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Abstract

Molecular modeling and molecular dynamics (MD) have been used to study the chiral discrimination and interaction energy of organophos-
phonate inN-(3,5-dinitrobenzoyl)-S-leucine chiral stationary phase (CSP). The elution order of the enantiomers can be predicted from the
interaction energy. Quantitative structure-retention relationship (QSRR) has also been used as an alternative method to confirm the elutio
order of enantiomers. Molecular mechanics (MM), molecular dynamics and QSRR proved to be useful methods to study chiral discrimination.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction do they work?” To address this question a significant num-
ber of experimentalists as well as molecular modelers have
Chirality has been thrust to the scientific forefront in sev- carried out computational studies on the competing transient
eral sub-disciplines of the chemical sciences, particularly diastereomeric complexes involved in enantiodifferentiation
in organic, biological and pharmaceutical chemidty2]. to understand how the inter-molecular forces work, in con-
Separations scientists have understood for many years thatert, to give rise to chiral separatiof6].
by using a suitable chiral environment, either a stationary In Pirkle’s type chiral phases, the chiral discrimination
phase or a mobile phase additive, one should be able towas based on three interactions between enantiomers and
carry out a direct separation on the chromatographic columnchiral phases. A typical case is when a bulky group is bonded
without the need of generating diastereomers as intermedi-to the chiral center, the interaction is possible if one of the
ates. Enormous advances have been made in such separanantiomers forms a perfect steric fit and affords favorable
tions in the past decade and nowadays a wide range of chrovan der Waal's interactions with this bulky group. Accord-
matographic columns and additives are available for use iningly, the stereoselectivity obtained is due to two attractive
planer chromatography, gas-, liquid-, super and subcritical interactions ofr—m interaction and H-bonding, together with
fluid chromatographies and capillary electrophorg3jd]. a steric interactioffi7]. Still and Rogerg8] assessed the dis-
In spite of these advances a redundant question often heardribution of conformers for the analyte and the chiral station-
special concerning these chromatographic systems is: “howary phase (CSP) analogs using the MM2 force field. Several
docking strategies were employed but only the most sta-
mspondmg author. Tels966-1-442-78-59; ble structures fr_om t_heir conformational analysis_ were used
fax: 1966-1-442-78-58. to form the initial binary complexes. The docking strate-
E-mail address: enein@kfshrc.edu.sa (H.Y. Aboul-Enein). gies were based on previously determined NMR chemical
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Fig. 1. The general structure o00,0-dialkyl-1-benzyloxycarbonyl-
aminoarylmethyl phosphonate used in this study. Asteridldénotes the
position of chiral carbon.

shifts. Using MM2 in all examples Lipkowitz and coworkers
[9-12] were able to predict the correct retention order (i.e.,
the sign of AG was always correct) and when their differ-
ential free energies were converted to separation faators,
plots of computed versus observedvere linear and usu-
ally with high correlation coefficients. We also studied the
chiral discrimination of diniconazole in Sumichiral OA4700
column which is a Pirkle type chiral stationary phase made
of Stert-leucine covalently bound 8 1-(«x-naphthyl) ethyl
amine. Using MM2, we got the most stable structures of chi-

ral stationary phase and diniconazole enantiomers and opti-

mized the conformations of complexes (R-CSP &fSP).
The elution order of enantiomers was determined from the
energy of theR-CSP andS-CSP complexefl3].

In this paper, we report the study of chiral discrimi-
nation of organophosphonate derivatives (Fig. 1) on N-
(3,5-dinitrobenzoyl)-Sleucine chiral stationary phase by
molecular modeling. Using molecular modeling, molecular
dynamics (MD), we can predict the chiral discrimination

position, the energy of the complex of CSP and enantiomers.
From the energy, we can determine the elution order of the
enantiomer. Furthermore, quantitative structure-retention

relationship (QSRR) is applied as an alternative method
to confirm the elution order of enantiomers. The computa-
tional results were obtained by the Silicon Graphics Indigo
workstation Orgin 300 with the software of molecular me-
chanics (MM), molecular dynamics and QSAR in programs
Ceriug from MSI (Molecular Simulations Inc., San Diego).

