affects the rate of substitution reactions of zerovalent metal complexes of the nickel 
triad. An extensive investigation on the effect of the solvent upon the rate of substitution 
reactions of Ni(CO), with PPh, has shown that the rate constants do not show any defr- 

nite dependence on the dielectric constant of the solvents3 3. The use of better parameters 

for the solvent polarities3’ does not give any satisfactory correlation. However, a rather 
significant solvent effect on the activation parameters is observed (see Table 1) on going 
from aromatic solvents, such as benzene and toluene, to non-aromatic ones, such as hexane 
and cyclohexane, a lower enthalpy and entropy of activation being observed in the former 
solvents. It is believed that an interaction of the aromatic solvent with Ni(CO), in the 
transition state does assist the dissociation of a CO group, thus contributing to the lowering 
of the enthalpy of activation. This interaction also restricts the freedom of the aromatic 

molecu112, thus also lowering the entropy of activation. 

(ii) Bivdent metid eumpZexes 

(a) Spare-pianar cumpIexes 

(1) Rate Law and mechanism. Many kinetic investigations have been carried out on 
nucleophilic substitution reactions of square-planar complexes of the nickel (II) triad. The 
entering group in these reactions can be either a mono- or a multidentate ligand, e-g_ 

-* However, steric effects can also be important26. 
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MX,+Y+MX,Y+X (2) 

MX, f L-L 3 MX,L-L + X Pa) 

L 
MX3L-L-+&M +X 0 L 

In the latter case the rate-determining step is usually the substitution of the first leaving 
group, whereas the ring closure is normally a fast step3’ J’ _ 

These substitution reactions usually follow a two-term rate law 

Rate = k, [complex] -5 k2 [complexj [y] (4) 

where k, is the’first-order rate constant for a solvolytic path and k, is the second-order 
rate constant fbr a direct bimolecular substitution path. Rate law (4) can be regarded as 

typical for square-planar complexes, although some examples of anomalous behavior are 
reported in the literature 4o Well documented evidence is now available for the assignment _ 

of an associative reaction mechanism to both the k, and k, pathways4 * -43 _ A recent 

evaluation of the volumes of activation for the solvolysis of [PtCl, ] 2 - (- 17 ml.moIe- 1 ) 

and [Pt@JH,)Cl,] - (-14 ml.mole-‘) in water44, and for both solvolytic and bimolecu- 

lar substitutions of #ans-[Pt(PEt,), Cl, ] with bromide in methanol or aqueous methanol 
(-28 mlmole- ’ and -27 ml_mole- ’ for the two pathwaysj4 5 provide further evidence 
to support an associative mechanism for these reactions. The highly negative values of the 

volumes of activation show that bond formation is the dominant feature for the transi- 
tion states of both solvolytic and bimolecular paths. 

The reaction mechanism 

S Y Y S 

2 
LL7M--L: + Y + 

IL L/‘_ L 
Ly+--x - “,I, ., 

I’, l !i 
;p9?--- -_5 

ey + y 
L:iM 

X X 

It 
P 

/ (5) 

AL_ 
L:7M. 

L _M/; +y--x IL .*s,L 
‘/ : L:7r-S - ‘:, y, 

X X + Y 

implies a five-coordinate transition state generally believed to have a trigonal-bipyramidal 
structure, with the entering l&and, Y, the leaving ligand, X, and the group L, , originally 
trans to X, in the trigonal plane. The reaction mechanism is better described in terms of 
an associative A (or sN2 lim) mechanism, also implying alabile five-coordinate intermediate 

which can be fo&ed before (Fig. l(a)) or after (Fig. l(b)) the rate-determining step4 6s 4 ‘. 
The existence of stable five-coordinate complexes of nickel (II), palladium (II) and platinum 

(11)48--1, supports the associative mechanism. Direct evidence of the occurrence of five- 
coordinate addu&s in the course of these reactions has been obtained in the nucleophilic 
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b 

\ 
M -Y+X 

Reach cocrdlnate 
Fig. I. Reaction profdes for tile displacement mechanism of square-planar complexes. invoIvi.ng an 
unstable five-coordinate intermediate, X-M-Y. (a) Bond breaking is rate-determinmg; (b) bond 
making is rate-determining. 

substitution by dithiolates” of square-planar nickel (II)-dithiolate complexes, 
Although an associative mechanism is normally operating in the nucleophiiic sub- 

stitution reactions of square-planar complexes, there are also some cases of sterically 
hindered complexes whose kinetics are better explained by a dissociative mechanism (see 

p. 142). 

(2) Role of th e entenirggrmp_ Information on this point is mostly available for reactions 
of platinum (II) complexes- As a general trend, the bimolecular reactivity of the different 
nucleophiles is mainly reIated to their polarizability, whereas basicity towards a pro- 
ton is of little importance. A few attempts to correlate the second-order rate constants, 
k with nucleophilic reactivity parameters quoted in the literature for the single entering 

gfdup were not very successful 5324 . For this reason it has been found convenient to devise a 
nucieophilic scale for platinum (II) complexes, related to the reactivity of the single 
nucleophiles towards rrans- [Pt(pip), Cl,] , taken as a standard substrate, in methanol at 

30°C (or 25°C) 5 3 3s 4 . The nucleophilic reactivity constants, n&, in this scale are given by 

(6) 

where kY and kz are the second-order rate constants for the direct replacement and for the 
solvolytic path (ky = k,/[MeOH] ). The values of nit measured for several nucleophiles 
are collected in Table 2, 
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TABLE 2 

Ihe values of n& 

Nucleophile n:t 

CH,OH o.oo” 

