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Abstract

The perturbation of the racemic equilibrium of luminescent D3 terbium(111) complexes with
chelidamic acid (CDA), a hydroxylated derivative of 2,6-pyridine-dicarboxylic acid (DPA), by added
chiral biomolecules such as .-amino acids has been studied using circularly polarized luminescence
and 13C NMR spectroscopy. It is shown in this work that the chiral-induced equilibrium shift of [Tb
(CDA)3]% by t-amino acids (i.e. -proline or .-arginine) was largely influenced by the hydrogen-
bonding networks formed between the ligand interface of racemic [Tb(CDA)3]®~ and these added
chiral agents. The capping of potential hydrogen-bonding sites by acetylation in .-proline led to a
~100-fold drop in the induced optical activity of the [Tb(CDA)3]®:N-acetyl-.-proline system. This
result suggested that the hydrogen-bonding networks serve as the basis for further noncovalent
discriminatory interactions between racemic [Tb(CDA)3]®~ and added .-amino acids.
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INTRODUCTION

Crucial to modern drug discovery is the recognition of chiral molecules. To fully understand
the structure—activity relationships (SAR) and structure—property relationships (SPR)1 that are
often based on “pharmaceutical proﬁling",2 one needs to develop a reliable method to measure
the absolute stereochemistry of each analog prepared or separated. In the year 2009, it is
estimated that ~$15 billion in revenue will come from enantiopure drugs.3 Thus, the emergence
of new tachniques in chiral separation and resolution must be found to meet this growing
demand.

Currently, the most common tools used in drug discovery and elucidation include HPLC,>8
circular dichroism (CD),9 NMR,10 X-ray diffraction, 11, 2 and molecular imprinting methods.
13,14 X-ray diffraction is the most commonly used technique in resolving absolute structures;
however, the caveat for this approach is the difficulty of obtaining suitable crystals from small
amounts of material. NMR methods for determining stereochemical activity based on modified
Mosher's Methods19:16 or the Trost-Type approach”'18 are commonly used in the resolution
of primary amines, secondary alcohols, and carboxylic acids. A study by Marathias et al.19
where Ibuprofen's enantiomers were identified using NMR and residual dipolar coupling's
(RDC's), serves as an example of the shift in modern time to ab initio methods. This is due to
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the complexity in resolving ambiguous proton environments through routine NMR methods.
More recently, CD has been used extensively when the structure and specific optical rotation
values are known.® This technique serves as a staple in current DNA structure analysis, where
the absorption bands and intensity can yield substantial information on the structural activity.
The use of CD has given rise to newly modified techniques including the spectroscopic
approach of comparing observed and calculated vibrational circular dichroism (VCD) spectra,
electronic circular dichroism (ECD), or optical rotation values which have gained popularity
because of the commercially manufactured software and supercomputers, powerful PC's, and
Linux clusters.20 However CD and molecular mechanics calculations rarely provide
unambiguous data?l as corroborated by the revised assignment of the helical handedness
initially proposed of peptide nucleic acid double helices.22-24

Circularly polarized luminescence (CPL), the emission analog of CD, has been used in recent
times with an attempt to resolve the absolute configuration of 9-coordinate lanthanide(l11)
complexes with 2,6-pyridine-dicarboxylate (DPA). These complexes possess almost exact
D3 symmetzy and as such occur in solution as racemic mixtures of complexes with A and A
heI|C|ty 6 Much of this work has focused on the perturbation of the equilibrium between
A-and A- [Ln(DPA)3]2 - bg an added chiral bio-molecule (e.g. tartrate substrates, amino acids,
or sugar derlvatlves) The added chiral species may perturb the racemic equilibrium
resulting in a nonracemic ground state (this is often referred to as the “Pfeiffer effect”, 29-32 5
term originated from a work on the enhancement of optical rotatlon of optically active alkaloids
in the presence of labile racemic transition-metal complexes) 3,34 These differences can be
detected by measurement of the circular polarization in the luminescence. The sign of the CPL
should correlate with a unique stereochemical environment associated with the chiral organic
molecule.

