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Abstract: A computational procedure for the modelling of chromatographic separation of neu-
tral tris(acetylacetonato)cobalt(IIl) into enantiomers on a dinitrobis(arginine)cobalt(IIT) com-
plex as a chiral selector is described. Predicted elution order calculated from the differences in
total energy of interaction for A and A selectands is in agreement with the experimental results.
Predictive power of the method and its possible practical applications in designing efficient
chiral stationary phases is demonstrated.
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INTRODUCTION

The importance of the production of optically active compounds in such diverse fields
as, e.g., pharmaceutics, natural products chemistry, or agrochemistry, coupled with the key
theoretical significance of chiral molecules for understanding of basic chemical phenom-
ena, is generating a vigorous continued interest in this topic. !

The need for a better understanding of chiral phenomena at the molecular level has
made the computational modelling of chromatographic enantioseparations? an area of
considerable recent interest, as evidenced by the numerous articles in several specialized
journals (including 7etrahedron: Asymmetry, Enantiomer, Chirality, and Molecular Asym-
metry) dedicated to this topic.

Most of the computational studies reported so far were concerned with the enantio-
separation on natural macromolecules (polypeptides,’ polysaccharides,* and their deriva-
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tives) or synthetic chiral macromolecules® acting as chiral selectors (also known as chiral
stationary phases) in high-performance liquid or gas chromatography. Depending upon the
nature of the chosen chiral selector either the short-range dispersion forces or the long-ran-
ge electrostatic forces were identified® as most responsible for enantioselectivity. The
overall shape of the chiral selector was found to be determinate for the efficiency of the
enantioseparation. In this respect selectors are generally classified as open (e.g., flat sur-
faces), half-open (e.g., with hemispheric cavities), and closed (e.g., cylindrical)® with their
binding efficiencies increasing roughly in that order.

The present work originated from the earlier study’ by one of us, which showed that
neutral tris(acetylacetonato) complexes of trivalent transition metals could be efficiently
resolved into enantiomers on a [Co(S-Arg),(L),]" complex (with L = NO,~ or CI~ lig-
ands) acting as a chiral stationary phase (CSP). That report represented the first, and to our
knowledge still the unique, published result describing a chromatographic enantiosepa-
ration on a chiral selector consisting of a transition metal complex, that surpassed in effi-
ciency most of the other known enantioseparation methods.3

To gain further insight into the mechanism of enantiodiscriminating interactions re-
sponsible for the resolution, we have carried out a computational modelling of the interac-
tions between A and A [Co(acac)3] and the CSP. We have followed a molecular mechanics
approach using the computational methods and parameters taken over from our previous
conformational studies on coordination compounds, with a number of modifications de-
scribed below.

COMPUTATIONAL DETAILS

Initial coordinates of [Co(acac)s] were constructed by imposing exact @3 symmetry
to the structure obtained from the published single-crystal X-ray diffraction study by
Kruger and Reynhardt.? Both enantiomers were constructed from the same atomic coordi-
nates. In the present molecular mechanics simulations the selectand was treated as a rigid
structure.

Initial structure of [Co(S-Arg),(NO,),]" corresponded to that found in the sin-
gle-crystal X-ray diffraction study of the nitrate dihydrate A(+)sgg diastereoisomer by Wat-
son, Kamberi and Celap.!? The compound was actually used as the chiral selector in our
chromatographic separations.

Point charges of [Co(acac)z] were computed by semi-empirical MO calculations us-
ing either the ZINDO/1!! program or the extended Hiickel program of Hoffmann.!2

Point charges on [Co(s—Arg),(NO,),]" were compiled using the selected values from
the published ab initio calculations!3-15 for the Arg sidechain. Missing values were esti-
mated by performing extended Hiickel calculations!2 on the relevant fragments of co-
balt(IlI) complexes containing coordinated Arg and nitro groups, and by adjusting the ob-
tained values with respect to the published ones to ensure the correct sum and the chemi-
cally reasonable charge distribution.
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Point charges on NO3~ and lattice water were computed using the MICROMOL ab
initio program of Colwell et al.10

Molecular mechanics calculations were performed with a substantially modified ver-
sion of the CFF program package.!7 Since both the selectand and the CSP were treated as
rigid structures, only the intermolecular van der Waals, electrostatic, and hydrogen bonding
interactions were considered. Consequently, only the Lennard-Jones “6-12” type functions
for all required atom pair types were used. The functions were supplemented with simple
Coulomb terms with distance-dependent dielectric constant:

6
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where 7*; and €; represent equilibrium distance and energy, respectively, e; and e; are
point charges on atoms i and j, and D(r) is a variable dielectric constant.

