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A carbohydrate–aromatic complex, methyl a-L-fucopyranoside � toluene, which provides a model for
probing the physical basis of carbohydrate–protein ‘stacking’ interactions, has been created in a molec-
ular beam and probed through IR ion dip spectroscopy in the CH and OH regions. The results are inter-
preted in the light of DFT calculations using the MO5-2X functional. They indicate the creation of
stacked structures with the aromatic molecule bonded either to the upper or to the lower face of the
pyranoside ring, through CH3,4–p (upper) or CH1–p (lower) interactions leading to binding energies
618 kJ mol�1.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Molecular recognition of carbohydrates by proteins often in-
volves their selective binding at sites adjacent to aromatic amino
acid residues, tryptophan, tyrosine or phenylalanine, where they
can adopt a stacking motif with the aromatic side group providing
a platform for the bound ligand [1,2]. This has been associated with
‘apolar CH–p bonding’ [2] which can supplement hydrogen bonded
interactions involving the polar OH groups on the carbohydrate
and neighbouring side groups in the local protein environment,
or bonding that may be mediated through electrostatic interac-
tions with nearby ions, such as Ca2+ [3–9]. Protein–carbohydrate
interactions are fundamentally important in a wide array of biolog-
ical organisms and many processes such as infection, fertilization,
inflammation, and cellular recognition, depend upon them [10,11].

CH–p interactions in protein or oligopeptide–carbohydrate
complexes have been probed experimentally through X-ray crys-
tallographic investigations and also through NMR spectroscopy in
aqueous solution. ‘Hydrophilic’ OH–p hydrogen bonded and
‘hydrophobic’ CH–p interactions have been inferred from the crys-
tallographic structural data, and the perturbation of (C)–H hydro-
gen nuclei by aromatic ring currents, determined through proton
NMR measurements in solution, has been used to identify specific
CH–p interactions [12], though their nature is less easy to define.
[13–17] IR vibrational spectroscopy of O–H modes has been used
in smaller model carbohydrate–aromatic systems isolated in the
ll rights reserved.
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gas phase and free of neighbouring water molecules, to provide a
more direct experimental probe since their frequencies and inten-
sities are extraordinarily sensitive to their local inter (and also in-
tra) molecular hydrogen bonded environments [18–20]. The
incidence of OH–p hydrogen bonding in a series of carbohy-
drate–toluene complexes stabilized in a cold molecular beam
[19,20], was signaled by a red-shift, broadening and intensification
of one (or more) of the O–H bands. On the other hand, the absence
of any significant displacement of the OH modes in the aromatic
complex was taken as an indirect indication of carbohydrate bind-
ing through ‘CH–p’ interactions, provided the OH–p interaction
was stronger than any pre-existing OH–O interaction with a neigh-
bouring OH group; (the operation of CH–p interactions need not
necessarily preclude a minor contribution from OH–p bonding as
well).

To date, similar spectroscopic measurements of shifts in the IR
frequencies of the C–H modes between free and bound carbohy-
drates, which might be used to ‘report’ directly on the incidence
of CH–p bonding in their aromatic complexes, have not been
undertaken. The observation of specific displacements might, with
the aid of predictive quantum chemical calculations, help in their
structural assignment since the magnitude and direction of the
spectral shifts that can be associated with CH–p bonding have been
intensively discussed in recent years, particularly the information
they may convey about the nature of the interaction [13–
17,21,22].

