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Rank Correlation of AM1 and PM3 Derived Molecular Electrostatic Potentials (RACEL)

with Hammett ¢,-Parameters
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Spearman non-parametric correlation coefficients obtained by comparison of the rank order of Hammett
gp-parameters and the value of AM1 and PM3 derived molecular electrostatic potentials calculated for a range of
para-substituted benzoic acids and amines show a chemically significant three-dimensional spatial distribution; the
correlation is best for PM3, is improved for carboxylic acids by the inclusion of a solvent water molecule and is
substantially decreased if point-charge derived electrostatic potentials are employed.

Molecular electrostatic potentials (MEPs) have long been
considered as one of the more useful tools in predicting
chemical reactivity!-2 and biological activity.3 Recently, MEPs
evaluated rigorously using the semi-empirical MNDO and
AM1 Hamiltonians have been systematically evaluated4 and
applied to e.g. the derivation of atom centred point charges®
and at the PM3 level to rationalising stereoelectronic effects in
n-facial hydrogen bonding.® Correlations of MEPs with
chemical or biological parameters are conventionally per-
formed for a single value of the potential at spatial coordinates
defined by a local minimum or maximum?+ in the function, or
via the CoMFA technique” in which a partial least-squares
parametric analysis is used to construct a linear relationship
between a numerical representation of the electrostatic and
steric fields of a molecule and some measured property. We
present here a new and simpler technique (RACEL) which
involves correlating the rank ordering of the value of the
calculated electrostatic potential with e.g. Hammett op-
parameters8 for a series of aromatic acids and amines, and for
which the three-dimensional spatial distribution in the result-
ing correlation coefficient? is shown to have chemical signifi-
cance.

MEPs at the MNDO, AMI1 and PM3 level were calculated
as a three-dimensional grid of values V(x,y, z){ for a series of
p-substituted benzoic acids, the corresponding monohydrated
species and the p-substituted anilines using the following
substitutents; X = H, OH, OMe, CO,H, NMe,, Me, CF;,
NO,, CN, F, Cl, Br and I. The choice of Hammett
op-parameters for the statistical correlation was based on the
quality of the available experimental data® and the close
theoretical relationship between electrostatic potentials and
the equilibrium protonation reaction from which o, is
derived.# The non-parametric technique of Spearman® was
used to calculate the rank correlation coefficient ry(x,y,z)
between V(x,y,z) for the range of molecules and the corre-
sponding o,-parameters. Physically, a value for ry(x,y,z) = 1

+ Present address: Merck, Sharpe and Dohme Research Laboratories,
Neuroscience Research Centre, Terlings Park, Eastwick Road,
Harlow, Essex CM20 2QR.

% All calculations were performed on fully optimised molecular
geometries using MOPAC (V6.0); J. J. P. Stewart, QCPE Program
455, locally modified such that the value of the electrostatic potential
was evaluated throughout a regular 1 A grid extending to 6 A from the
atom centres, ignoring points within the van der Waals radii. This grid
definition was chosen as it yielded a computationally reasonable (ca.
3600) number of points, in which unfavourable steric interactions are
implicitly excluded. Orientation of the molecules was kept consistent
by ensuring the same first three atoms of the benzene ring (starting at
the carbon bearing the CO, or NH, group) were used to define the
internal coordinate system for each substituent. For anilines, one
correlation was performed instead with the HNH atoms fixed, the
sense of pyramidalisation of the nitrogen being the same for all
molecules. For molecules in which there were two minimum energy
conformations for the substituent (OH, OMe and CO,H) MEPs were
derived for both orientations of the substituent and both were
included in the rank correlation analysis.

signifies that the rank order of the value of the MEP at a
common spatial point (x,y,z) for the range of compounds is
exactly the same as the rank of the o,-parameters. Alterna-
tively, ry = — 1 signifies completely opposing ranks, andry, = 0
signifies no correlation. Graphical representation of the three
dimensional iso-valued contours of r(x,y,z) allows identifica-
tion of those regions of the molecules for which the MEP
correlates most highly with the experimentally derived
property, i.e. in this example the Hammett o,-parameter. The
CoMFA technique? uses a more complex partial least-squares
parametric analysis of functions derived from electrostatic and
steric fields of a molecule and suffers from the limitations of
parametric methods in demanding both the rank order and the
absolute magnitude of the input data. CoMFA also requires a
linear relationship between calculable and observed proper-
ties. While simple point-charge-point-charge interactions
should obey the linear free energy paradigm, longer range
interactions of the type revealed by full quantum mechanically
derived MEPs are less likely to do so. Furthermore, the rank
correlation technique should also be applicable to potentially
non-linear properties, such as descriptors of frontier orbitals.

