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pH-Triggered Dethreading—Rethreading and Switching of Cucurbit[6]uril on
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Abstract: A series of water-soluble
[3]rotaxanes-(n+2) and [3]pseudoro-
taxanes-(n+2) with short (propyl, n=
1) and long (dodecyl, n=10) aliphatic
spacers have been prepared in high
yields by a 1,3-dipolar cycloaddition re-
action catalyzed by cucurbit[6]uril
(CB6). The pH-triggered dethreading
and rethreading of CB6 on these pseu-
dorotaxanes was  monitored by
'"H NMR spectroscopy. A previously
reported [3]rotaxane-12 that is known
to behave as a bistable molecular
switch has two recognition sites for
CB6, that is, the diaminotriazole moiet-
ies and the dodecyl spacer. By chang-

to observe more than one state in the
shuttling process. At low pH values
both CB6 units are located on the di-
aminotriazole moieties owing to an
ion—dipole interaction, whereas at high
pH values both of the CB6 units are lo-
cated on the hydrophobic dodecyl
spacer. Surprisingly, the CB6 units
shuttle back to their initial state very
slowly after reprotonation of the axle.
Even after eighteen days at room tem-
perature, only about 50% of the CB6
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units had relocated back onto the
diaminotriazole moieties. The rate con-
stants for the shuttling processes were
measured as a function of temperature
over the range from 313 to 333 K and
the activation parameters (enthalpy,
entropy, and free energy) were calcu-
lated by using the Eyring equation.
The results indicate that this [3]ro-
taxane behaves as a kinetically con-
trolled molecular switch. The switching
properties of [3]rotaxane-3 have also
been studied. However, even under ex-
treme pH conditions this rotaxane has
not shown any switching action, which
confirms that the propyl spacer is too

ing the pH of the system, it is possible

Introduction

An important consideration in the construction of molecular
devices for nanotechnological applications is the ability to
control the amplitude and speed of motion at the molecular
scale. Mechanically interlocked molecules that possess more
than one recognition site, such as catenanes and rotaxanes,
have great potential in this area.’!!. A rotaxane is a molecule
in which a wheel-like component (also known as a ring or
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short to accommodate CB6 units.

macrocycle) encircles an axle-like component through non-
covalent interactions. To prevent dethreading of the ring
from the axle, bulky stoppers are attached at the ends of the
axle. If the ends of the axle are not blocked by bulky
groups, then the molecule is known as a pseudorotaxane. In
these systems, the ring component can shuttle under an ex-
ternal stimulus (chemical, electrochemical, or photochemi-
cal) from one recognition site to another, and in doing so,
they convert chemical, electrochemical, or photochemical
energy into mechanical energy. To date, many elegantly de-
signed rotaxanes and catenanes have been reported? and
bistable [3]rotaxanes, in particular, have great potential to
act as stimuli-responsive artificial molecular muscles if care-
fully designed. However, there are only a few examples in
the literature of rotaxanes that resemble linear artificial mo-
lecular muscles.®™! In these systems, the expansion and con-
traction caused by the movements of the ring from one rec-
ognition site to another can be monitored by using spectro-
scopic methods (‘HNMR, UV-visible, fluorescence) and
electrochemistry.

Cucurbit[6]uril (CB6) and its homologues (CB5, CB7,
CBS8, and CB10) are examples of macrocycles that have

Chem. Eur. J. 2008, 14, 4110-4116



been used in the preparation of rotaxanes, pseudorotaxanes,
polyrotaxanes, and pseudo(polyrotaxanes). Cucurbiturils
have a hydrophobic cavity and two identical hydrophilic car-
bonyl portals.***) CB6 binds well to protonated mono- and
diaminoalkanes as a result of these structural features,
mainly through ion—dipole interactions and the hydrophobic
effect.®! Moreover, CB6 has been shown to catalyze [3+2]
cycloaddition reactions between suitably functionalized
alkyne and azide groups to give 1,4-disubstituted triazoles,
and a number of rotaxanes and polyrotaxanes have been de-
signed and synthesized by using this catalytic effect.®!
There are also a number of examples of CB6-based bistable
[2]rotaxanes that behave as molecular switches.'”

