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Molecular mechanical and quantum chemical study on the species
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Abstract

Cisplatin and its substituted ethylenediamine derivatives, cis-PtCl,(R,en) (en=ethylenediamine, R =H, Ph (phenyl),
2-, 3- and 4-PhOH) have been studied with respect to the first step of their hydrolysis reaction. The geometry
of the reactants and products was determined by molecular mechanics (MM). The MM optimized structures
were used to calculate by the extended Huckel method the charge distribution and relative electronic energies.
The MM and EH calculations were carried out with different ligand conformations. Due to increased non-bonded
repulsion, with increasing ligand bulkiness, the square planar arrangement is the preferred geometry also by the
MM results. This additional (to the electronic) stabilization of the square planar arrangement around Pt(II) is
unfavorable for the aquation process. The thermodynamic stabilities correlate with the rate of hydrolysis of
meso-, (+)- and (—)-[1,2-bis(2-hydroxyphenyl)ethylenediamine]dichloroplatinum(1I) (3-PtCl,). The slower rate
of hydrolysis of the meso diastereoisomer as compared with that of the d, !/ species of 3-PtCl, is explained by
the presence of a 5th Pt—O contact in the meso diastereoisomer which hinders the entrance of the water molecule

and makes the hydrolysis slower.
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Introduction

cis-Pt(NH;),Co, (cisplatin) was the first platinum
compound tested on a wide scale for cytostatic effects
[1]. Since then the search for better and more potent
compounds has been enlarged mainly by complicating
the ligands. At present the Pt(II) coordination com-
pounds are probably the most important reagents to
attack DNA and cause antitumor effects [2]. Cross
inhibition of DNA synthesis and subsequent cell death
is believed to be the major mechanism. The presence
of two easily dissociable groups (i.e. C17) is essential
for the cytostatic effect. The compounds, in which the
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two NH; are replaced by ethylenediamine and its
derivatives also show a cytostatic effect [3]. The stereo-
isomers of the complexes 3-PtCl,, 4-PtCl, and 5-PtCl,
(Fig. 1) were tested against human breast cancer cell
line as a tumor model [4-7]. Cisplatin is known [1] to
bind to nucleobases after hydrolysis of the Pt—Cl bonds.
The hydrolytic process of cisplatin is the rate determining
step of the reaction of the antitumor compounds with
DNA. The first step is:

cis-[Pt(NH,),CL]+ H,O ::‘
[Pt(NH,)(H,O)CICI]*  (a)
[Pt(NH,),(H,0)CICI]* =
cis-[Pt(NH,),(H,O)CI]* +CI-  (b)
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Fig. 1. Structural diagrams of cisplatin (a) and related compounds
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The half-life of formation of the mono aquo complex
of cis-Pt(NH,),Cl, was found to be about 2 h (37 °C)
[8]. The mono aquo product reacts with DNA in a
very short time (6 min).

Aquation proceeds via an associative mechanism Sy2;
the transition state is probably a trigonal bipyramid in
which the leaving group (Cl ) and entering water
molecule occupy the equatorial positions [1]. The equa-
torial Pt—-Cl bond is longer than the axial Pt—Cl bond,
since the compressed trigonal bipyramidal structure is
preferred for the transition metal MLs compounds.
This explains why Cl~ should leave from an equatorial
rather than axial position.

The formation of the transition state complex (eqn.
(a)), constitutes the first step in the hydrolytic reaction.
This reaction is opposed by the high Cl~ concentration
in the blood where the reverse reaction forming the
dichloro complex cannot be excluded. However, in blood
plasma pH=7.4, [C17]=0.103 M, in the cell interior
pH=74, [C]1"]=0.004 M and near the nucleus
[C17]=0.15 M [2]. Hence, after penetrating the cell,
due to the lower Cl~ concentration in the cell interior,
the hydrolysis of cisplatin is favored.

The rate of an irreversible reaction is governed by
the energy barrier existing between reactants and prod-
ucts. However, the equilibrium position of a reversible
reaction depends on the energy difference between the
reagents and the products. To calculate the energy
difference in the studied reversible hydrolysis reaction,
it is essential to know the structure of the reactants
and products. The structures of the reactants are in
some cases known from X-ray diffraction studies, but
those of the transition state complexes and the products
— mono aquo complexes — cannot be obtained ex-
perimentally since they exist for a very short time under
very specific conditions inside the cell. The fate of
the mono aquo complexes is to either react mono-
functionally with DNA or to undergo further hydrolysis

before attaching bifunctionally to the DNA units [9].
The process of cis-Pt linking to DNA nucleobases has
been studied in detail by Hambley [10], using molecular
mechanics techniques. However, the mechanistic aspects
of the hydrolysis process preceding this linking are still
not clear.

In the first part of this series we shall examine the
geometric and electronic structures of the reactants
and the products of a number of cisplatin compounds.
The transition state structures are discussed in Part 11
of the series.

Two points must be discussed in advance in relation
to the possible avenues of examination:

(i) Pt(1I) (d® electron configuration) usually produces
square planar complexes [11-14]. This preferencc is
attributed to electronic factors — the unoccupied d-
MO (LUMO) is much higher in energy than the highest
occupied MO (HOMO) and the large HOMO-LUMO
gap is responsible for the formation of square planar
low-spin Pt(I1) complexes. Several arguments have been
voiced, however, against this oversimplistic explanation
[12]. Besides the electronic factors, interligand repulsion
(ILR) or non-bonded interactions, are very important
[13] in shaping the geometry. The ILR energy for a
four-coordinate complex is at a minimum for a tetra-
hedral arrangement of the ligands, which is in fact the
highest symmetry ML, polyhedron. Distortion of the
tetrahedral arrangement towards a square planar one
for metal d® complexes is connected with an increase
in ILR energy (destabilization), which in this particular
case of d® is compensated by a decrease in electronic
energy (stabilization) [14]. The final geometric structure
should be a compromise between the two factors.

