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Abstract. Chiral transmission between monosaccharides and amino acids via pho-
todissociation in the gas phase was examined using a tandem mass spectrometer
fitted with an electrospray ionization source and a cold ion trap in order to investigate
the origin of the homochirality of biomolecules in molecular clouds. Ultraviolet photo-
dissociation mass spectra of cold gas-phase noncovalent complexes of the mono-
saccharide enantiomers glucose (Glc) and galactose (Gal) with protonated L-trypto-
phan H+(L-Trp) were obtained by photoexcitation of the indole ring of L-Trp. L-Trp
dissociated via Cα–Cβ bond cleavage when noncovalently complexed with D-Glc;
however, no dissociation of L-Trp occurred in the homochiral H+(L-Trp)(L-Glc)
noncovalent complex, where the energy absorbed by L-Trp was released through

the evaporation of L-Glc. This enantioselective photodissociation of Trp was due to the transmission of chirality
from Glc to Trp via photodissociation in the gas-phase noncovalent complexes, and was applied to the
quantitative chiral analysis of monosaccharides. The enantiomeric excess of monosaccharides in solution could
be determined by measuring the relative abundance of the two product ions in a single photodissociation mass
spectrum of the cold gas-phase noncovalent complex with H+(L-Trp), and by referring to the linear relationships
derived in this work.
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Introduction

Biomolecules can recognize chiral molecules. For instance,
one enantiomer of a chiral drugmay be highly toxic, while

the other is medically effective. Thus, optical purity determi-
nation of chiral molecules is crucial in pharmaceutical science
and industry. Analytical methods such as high-performance
liquid chromatography, gas chromatography, capillary electro-
phoresis, and nuclear magnetic resonance (NMR) spectroscopy
are currently used to determine the optical purity of chiral
molecules [1, 2]. A number of chiral selectors and reagents
have been developed in analytical science, and chiral recogni-
tion phenomena have been investigated extensively using
NMR, X-ray crystallography, laser spectroscopy, and molecu-
lar orbital calculations [3–7]. Several analytical methods for
chiral recognition using mass spectrometry-based techniques
have been proposed over the past two decades because mass

spectrometry is highly sensitive and suitable for analyzing
mixtures [6–15]. Furthermore, NMR detection for mass-
selected gas-phase ions by magnetic resonance acceleration
techniques has been reported [16, 17].

Chiral recognition phenomena in living systems are attrib-
uted to homochirality in biomolecules, which consist of L-

amino acids and D-sugars. The origin of homochirality is one
of the most interesting phenomena in science. A hypothesis for
the extraterrestrial origin of biomolecules has been proposed on
the basis of several experimental and analytical studies, in
which the abiotic formation of racemic amino acids occurs in
interstellar molecular clouds, followed by the enantioselective
photodestruction of the D-enantiomer with circularly polarized
light [18–20]. This hypothesis for the extraterrestrial origin of
enantiomeric enrichment has been supported by the excess L-

amino acids found in the Murchison meteorite [18] and the
discovery of the interstellar chiral molecule propylene oxide
[21]. The chiral behavior of gas-phase serine clusters has been
investigated using mass spectrometry [22]. Serine forms
magic-number ionic clusters composed of eight serine units.Correspondence to: Akimasa Fujihara; e-mail: fujihara@c.s.osakafu–u.ac.jp
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The serine octamer clusters are very stable and exhibit a re-
markable preference for homochirality.

Chemical processes in interstellar molecular clouds occur at
low temperatures (10–100 K), low densities (102–104 cm−3),
and in intense radiation fields. We have previously proposed
that the structure and reactivity of mass-selected and
temperature-controlled gas-phase clusters consisting of inter-
stellar and biological molecules are important for understand-
ing the chemical processes in interstellar molecular clouds.
Thus, we developed a tandem mass spectrometer containing a
cold ion trap (8–350 K) for photodissociation spectroscopy of
gas-phase clusters as a model for molecular clouds [23], and
have previously reported the ultraviolet (UV) photodissocia-
tion of temperature-controlled gas-phase tryptophan (Trp) en-
antiomers on a chiral crown ether [23, 24], in L-serine (L-Ser)
clusters [25, 26], and with L-alanine peptides [27].

