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In this paper, a pseudorotaxang) (was synthesized by
reaction of cucurbit [6]uril with 6-[(6-aminohexyl)amino]-
6-deoxyp-cyclodextrin chloride. Subsequently, pseudoro-
taxanex were further assembled to form a 2D pseudopoly-
rotaxane 8) through ano,w-PPG2000 diamino polymer
threading the cavities of cyclodextrins2nand the resulting

Note

of a polymer (entitled “side chain pseudopolyrotaxanés®),
are especially fascinating due to their unusual architectures and
the different properties from conventional polymers. Therefore,
designing and synthesizing pseudopolyrotaxanes with novel
topologies is desirable for both polymer science and supramo-
lecular chemistry. Recently, we successfully constructed not only
a series of pseudopolyrotaxanes baseg-ayclodextrins f-
CDsYy and modified3-CDs; but also bis(pseudopolyrotaxane)s
based on bridged bijg{CD)s8 Here, we report a simple way to
prepare 2D pseudopolyrotaxaBein which cyclic molecules
are threaded onto both the polymeric main chain and its side
chains (Scheme 1). Furthermore, the 2D pseudopolyrotaxane
can turn into a main-chain pseudopolyrotaxane in the presence
of base because of the cyclic cucurbit[6]uril (CB[6]) molecules
dethreading from the side chain 8fand vice versa. Addition
of o-CDs may result in a reversible switch between two different
2D pseudopolyrotaxanes by aeidase control.

To obtain the 2D pseudopolyrotaxafg pseudorotaxang
was first synthesized by reaction of CB[6] with 6-[(6-amino-
hexyl)amino]-6-deoxys3-CD chloride () in 81% yield. The 1:1
1/CB[6] complexation in2 was confirmed by the results of
elemental analysis, MS, aftl NMR spectroscopy. In the ESI-
MS spectrum of pseudorotaxaie a signal was observed at
m/z (M?+) = 1115.8, indicating the formation of the pseudoro-

(2) (a) Gibson, H. W.; Marand, HAdv. Mater.1993 5, 11-21. (b) Fyfe,
M. C. T.; Stoddart, J. FAcc. Chem. Red.997, 30, 393-401. (c) Raymo,
F. M.; Stoddart, J. FChem. Re. 1999 99, 1643-1664. (d) Breault, G.

pseudopolyrotaxane was comprehensively characterized by?:; Hunter, C. A Mayers, P. CTetrahedron1999 55, 5265-5293. (e)

FT-IR, NMR, TG-DTA, elemental analysis, and transmission
electron microscopy. Significantly, the 2D pseudopolyro-

Kim, K. Chem. Soc. Re 2002 31, 96-107. (f) Huang, F.; Zakharov, L.
N.; Rheingold, A. L.; Jones, J. W.; Gibson, H. @hem. Commur2003
2122-2123. (g) Huang, F.; Gibson, H. W. Am. Chem. So004 126,

taxane can turn into a main-chain pseudopolyrotaxane in the14738-14739. (h) Venturi, M.; Dumas, S.; Balzani, V.; Cao, J.; Stoddart,

presence of base, and then the additiomafyclodextrins
may result in a reversible switch between two different 2D
pseudopolyrotaxanes.

Pseudorotaxanes not only are the supramolecular precursorg.,

J. F.New J. Chem2004 28, 1032-1037. (i) Huang, F.; Zakharov, L. N.;
Rheingold, A. L.; Ashraf-Khorassani, M.; Gibson, H. \W.. Org. Chem.
2005 70, 809-813. (j) Huang, F.; Lam, M.; Mahan, E. J.; Rheingold, A.
L.; Gibson, H. W.Chem. Commur2005 3268-3270. (k) Ashton, P. R.;
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interesting prototypes for molecular machines because of their(c) Choi, S.; Lee, J. W.; Ko, Y. H.; Kim, KMacromolecules2002, 35,

dethreading/rethreading motiohso investigations on pseu-

dorotaxanes have gained extensive attention in recent detades.

