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Abstract: Upon complexation with Pd"
ions, precisely designed strandlike li-
gands with two tris(3,5-pyridine) units
at both terminals were assembled, with
the aid of a linear template molecule,
into a discrete tubular complex with a
length of 3.5 nm. The high stability and
the well-defined structure of the coor-
dination nanotube were revealed by

tion MS, and single-crystal X-ray analy-
sis. Guest lengths were discriminated
by the tube: When the association of
strandlike guest molecules, in which
two biphenylene units are linked with
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an (OCH,CH,), linker,
pared, the tube selectively recognized
an appropriate guest whose length was
comparable to that of the tube. Tetra-
thiafulvalene (TTF)-terminated linear
guests were directly oxidized to TTF**
in the tube, but reduced stepwise via
TTF™ outside the tube.

were com-

NMR spectroscopy, cold-spray ioniza-

Introduction

The tube structure is one of the most basic and unique
frameworks that attract considerable current interest in
broad scientific areas because of their potential abilities for
selective inclusion or transportation of ions and molecules
and for specific chemical transformations. In biology, exten-
sive studies have been made on tubular proteins that exist in
biological membranes as ion channels.!! In physics and ma-
terials science, carbon nanotubes are of special interest in
the development of new basic materials. Therefore, to ex-
plore the potential functions and applications of tubes, the
chemical construction of tubes based on precise design at
the molecular level is particularly important.
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Recently, molecular self-assembly has provided rather ef-
ficient approaches to well-defined tubular structures.*™
Linking tapelike molecules into cylindrical shapes is one of
the most efficient approaches that make possible the strict
control of tube length and diameter (Scheme 1). According
to this strategy, we designed tapelike ligand 1 and synthe-
sized 3.5-nm-sized coordination nanotube 2 from four li-
gands and twelve [(en)Pd(NO,),] coordination blocks.!"!
The length of this ligand in its extended form is directly
transferred to that of the tube that assembles with the aid of
the remarkable template effect of 3.0-nm guest molecule 3.
Besides its facile preparation and definite structure, the high
stability of 2 caused by 24 Pd"—pyridine interactions permits

(L)

1

B EZE
! %Mo" 0% H,
Pdg N Pd= [N:pdi
\MOHOW\ N
Py
2 24NO

COO ™ ¢
3

Scheme 1. Self-assembly of a coordination nanotube.
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the development of specific functions of the tube by exploit-
ing its interior space. In this paper, we report the inclusion
of linear-strand molecules by the tube and length discrimi-
nation in the inclusion process. We also discuss the binding
and the unique redox behavior of linear guests with two tet-
rathiafulvalene (TTF) units at its ends.

Results and Discussion
Design and Synthesis of Ligand 1

We previously reported that pentakis(3,5-pyridine) ligands
assemble into 2-nm-sized M,,L, coordination tubes.’) The
elongation of the tube by simply increasing the number of
pyridine rings of the ligand was, however, unsuccessful be-
cause of very poor solubility of such ligands. Therefore, we
developed a flexible molecular tape in which two tris(3,5-
pyridine) units are connected by a linker. The selection of
the linker is the key to the efficient formation of a long co-
ordination tube. The ligand with a flexible alkyl linker
(—(CH,),—) adopted a U-shaped conformation. Even when a
phenylene spacer was incorporated, the ligand dimerized
into an ML, short tubular structure upon complexation
with [(en)Pd(NO,),] because of the U-shaped orientation.!
To avoid this U-shaped intramolecular coordination, we de-
signed ligand 1, which has a rigid biphenylene spacer.

Ligand 1 was synthesized in two steps from 4,4'-
dihydroxybiphenyl (Scheme 2), that is, the alkylation of 4,4'-
dihydroxybiphenyl with 3-bromo-5-chloromethylpyridine
(K,CO;, dry N,N-dimethylformamide (DMF), 5days at
70°C; 62 % yield) followed by Stille coupling with 3-tributyl-
stannyl-5,3"-bipyridine ([Pd(PPh;),], dry toluene, 5 days
under reflux; 38 % yield).

Scheme 2. Synthesis of ligand 1.

Abstract in Japanese:
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Self-Assembly of Coordination Nanotube 2-3

The complexation of 1 with [(en)Pd(NO;),] in D,O/CD;CN
(1:1) resulted in a complex mixture (Figure 1a). However,
we observed a remarkable template effect!™>"®! of strand
guest molecule 3 in the quantitative self-assembly of 1 into
coordination tube 2-3. In 3, two anthracenecarbonyl moiet-
ies are linked by a diethylene glycol unit, which makes the
guest the ideal length for fitting within tube 2. Upon addi-
tion of powdered 3, the conversion of the mixture into a
single product was accomplished after 6 h at 70°C. The
NMR spectrum was consistent with the formation of tube 2
(Figure 1b). Twelve proton signals (Ha—HI) that stem from
half of the framework of 2 were clearly observed, whereas
the methylene protons are diastereotopic in the tube struc-
ture and were thus observed as an AB quartet. Template 3
was observed symmetrically with a marked upfield shift
(e.g., the aromatic protons of the anthracenecarbonyl por-
tion were found at 6 =7.39-4.98 ppm) that indicates the ac-
commodation of 3 within the tube. Besides the satisfactory
NMR spectroscopic data obtained, the formula of 2-3 was
confirmed by cold-spray ionization mass spectrometry (CSI-
MS) with a series of prominent peaks of [M—(NO;"),]"*
(m=4-9) (Figure 2). For example, the peak at m/z=1279.4
is consistent with the formula of guest-incorporated M,,L,
complex [2:3—(NO;)s]*+.

