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Abstract

Chiral analysis by mass spectrometry has attracted much attention due to its advantages
in speed, sensitivity and specificity. In this review, recent advances in chiral analysis by
mass spectrometry are summarized, with the methods based on tandem mass spectrometry
(e.g., kinetic method, chiral recognition ratio method and photodissociation mass
spectrometry method) and ion mobility mass spectrometry highlighted. Different
methods are compared, and the limitations of the current studies and the prospects of chiral

mass spectrometry are discussed.
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1. Introduction

Many basic biomolecules such as amino acids, saccharides and nucleotides are chiral
and are building blocks of important macromolecules for various biological functions
[1]. The two enantiomers of chiral drugs can have different biochemical pathways
which lead to very different metabolic rates and biological effects, e.g., one enantiomer
may have desired beneficial effects while the other may be inactive or even have
undesirable side effects. Therefore, chiral analysis is of fundamental and applied
importance. Various techniques have been applied for chiral analysis, including mass
spectrometry (MS), X-ray crystallography, circular dichrosim, nuclear magnetic
resonance and chromatography [2], among which MS shows attractive advantages such
as short analysis time, low limit of detection and the ability to specifically detect
analytes from complex mixtures [3]. MS can also provide a unique environment to
probe chiral recognition without interference of solvents or other mediators, providing
a better understating on fundamental mechanism of the chiral recognition [4].
Therefore, there have been significant interests in developing MS-based platforms for

chiral analysis.

MS is intrinsically “chiral-blind”, because two enantiomers have the same mass and
typically show identical mass spectra. To distinguish enantiomers by MS, a chiral
environment should normally be introduced, which is generally made by introduction
of a chiral selector into the sample solution or chiral gas into the mass spectrometer.
Chiral discrimination can then be observed using single-stage MS, tandem MS
(MS/MS), or ion mobility MS (IM-MS) [3-6]. The signals detected by single-stage MS
could be easily affected by the used solvents, the concentrations of analytes and chiral

selectors, and the MS conditions, and in general, single-stage MS shows poorer
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specificity, sensitivity and reproducibility than MS/MS. Chiral analysis by single-stage
MS detection is thus not commonly used now. In this review, we will focus on the
MS/MS approach, including the two most common methods, i.e., the kinetic method
(KM) and the chiral recognition ratio (CR) method, and the promising photodissociation
MS (PD-MS) method, as well as the IM-MS approach. Their developments, limitations

and future prospects are highlighted and discussed as below.

2. Chiral analysis by MS/MS-based approaches

Chiral recognition in these studies is based on the different MS/MS fragmentation
patterns of complexes formed from the two enantiomers. Complexes are normally
formed by chiral analytes (A) and chiral selectors (or called reference compounds, CS
or Ref) with or without metal ions (M). The complexes are normally detected as proton
or metal-bound cluster ions and presented as [(A)n(Ref)y + mH]™ or [Mx(A)n(Ref)y -
mH]*". The complexes can be dimers (e.g., [(A)(Ref) + H]") [7], trimers (e.g.,
[(A)(Ref)2+ H]*, [(M?") (A)(Ref)2- H]") [8,9], tetramers (e.g., [(M?*)2 (A)(Ref)s - 3H]*)
[10] or even octamers [11], with or without the presence of one or more metal ions
(typically divalent transition metal ions such as Mn?*, Fe?*, Co?*, Ni?*, Cu?*, Zn**, or

alkali metal ions such as Li*, Na*, K¥).

The typical method used for dissociation of complexes in chiral MS analysis is
collision-induced dissociation (CID). When the complexes formed from two
enantiomers are subjected to the same CID condition, they can have different
dissociation rates, leading to their different spectral patterns. As shown in Figure. 1, the
two diastereomeric complex ions (i. e.; [Cu?*(3,5-diiodo-L-tyrosine), (R-DOPA) — H]*
and [Cu?*(3,5-diiodo-L-tyrosine)2(S-DOPA) — H]*), formed from the chiral selector
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(i.e., 3,5-diiodo-L-tyrosine) and the two enantiomers (i.e., R-DOPA and S-DOPA) in
the presence of Cu?* ion, were observed to lose 3,5-diiodo-L-tyrosine with different
abundances in their CID spectra [12]. Chiral recognition can then be determined by
comparing the intensity ratios of the product ions (i.e., KM) or of the product ions and
precursor ions (i.e., CR method) between the two enantiomers. Photodissociation (PD)
is another dissociation method that has also been applied in chiral MS analysis [13].
Different from CID that relies on translational excitation of ions, in PD, ions accumulate
energy for dissociation via absorption of one or more photons with wavelengths ranging
from infrared (IR) to ultraviolet (UV). The complexes formed from the two enantiomers
may dissociate with very different fragmentation patterns under the PD conditions, and
chiral recognition may be directly determined by comparing the generated PD spectral

patterns [14], in addition to calculating and comparing their intensity ratios [15].

