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Donor-Acceptor Pretzelanes and a Cyclic
Bis[2]catenane Homologue**

Yi Liu, Paul A. Bonvallet, Scott A. Vignon,
Saeed I. Khan, and J. Fraser Stoddart*

Through its exploitation of noncovalent bonding interactions
and self-assembly processes,!! supramolecular assistance to
covalent synthesis®? has established itself as an efficient
means of creating molecules with nanoscale dimensions. For
two decades, researchers have harnessed the power of post-
assembly covalent modification” to produce an array of
mechanically interlocked molecular compounds,m some of
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which have been shown to behave as molecular machines™
and switches® on surfaces and at interfaces, respectively. We
have developed a template-directed® protocol for the con-
struction of [2]catenanes”’ composed of a crown ether
containing m-electron-rich aromatic ring systems and a
tetracationic cyclophane comprised of two m-electron-defi-
cient bipyridinium units. The kinetically controlled protocol
relies on employing the crown ether as the template, around
which the cyclophane is formed!® from reaction of a dicationic
salt with para-xylylene dibromide. If the crown ether is
covalently tethered to this second molecule, then the resulting
cyclization(s) could occur either intramolecularly and gen-
erate a pretzelanel or intermolecularly and generate cyclic or
linear oligo/polycatenanes (Figure 1).

cyclic oligomeripolymer

linear oligomer/polymer

Figure 1. Graphical representations of the formation of a) a pretzelane,
b) a cyclic polycatenane, and c) a linear polycatenane. The gray
components are mt-electron rich and the black (charged) components
are m-electron deficient.

Herein, we report the synthesis of two para-xylylene
dibromide derivatives, which have the same crown ether
component!"”! tethered by different linkers, and describe the
outcome of their reactions with the dicationic salt. It
transpires that, when the dibromide contains a longer—and
more flexible—linker, a pretzelane is obtained in good yields,
as suggested by (dynamic) 'H NMR spectroscopic analyses in
solution and confirmed by X-ray crystallographic studies in
the solid state. By contrast, when the dibromide contains a
shorter—and less flexible—linker, a cyclic bis[2]catenane!'! is
obtained as the major product, along with lesser amounts of a
pretzelane.

The synthesis of the pretzelanes 7-4 PF¢ and 10-4 PF and
the cyclic bis[2]catenane 11-8PFy are outlined in Schemes 1
and 2. Reaction of 1,' which contains a symmetrically
positioned carboxyl group, with an excess of 2 gave the
alcohol 3; subsequent esterification of this alcohol with
another carboxylic acid derivative 4 afforded the dibromide
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namely, planar chirality associated
with the 1,5-dioxynaphthalene
(DNP) ring system and helical

chirality™ arising from the relative
positioning of the two interlocked
rings. This helicity results from the
breaking of symmetry in the tetra-
cationic cyclophane by the phthali-
mido unit. It can be inverted by
rotation of this phthalimido unit
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Scheme 1. The synthesis of the pretzelane 7-4 PF;. DCC= N,N'-dicyclohexyl
4-dimethylaminopyridine.

5 as the key intermediate. Formation of 7-4 PF; was achieved
in 49% yield by stirring 5 and 62PF,*! in DMF (N,N'-

(process II) or by partial pirouet-
ting of the crown ether (process
IIT). The combination of these two
chiral elements gives rise to two
enantiomeric pairs of diaster-
eoisomers. One enantiomeric pair, namely, (pR)-(P)-7"" and
(pS)-(M)-7*, is characterized by having the oxygen atom on
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Scheme 2. The synthesis of the pretzelane 10-4 PF, and the cyclic bis[2]catenane 11-8 PF,, followed by the hydrolysis of their esters to generate the

common [2]catenane 124 PF,.
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Figure 2. Graphical representations of the four possible stereoisomers of the pretzelane 7*" and the three possible dynamic processes (I, Il, and
1) associated with their interconversion.

the DNP ring system, which resides on the same side of the

mean plane of the tetracationic cyclophane as the diimide a)
group, pointing away from this functional group. In the case of
the other enantiomeric pair, (pS)-(P)-7** and (pR)-(M)-7*,
this oxygen atom points toward the diimide group. Not
surprisingly, the (pR)-(P) diastereoisomer is more stable than
the (pS)-(P) isomer.