arPicoIine 2.2 

%4*N0&$%& 2.@ 

Ci- 3-04 

NI% 3.07 

Piperidine 3.13 

Amlinc 3.16 

Pyridinc 3.19 

~C4cIG&& 3.21 b 

NO,-- 3.22 

SIC$5 12 3.22b 

SfGjW ~~C6~) 3.25b 

%4(4’FCd%4)2 3.30b 

~~~~~~~~~~~~~~~~~~~~~ 3.3lb 

WI-I,C,Iq, 3.43 

Imidazole 3.44 

N3 
- 

3.58 

S(C&) t4-CH3mfjH4) 3.64b 

S@~-CH~C~%Z)~ 3.68b 

%4~H30C6H& 3.73173 

NH,QH 3.85 

s@-OEIC,H& 3.8Sb 

NH,NH, 3.86 

C,H,SH 4.15 

Br- 4.18 

SWNHKsH& 4.27 5 

u Data from r ef. 54 except where footnote b is indicated. 

b Data from ref. 55. 

Nucleophile 

SK,&), 

POUCC, I% 1213 

XCH $2 

PO(OCH,), - 

SK& 15 

%CH, 14 

SnCl,- 

I- 

SeCCH,C,H,l, 

WCH& 

SCN- 

sos2- 

‘6% lNC 

SwJ&h 

MC&& 

SeCN- 

CN- 

c6H5s 

SCM-I, Jz 

PKKH,), 

‘2O3 2- 

MC$& 

RC,f-I,)3 

phn-c4H913 

P(C$I,), 

Gt 

4.52 

4.54 

4.87 

5.01 . 
5.02 

5.14 

5.44 

5.46 

5.53 

5.70 

5.75 

5.79 

6.34 

6-79 

6.89 

7.11 

7.14 

7.17 

7.17 

7-23 

7.34 

-7.68 

8.93 

8.96 

8.99 
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Fig. 2. Correlation of the second-order rate constants, ky, of the nucleophik substitution reactions of 
platinum (II) complexes with the nucleophilic reactivity constants, & for different nucfeophiles: 

[Pt(en)Cl, ] in H,O at 35*C (0); trons-[Pt(AsEt&C12 ] in MeOH at 30°C (0); rrans-[Pt(pip),Cl, ] in 
MeOH at 30°C (A). Data from ref. 53 

The values of log k, for a great number of uncharged square-planar platinum (II) com- 

plexes are correlated with the nucleopMic reactivity constants, nz,, by the relationship 

log k, = SF& + log k: 01 

where the constant s, called the nucleophilic discritninatiun factor (N.D.F), is a measure 
of the discriminating ability of the substrate towards the entering ligands. The consistency 
of such a relationship is documented by the examples of plots of log k, against n& re- 
ported in Fig. 2, The values of s for some complexes are reported in Table 3, Although 

relationship (7) holds for a large number of complexes ad for several nucleophiles, im- 
portant deviations are met when biphilic nucleophiles, i.e. those able to behave both as 
nucleophiles and electrophiles, react with complexes either charged or containing good 

7r-acceptor ligands, such as phosphines4 OF ” - 

Very little information is av$lable about the effect of the entering group upon the 
substitution reaction rates of palladium (11) square-planar complexes- There is, however, 

some kinetic evidence which seems to indicate that the order of reactivity of the different 

nucleophiles towards palladium (II) is the same as that found for platinum (II). For exam- 
ple, *~fis- [Pd(M-I&& 1, cis- and trans- [Pd(NH& (NO? )2 1 and [Ft(en)Cl, ] react with 
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TABLE 3 

Nucleophilic discrimination factors, s, of some platinum (II) complexes in methanol 

131 

Complex 

fnms- jPQY),CT, 1 30 l-00 53 

pans-[Pt(PEt,),CI,] 30 1.43 53 

trcns-[Pt(AsEt,),Cl, 1 30 1.25 53 

rrans-~Pt(S(sec-Bu)2)zclz] 55 o-57 53 

trans-[Pt(SeEtt)#?i2 1 30 1.05 53 

trans- [F%(pip),Cl, ] 30 0.91 53 

OQ~S- [ Pt(PEt,) (pip) Cl, ] 30 1.15 57 

buns- [Pt(4-CNpy)2Ci2 ] 30 1.1 58 

&n’~ [pt(bCipy)2 ci2 ] 30 1.033 58 

*QnS- [Pt(4-CH 3pY)2 Cl2 ] 30 0.955 58 

lPt(en)q I 35 O-64= 53 

UwbiPY m, 1 25 0.75 56 

[Wbipy) (N02)ClI 2s O-87 56 

[Pt(bipy1 (N$l] 25 0 95 56 

[ Pt(bipy) (SCN)Cl] 25 1.3 56 

=In water. 

some nucleophiles with a rate decreasing in the order6’ thiourea >py > glycine > aniline 

> Hz 0. On the other hand a reactivity order6’ SCN- > I- > ljr- > Cl- > Hz 0 is found for 
[Pd(acac)z ] . Both th ese sequences parallel the order of the nucleophilic reactivity constants, 

4* - 
It has already been pointed out that the basicity is of little importance in determining 

the reactivity of the nucleophiles towards the complexes under consideration. However, the 
extent of its contribution has been determined by reacting platinum (Ii) and palladium (II) 
complexes with an-tines and thioethers. The second-order rate constants62 -7z for amties 

having the same kind of steric hindrance are related to pK, according to eqn. (8), and 
those for thioethers are related to basic@, expressed in terms of the sum of the Taft cr* 
values of the radicals bonded to sulfur, according to eqn. (9). 

logk, = “NPKa + cN 

log k2 = % c-==“) + cs 

GO 

(9) 

A linear relationship has also been found by plotting log k, of the reactions of LW_ZS- 
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[Pt(py), Clz ] tith 4,4’-&substituted deph~ny~~ioe~ers in methanol against ZC+, , where 
oP are the Hamrnett substituent parameters of the para substituentsS5. Besides basicity, the 
extent of steric hindrance of the tines is ;Jso important in determining their reactivity. 
Some investigations carried out by using substituted pyridines as entering groups have 
shown that the kind of steric ~ndranc~ does affect ody CN and not q~. Each Z-sub- 
stituent is found to change the value of CN by a constant amount, A, so that the relation- 
ship operating in these cases is 

c NGz)-- 'N(rz ’ )= (n’ -+A W9 
(FZ and ZI’ are the numbers of 2-substituents (0, 1 or 2); A is a measure of the steric effect 
of one Z-substituent in lowering the bimolecular reactivity of substituted pyridines to- 
wards a given complex) ” . The lower reactivity of Z-substituted pyridines, with respect 
to the 3- and Qubstituted derivatives, seems to be due to a higher enthalpy of activation 
related to a greater difficulty experienced in the formation of the five-coordinate interme- 
diate when the entering group exhibits steric hindrance near the pyridine nitrogen’ 3. Ta- 
bles 4 and 5 report data regarding the dkcrimination parameters, cus and &N, together 

with the steric hindrance parameter, A, for some complexes. 

TABLE 4 

Discrimination parameters, as, of some palladium (II) and platinum (II) planar complexes reacting 
with thioethers at 25°C 

Leaving graup 

Cf- 

ci- 

Cl- 

NO,- 

N3- 

3-CQ?Y 

~NPY 

4-CH3PY 

PY 

4-clPY 

4-ciPY 

WiPY 

PY 

PY 

Solvent 

~lethanol 

XidWIOl 

Methanol 

Methanol 

Methanol 

1,2-Dimethaxyethane 

1 ,ZDimethoxyethane 

1,2_Dimethoxyethane 

1,2_Dimethoxyethane 

1,2-Dimethoxyethane 

1,2-D~methoxyethane 

1,2_Dimethoxyethane 

1,2~D~~th~xye~a~c 

1,2-Dimethoxyethane 

“S Ref. 

1.25 68 

O-47 68 

2.7 68 

2.6 68 

2.6 68 

0.8 69 

0.8 69 

0.8 69 

0.76 69 

0.29 72 

0.18 72 

0.02 72 

0.28 72 

0.02 72 
-- 
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TABLE 5 

Cl-- 

PhS(C~~~~SPh 

PhS(CH, 1,SPh 

PhS1(CH2)#Ph 

PhSQ.3, I2 SPh 

PhS{CH, Y&SPh 

PhSfCH, jz SPh 

PhS(CH,j2 SPh 

PhSKH, I2 SPh 

i-Pr, S 

i-Pr2s 

x- 

N3- 

SCN- 

NO,_ 

Cl-- 

WPY 

4-clPY 

4-cIPY 

Methanol 

1 ,~-Dimeth~xy~~~tan~ 

l,~-D~meth~~y~than~ 

1,2-Dimethoxyethane 

i ,2-Dimethosyethane 

1 ,Z-D~rn~tho~y~th~n~ 

I ,243imethoxyethane 

1,2-Dimethouyethane 

I ,2-D~m~~~~yetha~~ 

~,~-Dimethoxy~tha~~ 

1.2-Dimethoxyethane 

Hz0 

H2° 

H2O 

HZ0 

30 

H2O 

ho 

f32O 

0.06 1.0 67 

0.14 66 

i&u9 66 

0.14 1.6 64 

0.22 2.4 71 

0.28 70 

0.3 70 

0.36 70 

0.42 70 

0,139 2.48 65 

0.132 2 35 65 

m-0 1.6 63 

-0 1.75 63 

-0 1.45 63 

w-0 1.4 63 

0.25 1.5 62 

0.075 72 

il.24 72 

0.34 72 

Aztiough the Linear free energy relation~p (8) has been found to be vatid in several cases, 
it does not always hold7 3 - ’ ’ . For example, the second-order rate constants of the reac- 

tiC%lS 

[Ptfdicn)X] ’ + am + [Pt(dien) (am)] ‘+ f X- 

[Ptcl, ] * - + am + [Pt(am)CI 3 ] - f Cf- WI 

do not show any correlation with the b&city of entering amines of constant steric form. 

Nevertheless, in these cases too, less sterically hindered amines exhibit higher reactivities. 
There is little information about the effect of the entering group on the rate of substitution 

factions of planar nickel (II) complexes. However, some data are available concerning 
this effect in the reactions of square-planar nicke1 (II) complexes yielding o~t~~~~~ con+ 

plexes. The mechanism of these reactions is not yet well understood, but it is assumed to 
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involve an associative mechanism, by analogy with the usual kinetic behaviour of d8 square- 

planar complexes. The steric hindrance of the entering group also appears to be kinetically 
very important in these reactions as has been shown in the substitution reactions of planar 
[Ni(trigIycinate)] - with amines, carboxylates and aminocarboxylates’* . An interesting 
chelate kinetic effect has been found in this reaction when the entering group is a mul- 
tidentate aminocarboxylate ligand. These groups are found to react much more quickly 

than monodentate Bgands”. In such a case, the reaction seems to involve a fast reversible 
substitution of one carboxylic group of triglycinate by one end of the entering ligand, and 
the rate-determining step is the subsequent reaction of the intermediate so formed, e.g. 

[N:NI(trigIycinate)] + N. 1V-dl Meen 
fast 

- 
stow 

products 
03) 

Important chelate kinetic effects have been encountered also in substitution reactions of 
INi( ] * - with multidentate amine ligands7 ’ _ 

(3) RoZe oftire leavinggroup. The importance of the effect of the leaving group on the 
rate of substitution reactions of square-planar complexes was first recognized in the re- 
actions 

[Pt(dien)X] n* + py + [Pt(dien)py] ’ -I- + X”- 2 (14) 

whose rates were found to change in the order” NO,- > H, 0 > Cl- > Br- > I- > 

N,- > SCN- > NO, - > CN-. Further data are now available in this connection. Some 
of these are reported in Table 6 They are in reasonable agreement with the order of re- 
activity Cl-” EWE I-2 N,-> SCN- > NO,- > CN-. The comparable reactivity for 
chloride, bromide and iodide as leaving groups has been rationalized in terms of bond 
making being rate-determining (profile (b) of Fig. 1) so that bond breaking is of little 
kinetic importance_ The large dependence upon X of the reactivity for the other leaving 
groups is ascribed to bond breaking becoming rate-determining42. The influence of the 
basic@ of the leaving group on the reactivity of square-planar complexes of the nickel 
triad is now well recognized. Examples are the replacement of Woetiers from [Pt(bipy)- 
(RSR’)Cl] + by several nucleophiles’ ‘, the substitution of arnines from @ans-[Pd(am), - 
Cl, ] by thioethers” g and the substitution of phosphines’ 6 from planar trans- [Ni(I’R3)2 - 
@KS), ] by bipy_ It is generally found that the second-order rate constants decrease with 
increasing basic@ of the leaving group. Good linear relationships are generally found be- 
tween log k-, and the values of pK.a (or &J*) of the single leaving group. 
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(4) Cis and lrans effects, Ligands bound in positions cis or tram to the leaving group may 
play an important part in determining the reaction rate. Many experimental data are avail- 
able in this connection as well as satisfactory theoretical treatments87-g1 _ The strongest 

effect is caused by the tmtzs ligand. This trans effect was originally intended to describe the 
@as direcr%zg influence of a ligand upon the ease of replacement of the ligand truns to it. 
On preparative chemistry grounds only it has been possible to define the following order 
for the trans effect’ ’ : 

CN-, CO, C2 I&, NO > thiourea, PR3, SR2 > NO*- > I- > SCN- > Br- > 

I== Cl- > NH3, py, RNH2 > OH- > HZ0 

From a kinetic point of view it is more adequate to consider the effect of a ligand upon the 
rate of substitution of the group frons to it, i.e. the so-called Zabirriing rruns effect_ A few 
sequences of the labilizing truns effect for platinum (II) complexes are reported in Table 7. 

These, and other data reported in the literature4 I -’ 3, lead one to define the following 
order for the labilizing tarrs effect for platinum (II) complexes: 

Olefins N NO N CO = CN- > PR3 N H N thiourea > CHS- > Ph- > SCN- > 

>N02- >I- >Br- >Cl- >NH3 >OH- >H,O* 

The data available on the labilizing tram effect on square-planar palladium (II) and 
nickel (II) complexes are relatively limited. However, the information available seems to 
indicate behavior similar to that found for platinum (II). For example, kinetic studies of 
the ammination of chloroaminepalladium (II) complexes have shown that ammonia ex- 
hibits a labilizing UU~ZS effect about ten times greater than that of chloride’ ’ 3. Also, a 
sequence NO, - > Cl- > H,O has been derived ’ 04’ 1 OS from a kinetic study of the acid 
hydrolysis reaction 

trans- [Pd(NH& LClln+ + Hz 0 + tram- [Pd(NH?)z L(Hz 0)]‘2+1 f Cl- W) 

AU these data parallel the order of the trans effect found for platinum (II). 
A recent study of the kinetics of substitution reactions of planar nickel (Ii)-dithiolate 

complexes with dithiolates and with cyanide has provided important information on the 
pans effect in the reactions of nickel (II) complexes’ ’ _ The order of the trans effect has 
been found to parallel the increase of delocalization of the n-electron density from the 
nickel 4pZ orbital caused by the rrczns ligand. A high n-electron density delocalization is 
thought to cause a high stability of the fiv+coorcLinate adduct which is formed prior to the 

bond-breaking step. This would then lead to a high rate of reaction. 

Pi interactions appear to be an important factor in determining the tram effect of a 

*tMo~ detailed information concerning the fruns effect of the mono-olefins or phosphines can be derived 
from Table 7. 





138 A. PELOSQ 

ligand. For example, Table 7 shows that good n-acceptors such as phosphines and olefms 
exhibit a high tnzns effect. However, rr interactions are not the only factors influencing 
the t~ans effect. For example, H- , a very weak ~-a~~~Ftor but a strong o-donor, exhibits 

a high trans effect. It is now generally accepted that both o and R contributions play an 
importurt role in determining the frans effect9 ’ *’ I . 

Much i~fo~~a~o~ is also ROW available on the effect of the ligands bonded cis to tie 

leaving group in determining rates of substitution. Although some exceptions are 
knowngg’ ’ O*, a l&and usually has a less marked effect on the rate when it occupies a 
c& rather than a trans position, provided steric effects are not important, 

One of the first investigations of the cis effect was a study of the kinetics of the reac- 
tion 

&- fpt(PEt& RCl] + py + cis- fPt(PEt& Rpy]+ + Cl- 

where R is an organic radical or the chloride ion ’ 3. The order of the cis effect found for 

R in this reaction is 

R: C& > p-tolyl > Ph > Cl > o-tory1 > mesityl 

kR-R. 36 
-. 1 

kyt-cI 
3.0 2.3 1 5X BY3 2.5 x lWS 

A comparison of the data for the first four iigands with the data of Table 7 shows that the 

cis effect is less marked than the tram effect. A more marked cis effect is exhibited by the 

u-toIyf and mesityi ligands and is ascribed to the effect of steric ~~dra~ce on the reaction 
center caused by the o&o methyls. 

Rather interesting information on the cis effect has been obtained from kinetic studies 
of the reactions 

by using several groups L bonded CI’S to the leaving group, It has been found that the order 
of the cis effect is also dependent on the nature of the entering group. For example, the 
order of the cis effect is PEt, < AsEt, < py < pip when the incoming ligand is a rather 

poor nuc~~oph~e5 3, such as NO2 -, and pip < py f PEt 3 < AsEt J in the case of good 
nucleophiles, such as SeCN- and thioureaf06-f08. This inversion of the trend has been 
apItied on the basis of the effects of the cis Ggands in iabilizing the Pt-CI bond and in 
determining the electron density at the reaction center’ O9 3 i z ‘. Measurements of ” C1 
nuclear quadrupole resonance frequencies 1 o 9 have shown that cis ligands progressively 

weaken the M-Cl bond in tram- wb Cl2 ] compounds (M = Pd, Pt) in the order 

PR, < AsR, < py < pip. This is also the order found for reactions with weak nucleophiles, 
*d is consistent with the fact t&at bond breaking is rate-determining in these caSes (profile 
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{a) of Fig. 1). A nearly opposite trend is found for reactions with good nucleophiles 
where bond making is rate-determining (profile (b) of Fig. 1). in this case an order 
PR3 > AsR3 > py > pip should be determined by a decrease of the electron density 
on the reaction center due to -rr-withdrawal in the order p1-w~~ > AsR, > PRS. 

The change of cis effect order by changing the nucleophilic power of the entering group 
can be described in terms of different discrimination parameters, s, CY~ and as, for the 

substrates, according to eqns.(7). (8) and (9) (see for example Fig.2 and Tables 3,4 and 
5). Analogous behaviour has also been observed for the frans effect. For example in re- 
action (18), where R = CH3, Ph, Cl, 

tmns- [Pt(PEt& RCI] f Y”- + trans- [Pt(PEt& RY] ’ -n + Cl- (181 

the trms effect order CHJ > Ph > Cl is observed with poor nucleophiles (see Fig, 3) whilst 
with good nucleophfies the order’ ’ ’ is Cl > CH3 > Ph. In order to avoid the dependence 
of both cis and trans effects on the entering group it has been suggested that these effects 

should be defined in terms of the discrimination parameters. According to this proposal a 
higher rrans effect is exhibited by b-ms ligands causing a lower ability of the substrate to 

discriminate bktween the entering-ligands (i.e. the order of the pans effect parallels the val- 
ues of l/s)’ ’ ’ , and a larger cis effect is exhibited by cis ligands causing a higher ability of the 
substrate to discriminate between the entering groups (i.e. the order of the cis effect 
parallels the values of s and aN ) * 5 B Actually, the discrimination parameters can be very _ 

useful in gaining information about the effects of cis and trm2s ligands upon the kinetic 
behavior of square-planar complexes, but their use to describe cis and trurls effects is not 
consistent with the conventional definition of these effects. In fact, the parameters s and 
aN do not provide information about the cis and 2r~~n.s effects in terms of reactivity- For 

example, the reaction 

trans- [fd(4-Clpy)2 X2 ] + am -+ trans-[fd(4-Clpy)(am)Xz] + 4-Clpy (1% 

shows an order of cis effect I > Br > Cl (see Table 5) when expressed in terms of “N, but 
the order is Cl > Br > I when expressed in terms of reactivity towards any of the entering 
amines so far considered 72 . To avoid confusion between the different terminologies it 
seems much better to retain the usual defmition related to reactivity for cis and tiuns 
effects, in spite of the possible changes of order with the entering group. The effects 
related to the discrimination parameters could be indicated more properly as cis and trms 
discrimination effects. 

The cis discrimimtion effect seems to depend on the nucleophiIic power of the cis 
&and causing this effect. Indeed, there is a gene& paraIIe’iism between s or aN for a given 
complex and the nucleophilic reactivity constants, n& , assigned to tie cis ligand$ 6 9’ o 9’ 2 _ 

Also, the basicity of the cis ligand is found to play only a small part 

ability of the complex to discriminate between &e entering groups_ 

in determ ming the 

l The discrimination parameter for the thicuzthers68*6g*72 does not seem to give orders of the cis ef- 
fect consistent nrith those reIated to s and to acw 



Fig. 3. Effect of the trnns ligand upon ky of t+ans-[Pt@Et&RCI] in. methanol at 30” C as a function 
of the nuckophilic reactivity constants, npt, for different nucIeophiles. Data from ref. f i 1. 

(‘51 Sterr’c e_@%cts of coorcYin&ed Zz&znds. Steric hindrance caused by ligands bonded to the 
central metal ion strongly affects the rates of reaction of square-planar complexes. For exam- 

pfe, the first- and second-order rate constants, kl and k2, of thiocyanate exchange and sub- 
stitution of fPt(AA) (XX), ] complexes with thiourea (AA = diamine) decrease with 
increasing steric hindrance of the diamine, i.e. in the order 1 1 2 - r 1 4N,N’-Me2 en >N, N’-i-Pr, en 

XV, N’-Ph2 en. The complex with the unhindered en group occupies an anomalous Position 
in this sequence, being the least reactive member of the series. However, this Mornay cfis- 
appears when the effect of the steric hindrance is discussed in terms of the enthalpy of acti- 
vation rather than in terms of reactivity at a given temperature’ 1 4 _ Other examples of the ef- 
fect of steric hindrance on the reaction rates are shown in Table 8. From the first two exam- 
ples it is found that ste~c~~drance caused by a bulky ligand is ~net~c~ly more ~~ort~t 

when this is bonded c& rather than trans to the leaving group. An important effect is also 
exhibited by steric hindrance in the leaving group. This has been shown by studying re- 
action {3-O) in methanol cir n-hexane’ 2 *. 

z&z& [PtCf, (PR;)(NHR’,“)] + f’ 4C] NHR;’ (20) 

In such cases a change in the steric b~~dr~ce of the phosphines, trans to the leaving group, 
causes only a small decrease in the first- and second-order rate constants in the order” 2 * 
PM+ > PEt, > PkJ?r)3, the total change being less than three-fold in going from PMe3 

to I’@-Pr)+ A greater effect is observed by changing the steric hindrance of the leaving 
goup. In fact the rate constants kL and k2 for the reaction of ZFZZ~S-[PtC~2(P(n-Pr)3)- 
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(NHMe,)] with NHEt, are respectively 15.7 and 60.5 times higher than those of the com- 

plex ~a~s-[PtC~2(P(n-Pr)3(NHEt;!)]. 

Steric hindrance can also modify the reaction mechanism, For example, reaction (ZI), 

(X = Cl, Br, I; Y = Br, I, SCN, NO*, NJ ; MA = substituted diethylenetriamines) follows a 

simple first-order rate law, without any bimolecular contribution’ 1 8 l 1 ” , when AAA is 

a strongly hindering Iigand such as Me5 dien, Etddien, MeEt4dien. 

[Pd(AAA)X] + + Y- + [Pd(AAA)Y] + + X- (21) 

The first-order rate law for these sterically hindered complexes is better explained on the 

basis of an interchange dissociative mechanism, rather than an associative mechanism 

involving a molecule of solvent in the rate-determining step. Square-planar complexes 

displaying such behavior are called pseudo-octahedral complexes. 

Pseudo-octahedral behavior is also exhibited by tram- [Pt(PEt3)2 RCI] (R = o-tolyl, 

mesityl), and is ascribed, at least partially, to the steric hindrance caused by the orrho 

methyls at the reaction center ’ 4 = ’ ’ ’ s In fact these complexes have rates of reaction 

which are independent of the entering group even when this is a good nucleophile such as 

I-, SW-, PhS-, S,O, ’ - However, a contribution dependent on the entering group is _ 

operating in methanol and in DMSO when the incoming l&and is cyanide, selenocyanide 

and thiourea. The fact that such a contribution is absent when other good nucleophiles 

are used has been taken as an indication that the pseudo-octahedral behavior of these 

compIexes does not come only from steric hindrance. It is believed that a strong 

o-donation of R- also contributes towards prevent&g a bimolecular attack_ Biphilic 

nucleophiles, such as CN-, SeCN- and thiourea, would still react through associative 

pathways, owing to their ability to delocalize the charge from the reaction center throu& 

n-interactions’ * ‘I [Pd(Et,dien)Br]+ also reacts with S,0,2 - in water12* and with 

chloride and iodide in MeCN (ref. 123) showing a second-order contribution to the rate, In 
the first case the high nucleophilic reactivity of thiosulfate (12:~ = 7.34) and the formation of 

an ion-pair are believed to overcome the steric strain caused by the bulky l&and. In the 

second case the bimolecular contribution is probabIy favored by a high reactivity of chlo- 

ride and iodide in MeCN, due to their lower degree of salvation under these conditions- 

There are several other cases in which reactions of sterically hindered complexes display 

second-order rate laws. However, an associative mechanism does not operate in these cases. 

For example, the second-order rate law observed for the reaction 

pd{Et,dien)(Hz0)]2++Y”* +fPd(Et,dien)Y]2-n +H,O (22) 

has been explained in terms of an ion-pair associative ligand interchange mechanism 

(SIq2IIy? [Pd(Et,dien)SeCN] + also reacts with several nucleophiles through a second- 

order contribution to the rate 1 ’ 4 _ However, the order of the rate constants does not 

parallel the nucleophilic power of the entering ligands, measured in terms of n&, showing 

that this is not the determining factor for the rate of the k, path_ This also makes an asso- 
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ciative me&anism rather unlikely. e me~~~srn operattig in these reactions is thought 
to involve the’fdrmation of an intermediate by the fast reversible opening of one or more 
of the chelate rings owing to the steric strain caused by the iarge selenium atom bonded to 

