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Abstract: The synthesis of catenanes and rotaxanes using the hard trivalent transition metal ion cobalt(l11)
as a template is reported. Tridentate dianionic pyridine-2,6-dicarboxamido ligands, each with two terminal
alkene groups, coordinate Co(lll) in a mutually orthogonal arrangement such that entwined or interlocked
molecular architectures are produced by ring-closing olefin metathesis. Double macrocyclization of two
such ligands bound to Co(lll) afford a non-interlocked “figure-of-eight” complex in 42% yield, the structure
determined by X-ray crystallography. Preforming one macrocycle and carrying out a single macrocyclization
of the second bis-olefin with both ligands attached to the Co(lll) template led to the isomeric [2]catenate in
69% yield. The mechanically interlocked structure was confirmed by X-ray crystallography of both the Co(lll)
catenate and the metal-free catenand. A Co(lll)-template [2]rotaxane was assembled in 61% yield by
macrocyclization of the bis-olefin ligand about an appropriate dianionic thread. For both catenanes and
rotaxanes, removal of the metal ion via reduction under acidic conditions to the more labile Co(ll) gave
neutral interlocked molecules with well-defined co-conformations stabilized by intercomponent hydrogen

bonding.

Introduction

The use of transition metal ions as templates' ~” and structural
elements® were breakthrough strategies in the development of
effective methods for the synthesis of mechanically interlocked
architectures, but for over fifteen years the Cu(I)-bis-phenan-
throline system developed in Strasbourg remained the only
reliable metal template route to catenanes and rotaxanes.
Recently, however, complementary and robust methodologies
for the construction of rotaxanes and catenanes around other
metal—ligand systems, featuring a range of metal coordination
geometries and ligand types, have been developed. For example,
relatively soft divalent metal ions have been used to template
the assembly of catenanes’® and rotaxanes’” around octahedral
metal centers (Figure 1a);'® the two-dimensional square planar
geometry of palladium(II) has beenused to prepare [2]catenanes,' ™"
[2]-,"1® [3]-,"'Y and [4]rotaxanes''? and molecular shuttles;''®
and the linear coordination mode of gold(I) has been demon-
strated to template the assembly of minimally functionalized
building blocks into both catenanes and rotaxanes.'? The result
is that chemists now have a diverse range of mechanically
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(1) For reviews on interlocked molecules assembled about transition metal
templates, see: (a) Sauvage, J.-P.; Dietrich-Buchecker, C. Molecular
Catenanes, Rotaxanes and Knots; Wiley-VCH: Weinheim, Germany,
1999. (b) Hubin, T. J.; Busch, D. H. Coord. Chem. Rev. 2000, 200—
202, 5-52. (c¢) Collin, J.-P.; Dietrich-Buchecker, C.; Gavifia, P.;
Jimenez-Molero, M. C.; Sauvage, J.-P. Acc. Chem. Res. 2001, 34, 477—
487. (d) Menon, S. K.; Guha, T. B.; Agrawal, Y. K. Rev. Inorg. Chem.
2004, 24, 97-133. (e) Cantrill, S. J.; Chichak, K. S.; Peters, A. J.;
Stoddart, J. F. Acc. Chem. Res. 2005, 38, 1-9.
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interlocked ligands and complexes that can be investigated from
the point of view of their electrochemistry,?”"™'* photochemis-
try,”" 192314 reactivity,'® selectivity of binding,'**!® and as key
structural motifs in prototypes for molecular machines."”
However, the ability of the metal to template a particular
structure remains highly dependent on the nature of both the

(2) For catenates assembled around a tetrahedral four-coordinate Cu(I)
template, see: (a) Dietrich-Buchecker, C. O.; Sauvage, J.-P.; Kintzinger,
J.-P. Tetrahedron Lett. 1983, 24, 5095-5098. (b) Dietrich-Buchecker,
C. O.; Sauvage, J.-P.; Kern, J.-M. J. Am. Chem. Soc. 1984, 106, 3043—
3045. (¢) Cesario, M.; Dietrich-Buchecker, C. O.; Guilhem, J.; Pascard,
C.; Sauvage, J.-P. J. Chem. Soc., Chem. Commun. 1985, 244-247.
(d) Dietrich-Buchecker, C. O.; Guilhem, J.; Khemiss, A. K.; Kintz-
inger, J.-P.; Pascard, C.; Sauvage, J.-P. Angew. Chem., Int. Ed. 1987,
26, 661-663. (e) Dietrich-Buchecker, C. O.; Edel, A.; Kintzinger, J.-
P.; Sauvage, J.-P. Tetrahedron 1987, 43, 333-344. (f) Jgrgensen, T.;
Becher, J.; Chambron, J.-C.; Sauvage, J.-P. Tetrahedron Lett. 1994,
35, 4339-4342. (g) Kern, J.-M.; Sauvage, J.-P.; Weidmann, J.-L.
Tetrahedron 1996, 52, 10921-10934. (h) Kern, J.-M.; Sauvage, J.-P.;
Weidmann, J.-L.; Armaroli, N.; Flamigni, L.; Ceroni, P.; Balzani, V.
Inorg. Chem. 1997, 36, 5329-5338. (i) Mohr, B.; Weck, M.; Sauvage,
J.-P.; Grubbs, R. H. Angew. Chem., Int. Ed. 1997, 36, 1308-1310. (j)
Amabilino, D. B.; Sauvage, J.-P. New J. Chem. 1998, 22, 395-409.
(k) Weidmann, J.-L.; Kern, J.-M.; Sauvage, J.-P.; Muscat, D.; Mullins,
S.; Kohler, W.; Rosenauer, C.; Rider, H. J.; Martin, K.; Geerts, Y.
Chem.—Eur. J. 1999, 5, 1841-1851. (1) Raechm, L.; Hamann, C.; Kern,
J.-M.; Sauvage, J.-P. Org. Lert. 2000, 2, 1991-1994. (m) Frey, J.;
Kraus, T.; Heitz, V.; Sauvage, J.-P. Chem. Commun. 2005, 5310—
5312. (o) For catenates assembled around a bis-Cu(I) template, see:
Hutin, M.; Schalley, C. A.; Bernardinelli, G.; Nitschke, J. R.
Chem.—Eur. J. 2006, 12, 4069-4076.

For chiral [2]catenates assembled around tetrahedral four-coordinate
Cu(I) templates, see: (a) Chambron, J.-C.; Mitchell, D. K.; Sauvage,
J.-P. J. Am. Chem. Soc. 1992, 114, 4625-4631. (b) Kaida, Y.;
Okamoto, Y.; Chambron, J.-C.; Mitchell, D. K.; Sauvage, J.-P.
Tetrahedron Lett. 1993, 34, 1019-1022.
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Figure 1. Tridentate ligand systems that favor orthogonal mer coordination to octahedral metal ions: (a) neutral pyridine-2,6-diimino ligands suitable for
chelating “soft” divalent metal ions; (b) bis-anionic pyridine-2,6-dicarboxamido ligands suitable for chelating “hard” trivalent metal ions.

metal and the ligand system (and their mutual compatibility),

and

modest changes to either can prevent the building blocks

“)

(6))

(6)

(7

For doubly interlocked [2]catenates (Solomon knots) assembled around
tetrahedral four-coordinate Cu(I) templates, see: (a) Nierengarten, J.-
F.; Dietrich-Buchecker, C. O.; Sauvage, J.-P. J. Am. Chem. Soc. 1994,
116, 375-376. (b) Nierengarten, J.-F.; Dietrich-Buchecker, C. O.;
Sauvage, J.-P. New J. Chem. 1996, 20, 685-693. (c) Dietrich-
Buchecker, C.; Leize, E.; Nierengarten, J.-F.; Sauvage, J.-P.; Van
Dorsselaer, A. J. Chem. Soc., Chem. Commun. 1994, 2257-2258. (d)
For Solomon knots assembled around three Li(I) ions, see: Dietrich-
Buchecker, C.; Sauvage, J. P. Chem. Commun. 1999, 615-616. (e)
For Solomon knots assembled around a mixed Cu(Il)/Zn(II) template,
see: 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.

For rotaxanes assembled around a tetrahedral four-coordinate Cu(I)
template, see: (a) Wu, C.; Lecavalier, P. R.; Shen, Y. X.; Gibson,
H. W. Chem. Mater. 1991, 3, 569-572. (b) Chambron, J.-C.; Heitz,
V.; Sauvage, J.-P. J. Chem. Soc., Chem. Commun. 1992, 1131-1133.
(c) Chambron, J.-C.; Heitz, V.; Sauvage, J.-P. J. Am. Chem. Soc. 1993,
115, 12378-12384. (d) Diederich, F.; Dietrich-Buchecker, C.; Nieren-
garten, J.-F.; Sauvage, J.-P. J. Chem. Soc., Chem. Commun. 1995,
781-782. (e) Cardenas, D. J.; Gavina, P.; Sauvage, J.-P. Chem.
Commun. 1996, 1915-1916. (f) Solladié, N.; Chambron, J.-C.;
Dietrich-Buchecker, C. O.; Sauvage, J.-P. Angew. Chem., Int. Ed. 1996,
35, 906-909. (g) Armaroli, N.; Diederich, F.; Dietrich-Buchecker,
C. O.; Flamigni, L.; Marconi, G.; Nierengarten, J.-F.; Sauvage, J.-P.
Chem.—Eur. J. 1998, 4, 406-416. (h) Armaroli, N.; Balzani, V.; Collin,
J.-P.; Gaviiia, P.; Sauvage, J.-P.; Ventura, B. J. Am. Chem. Soc. 1999,
121, 4397-4408. (i) Solladié, N.; Chambron, J.-C.; Sauvage, J.-P.
J. Am. Chem. Soc. 1999, 121, 3684-3692. (j) Weber, N.; Hamann,
C.; Kern, J.-M.; Sauvage, J.-P. Inorg. Chem. 2003, 42, 6780-6792.
(k) Poleschak, I.; Kern, J.-M.; Sauvage, J.-P. Chem. Commun. 2004,
474-476. (1) Kwan, P. H.; Swager, T. M. J. Am. Chem. Soc. 2005,
127, 5902-59009.

