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The design and synthesis of a novel family of molecular turnstiles
T1-T5 were achieved. All five turnstiles are based on a stator and a
rotor covalently interconnected. Whereas turnstiles T1-T2 are
based on a symmetric stator equipped with two coordinating
pyridyl units and a rotor bearing either a pyridyl or p-
dimethylaminopyridyl coordinating moiety, the two non-
symmetric turnstiles T4 and T5 are based on a stator bearing only
a single pyridyl unit and the same rotor as T1 and T2 mentioned
above. The switching between the open (T1-T5) and the closed (T-
M) states of the turnstiles by metal cations (M = Ag* or Pd2+) was
investigated in solution by 1D and 2D NMR techniques. The
locking of the rotational movement leading the closed state of the
turnstile was achieved upon addition of Ag" cation through its
simultaneous binding by both pyridyl moieties of the stator and to
the rotor. The unlocking process leading back to the open state
was achieved by addition of Et,NBr. For the symmetric turnstiles
T1 and T2, bearing two pyridyl units on the stator, the binding of
Ag’ cation leads to an oscillating—phenomenon between two
energetically equivalent closed states. However, in the case of the
turnstile T1, the oscillating process could be prevented by blocking
the rotational movement using PdCl, as the locking agent. Owing
to the emissive nature of the stator, the open and closed states of
the turnstiles were investigated by steady state and time-
resolved photophysical methods. The photo-excitation of the
turnstiles in their open state leads to an intense near-UV to deep-
blue emission with short-lived excited states and a singlet intra-
ligand charge transfer (1ILCT) character. Upon binding of Ag"
cation, sizeable bathochromic shifts and substantial decrease of
PLQY was observed. Finally, coordination of PdCl,, which
possesses lower-lying excited states with metal-centered (MC) and
ligand-to metal charge transfer (LMCT) character, completely
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quenches the photoluminescence.

Introduction

Life is synonymous of motion. Thus, controlled movements and
dynamic processes are ubiquitous in living organisms. For example,
biological machinery displaying translational movements such as
myosin based biomolecular motors* or kinesine walkers” are among
the most studied systems. ATP synthase is one of the most complex
and fascinating example of rotary biological motors.? It is worth
noting that the biological examples mentioned above are large size
multi-components complex systems and their design and synthesis
are not within reach of synthetic chemistry today. However, over
the last two and half decades, based on the pioneering
investigations by Sauvage and co-workers® and Stoddart, Balzani
and co-workers,” chemists have investigated a variety of abiotic
mobile systems based on individual molecules. Examples reported
so far deal with translational or rotational movements induced by
an external stimulus such as electrical potential, light and pH, just to
cite some.® Dealing with rotational systems, Feringa and co-workers
reported an elegant design of a chiral molecular motor undergoing
directionally controlled movement upon irradiation.” In addition to
dynamic systems operating in solution, examples of molecular
machineries such as gyroscopes in the solid-state have been also
reported.8

Among the many reported mobile molecular architectures
mentioned above, molecular turnstiles form an interesting class of
rather simple dynamic entities that are subject to rotational
movements.” The design of molecular turnstiles is based on two
interconnected parts i.e. a stator and a rotor. It is worth noting that
these two terms may be exchanged since the intramolecular
rotational movement engages both parts. This type of molecules
undergoes free rotation of the rotor around the stator. In order to
setup two different states, one open and the other closed for which
the rotational movement is hindered, the turnstile must be
equipped with interaction sites located both on the stator and on
the rotor. For such molecules, switching between the open and the
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closed form can be achieved using an external entity, i.e. an
effector, able to simultaneously interact with both interaction sites.
We have been interested in such dynamic systems for about a

10 . . . 11,12
decade™ and designed a variety of molecular turnstiles.

In this contribution, we report on the design, synthesis and dynamic
behaviour in solution of a series of five symmetric and non-
symmetric molecular turnstiles for which switching between an
open and closed state has been achieved by binding of a suitable
effector (see Figure 1).

Closed
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Figure 1. Schematic representations of turnstiles bearmg two (a) and one (c)
coordinating sites on the stator in their open states and in their closed states (b) and
(d) respectively formed upon simultaneous binding of an effector.

Experimental

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

Results and discussion
Design of turnstiles

The design of turnstiles T1-T5 is based on a stator and a rotor
connected to the stator by covalent bonds. For all five turnstiles T1-
T5, the same stator based on a hydroquinone scaffold bearing at
positions 2 and 5 aromatic moieties is used (see Scheme 1). The
rational behind the choice of this unit is based on its luminescent
nature that allows monitoring of the switching between the open

and closed states by optical reading.12b

Turnstiles T1-T3 are based on a symmetric stator, whereas it is non-
symmetric for T4 and T5. Indeed, for T1-T3, it is equipped with
either two coordinating pyridyl units (T1 and T2) or two non-
coordinating moieties (T3). On the other hand, for both T4 and T5,
it bears one pyridyl unit as an interaction site and one innocent aryl
moiety.

