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Abstract

Studies of enantiomeric separations are reported, specifically the direct chromatographic separation of
enantiomers using a chiral stationary phase by molecular topology. The results obtained show good correlation
equations for the capacity factor, k', and the separation factor, a, for different set of compounds (hydantoins,
aromatic a-amino acids and arylamides). Such equations may be useful for the selection of the optimum stationary
and mobile phases for the separation of enantiomers. Further, the correlation between topological descriptors and
performance in chiral separations opens up a new approach to the design of chiral stationary phases.

1. Introduction

Molecular isomerism is a subject of fundamen-
tal interest to organic chemists. A molecule has
the property of chirality when its mirror image is
non-superimposable on itself. The non-superim-
posable mirror image isomers are called enantio-
mers, but may also be referred to as enan-
tiomorphs, optical isomers or optical antipodes.

Enantiomers of a given compound have identi-
cal chemical properties with regard to their
reactions with non-chiral reagents, although they
will give products with different configurations.
In addition, they may show differences in be-
haviour (both in reaction rates and in product
stereochemistries) in their interactions with one
enantiomer of a chiral reagent.

Since the discovery of the optical isomerism of
tartaric acid by Pasteur in 1848, the significance
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of stereoisomerism in relation to biological ac-
tivity has been recognized. The case of
thalidomide is an example of a problem that was,
at least, complicated by the ignorance of
stereochemical effects [1]. Thus, whenever a
drug is to be obtained in a variety of chemically
equivalent forms (such as enantiomers), it is both
good science and good semse to explore the
potential for in vivo differences between these
forms.

The successful development of chiral station-
ary phases for high-performance liquid chroma-
tography (HPLC) in the 1970s was particularly
helpful to the study of direct enantiomeric sepa-
rations without the need to obtain a compound
by stereospecific synthesis.

A close relationship often exists between the
molecular structures of organic compounds and
many of their physical, chemical and biological
properties [2-7]. Many of these relationships
have been investigated using the topological
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descriptors of molecular structures. These de-
scriptors are used to characterize the constitution
and configuration of a molecule by a single
number. Topological parameters such as the
connectivity [8], x;, charge [9], G;, J;, and
geometrical [10] indices can be used to quantify
these properties. In this work, we applied molec-
ular connectivity to study the separation of
optical isomers, particularly direct chromato-
graphic separations of enantiomers on a chiral
stationary phase (hydantoins, aromatic a-amino
acids and arylamides)[11-14]. Since the choice of
the stationary and mobile phases to be used in
such resolutions is conditioned by the value of
the column capacity factor, k', and the sepa-
ration factor, «, both parameters were correlated
in this study.

2. Experimental
2.1. Method of calculation

The topological descriptors used in this work
were as follows.

Connectivity indices. These were calculated
from a hydrogen-suppressed equation or graph
of the molecule, following the method of Kier
and Hall {8]. They were utilized up to the fourth
order and combinations (such as differences or
quotients) were also used.

Charge indices. The charge indices (C.I.) [9]
G, and J, were defined as

i=N-1.j=N

Go= 2 [CT,[otk.d,) M
(=1l y=1+

and
Gk

S = N—1 (2)

where N = number of vertices (atoms different to
hydrogen), CT, =m, —m,, m is the elements of
the M matrix:

M=A-D* (3)

A = adjacency (N - N) matrix in which the num-
ber of sustituents of each atom appears in the

main diagonal, D* =inverse square distance
matrix, in which their diagonal entries are as-
signed as 0, and & = Kronecker’s delta. Thus, G,
represents the sum of all the CT,; terms, with
d,; =k, d; being the energies of the topological
distance matrix.

In valence C.I. terms, the presence of
heteroatoms is taken into account by introducing
their electronegativity values (according to Paul-
ing’s scale taking chlorine as a standard value of
2) in the corresponding entry of the main diag-
onal of the adjacency matrix.