Single-Crystal X-ray Analysis of 3.5-nm-Sized Tube 2-3

The structure of complex 2-3 was unambiguously deter-
mined by single-crystal X-ray diffraction. Single crystals
were obtained by the slow evaporation of a solution of 2-3
over one month. With a CCD diffractometer and a conven-
tional X-ray generator, we failed to collect sufficient diffrac-
tion data for structural analysis even at 80 K, because the
crystal was weakly diffracted due to the presence of severely
disordered solvent molecules and a large cell volume; in
particular, the long b axis (122 A) led to poor resolution of
spots. However, synchrotron X-ray irradiation (high flux
and low divergence) significantly improved the quality of
the data, which were sufficient for structural analysis. The
crystallographic analysis revealed the tubular structure of
2-3 with a length of 3.5 nm (Figure 3a). Each ligand adopts
the most extended conformation, and the tube framework is
slightly helical. Although two structural isomers A and B
may exist depending on the orientation of the ligand
(Figure 4), the crystallographic analysis displayed only iso-
mer A, which was formed exclusively as revealed by NMR
spectroscopy. This observation agrees with force-field calcu-
lations that predict isomer A to be more stable than B by
8 kcalmol .1

Within the cavity of 2, two anthracenecarbonyl moieties
of 3 are gripped by four tris(3,5-pyridine) units that are held
together by six Pd" ions through m-m stacking and CH-mn
contact. The diethylene glycol linker is essential because the
tube did not assemble efficiently when anthracene or an-
thracenecarboxylate was employed as a template. Pd"-
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Figure 1. '"H NMR spectroscopic observation of the guest-templated assembly of 2:3 (500 MHz, D,0/CD;CN=1:1, 27°C, tetramethylsilane (TMS)).
a) Oligomeric mixture obtained from 1 and [(en)Pd(NOs),]. b) Tubular structure 2-3 formed after addition of 3.
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Figure 2. CSI-MS spectrum of 2.3 (H,O/CH;CN/DMF =1:1:0.03). The prominent peaks of [2:3—(NO;"),,+(DMF),|"* (m=4-9, n=0-5) are clearly

observed. The inset shows the isotopic pattern of the peak of [2-3—(NO; )s]**.

linked tubular frameworks at both ends of 2 were probably
simultaneously assembled through templating by the two an-
thracenecarbonyl moieties of 3. Along the linear and slightly
helical cavity of 2, guest 3 adopts the most extended confor-
mation with a twist of about 90°.

One-dimensional alignment of the tubes in the crystal
packing is another intriguing feature revealed by the crystal-
lographic analysis. In the crystal, all the tubes line up along
the b axis of the unit cell to make infinite tubes (Fig-
ure 3b).l°1 Channels that cross the infinite tube can be
viewed in the ac plane (Figure 3¢ and d). The pyridine rings
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of the tube are stacked on the biphenylene group of an adja-
cent tube within the range of - interactions (3.4-3.7 A).

Length Discrimination by Guest Binding

One of the most remarkable functions of the coordination
nanotube is the strong binding of linear guest molecules in
the tube. Guest binding by tube 2 is carried out by templat-
ing or guest exchange. Namely, a strand guest employed as a
template can be exchanged by other linear guest molecules
simply by suspending them in an aqueous solution of the

www.chemasianj.org 471
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Figure 3. a) Crystal structure of 2-3. b) The unit cell. ¢) and d) View of
the tube along the crystallographic b axis. For clarity, H atoms, solvent
molecules, anions, and guest molecules (in d)) are omitted.

Figure 4. Schematic representation of the isomers of 2.

tubular complex. In this guest exchange, we observed the
discrimination of the guest length by the tube.l’! A linear
guest of which length is comparable to that of the tube was
found to be the most suitably bound in the tube.

We prepared strand molecules 4, §, and 6, in which two p-
C¢Hs—C¢H, units are held together by an (OCH,CH,),
linker (n=3, 4, and 5, for 4, 5, and 6, respectively). As re-
vealed by NMR spectroscopic measurements, all the mole-
cules efficiently templated the assembly of tube 2: the reac-
tion of ligand 1 with [(en)Pd(NOs),] in the presence of 4, 5,
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or 6 resulted in the formation of tube 2-4, 2.5, or 2-6, respec-
tively, in high yield (Figure 5a—c).
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Figure 5. '"H NMR spectroscopic observation of the size-selective recogni-
tion of strand molecules by the tube (500 MHz, D,O/CD;CN=1:1, 27°C,
TMS) showing the effective guest-templated assembly of a) 2-4, b) 25,
and c)2:6. d) The mixture of ligand 1 (5.9 umol) and [(en)Pd(NO;),]
(17.7 umol) was stirred with 4 (1.5 umol) and 5 (1.5 umol) in D,0O/
CD;CN (1:1, 0.6 mL) for 6 h at 70°C. e) Only 2.5 assembled after 1 (5.9
umol) was treated with [(en)Pd(NO;),] (17.7 umol) in the presence of 5
(1.5 pumol) and 6 (1.5 umol). The open circles, filled circles, and squares
indicate the signals of 2-4, 2.5, and 2.6, respectively.

