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A molecular turnstile 1 based on a hydroquinone luminescent
hinge bearing two divergently oriented pyridyl units
behaving as a rotor and equipped with a handle composed of
a tridentate coordinating site considered as the stator was
synthesized and its structure was studied in the solid state by
X-ray diffraction on single crystal. Its dynamic behaviour in
solution was investigated by 1- and 2-D NMR experiments
which revealed the free rotation of the rotor around the
stator. The rotational movement was locked upon addition of
Pd(II) simultaneously complexed by the tridentate moiety of
the stator and one of the two monodentate pyridyl sites of the
rotor. Interestingly, whereas the open state of the turnstile
was luminescent, for its closed state the emission was
quenched by the heavy atom effect of Pd(II).

Controlling intramolecular motions in dynamic systems is a topic of
current interest. A variety of molecular architectures undergoing
translational or rotational movements has been reported.”™ Among
mobile systems designed so far, molecular turnstiles form a particular
class of molecules.” For these compounds, composed of a rotor and a
stator covalently interconnected together, the free rotation of the
rotor around the stator may be blocked by the addition of an external
effector. Over the last years, we have reported a series of molecular
2% or on P(ll)

Recently, we have described a purely

turnstiles based on the porphyrin backbone

organometallic complexes.>>*
organic turnstile with optical reading between its open and closed
states.® Continuing our efforts in this area, herein, we report on
another molecular turnstile 1 (Scheme 1) for which the open and
closed states may be differentiated by their emission property.

The design of the turnstile 1 is based on a functionalized
hydroquinone backbone known for displaying luminescence.?* The
latter is equipped with two divergently oriented monodentate pyridyl
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units and covalently connected to a tridentate coordinating site

(Scheme 1).
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Scheme 1 Structures of compound 1, its precursor 2 and of its Pd complexes 1-Pd
and (1-Pd-CN) .

We arbitrarily consider the hydroquinone moiety bearing the two
pyridyl units as the rotor and the tridentate site as the stator. The
rational behind the choice of the three components of the turnstile is
the following. The hydroquinone core as the hinge was chosen for its
luminescence property. The monodentate and tridentate sites are
introduced in order to lock the rotational movement of the turnstile,
i.e. the rotation of the rotor around the stator, through binding of
metal cations in the oxidation state Il adopting a square planar
coordination geometry such as Pd(ll) (1-Pd, Scheme 1). The centric
nature of the turnstile, i.e. the presence of two pyridyl units connected
to the hinge, is justified by synthetic reasons.

For the turnstile in its open state, the rotor freely rotates around the
stator (Fig. 1, O1). This intramolecular dynamic behaviour may be
blocked by simultaneous binding of the metal centre behaving as an
effector by both coordinating sites of the stator and the rotor and thus
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leading to the closed state of the turnstile (Fig. 1 C). Based on our
previous investigation on an analogous system,® whereas the open
state of the turnstile should luminesce, its closed state, owing to the
heavy atom effect of Pd(ll), should be far less emissive.

o1 C 02

Fig. 1 Schematic representations of the turnstile 1 in its open (O1 and 02) and
closed (C) states.

Experimental part

Characterization techniques

*H- and C-NMR spectra were recorded at 25°C on either Bruker AV
300, AV 5oo and AV 600 spectrometers in deuterated solvents
(CD,Cl,) and residual solvent peak was used as the internal reference.
Mass spectrometry was performed by the Service de Spectrométrie
de Masse, University of Strasbourg.

Single-Crystal Analysis

APEX8 CCD
Diffractometer equipped with an Oxford Cryosystem liquid N, device,

Data were collected at 173(2) K on a Bruker

using graphite-monochromated Mo-Ka (A= 0.71073 A) radiation. The
diffraction data were corrected for absorption. The structure was
solved using SHELXS-g7 and refined by full matrix least-squares on F*
using SHELXL-g97. The hydrogen atoms were introduced at calculated
positions and not refined (riding model).¥” They can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/datarequest/cif. CCDC: 997862.

