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Bistable or Oscillating State Depending on Station and Temperature in
Three-Station Glycorotaxane Molecular Machines

Eric Busseron, Camille Romuald, and Frédéric Coutrot*!*

Abstract: High-yield, straightforward
synthesis of two- and three-station
[2]rotaxane molecular machines based
on an anilinium, a triazolium, and a
disubstituted pyridinium
amide station is reported. In the case
of the pH-sensitive two-station molecu-
lar machines, large-amplitude move-
ment of the macrocycle occurred. How-
ever, the presence of an intermediate
third station led, after deprotonation of
the anilinium station, and depending
on the substitution of the pyridinium
amide, either to exclusive localization
of the macrocycle around the triazoli-
um station or to oscillatory shuttling of
the macrocycle between the triazolium
and monosubstituted pyridinium amide

mono- or

proved to be fast on the NMR time-
scale for all considered temperatures
(298-193 K). Interestingly, decreasing
the temperature displaced the equilib-
rium between the two translational iso-
mers until a unique location of the
macrocycle around the monosubstitut-
ed pyridinium amide station was
reached. Thermodynamic constants K
were evaluated at each temperature:
the thermodynamic parameters AH
and AS were extracted from a Van't
Hoff plot, and provided the Gibbs
energy AG. Arrhenius and Eyring plots
afforded kinetic parameters, namely,
energies of activation E,, enthalpies of
activation AH™, and entropies of acti-
vation AS*. The AG values deduced

from kinetic parameters match very
well with the AG values determined
from thermodynamic parameters. In
addition, whereas signal coalescence of
pyridinium hydrogen atoms located
next to the amide bond was observed
at 205 K in the oscillating rotaxane and
at 203K in the two-station rotaxane
with a unique location of the macrocy-
cle around the pyridinium amide, no
separation of '"H NMR signals of the
considered hydrogen atoms was seen in
the corresponding nonencapsulated
thread. It is suggested that the macro-
cycle acts as a molecular brake for the
rotation of the pyridinium—amide bond
when it interacts by hydrogen bonding
with both the amide NH and the pyri-

station. Variable-temperature 'H NMR
investigation of the oscillating system
was performed in CD,Cl,. The ex-
change between the two stations

Introduction

Rotaxanes and catenanes have been the subject of extensive
research during the past decade, especially because such in-
terlocked compounds can be used as mechanical or electron-
ic molecular devices in the field of nanotechnology.!! Many
rotaxanes incorporating dibenzo[24]crown-8 (DB24C8) as
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dinium hydrogen atoms at the same

g time.
devices

the macrocycle and cationic moieties as templates have al-
ready been published. Since Bush et al. reported the ability
of DB24C8 to interact strongly with ammonium,? other
templates such as benzylic ammonium,® N-benzylic anilini-
um, N,N'-dialkyl-4,4'-bipyridinium,! and 1,2-bis(pyridini-
um)ethane cations!® have been described. As part of our on-
going studies concerning the synthesis of glycorotaxane!”
molecular shuttles, we reported three new molecular sta-
tions for DB24C8.®¥ Triazolium and mono- or disubstituted
pyridinium amide moieties separately appeared to be poorer
molecular stations for DB24CS8 than anilinium. However, no
rotaxane molecular machine incorporating the three differ-
ent stations was reported so far. Hence, no knowledge about
the relative binding affinity of each station for DB24C8 was
available. Herein we report on the synthesis of molecular
machines containing an anilinium, a N-methyltriazolium,
and either a mono- or a disubstituted pyridinium amide sta-

Chem. Eur. J. 2010, 16, 10062 -10073



tion. Unsurprisingly, in the protonated anilinium state,
DB24CS8 resides around the best anilinium station. The shut-
tling behaviors of the two different systems upon deprotona-
tion were then studied by '"H NMR spectroscopy and found
to directly depend on the relative binding affinity of these
stations for DB24CS8. In the presence of the triazolium and
the disubstituted pyridinium amide stations, deprotonation
of the anilinium station causes DB24C8 to shuttle toward
the sole triazolium station. However, with the mono-substi-
tuted pyridinium amide, very close binding affinity of the
DB24C8 for the two stations was observed; thus, after de-
protonation, continuous oscillating movement of the macro-
cycle between the two sites of interaction occurs. A varia-
ble-temperature '"H NMR study on the oscillating molecular
shuttle demonstrated that decreasing the temperature dis-
places the equilibrium between the two translational iso-
mers, in fast exchange on the NMR timescale, towards the
isomer with DB24C8 around the mono-substituted pyridini-
um amide. Thermodynamic and kinetic parameters were ex-
tracted from the 'H NMR experiments, and allowed the de-
termination of energies and enthalpies of activation E, and
AH?™, entropies AS™, free enthalpies of activation AG™, and
free enthalpies of exchange AG. Very small AG of exchange
was found at room temperature between the two transla-
tional isomers, which corroborates the very similar binding
affinity of DB24C8 for both the triazolium and the mono-
substituted pyridinium amide, although with a very faint
preference for location of DB24C8 around the mono-substi-
tuted pyridinium amide station. It was also observed that
DB24C8 acts as a molecular brake! by slowing down rota-
tional isomerization of the pyridinium amide when it is lo-
cated around the pyridinium amide site.

Results and Discussion

Synthesis and molecular machinery of two-station [2]ro-
taxanes 3a,b: Rotaxanes 3 were synthesized from the previ-
ously prepared mono- or disubstituted mannosyl pyridinium
amide azide 1 and ammonium compound 2 by copper(I)-cat-
alyzed Huisgen!"”! alkyne-azide 1,3-dipolar cycloaddition,
also known as CuAAC click chemistry™™! (Scheme 1).

\I OAc

%,
R
Mc Bl 5, "
WN

3

1aR=H 1
1b R = Me (50/50 translcis) [Cu(CH3CN)4]PFg
2,6-lutidine

dry CH;Cl,, 24h, RT

3aR=H 75%
3bR =Me 74% (50/50 trans/cis)

Scheme 1. Synthesis of rotaxanes 3a and 3b.
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The reaction was carried out in dichloromethane at ambi-
ent temperature over 24 h with DB24C8 (2 equiv), azido
compound 1 (1 equiv), alkyne 2 (1 equiv), Cu(MeCN),PF,
(1 equiv), and 2,6-lutidine (0.1 equiv). In the case of the ro-
taxane 3b, a 1:1 mixture of two stereoisomers was observed
due to cis/trans isomerism of the disubstituted amide. Inter-
estingly, no formation of [3]rotaxane occurred under these
experimental conditions, that is, the binding affinity of the
two pyridinium amide moieties for DB24CS8 is very poor.

We recently reported an '"H NMR study of the molecular
machinery of two-station rotaxanes 3a and 3b with varia-
tions in pH.® The anilinium moiety was found to be the
best molecular station for DB24C8. Therefore, the macrocy-
cle resides exclusively around the anilinium moiety at low
pH. Deprotonation of 3 was carried out by adding an excess
(5 equiv) of diisopropylethylamine (DIEA) at room temper-
ature (Scheme 2), and brings about a large-amplitude dis-
placement of DB24C8 from one extremity of the molecule
to the other. The macrocycle sits around the mono- or the
disubstituted pyridinium amide station, respectively, in 4a or
4b (Scheme 2). The mannosyl end proved to be sufficiently
cumbersome to prevent any disassembly of the interlocked
architecture. The location of the macrocycle around the pyr-
idinium moiety differs slightly depending on the substitution
of the amide. Indeed, in the mono-substituted series 4a,
DB24C8 interacts by hydrogen bonding with H® and H'.
However, in the disubstituted series 4b, DB24C8 does not
interact at all with H®: instead, it prefers to interact with hy-
drogen atoms H’, which are actually closer to the cationic
charge. In this latter case, we observed flipping of the chair-
like mannopyranosyl ring from the 'C, to the *C; conforma-
tion, as a result of turning off of the reverse anomeric
effect.'”! Although this study allows the relative binding af-
finity of the anilinium and the pyridinium amide stations for
DB24C8 to be ranked, no information about the relative af-
finity of DB24C8 for the triazolium and either mono- or di-
substituted pyridinium amide was known. We thus envisaged
introduction of the triazolium moiety between the two pre-
viously studied molecular stations.

