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Abstract

The theoretical characterization of porphin (H,Por), iron and manganese porphyrins M™(Por) and their chlorine
derivatives M™(Por)Cl has been carried out. This work represents a first step for modelling catalyzed saturated alkane
hydroxylations. The chlorine atom is responsible for the existence of a dipole moment of 1.2-2.0 D in the M"(Por)Cl
molecules and for a negative value of the mean quadrupole moment (—16—(— 14)DA). The charge of the metal atom
(1.8-2.2 ¢) is rather varied (to 2.1-2.6 ¢) and the effective polarizability (2.8-2.9 A%) is increased (to 3.5-3.6 A?) by the
addition of the chlorine atom. Starting from the porphin molecule, the presence of the metal atom decreases the molecular
volume, molecular surface area and solvent accessible surface area. The addition of the chlorine atom increases these
geometrical descriptors. The fractal dimension for the metal atom solvent accessible surface takes a very high value of
6.1-6.2 when compared with the molecular value averaged for non-buried atoms (D’ = 1.44), This means that the
irregularity of the molecular surface is maximal at the metal atom solvent accessible surface. The n-octanol-water partition
coefficient is minimal for the metal free porphin (log P = 5.48) and maximal for the non-charged chlorine porphyrin
derivative (log P = 6.19).

Keywords: Porphyrin; Hydroxylation; Multipole moments; Net charges; Polarizability; Geometrical descriptors; Topological indices; Fractal
dimension: Solubility; Partition coefficient

1. Introduction In this paper we present the theoretical char-
acterization of the H,Por, M"(Por) and
Saturated alkane hydroxylations are catalyzed M"(Por)Cl molecules (see Fig. 1). This work
by cytochrome P-450 enzymes [1] and by iron represents a first step for modelling catalyzed
and manganese tetraarylporphyrin complexes saturated alkane hydroxylations.
[2]. Both enzymatic and biomimetic hydroxyl-
ations involve the oxidative cleavage of a C—H

bond by a high-valent metal-oxo species as the 2. Electrostatic properties
rate-determining step in alcohol formation [3]:
M"(Por)X We have written a program called POLAR

for the theoretical simulation of molecular elec-
trostatic properties and polarizability. Atomic
where M = Fe, Mn and X =CL net charges and polarizabilities are calculated

- [(Por)MY=0 & (Por *)M!V=0]
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H H

Fig. 1. Molecular structures of (a) porphin (H,Por), (b) M™(Por)
and (c) M™(Por)C1 molecules.

from their ¢ and 7 contributions [4,5]. o net
charges and polarizabilities are estimated by the
principle of electronegativity equalization [6,7]
but applied bond by bond in the molecule [4,5].
7 net charges and polarizabilities are evaluated
with the method of Hiickel. Dipole, #, and
tensor quadrupole, ®, moments are calculated
from the point (atomic) distribution of net
charges. A right-handed inertial axis system is
used to identify the tensor components. The
inertial axes, in the order of increasing moments
of inertia, are used for the Cartesian axes x, y,
Z.

In describing the partial charge method de-
veloped for the Mulliken scale [8], Huheey [9]

has mentioned that most elements approxi-
mately double their (Mulliken) electronegativi-
ties as the partial charge approaches + 1 whereas
their electronegativities essentially disappear
(approach zero) as the partial charge approaches
—1. The Mulliken and Pauling scales are
roughly proportional, so Huheey’s observation
may be expressed in Pauling units as [7]

Xeq=Xpa +4,X,

or

Here, X, is the electronegativity as equalized
through Sanderson’s principle. X, is the initial,
pre-bonded electronegativity of a particular atom
A and A, is the o partial charge on A. Charge
conservation leads to a general expression for
Xeg!
N+
UL
Z VA/ Xa
atoms
where N = 2 v equals the total number of atoms
in the species formula and ¢ is the o molecular
charge.The o partial charge A, on atom A can
be generalized as
Xe b XA
A, = Z L L
bonds XA
and the electronegativity equalized for bonds is
given as

