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Abstract

The association between an achiral copper(Il) host (1) and chiral carboxylate guests was studied
using exciton-coupled circular dichroism (ECCD). Enantiomeric complexes were created upon
binding of the enantiomers of the carboxylate guests to the host, and the sign of the resultant CD
signal allowed for determination of the configuration of the studied guest. The difference in
magnitudes and shapes of the CD signals, in conjunction with linear discriminant analysis (LDA),
allowed for the identity of the guest to be determined successfully. A model was created for the
host:guest complexes which successfully predicts the sign of the observed CD signal. Further, Taft
parameters were used in the model, leading to rationalization of the observed magnitudes of the
CD signals. Finally, the enantiomeric excess (ee) of unknown samples of three chiral carboxylic
acid guests was determined with an average absolute error of + 3.0%.

INTRODUCTION

Determination of the enantiomeric purity of chiral compounds is performed routinely in
synthetic organic chemistry.1~7 Chiral carboxylic acids are common functional groups found
in pharmaceuticals, as well as intermediates in the synthesis of complex natural
products.8-11 Therefore, catalytic asymmetric methodologies have been commonly directed
to the creation of chiral carboxylic acids.

High-throughput screening (HTS) has emerged as a means for discovery of asymmetric
catalytic reactions.12 A large number of reactions are carried out in parallel in order to
screen for improvements in enantiomeric excess (ee) for a target reaction. These ee values
are most commonly ascertained using either high performance liquid chromatography
(HPLC), or gas chromatography (GC).13-16 Although these techniques are very accurate,
they are unable to keep up with the number of samples that are created when several
hundreds of reactions are run in parallel. Increasingly large numbers of samples also
inherently increases the amount of solvent used, preparation time required, and cost
incurred. For these reasons, there is a desire to create more efficient methods that can
expedite the process of ee determination. Several methods have been successfully
implemented, utilizing such techniques as NMR, fluorescence, UV/Vis, or calorimetry.17-27
However, several of the procedures require chiral hosts created through extensive synthetic
efforts. Additionally, many require that the analyte be derivatized before the analysis can be
preformed. For these reasons, it is desirable to create methods that avert these drawbacks.
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To this end, our group and others have focused on developing assays that allow the rapid
determination of reaction success, both in terms of ee and yield.28-37 In one approach,
enantioselective indicator displacement assays utilizing colorimetric indicators have been
combined with pattern recognition techniques to find the ee of several types of chiral
analytes, including a-amino acids, diols, and a-hydroxycarboxylic acids.28-30 In a disparate
approach, metal-to-ligand charge transfer (MLCT) bands were analyzed using circular
dichroism (CD) spectroscopy. We showed that this approach allows for the rapid
determination of ee, in conjunction with concentration and analyte identity.31:32

One form of CD, known as exciton-coupled circular dichroism (ECCD),38 has often been
applied by the Canary group,3%-44 as well as others,>-51 for similar goals. The couplets seen
in ECCD have allowed for determination of ee, as well as absolute configuration, of a-
amino acids, -amino alcohols, and primary amines.3%-41 The approach from the Canary
group begins with derivatization of the chiral analyte with quinoline chromophores,
followed by complexation to a metal center. This complexation, to either Cu'! or Zn!!, brings
the quinoline groups into close proximity in a helical fashion. The helicity is determined by
the stereocenter of the derivatized analyte, leading to enantiospecific CD spectra (Eq. 1a).
We report herein a combined group effort to create ECCD methods for the analysis of chiral
carboxylates that does not require prior derivatization of the analytes.

RESULTS AND DISCUSSION
1) Design Criteria

Our new approach involves the complexation of achiral [(BPQA)Cu'/(Cl0y4),] host 1 with
chiral carboxylic acids (Eq. 1b), and avoids the step of analyte derivatization. This approach
finds its roots among classic work carried out by Pfeiffer, used to resolve certain chiral
coordination complexes in the early days of coordination chemistry.#2:43 He observed that
racemic transition-metal complexes adopted chiral properties in the presence of chiral
additives. The perturbation of the equilibrium between enantiomeric metal complexes led to
mixtures of diastereomers, and hence resolution of the metal complexes could be achieved.

