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Abstract. A series of bimetallic N-heterocyclic carbene (NHC) ruthenium(Il) complexes were
synthesized, which comprise two [RuCl,(cymene)(NHC)] units that are interlinked via the NHC
nitrogens by alkyl chains of different length. Electrochemical characterization revealed two mutually
dependent oxidation processes for the complex with a methylene linker, indicating moderate
intramolecular electronic coupling of the two metal centers (class II system). The degree of coupling
decreases rapidly upon increasing the number of CH, units in the linker and provides essentially
decoupled class 1 species when propylene or butylene linkers are used. Electrochemical analyses
combined with structural investigations suggest a through-bond electronic coupling. Replacement of the
alkyl linker with a p-phenylene group afforded cyclometallated complexes, which were considerably
less stable. The electronic coupling in the methylene-linked complex and the relatively robust NHC-

ruthenium bond may provide access to species that are switchable on the molecular scale.



Introduction

N-heterocyclic carbenes (NHCs) have had and continue to have an enormous influence on the
development of new and highly powerful catalysts based on transition metals.'” The success of NHCs as
ligands has been largely associated with their unique donor properties paired with the strong bond they
typically form with transition metals.’ Despite the rapid evolution of these ligands from niche
compounds to some of the most relevant scaffolds for transition metal chemistry, the application of
NHC ligands in domains other than catalysis has remained scarce." Perhaps most impressive
achievements in non-catalytic domains encompass the exploitation of anti-carcinogenic’ and
antimicrobial activities’ of some NHC metal complexes. Applications in other domains such as
molecular electronics have been very limited thus far. This seems remarkable, especially when
considering the potential of the metal-NHC synthon in such areas, imparted in particular by the
significant ; character of the M—C bond established for various metal NHC complexes.”* This bonding
situation is expected to enhance the electronic coupling between a redox-active metal center and the
ligand,’ e.g. for catalyst (de)activation," and constitutes a pivotal prerequisite for the construction of
transition metal-based molecular diodes." Specifically, electronic communication between metal and
ligand provides access to metal-metal interactions in bimetallic systems, which is essential for

generating mixed-valent species,"

and which offers advantages for the fabrication of electronically
active devices such as switches or junctions in molecular wires.”” The most successful linkers used
today are bi- and terpyridines,'* and (poly)acetylides."” Due to their synthetic flexibility and the covalent
M-C bond, NHCs have great potential for combining the benefits of both types of linkers.

Only recently ditopic NHC ligands have emerged as potentially conjugated spacers for interlinking
two metal centers.' The dicarbene spacer A (Fig. 1), pioneered by Bielawski and coworkers,"” provides
a versatile platform for the formation of bimetallic complexes. Despite the apparent conjugation

between the two carbene sites, only very weak intermetallic interactions were observed with different

metals (Fe, Ru, Ir)." Such weak coupling has been attributed tentatively to a small orbital overlap



between the NCN amidylidene fragment and the central benzene ring.'*

With heavy transition metals
such as iridium, an energy mismatch between the metal 5d orbitals and the carbene 2p orbitals
constitutes an additional barrier to electronic metal-metal coupling.”*”" Consistent with these
considerations, related ditopic ligands such as the dicarbene B are less efficient spacers.” In contrast,
interconnection of the two ligating carbene sites via the nitrogen atom as in C and D may alleviate the
insulating effects encountered with spacer A and may thus stimulate metal-metal interactions. Here we
report on a series of bimetallic complexes featuring ruthenium(II) centers interlinked by a methylene-
bridged dicarbene ligand of type C. Variation of the alkyl unit allows for tailoring the degree of

communication between the metal centers, thus providing a methodology for modulating the redox-

switching properties of the bimetallic system.
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Figure 1. Generic forms of ditopic dicarbene ligands as potential spacers for interconnecting two redox-active

sites.

Results and Discussion

Synthesis of Dinuclear Ruthenium(II)-NHC Complexes. The bimetallic ruthenium(II) complexes 2
comprising bridging NHC ligands were synthesized from the corresponding diimidazolium salts 1*' by
transmetallation according to modified procedures (Scheme 1).** Notably, the preparation of the Ag-
carbene intermediates proceeded much cleaner in warm MeCN than from CH,Cl, solution. Subsequent
carbene transfer to [Ru(n’-p-cymene)Cl,], was performed in the case of short linkers (n = 1, 2) by

gradual warming of a frozen CH,Cl, suspension of the silver-carbene complex in the presence of a



solution containing the ruthenium(Il) precursor. Under these conditions, chelation of the dicarbene

ligand® was successfully prevented.
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Scheme 1. Synthesis of bimetallic ruthenium(II) carbene complexes 2 and the corresponding monometallic
model compound 3; reagents and conditions: i) Ag,0, MeCN, +40 °C, 16 h, then [RuCl,(cymene)],, CH,Cl,, —
196 °C to RT or RT, 16 h.

