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Abstract: Chiral recognition ofb- andL-amino acids is achieved and mixtures of enantiomers quantified in
the gas phase, using the kinetics of competitive unimolecular fragmentations of trimeric Cu(ll)-bound complexes.
Singly charged copper(Hamino acid cluster ions [C'(A)(ref*) ,—H]* (A = amino acid; ref*= chiral reference

ligand, selected from among the natueahmino acids) undergo competitive collision-induced dissociation
(CID) in a quadrupole ion trap to form the dimeric complexes'[@)(ref*) —H]* and [CU (ref*),—H]*. The
abundance ratio of these fragment ions depends strongly on the stereochemistry of the ligands in the precursor
[Cu'(A)(ref*),—H]™ complex ion and specifically on the chirality of the analyte amino acid. The chiral
selectivity, the ratio of the two fragment ion abundances for the complex containing one enantiomer of analyte
expressed relative to that for the fragments of the corresponding complex containing the other enantiomer,
ranges from 0.47 to 11. An energy quantif(ACU'BDE), is predicted and shown to serve as a thermochemical
indicator of chiral discrimination; its value is calculated from the fragment ion abundance ratios using the
kinetic method of estimating thermochemical quantities from the kinetics of cluster ion dissociation. Large
chiral distinctions are observed with all of the natural chitedmino acids, except cysteine and arginine, by
appropriate choice of the reference ligand. @A CU'BDE) values range from-2.2 to 6.9 kJ/mol. Amino

acids with aromatic substituents display the largest chiral distinction, which is consistent with ligand exchange
chromatographic results for analogous systems. The structures of the fragment Cu(ll) complexes are discussed
in the light of the CID behavior of related compounds. The interactions within these ions that might contribute
to chiral recognition are rationalized to account for the observed chiral effects. The sensitive nature of the
methodology and the linear relationship between the logarithm of the fragment ion abundance ratio and the
optical purity, which is intrinsic to the kinetic method, allows mixtures to be analyzed for small enantiomeric
excess (ee) by simply recording ratios of fragment ion abundances in a mass spectrum.

Introduction spectrometry as a route to information on molecular stereo-

The importance of mass spectrometry in structural studies chemistry is still far from being fully realized.

on biological systems is increasing rapidly, largely due to the ~ These considerations have led, during the past few years, to
emergence of electrospray ionization (E®id matrix-assisted ~ an increasingly active search for an effective methodology to
laser-desorption ionization (MALDP Specific intermolecular ~ characterize chiral compounds by using mass spectroretry.
interactions are important in biological systems, for example, Techniques for chiral analysis rely on differential interactions
in the recognition of epitop@sand in antibody and enzymatic ~ Of enantiomers with a chiral reagent or different stabilities or
reactionst Mass spectrometry, especially tandem mass spec- eactivities of the diastereomers formed in such reactions. As
trometry® provides a unique method by which intrinsic interac- an example, chiral analysis by NMRmploys chiral reagents,
tions between molecules can be studied. This is because theand chiral stationary phases are used in liquid chromatogréphy.
interactions are studied in the absence (or using small controlledSince the initial chemical ionization experiments of Fales and
amountsy of so[\{ent and because of the intrjnsic sensitivity, (6) (a) Lee, S. W.; Chang, S. B.; Kossakovski, D.; Cox, H.; Beauchamp,
molecular specificity, and tolerance to impurities of the tech- J.L.J. Am. Chem. S04999 121, 10152. (b) Beyer, M.; Berg, C.; Gorlitzer,

nique. Despite this obvious promise, the potential of mass H. W.; Schindler, T.; Achatz, U.; Albert, G.; Niedner-Schatteburg, G.;
Bondybey, V. EJ. Am. Chem. Sod.996 118 7386.
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Wrightl® on chiral effects on the relative abundances of part, this interest is driven by the discovery of nonterrestrial
protonated dimers of dialkyl tartrates, many similar observations enantiomeric compositions of meteoritic amino acids, a finding
have been madeg.Fast atom bombardment (FAB) mass spec- that has generated considerable excitement in the astrobiological
trometry has frequently been the ionization method of choice community!”
used to examine stereoselective interactions between chiral To achieve chiral recognition, multiple-point interactions (the
analytes and chiral reference compoufdd?These experiments “three-point rule”}® are required; this means that the chiral
can be performed quickly, and the recognition of a chiral effect analyte and chiral reference need to be bound together in a
is based simply on ion abundance data. In related experiments polydentate complex, even if only transiently. Transition metal
equilibrium ion abundances are measured for formation of a jons, for this reason, are much better choices to form such
complex between the chiral analyte and a chiral auxiliary complexes than are proton or alkali metal cations, a fact which
(reference compound). As an example, Fourier transform ion is well-known for the condensed phdé§e.lt has become
cyclotron resonance (FT-ICR) mass spectrometry has been useghcreasingly evident that most intra- and intermolecular interac-
to measure equilibrium populations of clusters of chiral mol- tions in biological systems are metal-cation medidf&dn
ecules, such as- and L-dialkyl tartrates, after appropriate  particular, copper-bound proteins and amino acid complexes are
isotopic labeling to distinguish the two optical isomers. The of considerable interest in biological systems and have been
measured equilibrium constants are directly related to the widely studiec?® Metal-ion—ligand interactions in the gas phase
corresponding free-energy differences and are useful indicatorshave also become a major area of resedfdfor example,
of chiral compositiorf"11¢12A particularly noteworthy experi-  kinetic energy release measurements have been used to distin-
ment is that of Viey et al;?° who observed chiral effects in  guish diastereomeric oligosaccharides on the basis of differences
the dissociations of protonated trimeric cluster ions. On the basisin metat-ligand interactiong?.12a22The interactions of copper
of this observation, Yao and co-workers used ESI to generatejons with biologically important peptides have been expldfed,
protonated trimers and tandem mass spectrometry to distinguishand the gas-phase copper(l) affinities of amino acids and
enantiomers of amino acid$ Simultaneously, we published a  diamines have been measured, either using the kinetic nféthod
preliminary communication describing the chiral resolution of or using equilibrium measuremerfs.
amino acids using copper(ll)-bound trimeric cluster iéns. Energy differences between diastereomeric complexes rep-
Although these and other earlier experiments have demon-resent the fundamental basis for chiral distinction, but the effects
strated the potential of mass spectrometry in chiral recognition, of these differences on ion abundances might still be too small
practical applications of chiral analysis, especially quantitative o pe observed directly without special experimental techniques
analysis, require several characteristics not previously availablegr methods of data evaluatidh. Fortunately, the kinetic
simultaneously. The following features are desirable: (i) alarge method®27 can be used to detect processes with small differ-
chiral selectivity to allow quantitative analysis, (ii) there should gpces €1 kJ/mol) in product ion stability. Competitive dis-
be no requirement for isotopically labeled reagents, (iii) tandem sociation channels of a cluster ion, even with very small
mass spectrometry (MS/MS) should be used for its insensitivity gifferences in critical energies for fragmentation, result in large
to impurities, and (iv) the relative abundances of the adduct changes in the respective rate constants, which are reflected in
ions (the measure of enantioselectivity) should be independentine fragment ion abundances. This is the result of the logarithmic
of the relative concentrations of the analyte and the chiral re|ationship between relative ion abundances and energy that
reagent. All of these features are available by employing the characterizes this method. Traditionally, the kinetic method has
general method proposed here in which the kinetics of the peen used to estimate relative values of various thermochemical

dissociation of clusters bound by transition metal ions, repre- guantities, including proton affinit gas-phase basicif},
sented by copper(ll)-bound complexes, is measured in a tandem
mass spectrometry experiment. The method represents a par- (17) (a) Engel, M. H.; Macko, S. ANature 1997, 389, 265. (b) Bailey,

i inati inati i i J.; Chrysostomou, A.; Hough, J. H.; Gledhill, T. M.; McCall, A.; Clark, S.;
tl(?u'ar application of the l_<|net_|c methdd, an mcreasmgly_ Menard, F.; Tamura, MSciencel998 281, 672. (c) Pizzarello, S.; Cronin,
widely used method of estimating thermochemical quantities. ; r Nature 1998 394, 236.

