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Reversible Formation and Destruction of Micelles
of Amphiphilic Compounds in Aqueous Media.
Competition with Pseudorotaxane Formation
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N-Alkyl-4,4’-bipyridiniums [4,4’-bpy-N-(CH,),0Ar]™(C17) (n = 6 and 10, Ar = C¢H3-3,5--Bu,, CsH3-3,5-(OMe),,
and C¢H,-2,4,6-Mes), having the cationic bipyridinium group and a long hydrophobic alkyl chain, were prepared from the
reaction of 4,4’-bipyridine with the corresponding alkyl chlorides. The amphiphilic compounds in water form micelles
which encapsulate added pyrene in the hydrophobic core. Addition of «-cyclodextrin to the micellar solution converts a
part of the aggregated amphiphilic molecules to their pseudorotaxane with o-cyclodextrin. Formation of the pseudo-
rotaxanes is favored at lower temperature, as is observed by temperature dependent change of the absorption spectra.

Amphiphilic compounds possessing both hydrophilic and
hydrophobic parts in the molecule, such as CTAB (cetyltri-
methylammonium bromide), SDS (sodium dodecyl sulfate), and
Triton X-100 (octylphenoxypolyethoxyethanol), form micelles
or other self-assembled aggregates, such as vesicles and bilayer
sheets, in water."”> The micelle particles composed of the
amphiphiles often contain added pigment or dye molecules in
their hydrophobic cavity. Such encapsulation of the micellar
solution is widely used to estimate critical micelle concen-
tration (CMC) of the amphiphiles in water.’ Spectroscopic
measurement of the micellar solution of various amphiphiles in
the presence of pyrene provide a good means to determine their
CMCs as well as to obtain information of the environment
around the pyrene.* Addition of cyclodextrins (CDs), cyclic-
oligoglucoses composed of six to eight 1,4-linked D-gluco-
pyranose units,? to the micellar solution has been reported to
change properties of the solution, such as surface activity,’
surface intensity,” and conductivity® as well as the spectro-
scopic and physicochemical results.” They were attributed to
the formation of their pseudorotaxanes in which cyclodextrins
were threaded by the long alkyl chain of the amphiphile.!*-1?
In these mixtures of cyclodextrin and amphiphile in water,
formation of the micelle and of the pseudorotaxane competes
with each other as shown in Scheme 1.8>8¢13-15

Studies on the mixture of B-cyclodextrin and SDS revealed
that formation of the pseudorotaxane with 8-CD is much more
favored than that of the micelle because of more significant
interaction between B-CD and SDS than that among the
amphiphilic molecules in the micellar system.'® Recent kinetic
study of the B-CD-SDS system by EPR spectroscopy also
showed the complex formation of 8-CD and SDS which occurs
with a higher association constant than that of micellization
of SDS in water.'” In these systems, high stability of the
pseudorotaxane prevents formation of micelles or the change of
the ratio of the pseudorotaxanes to the micelles in aqueous
media. On—off regulation of competing supramolecular assem-
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Scheme 1. Competitive formation of micelles and pseudo-
rotaxanes.

bly systems between pseudorotaxane formation and micellar
aggregation may lead to switching of the solution properties,
although reports on this subject are rare.®

In this paper, we report the reversible formation of micelles
and of pseudorotaxanes in an aqueous mixture of «-CD
and amphiphilic molecule by temperature alternation. It was
achieved by use of N-alkyl-4,4’-bipyridiniums. A part of this
work has been reported in a preliminarily form.'?

Results and Discussion

Chart 1 lists N-alkyl-4,4’-bipyridiniums used in this study.
Reaction of 4,4’-bipyridine with CI(CH,),OAr (n = 6 and 10;
Ar = C6H3-3,5-t-B112, C6H3-3,5-(OMC)2, and C6H2—2,4,6-Me3)
in DMF produces, [4,4’-bpy-N-(CH,),OAr]"(C17) (1a: n = 10,
Ar = C4H3-3,5-t-Buy; 1b: n = 10, Ar = C¢H3-3,5-(OMe),; 1c:
n =10, Ar = C¢H,-2,4,6-Mes; and 1d: n = 6, Ar = C¢H3-3,5-
(OMe),). Compounds 1a—1c¢ show amphiphilic nature; they are
soluble both in water and in common organic solvents, such as
dmso, acetone, CH,Cl,, and CHCl3. Compound 1d, however, is
soluble in water, sparingly soluble in dmso, and insoluble in
other organic solvents, due to the shorter polymethylene chain
than that of the other compounds.
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1a: n= 10, Ar = CgH3-3,5-t-Bu,
1b: n=10, Ar = CgHs-3,5-(OMe),
1c: n=10, Ar = CgH»-2,4,6-Me;
1d: n =6, Ar = CgH3-3,5-(OMe),

