and rapid and uses very

little sample.

W. Andy Tao ¢ R. Graham Cooks

Purdue University

A new quantitative

method that is simple

ew topics in the chemical, biological, and
pharmaceutical sciences have attracted as
much interest as chirality. Life itself has been
under the constant influence of chirality, from the
beginning of the evolutionary process right up
through the present diversity of biological forms.
Chirality represents an intrinsic property of the mo-
lecular building blocks—amino acids and sugars—
and, therefore, of proteins, nucleic acids, and polysac-
charides. An appreciation of chirality at the molecular
level is essential to understanding molecular struc-
ture and reactivity.
The intrinsically chiral chemistry of living systems
has evident implications for interactions of organisms
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FIGURE 1. Basic strategies for chiral analysis by MS.

with biologically active compounds. Enantiomeric forms of drugs
can produce different therapeutic (or adverse) effects, which may
cause them to be metabolized by different pathways. The de-
velopment and marketing of single-enantiomer drugs have grown
rapidly, following the release of new U.S. FDA guidelines that
recommend the use of enantioselective identity and stability tests,
as well as assays to determine the contributions of individual enan-
tiomers to pharmacological and toxicological activity. Single-
isomer drug sales reached $133 billion worldwide in 2000, up
more than 13% from 1999 and accounting for 32% of total drug
sales (1).

Enantiomeric forms of chiral molecules can be recognized
and quantified only in an asymmetric environment, whether
the analysis is by a traditional chemical or instrumental method.
This is often achieved using chiral chromatography, in which
the HPLC column packing is chiral, or by NMR using a chiral
shift reagent. These are currently the two dominant methods of
chiral analysis and, in the case of HPLC,
of chiral separation, but both have their
own problems (2). NMR usually requires
a relatively large amount of sample and is
not highly tolerant of impurities. Chro-

ral molecules can be distinguished and even

quantified by MS by reactions with chiral

reference molecules. MS, especially tan-

dem MS, provides several unique features

for fast chiral analysis, including the ready

creation of intrinsic molecular and chiral

interactions in the absence of solvent and

the measurement of small energy effects

by kinetic or equilibrium methods. For

example, chiral interactions can be mag-

nified and quantified by gentle activation

of cluster ions and measurement of their

branching ratios (i.e., the relative abun-

dance of two competitive fragment ions)

in an MS/MS spectrum. In addition, MS

has great intrinsic sensitivity, molecular

specificity, and tolerance to impurities, and

these properties, plus the speed with which qualitative and quan-

titative analyses can be performed, represent a further advantage.

Figure 1 illustrates basic strategies for chiral analysis by an

MS method. Diastereomers are generated in these experiments,

in either the gas or the condensed phase. An early chiral dis-

tinction showed differences in the chemical ionization (CI)

mass spectra of dialkyl tartrates (3). More recent observations

of the same type include those made on diastercomeric adducts

of amino acids and similar compounds with chiral host mole-

cules, such as cyclodextrins (CDs) and chiral crown ethers,

which were investigated in single-stage MS experiments (4-6).

Electrospray ionization (ESI), fast atom bombardment, and CI

are all popular ionization methods that have been used previ-
ously for chiral analysis (4, 7).

Chiral analysis can also be accomplished by examining the

differences in reactivities of diastereomers, including gas-phase

ion—-molecule reactions (8, 9), and by unimolecular dissociation

[AgM (ref*) —H]* + ref*

matographic methods satisfy these require- M, ref* [AgM (ref*), — HI* IR

ments, but chiral columns require less- R ki .

rugged conditions than those used in other ky M (ref),—HI* + ARgors)
forms of chromatography. Faster meth- Ag W[ASM (ref*), — H]* href*

ods of analysis are also desirable, especial- ’ [AsM (ref*) —HI* + ref*
ly in combinatorial synthesis or other set- A

tings where large numbers of candidate
drugs need to be examined.

FIGURE 2. Competitive dissociation of metal ion-bound complexes.

Rapid chiral analysis

Because enantiomers have identical mass
spectra, MS has often been thought of as
a “chirally blind” technique. However, chi-
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in tandem MS experiments (Figure 1) (10, 11). Com-
plexes composed of CDs and protonated amino acids
can be reacted with neutral alkylamines. The amino
acid (A) is displaced by the amine (ref) in a guest ex-
change reaction to produce the CD—amine complex
[CD-ref + HJ". Chiral selectivity is the result of
changes in the magnitude of the rate constants asso-
ciated with changes in the chirality of the amino acid.

