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Upon mixing and dehydration, 2,6-diformylpyridine and 2,2′-oxybis(ethylamine) form a dynamic
combinatorial library of at least nine members. Through hydrogen bonding and other intermolecular
interactions, templating dumbbell molecules select one macrocyclic member of the library, at the expense
of all the others, to create [2]rotaxanes. These rotaxanes, however, retain the dynamic character of the
library, since a diformylpyridine analogue can exchange with the macrocyclic component in solution. In
addition, crystallization of the mixture surprisingly furnishes only the [24]crown-8-like macrocycle on
its ownsevidence of a kinetic selection process occurring between phase transitions.

Introduction

In recent years, interest in rotaxanes1 has been aroused by
the fact that bistable analogues have been shown2 to undergo
switching of a mechanical nature. While bistable [2]rotaxanes,
based on donor/acceptor recognition motifs, have found ap-
plications in molecular electronics3 and in nanoelectromechani-
cal systems4 (NEMS) as redox-controllable switches and
actuators, those5 in which hydrogen bonding is the main source
of the intercomponent recognition have given rise to linear
molecular motors where the ring on the dumbbell of a

[2]rotaxane is driven back and forth between two different
recognition sites either by changes in pH6 or by irradiation with
light.7

Since the first reports of a [2]rotaxane by Harrison and
Harrison8 in 1967, the synthesis of these mechanically inter-
locked molecules has burgeoned, thanks to the roles that
molecular recognition9 and self-assembly10 have played in the
template-directed synthesis11 of [2]rotaxanes. The first methods
that were developed12 under kinetic control involved either (1)
threading of a rod by a ring, followed by stoppering both ends

(1) Rotaxanes are molecules comprised of one (or more) wheel-shaped
component(s) that is (are) trapped mechanically along the axle(s) of one
(or more) dumbbell-shaped component(s). See: (a) Schill, G.Catenanes,
Rotaxanes, and Knots; Academic Press: New York, 1971. (b)Molecular
Catenanes, Rotaxanes and Knots: A Journey Through the World of
Molecular Topology; Sauvage, J.-P., Dietrich-Buchecker, C. O., Eds.; Wiley-
VCH: Weinheim, Germany 1999.

(2) (a) Jeppesen, J. O.; Nielsen, K. A.; Perkins, J.; Vignon, S. A.; Di
Fabio, A.; Ballardini, R.; Gandolfi, M. T.; Venturi, M.; Balzani, V.; Becher,
J.; Stoddart, J. F.Chem. Eur. J.2003, 9, 2982-3007. (b) Tseng, H.-R.;
Vignon, S. A.; Celestre, P. C.; Perkins, J.; Jeppesen, J. O.; Di Fabio, A.;
Ballardini, R.; Gandolfi, M. T.; Venturi, M.; Balzani, V.; Stoddart, J. F.
Chem. Eur. J.2004, 10, 155-172. (c) Kang, S.; Vignon, S. A.; Tseng,
H.-R.; Stoddart, J. F.Chem. Eur. J.2004, 10, 2555-2564. (d) Jeppesen, J.
O.; Nygaard, S.; Vignon, S. A.; Stoddart, J. F.Eur. J. Org. Chem.2005,
196-220. (e) Marlin, D. S.; Gonzalez, C.; Leigh, D. A.; Slawin, A. M. Z.
Angew. Chem., Int. Ed. 2006, 45, 77-83. (f) Aprahamian, I.; Dichtel, W.
R.; Ikeda, T.; Heath, J. R.; Stoddart, J. F.Org. Lett.2007, 9, 1287-1290.

(3) (a) Luo, Y.; Collier, C. P.; Jeppesen, J. O.; Nielsen, K. A.; DeIonno,
E.; Ho, G.; Perkins, J.; Tseng, H.-R.; Yamamoto, T.; Stoddart, J. F.; Heath,
J. R.ChemPhysChem2002, 3, 519-525. (b) Tseng, H.-R.; Wu, D.; Fang,
N. X.; Zhang, X.; Stoddart, J. F.ChemPhysChem2004, 5, 111-116. (c)
Flood, A. H.; Ramirez, R. J.; Deng, W.-Q.; Miller, R. P.; Goddard, W. A.,
III; Stoddart, J. F.Aust. J. Chem.2004, 57, 301-322. (d) Flood, A. H.;
Stoddart, J. F.; Steuerman, D. W.; Heath, J. F.Science2004, 306, 2055-
2056. (e) Mendes, P. M.; Flood, A. H.; Stoddart, J. F.Appl. Phys. A2005,
80, 1197-1209. (f) Moonen, N. N. P.; Flood, A. H.; Fernandez, J. M.;
Stoddart, J. F.Top. Curr. Chem.2005, 262, 99-132. (g) Beckman, R.;
Beverly, K.; Boukai, A.; Bunimovich, Y.; Choi, J. W.; DeIonno, E.; Green,
J.; Johnston-Halperin, E.; Luo, Y.; Sherrif, B.; Stoddart, J. F.; Heath, J. R.
Faraday Discuss.2006, 131, 9-22. (h) DeIonno, E.; Tseng, H.-R.; Harvey,
D. D.; Stoddart, J. F.; Heath, J. R.J. Phys. Chem. B2006, 110, 7609-
7612. (i) Flood, A. H.; Wong, E. W.; Stoddart, J. F.Chem. Phys.2006,
324, 280-290. (j) Green, J. E.; Choi, J. W.; Boukai, A.; Bunimonich, Y.;
Johnston-Halprin, E.; DeIonno, E.; Luo, Y.; Sheriff, B. A.; Xu, K.; Shin,
Y. S.; Tseng, H.-R.; Stoddart, J. F.; Heath, J. R.Nature2007, 445, 414-
417. (k) Ball, P.Nature2007, 445, 362-363.
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of the rod or (2) clipping of a ring onto an already preformed
dumbbell compound. Subsequently, another approachsnamely
slippage13sbecame a popular thermodynamically controlled way
of making rotaxanes. Then, with the advent14 of dynamic
covalent chemistry (DCC), we have seen the rapid emergence

