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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 2. 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 -
1eported was necessary. For this reason several kinds of process, such as intramolecular
rearrangements, rotation and inversion reactions, catalytic and intramolecular oxidation—
reduction reactions® ~??, 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 (Sect. C) will

* No reprints available.



124 A. PELOSO

consider oxidation—reduction reactions. The article is further subdivided on the basis of the
oxidation state of the central metal atomi. This was found convenient becavse the reaction
mechanism, the reactiviry and the configuration of the complexes usually change with the
oxidation state of the central metal atom.

B. SUBSTITUTION, ISOMERIZATION AND RELATED REACTIONS

(i} Zerovalent metal complexes

A great number of zerovalent metal complexes of the nicke! triad are well known23-28,
The kinetic investigations carried out so far on these compounds are concemed mainly
with tetrahedral nickel (0) complexes, whereas thase of palladium (0) and platinum (0)
have been relatively little studied2®—2%,

These complexes undergo substitution reactions through a dissociative mechanism,
leading to the formation of a tricoordinate intermediate in the rate-determining step.

slow
ML,— ML, +L (12)
s fast
ML, +L'—ML,L’ (1b)

According to this mechanism the reaction rate is found, in a given solvent, to be (irst-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), by PPhy 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 experiments®? in which C'20 and PPh, were allowed
to react simuitaneounsly with Ni(C* %0),. It was found that the rates of CO exchange and
PPh; substitution were both lower than the rate of the reaction with either ligand individu-
ally. However, the sum of the two rates was equal to the rate of the reaction of Ni(C* 60),
with CO or PPh; alone. This is explaincd by mechanism (1), 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 ta
the nature of the non-leaving groups coordinated to the eentral metal atom. For example,
the rate of CO exchange in nickel(0) complexes of the type Ni{CO),,(PR3);_,, vaties in
the order Ni(CO), > Ni(CO)3(PR3) > Ni(CO)»(PR,),, and this trend is related to an
increasing Ni—C strength®® in poing from Ni(CO)s to Ni(CO), (PR1). . The rates are siso
strongly dependent on the nature of the leaving group, as is expected when 2 dissociative
mechanism is operating. Thus, the rate of substitution of phosphines of
Ni(CO). (PRa): (PR3 = PCl;,P(CH, CH, CN),,PPh,, P(n-Bu}), P(OEt);.P(OPh),)
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usually decreases with increasing basicity of the leaving ligand, i.e. PCl, 2 P(CH,CH,-
(CN); == PPhy > P(n-Bu);*. Only the complexes with phosphites react more stowly 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 o-
bonding only, possibly due to n-bonding effects*®. The contribution of o- and 7-bonding
to the metal—ligand bond strength is also considered to be responsible for the change in
the rate of substitution reactions of M(PR3 ), (M = Ni, Pd, Pt; PR3 = PF, P(OEt);) with
phosphines, phosphites and isocyanides, when M is changed?? 2% 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 reparded as being the rclative order of the M—P bond strength and is considered
to arise from & and 7 contributions to the M—P bond. The m contribution, which is very im-
portant in metal (0) complexes, decreases® in the order Ni 3 Pd > P1. The strongest
& contnbution ic expected to be encountered for platinum, regarded as the most electto-
negative of the triad. Thus, the lowest bond strength encountered for the palladium (0)
complex, and therefore its highest reactivity, is attributed to the small tendency of
palladium to #-bond and its intermediate tendency to o-bond. On the other hand, the
relatively 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 m-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 constanis do not show any defi-
nite dependence on the dielectric constant of the solvents® 2 The use of better parameters
for the solvent polarities®” does not give any satisfactory correlation. However, a rather
sipnificant solvent sffect 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 a2 CO group, thus contributing to the lowering
of the enthalpy of activation. This interaction also restricts the freedom of the aromatic
molecule, thus also lowernng the entropy of activation.

(i} Bivalent meral complexes

fa) Square-planar complexes
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

¢ntering group in these reactions can be either a mono- or a multidentate ligand, e.g.

* Bowever, steric efTects can also be imponant“.
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MX,+Y->MX,Y+X @)

MX, + L-L - MX,L—L+X (3a)
L

MX;L—L—»X,M( ) +X @3b)
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 step®®+3%.
These substitution reactions usually follow a two-term rate law

Rate = k, [complex] + k, [complex] [Y}] (4)

where k, is the fitrst-order rate constant for a solvolytic path and &, is the second-order
rate constant for 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®®. Well documented evidence is now available for the assignment
of an associative reaction mechanism to both the k, and &, pathways?! =93, A recent
evaluation of the volumes of activation for the solvolysis of [PtCiy]%2~ (—~17 mlLmole—!)
and {Pt(NH,)Cl,]~ (—14 ml.mole™ '} in water®*, and for both solvolytic and bimolecu-
lar substitutions of trans-[Pt(PEt,), Cl, ] with bromide in methanol or aqueous methanol
(—28 ml.male™! and —27 mlmole™" for the two pathways)?® 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 (eature for the transi-
tion states of both solvolytic and bimolecular paths.

The reaction mechanism

s . v v }' . L S L
-5 P +5 ¥
L—MI—x 4 ¥ e e} —a Ly ——M —— = MY = La—M———y + ¥
L/ +5 i L . N ] .
x x
“ / )
[ 5
L T oL
- T, -X M/
L,—N! — L‘7|:1-—5 L|7":|—s —_— L, / T
L v [ - :
X ® ¥ ¥

implies a five-coordinate transition state generally believed to have a trigonal-bipyramidal
structure, with the entering ligand, Y, the leaving ligand, X, and the group L, originafly
frans to X, in the trigonal plane. The reaction mechanism is better described in terms of

an associative A (or Sy 2 lim) mechanism, also implying a labile five-coordinate intesmediate
which can be formed before (Fig. 1(a)) or after (Fig. 1(b)) the rate-determining step®®:47.
The existence of stable five-coordinate complexes of nickel (1T}, palladium (II) and platinum
(AD?? 5t supports the associative mechanism. Direct evidence of the occurrence of five-
coordinate addudts in the course of these reactions has been obtained in the nucleophilic
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Fig. 1. Reaction profiles for the displacement mechanism of square-planar complexas, involving an
unstable five-coordinate intermediate, X—M—Y. (a) Bond breaking is rate-determintng; (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 nucleophilic 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 the entering group. Informetion on this point is mastly available for reactions
of platinum (iI) complexes. As a general trend, the bimolecular reactivity of the different
nucleophiles is mainly related 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
group were not very successful®®**_ For thisreason it has been found convenient to devise a
nucleophilic scale for platinum (II) complexes, related to the reactivity of the single
nucleophiles towards mans-[Pt(pip), Cl; }, taken as a standacd substrate, in methanol at
30°C (or 25°C)* 25 The nucleophilic reactivity constants, nB,. in this scale are given by

K

Y
0 —fnoy—L
npt~logku

5

(6)

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

The valves of "‘lJ’t

Nucleophile "gt
CH,0H 0.007
a-Picoline 2.2
S(4-NO;CgHa)z 244
a~ 3.08
NH, 3.07
Piperidine 3.13
Andinc 3.16
Pyridine .19
S(4-CICsH ), 3.d
NO, ™ 3.22
S(CgHs)y 3.22%
S{CsHs) (4-CICsHy,) 3280
S(4-FCgHas)- 3.30%
S(4-NH3CgHg) (4NO, Cgkg) 3312
S(CH,CgHg),y 3,43
fmidazole 344
Ny~ 3.58
S(CeHe) (4-CH30CH) .64
S(4-CHaCgHa)2 3.68%
$(3-CH30CsHq)2 3.73b
NH,OH 3.85
S(A-OHEC Ho)a 3.855
NH, NH, 31.86
CsHgSH 4.15
Br 4.1%8
S(4-NH2CgHa)a 4270

129

Nucleophile "gt

S(C,H;), 4.52
P(N(C2Hs5)3}a 4.54
S{CH ), 4,87
PO(OCH ), ~ 5.01
S(CH, ), 5.02
S{CH, )y 5.14
SnCly~ 5.44
i~ 5.46
Se(CH,CgHg), 5.53
Se(CH ), 5.70
SCN™ 5.75
SO 5.9
CgHy  NC 6.34
Su(C,Hs)a 6.79
As(CgHg)q 6.89
SeCN™ 7.11
CN™ 1.14
CHS™ 7.47
SC(NH,), 117
P(OCH,), 7.23
$,0,27 7.34
As(CqoHe) s 7.68
P(CgHg)y 8.93
P(n<CsHg)y 896
P(C,H,) 8.99

2 Data from ref. 54 except where footnote b is indicated,

B Data from ref. 55,
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Fig. 2. Correlation of the second-order rate constants, kY of the nuclenphl.l.lc substitution reactions of
platinum (IF) complexes w'lth the nucleophilic reactivity constants, ”Pt’ for different nucleophiles:

{Pt(en)CL,] in H,0 at 35°C (o); trans- | Pt{AsEt,),Cl, | in MeOH at 30°C (s); trans-[Pi(pip),Cl, ] in
MzOH at 30°C (A). Data from ref. 53

The values of log k¢, for a great number of uncharged square-planar plattnum ({I) com-
plexes are correlated with the nucleophilic reactivity constants, np,, by the relationship

log kv = snp, +log k2 Q)

where the constant s, called the nucleophilic discrimination 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 examptes of plots of log kv against nf, re-
ported in Fig. 2. The values of 5 for some complexes are reported in Table 3. Although
relationship (7) holds for a large number of complexes and for seversal 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
macceptor ligands, such as phasphines?®» 2.

Very little information is available about the effect of the entering group upon the
substitution reaction rates of palladium (II) square-planar complexes. There is, however,
some kinetic evidence which seems to Indicate that the order of reactivity of the different
nucleophiles towards paltadium (fI) is the same as that found for platinum (II). For exam-
ple, trans-[PA(NH;).Cl ], cis- and rrans-[Pd(NH3 )2 (NOz ), ] and [Pt(en)Cl, ] react with
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TABLE 3

Nucleophilic discrimination factors, 5, of some platinum (k) complexes in methanol

Complex t 5 Ref.
(°C)

rrans-| Pt(py), 1, | o 1.00 53
frons-[F(PE14),Cl, | 30 1.43 53
trens-[Pt{AsEL,),Cl, ] 30 1.25 53
frans-{PU(S(sec-Bu)a )2 Cl7 | 55 0.57 53
mans-[P1{ScEt;),C1, ] 30 1.05 53
trans- | P(pip), Cl, | 30 0.91 53
rans-[F(PEL ) (pip) Cl, ) 30 L.15 57
rrans-[P1{4-CNpy), (2 | 30 L.i 58
Irans-(Pt(4-Clpy)a Clp | 30 1.033 58
trans-[Pt(4-CHpy}2Cla ] 30 0.955 58
[Ptien)Cl, ) s 0.644 53
[Picbipy)Cl, ] 25 0.75 56
[Fi{bipy) (NO,)Ci) 25 0.87 56
[Pi(bipy) (N4)C1] 25 D9s 56
jPtibipy) (SCNHCH} 15 1.3 56
9In water.