Some early CPL studies29:26,28,35 have sometimes assumed that the “Pfeiffer effect” is a
direct consequence of the absolute configuration of the added chiral molecule, i.e. all .-amino
acids give the same sign for the CPL from selected transitions of the DPA complexes. It appears
that, unfortunately, such a simple structural picture is not accurate. From the measurements
performed in the last few years,33'34 one can conclude that simple substitutions of similar
groups such as minor modifications of the alkyl group of .-histidine amino acid derivatives do
not change the overall chirality of the perturbation, but no correlation has been observed with
different underivatized amino acids. Further contradictions have been found in the literature
regarding the source of this complex mechanism responsible for the equilibrium shift28,36
while attempting to correlate the sign of the CPL to some element of the chiral structure of
simple or complex sugars,27'37 or in the use of mixed-ligand lanthanide complexes38'39
containing more than one type of ligand. For instance, opposite CPL signs have been found by
distinct research groups concerning the addition of chiral sugars such as D-ribose or D-mannose
to racemic solutions of [Eu(DPA)3]3~ and [Tb(DPA)3]3~. One can conclude that the dlverse
outcomes reported could result from experimental conditions not precisely controlled,2

38 a5 pointed out by recent measurements.33:34,40,41 |, particular, an instrument I|m|tat|on
has also been advanced as a possible reason for the observation of an opposite CPL sign which
would have a consequent influence on the conclusions of the studies, especially for
measurements of very small luminescence dissymmetry factors. Although most of the CPL
studies published in the literature have been done with custom-made instruments, 34 the
detection of CPL can now be done with a hlgh degree of sensitivity (~1 part in 10*-10°) and
reliability using modern instrumentation. 42 |t should also be mentioned that in the pioneering
works, the main purpose was to determine whether or not the solution species formed exhibited
circularly polarized luminescence.

Thus far, limited attention has been devoted to the understanding of the factors that govern the
perturbation of the racemic lanthanide(l11) complexes by addition of chiral molecules such as
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amino acid derivatives.22:26,4041 Erom this standpoint, our preliminary results have shown
that the CPL sign and its magnitude are dependent upon several factors and not only from the
chirality of the enantiomerically pure amino acid.33:34 We have observed that (i) simple
modifications in the chiral molecules added to the racemic system did not change the sign of
the CPL signal (the same enantiomeric form was favored), and (ii) the magnitude of the CPL
signal was influenced by the presence of additional aromatic groups in the chiral molecules. It
is imperative to take into account the effect of the various noncovalent chiral discriminatory
interactions such as hydrogen bonding, coulombic forces, n-stacking, hydrophobic effects,
experimental conditions (i.e. pH, temperature, ratio of system of interest to amino acid), and
steric effects on the CPL sign and magnitude. In this article, the goal is to explain the outer-
sphere interactions between the racemic solutions of 9-coordinate terbium(l11) complexes with
chelidamic acid (CDA) and various amino acids (Fig. 1). We have chosen to use -proline (.-
Pro) and its derivatives N-acetyl-.-proline (N-Ac-.-Pro) and N-acetyl-.-prolinamide (N-Ac-.-
Pro-NHy), .-arginine (.-Arg), .-asparagine (.-Asn), .-tyrosine (.-Tyr), and .-phenylalanine (.-
Phe), as they have been found to be some of the most effective chiral agents in the perturbation
of racemic solutions of [Ln(DPA)3]3~ under physiological conditions (pH 6-7). The aim of
this study is to discern the effects which dictate the perturbation of the racemic lanthanide(l11)
complexes according to the fundamental differences between the chiral agents previously
mentioned, where electrostatics, ring stacking, hydrogen bonding, coulombic forces, pH, etc,
all have a specific role in the interactions seen. This article is part of a series of ongoing efforts
to provide a further understanding of the intermolecular forces which constitute the base of the
“Pfeiffer effect” (see theory section later), so that better predictions in future CPL studies
focused on the chiral recognition of amino acids may take place.

EXPERIMENTAL DETAILS

Starting materials consisting of lanthanide(l11) chlorides, 2,6-pyridine-dicarboxylic acid
(DPA), chelidamic acid (CDA), and the various amino acids were purchased from Aldrich,
Bachem, or Acros, and used without further purification. The Ln content of solutions was
determined by complexometric titrations with Titriplex 111 (Merck) in the presence of
urotropine and xylene orange.

