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Abstract

This microreview summarizes our work on new reactions to obtain ruthenium(II) binuclear species with seven conjugated carbon
atoms between the remote metals in very mild conditions via C—C bond formation. (i) The treatment of trans-[Cl(dppe),Ru—-C=C—
C=C-SiMe;] with [Fe(CsHs),]PF, le’M‘n unprecedented metal-assisted [2+2] coupling reaction between C'=C® bonds to
produce trans-[Cl(dppe),Ru—C=C-C=CHC(CH,)=C=C=Ru(dppe),CI]PF; including a cyclobutenyl bridge. (ii) Addition of a
cationic allenylidene trans-[ClRu(dppe)z(:C:C:C(CHZRl)Rz)]BF4 (R' =H, CH;; R? = CHj, Ph) on the C,=C; bond of the diyne
trans-[Cl(dppe),Ru—C=C—-C=C-H] leads to ruthenium bimetallic complexes trans-[Cl(dppe),Ru—C=C-C(CH;)=C(R)-C(R?)=
C=C=Ru(dppe),CIl|BF,4 containing a planar delocalized “W”’-shaped C; bridge with tunable pendant groups. These complexes
display attractive redox and optical properties with a highly delocalized charge over the conjugated carbon atoms. The crystal
structures of trans-[Cl(dppe),Ru=C=C=C(CH;)-C(H)=C(CH3;)-C=C-Ru(dppe),CI|BF,; and of the annealated complex were
solved.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Carbon-rich metal complexes with an extended m-
conjugated bridge have gained importance as potential
applications in the emerging field of molecular-scale
electronic devices [1] as key component for liquid
crystals [2], metal-containing polymers [3], supramole-
cular architectures [4], molecular switches [5], NLO
active [6] or luminescent [7] materials, and in particular
for the building of molecular wires constituted of
bimetallic complexes allowing through bridge exchange
of electron between the remote metals [§—17]. The
literature is now extensive for complexes with an even
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number of conjugated carbon atoms spanning two metal
fragments of various structures such as L,MC,ML,
[8,11] or L,M(CH),ML, [12]. By contrast, only a
limited number of complexes with an odd numbered
carbon linear or cyclic bridge have been obtained
considering the variety of available metallic fragments.
Few bridges with one, three, and five [13—15] carbons
capped with two metal moicties have been described,
and only one example of a seven carbon bridged
bimetallic complex has been reported by Hartbaum
and Fischer [16] via a coupling reaction between a
dimethylamino(hexatriynyl)carbene =~ complex  and
[CIRu(CO),Cp] (Scheme 1).

The limited number of well-defined synthetic pro-
cesses limits the construction of odd carbon systems
from small to nanoscale devices. The most general
process involves the building of three carbon bridges
and the regioselective [2+2] cycloaddition between the
C=C bond of a vinylidene [M]=C=CHR and the C,=Cg
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Scheme 1. Binuclear systems with an odd numbered carbon-rich
bridge.

bond of a metal acetylide [M]-C=C-R. This reaction
affords rigid four-membered cyclic bridges with a
delocalized C3 path between metals (Scheme 1). Inter-
estingly, when the reaction was applied to an allenyli-
dene [M=C=C=CRR,] complex [13b] or a diyne [M—
C=C-C=C-R] complex [13c], a similar Cs-conjugated
path is formed with an exocyclic double or triple bond.
These reactions show that the C,=Cg bond is generally
the most activated toward [2+2] cycloaddition, but at
the same time is inhibiting the access to higher odd
numbered carbon-rich bridges.

The interest to control the building of longer linearly
oriented carbon-rich bridged bimetallic compounds for
electronic communication and optical properties re-
cently led us to discover two novel methodologies of
C-C bond formation to obtain a new class of carbon-
rich homobimetallic complexes with seven conjugated
carbon atoms between remote metals and a charge
highly delocalized over the extended conjugated struc-
ture [9,10]. The first one consists in an unprecedented
radical-promoted [2+ 2] coupling reaction occurring on
the C,=C; bond of a 1,3-diynylmetal derivative [Ru]—
C=C-C=CR to lead to a novel complex [Ru]* =C=C=
1
C-CH=C(CH,)-C=C-[Ru] [9] including a carbon-rich
annelated CgHj3 bridge, and involving a butatrienylidene
intermediate. The second method describes the coupling
between an allenylidene [Ru] " =C=C=C(CH,R )R, and
a metal diyne to provide “W”-shaped complexes [Ru]—
C=C-C(CH;3)=C(R")~C(R%=C=C=[Ru]* with pen-
dant groups on the conjugated bridging ligand [10].
The present account summarizes our work on these
seven conjugated carbon bridged bimetallic compounds
which display attractive redox and optical properties.