The properties of rotaxanes and pseudorotaxanes in other
applications can be best exploited if their synthesis is
straightforward and very efficient. Recently, we presented a
bistable molecular switch prepared by an easy, high yielding
CB6-catalyzed click reaction that confers these prerequi-
sites.!"?)

Herein we report the detailed synthesis and characteriza-
tion of a series of [3]rotaxanes and [3]pseudorotaxanes that
have either a long dodecyl or a short propyl aliphatic
spacer. The pH-dependent switching properties of these ro-
taxanes and pseudorotaxanes were investigated by '"H NMR
spectroscopy. The kinetics of the acid-induced movement of
CB6 units in a [3]rotaxane with a dodecyl spacer ([3]rotax-
ane-12) were studied and the rate constants were measured
as a function of temperature in the range 313 to 333 K. Fur-
thermore, the activation parameters (enthalpy, entropy, and
free energy) for the shuttling process were calculated by
using the Eyring equation.

Results and Discussion

Synthesis of [3]pseudorotaxanes and [3]rotaxanes: We de-
signed two types of dialkyne monomers (1 and 2; see
Scheme 1) for the synthesis of the corresponding [3]pseudo-
rotaxanes and [3]rotaxanes. We know from our previous
work that the nature of the spacer (i.e., shape, size, and
length) affects the catalytic ability of CB6 during [3+2] cy-
cloaddition reactions.’"! Therefore, one should carefully
choose a spacer that has a lower affinity constant for CB6
than prop-2-ynylamine or azidoethylamine. It is known from
the literature that CB6 can form fairly stable host-guest
complexes with diaminoalkanes if the number of methylene
units in the spacer is between three and eight.®! Accordingly,
we selected propyl and dodecyl alkanes as spacers to meet
this requirement. An additional reason for choosing a dode-
cyl alkane spacer is its ability to accommodate two CB6
units.

Rotaxanes R1 and R2 and pseudorotaxanes P1 and P2
were synthesized in high yields by following procedures de-
scribed in the literature for the synthesis of similar mole-
cules (Scheme 1)."1 The products were characterized by
using spectroscopic techniques ('H, *C NMR, and FTIR)
and elemental analysis.
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Scheme 1. Synthesis of [3]pseudorotaxanes-(n+2) P1 (R=H, n=1) and
P2 (R=H, n=10) and [3]rotaxanes-(n+2) R1 (R=tBu, n=1) and R2
(R=1Bu, n=10) from monomers 1 (n=1) and 2 (n=10). Chloride coun-
terions have been omitted for clarity.

Characterization by MALDI-TOF mass spectrometry: The
MALDI-TOF mass spectra of R1, R2, P1, and P2 were re-
corded by using 2,4,6-trihydroxyacetophenone (THAP) as
the matrix.

The MALDI-TOF spectrum of R1 (see Figure S1 in the
Supporting Information) has a series of signals. The intense
signal at m/z 2428.38 has been assigned to the molecular ion
of R1 after the loss of all counterions. There is also a signal
at m/z 1431.94, which corresponds to an axle with only one
CB6 unit. This signal is less intense than that of the molecu-
lar ion, which indicates that the energy of the laser used
during sample ionization was high enough to dethread a
CB6 unit from the rotaxane, even though the axle is termi-
nated with bulky stopper groups. The signals at m/z 2464.40,
2596.40, and 2614.35 were assigned to [M-3HCI]*,
[M+Na]*, and [M+K]*, respectively.

The MALDI-TOF spectrum of P1 (see Figure S2 in the
Supporting Information) has four main signals that have
been assigned to the monosodium adduct of CB6 (m/z
1019.4), an axle that has one CB6 unit (m/z 1318.7), two
CB6 units and one sodium ion (m/z 2015.7), and the molec-
ular ion of P1 after the loss of all of its counterions (m/z
2316.0). The signal at m/z 1319.7 shows that P1 has lost one
CB6 unit, which suggests that dethreading occurs to a great-
er degree in P1 than in R1. This result is justified by the fact
that dethreading of P1 is easier because the axle is not ter-
minated by bulky stopper groups. The signal at m/z 2015.7 is
interesting and was assigned to two CB6 units and one
sodium ion. It is likely that the sodium ion connects the two
CB6 units to form a dimer, and interestingly, this dimer sur-
vives both the ionization and flying processes.

