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Abstract: The mechanism of substitution water exchange reactions in square planar trans-Pt[(NH3)2T(H2O)]
n1

complexes is studied (T¼¼H2O, NH3, OH
2, F2, Cl2, Br2, H2S, CH3S

2, SCN2, CN2, PH3, CO, CH3
2, H2, C2H4).

The trans effect is explained in terms of r-donation and p-back-donation whose relative strengths are quantified by

the changes of electron occupations of 5d platinum atomic orbitals. The r-donation strength is linearly correlated

with the Pt��H2O (leaving ligand) bond length (trans influence). The kinetic trans effect strength correlates propor-

tionally with the r-donation ability of the trans-ligand except the ligands with strong p-back-donation ability that

stabilizes transition state structure. The r-donation ability of the ligand is dependent on the r-donation strength of

the ligand in the trans position. Therefore the trans effect caused by r-donation can be understood as a competition

between the trans-ligands for the opportunity to donate electron density to the central Pt(II) atom. The influence of

the trans effect on the reaction mechanism is also shown. For ligands with a very strong r-donation (e.g. CH3
2 and

H2), the substitution proceeds by a dissociative interchange (Id) mechanism. Ligands with strong p-back donation

ability (e.g. C2H4) stabilize the pentacoordinated intermediate and the substitution proceeds by a two step associative

mechanism. For ligands with weak r-donation and p-back-donation abilities, the highest activation barriers have to

be overcome and substitutions can be described by an associative interchange (Ia) mechanism. The results are sup-

ported by the energy decomposition and the natural orbital analysis.
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Introduction

The ligand substitution reactions in square-planar Pt(II) com-

plexes comprise a very intensively investigated class of proc-

esses. The trans effect was already observed by Chernyaev in

the twenties of the last century.1 Since then the kinetics of many

other systems has been explained by the trans effect.2 By the

trans effect is meant the labilization of a ligand in trans position

to certain other ligand. For platinum complexes there is a num-

ber of experimental studies available comparing trans effects of

different ligands.3 The intensity of the trans effect (as measured

by the increase in the rate of substitution of the trans ligand) fol-

lows this sequence:

Since the trans effect is a kinetic phenomenon, its origin lies

in reactant destabilization and/or in the transition state stabiliza-

tion. The first effect is usually expressed by the Pt- trans ligand

bond elongation and it is sometimes called as the trans influence.

The finding of the anticancer activity of cisplatin (cis-

diamminedichloroplatinum(II)) and its derivatives further en-

hanced the interest of this class of compounds.4 Cisplatin is one

of the best theoretically described systems.5–14 The mode of

F�; H2O;OH
�< NH3< py< Cl�<Br�< I�; SCN�;NO�

2

SCðNH2Þ2 ; Ph�< SO2�
3 < PR3; AsR3; SR2; CH

�
3 < H�;

NO; CO; CN�;C2H4

Additional Supporting Information may be found in the online version of
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action of cisplatin includes hydrolysis in the first step followed

by the binding to the guanine N7 atom of DNA. Both these

steps were described theoretically in number of studies during

recent years.6,9,14–22 In the hydrolysis step the chloride ligand is

replaced by a water ligand which is exchanged by the guanine

in the next step. Both substitution reactions have a similar one-

step mechanism and go via pentacoordinated transition states.6,15

The NH3 group with a weak trans effect inheres in the trans posi-
tion with respect to these substitutions. A thorough study of sub-

stitution reactions in the square planar Pt[(NH3)x (H2O)yClz]
122z

(x 1 y 1 z 5 4) complexes was done by Cooper and Ziegler.23

Since all ligands considered in the cited study have a weak trans

effect strengths, all possible substitution reactions were described

by a facilitated dissociative mechanism (or an associative inter-

change (Ia) mechanism as it is denoted in this contribution) over-

coming one pentacoordinated transition state.

Trans effect of biologically active ligands was studied by

Lau and Deubel.24 The kinetic trans effect of the biomolecules

significantly differs from the thermodynamic trans influence.

The sulfur ligands show a larger trans effect than nitrogen

ligands and water.

In the theoretical paper dealing with boryl ligands,25 i.e.

ligands with very strong trans influence, results were analyzed

by the natural orbital analysis. A good correlation between the

trans influence strength and the percentage contribution of Pt in

Pt��B r bond was found. These properties are also correlated

with the ratio of the boron p- to s-orbital population in the

Pt��B r bond. Very recently trans- influence of boryl ligands

was also studied experimentally by Braunschweig et al.26

In this contribution we show how the ligands with different

trans effect strengths influence not only the value of activation

energy (i.e. kinetics) of substitution reactions but also the reac-

tion mechanism itself. We use similar systems as were used in

the pioneer study of Lin and Hall.27 However this time electron

correlation is included, all the stationary points including transi-

tion states are fully optimized and influence of much larger

number of ligands in the trans position is compared. Moreover

theoretical methods for the analysis of the nature of bonding

interactions (such as the natural bond orbital analysis and the

energy decomposition analysis) are currently available. Thus we

are able to show details about the substitution reactions that

could not be revealed in the cited study.

Computational Details

The calculations were performed with the Gaussian 03 (G03)

program package.28 All geometries were fully optimized using

B3LYP functional.29 LANL2DZ valence basis set with an extra

set of f functions of exponent 0.78 and relativistic effective core

potentials (ECP’s) were used for the platinum atom. Pt is treated

as an 18-electron system with both n 5 5 and n 5 6 shells con-

sidered as valence electron shells. This basis set on the Pt atom

is designated as LANL2DZ*. For the main group elements the

split valence 6-31G* basis set was used. These calculations are

designated as B3LYP/BSI in the further text. Selected structures

were optimized by a substantially improved MWB-60(2f)/

6-31111G(2d,2p) basis set. It means platinum atom was treated

using Dresden-Stuttgart pseudopotentials.30 The suggested basis

set was extended with two extra sets of f functions with expo-

nents of 1.4193 and 0.4662.10 The main group elements are

described by 6-31111G(2d,2p) basis set. These calculations are

designated as B3LYP/BSII in the further text.

