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ABSTRACT

A heterowheel [3]pseudorotaxane was prepared by integrating two binary inclusion complexes of β-cyclodextrin-hydroxynaphthalene (β-CD 3 3)
with a cucurbit[8]uril-viologen derivative (CB[8] 3 2), in which simultaneous molecular recognition of the adamantine moiety in 2 by β-CD and the
charge-transfer interaction of 3 with the viologen nucleus of 2 in the cavity of CB[8] are two crucial factors for the formation of the quaternary
complex.

In recent decades, much attention has been focused on
pseudorotaxanes1 because they not only are the supramo-
lecular precursors of rotaxanes and catenanes2 but also
are viewed as prototypes of simple molecular machines.3

Therefore, designing and synthesizing pseudorotaxanes

with novel topologies is desirable for both supramole-
cular chemistry and the construction of molecule-based
devices. A general synthetic methodology for preparing
pseudorotaxanes is that a/several cyclic wheel com-
ponent(s) are threaded into a linear axle component
to form stable host-guest pair(s).2,4 Anion-templated,2d,5

cation-templated,6 and second-sphere coordination7 routes(1) (a) Ashton, P. R.; Philp, D.; Spencer, N.; Stoddart, J. F. J. Chem.
Soc., Chem. Commun. 1991, 1677–1679. (b) Loeb, S. J.; Tiburcio, J.;
Vella, S. J. Org. Lett. 2005, 7, 4923–4926. (c) Yang, C.; Ko, Y. H.;
Selvapalam, N.; Origane, Y.; Mori, T.; Wada, T.; Kim, K.; Inoue, Y.
Org. Lett. 2007, 9, 4789–4792. (d) Moon, K.; Kaifer, A. E. Org. Lett.
2004, 6, 185–188. (e) Ma, X.; Wang, Q.; Qu, D.; Xu, Y.; Ji, F.; Tian, H.
Adv. Funct.Mater. 2007, 17, 829–837. (f) Zou,D.; Andersson, S.; Zhang,
R.; Sun, S.; Åkermark, B.; Sun, L. J. Org. Chem. 2008, 73, 3775–3783.

(2) (a) Anderson, S.; Anderson, H. L.; Sanders, J. K. M. Acc. Chem.
Res. 1993, 26, 469–475. (b) Cacciapaglia, R.; Mandolini, L. Chem. Soc.
Rev. 1993, 22, 221–231. (c) Schneider, J. P.;Kelly, J.W.Chem.Rev. 1995,
95, 2169–2187. (d)Mullen,K.M.;Mercurio, J.; Serpell, C. J.; Beer, P.D.
Angew. Chem., Int. Ed. 2009, 48, 4781–4784. (e) Ong, W.; Kaifer, A. E.
Org. Lett. 2002, 4, 1791–1794. (f) (4)Kim, H.-J.; Jeon, W. S.; Ko, Y. H.;
Kim, K. Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 5007–5011.

(3) (a) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. F. Angew.
Chem., Int. Ed. 2000, 39, 3348–3391. (b) Balzani, V.; Credi, A.; Venturi,
M. Molecular Devices and Machines - A Journey into the Nano World;
Wiley-VCH: Weinheim, 2003. (c) Badjic, J. D.; Balzani, V.; Credi, A.; Silvi,
S.; Stoddart, J. F. Science 2004, 303, 1845–1849. (d) Balzani, V.; Gomez-
Lopez, M.; Stoddart, J. F. Acc. Chem. Res. 1998, 31, 405–414. (e)
Sauvage, J.-P. Acc. Chem. Res. 1998, 31, 611–619.
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Isaacs, L. Org. Lett. 2007, 9, 2349–2352.
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are other efficient synthetic methodologies of pseudor-
otaxanes. Hydrogen bonding,2a-c halogen bonding,5a

ion-dipole interactions,2e,f,8 and the charge-transfer
(CT) interactions6c,9 are the main driving forces for the
interpenetration of axle molecules into the cavity of
wheel components to form pseudorotaxanes. Recently,
we successfully constructed two heterowheel pseudoro-
taxanes by a macroring molecule (R-cyclodextrin, R-
CD) driving another molecular wheel (cucurbit[7]uril,
CB[7]) movement on amolecular axle.10 The ion-dipole
interaction of the axle molecule with CB[7] and the hydro-
phobic interactions of that with R-CD/CB[7] are two
critical driving forces to form the complex. In other
pseudorotaxane-like plug-socket11 and [3]rotaxane12

systems, the ion-dipole interaction of 24-crown-8
with secondary dialkylammonium as well as the CT inter-
action between complementary anthracene/pyrene and
naphthalenediimide provides impetus for the formation
of these complexes. Herein, we report a new heterowheel
[3]pseudorotaxane 1 by integrating two binary inclusion
complexes of β-CDwith hydroxynaphthalene 3 and CB[8]
with viologen derivative 2,13 in which the driving forces
come from simultaneous molecular recognition of ada-
mantane by β-CD and the CT interaction of 3 with the
viologen nucleus of 2 in the cavity of CB[8]. The formation
of the quaternary complex is a bottom-up approach and a
resulting guest-exchange process, as shown in Scheme 1.
The formation of two 1:1 complexes of CB[8] 3 2 and

