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Olefin metathesis has been employed in the efficient syntheses of a [2]catenane with the templation being provided by the recognition between

a secondary ammonium ion and a crown ether. In one approach, a crown ether precursor has been clipped around an NH . center situated

in a macrocyclic ring, yielding the mechanically interlocked compound. In the other approach, the reversible nature of olefin metathesis allows

for a magic ring synthesis to occur wherein two free macrocycles can be employed as the stationary materials, leading to the formation of
the same [2]catenane.

Mechanically interlocked moleculesuch as catenanes and utilizes reversible reactions in which the product distribution
rotaxanes have long been of interest to chemists because oflepends on thermodynamic rather than kinetic control, i.e.,
their unique molecular structures. Furthermore, recent ad-the yield of a mechanically interlocked compound reflects
vances in the science of nanosystems has revealed that theses stability relative to those of any other noninterlocked
molecules not only are aesthetically pleasing curiosities but byproducts with proof-reading and error-checking operating
also can function as the key components in active molecularup until a final equilibrium state is reached. Examples of
electronic devices where bistable derivatives, for example,

serve as volatile bistable switches in both memory and logic  (2) (a) Collier, C. P.; Mattersteig, G.; Wong, E. W.; Luo, Y.; Beverly,
ircuits2 K.; Sampaio, J.; Raymo, F. M.; Stoddart, J. F.; Heath, B&ence200Q
Circuits: 289 1172-1175. (b) Pease, A. R.; Jeppesen, J. O.; Stoddart, J. F.; Luo,
Although a vast number of syntheses of catenanes andy.; Collier, C. P.; Heath, J. RAcc. Chem. Re2001, 34, 433-444. (c)
i ; ; uo, Y.; Collier, C. P.; Jeppesen, J. O.; Nielsen, K. A.; Delonno, E.; Ho,
rotaxanes have appeare_d in the chemical literature, most 01;; Perkins, J.: Teeng, H-R.. Yamamoto, T.. Stoddart. J. F.: Heath. J. R.
the strategies employ kinetically controlled covalent bond ChemPhysChe002 3, 519-525. (d) Diehl, M. R.; Steuerman, D.; Tseng,
formation as the final interlocking stéglhis strategy does  H.-R. Vignon, S. A.; Star, A.; Celestre, P. C.; Stoddart, J. F.; Heath, J. R.

. . . - . ChemPhysCher2003 4, 1335-1339. (e) Tseng, H.-R.; Wu, D.; Fang, N.
not always result in high yields of mechanically interlocked x -"7hang, X.: Stoddart, J. FChemPhysCher2004 5, 111-116. (f)

compounds because of the irreversible formation of unwanted Steuerman, D. W.; Tseng, H.-R.; Peters, A. J.; Flood, A. H.; Jeppesen, J.

; ; O.; Nielsen, K. A.; Stoddart, J. F.; Heath, J. Rngew. Chem., Int. Ed.
nonlnf[erlocked pyproducts. An alternatlve strategy, however, 2004 43, 6486-6491. (g) Flood, A H.- Ramirez, R. J. A Deng, R. P.:
exploits dynamic covalent chemisttyan approach that  muller, W. P.; Goddard, W. A., IIl; Stoddart, J. Rust. J. Chem2004

57,301-322. (h) Flood, A. H.; Peters, A. J.; Vignon, S. A.; Steuerman, D.

T California Institute of Technology. W.; Tseng, H.-R.; Kang, S.; Heath, J. R.; Stoddart, JCRem. Eur. J.

* University of California, Los Angeles. 2004 10, 6558-6564. (i) Flood, A. H.; Stoddart, J. F.; Steuerman, D. W.;

(1) (a) Schill, G.Catenanes, Rotaxanes and Knd{sademic Press: New Heath, J. RScience2004 306, 2055-2056. (j) Jang, S. S.; Kim, Y. H.;
York, 1971. (b) Amabilino, D. B.; Stoddart, J. Ehem. Re. 1995 95, Goddard, W. A., Ill; Flood, A. H.; Laursen, B. W.; Tseng, H.-R.; Stoddart,
2725-2828. (c)Molecular Catenanes, Rotaxanes and Kn@&suvage, J. F.; Jeppesen, J. O.; Choi, J. W.; Steuerman, D. W.; Delonno, E.; Heath,
J.-P., Dietrich-Buchecker, C., Eds.; Wiley-VCH: Weinheim, 1999. J. R.J. Am. Chem. So@005 127, 1563-1575.
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equilibrium reactions employed as the final bond-forming CHPh (1),'? the macrocyclic polyetheR containing one
step in the synthesis of catenanes and rotaxanes include thelefinic double bond can be induced to undergo a magic ring

reversible formation of imine3,disulfides® and cyclic

synthesis in the presence of the dumbbell compoBuht

acetals, as well as olefin metathesis mediated by functional PF;, wherein the NH" center acts as the template for the

group-tolerant ruthenium alkylidene cataly%fhis proto-

formation of the [2]rotaxand-H-PFs. Here, we show that

col has been applied successfully in the syntheses of bothtwo convenient, high-yielding methods for constructing