Crystal data for 1: C3H,,N;O,,CH,Cl, H,0, M = 848.76, Triclinic, space
group P-1, a = 9.00660(10) A, b =13.7975(2) A, c = 17.5755(2) A, a =
80.8420(10)°, f= 84.8240(10)°, ¥=79.8220(10)°, V = 2117.97(5) A%, T =

1

173(2) K, Z = 2, Dc = 1.331 Mg/m?, u = 0.218 mm™, 43643 collected
reflections, 11353 independent (Rint = 0.0377), GooF = 1.023, R, =
0.0470, WR, = 0.1097 for I>25(l) and R, = 0.0756, WR, = 0.1230 for all
data.

Synthesis

Compound 1: To a toluene (20 mL) solution of compound 2* (250 mg,
0.33 mmol, 1 eq.), a MeOH (5 mL) solution of 4-pyridylboronic acid
(164 mg, 1.33 mmol, 4 eq.) and an aqueous solution of Na,CO; (2 M, 6
mL) were successively added. The mixture was degassed before
Pd(PPh,), (76 mg, 0.07 mmol, 0.2 eq.) was added. The biphasic
mixture was heated at 8o °C for 24 h. The solvents were removed
under reduced pressure and the resulting solid was partitioned
between CH.Cl, (100 mL) and a 10 % NaHCO, aqueous solution (100
mL). The organic phase was collected and further washed with a 10 %
NaHCO, aqueous solution (2 x 200 mL) and dried over MgSO,. After
of the (Si0,,
CH,Cl,/MeOH g99/1 to g9o/10) afforded the desired compound 1 as a
yellow solid (220 mg, 0.29 mmol, 88 %). *"H-NMR (CD,Cl,, 600 MHz): §
(ppm) = 2.80 (br, 2H, H,0), 3.42 (M, 4H, He), 3.49 (m, 8H, OCH,), 3.54
(m, 4H, OCH,), 3.58 (m, 4H, OCH,), 3.62 (m, 4H, OCH,), 3.74 (m, 4H,

evaporation solvent, column chromatography
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Hy), 4.19 (M, 4H, H), 7.23 (s, 2H, H.), 7.68 (d, 4H, Hq, *J = 5.7 Hz), 8.00
(t, 1H, H,, 3) = 7.7 Hz), 8.28 (d, 2H, Hy, 3 = 7.7 Hz), 8.70 (br, 4H, H,), 9.07
(brt, 2H, NH, 3J = 5.8 Hz). ®C-NMR HSQC-HMBC (CDCl,, 125 MHz): &
(ppm) = 39.5 (Ce), 69.9, 69.9, 70.2, 70.4, 70.7, 70.8, 71.1, 117.1 (Cy),
124.5 (Cq or Cp), 124.8 (Cq or Cp), 129.4 (Cp), 138.7 (Cy), 145.9 (Co), 149.1
(Co), 149.8 (C), 151.0 (Crn), 164.3 (Cg). UV-Vis (CH,CL,): Amax (log €) = 274
(4-31), 335 (3.90). MS (ESI): m/z calcd for Cy4H,sN:Os0" [M + HI 746.34
g-mol™; found 746.36 g-mol™.