Synthesis of three-station [2]rotaxanes 5a,b: Regioselective
N-alkylation of the 1,4-disubstituted-1,2,3-triazole moiety
with iodomethane provided, after counteranion exchange,
triazolium rotaxanes 5a and 5b!"*! in 93 and 91% yield, re-
spectively (Scheme 2).

Each [2]rotaxane molecular machine 5a and 5b now con-
tains three different sites of interaction for DB24C8: anilini-
um, triazolium, and mono- or disubstituted pyridinium
amide. Possible shuttling of the macrocycle upon deprotona-
tion of the anilinium station was then explored, with the aim
of evaluating the relative affinity of DB24C8 for the pyridi-
nium amide and triazolium moieties (Scheme 2). It was of
particular interest to study these relative affinities in the in-
terlocked rotaxane structures, since intermolecular interac-
tions between pyridinium amide or triazolium templates did
not prove to be strong enough to allow the detection of
semirotaxanes. Upon deprotonation of starting rotaxanes Sa
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Scheme 2. Synthesis of 5a and 5b, and molecular machinery by deprotonation/protonation of rotaxanes 3a, 3b, Sa, and Sb.

and 5b (Scheme 2, Figure 1b and c; and Figure 2b and c),
the macrocycle moved from its anilinium initial position, but
behaved very differently depending on the substitution of
the pyridinium amide station.

Molecular machinery on rotaxanes Sb/6b by acid-base reac-
tion: In the disubstituted pyridinium amide series, the mo-
lecular machine behaves as a pH-sensitive bistable [2]ro-
taxane in which the macrocycle shuttles between the anilini-
um and triazolium stations. Superimposition of the '"H NMR
spectra for rotaxanes Sb/6b with those of their correspond-
ing nonencapsulated threads Sbu/6bu™! illustrates the mo-
lecular machinery (Figure 1).

The macrocycle initially resides around the best, anilinium
station in Sb, as is confirmed by direct comparison of
"H NMR spectra of rotaxane 5b and thread Sbu (Figure 1a
and b). The hydrogen atoms H?, located next to the anilini-
um station, are shifted downfield in the rotaxane (Ad=
+0.99 ppm), whereas H*, H*%, and to a lesser extent H'®
experience the shielding effect of the aromatic ring of
DB24C8. No other variations in chemical shifts are noticed,
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which is consistent with the exclusive localization of
DB24CS8 around the anilinium station. After deprotonation,
the new position of the macrocycle can be deduced by
direct comparison between the 'H NMR spectra of rotax-
anes 5b and 6b (Figure 1b and c). The tremendous upfield
shifts for H*® (Ad=—1.06 ppm), H® (Ad=—0.88 ppm), and
H* (Ad=—-0.69 ppm) in rotaxane 6b results from deproto-
nation of the anilinium moiety and shuttling of the macrocy-
cle. At the same time, the H'® is shifted downfield in 6b
(A0=40.73 ppm). The same trend is observed for H'
(A0=40.46 and +0.52 ppm), and to a lesser extent for H*
(A0=+0.20 ppm). Interestingly, no other significant chemi-
cal variations of H signals are observed. These two observa-
tions unambiguously show that rotaxane 6b behaves as a
pH-sensitive bistable molecular machine. The macrocycle
sits on the triazolium station after deprotonation, due to its
better binding affinity for DB24C8 than the disubstituted
pyridinium amide. The hydrogen atoms of the aliphatic
chains located on both sides of the triazolium unit are more
or less shifted upfield due to their location in the shielding
cavity of the aromatic rings of DB24C8. The exclusive local-
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generate" molecular machine,
whereby the macrocycle contin-
uously oscillates between the
triazolium and monosubstituted
pyridinium  amide  stations
(Figure 2).

This result suggests similar
affinity of the two stations for
DB24C8, in contrast to rotax-
ane 6b containing a disubstitut-
ed pyridinium amide, wherein
the macrocycle shuttles around
the sole triazolium station
(Figure 1). The '"HNMR spec-
troscopic evidence for protonat-
ed and oscillating deprotonated
states of the molecular ma-
chines 5a/6a is reported in
Figure 2. Similar to rotaxane
S5b, direct comparison of the
'"H NMR spectra of rotaxane 5a
and uncomplexed dumbbell-
shaped thread 5au™ demon-
strates the presence and the ini-
tial location of the DB24C8
around the anilinium station in
5a (Figure2a and b). Apart
from the evident appearance of
the signals corresponding to the
hydrogen atoms of the macro-

75 70 65 60 55 50 45
ppm

95 90 85 80

Figure 1. '"H NMR spectra (400 MHz, CD;CN, 298 K) of a) uncomplexed thread 5bu, b) rotaxane 5b, c) ro-
taxane 6b, and d) thread 6bu. The coloring, lettering, and numbering correspond to the proton assignments in-

dicated in Scheme 2.

ization of the macrocycle around the triazolium station is
corroborated by the comparison of the '"H NMR spectra of
deprotonated rotaxane 6b with that of uncomplexed depro-
tonated thread 6bu (Figure 1c-d). In rotaxane 6b, H'* un-
dergoes a downfield shift (Ad=+0.61 ppm), whereas no
chemical shift variations are observed for pyridinium hydro-
gen atoms H’ and H®. Most of the other hydrogen atoms of
the aliphatic chains are shielded in the rotaxane due to their
location in the shielding cavity of the macrocycle.

This first study gave us information about the higher af-
finity of DB24C8 for the triazolium than for the disubstitut-
ed pyridinium amide station. We then extended our investi-
gation to the case of a monosubstituted pyridinium amide.

Molecular machinery on three-station rotaxanes 5a/6a by
acid-base reaction: In the monosubstituted pyridinium
amide series, although the macrocycle resides again on the
best anilinium station in protonated rotaxane Sa, the macro-
cycle shuttles very differently after deprotonation. The shut-
tling in rotaxane 6a behaves at room temperature as in a de-

Chem. Eur. J. 2010, 16, 10062 -10073
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cycle, hydrogen atoms H* are
shifted downfield in the rotax-
ane (A0 =+1.01 ppm) because
of their hydrogen-bonding in-
teractions with the oxygen
atoms of DB24C8. Hydrogen
atoms H® and to a lesser extent
H'™ are shifted upfield (Ad=—0.28 and —0.11 ppm, respec-
tively), because they probably experience the shielding
effect of the aromatic ring of DB24C8. The same trend is
observed for H*-H? belonging to the aliphatic chain (Ad=
—0.32 and —0.26 ppm, respectively). Furthermore, no signifi-
cant variations of the chemical shifts of the other hydrogen
atoms are noticed, and especially those of the pyridinium
amide moiety (H’, H®, and H") indicating the exclusive lo-
calization of DB24C8 around the anilinium station. Direct
comparison of the '"H NMR spectra of rotaxanes 5a and 6a
reveals the new localizations of the macrocycle, which binds
to both the triazolium and the pyridinium amide stations
(Figure 2b and c). Hydrogen atoms H? are now shifted up-
field (Ad0=—1.06 ppm) as a result of both deprotonation of
the anilinium moiety and shuttling of the macrocycle. This is
corroborated by the chemical-shift variations of the pyridini-
um amide and triazolium stations. Hydrogen atoms H'® and
to a lesser extent H' are shifted downfield (Ad=+0.34 and
+0.11 ppm, respectively) in deprotonated rotaxane 6a, and
this is indicative of their involvement in hydrogen-bonding
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Figure 2. '"H NMR spectra (400 MHz, CD,CN, 298 K) of a) uncomplexed thread Sau, b) rotaxane Sa, c) ro-
taxane 6a, and d) uncomplexed thread 6au. The coloring, lettering, and numbering correspond to the proton

assignments indicated in Scheme 2.