~~~~urn (If) fear the bulky Et, N- ends of Et,dien* A ~u~leo~~c attack of the in- 
com~g ligand on such an ~te~ed~ate would be the rate~ete~~~~g step. 

ce of the steric effect of selenium in ~~erati~~ this rne~h~~srn is &a inferred 
from the fact that the tfritxy ata complex, [~d~Et~~en~~~~~ +, does lnot react t~rou~ 
any bimolecular path, thus ~~~a~~~ as a pseudo-oct~ed~~ complex’ 2 ‘. This behavior is 
consistent with the fact that the sulfur atom, smaller than setenium, does not create suf- 
ficient steric strain. 

(6) ~~~~e~~ effect, The solvent plays a double role in the reactions of pfanar c~rn~~exes~ 
being a reaction me~um as welf as a nu~I~o~h~~ (for the kl reaction path of ~~indered 
c~~~~~~~s~*~~~~ ~fo~atio~ on s subject relates to &e rea~~u~s of ~lat~um (11) corn- 
pfexes, 

The solvent effect on the k, term is documented in Table 9_ No c~r~~lat~o~ is found 
with either the polarity or thf: solvating abiMy of the S&RX&S, thus show&g that these 

factors are not the most ~rn~~rt~t in d~te~~~~ the rate of the k, path, ~~cle~p~~city, 
however, is an important factor, as expected for an associative mechanism. For example, 
a gener trend ~~SQ > Hz 0 e MeNO, > ROW is encountered for k, e ‘T’he rela~vely 
high value found for DMSO is ascribed to tie fact that this s&ent is a good m.tcleophil~* 
towards ~~a~~urn (II). On the other hand ~e~~~ also gives relatively high values of k, 

:: 
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TABLE 9 

Solvent effect on the nte of the s~lv~ly~c path at 25°C of tfte: reactions of some platinum (II) com- 
plexes 

Gomptex Solvent 4 
fsec -I 3 

Ref. 

13111s0 

H,@ 

MeNO 

EtcHi 

MeOH~ 

?Z-PrOH 

DMSO 

fCH&CQ 

DMF 

AcCN 

MeNO, 

hleOH 

EtOH 

I-BUOHC 

MeOE-IC 

EtOIF 

DhlSO 

ICH,),CO 

MeOH 

3.8 x 2O-4 126 

3.5 x Nr5 126 

3.2 x 1W5 126 

1.4 x W-5 126 

1 x lW-+ 106 

4.2 x NY-6 126 

7 x 10--” 128 

8 x l0-5 128 

4 x 10-J 128 

3 x lo-s 128 

2.5 x xu-s 128 

1.2 x 10-5 I27 

7 x Wtj 129 

f.2 x 10-4 129 

5 X IOU5 129 

3 X lir5 129 

2 x lo+ 130 

* lo-” 130 

-2x Ii)--’ 53 

Q These data refer to tram-[IWNH&ICJZ 10 
b v3kxi at 30°C. 
c ValIles at 4oQc. 

owing to its bipMic behavior, which m&es it able to interact via F-bonding with the ten- 
tral metal atom. The lower values found for water and aIcoho’ls are in agreement with the 
weak ~u~~eop~ic nature of their oxygen atoms towards platinum (If). There is now Iittle 
doubt that the solvent effect on the k, of unhindered compIexes is related to the occur- 
rence of an associative mechanism for the solivolytiic reaction path. There are, however, a 

few recent results on the aquation of tiatis-pt(NH,), Cl, j (ref. 13 1) and ~;is-[pt(NH~)~- 
Cl, ] and fpt(en)C~ ] (ref. 132) in aqueous organic solventi which are believed to be better 

exp~~ned in terms of a ~ss~~ative me~h~sm. 
Data on the effect of the solvent upon the second-order rate constant, k,, were or&$- ’ 
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nally obtained by measuring the rate of chloride exchange in trans- [Pttpy)* Cl21 in a 
variety of solvent2 * 6. The bimolecular rate constants were found to decrease in the 
order Ccl, > C,H, > m-cresol = t-BuOH = CH, ClCH, Ci > EtOAc = (CH,), CO 
> MeCN > DMF. Such a trend was explained by assigning a higher reactivity to Cl- in 
a solvent with poor ion soivating ability, such as Ccl, or C,H,. In good solvents, such as 
DMF or MeCN, the chloride ion would be less reactive, being more solvated. An extensive 
investigation on the solvent effect has been carried out by reacting trans-ptb X2 ] with 
several nucleophiles in protic’ 2 ’ as well as in dipolar aprotic solvents’ 2 ’ 9’ 3o - A rather 

interesting result is that the nucleophilic reactivity order remains the same regardless of 

the nature of the solvent, showing that the polarizability of the nucleophile is much more 
important than the nature of the solvent in determining the rate of substitution of plati- 
num (II) complexes. The solvent, however, does influence the nucieophilic discrimination 

factor, s, which is lowered in going from protic to dipolar aprotic solvents, regardless of 
the platinum (H) complex employed*. This last consideration suggests that the change in 
s arises main!y from changes of solvation of the entering group. Although there are indi- 
cations in favor of this hypothesiss * , it is not certain, for example, that the solvation of 
the leaving group on changing the solvent is kinetically unimportant when bond breaking 
rather than bond making is rate-determining. On the other hand, indications in favor of a 
kinetically important solvation of the leaving group appear to have been obtained by 
studying the rate of the substitution reaction of rrans- [Pt(py& Cl2 ] with bromide in 
H, 0-DMSO mixtures’ 3 3 . This is at least an indication of how a complete understanding 
of the effect of the solvent upon the bimolecular reaction pathways of planar complexes 

is far from achieved. It is not yet clear what the different factors contributing to the 
overall effect are. For example, the conformation of the solvated complex in solution is 
not yet defmitively known. Although this is usually believed to contain two molecules of 
solvent above and below the molecular plane, some evidence seem to indicate that in 

many cases only one molecuIe of solvent is present in the fifth position’ 34 _ Among the 
several factors that can influence the rate, and one that has not yet been properly inves- 
tigated, is the prorile of the reactic” which can change from (a) of Fig. 1 to (b) when the 

solvent is changed. 

f?,J Effect of the cemrul meral ion. Few data are available concerning the effect of chang- 
ing the central metal ion on the rates of reaction’of square-planar complexes of nickel 

(II), palladium (II) and platinum (II). The most significant of these are collected in Table 

10. It is apparent that the rates of substitution of similar complexes decrease in the order 
Ni > Pd > Pt approximately in the ratios 105 - ’ : 1O3-5 : 1. Although these ratios are 
largely dependent on the particular substrate and also on the particular entering group, the 

order Ni > Pd Z+ Pt is always observed in the nucleophilic substitution reactions of low-spin 
square-planar complexes under consideration. This order is likely to be due primarily to 

the greater ability relative to platinum (II) of nickel (II) and palladium (Ii) to add a fifth 

* No data are available relating the solvent effect to discrimination parameters CwN and aP 
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Second-order rate constants, k,, of some reactions of similar square-planar complexes of nick& (II), 
paXadium (II) and platinum (II) at 2SaC 

Reacting mixture M Solvent kz 
(i. mole-‘. SeC-f) 

Ref. 

