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The synthesis of a pseudo-rotaxane containing two metal cen-
tres has been achieved using the coordination of a ditopic
organic ligand on an iridium(ii1) complex followed by the coor-
dination of a copper(i) centre. Preliminary photophysical stu-
dies indicate that the excited state of the iridium is quenched
by the copper unit.

Rotaxanes and catenanes are nowadays relatively common
molecules' whose synthesis is no longer a real challenge. They
are promising precursors to intelligent organic materials in
relation to molecular machines and information storage and
processing at the nanometric level.*”” Such molecular species
have also been used and studied as multicomponent systems in
photoinduced electron or energy transfer processes.>® A very
special feature of mechanically linked multicomponent assem-
blies is that electron transfer studies can be performed between
noncovalently linked electron donor and acceptor groups held
together within the same molecule.'”

We would now like to report a new rotaxane-like compound
incorporating two different electro- and photoactive compo-
nents: an iridium(imn) bis-terpy complex and a copper(i) bis-
phen complex (terpy = 2,2":6',2"-terpyridine; phen = 1,10-
phenanthroline). Ir(terpy),®" and its derivatives have recently
been shown to display interesting photochemical properties
with, in particular, a long-lived excited state displaying a
pronounced electron acceptor character.'! Ir(terpy),>" type
complexes have also been used as gathering complexes and
electroactive centres in porphyrinic multicomponent assem-
blies'? or as photoactive centres in dyads of the Ir(m)-D type'?
(D =electron donor). Cu(dpp),” has been used extensively in
photochemistry in the course of the last 20 years (dpp =2,9-
diphenyl-1,10-phenanthroline).'*

The target pseudo-rotaxane incorporating two different
transition metals is shown in Scheme 1. The pseudo-tetrahedral
coordination around copper(i) is provided by a macrocycle
M3o (M3 is a phen-incorporating 30-membered ring) and a
monosubstituted phenanthroline. Due to the very different
coordination conditions between iridium and copper, the
iridium part requiring harsher conditions has to be built first.
Subsequently, the threading process using copper can be
performed at room temperature.

The precursor compounds are indicated in Scheme 2 as well
as the chemical reactions affording them. The ditopic ligand 4
was obtained in 49% yield using a Suzuki coupling between
4'-(p-bromophenyl)-2,2":6’,2”-terpyridine and the boronic ester
derivative 3 of the corresponding starting phenanthroline 2
[Scheme 2(a)].!® The reaction conditions for the preparation of
the iridium(iir) complex with a free phen site [Scheme 2(b)] were
slightly changed regarding the usual chemistry of iridium bis-
terpyridine complexes.'''* Indeed, the point was to avoid the
coordination of the hanging phenanthroline unit to iridium(1)
and the corresponding orthometallation process. The ligand
was thus used in excess (2 equiv) and the temperature carefully
controlled (see Experimental for details). Using this method, a
yield of 77% was obtained for 5°7.

The pseudo-rotaxanes 14" and 7" are readily prepared by
reaction between the ring 6 and the corresponding thread. As
already observed before, the Cu(1) cation and 1,10-phenanthro-
line derivatives form very stable bis-ligand pseudo-tetrahedral
complexes whereas monochelates are much less stable. This
has been applied in the case of 1*" and 7" with unambiguous
and quantitative formation of the threaded product. A solution
of 5°" in degassed acetonitrile was added to a solution
of Cu(M30)(CH;CN),", 6",'° and the mixture immediately
turned to a dark brown-red solution. After 2 h stirring at room

Scheme 1 The iridium(in)—copper(i) dinuclear complex 1**.
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Scheme 2 Synthesis of the pseudo-rotaxane 1** and of the models 5°* and 77.

temperature, the solvents were removed to afford 1** quanti-
tatively [Scheme 2(c)].!” The various spectra acquired in acet-
onitrile (ES-MS, 'H-NMR 400 MHz, COSY and ROESY
experiments) are in accordance with the postulated structure.
Using the same method with 2-(p-anisyl)-1,10-phenanthro-
line'® instead of 5°* leads to the copper-containing model 7.

