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Group contributions to the free energy of solvation in water and octanol as well as to the octanol/water partition
coefficient have been determined from Miertus-Scrocco-Tomasi continuum calculations. Particular attention is
paid to the influence exerted by the procedure used to carry out the charge normalization in the MST model, as
well as to the formalism of the partitioning scheme. A good agreement is found between the group contributions
calculated by using different charge normalization and partitioning schemes in a series of structurally related
drug-like molecule. Finally, the transferability of the group contributions determined for common chemical
fragments along the series of molecules is discussed.

1 Introduction

The relevance of solvation in modulating the biological ac-
tivity of drugs is well known for decades [1-4]. In fact,
solvation influences the activity of a drug at two different-
complementary levels. First, the drug must be soluble in
aqueous environments, but it has to pass biological mem-
branes which are strongly apolar. Accordingly, a proper bal-
ance between the global hydrophilic and lipophilic proper-
ties of the drug is required to ensure a correct distribution
profile in the organism [5]. Second, binding to the target re-
ceptor implies that the drug (and the receptor) must be par-
tially or totally desolvated. This energetically unfavourable
process must be counterbalanced by the formation of suit-
able contacts between the drug and the receptor, which sug-
gests that there must exist some complementarity between
the electrostatic, steric and hydrophobic properties of the
drug and the receptor binding site [6]. Therefore, not only
the total free energy of solvation, but also the tridimensional
distribution of polar and apolar regions along the molecu-
lar skeleton should be considered to understand biological
activity of molecules [7].

The three dimensional representation of solvation can
be obtained by means of the concept of group contribution
[7]. These parameters are typically derived from empiri-
cal schemes. In some of these methods the contribution
of a given fragment is calculated from the difference be-
tween the property values for related molecules in a homol-

ogous series, i. e. a compound bearing that fragment and
the unsubstituted (reference) compound [8-10]. In the oth-
ers, the molecules are subdivided into different fragments
(atoms, functional groups) and their contributions are de-
termined by using a suitable fitting procedure [for instance,
see Refs. 11-13]. Those fragment-additive schemes assume
that each fragment contribute a constant amount to the ther-
modynamic quantity, which can be estimated by adding the
contributions of the different groups in the molecule. How-
ever, the near-independence on the molecular environment
might also limit their use for the quantitative description of
the solvation around molecules.

In the last years theoretical methods have been devel-
oped for the calculation of fragment contributions to the sol-
vation free energy, particularly in the framework of quantum
mechanical (QM) continuum solvation methods [14,15].
Thus, fractional methods based on the GB/SA methods have
been developed by Cramer and Truhlar [16,17]. Our own
group has developed also similar algorithms using the solva-
tion method developed by Miertus-Scrocco-Tomasi (MST)
model [18,19]. Though these methods demand a sizeable
computational effort for large-sized molecules, they have the
main advantage that the contributions are computed consid-
ering explicitly the molecular environment.

Following our previous studies, we examine here the in-
fluence of the MST-charge normalization procedure on the
computed group contributions. Attention is also paid to the
comparison between two different partitioning schemes de-
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fined in the context of NDDO-based QM MST calculations.
Finally, the transferability of the group contributions within
a series of structurally related drug-like molecules is also
discussed.

2 Theoretical framework

2.1 The MST continuum model

The solvation process is divided in three stages [20]: i) gen-
eration of a cavity in the solvent, ii) insertion of the “un-
charged” solute, and iii) generation of the solute charge dis-
tribution. Accordingly, the solvation free energy,∆Gsol,
can be computed as the addition of cavitation(∆Gcav), van
der Waals (∆GvW ) and electrostatic (∆Gele) components
(Eq. 1).

∆Gsol = ∆Gcav + ∆GvW + ∆Gele (1)

The cavitation free energy is determined following
Pierotti’s scaled particle theory [21] adapted to molecular
shaped cavities by using the procedure proposed by Claverie
[22]. Thus, the cavitation free energy of atomi, ∆GC−P,i, is
determined weighting the contribution of the isolated atom,
∆GP,i, by the ratio between the solvent-exposed surface of
such an atom,Si, and the total surface of the molecule,ST ,
as noted in Eq. 2, where N is the number of atoms.