~wzs- [MCPEt $2 (mesityl)CI] + py 

Pd 

Pt 

Pd 

Pt 

Pd 

Pt 

Pd 

PC 

Pd 

Pt 

Pd 

Pt 

Ni 

Pd 

Pt 

Ni 

Pt 

33 

<4 x l@ 

2.23 

2 x lW3 

4 

7.8 x 1F4 

r.x102 e 

I x l0-5 e 

7.4 x lof 

5.28 x 1O-3 

6.8 

I.15 x 1o-2 

3.3 x 10f e 

5.8 x IO--t e 

6.7 x IO-” e 

2 x 10-2 e 

1.24 X 1O-6 e 

PO3 

40 

135 

136 

103 

40 

II8 

47 

65 

65 

71 

64 

93 

93 

93 

93 

93 

dIonicstrerlgth 1 fw, 
b Ionic strezxgth 0.318 M. 
’ Icnic strength 0.279 M. 
‘Values at 45°C; ionic strength 2+46 X 101-2 fig 
e kg (sec-z )* 

&and. The formation of five-coordinate intmnediats, prior to the rate-determining step, 
in tile nu~~~op~~c substitution of nickel ~II~-di~u~ates by ~~iolatess 2, supports this 

interpretation, 

181 ~~~cZCQ~ CU~~Z~X~S. Several binucfear com~kxes of pz4ladh.m (II) and plrttinum (II) 
are well. Icmwn and characterized1 3 7 - 1 3 g but few of these have been subjected to kinetic 
investigation ’ 4o - z 4 * . Some attention has been devoted to the reactiotis of binuclear 
&dbwm (If) ccmplexes with amines and with olefms. These reactions are found to obey a 

two-term rate law similar to that fobwed by square-planar ccmpkxes; viz_ 
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Rate = k, [complex] + k, [compXex] [y] (24) 

Such a rate law is consistent with the fact that both the metal ions in these binuclear com- 
plexes are involved in a square-planar configuration. Both k, and k2 reaction paths are 
thought to involve a binuclear process in which a solvent molecule or the incoming 

nucleophile, respectively, participates in the rate-determining step by attacking one plati- 

num, leading to the cleavage of one Pt-X-Pt bridge. 

CQD = 1.5 - CyClOOCtad~ene 

- 
(25j 

[Pt rcac?, W-J + pt sr*) 2- 

The reaction rates are affected by the same factors found to be operating in the square- 
planar complexes_ For instance, higher rates are found for olefms rather than for amines 
as entering groups. Also, the trans effect is qualitatively the same. This is shown, for example 

by the fact that the reaction rate of [Pt#( n-Bu)& Cl41 is higher than that of 
[Pt, (pip), Cl, ] , the first containing a phosphine ~ra~zs to the leaving group with a higher 
tram effect than piperidine. In these complexes, however, this effect is less important 

than in mononuclear planar complexes, as appears from the fact that [Pt, Br,] ’ - reacts 
with pyridine more quickly than [Pt,I, ] 2-, although iodide usually exhibits a higher 

trans effect than bromide, This result is also an indication of the importance of the Pt-X 

bond strength in determining the reactivity of the substrate’ 4o _ A general feature of the 
binuclear complexes is their higher reactivity compared with that of the corresponding , 

mononuciear compounds. This is because the four-membered ring 

is rather strained, so that the cleavage of one Pt-X-Pt bridge is easier than the breaking 

of a single Pt-X bond. 
The chloride exchange of [Pt, (C, H,), Cl, ] in ethanol has a rather peculiar mecha- 

nism* 4 3. In this case the complex is completely solvated in solution according to reaction 
(26), thus behaving as though it were mononuclear. Moreover, in the presence of free 
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chloride it is in equilibrium with [Pt(C, H4)C& f - according to reaction (27). 

~~(C*~~~~C~~~ + 2 C&&H+ 2 trans-[p;fC,~~)c1~(C~~~oH)l (26) 

imrzs- [Pt(C, H&l, (Cp Hs OH)] f Cl- + [Pt(C, H&f3 ]- + Cz Hs OH (27) 

Although binuclear species do not appear to be present in solution in detectable amounts, 
they must be involved in some step of the overall reaction, as suggested by the form of the 
rate faw for tie chloride exchange 

Rateex = k[PtfCzH,)C1,-] [ tram-Pt(& H4)C12(C2 H&H)] (28) 

Other examples in which binucIear platinum {II) complexes are thought to participate in 
reactions of platinum (II) compfexes are represented by the [PtBr, ] * -lcatalyzed bro- 
tide exchange af both [PtBr, ] ’ - (ref_ 144) and ~Pt(dien)~r ] + (ref_ 145). 

(9) C.S-titrans &ome~.&tion_ Square-planar complexes of form&a [Mh ?& ] and [M(LL’), ] 

are known to occur as geometric isomers, with the possibility of interconversion of the two 
forms, cis and tiuns. The best examples are found in platinum (II) complexes, where be- 
cause of their sta~i~~y and inertness it is possible to isolate botfi the c& and ~QRS forms, 
Examples of geometric isomers are atso known for nickel (II) and paffadium (II)’ 4 6y1 4 ‘, 

but in these cases the separation of the two forms is usually very difficult because of the 
high lability of these complexes leading to the isolation of only the more stable or the more 

easily separable isomer. 
Until very recently data for c&--~~~s ~some~za~~o~ of planar complexes referred only 

to therrnodynarnic I 4 ’ - 1 5 ’ and photochemical st;udies 152~LS3. It was known that iso- 

merization can occur only in the presence of catalysts, which are usually uncharged 
tigands id~~ti~~~ to those ~oor~~at~d to the central metal ion’ 4 ‘2 54. Such a catalyzed 
cis-~~~zs isomerization was believed to occur through a double displacement mechanism- 

The first stage was thought’ 5 s to involve the replacement of an X- group by a moIecuIe 
of catalyst, L, to form [RL,X] +X-, and the second stage the entry of X- with dispIace- 
ment of L. 

1 
t-Pt-x 

f 
X 

X 

I 
L-Pt-L 

I 
X 

t\ l *-* 
l/---Pi'-L 

* L - 

I 
x 



The ~~ne~at~yzed isomerization of&-- [Pd(am), CL, ] (am = substituted pyridines) in 

I,Zdimethoxyethane has been found recentfy to follow a second-order rate law, first-or- 
der either in palladium (IL) and in free amine, and has been regarded’ ” as evidence in 

favor of mechanism (29). However, very recent kinetic investigations of c&-trans iso- 

mediation carried out on reaction (30) (L = phosphine; X = Cl) do not support such a 
mechanism’ 5 ?. 

In this investigation the free phosphine, L’, present in catalytic amount, was either the 

same as or different from that contained in the complex. Andysis of the kinetic results 
has indicated that the isomerization must proceed much faster than the phosphine ex- 
change. Therefore, the double displacement mechanism (29) cannot be operating in these 
cases because it w~uid imply figand exchange at every ~some~atio~. An ~ternatjve 
m~ch~ism for the catalyzed is~me~zat~on has thus been proposed to account for the 
resufts obtained . ’ ’ ’ It involves an association of the cataiyzt, L’, with the compiex and 
fixation of eve-coordinate a distorted five-coordinate state in which L’ oeeupies a 
unique position, perhaps due to a long Pt-L’ bond. This distorted state undergoes fiux- 
ional change which interconverts the position of L and X and leads to isomerization, 
whereas the catalyst, L’, retains its identity. 

Uncatalyzed ck-~~~s isomerizations usually do not occur. However, c~~-~Pt(P~t~~*- 
(o-tolyl)CI] is Z&O found to undergo isorne~z~~i~u in the ~&~~ence of any catalyst’ 5 8 _ 

Its isomerization follows a first-order rate law and is lowered when free chloride is added 
to the reaction mixture, The rate constant in the presence of chloride is gjven by 

k,=- 
% 

k[Ci-f + 1 

IIn order to explain the effect of added chloride on the reaction rate, a two-stage mecha- 
nism involving two Iabile three-coordinate intermediates of unknown structure,“‘&” and 
“&zns”, has been suggested. 

CIS - [PM PEt~l~b-t13fyl I Ci] 
kd 

,p *cis* + cr- 
k-d 
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Only tetracoordinate nickel (II) provides examples of high-spin tetrahedral as well as 

low-spin planar complexes, with possible interconversion between the two forms. While 
much work15g-‘62 h as b een done on the stability of the two structures and on the equi- 

librium of the interconversion 

Tetrahedral Cparamagnetic) *planar (diamagnetic) (33) 

few kinetic investigations have been carried out on substitutions of tetrahedral complexes 

and on the dynamics of the interconversion. In this connection, some quantitative infor- 
mation is available for complexes of formula [Ni(PR, jz q 1. These complexes are known 

to be square-planar or tetrahedral according to whether trialkyl- or triarylphosphines are 
coordinated to the central metal ion, while complexes bearing dialkylarlyl- or diarylalkyl- 
phosphines can lead to the coexistence in solution of both diamagnetic and paramagnetic 
forms159,1 63 _ 

Kinetic investigations on the tetrahedral complexes have been concerned with the ex- 
change of phosphines of [Ni(PR3)2 X, ] in CD& (PR, = P(u-tolyl)3, PPhs ; X = Cl, Br, 

164-166 
1) - These reactions obey a second-order rate law, first-order both in the complex 

and in the free phosphine. A bimolecular process involving a five-coordinate activated 

complex, probably with trigonal-bipyramidal structure, accounts for this reaction order. 

The entropies of activation, always highly negative (-20 to -25 cal.deg- ’ mole- I, 

except in one case) are in agreement with such a mechanism, There is still little informa- 
tion about the effect of the phosphines in determining the reaction rates. The effect of X 
is better known, the reactivities of complexes with different X being found to decrease in 

the order Cl > Br > 1 in all the cases examined. This order is thought’ 6 ’ to be determined 

by increased Ni- P n-bonding in going from chloride to iodide, as a consequence of in- 

creased n-donation from the halogen to the nickel in the order C1< Br < I. However, some 
doubts on the full validity of this interpretation arise from the fact that the enthalpies 
of activation are in the order Cl > I > Br, whereas an order I > Br > Cl would be expected 

in terms of 52 effects’ 6 6. 

The kinetic behavior of the tetrahedral-planar interconversion of [Ni(F&)2 X, 1 com- 
plexes (PR, = several phosphines; X = Cl, Br, I) in CDCl, or CD, Cl, is now well docu- 

mented168-1 ‘I When these interconversions are carried out without addition of free 

phosphine a first:order rate law is observed. The addition of phosphine to the reaction 

mixture increases the rate of interconversion, owing to the operation of a reaction path 

dependent on the free phosphine. This is thought to be an associative process involving a 

five-coordinate activated complex similar to that found in the iigand exchange of tetrahe- 

dral complexes, whereas the mechanism of the reaction path independent of phosphine is 

believed to involve an intramolecular torsional distorsion process’ ” _ The rates of inter- 

conversion are dependent both on X and on the phosphine coordinated to the central 

metal atom. The order of the rate constants on changing X is Br < Cl < I, which is rather 
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different from the order found for the ligand exchange of the tetr~~dr~ complexes, For 
a given x the reaction rates change with the cuordinated phosphine in the order 
MePPhz < (n-Pr)PPhz < (&Bu)FPh2 < EtPPhz (ref. 171) and ~~P~-~~~Ph)* < 

< MeP(p-ClPh}, < M[ePPh2 (ref, 170). Neither of these sequences S!IOWS my C~Kela~~n 

with either the steric and/or electronic; properties of the figands, This is very likely becaus 

both these effects are simultaneously operative in such a way that their contributions are 
inSf3pZWZhk* 

Very little work has been done so far on the kinetics of five-coordinate compounds of 
the nickel triad. In this connection only the fiveicoordinate complexes ~~(~A~~X] * 
(QAS = t~s-(~-dipheny~ars~nuph~nyl~arsin~; M = Pt, Pd; X = Cl, Br) seem to have received 

much attention’ 72. [Pt(QAS)X]* reacts in methanol with several nucleophiles in the 

presence of a fzkrge excess of the enter&ig hgand obeying a two-term rate taw stiiiar to 
that observed for square-planar complexes. 

