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ABSTRACT: A side-chain hetero-polypseudorotaxane was prepared from a water-soluble polymer (1)
bearing heptamethylene (C7) and azobenzene (Azo)moieties connected with oligo(ethylene glycol) in the side
chain by three steps, in which R- and β-cyclodextrins (R- and β-CDs) included the C7 and cis-Azo moieties,
respectively. In the first step, R-CD was added to 1 to form the side-chain polypseudorotaxane, in which
R-CD included both the C7 and trans-Azomoieties in the side chain. In the second step, the Azomoiety at the
end of the side chainwas isomerized to the cis isomer to form the side-chain polyrotaxane, in whichR-CDwas
interlocked on the side chain. In the final step, β-CD was added to the side-chain polyrotaxane to form the
side-chain hetero-polypseudorotaxane.

Introduction

Biological systems maintain living activities utilizing well-
sophisticated macromolecular assemblies, e.g., ATP synthase, myo-
sin and actin, kinesin and dynein microtubules, andmicrofilaments,
as supramolecular machines.1 These biological supramolecular
machines have inspired anumber of research groups to study aiming
at the construction of highly functional artificial supramolecular
machines.2 One of important building units of artificial supra-
molecular machines is a rotaxane, in which a rotor molecule is
mechanically interlocked on an axis molecule by bulky stoppers at
the ends of the axis.3-5 A number of examples of supramolecular
machinesbearing rotaxaneunits havebeen reported, for example, “a
molecular elevator” by Stoddart et al.6 and “a molecular informa-
tion ratchet” by Leigh et al.7 Recently, molecular muscles have
attracted increasing interest from researchers utilizing doubly
threaded rotaxanes because of nanotechnological applications.8

Sauvage et al.9 synthesized a rotaxane dimer containing two Cu(I)
metals and two identical ring-and-string components, which per-
formed the contraction and expansionmovements by the extraction
of Cu(I) with KCN and by the remetalation with Zn(II). More
recently, Stoddart et al.10 reported the construction of the system for
the expansion and contraction movements of the polymeric
[c2]daisy chains consisting of crown ether and ammoniummoieties,
which was responsive to acid and base conditions. Grubbs et al.11

also reported pH-responsive size changes of a polymer of doubly
threaded dimer units consisting of crown ether and ammonium
moieties linked by “click chemistry”.

Most of examples described above dealt with crown ether
derivatives as rotor molecules. On the other hand, from the
viewpoint of the environmental consideration, we have been
focused on cyclodextrin (CD) as a rotor component, which can
be utilized in aqueous media. We have synthesized and reported
various supramolecular polymers includingmain-chain and side-
chain polypseudorotaxanes and polyrotaxanes.12-14

One of previous studies demonstrated that the doubly threaded
R-CD dimer composed of a longer alkyl chain exhibited the
contraction movement by changing solvent polarity.15,16 In these
systems, two recognition sites are located close to each other. In
order to obtain large size changes, it is necessary to separate two
recognition sites with a longer linker. Recently, we have prepared
an R-CD derivative composed of photoresponsive and nonre-
sponsive sites connected with oligo(ethylene glycol) (OEG) and
constructed the size changes in hydrodynamic radius of the
doubly threaded dimer by the photoisomerization.17 This com-
pound is one of great promising building blocks not only for the
main-chain linear stretching polymers by reacting both the ends
but also for the side-chain stretching polymers by cross-linking
polymer chains.

Another possibility to construct the stretching polymers is the
systems consisting of polymers which bear two recognition sites
linked with a longer linker and CD, respectively, in their side
chains. In this study, we have synthesized a water-soluble poly-
mer (1 in Scheme 1B) bearing heptamethylene (C7) and azoben-
zene (Azo) moieties connected with a longer OEG, which act as
recognition sites. Herein, for achieving the contraction and
expansion systems, we report the preliminary data concerning
the investigation of the side-chain hetero-polypseudorotaxane
composed of R- and β-CDs, which stay at the C7 and Azo
moieties, respectively, by the stepwise preparation utilizing the
isomerization of the photoresponsive Azo moiety.18

Experimental Section

Materials. Dichloromethane (DCM), diethyl ether (Et2O),
dimethylformamide (DMF), tetrahydrofuran (THF), and
toluene were purified by utilizing a Glass Contour solvent
dispending system. Oligo(ethylene glycol) (OEG, MW =
1.0 � 103) was purchased from NOF Corp. R-Cyclodextrin
and β-cyclodextrin (R-CD and β-CD) were recrystallized
from water. Water used for dialysis was purified with a
Millipore Milli-Q system. Other reagents were used without
further purification.