In four-coordinate Pt(1I) compounds the electronic
factor seems to dominate: in all the known crystal
structures Pt(II) forms square planar species [15-21].
However, a conversion towards a tetrahedral structure
would favour an S, 2 substitution mechanism since the
d® ML, tetrahedral species are kinetically labile and
the stereochemical isomers lose their identity rather
quickly [14]. The conversion would depend on the energy
difference (A) between the two structures. The A value
is high for d®* ML, with simple (e.g. monoatomic) ligands.
However, with bulky ligands the ILR energy component
increases while the electronic factor remains almost
constant if the donor atoms set is the same; in this
case the tetrahedral structure may approach in energy
the planar one. Hence it is interesting to get a glimpse
of the square planar-tetrahedral energy difference; the
tetrahedral structure is hypothetical and accessible only
theoretically.

For this reason we have studied both the square
planar and the hypothetical tetrahedral structures for
the reactants and products. Moreover, the tetrahedral
aquation products may offer better chances to bind to



single stranded nucleic acids or to cross link double
stranded DNA.

(ii) The studied organic ligands may exist in several
conformations prior to coordination. Upon coordination,
some of the conformers become inaccessible due to
steric reasons. However, others may be retained. It is
essential to assess the relative conformational stability
of the reactants and products, since we do not know
in advance which conformer would provide the best
chances for linking to DNA. If conformers of higher
energy offer better conditions for such a linking, and
if they are accessible by energy from the lowest energy
conformer, then one should be interested in learning
more about their structure and stability. This is especially
relevant for the substituted ethylenediamine (en) com-
plexes examined here. For this reasons we examine
both the stable symmetric (gauche, also called envelope
structure) and unstable asymmetric (chair, also called
half-chair structure) conformers of the en ligands see
Fig. 2) as well as their d,! and meso isomers (see
Fig. 3).

The complexes examined as reactants of the aquation
process in this work are cis-Pt(L-L)Cl,, where L-L=

2NH,
H,N-CH,-CH,-NH, (en)

H,N-CHPh-CHPh-NH,
H,N-CH(2-OHPh)-CH(2-OHPh)-NH,

(Ph—en—Ph)
(2-OHPh-en-2-OHPh)

H,N-CH(3-OHPh)-CH(3-OHPh)-NH, (3-OHPh-en-3-OHPh)

H,N-CH(4-OHPh)-CH(4-OHPh)-NH, (4-OHPh-en-4-OHPh)

1)
al a a al
\ / \Pt/
Pt
H N/ \NH H N{CH\NH
2
2 / 2 2 \ / 2
@ H,C — CH, ®) CH,

Fig. 2. Chair (a) and gauche (b) conformers of the en ligand 1n
Pt(en)Cl,.
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a” \NH2 H a” \NHz H
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Fig. 3. Possible conformers of stereo isomeric forms of 2-, 3-,
4- and 5-PtClL, [4]: A, |d,; B, >d,l; C and D, meso.
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The ligands are ordered so as to reflect the ligand
complexity. This series was chosen since the cytostatic
effect of the separate complexes has been reported
previously [6, 7]. Figure 3 illustrates the possible con-
formers >d, ! (both Ph in equatorial position) (B), |d, !
{(both Ph are in axial position (A) and two meso (one
Ph is in equatorial, the second in axial position) (C,
D).

The crystal structures of some of these compounds
are already known [15-20]. However, the structures in
solution may differ. Moreover, if some molecular struc-
tures were taken from X-ray studies and others from
geometry optimization, a comparison between them
would be unrealistic. To make possible the comparison
between the different compounds we have treated them
all by molecular mechanics. To assess the reliability of
the results the geometries obtained are compared with
those from X-ray determinations but minor differences
are ignored. The MM optimized geometries were used
to calculate the electronic structures by the extended
Hiickel method.

Extensive electronic structure calculations have also
been carried out for some of the complexes described
above [22-26]. They involve ab initio [22], relativistic
EH [23], INDO [24, 25] and Xea [26] calculations.
However, the calculations refer to a limited number
of complexes with ligands from our list and they cannot
be used in the comparative study we have in mind.
For this reason all compounds were treated in the same
way by the EH method. The results thus obtained were
compared with those from the literature in the cases
where it was possible (only for cis-Pt(NH,),Cl, and cis-
Pt(NH,),CI(H,O)*).

Theoretical

We have used the standard MMX (enhanced version
of MMP2) procedure with the parameters collected in
its 1988 version [27]. Since the enthalpy increments
for the Pt-N, Pt—-Cl and Pt-O bonds are not included
in this version, the calculated AH; (enthalpy of for-
mation) are meaningless unless compared for similarly
constituted compounds. The MM energy or the closely
matching strain energy (SE) provide the best quantity
to access the relative stability of the compounds [10].