interactions with DB24C8. Meanwhile, hydrogen atoms H®
and H"' of the pyridinium station are also shifted downfield
(A6O=+0.58 and +0.21 ppm, respectively). Finally, the com-
parison of the 'HNMR spectra of deprotonated rotaxane
6a and uncomplexed dumbbell-shaped thread 6au corrobo-
rates the two sites of interaction of DB24C8 observed in gly-
corotaxane molecular machine 6a (Figure 2c and d). Even
though the macrocycle binds to both stations, it is notewor-
thy that only one set of resonances was observed for 6a.
Moreover, and interestingly, the '"H NMR signals of the hy-
drogen atoms which are engaged in hydrogen bonding with
the macrocycle are broadened in 6a. These two last observa-
tions suggest fast exchange between the two localizations of
DB24C8 on the NMR timescale (Scheme 3).

Thus a deprotonated conformational state can be assumed
in which the macrocycle oscillates quickly between the two
stations on the NMR timescale. In this case, the observed
"H NMR chemical shifts consist of the mole fraction weight-
ed average of the chemical shifts in the two translational iso-
mers of 6a.'" The observed '"H NMR chemical shifts of H®
and H' of the two molecular stations that interact with the
macrocycle in the oscillating rotaxane 6a (Figure 3) are re-
ported in Table 1.
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The 'HNMR chemical shifts
0, and 9, of H® and H' in trans-
lational isomers 6a; and 6a,
were estimated from the syn-
thesized compounds shown in
Figure 3 and allowed evaluation
of the populations of transla-
tional co-conformers 1 and 2 of
rotaxane 6a (Table 1). On the
one hand, chemical shifts of
free hydrogen atoms H® and
H"™ were extracted from the
'"H NMR spectrum of the un-

OAc

complexed thread Sau. On the
other hand, chemical shifts of
entirely H-bound hydrogen
atoms H® and H'® were respec-
tively extracted from rotaxane
4a, in which the macrocycle ex-

6.0 55 50 45 40 35 30 25 20 15 1.0
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clusively interacts with the pyri-
dinium amide station, and from
the rotaxane 6b, in which the
macrocycle resides exclusively
around the triazolium station.
With this approximation, we
consider, firstly, that there is no
influence of the triazole and tri-
azolium moieties on the chemi-
cal shift of H® of the pyridinium
station, all other things being
equal. Secondly, we assume that
the same neutral effect should
hold with regard to the effect of

OAc ) =]
“0 N~ PFg
|
= "’/\/\/
Hg o

)

OAc
Ta v =

translational isomer 6a4

K, kq| | ko fastexchange
AcO
Pre ?
OAc \ I
O N¥ H PF,
OAc | "
= N A
QAc H,
* o N S

} translational isomer 6a,

Scheme 3. Fast exchange between the two translational isomers 6a; and
6a, of rotaxane 6a.

substitution of the amide on the chemical shift of H'® of the
triazolium station. This assumption about the noninfluence
of the substitution of the triazole on the chemical shift of H®
(pyridinium station) and, in the same manner, of the substi-
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Figure 3. Considered compounds and hydrogen atoms for determination
of the populations of translational isomers 6a, and 6a, in fast exchange
on the NMR timescale.

Table 1. '"HNMR (CD;CN and CD,Cl,, 400 MHz) chemical shifts at variable temperature of selected hydro-
gen atoms of the triazolium and pyridinium stations, and deduced relative populations of translational isomers
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monosubstituted pyridinium amide station rather than for
the triazolium station. Variation of the solvent polarity from
CD;CN to CD,Cl, at room temperature did not modify sig-
nificantly the population ratio 6a,:6a,.

A variable-temperature 'H NMR study was then conduct-
ed in CD,Cl, by decreasing the temperature from 298 to
193 K: the chemical shifts of H®* and H'® of the considered
compounds 6a, Sau, 4a, and 6b clearly indicate a shift of
the 6a,:6a, equilibrium toward 6a,. Basically, upon decreas-
ing the temperature, few variations are noticed for the eval-
uated chemical shifts of hydrogen atoms belonging to trans-
lational isomers 6a, and 6a,, whereas H® and H'® of the os-
cillating rotaxane 6a are notably shifted downfield and up-
field, respectively, until they reach a respective maximum
and minimum at about 223 K (Table 1, Figure 4). These
maximum and minimum clearly correspond to the chemical
shifts of H-bound H® of rotaxane 4a (i.e., H-bound H® of
62a,) and to free H'® of thread 5au (i.e., free H" of 6a,).
Hence, the mean ratio 6a;:6a, of 60:40 in CD,CI, at 298 K
becomes 97:03 at 223 K.

Thermodynamic parameters of the fast exchange on the
NMR timescale between translational isomers 6a, and 6a,
were determined from the thermodynamic constant K,
which was calculated at various temperatures from the
ratios 6a;:6a,. The Van't Hoff plot! (InK versus 1/T) was
linear over the examined temperature range (233-298 K)
with a linear regression coefficient of R,=0.997,""! and pro-
vided the translational isomeric
exchange enthalpy from 6a,; to
6a, of AH=9.8 kJmol™! and an

6a,/6a,. entropy of AS=29.6 JK 'mol™*
Solvent  T[K] dus [ppm] p[%] druis [ppm] pl%]  (Figure5).
6a, 6a," 6a 6a,/6a, 6a," 6a,! 6a 6a,/6a, The positive value of AH
CD,CN 298 9.31 8.36 8.93 60/40 8.12 8.73 8.34 64/36 shows that the translational
CD,ClL, 298 9.36 8.45 8.98 58/42 8.15 8.81 8.40 62/38 movement of DB24C8 from the
273 9.35 8.44 9.05 67/33 8.13 8.75 832 69/31 triazolium to the pyridinium
263 9.34 8.43 9.08 71/29 8.11 8.74 8.29 71/29 station is enthalpv-driven. In
253 9.33 8.43 9.11 76/24 8.11 8.72 8.26 75125 - .p,y o
243 9.36 8.42 9.16 79/21 8.09 8.70 8.23 7723 addition, the positive variation
233 9.30 8.41 9.24 93/07 8.08 8.68 8.17 82/18 of entropy for the exchange
223 9.29 8.41 9.29 100/00 8.06 8.66 8.10 93/07 from 6a, to 6a, indicates the
208 9.29 8.40 9.d29 100/00 8.04 8.64 8.08 93/07 formation of a tighter complex
205 9.28 8.39 —d - 8.03 8.64 8.07 93/07 dini ide/DB24C8 6
193 9271l 8.39 9.261¢l 99/01 8.01 8.62 8.06 g0 ~ pyndimum amide 4

[a] Measured on rotaxane 4a, in which DB24C8 interacts exclusively with the monosubstituted pyridinium
amide.”® [b] Measured on thread 5au. [c] Measured on rotaxane 6b, in which DB24CS$ interacts exclusively
with the triazolium station. [d] '"H NMR signals of the two hydrogen atoms H® coalesce. [e] Average chemical

shift from the two distinct signals in slow exchange on the NMR timescale.

tution of the pyridinium amide on the chemical shift of H'
(triazolium station) was perfectly verified with uncomplexed
threads 4au, Sau, and 6bu (AOH*=0 ppm between 4au and
S5au; AOH™ <0.01 ppm between 4au and 6bu).

