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Abstract—The first cryptand/monopyridinium salt [3]pseudorotaxanes were prepared from two cryptand hosts and two bispyridinium guests
as confirmed by proton NMR characterization, electrospray ionization mass spectrometry, and X-ray analysis. It was found that the two
monopyridinium binding sites are independent of each other for the formation of one [3]pseudorotaxane.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

The design and preparation of interlocked threaded struc-
tures, such as pseudorotaxanes, rotaxanes, catenanes, poly-
pseudorotaxanes, polyrotaxanes, and polycatenanes, are
hot topics in chemistry due to not only their topological
importance but also their potential applications including
molecular machines and drug delivery materials.! Since
the bipyridinium dication paraquat (N,N'-dimethyl-4,4'-
bipyridinium) was used as the guest with bis(p-phenylene)-
34-crown-10 as the macrocyclic host to prepare a [2]pseudo-
rotaxane by the Stoddart group about two decades ago,>
paraquat derivatives have been one of the most widely
used families of guests in the preparation of threaded struc-
tures.' Their hosts include not only crown ethers>? but also
bis(m-phenylene)-32-crown-10-based cryptands,* dibenzo-
24-crown-8-based cylindrical macrocycles,” and other
hosts.® However, monopyridinium-based threaded structures
have been rarely reported. The only example is the Beer
systems’ based on ion-pair recognition by ditopic hosts
and bis(m-phenylene)-32-crown-10/monopyridinium and
cryptand/monopyridinium [2]pseudorotaxanes we reported
recently.® This is strange considering the wide use of mono-
pyridinium salts in chemistry not only due to their easy avail-
ability but also because of their potential applications.® For
the most recent examples, they have been used in the synthe-
sis of novel monomeric and homodimeric cyanine dyes for
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nucleic acid detection,”® preparation of cationic lipids in
gene delivery,”’ fabrication of novel stilbazolium analogs
as second-order nonlinear optical materials,”® and manufac-
ture of amperometric sensors.”" Furthermore, the study of
pseudorotaxanes based on the recognition of monopyridi-
nium salt guests by macrocyclic hosts is very important,
because the formation of these pseudorotaxanes makes it
easy to prepare paraquat-based mechanically interlocked
threaded structures from neutral bipyridines.'°

The fabrication of high order assemblies containing more
than two components remains a considerably challenging
task for supramolecular chemists,!! so we are interested in
making high order monopyridinium-based pseudorotaxanes
after we prepared the first monopyridinium-based [2]pseu-
dorotaxanes.® Herein we report the construction of the first
monopyridinium-based [3]pseudorotaxanes from cryptand
hosts 1#%¢ and linear bispyridinium guests 2 (Fig. 1). Fur-
thermore, because the study of the formation mechanism
of [3]pseudorotaxanes should be helpful for future higher
order monopyridinium-based threaded structures, we stud-
ied how the two monopyridinium moieties of guest 2 interact
with each other during its complexation with host 1 by using
the Scatchard plot method.!?

2. Results and discussion

2.1. Synthesis of cryptand hosts and bispyridinium
guests

The preparation of bis(m-phenylene)-32-crown-10-based
cryptand hosts 1 followed previously reported procedures.*¢
Bispyridinium salts 2 were prepared by the reaction of
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Figure 1. Compounds used in this study and the X-ray structure® of 1a,-4
with PF¢ counterions removed.

excess ethyl isonicotinate with 1,4-di(bromomethyl)benzene
or 1,6-dibromohexane followed by ion exchange with
ammonium hexafluorophosphate. They were purified by

recrystallization in deionized water and dried under vacuum
at 100 °C.

