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A new method is developed whereby the enantiomeric composition of a chiral analyte is determined by
steady-state fluorescence anisotropy. A theoretical model is presented showing that the measured anisotropy
of an enantiomeric mixture in the presence of a chiral selector is dependent on the selectivity, the concentration
of free selector, and the enantiomeric composition. Furthermore, for a given system the relationship between
the measured anisotropy and the enantiomeric composition is predicted to be linear. The prediction of a

linear relationship was confirmed experimentally by examining mixed enantiomeric compositions-of 1,1
binaphthyl-2,2diylhydrogen phosphate in the presence ®f and a-cyclodextrin. The enantiomeric

compositions of four solutions of mixed enantiomers were determined based on a 2-point calibration with an
average absolute error of less than 2%.

Introduction possibility of using fluorescence anisotropy to quantitatively
) ) ) ) determine enantiomeric compositioderein we describe the
The rapid development of combinatorial synthesis and the ,se of fluorescence anisotropy for the determination of enan-

pervasiveness of chiral drug development demand simple, fasttiomeric composition, which is demonstrated by theoretically
reliable and sensitive methods for the determination of enan- modeling and confirmed experimentally.

tiomeric compositiort. Significant effort has been made to
address this challenge, including the improvement of conven-
tional methods and the development of new techniquegéor
determinatiorf. Fluorescence spectroscopy can provide high  The dependence of the fluorescence anisotropy on the chiral
sensitivity, and significant progress has been made by variousrecognition is based on the difference in rotational diffusion
approaches that have been used to examine enantiomerigates of the bound and free forms of the chiral molecule in the
composition? Despite this progress, the importance of enanti- presence of a chiral selector. In a solution of mixed enantiomeric
oselective sensing necessitates the development of new methodgomposition, the anisotropy will vary between two extreme
to determine enantiomeric composition. We recently reported yalues, based on the enantiomeric composition and the chiral
the use of fluorescence anisotropy to examine chiral reCOgnition Selectivity expressed within the System. Thusl for a given chiral
based on the observed correlation between the anisotropy andompound in the presence of a chiral selector, the measured
chiral selectivity and are developing a methodology to examine anisotropy will be a function of the enantiomeric composition.
the thermodynamic parameters of enantioselective binding. To elucidate and best exploit the relationship between fluores-
These recent investigations have prompted us to evaluate thecence anisotropy and enantiomeric excess, a mathematical model
was evaluated based on the additive nature of anisctrapgy
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For a solution containing a single enantiomer, And a 0.09 e —
selector, S, the association reaction is given by eq 1, i
0.07 A 10mM p A *
AR+ S=AgS (1) L
i
where A: represents th&®-enantiomer of the analyte (guest) - 005 | e e =
and S represents the chiral selector (host). Under equilibrium s B
conditions the observed anisotropy (steady-state) is the weighted 0.03
average of the anisotropy of the boundd) and free analyte IR IR S s o S
(riR) (€q 2). -
— 0.026
rR=forlbr T (1 — f Rl R (2) & 1
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The termfy g represents the molar fractions of bound and free T SR g
species, which can be expressed in terms of the concentration 00226 * i or 4
(eq 3). . = ™ A
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Thus, the observed anisotropy can be represented by eq 4. 4 02 04 06 08 1
Fraction of R-enantiomer
[AsSIr,r [ARlri g Figure 1. Calculated anisotropy as a function of enantiomeric
k= — + - 4) composition at (A) various selector concentratioikig £ 100 M2, Ks
[ARl T [ARS] ARl + [ARS] =80 ML, g = 0.15, s = 0.14, [Aowa] = 50 uM (ot = 1.25) and

(B) various selectivitieskg = 100 M™%, rp,g = 0.15,r,s = 0.14, [S]=

In most cases, the anisotropy of the free fluorophore approache mMm, [Awwa] = 50 uM).

zero such that its contribution to the total anisotropy is negligible

and the overall anisotropy is approximated by that of the bound The anisotropy of a solution of mixed enantiomers can therefore

species (eq 5). be given by eq 10, which is obtained by combining egs 7, 8,
and 9.