The MALDI-TOF spectrum of P2 (see Figure S3 in the
Supporting Information) has similar features to those ob-
served for P1. However, a distinguishing feature of this
spectrum is the formation of doubly charged molecular ions
(m/z 1221), which is not common in MALDI-TOF mass
spectrometry. In addition, the intensity of the signal for an
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axle with one CB6 unit is greater than the intensity of the
molecular ion of P2, which indicates the dethreading of
some CB6 units during the ionization process.

The MALDI-TOF spectrum of R2!! (not shown) reveals
small signals that were assigned to an axle of R2 with one
CB6 unit (m/z 1559) and a axle with one CB6 unit and two
potassium ions (m/z 1637). The main signal at m/z 2556 be-
longs to the molecular ion of R2.

'"H NMR spectroscopic investigation into the switching of
CB6 units: [3]Rotaxanes R1 and R2 possess two different
recognition sites (the diaminotriazole moieties and the do-
decyl and propyl spacers) and can thereby act as molecular
switches. The driving forces for the shuttling process are
ion—dipole interactions and hydrophobic effects. Usually, the
ion—dipole interactions are much stronger than the hydro-
phobic effects, but if an ion—dipole interaction is disrupted
by treatment with a base, then the hydrophobic effect be-
comes the stronger of the two forces.

Recently, we reported the pH-triggered switching proper-
ties of R2™ as illustrated in Scheme 2. This proposed
switching process is supported by the results of 'H NMR
spectroscopy studies (Figure 1). At low pH (statel;
Scheme 2, Figure 1a), the CB6 units have a greater affinity
for the diaminotriazole moieties than for the diaminodode-
camethylene moiety. The interaction between CB6 and di-
aminotriazole is mainly an ion—dipole interaction between
the carbonyl groups of the CB6 portals and the NH,* ions
adjacent to the dodecyl spacer and the tert-butyl groups. The
CB6 units can be induced to move onto the hydrophobic do-
decyl spacer if the ion—dipole interactions are disrupted by
deprotonation of the ammonium ions. The resulting complex
is stabilized by the hydrophobic effect and by hydrogen
bonding between the NH groups adjacent to the dodecyl
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Scheme 2. The pH and heat-induced shuttling processes of R2. Chloride counterions have been omitted for
clarity. Protons examined by '"H NMR spectroscopy have been labeled a to i and t.
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Figure 1. 'H NMR (400 MHz, D,0, 25°C) spectra of R2 a) in the absence
of acid or base (state I), b) at pH > 10 after the addition of base (state II),

and c)at pH<7 after the addition of excess HCl (state III). See
Scheme 2 for the labeling of the protons.

spacer and the carbonyl groups of CB6 (state II; Scheme 2,
Figure 1b).

The addition of excess aqueous HCl produced some
changes in the resonances of the protons adjacent to the
amine groups (state III; Scheme 2, Figure 1¢). For example,
the signal assigned to the tert-butyl protons was shifted
downfield by about 0.15 ppm, which indicated that the adja-
cent amine groups were protonated. However, no change
was observed in the chemical shifts of the dethreaded tri-
azole protons (0=8.4 ppm) or threaded dodecyl methylene
protons (0=0.5-1.0 ppm), which clearly indicated that the
CB6 units remained on the dodecyl spacer. In state III, the
amine groups that are adjacent to the dodecyl spacer are
protonated and both hydropho-
bic and ion-dipole interactions
take effect, therefore, the acti-
vation energy required to shut-
tle the CB6 units back to their
initial location on the di-
aminotriazole moieties would
be high.

