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Synthesis of bis dansyl-modified 3-cyclodextrin liner trimer
having multi-recognition sites and high hydrophobic environment
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Abstract—Fluorescent B-cyclodextrin (CyD) trimer linked with amine, which are (6",6°-bis-deoxy-dansylamino-B-CyD)6-deoxy-bis-B-
CyDs (B-1), has been synthesized in order to investigate their sensing ability for organic compounds such as bile acids. Host 3-1 showed pure
monomer fluorescence, exhibiting a decrement in fluorescence intensity on complexation of bile acid. The extent of fluorescence variation
with a guest was employed to evaluate the sensing ability of B-1. The guest-induced variation in the fluorescence (Al) was used to describe
the sensing ability of B-1. Host -1 could detect ursodeoxycholic acid and chenodeoxycholic acid with remarkable sensitivities, although,
could not detect deoxycholic acid and cholic acid. The behaviors of the appended moieties of -1 during a host—guest complexation were
studied by induced circular dichroism (ICD), fluorescence and absorption spectra and MM2-energy-minimized structure. The guest-induced
variations in the absorption, fluorescence, and ICD intensity suggest that the appended moieties work as a hydrophobic cap to elevate binding
ability, and this fact was supported by three-dimension MM2-minimized structure while a host—guest complexation occurred. © 2001

Elsevier Science Ltd. All rights reserved.

1. Introduction

Cyclodextrins (CyDs), as a host, can make inclusion
compounds by inducing various organic molecules as a
guest into their chiral and hydrophobic cavities in an
aqueous solution."? Since CyDs are spectroscopically
inert, the inclusion phenomena have usually been observed
by wusing spectroscopically active guest molecules.
However, CyDs can be converted into spectroscopically
active host by modification with fluorescent active units.
Fluorescent modified CyDs show a fluorescence spectral
change for guest-inclusion and this change is applied as a
probe to demonstrate molecular recognition for the guest
compounds.®>~® Multiple CyDs such as linked CyD dimers
and pol?/meric CyDs have attracted much interest over a
decade, 0-36 because these CyD derivatives have fixed
multi-recognition sites forming multiple complexation of
guest species. Unfortunately, these multiple CyDs were
spectroscopically inert and their molecular recognition
were studied by using spectroscopically active guests. So
now it is interesting to study complexing properties of large
host molecules such as CyD dimers, trimers and polymers,
because these CyD derivatives detect large molecules such
as proteins.”’ Furthermore, nano-scale size host molecules
such as dimeric cavitand and calixarene capsules are con-
sidered, because these host compounds will be used as
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supramolecules in the next generation.”® ' In the previous
report, we discussed fluorescent sensory system based on
CyD dimers linked ethylenediamine such as bis dansyl-
modified 3- and y-CyD dimers and bis pyrene-modified
v-CyD dimer for terpenoids and bile acids as guest
molecules, because these guests are biologically significant
substances produced by plants or animals and used for crude
drugs. In this system, the variations of the guest-induced
fluorescence can be used as sensitive and selective factors
for the chemo-sensor.*>~* As an extension of our previous
work, we would like to report here results on a fluorescent
sensory system for bile acids based on bis dansyl-modified
CyD trimer linked with amine, which is (6A,6D-bis—deoxy-
dansylamino-3-CyD)6-deoxy-bis-B-CyDs (3-1), as a new
indicator bearing three molecular including sites, compared
with that of mono-dansyl-modified 3-CyD monomer (3-2)
reported previously ¥ (Scheme 1).

2. Results and discussion

2.1. The preparation of (6*,6”-bis-deoxy-amino-p-
CyD)6-deoxy-bis-B-CyDs (I) and (6*,6°-bis-deoxy-
dansylamino-f3-CyD)6-deoxy-bis-3-CyDs (3-1)

Compound I was prepared as B-CyD trimer from 6 6°-di-
iodo-B-CyD with excess of 6-deoxy-6-amino-B-CyD in
DMF at 80°C. Compound I was purified with column chro-
matography using ion exchange resin. The fraction of
compound I was eluted with 1 vol% NH,OH. The central
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Scheme 1. Structures of B-1 and 3-2.