2.2. Proton NMR study

The yellow color of solutions of cryptand 1 and bispyridi-
nium salts 2 is due to the charge transfer between the
electron-rich phenylene rings of 1 and the electron-poor pyr-
idinium rings of 2. Partial proton NMR spectra of 1a, 2a, and
a mixture of 1a and 2a are shown in Figure 2. Only one set of
peaks was found in the proton NMR spectrum of the solution
of 1a and 2a, indicating fast-exchange complexation. After
complexation, peaks corresponding to 3-pyridinium protons
Hg of 2a and aromatic protons H; of 1a moved upfield sig-
nificantly. Furthermore, a-pyridinium protons H;, phenyl-
ene protons Hy, and benzylic protons Hg, and ethyl ester
methylene protons Hs of 2a and o- and fB-ethyleneoxy
protons (H, and Hy) of 1a also moved upfield, while y-ethyl-
eneoxy protons Hjz of 1a moved downfield. The stoichiome-
tries of the complexes between cryptand 1 and bispyridinium
salt 2 were determined to be 2:1 in solution by a mole ratio
plot!? using proton NMR data (Fig. 3).

2.3. Electrospray ionization mass spectrometry

Electrospray ionization mass spectra of solutions of 1a and 2
in 4:1 acetonitrile—chloroform provided further support for
the formation of 2:1 complexes between cryptand 1 and bis-
pyridinium 2 in solution. For the mass spectrum of a solution
of 1a and 2a, the base peak was at m/z 566.6, corresponding
to [1a-2a—2PF¢]**. One more peak was found for 1a-2a at
miz 1277.6 (13%) [1a-2a—PFg]*. Three peaks were found
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Figure 2. Partial proton NMR spectra (400 MHz, acetone-dg, 22 °C) of bispyridinium salt 2a (a, bottom), cryptand 1a (b, middle), and 6.00 mM 1a and 3.00 mM

2a (c, top).
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Figure 3. Mole ratio plot for 1a and 2a, indicating 2:1 stoichiometry. The
solvent is acetone-dg. [2a]o=0.250 mM.

for 1a,-2a at m/z 929.9 (19%) [la,-2a—2PF¢]**, 915.7
(12%) [1a,-2a—2PF¢—C,H,]**, and 611.6 (6%) [1a,-2a—
2PF,—C,HsOH+Na]**. For the mass spectrum of a solution
of 1a and 2b, the base peak was at m/z 556.6, corresponding
to [1a-2b—2PF¢]**. One more peak was found for 1a-2b at
mlz 1257.6 (15%) [1a-2b—PFg]*. Two peaks were observed
for 1a,-2b at m/z 919.8 (21%) [1a,-2b—2PF¢]** and 601.5
(7%) [1a,-2a—2PF¢—COOC,Hs+K]3*.

2.4. Scatchard plot for complexation between bis(crown
ether) host 1a and bispyridinium 2a

In order to study the relationship between the two monopyr-
idinium binding sites of bispyridinium 2 during its complex-
ation with cryptand 1, we studied the complexation between
la and 2a as an example by the Scatchard plot method.
Proton NMR characterizations were done on a series of ace-
tone solutions for which the initial concentration of guest 2a
was kept constant at 0.250 mM while the initial concentra-
tion of host 1a was systematically varied. Based on these
proton NMR data, the extent of complexation, p, of the
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monopyridinium units was determined'* and a Scatchard
plot'? was drawn (Fig. 4). The linear nature of this plot dem-
onstrated that the two pyridinium binding sites are indepen-
dent of each other during the complexation,'” that is, the
complexation between la and 2a is statistical. From the
intercept and the slope of the plot, the average association
constant!® (K,,) is 2.8 (£0.3)x 10> M~! for the complexa-
tion between 1a and 2a. This average association constant
is little higher than the association constant, 182 M~ for
1a-3 in acetone,®® presumably due to the greater acidity of
the pyridinium hydrogens of 2a than those of 3 because
the phenylene ring was shared by two pyridinium rings in
bispyridinium salt 2a while it was shared by only one pyri-
dinium ring in monopyridinium salt 3.

