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Abstract: A combination of vibrational spectroscopy conducted under molecular beam conditions and
quantum chemical calculation has established the intrinsic three-dimensional structures of the cellulose
disaccharide and, focusing on the critical $1,4-linkage at the nonreducing end of the growing cellulose
polymer, its C-4" epimer. Left to their own devices they both adopt a cis (anti-p/syn-y) glycosidic
configuration, supported in the epimer by strong, cooperative inter-ring hydrogen bonding. In the cellulose
disaccharide, however, where the OH-4'(Glc) group is equatorial, the cooperativity is reduced and the
corresponding inter-ring hydrogen bonding is relatively weak. The cis conformational preference is still
retained in their singly hydrated complexes. In the cellulose disaccharide insertion of the water molecule
at the favored binding site between OH-4" and the neighboring hydroxyl group OH-6" promotes a structural
reorganization to create a configuration that parallels that of its unhydrated epimer and greatly strengthens
the inter-ring hydrogen bonding. In the C-4" epimer, the axial orientation of OH-4" blocks this binding site
and the bound water molecule simply adds on at the end of the (OH-O), chain, which has a negligible
effect on the (already strong) inter-ring bonding. The implications of these results are discussed with respect

to the structure and insolubility of native cellulose polymers.

Introduction

Cellobiose, one of nature’s fundamental building blocks,
unites two glucose (Glc) residues through a 1,4 glycosidic
linkage to provide the basic, repeat structural unit of cellulose,
Glep-f1,4-D-Glep, a key component of plant cell walls. Cel-
lulose and its subunit, D-glucose, are the most abundant organic
molecules on earth. The native extended chains of 51,4-linked
cellobiose units in cellulose laterally aggregate to form fibrils
with crystalline regions from which analyses suggest that the
polymer typically displays an alternating “frans” structure with
successive residues rotated by ~180° about the glycosidic
linkages, facilitating inter-ring hydrogen bonding between OH3
and 05! see Figure 1. It remains a matter of debate as to
whether this trans structure is created directly at each enzyme-
catalyzed polymerization step, now generally accepted to occur
at the nonreducing end of the growing (1,4-linked chain, or
whether it is accessed subsequently by relaxation from an initial
“cis” orientation.’

The free cellulose disaccharide unit, cellobiose, also adopts
a trans conformation, both in the solid state® and in aqueous
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solution;* so too, does its C-4’ epimer, lactose Galp-31,4-D-
Glep - where OH4’ (Gal) is oriented axially rather than
equatorially. NMR measurements of residual dipolar coupling
in lactose in liquid crystal environments,” or of inter-residue
nuclear Overhauser effects (NOEs) and scalar coupling of the
glycosides, methyl-o-cellobioside® and methyl-o-lactoside® in
solution, together with molecular dynamics simulations, lead
to average glycosidic dihedral angles similar to those found in
crystalline cellulose.

Access to the intrinsic conformational landscapes of carbo-
hydrates in the absence of solvent or other environmental
interactions, a necessary prerequisite to understanding how they
can be altered through interactions in condensed phase environ-
ments, has until recently, been possible only through compu-
tational modeling. Thus Ramachandran diagrams of glycosides
‘in vacuo’, have been modeled through molecular mechanics,’
molecular dynamics (MD),® and quantum mechanical electronic
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Figure 1. Structural representations of cellulose, the cellulose disaccharide unit (1), and its C-4’epimer, the lactoside (2).

structure calculations.” Interestingly, density functional theoreti-
cal (DFT) calculations of cellobiose in vacuo have predicted a
global minimum energy structure corresponding to an anti-¢/
syn-1p conformation with dihedral angles (¢ and 1) [defined
as ¢y HI'—C1’'—0’'—C4, yy: C1’—0’—C4—H4] ~ 180°, 0°,
respectively, and the two hydroxymethyl groups adopting a cis
arrangement, rather than the trans (syn/syn) conformation
adopted by the disaccharide in condensed phase environments.'®
The range of possible conformations that might in principle,
be accessed by the disaccharide units, however, is very large,7
and their calculated relative energies often lie within the limited
accuracy of the computational methods. Without experimental
confirmation, identification of their true intrinsic conformational
structures remains open to doubt. The same critique also applies
to molecular modeling of explicitly hydrated (microsolvated)
carbohydrates in vacuo although DFT calculations (at 0 K) of
microsolvated cellobiose, have predicted relative stabilization
of the trans configuration with increasing hydration."'
Fortunately, it is now possible to determine the intrinsic
structures of carbohydrates and their microhydrated complexes
in the gas phase experimentally, through analysis of their mass
and conformer selective vibrational spectra recorded under
molecular beam conditions coupled with a combination of
molecular mechanics, DFT and ab initio calculations.'>”'* The
vibrational signatures associated with OH and NH stretching
modes are particularly informative since they are extremely
sensitive to the local hydrogen bonded conformational environ-
ment.'>'® This strategy has already been used to identify the
intrinsic, gas phase structure of benzyl S-lactoside,'? which turns
out to be cis rather than trans, and it has also exposed the
specificity and the consequences of explicit hydration in a series
of monosaccharides commonly found in biological systems,
including glucose, galactose, mannose, xylose, and fucose.'* The
precise new strategy is ideally suited therefore to address, for
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the first time, the influence of hydration (and hence, microsol-
vation) on the glycosidic conformation of disaccharides (and
oligosaccharides'”).