1H and 13C NMR spectra were performed on a Varian Inova 400 MHz NMR spectrometer.
Chemical shifts are given with respect to TMS. Circularly polarized luminescence and total
luminescence spectra were recorded on an instrument described previously.42 It is common
to report the degree of CPL in terms of the luminescence dissymmetry factor, gjym(}), which

is defined as
Al I -1,
U (I +)

8lum=

where I|_and Iy refer, respectively to the intensity of left and right circularly polarized
emissions. The standard deviation, o4, in the measurement of the luminescence dissymmetry
factor, gjym, is defined as

Td=1| =

where N is the total number of photon-pulses counted. The light source for excitation was a
continuous wave 450 W xenon arc lamp from a Spex FluoroLog-2 spectrofluorometer,
equipped with excitation and emission monochromators with dispersions of 4 nm/mm (SPEX,
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1681B). 5Dy « ’F excitation measurements for the Eu(l11)-containing compounds were
accomplished by using a Coherent-599 tunable dye laser (0.03 nm resolution) with a Coherent
Innova Sabre TMS 15 or Innova-70 argon ion laser as a pump source. The laser dye used in
all measurements was rhodamine 6G dissolved in ethylene glycol. Calibration of the emission
monochromator (and subsequently the dye laser wavelength) was accomplished by passing
scattered light from a low power He-Ne laser through the detection system. The error in the
dye-laser wavelength is assumed to equal the resolution of the emission monochromator (0.1
nm). The optical detection system consisted of a focusing lens, long pass filter, and 0.22 m
monochromator. The emitted light was detected by a cooled EMI-9558B photomultiplier tube
operating in photon-counting mode. All measurements were performed in quartz cuvettes with
a path length of 0.4 or 1.0 cm.

The measurements were performed in aqueous solutions at 295 K. Solutions for NMR,
luminescence, and CPL measurements were prepared by mixing aqueous stock solutions of
Eu(l11) or Th(llI) chlorides and DPA or CDA in a 1:3.5 or 1:5.5 molar ratio, adding aqueous
amino acid solutions, and waiting for ~24 h before use in order to allow them to reach
conformational equilibrium. The concentration of lanthanide(l11) complexes and of amino
acids were 0.04 mol/l and in the range of 0.6—1.2 mol/l. The final pH of solutions was
approximately 7.0-7.2, 11.0-11.2, and 12.2-12.4.

“PFEIFFER EFFECT” THEORY

Consistent with previous WOI’k,34 it is assumed here that the effect of adding chiral amino acids
(AA™*) results in the preferential formation of one diastereomeric outer-sphere association
complex. The three relevant equilibrium expressions are defined as follows

A-Ln(DPA)]™ 2 A —Ln(DPA);  (Kpye=1) )
A - Ln(DPA)] +AA* 2 A — Ln(DPA); :AA*  (K)) @)
A - Ln(DPA); +AA" 2 A — Ln(DPA); :AA*  (K>) 3)

where the outer-sphere association complex is denoted by a colon (:). Previous studies have
demonstrated that the addition of chiral amino acids to a racemic mixture of D3 lanthanide(l11)
complexes may lead to a perturbation of the ground state equilibrium without changing the
local structure of the complexes involved.34 This perturbation is often referred to as the
“Pfeiffer effect.” This latter leads to an enantiomeric excess in the ground state, n, defined as
follows

Al (4)

where the square brackets in this equation denote ground state concentrations. As also shown
in previous studies,37 in the limit of large concentrations of AA*, the concentration of free
(i.e. unassociated) complex goes to zero, and n may be related to the diastereomeric association
equilibrium constants as follows:
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K-k
T K+K, (5)

It should be noted that in the absence of other chiral effects such as enantioselective excited
state quenching, it may be assumed that enantiomeric excesses in the excited and ground states
are equal.