Host complex 1 was selected for our purposes for two main reasons. First, its synthesis is
straightforward. It can be prepared in three steps from commercially available starting
materials.52-54 Second, an available coordination site on the copper center was expected to
accommodate a chiral carboxylate anion. The analyte binding was postulated to cause a
helical distortion of the complex geometry, the direction of which would be indicated by the
guest’s stereochemistry. This should allow the analysis to be performed directly on
unmodified analytes. In addition to obviating analyte derivatization, the binding between
host and guest occurs upon mixing, and the CD spectra can be obtained quickly using a
robotically interfaced liquid controller that is commercially available from JASCO.

2) X-ray Analysis

We first set out to determine the geometry of complex 1. It was expected that the
tetradentate tripodal BQPA ligand would occupy four of the five coordination sites of the
copper metal. This empty site would accommodate the carboxylate guest, and release a
molecule of solvent that had been occupying this coordination site. The crystal structure
obtained (Figure 1) of host 1 confirmed the hypothesis about the coordination involving the
metal center, with a molecule of water occupying the vacant coordination site. The
copper(1l) atom in this structure is best described as a distorted square pyramidal geometry
with three nitrogen atoms and the water oxygen atom occupying the basal plane and one
quinoline nitrogen atom coordinating in an apical position. The geometry is distorted
towards trigonal bipyramidal, and indeed Karlin described the analogous chloride complex
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as intermediate between these limiting geometries.>> Both coordination geometries are
capable of affording a twisted ligand conformation and thus an ECCD spectrum.>®

The chromophores are tilted, as can be seen from the two views provided in Figure 1. The
solid state structure alternates between the two different helicities in the achiral C2/c space
group. However, upon complexation with a chiral guest in solution, it was expected that one
twist would predominate and thus generate a detectable CD signal.

3) CD Analysis

Achiral host 1 alone does not give a signal in the CD spectrum (Figure 2). Additionally, no
signals are observed at longer wavelength than 230 nm for any of the chiral carboxylate
guests that were chosen for this study (Scheme 1). Further, when the chiral guests were
added to a solution containing only Cu(ClQ4),, an absence of signals was also noted. Any
signal observed above 230 nm is therefore produced by the formation of a complex between
host 1 and a chiral carboxylate guest. For example, the association between host 1 and chiral
guest PBA was studied to determine whether or not a helical twist would be imparted on the
complex. The CD spectrum was recorded with two equivalents of PBA relative to host 1 in
HEPES buffer (75% acetonitrile, 25% water) at pH=7.4, and hence the carboxylate is the
dominant species. The addition of the analyte produced a CD couplet indicative of ECCD,
with a Amax for the first Cotton effect (CE) occurring at 238 nm (Figure 2), and the second
CE at 227 nm. The Amax in the isotropic UV spectrum occurs at 233 nm, near the null in the
CD spectrum and consistent with the ECCD assignment. The first CE will be used to
represent the observed signal. As can be seen in Figure 2, the (R)- enantiomer of PBA gave
a negative CD couplet, while the (S)- enantiomer gave a positive couplet. These are
indicative of P-type and M-type propeller twists, respectively.5” The exciton chirality
assignment involves the evaluation of the orientation of the transition dipole moments for
the two quinoline chormophores.>” Drawing an arc from the vector nearest the viewer
towards the one further away gives a positive chirality assignment, which corresponds to a
positive couplet in the ECCD spectrum. Thus in these structures an M propeller will give a
positive ECCD couplet. These spectra confirmed that enantiomeric complexes are formed,
where the stereocenter of PBA determines the twist of the two quinoline substituents in
complex 1.