For a rotaxane dimer assembled around tetrahedral four-coordinate
Cu(I) templates, see: (a) Jiménez, M. C.; Dietrich-Buchecker, C.;
Sauvage, J.-P.; De Cian, A. Angew. Chem., Int. Ed. 2000, 39, 1295—
1298. (b) Jiménez, M. C.; Dietrich-Buchecker, C.; Sauvage, J.-P.
Angew. Chem., Int. Ed. 2000, 39, 3284-3287. (c) Kraus, T.; Budés-
insky, M.; Cvacka, J.; Sauvage, J.-P. Angew. Chem., Int. Ed. 2006,
45, 258-261. (d) Champin, B.; Sartor, V.; Sauvage, J.-P. New J. Chem.
2008, 32, 1048-1054. (e) Frey, J.; Kraus, T.; Heitz, V.; Sauvage, J.-
P. Chem. Commun. 2005, 5310-5312. (f) Collin, J.-P.; Frey, J.; Heitz,
V.; Sakellariou, E.; Sauvage, J.-P.; Tock, C. New J. Chem. 2006, 30,
1386-1389. (g) Frey, J.; Tock, C.; Collin, J.-P.; Heitz, V.; Sauvage,
J.-P.; Rissanen, K. J. Am. Chem. Soc. 2008, 130, 11013-11022.
For knots assembled around tetrahedral four-coordinate Cu(I) tem-
plates, see: (a) Dietrich-Buchecker, C. O.; Sauvage, J.-P. Angew.
Chem., Int. Ed. 1989, 28, 189-192. (b) Dietrich-Buchecker, C. O.;
Nierengarten, J.-F.; Sauvage, J.-P. Tetrahedron Lett. 1992, 33, 3625—
3628. (c¢) Dietrich-Buchecker, C. O.; Sauvage, J.-P.; Kintzinger, J.-
P.; Maltese, P.; Pascard, C.; Guilhem, J. New. J. Chem 1992, 16, 931—
942. (d) Dietrich-Buchecker, C. O.; Sauvage, J.-P.; De Cian, A.;
Fischer, J. J. Chem. Soc., Chem. Commun. 1994, 2231-2232. (e)
Perret-Aebi, L.-E.; von Zelewsky, A.; Dietrich-Buchecker, C.; Sauvage,
J.-P. Angew. Chem., Int. Ed. 2004, 43, 4482-4485. (f) For knots
assembled around an octahedral template, see: Rapenne, G.; Dietrich-
Buchecker, C. O.; Sauvage, J.-P. J. Am. Chem. Soc. 1999, 121, 994—
1001.

assembling in the desired manner.''*® Furthermore, mechani-
cally interlocked ligands that have been assembled around one
type of template (e.g., a soft metal ion) are generally not well-
suited to binding to other types of metal ion (e.g., hard metal
ions). Consequently, there is an ongoing need for new inter-
locked ligand motifs that enable different types of metal ions

(8) (a) Fujita, M.; Ibukuro, F.; Hagihara, H.; Ogura, K. Nature 1994, 367,
720-723. (b) Fujita, M.; Ibukuro, F.; Yamaguchi, K.; Ogura, K. J. Am.
Chem. Soc. 1995, 117, 4175-4176. (c) Piguet, C.; Bernardinelli, G.;
Williams, A. F.; Bocquet, B. Angew. Chem., Int. Ed. Engl. 1995, 34,
582-584. (d) Mingos, D. M. P.; Yau, J.; Menzer, S.; Williams, D. J.
Angew. Chem., Int. Ed. 1995, 34, 1894-1895. (e) Fujita, M.; Ogura,
K. Bull. Chem. Soc. Jpn. 1996, 69, 1471-1482. (f) Fujita, M.; Ogura,
K. Coord. Chem. Rev. 1996, 148, 249-264. (g) Fujita, M.; Ibukuro,
F.; Seki, H.; Kamo, O.; Imanari, M.; Ogura, K. J. Am. Chem. Soc.
1996, 118, 899-900. (h) Cardenas, D. J.; Sauvage, J.-P. Inorg. Chem.
1997, 36, 2777-2783. (i) Cardenas, D. J.; Gavifa, P.; Sauvage, J.-P.
J. Am. Chem. Soc. 1997, 119, 2656-2664. (j) Fujita, M.; Aoyagi, M.;
Ibukuro, F.; Ogura, K.; Yamaguchi, K. J. Am. Chem. Soc. 1998, 120,
611-612. (k) Whang, D.; Park, K.-M.; Heo, J.; Kim, K. J. Am. Chem.
Soc. 1998, 120, 4899-4900. (1) Try, A. C.; Harding, M. M.; Hamilton,
D. G.; Sanders, J. K. M. J. Chem. Soc., Chem. Commun. 1998, 723—
724. (m) Fujita, M.; Fujita, N.; Ogura, K.; Yamaguchi, K. Nature 1999,
400, 52-55. (n) Fujita, M. Acc. Chem. Res. 1999, 32, 53-61. (o) Jeong,
K. S.; Choi, J. S.; Chang, S. Y.; Chang, H. Y. Angew. Chem., Int. Ed.
2000, 39, 1692-1695. (p) Dietrich-Buchecker, C.; Geum, N.; Hori,
A.; Fujita, M.; Sakamoto, S.; Yamaguchi, K.; Sauvage, J.-P. Chem.
Commun. 2001, 1182-1183. (q) Padilla-Tosta, M. E.; Fox, O. D.;
Drew, M. G. B.; Beer, P. D. Angew. Chem., Int. Ed. 2001, 40, 4235—
4239. (r) Park, K.-M.; Kim, S.-Y.; Heo, J.; Whang, D.; Sakamoto, S.;
Yamaguchi, K.; Kim, K. J. Am. Chem. Soc. 2002, 124, 2140-2147.
(s) Kim, K. Chem. Soc. Rev. 2002, 31, 96-107. (t) McArdle, C. P.;
Irwin, M. J.; Jennings, M. C.; Vittal, J. J.; Puddephatt, R. J.
Chem.—Eur. J. 2002, 8, 723-734. (u) McArdle, C. P.; Van, S.;
Jennings, M. C.; Puddephatt, R. J. J. Am. Chem. Soc. 2002, 124, 3959~
3965. (v) Dietrich-Buchecker, C.; Colasson, B.; Fujita, M.; Hori, A.;
Geum, N.; Sakamoto, S.; Yamaguchi, K.; Sauvage, J.-P. J. Am. Chem.
Soc. 2003, 125, 5717-5725. (w) Hori, A.; Kataoka, H.; Akasaka, A.;
Okano, T.; Fujita, M. J. Polym. Sci., Part A: Polym. Chem. 2003, 41,
3478-3485. (x) Mohr, F.; Eisler, D. J.; McArdle, C. P.; Atieh, K.;
Jennings, M. C.; Puddephatt, R. J. J. Organomet. Chem. 2003, 670,
27-36. (y) Mohr, F.; Jennings, M. C.; Puddephatt, R. J. Eur. J. Inorg.
Chem. 2003, 217-223. (z) Colasson, B. X.; Sauvage, J.-P. Inorg. Chem.
2004, 43, 1895-1901. (aa) Hori, A.; Yamashita, K.; Kusukawa, T.;
Akasaka, A.; Biradha, K.; Fujita, M. Chem. Commun. 2004, 1798—
1799. (bb) Burchell, T. J.; Eisler, D. J.; Puddephatt, R. J. Dalton Trans.
2005, 268-272. (cc) Wong, W. W. H.; Cookson, J.; Evans, E. A. L.;
Mclnnes, E. J. L.; Wolowska, J.; Maher, J. P.; Bishop, P.; Beer, P. D.
Chem. Commun. 2005, 2214-2216. (dd) Habermehl, N. C.; Jennings,
M. C.; McArdle, C. P.; Mohr, F.; Puddephatt, R. J. Organometallics
2005, 24, 5004-5014. (ee) Fujita, M.; Tominaga, M.; Hori, A.;
Therrien, B. Acc. Chem. Res. 2005, 38, 369-378. (ff) Blanco, V.; Chas,
M.; Abella, D.; Peinador, C.; Quintela, J. M. J. Am. Chem. Soc. 2007,
129, 13978-13986. (gg) Westcott, A.; Fisher, J.; Harding, L. P.;
Rizkallah, P.; Hardie, M. J. J. Am. Chem. Soc. 2008, 130, 2950-2951.