In this respect, pseudopolyrotaxanes, in which many cyclic
molecules are threaded onto either a polymeric main chain
(entitled “main chain pseudopolyrotaxanes”) or the side chains

*To whom correspondence should be addressed. FHe86-22-23503625.

(1) (a) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. Agew.
Chem., Int. Ed200Q 39, 3348-3391. (b) Special issue éfcc. Chem. Res.
2001, 34, 409. (c)Molecular Machines and MotorsSauvage, J.-P., Ed.;
Springer-Verlag: Berlin, 2001; VVol. 99 in the series Structure and Bonding.
(d) Balzani, V.; Credi, A.; Venturi, MProc. Natl. Acad. Sci. U.S.R002
99, 4814-4817. (e) Balzani, V.; Credi, A.; Venturi, Molecular Desices
and Machines-A Journey into the Nano WorldViley-VCH: Weinheim,
2003. (f) Badijic, J. D.; Balzani, V.; Credi, A.; Silvi, S.; Stoddart, JSEience
2004 303 1845-1849. (g) Koumura, N.; Zijlstra, R. W. J.; A. Van, Delden,
R.; Harada, N.; Feringa, B. INature 1999 401, 152—-155. (h) Kelly, T.
R.; Silva, H. D.; Silva, R. ANature 1999 401, 150-152. (i) Raehm, L.;
Kern, J.-M.; Sauvage, J.-RChem. Eur. J.1999 5, 3310-3317. (j)
Bermudez, V.; Capron, N.; Gase, T.; Gatti, F. G.; Kajzar, F.; Leigh, D. A;;
Zerbetto, F.; Zhang, SNature200Q 406 608-611. (k) Gatti, F. G.; Leon,
S.; Wong, J. K. Y.; Bottari, G.; Allieri, A.; Morales, M. A. F.; Teat, S. J.;
Frochet, C.; Leigh, D. A.; Brouwer, A. M.; Zerbetto, Proc. Natl. Acad.
Sci. U.S.A2003 100 10-14. (I) Cheng, P.-N.; Chiang, P.-T.; Chiu, S.-H.
Chem. Commurk005 1285-1287.

280 J. Org. Chem2007, 72, 280—283

3526-3531. (d) Tan, Y.; Choi, S. W.; Lee, J. W.; Ko, Y. H.; Kim, K.
Macromolecule2002 35, 7161-7165.

(4) (a) Wenz, G.; Han, B.-H.; Muller, AChem. Re. 2006 106, 782—
817. (b) Huang, F.-H.; Gibson, H. WProg. Polym. Sci2005 30, 982—
1018. (c) Harada, AAcc. Chem. Re2001, 34, 456-464. (d) Tomatsu, |.;
Hashidzume, A.; Harada, Angew. Chem., Int. EQ006 45, 4605-4608.

(e) Ooya, T.; Eguchi, M.; Yui, NJ. Am. Chem. SoQ003 125 13016~
13017. (f) Ooya, T.; Choi, H. S.; Yamashita, A.; Yui, N.; Sugaya, Y.; Kano,
A.; Maruyama, A.; Akita, H.; Ito, R.; Kogure, K.; Harashima, Bl. Am.
Chem. Soc2006 128 3852-3853.

(5) (@) Rekharsky, M. V.; Yamamura, H.; Kawai, M.; Osaka, |.; Arakawa,
R.; Sato, A.; Ko, Y. H.; Selvapalam, N.; Kim, K.; Inoue, Qrg. Lett.
2006 8, 815-818. (b) Hou, Z.-S.; Tan, Y.-B.; Kim, K.; Zhou, Q.-Polymer
2006 47, 742-750. (c) Hou, Z.-S.; Tan, Y.-B.; Huang, Y.-L.; Zhou, Q.-F.
Huaxue Xueba@005 63, 653-657.

(6) (a) Liu, Y.; Zhao, Y.-L.; Zhang, H.-Y.; Song, H.-BA\ngew. Chem.,
Int. Ed.2003 42, 3260-3263. (b) Liu, Y.; Zhao, Y.-L.; Zhang, H.-Y.; Li,
X.-Y.; Liang, P.; Zhang, X.-Z.; Xu, J.-Macromolecule2004 37, 6362
6369.