2. New binuclear ruthenium with a C; bridge based on a
radical-promoted metal diyne coupling reaction

Transition metal complexes are useful to stabilize the
otherwise highly reactive (C=),CR, species which
behave as strong electron-withdrawing ligands and to
achieve metal cumulenylidenes [M]=(C),,=CR;R, [18—
20]. The chemistry of metal complexes containing

alkynyl and higher poly-ynyl ligands is also now well
established and the metal acetylide linkage has proven
to be useful to obtain carbon-rich complexes [21]. For
the access to carbon-rich linearly oriented transition
metal complexes, such as metal-capped molecular wires
or oligomers ([M]-(C=C),-),,—[M], the ruthenium
fragment [RuCl(dppe),]* (dppe = 1,2-bis(diphenylpho-
sphino)ethane) appeared to be a model of choice.
Indeed, this moiety appears to stabilize carbon-rich
species such as cumulenylidenes trans-[Cl(dppe),Ru=
(©),=CR|R,]* and acetylides trans-[Cl(dppe),Ru—
(C=0),,—R] for steric and electronic reasons [19,20,22].
Furthermore, a Ru(Il)-containing bis(acetylide) bridge
has been found to enhance the ground-state electronic
communication between terminal ferrocenyl groups [23].

2.1. Ruthenium diyne complexes

Few ruthenium poly-yne
[CpRu(PPh3),-C=C-C=C-R] (R=H, SiMe;) [24],
[Ru(CO),(PEt;3),(-C=C-C=C-R),] (R=H, SiMej)
[25], [Cl,_,Ru(dppm),](-C=C-C=C-R), (R =SiMes;
n=1, 2) [26], and trans-[Cl,_,Ru(dppe),]((C=C),,—
R),] (R =H, SiMe;; m=1-4; n=1, 2) [22a] have been
studied. Of interest, here is the mono-diynyl ruthenium
complex trans-[Cl(dppe),Ru—(C=C),—SiMe;] (2) pre-
pared using the classical reaction of preformed poly-
yne anions Li(C=C),SiMe; with the metal halide com-
plex cis-[RuCly(dppe),] (1) (Scheme 2). This air-stable
acetylide is easily further deprotected using BuyNF to
provide the trans-[Cl(dppe),Ru—(C=C),—H] (3).

Cyclic voltammetry (CV) studies show one oxidation
wave for 2 and 3. Regarding 2, the oxidation wave
(E°=0.130 V vs. ferrocene) is chemically reversible on
the time scale of CV but with AE, =85 mV, showing
that the electron transfer is somewhat slow and suggest-
ing a rearrangement of the structure as the consequence
of the electron removal. The single electron of the
oxidized species is known to be highly centered on the
metal but with a significant ligand character [27]. Then,
the oxidized form should correspond to the type Ru™ * —
C=C-C=CSiMe;«>Ru*=C=C=C=C*SiMe; with a
significant contribution of the latter cumulenic form.

By contrast, complex 3 shows an irreversible oxida-
tion wave (E, =0.135 V vs. ferrocene, v =100 mV s~ b
indicating a high reactivity of the oxidized form. This
has to be related to the reaction we observed when the
diyne complex 2 is reacted with a strong acid such as
HBF,-Et,0. The vinylidene 4 (Scheme 3) is obtained via
the cumulene intermediate [A] which displays a high
electrophilic character on C, [22a]. Similar intermediates
were proposed with ruthenium diynes such as trans-
[CIRu(dppe),—C=C—-C=C—Ph] [28a] or [CpRu(PPh;),—
C=C-C=C-H] [24]. The irreversible chemical behaviour
of 3 can be explained by a reaction of the oxidized form
due to its cumulenic character with residual water. This

systems such as
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Scheme 2. Syntheses of acetylides 2 and 3.

suggested an interesting reactivity potential for the
acetylides in the oxidized state. This is also true for 2.
Although, the CV behaviour is chemically reversible,
microelectrolysis evidenced that the oxidized form is
reacting slowly to produce unidentified species.

