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Abstract: The noncovalent complexa-
tion of tetraethyl and tetraphenyl
resorcinarenes with mono-, di-, and oli-
gosaccharides was studied with nega-
tive-polarization electrospray ioniza-
tion quadrupole ion trap and electro-
spray ionization Fourier-transform ion
cyclotron resonance mass-spectromet-
ric analysis. The saccharides formed 1:1

tion. In the case of the monosacchar-
ides, hexoses formed much more abun-
dant and kinetically stable complexes
than pentoses or deoxyhexoses. A com-
parison of the mono-, di-, and oligosac-
charides revealed that both the relative
abundance and stability of the com-
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plexes increase up to biose and triose,
but start to decrease after that point, as
the length of the oligosaccharide is in-
creased. This behavior was rationalized
by comparing the lowest-energy con-
formations of the complexes formed
between the resorcinarene and oligo-
saccharides. This comparison was ach-
ieved by using theoretical calculations

complexes with deprotonated resorci-
narenes, which exhibited clear size and
structure selectivity in their complexa-

Introduction

The selective and sensitive recognition of saccharides is of
infinite importance, not only for medical diagnostics and in-
dustrial processes, but also for the food industry. Saccharides
play a key role in many biochemical series of events, such as
the energy balance of organisms, intercellular communica-
tion, and cellular and molecular targeting.!! The develop-
ment of a fast and efficient detection methodology would
allow an immediate perception of alterations caused by dis-
ease or medical treatment in the metabolism of organisms.
In addition, an effective detection methodology would aid
the monitoring of industrial processes, such as fermentation.
However, saccharides are an extremely challenging class of
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hosi— and X-ray crystal studies.

compound for selective detection because they are structur-
ally relatively similar, but still have small yet significant dif-
ferences in their stereochemistry and configuration.

At the level of small configurational differences in sugars,
separation methods based on molecular recognition have
been explored as a solution to their analytical separation.
Over the past decade, resorcinarene structures have turned
out to be a versatile basis for molecular recognition.”! Vari-
ous resorcinarenes have reportedly formed noncovalent and
mainly hydrogen-bonded complexes, especially with small
polar organic molecules containing nitrogen or oxygen
atoms.**

The saccharide and alkyl glycoside complexation of
upper-rim unsubstituted resorcinarenes were earlier studied
by Aoyama et al.*'”! They detected sugar complexes mainly
from apolar organic solutions by using circular dichroism
(CD) and '"H NMR spectroscopic techniques. In their stud-
ies, the extraction of ribose from a polar protic solvent into
an apolar aprotic solvent was even reported. According to
their observations, unsubstituted resorcinarenes are promis-
ing hosts for sugar complexation, and this complexation is
mainly based on hydrogen-bonding interactions between the
HO sphere of the resorcinarene and the OH groups of the
sugars.

Herein, we report a mass-spectrometric study of resorci-
narene-sugar complexation. Our goal was to clarify the ef-
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fects of the configuration of the sugar ring and the size of
the sugar. The experimental work was mainly conducted
with electrospray ionization quadrupole ion trap (ESI-QIT)
and electrospray ionization Fourier-transform ion cyclotron
resonance (ESI-FTICR) mass spectrometry. The experimen-
tal observations were supported by theoretical ab initio cal-
culations. A crystallization experiment from a 1:1 mixture of
ethyl resorcinarene (1) and cellobiose (Glc,) from alcohol-
water mixtures was performed to obtain crystalline saccha-
ride-resorcinarene complexes. Surprisingly, only the guest
cellobiose crystallized, thus its X-ray structure was obtained.
In addition, we were interested in exploring the complexa-
tion of di- and oligosaccharides, which has not been a sub-
ject of earlier research. Depro-
tonated tetraethyl and tetra-
phenyl resorcinarenes were
used as potential sugar recep-
tors. Tetraethyl resorcinarene
(1) adopts a crown (C,,) confor-
mation, which is stabilized by
intramolecular hydrogen bond-
ing. However, tetraphenyl re-
sorcinarene  (2)  reportedly
adopts either the crown (C,,) or
boat (C,,) conformation. The ratio C,,/C,, varies mainly ac-
cording to reaction time, and longer reaction times favor the
formation of a C,, product.'! Herein, we were interested in
studying the effect of the conformation of resorcinarene on
its complexation behavior.