β-CD 3 3 can be conveniently monitored by 1H NMR
spectroscopy. As can be seen fromFigure 1a, b, upon the
addition of CB[8], the proton signals of Ha-c in 2 shift to
higher field and those of aromatic protons (He) of
adjacent adamantane exhibit a downfield shift and are
split into two signals, while other aromatic protons are
almost unchanged. These observations suggest that the

adamantane moiety of 2 is included in the cavity of
CB[8], and the viologen moiety is near one of its portals,
as the right illustration shown in Figure 1b. On the other
hand, upon the addition of β-CD, the signals of Hγ

protons in 3 shift to lower field, while those of HR go to a
higher field, which indicates that 3 is included in the
cavity of β-CD (Figure 1d). The formation of the 1:1
CB[8] 3 2 and 1:1 β-CD 3 3 complexes is also evidenced by
ESI-MS. The peaks at 838 and 1295 are assigned to [CB-
[8] 3 2- 2Br]2þ and [β-CD 3 3þH]þ respectively (Figures S3
and S4 Supporting Information).
When 2 equiv of β-CD 3 3 complex were added to the

D2O solution of CB[8] 3 2, all aromatic proton signals of 2
and 3 are significantly shifted to higher field, and those of
nonaromatic protons of 2 exhibit a remarkable downfield
shift (Figure 1c). In the 2DNMRspectrumof thequaternary

Scheme 1. “Bottom-up” Approach of [3]Pseudorotaxane 1

Figure 1. Partial 1HNMRspectra (400MHz,D2O, 298K) of (a)
2 (2.1 mM), (b) CB[8] 3 2 (1.8 mM), (c) CB[8] 3 2 (1.8 mM) þ 2
equiv of β-CD 3 3, (d) CD 3 3 (2.1 mM), and (e) 3 (2.1 mM).

(8) (a) Angelos, S.; Yang, Y.-W.; Patel, K.; Stoddart, J. F.; Zink, J. I.
Angew. Chem., Int. Ed. 2008, 47, 2222–2226. (b) Tuncel, D.;Katterle,M.
Chem.;Eur. J. 2008, 14, 4110–4116.

(9) (a) Jeon, Y. J.; Bharadwaj, P. K.; Choi, S.; Lee, J. W.; Kim, K.
Angew. Chem., Int. Ed. 2002, 41, 4474–4476. (b) Jeon, W. S.; Kim, E.;
Ko, Y. H.; Hwang, I.; Lee, J. W.; Kim, S.-Y.; Kim, H.-J.; Kim, K.
Angew. Chem., Int. Ed. 2005, 44, 87–91. (c) Ko, Y. H.; Kim, K.; Kang,
J. K.; Chun, H.; Lee, J. W.; Sakamoto, S.; Yamaguchi, K.; Fettinger,
J. C.; Kim, K. J. Am. Chem. Soc. 2004, 126, 1932–1933. (d) Kim, K.;
Kim,D.; Lee, J.W.; Ko,Y.H.; Kim,K.Chem. Commun. 2004, 848–849.
(e) Jeon, W. S.; Ziganshina, A. Y.; Lee, J. W.; Ko, Y. H.; Kang, J.-K.;
Lee, C.; Kim, K. Angew. Chem., Int. Ed. 2003, 42, 4097–4100. (f) Ko,
Y. H.; Kim, E.; Hwang, I.; Kim, K. Chem. Commun. 2007, 1305–1309.
(g) Rauwald, U.; Scherman, O. A. Angew. Chem., Int. Ed. 2008, 47,
3950–3953. (h) Liu, Y.; Yu, Y.; Gao, J.; Wang, Z.; Zhang, X. Angew.
Chem., Int. Ed. 2010, 49, 6576–6579. (i) Kim, H.-J.; Heo, J.; Jeon,W. S.;
Lee, E.; Kim, J.; Sakamoto, S.; Yamaguchi, K.; Kim, K.Angew. Chem.,
Int. Ed. 2001, 40, 1526–1529. (j) Trabolsi, A.; Hmadeh, M.; Khashab,
N. M.; Friedman, D. C.; Belowich, M. E.; Humbert, N.; Elhabiri, M.;
Khatib, H. A.; Albrecht-Gary, A.-M.; Stoddart, J. F. New J. Chem.
2009, 33, 254–263. (k) Kim, S.-Y.; Ko, Y. H.; Lee, J. W.; Sakamoto, S.;
Yamaguchi, K.; Kim, K.Chem.;Asian J. 2007, 2, 747–754. (l) Han, T.;
Chen, C.-F. Org. Lett. 2007, 9, 4207–4210.