I | NHz6 6 NH_ A 60 _NH__ ¢
—_—
g ﬁ
I

N N
HOCOCHzNHSOZ 5 do . = ¢o g
(O-NCHa)2 H, EHy
B 1 1
DCC, 1-HOBt NH NH
SO, 50,
N(CHg)2 N(CHg)2
B-1

Scheme 2. Preparation of 3-1.
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Figure 1. Absorbance spectra of $-1 in a 10 vol% ethylene glycol aqueous solution (1 .0x10™* M, 25°C) at various concentrations of ursodeoxycholic acid ((1)
0, (2) 2.0X107%, (3) 6.0X107%, (4) 1.0X10™*, (5) 1.4X10™%, (6) 1.8X10™%, (7) 2.2X10™* M).
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Figure 2. Absorbance spectra of 3-1 in a 10 vol% ethylene glycol aqueous solution (1 0x107* M, 25°C) at various concentrations of cholic acid ((1) 0, (2)
2.0x1073, (3) 6.0x107%, (4) 1.0X107*, (5) 1.4x107*, (6) 1.8X10 ™%, (7) 2.2x10~* M).

CyD of compound I was linked with two CyDs at its A and
D position, which are most distant from the glucopyranose
units. Therefore, compound I is a liner trimer exhibiting few
steric hindrances. Host B-1 was prepared form I with
dansylglycine in the presence of dicyclohexyl carbodiimido
(DCC) in DMF at 60°C, as shown in Scheme 2. Host 3-1
was purified with reversed phase column chromatography in
10.8% yield.

2.2. Absorption and induced circular dichroism (ICD)
spectra

Fig. 1 shows absorption spectra of -1, alone, and in the
presence of ursodeoxycholic acid in a 10 vol% ethylene
glycol aqueous solution. The absorption spectra of -1 in
the presence of this guest change with isosbestic point at 282
and 349 nm. It means that the dansyl moieties move from
the inside of CyD cavity to the outside of one when host—
guest complexation is occurred. However, the variations in
absorption spectra of -1 on accommodation of cholic acid
are hardly observed, as shown in Fig. 2. These results
suggest that the moving of the dansyl moieties is depended
on the guest species (Scheme 3). The ICD spectra of B-1 and
-2 in the absence and presence of ursodeoxycholic acid in
a 10 vol% ethylene glycol aqueous solution are shown in
Fig. 3. The ICD intensities of (3-1 show positive and nega-
tive Cotton peaks around 265 and 365 nm, respectively. The
ICD pattern of 3-2 alone is similar to that of -1, although,
the intensity of -2 is smaller than that of 3-1. The ICD
patterns of B-1 and (3-2 are opposite to those of bis dansyl-
modified B- and y-CyD dimers.”** It is reported that the
ICD sings of the dansyl moiety of the CyD derivatives
indicated a type of inclusion which is equatorial or axial
self-inclusion, in which a positive and a negative Cotton
peak around 250-280 and 320-400 nm, respectively,

Ry Ra Rs
Lithocholic acid (1) H H H
Chenodeoxycholic acid (2) OH
Ursodeoxycholic acid (3) OH
Deoxycholic acid (4) OH
Cholic acid (5) OH OH

Scheme 3. Guest molecules.

indicated that the dansyl moiety was induced into the chiral
CyD cavity with axial complexation, and reversal pattern
indicated that the dansyl moiety was included into the CyD
cavity with equatorial complexation.** The MM2-
minimized structure, which was calculated by molecular
mechanics using MM2 in CS Chem 3D,**° supports
that the type of the self-inclusion of 3-1 is axial. As a result
of the MM2-minimized calculation, the short and long axes
at the upper rim of the central CyD are roughly 4.5 and
15.1 A. In contrast, the short and long axes at the upper
rim of the end CyD are roughly 7.7 and 11.2 A. It seems
that the upper rim on the central CyD as a linker of B-1 is
distorted. Therefore, the upper rim on the central CyD is too
narrow to include the dansyl moiety into its cavity. It is
suggested that two dansyl moieties are included into both
end CyD B-1, not the central CyD and another end CyD of
B-1, as shown in Scheme 4. The ICD pattern and
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Figure 3. ICD spectra of 3-1 and -2 in a 10 vol% ethylene glycol aaueous solution (5.0x107°> M: —) at various concentration of ursodeoxycholic acid