Recognition and quantification of the chirality of the natural (18) Salem, L.; Chapuisat, X.; Segal, G.; Hiberty, P. C.; Minot, C.;

amino acids is the specific test case examined in this paper. InLeforrestier, C.; Sautet, B. Am. Chem. S0d.987 109, 2887. ,
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Int. J. Mass Spectron200Q 198 137. A. G.; McLafferty, F. W.J. Phys. Chem1996 31, 12897. (e) Ma, S. G.;
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Czira, G.Anal. Chem1997, 69, 1700. F.; Gross, M. L.J. Am. Chem. S0d.992 114, 9161.
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ionization energy? and metal ion affinity2!¢?431These mea-  rger),- @0ET+ A, (M (Ap)ref),, ~ (n-DHT + ref?
surements are based on the rates of competitive dissociations A(AM™BDE)] M (Ay)(ref*)y,~ (n-DH'J" + ref*
of mass-selected cluster ions. For a weakly bound cluster ion,
monomer loss is often the dominant channel, as illustrated in
eq 1, which describes a proton-bound dimer dissociating to give
two individual protonated monomers. MM (Ap)(ref*),,— (n- DH'T*

kl AH+ + B [M™(A )(ref*), - (n-1)H*]*
Figure 1. Energy diagram for dissociation of metal ion-bound cluster
ions showing competitive dissociations of two deprotonated trimeric
O] cluster ions that differ in the chirality of one ligand. The two cluster
ions yield identical products by one fragmentation route and diaster-
eomeric product ions with energies which differ AyAM" BDE) by

o . o the competitive ligand loss fragmentation.
For example, the rates of competitive dissociation, expressed

as the relative abundances of the individual protonated mono-
mers, can be used to determine the proton affinity difference resonance excitation and ejection were 0.25 and 0.83, respectively. The
between the two compounds. When the entropy changes forion excitation time for CID was 30 ms with the amplitude of the

the two channels are equal, the relationship takes the form  excitation AC being optimized in each experiment and being kept the
same for the measurements mfand L enantiomers (values range

0—100% relative collision energy corresponding te5 V zero-to-

7\

BH' + A

ky —n [AH] i _ APA

In —= = ) peak resonant excitation potential). Mass/charge rati® ére reported
ko [BH]" Rl using the Thomson unit (1 Tk= 1 atomic mass per unit positive
charge)®

where [AHI" and [BH]" are the abundances of the two Gas-phase Cu(lfyamino acid complexes were generated by elec-
protonated monomerg\PA is the proton affinity difference  trospraying 50:50 water:methanol solutions containing a mixture of
between the two molecules A and B, afigh is the effective optically pure amipo acids, J;ﬂ\/l each,'and 2.5M copper(ll) chlqride.
temperature of the activated proton-bound dimer. The derivation 2; nd--amino acids and cupric chioride dihydrate were obtained from
of this equation, discussion of effective temperature, and the Sigma Chemical (Milwaukee, W1) and methanol from Fisher (Pitts-
S equation, aisc P o burgh, PA).

conditions of its validity were presented elsewh&r€iven the The FT-ICR experiments were performed using a 7-T Bruker
sensitivity _o_f cIL_Js_ter ion dlsspc_|at|on k|net|c_s to_small differences BjoApex Fourier transform mass spectrometer equipped with an
in ion stability, it is not surprising that the kinetic method allows Analytica ESI source and containing an intermediate hexapole ion
enantiomeric differentiatiof?32 Earlier observations, some storage region. Alanine cluster ions were formed by electrospraying
from this laboratory, however, have not been converted into a alanine in a 50:49:1 water:_methanol:acetic acid solution containing 5
general method of recognizing and, particularly, of quantifying #M Cu(NQs).. The ESI capillary was held at room temperature, and
chirality. This is now done in this paper through a careful lowambientgas flow rates and low capillary-skimmer voltage settings
consideration of the structures and energetics of the metal ion were used to minimize cluster ion fragmentation prior to storage in
chiral ligand system. The treatment given here is in terms of the hexapole trap. Protonated alanine monomers, dimers, and trimers,

. but llel treat tin t f f .~ 7. aswell as singly charged Cu(ll) dimers and trimers and low abundance
energies, but a parallel treaiment in 1erms or iree energies 1S . tetramers, were observed under these conditions. Storage in the

also possible. The kinetic method has been presented botheyapole for varying times led to partial or complete dissociation of

ways?® higher oligomers. Isolation of alanine trimers and dimers in the ICR
cell was performed individually to study the unimolecular dissociation
Experimental Section of the relevant species.

Most experiments were performed using a commercial LCQ ion-
trap mass spectrometer (Finnigan, San Jose, CA), equipped with an
ESI source. Operating conditions for the ESI source were as follows:

spray voltage, 5.00 kV; capillary voltage, 3 V; heated capillary - . . .
temperature, 150C; tube lens offset voltage, 20 V; sheath gas)(N Resolution.One enantiomer (for A; the [®), (S convention

flow rate, 30 units (roughly 0.75 L/min). The experiments were S MOre appropriate for general chiral compounds, bubthe
conducted in the positive ion mode. Spectra shown represent the averag€onfiguration is so common for chiral amino acids that this
of about 60 scans, each requiring 0.2 s. The sample was infused via alerminology is used here) of a chiral analyte and a chiral
syringe pump at a flow rate of-42 uL/min. In the full-scan M3 and reference compound (ref*) are complexed with a transition metal
MS® modes, the parent ion of interest was first isolated by applying an ion (M"") to form the M-bound cluster ions [MF(Ao)-
appropriate waveform across the endcap electrodes of the ion trap to(ref*) ]"* or [M"(A)(ref*)]"", or in this study analogous

resonantly eject all trapped ions except those ofhtferatio of interest. forms such as the singly deprotonated ions{{A.)(ref*)m —
The isolated ions were then subjected to a supplementary ac signal to(n — 1)HT and [MH(A)(ref*)m — (n — 1)H+]*.34 Dissocia-

resonantly excite them and cause CID. The Mathigwalues for tion of the complex [M*(Ao)(ref)m — (N — 1)H** by
(28) S. H. Hoke, |.; Yang, S. S.; Cooks, R. G.; Hrovat, D. A.; Borden, competitive ligand losses produces dimeric ion§1(A.)(ref*)m-1

Results and Discussion

Concept Underlying Transition Metal lon-assisted Kinetic

W. };;J'pAm kChJemS-_S\;3<1994$ 1éﬁ_ ‘é888k- R BAM. Chem. Sod99 — (n— 1)HMT and [M(ref)m — (n — 1)H']T, while dissoc-

11é 2)313"'0 »J- S Yang, S. S.; Cooks, R.L5Am. Chem. Sod996 iation of [M"(A,)(ref")m — (n — 1)H']* generates [MI"(A,)-
(30) Denault, J. W.; Chen, G.; Cooks, R. 8t. J. Mass Spectrom. lon  (r€f*)m-1 — (n — 1)H]" and [M"*(ref*), — (n — 1)H*]*. The

Processed 997 175 205. fragment ions from these complexes occur in abundance ratios
(31) Schroeter, K.; Wesendrup, R.; SchwarzEdr. J. Org. Chem1998

4, 565. (33) Cooks, R. G.; Rockwood, A. IRapid Commun. Mass Spectrom.
(32) (&) Shen, W. Y.; Wong, P. S. H.; Cooks, R. RBapid Commun. 1991 5, 93.

Mass Spectrom1997, 11, 71. (b) Sigsby, M. L.; Ph D Thesis, Purdue (34) This nomenclature with its explicit designation of charge state is

University, West Lafayette, Indiana, 1980. used in this section to maximize clarity of the presentation.
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Figure 2. ESI mass spectrum of copper{Hproline solution. Major cluster ions are indicated. Note the series of ions jBb)- H]* in which
n = 2—5. The spectrum was recorded for a 50:50 water:methanol solution @MlLproline and 2.54M CuCl,:2H,0.