Compound 1-Pd: To a 1/2 CH.CL/CH,CN solution (40 mL) of
compound 1 (40 mg, 54 umol, 1 eq.) Pd(OAc), (13 mg, 59 umol, 1.1
eq.) in CH,CN (2 mL) was added dropwise. After stirring at RT for 24 h,
the solution was first filtrated over SiO, (CH,Cl,/MeOH go/10) and
then purified by preparative thin layer chromatography (SiO,,
CHCly/MeOH g95/5) affording the complex 1-Pd as a yellow solid (31
mg, 36 umol, 69 %). *H-NMR (CD,Cl,, 600 MHz): § (ppm) = 3.00 (t, 2H,
Heorg, 3J = 5.4 Hz), 3.22 (t, 2H, Heor g, 2J = 5.4 Hz), 3.50 (M, 4H, Hior s +
OCH.), 3.62 (m, 4H, H¢or ¢ + OCH,), 3.64-3.73 (M, 12H, OCH,), 3.75 (m,
2H, Hy), 3.85 (m, 2H, Hy), 4.27 (M, 4H, H,. ), 7.00 (s, 1H, H,), 7.52 (d,
2H, Hq, 3J = 6.1 Hz), 7.66 (d, 2H, Hy, 3 = 7.8 Hz), 7.77 (s, 1H, Hy), 8.02 (t,
1H, H,, 3J = 7.8 Hz), 8.10 (d, 2H, Hq, 3J = 6.8 Hz), 8.64 (br d, 2H, H,, %) =
5.3 Hz), 9.12 (d, 2H, Hg, 3J = 6.7 Hz). *C-NMR HSQC-HMBC (CD,Cl,,
125 MHz): 8 (ppm) = 46.9 (Ce or ), 47-3 (Ce ore), 69.0, 69.6, 70.9, 71.2,
71.2,71.3, 71.4, 71.5, 71.7, 72.0, 72.3, 111.4, 115.3 (Cy), 119.2, 119.7 (Cn),
124.1 (Ch+Borq)s 124.2 (Co 4B org), 126.0 (Co), 126.1, 130.4, 132.3, 140.8
(Ga), 142.8, 148.4 (Crorm), 1512 (C1), 1526 (Crorm), 152.9 (Cr), 153.2 (Cc
or )y 171.3 (Cq or 0), 2724 (Cd or D). UV-Vis (CH,CL): Amax (l0g €) = 249
(4-29), 282 (4.42), 348 (4.18). MS (ESI): m/z calcd for C3oH,6NO,,Pd"
[M + H]" 850.23 g-mol™; found 850.23 g-mol™;, mj/z calcd for
CaayH136N:505,Pd;Na*" [3M + Na + H]® 1286.83 g-mol™; found 1286.41
g-mol™; m/z calcd for Ci4H,6NO,0PdNa™ [M + Na + H]** 437.61 g-mol™
; found 437.22 g-mol™.

Results

The turnstile 1 was prepared in 8 steps. The precursor macrocyclic
compound 2 was obtained in 90% yield as previously described.®® The
turnstile 1 was obtained in 88% yield by coupling 4-pyridyl boronic
acids with compound 2 in the presence of Pd(PPh;,),. The closed state
of turnstile 1-Pd was obtained in 69 % yield upon metallation by
Pd(OAC)..

The turnstile 1 was characterized both in solution by NMR
spectroscopy and in the solid state by X-ray diffraction on single
crystal (Fig. 2, see experimental section). Single crystals of 1 were
obtained at 25 °C upon slow diffusion of cyclohexane into a CH,Cl,
solution of 1.

Compound 1 crystallizes (triclinic P-2) with CH,Cl, and H,O molecules.
The C-C, C-O and C-N distances are within the expected range. The
two amide groups (dc-o of 1.230 and 1.226 A) are almost coplanar with
the pyridyl unit of the tridentate chelate (tilt angles of -2.162 and
4.373°). The two pyridyl units connected to the hydroquinone moiety
are tilted by -39.30 and -50.21° with respect to the central aryl unit.
The water molecule is located between the tridentate moiety of the
stator and one of the two pyridyl units of the rotor. The H,O molecule
behaves both as a H-bond acceptor towards the two NH groups of the
amide groups (NH™O distances of 2.362 and 2.220 A and NHO angles
of 150.84 and 148.97°) and as a single H-bond donor towards the
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pyridyl moiety of the rotor (OH"N,, distance of 2.041 A and OHN
angle of 172.60°).

Fig. 2 X-Ray structure of 1. Green dashed lines indicate H-bonds between the
water molecule and the turnstile. H atoms, except those involved in H-bonds,
and CH,Cl, solvent molecules are omitted for clarity. For bond distances and
angles see text.

The dynamic behaviour of the turnstile 1 in solution in CD,Cl, was
studied at 25 °C by 1- and 2-D NMR spectroscopy which allowed to
assign all H atoms (Scheme 1). In the aromatic region of the "H-NMR
spectrum of 1 (Fig. 3a), the signal at 7.23 ppm corresponding to Hn
appears as a unique singlet whereas signals corresponding to Hg and
Hr at 7.68 and 8.70 ppm respectively appear as two signals (see
Scheme 1 for assignment). These observations imply the equivalence
between the two halves of the rotor and therefore the rotation of the
rotor inside the stator, defining thus the open state Oz of the turnstile
(Fig. 2).