[2]catenanesand [2]rotaxane®’ Recently, we have dem-
onstrated! that the ring closing of certain olefin-containing

[2]rotaxanes can be extended to the template-directed forma-
tion of [2]catenanes by (macrocyclic) polyether/secondary

polyether substrates around appropriately substituted secondammonium ion recognitidd by using a cyclic rather than a
ary dialkylammonium ions results (Scheme 1) in the revers- |inear template.

Scheme 1. Magic Ring Synthesis of a [2]Rotaxané--PF)
Templated by a Linear Ammonium lon-Containing
DumbbeII-Shaped Componerﬁ-H-PFG)
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ible formation of [2]rotaxanes. Thus, for example, by
employing the ruthenium catalyst {f¥les)(PCy)(Cl,)Ru=

The formation of the [2]catenane requires that the diben-
zylammonium-template-containing macrocycle is large enough
to permit catenation by the polyether macrocycle. The 27-
membered macrocyclic temple@eH-PFs, shown in Scheme
2, was identified as a suitable target for synthesis. As outlined
in this scheme, 4-hydroxybenzaldehyde and 4-cyanophenol
were both alkylated in separate reactionsqRs/DMF) with
the mesylated ethds, prepared in two steps from ethylene
glycol and 5-bromo-1-pentene. The cyano group in the
second alkylation product was reduced to the primary amine
6 using LiAlH, in THF. Condensation of this amine with
the aldehyde7, followed by reduction (NaBi@MeOH),
yielded the macrocyclic precurs8rafter protection of the
secondary amine function with a Boc group. Ring-closing
metathesis (RCM) using the ruthenium catalylstin a
CHCI; solution of 8 yielded the expected protected mac-
rocycle, which was hydrogenated #Rd/C/EtOAc), depro-
tected (TFA/CHCI,), and subjected to counterion exchange
(NH,PR/MeOH) to yield the hexafluorophosphate salt
9-H-PFK; of the macrocycle.

Ring-closing of the terminal olefin functions in the acyclic
polyether10 in the presence of the macrocyclic template
9-H-PK and the catalysi afforded (Scheme 3, lefthand
route) the [2]catenangl-H-PFK; in 52—75% isolated yield

Scheme 2. Synthesis of the Macrocyclic TemplageH-PF;
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Scheme 3. Dynamic Synthesis of a CatenarnEl{H-PF;) by
Two Distinct, Yet Complementary, Rouges
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a Either ring-closing (left) or ring-openingring-closing (right)
metathesis protocols can be exploited.

as a mixture of £)- and @)-isomers, as confirmed by ESI
mass spectromettyand bothtH and**C NMR spectroscopy.
Hydrogenation (H/PtO,/THF) of the olefinic double bond
in 11-H-PF; results in the formation of a single speciés,
the [2]catenand 2-H-PF.

CHDCl,

ML_,J\J‘

c

Time
, (min)
a

dyd
N

A

M

b
i
T T // T T T 0
7.5 7.0 55 5.0 45
Figure 1. Partial'H NMR spectra showing the change over time

during the magic ring synthesis of the dynamic [2]catenane
11-H-PFK;. Peak labels are defined in Scheme 3.

of 11-H-PF; is observed, byH NMR spectroscopy (Figure
1), to occur within a matter of minutes. After only 2 minutes,
signals are observed in tHeél NMR spectrum at) ~4.3
ppm, corresponding to the Nadjacent methylene protons