It is applied here to the cellulose disaccharide and, focusing
on the critical f51,4-linkage at the nonreducing end of the
growing cellulose polymer, its C-4" epimer, to identify and
compare (1) the intrinsic structures of phenyl fS-cellobioside
(phenyl 1,4-p-glucopyranosyl-S-p-glucopyranoside) 1 and its
singly hydrated complex and (2) the corresponding structures
of its isolated and singly hydrated epimer, benzyl f-lactoside
2, see Figure 1. [The phenyl and benzyl groups in 1 and 2
provide the ultraviolet chromophore required for mass selective
detection via the resonant two-photon ionization step in the
infrared ion-depletion (IRID) technique. Their presence has a
negligible influence on the conformational landscapes of the
two disaccharides.'>'*] The changed hydroxyl configuration at
C-4" in 2, from equatorial to axial, turns out to be highly
significant, influencing the selected hydration site, the structural
consequences of hydration and the rigidity of the $1,4-glycosidic
linkage.

Methods

Synthesis. The phenyl glycoside of the cellulose disaccharide
unit (1) was readily prepared from parent carbohydrate D-glucose
(Scheme 1) in >30% overall yield. Thus, the chromophoric phenyl
‘tag’ was installed into the peracetate of D-glucose using BF;+Et,O-
catalyzed glycosylation with phenol. Protecting group manipulation
allowed selective access to OH-4 in a suitable tribenzylated acceptor
monosaccharide. MeOTf-activated glycosylation of OH-4 using the
peracetylated benzyl thioglucoside donor allowed access to the
cellobioside framework with excellent (>98%) f3-stereoselectivity
consistent with the presence of a participatory group at C-2 of the
donor sugar. Global deprotection (hydrogenolysis and methanolysis)
yielded 1. This route of seven steps (longest linear route), although
requiring the stereoselective formation of the interglycosidic 1,4
bond, compared favorably with previous syntheses from less readily
available starting block cellobiose'® (e.g., 16% overall yield)'® as
well as allowing greater potential flexibility in the design of
analogues.

The lactose disaccharide (2), ‘tagged’ with a benzyl group was
commercially available.

Computation. Initial structures were generated through an
extensive conformational search using a combination of the Large-
scale Low Mode (which uses low frequency modes to construct
conformational changes) and Monte Carlo Multiple Minimization
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Scheme 1. Synthesis of the Cellulose Disaccharide Unit (1)@
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procedures,?® as implemented in the MacroModel software (Mac-
roModel v. 8.5, Schrodinger, LLC21). Relevant structures were
selected on the basis of their calculated relative energies and
information gained from previous studies on carbohydrates and their
experimental vibrational signatures. These were submitted for
further ab initio and DFT (B3LYP functional) geometry optimiza-
tions using the Gaussian 03 program package®' and 6-311+G* basis
sets for both the isolated and hydrated structures. The lowest energy
conformers (cut off ~25 kJ mol ') were submitted for further higher
level calculations, MP2/6-3114++G**, to determine their relative
energies, which were corrected for zero point and free energy using
the frequency calculations performed at the B3LYP level with
6-311+G* basis sets. The frequencies of the OH stretch modes,
expressed in wavenumbers, were corrected for anharmonicity using
the multiplier, 0.9734.