(9) (a) Leigh, D. A.; Lusby, P. J.; Teat, S. J.; Wilson, A. J.; Wong, J. K. Y.
Angew. Chem., Int. Ed. 2001, 40, 1538-1543. (b) Hogg, L.; Leigh,
D. A.; Lusby, P. J.; Morelli, A.; Parsons, S.; Wong, J. K. Y. Angew.
Chem., Int. Ed. 2004, 43, 1218-1221.
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to be complexed. Herein we revisit the challenge of the template
synthesis of mechanically interlocked architectures which bind
metal ions with a preferred octahedral coordination geometry,
this time utilizing the hard trivalent transition metal ion
cobalt(IIN)'® to preorganize two tridentate pyridine 2,6-dicar-
boxamido ligands in order to construct both catenanes and
rotaxanes. The Co(IIl) template synthesis has several distinctive
features which complement existing methods for interlocked
molecule synthesis: (i) it utilizes two similar (rotaxane) or
identical (catenane) dianionic ligands in a homotopic binding
motif that makes the template complex anionic rather than
cationic; (ii) the template is constructed and applied in an
unusual three-step process involving, first, assembly of the
ligands under thermodynamic control around kinetically labile
Co(Il), subsequent locking of the ligands on the metal by
oxidation to nonlabile Co(III) (after which the desired template

(10) For other examples of “3 + 3" approaches to rotaxanes assembled
around octahedral metal centers, see: (a) Sauvage, J.-P.; Ward, M.
Inorg. Chem. 1991, 30, 3869-3874. (b) Loren, J. C.; Gantzel, P.;
Linden, A.; Siegel, J. S. Org. Biomol. Chem. 2005, 3, 3105-3116. (c)
For a ‘4 + 2’ approach, see Mobian, P.; Kern, J.-M.; Sauvage, J.-P.
J. Am. Chem. Soc. 2003, 125, 2016-2017. (d) Mobian, P.; Kern, J.-
M.; Sauvage, J.-P. Helv. Chim. Acta 2003, 86, 4195—4213. (e) Mobian,
P.; Kern, J.-M.; Sauvage, J.-P. Angew. Chem., Int. Ed. 2004, 43, 2392—
2395. (f) Chambron, J.-C.; Collin, J.-P.; Heitz, V.; Jouvenot, D.; Kern,
J.-M.; Mobian, P.; Pomeranc, D.; Sauvage, J.-P. Eur. J. Org. Chem.
2004, 1627-1638. (g) Arico, F.; Mobian, P.; Kern, J.-M.; Sauvage,
J.-P. Org. Lett. 2003, 5, 1887-1890. Mobian, P.; Kern, J.-M.; Sauvage,
J.-P. Inorg. Chem. 2003, 42, 8633-8637. (i) Pomeranc, D.; Jouvenot,
D.; Chambron, J.-C.; Collin, J.-P.; Heitz, V.; Sauvage, J.-P.
Chem.—Eur. J. 2003, 9, 4247-4254. (j) Collin, J.-P.; Jouvenot, D.;
Koizumi, M.; Sauvage, J.-P. Eur. J. Inorg. Chem. 2005, 1850-1855.
(k) For a “2 + 2 + 2 approach to rotaxanes, see: Prikhod’ko, A. L.;
Durola, F.; Sauvage, J.-P. J. Am. Chem. Soc. 2008, 130, 448-449. (1)
For an example of interlocked molecules assembled using a five-
coordinate transition metal template, see: Hamann, C.; Kern, J.-M.;
Sauvage, J.-P. Inorg. Chem. 2003, 42, 1877-1883.

(11) (a) Fuller, A.-M. L.; Leigh, D. A.; Lusby, P. J.; Slawin, A. M. Z.;
Walker, D. B. J. Am. Chem. Soc. 2005, 127, 12612-12619. (b) Fuller,
A.-M.; Leigh, D. A.; Lusby, P. J.; Oswald, I. D. H.; Parsons, S.;
Walker, D. B. Angew. Chem., Int. Ed. 2004, 43, 3914-3918. (c)
Furusho, Y.; Matsuyama, T.; Takata, T.; Moriuchi, T.; Hirao, T.
Tetrahedron Lett. 2004, 45, 9593-9597. (d) Fuller, A.-M. L.; Leigh,
D. A.; Lusby, P. J. Angew. Chem., Int. Ed. 2007, 46, 5015-5019. (e)
Crowley, J. D.; Leigh, D. A.; Lusby, P. J.; McBurney, R. T.; Perret-
Aebi, L.-E.; Petzold, C.; Slawin, A. M. Z.; Symes, M. D. J. Am. Chem.
Soc. 2007, 129, 15085-15090.

(12) Goldup, S. M.; Leigh, D. A.; Lusby, P. J.; McBurney, R. T.; Slawin,
A. M. Z. Angew. Chem., Int. Ed. 2008, 47, 6999-7003.

(13) (a) Dietrich-Buchecker, C.; Sauvage, J.-P.; Kern, J.-M. J. Am. Chem.
Soc. 1989, 111, 7791-7800. (b) Rachm, L.; Kern, J.-M.; Sauvage,
J.-P. Chem.—Eur. J. 1999, 5, 3310-3317.

(14) (a) Chambron, J.-C.; Harriman, A.; Heitz, V.; Sauvage, J.-P. J. Am.
Chem. Soc. 1993, 115, 6109-6114. (b) Andersson, M.; Linke, M.;
Chambron, J.-C.; Davidsson, J.; Heitz, V.; Hammarstrom, L.; Sauvage,
J.-P. J. Am. Chem. Soc. 2002, 124, 4347-4362. (c) Bonnet, S.; Collin,
J.-P. Chem. Soc. Rev. 2008, 37, 1207-1217.

(15) (a) Dietrich-Buchecker, C. O.; Kern, J.-M.; Sauvage, J.-P. J. Chem.
Soc., Chem. Commun. 1985, 760-762. (b) Albrecht-Gary, A.-M.; Saad,
Z.; Dietrich-Buchecker, C. O.; Sauvage, J.-P. J. Am. Chem. Soc. 1985,
107, 3205-3209. (c) Albrecht-Gary, A.-M.; Saad, Z.; Dietrich-
Buchecker, C.; Sauvage, J.-P. J. Am. Chem. Soc. 1988, 110, 1467—
1472. (d) Leigh, D. A.; Lusby, P. J.; Slawin, A. M. Z.; Walker, D. B.
Angew. Chem., Int. Ed. 2005, 44, 4557-4564.

(16) Arnaud-Neu, F. A.; Marques, E.; Schwing-Weill, M.-J.; Dietrich-
Buchecker, C. O.; Sauvage, J.-P.; Weiss, J. New J. Chem. 1988, 12,
15-20.

(17) (a) Champin, B.; Mobian, P.; Sauvage, J.-P. Chem. Soc. Rev. 2007,
36, 358-366. (b) Kay, E. R.; Leigh, D. A.; Zerbetto, F. Angew. Chem.,
Int. Ed. 2007, 46, 72-191.

(18) For a [2]catenane with Co(II)/Co(III) ions in the framework, see: (a)
Abedin, T. S. M.; Thompson, L. K.; Miller, D. O. Chem. Comm. 2005,
5512-5514. For a [3]rotaxane with Co(IIl) in the thread, see: (b)
Cheetham, A. G.; Claridge, T. D. W.; Anderson, H. L. Org. Biomol.
Chem. 2007, 5, 457-462.
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complex can be separated from other ligand—metal complexes
if necessary), followed by ring-closing or cross-olefin metathesis
to covalently capture the interlocked or entwined structure; (iii)
the methodology is high yielding and uses readily prepared
building blocks; (iv) removal of the metal ion from the
interlocked product generates a free ligand that still exhibits a
well-defined co-conformation as a result of intercomponent
hydrogen bonding; (v) Co(IIl) can be reintroduced into the
resulting interlocked ligands to form [2]catenane and [2]rotaxane
complexes of a hard metal ion that is kinetically inert to ligand
exchange.

Ligand Design. The basic design of the ligands for Co(III)-
mediated assembly is derived from an earlier system successfully
used to synthesize interlocked architectures around divalent
metal ions (Figure 1). In that system, the mer coordination of
two neutral tridentate ligands (Figure la) around a divalent
octahedral metal center holds the ligands in an orthogonal
arrangement and the shape of the ligands, supported by 7—x
interactions between the interchelated ligands, subsequently
directs interlocking macrocyclization reactions to give high
yields of [2]catenates® and [2]rotaxanes’® under either kinetic
or thermodynamic control. Deprotonated carboxamide (car-
boxamido) groups are known to be good ligands for hard ions
such as Fe(IIT) and Co(IIl) and their complexation behavior has
been extensively studied because of their significance in key
natural processes.'® It appeared that replacement of the divalent-
ion-coordinating imine groups with amides (Figure 1b)** would
facilitate binding to trivalent ions while conserving the
features—intercomponent s-stacking and preorganized 180°
degree turn—that induce the terminal groups of each ligand to
converge and form the crossover points necessary for catenane
and rotaxane formation. We selected ring-closing olefin me-
tathesis (RCM) for the reaction to covalently capture the
interlocked products, as it is high yielding and tolerant to the
demands imposed by macrocyclization to form very large rings
(entropy loss and sufficient stability of the reactive intermediate
when adoption of a geometry where ring closing can occur is
a rare event). Ligand H,LL1 (Scheme 1) appeared to have these
desired features, and accordingly, the products of a series of
single and double macrocyclization reactions of the ligand on
a Co(III) template were investigated.

