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were collected on a Bruker AM200 spectrometer operating at a frequency
of 81 MHz, and were recorded with a ~20° pulse length of 2 ps and a
recycle time of 3—-5s. No proton decoupling was used, and so the relative
intensities of the signals are quantitative. Spectra were referenced to
phosphoric acid as the standard (6 =0). The data were processed with the
PC version of WINNMR (Bruker).
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Multitopic carbon-rich metal complexes, with rigid conju-
gated branches are potentially useful for building carbon-rich
networks,! supramolecular polymetallic assemblies,? and
nanoarchitectures for material science.’l They have found
application as the core of metal-containing dendrimers(* > and
polymers,®] and as the basis of liquid crystals.[”? Polymetallic
complexes containing multiple identical redox systems are of
special interest for electron storage>®! and as modified
electrodes!” due to their ability to provide several electrons
at the same potential.

We now report the novel polymetallic complexes contain-
ing reversible redox systems, and displaying a C;-symmetric
triskelion shape,'”! formed by activation of the tritopic
polyyne 1,3,5-(HC=CCsH,C=C);C¢H; (1) namely the first
examples of tris(vinylideneruthenium(i)) complexes (2),
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tris(alkynylruthenium) derivatives (3 and 4), and mixed
triruthenium — triferrocenyl systems (5).

Tris(alkynylmetal) derivatives with identical Pt [l or Fe!l[!!]
moieties and an apparently redox-passive bridge were syn-
thesized from 1,3,5-triethynylbenzene. The bridge legs were
too short to allow the incorporation of three bulky rutheni-
um() redox systems by direct activation of the terminal
C=CH bonds. We therefore synthesized the rigid, long-legged
tripodal polyyne 1 from 1,3,5-tribromobenzene by successive
catalytic reactions adapted from the preparation of unidimen-
sional polyynes,['? as indicated in Scheme 1.

The activation of 1 containing three terminal C=CH
functionalities was attempted with the bulky 16-electron
species  [RuCl(dppe),]PF,;, generated in situ from
[RuCl,(dppe),] in the presence of KPF4 at room temperature.
This reaction led to the isolation of the novel tris(vinylide-
neruthenium(ir)) complex 2 [70%; #(Ru=C=C)=1627 cm!
(KBr)]. The C NMR spectrum of complex 2 shows the three
vinylidene (Ru=C) carbon nu-
clei as a multiplet at very low
field (6 =356.6). The high sym-
metry of complex 2 is reflected
by the singlets in the *C NMR
spectrum for the two C=C (6 = 1 4
88.23 and 90.70) and Ru=C=C
(0=109.47) carbon nuclei, and
in the 3'P NMR spectrum at 6 =
3755 for the twelve Ph,P phos-
phorus nuclei. The latter signal P
is consistent with a trans ar-
rangement of the chloro and
vinylidene ligands in the com-
plex (Scheme 2).

The tris(vinylidene) complex
2, like most vinylidenerutheni-
um(11) complexes, is acidic and
easily deprotonated on treat-
ment with NEt; to afford the
new yellow tris(alkynylrutheni-
um) complex 3 [93% 7(C=C) =
2056 cm™!; 3'P NMR 6 =49.93
(s, 12 PPh,)].

The complexes 2 and 3 show
different behavior in their cou-
pling to an additional function-
alized alkynyl group. The re-
maining three halogen atoms of
complex 3 can be substituted on
reaction with trimethylsilylace-
tylene by the cooperative action 3 (x=0)
of KPF; and NEt; for Ru-Cl 4 (x=C=CSiMe)
bond dissociation and alkyne
deprotonation. Complex 4 was
isolated in  42% yield
[#(cm™) =2199 (CC=CC), 2059
(CC=CRu), 1992 (RuC=CSi)]
and displays mixed alkynyl li-
gands in a trans arrangement as
indicated by the observation of

RuCl, (dppe),

A

p = PhzPCH,CH,PPh,
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Scheme 1. Catalytic synthesis of the tripodal polyyne 1. a) HC=CSiMe;,
NEt;, Pd/Cu catalyst; b) NaOH (aq); c¢) IC¢H,C=CSiMe;, NEt;, Pd/Cu
catalyst; d) NaOH(aq).

only one singlet in its P NMR spectrum [0 =54.28]
(Scheme 2).