_ [ARSIrpg
'R= [Ad + [ARS] ®) i PKRISINL R n (1 — ¢p)KdS]rys
¥ (AHKSD (1+KdS])

(10)

Considering the expression of the association constant of the

complexation reaction, Considering thakg, Ks, rpr, andrps are constant, as is [S] if
the concentration of the selector is sufficiently high compared

. [AgS] 6 to the analyte concentration (typically millimolar vs micromo-
R™ [ARIS] ®) lar), a linear relationship is expected between the average

anisotropy and the molar fraction of enantiomers. To illustrate

Equation 5 can be arranged to represent the dependence of théhis more clearly, let

measured anisotropy on the association constant and the

anisotropy of the bound species (eq 7). The analogous relation- _ KISIrpg (11)
ship for theS-enantiomer is given in eq 8. TRT 1+ Ky[S]
Kq[S]r
k= M (7) and
1+ Kg[S]
K4S A I 12)
rg=—0 25 @) S 14 KJS]
1+ KJS]

Upon combination with eq 11 and eq 12 and rearrangement, eq
It is thereby apparent that the magnitude of the measured13 is obtained, which clearly shows the linear form of the
anisotropy is dependent on the selector concentration, [S], theequation.
association constari, and the anisotropy of bound spices. For
a given system the association constant and the anisotropy of Fve=Pr(Vr — V9 T ¥s (13)
the bound species are constant. Furthermore, if the selector
concentration is high relative to the analyte concentrations the Thus, a plot of the measured anisotropy as a function of
concentration of free selector is essentially a constant. enantiomeric composition should yield a line whose intercept
In the case of a solution containing a mixture of the two is equal toys and slope is equal to the difference betwegn
enantiomers of a chiral analyte ¢&and Ag) in the presence of  andys
chiral selector (S), the average anisotropy)(is the sum of The predicted linear relationship was examined by modeling
the anisotropy of the bound speciessAand AS) weighted the major parameters of eq 10. Figure 1 shows the anisotropy
by the molar fractions of each species (eq 9), wheke as a function of enantiomeric composition and the effect of
represents the fraction é¥-enantiomer in the mixture. varying the chiral selectivity and the concentration of free
selector, [S]. The resulting plots were linear and changes in the
Fave= PR T (1 = ¢R)l's 9) selectivity and selector concentration affected the plots as
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Figure 2. Anisotropy of BNP (31«M) as a function of enantiomeric
composition in the presence gfcyclodextrin ando-cyclodextrin.

expected. Inspection of eqs-1Q3 reveals that large differences

in association constants (chiral selectivity= Kr/Ks) will result

in a larger slope and better precision in determining enantiomeric
composition. It is also clear that the concentration of free selector
significantly affects the intercept; therefore successful develop-
ment of analytical assays will depend on operating in a
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Figure 3. Measured anisotropy of BNP at varioyscyclodextrin
concentrations (3kM BNP).
TABLE 1: Determination of Enantiomeric Composition for
BNP (% S)
% (actual)

% (measured) error

95 92.3 —2.7

64 62.9 -11

36 33.7 —2.3
5 571 0.71

concentration regime such that the free selector concentration,_cp js higher than that witf3-CD. This result is in agreement
remains constant. Importantly, the average anisotropy has ayth those from modeling, which predict an increase in slope

minimal dependence on the total analyte concentration. This
insensitivity to analyte concentration allows method develop-
ment for determination of enantiomeric composition without

the need to precisely control the analyte concentration.

Experimental Section

Materials. -Cyclodextrin was a gift from Cerestar USA,
Inc. (Hammond, IN), andx-cyclodextrin was purchased from
Acros Organics (Fair Lawn, NJ). Pure enantiomers of-1,1
binaphthyl-2,2-diylhydrogen phosphate (BNP) were purchased
from Aldrich (Milwaukee, WI) and were used as received.
Sodium phosphate was obtained from Fisher Scientific (Fair
Lawn, NJ). Water used in all experiments was purified to at
least 18 M2 resistivity by a Millipore Milli-Q system (Milford,
MA). Sample solutions were prepared using phosphate buffer
(0.25 mM NaHPOy, 0.25 mM NaHPO,, pH = 6.9).

Fluorescence MeasurementsA modular spectrofluorometer
(Photon Technology International Inc., London, Ontario) equipped
with double excitation and emission monochromators, a single-
photon counting PMT detector, and large aperture Gtann

with increasing selectivity. To further test the results predicted
in Figure la, a series of solutions of various enantiomeric
composition and CD concentration were examined (Figure 3).
The change in CD concentration significantly affects the
intercept with little influence on the slope

Table 1 shows the determination of the enantiomeric com-
position of four BNP solutions following a two-point calibration
(pure R and S enantiomers). The determined enantiomeric
compositions are in good agreement with the actual value, with
an average absolute error of 1.7%. In contrast to methods based
on optical rotation, the measurement error of the method is
consistent across the range of enantiomeric compositions. This
is relevant to applications involving screening applications (e.g.,
chiral catalysts), as most targets may only exhibit moderate
enantiomeric excess prior to optimization.

Conclusion

Theoretical modeling and experimental results showed a linear
relationship between the average anisotropy and enantiomeric
composition. Under typical conditions, the average anisotropy

Thompson polarizers were used for all fluorescence anisotropy genends primarily on the difference in association constants
measurements. All anisotropy measurements were corrected for(chiral selectivity), the difference in anisotropy of the bound

instrumental polarization bias by applyin@safactor correction.