It has been shown that the deprotonation of resorcinarene
facilitates the complexation process as a result of a more
electron-rich and less hydrophopic cavity, which could lead
to better sugar-host CH-m interactions.”’ Therefore, the
ability of deprotonated resorcinarenes to complex six differ-
ent monosaccharides, one disaccharide, and four oligosac-
charides (Scheme 1) was studied. Initially, it was our inten-
tion to also study tetraethyl pyrogallarene, but the deproto-
nation of pyrogallarane proved so difficult that this goal had
to be reconsidered. In fact, despite numerous attempts in
different solution and experimental environments, the pyro-
gallarane did not produce any peaks for the negative polari-
zation. Even the addition of numerous strong bases was not
able to deprotonate the pyrogallarane unit. This outcome is
most likely to be the result of a presumably strong intramo-
lecular hydrogen-bonding system formed by the 12 hydroxy
groups at the upper rim of the pyrogallarene, which, in fact,
is a rather interesting issue.

Our intention was to survey several aspects of the struc-
tural properties of saccharides and their effect on the com-
plexation process. The selection of the monosaccharides
consisted of three groups of saccharides: pentoses (xylose
(Xyl), ribose (Rib)), deoxyhexoses (fucose (Fuc), quinovose
(Qui)), and hexoses (galactose (Gal), mannose (Man), glu-
cose (Glu)). In the case of the di- and oligosaccharides, cel-
losaccharides of increasing length were included (cellobiose
(Glc,), cellotriose (Glc;), cellotetraose (Glc,), cellopentaose
(Glcs), cellohexaose (Glcy)).
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Scheme 1. The mono-, di-, and oligosaccharides studied.

The development of mass spectrometers over recent de-
cades now allows routine the sensitive and nondestructive
detection of fragile noncovalent complexes. Therefore, mass
spectrometry has become a valuable tool for the characteri-
zation of positively charged supramolecular assemblies.
However, negative-ionization mass spectrometry has not
been used to study noncovalent complexation, although in
many cases the experiments would be well suited for nega-
tive polarization and the results obtained would create a
clearer vision of the interactions involved. Therefore, we
were interested in investigating the special characteristics of
the negative-mode mass-spectrometric analysis of noncova-
lent supramolecular complexes.

Results and Discussion

Complex formation with monosaccharides: The spectra re-
corded from samples containing resorcinarenes 1 or 2 and a
single monosaccharide were measured by using both ESI-
QIT and ESI-FTICR. There were no significant differences
in the appearance of the spectra between these two instru-
ments. In most of the spectra, the peak corresponding to the
deprotonated resorcinarene [M—H]~ was observed as the
most abundant peak (Figure 1). In addition, the resorcinar-
enes formed deprotonated ions that corresponded with
[M—2H]*" and [2M—H] . The singly charged complexes
with monosaccharides [M—H + monosaccharide]™ were ob-
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Figure 1. ESI-FTICR spectra measured from samples containing a) 1 and
Glu and b) 1 and Fuc in ratios of 1:5 in MeOH

served with every monosaccharide, although the absolute in-
tensities of the ions corresponding to complexes varied per
monosaccharide. Clearly, the most abundant complexes
were formed with hexoses and the intensity of the peaks
was lowest with pentoses.

Furthermore, a peak corresponding to [M—2H +monosac-
charide 4+ Na|~ was generally observed (Figure 1). This ion is
most likely the result of a replacement of a —OH hydrogen
atom of the resorcinarene with a sodium cation. A cross-
check by using positive polarization also showed an abun-
dant formation of sodium adducts [monosaccharide +Na]*
and [M +Na+monosaccharide]*. Occasionally, a concentra-
tion-dependent clustering of monosaccharides, such as [2x
monosaccharide—H]~, was also observed. Most likely, this
behavior does not have a specific nature, but since no fur-
ther investigations were made on that issue, the nature of
these ions remains uncertain.

In the case of monosaccharides, there were no signs of an
association with resorcinarene dimers or the formation of
complexes that consisted of several monosaccharides and re-
sorcinarene, although the observation of such complexes
have been previously reported.'”

