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The synthesis of the new ruthenium(II) allenylidene complex [ClRu(dppe)2@C@C@C11H6N2][OTf] (4)
(dppe = 1,2-bis(diphenylphosphino)ethane) terminated with a 4,5-diazafluorene ligand is reported. Fur-
ther coordination of that metal allenylidene to ruthenium and rhenium moieties leads to the bimetallic
adducts [ClRu(dppe)2@C@C@C11H6N2{Ru(bpy)2}][B(C6F5)4]3 (5a), [ClRu(dppe)2@C@C@C11H6N2{Ru(tBu-
bpy)2}][PF6]3 (5b) and [ClRu(dppe)2@C@C@C11H6N2{Re(CO)3Cl}][OTf] (6). Their optical and electrochem-
ical properties show that the allenylidene moiety is an attractive molecular clip for the access to larger
original redox-active homo/heteronuclear multi-component supramolecular assemblies. The X-ray crys-
tal structure of the allenylidene metal building block is also described.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Over the past decade, coordination complexes in which rigid
linear p-conjugated organic chains span transition metal centres
have been proposed as models for molecular wires or for molecular
scale electronic devices and memories [1–4]. In particular, electron
transfer processes between two redox centres have been examined
with a wide range of systems [5–17], and transition metal com-
plexes of the type [M]–C„C–R–C„C–[M] with direct connection
of a carbon-rich bridge with metal centres have shown excellent
abilities to complete a strong electronic interaction between the
two remote redox-active metal centres [11–17]. Interestingly, less
attention has been focused on related cumulenic species such as
metal allenylidenes [M]@C@C@CR2 [18–22] despite their potential
in material science for molecular wires [23–30], probably for syn-
thetic reasons.

Using the fragment [ClRu(dppe)2]+ (dppe = 1,2-bis(diphenyl-
phosphino)ethane), our group has been involved in the building
of new mono and polymetallic cumulenic species with unusual
topologies and reversible redox behaviour that are potential
molecular wires [17,18,30]. In particular, this system offers (i) an
easy synthesis of bimetallic complexes containing two conjugated
communicating ruthenium allenylidene centres [28], and (ii) ac-
cess to a monometallic trans-[Ph2C@C@C@Ru(dppe)2@C@C@CR2]2+

system promoting efficient electronic delocalization between the
All rights reserved.

fr (D. Touchard), stephane.
two carbon-rich allenylidene chains in a trans arrangement [27].
More specifically, these complexes can be easily reduced, and
mono-electronic reduction has been shown to lead to paramag-
netic species with the single electron delocalized over the car-
bon-rich chain(s).

In this context, it is very appealing to build multi-metallic
assemblies made from this cumulenic trans ditopic structure
[ClRu(dppe)2@C@C@CR2]+ that allow substitutions of the chlorine
atom with a cumulenic or an acetylide [31] chain to obtain innova-
tive conductive [32] or magnetic [33] organometallic networks. In
order to bring these individual units together within a larger
assembly designed for a specific task, it is essential to be able to
control the spatial arrangement of both the ligands and the metal
centres relative to each other. The incorporation of functionalized
allenylidene ligands with a coordinating group such as a a-diimine
moiety may represent an additional building tool that would open
avenues for the construction of new homo and heteronuclear orga-
nometallic compounds important for functional materials [34,35].
Indeed, a-diimine metal complexes represent an attractive class
of chromophores as they offer a large range of metals with differ-
ent oxidation states and ligands that can give rise to tuneable opti-
cal, magnetic, and electrochemical properties. For example, end-
capping of unsaturated organic spacers with redox-active groups,
such as Ru(II) polypyridine metal centres, have been most studied
where they are intended to promote long-range electron or energy
transfer [2,8–10,36,37], and efficient octupolar architecture for
NLO properties [38]. Rhenium(I) tricarbonyl diimine complexes
have also been particularly widely used as building blocks because
of their well-known photophysical, photochemical, and redox
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properties [10,39], including in carbon-rich multimetallic assem-
blies [40,41] and switches [42].

