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All eight p-aldohexoses and aldohexoses derived from the non-reducing end of disaccharides were
investigated by variable-wavelength infrared multiple-photon dissociation (IRMPD) as anions in the neg-
ative-ion mode. Spectroscopic evidence supports the existence of a relatively abundant open-chain
configuration of the anions in the gas phase, based on the observation of a significant carbonyl absorption
band near 1710 cm™'. The abundance of the open-chain configuration of the aldohexose anions was
approximately 1000-fold or greater than that of the neutral sugars in aqueous solution. This provides
an explanation as to why it has not been possible to discriminate the anomeric configuration of aldohex-
ose anions in the gas phase when derived from the non-reducing sugar of a disaccharide. Evidence from
photodissociation spectra also indicates that the different aldohexoses yield product ions with maximal
abundances at different wavelengths, and that the carbonyl stretch region is useful for differentiation of
sugar stereochemistries. Quantum-chemical calculations indicate relatively low energy barriers to intra-
molecular proton transfer between hydroxyl groups and adjacent alkoxy sites located on open-chain
sugar anions, suggesting that an ensemble of alkoxy charge locations contributes to their observed
photodissociation spectra. Ring opening of monosaccharide anions and interconversion among configu-
rations is an inherent property of the ions themselves and occurs in vacuo independent of solvent
participation.
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1. Introduction

Mass spectrometry has long been an important tool for the
analysis of complex carbohydrates. Tandem techniques have been
developed for multiple stages of isolation and dissociation that
include ion traps,’? concatenated quadrupole designs, time-of-
flight instruments,*> Fourier-transform ion cyclotron resonance
(FTICR) instruments® or combinations thereof. This has enabled

* Corresponding author. Tel.: +1 303 724 3453.
E-mail address: brad.bendiak@ucdenver.edu (B. Bendiak).
™ These authors contributed equally to investigations.
* Present address: Department of Natural Sciences, Florida State College at
Jacksonville, Jacksonville, FL 32256, United States.
8 Present address: Sandia/California, 7011 East Avenue, Livermore, CA 94551,
United States.

0008-6215/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2011.06.018

precursor ions of oligosaccharides to be broken down and their
fragments to be isolated in consecutive steps. As many steps as
technically possible are wanted, because evidence is needed for
the stereochemistries, anomeric configurations, ring forms, linkage
positions and possible hydroxyl group substitutions of monosac-
charides that make up larger structures. The unimolecular
dissociation of larger oligosaccharides usually proceeds via sets
of substructures, such as trisaccharides, disaccharides, monosac-
charides and other substructures representing portions of these
ions derived from cross-ring cleavages. Disaccharides represent
the smallest substructures that still contain a glycosidic linkage
between two sugars. Their dissociation has been investigated,
and characteristic product ions derived from them have been
reported, both in the positive- and negative-ion modes.”?! At least
two of these product ions have been shown to have potential
for identification of the stereochemistries and anomeric
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configurations of the molecules. They are the glycosyl-glycolalde-
hydes'*1522 and the monosaccharides (in the negative-ion mode,
m/z 221 and 179, respectively, and in the positive-ion mode with
lithium, for example, the m/z 229 and 187 ions, respectively). These
ions contain the minimum number of stereochemical centers to
potentially identify the nature of each sugar derived from a com-
pletely unknown disaccharide.

Monosaccharides are the fundamental building blocks of larger
molecules, and thus it is crucial to be able to clearly determine the
stereochemistry of their structures in the gas phase. They are
frequently observed as dissociation products at different stages
of multiple tandem mass spectrometry experiments (MS") as
primary, secondary, or tertiary product ions derived from larger
oligosaccharides. In the positive-ion mode, four of the 8 possible
aldohexoses were shown to be differentiated as either lead®® or
ammonium?* adducts. In the negative-ion mode, it has been re-
ported that their dissociation patterns using collision-induced dis-
sociation (CID), at least for some of the monosaccharides, are too
similar to confidently assign their stereochemistry.'> Moreover,
assignment of the anomeric configuration of a monosaccharide
product ion derived from a disaccharide has not been possible.
Evidence in the negative-ion mode has shown that the monosac-
charide anions derived from the non-reducing sugar of disaccha-
rides having either an o or B linkage yield essentially identical
dissociation patterns using CID.!> These disaccharides had been
180-labeled on the reducing sugar to mass-discriminate the origins
of monosaccharides from either side of the glycosidic linkage. It
has been proposed that the reason for the similarity of dissociation
patterns for monosaccharides derived from either an o or  linkage
might be due to the ring opening of the sugar ions upon their
acquisition of enough internal energy to reach the threshold for
unimolecular dissociation.’>!372526 proposed mechanisms of
monosaccharide dissociation have suggested retro-aldol type rear-
rangements that proceed through an open-chain form of the su-
gar.2627.717 However, direct evidence for the open-chain forms of
the ions in the gas phase has not been reported. The structures of
monosaccharide ions in the gas phase are still far from clear, partly
because there are few methods to experimentally evaluate what
might be multiple configurations and/or conformations of the ions.

In solution, six distinct structures of monosaccharides have
been observed, with proportions for p-glucose shown in Scheme
1. Notably relevant to the present report is that the open-chain
(carbonyl) form in aqueous solution is present in extremely low
concentrations, which has been confirmed by multiple physical
techniques. These include (1) NMR of 1-!3C-p-glucose (0.002%),2
(2) mutarotation kinetics (0.0026%),2° (3) the dichroic extinction
coefficient (0.002%)*° and (4) reaction kinetics with urazole
(0.0014%).3! Also worthy of note is that heating an aqueous solu-
tion from 27 °C to 82 °C resulted in an approximately 10-fold
increase in the carbonyl form, as evaluated by NMR spectroscopy.?®
Although the carbonyl form had been suspected in solution for
over a century based on reactivities*? and enolization®? of sugars,
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spectroscopic observation and quantitation of the multiple forms
shown in Scheme 1 was not forthcoming for many years.

