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Abstract

The Na1 affinities of several mono- and disaccharide stereoisomers are determined in the gas phase based on the
dissociations of Na1-bound heterodimers [saccharide1 Bi]Na1, whereBi represents a reference base of known Na1 affinity
(kinetic method). The compounds investigated include the pentoses arabinose, xylose, and ribose; the hexoses glucose,
galactose, and mannose; and the disaccharides melibiose, gentiobiose, and lactose. The decompositions of [saccharide1
Bi]Na1 are assessed as a function of internal energy, to thereby obtain both absolute Na1 affinities as well as relative entropies
of Na1 attachment. The Na1 affinities measured are consistent with multidentate coordination of sodium ion by the oxygen
sites of the saccharides. In general, hexoses bind Na1 stronger than pentoses, suggesting that the hydroxymethyl substituent
equips them with more conformational flexibility and larger inductive effects for complexing Na1. The latter properties are
further enhanced in the disaccharides, which also carry more basic substituents; as a result, disaccharides form even stronger
bonds to Na1. The entropies of Na1 attachment are found to rise in the order pentose, hexose, disaccharide, pointing to
an increase in this direction of the rotational flexibility lost after attachment of Na1. The favored [monosaccharide1 Na]1

structures predicted computationally contain pyranose rings in chair or boat conformations that permit tri- or tetradentate Na1

coordination and hydrogen bonds between the hydroxyl ligands; the most stable disaccharide complexes are tetradentate and
involve chair forms. In the calculated structures, the pyranose O atom and the hydroxymethyl group(s) generally participate
in the Na1 binding, in agreement with the experimental trends. Small changes in the saccharide stereochemistry alter the
optimum Na1 coordination possible and, therefore, the Na1 affinity; as a result, the latter thermochemical property is ideally
suitable for the distinction of stereoisomeric saccharides. (Int J Mass Spectrom 189 (1999) 189–204) © 1999 Elsevier Science
B.V.
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1. Introduction

The involvement of metal ion–saccharide interac-
tions in key biological processes, such as the binding
of metal ions to cell walls [1] and Na1-glucose

transmembrane transport [2], has created immense
interest in the gas phase (i.e. intrinsic) chemical
properties of the metal ion complexes of saccharides.
These properties can readily be explored in the
solvent-free environment of the mass spectrometer
which, as a result, has enjoyed extensive use in the
study of the intrinsic chemistry of metal ion-coordi-
nated sugars. Most mass spectral studies of the Na1* Corresponding author. E-mail: wesdemiotis@uakron.edu
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binding to saccharides so far have dealt with the
characterization of the fragmentation patterns of
[polysaccharide1 Na]1 ions, based on which the
saccharide’s sequence and structure can be deciphered
[3–18]. A challenging problem in these efforts is the
fact that a given saccharide has a large number of
stereoisomers that are difficult to distinguish by con-
ventional (i.e. dissociative) mass and tandem mass
spectrometry approaches [19,20]. To overcome this
limitation, several investigators have combined novel
derivatization and fragmentation techniques, in order
to make the differentiation of saccharide stereoiso-
mers a more expedient and/or more accurate process
[21–30]. Thermochemistry has recently been recog-
nized as an alternative, sensitive tool for the identifi-
cation of exact structure and stereochemistry [31–37].
Unfortunately, literature about the thermodynamics of
alkali metal ion–saccharide complexes has remained
scarce. The knowledge available at this moment is
limited to qualitative orders of the alkali metal ion
affinities of a few mono- and disaccharides
[18,22,38,39]. The present investigation provides first
experimental values of the absolute Na1 affinities of
selected pentoses, hexoses, and hexose-based disac-
charides and substantiates the usefulness of such data
for distinguishing stereoisomers. The affinities are
determined by tandem mass spectrometry [19], using
the Cooks kinetic method [34,40,41] in a modified
version [42,43]. The experimental Na1 affinities are
combined with theoretical calculations to characterize
the structures of the [saccharide1 Na]1 complexes
and rationalize the experimental trends.

2. Thermochemical method

The sodium ion affinity (DHNa1
o ) of a saccharide

(Sac) corresponds to the dissociation energy of the
Sac–Na1 bond. Cleavage of this bond also causes
changes in entropy (DSNa1

o ) and free energy (DGNa1
o ),

which are interrelated via DGNa1
o 5 DHNa1

o 2
TDSNa1

o . The kinetic method measures relative free
energies. Specifically, it compares the rates of disso-
ciation of a Na1-bound dimer to each of the individ-
ual sodiated monomers to estimate the difference in

DGNa1
o between the two monomers. For heterodimers

between a saccharide (Sac) and a series of reference
bases (Bi), depicted as Sac–Na1–Bi or [Sac1

Bi]Na1, the pertinent dissociations are

Sac1 @Bi#Na1 ¢O
ki

@Sac1 Bi#Na1 ¡
k

@Sac]Na1 1 Bi

(1)

ln~k/ki! 5 D~DGNa1
o )/RTeff

5 2D~DSNa1
o !/R 1 D~DHNa1

o !/RTeff (2)

The dissociations of Eq. (1) cleave electrostatic
bonds, which generally proceeds with no reverse
activation energy [44]. In such a case, the natural
logarithm of the relative rate constant of the two
reactions, i.e. ln(k/ki), is given by Eq. (2), whereTeff

is the effective temperature of the dissociating [Sac1

Bi]Na1 dimer and D(DGNa1
o ), D(DSNa1

o ), and
D(DHNa1

o ) are the relative free energy, entropy, and
affinity between the Sac–Na1 and Bi–Na1 bonds,
respectively.