2. Experimental
2.1. Materials

A series of fifteen dialkyl-benzyloxycarbonyl-aminoaryl-
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2.2. Apparatus

The chromatography was performed with Shimadzu
(Japan) modular liquid chromatography equipped with
HP3394A integrator, SPD-10A UV-Vis detector and LC-
10AD solvent delivery system.

2.3. Chromatography conditions

N-(3,5-dinitrobenzoyl)-L-leucine chiral stationary phase
was synthesized according to Gao et[ab] and packed
into a 250 mmx 4.6 mm i.d. stainless steel column. The
mobile phase was different compositions of isopropanoi in
hexane. The flow-rate was maintained at 1 mLmirSPD-
10A UV-Vis detector was at 230 nm.

2.4. Theory and methods

2.4.1. Molecular modeling

In chiral separation, there are interactions between chiral
stationary phase and analyte to form the transient diastere-
omeric complexes as follows:

CSP+A—R = CSP-A—R 1)

()

where CSP is the chiral stationary phase, &Rl A-Sthe

R and S enantiomers of analyte A, CSP-Adhd CSP-A-S
are the complex of chiral stationary phase andRhandS
enantiomers of analyte, respectively. The retention timg (T
of analyteR and S depends on the energy of the complex.
If there is a more stable complex, it will possess a longer
retention time.

CSP+A—-S§ =CSP-A-S

In Tra — AGcspa 3)
—AGcspa = Ecspa — (Ecsp+ En) 4)
—AGcspa-R = Ecspa-R — (Ecsp+ Ea—R) (5)
—AGcspa-s = Ecspa—s — (Ecsp+ Ea—s) (6)

In this study, we calculate the energy of chiral stationary
phase as a molecule (Fig. 2A) instead of the energy of the
boned silica chiral stationary phase (Fig. 2B). The energy
of complex CSP-A-Rand CSP-A-Sare calculated based on
the auto-docking function of the program.

methyl phosphonate compounds were synthesized by The calcu_lation of energy was based on universal force
the National Laboratory of Elemento-Organic Chemistry, field (UFF) in programs Cerids[16,17]. The total energy

Nankai University[14]. The general structure of the com-
pounds is presented iRig. 1. The structures of the sub-
stituents “R" are H, CHs, NOz, OCHs and Cl, respectively.
The substituents “R are Me, Et, Pr and-Pr. These com-

pounds were dissolved in ethanol and then diluted with the

eluent solvent. Solutions with approximate concentration
of 1mgmL~1 in eluent solvent were used for injection. Al

(ET) composed by the energy of bonds ¢, angles (Bng),
torsions (o), electrostatic (ge), inversions (k) and van

der Waal (Epw)
ET = Epond+ Eang+ Etor + Eele + Einv + Evbw (7)

After building the structures, we can use the function to
minimize the energy under UFF. The maximum number of

solvents were filtered by a 0.5um filter and degassed in interactions is 5000. For the interaction of organophospho-

vacuum before use.

nate derivatives and chiral stationary phase, we calculate the
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NO; San Diego, CA, USA). In the program package, the micro-
i © ﬁ structures like area, dipole and lowest unoccupied molecular
CHs—CHz—CHz—NH—C—?‘—NH—C orbital energy (LUMO) were calculated. We used the Vi-
CH, sualizer model to build the molecular structure, then select
(A) CH(CHs), NO; universal force field to optimize geometry using molecu-
lar dynamic method and minimized, finally the relationship
NO, between the macro-property and micro-structures is calcu-
) (I? Iate.d. using QSAR program. QSAR is a chemlgal structure-
—Si—O—(CHz)g-NH—C—(EH—NH—C activity and structure-property statistical analytical method.
CH, The program can generate a large number (about 60) of
B) CH(CHs), NO; molecular descriptors on the basis of the thermodynamic,