2+gqg/m
Xe b = v 1 17w
TE1X,+ 1[Xy
where m is the number of bonds in the molecule.
Sanderson’s principle allows the calculation

of the o atomic polarizabilities (equalized bond
by bond) as

a4,

a, = = E

a)(A bonds
(1 +L,— AA)(2 - Q/m)XB
(2+ Ly + Ly — Ay — A )( X, + Xg)°
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where the coefficients (1 — A,) and (2 — A, —
Ag) have been corrected to take into account the
number of lone pairs on atoms A and B, L, and
Ly, respectively. 7 atomic net charges and po-
larizabilities are calculated with the Hiickel
molecular orbital (HMO) theory and added to
the o parts: A=A +A4A, and a=a,+ a,.
The calculation of dipole and quadrupole mo-
ments from the point (atomic) distribution of net
charges (o + 7) has been reported elsewhere
[4,5].

3. Interacting induced dipoles polarization
model for molecular polarizabilities

The calculation of molecular polarizabilities
has been carried out by the interacting induced
dipoles polarization model [10-12] that calcu-
lates tensor effective anisotropic point polariz-
abilities by the method of Applequist [13,14].

One considers the molecule as being made up
of N atoms (represented by i, j, k, ...), each
of which acts as a point particle located at the
nucleus and responds to an electric field only by
the induction of a dipole moment which is a
linear function of the local field [14]. If a Carte-
sian component of the field due to the perma-
nent multipole moments is E., then the induced
moment . in atom i is

N
Ei+ Y Tiu
J(#=D)

(1)

i i
My =

where @' is the polarizability of atom i and T}
is the symmetrical field gradient tensor, 7 =
(1/e)VE], e is the charge of the proton and
the subscripts a, b, ¢, ... are standing for the
Cartesian components x, y, z. The expression
in parentheses is the total electric field at atom
i, consisting of the external field plus the fields
of all the other induced dipoles in the molecule.

The set of coupled linear equations (Eq. (1))
for the induced dipole moments can conve-
niently be expressed in compact matrix equation
form, if one introduces the 3N X 3N matrices T

and a, with elements 7'/ and a, 6" (8" be-
ing the Kronecker &), respectively. In order to
suppress the restriction in the sum, the elements
T!] are defined as zero. Similarly, E and T are
3N X 1 column vectors with elements E’ and
. Eq. (1) is thus written in matrix form,

B=alE+TR) = olE + ol

where 1 is the 3N X 3 N-dimensional unit ma-
trix. This matrix equation can be solved for the
induced dipoles as

f=(1-al) aE=2E

Here the symmetrical many-body polarizability
matrix, A has been introduced:

A=(1-aT) @

It is important to emphasize that the many-
body polarizability matrix describes a non-local
polarizability response of the system [12]. In
effect, an electrostatic field at point j gives rise
not only to an induced moment at j (propor-
tional to the diagonal block element A’}) but it
contributes (non-locally) to the induced mo-
ments of all the other sites as well.

It should be noted that accurate experimental
data on the electronic polarizabilities of
molecules, a, are very rare, especially if one is
interested in the whole tensor quantity instead
of the usual mean value. It seems that modern
theoretical chemistry, with the help of powerful
computers, is now able to become a substitute
for difficult experimental determinations.

A fully operative version of the POLAR pro-
gram including the whole interacting induced
dipoles polarization model [10-14] has been
implemented into the MM2 program for molec-
ular mechanics [15,16]. We have called the new
version MMID {10-12]. In addition, the polar-
ization energy can be now estimated by three
options: (1) no polarization (this option has
been introduced for compatibility); (2) non-in-
teracting induced dipoles polarization model (a
simplified version where the induced dipoles do
not produce further induced dipoles); (3) inter-
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acting induced dipoles polarization model
(method of Applequist [10-14]).

The MMID algorithm allows three options
for selecting which atoms interact, either be-
tween atoms: (1) atoms placed at 1-2 (bonded)
and further interactions, (2) atoms placed at 1-3
( B neighbors) and further interactions, and (3)
atoms placed at 1-4 (y neighbors) and further
interactions, or between bonds and atoms: (1)
bond between atoms placed at 1-2 with atom
placed at 2 (one of the two atoms of the bond)
and further interactions, (2) bond between atoms
placed at 1-2 with atom placed at 3 (a neigh-
bor) and further interactions, and (3) bond be-
tween atoms placed at 1-2 with atom placed at
4 (B neighbor) and further interactions. The
program allows two options of atomic polariz-
ability data bases: (1) atomic polarizabilities
from the PAPID program data base [17], (2)
atomic polarizabilities from experimental data.

