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In the analysis of molecular similarity and chirality of enantiomers performed in this paper, we introduce a
new local similarity index based on the Hirshfeld partitioning. In the framework of conceptual density functional
theory and considering the enantiomers of the halomethane CHFClBr and of the amino acids alanine and
leucine, this index is used to investigate the dissimilarity of chiral molecules. Furthermore, we illustrate Mezey’s
holographic electron density theorem.

1. Introduction

Until the middle of the last century, chemistry consisted
mainly in comparing and classifying molecular properties and
chemical reactions and rationalizing them using empirical
concepts. Since the development of quantum chemistry, ex-
perimental observations and raised theories can be rationalized
from first principles. In pharmacology for example, one uses
this approach to describe resemblances in the physiological
activity of molecules using molecular similarity.1

A lot of pharmacologically important molecules are chiral
structures,2 leading upon interaction with a chiral partner (e.g.,
a receptor) to diastereoisomeric transition states, complexes, and
reaction products with different energies and properties, which
has enormous consequences for the (difference in) activity of
chiral pharmaca. Via the use of computer-aided molecular
design, Richards et al.3 demonstrated the existence of a
quantitative structure activity relation between the potency ratio
of two enantiomers, called the eudismic ratio (ER), and the
“chiral coefficient” of the enantiomer pair. The ER is defined
as the ratio of the potencies of the more potent enantiomer
(eutomer) and the less potent one (distomer). The chiral
coefficient is a quantitative index of dissimilarity between
enantiomers defined as “1- molecular similarity”. Such a
correlation permits the prediction, within a homologous series,
of the ER of new pairs of enantiomers, which can be of great
use for medicinal chemists. Here, the introduction of the concept
of local chirality, instead of considering global chirality, can
be of great importance as well.

Often, one considers chirality as a discrete, black-white
property; a molecule is either chiral or not chiral. However,
Avnir and co-workers4 extended the treatment of symmetry as
a continuous molecular structural property to chirality consider-
ing chirality as a more continuous concept, saying that one
molecule can be more or less chiral compared to another one.
Petitjean5 evaluated the continuous measure of quantitative

chirality as well. At this point, one can also ask if there is a
connection between the difference in behavior of enantiomers
and their degree of chirality.3 In this work, we indeed assume
that the degree of chirality is linked to the (dis)similarity of
two enantiomers reducing the problem to how to quantify
molecular similarity.

In recent years several similarity indices were proposed,
among which were the indices defined by Carbo´, Hodgkin, and
Richards based on the electron density.6,7 These indices describe
the global similarity of the total systems. It can however be
important to have an idea about the local similarity of certain
regions of the systems under consideration but, until now, only
a few local similarity indices were proposed. With an expression
analogous to the Carbo´ index, Lee and co-workers, for example,
defined such a local similarity index in terms of fragments of
electron densities of the molecules.8 Also Mezey et al.9 studied
similarity locally, comparing the values of ab initio quantum
similarity measures (QSM), calculated from the electron densi-
ties of arbitrary molecular fragments, with their self-similarity
measures (vide infra). Furthermore, Mezey used in ref 9 the
MQSM as a measure of molecular chirality as well, going along
with an idea of Carbo´ reported in ref 10.

The scope of this study is, next to using global indices, to
propose and use a new local similarity index in the analysis of
molecular similarity and, as a consequence, in the analysis of
molecular chirality. To the best of our knowledge, only Mezey9

published a study in this framework, where, however, the
comparison of global and local indices is not performed on a
uniform ab initio or DFT type level.

Furthermore, in this work, the proposed local index is used
to investigate the relationship between the dissimilarity and the
optical activity of chiral molecules and for numerical tests on
Mezey’s holographic electron density theorem.11

To develop a methodology to quantify the dissimilarity of
enantiomers, we studied the prototype of all chiral molecules,
CHFClBr and the amino acids alanine and leucine, all of them
containing only one chiral center, which reflects the situation
of many active compounds in pharmacology. We considered
these systems for different reasons. As the textbook example
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chiral molecule,12 the halomethane CHFClBr is in a first phase
an ideal test molecule to study the dissimilarity and local
chirality of its enantiomers. Leucine and alanine, among the
simplest “biomolecules”, are then considered in order to
investigate the relationship between their degree of chirality,
and thus their dissimilarity, and their optical activity.