RESULTS AND DISCUSSION

We have chosen to study the 9-coordinate Eu(l11) and Th(I1l) complexes with the hydroxylated
derivative of DPA, where a hydroxyl group is grafted onto the 4-position of the pyridine ring
in lieu of a hydrogen atom. These compounds were selected due to the extensive research on
these systems regarding stability, structural, luminescence, and CPL activity properties.34’
43-49 The presence of a hydroxyl group in the CDA ligand greatly changes the environment
where [Ln(CDA)3]®" exists compared to its analog compound, [Ln(DPA)3]3~. Although [Ln
(DPA)3]3~ occurs in aqueous solution as racemic mixtures of complexes with A and A helicity
under physiological pH conditions (6—7), the tris complex with CDA is only present in a strong
basic medium (pH > 12). The pH conditions were determined based on the identification of
the various Eu-containing species using the °Dy « ’Fg excitation spectroscopy. At the lowest
Eu(l11):CDA ratio, the 1:1 complex is the major complex in solution (pH 3.2, Fig. 2). Increasing
this metal to ligand ratio from 1:1 to 1:5.5 at a pH of 3.4 led to the observation that the 1.2
complex is the major complex in solution, while a third species corresponding to the tris
complex is predominantly observed at higher pHs. The high resolution excitation spectra
showed that the Eu(l11) ions were in the form of the 1:3 species in a 0.01 M aqueous solution
at a pH greater than 12. A Eu(l11):CDA ratio of 1:5.5 was used to ensure complete formation
of the tris complex. Eu(l1l) has in theory a simpler crystal field energy level pattern than Th
(1), but the latter has been chosen for the CPL and NMR studies due to its paramagnetic
properties, and also because it was generally observed that the magnitude of the g,m values
was larger for the magnetic-allowed transitions of Th(ll I).34 Knowing that the effect of adding
chiral amino acids results in the preferential formation of one diastereomeric outer-sphere
association complex without changing the local structure of the complexes involved, racemic
complexes of, e.%, Eu(111) or Dy(111) could have been used too, as already demonstrated in
previous studies. 4 Moreover, the observation of identical °Dy «— ’F excitation and °Dg

— 'F, emission spectra for the aqueous solution of unassociated [Eu(CDA)3]%~ and after
addition of a 30- or 40-fold excess of .-Arg to [Eu(CDA)3]®~ supported the assumption that
the added amino acid does not significantly perturb the coordination of Eu(l11) even at these
high concentrations (Fig. 3).

Although [Ln(DPA)3]3~ and [Ln(CDA)3]%~ are both negatively charged complexes, the
“Pfeiffer effect” studies of the former system were mainly done under physiological pH
conditions. In the case of [Tb(CDA)3]%", the studies have been conducted at a pH above 12
and showed that the deprotonation of the hydroxyl group of CDA (pKj of 10.8)46'50 played
a key role in the outer-sphere interactions responsible for the perturbation of the racemic
equilibrium by -amino acids (see later). It should be mentioned that the work discussed in this
article represents the first example of using the racemic solution of the 9-coordinate terbium
(1) complex with CDA. On the other hand, a basic pH also affected the form of the amino
acids present in solution. Under physiological pH conditions (6—7) these amino acids are
perhaps more correctly written as their zwitterionic form, whereas at strong basic conditions
the amino acids have overall negative charges resulting from the deprotonation of the
carboxylic group and loss of the positive charge on the amino part. It should be noted that we
have focused on the gj,m values at the ~543-nm peak of the total luminescence spectrum of
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the Tb(llT) complexes in order to allow us to compare the sign and magnitude of the CPL signal
for the different amino acids considered in the study. All the gjym Values reported in this study
have been measured with a standard deviation, o4, of £0.0003.

.-Pro Derivative-Based Chiral Probes

The optical activity induced by the addition of a 30- or 15-fold excess of -Pro to a racemic
solution of [Th(CDA)3]®~ was the most pronounced amongst the various amino acids tested
(91um = +0.0255 or +0.0102, Table 1). In addition, a ~4-fold increase in the magnitude of the
0ium Value has been observed for [Th(CDA)3]8: .-Pro compared to its analog system with [Th
(DPA)3]% (gjum = +0.0102 vs. +0.0024 at pH 12 and 7, respectively, Tables 1 and 2). Raising
the pH of the [Th(DPA)3]3": .-Pro solution from 7 to ~11 resulted in a significant decrease of
gjum from +0.0024 to +0.0006 (factor of 4), which was consistent with the fact that the added
.-Pro did not perturb the racemic equilibrium of [Tb(DPA)3]3~ anymore. An increase in the
pH was accompanied by a decrease of the concentration of the zwitterionic form of .-Pro and,
consequently, favored repulsive electrostatic forces between the negatively charged [Th
(DPA)3]3~ complex and negatively charged .-Pro amino acid (pKa values of 2.0 and 10.8 for
free L-Pro).51 As a result, the magnitude of g, decreased, indicating that the equilibrium shift
became smaller with an increase of the pH towards basic conditions. The optimal interaction
between [Th(DPA)3]3~ and .-Pro or other amino acids tested (i.e. .-Phe or .-Arg) was obtained
under physiological pH conditions, where these amino acids are found in their zwitterionic
form (Table 2). This finding led to the conclusion that the repulsive electrostatic forces in a
basic medium offset the predominant intermolecular interactions (i.e. hydrogen bonding,
coulombic forces, n-stacking, hydrophobic effects, or attractive electrostatic forces),
responsible for the perturbation of the racemic [Tb(DPA)3]3~ at pH ~7.