The titration of each enantiomer of PBA into host 1 showed saturation of the CD signal
when one equivalent of guest had been added (Figure 3A). Quantification of this binding
proved problematic, as necessary dilution diminished the observed CD signals. The
difference in the size of the groups attached to the stereocenter were postulated to affect the
magnitude of the CD signal. Hence, each enantiomer of every guest was added to the host
and the CD signal was recorded. Two equivalents of each guest were used to ensure that
host saturation had been reached, and thereby the signal would no longer have a
concentration dependence. As expected, the CD spectra were unique for each guest. All of
the (S)-enantiomers showed the same positive first CE, with the only variance being the
magnitude and shape of the curve (Figure 3B). In addition, each enantiomer of guest gave a
CD spectrum that was a mirror image of the other. The configuration of the stereocenter can
be assigned based on the sign of the first CD, where all (R)-stereocenters gave a negative
signal and the (S)-stereocenters a positive signal. Because both the magnitude and shape of
the curves varied, we postulated that the identity of the carboxylates could be differentiated
with pattern recognition protocols.

4) CD Data Analyses

In order to determine the identity of the chiral carboxylates, linear discriminant analysis
(LDA) was applied as a statistical analysis technique.>8° LDA creates functions based on
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the input data with the purpose of maximizing the distance between classes of analytes while
minimizing the separation of individual points within a single analyte class. LDA is known
as a supervised technique because the identity of each data point is known when the data are
input. To this end, five repetitions were recorded for each enantiomer of each guest with two
equivalents of guest added relative to host 1, making up a total of 70 samples (Figure 4). The
CD signals between 235 and 265 nm recorded at 1 nm intervals were analyzed. These
wavelengths were chosen because they represent the region of the CD spectrum that changes
the most with addition of guest, omitting the shorter wavelength that may change slightly
from the phenyl rings of some of the carboxylate guests.

The LDA plot showed good discrimination of the carboxylate guests, with the exception of
PPA and BPA. The greatest axis of differentiation, F1, corresponds to the configuration of
the stereocenter. All of the (R)-enantiomers show up on the negative side of the plot, with
the (S)-enantiomers on the positive. The values on the F1 axis furthest from zero represent
the largest CD signals, while those closest represent the smallest signals. The enantiomers of
each guest are reflected through the origin onto each other. The second axis of
differentiation, F2, represents a much smaller amount of sample variance. This variance is
attributed to the shape of the curves, because there are points where the CD spectra cross
each other (Figure 3B).

The predictive power of the plot was determined through a leave-one-out technique, known
as a jack-knife analysis. This method omits a single data point and creates a new set of
functions in its absence. The point is then assigned to a group based on these new functions,
with its successful placement representing the validity of the plot. This is repeated for each
data point, and a percentage is calculated. This particular LDA plot gave a 98.25% jack-
knife analysis, indicating that it is very successful in assigning the identity of the
carboxylates.

The most important factor for discriminating the identity of the guests is the magnitude of
the CD signal. A larger signal rises from a larger twist between the quinoline groups
assembled around the copper metal center. A Newman projection of host 1 with PBA bound
was created for this system looking down the tertiary amine nitrogen to copper bond, similar
to the crystal structure shown in Figure 1B. This orientation allows for facile visualization of
the propeller twist (Figure 5). Thus, the front atom of the Newman projection is the tertiary
nitrogen atom of the ligand. The view down the Newman projection represents a linear
arrangement of this tertiary amine, metal center, followed by the circle showing the
carboxylate, and lastly the a-carbon to the carboxylate group (Figure S11).