In CD;CN at room temperature, an average ratio of trans-
lational isomers 6a,:6a, in fast exchange of 62:38!'"! was cal-
culated and indicated continuous oscillation of DB24C8 be-
tween the monosubstituted pyridinium amide and triazolium
stations with a faint preferential affinity of DB24CS8 for the
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with a better-defined geometry
(i.e., a higher ordered structure
with more restriction of
motion). A free Gibbs energy
AG (298 K) of 1.0 kJmol™" was
found, which illustrates the very
similar binding affinity of DB24C8 for the two stations, with
a very faint preference for the pyridinium amide station.
The rate constants k; for movement of DB24C8 from the
pyridinium amide to the triazolium station and k, for the
opposite motion were determined from the broadening of
the "H NMR signals of H® and H'®.”” We used the equations
Av=(4np,p,3*)/(ki+k,) and p.k,=p,k,, where Av is the
line broadening of the single resonance observed at the
weighted average frequency for either H® or H' in fast ex-
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Figure 4. Partial variable-temperature "H NMR spectra in CD,Cl, of a) oscillating rotaxane 6a, b) rotaxane 42 0.993 and 0.978) (Figure 6b,

at 193 K, and c¢) uncomplexed thread 5au at 193 K.
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Figure 5. Thermodynamic Van't Hoff plot for exchange between 6a, and

6a, in CD,CL, (233-298 K).

solid straight line).”?! Similar

activation enthalpies AH; =

351 kImol™" for 6a, AH]=
249 kJmol™' for 6a,, and entropies AS; =—40.2 Jmol 'K™!
for 6a,, AS; =—71.4 Jmol'K™! for 6a, were extracted from
the H%based Eyring plots (linear regression coefficients
R,=0.992 and 0.974; Figure 6b, dashed straight line). The
high negative activation entropies AS; and AS; indicate a
highly ordered transition state. By comparing AS*, the
higher value observed for AS; corroborates the better-or-
dered complex DB24C8/pyridinium amide rather than tria-
zolium/DB24CS8.

Free enthalpies of activation AG; (from 6a,), AG; (from
6a,), and hence AG for the exchange between translational
isomers 6a; and 6a,, were calculated for each temperature
in the range of 193-298 K (Figure 7, Table 2). All calculated
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Figure 7. Schematic energetic diagram representation of the translational
isomerism between 6a,; and 6a,.

free enthalpies of shuttling exchange AG resulting from ki-
netic parameters k; match very well with AG obtained from
thermodynamic parameters K.

In rotaxane 6a, the covalent bond C’—C¥ between the
pyridinium and the amide carbonyl group of the monosub-
stituted pyridinium amide molecular station is frozen in
CD,(l, at low temperature. A single resonance frequency
was observed for the two H® atoms between 298 and 208 K,
which coalesce at 205 K and split at lower temperature
(Figure 4, Table 1). Remarkably, no coalescence of H* was
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Table 2. Free enthalpies of activation AG;” and free enthalpies of transla-
tional exchange AG between 6a; and 6a, calculated from kinetic and
thermodynamic parameters at various temperatures. All values in
kJmol ™

T[K] AGH  AG  AGHE  AG®  AGH AGPM AGH
298 482 47.0 472 46.1 1.0 0.9 1.0
273 46.9 46.0 45.1 44.3 1.8 1.7 1.7
263 46.3 45.6 44.3 43.6 2.0 2.0 2.0
253 45.8 452 43.4 42.9 2.4 23 2.3
243 45.3 44.8 42.6 422 2.7 2.6 2.6
233 44.8 44.4 41.8 415 3.0 2.9 2.9
223 442 44.0 40.9 40.8 33 32 32
193 0.7 42.8 38.4 38.7 4.3 4.1 4.1

[a,b] Calculated from kinetic parameters based on line broadening of the
triazolium H'"™ and pyridinium H* signals, respectively. [c] Calculated
from thermodynamic parameters.

noticed in thread Sau or rotaxane 4b whatever the tempera-
ture, that is, DB24C8 acts as a molecular brake of C*—C"
bond rotation only when it is located around both the pyri-
dinium and the monosubstituted amide hydrogen atoms
(Figure 8). The observed decrease of the rotation rate in 6a

a)

Fast rotation Fast rotation

Molecular brake

Figure 8. Schematic representation of the role of DB24C8 as a molecular
brake for rotation of the C*—C' bond in a) 5au, b) 4b, and c) 4a and 6a.

can be explained by anchoring of the macrocycle at the two
H-bonding sites surrounding the C°—C'" linkage, which dis-
turbs rotation of the covalent bond (Scheme 4). A very simi-
lar coalescence temperature of 203 K was found for H® of
two-station rotaxane 4a, which is entirely consistent with
the almost quantitative thermodynamic constant K calculat-
ed for exchange between 6a; and 6a, at 205 K. The equation
at the coalescence temperature,® k=mndv/,/2 (where the
line widths at half-height of coalesced H® correspond to
O, =195 and 155 Hz for 6a and 4a, respectively) afforded
rate constants k,,, of 433s~! for 6a at 205 K and 344 s™! for
4a at 203 K. Kinetic rates of rotation gave identical free en-
ergies of activation of AG,y;s=39.2KkJ mol ' for 6a and
AG 3, =392 kJmol ™" for 42> At a lower temperature of
193 K, H® of each rotamer of 4a and 6a are split as a result
of a slow rotational exchange on the NMR timescale. At
this temperature, the equation k=mnAv (where Av=13.6 and
14 Hz are the extra line broadenings of H® for 6a and 4a,
respectively)® provided very similar kinetic rates k,, of
4357 for 6a and 44 s for 4a, which correspond for both
rotaxanes to a free energy of activation AG,y ,; of
40.5 kJmol .
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Scheme 4. Exchange between the two rotational isomers 6a;, and 6a,g of
rotaxane 6a.

Conclusion

We have prepared two new rotaxane molecular machines
containing three different stations for DB24C8. Variations
in pH allow one to determine the following order of affinity
of the stations for DB24C8 at room temperature: anilini-
um >monosubstituted pyridinium amide = triazolium > dis-
ubstituted pyridinium amide > aniline. Although the macro-
cycle resides around the best anilinium station at acidic pH
(5a and 5b), the two molecular shuttles 5a/6a and 5b/6b
behave very differently upon deprotonation. Disubstituted
pyridinium amide containing rotaxanes Sb and 6b behave as
pH-sensitive bistable rotaxane molecular machines in which
DB24CS8 is exclusively located around either the anilinium
or the triazolium station depending on pH. On the contrary,
in deprotonated rotaxane 6a containing triazolium and mon-
osubstituted pyridinium amide stations, DB24C8 continu-
ously oscillates between the two stations with a very faint
preference for the monopyridinium amide station at room
temperature. Kinetic and thermodynamic studies demon-
strated that the two translational isomers have very similar
free enthalpy at room temperature. However, lowering the
temperature increases AG, and thus forces DB24C8 to
reside more and more around the energetically favorable
pyridinium amide station. Around 223 K, the oscillation be-
tween the two stations stops and DB24C8 spends most of its
time around the monosubstituted pyridinium amide station,
like in a bistable molecular machine. Increasing the temper-
ature restores the oscillating movement of DB24C8 again,
whereas reprotonation of the anilinium moiety turns off the
translational oscillation and forces DB24CS to sit exclusively
on the anilinium station. In addition, H-bonding interactions
between DB24C8 and the monopyridinium amide station in
the deprotonated rotaxane perturb rotation of the threaded
pyridinium amide bond, that is, DB24C8 acts as a molecular
brake.
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Experimental Section

General: All reactions were carried out under an atmosphere of argon
unless otherwise indicated. All reagents were purchased from Aldrich
and Senn Chemical and were used as received without further purifica-
tion. Preparation and characterization of threads 5au, Sbu, 6au, and 6bu
are described in the Supporting Information. Dichloromethane was dis-
tilled over P,O5 and was degassed by bubbling Ar for 20 min. Analytical
thin-layer chromatography (TLC) was performed on Merck silica gel 60
F254 plates. Compounds were visualized by dipping the plates in an etha-
nolic solution of 10% sulfuric acid, ninhydrin, or an aqueous solution of
KMNO,, followed by heating. '"H NMR (298 K and variable temperature)
and C NMR spectra (298 K) were obtained on a Bruker DRX-400 spec-
trometer (respectively at 400.13 MHz and 100.62 MHz). Chemical shifts
are given in ppm with CH,Cl,, CHCl;, and CH;CN as references (0=
5.32, 7.27, and 1.94 ppm, respectively, for 'H, and 6 =54, 77, 118.26 ppm,
respectively, for '*C). Mass spectra (MS) and high-resolution mass spectra
(HRMS) were recorded on a ZQ Micromass and Q-TOF Micro (Waters)
instruments, respectively.

