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A pH shuttle has been developed in which the mean position of the macrocycle can be switched between
dialkylammonium stations of differing acidities. With only the most basic binding site protonated (di-
benzylammonium), the macrocycle resides almost exclusively on the protonated station; when the
second ammonium group (diethylammonium) is generated by further protonation, a mixture of trans-
lational diastereomers is observed in CD2Cl2 at 298 K, with the diethylammonium binding site preferred
by the crown ether macrocycle in a ratio of w2:1.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Recent years have seen the synthesis of many different types of
addressable rotaxane-based molecular shuttles that operate via
a variety of stimuli.1 A net change in the position of the ring on the
thread has been achieved in structurally diverse molecular shuttles
using inputs such as changes in configuration,2 oxidation state,3

covalent structure4 and binding events.5 One of the chemical
stimuli most frequently exploited for this purpose is a change in the
protonation level of the molecule.3a,6 The dialkylammonium–
crown ether recognition pair has been widely employed in the
synthesis of interlocked molecules,7 and naturally lends itself to the
construction of protonation-controlled molecular shuttles.6a–d,f–h

Previous examples of this type of shuttle have largely functioned by
switching the position of a crown ether macrocycle between an
amine/ammonium group and another pH-independent station
derived from an N-alkylpyridinium moiety. Here we report on the
synthesis of a molecular shuttle in which a crown ether macrocycle
can be switched between two dialkylammonium binding sites of
differing acidities.

While investigating possible designs, which would allow for the
incorporation of ratchet mechanisms into synthetic molecular
structures,8 we became interested in the ammonium–crown ether
rotaxane system7 because of its compatibility9 with sensitised
stilbene isomerisation photochemistry. However, we were con-
cerned with the possibility of competition with other photochem-
istry involving alkylpyridinium species and sought a less
photoactive set of distinct and different binding sites for a series of
multi-station molecular shuttles. The degree of inclusion of a di-
alkylammonium species within a [24]crown-8 type macrocycle is
x: þ44 650 6453.

All rights reserved.
known to be strongly dependant on ability of the alkyl substituents
to moderate the hydrogen-bond donating character of the ammo-
nium group.10 Early investigations showed that dibenzylammo-
nium (DBAþ) species are bound more strongly than
dibutylammonium groups within a dibenzo[24]crown-8 (DB24C8)
macrocycle, partly as a consequence of additional favourable aro-
matic stacking interactions and a higher degree of preorganisation,
but primarily because of the disparity in the ability of the two
ammonium species to act as hydrogen bond donors. Similarly,
DBAþ species bearing electron donating substituents on their aro-
matic rings are less strongly bound than those bearing electron
withdrawing substituents.10d The hydrogen-bond donating ability
and Brönsted acidity of an ammonium species are closely linked as
they are governed by similar electronic factors. On this basis, we
decided to investigate whether the difference in hydrogen bond
and Brönsted11 acidity between a DBAþ and a diethylammonium
derived station could be exploited as the basis of a protonation-
controlled molecular shuttle.
2. Results and discussion

Rotaxane 3 was selected as a target that incorporated all of the
required structural features. A reductive amination reaction was
chosen as the key synthetic step, allowing the introduction of one
of the ammonium stations at the same time as forming the rotax-
ane (Scheme 1).6c,12 Of the two possible disconnections presented
by this approach, the one at the DBAþ station allows the use of the
aromatic aldehyde, which is stable and undergoes facile imine-
forming reactions. The penalty for this approach is that the lower
affinity diethylammonium station must be used as the template for
the macrocycle.

The aldehyde-terminated half-stoppered thread 1 was
prepared in four steps from commercially available materials (see
Supplementary data). A solution of 1, DB24C8, 3,5-di-tert-
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Figure 1. Partial 1H NMR spectra (400 MHz, 298 K, CD2Cl2) of (a) 2$(HSbF6)2, (b) 3$(HSbF
coloured orange, and are compared with related signals in spectra (a) and (c) with solid line
dashed lines. Peaks arising from overlapping resonances of both co-conformers have not b
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Scheme 1. Synthesis of 2$(HSbF6)2 and 3$(HSbF6)2.
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butylbenzylamine and 2 equiv of trifluoroacetic acid in dichloro-
methane was stirred at room temperature for 1 week. At low pH
values imine formation is slow,13 but an excess of acid is necessary
to maintain the ammonium template required for inclusion of the
thread in the DB24C8 macrocycle.14 After 1 week, the imine was
reduced to the corresponding amine using catecholborane. Chro-
matographic purification of the final product proved problematic. It
was eventually found that pretreating a silica preparative TLC plate
with a solution of ammonium chloride prior to chromatography
allowed the separation of the [2]rotaxane product from the non-
interlocked thread (no [3]rotaxane was observed). Following
chromatography, the [2]rotaxane was ion-exchanged to the SbF6

salt to ensure uniformity, giving a pure sample of rotaxane
3$(HSbF6)2 in a yield of 19%.

