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The first pseudocryptand-type supramolecular [3]pseudorotaxane was designed and prepared via the self-assembly of a bispicolinate BMP32C10
derivative and a bisparaquat. The complexation behavior was cooperative. In addition, the complex comprised of the BMP32C10 derivative and a
cyclic bisparaquat demonstrated strong binding; interestingly, a poly[2]pseudocatenane structure was formed in the solid state for the first time.

In supramolecular chemistry, pseudorotaxanes are the
supramolecular mechanically linked species constructed
from linear molecular components (“Guests™) encircled by
macrocyclic components (“Hosts”). Pseudorotaxanes are
not only the fundamental precursors for the preparation of
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novel supramolecular species, such as rotaxanes, catenanes,
polyrotaxanes and polycatenanes,' but also are applied as
functional materials, such as molecular machines, drug
delivery devices, and so on.> Therefore, the design and
preparation of pseudorotaxanes, especially with novel topol-
ogies, have been topics of current interest.> Crown ethers and
derivative cryptands, such as 1, and paraquat derivatives (N,
N'-dialkyl-4.4’-bipyridinium salts), e.g., linear bisparaquat
2 and cyclobis(paraquat-p-phenylene) (CBPQT) 3, have
been widely employed to construct pseudorotaxanes and
catenanes (Scheme 1).° Cryptands, e.g., 1d, have been proved
to be much better hosts for paraquat derivatives compared

(3) (a) Gibson, H. W. In Large Ring Molecules; Semlyen, J. A., Ed.;
John Wiley & Sons: New York, 1996; p 191. (b) Raymo, F. M.; Stoddart,
J. F. Chem. Rev. 1999, 99, 1643-1664. (c) Harada, A. Acc. Chem. Res.
2001, 34, 456-464. (d) Hernandez, J. V.; Kay, E. R.; Leigh, D. A. Science
2004, 306, 1532-1537.

(4) Shen, Y. X.; Engen, P. T.; Berg, M. A. G.; Merola, J. S.; Gibson,
H. W. Macromolecules 1992, 25, 2786-2788.

(5) (a) Huang, F.; Fronczek, F. R.; Gibson, H. W. J. Am. Chem. Soc.
2003, /25,9272-9273. (b) Huang, F.; Guzei, 1. A.; Jones, J. W.; Gibson,
H. W. Chem. Commun. 2005, 1693-1695. (c) Bigot, J.; Bria, M.;
Caldwell, S. T.; Cazaux, F.; Cooper, A.; Charleux, B.; Cooke, G.;
Fitzpatrick, B.; Fournier, D.; Lyskawa, J.; Nutley, M.; Stoffelbach,
F.; Woisel, P. Chem. Commun. 2009, 5266-5268. (d) Stephenson, R. M.;
Wang, X.; Coskun, A.; Stoddart, J. F.; Zink, J. 1. Phys. Chem. Chem.
Phys. 2010, 12, 14135-14143. (¢) Hmadeh, M.; Fahrenbach, A. C.; Basu,
S.; Trabolsi, A.; Benitez, D.; Li, H.; Albrecht-Gary, A.-M.; Elhabiri, M.;
Stoddart, J. F. Chem.—Eur. J. 2011, 17, 6076—6087.



Scheme 1. Structures of Crown Ethers 1la—c, Cryptand 1d, and
Bisparaquats 2 and 3
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with the corresponding simple crown ethers, e.g., 1a.° Re-
cently, we reported the first supramolecular cryptand-type
[2]pseudorotaxanes based on synthetically easily accessible
bis(m-phenylene)-32-crown-10 (BMP32C10) derivatives, in-
cluding 1e¢, and a paraquat derivative with remarkably
improved association constants due to the formation of
pseudocryptand structures in the complexes.” Inspired by
these results, here we report the design and self-assembly of a
pseudocryptand-type supramolecular [3]pseudorotaxane via
cooperative complexation between BMP32C10 dipicolinate
derivative 1¢ and bisparaquat 2. Moreover, complexation of
1c and cyclic bisparaquat 3 produced the first “hook-ring”
poly[2]pseudocatenane in the solid state.