All of the above evidence and hypotheses prompted two ques-
tions. First, do the equilibrium ratios of monosaccharide configura-
tions (Scheme 1) necessarily bear any similarity to those of a
negatively charged ion in the gas phase, and how do these ratios
change upon acquiring enough internal energy to approach a
dissociation threshold? Second, if similar ratios do exist in the gas
phase, could enough open-chain form exist to then kinetically
explain previous observations concerning their patterns of dissoci-
ation? For example, in aqueous solution, tens of minutes to a few
hours are typically required for sugars to reach an equilibrium opti-
cal rotation through the open-chain structure shown in Scheme 1,34
yet unimolecular dissociation events in mass spectrometers typi-
cally occur in the range of microseconds to milliseconds. Even at
high pH (as high as pH 13.7) in aqueous solution, where anionic
species of sugars are present, >C NMR experiments have shown
that the o- and B-pyranose forms of glucose are highly predomi-
nant, and are stable for a significantly longer time period than a typ-
ical free-induction decay period of 1-2 s.3>3¢ Notably, open-chain
forms were not observed at high pH but may have been present
in negligible quantities.

Bearing these issues in mind, experiments were undertaken to
investigate the structures of hexose anions in the gas phase using
variable-wavelength infrared multiple-photon dissociation
(IRMPD), a technique that can evaluate the presence of various
functional groups found in gas-phase ions based on their vibra-
tional spectroscopy. It has two key advantages over collision-in-
duced dissociation. First, CID imparts a broad range of energies to
ions, depending on the orientation and geometry of collisions (the
impact parameter). Calculations have indicated that energies rang-
ing from the equivalent of a UV photon to nearly zero are imparted
to ions.?” This is the spectroscopic equivalent of using the entire
bandwidth of a tungsten filament as a source, then expecting to ob-
serve fine differences in dissociation of isomeric monosaccharides
after absorption over a wide range of photon energies. Scanning
with a narrow linewidth source enables dissociation of ions to be
assessed as a function of wavelength, which can be plotted in a sec-
ond dimension to correlate their absorption and dissociation pat-
terns.?%38 Spectra can be practically assessed in the UV, visible
and infrared ranges of the electromagnetic spectrum,®-4% and more
recently as a function of the pulse shape of laser sources.*”*® Sec-
ond, photodissociation is advantageous over CID in FTICR mass
spectrometers where ions are investigated under high-vacuum
conditions, as CID temporarily involves raising the pressure. The
time needed for pump-down before signal detection lowers the
duty cycle and significant losses occur due to product ion
scattering.*®

Previously, in the condensed phase (mineral oil, Nujol, or
water), the presence of a carbonyl absorbance for aldohexoses in
infrared spectra has been either negligible or unobservable®°->2
in keeping with the low abundance of the open-chain form found
by the other physical methods discussed above. Herein we report
for the first time the direct observation of the absorbance of the
carbonyl C=0 stretch group for the negative ions of all eight
aldohexoses. It was observed in much higher abundance than pre-
viously found in condensed-phase IR spectra. Differences in
dissociation spectra of the aldohexoses were also observed in the
carbonyl stretch region, with wavelength maxima for product-ion
abundances that varied from sugar to sugar. Theoretical calcula-
tions indicate that the negative charge may be located at different
alkoxy positions on the open-chain form of p-glucose, and that
intramolecular proton transfer can occur through transition states
having a relatively low energy barrier. This may explain, at least in
part, some of the wavelength-dependent differences in dissocia-
tion observed among sugars.



D. J. Brown et al./Carbohydrate Research 346 (2011) 2469-2481 2471

2. Results and discussion

2.1. Evidence for the open-chain configuration of negative ions
of aldohexoses in the gas phase

The infrared photodissociation spectra of p-idose and p-gulose
over the spectral range from 5.5 to 11.4 um (880-1820cm™'),
are shown in Figure 1. The spectra represent (A) the decrease in
the abundance of the precursor (m/z 179) ion (upper pair) and
(B) the total sum of the product ions (lower pair), as a function
of wavelength. A significant peak was observed at wavelengths
near 5.8 um (1700 cm™!), which is the classic region of the C=0
stretch. The highest absorption was measured over the spectral re-
gion from about 900 to about 1430 cm™!, which is the classic ‘fin-
gerprint region’ of hexose infrared spectra that includes C-H and
0-H bend, C-0 and C-C stretch frequencies, and H-C-0, C-C-H
and C-0-H deformations, among others.>’>> These two specific
sugars were selected for Figure 1 as they represent the extremes
that were observed in absorbance in the carbonyl region (1650-
1750 cm™'). The ‘dip’ in the abundance of the precursor ion for
all the aldohexoses ranged from a minimum of about 3-4% for
gulose to about 17% for idose, at the power levels and pulse struc-
ture used in these experiments. Comparisons to direct absorption
IR spectra in condensed phases would be expected to be somewhat
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Figure 1. A comparison of photodissociation of p-idose and p-gulose anions
(precursor m/z 179) over the wavelength range from 880 to 1820 cm™~'. Shown in
panel A is the diminishment of the precursor ion abundance as a function of
wavelength, and in panel B is the increase in abundance of summed product ions.
Full plots are shown to illustrate the relative photodissociation that resulted from
absorbance in the carbonyl region (1650-1750 cm™') as compared to the ‘finger-
print region’ (900-1450 cm™!) reported in condensed-phase IR spectra.’®->2

different for the following reasons. First, infrared photodissociation
is an action spectrum dependent both upon absorption at specific
wavelengths and unimolecular dissociation events at internal
energy levels above some threshold required for fragmentation.
Second, the presence of a negative charge, possibly located at
different alkoxy positions when considering an entire population
of ions, would be expected to affect absorption frequencies as com-
pared to neutral molecules. The charge location potentially alters
the equilibrium populations of configurations and conformations
of ions through internal hydrogen bonding of hydroxyl groups to
neighboring alkoxy positions. The infrared photodissociation
spectra of alkali metal adducts of hexoses, disaccharides and
methyl glycosides in the positive-ion mode (Na®, Li* and
Rb*)?0384653 haye been previously measured. These adducts
showed a major absorption over the region from about 900 to
1450 cm™' and at well-defined hydroxyl stretch frequencies in
the 3200 to 4000 cm™! region. In the negative-ion mode in this re-
port, a clear dip was observed in the precursor ion abundance upon
irradiation at the carbonyl frequency for all aldohexose anions, as
detailed below.