Rate = k, [complex] + k2 [complex] [Y] (34) 

In this case, however, the value of k, varies with the nucfeophiIe employed and, therefare, 
it cannot be interpreted in terms af either a solvoiytic or dissociative reaction path. More- 
over, the rate faw (34) does not hold at Icrw nu~leop~e concentrations, a reaction rate 

lower than expected being observed in these conditions. lit seems that the mechanism 
which best fits the ex~~e~t~ data does involve a bimolecular attack of the nucleophife 
both on the free complex and on an ion-pair formed by association of the complex with 
the ~uG~e~p~le* 

[Pt(QAS)X] + + Y- 5 CPt(QAS)Xf + I?-- @a) 

~t(~AS)X~ + + Y- 
62 * 

~Pt(QAS)Y~ + f X- (3Sb) 

~Pt(QAS)X~ +> Y- f Y- 
k'2p 
v [Pt(QAS)Yf + Y- f X- (=4 

The pseudo-~rst-order rate const~t related to such a ~nechan~sm, tit. 
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TABLE 11 

Kinetic data for the solvent exchange of some octahedral nickel <iI) complexes in pure solvents at 25OC 

Complex k 

(ZP) 
sA% Ref. 
(cal.deg”-’ .mole-” 

[NW&O, f 2+ 4.4 x lo4 IO-3 - 5.2 I77 

3.6 x IO4 12.3 -4 3.6 178 

~Ni(D~~F)~~ 23- 6.9 x 10’ 14.0 +6 185 

3.8 x lo3 IS.0 +8 186 

~Ni{~~eCN)~~ 2+ 12.4 x IO3 11.8 - 0.2 187 

3.9 x IO3 10.9 - 8.8 188 

2.8 x SO3 11.7 - 3-6 189 

[Ni(D~~~~)~~ ‘+ 9.3 x IO3 7.3 - 16 190 

7.5 x lo3 3 - 16 191 

5-z x lo3 12.1 - I.3 192 

3.2 x lo3 13.0 f I.4 193 

DMF-MeNO, (ref- 185) mixtures. The nickel (IX) in these solutions is present as 

lw@MSo),l ‘+ and [Ni(IBfF),] 2* respectively; nitrumethane and m~~yl~ne chloride 
are not present in the mordination sphere because of their inability to coordinate to 

nickel (II). The exchange rate constant and the activation parameters are found to be 
~d~~nden~ of the concentration of the exchanging solvent present in the bulk solution. 
This fact has been considered to be good evidence for a dissociative mechanism involving 
a true five-coordinate intermediate (Z&I lim Or D rnechanisM)1 “_ Similar conclusions 
concerning the mechanism have also been reached for the exchange of several other 

ligands. Ex~~~ples are the exchange of %pico’line-N-oxide (3-~pj~~) in [~i~3-~pi~~}~] 2+ 
in nitromethane-acetone mixturesrg6, and the exchange of 4-picol~~-~-o~de and 4-picoline 
in bis(picoline) adducts ’ Q4 2 g 5 of big-d~~tonato)~ck~l (II) complews in CDCla _ 

The data reported in Table 11 show that the entbaIpies and entropies of activation are 
largely dependent on the exchanging solvent, although little effect is observed at 2S°C on 
the exchange rate constant, keX. Several factors are believed to contribute to the solvent 
effect. Among these the most important are: (i) the metal-hgand bond ener@es; (ii) the 
ability of the Iigands to provide electronic stabilization for a tricoordinate state; <iii) the 
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steric requirements of the different ligands; (iv) the salvation differences between ground 
and transition states, and (v) the structural properties of the solvents’ “3 r “. In the 
older literature most attention was paid to the crystal Geld cont~butio~s to the en~~py 

of the activation, while other contributions were scar&y considered. In terms of crystal 
field alone, the enthalpy of activation should parallel the crystal field splitting parameter 
L@. This is known to lie in the order MeCN > NH, > H, 0 > MeOH > DMF > DMSOL 92 5 
which does not correspond to the order of AHyt (Table 11) for the same ligands, ~ply~~ 
that other factors are also important. Consequently it has been thought that among these 
may be the solvarion differences between ground and transition states. The total enthalpy 

of activation has been considered1 ’ 2 to be ma& up of a crystal field contribution, Al;r*CF, 

and of a solva~ion ~~n~rib~tion, A$& On this basis the ex~~ment~ order of the enthdpies 
of activation would be the consequence of a contribution of A& increasing in the order 
NH, < MeCN < H,O < DMSO < DMF < MeOH. A rather different treatment of the 
data, based on the occurrence of a general relation between enthalpy and :r_tropy of ac- 
tivation in a wide vatiety of soivents, has indicated that the structural pr~pe~ies of the 
solvents, in addition to the breaking of a metal-solvent bond, are also important in de- 

termining the observed reactivities as well as the activation parameters’ “. A very in- 
teresting theory of the solvent effect has been derived from this treatment, based essen- 

tially on an extension to eon-aqueous solvents of the Frank and Wen model of the sokated 
ion. According to this theory solvent exchange is a concerted motion of molecules in- 
volving several stages which can be summarized as follows (see Fig. 4): stage (a), a mole- 

cule of solvent leaves the bulk solvent and enters the intermediate disordered region lying 
between the bulk solvent and the first coordination layer of the ion; stage (b), a mole- 
cule takes its place in the first coordination layer if an empty site is available there; stage 
(c), a molecule ieaves this innermost region to enter the intermediate disordered region; 

stage (d),a molecule leaves this region to go into a hole in the bulk solvent, while in stage 

(e), the motion of the moIecules in the bulk solvent must m&e stages (a) and (d) mutu~y 
dependent’ ‘~3 . This reaction mechanism, defined as a “solvent-modified dissociative pro- 
CC%“, is also capable of explaining some results for the kinetics of complexation reactions 

of nickel (II) in non-aqueous solvents’ ’ 8. 

(2) Formation reactiuns of nickel (11) complexes. The kinetics of the reactions 

are among the most fully investigated in the chemistry of nickel (IQ octahedral complexes. 
The rate law obeyed by these reactions has the general form 

SO that the pseudo-first-order rate constant for the forward reaction (complex formation) is 
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Fig_ 4. Model of the solvated nickel (II) ion and schematic rndication of the reaction pathways involved 
in the solvent exchange, according to ref- 198. For comments see text. 

Some values of kf for the formation of [NiL(W, 0)11] m czomplexes are reported in Table 
12*. It is apparent from these data that very different entering groups exhibit roughly con- 
stant V&ES of kg, provided they bear the same electrical charge. This behavior is not 
consistent with an associative mechanism. Rather it supports a dissociative mechanism in 
which the ente~g Iigand plays a relatively minor role in the rate-~ete~~~ng loss of a mole- 

cule of solvent. The occurrence of a dissociative mechanism is also consistent with the 
Values of the volumes of activation (7-9 ml.mole -‘) for the reaction of nickel (II) ion 
with some uncharged ligands in water 2 ’ ’ _ The generally accepted mechanism of complex 

formation was originally proposed by Eigen and Tamm2 * 3 -2 I 6. It invohes the pretimi- 
nary ~ffusio~*co~tro~~d fo~ation of an outer-sphere complex between nickel (II) and 
the incoming ligand. The rate-determining step of the overall process is the loss of a sol- 
vent molecule from the first coordination layer of this outer-sphsre complex*. The 

me~h~ism for reactions with a monodentate entering group is 

cw 
where K, is the equilibrium constant for the formation of the outer-sphere complex, 

ko is the rate const~t for the loss of a solvent molecufe from the outer-sphere complex 

and C_, is the rate co~st~t for the reverse process. Ac~or~ng to this me~h~ism the 
rate constant for complex formation, k,, is 

* More extensive documentation can be found, for example, in refs, 173 and 174. 
* For a more complete discussion, see refs. 173 and 174. 
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TAfILE 12 

Specific rate constants, k,, for the formation of some [Nd+(H,O),] m complexes in water at 25OC 

L 10-3kf_I 
.SeC-l) 

W4k0 = 
(set-’ ) 

1r4 ?qf& Ref. 
(1. mole 

NH3 

PY 

Imidazole 

4-6 3 199 

4.0 3 200 

5-O 1.6 201 

SCN- 6 0.6 - 202 

HC204_ 5 O-3 203 

HU2CCH2Ce, - 3.1 0.16 204 

Glycina te- 15 0.9 201 

Ctiglycinate- 21 1.2 201 

TriglJWi~t~- 8 0.46 205 

c2QJ2- 75 0.6 203 

CHzW,l,*- 70 0.54 204 

CH3PUQ2 - 280 0.7 206 

SC@- 1.5 (at 20°C) / 207 

NTA3-a 2,000 

HP&- 2,100 

EDTA‘+- 6,000 

w%?- 6,800 

ATP4- ’ 4,000 

a NTA3- = nitrilotriacetate. 
bATP4- = adenosine triphosphate. 

208 

12 209 

210 

1.2 209 

f-0 211 

When the entering group is a multidentate ligand, the Eigen mechanisk stiU%holds. How- 
ever, a much more complicated situation can arise in this case because it canhzkppen2’ 7--222 
&at the rate-dete~jn~g step is the &elate ring ck~~e rather than the 10s~ of the first 
soh~~t moleduie from the outer-sphere complex. For the relatively simple c&se of an in- 
combg bidentate rigand the reaction meihanism can be indicated as 
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[N1S6]2+ + I_-_Lb” A [fhJiS,j 2+ L-_Lb- 

ka 
it 

k-a 

2-b k 
+ s 

rC -c '+NI L--L] 
2-b 

+ s k r0 

According to this mechanism the specific rate constant for complex formation, k, is 

k 
%SkOk, 

f = k-o-+ k, 

(461 

(47) 

This becomes equivalent to eqn. (45) only if the ring closure is a fast step (k, S k_,); if 
the ring closure is rate-determining (k, 4 k_,) it becomes I 

kf=K 
k* qc 

os k-0 
- = K,,K,k~ (481 

On the basis of the Eigen mechanism the rate-determining step of the formation reaction, 

involving the loss of a solvent molecule, is affected little by the incoming ligand so that the 

value of k, in a given solvent is expected to be roughly independent of the entering group 

and very close to the value of the rate constant for solvent exchange, k,,. 

Therefore, the large variety of values of kf found with different ligands (see Table 12) 

arises mainly from the K,, term. Unfortunately this statement cannot be tested directly 

because the values of K,, can only be determined experimentaliy in a few particular 

cases2 O 6 _ However, values of Kos can be calculated using the Fuoss equation* * 3, and 

their introduction into eqn. (45) or (49) makes it possible to evaluate kc, which should 
be roughly independent of the incoming ligand. This is indeed found, as documented by 
the data collected in the third column of Table 12. Moreover, the values of k, obtained 

in this way are consistent with the rate constant for water exchange, k,,, according to 
eqn. (49) (see Table 1 I). The agreement is fairly general in water, although it sometimes 

fails. For instance, when the entering group is a polyamine, an abnormally high rate of 

formation is found ’ ” _ In this case the Eigen mechanism is thought still to be essentially 

operating, but hydrogen bond formation between the hexaaquonickel (II) ion and the 

polyamine increases the value of KOS and also enhances the rate of water loss. . 

The evidence supporting mechanism (43) or (46) for the formation of nickel (II) com- 

plexes is mainly derived from reactions in aqueous solution, whereas relatively little iixforma- 

eon is available for non-aqueous solvents. Some data obtained using methanol as a solvent 

are reported in Table 13 and show that at least in this solvent the results are also consistent 
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TABLE13 

Specific r&t constants, x’f_ for the formation of some ~~i~~~~eo~)~~?~ complexes in methanoI at 25°C 

L 10-3kf 
(f.m&-’ .sc& ) 

10-3k, = 1O-3 kf/K@$ Ref. 
(set-- ‘) 

Ionic strength 
(molef-’ ) 

MeOH 1-o (k& 181 

b&y 0.08 O-8 224 

S&N- 5.3 0.53 0.1 225 

SCN- 7.4 0.74 0.1 225 

SCN- 150 1 +o 226 

Cl- 70 (2OOC) 0.4 -0 227 

MN-?- LI 200 I.5 0.1 225 

D-TO2 - ’ 250 1.9 0.1 225 

Q MNTZ-= mafcanitnfedithiolate. 

DT02_= dithiooualate. 

with the proposed mechanism. flowever, the resufts of an extensive jnvestigatio~ of the 
kinetics of reactions of nickel (II) ion with bipyridyl in several non-aqueous solvents seem 

to point out the need for mo~fy~ng the ~orni~o~y accepted rnech~jsrn of complexation 
in order to explain the observed solvent effect’ ” 7’ ’ 4 t2 2 * -’ 3 ‘. Results obtained in dif- 
ferent solvents have been discussed in terms of a quantity n 

which has been deferred as the change of a ltigand entering the primary soivation shell of 
the tick4 (II) ion when a solvent molecule leaves it2 “. Values of K,, have been estimated 
to be O-1 Lmole- r and are supposed to be the same in all solvents. Thus, if the Eigen 

mechanism is operating in non-aqueous solvents, one obtains 

Moreover, according to eqn. (49), vl should be unity for every s&vent. ft is seen from the 

data in Table 14 that IZ, derived from eqn. (5 I), is usually very different from unity and 
stron~y dependent on the solvent. This is against the ex~~~tatio~ based OR the E&en meeha- 
r&m for non-aqueous solvents, The occurrence of a gene& linear correlation between the vaf- 
ues of fog n and the fiuidity of the solvent has led to the suggestion that the structural proper- 
ties of the solvent must also be taken into account in order to elucidate the substitution 
mechanism2 ’ a _ A reaction mechanism similar to that proposed to explain the solvent 
effect in solvent exchange reactions is now also thought to operate in comp~exat~on re- 
actions in non-aqueous solvents’ g 8. 
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TABLE 14 

Second-order rate constant, &f+, for the formation of [NiS4(bipy)j 2+ in ssveral solvents, and fluidity 
of these solvents at 25°C (data taken from ref- 224) 

Solvent 10-3kf 
-1 -1) (Lmole _sec 

M&N 4.7 

hi&H O-083 

DhfF 0.54 

H20 1.63 

DMSO 0.069 

lEtgfya oxJ33 

DMMPb 0.21 

Q W$Y 
b DhfMP 

= ethylene gfycof 
= dimethylmethyf phosphonate- 

c VaIue at 27°C. 