To find out the exact nature
of the acid-induced shuttling
dynamic of CB6 from the dode-
cyl spacer to the triazole units,
we studied the kinetics of the
system in more detail. At room
temperature, the movement of
the CB6 units is very slow and
even after eighteen days, only
about 50% of the CB6 units
had shuttled from the dodecyl
spacer back to their initial posi-
tion on the diaminotriazole
moieties. The kinetics of the
process were then studied at
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higher temperatures of 40, 50, 55, and 60°C by using
"H NMR spectroscopy. Kinetic calculations were performed
by measuring the decrease in the integral area of the signal
for the dethreaded triazole proton (6 =8.4 ppm) and the in-
crease in the integral area of the signal for the newly thread-
ed triazole proton (6=6.5ppm). For each spectrum, the
ratio between the dethreaded and threaded protons signals
was measured and the extent of shuttling at any time was
calculated and plotted versus time (see the Supporting Infor-
mation). First-order rate constants derived from the evalua-
tion of '"H NMR spectroscopy kinetic experiments for the
acid-induced shuttling of CB6 units from state III to state I
at various temperatures are shown in Table 1 and Figure 2
shows a plot of these data.

Table 1. Rate constants for the acid-induced shuttling of CB6 units in R2
from state III to state I at various temperatures, which were derived from
the results of kinetic experiments.

Temperature [K] kx1073 [s7']
313 0.124+0.003
323 0.31£0.006
328 0.88+0.02
333 1.44+0.03

[a] Monitored by using '"H NMR spectroscopy.
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Figure 2. An Eyring plot for the shuttling of R2 from state III to state I.

Table 2 gives values for the free energy (AG™), entropy
(AS™), and enthalpy (AH") of the acid-induced shuttling of
CB6 units from state III to state I, which were derived by
using the Eyring equation from the results of the 'H NMR
spectroscopy kinetic experiments. Our results show some
similarities to those reported by Kim et al. for a kinetically

Table 2. Kinetic parameters for the acid-induced shuttling of CB6 units
in R2 from state III to state I, which were derived from the results of ki-
netic experiments'® by using the Eyring equation.

AG** [kImol ] AH* [kJmol™] AS* [Tmol 'K
100 106 19

[a] Monitored by using '"H NMR spectroscopy. [b] Calculated at 293 K;
[c] Estimated error <10 %; [d] Estimated error >20%.
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controlled molecular switch based on a bistable [2]rotaxane;
they obtained a AG* value of 108 kJ mol 1.2

The switching properties of R1 were also investigated by
adding varying amounts of base to a solution of R1 in D,O
and recording '"H NMR spectra after each addition (see the
Supporting Information). Figure 3 shows the "H NMR spec-

{Bu
CB6

CB6

b
T T T T T T T T T T T
65 60 55 50 45 40 35 30 25 20 15
&/ ppm

Figure 3. '"H NMR (400 MHz, D,0, 25°C) spectrum of R1.

trum of R1 in the absence of base. Several changes in the
spectra were observed upon deprotonation of the ammoni-
um ions. For example, the chemical shifts of protons adja-
cent to the amine groups were particularly affected and
were shifted upfield by about 0.05 to 0.15 ppm. However, no
change was observed in the chemical shift of the triazole
proton, which indicates that the CB6 units remain on the di-
aminotriazole unit even after the disruption of ion—dipole
interactions because the propyl spacer is too short to accom-
modate a CB6 unit.

'"H NMR spectroscopic investigation into the dethreading—
rethreading of CBs in pseudorotaxanes: When [3]pseudoro-
taxanes P1 or P2 are treated with aqueous NaOH, the CB6
units are expected to either dethread from the axle and
leave the diaminotriazole unit behind or shift onto the ali-
phatic spacer, as a result of the disruption of the ion—dipole
interaction between the carbonyl groups of CB6 and the am-
monium ions of the thread at higher pH values. Thus, CB6
units may slip off the axle and form a complex with the
newly released Na' ions. To investigate which route is pre-
ferred, the pH-triggered dethreading-rethreading of CB6
units has been monitored by 'H NMR spectroscopic titra-
tion. Scheme 3 shows the proposed dethreading-rethreading
process in P2.