The individual solutions of 1¢ and 2 in acetone-ds were
colorless; however, the mixed solutions of 1cand 2 in acetone-
dg were deep yellow due to the charge-transfer interaction
between the electron-rich aromatic rings of 1c and the
electron-poor pyridinium rings of 2, good evidence for com-
plexation. "H NMR spectra of the mixed solutions of 1¢ and 2
displayed only one set of peaks, indicating the complexation
was a fast exchange process (Figure 1). After complexation,
peaks corresponding to Hs, Hy, Hs, Hg, H7, and Hg of 1c and
le, sz, Hp3, Hp4, HpSa and Hp6 of 2 moved upﬁeld, while
H,, H, and H;; of 1e¢ and Hy; of 2 moved downfield, as
normally observed in similar complexes.’~’

The stoichiometry of the complex between dipicolinate
host 1c and linear bisparaquat 2 was determined to be 2:1
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Figure 1. Partial proton NMR spectra. Upper stacked spectra
(400 MHz, acetone-d, 25 °C): (a) 1¢; (b) 1c and 2 ([1¢]y = 0.95
mM, [2], = 0.50 mM); (c) 2. Bottom stacked spectra (500 MHz,
acetonitrile-ds, 25 °C): (d) 1¢; (e) 1c and 3 ([1c]p = [3]p = 2.18
mM); (f) 3.

by a molar ratio plot (Figure 2)* and confirmed by an
electrospray ionization mass spectrum (ESI-MS): m/z
1174.84 [1c5-2 — 2PF¢ + HJ*", 1101.73 [1cp-2 — 3PFg*T,
734.85 [1¢;-2 — 3PF, + HPT, 514.94 [1c,-2 — 4PF4 +
H]*".° It should be noted here that the stoichiometry
between the BMP32C10 diol 1b, which is the precursor
of 1¢, and 2 was reported as 1:1, while the stoichiometry
between BMP32C10 cryptand 1d and 2 was reported as 2:1
in the same solvent.”® This observation provided an in-
dication of the formation of a cryptand-like structure in the
1c-2 complex.

The value of A, the chemical shift difference for H,; of 2
between the uncomplexed and fully complexed species was
determined to be 0.137 ppm by extrapolation of a plot of A,
the chemical shift difference for H,; between solutions of
the uncomplexed and partially complexed 2, versus 1/[1¢],
in the high initial concentration range of 1¢.” The com-
plexed fraction, p, of the bisparaquat 2 can be calculated from
p = AJA,. Based on a Scatchard plot, K; was estimated
to be 6.0 £ 0.9 x 10> M~! and K, was determined to be
8.1 £ 0.7 x 10> M ! in acetone-dg.'° The ratio K»/K, =

(8) (a) Tsukube, H.; Furuta, H.; Odani, A.; Takeda, Y.; Kudo, Y.;
Inoue, Y.; Liu, Y.; Sakamoto, H.; Kimura, K. In Comprehensive
Supramolecular Chemistry; Atwood, J. L., Davies, J. E. D., MacNicol,
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J. Chem. Educ. 1992, 69, 833-837.
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Figure 2. Upper plot: mole ratio plot for 1¢ and 2. Bottom plot:
Scatchard plot for complexation of 1¢ with 2. P = fraction of
bisparaquat 2 units complexed. Error bars in p: 0.03 absolute.
Error bars in p/[1c]: £0.06 relative. The polynomial fit line is
simply to guide the reader’s eyes. The experiment was performed
in acetone-dg at 22 °C.

1.35 is much higher than the value of 0.25 expected for
statistical complexation, indicating that the complexation
between 1c and 2 is cooperative.'" In addition, K> and K;
are much higher than the K, (6.3 x 10> M, in acetone-
dg)* between precursor 1b and 2 due to the formation of a
pseudocryptand structure in the complex, as confirmed by
the X-ray analysis (see below).

