[2]Pseudorotaxanes Based on the
Recognition of Cryptands to Vinylogous

Viologens

ORGANIC
LETTERS

2011
Vol. 13, No. 24
6370-6373

Xuzhou Yan, Peifa Wei, Mingming Zhang, Xiaodong Chi, Jiyong Liu, and

Feihe Huang*

Department of Chemistry, Zhejiang University, Hangzhou 310027, P. R. China

fhuang (@ zju.edu.cn

Received October 3, 2011

ABSTRACT

Fo

[H N

N 3
L P RogOy— L2

& _

| oy

AN ‘-_;\-_\
1

Aot

S~

N
=T
NN
|

Host—guest complexation between two crown ether-based cryptands and two vinylogous viologens has been studied. Formation of [2]-
pseudorotaxanes from a dibenzo-24-crown-8-based cryptand and these vinylogous viologens can be reversibly controlled by adding and
removing potassium cation in acetone. Furthermore, the complexation between a bis(m-phenylene)-32-crown-10-based cryptand and a
vinylogous viologen exhibits a high association constant, 1.18 x 10° M~ in acetone, and leads to the formation of a supramolecular poly[2]-

pseudorotaxane in the solid state.

Threaded structures,' such as pseudorotaxanes, rotax-
anes and catenanes, have attracted much attention not
only because of their topological importance,” but also
due to their application in the fabrication of artificial
molecular machines,® functional supramolecular poly-
mers,* and so on. As the fundamental building blocks
for the preparation of advanced mechanically interlocked
supramolecular assemblies with intriguing properties,
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pseudorotaxanes, self-assembly structures in which ring
components are threaded onto axles, have been widely
studied.” However, the currently available host—guest
recognition motifs which are good for the preparation
of threaded structures are still limited.®’*’® This has im-
peded the development of research on threaded structures.
Therefore, it is of importance to find new host—guest
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recognition motifs, especially the ones which can respond
to external stimuli. Cryptands, which have gained a wide
range of interests during the past decade in virtue of a
significant contribution made by Gibson, Huang, and co-
workers, are exceptional hosts for organic salts because of
the introduction of additional binding sites and the pre-
organization of the host structures during the association
process.*®” Paraquat derivatives (N,N'-dialkyl-4,4'-bi-
pyridinium salts) are commonly used guests in supramo-
lecular chemistry.'**%7# A series of mechanically inter-
locked structures and supramolecular polymers have
been prepared with high efficiency based on the cryptand/
paraquat recognition motif.**”* However, as m-extended
viologens, vinylogous viologens, which were designed and
synthesized to modify and expand the properties and
functions of paraquat derivatives (for example, intriguing
fluorescent property and photocontrolled isomerization),
have been rarely employed as building blocks to construct
threaded structures.” Therefore, the design and investiga-
tion of new recognition motifs based on cryptands and
vinylogous viologens will undoubtedly promote not only
the development of cryptand host—guest chemistry but
also the research on threaded structures. Herein, we report
the preparation of [2]pseudorotaxanes based on the recog-
nition of cryptands to vinylogous viologens. It is demon-
strated here that the formation of [2]pseudorotaxanes from
a dibenzo-24-crown-8 (DB24C8)-based cryptand and vinyl-
ogous viologens can be reversiblely controlled by addition
of KPF¢ and then dibenzo-18-crown-6 (DB18C6). More-
over, a [2]pseudorotaxane obtained from self-assembly
of a bis(m-phenylene)-32-crown-10 (BMP32C10)-based
cryptand and a vinglogous viologen guest can form a
supramolecular poly[2]pseudorotaxane structure in the
solid state.
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Figure 1. Chemical structures of cis-dibenzo-24-crown-8-based
cryptand 1, bis(m-phenylene)-32-crown-10-based cryptand 2,
and vinylogous viologens 3 and 4.
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Equimolar acetone solutions of cryptands 1 and 2 with
vinylogous viologens 3 and 4 are yellow because of charge
transfer between the electron-rich aromatic rings of the
cryptand host and the electron-poor pyridinium rings of
the vinylogous viologen guest, a direct evidence for com-
plexation (Figure 1). Job plots'® (Figure S1, Supporting
Information) based on UV —vis spectroscopy absorbance
data in acetone demonstrated that all these host—guest
complexes were of 1:1 stoichiometry in solution. This was
further confirmed by electrospray ionization mass spec-
trometry. All equimolar mixtures of 1 and 3, 1 and 4, 2
and 3, and 2 and 4 have strong mass fragments of[HOG —
PF¢]": m/z 1148.6 (100%) for [123 — PF¢] *, m/z 996.5
(100%) for [1D4 — PF¢] ', m/z 1236.7 (100%) for 223 —
PF¢] *, and m/z 1084.7 (100%) for [2D>4 — PF4] *,
respectively (Figures S6—S9, Supporting Information).
No peaks with other complexation stoichiometries were
found.

