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Spectrophotometric Study of Inclusion Complexation of Aliphatic Alcohols by
p-Cyclodextrins with Azobenzene Tether
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Two novelS-cyclodextrin 3-CD) derivatives possessing azobenzene functional groups as a spectral probe,
i.e., mond 6-O-[4-(phenylazo)pheny}}5-cyclodextrin () and mong6-O-[4-((4-nitrophenyl)azo)phenyi}
f-cyclodextrin @), were synthesized in high yields, and their complexation behaviors with aliphatic alcohols
were evaluated by using UWis, circular dichroism, andH NMR spectroscopy. The induced circular
dichroism (ICD) and 2D NMR spectroscopy investigations revealed that azobenzene groups attached to the
B-CD rim can be deeply embedded to the€CD cavity to form the intramolecular inclusion complexes in
10% DMSO aqueous solution. Increasing the ratio of DMSO in solution results in the gradual exclusion of
the azobenzene sidearm from €D cavity. Upon complexation with guest adamantanols, modjfi€tD

1 or 2 displays two different binding models, that is, the competitive inclusion model for 2-adamantanol and
the co-inclusion model for 1-adamantanol. These two different models reasonably explain the different binding
behaviors and molecular selectivities of h@s€Ds toward guests. Therefore, besides acting as a spectral
probe, azobenzene modifi@dCDs can also effectively recognize the size/shape of guest molecules, giving
good molecular selectivity up to 91 for 2-adamantargiborneol pair byl and the moderate enantioselectivity
(K-/K+ = 2.1) for (=)-/(+)-borneol pair by2.

Introduction SCHEME 1: Schematic Representation of the

_— . . . . Formation of Hosts 1 and 2
Investigations on the inclusion complexation of native and

modified cyclodextrins (CDs) have received much attention in oH OH
o)

supramolecular chemistry and become the fundamental basis TsCl
of molecular assembly:# In the inclusion complexation process, -

. . O NaOH/H,0
besides several weak intermolecular noncovalent forces, such
as dipole-dipole (ion), hydrophobic, electrostatic, van der
Waals, and hydrogen bonding interactions, the solvent, environ- B-CcD
ment, and conformations of hosts and guests will also affect

the stability of hostguest complexes. The strong binding . o@—NzNOR
affinity of CDs to hydrophobic molecules in aqueous media DMF, K2COs, 80-90°C

enables them to be effective receptors for organic, inorganic,

and biological substratés® Furthermore, lots of chemically HOON=NOR
modified CDs have been designed and synthesized to enhance
the original binding ability and the molecular selectivity of

1:
parent CD°~1* As one of the most important categories, CD 2:

derivatives bearing a chromophoric substituent, such as an azo i . for di ing th lecul .
group, can exhibit the appreciable spectral changes uponSt” ies are very important for discussing the molecular recogni-

inclusion complexation with guests, and thus be successfully tion/aggregation mechanism and controlled binding behavior by

applied as the versatile spectral probe to investigate the-host azobenzene modifigd-CDs.

guest complexation. As a method to control the stability, In the present paper, we report the syntheses of two
solubility, and aggregation of azo dyes, their inclusion com- 2zobenzene modifie-CDs, 1 and 2 (Scheme 1), and their
plexation with CDs has been widely investigat&c® Recently, inclusion complexation behaviors with aliphatic alcohols, i.e.,

Ueno et al. reported several azo dyes modifie@Ds as guest 1-adamantanol (1-Ada), 2-adamantanol (2-Ad#))-borneol
responsive color-change indicatdtsMore recently, Nau and  L(1)-Borl, (—)-borneol [(-)-Bor], (+)-menthol [¢+)-Men], and

co-workers reported their investigations on the conformational (7)-menthol [-)-Men] (Chart 1). These systematic studies will
variability of azoalkanes in the presencefbED 22 However serve our further understanding of the molecular recognition

studies on the conformational changes and binding models Ofmechazr;i_szrp and inclusion binding behavior of modified
self-included azobenzene modifigdCDs in the absence and /#-CDs™ " On the other hand, the molecular binding model

presence of external guests are rarely investigatimhugh these and stabjlity constant of aliphatic alcohols SC D.derivatives
possessing functional azobenzene groups are discussed from the