D(DSNa1
o ) ' 0 when the two bases contained in the

dimer ion are structurally similar compounds forming
the same types of bond(s) to the metal ion bridging
them [42,43]. Unfortunately, a set of reference bases
(Bi) with both known sodium ion affinitiesand
saccharide-like structures does not exist. Hence,
D(DSNa1

o ) Þ 0; nevertheless, this entropy parameter
can be kept constant ifBi are chosen to be chemically
similar with each other, coordinating Na1 in an
analogous mode; they still may differ from Sac
[42,43,45–47]. With this prerequisite, Eq. (2) can be
expanded to

ln~k/ki! 5 @DHNa1
o (Sac)/RTeff 2 D~DSNa1

o !/R#

2 DHNa1
o ~Bi!/RTeff (3)

where the terms remaining constant within a series of
heterodimers [Sac1 Bi]Na1 have been combined in
brackets. The quantity within brackets represents an
apparent free energy of Na1 attachment to Sac,
DGNa1

app(Sac), as defined by Eq. (4).
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DGNa1
app(Sac)/RTeff 5 DHNa1

o (Sac)/RTeff

2 D~DSNa1
o !/R (4)

D~DSNa1
o ! 5 @DGNa1

app(Sac)MI

2 DGNa1
app(Sac)He#/@THe 2 TMI# (5)

The experiment measures the rate constant ratios
k/ki, which are equal to the ratios of the abundances
of [Sac]Na1 and [Bi]Na1 in the tandem mass spectra
of [Sac1 Bi]Na1. A plot of ln(k/ki) versus the
known sodium ion affinities of the reference bases,
DHNa1

o (Bi), yieldsTeff andDGNa1
app(Sac). The entropic

and enthalpic contributions toDGNa1
app(Sac) can be

deconvoluted by determining the rate constant ra-
tios at two or more effective temperatures.Teff is a
measure of the internal energy of [Sac1 Bi]Na1

[48,49] and can be changed by collisional excita-
tion. Application of Eq. (3) to metastable dimer
ions (MI) as well as to dimer ions that have been
subjected to collisionally activated dissociation
(CAD) with He furnishes two effective tempera-
tures (TMI andTHe) and two apparent free energies
of Na1 attachment ([DGNa1

app]MI and [DGNa1
app]He) for

each saccharide. From this information,D(DSNa1
o ),

i.e. the entropy difference between the Sac–Na1

and Bi–Na1 bonds, is calculated according to Eq.
(5), andDHNa1

o (Sac), i.e. the sodium ion affinity of
the saccharide in question, from Eq. (4) [42].
Alternatively, if more than twoTeff values are
available, D(DSNa1

o ) and DHNa1
o (Sac) can be ob-

tained by plotting DGNa1
app/RTeff versus 1/RTeff

[43,45– 47].
The described approach has been used success-

fully to measure the proton or metal ion affinities of
biomolecules, where chemically similar reference
bases do not exist [42,43,45– 47]. Moreover, the
method also assesses relative bond entropies which,
combined with the affinity data, can reveal valu-
able insight about the structure and rotational
flexibility of the metalated species and the extent
of noncovalent interactions present in them
[42,43,45,47].

3. Experimental

The experiments were performed with a VG Au-
toSpec tandem mass spectrometer ofE1BE2 geometry
[50]. Heterodimers [Sac1 Bi]Na1 were generated
by FAB, using ;12 keV Cs1 ions as bombarding
particles and monothioglycerol as the matrix. The MI
and CAD spectra of [Sac1 Bi]Na1 were acquired at
a kinetic energy of 8 keV as described in detail
elsewhere [42,43]. In CAD, the target gas was He or
Ar (80% transmittance). The peak widths at half
height of all MI signals fall within 236 3 V after
correction for the main beam width [51b]. From these
peak widths, kinetic energy releases (T0.5) were
calculated by established procedures [51ab]; represen-
tative values are reported in the legends of Figs. 1 and
2. The MI and CAD spectra measured are multiscan
summations and reproducible to better than65%.

Fig. 1. MI spectra of [hexose1 GG]Na1 ions. (a) Glucose, (b)
galactose, and (c) mannose. TheT0.5 values of the [hexose]Na1

and [GG]Na1 peaks in all three spectra are 23 and 18 meV,
respectively.
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From these spectra, the ratiok/ki was calculated by
dividing the peak heights of [Sac]Na1 and [Bi]Na1.

The samples were prepared from saturated solu-
tions in thioglycerol of the appropriate saccharide,
reference base, and sodium acetate. To generate the
desired heterodimer ion,;0.5 mL aliquots of the
individual stock solutions were mixed and a few
microliters of the resulting mixture were transferred
onto the FAB probe tip. The pentoses (D-form),
hexoses (D-form), and disaccharides as well as so-
dium acetate and thioglycerol were purchased from
Sigma and were used without any modification.

4. Theory

Ab initio calculations were run on a Silicon Graph-
ics O2 station, using Gaussian 94 [52] interfaced with

Gaussview [53], or on a pentium PC, using Gaussian
94 for windows interfaced with Chem-3D [54].
Semiempirical calculations and molecular mechanics
calculations with the MM2 forcefield were run on the
PC using the MOPAC [55] and Chem-3D programs.
The structures and energies of the monosaccharide
systems were evaluated at the AM1 and several ab
initio levels. On the other hand, the geometries of the
larger [disaccharide]Na1 systems were only assessed
empirically (MM2).

In solution, the monosaccharides studied exist
exclusively or predominantly ($80%) in the form of
cyclic pyranose hemiacetals [56]. Such species can
have a large number of distinguishable conformations
[56]. For each monosaccharide, thea- andb-anomers
of the eight conformers shown in Scheme 1 were
considered (16 different conformers per Sac). Na1

attachment above and below the plane of all 16 Sac

Fig. 2. MI spectra of [pentose1 Ade]Na1 ions. (a) Arabinose, (b)
xylose, and (c) ribose. TheT0.5 values of the [pentose]Na1 and
[Ade]Na1 peaks in all three spectra are 15 and 13 meV,
respectively.

Scheme 1. Pyranose ring conformations considered in the ab initio
calculations.
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conformers was attempted, resulting in 32 different
structures for each [Sac]Na1 ion. Initial [Sac]Na1

geometries were obtained by AM1 calculations and
reoptimized at the HF/STO-3G level. The Na1 com-
plexes with at least bidentate coordination, as well as
any complex with the ether oxygen and/or the hy-
droxymethyl group involved as ligands, were sub-
jected to further optimization at the HF/3-21G level.
The most stablea- and b-conformers of each
[Sac]Na1 arising in the latter step were optimized at
the HF/6-31G* level and the final energies were
obtained at the B3LYP/6-3111G(2d,2p)//HF/6-31G*
level. Finally, basis set superposition errors (BSSE)
were estimated at the B3LYP/6-3111G(2d,2p) level
with the counterpoise method.