(3) (a) Dietrich-Buchecker, C. O.; Sauvage, J.-P.; Kern, J3IMAm.
Chem. Soc1984 106, 3043-3045. (b) Hunter, C. AJ. Am. Chem. Soc.
1992 114, 5303-5311. (c) Vatle, F.; Jager, R.; Handel, M.; Ottens-
Hildebrandt, SPure Appl. Chem1996 68, 225-232. (d) Gong, C. G;
Gibson, H. WAngew. Chem., Int. EA.998 37, 310-314. (e) Kolchinski,
A. G.; Busch, D. H.; Alcock, N. WJ. Chem. Soc., Chem. Comm®895
1289-1291. (f) Hansen, J. G.; Feeder, N.; Hamilton, D. G.; Gunter, M. J.;
Becher, J.; Sanders, J. K. Nrg. Lett.200Q 2, 449-452. (g) Shukla, R.;
Deetz, M. J.; Smith, B. DChem. Commur200Q 2397-2398. (h) Hubbard,
A. L.; Davidson, G. J. E.; Patel, R. H.; Wisner, J. A.; Loeb, SChem.
Commun.2004 2, 138-139. (i) Sasabe, H.; Kihara, N.; Furusho, Y.;
Mizuno, K.; Ogawa, A.; Takata, TOrg. Lett. 2004 6, 3957-3960. (j)
Hernandez, J. V.; Kay, E. R.; Leigh, D. Science2004 306, 1532-1537.

(4) (a) Rowan, S. J.; Brady, P. A.; Sanders, J. KAvigew. Chem., Int.
Ed. Engl.1996 35, 2143-2145. (b) Lehn, J.-MChem. Eur. J1999 5,
2455-2463. (c) Lehn, J.-M.; Eliseev, A. VScience2001, 291, 2331~
2332. (d) Otto, S.; Furlan, R. L. E.; Sanders, J. K. $tience2002 297,
590-593. (e) Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K.
M.; Stoddart, J. FAngew. Chem., Int. EQ002 41, 898-952. (f) Corbett,
P. T.; Otto, S.; Sanders, J. K. Mrg. Lett.2004 6, 1825-1827.

(5) (a) Cantrill, S. J.; Rowan, S. J.; Stoddart, JOFg. Lett. 1999 1,
1363-1366. (b) Rowan, S. J.; Stoddart, J.®rg. Lett. 1999 1, 1913~
1916. (c) Glink, P. T.; Oliva, A. |.; Stoddart, J. F.; White, A. J. P.; Williams,
D. J.Angew. Chem., Int. EQ001, 40, 1870-1875. (d) Horn, M.; Ihringer,
J.; Glink, P. T.; Stoddart, J. FChem. Eur. J2003 9, 4046-4054. (e)
Chichak, K. S.; Cantrill, S. J.; Pease, A. R.; Chiu, S.-H.; Cave, G. W. V;
Atwood, J. L.; Stoddart, J. FScience2004 304, 1308-1312. (f) Hogg,
L.; Leigh, D. A,; Lusby, P. J.; Morelli, A.; Parsons, S.; Wong, J. K. Y.
Angew. Chem., Int. EQ004 43, 1218-1221. (g) Schalley, C. AAngew.
Chem., Int. Ed2004 43, 4399-4401. (h) Cantrill, S. J.; Chichak, K. S.;
Peters, A. J.; Stoddart, J. Rcc. Chem. Re2005 38, 1-9.

(6) (a) Kolchinski, A. G.; Alcock, N. W.; Roesner, R. A.; Busch, D. H.
Chem. Commurl998 1437-1438. (b) Furusho, Y.; Oku, T.; Hasegawa,

To demonstrate further the reversible nature of the olefin T.; Tsuboi, A.; Kihara, N.; Takata, TThem. Eur. J2003 9, 2895-2903.

metathesis reaction employed in the synthesis of the dynamic

[2]catenanell-H-PF;, the preformed macrocycl@ was

employed in the corresponding magic ring synthesis. When

the two complementary macrocycled-H-PF and 2) are

(7) Fuchs, B.; Nelson, A.; Star, A.; Stoddart, J. F.; Vidal, SABgew.
Chem., Int. Ed2003 42, 4220-4224.

(8) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re®001, 34, 18—29.

(9) (a) Kidd, T. J.; Leigh, D. A.; Wilson, A. 1. Am. Chem. Sod.999
121, 1599-1600. (b) Weck, M.; Mohr, B.; Sauvage, J.-P. Grubbs, RJH.
Org. Chem.1999 64, 5463-5471. (c) Arico, F.; Mobian, P.; Kern, J.-M.;

dissolved in CHCI,, catenation of these separate rings is, Sauvage, J.-FOrg. Lett.2003 5, 1887-1890. (d) Iwamoto, H.; Itoh, K;

in the absence of any other species, not possible. Upon th

addition of a catalytic amount df, however, the formation

Org. Lett, Vol. 7, No. 11, 2005

Nagamiya, H.; Fukazawa, Yetrahedron Lett2003 44, 5773-5776. (e)