This work is performed within the framework of conceptual
density functional theory (DFT).13-16 In a first step, we
concentrate here on the use of the electron density based
similarity indices, whereas future studies may be devoted to
evaluate (dis)similarity, and thus chirality, of enantiomers using
earlier-introduced DFT-based reactivity-related similarity indices
(e.g., using the local softness)17,18 as well.

2. Theory and Computational Details

2.1. Similarity Indices. As mentioned in the Introduction,
Carbówas the first to define a similarity indexRAB

6 between
two molecules A and B with electron densitiesFA(r ) andFB(r ),
based on the idea of minimizing the following expression

involving the overlap integralZAB between the electron densities
of molecule A and B.

ZAA andZBB are called the self-similarities of molecules A
and B.19

Furthermore

with DAB as the Euclidean distance6 between the densities.
The resulting expression forRAB, the Carbo´ index, is written

as

On the basis of the fact thatRAB was shown to measure only
the “shape similarity”, Hodgkin and Richards proposed the index
HAB

7

This index now describes the similarity of shape and extent of
the electron distributions.

2.1.1. Global Similarity Indices for Enantiomers.For the
R andS enantiomers of a chiral molecule, one can obviously
write

which, used in eqs 3 and 4, yields for two enantiomers

Up until now, an important drawback of these Carbo´ and
Hodgkin-Richards similarity indices was, together with the
dependence of their value on the molecular superposition,20,21

the time-consuming three-dimensional integration. Mestres et
al. developed the program MESSEM (Mesures de Sem-

blanca)22,23in order to analytically evaluate the integrals needed.
In this work however, we used a highly efficient implementation
of the integrals, both numerically (program STOCK)24 and
analytically (program BRABO), which allows calculating
similarity integrals at a negligible computational cost. Both
programs are part of the BRABO program package developed
by Van Alsenoy et al.25,26

2.1.2. Local Similarity Indices for Enantiomers.Following
the extension of the theorems of Hohenberg and Kohn by Riess
and Münch,27 Mezey proposed the holographic electron density
theorem,11 stating that the ground-state electron densityFΩ(r )
of a finite but otherwise arbitrary subdomainΩ uniquely
determines all ground-state properties (among others the electron
density) in Ω, in any other subdomainΩ′, and in the total
domain of the boundaryless system. This inherent property of
molecular electron densities, called the holographic property,
provides a strong basis for local quantum chemical similarity
analyses. According to our work, this implies that in evaluating
molecular similarity we could focus in principle on a certain
molecular region in the chiral system (for example the atomic
region around the asymmetric carbon atom). Notice however
that, as a consequence of Mezey’s theorem, also regions around
other, nonchiral atoms contain all the information about the
system, thus also about its chirality.

In this work we put this into practice by restricting ourselves
to certain atomic regions using the Hirshfeld partitioning
discussed in the following part.

Hirshfeld partitioning.The partitioning of the electron density
developed by Hirshfeld,28 and recently used by the present
authors in the study of atomic charges, dipole moments, and
Fukui functions,29-31 partitions the total electron densityF(r )
of a molecule in atomic contributionsFA(r ).

These atomic contributions are proportional to the weight
wA(r ) of the electron density of the isolated molecule in the
so-called promolecular density;28 this weight is defined as the
ratio of the electron density of the isolated atom and the density
built up from the superposition of the isolated densities of all
the atoms located on the same positions as those in the molecule
(“the promolecular density”).

Indeed, the contribution of atom A,FA(r ), to the electron
densityF(r ) is given as

with

whereFA
0(r ) is the electron density of the isolated atom A and

whereΣX FX
0(r ) is the density built from the superposition of

the densities of the isolated atoms placed on the same positions
as in the molecule (“the promolecular density”). It is clear from
eq 8 that the weight coefficientsw are always positive.

In this study, we propose to convert the global Carbo´ index
into a local index using this Hirshfeld partitioning.

