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Solubilization of Polycyclic Aromatics in Water by y-Cyclodextrin
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Abstract: A series of hydrophilic per-6-
thio-6-deoxy-y-cyclodextrins (CDs)
were synthesized from per-6-iodo-6-
deoxy-y-CD. These new hosts are able
to solubilize polycyclic aromatic guests
in aqueous solution to much higher ex-

plexes was further investigated by fluo-
rescence spectroscopy, which revealed
very pronounced Stokes shifts typical
for 1:2 complexes. This finding was fur-
ther consolidated by quantum mechan-
ical calculations of dimer formation of

the guests and space-filling considera-
tions by using the cross-sectional areas
of the CDs and guests. The calculated
dimerization energies correlated well
with the binding free energies mea-
sured for the 1:2 complexes, and pro-

tents than native CDs. Phase-solubility
diagrams were mostly linear in accord-
ance with both 1:1 and 1:2 CD-guest
complexes in aqueous solution. The
stoichiometry of the inclusion com-

zation

Introduction

Cyclodextrins (CDs) are a series of cyclic oligosaccharides.
They consist of a-1,4-linked glucose subunits that form
hollow truncated cones of various diameters.'! Those CDs,
composed of six, seven, and eight glucose units, are pro-
duced on industrial scales and called a-, 3-, and y-CDs, re-
spectively. On account of their unique molecular structure,
CDs and their derivatives have the remarkable ability to ac-
commodate a wide variety of guest molecules in aqueous so-
lution by means of noncovalent interactions.”) This property
is currently used in numerous applications in pharmaceuti-
cal, food, and chemical industries, and is also extensively ex-
ploited to improve the efficiency and selectivity of chemical
reactions.’! Many efforts are now dedicated to the improve-
ment of solubility, stability, reactivity, and other properties
of guest molecules by complexation in CDs and CD deriva-
tives.?>4
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vided the main contribution to the
driving force of complexation in the v-

. . CD cavity.
inclusion

Composed of a hydrophilic shell and a relatively hydro-
phobic cavity, CDs solubilize hydrophobic organic com-
pounds through the formation of water-soluble inclusion
complexes mainly driven by hydrophobic interaction.”*’
There are indeed many reports on the solubility enhance-
ments of hydrophobic or amphiphilic guests, including phar-
maceutical drugs, by CDs in aqueous solution.>® But, due
to the limited water solubilities of native CDs, the solubility
enhancements reached by native CDs are generally small.
However, modifications on the free hydroxyl groups of
native CDs with appropriate functional groups™” may not
only significantly increase the water solubility of CDs, but
also greatly increase the ability of CDs to form inclusion
complexes with guest molecules. For instance, methylated 3-
CD and 2-hydroxypropyl-3-CD are superior in the solubili-
zation of drugs relative to native -CD.®® CD sulfonates!®
perform even better than the neutral derivatives, especially
for the solubilization of hydrophobic guests such as naphtha-
lene (NAP) in water.” Recently, we found a new class of
hydrophilic per-6-deoxy-thioethers of [-CD, which showed
exceptionally high binding constants (K >10°M ™, equivalent
to AG < —34 kImol™) for para-disubstituted benzene deriv-
atives in water. The higher hydrophobicity of sulfur com-
pared to oxygen, which leads to an extension of the hydro-
phobic cavity, and additional Coulomb interactions, were
supposed to be responsible for the observed high binding
potentials of these hosts.*”
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Only a few efforts have presently been made to evaluate
the capabilities of modified y-CD for solubility enhance-
ments of guest molecules."” Tt is known that y-CD is able to
accommodate two aromatic guests simultaneously within its
relatively large cavity, thereby leading to an inclusion com-
pound with 1:2 stoichiometry.*! Consequently, y-CD and its
derivatives are very interesting nanovessels for the execu-
tion of various bimolecular reactions, especially cycloaddi-
tions.""! For instance, Nakamura and Inoue reported that
the host—guest ratio in the inclusion complex of y-CD with
2-anthracene carboxylate in water was 1:2 based on the re-
sults from ROESY-NMR spectroscopy measurements.['”]
Also the ROESY-NMR spectrum of the inclusion system of
v-CD with methyl 3-methoxyl-2-naphthoate demonstrated
the existence of a complex with 1:2 stoichiometry."! Ac-
cordingly, regio- and stereoselective photodimerizations be-
tween two substrates, both in solution and in the solid state,
had been achieved in the presence of y-CD.[''#¥]

In this work we report on the synthesis of highly water-
soluble thioethers of y-CD with flexible neutral or ionic side
arms, because we hoped that this derivatization might lead
to a similar enhancement of the binding potential like that
observed for B-CD thioethers.?*<

Eight polycyclic aromatics of similar size (see Scheme 1):
napthalene (NAP), 2-naphtha-

lenecarboxylic acid (NCA), OH 0

azulene (AZU), trans-stilbene CI)-IO

(STI), acenaphthylene (ACE), OH
anthracene (ANT), phenan- o

threne (PHE), and tetracene
(TET) were chosen as guests to
study the solubility enhance-
ments and both stabilities and
stoichiometries of the com-
plexes. It should be noted that
some of the aromatic guests such as STT and ANT can serve
as candidates for photodimerization reactions.

Results and Discussion
Synthesis and Characterization

Hydrophilic thioethers 1-8 at all primary carbon atoms of y-
CD were synthesized from octakis(6-deoxy-6-iodo)-y-CD*!
as shown in Scheme 2. For the purpose of a rigorous purifi-

Abstract in Chinese:
BT —RFIFIKI\-(6-F-6-K8)-y-FRHHE(CD), FIREUL CD LI Fi&

RESHFERBRAEENBINSASIRERD FEKTIERE. H58
ERRRPEAPRAT 1:1 LR 1.2 BEEESEY, SSOGSELRS FE
WEOERISIEL T 1.2 BAESYRYEA. ST SRR O AR
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Scheme 1. Chemical structures of the selected polycyclic aromatic guests:
naphthalene, NAP; 2-naphthalenecarboxylic acid, NCA; azulene, AZU;
trans-stilbene, STI; acenaphthylene, ACE; anthracene, ANT; phenan-
threne, PHE; tetracene, TET.