The rotor is composed of an interaction site and two
tetraethyleneglycol spacers allowing its connection to the stator. As
the coordinating site, either a symmetrically substituted at positions
2 and 6 pyridyl (T1 and T4) or a para-dimethylaminopyridyl (T2, T3
and T5) moiety is used. The choice of the latter is substantiated by
its better coordinating affinity towards metal cations. The two
spacers are connected to the interaction site at positions 2 and 6
using ether junctions. Finally, the rotor is connected to the stator
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again through ether links using positions 1 and 4 of the substituted
hydroquinone moiety.
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Scheme 1. Chemical structures of molecular turnstiles T1-T5. Stator and rotor parts of
the molecule are coloured in red and black respectively.

Turnstiles T1, T2, T4 and T5, all bearing interactions sites on both
stator and rotor parts, are designed to undergo a switching process
between their open (Fig. 1a and 1c) and closed (Fig. 1b and 1d)
states using an external effector such as either Ag" or Pd** cations.
Turnstile T3 is a model compound since it lacks the interaction site
on the stator, thus ruling out the possibility to be switched between
the two above-mentioned states. The locking of the rotational
movement of turnstiles T1, T2, T4 and T5 in the presence of the
effector should result from simultaneous binding of the metal
cation by both coordinating sites of the stator and the rotor. As
previously demonstrated for porphyrin113 and Pt(II)12a based
turnstiles bearing two coordinating groups on the stator, turnstiles
T1 and T2 are expected to undergo an oscillating movement thus
offering two symmetrical closed states. For turnstiles T4 and T5,
bearing a single coordinating site (Fig. 1c) on the stator, one would
expect a unique closed state (Fig. 1d).

Synthesis of turnstiles

For the synthesis of turnstiles T1-T5 two different multistep
strategies were explored (Scheme 2 and 3).

For the first strategy, the starting material was the commercially
available tetraethyleneglycol 1 (Scheme 2). The latter was first
mono-activated upon treatment with tosyl chloride (TsCl) using a
1/TsCl ratio of 10:1 in THF at 0 °C.” The derivative 2 then obtained
was transformed into 3 in 85% yield upon condensation with 2,6-
dibromohydroquinone in presence of K,CO; in refluxing CH;CN.
Compound 3 was treated with an excess of NaH in dry THF over one
hour prior addition of 2,6-difluoropyridine. The cyclization process
was carried out in dilute condition under reflux. The macrocyclic
derivative 4 bearing two bromine atoms was obtained in 12% yield.
Subsequently, the two pyridyl units were introduced by a Suzuki
coupling reaction between 4 and 4-pyridyl boronic acid in the
presence of Pd(PPh;3), and Na,CO; as the catalyst and the base,
respectively. The reaction was carried out in a mixture of

This journal is © The Royal Society of Chemistry 20xx
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toluene/methanol at 80 °C affording thus the turnstile T1 in 69%
yield.
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Scheme 2. Synthetic strategy for the preparation of turnstile T1 (pathway A). Reaction
conditions: i) NaOH, H,0, tosyl chloride, THF, 0 °C, 4 hours; ii) K;COs, CHsCN, reflux, 5
days; iii) NaH, THF, reflux, 12 hours; iv) K;COs, Pd(PPhs),, toluene/MeOH, 80 °C, 3 days.

For the synthetic strategy described above, i.e. pathway A, the
limiting step appeared to be the macrocyclization reaction that
proceeds in a rather poor 12% vyield. In order to overcome this
difficulty, another synthetic pathway was developed, namely
pathway B (see Scheme 3). The strategy described above is based
first on the functionalization of 2,6-dibromohydroquinone as the
precursor of the stator and then the cyclization step using 2,6-
difluoropyridine. The second strategy, described below, is the
reverse i.e. the construction of the rotor and subsequently the
cyclisation step. This strategy appeared to be more efficient and
allowed preparation of all five turnstiles T1-T5.