(10) Liu, Y.; Li, X.-Y.; Zhang, H.-Y.; Li, C.-J.; Ding, F. J. Org.
Chem. 2007, 72, 3640–3645.

(11) Jiang, W.; Han, M.; Zhang, H.-Y.; Zhang, Z.-J.; Liu, Y.
Chem.;Eur. J. 2009, 15, 9938–9945.
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2010, 12, 1728–1731.
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mixture 2, 3, CB[8], andβ-CD (Figure 2),we can easily find
NOE cross-peaks between the protons of adamantane and
H3 and H5 of β-CD (peaks A), indicating that the ada-
mantane moiety of 2 is included in the cavity of β-CD.13

Meanwhile, NOE cross-peaks between the Hy protons of
CB[8] and H2 and H3 of β-CD (peaks B) provide strong
evidence for not only β-CD enfolding the adamantane part
but also the two macrocycles being closely located in the
quaternary complex. That is, CB[8] is moved to the violo-
gen moiety facilitating the formation of the stable CT
complex between 2 and 3, and β-CD correspondingly
perches on the adamantane moiety in the quaternary com-
plex. Furthermore, we also carried out molecular energy
minimization on the system, and two snapshots are shown
in Figure 3. The formation of [3]pseudorotaxane 1was also
evidenced byESI-MS (Figure S5, Supporting Information).

It has been well demonstrated that CB[8] can facilitate
effectively the formation of the stableCT complex between
viologen derivatives and hydroxynaphthalenes.9 There is
also a CT complex of 2 with 3 in the above quaternary
system.Unexpectedly, ifβ-CD is not in this system, the 2 3 3
CT complexwould hardly exist. NMR spectra andUV-vis
spectroscopic experiments can validate the effect of β-CD
on the formation of the stable CT complex. As can be seen
fromFigure 4c, d, the addition of 1 equiv (even 2 equiv) of 3
to CB[8] 3 2 does not change the NMR signals of CB[8] 3 2,
which indicates that 3 does not enter the cavity of CB[8] to
form theCT complex.When 2 equiv ofβ-CDwere added to
the solution of CB[8] 3 2 and 3, all aromatic proton signals in
2 and 3 are significantly shifted tohigher field,while those of
nonaromatic protons in 2 go downfield (Figure 4e, f). This
observation is consistent with that in Figure 1c, suggesting
the formation of [3]pseudorotaxane 1.
Figure 5 shows the absorption experiments on 2, 3, a

mixture of equivalent 2 and 3, a mixture of equivalent

Figure 2. Partial 1H ROESY spectrum of a 1:1 mixture of
CB[8] 3 2 (1 mM) and β-CD 3 3 (1.2 mM) in D2O at 298 K with a
mixing time of 250 ms.

Figure 3. Optimized structures of (a) β-CD 3 3, (b) CB[8] 3 2, and
(3) [3]pseudorotaxane 1.

Figure 4. Partial 1HNMRspectra (400MHz,D2O, 298K) of (a)
2 (2.1 mM), (b) CB[8] 3 2 (2.1 mM), (c) CB[8] 3 2 (1.8 mM) þ 1
equiv of 3, (d) CB[8] 3 2 (1.8 mM)þ 2 equiv of 3, (e) CB[8] 3 2 (1.8
mM)þ 2 equiv of 3þ 1 equiv of β-CD, and (f) CB[8] 3 2 (1.8mM)
þ 2 equiv of 3 þ 2 equiv of β-CD.

