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Dissociative Pathways in Platinum(ll) Chemistry

RAFFAELLO ROMEO

Dipartimento di Chimica Inorganica e Struttura Molecolare,
Universita di Messina,

Vill. 8. Agata, Salita Sperone,

98166 Messina, Italy

Steric and electronic factors favor the addition of a fifth ligand to a square planar
d® complex to form five coordinate species either as discrete compounds or reaction
intermediates. The search for factors promoting the conversion of the normal
associative mode of reaction into a dissociative process has attracted much atten-
tion. The attempt to achieve this goal by using bulky ancillary ligands has been
unsuccessful.

More convincing evidence in favor of a dissociative mechanism involving a Pt(If)
3-coordinate intermediate comes not from classical Werner compounds but from
reactions involving organometallic substrates. It is now reasonably clear that the
formation of such 3-coordinate 14-electron compounds offers a favorable reaction
route to a number of fundamental processes as an alternative to the intermediacy
of 4- and 5-coordinate species. Among them, the uncatalyzed cis to trans isomer-
ization of complexes of the type cis-[Pt(PE;),(R)X] (R = alkyl or aryl groups; X
= halide ion), B-hydride elimination from symmetrical and unsymmetrical dialkyl-
diphosphino platinum(IT) complexes and other processes that will be briefly dis-
cussed in this paper. Very recently, kinetics of solvent exchange and displacement
by bidentate ligands on cis-[Pt(R),(L),] (R = CH; or C,Hs; L = sulfoxide or
thioether) complexes have provided a clear-cut example of ligand dissociation as
the dominant step in substitution reactions of square-planar complexes.

While in most of the cases extensive electron density transfer associated with the
presence of a Pt—C o bond seems to be a prerequisite to produce a sharp changeover
of reaction pathways, we are far from a complete understanding of the factors that
promote the formation and stabilization of coordinatively unsaturated species, as
well as of the efficiency with which they can be intercepted in solution by ligands
or by the solvent itself.
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The interest in the chemistry of square planar complexes of d®
metal ions is continuously increasing, because of the great chemical
versatility of such systems. Indeed these ions, and particularly
platinum(II), can form an enormous amount of stable compounds
with a variety of molecules and donor atoms, giving classical co-
ordination compounds or organometallic compounds. Properties
and uses of such compounds can vary in a dramatic way. Some of
them have been found to be very effective antitumor agents' and
some are very good catalysts in many processes of homogenous
catalysis.”

Square planar complexes also undergo a number of fundamental
processes, such as nucleophilic substitution, electron transfer, ox-
idative addition, reductive elimination, attacks on the ligands, geo-
metrical isomerization and so on. However, only a very small
proportion of the known chemical reactions has been studied in
detail from a mechanistic point of view, in terms of the nature of
the reagents, composition of the transition state, the nature of all
intermediates on the reaction paths of all the other factors which
serve to define a mechanism. This is particularly true for organo-
transition metal complexes because of the complexity and variety
of factors which must be taken into account to explain their chem-
ical behavior as, for example, the variety of functional groups on
the organic ligand, the role of other ligands of often widely dif-
ferent properties, the possibility of generating from the substrate
parent compounds of higher reactivity or the possibility of having
competitive reaction pathways. It is not surprising, therefore, that
the most studied process is that which appears to be the simplest
one, at least from a stoichiometric point of view, namely the nu-
cleophilic substitution.

NUCLEOPHILIC SUBSTITUTION

A massive amount of data for this process comes from Pt(II) sub-
strates. According to the rate law:

—d[Complex}/dt = (k, + k, [Y])[Complex] (1)
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there are two reaction routes.®> One is the direct attack of the
nucleophile on the metal to yield a transient five-coordinate in-
termediate; the other is a concurrent bimolecular attack by the
solvent, with the formation of a labile solvento-intermediate, fol-
lowed by a fast attack of the reagent to yield the products. The
rate of substitution will depend on many factors and among them
the nature of the trans, cis and leaving groups as well as the nature
and concentration of the reagent. Usually the substrates show a
considerable discrimination among different entering groups. Many
efforts are devoted nowadays to investigate the details of the in-
timate mechanism which is related to the synchronism and the
relative importance of bond making and bond breaking in reaching
the transition state.

(A) Sterically Hindered Complexes

Once the overall mechanistic picture was reasonably clear, the
search for factors promoting the conversion of the normal asso-
ciative mode of reaction into a dissociative process attracted much
attention. Those involved in the game have found that occasional
claims of dissociation as the rate determining step for some process
of square planar complexes have been regarded with much scep-
ticism and a sort of theological bias by people working on coor-
dination compounds. On the other hand, evidence of dissociative
processes was continuously growing and accepted in Pt(II), Pd(II)
and Au(IIl) organometallic chemistry. The problem goes further
than a trifling academic dispute and cannot be limited to a question
of putting labels on reactions. Indeed, there is great chemical in-
terest in the possibility of considering alternative low-energy path-
ways with 3-coordinate species as key intermediates.

Basolo et al.* pioneered the use of bulky ancillary ligands to
prevent bond formation and compared the rates of reactions of
diethylentriamine complexes with those of N-alkyl substituted an-
alogues in the reactions

MDL)X]* + Y- —=[ML)Y]*" + X~ (M = Pd(1), Pt{(ID)). (2)
Increasing steric hindrance brought about by alkyl substitution on

the terminal nitrogens of a coordinated ethylentriamine leads to a
large decrease of both k, and &,, the nucleophile independent and
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dependent rate constants in the rate law (1). In the most sterically
crowded complexes the k, term vanishes, leaving the rate of halide
(X ™) displacement completely controlled by the solvolytic path-
way. The kinetic behavior appears to be similar to that of octhae-
dral systems and for this reason such complexes were called “pseudo-
octahedral.”

However, this predominance of the &, term falls short of pro-
viding direct evidence of a dissociative mechanism involving a 3-
coordinate intermediate. There is little doubt that the £, term still
relates to a bimolecular solvolysis, and the simplest way of envis-
aging its enhanced importance in the substitution is to consider
the solvent as a more favored nucleophile than any other, with the
normal ability of the substrate to discriminate between possible
reagents being greatly reduced. Indeed, sterically hindered aquo-
complexes [M{Rs-dien)(H,0)]**(M = Pt(II) or Pd(II)) return to
exhibit a considerable nucleophilic discrimination ability in their
anation reactions, where the solvolytic pathway is kinetically un-
detactable.? Obviously, the sequence of reactivity is not the same
as that found in the standard »n2, or nl; nucleophilicity scales® and
the deviations can be accounted for either by the presence of a
double positive charge on the substrate’ or by its steric demand
that, however, does not appear to be enough to prevent the ap-
proach of a nucleophile to the metal center. If we exclude an
attractive but unreliable ion-pair mechanism, the results on the
anation reactions give in themselves a straightforward indication
of an associative process.