∆Gcav =
N∑

i=1

∆GC−P,i =
N∑

i=1

Si

ST
∆GP,i (2)

The van der Waals term is computed using a linear re-
lationship to the solvent-exposed surface of each atom, as
noted in Eq 3, where∆GvW,i is the van der Waals free en-
ergy of atomi, andξi is the atomic surface tension, which
is determined by fitting to the experimental free energy of
solvation [23-25].

∆Gvdw =
N∑

i=1

∆Gvdw,i =
N∑

i=1

ξiSi (3)

Finally, the electrostatic contribution is determined as-
suming that the solvent is a continuum polarizable medium,
which reacts against the solute charge distribution. Follow-
ing the original formalism of the Pisa’s Polarizable Contin-
uum Model [14, 26], the reaction field generated by the sol-
vent is introduced as a perturbation operator,V̂R, into the
Schr̈odinger equation (Eq. 4). Such a perturbation operator
is expressed in terms of a set of imaginary charges located
on the solute cavity (Eq. 5), which are obtained by solving
the Laplace equation with suitable boundary conditions (Eq.
6).

(
Ĥo +

1
2
V̂R

)
Ψ = EΨ (4)

V̂R =
M∑

j=1

qj

|rj − r| (5)

whereM is the total number of surface elements,j, in which
the solute cavity is divided andqj denotes the set of charges
(located atrj) that represents the solvent response.

qj = −ε− 1
ε

Sj

(
∂VT

∂n

)

j

(6)

whereVT is the total electrostatic potential, which includes
both solute and solvent contributions,n is the unit vector
normal to the surface elementj, Sj is the area of the surface
elementj, andε is the solvent dielectric constant.

Finally, the electrostatic component of∆Gsol is deter-
mined as noted in Eq. 7, where the index “sol” means
that the perturbation operator is adapted to the fully relaxed
charge distribution of the solute in solution, and the index
“o” stands for the gas phase environment.

∆Gele = 〈Ψsol

∣∣∣∣Ĥo +
1
2
V̂ sol

R

∣∣∣∣ Ψsol〉 − 〈Ψo
∣∣∣Ĥo

∣∣∣ Ψo〉 (7)

2.2 Charge normalization

A delicate issue in the MST (and PCM) model is the treat-
ment of the charge normalization, which is necessary owing
to two different effects: i) the solute charge density that lies
outside the cavity, and ii) the numerical errors due to tes-
sellation of the cavity surface. Accordingly, the sum of the
apparent surface charges,Qσ =

∑
j

qj , do not satisfy the

relationship given by Eq. 8, whereQM denotes the total
charge of the solute, and the error in the charges is given by
∆σ = Qtheor −Qσ, whereQtheor = − ε−1

ε QM .

Qσ = −ε− 1
ε

QM (8)

The original MST model [26] takes into account the
charge normalization by using the expressions given in Eqs.
9a-b, whereQ+

σ andQ−σ denote the sum of positive and neg-
ative apparent charges, respectively.

q′j = qj [1 + ∆σ/(2Q+
σ )] for qj > 0 (9a)

q′j = qj [1 + ∆σ/(2Q−σ )] for qj < 0 (9a)

Further efforts carried out by the Pisa group [27, 28]
have given rise to a most elaborate treatment of the charge
compensation, which allows us to treat separately the two
sources of errors and presumably is better suited to ac-
count for local effects related to the asymmetry of the elec-
tron charge distribution. The new approach relies on two
main features. First, the introduction of separate factors for
the apparent charges induced by the nuclei (fZ) and the
electrons(fe), which makes possible the direct correction of
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the numerical errors on the nuclear part due to the discretiza-
tion of the cavity (Eq. 10). Second, the explicit calculation
of the charge density outside the cavity (Qout) which is de-
termined from the flux of the solute electric field through
the cavity surface (Eq. 11). By calculating with accuracy
Qout, and by taking into account its effect through an extra
set of apparent charges, the solvent response induced by the
electron charge density inside the cavity (Qin) is then only
affected by the numerical errors due to tessellation of the
cavity (Eq. 12).

fZ
∑

j

qZ
j = −ε− 1

ε
QZ

M (10)

Qout = −(Qe
M −Qin) = −(Qe

M +
1
4π

∫

S

EM (s) ·ns · ds)

(11)

whereEM (s) is the electric field created at each tessera of
the cavity.

fe
∑

j

qe
j = −ε− 1

ε
Qe

in,M (12)

2.3 Partitioning of the free energy of solvation

Partitioning of the non-electrostatic terms into atomic con-
tributions is straigthforward, since they are related to the
solvent-accessible surface of atoms see Eqs. 2 and 3). The
partition of the electrostatic term is more difficult, but can
be achieved by using a perturbation treatment of the mutual
polarization between solute and solvent, which allows us to
rewrite Eq. 7 as noted in Eq. 13 [29].