The absorption spectra determined in acetonitrile for the
dyad 1** and for the model components 5°* and 7 (Scheme
2), are shown in Fig. 1, superimposed with the result of a
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simple addition of the absorption spectra of the models 7" and
53% 77" displays the typical intense bands in the UV ascribed to
ligand centred (LC) transitions and a much weaker band in the
visible region which is metal-to-ligand charge transfer (MLCT)
in nature.'* 5" exhibits, in comparison with closely related
Ir(terpy),>" type complexes, very similar absorption bands in
the UV of LC nature but a well longer tail extending in the
visible whose nature is very likely of MLCT character.!' For
dyad 1**, the good agreement between the peak positions and
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Fig. 1 Absorption s?ectra at room temperature in acetonitrile solu-
tions of the models 5°* (thick line), 7" (dashed line) and of the dyad
1*" (dotted line) are shown with the sum of the absorbances of 5** and
7% spectra (thin line). In the inset the emission upon excitation at 390
nm of the dyad 1** (dotted line) and of the model complex 5°* (thick
line) are reported.

intensities of the spectrum resulting from the superposition of
the absorption of components compared to the experimental
one, indicates a negligible coupling between the components.

In the inset of Fig. 1, the emission spectrum of the model 5°*
is compared to that of the dyad 1** following excitation at 390
nm for solutions with concentrations adjusted to provide the
same absorption of photons by the Ir'"' complex unit. The
emission of the iridium(ir) complex component in the dyad 14"
is almost completely quenched. In agreement, time-resolved
luminescence determinations indicate that the lifetime of the
Ir" chromophore, which is 730 ns in the model component 5°*,
is reduced in the dyad 1*" to less than the apparatus resolution
time of 0.5 ns.

Upon excitation in either the UV or visible spectral range, no
emission from the copper(l) component could be detected,
neither in the model 7" nor in the dyad. This has to be assigned
to the virtually zero emission yield in acetonitrile of copper(i)
bis-phenanthroline derivatives unsubstituted or monosubsti-
tuted at the 2 or 9 positions.'®

The luminescence properties at 298 K and 77 K for the
model 5°* and the dyad 1** are collected in Table 1. Iridium(ir)
complex 5°* displays a low emission quantum yield, a broad
spectral shape and a remarkable shift to higher energy in band
maximum upon passing from fluid solutions to rigid matrix at
77 K, indicating an excited state with predominant SMLCT
character. This is different from the assignment of previously
studied iridium(in) bis-terpy type complexes exhibiting a *LC
nature.'!

In principle, the detected excited state quenching of the
iridium(rm) component in 1** could be due either to electron
and/or to energy transfer. Iridium(in) bis-terpy type complexes
are in fact rather good electron acceptors in their ground states,
ca. —0.7 V vs. SCE,'! whereas copper(1) phen type complexes
can easily oxidize to copper(i1) at a potential of ca. +0.6 V vs.
SCE.'"*'"® The energy of the excited state localized on the
iridium complex in 1**, 2.4 eV (Table 1), could easily provide
the energy for the electron transfer from the iridium to the
copper units with a AG of reaction of ca. —1 eV, that is strongly
exothermic. On the other hand, the same excited state could
transfer energy to the copper unit, whose excited state is
reported to have an energy of ca. 1.7 eV, with an highly
favorable AG of ca. —0.7 eV.'*!® The present data do not
allow us to draw a conclusive interpretation about the quench-
ing mechanism and we are presently working on modification
of the copper ligand in order to prepare a luminescent copper(1)
bis-phenanthroline derivative. This, without changing the ther-
modynamic parameters of the system, could provide a power-
ful tool to investigate the nature of the photoinduced processes.

In conclusion, a new pseudo-rotaxane has been prepared,
which contains an unusual combination of transition metals,
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Table 1 Luminescence properties of the model 5°* and dyad 1** in
nitriles

298 K“ 77 K®

Amax/TM “Uns e Amax/NM E’leV
5 550 732 20x107° 516 2.40
1** 548 -7 20x107% 516 2.40

“ In acetonitrile. * In butyronitrile rigid glass. ¢ Air-equilibrated solu-
tions. ¢ Excitation at 390 nm for steady state, 375 nm for time-resolved
determinations. ¢ Energy levels of the excited states, from the maxima
of the emission bands at 77 K./ A very weak emission could be fitted
by two exponential decays of 2.5 ns (95%) and ca. 700 ns (5%),
ascribable to traces of strongly luminescent phenanthroline and 5°*
components, respectively. ¢ Luminescence quantum yields calculated
on the basis of the photons absorbed by the Ir'"' component.