Formation of the bimetallic complexes 2a-d was indicated by the expected 1:1
cymene/imidazolylidene ratio in the 'H NMR spectra. Typically, the cymene protons appear as two
pairs of doublets, suggesting a locked conformation of the arene rings in solution. Furthermore, the
NCH, protons of the nBu wingtip group are magnetically inequivalent and gave two distinct sets of

multiplets as a direct consequence of the restricted rotation about the Ru—C bonds. Similar behavior

carbene
was observed for the monometallic model complex 3 comprising a monotopic NHC ligand, ™ and also
for related dinuclear rhodium(I) complexes™™ containing the same type of ditopic carbene ligands.

The room temperature 'H NMR spectrum of 2¢ revealed broad signals. Fluxional behavior was
evidenced by variable temperature experiments. At —20 °C, three doublets (1:1:2 integral ratio) were
observed for the cymene protons, which merged into two doublets (1:1 ratio) upon heating the solution
to +55 °C. From the coalescence temperature, 7, = 300(x2) K, an approximate activation energy AG* =
63.6(x0.4) kJ mol™' was calculated for this process, tentatively attributed to rotation about the Ru—C, .1
bond. Similar behavior and an essentially identical activation energy was also noted for 2d (7, =

311(x2) K, AG* = 63.0(x0.4) k] mol™). The barrier is slightly lower in the related mononuclear complex

3 (AG* = 58.6(x0.6) k] mol™, T, = 311(«3) K),"™ thus reflecting a larger rigidity in bimetallic as



opposed to monometallic species. In addition, two full sets of signals were observed for 2d at the slow
exchange limit (-20 °C), which suggests the presence of two diastereomers (approximately 1:1 integral
ratio) originating from chirality at ruthenium upon locking the relative cymene/carbene orientation.
Consistent with this model, two distinct carbene resonances were observed at room temperature (O
173.2, 172.9). Similar diastereomeric mixtures were observed in bimetallic Rh,(NHC), complexes.”*¢
Upon warming, the two sets coalesce (7. = 290(+2) K for the cymene signals, AG* = 59.8(+0.4) kJ mol
"), thus suggesting epimerization of the complexes.

Solid-state structures. Suitable crystals of 2a and 2d were analysed by X-ray diffraction. The
molecular structure of 2a (Fig. 2) confirms the bridging coordination mode of the ditopic carbene ligand
as presumed from solution measurements. The unit cell contains two crystallographically independent

molecules of 2a, which differ in their distinct orientation of the arene substituents.”* Moreover, the

Ru---Ru distances in the two molecules vary considerably (7.0244(5) A and 7.2614(6) A, respectively).

1.822225 Qhort intramolecular

Bond lengths and angles around the ruthenium centers are unexceptiona
contacts between all chlorides and NCH, hydrogens were observed. For example, the two hydrogen of

the CH, bridge engage in a C—H---Cl interaction with chlorides bound to different ruthenium centers

(average H---Cl distance 2.60 A).

Figure 2. ORTEP representation of the two independent molecules in the unit cell of complex 2a (50%
probability ellipsoids, H atoms omitted for clarity; only one of the two disordered positions of the CH,CH,

moiety of the nBu group is shown in a).



Table 1. Selected bond lengths (A) and angles (°) of complexes 2a and 2d.”

2a 2d
molecule 1 molecule 2  east part west part
Ru-C 2.084(4) 2.071(3) 2.07009) 2.106(9)
Ru—Cl 2.4234(10) 2.4105(10) 2.421(2) 2.414(3)
Ru-Cl 24287(10) 24317(10) 2.442(3) 2.445(2)

Ru-C,,., 1.7054(16) 1.6789(16) 1.696(5)  1.699(5)

Ru---Ru 7.2614(6)  7.0244(5) 6.4268(12)

a

" molecule 1 and molecule 2 refer to the two crystallographically independent molecules in the
asymmetric unit of 2a, east and west parts refer to the Rul and Ru2 fragments, respectively, of complex
2d

Remarkably, the intramolecular Ru---Ru distance in the molecular structure of complex 2d (Fig. 3a) is
6.4268(12) A and hence shorter than in the methylene-bridged analogue 2a (> 7.0 A). This shorter
metal-metal separation illustrates the increased flexibility of the alkyl linker between the heterocycles in
2d. While the molecular parameters (bond lengths and angles, and also the short intramolecular C-
H-..Cl-Ru contacts) are similar to those in 2a, the packing diagram of 2d is different and shows a
lamellar structure consisting of layers of molecules in the ab plane (Fig. 3b). Four molecules form a
channel, which is filled by molecules from adjacent layers. The intermolecular metal-metal distance is
7.368 A and thus slightly longer than the intramolecular metal separation. The specific organization of
the molecules may suggest some degree of self-assembly. However, we have not succeeded in

identifying any specific intermolecular contacts that may point to secondary interactions such as van der

Waals or s—s interaction.