Competitive experiments were examined for the guest
binding. When 1, [(en)Pd(NOs;),], and both 4 and 5 were
combined in a ratio of 4:12:1:1 in D,O/CD;CN, NMR spec-
troscopy showed the assembly of 2-4 and 2-5 in a roughly
3:1 ratio after 6 h at 70°C (Figure 5d). This result indicates
that guest 4 is more effectively bound than 5. In the pres-
ence of both 5 and 6, surprisingly, only the formation of 2.5
was observed (Figure Se), which indicates that 2.5 is over-
whelmingly more stable than 2-6.

To obtain some insight into the dynamics of guest binding,
unsymmetrical guests 7 and 8 were synthesized and inclusion

Chem. Asian J. 2007, 2, 468 —-476
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complexes 2-7 and 2-8 were prepared. The desymmetrization
of the tubular framework of 2.7 at ambient temperature was
observed with NMR spectroscopy (e.g., signals for Hd, Hd’
and Hi, Hi’ in Figure 6b). Upon heating, these pairs of
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Figure 6. Variable-temperature 'HNMR spectra of 2.7 recorded at
a) 54°C and b) 27°C (500 MHz, D,0/CD;CN =1:1, TMS).

peaks coalesced at 54°C. The signal coalescence is ascribed
to the dynamic guest-binding/dissociation behavior that
takes place on the NMR timescale at this coalescence tem-
perature (7,).'""! From the T, value, the activation energy
was estimated to be 66.6 kJmol™". Interestingly, the T, of 2-8
was much higher (79°C, Figure 7a), and the evaluated acti-
vation energy was 71.1kJmol™. This fact suggests that
strand 8 is accommodated within the tube more tightly than
7 despite the small difference in the chain lengths of 7 and
8.

In each case, the addition of an excess amount of the
guest made no change to T,, which strongly indicates that
the guest can be replaced by a second one through an Sy1-
like pathway, in contrast to the mechanism for the case of
the use of previously reported shorter tubes.'”!
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Figure 7. Variable-temperature 'H NMR spectra of 2-8 recorded at
a) 79°C, b) 54°C, and c) 27°C (500 MHz, D,0/CD;CN =1:1, TMS).
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Electrochemical Behavior of a Redox-Active Molecule
within the Nanotube

With 24-valent cationic charge, tube 2 is capable of binding
neutral and anionic guests strongly, but not cationic guests.
We designed redox-active strand 9 with two TTF units
linked by an oligo(ethyleneoxide) spacer. As TTF generates
stable cation radical TTF*" and dication TTF** upon oxida-
tion, the cationic charge of guest 9 can be modulated by an
electrochemical method.

A unique redox phenomenon of 9 was observed in the
channel of 2.8 When the cyclic voltammogram of 2.9 was
recorded in aqueous NaNO; solution at a scan rate of
100 mVs ! in the range —200 to 1000 mV, only one anodic
peak was observed at the anodic peak potential (E,,) of
764 mV (vs. Ag/AgCl). However, two cathodic peaks were
observed at E, =564 and 224 mV, which are typical values
for the TTF**/TTF™ and TTFT/TTF reductions
(Figure 8).") The unusually high overpotential for the oxi-
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S, S ~01~—-07"-5, LY
e =TT
5" s 3~ s
< 9
=2
-0.2-
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= 224 mV 564 mV
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Figure 8. Cyclic voltammogram of 29 at scan rates of 100 mV's ~'(black)
and 50 mVs ~'(red) (glassy carbon disk electrode vs. Ag/AgCl, 30 mm
NaNO; in H,0, room temperature).

dation of guest 9 can be explained by assuming the kinetic
stabilization of the internal TTF species (TTF(in)) by the
tube. In the tube, the TTF(in) guest is kinetically protected,
and the in—out equilibration can be ignored until the poten-
tial is swept to around 600 mV at 100 mVs™'. Above this po-
tential, however, the in—out equilibration can no longer be
ignored, and the expelled guest is immediately and subse-
quently oxidized in a two-electron process with E,,=
764 mV into the TTF**(out) species. The species obtained
after one-electron oxidation, TTF*', is not observed because
the potential is already higher than that of TTF**(out)/
TTF*+(out) (Scheme 3).2” At a scan rate of 50mV s, the
guest was oxidized in a two-electron process with a lower
E,, value of 690 mV, because the guest is kinetically protect-
ed only up to the lower potential at the lower scan rate. The
reduction processes should take place outside the tube.
Thus, the E,. values do not depend on the sweep rate be-
cause there is no kinetic stabilization by the tube outside it.
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Scheme 3. Dynamic behavior of complex 2:9.