2.2. Photodissociation spectra of the open-chain forms of
aldohexoses in the gas phase and features of their infrared
wavelength-dependence near the carbonyl stretch region

Photodissociation experiments were carried out on all the aldo-
hexoses as anions. Spectral regions spanning the carbonyl stretch-
ing band are presented in Figures 2-5. The carbonyl stretch region
appears to range from about 1650 to about 1770 cm™!, possibly
wider, depending on the isomer. Spectra acquired in this region
resulted from unimolecular dissociation of a selected subpopula-
tion of ions having a C=0 stretch, or possibly multiple open-chain
states, depending on the real possibility of different negative
charge locations (alkoxy sites) on these ions. The structures shown
in each figure were therefore drawn in the open-chain form. In Fig-
ure 2A, more details of the wavelength dependence of the photo-
dissociation of idose are shown. Other than the observed
decrease in the precursor ion abundance in the carbonyl region,
the appearance and relative abundance of several product ions as
a function of wavelength is presented. The structures of product
ions have been proposed previously for hexoses, with neutral
losses in multiples of m/z 30 suggested to be smaller sugars such
as the tetroses or glyceraldehyde (m/z 119, and 89, respectively)
or epoxide hemiacetals, while other product ions are believed to
be derived by mechanisms that additionally involve dehydration
with formation of double bonds.?> Note that the precursor ion
showed a diminished intensity with a minimum near 1715 cm™!
(Fig. 2A). However, the wavelengths for the maximal abundance
of specific product ions in this region were not identical to that ob-
served for the decrease of the m/z 179 precursor ion. For example,
ions of m/z 89 and 59 showed maximal abundance near a wave-
length of 1710 cm~!, whereas maxima shifted to near 1720 cm ™'
for the 161, 143, and 101 product ions, and to near 1730 for the
m/z 119 ion. Notably, several product ions shifted in relative abun-
dance as a function of wavelength, whereby their intensities
crossed over at specific wavelengths. For example, mass spectra
accumulated at two wavelengths (1712 and 1747 cm™!) are
presented at the bottom of Figure 2A. Note that the ratios of the
m/z 59 to 71 product ions changed markedly, as did the ratio of
the 89 to 119 product ions. As shown in the top spectral plot in Fig-
ure 2A, between the wavelengths of about 1660-1730 cm™!, the m/
z 89 ion was of greater relative abundance than the m/z 119 ion,
but at higher cm~! values than 1730, the m/z 119 ion was more
abundant. Similarly the m/z 59 ion was more abundant than the
m/z 71 ion between wavelengths of about 1675-1725 cm™}, yet
the m/z 71 ion predominated at higher cm~! values. These selected
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Figure 2. A comparison of photodissociation of the C-2 epimers p-idose and p-gulose, showing the 1400-1820 cm~! wavelength region of the spectrum, with individual
product ion abundances as well as the precursor ion abundance plotted as a function of wavelength in the top plots of A and B. The bottom two plots in each column are two
mass spectra obtained for each sugar precursor ion (m/z 179); one was the closest experimental wavelength point to 1710 cm~! used during the free-electron laser scan, and
the other was selected at a nearby wavelength that yielded a significantly different ratio of product ions. The legend for the abundance of specific product ions is shown in

colors with each wavelength plot in A and B.

examples with the idose anion illustrate that unique wavelength-
dependent changes in fragmentation spectra occur in the region
of the carbonyl stretch absorbance. Although not understood in
detail, this behavior can be accounted for by the underlying multi-
ple-photon excitation process. As the precursor ion fragments into
product ions, the various dissociation channels have different
thresholds, and as the number of photons required to reach a
specific threshold increases, the effects of anharmonicity on the
apparent band center become more pronounced. A striking
manifestation of this effect has been described,>* and methods to
theoretically model these processes have also been reported.>>>¢
In Figure 2B, the photodissociation spectrum of p-gulose is
shown over the same spectral region. The overall diminution of
the precursor ion abundance (3-4% dip) was significantly less than
that observed for idose (Fig. 2A). These two sugars are epimers at
C-2; thus the asymmetry of C-2 significantly affected photodissoci-
ation events. Note that not as many product ions were plotted in
Figure 2B as compared to 2A; for purposes of clarity, some of the
ions that did not significantly increase in abundance over the
1650-1770 cm™! spectral region were not presented (i.e., their
profiles remained relatively flat over this portion of the spectrum).

Potential reasons for this are discussed below. Other product ions
increased in relative abundance in this region and most showed
different wavelength maxima and relative abundances as
compared to idose (compare Fig. 2A and B). For example, wave-
length maxima for the abundances of the m/z 161, 101 and 89
product ions were observed for idose near 1720, 1720, and
1710 cm™! but for gulose near 1730, 1700, and 1720 cm™!, respec-
tively. The most abundant product ion from 1400-1500 and
1675-1725 cm™! for idose was the m/z 89 ion, the m/z 119 ion
being less abundant over these spectral ranges (Fig. 2A). However,
for gulose, the m/z 119 ion was more abundant than the m/z 89 ion
over the entire spectral range from 1400 to 1820 cm™~'. The ratios
of product ions in mass spectra for gulose (Fig. 2B, bottom two
mass spectra) were highly wavelength dependent in the carbonyl
stretch region. For instance, an examination of the m/z 59:89 or
131:161 ratios revealed a shift from significantly less than 1 to sig-
nificantly greater than 1 in comparing the spectra at 1710 and
1677 cm™ !, respectively. It is also worth noting that the mass
spectra of all aldohexoses are shown in this and in succeeding fig-
ures near the wavelength of 1710 cm™!; slight differences in the
specific wavelengths selected were due to differences in the
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Figure 3. Photodissociation of the C-3 epimers p-altrose and p-mannose over the 1400-1820 cm~! wavelength range. Individual product ion abundances as well as the
precursor ion abundance were plotted as a function of wavelength over the region, in the top plots of A and B. The bottom plots in each column are mass spectra obtained for
each sugar negative-ion precursor ion (m/z 179). One was the closest experimental point to a wavelength of 1710 cm™! used during the free-electron laser scan, and the other
was selected at a nearby wavelength having a significantly different ratio of product ions. Relevant product ion abundances are shown in colors indicated by the legend in the

upper left corner.