The association constants (K,) of 123, 104, 2253, and
254 were determined in acetone by probing the charge-
transfer bands of the complexes by UV —vis spectroscopy
and employing a titration method (Figures S2—S5, Sup-
porting Information). Treatment of the collected absor-
bance data with a nonlinear curve-fitting program af-
forded the corresponding K, values: 3.33 x 10* M~! for
123, 5.12 x 10° M~ for 124, 5.74 x 10° M~ for 223,
and 1.18 x 10° M~ for 204. It is worth noting that these
values are comparable to the corresponding cryptand/
paraquat host—guest systems (10*—10° M~ "' and much
higher than the recently reported crown ether/vinylogous
viologon complexes (10> M~ "),° indicating that the new
cryptand/vinylogous viologen recognition motif pre-
sented here can be used in the efficient fabrication of
complicated threaded structures.

Equimolar (2.00 mM) acetone-dy solutions of cryp-
tands 1 and 2 with vinylogous viologens 3 and 4 were all
examined by proton NMR spectrometry (Figures 2 and
S10, Supporting Information). After complexation be-
tween 2 and 3, peaks corresponding to Hs,, Hsp,, Hse, Hag,
and Hj, of guest 3 and H»., Hyq, and H». of host 2 shifted
upfield, while H,, and H,, of host 2 moved downfield
(spectra c—e in Figure 2). Similar chemical shift changes
were also observed for the cases of 1>4 and 204 (Figure
S10, Supporting Information). After 3 was mixed with 2,
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the peaks corresponding to its protons did not split, while
each of these peaks split into two peaks after it was mixed
with 1. This difference is possibly a result of the combina-
tion of the following three factors. First, cryptand 1 hasa
lower symmetry than cryptand 2. Second, the threading
of guest 3 into the cryptand cavity is asymmetrical as
shown by the crystal structure of 123 (Figure 3). Third,
the two terminal phenyl rings of 3 become different after
the asymmetrical threading of 3 into 1 and the resulted
two different terminal phenyl rings have different shield-
ing effects on the protons of 3.
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Figure 2. Partial "H NMR spectra (400 MHz, acetone-dg, 293 K)
of (a) 2.00 mM 1; (b) 2.00 mM 1 + 2.00 mM 3; (c) 2.00 mM 3;
(d) 2.00 mM 2 + 2.00 mM 3; (e) 2.00 mM 2.

In order to further investigate the host—guest com-
plexation between these cryptands and vinylogous violo-
gens, single crystals of 123 suitable for X-ray analysis
were grown by vapor diffusion. The crystal structure of
the complex between 1 and 3 demonstrates that host 1 and
guest 3 form a [2]pseudorotaxane-type threaded structure
in the solid state, which is stabilized by hydrogen bonding
and face-to-face zz-stacking interactions (Figure 3). Four
hydrogen bonds (a, b, ¢, d) are formed between three
hydrogen atoms of guest 3 and the oxygen and nitrogen
atoms on cryptand 1. Not only two pyridinium hydrogen
atoms but also a bridge ethylene hydrogen atom is in-
volved in these hydrogen bonding interactions. The crys-
tals of 123 have a yellow color due to charge-transfer
between the electron-rich aromatic rings of 1 and the
electron-poor pyridinium rings of 3. What is more inter-
esting is that guest 3 is threaded asymmetrically into the
cavity of host 1; only one of the two pyridinium rings of 3
isinvolved in face-to-face m-stacking interactions with the
two phenylene rings of 1. The dihedral angle between the
two pyridinium rings of 3 is 25° (Figure 3). This twist
presumably results from the maximization of hydrogen
bonding interactions between 1 and 3.

6372

Figure 3. Ball-stick views of the X-ray crystal structure of 123.
Host 1is red, guest 3 is blue, hydrogens are purple, oxygens are
green, and nitrogens are sky blue. PF4~ counterions, a solvent
molecule and hydrogens except the ones involved in hydrogen
bonding between 1 and 3 were omitted for clarity. Hydrogen
bond parameters are as follows: H- - - O (N) distance (A),C- - -O
(N)distance (A), C—H- - -O (N) angle (deg): a, 2.64, 3.53, 161; b,
2.65, 3.48, 149; ¢, 2.38, 3.16, 142; d, 2.60, 3.53, 175. The
centroid—centroid distance (A) and dihedral angle (deg) be-
tween the two pyridinium rings of 3: 6.57, 25.

Moreover, the formation of the [2]pseudorotaxanes
based on cryptand 1 and vinylogous viologens 3 and 4
can be controlled by adding and removing potassium
cation. When KPFg is added, cryptand 1 can form a more
stable complex with K, which can cause the complex
between 1 and 3 to disassemble. Subsequently, the com-
plex 123 can form again when enough DB18C6 is added
to trap the added K™. This reversible process was con-
firmed by proton NMR experiments (Figure 4). When
KPFg(2.00 equiv) was added to 1 and 3 (each 2.00 mM) in
acetone-dg (0.5 mL), the chemical shifts corresponding to
the protons of guest 3 returned to almost their uncom-
plexed values (Figure 4, ¢ and ¢). Correspondingly, the
color of the solution changed from yellow to colorless,
indicating the total dissociation of the 123 complex.
However, after addition of DB18C6 (2.00 equiv) to this
solution, the complexation between 1 and 3 was recov-
ered; large chemical shift changes and splits of the peaks
corresponding to the protons on 3 were observed again
(Figure 4, d and ¢) and accordingly the yellow color of the
solution recovered, representing the reformation of the
1>3 complex.'? It is noteworthy that the K, values of 153
and 1>4 are 3.33 x 10*and 5.74 x 10° M, respectively.
Therefore, we can infer that the realization of the rever-
sible switch of the 104 complex is much more difficult
than that of the 123 complex. This was confirmed by
proton NMR experiments (Figure S12, Supporting In-
formation). No doubt, this cation-responsive binding of