2.1 Kinetic method (KM)

KM uses MS/MS to study competitive gas-phase fragmentation of cluster ions, which
typically involves the loss of a monomeric molecule and formation of another
protonated cluster ion via two competing routes [16]. Early in 1997, Shen et al. used
KM to distinguish the enantiomers of 2,3-butanediol with a number of reference
compounds, e.g., propyl ether [7]. The fragmentation rates of the proton-bound dimeric
cluster ions [A + H + Ref]" were utilized to reveal the small differences in free energies
resulted from the differences in chirality. Vekey and Czira applied KM to distinguish 4
pairs of amino acid enantiomers via fragmentation of proton-bound trimers to
diastereomeric dimers, which was capable of distinguishing the energy differences
between the homo- and heterochiral dimeric ions [8]. Differentiation of enantiomers

was further improved by comparing the relative kinetics of competitive dissociations
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rate of the metal-bound trimeric ions [9]. Dissociation of the trimeric ion [M(A)(Ref)2
— H]* typically involved competitive loss of A or Ref to produce dimeric ions. The
differences in steric interactions of the diastereomeric cluster ions [M(As)(Ref) — H]*
and [M(ARr)(Ref) — H]" could be recognized by the measured differences in branching
ratios for dissociation of the complexes. The chiral discrimination for [M(As)(Ref)n —
H]* (where n is the number of the reference compound) could be described using Rehiral
which could be calculated using Equation 2.1.1 [17]. The further the Rehiral Value is from
unity, the higher the degree of the chiral discrimination. The natural log of Rchirai Was
found to be linearly related to enantiomeric excess (ee), allowing quantitative chiral
analysis [18].

Ry = [M(Ag)(Ref),,_, — H]*/([M(Ref), — H]*)
chiral [M(AR)(Ref)n_1 — H]+/([M(Ref)n — H]+)

(2.1.1)

The fixed ligand kinetic method was then introduced to simplify the dissociation
kinetics and improve the chiral recognition [19]. In this method, one of the reference
compounds (Ref) in the trimeric ion [M(A)(Ref)2 — H]™ was replaced by a high metal
affinity fixed ligand (L™e%), which would not be lost during the two-way fragmentation

and could thus ensure consistent fragment ions for the comparison [20].

By using KM, chiral discrimination of monosaccharides, amino acids, amino alcohols,
a-hydroxy acids, peptides, and chiral drugs such as DOPA, ephedrine, flindokalner and
isoproterenol has been achieved, with compounds such as amino acids or modified
amino acids as the chiral selectors and typically at the presence of divalent transition-

metal ions such as Cu?*, Zn?* and Ni?*[5,6,18].



2.2 Chiral recognition ratio method (CR method)

In 1999, Yao et al. [21] developed and applied the CR method for chiral differentiation
of amino acids by analysing the CID behaviours of mainly their trimeric ions. In this
method, the difference between the two diastereomeric complex ions was determined
by the abundance ratio of product ion to precursor ion. Chiral recognition of 19
common amino acids could be achieved by using N-tert-butoxycarbonylphenylalanine,
N-tert-butoxycarbonylproline and N-tert-butoxycarbonyl-O-benzylserine as the chiral
selectors, and the results indicated that steric hindrance, n-n interaction and hydrogen
bonding played important roles in the chiral recognition of amino acids with these chiral
selectors [22,23]. The CR method could also be used for chiral recognition involving
metal-centred complex ions, e.g., dimeric [M(A)(Ref) — H]" [24], trimeric [M(A)(Ref),
— H]* [25] ions. Very recently, Yu and Yao [26] applied this method for chiral
differentiation of naproxen by analysing binuclear metal bound tetrameric complexes
(i.e., [(M)2(A)(Ref)s — 3H]") with amino acids such as histidine. Density functional
theory (DFT) calculations, together with CID and IM-MS, were employed to reveal the
structures of the binuclear metal bound tetrameric complexes, and it was shown that the
difference in interaction between the amino group of one histidine and the naphthyl ring
of naproxen caused the dissociation efficiency difference between the two
diastereomers. Chiral discrimination for [Mm(A)(Ref)s — H]" (where m and n are the
numbers of the metal ion and reference compound, respectively) could be determined

with an CR value as expressed by Equation 2.2.1.