W3ke, 
(set-- ‘) 

2.8 

1-O 

7.7 

30 

7.5 

24 

4.4C 

n = tOk&, Fluidity 
&.ml-‘.cP-1) 

17 2-27 

0.8 I-43 

0.7 1.19 

0.54 1.12 

0.09 0.55 

0.08 0.61 

. 0.09 0.58 

(3) D&sociarion reacfIbns ofrr~c~~l~1~~ ~umplexes, Mechanisms (43) and (46) also account 
for the dissociation reactions of nickel (11) complexes, that are, of course, the reverse of ’ 
the complexation reactions (see eqn. (40))_ According to these mechanisms the rate constants 
for the dissociation of complexes bearing mono- ur bidentale ligands are respectively 

k,k_ 0 

kd=k_o +k rc 

It is apparent from the latter relationship that the dissociation rate constant, kd, in the case 
of bidentate leaving groups depends only on the opening of the cheiate ring, when k_ o Ski,, 
or also on the rupture of the second metal-l&and bond, when k_, <J&*. The rate con- 
stant, kd, becomes equal to k, or to k~~k_~/k~ acco_rdjng to whether ring opening or 
rupture of the second metal-ligand bond is rate-determining. Both these situations have 
been detected several times with bi- and aIso multidentate leaving groups’ O” ‘* 3 x -* 3 3. In 

some cases it has also been possible to follow the rupture of the single Ni-ligand bonds of . 

~~or~nated polydentate ligands ligands2 3 4. 
Many data are available on the kinetics of dissociation reactions of octahedral nickel (II) 

complexes. They have been obtained either directly or by means of the equilibrium constant 
of complex formation200~201~218=231~233-242,Keq = kf/kdr and the rate constant of 

complex fo~ation, kP correlations between the kinetic effects of either the leaving group 
or the other bonded figands and extrakinetic parameters have sometimes been obtained. In 

* Similar conclusions can be drawn for multidentate leaving groups. In such a case, however, there are 
many possible rate-determining steps. 



160 A. PELOSO 

this connection, the effect of the leaving group is well documented by a series of system- 
atic investigations which have shown that the basicity of the leaving group is very impor- 
tant in determining the rate of dissuciation. For instance, the rate of dissociation of 

[Ni(X-py) (Hz (& I2 + (X = 3- and 4-CN, -Me, -Br and -0Me; 3-CONH2 ; 3-NH3*) in 
acid solution increases with decreasing basicity of the leaving amine, according to t&e 

linear relationship** 3 fog kd = I .58--0.21 pK,. A rather similar relationship has also 
been obtained for the dissociation of complexes of the type [Ni(S-Xphen)(H, 0)5 ]?+ 
(ref. 244) and wiL(H, O& ] n’ (L = ~~boxy-aeon)’ ” - Also the non-leaving ligands can 
strongly affect the rate of release of the leaving group. This is shown, for instance, by the 
fact that the rate of dissociation of [NiS, (SCN)] * and [NiS, Cl] + (S = sofvent) is strong- 
ly dependent upon the type of solvent coordinated to nickel! (II), In these two cases the 
dissociation rate constants 2 2 6 for NH,, H, 0, MeOH are in the approximate ratios 
IO’ : IO3 : 1, Extensive info~atio~ on the effect of nun-laming groups has been recently 
obtained from the kinetics of the dissociation reaction24 5 

where X = thirteen different groups of ligands and Y = malonate, NH,, H, 0. The rate of 

dissociation is found to be strongly affected by X ar,d increases in the order Hz 0 < bipy< 
(py) 2 < acac C en<2,2’-aminoethylpy<2-aminomethylpy <pn<dien<(er& N- trien = 
N 3,3’-iminobispropylamine<(pn)z. A rather peculiar correlation has been found in these 
cases between log Q md the observed spectraf shift in the optical abs~~~ion peaks for the 

d-d orbital transitions in the various nickel complexes examined_ Zt is found that for agiven 
leaving group linear reIationships are obtained by plotting log kd against the spectral shifts 
when the non-leaving ligands, X, form only a-bonds. In such cases the value of log Qi in- 
creases sharply with a shift to shorter wavelengths. On the other hand, although those 

Iigands X which simultaneously act as tr-donors and n-acceptors stifi produce substantial spec- 
traI shifts, they produce only small effects on the rate of dissociation. This behavior is 

ascribed to the fact Fiat only o-donor ligands can greatly affect the charge density on the 
central metal ion. n-donor, n-acceptor ligands do not greatly affect &is electron density be- 
cause of the balancing effects of o-donation and n-acceptance. Thus, the dissociation rate, 
which is expected to depend strongly on the charge density of the central ion, is influenced 
strongly only by u-donor non-leaving ligands. 

(41 ~~~~~d ~~~~~~~~~~~ ~~~~~~~1~ of ~~~~~~i fl;rl ~~e~~~~ ~~~~~~x~~. A typical feature of this 
kind of reaction is the rupture and formation of several nickel-ligand bonds. Moreover, a 
rather common characteristic of these reactions is the fact that they proceed through 
~te~e~ate led-lig~d complexes, in which the central metal ion is s~~lt~eo~sly 

bonded to both leaving and entering ligands. The rate-determining step of the overall 
reaction is the cleavage of any one of the several bonds between nickel (II) and the leaving 
group which must be broken in the course of the reaction. This rate-determining step is 
not necessarily the cleavage of the first bond and formation of the mixed-l&and complex. 

_ _ 
_ - 

I 

_ - 
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For instance, Ni(dien)*+ reacts with EDTA4 - rapidly, giving a mixed-ligand complex 
Ni(dien) (EDTA)’ -. This undergoes successive rate-determining unwrapping of dien and in- 
creasing coordination of EDTA, finally yieIdingZ4 6 Ni(EDTA)’ -_ 0; the other hand, the 
formation of the mixed-ligand intermediate complex in the chelate substitution reactions 
of Ni(EDDA) and Ni(NTA)- with PAR2- (EDDA*- = ethylenediarnine-NJV’diacetate; 
NTA3- = nitrilotriacetate; H2 PAR = 4(2-pyridylazo) resorcinol) is a relatively slow step247. 
Mixed-ligand complexes have been experimentally recognized or kinetically inferred as re- 
action imtermediates in several other cases of chelate substitution reactions’ ‘s2 48-25 ’ . 

Nickel (II) complexes in which the chelate ligands occupy all six coordination positions 

usually undergo substitution through the cleavage of one or more metal-l&and bonds 
before the incoming ligand enters the first coordination sphere. Complexes of this kind 
and formula [NiL, ] are usually found to lose one ligand L before the entering group 
participates in the reaction. For instance, the reaction of [Ni(dien),] 2+ with EDTA4- 
involves246 the preliminary release of one molecule of dien and the subsequent attack of 
EDTA4 - to Ni(dien)‘+. 

slow 
[Ni(dien), ] 2 * + Ni(dien)2+ -t- dien (55a) 

slow 
Ni(dien)‘+ + EDTA4- =+ Ni(dien)EDTA* - + products (55b) 

Rather similar reaction pathways, but involving the release of the ligand as a fast step, have 
been found in several other reactions of this kind of complex, [NiL2], with multidentate 
aminocarboxylate as entering ligand * ’ 2-2 5 6 _ In these cases the reaction rates are found 

to be strongly affected by the acidity of the medium according to a rate law which is 
satisfactorily accounted for by the following reaction scheme. 

fast 
* NiL2-m + Lm- 

slow 
NiL2-m f L’“- * NiL ‘2--n + Lrn-- 

(56b) 

slow 
NiL*-” + HL’i-?Z ~ NiL’Z -?I -I- HL’-” 

Pathways (56b) and (56~) are also found to occur for ligand substitutions of several mono- 
ligand nickel (II) chelate complexes, NiL* ’ *,* ’ ‘-* 5 ’ _ 

It has already been pointed out that all the reactions reported above involve mixed-li- 

gand complexes as reaction intermediates. This is because the incoming ligand enters the 

first coordination sphere of nickel (II) before the substrate has fully released its ligands. 
However, some examples are also reported in the literature where the complex fully disso- 
ciates before the Incoming ligand can coordinate to nickel (II)* s ‘9 2 60. 
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The form of the rate law, and in particular the role played by the acidity, were found to 
be consistent with the reaction scheme (57) for the reactions 

slow 
NILa- - 

2+ 
- Ni + L"- 

NtL- + H* 
slow 

Nt2+ 1 HL 
3-m 

fast 
e NIL 

,2-n 
+ ;H+ 

(iii) Tetravalent metal compIexes 

C5W 

(SW 

(574 

Only palladium (XV) and platinum (IV) are well represented in this class of compounds, 

and only platinum (W) has provided examples so far of genuine nudeophilic substitution 
reactions. Several reactions involving platinum (lV) compiexes are sometimes regarded as 
substitution reactions on the basis only of the stoichiometry of the reaction. 

However, in almost aI1 cases this assignment is incorrect because the reaction mechanism 
involves redox steps rather than nucleophilic substitution reaction paths, The platinum 

@)-catalyzed substitution of platinum (IV) is the most common kind of redox reaction 
that Ieads to “formal nucleophitic substitution” of platinum (IV) complexes. In such cases 

substitution arises from an atom-transfer redox reaction between the starting platinum 
(IV) and a five-caordinate adduct of the pIatinum (II) parent, present in solution as ark 

impurity or added to the reaction mixture, e.g. 

Pt”L 4 + Y 
fast 
* PQ’L Y 4 Wa) 

XPtlVL x +PtIIL Y 4 4 ;= xPtL,--X-PtLJ WW 

?u?tL,-X-PtL,Y * xPt”L 4 + xPtWL4Y WI 

XPtrnL 
fast 

4 
c+ PtnL, +X (SW 

This process cannot be considered as a nucleo@lic substitution reaction of platinum (Iv). 

Indeed, focusing attention on the bridging atom, X, it is better regarded as a bimolecular 
nucieophilic substitution in which the nucleophilic PtrrL,Y replaces PtnL4X from the re- 
action center, X+_ It can also conveniently be considered as an oxidative addition reaction 
of the pIatinum [Ii) complex or a reductive elimination of platinum (IV). This extremely 



KINETICS OF NICKEL, PALLA! WIM AND PLATIWM COMPLEXES 163 

~te~es~g &.SS of reactions will not be discussed further here since ZUI e~dht ~CV&W of 
this system has recently beer1 published’ 6 ’ 

Other formal substirutions of platinum (IV) complexes include the pIati.num (W)-ca- 
talyzed substitution of platinum (IV,” ’ 2 . These reactions are also redox processes. Finally, 
several other cases of reactions of formal su~s~itut~~n on pla~num (IV) cornp~~x~s, invol- 
ving other kinds of redox pathways, wili be reported in Sect. C of this review (see p. 164). 

From the above considerations the need to proceed cautiously in assigning the mecha- 
nism of reactions of platinum [IV) collpfexes which apparently take place by ~ucleoph~c 

substitution stages becomes apparent. Acrually, only a few reactions of base l~ydr~lysis 

seem to be genuine examples of nucleophihc substitutions of platinum (IV) complexes, 

ruling out aI1 the reactions originally reported as examples of this262-264, and later 

explained more suitably on the basis of redox mod&* 6 ’ -’ fr ’ - The base hydrolyses of 

CPKNH,),Cl] ‘-+, cr’s- ~F~~H~)~Cl~~2+ and trans- ~Pt(N~~)~Cl~] c represent examples 
of nuc~e~p~c substitution reactions 2 6 s _ These reactions are found to f&low a rate law 
which is first-order in the complex, whereas the hydroxide dependence is intermediate 
between zero- and first-order. The absence of any catalytic effect of fPt(NHi,), ] 2*1 at 

teast for the reactions of cis- [Pt(NH3)&12 f 2 ‘, makes the Occurrence of the reactien mecha- 
nism (59) unlikefy. The dependence of the reaction rate on the hydroxide concentrstion 
has been explained on the basis of an SN ICB reaction mechanism involving the raprd pro- 
duction of conjugate bases of these compfexes, which are known to behave as weak pofy- 
basic acids. The rate-determining step is the release of one chloride from either the starting 
complex or its conjugate bases, This mechanism has also been proposed2 6 9 to operate in 
the base hydrolysis of cis- and &~rzs- fPt(NHS)I; CI1, ]_ However, the base hydrolysis of 
trans-[Pt(NH& Br4] and rmn~-[Pt(NH~)~ I,+] has recently been inferred tti occur through 
the redox mechanism (59), with rratls- fPt(NH3)* X2 f (X = Br, I) acting as a catalyst’ “. 