4. Geometrical descriptors and topological
indices

The TOPO program for the theoretical simu-
lation of the molecular shape has been described
elsewhere [4,5]. Molecular shape is character-
ized by a set of electrostatic and geometrical
descriptors and topological indices [18-22], in-
cluding the fractal dimension of the solvent
accessible surface [23,24]. Atom-to-atom analy-
ses of the descriptors have been implemented
[4,5].

The molecular surface of molecules can be
represented by the external surface of a set of
overlapping spheres with appropriate radii, cen-
tered on the nuclei of the atoms. If the radii are
those of van der Waals [25], the bare molecular
surface is obtained [18,19]; if the radii are those
of van der Waals plus the effective radius of a
solvent molecule, the solvent accessible molecu-
lar surface is now obtained [20].

The theoretical simulation of the molecular
shape is helped by the calculation of geometri-
cal descriptors and topological indices of the

molecules. The calculations are based on a nu-
merical method proposed by Meyer [18,19]. The
molecule is treated as a solid in space defined
by tracing spheres about the atomic nuclei. It is
computationally enclosed in a graduated rectan-
gular box and the geometrical descriptors evalu-
ated by counting points within the solid or close
to chosen surfaces. The molecular volume, V, is
concurrently approximated as V= P - GRID?,
where P is the number of points within the
molecular volume (within distance Ry of any
atomic nucleus X) and GRID is the size of the
mesh grid.

As a first approximation, the bare molecular
surface area could be calculated as S=Q-
GRID?, where Q is the number of points close
to the bare surface area (within a distance be-
tween Ry and R, + GRID of any atomic nu-
cleus X). However, the estimate has been im-
proved [19]: if the point falls exactly on the
surface of one of the atomic spheres, it accounts
indeed for GRID? units of area on the bare
molecular surface. This is because the total
surface of atom X can accommodate
47R% /GRID? points. When a point falls be-
yond the surface, it represents GRID? units of
area on the surface of a sphere of radius R > R,
not on the surface of atom X. On the surface of
X it accounts only for a fraction of this quantity,
namely, GRID?( R, /R)>. The total bare surface
area is, therefore, calculated as S = F - GRID?,
where F is the sum of elements AF defined as
AF = R% /R*(I) for those points close enough
to the surface of any atom X. R3 is the squared
radius of atom X and R?*(I) is the squared
distance of point I from the atomic nucleus X.

Two topological indices of molecular shape
can be now calculated: G and G’ [19]. The ratio
G =S, /8§ has been interpreted as a descriptor of
molecular globularity; S, is the surface area of a
sphere of volume equal to the molecular vol-
ume, V. The ratio G'=S/V has been inter-
preted as a descriptor of molecular rugosity.

The importance of the solvent validates the
assumption that the properties of the systems
solvated in water are strongly related to the
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contact surface between solute and water
molecules [20,22]. We can propose a new
molecular geometrical descriptor that is the sol-
vent accessible surface AS [20]. This surface is
denoted when a spherical probe is allowed to
roll on the outside while maintaining contact
with the bare molecular surface. The continuous
sheet defined by the locus of the center of the
probe is the accessible surface. Alternately, the
accessible surface is calculated as the bare
molecular surface by using pseudo-atoms, whose
van der Waals radii were increased by the ra-
dius, R, of the probe.

Fractal surfaces [23] provide a means for
characterizing the irregularity of molecular sur-
faces [24]. The area of the accessible surface,
AS, depends on the value of the probe radius,
R. The fractal dimension, D, of the molecules

may be obtained according to Lewis and Rees
[24] as

d(log AS)
h d(log R)

An almost fully operative version of the TOPO
program has been implemented into the AMYR
program for the theoretical simulation of molec-
ular associations and chemical reactions [26—30].
The algorithm allows for the characterization of
the molecular units and aggregates. All the geo-
metrical descriptors and topological indices but
fractal dimension can be now calculated.