Several reviews summarize chiral recognition by
MS (4, 12). This article focuses on quantitative chiral
analysis by MS and emphasizes an MS method based
on the competitive dissociation of metal ion-bound
cluster ions (13, 14). It borrows from ligand-exchange
chromatography the idea of creating diastereomeric
complexes by binding the chiral analyte to a chirally
ligated metal center ( 15). It adapts the kinetic method
to convert extremely small differences in energy into
relatively large differences in fragment ion-branching
ratios (16, 17). (The kinetic method is widely used
for determining thermochemical properties and is ca-
pable of differentiating processes with energy differ-
ences of <1 kJ/mol.) The result of this combination
of concepts is a method that allows accurate, quanti-
tative measurements of optical purity (18). It does
not involve wet chemistry, isotopic labeling, or chro-
matography and therefore may be particularly useful
for fast analysis and for circumstances in which chro-
matography and derivatization are ineffective or in-
convenient. The results show interesting parallels with
condensed-phase chiral selectivity data obtained by
chromatography. Not only are the measurements sim-
ple and rapid, they use standard ESI MS and tandem
MS on commercial instruments and require very small
amounts of sample.

Chiral recognition

Chiral recognition and quantitation are based on the
reactions in Figure 2. The chiral analyte (enantiomer
Ag or Ag) and chiral reference compound (ref*) are
complexed with a transition-metal ion (M) to gener-
ate high-order metal ion-bound cluster ions; in this
particular case, trimeric cluster ions [M(Ag)(ref*),]"
or [M(Ag)(ref*),]" (three chiral ligands in one com-
plex comprising 1 molecule of the analyte and 2 mol-
ecules of the ref*). Divalent transition-metal ions
such as Cu(II), Zn(II), and Ni(IT) are among those
that can be used to form suitable complexes. In these
cases, the singly deprotonated ions [MH(AR)(ref* )y —
H]" and [M'(A()(ref*), — H]" are usually generated
in the MS experiment. These [MH(A)(ref* ), — HI
ions are generated efficiently in the gas phase by sim-
ply mixing A, M, and ref* in aqueous methanol and

[A +H]*
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FIGURE 3. Mass spectra of chiral complexes.

(a) ESI mass spectrum of Cu(ll)/atenolol/i-abrine solution with major clus-
ter ions. The trimeric ion (m/z = 764) is used in MS/MS experiments for
chiral analysis. The spectrum was recorded using a commercial ion trap
mass spectrometer with a 50/50 water/methanol solution of 10 M
atenolol (A), 10 pM L-abrine (ref*), and 2.5 pM CuCl,*2H,0. (b, c) Com-
peting dissociation pathways are examined in the MS/MS spectrum of
a deprotonated complex ion [63Cu"(L—Trp)z(ephedrine) — HI*(m/z = 635)
that contains Cu?*, two L-Trp, and (b) (+)-ephedrine or (c) (--ephedrine.
Energy differences between the products (m/z = 431) containing (+)-
and (-)-ephedrine result in differences in their abundances relative to
the reference product ion (m/z = 470). Molecular models show distinc-
tive structures and steric interactions in the diastereomeric product ions
(m/z = 431).
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FIGURE 4. Energy diagram for competitive dissociations of metal ion-
bound cluster ions of two deprotonated trimeric cluster ions that differ in
the chirality of one ligand.

The two cluster ions yield identical products by one fragmentation route and di-

astereomeric product ions with energies that differ by A(AG) ;. by competitive lig-
and loss fragmentation. This free-energy difference is due to differences in steric

Chiral recognition of the stimulant ephedrine
using the kinetic method is illustrated in the
MS /MS data shown in Figures 3b and c. In this
case, the ESI mass spectrum (not shown) is
analogous to that shown in Figure 3a. The
trimeric cluster ion [CuH(L—Trp)z(ephcdrinc) -
H]" (m/z = 635) is generated, mass-selected,
and allowed to dissociate by collision-induced
dissociation in a tandem MS experiment. Disso-
ciation yields dimeric complexes [CuH(L—
Trp)(ephedrine) — H]" and [Cu'(L-Trp), - H]*
by competitive losses of L-Trp and the

interactions because of the chirality difference. The energy difference is proportional
to the log of the product ion abundance ratio, which is therefore a measure of enan-

tiomeric composition.

creating the gaseous ions by ESI. A typical example of the re-
sulting ESI mass spectrum is illustrated in Figure 3a for a Cu(II)
salt/abrine /atenolol mixture. The M is used to create multi-
point interactions between the A and the ref* to facilitate chi-
ral recognition.

