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A Ruthenium(ir)-Complexed Rotaxane Whose Ring Incorporates a
6,6'-Diphenyl-2,2’-bipyridine: Synthesis and Light-Driven Motions

Jean-Paul Collin,'*! Damien Jouvenot,!! Masatoshi Koizumi,”! and Jean-Pierre Sauvage*!?!
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By incorporating a 6,6’-diphenyl-2,2’-bipyridine (dpbipy)
fragment in a ring, endo coordination of a ruthenium(ir) cen-
ter is performed selectively and almost quantitatively. The
threaded system, containing a helical fragment, could be
fully characterized. When the terminal functions of the rod-
shaped helical complex threaded through the macrocycle are
phenol groups, the complete rotaxane is prepared by the
classical Williamson stoppering reaction in moderate yield.

Light-induced motions of the unstoppered system (pseudo-
rotaxane) and the real rotaxane have been studied. Under
visible light irradiation, quantitative decoordination of the
dpbipy-containing ring is observed, leading to the separate
fragments (ring and helical thread) or to a new rotaxane (un-
coordinated ring threaded by the dumbbell).

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The use of transition metals as templates to construct
various interlocking and knotted topologies has been ex-
ploited by various groups in the course of the last few de-
cades.' ! On the basis of related strategies, rotaxanes have
also been prepared efficiently.[®”] In the field of molecular
machines and motors!® light-driven machines are particu-
larly promising.”! In addition, several systems have been
proposed which contain an electroactive transition-metal
complex as the key component.l'” A related class of mole-
cules is based on photoinduced electron transfer from the
metal-to-ligand charge transfer excited state of a transition-
metal complex [copper(l) or ruthenium(1)] to afford a new
redox state, which will subsequently rearrange.l''l A very
distinct family of dynamic molecular systems takes advan-
tage of the dissociative character of ligand-field states in
Ru(diimine);>* complexes.['?) In these compounds, one part
of the system is set in motion by photochemically expelling
a given chelate, the reverse motion being performed simply
by heating the product of the photochemical reaction so as
to regenerate the original state.

Results and Discussion

We have recently reported the synthesis of a [2]rotaxane
constructed around a Ru(diimine);>* core.'3 The ring was
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a derivative of 6,6’-dimethyl-2,2’-bipyridine (dmbipy), and,
in the course of the threading reaction, we noticed that both
exo- and endo-coordination to the ruthenium(i) center of
the rod-like fragment take place, as schematically repre-
sented in Scheme 1.
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Scheme 1.

In order to circumvent this synthetic difficulty, we re-
placed the dmbipy motif by a 6,6'-diphenyl-2,2"-bipyridine
chelate (dpbipy), which provides the system with greatly im-
proved geometrical control. According to CPK models, exo
coordination of a dpbipy-incorporating ring is virtually im-
possible, except with very large rings. As reported in this
paper, this approach proved successful, and the desired rot-
axane could be prepared in good yield, without formation
of exo-coordinated species. In addition, the photochemical
behavior of the compound and of its nonstoppered ana-
logue has been investigated. In particular, it was shown that
the ring is efficiently decoordinated from the ruthenium(ir)
center under visible light irradiation.

Synthesis of a Pseudo-Rotaxane

Preliminarily, we investigated the threading reaction
leading to a pseudo-rotaxane, both ends of the helical rod-
shaped fragment bearing inert -OCHj3 groups. As depicted
in Figure 1, the starting ruthenium(ir) complex 12* [13] and
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Figure 1. Synthesis of the threaded complex 3?*.

ring 2U'4) reacted under relatively harsh conditions to afford
the threaded complex 3*" in good yield (91%) after
chromatography (silica). Compound 2 is a 37-membered
ring whose synthesis was recently described.!'3! The pres-
ence of a dpbipy chelate and a bis(phenol) A unit ensures
a certain rigidity to the ring, prohibiting swinging of the
bis(phenol) A fragment “behind” the bipy chelate. Complex
12* is a ruthenium(ir) complex that contains a helical bis-
(phenanthroline) organic fragment!'3! (Figure 1).
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Figure 2. Aromatic region of the 'H NMR spectrum of 3*>" in
CD3;COCDs, and proton indexation of the two parts of the mole-
cule (thread and ring).
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Complex 3[PFg], is a red complex, which can be recrys-
tallized from an acetone/diethyl ether mixture. As expected,
3%* is the endo-coordinated compound, with no contami-
nation by a hypothetical exo isomer. '"H NMR spectroscopy
turned out to be particularly informative in this respect.
The 'H NMR spectrum of 3** is represented in Figure 2.