*Corresponding author: Fax þ81-6-6850-5445; e-mail harada@
chem.sci.osaka-u.ac.jp.
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Preparation ofN-(3-(2-(3-Aminopropoxy)oligoethoxy)propyl)-
4-(phenyldiazenyl)benzamide (OEG-Azo). The synthetic scheme
of OEG-Azo is shown in Scheme 1A. 4-(Phenylazo)benzoic acid
(0.567 g, 2.51 mmol) and 1H-benzotriazol-1-yloxytripyrrolidi-
nophosphonium hexafluorophosphate (BOP reagent, 1.95 g,
3.75 mmol) were suspended in DCM (120 mL). The suspended
solution was added into a solution of OEG (2.61 g, 2.50 mmol)
and triethylamine (Et3N, 1.05mL, 7.54mmol) inDCM (60mL).
After stirring for 5 h at ambient temperature, the solvent and
Et3N were removed by evaporation and the crude product was
dried under vacuum at 60 �C. The product was purified by liquid
chromatography/mass spectrometry (LC/MS) using a mixed
solvent of water and methanol as eluent. The orange viscous
product was obtained in a 18.5% yield (0.578 g). 1H NMR (500
MHz, DMSO, 30 �C): 8.60 (t, 1H, amide), 8.05 (td, 2H,
azobenzene), 7.96-7.92 (m, 4H, azobenzene), 7.65-7.59 (m,
2H, azobenzene), 2.80 (t, 2H, methylene), 1.79 (quin, 2H,
methylene), 1.72 (quin, 2H, methylene). Positive ion MALDI-
TOFMS (n: the number of ethylene glycol unit in OEGmoiety)
m/z 1156.4 [M (n=21)þK]þ, 1200.5 [M (n=22)þK]þ, 1244.5
[M (n= 23) þK]þ, 1288.5 [M (n= 24)þ K]þ, 1332.5 [M (n=
25)þK]þ, 1376.5 [M (n=26)þK]þ, 1420.5 [M (n=27)þK]þ,
1464.6 [M (n = 28) þ K]þ, 1508.5 [M (n = 29) þ K]þ, 1552.5
[M (n= 30) þK]þ, 1596.5 [M (n= 31)þ K]þ, 1640.5 [M (n=
32)þK]þ, 1684.8 [M (n=33)þK]þ, 1728.5 [M (n=34)þK]þ,
1772.6 [M (n = 35) þ K]þ.

Preparation of the Water-Soluble Polymer (1). The water-
soluble polymer (1) was prepared according to Scheme 1B.
9-Decenoic acid (2.0 g, 0.012 mol), maleic anhydride (1.2 g,
0.012mol), and 2,20-azoisobutyronitrile (AIBN) (9.8 mg, 0.060
mmol) were added into a Schlenk flask and dried under
vacuum. Then, these compounds were dissolved in toluene
(3.0 mL) under a nitrogen atmosphere at ambient temperature.
The Schlenk flask was immersed in an oil bath thermostated at
70 �C. After stirring for 18 h, the viscous precipitate was
dissolved in THF. The polymer was precipitated by pouring
the THF solution into a large amount of Et2O andwashed with
Et2O. After collecting by centrifugation, the polymer was dried
under vacuum. The polymer obtained was purified by repreci-
pitation three times. The polymer (pC7AMAnh) was obtained
in a 38% yield (1.2 g). The number-average molecular weight
(Mn) and the ratio of weight to number-average molecular
weights (Mw/Mn) of the polymer were determined to be 1.1 �
104 and 3.1, respectively, by gel permeation chromatography
(GPC) for the esterified sample of pC7AMAnh using diazo-
methane.