precise incrementation of the wavelengths from the free-electron
laser over the scanning range. In the case of idose and gulose
(Fig. 2), the comparison between idose at 1712 cm~! and gulose
at 1710 cm ™! showed different base-product ions and significantly
different product ion ratios. Note that a 2-3 cm™! difference in the
center of the irradiation wavelength did not result in a marked
change in mass spectral product ion ratios for any of the individual
sugars; changes with wavelength were somewhat more gradual as
shown in Figure 2A and B. Hence large differences in the product
ion ratios of different aldohexoses irradiated near 1710 cm™', as
shown in Figure 2 and some additional figures, result from struc-
tural differences among the open-chain forms.

In Figure 3, a comparison of the two C-3 epimers, p-altrose and
p-mannose, is shown over the wavelength region containing the
carbonyl stretch, and mass spectra at selected wavelengths are
shown in the bottom panels. The dip in the abundance of the
precursor (m/z 179) ion near 1710 cm™' was about 6-10% of the
precursor ion abundance. Like the comparison between the
epimers of gulose and idose, differences were observed in the
abundance and wavelength maxima for specific product ions,
indicating that the asymmetry at C-3 also has an effect on

photodissociation in the carbonyl stretch region. Mass spectra
(bottom panels, Figure 3) reflect some of the significant changes
that occur in dissociation with wavelength over this region. For
example, with altrose, ratios of m/z 89/101 and 131/161 changed
in comparing spectra taken from wavelengths of 1668.8 and
17104 cm~!. With mannose, the relative abundances of the
product ion pairs 59:89 and 143:161 reverse in comparing spectra
from wavelengths of 1681.1 and 1707.1 cm™'. Also, in comparing
the spectra of the two hexoses at 1710.4 and 1707.1 cm™!, it was
evident that base-product ions (m/z 119 and 89) were different
and large differences were observed in the abundances of the m/z
59, 71 and 113 product ions.

In Figure 4, the photodissociation spectra of two C-4 epimers,
p-glucose and p-galactose, are presented over the carbonyl stretch
region. These two sugars, in particular, are commonly found in
many biological systems and are not possible to differentiate in
the negative-ion mode using collision-induced dissociation.!®
Similar to the other comparisons, the precursor ion was depleted
over the carbonyl stretch region by about 5-10%, and an increase
in specific product ions was evident. Notably, ion ratios varied with
wavelength in comparing mass spectra in the bottom panels. With
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Figure 4. Photodissociation spectra of the 4-epimers p-glucose and p-galactose over the 1400-1820 cm™~! wavelength region. Individual product ion abundances and the
precursor ion abundance are plotted as a function of wavelength in the top plots of A and B. The bottom plots in each column are mass spectra obtained for each sugar
precursor negative ion (m/z 179). One was the closest experimental wavelength point to 1710 cm ! used in the free-electron laser scan, and the other was selected at a nearby
wavelength that gave a significantly different ratio of product ions. Appropriate key product ion abundances are indicated in colors in the legend.

glucose, for example (Fig. 4A), the m/z 113 product ion increased,
and the m/z 161 ion decreased relative to several other ions in
comparing photodissociation wavelengths of 1711.8 with
1668.3 cm ™', respectively. With galactose, however (Fig. 4B), the
most dramatic changes in comparing mass spectra from similar
wavelengths to those of glucose (the two bottom panels) were
the abundances of the m/z 131 and 161 product ions. Relative
abundances of other ions, however, were also different between
the two sugars (compare mass spectra at either the my/z
1711.8:1710.4 or 1668.3:1668.8 in Fig. 4A and B)

In Figure 5, the infrared wavelength-dependent photodissocia-
tion spectra of the remaining two aldohexoses, p-allose and p-ta-
lose, are shown. In this case, these two sugars vary in the
stereochemistry at C-2, C-3 and C-4. As with the other experiments
and comparisons (Figs. 2-4), these sugars revealed a depletion of
the precursor ion abundance and the appearance of more abundant
product ions in the region covering the carbonyl stretch. The mass
spectra in the bottom two panels for Figure 5A and B showed
differences in the abundances of specific product ions that varied
with wavelength for a single sugar, and between sugars at wave-
lengths near 1710 cm ™.

In Figure 6, variation of the abundances of certain key product
ions from different aldohexoses with wavelength is presented over

the carbonyl stretch region. The m/z 161 product ion (Fig. 6A)
varied in maximal abundance with wavelength from near 1700
cm~! (for galactose) to near 1735 cm™~! (for mannose). The m/z
101 product ion (Fig. 6B) varied in wavelength maxima between
1710 cm™! (for allose) and 1730 cm™! (for mannose). As indicated
in Figure 6C, the m/z 89 product ion ranged in wavelength maxima
between 1690 cm~! (for allose) to near 1720 cm™~' (for mannose).
These comparisons demonstrate that unique features of the photo-
dissociation of gas-phase state(s) of specific hexose anions can be
probed by varying infrared wavelengths over the carbonyl stretch
region, giving rise to product ions having different wavelength
maxima.