some nucleophiles with a rate decreasing in the order®® thiourea > py > glycine > aniline
>H, 0. On the other hand a reactivity order®! SCN~ >1{~ >~ >C1~ > H, 0 is found for
{Pd{acac} ] . Both these sequences parallel the order of the nucleophilic reactivity constants,
ng, .
PtIt has already been polnted 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 (1) and palladium (I1)
complexes with amines and thioethers. The second-order rate constants®? ~72 faor amines
having the same kind of steric hindrance are related to pK, according to eqn. (8), and

those for thioethers are related to basicity, expressed in terms of the sum of the Taft o*
values of the radicals bonded to sulfur, according to cqn. {9}

log k) = aypK, +Cy (8)
log k, =ag(—Zo™)+ Cg @

A linear retationship has also been found by plotting log k, of the reactions of trans.
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[Pi(py), Cl2 ] with 4,4 -disubstituted dephenylthioethers in methanol against Zo,,, where
0p are the Hammett substituent parameters of the para substituents**. Besides basicity, the
extent of steric hindrance of the amines is also important in deteymining their reactivity.
SRome investigations carried out by using substituted pyridines as entering groups have
shown that the kind of steric hindrance does affect only Cyy and not ay. Each 2-sub-
stituent is found to change the value of Cy by a constant amount, A, so that the relation-
ship operating in these cases is

(n and i’ are the numbers of 2-substituents (0, 1 or 2); A is 2 measure of the steric effect
of one 2-substituent in lowering the bimolecular reactivity of substituted pyridines to-
wards a given complex)® 7. The lower reactivity of 2-substituted pyridines, with respect

to the 3. and 4-substituted derivatives, seems fo 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”’ . Ta-
bles 4 and 5 report data regarding the discrimination parameters, ag and oy, together
with the steric hindrance parameter, A, for some complexes,

TABLE 4

Discrimination parameters, ag, of some palladium (II} and platinum (I1} planar complexes reacting
with thioethers at 25°C

Complex Leaving group Solvent ag Ref.
[Pt{bipy)Cl, ] Lot iy Methanol 1.25 68
[Pi(bipy) {(N4)C1] ol iy Methanal 0.47 68
[Pt(bipy)} (NO, )] cr Methanol 2.7 68
[P1{bipy) (NO,), ] NOy Methanol 2.6 68
[Pi(bipy) (NO,)N,] Ny~ Methanol 26 &8
trans-{PA(3-CNpy)2 (13 1 3-CNpy 1.2-Dimeathoxyethane 0.8 &9
trans-[PA{4-CNpy}; Cl; } 4+CNpy 1,2-Dimethoxyethane 0.8 69
trans-[Pd{3-CHzpy)2Clz ] 4-CHapy 1,2-Dimethoxyethane 0.8 &9
trans-| PA(py}, Cl,] py 1,2-Dimethoxyethane 0.76 69
trans-| PA{4-Clpy}a (5 | 4-Clpy 1,2-Dimethoxyethane 0.29 72
rars-TEA{4-Clpy )z Bxy ] 4-Cipy 1.2-Dimethoxyethane 0.18 72
frans-[PA(4-Clpy)al; ] 4-Clpy 1,2-Dimethoxyethane 0.02 72
Irgns-{Pd{Dy); Bry | Py 1,2-Dimethoxycthane 0.28 72

Trans-{PA(py),;1,] PY 1,2-Dimethoxyethane 0.02 72
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TABLE 5

Discrimination {a,,} and steric hindrance (A} parameters related to the teactions of amines with some
paliadium {IT) amrplatinum (11} complexes at 25°C

Complex Leaving group Solvent ey A Rel.
[Pr(hipyIC), ) cl— Methanol 0.06 1.0 67
{Pt(PhS(CH,);SPh)C, | PhS(CH,),5Ph 1,2-Dimcthoxyethane 0.14 66
[PA(PRS(CH,);SPhICY, | PhS(CH,);SPh 1,2-Dimethoxyethane 0.09 66
[Pt(PhS(CH,), SPhIC, § PhS(CH2)25Ph 1.2-Dimethoxyethane .14 1.6 64
{PA(PhS(CH;},SPh)CI, ) PhS(CH,),5Ph I ,2-Dimethoxyethane 022 24 71
[PA(PhS(CH,),SPh)Br, | PhS(CH,),SPh 1,2-Dimethovyethane 0.28 70
{PA{PhS(CH,), SPh) (N3), ] PhS(CH, ), 5Ph 1,2-Dimethoxyethane 0.3 70
[PAPHS(CH, }, SPhiE, ] PhS(CH;), SPh },2-Dimethovyethzne 0.36 70
[PA(PhS(CH,),5Ph) (SCN),]  PhS(CH,),SPh 1,2-Dimethoayethane 0.42 70
frans-[P1(-Pr1 812 (1 +Pra S 1,2-Dimethoxycthane 0,132 248 65
traps-[PAG-Pr,58)2C12 ] i-Pr; 8 1,2-Dimethoxyethane 0.132 235 65
{Pd(dien)1}* 1~ H,0 ~0 1.6 &3
[Pd{dien)N,j* N,~ H,0 ~0 175 63
[Pd{dien)SCN}* SCN— H,0 ~0 145 63
[Pd(dien) (NO, )" NO,” H,0 ~8 14 83
{PaC1, )2 a- H,0 025 1.5 62
frans- [Pd(4-Clpy)2 Q2] 4+ Clpy H,O 0.075 72
trans- [PA(3-Clpy)s Bra ) 4-Clpy H, O 0.24 72
trans-[Pd{4-Clpy); 15 ] 4-Clpy H,O 0.34 72

Although the linear free encrgy relationship (8) has been found to be valid in several cases,
it does not always hold” 2~ 77, For example, the second-order rate constants of the reac-
tions

[Pt(dien)X] * + am - [Pt(dien) (am)} 2+ + X~ )
[PtC1, 12~ + am - [Pt(am)Cly] ~ + CI™ (12)

do not show any correlation with the basicity of entering amines of consiant 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

reactions of planar nickel (IT) complexes. However, some data are available concemning

this effect in the reactions of square-planar nickel {II) complexes yielding octahedral com-

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 @° square-
planar complexes. The steric hindrance of the entering group also appears to be kineticalty
very important in these reactions as has been shown in the substitution reactjons of planar
[Ni(triglycinate)] = with amines, carboxylates and aminocasboxylates”®. 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 ligands”® . In such a case, the reaction seems to involve 2 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 R
[Ms uriglycinate)]- + N.N-diMeen % ( \""" staw products
d ( \N (13)
d
/N“‘-..
Me Ma

Important chelate kinetic effects have been encountered also in substitution reactions of
[Ni(CN), ] *— with multidentate amine ligands”®.

(3} Role of the leaving group. 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

[Pi(dien)X]"" + py = [Pt(dien)py] " + X" 2 (i4)

whose rates were found to change in the order®® NO;~ >H,0>Cl= > Br= >1~ >
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-
sctivity Ct—2 Br~= [~=* N, > SCN— > NO, ™ > CN~. The comparable reactivity for
chloride, bromide and iodide a5 leaving groups has been xationalized 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 aseribed to bond breaking becoming rate-determining® ?. The influence of the
basicity of the leaving group on the reactivity of square-planar complexes of the nickel
triad is now well recognized. Examples are the replacement of thioethers from [Pt(bipy)-
(RSRJCI}* by several nucleophiles® *, the substitution of amines from frans-[Pd(am),-
Cl,] by thicethers®? and the substitution of phosphines® ¢ fram planar frans-[Ni(PR,), -
(NCS), ] by bipy. It is generally found that the second-order rate constants decrease with
increasing basicity of the leaving group. Good linear relationships are generally found be-
tween log &, and the values of p&; (or To*) of the single leaving group.
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{4) Cis and trans effects. Ligands bound in positions cis or frans 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 treatments®”™®! . The strongest
effect is caused by the trans ligand. This rrans effect was originally intended to describe the
trans directing influence of a ligand upon the ease of replacement of the ligand frans to it.
On preparative chemistry grounds only it has been possible to define the following order
for the trans effect®”:

CN—, CO, C;H,, NO > thiourea, PR;,8R; >NO,~ >17 > SCN™ > Br_ >
> CI” > NH,, py, RNH, > OH™ > H,0

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 rrans to it, i.e. the so-called labilizing rrans effect. A few
sequences of the labilizing frans effect for platinum (II) complexes are reported in Table 7.
These, and other data reported in the literature®' ~43, lead one to define the following
order for the labilizing frans effect for platinum (II) complexes:

Olefins = NO = CO = CN™ > PR, = H = thiourea > CH;~™ > Ph™ > SCN™ >

>NO,” >17 >8 >ClI” >NH; >0H™ > H,0*

The data available on the labilizing trans effect on square-planar palladium (1Y) and
nickel (1) 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 ammoria ex-
hibits a labilizing trans effect about ten times greater than that of chloride*®?, Also, a
sequence NO, ~ > C1— > H, O has been derived' ®#* ' ®% from a kinetic study of the acid
hydrolysis reaction

trans-[Pd(NH3); LCIJ"* + Hy O ~ trans- [PA(NH;), L(H, O)**! + 1™ (15)

All these data parallei the order of the rrans eifect found for platinum (7).

A recent study of the kinetics of substitution reactions of planar nickel (Il}—dithiolate
complexes with dithiolates and with cyanide has provided important information on the
trans effect in the reactions of nickel (1Y) comptexes®?. The order of the trans effect has
been found to paralle] the increase of delocalization of the r-electron density from the
nickel 4p, orbital caused by the trans ligand. A high m-electron density delocalization is
thought to cause a high stability of the five-coordinate 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 frans effeci of a

* More detailed information cancerning the frans effect of the mono-olefins or phosphines can be derived
from Tabte 7. :
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ligand. For exampie, Table 7 shows that good m-acceptors such as phosphines and olefins
exhibit a high trans effect. However, 7 interactions are not the only factors influencing
the trans effect. For example, H—, a very weak m-acceptor but a strong o-donor, exhibits
2 high frans effect. It is now generally accepted that both o and 7 contribustions play an
important role in determining the trans effect’®.? !,

Much information is also now available on the effect of the lipands bonded eis to the
leaving group in determining rates of substitution. Although some exceptions are
known??: 192 4 ligand usually has a less inarked effect on the rate when it occupies a
<is rather than a frans position, provided steric effects are not important.

One of the first investigations of the c¢is effect was a study of the kinetics of the reac-
tion

cis-[PH(PEt,), RC1} + py = cis-{Pt(PEt;), Rpy]* + Cl— (16)

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: CH, > p-tolyl > Ph > Cl 2> o-tolyl > mesityl

Kpi_ g

7 1 3.6 3.0 23 1 S5X1073 2.5X10°0
Pt-Ci

A comparison of the data for the first four ligands with the data of Table 7 shows that the
cis effect is less marked than the frang effect. A more marked cis effect is exhibited by the
o-toly! and mesity! ligands and is ascribed to the effect of steric hindrance on the reaction
center caused by the ortho methyls.

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

trans-[MLy X3 ] + Y ~ trans-[PtL, XY + X (17a)
frans-[PtL, XY] + Y = trans-[PtL, Y, ] + X (17

by using several groups L bonded cis 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
oxder of the cis effect is PEt, < AsEt, < py < pip when the incoming ligand is a rather
poor nucleophile® 3, such as NO, ~, and pip < py <PEt, < AsEt; in the case of good
nucleophiles, such as SeCN— and thiourea' ®*"1°8, This inversion of the trend has been
explained on the hasis of the effects of the cis ligands in labilizing the Pt—Cl bond and in
determining the electron density at the reaction center! 9% 119 Measurements of **Cl
nuclear quadrupale resonance frequencies' °® have shown that eis ligands progressively
weaken the M—Cl bond in trans-[ML, Cl, | compounds (M = Pd, Pt} in the order

PR; < AsR, < py < pip. This is also the order found for reactions with weak nucleophiles,
and is consistent with the fact that bond breaking is rate-determining in these cases (profile
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(2) of Fig. 1). A nearly opposite trend is found for reactions with good nucleophiles
where bond making is rate-determining (profile (b) of Fig. I). In this case an order
PR, > AsR; > py > pip should be determined by a decrease of the electron density
on the reaction center due to m-withdrawal in the order pip&> py > AsR3 > PR;.