Hence, the reductions took place stepwise at ordinary E,
values of 564 (TTF**(out)/TTF*(out)) and 224 mV (TTF*
(out)/TTF(out)).

Conclusions

We have shown the discrete self-assembly of the hitherto
longest, crystallographically defined tube structure with a
length of 3.5 nm. Size-selective inclusion of molecules and
unique behavior of guests within the tube are attractive ap-
plications. We emphasize that this nanoscopic self-assembly
and potential functions of the coordination nanotube are
achieved by the precise design of not only the components
and the tube structure but also the efficient assembly path-
way by means of a template.

Experimental Section
General

All chemicals were of reagent grade and used without further purifica-
tion. NMR spectral data were recorded either on Bruker DRX 500 or
JEOL AL-300 spectrometers. These data were collected at ambient tem-
perature unless otherwise noted, and the chemical shift values reported
here are with respect to external TMS standard. CSI-MS data were mea-
sured on a four-sector (BE/BE) tandem mass spectrometer (JMS-700C,
JEOL). Electrochemical experiments were performed in aqueous solu-
tions of NaNO; (30 mm) with a BAS100B/W electrochemical analyzer
(Bioanalytical Systems). A glassy carbon working electrode, a Pt counter-
electrode, and an Ag/AgCl reference electrode were utilized in a single-
component cell.

X-ray crystallographic measurement was performed on a PF-AR NW2
beamline at the High-Energy Accelerator Research Organization (KEK),
Japan. Crystal data for 2-3: orthorhombic, space group Fdd2, A(synchro-
tron) =0.68900 A, T=88(2) K, a=49.2540(12), b=122.86(4), c=
27.6620(5) A, V=167395(55) A’, Z=16, d uqa=1.138 Mgm™>. CCDC-
238715 contains the supplementary crystallographic data for this paper.
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These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre at www.ccdc.cam.uk/data_request.cif.

Syntheses

1: The alkylation of 4,4'-dihydroxybiphenyl (0.63 g, 3.4 mmol) with 3-
bromo-5-chloromethylpyridine hydrochloride (2.5 g, 10.2 mmol) was car-
ried by treatment with K,CO; (2.8 g, 20.0 mmol) in dry DMF (25 mL) for
5 days at 70°C. After addition of water, the reaction mixture was extract-
ed with CHCI;. The combined extract was dried over Na,SO, and evapo-
rated, and the residue was purified by column chromatography (silica gel,
CHCL) to give 4.4'-bis[(5-bromo-3-pyridyl)methoxy]biphenyl (10) in
62 % yield. Subsequently, a mixture of 10 (1.5 g, 2.85 mmol), 3-tributyl-
stannyl-5,3"-bipyridine (3.8 g, 8.55mmol), and [Pd(PPh;),] (1.0g,
0.87 mmol) in dry toluene (90 mL) was heated under reflux for 5 days.
The mixture was filtered and the precipitate was purified by column
chromatography (silica gel, CHCl;/MeOH=15:1) to give 1 as a white
powder (0.73 g, 38 % yield). M.p.: 299-304°C; IR (KBr): #=3036, 2898,
1613, 1573, 1501, 1371, 1276, 1252, 1019, 875 cm™'; 'H NMR (500 MHz,
CDCL/CD;0OD =3:1): 6=8.93-8.86 (m, 8H), 8.77 (s, 2H), 8.66 (d, J=
3.5Hz, 2H), 8.26 (s, 2H), 8.22 (s, 2H), 8.13 (d, J=8.5 Hz, 2H), 7.58 (dd,
J=85, 3.5Hz, 2H), 7.54 (d, J=9.0Hz, 4H), 7.10 (d, /=9.0 Hz, 4H),
530 ppm (s, 4H); "CNMR (125 MHz, CD;COOD): 6=158.1, 147.1,
146.7, 146.6, 145.7, 145.6, 139.0, 137.0, 135.9, 134.6, 134.4, 134.3, 134.2,
134.0, 1282, 126.0, 115.8, 67.3 ppm; HRMS (EI): m/z caled for
CyHN,O,: 677.2665 [M +H]*; found: 677.2704.