Analogous to the expressions (eqs 7 and 8) and considering
theR andSenantiomers of a chiral molecule, the contribution
of, for example, the asymmetric carbon atom to the total electron
densityFR(r ) of the R enantiomer can be written as

εAB ) ∫|FA(r ) - FB(r )|2 dr ) ∫FA
2(r ) dr + ∫FB

2(r ) dr -

2∫FA(r )FB(r ) dr ) ZAA + ZBB - 2ZAB (1)

εAB ) DAB
2 (2)

RAB )
∫FA(r )FB(r ) dr

((∫FA
2(r) dr )(∫FB

2(r ) dr ))1/2
)

ZAB

(ZAAZBB)1/2
(3)

HAB )
2∫FA(r )FB(r ) dr

∫FA
2(r ) dr + ∫FB

2(r ) dr
)

2ZAB

ZAA + ZBB
(4)

ZRR) ZSS (5)

RRS) HRS (6)

FA(r ) ) wA(r )F(r ) (7)

wA(r ) )
FA

0(r )

∑
X

FX
0(r )

(8)

FC,R(r ) ) wC,R(r )FR(r ) (9)
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with

and the contribution of the asymmetric carbon atom to the total
electron densityFS(r ) of the S enantiomer as

with

In the numerical calculation of the overlap integral∫FR(r )FS(r )
dr , the integrandFR(r )FS(r ) is evaluated on a combined grid of
the aligned enantiomers. The contribution of one particular kind
of atom of the grid, e.g., the asymmetric carbon, to the total
integral thus needs the consideration of two contributions, the
carbon atom in theR enantiomer and the one in theS
enantiomer.

As such, we propose to write the contribution of, for example,
the asymmetric carbon atom to the productFR(r )FS(r ) as

where

where ΣX FX,R
0 (r ) + ΣY FY,S

0 (r ) is the total promolecular
superimposed density of the two enantiomers with their asym-
metric carbon atoms superimposed.

The numeratorZRS of the Carbo´ index then becomes

where the global index is thus partitioned into atomic contribu-
tions.

For this work, the local index (eq 15) based on the Hirshfeld
partitioning is, in view of studying local similarity and chirality,
implemented numerically in the program STOCK24 mentioned
earlier.

2.1.3. Relative Orientation of the Enantiomers.An im-
portant drawback of the Carbo´ and Hodgkin-Richards index
is their dependence on the relative orientation of the molecules
under consideration. Several methods have already been pro-
posed to establish a criterion on how molecules might be
superposed, such as aligning the molecules according to
common physicochemical features (for example, matching
different three-dimensional molecular fields such as steric,
electrostatic, or hydrophobic fields)32 or alignment of the
molecules based on topological and geometrical features only;

a procedure called topo-geometrical superposition algorithm
(TGSA)33 based on comparisons of atom types and interatomic
distances. Other methods opt to align the molecules in such a
way that the resulting molecular similarity measure is maxi-
mized.34 In this framework, a new algorithm, the quantum
similarity superposition algorithm (QSSA), was recently de-
signed by Bultinck et al.,20,21 expressing the relative position
of two molecules in terms of mutual translation in three
Cartesian directions and three Euler angles. The quantum
similarity overlap, considering the electron densities of the
molecules within the promolecular atomic shell approximation
(PASA)35 and considering the atomic electron densities within
the atomic shell approximation (ASA),36,37 is then used to
optimize the mutual positions and similarity of the molecules,
using a Lamarckian genetic algorithm.

In this work however, we decided to superimpose the
asymmetric carbon atom and two of its directly bounded
substituents of both enantiomers under consideration, leading
to six different orientations. This methodology enables us, as
opposed to the usage of, for example, QSSA, to evaluate, next
to global similarity, local similarity using our proposed local
similarity index (eq 15). Depending on which superposition
method we choose, and thus according to what property we are
precisely interested in, global and local similarity can be studied
complementary to one another.

In this way, the choice of CHFClBr as a pilot system has the
additional advantage that intuitively we expected that the optimal
relative orientation of the two enantiomers using QSSA would
coincide to a large extent with one of our six orientations where
the asymmetric carbon atom and two of its substituents are
superimposed (see section 3.3.).

3. Results and Discussion

All charge densities used in this work were calculated using
the GAUSSIAN 9838 program at the B3PW91/6-311G* level,39-41

which can be expected to be adequate for the purpose of our
study.42

3.1. Global and Local Similarity Indices for Enantiomers.
The results for the calculation of the global similarity index
(eq 3), and thus also (eq 4), and the proposed local similarity
index based on the Hirshfeld partitioning (eq 15) are shown in
Table 1 and Table 2.