Chart 1. Structure of N-alkyl-4,4’-bipyridinium compounds,
la-1d.
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Figure 1. 'HNMR spectra (D,0, 300 MHz, 25°C) of (A)
lc ([1e]=10mM), (B) 1c and a-CD ([1lc] = 10mM,
[@-CD] = 10mM), and (C) 1¢ and «-CD ([1¢] = 10 mM,
[a-CD] = 30 mM).

Reaction of w-CD with 1a—1d leads to formation of their
pseudorotaxanes as shown in eq 1.

a b c d CI
N@—GNt(CHQ)n—OAr + ( ) )

1a, 1b, 1c, 1d 0-CD

K a b ¢ d

-— N \_,Nt@n}om ()

cr
1a(0-CD): n = 10, Ar = CgHg-3,5-t-Buy
1b(0-CD): n = 10, Ar = CgHz-3,5-(OMe),

1¢(0-CD): n = 10, Ar = CgHp-2,4,6-Meg
1d(0-CD): n = 6, Ar = CgHg-3,5-(OMe),

Inclusion complexes of o-CD with 1a in D,O/dmso-ds (=3/1)
and [3]pseudorotaxane of two a-CDs and 1b were reported in
our previous reports.'>?° The MALDI-TOF MS spectrum
obtained from the mixtures of &-CD and 1c¢ (and 1d) showed
peaks assigned to 1:1 complexes, 1e(a-CD) (m/z = 1401.7)
and 1d(e-CD) (m/z = 1363.7), respectively. Figure 1 com-
pares the '"HNMR spectra of 1¢ and of mixtures of o-CD and
1c. An equimolar mixture ([o¢-CD] = [1¢] = 10 mM) shows a
set of the signals at § 7.75 (b’), 8.24 (¢’), 8.59 (2’), 8.82 (d’) and
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Figure 2. Job’s plots for 1¢ and «-CD (A) at 25 °C and (B)
at 60 °C based on '"HNMR peak area ratio of bipyridinium
protons (b and b’). [1c]p + [@-CD]yp = 10mM. The curve
calculated by assuming formation of a 1:1 pseudorotaxane
with association constants of 5000 and of 1000M~!
shown in (A) and (B), respectively.

Table 1. Association Constants K for [2]Pseudorotaxane
Formation Reaction of @-CD with 1a-1d in D,0?

[2]Pseudorotaxane K/M*1 at 25°C K/M*1 at 60°C
1a(a-CD) 1029 29
1b(a-CD) 25000 12000
1c(x-CD) 5000 1000
1d(«-CD) 400 N.D.
CTAB(x-CD) 11109 —

a) Unless noted association constants K were estimated from
Job’s plot obtained from "HNMR spectroscopy. b) Association
constants K were estimated from single point 'HNMR
measurement. c¢) Ref. 21.