The polymer (pC7AMAnh, 64.5 mg, 0.240 mmol), N,N0-
dicyclohexylcarbodiimide (74.3mg, 0.360mmol), and1-hydroxy-
benzotriazole (48.6 mg, 0.360 mmol) were added into a
Schlenk flask and dried under vacuum. Then, these compounds
were dissolved in DMF (2.0 mL) under a nitrogen atmosphere,
and the Schlenk flask was immersed in an ice bath. After stirring
for 1 h, OEG-Azo (300 mg, 0.240 mmol) was dissolved in the
DMF solution under a nitrogen atmosphere. After stirring for
3 days at ambient temperature, the insoluble dicyclohexylurea
was removed by centrifugation, and the solvent of the super-
natant solution was evaporated. The crude product was dried
under vacuum at 60 �C. Furthermore, the crude product was
dissolved in DMF and hydrolyzed with an excess of 0.50 M
aqueous sodium hydroxide. After stirring at ambient tempera-
ture, the solvents were evaporated and the crude product was
dried under vacuum at 60 �C. The crude product was purified by
dialysis (molecular weight cutoff: 2000) against pure water for a
week. The orange sticky polymer (1) was obtained in a 39.2%
yield (147 mg) after recovering by freeze-drying. The content of
OEG-Azo modified with the polymer side chain was roughly
estimated to be 59 mol % by 1H NMR.

Preparation of the Model Polymer (pC7AMA). The model
polymer (pC7AMA) was prepared as shown in Scheme 1B. The
polymer (pC7AMAnh, 54.3 mg, 0.202 mmol) obtained was
hydrolyzed with 0.50 M aqueous sodium hydroxide (5.0 mL,
2.5 mmol) in THF (1.0 mL). The hydrolyzed white polymer
(pC7AMA) obtained was purified by dialysis (molecular weight
cutoff: 1000) against pure water for 4 days and recovered by
freeze-drying in a 89.2% yield (62.9 mg).

Photoisomerization of the Azo Moiety. The samples used in
this study were isomerized by photoirradiation using an Asahi
Spectra compact xenon light sourceMAX-302 equippedwith an
HQBP 365 (Asahi Spectra Co.) band-pass filter (wavelength =
365 ( 10 nm). The distance between the sample and the light
source was fixed at ca. 0.4 cm.

General Measurements. Positive-ion matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spec-
trometry experiments were performed using a Shimadzu/KRA-
TOS Axima CFR Ver.2.2.3 mass spectrometer calibrated by
R-cyano-4-hydroxycinnamic acid and insulin.

LC/MS experiments were carried out on Waters 2545 and
Waters 515 as the binary and makeup pumps equipped with
SunFire Prep C18 OBD column (19 � 150 mm), using the
gradient program of water and methanol as eluent at a flow
rate of 10 mL/min. Waters SFO and Waters 2767 were used as
the switching valve and injector/fraction collector. A Waters

Scheme 1. Preparation of a Water-Soluble Polymer (1)
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3100 mass detector and Waters 2996 photodiode array detector
were also used asMS andUVdetectors. The LC,MS, andmass-
directed fraction collection were controlled byMasslynx version
4.1 with Fractionlynax.

GPC analysis was carried out at 40 �Con aTosohCCP& 8010
system equipped with two Tosoh TSKgel MultiporeHXL-M
columns connected in series, using THF as eluent at a flow rate
of 0.8 mL/min. Tosoh UV-8010 and Tosoh RI-8012 detectors
were used. The molecular weights were calibrated by polystyrene
standards (Tosoh TSK polystyrene standard).

1H NMR spectra were measured on a JEOL ECA500 NMR
spectrometer at 30 �C. 2D NOESY data were obtained on a
Varian UNITY INOVA plus 600 spectrometer at 30 �C. In the
2DNOESYNMR, themixing time before the acquisition of free
induction decay was fixed at 200 ms for all the samples. For all
the NMR measurements, D2O containing 5.0 mM NaHCO3

and 5.0 mMNa2CO3 was used as a solvent. Tetramethylammo-
nium chloride was used as an internal standard to determine
chemical shifts.

UV-vis absorption spectrawere recorded on a JASCOV-650
spectrometer in D2O containing 5.0 mMNaHCO3 and 5.0 mM
Na2CO3 at 30 �C with 1 cm quartz cell.

Circular dichroism (cd) spectra were recorded on a JASCO J-
820 spectrometer in D2O containing 5.0 mM NaHCO3 and
5.0 mM Na2CO3 at 30 �C with 1 cm quartz cell.

Results and Discussion

Estimation of Association Constants (K) for r- and β-CDs
with Model Compounds. Before the formation of the side-
chain hetero-polypseudorotaxane, we investigated the inter-
action of R- and β-CDs with model compounds (pC7AMA
and OEG-Azo in Scheme 1A,B) corresponding to the C7

and Azo moieties in 1, respectively, by 1H NMR to estimate
roughly apparent association constants (K) for each ele-
ment.