Parameters for the Lennard-Jones “6-12” functions were derived by a least-squares
fit to the “exp-6" functions!” with the parameters used extensively in our previous molecu-
lar mechanics calculations on coordination compounds.!8 Missing values (e.g., for Arg
sidechain atoms) were extrapolated from the AMBER99 force field for proteins!® taking
care that the internal consistency of the entire parameters set is preserved.

Definition of a CSP surface and the periodic boundary conditions are described in the
Results section below.

For energy minimization, a grid-search technique followed by the conjugate-gradient
method of Powell?0 was used. In the latter algorithm a choice between the Fletcher-Reeves?!
and the Polack-Ribiere?? scheme for updating the conjugate gradient direction is offered.

RESULTS

Rigidity of the selectand in the present treatment is justified by the fact that acac rings
in a tris(bidentate) structure are indeed essentially planar in all known structures. The only
possible internal degree of freedom is the trigonal twist? as a function of the radius of the
central metal atom. However, a change of the trigonal twist angle, in the range that includes
all reported values for different transition metal ions, did not influence the results of the
present calculations to any appreciable degree, so the twist angle was fixed at the averaged
crystallographic value of 68° for the cobalt(Ill) structure.

The active surface of the CSP was defined on the atomic level by the method of in-
spection. Various cross-sections were examined starting from the planes parallel to those
with the smallest values for Miller indices. Planes that intersect covalent bonds were dis-
carded, and those that do not (or almost do not intersect the bonds) were considered. In this
way we selected planes (2 2 0) and (0 0 1). By inspection of the three-dimensional lattice of
[Co(S—Arg),(NO,),INO52H,0 it is clearly seen (Fig. 1) that the former plane does not in-
tersect any of the covalent bonds, so it is reasonable to suppose that the crystal should pref-
erentially cleave along that plane. The plane (0 0 1) has similar properties (see Fig. 2).
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Fig. 1. Plane (2 2 0) forming a cross-section of the crystal lattice of [Co(S—Arg),(NO,),]NO3-2H,0.
Approximate projection along the crystallographic ¢ axis is shown. One unit cell is indicated by solid
black lines.

Fig. 2. Cross-section of the crystal lattice of [Co(S-Arg),(NO,),]NO5-2H,0 by the (0 0 1) plane.
See caption to Fig. 1. for further details.
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[Co(S—Arg),(NO,),]NO3-2H,0 along the (2 2 0) plane. The repeating motive of the surface is defined by
the vectors a and b and the angle y (a = 15.375A, b= 5.701A and y = 82.78°).

Our task here is exactly opposite to that of defining the planes in crystal growth simu-
lation, because the CSP is experimentally prepared by grinding the crystalline substrance.
To our knowledge this simple protocol has not been previously described in this context.
Both cross-sections, (2 2 0) and (0 1 0), give forth to the two complementary surface defini-
tions each (for example, Fig. 3), which are easily assembled from the crystallographic
atomic coordinates. Owing to the translational symmetry of the surfaces, it was possible to
apply periodic boundary conditions in the calculation of nonbonded distances, viz.:

rij= {(Ax;+ 14+ b cos T2+ (Ayjj + b sin 772+ (Azij)z} 12

where Ax;;, Ay;;and Az represent differences in x, y and z coordinates of the atoms i and /;
a, b and y are unit cell parameters relevant to the chosen plane; k and A are integers (0, * 1,
+ 2, ...) that define the extent of unit translations along in-plane a and b axes (Fig. 3). The
cut-off distance for nonbonded interactions was implicitly defined in this work by impos-
ing a limit to the number of translations along a and b, (a > b), as: —1 <k <1; -2 <A <2 for
the (2 2 0) plane, and 2 <k <2; -2 <A <2 for the (0 0 1) plane. Due to the lack of any ex-
perimental evidence that would indicate the contrary, CSP was also treated as a rigid struc-
ture in the present modelling of enantioseparation.
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Fig. 4. Positions of A and A selectand molecules, with respect to the unit cell motive on one of the (2 2 0)
CSP planes, which are identified as the low energy local minima. Only one of the two complementary (2 2
0) surfaces is shown to illustrate the modelling results of this work. One A selectand which forms the most
stable transient complex with CSP is represented in full ball-and-stick display style, with hydrogens re-
moved for clarity, the other selectand positions being represented by their centers of mass only. The CSP
surface is represented in CPK display style. For other details of the CSP surface see caption to Fig. 3.