2.5. X-ray analysis of [3]pseudorotaxane 1a,-2a

Ultimate proof for the formation of [3]pseudorotaxanes 1,-2
based on the cryptand/monopyridinium recognition motif is
from X-ray analysis (Figs. 5-7).!7 X-ray quality, yellow sin-
gle crystals of 1a,-2a were grown by vapor diffusion of pen-
tane into an acetonitrile solution of 2a with excess 1a. As in
the 1:1 complex between cryptand la and 3,% 1a,-2a is
stabilized by hydrogen bonding and face-to-face mt-stacking
interactions (Fig. 5) and the ethyl ester methylene protons
are involved in hydrogen bonding to ethyleneoxy oxygen
atoms of cryptand 1a (A and B of Fig. 5). An a-proton of
each pyridinium unit is connected to an ethyleneoxy chain
by a hydrogen-bonding water bridge (C—E of Fig. 5). The
left a-pyridinium proton of each monopyridinium unit is
directly hydrogen bonded to an ether oxygen (F of Fig. 5).
Also as in 1a-3% the distances between each pyridinium
ring of 2a and the phenylene rings of the cryptand host are
about equal to each other, presumably in order to maximize
face-to-face Tt-stacking between the electron-rich cryptand
host and the electron-poor pyridinium moieties. However,
there is still an obvious difference; that is, a benzylic proton
is hydrogen bonded to an ethyleneoxy oxygen of the crypt-
and host 1a in 1a-3,%° while none of the xylyl methylene
protons are involved in hydrogen bonding in 1a,-2a. The
centroid—centroid distance between the phenylene rings of
the cryptand host in 1a,-2a is 6.58 A, while this distance
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Figure 4. Scatchard plot for the complexation of cryptand host 1a with bispyridinium guest 2a in acetone-de at 22 °C. p=fraction of monopyridinium units

bound. Error bars in p: £0.03 absolute; error bars in p/[1a]: £0.06 relative.
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Figure 5. Ball-stick (a, top) and space-filling (b, bottom) views of the X-ray
structure of 1a,-2a. (a) Molecules 1a are red, 2a is blue, water molecules are
magenta, oxygens are green, and nitrogens are yellow. Two PF4 counterions,
other solvent molecules, and the hydrogens except the ones involved in
hydrogen bonding were omitted for clarity. Hydrogen-bond parameters:
C(0)---0 distances (A), H---O distances (A), C(O)-H:---O angles (°) at A,
3.42,2.53, 150; B, 3.21, 2.26, 161; C, 2.99, 2.15, 171; D, 2.92, 2.08, 173;
E, 3.06, 2.28, 140; F, 3.41, 2.4;7, 170. Face-to-face m-stacking parameters:
centroid—centroid distances (A) 3.74, 3.66; ring plane/ring plane inclina-
tions (°) 9.1, 4.8. (b) All protons, two PF¢ counterions, and other solvent
molecules were omitted. Molecules 1a are red, 2a is blue, and the water
molecules are green.

is 6.88 A in 1a-3,%" indicating stronger charge transfer inter-
actions between cryptand hosts and monopyridinium bind-
ing sites in la-2a due to the increase of the positive
charge density on the pyridinium rings of bispyridinium
salt 2a compared with that of monopyridinium salt 3.2°
This result is in agreement with the higher average associa-
tion constant for the complexation between cryptand 1a and
bispyridinium salt 2a than between cryptand 1a and mono-
pyridinium salt 3.

The 'H NMR chemical shift changes of host 1a upon com-
plexation are consistent with a structure in solution similar
to that of 1a,-2a in the solid state (Fig. 5). Protons H;, Hy,
and H, are in shielding regions of the aromatic guest, while
Hj resides in the deshielding environment of the central
phenylene ring of the bispyridinium guest. The upfield shift
of the ethyl ester methylene (Hs) and phenylene protons (Ho)
of the guest 2a is consistent with their positions in the shield-
ing region of the aromatic moieties of the cryptand host 1a.