Dissociation of [MH(AR)(ref*)2 — HJ" is achieved in an
MS/MS experiment and occurs by competitive ligand losses to
produce dimeric ions: [MH(AR)(ref*) - HJ" and [MH(ref"‘ )y —
H]"; by contrast, dissociation of [M(A)(ref*), — H]" gener-
ates [M"(Ag)(ref*) — H]" and [M"(ref*), — H]". Each of the
dimeric ions has an associated ion intensity, I, as indicated in
Figure 2.

The small differences in steric interactions in the diastere-
omeric cluster ions [M"(A)(ref*) — H]" and [M"(Ag)(ref*) —
H]" are recognized by casily measured differences in branching
ratios for dissociation of the complexes containing the R- and
S-enantiomers of the analyte. The chiral selectivity R, is de-
fined as

IR/Ircf*(lV

e 1
chiral IS/IM'MZ‘, ( )

in which Lop 1y and L2 refer to the [M(ref*), — H]" ion in-
tensities from dissociations of [M(Ag)(ref*), — H]" and
[M(Ag)(ref*), — H]", respectively. R ., serves as a numerical
indication of the degree of chiral distinction achieved in a par-
ticular system and is the ratio of the individual ratios of frag-
ment ion abundances. The farther R, is from unity, the
higher the degree of chiral recognition. When R, = 1, no
chiral discrimination occurs, which means that the particular
combination of M and reference ligand fails to create sterco-
chemically dependent interactions with the enantiomers under

the observation conditions used.
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ephedrine, respectively. The branching ratio of
these fragment ions depends strongly on the
chirality of the analyte drug. When the analyte
is pure (+)-ephedrine, the branching ratio, R, is
1./1I .~ = 3.8, and for pure (-)-ephedrine, it is
R = I /I = 091, which results in R
4.17.

The above discussion deals with the recognition of chirally
pure compounds by the kinetic method. In cases in which the
analyte is a mixture of the R- and S-enantiomers, R falls be-
tween 3.8 and 0.91 and is described by

chiral =

_ Lk (2)
I

ref*

R

which is the sum of the intensity of the fragment ions contain-
ing the analyte divided by that of the fragment containing the
ref*. The natural log of R is linearly related to the enantiomer-
ic purity of the analyte, which allows quantitative chiral analy-
sis (14, 18).

Quantitative chiral determination

The behavior of pure enantiomers (Figures 3b and 3c) indi-
cates that when a chiral mixture is analyzed, samples with dif-
ferent enantiomeric excesses (ee) will show differences in R.
The first step in the quantitative analysis of chiral mixtures,
therefore, is to construct the calibration curve between R and
ce. If a relatively simple relationship between R and ee can be
established, then it is possible to rapidly determine the mixture
components by measuring R in a single tandem mass spectrum.
A linear relationship between In R and ee has been observed in
various systems and is predicted from kinetic method deriva-
tions (13, 14).

The behavior is typified by Clevudine (L-FMAU; 2’-fluoro-
5-methyl-B,L-arabinofuranosyluracil), a potent antiviral nucle-
oside against hepatitis B. Using N-Ac-L-Pro as the ref* and
Co** as the metal ion, the data for various enantiomeric mix-
tures of FMAU display a linear relationship between In R and
ee with a correlation coefficient, 1/2, 0f 0.9995. This calibration
curve is then used to measure the percent ee of various un-



known samples (19). The analysis of
each sample requires only one R mea-
surement in a single MS/MS spec-
trum. An average accuracy of 0.6 % ee
was obtained for this particular case
from four unknown samples.