geometrical and electronic structure of a molecule. The sta-
Fig. 2. The structure of (A)N-(3,5-dinitrobenzoyl)-leucine and (B) tistical analysis technique includes stepwise multiple linear
N-(3,5-dinitrobenzoyl)-leucine chiral stationary phase. regression analysis, generate multiple simple linear model
analysis, multiple linear regression, and genetic function ap-
two minimized structures individually at first, then, mini- proximation analysi§16]. These analytical methods can be
mize the energy of the two molecules to get the energy of used to get a better relationship between the retention time
the complex. After 5000 steps at 0.0010ps for each stepand the micro-structures.
of dynamics simulation at 300 K, we minimize the energy
again. This represents the final energy of the complex of
organophosphonate derivatives and chiral stationary phase.3. Results and discussion
From the energy of AG cspa—_r and—AGcspa—s, One
can determine which of the enantiomers has longer retention3.1. Chiral discrimination of organophosphonate
time. derivatives by N-(3,5-dinitrobenzoyl)-leucine chiral
stationary phase
2.4.2. The quantitative structure-retention relationship
(QSRR) Table 1shows the retention factor and selectivity factor
For the elution order of the enantiomers of this series («) of the organophosphonate derivatives enantiomers. All
of organophosphonate derivatives, we applied QSRR asof the compounds can be baseline separated easily. A typi-
an alternative method to confirm our results. Quantitative cal chromatograms for the chiral separation of compound 5
structure-retention relationship is a multi-variant statistical and 7 are shown ifrig. 3A and B, respectively. Thieand
correlation between the retention time and the key geomet-« values are decreased with increasing the concentration of
ric or chemical characteristics of a molecular system. isopropanol in mobile phase for all compounds. The order
The computational results were obtained using a Silicon of chiral separation of substituent in para position of ben-
Graphics Indigo workstation, and the software programs zene ring Wasy,_ocH, > &p—Cl > &p—CH; > Xp—NO, >
Cerius2 and QSAR from MSI (Molecular Simulations Inc., «,_y. When the same substituent is in different position

Table 1
Retention factor (k) and selectivity factor («) of the organophosphonate derivatives enantiomers
Compound No. 2.5% isopropanol 5% isopropanol 10% isopropanol

Rl Rz kl k2 o k1 k2 o kj_ kg o
1 H Et 4.222 6.130 1.452 2.186 3.037 1.389 1.103 1.450 1.315
2 p-OMe Et 1.157 1.527 1.322 4.381 7.763 1.772 1.306 2.066 1.582
3 p-Noz Et 1.651 2.322 1.4067 5.174 7.995 1.545 2.263 3.217 1.421
4 p-Cl Et 0.707 1.043 1475 1.969 3.229 1.640 1.034 1.586 1.534
5 0-OMe Et 9.496 12.408 1.307 4.576 5.812 1.270 2.198 2.666 1.213
6 m-Cl Et 3.775 5.584 1.479 4.047 2.984 1.458 1.087 1.502 1.382
7 m-Noy Et 2.054 2.966 1.444 6.050 9.606 1.588 3.096 4.616 1.491
8 p-Me Et 4.086 6.357 1.556 2.269 3,511 1.548 1.413 1.657 1.451
9 o-Cl Et 4.765 6.586 1.384 2.480 3.309 1.334 1.330 1.686 1.268
10 H i-Pr 2.020 2.943 1.557 1.074 1.471 1.370 0.630 0.712 1.182
11 p-Cl i-Pr 1.679 2.396 1.427 0.966 1.347 1.395 0.567 0.702 1.238
12 p-Cl Me 1.294 1.826 147 4.002 6.065 1.515 1.976 2.831 1.433
13 H Me 8.098 10.808 1.335 4.378 5.772 1.319 2.206 2.836 1.286
14 p-Cl Pr 0.498 0.767 1.540 1.237 2.220 1.795 0.683 1.111 1.627
15 H Pr 2.663 4.186 1.572 1.460 2.234 1.530 0.771 1.112 1.443