ARTICLE

Tetraethyleneglycol 1 was mono deprotonated using NaH in dry
THF and then condensed with either 2,6-difluropyridine 5 or 2,6-
difluoro-4-dimethylaminopyridine 6. The latter was synthetized in
70% vyield using a single step procedure by condensation of 2,4,6-
trifluoropyridine with dimethylamine.14 The reaction afforded the
desired compounds 7 and 8 in 87% and 81% yield, respectively. The
two dihydroxy compounds 7 and 8 were activated as their mesylate
derivatives 9 and 10 upon treatment with mesyl chloride (MsCl) in
anhydrous THF. The cyclization step was achieved upon
condensation of either 9 or 10 with either 2,6-
dibromohydroquinone or 2,6-bromoiodohydroquinone in DMF
using Cs,CO; as base and afforded the compounds 4, 11, 12 and 13
in 77%, 86%, 71%, and 26% vyield, respectively. The synthesis of the
symmetric turnstiles T1-T3 was achieved in 69%, 42% and 76%
yield, respectively, by Suzuki coupling reaction between either the
macrocycle 4 or 11 with 4-pyridyl boronic acid or phenyl boronic
acid (Scheme 3). For the non-symmetric turnstiles T4 and T5, a
direct strategy based on two Suzuki coupling reactions was
required. In order to achieve that, we took advantage of the
difference in reactivity between Ar-Br and Ar-1 allowing selective
functionalization. Thus, macrocyclic derivatives 12 and 13 bearing
one bromine and one iodine atom were prepared using 2-bromo-6-
iodo-hydroquinone in the macrocyclization step. Compounds 12
and 13 were reacted with 4-pyridinyl boronic acid affording the
bromo intermediates 14 and 15 in 63% and 55% yield, respectively.
Subsequently, this latter was coupled with phenyl boronic acid to
afford the desired asymmetric turnstile T4 and T5 in 64% and 80%
yield, respectively.
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Scheme 3. Schematic general synthetic strategy (pathway B) employed for the preparation of turnstile 1-5. Reaction conditions: i) 1, NaH, THF, reflux, 4 days; ii) mesityl chloride,
Et3N, THF, room temperature, 12 hours; iii) 2,5-dibromohydroquinone, Cs,CO;, DMF, 90°C, 24 hours; iv) K;COs, Pd(PPhs),, DMF, 100 °C, 48 hours; v) 2-bromo-5-iodohydroquinone,
Cs,C03, DMF, 90 °C, 24 hours; vi) K,CO3, Pd(PPhs),, DMF, 100 °C, 12 hours; vii) K;COs, Pd(PPhs),, DMF, 100 °C, 18 hours.

Among all five turnstiles, single crystals suitable for X-ray diffraction
analysis have been obtained only for T1 so far by slow evaporation
of a CHCl; solution at room temperature (Fig. 2) (see ESI for
crystallographic data, CCDC 1565264). The crystal structure
(monoclinic, P12,/c1) contained only turnstile molecules. The C-C,

This journal is © The Royal Society of Chemistry 20xx

C-0 and C-N distances are within the expected range for this type
of covalent bonds (d = 1.341-1.508 A). The two —CH,O- groups
connected to the positions 2 and 6 of the pyridyl moiety belonging
to the handle are almost coplanar with the heteroaromatic ring
(dihedral angles of 1.12 and -5.34°). The two pyridyl units
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connected to the stator are not coplanar with the central
substituted hydroquinone ring, but tilted by —42.46° and —55.87°.

Figure 2. Single crystal X-Ray structure of T1. Hydrogen atoms are omitted for sake of
clarity. For bond distances and angles see text.

Switching of turnstiles

Turnstiles mentioned above are designed to undergo switching
between their open Ti (i = 1, 2, 4, 5) and closed Ti-M (i =1, 2, 4, 5)
states in the presence of suitable metal cations as external effector.
Indeed, such a switching may be achieved by simultaneous binding
of the metal centre by both coordinating sites located on the stator
and the rotor (Scheme 4).

At this stage, it is worth noticing that rotational movement can
not be blocked by cation addition for T3 due to the absence of
coordinating site on its stator.

As metallic effector, Ag(l) and Pd(Il) were used. The choice of
Ag’ cation was based on its affinity to interact with pyridyl units in a
reversible manner and its ability to be linearly coordinated.
Furthermore, taking advantage of the highly insoluble nature of
resulting AgX (X = Cl or Br) salts, the reverse switching from the
closed to the open state may be achieved upon addition of halides
to the silver complex Ti-M. The use of trans-PdCl,(CH;CN), as
effector was based on its affinity to form stronger complexes with
pyridyl bearing ligands and to behave as a linear lock (Scheme 4).

Starting with all four turnstiles T1, T2, T4 and T5 in a mixture of
CH,Cl,:CH3CN, the corresponding locked turnstiles T1-Ag", T2-Ag’,
T4-Ag" and T5-Ag" were prepared as yellow solids upon treatment
with AgCF3;SO; in the dark, at room temperature. To rule out the
role played by the anion on the locking process, in the case of T1-
Ag’ and T2-Ag’, the slightly coordinating CF;S05” anion was replaced
by the almost non-coordinating SbFs anion. The NMR investigations
in solution (see below) revealed no change in signals chemical shifts
upon substitution of CF3SO5™ by SbFg .

As previously observed,12b the closing of the symmetrical

turnstiles T1 and T2 affording T1-Ag’ and T2-Ag’ leads to an
oscillation phenomena between two equivalent closed states
because of the rather weak nature of the Ag-pyridyl bond (see NMR
section below). To avoid this dynamic process, the closing process
was achieved for turnstiles T1 and T5 using PdCl,(CH3;CN), as the
locking agent and T1-PdCl, and T5-PdCl, were prepared upon
treatment of T1and T5 at room temperature with one equivalent of
PdCl,(CH3CN), in chlorinated solvent (Scheme 4).