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, oy and ag, 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 = CH,, Ph, Cl,

frans-[Pt(PEta ), RCI] + Y™ — frans-[Pt(PEt3), RY]' 2 + CI— (18)

the trans effect order CHy > Ph > Cl is observed with poor nucleophiles (see Fig. 3) whilst
with good nucleophiles the order’ * ' is Cl > CH; > Ph, In order to avoid the dependence
of both cis and frans effects on the entering group it has been suggested that these effects
should be defined in terms of the discrimination parametets. According to this proposal a
higher trans effect is exhibited by frans ligands causing a lower ability of the substrate to
discriminate between the entering ligands (i.e. the order of the frans effect parallels the val-
ues of 1/5)1* 1, and a larger cis effect is exhibited by cis ligands causing a higher ability of the
subsirate to discriminate between the enteving groups (i.e. the order of the cis effect
parallels the values of s and oy, *)*®. Actually, the discrimination parameters can be very
useful in gaining information about the effects of ¢is and trans ligands upon the kinetic
behavior of square-planar complexes, but their use to describe cfs and frans effects is not
consistent with the eonventional definiton of these effects. In fact, the parameters s and
ay do not provide information about the cis and frans effects in terms of reactivity. For
example, the reaction

trans-{Pd(4-Clpy): X, ] + am = trans-[Pd{(4-Clpy)}{am)X,] + 4-Clpy (19

shows an order of ¢is effect I > Br > Cl (see Table 5) when expressed in terms of oy, but
the order is Cl > Br > I when expressed in termns of reactivity towards any of the entering
amines so far considered’ 2. To avoid confusion between the different terminologies it
seems much better to retain the usual definition related to reactivity for cis and frans
effects, in spite of the possible changes of order with the entering group. The effects
related to the discrimination parameters could he indicated more properly as ¢is and trans
discrimination effects.

The cis discrimination effect seems 10 depend on the nucleophilic power of the ¢is
ligand causing this effect. Indeed, there is a general parallelism between s or ayy for a given
complex and the nucleophilic reactivity constants, "‘]]’I’ assigned to the cis ligands’9,79,72
Also, the basicity of the cfs ligand is found to play only a small part in determining the
ability of the complex to discriminate between the entering groups.

* The diserimination parameter for the thicethers®®+*%7*

fect consistent with those related to s and 10 -

does not seem to give erders of the cis ef-
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Ck

T %2 3 & 5 & 7 4
ne Pt
Fig. 3. Effect of the frans ligand upon ky of trans-[PU{PEty); RCH in methanol at 30° C as a function
ol the nucleophilic reactivity constants, npy, for different nucleophiles. Data from ref. 3111.

{5) Steric effects of coordinated ligands. Steric hindrance caused by ligands bonded to the
central metal ion strongly affects the rates of reaction of square-planar complexes. For exam-
ple, the first- and second-order rate constants, &k, and &z, of thiccyanate exchange and sub-
stitution of [Pt{AA) (SCN), | complexes with thiourea (AA = diamine) decrease with
increasing steric hindrance of the diamine, i.¢. in the order! ' 2— 114NV, N Me, en >N, N'-i-Pryen
>N, N'-Phyen. The complex with the unhindered €n group occupies an anomalous position
in this sequence, being the least reactive member of the series. However, this anornaly dis-
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 #. Other examples of the ef-
feet of steric hindrance on the reaction rates are shown in Table 8. From the first two exam-
plesit is found that steric hindrance caused by a bulky lipand is kinetically more important
when this is bonded ¢is 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 (20} in methano! or n-hexane' 29,

trans. [PtCL, (PR,) ['*C] NHR'] + NHR?" -
trans- [P(CL (PR, )(NHR)] + [19C]NHR (20)

In such cases a change in the sterc hindrance of the phosphines, frans to the leaving group,
causes only a small decrease in the first- and second-order rate constants in the order! 3¢
PMe, > PEt, > P1..Pr)3, the total change baing less than three.fold in going from PMe,
to P(n-Pr)3. A greater effect is observed by changing the steric hindrance of the leaving
group. In fact the rate constants &, and %, for the reaction of mrans-[PtCL, (P(n-Pr);)-
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(NHMge, )] with NHEt, are respectively 15.7 and 60.5 times higher than those of the com-
plex frans-[PtCly (P(n-Pr);(NHEt; )].

Steric hindrance can also modify the reaction mechanism. For example, reaction (21),
(X=0C), Br,1; Y=1Br, I, SCN, NO;, N3; AAA = substituted diethylenetriamines) follows a
simple first-order rate law, without any bimolecular contribution! * 8-12!  when AAA is
a strongly hindering ligand such as Me; dien, Etsdien, MeEt,dien.

[PA(AAA)X]* + Y~ - [PAd(AAA)Y]* + X— 2y

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 frans-{Pt(PEt,), RCI] (R = o-tolyl,
mesityl), and is ascribed, at least partially, to the steric hindrance caused by the ortho
methyls at the reaction center®*» ' 1%, 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~,SCN—,Ph8~, §,0,%~. However, a contribution dependent on the entering group is
operating in methanol and in DMSO when the incoming ligand is cyanide, selenocyanide
and thiourea. The fact that such a contribution is absent when other good nueleophiles
are used has been taken as an indication that the pseudo-octahedral behavior of these
complexes does not come only from steric hindrance. It is believed that a strong
o-donation of R~ also contributes towards preventihg 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 through
n-interactions' ' *. [Pd(Et,dien)Br]* also reacts with S, 04% ~ in water!*? and with
chloride and fedide in MeCN (ref. 123) showing a second-order contribution to the rate. In
the first case the high nucleophilic reactivity of thiosuifate (u"l,t = 7.34) and the formation of
an ion-pair are believed to overcome the steric strain caused by the bulky ligand. In the
second case the bimolecular contribution is pzobably favored by a high reactivity of chla-
ride and jodide in MeCN, due to their lower degree of solvation 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)(H,0)] 2* + Yn— — [Pd (Et, dien)Y] 2 =" + H,O 22

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

(SN 21P) 22 [Pd(Et, dien)SeCN} * also reacts with several nucleophiles through a second-
order contribution to the rate’ > However, the order of the rate constants does not
paralle] the nucleophilic power of the entering ligands, measured in tegms of ngt, showing
that this is not the determining factor for the rate of the &, path. This also makes an asso-
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ciative mechanism rather unlikely. The mechanism operating in these reactions is thought
to involve the fgrmation 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
palladium (II) near the bulky Et, N-- ends of Et, dien. A nucleophilic attack of the in-
coming ligand on such an intermediate would be the rate-determining step.

" HN’-’_—“‘"NEtZ *

+ Tost k2
[PdiEL sienysecn) =— /Pu\ e
Et N SeCN
HN/ —~MET
Y
\\ A tast . + 93
: ————= [PdiEt, dien)¥ (23)
( PLL“ “ooCH iF adien ]
Ete;u “secn

The importance of the steric effect of selenium in operating this mechanism is also inferred
from the fact that the thiocyanato complex, [Pd(Et,dien)SCN]*, does not react through
any bimolecular path, thus behaving as a pseudo-octahedral complex! ?*. This behavior is
consistent with the fact that the sulfur atom, smaller than selenium, does not create suf-
ficient steric strain.

{6) Solvent effect. The solvent plays a double role in the reactions of planar complexes,
being a reaction medium as well as a nucleophile (for the &, reaction path of unhindered
complexes). Most information on this subject relates to the reactions of platinum (JI) com-
plexes.

The solvent effect on the X, term is documented in Table 9. No correlation is found
with either the polarity or the solvating ability of the solvents, thus showing that these
factors are not the most important in determining the rate of the %, path. Nucteophilicity,
however, is an important factor, as expected for an associative mechanism. For example,

a general trend DMSO > H, O ® MeNO, > ROH is encountered for &, . The relatively
high value found for DMSO is ascribed to the fact that (his solvent is a good nucleophile®
towards platinum (IE). On the other hand MeNQ, also gives relatively high values of &k

P
* The occuren:e of swong Pt-sl(CH_:,); bonds in plativum (11} complexes supports this interpretation.
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TABLE 9

Soivent clfect on the rate of the solvolytic path at 257C of the reactions of some platinum 1) com-
plexes

Complex Solvent k, Ref.
sec— 1y
trans-[Ptipy)2 Cl] DMSQ 3.8x% 107° 126
H, 07 3.5% 10~% 126
MeNO, 3.2% 107° 126
EtOH 14 % 107~ 126
MeOH? 1x 1075 106
n-PrOH 9.2 x 10~ 126
trans-[Pt(pip)2Cly | DMSO 7x 107" 128
(CH3},CO 8x 1075 128
DMF 4% 1073 128
AcCN 3x 107% 128
MeNO, 2.5% 1075 128
MeQOH 1.2 % 103 127
EtOH 7% 10”% . 129
1-BuOH® 1.2x107° 129
MeQOH® 5x 107° 129
EtOHE 3x107° 129
frans-[PtPEL,),Cl, | DMSO 2% 1077 130
{CH3),C0O ~ 10™¢ 130
MeOH ~2% 1077 53

2 These data refer to trans-[Pt{NH3)2Cls .
B yalues at 30°C.
€ Values at 40°C,

owing to its biphilic behavior, which makes it able to interact via »-bonding with the cen-
tral metal atom. The lower values found for water and alcohols are in agreement with the
weak nucleophilic nature of their oXygen atoms towards platinum (1I). There is now little
doubt that the sclvent effect on the &, of unhindered complexes is related to the occur-
rence of an associative mechanism for the solvolytic reaction path. There are, however, a
few recent results on the aquation of frans-[Pt(NH,), CL, ] (ref. 131) and cis-[Pt(NH), -
Cl,; ] and [Pt(en)CL, ] (ref. 132) in aqueous organic solvents which are believed to be hetter
explained in terms of a dissociative mechanism.

Data on the effect of the solvent upon the second-order rate constant, k, , were origi- '
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nally obtained by measuring the rate of chloride exchange in trans- [Pt{py)2Cly] in a
variety of solvents’ 2. The bimolecular rate constants were found to decrease in the
order CCt, > C H, > m-cresol = +BuOH =~ CH, CICH, Ci > Et0Ac = (CH, ), CO

> MeCN >> DMF. Such a trend was explained by assigning a higher reactivity to C1~ in

a solvent with poor ion solvating ability, such as CCl, or C,H,. In good solvents, such as
DMF or MeCN, the chloi:de ion would be less reactive, being more solvated. An extensive
investigation on the solvent effect has been carried out by reacting fravs-[PtL, X, | with
several nucleophiles in protic' 2 as well as in dipolar aprotic solvents' 28, 3% _ A rather
intesesting result is that the nucleophilic reactivity order remains the same repardless of
the nature of the solvent, showing that the polarizability of the nucieophile is much more
important than the nature of the solvent in determining the rate of substitution of plati-
num {I1) complexes. The solvent, however, does influence the nucleophilic discrimination
factor, s, which is lowered in going from protie to dipolar aprotic solvents, regardless of
the platinum (1) complex employed™. This last consideration suggests that the change in
s arises mainly from changes of solvation of the entering group. Although there are indi-
cations in favor of this hypothesis®?, 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 grans- [Pt(py), Cl, | with bromide in

H, 0—DMSO0 mixtures' *?_ This is at least an indication of how a complete understanding
of the effect of the solvent upon the bimolecular reaction pathways of plarar 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 definitively 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 molecule of solvent is present in the fifth position! 3% . Among the
several factors that can influence the rate, and one that has not yer been properly inves-
tigated, is the proiile of the reactic~ which can change from (a) of Fig. 1 to (b) when the
solvent is changed.

