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An Evaluation of Force-Field Treatments of Aromatic Interactions
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Abstract: Experimental measurements
of edge-to-face aromatic interactions
have been used to test a series of
molecular mechanics force fields. The
experimental data were determined for
a range of differently substituted aro-
matic rings using chemical double mu-
tant cycles on hydrogen-bonded zipper
complexes. These complexes were trun-

then carried out in silico using these
truncated systems. Comparison of the
experimental aromatic interaction ener-
gies and the X-ray crystal structures of
these truncated complexes with the
calculated data show that conventional
molecular mechanics force fields (MM2,
MM3, AMBER and OPLS) do not
perform well. However, the XED force

field which explicitly represents electron
anisotropy as an expansion of point
charges around each atom reproduces
the trends in interaction energy and the
three-dimensional structures exceeding-
ly well. Collapsing the XED charges
onto atom centres or the use of semi-
empirical atom-centred charges within
the XED force field gives poor results.

cated for the purposes of the molecular
mechanics calculations so that problems
of conformational searching and the
optimisation of large structures could
be avoided. Double-mutant cycles were
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Introduction

Molecular mechanics has long promised to answer major
questions in molecular recognition, and recent progress in
drug design, the identification of high affinity inhibitors from
virtual combinatorial libraries, the characterisation of protein
folding pathways and the prediction of macromolecular
structure show significant headway is being made.['””] These
developments rely on improvements in computer power,
strategies for searching large structure spaces, treatment of
solvent and improved force fields. The key terms in describing
molecular recognition processes are clearly the non-covalent
parts of the force field, but since the first molecular mechanics
force fields were implemented, little has changed in the
treatment of the intermolecular potential.®? A number of
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Thus the success of XED is not related
to the methods used to assign the atomic
charge distribution but can be directly
attributed to the use of off-atom centre
charges.

supramolecular

factors contribute to the non-covalent interaction between

two molecules in solution:

1) the electrostatic interaction between the static charge
distribution;

2) induction forces as a result of mutual polarisation effects;

3) van der Waals forces; and

4) desolvation.

There are several approaches to describing electrostatic
interactions. The most common is based on the use of atom-
centred charges (ACC). Partial charges are assigned to the
nuclear centres so that the electrostatic interaction between
two molecules, or between different parts of the same
molecule, is then calculated as a sum of interactions using
Coulomb’s law. Atomic charge is not a physical observable, so
it cannot be calculated in an unambiguous way using quantum
mechanics. Therefore, various methods have been developed
to assign ACC charges, 'l and there is considerable debate
about the best way to define charges that reproduce exper-
imental data best. Induction effects are difficult to take into
account computationally, because they are non-additive, but
their contribution in polar molecules is usually small (<5 % of
the total energy) and always favourable.'¥l The van der Waals
interaction results from a balance between attractive long-
range forces and repulsive short-range forces. The Lennard-
Jones 12-6 function describes this situation well, but others
prefer to use the Morse potential.l'> 19 Solvent effects pose a
particularly challenging problem, but play a major role in
molecular recognition in polar solvents such as water. The
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simplest approach to treating desolvation is to change the
value of the dielectric constant (¢) depending on the solvent.
It is also possible to use continuum solvation models (e.g. GB/
SA) specific for certain solvents.'”l Calculations can also be
performed inside boxes full of explicit solvent molecules.!'®!

The development of good quantitative computational
models for non-bonded interactions and the refinement of
molecular mechanics force fields requires good quantitative
experimental data against which they can be tested. There are
many systematic studies based on well-designed supramolec-
ular systems, which provide quantitative data on non-covalent
interactions.l'>3% Nevertheless, the measured interactions are
often strongly influenced by other factors such as neighbouring
secondary interactions, cavity desolvation, or changes in geom-
etry which are not easy to separate. In 1996, we described a
new approach to measuring functional group interactions
based on synthetic hydrogen-bonded complexes and the
double mutant cycle concept.?'=*7) The approach is illustrated
in Scheme 1 for the measurement of an edge-to-face aromatic
interaction. The terminal aromatic interaction of interest in
complex A is fixed in an edge-to-face orientation by the rigid
covalent structures of the molecules and the two hydrogen-
bonding interactions. When complex A is mutated into
complex B, the difference in the stability of the two complexes
(AG, — AGy) is related not only to the aromatic interaction of
interest, but also to changes in hydrogen-bond strength and
other secondary interactions. All these secondary effects can
be quantified by the difference AG.— AGyp, obtained by
mutation of complex C into complex D. Therefore using
Equation (1), it is possible to dissect out the terminal aro-
matic interaction in complex A from all the other secondary
effects:

AAG 0= (AG A — AGp) — (AGe — AGp) = AG — AGy — AGc+AGy (1)

Ga- Gg-Gec+ Gp

Gc-Gp

Scheme 1. The chemical double mutant cycle for experimentally determining the magnitude of the terminal
aromatic interaction in complex A. Y=NO,, H, NMe,. X =p-NO,, H, p-NMe,.*!]
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The individual molecules are essentially rigid so that
experiments are not complicated by losses of internal
conformational degrees of freedom on complexation, and
the free energy difference from Equation (1) reflects the
enthalpy of the specific functional group interaction studied.
The magnitudes of the aromatic interactions measured using
this technique are remarkably sensitive to the substituents on
the two aromatic rings.’® 3% The experimental data correlate
well with the Hammett substituent constants, which suggests
that these differences are primarily electrostatic in origin. This
data set therefore represents an ideal test bed for investigating
the electrostatic term in molecular mechanics force fields. In
this paper, we compare the ACC force fields available in the
MacroModel package (MM2, MM3, AMBER and OPLS)
with the XED force field.> *l XED uses eXtended Electron
Distribution points to provide a more sophisticated descrip-
tion of the distribution of charge around a molecule. The
approach is illustrated for a carbonyl group in Figure 1: For
each atom, an orbital descriptor is defined where a positive
integer charge (n+) is allocated to the nucleus and partial
negative charges are distributed on five “orbital points” or
XEDs. Each XED point can be extended, retracted or
eliminated according to the hybridisation type. This type of
charge distribution allows us to explicitly represent the
electron anisotropy associated with lone pairs and m electrons
and so is expected to have a significant impact on the quality
of calculations involving aro-

matic interactions. a)

::‘_'a—-_:.

Approach: Initially we focused

our attention on the complete b)
structures of the experimental —~—0
complexes in Scheme 1. The
three-dimensional structure of } =
L 32 o

& L -
i 3
[ -&k ot
31

Figure 1. Representations of
the charge distribution in a
carbonyl group. a) The stand-
ard molecular mechanics repre-
sentation uses atom-centred
charges (ACCs) to reflect bond
polarisation (dark grey: posi-
tive, lighter grey: negative).
b) An orbital representation of
the charge distribution, show-
ing out-of-plane m-electron
density and lone pairs. c) The
XED representation designed
to reproduce the anisotropy in
electrostatic potential around
each atom. A charge of n+ is
placed at the nucleus, XED
type 31 represents m-electron
charges and XED types 32 and
34 represent the lone pairs. For
the carbonyl carbon, the lone
pair charges are zero and so are
not shown. The XED charges
and distances from the nucleus
are listed in Table 3 according
to atom type.["¥]
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complex A (X=tBu, Y=H) in @
chloroform was established H H

using  complexation-induced >N EE C.%N

changes in chemical shift from o>/_©_ X e o>/_ CHs

'"H NMR titration experiments, H > :

and a computational structure
determination method devel-
oped in our laboratory.*?l How-
ever, full Monte Carlo confor-
mational searches using four
different force fields (MM2,
MM3, AMBER and OPLS)
failed to consistently find this
structure as the global energy
minimum. Only the MM3 struc-
ture matched the experimental
structure. This reflects short-
comings in the force fields,
which will become clear pres-
ently. Furthermore, full confor-
mational searches would be
very time consuming, if we
wanted to test all nine possi-
ble X and Y substituent combi-
nations (this operation requires
the optimisation of 32 complexes for each force field as
explained below).

The failure of these molecular mechanics methods to
produce structures which correlate with the experimental
NMR data forced us to turn to a simpler model system for
which we have X-ray crystal structure data (Scheme 2a)).[*!
This complex is effectively half of complex A in Scheme 1,
and the hydrogen bonds and edge-to-face aromatic interac-
tions proposed for complex A are clearly present in the dimer

a)
P /©\.F'r

Ea- Ec

&) M., b
% — |
b) % .
.'Pr’©\ﬂ:'r W
‘gm E—

Scheme 2. The intermolecular interactions found in the X-ray crystal
structures of model compound 1 (a) and an overlay of dimers from the
corresponding X-ray crystal structures of a series of seven derivatives (X =
H, NO,, NMe, and Y = Bu, NO,, NMe,) (b).*¥ The structure of the dimer
of 1 was used as a basis for constructing the complexes used in the
molecular mechanics calculations by modifying aromatic rings a, b, ¢ and d
as appropriate.
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Scheme 3. The chemical double mutant cycle used to calculate the magnitude of the terminal aromatic
interaction in complex A using molecular mechanics. Y=NO,, H, NMe,. X =p-NO,, H, p-NMe,.