4| J. Name., 2012, 00, 1-3

Page 4 of 11

View Article Online
DOI: 10.1039/C7DT02762A

N h .
i i g f e i hg fe
/\\ j
RSN RSN
w/:v\7 |/,y <O ; : ® _ b N t/‘ u |4§ l/J t (|:| 0\ b N
4 \) _ - — 7 A —
WO Ot OO
ok/l‘ o J v SR
o o
’ A ~a 9 ot
K d o} '
i L/ \%f, o Y \‘/ N o d
rong i g o

T1-Ag*R =H, X=N
T2-Ag*R =NMe,, X=N
T4-Ag*R =H, X = CH
T5-Ag*R =NMey, X = CH

T1-PdCL R =H, X=N
T5-PdCl, R = NMey, X = CH

Scheme 4. Chemical structures of molecular turnstile T1-Ag®, T2-Ag", T4-Ag", T5-Ag"
and T1-PdCl,, T5-PdCl,.

Dynamic behaviour of turnstiles

The dynamic behaviour of all five turnstiles was investigated in
solution by both 1D and 2D NMR spectroscopies. The choice of
different solvents, being CD;CN, CD;CN:CH,Cl, 9:1 and CD,Cl,, was
made necessary by the different solubility of the open turnstiles
compared to the metal-locked counterparts.

For all five turnstiles T1-T5 and their closed states Ti-M “where i =
1-5, all proton signals were assigned by means of 'H- and C-NMR
(see ESI). For labelling of H atoms see Fig. S1 of the ESI and Scheme
4 for the open and closed state, respectively.

For both T1 and T2 the 1D *H-NMR spectrum recorded in CD3CN
at room temperature displays highly symmetric resonance patterns
(see ESI). For the turnstile T1, one singlet for the two hydrogens H/
and H/’ and one triplet for hydrogen Ha are observed in the
aromatic region. For the turnstile T2, the NMR spectrum, recorded
under identical conditions, is composed of a singlet in the aromatic
region corresponding to H/ and H/” and another singlet at 5.5 ppm
assigned to Hb. The two other doublets in the aromatic region are
assigned to Hu, Hv and Ht, Hw.
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Figure 3. Portion of the 2D NOESY correlations (*H-"H NMR, 400 MHz) for T1 in CDCls
(a) and T1-Ag" in CDsCN (b) at 298 K.

This journal is © The Royal Society of Chemistry 20xx
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The 2D "H-"H NOESY NMR spectra are displayed in Fig. 3 and in Fig.
S2 of the ESI for T1 and T2, respectively. For the turnstile T1, the 2D
"H-'H correlation map (Fig. 3a) shows only expected cross-
correlations for H atoms located in spatial proximity. Indeed,
through-space correlations between Hu (Hv) and H atoms of the
tetraethyleneglycol chains are observed. A through-space
correlation is also observed between Hd and Hb. As expected, no
through-space correlation between H¢ (Hw) and H atoms of the
tetraethyleneglycol chains are observed owing to the fast rotational
movement of the rotor around the stator compared to the NMR
time scale. In a similar manner, 2D spectrum of turnstile T2 shows
space correlations between Hu (Hv) and hydrogen atoms of the
polyethyleneglycol chains and absence of correlation between H¢
(Hw) and H atoms of the spacer. In addition, Hb correlates with Ha
and Hd (see Fig. S2 of the ESI).

The rotational movement of both turnstiles T1 and T2 was
locked by addition of Ag® cations leading to T1-Ag" and T2-Ag"
complexes. The corresponding NMR characterization is reported in
the ESI. As discussed above, the two pyridyl units located on the
stator are equivalent because of the symmetrical nature of T1 and
T2 in their open state. For their closed states, one would expect a
lower symmetry resulting from the differentiation of the two
pyridyl moieties, i.e. only one of the two is bound to the cation. The
binding of silver cation causes a downfield shift of signals for Hu
(Hv) (0.10 ppm for T1 and 0.16 ppm for T2) and for H/ (H!’) (0.12
ppm for T1 and by 0.28 ppm for T2) (see Fig. 4). However, no
differentiation of the two pyridyl units is observed since for Hu, Hv,
Ht and Hw only two doublets are observed. The same holds for H/
and H/’. As previously observed for other symmetrical turnstiles
bearing two identical coordinating sites on the stator, 10,123, 12b 41y
observed equivalence of the two pyridyl moieties may be explained
by a fast oscillation process between two closed states of the same
energy.