{7) Effect of the cenrral meral ion. Few data are available conceming the effect of chang-
ing the central metal ion on the rates of reaction of square-planar complexes of nickel

(11), palladium (I} and platinum (IX). 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 3 Pt approximately in the ratios 10°~7: 10° —*: 1. Although these ratios are
largely dependent on the particular substrate and also on the particular entering group, the
order Ni > Pd 3 Pt is always observed in the nucleophilic substitution reactions of low-spin
square-planar complexcs under consideration. This order is Likely to be due primarily to
the greater ability relative to platinum (II) of nickel (II) and palladium (I} to add a fifth

* Nao data are available relating the solvent effect to discrimination parameters ey and ag.
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TABLE 10

Second-order rate constants, &,, of some reactions of similar square-planar complexes of nickel (II),
palladium (11) and platinum (IT) at 25°C

Reacting mixture M Solvent k., Ref.
@, mole— . sec™ 1)
[MCl, 1%~ +NH, pd H,0¢ 1 103
Pt H,0% <4 x 105 40
{MCl,1*~ + phen Pd H,0¢ 2.23 135
Pt H,09 2x 1073 136
rans-[M(NH2);Cla] + NH3 Pd H, 0 4 103
Pt H,00 7.8 x 107° 40
[M(dien)Cl}j* + H,0 Pd H,0 1x 100 = 118
Pt H,0f fx 1075 € 47
Frans- (M(i-Pry 5)s €1, | + py P (CH,OCH,), 7.4 x 10 65
Pt (CH30CH,), 5.28 x 1073 65
frans.[M(PhSCH, CH2SPR)CL; J +py  Pd (CH,0CH,), 6.8 71
Pt (CH;OCH, ), 1.15 x 102 64
frans-{M(PEt3)z(0-talyDCl] + py Ni EtOH 3.3x 10t € 93
Pd EtOH sexiote 93
Pt EtOH 67X 107%¢ 93
trans-[M(PEta); (mesityl)Cl] + py Ni EtOH 2x107% € 93
Pt EtOH 1.24x 10—° € 93

7 ronic strength 1 A,

b onic strength 0.318 M.

¢ Jonic strength 0.279 M.

d Vajues at 45°C; ionic strength 2.46 X 1072 AL
€ ky (sec” 1),

7 onic strength 0.1 M.

ligand. The formation of five-coordinate intermediates, prior to the rate-determining step,
in the nucleophilic substitution of nickel (II)-dithiolates by dithiolates®?, supports this
interpretation.

{8) Binuclear complexes. Several binuclear complexes of palladium (IT) and platinum {(II)
are well knovwn and characterized! * 7—23° but few of these have been subjected to kinetic
investigation? 4% —142 Somc attention has been devoted to the reactions of binuclear
platinum (II) complexes with amines and with olefins. These reactions are found to obey a
two-term rate law similar to that followed by square-planar complexes; viz.
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Rate = k, [complex] + k, [complex] [Y] (24)

Such a rate law is congistent with the fact that both the metal ions In these binuclear com-
plexes are involved in a square-planar configuration. Both k; and k, 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—Pi bridge.

\ / \Pt/ 1,/ x
/Pt\ X 7 *x" N =t 2 \Pt/
\\ /x +¥ piast /%{/ / \.r

/

R oy \/,,t

x

"\

AN
/N

33
VRN

COD = 1,5 ~ cyclooctadiana

-’(-:r.-afﬂIst (2 5)
r-;hh D=
cop~ [Pricomien} + [Prer,]

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 olefins rathec than for amines
as entering groups. Also, the frens effect is qualitatively the same. This is shown, for example
by the fact that the reaction rate of [Pt, (P{n-Bu);); Cl4] is higher than that of

[P, (pip), C, ], the first containing a phosphine frans to the leaving group with a higher
trans 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 12~ reacts
with pyridine more quickly than [Pt,1,]%~, although iadide 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 subsirate®®®. A general feature of the
binuclear complexes is their higher reactivity compared with that of the corresponding
raonanuclear compounds. This is because the four-membered ring

N
Pt\

is rather strained, so that the cleavage of one Pt—X—Pt bridge is easier than the breaking
of a single P1—X bond.

The chloride exchange of [Pt,(C,H,),Cl,] in ethanol has a rather peculiar mecha-
nism' %3, In this case the caomplex 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,H,)CI3]~ according to reaction (27).
fPt,(C,H,),Cl,1 + 2 C,H;OH ~ 2 rrans-[Pi(C, Hy )Cl, (C, Hs OH)) (26)

frans- [PY(Cy Hs )Cly (C2 Hs OH)] + CI— — [P(C3Ha)Cl3 ]~ + C; Hs OH @7

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 Iaw for the chloride exchange

Rate,, =k[PYC,H,)Cly~ ][ rans-Pt(CHa)Cl2(C, Hs OH)] (28)

Other examples in which binuclear platinum (II) complexes are thought to participate in
reactions of platinum (II) complexes are represented by the [PtBr,] 2 —_catalyzed bro-
mide exchange of both [PtBr,] ?~ (ref. 144) and {Pt(dien)Bri™ (ref. 145).

(9) Cis— trans isomerization. Square-planar complexes of formula [ML, X, | and [M(LLY, ]
are known to occur as geometric isomers, with the possibility of interconversion of the two
forms, eis and frans. The best examples are found in platinum (II) complexes, where be-
cause of their stability and inermess it is possibie to isolate both the ¢fs and frans forms.
Examples of genmatric jsomers are also known for nickel (If) and palladium (IT)* 4¢:447,
but in these cases the separation of the two forms is usually very difficult because of the
high lability of these complexes Jeading to the isolation of only the more stable or the more
easily separable isomer.

Until very recently data for cis—trans isomerization of planar complexes referred only
to thermodynamic!#8—151 and photochemical studies' *2.! 53, Tt was known that iso-
merization can occur only in the presence of catalysts, which are usually uacharged
ligands identical to those coordinated to the central metalion'* 7?4, Such a catalyzed
cis—trans isomerization was believed te occur through a double displacernent mechanism.
The first stage was thought? ** to involve the replacement of an X group by a molecule
of catalyst, L, to form [PtL,X]*X™, and the second stage the entry of X~ with displace-
ment of L.

L 7 N L
Lo Pf—=X + L L——Fi< m— | L—Pt—L + =7
X x x x
” (29)
x
| L
L—Pt—L + L e — |_—--p£'-/—|.



KINETICS OF NICKEL, PALLADIUM AND PLATINUM COMPLEXES 149

The amine-catalyzed isomerization of cis-—{Pd{am), Cl, ] (am = substituted pyridines) in
1,2-dimethoxyethane has been found recently to follow a second-order rate law, first-or-
der either in palladium (1I) and in free amine, and has been regarded' *® as evidence in
favor of mechanism (29). However, very recent kinetic investigations of cis—trans iso-
merization carried out on reaction (30) (L = phosphine; X = Cl) do not support such a
mechanism®®7.

e
cis-{PtL; X, ) — trans-{PtL2Xa} (30)

In this investigation the free phosphine, L', present in catalytic amount, was either the
same as or different from that contained in the complex. Analysis of the kinetic resuits
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 would imply ligand exchange at every isomerization. An alternative
mechanism for the catalyzed isomerization has thus been proposed to account for the
results obtained! 3 7. ¥t involves an assaciation of the cataiyst, L', with the complex and
formation of five-coordinate a distorted five-coordinate state in which L' occupies a
unique position, perhaps due to a long Pt—L’ bond. This distorted state undergoes flux-
ional change which interconverts the position of L and X and leads to isomerization,
whereas the catalyst, L', retains its identity.

Uncatalyzed cis—trans isomerizations ussally do not occur. However, cis-[Pt(PEt3 )~
{o-tolyl)Cl] is also found to undergo isomerization in the absence of any catalyst! 38,
Its jsomenrization 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 given by

kg

T
KiCI—] + 1

1

(1)

In order to explain the effect of added chloride on the reaction rate, a two-stage mecha-
nism involving two labile three-coordinate intermediates of unknown structure,*cis” and
“trans™, has been suggested.

K . .. -
o5 - [PHPEL)al0-toyICl] m=——m= "cis’ + «I

l (2)

beat . " -
trans — [PHIPEL;); to-talyCi] S——== Twrans’ +
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{b) Terrahedral complexes

Only tetracoordinate nickel (II) provides examples of high-spin tetrzhedral as well as
low-spin planar complexes, with possible interconversion between the two forms. While
much work! 59 =562 has been done on the stability of the two structures and on the equi-

librium of the interconversion
Tetrahedral {(paramagnetic) < planar (dizamagnetic) (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;}, X, ]. These complexes are known
to be square-planar or tetrahedral according to whether trialkyl- or triarylphosphines are
coordinated ¢o the central metal ion, while complexes bearing dialkylarlyi- or diarylalkyl-
phosphines can lead to the coexistence in solution of both diamagnetic and paramagnetic
forms! 59,163

Kinetic investigations on the tetrahedral complexes have been concerned with the ex-
change of phosphines of [Ni(FR,), X,] in CDCl; (PR; = (o-tolyl)s, PPh,; X = Ci, Br,
1)1 64186 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~',
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 > I in all the cases examined. This order is thought'®7 to be determined
by increased Ni- P m-beonding in going from chloride to iodide, as a consequence of in-
creased w-donation from the halogen to the nickel in the order Cl << Br <C k. However, some
doubts on the full validity of this interpretation arise from the fact that the enthalpies
of activation are in the order Cl > 1 > Br, whereas an order I > Br > Cl would be expected
in terms of 7 effects! ¢6,

The kinetic behavior of the tetrahedral—planar interconversion of [Ni(PR;3), X, ] com-
plexes (PR = several phosphines; X = Cl, Br, I) in CDCl, or CD,Cl, is now well docu-
mented® *® =171 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 ligand exchange of tetrahe-
dral complexes, whereas the mechanism of the reaction path independent of phosphine is
believed to involve an intramolecular torsional distorsion process® 7!, The rates of inter-
conversion are dependent both onr 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 tetrahedral complexes. For
a given X the reaction rates change with the coordinated phosphine in the order

MePPh, < (n-Pr)PPh, < (n-Bu)PPh, < EtPPh, (ref. 171) and MeP(p-McOPh), <

< MeP(p-CIPh), < MePPh, (ref. 170). Neither of these sequences shows any correlalion
with either the steric and/or electronic properties of the ligands, This is very likely because
both these effects are simultaneously operative in such a way that their contributions are
inseparable.

{¢} Fivecoordinate complexes

Very little work has been done so far on the kinetics of fivecoordinate compounds of
the nicke! triad. In this connection only the five-coordinate complexes {M(QAS)X]*
(QAS = tris-(o-diphenylarsinophenyl)arsine; M = Pt, Pd; X = CI, Br) seem to have received
much attention® 72. [Pi(QAS)X]* reacts in methanol with several nucleophiles in the
presence of a large excess of the entering ligand obeying a two-term rate law similar to
that observed for square-planar complexes,

Rate = &, [complex] + &, [complex] [Y] 34

In this case, however, the value of k, varies with the nucleophile employed and, therefore,
it cannot be interpreted in terms of ¢ither a solvolytic or dissociative reaction path. More-
over, the rate law (34) does not hold at low nucleophile concentralions, a reaction rate
lower than expected being observed in these conditions. It seems that the mechanism
which best fits the experimental data does involve a bimolecular attack of the nucleophile
both on the free complex and on an ton-pair formed by association of the complex with
the nucleophile.