Results and Discussion

Co(IIl)-Template Double Cross-Olefin Metathesis of L2
(“Figure-of-Eight” Synthesis). Initially we investigated the olefin
metathesis of two molecules of H,L.1 on a cobalt(Ill) template,
a reaction that could potentially generate a number of different
product types and topologies (Scheme 1). As ligand exchange
around Co(III) centers is generally slow, it proved convenient
to initially assemble the ligands around Co(II) and then to
kinetically lock the system by simple air oxidation to Co(III)
(the increase in oxidation state is strongly favored by the two

(19) (a) Noveron, J. C.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem.
1998, 37, 1138-1139. (b) Chavez, F. A.; Rowland, J. M.; Olmstead,
M. M.; Mascharak, P. K. J. Am. Chem. Soc. 1998, 120, 9015-9027.
(c) Noveron, J. C.; Olmstead, M. M.; Mascharak, P. K. J. Am. Chem.
Soc. 1999, 121, 3553-3554. (d) Marlin, D. S.; Olmstead, M. M.;
Mascharak, P. K. Inorg. Chem. 1999, 38, 3258-3259. (e) Tyler, L. A.;
Noveron, J. C.; Olmstead, M. M.; Mascharak, P. K. Inorg. Chem.
2000, 39, 357-362. (f) Chavez, F. A.; Mascharak, P. K. Acc. Chem.
Res. 2000, 33, 539-545. (g) Marlin, D. S.; Mascharak, P. K. Chem.
Soc. Rev. 2000, 29, 69-74. (h) Noveron, J. C.; Olmstead, M. M.;
Mascharak, P. K. J. Am. Chem. Soc. 2001, 123, 3247-3259.

(20) For related Co(IIT) complexes, see: Dwyer, A. N.; Grossel, M. C.;
Horton, P. N. Supramol. Chem. 2004, 16, 405-410.
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Scheme 1. Synthesis of “Figure-of-Eight” Complex [CoL4]™ via
Double Cross-Olefin Metathesis of L2 on a Co(lll) Template?
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“ Reagents and conditions: (a) (i) Co(OAc),*(H,0)4, Et4N(OAc), NaOEt,
EtOH, reflux, 1 h, (ii) silica gel, CH,Cl,, acetone, Et;N, 83%:; (b) (Cy;P)-
ClL,Ru=CHPh, CH,Cl,, 2 d, 42%; (c) Pd/C, MeOH, H,, 1 d, 85%.

doubly negatively charged ligands). Reaction of an ethanolic
solution of H,LL1 with a cobalt(Il) salt (Co(OAc),*(H,0),),
Et;N(OAc) and NaOEt under anaerobic conditions gave an
immediate color change from pink to deep purple. Exposure of
the presumed divalent species, [CoLL1,]*", to air resulted in a
second color change from purple to green (indicative of
oxidation to Co(II)) over ca. five minutes. After heating at reflux
for a further 1 h and work up of the reaction, purification by
column chromatography on silica gel with acetone:dichlo-
romethane:triethylamine (40:59:1) as eluent afforded complex
[CoL1,]Et;NCH,CI in 83% yield (Scheme 1, step a). The
unexpected countercation is apparently formed (Et;:N + CH,Cl,
— Et;NTCH,CI1 + CI7) and introduced into the product (cation
exchange with Et,N") during the chromatography step.*'
Complex [CoL1,]JEt;NCH,CI gave a sharp 'H NMR spectrum

(21) 'H NMR and mass spectrometry revealed that all of the purified
Co(IIT) complexes had undergone cation exchange of Et,N™ with
Et;N*TCH,CI. This was most likely formed by reaction of Et;N with
CH,Cl, (Menshutkin, N. Z. Phys. Chem. 1890, 6, 41—57). This
reaction normally proceeds slowly under ambient conditions (Wright,
D. A.; Wulff, C. A. J. Org. Chem. 1970, 35, 4252) but is accelerated
under pressure (Almarzoqi, B.; George, A. V.; Issacs, N. S. Tetrahe-
dron 1986, 42, 601—607). It was recently reported (Lee, J. J.; Stanger,
K. J.; Noll, B. C.; Gonzalez, C.; Marquez, M.; Smith, B. D. J. Am.
Chem. Soc. 2005, 127, 4184—4185) that macrocyclic hosts containing
a tertiary amine and a chloride anion binding cleft can react with
CH,CL. In the present case, however, the reaction takes place during
the chromatographic purification procedure (silica gel, CH,Cl,, acetone,
Et;N).
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Figure 2. 'H NMR spectra (400 MHz, CD,Cl,, 300 K) of (a) [CoL1,]Et;N-
CH,CI, (b) H,LL1, (c) precatenate [L1CoLS]EtzNCH,CI, (d) macrocycle
H,L5, (e) [2]catenand H4L7, and (f) [2]catenate [CoL7]Et;NCH,CI. The
assignments correspond to the lettering shown in Scheme 2.

in CD,Cl, (Figure 2a),>* confirming that the structure contained
diamagnetic Co(III) rather than paramagnetic Co(II). Compari-
son of the '"H NMR spectrum with that of the free ligand H,L.1
(Figure 2b) revealed upfield shifts of Hg and Hp, indicative of
the sr-stacking between the benzylic groups of each ligand
intended to favor catenane formation. However, subjecting
[CoL1,]Et;NCH,CI to olefin metathesis with (PCy;),Cl,Ru=
CHPh (Scheme 1, step b) led to a “figure-of-eight” complex
[CoL3]Et;NCH,CI formed through interligand cross-metathe-
sis.'%2? The structure was confirmed by X-ray crystallography
of single crystals of the hydrogenated (H,, Pd/C, MeOH, Scheme
1, step ¢) complex (Figure 3). The X-ray crystal structure shows
that in order to accommodate the perpendicular alignment of
the tridentate pyridine-2,6-dicarboxamido ligands around the
octahedral Co(IIl) center, the macrocycle adopts a helical

(22) Pristine Co(III) complexes were found to decompose over a period of
a few days in both CDCl; and (CD3),CO; however, no decomposition
was observed for CD,Cl, solutions of the Co(III) complexes.

(23) (a) Belfrekh, N.; Dietrich-Buchecker, C. O.; Sauvage, J.-P. Inorg.
Chem. 2000, 39, 5169-5172. (b) Exploited to yield large macrocycles:
Shah, M. R.; Duda, S.; Muller, B.; Godt, A.; Malik, A. J. Am. Chem.
Soc. 2003, 125, 5408-5414.
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a)

Figure 3. X-ray crystal structure of “figure-of-eight” complex [CoL4]Et;NCH,CI. (a) Side-on view. (b) Viewed down the N2—Co—NS5 axis. Selected bond
lengths (A) and angles (deg): N1—Co 1.98, N2—Co 1.85, N3—Co 1.94, N4—Co 1.96, N5—Co 1.83, N6—Co 1.96, N1 —Co—N3 163.6, NA—Co—N6 163.8,
N2—Co—NS5 177.1. The hydrogen atoms are omitted for clarity. The carbon atoms are shown in light blue (those originating from one ligand), orange (those
originating from the second ligand), and gray (countercation); cobalt(II), green; oxygen, red; nitrogen, blue; and chlorine, olive.

Scheme 2. Synthesis of [2]catenate [CoL7]™ via Single
Macrocyclization of L1 through L5 on a Co(lll) Template®
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“ Reagents and conditions: (a) Co(OAc),*(H,0)4, EtyN(OAc), NaOEt,
EtOH, reflux, 1 h, 84%; (b) (PCy;),ClLRu=CHPh, CH,Cl,, 2 d, 69%; (c)
(i) Pd/C, MeOH, H,, 1 d, (ii) Zn, AcOH, MeOH, 30 min, 65%; (d)
Co(OAc),*(H,0)4, EtyN(OAc), NaOMe, EtOH, reflux, 30 min, 75%.

conformation that promotes interligand cross-metathesis rather
than intraligand ring-closing metathesis.