Enantioselective photodissociation of gas-phase protonated
tryptophan (H+Trp) enantiomers, having NH3

+ and COOH
groups, in noncovalent gas-phase complexes with a chiral
crown ether has been examined as a function of temperature
[23, 24]. Photo-induced hydrogen atom transfer produced Cα–
Cβ bond cleavage in cold H

+(D-Trp) on the chiral crown ether.
This Cα–Cβ bond cleavage was increasingly suppressed with
increasing temperature above 170 K, and no difference in
reactivity was observed between the D- and L-enantiomers of
H+Trp at 300 K. These temperatures correspond to those of
interstellar to atmospheric molecular clouds. The UV photo-
dissociation of cold gas-phase Trp enantiomers in protonated L-
serine clusters H+(L-Ser)m, as a function of cluster size m,
showed that when three L-Ser units are present in the cluster,
the photodissociation of Trp is enantioselective [25]. These
enantioselective dissociations are due to the transmission of
chirality from one type of molecule to another via photodisso-
ciation in gas-phase clusters. We have also applied
enantioselective photodissociation to the quantitative chiral
analysis of Trp in solution [24, 26]. Enantioselective photodis-
sociation of Trp in gas-phase clusters generated using
electrospray ionization was utilized to determine the enantio-
meric excess of Trp in solution.

In this study, we examined chiral recognition and chiral
transmission between monosaccharides and amino acids by
UV photodissociation of cold gas-phase noncovalent com-
plexes of glucose (Glc) and galactose (Gal) with H+(L-Trp).
L-Trp was used as a probe for chiral recognition and chiral
transmission in the noncovalent complexes because cold gas-
phase Trp shows enantioselective photodissociation when
noncovalently complexed with the appropriate chiral sub-
stances as previously reported by our group [23–27]. We then
applied this phenomenon to enantiomeric excess determination
for monosaccharides.

Experimental
D-Glc, L-Glc, D-Gal, L-Gal, and L-Trp (all >98%) were obtained
from Nacalai Tesque. A solution containing 1.0 mM of

monosaccharide and 0.5 mM of L-Trp in a mixture of water
and methanol (50/50, v/v) with 1% acetic acid was used.

Details of the lab-fabricated tandemmass spectrometer have
been described previously [23]. It is comprised of an
electrospray ionization source, an octopole ion guide, a quad-
rupole mass filter, a variable-temperature 22-pole ion trap, and
a reflectron time-of-flight (TOF) mass spectrometer.
Noncovalent gas-phase complexes of monosaccharide enantio-
mers with H+(L-Trp) were generated using electrospray ioniza-
tion, and transferred to the gas phase through a stainless steel
capillary, a skimmer, and an octopole ion guide. The ionization
source was operated at an applied voltage on a stainless steel
needle tip (i.d. 0.1 mm) of 1.5 kV, a sample flow rate of 3 μL/
min, and a nitrogen nebulizing gas flow rate of 4 L/min. The
capillary was grounded and heated to 340 K. The gas-phase
ions were deflected by 90° using an electrostatic quadrupole
ion bender, mass-selected using a quadrupole mass filter, and
temperature-controlled at 8 K using a 22-pole ion trap. The trap
consisted of a pair of rf stainless steel electrodes with 11 rods
each, cylindrical electrodes, and a copper housing. The trap
assembly was mounted onto the second stage (8 K) of a
cryogenic refrigerator (CH-204SB; Sumitomo), and was
enclosed within an aluminum radiation shield in thermal con-
tact with the first stage (50 K). The trap temperature was
measured by two silicon diode temperature sensors (DT-
670B-CU; LakeShore). In the trap, the ions were thermalized
by multiple collisions with the He buffer gas contained within
the copper housing at a well-defined temperature, analogous to
a thermal bath. The mass-selected and temperature-controlled
ions were extracted from the trap and then irradiated with a
photodissociation laser pulse. The fragment ions were orthog-
onally accelerated to 2.8 kV, and then mass-analyzed using a
reflectron TOF mass spectrometer. The ion signals were count-
ed using dual microchannel plates (F4655; Hamamatsu) and
stored in a digital storage oscilloscope (6100A; LeCroy) after
being amplified using a wide-band amplifier (BX-31; NF Elec-
tronic Instruments). The repetition rate of the experimental
cycle was 10 Hz. The fourth harmonic of a Nd:YAG laser
(Minilite II; Continuum) was used as the photodissociation
light, the pulse width of which was 4 ns. The wavelength was
266 nm, and the energy was around 1.5 mJ/pulse.

