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The gas phase structures of phenyl a- and b-D-xylopyranoside (a- and b-pXyl) and their mono-hydrates have
been investigated using a combination of resonant two-photon ionization (R2PI), ultra-violet hole-burning and
resonant infrared ion dip spectroscopy, coupled with density functional theory (DFT) and ab initio computation.
The hole-burning experiments indicate the population of a single conformer only, in each of the two anomers.
Their experimental and calculated infrared spectra are both consistent with a conformational assignment
corresponding to the computed global minimum configuration. All three OH groups are oriented towards the
oxygen atom (O1) on the anomeric carbon atom to form an all trans (ttt) counter-clockwise chain of hydrogen
bonds. The mono-hydrates, a- and b-pXyl(H2O) each populate two distinct structures in the molecular beam
environment, with the water molecule inserted between OH4 and OH3 or between OH3 and OH2 in
a-pXyl(H2O), and between OH2 and O1 in either of two alternative orientations, in b-pXyl(H2O). In all of the
mono-hydrated xyloside complexes, the water molecule inserts into the weakest link of the sugar molecules’
hydrogen-bonded chain of hydroxy groups, creating a single extended chain, strengthened by co-operativity. The
all-trans configuration of the xylose moiety is retained and the mono-hydrate structures correspond to those
calculated to lie at the lowest relative energies.

1. Introduction

The biological diversity and functional importance of carbo-
hydrates in biological systems is immense.1 One of the most
complex and interesting processes in which they are involved is
the specific recognition of N-linked glycans by carbohydrate-
binding proteins.2,3 The role of water molecules in carbohy-
drate–protein binding, or indeed, in ligand–protein-binding, is
not yet well understood. However, the importance of the
specifics of such interactions is suggested by the presence of
structurally conserved water between carbohydrate ligands and
their protein binding partners.4,5 To elucidate the role of
specific water molecules, an effective approach is to first
eliminate bound water molecules altogether to provide a
structural baseline against which the consequences of their
subsequent controlled replacement can be explored. This en-
ables direct investigation of water–carbohydrate binding and
also of the influence of bound water molecules on the carbo-
hydrate structure and conformation. Their structural prefer-
ences can be identified through a combination of mass, and
conformationally selective ultra-violet and infrared spectro-
scopy conducted in the gas phase (in the low temperature
environment of a free jet expansion), compared with the results
of DFT and ab initio calculations. This strategy allows con-
formational and structural assignments to be made both for
the isolated carbohydrate molecules free of any environmental
effects and for carbohydrate–water complexes with a defined
number of water molecules, in contrast to NMR studies
conducted in the condensed phase or X-ray diffraction studies
conducted in the crystalline state.6–9 The data we provide can
be used to improve the parameterization of force-fields which

are known to be unreliable for the determination of carbo-
hydrate properties.10

The strategy, while still taking its first steps,11–14 is already
beginning to generate a set of ‘structural working rules’ and
also contribute to an understanding of the physical processes
underlying protein–carbohydrate molecular recognition.11 The
structural working rules have been based upon the identified
structural preferences of a series of derivatived mono- and
disaccharides and their mono-hydrated complexes, including
phenyl-b-D-glucoside,11,13,15 phenyl-b-D-galactoside,11,12 phe-
nyl-a-D-mannoside,11 and the disaccharide benzyl-b-lacto-
side.11,14w Their structures all display a common pattern in
which the hydroxy groups form a hydrogen-bonded chain
around the molecule, oriented either counter-clockwise, with
an all-trans ‘ttt’ configuration, or clockwise, with an all-gauche
‘ggg’ configuration (see Fig. 1(a)). When the sugar is hydrated,
the extra molecule is inserted into the weakest link(s) in the
hydrogen-bonded chain, to generate an extended and co-
operatively bonded chain incorporating both the sugar and
the bound water molecule. Comparisons with crystallographic
data suggest that nature also appears to exploit similar facets
of globally co-operative hydrogen bond recognition in its
ability to bind simple monosaccharide ligands (see ref. 11
and references therein).
These investigations are widened in the present study