The nature of the obtained stationary points was always

checked by a vibrational analysis. Thermal contributions to the

energetic properties were calculated using microcanonical en-

semble of statistical mechanics at standard conditions (T 5 298

K, p 5 101.325 kPa). Single point energy evaluations on the

optimized geometries were carried out with a more flexible

MWB-60(2fg)/6-31111G(2df,2dp) basis set. Platinum basis set

was augmented by an extra set of g functions with the exponent

1.2077.

To evaluate the solvent influence on the energetics of the

reaction, single point calculations on the gas phase optimized

geometries were performed using CPCM continuum solvation

model on the B3LYP/MWB-60(2fg)/6-31111G(2df,2dp) level

of theory (the same level as the gas-phase single points). All sol-

vation calculations were carried out in water (e 5 78.39).

Default CPCM parameterization as implemented in G03 was

used.

Atomic charges were derived by Weinhold’s natural popula-

tion analysis (NPA) using the natural bond orbital (NBO) parti-

tioning scheme.31,32

In this study we deal with substitution reactions trans-
Pt[(NH3)2(H2O)T]

n1 1 H2O $ trans-Pt[(NH3)2(H2O)T]
n1 1

H2O. Water ligand that is in the trans position with respect to

the T ligand (T¼¼H2O, NH3, OH
2, F2, Cl2, Br2, H2S, CH3S

2,

SCN2, CN2, PH3, CO, CH3
2, H2, C2H4) is exchanged for

another water molecule. In further text entering and leaving

water molecules will be designated as E and L, respectively (the

entering ligand is supposed to be the water ligand which is more

distant from the central Pt(II) atom in the transition state struc-

ture than the leaving ligand (of course the same assumption is

valid for the reactant region). However in most TS��T structures

the difference between the two Pt��OH2 bond lengths is small

or negligible). This experimental arrangement enables us to use

principle of microscopic reversibility and also the symmetry in

the preparatory stage of optimizations. However the final struc-

tures are optimized with no symmetry restrictions. Although

such reactions do not have a practical importance, differences in

the strength of the trans- effect of selected ligands can be eval-

uated and compared.

The starting reactant square- planar complexes trans-
Pt[(NH3)2(H2O)T]

n1 will be designated as R–T structures while

pentacoordinated transition states and/or intermediates trans-
Pt[(NH3)2T(H2O)2]

n1 will be designated as TS��T and INT��T,

respectively.

The reaction mechanism suggests the formation of a super-

molecular complex R–T. . .H2O in the first stage. Then reaction

proceeds via one TS-T transition state structure or via INT-T in-

termediate structure surrounded by two transition states (see

Scheme 1 and Fig. 1). The activation barriers are calculated as

the energy difference between TS��T and R–T. . .H2O structures

(the same approach was used with success in a number of stud-

ies (refs. 6, 9, 17, 18). Although it was shown recently by Lau

and Deubel (ref. 14) that agreement of activation energies with

2371The Trans Effect in Square-Planar Platinum(II) Complexes—A Density Functional Study

Journal of Computational Chemistry DOI 10.1002/jcc



experiment in the cited studies is due to large cancellation of

errors, this approach is fully acceptable in our case since we are

interested only in the relative (not absolute) activation energies

of the reactions of the same class).

Energy Decomposition Analysis of Pt��H2O Bond

Additional single-point calculations on the optimized structures

were conducted using the Amsterdam Density Functional 2001.01

package (ADF)33 to calculate fragment energy decompositions

according to the extended transition state theory.34 In these calcu-

lations, a triple-f STO basis set is utilized, with one set of polariza-

tion functions as provided in the ADF, together with the BLYP

functional.29a,c Relativistic effects on Pt are included using the

‘‘zero order regular approximation’’ (ZORA).35

The fragment calculations available in ADF provide a

decomposition of the binding energies in a chemically meaning-

ful manner.33 Reactant structures were considered to consist of

Pt[(NH3)2T] and H2O fragments. The TS structures were consid-

ered to be divided into the two fragments in a number a ways:

(1) Pt[(NH3)2T] and L water ligand when E water ligand is

neglected; (2) Pt[(NH3)2T] and E water ligand when L water

ligand is neglected (this analysis is done only when Pt��E and

Pt��L bond lengths differ significantly); (3) Pt[(NH3)2T] and

both L and E water ligands being considered as one fragment;

(4) Pt[(NH3)2TL] and E water ligand. This enables us to make a

comparison of interaction energies of E and L ligands with

Pt[(NH3)2T] fragment. The Pt[(NH3)2TL]—E decomposition

gives additional information about the possible stabilization of

the pentacoordinated transition states or intermediate structures.

Note that interaction energy DEint corresponds to the bond

energy of the fragments with geometries as found in original

molecule. Thus the fragments are not at their equilibrium geom-

etry resulting in higher bond energies comparing with that of

true overall bond energy (the energy difference is usually called

the deformation (or preparation) energy and it is the energy

needed to deform the equilibrium geometries of the separate

fragments to that found in the adduct structure. In case of energy

decomposition analysis of R–T structures, the deformation

energy of the two fragments ranges between 21.7 (R��NO2)

and 20.4 kcal/mol (R��H)—see Table 1S in the Supplementary

material). The interaction energy can be further decomposed

into three terms:

DEint ¼ DEPauli þ DEel�st: þ DEorb�int

The term DEPauli comprises the destabilizing interactions

between occupied orbitals in accord with the Pauli principle.

The second term DEel-st corresponds to the classical electrostatic

interaction between the charge distributions of the two frag-

ments. These two terms can be summed to form the so called

nonorbital interaction energy DEnon-orb. Finally, the orbital inter-

action DEorb-int accounts for charge-transfer and polarization

interactions.

The R–T Complexes

Structural Features and Trans-Influence

Although the R–T structures were optimized without any con-

straints of symmetry they are planar. Geometrical parameters of

the square planar R–T complexes are shown in the Table 1.

H2O ligand is in the trans position with respect to the T ligand.