5. Results and discussion

The saccharides studied encompass the pentoses
arabinose (Ara), xylose (Xyl), and ribose (Rib); the
hexoses glucose (Glc), galactose (Gal), and mannose
(Man); and the disaccharides melibiose (Mel), gentio-
biose (Gen), and lactose (Lac). Their structures are
depicted in Scheme 2, where reducing ends are shown
in the pyranose form [56]. The reference bases uti-
lized in the [Sac1 Bi]Na1 dimers were nucleobases
(NB) or peptides (Pep). All saccharides studied were
compared against the nucleobases guanine (Gua),
cytosine (Cyt), and adenine (Ade). Additionally, the
monosaccharides were also paired with the dipeptides
glycylglycine (GG), glycylalanine (GA), and alany-
lalanine (AA), in order to corroborate the affinity
values and entropy effects deduced with the nucleo-
baseBi set. The Na1 affinities of the twoBi sets are
summarized in Table 1 [42,43]. Each reference base
series consists of chemically similar molecules, coor-
dinating Na1 in a common fashion (Scheme 3), as
required by the kinetic method variant applied here.
The Na1 affinity order determined from [Sac1
Bi]Na1 dimers was further validated by comparing
selected saccharides directly to each other in [Sac1 1

Sac2]Na1 dimers.

Scheme 2. Pentoses, hexoses, and disaccharides studied. The
anomeric C–OH bond in reducing ends (which can bea or b) is
depicted by a wavy line. The saccharides are shown in their most
stable pyranose conformations [56,59–66].

Table 1
Na1 affinities of reference bases

Base set (Bi)
DHNa1

o (Bi)
a

(kJ mol21) Ref.

Nucleobases (NB)
Adenine (Ade) 172 [42]
Cytosine (Cyt) 177 [42]
Guanine (Gua) 182 [42]

Dipeptides (Pep)
Glycylglycine (GG) 177 [43]
Glycylalanine (GA) 179 [43]
Alanylalanine (AA) 180 [43]

a Determined using the kinetic method and the 298 K Na1

affinity of N,N-dimethyl formamide as absolute anchor [43].
Hence, the listedDHNa1

o (Bi) values correspond to 298 K affinities.
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5.1. Tandem mass spectra of the Na1-bound
heterodimers

The MI spectra of dimers [Sac1 Bi]Na1 display
essentially two fragment ions, namely [Sac]Na1 and
[Bi]Na1; this is attested for the isomeric series
[hexose1 GG]Na1 and [pentose1 Ade]Na1 in
Figs. 1 and 2, respectively. All metastable [Sac]Na1

and [Bi]Na1 peaks have Gaussian shape and their
peak widths at half height correspond to kinetic
energy releases of,25 meV (see legends of Figs. 1
and 2). Such characteristics are consistent with the
competitive dissociations of Eq. (1) proceeding with-
out appreciable reverse activation energies [51], as
required by the experimental method used.

The competitive eliminations of one Sac orBi unit
remain as the main decomposition channels also after
collisional activation, as documented in Fig. 3 by the
CAD/He spectrum of [Gal1 GA]Na1. No other
significant fragmentation takes place, substantiating
that the two bases forming the dimer are weakly
bridged via a central Na1 ion, viz. Sac–Na1–Bi; this
connectivity is a prerequisite for using the kinetic
method to determine bond energies (vide supra) [34].
Dimers [Sac1 1 Sac2]Na1 show completely parallel
features in their MI and CAD spectra.

5.2. From tandem mass spectra to thermochemical
data

The dissociations of [Sac1 Bi]Na1 were assessed
at two effective temperatures, corresponding to meta-
stable dimer ions (TMI) and to dimer ions that were
collisionally activated with He (THe). Figs. 1–3 show
relevant MI and CAD spectra, in which the abundance
ratio of [Sac]Na1 to [Bi]Na1 is equal to the rate
constant ratio k/ki. As exemplified for [Gal1
Bi]Na1 in Fig. 4, plotting ln(k/ki) from the MI
dissociations versusDHNa1

o (Bi) affords a regression
line whose slope and intercept yield, according to Eq.
(3), TMI of [Gal 1 Bi]Na1 and the apparent free
energy of Na1 attachment to Gal atTMI, i.e.
DGNa1

app(Gal)MI, respectively. Similar treatment of the
CAD/He dissociations of [Gal1 Bi]Na1 supplies
THe andDGNa1

app(Gal)He (Fig. 4). This information and
Eqs. (4) and (5) allow one to calculate the sodium ion
affinity of Gal, i.e.DHNa1

o (Gal), as well as the relative
entropy of the Gal–Na1 and Bi–Na1 bonds, i.e.
D(DSNa1

o ).
Eqs. (4) and (5) presuppose a linear relationship

betweenDGNa1
app and Teff. To corroborate this pre-

sumption, dimers [Rib1 Pep]Na1 and [Lac1
NB]Na1 were also investigated at a third effective
temperature, corresponding to CAD with Ar (TAr). A
plot of DGNa1

app/RTeff versus 1/RTeff can then be
constructed, as shown for Rib in Fig. 5. The resulting
regression line providesDHNa1

o from the slope and
D(DSNa1

o ) from the intercept. The so-obtained ther-
mochemical data of Rib and Lac are indistinguishable
from those calculated based on only two effective
temperatures (Table 2), which is not surprising con-

Fig. 3. CAD/He spectrum of [Gal1 GA]Na1.

Scheme 3. Structures of [NB]Na1 (NB 5 Ade, Cyt, Gua) [42] and
[Pep]Na1 (Pep5 GG, GA, AA) [43].
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sidering the excellent linear correlation of Fig. 5. Plots
of this type have generally been found to show very
high correlation coefficients (r2 . 0.999) [43,45–
47], confirming that the apparent free energy of Na1

attachment depends linearly on effective temperature.
Such a result further verifies thatD(DSo) remains
constant for chemically similar reference bases (as
assumed) and that it is independent ofTeff.