Herein, we describe the preparation, characterization, as well as
the optical and electrochemical properties of a ruthenium alleny-
lidene complex bearing a 4,5-diazafluorene functional group, along
with those of other new species resulting from the coordination of
the terminal diimine moiety to ruthenium and rhenium metal
units as a proof of principle. The diazafluorene ligand [43–46]
was preferred to the bipyridyl moiety [24] for its planar configura-
tion, in order to provide increased stability to the reduced form of
the allenylidene metals. The X-ray crystal structure of the alleny-
lidene metal building block has been determined.

2. Results and discussion

2.1. Synthesis

The synthetic procedure to the new allenylidene metals is de-
picted on Scheme 1. This route follows the guideline previously
established in the laboratory for this type of complex with the
Ru(dppe)2 system [31]. The actual propargylic alcohol 2 used to ob-
tain the allenylidene complex bears a 4,5-diazafluorene group, and
was readily obtained from 4,5-diazafluoren-9-one (1) and acety-
lene [47]. Further reaction of 2 with the 16 electron precursor
[RuCl(dppe)2]OTf (3) led to the deep red allenylidene complex 4
bearing the 4,5-diazafluorene terminal group (83%), fully charac-
terized by means of IR, NMR, mass spectroscopies, and elemental
analysis [48]. The trans structure of the ruthenium centre is first
established in the 31P NMR spectrum which shows a singlet at
37.2 ppm for the 4 equiv. phosphorus atoms. The allenylidene nat-
ure of the chain is demonstrated with characteristic 13C NMR sig-
nals at d = 320.8 (Ca), 247.0 (Cb), and 147.2 (Cc) ppm. A typical
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Scheme 1. Synthetic pathway for
intense vibration stretch (mC@C@C) is also observed on the IR spec-
trum at 1915 cm�1.

Good quality crystals were obtained from a methylene chloride/
diethyl-ether/n-pentane triphasic mixture (2/1/4). Therefore, the
X-ray structure of 4 could be resolved, and an ORTEP drawing of
the cation with relevant atom labelling is depicted in Fig. 1. Exper-
imental crystallographic data are given in Table 1, and selected
bond lengths and angles in Table 2. The global structure of 4 con-
sists in one cation unit, a triflate anion, and one CH2Cl2 as inclusion
solvent [49]. Examination of the chain reveals that the Ru1–C10,
C11–C12, C12–C13 distances are in line with typical values found
in metal allenylidenes such as [(g5-C5H5)(PMe3)2Ru@C@C@
CPh2]PF6 [50]. The structure also evidences the almost linear
arrangement of the bridge and of the chlorine atom both connected
to the metal with a typical Cl1–Ru1–C10 angle of 176.57(9)� [29],
although the carbon rich-chain is slightly more bent than usual
at the C12 atom (C10–C11–C12 = 172.4(4)�). On the other hand,
the diazafluorene moiety is planar as expected, and displays typical
bond lengths and angles [51]. It is worth noting that the latter is
not hindered at all by the dppe ligand; therefore it should tolerate
further coordination.

The complexation of 4 was performed with Ru and Re metal
fragments. In a first attempt, 4 was reacted with Ru(bpy)2Cl2

(bpy = 2,20-bipyridine) in refluxing ethanol. The bimetallic adduct
5a was obtained as a brown powder (79%). As expected the 31P
NMR resonance at 36.2 ppm was slightly shifted to higher field
by comparison with that of 4. The mC@C@C was observed at
1899 cm�1. This band is less intense than that of the precursor. This
phenomenon is tentatively attributed to the two positively charged
centres that are expected to decrease the dipole moment change
during the symmetric stretch [52]. Unfortunately, the compound
appeared to be poorly soluble despite the use of (C6F5)4B� as coun-
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Fig. 1. Perspective view of the cation of 4; thermal ellipsoids are set at 50%
probability.

Table 1
Crystal data and structure refinement for 4

Empirical formula C67H56Cl3F3N2O3P4RuS
Formula weight 1357.50
Temperature (K) 293(2)
Wavelength (Å) 0.71073
Crystal system, space group Monoclinic, P 21/c
Unit cell dimensions

a (Å) 18.6734(2)
b (Å) 17.9871(2)
c (Å) 19.3233(3)
a (�) 90
b (�) 99.3950(10)
c (�) 90

Volume (Å3) 6403.26(14)
Z, Calculated density (Mg/m3) 4, 1.408
Absorption coefficient (mm�1) 0.559
F(000) 2776
Crystal size (mm) 0.58 � 0.52 � 0.44
h Range for data collection (�) 3.03–27.48
Limiting indices �24 6 h 6 24, �21 6 k 6 23,