[Min (As)(Ref) 1 — HI"/[Mp(As)(Ref), — HI*

R = M, (A (ReD 1 — HIF/ M (A (ReD), — HI*

(2.2.1)



Yao et al. [23] found that the relationship between the observed dissociation efficiency
(r, i.e., the intensity ratio of the product ion to the precursor ion) and the ee was
nonlinear (see Figure 2a for the curve), with the relevant equation as shown in Equation
2.2.2, where a, b and c¢ are constants. A linear calibration plot could be obtained by
plotting r versus 1/(c + ee) (see Figure 2b), or by plotting 1/(r — ro) versus 1/ee (see
Figure 2c), where ro is the r value for the racemic mixture. This methodology was
successfully applied in the ee determination of amino acids with less than 2%

measurement error.

r=a+ (2.2.2)

c+ee

The CR method has been successfully applied in the chiral discrimination of amino
acids, dialkyl tartrates, hydroxyl esters, peptides, naphthol and chiral drugs such as
atenolol, tamslosin, zolmitriptan, borneol and naproxen with amino acids, cinchona
alkaloid derivative, crown ether, cyclodextrin etc. as the chiral selectors [5,6,12,27],
and the use of metal ions for increasing the differences between the diastereomeric

complex ions [28].

The KM and CR methods have been compared for chiral recognition in some
studies. Both the KM and CR methods offered similar good results for ee measurements
and similar reproducibility for chiral recognition in the study of arginine with N-
blocked arginine [25]. However, since the CR method only required one product ion
for comparison, it could be used for the fragmentations with only one product ion or
only a second product ion of very low intensity, which could not be measured or tended

to have very high errors by the KM, and could also be used in some cases where the
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results contradicted with the KM [29,30]. The KM was in general expected to provide
higher accuracy with the presence of a reference dissociation channel for comparison.
In differentiation of 10 chiral drugs with iodo-substituted amino acids as the chiral
selectors, Karthikraj et al. [12] used the KM for analysis of 3 chiral drugs that showed
two abundant product ions in the MS/MS spectra of their diastereomeric complex ions,
and the CR method for analysis of 7 chiral drugs that showed only one product ions in
the MS/MS spectra of their diastereomeric complex ions, indicating that the KM and

CR methods complemented with each other for chiral analysis of various analytes.

2.3 Photodissociation mass spectrometry method

PD, including infrared photodissociation (IRPD, also including infrared multiphoton
dissociation IRMPD) and ultraviolet photodissociation (UVPD), has been mainly
implemented on Fourier transform ion cyclotron resonance (FTICR) mass
spectrometers [13]. PD activates and fragments ions using photons, with the energy
accumulation and dissociation pathway very different from that of CID, and can provide
mass spectra or frequency (or wavelength) domain spectra which might be able to

differentiate diastereomeric complexes with very small differences [31,32].

In 2012, Filippi et al. [33] reported the observation of clearly different IRPD spectra of
diastereomeric noncovalent complexes formed from chiral bis(diamido)-bridged basket
resorcin[4]arene with enantiomers of cytosine, cytidine, and its epimer, cytarabine.
Chiral discrimination of alanine [34] and isoleucine [35] with permethylated [-
cyclodextrin was observed using IRPD, and enantiomers of glutamic acid [36] showed
remarkably different IRPD fragmentation of their protonated dimers. Octameric

complexes were employed for chiral differentiation of serine [11], proline [14] and
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threonine [37] using IRPD-MS. As shown in Figure 3A, similar fragmentation patterns
were observed in the IRPD mass spectra of [(L-Ser)7(L-Pro) + H]* (Figure 3A-a) and
[(L-Ser)7(D-Pro) + H]* (Figure 3A-b). However, [(L-Ser)s(L-Pro). + H]" (Figure 3A-
c) and [(L-Ser)s(D-Pro). + H]* (Figure 3A-d) showed clearly different IRPD mass
spectra, allowing them to be unambiguously distinguished. As shown in Figure 3B, the
absorption peak at 3425 cm™ was sustained for the L-Pro substituted octamer but was
shifted to 3465 cm for the D-Pro substituted one (Figure 3B-a and b), and this change
became clearer when two serine were replaced (Figure 3B-c), which might be related

to the stretching of the H-bonded and helpful for the structure elucidation [14].

