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A molecular turnstile T1 based on a luminescent pyridyl-
benzimidazole stator and a rotor containing a pyridyl coordinating
site is designed and its multi-step synthesis described. The
turnstile T1 undergoes free rotation of the rotor around the
stator. In the presence of Ag’ cation as an effector, the rotational
movement is locked through simultaneous binding of the cation
by both pyridyl coordinating sites. The dynamic reversible
behaviour of the turnstile in solution was investigated by 1- and
2D-NMR spectroscopy and by absorption and emission
spectroscopies.

Introduction

The design and synthesis of dynamic of molecular architectures and
the control of their intramolecular movement is a topic of current
interest. Since the pioneering investigations by Sauvage et crl,1
Stoddart et aI,2 Feringa et af and Balzani et (:1/,4 a variety of
molecular motors, rotors and machines subject to rotational or
translational movement has been reported.s’13 Molecular
turnstiles™? constitute a particular class of dynamic systems
undergoing rotational movement. These molecules are based on
two interconnected parts, i.e. a stator and a rotor. The designation
of the two parts, i.e. rotor and stator, is relative since they both
undergo a rotational movement (Fig. 1).
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Figure 1. Schematic representations of a turnstile in its open and closed states. In the
absence of the effector (yellow sphere) the rotor spins freely around the stator
whereas in the presence of the effector the rotational movement is blocked.

For turnstiles not equipped with specific interactions sites, the rotor
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freely rotate around the stator. However, for those bearing
simultaneously interactions units on both rotor and stator, the
rotational movement may be blocked using an external (Fig. 1).

Here we report on the design and synthesis of a novel turnstile
composed of a rotor bearing a pyridyl moiety and a stator based on
a benzimidazole unit bearing also a pyridyl group as coordinating
sites. In solution, the switching between the open T1 and closed T1-
Ag’ states of the turnstile was monitored by NMR (1- and 2D) and
by absorption and emission spectroscopies.

Experimental

Experimental details dealing with synthetic procedures,
characterization, NMR and photophysical investigations are
reported in the Electronic Supplementary Information (ESI).

Results and discussion
Design of turnstiles

The design of the turnstile T1 (Scheme 1) is based on a stator and a
rotor connected to the stator by covalent bonds. As for the latter, a
benzimidazole hydroquinone unit has been chosen owing to its
photophysical properties. The benzimidazole based stator is
equipped with a pyridyl unit as a coordinating site. The rotor is
composed of a pyridyl moiety as the coordinating site,
symmetrically substituted at positions 2 and 6 by two
tetraethyleneglycol spacers linking the rotor to the stator. The
junction between the rotor and the stator is ensured by two other
groups using positions 1 and 4 of the substituted benzimidazole
moiety.

T T1-Ag*
Scheme 1. Chemical structures of molecular turnstiles in its open T1 and closed T1-Ag"
states and assignment of H-atoms.
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The turnstile is designed to undergo a switching process between
its open T1 and closed T1-Ag" states (Fig. 1) using Ag(l) cation as the
external effector (Scheme 1). The locking of the rotational
movement of the turnstile T1 in the presence of Ag™ as effector
results from simultaneous binding of the metal cation by both
coordinating sites located on the stator and on the rotor. The
choice of Ag’ cation was based on its affinity to interact with pyridyl
units in a reversible manner and its propensity to adopt a linear
coordination geometry. Furthermore, taking advantage of the poor
solubility of silver halide salts, the locking process may be reversed
leading to the open state of the turnstile upon addition of a salt
such as Et,NBr for example.

Synthesis of turnstiles

The strategy adopted for the synthesis of T1 is based on the
functionalization of 1,4-dimethoxybenzene as the precursor of the
stator and a cyclization step using 2,6-difluoropyridine 8 (Scheme
2).
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Scheme 2. Schematic general synthetic strategy for the preparation of the turnstile T1.
Reaction conditions: i) HNO3, O °C during 1 hour, room temperature, 1 hour then 100
°C, 1 hour; ii) Hy, Pd/C, dry THF, room temperature, 24 hours; iii) H,, Pd/C, dry THF,
room temperature, 24 hours; iv) pyridine-4-carboxaldehyde, Na,S,0s, Ethanol, 70 °C,
15 hours; v) CHjsl, Cul, Cs,CO3, 1,10-phenantroline, DMF, 90 °C, 20 hours; vi) BBr3, dry
CH,Cl,, -78°C — room temperature, 20 hours, vii) tetraethyleneglycol, NaH, THF,
reflux, 4 days; viii) mesityl chloride, Et;N, THF, room temperature, 12 hours; ix) 7,
Cs,C03, DMF, 90°C, 48 hours.

