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Desymmetrized [2]catenanes were synthesized and shown to exhibit excellent translational selectivity. The templated synthesis takes effect
from the formation of pseudorotaxanes between  m-rich crown ethers and a  s-deficient pyromellitic (Pml) unit, followed by macrocyclization
around the crown ethers with the creation of a bipyridinium (BPy) unit. The crown ethers preferably encircle the BPy unit in the resulting
[2]catenanes in both solution and the solid state, as indicated by various spectroscopic analyses.

Since the first templated synthé'sisf [2]catenanes, inter-  bonding interaction3,have been well adapted in the tem-
locked molecular systerhsan now be obtained efficiently  plated synthesis of interlocked molecules. Synthesis of the
relying on supramolecular assistance to covalent synthesisdonor—acceptor [2]catenane4PFk (Scheme 1) that was
Molecular recognition forces, such as doracceptor in- pioneered by Stoddart et al. represéng important
teractions metal-ligand coordinatiorf,and amide hydrogen-  milestone in this field. The two macrocyclic components of
1-4PF are held together at large by living doreacceptor
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#The Molecular Foundry, Lawrence Berkeley National Laboratory.  (BPY) cyclophane and a-electron-rich crown ether mac-
s Jniversity of California, Lgify'.“”ge'es- rocycle. Mechanical motions generated from intercomponent
(1) (a) Dietrich-Buchecker, C. O.; Sauvage, JGPem. Re»1987,87, movements render these nanoscale objects ideal candidates

795-810. (b)Templated Organic Synthesiiederich, F., Stang, P. J., Eds.;  for molecular level switches. Indeed, molecular machines
Wiley-VCH: Weinheim, Germany, 1999.

(2) (a) Schill, G.CatenanesRotaxanesand Knots; Academic Press:

New York, 1971. (bMolecular CatenangsRotaxanesand Knots Sauvage, (5) (@) Hunter, C. AJ. Am. Chem. Sod992 114 5303-5311. (b)

J.-P., Dietrich-Buchecker, C. O., Eds.; Wiley-VCH: Weinheim, Germany, Johnston, A. G.; Leigh, D. A.; Pritchard, R. J.; Deegan, M.Ahgew.

1999. Chem. Int. Ed. Engl.1995,34, 1209—1212. (c) Vogtle, F.; Dunnwald, T.;
(3) (@) Amabilino, D. B.; Stoddart, J. Ehem. Rev1995,95, 2725- Schmidt, T.Acc. Chem. Red.996,29, 451—460.

2828. (b) Hamilton, D. G.; Sanders, J. K. M.; Davies, J. E.; Clegg, W.; (6) Ashton, P. R.; Goodnow, T. T.; Kaifer, A. E.; Reddington, M. V;
Teat, S. JChem. Commuril997, 897—898. (c) Hamilton, D. G.; Feeder,  Slawin, A. M. Z.; Spencer, N.; Stoddart, J. F.; Vicent, C.; Williams, D. J.
N.; Prodi, L.; Teat, S. J.; Clegg, W.; Sanders, J. K. MAm. Chem. Soc. Angew. Chemlnt. Ed. Engl.1989,28, 1396—1399.
1998,120, 1096—1097. (7) (a) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. Angew.
(4) (a) Fujita, M.; Ibukuro, F.; Hagihar, H.; Ogura, Kature1994 367, Chem.,Int. Ed. 2000, 112, 3484—3530. (b) Dietrich-Buchecker, C. O.;
720—723. (b) Dietrich-Buchecker, C. O.; Colasson, B.; Fujita, M.; Hori, Jimenez-Molero, M. C.; Sartor, V.; Sauvage, JPBre Appl. Chem2003,
A.; Geum, N.; Sakamoto, S.; Yamaguchi, K.; Sauvage, J.-Rm. Chem. 75, 1383—1393. (c) Balzani, V.; Credi, A.; Venturi, Mlolecular Devices
S0c.2003,125, 5717—-5725. (c) Fuller, A.-M.; Leigh, D. A.; Lusby, P. J.;  and Machines—A Journey into the Nano Wontliley-VCH: Weinheim,
Oswald, I. D. H.; Parsons, S.; Walker, D. Bngew. ChemInt. Ed. 2004, Germany, 2003. (d) Kay, E. R.; Leigh, D. A.; Zerbetto,Ahgew. Chem.,
43, 3914—3918. Int. Ed.2007,46, 72-191.