the signals of free 1¢ (§ 7.62 (b), 8.17 (c), 8.51 (a), 8.81 (d)) in
the aromatic hydrogen region (Figure 1B). The former signals
@, b, ¢/, d) are assigned to the bipyridinium moiety of an
inclusion complex, 1¢(-CD). Further addition of «-CD to
the mixture causes disappearance of the signals of free 1c
(Figure 1C). Signals of the C¢H, hydrogens in Figure 1C were
observed as two peaks with different intensity (§ 6.82, 6.91),
indicating the presence of two isomers of lc¢(x-CD) with
different orientations of a-CD. The ratio of the isomers was
determined to be 82:18 by comparison of the integrations of the
"HNMR peak area. Job’s plots obtained from the peak area
ratio between b and b’ show maximum at a molar fraction of
0.5 both at 25 and 60 °C (Figure 2), which confirms exclusive
formation of 1:1 complex, [2]pseudorotaxane. The correspond-
ing association constants K were determined to be 5000 M~!
(25°C) and 1000M~! (60°C), respectively. Table 1 summa-
rizes association constants of @-CD and 1a-1d. Large depend-
ence of [2]pseudorotaxane formation on the structures of the
axle molecule (K = 102-25000M~! at 25°C) was observed.
The thermodynamic parameters of the [2]pseudorotaxane
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Figure 3. Absorption spectra of (A) pyrene (10uM) and
[1a] ((1a]=5x10"° to 2.5 x 102gmL™") and (B)
pyrene (10uM) and [1b] ([1b] =1.25 x 107® to 2.5 x
1073 gmL™!) in water at 25°C.

formation are determined to be AH° = —8.8kcal mol~!, AS® =
—14calmol™'K~!, and AG® = —4.7kcalmol~! for 1c(a-CD)
and to be AH° = —7.3kcalmol™!, AS®= —13calmol 'K,
and AG° = —3.4kcalmol™' for 1d(«-CD), respectively, by
temperature dependence of association constant obtained by
"HNMR spectroscopy of the mixture of amphiphiles and a-CD
in D,0. The large negative values of AH® and AG® suggest that
hydrophobic interaction between the cavity of a-CD and the
polymethylene chain of 1c¢ contribute to enthalpy-controlled
thermodynamic stability of the [2]pseudorotaxane.’

The critical micelle concentrations (CMCs) of la-lc¢ in
water were obtained by dye solubilization, while dynamic light
scattering (DLS) measurement was also conducted to determine
particle size of the formed aggregates. Figure 3 shows
absorption spectra of a mixture of pyrene ([pyrene] = 10 uM)
and 1a with different concentrations ([1a] =5 x 107 to 2.5 x
1073 gmL™"). The absorbance at 338 nm significantly increases
at concentrations of [1a] above 5 x 10™*gmL~! due to the
formation of micelles which encapsulate pyrene in the hydro-
phobic core. CMC values of la become larger at higher
temperatures or by addition of «-CD. The CMC of 1a was
determined to be 0.26 mM at 25°C (0.50 mM at 60 °C) based
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Figure 4. Plots of the absorbance at 338 nm of the aqueous
mixture of pyrene ([pyrene] = 10 uM) and 1a-1c¢ at 25°C
on concentrations of (A) [1a], (B) [1b], and (C) [1c].

on plots of the absorbance vs. concentration of 1a (Figure 4).
DLS measurement shows the hydrodynamic radius of a micelle
in an aqueous solution of la ([1la] = 18.6 mM) as 61 nm at
25°C. CMCs of 1b-1d were determined similarly (Figure 4
and Table 2). The mixture of pyrene and 1b shows change in
slope at [1b] = 0.65mM (CMC)) and 2.1 mM (CMC,), which
is attributed to stepwise aggregation of 1b. The CMC value of
1c is similar to that of CTAB (0.92 mM) while those of 1a and
1b (CMC,) are smaller. DLS measurement of solution of 1b
([1b] = 5mM at 25°C) indicates a large particle with hydro-
dynamic radius of 2.6 x 103 nm where formation of suspended
solution due to further aggregation of 1b was observed at
high concentration. The hydrodynamic radius of micelle of 1b
does not depend significantly on temperature (hydrodynamic
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Table 2. CMC and Averaged Particle Sizes of la-1d in
Water

Temperature CMC? Averaged particle
Compound I/)OC /mM sifeb) /Ir)lm
1a 25 0.26 61
25 0.199 N.D.
50 0.349 N.D.
60 0.50 N.D.
1a + o-CD? 25 0.30 N.D.
la + a-CD? 25 0.56 N.D.
1b 25 0.65 (CMC)) 2.6 x 103D
2.1 (CMC,)
1c 25 1.0 1109
CTAB 25 0.929 2.6M

a) Determined by dye solubilization method using pyrene.
b) Determined by DLS. c¢) DPH (1,6-diphenylhexatriene) was
used as dye. d) [@-CD]/[1a] =0.4. e) [«-CD]/[1a] = 10.
f) Suspension. g) At 19 °C. h) Ref. 21.

radius = 1.5 x 103 to 2.6 x 10°nm at 25-75°C). The hydro-
dynamic radius of micelle of 1¢ ([1¢] =20mM at 19 °C) was
determined to be 110nm. So, the amphiphiles in this study
form micelles with much larger particle size than those of
CTAB.