3: SOC, (0.087 mL, 1.19 mmol) was added dropwise to a mixture of 2-
anthracenecarboxylic acid (0.25 g, 1.12 mmol) and dry pyridine (0.18 mL,
2.24 mmol) in dry THF (10 mL) cooled to 0°C with an ice bath. The re-
action was allowed to warm to room temperature and stirred for 12 h.
Then, diethylene glycol (0.054 g, 0.51 mmol) in dry THF (10 mL) was
added, and the mixture was stirred at room temperature for 2 days. After
addition of water (100 mL), the reaction mixture was extracted with
CHCIl;. The organic phase was dried over Na,SO, and evaporated. The
crude product was purified by column chromatography (silica gel,
CHCL;) to give 3 as a yellow powder (60.0 mg, 23% yield). M.p.: 179-
182°C; IR (KBr): #=2922, 2854, 1711, 1313, 1280, 1235, 1087, 924,
880 cm'; '"H NMR (500 MHz, CDCL,): 6=8.72 (s, 2H), 8.32 (s, 2H), 8.21
(S, 2H), 7.93 (d, /=88 Hz, 2H), 791 (d, J=7.0Hz, 2H), 7.83 (d, /=
8.2 Hz, 2H), 7.81 (d, J=8.8 Hz, 2H), 7.48 (dd, /=82, 7.0 Hz, 2H), 7.42
(dd, /=82, 7.0 Hz, 2H), 4.63 (t, J=4.5 Hz, 4H), 4.00 ppm (t, J=4.5 Hz,
4H); "CNMR (125 MHz, CDCLy): 6=166.7, 133.0, 132.5, 132.4, 131.9,
130.2, 128.6, 128.4, 128.3, 128.1, 126.7, 126.5, 126.1, 125.7, 123.9, 69.3,
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64.0 ppm; elemental analysis: caled (%) for C;H,OsH,0O: C 76.68, H
5.30; found: C, 76.74, H, 5.01.

Self-assembly of 2-3: Ligand 1 (4.0 mg, 5.9 pmol) and [(en)Pd(NO;),]
(5.2 mg, 17.7 pmol) were combined in H,O/CH;CN (1:1, 0.6 mL) and stir-
red for 2 h at 70°C. Powdered 3 (0.8 mg, 1.5 umol) was added to this so-
lution, and the mixture was stirred for 6 h at 70°C. After filtration, the
solution was evaporated. Complex 2-3 was obtained quantitatively as a
white powder. M.p.: 275°C (decomp.); 'HNMR (500 MHz, D,O/
CD;CN=1:1): 6=10.28 (s, 4H), 9.98 (s, 4H), 9.88 (s, 4H), 9.81 (s, 4H),
9.72 (s, 4H), 9.49 (d, J=5.6 Hz, 4H), 8.97 (s, 4H), 8.73 (d, J=7.4 Hz,
4H), 8.52 (s, 4H), 8.27 (dd, 7.4, 5.6 Hz, 4H), 8.19 (d, J=7.6 Hz, 8H), 7.76
(d, J=8.1Hz, 1H), 7.70 (d, J=7.6 Hz, 8H), 7.39 (s, 1H), 6.96 (d, /=
7.5 Hz, 1H), 6.53 (s, 1H), 6.33 (s, 1H), 5.62 (d, J=12.0 Hz, 4H), 5.36 (dd,
J=81, 8.1Hz, 1H), 5.27-5.25 (m, 5H), 5.03 (d, /=8.1 Hz, 1H), 4.98 (d,
J=81Hz, 1H), 3.23-321 (m, 50H), 223 ppm (t, /J=8.1Hz, 2H);
BCNMR (125 MHz, D,0/CD;CN=1:1): §=176.7, 158.1, 153.3, 151.2,
150.9, 150.6, 149.5, 149.4, 145.5, 139.5, 138.1, 135.7, 135.5, 134.4, 134.2,
133.6, 132.9, 131.4, 130.5, 129.4, 128.1, 127.8, 127.5, 126.3, 125.1, 123.9,
116.0, 66.6, 62.8, 48.1, 47.3, 46.1 ppm (some signals were not clearly ob-
served owing to low signal-to-noise ratio); MS (CSI) of 2-3:(NO;),,:
mlz=16145 [M—(NO; ) J**, 12789 [M—(NO;)s’*, 1055.3
[M—(NO;y")g]**, 895.7 [M—(NO; ),I'*.

4: A mixture of 4-phenylphenol (0.21 g, 1.25 mmol), 1,8-ditosyloxy-3,6-di-
oxaoctane (0.23 g, 0.50 mmol), and K,CO; (0.35 g, 2.5 mmol) in dry DMF
(4 mL) was stirred at 100°C for 1 day. After addition of water, the reac-
tion mixture was extracted with CHCIl;. The combined extract was dried
over anhydrous Na,SO, and evaporated under reduced pressure, and the
residue was purified by column chromatography (silica gel, CHCL;) to
give 4 as a white powder (80 mg, 35% yield). M.p.: 126-128°C; IR
(KBr): 7=2919, 2886, 1606, 1524, 1489, 1286, 1257, 1202, 1144, 1063, 988,
926, 837, 758, 688 cm™'; 'HNMR (500 MHz, CDCL): 6=7.53 (d, J=
7.5Hz, 4H), 7.50 (d, J=8.6 Hz, 4H), 7.40 (dd, J=7.7, 7.6 Hz, 4H), 7.29
(t,J=7.4Hz, 2H), 6.98 (d, J=8.6 Hz, 4H), 4.17 (dd, /=4.9, 4.8 Hz, 4H),
3.89 (dd, J=5.0, 4.6 Hz, 4H), 3.89 ppm (s, 4H); "CNMR (75 MHz,
CDCl;): 6=158.4, 140.8, 133.9, 128.7, 128.1, 126.7, 126.7, 114.9, 70.9, 69.8,
67.5 ppm; elemental analysis: caled (%) for C;H3,0,: C 79.27, H 6.65;
found: C, 79.00, H, 6.79.

