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ABSTRACT

Capping the a-cyclodextrin ( a-CD) complex of 1-( N-carbazole)-10-[4-(4-pyridinio)-1-pyridinio]decane with 3,5-dimethoxybenzyl bromide in DMF

gives two isomeric [2]rotaxanes, 2a and 2b, while
mostly a unidirectional [2]pseudorotaxane having the same
dichroism spectra. The orientational specificity of
isomer.

a-CD and 1-( N-carbazole)-10-[4-(1-methyl-4-pyridnino)-1-pyridinio]decane 3 in water form
o-CD orientation as 2b. Structures were elucidated from
o-CD in the 3/ a-CD [2]pseudorotaxane is due to the slow dethreading rate of the 2b-type

!H NMR and circular

Rotaxanes and pseudorotaxanes are of great interest becausedely used as wheels for supramolecular assembfiés?
of their interesting structures and potential application for 4,4'-Bipyridinium dication, commonly known as viologen,

supramolecular machinés!® Cyclodextrins (CDs) have been

has been extensively utilized as a component of macrorings

(1) (@) Sauvage, J.-P.; Dietrich-Buchecker, Molecular Catenanes,
Roraxanes, and Knots; Wiley-VCH: Weinheim, 1999. (b) Balzani, V.;
Credi, A.; Raymo, F. M.; Stoddart, J. Rngew. Chem., Int. EQ000, 39,
3348.

(2) (a) Nepogodiev, S. A.; Stoddart, J. Ehem. Rev1998,98, 1959.
(b) Raymo, F. M.; Stoddart, J. Ehem. Rev»1999,99, 1643. (c) Harada,
A. Acc. Chem. Re®001,34, 456.

(3) (a) Arduini, A.; Calzavacca, F.; Pochini, A.; Secchi,@hem. Eur.
J. 2003,9, 793. (b) Credi, A.; Dumas, S.; Silvi, S.; Venturi, M.; Arduini,
A.; Pochini, A.; Secchi, AJ. Org. Chem2004,69, 5881.

(4) (@) Anderson, S.; Claridge, T. D. M.; Anderson, HAngew. Chem.,
Int. Ed. Engl 1997, 36, 1310. (b) Craig, M. R.; Claridge, T. D. W.;
Hutchings, M. G.; Anderson, H. IChem. Commuri999 1537. (c) Easton,
C. J.; Lincoln, S. F.; Meyer, A. G.; Onagi, H. Chem. Soc., Perkin Trans.

11999, 2501. (d) Stanier, C. A.; O'Connell, M. J.; Clegg, W.; Anderson,

H. L. Chem. Commur2001 493. (e) Lim, C. W.; Sakamoto, S.; Yamaguchi,
K.; Hong, J.-1.0rg. Lett.2004,6, 1079.

10.1021/0l048079q CCC: $27.50
Published on Web 11/25/2004

© 2004 American Chemical Society

(5) Stanier, C. A.; Alderman, S. J.; Claridge, T. D. W.; Anderson, H. L.
Angew. Chem., Int. E®002,41, 1769.

(6) (@) Murakami, H.; Kawabuchi, A.; Kotoo, K.; Kunitake, M.;
Nakashima, NJ. Am. Chem. Sod 997,119, 7605. (b) Yonemura, H.;
Kusano, S.; Matsuo, T.; Yamada, Betrahedron Lett1998,39, 6915. (c)
Kawaguchi, Y.; Harada, AJ. Am. Chem. Soc2000, 122, 3797. (d)
Kawaguchi, Y.; Harada, AOrg. Lett.2000,2, 1353.

(7) Yonemura, H.; Kasahara, M. Saito, H.; Nakamura, H.; Matsud, T.
Phys. Chem1992,96, 5765.

(8) (a) Isnin, R.; Kaifer, A. EJ. Am. Chem. S0d.991,113, 8188. (b)
Isnin, R.; Kaifer, A. E.Pure Appl. Chem1993,65, 495. (c) Buston, J. E.
H.; Young, J. R.; Anderson, H. IChem. Commur2000, 905. (d) Buston,
J. E. H.; Marken, F.; Anderson, H. IChem. Commur001, 1046.

(9) Eliadou, K.; Yannakopoulou, K.; Rontoyianni, A.; Mavridis, I. M.
J. Org. Chem1999,64, 6217.