Geometrical indices. Other geometrical de-
scriptors taking into account molecular charac-
teristics, such as shape and volume, were also
used. First, the shape index E is defined, for
aliphatic compounds, as

. Zni(clij+1) @)

where n, is the number of vertices placed at a
topological distance d;, from the main path, the
last being the set of edges joining the two most
separated vertices in the graph by the shortest
path, and L represents the graph length, i.e., the
number of edges constituting the main path. It is
clear that the lower the E value, the more
elongated the graph is. If the graph is assimilated
to an ellipse, E would represent the eccentricity.

In the case of cyclic compounds, E is calcu-
lated by:

== (5)

where S is the surface parameter, calculated as
the sum of the S values for all the ring and
aliphatic fragments in the molecule, which, in
turn, are obtained as the products [10]

S=E-L° (6)

The other geometrical indices are as follows:
R =number of ramifications (i.e., number of
vertices connected with three different
ones);
T,,=number of non-ramified terminal vertices
(i.e., number of terminal vertices showing
valence 1 linked to vertices with valence 2);
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Pr,=number of vertices showing topological
valence = 4;

Pr, = number of pairs of adjacent (separated by
one edge) ramifications;

Pr, = number of pairs of ramifications separated
by two edges;

Pr; =number of pairs of ramifications separated
by three edges.

In addition, also included are the vertices num-

ber (N) and the Wiener index (W). Therefore,

each compound is characterized by a set of 62

indices.

Once the indices have been calculated for each
molecule, single and multiple regression analyses
were used to find the relationship between the k'
and « values and the topological indices, calcu-
lated using

P=A,+2 A" x, (7)

where P is a property and A, and A,, , represent
the regression coefficients of the equation ob-
tained. To test the quality of the regression
equations, the following statistical parameters
were used: multiple correlation coefficient (r).
standard error of estimates (s), F-Snedecor func-
tion values (F) and Student’s -test (statistical
significance).

2.2. Instrumentation and columns

The capacity factors of the racemic hydantoins
(first eluted) used in this study were reported by
Maguire [11]. Hydantoins (Table 1) were sub-
jected to gradient chromatography using two
Model 110A pumps (Altex, Berkeley, CA, USA)
controlled by an Axxiom Model 710 micropro-
cessor, an ISCO (Lincoln, NE, USA) Model V4
detector set at 254 nm, a Rheodyne (Cotati, CA,
USA) Model 7125 injector with a 20-u1 sample
loop and a Hewlett-Packard (Avondale, PA.
USA) Model 3390 integrator. A B-cyclodextrin
column (5 mm; 250 x 4.6 mm 1.D.) from Astec
was used, with a 0.5-mm in-line filter. The
column temperature was controlled at 22°C with
the use of a water jacket and a thermostated
circulating water-bath. A flow-rate of 0.8 ml/min

and 10% methanol as the mobile phase were
chosen.

The capacity factors of racemic a-amino acids
(first eluted) used in this study were reported by
Armstrong et al. [12]. Amino acids (Table 2)
were studied with a Shimadzu (Columbia, MD,
USA) Model LC-6A liquid chromatograph with
a variable-wavelength detector in the constant-
flow mode; the sample injector was a Rheodyne
Model 7125 with a 20-ul sample loop; a pre-
saturator containing 40-mm silica gel was placed
before the injection port. The column was a
25-cm a cyclodextrin bonded phase, made as
reported by Ward and Armstrong [13], expect
that the slurry reaction temperature was lowered
to 130°C and the reaction time was increased.
The column was packed at Advanced Separation
Technologies (Whippany, NJ, USA) and com-
mercially available. As the support, 5 mm diam-
eter silica gel was used. All separations were
carried out at room temperature. The flow-rate
was (.5 ml/min and the mobile phase was 1%
triethylamine acetate (pH 5.1). When not in use,
the column was stored in methanol.