Knowing that [Th(CDA)3]8 is present at a pH above 12, one may expect that other
intermolecular forces may contribute to the recognition between [Tb(CDA)3]®~ and the added
chiral probes. As shown in Table 1, the determination of g;,m values with different orders of
magnitude and opposite signs (— to +) confirmed the role of a multitude of factors contributing
to the detection of an induced CPL signal. In particular, hydrogen-bonding has been found to
be a strong dictator of these intermolecular interactions responsible in the induced optical
activities detected at pH ~12.2. Deprotonation of the hydroxyl group in CDA allowed effective
hydrogen bonding between -Pro (through its NH group) and the ligand interface of [Th
(CDA)3]%". The use of 13C-NMR proved the occurrence of hydrogen-bonding, where the
largest chemical-shift differences (Ad) between the free .-Pro (i.e. unassociated) and associated
-Pro in the Pfeiffer-perturbed system occurred in the surrounding carbon atoms to the
hydrogen-bonding site on the nitrogen atom of .-Pro. The Ad values for the carbons of the
pyrrolidine ring of .-Pro amounted between 0.8 and 1.1 ppm, while a chemical shift of only
0.1 ppm was observed for the carbon of the carboxylate group (Table 3), suggesting that this
group remained practically unaffected by the presence of [Th(CDA)3]8~ (terbium is well
known to induce chemical shifts and, therefore, the carbon atoms closest to the paramagnetic
[Th(CDA)3]8 would shift to the greatest degree).52 This latter observation indicated that the
carboxylate substituent was not actively participating in the outer-sphere interactions. This
result is in agreement with previous studies done by Brittain in which he suggested that the
association of [Th(DPA)3]3~ and .-Pro happened through a possible hydrogen-bonding
mechanism involving the amino group of .-Pro and the DPA n-orbitals.28 1t should be noted
that our study using [Tb(CDA)3]®~ (pH ~12) in lieu of [Tb(DPA)3]3~ (pH ~11) with -Pro also
resulted in a positive CPL signal.

The importance of the amino group of .-Pro in the induced optical activity of [Tb(CDA)3]~
has been confirmed by testing a derivative of .-Pro, N-Ac-.-Pro, where the hydrogen of the NH
group has been substituted by a bulkier acetyl group. The capping of this amino acid at its
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hydrogen-bonding site resulted in a considerable decrease of magnitude in the perturbation of
the racemic [Tb(CDA)3]®~ upon addition of a 15-fold excess of N-Ac-.-Pro (gjum values went
from +0.0102 to almost zero, see Fig. 4 and Table 1). This result suggested that the presence
of the NH group is critical for effective intermolecular interactions between .-Pro and [Th
(CDA)3]". The formation of hydrogen-bonding serves as the basis for further interactions (i.e.
planar stacking interactions) which probably explain the strength of .-Pro to effectively perturb
the racemic solution of [Tb(CDA)3]%". A study by Rudolph and Crowe has shown that
pyrrolidone rings of -Pro form planar stacking arrangements of aromatic groups upon one
another.53 These planar stacking interactions are thought to allow .-Pro to closely interact with
[Th(CDA)3]%", where the pyrrolidone rings of .-Pro and the ligand interface of [Tb
(CDA)3]°™ are thought to stack directly upon one another. On the other hand, the presence of
the acetyl group in N-Ac-.-Pro prevents the formation of hydrogen-bonding interactions and,
thus, diminishes the possibility of forming a planar stacking arrangement due to (i) steric
hindrances resulting from the addition of the bulky acetyl substituent, and/or (ii) the absence
of an efficient recognition mechanism between [Th(CDA)3]8~ and the chiral probe. As a result,
the driving force in the weak perturbation of the racemic solution of [Tb(CDA)3]%~ by N-Ac-
t-Pro is probably electrostatic and/or hydrophobic in nature.