KPFq

CIN M+

-~

KPF/ NEt, !

Scheme 2. Synthesis of the triskelion-shaped, carbon-rich ruthenium complexes.
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By contrast it was not possible to incorporate the ferroce-
nylacetylene unit directly into 3, but the reaction of the
tris(vinylidene) complex 2 with FEcC=CH, KPF;, and NEt; led
to the slow, but selective, formation of the novel mixed
hexanuclear triruthenium —triferrocenyl complex 5 (92%)
containing a linear arrangement of the alkynyl fragments [0 =
53.95 (s, 12 PPh,)] (Scheme 2).

The isolation of the tris(vinylidene) complex 2 is a keystep
in the formation of §, as in the absence of NEt;, the vinylidene
ligand inhibits the introduction of an additional alkynyl group
in the trans position and thus avoids the formation of
oligomers from 1.

A cyclic voltammetric study of complexes 2—4 showed that
each produces a single quasi-reversible redox wave for the
three ruthenium systems, but the peak separation is larger for
the cationic tris(vinylidene) derivative 2 [E,, versus Cp,Fe'/
Cp,Fe: +0.72 V (AE,=135mV) for 2; +0.02 (AE,=
100 mV) for 3; +0.03 (AE, =115 mV) for 4].14! This unique
oxidation wave shows that 3 and 4, in particular, are able to
provide three electrons at the same potential, and that their
long-legged carbon-rich C;, bridge does not allow significant
communication between the three ruthenium(ii) centres.

Of special interest is the behavior of 5, which provides two
reversible oxidation waves at £y, =—0.28 V (AE,=75mV)
and at E;,=40.30V (AE,=75mV). These data show that
both the sets of three ruthenium and three ferrocenyl units are
able to provide three electrons at a specific potential. The
redox potentials of 5 can be assigned on the basis of the redox
potentials of 3 (E,,=+0.02V), 4 (E,,=+0.03 V), ferroce-
nylacetylene (E;,=-+0.16 V), and trans-[Ru(C=CPh),-
(dppe),] (E;»=+0.40V). Further evidence for the assign-
ments is the observation that the linear mixed-metal deriva-
tive trans-[FcC=CRu(dppe),C=CFc] (I)I¥! provides three
reversible waves at E,,=—0.36, —0.16 and +0.53 V in its
cyclic voltammogram. The wave of 5 at low potential (E=
—0.28 V) is thus attributed to the three equivalent ferrocenyl
groups and that at higher potential (E =+ 0.30 V) to the three
(Ru/Ru'™) redox processes in the Ru(dppe), subunits. The
linkage of the alkynyl - Ru(dppe), unit to the C=CFc groups,
therefore, increases the ease of oxidation of the ferrocenyl
groups. Surprisingly, the tripodal tris(alkynylruthenium(ir))
moieties are electron-releasing toward the ferrocenyl groups.
This is likely a result of the unique capability of a RuC=CCFc
moiety to rearrange by oxidation into the stable allenylidene
intermediate (Ru™=C=C=C(Fc).

The hexametallic species 5 contrasts with the linear
trimetallic FEC=CRuC=CFc derivative I: While I contains
an organometallic redox-active communicating bridge be-
tween the two ferrocenyl groups, the tripodal triruthenium
carbon-rich bridge in 5 behaves as an apparent redox-passive
noncommunicating bridge between the ethynylferrocene
units.