@ The mobile phase was 15% isopropanolnimexane.
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Fig. 3. Chromatograms of chiral separation of (A) compound 5; mobile
phase: 5% of isopropanol imhexane and (B) compound 7; mobile phase:
10% of isopropanol im-hexane.

of benzene ring, the orders arg,_c| > an_cl > a—cl,
Qp—OCHy > ®o—OCHzr Am—NO; > Op_NO,- With different
substituent R, and the substituentsRs p-Cl, thea values
show an order ofp;r > ag; > ame > o;_pr. However, when
the substituent Ris H, thea values show an order ofp; >
ai—pr > agt > apMe. We also performed the chiral sepa-
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on these polysaccharadie-basd CSPs are based-srin-
teraction, H-bond interaction and the stereogenic fit in the
chiral groove of these polysaccharide-based CSPs while the
chiral discrimination in the case ®-(3,5-dinitrobenzoyl)-
leucine (DNB-leu) CSP is based mainly on the-w
interaction.

3.2. Sudy of chiral discrimination of organophosphonate
derivatives by molecular modeling

With Ceriuse2 program, we can build the structures of
CSP and the organophosphonate derivatives enantiomers.
After building the structures, minimized energy is obtained
under Universal 1.02 Force Field. The maximum number of
interactions is 5000. For the interaction of organophospho-
nate derivatives and chiral stationary phase, we construct the
two minimized structures separately at first, then, minimize
the energy of the two molecules by auto-docking to get the
energy of the complex. After 5000 steps at 0.0010 ps for
each step of dynamics simulation at 300K, we minimize
the energy of the complex again to get the final energy of
the complex of organophosphonate derivatives and chiral
stationary phase.

Table 2shows the energy of CSR; and S-enantiomers
and the complex, respectively. FromdGcspa_r and
AGcspa—gs, all the complexes of CSP-A-Rave lower
energy than CSP-A-$Table 2). That means A-Form a
more stable diastereomeric transient complex with the CSP.
Accordingly, enantiomer of A-Rhould have longer reten-
tion time than enantiomer of A-Figs. 4 and Sshow the
interaction between CSP and enantiomers of B#ndS
(CSP-A-Rand CSP-A-S) of compound 1.

When using MM2, the energy é&t-enantiomer was same
as that ofS.enantiomef13]. In MM2, the force field treats

ration of those organophosphonate derivatives by different the enantiomers totally as mirror symmetry molecules. The
polysaccharide-based chiral stationary phases with differentmirror is only at the chiral center, while the other part of

mobile phase systerfil8—21]. The chiral discrimination

the molecule does not possess symmetry. However, with

Table 2

The energy of enantiomers and complex (kcalmpl

Compound No. A-R CSP-A-R AGcspa_r A-S CSP-A-S AG CSRA—S
1 102.420 119.938 —22.0468 105.663 126.933 —18.2948
2 109.997 125.410 —24.1518 113.272 131.872 —20.9648
3 100.906 119.855 —20.6158 107.637 127.579 —19.6228
4 102.299 119.399 —22.4648 104.242 122.660 —21.1468
5 109.997 126.762 —22.7998 113.700 134.365 —18.8998
6 102.178 117.167 —24.5758 104.234 123.398 —20.4008
7 105.613 125.869 —19.3088 107.701 129.084 —18.1818
8 103.437 120.441 —22.5608 105.380 126.695 —18.2498
9 105.397 124731 —20.2308 99.8830 123.874 —15.5738
10 99.7880 121.928 —17.4248 106.085 130.653 —14.9968
11 99.6307 122.642 —16.5535 105.951 129.178 —16.3378
12 98.7503 119.274 —19.0411 100.971 122.729 —17.8100
13 98.8606 120.265 —18.1604 103.467 129.686 —13.349
14 97.6166 116.126 —21.0554 105.043 124.297 —20.3108
15 103.371 120.466 —22.4698 104.644 127.396 —16.8128

The energy of CSP was 39.5648 kcal mbl
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Table 3
The final QSRR equations of organophosphonate derivétives