Table 2 summarizes the Na1 affinities and relative
bond entropies deduced for the saccharides studied.
The error limits are67 kJ mol21 for DHNa1

o 6,1 kJ
mol21 for D(DHNa1

o ), and 62 J mol21 K21 for
D(DSNa1

o ). The kinetic method can probe very small
differences in affinities and, therefore, provides rela-
tive thermochemical data with high accuracy
[34,37,41–43]; the error limits of absolute values are,
however, greater due to the uncertainty inDHNa1

o (Bi).
Replicate measurements of the same [Sac1

Bi]Na1 set lead to effective temperatures lying within
;670 K for MI and6110 K for CAD spectra.Teff of

different monosaccharides can vary beyond these
experimental reproducibilities (Table 2). The effective
temperature reflects the internal energy of the dissociat-
ing [Sac1 Bi]Na1 precursor ions [34,48,49] and
expectedly increases from MI to CAD conditions
(Table 2).TMI and TCAD depend on several factors,
including the internal energy distribution upon FAB
ionization, the size and structure of the monosaccha-
ride and reference base, the dissociation thresholds of
the Sac–Na1 andBi–Na1 bonds in the Sac–Na1–Bi

dimer, and (in CAD) the collisional cross sections of
the dimer ions with the target gas used; in addition,
Teff is affected by the solubility and concentration of
the sample in the FAB matrix [57]. Even under
constant experimental conditions, some of this vari-
ables cannot be controlled and may cause the ob-
servedTeff fluctuations between different saccharide
dimers.

5.3. Sodium ion affinities

The Na1 affinities determined in this study in-
crease in the order Ara, Xyl , Glc , Rib , Gal ,

Fig. 4. Plot of ln(k/ki) vs.DHNa1
o (Bi) at two effective temperatures

for heterodimers [Gal1 Bi]Na1 (Bi 5 GG, GA, AA). The rate
constant ratiok/ki is equal to the ratio of the abundances of
[Gal]Na1 and [Bi]Na1 in the corresponding MI (closed circles) and
CAD/He (open circles) spectra. The slopes of these lines provide
the effective temperaturesTMI andTHe, while the intercepts provide
the apparent free energy of Na1 attachment to Gal (DGNa1

app) at these
temperatures, cf. Eq. (3).

Fig. 5. Plot of DGNa1
app(Rib)/RTeff vs. 1/RTeff for heterodimers

[Rib 1 Bi]Na1 (Bi 5 GG, AG, AA) and the effective tempera-
tures corresponding to MI, CAD/He, and CAD/Ar spectra. The
slope of this line provides the Na1 affinity of Rib and the intercept
provides the relative entropy of the Rib–Na1 andBi–Na1 bonds,
cf. Eq. (4).
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Man ,, Mel , Gen, Lac. DHNa1
o ranges between

170 and 179 kJ mol21 for the monosaccharide and
between 198 and 204 for the disaccharide stereoiso-
mers. These values lie considerably above the Na1

affinities of simpler mono- or bidentate O ligands,
such as methanol (111 kJ mol21) [58], dimethyl ether

(93 kJ mol21) [44], or dimethoxy ethane (161 kJ
mol21) [44], revealing that the saccharides coordinate
Na1 in a multidentate mode ($2), as expected from
their polyfunctional structures and their behavior in
solution [56].

The DHNa1
o order of the monosaccharides is inde-

Table 2
Na1 affinitiesa and relative entropies of Na1 attachment of the saccharides studied

Saccharide (Sac)
DGNa1

app(Sac)MI

(kJ mol21)
TMI

(K)
DGNa1

app(Sac)He

(kJ mol21)
THe

(K)
D(DSNa1

o )b

(J mol21 K21)
DHNa1

o (Sac)c

(kJ mol21)
AverageDHNa1

o (Sac)d

(kJ mol21)

Monosaccharides
Arabinose (Ara)

Bi 5 NBe 171.3 305 169.8 1031 12.1 171.9 170
Bi 5 Pepf 171.7 401 173.5 614 28.5 168.3

Xylose (Xyl)
Bi 5 NBe 172.9 324 171.4 1286 11.6 173.4 171
Bi 5 Pepf 172.9 430 175.3 708 28.6 169.2

Ribose (Rib)
Bi 5 NBe 176.1 307 175.8 730 10.7 176.3 176
Bi 5 Pepf,g 176.2 227 178.9 547 28.4 174.8

Glucose (Glc)
Bi 5 NBe 171.5 436 165.6 1269 17.1 174.6 174
Bi 5 Pepf 175.9 415 177.5 752 24.7 174.0

Galactose (Gal)
Bi 5 NBe 172.5 476 159.1 2486 16.7 175.7 177
Bi 5 Pepf 179.0 305 179.5 516 22.4 178.3

Mannose (Man)
Bi 5 NBe 175.0 583 160.8 2149 18.2 178.5 179
Bi 5 Pepf 179.3 267 180.0 573 22.3 178.7

Disaccharides
Melibiose (Mel)

Bi 5 NBe 193.3 483 189.9 807 110.5 198

Gentiobiose (Gen)
Bi 5 NBe 195.0 501 190.6 898 111.1 201

Lactose (Lac)
Bi 5 NBe,g 197.6 481 192.2 898 113.0 204

a Because the referenceDHNa1
o (Bi) data are for 298 K (see footnote a in Table 1), the absolute saccharide affinities derived also are for 298

K.
b Calculated by Eq. (5).
c Calculated by Eq. (4).
d Average value of the affinities resulting from the two base sets used.
e NB 5 nucleobases adenine, cytosine, and guanine.
f Pep5 dipeptides glycylglycine, glycylalanine, and alanylalanine.
g For Rib and Lac,DGNa1

app was also determined using CAD/Ar (TAr). The correspondingDGNa1
app/RTeff vs. 1/RTeff plots (cf. Fig. 5) lead to

D(DSNa1
o ) 5 27.5 J mol21 K21 for Rib vs. Pep and112.5 J mol21 K21 for Lac vs. NB, and toDHNa1

o 5 175 kJ mol21 for Rib and 203
kJ mol21 for Lac.
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pendent of the reference base set used (Table 2),
pointing out that the same population of [Sac]Na1

conformers is sampled with either [Sac1 NB]Na1 or
[Sac1 Pep]Na1 dimers. The relative affinities be-
tween individual monosaccharides, i.e.D(DHNa1

o ),
vary from 1 to 9 kJ mol21 (Table 2); such values are
small but beyond experimental error (,1 kJ mol21)
and larger than the smallest affinity differences mea-
surable by the kinetic method (0.2–0.4 kJ mol21

[34,37]). The ability of the latter method to gauge
small changes in Na1 affinity is clearly evident from
the differences observed in the MI spectra of Figs. 1
and 2, which compare isomeric hexoses and pentoses
against a dipeptide (GG) or nucleobase (Ade) anchor,
respectively. It is noteworthy at this point that the
experimental quantity measured (k/ki) probes directly
D(DHNa1

o ), not absoluteDHNa1
o values, cf. Eq. (2).