5: Strand molecule 5§ was prepared similarly to 4 by using 1,1-ditosyloxy-
3,6,9-trioxaundecane. Column chromatography (silica gel, CHCl; and
hexane/EtOAc=3:1) and gel permeation chromatography (CHCl;) gave
5in 69% yield. M.p.: 116-118°C; IR (KBr): 7=2874, 1604, 1522, 1491,
1453, 1289, 1250, 1196, 1107, 1061, 960, 842, 766, 698 cm™'; 'H NMR
(500 MHz, CDCly): 6=7.53 (d, J=7.5Hz, 4H), 7.50 (d, J=8.6 Hz, 4H),
7.40 (dd, /=19, 7.5 Hz, 4H), 7.29 (t, J=7.3 Hz, 2H), 6.97 (d, J=8.7 Hz,
4H), 416 (dd, J=5.1, 4.6Hz, 4H), 3.88 (dd, /=5.0, 48 Hz, 4H),
3.73 ppm (m, 8H); "CNMR (75 MHz, CDCl,): §=158.3, 140.7, 133.9,
128.7, 128.1, 126.7, 126.6, 114.9, 70.8, 70.7, 69.7, 67.5 ppm; elemental anal-
ysis: caled (%) for C3,H;,05: C 77.08, H, 6.87; found: C 76.88, H, 6.98.

6: In a similar way, strand molecule 6 was prepared in 57 % yield. M.p.:
112-113°C; IR (KBr): 7=2943, 2877, 1604, 1523, 1491, 1250, 1198, 1111,
1065, 954, 924, 837, 766, 699 cm~'; '"H NMR (500 MHz, CDCL,): 6 =7.54
(d, J=6.9 Hz, 4H), 7.50 (d, J=8.8 Hz, 4H), 7.40 (dd, J=8.2, 7.6 Hz, 4H),
7.29 (t, J=7.6 Hz, 2H), 6.98 (d, J=8.8 Hz, 4H), 4.16 (dd, J=5.1, 4.4 Hz,
4H), 3.87 (dd, J=5.1, 44 Hz, 4H), 3.73 (ddd, /=6.9, 3.2, 1.9 Hz, 4H),
3.70-3.67 ppm (m, 8H); "CNMR (75 MHz, CDCl;): 6=158.3, 140.7,
133.9, 128.7, 128.1, 126.7, 126.6, 114.9, 76.6, 70.8, 70.6, 69.7, 67.5 ppm; ele-
mental analysis: calcd (%) for C3H3304-0.2H,0: C 74.76, H, 7.09; found:
C,74.75, H, 7.05.

2-4: "H NMR (500 MHz, D,0/CD;CN=1:1): §=10.39 (s, 8H), 10.02 (s,
8H), 10.00 (s, 8H), 9.88 (s, 8H), 9.75 (s, 8H), 9.47 (d, J=5.7 Hz, 8H),
9.15 (s, 8H), 8.84 (s, 8H), 8.73 (d, /=79 Hz, 8H), 824 (dd, J=6.8,
6.7 Hz, 8H), 8.13 (d, /=8.0 Hz, 16H), 7.73( d, J=7.9 Hz, 16H), 6.55 (d,
J=17.7Hz, 4H), 5.72 (d, J=12.9 Hz, 8H), 5.50 (d, J=7.7 Hz, 4H), 5.40
(d, /=122 Hz, 12H), 5.10 (t, J=7.1 Hz, 2H), 4.74 (br, 4H), 3.67 (br,
4H), 3.37-3.25 (m, 48H), 2.64 (s, 4H), 2.42 ppm (br, 4H).

2-5: 'HNMR (500 MHz, D,0/CD;CN =1:1): 6=10.41 (s, 8H), 10.10 (s,
8H), 10.04 (s, 8H), 9.90 (s, 8H), 9.80 (s, 8H), 9.47 (d, J=5.7 Hz, 8H),
9.29 (s, 8H), 8.89 (s, 8H), 8.71 (d, J=7.5Hz, 8H), 822 (dd, /=6.8,
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6.7 Hz, 8H), 8.13 (d, /=7.8 Hz, 16H), 7.74( d, J=7.8 Hz, 16H), 5.82 (d,
J=7.8Hz, 4H), 5.78 (d, J=13.0 Hz, 8H), 5.59 (d, J=13.0 Hz, 8H), 5.45
(d, J=7.4 Hz, 4H), 5.41 (t, J=7.1 Hz, 2H), 5.18 (d, J=6.8 Hz, 4H), 5.07
(dd, J=7.1, 6.8 Hz, 4H), 3.66 (br, 4H), 3.37-3.25 (m, 48H), 2.93 (br,
4H), 2.73 (br, 4H), 2.55 ppm (br, 4H).