* To whom correspondence should be addressed. ¥86-22-23503625.  Viewpoints of the size/shape matching, hydrogen bonding, and
Fax: +86-22-23503625. E-mail: yuliu@public.tpt.tj.cn. induced-fit interaction between host and guest.
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CHART 1: Aliphatic Alcohol Guests -
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Figure 1. Circular dichroism (a) and absorption (b) spectra of PAP ?g)luil&z.a(tf)Zg’ng/-oP(I:J/I)Sé%or/?tlg)(i)ocl)‘%ﬂn; (b) 20%; (c) 25%; (d) 30%;

(2.8 x 10°5 mol dnT3), NPAP (2.8x 1075 mol dnr3), 1 (2.5 x 1075
mol dm3) and 2 (2.3 x 10°° mol dn3) in 10% DMSO aqueous

solution at 25°C. The broad absorption band of the azobenzene moietyoin
] ) 2 in the range of 256550 nm is composed of two allowed
Results and Discussion transitions, and their transition dipole moments are perpendicular

Synthesis As illustrated in Scheme 1, modifig#fCDs 1 and to each other. That is to say, the transition moments-ef™
2 were synthesized in high yields by the reaction of 6-@Ts-  (parallel to the N=N bond) and r7* (perpendicular to the
CD with 4-(phenylazo)phenol (PAP) and 4-((4-nitrophenyl)- N=N bond) of the a;obenzene_ chr.omophore are perpendicular
azo)phenol (NPAP), respectively. The self-included conforma- {0 each othe#?*!as illustrated in Figure 2. Therefore, hodts
tion of hostsl and2 are validated by induced circular dichroism ~@nd2 can induce appreciable positive ICD signals at 381 and
(ICD) and 2D NMR results described below. 421 nm and negative ICD signals at 326 and 381 nm, which

Conformational Analysis of Azobenzene Modifieg3-CDs. correspond to the -Az* and z—x* transition band of the
Circular dichroism spectrometry has become a convenient and@zobenzene group, respectively.
widely employed method for the elucidation of the absolute It is well-known that the stability constant of the inclusion
conformation of chiral organic compounds in the past three complexes formed bg-CDs and guest molecules is influenced
decades. Moreover, the achiral compounds located in a chiralby the solvent effect because of the hydrophobic property of
environment, such as the CD cavity, can also produce ICD the 3-CD cavity3!~33 In this respect, circular dichroism and
signal(s) in the corresponding transition bandfgf. To inves- UV —vis spectra ofl and2 in the presence of different amounts
tigate the structure features band2 in solution, their circular ~ of DMSO have been obtained to deduce the conformational

dichroism spectra were measured af@5As can be seen from  variability of the azobenzene group linkedAeCD. Typically,

Figure 1, the circular dichroism spectrum of modifig¢®CD 1 a series of ICD signals &in different DMSO aqueous solutions
(2.5 x 10°5 mol dm3) in 10% DMSO aqueous solution showed (DMSO ratio from 10% to 100%) were shown in Figure 3. As
a negative Cotton effect peak at 326 nie(= —8.16 dnv3 can be seen from Figure 3, the ICD signals of tibdecreased

mol~1 cm™2) and a positive Cotton effect peak at 381 nix:( gradually by increasing the DMSO ratio from 10% to 25%,
= 12.05 dn3 mol~* cm2). Similarly, 2 (2.3 x 1075 mol dm9) whereas, an opposite ICD signal in 30% DMSB,0 was
showed a negative Cotton effect peak at 381 Am+£ —15.26 observed, and this ICD signal declined sequentially by further
dm~3mol~t cm™1) and a positive Cotton effect peak at 421 nm increasing the DMSO ratio from 30% to 100%. One possible
(Ae = 20.51 dnt3 mol~! cm™1). Because of the substituent —explanation for these phenomena is that a competition between
effect of the nitro group, the maximum absorption wavelength the azobenzene group and DMSO must operate upon inclusion
of 2 was red-shifted about 50 nm compared to that,afhereas ~ complexation with3-CD; that is to say, DMSO gradually
no ICD signal was observed for PAP (28107% mol dnm3) excludes the azobenzene moiety from fh€D cavity.