In order to investigate this dynamic process, variable temperature
'H-NMR studies were carried out between —90 °C and +25 °C in a
CD,Cl,:CD5CN 9:1 mixture (see Fig. S3 and Fig. S4 of the ESI). At
room temperature, signals corresponding to Hu (Hv) and H¢ (Hw)
appear as two sharp doublets (cf. above). Upon cooling down to —
90 °C, a broadening of signals is observed without their
coalescence. Unfortunately, temperature could not be further
lowered due to technical reasons. The same behaviour was
observed for T2-Ag" (Figure S4, ESI) between +25 °C and —80 °C.

The oscillating movement was also studied by 2D NMR experiments
at room temperature (Fig. 3 and Fig. S2 in ESI). Interestingly, when
compared to the 2D 'H-NMR spectra of the open state of T1 and T2,
a novel set of correlation appeared for the closed states T1-Ag" and
T2-Ag" demonstrating the blocking of the movement. Indeed, the
observation of through-space correlations between Hf and Hu
located on the stator and Hf, Hg, HA, Hi and H; located on the rotor
clearly shows the proximity of the pyridyl units to the spacer of the
rotor for both oscillating closed states.

The reversibility of the locking/unlocking process was
demonstrated by ex-situ addition of one equivalent of Et;NBr in
CH;CN to a CH,Cl, solution of either T1-Ag® or T2-Ag’, which leads
to the precipitation of AgBr. Thus, the unlocking event was followed

This journal is © The Royal Society of Chemistry 20xx

by 'H-NMR spectroscopy (Fig. 4). Indeed, after evaporation of
solvents and dissolution of the reaction product in CD,Cl, the -
NMR spectra confirm that the open states of T1 and T2 are restored
(see traces 3 in Fig. 4).
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Figure 4. A portion of the "H-NMR (400 MHz, 298K) spectrum recorded in CD,Cl,. a) T1
(trace 1), T1-Ag" (trace 2) and T1 after the addition of 1 eq. of Et;NBr (trace 3). b) T2
(trace 1), T2-Ag" (trace 2), and T2 after the addition of one equivalent of Et;NBr (trace

3). Trace number is indicated along the ordinate axis.

To avoid the oscillating behaviour observed in the presence of
Ag" cation, Pd(ll) as PdCl, complex was used. The latter was chosen
owing to its higher affinity for pyridyl bearing ligands and the less
labile nature of the complex. In contrast with what was observed
for T1-Ag’, the 1D "H-NMR investigation of T1-PdCl, (Fig. S7, ESI)
clearly showed the differentiation of the free and bound pyridyl
units. Indeed, two distinct sets of signals for Hz, Hu and H¢', Hu'
hydrogen atoms of the pyridyl units are present at room
temperature, as expected for a non-dynamic system (see Scheme
4).

The 2D ROESY NMR investigation unambiguously confirmed the
non-oscillating nature at room temperature of the closed state of
T1-PdCl, (Figure 5). Indeed, a cross-correlation pattern is observed
in which Hz and Hu hydrogen atoms of the pyridyl moiety bound to
Pd(Il) correlate with those of the handle. Furthermore, no through
space-correlation between Hu’ and H¢’ hydrogen atoms of the
unbound pyridyl unit with those of the handle is observed.
Moreover, H/ and HI’ atoms of the functionalized hydroquinone
scaffold, appear as differentiated and display two sets of cross-peak
correlations with hydrogen atoms of the stator. Overall, the above
mentioned observations clearly indicate that one of the two pyridyl

J. Name., 2013, 00, 1-3 | §
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units of the rotor is engaged in the binding of Pd(ll) adopting a
square planar coordination geometry.

3.5

-OCH, .

& (ppm)

d+d+e+el

| !

ST SV S— | W

& (ppm)

Figure 5. A portion of the ROESY "H-'H NMR spectrum for T1-PdCl, in CD,Cl, at room
temperature.

To suppress the oscillation of T1-Ag" and T2-Ag" between two
possible degenerate states, two asymmetrically-substituted
turnstiles T4 and T5 bearing a single pyridyl unit on the rotor were
designed and synthetized.

Both T4 and T5 were investigated in solution (CD;CN) at room
temperature by 1D 'H-NMR spectroscopy (see ESI). For T4, signals
corresponding to Hz, Hu hydrogen atoms of the pyridyl group and
Hv, Hw, Hx of the hydroquinone scaffold appear at 8.58, 7.64 and
7.64, 7.42 and 7.33 ppm, respectively. Signals at 7.46, 7.10 and 7.06
ppm are attributed to Ha, H/’ and H/ H atoms, respectively. Similar
chemical shifts are observed for T5 under identical conditions (for
hydrogen assignment see Scheme 4).

