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Studies on the substitution mechanism of low-spin d8

square-planar complexes for many years centered around
the s trans influence or trans effect.[1] For PtII complexes this
has involved detailed systematic studies of different trans
groups[2] using a range of different nucleophiles.[3] Mechanistic
studies established that ligand-substitution reactions of PtII

complexes mainly occur by an associative process involving a
trigonal-bipyramidal intermediate. In recent years, volumes of
activation (DV=) obtained from high-pressure kinetic meas-
urements, have been used in distinguishing mechanistic
pathways of substitution reactions; negative values indicating

degree of bond cleavage in the transition state is significantly
higher for complex 3 than in 1 and 2.

Returning to the motivation for this work, our results on the
water-exchange mechanism of the porphyrins studied are in
excellent agreement with the mechanistic interpretation
offered by Ford and co-workers[21] for the complex-formation
reactions of 1 and 3 with NO. Their reported activation
volumes of �8.3� 1.5 and �13� 1 cm3 molÿ1 for these
reactions, respectively, are almost identical to those reported
for the water-exchange reactions in the present study. Their
conclusion that the observed DV= for the ªonº reaction with
NO mainly represents DV=(k1) for reaction (1), is perfectly
correct as shown by the data reported here. Thus the
formation of 1 and 3 is not only controlled by the rate but
also by the mechanism of the water-exchange process.
Depending on the structural and electronic situation this
process tends to occur according to an Id or D mechanism, the
complex-formation reactions with nucleophiles such as NO
follow the same mechanism.

The water-exchange rate and associated activation enthalpy
of iron(iii) porphyrins are significantly affected by the charge
on the porphine and to a lesser degree by steric compression.
The mechanism of the process, however, is controlled by steric
factors and varies between a dissociative interchange and a
limiting dissociative mechanism. Thus the lability of the axial-
bound solvent molecules in these systems plays a key role in
the mechanism and substitution behavior of porphyrin- and
heme-based systems. High-pressure NMR spectroscopic tech-
niques present a powerful tool to add to the mechanistic
understanding of such processes, which could lead to a more
profound understanding of the reactions and processes in
biologically relevant macrocyclic systems such as metmyoglo-
bin and cytochrome P-450.

Experimental Section

Na3[FeIII(TPPS)(H2O)2] (Na3-1) was synthesized as described elsewhere.[26]

[FeIII(TMPyP)(H2O)(OH)](pts)4 (2-pts4), where pts�p-toluenesulfonate,
and Na3[FeIII(TMPS)(H2O)2] (Na3-3) were purchased from Frontier
Scientific Ltd. Fine Chemicals Utah, USA, and used without further
purification. Ca. 20% enriched 17O-labeled water (D-Chem Ltd. Tel Aviv,
Israel) was used for the 17O NMR water-exchange measurements. NaClO4

(Aldrich) was used to adjust the ionic strength to 0.5m, and HClO4 (1 and 3)
and tosylic acid (2) were used to adjust the pH of the solution. No salt was
added in the case of 2 to avoid precipitation. The porphyrin samples were
prepared by combining weighted amounts of salt, perchloric or tosylic acid,
and water. The resulting solution was transferred to the NMR tube. The pH
was determined on identical samples prepared in ordinary water. The water
exchange measurements were performed at pH 3 (for 1 and 3) and pH 1.1
(for 2), where only the monomeric aqua forms of the porphyrins are present
in solution. The complex concentrations were 3.4� 10ÿ2m (1), 2.0� 10ÿ2m
(2), and 3.0� 10ÿ2m (3).
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an associative-reaction route.[4] New experimental evidence
has been published showing that the exchange of some
sulfides or sulfoxides at PtII complexes, such as cis-
[PtPh2(Et2S)2], cis-[PtPh2(Me2S)2], and [Pt(bph)(SR2)2] (R�
Me and Et, bph� biphenyl), proceed under the influence of a
s trans influence and/or trans effect according to a dissociative
mechanism in which a three-coordinate intermediate is
formed.[5]