through an exploration of the conformations of phenyl

w The phenyl or benzyl moiety, joined through a glycosidic linkage to
the carbohydrate provides a chromophore, compatible with the UV
excitation scheme, which has little effect on the carbohydrates’ con-
formational preferences in these systems.15
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a- and b-D-xylopyranoside (a/b-pXyl, see Fig. 1(b)) and their
singly hydrated complexes (a/b-pXyl(H2O)). D-Xylose is
amongst the approximately ten monosaccharide units that
dominate the glycobiology of higher animals. It is a character-
istic building block in N-linked glycans in plants and inverte-
brates and is of immunological importance, occurring in
binding sites of plant epitopes.16,17 Guler et al. have studied
the gas phase structure of D-xylose (along with four other five-
carbon monosaccharides) by means of mass spectrometry and
DFT (B3LYP/6-311þþG(d,p)) calculations.18 Their study
focused on the question of anomeric stability in the gas phase;
they found the anomeric form to be preserved following
thermal desorption and laser-induced acoustic desorption.
The anomeric equilibrium of D-xylose in aqueous solution
has also been investigated recently using molecular dynamics
(MD) calculations;19,20 the calculations indicated preferential
solvation of the anomeric hydroxy group of the b-anomer over
that in the a-anomer, in conformity with the experimentally
observed (1NMR) population ratio, b : a E 2 : 1.20,21

2. Experimental and theoretical methods

a- and b-pXyl were synthesized through BF3 �Et2O-catalyzed
glycosylation using the corresponding peracetate as a donor.22

Zemplén deprotection23 of the two peracetates proceeded to
afford a-pXyl and b-pXyl in yields of 59–72% from D-xylose.
Both anomers were found pure by NMR, matching character-
istic literature values.24

A detailed description of the molecular beam apparatus has
been published previously.25 a- and b-pXyl were vaporized in
an oven (B130 1C) mounted in front of the nozzle (0.5 mm
orifice) of a pulsed valve (General Valve) in the vacuum and
seeded into an argon expansion (B3–5 bar Ar). In order to
form water complexes, the argon line was saturated with water
vapor and the oven temperature was increased by 10–30 1C.
The free jet expansion passed through a 1 mm skimmer to form
a molecular beam, which was subsequently crossed by one, or
two tunable laser beams in the extraction region of a linear
time-of-flight mass spectrometer (Jordan). Resonant two
photon ionization (R2PI) spectra were recorded using the
frequency-doubled output of a pulsed Nd:YAG-pumped dye
laser (Spectra-Physics GCR 170 at 355 nm/LAS 205, operating
at 10 Hz). Conformer-specific spectra were obtained through
‘hole-burning’ (UV-HB or IR-HB) experiments, employing
UV-UV and IR-UV double resonance spectroscopy. The
UV-UV experiments (UV-HB) employed the frequency-
doubled output of an excimer-pumped dye laser (Lambda-
Physik EMG 201/Lambda-Physik FL3002). IR experiments

employed laser radiation in the region between 3000 and 3700
cm�1 generated by difference frequency mixing of the funda-
mental of a Nd:YAG with the output of a dye laser in a
LiNbO3 crystal (Continuum Powerlite 8010, ND6000, IRP
module). The resolution of the resulting IR laser beam was
0.5 cm�1. The delay between the pump and the probe laser
pulses in the IR-HB and UV-HB experiments, both with a
pulse duration of B10 ns, was 150–400 ns. The output energy
of the two lasers averaged B0.5 mJ pulse�1 (UV) and B2 mJ
pulse�1 (IR), respectively.
Starting structures for ab initio calculations of the a- and