Figure 4 shows the spectra of pH-triggered dethreading—
rethreading of CBs in [3]pseudorotaxanes. Before the addi-
tion of acid or base, the CB6 unit sits on the triazole moiety
and as a result H, is shifted upfield (Figure 4a). The addition
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Scheme 3. Proposed pH-induced dethreading—rethreading of P2. Chloride
counterions have been omitted for clarity. Protons examined by "H NMR
spectroscopy have been labeled a to h, A to H, t and T.
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Figure 4. '"H NMR (400 MHz, D,0, 25°C) spectra of P2 a) in the absence
of acid or base, b) after the addition of NaOH (2 equiv), c) after the addi-
tion of NaOH (4 equiv), and d) after the addition of HCl (5 equiv). See
Scheme 3 for the labeling of the protons.

of NaOH (2equiv) deprotonates the terminal nitrogen
groups and the CB6 units start to glide. This results in two
sets of signals in the spectrum, which were assigned to
threaded and unthreaded triazole moieties (Figure 4b). In-
creasing the amount of base (4 equiv) causes all CB6 units
to dethread and liberate the ditriazole axle (Figure 4c,
Scheme 3). However, the addition of HCI (5 equiv) instantly
and completely restores the initial state (Figure 4d). Thus,
this pH-induced dethreading-rethreading process is reversi-
ble.

pH-Triggered dethreading-rethreading experiments were
also performed for P1, which exhibited behavior that was
comparable to P2 (see Figure S4 in the Supporting Informa-
tion).
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Conclusion

A series of water-soluble [3]pseudorotaxanes and [3]ro-
taxanes with short (propyl) and long (dodecyl) aliphatic
spacers were prepared in high yields through a CB6-cata-
lyzed 1,3-dipolar cycloaddition reaction. The pH-triggered
dethreading-rethreading of CB6 units from these [3]pseu-
dorotaxanes have been monitored by '"H NMR spectroscopy.
[3]Rotaxane R2 behaves as a bistable molecular switch with
two recognition sites for CB6, namely, the diaminotriazole
moieties and the dodecyl spacer. A shuttling motion can be
induced by changing the pH, and more than one state of
this process was observed by using 'H NMR spectroscopy.
At low pH, the CB6 units are located on the diaminotri-
azole moieties as a result of ion—dipole interactions (state I),
whereas at high pH both CB6 units move onto the hydro-
phobic dodecyl spacer (state I1). Even after treatment with
acid, the CB6 units prefer to remain on the dodecyl spacer
(state IIT) and shuttle back to state I very slowly. After
eighteen days at room temperature, only about 50% of the
CB6 units had relocated back onto the diaminotriazole moi-
eties. The rate constants for this process were measured as a
function of temperature over the range 313 to 333 K and the
activation parameters for the shuttling process were calcu-
lated by using the Eyring equation. The results indicated
that R2 behaves as a kinetically controlled molecular switch.
On the other hand, [3]rotaxane R1 did not show any switch-
ing action, even under extreme pH conditions, which con-
firms that the propyl spacer is too short to accommodate a
CB6 unit.

The kinetic studies show that after reprotonation of the
axle, the rate of rethreading of CB6 units back onto the di-
aminotriazole moieties is quite slow in R2, but much faster
in P1 and P2. In R2, the CB6 units must move off the dode-
cyl spacer, whereas in P1 and P2 the CB6 units are moving
freely in solution and have formed complexes with sodium
ions. In the case of R2, there are two binding interactions:
an ion—dipole interaction between the CB6 carbonyl groups
and the axle ammonium ions, and also a hydrophobic effect.
In the case of P1 and P2, the only binding interaction is an
ion—dipole interaction between the CB6 carbonyl groups
and the sodium ions.