Together with the similarity index, the numeratorZRSof the
Carbóindex and the Euclidean distanceDRSare given in these
(and following) tables, both however having the disadvantage
of not being normalized. Therefore, the use of these latter two
quantities enables us to evaluate the generated similarity values
according to different orientations of one enantiomer pair, and
not between different pairs of enantiomers, only. The Euclidean
distanceDRS

6 is calculated via

Note that this quantity can still be termed a Euclidean distance
as the triangular condition20,21 |DRA - DAS| < DRA < DRA +
DAS is still fulfilled.

All results concern both analytical and numerical evaluations
for the global index, deviating from each other, as shown in
Table 1, by a factor of maximum 10-3, which indicates that
the respective numeric and analytic expressions were correctly
implemented, and numerical values for the local index.

From these results it was seen that the core electrons of both
the R andS asymmetric carbon atom contributed in a similar
dominant way to the similarity index (cf. Table 2 the value for

wC,R(r ) )
FC,R

0 (r )

∑
X

FX,R
0 (r )

(10)

FC,S(r ) ) wC,S(r )FS(r ) (11)

wC,S(r ) )
FC,S

0 (r )

∑
Y

FY,S
0 (r )

(12)

FC,R+S(r ) ) wC,R+S(r )FR(r )FS(r ) (13)

wC,R+S(r ) )
FC,R

0 (r ) + FC,S
0 (r )

∑
X

FX,R
0 (r ) + ∑

Y

FY,S
0 (r )

(14)

ZRS
local,C ) ∫wC,R+S(r )FR(r )FS(r ) dr

) ∫( FC,R
0 (r ) + FC,S

0 (r )

∑
X

FX,R
0 (r ) + ∑

Y

FY,S
0 (r ))FR(r )FS(r ) dr (15)

DRS) (∫(FR(r ) - FS(r ))2 dr )1/2 ) (ZRR+ ZSS- 2ZRS)
1/2 (16)
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ZRS for the contribution of the asymmetric carbon atom to the
total integral for CHFClBr, alanine, and leucine is always
typically around 31). Also Mezey et al.9 find these dominant
contributions in their local similarity analysis within the PASA
model. The approximate analytical calculation of the density
overlap integral ZRS) ∫FR,C(r )FS,C(r ) dr for the core electrons
of the carbon atom is given in Appendix.

In our study however, we tried to avoid this effect by using
in the expressions of the similarity indices the product of the
density differences∆F, well-known to represent bonding
characteristics in molecules, instead of the global densitiesF(r )
of the two molecules under consideration.

The density difference∆FR of the R enantiomer is defined
as

with FR
0 the promolecular density of theR enantiomer, yielding

the following expression for the numerator of the Carbo´ index

Here, we did not opt to calculate this overlap integral using
valence orbital densities instead of density differences because

the selection of the valence orbitals might not always be as
straightforward as expected.

Thus, in this work we can discern four types of similarity
indices summarized in the following chart, where reference is
made to the corresponding tables in the paper

The results for the calculations of the global and local indices
using the density difference are given in Table 3 and Table 4,
respectively. Note the possibility of generating a negative value

TABLE 1: CHFClBr, Alanine, and Leucine: Global
Similarity Index (Both Analytical and Numerical) Using
Global Densities

superimposed
atoms

Carbó
index

Euclidean
DRS ZRS

CHFClBr Analytical
ClCBr 0.990 15.393 11617.0
FCBr 0.915 44.624 10739.8
HCBr 0.906 46.870 10637.1
FCCl 0.098 145.516 1148.1
HCCl 0.089 146.216 1046.0
HCF 0.054 148.974 638.9

CHFClBr Numerical
ClCBr 0.990 15.393 11615.5
FCBr 0.915 44.624 10737.9
HCBr 0.906 46.870 10635.2
FCCl 0.098 145.507 1148.5
HCCl 0.089 146.207 1046.4
HCF 0.055 148.956 640.2

Alanine Analytical
COOH C NH2 0.396 19.342 122.66
H C NH2 0.389 19.461 120.35
CH3 C NH2 0.375 19.682 115.98
H C CH3 0.357 19.955 110.61
CH3 C COOH 0.317 20.575 98.06
H C COOH 0.310 20.671 96.06

Alanine Numerical
COOH C NH2 0.396 19.342 122.68
H C NH2 0.387 19.469 119.73
CH3 C NH2 0.375 19.682 116.00
H C CH3 0.361 19.935 112.05
CH3 C COOH 0.317 20.574 98.07
H C COOH 0.310 20.680 95.89