(5.0x10°M: - --, 1.0X10*M: — — —, 1.5X10™*% — —

MM2-minimized structure of (3-1 suggests that the dansyl
moieties are included into the chiral CyD cavity with
parallel to the both end CyD axial. The ICD intensity of
B-1 was decreased with increasing guest concentration, in
which the extent of the change in the ICD intensities of (3-1
was twice larger than that of (-2, whereas (-1 has two
dansyl moieties and (3-2 has one dansyl moiety. It is
suggested that the binding ability of -1 is larger in com-
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parison with that of 3-2 and the dansyl moieties of 3-1 move
from the interior of the chiral CyD cavity toward the achiral
outside of the CyD cavity while simultaneously a guest is
included into the CyD cavity. If the dansyl moieties of -1
were included into the central and one end CyDs, the guest-
induced ICD spectra of 3-1 would be completely changed,
which was shift of the peak. Since the guest-induced ICD
spectral pattern of -1 is simple, it is supported that two

Scheme 4. Energy-minimized structures of -1 obtained by using molecular mechanics in CS Chem 3D (MM2).
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Figure 4. Fluorescence spectra of 3-1 in a 10 vol% ethylene glycol aqueous
solution (1.0X107®M, 25°C, excitation wavelength: 340 nm) at various
concentration of ursodeoxycholic acid ((1) 0, (2) 4.0x107°, (3) 1.2x107>,
(4) 2.4x107°, (5) 4.0x107°, (6) 6.0x1077, (7) 8.3x107°, (8) 1.1x107%, (9)
1.4x107* M).

dansyl moieties are included into the both end CyD of (-1,
as illustrated in Scheme 4, and then two appended moieties
are excluded from the both end CyD of B-1 when the guest
is added.

2.3. Fluorescence spectra

Fig. 4 shows fluorescence spectra of B-1 alone and in the
presence of ursodeoxycholic acid in a 10 vol% ethylene
glycol aqueous solution. Increasing concentration of this
guest resulted in decrement of the intensities. It is reported
that the decrement of the guest-responsive fluorescence
intensities indicates that the appended moiety is moving
from the hydrophobic environment into the hydrophilic
one.® These guest-induced ICD and fluorescence decre-
ments of (3-1 suggest that the dansyl moieties are moving
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out of the CyD cavity and act as a hydrophobic residue, as
illustrated in Scheme 5. To display the sensing ability of
B-1, Al was used as a sensitivity parameter. Here, Al is I°—1,
where I° and I are the fluorescence intensities at 526 nm for
the host alone and a mixture of complex and uncomplexed
host in equilibrium, respectively. Fig. 5 shows the parameter
values of -1 and -2 with bile acids at 0.1 mM except for
lithocholic acid (1), which was examined at 0.01 mM
because 0.1 mM of 1 is not soluble in a 10 vol% ethylene
glycol aqueous solution. Among the steroidal guests, host
B-1 detects ursodeoxycholic acid (3), which bears two
hydroxyl groups on C-3 and C-7 of the steroidal framework,
with greatest sensitivity, exhibiting a value of 268. Cheno-
deoxycholic acid (2), which is the diastereoisomer of 3, is
detected with the next highest sensitivity, exhibiting a value
of 192. These sensing parameters of (3-1 are higher than
those of B-2 and bis dansyl-modified B-CyD dimer.*®
Guest 1, which bears only one hydroxyl group on C-3 of
the steroidal framework, is detected with a value of 83,
however, this sensing parameter is lower than that of bis-
dansyl-modified B-CyD dimer.*” Deoxycholic acid (4) and
cholic acid (5), which bear two hydroxyl groups on C-3 and
C-12 of the steroidal framework and three hydroxyl groups
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Figure 5. Sensitivity factors of 3-1 (O) and -2 () ina 10 vol% ethylene
glycol aqueous solution (1.0X10~¢ M, 25°C) for all guests examined.