According to the decreasing Pt��OH2 bond lengths we can order

the ligands by the decreasing trans influence:

CH�
3 > H� > CH3S

� > CN� > NO�
2 > Br� > C2H4

> OH� � PH3 > Cl� � SCN� > F� > H2S

> CO > NH3 > H2 O

Scheme 1. Proposed reaction mechanism of substitution reactions.

Figure 1. Possible energy profiles of substitution reactions.
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The Pt��OH2 bond trans to CH3
2 (i.e. to the ligand with the

strongest trans influence) is almost by 0.3 Å longer than the

Pt��OH2 bond trans to H2O (i.e. to the ligand with the weakest

trans influence). Pt�� NH3 bond lengths are influenced signifi-

cantly less by the nature of the T ligand (which is in the cis-

position) ranging from 2.069 (T¼¼F2) to 2.095 Å (T¼¼CO). We

have not found any correlation between Pt��OH2 and Pt�� NH3

bond lengths.

Almost the same order of ligands has been achieved after

reoptimizations using substantially improved B3LYP/BSII level

(see Table 1). C2H4, OH
2, PH3, Cl

2 ligands, i.e. ligands in the

middle of the row, are mutually interchanged giving slightly

modified order PH3 � C2H4 [ Cl2 � OH2. The same is the

case for F2 and H2S ligands, trans- influence of the H2S ligand

is stronger than of the F2 ligand on B3LYP/BSII level. However

these changes are subtle and give us the evidence that B3LYP/

BSI method offers fairly reliable geometries.

Electronic Properties and r-Donation

Molecular orbitals of cisplatin and related square planar Pt(II)

complexes have been analyzed in a number of previous stud-

ies.5a,7,10,27,36 Supposing that the ligands lie on the x,y axis then

according to the classical ligand field theory, the 5dx2-y2 atomic

orbital (AO) becomes LUMO of the Pt(II) fragment due to its

largest repulsion with r-donating electron pairs of ligands. The

stability of the complex arises from the bonding interaction of

the vacant 5dx2-y2 orbital of the metal with the HOMO of the

ligands’ fragment which is the linear combination of px and py
orbitals. Since it is two-electron/two-orbital interaction, the anti-

bonding combination of these orbitals becomes the LUMO of

the complex. As electrons are donated from the filled ligand or-

bital to the vacant metal orbital, this kind of interaction is called

r-donation (a simplified picture for one ligand orbital is shown

in Fig. 2a). It decreases the total (positive) NBO charge of the

Pt(II) atom by an increase of electron density in the xy plane.

According to the classical explanation, trans effect causes elec-

trostatic destabilization of the ligand in the trans position and it

is observable experimentally as Pt��H2O bond length elongation

(see above).

The character of the remaining 5d orbitals of the Pt(II) atom

becomes nonbonding. According to the classical ligand field

theory these filled nonbonding orbitals provide a repulsive inter-

action with the entering ligand.

NBO analysis shows that occupancies of 5dxy, 5dyz, and 5dz2

orbitals are almost the same for different R-T structures with

Table 1. B3LYP/BSI and B3LYP/BSII Distances (in Å) in R–T Structures.

Pt��H2O Pt��T Pt��NH3

T/basis set BSI BSII BSI BSII BSI BSII BSI BSII

H2O 2.066 2.065 2.066 2.065 2.087 2.086 2.087 2.086

F 2.140 2.129 1.904 1.922 2.064 2.074 2.073 2.066

OH 2.190 2.180 1.946 1.952 2.066 2.068 2.073 2.074

NH3 2.109 2.108 2.053 2.053 2.094 2.092 2.085 2.087

SCN 2.179 2.171 1.955 1.958 2.087 2.085 2.070 2.071

Cl 2.180 2.181 2.288 2.266 2.081 2.078 2.066 2.069

Br 2.203 2.202 2.408 2.409 2.082 2.079 2.067 2.069

H2S 2.136 2.143 2.339 2.313 2.083 2.085 2.094 2.094

NO2 2.219 2.208 1.998 2.000 2.092 2.089 2.081 2.081

CN 2.224 2.215 1.915 1.919 2.085 2.083 2.071 2.074

PH3 2.189 2.196 2.275 2.260 2.091 2.090 2.087 2.091

SCH3 2.281 2.292 2.308 2.290 2.081 2.079 2.070 2.072

CO 2.125 2.122 1.876 1.881 2.099 2.097 2.091 2.093

H 2.319 2.334 1.527 1.530 2.079 2.076 2.067 2.069

CH3 2.335 2.351 2.029 2.028 2.068 2.070 2.084 2.081

C2H4 2.197 2.195 2.084 2.070 2.082 2.084 2.091 2.089

Figure 2. (a) r-donation from the filled ligand px orbital to vacant

metal 5dx2-y2 orbital. (b) p-back-donation from the filled metal dxz
orbital to the antibonding linear combination of carbons’ px orbitals

in C2H4.
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mean values of 1.968 6 0.021, 1.984 6 0.002, and 1.859 6
0.021, respectively (see Table 2). On the other hand the occu-

pancies of 5dx2-y2 differ substantially ranging between 0.815

(R��H2O) and 1.132 (R��H). The 5dx2-y2 orbital is sd1 hybri-

dized with 6s orbital. Occupancy of 6s orbital increases linearly

with that of 5dx2-y2 orbital with exception of R��C2H4. Figure 3

shows that the dependence of Pt��H2O distances on 5dx2-y2 and

6s occupancies is linear in agreement with the theory of trans

influence (see also a linear dependence of Pt��Cl bond lengths

on the total platinum charge in trans-[PtClX(dms)2] complexes37

(dms 5 dimethylsulfide)).

The deviation of the value for R��CO complex is caused by

a partial hybridization of the 5dx2-y2 orbital with 5dxy orbital.

The latter has unusually low occupancy of 1.884. The same sit-

uation can be also seen to a smaller extent in all R-T complexes

and it may be caused by the fact that the ligand-Pt-ligand angles

differ from the ideal value of 908 therefore the ligands do not

lay exactly on the x,y axis.