�25 6 l 6 25
Reflections collected/unique [Rint] 27145/14633 [0.0211]
Completeness to h = 27.48 (%) 99.7
Absorption correction None
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 14633/0/775
Goodness-of-fit on F2 1.066
Final R indices [I > 2r(I)] R1 = 0.0494, wR2 = 0.1413
R indices (all data) R1 = 0.0656, wR2 = 0.1538
Largest difference in peak and hole

(e Å�3)
1.115 and �0.732

Table 2
Selected bond lengths d (Å) and angles x (�) in 4

Bond d Bond d

Ru(1)–Cl(1) 2.4441(7) C(21)–C(25) 1.405(5)
Ru(1)–C(10) 1.873(3) C(22)–C(23) 1.394(6)
C(10)–C(11) 1.261(4) C(23)–C(24) 1.388(9)
C(11)–C(12) 1.342(4) C(24)–N(1) 1.329(8)
C(12)–C(21) 1.473(5) C(25)–N(1) 1.331(5)
C(12)–C(31) 1.480(5) C(25)–C(35) 1.464(6)
C(21)–C(22) 1.354(6)

Angle x Angle x

C(10)–Ru(1)–Cl(1) 176.56(9) C(25)–C(21)–C(12) 108.2(3)
C(11)–C(10)–Ru(1) 175.7(3) C(21)–C(22)–C(23) 116.9(5)
C(10)–C(11)–C(12) 172.5(3) C(22)–C(23)–C(24) 118.7(5)
C(11)–C(12)–C(21) 126.6(3) N(1)–C(24)–C(23) 125.7(4)
C(11)–C(12)–C(31) 126.9(3) N(1)–C(25)–C(21) 124.6(5)
C(21)–C(12)–C(31) 106.4(3) N(1)–C(25)–C(35) 126.5(4)
C(22)–C(21)–C(25) 119.9(4) C(21)–C(25)–C(35) 109.0(3)
C(22)–C(21)–C(12) 131.9(3)
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ter anion. As this might preclude future formation of larger assem-
blies, the ligation was also carried out with the Ru(tBu-bpy)Cl2

(tBu-bpy = 4,40-tBu2-2,20-bpy). The analogous soluble bi-metallic
adduct 5b was obtained in 77% yield. This complex displays similar
spectroscopic characteristics, i.e. the 31P NMR resonance at
36.1 ppm and the 1900 cm�1 m@C@C@C. Furthermore, the 1H NMR
spectrum displays two expected signals at d = 1.53 ppm and
1.49 ppm for the tBu groups.

Coordination of 4 was also completed with Re(CO)5Cl using
classic conditions [53]. After reaction for 18 h in refluxing toluene,
the hetero-bimetallic complex 6 was obtained in good yield (67%).
The 31P NMR spectrum shows a singlet at 35.5 ppm for the 4 equiv.
phosphorus atoms. The vibration stretch for the allenylidene chain
(mC@C@C) is observed in the IR spectrum at 1897 cm�1, in addition to
the expected mCO. The structures of all complexes are also sup-
ported by high resolution mass spectroscopy and 13C NMR (when
soluble).

2.2. UV–Vis spectra

Typical UV–Vis absorption spectra are displayed in Fig. 2, and
the band positions as well as the corresponding absorption coeffi-
cients are reported in Table 3. All spectra are dominated in the UV
region by ligand-centred p ? p* transitions. These Intra Ligand
transitions (IL) involve at least the dppe ligand, the allenylidene
carbon-rich ligand, and its diazafluorene moiety [51,52]. For
complex 4, two broad absorption bands are also observed at lower
energy. On the basis of the transitions observed for [ClRu-
(dppe)2@C@C@CPh2][PF6] (A) (Table 3) [26], the absorption
located at kmax = 521 nm is expected to arise from the allowed
transition from one of the metal based HOMOs to the allenylidene
ligand based LUMO (RuII(dp) ? p*(allenylidene), MLCT) [52]. The
red shift is attributed to the electron withdrawing character of
the diazafluorene moiety that lowers the allenylidene ligand orbi-
tal energy. The higher energy absorption at kmax = 453 nm is ten-
tatively assigned to a transition involving the diazafluorene group
[51].