R, andR , respectively, (eq 3 and 4), which are determined by particular combination of transition metal ion and reference
the nature of the system and the CID conditions. ligand fails to create stereochemically dependent interactions
with the enantiomers under the observation conditions employed.
R,=[M ”‘L(AD)(ref*)m,l —(n—DHT/ An alternative to the double measurement required to
N fpnfxy 1+ determineRehiral (€Q 5) is to measure the single ratoof the
M (ref)m = (n = DHT" (3) rates of competitive fragmentations for the mixed systerfi i
(A)(ref*)m — (n — 1)H']™, where A is an analyte molecule of
R=M r1+('A‘L)(ref*)m—l —(n— 1)H+]+/ unspecified chirality selected randomly from a mixture of A
IM™(ref*),, — (n— )HT" (4) and A. The value in quantitative analysis Bf defined in eq
6, is shown later.
An energy diagram for the system is shown in Figure 1. (Figure

1 shows only the [Mt(A)(ref*)m — (n — 1)HT]* system; the [M™(A)(ref*) my — (n— 1HHTT

energy diagram for the alternative cluster systenff(A) - R= . —— (6)
(ref*) — (n — 1)H*]*, which is discussed below, is analogous.) My (ref)m — (n = HH']

Note that the ions [N (Ap)(ref*)m — (n — 1)H*]™ and [M*- , ,
(A)(ref)m — (n — 1)H*]* need to be at least trimerio(z 2) Copper(ll) complexes of the r?atgraL and.L-a.mmo aC|ds.

to dissociate to form diastereomeric fragment ions™[(o)- were c_hosen to study the intrinsic contnbutlo_ns to chiral
(ref)m1 — (n — 1)H+ and [MH(A)TeF)mr — (n — 1)- recognition. These are most simply evaluated if the effects

H*]*, respectively. Note, too, that the results in this paper are examined are due only to the energy differences associated with
restricted to the case @i = 2, n = 2, that is, to singly charged  chiral substitution, thatis, due only to the energy texAM™-
trimeric cluster ions. To simplify the interpretation of the kinetic BPE) indicated in Figure 1 and defined below. Differences in
data, it is desirable that losses of A and ref* from the precursor (e entropy requirements for trimer dissociation would com-
trimeric ion be competitive and also be the only fragmentation Plicate the interpretation of the kinetic data here, as in other
channels. cluster ion dissociation studi€3For this reason, it is common
Under the circumstances just described, one can measurd© €valuate such kinetic method results on the assumption that
chiral selectivityRenira, Which is the ratio of the individual ratios ~ Ntropy effects on fragmentation are negligi$té’ This criterion

of fragment ion abundances, that is, is best satisfiepl for Iiggnds of. similqr size and functionality.
Therefore, optically active amino acids were selected as the
hiral = Ro/R. reference ligands. The results will show that the assumption of
negligible differences in the dissociation entropies is justified.
IM™(A)(ref),_, — (n— HHT/M™ (ref*) , — (n — DH'T" Cluster lon Formation and Dissociation. Cu(ll) complexes
= FETI. w—— can be generated efficiently in the gas phase by electrospray
MT (AN (e, = (0= DHT/IMT (ref),, = (n = 1H 25) ionization of aqueous methanol solutions of Cuffi)lhe ESI

spectra of Cu (Il-amino acid mixtures show singly charged
It is convenient to define the cluster ions as “homo” when the cluster ions ([CU(A), — H]™ (A =amino acidn =2, 3, 4, 5),
analyte A and the chiral reference, ref*, have the same chiral YPified by the case of a Cu(ll) salt:proline mixture, the ESI
configuration, and “hetero” for opposite chiral configurations. Mass spectrum of which is illustrated in Figure 2. Other ions,
Therefore, assuming ref* has theconfiguration, a degree of including proton and sodium-based cluster ions, as well as their
chiral recognition,Rehirar > 1, means that the heterochiral (35) (a) Cooks, R. G.; Koskinen, J. T.; Thomas, PJDMass Spectrom.
fragment ion is more stable than the homochiral one and vice 1999 34, 85. (b) Drahos, L.; Vkey, K. J. Mass Spectroni999 34, 79.
versa. The more different thBnirar value is from unity, the ~ (¢) Armentrout, P. BJ. Mass Spectroml999 34, 74.

. . . o (36) (a) Gatlin, C. L.; Turecek, F.; Vaisar, J. Am. Chem. S0od.995
higher the degree of chiral recognition observBghia = 1 117, 3637. (b) Lavanant, H.; Virelizier, H.; Hoppilliard, Yd. Am. Soc.
indicates no chiral discrimination, which means that the Mass Spectroml998§ 9, 1217.
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Figure 3. Tandem mass spectrometry (Ri®roduct ion spectrum of cluster iof*Cu'(L-Pro)(-Phe)— H]*. CID activation level was chosen as

12%, corresponding to approximately 300 mV AC.
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Figure 4. MS? product ion spectra of (afjCu' (L-Prox(L-Tyr) — H] ™ (m/z 473); (b) F3Cu'(L-Proy(p-Tyr) — H]* (m/z 473). CID activation level

was chosen as 10%, corresponding to approximately 250 mV AC.

solvated forms, also occur. It appears that the relative abun-respectively, and are similar to those observed by Turecek et
dances of copper(ll)-bound amino acid cluster ions depend onal. for singly charged Cu(ll) complexes of deprotonated amino

the individual amino acids studied. For example, the Cu(ll)-
bound proline pentameric cluster ion ([GBro) - H]*) occurs

in fairly high abundance in the spectrum of the Cuflyoline
mixture (Figure 2), while even the trimeric Cu(ll)-bound
histidine cluster ion ([C¥(His);s — H]™) is barely observed under
similar conditions. The low abundance of the Cu(ll)-bound
histidine trimeric cluster ion is probably due to the bulky side
chain of histidine and the saturation of Cu(ll) coordination by

acids and 2,2bipyridyl ligand3? No Cu (I1)-bound monomeric
ions (i.e., fragment ions due to simple ligand loss) were ob-
served, even at high collision energy, which suggests that the
ligands are strongly bound in the copper(ll) dimeric cluster ion.

By contrast with the behavior of the dimeric cluster ions, the
Cu(ll)-bound trimeric cluster ions fragment readily by simple
ligand loss. These cluster ions appear to be tetracoordinate and
to be more loosely bound, as evidenced by the? M&duct

its nitrogen atoms. No Cu(ll)-bound monomers are observed ion spectra of [Cl(L-Tyr)(L-Proy — H]* (Figure 4a) and [Cl+

from any of the copper(lh-amino acid solutions studied and
few Cu(l)—amino acid ions are seen in the spectra.

Figure 3 shows the CID spectrum of a typical copper(ll)-
bound dimeric cluster ion, [C{Pro)(Phe)— H]*. The main
fragment ion arises by CQoss in this tandem mass spectrom-
etry experiment. Further fragmentations (loss eHg C3H7-,
and GHsCH=CH,) yield the ionsm/z 270, 255, and 194,

(o-Tyr)(L-Proy — H]* (Figure 4b). In both spectra, the only
fragments observed upon mild collisional activation are the two
Cu(l)-bound dimeric cluster ions83Cu'(L-Proy — H]* (m/z
= 292) and §3Cu'Tyr(L-Pro) — H]* (m/z = 358).