[PHQAS)X]* + Y- d [PHQAS)X]* Y~ (353)

[PHQAS)X]* + Y~ K2, IpyQasY}* + X~ (35b)
"

[PHOAS)X]*, Y~ + Y~ — >  [PY(QAS)Y]™ Y~ + X~ 35¢)

The pseudo-first-order rate constant related to such a mechanism, viz.
Ky [¥~) +K, Il;,K[Y“] 2
1+XK(Y"}

(36)

obs

explains the non-linear dependence of k. on the entering-group at low concentrations
of entering group., Moreover, in the presence of {ree nucleophile in excess large enough
that X [Y—] & 1, the form of k. becomes the same as that found experimentally
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ko =ff1 + iy [Y7] (37)
The entering group is found to affect the reaction rate in a way similar to that noticed

for square-planar complexes. In fact, the second-order rate constants vary with the

entering ligand in the order CN™ >> thiourea > SCN™ =~ |~ = PPh, >N, ~ > NO, ™ ¥ pip,

which is also roughly the order of the nucleophilic reactivity for square-planar ptatinum (II)

complexes, with the exception of PPh; and, in part, piperidine (see Table 2). The effect

of the central metal ion has not been examined extensively. However, a qualitative experi-

ment carried out by reacting {[Pd(QAS)Br]* with azide has shown that this substrate reacts

about 10% times faster than the carresponding platinum complex. The result seems to indicate

that the kinetic effect of the central metal ion is also similar to that found for square-planar

complexes.

{d) Metal {Il}) octahedral complexes

Octahedral complexes of nickel (II} are well known, and have been subjected to a great
deal of kinetic investigation so that their kinetic behavior is now fairly well understood.
The basic results will be reported here, while further general information is available in
several recent reviews dealing directly or indirectly with this topic* 73 =176 Particular
attention will be devoted to the most recent literature.

(1} Ligand exchange kinetics. Solvent exchange is perhaps the most important example of
this kind of reaction.

[L NiS, 19" +*S=[L_NiS _, *S]* +8S (38)

The kinetics of this kind of reaction have been studied both in pure solvents and in mix-
tures of coordinating and non-coordinating solvents.
Exchange in pure solvents is found to obey a first-order rate law

Rate = nk, {L NiS, "] (39)

where » is the number of molecules of solvent present in the complex, and X, is the
specific rate for the exchange of a single molecule of that solvent. Some Kinetic data for
the solvent exchange of [NiS,}2* complexes (S = solvent) are reported in Table 1%,
The dependence of the rate of solvent exchange on the entering group, which remains
undetermined when pure solvents are used, has heen determined by following the solvent
exchange of [NiS,]** complexes in DMSO-MeNO, , DMSO—CH, Cl, (ref. 193) and

. . - 2,0%8, 180
* Data are also available on the exchange of L', where this may be a salvent malccule? 75177, 178,

or any other exchangeable ligand'?%:2%%_ in complexes of formula [LmNiL;t]‘ﬂ. It is generally
found that non-participating ligands affect the rate of exchange.
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TABLE 11

Kinetic data for the solvent exchange of some octahedral nickel {II) complexes in pure solvenis at 25°C

Complex kex_, ARG ‘asSE, . _, Ref
(sec™ ") (kcal.mole™ ") {cal.deg™ " .mole
[Ni(H, 012+ 4.4 x10° 10.3 ) 177
3.6 x 107 12.3 + 36 178
3.0 x 10? 10.8 -1.7 179
2.7 x 10! 116 + 0.8 180
[Ni(MeOH)¢] 2+ 1.0 x 10° 15.8 +8 181
[Ni(EtOH) (1% 1.t x10° 10 8 -2 182
{Ni(NH 1)1 %+ 1 x10° 9.9 -2 183
0.47 x 10° 10.0 -3 184
[Ni(DMF) 12+ 6.9 x 10? 14.0 +6 185
38 x 10° 15.0 +8 186
[Ni(MeCN),] ** 124 x 10° 11.8 - 0.2 187
3.9 x 10° 10.9 -88 188
28 xi0° 11.7 - 3.6 189
[NI(DMSO)41%* 9.3 x 103 7.3 ~16 190
7.5 x 10° 8 -16 191
s2 x 108 12.1 -13 192
3.2 x 107 13.0 + 1.4 193

DMF—MeNO, (ref. 185) mixtures. The nickel (II) in these solutions is present as
[Ni(DMS0).]2* and [Ni(DMF),] 2* respectively; nitromethane and methyleae chloride
are not present in the coordination sphere because of their inability to coordinate to
nickel (IT). The exchange rate constant and the activation parameters are found to be
independent of the concentration of the exchanging solvent present in (he bulk solulion.
This fact has been considered to be good evidence for a dissociative mechanism involving

a true five-coordinate intermediate (Sl lim or D mechanism)! 8% Similar conclusions
conceming the mechanism have also been reached for the axchange of saveral other
ligands. Examples are the exchange of 3-picoline-N-oxide (3-N-picO) in [Ni(3-N-pic0),] >+
in nitromethane—acetone mixtures!?%, and the exchange of 4-picaline-NV-oxide and 4-picoline
in bis{picoline) adducts! ®4-1?3 of bis(f-diketonato)nickel (II) complexes in CDCls.

The data reported in Table 11 show that the enthalpies and entropies of activation are
largely dependent on the exchanging solvent, although little effect is observed at 25°Con
the exchange rate constant, k. Several factors are believed to contribute to the solvent
effect. Among these the most important are: (i) the metal—ligand bond energies; (i) the
ability of the ligands to provide electronic stabilization for a tricoordinate state; (#f) the
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steric requirements of the different ligands; (i) the solvation differences between ground
and transition states, and () the structural properties of the solvents!®7-'9%, In the

older literature most attention was paid to the crystal fizid contributions to the enthalpy
of the activation, while other contributions were scarely considered. In terms of crystal
field alone, the enthalpy of activation should parallel the crystal field splitting parameter
Dg. This is known to lie in the order MeCN > NH, >>H, O >MeOH > DMF > DMS0!%?
which does not correspond to the order of AH* (Table 11) for the same ligands, implying
that other factors are also important. Consequently it has been thought that among these
may be the solvation differences between ground and transition states. The total enthalpy
of activation has been considered® ®2 to be made up of a crystal field contribution, AHgg,
and of a solvation contribution, Aﬂ;,l. On this basis the experimental order of the enthalpies
of activation would be the consequence of 2 cotitribution of A% increasiag in the order
NH, <<MeCN < H, 0 < DMSO < DMF < MeOH. A rather different treatment of the

data, based on the occurrence of a general refation between enthalpy and 2:.tropy of ac-
tivation in a wide variety of solvents, has indicated that the structural properties 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'?8_ A very in-
teresting theory of the solvent effect has been derived from this treatment, based essen-
tially on an extension to non-aqueous solvents of the Frank and Wen model of the solvated
ion. According to this theory solvent exchange is a concerted motion of molecuies 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), 2 mole-
cule takes its place in the first coordination layer if an empty site is available there; stage
(¢}, a molecule leaves this innermost region to enter the intermediate disordered region;
stage (d)}, 2 molecule leaves this region to go into a hole in the bulk solvent, while in stage
(e}, the motion of the molecules in the bulk solvent must make stages (a) and (d)} mutually
dependent! *®. This reaction mechanism, defined as a “solvent-modified dissociative pro-
cess™, is also capable of explaining some results for the kinetics of complexation reactions
of nickel (If) in non-aqueous solvents! %8,

{2} Formation reactions of nickel (I} complexes The kinetics of the reactions

NiS( ] =byxs (40}

K
. at b= _{
[L NiS, ] +L Py (L

are among the most fully investigated in the chemistry of nickel (11) octahedral complexes.
The rate law obeyed by these reactions has the general form

Rate = kL, Nis, TV ILP7] — kg TL ) NiS(,_ 0?0 a1y

50 that the pseudo-first-order rate constant for the forward reaction (complex formation} is

Ky = k(L] 42)
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Fiz. 4. Model of the solvated nickel (1{) ion and schematic indication of the reaction pathways involved
in the solvent exchange, according to ref. 198. For comments see text.

Some values of k¢ for the formation of [NiL(H,0),]™ complexes are reported in Table
12%, 1t is apparent from these data that very different entering groups exhibit roughly con-
stant values of k;, provided they bear the same electrical charge. This behavior it not
consistent with an assoctative mechanism. Rather it supports a dissociative mechanism in
which the entering ligand plays a relatively minor role in the rate.determining loss of a mole-
cufe of solvent. The pcecurrence of a dissociative mechanism is also consistent with the
values of the volumes of activation (7--9 mLmole—!) 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 Tamm?®?2~216 ]t involves the prelimi-
nary diffusion-controlled formation 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 coprdination layer of this oufer-sphere complex**. The
mechanisin for reactions with a monodentate entering group is

L_NiS at 4 b Kos L_Nis 19 L5~ b L. .\NiS a—b,g
L, NiS_,m) <" (L, NS, T LmyNiS_p)l

(43)
where K, is the equilibrium constant for the formation of the outer-sphere complex,
k, is the rate constant for the loss of a solvent molecule from the outer-sphere complex
and k_, is the rate constant for the reverse process. According to this mechanism the
rate constant for complex formation, kg, is

koK
® (44)

k = @00 @@
3 b
1+X [L°7]

*  Mare extensive docunentation can be found, for example, in refs. 173 and 174.
ok £ar 2 more complete discussion, see refs. 173 and 174.



156 A. PELOSO

TABLE 12

Specific rate constants, &, for the formation of some [NiL.(H;0),] M complexes in water at 25°C

L lO"kf_l » 10-:1:0 =107 kelK o Ref.
. mole ™" .cec™") (sec™ ')
NH, 46 3 199
Py 4.0 3 200
Imidazole 5.0 16 T 201
SCN™ 6 0.6 202
HC04™ 5 0.3 ' 203
HO2CCH,COy ~ 3.1 0.16 204
Glycinate™ 15 0.9 201
Diglycinate™ 21 1.2 201
Triglycinate ™ 8 0.46 205
Cy0%~ 75 0.6 203
CH,(CO,), 2~ 70 0.54 204
CH4PO, %~ 280 0.7 206
50,2~ 135 aL 20°C) © 207
NTAZ- 4 2,000 208
HP, 0, 2,100 12 209
EDTAY- 6,000 210
HP,0,,%~ 6,800 1.2 209
AT~ 2 4,000 1.0 211

a4 NTA?— = nitrilotriacetate.
& ATP*~ = adenosine triphosphate.

which becomes

ke =KkoKyg (45)

when K [L-}<1.

When the entering group is a multidentate ligand, the Eigen mechanism still-holds. How-
ever, a much more complicated situation can arise in this case because it can hippen?! 77232
that the rate-determining step is the chelate ring closure rather than the loss of the first
solvent molecule from the outer-sphere complex. For the relatively simple case of an in-
coming bidentate ligand the reaction mechanism can be indicated as



KINETICS OF NICKEL, PALLADIUM AND PLATINUM COMPLEXES 157

[Mse]® ¢ L—1%" =Em [hise]* L

e ” o
(46}

[54N'< )] ) + 5 %—- [Sg.N-I.—"L:[znb + 5
L re

According to this mechanism the specific rate constant for complex formation, &, is
K _k.k
_'os 0T
ky _k-o"‘ X 4D
This becomes equivalent to eqn. (45} only il the ring closure is a fast step (k. > k__o), if
the ring closure is rate-determining (k,, <€k_,) it becomes
kok

k= Kos % o

= KoK ko (48)

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 piven 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.

ke=koK =k K_ 49
Therefore, the large variety of values of k; 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 experimentally in a few particular
cases>®®¢. However, values of X can be calculated using the Fuoss equation®?3, and
their introduction into eqn. (45} or (49) makes it possible to evaluate ko, 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. Moseover, the values of &, obtained
in this way are consistent with the rate constant for water exchange, &k, , according to
eqn. (49) (see Table 11}. 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 X ;. and also enbances the rate of water loss. .