The bimetallic adducts 5a and 5b display very similar absorp-
tion spectra as expected. As an example, 5b shows a high energy
behaviour consistent with bipyridine IL transitions expected
around 240 and 284 nm in addition to other ligand-centred
p ? p* features. The set at lower energy obviously includes mul-
tiple bands as well. The detailed interpretation of such an
absorption spectrum is difficult due to the overlapping of the
bands. Indeed, mixed diimine ligands lower the symmetry of
the complex and remove the degeneracy of the p* levels which
result in the appearance a broad MLCT band. Furthermore, the
allenylidene contribution is expected in the same region. Never-
theless, the peak observed here at kmax = 469 nm is similar in
shape to those observed for RuII(dp) ? p*(diimine) transition
(MLCT) in ruthenium complexes coordinated to two bipyridines
and to analogous 4,5-diazafluorene ligands (e.g. 4,5-diazafluo-
ren-9-one) [44,45]. The present absorption band is red shifted
by comparison with the latter, a phenomenon tentatively as-
cribed to the electron withdrawing character of the carbon-rich
moiety. The low energy shoulder is larger and more intense than
that observed in those analogous examples, a fact attributed to
the presence of the RuII(dp) ? p*(allenylidene) MLCT from metal
allenylidene moiety in addition to the spin forbidden triplet
absorption of the diazafluorene/bpy ruthenium centre. It is
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Fig. 2. UV–Vis absorption spectra for compounds 4, 5b, and 6 in CH2Cl2 solutions.

Table 3
Electrochemical (CV) and UV–Vis data

Electrochemistrya UV–Vise

E�red3 E�red2 E�red1 E�ox1 kmax/nm (e/mol�1 L cm�1)

A �2.11c �1.03b 0.99d 230 (58300), 273 (59100), 505 (20100)
4 �1.38d �0.58b 228 (68300) 274 (59900), 453 (15700),

521 (13700)
5a �1.94c �0.91d �0.27b 1.03b 230 (96800) 284 (73200), 470 (25400)
5b �2.11c �0.94d �0.29b 0.89d 230 (76000) 284 (86300), 469 (31800)
6 �1.05d �0.32b 1.07c 232 (62500) 276 (49400), 458 (21110),

545 (sh, 8000)

a Sample 1 mM in CH2Cl2, [NBu4]PF6 (0.1 M), v = 100 mV s�1, potentials are
reported in V vs. ferrocene as an internal standard.

b Reversible oxidation processes, DEp � 60 mV.
c Peak potential of a chemically irreversible process.
d DEp � 70 mV.
e In CH2Cl2.

Fig. 3. Cyclic voltammograms of compounds 4 and 5b recorded in CH2Cl2 solution
containing [NBu4]PF6 at scan rate of 0.1 V/s.
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worth to note that the lowest energy MLCT transitions of ruthe-
nium diimine complexes are known to be related to the differ-
ence between the first one-electron oxidation (RuIII/RuII) and
the first one-electron reduction (bpy/bpy��) potentials (DE1/2) of
this centre [54]. Electrochemical data (vide infra) were used to
calculate the expected energy transitions for the relevant MLCT
bands. As a result, the concerned MLCT transition is expected
to result from the Ru(dp) ? bpy(p*) transition rather than from
the Ru(dp) ? diazafluorene (p*) that should occur in the near-
IR region of the spectrum. However, no absorptions were ob-
served in this region showing that this transition should be for-
bidden as already reported [45].

The rhenium complex 6 displays a similar behaviour to that
of 4 at high energy. At lower energy, the broad band centred
at 458 nm is tentatively assigned as the Re(dp) ? p*(diazafluo-
rene) MLCT transition, red shifted from the usual absorption ow-
ing to the presence of the positively charged allenylidene ligand
[46]. However, the extinction coefficient on the order of
104 mol�1 L cm�1 is larger by an order of magnitude from the
103 mol�1 L cm�1 commonly observed for rhenium diimine MLCT
transitions. Therefore this absorption band should probably also
include a transition involving the cumulenic diazafluorene moi-
ety as observed for complex 4, transition which should also be
buried in the broad low energy band in 5a,b spectra. Finally,
the low energy shoulder at kmax = 545 nm is ascribed to the
slightly red sifted RuII(dp) ? p*(allenylidene) MLCT. Overall, the
optical properties of the different building blocks are retained
in the bimetallic species.