Previously we reported a [3]pseudorotaxane 1a,-4 from the
cooperative complexation between cryptand host 1a and bis-
paraquat guest 4.** Based on the X-ray structure of la,-4
(Fig. 1), we claimed that one possible reason for this coop-
erative complexation was that the formation of the 1:1 com-
plex effectively restricts rotation about the N-CH,—CgHy
bonds of bisparaquat 4 because of the hydrogen bonding
of both the xylyl methylene and ortho aromatic protons of

(b)

Figure 6. Ball-stick (a, top) and space-filling (b, bottom) views of the X-ray
structure of 1a,-2b. (a) Molecules 1a are red, 2b is blue, water molecules are
magenta, oxygens are green, and nitrogens are yellow. Two PF¢ counterions,
other solvent molecules, and the hydrogens except the ones involved in
hydrogen bonding were omitted for clarity. Hydrogen-bond parameters:
C(0)---0 distances (A) H---O distances (A) C(O)-H---O angles (°) at G,
3.31, 2.45, 144; H, 3.34, 2.35, 171; 1, 2.93, 1.97, 168; J, 2.85, 1.92, 167,
K, 3.04,2.32,129; L, 3.25, 2.26, 173. Face-to-face Tt-stacking parameters:
centroid—centroid distances (A) 3.80, 3.74; ring plane/ring plane inclina-
tions (°) 6.4, 5.4. (b) All protons, the PF¢ counterions, and other solvent
molecules were omitted. Molecules 1a are red, 2b is blue, and the water
molecules are green.

4 to cryptand host 1a (see Fig. 1) and this conformational
restriction facilitates complexation of the second paraquat
site.** Actually the observations here support this claim.
From proton NMR characterization, we know that the

(b)

Figure 7. Ball-stick (a, top) and space-filling (b, bottom) views of the X-ray
structure of 1b,-2b. (a) Molecules 1b are red, 2b is blue, oxygens are green,
and nitrogens are yellow. Two PF¢ counterions, solvent molecules, and the
hydrogens except the ones involved in hydrogen bonding were omitted for
clarity. Hydrogen-bond parameters: C---O distances (A), H---O distances
(A), C-H---O angles (°) at M, 3.40, 2.52, 148; N, 3.37, 2.57, 138; O, 3.48,
2.56, 165. Face-to-face t-stacking parameters: centroid—centroid distances
(A) 4.03, 3.87; ring plane/ring plane inclinations (°) 7.5, 5.3. (b) All protons,
the PF¢ counterions and solvent molecules were omitted. Molecules 1b are
red and 2b is blue.
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complexation between 1a and 2a is statistical. In the X-ray
structure of 1a,-2a, none of the xylyl methylene or central
aromatic protons of 2a are involved in hydrogen bonding
to cryptand 1a (Fig. 5).

Another difference between cryptand/bisparaquat [3]pseu-
dorotaxane la,-4 and cryptand/bispyridinium [3]pseudo-
rotaxane la,-2a is that water molecules are hydrogen-
bonding bridges between B-pyridinium protons of the guest
and cryptand hosts in 1a,-4, while they are hydrogen-bond-
ing bridges between a-pyridinium protons and cryptand
hosts in 1a,-2a.

2.6. X-ray analysis of [3]pseudorotaxane 1a,-2b

X-ray quality, yellow single crystals of 1a,-2b were grown
by vapor diffusion of pentane into an acetonitrile solution
of 2b with excess la. The crystal structure of la,-2b
(Fig. 6) is very similar to that of 1a,-2a in terms of interac-
tions, including hydrogen bonding and face-to-face m-stack-
ing between the bispyridinium guest and the cryptand hosts.