5. Solubilities and partition coefficients

Lipophilic parameters are a measure of the
preference of a solute between two solvents
[31]. These parameters are quite numerous and
have different characters: the parameter of Han-
sch [32-38], the parameter 7-SCAP [31,39], the
parameter PARACHOR [40,41], the parameter
CSA (cavity surface area) [21], etc.

The lipophilic parameter of Hansch [32], 7,
can be calculated from the partition coefficients

of the molecules between two solvents (gener-
ally n-octanol and water). The parameter
can be defined as

PX
Tx = logP—
H

where P, is the partition coefficient of the
molecule substituted by X and Py is the parti-
tion coefficient of the reference molecule, mea-
sured in the same experimental conditions. The
n-octanol-water couple is the most used solvent
system and the parameters 7, are relative to
this system. Hansch and Leo [32] have tabulated
the 7y values for a great number of sub-
stituents.

Additional attempts have been carried out to
fragment the partition coefficient in order to
obtain a system of increments by atoms or by
groups of atoms [33-35]. A new method has
been proposed by Hopfinger [36,37] to calculate
log P. This method is called 7~SCAP (solvent-
dependent conformational analysis program) and
has been initially used to calculate the Gibbs
free energy of solvation of macromolecules.
From these data, one can calculate log P =
0.17567(AG,,,, ,, — AG,,,,) where AG_,, , and
AG,,,, (in kJ mol™') are the Gibbs free ener-
gies of solvation of the molecule, considered in
water and in n-octanol, respectively.

The model used [36,37] is based on the con-
cept of the hydration sphere [38]. The molecule
is fragmented into groups of atoms. The starting
hypothesis is that one can center, independently
on each group of the solute molecule, a solva-
tion sphere. The size of this sphere depends on
the solvent and on the group considered. This
sphere is occupied by a certain number of sol-
vent molecules. A variation of free energy, due
to the extraction of a solvent molecule, is asso-
ciated with each hydration sphere.

The intersection volume, V°, between the
solvation sphere and the van der Waals spheres
of the remaining atoms (not bonded to the group
under consideration) in the molecule is calcu-
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lated. This volume allows for evaluating the
effective volume of hydration of the group for a
given conformation of the studied molecule. So,
the model has four parameters per solvent: (1)
n: maximum number of solvent molecules al-
lowed to fill the solvation sphere; (2) Ag:
variation of Gibbs free energy associated with
the extraction of one solvent molecule out of the
solvation sphere; (3) R, : radius of the hydration
sphere; (4) V;: free volume available for a sol-
vent molecule in the solvation sphere. One also
has V,: volume of the solvent molecule.

The calculations of n, R, and Ag can be
obtained from the minimization of the configu-
ration energy in a force field model [36]. Alter-
nately, the A g empirical values calculated by
Gibson and Scheraga [38] are used.

The calculation of V; is described as follows.
In the hydration sphere, part of the volume is
excluded to the solvent molecules. This volume
consists of the van der Waals volume of the
group at which the sphere is centered and of a
volume representing the groups bonded to the
central group. This later volume is represented
by a number of cylinders equal to the number of
atoms bonded to the central group and where
the axes pass by the center of the sphere. The
radius of these cylinders is taken as 3 /4 of the
van der Waals radius of the central group and
these cylinders are disposed in such a way to
respect the valence geometry of the group (sp?,
sp>, ...).