As for T1 and T2, the switching between the open and closed
state of the unsymmetrical turnstiles T4 and T5 was achieved using
Ag’ cation. Addition of one equivalent of AgCF;SO; dissolved in
CH3CN to a CH5CN solution of either T4 or T5 caused significant
shifts of "H-NMR signals in particular for signals of the aromatic
region of the spectrum. For T4-Ag’, Hu and H/” atoms located on
the rotor and Ha on the stator were downfield shifted by 0.18, 0.08
and 0.05 ppm, respectively. Similar behaviour is observed upon
binding of Ag" cation to T5. However, for the latter case, H/’ signal
appeared to be more affected by the binding silver cation when
compared to T4 because of the higher donating ability of the pyridyl
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unit bearing a dimethylamino moiety at the position 4 for Ag* cation
(see ESI).

For turnstiles T4 and T5 in their open state, the 2D NOESY
investigations (Figure S5 and S6 for T4 and T5 respectively, ESI)
revealed the presence of correlations between H¢, Hu and Hv. As
expected, a correlation between Ha and Hb is observed for both T4
and T5. Hv and Hb atoms also correlate with Hk, Hk” and Hd, Hd’ H
atoms of the handle, respectively. Finally, correlations between
H/’,Hl and Hk’ and Hk atoms are observed. Overall, these
observations clearly demonstrate the free rotation of the rotor
around the stator.

The closed states of turnstile T4-Ag+ and T5-Ag+ were also
investigated by NMR spectroscopy (for 1H-NMR NOESY spectrum
see Figure S5-56, ESI). For T4-Ag’, correlations between Ht and Hu
of the rotor with the hydrogen atoms of the stator are observed as
expected. Furthermore, Hu correlates with Hk. On the other hand,
Hv correlates with nearby hydrogen atoms such as Hk’ and Hj.
Interestingly, H! and HI’ strongly correlate with Hkt and Hk’,
respectively. Finally, a weak correlation peak between Hz and Hd is
observed. For T5-Ag’, both Hf and Hu correlate with hydrogen
atoms of the stator. Correlations between Hv and Hk as well as
between Hb and Hd, Hd’ are observed. Finally, H/’ correlates with
the hydrogen atoms of the polyethyleneglycol chains and H/
correlates only with Hk. All these observations demonstrate that,
upon binding of silver cation by both the pyridyl unit of the rotor
and the one of the stator, the latter is located within the cavity of
the macrocyclic moiety.

Photophysical investigation

The open state of turnstiles T1-T5 and their closed states formed
upon binding of either Ag" or Pd** cations are expected to possess
different optical properties. Indeed, the binding of metal cations by
the pyridyl coordinating units should affect both nature and energy
levels of the excited states. The steady-state and time-resolved
photophysical properties of turnstiles T1-T5 and their metal
complexes Ti-Ag" (i = 1-5) as well as T1-PdCl, have been
investigated in dilute solution at room temperature and the
photophysical data are listed in Table 1.

Table 1. Photophysical data recorded at room temperature for Ti, Ti-Ag" (where i = 1-5), and T1-PdCl, in CH,CN at 1.0x10° M

concentration.

sample absorbance (g) Aem lifetime pPLQY
[nm, (10° M*em™)] [nm] [ns] (%)
T1 275 (23.1), 334 (8.7) 415 41° 57
T2 267 (18.4), 334 (8.1) 415 48° 36
T3 269 sh (19.8), 384 1.8° 31
319 (10.1)
T4 275 (22.1), 327 (9.6) 405 3.3° 67

6 | J. Name., 2012, 00, 1-3
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T5 269 sh (17.7), 327 (9.4) 405 3.3° 42
T1-Ag 275 (19.2), 335 (6.8), 400sh (0.5) 415° 4.2 Dem = 415 (air)® 12 (air) °
546" 1.6 hem = 532 (air) ©
4.9 hem = 415 (deg) °
1.9 hem = 545 (deg) ©
T2-Ag" 266 (15.3), 344 (4.2), 385sh (2.2) 415,535sh ° 4.7 (75%), 1.0 (25%) Aem = 415 (air) © 6 (air)°
534° 2.7 hem = 532 (air) €
1.2 (31%) hem = 415 °
6.0 (69%) Aem = 415 °
(deg)
1.6 (17%), 3.0 (83%) Aem = 532 © (deg)
T3-Ag" 269 sh (10.05), 319 (7.5) 3831 17 ° 28 ¢
T4-Ag' 275 (22.8), 325 (9.5),380 sh (1.8) 404, 533 sh° 3.3 Aem = 405 (air) ® 41°
550° 1.2 Aem = 550 (air) ¢
T5-Ag+ 269 sh (21.8), 306 (9.05), 376 sh 405, 528 sh° 3.4 Aem = 405 (air) ® 28°
(4.8)
539 2.1 (69%) Aem = 550 (air)
1.3 (31%) Lerm = 550 (air) ©
T1-PdCl, 275 (10.6), 335 (4.4), 400sh (1.1) - - -
b d
sh denotes a shoulder; @ Aoy = 340 NM; ° ey = 400 NM; < Aoy =370, © Agye =320 nm.
The electronic absorption spectra of turnstiles T1-T5 in CH;CN
are displayed in Figure 6. At shorter wavelength, all the investigated
samples display a narrow and intense (¢ = 1.8-2.3 x10* M cm'l) § 2
absorption band centred at A,y ca. 270 nm that can be ascribed to 5o
a transition with spin-allowed singlet-manifold ligand centred (1LC) § =
character. At longer wavelengths in the region 320-340 nm, the % s 1
spectra show a featureless absorption band with lower intensity (e é ve
- - ()
=1.0-0.8 x10* M cm 1) that can be ascribed to an ILCT transition & z
involving the m-conjugated phenylene-bis-pyridyl system located on 2 "
300 400 500

the stator.