(37) (a) Gatlin, C. L.; Turecek, F.; Vaisar, J. Mass Spectronl995

30, 1605. (b) Gatlin, C. L.; Turecek, F.; Vaisar, J.Mass Spectroni995
30, 1617.
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Table 1. Fragment lon Abundance Ratio [({u-Pro)(A) — Table 2. Influence of Reference Ligand on Chiral Selecti%ity
+ Iy - — HI*Ti h(L- -
E%'/L%u (L-Pro} — H]*" in the MS Spectra of [CU(L-Pro)x(A) [CU'(ref)(A) — H] 7/
[Cu'(ref*),— H]*
Cu"(L-Pro)(A) — H] ™/ . -
[ [Cu(”(L-Pr)(g)z)— H]]+' A2 ref* p-isomer L-isomer  Renira
A? D-isomer L-isomer Reniral of Leu t\P/?cl) %’%99 20'511 06957
Tyr 43 4.7 9.2 3.1 L-Phe 0.96 0.41 2.3
Leu 0.099 0.11 0.87 1.0 L-Ser 9.5 10 0.91
et 60 33 1.8 115 Tyro  L-Pro 43 47 9.2
e 16 2.1 7.4 2.9
Th L-Trp 0.21 0.020 11
r 0.89 0.88 1.0 1.75 L-Met 28 0.90 31
Asp 45 3.2 14 L3 LGl 16 8.0 2.0
2 A = analyte amino acic? CID activation level is chosen as 9.5%, Met L-Pro 60 33 1.8
corresponding to approximately 225 mV AC dipolar excitation. 4-OH-.-Pro 59 33 1.8
¢ Selectivity values ) for chromatography adopted from ref 40, in L-Trp 1.8 0.23 7.6
which the stationary phase isproline-bonded silica and = k/'/k'. L-Glu 27 18 15

See the original article for other chromatographic conditions.

a A = analyte amino acic® CID activation level was chosen as 10%,

Chiral Recognition of Amino Acids Using Proline as the corresponding to approximately 250 mV AC dipolar excitation.
Chiral Reference. Thep- andL-isomers of tyrosine are easily
distinguished using-proline as a chiral auxiliary in tandem Comparisons with Chiral Resolution by Chromatography

mass spectrometry experiments. This is evident from Figure 4. Using Copper(ll)-Bound Proline Complexes. L-Proline is

The most reliable method of quantifying these differences is to often used in LEC as the chiral chelator due to its stereorigidity.
measure the ratios of the relative abundances of the two fragmentn these experiments, it is immobilized on the stationary phase,
ions. This procedure minimizes the effects of differences in and repeated interactions of the analyte with the stationary phase
experimental conditions, including the effects of differences in magnify small differences in binding energy and, hence, the
the internal energy distributions of the precursor ions that are partition coefficient associated with the stereoisomers. Experi-
being sampled, because it is based on competitive dissociationsmental conditions, such as the solvent and the underlying support
The relative abundance ratios are 43 for the heterochiral andmaterial, have a large influence on the chiral separation.
4.7 for the homochiral Cu(ll)-bound dimeric cluster ion. The Comparisons of the mass spectrometric method reported here
chiral selectivity Rehira, Namely, the ratio of the individual ratios, ~ with the LEC results are facilitated by the fact thaproline

is 9.2. was also the chiral auxiliary in the experiments that are
Figure 4 shows that the heterochiral [Qo+Tyr)(L-Pro) — summarized in Table 1.

H]™ ion is much more stable than the homochiral [@uTyr)- The condensed-phase selectivity value} ¢btained from

(L-Pro) — H]™ ion, expressed relative to the [Qu-Pro) — LEC chromatograpHy are compared with the gas-phase chiral

H]* reference ion. Comparison of the precursor vs fragment selectivity,Renira, in Table 1. No more than a rough correlation
ion abundances is an alternative method of quantitatively of the chiral selectivityRehira With thea values can be expected,
evaluating tandem mass spectra, but it is a less reliablé®ne. given the enormous differences between the experiments.
Fragment ion:precursor ion ratios, rather than the kinetic method Nevertheless, in both cases, amino acids with aromatic side
treatment, were used by Yao et al. in their study of protonated chains show a very strong chiral effect, but aliphatic amino acids
trimers!* However, this measurement is more subject to internal (i.e., b- and L-leucine) show little, if any, stereochemical
energy effects and is less structurally diagnostic than is the difference. An exception to the general correlation is that
branching ratio of fragment ion abundanéga. branching ratio although amino acids with polar groups such as hydroxyl display
measurement is a necessary aspect of the kinetic methodfair resolution in LEC, no chiral distinction was observed with
procedure, but it is not the only important feature. As discussed D- and L-threonine in the gas-phase proline complex experi-
below, the kinetic method procedure involves a logarithmic ments.
relationship between the branching ratio and the energy differ-  Chiral Resolution of Other Amino Acids and the Influence
ence and, hence, the enantiomeric purity. of the Chiral Reference Ligand. The absence of solvent or
We selected six amino acids of four different types to evaluate stationary phase in mass spectrometry means that direct interac-
the magnitude of the gas-phase chiral effects that are observedions between the ligands serve as the basis for chiral dif-
when proline is used as the chiral reference. This choice ferentiation. This enhances the importance of the electronic and
facilitates comparisons with the results observed in ligand steric effects of the chiral reference compound that serves as
exchange chromatography (LE&)in which the Cu(ll)-amino chiral auxiliary. Mixtures ofp- and L-leucine, tyrosine, and
acid system is also commonly used. Wheproline was chosen  methionine were tested with various chiral reference ligands
as the chiral reference to form Cu(ll)-bound trimeric cluster ions selected from different types of amino acids. The chiral
with the other amino acids, the clusters of interest werd' {Cu  selectivity resulting from this series of experiments is given in
(A)(L-Proy — H]*. Therefore, [Cli(L-Proy — H]™ was the Table 2.L-Valine andL-serine references, like-proline (see
reference fragment ion generated upon CID in each of theseTable 1), give low chiral selectivity (0.95 and 0.91, respectively)
cases. The six amino acids chosen for examination had protonfor p,L-leucine as analyte. On the other hand, witphenyl-
affinities similar to that of proline, a requirement to have alanine as the reference ligand, high chiral selectivityof
fragmentation occur to yield both product ions and, hence, to leucine is achieved and tf&y;a value reaches 2.3. In a similar
allow accurate relative abundance ratios to be measured. Themanner for the selectivity af,.-methionine, although-proline,
detailed results are listed in Table 1.

(39) (a) Davankov, V. A.; Navratil, J. D.; Walton, H. Eigand Exchange
(38) (a) Levsen, KFundamental Aspects of Organic Mass Spectrometry Chromatography CRC Press: Boca Raton, FL, 1988. (b) Davankov, V.

Verlag Chemie: New York, 1978. (b) Williams, D. H.; Cooks, R. G.; Howe, A. J. Chromatogr. AL1994 666, 55.

I. J. Am. Chem. S0d.968 90, 6759. (40) Gibitz, G.; Jellenz, W.; Santi, Wl. Chromatogr.1981 203 377.
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Table 3. Degree of Chiral Recognition of Natural ChiratAmino
Acids*P

[Cu'(ref*)(A) — H]T/

[CU”(I’ef*)z — H]Jr' A(ACU"BDE)C

A2 ref* D-isomer  L-isomer  Rehiral (kJ/mol)
Ala  L-Phe 0.049 0.024 2.0 2.1
Val 0.75 0.17 4.5 4.3
Leu 0.96 0.41 2.3 25
lle 17 0.36 4.8 4.6
Pro 12 2.2 5.3 49
Asp 3.0 11 2.7 2.9
Glu 11 3.7 31 33
Ser 0.28 0.18 15 12
Thr 1.4 0.76 1.8 1.7
Cy¢
Met  L-Trp 1.8 0.23 7.6 5.9
Phe 0.11 0.013 8.3 6.2
Tyr 0.21 0.019 11 6.9
Asn 6.1 3.3 1.8 1.7
GIn 50 7.3 6.8 5.6
Trp L-Asn 6.1 3.3 1.8 1.7
His  L-Arg 0.022 0.046 0.47 —2.2
Lys L-His 0.91 1.6 0.56 -1.7

2 A = analyte amino acic® CID activation level was chosen as 10%,
approximately 250 mV AC dipolar excitatiohA(ACU'BDE) as
defined in eq 109 Cysteine is oxidized to cystine.