The importance of hydrogen-bonding in the recognition mechanism between [Tb(CDA)3]6~
and .-Pro derivative-based chiral probes has further been investigated with the use of N-Ac-.-
Pro-NH,, a derivative of N-Ac-.-Pro. The hydrogen-donating hydroxyl group of the
carboxylate function in N-Ac-.-Pro has been converted into a hydrogen-accepting amino
substituent, more favorable to hydrogen-bonding interactions with negatively charged
complexes such as [Tb(CDA)3]®". Addition of a 15-fold excess of N-Ac-.-Pro-NH, to a
racemic solution of [Tb(CDA)3]®" led to the observation of a relatively strong induced CPL
signal compared to .-Pro and N-Ac-.-Pro (gjym = —0.0083 vs. +0.0102 and +0.0002, Table 1).
It is interesting to note that the gy m values obtained for [To(CDA)3]®:.-Pro and [Th
(CDA)3]%:N-Ac-i-Pro-NH, adduct systems have opposite signs, suggesting that these chiral
probes interact preferentially with one of the two enantiomeric forms (A or A) of [Th
(CDA)3]%", but opposite of each other (influence of the bulky acetyl group). However, the
derivatized amino acid N-Ac-.-Pro-NH> also corroborated that the driving force in the
recognition mechanism is largely influenced by the hydrogen-bonding forces. N-Ac-.-Pro-
NH, most probably interacts in a similar fashion to .-Pro (via a hydrogen-bonding-based
mechanism through the amino function). This is favored due to the removal of the negative
charge that was located on the carboxylate function in N-Ac-.-Pro when its hydroxyl group
was converted into an amino group in N-Ac-.-Pro-NHo.

Amino Acids with Additional Hydrogen Bonding Side Chain Sites

To further examine the importance of the hydrogen-bonding forces in the chiral-induced
equilibrium shift of [Tb(CDA)3]%", we have tested .-Arg, an amino acid that contains a
guanidino group in its side chain. The study with .-Pro derivatives indicated that the primary
amino acid site of recognition contained an NH or NH, group, favorable for hydrogen-bonding
interactions with the ligand interface of [Tb(CDA)3]®. Knowing that the guanidino group of
-Arg has a pK, of 12.48, .-Arg is positively charged in neutral, acidic, and most basic
environments. The delocalization of the positive charge because of the conjugation between
the nitrogen lone pairs and the double bond enables the guanidino group to form hydrogen-
bonds, principally with negatively charged groups. Addition of a 30-fold excess of .-Arg to
[Tb(CDA)3]8" yielded hydrogen-bonding interactions which seemed to dictate the nature of
this amino acid's induction of optical activity. The data obtained through 13C NMR strongly
indicated that the site of interaction occurred at the carbon position within the guanidino side
chain of .-Arg, supporting the notion that hydrogen-bonding is indeed the driving force. The
largest chemical shift observed between the unassociated .-Arg and associated .-Arg to [Th
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(CDA)3]% was for the carbon atom of the guanidino substituent (A3 = 1.3 ppm), while the
other carbons of .-Arg were moderately shifted with Ad values ranging between 0.2 and 0.4
ppm (Table 3). This result implies that the hydrogen-bonding character of the negatively
charged hydroxyl group in CDA plays an important role in the recognition mechanism between
[Th(CDA)3]8~ and added amino acid-based chiral probes such as .-Arg or .-Pro, susceptible
to form hydrogen bonds. These hydrogen-bonding networks serve as the basis for effective
noncovalent chiral discriminatory interactions thereafter. However, the induced CPL signal
for [Th(CDA)3]%:.-Arg was ~7-fold weaker than for [Tb(CDA)3]®:.-Pro (gjym = +0.0036 vs.
+0.0255, Table 1), and this may be due to a lesser degree of complementation between the
interacting surfaces of the .-Arg side chain moiety and the ligand interface of [Th(CDA)3]%".