Experimental Section

CB6, N,N'-bis(2-azidoethyl)dodecane-1,12-diamine-2HCIl, N,N'-diprop-2-
ynyldodecane-1,12-diamine-2HCl (monomer 2), N,N’-diprop-2-ynylpro-
pane-1,3-diamine-2 HCl (monomer 1), N,N'-bis(2-azidoethyl)propane-1,3-
diamine-2 HCI, tert-butylazidoethylamine-HCI and azidoethylamine-HCI
were prepared according to the literature.'""! All other reagents and sol-
vents were of commercial reagent grade and were used without further
purification, except where noted. NMR spectra were recorded by using a
Bruker Avance DPX-400 MHz spectrometer. In all cases, samples were
dissolved in D,0O with 3-(trimethylsilyl)-1-propanesulfonic acid sodium
salt (DSS) as an external standard. Mass spectra were recorded by using
a Bruker Reflex II MALDI-TOF MS mass spectrometer (Bruker-Dalto-
nik, Bremen, Germany) equipped with a nitrogen UV-laser (1=337 nm)
at 107”7 Torr and the delayed extraction mode (delay 300 ns) was used by
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changing the laser intensity, if necessary. All spectra were acquired in re-
flector mode by using an acceleration potential of 20 kV and are the aver-
age of 60 laser shots. The data were then transferred to a PC for further
processing. THAP in MeOH (20 mgmL ") was chosen as the MALDI
matrix. Finally 0.1 uL of this matrix was deposited on the sample plate,
dried at room temperature, and analyzed.

Synthesis of R2: CB6 (342 mg, 0.342 mmol) was dissolved in HCl (6M,
SmL) and the resulting solution was stirred for 30 min. Monomer 2
(60 mg, 0.342mmol) and then tert-butylazidoethylamine-HCl (60 mg,
0.171 mmol) were added under vigorous stirring at room temperature.
The resulting solution was stirred at 25°C for 48 h. The solvent was re-
moved under reduced pressure to obtain a colorless residue, which was
redissolved in water (5mL) and precipitated in acetone (50 mL). The
white precipitate was collected by filtration, redissolved in water, and
then filtered again through a 0.45 pm filter membrane. Recrystallization
was carried out by diffusing acetone vapor into the filtrate and the crys-
tals were then collected by filtration and dried in a vacuum oven at RT
for 12 h (430 mg, 95%). M.p. >300°C; '"H NMR (400 MHz, D,0, 25°C):
0=1.3-1.5 (m, 8H; f+g), 1.6 (s, 9H; -butyl), 2.1 (m, 2H; e), 3.3 (t, *J-
(H,H)=8.1 Hz, 2H; d), 3.8 (t, *J(H,H)=6.3 Hz, 2H; a), 4.1 (s, 2H; ¢),
4.15 (t, 2H; b overlapped with CB6), 4.2 (d, %J(H,H)=15.6 Hz, 12H;
CB6), 545 (s, 12H; CB6), 594 (dd, *J(H,H)=15.6 Hz, 12H; CB6),
6.5 ppm (s, 1H; ); *C NMR (100 MHz, D,0, 25°C): 6=25.2, 25.5, 28.7,
39.9, 41.8, 47.6, 49.1, 51.3 (CB6), 51.5 (CB6), 56.4, 58.6, 70.2 (CB6), 120.6
(triazole, CH), 139.0 (triazole, CR), 156.2 (CB6), 156.6 ppm (CB6); IR
(KBr, pellet): #=3443 (m), 2927 (w), 2353 (vw), 1735 (vs), 1473 cm™"
(vs); elemental analysis caled (%) for C,p,H;36CluN530,,22H,0: C 39.80,
H 6.06, N 25.86; found: C 39.55, H 5.86, N 26.24.

Synthesis of R1: Synthesized from monomer 1. The procedure was the
same as that for R2 (350 g, 90%). M.p. >300°C; 'H NMR (400 MHz,
D,0, 25°C): d=1.6 (s, 9H; -butyl), 2.85-2.95 (m, 1H; e¢), 3.7-3.8 (m,
4H; a+d), 3.1 (t, *J(HH)=6.3 Hz, 2H; b), 4.2 (s, 2H; ¢ overlapped with
CB6), 4.2 (dd, 2J(H,H)=15.6 Hz, 12H; CB6), 5.5 (s, 12H; CB6), 5.7 (dd,
2J(H,H)=15.6 Hz, 12H; CB6), 6.5 ppm (s, 1H; ¢); *C NMR (100 MHz,
D,0, 25°C): 6=25.3, 40.8, 42.5, 46.5, 47.5, 51.3 (CB6), 51.5 (CB6), 58.6,
70.2 (CB6), 123.6 (triazole, CH), 140.0 (triazole, CR), 156.4 (CB6),
156.5 ppm (CB6); IR (KBr, pellet): #=3443 (m), 2927 (w), 2353 (vw),
1735 (vs), 1473cm™ (vs); elemental analysis caled (%) for
Cy3H,15CIN53 04,21 H,0): C 37.82, H 5.46, N 27.52; found: C 38.15, H
5.83, N 27.18.