The selectivities and capacity factors (first
eluted) of the racemic arylamides used were
reported by Déppen et al. [14]. Aryl derivatives
(Table 3) were resolved using a Model 110
solvent metering pump (Altex, Berkeley, CA,
USA). The detector was a Uvikon LCD 725 UV
(Kontron, Zirich, Switzerland), set at 254 nm.
A Rheodyne Model 7120 sample injector with a
20-u! sample loop was used. The column was a
stainless-steel tube (250 X 3.2 mm I.D.) packed
with 1-(a-naphthyl)ethylamine stationary phase
prepared according to Dippen et al. [14]. A
flow-rate of 1 ml/min and n-hexane—-tetrahydro-
furan (75:25) as the mobile phase were chosen.

2.3. Chemicals

In the experiments with hydantoins, HPLC-
grade methanol from Fischer Scientific
(Pittsburg, PA, USA) was used. HPLC-grade
water, produced from distilled, deionized water
previously treated with a Millipore Norganic
filter system from Waters (Milford, MA, USA)
was employed throughout. 5-Alkyl-5-



40

Table 1
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Correlation of k' for a set of 5-(p-substituted phenyl)-hydantoins with connectivity and charge indices

O

NH
o—<N/\;\ R

| o]

Rl
Compound ‘X; G, k'(obs.) [11] k'(calc.)? Residual
Rl RZ R.‘
H H H 1.30 1.96 0.67 0.96 -0.29
Me H H 1.52 3.55 1.17 0.93 0.24
Et H H 1.87 4.00 2.30 2.18 0.12
Pr H H 2.1 4.06 3.30 4.35 -1.05
iPr H H 2.11 4.45 4.96 3.67 1.29
Bu H H 2.18 4.06 4.40 5.30 -0.90
Et Me H 2.06 5.52 2.15 2.00 0.15
Et Et H 2.28 5.92 2.18 3.16 -0.98
Et Pr H 2.41 6.13 3.13 4.36 -1.23
Et iPr H 2.43 6.33 2.88 4.14 -1.26
Et Bu H 2.51 6.19 5.28 5.60 -0.32
Et iBu H 2.52 6.34 6.38 5.42 0.96
Et Pent H 2.7 6.19 14.30 10.21 4.09
Et Bz H 2.90 6.05 17.80 18.74 -0.94
Et Me OH 2.08 5.70 2.48 1.98 0.50
Et H OH 1.89 4.19 2.87 2.15 0.72
Pr H OH 2.14 4.24 5.98 4.30 1.68
Stationary phase, B-cyclodextrin; mobile phase, 10% methanol.
* Selected equation:
logk'= —1.314 + 1.280%x* — 0.185G
n=17; r=0.9426; F=5576; p <0.001 (10)

phenylhydantions were prepared via the method
of Sobotka et al. [15], 3-alkyl-5-ethyl-5-
phenylhydantoins were prepared as described by
Maguire et al. [16] and 5-(4-hydroxy-
phenyl)hydantoins were available from a previ-
ous study by Butler [17]. All hydantoins were
prepared as methanolic solutions at a concen-
tration of 1.0 g/I.

In the chromatography of amino acids, HPLC-
grade methanol and water from Fischer Scientific
(Plano, TX, USA) were used. The mobile phase
[1% triethylamine acetate (pH 5.1)] was filtered
through a 4.5-mm frit before use. Tryptophan,
phenylalanine, tyrosine and their analogues were
obtained from Sigma (St. Louis, MO, USA) and

used without purification. All samples were
dissolved in methanol or water prior to injection.

In the resolution of arylamides, LiChrosorb Si
100 (Merck, Darmstadt, Germany) and
Spherisorb S5W (Phase Separations, Queens-
ferry, UK) with a particle size of 5 mm were
used. All other chemicals were purchased from
Fluka (Buchs, Switzerland) or Merck.