b-pXyl and their hydrated complexes, were generated by
performing molecular mechanics conformational searches
using the Monte Carlo multiple minimization (MCMM) meth-
od as implemented in the MacroModel software (MacroModel
v.8.5, Schrödinger, LLC26). 10 000 structures within 50 kJ
mol�1 were generated for each anomer using the force-field
MMFFs; other force-fields (MM3, Amber*, OpalsAA) were
also used but they did not generate any additional structures.
Eleven of the a-pXyl, twenty-four of the b-pXyl, eleven of the
a-pXyl(H2O) and eighteen of the b-pXyl(H2O) conformer
structures, generated by the MCMM within 35 kJ mol�1 of
the global minima, were selected for density functional theory
geometry optimization (B3LYP/6-31þG(d)) using the Gaus-
sian 03 software package.27 The selection of conformers for the
unhydrated anomers included boat and chair (4C1 and 1C4)
structures. Nine different conformers of a-pXyl within 42 kJ
mol�1 of the global minimum and eighteen of b-pXyl within 32
kJ mol�1, remained distinguishable after the calculations con-
verged. Within the sugar moiety the lowest energy structures
were virtually the same as those reported by Guler et al.18 for
the underivatised D-xylose computed at the B3LYP/6-
311þþG(d,p) level of theory. After DFT geometry optimiza-
tion, eleven of the a-pXyl(H2O) structures, all lying within
17 kJ mol�1 of the global minimum, and eighteen of the
b-pXyl(H2O) structures, lying within 25 kJ mol�1, remained
distinguishable. Harmonic vibrational frequencies were also
calculated at the B3LYP/6-31þG(d) level of theory. Because
DFT/B3LYP calculations do not take dispersion interactions
into account the energies obtained are known to be unreli-
able.28,29 Therefore, the relative energies used to find the global
minimum structures were obtained from single point MP2/6-
311þþG(d,p) calculations, corrected for the zero-point energy
(ZPE) derived from the B3LYP/6-31þG(d) frequency calcula-
tions. The calculated harmonic frequencies were scaled by a
factor of 0.9734, a factor known to provide good agreement
with experimental data for carbohydrates in the OH stretching
region.12,15

3. Results and discussion

3.1 a- and b-p-xyloside monomers

Fig. 2 shows the R2PI and UV-HB spectra of (a) a-pXyl and
(b) b-pXyl in the range 36 810 to 37 100 cm�1. The two spectra
are very similar and their electronic origins (located at 36 888
cm�1 (a) and 36 894 cm�1 (b)) are separated by only 6 cm�1,
suggesting very similar environments for the (phenyl) chromo-
phore. The UV-HB spectra of the two anomers, a- and b-pXyl,
displayed below the respective R2PI spectra in Figs. 2a and b
reveal the presence of only one significantly populated con-
former in each of the xyloside anomers detected in the mole-
cular beam. Their UV spectra display an intense and sharp
origin, followed by a much weaker vibronic band at about þ30
cm�1 and a stronger band at about þ45 cm�1. (A very similar
pattern has also been found in the individually resolved con-
formers of phenyl-a-D-mannopyranoside, phenyl-b-D-gluco-
pyranoside and phenyl-b-D-galactopyranoside.11) On close
examination, despite the anomeric purity indicated in the
NMR spectra, the two R2PI spectra also reveal some very

Fig. 1 (a) b-pXyl with counter-clockwise and clockwise orientations
of the hydroxy groups. (b) Schematic representation of a-pXyl and
b-pXyl in the most stable chair conformation (4C1).
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weak features indicating cross-contamination of the b-pXyl
and a-pXyl anomers which most likely happened after synth-
esis during the sample preparation. This is most apparent in the
origin line of b-pXyl which displays a shoulder on the low-
frequency side, located exactly at the origin of the a-anomer.

The IR-HB spectra of the two xyloside anomers, recorded
with the UV probe laser centered on their respective electronic
origin bands, are shown in Fig. 3, together with the calculated
IR spectra of their respective lowest energy conformers and their
computed structures. The experimental spectrum of
a-pXyl is unexpectedly complex, presenting twice the number
of features anticipated, given the presence of three OH groups in
the xylose moiety. Their average location is in good agreement
with the spectrum predicted for the lowest energy, all-trans a-
anomer. Both the measured and calculated IR spectra show the
same pattern: the separation into two, weakly H-bonded OH
bands (labelled OH3 and OH4) located around 3640 cm�1 and
the more strongly shifted OH2 band, located around 3605 cm�1,
and associated with the stronger, OH2–O1 interaction (see
Table 1). However, each of these three features appears to be
split into doublet, separated by ca. 3–4 cm�1. At first sight, the
IR spectrum of the b-anomer appears not to show split lines,
displaying three closely spaced bands located at 3640–3646 cm�1