QNang, L. Y.; Vysotsky, M. O.; Bogdan, A.; Bolte, M."Baner, V.Science

2004 304, 1312-1314.
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(d") in an environment where they are encircled by a crown [2]catenane based upon the secondary dialkylammonium
ether-like macrocycle; two sets of signals are observed,ion/(macrocyclic) polyether recognition system. The syn-

corresponding to thed)- and @)-isomers of the [2]catenane.
Furthermore, signals corresponding to “fré&HM-PF; (b and

c) are observed to diminish in intensity, while others,
corresponding to the [2]catenariEl-H-PF;, increase in
intensity over the course of the observation, with equilibrium
(75% interlocked product) being achieved after only 30

minutes. Formation of this interlocked compound presumably

occurs via a process in which (i) the olefhundergoes a

ring-opening metathesis reaction to form a linear oligoether
species, that (ii) subsequently threads through the ammonium

ion-containing macrocycl8-H-PF; to form a [2]pseudoro-

thesis, under thermodynamic control, of interlocked mol-

ecules allows for the efficient and high-yielding construc-

tion of complex molecular architectures. The extension

of this methodology from simple catenanes and rotaxanes
to larger macromolecular systems is currently under inves-
tigation.
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taxane, prior to (iii) a ring-closing metathesis reaction that cedures and characterization data for compouhds-8,
stitches the ends of the linear component back together, toand 9-H-PR—12-H-PF. This material is available free of

reform a macrocycle with the same constitutior2alat is
now, however, wrapped around the NHcenter of what
was previously9-H-PF;, resulting in the formation of a
[2]catenane, namely,1-H-PFs. In essence, cataly$tenables
the topological isomerization of two noninterlocked rings into
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(13) (a) Glink, P. T.; Schiavo, C.; Stoddart, J. F.; Williams, DChem.
Commun.1996 1483-1490. (b) Cantrill, S. J.; Pease, A. R.; Stoddart, J.

a catenated architecture, reminiscent of the conjurer’s simpleF. J. Chem. Soc., Dalton Tran200q 3715-3734. (c) Clifford, T.;

parlor trick, or, in a more scientific context, the action of
topoisomerasé%on circular double-stranded DNA.

In conclusion, the use of ruthenium-mediated reversible

Abushamleh, A.; Busch, D. HProc. Natl. Acad. Sci. U.S.£2002 99,
4830-4836.

(14) Peaks atn/z = 774 and 760 were observed in the mass spectrum
of the [2]catenané1-H-PFs. The lower mass peak arises from an impurity
in the dibenzylammonium-based macrocy®i-PF;, which is formed

alkene metathesis has been applied to the synthesis of aluring the ring-closing metathesis (RCM) macrocyclization of the diolefin

(10) (a) Wisner, J. A.; Beer, P. D.; Drew, M. G. B.; Sambrook, MJR.
Am. Chem. SoQ002 124, 12469-12476. (b) Hannam, J. S.; Kidd, T. J.;
Leigh, D. A.; Wilson, A. J.Org. Lett.2003 5, 1907-1910. (c) Coumans,

R. G. E.; Elemans, J. A. A. W.; Thordarson, P.; Nolte, R. J. M.; Rowan, A.
E. Angew. Chem., Int. ER003 42, 650-654.

(11) (a) Kilbinger, A. F. M.; Cantrill, S. J.; Waltman, A. W.; Day, M.
W.; Grubbs, R. HAngew. Chem., Int. E@003 42, 3281-3285. (b) Badijic,

J. D.; Cantrill, S. J.; Grubbs, R. H.; Guidry, E. N.; Orenes, R.; Stoddart, J.
F. Angew. Chem., Int. EQ004 43, 3273-3278.

(12) Scholl, M,; Ding, S.; Lee, C. W.; Grubbs, R. Brg. Lett.1999 1,

953-956.
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8. Olefin isomerization prior to the RCM reaction affords a macrocycle
with one methylene deletion, resulting in a 26-membered ring, rather than
the expected 27-membered one.

(15) Further confirmation of the interlocked nature of this [2]catenane
(12-H-PFs) was obtained following acylation of this compound under basic
conditions. The acylated product, in which the mutual recognition expressed
between the two mechanically interlocked rings has been removed, was
proven to be a single species that had not fallen apart, as evidenced by
both NMR spectroscopy and ESI mass spectrometry; see Supporting
Information.

(16) (a) Champoux, J. Annu. Re. Biochem.2001, 70, 369-413. (b)
Wang, J. CNat. Re. Mol. Cell Biol. 2002 3, 430-440.

Org. Lett, Vol. 7, No. 11, 2005