2:6: 'HNMR (500 MHz, D,0/CD;CN=1:1): =10.41 (s, 8H), 10.12 (s,
8H), 10.01 (s, 8H), 9.88 (s, 8H), 9.79 (s, 8H), 9.44 (d, J=5.2 Hz, 8H),
9.30 (s, 8H), 891 (s, 8H), 8.68 (d, /=7.1 Hz, 8H), 8.14 (dd, /=71,
5.2 Hz, 8H), 8.08 (d, /=5.6 Hz, 16H), 7.71( d, J=5.6 Hz, 16H), 5.76 (d,
J=12.5Hz, 12H), 5.69 (br, 2H), 5.58 (d, J=12.5 Hz, 8H), 5.41 (br, 4H),
5.25 (br, 8H), 3.45 (br, 4H), 3.35-3.07 (m, 58 H), 2.94 ppm (br, 4H).

7: The alkylation of 4-phenylphenol with 1,14-ditosyloxy-3,6,9,12-tetroxa-
tetradecane gave precursor 11 (44 %), which was subsequently added to
a mixture of 4,4'-dihydroxy-1,1"-biphenyl (73 mg, 0.4 mmol) and K,CO;
(0.11 g, 0.8 mmol) in dry DMF (3 mL). The reaction mixture was stirred

O=on + 10O ) ors

Ho~_)—_)-OH

7

OA(”O‘\{TOTS

at 100°C for 1.5 days. After addition of hydrochloric acid (0.1 molL™),
the mixture was extracted with CHCI;. The combined extract was dried
over anhydrous Na,SO, and evaporated under reduced pressure, and the
residue was purified by column chromatography (silica gel, CHCI3) to
give 7 in 45 % yield. M.p.: 65-69°C; IR (KBr): 7=3348, 2875, 1608, 1501,
1453, 1271, 1248, 1129, 1065, 950, 824, 764, 695 cm™"; 'H NMR (500 MHz,
CDCI3): 6=17.53 (d, J=7.4Hz, 2H), 7.49 (d, /=8.7 Hz, 2H), 7.40 (dd,
J=138,7.6Hz,2H), 7.38 (d, J=8.9 Hz, 2H), 7.36 (d, J=8.6 Hz, 2H), 7.29
(t, /=73 Hz, 1H), 6.96 (d, J=8.7 Hz, 2H), 6.89 (d, J=8.7 Hz, 2H), 6.87
(d, J=8.5Hz, 2H), 5.46 (s, 1H), 4.14 (dd, J=5.0, 4.7 Hz, 2H), 4.09 (dd,
J=5.0, 47Hz, 2H), 3.85 (dd, J=5.0, 48Hz, 2H), 3.85 (dd, J=5.0,
4.8 Hz, 2H), 3.73 (dd, J=3.0, 2.5 Hz, 2H), 3.72 (dd, J=2.6, 2.5 Hz, 2H),
3.69 ppm (m, 8H); "CNMR (75 MHz, CDCL): 6=158.3, 157.8, 155.0,
140.8, 133.9, 133.5, 133.2, 128.7, 128.1, 127.8, 127.6, 126.7, 126.7, 115.7,
114.9, 114.8, 70.8, 70.8, 70.7, 70.6, 69.8, 69.7, 67.5, 67.4 ppm; elemental
analysis: caled (%) for C;H;0,-0.3H,0: C 72.40, H 6.90; found: C
72.37, H 6.99.

8: In a similar way, guest 8 was prepared in 34 % yield. M.p.: 119-121°C;
IR (KBr): 7=3386, 2923, 2879, 1609, 1501, 1455, 1249, 1119, 1099, 1069,
954, 822, 764, 695cm™'; '"H NMR (500 MHz, CDCL,): 6=7.53 (d, J=
7.7 Hz, 2H), 7.50 (d, J=8.6 Hz, 2H), 7.41 (m, 6H), 7.29 (t, /J=7.3 Hz,
1H), 6.97 (d, J=8.5Hz, 2H), 6.94 (d, J=8.6 Hz, 2H), 6.86 (d, /=8.4 Hz,
2H), 4.86 (s, 1H), 4.16 (dd, J=5.6, 4.7 Hz, 2H), 4.15 (dd, J=5.5, 4.7 Hz,
2H), 3.89 (br, 4H), 3.73 ppm (m, 8H); *C NMR (75 MHz, CDCl;): 6=
158.3, 157.8, 154.8, 140.7, 133.9, 133.5, 133.4, 128.7, 128.1, 127.8, 127.6,
126.7, 126.6, 115.6, 114.9, 114.8, 70.8, 70.7, 70.7, 69.8, 69.8, 67.5, 67.4 ppm;
elemental analysis: calcd (%) for C;,H;,O4: C 74.69, H 6.86; found: C
74.43, H 6.79.