2.2. Coupling reaction

The reactivity of the chemically oxidized species of 2
was studied, and the most interesting result was
observed with the addition of half an equivalent of
ferrocenium hexafluorophosphate as oxidant [9]. A [2+
2] cycloaddition apparently takes place at the C,=Cjs
triple bond yielding to dark purple crystals of 5. The
NMR studies are consistent with a highly delocalized
structure giving a formal half-positive charge on each
ruthenium, intermediate with those sketched in Scheme
4. Indeed, the *'P analysis of 5 shows only one singlet
for the eight phosphorus atoms indicating that the two
metal sites are equivalent. The '*C analysis shows only
five different signals for the symmetric unsaturated
bridges linking the two ruthenium atoms. Furthermore,
the Ru—C,, resonance at 247.7 ppm (quint, *Jpc = 14
Hz) is downfield compared to that of an alkynyl (6 =
105.5 ppm for [Cl(dppe),Ru—C=C-CPh,H]) [22¢] and
upfield to that of an allenylidene complex (6 =308.6
ppm for [Cl(dppe),Ru=C=C=CPh,]) [20a].

The unprecedented observed regioselectivity of the
cycloaddition is explained by the steric hindrance of the
bulky ruthenium moieties as the C*=CP bond in the
diyne complexes 2 is sterically protected, and only the
C'=C? bond is reactive. Previous studies on ruthenium
allenylidenes [Cl(dppe),Ru=C=C=CRR,] and acety-
lides [Cl(dppe),Ru—-C=C-R] (dppe = 1,2-diphenylpho-

[RuCl(dppe),] ™ moiety prevents nucleophilic attacks
to C, and promotes reactions on C, [20,22].

The whole mechanism and the driving force remain
unverified but we can anticipate that despite the
unfavourable potential, the reaction is likely initiated
by an electron transfer between ferrocenium and 2
(E°=0.130 V vs. ferrocene) generating an electrophilic
organometallic radical. Further desilylation of 2 leads
to a radical species of type Rut*-C=C-C=CH«~
Ru*=C=C=C=CH" that can react with another mole-
cule of 2 as half an equivalent of oxidant is necessary.
The resulting cyclic radical is desilylated and incorpo-
rates hydrogen atoms from the medium. Complex 5 was
also obtained when the reaction was performed with the
unprotected diyne trans-[Cl(dppe),Ru—C=C-C=C-H]
as starting material instead of 2. Thus, spontaneous
deprotection occurs in the reaction medium and pre-
vious desilylation is not necessary. In that case, a
possible mechanism is described in Scheme 5.

3. New binuclear ruthenium with a C; bridge based on a
metal diyne—metal allenylidene coupling reaction

The first conclusions about the mechanism of the
radical-initiated coupling reaction, via a possible metal-
lacumulene radical intermediate, gave us impetus to
react metal diyne systems with preformed cumulenic
species. The isolation of ruthenium butatrienylidene
species has not been yet possible because of their high
reactivity [19], and this kind of intermediate has been
only isolated with a complex of iridium [CI(PiPr;),Ir=
C=C=C=CPh,] [29]. Therefore, the reaction has been
investigated with ruthenium allenylidene and diyne

sphinoethane) showed that the bulky ruthenium complexes.
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Scheme 3. Evidence for a butatrienylidene intermediate.
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Scheme 4. Binuclear complexes with a seven carbon atom bridge derived from 2 and 3.
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3.1. Allenylidene complexes

A variety of metal allenylidene complexes have been
prepared since the breakthrough of Selegue in 1982
[30b]. Following this pioneer reaction, the main route to
prepare ruthenium allenylidene consists in the activation
of propargylic alcohols in the presence of an in situ-
generated or previously isolated 16-electron intermedi-
ate [(dppe),RuCl]". Of interest are the ruthenium
complexes of type trans-[(dppe)(CH)Ru=C=C=
C(CH,R|)R,]BF, obtained with prior isolation of the
16-electron species in the presence of AgBF, (Scheme 6).