The X-ray structural analysis'*'”! of a single crystal
obtained by vapor diffusion of iPr,0 into a solution of
7-4PF, in MeCN identified the solid-state structure as
containing an enantiomeric pair of molecules, namely, (pR)-
(P)-7*" and (pS)-(M)-7*, and confirmed their pretzel-shaped
topology (Figure 3). The tetracationic cyclophane is inter-
locked with the crown ether such that 1) the DNP ring system
is sandwiched between the two bipyridinium units, aligned
parallel to each other, with 2) one of these two units also
sandwiched between the DNP ring system, also parallel, and
the resorcinol ring, which is positioned alongside. The mean
interplanar separations are 3.4 A, in keeping with stabilizing
n—m-stacking interactions. The conformation of the molecule
is also stabilized by CH--O interactions!" between two of the
o protons on the inside bipyridinium unit and the nearby
oxygen atoms in the two polyether loops of the crown ether.
Furthermore, the molecular conformation is stabilized by yet
another CH--O interaction between one of the oxygen atoms
in the diethylene glycol linker and one of the hydrogen atoms
on the appropriate methylene group at the corner of the
Fetracat}onlc cyclophane. In addition, there are CH-- a) framework and b) space-filling representations of the pretzelane.
interactions between the naphthalene hydrogen atoms on Purple: the sti-donor units in the crown ether; red: the polyethylene
C4 and C8 and their proximal para-phenylene rings. There are  glycol chains in the crown ether, blue: the tetracationic cyclophane;
no discernable intermolecular stacking interactions. gray: the diethylene glycol chain connecting the two macrocycles.

Figure 3. X-ray crystal structure of the pretzelane 7*" illustrated as
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The partial '"H NMR spectrum of (Figure 4a) 7-4PF,,
recorded in CD;CN, can be interpreted as a racemic
modification of a single diastereoisomer. The relative stereo-
chemistry and topology of this diastereoisomer can be

phthalimide

CD3sCN

R

- O/ppm

Figure 4. Partial "H NMR spectra, recorded in CD;CN at room temper-
ature, showing a) the signals for a-bipyridinium (bipy) and phthalimide
protons in 7-4 PF and b) the change on addition of four equivalents of
the chiral shift reagent Me,NH,:(R)-BINPHAT.

assigned by 2D ROESY spectroscopic analysis!'! to be the
same one ((pR)-(P)-7"/(pS)-(M)-7*") as that observed in the
solid state. The presence of these enantiomers was confirmed
by recording the "H NMR spectrum (Figure 4b) in CD,CN in
the presence of a chiral shift reagent, dimethyl ammonium
bis(tetrachlorobenzenediolato)mono((R)-[1,1']-binaphtha-
lenyl-2,2"-diolato)phosphate(v)?"! (Me,NH,(R)-BINPHAT).
Addition of four equivalents of Me,NH,:(R)-BINPHAT to a
solution of 7-4PF; in CD;CN results in the resonances for
seven of the eight a-bipyridinium protons and the two
phthalimido protons not only undergoing changes in chemical
shift but also separating into two independent sets of equal
intensity signals, which is commensurate with the formation of
diastereoisomeric salts in approximately equal amounts.

Dynamic 'H NMR spectroscopic analysis was performed
on this pretzelane in CD;SOCD;. At room temperature, all of
the protons are heterotopic and so give rise to well-resolved
signals, thus indicating that any degenerate exchange proc-
esses are slow on the 'HNMR timescale. Heating a
CD;SOCD; solution of 7-4PF¢ up to 120°C (Figure Sa—d)
causes the resonances® to begin to coalesce as a result of
several site-exchange processes, including 1) reorientation
(process I) of the DNP ring system outside the cyclophane’s
cavity, 2) a 180° rotation (process II) of the phthalimido unit
about the ~CH,ArCH,— axis, and 3) pirouetting (process III)
of the crown ether whereby its resorcinol unit moves from one
bipyridinium unit around the tetracationic cyclophane to the
other one. Since neither process I nor II are associated with
degeneracy, they must occur as a pair, namely, processes I +
II. The occurrence of this highly coordinated process is not
unreasonable on the basis of a molecular modeling study: it
suggests that the DNP ring system has to leave the cyclo-
phane’s cavity so that process II can occur.

