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Abstract

This works deals with the development of a model for the description of the chromatographic behavior of enantiomers forming dimers
on achiral stationary phases. The model describes the formation of both homochiral and heterochiral dimers by introducing two equilibrium
constantsKhomoaNdKetero Which have to be independently estimated. The adsorption of both monomeric and dimeric species is described by
a bi-Langmuir isotherm. Both adsorption and dimerization equilibrium models are implemented in a standard equilibrium-dispersive model
of the chromatographic column. The isotherm parameters are determined by fitting of pulses constituted either of the pure enantiomers or of
non racemic mixtures of both enantiomers. The validity of the model is then assessed by application to the binaphthol case.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction dent, namely thaKnetero = 2Khomo This implies that the
model can be applied only to those systems for which the
The possibility of obtaining the enantiomeric enrichment enthalpies of formation of the homochiral and of the hete-
of non-racemic mixtures of specific chiral compounds by rochiral dimers are the same, whereas their absolute molar
chromatography on achiral stationary phases has been asentropies differ by a factoRIn2 as it can be demostrated

sessed experimentally for several systgiis3]. Namely, through statistical arguments.
100% enantiomeric enrichment was obtained for binaphthol In this work, the above model is extended to the more
on an amminopropylsilica stationary phgd$¢. The occur- general case, where this assumption is relaxedhgero 7

rence of this behavior is attributed to the formation of ho- 2Khome This is obtained by exploiting new results where it

mochiral and heterochiral dimers by association of the single was shown how to treat this general case, and a method was

enantiomers present in solution. Being diastereomers with developed for the determination of both homochiral and het-

different chemical and physical properties, these dimers canerochiral dimerization constants from optical rotation mea-

be separated also without the need of a chiral selector. surementg10]. Such a general model will be then applied
In arecent paper, we developed a model for the descriptionto the binaphthol case, whose dimerization equilibrium con-

of the chromatographic behavior of these systg@sThis stants ar&Knomo = 1.31/mol and Khetero= 3.1 1/mol.

was obtained by coupling the description of the dimerization

and adsorption equilibria to a standard equilibrium disper- )

sive model of the chromatographic column. Such a model 2= Theory and model equations

was based on the underlying assumption that the homochiral

and heterochiral dimerization constants were not indepen- N this section, we present the model that describes a
chromatographic column where two enantiom®&rand S

that can form dimers according to the following reactions
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S+85§=S5 ) B=1+ bi(mg + ms) + baKnomo(m% + m%)
R+S=RS (3) + b3Kneterdn g s. (16)

For the sake of brevity, in the following only the relevant This allows expressing alsoands in terms of the two fluid
equations are given while we rely on the detailed discussion phase monomer concentrationg andmg:

and comments reported elsewhfE In the presence of the

above reactions, the following relationships give the overall . _ amg + 2h2Khomon + haKneterdn gms

enantiomer concentrations in terms of monomers and dimers G
concentrations at every position in the column and every armp + 2a2Knomon% + azKneterdn gims
time (seeSection 5for the explanation of the symbols): + B (17)
r=mg+2drr + drs; (4) s hims + 2h2Khomd"§ + h3Kheterdn rimss
s =mg + 2dss + drs. 5) G ,
. . o . aims + 2a2 Knomdgn + a3Kneterdn gms
Assuming equilibrium of the dimerization reactions and + om BS e (18)

ideal behavior of the liquid phase, i.8rr = Khomom%,
dss = Khomdng, anddrs = Kneterdn g s, these equations  The chromatographic column is described using the equilib-
can be recast as a one-to-one mapping between overalfium dispersive model, i.e. by lumping axial dispersion and

concentrations and monomer concentrations: mass transfer into an apparent axial dispersion coefficient.
Two independent material balances can be written, most con-

_ 2 .
r=mg +2Knomon + Kneterdr r/s; 6) veniently in terms of the overall enantiomer concentration,
s=mg+ 2Khomomg + Kheterdn g1 s. (7) i.e.r,s, 7 ands:
- 2
The overall enantiomer concentrations in the adsorbed phasesg +(1- E)g + ug = sDapﬂ; (19)
are given by the following equations: ot ot 0z 922
F =g + 2drr + drs; 8 d s a ¥
F =g + 2drr + drs (8) 88_j+(1_8)8_j+u3_S=8Dap3_; (20)
5 = 5 + 2dss + dRs. 9) : -