The assignment of the various H atoms (indicated on the
drawing of the molecular fragments of 3?*) could be done
casily by analogy with related systems.['*!4] The most re-
markable features of the spectrum are:

(1) The number of signals corresponding exactly to the
expected number for a single and symmetrical complex
(“upper” and “lower” parts of the screwlike fragment iden-
tical) and their sharpness.

(i1) The presence of four very well resolved signals for the
protons of the two phenyl rings borne by the 2,2'-bipyridine
fragment of the ring (0, 0,, my, m,). Clearly, the “upper”
part and the “lower” part of these phenyl rings are different
and they do not interchange, at least at room temperature,
as represented in a schematic fashion in the drawing of Fig-
ure 2.

Preparation of the Rotaxane

The complete rotaxane was prepared from 2 and 4%*, the
phenolic analogue of 1**, whose synthesis was previously
reported.l'3! The reaction is represented in Figure 3.

The “threading” step of 4** through ring 2 afforded the
pre-rotaxane 5** in 82% yield. It was carried out in ethylene
glycol at 140 °C. A high-purity sample was obtained by
crystallization in acetone/diethyl ether. The “stoppering” re-
action was performed using large tetraaryl-methane deriva-
tives of the Gibbson type.l'! The precursor 6 was prepared
as previously reported.['® It reacted with 5[PFg], in DMF,
at 60 °C, in the presence of a large excess of K,COj3; under
argon. After work up and chromatography on silica the real
rotaxane 7>* was obtained as a red solid, in 56% yield. The
compound can be crystallized in acetone/hexane.
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Figure 3. Sequence of reactions leading to the rotaxane 7°*.

In the aromatic region, the '"H NMR spectrum of 73 is
more or less identical to the superimposition of the spectra
of 3** and 6. The “rope jump” phenomenon observed for
pseudo-rotaxanes containing a larger and more flexible ring
than in the present case, as already observed,!'>!%l is not
operative in 72*.

Light-Driven Molecular Motions in the Pseudo-Rotaxane
3** and in the Rotaxane 7**

In a first step, the photochemical behavior of complex
3%** was studied. By irradiating a solution of 3[PFg], in 1,2-
dichloroethane, using a pass band filter centered around
470 nm and in the presence of a large excess of CI, a clean
photochemical reaction takes place. The reaction is sche-
matically represented in Figure 4.

The photoinduced “unthreading” reaction was moni-
tored by UV/Vis spectroscopy. The series of visible spectra,
characteristic of metal-to-ligand charge transfer (MLCT)
bands, is given in Figure 5.
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From a band centered at 465 nm, typical of a Ru(di-
imine);>* complex,!!” a new spectrum is obtained by irradi-
ation, which corresponds to a RuCl,(diimine), complex
(Amax = 562 nm). As expected, the MLCT band for the pho-
tochemical product is strongly bathochromically shifted
from that of the tris(diimine) complex. The presence of a
clean isosbectic point at 485 nm tends to indicate that the
photochemical reaction is selective and quantitative. This
has been confirmed by 'H NMR spectroscopy and by thin-
layer chromatography (silica; eluent: CH3;CN/H,O/KNOs,
100:10:1). Complex 8 is the only photochemical product de-
tected and the starting complex 7>* has completely disap-
peared.

Similar experiments have been performed with the rotax-
ane. The reaction is represented in a schematic fashion in
Figure 6.

The photochemical decoordination of the ring in 7% is
also selective and clean. Here again, in an analogous way
as with 3**, an isosbectic point is observed at 486 nm. Thin-
layer chromatography turned out to be particularly useful
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Figure 4. Photochemical expulsion of the macrocycle 2 from the
threaded ruthenium complex 3*" in the presence of chloride anions.
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Figure 5. Absorption spectra (visible region) of a solution contain-
ing 7°* and NEt,*Cl" in CICH,CH,CI before, during, and after
irradiation. Spectra were recorded at 1 = 0s (a), 15s (b), 40s (c),
90 s (d), 200 s (e), 400 s (f), 900 s (g), 2400 s (h).

to monitor the reaction. It showed that 7[PFg], is gradually
converted to a single purple complex, 9, under irradiation
(470 nm). Importantly, traces of the free ring 2 could not
be detected, demonstrating that both forms of the rotaxane,
7** and 9, do not undergo unthreading, even to a minor
extent; The thermal recoordination reaction of 8, leading
back to 7%, is presently under investigation. Unfortunately,
preliminary data seem to indicate that this reaction is not
as clean and selective as in the case of a related catenanel!”!
nor as the presently described threading reaction of 1**
through 2.
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Figure 6. Schematic representation of the photochemical reaction
leading to the disconnected rotaxane 9.