3. Results and discussion
The effectivity of a chromatographic column

with respect to enantiomeric resolution depends
largely on the relative elution velocities of the
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Table 2
Correlation of k' for a set of aromatic a-amino acids with connectivity and charge indices
R
l\( /\kNH— < a
‘ \/ !
! D COH R; N,
/\/—NH COH
R/ R 3
2 2
Structure N° 1 Structure N° 2
Structure R, R, R, R, R, R, k'(obs.) [12] k'(calc.)® Residual
1 H H H H H H 2.70 3.20 -0.50
H H H H Me H 2.60 3.29 —0.69
H H H Me H H 4.90 4.80 0.10
H Me H H H H 6.40 6.65 -0.25
CHO H H H H H 8.00 7.48 0.52
H H F H H H 2.40 1.64 0.76
H H H F H H 2.70 3.12 -0.42
H F H H H H 3.70 3.44 0.26
2 H H H - - H 1.10 0.47 0.63
Me H OMe - - H 0.70 0.88 -0.18
Me H H - - H 0.90 1.13 -0.23
H H F - - H 1.50 0.57 0.93
H F H - - H 1.00 1.62 —-0.62
H H OH - - H 0.10 0.76 —-0.66
H H OH - - Me 4.40 4.06 0.34
Stationary phase, a-cyclodextrin; mobile phase, 1% triethylamine acetate (pH =5.1).
Selected equation:
k' =—8.262 + 0.2935G, — 12.187G, + 13.701G,
n=15; r=0.9702 ; s=0.62; F=58.70; p <0.001 (11)

two species. Such effectivity may be quantified
through the capacity factor, k' (which describes
the analytes’ migration velocities), and the selec-
tivity factor, a (which distinguishes between the
analytes’ velocities). For a given column and
phases, the optimum working conditions usually
imply the values of 1<k’<5 and a>1. The
existence of a theoretical procedure, easily ready
to use, able to predict the a and k' values for a
given compound, would allow the a priori esti-
mation of such parameters, and therefore the
efficiency of resolution of the two enantiomers.

A possible approach is the use of molecular
topology as a way of establishing the correlation
equation between the experimental values of k’
and a and suitable topological descriptors. The
results obtained are given in Table 1-3. The

regression equations for k' and a for the
arylamides were

log a = 0.585 + 1.846J} + 0.354(°x — °x")
4 4 v
—0.773* Xon ! X e

n=14; r=0.9795; s =0.036;
F=787; p<0.001 (8)
log k' =3.264 — 0.209Pr, + 1.289('x — 'x")
= 1.943%, /x5
n=14; r=0.9554 , s=0.12;
F=383; p<0.001 9)

As can be observed, the equations lead to
good adjustments even with a small number of
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Table 3

Correlation of &’ and « for a set of chiral 3,5-dintrobenzoyl, 3.5-dinitrophenyl and other arylamides with different topological
indices

Compound Structure k'(obs.) [14] a(obs.) {14] k'(calc.)? a(calc.)?

o

1 @/Q/UW/ 5.20 2.43 4.68 2.24
NH--—DNB

2 O~ 6.50 2.14 8.1 1.97

NH—ONB

H M

Pl
3 CHy—(CHa) _‘13"5""3":0“ 14.50 1.64 12.04 1.7

OH NK—DNB

4 NH—DONB 4.33 1.23 4.63 1.37

3

NH—DNB

;

3.79 1.21 3.49 1.16

(-]
j\
oc
303
n

2.94 11.50 2.96
C=—NH—DNP
]
7 ' 1.80 ‘ . 2.33
@-ﬁc_w_w 118 2.27 9.48
1
"
8 O el 1.02 1.16 0.82 1.17
© "
o]
9 O~ - 1.46 1.14 1.67 1.03
NHC—@-QI
LI,
10 ® 0.83 1.12 1.21 1.12
NHC'—‘é—‘
i
1 214 112 2.98 1.25
NHC/\‘/
!]l
12 ©~ 2.38 1.07 1.93 1.11
@)
* ©
13 @), 5.83 1.07 3.61 1.15
@ NHC~—CHjy
I
(o]
14 ©-< 479 1.05 4.62 0.95