Main characteristic of those allenylidene complexes
with a ~CH,R, group on C, is their aptitude to be easily
deprotonated into stable ruthenium alkenyl acetylides
trans-[(dppe)(Cl)Ru—-C = C-C(=CHR)R;,] such as
8a—8c by action of a weak base (Et;N) [28]. CV studies
show a partially reversible reduction wave for 6b and for
6¢, and an irreversible one for 6a, by contrast with trans-
[Cl(dppe),Ru=C=C=CPh,]PFs. This irreversibility is
certainly attributable to the loss of a hydrogen atom in
the reduced state.

3.2. Metal allenylidene—metal diyne coupling reaction

This synthetic route to new ruthenium bimetallic
complexes is outlined in Scheme 4. The cationic
allenylidene complexes 6a—6c were reacted, at room
temperature, with one equivalent of the neutral diyne
compound 3. A metal-assisted C—C forming reaction
took place and stable dark green crystals of 7a—7¢ were
isolated in good yields (69—75%). These complexes 7a—
7c¢c were also obtained with similar yields when the
reaction was performed with the protected diyne 2 as
starting material instead of 3. Thus, spontaneous
desilylation of 2 also occurs here in the reaction medium
in the presence of the ruthenium allenylidene salt. The
FTIR spectra for all compounds present an intense

absorption around 1900 c¢cm !, characteristic of the

cumulenic character of the chain. As observed for 5, the
NMR studies are consistent with a highly delocalized
structure giving a formal half-positive charge on each
ruthenium fragment. The *'P-NMR analysis shows for
7a one singlet at 47.1 ppm typical for a symmetrical
structure, indicating that the two metal sites are
equivalent. The '"H-NMR spectra for 7a presents a
singlet at 5.50 for the proton (R; = H) on the Cj of the
chain, and a single signal for two methyl groups at 1.35
ppm. Conversely, NMR analyses evidence an unsymme-
trical structure for the systems 7b and 7c¢. Indeed, the
3'P.NMR spectrum displays two singlets at 43.8 and
49.6 ppm for 7¢. Furthermore, the '>*C-NMR spectrum
displays seven different signals for the delocalized
carbon chain. It is noteworthy that the carbon atom
C, and C/ resonances for these compounds (7a: 6 =224
ppm) are found downfield to that of an alkynyl (6 =
105.5 ppm for [Cl(dppe),Ru—C=C-CPh,H]) [22¢] and
upfield to that of an allenylidene complex (0 =308.6
ppm for [Cl(dppe),Ru=C=C=CPhs,]) [20a].

A highly probable mechanism for the reaction is
based on the fact that ruthenium allenylidenes with a —
CH,R, group on C, are easily deprotonated into stable
ruthenium acetylides (vide infra). This mechanism is
depicted in Scheme 7 for 7b. The first step consists in the
transfer of a proton from 6b to the nucleophilic carbon
Cs of 2 to form an unstable butatrienylidene complex
[A] and the acetylide 8b. A further fast addition of the
nucleophilic C; of 8 on the electrophilic C, of [A] leads
to the intermediate [B]. The formation of 7b would then
result from an allylic hydrogen transfer. This hypothesis
is supported by *'P-NMR monitoring of the reaction.
Two features were observed: (i) at the beginning of the
reaction, the apparition of two signals of similar
intensity corresponding to the intermediate [B] bearing
an enynyl moiety (53.6 ppm) and an allenylidene moiety
(43.2 ppm), and a weak intensity signal at 51.2 ppm

*BFy N\ *BFy
T/:PI PP —|
Ag BF. “ H-C=C-C(OH)(CH,R;)R 3 ,CHzR
cis-(dppe)oRuCl, —— = CI—Rlu\ (ONCHaRRs Cl-RieCc=c=C/
P B Ro
P
1 | P\ ,P
6a:Ry=H;R,=CHjy
EtN 6b:R{=H;Ry=Ph
p \P 6¢c:Ry=CHs;Ry=Ph
,CHR;4
Cl-Ru-C=C-C
PP
_J