Ir(im) and Cu(r). In future work, the real rotaxane will be
prepared by attaching an organic stopper on the phen nucleus.
Efficient luminescence quenching of the iridium(1ir) component
by the copper(1) part has been observed. Further studies on the
present complex, 14", as well as on other related systems will be
required in order to establish whether the quenching mechan-
ism involves energy or electron transfer.

Experimental

The following chemicals were prepared according to literature
procedures: 2-(m-bromophenyl)phenanthroline,'® 4'-(p-bromo-
phenyl)terpyridine,® ‘ButpylrCls,'" Cu(M3)(CH;CN),PF'
and 2-(p-anisyl)-1,10-phenanthroline.'® All other chemicals
were commercially available and used without further purifica-
tion. 'H-NMR spectra were acquired on either a Bruker
AC300 or a Bruker AM400 spectrometer, using the deuterated
solvent as the lock and residual solvent as the internal refer-
ence. Mass spectra were obtained by using a VG ZAB-HF
spectrometer (FAB), a Fisons VG Platform (ES), or a Fisons
VG Trio 2000 (EI) spectrometer.

Photophysical determinations

Absorption and luminescence spectra were measured in air-
equilibrated spectrophotometric grade solvents with a Perkin—
Elmer Lambda 5 UV/Vis spectrophotometer and a Spex
Fluorolog II spectrofluorimeter, respectively. Luminescence
quantum yields (®.,,) were evaluated, after correction for the
photomultiplier response, with reference to air-equilibrated
Ir(‘Butpy)»(PF¢); in acetonitrile as a standard (@e, =
0.022)."" Luminescence lifetimes (r) were obtained with an
IBH single photon counting apparatus with pulse diode ex-
citation at 375 nm and 0.5 ns resolution. The experimental
uncertainty on the absorption and luminescence maxima is
2 nm, while that for the &, and t values is 10%.

Syntheses

2-[(m-Boronic ester)phenyl|phenanthroline 3. 2-(m-Bromo-
phenyl)phenanthroline' (300 mg, 0.89 mmol), bis-neopentyl
ester diboron (195 mg, 0.87 mmol) and 268 mg of KOAc were
dissolved in freshly distilled dioxane (10 mL). Then the catalyst
[PACly(dppf), 22.5 mg] was added and the mixture was de-
gassed with 3 cycles of vacuum/argon. The reaction was
refluxed at 100 °C under argon for 4 h. The color turned from
yellow to pea green. The reaction flask was allowed to stir at
room temperature overnight. Ether was added to the flask and
the precipitate was filtered off and washed with ethanol. The
NMR has confirmed the identity of the desired product and
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revealed the same amount of an unknown boronic derivative.
We were unable to separate them without degradation of 3.
A total of 459 mg of this mixture was obtained. "H-NMR
(CDCl3, 300 MHz): § 9.24 (dd, 1H, Hy,, *J=4.4 Hz, *J=1.8
Hz); 8.64-8.59 (m, 2H, H,,); 8.28 (d, 1H, Hjp, 3J=8.4 Hz);
8.25 (dd, 1H, Hyp, 3J=8.1 Hz, “7=1.8 Hz); 8.18 (d, 1H, Hyp,
3J=8.4 Hz); 791 (dt, 1H, Hy, *J=7.3 Hz, “*J=1.3 Hz); 7.80
(d, 1H, Hsp,, *J=8.1 Hz, *J=4.4 Hz); 7.56 (td, 1H, H, *J=
7.3 Hz, *J=0.7 Hz); 3.82 (s, 4H, CH,); 1.05 (s, 6H, CHs).