The relative affinity of resorcinarenes towards saccharides
was studied in a bilaterally competitive environment. In
these experiments, each sample contained 1:3:3 of each re-
sorcinarene and two competitive monosaccharides. In the
case of di- and oligosaccharides, a host/guest,/guest, ratio of
1:1:1 was used to decrease sugar clustering. An ESI-QIT in-
strument was used to record the competition experiments.

5222 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The monosaccharide competition experiments of resorcin-
arene 1 were mainly performed against Fuc, and all the
studied monosaccharides were included in the experiments.
Additionally, a competition experiment was also performed
between Qui and Glu to achieve a comparison between Fuc
and Qui. The results from the competitive complexation ex-
periments for 1 and monosaccharides are presented in
Figure 2.
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Figure 2. Relative intensities (%) of monosaccharide complexes ([1+sac-
charide—H| /[1+4saccharide—H] ™ +[1+4Fuc—H]") and the relative inten-
sities (%) of Glu and Qui (upper right).

The results clearly confirm earlier observations: the ion
abundances of the complexes of hexoses with resorcinarene
1 are higher relative to the pentoses and deoxyhexoses.
Among the hexoses, Gal seems to form a slightly less abun-
dant complex than Glu and Man. Moreover, Fuc forms a
slightly more abundant complex than Qui. Overall, the af-
finity of resorcinarene 1 can be given in the following de-
creasing order: Glua~Man > Gal > Fuc > Rib~ Xyl. Whether
the complexation efficiency of Qui is higher than the effi-
ciency of pentoses cannot be concluded from these results.

The monosaccharide competition experiments in the pres-
ence of resorcinarene 2 were performed only with the pairs
Glu/Fuc, Xyl/Fuc, and Glu/Qui (Figure 3). Similarly, as with
resorcinarene 1, the affinity of resorcinarene 2 decreases in
the order: Glu>Fuc~Xyl.
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Figure 3. Monosaccharide competitions in the presence of 2. The relative
intensities (%) are presented.

Complex formation with di- and oligosaccharides: It was
also observed that all of the di- and oligosaccharides com-
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plex with both resorcinarenes. According to the spectra, the
most abundant ions were formed from the complexes with
cellobiose and -triose. In the spectra of a sample with a
host/guest ratio of 1:5, more intense peaks corresponding to
saccharide clusters were observed relative to the monosac-
charides. Therefore, a resorcinarene/saccharide ratio of 1:1
was used in further measurements of the di- and oligosac-
charide complexes. The peaks that corresponded to the de-
protonated di- and oligosaccharides were also much more
intense relative to the monosaccharides. Occasionally,
doubly charged complexes, such as [2 M +saccharide—2HJ*",
[M+2xsaccharide—2H]*", and [M +saccharide—2H]*",
were also observed, but the intensity was relatively low. It
might be possible, though, for di- and oligosaccharides to
form multiply charged complexes with the resorcinarene
dimer as a result of better stabilization of the multiple
charges.

Competitive complexation experiments were performed
for di- and oligosaccharides in the presence of resorcinar-
enes (Figure 4). Our interest was mainly focused on the pos-
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Figure 4. Di- and oligosaccharide competitions in the presence of 1. The
relative intensities (%) are presented.
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sible complexation size selectivity of resorcinarenes and the
difference in size selectivity between the two resorcinarenes.
As a result of high (or big) mass differences between the di-
and oligosaccharides, the competition experiments were per-
formed bilaterally by using the competition pairs Glu/Glc,,
Glc,/Glc;, Gley/Gle,, Gle,/Glces, and Gles/Gleg. For each com-
petition pair, the experimental parameters were optimized
for the lower-mass complex, which might, therefore, be
slightly overestimated. Resorcinarene 1 exhibited size selec-
tivity towards Glcs;, and the size selectivity of resorcinarene
1 is Glu < Glc, < Gle; > Glc, > Gles > Glcg.