In some cases, especially for cisplatin and its un-
substituted en derivative, MM calculations, which ignore
explicitly the electronic factors, gave lower energies for
the tetrahedral structures as compared with the planar.
In other cases, however (vide infra), the MM calculations
pointed to the planar structure to be lower in energy
than the tetrahedral; the reason is the increased re-
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pulsion between the remote part of the ligand and/or
the approach of the ligand’s atoms to the axial positions
of the square planar compound, which behaves as five-
or six-coordinate species. To calculate the geometry of
the higher energy structure (square planar or tetra-
hedral) by the MM method we fixed the donor atoms
in the xy plane for the planar structure when the
tetrahedral was the more stable one, or with respect
to the C, axis for the tetrahedral structure, when the
square planar was more stable. For the square planar
compounds this fixing takes into account the electronic
factor explicitly. For the tetrahedral species, the fixing
of distances reflects the desire to obtain a higher energy
structure and prevents the molecule collapsing into the
lowest energy geometry. The problem concerning the
treatment of the square planar structure was also present
in Hambley’s [11] studies. He resolved it in another
way by locating two dummy H atoms normal to the
molecular plane in order to keep the molecule planar.
We believe our treatment is more realistic.

The extended Hiickel calculations were performed
using a version [28] which uses a metal-ligand distance-
dependent formula to calculate the off-diagonal ele-
ments. Charge iteration was performed in ail cases.
The atomic parameters were taken basically from the
collections of Fitzpatrick and Murphy [29] and Calzaferri
et al. [28] but the Pt orbital exponent had to be readjusted
to a Slater-type orbital (STO) to obtain a slightly positive
Pt charge in the complex; with Fitzpatrick’s parameters
q(Pt) was always negative. The Ptvalence state ionization
potentials (VSIP) were taken from ref. 30 (see Ap-
pendix). Three different energies are obtained by the
EH method: sum of orbital energies, orbital stabilization
energy and repulsion energy. In order to facilitate
comparison between differently constituted complexes
we use the orbital stabilization energy which is defined
as the difference between the sum of energies for the
orbitals populated with electrons and the respective
VSIP (see ref. 28).

The computational procedure adopted here is as
follows. Wc have calculated the geomctry of the com-
pounds by the MMX [27]. Then the MM-produced
geometry is used as input to calculate the electronic
structure by the EH method. The results obtained
(metal charge, bond orders, electrostatic potential etc.)
are used to discuss possible correlations between mo-
lecular structure and electronic structure as well as
with biological activity. Such correlations have already
been established [31, 32a].

To assess the reproducibility of the results, we have
performed the MM calculations for a given complex
several times, starting each time with a molecule drawn
in a different way. The MM energy components were
reproduced within 0.1 kJ mol~'. The EH calculations

gave the energies with +0.01 eV or lower and the
charges differed by less than 0.02 units.

Results and discussion

Reactants

The results are collected in Table 1. We shall first
discuss them separately for the different compounds
and then in a comparative way. The notations are
explained in Fig. 1.

cis-Pt(NH ;) ,Cl,. 1t is readily seen that the molecular
structure reported by X-ray diffraction [16, 34] is in
agreement with the one obtained from MM calculations:
(a) the calculated bond lengths are longer by 0.1 A
than the experimental but the order Pt-Cl>Pt-N is
correct; (b) the calculated valence angles are correct
within +2°. The MM results are better (compared to
the experiment) than those from ab nitio calculations
[22] as regards the valence angles and worse as regards
the bond lengths. It should be noted that for this
compound the planar structure was obtained only when
the ligand donor atoms were fixed in the molecular
plane. Set free (atoms not fixed), the structure collapses
to a tetrahedral one with an MM energy gain of ~7
kJ mol 1. As expected for d®, the EH results, however,
gave a definite preference for the planar structure: the
electronic energy gain from EH calculations upon dis-
torting the tetrahedral complex to planar is about 318
kJ mol~! much greater than the ILR energy gain for
the reverse process —7 kJ mol ~'. The calculated charges
are g(Pt)=0.066, q(Cl)= —0.465.

Our EH results on cis- and trans-Pt(NH,),Cl, show
that the cis form is more stable. It should be noted
however that the MM results point to a different picture:
the trans form is more stable in terms of repulsion
between the two NH; groups — the repulsion is greater
in the cis form than in the frans form. This is in
agreement with CNDO [25a], INDO [24] and ab initio
[22] calculations. An interesting result also came from
MM calculations: the cis form when the donor set atoms
were not fixed converts to tetrahedral; the frans form
needs no fixing of the atoms’ positions — it remains
planar in both cases. This picture is fully consistent
with the increased NH;~NH; repulsion in the tetrahedral
species as compared with the frans planar isomer.

1-PtCl,. The planar structure was obtained only when
the donor atoms were fixed in the molecular plane.
For this compound the en ligand can assume a symmetric
(gauche) or asymmetric (chair) conformation (see Fig.
2). It is readily seen (Table 1) that MM predicts the
cis-Pt(en)Cl, complex with gauche en conformation to
be more stable than the complex with chair en. The
energy difference between gauche and chair conformers
is —25.1 kJ mol~! in favour of the gauche form. The