Rotaxane 3a: [Cu(CH;CN),]PF, (238 mg, 0.63 mmol, 1 equiv) and 2,6-1u-
tidine (7 puL, 0.06 mmol, 0.1 equiv) were successively added to a solution
of 1a (461 mg, 0.63 mmol, 1 equiv), 2 (293 mg, 0.63 mmol, 1 equiv), and
DB24C8 (571 mg, 1.27 mmol, 2 equiv) in dry CH,Cl, (3 mL). The mixture
was stirred at room temperature for 24 h then the solvent was removed
in vacuo. The crude product was directly purified by chromatography on
a silica gel column (solvent gradient elution: CH,Cl,, then 25/75 acetone/
CH,Cl,) to obtain rotaxane 3a (783 mg, 75%) as a slightly yellow solid.
M.p. 78-85°C; R; (Si0,)=0.62 (40/60 acetone/CH,CL); 'HNMR
(400 MHz, CD;CN, 298 K): 6 =9.04 (d, 2H, *Jy7.45=6.9 Hz, H’), 8.60-
8.42 (brs, 2H, H*), 8.35 (d, 2H, *ys.17=6.9 Hz, H®), 7.64 (brt, 1H, H"),
7.41 (s, 1H, H"™), 7.39 (t, 1H, Yys040s=1.6 Hz, H"), 7.33 (d, 2H, 5.
o= 1.6 Hz, H®), 6.91-6.80 (m, 8H, H,, Hg), 6.37 (d, 1H, Jym=
9.0 Hz, H'), 5.56 (t, 1H, 31 ="Jysma=3.4 Hz, H’), 522 (dd, 1H, /.
m=9.0Hz, *Jy,13=3.4 Hz, H?), 5.10 (dd, 1H, *Jy =34 Hz, Jyups=
2.1 Hz, H), 4.81 (dd, 1H, *Jysaneo=12.7 Hz, *Jyyuns=9.2 Hz, H*), 4.61-
454 (m, 1H, H%), 431-4.25 (m, 3H, H”, H®), 4.19-4.05 (m, 10H, H¢
H?), 3.84-3.72 (m, 8H, Hp), 3.65- 3.58 (m, 4H, Hg), 3.44-3.36 (m, 6 H,
Hp, H?), 2.46 (t, 2H, *Jipgyn =7.6 Hz, H), 2.20 & 2.16 & 2.00 & 1.87
(4s, 12H, CH,CO), 1.86-1.80 (m, 2H, H'), 1.67-1.56 (m, 4H, H”, H*),
1.45-1.27 (m, 6 H, H", H", H*), 1.25-1.10 (m, 4H, H*, H¥), 1.18 ppm (s,
18H, H?); "CNMR (100 MHz, CD,CN, 298 K): 6=171.5 & 1703 &
170.0 & 169.9 (COCHj;), 162.4 (C'), 153.6 (C¥), 153.0 (C°), 148.4 (C"),
148.3 (C, DB24C8), 144.1 (C"), 136.1 (C*), 127.2 (C*), 124.9 (C¥), 122.1
& 113.2 (Ca, Cp), 122.0 (C™), 117.8 (C*), 89.1 (C'), 78.6 (C%), 71.6 (Cp),
71.0 (Cp), 69.6 (C?), 69.1 (Cc), 68.3 (C), 67.4 (C*), 60.9 (C°), 51.6 (C¥),
50.4 (CY), 40.9 (C), 35.6 (C*), 31.4 (C?), 30.8 (C'"), 29.9 & 29.4 & 29.4
& 282 & 26.7 & 26.6 & 26.4 (CB, C*, C¥, C* C%, CB, C*), 25.9 (C¥),
21.0 & 20.9 & 20.8 & 20.4 ppm (CH;CO); HRMS (ESI): [M—2PF4**
caled for C;,H,;,N¢O,¢**: 670.3704, found: 670.3683.

Rotaxane 3b: [Cu(CH;CN),]PF, (81 mg, 0.22 mmol, 1 equiv) and 2,6-luti-
dine (2.5 pL, 0.02 mmol, 0.1 equiv) were added successively to a solution
of mannosyl azide 1b (160 mg, 0.22 mmol, 1 equiv), alkyne 2 (100 mg,
0.22 mmol, 1equiv), and DB24C8 (194 mg, 0.44 mmol, 2 equiv) in dry
CH,Cl, (3 mL). The mixture was stirred for 24 h at room temperature,
and then the solvent was removed in vacuo. The crude product was di-
rectly purified by column chromatography (SiO,: solvent gradient elu-
tion: acetone/CH,Cl, 20/80, then 30/70) to afford pure rotaxane 3b
(266 mg, 74 %) as a white solid. M.p. 97-105°C; R; (SiO,)=0.30 (30/70
acetone/CH,Cl,); ratio of isomers: 50/50; 'H NMR (400 MHz, CD;CN,
298 K): 6=8.99 & 8.98 (2d, 2H, *Jyy;.4s=6.9 Hz, H’), 8.59-8.43 (brs, 2H,
H), 8.07 & 8.04 (2d, 2H, *Jys47=6.9 Hz, H®), 7.43 & 7.40 (25, 1H, H"®),
7.41-7.38 (brs, 1H, HY), 7.34 (d, 2H, “ypsz=1.5 Hz, H®), 6.91-6.80
(m, 8H, H, Hp), 6.36 & 6.33 (2d, 1H, */yy, 1, =9.4 Hz, H'), 5.57 (brt, 1H,
HY), 5.25 & 5.23 (2dd, 1H, *Jyp.1 =9.3 Hz, *Jiyp.43=3.2 Hz, H?), 5.11 (brt,
1H, H*), 479 & 4.76 (2dd, 1H, ye,ne = 12.8 Hz, Vg5 =9.0 Hz, H®),
4.59-4.54 (m, 1H, H%), 4.33-4.26 (m, 1H, H®), 429 & 4.22 (2t, 2H, *Jyy;.
ue=7.1Hz, H"), 419-4.05 (m, 10H, He H”), 3.85-3.72 (m, 8H, Hp),
3.65-3.58 (m, 4H, Hg), 3.49 & 3.08 (2t, 2H, *Jypp 3 =7.4 Hz, H?), 3.45-
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3.38 (m, 4H, Hy), 3.03 & 2.84 (25, 3H, H'), 2.47 & 2.46 (2t, 2H, I3y
w1 =7.8 Hz, H), 2.20 & 2.20 & 2.15 & 2.14 & 2.01 & 2.00 & 1.90 (7s,
12H, CH,CO), 1.92-1.83 & 1.82-1.72 (2m, 2H, H'), 1.69-1.49 (m, 4H,
H" H*), 1.44-1.13 (m, 10H, H* H" H* H? H*), 1.19 ppm (s, 18H,
H¥?); ®*CNMR (100 MHz, CD,CN, 298 K): 6=171.5 & 171.5 & 170.3 &
170.1 & 170.0 & 170.0 (COCH3), 165.7 & 165.6 (C'*), 156.6 & 156.5 (C°),
153.6 & 148.4 (CY C¥), 144.1 & 144.0 (C7), 136.1 (C7), 127.1 & 126.8
(C%), 124.8 (C¥), 122.2 & 113.3 (C,, Cp), 122.0 (C'®), 117.8 (C*), 89.2 &
89.1 (CY), 78.4 & 78.3 (C°), 71.6 (Cg), 71.0 (Cp), 69.7 & 69.6 (C?), 69.1
(Co), 68.3 (CY), 67.6 & 67.5 (C?), 61.1 & 61.0 (C°), 51.6 (C®), 51.2 & 47.9
(C"), 50.5 & 50.4 (C"), 37.0 & 32.7 (C"), 35.6 (C*), 31.4 (C?), 30.8 &
30.6 & 29.9 & 29.9 & 29.4 & 29.4 & 28.3 & 28.2 & 27.1 & 26.8 & 26.7 &
26.6 & 26.4 & 26.4 & 262 (CB, C"¥, C¥, C'%, C¥, C?, C®, C*), 259 &
25.9 (C*), 21.0 & 209 & 20.8 & 20.5 & 20.5 ppm (CH;CO); HRMS
(ESI): [M—2PF]** caled for C,3H,sNgO,**: 677.3782, found: 677.3755.