Addition of «o-CD to the solution of pyrene and 1la
([¢-CD] =47.5mM, [pyrene] = 10uM, [la]=9.5mM) at
25°C causes significant decrease in the absorption at 338 nm
(Figures 5A-(i) and 5A-(ii)) due to degradation of micelles
of 1a and formation of the [2]pseudorotaxane la(c-CD).
Heating the solution to 60°C caused partial recovery of the
absorbance, suggesting reformation of micelle particles of 1a.
Re-cooling the solution to 25°C decreases the absorbance
again (Figures 5A-(iii) and 5A-(iv)). Repetition of the temper-
ature change between 25 and 60 °C results in swinging of the
spectra between (ii) (or (iv)) and (iii), as shown in Figure 6.
Addition of a-CD to the aqueous solution of pyrene and
amphiphiles, 1b—1d and CTAB, causes similar decrease of the
absorbance at 338 nm, while change of the spectra by temper-
ature alternation between 25 and 60 °C lacked reversibility in
these solutions (Figures 5B and 5C).

The aqueous solution of the mixture of la and pyrene
([1a] = 2mM, [pyrene] = 5 UM) shows weak emission at A =
375 (1}), 386 (I3)nm due to 7—™* transition of pyrene with the
LI/1; ratio of 1.01 (Adex = 335nm) (Figure 7A). Addition of -
CD (10mM) to the solution causes significant increase in the
intensity of the emission (Figure 7B). The intensity of emission
and 53/} ratio from the mixture of «-CD, 1la, and pyrene
(l3/1, = 0.67) are similar to those from solution containing
pyrene (5uM) (/3/1; = 0.66). This change of emission can
be ascribed as follows. Pyrene is solubilized in water via
encapsulation into the cavity of micelle of 1la where the
photoexcited pyrene is quenched by bipyridinium unit of 1a.
Addition of «-CD to the micellar solution of la forms
individual pseudorotaxane species, 1a(a-CD), via degradation
of the micelle structure. The small 5/} values (<0.70) in
Figures 7B and 7C indicate that these emissions are from the
pyrene molecule dissolved in water.* Similar aqueous solutions
of the mixture of pyrene and 1b (and 1c¢) show emission with
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Figure 5. (A) Absorption spectra of a-CD, pyrene, and [1a]
([pyrene] = 10 uM, [1a] = 9.5mM, [x-CD] = 47.5mM),
(B) absorption spectra of «-CD, pyrene, and [1b]
([pyrene] = 10uM, [1b]=5.0mM, [x-CD]= 30mM),
(C) absorption spectra of «-CD, pyrene, and [lc]
([pyrene] = 10mM, [1c¢] =5.0mM, [-CD]=30mM).
The spectra were recorded in the following order: (i)
before addition of «-CD at 25 °C, (ii) after addition of -
CD at 25 °C, (iii) after heating to 60 °C, (iv) after cooling
to 25°C.

the I3/, ratio of 0.72 and 0.85, respectively, indicating their
micelle also encapsulate pyrene in the cavity.

Scheme 2 summarizes a plausible mechanism for the
spectroscopic changes of a solution containing pyrene, a-CD,
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Figure 6. Switching cycles of absorbance of mixture of
la, a-CD, and pyrene at 338 nm between 25 and 60 °C
([pyrene] = 10uM, [1a] =9.5mM, [«-CD] = 47.5 mM).
The normal distribution within 2 standard deviations of the
mean (U + 20) was included.
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Figure 7. Emission spectra of (A) 1la and pyrene
([pyrene] = 5uM, [la]=2mM), (B) 1la, «-CD, and
pyrene ([pyrene] =5uM, [la]=2mM, [a-CD]=10
mM), and (C) pyrene ([pyrene] = 5 uM) in water.
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Scheme 2. Plausible mechanism for competing supramolecular assembly of amphiphiles.