Results and Discussion
Chiral Transmission in Photodissociation

Figure 1 shows the photodissociation mass spectra of
heterochiral H+(L-Trp)(D-Glc) and homochiral H+(L-Trp)(L-
Glc) (m/z 385), which are protonated 1:1 noncovalent com-
plexes, at 8 K. The irradiation wavelength was 266 nm, which
excites the indole ring of L-Trp to the ππ* state. The monosac-
charides do not absorb the excitation UV light. Glc evapora-
tion, forming H+(L-Trp) (m/z 205), is observed in both spectra.
The proton in the noncovalent complexes remains associated
with L-Trp. For heterochiral H+(L-Trp)(D-Glc), as shown in
Fig. 1a, Cα–Cβ bond cleavage of L-Trp is observed at m/z 311
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and 131. The Cα–Cβ bond cleavage was reported to occur in
UV photoexcitation of protonated tryptophan, where hydrogen
atom transfer played an important role in it [23, 27, 28]. The
product ion at m/z 311 is proposed to be NH2CHCOOH loss
from heterochiral H+(L-Trp)(D-Glc). This represents dissocia-
tion of L-Trp in a noncovalent complex. The dissociation of the
noncovalent complex is not observed for homochiral H+(L-
Trp)(L-Glc), for which Glc evaporation is the main pathway.
NH2CHCOOH loss due to Cα–Cβ bond cleavage of L-Trp is
enantioselective photodissociation induced by chiral recogni-
tion with D-Glc in the noncovalent complex. In the case when
D-Trp was used as a probe, the photodissociation mass spectra
of heterochiral H+(D-Trp)(L-Glc) and homochiral H+(D-Trp)(D-
Glc) were identical to those shown in Fig. 1 for heterochiral
H+(L-Trp)(D-Glc) and homochiral H+(L-Trp)(L-Glc) ,
respectively.

L-Trp dissociates via Cα–Cβ bond cleavage when noncova
lently complexed with D-Glc. In contrast, no dissociation of L-
Trp occurs in homochiral H+(L-Trp)(L-Glc), where the energy
absorbed by L-Trp is released through the evaporation of L-Glc.
This enantioselective photodissociation of Trp is due to the
transmission of chirality from Glc to Trp via photodissociation
in the noncovalent complexes. The enantiomeric enrichment
for the Trp enantiomer obtained via enantioselective photodis-
sociation is 4.5% under these experimental conditions, which is
derived from the ion intensities shown in Fig. 1. This type of
chiral transmission to Trp was also observed for UV photodis-
sociation of amino acid clusters [25, 26], as mentioned in the

introduction. To be consistent with the homochirality in bio-
molecules consisting of L-amino acids and D-sugars,
enantioselective photodissociation of Trp can occur in homo-
chiral noncovalent complexes with Glc. For example, photo-
dissociation of D-Trp inducing enantiomeric enrichment of L-
Trp can occur when noncovalently complexed with D-Glc.
However, enantioselective photodissociation of Trp occurred
in heterochiral cold gas-phase protonated 1:1 noncovalent
complexes with Glc, as in the case of amino acid clusters [25,
26]. To reveal the origins of enantiomeric enrichment in L-

amino acids and D-sugars, other factors should be examined
systematically, such as cluster size, temperature, solvation,
excitation method, and behavior in solution.