Co(IIT)-Template Single Macrocyclization of L1 Through
L5 ([2]catenate Synthesis). We next investigated single RCM
of a complex consisting of H,L.1 and the preformed macrocycle
H,L5 held in a mutually orthogonal arrangement by the Co(III)
template. Treatment of an ethanolic solution of H,LL1, H,LS5,
Co(OAc),*(H,0)4 and EtyN(OAc) with NaOEt (4.4 equiv.)
(Scheme 2, step a) under anaerobic conditions, followed by
exposure to air, gave the same series of color changes observed
during the formation of [CoL1,]” (Scheme 2, step a). The
mixed-ligand Co(III) complex [L1CoL5]Et;NCH,Cl was iso-
lated after chromatography (again, with cation exchange) in 84%
yield. In comparison to the 'H NMR of H,L1 (Figure 2b) and
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macrocycle H,LLS (Figure 2d) a significant shift to lower field
is observed for both sets of benzylic aromatic resonances (Hg’s
and Hp’s, Figure 2¢) in [L1CoLS]Et;NCH,Cl, again indicating
the presence of the 7z-stacking interactions intended to encourage
catenane formation. The selectivity of the reaction for the mixed-
ligand complex [L1CoL5] —neither of the homotopic com-
plexes [L1,Co]™ or [L5,Co]™ are apparent in the product
mixture—is a result of the shape and topology of the LS5
macrocycle physically preventing complexes of the type
[L5,Co]™ from forming. Therefore, the only way in which all
the ligands in an equimolar solution of the cobalt ion, L1%~
and L5%" can be coordinated is through sole formation of the
mixed-ligand complex. The thermodynamically driven rear-
rangement of any initially formed [IL1,Co]*~ likely occurs before
the ligands are “locked” around kinetically inert Co(IIl), i.e.,
prior to aerobic oxidation.

Ring-closing metathesis of [L1CoLS]Et;NCH,CI under high
dilution conditions (Scheme 2, step b) proceeded smoothly to
give a new Co(Ill) complex, clearly different by 'H NMR
spectroscopy and thin layer chromatography to [CoL.3] ™, in 69%
yield. Subsequent hydrogenation with H, over Pd/C to remove
the double bonds (Scheme 2, step c, i) resulted in partial
abstraction of the Co(IlIl) ion. It was therefore convenient to
completely demetallate the structure with activated Zn dust in
acetic acid/methanol (Scheme 2, step c, i) prior to isolation,
to give the fully reduced neutral molecule H4,LL7 in 65% yield
over the two steps. The 'H NMR spectrum H4L7 in CD,Cl,
(Figure 2e) shows shielding of various signals (Hp, Hg, Hp, and
Hg) with respect to macrocycle H,L5 (Figure 2d), characteristic
of a catenane, an architecture that was confirmed by X-ray
crystallography of single crystals grown from a saturated
acetonitrile solution (Figure 4). In the solid state, each macro-
cycle of the catenand is involved in bifurcated hydrogen bonding
to a molecule of acetonitrile. The alkyl chains of each ring are
located in the center of the cavity of the other macrocycle with
the amide groups positioned to the outside of each molecule, a
very different co-conformation from that required for metal ion
template assembly (tridentate chelating groups converging
toward the metal ion at the center; alkyl groups to the outside).”

The cobalt(III) cation could be reintroduced into the catenand
(Scheme 2, step d) to produce the [2]catenate [CoL.7]Et;NCH,Cl
in 75% yield. The '"H NMR spectra of [CoL7]E;NCH,CI

(24) Creaser, 1. 1.; Harrowfield, J. M.; Herlt, A. J.; Sargeson, A. M.;
Springborg, J.; Geue, R. J.; Snow, M. R. J. Am. Chem. Soc. 1977, 99,
3181-3182.

(25) (a) Cesario, M.; Dietrich-Buchecker, C. O.; Guilhem, J.; Pascard, C.;
Sauvage, J.-P. J. Chem. Soc., Chem. Commun. 1985, 244-247. (b)
Leigh, D. A.; Moody, K.; Smart, J. P.; Watson, K. J.; Slawin, A. M. Z.
Angew. Chem., Int. Ed. 1996, 35, 306-310.
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Figure 4. X-ray crystal structure of [2]catenand H4L7:2MeCN viewed
(a) in the plane of the pyridine rings and (b) showing the hydrogen bonding
networks present. Selected bond lengths (A) and angles (deg): NH1+++N2
2.22,NH1++-N7 2.32, NH3---N2 2.22, NH3-+--N7 2.27, NH4---N5 2.24,
NH4---N8 2.28, NH6++*N5 2.21, NH6--+N8 2.40, NI-H1—N2 107.1,
N1—H1—N7 145.7, N3—H3—N2 107.3, N3—H3—N7 145.6, N4A—H4—NS5
105.9, N4—H4—N8 146.7, N6—H6—N5 108.4, N6—H6—NS8 143.1. The
non-H-bonded hydrogen atoms are omitted for clarity. The carbon atoms
are light blue (one macrocycle), orange (the second macrocycle), and gray
(acetonitrile); oxygen, red; and nitrogen, blue.

(Figure 2f) shows pronounced s-stacking interaction of reso-
nances Hg and Hg, and a decrease in the shielding for Hg, Hy,
Hj, Hj, and Hg compared to H4L.7, indicating that complexation
of the ligand to cobalt(Il) fixes the alkyl chains to the outside
of the catenate. Single crystals of the Co(III) catenate suitable
for X-ray crystallographic analysis were grown by vapor
diffusion of Et,O into a saturated solution of the catenate in
CH,Cl,. The crystal structure of [CoL7]Et;NH (the countercation
again exchanged from the one expected!)*® (Figure 5) shows
the octahedral environment of the Co(III) metal center bound
to the two bis-anionic tridentate macrocycles with, as in solution,
the alkyl chains of each ring positioned to the outside of the
catenate. The off-set zz-interactions between the benzyl groups
of each macrocycle and the pyridine ring of the other component
apparent by 'H NMR are also present in the X-ray crystal
structure.

Co(IIl)-Template Single Macrocyclization of 1.1 About L8
([2]Rotaxane Synthesis). Having established a protocol for the
formation of catenanes using pyridine-2,6-dicarboxamide ligands
and a Co(Ill) template, the methodology was applied to the
synthesis of a [2]rotaxane (Scheme 3). The bis-amide thread
H,L.8 was prepared in four steps (72% overall yield from
commercial starting materials, see the Supporting Information)
and when subjected to the cobalt-complexation conditions in
the presence of H,LL1 the prerotaxane complex [L1CoL8]Et;N-

(26) Elucidation of the crystal structure revealed that another cation
exchange had occurred, with Et;NCH,C1 being replaced by Et;NH.

Figure 5. X-ray crystal structure of [2]catenate [CoL7]Et;NH viewed (a)
to show the octahedral coordination sphere of the complexed cobalt(III)
ion and (b) perpendicular to the plane of the orange ring to show the two
sets of intercomponent s7-stacking. Selected bond lengths (A) and angles
(deg): N1—Co 1.97, N2—Co 1.85, N3—Co 1.95, N4—Co 1.97, N5—Co 1.85,
N6—Co 1.97, N1—Co—N3 163.1, N4—Co—N6 163.2, N2—Co—N5 174.2.
The hydrogen atoms are omitted for clarity except for the NH of the
protonated Et;N cation. The carbon atoms are shown in light blue (one
macrocycle), orange (the second macrocycle), and gray (countercation);
cobalt(IlI), green; oxygen, red; and nitrogen, blue.

CH,CI could be isolated in 37% yield (Scheme 3, step a).
Because—unlike macrocycle L5—thread L8 can form a 2:1
complex with Co(IIl), in this case, the ligand assembly reaction
was unselective for the mixed-ligand complex and [LL1CoL8]™
needed to be separated via column chromatography from
[CoL1,]™ and [CoL8,]". The 'H NMR spectrum of [L1CoL8]-
Et:NCH,CI in CD,Cl, (Figure 6b) shows the intercomponent
s-stacking interactions between L1?~ and L8> (shielding of
resonances Hg, Hp, H., and Hy), which augured well for
interlocking occurring under RCM. Indeed, macrocyclization
of [L1CoL8]Et;NCH,CI1 proceeded smoothly with (PCys),-
CIL,Ru=CHPh (Scheme 3, step b) to give [CoOL9]Et;NCH,Cl in
61% yield. Following hydrogenation and demetalation (Scheme
3, step ¢) a single organic product was isolated which was
confirmed as the metal-free rotaxane, H4L.10, by mass spec-
trometry and 'H NMR spectroscopy. The '"H NMR spectrum
of the rotaxane in CD,Cl, (Figure 6d) shows shielding of the
thread resonances Hy, He, H, H,, and H, and macrocycle
resonances Hp, Hg, Hg, and Hg, compared to the non-interlocked
components H,L.8 (Figure 6a) and H,L5 (Figure 2d). In contrast,
the amide hydrogen resonances of both the thread and macro-
cycle are shifted to higher frequency by ~1.5 ppm in the
rotaxane, indicating that the intercomponent hydrogen bonding
observed in solution for the free catenand H4L7 also occurs
with rotaxane H4L10.

Reintroduction of Co(IIl) into rotaxane H4L10 to give
[CoL10]Et;NCH,CI (Scheme 3, step d) was far more sluggish
and low yielding (16% cf 75% for [CoL7]") than the catenane
system.>” As observed in the prerotaxane complex [L1CoL5]-
E;NCH,CI, the 'H NMR spectrum of the Co(IIT)-complexed

J. AM. CHEM. SOC. = VOL. 131, NO. 10, 2009 3767



ARTICLES

Leigh et al.