(7) (a) Liu, Y.; Wang, H.; Chen, Y.; Ke, C.-F.; Liu, Ml. Am. Chem.
Soc.2005 127, 657-666. (b) Liu, Y.; Zhao, Y.-L.; Chen, Y.; Wang, M.
Macromol. Rapid Commur2005 26, 401-406.

(8) (a) Liu, Y.; Chen, Y.Acc. Chem. Re2006 39, 681-691. (b) Liu,
Y.; You, C.-C.; Zhang, H.-Y.; Kang, S.-Z.; Zhu, C.-F.; Wang, Kano
Lett. 2001, 1, 613-616. (c) Liu, Y.; Li, L.; Zhang, H.-Y.; Zhao, Y.-L.;
Wu, X. Macromelecule2002 35, 9934-9938. (d) Liu, Y.; Song, Y.; Wang,
H.; Zhang, H.-Y.; Li, X.-Q.Macromelecule®004 37, 6370-6375.

10.1021/jo0617159 CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/06/2006



JOCNote

SCHEME 1. Preparation Processes of 2D Polypseudorotaxane 3
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TsCI "-—-" 1) hexane-1,6-diamine ‘_"" ZCI CB[G]
2) 1M HCI

CB[6]

taxane2. In thelH NMR experiments, the resonance signals of which is attributed to the strong binding ability between hexane-

Had, How, and Hye of CD in 2 shift upfield ca. 0.04, 1.02, and  1,6-diamine and CB[6]K = 4.49 x 10® M~1) in aqueous

0.91 ppm, respectively, relative to the frieas shown in Figure  solution!® Cross-peaks of protons of Glaf PPG and H-3/H-5

1. On the other hand, the chemical shift of ptotons of the of CD in 2D ROESY spectrum & also reveals that PPG thread
into the CDs cavities.

Pseudopolyrotaxan8 is more thermally stable than both
a) * * pseudorotaxan2and its precursot. The TGA analysis (Figure
. 2) shows thal—3 exhibit small initial weight loss corresponding
Hala'  Hbfb HE/e
100
b) . .
80 a
60 -
LJL}U“LLW_ o 5
c) H . . or d
Hz 20
Hx Hy
Jd J ) SR
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FIGURE 1. H NMR spectra of (a)L, (b) 2, and (c) CB[6] in RO FIGURE 2. TGA curves of (a) CB[6], (b)L, (c) 2, and (d)3.
containing 0.2M NgSQy. Symbols¢ and @ indicate the solvent and ) )
MeOH resonances, respectively. to hydration before 230C. And then,1 loses 94.0% of its

original weight at 507°C, corresponding to the loss of CDs

CB[6] molecule in2 shifts downfield accompanying its signal backbone. Remarkablg,and3 exhibit a similar change profile
to split to quadruple peaks from its original double peaks, which after 298°C, but the decomposition temperatures3afi every
should be attributed to the asymmetry guest penetrating into step are ca. 60C higher than those d?, suggesting that the
the cavity of CB[6]? All of these observations suggest that the threading of PPG increases the stability3oSimilar increases
methylene groups of CD moiety must be included to the cavity in thermal stability were also observed in main-cRaamd side-
of CBJ[6]. chairtd pseudopolyrotaxanes incorporating CB[6].

Pseudopolyrotaxan8® was prepared by adding amino- TEM was performed to provide further insight into the size
terminated PPG2000 to a saturated aqueous solutidhiof and shape of pseudopolyrotaxa®eFrom Figure 3a, we may
21% yield. From'H NMR data of3 in D,O (Figure 4a), we note that there exist some sticklike nanowires on the substrate.
could calculate the number ¢-CD units by comparing the  The lengths of these nanowires are in the range ef2Binm,
integral of signals at 0.51 ppm ¢/ of 5-CD) or 4.34 ppm (K which is consistent with those of PPG2000. To obtain their width
of CB[6]) with those at 1.15 ppm (C4bf PPG). The obtained  data, we also tried to further magnify the samples to obtain
values were 11.8 0.7, which means that PPG2000 could thread higher resolution TEM images, but unfortunately, these samples
about 12 pseudorotaxan2$o form pseudopolyrotaxarg The melt. Hence, their widths are just roughly estimated from Figure
consistency between both values calculated forgg End H, 3a. They are about 3 nm. As is well-known, the diameter of
indicates that no CB[6]s dethread off during this procedure, the5-CD’s periphery is about 1.5 nm, and the height of CB[6]