Notwithstanding, these systems gave rise later on to an impres-
sive amount of studies on the pressure effect on the rates of sol-
volysis,® anation® and solvent exchange,® aimed to show the ab-
sence of a dissociative mechanism. It is outside the aim of this
work to examine them in any detail. Activation data for the sol-
volysis of [Pd (L)Cl]* (L. = dien; 1,4,7-Me,dien; 1,4,7-Et;dien;
1.1, 4-Et dien; 1,1,7,7-Me,dien, 1,1,4,7,7-Me.dien, 1,1,7,7-Et,dien,
4-Me-1,1,7,7-Et,dien, 1,1,4,7,7-Etdien) complexes show that in-
creasing steric hindrance does not have a substantial effect on the
value of the volume of activation AV* which is higher than — 10
(ecm? mol~ 1), By way of contrast, the values reported for solvent
exchange on unhindered complexes, viz. —2.2 for [PA(H,0),]**.,!"
—4.6 for [Pt(H,O))** ' and —2.8 cm® mol ! for [Pd(dien)
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H,O** 12 are significantly less negative, despite the better op-
portunity of forming a compact 5-coordinate transition state. This
is difficult to understand unless in the former reactions electros-
triction effects play a major role and the contribution of AVZ,,,
the solvational volume change, to the measured AV* value is
prevailing. This is a further reminder that an unquestioning use of
the absolute values of volumes of activations to determine the
molecularity of the reactions is dangerous and can be misleading.
While obviously these data add new information and implement
the overall knowledge of a system, a recent overemphasis in con-
sidering them as the ultimate arbiter in assessing a mechanism
should be moderate.

(B) Complexes with High ¢trans Labilizing Groups

Another way of achieving dissociation could be that of promoting
bond weakening at the leaving group, usually a halide ion, by
locating a strong o donor group in the trans position to it as in the
complexes trans-[Pt(PEt;),(R)Cl] (R = H, CH;, CH,, C.Hs,
o-tolyl, mesityl, etc.). The result is the same as for the pseudo-
octahedral complexes. There is a loss of discriminating ability of
the complexes and the substitution is dominated by the solvolytic
pathway."* The mode of activation remains associative, the acti-
vation parameters for the methanol solvolysis of the most sterically
hindered complex with a mesityl group being AH; = 80 kJ mol ',
ASt = —60JK 'mol~!and AV} = — 16 cm® mol ~'. Here again
the solvento-complexes frans-[Pt(PEt;),(R)(MeOH)]* return to
show a significant capacity of nucleophilic discrimination in their
anation reactions, regardless of the size of the ligand R.*

The role of these substrates, however, is very interesting because
the effect of their different discriminating abilities in the halide
complexes is not simply limited to either reducing or enhancing
the reactivity of a group with possible deviations from a simple
linear free energy relationship when the set of nucleophilic reac-
tivity constants, n,, is applied. Rather, as can be seen in Fig. 1,
they offer the possibility of distinguishing different reaction paths
for ““good” and *“‘poor” nucleophiles. The pattern of behavior is
in keeping with the idea that the increase of electron density in-
duced on the central metal atom by the strong o-donor R~ ligand
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FIGURE 1 Dependence of the pscudo-first-order rate constants k,p.q (s ') on the
reagent concentration for the reaction of rrans-[Pt(PEt,),(mesityl)Cl] with various
nucleophiles in methanol at 303.2 K.

markedly hinders the attack by reagents whose nucleophilicity mainly
depends on the polarizability of the donor atom (preference for
the k, pathway), while the attack of biphilic reagents (which can
delocalize charge by means of w interactions with the metal) is
enhanced. In other words, some evidence begins to emerge that
changes in the electrophilicity of the central metal can be essential
in promoting different reaction paths.

UNCATALYZED ISOMERIZATIONS

More convincing evidence for the operation of a dissociative mech-
anism comes not from substitution reactions but from uncatalyzed
isomerizations of mono-organo complexes of the type cis-
[Pt(PEt;),(RYX) (R = alkyl, aryl; X = halide ion).

Studies on the isomerization reactions of square planar organo-
metallic compounds are of fundamental importance for under-
standing the chemical reactivity of these species. Indeed, the course
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of many processes is dictated by the geometry in the square planar
configuration. For example, dialkylbis (phosphine)palladium (II)
complexes give strikingly different products in their thermolysis or
reactions with CO depending on configuration.’® For concerted
thermal 1,1-reductive elimination to take place, it has been argued
that the organic moieties should be brought to occupy adjacent
positions in the complex prior to giving a C—C coupling product.
This is also the most favorable position for olefin insertion into a
Pt—H bond leading to a monoalkyl complex.!6

We had the first evidence of such uncatalyzed isomerizations
many years ago,!’” when we noticed that cis-[Pt(PEt;),(o-tolyl)Cl],
dissolved in methanol, converts spontaneously into its frans isomer.
The kinetics of the process can be followed easily by conventional
spectrophotometry. The electronic spectrum shows well-defined
isosbestic points and the final spectrum is virtually identical to that
of the trans isomer. Thus, the equilibrium lies well over to the
trans form and the process follows first-order kinetics. The same
features have been subsequently observed for all the other parent
compounds studied.

Although the nature of the observed changes remains the same,
the rate of isomerization (k; = 5.2 x 107%s~1, at 30°C) is greatly
decreased by the addition of very small amounts of chloride ion
in solution, and with a sufficient excess the process can be stopped.
The derived rate law:

k, = ks k (3)

k_p
1+ Z21e]

accounts for the mass law retardation produced by the added halide
ion and for the linearity of the plots of k; ! vs. [C1]. The solvolytic
rate constant (kg = 4.7 x 10-2 s~ !, at 30°C) obtained from nu-
cleophilic substitution, and that represents the rate at which the
solvent replaces the chloride ion, is at least one hundred times
greater than the rate of isomerization and does not suffer mass-
law retardation by added Cl~. The values of the activation param-
eters of the two processes are also completely different. A low
enthalpy of activation and a large negative entropy of activation
for the solvolytic path (AH* = 40.5 = 2 kJ mol~! and AS* =
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=134 + 16 J K~! mol~') are in agreement with a bimolecular
attack by the solvent, while the high enthalpy of activation and
particularly the largely positive entropy of activation (AH* = 120
+ 2kImol 'and AS* = +88 = 8J K ! mal~!) would suggest
a dissociative mechanism for isomerization.

The mechanism which accounts for the experimental findings
(Scheme 1) involves the dissociative loss of the CI ligand to vield
a T-shaped “‘cis-like” 3-coordinate intermediate. This is easily con-
verted to its “‘trans-like” counterpart which eventually takes up
the halide ion to yield the trans product. A single symmetric in-
termediate. which had the ability to recombine with the halide ion
in alternative ways, one leading to the cis and the other to the
trans product, could not account for halide ion mass-law retar-
dation.

In the absence of the halide ion the rate of isomerization is given
by k, and represents a direct measurc of the metal—halide bond
breaking.

This is obviously an oversimplified reaction scheme, since it does
not account for the trapping of the first unsaturated intermediate
by the solvent. We have carried out systematic investigations on
a wide serics of cis-[Pt(PEt;),(R)(X)] complexes with the aim of
comparing how structural changes produced upon the substrate
affect the rates of solvolysis and isomerization. Essential features
of these processes are: (i) mass-law retardation produced by X~
on the rates of isomerization, (ii) large values of enthalpy of ac-
tivation and the positive entropies of activation associated with
isomerization, (iii} rates of solvolysis much higher than the rates
of isomerization. except in one case that will be discussed apart,
and characterized by low enthalpies and largely negative cntropies
of activation.