10.1021/0l070970s CCC: $37.00  © 2007 American Chemical Society
Published on Web 05/27/2007



Scheme 1. Introducing Translational Isomerism by Varying
the Donors or Acceptors in the [2]CatenahdPFk

and molecular switchéf such kinds have found many
applications, including molecular memoriesanovalved?
and molecular musclés.

Desymmetrized [2]catenari@serve as a role model of
controllable molecular motor$ Efficient rotary movements
can be implemented only if precise control of translational

isomerism is achieved. The synthesis of such compounds

remains challenging as it requires the selection of the right
recognition pairs with different strength and their proper
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assembly. A nice example®isthe switchable [2]catenane
2-4PF (Scheme 1). By differentiating the twe-donors on
the crown ether macrocycle, precise translational selectivity
was achieved to give a nearly “all-or-nothing” situation.
Another way to implement control over the translational
isomerism is to include two different-accepting units.
Neutralsz-deficient units, such as pyromellitic diimide (Pml)
and naphtho-diimide (Npl), have been uSeb-acceptors
in [2]catenane synthesis. The considerably differersc-
cepting ability between Pml and BPy uii&prompts us
to designate desymmetrized [2]catenanes incorporating these
components. Here we report (1) the templated syntheses of
two such [2]catenanes that (2) exist as a single translational
isomer as expressed in the form of a preference for crown
ether component to encircle the BPy unit in both solution
and solid states.

Scheme 2. Synthesis of Two [2]Catenanes and the Related
Translational Isomerism
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The synthesis (Scheme 2) was first attempted by reacting
a Pml containing dibromid&, 4,4'-bipyridine (4), and a
hydroquinone (HQ) containing crown ether, piphenylene-
[34]crown-10 (BPP34C10), in DMF for 3 days. Although
no noticeable color change occurred upon mixing the
dibromide3 and BPP34C10 owing to weak doraacceptor
interactions, a red color gradually developed overnight,
suggesting the formation of bipyridium and its inclusion in
the BPP34C10 cavity. After counterion exchange with an
acetone/NEPF; mixture, the [2]catenang 2Pk was isolated
as a red solid in 30% vyield. Similarly, when the more
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electron-rich crown ether 1,5-dinaphtho[38]crown-10 (1/
5DN38C10) was used, the [2]caten&@Pk was isolated
as a purple solid in 52% vyield.

The electrospray ionization (ESI) mass spectr&-@Pk
and 6-2PF reveal singly charged peaks @tz 1260.2 and
1359.5, and doubly charged peaksvaz 557.6 and 607.2,
corresponding to the loss of one and twogPRons,
respectively. The UVvis spectrum of5-2PF in Me,CO
shows a broad charge-transfer (CT) band at 448 nm (e
= 230 Mt dm™Y), characteristic for a BPy unit situated in
the cavity of BPP34C10 Similarly, the purple solution of
6-2PFK has a CT absorption dt= 508 nm ¢ = 230 M!
dm™1), consistent with the BPy unit being included in the
1/5DN38C10 cavity#
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=

Figure 1. Stick representation of X-ray structures and structural
formula of (a) [2]catenan&?t and (b) [2]catenan&?". Hydrogen
atoms and counterions are omitted for clarity.

The preference of a BPy unit being included in the crown’s

cavity is also indicated by X-ray structural analy$ishe
crystal structure of6-2PF (Figure 1a) indicates that the
dicationic cyclophane is interlocked with the crown ether

such that (1) the 1,5-dioxynaphthalene (DNP) ring system
is sandwiched between the nearly parallelly aligned BPy unit
and the Pml unit with (2) the BPy unit sandwiched between
the parallelly aligned DNP ring systems. The mean inter-

planar separations are 3.3 A, in keeping with stabilizing
[z—m] stacking interactions. The two pyridinium ring
systems are twisted with an angle of 10ahd the distance
between the two quatery'N\centers is 7.02 A. The Pml unit

is not strictly coplanar, with a dihedral angle between the

mean planes of the diimide rings of 8.2The distance
between the two N atoms of the Pml unit is 6.75 A. The

conformation is also stabilizétby various [C—H---O] and
[C—H---7] interactions. Similarly, the stacked array of
complementary donor—acceptors is also observed in the
crystal structure of5-2PR!® (Figure 1b). Intermolecular
packings along the axes of the dor@icceptor stacks are
present in both cases.