∆Gele = 〈Ψo

∣∣∣∣
1
2
V sol

R

∣∣∣∣ Ψo > (13)

Since Eq. 13 computes the electrostatic component from
the interactions between the charge distribution of the solute
with the set of apparent charges

{
qsol
j

}
that define the sol-

vent reaction field (see Eq. 5), it allows us to decompose
∆Gele into atomic contributions, as noted in Eq. 14. This
procedure, which can be implemented in both semiempiri-
cal andab initio versions of the MST model, computes the
fractional contributions to∆Gele of a given atomifrom the
interaction energy between the whole charge distribution of
the molecule with the apparent charges located at the sur-
face elements pertaining to the portion of the cavity gener-
ated from that atom. This scheme will be denoted hereafter
surface-basedpartitioning method.

c

∆Gele =
N∑

i=1

∆Gele,i =
N∑

i=1

1
2

M∑

j = 1
j ∈ i

N∑

k=i





∑

µ∈k

∑

ν∈k

Pµν〈χµ

∣∣∣∣
qj

|rj − r|

∣∣∣∣ χν〉

 + Zi

qj

|rj − r|


 (14)

d

whereχ stands for the basis of atomic orbitals, andPµν is
theµν element of the one-electron density matrix.

In the framework of NDDO-based methods, an alterna-
tive partitioning can also be envisaged, as noted in Eq. 15.
Accordinhly, the fractional contribution of a given atomi
is determined from the interaction energy between the ele-

mentsµν associated to the atomi with the whole set of ap-
parent charges spread over the cavity. This approach, which
has already been examined by treating the solute charge dis-
tribution at the classical level [30], is denotedatom-based
partitioning scheme.

c

∆Gele =
N∑

i=1

∆Gele,i =
N∑

i=1

1
2

M∑

j=1





∑

µ∈i

∑

ν∈i

Pµν〈χµ

∣∣∣∣
qj

|rj − r|

∣∣∣∣ χν〉

 + Zi

qj

|rj − r|


 (15)

d

Whatever the method chosen to partition the electrostatic
component, the solvation free energy can be then expressed
in terms of atomic contributions,∆Gsol,i (Eq. 16). ∆Gsol =

N∑

i=1

∆Gsol,i =
N∑

i=1

(∆Gele,i + ∆GC−P,i + ∆GvW,i)

(16)
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Figure 1. Schematic representation of the chemical structure of tacrine-like compounds.

Compound X Y R’ R” Z
1a CH2 CH2 H H CH2

1b CH2 CH2 H H O
2a CH2 CH2 H F CH2

2b CH2 CH2 H F O
3a CH2 CH2 Cl H CH2

3b CH2 CH2 Cl H O
4a CH2 CH2 H Cl CH2

4b CH2 CH2 H Cl O
5a CH2 CH2 H OCH3 CH2

5b CH2 CH2 H OCH3 O
6a CH2 CH2 H CH3 CH2

6b CH2 CH2 H CH3 O
7a CH2 N H H CH2

7b CH2 N H H O
8a N CH2 H H CH2

8b N CH2 H H O

2.4 Technical details of the simulations

Calculations were performed for a series of compounds
closely related to tacrine (i.e., the first drug approved by
the FDA for the treatment of Alzheimer’s disease [31]; see
Fig. 1). This series of molecules was chosen because it al-
lows us to analyze the group contributions for three distinct
fragments. First, the central 4-aminopyridine unit, which
is common to all the compounds. Second, the alicyclic Z-
(CH2)3 fragment, with Z being CH2 or O (denoted bya and
b, respectively, in the numbering of the compounds). Third,
the aromatic X-Y-C(R’)-C(R”) fragment, which supports all
the chemical differences between compounds, mainly in-
volving the presence of several heteroatoms. These chem-
ical differences are exploited here to also examine the trans-
ferability of the contributions to the free energy of solvation
and to the partitioning coefficient exerted by the common
groups along the series of molecules.