8a:R;=H;R,=CHjs

8b:R;=H;Ry=Ph

8c:R;=CHj3; R, =Ph

Scheme 6. Syntheses of allenylidenes 6a—6c.
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attributed to the transient formation of 8b and (ii) the
gradual disappearance of these peaks and the emergence
of two new signals corresponding to the final complex
7b. 1t is as well supported by the fact that the reaction
does not work with allenylidene complexes such as
trans-[(dppe)»(C)Ru=C=C=CR*Ph|BF, with R®=H,
Ph or CH(CH3),. Hence, two hydrogen atoms on one
group on the C, of the allenylidene are required: one for
the proton exchange between 2 and 6b and another one
for the final transfer in [B]. Such an intermediate is not
observed with R® = CH(CHs), certainly for steric rea-
Soms.

4. Properties of the seven carbon bridged ruthenium
complexes

4.1. Crystal structures

Crystal structures could be resolved for complexes 5
and 7a (Figs. 1 and 2) confirming the highly delocalized
nature of the complexes. They both show very similar
features. They are built from two identical bulky
ruthenium fragments [RuCl(dppe),] " connected by the
seven-membered carbon bridge. The CI-Ru-C-C-C
arrangements are almost linear in both structures. The
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Fig. 1. Molecular structure of 5 (ORTEP view). Selected distances (A) and angles (°): Ru(1)~C(1), 1.933(3); C(1)~C(2), 1.225(4); C(2)-C(3), 1.372(4);
C(3)-C(4), 1.457(5); C(3)-C(4"), 1.459(5); C(1)-Ru(1)-CI(1), 178.49(9); C(2)-C(1)-Ru(1), 174.4(2); C(1)-C(2)-C(3), 178.3(3); C(2)-C(3)-C(4),

134.2(3); C(3)-C(4)-C(3'), 88.3(3).

Fig. 2. Molecular structure of 7a (ORTEP view). Selected distances (A)
and angles (°): Ru(1)-C(53), 1.923(9); C(53)-C(54), 1.218(12); C(54)—
C(55), 1.390(13); C(55)-C(56), 1.401(11); C(55)-C(57), 1.528(12);
C(53)-Ru(1)-Cl, 177.3(2); C(54)-C(53)-Ru(1), 178.0(8); C(53)—
C(54)-C(55), 178.1(11); C(54)—C(55)-C(56), 118.0(9); C(54)-C(55)—
C(57), 118.5(8); C(56)-C(55)-C(57), 123.6(9); C(55)—C(56)—C(55),
129.8(13).

Ru(1)-C(53) [1.923(9) A], C(54)-C(55) [1.390(13) A]
bonds in 7a and Ru—C(1) [1.933 A], C(2)-C(3) [1.372 A]
bonds in 5 are significantly shorter than the related
single bonds in a ruthenium alkyne system and longer
than the corresponding double bonds in a metal
allenylidene [30]. On the other hand, the bond lengths
C(53)-C(54) [1.218(12) A] in 7a and C(1)-C(2) [1.225
A] in 5 are intermediate between the values found in
these mononuclear systems.

In complex 5, the CI(1)-—Ru(1l)-bridge-Ru’(1)-CI(1)’
arrangement is linear. The four-membered ring is planar
giving the maximum orbital overlap across the bridge,
and is symmetric as C(3)—C(4) [1.457(5) A] and C(3)-
C(4) [1.459(5) A] are identical within experimental
errors. In order to account for the inversion center, we
should consider the occurrence of a fully delocalized
system with a disorder between CH and CHo,.

Considering 7a, the two ruthenium fragments are
connected by an almost planar “W”-shaped CoH-
bridge slightly twisted in order to minimize steric
repulsions. The different angles and bond lengths

involving C(55) and C(56) show the high sp” nature of
these carbon atoms, and the extended m-conjugation
along the bridge as indicated by the NMR data.

4.2. Electrochemical and optical data

CV was used to investigate the electrochemical
behaviour of 5 and 7a—7¢ (Table 1). All compounds
show similar features. They undergo a well-defined
reversible one-electron oxidation wave followed by an
almost reversible or irreversible second oxidation wave
consistent with the doubly oxidized species undergoing
following chemical reactions. To a first approximation,
these two oxidation steps could be viewed as essentially
involving the two Ru'"/Ru™ couples [22b,27]. The large
separation of the processes (AE° =650 mV, Kc=
exp(AE° FIRT) =1.27 x 10" for 7b [8]) is attributable
to substantial electronic interaction between the metallic
centers and more specifically to a combination of
phenomena such as strong electronic coupling, coulom-
bic repulsion, and/or structural distortion through the
oxidations. The singly oxidized compounds (mixed
valence) should be stable.