. ] ) ) ~ The adsorbed phase concentratioagds are given in terms
The quantities on the right hand side are obtained using ¢ the fluid phase onesands, implicitly through Egs. (6),
the adsorption isotherms of both monomeric and dimeric (7), (17) and (18)In fact Egs. (6) and (7)an be inverted
species, that are assumed to obey the multicomponentyiek:“ngl a single pair of positive values far, and m;;

bi-Langmuir model: these are function of the concentrationands, and of the
him aim dimerization equilibrium constants:
R = 1GR+ 1BR; (10) q
mpg = mg(r, s, Khomo, Kheterd; (21)
__ hims  aimg
"S=T6 + B’ (11) ms = ms(r, s, Knomo Khetero- (22)
Substituting the last equations integs. (17) and (18)
T hodrr | a2drr h2Knomon%  a2Khomdng and then the resulting equations into the partial differen-
RR="5G B G B ’ tial Egs. (19) and (20Q)yields a system of two PDEs in
(12) the unknowns- ands. Once this is solved andands are
P P obtained as functions of time and spaEes. (21) and (22)
des = hadss | azdss _ 72Knomon athomOmS; are used once more to calculate the concentratiopgnd
G B G B ms, through which the detailed fluid and solid phase com-
(13) positions can be calculated. More details about this variable
transformation are provided in Appendix A (8], where
i h3drs n asdrs the equations (A.7)—(A.11) should be replaced by:
G B ompg 1 0s 1+ 4Khomdns + Kheterdr
h3Khneterdn ris azKneterdn gims =T = ) (23)
= ; (14) or J omg J
G B
where the denominatois and B are: gmg _ 1 9 _  Khetergnr (24)
os J omg J ’
G=1+g1(mp+ mgs) + g2K, m3 + m?
g1( R s) 82 homo. R 5) ams B 1 9 B Kheterdns -
+ g3Kheterdn gms, (15) or _7 omp - J ’ (25)
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oms 1 or 1+ 4Khomdnr + Kheterdns The number of parameters to be estimated through the pulse
o5 Jomp i : (26) fitting procedure can be reduced by imposing a few physical
constraints. In particular, the molar loading capacity of the
adsorption sites for monomers and dimers can be assumed
to be one twice as big as the oth®j. This assumption

leads to the following four relationship:

In these equations the parameieis the determinant of the
jacobian of the transformatiotm g, mg) +— (r, s), defined
by Egs. (6) and (7)and it is given as:

O s ds or 2¢1hi .
" Ompg Oms  Omp dmg 8= (i=23); (30)
= (14 4Khomonr + Kneterdn s) bra
19 .
x (14 4Knhomans + Kneterdn r) — Kagterdn kM bi = o L (i=23). (31)

27
@7 The above constraints reduce the number of independent

parameters to be estimated to eight, i®,:az, asz, h1, ha,

3. Application: binaphthol enantiomers hs, by andga.

The general model presented above has been applied to>-2. Monomers and homochiral dimers
the description of the achiral chromatography of binaph- o )
thol enantiomers. Apart from those parameters obtained The values for the adsorption isotherm parameters, i.e.
by independent measurements, i.e. the homochiral and?1: @2, b1, h, h2 andgs, correspondmg to monomers and
heterochiral dimerization constants and the column void homochiral dimers have been determined by fitting the re-
fraction, ¢ = 0.73, the evaluation of the model parameters tention times of pulses constiting of a single enantioféigr
(a, b, h and g) required the application of a fitting proce- The best-fit values, yvhich allowed for a rather good agree-
dure based on chromatographic pulse experiments. Thesdnentbetween experimental data and model results; gre:
experiments were reported previously in a paper, which the 12 = 32, a1 = a2 = 38, g1 = g2/2 = 74l/mmol, and
reader is referred to for a detailed description of material 1 = b2/2 = 0.5/mmol. It is worth noting that these val-
and methodg9]. It is worth pointing out that the on-line  Ues are exactly the same as those obtained previ¢akly

concentration of the two enantiomers was evaluated from Where a slighty different value for the homochiral dimer-

optical rotation,, and UV absorbance data, following ization constant had begn used. In fact, !t was observed
the approach presented[it0], i.e. by solving the following ~ that the values of the ratids/ h1 andaz/ay in the range

system of two non-linear equations: 0.001-20 does not significantly affect the calculated reten-

tion time in the investigated range. This is an evidence that

a = u(mg —ms) + 8(m% — m2) the selectivity of the stationary phase be_tween homochiral