Spectroscopy. Detailed descriptions of the experimental strategy
have been published previously.'? The carbohydrate samples were
mixed with graphite powder and vaporized into a supersonic jet of
argon using a focused, Q-switched Nd/YAG laser desorption system
operating at 1064 nm; their hydrated complexes were formed by
seeding the carrier gas with water vapor (~0.25%). Passage through
a 2 mm skimmer created a collimated molecular beam which was
crossed by one or two tunable laser beams in the extraction region
of a linear time-of-flight mass spectrometer (Jordan). Mass-selected
R2PI spectra were recorded using a pulsed Nd/YAG-pumped dye
laser (Continuum Powerlite II/Sirah PS-G, 1—3 mJ/pulse UV)
operating at 10 Hz. Conformer-specific UV and IR spectra were
recorded through IR ion dip (IRID) double resonance spectroscopy.
The IRID experiments employed radiation in the range 3100—3800
cm™!, ~3—5 ml/pulse, generated by difference frequency mixing
of the fundamental of a pulsed Nd/YAG laser with the output of a
dye laser in a LiNbOj crystal (Continuum Powerlite 8010/ND6000/
IRP module). The delay time between opening the pulsed valve
and triggering the UV laser was adjusted to optimize the generation
of either ‘naked’ or hydrated molecules in the supersonic expansion
and the delay between the pump and the probe laser pulses was
~150 ns in the IRID hole burning experiments.

Results and Discussion

Spectroscopy and Structure. The UV R2PI excitation spectra
of the cellobioside 1 and its C-4" epimer 2 are shown in Figure
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Pittsburgh, PA, 2003.

2 and the IR ion dip (IRID) spectrum of 1, recorded in the OH
stretch region, is shown in Figure 3 where it can be compared
with that of 2.'"> The IRID spectrum remained the same
regardless of the location of the UV probe laser within its sharply
structured R2PI spectrum and both indicated predominant
populations of single conformers only, a remarkable result, given
the number of potential conformations that might conceivably
have been stabilized in the cold molecular beam. Figure 3 also
includes the computed vibrational spectra of the four lowest
lying conformations of the cellulose disaccharide predicted
theoretically. The experimental IRID spectrum is in excellent
correspondence with the predicted spectrum associated with its
global minimum energy conformation, calculated to lie well
below the energies, and free energies of its nearest neighbors.
In this structure the disaccharide 1 adopts a cis conformation,
with (éu, Yu) ~ 180°, 0°. The calculated relative energies of
the lowest lying trans conformer are 17.8 kJ mol™! and 11.2 kJ
mol ™!, respectively.

The appearance of a cluster of partially overlapping bands
located between 3600 and 3650 cm™! separated by some 100
cm™! from the intense blended feature centered at ~3545 cm™!,
reflects two distinct OH environments associated, respectively,
with weak and moderately strong hydrogen bonding. This
signature is in quantitative agreement with the predicted
vibrational assignments. The global minimum conformation is
supported by two inter-ring hydrogen bonds, OH6'—~OH6 and
OH2'—OH3 (a link in the ‘counterclockwise’ cooperative
(OH—0), chain, OH4—0OH3'—0H2—0OH3—O0H?2). The three
least displaced (and overlapping) bands correspond to the OH-2
and OH-6 ‘spectrator’ modes, 02 and 06, and the weakly
coupled OH-4" mode, 04’; the two bands at slightly lower
wavenumber can be assigned to the modes 03 and 03’; and the
(blended) pair of bands at ~3545 cm™' is associated with the
two coupled modes, 06" and 02’

The IRID spectrum of the C-4” epimer, the lactoside 2, and
the vibrational spectrum associated with its intrinsic global
minimum conformational structure were reported earlier,'? and
are shown for comparison, in the lower part of Figure 3. Like
the cellulose disaccharide 1, the epimer 2 also adopts a cis
configuration, with (¢y, y¥u) ~ 179°, —1°, but epimerization at
C-4’ has a striking consequence. The OH4’ group, now oriented
axially rather equatorially, promotes a strong OH4—OH6’

J. AM. CHEM. SOC. = VOL. 131, NO. 31,2009 11119
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reported earlier.'” Relative energies (kJ mol™") at 0 K and free energies at 298 K are shown in brackets.

interaction which dramatically alters the conformational land-
scape, reversing the orientation of the cooperative (OH—O0),
chain from counterclockwise to clockwise and extending it. This
creates much stronger inter-ring binding through the OH6'—~OH6
and OH3—OH2’ hydrogen bonds and is reflected in its
vibrational signature which displays three intense bands shifted

11120 J. AM. CHEM. SOC. = VOL. 131, NO. 31, 2009

to substantially lower wavenumbers in comparison with the
cellobioside; they are associated with the coupled modes, 04
and 06’, connected through strong hydrogen bonding from
OH4'—OH6'—OHS6, and the 03 mode."”