MST calculations were performed in water and in oc-
tanol, which allows us to discuss the differential trends of
the solvation in the two solvents. The standard parameters
of the MST model [23-25] were used in all the calculations.
Geometries of the compounds were optimized at the HF/6-
31G(d) and AM1 levels in the gas phase and kept frozen
in MST calculations. For the surface-based partitioning
scheme, calculations were done at both HF/6-31G(d) and
AM1 levels. With respect to the atom-based approach, cal-
culations were carried out only at the AM1 level. MST cal-

culations were carried out using local versions of MOPAC
[32] and MonsterGauss [33] programs.

3 Results and discussion

The electrostatic component,∆Gele, of the free energy of
solvation in water and octanol for the series of tacrine-like
compounds determined from MST-HF/6-31G(d) and MST-
AM1 calculations are shown in Table 1. As expected from
the presence of polar groups, there is a significant contri-
bution of the electrostatic term to the solvation of neutral
compounds in water (∆Gele values varying from -9 to -20
kcal/mol). Compared to the results obtained in water, the
electrostatic free energy in octanol is reduced by around
60%, reflecting the lower polarity of octanol compared to
water.

The HF/6-31G(d) results determined by using the two
charge normalization procedures are very similar, as noted
in the small magnitude of the mean-signed error (mse≤0.4)
and root-mean square deviation (rmsd≤0.3), as well as in
the scaling coefficient of the regression equations, which is
close to unity (see Table 1). In fact, the differences aris-
ing from the two charge normalization schemes are clearly
smaller than those due to the use ofab initio and semiem-
pirical versions of the MST continuum model, especially for
the solvation in water. This finding is also clearly reflected
in the electrostatic component of the octanol/water partition
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Table 1. Electrostatic component of the solvation free energy (kcal/mol) for the tacrine-like compounds determined from
MST-HF/6-31G(d) and MST-AM1 calculations. MST-HF/6-31G(d) calculations were performed by using two different charge
normalization procedures (see text). The statistical analysis of the results (mse: mean signed error; rmsd: root-mean square
deviation; c: scaling coefficient of the regression equationy = cx; r: Pearson’s correlation coefficient) is performed by using
the HF/6-31G(d) (Eq. 12) results as reference data.

Compound
Water Octanol
HF/6-31G(d)
Eq. 9

HF/6-31G(d)
Eqs. 10,12

AM1
Eq. 9

HF/6-31G(d)
Eq. 9

HF/6-31G(d)
Eq. 10,12

AM1
Eq. 9

1a -10.7 -11.2 -13.6 -4.6 -4.9 -6.6
1b -14.8 -15.3 -18.4 -6.7 -7.2 -3.5
2a -8.8 -9.2 -11.3 -3.5 -3.7 -5.5
2b -12.9 -13.1 -15.7 -5.6 -5.9 -4.1
3a -10.2 -10.8 -12.3 -4.5 -4.7 -6.0
3b -14.2 -14.6 -17.1 -6.7 -6.8 -3.4
4a -8.7 -8.8 -10.9 -3.2 -3.5 -5.3
4b -12.5 -12.5 -14.6 -5.5 -5.6 -4.6
5a -10.4 -10.9 -14.5 -4.6 -4.8 -6.6
5b -14.6 -14.8 -18.4 -6.8 -7.0 -4.2
6a -10.5 -10.4 -13.3 -4.2 -4.4 -6.4
6b -14.4 -14.3 -17.7 -6.5 -6.7 -6.7
7a -17.1 -16.8 -19.6 -7.3 -7.5 -9.3
7b -20.9 -20.9 -24.4 -10.2 -10.1 -5.0
8a -13.2 -13.2 -15.0 -5.5 -5.6 -7.0
8b -16.8 -17.2 -18.7 -7.9 -7.8 -6.6
mse -0.2 -2.8 0.2 -0.3
rmsd 0.3 2.9 0.2 0.5
c 1.01 1.2 1.00 1.06
r 1.00 0.97 1.00 0.99

Table 2. Electrostatic contribution to the octanol/water partition coefficient for the tacrine-like compounds determined from
MST-HF/6-31G(d) and MST-AM1 calculations.