The synthesis of the stator 7 is achieved in six steps. Starting with
1,4-dimethoxybenzene 1, compound 2 was prepared as a mixture of
ortho/para dinitro isomers using a reported procedure.22 Reduction
of the mixture by H, (3 bars) in dry THF afforded the compound 3%
after purification by column chromatography. The latter was further
quantitatively hydrogenated into the desired compound 4.2 The
condensation in ethanol of 4 with the commercially available 4-
pyridinecarboxaldehyde in the presence of Na2520524 afforded the
compound 5 in 70%. To prevent the deprotonation of 5 during the
cyclisation step, the —NH group of the benzimidazole moiety was
methylated by iodomethane affording the compound 6. This step
was achieved using copper iodide, 1,10-phenantroline and cesium
carbonate. Finally, the compound 7 was obtained in 82% yield by
deprotection in dry dichloromethane of compound 6 using BBr;. On
the other hand, the commercially available tetraethyleneglycol was

This journal is © The Royal Society of Chemistry 20xx

first mono deprotonated using NaH in dry THF and then condensed
with 2,6-difluropyridine 8. The reaction afforded the compound 9 in
87% vyield. The latter was activated as its dimesylate derivative 10
upon treatment with mesyl chloride (MsCl) in presence of Et3N in
anhydrous THF. Finally, the cyclization, leading to the turnstile T1 in
33% vyield, was achieved upon condensation of the compound 10
with the hydroquinone derivative 7 in DMF using Cs,CO; as base.

Switching of turnstiles

As schematically shown in figure 1, the turnstile T1 is designed to
undergo a switching between its open T1 state subject to a free
rotational movement and its closed T1-Ag" state for which the
movement is blocked by simultaneous binding of Ag” cation by both
pyridyl coordinating sites located on the stator and on the rotor
(Scheme 1). The close state of the turnstile T1-Ag® was
quantitatively prepared as a yellow solid upon treatment at room
temperature and in the dark of T1 with AgCF;SO; in CH;CN.

Solution dynamic behaviour of the turnstiles T1

The dynamic behaviour of T1 and T1-Ag" was investigated in
solution by both 1D and 2D NMR spectroscopies. For the open (T1)
and closed states (T1-Ag") of the turnstile, all H-atoms signals were
assigned (Scheme 1) by means of 'H- and “C-NMR spectroscopy
(see ESI).

For T1, the 1D "H-NMR (Fig.2, trace 1) spectrum recorded at room
temperature in CD;CN displays highly symmetric resonance
patterns. In the aromatic region, two doublets at 8.71 ppm and 7.73
ppm are assigned to Hm and Hn of the pyridyl unit. Signals
corresponding to Hk and H/, two doublets characterized by a roof
effect appear at 6.57 and 6.67 ppm. Signals corresponding to H
atoms of the pyridyl moiety appear as a doublet (Hb and Hb”) and a
triplet (Ha) at 6.20 ppm and 7.45 ppm respectively.

For the closed state T1-Ag’, signals corresponding to the pyridyl
moiety of the stator (Hm and Hn) and Hk and H/ are downfield
shifted by 0.05 ppm and 0.18 ppm respectively (Fig2, trace 2). For
the pyridyl unit of the rotor, Ha, Hb and Hb’ are upfield shifted by
0. 07, 0.04 ppm respectively (Fig2, trace 2).

& (ppm)

Figure 2. A portion of the aromatic region of the 'H-NMR (CD;CN, 400 MHz, 298K)
spectrum of T1 (trace 1), T1-Ag” (trace 2) and T1 after the addition of 1 eq. of Et;NBr
(trace 3).

The reversibility of the locking/unlocking process was also studied
by 1D-1H NMR spectroscopy. The addition of one equivalent of

J. Name., 2013, 00, 1-3 | 2

Page 2 of 7


http://dx.doi.org/10.1039/c8nj00890f

Page3of7 —

Published on 06 April 2018. Downloaded by Freie Universitaet Berlin on 07/04/2018 06:37:12.

Et,NBr in CH3CN to a CH;CN solution of T1-Ag’ caused the
precipitation of AgBr. After evaporation of the solvent and
dissolution of the reaction product in CD;CN, the "H-NMR spectrum
confirmed that the open states of T1 is restored (Fig. 2, trace 3).

The locking of the turnstile T1 was investigated by 2D "H-"H NOESY
techniques Correlation maps are displayed on Fig. 3 for T1 and T1-
Ag" complex. For the turnstile T1 (open state), the bidimensional
"H-'H correlation map (Fig. 3 top) shows only the expected short
range cross-correlations between Hm and Ho, H/ and Hj” as well as
between Hk and Hj of the imidazole moiety. For the rotor part, as
expected, Hb and Hb’ atoms correlate with Hc and Hc'.