Rotaxane 4a: An excess of DIEA (5 equiv) was added to a solution of
rotaxane 3a in CD;CN to give the deprotonated rotaxane 4a. R; (SiO,)=
0.40 (30/70 acetone/CH,CL); 'H NMR (400 MHz, CD,CN, 298 K): 0=
9.31 (d, 2H, VJyguy=6.8 Hz, H®), 8.99 (d, 2H, *Jy7.4s=6.8 Hz, H'), 7.98
(brt, 1H, H"), 7.46 (s, 1H, H'), 7.01-6.92 (m, 8H, H, Hp), 6.72 (t, 1H,
“Tisoaps= 1.6 Hz, H*), 6.45 (d, 2H, “ypgse=1.6 Hz, H*), 633 (d, 1H,
o =9.1Hz, HY), 5.45 (t, 1H, 3= "Tmm=23.4 Hz, H?), 5.26 (dd,
1H, iy =9.1 Hz, iy p3=3.4 Hz, H?), 499 (dd, 1H, /sy 3=3.4 Hz,
ens=1.8 Hz, H*), 4.95 (dd, 1H, “yene =129 Hz, *Jygus=9.7 Hz,
H*), 4.38-4.32 (m, 1H, H’), 4.19 (t, 2H, *Jyy7.116="7.0 Hz, H"), 4.14-4.06
(m, 8H, Hc), 4.05 (dd, 1H, 1160 = 12.9 Hz, *Jy1gp135=3.4 Hz, H*), 3.67-
3.53 (m, 8H, Hp), 3.20-3.02 (m, 8H, Hg H"?* H), 2.69-2.60 (m, 6H, Hg,
HY), 2.12 & 2.00 & 1.96 & 1.84 (45, 12H, CH,;CO), 1.70-1.61 (m, 4H,
H', H*), 1.60-1.52 (m, 2H, H*), 1.46-1.34 (m, 4H, H®, H®), 1.25 (s,
18H, H*?), 1.15-1.08 (m, 4H, H", H"), 1.08-0.99 ppm (m, 2H, H");
C NMR (100 MHz, CD;CN, 298 K): 6=171.7 & 1702 & 170.0 & 169.8
(COCHy), 163.0 (CY), 152.5 & 152.3 & 149.6 (C° C7, C%¥), 149.6 (CY),
148.6 (C, DB24C8), 142.8 (C7), 130.1 (C%), 122.1 & 112.8 & 112.7 (C,,
Cg), 122.0 (C*™), 111.8 (C™), 108.0 (C*), 88.6 (C"), 78.9 (C%), 70.4 (Cg),
70.3 (Cp), 69.0 (Cc), 68.9 (C?), 68.1 (C*), 67.3 (C%), 60.3 (C°), 50.4 (C"),
44.3 (C), 40.7 (C'?), 35.3 (C™), 31.6 (C¥), 30.7 & 30.2 & 29.9 & 29.5 &
29.3 & 27.5 & 26.5 & 26.0 (C", C*, C®, C', C*, C%, C®, C*), 21.0 &
20.9 & 20.8 & 20.7 ppm (CH;CO); HRMS (ESI): [M—PFs+HJ** calcd
for Cp,H,0,NOys”*+: 670.3704, found: 670.3704.