Summing up occupancy numbers of the 6s, 5dxy, and 5dx2-y2

AOs the following sequence of trans ligands can be constructed

what may be used as a measure of the trans influence strength:

H�>CH�
3 �CH3S

� > PH3 �CN�>NO�
2 �Br� >

CO� Cl� �H2S� C2H4> SCN� � OH� >

NH3> F� >H2 O

Figure 4 shows that the relationship between the occupancies

of 6s, 5dxy, 5dx2-y2 AOs and the total H2O ligand charge is

inverse proportional. The total H2O ligand charge reflects the

amount of the charge transferred by r-donation from H2O ligand

to the 5dx2-y2 orbital. Thus one would expect the above relation-

ship should be proportional. The inverse proportional

relationship between the two amounts of charges means that

r-donation ability of H2O ligand is given by the population of

the 5dx2-y2 orbital. The higher is the occupancy of the 5dx2-y2 AO

the lower amount of charge can be donated by H2O ligand to

this orbital and the weaker (and longer- compare Figs. 3 and 4)

is the Pt��H2O dative bond.

Therefore we can conclude that trans influence can be under-

stood basically as a competition between the ligands in the trans

direction for the ability to donate their electron density to the

5dx2-y2 AO.

Further evidence for this assumption provides NBO analysis

of cis- and trans- isomers of Pt[(NH3)2(H)2]. The trans- isomer

shows only a slight increase of 5dx2-y2 orbital occupancy with

respect to R��H structure. On the other hand in the cis- isomer

there is a substantial increase of 5dx2-y2 orbital occupancy with

respect to both the trans- isomer and R��H structure (see Table

3 and Table 2).

According to our results, a classical opinion27 that r-donation
increases electrostatic and Pauli repulsion between electrons in

the metal 5dx2-y2 AO and electron pairs in the H2O trans ligand

Table 2. Total NBO Charges Q and AO Occupancies on Pt(II) Atom in

R–T Structures.a

T Q 5dx2-y2 5dxz 5dxy 5dyz 5dz2 6s

H2O 0.845 0.815 1.989 1.970 1.987 1.855 0.517

F 0.828 0.819 1.989 1.980 1.983 1.822 0.551

OH 0.737 0.895 1.986 1.979 1.982 1.822 0.574

NH3 0.763 0.865 1.987 1.979 1.986 1.855 0.546

SCN 0.721 0.924 1.972 1.969 1.984 1.846 0.560

Cl 0.634 0.948 1.991 1.981 1.984 1.860 0.572

Br 0.581 0.981 1.992 1.982 1.984 1.866 0.582

H2S 0.644 0.965 1.974 1.970 1.986 1.879 0.565

NO2 0.653 0.970 1.937 1.979 1.985 1.847 0.611

CN 0.595 1.031 1.952 1.948 1.985 1.864 0.614

PH3 0.550 1.048 1.963 1.958 1.986 1.886 0.594

SCH3 0.481 1.070 1.979 1.980 1.982 1.857 0.627

CO 0.726 1.013 1.884 1.894 1.989 1.887 0.598

H 0.359 1.132 1.995 1.979 1.981 1.855 0.686

CH3 0.495 1.088 1.985 1.973 1.982 1.840 0.626

C2H4 0.794 1.022 1.811 1.970 1.986 1.900 0.504

aAO’s are ordered by their importance for the trans effect strengths, not

by their relative energies.

Figure 4. Dependence of total NBO charge of H2O ligand on the

AO occupancy of 6s, 5dxy and 5dx2-y2 orbitals in R–T structures.

Figure 3. Dependence of Pt��H2O distance on the occupancy of 6s

and 5dx2-y2 AOs in R–T structures.
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should be modified. Besides the electrostatic term also the orbital-

interaction term of increases proportionally to the r-donation.
Mutual dependence of these two terms is shown in Figure 6 below.

It means that relative strengths of Pt��H2O bonds in all R-T

structures studied can be also described by differences in orbital

interaction energies (see below an energy decomposition analysis

for more details).

p-Back-Donation

Ligands such as CO and C2H4 stabilize the complex also by the

p-back-donation. It is interaction of the filled 5dxz orbital (sup-

posing the trans ligand lies on the x axis) with empty p(px) orbi-
tals of the ligand. Thus p-back-donation increases the total posi-

tive charge of the Pt(II) atom by a decrease of electron density

in the xz plane. It facilitates a nucleophilic attack in the xz plane
and stabilizes corresponding pentacoordinated transition state.

The occupancies of 5dxz orbital are equal to almost 2.0 for

most of the R-T structures (1.989 6 0.003 for T¼¼H2O, NH3,

OH2, F2, Cl2, Br2, CH3
2, H2). Very slight lowering of the

electron population of 5dxz orbital (d(dxz)) was observed for

R��CH3S (1.979), R��H2S (1.974), R��SCN (1.972) and

R��PH3 (1.963), i.e, for atoms with low-lying 3d vacant orbitals.

More pronounce decrease of d(dxz) occurs for R��CN (1.952)

and R��NO2 (1.937) ligands with ‘‘improperly’’ oriented p-sys-
tem, and the most apparent reduction of d(dxz) is visible for the

R��CO (1.884) and especially for R��C2H4 (1.813). Since the

xz plane is the plane where ligand exchange takes place the low-

ering of the 5dxz orbital population enables r-donation from

filled orbitals of E and L ligands to the antibonding Pt��C orbi-

tals. These antibonding orbitals can be characterized as linear

combinations of 6s, 5dx2-y2 and 5dxz platinum orbitals, however

character of 5dxz AO prevails (expansion coefficient 0.7 in case

of INT��C2H4). The electron-repulsion decrease of the entering

and leaving ligands with the orbitals of central Pt(II) atom plays

slightly more significant role than in R-T structures but DEnon-orb

still comprises not more than 25% of DEint (see bellow).

Only for C2H4 ligand the lowering of 5dxz orbital population

is sufficient to enable the formation of the pentacoordinated in-

termediate minimum structure. For other trans ligands the penta-

coordinated structures exist only as true transition states in case

that both E and L ligands are water molecules. If E and L are

e.g., OH2 ligands, minimum pentacoordinated structure was

optimized also for CO ligand. The OH2 ligand forms much

stronger dative bond with Pt(II) atom than the H2O ligand as

can be seen from a comparison of second order NBO energies

(E2) for LP(1)O ? r*(Pt��C) electron donations (101.6 kcal/

mol vs. 26.8 kcal/mol).