and NPAP (2.8x 107° mol dnm3) under comparable conditions. Furthermore, the UMvis spectra of2 in different DMSO
According to Kajfa's sector rulé® on the ICD phenomena of  aqueous solution also gave interesting phenomena, which were
B-CD complexes, we can deduce that the azobenzene moietieshown in Figure 4. In the experiments, the UV absorption
in 1 and 2 are deeply embedded in thfleCD cavity with an maximum of modified3-CD 2 gradually decreased around 391
acclivitous orientation to form self-included complexes. nm upon addition of the DMSO ratio from 10% to 30% (a to
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Figure 4. UV—vis spectra o2 (2.6 x 107> mol dn3) in DMSO—
H>0O solution at 25°C. DMSO ratio: (a) 10%; (b) 15%; (c) 20%; (d)
25%; (e) 30%; (f) 40%; (g) 50%; (h) 70%; (i) 100%.

e), and then increased around 374 nm by further increasing th
DMSO ratio from 30% to 100% (e to i), accompanying the
obvious blue-shift (about 17 nm) of the absorption peak, which
indicated that the chromophoric substituent2rentered the
hydrophilic region from the hydrophobic cavity due to the
binding of guest DMSG* The result obtained supports the
above conclusion from the experiments of ICD. In the further
studies, the results of 2D NMR experiments showed direct
evidence for the phenomena, which is described below.
Because two protons located closely in space can produce
NOE cross-peak between the relevant protons in the NOESY
or ROESY spectr& To study the conformation of modified
p-CDs 1 and?2 in different DMSO aqueous solutions, their 2D
NMR spectroscopy experiments have also been performed ir
10% DMSO#ds—D,0 solution and pure DMS@, respectively.

In 10% DMSOds—D,O solution, the NOESY spectrum @f
(Figure 5a) displays the clear NOE cross-peaks between H5 o
B-CD and Ha protons of azobenzene moiety (peaks A), the

Hc,Hb

Ha

cross-peaks between H3/H5#CD and Hb and/or Hc protons
of azobenzene moiety (peaks B), as well as the cross-peak

Figure 5. (a) '"H NOESY spectrum o2 (3.8 x 10~* mol dnt?) in

S10% DMSO#ds—D0 solution at 25°C with a mixing time of 600 ms.

between H3 of3-CD and Hd protons (peaks C). On the other (b) possible structure &
hand, peaks D showed the clear NOE cross-peaks between the

protons of3-CD and the protons of DMSO, but no NOE cross-

changes ofl and2 upon complexation with the representative

peaks between the azobenzene moiety and DMSO could beguests 2-Ada and 1-Ada, respectively. As illustrated in Figure
found. These phenomena indicate that the azobenzene moietyra, the NOESY spectrum of the mixture 2{3.7 x 10~ mol

in 2 is deeply self-included in the hydrophobic cavity from the
primary side of3-CD (Figure 5b). In pure DMS@s, the
NOESY spectrum o (Figure 6a) displays the cross-peaks

dm=3) and 1-Ada (4.8x 10~* mol dm3) in 10% DMSOds—
D,0 solution displays sophisticated NOE cross-peaks. Although
the NOE correlations between the H3/H5 @fCD and the

(peaks A) between the Ha protons of the azobenzene moietyprotons in 1-Ada (peaks A) were not clear enough to estimate

and the hydroxyl groups of the primary side®ECD, indicating
that the azobenzene moiety is located aboveSt@D cavity,

as illustrated in Figure 6b. Moreover, modifigeCD 1 displayed
2D NMR spectroscopy similar to that @f Therefore, the results
of the NOESY experiments not only further support the ICD
and UV—vis investigations on the conformations of modified
B-CDs 1 and 2 but also may serve to establish correlation
between the conformational feature of modiffe€Ds and their
molecular recognition ability.