NHC—CHy

Stationary phase, optically active 1-(a-naphthyl)etylamine; mobile phase, n-hexane-tetrahydrofuran (75:25).
*From Egs. 8 and 9.
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Table 4
Randomness and stability analysis for the equations obtained

Property Eq. Deleted observations r nin Y max Sav. Smin. Smax.

av

Randomness study from random numbers assigned to dependent variable (run = 50)

Loga 8 - 0.4313 0.1613 0.7351 0.17 0.12 0.23
Log k’ 9 - 0.3849 0.2081 0.5685 0.32 0.23 0.42
Log k' 10 - 0.3378 0.0866 0.6829 0.32 0.22 0.42
k' 11 - 0.4033 0.2240 0.6410 2.17 1.56 3.12

Stability study from number of deleted observations (run > 10)

Log a 8 1 0.9759 0.9699 0.9834 0.037 0.034 0.038
2 0.9785 0.9621 0.9892 0.036 0.028 0.038
Log k' 9 1 0.9548 0.9478 0.9620 0.122 0.114 0.127
2 0.9529 0.9442 0.9708 0.124 0.108 0.133
Log k' 10 ! 0.9417 0.9210 0.9488 0.123 0.116 0.129
2 0.9385 0.9182 0.9543 0.123 0.115 0.130
k' 11 I 0.9705 0.9568 0.9769 0.612 0.561 0.645
Table 5

Cross-validation results for the values of k' and a for different compounds with optical activity using the regression Eqs. 8 and 9

Compound Structure k'(obs.) [14] k'(calc.) a(obs.) [14] a(calc.)

a W 421 454 3.10 229
NH—DNB
Nwﬁ@c. 1.67 0.75 1.10 1.03
o]

:

d "“§ @ 2.50 0.99 1.08 1.19
OCH3
e 2.92 9.14 1.07 1.34
NC OCH;
LI

3.89 1.04 1.71

—
o
z
z
I
o
; Q
o
Y]
~l
=]

The equations were applied to chromatographic separation with optically active 1-(a-naphthyl)ethylamine as stationary phase and
n-hexane-tetrahydrofuran (75:25) as mobile phase.
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topological indices (> 0.94), and all of them are
statistically significant (tail probability over
99.9%, i.e., p<0.001).

The stability analysis for these properties is
illustrated in Table 4. The random value for &’
and a lead, in all cases, to r values lower than
0.7351, which are far from the values of the
selected equations. Moreover, the elimination of
one or two molecules in the series does not
appreciably change the correlations. These re-
sults clearly demonstrate that the selected equa-
tions are not random, as well as stable with
respect to the elimination of one or two data.

The use, in all cases, of polar mobile phases
for the enantiomeric separation conditions the
presence of specific topological indices. Thus,
the presence of indices such as ‘x and ('y -
'x"), linearly increasing the value of k', may be
related to the polar character of the molecule, as
shown with other types of compounds [18]. The
appearance of change indices such as J;, G,, G},
G, and G, is representative of charge-transfer
processes and clearly conditions the polar
character of the correlated compounds [9].

Finally, a cross-validation study on the predic-
tion of the a and k' values for a set of different
compounds with optical activity, of course, not
used in obtaining the regression equations (Egs.
8 and 9), was carried out. The results obtained
are given in Table 5. As can be seen, the
predicted values are close to the experimental
values which demonstrates the ability of molecu-
lar topology for the prediction, as a first ap-
proach, of an enantiomeric separation under
given chromatographic conditions. Further,
given a reference racemic mixture and fixed
experimental conditions, and varying the chiral
stationary phase, it would be possible to obtain
suitable equations to optimize the molecular
structure of the stationary phase.
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