A comparison of NBO charges of cis- and trans- isomers of

Pt[(NH3)2(C2H4)2]
21 shows that a higher positive partial charge

on the platinum atom is in the cis isomer38 since two orbitals

(5dxz and 5dyz) are involved in p-back-donation. Only one (5dxz)

orbital is available for the two p-back-donating ligands in the

trans isomer (see Table 3).

Energy Decomposition Analysis of Pt[(NH3)2T] . . . H2O

Interaction

The results are summarized in the Table 1S in the Supplementary

Material. Values of DEint for Pt[(NH3)2T]. . .H2O interaction are

dependent mainly on the total charge of the complex. The 12

charged systems (i.e. systems with a neutral T ligand) offer gener-

ally much lower values of DEint than the 11 charged systems.

Considering the systems with the same charge, DEint is linearly

correlated with Pt��H2O intermolecular distances (see Fig. 5a and

also refs. 13 and 39). It suggests simple electrostatic nature of the

Pt��H2O bond. However in water solvent environment (er 5

Table 3. Total NBO Charges Q and AO Occupancies on Pt(II) Atom in

cis/trans-[Pt(NH3)2X2] Structures.

cis/trans X Q 5dx2-y2 5dxz 5dxy 5dyz 5dz2 6s

Trans H 0.288 1.169 1.976 1.977 1.996 1.868 0.704

Cis H 0.017 1.333 1.991 1.983 1.991 1.872 0.793

Trans C2H4 0.704 1.072 1.813 1.983 1.987 1.908 0.514

Cis C2H4 0.731 1.094 1.862 1.982 1.862 1.938 0.513

Figure 5. Total interaction DEint and DEint(w) energies dependence

on Pt��H2O distances in R–T structures in (a) vacuum and (b) water

environment. Note that DEint(w) energies are corrected by the defor-

mation energies of the fragments. They are not lower than 21.7

kcal/mol (see Table 1S in the Supplementary Material) not having

an important influence on the results (energies in kcal/mol).
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78.39) the total interaction energy DEint(w) dependence on

Pt��H2O distance becomes linear (Fig. 5b). It is well known that

long range electrostatic effects are essentially eliminated by the

solvent and the dependence is then dominated by the density distri-

bution changes (polarization and charge transfer contributions)

that should not be markedly influenced by the solvent.40

DEint is calculated as the sum of DEPauli, DEel-st, and DEorb-int

terms [Eq. (1)]. To compensate the repulsive DEPauli term, the

DEel-st term is usually used to form the so-called nonorbital inter-

actions. In this case nonorbital interactions contribute only up to

20% to the total interaction energy DEint. However in many other

studies (see e.g. ref. 41 and references cited therein) instead of the

DEel-st term, DEorb-int is used to compensate DEPauli term. Since

the DEorb-int term is linearly correlated with the DEel-st term (see

Fig. 6), these two ways are equivalent for R–T structures (interest-

ingly when we have studied the dependence of the fragment

energy decomposition terms on the Pt��H2O distance for the

points along the IRC pathway, for 12 charged complexes DEPauli

was well compensated by DEel-st. in the reactant region while in

the TS region it was compensated by DEorb-int (Figs. 1Sa) and 1Sb)

in the Supplementary material). For 11 charged complexes

DEPauli was compensated by DEel-st on the whole reaction coordi-

nate and DEint follows well the DEorb-int (Fig. 1Sc) in the Supple-

mentary material). DEorb-int includes a polarization term and a

charge transfer component that are, indeed, closely related with

the electrostatics. Figure 6 shows that for the considered R-T struc-

tures the dependence is almost exactly linear.

The covalent/ionic ratio, expressed by the ratio DEorb-int/

DEel-st, does not differ significantly for R-T structures being

0.45 for R��H and R��CH3, 0.54 6 0.02 for the other 11

charged complexes and 0.61 6 0.03 for the 12 charged com-

plexes. Note that energy decomposition analysis is performed in

the gas phase, in solution the DEorb-int term can be expected to

be the main contributor to the DEint (w) energy (see above).

Structures Relevant for the Course of

Substitution Reactions and Energetics

In the previous sections we have seen how electronic properties of

R-T structures influence the mechanism of the substitution reac-

tions. In this section let us describe the mechanism of the reaction

pathways together with the relevant structures and the energetics.

The Associative Mechanism: The Trigonal Bipyramidal

(TBP) INT��C2H4 Intermediate Structure

From the range of ligands studied, only the C2H4 ligand was

able to stabilize both E and L water ligands in the pentacoordi-

nated INT��C2H4 intermediate structure. This structure has the

CS symmetry and it is a true minimum on the potential energy

surface. A similar structure was found by partial optimization in

the previous study of Lin and Hall27 but it could not be recog-

nized as a minimum since it is a true transition state on the HF

level27 (see also ref. 42). Electron correlation effects are respon-

sible for the stabilization of this intermediate structure as it has

been proven also by the optimization on the MP2/BSI level.

Note that TBP structures of general formula

[M(N��N)(olefin)XY] (M 5 metal; N��N 5 bidentate

N��donor ligand; X, Y 5 monodentate ligands) are well experi-

mentally described complexes.42,43

In the INT��C2H4 intermediate the E��Pt��L angle has the

value of 74.08 and Pt, E, L, C2H4 lie in the plane which is per-

pendicular to the NH3��Pt bonds. Pt��E and Pt��L bond lengths

are equal to 2.39 Å, i.e. Pt��H2O bond is elongated by 0.19 Å

with respect to the R��C2H4 structure.

Structure and geometrical parameters of the transition state

TS��C2H4 connecting INT��C2H4 intermediate with the square

planar reactant R��C2H4
. . .H2O are shown on the Figure 7 and

in the Table 4. The Pt��E and Pt��L distances are 2.268 and

2.734 Å, respectively.

The Dissociative Interchange (Id) Mechanism: The

T-Shaped Pt[(NH3)2T(H2O)2]
1 (T¼¼H2, CH3

2) Transition

State Structures

Structure of transition states for ligands with the strongest trans

influence, i.e. for H2 and CH3
2, differ substantially from the

other transition state structures.