Using this Newman projection as a model, we constructed a rationalization of the CD
spectra as follows. In the absence of a chiral guest, the complex exists in two enantiomeric
propeller-like conformations, with the propeller formed by the planes of the heterocycles.
Upon forming a complex, the guest minimizes steric interactions with the host with the
smallest substituent on the stereocenter, hydrogen, placed between the quinoline groups. The
proximity of the medium and large groups near the chromophores biases adoption of a
particular propeller conformation, with the orientation of the stereocenter determining the
direction of the twist. Thus, the (R)- enantiomer leads to an M-type propeller, while the (S)-
enantiomer prefers a P-type propeller (Figure 5). This model accurately predicts the helicity
that is observed for homochiral carboxylate guests. The varying intensities of CD signals for
different complexes may be affected by several factors, although specific steric interactions
between the quinolines and groups attached to the carboxylate chiral center appear to play a
dominant role.
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In order to test that steric size of the substituents on the stereocenter is the cause of the sign
of the CD signal, we expanded the scope of the study to include guests BMA and CMA
(Figure 6A). The homochiral enantiomers of BPA and BMA have the same molecular
orientation in space, as designated by the Cahn-Ingold-Prelog (CIP) rules for assigning
group priority in stereochemical determination.6% Excluding the carboxylate that is bound to
the metal center, the bromine gets the highest priority, followed by the alkyl group, and
finally hydrogen. In the case of BPA, the steric size of the groups follows along with these
CIP rules. This is not the case, however, considering BMA. The isopropyl group is expected
to be larger than bromine, resulting in the opposite configuration when considering steric
size.%1 Indeed, the observed CD spectrum for (R)-BMA gives a positive first Cotton effect,
the opposite of the signal observed for (R)-BPA. (Figure 6B), providing evidence for the
steric model that has been proposed. Next, we turned our focus to quantifying the magnitude
of the observed signals.

In order to understand how steric size is related to the size of the observed CD signals, Taft
parameters were applied.®0 The Taft parameters quantify the steric size of a group by a
linear free energy relationship, derived from the study of the acid-catalyzed hydrolysis of an
ester (Figure 7). Comparing the rate of hydrolysis for a substrate in question, to the reference
reaction where R is hydrogen, gives the steric size of the group by way of the parameter Eg.
Taft used the acid-catalyzed hydrolysis to elucidate the steric effects in the absence of
electronic considerations. He reasoned that the acid-catalyzed reaction was less affected by
electronics because the rate determining step, nucleophilic addition to the carbonyl,
maintained the same charge throughout. The size of the additional proton is assumed to be
negligible, and is present in both structures. In the case of the base-catalyzed reaction, the
rate determining step takes a neutral molecule and gives it a negative charge, making this
pathway much more susceptible to electronic effects.

Since steric factors were found to be the basis for the sign of the CD signal, these sizes were
used to understand the magnitude of the observed signal. The largest group on the
carboxylate stereocenter is expected to be pointed in the direction of the pyridine ring, and
thus have a more subtle effect on the imparted twist. Therefore, in this model the twist will
be governed by the medium and small groups because they will have more of an interaction
with the quinoline chromophores, represented pictorially in Figure 5. The guests (PBA,
PPA, BPA, BMA, and CMA) that were used for this analysis were selected because the Eg
values for the relevant substituents on the stereocenter were known. The difference in the Eg
values between the medium and the smallest groups was plotted against the observed CD
signal for the (S)- enantiomers of the guests, and is shown in Figure 8. Because the
orientation of the groups in BMA and CMA were reversed, the difference in Eg values was
expressed as a negative number. The resulting graph is linear, indicating that the magnitude
of the CD signal directly varies with the difference in steric size of the substituent groups. It
is also important to note that this plot shows an overlap between the two guests PPA and
BPA. These were the two guests that were not fully differentiated by the LDA analysis
presented earlier, because they gave CD signals that were very similar.

5) Analysis of ee

After determining the identity of the carboxylates and rationalizing the size and magnitude
of the observed CD signals, our focus shifted towards determining ee values. For this task,
ee calibration curves were created for three of the carboxylates that were studied. The values
for these curves vary between 100 and -100% ee, as it is calculated by [([R]-[SD/([R]*+[SD)]
%100, and hence an ee value of 100% corresponds to only the (R)-enantiomer. The
carboxylates studied, PCA, PBA, and PPA, were chosen as they cover a broad range of CD
signal amplitudes. To ensure the signal was saturated and free of concentration dependence,
two equivalents of total carboxylate was added relative to host 1.
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A representative calibration curve for PBA is given in Figure 9. This curve fit a linear
regression with RZ = 0.99, and the resulting equation allowed the magnitude of the CD
signal to be related to the ee of the solution. Eight unknown solutions of each enantiomeric
carboxylate were prepared independent of the samples used for the calibration curves, and
their CD spectra recorded. The signal observed at 238 nm was then used to determine ee
values, and the average absolute error was calculated (Table 1). The absolute difference
between the actual and calculated values of ee is used herein to denote the average error, and
was calculated for each analyte studied. While the observed error did vary according to the
difference in amplitude between each enantiomer of the guest, with the greatest amplitude
giving the lowest error, there was very little difference in error between guests showing the
largest and smallest magnitude CD signals. The average error that was found was 3.0% for
the guests studied. This error is well within the acceptable range of errors for HTS.3