Owing to the fast rotation of the rotor around the stator at room
temperature with respect to the NMR time scale, no through-space
correlations between Hm and Hn and hydrogen atoms of the
tetraethyleneglycol spacers are observed.
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Figure 3. Portion of the 2D ROESY correlations (1H-1H NMR, 400 MHz) for T1 in CD3CN
(top) and for T1-Ag" in CDsCN (bottom) at 298 K.

The locking of the rotational movement leading to the closed state
of the turnstile T1-Ag+ upon addition of Ag" was also studied by 2D
NMR experiments at room temperature (Fig. 3 bottom). Upon
binding of Ag" cation by both pyridyl units belonging to the rotor
and to the stator, a novel set of correlations was observed. Indeed,
through-space correlations between Hn, Hm and the hydrogen
atoms of the polyethylene glycol chains demonstrated the
proximity of the pyridyl unit of the stator with the hydrogen of the
rotor and the location of the stator within the cavity of the
macrocycle. Furthermore, a strong correlation between Ho (methyl
unit on the imidazole) and the hydrogen atoms of the
polyethyleneglycol spacers is observed. The observation of other
through spaces correlations between Hm and Hc and Hc’ further
confirms the above mentioned observations.
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Photophysical investigations

The absorption and emission properties of the turnstile in its open
T1 and closed T1-Ag’ were studied in dilute CH5CN solution at room
temperature (Table 1).

Table 1. Photophysical data recorded for T1, T1-Ag’ in CHCN at
1.0x10” M concentration at room temperature.

Absorbance (&) Aemlnm]  t[ns] PLQY (%)
[nm, (10° M™em™)]
T1 257(22.5), 283 (15.5), 521 8.3 10
303sh (10.3)
T1-Ag+ 257 (21.4), 283(14.8), 521 8.5 8.5(air)
303sh (9.6)

sh denotes a shoulder; @ Ao, = 350 nm

For the turnstile T1, the UV visible absorption spectrum is
composed of three bands (Fig. 4). At shorter wavelength, a narrow (
Aabsmax = 257 nm) and intense (g = 2.2 x10* M cm'l) absorption
band which can be ascribed to a transition with spin-allowed
singlet-manifold ligand centred (1LC) character is observed. At
longer wavelengths, two others absorption bands at 283 and 303
nm with lower intensity (¢ = 1.5x10* and 1x10* M™ cm?
respectively) are observed. These bands can also be ascribed to a
LC on the basis of the lack of neat solvatochromic effect upon
changing the solvent polarity while using identical concentrations
(Fig. S5).

However, at lower energy, the presence of an overlapping band
with partial intraligand charge transfer (1ILCT) character involving
the m-conjugated pyridyl-benzimidazole chromophore, cannot be
completely ruled out at the present stage owing to the very small
bathochromic shift observed at lower energy going from toluene to
CH,CH,, CH;CN and finally DMF.

3.0

2.54

2.0

1.5

(><104 M_1cm_1)

0.5

Molar extinction coefficient

0.0

300 400 500 600
wavelength (nm)

Figure 4. UV-visible absorption spectra of turnstiles T1 (red trace) and T1-Ag" (blue
trace) in CHsCN (1.0><10’5 M) at room temperature.

Surprisingly, the presence of Ag’ cation leading to the closed-state
T1-Ag’, did not induce spectral changes in the electronic absorption
profile (Fig. 4). This is most likely due to the concentration (10'5 M)
used for the investigation. In order to study this hypothesis,
absorption and emission measurements of T1-Ag* were carried out
at of 1.0x10™ and 1.0x10® M concentration. It can be noticed that
the absorption band at ca. 300 nm undergoes a hypsochromic shift
upon increase of the concentration of the T1-Ag" complex (Fig 5
top). Concomitantly, for the two bands at ca 260 nm and 280 nm, a

J. Name., 2013, 00, 1-3 | 3
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decrease of the molar extinction coefficient is observed (Fig. 5 top).
The expanded portion of the spectra between 340 and 370 nm (Fig.
5 bottom) shows a slight increase of the lowest-lying absorption
band that can be attributed to a charge transfer transition of the
T1-Ag’ species. This observation suggests a lower affinity of T1 for
Ag(l) cation when compared to previously reported turnstiles.’®*°
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Figure 5. UV-visible absorption spectra of turnstiles T1 (140><10'5 M) (red trace), T1-Ag"
(1.0x10° M) (blue trace), 1.0x10™ M (green trace, 1.0x10> M (black trace) in CHsCN at
room temperature (top) and zoom of the UV-visible spectra of the turnstile T1 at
(1.0x10°° M) between 340 and 370 nm (bottom)

In order to investigate this assumption, a titration experiment in the
0-25 eq. range of T1 by Ag" was carried out using "H-NMR
spectroscopy by observing the shifts of signals corresponding to Hn
and Hi/Hi’ H atoms (see Fig. S1-S3).