TABLE 1. Energy data (EH* and MM?®) and charge distribution for the reactants
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cis-Pt(NH;),Cl, Calc. Exp. [16] Exp. [34] Calc. [22]
ab nitio
EH (kJ mol™") —4521.2
g(P1) 0.066
4(CI) —0.465
LUMO-HOMO (kJ mol 1) 404.9
MM (kI mol ™)
(planar — fixed) 79
Pt-Cl (A) 2.43 2.33 2.33 2.29
Pt-N (A) 211 2.01 2.01 2.08
CI-Pt-Cl (°) 932 92.0 92.0 95.8
N-Pt-N (°) 87.2 87.0 87.0 96.4
N-Pt-Cl (°) 89.1 88.5 90.5 83.9
90.4 92.0 90.5 83.9
1-PtCl, {Pt(en)CL} Calc. Exp. [15]
Chair Gauche Gauche
EH (kJ mol™Y) —8454.3 —~8473.6
q(Pt) 0.115 0.062
q(Cl) —0.545 —0.467
LUMO-HOMO (kJ mol~1) 356.7 385.6
MM (kJ mol~Y)
(planar — fixed) 36.8 11.7
Pt-Ci (A) 2.43 224 2.29
Pt-N (A) 213 212 2.08
CI-Pt—Cl (°) 100.5 970 96.4
N-Pt-N (°) 69.5 805 73.0
N-P1-Cl (°) 94.1 91.2 95.3
95.9 91.2 95.3
2-PtCl, {Pt(Ph—en—Ph)Cl,} Chair >d,! (B)® meso (C=D)® 'd, 1 (A)>©
EH (kJ mol™!) —24668.8 —247112 —24663.9 —~24638.9
g(Pt) 0.110 0.112 0.120 0.124
q(Cl) —0.555 ~0.550 —0 545 —0.543
LUMO-HOMO (kJ mol™") 366.3 383.7 391.4 393.8
MM (kJ mol™?)
(planar — fixed) 120.5 85.4 86.6 75.3
Pt-Cl (A) 2.43 2.43 2.43 2.43
PN (A) 2.12 2.12 2.12 212
CI-Pt-Cl (°) 100.5 97.4 97.6 97.3
N-Pt-N (°) 70.1 80.2 80.4 80.5
N-Pt—Cl (°) 94.7 91.5 91.7 91.2
94.7 91.5 90.7 90.9
3-PtCl, {Pt(2-OHPh-en-2-OHPh)Cl}}  Chair >d,l (B)® Exp. (B) meso (C=D)* Exp. (C=D) !d,l1 (A)>*
Calc. [34] Calc. [34] Calc.
EH (kJ mol™1) - 25565.3 —25626.9 —25479.9 —25288.6
g(Pt) 0.116 0.116 0.095 0.104
g(C1) —0.516 —0.548 ~0.560 —0.567
LUMO-HOMO (kJ mol~1) 337.4 369.4 356.4 230.2

(continued)



164

TABLE 1. (continued)

3-PtCl, {Pt(2-OHPh—n-2-OHPh)CL,}  Charr >d,l (B)°  Exp. (B) meso (C=D)® Exp. (C=D) !d, I (A)P®
Calc. [34] Calc. [34] Calc
MM (kJ mol 1)
(planar — fixed) 113.0 77.8 84.5 73.2
Pt-Cl (A) 244 2.44 2.30 2.44 231 2.44
Pt-N (A) 2.12 2.12 2.08 2.12 207 2.12
Cl-Pt-Cl (°) 101.1 977 94.8 97.9 92.4 96.2
N-Pt-N (°) 72.3 80.7 83.0 80.1 812 80.2
N-Pt-Cl (°) 93.0 91.7 90.1 91.0 933 91.6
94.6 92.0 92.1 91.0 93.3 92.0
Pt-OH (A) 2.22 2.40

“EH =orbital stabilization energies; MM =molecular mechanical energies.

same prediction comes up from the electronic energy;
there is a net gain of 19.3 kJ mol~' on going from
the chair to the gauche form. This finding is in agreement
with the experimental X-ray diffraction data, which
show that the C-C bond is slanted to the PtN,Cl,
plane, one C atom above and the other below (gauche
conformer) [15]. The experimental and calculated (for
the gauche form) values of the bond distance and
valence angles compared well (+0.05 A £1to 7°).

It should be noted that the compound with the chair
form offers a longer Pt-Cl bond and a larger Cl-Pt-Cl
angle (see Table 1). The most sensitive parameter upon
the chair-gauche conformer conversion is the N-Pt-N
angle; it is the same in the diammine and the gauche
en complexes (c. 80°) but drops to 70° when the chair
conformation is realized; this change is accompanied
by the opening of the CI-Pt-Cl angle. Hence a
gauche—chair conformer conversion in the solution is
possible and it may readjust the direction of the Pt
AOs which is essential in the Pt—Cl cleavage.

The EH energy difference between the planar gauche
and a tetrahedral gauche form is —298.8 kJ mol ! in
favor of the planar form. The loss of MM energy on
going from the tetrahedral to planar form is small ~5.0
kJ mol . This finding, compared with the big difference
between the MM energy for the cis-Pt(NH,),Cl, complex
suggests that en produces more ILR in the tetrahedral
form than two NH, and thus substitution of two NH,
with an en would contribute to shaping a planar com-
pound.

2-PtCl,. The same conclusions about gauche and
chair conformers can be reached when two phenyl
groups are introduced in 1,2-positions in the en ligand.
Both MM and EH favor the gauche conformer (>d, /).
EH energy difference planar-tetrahedral is the same
as for 1-PtCl, (~298.8 kJ mol ! in favor of the gauche
planar), but the planar gauche (>d,/)—chair energy
difference is —42.4 kY mol~' — twice the amount with
unsubstituted en. Hence, the gauche—chair encrgy dif-

"Gauche forms. “Never observed experimentally.

ference is higher for 2-PtCl, as compared with 1-PtCl,
and the compound should have a gauche Ph-en-Ph
conformer also in solution. An analysis of the resulting
MOs (EH calculations) has shown that the Ph MOs
are well separated by energy from the MOs of the rest
of the system. The substitution of en by Ph-en-Ph
retains the gauche form and the planar arrangement.
It should be noted that the planar structure of the
meso and the |d, ] forms with axial phenyl groups (see
Fig. 3) was obtained even in the case when the ligand
donor atoms were not fixed in a plane. Only the >d,!
form with equatorial phenyl groups showed a slight
deviation from the planar structure. Obviously, the
increased bulkiness of the ligand increases the ILR
energy, and the planar structure which offers better
conditions for the en substituents becomes stabilized
even in terms of the MM energy. The substituents may
block access to the 5th and 6th axial positions of the
square planar compound which kinetically would behave
as octahedral rather than square planar. Similar results
were obtained with other square planar complexes [32b].