Leucine Analytical
H C NH2 0.326 23.345 132.043
COOH C NH2 0.311 23.613 125.772
CH2C... C NH2 0.288 23.999 116.560
CH2C... C COOH 0.278 24.174 112.363
H C CH2C... 0.269 24.317 108.888
H C COOH 0.229 24.983 92.466

Leucine Numerical
H C NH2 0.327 23.341 132.076
COOH C NH2 0.311 23.608 125.857
CH2C... C NH2 0.288 23.999 116.581
CH2C... C COOH 0.277 24.182 111.992
H C CH2C... 0.265 24.345 106.599
H C COOH 0.228 24.986 92.452

∆FR ) FR - FR
0 (17)

ZRS) ∫∆FR∆FS dr ) ∫(FR - FR
0)(FS - FS

0) dr (18)

TABLE 2: Local Counterparts of the Carbó Index (Eq 2)
and Euclidean Distance (Eq 18) and Contribution of a Given
Atom Type to ZRS Based on the Hirshfeld Partitioning (Eq
17) Using Global Densities for CHFClBr, Alanine, and
Leucine

superimposed
atoms

Carbó
index

Euclidean
DRS ZRS

A. CHFClBr Asymmetric Carbon Atom
HCF 0.999 0.272 31.396
FCBr 0.998 0.346 31.381
FCCl 0.998 0.392 31.373
HCBr 0.996 0.479 31.356
ClCBr 0.996 0.484 31.350
HCCl 0.995 0.548 31.338

B. CHFClBr Hydrogen Atom
HCF 0.991 0.045 0.1162
HCBr 0.980 0.069 0.1155
HCCl 0.971 0.082 0.1150
FCBr 0.289 0.740 0.1116
ClCBr 0.223 0.872 0.1345
FCCl 0.214 0.968 0.1037

C. CHFClBr Bromine Atom
FCBr 1.00000 0.087 10586.0300
HCBr 1.00000 0.095 10586.0295
ClCBr 1.00000 0.098 10586.0293
HCF 0.03022 142.790 317.6481
HCCl 0.00135 145.374 14.3352
FCCl 0.00006 145.504 0.6006

D. Alanine Asymmetric Carbon Atom
H C NH2 1.000 0.174 31.395
H C CH3 0.999 0.211 31.391
H C COOH 0.999 0.239 31.388
COOH C NH2 0.999 0.266 31.385
CH3 C NH2 0.999 0.267 31.387
CH3 C COOH 0.998 0.346 31.372

E. Alanine Hydrogen Atom
H C NH2 0.994 0.037 0.1143
H C CH3 0.992 0.042 0.1142
H C COOH 0.991 0.045 0.1141
COOH C NH2 0.433 0.561 0.1201
CH3 C NH2 0.432 0.564 0.1208
CH3 C COOH 0.353 0.680 0.1260

F. Leucine Asymmetric Carbon Atom
H C NH2 1.000 0.154 31.401
H C CH2C... 0.999 0.219 31.395
H C COOH 0.999 0.251 31.392
COOH C NH2 0.999 0.267 31.390
CH2C... C NH2 0.999 0.271 31.389
CH2C... C COOH 0.998 0.346 31.377

G. Leucine Hydrogen Atom
H C NH2 0.990 0.049 0.1145
H C CH2C... 0.988 0.054 0.1144
H C COOH 0.986 0.057 0.1143
COOH C NH2 0.438 0.556 0.4375
CH2C... C NH2 0.432 0.565 0.1217
CH2C... C COOH 0.354 0.678 0.1264

CHART 1: Different Levels Used in this Study To Evaluate
Dissimilarity Between Enantiomers

global densityF(r ) density difference∆F(r )

global similarity index Table 1 Table 3
local similarity index Table 2 Table 4
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for the Carbo´ index (and thus forZRS) as this is, for example,
the case for the orientation in part B of Table 4 where the
asymmetric carbon atoms and the substituents chlorine and
bromine are superimposed. In fact, calculating similarity is
measuring the distance between density functions, in this case,
the distance between density differences. This results in search-
ing for a least-squares fit which can also be performed using
functions which can be smaller or equal to zero, as, for example,
the density difference∆F.

For two enantiomers, one obviously has∫∆FR
2 dr ) ∫∆FS

2 dr
and the expression forDRS becomes

Minimizing DRScorresponds with searching maximum similarity
values. Note that, in the case of using density differences, the
similarity index still has a maximum value of 1 but can be
smaller than zero as densities are positive definite while density
differences are not.