The rates of methanol solvolysis of Br in cis-[Pt(PEt;),(R)(Br)]|
are dramatically reduced by the increasing steric crowding pro-
duced by ortho alkyl substituents on the coordinated aromatic ring

L
i~
D ¢ _tast

g o
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(e.g., 10° kg (s71, 30°C): 6.000, R = Ph; 54.4, R = 0-MeCcHy;
16.2, R = o-EtC,H,; 0.19, R = 2.4.6-Me,CH,) and approach
the rates of isomerization (k; values) which in contrast are not
affected significantly.'® This is consistent with the idea that halide
loss from the substrate leads to the formation of a 3-coordinate
T-shaped intermediate which maintains memory of the original
structure and does not require relief of steric strain to the remaining
ligands, which essentially keep their original position around the
metal.

As expected, cis-trans isomerization is particularly sensitive to
factors controlling bond dissociation, viz. the nature of the halide
ion and changes in the electron density at the reaction center,
brought about by para o-meta substituents on the aromatic ring.
Thus, the rates of isomerization of cis-[Pt(PEt;),(YCH,) (X)] (X
= Cl, Br and I; Y = H, m-Me, p-Me, m-OMe, p-OMe, m-F,
p-F, m-Cl, p-Cl, m-CF;, p-CF;) decrease with decreasing electron-
donating ability of the Y substituent.’” The same factors hardly
affect the rates of solvolysis. Correlation of k; with Hammett’s
parameters of the Y substituents or with the set of Swain and
Lupton dual-substituent parameters indicates that o inductive ef-
fects are dominant, the participation of the aryl m-bonding system
in the stabilization of the platinum cation intermediate being mod-
est and of secondary importance with respect to o bonding.

Solvent effects have been used as a further criterion to distin-
guish between associative and dissociative reaction paths. The rates
of isomerization, solvolysis and nucleophilic substitution of the
complex cis-[Pt(PEt;),(m-MeCH,)Cl] have been measured in a
series of alcohols.?® These processes represent three different ways
of removing the chloride ion from the coordination sphere of the
metal (Scheme II); the magnitude of the solvent effect was found
to depend on the degree of charge separation occurring in the
transition state.

Thus, fairly good straight lines correlate the rates of isomeri-
zation and some empirical parameters which measure the relative
electrophilic character of the solvent such as the a values of the
Taft HDB scale or the Dimroth—Reichardt £, values. The role of
the solvent is to promote the breaking of the Pt—Cl bond in the
rate determining step, and in this respect hydrogen-bonding in-
teractions with the leaving chloride ion are the most important
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factor in determining the large difference in rate observed (4 orders
of magnitude on going from methanol to 2-methyl-2-propanol).
By way of contrast, nucleophilic displacement of the chloride ion
from the same complex either by the solvent or by thiourea is little
influenced by the nature of the solvent, in keeping with an asso-
ciative mode of activation with a small degree of Pt-Cl bond
breaking. A full initial state—transition state analysis of solvent
effects on the isomerization®! confirmed that the changes in chem-
ical potential of chloride ion on transfer between solvents 8,,u%(Cl" )
are responsible for the changes in rate constants observed.
There has been controversy over this mechanism of isomeriza-
tion. van Eldik et al.?* have reported the measure of the volume
of activation (AV* = —14.1 cm® mol~") for the methanol sol-
volysis of cis-[Pt(PEt;),(2,4,6-C,H,)Br] which we have already shown
(cf. Ref. 18) to proceed at the same rate and with the same
AH? (67 kJ mol~1) and AS™ (95 J K ! mol ') as those of its
uncatalyzed cis-trans isomerization. The negative value found for
AV* lead these authors to favor an associative mechanism for the
isomerization of this complex. They extended this conclusion to
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all the series of cis-[Pt(PEt;),(R)X] complexes, which according,
to their view isomerize with a preequilibrium mechanism which
involves fast and reversible solvolysis of the substrate and a rela-
tively slow isomerization of the solvento complex. This pre-equi-
librium mechanism, while assuming the solvento species as the
only reactive species instead of the starting halide complex, was
completely uninformative as to how the geometrical change comes
about. Later on, in order to account for positive volumes of ac-
tivations found for the spontaneous isomerization of some cis-
[Pt(PEt;), (Ph)X] complexes (X = Cl, AV* = +64 = 0.4 cm?
mol~ % X = Br, AV* = +7.7 = 03cm’mol~ 1, X = [, AV* =
+7.2 + 0.8 cm® mol ') the same authors®® worked out an alter-
native preequilibrium mechanism shown in Scheme III, in which,
maintaining that the solvento species is the only reactive species,
is proposed that dissociation of the molecule of solvent gives rise
to a symmetrical trigonal 3-coordinate intermediate. This proposal
has been made even knowing that this should be a high spin species,
extremely unstable and of higher energy than other unsymmetric
T- or Y-shaped structures and that a single symmetric intermediate
would have the ability to recombine with the halide ion in alter-
native ways, one leading to the cis and the other to the trans
product.

However, there was much independent evidence against this
reaction scheme. We showed that the equilibrium constants K, =
kyk _ for the complexes cis-[Pt(PEt;), (Ph)X] (X = Cl, Br and
I) calculated from the linear mass-law retardation plots (k; ! =
k7! + (k;K.) " [X"]) were very much different from those meas-
ured independently by a conductometric method.** We showed
also that the rate of isomerization k&, which should be independent
of the nature of the leaving X, was in fact dependent on the nature
of the halide group.

Unmistakable evidence against this reaction scheme was achieved
by showing that both the halide and the solvento complexes were

X L X
N s NS g N e N
P+ S —— P X > PR s i
Y R ks V R L " Om
SCHEME 111
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prone to undergo isomerization and that their rates had completely
different values. The solvento complex has been generated in so-
lution by electrophilic attack of the proton on mixed methyl-ary!
cis-[Pt(PEt;),(R)Me| complexes. The selective fast cleavage of the
methyl-platinum bond produces the cis-[Pt(PEt;),(R)(S)]* sol-
vento complex in solution, which slowly interconverts into its trans
isomer. At variance with the corresponding chloride complex, the
rates of isomerization of cis-[Pt(PEt;),(Me)(S)]* (S = a series of
hydroxylic solvents) are little influenced by the nature of the sol-
vent and the rates of the two species tend to diverge markedly as
the ability of the solvent to assist Pt—Cl bond breaking decreases.
Isomerization of cis-[Pt(PEt;),(Me)(MeOH)]* in diethyl ether—
methanol mixtures undergoes mass-law retardation by [MeOH].
As in the case of the related halide species, the isomerization
mechanism involves interconversion of two T-shaped 3-coordinate
intermediates that show discriminating ability toward scavenging
agents.

It is now reasonably clear that reaction Schemc 1, although con-
sistent with all experimental findings, represents only a useful ap-
proximation in a strong dissociating solvent like methanol, where
it s necessary to take into account a solvolytic process and the
possibility for both species in equilibrium to undergo isomerization
through the dissociative loss of X or MeOH, respectively (Scheme
V).