H2 and CH3
2 ligands have the strongest r-donation ability

and no p-back-donation ability. It results in high populations of

5dx2-y2 and 5dxz orbitals that destabilize the Pt��L bond in both

the reactant and transition states structures. The substitution in

the trans position proceeds clearly by a dissociative interchange

(Id) mechanism via transition state of the T-shape. Unlike the

other transition states TS��H and TS��CH3 structures are planar

with E and L ligands in the plane of the complex. It is enabled

by very long Pt��E and Pt��L distances being 3.075 and 3.294

Å, respectively, in TS��H; 3.684 and 3.785 Å, respectively, in

TS��CH3 (see Table 4). Pt��L and Pt��E distances are already

too long to cause any interactions with filled d- orbitals on the

platinum atom and they are comparable with Pt-ligand distances

reported for the ligands in the first solvation shell of cisplatin-

like complexes.44,45 The position of E and L ligands in the plane

of the complex is more advantageous than in the perpendicular

plane since it offers ligand stabilization by the H��bond forma-

tion with NH3 ligands. The weaker is the Pt��L (or Pt��E) inter-

action the stronger is the H��bonding with NH3 ligand. In case

of TS��CH3 both E and L ligands are involved in the

Figure 6. A mutual dependence of DEel-st and DEorb-int terms for

Pt[(NH3)2T]
. . . H2O decomposition in R-T structures (in kcal/mol).
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H��bonding towards to NH3 groups. It results in the fairly large

E��Pt��L angle of 79.18. In case of TS��H only E is

H��bonded with the NH3 group. E is also involved in the

H��bond with L ligand. It results in the lowest E��Pt��L angle

of 53.58. L is the H��bond acceptor group while E is the

H��bond donor group.

Since Pt��E and Pt��L distances are not the same, E and L

ligands are not fully equivalent in the TS��H and TS��CH3

structures. As a result IRC profile is not symmetric for reverse

and forward directions as both E and L ligands keep their

H��bonding pattern as found in the transition state structure (see

Fig. 8). However both directions lead to the same R–T. . .H2O

structure with oxygen atom of water involved in two H��bonds.

The other H��bond pattern is not stable (structure on the reverse

(negative) direction side of reaction coordinate in the Fig. 8) and

rearranges to the structure R��H. . .H2O upon optimization.

The Associative Interchange (Ia) Mechanism: The TBP

Pt[(NH3)2T(H2O)2] Transition State Structures

For all the trans directors other than H2, CH3
2, and C2H4, the sub-

stitution has to overcome one TS-T transition state (T¼¼H2O, NH3,

Figure 7. The IRC profile of the substitution reaction of R��C2H4

structure. Only a few points could be found on both directions. Their rel-

ative B3LYP/BSI energies (the upper graph) are given with respect to

R��C2H4
. . .H2O structure (which has the relative energy 0.0 kcal/mol).

INT��C2H4 structure has relative energy 11.15 kcal/mol. The direction

of the INT��C2H4 and R��C2H4
. . .H2O structures are indicated by

arrows. On the graph below Pt��E and Pt��L distances are shown.

Table 4. B3LYP/BSI Geometries of TS��T and INT��C2H4 Structures

(Distances in Å, O��Pt��O Angles in Degrees).

T Pt��L Pt��E Pt��T Pt��NH3 O��Pt��O

H2O 2.408 2.426 2.110 2.070 2.084 67.2

F 2.561 2.562 1.921 2.065 2.065 60.9

OH 2.689 2.688 1.953 2.062 2.075 59.5

NH3 2.470 2.476 2.063 2.082 2.083 66.1

SCN 2.570 2.583 1.965 2.078 2.073 62.3

Cl 2.566 2.566 2.297 2.068 2.068 63.5

Br 2.581 2.581 2.416 2.069 2.069 63.7

H2S 2.446 2.450 2.316 2.081 2.082 68.8

NO2 2.564 2.564 1.987 2.084 2.084 62.6

CN 2.581 2.581 1.904 2.076 2.076 63.8

CNa 2.610 2.610 1.906 2.075 2.075 64.1

PH3 2.483 2.484 2.246 2.086 2.082 68.9

SCH3 2.826 2.880 2.299 2.064 2.081 57,1

CO 2.396 2.396 1.853 2.089 2.089 68.5

COa 2.407 2.407 1.856 2.089 2.089 69.5

H 3.075 3.294 1.151 2.075 2.060 53.5

CH3 3.684 3.785 2.023 2.069 2.074 79.1

CH3
a 3.488 4.191 2.025 2.069 2.072 81.3

C2H4 2.268 2.734 2.031 2.079 2.084 76.3

INT��C2H4 2.39 2.393 2.005 2.082 2.082 74.0

aB3LYP/BSII geometries.

Figure 8. The IRC profile of the substitution reaction of R��H

structure. B3LYP/BSI energy (the upper graph) is given with respect

to R��H. . .H2O structure (which has the relative energy 0.0 kcal/

mol). The structure on the reverse side rearranges to R��H. . .H2O

structure upon optimization. On the graph below Pt-E and Pt-L dis-

tances are shown.
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OH2, F2, Cl2, Br2, H2S, SCN
2, CN2, PH3, CH3S

2, CO) what

have the TBP structure with substantially elongated bonds towards

to E and L ligands. Similar structures have already been optimized

several times for cisplatin and its derivatives.6,15,17,20,46 The elon-

gation of Pt��L bond in TS��T structures with respect to R-T

structures ranges between 0.271 (CO) and 0.545 Å (CH3S
2) with

a mean value of 0.377 Å. The other bond lengths are almost unaf-

fected comparing to the corresponding R-T complexes. The Pt��L

and Pt��E bond lengths are very similar in most of the structures

(see Table 4). Thus E and L ligands can be considered to be fully

equivalent in the transition state structures. The reaction can be

described by an associative interchange (Ia) mechanism and a typi-

cal reaction profile is shown on the Figure 9a.