of thermodynamically controlled ways of threading-followed-
by-stoppering and clipping for the efficient template-directed11

synthesis of [2]rotaxanes. DCC relies upon the use of covalent
bonds that form in a reversible manner. Common dynamic
(reversible) reactions exploited in such synthesis include olefin
metathesis,15 the opening and closing of disulfide linkages,16

and imine formation from mixtures of aldehydes and amines.17,18

Imine formation has been reported, not only in the threading-
followed-by-stoppering approach,17 but also in the clipping
approach18 to the synthesis of [2]rotaxanes, and higher order
rotaxanes. Indeed, imine formation is finding applications in
chemical biology,19 surface science,20 and polymer chemistry,21

(4) (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, Germany, 2003. (c) Huang, T. J.; Brough, B.;
Ho, C.-M.; Liu, Y.; Flood, A. H.; Bonvallet, P. A.; Tseng, H.-R.; Stoddart,
J. F.; Baller, M.; Magonov, S.Appl. Phys. Lett.2004, 85, 5391-5395. (d)
Liu, Y.; Flood, A. H.; Bonvallet, P. A.; Vignon, S. A.; Tseng, H.-R.; Huang,
T. J.; Brough, B.; Baller, M.; Magonov, S.; Solares, S.; Goddard, W. A.,
III; Ho, C.-M.; Stoddart, J. F.J. Am. Chem. Soc.2005, 127, 9745-9759.
(e) Kay, E. R.; Leigh, D. A.Top. Curr. Chem.2005, 262, 133-137. (f)
Braunschweig, A. B.; Northrop, B. H.; Stoddart, J. F.J. Mater. Chem.2006,
16, 32-44. (g) Kay, E. R.; Leigh, D. A.; Zerbetto, F.Angew. Chem., Int.
Ed. 2007, 46, 72-191.

(5) (a) Hunter, C. A.J. Am. Chem. Soc.1992, 114, 5303-5311. (b)
Kolchinski, A. G.; Busch, D. H.; Alcock, N. W.J. Chem. Soc., Chem.
Commun.1995, 1289-1291. (c) Ashton, P. R.; Campbell, P. J.; Chrystal,
E. J. T.; Glink, P. T.; Menzer, S.; Philp, D.; Spencer, N.; Stoddart, J. F.;
Tasker, P. A.; Williams, D. J.Angew. Chem., Int. Ed. Engl.1995, 34, 1865-
1869. (d) Glink, P. T.; Schiavo, C.; Stoddart, J. F.; Williams, D. J.Chem.
Commun.1996, 1483-1490. (e) Fyfe, M. C. T.; Stoddart, J. F.AdV.
Supramol. Chem.1999, 5, 1-53. (f) Cantrill, S. J.; Pease, A. R.; Stoddart,
J. F. J. Chem. Soc., Dalton Trans.2000, 3715-3734. (g) Badjic´, J. D.;
Nelson, A.; Cantrill, S. J.; Turnbull, W. B.; Stoddart, J. F.Acc. Chem. Res.
2005, 38, 723-732.

(6) (a) Martı́nez-Dı́az, M.-V.; Spencer, N.; Stoddart, J. F.Angew. Chem.,
Int. Ed. 1997, 36, 1904-1907. (b) Lee, J. W.; Kim, K.; Kim, K.Chem.
Commun.2001, 1042-1043. (c) Elizarov, A. M.; Chiu, H.-S.; Stoddart, J.
F. J. Org. Chem.2002, 67, 9175-9181. (d) Badjic´, J. D.; Balzani, V.; Credi,
A.; Silvi, S.; Stoddart, J. F.Science2004, 303, 1845-1849. (e) Badjic´, J.
D.; Ronconi, C. M.; Stoddart, J. F.; Balzani, V.; Silvi, S.; Credi, A.J. Am.
Chem. Soc.2006, 128, 1489-1499.