The evidence supporting mechanism (43) or (46) for the formation of nickel (Il} com-
plexes is mainly derived from reactions in equeous solution, whereas relatively little informa-
tion is avallable for non-aqueous solvents. Some data obtained using methanol asa solvent
are reported in Table 13 and show that at least in this solvent the results are also consistent
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TABLE 13

Specific rute constants, ky, (or the formalion of some f[NiL(MeOH)n]m complexes in methanol at 25°C

L 10"3kr 10_3}:0 =10~ ki Ky lonicsugngth  Ref.
{Lmole~! sec™1) (sec— ) {mole.i— 1)
MeOH L0 kay) 181
bipy 0.08 08 224
SeCN™ 53 0.53 0.1 225
SCN™ 7.4 0.74 a1 225
SCN~™ 150 1 -0 226
(& 70 (20°C) 0.4 -0 227
MNT?™ 4 200 1.5 o-1 225
pTO*~? 250 1.9 0.1 225

2 MNT2— = maleonitnledithiolate.
DTG? ™= dithiooxalate.

with the proposed mechanism. However, the results of an extensive investipation of the
kinetics of reactions of nickel (II) ion with bipyridy] in several non-aqueous solvents seem
to point out the need for modifying the commonly accepted mechanism of complexation
in order to explain the observed solvent effect!®#.229.,228-230 pacyits obtained in dif-
ferent solvents have been discussed in terms of a quantity »

ke
(50
kﬂKos )
which has been defined as the change of a ligand entering the primary solvation shell of
the nickel (II) ion when a solvent molecule leaves it>2®. Values of K, have been estimated
to be 0.1 .Lmole™! and are supposed to be the same in all solvents. Thus, if the Eigen

mechanism is operating in non-aqueous solvents, one obtains

":

k k, k
= £ ] Ll = —-—r
K. kK % Gu

exX 0 cx

H

Moteover, according to eqn. (49), r should be unity for every solvent. it is seen from the
data in Table 14 that n, derived from eqn, (51), is usually very different from unity and
strongly dependent on the solvent. This is against the expectation based on the Eigen mecha-
nism for non-aqueous solvents. The occurrence of a general linear comelation between the val-
ues of tog n and the fluidity 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
mechanism?28_ A reaction mechanism similar to that proposed to explain the solvent
effect in solvent exchange reactions is now also thought to operate in complexation re-
actions in non-aqueous solvents' *®.
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TABLE 14

Second-order rate constant, &y, for the formation of [NiS,(bipy)] 2+ in saveral solvents, and Ruidity
of these solvents at 25°C (dala taken from raf. 224)

Solvent 10~ % I 10"3-“ n=\Okglkey Fluidity
{Lmale™ " sec™ ") (sec™ ") Egml~" .cP")

MeCN 4.7 2.8 17 2.27

MeOH 0.083 1.0 0.8 1.43

DMF 0.54 7.7 0.7 1.19

H,O 1.63 30 0.54 1.12

DMSO 0.069 1.5 0.09 0.55

Etglyd 0.033 24 0.08 a.61

DMMP? 0.21 4.4° 0.09 0.58

?Etgly = ethylene glycol
5 DMMP = dimethylmethyl phosphonatc.
€ Value at 27°C.

{3) Dissociation reactions of nickel (I} complexes. Mechanisms (43) and (46) also account
for the dissociation reactions of nickel (II) 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- or bidentale ligands are respectively

ky=k_g (52)
kruk—u
0T, vy <

It is apparent from the latter relationship that the dissociation rate constant, k4, in the case
of bidentate leaving groups depends only on the opening of the chelate ring, whenk_, >k, .,
or also on the rupture of the second metal—lipand bond, when k_, <€k, *. The rate con-
stant, k4, becomes equal to k., or to k  k_,/k . according to whether ring opening or
rupture of the second metal—tigand bond is rate-determining. Both these situations have
been detected several times with bi- and also multidentate leaving groups?®2,231-233 g
some cases it has also been possible to fallow the nipture of the single Ni—ligand bonds of
coordinated polydentate ligands ligands??®.

Many data are available on the kinetics of dissociation reactions of octahedral nickel (1)
complexes. They have been obtained either directly or by means of the equilibrium constant
of complex formation?09,201,218.23 ’t”‘""“,Kq = kgfky, and the rate constant of
complex formation, k. Correlations between the kinetic effects of either the leaving group
or the ather bonded ligands and extrakinetic parameters have sometimes been obtained, In

# Similar conclusions can be drawn for multidentate leaving groups. {n such a case, however, there ate
many possible rate-determining steps.
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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 grouvp is very impor-
tant in determining the rate of dissociation. For instance, the rate of dissociation of
[NI(X—py) (H,0)s)** (X = 3- and 4-CN, -Me, -Br and -OMe; 3-CONH; ; 3-NH,*) in
acid solution increases with decreasing basicity of the leaving amine, according to the
linear refationship® ** log &, = 1.58—0.21 pK,. A rather similar relationship has also
been obtained for the dissociation of complexes of the type [Ni(5-Xphen)(H,0)s 2+
(ref. 244) and [NiL{(H,0),]7* (L = carboxy-anion)**?. 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] * (§ = solvent) is strong-
ly dependent upon the type of solvent coordinated to nickel (T1). In these two cases the
dissociation rate constants??® for NH;, H, O, McOH are in the approximate ratios
107 : 10° : 1, Extensive information on the effect of non-leaving groups has been recently
obtained from the kinetics of the dissociation reaction?4®

[Ni(H,0), XY] +m H,0 - [Ni(H,0),, . X] +¥Y (54)

H+m

where X = thirteen different groups of ligands and Y = malonate, NH,, H, O. The rate of
dissociation is found to be strongly affected by X ar:d increases in the order H; O <bipy <
(py)2 < acac <en<2,2-aminoethylpy<2-aminomethylpy <pn<dien<(en),™ trien =

=3 3".iminobispropylamine <(pn), . A rather peculiar correlation has been found in these
cases between log k4 and the observed spectral shift in the optical absorption peaks for the
d—d orbital transitions in the various nickel complexes examined. tt is found that for a given
leaving group linear relationships are cbtained by plotting log &k, against the spectral shifts
when the non-leaving ligands, X, form only g-bonds. In such cases the value of jog k4 in-
creases sharply with a shift to shorter wavelengths. On the other hand, although those
ligands X which simultanecusly act as g-donors and m-acceptors still produce substantial spec-
tral shifts, they produce only small effects on the rate of dissociation. This behavior is
ascribed to the fact that only o-donor ligands can greatly affect the charge density on the
central metal ion. a-donor, w-acceptor ligands do not greatly affect this electron density be-
cause of the balancing effects of o-donation and m-acceptance. Thus, the dissociation rate,
which is expected to depend strongly on the charge density of the central ion, is influenced
strongly only by o-donor non-leaving ligands.

{4) Ligand substitution reactions of nickel ([I) cheiate complexes. 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
intermediate mixed-ligand complexes, in which the ceniral metal jon is simuitaneously
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 (I) 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-ligand complex.
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For instance, Ni(dien)** reacts with EDTA® — rapidly, giving a mixed-lizand complex
Ni(dien) (EDTA)? —. This undergoes successive rate-determining unwrapping of dien and in-
creasing coordination of EDTA, finally yieldinp?#® Ni(EDTA)? —. On the other hand, the
formation of the mixed-ligand intermediate complex in the chelate substitution reactions
of Ni(EPDA) and Ni(NTA)™ with PAR*” (EDDA?*" = ethylenediamine-N,N'diacetate;
NTA3" = nitrilotriacetate; Hy PAR = 4-(2-pyridylazo) resorcinol) is a relatively slow step?®”.
Mixed-ligand complexes have been experimentally recognized or kinetically inferred as re-
action imtermediates in several other cases of chefate substitution reactions’®.248 =251,

Nickel (IT) complexes in which the chelate ligands occupy ali six coordination positions
usuaily undergo substitution through the cleavage of one or more metal—ligand 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),]?* with EDTA®—
involves?9% the preliminary release of one molecule of dien and the subsequent attack of
EDTA®*~ to Ni(dien)**.

slow
[Ni(dien),]** = Ni(dien)** + dien (552)
slow
Ni(dien)®>* + EDTA® ™ = 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, [NiL, |, with multidentate
aminocarboxylate as enteringligand 252 ~25% _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

(NiL, ]9 =  NiL*~7™ 4+ L7M- (56a)
slow

NiL?— ™ + L7~ = NL?2" 7+ 17 (56b)
slow

NiLz—m _!_HL'l-—-n = NiL’i-—ﬂ ¥ HLl—m (560)

Pathways (56b) and (56¢) are also found to occur for ligand substitutions of several mono-
ligand nickel (IT) chelate complexes, NiL252,257-359

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 (I[)? 5% 2¢°,
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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

N ——— S (57a)

N ot e e L (57b)
Lo
“ 57
PR ] est niL 2, FH ( C)
#
My n

{iii) Tetravalent metal complexes

Only palladium (V) and platinum (IV) are well represented in this class of compounds,
and only platinum (IV) has provided examples so far of genuine nucleophilic substitution
reactions. Several reactions involving platinem (IV) complexes are sometimes regarded as
substitution reactions on the basis only of the stoichiometry of the reaction.

L, PtX,]1 +Y—=>[L,_ PtX, Y] +X (58)

However, in almast all cases this assighment is incorrect because the reaction mechanism
involves redox steps rather than nucleophilic substitution reaction paths. The platinum
(ID)-catalyzed substitution of platinum (IV) is the most common kind of redox reacton
that leads to “formal nucleophilic substitution™ of platinum (V) complexes. In such cases
substitution arises from an atom-transfer redox reaction between the starting platinum
(IV} and a five-coordinate adduct of the platinum (II) parent, present in solution as an
impurity or added to the reaction mixture, e.g.

Pl +y ff—it PYIL,Y (59a)
xPVL, X +PIL,y =  XPtL,—X-PiL,Y (59b)
XPtL,—X-PtL,Y = XPE, +xpdVL,Y (59¢)
XpiITL, o PtIL, +X (594)

This process cannot be considered as a nucleophilic substitution reaction of platinum (IV).
Indeed, focusing attention on the bridging atom, X, it is better regarded as a bimnolecular
nucleophilic substitution in which the nucleophilic Pt¥L, Y replaces PtIL, X from the re-
action center, X*. It can also conveniently be considered as an oxidative addition reaction
of the platinum {II) complex or a reductive elimination of platinum {IV). This extremely
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interesting class of reactions will not be discussed further here since an excellent review of
this system has recently beer: published? !

Other formal substitution: of platinum (IV) complexes include the platinum (IiI)-ca-
talyzed substitution of platinum (IV)? 2 . These reactions atre also redox processes. Finally,
several other cases of reactions of formal substitution on platinum (IV) complexes, invol-
ving other kinds of redox pathways, will be teported in Sect. C of this review (see p. 164).