X
L 7 -
Pt X7k
~ D
) o \
L L
s +X . kp N+ kT N+
+ /Pt ——— Pt
X | Ke S K L \R 2l L
"D
X | fast
L S +
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X
L/ \R L Pt/
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SCHEME [V



13: 08 15 January 2011

Downl oaded At:

The processes via kp and k, lead to a common T-shaped 3-
coordinate intermediate, whose fate depends on the efficiency with
which is intercepted by the reentry of either the halide ion (via
k_p) or the solvent molecule (via k_p) in competition with its
conversion to the “trans-like” counterpart (k, path).

The rate expression derived for such a reaction scheme is

kp [X] + kp K, 1

= T T kS + kX K+ x] Y

When no halide ion is present in solution, as in the isomerization
of solvento species generated in situ, only the lower pathway is
operative. In the presence of excess halide ion or when the value
of K, is very low, only the upper pathway, similar to that shown
in Scheme I, operates. It was possible to show that the efficiency
with which C1~ captures the first “cis-like” intermediate is at least
5 orders of magnitude higher than that of MeOH. Even the ap-
parently anomalous behavior of cis-[Pt(PEt,),(Mesityl)Br] finds
an explanation, since the corresponding solvento complex cis-
[Pt(PEt;),(Mesityl)(MeOH)]* has been found to isomerize at &
much higher rate (k; = 28.8 x 1073 s~ 1, at 30°C) with completely
different activation parameters (AH* = 106 = 4 kJ mol~1l
AS* = +75 £ 8] K~* mol™1). A preequilibrium treatment as
that in Scheme IV requires that solvolysis of cis-[PtL,(R)X] is fas::
and reversible and isomerization of the solvento complex cis-
[PtL,(R)(S)] " is relatively slow (kg and k _s >> kj; K, = kglk_g,
where kg and k _ g are the rates of solvolysis and anation, respec-
tively). The sterically hindered mesityl complex does not fit these
conditions, since it is the only one for which the rate of solvolysis
of the halide species is much slower than the rate of isomerization
of its solvento complex (kg and k_ ¢ << kp). Under these circum-
stances the solvolytic path (via kg) becomes the preferred route to
isomerization, the rates of isomerization and of solvolysis have
identical values, and both reactions assume the features of an
associative process. A similar pattern of behavior is exhibited by
another overcrowded complex cis-[Pt(PEt;),(CH,C(CH,),)Cl}.%

To sum up, these studies on mono-organophosphine Pt(I1)
complexes have made clear that a key step in their spontaneous
isomerization is the conversion of two T-shaped 3-coordinate 14-

33



13: 08 15 January 2011

Downl oaded At:

electron intermediates. The process is favored by factors promot-
ing bond dissociation and inhibited by effective trapping of the
first unsaturated intermediate. The soivent plays a major role in
the removal of the leaving group and this explains why these cis-
[Pt(PEt,),(RNX)] (X = alkyl, aryl, halide) complexes maintain
their stereochemistry in nonpolar solvents, but easily isomerize
after the break of the Pt—X ¢ bond. In the dialkyl or diaryl or
mixed alkyl-aryl complexes the fate of the 3-coordinate interme-
diate resulting from the electrophilic attack by the proton is gov-
erned by the presence of potential nucleophiles in the system?®®
(Scheme V). When a nucleophile is present in good amount, the
vacant coordination site is blocked and we have retention of con-
figuration for the resulting mono-organo product; in the absence
of good nucleophiles, cis-trans isomerization takes place and the
monoaryl product has a trans configuration.

Likewise the complexes cis-[Pt{(C=CPh),L.] (L = PPh; or
PMePh,) in CDCl; transfer the phenylethynyl group to HgX,,
[CuCI(PPh,)], Cul or SnCl, to yield cis-[Pt(C=CPh)L,X]. This
latter undergoes a ready geometrical isomerization to its trans
counterpart that eventually takes up the ethynyl group to yield
trans-[Pt(C=CPh),L,].?” Thus, isomcrization of diorgano com-
plexes occur through the intermediacy of the parent mono-
organohalide species. Spontancous isomerization of cis-
[Pt(C=CPh)L,Cl]*® has already been observed.

At this stage it is worth mentioning a fundamental paper by
Komiya et al. >’ which concerns the cis-trans isomerization of an
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alkyl gold complex [Et(CH;),AuPPhs] in benzene solutions. The
mechanism suggested (Scheme VI) is strictly similar to that illus-
trated before in Scheme I. The trialkylgold species [Et(CH;),Au).
formed by the rate limiting dissociation of phosphine, is a commor.
intermediate for both cis-frans isomerization and a concurrent process
of reductive elimination affording a mixture of ethane and pro-
pane. The T-shaped form which we have inferred for the coordi-
natively unsaturated platinum(Il) cation by means of competition
experiments has been shown by molecular orbital calculations to
be that of lower energy for the 14-electron alkyl-gold intermediate,
since the orbital degeneracy of the most symmetrical C;, trigonal
geometry favors distortion to T- and Y-shaped configurations. Thesc
latters serve as exit channels through which reductive elimination
proceeds.

Other kinetic studies in the field have shown that trans-[Pd-
Me,L,] (L = various tertiary phosphines) isomerizes to the cis
isomer before elimination of ethane takes place, whereas for cis-
[PAR,L;]} (R = Me, Et, Pr) the elimination is preceded by dis-
sociation of the ligand L.*® A theoretical study?! of some aspects
of the mechanism of reductive elimination of these Pd(II) com-
plexes has revealed that the substantially asymmetric T-shaped
“trans” PdLR,, arising from dissociation of L from PdL,R,, will
encounter a consistent energy to its conversion to “cis” PdLR.,
which in turn has an open channel for reductive elimination of R..
Packett and Trogler’® have reported recently that [PtH,(PMe,).]
in solution exists as a mixture of cis and trans isomers. The rate
constant for isomerization was determined by spin-saturation-transfer

"]
. o R—A{ ! | —» RR
“
! -L | L N
R—Au—L — |[R—Au el
I I | \ -
R 1
R! R
R—Al ' | —— RR
J ‘R
L
| +L
R— Alu —R =——= R— Au—R
R' R
SCHEME VI

35



13: 08 15 January 2011

Downl oaded At:

studies and compared with the rate of phosphine exchange. Al-
though the isomerization may proceed by an associative mecha-
nism involving a solvent molecule or the phosphine ligand, it is
suggested that a reasonable alternative pathway is dissociation of
PMe; from the cis and trans isomers to form T-shaped interme-
diates that slowly interconvert. Reductive elimination of hydrogen
can take place from a 3-coordinate PtLH, species.

Another interesting example of uncatalyzed cis-trans isomeri-
zation regards an m*-crotylpalladium(Il) complex [Pd(xn*-cro-
tyl)(C4Cls) (PPhs)] which has been found*? to undergo isomeri-
zation in benzene above room temperature, according to the
following reaction scheme (Scheme VII).

The large decrease of the rate on adding free triphenylphosphine
is attributed to the occurrence of a dissociative path involving 3-
coordinate intermediates. Here again a ligand dependent substi-
tution of PPh; by another phosphine takes place at a greater rate
than that of isomerization. A dissociative mechanism with the in-
termediacy of T-shaped intermediates has been proposed also for
cis-trans isomerization of [PtL,Cl,] (L = dialkyl sulfoxide) com-
plexes.?