The results given in Table 2 and Table 4 are a numerical
illustration of Mezey’s holographic electron density theorem;
when evaluating regions around nonasymmetric atoms using
the Hirshfeld technique as described above, for example, the
region around the hydrogen atom, we clearly notice that these
nonasymmetric atomic regions as well contain information about
the chirality of the systems.

Taking a look at part A of Table 2, we nearly do not see any
difference between the generated values for the Carbo´ index
while the results in part A of Table 4, using the density
differences, show a range of values for this parameter. This
points out that using density differences in the expressions of
the indices, instead of using global densities, gives different
and complementary information about the similarity of the
systems because here the identical dominant contribution of the
core electrons is eliminated.

Looking at parts B, E, and G of Table 2 and also looking at
parts B, E, and G of Table 4 shows that highest values of
similarity are generated for the orientations where the hydrogen

atoms are superimposed while the three other orientations give
rather low similarity values. Analogous part C Tables 2 and 4
for CHFClBr are giving the highest similarity values for the
orientations where the bromine atoms are superimposed.

From the results in Table 1 for CHFClBr, the highest
similarity is obtained for the orientation where the asymmetric
carbon and the substituents chlorine and bromine are superim-
posed, while this orientation in part A of Table 4 generates the
lowest value of similarity. The opposite is true for orientation
where the asymmetric carbon and the substituents hydrogen and
fluorine are superimposed.

It seems that in the global similarity index, the core size of
the substituents is dominant while the local indices with density
differences clearly contain different and complementary infor-
mation.

TABLE 3: Analytical Global Similarity Index Using Density
Differences for CHFClBr, Alanine, and Leucine

superimposed
atoms

Carbó
index

Euclidean
DRS ZRS

CHFClBr
FCBr 0.941 0.202 0.324
HCBr 0.910 0.249 0.314
ClCBr 0.874 0.295 0.301
HCF 0.146 0.767 0.050
FCCl 0.125 0.776 0.043
HCCl 0.091 0.791 0.031

Alanine
CH3 C NH2 0.543 0.355 0.075
COOH C NH2 0.516 0.371 0.073
H C COOH 0.467 0.389 0.066
H C CH3 0.441 0.399 0.063
CH3 C COOH 0.426 0.404 0.061
H C NH2 0.387 0.418 0.055

Leucine
COOH C NH2 0.398 0.522 0.090
CH2C... C COOH 0.365 0.536 0.083
CH2C... C NH2 0.312 0.558 0.071
H C COOH 0.266 0.576 0.060
H C NH2 0.249 0.583 0.056
H C CH2C... 0.243 0.585 0.055

DRS) (∫(∆FR - ∆FS)
2 dr )1/2 )

(∫∆FR
2 dr + ∫∆FS

2 dr - 2∫∆FR∆FS dr )1/2 (19)

DRS) (2∫∆FR
2 dr - 2∫∆FR∆FS dr )1/2 (20)

TABLE 4: Local Counterparts of the Carbó Index (Eq 2)
and Euclidean Distance (Eq 18) and Contribution of a Given
Atom Type to ZRS Based on the Hirshfeld Partitioning (Eq
17) Using Density Differences for CHFClBr, Alanine, and
Leucine

superimposed
atoms

Carbó
index

Euclidean
DRS ZRS

A. CHFClBr Asymmetric Carbon Atom
HCF 0.995 0.012 0.0157
HCBr 0.951 0.039 0.0150
HCCl 0.940 0.044 0.0149
FCBr 0.623 0.109 0.0098
FCCl 0.620 0.111 0.0100
ClCBr 0.446 0.127 0.0065

B. CHFClBr Hydrogen Atom
HCF 1.000 0.002 0.00619
HCBr 0.996 0.007 0.00617
HCCl 0.995 0.008 0.00616
FCBr 0.375 0.065 0.00126
FCCl 0.359 0.071 0.00142
ClCBr -0.191 0.084 -0.00057

C. CHFClBr Bromine Atom
HCBr 1.000 0.009 0.2919
FCBr 1.000 0.014 0.2918
ClCBr 1.000 0.016 0.2916
HCF 0.021 0.668 0.0048
HCCl 0.008 0.755 0.0024
FCCl 0.003 0.764 0.0009