From the above considerations the need to ptoceed cautiously in assigning the mecha-
nism of reactions of platinum (TV) complexes which apparently take place by nucleophilic
substitufjon stages becomes apparent. Actually, only a few reactions of base hydrolysis
seem to be genuine examples of nucleophilic substitutions of platinum (IV) complexes,
ruling out all the reactions originally reported as examples of this?**"2%*, and later
explained more suitably on the basis of redox modeis?®5 —2%7_ The base hydrolyses of
[Pt(NH,),Cl] 3*, cis- [PH{NH3)4Clz ) ** and rrans-[P{NH3)3Cl3] * represent examples
of nucleophilic substitution reactions?¢® . These reactions are found to follow a rate law
which is first-order in the complex, whereas the hydroxide dependence is intermediate
between zero- and first-ordes. The ahsence of any catalytic effect of [Pt(NH,),]2* . at
least for the reactions of eis- [Pt(NH;3)e Cl; ] 2T, makes the accurrence of the reacticn mecha-
nism (59) unlikely. The dependence of the reaction rate on the hydroxide concentration
has been explained on the basis of an Sy 1CB reaction mechanism involving the rapid pro-
duction of conjugate bases of these complexes, which are known to behave as weak poly-
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 proposed®%? to operate in
the base hydrolysis of ¢is- and frans-[Pt{NH3), Cls ). However, the base hydrolysis of
trans-[PY(NH;3)2 Bry ] and rrans-[Pt(NH,), 14 ] has recently been inferred to occur through
the redox mechanism (59), with trans-[Pt{NH3)> X, ] (X = Br, 1) acting as a catalyst?79.

A rather interesting case of the substitution reactions of pfatinum (I'V) complexes is the
base hydrolysis of rans- [Pt(CN),Br, 12 ~in the presence of free bromide??! . The rate
law for this reaction is

Rate =k, [Pt™V] [OH™] +&, [P{™V] [Br] (60)

The rcaction path dependent on hydroxide concentration cannot be explained in this case
in terms of an Sy1CB mechanism, 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 type (59) very unlikely. Moreover, an jon pairing mechanism should also be
uniikely from an electrostatic point of view. Highly positive entropies of activation {from
38 to 50 cal.deg—'.mole—!) supgest instead a dissociative mechanism for this reaction
path. In such a case the first-order dependence of the raze on hydroxide has been proposed
to arise from the presence of the hydroxide near the platinum (IV) complex as a resuit of
some sort of outer-sphere complexation (see however p. 170). The reaction pathway
dependent on bromide is instead believed to involve an associatien of free bromide with a
coordinated bromide, yielding an intermediate of the type Br—Br—P#(CN),Br* -, in which
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the assaciated bromide assists the hydrolysis. Such an assisted reaction mechanism also
believed to occur in some anation reactions of platinum (V) complexes? 72.

C. OXIDATION-REDUCTION REACTIONS

This section will deal mainly with reduction reactions of platinum (V) and the oxi-
dation of platinum (If) 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 availabie about them? 7> —*77,

The platinum complexes show high versatility 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 whetheér a bielectronic or 2 monoelectronic redox species reacts with the
platinum complex (i.e. compiementary and non-complementary redox reactions, respec-

tively).
(i) Complementary redox reactions

Complementary redox reactions involving platinum camplexes are fairly well known,
the reduction reactions of platinum (1V) being the best documented. Some oxidations of
platinum (11} are also known to involve complementary processes.

All reactions belonging to this class are found to involve an inner-sphere atom-transfer
axidation—reduction path. The variety of situations enicountered so far in the reactions of
platinum (IV) complexes is shown in the reaction scheme (61), in which the charges on the
species involved in the reaciion are omitted.

PeP o+ (22— 2e) + ax 2Pt + X+ 2
z| e (€)%
=
ptnx2+z_..___ﬂ- T 4 x4+ xz —— U e gpr 2+ 2
©1)
) (@)
. IX
2Pz + 2x
xet ™z o+ 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 individual path.

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

- axidative addition to the platinum (1I) complex formed through the previous reductive
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elimination reaction (step (2)). Thus, the overall reactions of scheme (61} leading to for-
mal substitution of platinum (IV) complexes can be classified as reactions of reductive
elimination oxidative addition (REOA reactions).

The reducing agent, Z, in the reactions under consideration, can be any one of a great
variety of cationic, anionic and uncharged 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 ptatinum (IV) reduction by an anionic reductant was observed by re-
acting [Pt(diars), Cl,1** with thiocyanate ions?®°. In such a case the platinum {IV} com-
plex is found to be quantitatively reduced by SCN— to [Pt(diars), ] ** according to a second-
order 1ate faw, first-order in platinum {IV) and in thiocyanate. The rate law together with
the stoichiometry of the reaction are fully consistent with an inner-sphere atom-transfer
redox mechanism in which a chloride atom is transferrcd from platinum to thiocyanate.

ars +
[ l—% CI] +SCN- 5 I-Cl y 1---scz~1]

diars - diars
- [Pt{diars),]** + €I + CISCN (622)
fast
CISCN— Cl™ +(SCN™ +28&) (62b)

Rather similar behavior is exhibited by [Pt(diars), Br, ] ?+ reacting with thiocyanate and
nitrite. However, in this case a simultaneous platinum (IF)-catalyzed reaction path is also
operating?®'.

An extensive kinetic investigation of reactions leading to a net reduction of platinum-
(1V) complexes has been carried out by reacting ¢/s- and frans-[PtL; X4 | complexes
(L = several uncharged ligands; X, = Cl,, Br,Cl,, Br,) with SCN—, [, SeCN~ and 5,0,%
in methanol?82-286 o1 other non-aquecus solvents? 7. The stoichiometry of these re-
actions is

{cis- or) trans- [PtLy X, ] + 227~ — (cis- or) trans-fPtL, X, ] + (227~ 2e) + 2 X7
(63a)

(cis- or) trans-[PtLs X, | +2 27~ (cis- or) rans-[PtL, Z,}2-2"+ 2 X~ (63h)

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

XPVX+Z- = XpV_X - 2 > Pl + X2V 1 4 X (642)

XZ' M+ 2P X+ (227 = 2e) (64b)

The reactivity of the anionic reductants towards the same platinum (IV) complex in-
creases in the order SCN— < I~ < §eCN~ < §,0,% ~, roughly paralieling the order of
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their standard potentials®*#®. On the other hand, the reactivity of different complexes
towards the same reductant is found to depend on the ligands 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 linear free

energy relationship
log &, =r(X) +r, (65)

is found to correlate the second-order rate constants of the reactions of substrates rrans—
{PtL, Cl,] with the different reducing anions in methanol at 40°C. In this relationship
%, 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 &, for the corresponding reaction of
frans-{PUP(n-Pr)a); Cla], selected as a standard substrate, and r, is a constant dependent
upon the nature?®*® of the ligand L.

Values of r{X) (from ref, 283)

Redueing anion riX}

SCN™ —5.22
| —2.40
SeCN— —-1.50
8042~ 0.16

Valuees of r, {(lrom ref. 286)

Ligand rs
AsEt; —0.4
Pin-Pr)4 0.00
PEt3 0.2
py 1.5
pip 1.95
SEta 3.35
SMes 34

Equation (65) is represented graphically in Fig. 5. This figure also shows that a linear
relationship of type (65) also holds for reactions of ¢is isomers as well as for bromo com-
plexes™. This kind of relationship has been taken as indicative that in these reactions each
apent makes a contribution to the {ree 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 alinear free energy
relationship of the type

AG*=gt+cAG® (66)

* Deviations from relationship (65) have been-found when the lisand L is a primary amine?%¢,
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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 considerable degree of bond making and breaking oc-
curs in the transition state.

The reactivity of frans-{PtL, X} upon changing L is in the order AsEt; < P(n-Pr); <
< PEt, < py < pip < SEt, = SMe, . This sequence has been explained by assuming that
the reactivity of platinum (IV) complexes towards reduction increases with increasing
m-aceeptor ability of the ligand L and with decreasing a-donor abitity. The m-withdrawal
of electrons should favor the reactivity in the order N < P, As, §, whereas the o-withhold-
ing of electrons should favor an order?8? As, P<S < N. The net balance of these contris
butions produces the observed? 8¢ order of reactivity, i.e. As, P <N <8. The occurrence of
7 interactions is also thought to be responsible for the higher reactivity of ¢is-

[Pt(PR1), X, ] compared with the trans isomers. The minteractions of cis isomers are more
pronounced than those of the frans homologs because two different &,, orbitals of plat-
intm are involved in the first case, against only one in the second case®3. This makes the
¢fs 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 less im-
portant role. This is inferred by the fact that the rate of reduction of frans-

[P«(PEt,), Br,Cl, ], in which bromide is the bridging atom in the activated complex, is
very near to that of trans-{Pt(PEt;), Bry] (see Table 15), but is about 5,000 times higher
than that of frans- [P(PE13); Ci; ]. However, the effect of the bridging halide also depends
on the reducing agent used. For example, the tetrabromo complexes react with SCN—, I,
S=CN-, 5,042~ (ref. 284) and with [Pt(diars), Y]* (Y = Cl, Br, [)*°° about 5,000 times
faster than the corresponding tetrachloro complexes, but only 50—200 times faster when
the reducing agent is [Ni(diars), Y]* (Y = Cl, Br)*?’.

Kinetic investipations carried out on other platinum (V) complexes shed considerable
light on the reaction mechanism of these compounds. The most significant results were
obtained by studying the reactions of mrans-[PH(AA), X312 T (AA = en, s N, N, N' N tetra-
methylethylenediamine; X=Cl, Br) with bromide and iodide®®®  and trams-

[P(CN), X, ]2~ (X = Cl, Br, I) with iodide?®2. In these cases the linear free energy re-
lationship (66) is also found to hold, thus showing a close parallel between kinetic and
thermodynamic parameters for these kinds of reaction. On this basis, a rather pronounced
degree of bond making and breaking is thought to occur in every activated complex of
these reactions.

Several cases of REQA reactions do occur with platinum (IV) complexes. Theze 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,]*— in the presence of

free iodide is thought to include reaction (67) as the most important stage?® 3™,

* The l2tters above the arrows indicate the corresponding reaction path of the scheme (61).
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Fig. 5. Corrclation of the second-order rate constants, k4, of the reduction of mans-[PtLa X[ com
plexes in methanol at 40°C, with r(X). Open symbols, X = Cl; closed symbals, X = Br, L = AsFt (1);
P{n-Pr)3 (2); PEta {3); py (4); pip (5); SEty (6). A = cis-|PH{P(R-P1)3)2 14 1. Data from refs.

282 -286.

@) {e)
Pth 12— +1- — [PtI,]2- +1- +1,—> [H,OPtI,]— +21- (67)
H,O

The {PtBrg]2——I— interchange reaction has aiso been adequately explained in terms of a se-
quence of REQA reactions®**

ar 27 a}r . 2- T _ 2~
Bf I "
ar F!t ar| + 1" =2+ Pt/ +18r | 1—pt "B | + &
o I Elr‘/ I ar l
Br =t ar
-
NG 2N
R ' (68)
gr a- ar 2~
{ /Er (ch or (d] I /Br
I—pt—1I | + 2B = s + Pt + 285
or i ar l
ar ar
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Similar reaction mechanisms are thought to occur in the uncatalyzed path of [PtClz]? ——
[- and [Ptl¢]*~—Br~ halide interchanges.

The occurrence of REOA reactions represents a general feature of several platinum-
(V) formal substitutions. For example, the reaction of frans-[P(CN), X, ]?~ (X = C}, Br)
with iodide leads to substituted platinum (IV) complexes through the REQA reaction
mechanism (69).

[thiCNL. I] . x

&
- - o) - e e
[Prenix,]? 4 17— e x™ + [Pricnn]* 7+ xI —-—':- [P x] + 17 + x
p {69)
- &)

[treccwn  1)%7 + 2x

The hydrolysis of [Pt{CN),Br,]?~ in the presence of free bromide (see p. 163) has also
heen recently interpreted on the basis of the occurrence of REQA reactions??®.