Compound HF/6-31G(d)
Eq. 9

HF/6-31G(d)
Eqs. 10,12

AM1
Eq. 9

1a -4.4 -4.6 -6.7
1b -5.9 -6.0 -8.6
2a -3.9 -4.1 -5.7
2b -5.3 -5.3 -7.5
3a -4.2 -4.5 -6.0
3b -5.5 -5.7 -8.2
4a -4.0 -3.8 -5.5
4b -5.1 -5.1 -6.8
5a -4.3 -4.4 -7.3
5b -5.7 -5.8 -8.7
6a -4.6 -4.4 -6.6
6b -5.8 -5.6 -8.3
7a -7.2 -6.8 -9.5
7b -7.8 -7.9 -11.1
8a -5.6 -5.6 -7.3
8b -6.5 -6.8 -8.6
msea 0.0 -2.3
rmsd 0.2 2.3
c 1.00 1.41
r 0.98 0.94

aSee legend to Table 1.
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coefficient (log P ele
o/w; see Eq. 17), as noted in the results

shown in Table 2, which evidence the close similarity in the
log P ele

o/w values obtained from the two charge normalization
procedures. In summary, no big changes can be expected in
the total free energy values due to the use of different charge
normalization procedures.

log P ele
o/w = −∆Gele(water)−∆Gele(octanol)

2.303RT
(17)

The group contributions to∆Gele and log P ele
o/w of the

three structural fragments are given in Table 3. Due to the
chemical modifications in the aromatic X-Y-C(R’)-C(R”)
fragment, the contribution of this fragment is very different
along the series of compounds (for instance, it varies from
around -1 to -7 kcal/mol for the hydration free energy). In
contrast, a roughly constant contribution is found for the ali-
cyclic Z-(CH2)3 unit, with average values of -0.6 (-0.3) and
-4.2 (-1.8) kcal/mol for the solvation in water (octanol) of
compounds1a-8a (Z=CH2) and1b-8b (Z=O), respectively.
In turn, the contribution tolog P ele

o/w of the Z-(CH2)3 frag-
ment is rather constant (see Table 3), it being on average
0.3 for Z=CH2 and -1.6 for Z=O (in logP units). Finally,
the average contribution of the 4-aminopyridine unit, which
is common to all the molecules, to the solvation in water
amounts to -8.4 kcal/mol, though it varies in a range of near
4 kcal/mol for the different compounds. A similar behaviour
is found for the solvation in octanol (average contribution of
-3.5 kcal/mol), where it varies in a range of near 3 kcal/mol.
As a result, the 4-aminopyridine fragment has an average
contribution of 3.6 logP units, though the values obtained for
the series of compounds vary by around 1 logP unit. These
findings reveal the large influence played by the chemical
environment, specially for the hydration free energy, which
makes it necessary to be cautious about the transferability of
the group contributions to the solvation free energy.

Table 3 also shows that the two charge normalization
schemes provide generally very similar group contributions
to the solvation for the three distinct units. Thus, the aver-
age difference for the group contributions to the solvation in
octanol amount to 0.1 kcal/mol. Slightly larger differences
are found for the solvation in water, specially for the con-
tribution due to the aromatic X-Y-C(R’)-C(R”) fragment, as
expected from the occurrence of chemical modifications in-
volving heteroatoms. However, the differences are on av-
erage less than 0.8 kcal/mol. Accordingly, the group con-
tributions tolog P ele

o/w are not largely affected by the charge
normalization procedure (average error 0.4 logP units; see
Table 3).

Based on the preceding results, it can be stated that the
two charge normalization formalisms behave similarly for
the series of tacrine-like compounds examined here, which
gives support to the conclusions derived previously for se-
lected small organic compounds [28]. Moreover, its influ-
ence on the group contributions is sensibly smaller than the
effect exerted by the chemical environment. Nevertheless,
the appearance of significant differences between the two

procedures for molecules having a larger anisotropy in the
charge distribution might not be ruled out.

Let us now turn our attention to the dependence of the
group contributions on the scheme adopted to partition the
solvation free energy. As noted above, two different par-
titioning schemes of∆Gele can be defined in the context
of MST-AM1 calculations. In thesurface-basedapproach
(Eq. 14), the fractional contribution of a given atom is de-
termined from the interaction of the whole molecule with
the solvent’s reaction field generated in the solvent-exposed
surface of such an atom. On the contrary, in theatom-based
approach (Eq. 15) it is determined from the interaction of
the atom with the solvent’s reaction field in the entire sur-
face of the molecule.