UV photons could provide higher energy for fragmentation than IR photons, so UVPD
could typically allow faster and more fragmentation than IRPD and CID. In 2010,
Scuderi et al. [15] used UVPD-MS to study the fragmentation of protonated dimers
formed from cinchona alkaloids with quinine and quinidine. With the excitation
wavelength of 310 nm, more fragmentation than CID was obtained to enable
differentiation of the enantiomers. UVPD-MS has also been successfully applied in
chiral analysis of monosaccharides with tryptophan [38], and tryptophan with dialanine

peptide [39].

3. Chiral analysis by ion mobility mass spectrometry (IM-MS)

In IM-MS, gaseous ions are directed through a drift tube to interact with the drift gas
under an electric field, and are separated based on their size and shape, which are
measured as collision cross section (CCS) [40]. Diastereomeric complex ions of
enantiomers can have different CCS values and different drift time, and can thus be

separated in IM-MS [41,42]. Major IM-MS techniques, including drift tube ion
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mobility mass spectrometry (DTIM-MS), travelling wave ion mobility mass
spectrometry (TWIM-MS), field asymmetric waveform ion mobility mass
spectrometry (FAIM-MS), differential ion-mobility spectrometry (DMS) and trapped

ion mobility spectrometry (TIMS), have been applied for chiral analysis.

3.1 Use of drift gas modifiers

In 2006, Dwivedi et al. [43] demonstrated the gas-phase separation and resolution of
enantiomers by modifying the drift gas in the drift tube with chiral vapour of 2-butanol.
The selective interactions between enantiomers and the chiral modifier allowed the
individual enantiomers to have different gas-phase ion mobilities and be separated.
Chiral differentiations of atenolol, serine, methionine, threonine, methyl a-
glucopyranoside, glucose, penicillamine, valinol, phenylalanine and tryptophan were
observed by this method. The addition of the chiral modifier to the drift gas was found
to reduce the mobilities of both the enantiomers, but to different extents that enabled
the separation of the two enantiomers. These results showed the potential for

development of a rapid method for separation and measurement of chirality.

Nachtigall et al. [44] also used 2-butanol as the chiral modifier in the drift tube for chiral
and structural characterization of enantiomers by matrix-assisted laser
desorption/ionization coupled with TWIM-MS (MALDI-TWIM-MS). Piperidine
enantiomers were cleaved and ionized from the resin by MALDI, and interacted with

the drift gas (pure Nz or chiral modifier: (S)-2-butanol/N>), followed by separation and

detection by IM-MS. The enantiomers showed the same drift time with pure N2 while
different drift time with the chiral modifier. Mechanistic study with DFT calculation

revealed that the two complex ions [(S/R)-enantiomer + (S)-2-butanol]™ had different
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CCSs and thus different drift time.

3.2 Use of conventional chiral selectors

In 2014, Domalain et al. [45] reported differentiation of phenylalanine, tryptophan and
tyrosine enantiomers by TWIM-MS analysis of their complexes with copper (11) and
chiral proline. They found that, with the increased drift time difference, the peaks that
were shifted to longer drift time could have increased peak width. Similar to the
definition in chromatography, as shown in equation 3.2.1, the peak-to-peak resolution
Rp-p Was suggested to describe the chiral discrimination in the IM-MS spectra, where
t1, tand W1, W> are the drift time and peak widths of the two diastereomeric complex
ions, respectively. Normally, a larger CCS difference of the complex ions corresponds

to a larger Rpp value.

_2(tp —ty)

= 3.2.1
W; + W, ( )

Rp—p
In the study of chiral cognition of amino acids by IM-MS, Yu and Yao [10] found that
tetrameric complexes with binuclear metal ions [(M)2(A)(Ref)s — 3H]* could generally
improve the chiral discrimination compared to the trimeric complexes with single metal
ion [M(A)(Ref)2— H]". Their results revealed that amino acids with aromatic rings or
long and active side chains tended to have larger CCS differences and thus better
enantioselectivity of their enantiomers (see Figure 4). They also compared the chiral
recognition by MS/MS and IM-MS and found that the two approaches might be based
on very different mechanisms for chiral differentiation. The chiral recognition by
MS/MS might be more dependent on the energy difference of the diastereomeric

complexes and thus more sensitive to the structural rigidness and active groups in the
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diastereomeric complexes, while the chiral recognition by IM-MS might be more
dependent on the size and shape difference of the diastereomeric complexes and thus
more sensitive to the more flexible or extended structures. The utility of IM-MS for ee
determination of amino acids was also investigated in this study [10]. Similar to the CR
method [22], a linear calibration curve for ee determination could be obtained by
plotting r versus 1/(100 — ee), or ploting 1/(r — ro) versus 1/ee, where r is the peak area
ratio between the two diastereomeric complex ions. An absolute error less than 1% was

obtained for ee determination of most of the samples investigated.