4-hydroxyl+-proline, and.-glutamic acid give only fair selec-
tivity, much higher chiral selectivity is obtained whan
tryptophan is employed as the reference ligand. As shown above
excellent selectivity is achieved farL-tyrosine with proline

as the reference ligand. However, even greater chiral selectivity

was observed wheb-tryptophan was used as the reference
ligand, the Renirar Value being 11. The selectivity decreased
dramatically when.-methionine or-glutamic acid was chosen
as the chiral reference. The overall results clearly show that

Tao et al.

usingL-phenylalanine as reference. Although it is hardly possible
to find strict regularities governing the selectivity achieved, it
is still quite obvious that enantiomeric selectivity increases with
the size ofo-carbon side chains, as shown in the case of amino
acids with aliphatic side chains. As expectedandL-phenyl-
alanine and- andL-tyrosine with their aromatic side chains
give the best selectivityRchiral Values are 8.3 and 11, respec-
tively) with tryptophan as the reference ligand. By contrast,
amino acids having aliphatic side-chains are resolved to a poorer
extent than their analogues. Glutamine and methionine show
much larger chiral distinctions, which suggests that the func-
tional groups on their side chains may interact with the copper-
(1) ion. These points are discussed further below.

The reproducibility of the present method was investigated
using the corresponding isomers-iomers) as the chiral
references. The complex ions [(GA )(ref*,) — H]™ are enan-
tiomers of [CU(Ap)(ref*) — H]™ and, therefore, the two sys-
tems should display reciprocal [(#)(ref*) — H]*/[Cu'(ref*),

— H]* ratios. This is, indeed, the case within ca. 3% error; the
abundance ratios from consecutive measurements of the same
system were also reproducible to ca. 3%. The complex ions
[CU'(Ap)(ref*;) — H]*, likewise, exhibit behavior that is
identical to their enantiomers [@(A )(ref*)) — H]*. The
identical behavior of the clusters generating two homochiral
enantiomers or the two heterochiral [GA)(ref*) — H]T
enantiomers justifies the use of the present method and reflects
its high reproducibility. Upon the basis of these observations
and by using either the>- or L-isomer of the reference

‘compounds, the method can be applied for quantitative analysis

for enantiomeric excess (ee) of the amino acids (see Figure 6b
and the corresponding discussion below).

Isotopically Labeled Reference Compoundslsotopically
labeled reference compounds have seen frequent use in mass
spectrometric studies of chiral compounds, particularly those

chiral amino acids with an aromatic side chain are good choicesthat Use a single stage of mass analysis rather than tandem

as reference ligands in the gas-phase trimeric coppeg(it)ino
acid system.

The promising results just described encouraged us to
examine all natural chirak-amino acids by selecting aromatic

experimentdic1ldAs an alternative to the main methodology,
we have examined the applicability of this approach to the
present tandem mass spectrometry experiments because an
amino acid can serve as its own chiral reference, if appropriately

amino acids as reference ligands. The choice of appropriate!b€led. Although this approach involves the exira effort of the
chiral references among the different aromatic amino acids wasSyNnthesis of isotopically labeled compounds, it maximizes the

based on their proton affinities, which served in lieu of the
(unknown) Cu(ll) affinities to judge whether the ligands were
sufficiently similar. This similarity allows the complexes to form

similarity between analyte and reference, a highly desirable
situation in quantitative applications of the kinetic method.
Nevertheless, this is not the most important feature to consider

easily and it also allows accurate relative abundance ratios toin the choice of reference ligand for chiral analysis, as illustrated
be measured; otherwise, dissociation proceeds overwhelmingly!n Figure 5, in which the method of isotopic labeling is extended
to form only the more stable product. Tryptophan and basic to the Cu(ll) trimeric cluster ion dissociation procedure. No

amino acids have high proton affinities and also high affinities
toward the copper ion, so the choice of reference ligands in

enantioselectivity is observed when attempts are made to
differentiatenp- andL-alanine, either in FT-ICR experiments on

these cases can only come from among the basic amino acids[CU'" (0-Ala)(L-Ala-ds)2 — H]* (Figure 5a) or in quadrupole ion-

Large chiral recognition was achieved faoL-tryptophan,

trap experiments on the isotopomer [QorAla)(L-Ala-d,), —

histidine, and asparagine, when appropriate choices of theH]" (Figure 5b). The relative abundance ratios of the two
reference ligands are made. As shown in Table 3, all the naturalfragment ions formed by ligand loss are statistical (2:1) in both

chiral a-amino acids, except cysteine and arginine, give high
chiral selectivity with appropriate reference ligands. Arginine
has the highest affinity to the copper ion. No suitable chiral

of these experiments. In both cases, the reference ligand is
alanine itself and the lack of chiral differentiation is consistent
with the observations that have already been made regarding

reference ligand can be selected from the natural amino acids@lkyl-substituted amino acids as chiral auxiliaries and is ascribed

to give accurate relative abundance ratios, and it will require
an alternative type of reference compound. Cysteine differs from
the other amino acids in that it does not give the corresponding
[Cu'Cys(ref*), — H] ™ ion; instead, it is oxidized to cystine by
Cu(ll) ions in solution. All fivep- andL-aliphatic amino acids,
which are usually hard to resolve by chromatograffiyare
differentiated by a chiral selectivitiRhira Of at least 2.0 when

to insufficiently strong ligand interactions in the dimeric cluster
ion.

In contrast, a trimeric complex composed of a single
L-phenylalanine ligand as reference and having hwtrand
L-alanine ligands does allow differentiation of the enantiomeric
alanine ligands, provided they are isotopically labeled (Figure
5c). The chiral selectivity (in this case, simply the relative
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g 20 [Cu'(L-Ala-d )(L-Phe) -H]* | 320 Figure 6. Calibration curves for chiral analysis of various amino acids
i i . . . , ' . using (a) single ratio method with the [(J&)(ref*), — H]* system;
0 150 200 250 300 350 400 450 500 (b) quotient-ratio method with the [C(A),(ref*) — H]* system (A=
m/z, Thomson analyte amino acid presents as a chiral mixture, and ref* is the chiral
reference).

Figure 5. (a) M product ion spectrum of cluster iof*Cu' (p-Ala)-
(L-Ala-d3), — H]* after 3-s decay, performed using an FT-ICR mass

spectrometer; (b) MSproduct ion spectrum of cluster iofCu' (p- as shown previously in Figure 1 and, more specifically, in eq

Ala)(L-Ala-ds), — H]*" performed using a quadrupole ion-trap mass 7.

spectrometer; (c) MSproduct ion spectrum of cluster iof3Cu' (p- .
Ala)(L-Ala-d3)(L-Phe)— H]* performed using a quadrupole ion-trap x (Cull(A)(ref)-H]" + ref*
mass spectrometer. CID activation level was chosen as 10%, corre-

sponding to approximately 250 mV AC. [Cull(A)(ref*)-H"

P . 9
abundance of [Cl(p-Ala)(L-Phe)— H] " to [CU' (L-Ala-da)(L- [Cullref)r HI A
Phe)— H]") is not the statistical ratio of 1.0, but is 2.0, which

is exactly the same as the above result obtained in two separat({(
measurements without using labeled alanine. Figure 5c, there-
fore, suggests that chiral analysis might be performed by using
complexes having one chiral auxiliary ligand, with the chiral
purity being read directly from the relative abundance ratio of
two fragment ions in one mass spectrum. This procedure
requires isotopic labeling and so is less practical. As will be
shown in the section on quantification, the same aim can be
achieved without using isotopically labeled chiral auxiliaries

he relative rates of the two competitive dissociatidisgnd
of) can be expressed as the relative abundance ratiq{Agu
(ref¥) — H]*/[Cu'(ref*), — H]T, namely,

R=Ky/ke= [CU"(A)(ref*) — H]"/[CU" (ref*), — H] " (8)
From the kinetic method, the natural logarithm of the ratio of

rate constantsR, is proportional to the differences between the
Cu(ll) affinities of the two dimeric products of eq 7, that is,

or analytes. | 0
Thermochemical Measurement of Chiral Discrimination. InR= (ACU'BDE((A)(ref*)) — ACU'BDE(ref*),) )
The degree of chiral discrimination can be evaluated in terms RT

of the underlying thermochemistry using the kinetic metfod.
Dissociation of copper(ll)-bound trimeric cluster ions occurs whereR in the denominator is the gas constant, ax@du'-
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BDE((A)(ref*)) is defined as the energy change for the reac-
tion

A + reft + CU¥'—[Cu"(A)(ref*) — H]" + H" (10)

and the designatioACU'BDE is used to recognize that the
reaction involves both deprotonation and binding to copper.