Selection of the appropriate level of theory that should be used
has to take into account the role that dispersion plays [23] in the
binding of carbohydrate–aromatic complexes and also the compu-
tational expense. The latter can be greatly reduced by using density
functional theory (DFT); the former can be achieved within the
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framework of DFT theory by using for example, the dispersion cor-
rected version, D-DFT [23–25], which adds a weighted empirical
pair-wise potential of the form

P
ijC

ij
6=R6

ij, or by calculations which
employ a functional that takes proper account of electron exchange
and correlation [26]. The former approach was used very recently
by Hillier’s group [25] following our earlier experimental, molecu-
lar beam investigations, to calculate the vibrational spectra (OH
and CH stretch modes) and binding energies of a number of carbo-
hydrate–aromatic complexes, two of which could be compared
with our IR spectra recorded in the OH region [18,19]. Their D-
DFT calculations, employing a BLYP functional, were in broad
agreement with the experimental spectra of the fucose � toluene
and a-methyl glucopyranoside � toluene complexes, predicting
OH red-shifts that were comparable with those that we had ob-
served and had associated with OH–p hydrogen bonded structures.
They also predicted (surprisingly) large CH blue shifts associated
with (calculated) complex structures that were bound through
CH–p interactions, though spectroscopic measurements in the CH
stretch region were not then available.

Two complexes which had previously been associated with CH–
p, rather than JY–p bound structures [18,19] because of the ab-
sence of any significant change in the OH spectrum of the bound
carbohydrate, included methyl a-D-galactopyranoside � toluene
(MeGal � Tol) and its 6-deoxy analogue, methyl a-L-fucopyrano-
side � toluene (MeFuc � Tol), see Fig. 1; (the enantiomeric choices
reflect Nature’s preferences). Remarkably, preliminary DFT calcula-
tions of MeGal � Tol employing the B3LYP functional, which has a
good ‘track record’ in predicting the frequencies of OH (and NH)
bands within hydrogen bonded carbohydrate structures [20], pre-
dicted a CH–p bound structure as the lowest in energy [18] despite
the functional being unable to provide a proper description of com-
plexes bound predominantly by dispersion interactions.

Encouraged by this result, the earlier experiments have now
been extended using MeFuc � Tol as a benchmark system and tolu-
ene-d8, to obtain the IR spectrum of the bound carbohydrate in the
CH stretch region without spectral interference from its aromatic
partner. At the same time further DFT calculations have been con-
ducted for both the isolated and the complexed carbohydrate,
using Zhao and Truhlar’s MO5-2X functional [26] and the predic-
tions have been compared with experiment, both for the OH spec-
tra reported earlier [18,19] and for the newly recorded CH spectra.

2. Experimental

2.1. Molecular beam spectroscopy

The essential details of the experimental procedure were
similar to those reported previously [19]. Powdered samples of
the carbohydrate were ground with graphite powder in a ratio
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Fig. 1. Schematic structures of methyl a-L-fucopyranoside
�80% sample: 20% graphite (by volume), deposited as a thin uni-
form surface layer on a graphite substrate, and placed in the vac-
uum chamber close to the exit of a pulsed, cylindrical nozzle
expansion valve (0.8 mm diameter). Molecules were desorbed
from the surface using the fundamental of a pulsed and focused
Nd:YAG laser (�4 mJ/pulse) and entrained and cooled in an
expanding argon jet (�4 bar backing pressure) before passing into
the detection chamber through a 2 mm diameter skimmer. The
aromatic complexes were formed by seeding the carrier gas with
fully deuterated toluene (99.6 atom% D, Sigma-Aldrich) vapor prior
to the expansion in �0.25% in Ar. Mass-selected R2PI spectra were
recorded using a frequency-doubled pulsed Nd:YAG-pumped dye
laser (Continuum Powerlite II/Sirah PS-G, 1–2 mJ/pulse UV) operat-
ing at 10 Hz. Conformer-specific CH vibrational spectra were re-
corded at the parent ion mass and selected R2PI absorption
bands of the complex, through IR ion dip (IRID) double resonance
spectroscopy [27] using radiation in the range 2800–3150 cm�1,
line-width �2–3 cm�1, 5 mJ/pulse, generated by the idler output
of an OPO/OPA laser system (LaserVision), pumped by a pulsed
Nd/YAG laser (Surelite II).