In principle, for compounds having particular structural
features the two partitioning schemes might provide very
different results. However, in practice, for the series of
tacrine-like compounds, our results indicate that the two par-
titioning schemes provide very similar group contributions
to both∆Gele andlog P ele

o/w (see Table 4). Thus, the largest
differences amount to around 0.7 and 0.5 kcal/mol for the
fragmental contributions to the solvation in water and in oc-
tanol, and to around 0.3 logP units for the partition coeffi-
cient. This agreement strongly supports the qualitative value
of the fractional contributions derived here, since they do not
appear to be very dependent on the arbitrary selection of a
given partitioning scheme [30].

To investigate the transferability of the group contribu-
tions to both∆Gele and log P ele

o/w, each of these quantities
(X) was calculated (see Eq. 18) by adding the contribution
of the X-Y-C(R’)-C(R”) fragment to the average contribu-
tion (X)determined for the 4-aminopyridine unit, which is
common to all the molecules, and for the Z-(CH2)3 frag-
ment, which is shared by compounds1a-8a (Z=CH2) and
1b-8b (Z=O). The thermodynamic quantities estimated from
Eq. 18 were subsequently compared with the values deter-
mined for the whole molecule from QM MST-HF/6-31G(d)
calculations.

X = X
X−Y−C(R′)−C(R”)

+ X4−a min opyridine
+ X

Z−(CH2)3

(18)
The results of the statistical analysis are shown in Table

5. Overall, the mse between the fragment-additive and QM
values is close to zero in all cases. Moreover, the fragment-
additive and QM results correlate very well(0.91 < r <
0.95), and the scaling coefficients are close to unity. How-
ever, the rmsd amounts to 0.9 and 0.6 kcal/mol for the solva-
tion in water and octanol, thus reflecting the nonnegligible
effect due to the chemical environment on the fragmental
contribution of the 4-aminopyidine unit (see above), which
is the common structural unit along the series of compounds.
This effect, nevertheless is less apparent for the electrostatic
component of the octanol/water partition coefficient, since
the rmsd between the fragment-additive and QM values is
reduced to only 0.3 (in logP units).
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Table 3. Group contributions to the electrostatic component of the free energy of solvation (kcal/mol) and to the octanol/water partition
coefficient determined for the three basic units (see Scheme 1) of the tacrine-like compounds. Contributions obtained from MST-HF/6-
31G(d) calculations considering two charge normalization procedures (see text) and the surface-based partitioning approach.

Soteras et al., september 2003

- 21 –

Compound Aromatic 4-aminopyridine Alicyclic
Eq. 9 Eqs. 10,12 Eq. 9 Eqs. 10,12 Eq. 9 Eqs. 10,12

)water(eleG∆
1a -0.9 -2.0 -9.3 -8.5 -0.5 -0.7
1b -0.9 -2.1 -9.4 -9.4 -4.5 -3.9
2a -1.0 -1.6 -7.4 -7.1 -0.4 -0.6
2b -0.8 -1.5 -7.9 -8.0 -4.1 -3.6
3a -1.6 -2.0 -7.7 -7.7 -0.9 -1.1
3b -1.5 -2.0 -8.3 -8.5 -4.4 -4.1
4a -1.1 -1.7 -7.1 -6.4 -0.5 -0.7
4b -0.9 -1.6 -7.4 -7.3 -4.2 -3.7
5a -1.8 -2.9 -8.5 -7.6 -0.1 -0.4
5b -1.7 -2.9 -8.6 -8.3 -4.3 -3.6
6a -1.0 -1.9 -8.8 -7.6 -0.6 -0.9
6b -1.0 -2.1 -8.9 -8.3 -4.5 -3.9
7a -7.0 -6.5 -9.5 -9.5 -0.6 -0.8
7b -6.5 -6.6 -10.0 -10.2 -4.5 -4.2
8a -5.0 -4.5 -7.3 -7.6 -0.9 -1.0
8b -4.4 -4.6 -8.1 -8.6 -4.3 -4.0
∆ ∆ ∆ ∆ a -0.5