Figure 1A shows an example of the 1H NMR spectra for
pC7AMA in the presence of varying concentrations (CCD) of
R-CD. As CCD is increased, small but clear downfield shifts
and broadening of the signals due to the methylene protons
in the C7 side chain were observed, indicative of the inte-
raction of R-CD with the C7 side chain. Using the 1H NMR
spectra, the reciprocals of the peak shifts for the signal due to
the proton (a) at 1.37 ppm in the C7 moiety (1/Δδobs) were
calculated and plotted against the reciprocals of the R-CD
concentrations (1/CCD). As can be seen in Figure 1B, the
plots show a good linear relationship, indicating that the
interaction of R-CD with the C7 moiety can be analyzed
based on the formation of one-to-one complexes. From the
intercept and the slope of the straight line, the K value was
determined to be 7.4 � 101 M-1 by

1

Δδobs
¼ 1

KΔδ

1

CCD
þ 1

Δδ
ð1Þ

where Δδ is the difference between the observed chemical
shift for the one-to-one complex of R-CDwith the C7moiety
and the chemical shift in the absence of R-CD (Table 1). On
the other hand, as can be seen in Figure S1, upon addition of
15.0 mM β-CD into the sample for pC7AMA (1.0 mM in the
C7moiety), theΔδobs value was so small that theK could not
be estimated, indicative of only weak interaction of β-CD
with the C7 moiety.

Since this study utilizes the photoisomerization of the Azo
moiety in OEG-Azo, the interaction of R- and β-CDs with
the Azo moiety was investigated before and after the photo-
isomerization. Figure 2A,B shows examples of the 1HNMR
spectra of R- and β-CDs with OEG-Azo in the presence of
varying CD concentrations before photoisomerization, in
which most of the Azo moieties are in the trans-state. As can
be seen in Figure 2A, all the signals due to the trans-Azo
moiety shift to lower magnetic fields with increasing the
R-CD concentration, indicative of the interaction of R-CD
with the trans-Azo moiety. On the other hand, Figure 2B
indicates that more complicated changes in the signals: the
signals due to the protons (f and g) at 8.04 ppm in the Azo
moiety show splitting and downfield shifts, and the signals
due to the protons (h, i, and j) at 8.01 and 7.73 ppm exhibit
broadening and upfield shifts with increasing the β-CD
concentration. This observation indicates the interaction of
β-CD with the trans-Azo moiety. Using the 1H NMR
spectra, the 1/Δδobs values for the proton (f) in the trans-
Azo moiety were calculated and plotted against 1/CCD. As
can be seen in Figure 2C, the plots also show good linear
relationships, indicating that the interaction ofR- and β-CDs
with the Azo moiety can be analyzed based on the formation
of one-to-one complexes. Using eq 1, the K values were also
estimated from the intercepts and the slopes of the straight
lines to be 2.0 � 103 and 8.3 � 102 M-1 for R- and β-CDs,
respectively, with the trans-Azo moiety in OEG-Azo
(Table 1). Figure 3A,B shows examples of the 1H NMR

Figure 1. 1HNMR spectra (A) of 1.0mMpC7AMA (I) in the presence
of various concentrations (CCD) of R-CD measured in D2O containing
5.0 mM NaHCO3 and 5.0 mM Na2CO3 at 30 �C. CCD: 0 (I), 5.0 (II),
10.0 (III), 15.0 (IV), 20.0 (V), 30.0 (VI), and 40.0 mM (VII). Benesi-
Hildebrand plot (B) of 1/Δδobs against 1/CCD.

Table 1. Association Constants (K) for r- and β-CDs with Model
Compoundsa

K � 10-2/M-1

model compound R-CD β-CD

pC7AMA 0.74 -b

OEG-trans-Azo 20 8.3
OEG-cis-Azo 0.21 5.0

aDetermined by 1H NMR assuming the formation of one-to-one
complexes. b It was not possible to estimate the K because of no
significant peak shifts.
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spectra of R- and β-CDs with OEG-Azo in the presence of
varying CD concentrations after irradiation with UV light
(ca. 365 nm), inwhichmore than 91%of theAzomoieties are
in the cis-state for OEG-Azo and for the mixtures of OEG-
Azo with R-CD and with β-CD. As shown in Figure 3A, the
signals due to the protons (f and g) exhibit no significant
changes, but slight downfield shifts for the signals due to the
protons (h, i, and j) were observed with increasing the R-CD
concentration, indicative of only weak interaction of R-CD
with OEG-cis-Azo at the terminal of the cis-Azo moiety.19