Ligand 4. 4'-p-Bromophenylterpyridine®® (300 mg, 0.77
mmol) and Pd(PPh3)4 (43 mg, 0.04 mmol) were dissolved in
toluene (15 mL) in a two-necked round bottom flask. A
solution of 2 M Na,CO; (9.7 mL) was added. 3 (317 mg of
the precedent mixture) was dissolved in MeOH (3.3 mL). This
solution (3 mL) was canulated into the reaction and the
mixture was degassed. The reaction was refluxed under argon
at 70 °C for 16 h and evaporated to dryness. The mixture was
dissolved in water and CH,Cl, and the aqueous layer was
extracted 3 times with 20 mL of CH,Cl,. The organic layer was
evaporated to dryness and purified by chromatography on an
alumina column eluted with CH,Cl,. 4 was obtained as yellow-
orange solid in 49% yield (213 mg, 0.38 mmol). '"H-NMR
(CDCl;, 300 MHz): § 9.25 (dd, 1H, Hop, *J=4.5 Hz, *J=1.7
Hz); 8.82 (s, 2H, Hys); 8.75 (ddd, 2H, Hee, °J=4.5 Hz,
4J=1.0 Hz, °J=0.8 Hz); 8.69 (dt, 2H, Hsy, >J=7.8 Hz,
*J=1.0 Hz); 8.58 (t, 1H, H,, *J=1.8 Hz); 8.37 (dt, 1H, H,,
’J=8.2 Hz, *J=1.8 Hz); 8.36 (d, 1H, Hs,, *J=9.6 Hz); 8.26
(dd, 1H, Hyp, *J=8.1 Hz, *J=1.8 Hz); 8.19 (d, 1H, Hyy,
3J=8.3 Hz); 8.05 (d, 2H, H,,, *J=8.6 Hz); 7.92-7.76 (m, 6H,
HumiHs,HepHaHaar); 7.71-7.65 (m, 2H, Hg,Ho); 7.36 (ddd, 2H,
Hss», °J=7.5Hz, *J=4.5Hz, °>J=1.2 Hz). >'C-NMR (CDCl;,
75 MHz): ¢ 157.7, 156.5, 156.2, 150.6,,149.3, 146.4, 142.0,
141.2, 140.6, 137.6, 137.1, 137.0, 136.2, 129.5, 129.3, 128.7,
128.3, 128.1, 127.9, 127.8, 126.9, 126.6, 126.5, 124.0, 123.1,
121.6, 121.1, 120.7, 118.9, 116.5.

Ir(‘Butpy)(4)(PFg)3 53*. A mixture of 'ButpyIrCl3” (25 mg,
0.035 mmol) and 4 (39 mg, 0.07 mmol, 2 equiv) in ethylene
glycol (20 ml) was sonicated for 20 min. It was degassed with 3
cycles of vacuum/argon and heated from room temperature to
140 °C, then kept at 140°C for 20 min under argon. The
solution was allowed to cool to room temperature and an
aqueous saturated solution of KPF¢ was added. The precipi-
tate was filtered off and taken up with acetonitrile. A chroma-
tography on silica column (eluted with MeCN-water—KNO;
from 100:0:0 to 100:2:0.1) afforded 5°* with 77% yield (44
mg, 0.027 mmol). 'H-NMR (CD;CN, 300 MHz): 9 9.08 (s, 2H,
Hypsp); 8.98 (s, 2H, Hys); 8.92 (dd, 1H, Ho,, 3J=3.8 Hz,
4J=1.5 Hz); 8.78-8.67 (m, 5H, H;3H,); 8.49 (d, 1H, Hyp,
J=8.5 Hz); 8.42 (dd, 1H, Hy,, *J=8.1 Hz, *J=1.5 Hz); 8.37
(d, 1H, Hyp, *J=8.5 Hz); 8.35(d, 1H, Hy, *J = 7.8 Hz); 8.28 (d,
2H, H,;, °J=8.4 Hz); 8.22 (dd, 4H, Huy, >J=8.5Hz, *J=1.5
Hz); 8.10 (d, 2H, H,,, °J=8.4 Hz); 7.95-7.90 (m, 5H,
HHss'Hs,Heg,Hg); 7.88-7.77 (m, SH, HyHeer); 7.72-7.66 (m,
2H, Hg,H.); 7.53 (m, 4H, Hss»); 1.53 (s, 18H, Hig,). ES-MS
mjz (caled): 392.5 (392.3) [M—3PF*", 661.3 (661)
[M — 2PF¢*", 1467.4 (1467) [M — PF]".