R: see Table 1

Scheme 2. Synthesis of octasubstituted y-CD thioethers: a) 1) PPhs, I,, DMF; 2) Ac,O, pyridine; 3) NaOMe,
MeOH; b) the corresponding thiol compound, triethylamine, DMF.

cation, the octakis-iodo derivative was completely acetylat-
ed, subjected to flash chromatography, and deacetylated
again. The target compounds were synthesized by nucleo-
philic displacement reactions in good yields. The reaction
proceeded efficiently, and subsequent selective precipitation
of the desired product in proper organic solvent allowed the
isolation of the octakis-y-CD derivative. The structures of y-
CD derivatives were characterized by NMR spectroscopy
and electrospray ionization mass spectrometry (ESI-MS).
Further purifications of these compounds were achieved by
nanofiltration in water. Except for derivative 7, all other
synthesized neutral and ionic y-CD derivatives showed very
high water solubilities. The structures of the substituents R,
the obtained yields, and the aqueous solubilities of y-CD de-
rivatives 1-8 are summarized in Table 1.

Solubility Studies

Aqueous solubilities of the eight aromatic guests (shown in
Scheme 1) were measured by UV/Vis spectroscopy as func-
tions of the concentrations of hosts. These solubilities in the
presence of native CDs and y-CD derivatives for a fixed
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Table 1. Substituents R, yields, and solubilities of the synthesized y-CD
derivatives in g/100 g water at 25°C.

No. R Yield [%] Solubility [%]
1 g N2 7 21
ONa
2 S/\[cl)/ 62 40
3 o~ SOaNa o 19
ONa
4 H 41 4
s o
5 S/\/\OH 85 2
OH
o
6 82 24
S/\)J\ONa
7 e 86 03
8 S/\/o\/\o/\/o\ 81 48

host concentration of 6 mm, as well as the intrinsic water sol-
ubilities of the guests, are listed in Table 2. Although the sol-
ubility enhancements caused by native CDs were quite
small, significant enhancements were found for the thioeth-
ers, thereby revealing very strong intermolecular interac-
tions between CD derivatives 1-8 and these aromatic guests
in water. In particular, the solubilities enhancements for
NAP, AZU, and ANT are much higher than for known CD
derivatives like hydroxypropyl-B-CD.*! The ionic hosts 1,
3, and 6 generally performed better than the neutral ones 5,
7, and 8. Most systems show a linear increase of solubility
with host concentrations, displayed in bold characters in
Table 2, whereas a few systems show nonlinear solubility en-
hancements, displayed in italic characters.

The examination of so-called phase-solubility diagrams is
widely used to investigate both the complex stoichiometry
and binding constants of host—guest complexes. A phase-sol-
ubility diagram is obtained by plotting the observed concen-

Table 2. Intrinsic water solubilities of guests and equilibrium solubilities
of guests in 6.0 mm solutions of native CDs and y-CD derivatives 1-8.1

Host Guest [pm]
NAP NCA AZU STI ACE ANT PHE TET

water 189 322 1.4 0.6 67 0.4 0.6 0.2
a-CD 205 913 26 50 8 24 19 0.2
B-CD 234 1460 65 17 105 4.6 45 0.3
v-CD 196 431 31 1.5 103 1.6 59 0.5
2440 6180 588 67 898 44 102 8.9
479 11400 320 13 729 15 60 5.5
1590 3570 841 23 1703 13 100 6.8
481 9850 149 13 693 6.9 64 5.0
258 2180 390 14 278 7.4 56 3.2
1080 3420 670 22 1280 12 132 6.2
! 199 863 20 2.0 95 0.8 19 0.2
515 1200 353 50 162 14 62 3.2

R =N R IR SR
T

[a] Bold characters: A;-type linear phase-solubility diagram; italic char-
acters: nonlinear phase-solubility diagram. [b] The concentration of CD
derivative 7 was only 1.5 mm due to its low water solubility.
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tration of dissolved guest versus the total concentration of
host in solution. According to Higuchi and Connors, they
are divided into two main categories, type A and B." Type-
A curves, which indicate the formation of soluble inclusion
complexes, are obtained when the solubility of the guest in-
creases with increasing CD concentration over the entire
concentration range. A linear (A, -type) relationship is dis-
tinguished from positively (Ap-type) or negatively (Ax-type)
deviating isotherms. B-type and B-type phase-solubility di-
agrams represent the formation of complex with limited sol-
ubility and insoluble complex, respectively.

The obtained phase-solubility diagrams are representa-
tively shown in Figure 1. The solubility of PHE increased
linearly with the increasing concentrations of native CDs
and ionic octasubstituted y-CD derivatives 3, 4, and 6, thus
leading to an A; type of classification, shown in Figure 1a.
On the other hand, curved phase-solubility diagrams were
obtained for the complexes of NCA in a-CD and y-CD de-
rivative 1, shown in Figure 1b. NCA exhibited a Bs-type dia-
gram with a-CD in water, possibly due to a limited solubili-
ty of the formed inclusion complex.'**! The diagram of
NCA with derivative 1 showed Ay-type curvature, which
was attributed to electrostatic interaction between the
amino groups of 1 and the carboxyl group of NCA, which
might lead to aggregation of the CD inclusion complex at
higher concentrations.!*! Nevertheless, most complexes in
Table 2 show the linear A;-type phase-solubility diagrams,
which can be interpreted by the formation of soluble 1:1, as
well as 1:2 host-guest complexes."**!®! The complex stoichi-
ometry remained an open question.