Taken together, data from wavelength-dependent photodissoci-
ation of all the aldohexoses indicate that a significant proportion of
the molecular ions in the gas phase exist in the open-chain
carbonyl form. The proportion of open-chain form(s) is far greater
than previously observed in experiments performed with
condensed-phase samples (solid or dissolved in water). Different
sugars are prone to relatively marked variations in their patterns
of photodissociation versus wavelength over the carbonyl stretch
region. Potential reasons for these observations are discussed in
further detail below. Approximate estimates of the relative propor-
tion of the open-chain to cyclic configurations are anywhere from
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1% to 20%. This is based on the relative absorbance of the carbonyl
stretch to the ‘fingerprint’ region (900-1450 cm™!) observed in
liquid phase for glyceraldehyde, a molecule incapable of cycliza-
tion.>” At less than a 1% ratio of open-chain/cyclic configurations,
we would anticipate the carbonyl absorbance ‘dip’ to be too low
to be observed in our experiments. Nonetheless, these approxi-
mate boundaries on the relative proportion of the open-chain form
are much higher than those observed in aqueous solution
(2 x 1075), on the order of 103-~10* higher. This is in keeping with
the unobservable carbonyl stretch in condensed-phase infrared
spectroscopy of aldohexoses®®->2 and a variety of other physical
measurements in solution.?8-!

2.3. Evidence for the open-chain form of monosaccharide
product ions derived from the non-reducing sugar of
disaccharides having either anomeric configuration

Evidence from previous studies’'®> has indicated that a
monosaccharide product ion (m/z 179) is frequently derived from
various disaccharides following CID. However, upon isolation of
this ion the anomeric configuration of the sugar cannot be
ascertained directly from its dissociation pattern,!® as illustrated

in Scheme 2. It has been proposed by various investiga-
tors!>1372526 that a monosaccharide anion rapidly interconverts
between anomeric forms in the gas phase via the open-chain
carbonyl form. Interconversion could potentially occur on the same
time scale as further isolation and dissociation events. This
strongly suggested that monosaccharide anions derived from the
(original) non-reducing sugar of a disaccharide could be in rapid
equilibrium with the open-chain form and that perhaps their car-
bonyl stretch frequencies could be detected in the gas phase.

An experiment to test this possibility is presented in Figure 7.
Infrared photodissociation spectra of the monosaccharide product
ion (m/z 179) derived from the non-reducing sugar of two
disaccharides differing in their anomeric configuration are shown.
The disaccharides, o-p-Glcp-(1-2)-p-Glc and B-p-Glcp-(1-2)-p-
Glc were '80-labeled on the carbonyl group of the reducing sugar
so that the monosaccharide product ion, including the oxygen de-
rived from the glycosidic linkage, could be mass-discriminated
from the monosaccharide product ion potentially derived from
the reducing hexose (Scheme 2). The two spectra of the glucose
product ions derived from either anomeric configuration were
nearly identical. Both showed a comparable increase in abundance
of product ions in the region of the absorbance of the carbonyl
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stretch (near 1710 cm '), indicating that the open-chain configura-
tion of the glucose anion was present to a similar extent, regardless
of initial anomeric configuration. A CO, laser was used to first
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Figure 7. Variable-wavelength infrared multiple-photon dissociation spectra of
isolated monosaccharide (m/z 179) anions derived from the non-reducing sugar of
disaccharide (m/z 343) ions that were '®0-labeled on the carbonyl oxygen of the
reducing sugar. The initial disaccharide was irradiated with a separate CO, laser at
10.6 um, the m/z 179 ion isolated, and its photodissociation (mass spectrum) was
recorded as a function of wavelength of the free-electron laser. Plots represent the
sum of product ions derived from the m/z 179 ion isolated from (blue) '80-labeled
a-D-Glcp-(1-2)-p-Glc and (green) '®0-labeled B-p-Glcp-(1—-2)-p-Glc.

dissociate the '®0-labeled disaccharide (m/z 343), giving rise to
the m/z 179 product ion derived from the non-reducing sugar.
The isolated monosaccharide ion was then irradiated using the var-
iable-wavelength free-electron laser source. The evidence for the
open-chain form of the monosaccharide derived from either ano-
meric linkage explains why no information about the anomeric
configuration of an unknown disaccharide can be garnered from
its monosaccharide product ion (at least, in the negative-ion
mode). Evidently, the equilibration of monosaccharides proceeds
through the open-chain form at a rate rapid enough to prevent
acquisition of independent spectra of either the o or B forms. Con-
sidering that the disaccharide ions must reach high vibrational
energies for unimolecular dissociation to occur, it is entirely possi-
ble that the configurational equilibration rates between forms
(Scheme 2) might be much more rapid than those observed in
aqueous solution.2%31:34

2.4. Theoretical calculations of alkoxy locations and proton
transfer for the open-chain alkoxy anions of p-glucose

Using p-glucose as an example, calculations were performed on
acyclic and cyclic anionic configurations to assess whether alkoxy
groups could potentially reside at different positions and whether
intramolecular proton transfer from hydroxyl groups to alkoxy
anions was theoretically feasible. For the open-chain configura-
tions having an alkoxy group located independently on O-2 to O-
6, their minimum-energy conformations, infrared spectra, and
relative enthalpies and free energies were calculated (Fig. 8). It
should be pointed out that the minimum free-energy structure
arrived at starting with the alkoxy at 0O-6 corresponded to the
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Figure 8. Theoretical calculated minimum-energy conformations, infrared absorption spectra, and overall relative energies for open-chain charge configurations of p-glucose
having alkoxy anions at different positions. Shown are ball-and-stick models for the calculated minimum-energy conformation of each charge state, their calculated infrared
spectra, calculated relative enthalpies and free energies for the open-chain forms of: (A) the 2-alkoxy anion, (B) the 3-alkoxy anion, (C) the 4-alkoxy anion, (D) the 5-alkoxy

anion. Calculations used the program caussian03 as discussed in Section 3.

structure having the alkoxy at O-5 via proton transfer (Fig. 8D), so
only four stable structures were found. The minimum free-energy
conformations that were arrived at (ball-and-stick models, Fig. 8A-
D) showed extensive hydrogen-bonding networks. For the O-2
alkoxy anion, for example, OH-3 and OH-4 were hydrogen bonded
to the O-2 oxygen, the OH-5 to the OH-4 oxygen and the OH-6 to
the OH-5 oxygen. In all stable structures there were two local
hydroxyl groups that participated in hydrogen bonding to adjacent
alkoxy anions. For the O-3 alkoxy anion, these were OH-2 and OH-
4, for the 0-4 alkoxy anion, OH-3 and OH-5, and for the O-5 alkoxy
anion, OH-4 and OH-6. It is worth noting that the minimum-energy
0-2 alkoxy conformation had the lowest relative free energy but
that other charge locations were similar enough in free energy to

be significantly populated, provided that proton transfer was
possible. Moreover, it would be anticipated that for each alkoxy
charge location, rotation about sigma bonds would result in a
series of higher energy bond-rotated structures that could also be
populated to significant extents, depending on their overall
relative free energies.