(9) Wheate, N. J.; Buck, D. P.; Day, A. |.; Collins, J. Balton Trans. (10) Liu, S.; Ruspic, C.; Mukhopadhyay, P.; Chakrabarti, S.; Zavalij, P.
2006 451-458. Y.; Isaacs, L.J. Am. Chem. So@005 127, 15959-15967.
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FIGURE 3. TEM images of (a) fre and (b)3 in the presence of M\k_
NaOH. Nanowires were highlighted by the white ellipses.
i 3.0 25 20 1.5 1.0 :

is 0.9 nm, so the extra width of the nanowires in excess of 1.5 reeeieeaeorassseesssssesnensss s nosessnd
nm should be attributed to the CB[6] molecules threading the FIGURE 4. H NMR spectra of (aB (0.33 mM); (b)3 (0.33 mM)+

side chain of CDs. That is, these nanowires in the TEM image NaOD (39.6 mM); (c)3 (0.32 mM) + NaOD (39.1 mM)+ excess
be|ong on pseudopo|yr0taxaﬂe DC|; (d) 3 (0.33 mM)+ o-CD (22.6 mM); (9)3 (0.32 mM)+ o-CD

Interestingly, while the sample & for TEM experiments (22.6 mM)+ NaOD (39.4 mM). Symbol#® and@® indicate the solvent
! . . __and MeOH resonances, respectively.
was prepared in the presence of NaOH, the width of nanowires
became thinner, as shown in Figure 3b. The observation should
be attributed to CB[6]s dethreading off the side chain of
pseudopolyrotaxand.3d 1H NMR spectra of3-D,O solutions

Wheno-CDs exist in the above systems, two interconvertible
2D pseudopolyrotaxanes could be obtained by -abmse

in the presence and absence of NaOD also confirm unambigu-contml' In the case of a(.:'d't.y”'CDs. do not Interact with the
ously this process. protonated 1,6-hexanediamino residue of CD (Figure 4d), so

As can been seen from Figure 4a,b, upon the addition of (€ Structure of 2D pseudopolyrotaxaBeés stable. Upon the
NaOD, the resonance signals ofiand Hye of CD in 3 shift ado_lltlon of NaOD, the original p_rotonat(_-:-d 1,6-he_xan¢d|am|no
downfield (ca 0.8 ppm) and those ofshift upfield (ca. 0.3- residues _flrst become neutral side chains resulthg in CB[6]s
0.4 ppm). Meanwhile, the signal ofi CB[6] turned to double dethreading, and then-CDs thread on the bare s_|de _axle to
peaks from the original quadruple peaks. These phenomena©rm & new 2D pseudopolyrotaxane, as shown in Figure 5d.
completely contrast with those of CB[6] threading the cavity This process was recorded Bl NMR spectroscopy. As can
of CD in 1, indicating that the dethreading process of CB[6]s been seen from Figure 4e, upon addition of base, the resonance
from their axle is due to the deprotonation of 1,6-hexane diamino Signals of Hy in 3 shift upfield, and those of ki and Hyc
units. From the!H NMR spectrum of3 in the presence of  shift downfield, suggesting that CB[6]s dethread from the side
NaOD, 100% CB[6] molecules dethread, while CDs were still chains of f-CDs. It is noted that these resonance signals
threaded on PPG2000. That is, the 2D pseudopolyrotagane corresponding to the side chains ®CDs are different from
decomposed to a “main-chain pseudopolyrtoaxane”, as il- those in the absence of-CDs (B and E in Figure 4), which
lustrated in Figure 5a,b. Furthermore, when the solution pD might be attributed to the inclusion of 1,6-hexanediamino
value was adjusted to acidity by adding DCI, all CB[6]s residues into the cavities ak-CD molecules. In all NMR
rethreaded on the side chainbfo re-form the 2D pseudopoly-  spectra, the chemical shift of the methyl protons in PPG is
rotaxane (Figure 4c). This process may be repeated at least fouinvariable, indicating that the structure of the main chain
times upon addition of base or acid. pseudopolyrtoaxane is stable.