It has also been known for a long time that the rate of
substitution of PtII complexes is enhanced when groups having
strong p-acceptor properties are attached to the metal
center.[5, 6] The acceleration has been ascribed to the reduction
of charge on the metal center by the employed ligand and
results from back-donation of electrons from the filled
d-orbitals of the PtII center into the empty antibonding or
nonbonding orbitals of the ligand.[7] Application of extended
Hückel theory, molecular electrostatic potential, and ab initio
calculations have been used to demonstrate the p-acceptor
properties of specific ligands.[5] In addition, the p effect has
been noted to be an important factor in the search for a
possible mechanistic changeover in the substitution behavior
of square-planar complexes. The displacement of thioethers
by CO, which has p-acceptor capabilities, in systems such as
cis-[PtR2S2] (R�Me or Ph; S�R2S or Me2SO),[5] prevents
the substitution process from following a dissociative mech-
anism. Thus the presence or absence of p back-bonding is
responsible for the mechanistic changeover in the case of
thioether complexes of PtII.

Despite its importance and influence in substitution reac-
tions of PtII complexes, there has been no systematic study
carried out to investigate the p-acceptor (cis and trans) effect
in more detail. In an effort to gain more insight into this
property, a detailed study of its influence both in the cis and
trans position has been undertaken using monoaqua PtII

complexes with tridentate N-donor ligands. The results clearly
show that it is not so much the p-acceptor effect that controls
the rate of the substitution process, but more importantly the
communication between different p-acceptor ligands, an
effect not recognized before.

Five complexes, [Pt(diethylenetriamine)H2O](CF3SO3)2

(aaa), [Pt{2,6-bis(aminomethyl)pyridine}H2O](CF3SO3)2 (apa),
[Pt{N-(pyridyl-2-methyl)-1,2-diaminoethane}H2O](ClO4)2 (aap),
[Pt{bis(2-pyridylmethyl)amine}OH]ClO4 (pap), and [Pt(ter-
pyridine)H2O](BF4)2 (ppp) (Scheme 1) were synthesized. The

Scheme 1. Structures of the investigated PtII complexes; the CF3SO3 and
ClO4 counterions are not shown.

aqua complexes were prepared by hydrolysis of the corre-
sponding chloro complexes (see Experimental Section).
These complexes allow a systematic study of the p-acceptor
effect of the ligands in the cis and trans position on the ligand-
substitution behavior of the complexes.

The substitution of coordinated water [Eq. (1)] by three
different nucleophiles (Nu), thiourea (TU), 1,3-dimethyl-
2-thiourea (DMTU), and 1,1,3,3,-tetramethyl-2-thiourea

(TMTU), was investigated under pseudo first-order condi-
tions using stopped-flow techniques. The reactions were
carried out at a pH between 2 and 3 where the complexes
exist in the aqua form, and the temperature was maintained at
25 8C.

The pseudo first-order rate constants, kobs, calculated from
the kinetic traces were plotted versus the concentrations of
the entering nucleophiles. Straight lines were obtained with y-
axis intercepts near to zero, indicating that Equation (2) can
be used to represent kobs since k1, which is from the reverse
aquation reaction, is practically zero.

kobs � k1� k2[Nu]� k2[Nu] (2)

Concentration dependencies of kobs for DMTU as the
entering ligand are shown in Figure 1 (note that this is a
double y-axis plot in which the data for ppp are presented by

Figure 1. Dependence of observed rate constant kobs [sÿ1] on the concen-
tration of DMTU as the entering nucleophile at 25 8C in aqueous medium;
[NaClO4]� 0.1m, pH 2 ± 3. 1� aaa (+), 2� apa (*), 3� aap (*), 4�pap
(!), and 5� ppp (^). The concentration of DMTU used for aaa (+) has
been divided by 10.

the y-axis on the left). To accommodate the aaa data on the
same scale, its true DMTU concentration had to be divided by
ten. The second-order rate constants k2 are in Table 1, along
with the pKa values of the complexes. These values were
determined spectrophotometrically and kinetically by record-
ing the UV/Vis spectra and rate constants, respectively, over a
wide pH range.
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It is reasonable to assume that the s trans effect is the same
for pyridine and amine ligands.[8] It is also known that the
electronic influence of the cis ligands is usually small.[1, 7] Thus,
it can be concluded that the observed kinetic effects are
mainly because of p-acceptor effects. The data clearly
demonstrate that by introducing the pyridine unit with p-
acceptor properties to the aaa complex, the rate of substitu-
tion of coordinated water increases significantly by at least a
factor of four in going from aaa to apa, the effect for the other
ligands being much larger.