(7) (a) Ballardini, R.; Balzani, V.; Gandolfi, M. T.; Prodi, L.; Venturi,
M.; Philp, D.; Ricketts, H. G.; Stoddart, J. F.Angew. Chem., Int. Ed. Engl.
1993, 32, 1301-1303. (b) Ashton, P. R.; Ballardini, R.; Balzani, V.; Credi,
A.; Dress, R.; Ishow, E.; Kociau, O.; Preece, J. A.; Spencer, N.; Stoddart,
J. F.; Venturi, M.; Wenger, S.Chem. Eur. J.2000, 6, 3558-3574. (c)
Brower, A. M.; Frochet, C.; Gatti, F. G.; Leigh, D. A.; Moltier, L.; Paolucci,
F.; Roffia, S.; Wurpel, G. W. H.Science2001, 291, 2124-2128. (d) Chia,
S.; Cao, J.; Stoddart, J. F.; Zink, J. I.Angew. Chem., Int. Ed. 2001, 40,
2447-2451. (e) Bottari, G.; Leigh, D. A.; Pe´rez, E. M.J. Am. Chem. Soc.
2003, 125, 1360-1361. (f) Saha, S.; Johansson, L. E.; Flood, A. H.; Tseng,
H.-R.; Zink, J. I.; Stoddart, J. F.Small 2005, 1, 87-90. (g) Saha, S.;
Johansson, E.; Flood, A. H.; Tseng, H.-R.; Zink, J. I.; Stoddart, J. F.Chem.
Eur. J.2005, 11, 6846-6858. (h) Balzani, V.; Clemente-Leo´n, M.; Credi,
A.; Ferrer, B.; Venturi, M.; Flood, A. H.; Stoddart, J. F.Proc. Natl. Acad.
Sci. U.S.A.2006, 103, 1178-1183. (i) Saha, S.; Stoddart, J. F.Chem. Soc.
ReV. 2007, 36, 77-92. (j) Serreli, V.; Lee, C.-F.; Kay, E. R.; Leigh, D. A.
Nature2007, 445, 523-527.

(8) Harrison, I. T.; Harrison, S.J. Am. Chem. Soc.1967, 89, 5723-
5724.

(9) (a) Lehn, J.-M. Supramolecular Chemistry; VCH: Weinheim,
Germany, 2000. (b) Schneider, H.-J.; Yatsimirsky, A.Principles and
Methods in Supramolecular Chemistry; Wiley-VCH: Weinheim, Germany,
2000. (c) Steed, J. W.; Atwood, J. L.Supramolecular Chemistry; Wiley-
VCH: Weinheim, Germany, 2000. (d) Lindoy, L. F.; Atkinson, I. M.Self-
Assembly in Supramolecular Systems; Stoddart, J. F., Ed.; RSC: Cambridge,
England, 2000. (e) Lehn, J.-M.Science2002, 295, 2403-2407. (f) Mulder,
A.; Huskens, J.; Reinhoudt, D. N.Org. Biomol. Chem.2004, 2, 3409-
3424. (g) Badjic´, J. D.; Nelson, A.; Cantrill, S. J.; Turnbull, W. B.; Stoddart,
J. F.Acc. Chem. Res.2005, 38, 723-732.

(10) (a) Lindsey, J. S.New J. Chem.1991, 15, 153-180. (b) Philp, D.;
Stoddart, J. F.Synlett1991, 445-458. (c) Lawrence, D. S.; Jiang, T.; Levitt,
M. Chem. ReV. 1995, 95, 2229-2260. (d) Philp, D.; Stoddart, J. F.Angew.
Chem., Int. Ed. 2006, 35, 1154-1195. (e) Stang, P. J.; Olenyuk, B.Acc.
Chem. Res.1997, 30, 502-518. (f) Conn, M. M.; Rebek, J., Jr.Chem.
ReV. 1997, 97, 1647-1668. (g) Linton, B.; Hamilton, A. D.Chem. ReV.
1997, 97, 1669-1680. (h) Fujita, M.Chem. Soc. ReV. 1998, 27, 417-425.
(i) Bong, D. T.; Clark, T. D.; Granja, J. R.; Ghadiri, M. P.Angew. Chem.,
Int. Ed.2001, 40, 988-1011. (j) Prins, L. J.; Reinhoudt, D. N.; Timmerman,
P. Angew. Chem., Int. Ed. 2001, 40, 2382-2426. (k) Greig, L. M.; Philp,
D. Chem. Soc. ReV. 2001, 30, 287-302. (l) Science2002, 295, 2400-
2421 (Viewpoint on Supramolecular Chemistry and Self-Assembly). (m)
Kato, T.; Mizoshita, N.; Kishimoto, K.Angew. Chem., Int. Ed. 2006, 45,
38-68.