Figure 5. Absorption spectra of (a) 2 (1 mM), (b) 3 (1 mM), (c) 2
(1 mM) þ 3 (1 mM), (d) CB[8] 3 2 (1 mM) þ 3 (1 mM), and (e)
CB[8] 3 2 (1 mM)þ 3 (1 mM)þ β-CD (1 mM) in H2O, at 298 K.
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CB[8] 3 2 and 3, and amixture of equivalentCB[8] 3 2, 3, and
β-CD. An unremarkable absorption band around 470 nm
is observed in the spectrum of [2 þ 3] relative to the free 2
and 3, indicating the presence of a fractional CT complex
in the mixture of 2 and 3.9i However, no obvious interac-
tionwas observedbetweenCB[8] 3 2 and 3 (Figure 5, line d).
This observation should be attributed to CB[8] including
the adamantane moiety of 2 to prevent the free 3 from
becoming close to the viologen nucleus of 2. Significantly,
when equivalent β-CD was added to the aqueous solution
of CB[8] 3 2 and 3, a distinctly different photophysical
behavior was observed. A strong CT band emerges at
about 580 nm. The result leads to the solution color
changing from colorless to purple. In addition, the remark-
able fluorescence quenching of the quaternary system
relative to the free 3, [2 þ 3], and [2 þ 3 þ CB[8]] is also
evidence for the formation of the CT complex (Figure S6,
Supporting Information).
To gain more insight on the position of CB[8] on 2, CV

measurements were carried out for 2, CB[8] 3 2, CB[8] 3 2 þ
3, and CB[8] 3 2 þ β-CD 3 3 (Figure S10, Supporting
Information). The reduction potentials of CB[8] 3 2 and
CB[8] 3 2 þ 3 only slightly change (Figure S10, lines a, b,
and c) compared to the reduction potentials of 2 (-0.54
and -0.77 V). This observation should be attributed to
CB[8] including the adamantane moiety of 2 and the
reduction potentials of the viologen unit was not signifi-
cantly affectted by the cavity of CB[8], while the
[3]pseudorotaxane exhibits a large shift for the reduction
peaks (-0.89 and-1.22 V) compared to 2. This large shift
indicates the formation of a CT inclusion complex in the
cavity of the CB[8].9j To further understand the roles of β-
CD in the formation of the stable CT complex, we
determined the binding constants (KS) of CB[8] with 2,
and the quaternary system by NMR titration. Comparing
the KS value (5.5 � 105 M-1) of [CB[8] þ 2] with those
reported for [CB[8] þ MV2þ] (1.1 � 105 M-1, MV =
methylviologen)14 as well as [β-CDþ 2] (1.3� 104M-1),13

we deduce reasonably that CB[8] will include preferably 2
relative to β-CD. This deduction is also well validated by
the observation of the changeless CB[8] 3 2 NMR signals
upon the addition of β-CD (Figure S7, Supporting
Information). The larger KS value for [CB[8] þ 2] relative
to [CB[8] þ MV2þ] suggests that a majority of CB[8]

should bind the adamantane moiety of 2, not its viologen
nucleus, which has been proved by previous NMR experi-
ments. In Kim’s CB[8]/MV/hydroxynaphthalene systems,
the preorganization of CB[8] with the viologen nucleus can
greatly facilitate hydroxynaphthalene into the cavity of
CB[8], forming the stable ternary CT complex.9i In the
present system, CB[8]s mostly bind the adamantane moi-
ety of 2, which makes the cavity of CB[8] not work for the
formation of the stable CT complex of 2 with 3. However,
upon the addition of β-CD in the solution of CB[8], 2, and
3, β-CDwill bind competitively the adamantane moiety of
2, making partial CB[8] molecules move onto the viologen
nucleus of 2. This not only leads to the formation of the
stable CT complex between 2 and 3 but also impels more
CB[8] to move onto the viologen nucleus. The KS value of
the quaternary system is about 3.5� 1010M-3 (Table S11,
Supporting Information). This is the driving force for the
formation of the heterowheel [3]pseudorotaxane 1.
In conclusion, a novel heterowheel [3]pseudorotaxane 1

has been constructed by integrating two binary complexes
of β-CD 3 3 with CB[8] 3 2. The collaborative contributions
of the ion-dipole interaction between the axle molecule 2
andCB[8], the hydrophobic interactions of 2/3with β-CD/
CB[8], and the CT interaction of 2 with 3 are the main
driving forces for the formation of this [3]pseudorotaxane.
Distinctly differing from the reported conclusion about the
stable CT complex between viologen derivatives and hy-
droxynaphthalenes in the cavity of CB[8], the present
viologen derivative 2 and hydroxynaphthalene 3 cannot
form any CT complex in the presence of CB[8]. The
molecular recognition of the adamantine moiety in 2 by
β-CD is a crucial factor to pushingCB[8] onto the viologen
nucleus of 2, resulting in the formation of the 2 3 3 CT
complex. The present heterowheel [3]pseudorotaxane not
only enriches the world of supramolecular architectures but
also provides a novel approach to design highly unsymme-
trical supramolecular architectures with different blocks.
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