D. Alanine Asymmetric Carbon Atom
H C NH2 0.956 0.039 0.0166
CH3 C NH2 0.954 0.041 0.0170
H C COOH 0.953 0.041 0.0165
COOH C NH2 0.937 0.047 0.0163
H C CH3 0.926 0.051 0.0159
CH3 C COOH 0.865 0.068 0.0148

E. Alanine Hydrogen Atom
H C NH2 0.989 0.011 0.00521
H C COOH 0.988 0.011 0.00520
H C CH3 0.984 0.013 0.00518
CH3 C NH2 0.793 0.044 0.00365
COOH C NH2 0.570 0.061 0.00248
CH3C C OOH 0.287 0.072 0.00104

F. Leucine Asymmetric Carbon Atom
H C NH2 0.957 0.039 0.016748
H C COOH 0.942 0.045 0.016413
COOH C NH2 0.938 0.047 0.016410
CH2C... C NH2 0.935 0.048 0.016383
H C CH2C... 0.925 0.051 0.015983
CH2C... C COOH 0.863 0.069 0.014818

G. Leucine Hydrogen Atom
H C NH2 0.984 0.013 0.005242
H C COOH 0.983 0.013 0.005236
H C CH2C... 0.982 0.014 0.005222
CH2C... C NH2 0.762 0.047 0.003599
COOH C NH2 0.592 0.059 0.002541
CH2C... C COOH 0.287 0.072 0.001038
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3.2. Relationship between the Dissimilarity and the Optical
Activity of L- and D-Amino Acids. Supposing that the optical
activity, as quantified in a standardized way by the specific
rotation [R]D, is a good experimentally measurable quantity for
the degree of chirality of a molecule and also assuming that
the dissimilarity between enantiomers describes their chirality,
one can expect a link between the dissimilarity and the optical
activity of enantiomers, as was previously shown by Mezey et
al.9

In a first stage of this study, we chose to consider two
aliphatic amino acids, alanine and leucine, with the lowest and
highest (absolute value of) [R]D, respectively, and experimentally
measured under the same circumstances. [R]D for alanine is 2.7
and [R]D for leucine is-10.8, both measured in water as solvent
and at the sodium D line.43

Here, we could not take into account the study of the chiral
molecule CHFClBr, as its [R]D is measured under different
circumstances than those measured for the amino acids, the
maximum specific rotation (i.e., the rotation for the pure
enantiomer) of CHFClBr (neat,F ) 1.91 kg dm-3) measured
at the sodium D line is(1.6,44 and as a consequence, comparing
the generated similarities would not be useful at all.

Taking a look at Tables 1 and 3, we see that for all
orientations the values for the global similarities for alanine are
higher than those for leucine. This is also seen, except, with a
small difference of a factor 10-3, for the orientation where the
asymmetric carbon, the amine function, and the hydrogen are
superimposed, comparing the values given in parts D and E of
Table 4 (alanine) with those given in parts F and G of Table 4
(leucine). This could be expected as alanine has a smaller [R]D

than leucine and, as a consequence, the enantiomers of alanine
are globally more similar, thus less dissimilar and the similarity
index is higher, than the enantiomers of leucine.

The range of differences, both for the halomethane and the
amino acids, between the similarity values in Table 2 is not
very large in comparison with the values given in Table 4, again
pointing out the importance of using density differences, instead
of global densities, giving additional information.

As mentioned earlier, global and local similarity indices both
contain different information.

3.3. Global Similarity Indices Using QSSA.So far, we
calculated in this work global (and local) similarity indices for
the enantiomers of CHFClBr, alanine, and leucine, where we
have chosen to superimpose the asymmetric carbon atoms and
two of its directly bounded substituents generating six possible
orientations.

Additionally we considered the calculation of global indices
where the QSSA method is used in order to align the molecules
according to their maximum similarity value, calculated within
the ASA model.20,21

Table 5 represents, for the three molecules under consider-
ation, DFT-based global similarity indices (eq 3) calculated

using global densities using the earlier mentioned program
BRABO. Furthermore, only the results for the orientation
yielding the maximum similarity values are given.

In Table 5, the relative orientation of the molecules is
obtained, using the QSSA method where the similarity value
given is the maximized one using the ASA model.

These optimal orientations generated within the QSSA model
are then used to calculate DFT-based global similarity indices
(eq 3) using ab initio global densities and using the program
BRABO. The results are given in Table 5.