Binding Model of Modified f-CDs with Guests.lt is well-
known that the competitive inclusion and induced fit generally
exist in the molecular binding process of modifigeCDs.
Therefore, it is very important to investigate the binding models
between hosB-CDs and guest molecules for elucidating the
mechanism of molecular recognition. In this wotk, NOESY
experiments were performed to investigate the conformational

their relative intensity, we could declare unambiguously that
the corresponding NOE correlations actually exist in the present
case. Analogical phenomena were also observed between H3/
H5 of 8-CD and Hb and/or Hc (peaks B) and Ha protons (peaks
C) of the azobenzene moiety. However, the clear correlations
between Hb (and/or Hc) protons of azobenzene group inhost
and H1 (and/or H3) protons in 1-Ada (peaks D) make us
deduce reasonably the detailed orientation of the 1-Ada relative
to the azobenzene moiety. It is interestingly noted that the clear
correlation peaks E between Ha and Hd protons of the
azobenzene group were also observed, suggesting that the two
benzene rings at the different sides of the azo group must deflect
from the original orientation. Moreover, upon addition of 1-Ada,
we did not observe any absorption beyond 400 nm in the UV
spectra of hos® (the cis-configuration of azobenzene would
exhibit an absorption peak around the scd8é}P but only
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gl Figure 7. (a)H NOESY spectrum of a mixture & (3.7 x 10~ mol
dm2) and 1-Ada (4.8x 104 mol dnT3) in 10% DMSO#€s—D,0O
solution at 25°C with a mixing time of 600 ms. (b) Plausible structures
of the 2/1-Ada complex.

(b)

moiety has been excluded from the CD cavity upon complex-
ation with 2-Ada (Figure 8b).

As shown in Figure 9a, the NOESY spectruniafith 1-Ada
displayed clear NOE cross-peaks between the H5 (peaks A) of
B-CD and the Ha, Hc, and Hd protons of the azobenzene moiety
in host 1, which indicates that the azobenzene moiety is
shallowly included in the hydrophobic cavity ¢FCD. The
cross-peaks between the H3/H5 (peaks B) and the protons of
1-Ada showed that 1-Ada is also embedded inAHeD cavity.

On the other hand, the cross-peaks between the Hb, Hc, and

o Hd protons of the azobenzene grougdiand protons of 1-Ada
—_—— (peaks C), and between the Ha and Hd protons of the

Figure 6. (a) *H NOESY spectrum o® (5.0 x 107 mol dnv3) in azobenzene group (peaks D) make us deduce reasonably the

DMSO-ds solution at 25°C with a mixing time of 300 ms. (b) Possible  detailed orientation of the 1-Ada relative to the azobenzene

structure of2 in DMSO. moiety in thes-CD cavity, illustrated in Figure 9b. In the case

of 1 with 2-Ada, the correlation between the H5&{CD and

found a weak absorption at 275 nm, which indicates that the e b1 and B2 of 2-Ada (peaks A and C), as well as
two benzene rings iR are noncoplanar. In addition, the carrelation between H3/H5 and.8land/or hiA (peaks B) were

molecular modeling study using the HvperChem Release 6 01observed (Figure 10a). However, neither the correlations
. 9 y 9t yp "““between H3/H5 and the azobenzene protons nor those between
for the Windows Molecular Modeling System was also used to

] - N~ X 2-Ada’s protons and azobenzene protons unequivocally indicate
elucidate the plausible binding model for the complexation of -+ the azobenzene moiety has been excluded froni-BB

host2 with 1-Ada (Figure 7b). The results show that 1-Ada  cavity upon complexation with 2-Ada, as illustrated in Figure
and the azobenzene groupZisan be co-included in the-CD'’s 10b. Therefore, these different conformationg3eED deriva-
cavity, which is compatible with 2D NMR experimental results. tives upon guest inclusion may find their potential application
for designing the guest-controlled switch in the molecular
recognition, although the actual mechanism is still unclear now.
Spectral Titration. For a quantitative assessment of the
inclusion complexation behavior of azobenzene modified CDs,

Interestingly, host2 displays a binding model obviously
different from that of 2-Ada, although 2-Ada possesses a fairly
similar skeleton to 1-Ada. Figure 8a showed the NOESY

i 4 3 - N . .
spectrum 4°f the mlxgure @ (4.0 107 mol dnT™) and 2-Ada UV —vis titrations of1 and2 with some optically selected guests
(4.8 10" mol dni™). The NOE cross-peaks between H3 and \yere performed at 25C in 10% DMSO aqueous phosphate