Scheme 3. Synthesis of [2]Rotaxane [CoL10]~ via Single Macrocyclization of L1 about L8 on a Co(lll) Template?
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“ Reagents and conditions: (a) H,L1, Et;qN(OAc), Co(OAc),*(H,0)s, NaOMe, THF, EtOH, reflux, 1 h, 37%; (b) (Cy;P,)Cl,Ru=CHPh, CH,Cl,, 2 d, 61%;
(c) (i) Zn, AcOH, MeOH, 30 min; (ii) Pd/C, THF, H,, 2 d, 83%; (d) Co(OAc),*(H,0)4, Et;N(OAc), NaOMe, EtOH, reflux, 30 min, 16%.

rotaxane [CoL10]Et:NCH,Cl in CD,Cl, (Figure 6¢) provides
evidence (larger shifts) of a significantly stronger sz-stacking
interaction between the benzylic units of the more flexible thread
with the macrocycle’s pyridine moiety compared to that between
the benzyl groups of the (more rigid) macrocycle and the
thread’s pyridine unit.

Conclusions

A [2]catenane, [2]rotaxane and a “figure-of-eight” complex
have been synthesized about a Co(II) template by exploiting
the affinity of tridentate pyridine-2,6-biscarboxamido ligands
for hard trivalent metal ions. In an unusual three-step template
process, the lability of Co(II) coordination allows thermody-
namically controlled assembly of the ligands on the metal and
subsequent oxidation to Co(IIl) kinetically traps the template
complex. The interlocked or entwined architectures are then
covalently captured by cross-metathesis or ring-closing metath-
esis. In each case, decomplexation via reduction of the metal
to Co(Il) and protonation of the anionic ligands generated the
metal-free neutral molecules. Cobalt could be reintroduced into

(27) During the initial stages of the remetallation reaction, addition of pink
crystals of Co(Il) to a solution of H,L.10 and Et4N(OAc) in THF and
EtOH resulted in an immediate color change, giving a green solution
indicating spontaneous oxidation of Co(II) to Co(III).
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the free ligands to form Co(IIl) complexes that were character-
ized unambiguously by mass spectrometry, NMR spectroscopy
and, in some cases, X-ray crystallography. The methodology
allows access to a new class of interlocked chelating ligand for
hard metal cations, which adds to the growing toolbox of
passive- and active-metal template®® protocols for catenane and
rotaxane synthesis. The binding of different metal types (hard
and soft, different oxidation numbers and geometries, etc.) may

(28) For “active-metal template” rotaxane synthesis, in which the metal
acts as both a template and a catalyst for covalent bond formation
and thus generally changes oxidation state, coordination number, and/
or geometry during the reaction, see: (a) Aucagne, V.; Hinni, K. D.;
Leigh, D. A.; Lusby, P. J.; Walker, D. B. J. Am. Chem. Soc. 2006,
128, 2186-2187. (b) Saito, S.; Takahashi, E.; Nakazono, K. Org. Lett.
2006, 8, 5133-5136. (c) Berna, J.; Crowley, J. D.; Goldup, S. M.;
Hinni, K. D.; Lee, A.-L.; Leigh, D. A. Angew. Chem., Int. Ed. 2007,
46, 5709-5713. (d) Aucagne, V.; Bernd, J.; Crowley, J. D.; Goldup,
S. M.; Héanni, K. D.; Leigh, D. A.; Lusby, P. J.; Ronaldson, V. E.;
Slawin, A. M. Z.; Viterisi, A.; Walker, D. B. J. Am. Chem. Soc. 2007,
129, 11950-11963. (e) Crowley, J. D.; Hinni, K. D.; Lee, A.-L.; Leigh,
D. A. J. Am. Chem. Soc. 2007, 129, 12092-12093. (f) Goldup, S. M.;
Leigh, D. A.; Lusby, P. J.; McBurney, R. T.; Slawin, A. M. Z. Angew.
Chem., Int. Ed. 2008, 47, 3381-3384. (g) Bernd, J.; Goldup, S. M.;
Lee, A.-L.; Leigh, D. A.; Symes, M. D.; Teobaldi, G.; Zerbetto, F.
Angew. Chem., Int. Ed. 2008, 47, 4392-4396.
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Figure 6. '"H NMR spectra (400 MHz, CD,Cl,, 300 K) of (a) thread H,L8,
(b) prerotaxane [L1CoL8]JEzNCH,CI, (c) Co(Il) rotaxane [CoL10]Et;N-
CH,CI, and (d) metal-free rotaxane H,L.10. The assignments correspond to
the lettering shown in Scheme 3.

prove useful in the development of new synthetic molecular
machine systems.'’

Experimental Section

Synthesis of [CoL1,]JEt;NCH,CI and Selected Spectroscopic
Data. A suspension of H,L.1 (0.993 g, 1.83 mmol), Et,N(OAc)
(0.241 g, 0.92 mmol), and Co(OAc),.(H,0), (0.229 g, 0.92 mmol)
in EtOH (10 mL) was heated at reflux under nitrogen to give a
clear, pale pink solution. To this was added a solution of sodium
ethoxide in ethanol, generated by the careful addition of NaH (0.162
g of 60% dispersion in oil, 4.05 mmol) to ethanol, resulting in a
color change to deep purple. Upon exposure to air, the color of the
solution changed to green over about 5 min after which it was
refluxed for a further 1 h. The solvent was removed under reduced
pressure and the crude residue was purified by column chroma-
tography on silica gel (40:1:59 Me,CO:Et:N:CH,Cl, as eluent) to
yield [CoL1,]Et:NCH,Cl as a green oil (0.979 g, 83%), which was
used without further purification. 'H NMR (400 MHz, CD,Cl,, 300
K): 0 1.09 (t, J = 7.3 Hz, 9H, Hxcu,cn,), 1.55 (m, 8H, Hy), 1.76
(m, 8H, Hy), 2.13 (m, 10H, Hy ncu,a), 2.72 (q, J = 7.3 Hz, 6H,
Hyen,), 3.25 (s, 8H, Hp), 3.86 (t, / = 6.6 Hz, 8H, Hg), 5.02 (m,
8H, H;,), 5.86 (m, 4H, Hy), 6.37 (d, J/ = 8.7 Hz, 8H, Hg), 6.50 (d,
J =8.7Hz, 8H, Hg), 7.72 (d, J = 7.7 Hz, 4H, Hp), 8.13 (t, J =
7.7 Hz, 2H, Ha'); LRESI-MS (CH,Cl,) m/z = 1138 [M]~, 150
[ENCH,CI]*.

Synthesis of [CoL3]Et;NCH,CI and Selected Spectroscopic
Data. To a solution of precatenate [CoL1,]Et;NCH,CI (0.500 g,
0.388 mmol) in CH,Cl, (500 mL) was added Grubbs’ first-
generation olefin metathesis catalyst (0.056 g, 0.068 mmol). The
solution was stirred for 2 days in the dark, after which the solvent
was removed under reduced pressure and the crude residue was
purified by column chromatography on silica gel (40:1:59 Me,CO:
Et;N:CH,Cl, as eluent) to yield [CoL3]Et;NCH,Cl as a green solid
(0.201 g, 42%). '"H NMR (400 MHz, (CD;),CO, 300 K): 6 1.15 (t,

J = 7.3 Hz, 9H, Hxcuycn,), 1.35 (m, 8H, H), 1.46 (m, 8H, Hy),
1.62 (m, 12H, Hpy), 2.01 (s, 2H, Hxcu,c), 3.04 (q, J = 7.3 Hz,
6H, Hxcp,cny), 3.78 (m, 8H, Hg), 4.12 (t, J = 12.4 Hz, 4H, Hp),
5.24 (m, 4H, Hy), 6.27 (d, J = 1.8 Hz, 8H, Hg), 6.28 (d, / = 1.8
Hz, 8H, Hg), 7.88 (d, J = 7.8 Hz, 4H, Hp), 8.31 (t, / = 7.8 Hz,
2H, H,); LRFAB-MS (3-NOBA matrix): m/z = 1082 [MH,]".

Synthesis of [CoL4]Et;NCH,CI and Selected Spectroscopic
Data. To a solution of [CoL3]Et;NCH,CI (0.142 g, 0.1 mmol) in
methanol (30 mL) was added 10% w/w Pd/C (0.020 g). The
resulting suspension was repeatedly degassed and purged with N,
before being repeatedly degassed and purged with H, and stirred
for 18 h under an atmosphere of H,. The reaction mixture was
filtered through celite and the solvent removed under reduced
pressure. The crude mixture was purified by column chromato-
graphy on silica gel (40:1:59 Me,CO:Et;N:CH,Cl, as eluent) to
yield [CoL4]Et;NCH,Cl as a green solid (0.106 g, 85%). '"H NMR
(400 MHz, (CD;3),CO, 300 K): 6 1.15 (t, J = 7.3 Hz, 9H, Hxcu,cn,)s
135 (IIl, 16H, HJ,K), 170 (m, 8H, HI), 201 (S, ZH, HNCHZCI)’ 205
(m, 12H, Hp ), 3.04 (q, J = 7.3 Hz, 6H, Hncu,en,), 3.92 (m, 8H,
Hg), 4.29 (d, J = 12.3 Hz, 4H, Hp), 6.25—6.48 (m, 16H, Hgp),
7.88 (d, J=7.7 Hz, 4H, Hp), 8.31 (t, J = 7.7 Hz, 2H, Ha); LRFAB-
MS (3-NOBA matrix): m/z = 1087 [MH,]*; HRFAB-MS (3-NOBA
matrix): m/z = 1087.474 [MH,]" (calcd for CgH7CoNgOs,
1087.474).