SUMMARY

In summary, the previously described method used ECCD to determine the absolute
configuration of chiral carboxylates. Each enantiomer of a guest gave rise to a mirror image
CD spectrum, indicating the formation of enantiomeric complexes. The magnitude of the
signal, as well as the shape, allowed for separation of the identities of the carboxylate guests
by the pattern recognition protocol LDA. Calibration curves were created for guests using
samples of known ee values for three guests. The CD signal of samples of unknown ee value
were related by this calibration curve to an ee value, with an average error of 3.0%. The host
was easily synthesized, and no extra treatment of the analytes was required. Further studies
are currently being undertaken in order to extend the scope of this method, expanding to
more elaborate guest structures and moving the stereocenter to more remote locations
relative to the carboxylate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Two different views of copper complex 1. Displacement ellipsoids are scaled to 50%

probability, and counterions omitted for clarity.
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Figure 2.
CD spectra of host 1 (0.5 mM) by itself, and with each enantiomer of PBA (1.0 mM) in
default buffer (75% MeCN/H,0 with 20 mM HEPES buffer at pH=7.4).
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Figure 3.

= (S)-MTP

250

(A) Change in the CD signal at 238 nm with increasing concentration of indicated
enantiomer of PBA (0-2 mM) in host 1 (0.5 mM) in default buffer. (B) CD spectra of host 1
(0.5 mM) with the (S)-enantiomer of each guest (1.0 mM) in default buffer.
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Figure 4.

Two-dimensional LDA plot depicting the response of host 1 to each carboxylate guest.
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Figure 5.
Newman projections for host 1 with each enantiomer of PBA bound. An M-propeller gives —
chirality for the orientation of the quinoline electronic dipole moments.
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Figure 6.

(A) Chemical structures of the additional guests analyzed. (B) CD spectrum of host 1 (0.5
mM) with indicated guest (1.0 mM) in default buffer. (C) Newman projections of host 1
with the (R)-enantiomer of the indicated guest bound.
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Figure 7.
(A) Acid-catalyzed hydrolysis of an ester used by Taft to study steric size. (B) Equation

used to calculate group size, known as Es. (C) Taft parameters for selected substituent
groups.
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Figure 8.

Graph of the CD signal of the (S)-enantiomer of the indicated guest plotted against the

difference in the Eg values of the medium and small sized groups.
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Figure 9.
CD signal at 238 nm with varying EE values for a solution of PBA (1.0 mM) and host 1 (0.5

mM) in default buffer.
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Scheme 1.

Chiral guests: 2-phenylbutyric acetate (PBA), 2-phenylpropionic acetate (PPA), O-
acetylmandelic acetate (AMA), a-methoxy-a-trifluoromethylphenyl acetate (MTP), 2-
bromopropionic acetate (BPA), and 1-(tert-butoxycarbonyl)-2-piperidinecarboxylate (PCA)
that were used in this study.
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<E\/K/ [N /X
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Acid 2) Cu(CIO,), NN

Eq 1.
(a) Protocol to determine absolute configuration of chiral amino acids. (b) Proposed

complex formation between [(BQPA)Cu'/(Cl0,4),] host 1 and chiral carboxylate guest.

J Am Chem Soc. Author manuscript; available in PMC 2012 August 31.

Page 19



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Joyce et al.

Table 1

Errors in ee calculations of unknown guests, as related to ACD signal.

Guest | Avg. Error (%) | ACDasg (mdeg)
PBA 3.2 68.8
PCA 18 200.8
PPA 41 25.3
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