H5 of 5-CD and protons (peaks A) of 2-Ada indicated that pyffer solution (pH 7.20). In the titration experiments, the UV
2-Ada was included in the CD cavity. However, neither the absorption maximum of the modifig8-CDs 1 or 2 gradually
correlations betwegfi-CD’s H3/H5 and the azobenzene protons  decreased around 390 or 350 nm upon addition of varying
nor those between 2-Ada’s protons and azobenzene protons weramounts of aliphatic alcohol guests, accompanying the obvious
found in Figure 8a. These results indicated that the azobenzeneblue shift (5 nm forl and 20 nm for2) of the absorption peak.
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Figure 8. (a)H NOESY spectrum of a mixture & (4.0 x 10~ mol
dm=3) and 2-Ada (4.8x 10~* mol dn3) in 10% DMSOds—D,0
solution at 25°C with a mixing time of 600 ms. (b) Plausible structures
of the 2/2-Ada complex.

These results indicated that the modifi@dCDs form the
inclusion complexes with guest molecules. Typical tWs
spectral changes of hoatupon addition of {-)-Bor are shown
in Figure 1la.

Assuming the conventional 1:1 host/guest stoichiometry, the
complexation of aliphatic alcohols (AA) with-CD hosts (CD)
can be expressed by

KS
CD + AA == CD-AA 1)

The UV spectral changesAf) upon addition of aliphatic
alcohols are proportional to the concentration of complex formed
and the difference of molar extinction coefficients between the

Liu et al.

_[cD-AA] _
" [CDIIAA]
[CD-AA] _
(ICD], — [CD-AA])([AA] ; — [CD-AA])
AA/Ae @
([CD], — AAA€)([AA]; — AA/A€)
After some manipulation, eq 2 yields
[CDI[AA]; 1 | [AA] 3
AA KAe  Ae ®)

where [CD} and [AA]; denote the initial concentrations 8fCD

host and aliphatic alcohols, respectively. Using the nonlinear
least squares curve-fitting method, we obtained the complexation
stability constant for each hesguest combination from eq 2.
Figure 11b illustrates a typical plot of experimental and
calculated data obtained by using eq 2, and no serious deviations
are observed. A good correlation between the experimental and
calculated result strongly indicates not only that the stability
constants obtained are reliable but also that the -+tmsest
complexation proceeds through the 1:1 stoichiometry. The
stability constantsis) and Gibbs free energy changesAG°®)
obtained for the complexation ¢iCD derivatives { and 2)

with aliphatic alcohols are compiled in Table 1. When repeated
measurements were made, tke values were reproducible
within an error of£4%.

Binding Ability. Much research indicates that the heguest
size/shape matching and induced-fit interaction can dominate
the stability of the complex formed between substityte@D
and model substrates, leading to the stronger van der Waals
and hydrophobic interactions, because these interactions are
closely related to the distance and contacting surface area
between the host and gué&8’ As can be seen from Table 1,
the complex stability constants for the complexation of modified
B-CDs with aliphatic alcohols are variable according to the guest
structure, showing a sequence of binding ability:

2-Ada> 1-Ada, (-)-Bor > (+)-Bor, (+)-Men > (—)-Men

The adamantyl group of adamantanol has a diameter of ca. 7
A, and strong binding affinities were shown f68¢CD and its
derivativest!:210.21c3840 whjch is consistent with the near-perfect
match between the cavity gfCD and the guest diameter. One
can note that the complexes of 2-Ada with bdttand 2 are
more stable than those of 1-Ada, indicating that the hosts can
recognize the minor difference in the substituent position of
guest molecules. Host affords the highest stability constant
up to 138 000 M! upon complexation with 2-Ada and the
highest molecular selectivity up to 91 for the 2-Adg){Bor
pair, which will be attributed to the strict size/shape fit between
2-Ada and theg-CD cavity. The high molecular selectivity for
the 2-Ada/1-Ada pairK{2-Ada)K{1-Ada) = 12) by 1 should be
due to the two different binding models of azobenzene modified
B-CDs upon complexation with adamantanols. According to the
results of 2D NMR experiments, the 2-Ada molecule in the
cavity locates near the primary hydroxyl side®Ds 1 and
2, and the azobenzene moieties of the two hosts were excluded
from the3-CD cavity, which would make the hydrogen bonding
interaction between the hydroxyl group of 2-Ada and the
hydroxyl groups of the primary side @f-CD possible’@ In

free host and complexed one may be taken as the proportionalitythe presence of the 1-Ada molecule, the azobenzene moieties

coefficient, i.e. AA = A¢[CD-AA]. Thus, the complex stability
constant Ks) should be defined by usidg

of 1 and2 were embedded shallowly into the cavity, preventing
hydrogen bonding between the hydroxyl group of 1-Ada and
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Figure 9. (a)*H NOESY spectrum of a mixture df (6.2 x 10~* mol
dm3) and 1-Ada (6.5x 107* mol dnT3) in 10% DMSO#ds—D,0
solution at 25°C with a mixing time of 300 ms. (b) Plausible structures
of the 1/1-Ada complex.