3-PtCl,. The substitution of en by PhOH-en-PhOH
(3-PtCL,) also retains the planar structure and the gauche
form in the MM calculations. Here again the ligand
donor atoms need not be fixed in a plane to obtain a
planar structure for the meso and the |d,! forms with
axial phenyl groups. This finding was explained in terms
of the ILR factor (vide supra). The gauche (>d,!)
form is more stable by 61.6 kJ mol ' (EH) and 35.2
kJ mol~! (MM) than the chair form.

Comparison between the different Pt(II) complexes

Before attempting to diversify the hydroxy phenyl
derivatives as to the possible optical isomers, some
insight into the nature of the reactants may be gained
by comparing the parameters obtained for the complexes
with en ligands and its derivatives. With respect to
the gauche—chair energy difference (for 2- and 3-
PtCl,—gauche (>d, [)—hair) both EH and MM results



predict the order:
1-PtCl, < 2-PtCl, < 3-PtCl, @)

In this order the difference increases from left to right,
i.e. the gauche form is stabilized with increasing ligand
bulkiness. The planar-tetrahedral energy difference is
(both gauche; for 2- and 3-PtCl, gauche (>d,1)):

cisplatin > 1-PtCl, ~ 2-PtCl, > 3-PtCl, 3)

Setting aside the cisplatin complex, gauche-planar en
complexes may convert to gauche-tetrahedral with al-
most no change in MM and electronic energy.

In the studied ligand series the hydroxy phenyl de-
rivative produces the highest positive charge on Pt,
calculated by the EH method. The chair forms produce
higher g(Pt) than the gauche forms only for the en
ligand. In the phenyl and hydroxy phenyl complexes
the gauche and chair forms have equal charge on Pt.

The charges on the chloride ions, g(Cl) are:

cisplatin ~ 1-PtCl, <2-PtCl, ~ 3-PtCl, for gauche  (4)
1-PtCl, ~ 2-PtCl, > 3-PtCl, for chair )

The chair forms produce more negative g(Cl) than
the gauche forms of the en and the phenyl ligands. It
can be expected that the release of one Cl in the
hydrolysis reaction would be connected with a flow of
electrons towards Cl to form Cl~. Another factor that
may favor this reaction is the high positive charge on
Pt. This case — high positive Pt and high negative C1~
would correspond to an electrostatic Pt—Cl bond being
formed with electron redistribution — as the first step
in Pt-Cl bond rupture. An inspection of the results
obtained show that the hydroxy phenyl gauche >d,!
derivative gives high positive g(Pt) and high negative
q(Cl). Since the gauche >d,l form of the hydroxy
phenyl complex (3-PtCl,) is most easily hydrolyzed it
may be concluded that the expectations as to charge
redistribution are best satisfied by this compound (see
Table 1).

The trend as to the gauche-chair LUMO-HOMO
difference is for gauche:

cisplatin > 1-PtCl, ~ 2-PtCl, > 3-PtCl, (6)

Diastereomeric complexes of the substituted en

complexes

The two possible diastereomeric complexes of the
compounds with Ph groups (d,! and meso) (see Fig.
3) will be considered. It was not possible to distinguish
between the optical isomers d(+) and I(—) forms
(insignificant MM energy difference). Thus, we shall
consider further d(+) and I( —) together as a d, ! form.
Since MM calculations have already shown a definite
preference to the gauche conformer of the en ligand
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as compared with the chair conformer only the first
one will be dealt with. The reactants were treated first
as isolated molecules which are not influenced by the
solution environment. A model for the species in solution
is also considered further. In both steps four conformers
are dealt with (see Fig. 3). The results from MM
calculations with the d, [ (A and B), (gauche) and meso
(gauche) forms of 2-PtCl, compound show that the two
meso forms do not differ significantly in MM energy
(C=D). However, the meso forms are unstable as
compared with the d,! forms of which the |d,! (A)
form with Ph groups in axial positions is the most stable
one. The MM energy difference between (B) and (A)
forms is 10.1 kI mol ~! in favour of the (A) form (Table
1). The lower MM energy for the !d,! (A) form can
be explained by lower Ph-Ph repulsion as compared
with the repulsion in the other >d,! form. The |d,!
form was never observed experimentally.

In order to simulate the environment of the complex
in solution a model was considered in which two water
molecules are associated to platinum — above and
below the N-Pt-N plane. The results obtained with
this model show definitely that the |d, [ conformer with
both Ph groups in axial position (A) has higher energy
(A=12.6 kJ mol~") as compared with the >d,! form
with Ph groups in equatorial positions (B). This finding
is strongly supported by the fact that the (A) form is
never observed experimentally [33, 34].

The EH results show the same trends as to the
stability of the studied forms: the EH energy difference
(B)-(A) is in favour of (B). The meso forms show
higher EH energy than the >d,[ form (see Table 1).