(11) (a) Busch, D. H.; Stephenson, N. A.Coord. Chem. ReV. 1999, 100,
139-154. (b) Anderson, S.; Sanders, J. K. M.Acc. Chem. Res.1993, 26,
469-475. (c) Cacciapaglia, R.; Mandolini, L.Chem. Soc. ReV. 1993, 22,
221-231. (d) Hoss, R.; Vo¨gtle, F.Angew. Chem., Int. Ed. Engl.1994, 33,
374-384. (e) Schneider, J. P.; Kelly, J. W.Chem. ReV. 1995, 95, 2169-
2187. (f) Raymo, F. M.; Stoddart, J. F.Pure Appl. Chem.1996, 68, 313-
322. (g) Templated Organic Synthesis; Diederich, F., Stang, P. J., Eds.;
Wiley-VCH: Weinheim, Germany, 1999. (h) Stoddart, J. F.; Tseng, H.-R.
Proc. Natl. Acad. Sci. U.S.A.2002, 99, 4797-4800.

(12) Fyfe, M. C. T.; Stoddart, J. F.Acc. Chem. Res.1997, 30, 393-
401.

(13) Theslippagemethodology was first exploited for rotaxane syntheses
that were conducted in a statistical manner. In the absence of mutual
recognition interactions between the ring and thread, formation of a rotaxane-
like complex relied simply upon chance encounters between the components.
For examples, see: (a) Harrison, I. T.J. Chem. Soc., Chem. Commun.1972,
231-232. (b) Agam, G.; Gravier, D.; Zilkha, A.J. Am. Chem. Soc.1976,
98, 5206-5214. (c) Schill, G.; Beckmann, W.; Schweikert, N.; Fritz, H.
Chem. Ber.1986, 119, 2647-2655. The successful marriage of template-
directed approaches with slippage resulted in efficient noncovalent syntheses
of rotaxane-like complexes. See: (d) Ashton, P. R.; Ballardini, R.; Balzani,
V.; Belohradsky, M.; Gandolfi, M. T.; Philp, D.; Prodi, L.; Raymo, F. M.;
Reddingtion, M. V.; Spencer, N.; Stoddart, J. F.; Venturi, M.; Williams,
D. J.J. Am. Chem. Soc.1996, 118, 4931-4951. (e) Asakawa, M.; Ashton,
P. R.; Ballardini, R.; Balzani, V.; Belohradsky, M.; Gandolfi, M. T.; Kocian,
O.; Prodi, L.; Raymo, F. M.; Stoddart, J. F.; Venturi, M.J. Am Chem. Soc.
1997, 119, 302-310. (f) Ashton, P. R.; Fyfe, M. C. T.; Schiavo, C.; Stoddart,
J. F.; White, A. J. P.; Williams, D. J.Tetrahedron Lett.1998, 39, 5455-
5458. (g) Heim, C.; Affeld, A.; Nieger, M.; Vo¨gtle, F.HelV. Chim. Acta
1999, 82, 746-759. (h) Fyfe, M. C. T.; Raymo, F. M.; Stoddart, J. F.
Stimulating Concepts in Chemistry; Shibasaki, M., Stoddart, J. F., Vo¨gtle,
F., Eds.; Wiley-VCH: Weinheim, Germany, 2005; pp 211-220.

(14) (a) Brady, P. A.; Bonar-Law, R. P.; Rowan, S. J.; Suckling, C. J.;
Sanders, J. K. M.Chem. Commun.1996, 319-320. (b) Lehn, J.-M.Chem.
Eur. J.1999, 5, 2455-2463. (c) Sanders, J. K. M.Pure Appl. Chem.2000,
72, 2265-2274. (d) Greig, L. M.; Philp, D.Chem. Soc. ReV. 2001, 30,
287-302. (e) Furlan, R. L. E.; Otto, S.; Sanders, J. K. M.Proc. Natl. Acad.
Sci. U.S.A.2002, 99, 4801-4804. (f) Rowan, S. J.; Cantrill, S. J.; Cousins,
G. R. L.; Sanders, J. K. M.; Stoddart, J. F.Angew. Chem., Int. Ed. 2002,
41, 898-952. (g) Corbett, P. T.; Leclaire, J.; Vial, L.; West, K. R.; Wietor,
J.-L.; Sanders, J. K. M.; Otto, S.Chem. ReV. 2006, 106, 3652-3711. (h)
Lehn, J.-M.Chem. Soc. ReV. 2007, 36, 151-160.