Summing up, these studics on uncatalyzed isomerizations show
that the dissociative loss of a ligand to vield a 3-coordinate 14-
electron intermediate is a reasonable reaction pathway for a square
planar substrate, even though the associative attack by a ligand or
the solvent itself, which occurs with complete retention of stereo-
chemistry, is in most cases by far more energetically favored.

B-HYDRIDE ELIMINATION

The ease with which a hydrogen atom transfers from the f-carbon
atom of an alkyl chain to the metal to produce a metal hydride is

3 Ph
P _Ph o v
TP = {—pPrd == {(—pPd /= {(— Pd_
< ~L  -L 3 e \ +L : Ph
Ph
Me

Me Me Me

Scueme VI
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of fundamental importance for the stability of organotransition
metal compounds, and indeed B-elimination is the best docu-
mented low-energy route leading to transition metal-carbon bond
scission. Whitesides es al.*® have studied in great detail the me-
chanistic aspects of the thermal decomposition of several plati-
num(II) and palladium(II) alkyl complexes including, among others,
monoalkyl #rans-[PtL,RX] (L = phosphine),*$37 symmetrical®® and
unsymmetrical dialkyls,* and related metallacyclic compounds.*’
The thermolysis takes place most easily when dissociation of the
phosphine ligand produces a coordinatively unsaturated T-shaped
intermediate having a vacant coordination site for B-hydride elimr -
ination, even though the dissociative loss of the ligand is not nec-
essarily the rate determining step of the process (Scheme VIII),
The transient four-coordinate platinum(II) hydride species formed
on B hydrogen abstraction of [PtL(alkyl),] subsequently undergoes
reductive coupling of alkyl and hydride ligands and liberation of
alkane and alkene. When an excess of phosphine ligand blocks
the vacant coordination site at the metal, a higher energy p-elim-
ination from the 16-electron starting complex becomes competitive
with the dissociation route. This non-dissociative route has been
shown to be active in other cases, in the absence of added phos-
phine, and then dissociation is not always a prerequisite for the
occurrence of the process. Reaction Scheme VIII illustrates the
mechanism for thermal decomposition of cis-[PtL,Et,]. The same
mechanism holds for unsymmetrical dialkyl cis-[PtL,(R)(R')] com-
plexes, where the formation of the products depends on the nature
of the alkyl group involved in the process.*® For example, in the
case of the ethyl-propyl-bistriethylphosphineplatinum(II) cora-

L
v L
I N < = Pt—L « CH,

SCHEME VIII
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plex, B-elimination from the propyl group produces propene and
ethane, while that on the ethyl group produces ethene and pro-
pane.

We have recently extended our studies of the spontaneous cis
to trans isomerization to some monoalkyl [Pt(PEt;),(R)Cl] (R =
CH,;, C,H;, C.Ds, n-C;H,, n-C,H,y, CH,Si(CH;),) complexes whose
rates and activation parameters have been measured in isopro-
panol.*! The choice of this solvent was dictated by the fact that in
the better hydrogen bonding methanol the complexes containing
alkyl groups with a B-hydrogen isomerize as soon the solid is dis-
solved. The ethyl, #n-propyl and n-butyl derivatives, in addition to
spontaneous isomerization, undergo thermal decomposition through
a concurrent pathway yielding trans-[Pt(PEt;),HCl] and olefins.
The relative rates of the two competing processes have been cal-
culated, taking advantage of the fact that isomerization undergoes
mass-law retardation by added chloride ion while the thermal de-
composition is unaffected by [Cl"]. The complexes frans-
[Pt(PEt;),(R)Cl] (R = Et, n-Pr and »n-Bu) are stable under the
same conditions which promote a facile decomposition of the cor-
responding cis isomers.

As in the case of the related aryl complexes, the isomerization
mechanism (Scheme IX) involves dissociative loss of the chloride
ligand followed by the interconversion of two geometrically distinct
T-shaped [PtL,(alkyl)]* 3-coordinate intermediates. An incipient
interaction of the B-hydrogens of the alkyl group with the.metal
in the transition state leading to the first platinum cation inter-
mediate accounts for the much higher reactivity (at least 3 orders
of magnitude) of the complexes in which R = C,H;, n-C;H; and
n-C,H, with respect to that of complexes containing alkyl groups
with no B-hydrogens (CH; or CH,Si(CHj;);). Thus the platinum
cation intermediate interconverts into a geometrically distinct ““frans-
like” T-shaped structure before a complete B-extraction can take
place. This is in agreement with the low energy barrier found for
the fluxionality of coordinatively unsaturated reaction intermedi-
ates such as H(PH,),Pt*,* Me,Au® or Et,(PEt;)Pt.** These re-
sults emphasize the role of ancillary ligands in assisting the for-
mation and the stabilization of unsaturated 14-electron intermediates.

We suggested that B-hydride elimination involves a fast and
reversible addition of a C—H bond to platinum in the square planar
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complex yielding a 5-coordinate [PtL,(H)(olefin)Cl} intermediate:.
Fast olefin insertion in this latter leads to the formation of different
olefin isomers. The rate determining pathway is the olefin loss
from the 5-coordinate intermediate. The simultaneous formation
of three olefin isomers, 1-butene, cis-2-butene and trans-2-butene
in the case of the butyl complex is a straightforward indication that
the release of organic products must be preceded by a pre-equi-
librium in which fast and reversible B-hydride elimination and
olefin insertion lead to a facile skeletal isomerization of linear to
branched alkyl groups.

Thus, the essential features of the B-hydride elimination of cis
monoalkyl [PtL,(alkyl)Cl] complexes appear to differ marked'y
from those found in the decomposition of the strictly related dialkyl
compounds®~4 that, in nonpolar solvents, requires high temper-
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atures leading to platinum (0) products and to disproportionation
liberating alkane and alkene in a 1:1 ratio. The first process takes
place under much milder conditions until completion; both the
starting material and the final-hydride product are stable enough
to be isolated as pure compounds and only alkenes are formed.
These results would suggest that -elimination from the 16-¢lectron
starting cis-[PtL,RCl] complexes has a much lower energy barrier
with respect to a similar process taking place from the strictly
related cis-[PtL,R,] species. The substitution of the ancillary alkyl
group with a chloride ion should lead to an increase in the elec-
trophilic character of the metal center and might provide the driv-
ing force for the facile B-elimination.

These reactions on monoalkyl Pt(1I) complexes exhibit all the
characteristics required to a model system. It is possible to measure
the sensitivity of the rates of B-hydride elimination to slight struc-
tural changes imposed on the substrate and, in a subsequent study,*
we were interested in searching for a correlation between the la-
bility of the substrates and the nature of the group in the cis position
to the alkyl and for any effect of the length of the alkyl chain.
Thus, we prepared as solids or ““in situ” a series of complexes of
the type cis-[Pt(PEt;),(R)X] (R = #-C,H,. X = Cl, Br, I, N5,
NQO,, NCS, NCSc; R = C,H,, C,Ds, n-C;H,, n-C,Hy, X = Br)
and have carried out a kinetic study of reaction (5) in acetone.
This solvent was chosen in order to prevent the concurrent spon-
taneous cis-trans isomerization from taking placc.

cis-|[Pt(PEt;).(alkyD)X] — trans-|Pt(PEt;),(H)X] + olefins. (5)

The results can be discussed in the same framework of the non-
dissociative mechanism illustrated in Scheme IX and provide a
means of ascertaining the importance of the electronic properties
of the alkyls and of the cis groups in governing the lability of the
substrates. The lability was found to depend on the complexity of
the alkyl chain. The reactivity sequence Et << n-Pr ~ n-Bu reflects
the ease of olefin liberation from the intermediate ethene <<
propene ~ butene. The rates of decomposition of the complexes
cis-[Pt(PEt;),(n-Bu)X] were strongly dependent on the nature of
the ion X, increasing in the order N; << NO, < C] << NCS < Br
< NCSe < I, the overall difference of reactivity being at least four
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orders of magnitude between the first and the last members of the:
series.