These complexes also undergo a well-defined one-
electron reduction wave at rather negative potential
attributable to the reduction of the unsaturated carbon
chain [13b,20b]. Indeed, achieving the reduction of
complexes 5 with cobaltocene allows the observation
of the radical species 5° which generates an intense and
persistent ESR feature at 293 K. The signal without
detectable hyperfine structure is located in a character-
istic region for organic radicals with g=2.009. Pre-
liminary experiments on 7a—7c¢ lead to the same
conclusions. This attribution is also supported by the
fact that the reduction potential is highly influenced by
the introduction of the phenyl group in 7b and 7c in
comparison with 7a.

These electrochemical experiments show that the four
bimetallic complexes are harder to oxidize than an
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Table 1
CV # and UV -vis data for complexes 5 and 7a—7¢

Eoy (V)° Eo, (V)°® E, (V) Jinax (M) e (mol 'lem™ )¢
5 —1.48 0.42 0.914 633 141000
7a —1.38 0.31 0.99 ¢ 730 122000
7b —1.24 0.32 0.97¢ 746 98000
Te —1.25 0.23 1.06¢ 764 109000

2 Sample: 1 mM BugNPFg (0.1 M) in CH,Cl,; v =100 mV s~ '; potential are reported in volt vs. ferrocene as an internal standard.

® Reversible redox processes AE, ~ 60 mV, I,J/I,, ~ 1.
¢ In CH2C12

4 Peak potential of an irreversible process.

¢ Partially reversible peak AE, x~ 95 mV, I/l < 1.

acetylide complex such as 2 (E° =0.130 V vs. ferrocene)
and harder to reduce than an allenylidene complex such
as [CIRu(dppe),(=C=C=CPh,)]PF¢ (E° = —1.03 V vs.
ferrocene). This is still consistent with a highly deloca-
lized structure giving a formal half-positive charge on
each ruthenium. Nevertheless, all the potential varia-
tions remain difficult to rationalize in details so far.

The UV-vis spectra were recorded from CH,Cl,
solutions. Each complex displays a strong charge
transfer band with a large extinction coefficient (Table
1). Clearly, the A,,x values are influenced by the nature
of the bridge. These observations are in agreement with
those of the Cs “V”’-shaped compound [CpRu(PPh;),=
C=C=CH-C=C-Ru(PPh;),Cp]BF,4 that shows an in-
tense band at lower wavelength (A, =600 nm, &=
72000 mol ~' 1em 1), as the conjugated path is shorter
[15]. It is worth to note that the optical band gaps
roughly correlate to the electrochemical band gaps
indicative of the metal to ligand charge transfer
(MLCT) nature of the transitions for all complexes.
For example, 7a displays an optical band gap of 1.70 eV
and AE° =1.69 V. Furthermore, for the complex 5, the
significant red shift (100 nm, 0.25 e¢V) matches the
observed difference in the electrochemical band gap of
0.21 eV (AE°=1.90 V).

Thus, these results evidence that a structural variation
in the C; bridge strongly influence the electrochemical
and optical properties. Especially important is the
replacement of two methyl groups by a ‘“bridging
CH,” unit. The “W?”-shaped systems present the highest
conjugation and this could be related to the absence of
cycle constraint in the delocalized path. These observa-
tions support the necessity to tune a general system to
find the best physical properties.

5. Conclusion

In conclusion, we have developed two novel easy
methods to prepare bimetallic complexes containing
unprecedented carbon-rich bridges, starting from simple
precursors in very mild conditions. These unique

annealated and “W”-shaped C; bridge arrangements
display remarkable stabilities, interesting spectroscopic,
redox, and structural properties. Arrangements with a
rigid spacer that affords restricted conformational
mobility between structural subunit are promising to
reach valuable models for new functionalized one-
dimensional molecular wires.
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