X-ray diffraction analysis of a crystal of the complex of
1c with 2 (Figure 3), which was grown via the vapor-
diffusion of pentane into an acetone solution, confirmed
the stoichiometry between 1¢ and 2 and demonstrated the
formation of a pseudocryptand-type supramolecular
[3]pseudorotaxane structure. In the complex, two mole-
cules of 1¢ form a pseudocryptand structure by folding the
pyridyl arms; the pyridyl rings interact via offset face-to-
face sr-stacking.'? The bisparaquat molecule 2 is threaded
through the central cavity of the pseudocryptand 1c. The
complex is stabilized by hydrogen bonds between pyridyl
rings, ether oxygen atoms, and the hydrogen atoms of the
bisparaquat, offset m—s stacking between pyridyl rings,
aromatic rings of 1¢ and pyridinium rings of 2, and CH—x

(11) (a) Marshall, A. G. In Biophysical Chemistry: Principles, Tech-
niques, and Applications; John Wiley & Sons: New York, 1978; pp 70—77.
(b) Freifelder, D. M. Physical Biochemistry; W. H. Freeman and Co.: New
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New York, 1987; pp 78—86.
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5525-5534. (b) Hohenstein, E. G.; Sherrill, C. D. J. Phys. Chem. A 2009,
113, 878-886.
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Figure 3. Two views of the X-ray structure of 1c,-2. Oxygen
atoms are red. Carbon atoms are black. Nitrogen atoms are
purple. Hydrogen atoms are green. leis red. 2 is green. The same
settings are used in the following crystal structures. Solvent
molecules, PF¢™ ions, and hydrogens except the ones involved in
hydrogen bonds were omitted for clarity. Pink dashed lines
represent the CH- interactions. Selected hydrogen-bond para-
meters: H---O(N) distances (A), C---O(N) distances (A),
C—H---O(N) angles (deg): a 2.59, 3.29, 130.691; b 2.50, 3.37,
151; ¢ 2.32,3.10, 138; d 2.46, 3.35, 149; € 2.69, 3.55, 155; £2.40,
3.34, 159. All the hydrogen bonds are omitted for clarity in b.

interactions. It should be noted here that the carbonyl
oxgen atoms of one host 1¢ form intermolecular hydrogen
bonds (bond d in Figure 3) with the H; of the other
threaded 1c¢ molecule. This favors the threading of the
second 1e molecule and leads to cooperative complexation.
Another possible reason for the cooperative complexation
is that the threading of the first crown ether 1¢ molecule
restricts the conformational freedom of bisparaquat 2 by
forming hydrogen bonds (bonds ¢ and f in Figure 3) and
CH-m interaction (CH—centroid 2.68 A) between the first
threaded crown ether 1c and bisparaquat, thereby favoring
the threading of the second host molecule.

Similarly, the mixed solutions of dipicolinate 1e and
CBPQT 3 in acetonitrile-ds were deep yellow due to the
charge-transfer interaction between the electron-rich aro-
matic rings of 1¢ and the electron-poor pyridinium rings of
3, indicating complexation. "H NMR spectra of solutions
of 1c and 3 displayed only one set of signals (Figure 1),
indicating fast exchange. Upon complexation, signals
corresponding to H; and Hy of 1¢ and Hy,; and Hy, of 3
moved upfield, while H], Hz, H3, Hg, Hl()v and H“ of 1c
moved downfield as normally observed in similar
complexes.>~" A Job plot (Figure 4)'* showed that the
stoichiometry of the complex between 1c and 3 was 1:1 and

(13) Job, P. Ann. Chim. Appl. 1928, 113-203.
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Figure 4. Job plot showing 1:1 stoichiometry of the complex
between 1c¢ and 3 in acetonitrile-d;. [1¢]y + [3]o = 2.18 mM.

the stoichiometry was confirmed by an electrospray ioni-
zation mass spectrum (ESI-MS): m/z 808.44 [1c-3 —
2PF¢*", 735.79 [1c+3 — 3PF4)* ", 490.66 [1c-3 — 3PF¢* .’
K, was determined to be 1.7 + 0.2 x 10* M~! in aceto-
nitrile-d; based on the proton NMR data.'