Upon fitting the complete titration curves, stability constants K., =
4.0x10° M™ and Ky = 1.6x10° M were calculated. These two
binding constants correspond to the 1:1 and 2:1 Ag’/ T1 complexes
respectively. The K., is in agreement with stability constants
described in the literature for silver complexes by ligands bearing
two pyridines units.”® The formation of the 1:1 and 2:1 Ag'/T1
complexes were further confirmed by electron spray ionization
mass spectrometry (ESI-MS) using a sample of T1 and 25
equivalents of CF;SO3;Ag. The mass spectra, represented in Fig. S6,
display peaks at 777.21 and 1033.05 which correspond to the 1:1
and 2:1 Ag’/ T1 complexes respectively. For the 2:1 species, it can
be tentatively assigned to the binding of one Ag" cation by the two
pyridine moieties and a second one by the benzimidazole unit.
Upon photo-excitation with Ae. = 350 nm, T1 and T1-Ag" in CH;CN
display broad and featureless yellow emission at room temperature
with maxima centred at 521 nm with photoluminescence quantum
yield (PLQY) of 10% and 8.5%, respectively (table 1). As shown in
Fig. 6, the emission spectra profile is unaffected by the presence of
1 eq. of Ag’, while PLQY seems to be only slightly affected.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Normalized emission spectra (Xexc =350 nm) of T1 (red trace) and T1-Ag" (blue
trace) in dilute CH3CN (1.0><10'5 M) at room.

Excited state lifetime measurements showed a mono-exponential
decay kinetics with T = 8.3 and 8.5 ns for T1 and T1-Ag’, respectively
indicating that, under the concentration used (1.0x10'5 M), the
turnstile is in its open state T1. This is substantiated by the stability
constants K;., = 4.0x10° M determined by NMR spectroscopy.
Indeed, considering 1.0x10° M concentration of the turnstile T1,
43%, 50% and 7% distribution for the free turnstile T1, T1-Ag" (1:1
[T1—Ag2]2+ species respectively may be calculated (Fig. S4). At
1.0x10° M concentration, for an equimolar mixture of T1 and
CF3;SO;Ag, the simulated speciation profile (Fig. S4) shows the
presence of 96.3%, and 3.7% of T1and T1-Ag’, respectively.

Furthermore, for T1-Ag" complex in CH;CN, emission spectra were
recorded at different concentrations (Fig. 7). By increasing the
concentration of T1-Ag" from 1.0x10” to 1.0x10° M, a small
bathochromic effect with maxima shifting from 525 to 527 nm is
observed. Such minor variation is in agreement with the weak
binding propensity of T1 for silver cation.

Normalized emission intensity

0.0 ; ;
400 500 600 700
wavelength (nm)

Figure 7. Normalized emission (Ae. = 350 nm) spectra of T1 (red trace) and T1-Ag" at
different concentrations: 1.0x10° M (blue trace), 1.0x10* M (green trace), 1.0x10°
(dark trace) in dilute CH3CN and at room.

Finally, in order to assess the nature of the emitting excited state, a
solvent effect study was carried out for T1 (Fig. 8) using toluene
(Aem = 478 nm), CH,Cl, (Aem = 508 nm) CH3CN (Aem = 521 nm) and
DMF (Aem = 522 nm) with Ay = 350 nm. The investigation
highlighted the partial charge transfer nature of the radiative
transition. Indeed, the emission spectra recorded at identical
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dilution (1.0><10'5 M) show a bathochromic shift of its maximum
upon increasing solvent polarity.

0.8+
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Figure 8. Solvent effect for T1. Normalized emission spectra of turnstiles of T1 (1.0><10’5
M ) in toluene (red wine trace), in CH,Cl, (black trace), CH;CN (red trace) and DMF
(olive trace).

Conclusions

In conclusion, the pyridyl-benzimidazole based molecular turnstile,
T1, was designed and synthesised using a convergent multi-step
procedure. The switching between its open state T1 and closed
state T1-Ag" was investigated by 1- and 2D-NMR analysis and by
absorption and emission spectroscopy in solution. The locking by
addition of Ag" cation as effector and un-locking by addition of Br~
anion was shown to be reversible. The turnstile shows a yellow
photoluminescence in CH3;CN with PLQY value of ca. 10%. The
bathochromic shift observed for the emission process upon
increasing the solvent polarity indicated that the radiative transition
arises from an excited state with partial charge transfer nature. The
use of other effector such as Pd(ll) is currently under investigation.
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containing a pyridyl coordinating site may be reversibily switched between its open and

closed states upon binding/unbinding of silver cation.
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