— a(r. 5: Khomo Khetero /1. 5): (28) dimers and. monomers cannot pe determlned from our c_:hro-

o T matographic data; this results in assuming that the infinite
dilution coefficients of the two terms of the bi-Langmuir

A = M(mg + mg) + D(drr + dss) + Edrs isotherm for monomers and dimers are the same, i.e. that:
— A(r, 52 Khomo Khetero M. D, E). (29) h1 = hp anday = ap. Therefore, under this assumption

the value of the homochiral dimerization constant has a
The values of the response parameters for optical ro- minor effect on the calculated retention time of the pure
tation @ = 2190+ 130mdegl/mol,§ = —11000+ enantiomer.
200 mdeg I/mol) and for UV absorbancld (= 328+ 0.6V
I/mol, D =71+5VI/mol andE = 156+ 11 VI/mol) have 3.3. Heterochiral dimers
also been determined previoud$0]. It is worth noting
that the other two parameters in the moésgjs. (19) and The values for the parametefg and a3, which con-
(20) are the superficial velocity;, which is given, and the  trol the behavior of the model when simulating pulse
axial dispersion coefficient, which is accounted for through chromatograms of mixtures of enantiomers, particularly
numerical dispersion using five thousand grid points in our of non-racemic mixtures, have also been estimated. This

simulations[11]. was done by repeating the fitting procedure using the
equilibrium dispersive model and experimental retention
3.1. Adsorption isotherms times of pulses constituted of both enantiomers. As shown

in Fig. 1 for pulses of different compositions solutions

Among the parameters appearing in the adsorption at 30g/l overall concentration, a rather good qualitative
isotherms, i.e. inEgs. (10)to Egs. (14) the dimerization and quantitative agreement was obtained. This is con-
equilibrium constants are determined independently andfirmed when the calculated elution profiles of the two
their value is:Khomo = 1.31/mol and Khetero = 3.1 1/mol. enantiomers are compared with the experimental chro-
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Fig. 1. Experimental (symbols) and calculated (solid line) retention times
of the peak maxima of the two enantiomers for 10Qulses of 309/l 05
solutions at different relative compositions.
matograms. For the sake of brevity, the results of two 04 R
simulation runs at different compositions are compared
with the corresponding experimental chromatograms in
Figs. 2 and 3 These results were obtained with the fol- 35 03
lowing values of the parameterdiz = 3000:;, and s '
a3 = 460, and therefore wittlgs = 444 x 10°I/mmol, =
and b3 = 12.10I/mmol according taegs. (30) and (31) £
It is worth noting that these selectivity values are both § 02
larger than those determined in our previous paper, where S
it was assumed thaKhetero = 2Khomo [9]. This is under-
standable, since the extent of dimerization achieved with o1
the new dimerization constantXg{omo = 1.3l/mol and
Khetero = 3.11/mol) is clearly smaller than that achieved S
with the old parameter valuesKfomo = 2.41/mol and [\
Khetero = 2Knhomo = 4.81/moal), thus requiring larger se- 0-00 P 0 ps prs
lectivity values in order to achieve the same separation (b) time [min]
factor.

Fig. 2. Elution of a 10Qul pulse of a 30g/I 10/90 solution af(—) and
R(+)-1-2-bi-2-naphthol: (a) experimental concentration profiles of the two

. enantiomers; (b) calculated elution profiles of the two enantiomers.
4. Concluding remarks

In this work, a general mathematical model for the de-

scription of the achiral chromatography of enantiomers thus allowing for the estimation of the parameters of the

forming dimers has been developed. With respect to pre-adsorption isotherms. The resulting agreement between ex-
vious works, the underlying assumption, which leads to periments and model results is fairly good. The developed
a proportionality relationship relating the homochiral and procedure is of general validity and can be applied to any

heterochiral dimerization constants, has been relaxed. Theexperimental system where enantiomers form dimers, pro-
validity of the model has been assessed by application to thevided that adsorption equilibrium occurs, that the fluid phase

binaphthtol case. Namely, the pulse chromatograms con-is diluted enough to be described as thermodynamically
sisting of single enantiomer and of non-racemic mixtures ideal, and that the homochiral and heterochiral dimerization

of both enantiomers were fitted to the model simulations, constants are measured independently.