The difference between the total volume of
the hydration sphere and the volume excluded
to the solvent molecules represents the volume,
V', that is really available for the solvent
molecules. So, V; can be calculated as

VI
Vi=— ¥

n
The variation of Gibbs free energy associated
with the extraction of all the solvent molecules
out of the solvation spheres of a group is

AG Agil v
P g( V')

and the variation of the Gibbs free energy asso-

ciated with the extraction of all the solvent
molecules out of the solvent spheres of a
molecule is the sum of the Gibbs free energies,
AGyg, of each group making up the molecule:

N
= E AGR
R=1

The solvation energy of a molecule is the oppo-
site value of this Gibbs free energy:

AG —AQG,

solv extr

Though this is a simple method we have
found important difficulties in calculating the
volume V'. The calculated values are very dif-
ferent from those given by Hopfinger [36,37].
For example one can consider the (CH) aro-
matic group. It should be noted that the value of
V; in the method of Hopfinger is treated as a
fitting parameter. The parameters of Hopfinger
in water (V,=21.2 A% are: n=3, Ag=0.11
kcal mol™!, R,= —3.9 A, V,=33 A}, V'=
76.6 A [37]

The calculation of V' with the procedure
indicated by Hopfinger [36] follows. Volume of
the hydrated sphere: 248.5 A3 The CH group
has a contact radius of 1.65 A. Thus, the vol-
ume of the CH group is 18.8 A3 There are two
cylinders of 3.9 — 1.65 = 2.25 A of length and
(3/4)1.65 = 1.24 A of radius. Thus, the volume
of the cylinders is 21.7 A% V' =2485—18.8 —
21.7 = 208 A% and V,=48.1 A3 a very different
value of that given by Hopfinger.

This is the most drastic case and represents a
relative error of —93%. In all cases but one (the
fluorine atom, E, = +29%) the parametric value
of V; given by Hopfinger underestimates the
calculated value, being the mean relative error
—46%. In these conditions for the coherence of
the calculations, we suggest to evaluate the
values of V; by making use of a computer
program. Pascal [31] has written a program
called SCAP which makes use of the sub-pro-
gram KOROBO (that allows for the calculation
of the surfaces and volumes by the method of
Korobov [39]) in order to calculate the volume
V’ and evaluate the Gibbs free energies of
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Table 1
Electrostatic properties of the molecules
Molecule u(D)* © (DA)® 6, (DA) ¢ @, (DA) 0, (DA) gy () guef) () ©
H,Por 0.063 21.401 0.468 10.358 53.377 0.176 0.231
Fe"'Por 0.076 9.384 -11.389 0.005 39.536 2.848 2.909
Mn""Por 0.064 7.498 —14.229 0.000 36.725 3.181 2.909
Fe!'"PorCl 2.048 —13.812 —54.884 3.767 9.680 2.142 2.783
Mn""PorCl 1.159 —16.232 —57.738 2201 6.840 2.559 2.783

* Dipole moment (debye).
® Mean quadrupole moment (debye angstrom).

¢ Quadrupole moment tensor eigenvalues @, @, and @, (debye angstrom).
¢ Charge of the metal atom (electron charge). In the case of porphin results refer to each H atom.

¢ Reference: Extended Hiickel calculation.

solvation in water and in n-octanol as well as
the partition coefficient.

6. Results and discussion

The electrostatic properties of the molecules
are reported in Table 1. The chlorine atom is
responsible for the existence of a dipole mo-
ment, u, in the range 1.2-2.0 D for the
M"(Por)Cl molecules. Starting from the por-
phin molecule (@ about 21 DA), the presence
of the metal atom decreases the mean value of
the quadrupole moment to the range 7-9 DA
and the addition of the chlorine atom changes
the sign of the mean quadrupole moment (in the
range —16—~(—14) DA). This is due to the
negative value of the first eigenvalue, @, of the
quadrupole moment tens or for M"(Por)Cl (in
the range —58—(—55)DA). The atom-to-atom
partition of the electrostatic properties reveals

that the charge of the metal atom, g,,, (in the
range 2.8-3.2 ¢) is rather varied by the addition
of the chlorine atom (to the range 2.1-2.6 ¢).
The charge values vary in the same way as
extended Hiickel calculations taken as reference
(in the range 2.8-2.9 e). The charge values for
porphin (g, =0.176 ¢) lie in the range of
extended Hiickel with charge iteration (gy =
0.181 ¢), CNDO (g4 = 0.138 ¢), INDO (g, =
0.133 ¢) and ab initio STO-3G (g, = 0.298 ¢)
reference calculations.