of 1. The model complex 1 is characterised by two different
edge-to-face interactions, and in both, the benzoyl and aniline
aromatic rings are in van der Waals contact, oriented at 86° to
one another. Solid state studies of a number of these dimers
have shown that the geometry in the complex is unaffected by
the presence of nitro and dimethylamino substituents on the
aromatic rings (Scheme 2b)).[*] The approach therefore is to
assume that the X-ray structure is very close to the optimum
structure and simply to minimise from this starting point. This
system forms the basis for the computational double mutant

cycle illustrated in Scheme 3.

A conformational analysis of the experimental system in
solution has shown that each complex can adopt two
conformations with different patterns of hydrogen bonds
(Scheme 4a)).’31 The position of the equilibrium depends on
the substituents X and Y, and the experimental AG values
used in Equation (1) were therefore a weighted average of the
AG values for the two conformations. We therefore consid-
ered this equilibrium in our calculations. Thus, for each
complex, the a and 8 conformers were minimised separately,
these energies were used to determine the predicted position
of equilibrium, and the population-weighted average energy
was used in the construction of double mutant cycles. The
procedure for calculating the double mutant cycle aromatic
interaction energy (AE) is summarised below:

1) Construct the four a conformation model complexes A —
D shown in Scheme 3 by changing aromatic rings b and ¢ in
the X-ray crystal structure of the X=H, Y=Bu dimer
shown in Scheme 2a).

2) Construct the corresponding four S conformation com-
plexes by changing aromatic rings a and d in the structure
in Scheme 2a).

3) Find the minimum energy (E) for each of the eight
complexes.
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Scheme 4. Conformational equilibria in the experimentally studied complexes (a) and in the model system used

in the calculations (b).

4) Calculate the populations of the a and 8 conformers for
each complex using Equations (2) and (3).

Xa= {1 +exp((E,— Ep)/RT)} ()
=1~ 1a (3)

where y, and y; are the mol fractions of conformer a and
at equilibrium.

5) Calculate the population-weighted average energy (E) for
each complex using Equation (4).

E=y.E.+xEp 4)

6) Determine the double mutant cycle aromatic interaction
energy (AE) using Equation (5).
AE ya=Ey—Eg—Ec—Ep (5)

Using this approach, all 32 complexes required to compute
the nine experimental double mutant cycles were examined
using the MacroModel force fields with GB/SA chloroform
solvation, and the XED force field with diclectric constant
two.

Computational Methods

All the calculations where run on a Silicon Graphics Indigo 2 workstation
using either MacroModel 4.5 or XED. 41l

Construction of complexes: Testing a force field against the experimental
data from the nine double mutant cycles described in the preceding paper
requires the minimisation of 32 complexes: nine pairs of complexes A (nine
in the o and nine in the  conformation), three pairs of complexes B, three
pairs of complexes C and one pair of complexes D. The coordinates of the
dimer of 1 from the X-ray crystal structure was used with the building
options in MacroModel to construct all 32 starting structures required for
the minimisations. The distances and orientations of the aromatic rings and
amide groups were left exactly as they were in the X-ray crystal structure of
1, and MacroModel default bond lengths and bound angles and atom types
were used to add the X and Y substituents or methyl groups. In order to
avoid problems of conformational flexibility, NH, was used instead NMe,
and methyl groups were used in place of fert-butyl and hexyl in the mutated
complexes B, C and D. These simplification have no significant conse-
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quences for the double-mutant cycles.
{ There are no direct contacts to the

NMe, group, and its only role is polar-
isation of the s system. We have
shown experimentally that the tert-
butyl and methyl mutations in com-
plexesB and D produce identical
results, that is there is no Bu-m
interaction in this system.’'? In all
cases, NO, and NH, remained copla-
nar with the aromatic rings.
For the complexes A in the a confor-
mation, the tert-butyl group on aro-
matic ring a and the proton para to the
aniline nitrogen on aromatic ring d
were replaced by the appropriate sub-
stituents X and Y (see Scheme 2a)).
The same operation was performed
for aromatic rings b and ¢, for the
construction of complexes A in the
conformation. The complexes B in the
a and ff conformations were construct-
ed by replacing aromatic rings a or ¢
with methyl groups and by replacing
the proton para to the aniline nitrogen
on aromatic ring d or b with the
relevant substituent Y. The complexes C in the a and 8 conformations
were constructed by replacing aromatic rings d or b with methyl groups and
by replacing the tert-butyl group on aromatic ring a or ¢ with the relevant
substituent X. Finally, the complexes D were obtained by substitution of
aromatic rings a and d with methyl groups for the a conformer and b and ¢
for the § conformer.