Rotaxane 4b: An excess of DIEA (5 equiv) was added to a solution of
rotaxane 3b in CD;CN to give deprotonated rotaxane 4b. R; (SiO,)=
0.37 (30/70 acetone/CH,Cl,); ratio of isomers: 50/50; '"H NMR (400 MHz,
CD;CN, 298 K): 6=9.97 & 9.92 (d & brd, 2H, *Jy;.43=6.6 Hz, H’), 8.06
& 8.02 (2d, 2H, gy =6.7 Hz & *Jyye1;=6.6 Hz, HY), 7.49 & 7.46 (25,
1H, H"), 7.02-6.87 (m, 8H, H, Hjg), 6.73-6.70 (brs, 1H, HY), 6.45 (d,
2H, Yz = 1.4 Hz, H®), 6.35 & 6.34 (d & brd, 1H, /4y =2.3Hz &
e =3.0Hz, H'), 596 & 5.94-590 (t & m, 1H, V=" =
3.0 Hz, H?), 5.46-5.39 (m, 1H, H?), 5.15 (t, 1H, Jyp3="iens =84 Hz,
HY), 437420 (m, 5H, H’, H” H), 420-4.05 (m, 4H, H*, H®, H),
4.05-3.89 (m, 4H, H), 3.77-3.63 (m, 4H, Hp), 3.63-3.51 (m, 4H, Hyp),
3.50-3.39 (m, 5H, Hg, Hy,), 3.20-3.03 (m, 7H, H?, H*, Hg), 3.01 & 2.85
(25, 3H, H"), 2.64 (t, 2H, Vo0 =7.5 Hz, H*), 1.97-1.70 (m, 2H, H'),
1.94 & 1.82 & 1.81 & 1.77 & 1.75 (5 s, 12H, CH;CO), 1.68-1.47 (m, 6H,
H", H*, H*), 1.47-1.34 (m, 4H, H?, H®), 1.33-1.16 (m, 4H, H", H"),
1.26 ppm (s, 18 H, H?); ®C NMR (100 MHz, CD,CN, 298 K): 6=171.1 &
171.0 & 170.3 & 169.9 & 169.8 & 169.8 & 169.7 (COCH;), 166.8 (C'),
153.6 & 149.6 (C°, C¥), 152.3 & 148.5 & 148.4 (CY, C¥), 147.8 & 147.6
(C7), 125.4 & 124.9 (C%), 122.3 (C¥), 122.2 & 122.1 & 1133 & 1132 &
113.1 & 113.0 (C,4, Cg), 111.8 (C*), 108.0 (C*), 93.5 & 93.2 (C'), 74.0 &
73.8 (C°), 72.8 & 72.7 & 72.6 & 72.6 (Cg), 71.5 & 71.3 & 71.2 (Cp), 69.4
& 69.3 & 69.2 & 69.2 (Cc), 68.9 & 68.8 & 68.7 (C%, C?), 66.6 & 66.5 (C*),
61.6 (C°), 51.4 & 47.6 (C"?), 504 & 50.4 (CV) , 44.4 (C*), 37.1 & 32.6
(C™), 353 (C*), 31.6 (C*), 30.7 & 30.1 & 30.1 & 30.0 & 29.6 & 29.5 &
28.6 & 27.5 & 27.0 & 26.9 & 26.7 & 26.7 & 26.6 (C¥, C*, C¥, C'¢, C,
C2, CB, C*), 26.0 (C¥), 20.7 & 20.6 & 20.5 & 19.6 ppm (CH,CO);
HRMS (ESI): [M—PF¢+H]** caled for C;3H,0¢N¢Oys**: 677.3782, found:
677.3781.
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Rotaxane 5a. Rotaxane 3a (98 mg, 0.06 mmol, 1 equiv) was dissolved in
iodomethane (1 mL) and the mixture stirred for three days at room tem-
perature. After removing iodomethane in vacuo, the yellow powder was
washed with Et,O to afford the pure methylated triazolium iodide prod-
uct (106 mg, quantitative). This material (106 mg, 0.06 mmol, 1 equiv)
was dissolved in CH,Cl, (5mL) and added to a solution of NH,PF;
(49 mg, 0.30 mmol, 5equiv) in MilliQ water (5 mL). The biphasic solu-
tion was vigorously stirred for 30 min at RT. After separation, the aque-
ous layer was extracted with CH,Cl, (2x5 mL). The organic layers were
combined, dried over MgSO,, and concentrated to give rotaxane 4a
(99 mg, 93%) as a yellow oil. R; (SiO,)=0.5 (30/70 acetone/CH,Cl,);
'HNMR (400 MHz, CD,CN, 298 K): 0=9.05 (d, 2H, *Jy;,5=6.9 Hz,
H), 8.61-8.49 (2H, brs, H*), 8.35 (2H, d, /g, =6.9 Hz, H®), 8.01 (1H,
s, H®), 7.61 (brt, 1H, *y=7.0Hz, HY), 7.42 (t, 1H, “usins=
1.6 Hz, H*), 7.34 (d, 2H, “Jjpgs0= 1.6 Hz, H®), 6.93-6.82 (m, 8H, H,
Hg), 638 (d, 1H, Jyup=91Hz, HY), 557 (t, 1H, Vm="msm=
3.4 Hz, HY), 522 (dd, 1H, g =9.1 Hz, *Jip 43 =3.4 Hz, H?), 5.10 (dd,
1H, Vg3 =3.4 Hz, *Jyyys=2.0 Hz, H*), 4.82 (dd, 1H, Yyeup6=12.7 Hz,
*Teans=9-2 Hz, H®), 4.58 (ddd, 1H, yspe =92 Hz, *Jyspe=3.8 Hz,
*Tusua=2.0 Hz, H°), 4.49 (t, 2H, Jy.me=7.2 Hz, H"), 429 (dd, 1H,
“Tnevree= 12.7 Hz, *Jygns=3.8 Hz, H™), 4.21-4.07 (m, 10H, H”, H),
4.04 (s, 3H, H¥), 3.86-3.74 (m, 8H, Hp), 3.66-3.60 (m, 4H, Hg), 3.45-
337 (m, 6H, H?, Hg), 2.51 (t, 2H, i1 =7.6 Hz, H?), 221 & 2.16 &
2.00 & 1.86 (4, 12H, CH;CO), 1.99-1.94 (m, 2H, H'), 1.72-1.59 (m,
4H, H", H*), 1.47-1.31 (m, 6H, H", H", H*), 1.30-1.16 (m, 4H, H?,
H?), 1.19 ppm (s, 18H, H*); "C NMR (100 MHz, CD,CN, 298 K): 6=
171.5 & 1703 & 170.0 & 169.9 (COCHj), 162.5 (C'), 153.7 (C¥), 153.0
(C°), 148.4 (C, DB24C8), 145.5 (C"), 144.1 (C7), 136.1 (C*"), 128.3 (C'®),
127.2 (C%), 124.9 (C¥), 122.2 & 113.3 (C,, Cg), 117.8 (C*), 89.0 (C"), 78.6
(C%), 71.6 (Cg), 71.0 (Cp), 69.6 (C?), 69.1 (Cc), 68.3 (C*), 67.4 (C?), 60.9
(C%, 54.4 (C"7), 51.5 (C%), 40.9 (C?), 38.1 (C¥), 35.6 (C), 31.4 (C?),
29.7 & 29.3 & 29.1 & 28.1 & 27.2 & 26.7 & 263 & 26.1 (C”, C¥, C¥, C,
C?, C2, C7, C*), 23,5 (CY), 21.0 & 20.8 & 20.8 & 20.4 ppm (CH;CO);
HRMS (ESI): [M—3PF]** ; calcd for [C;3H,(NsO;s]**: 451.9210, found:
451.9196.