and la at different temperatures. The amphiphilic molecules
aggregate via encapsulation of pyrene to form micelle A in
water (Scheme 2A). Although almost all of the molecule in
aqueous media are involved in the micelle, addition of a-CD
causes degradation of micellar aggregate and forms pseudo-
rotaxane with a-CD, B, leading to separation of pyrene from
the solution as a solid and consequent decrease of the
absorbance (Scheme 2B). Pseudorotaxane of 1a, upon heating,
tends to cause dethreading to separate «-CD from free
amphiphile which forms micelle A again, leading to encapsu-
lation of pyrene even in the presence of @-CD. Assemblies of
1a to form micelles and to form pseudorotaxane with o-CD
compete with each other in the presence of o-CD due to
comparable stabilities of the two kinds of supramolecular
aggregation. The association constants for formation of the
pseudorotaxane 1a(a-CD) (K = 102M~! at 25°C, 29M~! at
60 °C) are much smaller than those for the pseudorotaxane of
1b-1d. The mixture of la and «-CD in Figure SA ([la] =
9.5mM, [o-CD] = 47.5 mM) is estimated to contain 1a(x-CD)
in 80% at 25°C and 55% at 60°C, respectively. Micelle
formation of 1a is also affected by temperature alternation
(CMC of 1a=0.26mM at 25°C, 0.50mM at 60°C). As a

result, the ratio of concentration of 1a in the micelles and
la(o-CD) varies significantly by temperature alternation.
Reaction of «-CD with 1b (or 1le, CTAB) forms their
pseudorotaxanes dominantly in solution at both 25 and 60 °C
under the conditions shown in Figures 5B and 5C. Yields
of the pseudorotaxanes, 1b(a-CD) and lc¢(x-CD), in these
solutions are estimated to be higher than 96% even at 60 °C
from their large association constants (K = 5000, 25000 M~!
at 25°C, K = 1000, 12000 M~! at 60 °C). Negligible changes
in the absorption spectra of these mixtures by temperature
alternation are ascribed to high stability of the pseudorotaxanes.

Conclusion

The competitive supramolecular assembly in water was
investigated to reveal the micelle formation of amphiphilic N-
alkyl-4,4’-bipyridiniums and pseudorotaxane formation of it
with a-CD. The association constants of [2]pseudorotaxane
formation of @-CD and [4,4’-bpy-N-(CH,),0Ar]™(CI™) (n =6
and 10, Ar=C6H3-3,5—t-Bu2, C6H3-3,5-(OM6)2, and C6H2-
2,4,6-Mes) vary in the range, K = 102-25000M~!, at 25°C
depending on the amphiphiles. Molecules having proper length
of methylene chain, n = 10, show amphiphilic properties and
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form stable micelles in water. Aqueous mixtures of &-CD and
the amphiphiles produce solutions which exhibit competitive
formation of micelle and pseudorotaxane. The amphiphilic
molecule, [4,4"-bpy-N-(CH,)100(CeH3-3,5--Buy)]H(C17) (1a),
forms pseudorotaxane la(o-CD) with a relatively small
association constant, in which significant change of the ratio
of pseudorotaxane and micelles is induced reversibly by
temperature alternation. This supramolecular transformation
system may provide new means for artificial molecular
materials that respond to an external stimulus.

Experimental

General.  [4,4"-bpy-N-(CH,),0Ar](C17) (1a; n =10, Ar=
C¢H3-3,5-+-Bu; and 1b; n =10, Cg¢H;-3,5-(OMe),) were pre-
pared according to a literature method.!®!® The other chemicals
were commercially available and used without further purifica-
tion. 'H and *C{'H}NMR spectra were recorded on Varian
MERCURY300 and JEOL EX-400 spectrometers. 3-(Trimethyl-
silyl)-1-propanesulfonic acid sodium salt (DSS) was used as an
external standard in the '3C{'H} NMR measurements in D,O.
Matrix-assisted laser desorption ionization time of flight mass
spectra (MALDI-TOF MS) were obtained from a Shimadzu
AXIMA-CFR Plus spectrometer (matrix, 2-hydroxy-5-methoxy-
benzoic acid (super DHB)). The absorption spectra were recorded
using a JASCO V-530 UV-vis spectrometer. A 10 uL aliquot of a
2.0 M solution of pyrene in dmso was transferred to 2.0 mL of each
sample. Before measuring, the samples were stored at adequate
temperature using a JASCO EHC-477 peltiere-type thermostated
cell holder. The emission spectra were recorded using a JASCO
FP-6300 Spectrofluorometer. Elemental analysis was carried out
with a LECO CHNS-932 CHNS or Yanaco MT-5 CHN autore-
corder at the Center for Advanced Materials Analysis, Technical
Department, Tokyo Institute of Technology. The hydrodynamic
size of the micelles in aqueous solution was measured using an
Otsuka Electronics Co., Ltd. DLS-7000 spectrophotometer equip-
ped with a 10mW He-Ne laser operating at 632.8 nm. Measure-
ment was performed at an angle of 90°, and the data obtained were
fitted using the CONTIN algorithm.