MacroModel calculations: MacroModel 4.5 versions of MM2, MM3,

AMBER and OPLS force fields were tested against our experimental

data.’® ¥ All the calculations were run using the following settings:

1) GB/SA continuum model was used for chloroform solvation;

2) Macromodel’s BatchMin program and Polak —Ribiere conjugate gra-
dient (PRCG) minimiser were used;*!

3) 4000 iterations (It/S) were used for energy minimisation of each
structure, which guaranteed complete convergence.

Equations (2)—(5) were then used to calculate the values of AE,,, from

the energies of the 32 minimised complexes.

Conformer

O

o

XED calculations: XED calculations were performed using an updated
version (XED98) of the original force field.l'**) The van der Waals
parameters, XED lengths and charges are reported in Tables 1-3. The
XED charge distribution is generated using a set of generic rules. The
nuclear charges are determined by the number of non-bonded and =
electrons associated with the atom, and the XED charges are generated
using the electron distribution calculated with CHARGE3. The optimum
positions of the XEDs for each atom type have been determined previously
by fitting to experimental data. A new minimisation method was used.
After an energy minimum was found, the program automatically removed
and added all the XEDs and then the minimisation was started again.
This operation was repeated until a stable minimum was found. In this
way, it was possible to overcome spurious potential barriers due to the
presence of complex electrostatic fields associated with XEDs and find a
good reliable and reproducible minimum. The 32 complexes built with
MacroModel were imported into XED, and the atom types were
changed to the correct XED format: C,, for aromatic carbons; Cg, for
the carbonyl carbons; Cg,; for aliphatic carbons; Ny; for amide nitrogens,
for aniline nitrogens and for nitrogens in nitro groups; Oy, for carbonyl
oxygens and Oy, for oxygens in nitro groups. The complexes were
subjected to energy minimisation using either the XED charge distribution
or the corresponding atom centred charges calculated by CHARGE3.%
All the calculations were run using dielectric constant 2 and a maximum
number of iterations of 8000, which guaranteed convergence of the
minimisation.

XED was also used to perform calculations with atom centred charges
derived from semi-empirical AM1 calculations.[*]

Equations (2) —(5) were then used to calculate the values of AE 4 from
the energies of the 32 minimised complexes.
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Table 1. XED van der Waals parameters (E,,;, in kcalmol").[

H C N O
H 0.086 0.091 0.076 0.083
C 0.129 0.121 0.134
N 0.115 0.127
O 0.140

[a] These values are appropriate for the Morse function in the XED force
field. E,qw= Epin (22 —2z), where z=¢e1-RRi) b =constant, R = distance
between i and j, R;; =sum of vdW radii.[*!

Table 2. XED van der Waals radii [A].l

H C N O
H 2.760 3.030 2.750 2.970
C 3.880 3.760 3.450
N 3.330 2.700
O 2.430

Table 3. XED charge distribution lengths [A] and charges [e].[1

XED type
Distance from nucleus [A] Charges [e]
Atom type n+ 31 32 34 31 32 34
C sp? 1 0.450 0.000 0.000 0.500 0.000 0.000
Car 1 0.470 0.000 0.000 0.500 0.000 0.000
N tri 2 0.300 0.000 0.000 1.000  0.000 0.000
O sp? 5 0.300 0.300 0.350 0.500 1.750 0.500
O NO, 5 0.290 0.290 0.290 0.500 1.750 0.500

[a] XED type 31 represents the m-electron density and types 32 and 34
represent lone pair electron density (see Figure 1). n+ is the positive
charge assigned to the nucleus.

Docking experiments on the dimer of 1 in Scheme 2(a) were also
performed using the XEDOCK program to check that the X-ray structure
is really the global minimum in the XED force field.

a)

0
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ab initio Calculations: We also attempted to investigate this sytem using ab
initio methods. However using a 6-31G** basis set, the optimisation of the
dimer of 1 was prohibitive in terms of computational time, and the results
where not satisfactory because of the low quality of the basis set used.
Generally, reliable results for non-bonded interactions can only be
obtained using a basis set, which includes d orbitals.*”l Therefore, a
computational study of our system can only realistically be achieved with
simpler molecular mechanics models.