Addition of Pd(ll) leading to 1-Pd (closed state C, Fig. 1) results from
the simultaneous binding of the cation by both the tridentate site of
the stator and one of the two monodentate pyridyl sites of the rotor
(Fig. 3b). As expected, the complexation process leads to the
disappearance of the NH signals at g.07 ppm, the shift of all aromatic
signals and the splitting of the signals corresponding to the two
pyridyl units belonging to the rotor.
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Fig. 3 Portions of 'H-NMR (CD,Cly, X00 MHz, X = 6 for a and X = 3 for b-e, 298 K):
a) turnstile 1, b) 1-Pd, c) 1-Pd + 1 eq of TBACN, d) 1-Pd + 3 eq of TBACN, e) 1-Pd +
excess of TBACN. For signals assignment see scheme 1.

Indeed, upon binding to Pd(ll), the two pyridyl units are differentiated
leading to Hn, Hg and Hr signals for the unbound and HN, HQ and HR
the
Furthermore, Ha and Hb signals corresponding to the pyridyl moiety

signals corresponding to coordinated pyridyl moieties.
of the chelating unit undergo noticeable shifts (A3 of 0.02 and -0.62
ppm respectively).Both the open and closed states of the turnstile

have been investigated by 2D *"H-"H NOESY experiments (Fig.4).
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Fig. 4 Portions of the 'H-'H NOESY correlation maps (CD,Cl,, 298 K, 500 MHz) of
the turnstile 1 in its open state (top) and in its closed state 1-Pd (bottom)
showing through space correlations between the aromatic moieties and the
oligoethylene glycol chain.

For the turnstile 1 in its open state, as expected correlations between
chemically connected hydrogen atoms such as Hn/Hk-l and HNH/He
and between hydrogen atoms of the pyridyl group of the rotor and
those of the polyethylene glycol chain of the stator are observed.
Interestingly, the 2D spectrum of 1 displays a cross-relaxation peak
between the H,O signal at 2.80 ppm and the NH signal at 9.07 ppm
(Fig. 4 top). The presence of the water molecule in solution between
the stator and the rotor is in agreement with the observation of H
bonds in the solid state and further corroborated by the broadening of
Hg and Hr signals. However, the interaction between the water
molecule and the two parts of the turnstile, although hindering the
free rotation of the rotor around the stator, appears to be insufficient
at 25 °C to lock the rotational movement leading thus to a sufficiently
fast oscillation process with respect to the NMR timescale rendering
the two pyridyl unit equivalent.

For the turnstile in its closed position 1-Pd, as in the case of a1
discussed above, the expected through space correlations between
chemically connected hydrogen atoms such as Hn-H{ and HN-HL are
observed (Fig. 4 bottom). In contrast with 1, owing to the locking of
the rotational movement by binding of Pd*" cation in 2-Pd, only
correlations between HQ et HR atoms of the bound pyridyl unit
belonging to the rotor and the OCH, H-atoms of the handle are
observed (Fig. 4 bottom).

The switching between the closed state C and open state O2 (Scheme
1) was achieved using CN™ anion, a stronger ligand than the pyridyl
unit of the rotor. The addition of 1 eq. of CN™ anions (Fig. 3¢) leads to
the open state O2 (2-Pd-CN)’ for which the CN™ anion replaces the
pyridyl unit in 2-Pd. Consequently, as for the open state O1 of the
turnstile, the free rotation of the rotor around the stator renders the
two pyridyl moieties equivalent thus giving rise to only three sets of
signals (singlet for Hn and two doublets for Hg and Hr). Furthermore,
the shift observed for Ha and Hb signals and the absence of signal
corresponding to NH groups indicate that the Pd(Il) cation remains

J. Name., 2012, 00, 1-3 | 3
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coordinated to the tridentate site of the stator. Further additions of
CN’ anion (3 eq., fig. 3d) leads to a mixture of the two open states O1
and Oz2. Finally, in the presence of an excess of CN™ anion, the open
state O1 is generated (Fig. 3e).