Synthesis of [L1CoL5]Et;NCH,CI and Selected Spectroscopic
Data. A suspension of H,LL1 (0.507 g, 0.936 mmol), H,L5 (0.483
g, 0.936 mmol), Co(OAc),*(H,0)4 (0.233 g, 0.936 mmol), and
Et;N(OAc) (0.245 g, 0.936 mmol) was heated at reflux in EtOH
(20 mL) under nitrogen to give a clear, pale pink solution. To this
was added a solution of sodium ethoxide in ethanol, generated by
the careful addition of NaH (0.165 g of 60% dispersion in oil, 4.12
mmol) to ethanol, resulting in a color change from pink to deep
purple. Upon exposure to air, the color changed to green over about
5 min, after which the solution was refluxed for a further 25 min..
The solvent was removed under reduced pressure and the crude
residue was purified by column chromatography on silica gel (40:
1:59 Me,CO:Et;N:CH,Cl, as eluent) to yield [LL1CoL5]Et;NCH,CI
as a green oil (1.130 g, 84%) which was used without further
purification. '"H NMR (400 MHz, CD,Cl,, 300 K): 6 1.12 (t, J =
7.3 Hz, 9H, H ncuycpy), 1.41 (br, 8H, Hyk), 1.48 (m, 4H, Hy), 1.54
(m, 4H, Hp), 1.74 (m, 8H, HH,H’)a 2.14 (m, 6H, HJ',NCHZCI)’ 2.77 (q,
J = 1.3 Hz, 6H, Hncp,cn,), 3.32 (s, 4H, Hp), 3.36 (s, 4H, Hp),
3.85 (t, J = 6.6 Hz, 4H, Hg), 3.95 (t, J = 6.3 Hz, 4H, Hg), 5.01
(m, 4H, Hy), 5.85 (m, 2H, Hk'), 6.15 (d, J = 8.6 Hz, 4H, Hg), 6.39
(d, J = 8.6 Hz, 4H, Hp), 6.50 (m, 8H, Hg r), 7.39 (d, J = 7.7 Hz,
2H, Hp), 7.81 (d, J = 7.8 Hz, 2H, Hg), 7.85 (t, / = 7.7 Hz, 1H,
Ha), 8.23 (t, J = 7.8 Hz, 1H, H,); LRESI-MS (CH,Cly) m/z =
1138 [M]~, 150 [E;;NCH,CI]"; HRFAB-MS (3-NOBA matrix) m/z
= 1113.490 [MH,]" (calcd for CgHgyCoNgOg, 1113.490).

Synthesis of [CoL6]Et;NCH,CI and Selected Spectroscopic
Data. To a solution of precatenate [LL1CoL5]Et;NCH,Cl (1.130 g,
0.877 mmol) in CH,Cl, (900 mL) was added Grubbs’ first-
generation olefin metathesis catalyst (0.100 g, 0.121 mmol). The
solution was stirred for 2 days in the dark, after which the solvent
was removed under reduced pressure and the crude residue was
purified by column chromatography on silica gel (40:1:59 Me,CO:
Et;N:CH,Cl, as eluent) to yield [CoL6]Et;NCH,CI as a green oil
(0.750 g, 69%). '"H NMR (400 MHz, (CD3),CO, 300 K): 6 1.20 (,
J=173 HZ, 9H, HNCHQCH;)? 1.28 (br, SH, H_]’K), 1.39 (m, 8H, HI,I')v
1.59 (m, 8H, Hyy), 2.01 (s, 2H, Hycep,cn), 2.09 (br, 4H, Hy), 3.09
(q, J=13 HZ, 6H, HNCH’:CH})’ 3.31 (br, SH, HD,D’)a 3.84 (m, 8H,
Hg ), 5.28 (t, J = 4.7 Hz, 1H, Hkcistrans)> 5-45 (t, J = 3.8 Hz, 1H,
HK'cis/lrans)’ 6.16 (m, 8H, HE,E’), 6.28 (rn, 8H, HF,F’)7 7.38 (m, 4H,
HB,B’)a 7.95 (m, ZH, HA,A’)-

Synthesis of H4L7 and Selected Spectroscopic Data. To a
solution of catenate [CoL6]Et;NCH,C1 (0.698 g, 0.565 mmol) in
MeOH (10 mL) was added 10% w/w Pd/C (0.060 g). The resulting
suspension was repeatedly degassed and purged with N, before
being repeatedly degassed and purged with H, and stirred for 18 h

J. AM. CHEM. SOC. = VOL. 131, NO. 10, 2009 3769



ARTICLES

Leigh et al.

under an atmosphere of H,. The reaction mixture was filtered
through celite and the solvent was removed under reduced pressure.
The crude residue was redissolved in MeOH (5 mL) and AcOH (5
mL) and activated Zn (0.050 g) was added and the resulting
suspension was stirred for 30 min. under an atmosphere of air. The
solvent was removed under reduced pressure and the crude residue
was redissolved in CHCI; (50 mL) and washed with a 17.5% NH;
solution saturated with Na,EDTA (50 mL). The aqueous layer was
extracted with CHCl; (3 x 50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSO,) and purified by
column chromatography on silica gel (3:7 EtOAc:CH,Cl, as eluent)
to yield H4L7 as a colorless solid (0.379 g, 65%). Single crystals
suitable for X-ray crystallography were grown from a saturated
solution of the catenand in MeCN. Mp = 231 °C; 'H NMR (400
MHz, CDCl;, 300 K): 6 1.25 (br, 16H, H;x), 1.41 (m, 8H, Hj),
1.70 (qt, J = 6.7 Hz, 8H, Hy), 3.62 (t, J = 6.7 Hz, 8H, Hg), 4.39
(t, J = 5.6 Hz, 8H, Hp), 6.23 (d, J = 8.5 Hz, 8H, Hg), 6.67 (d, J
= 8.5 Hz, 8H, Hg), 8.02 (t, / = 7.8 Hz, 2H, H,), 8.29 (t, / = 5.6
Hz, 4H, Hc), 8.40 (d, J = 7.8 Hz, 4H, Hg); LREI-MS: m/z = 1031
[M]"; HREI-MS m/z = 1030.556 (calcd for Ce,H74NgOg, 1030.555).

Synthesis of [CoL7]Et;NCH,CI and Selected Spectroscopic
Data. To a suspension of catenand H4L7 (0.299 g, 0.29 mmol)
and EtN(OAc) (0.076 g, 0.29 mmol) in EtOH was added
Co(OAc),*(H,0)4 (0.072, 0.029 mmol). The suspension was heated
under nitrogen at reflux to give a clear, pale pink solution to which
NaOMe (0.069 g, 1.28 mmol) was added. The solution was then
opened to the air and heated at reflux for 30 min. until only one
spot (green) was observed by thin layer chromatography (silica gel,
1:39:60 Et;N:Me,CO:CH,Cl,). The solvent was removed under
reduced pressure and the crude residue was purified by column
chromatography on silica gel (1:39:60 Et;N:Me,CO:CH,Cl, and
then 1:99 Et;N:Me,CO as eluent) to yield a green oil. Acetone was
added to induce crystallization, and the solvent was then removed
under reduced pressure to yield [CoL7]Et;NCH,CI as a green solid
(0.268 g, 75%). Single crystals suitable for X-ray crystallography
were grown by vapor diffusion of Et,O into a concentrated solution
of catenate [CoL7]EtsNCH,CI in CH,Cl,. Mp = 162 °C; '"H NMR
(400 MHz, CD,Cl,, 300 K): 6 1.12 (t, J = 7.3 Hz, 9H, Hxcn,cn,)s
1.40 (br, 16H, H, ), 1.47 (br, 8H, H)), 1.73 (m, 8H, Hy), 2.14 (s,
2H, HNCH2C|), 2.70 (q, J=13 HZ, 6H, HNCHgCH3)9 3.48 (S, 8H, HD),
3.95 (t, J/ = 6.3 Hz, 8H, Hg), 6.31 (d, J = 8.6 Hz, 8H, Hg), 6.40
(d, J = 8.6 Hz, 8H, Hp), 7.42 (d, J = 7.7 Hz, 4H, Hg), 7.85 (t, J
=17.7Hz, 2H, Ha); LRESI-MS (CH,Cl,) m/z = 1085 [M]~; HRESI-
MS m/z = 1087.472 [MH,]* (calcd for Cs;H7,CoN4Os, 1087.473).