Hydration. The UV R2PI excitation spectra of the singly
hydrated complexes of the cellobioside 1 and its epimer 2 are
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shown in the lower half of Figure 2; hydration shifts the
spectrum of the cellobioside ~160 cm™! to the red. There was
no significant displacement for the epimer, and this was also
true for the spectrum recorded in the doubly hydrated ion
channel. If the hydrated ions were fragmenting, because of the
spectral overlap the signals recorded in the monohydrate ion
channel could conceivably have included contributions from
doubly, or even multiply hydrated lactose conformers. Fortu-
nately, the recorded IRID spectra, which are shown in Figures
4 and 5 together with the computed vibrational spectra,
structures, and relative energies of their four lowest lying singly
hydrated conformers, allow this possibility to be excluded, see
later discussion.

The principal features in the experimental IRID spectrum of
the hydrated cellulose disaccharide 1 are in good agreement
with the vibrational spectrum predicted for its global minimum
energy structure, particularly the prediction of four bands
strongly displaced to lower wavenumbers, but the subsequent
predicted spectra are in increasingly poor correspondence with
experiment. The global minimum structure, uniquely, incorpo-
rates a water molecule inserted between OH4” and OH6". This
is also the favored binding site in the monosaccharides, phenyl
p-D-glucopyranoside and phenyl 3-b-mannopyranoside, both of
which have an equatorial OH4 group, but not phenyl f-D-
galactopyranoside, where OH4 is axial.'* Hydration at the 4’
—6’ site of the cellulose disaccharide 1 reverses the orientation
of OH4' to create a greatly extended, cooperatively hydrogen
bonded, clockwise chain, OH2—0OH3—0H2'—0OH3'—0OH4'—
H,O—OH6—OH6, now incorporating eight rather than five
consecutive hydrogen-bonds. This strengthens the inter-ring
bond, OH6'—OH6 and also strengthens (and reverses) the
bonding between OH3 and OH2’. The dihedral angles, (¢, ¥'n)
~ 180°, 1° about the glycosidic linkage do not change, however;
the cis structure of the hydrated cellulose disaccharide is retained
but its rigidity is very much strengthened by the incorporation

of a bound water molecule in the extended clockwise (OH—0),
chain. (DFT calculations of multiply hydrated cellobiose appear
to suggest that a conformational switch from cis to trans could
be promoted by the formation of explicitly hydrated and ‘water
bridged” structures.”” The results presented here indicate the
switch certainly must require the presence of more than one
water molecule). The stabilization in aqueous solution cannot
be attributed simply to the polarity of the surrounding solvent
since the calculated dipole moment of the lowest lying trans
conformer of O-phenyl cellobiose, 5.2 D, is a little less than
that of the cis conformer, 7.0 D.

Strikingly, the conformational structure of the monohydrated
cellulose disaccharide 1 is now identical to that of the bare
lactoside 2, cf. Figure 3, where the OH4—OH6” bonding, and
the consequent extended clockwise chain, is promoted by the
axial orientation of OH4’. In the hydrated cellulose disaccharide
1, where OH4 is equatorial, the link between OH4” and OH6’
is mediated by the insertion of a water molecule at the favored
(4’—6") binding site. Its experimental IR spectrum presents a
single band at high wavenumber, ~3730 cm™!, readily assigned
to the ‘free’ OH of a bound water molecule; a cluster of bands
around 3610 to 3630 cm™', associated with weakly hydrogen-
bonded (intra-ring), peripheral OH groups, and assigned to 02/,
03’, 02, and 06; and a quartet of strongly displaced bands lying
between 3400 and 3500 cm™! associated with OH groups in
much more strongly hydrogen-bonded inter-ring and intermo-
lecular environments. They are assigned to 03, and the coupled
vibrations, 04’ and o06’, together with the OH mode, oy,
associated with the bound water molecule. Eight of the nine
OH bands are individually resolved. The lowest lying trans
conformer of the singly hydrated disaccharide 1 has a calculated
relative energy of 13.3 kJ mol~! and free energy of 7.9 kJ mol ™!,
a little less than those of the bare rrans-disaccharide, 17.8 kJ
mol~! and 11.2 kJ mol ™!, respectively, but well above those of
the corresponding cis conformer.

J. AM. CHEM. SOC. = VOL. 131, NO. 31, 2009 11121
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The experimental IRID spectrum of the hydrated lactoside 2,
monitored in the singly hydrated ion channel, is shown in Figure
5. Tt corresponds best to a composite of the two lowest lying
computed structures, predicted to be separated by only 0.6 kJ mol ™!
but lying at energies >8 kJ mol~! below those of their nearest
neighbors. If, as noted earlier, there were very extensive ion
fragmentation, the doublet at ~3710 cm™' and 3720 cm™' might
indicate the binding of two water molecules. Unless there were
near 100% fragmentation, however (an improbable scenario given
the absence of fragmentation in hydrated cellobiose), three (or
more) OH bands would appear in the region around 3720 cm™'.
A qualitative comparison between the full experimental spectrum
and the computed spectra of the two lowest lying structures strongly
favors the alternative interpretation: the experimental spectrum is
a composite. The strong band centered at ~3350 cm™" is associated
with the structure lying at a relative energy of 0.6 kJ mol™!, and
the bands at 3710 and 3720 cm™! correspond to the vibration of
the ‘“free” OH group of the bound water molecule in the two lowest
lying, isomeric monohydrate structures.