Figure 3. a) ORTEP representation of 2d (30% probability ellipsoids; H atoms and co-crystallized Et,O

molecule omitted for clarity) and b) packing diagram showing the channel-type ordering of the molecules.

(Spectro)Electrochemistry. The electronic properties of these bimetallic complexes were evaluated
by electrochemical analysis in CH,Cl, as non-coordinating solvent in order to avoid ligand exchange
between the halide ligands and the solvent molecules. Cyclic voltammetry (CV) showed two weakly
reversible oxidations for 2a with two distinct anodic peaks located at EpaI =1.20 V and Epa2 =148 V vs.
SCE (Fig. 4a) suggesting electronic coupling of the metal centers. The first oxidation potential compares
well with the anodic peak potential of the monometallic analogue 3 (E,, = 1.09 V vs. SCE) and suggests
a similar redox step in both complexes. For the complexes 2b—d, the separation of the two oxidation
potentials was less evident by CV, and differential pulse voltammetry (DPV) measurements were used
to better distinguish the two processes (Fig. 4b, Table 2). The separation of the two oxidation potentials

gradually decreases as the number of methylene units between the carbene moieties is increased.
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Figure 4. a) Cyclic voltammogram of complex 2a (Fc*/Fc as internal reference) and b) differential pulse

voltammograms of 2a—d.

While complexes 2¢ and 2d revealed almost symmetric signals, the redox processes of 2a and 2b are
more complicated as indicated by the asymmetric shape of the DPV signals. Deconvolution using the
monometallic complex 3 as a reference indeed revealed an appropriate fit if the first unusually broad
redox process of 2a is surmised to consist of two one-electron processes centered at +1.15 V and +1.24
V, respectively.” The subsequent oxidation at +1.41 V then corresponds to a two-electron process.
Analogous deconvolution of the signal due to 2b suggests an initial two-electron oxidation at +1.13 V,
followed by two one-electron oxidations at +1.21 and +1.31 V, respectively. Accordingly, the two well-
resolved signals for 2¢ and 2d presumably reflect two two-electron processes. Tentatively, these
processes have been assigned to a stepwise oxidation of Ru" to Ru'"', which is essentially decoupled in
2c¢ and 2d, yet weakly coupled in 2a and 2b. In such a superexchange model, the first one-electron step
produces in 2a a mixed-valent Ru"/Ru'" species, and a mixed-valent Ru"/Ru" species when starting
from 2b. Our data do not allow for rationalizing the different behavior of 2a and 2b. Tentatively we
propose that coupling of the Ru" centers in 2b ensues due to the flexibility of the ethylene linker, which
allows the two ruthenium centers to be bridged by halides. Such a conformation is inhibited by the
methylene linker in 2a. This model insinuates that metal-metal coupling through the NHC-linker-NHC

scaffold only occurs in 2a, while in 2b, the coupling is imparted by the bridging halide. Support for such



a notion has been obtained from the larger comproportionation constant K, in 2b as compared to 2a as
determined using equation 1.

K. = 1QAE /59 mV (1)

where AE,, is the potential difference between the two one-electron processes. The pertinent
comproportionation constants allowed complexes 2a and 2b to be classified as typical class II systems
featuring a charge-localized mixed-valent state.*® According to these results, one or perhaps two sp’-
hybridized methylene units between the NHC ligands enable the electron transfer between the two
redox-active metal centers. Similar conclusions have been drawn from studies on alkyl-containing
molecular rectifiers.”’ Recalling the large electron-tunnelling attenuation factor for alkane junctions (f ~
0.85-1.0),”® the resistance in complexes 2 is indeed expected to increase significantly upon insertion of
additional CH, groups.” In an alternative model featuring through-space electron transfer, an optimum
rather than a minimum number of methylene linker units would be expected to maximize intermetallic
interactions, since the increased flexibility would bring the redox-active centers in closer proximity than

they are in the short-linked system 2a (cf. X-ray data).