A similar size-selectivity order is observed for resorcinar-
ene 2 (Figure 5). According to earlier studies, the differen-
ces in resorcinarene conformation also induce clear differen-
ces in their complexation behavior. It was observed that
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Figure 5. Di- and oligosaccharide competitions in the presence of 2. The
relative intensities (%) are presented.
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boat conformers prefer to complex with elongated ammoni-
um ions, whereas the crown conformers prefer small and
branched ammonium ions.® Herein, resorcinarenes 1 and 2
did not show any difference in their complexation of di- and
oligosaccharides. Therefore, it seems rather clear that in
these experiments both the resorcinarenes have adopted a
similar conformation, despite the earlier assumption.

Theoretical calculations and X-ray structure studies of cello-
biose: The complex formation with large oligosaccharides,
such as cellopentaose and cellohexaose, was a rather surpris-
ing observation. Although, other complexes of resorcinarene
have previously been modeled,™ to the best of our knowl-
edge complexes with sugars have not been reported, and so
we were constrained to looking more closely at the confor-
mation of the oligosaccharides by using theoretical calcula-
tions. In the first stage, the structures of Glu, Glc,, Glc;,
Glc,, and Glcs were optimized (Figure 6).
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Figure 6. The lowest-energy conformations of saccharides: a) glucose
(Glu), b) cellobiose (Glc,), c) cellotriose (Glc;), d) cellotetraose (Glcy),
and e) cellopentaose (Glcs).

The conformations presented in Figure 6 were obtained at
the BP86/SVP level of theory. The lowest-energy form of
glucose possessed a six-membered ring (chair conformation)
and a counter-clockwise network of intramolecular hydro-
gen bonds. The lowest-energy conformation of cellobiose
was compared to its X-ray crystal structure (Figure 7). At-
tempts to crystallize 1 with excess cellobiose from a PrOH/
H,O mixture did not make the complex visible in the gas
state. The difference in solubility of the components,
namely, 1 is not soluble in water and cellobiose is only solu-
ble in water, is the probable cause of the negative result.
However, to our surprise, the cellobiose itself formed a crys-
tal under these conditions that was of sufficient quality for
X-ray diffraction studies. The structure of the cellobiose in
its solid state differs from the modeling in the configuration
of the bridge-head methine hydrogen atoms. In the crystals,
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Figure 7. A plot of cellobiose with atom labels. The thermal displacement
parameters are shown at a 50 % probability level.

they have a cis configuration (Figure 7) and result in a flat
overall structure (Figure 8a). The governing factor for the
flat cis configuration is the formation of fairly strong intra-

a) b) g 5 i
Figure 8. The CPK presentations of cellobiose: a) side and b) top views.

molecular hydrogen bonds between O(6) and O(12)
(Figure 7 and 8b) and O(6)-H--O(12) and O(6)--O(12) with
distances of 1.951 and 2.768 A, respectively, and with an
O—H--O angle of 164.03°.

The calculated energy of the crystal structure is close to
the optimized lowest-energy conformation of cellobiose.
However, the difference in these energies indicates that the
crystal structure differs from the theoretically calculated
structure of cellobiose. The full geometry optimized struc-
ture of cellobiose is not as linear as the geometry in the
crystal structure because of the different position of the
hydroxymethyl groups.®! Furthermore, a clear curvature of
the saccharide skeleton is evident as the number of glucose
residues exceeds two (the oligosaccharides larger than
Glc,).'"! The curvature of the oligosaccharide skeleton de-
creases the length of the saccharide to 10-12 A (Figure 6),
which corresponds to the diameter of the upper rim of the
resorcinarenes (~10 A), as approximated from the opti-
mized structure of 1.

In the next stage, the complexes of 1 with glucose, cello-
biose, and cellotriose were optimized by using the density
functions BP86 and B3LYP, both with a SVP basis set. The
lowest-energy conformations of the host—guest complexes
are presented in Figure 9. Optimized structures 1a and 1b
are the two most stable geometries for the complex formed
with glucose. The calculated total energy difference between
those two cases is only 20 kJmol™' (Table 1). Still, the differ-
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Figure 9. The optimized structures for host—guest complexes of 1 calculat-
ed by using the BP86/SVP method: 1a and 1b with Glu, 2a with Glc,,
and 3a and 3b with Glc;.