Experimental Section

2: Ligand 1 (0.135g, 0.300 mmol), cis-[RuCl,(dppe),] (0.872 g,
0.900 mmol), KPF (0.331 g, 1.80 mmol), and CH,Cl, (50 mL) were stirred
at room temperature for 72 h. After evaporation of the solvent, a brown
solid was obtained and purified by recrystallization from mixture of CH,Cl,
(100 mL) and pentane (200 mL). The pure tris(rutheniumvinylidene)
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complex 2 was isolated as a brown solid (0.771 g, yield 70%). 'H NMR
(300.133 MHz, CDCl;): =751 (s, 3H, CH;), 6.75 (AB, J=8.0 Hz, 6H,
3 x2H of CH,), 5.59 (AB,J=8.0 Hz, 6H, 3 x 2H of C{H,), 3.75 (br. s, 3H,
3 x Ru=C=CH); *C NMR (75.469 MHz, CDCl;): 6 =356.6 (m, Ru=C),
109.48 (br, Ru=C=CH-) 90.72, 88.23 (C=C); *'P NMR (121.496 MHz,
CDCly): 6=3755 (s, RuPPhy), —143.40 (sept Jpr = 713 Hz, PF); IR (KBr,
cm~l, ) 7=2199 (C=C), 1627 (C=C); elemental analysis caled for
Ci9:H,CLF 5P sRus: C 62.57, H 4.43; found: C 62.43, H 4.62.

3: Complex 2 (0.869 g, 0.236 mmol) was suspended in THF (50 mL) and
then triethylamine (1 mL) added. After stirring at room temperature for
1 h, the solvent was evaporated. The yellowish brown residue was dissolved
in CH,Cl, (40 mL) and washed with water. A yellow-orange powder was
obtained and characterized as 3 (0.713 g, yield 93%). 'H NMR: 6 =7.55 (s,
3H, C¢H;), 6.56 (AB, J=8.5Hz, 6H, 3x2H of CH,); *C NMR: 6=
132.95 (quint, Jpc =15 Hz, RuC=C), 131.22 (C,, of C¢H;), 130.40 (CH of
C.H;), 114.39 (RuC=C), 91.67, 88.39 (C=C); *P NMR: 6=49.90 (s,
RuPCH,); IR (KBr, cm™): 7=2199, 2056 (C=C); elemental analysis calcd
for C,9,H;50Cl;P1,Ru;: C 71.01, H 4.93; found: C 70.81, H 5.00.

4: To a solution of 3 (0.330 g, 0.1 mmol) and KPF; (0.130 g, 0.7 mmol) in
CH,Cl,, (20 mL) was added trimethylsilylacetylene (0.2 mL 1.4 mmol) and
NEt; (0.5 mL). After stirring for 72 h, the reaction mixture was filtered
through celite and the filtrate evaporated. The yellow solid was dissolved in
CH,Cl, (40 mL) and washed with water. After drying in vacuo, 4 was
obtained as a yellow powder and recrystallized from a mixture of CH,Cl,
and pentane (0.148 g, yield 42%). '"H NMR: 6 =7.61 (s, 3H, C;H;), —0.02
(s, 27H, 3 x SiMe;); *C NMR: 6 =153.36 (quint, Jcp=14 Hz, RuC=C),
140.98 (quint, Jcp =14 Hz, RuC=C), 131.06 (C;,, of C¢H;), 133.23 (CH of
CsHs), 116.15, 115.61, 91.74, 88.29 (C=C carbon), 1.09 (SiMe;); *'P NMR:
0=54.64 (s, RuPPh,); IR (KBr, cm™'): #=2199, 2058, 1992 (C=C);
elemental analysis calcd for C,y;H;gsP,Ru5Si;: C 72.42, H 5.46; found: C
72.18, H 5.51.