The mean value of the molecular polarizabil-
ity, «, increases with the number of heavy
atoms in the molecule (see Table 2). The atom-
to-atom partition reveals that the effective polar-
izability of the metal atom, a,, (in the range
2.8-2.9 A%) is increased by the addition of the
chlorine atom (to the range 3.5-3.6 A®). The
molecular polarizability for porphin (a=71.362
Al a, =70.702 A3, a, =71.463 A3, a;=
71.922 A’ ay =0.151 AS, ay, = 0.038 A3, Ay

Table 2

Molecular polarizability of the molecules

Molecule a (A a, (AP a, (A% a, (A% ay (&) ¢ oy, (AD 9 apgy (A rygs (AY)
H,Por 71.362 70.702 71.463 71.922 0.151 0.038 0.132 0.282
Fe'Por 77.947 72.071 80.711 81.058 2.756 0.797 3.730 3.741
Mn! Por 78.185 72.085 81.059 81.412 2.931 0.828 3.978 3.988
Fe!" PorCl 81.475 73.595 84.329 86.500 3.454 1.119 4.589 4.655
Mn"'PorCl 81.720 73.613 84.668 86.879 3.608 1.150 4.802 4.873

* Mean molecular polarizability (dngstrom®).

® Molecular polarizability tensor eigenvalues o, a, and a; (ingstrom®).
¢ Effective polarizability of the metal atom (ingstrom®). In the case of porphin results refer to each H atom.
4 Effective polarizability tensor eigenvalues vy, . and ay; for the metal atom (&ngstrom?).
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Table 3

Geometrical descriptors of the molecules

Molecule ~ V(A)* V(e)® S(A)° SteH® AS(A})? ASef® HBAS® HLAS® AS(A)¢ AS(ef)®
H,Por 296.1 328.7 306.51 35262  483.90 527.33 45638 2752 912.42 967.31
Fe™Por 287.8 320.2 207.17  341.04  473.05 518.04 45262 2043 900.45 955.33
Mn"Por 287.9 320.1 296.85 34072 473.70 518.25 45342 2028 900.81 954.20
Fe'PorCl  307.0 339.6 31589  360.71  487.80 532.17 436.71 51.09 917.12 969.45
Mn™PorCl  307.0 339.6 31594  360.72  488.32 531.81 437.07 5125 914.99 969.07

* Molecular volume (éngstrsm>).

® Reference: calculations carried out with the GEPOL program.
© Molecular surface area (3ngstrom?).

4 Water accessible surface area (Angstrom?).

¢ Hydrophobic accessible surface area (3ngstrém?).

f Hydrophilic accessible surface area (3ngstrém?).

£ Side-chain accessible surface area (ingstrém?).

=0.132 A3, a,;=0282 A} is in the same
order of magnitude of reference calculations
carried out with the PAPID program [17] that
uses a data base of atomic polarizabilities built
up from Goupled Hartree—Fock calculations of
the polarizability tensors of a series of molecules
containing the main functional groups which are
present in peptides (@ = 46.205 A « a, = 20.905
AS, a, = 58.577 A3, ay = 59.135 A, ay=
0.103 A3, o = 0.063 A’ ay, =0.112 A3, Oys
=0.135 A%).

The calculation of the geometrical descriptors
and topological indices of Tables 3 and 4 are
compared with reference calculations carried out
with the GEPOL (GEometry of POLyhedron)
program [42]. The GEPOL program has been
developed in this laboratory. This program cal-
culates the envelope surface for a molecule, as a
point distribution, and computes its correspon-
dent area and volume.

The GEPOL program calculates three kinds
of envelope surfaces: (1) The van der Waals
molecular surface which is the external surface
resulting from a set of spheres centered on the
atoms or groups of atoms forming the molecule;
(2) the solvent accessible surface which is the
surface generated by the center of the solvent,
considered as a rigid sphere, when it rolls around
the van der Waals surface [20]; (3) the molecu-
lar surface which is composed of two parts: the
contact surface and the re-entrant surface. The
contact surface is the part of the van der Waals

surface of each atom which is accessible to a
probe sphere of a given radius. The re-entrant
surface is defined as the inward-facing part of
the probe sphere when this is simultaneously in
contact with more than one atom.