and in good agreement with the spectrum calculated for the
lowest energy, all-trans conformer of the b-anomer, where the
interactions OH4–OH3, OH3–OH2 and OH2–O1 are all com-
parable and weak (see Table 1). However, close inspection of the
experimental spectrum reveals an underlying, partially resolved
doublet splitting (2 cm�1), reflected in the asymmetry of the
individual band contours. A number of possible explanations
for the unexpected spectral complexity might be entertained.
One might be the presence of two near equally populated
conformers with structures so similar that their UV band origins
overlapped—a very unlikely possibility given the ‘text-book’

quality of the UV hole-burn spectra shown in Fig. 2. Admit-
tedly, two low-lying conformers are predicted for the b-anomer
(differing only in the orientation of the phenyl chromophor) but
the two lowest-lying conformers of the a-anomer are separated
by ca. 12 kJ mol�1. Given the long delay (4150 ns) between the
IR and UV laser pulses we can rule out the absorption from
molecules in the S(1) state. An alternative possibility might be
the presence of an Ar–xyloside van der Waals dimer, but that
would require a virtual zero displacement of its band origin
compared to the xyloside monomers and the absence of any
associated low frequency vibronic progressions—again, not very
likely. The splitting is much more likely to have an intramole-
cular origin, for example a contribution from a combination
band (though the very small splittings argue strongly against
this), or a tunnelling process e.g. of a ring bending motion or an
OH group interacting with one or the other lone pair of an
adjacent oxygen atom. For the moment, the explanation re-
mains an open question which will not be pursued further. The
general features of the IR spectra are in good agreement with the
conformational assignments proposed. They both exhibit an all-
trans chain of hydrogen-bonded OH groups. The notable
difference between the spacing of the IR bands in the spectra
of a-pXyl and b-pXyl reflects the different geometry of the
anomeric group (see Table 1 for OH� � �O distances and angles).
The OH2–O1 separation in b-pXyl is 2.54 Å but in a-pXyl it is
significantly shorter, 2.25 Å, and somewhat more linear (1101
compared to 1001). This creates a stronger hydrogen bond which
shifts the OH-stretching vibration by 41 cm�1 towards lower
wavenumbers. The distances between the hydrogen atom of the
OH3(OH4) and the oxygen atom of the OH2(OH3) on the other
hand are considerably greater, varying between 2.46 and 2.49 Å.

3.2 a- and b-pXyl(H2O) complexes

The R2PI and UV-HB spectra of the water complexes of
a-pXyl and b-pXyl are shown in Fig. 4. The R2PI spectrum
of a-pXyl(H2O), in contrast to the unhydrated anomer,

Fig. 2 R2PI and UV-HB spectra of a-pXyl (a) and b-pXyl (b). The
UV-HB spectra were recorded with the probe laser tuned to the
respective electronic origins: 36 888 cm�1 for a-pXyl and 36 894
cm�1 for b-pXyl.

Fig. 3 Experimental IR-HB spectra of a-pXyl (a) and b-pXyl (b). The
calculated spectra of the lowest energy conformers to which they are
assigned, are shown for comparison. The structures were geometry
optimized and frequencies calculated at the B3LYP/6-31þG(d) level of
theory. The calculated frequencies are scaled by 0.9734.
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presents two, near equally intense peaks in the low wavenum-
ber region of the spectrum. UV-HB spectroscopy reveals these
as the origin bands of two different hydrated structures present
in the molecular beam. Assuming that both have the same
transition dipole moment and absorption cross section (since
they both have the same chromophore) their abundances are
almost equal. Their UV band origins (at 36 885 cm�1, structure
a and 36 898 cm�1, structure b) are only separated by 13 cm�1

and lie very close to the origin of the unhydrated anomer

(36 888 cm�1); in these complexes, the phenoxy chromophore
is not significantly perturbed by the addition of water.
The R2PI and UV-HB spectra of the mono-hydrated

b-anomer, shown in Fig. 4b, also indicate the population of
two distinct structures of b-pXyl(H2O) in the molecular beam.
Their UV band origins, located at 36 864 cm�1, a, and 36 867
cm�1, b, are shifted by only 3 cm�1 with respect to each other,
but are shifted much more strongly to lower wavenumbers, by
ca. 30 cm�1 with respect to the unhydrated anomer (36 894
cm�1). Binding a water molecule to the b-anomer perturbs the
phenoxy chromophore of both structures and both are equally
perturbed, suggesting a similar interaction of the water mole-
cule with the O1 atom in each case.
Fig. 5 shows the IR-HB spectra of conformers a and b of