Cu(M;3)(MAP)(PFg) 7. A solution of Cu(CH3CN)4(PFg)
(5.4 mg, 0.014 mmol) in degassed MeCN (4.6 mL) was
transferred via canula to a stirred solution of macrocycle M3,
(8.2 mg, 0.014 mmol) in CH,Cl, (4 mL) under argon. The
resulting orange solution of 6" was stirred at room tempera-
ture for 30 min. Then a degassed solution of 2-(p-anisyl)-1,10-
phenanthroline'® (MAP) (4.1 mg, 0.014 mmol) in CH,Cl,
(2 mL) was transferred via a canula into it, resulting in the
immediate formation of a brown-red solution that was stirred
at room temperature under argon for 30 min. The solvents
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were removed under reduced pressure and the complex dried
under vacuum and used without further purification. "H-NMR
(CD;CN, 300 MHz): 6 8.70 (d, 1H, Hap, 3J=8.5 Hz); 8.60 (d,
2H, Hypp, °J = 8.2 Hz); 8.50-8.42 (m, 2H, Hgp,Hop); 8.28 (d, 1H,
Hsp, 3J=8.5 Hz); 8.11-8.09 (m, 3H, HepHsn); 7.98 (d, 2H,
Hin, 3J=8.2 Hz); 7.82 (d, 1H, Hop, J=8.5 Hz); 7.71 (d, 1H,
Hyp, °J=8.5 Hz); 7.39 (d, 4H, Ho,, >*J =8.2 Hz); 7.24 (d, 2H,
Ha, *J=8.2 Hz); 6.00-5.95 (m, 6H, H,Hp); 3.83-3.40 (m,
23H, HepsH,HgH, H,).

Ir—Cu dyad 1*". A solution of Cu(CH;CN)4(PF,) (4.3 mg,
0.011 mmol) in degassed MeCN (2.6 mL) was transferred
through a canula to a stirred solution of macrocycle M3, (6.6
mg, 0.011 mmol) in CH,Cl, (3 mL) under argon. The resulting
yellow-orange solution of 67'® was stirred at room tempera-
ture for 30 min. Then a degassed solution of 5°* (18 mg, 0.011
mmol) in MeCN (2 mL) was transferred through a canula into
it, resulting in the immediate formation of a brown-red solu-
tion that was stirred at room temperature under argon for 2 h.
The solvents were removed under reduced pressure and the
complex dried under vacuum and used without further pur-
ification. '"H-NMR (CD;CN, 400 MHz): § 9.07 (s, 4H,
HysHzpsp); 8.84 (2d, 4H, Hisr, 3J=8.1 Hz); 8.70 (2d, 1H,
H;,Ho,, *J=8.5 Hz, *J=82 Hz); 8.46 (d, 2H, Hym, *J=
8.2 Hz); 8.37-8.5 (m, 8H, H,Hg,Hs,Hs,Hasr); 8.06 (d, 1H,
Hap, 3J=8.5Hz); 8.01-7.97 (m, 6H, H,HsyHsm); 7.93 (d, 2H,
H,i, *J=8.4 Hz); 7.87 (t, 1H, H,, *J=1.6 Hz); 7.81 (dd, 2H,
Hger, >J=5.8 Hz, *J=0.8 Hz); 7.76 (dd, 2H, Hee, *J=5.8
Hz, *J=0.8 Hz); 7.66 (dd, 1H, Hyp, *J=8.2 Hz, *J=4.5 Hz);
7.59-7.55 (m, 5H, HyHss); 7.49 (d, 4H, H,,, *J=8.4 Hz);
7.33-7.23 (m, 2H, HqH,); 7.20 (d, 2H, H,,;, °J =8.3 Hz); 6.02
(d, 4H, H,,,, *J=8.5 Hz); 3.83-3.44 (m, 20H, H,HzH,H,);
1.54 (s, 18H, Hy). ES-MS m/z (caled): 392.5 (392.3)
[M — Cu(Ms,) — 4PF¢*", 451.8 (451.5) [M —4PFg*", 625.7
(650.3) [M — 3PF¢*", 629.2 (629) [Cu(Ms0)] .
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