Structure analysis: Scheme 2b) shows that in the model compounds
polarising substituents do not have a significant effect on the structures
of the complexes. Consequently, the X-ray structure of 1is a good reference
structure for comparing all energy minimised complexes. Each minimised
complex A was imported into XED. The two isopropyl groups, the tert-
butyl group, the substituents X and Y and all the protons were deleted.
Using the command Fit Molecules, the positions of the remaining cores of
the complexes were compared with the structure of the corresponding core
of 1. The RMS difference between calculated and X-ray structures provides
a measure of the quality of the energy minimised structure.

Results and Discussion

MM2, MM3, AMBER, OPLS, and XED were tested against
the experimental edge-to-face aromatic interaction measure-
ments using this approach. The calculated double mutant
cycle energies (AE.,.q) are reported in Table 4, and the details
for each complex are provided in the Supporting Information.
We assume that entropy changes cancel out in the double
mutant cycle, and so the experimental AAG.,,, should be
equivalent to the calculated functional group interaction
enthalpy AE,,.. For the XED force field, this is true
(Figure 2e)). The calculated energy trend correlates well with
the experimental energies (r?>=0.95), and Figure 2 shows that
the force field optimised structures are very close to the X-ray
structure starting point. The other force fields perform less
well in terms of energy and structure (Figures 2 and 3). The
MM2 and MM3 results show some correlation with the
experimental energies: all the points lie in between those from
the repulsive interaction due to X=Y=NO, and the

6 4 2 0 2 6 -4 2 0 2

9 h)

0 0

-5 .. -10 . * . o
-10 . 'gg /
BT T .

_20 . . _50

-25 . 60 ..

30 + -70

6 4 2 0 2 6 4 -2 0 2

Figure 2. Comparison of the calculated molecular mechanics double mutant cycle interaction energies, AE,,.q [k mol~'], with the experimental values,
AAG, ., [kImol™']. The correlation coefficients (r) for the best fit straight lines shown are a) MM2 0.69, b) MM3 0.60, c) OPLS 0.33, d) AMBER 0.20,
e) Standard XED 0.95, f) dielectric constant 4 in XED 0.01, g) CHARGE3 ACCs in XED 0.01, h) AM1 ACCs in XED 0.65.
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Table 4. Aromatic interaction energies (AE,,4 in kI mol™') calculated using the double mutant cycle in Scheme 3.
X Y MM2 MM3 AMBER OPLS XED XED ACC XED ACC XED
e=4 CHARGE3 AM1

NO, NO, -322 2.08 —6.08 —7.68 -0.82 —17.84 —17.83 11.09
H NO, —5.04 —-1.03 —17.83 —-10.78 —5.48 —20.80 —20.16 —-12.17
NH, NO, —12.24 —5.35 —18.69 —17.95 —7.44 —14.04 —25.46 —53.70
NO, H —8.93 —-1.78 —11.02 —12.27 —10.24 —18.64 —11.39 —17.04
H H —6.59 —0.66 —5.57 —2.90 —6.47 —19.38 —-7.33 —-4.99
NH, H —-7.19 1.07 —6.96 —-7.27 —-6.93 —-11.14 —14.26 —22.20
NO, NH, —18.33 —15.49 —20.80 —20.56 —15.65 —17.67 —19.94 —23.95
H NH, -7.12 —1.53 —7.63 —18.28 =777 —-1543 —6.35 —60.13
NH, NH, —8.09 0.06 —-9.33 —10.09 —6.88 —538 —6.38 —34.53
strongest attraction due to X=NO, and Y=NH,. The OPLS a
and AMBER results are far from the ideal energy trend. The 08
poor RMS values are due to face-to-face stacking interactions - ; - b
in the minimised complexes rather than edge-to-face geo- ";'; o6] " * f l:j oL :5 a2
metries. 2 Aoy s Ay SaE