A similar result has been found when a 30-fold excess of .-Asn (pKj, values of 2.2 and 8.8 for
free L-Asn)51 was added to the racemic solution of [Tb(CDA)3]%™ at pH 12.2. The magnitude
of the induced CPL signal is also smaller than for .-Pro (factor of ~7), but of opposite sign
(9ium =—0.0034 vs. +0.0255, Table 1). Knowing that the side chain of .-Asn can make efficient
hydrogen bond interactions, this amino acid is another example where the chiral induced
equilibrium shift of [Tb(CDA)3]%" is driven by the formation of hydrogen bonds between the
complex and -Asn. It is interesting to note that all carbon atoms in .-Asn are shifted by
approximately 0.4-0.6 ppm upon addition of [Tb(CDA)3]% (Table 3), suggesting that most of
the hydrogen bond donor and acceptor groups of .-Asn participate in an energetically favorable
hydrogen-bonding network. Because amino acids are rather flexible structures, the active sites
of .-Asn with hydrogen-bonding characters (i.e. amide, amine, and carboxylate functions)
reshape until a point where a complementary fit is reached between the ligand interface of [Th
(CDA)3]%™ and the structure of .-Asn. This rearrangement in highly complementary structures
is probably similar to the one found in protein—protein interactions, which is often referred as
the induced fit model.5%°° The active sites reshape and continue to change until an optimal
arrangement has been found, at which point the noncovalent discriminatory interactions are
maximal. However, the complementary shape, charge, steric, and hydrophobic/hydrophilic
characteristics of the systems of interest will dictate the stability of the adduct formed, resulting
from the association of the amino acid to the Pfeiffer-perturbed system.

Amino Acids with Aromatic Rings

The importance of the factors discussed earlier can be evaluated in the magnitude of the induced
CPL signal determined when chiral amino acids are added to racemic solutions of labile D3
terbium(I11) complexes with achiral ligands such as CDA or DPA. For instance, we have found
from our studies that working with amino acids with aromatic rings such as .-Phe or .-Tyr led
to little induced optical activity when added to a racemic solution of [To(CDA)3]®™ (Table 1).
This is an effective example of the importance of the steric and electrostatic properties brought
about by the addition of a hydroxyl group in the para-position of the pyridine ring in CDA.
The addition of .-Phe or .-Tyr to a racemic solution of [Tb(DPA)3]®~ resulted in a relatively
strong induced CPL signal at pH 7 or 10 (gjym = —0.0077 or +0.0081, Table 2), whereas the
magnitude of the induced CPL signal dropped significantly in the case of a racemic solution
of [Tb(CDA)3]% at pH 12.2 (gjum = +0.0020 or +0.0001, Table 1). This is thought to be due
to the bulky nature of these amino acids with aromatic rings, the deprotonation of the hydroxyl
group in the - Tyr side chain (pK, of 10.6),51 and the resultant electrostatic repulsions between
-Tyr and [Th(CDA)3]".

CONCLUSION

This work showed that the “Pfeiffer effect” induced in a 9-coordinate terbium(I11) complex
with CDA, the hydroxylated derivative of DPA, was influenced by the nature of the .-amino
acids, and was also different from its analog compound, [Tb(DPA)3]®". The ligand interface
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of the racemic complex plays a key role in the nature of the outer-sphere interactions
responsible for the perturbation of the racemic equilibrium by .-amino acids. In particular, the
hydrogen-bonding character of the negatively charged hydroxyl group in CDA leads to a larger
“Pfeiffer effect” with .-amino acids susceptible to form hydrogen bonds with negatively
charged groups, while these hydrogen-bonding effects are less important with DPA. However,
the hydrogen-bonding networks formed between the ligand interface of the racemic [Th
(CDA)3]8~ and the .-amino acids such as .-Pro or .-Arg serve as the basis for further outer-
sphere interactions (i.e. electrostatics, ring stacking, coulombic forces, etc).

This study confirms that the chiral recognition of .-amino acids can be modulated by the nature
of the ligand interface of the racemic 9-coordinate lanthanide(l11) complexes and, in particular,
by varying the substituent in the para-position of the pyridine ring of DPA. The combination
of these factors opens new opportunities for the design of lanthanide triple helical complexes
acting as probes for chiral recognition. Research in this direction is currently underway.

These results also suggested that CPL spectroscopy is a convenient and useful tool for
evaluating the chiral recognition properties of promising functionalized luminescent chiral
lanthanide complexes used as probes for specific target molecules due to (i) its high degree of
sensitivity and reliability, (ii) its ease of use, and (iii) its minimal sample preparation. This
work is intended to serve as a starting point aimed at demonstrating that CPL spectroscopy
would be an attractive complementary method to current techniques used as specific structural
probes of chiral molecules such as circular dichroism.
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Fig. 1.