(15) For examples of rotaxane syntheses with ring closing metathesis,
see: (a) Wisner, J. A.; Beer, P. D.; Drew, M. G. B.; Sambrook, M. R.J.
Am. Chem. Soc.2002, 124, 12469-12476. (b) Kilbinger, A. F. M.; Cantrill,
S. J.; Waltman, A. W.; Day, M. W.; Grubbs, R. H.Angew. Chem., Int. Ed.
2003, 42, 3281-3285. (c) Hou, H.; Leung, K. C.-F.; Lanari, D.; Nelson,
A.; Stoddart, J. F.; Grubbs, R. H.J. Am. Chem. Soc.2006, 128, 15358-
15359.

(16) For rotaxane containing disulfide units in their dumbbell-shaped
components that are formed by riveting and stoppering approaches, see:
(a) Kilchinski, A. G.; Alcock, N. W.; Roesner, R. A.; Busch, D. H.Chem.
Commun.1998, 1437-1438. (b) Furusho, Y.; Hasegawa, T.; Tsuboi, A.;
Kihara, N.; Takata, T.Chem. Lett.2000, 18-19. (c) Oku, T.; Furush, T.;
Takata, T.J. Polym. Sci. Part A2003, 41, 119-123. (d) Furusho, Y.; Oku,
T.; Rajkumar, G. A.; Takata, T.Chem. Lett.2004, 33, 52-53.

(17) (a) Cantrill, S. J.; Rowan, S. J.; Stoddart, J. F.Org. Lett.1999, 1,
1363-1366. (b) Rowan, S. J.; Stoddart, J. F.Org. Lett. 1999, 1, 1913-
1916.

(18) (a) Glink, P. T.; Oliva, A. I.; Stoddart, J. F.; White, A. J. P.;
Williams, D. J.Angew. Chem., Int. Ed. 2001, 40, 1870-1875. (b) Horn,
M.; Ihringer, J.; Glink, P. T.; Stoddart, J. F.Chem. Eur. J.2003, 17, 4046-
4054. (c) Aricó, F.; Chang, T.; Cantrill, S. J.; Khan, S. I.; Stoddart, J. F.
Chem. Eur. J.2005, 11, 4655-4666.
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as well as in the synthesis of hemicarcerands,22 molecular
Borromean rings,23 and molecular Solomon knots24scompounds
that are otherwise close to inaccessible by more traditional
pathways.

In this paper, we describe how equilibrating dynamic
[2]rotaxanes can be formed quite expeditiously by dialkylam-
monium ion templates being present (Scheme 1), as the incipient

dumbbell-shaped components, in a dynamic combinatorial
library (DCL) of equilibrating cyclic and acyclic oligoimines.
The well-known5b-g [24]crown-8/dialkylammonium ion recog-
nition motif was chosen as the driving force based on the
template centrally located in the dumbbell-shaped compounds.
The equilibrating dynamic [2]rotaxanes have been characterized
by electrospray ion (ESI) mass spectrometry and1H NMR
spectroscopy.

Results and Discussion

The DCL of equilibrating cyclic and acyclic oligoimines was
established (Scheme 2) by heating 2,2′-oxybis(ethylamine) and
2,6-diformylpyridine together under reflux in PhMe for 12 h.
Although, after evaporation of the solvent (PhMe), the resulting
DCL afforded a deceptively simple1H NMR spectrum (Figure
1a), the ESI-MS (Figure 2a) revealed the presence in equilibrium
of [2 + 2], [3 + 3], and [4+ 4] macrocycles with peaks atm/z
407.22, 610.34, and 813.46, respectively, together with evidence
for at least six acyclicshydrolyzed macrocyclessanalogues of
the homologous series of macrocycles. All other attempts we
made to try and characterize the DCL by, for example, the
separation of components by high-performance liquid chroma-
tography were unsuccessful because of the rapid equilibration
of the components of the DCL on chromatography columns.

When two different templatessnamely 1-H‚PF6
18 and

2-H‚PF6
25swere added directly to the DCL in CD2Cl2/CD3CN

(19) (a) Saxon, E.; Bertozzi, C. R.Annu. ReV. Cell DeV. Biol. 2001, 17,
1-23. (b) Godoy-Alcantar, C.; Yatsimirsky, A. K.; Lehn, J.-M.J. Phys.
Org. Chem.2005, 18, 979-985.

(20) (a) Rozkiewicz, D. I.; Ravoo, B. J.; Reinhoudt, D. N.Langmuir
2005, 21, 6337-6343. (b) Ludden, M. J. W.; Reinhoudt, D. N.; Huskens,
J. Chem. Soc. ReV. 2006, 35, 1122-1134.

(21) (a) Lehn, J.-M.Prog. Polym. Sci.2005, 30, 814-831. (b) Giusep-
pone, N.; Fuks, G.; Lehn, J.-M.Chem. Eur. J.2006, 12, 1723-1735.

(22) Ro, S.; Rowan, S. J.; Pease, A. R.; Cram, D. J.; Stoddart, J. F.Org.
Lett. 2000, 2, 2411-2414.