UV photodissociation experiments with Gal enantiomers
complexed with H+(L-Trp) were also performed. Figure 2
shows the photodissociation mass spectra of heterochiral
H+(L-Trp)(D-Gal) and homochiral H+(L-Trp)(L-Gal) (m/z 385)
at 8 K. Gal evaporation forming H+(L-Trp) is observed in both
spectra, and NH2CHCOOH loss due to Cα–Cβ bond cleavage
of L-Trp is observed only for heterochiral H+(L-Trp)(D-Gal), as
is observed with Glc. The results suggest that chiral transmis-
sion between monosaccharides and amino acids occurs via
photodissociation in the gas phase.

Enantiomeric Excess Determination

The differences between the D- and L-enantiomers in the pho-
todissociation mass spectra can be used to determine enantio-
meric excess based on kinetic methods. The enantioselective
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Figure 1. Photodissociation mass spectra of (a) H+(L-Trp)(D-
Glc) and (b) H+(L-Trp)(L-Glc) (m/z 385) at 8 K. The irradiation
wavelength was 266 nm, which excites the indole ring of L-Trp
to the ππ* state
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Figure 2. Photodissociation mass spectra of (a) H+(L-Trp)(D-
Gal) and (b) H+(L-Trp)(L-Gal) (m/z 385) at 8 K. The irradiation
wavelength was 266 nm
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photodissociation of Trp induced by chiral transmission from
monosaccharides was applied to enantiomeric excess determi-
nation of the monosaccharides in solution.

The kinetic methods for the enantiomeric analysis utilized
low-energy multiple collision-induced dissociations in a room-
temperature ion trap, where competitive evaporations of mol-
ecules from gas-phase trimeric metal-bound complexes were
detected. The trimeric complexes consisted of a transitionmetal
ion, two chiral reference ligands, and a chiral analyte such as
amino acids [11], dipeptides [12], drugs [13], and monosac-
charides [14, 15]. The kinetic method was based on the differ-
ence in the binding energies of the enantiomers. In the UV
photodissociation of cold gas-phase noncovalent complexes, a
single-nanosecond UV laser pulse excites Trp directly to its
electronic excited state. Gas-phase noncovalent complexes
were temperature-controlled using a cold ion trap (8 K). The
excitation energies and temperatures of the noncovalent com-
plexes, the key parameters in fragmentation, were precisely
controlled. Entropic effects contribute to the population distri-
bution of conformers in clusters at higher temperatures, which
can influence the reactivity of amino acids [23, 24]. To restrict
the population distribution for quantitative analysis, we per-
formed photodissociation experiments at the lowest tempera-
ture of our apparatus in this work.

Photodissociation mass spectra of several enantiomeric
mixtures of H+(L-Trp)(Glc) were measured at 8 K, where the
D-enantiomer mole fraction values of Glc were 0.00, 0.25, 0.50,
0.75, and 1.00. The mole fraction of L-Trp, used as a probe, was
constant in the measurements. The relative ion intensity of
NH2CHCOOH loss, observed in the photodissociation mass
spectra for enantiomeric mixtures, decreases with decreasing D-
enantiomer fraction of Glc in the mixture. Glc evaporation
forming H+(L-Trp) is observed in all spectra. The relative
abundance ratio R, which is (NH2CHCOOH-elimination prod-
uct ion intensity)/(Glc-evaporated ion intensity), depends on
the enantiomeric composition of Glc. Figure 3 shows the plot
of the natural logarithm of R as a function of the D-enantiomer
fraction of Glc in the mixture. The rate constants of the two
competitive dissociation pathways relate to the ion intensities
of the product ions, and the natural logarithm plot was used for

chiral recognition using mass spectrometry-based techniques
[11–15, 24, 26]. A linear relationship for ln(R) versus the D-
enantiomer fraction of Glc is obtained, with a slope of 1.755, an
intercept of –3.136, and a correlation coefficient (r2) of 0.996.
This indicates that the enantiomeric excess of Glc in solution
can be determined by measuring R in a photodissociation mass
spectrum and by referring to the linear relationship shown in
Fig. 3.