A rather ~ter~st~n~ case of the substitution reactions of platinum (IV) complexes is the 
base hydrolysis of pans- fPt(CN), Br, ] 2 - in the presence of free bromide’ ’ I _ The rate 

law for this reaction is 

The reaction path dependent on hydroxide concentration cannot be explained in this case 

in terms of ail SNICB mechamsm, since the complex does not contain acidic protons, On 
the other hand, the reaction is not catalyzed by [Pt(CN),] ’ -, thus making a redox mecha- 
nism of the qpe (59) very unlikely. Moreover, an ion pairing mechanism should also be 
unfikely from an electrostatic point of view_ Highly positive entropies of activation (from 
38 to 50 cakdeg- ’ -mole- ’ ) suggest instead a dissociative mechanism for this reaction 
path. In such a case the first-order dependence of the rate on hydroxide has been proposed 
to arise from the presence of the hydroxide near the platinum (IV) complex as a result of 
some sort of outer-sphere complexat~on (see however p_ 170). The reaction patfivay 

dependent on bromide is instead believed to involve an association of free bromide with a 
coordinated bromide, yielding an intermediate of the type Br-Br-Pt(CN),Br3 - , in which 
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the associated bromide assists the hydrolysis. Such an assisted reaction mechanism also 
believed to occur in some anation reactions of platinum (IV) complexes2 ‘* . 

C. OXIDATION-REDUCTION REACTIONS 

This section will deal mainly with reduction reactions of platinum (IV) and the oxi- 
dation of platinum (II) complexes. The kinetics of redox reactions of nickel and pal- 
ladium complexes so far have only been studied occasionally, so that very little information 
is available about them* ’ 3 B-f “. 

The platinum complexes show high versatihtv with respect to redox processes. The re- 

dox reactions so far reported in the literature can be conveniently collected into two clas- 
ses, according to whether a bielectronic or a monoelectronis redox species reacts with the 
platinum complex (Le. complementary and non-complementary redox reactions, respec- 

tively). 

Complementary redox reactions involving platinum complexes are fairly well known, 
the reduction reactions of platinum (IV) being the best documented. Some oxidations of 
platinum (II) are also known to involve complementary processes. 

All reactions belonging to this class are found to involve an inner-sphere atom-transfer 
oxidation-reduction path. The variety of situations encountered so far in the reactions of 
platinum (IV) ccmplexes is shown in the reaction scheme (61), in which the charges on the 

species involved in the reaction are omitted. 

Pt= + (2Z-Ze) + 2X ITt 
ZPt x+x+z 

zapt=z t 2x 

XPFZ + x 

The likelihood of a given reaction occurring along any one of the paths (b) - (f) depends 
on several factors such as the relative stability of the particular reaction products and the 
relative rates of the reactions of each in&id& path, 

It can be seen that path (a) is fundamental to each reaction path, and can be regarded 
a~ a reductive elimination reaction of platinum (IV). Of the subsequent paths, only (b) 
leads to a net redox reaction, whereas in the other cases a net formal substitution reac- 
tion of platinum (IV) occurs. The redox step in these latter cases can be regarded as an 

- oxidative addition to the platinum (II) complex formed through the previous reductive 



KINETICS OF NICKEL, PA~L~IU~r AND PLATINUM C~~~P~EXES 185 

e~irnin~~~n reaction (step (a))_ Thus, the overall reactions of scheme (61) leading to for- 
mal substitution of platinum (IV) compfexes can be classified as reactions of reductive 
e~~~~~tiu~ ~~i~~~-v~ ~~~~~~~~ (RENA reactions). 

The reducing agent, 2, in the reac~ons under ~onsider~~~n, can be any one of a great 

variety of cationic, anionic and ~ch~ged species. The case of anionic reductants is per- 
haps the most important, and certainly the best documented in the literature. The first 

example of clean pla~n~rn (IV) reduction by au anionic redu~tan~ was ~bse~ed by re- 
acting [Pt(diarsjz Cl, ] ’ * with ~~cy~ate ions 2 ’ * . In such a case the platinum (IV) com- 
plex is found to be q~~tita~v~ly reduced by SCN- to [Pt(diars)z ] 2* according to a second- 
order rate law, first-order En plakmm (IV) and in thiocyanate. The rate law together with 
the stoichiumetry of the reaction are fully consistent with an in~~r~spher~ atom-transfer 

redox me~h~ism in which a chloride atom is ~r~sfcrr~~d from p~ati~~rn to ~~cy~ate- 

Rather ~tiifar behavior is exhibited by [Ptfdiars), Br, ] 2* reacting witi ~~~~~ya~~~e and 

nitrite. However, in fkis case a s~mult~eous platinum (II)-cat~yzed reaction path is also 
operating2 * I. 

An extensive kinetic investigation of reactions leading to a net reduction of platinum- 
(IV) complexes has been carried out by reacting ck- and trans- [P&J & ] cczmpkxes 

(L =: several uncharged ligands; X, =C1,,8r,CI,,Br,j~thSCN-,I-,SeCN- andS$‘&‘- 
in methano1282-286 or other nun-aqueous solvents2 * ’ . The stoichiometry of these re- 

actions is 

The reactions follow a second-order rate law, first-order with respect to both platinum 
(IV) and reductant. The mec~~ism is believed to be an inner-sphere atom-transfer redox 

rne~~~isrn. 

xz z -iI f- zn- + X- + (2 Z”- - 2 e) 

The ~a~~~~ of the anionic red~~t~ts towards the same platinum (IV) complex in- 

creases in the order SCN- < I- < SeCN- < S, OS2 -, roughly paralleling the order of 



166 A. PELOSO 

their standard potentiak2891 On the other hand, the reactivity of different complexes 

towards the same reductant is found to depend on the iigands L and X as well as on the 

geometric configuration of the complex. This is documented by the examples reported in 
Table 15. The enthalpies of activation appear to be most important in determining the 

relative reactivities of the different substrates towards a given reductant. A Iinear free 
energy relationship 

log k2 = r(X) f rs (65) 

is found to correlate the second-order rate constants of the reactions of substrates hw2s- 

[PtL,ClJ with the different reducing anions in methanol at 40°C. In this relationship 

k, is the second-order rate constant for the reaction of the substrate under investigation 

with a given reducing anion, r(X) is the value of log k, for the corresponding reaction of 

tmns- [Pt(P(n-Pr)& C14], selected as a standard substrate, and rS is a constant dependent 
upon the nature*” of the &and L. 

Vducs of r(X) (from ref- 283) 

Reducing anion r(X) 

SCN- -5.22 
i- 
SeCN; 
GO3 - 

-2.40 

-1.50 
0.16 

Values of Ts (from ref. 286) 

AsEt -0-4 
P(n-Pr)a 0.00 
IJEt3 0.2 
PY 1.5 
PiP 1.95 
SEt2 3.35 
Shle2 3.4 

Equation (65) is represented graphically in Fig. 5. This figure also shows that a linear 
relationship of type (65) also holds for reactions of cis isomers as well as for bromo com- 

plexes*. This kind of relationship has been taken as indicative that in these reactions each 

agent makes a contribution to the free energy of activation independent of the nature of the 

substrate. In other words, bond making and bond breaking are believed to be kinetically 

independent in these processes. On the other hand, the occurrence of a linear free energy 

relationship of the type 

*Deviations from relationship (65) have been-found when the l&and L is a primary atie286. 
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between the free energy of activation, AG*:, and the standard free energy of these reactions 

(ref. 288) is thought to indicate that a considerabIe degree of bond making and breaking oc- 
curs in the transition state. 

The reactivity of trans- [PtL, &] upon changing L is in the order AsEt < P(n-Pr)3 < 

< PEt, < py < pip < SEt, * SMe, . This sequence has been explained by assuming that 
the reactivity of platinum (IV) complexes towards reduction increases with increasing 

n-acceptor ability of the &and L and with decreasing o-donor ability. The n-withdrawal 
of electrons should favor the reactivity in the order N < P, As, S, whereas the o-tithhold- 

ing of electrons should favor an order 2 8 g As, P < S < N. The net balance of these contri- 

butions produces the observed2 ’ 6 order of reactivity, i.e. As, P < N < S. The occurrence of 
7r interactions is also thought to be responsible for the higher reactivity of cis- 

lPtWW2 xr 1 compared with the tmns isomers. The n interactions of cis isomers are more 
pronounced than those of the ttans homologs because two different d, orbitals of plat- 
inum are involved in the first case, against only one in the second case*’ 3 _ This makes the 
cis structure more reactive. 

The halides coordinated to the central metal ion are also very important in determining 
the reactivity of the substrate. The most appreciable effect is displayed by the halide which 

acts as a bridge in the activated complex, whereas the other halides seem to play a fess im- 
portant role. This is inferred by the fact that the rate of reduction of trans- 
[P@Et3j2 Br,CI, 1, in which bromide is the bridging atom in the activated complex, is 
very near to that of trans- [Pt(PEt3)2 Br4 ] ( see Table 15), but is about 5,000 times higher 
than that of ti~ns- [Pt(PEt& C14]. However, the effect of the bridging halide also depends 
on the reducing agent used. For example, the tetrabromo complexes react with SCN-, I-, 

SzCN-, S103*- (ref. 284) and with [Pt(diars),Y]+ (Y = C1, Br, I)* go about 5,000 times 
faster than the corresponding tetrachloro complexes, but only 50-200 times faster when 
the reducing agent is [Ni(diars), Y] f fl= Cl, Br)* ’ ’ . 

Kinetic investigations carried out on other platinum (IV) complexes shed considerable 

light on the reaction mechanism of these compounds. The most significant results were 
obtained by studying the reactions of trans-[Pt(AA)2 X2 J ‘+(AA = en,+RJV,N\N’-tetra- 

methylethylenediamine:X=Cl. Br)+ with bromide and iodide2 8 8, and trans- 
pt(CN),X,] 2- (X = Cl, Br, I) with iodide 2 92. In these cases the linear free energy re- 

lationship (66) is also found to hold, thus showing a close parae between kinetic and 

thermodynamic parameters for these kinds of reaction. On this basis, a rather pronounced 

degree of bond making and breaking is thou&t to occur in every activated complex of 
these reactions. 

Several cases of REOA reactions do occur with platinum (IV) complexes. These re- 
actions are believed to be responsible for several cases of uncatalyzed formal substitutions 
of platinum [IV). For instance, the multi-stage hydrolysis of [PtI,] 2 - in the presence of 

free iodide is thought to include reaction (67) as the most important stage29 3*. 

l The Stters above the arrows indicate the corresponding reaction path of the scheme (61). 
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Fig. 5. Correlation of the second-order rate constants, k 2, of the reduction of cruns-[Ptb&] coxn- 
plexes in methanol at 4O”C, with r(X). Open symbols, X = Cl; closed symbols, X = Br. L = AsEt (1); 
P(n-Pr)3 (2); PEt3 (3); py (4); pip (5); SEtz (6). A = cis-[Pt(P(n-Pr)&Q]- Data from refs. 
282-286. 

[Pt1612- +I- 2 [PtI,]*- +I- +I,% [H,OPtI,]- +21- 

H2O 
(67) 

The [PtBr, J *--I- interchange reaction has also been adequateIy explained in terms of a se- 

quence of REOA reactions’ 65 

Er 2- 

I ,Her 

[ 1 
6r 

_ (Cl or (dl I 
;,,'I'-1 + 2m - I- 

l3r 

I* + .f( 

[ I 
Z- 

I/ + 2m- 

Br 
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Similar reaction me~h~isms are thought to occur in the nncat~yzed path of [PtCfJ ‘-- 
I- and [P&j _” --Br- halide interchanges. 

The occurrence of REOA reactions represents a general feature of several platinum- 
(IV) formal substitutions. For example, the reaction of @tns- [Pt(CN), X2 ] 2 - (X = CI, I&-) 
with iodide ieads to substituted platinum (IV) complexes thraugh the RENA reactim 
mechanism (69). 