Hence, the comparatively larger error limits of abso-
lute affinities (vide supra) do not invalidate the
affinity order and relative values derived in this study.

All isomeric mono- or disaccharides exhibit distin-
guishable Na1 affinities, demonstrating a correlation
between the Sac–Na1 bond stability and the saccha-
ride’s stereochemistry. The reproducibly distinct
DHNa1

o order of epimers, i.e. stereoisomers differing
in the configuration at one chiral center (Rib/Ara,
Rib/Xyl, Gal/Glc, Glc/Man), further indicates that
exact ligand geometry plays an important role in
attaining the optimum coordination environment for
Na1. DHNa1

o increases with the number of O atoms
(pentose, hexose,, disaccharide), which are po-
tential binding sites [44]. Nevertheless, the lower Na1

affinity of glucose vis a` vis that of ribose shows that
a larger number of O sites does not necessarily lead to
a higher Na1–Sac bond energy. Factors, such as the
ligand orientation and conformation of Sac and the
extent of auxiliary H bonding that can be supported
within [Sac]Na1 need also be considered. The influ-
ence of these variables on the stability of [Sac]Na1

and, hence,DHNa1
o , is examined later by theory.

In protic solvents, reducing saccharides that have
the necessary number of carbon atoms exist mainly
($80%) in the form of cyclic pyranose hemiacetals
[56]. For this reason, the thioglycerol solutions sub-
jected to FAB in this study should primarily contain

pyranose structures (Scheme 2). Assuming that these
pyranoses are desorbed into the gas phase, the affinity
data of Table 2 reflect the effects of complexing a
sodium ion to pyranose rings with different number
and arrangements of hydroxyl substituents. One sig-
nificant difference between the pyranose ring of
pentoses and hexoses is the presence of a hydroxy-
methyl substituent in the latter (Scheme 2). Such a
substituent affords the hexoses a larger conforma-
tional flexibility and stronger inductive effects, which
would affect their Na1 binding. Supporting evidence
that the hydroxymethyl substituent of the hexoses
(and disaccharides) is involved in the complexation of
Na1 comes from the relative entropy data,D(DSNa1

o ),
listed in Table 2.

5.4. Entropy effects

D(DSNa1
o ) represents the difference in entropies

between the two bonds compared in the Sac–Na1–Bi

dimer, viz. D(DSNa1
o ) 5 DSNa1

o (Sac)2 DSNa1
o (Bi).

This parameter depends on the choice of reference
bases, as confirmed in Table 2 by theD(DSNa1

o ) data
of the monosaccharides, which were measured against
either NB or Pep molecules asBi. In previous studies,
we have shown thatD(DSNa1

o ) is related to the
structures of the ligands of the Na1-bound dimer and
that it primarily reflects how rotational degrees of
freedom in either the biomolecule under study or the
reference base are altered upon attachment of the
sodium ion [42,43]. The positiveD(DSNa1

o ) values
obtained with [Sac1 NB]Na1 heterodimers indicate
that the sugars recover more rotational entropy than
the nucleobases once they detach from Na1. On the
other hand, the negativeD(DSNa1

o ) quantities obtained
with [Sac1 Pep]Na1 dimers (Table 2) reveal that
Pep recovers more rotational flexibility upon elimina-
tion from the dimer than does Sac. It is noteworthy
that the relative entropies of [hexose1 Bi]Na1 are
more positive (less negative) than those of [pentose1
Bi]Na1 with both Bi sets, strongly suggesting that
cleavage of the hexose–Na1 bond causes a larger
entropy gain than cleavage of the pentose–Na1 bond.
This trend can be accounted for if the hydroxymethyl
group of the hexoses participates in the coordination
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of Na1. Such an involvement would hinder rotation
around the C–CH2–OH bonds in the metalated spe-
cies. The restricted rotational degrees of freedom
would, however, be recovered (at least partly) when
the hexoses are demetalated, thereby giving rise to the
mentioned larger entropy gain for the hexoses com-
pared to the pentoses.

The relative entropies of the disaccharides studied
(against NB) are even more positive than the relative
entropies of the hexoses (against NB). This finding is
not surprising, considering that disaccharides possess
a larger number of rotors which could be rotationally
restricted after Na1 addition. Interestingly, the largest
relative entropy is observed for the disaccharide
carrying two hydroxymethyl groups (lactose), pre-
sumably because both these groups participate in the
binding of Na1.

5.5. Correlation of the Na1 affinities to the
[Sac]Na1 structures predicted by theory

Neutral saccharides can exist in a large number of
pyranose conformations. The preferred pyranoses
contain chairs with most substituents in equatorial
positions (Scheme 2), both in solution [56] and the
gas phase [59–66]. The best coordination of Na1

may, however, be achieved by less stable chair or boat
conformers that can more efficiently solvate the metal
ion. Due to such conformational complexity, it is very
difficult to assess the structure of the [Sac]Na1

complexes from the experimental data alone. To
obtain more information on the nature of the Sac–Na1

bond, the geometries and energies of several
[Sac]Na1 conformers have been interrogated compu-
tationally.

5.5.1. Hexoses and pentoses
The monosaccharide conformers considered

(Scheme 1) are thea- and b-anomers of the eight
basic pyranose rings, which include the4C1 and1C4

chair forms and the1,4B, B1,4,
2,5B, B2,5,

0,3B, and
B0,3 boat forms [56]. Other, more strained conforma-
tions, such as the skew, half-chair, and sofa forms,
which are less common in solution, were not investi-
gated. The customarily used numbering of the C and

O atoms in pyranose rings of pentoses and hexoses is
given in Scheme 4.