1604
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Figure 1. Phase-solubility diagrams for a) PHE and b) NCA in aqueous
solution in the presence of native CDs and y-CD derivatives 6, 3, 4, and
1
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Table 4. Absorption (4,,) and emission (4.,) maxima [nm], and Stokes shift values

Complex Stoichiometries

The slope m of the phase-solubility diagram, equiv-

(AA) [nm] of aromatic guests in water in the presence of 3-CD derivative -1 and y-
CD derivative 1 at 298 K.

- [a]
alent to the average amount of guest per host, Guest p-1 1 AL
. Aab Aem AL Aab Aem AL
called occupancy, gave some rough idea about the
P . NAP 300 325 25 337 424 87 62
stoichiometry of a complex. These occupancies of
. .y P . P . . NCA 343 374 31 340 412 72 41
v-CD caV1t.1e.:s by the aromatic guests are listed in =,y 365 377 12 353 424 7 59
Table 3. Initial slopes m were taken for the curved sTI 310 356 46 351 428 77 31
phase-solubility diagrams. ACE 354 437 83 284 408 124 41
Occupancy values of more than 100% were ?gg 22; ‘3“6)2 ‘S ;gg gg? ;‘71 22
found for NCA included in CD derivatives 1, 2, and TET 367 04 57 360 430 7 15

4, thereby providing strong evidence for the exis-
tence of complexes with 1:2 stoichiometries. An oc-
cupancy of less than 100% found in the other cases
does not necessarily imply a 1:1 stoichiometry, be-
cause cooperativity of inclusion has to be taken into ac-
count. If there is a strong interaction between two included
guests, a mixture of empty CDs and 1:2 CD complexes will
prevail. It should be also noted that several 1:2 complexes
with y-CD or y-CD derivatives are already known.[11>¢k17]

Table 3. Occupancies [%, equal to slope m] of aromatic guests within the y-CD cavi-

[a,b]

[a] AAZ is equal to the excess Stokes shift values of guests complexed in y-CD deriva-
tives 1 compared to those complexed in -1.

(15 nm) was significantly less than that of the other guests.
Therefore 1:2 CD-guest complexes are less likely to have
been formed in this case.

Typical absorption and emission spectra of STI in the
presence of CD derivatives in aqueous solution are shown
as examples in Figure 2. A small Stokes shift (A1=
46 nm) was found for STI complexed in -1, where-
as a large Stokes shift (AA=77 nm) was observed

ty.
for STTI in y-CD derivative 1. Both emission bands

Host Guest .

NAP NCA AZU STI ACE ANT PHE TET were narrow and monomodal, thus demonstratlng
+-CD o 54 0.5 003 nd 0.02 0.09 d_ that only one species of stilbene complex existed in
1 38 165 97 1.2 13 0.7 15 0.1 each case, namely, the 1:1 and the 1:2 complexes,
2 39 167 6.5 0.2 1 0.2 11 0.09 respectively. This finding was in contrast to the
‘3' ;17 i:s ;69 g-g ﬁ g-i 1; g'(l)s fluorescence spectra obtained for the complex of
5 12 10 6.9 0.3 34 o1 19 0.05 naphthalene in native 3-CD, f%rs]whlch a bro.ad bi-
6 18 52 12 0.4 21 02 23 01  modal fluorescence was found." The formation of
7 30 34 15 0.2 nd. 0.06 12 nd. a 2:2 complex was discussed for the NAP-§-CD
8 10 15 5.7 0.9 2.5 0.2 1.1 0.05  system. This model appeared implausible for the
[a] For the non-A,-type phase-solubility diagrams, initial slopes m are taken. Values

are given in italics. [b] n.d. =solubility enhancement of guest was not detectable.

To gain further insight into the host—guest stoichiometries
of the complexes, fluorescence spectroscopy was employed,
because complexation of two chromophores within a CD
cavity is known to cause excimer formation, thereby leading
to large Stokes shifts. Excimer formation was already ob-
served for CD complexes of NAP™ STL! ANT,* and
pyrene.?!

The fluorescence spectra of the inclusion compounds of
the aromatic guests in y-CD derivative 1 showed a single
emission band in each case with pronounced Stokes shifts of
AA=T1 to 124 nm (these are listed in Table 4, and detailed
spectra are collected in the Supporting Information). For
comparison, the corresponding heptakis[6-deoxy-6-(2-ami-
noethylsulfanyl)]-B-CD (B-1),%*°! which only accommodates
one single guest, showed much smaller Stokes shifts of AA=
26 to 83 nm, typical for dilute solutions of the fluorophores
in organic solvents. Consequently, the large extra Stokes
shifts AAA4, listed in Table 4, strongly support our hypothesis
of two aromatic guests being included in the large cavity of
the y-CD derivative 1. Only the AAZ value for guest TET

Chem. Asian J. 2011, 6, 2390-2399
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Figure 2. Absorption (dashed line) and emission (solid line) spectra of
the inclusion system of a) STI with -1 and b) CD 1 in aqueous solution.
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complexes of aromatic guests in y-CD derivatives
described here, because narrow excimer emission

H. M. Wang and G. Wenz

Table 5. In-plane areas A and maximum cross-sectional areas A, (in A?) in direction
of the long axis and short axis of the molecule of the aromatic guest molecules.

bands were already observed for very low concen-
trations of y-CD derivative 1. For a further clarifi-

Guest
NAP NCA AZU STI ACE ANT PHE TET

cation of the stoichiometries of complexes of y-CD

derivatives 1-8, molecular packing was investigated A

max

A in plane

A long axis 31.4 62.0 40.2 82.3 31.4 64.3 64.3 100.0
short axis 20.0 23.4 227 19.9 28.5 21.6 24.1 21.6

55.0 65.0 55.5 78.4 61.7 62.8 72.0 90.3

by molecular modeling studies.