For the calculation of the molecular surfaces
each sphere is subsequently divided into trian-
gles by a series of tessellations by projecting a
pentakis dodecahedron onto each sphere and the
surface is obtained by summing up all triangles.
The centers and normal vectors of these trian-
gles allow for the graphic representation of
scalar and vector molecular properties over the
molecular surfaces. The GEPOL program is very
fast and efficient.

The geometrical descriptors of the molecules
are listed in Table 3. Starting from the porphin
molecule, the presence of the metal atom de-

Table 4

Topological indices of the molecules

Molecule G* G G e DY D D °

Gef)® (A™1)C (ref) ® (ref) ®

H,Por 0.701 0.653 1.035 1.073 138 141 145
Fe'"Por 0709 0.664 1.033 1.065 138 141 144
Mn"Por  0.710 0.664 1.031 1.064 138 141 144
Fe"PorCl 0.697 0.653 1.029 1.062 139 142 145

Mn'PorCl 0.697 0.653 1.029 1.062 1.39 142 145

* Molecular globularity.

® Reference: calculations carried out with the GEPOL program.

¢ Molecular rugosity (4ngstrom™!).

¢ Fractal dimension of the solvent accessible surface.

¢ Fractal dimension of the solvent accessible surface averaged for
non-buried atoms.
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creases the molecular volume, V, and the addi-
tion of the chlorine atom increases the volume.
The values are in line with reference calcula-
tions carried out with the GEPOL program [42].
The behavior of the molecular surface area, S,
the water accessible surface area, AS, and its
hydrophilic contribution, HLAS, is the same as
has been noticed for the molecular volume.
However, the effect is strongly observed in the
hydrophilic accessible surface area because the
central hydrogen atoms in porphin and the chlo-
rine atom in M"™(Por)Cl are polar atoms and
contribute to the hydrophilic accessible surface
area. The same trend is observed for the side-
chain accessible surface area, AS'.

The comparison between the TOPO and
GEPOL programs has a special interest because
the later does not allow an atom-to-atom parti-
tion analysis of the geometrical descriptors and
topological indices. Our method (TOPO) allows
this atom-to-atom analysis (e.g., contribution to
the molecular volume, molecular surface area,
molecular globularity, molecular rugosity, water
accessible surface area, etc., see Table 5).

For example, after the water accessible sur-
face area is divided into its atomic contribu-
tions, the hydrophobic accessible surface area
(HBAS) is obtained by summing up the accessi-
ble surface areas of non-polar atoms (peripheral

401

face area (HLAS) is calculated by summing up
the accessible surface areas of the polar atoms
(central H, N, ...), see Table 3. A large value
of HLLAS favors the solubility in water which is
fundamental for the processability of the mate-
rial.

The topological indices of the molecules are
reported in Table 4. The molecular globularity
index, G, is maximal for the metal porphyrin
and minimal for the chlorine derivative. The
values are in line with reference calculations
carried out with the GEPOL program [42]. The
molecular rugosity index, G', is maximal for the
metal-free porphin molecule. The fractal dimen-
sion of the solvent accessible surface, D, (in the
range 1.38-1.39) and the fractal dimension av-
eraged for non-buried atoms, D', (in the range
1.44-1.45) are slightly varied by the presence
of the metal and chlorine atoms.

The atom-to-atom partition for the metal atom
of the geometrical descriptors and topological
indices of the molecules are summarized in
Table 5. In the case of porphin, results are
referred to each H atom. The contribution of the
metal atom to the molecular volume, V, and
surface area, S, is decreased by the addition of
the chlorine atom. The molecular globularity at
the surface of the metal atom, G, is maximal for
the chlorine derivative. However, the molecular

H, C, ...) and the hydrophilic accessible sur- rugosity at the surface of the metal atom, G', is
Table 5

Geometrical descriptors and topological indices of the molecules: atom-atom partition for the metal atom

Molecule V(A) S(A)® G° G (A 4 AS (A2) ¢ Accessibility Dt

H,Por 73 7.64 2.370 1.055 8.40 0.093 1.73
Fe''Por 4.3 3.42 3.747 0.793 1.11 0.015 6.22
Mn"Por 4.5 3.57 3.706 0.789 132 0.017 6.10
Fe"'PorCl 39 1.72 6.987 0.439 0.63 0.008 — "
Mn!'!'PorCl 4.1 1.78 7.004 0.431 0.73 0.010 —h

In the case of porphin, results refer to each H atom.
* Molecular volume (angstrom?).