2.7. X-ray analysis of [3]pseudorotaxane 1b,-2b

X-ray quality, yellow single crystals of 1b,-2b were grown
by vapor diffusion of pentane into an acetone solution of
2b with excess 1b. The interactions between the hosts and
the guest in the crystal structure of 1b,-2b (Fig. 7) are
very similar to those in crystal structures of la,-2b and
1a,-2a because all of them include hydrogen bonding and
face-to-face m-stacking between the bispyridinium guest
and the cryptand hosts. However, this complex has some
unique characteristics, which were not observed in 1a,-2b
and 1la,-2a. Firstly, both ends of bispyridinium guest 2b
are threaded unsymmetrically into the cavity of the 32-
crown-10 part of the cryptand host in 1b,-2b (Fig. 7). This
is similar to the complex based on cryptand host 1b and para-
quat guest.** However, both ends of the bispyridinium are
nearly symmetrically located in 1a,-2b and 1a,-2a (Figs.
5 and 6). Secondly, no hydrogen-bonding water bridges
are observed between the cryptand host and bispyridinium
guest in 1b,-2b (Fig. 7), while there are hydrogen-bonding
water bridges at each end of the [3]pseudorotaxane between
the cryptand host and bispyridinium guest in 1a,-2b and
la,-2a (Figs. 5 and 6).

3. Conclusions

In summary, [3]pseudorotaxanes were successfully prepared
by self-assembly between two cryptand hosts and two bis-
pyridinium guests based on the cryptand/monopyridinium
salt recognition motif as confirmed by proton NMR charac-
terization, electrospray ionization mass spectrometry, and
X-ray analysis. The formation of these cryptand/monopyri-
dinium [3]pseudorotaxanes was mainly driven by hydrogen
bonding, face-to-face m-stacking interactions, and charge
transfer interactions. Currently we are preparing mechani-
cally interlocked cryptand/monopyridinium [3]rotaxanes
by introducing appropriate stoppers at the two ends of bis-
pyridinium salts. We will also make bispyridinium guests
with different spacers in order to learn how close the two
pyridinium binding groups must be to influence each other.

4. Experimental section
4.1. General syntheses of bispyridinium salts 2

Compound 2a: to a 50 mL three-necked round bottomed
flask equipped with a magnetic stirrer and a condenser were
added 1,4-di(bromomethyl)benzene (1.32 g, 5.00 mmol)
and 10 mL acetonitrile. To this solution was added a solution
of ethyl isonicotinate (15.1 g, 100 mmol) in 10 mL aceto-
nitrile and the mixture was stirred at reflux for 48 h. The
reaction mixture was cooled to room temperature and the
precipitate was filtered. The solid was boiled in CHCl; and
filtered. This solid was dissolved in a minimum volume of
deionized water. To this solution was added NH4PFg until
no further precipitation was observed. The precipitate was
filtered and recrystallized from deionized water three times
to afford 2a as white crystals, 3.06 g (88%), mp 236.8—
238.1 °C. 'H NMR (400 MHz, CD3;COCD3, 22 °C): 6 9.50
(d, /=6.8 Hz, 4H), 8.73 (d, J=6.8 Hz, 4H), 7.79 (s, 4H),
6.29 (s, 4H), 4.54 (q, J/=7.2 Hz, 4H), 1.44 (t, /=7.2 Hz,
6H). Elemental analysis calcd for Co4Hy604N,P>Fi5: C,
41.37; H, 3.76; N, 4.02. Found: C, 41.51; H, 3.74; N, 4.13.