Such a linear relationship between
In R and ee is expected, and a two-
point calibration curve can be con-
structed simply by using two samples
with known ee values, such as the
pure R- and § enantiomers or the
racemic mixture and another sample.
In the chiral analysis of the deconges-
tant pseudoephedrine (-ephedrine),
a two-point calibration was used (18).
Cu?* was chosen as the central metal ion and L-Tyr was chosen
as the ref* (R ;. = 2.05). Using R-values for the pure enan-
tiomers (ee = —100% and 100%), a calibration curve was con-
structed on the basis of the semilog relationship between R and
ee. The corresponding linear equations were used to measure
ce values of unknown samples. The measured average ce values
of the mixtures also correlated well with the actual ee values.
The overall correlation (1’2) is 0.9998 for measurements of
pseudoephedrine. Accurately determining ee values is a
straightforward process (the overall average error for pseu-
doephedrine is 2.3 ee%). It takes a few minutes to construct a
calibration curve and seconds to analyze a sample. The calibra-
tion curve can be used for days, and the method can be applied
to samples that contain only a
few percent of one enantiomer.
Quantitative enantiomeric de-
terminations can also be made
using methods other than the
kinetic method, in particular,
the host—guest exchange meth-
ods (6, 20).

Kinetics and thermo-
dynamics

The success of the present ex-
periments is due to direct inter-
actions between the appropriate
ref* and analyte in the mass
spectrometer, which allow opti-
mization of chiral recognition;
the introduction of a transition-
metal ion into the system, which
provides multiple interactions
for chiral recognition; and the
use of the kinetic method to
probe the formation of diastere-

It takes a few minutes to

construct a calibration curve

and seconds to analyze a

sample. The calibration curve

can be used for days.

omeric ions from corresponding
higher-order cluster ions, rather than
investigating fragments of simpler
diastereomeric ions. The method ex-
amines competitive dissociation chan-
nels of a mass-selected cluster ion,
and even very small differences in
critical energies for fragmentation
will result in large changes in the re-
spective rate constants and be reflect-
ed in the fragment ion abundances.
This is the result of the logarithmic
relationship between the relative ion
abundances and energy that charac-
terizes the kinetic method.

A free-energy diagram for the
chiral analysis methodology is given in Figure 4. According to
the kinetic method, the degree of chiral discrimination depends
on the difference in the free-energy changes (A(AG) ;) Of ac-
tivation for dissociation to generate the diastereomeric com-
plexes ([M"(Ag)(ref*) — H]" and [M"(Ag)(ref*) — H]"). Dis-
sociation of parent ions to generate dimeric ions is a highly
endothermic process with a negligible reverse critical energy. As
a result, the difference in stabilities of the diastereomeric com-
plexes ([M"(Ap)(ref*) — H]" and [M"(Ag)(ref*) — H]"), rela-
tive to the reference complex [M"(ref* ), — H], is proposed to
be the key factor in the observed chiral selectivity, assuming
that the more weakly bound precursor complexes show only
small differences in energy.
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1=d Interactions

FIGURE 5. TeCation interactions responsible for chiral distinction observed in
the recognition of p,L-valine using Cu(ll) with L-phenylalanine as the reference.
Calculations show overlap between the Ttorbitals of the phenyl group in L-phen-

ylalanine and the d orbitals of Cu(ll) in [Cu"(L-Phe)(L-Val) — H]".

The linear relationship between In R and relative energy is
intrinsic to the kinetic method, but it also applies to the disso-
ciation of a single cluster ion by two competing routes. When
applying the kinetic method to chiral analysis, two cluster ions
are considered. Their structures are chosen so that each gives
one common set of fragments by its competitive dissociation
channels. This reference fragmentation channel allows the nor-
mal kinetic method equation to be applied to the dissociation
of the pair of cluster ions (Figure 2). Considering the kinetics
and energetics of dissociation (14, 18), the normal kinetic
method equation applies, with In R being linearly proportion-
al to A(AG), as shown by

InR-AAG)/RL; (3
in which R in the denominator is the gas constant, T 4 is the
average (effective) temperature of the activated trimeric cluster
ions, and A(AG) is the difference in free-energy changes for the
reaction [M'(ref*), - H]" + A O [M"(ref*)(A) — H]" + ref*.
The quantity A(AG) is linearly proportional to the ee of A;
therefore, In R changes linearly with ee. The slope of the linear
calibration curve, according to the derivation, is equal to half
of In R y;..;, which is verified in various experiments. Therefore,
larger chiral selectivity will result in a larger slope, which pro-
duces better accuracy for the ee determination.
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lon structure and intrinsic chiral

interactions

MS, particularly tandem MS, allows stud-

ies of the intrinsic aspects of molecular and

chiral recognition in a solvent-free envi-

ronment. Moreover, comparisons of gas-
i} phase and condensed-phase data provide a
powerful means for understanding the role
of solvent and counterions in determining
the outcome of many reactions.