Comparison of the 1H NMR spectrum of rotaxane 3$(HSbF6)2

with its non-interlocked components (Fig. 1) confirms the inter-
locked nature of the product. Rotaxane 3$(HSbF6)2 exists as two
translational co-conformational isomers (co-conformers) that in-
terconvert at a rate slower than the NMR timescale, and therefore
appear as separate sets of signals. In the most abundant trans-
lational isomer (orange resonances in Fig. 1b), the signals for Hp and
Hn are shifted downfield by approximately 0.25 ppm compared to
those of the non-interlocked thread, an effect characteristic of the
DBAþ station being occupied by the DB24C8 macrocycle. This is
further supported by the presence of aromatic shielding effects in
the Hl, Hm, Hq and Hr resonances due to intercomponent aromatic
stacking between the aromatic rings of the DBAþ station and the
macrocycle. The Hl and Hm resonances are shifted upfield by around
0.3 and 0.1 ppm, respectively, while the resonances for Hq and Hr

are shifted upfield to a much smaller degree, presumably as a con-
sequence of the steric interference of the flanking tert-butyl groups
disfavouring aromatic stacking with the macrocycle. A slight up-
field shift is exhibited by the macrocycle catechol protons HA and
HB compared to the free macrocycle, again indicating the presence
of aromatic stacking. The signals for the diethylammonium station
of the major translational isomer (Hd, He, Hf and Hh) closely
6)2 and (c) DB24C8. Peaks corresponding to the dba-co-conformer of 3$(HSbF6)2 are
s. Signals arising from the alkyl-co-conformer are shown in blue, and are marked with

een colour coded. Signal assignments refer to the proton labels shown in Scheme 1.
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resemble the corresponding resonances of the non-interlocked
thread. The minor translational co-conformer of 3$(HSbF6)2 (blue
resonances in Fig. 1b) exhibits a downfield shift of approximately
0.1 ppm for the signals arising from the methylene units adjacent to
the ammonium group of the diethylammonium station (Hf0 and
Hh0), an effect that is again indicative of hydrogen bonding to the
macrocycle. The HA0 and HB0 resonances of the macrocycle are
shifted slightly downfield, indicating that the inductive effects of
hydrogen bonding dominate over aromatic stacking interactions.
Aromatic shielding effects are evident in the resonances close to the
diethylammonium station, particularly those on the ‘stopper side’.
The Hc0, Hd0 and He0 resonances are shifted upfield by 0.3, 0.3 and
0.25 ppm, respectively. Less effect is evident in the Hi0 resonance,
indicating that the macrocycle is held close to the phenyl groups of
the stopper by aromatic stacking. The signals for the DBAþ station
(Hl0, Hm0, Hn0, Hp0, Hq0 and Hr0) of the minor isomer are nearly
identical to those of the non-interlocked thread. In both trans-
lational isomers, the ethylene protons of the macrocycle (HC, HD, HE,
HC0, HD0 and HE0) are diastereotopic due to the non-symmetrical
nature of the thread, and result in complex and overlapping sets of
signals.

These observations are consistent with rotaxane 3$(HSbF6)2

existing as a mixture of translational isomers, the major one being
that in which the DBAþ station is occupied (dba-co-conformer in
Scheme 1), and the minor one having the macrocycle over the
diethylammonium station (alkyl-co-conformer in Scheme 1).
The population distribution of approximately 2:1 in favour of the
dibenzyl isomer reflects the differing hydrogen bond-donor
Figure 2. Partial 1H NMR spectra (400 MHz, 298 K, CD2Cl2) of (a) 2$(HSbF6)2, (b) 3$(HSbF6)2,
3$HSbF6 are coloured orange, and are compared with related signals in spectra (a) and (c) w
marked with dashed lines. Peaks arising from overlapping resonances of both translational
strengths of the two ammonium groups. Interconversion of the
isomers is slow compared to the NMR timescale due to the steric
impediment presented by the benzyl group of the DBAþ station.10a

The stations in either translational isomer are effectively isolated
from each other, i.e., the unoccupied stations are not perturbed by
any folding or intermolecular association with the occupied ones,
and therefore resemble the non-interlocked thread.