ursodeoxycholic acid

Scheme 5. One of the estimations of host—guest complexation mechanism of (3-1 obtained as MM2-minimized structure.
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on C-3, C-7 and C-12 of the steroidal one, respectively, are
detected with low sensitivity, exhibiting that these values
are almost negligible. The results obtained as sensing para-
meters indicated that (-1 can more sensitively and
selectively detect the guests, which bear hydroxyl groups
on C-3 and C-7 of the steroidal framework, than 3-2 and bis
dansyl-modified 3-CyD dimer. This qualitative fluorescent
molecular sensing ability of -1 is speculated to be caused
by three binding sites and large hydrophobic domain
enclosed by three CyDs.

In order to examine the composition of -1 with the guest,
the binding constants obtained as the guest-induced
fluorescent spectral variation were investigated. The guest-
induced fluorescence variation at 526 nm was employed to
calculate the binding constants of (-1 using a Benesi—
Hildebrand type Eq. (1) for a 1:1 complex formation as
reported previously

1 1 1 1

= + e )
I, -1, alCD] b[CDIK [G]

Here, I is the fluorescence intensity at 526 nm (I; for
complex, Iy for the host alone), [CD] is the total host
concentration, [G] is the total guest concentration, and a
and b are constants. A computer simulation using
fluorescent intensity at 526 nm as a function of guest
concentration proved that experimental data could fit to
linear equations, indicating a 1:1 complex formation. The
host—guest complex formation seems to be 1:3, although it
is obvious that the formation is a 1:1 type, because 3-1 has
three cavities which can include a guest into each cavity.
The binding constants of (-1 are 153,000 = 10,700,
5300 £ 600, 21,600 = 1000, 4450 = 790, and 1830 =
210, for guests 1, 2, 3, 4, and 5, respectively. The order of
binding constants of 3-1 for the guests is not parallel with
the order of the sensing factors. This means that the sensi-
tivity value gives a relative but not absolute sensing ability.
It is assumed that when a guest concentration is varied, the
sensing ability of 3-1 is also changed.

3. Conclusion

Bis dansyl-modified 3-CyD trimer has been synthesized to
examine its fluorescent molecular sensory system for bile
acids. This trimer shows pure monomer fluorescence, of
which the guest-induced variations were used as a sensing
parameter to discuss the molecular sensing ability. It is
clarified that this trimer exhibits qualitative molecular
sensing ability for bile acids such as chenodeoxycholic
acid and ursodeoxycholic acid, which have hydroxyl groups
on C-3 and C-7 in the steroidal framework. During host—
guest complexation, the dansyl moieties play a role as a
hydrophobic cap to elevate the binding ability. In this
system, three binding sites and a large hydrophobic domain
enclosed three CyDs of 3-1 are estimated to contribute the
qualitative molecular recognition. This study can lead the
speculation that the fluorescent polymeric CyDs will be a
much more selective and sensitive molecular recognition
system based on fixed multi-inclusion sites and large hydro-
phobic domain enclosed by hydrophobic CyD cavities.

4. Experimental
4.1. General

4.1.1. Preparation of (6*,6"-bis-deoxy-amino-B-CyD)6-
deoxy-bis-B-CyDs (I). A mixture of 6",6°-di-iodo-B-
CyD’ (150 mg, 0.11 mM) and 6-deoxy-6-amino-B-CyD*®
(317 mg, 0.28 mM) in 10 mL of DMF was heated at 80°C
for 12 h. After cooling, the reaction mixture was poured into
300 mL of acetone. The resulting precipitates were filtered
and dried. The water soluble fraction was applied on a CM-
Sephadex C-50 column (7X35 cm). Stepwise elution from
2 L of water and 1 L of 1 vol% ammonia aqueous solution
were applied to give compound I. The fractions containing I
were collected and evaporated in vacuo; they were poured
into 200 mL of acetone. The resulting precipitates were
filtered and dried to afford 49 mg (13.6%, isolated yield)
of pure L.