Table 2. Electrochemical data and comproportionation constants of Ru" complexes ¥

entry  complex E,/V? AE,,/mV®  logk.®
1 2a 1.15,1.24,1.41 88 1.49

2 2b 1.13,1.21,1.31 108 1.83

3 2¢ 1.06,1.15 - -

4 2d 1.06,1.12 - -

6 39 1.09 - —

a) measured in CH,Cl,, 0.1 M [Bu,N]PF, electrolyte, sweep rate 20 mV s, calibrated to Fc*/Fc (E,, =
0.46 V vs. SCE), potentials determined by DPV; b) determined for the one-electron processes only, i.e.
the first two oxidations in 2a and the second two oxidations in 2b; c) calculated according to eq 1; d)
from ref 18a.
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Spectroelectrochemical analyses of complex 2a using an optically transparent thin-layer

electrochemical (OTTLE) cell® were performed in order to characterize the putative mixed-valent
species. A small bathochromic shift of the charge-transfer (CT) band was noted upon oxidation (A, =
403 nm). After switching the potential, a characteristic NIR absorbance’ appeared around 4, = 950

nm. The band was considerably broader than calculated (AV, ., = 26,000 cm™ Vs AV, 5 eq) = 5,100 cm™

26

"), in agreement with a charge-localized mixed-valent state (class II).”* Of note, prolonged oxidation (25

min) induced the formation of a new species with A

max

= 412 nm, thus indicating a slow chemical
reaction following the electron-transfer. The second process was more pronounced when the oxidation
potential was raised to 1.5 V. These observations are consistent with an EC mechanism® and suggest
that the fully oxidized Ru"/Ru" species 2a* has only a limited stability, thus corroborating the weak
reversibility observed in CV measurements.

In order to elucidate the stability of the oxidized Ru-carbene system, electrochemical investigations
were performed on the monometallic complex 3. Pertinent CV indicate a single quasi-reversible
oxidation with a cathodic/anodic current ratio i,/i,, = 0.6. The relative cathodic current diminished
further when the system was kept at the switching potential £ = 1.3 V (vs. SCE) for prolonged time.
After 25 min, the i,/i,, ratio decreased to 0.4, and became as low as 0.2 after 60 min. Obviously,
electrochemically generated 3" undergoes an irreversible chemical reaction. This conclusion is further
supported by spectroelectrochemical studies on 3.”* It is in good agreement with the results obtained for
2a and may provide a rational for the non-symmetric intensity of the observed DPV signals (see above).

" or Ru", are instable and thus difficult to

Accordingly, the oxidized carbene complexes, either Ru
access by synthetic methods. Indeed, our preliminary attempts to prepare 2a** by oxidation using

(NH,),Ce(NO,), gave ill-defined products. Their spectroscopic properties suggest the presence of

species similar to those of the product obtained upon prolonged oxidation of 2a (A,

‘max

=412 nm).
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Modification of the bridging ligand. We sought to further increase the metal-metal interaction by
exchanging the methylene linker in complex 2a by a potentially conjugated phenylene unit. Moreover,
the introduction of substituents at the arene may allow for incorporating functional groups and perhaps
even for rectifying the electronic process. Therefore, the bisimidazolium salt 4, synthesized by
alkylation of the corresponding bisimidazole, was metallated by a procedure identical to that used for
the preparation of 2a—d. The crude reaction mixture revealed two major products which both appeared
to originate from cyclometalation. Attempts to separate the product by column chromatography using
SiO, as stationary phase gave the products only in low yields and generated significant amounts of
decomposition products. Higher yields and purer fractions were obtained from column chromatography
over Al,O, and subsequent precipitation, thus affording the monometallic species 5 and the bis-
cyclometallated complex 6 rather than the anticipated phenylene-linked dicarbene complex (Scheme 2).
Similar cyclometallation of Ru-NHC complexes comprising aryl wingtip groups was observed
previously.” Apparently, this reactivity pattern is quite general when ruthenium(II) is used as the metal

center.

CI\

Bu.yA I_/\N’Bu \Q\( A
D@ S Q

Scheme 2. Synthesis of phenylene-bridged Ru"-NHC complexes. Reagents and conditions: Ag,0, CH,Cl,, 40
°C, 16 h, then [RuCl,(cymene)],, CH,Cl,, 40 °C, 16 h.

Complex § undergoes an immediate color change from orange to green when dissolved in reagent-
grade CHCI, (EtOH stabilized) or in CDCI, (unstabilized). Filtration of the solvent through basic Al,O,

suppressed this color change and increased the stability of S. The sensitivity of § towards CHCI; and
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Si0,, both slightly acidic, points to a facile acidolysis of the Ru-C,,,, bond.** All NMR spectra of 5 were

aryl
thus recorded in CDCI, that was freshly filtered through a short pad of AL,O,. The '"H NMR spectrum
revealed a diagnostic resonance at 11.03 ppm, attributed to the imidazolium NCHN proton.
Additionally, two sets of signals for the imidazole-type rings and for the Bu wingtip groups, and four
distinct doublets for the cymene aromatic protons were observed. In the "C NMR spectrum, the metal-
bound carbons appeared at 188.5 ppm (Ru—Cyyc) and at 168.1 ppm (Ru—C.cpyiene)» respectively.”