QSRR equations of stepwise predicted retention factors r2 F-test
R-kq 11.8234+ 0.078514x “Vm” — 0.146876x “MW" + 3.85429x “H bond-acceptor” 0.904 34.518
R-ko 14.7682+ 0.16822x “Vm”" — 0.270454x “MW" + 6.60789x “H band-acceptor 0.939 56.397
Sky 10.5144+ 0.201843x “dipole-Z" — 0.063819x “MW” + 3.69592x “H bond-acceptor” 0.950 47.317
Sky 14.5709+ 0.16777x “Vm” — 0.27057x “MW”" + 6.68347x “H bond-acceptor” 0.938 55.017

2 QSRR equations are based knandk; of the R- and S-enantiomers.

Ceriug, we found that the energy & and S-enantiomers The chromatographic system in this study was performed
is not same. under normal phase mode. We study the correlation based on

the parameters of energy (conformation), dipole (the dipole
moment of molecule), HOMO (highest occupied molecu-
lar orbital energy), LUMO, MW (molecular weight), Vm
(molecular volume) and Hf (thermodynamic). In the pro-
cess of searching for the best equation, the equation with
biggerr? is selected when a single descriptor is considered.
In this study, we used the structure parameterS-@ndR-
enantiomers to build the relationship equation with retention
factork; andks. The biggen? is used to distinguish which
equation fits to describe the retention factor. Finally, we got
the equations with best correlation coefficient between reten-
tion time and microstructure which are showTable 3. The
results indicate thaR-enantiomers of organophosphonate
derivatives have good correlation with andS-enantiomers

of organophosphonate derivatives have good correlation with
k1. This mean®f-enantiomers of organophosphonate deriva-
tives have longer retention time than that®&nantiomers.
These results were same as the results obtained from molec-
ular modeling.

3.3. Sudy of retention behaviors of the enantiomers of
organophosphonate derivatives by QSRR

We used QSRR to study the correlation betwBeor S
enantiomers and the retention factarandks. In QSRR,
squared correlation coefficient (or coefficient of multiple de-
termination),r2, is a measure of the fit of the regression
model. The correlation coefficient values closer to 1.0 rep-
resent a better fit of the model. Thetest reflects the ratio
of the variance explained by the model and the variance due
to the error in the model (i.e. the variance not explained by
the model). High values of the-test indicate that the model
is statistically significanf22]. The stepwise multiple linear
regression analysis in QSAR program is used to look for the
best equation with the biggest squared correlation coefficient
and F-test, which can be used to describe the relationship
between the retention time and micro-structures.

Fig. 4. The complex of CSP ariglenantiomer of compound 1 (CSP-A-R).  Fig. 5. The complex of CSP arlenantiomer of compound 1 (CSP-A-S).
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4. Conclusions ]
]
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Using molecular modeling, molecular dynamics, we can
study the chiral discriminatipn |eadin9. to the resolution qf [9] K.B. Lipkowitz, D.A. Demeter, R. Zegarra, R. Larter, T. Darden, J.
organophosphonate derivatives enantiomers, by calculating ~ Am. Chem. Soc. 110 (1988) 3446-3452.
the energy of the complex of CSP and enantiomers. Accord-[10] K.B. Lipkowitz, B. Baker, R. Zegarra, J. Comput. Chem. 10 (1989)
ingly, one can predict the elution order of the enantiomers. ” ng‘z_%k- 2. B. Baker, Anl. Chem. 62 (1690) 770774

. . .B. Lipkowitz, B. Baker, Anal. em. — .
Further_more, the QSRR studies offe_rs an alternative methodm] K B. Lipkowitz, S. Antell, B. Baker, J. Org. Chem. 54 (1989) 5449—
to confirm the elution order of enantiomers. Molecular me- 5453,
chanics, molecular dynamics and QSRR can be useful meth-{13] G.S. Yang, B. Yan, L. Lei, W.-G. Wang, C.-B. Liu, Chem. J. Chin.

[8] M.G. sitill, L.B. Rogers, Talanta 36 (1989) 35-48.

ods to the study of chiral discrimination.
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