® Molecular surface area (ngstrom?).

¢ Molecular globularity.

¢ Molecular rugosity (dngstrém '),

© Water accessible surface area (Angstrom?).

f Accessibility of the accessible surface.

¥ Fractal dimension of the solvent accessible surface.

" A dash indicates that the atom is buried and the fractal dimension cannot be calculated.
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Table 6

Solvation descriptors of the molecules

MOICCUIC AGsolv,w 2 AGsolv,cu b ]()g P ¢ Vcav,w d Scav,w € Vcav.o f Scav,o
H,Por -31.42 —62.57 5.48 1222.0 600.46 3452.4 1154.40
Fe"Por —25.62 —59.73 6.00 1474.3 650.54 3462.4 1143.08
Mn" Por —2548 —59.65 6.01 1468.0 647.89 3446.5 1139.78
Fe"PorCl —25.97 -61.20 6.19 1469.5 647.01 3516.7 1152.55
Mn"'PorCl —25.99 —61.19 6.19 1490.7 657.11 3532.0 1158.01

2 Gibbs free energy of solvation in water (kJ mol~").

® Gibbs free energy of solvation in n-octanol (kJ mol™").
° P is the n-octanol-water partition coefficient.

¢ Cavity volume in water (Angstrom®).

¢ Cavity surface area in water (dngstrom?).

f Cavity volume in n-octanol (3ngstrdm®).

& Cavity surface area in n-octanol (ngstrom?).

minimal for the chlorine complex. The trend of
the contribution of the metal atom to the acces-
sible surface area, AS, is the same as has been
seen for the molecular surface area. The acces-
sibility of the metal atom surface in the metal
porphyrin is about 1.6% and decreases to about
0.9% for the chlorine derivative. The fractal
dimension for the metal atom solvent accessible
surface, D', takes a very high value in the range
6.1-6.2 when compared with the molecular
value averaged for non-buried atoms (D' = 1.44
in the last column of Table 4). This means that
the irregularity of the molecular surface is maxi-
mal at the metal atom solvent accessible sur-
face.

The solvation descriptors of the molecules
are reported in Table 6. In the case of MPor
results are referred to the M"Por non-charged
molecule. Starting from the porphin molecule,
the absolute values of the Gibbs free energies of
solvation in water, IAGSO]V,WI, and in n-octanol,
|AG,,,)» are decreased by the presence of the
metal atom and increased by the addition of the
chlorine atom. This last variation is explained
by an increase in the hydrophilic accessible
surface area (see Table 3). The result is that the
n-octanol—water partition coefficient is minimal
for the metal free porphin (log P =5.48) and
maximal for the chlorine porphyrin derivative
(log P =6.19). The cavity volume, V. and

cav,w?
surface area in water, S, are minimal for the

cav,w

metal free porphin, and maximal for the metal

porphyrin molecule and the chlorine porphyrin
complex. The cavity volume, V_,, , and surface
in n-octanol, S, ., are minimal for the metal-
free porphin and metal porphyrin, and maximal
for the chlorine derivative.

A fully operative version of the POLAR pro-
gram has been implemented into the MM2 pro-
gram for molecular mechanics [10-12,15,16].
An almost fully operative version of the TOPO
program has been implemented into the AMYR
program for the theoretical simulation of molec-
ular associations and chemical reactions [26-30].

In this paper we have reported the calculation
of molecular dipole moments, x, tensor
quadrupole moments, @, and polarizabilities, a,
which we have successfully applied to porphin,
iron and manganese porphyrins and their chlo-
rine derivatives. Although these values are
quantitatively inaccurate for predicting high-
temperature frequency-dependent @ polarizabili-
ties of condensed phases, they may prove useful
in predicting relative properties for different
systems. This work represents a first step for
modelling catalyzed saturated alkane hydroxyl-
ations.
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