The a- and b-anomers of each monosaccharide
were examined in the eight chair and boat conforma-
tions mentioned previously. The geometries and en-
ergies of the complexes arising by Na1 attachment
above and below the plane of these conformers were
calculated at various ab initio levels. Results at the
HF/3-21G level of theory indicate that structures with
only monodentate coordination of Na1 are higher in
energy than multidentate conformers. For complexes
offering the same number of ligands to Na1, those
involving the hemiacetal oxygen of the pyranose ring
are found to be lower in energy. Similarly, the hexose
conformers with a binding interaction between Na1

and the hydroxymethyl group are lower in energy than
those in which the hydroxymethyl group is only
involved in H bonding. It is further observed that
several chair conformers of [Sac]Na1 collapse into
boats or sofas upon optimization in order to increase
the number of ligands to Na1. The lower energy
[Sac]Na1 complexes are tri- or tetradentate and con-
tain Na1 bound to the hemiacetal oxygen and at least
two hydroxyl groups of the pentoses, or to the
hemiacetal oxygen, the hydroxymethyl group, and at
least one additional hydroxyl group of the hexoses.
Optimization of the most stablea- andb-anomers of
each [Sac]Na1 at the HF/6-31G* level of theory leads
to the geometries shown in Figs. 6 and 7. Table 3
presents the relative energies of these conformers at
several levels of theory.

Fig. 6 reveals thatb-[Glc]Na1, b-[Gal]Na1, and
b-[Man]Na1 are tetradentate complexes with the
same type of ligands to Na1. In the b-[Man]Na1

Scheme 4. Numbering of the heavy atoms in the pyranose rings of
pentoses and hexoses.
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complex, Na1 is solvated by the4C1 chair of man-
nose; in contrast, Glc and Gal have to adopt the less
favorable0,3B boat ring structure in order to provide
the most efficient coordination to Na1, explaining the
lower stability of theb-[Glc]Na1 and b-[Gal]Na1

systems versusb-[Man]Na1 (Table 3).b-[Glc]Na1

and b-[Gal]Na1 are epimers, differing only in the
position of the hydroxyl group at O4, which is axial in
0,3B b-[Glc]Na1 and equatorial in0,3B b-[Gal]Na1.
The equatorial O4-hydroxyl group ofb-[Gal]Na1 can
form two hydrogen bonds, viz. with the O6-hydroxy-
methyl and O3-hydroxyl substituents (Fig. 6). On the
other hand, the axial O4-hydroxyl group of b-
[Glc]Na1 allows for only one stabilizing hydrogen
bond (to O2), resulting in a lower stability forb-
[Glc]Na1 versusb-[Gal]Na1 (Table 3). The impor-
tance of such small stereochemical differences on the
energy of the corresponding structures is reiterated by

the Na1 adducts of epimersb-Glc andb-Man. In their
4C1 chair, these two sugars differ in the position of the
O2-hydroxyl group, which is equatorial inb-Glc and
axial in b-Man (Scheme 2). The hydroxyl groups at
O1, O2, and O3 are equatorial–axial–equatorial for
b-Man and equatorial–equatorial–equatorial for
b-Glc. The equatorial–axial–equatorial sequence in
b-Man allows the4C1 chair to coordinate an ap-
proaching Na1 ion in a tetradentate fashion without
too much strain on the4C1 ring (Fig. 6). With the
equatorial–equatorial–equatorial sequence ofb-Glc
such tetradentate coordination is, however, impossi-
ble; to achieve this,b-Glc adopts the0,3B boat form
in which the O1-, O2-, and O3-hydroxyl groups
become equatorial–axial–axial and, thus, capable of
supporting tetradentate coordination (Fig. 6). A very

Fig. 6. HF/6-31G* optimized geometries of the most stablea- and
b-conformers of [hexose]Na1. Bonding interactions are indicated
by dashed lines and the corresponding bond lengths are given in
angstroms.

Fig. 7. HF/6-31G* optimized geometries of the most stablea- and
b-conformers of [pentose]Na1. Bonding interactions are indicated
by dashed lines and the corresponding bond lengths are given in
angstroms.
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similar situation pertains tob-Gal, which is a diaste-
reomer ofb-Man. The hydroxyl disposition at O1, O2,
and O3 in the 4C1 chair of b-Gal is equatorial–
equatorial–equatorial (Scheme 2); again, such an
arrangement cannot offer tetradentate coordination. If
the pyranose conformation is changed from4C1 to
0,3B, however, the mentioned hydroxyl groups of
b-Gal attain an equatorial–axial–axial sequence that
enables tetradentate coordination (Fig. 6). Obviously,
the exact stereochemistry of the hexoses plays an
important role in determining the conformation of the
pyranose rings that will best solvate the Na1 ion.

The computationally predicted structures for the
a-anomers of [hexose]Na1 contain the same pyranose
conformation as theb-anomers but different Na1

coordination environments (cf. Fig. 6). The most
obvious changes occur fora-Glc anda-Man, whose
Na1 complexes are tridentate whereas those ofb-Glc
andb-Man were tetradentate (vide supra). Both ano-
mers of [Gal]Na1 are tetradentate but differ in one
Na1 ligand; specifically, the O1-hydroxyl group in
b-[Gal]Na1 is replaced by the O4-hydroxyl group in
a-[Gal]Na1 (Fig. 6). Overall, the stability order of the
a complexes isa-[Man]Na1 . a-[Gal]Na1 . a-
[Glc]Na1. The rankinga-[Gal]Na1 . a-[Glc]Na1

reflects the larger coordination number in the0,3B
boat of a-[Gal]Na1; similarly, the ranking

a-[Man]Na1 (4C1) . a-[Glc]Na1 (0,3B) reflects the
higher intrinsic stability of a tridentate chair versus a
tridentate boat conformation. Further, the order
a-[Man]Na1 (4C1) . a-[Gal]Na1 (0,3B) reveals that
an intrinsically more stable chair ligand can yield a
lower energy complex than a more strained boat
ligand with a larger number of binding sites (Fig. 6).
Overall, thea-anomers of [hexose]Na1 are less stable
than the respectiveb-anomers (Table 3).