ences in the position of glucose are obvious. In 1a, the glu-
cose molecule lies on the top of the upper rim of the resorci-
narene and the hydroxymethyl group points towards the
middle of the cavity. Furthermore, a conformational change
occurs and the crown conformation of the resorcinarene is
slightly flattened and the cavity becomes more oval. This
result is most likely because of a repulsion between the hy-
droxymethyl oxygen atom of the glucose and the aromatic
rings of the resorcinarene. In 1b, the glucose molecule is sit-
uated on one side of the cavity and is lifted so that the hy-
droxymethyl group is positioned along the edge of the
upper rim of the resorcinarene. This position allows the for-
mation of two hydrogen bonds. Even though there are three
hydrogen bonds in 1a and only two in 1b, the interaction
energy of 1b is 20kJmol™! lower than the interaction
energy in 1a. Probably, the repulsion interaction in geome-
try la is the main reason for its decreased interaction
energy, as calculated by the density-functional method. In
addition to hydrogen bonding such interactions as van der

Chem. Eur. J. 2008, 14, 5220-5228
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Table 1. Calculated total and interaction energies of the complexes of 1
formed with glucose, cellobiose, and cellotriose obtained by using BP86/
SVP, B3LYP/SVP, and MP2/TZVP levels of theory.

Complex Method Total energy [a.u.] AE® [kJmol™]
1la1+4+Glu BP86/SVP —2683.1728 —63
1a1+4+Glu B3LYP/SVP —2681.4744 —68
1a1+4+Glu MP2/TZVP —2678.4961 —121
1b 1+ Glu BP86/SVP —2683.1809 —84
1b 1+ Glu B3LYP/SVP —2681.4801 —-83
1b 1+ Glu MP2/TZVP —2678.4955 -119
2a 1+Glc, BP86/SVP —3293.5388 —-109
2a 1+Glc, B3LYP/SVP —3291.4783 —115
2a1+Glc, MP2/TZVP —3287.9057 —158
3a1+4Glc, BP86/SVP —3903.8740 -73
3a 1+Glc, B3LYP/SVP —3901.4541 —87
3a1+4+Glc, MP2/TZVP —3897.3043 —165
3b 1+ Glc; BP86/SVP —3903.8822 -95
3b 1+ Glc, B3LYP/SVP —3901.4585 —98
3b 1+ Glc, MP2/TZVP —3897.2859 —-117

[a] Interaction energies.

Waals and CH—x interactions should be taken into account.
Therefore, the MP2 energies were calculated from BP86 op-
timized structures. The MP2 method is computationally very
demanding, but it takes more noncovalent interactions into
consideration. Therefore, it was not surprising that accord-
ing to the MP2 method the interactions between host and
guest molecules are stronger than those calculated by the
density-functional method. It is noteworthy that there was
no difference between the interaction energies of 1a and
1b, as calculated by using the MP2 method. The interaction
energies of the host-guest complexes calculated by using
BP86/SVP, B3LYP/SVP and MP2/TZVP are summarized in
Table 1.

In Figure 9, 2a represents the lowest-energy geometry for
the cellobiose complex of resorcinarene 1. The calculated in-
teraction energy of 2a was lower than that of glucose com-
plexes 1a and 1b. In other words, the biose formed a much
more stable complex than glucose as a result of the stronger
interaction between the host and guest molecules. This
result is in agreement with the experimental results obtained
from the competition experiments. Visualization of the full
geometry optimized structure (Figure 9; 2a) provides insight
into the increased stability of the complex formed between
the biose and 1. Cellobiose is situated in the middle of the
resorcinarene and almost completely covers the cavity of
the resorcinarene. In addition, the geometry and position of
cellobiose enables it to interact with almost the entire upper
rim of the resorcinarene. There are four evident hydrogen
bonds between the resorcinarene and cellobiose. These hy-
drogen bonds bind the cellobiose to resorcinarene from
both sides of the upper rim. The hydrogen bonds between
the cellobiose and resorcinarene are not more than 1.8 A.