2.2. Computation

The structural search began with an unrestricted survey of
the many possible MeFuc � Tol-d8 structures, using the Monte Carlo
multiple minimization procedure as implemented in the
MacroModel software (MacroModel v.8.5, Schrödinger, LLC21).
[28] Subsequent B3LYP/6-31+G* or MO5-2X/6-31+G** geometry
optimization, led ultimately to the identification of eight structures
with energies lying <10 kJ mol�1 above the minimum – calculated
using the MO5-2X functional and the Gaussian03 suite of programs
[29]. Their relative energies and binding energies were reduced a
little when corrections were included for zero point energies (using
the harmonic frequencies computed at the MO5-2X/6-31+G** level)
and for BSSE but the rank order remained the same. The predicted
harmonic wavenumbers of their CH and OH stretch modes were
scaled by the recommended factors [30] of 0.94 (MO5-2X) or
0.96 (B3LYP) to correct for anharmonicity.

3. Results and discussion

3.1. Phenyl a-L-fucopyranoside

In order to establish the experimental feasibility of measuring
the IRID spectrum of a carbohydrate in the CH region and its cor-
respondence with the spectrum predicted by DFT calculations, an
initial trial investigation of bare phenyl a-L-fucopyranoside (PhFuc)
was undertaken; (the phenyl tag was needed to provide the UV
chromophore that enables detection through resonant two-photon
H

O

HO
OH

(β−) MeGal

HO

OH

O

H

H

H

H

(MeFuc) and methyl a-D-galactopyranoside (MeGal).



Fig. 2. Experimental and computed IRID CH spectra of phenyl a-L-fucopyranoside:
(a) calculated using the B3LYP functional and a 6-31+G* basis set, (b) experimental,
(c) calculated using the MO5-2X functional and a 6-31+G** basis set. Its computed
minimum energy structure is shown at the bottom of the figure.

Table 1
Relative energies of the eight lowest energy structures of MeFuc � Tol-d8 in kJ mol�1,
calculated using the MO5-2X functional and a 6-31+G** basis set, including those
incorporating harmonic zero point energy corrections and counterpoise corrections
for BSSE. The ‘pa,b, . . .’ notation identifies different orientations of the aromatic ring,
which differ only by rotation in the aromatic plane.

Structure DE DE + ZPE DE + ZPE + BSSE

cc_CH1–pa 0.00 0.00 0.00
cc_CH1–pb 2.70 1.49 1.17
cc_CH1–pc 2.96 1.73 1.51
cc_CH3,4–p 3.96 2.41 1.85
cc_CH1–pd 3.07 3.62 3.27
cc_CH2–p 5.42 4.63 4.00
cc_CH1–pe 7.66 5.98 5.30
cc_OH2–p 9.22 7.61 7.60

Table 2
Binding energies, De, of the eight lowest energy structures of MeFuc � Tol-d8 in
kJ mol�1, calculated using the MO5-2X functional and a 6-31+G** basis set, together
with those including ZPE (D0) and BSSE corrections.

Structure De D0 D0 + BSSE

cc_CH1–pa �25.44 �22.06 �18.27
cc_CH1–pb �22.74 �20.57 �17.10
cc_CH1–pc �22.48 �20.33 �16.76
cc_CH3,4–p �21.48 �19.65 �16.42
cc_CH1–pd �22.37 �18.45 �14.99
cc_CH2–p �20.02 �17.43 �14.26
cc_CH1–pe �17.78 �16.09 �12.96
cc_OH2–p �16.23 �14.46 �10.67
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ionization, an essential component of the mass-selected IRID
experiment). Its success can be gauged from the spectra shown
in Fig. 2, where the experimental CH spectrum is compared with
the predictions of DFT calculations using the B3LYP and MO5-2X
functionals. Each one is in qualitative correspondence with exper-
iment though the B3LYP functional appears to provide the closer
agreement, principally because of the differences in the predicted
positions of the CH3 symmetric stretch mode, labeled as C5–CH3