-0.7
0.5
0.0

-0.2
0.5

)octanol(eleG∆
1a -0.8 -1.0 -3.6 -3.7 -0.2 -0.3
1b -0.9 -1.1 -4.1 -4.3 -1.8 -1.8
2a -0.7 -0.8 -2.6 -2.6 -0.2 -0.3
2b -0.6 -0.8 -3.2 -3.4 -1.8 -1.8
3a -0.9 -1.0 -3.2 -3.3 -0.4 -0.4
3b -0.9 -1.0 -3.9 -3.9 -2.0 -2.0
4a -0.7 -0.8 -2.3 -2.4 -0.3 -0.3
4b -0.6 -0.7 -3.1 -3.1 -1.8 -1.8
5a -1.4 -1.5 -3.1 -3.2 -0.1 -0.1
5b -1.4 -1.6 -3.7 -3.7 -1.7 -1.7
6a -0.9 -1.0 -3.0 -3.0 -0.3 -0.4
6b -0.9 -1.1 -3.7 -3.8 -1.8 -1.8
7a -3.0 -3.0 -4.0 -4.2 -0.3 -0.3
7b -3.1 -3.1 -5.1 -5.1 -2.0 -2.0
8a -2.1 -2.0 -2.9 -3.1 -0.4 -0.5
8b -2.1 -2.1 -3.8 -3.8 -2.0 -1.9
∆∆∆∆ a -0.1

-0.1
-0.1
-0.1

0.0
0.0

ele

woP /log
1a -0.1 -0.7 -4.2 -3.6 -0.2 -0.3
1b  0.0 -0.7 -3.9 -3.8 -2.0 -1.5
2a -0.2 -0.6 -3.5 -3.3 -0.1 -0.2
2b -0.2 -0.5 -3.4 -3.4 -1.7 -1.4
3a -0.5 -0.8 -3.3 -3.2 -0.3 -0.5
3b -0.4 -0.8 -3.2 -3.4 -1.8 -1.5
4a -0.3 -0.6 -3.5 -2.9 -0.2 -0.3
4b -0.2 -0.6 -3.2 -3.0 -1.8 -1.4
5a -0.3 -1.0 -3.9 -3.3 0.0 -0.2
5b -0.2 -0.9 -3.6 -3.4 -1.9 -1.5
6a -0.1 -0.7 -4.3 -3.4 -0.2 -0.4
6b -0.1 -0.7 -3.8 -3.3 -2.0 -1.5
7a -2.9 -2.6 -4.1 -3.9 -0.2 -0.4
7b -2.5 -2.6 -3.6 -3.7 -1.8 -1.6
8a -2.1 -1.8 -3.2 -3.3 -0.3 -0.4
8b -1.7 -1.8 -3.2 -3.5 -1.7 -1.6
∆∆∆∆a -0.3

-0.4
0.4
0.1

-0.1
0.3

aDifference in the group contributions determined with the two charge normalization schemes for compounds1a-8a (top) and1b-8b
(bottom).



Ignacio Soteraset al. 55

Table 4. Group contributions to the electrostatic component of the free energy of solvation (kcal/mol) determined for the three basic units
(see Scheme 1) of the tacrine-like compounds. Contributions obtained from MST-AM1 calculations considering surface- and atom-based
partitioning schemes.
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Aromatic 4-aminopyridine AlicyclicCompound

Eq. 14 Eq. 15 Eq. 14 Eq. 15 Eq. 14 Eq. 15

)water(eleG∆
1a -1.5 -1.0 -12.1 -12.5 0.0 0.1
1b -1.4 -0.8 -12.4 -12.0 -4.6 -5.4
2a -1.3 -0.8 -10.0 -10.5 0.0 0.0
2b -1.0 -0.2 -10.5 -10.3 -4.2 -5.1
3a -1.7 -1.2 -10.4 -10.7 -0.2 -0.3
3b -1.5 -0.9 -11.1 -10.8 -4.5 -5.2
4a -1.3 -0.6 -9.7 -10.4 0.1 0.1
4b -0.8 0.0 -9.7 -9.4 -4.1 -5.0
5a -3.0 -2.6 -10.9 -11.2 -0.6 0.3
5b -2.6 -1.9 -11.4 -11.1 -4.4 -5.3
6a -1.8 -1.0 -11.4 -12.3 -0.1 0.2
6b -1.5 -0.8 -11.6 -11.3 -4.6 -5.4
7a -7.5 -7.2 -11.9 -12.4 -0.2 0.1
7b -7.1 -7.2 -12.8 -11.6 -4.5 -5.4
8a -5.2 -3.7 -9.4 -10.7 -0.4 -0.4
8b -4.5 -3.1 -10.1 -10.4 -4.2 -5.1
∆∆∆∆ !a 0.7