The cis effect is more dominant than the trans effect. The
values of k2 for the reactions with TU are only 10 % larger, but
in the case of DMTU and TMTU, k2 doubles from apa (the
trans complex) to aap (the cis complex). These observations
on the p cis effect are contrary to what is generally known.
The s cis effect has generally been accepted to be always
smaller than its trans counterpart.[1, 7]

The structures of the selected complexes are such that the
p effect of the different pyridine ligands should be additive or
at least increase with the number of pyridine ligands. In going
from aap to pap, it is reasonable to expect an increase in k2

similar to that observed in going from aaa to aap, that is, a
doubling of the p cis effect. This is indeed approximately the
case. Furthermore, in going from aaa to ppp, k2 is expected to
increase in a similar way as the combined effect of apa and
pap compared to aaa. However, the observed increase in k2 , a
factor of between 5.6� 103 and 4.8� 104 in going from aaa to
ppp is much larger than predicted on the basis of the
combined effects observed for apa and pap, (between 47
and 219) for the different entering nucleophiles. This means
that the very large labilization effect observed for the ppp
complex cannot simply arise from the combination of the p-
acceptor effects of the three pyridine groups. In fact, the
conjugated nature of the chelate must be responsible for this
significant increase in lability, that is, electronic communica-
tion within the chelate controls the overall observed p-
acceptor effect.

The nucleophiles selected have different degrees of steric
hindrance and nucleophilicity. The results in Table 1 show that
substitution of coordinated water depends on the steric nature
of the nucleophiles. The most sterically hindered nucleophile
TMTU reacts significantly slower than the less hindered TU
in going from aaa to apa. The trend in the results as one moves
from aaa to ppp is that the effect of steric hindrance on the
rate of the substitution process diminishes, and disappears
totally in the case of the ppp complex. This can be accounted
for by the increase in electrophilicity of the PtII center in the

series of complexes reaching a maximum for ppp. In the latter
case, the metal center seems to be so electrophilic that the
steric bulk of the entering nucleophile plays no significant
role. In fact, the higher nucleophilicity of DMTU and TMTU,
as a result of the inductive effects of the methyl substituents,
seem to overcompensate for the decrease in k2 expected as a
result of increased steric hindrance.

The dependence of k2 upon the basicity of the complexes is
shown in Figure 2, where log k2 is plotted against the pKa

values of the aqua complexes. The least-squares fit for four of

Figure 2. Plot of log k2 versus the pKa of the aqua complexes at 25 8C for
different entering nucleophiles TU *, DMTU �, and TMTU ~. 1� aaa,
2� apa, 3� aap, 4�pap, and 5� ppp.

the complexes (excluding ppp) resulted in reasonable straight
lines with slopes of ÿ1.0� 0.2, ÿ1.4� 0.2, and ÿ1.6� 0.2 for
the entering ligands TU, DMTU, and TMTU, respectively.
The pKa values serve as a measure of the electron density
around the PtII center, which will control the electrophilicity
of the metal center, the strength of the PtÿOH2 bond, and
therefore the acidity of the coordinated water molecule. The
values of k2 clearly depend on the basicity of the complexes;
the rate of displacement of coordinated water increases with
decreasing pKa value, that is, with the increasing electro-
philicity of the metal center which controls the rate of the
associative substitution process. The increase in reactivity
from aaa to pap results from the increase in p-acceptor
properties of the chelate, which decreases the electron density
on the metal center and decreases the pKa value. The presence
of the p-acceptor ligand(s) promotes the electrophilicity of
the metal center and accounts for the observed correlation

Table 1. Second-order rate constants and pKa values determined kinetically and from UV/Vis measurements, respectively; ionic strength 0.1 mol dmÿ3

(NaClO4), T� 25 8C.