a-pXyl(H2O). As expected, the IR spectra of the two singly
hydrated structures present five transitions in the investigated
spectral range, covering the expected five OH stretching vibra-
tions of a singly hydrated xyloside complex. The spectrum of
conformer b exhibits a small additional peak at 3540 cm�1,
which most probably stems from a weak contribution from
conformer a underlying the UV spectrum associated with
conformer b. Comparison of the two measured mid-IR spectra
with those calculated for the four lowest energy structures, a-
pXyl(H2O) (I, II, III and IV) reveals close agreement with
prediction for the two lowest energy ‘insertion’ structures, I
and II, both with respect to the pattern of vibrational wave-
numbers and their relative intensities. The experimental and
the calculated spectra of I and II both display two strong (and
characteristic) transitions in the low wavenumber range asso-
ciated with strongly hydrogen-bound OH stretching vibra-
tions; two weak transitions at higher wavenumber in the
region of weakly hydrogen-bound OH vibrations; and one
medium intensity transition at high wavenumber associated
with a free OH stretching mode. The calculated spectra asso-
ciated with the additional structures, III and IV, present a quite
different pattern, displaying only one strong transition at low
wavenumber, and three transitions in the intermediate range.
The monohydrate spectra are assigned to the structures I
and II.
The two bands at low wavenumber arise through coupling of

the symmetric stretching mode of the bonded water molecule
and the OH mode associated with the sugar hydroxy group
which acts as the hydrogen bond donor to the water molecule,
(H2Os � OH3 in I; H2Os � OH4 in II). These relatively
strongly hydrogen-bonded modes are generally not too well
reproduced by the DFT method employed here (using the same
scaling factor for all bands). Clearly, it is more difficult to
calculate accurate geometries and frequencies for molecular
complexes and clusters than for covalently bound systems.
Nevertheless, frequencies at this level can be used for confor-
mational assignment via pattern matching.

Table 1 OH� � �O distances and angles in the lowest energy conformers of a- and b-pXyl and their water complexes as revealed by B3LYP/

6-31þG(d) calculations. All distances are given in Å, the angles in degrees

Species Distances/Å (OH� � �O angles/1)

OH4� � �O3 OH3� � �O2 OH2� � �O1 OH4/3/2� � �OH2 HOH� � �O3/2/1

a-pXyl 2.45 (106) 2.49 (106) 2.25 (110) — —

b-pXyl 2.46 (105) 2.48 (103) 2.54 (100) — —

a-pXyl(H2O)I 2.36 (111) — 2.13 (113) 1.85 (169) 1.87 (146)

a-pXyl(H2O)II — 2.35 (111) 2.26 (110) 1.86 (161) 1.88 (152)

a-pXyl(H2O)III 2.43 (107) 2.41 (105) — 1.88 (170) —

a-pXyl(H2O)IV 2.46 (106) 2.43 (108) — 1.88 (163) —

b-pXyl(H2O)I 2.45 (106) 2.40 (106) — 1.86 (160) 1.94 (149)

b-pXyl(H2O)II 2.45 (106) 2.40 (107) — 1.85 (161) 1.95 (149)

b-pXyl(H2O)III 2.37 (108) — 2.38 (105) 1.85 (161) 1.90 (151)

b-pXyl(H2O)IV — 2.33 (108) 2.53 (100) 1.86 (162) 1.88 (152)