The final objective of the theoretical study was to investi-
gate the interactions between cellotriose and 1. In Figure 9,
the most stable structures for a cellotriose complex of 1 are
presented. The position of the saccharide unit differs signifi-
cantly in the two investigated cases of 3a and 3b. In 3a, the
cellotriose lies in the middle of the resorcinarene and one
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hydroxymethyl group dives into the middle of the cavity.
Three hydrogen bonds are formed between 1 and cello-
triose, and their lengths varied between 1.7 and 1.9 A. How-
ever, in structure 3b, the triose bends to follow the edge of
the upper rim of the resorcinarene and all the hydroxymeth-
yl groups point upwards. That arrangement enables the
triose to form four hydrogen bonds with the host: two for
both ends with lengths from 1.8 to 2.0 A. As in the case of
the glucose complexes (i.e., 1a and 1b), the BP86 and
B3LYP interaction energies of 3a are slightly weaker when
the —CH,OH group is almost inside the cavity. The number
of hydrogen bonds formed supports the results obtained
from density-functional calculations. According to the MP2
method, the interactions in the triose complexes are stron-
ger, as observed earlier for glucose and biose, but surprising-
ly 3a seemed to be the favorable configuration. Obviously,
the DFT and MP2 theories describe the interactions in-
volved in the complexes in a slightly different way. In con-
text with the experimental results, however, the MP2 theory
seems to better describe the complexes under investigation
herein. Still, independently from the theory used, the results
obtained by theoretical calculations predict that the com-
plexation of biose and triose is more favorable than the
complexation of the monosaccharides, which is in agreement
with the experimental work of this study.

Kinetic stability of the complexes: Energy-resolved collision
induced dissociation (CID) experiments were performed on
an ESI-FTICR mass spectrometer. These experiments allow
the comparison of the relative kinetic stabilities of the com-
plexes to be carried out. To begin with, dissociation routes
of deprotonated resorcinarenes were defined to facilitate
the interpretation of the CID spectra. For this purpose, an
ESI-QIT instrument and multiple-stage mass spectrometry
(MS") experiments of the fragment ions were used. Mass ac-
curacy, determined for each fragment ion by using ESI-
FTICR equipment, varied from 0.3 to 11 ppm.
Deprotonated 1 dissociated by repeatedly losing neutral
molecules of 110, 150, and 190 Da (Scheme 2), which corre-
spond to resorcinol and resorcinol with one or two propyl-

[489] —150 ., [339] 0 [189]
0 9 8
AN A0
[599] 10— [a40] 20— [209] 0 [149]
. L% %
790 ’,\»\0 ,‘\’\0

409) 150 [p5or —— [109]

Scheme 2. Dissociation of resorcinarene 1.

ene chains. In addition, the elimination of water from frag-
ment ions at m/z 339 and 299 was weakly observed. The
fragment ions formed are highly conjugated, which naturally
increases their stability. In the case of resorcinarene 2, disso-
ciation to similar conjugated structures is not possible as a
result of phenyl substituents at the lower rim. Therefore, de-
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protonated 2 dissociated through a series of eliminations of
resorcinols and water; furthermore, the formation of kinolic
fragment ions was mainly observed. The complexes of 1
formed with monosaccharides dissociated and produced de-
protonated resorcinarene, which further dissociated to its
fragment ions (Figure 10). Deprotonated monosaccharides

Isolation [1+ Glu-H]
CID 1.22 eV [1+ Glu-H]
(1-Hr
|
CID 8.70 eV [1-HI [1+ Glu-H]
299
339
149 259 449
L1 \ 409"
200 400 600 800 miz

Figure 10. CID of [1+ Glu—H]~ complex.

were not observed in any of the CID spectra, thus implying
that the complexes are indeed formed from deprotonated
resorcinarenes and neutral monosaccharides.

The dissociation of the complexes was followed as a func-
tion of energy and the E,,"° values were calculated by
using the dissociation curves. The complexes dissociated
with relatively low energy values, thus implying that the
complexes have low kinetic stabilities. According to the dis-
sociation curves and E,,”* values (Table 2), the most stable
monosaccharide complexes were formed with hexoses. The
differences in stability were small for the pentoses and deox-
yhexoses; therefore, the increasing order of stability for
monosaccharide complexes can be written as FucxRib~
Qui~r Xyl < Glur Gal < Man. Accordingly, kinetic stability

Table 2. Calculated E,.,”* values and the correlation R* of the dissocia-
tion curves.