A Xe lamp was used as an excitation source, and temperature,

controlled 1 cm quartz cuvettes were used for all fluorescence
measurements. Error bars on experimental measurements re
resent standard deviations of replicate measurements derive
from co-averaged data during each measurement.

Results and Discussion

To evaluate and confirm the theoretically predicted response,
the fluorescence anisotropy of tdinaphthyl-2,2diylhydrogen

enantiomers, and the enantiomeric composition. Fluorescence
anisotropy is inherently insensitive to analyte concentration, and
the enantioselective response has no requirement of spectral
perturbation, making the method quite versatile. Furthermore,
he insensitivity of the anisotropy to analyte concentration will
enable rapid determination of enantiomeric excess without
significant regard to the analyte concentration. While the
precision of the method is not expected to be as good as circular
dichroism at high enantiomeric purity, it is competitive in cases
where the enantiomeric excess is low, such as in the case of

phosphate (BNP) was measured at various enantiomeric com-screening potential catalysts. Furthermore, the advantages of

positions in the presence @fcyclodextrin (CD) as a chiral

higher sensitivity, relative simplicity, and comparatively low

selector. Figure 2 shows the linear response that was observeaost make this fluorescence-based method a very complementary
(R? = 0.999). The same analyte was also examined in the casetool, especially since enantiomeric composition can be deter-

of a-CD, which allowed evaluation of the effect of selectivity
and association constant (Figure 3). The slope of the plot with
B-CD is larger than that witlw-CD, while the intercept with

mined on extremely small quantities of sample. For example,
the analysis shown in Table 1 was performed-o8 pg of
material. In addition, because the method does not require
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chromatographic separation, it is well suited for high throughput 200Q 5, 457-471. (g) Blomberg, L. G.; Wan, HElectrophoresis200Q

screening applications.

Acknowledgment. The authors gratefully acknowledge

support from the donors of the Petroleum Research Fund,

21, 1940-1952. (h) Bobbitt, D. R.; Linder, S. Wirends Anal. Chen2001,
20, 111-123. (j) Salvadori, P.; Di, B. L.; Pescitelli, G. I€ircular
Dichroism: Principles and Application8erova, N., Nakanishi, K., Woody,
R. W., Eds.; 2000; pp 797817.

(3) (a) Geng, L.; McGown, L. BAnal. Chem1994 66, 3243-3246.

administered by the American Chemical Society (PRF#39264- (b) Dong, J.-G.; Wada, A.; Takakuwa, T.; Nakanishi, K.; Berova,JN.

G4), and the SIU Materials Technology Center. Additional

Am. Chem. Sod 997 119 12024-12025. (c) Klein, G.; Reymond, J.-L.
Helv. Chim. Actal999 82, 400-407. (d) Beer, G.; Daub, J.; Rurack, K.

support was provided by Southern lllinois University in the form  chem. Commur2003, 1138-1139. () Pugh, V. J.; Hu, Q. S.; Zuo, X.;

of startup funds and the Faculty Seed Grant Program.

References and Notes

(1) Reetz, M. TAngew. Chem., Int. ER00], 40, 284-310.

(2) (a) Finn, M. G.Chirality 2002 14, 534-540. (b) Tsukamoto, M.;
Kagan, H. B.Adv. Synth. Catal.2002 344, 453-463. (c) Loch, J. A,;
Crabtree, R. HPure. Appl. Chem2001, 73, 119-128. (d) Tao, W. A,;
Cooks, R. GAnal.Chem2003 75, 25A—31A. (e) Holmes, A. E.; Zahn,
S.; Canary, J. WChirality 2002 14, 471—-477. (f) Rothchild, REnantiomer

Lewis, F. D.; Pu LJ. Org. Chem200166, 6136-6140. (f) Korbel, G. A,;
Lalic, G.; Shair, M. D.J. Org. Chem2001, 123 361-362. (g) Lin, J.;
Zhang, H.-C.; Pu, LOrg. Lett.2002 4, 3297-3300. (h) Lee, S. J.; Lin,
W. J. Am. Chem. So002 124, 4554-4555. (i) Ahn, K. H.; Ku, H.;
Kim, Y.; Kim, S.-G.; Kim, Y. K.; Son, H. S.; Ku, J. KOrg. Lett.2003 5,
1419-1422. (j) Pu, L.Chem. Re. 2004 104, 16871716.

(4) McCarroll, M. E.; Billiot, E.; Haddadian, F.; Warner, I. M. Am.
Chem. Soc2001, 123 3173-3174.

(5) Lakowicz, J. RPrinciples of Fluorescence Spectroscoppd ed;
Kluwer: New York, 1999, pp 291336.