5: Complex 2 (0.120 g, 0.032 mmol), ferrocenylethyne (0.050g, 0.23 mmol),
and KPF; (0.055 g, 0.3 mmol) were dissolved in CH,Cl, (15 mL) and then
NEt; (0.2 mL) was added. After stirring for 5 days the reaction mixture was
evaporated under reduced pressure to give a yellow solid. Recrystallization
from CH,Cl, and pentane gave 5 as small orange crystals (0.112 g, yield
92%). 'HNMR: 6 =7.62 (s, 3H, CsH;), 7.32 (AB,J=8.7 Hz, 6H, 3 x 2H of
CeH,), 6.59 (AB, J=8.7 Hz, 6H, 3 x 2H of C¢H,), 4.05 (m, 27H, 3C;H; +
3CsH,); BC NMR 0=133.66 (CH of C¢H;), 125.14, 116.78 (RuC=C),
122.80, 118.21 (m, Ru-C=C), 92.18, 88.63 (CsH;C=CC4H,), 69.306, 69.150,
68.45, 6727 (CsHs, CsH,); *'P NMR: 6 =53.95 (br. s, PCH,); IR (KBr,
cm!):  7=2199, 2053 (C=C); eclemental analysis caled for
CysHg6P1oFesRus: C 72.67, H 4.98; found: C 72.18, H 5.03.
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Fine-Tuning the Electronic Properties of
Binuclear Bis(terpyridyl)ruthenium(y
Complexes**
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Bis(2,2":6',2"-terpyridine)ruthenium(i) is essentially non-
emissive in fluid solution, and in deoxygenated acetonitrile at
20°C the lifetime of the excited triplet state is about 550 ps.[!
Such photophysical properties compare unfavorably with
tris(2,2’-bipyridine) ruthenium(il) and have restricted the
utilization of [Ru(terpy),]** as a building block for prepara-
tion of photoactive supramolecular assemblies. Recently,
however, it was shown that attaching an acetylenic function
at the 4'-position caused a dramatic prolongation of the triplet
lifetime,[ 2 especially in those cases where the acetylene
group was the bridge for a ditopic ligand capped with
“Ru(terpy)” metallo-fragments. This upgrade to the photo-
physical properties provides new opportunities to construct
elaborate molecular assemblies around the photoactive
Ru(terpy) unit.’] The protracted triplet lifetime can be
explained within the framework of the energy-gap law in

[*] Prof. A. Harriman, Dr. R. Ziessel, M. Hissler, A. El-ghayoury

Laboratoire de Chimie
d’Electronique et Photonique Moléculaires
Ecole Européenne de Chimie, Polymeres et Matériaux (ECPM)
Université Louis Pasteur
1, rue Blaise Pascal, F-67008 Strasbourg Cedex (France)
Fax: (+33)388-41-68-25
E-mail: harriman@chimie.u-strasbg.fr

[**] This work was supported by the ECPM, the CNRS, and the Royal
Society of London.

Angew. Chem. Int. Ed. 1998, 37, No. 12

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

terms of residence of the promoted electron in an extended t*
orbital that encompasses much of the bridging ligand.M
Enlargement of the LUMO lowers the triplet energy, and
thereby curtails mixing with higher-energy, metal-centered
excited states.P! In attempting to exploit this effect further we
have found that the acetylene residue must be attached
directly to the coordinated terpyridine ligand while the
polyacetylenic bridge cannot comprise more than four
ethynylene groups. Longer carbon chains act as a low-energy
sink for photons absorbed by the terminal chromophores.[!
We now describe an alternative strategy for extending the
length of the acetylenic bridge that involves the use of a
central aromatic core.

Thus, two new Ru(terpy)-based binuclear complexes were
synthesized in which the butadiynylene bridge is interspersed
with either a 1,4-phenylene (1) or a 5,5'-(2,2'-bipyridylene) (2)
spacer. Preparation of these complexes was accomplished
with an original strategy by using a metallo-synthon bearing a
bromide group in conjunction with 1,4-diethynylbenzene or
5,5'-diethynyl-2,2'-bipyridine in Sonogashira-type cross-cou-
pling reactions (Scheme 1). These coupling reactions proceed

BE

Scheme 1. Synthetic method used to prepare the binuclear Ru' terpy-
based complexes 1and 2: a) Ag* dehalogenation in methanol (6 h) followed
by reaction with terpy-Br in methanol at 80°C (19 h); b) [Pd"(PPh;),Cl,]
6 mol %, CH;CN/C¢H,, (iPr,)NH, 25°C (6 days); ¢) CH;l (excess) in
CH;CN, 80°C (5 days), anion exchange.
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