Single crystals of § were subjected to an X-ray diffraction analysis. The molecular structure comprises
a five-membered C,C-ruthenacycle, thus confirming the solution-deduced cyclometalation (Fig. 5). The
bite angle of the C,C-bidentate ligand is rather acute, C1-Rul-C5 78.0(4)°. In agreement with other

cyclometallated carbene ruthenium complexes,” the Ru-C bond is shorter (Rul-C1 1.989(12) A)

carbene
than in monodentate systems (cf. 2a and 2d). The Ru-C,;, bond is longer (Rul-C5 2.072(11) A) and
compares well with related systems (2.01-2.14 A). The torsion angle between the carbene and the
phenyl ring is 0.2(12)° and illustrates the coplanar arrangement of these rings. In contrast, the
imidazolium heterocycle is twisted out of the phenylene plane by 23.0(14)°.”” Interestingly, the iPr
group of the cymene ligand is located above the phenyl ring. This orientation may also persist in

solution as the shielding effect due to the aromatic ring current may explain the unusual upfield shift of

the iPr methyl groups observed in solution (J; 0.6-0.8).

Figure 5. ORTEP representation of 5 (only one of the two independent molecules shown; 30% probability
ellipsoids; H atoms and CI- counter ion omitted for clarity). Selected bond lengths (A): Rul-C1 1.989(12),
Rul-C5 2.072(11), Rul-C_.ppoiq 1.715(6), Rul-Cl1 2.444(3), C1-N1 1.376(15), C1-N2 1.376(16), C2-N1
1.424(15), C3-N2 1.357(17), C2-C3 1.31(2), C10-N3 1.291(14), C10-N4 1.389(15), C11-N3 1.396(15),

13



C12-N4 1.359(17), C11-C12 1.342(19), bond angles (°): N1-C1-N2 102.8(10), C1-Rul-C5 78.0(4), N3—
C10-N4 109.2(10).

The formation of complex 6 was supported by 'H NMR spectroscopy, which exhibited a single
phenylene resonance (8 7.84) in 1:2 Ph/imidazolylidene integral ratio. Additionally, three C,
resonances were observed in the "C NMR spectrum, indicating ligand desymmetrization due to
metalacycle formation. The ruthenium-bound phenylene carbon resonates at o 159.1. Solutions of 6 in
CDCl, were unstable. A gradual transformation to a structurally strongly related complex was noted (z,,,
= 20 h) and eventual decomposition (within ca. 40 h), as deduced from the accumulation of free
cymene. The '"H NMR spectrum of the intermediate species featured two well-resolved doublets of
doublets for the cymene protons, and a low-field shift of one of the imidazolylidene protons.”
Moreover, the a-CH, protons of the butyl wingtip group desymmetrize to give two multiplets in the
4.7-4.3 ppm region. Notably, measurements in acetone-d, do not suggest the formation of a similar
intermediate in detectable quantities prior to decomposition (complete within 48 hours). The observed
solvent-dependence of the transformation suggests that traces of protons may play a critical role in the
formation of the intermediate species. Based on the above observations and taking into account the
planar chirality of the complex, formation of an intermediate from 6 may tentatively be assigned to an
acid-catalyzed epimerization process. For example, if the kinetic product is the rac isomer, comprising
the cymene ligands on the same side of the plane defined by the phenylene spacer unit, steric congestion

may constitute a driving force for acid-mediated reversible Ru—-C bond cleaveage and for the

phenylene
rearrangement into the thermodynamically presumably more favored meso isomer.”* Irrespective of the

exact mechanism, however, the limited stability of the phenylene-bridged dinuclear Ru"-NHC renders

complexes such as 6 unsuitable for electronic applications.

Conclusions

14



Bimetallic ruthenium(II)-NHC complexes with alkyl linkers of various length were synthesized.
Electrochemical analyses revealed a strong dependence of the intramolecular metal-metal interaction on
the length of the alkyl linker. Based on the pertinent comproportionation constants K, a through-bond
model has been deduced for the methylene-linked system. Accordingly, increasing the alkyl linker
length rapidly reduces the intermetallic coupling from charge-localized class II systems comprising a
charge-localized mixed-valent state to decoupled class I complexes. Detailed investigations of the
stability of the oxidized bimetallic Ru—-NHC complexes indicated that the electrochemical oxidation is
followed by a relatively fast chemical reaction, rendering the oxidation quasi-reversible only.