/ 

[XPtcCN)4fJ2- + x- 

l*’ 

The hydrcrtysis of fPt(CN), Br, 1’ - in the presence of free bromide (see p+ 163) has also 
been recently ~te~r~t~d on the basis of the occurrence of RENA reactions** 8 _ 

A rather peculiar ~o~p~em~nta~ redox reaction is the reduction of fI?f(NII, Is CI) ‘+ 
2 ’ 4 by aquochromium (If) . Chromium (II), a rather common monoelectronic reductant, 

behaves in this case as a bielectronic reagent. The reaction obeys a second-order rate law, 
first-order ei&er in p~a~um (Iv) or ~~rumium (II), and yields a chromium (IV’) interme- 
diate, which rapidly reacts with chrumium(~~ forming a dimeric chrum~nm~II1~ compound. 
This then slowly decomposes to C&l*” and Gr3 *_ 

rPtwJw4 I 2* + NH, f CrFVC13+ 

fast 
Cr*C13+ -f-Cr’+ -+ C~mzC~5f-fCrC~2* -f-Cr3+ (~~~~ 

A different reductive e~m~a~on* ’ 5 m~~h~ism evoking platinum (IV) complexes 
is found to operate in the reaction 

[Pt(PEQ2 Ph, I, ] --f [Pt(FEt,), PhI] + Phi 

This reactian folfows the rate law 

krptrvl Rate = ., 

W-1 _ 

(71) 

(72) 

when carried out in the presence of excess of free iodide- The mechanism accounting for 
this rate faw is believed to invoke a fast reversible solvolysis of the initial platinum (IVj 
complex and a subsequent slow unimolecular reduction of the cationic platinum (IV) 
compkx formed. 
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IffCPEfd2 Phz Its)] + 
h 

- [Pt(PEt& Phi] + Phi 
-s+1- 

C73b) 

The reactions reported above have all been concerned with the reduction of platinum 
(IV). Complementary reactions of oxidation of Pt” have so far been carried out mainly by 
using platinum (iV) complexes as oxidizing agents, and have been reviewed elsewhere’ ’ ‘. 
A number of attempts to study the kinetics of oxidation of platinum (Ii) with bromine 

* ’ 6 failed because of the extremely high reaction rates . However, a recent kinetic investi- 
gation of the oxidation of [PtCl,] ‘- with chlorine in water has provided direct informa- 
tion on the mechanism of oxidation of platinum (li) complexes by halogens” ’ - The oxi- 
dation of [PtCl, ] *- is found to produce hydroxypentachloroplatinate (IV), which subse- 
qUently reacts with chloride iOn t0 yield [PtCI, ] ’ - . 

[PtCl,] * - + Cl, + H, 0 + [PtCl, OH] 2 - -t H+ + Ci- (74a) 

[F’tCI, OH] 2 - i- H+ f Cl- + [PtCI, ] ’ - H, 0 (74b) 

The oxidation step (74a) follows the rate law 

Rate = (k, + k, [ftC1,’ -1) [PtCI, - CI, * -1 tw 
where IPtC1, - Cl, ] 2 - is a platinum (II)-chlorine adduct formed irl a fast precursor step. 
The form of the rate law, together with the stoichiornetry of the redox step, suggests the 
redox mechanism (76) for the oxidation of platinum (II) by chlorine. 

fast 
f Ptcl,] 2- + Cl, b [PtCI, - Cl, ] 2 - 

[PtCl,- Cl,] 2- + H,O 5 [PtCI,OH] 2 - + H+ -I- Cl- (76b) 

K 
[Pm,- Cl, ] 2 - + [Pm,] 2 - =+ [CL.qPt-Cl2 -PKL$ ] 4 - (76c) 

kb [c1,pt-a2-PtC1tJ 4- + I-W - [PtCI, OH] * - + [PtCl,] 2 - + H+ + Cl-- (76d) 

There is now evidence suggesting that this mechanism is also operating in the oxidation of 
other platinum (II) complexes and when bromine is used as an oxidizing agent* 9 ‘s2”. 
The substitution reaction (74b) is instead thought to proceed through a platinum (H)-ca- 

talyzed substitution reaction of type (59). 
Some information on the reactivity of similar nickel (II), palladium (KI) and platinum- 

(II) complexes towards oxidation has been obtained by studying the kinetics of reaction 
(77) (M = Ni, Pd, Pt; X and Y are halides)’ go v2’ ’ . 

Hans- [Pt(PEta)2 X4 ] + p(diars)* ] 2 + + Y- + 

frans- [Pt(PEt& X2 ] t m(diars)2 WJ2+ t7w 
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Y-- 
[M(diars), XY] ’ + + products 

The rate law for these reactions has the form 

Rate = 
kfK [M(diars)* “1 t(jt P- 1 WY 

1 +K[Y-] 
= k, [Pt’V] [M(diar~)~ Y+] 

VW 

(78) 

and is consistent with the mechanism 

[M(diars), ] * + + Y- r iM(diars), Y] + (79a) 

XPtNX + [M(diars),Y] -F- 2 
k2 

[XPt-X-M(diars)* Y] + 2 

X- + Pt’ + [XM(diarsj2Y]*+ (79b) 

[M(diars), XY] *+ L products (794 

with k, = k, k3/(& f k3). The second-order rate constant for the reaction of [M(diars), Cl] +, 
kf, at 50°C in methanoI changes with M in the order Ni N Pt > Pd, the enthalpy of acti- 

vation for the nickel complex being much higher2 g ’ than that of the platinum (II) compIex 
(10.6 kcaLmole- ’ against 3.4 kcaLmole- ’ ). This trend is believed to be due to the 
infiuence upon the overall free energy of activation of both the relative stability of the oxi- 
dation products, [M(diars), XY] *+, and the relative stability of the bridged intermediate 
percursor of the rate-determining step. The nature of the halide bonded to the metal (II) 
complex, [M(diars), Y] +, has little effect upon the reactivity of these complexes towards 
oxidation_ For instance, the second-order rate constant, kf, of the oxidation of 
[Pt(diars), Y]’ * al IS most independent of the nature of Y- (Qa- )= 0.705 Lmole- ‘.sec- ’ ; 
k f@r--1 = 1.3 1 Lmole- r .sec-+ * ; kffl-) = 4.39 LmoIe- r .sec-’ in methanol at 5O*C and 

3.85 X 10S2 molar ionic strength)290. Under the same conditions the stability constants 
of the five-coordinate platinum (II) adduct are on the other hand, strongly dependent on 
the halide (Ktcl--) = 18 Lmole- 1 ; Kmr--> = 340 I_mole- 1 ; Ku-) = l-4 X 1 O4 Lmole- ’ )_ 
These results are helpful towards understanding the effect of the entering group in the 
platinum (II)-catalyzed substitutions of platinum (IV) complexes. In fact they suggest 
that the dependence of the reactivity on the entering ligand usually encountered in the 

platinum (II)-catalyzed substitutions of platinum (IV) complexes, which is in the order 
I- S 3r- > Cl-, is mai.nly related to the thermodynamic stability of the five-coordinate 
adduct, and thus to its effective concentration in solution, whereas the direct effect of 
Y- upon the tendency of platinum (II) to undergo oxidation is of litde importance. 
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A general feature of these reactions, in which platinum reacts with manoelectronic 
reactants, is to undergo oxidation-reduction with formation of labile platinum (III) inter- 

mediates, The stoichiometry of these reactions is shvn by 

The reduction of platinum (IV) complexes has been carried out by using outer-sphere 
as we11 as inu~r-sphere monoelectronic reductants. The first example of a possible non- 
complementary outer-sphere redox process has been found2 99 in the reduction of several 
platinum [IV) complexes by [Cr(bipy),] ‘+ The reduction of one molecule of platinurh . 

(IV) requires two molecules of chromium (II), only one of which is present in the rate- 
dcter~ning step. In fact, the reaction follows a second-order rate law, first-order witi 

respect to both platinum (IV) and chromium (II). This is consistent with a non-compfe- 
mentary redox process. However, a bielectronic complementary redox mechanism cannot 
be ruled out owing to the ability of chromium (II) to undergo two-electron oxidation by 
plat~um (IV). On the other hand, the lack of identi~cation of the reaction products 
prevents a reliable assignment of the reaction mechanism. The reduction of&- and 

lrffrzs- [Pt(am)z X4] (am = amine; X = Cl, Br) by ferrocyanide in water3’c and tfi;t%of 

&Wns- [PtL, x4 ] (L = uncharged ligands; X4 = Cl,, Br2 + Cl2 a Bra) by ferrocene in hydro- 
xylic solven ts3 0 1 appear to be good examples of outer-sphere redux reactions occurring 

through an outer-sphere redox mechanism involving two one-electron steps. Platinum (IV) 
undergoes reduction by both these outer-sphere reductants according to a second-order 
rate law, first-order in platinum (IV) and in the reductant. The reaction rate is found to 
depend on the nature of the ligands bonded to the central metd ion. It is found, for ex- 
ample, that the second-order rate constants for the reduction of trans- [Ptb 24 1 by 
ferrocene3 c ’ increase in the order AsEt, < P(n-Pr), < PEt3 <pip < SEt, , and pamlIe the 
values of rs of the different L. The bromo complexes react with either ferrocyanide or 

ferrocene witka rate IU--20 times higher than the co~espondi~g chloro complexes. This 
fact has been ascribed mainly to the lower energy required to deform the bromo com- 
plexes in order to make them available for the electron transfer. 

Non-complementary inner-sphere reductions of platinum (IV) have been found by 
using Fe=+ as a reducing agent (see p. 174)_ 

Several monoelectronic oxidants are expected to oxidize platinum (II) to platinum (IV) 
with the ~termediate formation of pI~tin~m (III) complexes. In some cases these inter- 
mediates have been invoked to account for the stoichiometry of the reaction and the form 

of the rate law 302 - These elements are not, however, sufficient for the postulation of plati- 
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num (III) intermediates and the defmition of a satisfactory mechanism of non-compiementa- 
v otidations of platinum (II)- Important information for this purpose can be gained from 

the effects caused by the reaction products on the rate of reaction. The oxidation of 
[PtCI, ] 2 - and [Pt(en), ] 2f- by [IrCl,] 2 - in the presence of free chloride, viz. 

Pt% 2 WI,* - + 2 Cl- + WCI, + 2 IrCi, 3- (81) 

appears to be the first example where an adequate mechanism of non-complementary oxi- 
dation of platinum (II) could be derived3 * 3 . The intermediate formation of platinum (III) 
complexes in these cases is inferred from the form of the rate laws of the reactions carried 
out in the presence of added [IrCl,] ‘- 

d[Pt$ 2 -1 - = k,k,[Ptcl,2-] [rrcr,2-]z[c~-] 
dt k2 [1rC1,3-] + k, [I&l,2-] [Cl-] 

- d[Pt(en), 2+] = k’, k\ [Pt(en& “3 tlrCl,2-] 2 [Cl-] 2 
dt * k; [IrC1,3-] i- k; IIQ2-] [Cl-] 2 

(82) 

(83) 

These rate laws are consistent with a mechanism involving a platinum (III) intermediate 

and two one-electron redox steps. 

PtC1,2- i- IrCl,2- * PtCI,- -+ irC1,3- 
xc2 

ks 
PtCI, - + IrC1,2 - + Cl- ---, PtCl, - + IrCI, 3 - 

(84a) 

(8W 

PiCl, - + a- + pm,2- C84cl 

pt(en),2+ + IrC1,2--+ Ft(en),3+ f IrClG3- 
k*2 

WN, 3+ + IrCls2- 
k*3 

+ 2 Cl- + Pt(en), Cl, 2+ + IrC& 3 - (85b) 

(c) Reversible noacomplementary redox reactions 

A full kinetic investigation of non-complementary redox reactions involving platinum 
complexes has been carried out on reaction (86) in perchloric acid solutions304y3 OS 

(C~S or) trans-[Pt(am)2 Br2 ] + 2 Fe3+ + 2 Br- =+ (cis or) 

~WZS- [Pt(am), Br4 ] ’ + 2 Fe* + (86) 

The equilibrium constant of these reactions is such that both the forward and the reverse 

reactions could be examined- The general rate law (87) was found to operate in these re- 
actions, 
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This me~h~ism is also consistent with the values of the equi~b~~m constant of the re- 
action. According to such a mechanism the equilibrium constant of equatiorr (86) is related 
to the specific rate canstants of the single steps by the reltionship fcTeq = &J@*k&,- 
The values of the equilibrium constants for these reactions, derived from kinetic data, are 
always found to be very close to those delved from concentrations of the different species 
present at equ~ibrium. 

The reactive elf [Pt(am),Br, J towards reduction by Fe’+ is inde~~dent of the iso- 
merit form, provided that the correction for the statistical effects is made. This behavior 
is different from that found in the reduction of cis- and ~~~s-~P~~~~)* & ] by anionic 
reductants (see p. f 68). This is explained by the fact that the amine ligands are not in- 
volved in T interactions, which are believed to be responsible for higher reactivity of the 
cis isomer in the phospbine compkxes. 

The effect of the halide, X, on the rate of reduction is found ta be rather unusual *k-r 
this kind of reaction, In fact, the chlaro camplexes are found to react with Fe2 + S- 15 
times faster than the corresponding bromo complexes, whereas a trend Br > Cl is m.mIly 

observed in the reduction of platinum (IV) complexes. The h&her ~erm~dy~~i~ sta- 
bility of FeCl= * with respect to FeBr2 +, which zrre tie o~datio~ products in the twa 
cases, is believed to be the most important factor related to the hi$er reactivity exhibited 

by the chloro complexes 
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