(23) (a) Chichak, K. S.; Cantrill, S. J.; Pease, A. R.; Chiu, S.-H.; Cave,
G. W. V.; Atwood, J. L.; Stoddart, J. F.Science2004, 304, 1308-1312.
(b) Cantrill, S. J.; Chichak, K. S.; Peters, A. J.; Stoddart, J. F.Acc. Chem.
Res.2005, 38, 1-9. (c) Pentecost, C. D.; Peters, A. J.; Chichak, K. S.;
Cave, G. W. V.; Cantrill, S. J.; Stoddart, J. F.Angew. Chem., Int. Ed.2006,
45, 4099-4104.

(24) Pentecost, C. D.; Chichak, K. S.; Peters, A. J.; Cave, G. W. V.;
Cantrill, S. J.; Stoddart, J. F.Angew. Chem., Int. Ed.2007, 46, 218-222.

SCHEME 1. Graphical Representation of the Strategy
Employed in the Template-Directed Synthesis of a
[2]Rotaxane from a DCL

SCHEME 2. Molecular Structures and Reaction Conditions
for DCL Formation and the Subsequent Template-Directed
Amplification of the [2 + 2]Macrocycle To Afford, Using
Templates 1-H‚PF6 and 2-H‚PF6, the Dynamic [2]Rotaxanes
3-H‚PF6 and 4-H‚PF6

FIGURE 1. 1H NMR spectra of (a) the DCL, (b) the dumbbell
compound1-H‚PF6, and (c) the mixture containing the [2]rotaxane3-H‚
PF6. Peaks marked with an asterisk (*) pertain to the rotaxane, whereas
the others relate to signals for protons in uncomplexed species. Protons
are defined in Scheme 2.

Haussmann et al.

6710 J. Org. Chem., Vol. 72, No. 18, 2007



(2:1), the [2]rotaxanes3-H‚PF6 and 4-H‚PF6 were formed,
respectively, within minutes.26 The high-resolution ESI-MS
(Figure 2b) provides a compelling argument for the formation
of 3-H+, since only one major peak was observed atm/z
724.3930 for its M+ ion in the crude reaction mixture. The1H
NMR spectrum, however, of this same reaction mixture
indicated (Figure 1c) the presence of free template1-H‚PF6 and
free DCL, in addition to the [2]rotaxane3-H‚PF6, all undergoing
slow exchange with each other on the1H NMR time scale at
500 MHz. Of particular note in the spectrum are the resonances
centered onδ 4.45 ppm for the benzylic methylene protons in
the dumbbell-shaped component of the [2]rotaxane: they are
shifted downfield by 0‚35 ppm from those arising from the free
dumbbell compound1-H‚PF6. When 2-H‚PF6 was employed
as the template in the formation of the [2]rotaxane4-H‚PF6,
the same sequence of events occurred, as indicated by1H NMR
spectroscopy performed in CD2Cl2/CD3CN (2:1). When 2 equiv
of 4-chloro-2,6-diformylpyridine were added to this reaction
mixture, the dynamic nature of the imine bond formation and

hydrolysis became immediately evident in the1H NMR spectra
(Scheme 3) with the progress of time. During a 3-h period at
ambient temperature, not only did three sets of multiplets appear
in the regionδ 4.40-4.60, attributable to benzylic methylene
protons in three different [2]rotaxanes4-H‚PF6-6-H‚PF6, but
also three peaks were observed in the vicinity ofδ 7.0 ppm for

(25) Nabeshima, T.; Nishida, D.; Saiki, T.Tetrahedron2003, 59, 639-
647.

(26) When1-H‚PF6 was added to a mixture of 2,6-diformylpyridine and
2,2′-oxybis(ethylamine),3-H‚PF6 was also formed according to1H NMR
spectroscopy and ESI mass spectrometry. However, the results depended
heavily upon the concentration of 2,2′-oxybis(ethylamine) and hence no
two experiments produced exactly the same results. The diamine is basic
enough to deprotonate the dumbbell, and hence turn off recognition.

FIGURE 2. ESI mass spectra of (a) the DCL and (b) the [2]rotaxane
3-H‚PF6. The inset shows both the theoretical and experimental isotope
distributions.

SCHEME 3. A Dynamic Imine-Exchange Experiment with
4-Chloro-2,6-diformylpyridine and the [2]Rotaxane 4-H‚PF6

a

a 1H NMR spectroscopy reveals the emergence of new peaks corre-
sponding to5-H‚PF6 and6-H‚PF6 with time.
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Hb on the dumbbell’s stoppers. These observations were
supported by two separate signals for formyl protons present
in 4-chloro-2,6-diformylpyridine and 2,6-diformylpyrdine. The
ratio of the [2]rotaxanes4-H‚PF6, 5-H‚PF6, and 6-H‚PF6 is
approximately 2:3:1 at equilibrium. The results demonstrate the
modularity of DCC.