the hydroxyl groups of the primary side fCD. Consequently,
it is reasonable that the binding affinity of 2-Ada withand2
is greater than that of 1-Ada.

(a)

F2 ]
(ppm)}
]

AJMIL_LM-H

T T T T T T T T
8 7 ] H ] 3 2 1
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Figure 10. (a) *H NOESY spectrum of a mixture df (6.5 x 104
mol dnT3) and 2-Ada (7.0x 10~* mol dn13) in 10% DMSOds—D,0
solution at 25°C with a mixing time of 300 ms. (b) Plausible structures

As compared with guest adamantanols, chiral borneols andof the 1/2-Ada complex.

menthols show relatively low binding ability and molecular
selectivity upon inclusion complexation of hostsand 2. For
example, hostd and2 give moderate enantioselectivitiK{/

st = 1.6-2.1) for the ¢)-Bor/(+)-Bor pair and the low
enantioselectivity ks /Ks" = 1.1-1.2) for the ()-Men/(—)-
Men pair. It is inferred that the modification at the rim affects
the chiral microenvironment of the-CD cavity and the self-
including substituent contributes to the fixation of the included
guest molecules, behaving as a spaé&t!On the other hand,

by using spectroscopic techniques. Studies on binding models
of 1 and2 in the presence of 1-Ada and 2-Ada indicate that the
size/shape matching, hydrogen binding, and induced-fit mech-
anisms play a crucial role in the molecular recognition process
of the azobenzene modifig®iCDs. Therefore, the azobenzene
moiety attached t@-CD can not only act as a spectral probe
but also dominate the molecular/chiral and size/shape recogni-
tion of guests.

from the data listed in Table 1, we can see that the complexes

of 1 with guests are more stable than thos€.oThis may be
explained as ho%, possessing a hydrophilic nitro group, being
more hydrophilic and sterically hindered thanwhich jointly

Experimental Section

Materials. All aliphatic alcohals, i.e., 1-adamantanol (1-Ada),
2-adamantanol (2-Ada),H)-borneol [(+)-Bor], (—)-borneol

reduces the hydrophobic interaction and extent of desolvation [(—)-Bor], (+)-menthol [¢F)-Men], and ()-menthol [)-Men]

upon complexation.

Conclusions

In summary, two novel azobenzene modifig¢eCD deriva-
tives1 and2 were synthesized in high yields, and their original

were used as received. 4-(Phenylazo)phenol (PAP) and 4-((4-
nitrophenyl)azo)phenol (NPAP) were commercially available
and used without further purificatiof-CD of reagent grade
was recrystallized twice from water and dried in vacuo at 95
°C for 24 h prior to use. Mono[®-(tolyl-p-sulfonyl)]-5-

conformations and molecular binding models were investigated cyclodextrin (6-OTg5-CD) was prepared by the reaction of
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00 Mono{ 6-O-[4-((4-nitrophenyl)azo)phenyl]} -#-cyclodex-
05 001 o e trin (2). 2 was prepared as a deep yellow in 74% vyield from
002 - ' NPAP and 6-OT®-CD according to a similar procedure
04} 008 . ®) described above. UVvis (10% DMSO aqueous solutiomyay
o0t e nm (loge): 390.5 nm (4.35)*H NMR (300 MHz, DMSO#,
03t 008 \ TMS, ppm): 6 3.3-3.9 (m, 42H), 4.6-4.6 (m), 4.8-4.9 (m,
< %0 01 02 03 04 05 06 07 7H), 5.6-5.8 (m), 7.2-7.3 (m, 2H), 7.9-8.0 (m, 2H), 8.6-8.1
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