Structural studies of dimeric cluster
ions, such as those produced in the reac-
tions already discussed, reveal that two lig-
ands are covalently bound to the metal
ions through multiple binding sites, which
provides the basis for efficient chiral dis-
tinction (14). In the case of amino acids,
for example, two of the interactions be-
tween the two ligands are M(II)-mediat-
ed, resulting from the coordination of the
amino and carboxylate groups to the cen-
tral metal ion, whereas the third interac-
tion involves the substituents at or near
the asymmetric a-carbon atoms of each of
the two ligands.

Although relatively weak, it is this last
interaction that is essential for determin-
ing chiral discrimination. The superior chiral recognition
achieved when the reference ligand has an aromatic side chain
(Table 1) suggests that Tecation interactions play an important
role in the stereo-interaction. Evidence for such a Tt-cation in-
teraction was observed in collision-induced dissociation spectra
of dimeric cluster ions [ M(ref*)(A) — H]", in which one ligand
is an aromatic amino acid and is supported by ab initio calcula-
tions (Figure 5). When an L-aromatic amino acid such as
L-phenylalanine is used as the reference ligand, these interac-
tions will be disrupted by the side group on the a-asymmetric
carbon of the L-analyte, whereas the side-chain group in the
D-analyte will have little steric effect on the interaction because
it is located at the opposite side of the square planar structure.

This interpretation is consistent with the observation that
the heterochiral dimeric fragment ions are more stable than
their homochiral analogues in cases where an aromatic amino
acid is used as ecither the ref* or the analyte. The inhibition of
such interactions increases as the size of the side-chain group
on the analyte increases in the series alanine, valine, leucine,
and isoleucine, and there should be an increasingly large pref-
erence for the heterochiral complexes over the homochiral
complexes. As predicted, R ;. increases in this series. Proline
can be expected to provide a large steric effect, so D,L-proline
is efficiently resolved (14).

The nature of the metal ion is expected to play an important



role in this method, and the experimental data indeed show in-
triguing effects (19). In the case of amino acids, for example,
Cu(II) offers much larger chiral selectivity than does Zn(II) or
Ni(II), which is due to the formation of a square planar struc-
ture (21). In contrast, copper gives the smallest chiral recogni-
tion for D,L.-FMAU among several transition metal ions, pre-
sumably because it prefers to bind to the heteroaromatic ring,
which is distant from the stereocenters (19).

Promises and challenges ahead
MS is a promising technique for quantitative chiral analysis. Ap-
plications are already wide-ranging (18, 19, 22-24) and useful for
recognition and quantitative determination of various chiral mol-
ecules, such as amino acids, dipeptides, a-hydroxy acids, atenolol,
propranolol, carbohydrates, norepinephrine, DOPA, and isopro-
terenol. Extensions to new classes of analytes and metal ions, in-
cluding Au(I), Pd(II), and Ca(II), are of interest, in addition to
the work underway on Ni(II), Fe(II), Zn(II), Cu(II), and Co(II).
Any system that facilitates multipoint interactions is suitable, in-
cluding host—guest systems. Improvements continue; for exam-
ple, the kinetics has recently been simplified by selecting one of
the ligands designated as a “fixed ligand”, so that it cannot be
lost. In addition, the requirement that the analyte be available in
two different enantiomeric compositions has been overcome. A
single reference sample—for example, the racemate or either of
the pure enantiomers—can suffice. In this case, the trimeric clus-
ter ion selected is that which contains two molecules of analyte
and one of reference; two measurements are made using the ref*
in forms with different percent ee values in each case (25). Per-
formance characteristics of this quotient ratio method are very
similar to those described here for the single-ratio method.
Further advances are needed to fulfill the industrial require-
ment of quantitative ee analysis for trace amounts of enan-
tiomeric contamination (<0.5%). Efforts to achieve this should
concentrate on enhancing chiral recognition by selecting the
best chiral ref* compounds, using instruments with better sig-
nal quality, extending the method to other ionization methods,
developing alternative quantitative methods, and using en-
hanced data processing for more accurate measurements. Fur-
thermore, a new variant on the kinetic method currently being
developed uses the cluster ion [MH(LhXCd)(A)(rcf*) - HI"
(which replaces one of the reference ligands with a fixed lig-
and). Only the analyte and reference ligand can be lost, the ki-
netics are simplified, and the chiral selectivity is increased.
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