The difference in copper(ll) affinitiesA(ACU'BDE), is
related to the experimentally measured ion abundanceRa4ig
according to eq 11

A(ACU'BDE) = ACU'BDE[(A)(ref*) ; oerd —
ACU'BDE[(A)(ref*) homd

= RTeq IN(Repira) (11)
The energy quantityA(ACU'BDE), reflects the stereochem-
ical interactions in the cluster ions. The effective temperature
of the trimeric cluster is estimated to be approximately 350 K

from a study by Feng et abf the lithium and sodium ion
binding energies of amino acids in an ion tfdd@he A(ACU'-
BDE) values for 17 amino acids are listed in Table 3. Large
positive A(ACU'BDE) values, as observed for both tyrosine and

phenylalanine, using tryptophan as the reference ligand, indicate

that the heterochiral Cu(ll)-bound dimeric complexes are much
more stable than their homochiral analogues. Heterochiral Cu-
(IN-bound complexes in this table are more stable than the
homochiral ones for all of the amino acids measured except
two, in which, surprisingly, histidine is involved as either the
analyte or the reference. In these two cases, dimeric cluster ion
exhibit higher stability when the ligands are of the same
chirality. Intrinsic interactions that lead to chiral distinction will
be discussed further below.

Quantitative Measurements of Enantiomeric Purities of
Amino Acids. The large chiral distinctions that are achieved
and the sensitive nature of the kinetic method allow quantitative
measurement of the optical purity of amino acid samples. In

making such measurements using trimeric complexes of the type

[CUu"(A)(B)2 — H]™ and [CU/(A)2(B) — H]™, it is possible to
consider either A or B as the analyte, that is, to examind'{Cu
(A)(ref*), — H]™ or [CU'(A)x(ref*) — H]*. For quantitative
analysis, the only procedural difference is which complex is
selected. A more subtle point is that a choice of a complex
containing two molecules of analyte requires measurement of
a quotient of two ratiosR) whereas only a single ratidR
needs to be measured for trimeric clusters containing one
molecule of analyte. We now show that both procedures for
chiral distinction (two ligands of the reference compound or
the inverse, two ligands of the analyte) do, in fact, give good
guantitative results.

In all of the experiments, calibration studies of the behavior
of the complexes containing the enantiomerically pure chiral
reference and the analyte in various states of chiral purity are
performed. For complexes of the type [QA)(ref*), — H]T,
the enantiomeric purity of the analyte was measured from the
ratio of the two fragment ions in a single tandem (MS/MS)
spectrum (single ratio method) after appropriate calibration. Such
measurements are illustrated by choosintyrosine as the

reference and proline and phenylalanine as the analyte, respec

tively, that is, by examining the complexes [GBro)(-Tyr),
— HJ]™ and [CU (Phe)(-Tyr), — H] " as the precursor ions. The
results (Figure 6a) show a linear correlation oRnyersus the

(41) Feng, W. Y.; Gronert, S.; Lebrilla, C. B. Am. Chem. Sod.999
121, 1, 1365.
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molar fraction ofp-enantiomer of the analytes. Such a linear
correlation is expected when one considers thB)Iné energy
correlation of the kinetic method (eq 9). At a fixed collision
energy (i.e., constarfs), In(R) is linearly proportional to the
ACU'BDE difference between the two dimeric fragment ions.
The ACU'BDE difference reflects the stereochemical inter-
actions in the cluster ions, and if it is linearly proportional to
the optical purity, then the observed linear relationship between
In(R) and the optical purity of the analyte is accounted“for.

The singular advantage of this simple ratio method is that
guantitative chiral analysis is performed by measuring a
branching ratio of two fragment ions in a single spectrum after
appropriate calibration. In only one case among many examples
of the application of this method, that of [(X{Tyr)(L-Pro) —

H]*, was an unexplained nonlinear relationship observed. The
measurement allows accurate determinations of optical purity
of proline and phenylalanine, as demonstrated by the high
correlation coefficientsrg) of 0.9980 and 0.9982, respectively;
measurement of ee values as small as 2% with an uncertainty
of the same magnitude is clearly possible.

The quantification of amino acids can also be achieved by
studying complexes of the type [(A)(ref*) — H]*. Such
measurements have been made for three representative copper-
(I)-bound complexes: (i) the [Ci{Pro}(Tyr) — H]* system,
with proline as the chiral analyte (two moles) and tyrosine as
the reference (1 mole); (ii) the [®(Phe)(lle) — H]"system,
with phenylalanine as the analyte and isoleucine as the reference;
and (iii) the [CU (Trp)2(Met) — H] tsystem, with tryptophan as
the analyte and methionine as the reference. In these experi-
ments, the analytes proline, phenylalanine, and tryptophan,

Srespectively, were used in mixtures of various optical purities

with the optically pure reference amino acids- (and L-
enantiomers, examined separately) being used to generate the
corresponding trimeric copper clusters, the dissociation behavior
of which is summarized in Figure 6b. In this quotient ratio
method, every calibration point was obtained by two consecutive
measurements using optically pupe and L-reference com-
pounds. As expecte® was largest when purm or L-analyte
was examined and, as also expected Rhealue was equal to

1 (In(R) = 0) when the racemic analyte was examined. Linear
relationships of INR) versus the molar fraction afisomer were
obtained, and they showed correlation coefficierdsdf 0.9994

for both the Cu(ll)-Pro-Tyr and Cu(ll)-Phe-lle systems, as
illustrated in Figure 6b. The sensitivity to small differences in
optical purity is high, as demonstrated by the Cu(ll)-Trp-Met
system in which the correlation coefficieritis 0.9992, with

the measured optical purity of the or L-isomers as low as
5% (Figure 6b). The linear correlation observed for this type
of complex can again be explained on the basis of the kinetic
method derivation. When tieereference isomer is uselt, =
[CU'(A)(ref*s) — H]T/[CU'(A), - H]T, while R, = [CU'"(A)-
(ref*) — H]™/[CU"(A), — H]* for the L-reference. Therefore,

_[ed"(@yref,) — HI' e (A), — HIF

"= ~[cu"(A)(ref*,) — HIT/ICU"(A), — HIT

12)

D L

where the quotient rati® is analogous, but not identical, B
as defined in eq 8 simply because of the change in the type of
complex studied, that is, [M(A)(ref*) — H]* vs [CU'(A)-

(42) An alternative justification for such a semilog relationship is simply
that differences in enantiomeric composition cause differences in critical
energies of dissociation in an additive fashion and that these are transformed
in a logarithmic fashion into differences in rates, hence, the overall semilog
relationship. A detailed treatment is included in the Supporting Information.
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Table 4. Fragment lon Abundance Ratios of [§A)(ref*) — H]™/[Cu"(ref*), -H]™ in the MS Spectra of [Cli(ref*),((a) — H]™ at Different
Relative Concentration Ratios of Analyte (A) and Chiral Reference @ef*)

[ref*]/[A] in the solution 4:1 2:1 11 1:2 1:4
[(L-Phe)(-Thr)Cu' — H]*/[(L-Phe)Cu' — H]** 0.77 0.77 0.76 0.78 0.75
[(L-Phe)(-Pro)Cu — H]™/[(L-Phe}Cu' — H]* 1.9 2.2 2.2 2.4 2.9
[(L-Pro)C-Tyr)Cu' — H]*/[(L-Pro}Cu' — H]* 4.2 4.2 4.2 4.2 4.3
[(L-Pro)@-Tyr)Cu' — H]**/[(L-Pro)Cu' — H]* 36 37 39 38 43
[(L-Pro)(-Phe)Cll — H]*/[(L-PropCu' — H]* 1.8 1.8 1.9 1.9 1.9
[(L-Pro)¢-Leu)Cd' — H]*/[(L-PropCu' — H]* 0.13 0.13 0.13 0.12 0.10
[(L-Pro){-Met)Cu' — H]™/[(L-ProxCu' — H]*™ 23 27 26 28 34
[(L-Pro)¢-Thr)Cu' — H]™/[(L-Pro)Cu' — H]* 0.87 0.89 0.87 0.88 0.85
[(L-Pro){-Asp)Cu' — H]™/[(L-ProxCu' — H]*™ 2.0 3.0 2.9 3.0 3.0

a CID activation level was chosen as 10%, corresponding to approximately 250 mV AC dipolar excitation.