Lennard-Jones function were chosen both for the van der Waals and for hydro-
gen-bond interactions. In the latter case the angular dependence, in the form suggested by
Vedani,2* was applied:

Eti-bond = (Apa/r — Cpa/r) cos™(OppA) COs™((HAA'A”)

where exponents i and j have the standard values for the “6-12" function; exponents m (=
0,2,4) and n (=0,2) depend on the donor atom (D); and angles 6 and y define the bond an-
gles on H and on the acceptor atom (A), respectively. However, the results appeared not to
be sensitive with respect to such function refinement.

Minimization procedure was guided by the fact that the CSP surface (in any of the exam-
ined cases) did not contain characteristic binding sites. Therefore, the initial screening of the sur-
face was performed by calculating the energy of the CSP—selectand interaction on a series of
grid points covering the entire surface of the unit cell motive (such as, for example, the one
shown in Fig. 3) at various distances from the mean CSP plane. In this way the most favorable
distance of the selectand from the CSP was determined for each projected point. Then a “full”
minimization was performed starting from each of such positions, allowing all three transla-
tions and three Eulerian rotations of the selectand with respect to the CSP to vary.
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Results for the two complementary CSP planes corresponding to the (2 2 0)
cross-section are presented in Tables I and II. Corresponding positions of the selectand
with respect to the unit cell motive on the CSP plane, which are identified as local minima,
are indicated in Fig. 4. The results for the (0 0 1) cross-section (not shown) are qualitatively
similar to those presented, so that the following discussion and conclusions apply equally
to both pairs of complementary CSP surfaces treated in this work.

TABLE 1. Modelling results for the interaction of the A, A -selectand with the (2 2 0) surface of the CSP.

1 a
— Selectandyjzordmates S g{(.l]/“gig P(%) Okmol) GO (kl/mol)
A-[Co(acac)s]
0.689 0.988 8.404 -128.0 0.1344
0.281 0.403 7.945 -118.6 0.0030
0.623 0.007 8.900 -112.2 0.0002
0.600 0.758 7.714 —144.2 94.1550
0.597 0.742 7.768 -137.3 5.7074
0.796 0.161 8.411 -104.0 <0.0001
—-143.80 —144.37
A-[Co(acac);] ,
0.401 0.177 8.337 —142.7 0.5122
0.407 0.194 8.323 —-143.9 0.8358
0.769 0.758 8.198 -127.6 0.0012
0.403 0.185 8.428 —148.8 6.1301
0.411 0.198 8.388 -150.9 14.0223
0.743 0.710 8.218 —155.1 78.4986
—154.00 —155.74

3Coordinates of the selectand center of mass x and y are expressed as fractional coordinates w.r:t.  and 5. °Co-
ordinate z is the distance from the plane of the CSP metal atoms.

TABLE II. Modelling results for the interaction of the A, A-selectand with the (2 2 0) surface complementary
to that presented in Table I.

1 a
- Selecm;d_c;’/o;dmtes ; fk(;gf)‘lg P(%)  E(Kmol) GO (kl/mol)
A-[Co(acac)s]
0.048 0.645 5.930 ~195.6 0.0009
0.119 0.774 5.628 2243 99.7782
0.101 0.790 5.774 209.2 0.2209
0.077 0.702 6.060 159.5 <0.0001
0.506 0.355 7.194 1448 <0.0001
0.054 0.726 5.938 1651 <0.0001

—224.27 —224.31
A-[Co(acac)s] ,
0.295 0.403 6.176 —213.1 <0.0001
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TABLE II. Continued

1 a
" Seleaanldf;’/o;dmates - ) PO Hmol) GO (ol
0319 0355 6.406 2780 999588
0286 0387 6012 2259 <0.0001
0336 0382 6316 2527 00037
0337 0376 6296 2582 00340
0.562 0356 6316 2526 00035

—277.98 —277.99

aSee footnotes to Table 1.