and the CH mode labeled C1–H. Since dispersion is not expected
to be a major factor influencing the structure of the isolated mole-
cule, this result favours the use of the B3LYP functional (for the iso-
lated molecule). On the other hand this is unlikely to remain valid
when the carbohydrate, methyl a-L-fucopyranoside is bound to an
aromatic molecule/UV chromophore2 through CH–p interactions
and in this case the MO5-2X functional will be the preferred option.
2 The IRID scheme, which requires a UV chromophore, cannot be used to provide an
experimental vibrational spectrum of the uncomplexed carbohydrate; in the complex
of course, the necessary chromophore is provide by the aromatic partner.
3.2. Methyl a-L-fucopyranoside � toluene

The lowest lying structures (<10 kJ mol�1 above the minimum)
of MeFuc � Tol-d8 calculated using the MO5-2X functional are
listed, together with their relative energies and binding energies,
in Tables 1 and 2. They are described by the term ‘cc’, which
identifies a counterclockwise orientation of the hydrogen-bonded
peripheral OH groups on the carbohydrate, OH4 ? OH3 ?
OH2 ? O1, and ‘CHi–p’ or ‘OHi–p’ which identifies the character
of the intermolecular interaction with the aromatic partner. Seven
of the eight calculated structures are bound through CH–p interac-
tions, leading to binding energies in the range �(13–18) kJ mol�1.
The only one involving an OH–p hydrogen bond has the highest
relative energy, 7.6 kJ mol�1 and the rest involve binding either
at the CH1 site, which is located on the lower face of the pyranoside
ring (see Fig. 1) or the CH3,4 site which binds the fucose to an apolar
patch on the upper face of the ring. Both types of interaction have
been identified in X-ray crystallographic investigations of com-
plexes between proteins and methyl a-L-fucopyranoside (MeFuc)
or its analogue methyl a-D-galactopyranoside (MeGal) – for exam-
ple, the CH3,4,5–p bonding of MeFuc to a tyrosine residue in Lectin 1
(from Ulex europaeus) [31] and CH1–p bonding of MeGal, again at a
tyrosine site in the galactose specific lectin from Autocarpus hirsute
[32].

Recording the experimental IR spectra of MeFuc � Tol-d8 com-
plexes proved experimentally demanding since the complexes
did not form readily and required very high ratios of tolu-
ene:MeFuc partial pressures (presumably because the complexes
are very weakly bound). In consequence the signal:noise ratios in
the recorded CH (and OH) spectra were very much smaller than
those obtained with PhFuc. Fig. 3 compares the computed OH
vibrational spectra of the uncomplexed carbohydrate (Fig. 3a), cal-
culated using the MO5-2X functional rather than B3LYP for the
sake of consistency in making comparisons, with the experimental



Fig. 3. (a) Computed OH vibrational spectrum of methyl a-L-fucopyranoside; (b) IRID OH spectra (shown as ‘dip’ spectra) of the two populated conformers of MeFuc � Tol-d8

and (c)–(f) the corresponding vibrational spectra and conformations of its lowest lying computed structures, calculated using the MO5-2X functional and a 6-31+G** basis set.
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IRID OH spectrum of the complex, which populates two alternative
structures, or structural families, (Fig. 3b) and the OH vibrational
spectra associated with the lowest energy structures of Me-
Fuc � Tol-d8, CH1–p (Fig. 3c–e) and CH3,4–p (Fig. 3f), again calcu-
lated using the MO5-2X functional. They are all very similar
although the CH–p interactions do lead to very minor changes in
the spectral patterns. Apart perhaps, from the minimum energy
structure, each one of them is in good correspondence with each
of the experimental spectra (though this is not true for the OH
spectra associated with any of the calculated higher energy struc-
tures). It is tempting to associate the two experimental spectra
with CH1–p and CH3,4–p bonded structures.