The rotaxane 3$(HSbF6)2 was treated with an excess of a solid-
supported tertiary amine base. This was found to result in the loss
of only one of the two ammonium protons of the rotaxane, whereas
the thread 2$(HSbF6)2 was completely neutralised under identical
conditions. The reduced acidity of 3$(HSbF6)2 is a consequence of
the additional stability afforded to the ammonium group by the
encircling crown ether macrocycle.15 The macrocycle is only able to
‘protect’ a single ammonium group from deprotonation, therefore
treatment of 3$(HSbF6)2 with base results in the mono-protonated
rotaxane 3$HSbF6. A comparison of the 1H NMR spectra of the
rotaxanes 3$(HSbF6)2 and 3$HSbF6 and the threads 2$(HSbF6)2 and
2 illustrates the effect of changing the protonation level of the
shuttle (Fig. 2).

The 1H NMR spectrum of 3$HSbF6 (Fig. 2c) displays two sets of
signals, each of which is similar to those of the two translational
isomers of 3$(HSbF6)2, indicating that counterparts of the alkyl- and
dba-co-conformer are still present in the singly protonated rotax-
ane. In each set of signals the key resonances for the occupied
stations of 3$(HSbF6)2 are conserved, whereas the signals for the
unoccupied stations in either case match those of the non-pro-
tonated thread 2. For example, the alkyl-co-conformer of 3$HSbF6
(c) 3$HSbF6 and (d) 2. Peaks corresponding to the dba-co-conformer of 3$(HSbF6)2 and
ith solid lines. Signals arising from the alkyl-co-conformer are shown in blue, and are
isomers have not been colour coded.



O

O

O

OH2
N O
+

+

2SbF6
-

H2
N

O

O

O

O

O

O

O

O

O
+

+
O

O

O

O

H2
N

H2
N

O

O

O

OHN O

+

H2
N

O

O

O

O

O

O

O

O

O
+

O

O

O

O

H
N

H2
N

9

9

2SbF6
-

acid base dba-co-conformers

1 : 2

5 : 1 9

9

alkyl-co-conformers

SbF6
-SbF6

-
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has Hl, Hm, Hp, Hn, etc. resonances at near identical chemical shifts
to those of 3$(HSbF6)2, whereas the Hc, Hd, He, Hf, Hh, etc. reso-
nances lie at similar chemical shifts as those of the corresponding
protons of 2. Similarly, the Hd, He, Hf and Hh resonances of the alkyl-
co-conformer of 3$HSbF6 match those of 3$(HSbF6)2, whereas the
Hl, Hm, Hp, Hn, etc. resonances match those of 2. Therefore in either
translational isomer of 3$HSbF6 the macrocycle resides on a pro-
tonated station, leaving the other station neutral. No signals are
observed for the protonation of an unoccupied station in 3$HSbF6,
suggesting that the macrocycle and ammonium proton are for the
most part closely associated with each other. It may be that shut-
tling predominantly occurs via a ‘proton-ferry’ type mechanism, in
which the ammonium proton and macrocycle move in unison from
station to station (Scheme 2).15a

The most abundant translational isomer in the rotaxane
3$HSbF6 is the alkyl-co-conformation, which is approximately five
times more abundant than the dba-co-conformer. The determining
factor in this case is the differing abilities of the two stations to
compete for the single ammonium proton, and with it the macro-
cycle. That there is any significant competition from the dibenzyl
station is perhaps surprising, considering that it is less basic by
approximately 1.5 pKa units,11 however, the protonated dibenzyl
station binds the macrocycle more strongly than the alkyl one,
a factor that presumably acts to offset the disparity between the
two stations. Deprotonation of the shuttle from 3$(HSbF6)2 to
3$HSbF6 therefore changes preferred co-conformation of the mol-
ecule from the dba- to the alkyl-translational isomer.
3. Conclusions

We have shown that the difference in acidity (hydrogen bond
and Brönsted) of two stations differing only in the substituents
about the same central –CH2NH2

þCH2– unit is sufficient to form the
basis of a switchable molecular shuttle that operates by a change in
protonation level. The positional discrimination exhibited by this
system is rather modest, but there is scope to fine-tune the system
by varying the substituents of each station. Nevertheless, the
functional groups involved are rather less photo- and redox-sen-
sitive than other switchable molecular shuttles and may be more
suitable for elaboration into more complex nanoscale devices and
machines.