Molecular Modeling

Although the modification of y-CD on the primary rim with
side arms changes the height of y-CD, the internal diameter
d of the y-CD should remain unaffected. According to this
view, y-CD was selected as a simple model host throughout
the theoretical calculations. Quantum mechanical calcula-
tions were employed to obtain the inner surface (electron
density map) of the y-CD cavity. The cross-sectional area A
of the y-CD cavity was obtained by analysis of the electron
density map of y-CD with the program MolShape,” which
was already useful for prediction of stoichiometries of poly-
rotaxanes.™ Thus, the corresponding profile of the inner
width d of the y-CD cavity along the Cg axis was obtained.

The maximum inner diameter (cross-sectional area) at the
secondary rim of y-CD was determined to be dy,=10.3 A
(Apax=83.5 A?). The minimum internal diameter d;,=
8.0A (An.=50.6 A?), situated approximately at hydrogen
H-5 of the y-CD cavity was found, which was in good ac-
cordance with the results of both experimental measure-
ments and other theoretical calculations.'*?*%! Similarly, the
maximum cross-sectional areas A, of the aromatic guests
were calculated, both in direction of the short and the long
axis of the molecule, and also the areas A in the plane of
the molecules, summarized in Table 5. The dimeric aromatic
guest can fit principally in three possible orientations, with
the long axis, the short axis, and both axes perpendicular to
the Cg axis in the y-CD cavity, depicted in Scheme 3. From
these calculations it became clear that all guests can be ac-
commodated in the complete y-CD cavity as dimers with
their short axis oriented perpendicular to the Cg axis
(Scheme 3b), because twice the corresponding cross-section-
al area A, of the guest is less or equal to the minimum
cross-sectional area A,,;,=50.6 A of the host. The predomi-
nance of this orientation is in accordance with other experi-
mental results."'* The other orientations are not possible
because of geometrical constraints. The smaller dimensions
of the B-CD cavity, A,;,=34.6 A> and A, =60.4 A2 explain
why the NAP dimer can only protrude partially in it, which
leads to the formation of 2:2 complexes, necessary for a
complete coverage of the dimer."¥!

Quantum mechanical calculations of the structures and in-
teraction energies AE of the aromatic dimers were per-
formed using the Gaussian 03 software package.”” Former
experimental and theoretical investigations on the aromatic
dimers indicated that the dimers with the largest overlap-
ping areas generally would have the most negative values of
intermolecular interaction energy. Accordingly, in this work,
two starting orientations of the aromatic dimers were con-

2394 www.chemasianj.org
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a) b) c)

Scheme 3. Schematic drawing depicting the top view of 1:2 y-CD com-
plexes for three possible orientations: a)long axis, b)short axis, and
c) both axes perpendicular to the C; axis of y-CD.

sidered (i.e., the parallel TT and antiparallel T\ orienta-
tions). Given that dispersion forces are known to play an
important role in the energetics of aromatic dimers, it is im-
perative that the calculation of the energies has to be made
at the level of second-order Mgller—Plesset perturbation
theory (MP2).[®! The aromatic dimers were fully optimized
at the MP2/6-31G* level without any symmetry restriction.
The resulting interaction energies AE, the center of mass
distances d, and the maximum cross-sectional areas A, in
the direction of the short axis are collected in Table 6. The
interaction energy AE became more negative with increas-
ing size of the molecule, and was in good accordance with
published data.”>?! Remarkable differences in AE values of
the aromatic dimers, which possess two stable orientations,
were clearly observed from Table 6. For instance, the AE
value of NCA dimer with antiparallel orientation was found
to be significantly more negative than that of the dimer with
parallel orientation. This result can be attributed to the ad-

Table 6. The intermolecular interaction energies (AE) and the distances
d of the mass centers of the two guests within the dimer, and the calculat-
ed maximal cross-sectional areas (A,,) of the optimized aromatic
dimers.

Dimer! AE [kJmol™'] d[A] Apax [A7]
NAP -17.8 3.64 44.8
NCA (dimer T) -18.0 3.69 523
AZU (dimer TT) —21.8 3.60 52.0
AZU (dimer T) —-34.6 3.29 51.0
STI 223 3.91 57.1
ACE (dimer TT) —20.5 3.54 53.1
ACE (dimer T!) -29.2 3.18 52.0
ANT -31.0 3.65 49.6
PHE (dimer TT) 276 3.86 56.8
PHE (dimer T!) 219 3.85 66.7

[a] For the NCA dimer TT, a T-shaped orientation was obtained after op-
timization.

Chem. Asian J. 2011, 6, 2390-2399
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ditional dipole—dipole interaction between the two mono-
mers in the antiparallel orientation. Similar phenomena also
occurred for the aromatic dimers of AZU and ACE. The
corresponding distances d between two monomers in these
parallel-configured dimers were found to be remarkably
larger than those of the monomers with antiparallel orienta-
tion. Contrarily, the interaction energy of the parallel-orient-
ed dimer of PHE was more negative than the one of the an-
tiparallel dimer. It appeared reasonable that the relatively
poor overlap between two PHE molecules in the antiparal-
lel dimer caused this result.”*”

It has to be noted that the cross-sectional areas A,,,, de-
rived from the calculated structures of the dimers are larger
than twice of the calculated cross-sectional area of the cor-
responding monomer. But these more realistic A, values
from Table 6 are still small enough to fit in the y-CD cavity.