(12) The chemical shift changes of the protons on the host or guest
after complexation could not be fully recovered. Two possible reasons
are as follows: (i) the ionic strength of the solution increased, and (ii)
different counterions are introduced, influencing ion pairing. These
factors could change the chemical shifts and/or decrease the complexa-
tion percentage.
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DB24C8 based cryptand 1 to vinylogous viologens can be
used in the construction of controllable molecular shut-
tles and machines.

H Hye
(@ Mt Hiafte ]
b3

9.4 8.4 ?.4 6.4 54

Figure 4. Partial "H NMR spectra (400 MHz, acetone-dg, 293 K)
of (a) 2.00 mM 1; (b) 2.00 mM 1 + 2.00 mM 3; (c¢) after addition
1.50 mg of KPF¢ (2.00 equiv) to b; (d) after addition 2.88 mg of
DB18C6 (2.00 equiv) to ¢; (e) 2.00 mM 3.

X-ray analysis of a single crystal of the 2>4 complex
showed that 254 forms a supramolecular poly[2]pseu-
dorotaxane structure in the solid state (Figure 5b). The
complex is stabilized by hydrogen bonding, face-to-face
m-stacking, and aromatic edge-to-face sz-stacking inter-
actions. The crystal structure shows that five hydrogen
bonds (e, f, g, h, and i) are formed between the hydrogen
atoms on the same side of 4 and oxygen atoms on the
cryptand 2. Two a-pyridinium hydrogens, one S-pyridi-
nium hydrogen, and one N-methyl hydrogen are involved
in these hydrogen-bonding interactions. The pyridine
nitrogen atom of the cryptand host is not involved in
hydrogen-bonding interactions between the host and
guest here, in sharp contrast with the case of 1>3. How-
ever, an aromatic edge-to-face interaction (Figure 5a, 1)
between a pyridinium ring of 4 and the pyridine moiety of
cryptand 2 is found in the solid state. Interestingly, two
ester carbonyl oxygen atoms of cryptand 2 form two
hydrogen bonds (Figure 5a, j and k) with one aromatic
hydrogen and one O-methylene hydrogen of the cryptand
in the adjacent [2]pseudorotaxane and [2]pseudorot-
axanes are arranged linearly to afford a poly[2]pseudorot-
axane packing structure in the solid state (Figure 5b).

In summary, we studied the host—guest complexation
between two crown ether-based cryptands and two vinyl-
ogous viologens. By self-assembly of DB24C8-based cry-
ptand 1 with vinylogous viologen 3, a [2]pseudorotaxane
with guest 3 threading into the cryptand cavity asymme-
trically formed, which can be switched off and on in a
controllable manner by adding KPF¢ and then DB18C6,

Org. Lett,, Vol. 13, No. 24, 2011
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Figure 5. (a) Ball-stick views of the X-ray crystal structure of
2D04. Host 2is red, guest 4is blue, hydrogens are purple, oxygens
are green, and nitrogens are sky blue. PF¢~ counterions, solvent
molecules and hydrogens except the ones involved in hydrogen
bonding between 2 and 4 were omitted for clarity. Hydrogen
bond parameters are as follows: H---O distance (A) C.--0
distance (A) C—H- -0 angle (deg): e, 2.73, 3.30, 121; f, 2.52,

3.20, 131; g, 2.56, 334 142;h, 2.65, 3.41, 140; 1, 2.61, 343 143;3,
2.59, 3.50, 166; k, 2.47, 3.45, 164. The edge-to-face n-stackir}g
interaction lis defined by an H- - - pyridine centroid distance (A)
of 3.00 and a C- - -centroid distance (A) of 3.87. (b) Supramo-
lecular poly[2]pseudorotaxane packing structure of 224 in the
solid state.

providing a new cation-responsive host—guest pair for
constructing stimuli-responsive molecular shuttles and
machines. Further studies showed that the reversible
switch of the 104 complex is more difficult than that of
the 123 complex due to an increase in association con-
stant. Moreover, the complexation between BMP32C10-
based cryptand 2 and guest 4 exhibits a rather high asso-
ciation constant (1.18 x 10° M~ " in acetone) and leads to
the formation of a supramolecular poly[2]pseudorot-
axane structure in the solid state. Our current efforts are
focused on extending this new cryptand/vinylogous vio-
logen recognition motif to fabricate functional molecular
machines and supramolecular polymers.
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