Nucleophile k2 [mÿ1 sÿ1]
aaa apa aap pap ppp

TU 29.1� 0.4[a] 101.1� 0.7 110� 1 393� 2 163 400� 2230
DMTU 11.9� 0.2 41.2� 0.3 80.4� 0.5 393� 5 216 970� 2980
TMTU 3.2� 0.02 12.3� 0.1 29.3� 0.2 182� 2 152 900� 2700

pKa

kinetic 6.35� 0.03 5.96� 0.05 5.60� 0.06 5.30� 0.03 4.42� 0.05
thermodynamic 6.26� 0.10[a] 6.04� 0.08 5.71� 0.03 5.53� 0.07 4.62� 0.04

[a] Data are in good agreement with the data in ref. [12].



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4009-1683 $ 17.50+.50/0 1683

between lg k2 and pKa . The more negative slopes observed in
Figure 2 for the more sterically hindered nucleophiles DMTU
and TMTU, results, as discussed above, from the smaller
effect of steric hindrance on the reaction rate of the more
electrophilic complexes.

The ppp complex is therefore unusually reactive in
comparison to the other complexes and also does not fit into
the lg k2 versus pKa relationship. The explanation offered for a
similar system, where chloride was the leaving group, is that
the strain on the ring system was the cause of the accel-
eration.[9] This is only one of the possible factors that can
influence the process. From this study, we can conclude that
the p-effect in this system is not just because of the addition or
combination of the individual cis and trans effects. The
formation of the two five-membered aromatic rings involving
the PtII center in the ppp complex is an important property
that has a large influence on the observed reactivity; the
presence of aromaticity allows for a much more extensive p-
conjugated system. The consequence of this is a more
electronically drained PtII center, as also indicated by the
trend in the pKa values, and a system capable of effectively
stabilizing the five-coordinate transition state and/or inter-
mediate through p back-bonding. A detailed study of the
temperature and pressure dependencies of the investigated
reactions has also been undertaken and the results will be
reported in a forthcoming full report on this topic.

In summary, we have shown that it is possible to investigate
the p-acceptor effect without the interference from the s-
donor effect that is much stronger and usually camouflages
the p-effect. The p cis effect is certainly greater than the p

trans effect. The investigation has revealed for the first time
that the rate of substitution is inversely proportional to the
basicity of the complex as a whole and not just that of the
leaving or entering group. It has also shown that it is possible
through p-acceptor effects to tune the pKa of the complex,
which in turn controls the lability of the complex. Most
important, however, is our finding that the electronic com-
munication between the p-acceptor ligands as in the case of
the ppp complex, is responsible for the drastic increase in
lability observed in this particular case. It has recently been
shown[10] that when this electronic communication between
two aromatic rings is destroyed, the substitution rate is
decreased by a factor of 60. The p-acceptor effects on their
own (in the cis and/or trans position) are in the absence of
such a direct communication of minor significance in affecting
the lability of d8 square-planar complexes.

Experimental Section

The ligands diethylenetriamine, bis(2-pyridylmethyl)amine, and terpyri-
dine were obtained from Aldrich and used without further purification. N-
(pyridyl-2-methyl)-1,2-diaminoethane was synthesized according to the
literature method,[11a] whereas 2,6-bis(aminomethyl)pyridine was prepared
following a method used to synthesize 6-(aminomethyl)-2,-2'-bipyridine by
using 2,6-bis(bromomethyl)pyridine as starting material.[11b,c] Synthesis of
aaa and ppp was performed according to literature methods.[11d,e] The
preparation of the chloroplatinum precursor for pap, aap, and apa was
performed according to a procedure similar to that used for the preparation
of the chloro complex of ppp.[11f] The latter two were treated with silver
triflate to produce the required aqua complexes. For pap, the chloro
complex was hydrolyzed using sodium hydroxide to give the hydroxy

complex which was precipitated from solution with the help of excess
sodium perchlorate. Microanalysis and 1H NMR spectra were used to
check the purity of all the complexes. An Applied Photophysics SX 18MV
stopped-flow instrument coupled to an online data acquisition system was
used in all kinetic measurements.
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