CI(CH,)19O(C¢H;-2,4,6-Me3). A solution of 2,4,6-trimethyl-
phenol (4.0g, 29mmol) and NaOH (1.6g, 40mmol) in DMF
(20mL) was stirred for 2h at room temperature, followed by
addition of 1,10-dichlorodecane (12.4 mL, 59 mmol). The mixture
was stirred for another 26 h at 100 °C, before being quenched with
1M HCl(aq) (50 mL). The water layer was extracted with Et,0
(30mL, 4 times) and the combined organic extract was washed
with water (20mL, 2 times), dried over MgSQOy, filtered and con-
centrated under reduced pressure to yield a crude product, which
was purified by SiO, column chromatography (hexane/CH,Cl, =
5/1, Ry=0.34) to yield CI(CH>);00(CsH,-2,4,6-Me3) as a white
powder (3.52 g, 11 mmol, 38%). '"HNMR (300 MHz, CDCl, r.t.):
8 1.36-1.60 (CH,, 12H), 1.75-1.88 (CICH,CH,, NCH,CH,, 4H),
2.28 (s, Me, 9H), 3.56 (t, CICH,, 2H, J = 7Hz), 3.76 (t, OCH,,
2H, J=7Hz), 6.85 (s, CsHp, 2H); 3C{'H}NMR (75.5MHz,
CDCl;, rt.): § 16.1 (CgHy-4-CH3), 20.6 (CsH,-2,6-(CH3),), 26.1
(CHp), 26.8 (CHy), 28.8 (CHy), 29.4 (CH,), 29.5 (CH,, 2C), 30.4
(CH,), 32.6 (CH,), 45.1 (CICH,), 72.3 (OCH;), 129.3 (C¢Hy),
130.5 (C¢Hp), 132.7 (C¢Hy), 153.7 (C¢H,); Found: C, 73.37; H,
9.75; Cl, 11.42%. Calcd for Ci9H3,C1O: C, 73.40; H, 10.05; Cl,
11.40%.

CI(CH;)6O{CsH3-3,5-(OMe),}. A solution of 3,5-dimethoxy-
phenol (4.0g, 26 mmol) and NaOH (1.6g, 40mmol) in DMF