A rather peculiar complementary redox reaction is the reduction of [Pt(NH,);Cl]**
by aquochromium (J1)*®?. Chromium (1I), a rather common monoelestronic reductant,
behaves in this case as a bielectronic reagent. The reaction obeys a second-order rate law,
first-order either in platinum (IV) or chromium (II), and yields a chromium {IV) interme-
diate, which rapidly reacts with chromium (I1) forming a dimeric chromium (ILD) compound.
This then slowly decomposes to CrC12* and Cr3~.

slow
[Pt(NH,), CI]** + Cr** —  [Py(NH,),]1%* + NH, + crV P~ (70a)
fast
CiVEE* +02* = M, CpF* > Crel? + O (705)

A different reductive elimination®°* mechanism involving platinum (IV) complexes
is found to opezate in the reaction

[P«{PE1,),Ph,1,] - [Pt(PE1,),PhI] + Ph{ (71)
This reaction follows the rate law
Rate = KP (72)
(-]

when carried out in the presence of excess of free iodide. The mechanism accounting for
this rate law is believed to involve a fast reversible solvolysis of the initial platinum (IV)
complex and a subsequent slow unimolecular reduction of the cationic platinum (IV)
complex formed.

X
[Pt{PEL;),Ph,T,] +S = [P{PEt,),Ph,(8)]* + I~ (732)
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k
[Pt(PE15), Phy I(S)]* —— > [PUPEL;); Pl + Ph (73b)
-8+

The reactions reported above have all been concemed with the reduction of platinum
(V). Complementary reactions of oxidation of Pt have so far been carried out mainty 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 (I} with bromine
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 (If) complexes by halogens®®”. The oxi-

dation of [PtCl,] % is found to produce hydroxypentachloroplatinate (XV), which subse-
quently reacts with chloride ion to yield [PtCl )2~

[P1C1, ]2~ + Cl, + H,0 - [PtCI;0H) 2~ + HY + CI- (74a)

[PtCI,OH] >~ + H* + Ci~ - [PtCi4]*~ H,0 (74b)
The oxidation step (742) follows the rate law

Rate = (k, + k, [PtCl,* ~1) [PtCl,- Cl,* ] (75)

where [PtCl,- C1, ]2~ is a platinum (II)~chlorine adduct formed in a fast precursor step.
The form of the rate law, together with the stoichiometry of the rédox step, suggests the
redox mechanism (76) for the oxidation of platinum (II} by chlorine.

fast
[PtCL, 12~ +Cl, ~— [PtCl,-Cl, 1%~ (762)
I3
[PtCl,- Cl,]12~ +H,0 -3 [PCI,OH] >~ + H* + CI- (76b)
.4
[PtCl,- C1, ]2~ + {PtCl,} 2~ = [ClaPt—Cl,—PtCls J*- (76¢c)

k
[Clq,Pt-—C.lq—P‘lCh] a- + Hzo _I_—E) [PtCls OH] 2 - +* [P[Cl4] 2— + H+ + Cl_ (76d)

There is now evidence suggesting that this mechanism is also operating in the oxidation of
other platinum (1T} complexes and when bromine is used as an oxidizing agent®®7-298,
The substitution reaction (74b) is instéad thought to proceed through a platinum (II}-ca-
talyzed substitution reaction of type (59).

Some information on the reactivity of similar nickel (II), palladium (II) and platinum-
(11} complexes towards oxidation has been obtained by studying the kinetics of reaction
(77) (M = Ni, Pd, Pt; X and Y are halides)®>*°2%*,

ans-[PPEL;), X} + M(diars), 12+ + Y-

trans- [PY(PEty), X, | + [M(diars), XY]2* (77a)
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v
[M(diars), X¥]2* - products (77b)
The rate law for these reactions has the form

kK [M(diars), **] 1o [Y~ 1 [PtV]
Rate = I3 [ ( lars)z ]‘lOl - kf[Ptlv] [M(dj‘ars)zwl (?8)
1+ K[Y"]

and is consistent with the mechanism
+ K +
[M(diars),]2" + Y~ = [M(diars), Y] (792)
k &k
XPtIVX + [M(diars), Y1 * :-1 [XPt—X—M(diars), ¥]* =
2

X~ + Pl + [XM(diars), Y1** (79b)
-
[M(diars), XY]2" - products (79c¢)

with kp = k k4 /(k; + k3). The second-order rate constant for the reaction of [M(diars), CI] ™,
k¢, at S50°C in methanol changes with M in the order Ni =~ Pt > Pd, the enthalpy of acti-
vation for the nickel complex being much higher®®? than that of the platinum (11) complex
(10.6 keal.mole—' against 3.4 kcal.mole™"). This trend is believed to be due to the
influence 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 (IT)
complex, [M(diars), Y]*, has lirtle effect upon the reactivity of these complexes towards
oxidation. For instance, the second-order rate constant, k¢, of the oxidation of
[Pt(diars), Y]* is almost independent of the nature of ¥~ (kgca—y=0.705 1.mole~l.sec—?;
ker—y = 1-31 Lmole™ ! gee!; Kgq— = 4.39 Lmole~ ! sec—! in methanol at 50°C and
3.85 X 10~* molar ionic strength)®® . Under the same conditions the stability constants
of the five-coordinate platinum (IT) adduct are on the other hand, strongly dependent on
the halide (Kcj—y= 18 L.mole=!: K@= 340 Lmole='; Kg—= 1.4 X 10* 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 lipand usually encountered in the
platinum (II}-catalyzed substitutions of platinum (IV) complexes, which isin the order

I~ » Br~ » Ci—, is mainly related fo 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 little importance.
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(i} Non-complementary redox reactions

A general feature of these reactions, in which platinum reacts with monoelectronic
reactants, is to undergo oxidation—~reduction with f[ormation of labile platinum (II¥) inter-
mediates. The stoichiometry of these reactions is shown by

P+ 2X" #2720 =PVx, + 227! (80)

{a) Reduction of platinum (V) complexes

The reduction of platinum (IV) complexes has been carried out by using outer-sphere
as well as inner-sphere monoelectronic reductants, The first example of a possible non-
complementary outer-sphere redox process has been found??? in the reduction of several
platinum (IV) complexes by [Crn(bipy),;]?*. The reduction of one molecule of platinurﬁ
(IV) requires two molecules of chromium (I}, only one of which is present in the rate-
determining step. In fact, the reaction follows a second-order rate law, first-order with
respect to both platinum (IV) and chromium (II). This is consistent with a non-comple-
mentary redox process. However, a bielectronic complementary redox mechanism cannot
be mled out owing to the ability of chromium (IF) to undergo two-electron oxidation by
platinum {IV). On the other hand, the lack of identification of the reaction products
prevents a reliable assignment of the reaction mechanism. The reduction of efs- and
mrans- [Pi(am); X4 ] (am = amine; X = Cl, Br) by ferrocyanide in water*®® and that-of
mans-[PtL; X4] (L = uncharged ligands; X5 = Cls, Bra, Clz, Brs) by ferrocenc in hydro-
xylic solvents®®! appear to be good examples of outer-sphere redox reactions occurring
through an outer-sphere redox mechanism invelving two one-electron steps. Platinum (1V)
undergoes reduction by both these outer-sphere reductants according to a second-order
rate law, first-order in platmum (IV) and in the reductant. The reaction rate is found to
depend on the nature of the ligands bonded to the central metal ion. It is found, for ex-
ample, that the second-order rate constants for the reduction of rrans-[PtL, X ] by
ferrocene3®! increase in the order AsEt, < P(n-Pr)y < PEt; <pip <SEt.,and paralle] the
values of r, of the different L. The bromo complexes react with either ferrocyanide or
ferrocene with-a rate 10—20 times higher than the corresponding 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 eleciron transfer,

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

{b) Oxidation of platinum (IT)

Several monocelectronic oxidants are expected to oxidize platinum (IE) to platinum (IV)
with the intermediate formation of platinum (1II)} complexes. In some cases these inter-
mediates have been invoked to account for the stoichiometry of the reaction and the form
of the rate law3®2_ These elaments are not, however, sufficient for the postulation of plati-
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num (II) intermediates and the definjtion of a satisfactory mechanism of non-complementa-
ry oxidations of platinum (IT). Important information for this purpose can be gained from
the effects caused by the reaction products on the rate of reaction. The oxidation of
[PtC1,]%~ and [Pt(en),]** by [I1Cl;]1*~ in the presence of free chloride, viz.

Pl 21101 2~ +2C17 > PtV CL, +210C1 3 (81)

appears to be the first example where an adequate mechanism of non-complementary oxi-
dation of platinum (IT) could be derived?®>. The intermediate formation of platinum (11£)
complexes in these cases is inferred from the form of the rate laws of the reactions carried
out in the presence of added [FrCl }3~

dIPLCL2™] _ kyk, [Pl 2= IrCL 2~ 12 [C1] 82)

T ar Fa TC1,3~] + ks (FCI,2 - 1(C 1 (
_ d[Pt{en), 2+] = E;_ k; {Pt(en)2_2+] [IfClszhl ? [C7] 2 83
& K [ErCIL, 3= ) 7 K (L, T T [ ]2 (83)

These rate Jaws are consistent with a mechanism involving a platinum (I11) intermediate
and two one-electron redox steps.

PtCl, 2~ + Ui % E—f PtCl,~ +¥rCl, %~ (84a)

PtCl, ™ +1IrCl .2~ + C1™ 3 PtCl,~ +1rC1, 3~ (84b)

PiCl,~ +CI™ - PtCl,2~ (84c)

Pt(en),?* +I1Cl, 2 ‘E-:i Pi(en), 3" + I1C12~ (85a)
2

Pi(en), " + IrClg%~ +2 CI™ o Pt(en), Cl,*™ + 1Cl, 2~ (85b)

(e} Reversible no.-complementary redox reactions
A full kinetic investigation of non-complementary redox reactions involving platinum
complexes has been carried out on reaction (86) in perchloric acid solutions??4,305

(cis or) rrans-[Pi(am)2 Bra ] + 2 Fe** + 2 Br™ == (cis or)
rrans-[Pt{am), Bry]* + 2 Fe2* (86)

The equilibritin 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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_d[p) _ d[Pt“’] _ kykaK? (P1R] [Fe 12 [Br~ P—kq ks [PV} [Fe? *}12
ds K, (Fe?*] + kK (Fe3*] {Br]
Such a rate law is consistent with an inner-sphere atom-transfer redox mechanism involving
once again two one-electron redox steps

@7

K
Fe?Y + Br~ = FeBr®”* (88a)
K
PtV ¢ FeBr?* = pellBr + Fe?* (38b)
ka
I
PMBr + FeBr?* < priVpr, + Fe?* (88c)
ka

This mechanism is also consistent with the values of the equilibrium constant of the re-
action. According to such 2 mechanism the equilibrium constant of equation (86) is related
to the specific rate constants of the single steps by the relationship X eq = ke K2 ko ke,
The values of the equilibrium constants for these reactions, derived from kinetic data, are
always found to be very close to those derived from concentrations of the different species
present at equilibrium.

The reactivity of [Pt(am), Br,] towards reduction by Fe?* is independent of the iso-
meric form, provided that the correction for the statistical effects is made. This behavior
is different from that found in the reduction of ¢cis- and trens-[Pt{PR3)2 X4 ] by anionic
reductants (see p. 168). This is explained by the fact that the amine ligands are not in-
volved in 7 interactions, which are believed to be responsible for higher reactivity of the
cis isomer in the phosphine complexes.

The effect of the halide, X, on the rate of reduction is found to be rather unusual in
this kind of reaction, In fact, the chloro complexes are fouad to react with Fe?+ 5—15
times faster than the corresponding bromo complexes, whereas a trend Br > Cl is usvally
observed in the reduction of platinum (IV) complexes. The higher thermodynamic sta-
bility of FeCl** with respect to FeBr**, which are the oxidation products in the two
cases, is believed to be the most important factor refated to the higher reactivity exhibited
by the chloro complexes.
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