Our results for carboxylic acids show >24% of points with a
correlation above ry(x,y,z) = 0.90 for PM3 and AM1 both
with and without a solvating water molecule (Fig. 1). The
MNDO method showed no correlation above the level
ry(x,y,z) = 0.75. The region of space where high correlations
can be expected is not limited to e.g. minima in the
electrostatic potential>4 and >10% of the evaluated grid of
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Fig. 1 Distribution of rank correlation coefficients between calculated
values of the MEP and the Hammett o,-constants for substituted
benzoic acids, expressed as a percentage having value = r(x,y,z)
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Fig. 2 Three dimensional distribution of values of r(x,y,z), contoured at r = 0.90 (red) and r = (.92 (blue) for substituted benzoic
acids, shown as two orthogonal views for (a) AM1 and (b) PM3 and for substituted benzoic acids solvated by one water molecule, shown as two

orthogonal views for (¢) AM1 and (d) PM3
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Fig. 3 Distribution of rank correlation coefficients between calculated
values of the MEP and the Hammett o,-constants for substituted
anilines, expressed as a percentage having value = r{x,y,z)

points shows a correlation of ry, > 0.95 at the PM3 level (Fig.
1). The spatial distribution of points reveals significant
differences in the AMI1 [Fig. 2(«)]'® and PM3 [Fig. 2()]
methods at the ry = 0.90 level, particularly in the carboxy
oxygen lone pair regions. As the value of r, increases, the
contours tend to focus onto the carboxy group specifically,
thus providing a theoretical descriptor for the site of deproton-

ation. When the carboxy group is solvated with a water
molecule, the PM3 geometry shows a small out of plane
twisting of the CO, group and a significantly non-planar
orientation of the water, the latter result being supported by
ab initic calculations ca related systems.!! The effect of
including this specific hydrogen bonding interaction is to
significantly increase the percentage of values of ry(x,y,z) in
the region 0.9-0.93 for both methods (Fig. 1), although the
three-dimensional distribution of these points is significantly
different (Fig. 2). The addition of this solvent water enhances
the maximum PM3 correlation to ry(x,y,z) = 0.96. That this
occurs in a region of space occupied by the water molecule and
the acid hydoxy lone pairs seems structurally entirely reason-
able. In the region ry(x,y,z) = 0.94-0.95, the inclusion of a
water molecule at the PM3 level in fact decreases the number
of rank correlated points. This is because changes in the
geometry of the coordinated water as a function of the
substituent mean that within our coordinate systemt any given
fixed spatial coordinate (x,y, z) does not bear exactly the same
relationship to the carbonyl function across the series of
substituents. This implies the rank correlation technique, in
common with parametric methods such as CoMFA, is less
useful for systems where geometry or conformation is
particularly sensitive to the remote substituent. Rank correla-
tion of the MEPs derived from a monopolar expansion of the
ZDO derived point charges results in <2% of the grid points
with ry(x,y,z) > 0.90, emphasising the importance of evaluat-
ing the potential quantum mechanically.*

For the p-substituted amines, we note a significant reduc-
tion in the percentage of points with ry(x,y,z) > 0.90 when
using AM1 (Fig. 3). With some substituents (X = NO,) the
nitrogen is planar, whereas with others (X = MeO) it is highly
pyramidal, and the geometry changes mean that the potential
at any one point (x,y,z) over the range of molecules is not in
the same position with respect to the amine group. Hence,
small effects at long range tend to suffer and correlation is
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Fig. 4 Three dimensional distribution of values of r(x,y,z), contoured
atr = 0.90 (red) and r = 0.92 (blue) for substituted anilines, shown as
two orthogonal views for (a) AM1 and (b) PM3

reduced. If the correlation is performed using the position of
the HNH group as a common geometrical descriptor,t the
correlation is preserved, indicating the importance of the
choice of such descriptors. With PM3, the nitrogen (incor-
rectly)1?2 remains pyramidal over the substituent range,
preserving correlation at long range. The spatial distribution
of points at both the AM1 and PM3 levels is associated not
only with the nitrogen lone pair region, but also with the
in-plane region, illustrating that both mesomeric and induc-
tive effects play a role (Fig. 4). If the common substituent
(CO,H or NH,) is omitted entirely, a significantly smaller
number of points show a high rank correlation (Fig. 3),
confirming the important electronic role for the protonating
group in concentrating the correlation with the Hammett
op-parameters.

We believe that rank correlation analysis between calcu-
lated electrostatic potentials and related experimental proper-
ties such as substituent or e.g. binding constants may pro-
vide a facile three-dimensional focus on those regions of the
molecule which are most closely related to the measured
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property, information which for a more complex system may
not be readily available. Such studies on e.g. binding constants
will be reported in future papers.
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