A new interesting trend emerges when the 4,/ and
meso diastereomers of 3-PtCl, are compared. The two
meso forms are higher in MM energy as compared with
the d,! forms (Table 1). For the 2-PtCl, compound
the meso (C,D) and >d,! forms with equatorial Ph
groups (B) do not differ significantly in MM energy
(A=1.2 kJ mol™"). The (B)>d, ! form of 3-PtCl, is of
lower energy by 6.7 kJ mol ™~ than the meso forms (see
Table 2). The EH results give definitely preference to
the (B) form since it has the lowest EH energy.

X-ray crystallographic data for >d, [ and meso forms
(Table 1) have shown small differences between the
calculated and experimental bond angles and bond
lengths of the PtN,Cl, unit of 3-PtCl, [34]. Two different
>d, ] molecules were found in the solid state. A com-
parison between the experimental data for the >d,!
and the meso forms shows that the Pt-Cl and Pt-N
bond lengths are equal within experimental error. How-
ever, differences between these two forms have been
observed for the CI-Pt-Cl, N-Pt-N and N-Pt-Cl angles:
the ClI-Pt-Cl angle is larger in the >d,! form (94.8°)
as compared with the meso form (92.4°), the same holds
also for the N--Pt-N angle (83.0 and 81.2°, respectively).
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Conversely, the two N-Pt—Cl angles are smaller for the
>d,l form (90.1, 92.1°) as compared with those for
the meso form (93.3, 93.3°). The calculated angles follow
the trends of the experimental data with the exception
of the N-Pt—Cl] angles — they were not very different
for the d,! and meso forms.

In the MM produced structure the meso form of 3-
PtCl, shows five-coordinate Pt(II) through a Pt-O con-
tact (2.22 A). The oxygen atom of the phenyl group,
which is nearly perpendicular to the best PtN,Cl, plane,
is over the Pt atom. Using the available X-ray data
[34] for the meso form of the 3-PtCl, compound, rotation
around the phenyl-en bond yields a minimal Pt-O
distance of 2.4 A. Such a rotation is possible in solution.
The two distances compare well.

Comparison with biologic activity

It is interesting to compare the results for 3-PtCl,
(OH in 2-position), with those for the same compound
but with OH in 3- and 4-positions of the Ph groups
(compounds 4-PtCl, and 5-PtCl,) (see Table 2 and
Fig. 1).

Recent studies have shown that the hydroxy phenyl
complexes with OH in 3- and 4-position in the phenyl
rings are potent with respect to the Ehrlich ascites
mouse tumor [33]. However, only the 3-hydroxy phenyl
derivatives led to an inhibition of the cisplatin-resistant
tumor growth. It was further found that the shift of
both OH groups from 3- into 2-position (compound 3-
PtCl,) produces a distinct elevation of the antitumor
activity on the cisplatin-resistant Ehrlich ascites tumor.
A comparison of the MM energy for the complexes
without OH and with OH in 2-, 3- and 4-position 1s
given in Table 2. The results show that only in the
case of the 3-PtCl, compound do both meso forms have
significantly higher MM energy as compared with the
>d,! form (A=6.7 kJ mol~'). Insignificant energy

TABLE 2. MM® and SE® energy (kJ mol™') for the reactants
2-, 3-, 4- and 5-PtCl,

Reactants >d,I® meso® A A
(B) (C=D) (A)
2-PtCl, MM 854 86.6 75.3
{Pt(Ph-en-Ph)Cl,} SE 826 840 726
3-PtCl, MM 778 84.5 73.2
(Pt(2-OHPh—en—2-OHPh)CL} SE 752 821 707
4-PtCl, MM 805 82.7 70.6
{Pt(3-OHPh—en-3-OHPh)CL} SE 777 799  67.8
5-PtCl, MM 798 82.1 69.7
{Pt(4-OHPh—en—4-OHPh)CL} SE 771 794 669

*MM = molecular mechanical energy,
®Gauche forms.

SE = strain energy.
‘Never observed experimentally.

differences between the meso and >d, | forms with
equatorial Ph groups were found for the compounds
without OH (A=1.2 kJ mol™') and with OH in 3-
(A=2.2kJ mol™") and 4- (A=2.3 kJ mol™") positions.
Obviously, the OH groups in 2-position of the phenyl
ring stabilize the >d, ! form of the 3-PtCl, compound
with a significantly lower energy as compared with the
meso form. At the same time, the >d,!/ form of the
3-PtCl, compound showed a more rapid hydrolysis
process than the meso form. It is difficult to explain
why the more stable form of the 3-PtCl, compound
was easier to hydrolyze and showed higher antitumor
activity. Two factors can provide a possible explanation:
(i) the position of the OH groups in the phenyl ring
and (ii) the orientation of the phenyl rings with respect
to the PtN,Cl, plane. When OH are in second position
of the phenyl rings and when these phenyl rings are
in equatorial orientation (>d, [ isomer of 3-PtCl,), they
do not interfere with the entering H,O molecule and
the Pt environment is the most suitable one.

The slower hydrolysis observed for the meso isomer
of the 3-PtCl, compound as compared with that of the
>d, ! isomer could be explained by the presence of
the 5th Pt-O contact (between one OH group and Pt
atom) which is short (2.22 A) and oriented nearly
perpendicular to the best PtN,Cl, plane: it thus prevents
the entrance of the water molecule. In the >d, ! isomer
of the same compound the phenyl substituents with
OH groups are in equatorial positions and such contacts
are not possible. This fact facilitates the entrance of
the water molecule over and below the PtN,Cl, plane.
The stabilizing OH effect is smaller for the 3- and 4-
hydroxy phenyl (compounds 4-PtCl, and 5-PtCl,) (OH
groups are far enough away from the Pt atom) as well
as for the compound without OH (compound 2-PtCl,).
This is in agreement with our EH results which have
shown that with the OH in 2-position the PhOH MOs
intervene heavily with the MOs of the rest of the system
but this was not the case for the 2-PtCl, where the
Ph MOs are well separated. Obviously, the second
position of the OH is the most suitable one but only
when the phenyl rings are in equatorial location.