27: '"HNMR (500 MHz, D,O/CD;CN=1:1) §=10.48 (s, 4H), 10.45 (s,
4H), 10.29 (s, 4H), 10.15 (s, 4H), 10.06 (s, 8H), 9.95 (s, 4H), 9.91 (s, 8H),
9.83 (s, 4H), 9.48 (br, 12H), 9.32 (s, 4H), 9.01 (s, 4H), 8.94 (s, 4H), 8.72
(d, J=7.8 Hz, 8H), 821 (dd, /J=6.7, 6.4 Hz, 4H), 8.14 (d, /=7.6 Hz,
16H), 8.13 (br, 4H), 7.76 ( d, J=7.2 Hz, 16H), 5.85 (d, /J=12.6 Hz, 4H),
5.79 (d, J=11.7Hz, 4H), 5.70 (d, J=12.5 Hz, 4H), 5.62 (d, /=12.2 Hz,
4H), 545 (d, J=5.9 Hz, 2H), 5.26 (br, 3H), 5.20 (br 4H), 5.11 (d, /=
7.6 Hz, 2H), 4.78 (d, J=5.7 Hz, 2H), 4.56 (br, 2H), 3.56 (br 2H), 3.41-
3.27 (m, 52H), 3.06 (br, 2H), 3.02 (br, 4H), 2.96 (br, 4H), 2.89 ppm (br,
4H).

2:8: '"HNMR (500 MHz, D,0/CD;CN=1:1): 6=10.46 (s, 4H), 10.43 (s,
4H), 10.24 (s, 4H), 10.07 (s, 8H), 10.05 (s, 4H), 9.95 (s, 4H), 9.91 (s, 8H),
9.79 (s, 4H), 9.48 (s, 4H), 9.47 (d, J=6.9 Hz, 8H), 9.24 (s, 4H), 8.97 (s,
4H), 8.89 (s, 4H), 8.74 (d, J=6.2 Hz, 8H), 8.25 (dd, J=6.4, 6.3 Hz, 4H),
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8.19 (dd, /=64, 63 Hz, 4H), 815 (d, /J=72Hz, 16H), 7.76 ( d, J=
7.1 Hz, 16H), 6.10 (d, J=7.1 Hz, 2H), 5.85 (d, /=12.6 Hz, 4H), 5.77 (d,
J=12.9 Hz, 4H), 5.69 (d, J=12.8 Hz, 4H), 5.54 (d, J=12.7 Hz, 4H), 5.49
(d, J=7.4Hz, 2H), 5.27 (br, 7H), 4.98 (br, 4H), 4.59 (br, 2H), 3.72 (br,
2H), 3.46 (br, 2H), 3.41-3.27 (m, 50H), 2.83 (br, 2H), 2.70 (br, 2H), 2.60
(br, 2H), 2.57 (br, 2H), 2.43 ppm (br, 2H).

9: NaH (60 % in oil, 30 mg, ~0.73 mmol) was added to solution of 4-(hy-
droxymethyl)tetrathiafulvalene! (85.0 mg, 0.36 mmol) in dry THF
(5 mL), and the mixture was stirred for 1 h at room temperature under
argon. 1,8-Ditosyloxy-3,6-dioxaoctane (66.0 mg, 0.14 mmol) in dry THF
(2mL) was added, and the mixture was stirred under reflux for 12 h.
After cooling, H,O was slowly added. THF was removed under reduced
pressure, and the mixture was extracted with CHCl;. The combined ex-
tract was dried over anhydrous Na,SO, and evaporated, and the residue
was purified by column chromatography (silica gel, CHCL;) to give 9 as a
yellow viscous oil in 78% yield. IR (KBr): #=3063, 2864, 1675, 1524,
1457, 1348, 1289, 1250, 1114, 1081, 1033, 846, 795, 777, 648cm';
"H NMR (500 MHz, CDCL): 6=6.30 (s, 4H), 6.23 (s, 2H), 4.29 (s, 4H),
3.65 ppm (m, 12H); “C NMR (125 MHz, CDCL): 6 =134.6, 119.1, 119.0,
116.3, 110.8, 110.0, 70.7, 70.6, 69.3, 68.2 ppm; elemental analysis: caled
(%) for C,yH»,0,Ss: C 41.21, H 3.80; found: C 41.49, H, 3.94.

2:9: This was prepared from tube 2.5 by a facile guest-exchange process.
A small excess of 9 was added to a solution of 2-5 (1.5 umol) in H,O/
CH;CN (1:1, 1.0 mL), and the mixture was stirred at room temperature
for 15 min. After filtration, the solution was evaporated to give 2:9 in
97% yield. 'HNMR (500 MHz, D,0/CD;CN=1:1): 6=10.34 (s, 8H),
9.99 (s, 8H), 9.92 (s, 8H), 9.83 (s, 8H), 9.67 (s, 8H), 9.32 (d, /=5.0 Hz,
16H), 8.94 (s, 8H), 8.61 (d, J=5.0 Hz, 8H), 8.04 (t, /=5.0 Hz, 8H), 7.96
(d, J=8.0Hz, 16H), 7.57( d, J/=7.5Hz, 16H), 5.70 (d, J=13.2 Hz, 8H),
5.51 (d, J=12.0 Hz, 8H), 5.50 (br, 4H), 5.46 (s, 2H), 3.51 (br, 4H), 3.34-
3.06 (m, 52H), 2.05 (br, 4H), 1.99 ppm (s, 4H).
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