R. Baciocchi et al./Journal of Chromatography A, 1024 (2004) 15-20 19

05 dii adsorbed concentration of dimers
(ii = RR, SS RS (M)
D UV absorbance coefficient for homochiral
04 dimers (VI/mol)
e.e. enantiomeric excess
_ R E UV absorbance coefficient for heterochiral
> dimers (Vl/mol)
c 03 g1, 82, 83 bi-Langmuir isotherm parameters (I/mmol)
-% G denominator in the bi-Langmuir isotherm
= h1, ho, h3 bi-Langmuir isotherm parameters
8 02 J determinant of the jacobian, defined by
s B @)
Khetero heterochiral dimerization equilibrium
constant (I/mol)
0.1 Khomo homochiral dimerization equilibrium
constant (I/mol)
m; fluid concentration of enantiomers in
I - monomeric form{= R, S) (M)
) 20 40 60 80 M UV absorbance coefficient for enantiomers
(@) time [min] in monomeric form (V I/mol)
N; loading capacity in the bi-Langmuir
05 isotherm,N; = h;/g; (mol/l)
r overall fluid concentration of th&
enantiomer (M)
T overall adsorbed concentration of tiRe
04 enantiomer (M)
" R gas constantR = 0.008314 kJ/(mol K)
= s overall fluid concentration of th&
=) 03 enantiomer (M)
IS 5 overall adsorbed concentration of the
© enantiomer (M)
% . t time (s)
g
o Greek letters
o optical rotation (mdeg)
o1 S ) polarimetric coefficient for homochiral
dimers (mdeg I/mol)
€ column void fraction
n polarimetric coefficient for enantiomers
0-00 0 20 s P in monomeric form (mdeg I/mol)
(b) time [min] .
Subscripts
Fig. 3. Elution of a 10QuI pulse of a 30 g/l 40/60 solution of(—) and R R enantiomer
R(+)-1-2'-bi-2-naphthol: (a) experimental concentration profiles of the two RR RR dimer
enantiomers; (b) calculated elution profiles of the two enantiomers. RS RS dimer
S S enantiomer
S SSdimer
5. Nomenclature
ai, az, as bi-Langmuir isotherm parameters References
A UV absorbance (V)
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B denominator in the bi-Langmuir isotherm [2] R. Charlgs, R. Gil-Av, J. Chromatogr. 298 (1984) 516.. .
. . [3] W.L. Tsai, K. Hermann, E. Hug, B. Rohde, A.S. Dreiding, Helv.
c overall fluid concentratiory; = r + s (M)

. . R Chim. Acta 68 (1985) 2238.
dii fluid concentration of dimers [4] A. Dobashi, Y. Motoyama, K. Kinoshita, S. Hara, N. Fukasaku, Anal.
(it =RR SS RS (M) Chem. 59 (1987) 2209.



20 R. Baciocchi et al./Journal of Chromatography A, 1024 (2004) 15-20

[5] R. Matusch, C. Coors, Angew. Chem. Int. Ed. Engl. 28 (1989) 626. [9] R. Baciocchi, G. Zenoni, M. Mazzotti, M. Morbidelli, J. Chromatogr.

[6] P. Diter, S. Taudien, O. Samuel, H.B. Kagan, J. Org. Chem. Eng. A 944 (2002) 225.
59 (1994) 370. [10] R. Baciocchi, G. Zenoni, M. Valentini, M. Mazzotti, M. Morbidelli,
[7] R. Stephani, V. Cesare, J. Chromatogr. A 813 (1998) 179. J. Phys. Chem. A 106 (2002) 10461.

[8] R.-M. Nicoud, J.-N. Jaubert, |I. Rupprecht, J. Kinkel, Chirality 8 [11] C. Migliorini, A. Gentilini, M. Mazzotti, M. Morbidelli, Ind. Eng.
(1996) 234. Chem. Res. 38 (1999) 2400.



	General model for the achiral chromatography of enantiomers forming dimers: application to binaphthol
	Introduction
	Theory and model equations
	Application: binaphthol enantiomers
	Adsorption isotherms
	Monomers and homochiral dimers
	Heterochiral dimers

	Concluding remarks
	Nomenclature
	References