In the case of Gal, shown in Fig. 2, R is derived by
(NH2CHCOOH-elimination product ion intensity)/(Gal-evap-
orated ion intensity). A linear relationship for ln(R) versus the
D-enantiomer fraction of Gal in the mixture is obtained with a
slope of 1.821, an intercept of –3.156, and an r2 of 0.996, as
shown in Fig. 4. These results indicate that photo-excited L-Trp
can be used as a probe to determine the enantiomeric excess of
monosaccharides in solution.

Conclusions
Chiral transmission between monosaccharides and amino acids
via photodissociation in the gas phase was examined by UV
photodissociation of cold gas-phase noncovalent complexes of
Glc enantiomers with H+(L-Trp), in which L-Trp was photo-
excited. L-Trp dissociated via Cα–Cβ bond cleavage when
noncovalently complexed with D-Glc, whereas no dissociation
of L-Trp occurred in homochiral H+(L-Trp)(L-Glc). This
enantioselective photodissociation of Trp is due to the trans-
mission of chirality from Glc to Trp via photodissociation in
the gas-phase noncovalent complexes.

The chiral transmission in photodissociation was applied to
the quantitative chiral analysis of monosaccharides. The enan-
tiomeric excess of monosaccharides in solution was deter-
mined by measuring the relative abundance ratio of the two
product ions in a single photodissociation mass spectrum of
cold gas-phase noncovalent complex with H+(L-Trp) generated
using electrospray ionization, and by referring to the linear
relationships derived in this work. The excitation energy and
the temperature of the gas-phase ions, which are key parame-
ters for the fragmentation, were precisely controlled using a
single-nanosecond laser pulse and a cold ion trap, respectively.
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Figure 3. Linear relationship of ln(R) versusmole fraction of the
D-enantiomer of Glc at 8 K for H+(L-Trp)(Glc), where the relative
abundance ratio R is (NH2CHCOOH-elimination product ion
intensity)/(Glc-evaporated ion intensity)
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Figure 4. Linear relationship of ln(R) versusmole fraction of the
D-enantiomer of Gal at 8 K for H+(L-Trp)(Gal), where the relative
abundance ratio R is (NH2CHCOOH-elimination product ion
intensity)/(Gal-evaporated ion intensity)
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This method has several advantages over conventional tech-
niques, including its device independence due to the well-
defined excitation energy and temperature, no requirement for
a chromophore in the analyte due to L-Trp being used as a
probe, nonreliance on isotopic labeling, independence of the
relative concentrations of the analyte and the probe molecule,
and insensitivity to impurities.

Many asymmetric syntheses and kinetic methods measure-
ments commonly use transition metals. The enantioselective
photodissociation in this work is a transition-metal-free asym-
metric reaction. Asymmetric syntheses without transition-
metal-based catalysis have been developed extensively, and
are important in green sustainable chemistry [29]. The struc-
tures determined by inter- and intra-molecular hydrogen bonds
in the noncovalent complexes are important for understanding
the chiral recognition, chiral transmission via photodissocia-
tion, and transition-metal-free asymmetric reactions, in addi-
tion to chemical evolution in molecular clouds. To reveal the
geometrical structures, it is necessary to perform photodissoci-
ation spectroscopy and make direct comparisons with the the-
oretical calculations for mass-selected and temperature-
controlled gas-phase noncovalent complexes.
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