Table 5. CID Spectra of*Cu-bound Dimeric Cluster loAs

cluster ion (/2) fragmentsn/z (dissociation pathway)
[Cu"(Proy — H]* (292) 248 (-CQOy); 220 (—=CO,, —CyHy); 205 (—CsH7, —COy)
[Cu'(Phe) — H] ' (392) 348 (-CQy); 244 (—CeHsCH=CH,, —CO,)
[Cu"(Pro)(Phe)- H]™ (342) 298 (-CQy); 270 (—CO,, —CyHy); 255 (—CsH7, —COy); 194 (—CsHsCH=CH,, —CO,)
[Cu"(Pro)(3C,—Phe)— H]* (343) 299 (-CQy); 298(—13CQOy); 271 (—~CO,, —C;Hy); 256 (—C3H7, —COy);

194 (~CgHsCH=CH,, —13CO,)

[Cu'"(Pro)(Phe-OCH) — H] ™ (356) 312 (CQy); 284 (~CO,, —CyHy); 269 (—C3H7, —COy)
[Cu"(Pro-OCH;)(Phe)— H]* (356) 312 (-CQy); 208 (—CeHsCH=CH,, —COy)
[CU"(Pro-OCH)n(Phe-OCH)z—n — H] ™ (n = 0-2) not observed
[CU"(Ac—Pro) — H]™ (376) 332 COy)
[Cu'(Ac—Pro)(Phe)- H]* (384) 340 COy)
[Cu"(Ac—Pro)(Pro-OCH) — H]* (348) 304 (COy)
[Cu'(Ac—Pro)(Phe-OCH) — H]* (398) 354 CQOy)

aCID activation level was chosen as 10%, approximately 250 mV AC dipolar excitation.

(ref*), — H]*. According to the simple form of the kinetic ~ Accordingly, the following consideration of ion structures is
method, the natural logarithm of the ratio of rate constants, In- focused on the dimeric complexes ([GA)(ref*) — H]™). The

(R), is proportional to the difference between th€u'BDE gas-phase structures of copperd@mino acid complexes were
values for formation of the two dimeric products, that is, first studied by Turecek et al., who observed that the CID of
the [CU'(AA — H)(bpy)]" (AA = amino acid, bpy= 2,2-
ACU'BDE[(A)(ref* )] — ACU'BDE[(A)(ref* )] bipydyl) type suggests that the complexes are strongly covalently
In(R) = RT,q bound362.37 Qur CID spectra (as shown in Figure 3) indicate
¢ (13) that this is the case for the copper(ll)-bound dimeric cluster

. ions ([CU'(A)> — H]™) because they do not lose an intact amino
By analogy with the argument already employed for com- gcid on dissociation.

plexes of the type [ClUA)(ref*), — H]T, if the ACU'BDE
difference in eq 13 is linearly proportional to the optical purity
of analyte A, we should observe a linear relationship between
In(R) and analyte optical purity (a detailed derivation of this
relationship is included in the Supporting Information, S2). Such
a relationship is indeed observed, as illustrated in Figure 6b.
A rugged analytical method for the determination of enan-

Further structural details were uncovered by studying CID
of a complex containing®C-labeled and unlabeled amino acid
ligands, as well as complexes containing N- and C-terminal
amino acid derivatives. The CID results for the mixed-ligand
copper(ll)y-proline-phenylalanine system and analogous com-
plexes are shown in Table 5. At least one free carboxylate group

tiomeric excess requires that the results not depend on concen! the tW(zrhgands_ls necessary for the formatlon_ of the'fCu
trations. A systematic study of the influence of relative solution ()2 — HI™ clusterion, and such a complex can still form when
concentration of the analyte and the reference on the value oft® Primary amino group in the amino acids is modified.
[Cul(A)(ref*) — H]H/[Cu'(ref*), — H]*+ was, therefore, carried Decarboxylation is again the major dissociation channel, and
out, and the results are summarized in Table 4. The study showgurther fragmentations are radical-induced, revealing the car-
that, at least in the cases examined, the relative abundance ratio@0XY! group to be the site of deprotonation. In the case of {Cu
are virtually independent of the relative concentration ratio of (Pro)(Phe)— H]*, fragments arising from the loss of;id,

the analyte and the reference in the solution (the larger deviationCsH7* and GHsCH=CH, are observed, which suggests that
seen for [CH(A)ref*) — H]*/[Cu'(ref), — H]* at higher deprotonation can occur at either carboxylic group. This
relative analyte to reference concentrations is due to the conclusion was further supported by experiments usi@y
formation of the parent ion [CA)(ref), — H]* in low labeled phenylalanine. CID of [¢(Pro)(*C,-Phe)— H]* (m/z
abundance and, thus, to the much weaker signal available). As343) results in the loss of both G@nd*3*CO; to form vz 299

a consequence of these results, it is clear that the quotient ratioandm/z 298, and the triple stage (Mfspectra o'z 299 and
method also allows mixtures with unknown concentration to Mz 298 show that CID of the iomvz 299 producesn/z 271

be analyzed for enantiomeric excess (ee). andm/z 256 via the loss of ¢H4 and GH7+, respectively. This
Structures of the Copper(ll)-Bound Complexes and In- corresponds to the CID behavior of the [QRroy — H]*
trinsic Interactions Influencing Chiral Recognition. Chiral complex, althougim/z 194 (loss of GHsCH=CHy) is generated

selectivity of amino acids in this experiment is due to the from the dissociation of'z 298, which is similar to the
different stabilities of the two diastereomeric, dimeric complexes dissociation of the [C{(Phe} — H]* complex. Upon the basis
that are produced by trimeric ion dissociation (Figure 1). of the above results, similar observations by Turecek &@df.
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and Brodbelt and co-workefd and the known solution chem-  Table 6. Chiral Selectivity at Different Collision Energies
istry,*4 the copper(ll) dimeric cluster ion is proposed to be a Renial
tetracoordinate complex).

ref* A? energy 9% energy 10% energy 11%
L-Phe Ala 2.1 2.0
Val 4.9 4.5 4.1
Leu 2.4 2.3 2.3
lle 5.2 4.8 4.5
Pro 5.3 4.5
AspP 2.7 2.8 2.6
Gl 3.1 2.9 2.8
Ser 15 1.5
Thr 1.8 1.7
) ) _ » L-Trp Met 7.6 7.4
According toa longstanding precept of chiral recognition, at Phe 10 8.3 8.2
least three points of contact should exist between the two chiral Tyr 10 11 9.7
ligands within the copper(ll)-bound complex in order to bring Asn 1.8 1.7
about the desired chiral recognition. In the structure lboth A 9;'” fi-% 5177
ligands are bidentate, and multiple interactions between the two t:Afg Hirs 047 035
ligands mediated by copper(ll) provide the basis for efficient | s Lys 0.53 0.56 0.55

chiral distinction. Two of the interactions between the two A " . FEor A TG CD .
i _ H i P = analyte amino acl or Asp an u, energies were
Ilgand_s are copper(l_l) mediated interactions that result from the 10%, 10.5%, and 119 For Lys, CID energies were 8%, 8.5%, and
coordination of amino and carboxylate groups to the central g o,

copper(ll) ion, while the third interaction is between the

substituents at the asymmetdecarbon atoms of two ligands,

which is relatively weaker but determines the chiral discrimina- jsoleucine, the inhibition of such interactions also increases, and
tion. In LEC, in which similar diastereomeric Cu(ll) complexes there should be an increasingly large preference for the
are transiently formed, the third interaction is proposed to be heterochiral complexes. As predicted, the chiral selectivity
mediated by the solvent, such as water in an aqueous mobile(R ;) increases in this series, as shown in Table 3. Proline

phase, or by the matrix or surface of the stationary pR&se. can be expected to provide a large steric effectp seproline
The results of the present experiments provide insights into the s efficiently resolved.

effects of substituents on the-carbon of amino acids on the In the case of tyrosine, the OH group on the ring tends to
degree of chiral recognition in the absence of any effect increase the electron density, which makes the CT interactions
introduced by the solvent or the stationary phase. stronger and, thus, increased chiral recognition is observed.