Interestingly, X-ray analysis of a single crystal of the
complex 1c- 3, which was grown via the vapor-diffusion of
diisopropyl ether into an acetonitrile solution, showed
that complex 1¢-3 forms a “hook-ring” shaped poly-
[2]pseudocatenane structure in the solid state (Figure 5).
Different from other crown ether/paraquat complexation
systems in which crown ethers always are the hosts, in this
system the crown ether 1c acts as a guest and is threaded
through the central cavity of CBPQT 3, which acts as a
host. A 1c¢-3 repeating unit was formed accordingly. One
pyridyl arm of crown ether 1¢ interacts with one paraquat
side of 3 in the repeating unit and leaves the other paraquat
side of 3 open. At the same time, the other pyridyl arm of 1¢
acts as a “hook” to interact with the open paraquat side of
host 3 ring in an adjacent repeating unit. Also, there is a
hydrogen bond between 1¢ and a host 3 belonging to an
adjacent repeat units. Therefore, 1c¢+3 units are linked
together. In addition, H;; of one pyridyl arm of 1c forms
a hydrogen bond with the carbonyl oxygen of the other
pyridyl arm on the same 1c. Two PFg4 counterions act as
hydrogen bonding bridges, interacting with both pyridyl
arms of lc and a paraquat side of host 3, forming a
pseudocatenane structure.> As a result, a poly[2]pseudo-
catenane was formed and stabilized by hydrogen bonds,
offset m—umr stacking between aromatic rings of 1¢ and
pyridinium rings of 3 and CH—ux interactions between

(14) "TH NMR characterizations were done on solutions with con-
stant [1¢] and varied [3]. Based on these NMR data, A, the difference in
0 values for proton H; of 1c¢ in the uncomplexed and fully complexed
species, was determined to be 0.930 ppm as the y-intercept of a plot of
A = 0 — 9, vs [1¢c]o/[3]o in the high initial concentration range of 3. K,
was calculated from K, = (A/Ao)/[(1 — A/Ao)([3]o — A/Ao [1c]o). A/A
values between 0.2 to 0.8 were used. When the ratio of [3]y/[1¢c]y was
higher than 7.9/1, no further chemical shift change was observed, and 1¢
was considered to be fully complexed.
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13159. (b) Zhu, X.-Z.; Chen, C.-F. Chem.—Eur. J. 2006, 12, 5603-5609.
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3499-3508.
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Figure 5. (a) X-ray structure of poly(lc-3). 1c is red. 3 is blue.
Solvent molecules, PF4~ ions and hydrogen atoms except the
ones involved in hydrogen bonding have been omitted for
clarity. Selected hydrogen-bond parameters: H- - - O(F, N) dis-
tances (A), C- - -O(F, N) distances (A), C—H- - - O(F, N) angles
(deg): £2.58,3.22,122; g2.59, 3.44,155;h 2.41,3.33, 166;12.73,
3.35, 124; j 2.46, 3.35, 134. (b) Cartoon representation of the
supramolecular structure.

the Hg protons of 1¢ and aromatic rings of 3 (CH—centroid
2.94 A). To the best of our knowledge, this is the first
poly[2]pseudocatenane to be reported.

In summary, for the first time, we demonstrated a
pseudocryptand-type supramolecular [3]pseudorotaxane
based on a BMP32C10 derivative with a linear bispara-
quat. The complexation behavior was cooperative. In
addition, the complex between the same BMP32C10 deri-
vative and a cyclic bisparaquat derivative exhibits a rather
high association constant and leads to the observation of a
poly[2]pseudocatenane structure in the solid state for the
first time. Currently, we are focusing on introducing
similar structures into polymers and preparation of pseudo-
cryptand-based polypseudorotaxanes.
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