2.3. Electrochemical data

Cyclic voltammetry (CV) was used to study the electrochemical
behaviour of all metal complexes (CH2Cl2 solutions, 0.1 M
Bu4NPF6). The values of the potentials for all compounds are re-
ported in Table 3, and typical CVs are displayed in Fig. 3. Regarding
the monometallic metal allenylidene 4, the two reversible mono-
electronic waves are attributed to the reduction of the cumulenic
ligand [26,28,55]. As expected, the associated potentials at
E� = �0.58 and E� = �1.38 V vs. Fc are more favourable than those
of A because of the presence of N-atoms more electronegative than
C-atoms in the diimine part. Importantly this planar diazafluorene
group obviously enhances stability of the second reduced species.
In contrast with A, and as a consequence of the positive shift of
the potentials, no RuII/RuIII oxidation event is observed in the elec-
trochemical window [52].

Coordination of the chelating ligand with transition metals
also considerably favour these reduction processes. Indeed, for
the three bimetallic complexes 5a,b–6, the first reduction occurs
around E� � �0.30 V, and the second around E� � �1.00 V vs Fc.
For the ruthenium complexes 5a,b, the third irreversible reduc-
tion process is assigned to the reduction of the bipyridine ligands
(not shown). On the other hand, the oxidation process observed
for 5a,b is reversible and attributed to the RuII/RuIII oxidation
of the ruthenium diimine moieties. Due to the electron with-
drawing character of the allenylidene metal, this potential is
slightly shifted by comparison to that of Ru(bpy)2+

3 [10]. It is
worth noting that these assignations are further supported by
the significant negative shift of the third reduction and of the
first oxidation observed for 5b bearing two tBu-bpy ligands by
comparison with those of 5a. Regarding the rhenium complex
6, the irreversible oxidation process at E� = 1.07 V is tentatively
associated with a metal-centred electrochemical reaction
Re(I) ? Re(II) [56]. Overall, these studies highlight the increased
stabilization of the easily reduced metal allenylidenes by com-
parison with A, either with the free or coordinated diazafluorene
ligand.

3. Conclusion

In this work, we have obtained a new allenylidene ruthenium
complex bearing a chelating 4,5-diazafluorene ligand. Further
coordination of this new molecular clip to ruthenium and rhenium
metal centres was demonstrated as a proof of concept to achieve
novel original supramolecular assemblies. Indeed, substitution of
the trans chlorine atom of the metal allenylidene precursor with
an acetylide or another allenylidene carbon-rich chain, as well as



O. Pélerin et al. / Journal of Organometallic Chemistry 693 (2008) 2153–2158 2157
connection to metal units bearing other carbon-rich ligands should
allow the building of large homo/heteronuclear multi-component
assemblies. The optical properties of the building blocks are re-
tained in the new adducts, and importantly these complexes show
reversible electrochemical behaviour especially for the reduction
of the allenylidene chain. Therefore, these results also open the
door to the realization of novel magnetic assemblies: (i) with the
connection of several allenylidene building blocks around coordi-
nation centres, and (ii) with the use of paramagnetic metallic
components.

4. Experimental

The reactions were carried out under inert atmosphere using
Schlenk techniques. Solvents were freshly distilled under argon
using standard procedures. Chromatography and filtration were
performed using alumina (Acros, actived neutral 50–200 lm). Elec-
trochemical studies were carried out under argon using an Eco
Chemie Autolab PGSTAT 30 potentiostat (CH2Cl2, 0.1 M Bu4NPF6).
The working electrode was a Pt disk, and ferrocene was the internal
reference. High resolution mass spectra (HRMS) were recorded in
Rennes at the CRMPO (Centre Régional de Mesures Physiques de
l’Ouest) on a ZabSpecTOF (LSIMS at 4 kV) spectrometer. The
(bpy)2RuCl2 [57], (tBu-bpy)2RuCl2 [58], [RuCl(dppe)2][TfO] (3)
[59] precursors were prepared as previously reported, and 4,5-
diazafluoren-9-one (98%) was purchased from Aldrich.