The MM energy differences for the different dia-
stereoisomers are small (1-7 kJ mol~' for the
>d, [-meso) and rapid interconversion may occur. The
higher rate of hydrolysis for the d, [ form will be further
examined in Part II of this series.

Hydrolysis products

MM and extended Hiickel calculations were per-
formed for the hydrolysis product of the reactants listed
above. The results are compared in Table 3. Both
gauche and chair conformers of the en ligand were
considered.
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TABLE 3. Energy data (EH* and MM®) and atomic charge distribution for the hydrolysis products

[Pt(NH,),(H,0)Cl}*

EH (kJ mol™") —5870.8

q(P1) 0.103

q(C1) —0.445

LUMO-HOMO (kJ mol~Y) 4434

MM (kJ mol™Y) 40.3

Pt—Cl (A) 2.24

Pt-0 (A) 1.86

Pt-N (A) 2.11

1-Pt(H,0)Cl [Pt(en)(H,0)CI}* Chair Gauche

EH (kJ mol™Y) —8454.3 —8724.2

q(P1) 0.109 0.140

q(C1) ~0.561 —-0.529

LUMO-HOMO (kJ mol~%) 134.9 395.2

MM (kJ mol ™) 59.4 347

Pt-Cl (A) 2.44 2.43

Pt-O (A) 1.95 196

Pt-N (A) 213 2.12

2-Pt(H,0)Cl [Pt(Ph—en-Ph)(H,0)Cl}* Chair >d, I° (B) meso® (C=D) 'd, 1% (A)
EH (kJ mol™") ~24929.0 —24962.8 —24919.4 —24880.8
q(P1) 0.133 0.132 0.140 0.143
q(C1) -0.542 —0.542 —0.538 —0.534
LUMO-HOMO (kJ mol~") 3759 4019 411.7 387.3
MM (kJ mol~Y) 144.6 109.3 110.7 100.6
Pt-Cl (A) 243 243 243 243
Pt-O (A) 1.95 1.96 1.96 1.96
Pt-N (A) 212 212 212 212
3-Pt(H,0)C! [Pt(2-OHPh-en—2-OHPh)(H,0)Cl]* Chair >d, !’ (B) meso® (C=D) 'd, 1" (A)
EH (kJ mol™1) ~25719.5 —25864.1 —25719.5 —25574.9
q(Pt) 0.124 0.131 0.110 0.125
q(q) ~0.503 —~0.541 —~0554 ~0.556
LUMO-HOMO (kJ mol™}) 221.7 366.3 3380 239.4
MM (kJ mol~1) 130.0 101.9 108.8 96.7
Pt-Cl (A) 2.43 2.43 2.43 2.43
Pt-O (A) 1.96 1.96 1.96 1.96
Pt-N (A) 212 212 212 212

*EH = orbital stabilization energy; MM =molecular mechanical energies.

The MM and EH energies show that the gauche
conformer is greatly preferred also in the products.
The two phenyl rings in a chair conformation are rather
close even in the hydrolysis product and this makes
the chair conformer unfavorable.

In order to avoid traps in force-field local minima,
the hydrolysis products were studied by MM in two
different ways: (i) starting from the reactant structures
and substituting one Cl by H,O and (ii) starting from
the possible transition state complexes with coordination
number 5 and releasing one Cl~. Both starting points
give practically the same results. For 2-Pt(H,O)Cl, both
the meso and >d, ! forms with Ph groups in equatorial

*Gauche forms. °Never observed experimentally.

position (B) are of higher energy as compared with
the other |d,! form (A).

The EH results for 2-Pt(H,0O)Cl show the most stable
form to be the gauche >d,! (B) form.

For the d, [ and meso forms of 3-Pt(H,O)Cl hydrolysis
products both meso conformers have higher energy
when compared with the d,/ conformers but the dif-
ference is much higher when compared with the 2-
PtCl, compound (see Table 4). The EH calculations
for this compound again give a definite preference to
the gauche >d,! (B) (Table 3).

Similarly to the reactants, the hydrolysis products
with bulky ligands (2-Pt(H,O)Cl and 3-Pt(H,O)Cl) ad-
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TABLE 4. MM® and SE® energy for the hydrolysis products 2- and 3-Pt(H,O)Cl

Hydrolysis products >d,1* meso® 'd, 1%
B (C=D) A)

MM and SE energy (kJ mol™1!)

2-Pt(H,0)Cl MM 109.3 110.7 100.6

{Pt(Ph-en-Ph)(H,0)CI} SE 1149 116.3 106.2

3-Pt(H,0)Cl MM 101.9 108.8 967

{Pt(2-OHPh-en-2-OHPh)(H,0)Cl} SE 107.5 1144 1023

“MM =molecular mechanical energy, SE =strain energy.

®Gauche forms.