Regardless the structural similarity of the TS geometries, the

calculated differences in activation barriers correspond to a ratio

of reaction rates of up to seven orders of magnitude.

In the TS��OH structure E and L ligands interact by an

H��bond with each other. The formation of the H��bond dis-

turbs the symmetry of the forward reaction with respect to the

reverse one as it is shown by IRC calculation (see Fig. 9b).

However it has no practical importance for the general mecha-

nism of the substitution. The H��bond formation is the reason

of a fairly low E-Pt-L angle of 59.58 and of a relatively higher

stabilization of E in the pentacoordinated transition state accord-

ing to energy decomposition analysis.

The E ligand is rather distorted from the equatorial T��Pt��L

plane in TS��CH3S structure forming a nonlinear H��bond with

NH3 ligand (N��H. . .O distance of 2.018 Å and angle of

128.28). The E ligand is also involved in additional H��bonding

with L ligand leading to a fairly small E-Pt-L angle of 57.18.
The Pt-L and Pt-E bonds are rather long, more than 2.8 Å (com-

pare with the TS structure in Fig. 1 in ref. 24). Similar geometri-

cal features are found in TS��T (T¼¼H2, CH3
2) structures, how-

ever in TS��CH3S structure the H��bonds of E ligand are much

weaker and Pt-L interaction is still strong enough to keep the L

ligand in the equatorial plane of the TBP structure. Therefore

for CH3S ligand as the trans director, the ligand exchange pro-

ceeds by Ia rather than Id mechanism.

The reaction mechanism may also depend on the nature of

the leaving and entering ligands. For CO ligand as the trans

director we have shown that strong nucleophiles (e.g. OH2

ligands as E and L) are able to stabilize minimum pentacoordi-

nated TBP intermediate (see above) and reaction proceeds via

associative mechanism.

Figure 9. The IRC profiles of the substitution reactions of (a) R��H2O and (b) R��OH structures.

B3LYP/BSI energies (the upper graphs) are given with respect to R��H2O. . .H2O and R��OH. . .H2O

structures (what have relative energies 0.0 kcal/mol), respectively. On the graphs below Pt��E and

Pt��L distances are shown. Note a steep change of these distances in the region of the TS��OH transi-

tion state.
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Activation Free Energies and the Kinetic Trans-Effect

Activation free energies DG{ are directly related with the kinetic

constant of the reaction by a factor e�DGz=RT . Since the trans

effect is a kinetic phenomenon relative activation free energies

correspond to the expected relative strengths of the trans effect.

We can order the ligands according to the activation energies

(see Table 5), which these ligands provoke in the trans position:

C2H4 >> CH�
3 � H� >CO � CH3S

� � PH3 >

CN� � NO�
2 � H2S > Br� >Cl� > SCN� � NH3 �

OH�> F� � H2 O

The water H2O ligand and the ethylene C2H4 ligand show

the weakest and the strongest trans effect, respectively.

The total NBO charges on the central Pt(II) atom in the reac-

tant structures correlate proportionally with the heights of the

activation barriers (see Fig. 10). The lower is the total NBO

charge on the Pt(II) atom the lower is the activation free energy.

This dependence is almost linear with important exceptions of

CO and C2H4 ligands. Their activation energies are too low with

respect to their total NBO charges. It suggests that r-donation is

the prevailing effect for all the ligands except of CO and C2H4

ligands, which deviation reflects the extent of the p-back dona-

tion (see also a dependence of the activation free energies on

the 6s, 5dxy and 5dx2-y2 AOs occupancies in Fig. 2S).

Since the NBO charges correlate linearly with activation

energies and simultaneously also with the Pt��H2O trans- ligand

distances in R-T structures, it is not surprising that there is a

linear dependence between Pt��H2O distances and heights of

activation barriers (see Fig. 11). It is in accord with the trans

influence theory and it suggests Pt��H2O (or Pt��L) bond break-

ing energy is a dominant contribution to activation free energy

(see also ref. 23). Again the C2H4 and CO ligands are excep-

tions where the TS structure stabilization by p-back donation

plays important role.

TS Geometry: Energy Decomposition Analysis for

Pt[(NH3)2T] and L Fragments when E Water Ligand

is Neglected

Values of DEint for the transition states are linearly correlated

with DEint energies in the reactant structures, i.e. the stronger is

DEint energy in the reactant structure the stronger it is also in

Table 5. Relative Energies, Zero Point Energies, Enthalpy, Entropy and Solvation Corrections; and Free

Energies (at 298 K) of the TS��T and INT��C2H4 Structures with Respect to Corresponding R��T. . .H2O

Structures for Ligand Exchange Reactions.

DE(DFT)a DEZPE
b DETRV

b 2TDSb DEsolv 2 CPCMc DG{ -DFT/CPCM

TS��H2O 26.10 21.67 0.46 0.70 21.57 22.63

TS��F 24.81 21.93 0.47 1.15 0.07 22.27

TS��OH 21.33 21.60 0.21 0.23 1.37 21.07

TS��NH3 24.41 21.89 0.52 1.17 21.64 20.23

TS��SCN 21.48 22.02 0.50 0.80 0.68 19.83

TS��Cl 20.57 21.98 0.50 1.02 20.04 18.02

TS��Br 19.07 21.92 0.46 0.71 0.06 16.96

TS��H2S 19.25 21.62 0.40 0.51 21.42 16.10

TS��NO2 17.65 21.93 0.52 1.24 0.28 15.28

TS��CN 17.97 22.04 0.54 1.19 20.62 14.65

TS��PH3 16.59 21.63 0.42 0.50 21.44 13.44

TS��SCH3 14.64 21.50 1.28 3.69 2.41 13.15

TS��CO 17.44 21.28 0.31 0.25 23.27 12.95

TS��H 12.77 21.81 0.21 0.64 0.79 11.31

TS��CH3 10.06 22.02 0.65 3.38 5.43 10.74

TS��C2H4 11.01 21.49 0.30 0.43 21.15 8.24

INT��C2H4 10.27 21.18 0.68 1.27 22.76 5.74

All energies are in kcal/mol.
aB3LYP/ MWB-60(2fg)/6-31111G(2df,2dp)//B3LYP/6-31G* values.
bB3LYP/6-31G* corrections.
cB3LYP-CPCM/ MWB-60(2fg)/6-31111G(2df,2dp)// B3LYP/6-31G* corrections.