The degree of intermetallic electronic coupling in complex 2a is comparable to the results obtained
from studies using dicarbene linkers that are connected by an annelated benzene ring at the remote
carbon atoms (cf. A, B, Fig. 1). A weak d

7T orbital overlap may thus account for the limited

ruthenium™ ¥ “carbene

electronic coupling.” This interaction might be improved, perhaps, by locking the orientation of the
carbene heterocycle with respect to the metal coordination system, or by moving to 3d metal systems
with better orbital overlap potential with the 2p, orbital of the carbene ligand. These perspectives

underline the potential of metal-NHC systems as active sites in molecular electronics.

Experimental section

General comments. CH,Cl, was dried by passage through solvent purification columns, all other
reagents were used without further purification. Silica was purchased from Fisher Scientific, Alox from
Sigma-Aldrich. Chloroform (Aldrich, puriss.) was stabilized with 1% EtOH. The syntheses of the
diimidazolium salts 1a—d and the 1,1°-(1 4-phenylene)bis-N-imidazole are described elsewhere.”’ Unless
stated otherwise, all 'H and "C{'H} NMR spectra were recorded at 25 °C on Bruker spectrometers
operating at 360 or 400 (‘H NMR) and at 90 or 100 MHz (’C NMR), respectively. Resonance
frequencies were referenced to residual solvent 'H or “C resonances. Chemical shifts (8) are given in

ppm, coupling constants (J) in Hz. Assignments are based either on distortionless enhancement of

15



polarization transfer (DEPT) experiments or on homo- and heteronuclear shift correlation spectroscopy.
Elemental analyses were performed by the Microanalytical Laboratory of Ilse Beetz (Kronach,
Germany) and by the Microanalytical Laboratory of the ETH Ziirich (Switzerland).

Electrochemical measurements. Electrochemical studies were carried out using an EG&G Princeton
Applied Research Potentiostat Model 273A employing a gastight three-electrode cell under an argon
atmosphere. A Pt disk with a 3.80 mm” surface area was used as the working electrode and was polished
before each measurement. The reference electrode was a Ag/AgCl electrode; the counter electrode was
a Pt wire. Bu,NPF, (0.1 M) in dry CH,Cl, was used as a base electrolyte with analyte concentrations of
approximately 1 x 10~ M. The redox potentials were measured against the ferrocenium/ferrocene
(Fc*/Fc) redox couple, which was used as an internal standard (E,, = 0.46 V vs. SCE).*

UV-Vis spectroelectrochemical experiments were carried out in an airtight optically transparent thin-
layer electrochemical (OTTLE) cell” at room temperature, equipped with a Pt minigrid working
electrode (32 wires cm™), a Pt auxiliary electrode, a Ag wire pseudo-reference electrode and a quartz
window. The cell was controlled by an EG&G PAR Potentiostat Model 273A. Absorption spectra were
measured on a Perkin-Elmer Lambda 900 spectrophotometer.

General procedure for the preparation of dicarbene complexes 2a-d, 6 and monocarbene
complex 5. A suspension of diimidazolium salt (1.0 mol equiv.) in MeCN (15 mL) containing Ag,0
(1.0 mol equiv.) was stirred at 40 °C for 16 h in the dark. After solvent evaporation, a solid residue was
obtained, which was suspended in dry CH,Cl, (15 mL) and [RuCl,(1*-p-cymene)], (1.0 mol equiv.) was
added either at RT or at low temperature. After stirring at RT for 16 h, the solvent was evaporated and
the crude product was purified by gradient column chromatography (SiO,; CH,Cl,/acetone) and by
subsequent precipitation from CH,Cl,/pentane. The product was recrystallized by slow diffusion of Et,O
into a CH,Cl, solution to give an analytically pure sample.

Synthesis of 2a. This complex was prepared according to the general procedure from 1a (0.52 g, 1.0

mmol) and Ag,0 (0.23 g, 1.0 mmol). [RuCl,(cymene)], (0.61 g, 1.0 mmol) was added to a frozen

16



CH,CI, suspension of the Ag-carbene complex. The product was obtained as an orange solid (0.47 g,
54%)."H NMR (CDCl,, 400 MHz): 6 7.34 (s, 2H, NCH,N), 7.27,6.94 (2 x d, *Jy; = 2.2 Hz, 4H, Hyye),