This journal is © The Royal Society of Chemistry 20xx

wavelength (nm)

Figure 6. UV-visible absorption spectra of turnstiles T1 (blue trace), T2 (red trace), T3

(black trace), T4 (grey trace) and T5 (green trace) at concentration of 1.0x10° M in

CH3CN at room temperature.
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The partial charge transfer (CT) nature of the lowest-lying
electronic transition has been confirmed by solvent effect study in
the case of T1, which shows a slight bathochromic shift of the
absorption maximum upon increasing solvent polarity (see Table 2).
For spectra recorded in toluene, CH,Cl,, CH;CN and DMF at identical
dilution of 1.0x10™ M see Fig. S8 in the ESI.

Table 2. Electronic absorption data recorded for T1 in different
solvents.

Solvent Absorbance (g)
[nm, (103 M'lcm'l)]

toluene 332(8.32)

CH,Cl, 334 (7.34)

CHCN 335 (8.7)

DMF 338 (8.53)

As shown in Fig. 7, upon photo-excitation (Ae, = 310-350 nm)
of samples of T1-T5 in dilute CH;CN at room temperature, an
intense (PLQY = 31-67%) emission in the violet to deep-blue region
was observed with featureless and narrow profile and moderate
Stokes shift (5300-5890 cm'l). Excited state lifetime measurements
showed mono-exponential decay kinetics with © = 1.8-4.8 ns.
Modulation of the emission maximum was observed with a sizeable
bathochromic shift going from T3 to T4-T5 to T1-T2, as
consequence of the increased m-accepting ability of the pyridyl
fragment compared to phenyl moiety of the stator, i.e. where the
emitting excited state is expected to be located. Such substituent
effect mirrors the modulation observed in the lowest-lying
absorption and emission maxima (see Fig. 6-7). On the basis of
these observations, the emission can be described as arising from
an excited state with 'ILCT character.

0.8

0.6

0.4

0.2

Normalized emission intensity

0.0

400 500 600
wavelength (nm)

Figure 7. Normalized emission spectra for sample of T1 (blue trace), T2 (red trace), T3
(black trace), T4 (grey trace) and T5 (green trace) in dilute CHsCN at room temperature

upon excitation at KEXC =320 nm.

The photophysical properties of turnstiles in their closed form,
namely Ti-Ag" (i = 1-5) and T1-PdCl, were measured as well and
the corresponding spectra are displayed in Fig. 8 for T1-Ag’, T2-Ag"
and T1-PdCl,, and Figure $10-512 of the ESI for T3-Ag’, TA&-Ag’ and
T5-Ag". The photophysical data are also listed in Table 1. For the
Ag'-locked turnstiles, besides the intense (¢ = 4.2-6.8 x10° M cm'l)
YLCT band centred at 335 and 344 nm for T1-Ag" and T2-Ag’,
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respectively, appearance of a novel and less intense absorption
process attributable to a metal-perturbed Yer process is clearly
visible as a shoulder in the lower-energy region of the spectrum.
This results from silver coordination by the two pyridyl moieties
located on both rotor and stator sites. Such lower energy band is
more intense for T2-Ag’ than for T1-Ag" most likely because of the
more electron donor character of the rotor pyridyl unit bearing an
electron donor dimethylamino moiety at the para position.
Likewise, a sample of T1-PdCl, in CH3;CN displays an electronic
absorption onset that lies at further lower energy compared to T1-
Ag" and most likely arising from a transition with ligand-to-metal
charge transfer (lLMCT) character, i.e. rr(pyridine)—>drr*(Pd) on the
basis of related Pd(ll) complexes reported elsewhere.” A rather
similar picture can be drawn for the other derivative T3-Ag", T4-Ag"
and T5-Ag" (see ESI).