IH NMR spectroscopy also provided insightful information
for the relative location of the two ring components. The
resonances of spectra 82PF or 6-2PF are assignable to
one single translational isomer. The “inside” and “outside”
HQ or DNP ring systems iB-2PF or 6:2PF are (Figure 2)
clearly discernible, suggesting that the site exchange between
HQ or DNP ring systems is slow at thel NMR time scale.
The “inside” and “outside” HQ protons &-2PFK resonate
as two singlets ab 6.26 and 3.80, respectively. In the case
of 6:2PF;, the resonances of the two DNP ring systems are
expressed in the usual doublet—triplet—doublet coupling
pattern. Characteristically, theyjslof the inside DNP ring
system appears as a doubleta2.95 ppm (inset in Figure
2b) as a result of the shielding effect from the nearby
dicationic cyclophane. In contrast 82PF;, all except the
Pml protons of the dicationic cyclophane62PF become
diastereotopic. The chemical unequivalence océues a
result of the localC, symmetry imposed from the DNP ring
system on the dicationic cyclophane.
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Figure 2. Partial 'lH NMR spectra of (a)5-2PF at 297 K, (b)
6:2PFK at 297 K, and (cp-2PFK at 193 K.

The observation of only one single set of resonances in
both5-2PF and6-2PF implies that one translational isomer

(16) Multiple [C—H---O] interactions are observed between several
oxygen atoms in the polyether loops of the crown ether andocoB&y
proton, onep-phenylene proton, and one methylene proton of the dicationic
cyclophane. The associated-fHD] distances are 2.61, 2.50, and 2.47 A,

(15) Red crystals suitable for X-ray single crystal analysis were obtained respectively. The corresponding{Ei---O] angles are 165127 and 134.

after diffusion of ether into a M€€O solution of5-2PF. Purple crystals of
6-2PF were obtained from a MeCN solution after diffusion of diisopropyl

In addition, there is [€H---x] interaction between one of the H-4/8 protons
of the “inside” DNP ring system and its proximpiphenylene ring. The

ether. For more crystallographic information, please see the crystallographic distances between the H atom and the centme@ectron plane is 2.54 A,

information files in the Supporting Information.
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and the corresponding feH---x] angle is 149.
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The demonstrated selectivity can be well understood in
terms of the significantly different electronic properties
between Pml and BPy units. An electrostatic potential surface
analysid® (Figure 3) of two model compounds, Paraquat and
N,N’-dimethylpyromellitic diimide, clearly indicates that a
BPy unit is more electron deficient than a Pml unit.
Correspondingly, the BPy unit is more prone to stack with
the r-donor units from the crown ether component than the
Pml unit. Significantly different binding constants of these
units toward crown ethers are reported previously. For
example, the binding constant for a Pml derivative and
1/5DN38C10 is only 21 M* and is increased to 210 Min
the presence of L3¢ while the binding constant for a BF
salt of dibenzylviologen and 1/5DN38C10 is 20 000 W*
Such noncovalent bonding strength difference matches well
with the acceptors’ electron deficiency and possibly accounts
for the excellent translational selectivity expressed in these
desymmetrized [2]catenanes.

We have developed an efficient synthesis of desymme-
trized [2]catenanes with precise control of translational
isomerization. The engaged recognition units compose a fine
set of modules where a balance is realized between tem-
Figure 3. Electrostatic potential surfaces of two model compounds, Plating and achieving translational selectivithe donor—
paraquat (left) an®ll,N'-dimethylpyromellitic diimide (right). Blue acceptor interaction between Pml and crown ether is strong
represents positive electrostatic potential and red stands for negativeenough to template the catenation while it is weak enough
electrostatic potential. The surfaces were optimized with the {g pe outperformed by the generated BPy unit. The demon-
MMFF94x force field. . L ’ .

strated excellent translational selectivity could lead to high
fidelity molecular switches for usage in the growing field
of molecular electronics. Electrochemical- and photochemi-

is dominant at this temperature, while the possibility cannot o : :
. cal-switching behavior of these catenanes are currently being
be excluded where the two isomers undergo fast exchange

such that only an averaged spectrum is observed. To Verifymvestlgated.
that, the temperature is further lowered-t80 °C, at which

point the site exchange should be slow end@gh capture Acknowledgment. This work was performed at the
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center of the crown ether component, or the outer DNP ring system can [0f the preparation o8, 5-2PF, and6-2PF, and UV—vis
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