On the other hand, Figure 3B indicates the signals due to the
protons (f, h, and j) at 7.78, 7.44, and 7.37 ppm exhibit
downfield shifts and the signals due to the protons (g and i) at
7.12 and 7.05 ppm exhibit upfield shifts with increasing the
β-CD concentration, indicative of the interaction of β-CD

with the cis-Azo moiety in OEG-Azo. Using the 1H NMR
spectra, the 1/Δδobs values of the protons (h and f) in the cis-
Azo moiety for R- and β-CDs were calculated and plotted
against 1/CCD as can be seen in Figure 3C,D. Since these
figures also show good linear relationships between 1/Δδobs
and 1/CCD, the K values were estimated using eq 1 with the
intercepts and the slopes of the straight lines to be 2.1 � 101

and 5.0 � 102 M-1 for the complexation of R- and β-CDs
with the cis-Azo moiety in OEG-Azo (Table 1).

Formation of Side-Chain Hetero-Polypseudorotaxane. On
the basis of the K values for the complexation of R- and
β-CDs with the model compounds (Table 1), we have pre-
pared the side-chain hetero-polypseudorotaxane, in which
R- and β-CDs include the C7 and cis-Azo moieties, respec-
tively. Figure 4 shows the synthetic scheme for the side-
chain hetero-polypseudorotaxane. The structure of the poly-
pseudorotaxane or polyrotaxane in each step has been char-
acterized by cd and 2D NOESY NMR spectroscopies.

a. Formation of Side-Chain Polypseudorotaxane of 1 and
R-CD. The first step is the formation of the side-chain
polypseudorotaxane, in which R-CD includes the C7 and
trans-Azo moieties in the side chain, by adding R-CD to 1.
Since the apparentK (7.4� 101M-1) for the complexation of
R-CD with the C7 moiety was not so high, excess R-CD was
necessary. TheR-CD concentrationwas fixed at 12.0mM for
1 (1.0 mM in the C7-OEG-Azo moiety), in which the peak
shifts for the C7 moiety in 1HNMRwere saturated as can be
seen in Figure S2 of the Supporting Information.

Figure 5Ba shows the cd spectrum for the mixture of 1 and
R-CD. This spectrum exhibits the negative and positive
induced cd (icd) bands in the region of n-π* and π-π*
transitions of the trans-Azo moiety, indicating that R-CD
includes the trans-Azomoiety and the transitionmoments of
n-π* and π-π* in the trans-Azo are perpendicular and
parallel to the axis of the R-CD, respectively.20 Figure 6
demonstrates the 2D NOESY NMR spectrum for the mix-
ture of 1 and R-CD. This spectrum exhibits the correlation
signals between the innerC3 andC5protons inR-CDand the
protons (f, g, h, i, and j) in the Azo moiety and between the
C3 and C5 protons and the methylene proton (c) next
neighboring the carbonyl group in the C7moiety. These data
indicate thatR-CD includes both the C7 andAzomoieties, in
which R-CD includes the Azo moiety from the primary
hydroxy side because the correlation signals between the
C3 and C5 protons and the protons (f, g, and h) in the Azo
moiety are stronger than those between the C3 and C5
protons and the protons (i and j) in the Azomoiety. It should
be noted that 1H NMR for the mixture of 1 and R-CD
exhibited a downfield shifted signal of methylene protons in
the OEG linker, suggesting that some R-CD molecules were
interlocked on the OEG linkers because excess R-CD was
added. At present, however, we could not characterize how
many R-CD molecules interlocked on the OEG linkers.

b. Formation of Side-Chain Polyrotaxane of 1 and R-CD by
Photoisomerization. The second step is the formation of
the side-chain polyrotaxane, in which R-CD is interlocked
on the side chain by the cis-Azo stopper, by photoisomeriza-
tion of the Azomoiety in the side-chain polypseudorotaxane
prepared in the first step.14,21,22

We confirmed highly efficient trans-to-cis photoisomeri-
zation of the Azo moiety in 1 in the presence of 12.0 mM
R-CD by UV-vis absorption and 1H NMR spectroscopies.
Figure 7 shows examples of the UV-vis absorption spectra
for 1 (0.10 mM in the Azo moiety) in the absence (A) and
presence (B) of 12.0mMR-CDunder photoirradiation. These
figures demonstrate that the absorbances in the region of
n-π* transition of the trans-Azo moiety gradually increase