The packing of AZU dimer in the y-CD cavity is provided
as an example in Figure 3. This dimer fits well into the

Figure 3. Schematic drawing depicting the AZU dimer in y-CD: a) top
view, b) side view TT orientation, and c) side view T orientation.

Chem. Asian J. 2011, 6, 2390 -2399
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cavity of y-CD without steric hindrance. As can be seen,
both orientations within the dimer, parallel (Figure 3b) and
antiparallel (Figure 3c), were perfectly accommodated into
the cavity of y-CD. The antiparallel orientation of AZU ap-
pears to be more probable because of its more negative AE
value. Consequently, taking together all facts such as the
very good space filling of the y-CD cavity, the sufficiently
large negative values of AE, and the observed large Stokes
shifts, the formation of 1:2 host-guest complexes became
evident. After determination of the stoichiometry, binding
constants and binding free energies could be finally calculat-
ed.

Binding Free Energy

Binding constants K and binding free energies AG were cal-
culated from the slope m of the solubility isotherm and the
solubilities of the free guests in water according to Equa-
tions (7) and (8), respectively (see the Experimental Section
below). The calculated AG values of the aromatic guests
with y-CD or y-CD derivatives are summarized in Table 7.
As discussed above, as TET is less likely to form an 1:2 in-
clusion complex with y-CD or y-CD derivatives, it was ex-
cluded from the discussion. Pronounced differences between
the AG values were observed for the various guests. Guests
AZU, ANT, and PHE showed more negative AG values
(around —55kJmol™) than NAP and NCA (around
—35kJmol ™), which was in good correlation with the more
negative interaction energies AE of AZU, ANT, and PHE
dimers (around —31kJmol™') relative to NAP and NCA
(around —19kJmol™"). This means that the interaction
energy of the dimer provides a major contribution to bind-
ing free energy. Despite its strongly negative AE value,
ACE only shows a moderate AG value, which might be due
to its large cross-sectional area along its short axis, which
might lead to a very tight fit within the y-CD cavity. In our
previous work, we found that a loose fit of a guest in a CD
cavity leads to a higher binding constant than a tight fit, pos-
sibly due to entropic effects.”” These entropic effects would
also explain why the slim guest STI shows a strongly nega-
tive AG value, whereas its AE value is only moderate.

Conclusion

In the present work, we have synthesized and characterized
a series of octasubstituted y-CD derivatives with various
neutral or ionic side arms bound through thioether linkages
to the CD scaffold. It was found that these y-CD derivatives
showed much higher solubilization abilities for aromatic
guests than native CDs or other frequently used derivatives
such as hydroxypropyl-f-CD. The existence of 1:2 host-
guest complexes was confirmed from the phase-solubility
data, the excimer emissions, as well as theoretical investiga-
tions. The AG values of the CD-guest complexes obtained
from the solubility data are strongly negative because the in-
teraction energy between the included guests makes the
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Table 7. Binding free energies (AG) [kJmol™'] for the complexation of aromatic

guests in y-CD and y-CD derivatives at 298 K.

H. M. Wang and G. Wenz

added. The solution was concentrated in vacuo to half volume
after stirring at 70°C for 24 h. NaOMe in MeOH (3™, 160 mL)

was then added under cooling and stirred for 30 min at RT.

Host Guest!® N . ! ;
NAP NCA AZU STI ACE ANT PHE The th1c'k reactlor.l r.mxture was poured 1'nt0 met.h:'mol (2‘5.L)
under vigorous stirring to form a brownish precipitate, which
v-CD - —31.0 —-51.6 —48.9 - —50.3 —52.1  was filtered, washed afterwards with MeOH (0.5L), and dried.
1 -38.9 - —-59.3 —58.5 —40.9 591 =592 The brown solid was dissolved in dry pyridine (130 mL). Ac,O
2 -328 —-43.9 —58.3 —54.1 —40.7 —56.4 —58.4 (130 mL) was added, and the resulting solution was stirred for
3 -38.3 -374 —60.7 —56.0 —43.2 —56.1 —596 24 at room temperature. Methanol (70 mL) was added and
4 —345 —41.0 —56.3 —543 —40.6 —54.4 —58.7  stirred for 1 h to quench the reaction. Column chromatography
5 —35.8 -355 —58.5 —54.8 -37.6 —54.6 =577 on silica gel and ethyl acetate (EtOAc)/n-hexane (4:1) as an
6 -36.8 -373 —-59.9 —55.9 —424 —56.0 —60.4  clyent gave a pale yellow solid (R;=0.2-0.3). The raw product
7 -38.2 -35.9 —54.6 —53.4 - —52.0 =530 was then suspended in anhydrous MeOH (200 mL) that con-
8 -35.2 -33.7 —58.0 —57.9 —36.8 —56.4 —58.6

tained NaOMe (0.50 g) for 4 d. Compound 9 was recovered as

[a] AG values given in italics were calculated on the basis of the initial slope m of the

phase-solubility diagrams.

main contribution to the driving force of complex forma-
tion.

These y-CD derivatives are good candidates for molecular
reaction vessels for photodimerization reactions of native
polycyclic aromatic molecules in aqueous solution. The sig-
nificantly enhanced solubilities of the aromatic guests in
water would allow photodimerization of these guests under
homogenous conditions for the first time. The kinetics as
well as the stereo- and regioselectivities™ of the photodime-
rizations of these guests mediated by the y-CD derivatives
will be investigated in our future works.

Experimental Section
General

Unless otherwise stated, all chemicals were used as received. Corre-
sponding thiol compounds for the synthesis of y-CD derivatives 1-7 were
purchased from Sigma Aldrich. The thiol compound for the synthesis of
8 was synthesized and purified according to a published procedure.”!