Importantly, the carbonyl stretching bands that were calculated
for the alkoxy positional variants were not identical but ranged
from 1700 to 1730 cm™! (Fig. 8). This indicates that, depending
on the populations of different alkoxy charge locations, the width
of the overall carbonyl absorption peak might be significantly
larger than that observed for any single structure, which was
observed experimentally. It is also relevant to point out that IRMPD
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typically results from absorption of tens to hundreds of IR photons.
Well below the internal energies required for multiple-photon
dissociation, even prior to the absorption of the very first photon,
the open-chain form must be present; otherwise no absorption
can occur at frequencies in the carbonyl stretch region.

Mechanistic considerations (Scheme 2) have suggeste
that opening of the sugar ring initially proceeds via charge transfer
from an O-1 alkoxy group in the cyclic state to an O-5 alkoxy group
in the open-chain form. If so, then two conditions should be met.
First, the O-1 alkoxy anion structure should be populated. Calcula-
tions performed on the cyclic (o-pyranose) anion indeed indicate
that the anomeric alkoxy site was favored. Free energies were
calculated for the five possible alkoxy anions of the cyclic configu-
rations set relative to the lowest energy open-chain configuration
(0-2 alkoxy at 0.0 kcal/mol). They were for position O-1, 4.7 kcal/
mol; for position 0-2, 9.3 kcal/mol; for position 0-3, 10.1 kcal/
mol; and for position 0-4, 8.1 kcal/mol. The minimum free-energy
structure for the 6-alkoxy location optimized to the same structure
having the alkoxy at position O-4. These calculations indicated that
the free-energy differences between the lowest energy open-chain
and cyclic a-pyranose anionic forms were low, and that for the cyc-
lic form the anion containing the O-1 alkoxy group was indeed a
preferred and populated structure. Second, if the O-5 alkoxy group
is the initially populated charge location upon opening of the sugar
ring, then that anionic structure should be of relatively low free
energy, and it may be capable, through proton transfers, of distrib-
uting charge to other alkoxy locations, resulting in positional
anionic variants having low free energies. The 0-5 alkoxy form
(7.9 kcal/mol, Fig. 8) was of low enough free energy to be apprecia-
bly populated, and other open-chain alkoxy locations (the 2, 3 and
4 sites) had even lower calculated free energies. Provided that
proton transfers were energetically feasible between hydroxyl
and alkoxy groups, these other alkoxy charge sites could be pre-
dominant forms in the open-chain configuration. To evaluate this,
two transition states were evaluated where a proton was posi-
tioned midway between two oxygens at adjacent positions along
open-chain configurations, where the negative charge was delocal-
ized. Values found were for an O-4:H:0-5 anionic transition state,
8.6 kcal/mol, and for an 03:H:04 anionic transition state, 6.1 kcal/
mol, calculated for each of their minimum-energy conformations.
These calculations indicate that the barriers to proton transfer
along an open-chain anion are not large; thus an ensemble of
open-chain structures having alkoxy groups at different positions
appears feasible.

Finally, it is noted that the recorded spectra show absorptions in
the region between 1500 and 1650 cm~! (Figs. 2-5). As shown in
Figure 8A, a calculated absorption band was also observed in this
region for one charge variant at O-2 having a shifted OH-4 bend
frequency. Possibly other higher energy conformers may account
for the absorption that was observed experimentally in this region
for all the sugar anions (Figs. 2-5), because calculations for all the
charge variants of the cyclic configurations in their minimum-en-
ergy geometries did not show a calculated absorption band above
1500 cm ™',

d7.13,15

2.5. Considerations in comparing gas-phase equilibria in a
vacuum to those in solution: solvation effects on
monosaccharide anion interconversion rates

Solvation effects are frequently a concern when comparing
physical measurements of molecules in solution to measurements
performed in vacuo or to theoretical calculations of isolated
structures. In aqueous solution, interconversion rates between
the structures shown in Scheme 1 are pH dependent, as evaluated
by mutarotation studies.>**® At a time when the minor forms in
solution were not established, the interconversion rates for the

major pyranose forms of glucose at 20°C could be expressed
through an equation, k;+k,=0.0060 +0.18[H*] + 16,000[OH"],
where k; represents the rate constant for the conversion from
the o to B form and k, represents the rate constant for conversion
from P to o.>*%° Isbell and Wade®® in an excellent paper summa-
rized a great body of experimental work up to 1967 and described
possible mechanisms that were ‘water catalyzed’ (the first term of
0.0060 in the above equation), ‘acid catalyzed’ (the second term) or
‘base catalyzed’ (the third term). Water-catalyzed mechanisms
have been the topic of many studies and have generated some
controversy, with possible 1-4 water molecules invoked as partic-
ipatory in multiple mechanisms of ring opening in water or water-
aprotic solvent mixtures.>®%9-52 More recently through a series of
experiments involving isotope effects among others, it was con-
cluded that only one water molecule needs to participate and that
it could not bridge the OH-1 and the ring oxygen.®? A transition
state was proposed where O-1 is mostly deprotonated. For the
acid-catalyzed reaction at low pH, it has been suggested that ring
opening is accelerated through a different mechanism (and thus
transition state) involving protonation of the ring oxygen via
intermediary structures involving strong or weak acids or the
hydronium ion.>® Note, however, that the coefficient associated
with the concentration of hydroxide is much larger in the third
term of the equation. Already at pH 7, a significant component of
0.0016 in that term contributes to a partially base-catalyzed
interconversion rate via a separate mechanism.>® At pH 9 or above
this term becomes highly predominant (0.16 at pH 9). Very rele-
vant to the results reported here, it was proposed at high pH that
a mechanism involving deprotonation at OH-1 as a first step is
operational, resulting in the anionic monosaccharide structures
shown in Scheme 2 and not necessarily assuming concurrent
protonation at the O-5 position from water during ring opening
or rapidly thereafter.>83%3¢ Qur studies here indicate that water
involvement in the protonation of the ring oxygen need not occur
as a mandatory participatory event for ring opening of sugar
anions, because the carbonyl group of the anions was observed
in the gas phase in vacuo independent of any solvent.