Compound 2b: prepared in a similar way as 2a, was obtained
also as white crystals (85%), mp 179.8-180.8 °C. 'H NMR
(400 MHz, CD;COCD3, 22 °C): 6 9.43 (d, /=6.8 Hz, 4H),
8.71 (d, J=6.8 Hz, 4H), 5.03 (t, J=7.7 Hz, 4H), 4.55 (q,
J=7.2Hz, 4H), 2.29 (m, 4H), 1.66 (m, 4H), 1.45 (t,
J=72Hz, 6H). LRFABMS (matrix, NBA) m/z 531.7
[M—PF¢]*, 386.6 [M—2PF4]*. HRFABMS (matrix, NBA/
PEG) m/z calcd for CpH30O4N,PFg, 531.1847 [M—PFg]*,
found 531.1846, error 0.2 ppm.
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tration range of la; 4¢=0.238 ppm. Then p=4/4y; 4=
observed chemical shift change relative to uncomplexed species.
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K,=[1a-2a]/{[1a][2a]} and K,=[la,-2a]/{[1a-2a][1a]}.
K.w=(K+K5)/2. The value of K,, is equal to the average of
the y-intercept (274 M) and the absolute slope (288 MY
of the best fit line shown in Figure 4. Since K,/K,=4:1 for
statistical systerns,'2 K, and K, were calculated to be 112
and 448 M.

Crystal data of 1a,-2a: plate, yellow, 0.38x0.23x0.06 mm,
C104H150036NgP2F 1o, FW 2350.24, triclinic, space group
P-1, a=10.5597(13), b=16.0015(16), ¢=18.397(2) A; a=
105.583(9)°, 6=105.919(10)°, y=91.528(9)°; V=2862.6(6) A3,
Z=1,D.=1.363 g cm_3, T=100 K, u=1.40 cm™!, 13,273 mea-
sured reflections, 10,109 independent reflections, 802 para-
meters, F(000)=1242, R;,=0.0250, R,=0.0519, wR,=0.1247
[[>20(])], maximum residual density 1.231 eA™3 , and
GooF(F?)=1.014. Crystal data of 1a,-2b: plate, yellow, 0.33x
0.20x0.09 mm, C47H7,0,gNP,Fs, FW 1083.02, triclinic, space
group P-1,a=10.2668(10), b=14.8351(16), c=19.322(2) A;sa=
97.43009)°, =101.347(9)°, vy=95.682(9)°; V=2837.6(5) A3,
7=2,D.=1.268 gcm >, T=100 K, u=1.35 cm~?, 13,982 mea-
sured reflections, 10,042 independent reflections, 672 parame-
ters, F(000)=1146, R;,=0.0459, R,=0.0612, wR,=0.1617
[[>20()], maximum residual density 0.0601 eA™3, and
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GooF(F?)=1.026. Crystal data of 1b,-2b: prism, pale yellow,
0.15%x0.20x0.40 mm, C53_10H73_20016>70N1P1F6, FW 1137.70,
triclinic, space group P-1, a=11.1022(18), b=12.887(2),
c=21.249(4) A;  «=88.214(16)°, B=82.710(15)°, 7=
70.338(16)°; V=2839.6(9) A®, Z=2, D.=1.331 gem 3, T=
100 K, u=1.36 cm™ !, 21,390 measured reflections, 16,475 in-
dependent reflections, 716 parameters, F(000)=1203, Rj,—=
0.0245, R,=0.0560, wR,=0.1408 [/>20(/)], maximum resid-
ual density 0.813 eA3 , and GooF(F?)=0.948. These structures
were solved by SHELXS-97'® and refined by SHELXL-97."°
Crystallographic data (excluding structure factors) for the struc-
tures in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication
numbers CCDC 259498, 259499, and 619679. Copies of the
data can be obtained, free of charge, on application to CCDC,
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336033 or e-mail: deposit@ccdc.cam.ac.uk].
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The benzyl group is an electron-releasing group®' so it can
reduce the positive charge density on the pyridinium rings of
monopyridinium salt 3 and bispyridinium salt 2a. However,
two pyridinium rings share one xylyl group in bispyridinium
salt 2a so this effect is weaker in 2a than in 3. This makes
the positive charge density on the pyridinium rings of bispyri-
dinium salt 2a higher than that of monopyridinium salt 3.
Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165-195.
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