0.7
-0.6
-0.4

0.2
-0.8

)octanol(eleG∆
1a -0.7 -0.4 -3.7 -4.2 -0.1 0.1
1b -0.7 -0.4 -4.3 -4.2 -1.6 -2.0
2a -0.6 -0.2 -2.8 -3.3 -0.2 0.0
2b -0.5 0.0 -3.4 -3.5 -1.6 -1.9
3a -0.7 -0.4 -3.3 -3.7 -0.2 -0.1
3b -0.6 -0.3 -3.8 -3.8 -1.5 -1.9
4a -0.6 -0.3 -2.8 -3.2 -0.1 0.0
4b -0.5 -0.1 -3.2 -3.3 -1.5 -1.9
5a -1.2 -0.9 -3.3 -3.9 -0.1 0.2
5b -1.2 -0.7 -3.9 -3.9 -1.5 -1.9
6a -0.8 -0.4 -3.3 -3.9 -0.2 0.1
6b -0.8 -0.4 -4.1 -4.1 -1.6 -2.0
7a -2.5 -2.5 -4.0 -4.3 -0.1 0.1
7b -2.7 -2.7 -4.9 -4.4 -1.7 -2.2
8a -1.8 -1.1 -3.0 -3.8 -0.3 -0.2
8b -1.7 -0.9 -3.7 -4.1 -1.6 -2.0
∆∆∆∆ a 0.3

0.5
-0.5
-0.1

0.2
-0.4

ele
woP /log

1a -0.6 -0.4 -6.2 -6.1 0.1 0.0
1b -0.5 -0.4 -6.0 -5.7 -2.2 -2.5
2a -0.6 -0.4 -5.3 -5.3 0.1 0.0
2b -0.4 -0.1 -5.2 -5.0 -2.0 -2.4
3a -0.8 -0.6 -5.2 -5.1 0.0 -0.1
3b -0.7 -0.5 -5.3 -5.2 -2.1 -2.4
4a -0.5 -0.2 -5.1 -5.2 0.1 0.0
4b -0.2 0.0 -4.8 -4.5 -1.9 -2.3
5a -1.4 -1.3 -5.6 -5.4 -0.4 0.1
5b -1.1 -0.9 -5.6 -5.3 -2.1 -2.5
6a -0.7 -0.5 -5.9 -6.1 0.0 0.1
6b -0.5 -0.3 -5.5 -5.3 -2.2 -2.5
7a -3.6 -3.5 -5.8 -5.9 -0.1 0.0
7b -2.9 -3.3 -6.1 -5.3 -2.1 -2.4
8a -2.5 -1.9 -4.7 -5.0 -0.1 -0.2
8b -2.0 -1.6 -4.7 -4.6 -1.9 -2.2
∆∆∆∆ a 0.2

0.2
-0.1
0.2

0.0
-0.3

a Difference in the group contributions determined with the two partitioning schemes for compounds 1a-8a (top) and 1b-8b
(bottom).
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Table 5. Statistical analysis of the electrostatic component of the solvation free energy and the octanol/water partition coeffi-
cient determined from MST-HF/6-31G(d) calculationsa and those obtained by the averaged group contributions (Eq. 18).

∆Gele(water) ∆Gele(octanol) log P ele
o/w

mse -0.1 0.2 0.0
rmsd 0.9 0.6 0.2
c 1.00 1.02 0.99
r 0.93 0.91 0.95

a Values determined by using Eqs. 10 and 12.

4 Conclusion

Group contributions determined for the three basic units of
the tacrine-like compounds examined here are reasonably
similar irrespective of the charge normalization procedure
and of the partitioning scheme used. In fact, the results point
out that the dependence of the group contribution for the 4-
aminopyridine unit (i.e. the common structural unit along
the series of compounds) on these two factors is clearly
smaller in magnitude than the effect played by the chemi-
cal environment. Though the procedure used to renormalize
the apparent surface charge does not have major effect in the
results for the tacrine-like molecules, caution is necessary
since more relevant differences might appear for molecules
with larger anisotropy in the charge distribution. Finally,
the similarity found between the results determined from
the two partitioning schemes gives us confidence in the use
of this theoretical approach to explore the transferability of
fragmental contributions to the solvation free energy and to
the partitioning between different solvents. This informa-
tion can be valuable to design with confidence parameters
for QSAR studies of bioactive molecules.

Acknowledgements

We thank Prof. Tomasi for a version of his original PCM
code, which was modified to implement ourab initio and
semiempirical versions of the MST method. This work has
been supported by the Ministerio de Ciencia y Tecnologı́a
(BIO2003-06848 and SAF2002-04282), and the Centre de
Supercomputació de Catalunya.
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