543,5.42,5.10,5.06 (4 x d, J,; = 5.8 Hz, 8H, H.,,.), 4.54,4.00 (2 x m, 4H, NCH,), 2.95 (septet, J,y; =

cym

6.9 Hz, 2H, CHMe,), 2.06 (s, 6H, C_,,—CH;), 1.99-1.85, 1.73-1.6 (2 x m, 4H, NCH,CH,), 1.52-1.3 (m,

cym
4H, CH,CH,), 132, 1.31 (2 x d, *Jyyy = 6.9 Hz, 12H, CH(CHS,),), 0.96 (t, *Jiy = 7.4 Hz, 6H, CH,CH,).
BC{'H} NMR (CDCl,, 100 MHz): § 172.3 (Cye—Ru), 123.7,121.9 (2 x Cyy—H), 109.0 (C,,,—Pr), 99.1

(C.,,-Me), 86.3, 85.9, 83.3, 82.4 (4 x C,,,—H), 62.9 (NCH,N), 51.5 (NCH,), 33.9 (NCH,CH,), 31.0

cym

(CHMe,), 23.1,22.3 (2 x CH(CH,),), 20.3 (CH,CH.,), 19.0 (C,,,—CH,), 14.1 (CH,CH,). Anal. Calcd. for

cym
C;sHs,CI,N,Ru, (872.77): C48.17,H 6.01, N 6.42. Found: C 48.04,H 6.03, N 6.34.

Synthesis of 2b. This complex was prepared according to the general procedure from 1b (0.234 g,
0.54 mmol) and Ag,0 (0.124 g, 0.54 mmol). [RuCl,(cymene)], (0.329 g, 0.54 mmol) was added to a
frozen CH,Cl, suspension of the Ag-carbene. A mixture of CH,Cl,/MeOH (100:0 to 92:8) was used as
eluent for column chromatography. The product was obtained as an orange solid (0.37 g, 77%). 'H

NMR (CDCl,, 400 MHz): 8 8.11,7.05 (2 x d, *J,yy = 1.8 Hz, 4H, Hyye), 537, 5.33 (2 x d, J,yy = 5.8 Hz,

4H, H,,,), 5.16-5.10 (m, 2H, NCH,CH,N), 5.08, 502 (2 x d, *J,ss = 5.8 Hz, 4H, H,,,,), 456 (m, 2H,

cym

NCH,), 4.41-4.35 (m, 2H, NCH,CH,N), 3.96 (m, 2H, NCH,), 2.86 (septet, *J,;; = 6.9 Hz, 2H, CHMe,),

2.0-1.86 (m, 2H, NCH,CH,), 1.99 (s, 6H, C_,,—CH,), 1.75-1.57 (m, 2H, NCH,CH,), 1.55-1.31 (m, 4H,

cym

CH,CH,), 124, 1.19 (2 x d, *J,y = 6.9 Hz, 12H, CH(CH,),), 0.98 (t, *Jyy = 7.4 Hz, 6H, CH,CH,).
BC{'H} NMR (CDCl,, 100 MHz): § 172.9 (Cyue—Ru), 123.9,122.0 (2 x Cyy—H), 108.6 (C,,,—Pr), 99.8

(C.,n—Me), 85.4,84.8,83.9,82.4 (4 x C,,—H), 51.8 (NCH,CH,N), 51 4 (NCH,), 34.0 (NCH,CH,), 30.8

cym

(CHMe,), 23.5,21.9 (2 x CH(CH,),), 20.3 (CH,CH.,), 18.7 (C,,,—CH,), 14.1 (CH,CH,). Anal. Calcd. for

cym
C;Hs,CI,N,Ru, (886.79): C 48.76,H 6.14, N 6.32. Found: C 48.77,H 6.03, N 6.30.
Synthesis of 2c. This complex was prepared according to the general procedure from 1c¢ (0.225 g,

0.50 mmol) and Ag,0 (0.116 g, 0.50 mmol). [RuCl,(cymene)], (0.306 g, 0.50 mmol) was added to a

CH,CI, suspension of the Ag-carbene at RT. The product was obtained as a dark brown solid (0.35 g,
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78%). 'H NMR (CDCl,, 400 MHz, 253 K): 6 7.10,7.00 (2 x d, *Jyy = 2.0 Hz, 4H, Hye), 539 (d, *Jiyy =

6.0 Hz, 2H, H,,), 5.35-5.31 (br, 2H, H,,), 509 (d, *J; = 6.0 Hz, 4H, H,,), 4.79-4.65 (br, 2H,

cym

NCH,CH,CH,N), 4.54-4.44 (m, 2H, NCH,), 391-3.77, (br, 4H, NCH,CH,CH,N and NCH,), 2.88