Further evidence for the equilibrating dynamic [2]rotaxanes
3-H‚PF6 and4-H‚PF6 was obtained from a painstaking analysis
of the two-dimensional NOESY1H NMR spectra of3-H‚PF6

(Figure 3). Cross-peaks arising from protons in the macrocycle
and dumbbell-shaped components of3-H‚PF6 support the fact
that it is a [2]rotaxane, albeit a rather elusive dynamic one. For
example, the imine protons Hc on the macrocycle show strong
NOEs with the OMe and benzylic methylene protons in the
dumbbell. The aromatic protons Hb in the dumbbell component
also show cross-peaks with Hf and Hg in the [2+ 2]macrocycle.
All protons in the “free” species show cross-peaks only with
neighboring protons on the same molecules. Symmetry con-
siderations applied to the two-dimensional NOESY1H NMR
spectra are consistent with a threaded species, i.e.,3-H‚PF6, as
opposed to, for example, a face-to-face complex between
1-H‚PF6 and the [2+ 2] macrocycle. If the species were not
interlocked, the dumbbell component of the complex would no
longer be in a symmetrical environment, and more peaks (and
cross-peaks) would arise in the NMR spectra.

Since the [2]rotaxanes3-H‚PF6 and4-H‚PF6 exist in dynamic
equilibria in solution with their “free” components, it is possible
to determine effective association constants between complexed
and “free” species. Integration in the1H NMR spectra of signals
for probe protons associated with the [2]rotaxane4-H‚PF6 and
its precursor dumbbell compound2-H‚PF6 led to the association
constant (Keff) for the formation of4-H‚PF6 from 2-H‚PF6 and
the DCL of around 340 mol-1 in CD3CN solution at room
temperature. ThisKeff value is consistent with previous mea-
surements performed on related dynamic rotaxanes. When1H
NMR spectra were recorded (see the Supporting Information)
over a considerable temperature range, it became evident that

the equilibrium shifts gradually upon cooling toward the
[2]rotaxane at the expense of the dumbbell compound
and the DCL. From the calculated change in entropy
(∆S) of 29 ( 1.6 J mol-1 K-1 and the calculated change in
enthalpy (∆H) of -23 ( 1.6 kJ mol-1 (errors estimated
from the fit of ln(Keff) vs 1/T), we conclude that the formation
of 4-H‚PF6 from 2-H‚PF6 and the DCL is an enthalpy-driven
process.

Yet another observation sheds light on the nature of these
equilibrating dynamic [2]rotaxanes. When an attempt was made
to crystallize3-H‚PF6 by slow vapor diffusion ofi-Pr2O into
the crude, equilibrating mixture of the [2]rotaxane,3-H‚PF6,
and the DCL dissolved in CH2Cl2/MeOH (2:1), the crystals that
were isolated did not contain the dumbbell component of the
[2]rotaxane, but rather the free [24]crown-8 macrocycle, as
indicated by a single-crystal X-ray diffraction analysis.27,28The
crystalline product (Figure 4) turned out to be that of the free
[24]crown-8 derivative with no solvent trapped inside the
macrocycle. Beyond the molecule itself, no hydrogen bonding
or π-π stacking interactions were evident. The free macrocycle
exhibitsC2h symmetry with a length of over 10.9 Å and a plane-
to-plane separation between the two pyridine rings of just under
5.33 Å. All efforts to crystallize any component of the DCL
without the presence of a template were unsuccessful. In essence,
this outcome is suggestive of the fact that the dialkylammonium

(27) Crystal data for C22H26N6O2: monoclinic,a ) 7.3056(14) Å,b )
9.6015(18) Å,c ) 15.749(3) Å,â ) 101.937(3)°, V ) 1080.8(4) Å3, space
group P21/c, Z ) 2, Fcalcd ) 1.249 g cm-3, µ(Mo KR) ) 0.084 mm-1,
F(000)) 432,T ) 100(2) K, 5317 reflections measured (2θmax ) 52.82°),
2166 unique. FinalR factors: R1 ) 0.0677,wR2 ) 0.1122 for all reflections
and 136 parameters.

(28) Single crystals of C22H26N6O2, suitable for X-ray crystallography,
were obtained by vapor diffusion of (i-Pr)2O into the crude reaction mixture
of the DCL,1-H‚PF6, and3-H‚PF6. The crystals were mounted in inert oil
and the diffraction data were collected at low temperature on a CCD X-ray
diffractometer. CCDC-635863 contains the supplementary crystallographic
data for this crystalline compound. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

FIGURE 3. A 2D-NOESY spectrum of the crude reaction mixture containing1-H‚PF6, the DCL, and3-H‚PF6. Peaks corresponding to the
[2]rotaxane3-H‚PF6 are labeled with an asterisk (*). All other peaks correlate with “free” species.
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ion serves to amplify the production of the macrocycle
before departing the scene during the kinetically controlled
crystallization process.29 The vagaries of obtaining X-ray
quality single crystals from a thermodynamically equilibrat-
ing mixture of species in solution is certainly a phenomenon
that continues to provide surprises, insofar as it is often a
minor component present in the solution that chooses to
crystallize.