4.1. H–C„C–OHC11H6N2 (2)

In a Schlenk tube, THF (20 mL) was cooled at �78 �C before
addition of ethyne measured with a gas burette (40 mmol) and
nBuLi (12.4 mmol, 8 mL of 1.6 M solution in hexane). The mixture
was stirred for 15 min at �78 �C before addition of a suspension
of 4,5-diazafluoren-9-one (4.17 mmol, 760 mg) in THF (10 mL).
The resulting mixture was further stirred for 1 h at �78 �C and
18 h at room temperature before being hydrolyzed with a satu-
rated NH4Cl solution. The crude product was extracted with
CH2Cl2 (4 � 50 mL), washed with water (3 � 20 mL), dried, and
the solvent was evaporated. Further purification was achieved
by chromatography over silica gel (10% diethyl-ether in n-pen-
tane) to afford 740 mg of 2 (85%).1H NMR (CDCl3): d 8.69 (dd,
2JHH = 4.9 Hz, 3JHH = 1.2 Hz, 2H, diazafluorene), 8.08 (dd,
2JHH = 7.7, 3JHH = 1.2 Hz, 2H, diazafluorene), 7.33 (dd, 2JHH = 4.9
and 7.7 Hz, 2H, diazafluorene), 3.20 (br, 1H, OH), 2.52 (s, 1H,
CH). 13C{1H} NMR (CDCl3): d 156.68, 155.80, 141.70, 132.07,
124.21 (Ar), 82.02 (C„C–H), 72.20 (C„C–H), 70.91 (C–OH). IR
(cm�1, KBr): 2102 (mC„C). MS(EI) (m/z): 208.0623 ([M+], calc.:
208.0636).

4.2. [Cl–Ru(dppe)2@C@C@C11H6N2][OTf] (4)

In a Schlenk tube, [Ru(dppe)2Cl][OTf] (3) (1 mmol, 1.08 g) and 2
(1.4 mmol, 291 mg) were dissolved in CH2Cl2 (50 mL) and the solu-
tion was stirred at room temperature for 72 h. After evaporation,
the solid was washed with Et2O (2 � 20 mL) and crystallization
from CH2Cl2/Et2O/n-pentane (20:10:40) yielded to 1.08 g of 4 as
dark red crystals (83%). 31P{1H} NMR (CDCl3): d 37.2 (s). 1H NMR
(CD2Cl2): d 8.84 (d, 2JHH = 4.1 Hz, 2H, H-diazafluorene), 7.33–6.75
(m, 42H, diazafluorene and Ar), 6.56 (d, 2JHH = 7.1 Hz, 2H, diazaflu-
orene), 3.30 and 3.20 (m, 8H, dppe). 13C{1H} NMR (CD2Cl2): d 320.8
(quint., 2JPC = 15 Hz, Ru@C), 249.0 (Ru@C@C), 147.2 (Ru@C@C@C),
163.6–124.8 (CAr), 121.05 (q, CF3SO3, 1JCF = 320 Hz), 28.3 (quint.,
dppe, |1JPC + 3JPC| = 22 Hz). IR (cm�1, KBr): 1915 (mC@C@C). HR-
MS(LSIMS) (m/z): 1123.2007 ([M+], calc.: 1123.1970). Anal. Calc.
for C66H54F3ClO3P4SN2Ru � 0.5CH2Cl2: C, 60.73; H, 4.22. Found: C,
60.69; H, 4.29%.
4.3. [Cl–Ru(dppe)2@C@C@C11H6N2{(bpy)2Ru}][B(C6F5)4 ]3 (5a)

In a Schlenk tube, (2,20-bpy)2RuCl2 (0.067 mmol, 35 mg) and 4
(0.067 mmol, 85 mg) were heated at reflux in EtOH (5 mL) for 6 h.
After cooling down to room temperature, KB(C6F5)4 (0.268 mmol,
192 mg) was added and the mixture was kept stirring for 45 min.
After evaporation, the residue was dissolved in CH2Cl2 (10 mL), the
solution was filtered and washed with water (3 � 10 mL). After
evaporation of the solvents and washing of the residue with Et2O
(3 � 10 mL), crystallization from CH2Cl2/n-pentane (15:30) led to
117 mg of 5a as a brown powder (79%). 31P{1H} NMR (CDCl3): d
35.7 (s). 1H NMR (CDCl3): d 8.45–6.77 (m, 60H, Ar), 6.54 (d,
2JHH = 7.7 Hz, 2H, diazafluorene), 3.31 and 2.97 (m, 8H, dppe). IR
(cm�1, KBr): 1899 (mC@C@C). HR-MS(LSIMS) (m/z): 2895.1980
([C3+, 2A�]+, calc.: 2895.2000). Anal. Calc. for C157H70F60Cl-
P4B3N6Ru2 � 3CH2Cl2: C, 50.19; H, 2.00. Found: C, 50.57; H, 2.02%.