Mie et al. [46] applied FAIM-MS for chiral separation of six pairs of amino acid
enantiomers via analysis of their metal-bound trimeric complexes with a mixed N2 and
He drift gas. For the chiral analysis using DMS, Zhang et al. [47,48] used N-tert-
butoxycarbonyl-O-benzylserine as the chiral selector to form proton-bound
diastereomeric dimers to allow resolution of the amino acid enantiomers. Use of lower-
molecular-weight carrier gases, e.g., 50:50 He:N> rather than 0:100 He:N.) was found

to significantly improve the resolution.

4. Conclusions and prospects

MS/MS has been widely used for providing information about the affinity and
dissociation properties of enantiomers with chiral selectors, which could allow for
chiral differentiation. Methods such as KM and CR methods have been developed for
determination of chiral discrimination and ee, and PD has shown features that are
different from CID for chiral analysis. These methods are complementary to each other
and can be applied for analysis of various chiral analytes. Furthermore, the information

such as CCS and drift time, afforded by IM-MS measurements, offers a new way to
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measure and distinguish the diastereomeric complexes formed by chiral analytes and
selectors or interactions between chiral analytes and chiral gas modifiers. The
mechanism of chiral recognition by IM-MS might be very different from that by
MS/MS, and these two methods may be combined to solve different chiral analysis

problems.

Although MS has been demonstrated as a powerful and promising tool for chiral
analysis, most of the studies have been limited to simple chiral molecules such as amino
acids or analogues and model chiral compounds. Development of MS approaches for
analysis of chiral drugs and analysis of chiral analytes in complex real-life samples is
thus an important task for chiral mass spectrometry. Although many chiral selectors
have been employed, obtaining deep insights into the recognition mechanisms and
developing a general rule for finding new chiral selectors are still under pursuing. IM-
MS has merged as a very promising tool with distinct features and advantages for chiral
mass spectrometry, but the resolutions of the currently available IM-MS instruments
have limited the applications of IM-MS. With the improved resolution of IM-MS
instruments which has been developing in the past years, IM-MS, together with MS/MS
and other mass spectrometric techniques, are expected to play increasingly important

roles in chiral analysis.
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Figure captions

Figure 1. CID mass spectra of [Cu?*(3,5-diiodo-L-tyrosine), (R-DOPA) — H]* (a) and
[Cu?*(3,5-diiodo-L-tyrosine)2(S-DOPA) — H]* (b) (Reproduced from Ref. [12] with

permission).

Figure 2. The plot of r value versus ee (a), r value as a function of 1/(ee — 170.5442)
(b), 1/(r — ro) as a function of 1/ee (c), for L-Histine with D-N-tert-butoxycarbonyl-O-

benzylserine as the chiral selector (Reproduced from Ref. [23] with permission).

Figure 3. (A) IRPD mass spectra of [(L-Ser)7(L-Pro) + H]" (a), [(L-Ser)7(D-Pro) + H]*
(b), [(L-Ser)s(L-Pro), + H]* (c) and [(L-Ser)s(L-Pro). + H]* (d), obtained at a laser
wavelength of 2990 cm™ and irradiation time of 0.5 s; (B) IRPD spectra of [(L-Ser)s +
H]* (a), [(L-Ser)7(L-Pro) + H]" and [(L-Ser)7(D-Pro) + H]* (b), [(L-Ser)s(L-Pro), + H]*

and [(L-Ser)s(L-Pro)2 + H]" (c). (Reproduced from Ref. [14] with permission).

Figure 4. IM-MS spectra for [(Cu?")2(Xup)(TrpL)s— 4H+Na]* where X is tyrosine (A),
phenylalanine (B), glutamine (C), glutamic acid (D), methionine (E) and
[(Cu?")2(Xup)(HisL)s — 4H+Na]* where X is tryptophan (F), tyrosine (G), glutamine
(H) and threonine (I). Inset in (A) is the monoisotopic peak of the diastereomeric ion
extracted for the IM-MS analysis, and similar monoisotopic peaks were extracted for
IM-MS analysis of other diastereomeric ions (Reproduced from Ref. [10] with

permission).
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