As stated in the introduction, the turnstile was designed in order to
assess its open (1) and closed (2-Pd) states by emission spectroscopy.
The absorption and emission properties of the turnstile in its open (1)
and closed (12-Pd) states were studied in solution in CH,Cl, at 298 K.
For compound 1, the UV-visible absorption spectra is composed of
three bands at 235 nm, 274 nm (¢ = 20.3 x20° L.mol™.cm™) and at 335
nm (¢ = 7.94 x10®> L.mol™.cm™) (Fig. 5). Upon metallation by Pd(Il)
leading to the closed state 1-Pd, again the same three absorption
bands are observed however with bathochromic and hyperchromic
shifts 249 nm (e = 19.5 x20°> L.mol™.cm™); 282 nm (& = 26.3 x10®> L.mol’
*.cm™); 348 nm (g = 15.12 x20% L.mol™.cm™).
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£
o
'S 2008404 —
g 1
=X —1-Pd
©
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230 280 330 380 430
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Fig. 5 UV-visible spectra (CH,Cl,, 298 K) of 1 (black) and 1-Pd (red).

Both 1 and 1-Pd emit in the blue part of the visible spectrum at 413 nm
when excited at 350 nm. Their emission spectra are almost identical
and the emission wavelength is not affected by metallation indicating
that their excited states are similar. However, whereas the turnstile 1
in its open state is strongly luminescent when excited at 350 nm, in its
closed state 1-Pd, it is far less emissive.

The quantum yields, using quinine sulphate as reference, are 78% for 1
and 0.60% for 1-Pd. The lifetime of the excited state for 1 and 1-Pd is
in the 3.1-3.6 ns range. However, in the case of 1-Pd, a second process
with a lifetime of ca 88 ps was observed. A plausible explanation could
be that, upon excitation in the n-nt* of the 1,4-dipyridylphenyl core, a
S, excited state with a lifetime of ca. 3.5 ns is generated. Owing to the
heavy atom effect of Pd(ll) located in the proximity of the emitting
site, the transition to a T, excited state is promoted which is
subsequently quenched by solvent or O, molecule.

Interestingly, under the same conditions, for iso-absorbing solutions
of 1 or 1-Pd, whereas the open state of the turnstile emits strongly
when excited at 350 nm, for the closed state, the emission was found
to be below the detection limit of the spectrometer (Fig. 6).
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750

o
=}
S

Intensity (a.u.)

N
a
t=)

360 410 460 510
A (nm)

e} HN
N_Y o N N_Y
0\.o ) oj\‘ o
—
1

1 1-Pd

Fig. 6 Emission spectra (Aexe = 350 nm) for iso-absorbing solutions of the
turnstiles 1 (blue) and 1-Pd (red) in aerated CH,Cl, solution at 298 K (top) and
photographs of irradiated (Aex = 365 nm) solutions of the turnstile in its open (1)
and closed (1-Pd) states.

In conclusion, a new molecular turnstile 1 based on a luminescent
hydroquinone moiety as a hinge was designed and synthesised. The
hinge was equipped both with two monodentate pyridyl units and a
tridentate coordinating site. The turnstile 1 may be described as a
rotor composed of the two pyridyl moieties and the hinge connected
to a stator comprising the hinge and the tridentate unit. For the
turnstile in its open state, rotor freely rotates inside the stator. This
movement may be blocked upon addition of Pd(ll) as an external
effector. Indeed, the simultaneous binding of the metal cation by both
the tridentate coordinating site of the stator and one of the two
monodentate pyridyl groups of the rotor leads to the closed state of
the turnstile 1-Pd. The switching between the open and the closed
states of the turnstile may be achieved using CN” anion as an auxiliary
strong ligand. As a consequence of the design of the turnstile 1
comprising a luminescent hinge, the reading of the open and closed
states may be achieved optically. Indeed, whereas the open state of
the turnstile is strongly emissive, for its closed state 1-Pd, owing to
the heavy atom effect of the cation, the emission process is quenched.
Following the design principle reported here, other turnstiles bearing
two different coordinating sites on the rotor are currently under
investigation.
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Dalton Transactions

Graphical Abstract:

Optical reading of the open and closed states of a molecular turnstile.

750
500 -

" /9
2

360 410 460 510
A (nm)

Intensity (a.u.)

Page 6 of 6