Upon excitation at Aec = 340-400 nm, T3-Ag" showed
photoluminescence features that are similar to what observed for
its open counterpart T3 in terms of emission profile, excited state
lifetime and PLQY, as expected on the basis of its chemical design,
(Fig. S10 and Table 1). On the other hand, T1-Ag" and T2-Ag"
displayed a dual band emission profile with maxima centred at 415
nm for both derivatives that corresponds to the emission observed
for the free T1 and T2 (see above). The second and much less
intense emission band is centred at 546 and 534 nm, for T1-Ag" and
T2-Ag’, respectively. These bands are attributable to the metal-
perturbed ILCT of the closed form of the turnstile owing to the
presence of the coordinated metal ion.* Indeed, this lower energy
emission band appears more pronounced when samples were
excited at 400 nm, i.e. when the lowest-lying et absorption band
of the closed form is preferentially excited, as shown in Fig. S9 of
the ESI. Upon excitation at 340 nm, the overall emission intensity
was moderate, being the PLQY of 12% and 6% for T1-Ag" and T2-
Ag’, respectively. The origin of such dual emission stems from the
fact that in solution at least two possible luminescent species, i.e.
T1 or T2 and T1-Ag" or T2-Ag’, respectively, may coexist in a
dynamic equilibrium resulting from the rather low binding
constants for the complexation of silver cation. Moreover, the CT
character of such radiative process is confirmed by substituent
effect as demonstrated by the hypsochromic shift observed in the
emission spectra of T2—-Ag" when compared to T1-Ag’, as a
consequence of the stabilisation effect exerted by the more
donating NMe,-pyridine moiety in T2-Ag’, while keeping the
lowest-lying m-accepting pyridine on the stator (i.e., the LUMO
level) at the same energy. The dual nature of such emission profile
was further confirmed by time-resolved measurements that
showed a wavelength-dependent bi-exponential decay with long
and short component being 1,= 6.0 ns (69%) and 1, = 1.2 ns (31%),
and 1, = 3.0 (83%) and 1, = 1.6 (17%), for degassed samples of T2—
Ag’ recorded at 415 and 532 nm, respectively, attributable to the
open and closed form of the turnstile present in solution (see Table
1). Also, in spite of the presence of the heavy metal which may
provide a partial triplet nature to the excited states, lifetimes of
these latter appeared to be insensitive to the presence of
quenching dioxygen molecules as expected for a fast radiative
deactivation processes under diffusion control (see Table 1). Similar

This journal is © The Royal Society of Chemistry 20xx
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findings were found for derivative T&-Ag" and T5-Ag" (see Fig. S11-
S12 of the ESl and Table 1).

Upon photo-excitation at 340-400 nm no emission was
detected for T1-PdCl, as one may expect due to the presence of
lowest-lying quenching excited states with either d-d or LMCT
character. The latter case is interesting since, as already exploited,17
it further demonstrates the possibility of optical reading between
the open (T1) and closed (T1-PdCl,) states of the turnstiles T1.

© o o =
B (] [o0] o
AIsuUsiUl UOISSILIS PazilewloN

T
o
N

Molar extinction coefficient

T T +—====10.0
300 400 500 600

wavelength (hnm)

Figure 8. UV-visible absorption (solid traces) and emission spectra (dashed traces) of
samples of turnstile T1-Ag" (light blue), T2-Ag* (bordeaux) and T1-PdCl, (light green) at
concentration of 1.0x10° M in CH3CN at room temperature. Emission spectra were
recorded upon A, = 340 nm in degassed condition.

Conclusions

The synthesis of a novel family of molecular turnstiles based on
either a symmetric or non-symmetric stator equipped with pyridyl
unit and a rotor bearing either a pyridyl or p-dimethylamino pyridyl
coordinating moiety was achieved. The switching between the open
and the closed states of the turnstiles by metal cations (Ag’ or Pd2+)
was investigated in solution by 1D and 2D NMR techniques. The
locking of the rotational movement of the turnstiles was achieved
upon simultaneous binding of Ag" cation by both pyridyl moieties
belonging to the stator and to the rotor. The locking process is
reversible and the open state may be regenerated upon addition of
Et,NBr leading to the precipitation of AgBr. For the symmetric
turnstiles T1 and T2 bearing two pyridyl units on the stator the
binding of Ag" cation expectantly leads to an oscillating phenomena
between two closed states of the same energy as demonstrated by
1D and 2D NMR techniques. In marked contrast, in the case of the
turnstile T1, the oscillating process could be altered by blocking the
rotational movement using PdCl, as the locking agent. Finally, the
open and closed states of turnstiles T1-T5, based on an emissive
stator, i.e. a hydroquinone moiety bearing at positions 2 and 5
aromatic units, were investigated by steady state and time-resolved
photophysical methods. In solution and upon photo-excitation,
turnstiles in their open state show intense near-UV to deep blue
emissions with short-lived excited states and a ILCT character.
Upon binding of Ag® cation, sizeable bathochromic shifts and
substantial decrease of PLQY are observed for Ti (i =1, 2, 4 and 5).
Expectantly, similar photophysical properties were observed for
model compound T3 before and after addition of Ag" ions. Finally,

This journal is © The Royal Society of Chemistry 20xx

coordination of PdCl,, which possess lower-lying excited states with
MC and LMCT character, completely quenches the
photoluminescence allowing thus the ON/OFF reading of the
locking process by luminescence.
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