‘Never observed experimentally

TABLE 5. Differences between the EH and MM parameters of the products and reactants accompanying the hydrolysis reaction

(in kJ mol™1)
Compound EH MM
AEH Ag(CY) Agq(Pt) AMM ASE APt-Cl

cis-Pt(NH,)Cl —1349.6 0.020 0.040 32.40 35.31 -0.19
1-PtCl, —250.6 -0.06 0.080 23.00 31.42 0.19
2-PtCl>d,1 -251.6 0.008 0.020 23.90 3230 0.00
2-PtCl, |d, ! -241.9 0.009 0.020 25.30 33.60 0.00
2-PtCl, meso —255.5 0007 0.020 24.10 32.30 000
3-PtCl,>d, ! ~237.2 0 007 0.015 24.10 32.30 -0.01
3-PtCl, |d, ! —2863 0.011 0.021 23.50 31.60 —0.01
3-PtCl, meso —239.6 0.006 0.015 24.30 3230 -0.01
4-PtCl,>d, ! —231.6 0.007 0.019 22.40 30.80 —0.01
4-PtCl, |d, ! —~241.2 0.010 0.020 25.30 33.70 0.00
4-PtCl, meso -212.3 0013 0.025 24.10 32.40 0.00
5-PtCl,>d, ! —-2306 0.007 0.019 22.20 30.60 —0.01
5-PtCl, |d, ! —240.2 0.007 0.024 24 80 33.20 0.00
5-PtCl, meso —221.9 0.009 0.021 23.90 32.30 0.00

For 1-, 2-, 3-, 4- and 5-PtCl, only gauche form is considered.

ditionally stabilize their meso and !d, ! forms with the
axial phenyl substitucnts in a planar arrangement. MM
yields a nearly planar structure without fixing the donor
atoms in a plane. The structure of the other >d,!
form with equatorial phenyl groups, however, was planar
only when the ligand donor atoms were fixed in a plane
during the optimization procedure. This was the case
also for cis-Pt(NH,),(H,O)Cl and 1-Pt(H,O)Cl hy-
drolysis products. In this case the absence of Ph groups
is felt and the planar structures tend to become te-
trahedral. The behavior of the >d,! form, however,
is not clear.

Comparison between the reactants and products

Table 5 list the variation of some parameters ac-
companying the first hydrolysis reaction. It is readily
seen that:

(i) The difference in the orbital stabilization energy,
AEH is always negative, which shows that the hydrolysis
reaction should be exothermic, apart from Pt(NH;),Cl,,
the largest gain in energy is obtained for 3-PtCl,, d, !
form. This form has the second best AMM and the

best ASE, although both AMM and ASE vary only
slightly.

(ii) The variation of Ag(Pt) are insignificant, apart
from the fact that they are both positive which means
lower negative charge on Cl and high positive charge
on Pt after hydrolysis. These two changes make the
substitution of the second Cl less probable, compared
with the substitution of the first Cl by a water molecule.
The same results were obtained for cis-Pt(NH,),Cl,
and cis-(NH;),Cl(H,O)* in the literature [25a—<].

Conclusions

(1) The chair and gauche conformers of the coor-
dinated substituted en ligands differ considerably and
there is a marked preference for the gauche isomer.
In the case of 1-PtCl, the conformation of the substituted
en affects the bond parameters and could be essential
in provoking the release of one Cl~ after the uptake
of a water molecule in the Sy2-governed aquation
reaction.



(2) The presence of the OH substituents in the phenyl
rings is essential for 3-PtCl, (OH are in 2-position)
behavior. The meso isomer of this compound showed
slower hydrolysis then the >d,/ isomer due to the 5th
contact between the O atom from the OH group and
the Pt atom, which is almost perpendicular to the best
PtN,Cl, plane. This contact hinders the entrance of a
water molecule and the formation of the transition
state complex and thus makes hydrolysis much slower.
In the >d,l isomer of this compound both phenyl
substituents are in equatorial positions and such a 5th
contact is not possible.

(3) The bulkier ligands contribute additionally to
stabilizing the Pt(II) compounds in a planar coordi-
nation. Since these compounds with bulkier ligands are
exactly those that show greater Cl~ lability and higher
cytostatic effects, it may be concluded that the hydrolysis
reaction does not involve planar-tetrahedral conversion.
The bulkier ligands also tend to stabilize the mono
aquo complex thus contributing to the energy of for-
mation of this complex. It appears that a correlation
exists between the thermodynamic stability and the rate
of hydrolysis — the more stable compounds hydrolyze
faster, but the entropy factor as displayed by the
difference in the behavior of the isomer forms of 3-
PtCl, should not be ignored.
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Appendix

The EH parameters used in the present study are:

£(1s) =1.300,
§2s)=1.725,
&2p) =1.625,
£(2s) =1.950,
£2p)=1.950,
£(2s)=2.275,
£2p)=2.275,
&3s)=2.183,
&3p)=1.733,
g65) =2.940,
£(6p) =2.940,

H.=—13.60 eV

H,=-21.40 eV
H,,=—11.40 eV
H,= —26.00 eV
H,,=—13.40 eV
H,=—3230 eV
H, = —14.80 eV
H,=—-2630 eV
H,,=—14.20 eV
H,=—9.08 eV

H,_=—-548 eV

PP

£(5d)=4.084, Hy=—1259 eV

£,(5d)=1.840

The Pt(I) valence state ionization potentials (in eV)

are [31]:

d(d")
d(d*—'s)
d(d"~'p)
s(d*'s)
S(dn - ISZ)
s(d”~?sp)
p(d"’p)
p(d*~*p?)
p(d"~?sp)

¢, =0.798
¢,=0.352

A B C
0.775 11.014 8.566
0.434 12.198 11.157
0.434 12.421 12.148
0.403 8.324 8.715

~0.099 9.582 10.004
0.062 8.615 11.268
0.465 6.799 4475
1.035 6.378 5.492
1.035 6.378 5.492