Bull. Chem. Soc. Jpn. Vol. 83, No. 4 (2010) 383

(10mL) was stirred for 1h at room temperature, followed by
addition of 1,6-dichlorohexane (7.6 mL, 52 mmol). The mixture
was stirred for another 23 h at 110 °C, before being quenched with
1 M HCl(aq) (100 mL). The water layer was extracted with CH,Cl,
(100mL) and the organic extract was washed with water, dried
over MgSQOy,, filtered and concentrated under reduced pressure to
yield a crude product, which was purified by SiO, column chroma-
tography (2 times, hexane/CH,Cl, =3/1 (Ry=0.23), hexane/
AcOEt =20/1 (Ry=0.34)) and washing with hexane (15mL)
to yield CI(CH,)sO{C¢H3-3,5-(OMe),} as a white powder (1.1g,
4.0mmol, 15%). '"HNMR (300 MHz, CDCl;, rt.): § 1.43-1.56
(CH,, 4H), 1.73-1.86 (CH,, 4H), 3.55 (t, CICH,, 2H, J = 7Hz),
3.77 (s, CHj3, 6H), 3.92 (t, OCH,, 2H, J = 7Hz), 6.08 (s, C¢H3,
3H); BC{'H} NMR (75.5MHz, CDCls, r.t.): § 25.4 (CH,), 26.6
(CH,), 29.0 (CHy), 32.4 (CH,), 45.0 (CICH,), 55.3 (CH3), 67.7
(OCH,), 92.7 (C¢H3), 93.2 (C¢H3), 160.9 (C¢Hj), 161.4 (CeHs);
Found: C, 61.47; H, 7.55; Cl, 13.09%. Calcd for C,4H,,ClO5: C,
61.65; H, 7.76; Cl, 13.00%.
[4,4’-bpy-N-(CH,);9O(C¢H,-2,4,6-Me3)| 7(C17) (1¢). A solu-
tion of CI(CH,);00(C¢H,-2,4,6-Me;) (1.43 g, 4.6 mmol) and 4,4'-
bipyridine (1.44g, 9.2mmol) in DMF (10mL) was stirred at
100 °C for 28 h. The evaporation of the solvent yielded a brown
solid, which was purified by washing with Et,O, recrystallization
from CH,Cl,/Et;0O (20mL/200mL) at room temperature, and
washing with Et;,O to yield [4,4’-bpy-N-(CH,);00(CeH,-2,4,6-
Me3)]"(C17) (1¢) as a white solid (945mg, 2.0mmol, 44%).
THNMR (300 MHz, CDCls, r.t.): 8§ 1.17-1.49 (CH,, 12H), 1.70
(m, OCH,CH,, 2H), 1.75 (br, NCH,CH,, 2H), 2.17 (s, Me, 9H),
3.66 (t, OCH,, 2H, J = 7Hz), 4.94 (t, NCH,, 2H, J = 7Hz), 6.76
(s, C¢Hp, 2H), 7.75 (d, C1oHgNy, 2H, J = 5Hz), 8.43 (d, C;oHgN,,
2H, J = 6 Hz), 8.77 (d, C0HgN,, 2H, J = 5Hz), 9.55 (d, C;oHsN,,
2H, J=6Hz); BC{'H}NMR (75.5MHz, CDCl;, rt): § 16.1
(C¢H,-4-CH3), 20.5 (C¢H,-2,6-(CH3)), 26.0 (CH,, 2C), 28.9
(CHp), 29.2 (CH,), 29.3 (CH,, 2C), 30.3 (CH,), 31.8 (CH,), 61.3
(NCH,), 72.2 (OCHyp), 121.6 (C;oHsN,), 125.8 (C1oHsgNy), 129.2
(CeHp), 130.4 (CeHy), 132.7 (CeHy), 141.0 (C;oHsNy), 145.7
(C1oHgNp), 151.1 (CyoHgN,), 153.2 (CjoHsNy), 153.6 (CgHy);
Found: C, 69.48; H, 8.48; N, 5.61%. Calcd for C,9H39CIN,O-
2H,0: C, 69.23; H, 8.61; N, 5.57%.
[4,4"-bpy-N-(CH2)60{CsH;-3,5-(OMe),}|*(C17) (1d). A
solution of CI(CH;)sO{C¢H3-3,5-(OMe),} (800mg, 2.9 mmol)
and 4,4’-bipyridine (906 mg, 5.8 mmol) in DMF (8 mL) was stirred
at 110 °C for 25 h. The evaporation of the solvent yielded a brown
solid, which was purified by washing with Et,0, reprecipitation
from EtOH/Et;O (50 mL/500mL) at room temperature to yield
[4,4"-bpy-N-(CH,)s0{ CsH3-3,5-(OMe), }]1(C17) (1d) as a gray
solid (635 mg, 1.5 mmol, 52%). 'HNMR (300 MHz, dmso-ds, r.t.):
8 1.28-1.52 (CH,, 4H), 1.68 (br, OCH,CH,, 2H), 1.98 (br, NCH,-
CH,, 2H), 3.67 (s, Me, 6H), 3.89 (t, OCH,, 2H, J = 6 Hz), 4.67 (t,
NCH,, 2H, J = 7Hz), 6.04 (s, C¢Hs, 3H), 8.05 (d, C,oHsN,, 2H,
J = 5Hz), 8.65 (d, C;oHsNy, 2H, J = 6 Hz), 8.86 (d, C;oHgN,, 2H,
J=5Hz), 9.31 (d, C1oHgN,, 2H, J = 6Hz); *C{'H} NMR (100
MHz, dmso-dg, r.t.): § 25.0 (CH,), 25.2 (CH,), 28.4 (CH,), 30.7
(CH,), 55.1 (CHj3), 60.2 (NCH,), 67.2 (OCH,), 92.6 (C¢H3), 93.1
(C¢H3), 121.9 (CyoHgNy), 125.3 (C;oHgN,), 140.8 (C;oHgNy),
145.2 (CjoHsNy), 150.8 (CjoHsNy), 152.0 (CjoHsNy), 160.3
(C¢H3), 161.0 (C¢H3); Found: C, 65.51; H, 6.82; N, 6.27%. Calcd
for Cy4H,9CIN,05-0.5H,0: C, 65.82; H, 6.90; N, 6.40%.
[(@-CD){4,4"-bpy-N-(CH2)190(CsH;-2,4,6-Me3)}]*(CI7) (1e-
(¢-CD)). 'HNMR data were obtained from a mixture of 1c
([1c] = 10mM) and @-CD (Ja-CD] = 30mM) in D,O. 'HNMR
(300 MHz, D,0, r.t.): § 1.05-2.04 (CH,, 16H), 2.06 (s, Me), 2.18
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(s, Me), 3.35-3.79 (CH-a-CD, OCH,, 38H), 4.50-4.54 (NCH,,
2H), 4.82-4.88 (CH-a-CD, 6H), 6.82 (s, C¢H), 6.91 (s, C¢Hp),
7.75 (d, C10H8N2, 2H, J= 6HZ), 8.24 (d, C10H8N2, 2H, J=5 HZ),
8.59 (d, CyoHgN,, 2H, J = 5Hz), 8.82 (d, C;oHsN,, 2H, J = 7Hz);
MS (MALDI-TOF) found m/z 1401.7 [M — CI]*, caled for
C65H99N2031 m/z 1403.6.