Figure 2 shows that these rate data are correlated by a linear
free energy relationship of the type In k = m & 1°Pt, where & Pt
is the chemical shift of the platinum nucleus of the corresponding;
trans-[PtL,HX] complex and m represents the sensitivity of B-
hydride elimination to the changes of these chemical shifts (m =
0.017, R = 0.986, by linear regression analysis). Similar LFER.
correlations including all data points can be obtained with the
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FIGURE 2 Correlation between the rates of B-hydride elimination of cis-[Py(PEL,),
(n-Bu)X] complexes and the chemical shifts of the platinum nucleus of the cor-
responding trans-[Pt(PEt;),(H)X] products.
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hydride chemical shift 3 'H (m = 0.99, R = 0.867, seven data
points) and with the platinum-phosphorus coupling constants 'J
(PtP) (m = —0.04, R = 0.926, seven data points).

All these three NMR parameters can be regarded as good in-
dicators of the covalency of the Pt—X bond and are a measure of
the involvement of the d orbitals of platinum in 7 bonds.* In other
words, the ligand which is capable of the strongest covalent bond
or which forms the strongest m bonds with the metal will produce
the highest rate of B-hydride elimination. These results emphasize
the role of w back-bonding to the empty w* of the olefinic moiety
in the kinetic stability of the 18-electron [PtL,(H)olefinX] inter-
mediate. Both electron-donating substituents on the olefin and
strong covalent bonds of X with the metal operate in the direction
of increasing the difference in energy between the filled metal d
orbitals and the olefin =* and, as a consequence, back-bonding
between the metal and the olefin become weaker.

INSERTION REACTIONS

(A) Olefin Insertion

The kinetics and the mechanism of olefin insertion into a Pt-H
bond, the reverse process of B-hydride elimination, have been
studied in great detail using as starting substrate rrans-
[Pt(PEt,),(H)X].1® The available evidence indicates that insertion:
is facile when X is a labile group such as NOj or a molecule of
solvent. Under these conditions an intermediate of the type
[Pt(PEt;),(H)(olefin)]* has been isolated and demonstrated to have
the zrans geometry.*® It has been argued that insertion most easily
takes place when the hydride and the olefin span mutual cis po-
sitions, and then the isomerization:

trans-[Pt(PEt,),(H)(C,H,)]* — cis-|Pt(PEt;),(H)(C.Hy) " (6)

becomes a key step in the reaction pathway and is nccessary to
explain how the geometrical change comes about. According to
our findings on the uncatalyzed isomerization, we suggested®’ that
this may occur through interconversion of unsymmetric 3-coordi-
nate species.
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The reaction scheme (Scheme X) assumes that a facile loss of
ethylene from the srans isomer yields “trans” [HPtL,] which in-
terconverts and takes up the olefin to form the cis complex. Mi-
gratory insertion on this latter leads to a 3-coordinate “cis” [PtL,R]*,
after which the reaction follows a pathway identical to that estab-
lished for uncatalyzed isomerization of cis-[Pt(PEt;),(R)X)] com-
plexes. The migratory insertion step shifts the equilibrium towards
the cis form of [PtL,R]" and the subsequent conversion of this
latter accounts for the trans geometry of the monoalkyl product,
revealed by addition of halide ion to the final reaction mixture.
Key intermediates in the insertion process as well as in the unas-
sisted isomerization are assumed to be 3-coordinate, 14-electron
species and not 4-coordinate. The formation of the cis-hydrido-
olefin intermediate cis-[Pt(PEt;),(H)(C,H,)]* is not strictly re-
quired since there may be alternatively a concerted olefin attack
on “trans” [PtL,H]" involving a four centered transition state.
Such a pathway can account for the insertion occurring in those
cases in which severe steric restrictions imposed by ancillary ligands.
do not allow the olefin and the hydride to take up mutual cis
positions in the coordination sphere of a 4-coordinate species.*®

A molecular orbital study of the insertion of ethylene into a Pt
H bond by Thorn and Hoffmann*? has made clear that insertior.
pathways from a 5-coordinate intermediate or from a 4-coordinate:
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complex, with ethylene and hydride frans to each other, are not
easy. A sequence of dissociative steps to achieve the necessary
mutual cis position for the hydrido and the ethylene ligand is con-
ceivable. A potential surface for rearrangement of [HPt(PH,),]*

H H H

| | P F!t
— Pt -

P p

(1) (2) (3)

reveals minima for the *“T”-shaped structures 1 and 3 which in-
terconvert with a very small energy barrier via the *“Y" structure
2. The calculations indicated also that a concerted attack of
the olefin on a 3-coordinate species is also a feasible process,
competitive with the pathway involving a 4-coordinate cis-
[Pt{PEt,),(H)(C,H,)]* species.

(B) Carbonyl Insertion

Early suggestions of the formation of a 3-coordinate Pt(Il) inter-
mediate came from a mechanistic study of the insertion of carbon
monoxide across a platinum-alkyl bond.*

The reaction:

[PtL(CO)E1)CI]
+ L' — [PtLL'(EtCO)CI] (L=L'=AsPh,) (7)

has been studied in a variety of non-polar solvents. The observed
rates show a non-linear dependence on the concentration of the
entering ligand, according to the rate expression k.., = k,k,[L']/
(k_, + ky[L']) and the reaction scheme

K, ks

[PtL(CO)(Et)Cl] == [PtL(EtCO)CIl] — [PtLL'(EtCO)Cl].

k-1 L

Such a mechanism implies that the formation of the propionyl
group from the ethyl and carbonyl ligands in the pathway leading
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to a 3-coordinate species is not assisted either by the solvent or
the entering group. The above mechanism requires that the value
of k, for a given substrate should be independent of the nature of
the entering ligand L’ and increases with increasing size of the
coordinated ligand L. The former expectation has been confirmed
by kinetic data on the conversion of the methyl carbonyl complex
[Pt(CO)(PPh;)(I)Me] into acetyl derivatives [Pt(PPhs)(L')}(COMe)l]
when reacting with a variety of arsines or stibines (L' = AsPh;,
As(p-tolyl),, As(o-tolyl); and SbPh;) in tetrahydrofuran.®® An ap-
parent change in kinetic behavior (first order dependence on the
concentration of the entering ligand), which arises when phenyl
groups in the coordinated phosphine ligand are replaced by o-tolyl
groups, may be ascribed to a marked decrease in the rate constant
for reaction of the intermediate with L' (k, path) through crowding
by the o-tolyl substituents.