4.4. [Cl–Ru(dppe)2@C@C@C11H6N2{(tBu-bpy)2Ru}][PF6]3 (5b)

In a Schlenk tube, (4,40-tBu2-2,20-bpy)2RuCl2 (0.275 mmol,
200 mg) and 4(0.275 mmol, 350 mg) were heated at reflux in EtOH
(20 mL) for 6 h. After cooling down to room temperature, NH4PF6

(1.375 mmol, 220 mg) was added and the solution was further stir-
red for 45 min. The solvent was removed and the residue dissolved
in a minimum of CH2Cl2. After filtration, the solvent was evapo-
rated and the solid washed with Et2O (3 � 15 mL). Crystallization
from CH2Cl2/n-pentane (25:50) led to 465 mg of 5b as a brown
powder (77%).31P{1H} NMR (CDCl3): d 36.1 (s). 1H NMR (CD2Cl2):
d 8.32–6.89 (m, 58H, Ar), 6.52 (d, 2JHH = 7.7 Hz, 2H, diazafluorene),
3.22 and 3.03 (m, 8H, dppe), 1.53 and 1.49 (s, 18H, CH3).13C{1H}
NMR (CD2Cl2): d 324.2 (quint., 2JPC = 15 Hz, Ru@C), 283.6 (Ru@C@C),
166.6–120.8 (Ar), 28.7 (quint., dppe, |1JPC + 3JPC| = 22 Hz) 35.6 and
35.5 (CMe3), 30.1 and 30.3 (CH3). IR (cm�1, KBr): 1900 (mC@C@C).
HR-MS(LSIMS) (m/z): 2051.4194 ([C3+, 2A�]+, calc.: 2051.4214).
Anal. Calc. for C157H70F60ClP4B3N6Ru2 � 0.5CH2Cl2: C, 54.45; H,
4.64. Found: C, 54.39; H, 4.59%.

4.5. [Cl–Ru(dppe)2@C@C@C11H6N2{Re(CO)3Cl}][OTF] (6)

In a Schlenk tube, Re(CO)5Cl (0.15 mmol, 58 mg) and 4
(0.15 mmol, 194 mg) were heated at reflux in toluene (20 mL) for
18 h. The mixture was concentrated, washed with n-pentane
(20 mL) and filtered. After evaporation, the solid was washed with
Et2O (2 � 20 mL). Crystallization from CH2Cl2/n-pentane (1:2)
yielded 160 mg of 6 as dark brown crystals (67%). 31P{1H} NMR
(CDCl3): d 35.5 (s). 1H NMR (CD2Cl2): d 8.90 (d, 2JHH = 4.8 Hz, 2H,
diazafluorene), 7.41–6.90 (m, 42H, diazafluorene and Ar), 6.77 (d,
2JHH = 7.2 Hz, 2H, diazafluorene), 3.35 and 3.20 (m, 8H, dppe).
13C{1H} NMR (CD2Cl2): d 324.6 (quint., 2JPC = 14 Hz, Ru@C), 281.2
(Ru@C@C), 198.4 and 189.1 (CO), 166.16–128.2 (Aromatics),
121.15 (q, CF3SO3, 1JCF = 320 Hz), 28.7 (quint., dppe, |1JPC + 3JPC| =
22 Hz). IR (cm�1, KBr): 2024 (s) (mCO), 1918 (vs) (mCO), 1897 (mC@C@C),
1885 (s) (mCO). HR-MS(LSIMS) (m/z): 1429.1058 ([C]+, calc.:
1429.1063). Anal. Calc. for C69H54F3Cl2O6P4SN2RuRe � 0.5CH2Cl2:
C, 52.51; H, 3.42. Found: C, 51.15; H, 3.45%.
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