Figure 2. 1HNMR spectra (A and B) of 1.0 mMOEG-trans-Azo (I) in
the presence of various concentrations (CCD) ofR- andβ-CDsmeasured
in D2O containing 5.0 mM NaHCO3 and 5.0 mM Na2CO3 at 30 �C.
CCD: 0 (I), 2.0 (II), 4.0 (III), 6.0 (IV), 8.0 (V), 10.0 (VI), and 12.0 mM
(VII). Benesi-Hildebrand plots (C) of 1/Δδobs against 1/CCD forOEG-
trans-Azo with R- and β-CDs (circle and square, respectively).
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with the irradiation time whereas those in the region of π-π*
transition of the Azo moiety gradually decrease. Using the
absorbancesdue to theAzomoiety at the initial state, at time t,
and in the photostationary state (A0,At, andAeq, respectively)
at 326.2 and333.0 nm for 1 and for themixture of 1 andR-CD,
ln[(A0 - Aeq)/(At - Aeq)] values were calculated and plotted
against t as can be seen in Figure 7C. Since the plots show
good linear relationships, the rate constants (kt) of the trans-
to-cis isomerization for the Azo moiety were estimated to be
3.9 � 10-2 and 4.9 � 10-2 s-1 for 1 and for the mixture of 1

and R-CD, respectively, from the slopes of the straight lines
by

ln
A0 -Aeq

At -Aeq
¼ ktt ð2Þ

It should be noted here that the kt value for the mixture of 1
and R-CDwas larger than that for 1. This may be because the
Azo moieties in 1 somehow associate with each other and the
complexation of R-CD dissociates the association of the Azo

Figure 3. 1HNMR spectra (A andB) of 1.0mMOEG-cis-Azo (I andVIII) in the presence of various concentrations (CCD) ofR- and β-CDsmeasured
inD2O containing 5.0mMNaHCO3 and 5.0mMNa2CO3 at 30 �C.CCD: 0 (I andVIII), 2.0 (IX), 4.0 (X), 6.0 (II andXI), 8.0 (III andXII), 10.0 (IV and
XIII), 12.0 (V and XIV), 14.0 (VI), and 16.0 mM (VII). Benesi-Hildebrand plots (C andD) of 1/Δδobs against 1/CCD for OEG-cis-Azo with R- and β-
CDs (circle and square, respectively).

Figure 4. Synthetic scheme for the stepwise preparation of the side-chain hetero-polypseudorotaxane composed of R- and β-CDs.
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moieties, resulting in a slight acceleration of photoisomeriza-
tion.23 1H NMR confirmed that the cis-Azo contents were as
high as 85 and 91% for 1 and for the mixture of 1 and R-CD,
respectively, in the photostationary state under irradiation
with UV light (ca. 365 nm).

Figure 5Bb shows the cd spectrum for themixture of 1 and
R-CD after photoirradiation. This spectrum shows the very
week icd bands ascribable to the residual trans-Azo com-
plexed, indicative of almost no interaction of R-CD with the
cis-Azo moiety. Figure 8 shows the 2D NOESY NMR
spectrum for the mixture of 1 and R-CD after photoirradia-
tion. This spectrum exhibits the correlation signals between
the C3 and C5 protons in R-CD and the protons in the C7

moiety whereas not between the C3 and C5 protons and the
protons in the cis-Azomoiety, consistent with theK values of

Figure 5. UV-vis (A) and cd (B) spectra of 0.10 mM 1 with 12.0 mM
R-CD before (a) and after (b) photoirradiation (ca. 365 nm) and of 6.0
mM β-CD with the sample for cis-1/R-CD (c) measured in D2O
containing 5.0 mM NaHCO3 and 5.0 mM Na2CO3 at 30 �C.

Figure 6. 2DNOESYNMRspectrumof 1.0mM 1with 12.0mMR-CDmeasured inD2O containing 5.0mMNaHCO3 and 5.0mMNa2CO3 at 30 �C
(τm = 200 ms).