Similar comparisons conducted in the CH spectral region are
presented in Fig. 4, which presents the computed (MO5-2X) vibra-
tional spectra of uncomplexed MeFuc and the four lowest energy
MeFuc � Tol-d8 structures, and the experimental IRID spectrum
associated with the more strongly populated complex (‘structure
1’ in Fig. 3b). Disappointingly, all the spectra are qualitatively sim-
ilar and this, when coupled with their complexity and the poor res-
olution and intensity of the experimental spectrum, prevents
assignment of the complex to a particular structure or the vibra-
tional assignment of its experimental spectrum. Comparisons be-
tween the computed spectra of each of the complex structures
and the bare carbohydrate do however, reveal some interesting re-
sults. Each of the spectra shown in Fig. 4c–e is associated with a
structure bound through a C1H–p interaction; when they are com-
pared with the spectrum of bare MeFuc, ‘blue shifts’ can be identi-
fied in the respective C1–H bands �35 cm�1 (c), �64 cm�1 (d) and
�57 cm�1 (e) but none of the other bands is significantly displaced.
Similarly, the C3–H and C4–H bands in spectrum (f), which is asso-
ciated with a C3,4–p bound complex, are blue-shifted by �30 cm�1

and �66 cm�1, respectively, but not the other bands which are vir-
tually unaffected. These large, selective displacements towards
higher wavenumber are comparable in magnitude (and direction)
with those calculated for similar CH–p bonded carbohydrate–tolu-
ene structures, using the dispersion corrected D-DFT method [25].
Remarkably, blue shifts (about one third as large) are also pre-
dicted by calculations using the B3LYP functional although it is
not capable of dealing with dispersive interactions.

4. Concluding remarks

Comparisons between the IR spectra recorded in the OH re-
gion, of a carbohydrate–aromatic complex, methyl a-L-fucopyr-
anoside-toluene isolated in the gas phase, and the results of
DFT calculations using the MO5-2X functional, reinforce the ear-
lier qualitative proposal [18,19] of a complex bound through
CH–p interactions alone. These can create stacked structures with
the aromatic molecule bonded to the upper or the lower face of
the pyranoside ring, through CH3,4–p (upper) or CH1–p (lower)
interactions. Although it has also been possible to record an IR
spectrum of the complex in the CH stretch region, its density
and quality do not allow more detailed assignments to be made
but the theoretical prediction of a strong blue shift in the CH
bands associated with the CH–p interactions parallels the predic-
tions made recently, on the basis of D-DFT calculations for other
carbohydrate–toluene complexes [25], and encourages a further
experimental pursuit based upon a simpler benchmark system
such as the xylose–toluene complex, methyl ab-D-xylopyrano-
side-toluene-d8. In xylose, which provides an analogue of glucose
rather than galactose since all its OH groups adopt an equatorial
orientation, the hydroxymethyl group is replaced by an H atom.
In addition, we have already discovered that the two anomers
of the glucopyranoside behave differently: the toluene complex
of the a-anomer is supported by OH–p bonding but the other
anomer appears to be bound solely through CH–p interactions
[19]. If the methoxy group were fully deuterated, methyl-d3

a/b-D-xylopyranoside-toluene-d8, the number of CH bands would
be almost halved, falling from 11 (in MeFuc � Tol-d8) to 6 (in
MeXyl � Tol-d8) to allow a considerable spectral simplification.



Fig. 4. (a) Computed CH vibrational spectrum of methyl a-L-fucopyranoside; (b)
IRID CH spectra of conformer 1 of MeFuc � Tol-d8; (c)–(f) corresponding vibrational
spectra of its lowest lying computed structures, calculated using the MO5-2X
functional and a 6-31+G** basis set. (The weak features lying above �3025 cm�1 lie
outside the range of aliphatic C–H modes: if real, they could be due to aromatic C–H
bands associated with a small population of undeuterated toluene clusters. The
difference between the mass ratios of MeFuc � Tol-dþ8 and ðTolÞþ3 is only 2 amu. Its
aliphatic C–H3 bands could also account for some of the ‘crowding’ at lower
wavenumbers).
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