Fig. 4 R2PI and UV-HB spectra of a-pXyl(H2O) (a) and b-pXyl
(H2O) (b). The UV-HB spectra of structures a and b were recorded
with the probe laser tuned to the transitions labelled as a and b,
respectively, in the R2PI spectra: 36 885 cm�1 (36 898 cm�1) for
a-pXyl(H2O) and 36 864 cm�1 (36 867 cm�1) for b-pXyl(H2O).
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The experimental IR spectra, a and b, differ significantly in
the intermediate wavenumber range, (B3600 cm�1) associated
with the two, weakly hydrogen-bonded vibrations. The bands
are very closely spaced in the spectrum associated with struc-
ture a (16 cm�1) but are more widely separated in the spectrum
associated with structure b (40 cm�1). Their calculated spacings
follow a similar trend: the scaled wavenumbers of the bands
associated with OH2 and OH4 in the structure I are separated
by 28 cm�1 but those associated with the coupled vibrations,
OH2–OH3 and OH2 þ OH3 in structure II are separated by
only 5 cm�1. Accordingly, the two spectra, a and b are assigned
to the structures II and I, respectively. They are calculated to
have almost the same energies (structure II is only 0.4 kJ mol�1

higher in energy than the global minimum structure I) and
experimentally, they have almost equal populations. The un-
detected structures III and IV lie ca. 4 kJ mol�1 higher in
energy. Both populated structures retain the all-trans confor-
mation of the unhydrated a-pXyl sugar. In the hydrated
structure a(II), the water molecule is inserted between OH4
and OH3 to form a co-operative chain of hydrogen bonds,
OH4� � �OHwater� � �OH3� � �OH2� � �O1; in the alternative struc-
ture, b(I) the water molecule is inserted between OH3 and OH2
to create a similar chain. In unhydrated a-pXyl the hydrogen
bonds between OH4 and OH3 and between OH3 and OH2 are
both (equally) weak and significantly weaker than the hydro-
gen bond between OH2 and O1 (see Table 1 for OH� � �O
distances and angles). Therefore, in both structures the inserted

water molecule creates a similar extension of the hydrogen-
bonded chain, by introducing two strong hydrogen bonds
bridging its weakest link.
The two measured IR-HB spectra of b-pXyl(H2O) confor-

mers and the calculated spectra of the four lowest energy
computed structures are shown in Fig. 6.z All four incorporate
the same all-trans configuration of unhydrated b-pXyl with the
water molecule inserted into the hydrogen-bonded chain of
hydroxy groups. The global minimum structure, I, is calculated
to lie slightly below structure II, by 0.4 kJ mol�1; the other two
structures, III and IV are located at 3.6 and 4.8 kJ mol�1,
respectively. The two experimental spectra are very similar to
each other and also resemble all four calculated spectra,
displaying two strongly hydrogen bound OH stretch vibra-
tions, two weakly hydrogen bound OH modes and the free OH
stretch. Despite their close similarity, the experimental ob-
served spectra are assigned to the structures I and II for the
following reasons:
(1) The UV-HB spectra of the two b-pXyl(H2O) complexes

are very similar to each other and their electronic origins are

Fig. 5 The IR-HB spectra of the complexes a and b of the
a-pXyl(H2O), recorded with the analyzing laser at 36 885 cm�1 (a)
and 36 898 cm�1 (b). The spectra of the four lowest energy hydrated
structures calculated at the B3LYP/6-31þG(d) level are shown for
comparison. Relative energies (in kJ mol�1) from MP2/
6-311þþG(d,p)//B3LYP/6-31þG(d) calculations are given in the fig-
ure. B3LYP/6-31þG(d) energies are shown in parentheses. The spectra
associated with a (b) are assigned to the structures II (I). All frequencies
were scaled by 0.9734.

Fig. 6 The IR-HB spectra of the complexes a and b of the
b-pXyl(H2O), recorded with the analyzing laser at 36 864 cm�1 (a)
and 36 867 cm�1 (b). The spectra of the four lowest energy hydrated
structures calculated at the B3LYP/6-31þG(d) level are shown
for comparison. Relative energies (in kJ mol�1) from MP2/
6-311þþG(d,p)//B3LYP/6-31þG(d) calculations are given in the fig-
ure. B3LYP/6-31þG(d) energies are shown in parentheses. The spectra
associated with a and b are assigned to one (or other) of the calculated
structures, I and II; their close similarity prevents a more specific
assignment. All frequencies were scaled by 0.9734.