Conclusions

The present report shows that a rotaxane and its non-
stoppered analogue could be selectively prepared, the for-
mation of exo-coordinated species being completely avoid-
ed. The size of the ring is important in controlling the
course of the coordination reaction. In the present case, the
37-membered ring is large enough to accommodate the
thick helical fragment by which it is threaded. However, it
is neither so large nor flexible as to permit unthreading of
the rotaxane dumbbell from the ring, once a decoordinated
compound such as 9 has been formed.

Preliminary photochemical experiments demonstrated
that clean and selective light-induced motions take place,
the ring being decomplexed from the ruthenium(i) center.
The thermal backward reaction is presently under investiga-
tion.

Experimental Section

General Methods: Oxygen- or moisture-sensitive reactions were
performed in oven-dried glassware attached to a vacuum line with
Schlenk techniques. Dry solvents were distilled from suitable desic-
cants under argon. Compounds 2 and 6 as well as complex 5[PFg|,
were prepared according to literature procedures.'>1°1 All other
chemicals were purchased from commercial sources and used with-
out further purification. Column chromatography was carried out
on silica gel 60 [Merck, 40-63 (fine) or 63-200 mesh]. Thin-layer
chromatography (TLC) was performed on glass plates coated with
silica gel 60 F254 (Merck). '"H NMR spectra were recorded with
either Bruker AVANCE 300 (300 MHz) or Bruker AVANCE 400
(400 MHz) spectrometers with the deuterated solvent as the lock
and residual solvent as the internal reference. Electron-spray ion-
ization mass spectra (ESI-MS) were recorded with a Bruker Micro-
TOF instrument. UV/Vis spectra (absorption spectroscopy) were
recorded with a Kontron Instruments UVIKON 860 spectrometer
at room temperature. All solutions were degassed and then satu-
rated with oxygen-free argon. Light irradiation experiments: 3 mL
of a sample solution of the complex (¢ = 10-5M) were put in a
closed UV-visible glass cell. The sample was irradiated with the
beam of a 250 W slide projector, filtered by a water filter and fo-
cused on the cell. The evolution of the absorption spectrum of the
solution was followed with respect to irradiation time.
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3[PFgl,: A suspension of 2 (15.0 mg, 0.0212 mmol) and 1[PFg,
(16.0 mg, 0.0135 mmol) in degassed ethylene glycol (5 mL) was
heated at 140 °C for 2h under argon. The orange suspension
turned into a red solution. After cooling to room temperature, a
saturated aqueous solution of KPFg (10 mL) was added. The
orange precipitate was then filtered and washed with water. The
crude product was purified by column chromatography on silica
gel [eluent: acetone/H,O/saturated aqueous KNO; (100:0:0 to
100:5:0.5)] affording 3[PFg], (22.2 mg, 0.0123 mmol) in 91% yield.
Crystallization from acetone/diethyl ether afforded a highly pure
sample of 3[PFgl, (8.9 mg, 0.0051 mmol) in 38% yield. '"H NMR
(500 MHz, (CD3),CO, 25°C): § = 543 (d, 2 H, 3J = 8.6 Hz, H°!),
5.66 (d, 2 H, 3J = 8.6 Hz, H™!), 5.69 (d, 2 H, 3J = 9.8 Hz, HY),
6.23 (d, 2 H, 3J = 8.5 Hz, H™?), 6.33 (d, 2 H, 3J = 5.8 Hz, H®),
6.37 (d, 2 H, 3J = 5.6 Hz, H°), 6.46 (d, 2 H, 3J = 8.6 Hz, H®), 6.93
(d, 4 H, 3J = 8.9 Hz, H™), 7.13 (d, 2 H, 3J = 8.6 Hz, H°?), 7.16 (d,
4 H, 3J = 9.0 Hz, H*"), 7.25 (d, 2 H, 3J = 7.6 Hz, H>*"), 7.30 (d, 4
H, 3J = 8.8 Hz, H™"), 7.73 (d, 4 H, 3J = 8.8 Hz, H°"), 7.91 (d, 2
H, 3J = 5.6 Hz, H%), 8.19 (dd, 2 H, J = 7.6 and 7.9 Hz, H**'), 8.23
(d, 2 H, 3J = 9.5Hz, H®), 8.26 (d, 2 H, 3J = 9.4 Hz, H°), 8.89 (d,
2 H, 3J = 6.8 Hz, H>?*), 8.90 (d, 2 H, 3J = 5.2 Hz, H?) ppm. ESI-
MS: m/z = 829.08 (IM — 2 PFg]/2); caled. for Co3Hg,FgNgOgPRu/2
829.24.