Probe protons were chosen in 7** to measure kinetic and
thermodynamic data separately for processes I+1II and
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Figure 5. Partial 'H NMR spectra of a solution of 7-4 PF in CD,COCD,
at a) 298, b) 343, c) 363, and d) 393 K, thus indicating the coalescence
of the a- and PB-bipyridinium protons and the phenylene protons. The
unmarked, low-intensity peaks observed at 393 K are a result of
decomposition of 7-4 PF, at this temperature.

process III. The two diastereotopic protons on the 5-substi-
tuted resorcinol ring only undergo site exchange when
processes I and II operate in tandem, while the two diaster-
eotopic protons on the phthalimido unit experience site
exchange as a result of process III. Spin-saturation transfer
experiments??! performed at 301 K on these two pairs of
probe protons gave®! AG values of 17.5 and 17.6 kcalmol ™.
The fact that these free energy barriers (AG™) are virtually
identical (within experimental error) suggests that one
process (I) is rate-limiting and that one or both of the other
two processes (II and IIT) follow quickly.

In the case of 10-4PF, and 11-8 PF,, ESI mass spectrom-
etry provided unambiguous evidence for their monomer—
dimer relationship. Although they both reveal peaks at
m/z 1681, 768, and 464 (Table 1), the charges carried by these
ion fragments are different: the peaks for the former
(10-4 PF;) are singly, doubly, and triply charged, thus corre-
sponding to the loss of one, two, and three PF, ions,
respectively, from a pretzelane-like constitution with a
molar mass of 1826 Da, while the peaks for the latter
(11-8 PF;) are doubly, quadruply, and sextuply charged, thus
corresponding to the loss of two, four, and six PF4~ ions,?4
respectively, from a compound with a molar mass of 3652 Da

Table 1: Characterization® of 10-4PF, and 11-8PF; by ESI mass
spectrometry.

Compounds Number of PF,~ counterions lost

1 2 3 4 5 6 7
10-4 PF, 1681 768 464 312 - - =
(M,=1826)  (05) (61)  (100) (31)
11-8 PFg - 1681 1072 768 586 464 377
(M, =3652) 05) (15) (100 (78) (84) (18)

[a] Data are presented as m/zratio and (relative abundance (%)).
Molecular weight and m/z values apply to the average mass of any
isotope distribution and are based on a scale in which ?C=12.000.
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and the constitution of a cyclic bis[2]catenane. To verify their
mechanically interlocked topology, both compounds were
subjected to acid-catalyzed hydrolysis of the ester linkage
between the macrocyclic polyether and the tetracationic
cyclophane. Heating 10-4PF¢ and 11-8PFy in CD;CN/D,O
solutions at 70°C for one day in the presence of one drop of
HCI afforded a single product,® namely, the [2]catenane
12-4PF, in each case. These observations provide chemical
proofs of the mechanically interlocked topologies of 10-4 PF,
and 11-8 PF,.

This exploratory study has established that the pretzelane
topology can be generated® using appropriately CH-O-
augmented donor—acceptor interactions as the recognition
motif for templating the syntheses of dynamic pretzelanes.
The fact that the barrier to enantiomerization between (pR)-
(P)-7"* and (pS)-(M)-7** is approximately 17.5 kcalmol ™
augurs well for introducing electrochemically switchable,
metastable diastereoisomerism into bistable pretzelanes in
which one of the bipyridinium units in the tetracationic
cyclophane is replaced with a chemically modified one.