Complex E.on’™ [eV] R

[1+Rib—H]" 0.87 0.990
[14+Xyl—H] 0.98 0.993
[14+Fuc—H]" 0.85 0.991
[1+Qui—H] 0.91 0.985
[14+Gal-H] 135 0.996
[1+Man—H]" 1.60 0.995
[1+Glu—H] 129 0.996
[14Gle,~H] 242 0.993
[14+Gle,—H]" 2.20 0.994
[1+Gle,H] 1.63 0.986
[14+Gle,—H]- 112 0.987
[14Gle,—H] 1.14 0.996
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increases in the same order as the increase in the affinity of
1 towards monosaccharides.

Similar behavior was also observed with di- and oligosac-
charides: the most stable complexes were formed with Glc,
and Glc;, which formed the most abundant complexes with
1 in the competition experiments and had the highest inter-
action energies according to the theoretical calculations. Ac-
cording to these results, the stability follows the order:
Glu < Glc, > Gle; > Gle, > Gles > Glcg.

Conclusion

According to this study, deprotonated resorcinarenes 1 and
2 readily form noncovalent 1:1 complexes with neutral sac-
charides. In addition, these resorcinarenes exhibit a clear
structure and size selectivity towards the saccharides. Both
the thermodynamic and kinetic stabilities seem to increase
with hexoses. This behavior results most likely from a maxi-
mum of three hydrogen bonds formed between the hexose
and resorcinarene.

According to a comparison of di- and oligosaccharides, it
seems that the complexation of biose and triose is the most
beneficial and is even more favorable than the binding of a
monosaccharide as a result of a maximum of four hydrogen
bonds between the host and saccharide. As the sugar chain
is increased, the resorcinarene affinity towards saccharides
decreases, although the complexation still occurs. It was, un-
questionably, a surprise for us that the complexation of such
large sugars (i.e., cellohexaose) was observed, but this be-
havior was rationalized by theoretical calculations that
showed the formation of a curved conformation of the
larger sugars suitable for interaction with resorcinarenes.

The results partially contradict previously reported obser-
vations,” although it must be pointed out that the selection
of the saccharides, and the methodology used, was quite dif-
ferent in the previous reports relative to the experimental
setup presented herein. For these reasons, we will continue
our studies of the resorcinarene/saccharide complexes and
hopefully will obtain greater insight into the specific interac-
tions involved in these complexes.

The theoretical optimizations of the complexes provided
indispensable insight into the complex geometries and inter-
actions involved. Although it was discovered that there are
certain marked differences in the levels of theories used: the
DFT theory is adequate for describing the geometries of the
complexes, but the MP2 theory is preferable for describing
the noncovalent interactions involved in the complexes of
interest to us. However, MP2 is a rather resource-demand-
ing theory. Therefore, it is reasonable to perform the geome-
try optimizations by using DFT methods.

As shown herein, negative-ion mass-spectrometric analy-
sis seems to be well suited to the analysis of noncovalent
complexes. During the experimental studies, we did not en-
counter any setbacks. Depending on the investigation and
the chemical nature of the supramolecular interacting spe-
cies, negative-mode mass-spectrometric analysis can, on
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many occasions, produce clean spectra and pure interactions,
so its use is highly recommended.

Experimental Section

Materials: The synthesis, X-ray structure studies, and characterization of
resorcinarene 1 have been reported previously.'!*! Resorcinarene 2 was
prepared according to earlier reported procedures.'*!"! Resorcinarene 1
was dissolved in methanol and resorcinarene 2 in dimethyl sulfoxide
(DMSO). The final samples were prepared in methanol with a resorcinar-
ene concentration of 4.0 pm. The saccharides were commercially avail-
able. All the monosaccharides were dissolved in methanol. Di- and oligo-
saccharides were dissolved in H,O. Molar ratios of 1:1, 1:3, or 1:5 resorcin-
arene/saccharide were used.