5[PFgl: A suspension of 2 (39.4 mg, 0.056 mmol) and 4[PFg],
(42.5 mg, 0.037 mmol) in degassed ethylene glycol (10 mL) was
heated at 140 °C for 2h under argon. The orange suspension
turned into a red solution. After cooling to room temperature, a
saturated aqueous solution of KPF¢ (30 mL) was added. The
orange precipitate was then filtered and washed with water. The
crude product was purified 3 times by column chromatography on
silica gel [eluent: acetone/H,O/saturated aqueous KNO; (100:0:0
to 100:10:1)] affording 5[PFg], (54.0 mg, 0.03 mmol) in 82% yield.
Crystallization from acetone/diethyl ether afforded pure 5[PFg|,
(7.7 mg, 0.0044 mmol) in 12% yield. "H NMR (300 MHz, (CD3)
,CO, 25°C): § = 545 (d, 2 H, 3J = 8.3 Hz, H°"), 5.72 (m, 4 H,
H™!, HP), 6.25 (d, 2 H, 3J = 8.5 Hz, H™?), 6.36 (d, 2 H, 3J = 5.6 Hz,
H®), 6.40 (d, 2 H, 3J = 5.5 Hz, H°), 6.48 (d, 2 H, 3J = 7.9 Hz, HY),
6.96 (d, 4 H, 3J = 8.8 Hz, H™), 7.22 (m, 12 H, H°?, H°', H>",
H™"), 7.66 (d, 4 H, 3J = 8.6 Hz, H°"), 7.92 (d, 2 H, 3J = 5.6 Hz,
H?), 8.3 (m, 6 H, H**, H®, H"), 8.92 (m, 4 H, H>*', H?) ppm. ESI-
MS: m/z = 1483.65 (M- 2 PFs — H + e¢7]); caled. for
Cy H77;NcOgRu 1483.48.

7IPFgl,: 5|PFl, (54.0 mg, 0.03 mmol) and 6 (183.5 mg, 0.3 mmol)
were added to a vigorously stirred suspension of K,COj (42 mg,
0.3 mmol) in DMF (30 mL) under a stream of argon. The mixture
was heated to 60 °C and stirred for 42 h. DMF was removed in
vacuo and a saturated aqueous solution of KPFg (30 mL) was
added. The orange precipitate was then filtered and washed with
water. The crude product was purified by column chromatography
on silica gel [eluent: acetone/H,O/saturated aqueous KNOj;
(100:0:0 to 100:5:0.5)] affording 7[PFg], (39.8 mg, 0.017 mmol) in
56% yield. Crystallization from acetone/n-hexane afforded pure
7|PF¢l, (30.7 mg, 0.011 mmol) in 36% yield. '"H NMR (500 MHz,
(CDs),CO, 25°C): § = 5.44 (d, 2 H, 3J = 8.6 Hz, H°Y), 5.67 (d, 2
H, 3J = 8.3 Hz, H™), 5.70 (d, 3J = 8§ Hz, 2 H, 6 Hz, HP), 6.24 (d,
2 H, 3J = 8.6 Hz, H™), 6.35 (d, 2 H, 3J = 5.4 Hz, H®), 6.38 (d, 2
H, 3J = 5.4 Hz, H°), 6.47 (d, 2 H, 3J = 8.3 Hz, H®), 6.93 (m, 6 H,
H™, HY), 7.16 (m, 22 H, H°%, H°®', H*, HY), 7.26 (d, 2 H, 3J =
7.9 Hz, H>%), 7.36 (d, 16 H, Hz, H™"), 7.74 (d, 4 H, 3J = 8.6 Hz,
H°"), 7.93 (d, 2 H, 3J = 5.4 Hz, H%), 8.20 (t, 2 H, 3J = 7.9 Hz,
H**), 8.23 (d, 2 H, 3J = 9.4 Hz, H®), 8.28 (d, 2 H, 3J = 9.4 Hz,
H%), 8.9 (m, 4 H, H>¥*, H?) ppm. ESI-MS: m/z = 1272.81 (M - 2
PF¢)/2); caled. for CigoH 70sNsOoRu/2 1273.1.
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