Solvents were dried as follows: DMF over P,Os and distilled; pyridine
over KOH; and methanol distilled from iodine and magnesium turnings
immediately before use.*’” a-, B-, and y-CD were dried in vacuo at 100°C
overnight. y-CD derivatives were purified by nanofiltration (molecular
weight cutoff: 1000 Da).

Teflon syringe filters (0.22 um) from Roth, Karlsruhe, Germany were
used to remove insoluble material before UV/Vis and fluorescence meas-
urements. Thin-layer chromatography (TLC) was performed on alumi-
num sheets coated with silica gel (F254) and developed by charring with
5% H,SO, in ethanol. Electrospray ionization mass spectrometric (ESI-
MS) analysis was performed with an ESI single-quadrupole mass spec-
trometer (micromass ZQ 4000, Waters) from solutions in water. The fol-
lowing settings were used: capillary voltage 3.80 kV, cone voltage 20V,
extractor voltage 5V. UV/Vis spectra of aqueous samples were per-
formed with a Perkin-Elmer Lambda 2 spectrometer (4: 200-600 nm),
using quartz cells with a 1 cm or 1 mm optical path at 298 K. Fluores-
cence spectra were recorded with a JASCO spectrophotometer using
quartz cells of 10.0 mm path at 298 K. All NMR spectra were recorded
with a Bruker 400 MHz NMR spectrometer at 298 K using the solvent
peaks as internal references. Coupling constants (/) were measured in
Hz. The signals are described as follows: s (singlet), d (doublet), t (trip-
let), and m (multiplet).

Octakis(6-deoxyiodo)-y-CD (9)

As shown in Scheme 2, Ph;P (104.92 g, 400 mmol) was dissolved in anhy-
drous DMF (320 mL). Under an N, atmosphere, I, (104.06 g, 410 mmol)
was added over 15 min at 0°C. Dry y-CD (25.94 g, 20 mmol) was then
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a white powder after suction filtration. Yield: 28.54 g
(13.1 mmol, 66%); 'H NMR (400 MHz, [Ds]DMSO): 6 =5.96—
5.97 (d, /=2.8 Hz, 8H; OH-2), 5.95 (s, 8H; OH-3), 5.02-5.03
(d, J=3.6 Hz, 8H; H-1), 3.79-3.82 (d, /J=9.2Hz, 8H; H-3),
3.57-3.67 (m, 16 H; H-6a,b), 3.44-3.55 (m, 16 H; H-4,5), 3.25-3.30 ppm (t,
J=9.0 Hz, 8H; H-2); "C NMR (100 MHz, [D;]DMSO): 6=9.25, 71.08,
71.80, 72.37, 85.24, 101.93 ppm.

General Procedure for the Synthesis of Neutral Octakis-6-deoxy-y-CD

A procedure identical to that described previously was utilized
(Scheme 2).%! Triethylamine (3.98 mL, 28.57 mmol) and the correspond-
ing thiol compound (28.57 mmol) were added with stirring to a solution
of 9 (3.11 g, 1.43 mmol) in DMF (15 mL). After stirring for 3 d at 60°C
under N,, the crude product was diluted with sufficient amount of appro-
priate organic solvents. The resulting precipitate was filtered off, washed,
dried in vacuo, and then purified by ultrafiltration.

General Procedure for the Synthesis of Ionic Octakis-6-deoxy-y-CD

Triethylamine (3.98 mL, 28.57 mmol) and the corresponding methyl ester
of the thiol compound (28.57 mmol) were added to a solution of com-
pound 9 (3.11 g, 1.43 mmol) in DMF (15 mL). After stirring for 3 d at
60°C under N, atmosphere, the reaction mixture was diluted with suffi-
cient amount of appropriate organic solvents. The resulting precipitate
was collected, then stirred in NaOH (1m) for 18 h, and then further puri-
fied by ultrafiltration.

Octakis[6-deoxy-6-(2-aminoethylsulfanyl)J-y-CD (1)

Compound 1 was synthesized according to the general procedure. The
crude product was precipitated in acetone, dissolved in water, ultrafil-
tered, and lyophilized. Yield: 1.80g (71%), white solid; 'HNMR
(400 MHz, D,0, 25°C): 6=5.17-5.18 (d, /=3.6 Hz, 8H; H-1), 3.88-3.97
(m, 16H; H-3.5), 3.65-3.69 (dd, /=10.0 Hz, 8H; H-2), 3.52-3.57 (t, /=
9.4 Hz, 8H; H-4), 2.91-3.28 (m, 16H; H-6a,6b), 2.80-2.86 ppm (dd, J=
20.0 Hz, 32H; H-7,8); "CNMR (100 MHz, D,0, 25°C): 6=35.33, 39.97,
64.56, 71.65, 72.70, 83.32, 100.01 ppm; MS (3.80 kV, ESI, water): m/z
(%): 1769.84 (20) [M+H]", 884.40 (79) [M+2H]**, 589.57 (100)
[M+3H]*.

Octakis[6-deoxy-6-(2-sulfanyl acetic acid)]-y-CD (2)

Compound 2 was synthesized according to the general procedure. The
crude product was precipitated in ethanol, stirred in 1M NaOH for 18 h,
ultrafiltered, and lyophilized. Yield: 1.82 g (62 %), white solid; '"H NMR
(400 MHz, D,0, 25°C): 6=5.13-5.14 (d, /=3.6 Hz, 8H; H-1), 4.01-4.05
(m, 8H; H-5), 3.87-3.92 (t, J=9.6 Hz, 8H; H-3), 3.66-3.70 (t, J=9.4 Hz,
8H; H-2), 3.59-3.62 (dd, J=10.0 Hz, 8H; H-4), 3.30-3.38 (m, 16 H; H-7),
2.90-3.12 ppm (m, 16 H; H-6a,6b); *C NMR (100 MHz, D,0, 25°C): 6 =
33.73, 38.60, 71.37, 72.31, 72.61, 82.45, 101.19, 177.71 ppm; MS (3.80 kV,
ESI, water): m/z (%): 1912.60 (25) [M+Na]*, 967.84 (100) [M+2Na]**.