DISCUSSION AND CONCLUSION

The elution order can be determined from the computed energies of interaction be-
tween the selectand and the CSP surface. In cases with multiple local minima (such as
those shown in Tables I and II) the binding energy was obtained by summing over all indi-
vidual interaction energies and averaging them according to Boltzmann statistics:

/
E=Y Efp,
=1

where E is the mean enthalpy of interaction; £, is the (calculated) individual energy for
the i-th configuration; P; is the fraction of the Boltzmann population for the i-th configura-
tion; and / is the number of configurations (local minima). £ was converted into mean
Gibbs free energy of interaction, AG, by correcting for the entropy in the usual way, and
eventually related to the enantiomeric separation factor, o, through A(AG) = —RT In a,
where A(AG) = AGA — AG,. The latter relation is valid since chromatographic retention
processes are well described by equilibrium thermodynamics.25 Our results for both of the
(22 0) cross-section surfaces (Tables I and II) as well as for the (0 0 1) surfaces (not shown)
indicate that the A enantiomer of the selectand forms a less stable transient complex with
the CSP and is therefore eluted first. This is in agreement with the elution order found ex-
perimentally.8.20

Furthermore, the close inspection of the equilibrium configurations of the selec-
tand—CSP transient complexes shows that the selectand tends to adopt a preferable orienta-
tion with respect to CSP with its trigonal axis perpendicular to the CSP surface in all cases.
This is consistent with the fact that for a highly symmetrical molecule, such as [Co(acac)s],
the only enantiodiscriminating contact with a chiral surface could be achieved along the di-
rection of its Cy axis. This validates the “three-contact-point” model for enantiodiscri-
mination of Pirkle2”-28 (taking also into consideration its generalization by Topiol2%-30),
What distinguishes this system from all the other examples described in the literature is that
in our case the three contact points are indeed equivalent (related through a cyclic permuta-
tion by the C5 symmetry operation) and that enantiodiscrimination arises only from the
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propeller form of the selectand as a source of its chirality. Therefore, the classical
“three-contact-point” model in our case may only be regarded as a gross simplification. A
more accurate explanation for enantiodiscrimination would require a model comprising a
larger number of contact points. This is corroborated by the fact that typically about 15-20
pairwise atom-atom interactions (less than 4A) between the selectand and the CSP, which
contribute to the demarcation between A and A absolute configurations of the former spe-
cies, have been discerned in all local equilibrium configurations of the transient selectand —
CSP complexes.

The predictive power of the modelling presented in this work remains useful both for
the determination of absolute configurations of resolved selectands, as well as in a design
of chiral selectors with improved enantioselectivity.
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U3BO

[TPOYYABAIE XPOMATOI'PA®CKOI PASJIATABLA HA EHAHTUOMEPE
TPUC(ALUETUJIALIETOHATO)KOBAJIT(III) KOMITVIEKCA HA APTUTHMHCKOM
KOMITIIEKCY KOBAJITA(III) KAO XMPAITHOM HOCAYY Y3 IIOMOK PAUYHAPA

JbUJbAHA YYYKOBWH, UCMET M. XOI,II/I'F)1 u CBETO3AP P. HUKETUR2

lXemujcxu ztpalcyﬂLEem, Yuusepsuiteiti y beozpaoy, Citiyoeniticku itipz 16, i. iip. 158, YU-11001 Beozpao u
‘Department of Chemistry, University of Fribourg, Pérolles, CH-1700 Fribourg, Switzerland

OrnucaH je HOB pauyHApCKU MOCTYIAK 32 MOJENIMPAbe XPOMATOrpad)cKor pasnarama Hey-
TpaNHOT Tprc(aneTmIaneToHaTo )KooanT(Il) KoMIuIeKca Ha eHAHTHOMepe Ha XUPATTHOM HOcauy Off
muHATpO-Ouc(apruanH)kooanT(I1l) KoMmmuiekca. Pegocien enynpama Koji je peficka3al Ha OCHOBY
TIpOpavyHa pa3irKe y YKYITHO] EHepIuju MHTEpaKnyja 3a A 1 A celleKTaHTe je y TIOTIYHOj caria-
CHOCTH Ca eKCIIepUMEHTAIIHIM pe3ynTatuMa. TumMe je mokaszana MoryhHoct npefsubama Kojy nMa
OBa METOJIa, Kao ¥ HheHa MPUMEHA Y TU3ajHIPaby e(pHKaCHUX XUPATTHIX CTallMOHAPHUX (ha3a.

(ITpumsbero 28. jyna 2002)
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