282 J. Org. Chem.Vol. 72, No. 1, 2007



= PPG200D;

£ =1 S =e«cp () =cBEl

FIGURE 5. Schematic interconvertible processes between 2D
pseudopolyrotaxan® and the main chain pseudopolyrtoaxane (a and
b) and two 2D pseudopolyrotaxanes (c and d).

The experiments of microcalorimetric titrations further con-
firmed the inclusion of hexanediamine side chain#tED. We
measured the binding constantcefCD with 6-[(6-aminohexyl)-
amino]-6-deoxyB-CD by microcalorimetric titrations under the

JOCNote

the pan was recorded, while the temperature was increased from
room temperature to 700C at a heating rate of 18C/min.

NMR spectra were recorded in,D. All chemical shifts were
referenced to the internal 0.05 M MeOH signal at 3.341 ppm, which
had been determined using sodium 2,2-dimethyl-2-silapentane-
5-sulfonate (DSS) as the standatd.

Transmission Electron Microscopic (TEM) Measurements.

A drop of sample solution was dropped on a carbon-coated copper
grid. The grid was then air-dried. The samples were examined by
a high-resolution transmission electron microscope (TEM) operating
at an accelerating voltage of 200 kV.

6-[(6-Aminohexyl)amino]-6-deoxy-CD Chloride (1). 6-[(6-
Aminohexyl)amino]-6- deoxy3-CD*2 (500 mg) was dissolved in
water (8 mL) at room temperature, and then 1 mL of HCI (aq, 2
M) was added in under stirring. After 30 min, an additional 40 mL
of acetone was added to form a white precipitate. Stirring was
continued for another 30 min, and the precipitate was collected by
filtration with 20 mL of acetone washing and dried under vacuum
to obtainl with a yield of 99%.1H NMR (300 MHz, D;O, ppm):

0 4.97 (d, 7H), 3.83-3.64 (m, 42H), 2.71(q, 4H), 1.58 (m, 4H),
1.31 (s, 4H). FTIR (KBr):v 3342, 2923, 1699, 1655, 1559, 1456,
1332, 1154, 1079, 1034, 943, 849, 756, 706, 608, 581, 533.cm

Pseudorotaxane 2Compoundl (500 mg) was dissolved in 20
mL of water with stirring at room temperature; after that, CB[6]
(650 mg) was added in portions. Unsolved CB[6] was removed by
centrifugation after 12 h, and the solution was dried under reduced
pressure. Product was collected with a yield of 818%6NMR (300
MHz, D,O, ppm): ¢ 5.58 (tert, 12H), 5.40 (s, 12H), 4.17 (d, 12H),

basic conditions at 298 K. The value of the binding constant 3.81—3.18(m, 42H), 2.76 (d, 4H), 0.59 (s, 4H), 0.31 (s, 4H). ESI-

obtained is 46 M. Considering each 2D pseudopolyrotaxane

MS: m/z1115.87, (M"). FTIR (KBr): v 3344, 2925, 1736, 1474,

bearing 12 hexanediamino residue units, therefore, the concenl1420, 1374, 1324, 1294, 1235, 1190, 1147, 1028, 964, 919, 816,

tration of 6-[(6-aminohexyl)amino]-6-deoxg+cyclodextrin should

be about 3.84 mM, and the concentratiorwe€D is 22.6 mM.