(10) Saudan, C.; Dunand, F. A.; Abou-Hamdan, A.; Bugnon, P.; Lye,
P. G,; Lincoln, S. F.; Merbach, A..B. Am. Chem. So2001,123, 10290.



or axles due to its unique redox characters and ability as anjjj| | | [ NG

electron acceptdr:367 As CDs are nonsymmetric macro-
cycles, the [2]rotaxanésand [2]pseudorotaxanes!® com-

posed of CDs and honsymmetric rods can give two isomers

that differ in the orientation of CDs with respect to the rod’s
ends. Two isomeria-CD-based [2]rotaxanes were prepared
and shown to exhibit quite contrasting physicochemical
behaviors’ Yonemura and co-workers reported that aliphatic
chain-linked carbazole-viologen compounds ar@D form
unidirectional [2]pseudorotaxanésHere we report the
syntheses of two novel isomeric [2]rotaxanga,and 2b,
composed ofi-CD and an aliphatic chain-linked carbazole-
viologen and the conformations of the isomeric [2]rotaxanes
studied by*H NMR and circular dichroism spectroscopic
methods. We also show that-CD and nonstoppered
carbazole-viologeB form a unidirectional [2]pseudorotaxane
of 2b type and deduce the origin of the unidirectionality.

We prepared the isomeric [2]rotaxan2a and 2b by
reacting an equilibrated solution dfand a-CD with 3,5-
dimethoxybenzyl bromide in DMF (27% yield of a mixture
of 2a and 2b) and isolated the isomers by fractional pre-
cipitation (4.5 and 8.7% vyields ofa and 2b, respec-
tively).'* Compound3 was obtained from reaction between
9-(10-bromodecyl) carbazole with 1-methyl-4,4'-bipyridin-
ium iodide’

IH NMR spectra of2a, 2b, and [2]pseudorotaxane
composed o8B with a-CD are shown in Figure 2H NMR
spectrum of2a shows no hint of contamination fror2b,
but that of2b indicates that the isolatezb is contaminated
with 2a by about 10%. Assignments of NMR peaks were
made by*H—'H COSY and two-dimensional ROESY spectra
(see Supporting Information). The orientations of th€D
ring in the [2]rotaxanes (Figure 1) were deduced from the
spectra and NOE cross-peaks.2a, H-3 protons ofx-CD
showed cross-peaks with i(j) protons of carbazole antb
¢-methylene protons, but not with- and «-methylene
protons. On the other han8b showed cross-peaks between

Figure 1. Structures of compounds and [2]rotaxanes studied.
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Figure 2. IH NMR (600 MHz) spectra in BO (Oppo = 4.800
ppm). (A)2&; (B) 2b; (C) 4.5 mM3 + 5.0 mMa-CD (equilibrated
for 1 day). Peaks from the free-CD in (C) are marked “Xx".

H-5 protons ofa-CD andy- to 6-methylene protons and
between H-3 protons of-CD and (- to +-methylene pro-
tons: the intensities of the cross-peakg-oandd-methylene
protons with H-3 protons were much stronger than those with
H-5 protons. The cross-peaks between dHaéd H-6, (or
H-5) protons ofa-CD and i and j carbazole protons were
also observed. Tht#H NMR and two-dimensional ROESY
spectra of3/a-CD [2]pseudorotaxane in the aliphatic chain
and o-CD regions are remarkably similar to those 21,
indicating that3/a-CD [2]pseudorotaxane arztb have the
sameo-CD orientation.

IH NMR peaks ofa- to e-methylene protons a2b and
3/a-CD [2]pseudorotaxane appear more upfield than the
corresponding protons @a, whereas theit- to -methylene
protons appear more downfield than thos@afAlso protons
of a-CD of 2b and3/a-CD [2]pseudorotaxane, except H-2
protons, appear more upfield than the corresponding protons
of 2a. This might be due to ring current effects from aromatic
groups and reflects the different location and orientation of
the groups in the isomers.

Figure 3 shows the induced circular dichroism (ICD)
spectra of the [2]rotaxanes aBih-CD [2]pseudorotaxane.
In the carbazole absorption region of 31860 nm, 2a
exhibits a negative Cotton effect, wherets and 3/a-CD
[2]pseudorotaxane display a positive Cotton effect with
similar ellipticity.