Conclusions

The synthesis of a couple of equilibrating dynamic [2]-
rotaxanes from a DCL of acyclic and cyclic components, from
which one particular macrocyclic component is amplified in the
presence of dumbbell components, is not in dispute as judged
by mass spectrometry and1H NMR spectroscopy. Nonetheless,
these [2]rotaxanes are willing, on account of the four imine
bonds present in their macrocyclic components, to witness this
component swap one dialdehyde building block in the macro-
cycle for another in solution and cast off the macrocycle
altogether during the crystallization process. The solution state
provides an environment where thermodynamic traps operate
whereas entry from the solution into the solid state can and
does introduce a kinetic trap. The combination of a dynamic
combinatorial library with DCC renders synthesis a highly

adaptive pursuit wherein the environment surrounding the
chemistry dictates the eventual outcome in a reasonably
predictive manner, as long as phase changes are avoided. The
challenge remains for the synthetic chemist to be able to predict
and control the nature of the product(s) when a phase change
occurs in relation to an equilibrium situation. Nonequilibrium
states, such as this one, require further fundamental and intensive
investigation.

Experimental Section

General. All commercial reagents and starting materials were
used without further purification. Dumbbells1-H‚PF6

18 and
2-H‚PF6

25 were synthesized according to literature procedures.
Deuterated solvents for NMR spectroscopic analyses were used as
received. Unless otherwise noted, all NMR spectra were recorded
at room temperature in a 2:1 mixture of CD2Cl2:CD3CN on a 500
MHz spectrometer, with a working frequency of 500.13 MHz for
1H nuclei. The residual solvent peak for CD3CN at 1.93 ppm was
taken as a reference. High-resolution ESI mass spectra were
recorded on a 7T FTICR instrument.

Synthesis of the Dynamic Combinatorial Library (DCL).
2,6-Diformylpyridine (973 mg, 7.20 mmol) and 2,2′-oxybis-
(ethylamine) (750 mg, 7.20 mmol) were heated under reflux in 150
mL of PhMe under Dean-Stark conditions overnight. The crude
reaction mixture was cooled and filtered and the solvent was
evaporated to furnish 1.456 g (99%) of the DCL as a brown solid
that was used directly in the synthesis of [2]rotaxanes without
further purification. The1H NMR spectrum is shown in Figure 2a.
The high-resolution ESI mass spectrum is shown in Figure 3a.

General Synthesis of Rotaxanes.An appropriate dumbbell
compound (0.01 mmol) in CD2Cl2 (0.30 mL) and CD3CN (0.15
mL) was added to the DCL (0.01 mmol) in CD2Cl2 (0.30 mL) and
CD3CN (0.15 mL). The reaction was followed by1H NMR
spectroscopy.

3-H‚PF6: The 1H NMR spectrum recorded from a mixture that
also included the DCL and1-H‚PF6: δ 9.92-9.84 (br s, 2H), 8.37
(s, 4H), 7.88 (t,J ) 7.8 Hz, 2H), 7.60 (d,J ) 7.8 Hz, 4H), 6.32
(d, J ) 2.3 Hz, 4H), 6.15 (t,J ) 2.3 Hz, 2H), 4.45 (m, 4H), 3.80-
3.69 (m, 16H), 3.51 (s, 12 H); MS(ESI)m/z calcd for C40H50N7O6

[M - PF6]+ 724.3823, found 724.3844.
4-H‚PF6: The 1H NMR spectrum recorded from a mixture that

also included the DCL and2-H‚PF6: δ 9.95-9.84 (br s, 2H), 8.40
(s, 4H), 7.88 (t,J ) 7.8 Hz, 2H), 7.62 (d,J ) 7.8 Hz, 4H), 7.17
(t, J ) 1.8 Hz, 2H), 6.97 (d,J ) 1.8 Hz, 4H), 4.54 (m, 4H), 3.69
(m, 8H), 3.64 (m, 8H), 1.06 (s, 32 H); MS(ESI)m/z calcd for
C52H74N7O2 [M - PF6]+ 828.5904, found 828.6018.
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(29) In several attempts to kinetically trap the [2]rotaxanes in a different
way, namely, reduction, the only products successfully isolated were the
non-interlocked dumbbell and reduced [24]crown-8-like macrocycle. Spec-
troscopic evidence indicates that borohydride reducing agents deprotonate
the dumbbell, destroying the recognition element and hence the [2]rotaxane
architecture. Unfortunately, non-basic reducing agents did not react with
the substrate.

FIGURE 4. Solid-state structure of the [2+ 2] macrocyclic member
of the DCL.
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