From these results, it can be seen that the goal of considering
the molecule CHFClBr, as mentioned earlier, is indeed justified.
First of all, being one of the simplest chiral molecules, CHFClBr
could be considered as an ideal test system to analyze both
global and local similarity. Furthermore, looking at the results
for CHFClBr given in Table 5 and visualizing the generated
relative orientations of the enantiomers in parts a and b of Figure
1, it is clearly shown that these orientations coincide to a very
large extent, as we intuitively expected.

On the other hand, visualization (parts a and b of Figure 2)
of, for example, the orientations for alanine used in Table 5,
shows that for the optimal relative orientation obtained using

TABLE 5: CHFClBr, Alanine, and Leucine

Carbóindex

molecule
superimposed

atoms a b c

CHFClBr Cl C Br 0.990 0.993 0.997
Alanine COOH C NH2 0.396 0.743 0.745
Leucine H C NH2 0.326 0.563 0.566

a Relative orientation of the enantiomers with the asymmetric carbon
atoms and two of its directly bounded substituents superimposed. Global
similarity index using global densities.b Relative orientation of the
enantiomers maximized using QSSA. Global similarity index using
ASA densities.c Relative orientation of the enantiomers maximized
using QSSA. Global similarity index using global densities.

Figure 1. (a) Relative orientation of theR and S enantiomers of
CHFClBr. The asymmetric carbon atoms, chlorine, and bromine are
superimposed. (b) Relative orientation of theR andS enantiomers of
CHFClBr maximized using QSSA.
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QSSA, the asymmetric carbon atoms of the enantiomers do not
coincide, preventing to analyze local similarity using this
approach.

Furthermore, for the three similarity analyses given in Table
5, the trends are the same; the values for the similarities for
alanine are higher than those for leucine. This, as already
explained in section 3.2., could be expected as alanine has a
smaller absolute value for [R]D than leucine and, as a conse-
quence, the enantiomers of alanine are more similar than the
enantiomers of leucine.

4. Conclusions

The results for the prototype chiral molecule containing only
one chiral center, CHFClBr, show that the proposed methodol-
ogy is adequate to estimate the dissimilarity between enanti-
omers.

The study on the amino acids alanine and leucine shows that
global dissimilarity between pairs of enantiomers is related to
their optical activity (global chirality). The optical activity can
be considered as a global property of the whole molecule where
the positioning of the atom groups around the asymmetric carbon
atom plays an important role. Global (dis)similarity can be
studied using global electron densities and, giving complemen-
tary results, density differences.

On the other hand, dealing with the local approach of studying
similarity, we proposed a new local similarity index (eq 15)
based on the Hirshfeld partitioning and we illustrated the
holographic electron density theorem. Here, it is important that,
even considering nonasymmetric atomic regions, local dis-
similarity, and thus “local” chirality, could be demonstrated.
Comparison of the results generated for alanine and leucine
using global densities in the expression of the local similarity
index shows only very small variations while using density
differences a better distinction between them can be made,
although the variations remain small. These small variations
could even be expected realizing that the difference between
the electron density around, for example, the asymmetric carbon
atom of the enantiomers is not very large.

In fact we can say that, on a micro level, local similarity and
local chirality reflect all the aspects of global similarity and
global chirality. This opens up new ways for the theoretical
study of the different properties of chiral systems of, among
others, pharmaceutical importance. The generalization of the
ansatz presented in this paper to the case of more than one
asymmetric centers is in progress using an atom-by-atom
procedure (cf. Cioslowski’s work).45,46

Appendix

Approximate analytical calculation of the density overlap
integralZRS ) ∫FR,C(r )FS,C(r ) dr for the core electrons of the
carbon atom. The electron density of a core electron pair of a
molecule can be written as

whereψ is a molecular core orbital.
Simplifying the molecular orbitalψ to an atomic orbitaløns,

we have

We will representøns by the following normalized Slater-type
atomic orbital

For the 1s orbital of carbon and for an orbital exponentú1s )
5.70, derived using the Slater rules,47 we have

and the overlap integralZRS becomes

This calculated value of 29.5 indeed covers the main dominant
part of the generated values of 31 forZRS in Table 2, justifying
the use of density differences.
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Figure 2. (a) Relative orientation of theRandSenantiomers of alanine.
The asymmetric carbon atoms and the substituents COOH and NH2

are superimposed. (b) Relative orientation of the R and S enantiomers
of alanine maximized using QSSA.
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