Rg: 0.27 (methyl ethyl ketone—methanol—acetic acid 12:3:5
by volume; TLC: silica gel 60F;s,). '"H NMR (DMSO-dg)
8=3.2-3.8 (126H, m, C°~C°H), 4.4-4.5 (17H, m, O°H),
4.8-4.9 (21H, m, C'H), 5.6-5.8 (42H, m, O’H and O°H).

4.1.2. Peparation of (6*,6"-bis-deoxy-dansylglycine-
amido-3-CyD)6-deoxy-bis-B-CyDs (B-1). To a cooled
solution (—10°C) of dansylglycine (18.5 mg, 0.06 mM) in
S5mL of DMF were added dicyclohexyl carbodiimido
(DCC, 12.4 mg, 0.06 mM) and 1-hydroxytribenzothiazole
(1-HOBt, 8.1 mg). The reaction mixture was stirred at
—10°C for 30 min. To a stirred solution was added portion-
wise compound I (40.0 mg, 0.012 mM), and the solution
was stirred at —10°C for another 30 min, and then the reac-
tion mixture was stirred at 60°C for 24 h. After cooling, the
reaction mixture was concentrated under reduced pressure.
The residue was poured into 200 mL of acetone. The result-
ing precipitates were filtered and dried. The water soluble
fraction was applied on a reversed-column (Lobar column
LiChroprep RP-18, MerckLtd. 240X10 mm). Stepwise
elution from 200 mL of 10 vol% CH3;CN-aqueous solution
and 200 mL of 20 vol% CH;CN-aqueous solution was
applied to give B-1. The fractions containing -1 were
collected and evaporated in vacuo, and then they were
poured ino 200 mL of acetone. The resulting precipitates
were filtered and dried to afford 5 mg of pure B-1 (10.8%,
isolated yield).

Ri: 0.51 (butanol-ethanol-water 5:4:3 by volume; TLC;
silica gel 60F,s4) and 0.72 (methanol—water 2:1 by volume;
TLC; RP-18 F,si5). 'H NMR (DMSO-d): 8=3.2-3.8
(126H, m, C>-C°H), 4.4-4.6 (17H, m, O°H), 4.8-4.9
(21H, m, C'H), 5.6-5.8 (42H, m, O’H and O°H), 7.26
(2H, d, J=7.8 Hz, aromatic-H), 7.59 (4H, quintet,
J=8.4 Hz, aromatic-H), 8.12 (2H, d, J=7.5 Hz, aromatic-
H), 8.28 (2H, d, J=8.7 Hz, aromatic-H), 8.46 (2H, d,
J=8.7 HZ, aromatic-H). Calcd for C154H2360107N682'5H20:
C, 45.81; H, 6.14; N, 2.08%. Found: C, 45.77; H, 6.36; N,
2.19%. TOF-MS (m/z): 3948, (IM] 7).

4.2. Measurements

Fluorescence and circular dichroism spectra were
measured at 25°C, with a Perkin—Elmer LS 40B fluorescence
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spectrophotometer and a JASCO J-700 spectropolarimeter,
respectively. For the fluorescence measurements, the exci-
tation wavelength of the fluorescence spectra was 340 nm
and excitation and emission slits were 6 nm. Ethylene glycol
aqueous solution (10 vol%) was used as a solvent for host
for the spectroscopic measurements because the solubility
of the host in pure water is poor. Five microliters of guest
species (0.05 and 0.005 M) in dimethyl sulfoxide (DMSO)
or MeOH were injected into 10 vol% ethylene glycol
aqueous solution of the host 2.5 mL to make a sample solu-
tion with a host concentration of 1.0x10 °M and guest
concentration of and 0.01 mM, respectively. For the circular
dichroism measurements, 5 wL of guests species (0.05 M)
in dimethyl sulfoxide (DMSO) were injected into a 10 vol%
ethylene glycol aqueous solution of host (2.5 mL) to make a
sample solution with the host concentration of 5.0x10™° M
and the guest concentrations of 5.0x107°, 1.0x107%,
1.5x107%, and 2.0x10™* M.

4.3. Energy-minimized structures

Energy-minimized structures were calculated by molecular
mechanics using MM2 in CS Chem 3D. The parameters of
MM?2 are improved ones obtained from studies by
Allinger® based on TIKER system researched by Ponder.>
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