Synthesis of [L.L1CoL8]Et;NCH,CI and Selected Spectroscopic
Data. To a solution of H,LL1 (0.385 g, 0.71 mmol), H,L.8 (1.023 g,
0.71 mmol), and Et;N(OAc) (0.186 g, 0.71 mmol) in EtOH (7 mL)
and THF (7 mL) was added a solution of Co(OAc),*(H,0), (0.177
g, 0.71 mmol) in EtOH (3 mL), and the resulting pale pink solution
was heated at reflux under nitrogen for 1 h. NaOMe (0.169 g, 3.124
mmol) was added and the color changed to deep purple and,
following exposure to air, to green, accompanied by formation of
a suspension. The reaction was heated at reflux for a further 1 h.
The solvent was removed under reduced pressure and the crude
residue was purified by column chromatography on silica gel (1:
19:80 Et;N:Me,CO:CH,Cl, and then 1:39:60 Et;N:Me,CO:CH,Cl,
then 1:99 Et;N:Me,CO as eluent) to yield [L1CoL8]Et;NCH,Cl
as a green solid (0.573 g, 37%). '"H NMR (400 MHz, CD,Cl,, 300
K): 6 1.11 (t, J = 7.3 Hz, 9H, Hxcn,cn,), 1.33 (br, 54H, Hy,), 1.55
(m, 4H, Hy), 1.76 (m, 4H, Hy), 2.13 (m, 6H, Hjncu,c), 2.78 (q, J
=173 HZ, 6H, HNCHzCH3)7 3.25 (br, 4H, HD), 3.28 (br, 4H, Hd), 3.87
(t, J = 6.6 Hz, 4H, Hg), 4.21 (m, 4H, H,), 4.27 (m, 4H, Hy), 5.02
(m, 4H, Hy), 5.87 (m, 2H, Hg), 6.38 (m, 8H, H.p), 6.50 (d, J =
8.6 Hz, 4H, Hg), 6.56 (d, J = 8.6 Hz, 4H, Hy), 6.84 (d, J = 8.9 Hz,
4H, Hj), 7.19 (m, 16H, H;y), 7.29 (d, J = 8.6 Hz, 12H, H)), 7.74
(m, 4H, Hy), 8.14 (m, 2H, H, »); LRESI-MS (CH,Cl,) m/z = 2035
[M]~, 150 [NEt;CH,CI]"; HRFAB-MS (3-NOBA matrix) m/z =
2037.063 [MH,]" (caled for C3,'*CH;43CoNgO}9, 2037.062).
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Synthesis of [CoL9]Et;NCH,CI and Selected Spectroscopic
Data. To a solution of [L1CoL8]NEt;CH,Cl (0.261 g, 0.119 mmol)
in CH,Cl, (100 mL) was added Grubbs’ first generation olefin
metathesis catalyst (0.020 g, 0.024 mmol). The solution was stirred
for 1 day, at which time more catalyst was added (0.020 g, 0.024
mmol) and the solution stirred for a further 2 days. The solvent
was removed under reduced pressure and the crude residue was
purified by column chromatography on silica gel (1:39:60 Et;N:
Me,CO:CH,Cl, as eluent) to yield [CoL9]Et;NCH,CI as a green
oil (0.156 g, 61%). 'H NMR (400 MHz, CD,Cl,, 300 K): 6 1.14
(t, J = 7.3 Hz, 9H, Hncnyen,), 1.32 (br, 54H, Hy,), 1.54 (m, 4H,
Hj), 1.74 (m, 4H, Hy), 2.10 (s, 2H, Hxcpacr), 2.11—2.23 (m, 4H,
H]), 279 (q, J = 73 HZ, 6H, HNCHZCH3)’ 336 (Hl, 8H, Hd,D)a 396
(t, J = 6.4 Hz, 4H, Hg), 4.19 (m, 4H, H,), 4.25 (m, 4H, H,), 5.47
(t, J = 4.6 Hz, 1H, Hxcistrans)> 5-56 (m, 1H, Hkcigtrans)s 6.12 (m, 4H,
Hg), 6.37 (m, 4H, Hp), 6.52 (d, J = 8.6 Hz, 4H, H,), 6.58 (d, J =
8.6 Hz, 4H, Hy), 6.81 (d, J = 8.9 Hz, 4H, H;), 7.18 (m, 16H, H;),
7.28 (d, J = 8.7 Hz, 12H, H,), 7.40 (d, / = 7.7 Hz, 2H, H,), 7.85
(m, 3H, H,p), 8.24 (t, J = 7.8 Hz, 1H, H,); LRESI-MS (CH,Cl,)
mlz = 2007 [M]*, 150 [ENCH,CI]*; HRFAB-MS (3-NOBA
matrix) m/z = 2008.023 [N[[’Iz]Jr (calcd. for C|30H144CON606,
2008.026).

Synthesis of HsL.10 and Selected Spectroscopic Data. To a
solution of [CoL9INEt;CH,CI (0.146 g, 0.0677 mmol) in CH,Cl,
(5 mL) and AcOH (5 mL) was added activated zinc dust (0.146 g)
and the suspension was stirred for 30 min under an atmosphere of
air. The reaction mixture was neutralized with a 17.5% NHj; solution
saturated with Na,EDTA (50 mL) and the organic phase was
extracted into CH,Cl, (3 x 50 mL). The combined organic layers
were washed with brine (50 mL), dried (MgSQy), and concentrated
under reduced pressure. The crude residue was redissolved in THF
(5 mL) and 10% w/w Pd/C was added (0.030 g) the suspension
was repeatedly degassed and purged with N, before being repeatedly
degassed and purged with H, and stirred for 2 days under an
atmosphere of H,. The reaction mixture was filtered through celite
and the solvent was removed under reduced pressure; the crude
residue was then purified by column chromatography on silica gel
(1:9 EtOAc:CH,Cl, as eluent) to yield H4LL10 as a colorless solid
(0.110 g, 83%). Mp = 137 °C; '"H NMR (400 MHz, CD,Cl,, 300
K): 6 1.32 (br, 8H, H;x), 1.35 (br, 54H, H,,), 1.42 (m, 4H, H)),
1.67 (m, 4H, Hy), 3.72 (t, J = 6.6 Hz, 4H, Hg), 3.93 (m, 4H, H,),
3.95 (m, 4H, Hy), 4.46 (m, 8H, Hyp), 6.39 (d, J = 8.6 Hz, 4H, Hp),
6.53 (d, J = 8.6 Hz, 4H, Hy), 6.68 (d, / = 8.9 Hz, 4H, H;), 6.81 (d,
J = 8.6 Hz, 4H, Hg), 6.97 (d, J = 8.6 Hz, 4H, H,), 7.13 (m, 16H,
Hjx), 7.29 (d, J = 8.6 Hz, 12H, H)), 7.89 (t, / = 7.8 Hz, 1H, H,),
8.11 (t, J = 7.8 Hz, 1H, H,), 8.33 (d, J/ = 7.8 Hz, 2H, Hy), 8.39 (t,
J=59Hz, 2H, H,), 8.47 (d, J = 7.8 Hz, 2H, Hp), 8.54 (t, / = 5.7
Hz, 2H, Hc); LREI-MS m/z = 1954 [MH]*; HRFAB-MS (3-NOBA
matrix) m/z = 1954.134 [MH]" (calced for C30H;49NgO1, 1954.133).

Synthesis of [CoL10]Et;NCH,Cl and Selected Spectroscopic
Data. To a solution of rotaxane H,L.10 (0.110 g, 0.056 mmol) and
Et;N(OAc) (0.015 g, 0.056 mmol) in EtOH (5 mL) and THF (5
mL) was added Co(OAc),*(H,0), (0.017 g, 0.067 mmol). To this
was added NaOMe (0.013 g, 0.246 mmol) and the solution was
opened to air and heated at reflux for a further 1 h. The solvent
was removed under reduced pressure and the crude residue was
purified by column chromatography on silica gel (1:39:60 Et;N:
Me,CO:CH,Cl, as eluent) to yield [CoL10]JE;NCH,CI as a green
solid (0.019 g, 16%). '"H NMR (400 MHz, CD,Cl,, 300 K): 6 1.11
(t, J = 7.3 Hz, 12H, Hncn,cn,), 1.28 (br, 4H, Hk), 1.31 (br, 54H,
H,), 1.41 (br, 4H, Hj), 1.47 (m, 4H, Hy), 1.74 (m, 4H, Hy), 2.14
(S, ZH, HNCHZCl)a 2.76 (q, J=13 HZ, 6H, HNCH;CH3)9 3.35 (Hl, SH,
Hyp), 3.95 (t, J = 6.3 Hz, 4H, Hp), 4.20 (m, 4H, H,), 4.25 (m, 4H,
Hy), 6.14 (d, J = 8.6 Hz, 4H, Hg), 6.39 (d, J = 8.6 Hz, 4H, Hp),
6.51 (d, J = 8.7 Hz, 4H, H,), 6.58 (d, J = 8.7 Hz, 4H, Hy), 6.81 (d,
J=9.0Hz, 4H, H;), 7.18 (m, 16H, H;j), 7.28 (d, J = 8.7 Hz, 12H,
H)), 7.41 (d, J = 7.58 Hz, 2H, Hy), 7.82 (d, J = 7.8 Hz, 2H, Hp),
7.86 (t, J = 7.8 Hz, 1H, H,), 8.24 (t, J = 7.8 Hz, 1H, H,); LRESI-
MS (CH,Cl,) m/z = 2008 [M]~, 150 [EtzNCH,CI1]*; HRFAB-MS
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(3-NOBA matrix) m/z = 2011.047 [MH,]" (calcd for C3,"-
CH146C0N6010, 201 1047)
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