(C) Carbonyl De-insertion

Abstraction of chloride by AgPF, from acyl complexes of the type
[Pt(PPh;),(RCO)CI] (R = alkyl or aryl) in ethanol leads to mi-
gration of R from carbon monoxide to platinum to form cationic
platinum alkyl-(aryl)-carbonyl complexes.’! The rearrangement of
these acyl complexes to the cationic carbonyl species is thought to
proceed through an intermediate in which the R groups interact
with one of the coordination sites of the metal (Scheme XI). A
vacant 4-coordinate site rather than a vacant 5-coordinate site is
more likely to act in this manner.

No such rearrangement occurs in acetonitrile, since this solvent
binds the platinum atom, thus blocking the fourth vacant site and
alkyl(aryl)-metal interaction.

In contrast to the facile alkyl- or aryl-migration from carbon
monoxide on chloride abstraction from the acyl complexes, a sim-
ilar reaction of [Pt(PR;),CI(RSQ,)] with AgPF, does not lead tc
the expected migration of R from SO, to the metal but rather tc

O

o

(PPhy), Pt—CT_
R
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rearrangement of the sulfinato-S to the bidentate sulfinato-O,0’
in the [Pt(PPh;),(RSO,)]PF, complex.>? During its rearrangement,
the sulfinato-S ligand is thought to utilize the vacant coordination
site on the metal needed for alkyl or aryl migration.

ALKYL FOR HALOGEN EXCHANGE REACTIONS

Methyl for chloro exchange reaction in CDCl; solution between
cis-[PtMe,(SMe,),| and trans-[PtCl,(SMe,),] to yield trans-
[Pt(SMe,),MeCl] occurs after preliminary dissociation of the di-
methyl sulfide from the dialkyl compound to form a coordinatively
unsaturated ““cis-like” [PtMe,(SMe,)] intermediate.> This is borne
out by mass-law retardation produced in the rate of exchange by
addition of free SMe, in solution. A key step of the process is the
attack of the electron deficient [PtMe,(SMe,)] species to either
the chloride or the thioether groups bonded to [PtCl,(SMe,),] to
yield a p-chloro or p-SMe,-bridged adduct, as in reaction Scheme
XII. Thus two reaction pathways for the breakdown of the adduct
are feasible followed by fast readdition of thioether.

DISSOCIATIVE SUBSTITUTION

In the previous part of the paper we tried to show that square
planar complexes possess a dissociative mode of activation, which,
however, is modest and in most of cases negligible with respect to
the great propensity of the species to undergo associative attack
to form a 5-coordinate intermediate. We would like to illustrate
at this point some cases in which dissociation is the prevalent
reactivity pathway of a substrate, even in the presence of a large
excess of nucleophile, and is not the result of the suppression of
the normal associative pathway.

Me Me

| L cl I
~_ P N
Me— Pt Pt —» [Me—Pt P +L
.2 Pt
i CI/ \L d C( \1 CI/ \L

L=M%S

ScHEME XI1
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The first study®® has been carried out on the diphenyl-bis-sulf-
oxide platinum(II) complex cis-[Pt(Ph),(Me,SO),]. A relevant fea-
ture of the structure of this compound is the great lengthening of
the platinum—sulfur bond, caused by the strong trans-influence of
the phenyl groups. Even in the bis-sulfide cis-[Pt(Ph),(Me,S),]
complex,* which behaves in the same way as the bis-sulfoxide
analogue, the presence of the trans phenyl groups produce a great
lengthening of the platinum—sulfur bonds.

We have examined the kinetics of replacement of both sulfides
or sulfoxides by chelating ligands (L-L) in benzene solution in the
reaction:

cis-[Pt(Ph)x(S),] + L-L — cis-[Pt(Ph),(L-L)] + 28  (8)

(S = Me,S or Me,SO; L-L

= bpy; bpym; phen; dpte; dppe; dppp)

The spectral changes which accompany the reactions showed
that there is not the build-up in solution of any species different
from the starting material and the final {Pt(Ph),(L-L)] reaction
product. The same indication came from the NMR spectra. The
plot which illustrates the kinetic behavior for the entry of nitrogen
chelating ligands such as 2,2'-bipyridyl(bpy), 2,2’-bipyrimi-
dine(bpym) or 1,10-phenanthroline(phen), at increasing concen-
trations of free S (S = Me,S or Me,SO) showed that the rate tends
to become independent of the concentration of the reagent L-L
as this last increases. Thus we see typical saturation plots, as a
result of competition between the entering and the leaving group
for a reaction intermediate. Saturation is held back by adding S.
The reactions with chelating agents having donor atoms different
from nitrogen, such as dithioether (1,2-bis(phenylthio)ethane
(dpte)), or much better a bisphosphine(1,2-bis(diphenylphos-
phino)ethane (dppe) or 1,3-bis(diphenylphosphino)propane(dpp).
are considerably faster than those with nitrogen chelates. The plot
diverges from a saturation behavior and the rate constants tend to
have a linear dependence on the concentration of the entering
ligand (see Fig. 3). The general rate law derived is

Keves = a[L-LY(B[S] + [L-L]) + ¢[L-L] (9)
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FIGURE 3 Dependence of the pseudo-first-order rate constants k,,,., (s ') on the
concentration of the entering ligand for the reaction of cis-[Pt(Ph).(Me,S),] with
various reagents at 303.2 K in benzene solution. [Me.S] = 0.005 M.

and the best values of the constants a, b and ¢, together with their
standard deviations, were obtained by multiple nonlinear regres-
sion of k4 vs. [L-L] and [S] dependencies.

All this evidence can be accommodated by the reaction Scheme
X1IT which is, in some way, reminiscent of that usually found in
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substitution at square planar complexes. There is a nucleophile
independent pathway (via k) which involves the dissociative loss
of the ligand S to yield a coordinatively unsaturated 14-clectron
intermediate. This latter can undergo the re-entry of the leaving
group (k_, path) or can take up the entering ligand to form a
transient open-ring species (ks path). There follows fast ring clos-
ing. The open-ring species can be formed also by a direct bimo-
lecular attack of the reagent on the substrate (via k). From the
kinetic analysis it is possible to get the values of &,, rate constant
for dissociation of the ligand, k,, rate constant for the direct bi-
molecular attack and of the ratio ky/k_, which measures the ef-
ficiency with which the unsaturated intermediate is captured by
the entering ligand, in competition with the re-entry of the leaving
group. For most of the reagents the dissociative route is the only
one operative. )
Three-coordinate [PtR,(Me,SO)] species, unlike [PtR,(Me,S)],
have a lifetime long enough to discriminate among different nu-
cleophiles because of the tendency for the oxygen of the remaining
sulfoxide to satisfy the electron deficiency by interacting partly at
the vacant coordination site. This is borne out either from the
values of the ratio ky/k_; or from the comparison of the values of
the activation parameters of thioether and sulfoxide complexes.

Me
\ /Me
"o
r~ O
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Dimethyl complexes behave in a way similar to that found for
the parent aryl compounds.>® Changes from Ph to Me, while ob-
viously increasing the steric disposability of the substrate to a bi-
molecular attack, do not greatly affect the easy with which the
dissociative activation takes place.