Regarding comparative rates of interconversion between the
different configurations of the sugar anions in the gas phase or in
aqueous solution, as mentioned, '>C NMR studies of glucose anions
in aqueous solution at high pH (up to 13.7)*>3¢ with complete
assignment of all observable signals, showed only two forms, the
o and B pyranoses, indicating significantly slower interconversion
than the NMR time frame (about 1-2 s). Very low quantities of
the other forms shown in Scheme 1 might have been present as
anionic species, but were either negligible or not observed. Our
studies here indicate significantly higher amounts of the open-
chain forms of the sugar anions in the gas phase and much higher
interconversion rates. This, in part, could be due to differences in
overall thermal energies of the ions in the gas phase as compared
to aqueous solution, but the differences could also quite feasibly
result from solvation effects. For example, it is possible that water
might have an inhibitory effect at high pH on ring opening as
compared to the anions in vacuo. Hydrogen bonding of water to
the O-1 alkoxy charge of the cyclic forms might inhibit electron
density from entering the carbonyl double bond during the shift
of C-1 from sp> to sp? hybridization that must occur somewhere
along the reaction coordinate during ring opening. Also, as
compared to the sugar ions in the gas phase, their aqueous
solutions at high pH are complicated by the presence of counteri-
ons (either Na* or K* in previous NMR studies)**% that would
interact strongly with the O-1 alkoxy negative charge and could
also coordinate with lone-pair electrons from the oxygens of the
sugar hydroxyl groups. Furthermore, the entropic contributions
of the sugar anions and the solvent to the overall free energies of
the different configurations in solution are difficult to assess.



D. J. Brown et al./Carbohydrate Research 346 (2011) 2469-2481 2479

Lewis and Schramm?® also provided evidence in aqueous solu-
tion at high pH that the cyclic anionic forms of glucose can be
deprotonated to lesser extents at positions other than OH-1. This
was based on tritium isotope effects at different positions on the
molecule using anion-exchange chromatography at high pH, '3C
NMR spectroscopy at high pH, and high level quantum chemical
calculations. That the OH-1 of reducing monosaccharides need
not be the only site of deprotonation in solution is also borne out
in >C NMR studies of sucrose at high pH, where deprotonation
occurred at different hydroxyl locations even though an anomeric
OH-1 is absent.®

2.6. Further discussion and caveats

Based on the above results, open-chain configurations were
observed for all eight aldohexoses isolated as anions in the gas
phase. Three possible reasons may account for the different wave-
length maxima of their product ions observed in the carbonyl
stretch region. (1) As mentioned above, an ensemble of different
charge sites may be present, with alkoxy anions potentially located
at any position other than C-1 or C-6 for the open-chain form(s).
Each charge variant within the family, for a single sugar, may have
preferential dissociation channels, giving rise to the different
wavelength maxima observed for individual product ions. (2) Prod-
uct ions are also susceptible to further dissociation using IRMPD.
Some product ions, for example, did not appear to increase in
abundance in stepping through the carbonyl stretch region,
depending on the aldohexose, which we can only attribute to their
increased susceptibility to dissociation relative to the precursor ion
itself. Each product ion may also have its own wavelength depen-
dence for dissociation; thus the overall spectrum is the sum of
fragmentation events of precursor and product ions. (3) Each ion
absorbs infrared photons to some threshold level of internal energy
required for dissociation. The extent of heating above the threshold
can result in dissociation channels, or pathways, becoming avail-
able that would not be available at or slightly above the dissocia-
tion threshold. Therefore, depending on the rate of energy
absorption at specific wavelengths, some dissociation channels
may be favored, or made available, both for precursor or product
ions. Nonetheless, regardless of whether the precursor or product
ions of an aldohexose undergo differential dissociation, it is clear
that the different wavelength optima of the product ions observed
for the different hexoses must be attributed to the stereochemical
difference(s) among them.

In addition to the complexities in interpretation of the
wavelength-dependence discussed above, it is worth pointing out
some caveats of reproducibility using infrared photodissociation in
general using FTICR instruments. Commercially available instru-
ments use a CO, laser with a fixed wavelength of 10.6 pm. Product
mass spectra are dependent on laser alignment, power and irradia-
tion time. While good mass spectral reproducibility can be
maintained over short periods (a few weeks), the stability of laser
outputs over long time periods must be checked with a power
meter and adjusted in combination with the duration of irradiation
to obtain a similar net photon input. Also, lasers that are kept locked
in position near the input window of the mass spectrometer do not
require frequent realignment and hence tend to give more reproduc-
ible results. The laser pulse structure of the FELIX free-electron laser
is quite different from that of cw or pulsed CO, lasers or optical para-
metric oscillator (OPO) lasers. FELIX irradiation pulses are generated
as a sequence of short micropulses bunched into groups of macro-
pulses, with macropulses occurring at regular time intervals of
200 ms in this study.®* The intervals between micropulses and mac-
ropulses allow time for absorbed photons to equilibrate through
intramolecular vibrational redistribution and to some extent,
through emission. Other FTICR instruments having independent

laser sources would be expected to generate spectra that could be
somewhat different in ion ratios than the figures presented herein.
However, differences in spectra using photodissociation with other
instruments is not unlike differences obtained with similar instru-
ments using CID. With anion trap, forexample, changing the collision
energy, the q factor or the collision time will dramatically affect the
product mass spectrum, and different types of traps also result in
minor but reproducible differences in spectra.?? Nevertheless, the
scanning capability of the free-electron laser has enabled some
important aspects of infrared absorption and photodissociation at
the carbonyl frequency to be studied with aldohexoses and is worthy
of further investigation with free-standing lasers or other sources
that cover the 1650-1750 cm ™! wavelength range.