Octakis[6-deoxy-6-(2-sulfanylethanesulfonic acid)]-y-CD (3)

Compound 9 (3.11g, 1.43 mmol), sodium 2-mercaptoethanesulfonate
(4.60 g, 28.00 mmol), and triethylamine (3.98 mL, 28.57 mmol) were dis-
solved in DMSO (25 mL). After stirring for 3d at 60°C under N,, the
product was precipitated in acetone, dissolved in water, ultrafiltered, and
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lyophilized. Yield: 3.25 g (92 %), white solid; '"H NMR (400 MHz, D,0,
25°C): 6=5.14-5.15 (d, /=3.6 Hz, 8H; H-1), 4.00-4.05 (m, 8H; H-5),
3.88-3.93 (t, J=9.6 Hz, 8H; H-3), 3.58-3.62 (m, 16H; H-2,4), 3.11-3.21
(m, 24H; H-6a,7), 2.91-2.99 ppm (m, 24 H; H-6b,8); *C NMR (100 MHz,
D,O, 25°C): 0=27.27, 3327, 5137, 71.32, 72.26, 72.68, 100.01,
100.96 ppm; MS (3.80kV, ESI, water): m/z (%): 1257.66 (100)
[M+2Na]*+.

Octakis[6-deoxy-6-(2-sulfanylpropanoic acid)]-y-CD (4)

Compound 4 was synthesized according to the general procedure. The
crude product was precipitated in 2-propanol, stirred in 1M NaOH for
18 h, ultrafiltered, and lyophilized. Yield: 1.27 g (41%), white solid;
'"H NMR (400 MHz, D,0, 25°C): §=5.21-5.22 (m, 8H; H-1), 3.98-4.09
(m, 16H; H-3,5), 3.50-3.76 (m, 24H; H-2,4,7), 3.11-3.22 (m, 8H; H-6a),
2.96-2.99 (m, 8H; H-6b), 1.43-1.45 ppm (d, /J=7.2 Hz, 24H; H-8). MS
(3.80 kV, ESI, water): m/z (%): 202530 (65) [M+Na]*, 1024.57 (100)
[M+2Na]*+.

Octakis[6-deoxy-6-(3-sulfanylpropane-1,2-diol) ]-y-CD (5)

Compound 5 was synthesized according to the general procedure. The
crude product was precipitated in ethanol, dissolved in water, ultrafil-
tered, and lyophilized. Yield: 2.44¢g (85%), white solid; 'HNMR
(400 MHz, D,O0, 25°C): 6=5.18-5.19 (d, /=3.2 Hz, 8H; H-1), 4.00-4.05
(t, J=8.4 Hz, 8H; H-5), 3.90-3.95 (m, 16H; H-3,8), 3.57-3.72 (m, 32H;
H-2,4,7), 3.25-3.28 (d, J=12.8 Hz, 8H; H-6a), 3.00-3.03 (m, 8H; H-6b),
2.74-2.92 ppm (m, 16H; H-9); "CNMR (100 MHz, D,0, 25°C): 0=
34.00, 35.93, 64.54, 71.04, 71.45, 72.26, 72.70, 83.32, 101.33 ppm; MS
(3.80 kV, ESI, water): m/z (%): 2039.63 (29) [M+Na]*, 1030.89 (100)
[M+2Na]**.

Octakis[6-deoxy-6-(3-sulfanylpropanoic acid)]-y-CD (6)

Compound 6 was synthesized according to the general procedure. The
crude product was precipitated in ethanol, stirred in 1M NaOH for 18 h,
ultrafiltered, and lyophilized. Yield: 2.55 g (82 %), white solid; "H NMR
(400 MHz, D,0, 25°C): 6=5.15-5.14 (d, /=32 Hz, 8H; H-1), 4.01-4.04
(t, J=8.4 Hz, 8H; H-5), 3.89-3.93 (t, /=9.4 Hz, 8H; H-3), 3.58-3.64 (m,
16H; H-2,4), 2.93-3.11 (m, 16H; H-6a,b), 2.80-2.84 (t, J=7.4 Hz, 16H;
H-7), 2.43-2.47 ppm (m, 16H; H-8); *C NMR (100 MHz, D,0, 25°C):
0=29.54, 33.34, 37.75, 64.56, 71.29, 73.01, 83.56, 100.01, 180.73 ppm; MS
(3.80 kV, ESI, water): m/z (%): 2023.63 (20) [M+Na]*, 1023.89 (100)
[M+2Na]**.

Octakis[6-deoxy-6-(2-hydroxyethylsulfanyl)[-y-CD (7)

Compound 7 was synthesized according to the general procedure. The re-
action mixture was poured into ethanol. The formed precipitate was col-
lected by suction filtration, recrystallized in cold water, and dried to give
7 (yield: 2.19g, 86%) as colorless needles. 'HNMR (400 MHz,
[Dg]DMSO, 25°C): =591 (s, 16H; OH-2,3), 4.92-4.93 (d, J=3.6 Hz,
8H; H-1), 4.70-4.72 (t, J=5.4 Hz, 8H; OH-9), 3.72-3.76 (m, 8H; H-5),
3.50-3.59 (m, 24H; H-2,3,4), 3.32-3.41 (m, 16H; H-7), 2.79-3.09 (m,
16H; H-6a,b), 2.62-2.67 ppm (m, 16H; H-8); MS (3.80 kV, ESI, water):
mlz (%): 1799.52 (65) [M+Na]*, 911.37 (100) [M+2Na]**, 1775.88 (100)
[M—H]".