The assessment of the mechanism has been made essentially on
the basis of (i) the saturation kinetics observed on plotting the rate
constants against the concentration of the entering ligand, as a
result of mass-law retardation produced by the leaving thioether
or sulfoxide, (ii) the independence of the rate of dissociation of
the nature of the entering group, (iii) the identity of the rate of
dissociation with the rate of solvent exchange, at least in the case
of exchange between free and coordinated Me,SO in cis-[Pt-
Ph,{(Me,SO),], (iv) the sign and the magnitude of the entropy of
activation are always low and even positive, except for the case of
cis-[PtPh,(Me,SO,),). The solvent was assumed to be insufficiently
coordinating to give an associatively activated contribution.

Strong support for ligand dissociation as the dominant pathway
comes from a recent study of the pressure effect on the ligand
exchange rate constants for the reactions:

cis-[PtR,S,] + 2 *S = cis-[PtR, *S,] + 2 S (10)
(R = Phor Me; S = Me,SO or Me,S)

which were studied in non-polar solvents as a function of pressure,
up to 200 MPa, by high resolution "H NMR magnetization transfer
experiments.®” The values of volume of activation obtained for cis-
[PtPh,(Me,S),] (AV* = +4.9 = 0.5 cm® mol 1), cis-
[PtPh,(Me,S0O),] (AV* = +55 = 0.8 ¢cm® mol ') and cis-
[PtMe,(Me,SO),| (AVF = +4.9 + 0.5 cm® mol™ ') arc supportive
and implement all the previous experimental evidence arising from
substitution kinetics and are conclusive of a dissociative mode of
activation. Indeed, in these exchange reactions in nonpolar sol-
vents, the solvational part due to electrostriction or to other volume
changes of the molecules of the surrounding diluent solvent can
be assumed to be constant through the reaction (AVE,, = 0) and
the measured volume of activation represents only the change in
volume (AV%. ) due to changes in bond lengths and angles.

h
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Once the mechanistic picture is reasonably clear and is consistent
with all the experimental evidence at hand, the main question
which begs an answer is what factors are promoting the facile
dissociation of these complexes. Their lability very similar being,
as well as the associated activation parameters, one is lead to
conclude that the main factor promoting dissociation is the strong
o-donor power of the Pt—C bond which lengthens and weakens
the trans Pt-S bond. A comparison of the few existing structural
data in the literature for related cis-[PtCl,L,] and cis-[PtPh,L,] (L
= S-bonded Me,SO or R,S)> ¥ indicates that when Cl is replaced
by Ph as the trans-activating group the Pt—S(thioether) or the Pt—
S(sulfoxide) bond distances are lengthened at least 0.1 A. This
ground state destabilization produced on moving from chloride to
phenyl or alkyl (lengthening and weakening of the trans Pt—S bond
distance) is accompanied by a sharp changeover of reactions path-
ways. Indeed, the complexes cis-[PtCl,(Me,S),],% cis-
[PtCl,(Me,S0),],%° and similar coordination compounds such
as [Pt(en)(Me,SO),J** %! (en = 1,2-diamminoethane) and
[Pt(Me,SO),)** ¢ are known to undergo substitution by way of
the normal associative mode of activation.

However, in our opinion, it can hardly be assumed that this
relevant difference of kinetic behavior is due exclusively to ground-
state destabilization and a better understanding of the phenome-
non must await a detailed study of the changes of electron density
produced at the metal center on changing ligands. At any rate,
these systems offer the unique opportunity of comparing dissocia-
tive and associative processes and to gain insight into their relative
sensitivity to structural changes imposed on the substrates. For
example, it was found that the dissociative displacement of thio-
ethers from cis-[PtPh,L,],%* where L encompasses a wide range of
thioethers of different steric and electron-donating properties, is
much less sensitive to changes in the characteristics of the leaving
thioether than the associative displacement of the same L from
[Pt(bpy)CIL]*. In other words, a bimolecular process is much
more sensitive to leaving group effects than a dissociative one. At
first sight this conclusion seems paradoxical. The explanation for
this pattern of behavior requires some knowledge of the details of
the intimate mechanism of the bimolecular reaction that is char-
acterized by an easy addition of the nucleophile to the square
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planar substrate to form a five coordinate intermediate and by a
considerable amount of bond breaking in this latter to reach the
transition state (two maxima in the energy profile separated by a
minimum, corresponding to the transient 5-coordinate, with the
second maximum rate determining). Under these circumstances,
the extent of bond breaking required to reach the transition state
in the bimolecular process is much higher than in the dissociative
one, where the bond is already lengthened and weakened, and this
is reflected in the different sensitivity of the two processes to leav-
ing group effects.

CONCLUDING REMARKS

Four-coordinate, 16-electron Pt(Il) complexes may lead to either
5-coordinate, 18-electron or 3-coordinate 14-electron species (see
Scheme XIV).

The 18-electron species may either be isolable compounds ame-
nable to structural studies or have been postulated as labile inter-
mediates in reaction mechanisms on the basis of kinetic evidence.
Three-coordinate, 14-electron platinum(11) species provide further
examples to the growing list of exceptions to Tolman’s 16— 18 clec-
tron rule.® Removal of chloride ligand from frans-[Pt(P(r-Bu);),HCI]
by silver salts of noncoordinating anions has lead to the synthesis
of a hydrido [Pt(P(+-Bu);),H]* cation in which the formally 3-
coordinate platinum(1I) seems stabilized by the sterically hindered
tri-zert-butylphosphine ligand.®® The synthesis of some 3-coordi-
nate rhodium(1l) compounds has also been reported,®® and the best
documented example is the cation [Rh(PPh;);] " that has been
characterized by means of crystallographic analysis.®” Synthetic
routes to complexes of such unusually low coordination number
must compete with their inherent high reactivity and with the ten-

7 c. X ¢
Y -Y
TP = ¢ = — T— P!t
N +Y 7N
é X T c +X J;
a8 18e a8 18e 48 14e
SCHEME X1V
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dency for the vacant coordination site to be occupied by a molecule
of solvent. For this reason successful synthesis and isolation of 3-
coordinate d® species are a rarity. However, their existence as
reaction intermediates can no longer be doubted and the possibility
of their formation along a reaction path must be taken into account
as well as that of 5-coordinate species.

We have seen a number of processes of platinum(II) substrates
in which 3-coordinate species are key intermediates. One is lead
to wonder why we have dissociation and when it begins to be
competitive with the easy addition of a fifth ligand. There are
strong indications that extensive electron transfer to the metal
associated with the presence of one or more Pt—C o bonds helps
dissociation, but to what extent this is due to ground state desta-”
bilization or to an increase of electron density at the metal pre-
venting the approach of nucleophiles or to other unknown factors
remains to be clarified. The electrophilicity of the metal center
could well play a major role in dictating the choice of reaction
pathways. Once the coordinatively unsaturated species is formed
its fate depends on the efficiency with which it can interconvert,
as in the spontaneous isomerizations, or undergo intramolecular
processes, as in the B-hydride elimination or in the insertion re-
actions, or be intercepted in solution by the solvent, nucleophiles
or other chemical species. We cannot make reasonable previsions
about the preferred and lower energy pathway. The tendency for
ancillary ligands to satisty the electron deficiency by interacting
partly at the vacant coordination site has seldom been recognized
and this leads to a further uncertainty in defining the formal val-
ence-state and coordination number. It is possible to conclude then
by saying that the study of 3-coordinate 14-electron species is in
its infancy, and at this stage offers more problems than solutions,
but holds promise of being a new fascinating field of research.
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