4. Experimental section

4.1. General information

All reagents were purchased from Aldrich chemicals and used
without further purification. Thin-layer chromatography was per-
formed on precoated silica gel plates (Merck, Germany) and com-
pounds were visualised under UV light. All 1H and 13C NMR spectra
were recorded on a Bruker AV 400 instrument, at a constant tem-
perature of 298 K. Melting points were determined using a Sanyo
Gallenkamp apparatus and are uncorrected. Accurate mass data
were obtained from the EPSRC National Mass Spectrometry Service
Centre (Swansea, UK).

4.2. Thread 2 and rotaxane 3

A solution of 1 (120 mg, 0.2 mmol), di-tert-butylbenzylamine
(48 mg 0.22 mmol) and dibenzo[24]crown-8 (180 mg, 0.4 mmol)
and trifluoroacetic acid (0.44 mmol) in CH2Cl2 (5 ml) was stirred for
1 week at room temperature. After this time, a 1 M catecholborane
solution in THF (1 mmol, 1 ml) was added dropwise and the mix-
ture was stirred for 12 h at room temperature. The solution was
then diluted with CH2Cl2 (50 ml) and washed with 1 M HCl (aq)
(50 ml), saturated ammonium bicarbonate (aq) (50 ml) and then
brine (50 ml). The organic phase was dried (MgSO4) and the solvent
removed under reduced pressure. The resultant mixture was pu-
rified by preparative thin-layer chromatography using silica plates
pre-treated by dipping in a saturated solution of ammonium
chloride in acetonitrile. The plates were developed using a 5% so-
lution of MeOH in CHCl3 as eluent to give 2 and 3, which were
treated with the following procedure to ensure uniformity of their
counterions: purified 2 or 3 was dissolved in CH2Cl2 and acidified
by dropwise addition of a 1 M solution of HCl in diethyl ether. The
solvent was removed under reduced pressure and the resultant
material was redissolved in CH2Cl2 and then agitated overnight
over an excess of Dowex-22 chloride ion-exchange resin. The sol-
vent was removed under reduced pressure and the residue was
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redissolved in a 25% solution of MeOH in CH2Cl2 and then stirred
overnight in the presence of excess solid NaSbF6. The resultant
suspension was filtered and the solvent removed under reduced
pressure. The resultant solids were suspended in CH2Cl2 and fil-
tered followed by evaporation of the solvent to yield 2$(HSbF6)2