E 044 -

So why does the XED force field work so well ? The major
difference between XED and the MacroModel force fields is
the treatment of the electrostatic term in the non-covalent
potential as illustrated in Figure 1. XED allows us to explicitly
represent the electron anisotropy associated with lone pairs
and x electrons and so might be expected to have a significant
impact on the quality of calculations involving aromatic
interactions. To confirm this, the sensitivity of the XED
calculations to the nature of the charge distribution was
investigated further. Firstly, we checked that the X-ray
structure used as the starting point for the calculations really
is a global minimum in the XED force field. We performed a
conformational search with the XEDOCK program to dock
the two monomeric units of the dimer in Scheme 2a). The
lowest energy structure was very close to the X-ray structure
(RMS difference in heavy atom position =0.17 A). Next, we
investigated the use of ACCs in the XED force field. We ran
one set of calculations using ACCs from CHARGES3 (this
essentially collapses the XEDs onto the atomic centres) and
one set of calculations with ACCs from MOPAC6 (AM1 basis
set). The plots in Figure 2g) and h) show that the good
correlation obtained using XED charges is lost in both cases.
Also the RMS differences in structure were large, because
stacking interactions were preferred to the edge-to-face
orientations (Figure 3). Therefore, we conclude that the
major factor that enables XED to reproduce the trend in
edge-to-face aromatic interaction energies is the more
sophisticated charge distribution (Figure 1).

We have so far ignored the effects of solvent on the XED
calculations. The calculations were carried out using the
standard dielectric constant of 2 with no explicit treatment of
solvent. The effects of desolvation in chloroform are relatively
small, and differences within a double-mutant cycle are
probably similar across the X, Y series. However, the slope
of the XED correlation plot in Figure 2 is 2.2 not 1.0, and we
suspected that this reflected the influence of solvent polarity
on the electrostatic interactions. That is the differences
between the experimental interaction energies are damped
by the dielectric of the solvent. We therefore performed the
calculations again but using a dielectric constant of 4.

Chem. Eur. J. 2002, 8, No. 13
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Figure 3. Comparison of the three-dimensional structures of the core of
the starting point X-ray crystal structure with the cores of the complex-
es optimised using molecular mechanics: a) shows the data for the a
conformation complexes and b) shows the data for the  conformation
complexes. A MM2, & using MM3, A using OPLS, o using AMBER, e
using XED, * using XED with dielectric constant 4, o using XED with
CHARGE3 ACCs, o using XED with AM1 ACCs.

However, at dielectric constant 4, the XED force field did not
perform well due to significant changes in the structures of the
complexes (see Figures 2 and 3). This is not that surprising
given that the force field was parameterised with a dielectric
constant of 2, and changing this value changes the balance
between the electrostatic and van der Waals contributions.
We propose that the dielectric constant of 2 corresponds to
the true internal dielectric for molecular surfaces which are in
close contact in the complex, and the slope of the straight line
in the correlation plot in Figure 2e) is related to a different
effect caused by desolvating the weakly polar chloroform
molecules from the interacting groups. The role of the solvent
is in reducing the magnitude of the total electrostatic

0947-6539/02/0813-2865 $ 17.50+.50/0 2865
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interaction, but it has no effect on the relative magnitudes of
the specific interactions between atoms in close contact that
determine the three-dimensional structure of the interaction
interface. Thus in the XED force field, a dielectric constant of
2 is appropriate for accurately predicting the three-dimen-
sional structure of a complex and for predicting the relative
magnitudes of the functional group interactions involved, but
to quantitatively predict interaction energies, a further factor
of 2 must be applied to the total electrostatic interaction to
account for the effects of desolvation. It is important to note
that this is not the same thing as a dielectric constant of 4
which causes a change in the structure of the complex,
because it alters the balance of van der Waals and electro-
static forces in the interaction interface. This hypothesis could
be experimentally tested by measuring the set of aromatic
interactions in another solvent.

Conclusion

These experiments clearly demonstrate that a good electro-
static description is necessary in order to model non-covalent
interactions due to electron anisotropy such as aromatic
interactions. The XED force field performs much better than
the ACC force fields examined, because a more sophisticated
treatment of electrostatic interactions reproducing multipoles
arising from x electrons and lone pairs. In the MacroModel
force fields, the van der Waals contribution tends to dominate,
and this disproportionately favours stacked geometries.
Clearly ACC force fields have been improved by fitting the
electrostatic potential calculated by quantum mechanics to
charges (Kollman’s ESP and RESP are good examples).[*!
However, in this kind of approach each molecular fragment
needs to be analysed separately which is time consuming for
complex molecules and unrealisable for conformationally
flexible systems where the potential surface depends on the
conformation. XED overcomes these drawbacks with off-
atom charges that use an empirical charge generator to take
into account electronegativity and electron drift through
bonds. The results described above clearly demonstrate the
validity of the XED philosophy.
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