Experimental Section
7-4PFg: A solution of 527 (0.45 g, 0.41 mmol) and the dicationic salt
62PF* (0.39 g, 0.55 mmol) in DMF (10 mL) was stirred at room
temperature for 5 days. Diethyl ether (200 mL) was added to the
reaction mixture to ensure precipitation of the crude product. The
precipitate was isolated by vacuum filtration and subjected to column
chromatography on silica gel (MeOH/aqueous NH,Cl (2M)/MeNO,,
7:2:1). Purple fractions containing the product were combined and
concentrated. Solid NH,PF, was added to the residue to precipitate
7-4PF, as a purple solid (0.39g, 49%). M.p.195°C (decomp);
'HNMR (CD;CN, 500 MHz, 298 K): 6=9.27 (d, J=6.6 Hz, 1H),
9.19 (d, J=6.6Hz, 1H), 8.88 (d, J=6.6 Hz, 1H), 8.73 (d, /] =6.6 Hz,
1H), 8.65-8.59 (m, 3H), 8.54 (d, /=83 Hz, 1H), 8.43 (d, /=83 Hz,
1H), 8.05 (d, /=8.1 Hz, 1H), 8.00-7.92 (m, 3H), 7.43 (dd, /=81,
2.4Hz, 1H), 7.41 (dd, J=8.1, 2.4 Hz, 1H), 7.38 (dd, J=8.1, 2.4 Hz,
1H),7.36 (dd,J=8.1,2.4 Hz, 1H), 7.28 (dd, /=8.1,2.4 Hz, 1H), 7.27
(dd, /=81, 2.4 Hz, 1H), 7.00 (dd, J=8.1, 2.4 Hz, 1H), 6.95 (t, J=
1.5Hz, 1H), 6.81 (t, /J=1.5Hz, 1H), 6.67 (d, J=13.7 Hz, 1H), 6.62—
6.60 (m,2H),6.29 (d,/=79 Hz,1H), 6.24 (d,/=7.9 Hz, 1H), 6.02 (t,
J=79Hz, 1H), 5.91-5.85 (m, 3H), 5.78-5.73 (m, 4H), 5.71 (t, /=
1.5Hz, 1H), 5.61 (t, /J=7.9 Hz, 1H), 4.86 (d, J=17.1 Hz, 1H), 4.83
(dd,J=12.5,2.5Hz,1H), 4.62 (dd, J=12.5,2.5 Hz, 1H), 4.54 (d, J =
17.1 Hz, 1H), 4.52-3.45 (m, 36 H), 3.29 (dd, J =11.4,2.5 Hz, 1 H), 3.07
(dd, /=114, 2.5Hz, 1H), 2.50 (d, J=8.1 Hz, 1H), 2.44 ppm (d, J =
8.1 Hz, 1H); MS(ESI): m/z1783.4 [M—PF4|*, 818.9 [M—2PF,*,
497.6 [M—3PFs**; HRMS(ESI): m/z calcd for C;;HgN;O,PsFq
[M—PFE]*: 1782.4547, found: 1782.4559.

10-4PF; and 11-8PF,: A solution of 9% (0.31 g, 0.31 mmol) and
62PF* (0.22 g, 0.31 mmol) in DMF (10 mL) was stirred at room
temperature for 5 days. The solvent was removed under reduced
pressure and the residue was subjected to column chromatography on
silica gel. The fractions containing 10-4 PF, were collected using
MeOH/aqueous NH,Cl (2M)/MeNO, (7:2:1) as the eluent. The
second set of fractions, containing 11-8 PF,, were collected using
MeOH/aqueous NH,Cl (2M)/MeNO, (2:2:1) as the eluent. Solid
NH,PF; was added to the residues to precipitate 10-4PF; (76 mg,
14 %) and 11-8 PF, (113 mg, 20 %) as brown solids.

10-4 PF,: M.p. 232°C (decomp); 'H NMR ([D4]DMSO, 500 MHz,
363 K): 0=9.13-9.06 (m, 6H), 8.69 (s, 2H), 8.38 (brs, 2H), 8.12 (s,
4H),7.83 (brs,2H), 7.81 (d,/=7.9 Hz, 2H), 7.66 (d, ] = 6.6 Hz, 2H),
7.59 (m, 4H), 7.37 (t, J=7.9 Hz, 2H), 6.97 (d, /=7.9 Hz, 2H), 6.64
(brs, 2H), 6.44 (s, 1H), 6.22-5.80 (m, 8 H), 5.30-3.44 ppm (m, 36 H).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

11-8 PF: M.p. 244°C (decomp); '"H NMR ([Ds]DMSO, 500 MHz,
363 K): 6=9.22 (d, J=6.4 Hz, 8H), 9.01-8.78 (m, 8H), 8.78 (s, 4H),
8.17 (s, 8H), 7.84-7.60 (m, 12H), 7.10-6.93 (m, 4H), 6.53 (s, 4H), 6.35
(brs, 4H), 630 (d, J=8.3 Hz, 8H), 5.90 (br. s, 8H), 5.83 (brs, 4H),
5.49 (s,2H), 5.34 (s, 4H), 5.07 (s, 4H), 4.45 (brs, 8H), 4.28 (brs, 8H),
4.11 (brs, 8H), 4.01 (brs, 8H), 3.93-3.46 (m, 32H), 2.58 ppm (d, /=
8.3 Hz, 4H).
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