Structures of 2,6-pyridine-dicarboxylate (DPA), chelidamic acid (CDA), and the various amino
acids used in this study; .-proline (.-Pro), N-acetyl-.-proline (N-Ac-.-Pro), N-acetyl-.-
prolinamide (N-Ac-.-Pro-NHby), -arginine (.-Arg), .-asparagine (.-Asn), .-tyrosine (.-Tyr), and
-phenylalanine (.-Phe).
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Fig. 2.

5Dy « "Fy excitation spectra for an aqueous solution of Eu(l11) and CDA at a metal to ligand
ratio of 1:1 (bottom) and 1:5.5 (three other spectra), and at different pHs (3.2, 3.4, 8.0, and
12.4 from bottom to top). The Eu(l11) concentration was 0.01 mol/l and the luminescence was
monitored at approximately 615 nm.
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Fig. 3.

5Dy « 'F excitation (left) and °Dg — F, emission (right) spectra for aqueous solutions of
0.040 mol/l [Eu(CDA)3]%", and after addition of 1.2 and 1.6 mol/l of .-Arg at 295 K and at a
pH of 12.2 (from bottom to top). The luminescence was monitored at approximately 615 nm
for the excitation spectra, while the emission spectra were recorded following excitation at the
maximum of the °Dg « Fy excitation spectra.
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Fig. 4.

Circularly polarized luminescence (upper curves) and total luminescence (lower curves)
spectra for the °D, — Fs transition of 0.040 mol/I [Tb(CDA)3]®™ after addition of 0.60 mol/
| of -proline (solid line) and N-acetyl-.-proline (bold line) in aqueous solution at 295 K.
Excitation wavelengths were in the 318-323 nm range.
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Luminescence dissymmetry ratio values (gyym) in the spectral range of the °D4 — ’Fs transition for 0.040 mol/l [Th
(CDA)3]8 after the addition of 0.60—1.20 mol/l of various .-amino acids in deuterated aqueous solution at 295 K

[AA]
Ojum (542.5 nm)

Amino acid [Th(CDA) 5]* 64 = +0.0003
L-proline 30 (pH 12.2) +0.0255

15 (pH 12.2) +0.0102
N-Ac-L-proline 15 (pH 12.1) —0.0002
N-Ac-L-proline-NH, 15 (pH 12.2) -0.0083
L-asparagine 30 (pH 12.2) +0.0034
L-arginine 30 (pH 12.2) +0.0036
L-tyrosine 15 (pH 12.3) +0.0001
L-phenylalanine 15 (pH 12.2) +0.0020

Excitation wavelengths were in the 318-323 nm range.
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Luminescence dissymmetry ratio values (gyym) in the spectral range of the °D4 — ’Fs transition for 0.010 mol/l [Th

(DPA)3]3~ after addition of 0.15 mol/l of various .-amino acids in aqueous solution at 295 K

[AA]
Ojum (543.0 nm),

Amino acid [Th(DPA);*" 6y = +0.0003
L-proline 15 (pH 7.0) +0.0024

15 (pH 11.0) +0.0006
L-tyrosine 15 (pH 10.0) +0.0081
L-phenylalanine 15 (pH 7.0) —0.0077

15 (pH 10.0) -0.0012

Excitation wavelengths were in the 318-323 nm range.
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Carbon chemical shift values for deuterated aqueous solutions of 1.20 mol/l of free amino acids and for 0.040 mol/I
racemic solutions of [Tb(CDA)3]® after addition of 1.20 mol/I of various amino acids at 295 K and at a pH of 12.2

Free amino Associated
Amino acid acid amino acid Ad (ppm)a
L-proline 181.9 182.0 -0.1
OH 60.9 61.8 -0.9
/ 454 46.5 -1.1
- 30.2 31.0 -0.8
0—1\
/ P
\ /5
3 24.7 257 -1.0
L-arginine 182.7 182.9 -0.2
156.3 155.0 1.3
55.1 55.5 -04
NH
| ﬁ 405 40.7 0.2
2 4 5 1
H2N/ \ﬁ/ \6/ \T/ \OH 31.3 317 -0.4
NH, 241 244 -0.3
L-asparagine 181.2 181.7 -0.5
OH 176.6 177.0 -0.4
| 53.2 53.6 -04
1 4 (0]
’ T T
NH NH; 40.4 41.0 0.6

a . . . . . . .
Obtained by subtracting the associated amino acid value from the free amino acid value.
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