Mass spectrometry: Two separate mass spectrometers were used in this
study. The experimental details related to the MS experiments are pre-
sented in the Supporting Information. The competition experiments were
performed on a Bruker Esquire 3000 plus QIT mass spectrometer
(Bruker Daltonik, Bremen Germany) equipped with an ESI source. Each
spectrum was an average of spectra collected within 1 min, each of these
containing 24 individual scans that were averaged before being sent from
the instrument to data system. The mass spectra were externally calibrat-
ed with an ES tuning mix (Hewlett Packard, Palo Alto, CA). The compe-
tition experiments between the monosaccharides were performed with a
resorcinarene/guest,/guest, ratio of 1:3:3. In the case of the oligosacchar-
ides and disaccharide, a 1:1:1 ratio was used. The competitions were car-
ried out between just two guests at a time to avoid nonspecific complexa-
tion, which could arise with a greater number of charged species in solu-
tion. Each experiment was carried out on five different samples and each
sample was measured five times. The overall variance was calculated
from the standard deviation of sampling and the standard deviation of
the measurement (s,,°s;”+s,°). Measurements or samples were rejected
if the average deviation of a suspect value from the mean was four or
more times the average deviation of the retained values. The energy-re-
solved CID experiments were performed with a BioApex 47¢ Fourier
transform ion cyclotron resonance mass spectrometer equipped with an
Infinity cell, a passively shielded 4.7-tesla 160-mm bore superconducting
magnet, and an external Apollo electrospray ionization source (Bruker
Daltonics, Billerica, MA, USA). In collision-induced dissociation (CID)
experiments, precursor ions were isolated twice to achieve a clean isola-
tion by using the correlated harmonic excitation fields (CHEF) proce-
dure.” Isolated ions were thermalized during a 3.0-s delay, translational-
ly activated by an on-resonance radio frequency (RF) pulse, and allowed
to collide with a pulsed argon background gas. Each spectrum was a col-
lection of 16 scans. Comparable conditions were maintained by keeping
the parameters of the pulse program constant.

Computational details: Geometry optimizations of saccharides were car-
ried out with density functional BP86 and hybrid density functional
B3LYP. The geometries and relative energies for equilibrium structures
obtained with the DFT methods, at low computational expense, have
often been in good agreement with experimental values. Herein, the
complexation of tetraethyl resorcinarene with different saccharides was
investigated by using both the BP86 and B3LYP functionals. Density-
functional methods have been shown to be a highly viable method for
most organic molecules and large systems consisting of main-group ele-
ments. The Karlsruhe split-valence basis set with polarization functions
(SVP)! was applied to both the DFT methods. In addition to the opti-
mization, the single-point energies were calculated for saccharide com-
plexes of tetraethyl resorcinarene by using the Mgller—Plesset (MP) per-
turbation theory. A second-order Mgller—Plesset (MP2) perturbation
theory was used to improve the description of the electron correlation
and DFT interaction energies. The MP2 calculations were performed by
using the resolution of the identity (RI) technique as implemented in
TURBOMOLE.?*?! Single-point MP2 energies were calculated by a
triple-valence-zeta basis set with polarization functions (TZVP)? at the
BP86 optimized structures.
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The geometry optimizations and energy calculations were performed
with the TURBOMOLE 5.9 Program Package® by using the efficient
resolution of the identity (RI) technique. The visualization of optimized
structures was performed with GausView3.0.!

X-ray analysis:*" Colorless crystals of cellobiose were selected, and anal-
ysis was performed by using a Bruker Kappa Apex II diffractometer with
graphite-monochromatized Moy, (I=0.71073 A) radiation. Collect soft-
warel® was used for the data measurement and DENZO-SMNP” for the
processing. The structures were solved by direct methods with SIR978)
and refined by full-matrix least-squares methods with the WinGX-soft-
ware,’!! which utilizes the SHELXL-97 module.® All C—H hydrogen po-
sitions were calculated using a riding atom model with Uy=15xU,.
Crystal data for the cellobiose: M,=2342.30, colorless prism, 0.15x0.20 x
0.20 mm?®, monoclinic, space group P2;, a=5.0633(2), b=13.0170(5), c=
10.9499(4) A, b=90.811(2)°, V=721.62(2) A’>, Z=2, pPeuq_1.575 gem™>,
Fop0_364, m=0.141 mm ', T=173.0(1) K, 2¢n..=50.0°, 2482 reflections,
2328 with I,>20(l,), 217 parameters, 0 restraints, GoF=1.049, R,=
0.0391, wR,=0.0841 (all reflections), 0.322 < Dr < —0.199 eA .
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