Figure 10. Activation free energy dependence on the total NBO

charge of the Pt atom in R–T structures.
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the corresponding transition state (compare Tables 1S and 2S in

the Supplementary Material). Absolute value of DEint energy

increases linearly with the decreasing Pt��H2O distance with

exception of CH3 and H ligands where stabilization of L through

the H��bonding with the NH3 group is important.

Relative importance of DEnon-orb terms is higher in TS-T

structures than in R-T structures. It is caused by a relatively

higher decrease of the DEPauli term comparing to DEel-st and

DEorb-int terms. For TS��H, DEnon-orb energy makes even 62%

of DEint energy showing a strong H��bond formation between

the E water molecule and the complex but it is substantially less

for the other TS��T structures.

Since L and E water ligands are equivalent in most of the TS

structures, energy decomposition analysis for Pt[(NH3)2T] and

both L and E water ligands being considered as one fragment

gives results that are exactly in line with the above described

ones (see Table 3S and Fig. 3S in the Supplementary Material).

TS Geometry: Energy Decomposition Analysis for

Pt[(NH3)2TL] and E Water Ligand Fragments

As in previous cases, value of DEint for the Pt[(NH3)2TL] . . . E
interaction is dependant mainly on the charge of the complex.

The 12 charged systems offers generally much lower DEint val-

ues (see Table 4S in the Supplementary Material). The lowest

DEint values were calculated for INT��C2H4 and TS��CO struc-

tures suggesting the highest stabilization of the fifth ligand in

the complex. DEint values in other 12 charged systems are

lower by about 20 kcal/mol.

Values of DEint for 11 charged systems are about half of

that for 12 charged systems. From 11 charged systems the low-

est DEint values offer structures with additional H��bond E

ligand stabilization such as TS-OH and surprisingly also TS��H

and TS��CH3 where H��bonding can be considered as the only

source of stabilization. This statement can be supported by a

comparison of these results with the Pt[(NH3)2T]. . .E decompo-

sitions. DEint values for Pt[(NH3)2TL]. . .E structures are

increased substantially except the Pt[(NH3)2HL]. . .E decomposi-

tion. Increase of DEint values is caused by both (1) an increase

of DEPauli repulsion term due to presence of L water molecule

and (2) a decrease of DEorb-int. The DEel-st term is almost

unchanged what shows that E and L water ligands do not inter-

act with each other. For the Pt[(NH3)2HL]
. . .E decomposition, an

increase of DEel-st and DEorb-int terms fully compensates the

increase in DEPauli repulsion term suggesting an H��bond forma-

tion between E and L water ligands.

Conclusions

In this contribution we show that reactivity of Pt(II) square pla-

nar complexes is driven by two effects: r-donation and p-back-
donation. Their importance can be quantified by the population

of 5dx2-y2 and 5dxz AOs, respectively (in case the ligands lie in

the xy plane with trans- directing ligands on the x axis). The

first effect is linearly correlated with the Pt��H2O (leaving

ligand) bond length prolongations (i.e. trans- influence, see Fig.

3). In solution the Pt��H2O bond lengths are linearly correlated

with the total interaction energies between the leaving H2O

ligand and the rest of the complex (see Fig. 5b). Nearly linear

dependence was found also for dependence of activation free

energies on Pt��H2O distances (see Fig. 11) with exceptions of

C2H4 and CO ligands. It means that the kinetic trans effect is

determined by the strength of the trans influence (i.e. by r-dona-
tion ability—see Fig. 10) except the ligands with strong p-back-
donation ability such as C2H4 and CO that stabilize transition

state structure.

Pt(II)-ligand bonds are described as typical donor- acceptor

bonds, non-orbital interactions contribute only up to 20% to the

total interaction energy. The r-donation ability of the ligand is

dependant on the r-donation ability of the ligand in the trans posi-

tion (but not in the cis- position). Therefore there is a competition

between the ligands in the trans- position for the opportunity to

donate their electron density to the central Pt(II) atom (see Fig. 4

and Table 3). Similarly two p-back-donating ligands in trans posi-

tion compete with each other to some extent since the two ligands

withdraw electron density from the same (5dxz) orbital.

The influence of the trans- effect on the reaction mechanism is

also shown. When a ligand with a very strong r-donation (such

as CH3
2 and H2) is present the total electron occupation in the

5dx2-y2 orbital is higher. It prevents the trans-ligand to form a

strong dative bond with the central Pt(II) atom by r-donation.
Only formation of a very weak Pt��H2O bond is allowed. Substitu-

tion proceeds by a dissociative interchange (Id) mechanism.

On the other hand ligands such as ethylene C2H4 and CO

show only a moderate trans- effect but they lower electron occu-

pation in the 5dxz orbital by a p-back donation. It decreases

electron density on the Pt(II) atom in the xz plane and it leads

to the stabilization of the pentacoordinated transition state/inter-

mediate and the substitution proceeds by an associative mecha-

nism. Existence of the stable pentacoordinated intermediate

structure on the potential energy surface depends on the nucleo-

philicity of the entering and leaving ligands. In case of CO

ligand the pentacoordinated intermediate structure exists for

OH2 ligands being the entering and leaving ligands but not for

a weak nucleophile such as H2O ligand. C2H4 ligand is able to

stabilize pentacoordinated intermediate structure for both H2O

and OH2 ligands being the entering and leaving ligands.

The other ligands (T¼¼H2O, NH3, OH
2, H2S, F

2, Cl2, Br2,

SCN2, CN2, PH3, CH3S
2) in the trans- position show weak or

Figure 11. Dependence of activation free energies on Pt��H2O dis-

tances in R–T structures.
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moderate r-donation and p-back-donation abilities. The substitu-

tion reactions have to overcome higher activation barriers and

they proceed via one transition state of the TBP shape with sub-

stantially elongated bonds towards to leaving and entering

ligands. Their mechanism corresponds to a associative inter-

change (Ia) mechanism.
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