Octakis[6-deoxy-6-(10-sulfanyl-2,5,8-trioxodecane) J-y-CD (8)

Compound 8 was synthesized according to the general procedure. The
crude product was precipitated in diethyl ether, ultrafiltered, and lyophi-
lized. Yield: 3.02 g (81 %), white solid; "H NMR (400 MHz, D,0, 25°C):
0=5.03-5.04 (d, /=3.6 Hz, 8H; H-1), 3.71-3.80 (m, 16H; H-3.5), 3.62—
3.66 (m, 16H; H-2,4), 3.40-3.59 (m, 80H; H-10), 3.29 (s, 24H; H-9),
2.80-3.25 ppm (m, 32H; H-6,7,8); MS (3.80 kV, ESI, water): m/z (%):
1297.63 (35) [M+2H]**, 2593.48 (100) [M—H]".

Phase-Solubility Investigations

Since the effective polarity of the CD cavity was proven to be similar to
that of ethanol,'*! the molar extinction coefficients (g) of NAP, NCA,
AZU, ACE, ANT, and PHE were measured in ethanol. However, due to
their low solubilities in ethanol, the ¢ values of STI and TET were mea-
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sured in 1,4-dioxane and dichloromethane, respectively. The observed ¢
values of the aromatic guests at their absorption maxima (1) are summar-
ized in Table 8.

Table 8. Molar extinction coefficients (¢) [Lmol 'cm™'] of guests at the
absorption maxima (4) [nm].

Guest
NAP NCA STI AZU ACE ANT PHE TET

A 275 280 310 339 322 356 293 277
e 5590 6950 18570 4370 9090 7350 11710 100700

Solubility measurements of the guests in the presence of native CDs and
v-CD derivatives in water were carried out according to the method pro-
posed by Higuchi and Connors." In glass vials that contained excess
amounts of guest molecules, aqueous solutions of native CDs or y-CD
derivatives (concentration of CD: 1.0, 2.0, 3.0, 4.0, and 6.0 mm) were
added. The vials were sealed, protected from light, and magnetically
stirred at room temperature. After 72 h, the solid residues were removed
by filtration with syringe filter. According to Lambert-Beer’s law, the
concentrations of guests in pure water and in CDs solutions were deter-
mined from UV/Vis extinctions at the absorption maxima.

Determination of Binding Free Energy

The increase in water solubility of a guest molecule is due to the intermo-
lecular interactions between the guest molecule and CD to form soluble
complexes.">!**32 The binding constants (K,,) for the formation of a 1:n
inclusion complex between CD and guest molecule can be expressed as
Equation (1):

[HG]

Ko =T 167 @

in which 7 is the guest-host ratio, and [H], [G], and [HG] are the con-
centrations of the free CD, the free guest, and the corresponding inclu-
sion complex, respectively.

Assuming that the concentration of the free guest in CD solution is equal

to that in pure water [G],, the following equations can be obtained
[Egs. (2), (3), and (4)]:®*

[G] =[G )
[HG] = (1/n)([G)—[Glo) ©)
(H] = [H],-[HG] Q)

in which [G] is the equilibrium solubility of guest in pure water, and [H],
and [G], correspond to the total concentrations of CD and guest, respec-
tively.

Substituting Equations (2-4) into Equation (1) affords Equation (5):

[G]. — [Gl

Ko = (Gl (AL - (GL. - G/ B

The slope (m) of the dependence line is represented by Equation (6) as
follows:

- G0l 6

A plot of [G], against [H], yields a straight line. Thus, the binding con-
stant between CD and guest can be calculated from the phase diagrams
using Equation (7):

m

B =) 7

The binding free energy (AG) is calculated according to Equation (8):

AG = —RTInK (8)
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Molecular Modeling

All quantum mechanical calculations were carried out with the Gaussi-
an 03 software package.”! The initial geometries of the aromatic guests
were built up from their respective crystal structures® and then fully op-
timized without any symmetrical restrictions at the MP2/6-31G* level.
The input structures of - and y-CD were taken from existing crystallo-
graphic data®3" and fully optimized by the PM3 method.*® The glycosi-
dic oxygen atoms of CDs were placed onto the xy plane, and the center
of the glycosidic oxygen atoms was designated as the origin of the Carte-
sian coordinate system. The secondary OH rim of CDs was placed point-
ing toward the positive z axis. The rendering was performed with VMD
1.8.7.57

Cross-Sectional Area

The electron density function was transformed into a discrete cubic elec-
tron density by using the program Cubegen from Gaussian 03.%*) The
cross-sectional diameters and the cross-sectional areas of CD and the
guest molecules were then calculated from the cubic electron densities by
the program MolShape.”” An electron density cutoff value of 0.002 au
was chosen to define the surface of the molecule.”

Aromatic Dimer

The aromatic dimers were built up by combining two optimized mono-
mers together, and then used as initial guesses for full geometry optimi-
zations of the gas-phase dimers at the MP2/6-31G* level of theory. The
planes of two monomers with a center-to-center distance of 3.5 A were
parallel with each other. In the present case, the geometries of the orien-
tational isomers were fully optimized without any symmetry restriction.
Interaction energies (AE) that corresponded to the optimized aromatic
dimers (parallel TT and antiparallel T! orientation) were evaluated by
AE=Egner—2E nonomer at the MP2/6-31G* level, in which Eg,. and
E onomer are energies of the aromatic dimer and the monomer, respective-
ly. AE values were corrected for basis set superposition error (BSSE) by
means of the counterpoise correction of Boys and Bernardi.”!
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