. The superior chiral rleco'gnition gchieved when the reference Tryptophan, whose indole residue should provide good overlap
ligand has an aromatic side chain (Tables 2 and 3) suggestsyith the s-orbital of the carboxylate group, shows a similar
that 7—x stacking interactions may play a role in the ste- effect.

reospecificity. These interactions are likely to be between the  |n LEC, entropy effects are extremely important because of
aromatic side chain in the reference ligand and the carboxylatethe number of species involved in forming the complexes and
group in the analyte. The conformation in which the aromatic the fact that complex formation typically occurs on the stationary
ring is located above the carboxylate group allows electron flow phase surface. These effects, as noted by Davankov, are reflected
between the aromatic ring and the carboxylate group which jn a slight increase in the resolution of enantiomers of N-
coordinates to the Cu(ll) cation via a charge transfer (CT) penzylproline as the temperature incre#SeSuch entropic
interaction, a model that is similar to that proposed by Yamauchi effects appear not to be as significant in the present gas-phase
etal There may also be a coppertHaromatic ring interaction,  study, as shown in Table 6, which presents selectivity as a
but prior work f5h06W5 this contribution is much smaller than function of collision energy. With increasing collision energy,
the CT interactiorf® When anL-aromatic amino acid such as  selectivity decreases gradually. This is an expected result and
L-phenylalanine is used as the reference ligand, such interactiony common phenomenon in cases in which thermochemical
will be disrupted by the side group on theasymmetric carbon  distinctions are made using the kinetic method. The higher the
of theL-analyte, although the side chain group in thanalyte  excitation energy supplied, the smaller the relative rate ratio
has little steric effect on the interaction because it is located at for dissociation to form the two competitive produttBecause

the opposite side of the square planar structure. This interpretathe energy range is not defined accurately under the current
tion is consistent with the observation that the heterochiral experimental conditions (multiple collisions in most cases in
dimeric fragment ions are more stable than the homochiral in the jon trap), such a trend is only of qualitative value and does
cases in which an aromatic amino acid is used as either thepot allow separation of the entropic and the energy terms.
reference or the analyte. As the size of the side-chain group onfyrther experiments under different collision conditions on other
the analyte increases, in the series alanine, valine, leucine, angnstruments are needed to define the entropic contribufins.
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69, 1147. Conclusions
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examination of their dissociation behavior by tandem mass A significant outcome of the present investigation on the
spectrometry. The kinetic method provides a basis for rational- mechanism of chiral recognition of copperHamino acid
izing the thermochemical factors which control dissociation of complexes is that the interaction between the side groups on
the parent trimeric cluster ions, and it predicts a linear thea-asymmetric carbon need not be mediated (by solvent or
relationship between the logarithm of fragment ion abundance stationary phase) to observe chiral discrimination, even though
ratio and the enantiomeric composition of the sample. On the aromatic side chains are desirable to observe large enantiose-
basis of these structural and thermochemical considerations, thdectivity for bidentate ligands. Indeed, the intrinsic chiral
kinetics of dissociation of copper(ll)-bound cluster ions offers selectivity of the present experiments is much greater than that
a powerful new method for observing large chiral effects that which has been achieved in corresponding solution studies.
readily allow distinction of almost all of the natural chiral The present methodology is general and practically useful
o-amino acids, something not achieved in any of the previous for chiral analysis of amino acids, and its extension to other
mass spectrometric studies on the chirality of amino acids. Mostimportant biological molecules is anticipated. Peptides are
significantly, it allows quantitative measurements of optical ongoing candidates, and their chiral analysis will be described
purity in the absence of solvation effects or stationary-phase in a future publicatio?® The method should also apply to other
interactions. The present results show interesting differences andmetal ions such as nickel(I¥,iron(ll), zinc(ll), cobalt(ll), and
parallels with condensed-phase chiral selectivity data obtainedpalladium(ll). More fundamental features need to be further
via LEC. The measurements are simple and rapid, use standaralarified, including the thermodynamic contributions to chiral
ESI mass spectrometry and tandem mass spectrometry, andecognition. In addition, it may be possible to use this method
require very small amounts of material for analysis. The results to examine drugreceptor interactions mediated by metal ions.
are largely independent of relative concentrations of the analyte Furthermore, progress reported here on amino acid chirality
and the chiral reagent. The enantiomeric excess of mixtures ofdetermination and parallel progress on miniaturization of mass
enantiomers can be assayed using this method, resulting in highspectrometers suggest a potential use of this instrumentation
accuracy and sensitivity to small differences in ee. for chiral recognition in astrobiological experimeftverall,

The success of these experiments is related to the facts thathe present results suggest that the kinetic method has the
(i) copper(Il)-bound complexes provide multiple interactions for potential to become a powerful technique for quantitative chiral
chiral recognition, (ii) direct interactions between the chiral analysis with broad applications.
reference and the analyte in the environment of the mass . . .
spectrometer allow the optimization of chiral recognition by Acknowledgment. Th'S.Work IS dedlcate.d to Profegsor J-
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argued to be linearly proportional to the optical purity, and the  sypporting Information Available: Figures S1 and S2, the
predicted linear relationship betweenmRi@nd the optical purity  relationship of [Cli(A)(ref*) — H] T/ [Cu(A)(ref*) — H]* +
has been verified and utilized for the quantification of amino  [cy!l(ref*), — H]*} vs molar fraction of the-isomer () using
acids. Independent justification for the assumption of the linear the same experimental data as that utilized in Figure 6a, plotted
relationship is included in the Supporting Information. using a linear and polynomial plot, respectively. The data
The present method for the practical chiral analysis is based conform best to a nonlinear relationship, in agreement with the
on certain assumptions. Although it is proposed that the chiral |inearity of the plot of InR) and o (Figure 6a). Supporting
distinction is due to the different stabilities of dimeric diaster- |nformation S1, derivation of the linear relationship between
eomers, chiral discrimination in the formation of the trimeric |n(R) ando; Supporting Information S2, derivation of the linear
cluster ions (e.g., [CUref),A — H]") is still possiblex® and relationship between IR) anda; Supporting Information S3,
this would change the outcome of the experiments. Formation gerivation of the relationship between the composition of a
of isomers of trimeric cluster ions as a result of different mixture of enantiomers and the critical energy for dissociation.

deprotonation sites might also influence the measurement of ol materials are available free of charge via the Internet at
relative intensity ratios. So too, would entropic effects on the ntp://pubs.acs.org.

rates of competitive trimer ion dissociations. However, the use

of two competitive measurements will cancel most errors. For JA0001270

guantitative analysis, thg quotient ratio method using thé'{C_u (50) Tao, W. A.; Zhang, D.; Cooks, R. Bngew. Chem., Int. Ed., Engl.
(A)o(ref*) — H]*™ system is preferred, because every calibration submitted. _
point is obtained by two measurements, as shown in Figure 6b. régsl) Zhang, D.; Tao, W. A.; Cooks, R. Gat. J. Mass Spectronin
Note, however, that no less accuracy has been recorded for thé (52) (a) Henry, C. MAnal. Chem1999 71, 264A. (b) Hutt, L.; Glavin,
single ratio method in the cases so far examined. D. P.; Bada, J. L.; Mathies, R. Adnal. Chem 1999 71, 4000.