The conformations adopted by the corresponding
most stable [pentose]Na1 ions are2,5B in [Ara]Na1

and1C4 in [Xyl]Na1 and [Rib]Na1 (Fig. 7). The4C1

chair of neutral Xyl has an equatorial–equatorial–
equatorial sequence of the O2-, O3-, and O4-hydroxyl
groups, the anomeric OH group (O1) being axial in the
a- and equatorial in theb-form (Scheme 2).4C1 Rib,
an epimer of Xyl (Scheme 2), carries an equatorial–
axial–equatorial sequence at O2, O3, and O4 and an
axial (a) or equatorial (b) anomeric group (O1). Such
stereochemistry does not permit a tridentate Na1

ligation that would include the ether oxygen. Conse-
quently, these two pentoses adopt the1C4 chair, in
which the sequences for O2, O3, and O4 become
axial–axial–axial for Xyl and axial–equatorial–axial
for Rib (Fig. 7). Now, the two axial hydroxyl groups
placed below the ring plane (O2 and O4) and the
hemiacetal oxygen (O5) allow for at least tridentate

Table 3
Relative energies of the most stablea- andb-anomers of [monosaccharide]Na1 at different computational levels (kJ mol21). The
[pentose]Na1 and [hexose]Na1 complexes are ranked separately, relative to the most stable isomer.

Complex Pyranose form HF/3-21G HF/6-31G* B3LYP/6-3111G(2d,2p)//HF/6-31G*
B3LYP/6-3111G(2d,2p)1
BSSE//HF/6-31G*

Pentoses
a-[Ara]Na1 2,5B 37.6 39.1 35.5 36.1
b-[Ara]Na1 2,5B 43.5 45.6 41.8 41.7
a-[Xyl]Na1 1C4 14.2 7.6 9.6 10.0
b-[Xyl]Na1 1C4 21.3 25.6 23.2 23.6
a-[Rib]Na1 1C4 15.8 4.5 3.2 4.2
b-[Rib]Na1 1C4 0.0 0.0 0.0 0.0

Hexoses
a-[Glc]Na1 0,3B 38.3 47.3 34.9 34.9
b-[Glc]Na1 0,3B 13.7 28.4 28.1 28.5
a-[Gal]Na1 0,3B 6.9 21.1 22.9 23.8
b-[Gal]Na1 0,3B 0.0 18.4 20.6 21.0
a-[Man]Na1 4C1 7.6 5.1 3.0 2.8
b-[Man]Na1 4C1 5.0 0.0 0.0 0.0
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interactions. The1C4 chair of Ara (epimer of Rib and
diastereomer of Xyl) contains an equatorial–equato-
rial–axial sequence of OH groups (O2, O3, and O4) as
well as an equatorial (a) or axial (b) hydroxyl group
at the anomeric center (Scheme 2). Neither tri- nor
tetradentate coordination is possible with such stere-
ochemical dispositions. For the most stable [Ara]Na1

complexes, a change to the2,5B pyranose structure is
necessary, which possesses three axial hydroxyl
groups (O1, O3, and O4) below the ring plane in thea-
and two (O3 and O4) in theb-anomer, thus making it
possible to form tetra- and tridentate complexes,
respectively, as depicted in Fig. 7.

The higher stability of [Rib]Na1 and [Xyl]Na1, as
compared to [Ara]Na1 (Table 3), can be assigned to
the intrinsically more favorable chair conformations
of the former vs. the less favorable boat structure of
the latter. The lower energy of [Rib]Na1 versus
[Xyl]Na1, which carry similarly coordinated Na1

ions, is due to the position of O3. The equatorial
hydroxyl group in [Rib]Na1 can develop two stabi-
lizing hydrogen bonds with the O2- and O4-hydroxyl
groups (Fig. 7); in contrast, the axial O3 in [Xyl]Na1

permits the formation of only one H bond (between
O1/O3 in the b- and O1/O2 in the a-anomer). It is
noticed thata-[Ara]Na1, a tetradentate complex, is
higher in energy than tridentatea-[Rib]Na1 and
a-[Xyl]Na1. Apparently, the stabilizing effects of
tetradentate coordination are overcome by the less
favorable boat structure adopted bya-[Ara]Na1. For
Ara and Xyl, thea complexes are more stable than the
correspondingb complexes; the reverse is true for Rib
which parallels the behavior encountered with the
hexoses, yielding a more stableb complex.

Overall, the ab initio calculations predict that the
monosaccharides will associate with Na1 in the chair
or boat conformation that represents the best compro-
mise between the most favorable ring structure and
the highest degree of Na1 solvation. The structures
adopted lead to the stability ranking [Man]Na1 .
[Gal]Na1 . [Glc]Na1 for the a- or b-hexoses, and
[Rib]Na1 . [Xyl]Na1 . [Ara]Na1 for the a- or
b-pentoses (Table 3). It is noteworthy that these
orders are common to both anomers of the complexes;
they also match the experimentally derived Na1

affinity scales of the hexoses (Man. Gal . Glc) and
pentoses (Rib. Xyl . Ara), cf. Table 2. This
qualitative agreement indicates that the Sac–Na1

bond strengths partially reflect the thermodynamic
stability of the Na1 complexes.