Rotaxane 5b: Rotaxane 3b (140 mg, 0.085 mmol, 1 equiv) was dissolved
in iodomethane (1 mL) and the mixture stirred for 3 d at RT. After re-
moving iodomethane in vacuo, the solid was washed with Et,0O, and then
dissolved in CH,Cl, (5 mL). To this solution was added a solution of
NH,PF, (69 mg, 0.42 mmol, 5 equiv) in MilliQ water (5 mL). The bipha-
sic solution was vigorously stirred for 30 min at room temperature. After
separation, the aqueous layer was extracted with CH,Cl, (2x5 mL). The
organic layers were combined, dried over MgSO, and concentrated to
give rotaxane 5b (139 mg, 91 %) as a colorless oil. R; (Si0,)=0.54 (30/70
acetone/CH,Cl,); ratio of isomers: 58/42 (trans/cis); '"H NMR (400 MHz,
CD;CN, 298 K): 6=8.98 (d, 2H, *J;p.4s=6.7 Hz, H’), 8.60-8.50 (brs, 2H,
H*), 8.06 & 8.05 (2d, 2H, *Jys.17=6.7 Hz, H®), 8.01 & 7.99 (2’5, 1H, H"),
7.44-7.40 (brs, 1H, HY), 7.34 (brd, 2H, /530 = 1.3 Hz, H*), 6.93-6.80
(m, 8H, H, Hp), 6.34 (d, 1H, *Jyy4,=8.7 Hz, H"), 5.57 (t, 1 H, *Jy3.1n=
wsme=3.5Hz, H?), 523 & 522 (2dd, 1H, =87 Hz, Jpus=
3.5Hz, HY), 5.13-5.09 (m, 1H, HY), 481 & 4.79 (2dd, 1H, Yuene=
12.7 Hz, *Jygns =9-1 Hz, H*), 4.59-4.54 (m, 1H, H’), 4.50 & 4.44 (t, 2H,
Jirme=72 Hz, H), 4.31 & 428 (2dd, 1H, Yygype=12.7 Hz, *Jygpps =
4.9 Hz, H®), 421-4.05 (m, 10H, H?, Hc), 4.04 & 4.03 (25, 3H, Hy),
3.86-3.69 (m, 8H, Hp), 3.67-3.58 (m, 4H, Hg), 3.50 & 3.11 (2t, 2H, *Jyy,.
wis=7.4 Hz, H?), 3.45-3.37 (m, 4H, Hy), 3.04 & 2.85 (2’5, 3H, H"), 2.54-
246 (m, 2H, HY), 2.20 & 2.15 & 2.01 & 1.90 (4, 12H, CH;CO), 2.00-
1.86 (m, 2H, H'), 1.73-1.49 (m, 4H, H”, H*), 1.46-1.14 (m, 10H, H",
HY, HY, H?, H®), 1.19ppm (m, 18H, H¥); *CNMR (100 MHz,
CD;CN, 298 K): §=171.5 & 170.3 & 170.0 (COCH,), 165.7 & 165.6 (C'),
156.7 & 156.5 (C’), 153.7 (C¥), 148.4 (C, DB24C8), 145.5 (C"), 144.1
(C"), 136.1 (C7), 1282 (C™), 127.1 & 126.9 (C*), 125.0 (C), 1222 &
113.4 (Ca, Cp), 117.8 (C®), 89.1 (C"), 78.5 & 78.4 (C°), 71.6 (Cg), 71.0
(Cp), 69.6 (C?), 69.1 (Cc), 682 (C, 67.5 (C°), 61.0 (C°), 54.5 & 54.4
(C"), 51.6 (C*), 513 & 47.9 (C"), 382 (C*¥), 37.1 & 32.7 (C"), 35.7
(C™), 31.4 (C®), 31.3 & 29.8 & 29.6 & 29.2 & 28.3 & 28.1 & 27.3 & 27.0
& 26.6 & 26.4 & 26.2 (C, C*, CV, C'°, C*, CZ, C¥, C*), 23.5 (C¥), 21.0
& 20.9 & 20.8 & 20.6 & 20.5 ppm (CH;CO); HRMS (ESI): [M—3PF**+
calcd for [Cy,H;0oNgO15]**: 456.5933, found: 456.5919.
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Rotaxane 6a: An excess of DIEA (5 equiv) was added to a solution of
rotaxane Sa in CD;CN to give deprotonated rotaxane 6a. 'H NMR
(400 MHz, CD;CN, 298 K): 6=9.01 (d, 2H, *Jy7.;s=6.8 Hz, H'), 8.97—
8.90 (m, 2H, H®), 8.38-8.31 (brs, 1H, H'), 7.82 (brt, 1H, ypyp=
6.9 Hz, H"), 6.96-6.89 (m, 8H, H, Hg), 6.73 (t, 1H, “Jy30.4ms=1.6 Hz,
HY), 6.46 (d, 2H, *Jyps p30=1.6 Hz, H®), 6.35 (d, 1 H, *Jyy; 1, =9.1 Hz, H'),
550 (t, 1H, *Jyapm = Jse=34 Hz, H?), 525 (dd, 1H, /iy =9.1 Hz,
i =34 Hz, H?), 5.04 (dd, 1H, yuu3=3.4 Hz, *Jyyuus=1.9 Hz, H*),
4.90 (dd, 1H, Yyepner = 12.9 Hz, yye,ns=9.5 Hz, H*), 4.65-4.55 (m, 2H,
H"), 442 (ddd, 1H, *Jysp6,=9.5Hz, *Jyspe=3.6 Hz, s =19 Hz,
HY), 414 (dd, 1H, Jygyne=12.9 Hz, *Jygns =3.6 Hz, H®), 4.11-4.02 (m,
8H, H¢), 3.89 (s, 3H, Hj;), 3.71-3.61 (m, 8H, Hp), 3.33-3.23 (m, 4H,
Hg), 3.23-3.14 (m, 2H, H'"), 3.08 (t, 2H, *Jips.1104=6.9 Hz, H?), 3.04-2.94
(m, 4H, Hg), 2.62-2.52 (m, 2H, H®), 2.15 & 2.07 & 2.00 & 1.85 (45,
12H, CH;CO), 1.98-1.90 (m, 2H, H'"), 1.67-1.53 (m, 4H, H*, H*), 1.46—
1.35 (m, 4H, HZ, H”), 1.30-1.24 (m, 2H, H"), 1.26 (s, 18H, H?), 1.24-
1.17 ppm (m, 4H, H" H"); "CNMR (100 MHz, CD;CN, 298 K): 6=
170.3 & 170.0 & 169.9 (COCH3), 162.8 (C'°), 156.2 (C°), 152.3 (C%), 149.6
(C¥), 148.6 (C, DB24C8), 143.4 (C7), 129.0 (C%), 122.0 & 112.8 (C,, Cy),
112.0 (C*), 108.0 (C*), 88.8 (C"), 78.9 (C°), 70.9 (Cg), 70.5 (Cp), 69.2
(CY), 69.0 (Cc), 68.2 (CY), 67.4 (C%), 60.6 (C°), 54.3 (C7), 44.3 (C¥), 40.7
(C™), 37.7 (C¥), 353 (C¥), 31.6 (C?), 29.9 & 29.4 & 29.2 & 28.9 & 28.0
& 26.7 & 262 (C¥, C*, C, C'°, C*, CZ, C¥, C*), 23.5 (C*), 21.0 & 20.9
& 20.6 & 20.1 ppm (CH;CO); HRMS (ESI): [M-2PF,J** ; caled for
[C13H106NgO5)*: 677.3782, found: 677.3768.

Rotaxane 6b: An excess of DIEA (5 equiv) was added to a solution of
rotaxane 5b in CD;CN to give the deprotonated rotaxane 6b. Ratio of
isomers: 58/42 (transicis); '"H NMR (400 MHz, CD;CN, 298 K): 6=8.97
& 8.96 (2d, 2H, *Jyyyus=6.7 Hz, H'), 8.74 & 8.71 (25, 1 H, H'"), 8.03 &
8.00 (2d, 2H, *Jys17=06.7 Hz, H®), 6.87-6.79 (m, 8H, H, Hp), 6.73 (t, 1 H,
sorns = 1.6 Hz, HY), 6.47-6.45 (brs, 2H, H*®), 6.35 (d, 1H, *Jym=
8.7 Hz, H"), 5.57 (t, 1H, *Jyzps=Jysma=3-4 Hz, H?), 522 & 5.20 (2dd,
1H, *Jipp1 =8.7 Hz, *Jipa3=3.4 Hz, H?), 5.13-5.09 (m, 1 H, H*), 5.06-4.85
(brs, 2H, HY), 4.81 & 4.80 (2dd, 1H, Yyean16o = 12.8 Hz, *Jiy60.15=9.0 Hz,
H®*), 4.59-4.53 (m, 1H, H%), 430 & 4.29 (2dd, 1H, Yygu6.=12.8 Hz,
*Juepns=4.3 Hz, H®), 4.10-3.97 (m, 8H, Hc), 3.82-3.68 (m, 8H, Hp),
3.67-3.45 (m, 11H, Hy, Hp), 3.36 & 2.95 (2t, 2H, *Jypp3=7.4 Hz, H"),
3.10-3.03 (m, 2H, H®), 2.97 & 2.79 (2, 3H, H"), 2.71-2.68 (m, 2H,
HY), 2.16 & 2.15 & 2.01 & 1.99 & 1.90 & 1.87 (65, 12H, CH;CO), 1.58-
1.05 (m, 16H, H®, H"*, H®, H'®, H*, H®?, H®, H*), 1.26 ppm (s, 18H,
H*?); *CNMR (100 MHz, CD,CN, 298 K): 6=170.3 & 170.3 & 170.1 &
170.0 (COCH3), 165.6 & 165.4 (C'*), 156.7 & 156.5 (C°), 152.4 (C¥), 149.6
(C”), 148.7 & 148.6 (C, DB24C8), 144.1 (C"), 129.6 (C"), 127.0 & 126.9
(C¥), 121.7 & 112.8 (C,, Cg), 111.9 (C*), 108.0 (C®), 89.1 (C"), 78.5 &
78.5 (C), 71.8 (Cg), 70.8 (Cp), 69.6 (C?), 69.0 (Cc), 68.2 (C), 67.5 (C%),
61.0 (C°), 54.3 (C"), 51.3 & 48.0 (C'), 44.3 (C¥), 37.1 & 32.9 (C"), 35.3
(C*), 31.7 (C?), 29.9 & 29.4 & 28.7 & 27.3 & 27.1 & 26.9 & 23.4 (CV,
C*, CB, C' C¥, C®, CB, C*), 21.0 & 20.9 & 20.8 & 20.6 ppm (CH,CO);
HRMS (ESI): [M—2PF4)** ; calcd for [Cy,H;osNeO15]**: 684.3860, found:
684.3841.
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