Synthesis of P1: Synthesized from monomer 1 and azidoethylamine-HCI.
The procedure was the same as that for R2 (250 g, 90% ). M.p. >300°C;
'"HNMR (400 MHz, D,0, 25°C): §=2.85-2.95 (m, 1H; e), 3.5 (t, *J-
(H,H)=8.1 Hz, 2H; a), 3.8 (t, J(H,H)=6.3 Hz, 2H; d), 4.1 (t, 2H; b),
4.15 (s, 2H; c overlapped with CB6), 4.2 (dd, 2J(H,H)=15.6 Hz, 12H;
CB6), 545 (s, 12H; CB6), 5.75 (dd, *J(H,H)=15.6 Hz, 12H; CB6),
6.5 ppm (s, 1H; £); ®C NMR (100 MHz, D,0, 25°C): 6 =38.4, 43.5, 46.5,
47.5, 51.3 (CB6), 51.5 (CB6), 58.6, 70.2 (CB6), 121.6 (triazole, CH), 139.0
(triazole, CR), 156.2 (CB6), 156.4 ppm (CB6); IR (KBr, pellet): 7=3443
(m), 2927 (w), 2353 (vw), 1735 (vs), 1473 cm™' (vs); elemental analysis
caled (%) for CgsH;p,ClLNsO,,19.5H,0: C 3627, H 5.05, N 28.88;
found: C 36.72, H 5.40, N 28.44.

Synthesis of P2: Synthesized from monomer 2 and azidoethylamine-HCI.
The procedure was the same as that for R2 (310 g, 95%). M.p. >300°C;
'"HNMR (400 MHz, D,0, 25°C): =1.3-1.4 (m, 6H; g+h), 1.5-1.6 (m,
2H; f), 1.95-2.05 (m, 2H; e), 3.3 (t, *J(H,H)=8.1 Hz, 2H; d), 3.6 (t, *J-
(HH)=6.3 Hz, 2H; a), 4.1 (t, 2H; b), 42 (s, 2H; ¢ overlapped with
CB6), 4.25 (d, 2J(H,H)=15.6 Hz, 12H; CB6), 5.45 (s, 12H; CB6), 5.75
(dd, *)(H,H)=15.6 Hz, 12H; CB6), 6.5ppm (s, 1H; f); "CNMR
(100 MHz, D,0, 25°C): 0=25.2, 25.5, 283, 28.7, 382, 41.8, 47.2, 49.1,
51.2 (CB6), 51.5 (CB6), 70.2 (CB6), 120.6 (triazole, CH), 139.0 (triazole,
CR), 156.2 (CB6), 156.6 ppm (CB6); IR (KBr, pellet): #=3443 (m), 2927
(w), 2353 (vw), 1735 (vs), 1473 cm™" (vs); elemental analysis calcd (%)
for Co,H »ClN530,,:16.5H,0): C 39.11, H 5.35, N 28.16; found: C 39.23,
H 5.10, N 27.98.

Determination of the rate constants for the acid-induced shuttling of
CB6 units from state III to stateI in R2: A solution of R2 in D,0
(3.7 mm) was prepared and an aliquot (500 uL) was transferred to an
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NMR tube. First, state II was obtained by adjusting the pH to 10 by
adding an aqueous solution of NaOH. Subsequently HCl was added to
adjust the pH to <7 and obtain state III. The spectrum was recorded at
appropriate time intervals at temperatures of 298, 313, 323, 328, 333,0
and 338 K, until at least 80% of the R2 molecules had returned to
state I. Kinetic calculations were performed by measuring the decrease in
the integral area of the signal for the dethreaded triazole proton (6=
8.4 ppm) and the increase in the integral area of the signal for the re-
threaded triazole proton (6=6.5 ppm). For each spectrum the ratio be-
tween the signals for the dethreaded and threaded protons was measured
and the extent of shuttling at any time was calculated and plotted versus
time.
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