As a result, we can calculate the ratio of the inclusion of

hexanediamine side chain izCD. It is about 49%. That is to

say, almost half ofi-CDs are threaded on pseudopolyrotaxane.
We have synthesized a 2D pseudopolyrotaxarterough

o,w-PPG2000 diamino polymer threading the cavities of CDs

in pseudorotaxang. This novel 2D pseudopolyrotaxane can

800, 758, 673, 629, 495, 445 cfn Anal. Calcd for (GHi22
ClaN2e046)(H20)14. C, 39.49; H, 5.92; N, 14.25. Found: C, 39.45;
H, 6.07; N, 14.21.

Pseudopolyrotaxane 3In a solution of2 (800 mg in 5 mL of
water), PPG 2000 was added at room temperature. The mixture
was put in a supersonic bathrf® h and then stirred for another 24
h. Then, the resulting solution was washed with ethyl acetate (10
mL x 3) to remove the unreacted PPG2000 and dried under reduce
pressure. Crude product was purified with Sephadex G-25 to afford

change to a familiar main-chain pseudopolyrotaxane in the a white solid in 21% yield*H NMR (300 MHz, D;O, ppm): 5.68

presence of base. FurthermameCDs can be threaded onto the

(tert, 11x 12H of CB[6]), 5.50 (s, 11x 12H of 1), 4.27 (d, 11x

side chains of the main-chain pseudopolyrotaxane, forming 12H of 1), 3.86-3.31 (m, 11x 42H of 1, 34 x 3H of —CH,-

another 2D pseudopolyrotaxane. The two 2D pseudopolyrotax-

anes can interconvert by aeitbase stimuli. The topological

structures of the pseudopolyrotaxanes and their reversible

CHO- of PPG), 2.85 (s, 11x 4H of 1), 1.07 (d, 34x 3H of
—CH; of PPG), 0.61 (s, 1% 4H of 1), 0.39 (s, 11x 4H of 1).

FTIR (KBr): v = 3342, 2929, 1735, 1558, 1474, 1420, 1374, 1324,
1294, 1236, 1190, 1147, 1029, 964, 923, 816, 800, 758, 673, 630,

behavior would not only be useful for designing novel supramo- 445 cnrt. Anal. Caled for (GaH12/CloN26046)1(CrozH20034N2Hz)-
lecular polyrotaxanes and multicatenanes but also afford the (4,0),5¢ C, 40.61; H, 6.22; N, 13.36. Found: C, 40.31; H, 6.41;

opportunity to design and develop molecular switches and N, 13.37.
machines based on the pseudopolyrotaxane structure as scaf-

folds.

Experimental Section

General Methods. o,,w-Diaminopolypropylene glycols (PPG,
average molecular weight of 2000) afiecyclodextrin (CD) were
purchased from commercial suppliers. Cucurbit[6]uril (CB[6]) was
prepared according to previous repdftsET-IR spectra were

recorded on a Shimadzu Bio-Rad FTS 135 instrument. Thermo-

gravimetric (TG) and differential thermal analyses (DTA) were
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(12) The widely used internal standard for NMR studies in aqueous is
DSS. However, DSS can interact withCDs or 5-CDs diminishing its
value in our experiment. Herein, MeOH is a good internal standard under
our conditions with wide range pH changes. (a) Funasaki, N.; Ishikawa,
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samples were put into platinum pans, which were hung in the S.;Bull. Chem Soc Jpn 1996 69, 2477. (c) Funasaki, N.; Ishikawa, S.;
heating furnace. The weight percentage of material remaining in Neya, S.Bull. Chem. Soc. Jpni2002 75, 719-723. (d) Funasaki, N.;
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B. J. Org. Chem2001, 66, 8094-8100.

Ishikawa, S.; Neya, Sl. Phys. Chem. B004 108, 9593-9598.

(13)™H NMR (300 MHz, D;O, ppm): 6 4.96 (d, 7H), 3.79-3.62 (m,
42H), 2.66 (m, 4H), 1.441.33 (m, 4H), 1.19 (t, 4H). ESI-MSm/z 1233.60
(M + H%). Yang, X.-L.; Wang, Q.; Xu, H.-BCarbohydr. Res2002 337,
1309-1312.
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