(125 mg, 54%) and 3$(HSbF6)2 (61 mg, 19%) as colourless solids.
Thread 2$(HSbF6)2: 1H NMR (400 MHz, CD2Cl2) d¼1.13–1.29 (m,
30H, 6�CH2, 6�CH3), 1.35 (m, 2H, CH2), 1.52 (m, 2H, CH2), 1.67
(m, 2H, CH2), 2.45 (m, 2H, CH2), 2.90 (br m, 2H, CH2CH2N), 2.97 (br
m, 2H, CH2CH2N), 3.90 (t, 2H, J¼6.5, CH2O), 3.92 (t, 1H, J¼7.9,
Ph2CHCH2), 4.07 (br t, 2H, ArCH2N), 4.15 (br t, 2H, ArCH2N), 6.85 (d,
2H, J¼8.5, ArH), 7.10–7.26 (m, 14H, ArH), 7.46 (s, 1H, ArH); 13C NMR
(100 MHz, CD2Cl2) d¼25.9, 26.38, 26.45, 28.97, 29.01, 29.1, 29.2,
29.3, 30.1, 31.4, 31.7, 35.3, 48.8, 49.0, 50.0, 51.5, 52.6, 68.5, 115.9,
121.2, 124.3, 124.9, 127.4, 127.8, 128.8, 129.4, 131.6, 143.1, 153.1, 161.0;
HRMS (FAB) C48H68N2O calcd m/z [(MþH)þ]¼689.5410, found
689.5412. Rotaxane 3$(HSbF6)2: 1H NMR (400 MHz, CD2Cl2)
d¼1.01–1.38 (m, 32Hþ32H0, 6�CH2, 6�CH3, 6�CH02, 6�CH03), 1.30–
1.71 (m, 4Hþ4H0, 2�CH2, 2�CH02), 2.02 (m, 2H0, CH02), 2.45 (m, 2H,
CH2), 2.91 (br m, 4H, 2�CH2), 3.08 (br m, 2H0, CH02), 3.25 (br m, 2H0,
CH02), 3.32 (t, H0, J¼7.6, Ph2CH0), 3.33–3.44 (m, 4Hþ4H0,
OCH2þOCH02 diastereotopic signals), 3.46–3.56 (m, 4Hþ4H0,
OCH2þOCH02 diastereotopic ethylene signals), 3.57–3.83 (m,
10Hþ8H0, OCH2þOCH02 diastereotopic ethylene signals OCH2), 3.87
(t, 2H0, J¼6.6, OCH02), 3.93 (t, 1H, J¼8.0, Ph2CH0), 3.96–4.19 (m,
8Hþ12H0, OCH2þOCH02 diastereotopic ethylene signals 2�ArCH02),
4.41 (m, 2H, ArCH2), 4.63 (m, 2H, ArCH2), 6.43 (d, 2H, J¼8.7, ArH),
6.64 (m, 4H0, ArH0), 6.71 (m, 4H, ArH), 6.82 (m, 4H, ArH), 6.85–6.90
(m, 6H0, ArH0), 6.96 (m, 4H0, ArH0), 7.00 (d, 2H, J¼8.7, ArH), 7.03–7.15
(m, 2Hþ8H0, ArHþArH0), 7.18–7.25 (m, 10H, ArH), 7.29–7.32 (m,
Hþ2H0, ArHþArH0), 7.43 (s, H0, ArH0); 13C NMR (100 MHz, CDCl3)
(major translational isomer) d¼25.5, 26.1, 26.4, 28.4, 28.6, 28.8,
28.9, 29.2, 29.7, 30.2, 31.3, 34.8, 47.1, 48.2, 49.0, 52.4, 52.8, 67.9, 70.1,
70.5, 70.9, 112.6, 114.4, 121.7, 122.6, 123.6, 126.2, 127.2, 127.8, 128.5,
130.6, 131.3, 143.7, 147.3, 151.5, 159.7; C72H99N2O9 calcd m/z
[(MþH)þ]¼1137.7507, found 1137.7516.

4.3. Deprotonation of 2$(HSbF6)2 and 3$(HSbF6)2

In a disposable polypropylene reaction tube fitted with a frit and
a tap, diethylaminopolystyrene resin (200 mg, 0.2 molar equiv) was
swelled in CH2Cl2 and the excess solvent drained off. A solution of
2$(HSbF6)2 or 3$(HSbF6)2 (2 mmol) in CH2Cl2 (2 ml) was added and
the mixture was agitated on an orbital shaker for 1 h. After this
time, the reaction mixture was drained and the resin was washed
with additional CH2Cl2 (3�2 ml), the mixture being agitated for
5 min during each wash. The solvent and washes were combined
and evaporated to give 2$HSbF6 or 3 with >95% recovery of
material.
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González Cabrera, D.; Leigh, D. A.; Slawin, A. M. Z. Angew. Chem., Int. Ed. 2006,
45, 1385–1390; (f) Tokunaga, Y.; Nakamura, T.; Yoshioka, M.; Shimomura, Y.
Tetrahedron Lett. 2006, 47, 5901–5904; (g) Goldup, S. M.; Leigh, D. A.; Lusby, P.
J.; McBurney, R. T.; Slawin, A. M. Z. Angew. Chem., Int. Ed. 2008, 47, 3381–3384.

6. (a) Martı́nez-Dı́az, M. V.; Spencer, N.; Stoddart, J. F. Angew. Chem., Int. Ed. 1997,
36, 1904–1907; (b) Ashton, P. R.; Ballardini, R.; Balzani, V.; Baxter, I.; Credi, A.;
Fyfe, M. C. T.; Gandolfi, M. T.; Gomez-Lopez, M.; Martı́nez-Dı́az, M. V.; Piersanti,
A.; Spencer, N.; Stoddart, J. F.; Venturi, M.; White, A. J. P.; Williams, D. J. J. Am.
Chem. Soc. 1998, 120, 11932–11942; (c) Elizarov, A. M.; Chiu, S.-H.; Stoddart, J. F.
J. Org. Chem. 2002, 67, 9175–9181; (d) Badjić, J. D.; Balzani, V.; Credi, A.; Silvi, S.;
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