Figure 7. Time-dependent UV-vis spectra of 0.10 mM 1 in the
absence (A) and presence (B) of 12.0 mM R-CD under irradiation with
UV light (ca. 365 nm) measured in D2O containing 5.0 mM NaHCO3

and 5.0 mMNa2CO3 at 30 �C. The first-order plots (C) for trans-to-cis
photoisomerization of 1 and of the mixture of 1 and 12.0 mM R-CD
(black and blue circles, respectively).
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R-CD with pC7AMA and OEG-cis-Azo (Table 1). It is
noteworthy that the correlation signal between the C3 pro-
ton and the methylene proton (c) in the C7 moiety is weaker
than that between the C5 proton and the methylene proton
(c) in the C7 moiety, indicating that R-CD includes the C7

moiety preferably from the secondary hydroxy side. These
characterization data are indicative of the formation of the
side-chain polyrotaxane, in which R-CD includes the C7

moiety.24

c. Formation of Side-Chain Hetero-Polypseudorotaxane
of cis-1/R-CD and β-CD. The final step is the formation of
the side-chain hetero-polypseudorotaxane, in which β-CD
includes the cis-Azo moiety at the end of the side chain, by
adding β-CD to the side-chain polyrotaxane prepared in the
second step. On the basis of K (5.0 � 102 M-1) for the
complexation of β-CD with the cis-Azo moiety, the β-CD
concentration was fixed at 6.0 mM for the polyrotaxane of 1
and R-CD because the 1H NMR signals for the inner C3
protons of R- and β-CDs significantly overlapped at con-
centrations >6.0 mM, as can be seen in Figure S3 of the
Supporting Information.

Figure 5Bc indicates the cd spectrum for the mixture of
cis-1/R-CD and β-CD. This spectrum shows the negative
and positive icd bands in the region of n-π* and π-π*
transitions of the cis-Azo moiety, indicating that β-CD
includes the cis-Azo moiety and the transition moments
of n-π* and π-π* in the cis-Azo are tilted to the axis of the
β-CD.20 Figure 9 shows the 2D NOESY NMR spectrum
for the mixture of cis-1/R-CD and β-CD. This spectrum
exhibits the correlation signals between the C3 proton in
R-CD and the methylene proton (c) in the C7 moiety and
between the C3 proton in β-CD and the protons (g, h, i,
and j) in the cis-Azo, agreeing with the K values listed in
Table 1. The noteworthy is that no correlation signals were
observed between the C3 proton in β-CD and the proton
(f) in the cis-Azo and between the C5 proton in β-CD and
the proton (j) in the cis-Azo, indicating that β-CD includes
the cis-Azo moiety preferably from the primary hydroxy
side. These characterization data confirmed the formation
of the side-chain hetero-polypseudorotaxane, in which
R- and β-CDs include the C7 and cis-Azo moieties, respec-
tively, as can be seen in Figure 4.25

Figure 9. 2DNOESYNMR spectrum of 6.0 mM β-CD with the sample for cis-1/R-CDmeasured in D2O containing 5.0 mMNaHCO3 and 5.0 mM
Na2CO3 at 30 �C (τm = 200 ms).

Figure 8. 2DNOESYNMR spectrum of the sample for 1.0 mM 1with 12.0 mM R-CD after irradiation with UV light (ca. 365 nm) measured in D2O
containing 5.0 mM NaHCO3 and 5.0 mM Na2CO3 at 30 �C (τm = 200 ms).
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Conclusion

We determined the K values for the complexation of R- and
β-CDs with the model compounds (pC7AMA, OEG-trans-Azo,
and OEG-cis-Azo) by 1HNMR.On the basis of theK values, we
prepared the side-chain hetero-polypseudorotaxane from the
water-soluble polymer (1) bearingC7 andAzomoieties connected
with OEG in the side chain, in which R- and β-CDs included the
C7 and cis-Azo moieties, respectively, by the three steps: (1) the
formation of the side-chain polypseudorotaxane, in which R-CD
included the C7 and trans-Azo moieties in the side chain, (2) the
formation of the side-chain polyrotaxane, in which R-CD was
interlocked on the side chain by the cis-Azo stopper, by photo-
isomerization of the Azo moiety, and (3) the formation of the
side-chain hetero-polypseudorotaxane, in which β-CD included
the cis-Azomoiety at the end of the side chain. Each stepwas fully
characterized by cd and 2DNOESY spectroscopies as well as the
binding studies using model compounds. This system would be
extended not only to contraction and expansion systems but also
to nanotechnological applications such as nanodevices utilizing
combinations of the host and guest polymers bearing CD and
hydrophobic moieties, respectively, in their side chains.
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