(11) Experimental procedures and spectral data can be found in Sup-
porting Information2a: mp 222-224°C (dec). Anal. Calcd for gHior
CIoN3Os2: C, 55.57; H, 6.51; N, 2.54. Found: C, 55.79; H, 6.73; N, 2.47.
2b: mp 210—212°C (dec). Anal. Calcd for &H107/Cl2N30325H,0: C,
52.92; H, 6.64; N, 2.23. Found: C, 52.68; H, 6.75; N, 2.40.
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s sibility of such an interaction was suggested aCD

complexes of alkyl sulfate’s.

Now we consider the origin of the observed unidirection-
ality of the 3/a-CD [2]pseudorotaxane. This can arise from
the unidirectional threading of the rod molecule through the
o-CD ring as suggested in the formation of calix[6]arene-
based pseudorotaxanes threaded from a rod’s end having a
viologen moiety or from the thermodynamic stability of the
oriented [2]pseudorotaxane. To test these possibilities, we
took'H NMR spectra at various time intervals after addition
of a-CD to 3 in D,O (Figure 5).

Figure 3. Circular dichroism spectra of [2]rotaxanes &8fd.-CD l

[2]pseudorotaxane in water. The [2]pseudorotaxane spectrum was -CH, §
taken with a mixture of3 (0.39 mM) anda-CD (0.65 mM) B ‘
equilibrated for 1 day in water2p] = [2b] = 0.35 mM. |
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complexe® to the spectra in Figure 3, the transition dipole J\“"‘—L J\wlu
moment of the carbazole group responsible for the ICD band
for 2ais along thea-CD axis, but for2b it is at an angle (€ ,J\ A " _,r\_\,\_A_jU\M
greater than 5477 The large upfield shifts g8- to e-protons
and H-6 protons irkb, compared to those ifa, indicate (D) l ; M .
that these protons are virtually beneath the carbazole ring. .

On the basis of these and two-dimensional ROESY spectra, 45 44pom 21 19 17 15 13 11 09 ppm
we propose the structures of the [2]rotaxanes as shown in

Figure 4. Both the NMR and ICD spectra suggest that the Figure 5. *H NMR spectra of3 (A) and the mixture of3 and
a-CD at 18 min (B), 55 min (C), and 1 day (D) after addition of

a-CD to 3. [3] = 2 mM; [a-CD] = 3 mM. Notations of protons

I o< the same as in Figure 2: black, figseblue, 2a-type isomer;

red, 2b-type isomer.

In the early stages, the presence of two isom&ficCD
[2]pseudorotaxanes is clearly seen and the integral ratio of
2b-type to2a-type isomers becomes greater as time elapses.
The ratio is about 2 at 18 min, and the peaks of2heype
isomer disappear almost completely after a day. This
indicates that the threading rates of viologen group through
the narrow primary side of-CD (to form the 2b-type
isomer) and through the wide secondary side (to form the
Figure 4. Proposed conformations of two isomeric [2]rotaxanes. 2a-type isomer) are not much different, but the dethreading
The carbazole fused-ring is perpendicular to the secondary face ofrate of the2a-type isomer is much faster than that of the
o-CD in 2a, but it is parallel to the primary face b. 2b-type isomer, giving mostly the thermodynamically stable
2b-type isomer after a long time.

Complementary evidence of the dynamic equilibrium of
3/a-CD [2]pseudorotaxanes was obtained by comparison of
UV/vis and circular dichroism change during the formation
of the [2]pseudorotaxanes (Figure 6). Aliphatic chain-linked
aromatic-viologen compounds such asexhibit diffused
absorption bands in the visible region due to the intramo-
lecular charge-transfer interaction between aromatic and
viologen moieties, and the interaction is disrupted by

conformation of the3/a-CD pseudorotaxane is similar to that
of 2b: Yonemura et al. proposed a similar conformation for
an a-CD complex of dodecamethylene chain-linked carba-
zole-viologen compoun@The bent structure dtb may be
due to an energetically favorable interaction between the
carbazole group and hydrated surfaceoe€D. The pos-

(12) (a) Kodaka, M.; Fukaya, Bull. Chem. Soc. Jpri.989,61, 1154.
(b) Kodaka, M.J. Phys. Chem1991, 95, 2110. (c) Kodaka, MJ. Am.
Chem. Soc1993,115, 3702. (13) Park, J. W.; Song, H. J. Phys. Chem1989,93, 6454.
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stilbene dumbbeft. However, such face selectivity of CD
appears to be small fdro-CD [2]pseudorotaxane in DMF:
17 we observed a ratio of [2]rotaxane isom@asto 2b of
about 7:9 by stoppering the pseudorotaxane.