[(@-CD){4,4"-bpy-N-(CH2)sO(CsH3-3,5-(OMe)y)}*(C17) (1d-
(a-CD)). 'HNMR data were obtained from a mixture of 1d
([1d] = 10mM) and @-CD ([a-CD] = 50 mM) in D,0. 'HNMR
(300 MHz, D50, r.t.): § 1.19-1.69 (CH,, 4H), 1.87 (m, OCH,CH,,
2H), 2.06 (m, NCH,CH,, 2H), 3.39-3.84 (CH-o-CD, OCH,, 38H),
4.53-4.65 (NCH,, 2H), 4.88-4.92 (CH-a-CD, 6H), 5.65 (s, C¢H3),
6.16 (s, C¢Hs), 7.83 (d, CioHgN,, 2H, J = 6 Hz), 8.30 (d, C;oHsN,,
2H, J= 7HZ), 8.67 (d, ClngNz, 2H, J= 6HZ), 8.89 (d, ClngNz,
2H, J = 7Hz); MS (MALDI-TOF) found m/z 1363.7 [M — CI]™,
caled for C60H39N2033 m/z 1363.6.

Determination of Equilibrium Constants for Formation of
1c(a-CD). A D,0 solution of 1¢ ([1¢] = 6 mM) and a-CD ([a-
CD] = 4mM) was charged to an NMR tube. Fixing temperature of
the solution and comparison of the peaks at § 7.62 (b) and 7.75 (b’)
showed the equilibrium constant. K = 2511 (25°C), 1734 (35°C),
1173 (45°C), 779 (55°C), 566 (65°C), 326 (75°C), and 206 M~
(85°C).

Determination of Equilibrium Constants for Formation of
1d(¢-CD). A DO solution of 1d ([1d] = 10mM) and «-CD
([¢-CD] = 10mM) was charged to an NMR tube. Fixing temper-
ature of the solution and comparison of the peaks at § 7.81 (b) and
7.93 (b") showed the equilibrium constant. K = 615 (5°C), 429
(15°C), 289 (25°C), 188 (35°C), 125 (45°C), and 83 M~ (55°C).
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