3. Experimental

Infrared photodissociation experiments were carried out using
a Fourier-transform ion cyclotron resonance mass spectrometer
using mass-selected anions of the monosaccharides (m/z 179). lons
were irradiated with macropulses from the Free Electron Laser for
Infrared eXperiments (FELIX) located at the FOM Institute for
Plasma Physics Rijnhuizen, Nieuwegein, The Netherlands.’* The
laser generates a series of micropulses of picosecond duration
separated by 1 ns, based on the timing of electron bunches used
to generate the IR light. A whole pulse train of micropulses com-
prises a ‘macropulse’ which is ~5 ps in length. Finally, a series of
macropulses (30 macropulses over 65, each containing about
35 m]J/pulse) was used to dissociate the anions. FELIX generates
pulses with a full width at half-maximum of 0.5% of the central
linewidth (i.e., about 5 cm™! at 1000 cm™!). The laser wavelength
was varied between 5.5 and 11.4 um (880-1820 cm™!) and mass
spectra were recorded at each of 150-170 wavelengths stepped
in 0.03-0.05 um increments. Variation of the precursor ion abun-
dance and individual product ions or the sum of product ions
was plotted as the percentage of total ions, whereby the presence
of characteristic functional groups and other aspects of structure
can be assessed as a function of IR wavelength.*¢5566 plots were
mildly smoothed using a 3-point moving average.

Ionization was carried out using a commercial electrospray-ion-
ization source (Micromass, Manchester, UK). lons were accumu-
lated in a linear storage hexapole for the duration of the previous
FTICR sequence (about 7 s) and then pulse-extracted. They passed
through a quadrupole deflector (ABB Extrel) and an octopole guide,
thence into the ICR cell.®®

All aldohexoses were of the p-form. Glucose, galactose and
mannose were purchased from Sigma-Aldrich Chemical Co. Allose,
gulose, altrose and talose were from MP Biomedicals. Idose was
from Omicron Biochemicals. The disaccharides, sophorose (B-p-
Glcp-(1-2)-p-Glc) and kojibiose (o-p-Glcp-(1—-2)-p-Glc) were
purchased from Serva Biochemicals and Koch-Light Laboratories,
respectively. Sugars were prepared at 1mM in a solution of
95:5-98:2 MeOH/water (vol/vol) containing 1 mM NaOH. The
freshly prepared solutions were introduced immediately into the
mass spectrometer using an electrospray-ionization source, and
sprayed continuously for a period of about 90 min during acquisi-
tion of spectra stepped over multiple wavelengths. Independent
nuclear magnetic resonance spectroscopy experiments of solutions
of glucose and galactose in 90:10 CDs0D/D,0 containing 1 mM
NaOH were carried out at 500 MHz at the University of Colorado-
Denver, Anschutz Medical Campus. Solutions were followed over
time to evaluate whether these sugars enolized*>%” significantly
under these conditions. No change was observed over a two-hour
period, although after 4 days, evidence was seen for enolization.
As the 1 mM NaOH was required for ionization using the source
in the Netherlands, all solutions were freshly prepared and
analyzed immediately. The NaOH was not required for adequate
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generation of aldohexose anions on another instrument (a Thermo-
Finnigan LTQ-FTICR Ultra) located at the University of Colorado-
Denver, where the front-end linear ion trap greatly improved
sensitivity prior to introduction into the FTICR.

Labeling the reducing end of the disaccharides with %0 was
carried out as previously described.'*!> Disaccharides (1 mg) were
dissolved in H,'80 (Cambridge Isotopes, 100 pL) for 4 days, and
stored frozen. Just prior to use, this solution was diluted to 1 mM
in MeOH containing 1 mM NaOH, and the 80-labeled disaccharide
anion having m/z 343 was isolated and subsequently irradiated.

Theoretical calculations of the anionic structures and infrared
spectra for open-chain and cyclic configurations of p-glucose
utilized the program caussian03,%® carried out to the same level of
theory for each anionic and transition state variant. Minimum-en-
ergy structures were initially geometry optimized with the B3LYP/
6-311G++(d,p) functional and basis set combination, then
subsequently single-point energy calculated at that geometry
using MP2/6-311G++(d,p). Vibrational frequencies were scaled by
0.965. Intramolecular hydrogen bonding differed among the
anionic variants having the alkoxy group at different positions.
Calculations were carried out for alkoxy anions located from O-2
to 0-6 for the acyclic configurations, and from O-1 to 0-4 and O-
6 for the cyclic forms. Calculations were also carried out for two
transition states in open-chain configurations where the proton
from one hydroxyl group having an adjacent alkoxy site was
positioned midway between the oxygens, thereby delocalizing
the negative charge. Transition states were calculated with either
a proton shared between the 0-3 and O-4 or between the 0-4
and O-5 positions.

4. Summary and conclusions

Irradiation of the anions of aldohexoses in the gas phase using
infrared wavelengths in the carbonyl stretch region showed a rel-
atively large absorbance peak as measured by photodissociation of
the ions, indicating a significant proportion of the open-chain form.
Due to differences in dissociation patterns unique to each aldohex-
ose, mass spectra displayed marked changes in product ion ratios
over the spectral region covering carbonyl stretch wavelengths.
Wavelength maxima for specific product ion abundances varied
over this region, which included different product ions from the
same sugar as well as the same product ions in comparing different
sugars. Theoretical calculations indicate that an ensemble of open-
chain charge locations is possible having alkoxy anions at different
positions. Photodissociation in the carbonyl stretch region enabled
the stereochemistry of aldohexoses to be differentiated. Further
investigation is warranted with other FTICR instruments and
sources covering the 1650-1750cm~' wavelength range.
Experiments on sugar anions in the gas phase also shed light on
mechanisms invoking the participation of water in interconver-
sions of sugar configurations under aqueous basic conditions,
because opening of the sugar rings as anions in vacuo is an intrinsic
property of the ions independent of solvent.
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