Finally, we discuss briefly the kinetics of threading/
dethreading of viologen througltCD”**and possible appli-
cations of the present study. For the analysis of threading/
dethreading kinetics, it is necessary to consider assembling
and disassembling of both [2]pseudorotaxane isomers. How-
ever, previous studies were made without considering the
difference in the rates of threading/dethreading through dif-
ferent sides ob-CD or under the preassumption of unidi-
rectional threading/dethreadifig® As we now have the
microscopic spectral characteristics of the two [2]pseudoro-
taxane isomers and can get mixtures of the isomers with
different isomeric ratios by adjusting the elapsed time after
addition of a-CD to the rod solution, we may be able to
obtain the directional threading/dethreading rates. Also on
the basis of the large difference in dethreading rates de-
pending on the orientation of the-CD ring, it could be
possible to achieve virtually unidirectional movement of the
CD ring along rods having a viologen group. The formation
of a unidirectional [2]pseudorotaxane consistingoeCD

Figure 6. Variation of the charge-transfer absorption at 420 nm
and ICD at 347 nm with elapsed time after additioroe€D to 3.
The total concentrations after the addition are$3D.78 mM and
[a-CD] = 1.29 mM.

pseudorotaxane formatidrt?15The trace of charge-transfer
absorption change with elapsed time after mix@@nda-CD ! o 1Y0OLL
showed a typical pseudo-first-order kinetics as it follows the @nd 3 in water could be utilized to prepare unidirectional
disappearance of frég The relative change of ICD at the rotaxanes by stoppering the pseudorotaxane.

early stages was much less than the absorbance change. This In conclusion, we have prepared two isomeric [2]rotaxanes
reflects that the two [2]pseudorotaxane isomers show dif- 22and2b by stoppering thd/o-CD [2]pseudorotaxane with
ferent ellipticities and the ratio of the species exhibiting large 3,5-dimethoxybenzyl bromide in DMF. The isomers show
(actually positive) ellipticity to that of small (actually 9uite contrasting NMR spectra and opposite Cotton effects.

negative) ellipticity increases with elapsed time. This is N contrast to this3/a-CD [2]pseudorotaxane formed in

consistent with the observations of the opposite sign of the Water is unidirectional with the viologen moiety facing

ICD bands of the two isomers and thermodynamic stability
of the isomer having positive ICD.

In a recent paper, we reported that the viologen dication
moiety prefers the secondary face®CD 14 times more
than the primary fac& The thermodynamic stability of the
unidirectional 3/a-CD [2]pseudorotaxane in which the
secondary side ofi-CD faces the viologen moiety as ob-
served in this work agrees well with the report. The pref-
erence of a face of CDs for a specific group over the other
was also revealed in the unidirectional photoinduced
shuttling of o-CD ring in a rotaxane with a symmetric

(14) Toki, A.; Yonemura, H.; Matsuo, TBull. Chem. Soc. Jpril993,
66, 3382.

(15) Park, J. W.; Lee. B. A,; Lee, S. Y. Phys. Chem. B998,102,
8209.

(16) Park, J. W.; Song, H. E.; Lee, S. ¥. Phys. Chem. B002,106,
7186.

(17) Because of the low solubility df in water, we were not able to
study the pseudorotaxane formationlofvith o-CD and could not prepare
rotaxanes frond in water.
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toward the secondary side ofCD. This originates from
the thermodynamic preference of a viologen group for the
secondary face af-CD, which results in a slow dethreading
rate for the isomer. Extension of this work to study the
directional threading/dethreading kinetics for passing violo-
gens through CDs, synthesize unidirectional interlocked
molecules incorporating CDs and viologens, and achieve one-
way movement of CDs along rod components is underway.

Acknowledgment. This work was supported by KOSEF/
CRM of Korea University.

Supporting Information Available: Detailed synthetic
procedures (fod, 2a, 2b, and3), *H NMR (for 2a, 2b, 3,
and 3/a-CD), *H—H COSY (for 2a and 2b), and two-
dimensional ROESY (fo2a, 2b, and3/a-CD) spectra. This
material is available free of charge via the Internet at
http://pubs.acs.org.

0OL048079Q

Org. Lett, Vol. 6, No. 26, 2004