z Calculations indicate that two different minima of the structures with
the water molecule inserted between OH4(3) and OH3(2) (insert 4
(insert 3)) exist. In one of them, the free hydrogen atom is pointing up,
in the other down. The minima have virtually the same energy with a
relatively small barrier that could be overcome in the cooling process.
For the insert 2 structures, the corresponding barrier was found to be
significantly higher.
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separated by only 3 cm�1, while both display a relatively large
shift, B30 cm�1 , with respect to the electronic origin of the
unhydrated b-pXyl. This suggests an equally strong perturba-
tion of the phenoxy chromophore in the two hydrates of
b-pXyl(H2O), in agreement with expectation for the two
alternative OH2–O1 insertion structures, I and II. In the two
OH2–OH3/OH3–OH4 insertion structures, III and IV, the
chromophore would remain unperturbed by the addition of
water as e.g. in a-pXyl.

(2) The structures I and II are almost isoenergetic and they
lie significantly lower in energy than the structures III and IV.

(3) In each of the two experimental IR-spectra the two
strongly hydrogen-bound OH stretches occur at nearly the
same wavenumbers (3481/3537 cm�1 for a; 3488/3537 cm�1 for
(b), which is reflected in the calculated spectra in the pairs of
structures I and II (3448/3540 cm�1 for I; 3441/3541 cm�1

for II) and III and IV (3411/3511 cm�1 for III; 3418/3504 cm�1

for IV).
The anomeric equilibrium of D-xylose in aqueous solution is

weighted in favor of the b-anomer (at 20 1C, 65% of D-xylose
correspond to b-D-xylose and only 35% to a-D-xylose19) while
calculations of isolated a- and b-pXyl at zero Kelvin (MP2/
6-311þþG(d,p)//B3LYP/6-31þG(d)) favor the a-anomer by
8.5 kJ mol�1. The addition of water lessens the stability
difference to 3.6 kJ mol�1. This trend, which is conserved but
less pronounced when temperature effects are taken into
account, is easily understood when considering that the water
molecule is always inserted into the weakest hydrogen bond,
which in the b-anomer is significantly weaker than in the
a-anomer. In b-pXyl(H2O) the water insertion involves the
anomeric group whereas for the a-anomer it does not. This
could be the origin of the better solvation of the anomeric
hydroxy group in the b-anomer in aqueous solution found by
Schmidt et al.19 and Höög and Widmalm20 with MD calcula-
tions which they attribute to the preference for the b-anomer in
aqueous solution.

4. Conclusion

The structures found for a-pXyl and b-pXyl and their hydrated
complexes in this investigation follow the common pattern of
conformational structures observed in all the phenyl-tagged
saccharides studied so far. In general, the hydroxy groups
located around the pyranoside ring can form a chain of rather
weak hydrogen bonds, which can be oriented in a gauche or
trans, clockwise or counter-clockwise configuration, and re-
oriented (or not) by hydration.11–13,15 The two xyloside ano-
mers, and their singly hydrated water complexes all display the
same all-trans, counter-clockwise orientation of their hydroxy
groups. In a recent investigation11 we noted that the origin
bands of the S(1)–S(0) electronic spectra of all the phenyl-
tagged saccharides studied to date, lie at wavenumbers Z

36 800 cm�1 when the hydroxy chain is oriented counter-
clockwise, and below 36 800 cm�1 when the chain is oriented
clockwise. In the former case an OH2–O1 (with the phenoxy
chromophore) interaction is present while in the latter it is not.
The location of the electronic origins of both the isolated and
the hydrated anomers of xylose at wavenumbers 4 36 800
cm�1 lends further support to the rule.

The water molecule in a-pXyl(H2O) inserts between the OH4
and OH3 groups or between OH3 and OH2. The observed,
near equally populated structures correspond to the two
calculated to lie at the lowest energy and to be almost
isoenergetic. In the two b-pXyl(H2O) complexes, the water
molecule inserts in two distinct orientations between OH2 and
O1. Again these two structures correspond to those calculated
to lie at the lowest energy. In both anomers, the water molecule
is inserted into the weakest link of the hydrogen-bonded chain,
to create a stronger, extended chain of hydrogen bonds, in

concordance with the rule established through previous ob-
servations.11

In contrast to the a-anomer, the water molecule inserts into
the b-anomer between OH2 and the anomeric group (O1),
which could account for its preferential population in aqueous
solution.19,20
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