Our experimental data originate from the compet-
itive decompositions of [Sac1 Bi]Na1 dimers.
These dimer ions, which may be preformed in the
FAB matrix or arise by ion–molecule reactions in the
selvedge region, could contain varying proportions of
thea- andb-Sac anomers. The anomeric composition
of [Sac1 Bi]Na1 would not affect theDHNa1

o order,
because both anomers follow the same stability trends
(vide supra). The internal energy distributions of the
[Sac1 NB]Na1 and [Sac1 Pep]Na1 dimers stud-
ied most likely differ due to the quite different
structures of NB versus Pep; still, the same affinity
order is obtained with bothBi sets, pointing out that
the metastable and collision induced fragmentations
from both types of dimers lead to the same [Sac]Na1

structures. The agreement between the experimental
DHNa1

o order of the pentoses and hexoses (Table 2)
and the theoretically predicted order for the lowest
energy [pentose]Na1 and [hexose]Na1 conformers
(Table 3) further suggests that the dissociations Sac–
Na1–Bi 3 [Sac]Na1 1 Bi yield the most stable
[Sac]Na1 structure. During the competing dissocia-
tions Sac–Na1–Bi 3 Sac1 [Bi]Na1, most
monosaccharides must undergo rearrangement in or-
der to form the most stable neutral Sac chair from the
conformation present in the sodiated species; for
example, cleavage of the Glc–Na1 bond in Glc–
Na1–Bi necessitates isomerization of the0,3B boat in
Na1-bound glucose (Fig. 6) to the4C1 chair of neutral
glucose (Scheme 2). The conversions “boat3 chair”
or “chair 3 inverted chair” require low activation
energies (,50 kJ mol21 in six-membered rings [67]),
however, and should be facile at the energies needed
to break even monodentate Na1–ether bonds (.90 kJ
mol21 [44]). This expectation is supported by the
small kinetic energy releases observed upon
[Sac]Na1 and [Bi]Na1 formation from the dimers,
which are consistent with no reverse barriers for the
Sac–Na1 and Bi–Na1 bond cleavages (vide supra).
Based on these arguments, it is tentatively concluded
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that the experimental Na1 affinities reflect the energy
difference between the ground states of sodiated and
neutral saccharide.

Although the qualitative experimental and theoret-
ical trends are in consent, it should be mentioned that
the affinity differences between individual pentoses or
hexoses (Table 2) and the energy differences of the
corresponding [pentose]Na1 and [hexose]Na1 com-
plexes (Table 3) do not agree quantitatively. This
could (in part) be the result of the low level of
calculations used, which may be inadequate to locate
the true global minima of species with a large number
of isomers.

5.5.2. Disaccharides
Because of the large number of heavy atoms in the

disaccharides lactose, gentiobiose, and melibiose,
their interactions with Na1 were only examined by
molecular mechanics with the MM2 force field. In the
conformers considered, both monosaccharide constit-
uents interacted with Na1. Simultaneous coordination
of Na1 by the hydroxymethyl group(s), the pyranose
hemiacetal oxygen, and the glycosidic oxygen were
compared against conformations in which the afore-
mentioned ligands were progressively replaced with
hydroxyl groups. Fig. 8 presents the lowest energy
conformers located for the three disaccharides. A
striking common feature is that the glycosidic oxygen
does not participate in the binding of Na1. All three
disaccharides offer tetradentate coordination. In lac-
tose, Na1 is bound to both hydroxymethyl groups as
well as to the hemiacetal oxygen and one hydroxyl
group of the nonreducing pyranose ring; in gentiobi-
ose and melibiose, Na1 is bound to the hydroxy-
methyl group and hemiacetal oxygen of the nonreduc-
ing ring, and to the hemiacetal oxygen and anomeric
hydroxyl group of the reducing ring. The relative
stabilities of the disaccharide complexes increase in
the order [Mel]Na1 , [Gen]Na1 , [Lac]Na1 (Fig.
8), which reproduces our experimentally derived Na1

affinity order melibiose, gentiobiose, lactose
(Table 2). The experimentalDHNa1

o values also reveal
that disaccharides bind Na1 stronger than monosac-
charides. The theoretically predicted structures of the
corresponding Na1 complexes provide several rea-

sons for this observation. Based on the structures of
[monosaccharide]Na1 (Figs. 6 and 7) and [disaccha-
ride]Na1 (Fig. 8), the most stable coordination envi-
ronment is reached when the binding sites include
pyranose oxygens (intrinsically more basic to Na1

than hydroxyl groups) and hydroxymethyl groups
(more flexible in approaching Na1). Disaccharides
contain more of these better ligands. Additionally, the
higher Na1 affinities of the disaccharides are also the

Fig. 8. Lowest energy conformers of the Na1 complexes of
disaccharides lactose, gentiobiose, and melibiose optimized by
molecular mechanics using the MM2 force field. The numbers in
parenthesis are relative steric energies in kilojoules per mole.
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result of their overall larger sizes which affords them
a higher polarizability and flexibility to interact with
Na1.

6. Conclusions

The Na1 affinities determined in this study are
consistent with the saccharides being multidentate
ligands to Na1. Each saccharide solvates the sodium
ion differently, depending on the donor groups avail-
able. Compared to pentoses, hexoses form stronger
Sac–Na1 bonds because their hydroxymethyl sub-
stituent brings about a larger conformational flexibil-
ity and stronger inductive effects to sequester the
approaching sodium cation. The involvement of the
hydroxymethyl group in the binding of Na1 is cor-
roborated by the larger relative entropies of the
hexoses vis a` vis the pentoses. A further increase in
both Na1 affinity and entropy of Na1 complexation is
observed for the disaccharides which both carry a
larger number of functional groups and more flexible
rotors. The Na1 affinities are found to be sensitive to
changes in the saccharide stereochemistry. The
DHNa1

o differences between specific stereoisomers
are, however, quite small and necessitate an experi-
mental method capable of probing small changes; this
prerequisite is fortunately satisfied by the modified
Cooks kinetic method used here, which can accurately
measure small relative affinities and entropies.

Theoretical calculations of the Na1 complexes
indicate that the pyranose hemiacetal oxygen and the
hydroxymethyl group (when available) participate in
the binding of Na1 and that the stereochemistry of the
monosaccharide affects not only the number of li-
gands supplied to Na1, but also the conformation
adopted by the saccharide in order to optimally
coordinate Na1. The Na1 affinities of isomeric sac-
charides and the computed relative energies of the
corresponding [Sac]Na1 follow the same order, point-
ing out that the Sac–Na1 bond strengths primarily
reflect the stability of the sodiated complexes.

The distinct Na1 affinities of saccharide stereoiso-
mers can be used for their structural differentiation.
For this, it is not necessary to follow the rigorous

approach outlined above. A simple series of MI or
CAD spectra would be sufficient. Thus, an unknown
Sac could be identified by pairing it with a given
anchor, such as the dipeptide AA, and comparing the
abundance ratio of [Sac]Na1 to [AA]Na1 to the ratios
obtained from a series of known isomeric saccharides
(calibrants) against the same anchor.
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