The strong, pre-existing (OH4"),;,—OHG6" interaction in the
galactose ring of lactose prevents insertion of the bound water
molecule at the (4’—6") site, just as it did in the hydrated
monosaccharide, phenyl $-D-galactopyranose * (H,0).'* In lac-
tose, the water molecule simply “adds on”, either to the pre-
existing, clockwise chain through an OH6—OHy, bond at its
terminus, in the structure with relative energy 0.6 kJ mol™', or
in the global minimum energy structure to a reversed, coun-
terclockwise (OH-O), chain through an OHy—OH6 bond at
its new starting point. In this structure, the three bands at low

11122 J. AM. CHEM. SOC. = VOL. 131, NO. 31, 2009

wave numbers are associated with the strongly hydrogen-
bonded, OH2'—OH3, inter-ring mode, 02’, and the coupled
OHw—OH6—OH6’ vibrations, ow and 06, involving the bound
water molecule and the other inter-ring mode. The vibrational
signature of the higher-energy structure reflects the clockwise
orientation of the extended (OH—0),, chain. The most strongly
displaced band is now 06’, reflecting the strong OH6'—~OH6
hydrogen bond, while the next three, 06, 04’, and 03, reflect
the OH6—OHy interaction, the inter-ring bond, OH3—OH?2’,
and the strong (OH4'),;,—OH6" interaction.

Figure 5 also presents the computed structures of the lowest-
energy frans conformer of benzyl 3-D-lactoside and its singly
hydrated complex, (the conformation identified in methyl 3-D-
lactoside through NMR measurements of its average structure
in aqueous solution).® Explicit hydration of the lactoside 2 by
a single water molecule bridging across the Gal and Glc rings
between OH2 and OH6’, actually de-stabilizes the trans
conformation. At 0 and 298 K its relative energy and free energy
are calculated to be 24.2 and 24.9 kJ mol~!; the corresponding
figures for the unhydrated trans conformer are 8.4 and 2.0 kJ
mol .12

Concluding Remarks

The combination of vibrational spectroscopy conducted under
molecular beam conditions and quantum chemical calculation

(22) Bosma, W. B.; Appell, M.; Willett, J. L.; Momany, F. A. J. Mol. Struct.
(THEOCHEM) 2006, 776, 21-31.
(23) French, A. D. Cellulose 2004, 11, 39-42.
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has established the intrinsic three-dimensional structures of the
cellulose disaccharide 1, and its C-4” epimer 2, in the gas phase
at low temperature. Left to their own devices they both adopt
a cis (anti/syn) glycosidic configuration, supported in the
lactoside 2 by strong, cooperative inter-ring hydrogen bonding,
promoted by the axial orientation of OH4'(Gal). In the cellulose
disaccharide 1, however, where the OH-4'(Glc) group is
equatorial, the cooperativity is reduced, and the corresponding
inter-ring hydrogen bonding is relatively weak.

The cis conformational preference is still retained in their
singly hydrated complexes. In the cellulose disaccharide 1
insertion of the water molecule at the favored binding site
between OH-4" and the neighboring hydroxyl group OH-6
promotes a structural reorganization to create a configuration
that parallels that of its unhydrated epimer, greatly strengthening
the inter-ring hydrogen bonding. In the C-4” epimer 2 the axial
orientation of OH-4" blocks this binding site, and the bound
water molecule simply adds on at the end of the (OH-O), chain;
this has a negligible effect on the (already strong) inter-ring
bonding. When the disaccharide unit 1 is incorporated into a
cellulose polymer, the OH-4" group is capped in a glycosidic
bond, breaking the cooperative (OH-O), chain in the free
disaccharide, and removing the favored (4'—6") water binding
site. This might well contribute to the intrinsic resistance of

cellulose polymer to solvation,® and it may also facilitate a

change in conformation about the glycosidic linkages from cis
to trans in the growing polymer, allowing formation of the
sequence of OH3—05" inter-ring hydrogen-bonds along the
extended polymer chain. The typical frans conformation in
cellulose may not be a result of inherent inter-residue interaction
but, instead, arises through a combination of its extended
structure and microhydration.
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