(sept, Jyyy = 6.8 Hz, 2H, CHMe,), 2.39-2.25 (br, 2H, NCH,CH,CH,N), 2.01 (s, 6H, C,,,—CH,), 2.0-1.8

cym
(br, 2H, NCH,CH,), 1.68-1.52 (m, 2H, NCH,CH,), 1.48-1.10 (m, 16H, CH,CH, and CH(CHS,),), 0.91
(t, *Jy = 7.3 Hz, 6H, CH,CH,). *C{'H} NMR (CDCl,, 100 MHz): 6 172.3 (Cyy—Ru), 122.8, 122.0 (2 x

Cyuc—H), 108.9 (C,,,—Pr), 99.7 (C,,,—Me), 859, 854, 82.6, 82.1 (4 x C,,~H), 51.3 (NCH,), 48.4

cym
(NCH,CH,CH,N), 35.5 (NCH,CH,CH,N), 33.9 (NCH,CH,), 30.8 (CHMe,), 23.1, 22.2 (2 x CH(CH,),),
20.3 (CH,CH,), 18.7 (C,,—CH,), 14.1 (CH,CH,). Anal. Calcd. for C;;HsCI,N,Ru, (900.82) x 1/2
CH,Cl,: C47.75,H 6.09,N 5.94. Found: C 47.31,H 5.93, N 5.84.

Synthesis of 2d. This complex was prepared according to the general procedure from 1d (0.232 g,
0.50 mmol) and Ag,0 (0.116 g, 0.50 mmol). [RuCl,(cymene)], (0.306 g, 0.50 mmol) was added to a
CH,CI, suspension of the Ag-carbene at RT. The product was obtained as a dark brown solid (0.31 g,
70%). 'H NMR (CDCl,, 400 MHz, 253 K; a mixture of diastereoisomers was present in a ratio of
53:47): isomer A: §7.15,7.07 (2 x d, *Jyy = 1.9 Hz, 4H, Hyye), 54-5.3, 5.16-5.10 (2 x br, 6H, H,,),
5.07 (d, Jyy = 5.5 Hz, 2H, H,,,,), 4.76-4.62 (br, 2H, NCH,CH,CH,CH,N), 4.56-4.39, 4.00-3.86 (2 x m,
4H, NCH,), 3.73-3.53 (br, 2H, NCH,CH,CH,CH,N), 2.81 (m, 2H, CHMe,), 2.03 (s, 6H, C.,,—CH,),
2.00-1.73 (br, 6H, NCH,CH,CH,CH,N and NCH,CH,), 1.70-1.54 (br, 2H, NCH,CH,), 1.51-1.2 (2 x
br, 4H, CH,CH,), 1.3-1.10 (m, 12H, CH(CH,),), 0.98-0.89 (m, 6H, CH,CH,); isomer B: 6 7.06 (s, 4H,
Hyue), 563,557,551, (3 x d, *Jyy = 5.8 Hz, 6H, H,,,,)), 5.30-5.18 (br, 2H, NCH,CH,CH,CH,N), 5.16—
5.10 (br, 2H, H,,), 4.56-4.39, 4.00-3.86 (2 x m, 4H, NCH,), 3.73-3.53 (br, 2H, NCH,CH,CH,CH,N),
3.04 (m, 2H, CHMe,), 2.05 (s, 6H, C,,,—~CH,), 2.00-1.73 (br, 6H, NCH,CH,CH,CH,N and NCH,CH,),
1.70-1.54 (br, 2H, NCH,CH,), 1.51-1.2 (2 x br, 4H, CH,CH,), 1.3-1.10 (m, 12H, CH(CH,),), 0.98-
0.89 (m, 6H, CH,CH,). "C{'H} NMR (CDCl,, 125 MHz): § 173.2, 172.9 (2 x Cyyc—Ru), 122.1, 121.7

(2 x Cyye—H), 1094, 107.9 (2 x C,,—Pr), 100.1,99.5 (2 x C,,,—Me), 85.6, 854, 85.0, 84.3, 82.8, 82.6,

cym
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814 (7 x C,,.—H), 51.2 (NCH,), 50.9 (NCH,CH,CH,CH,N), 33.8 (NCH,CH,), 30.6 (CHMe,), 29.1,

cym
28.3 (NCH,CH,CH,CH,N), 23.7, 22.8, 22.3, 21.5 (4 x CH(CH,),), 20.2 (CH,CH;), 18.6 (C_,—CH,),
14.0 (CH,CH;). Anal. Calcd. for Cy{Hs,CI,N,Ru, (914.85): C 49.89, H 6.39, N 6.12. Found: C 49.77, H
6.34,N 6.07.

Synthesis of 4. Butyl iodide (1.47 g, 8.0 mmol) and 1,1’-(1 ,4-phenylene)bis-N-imidazole (0.42 g,2.0
mmol) were dissolved in MeCN (6 mL) and stirred at 100 °C in a thick-walled vessel for 16 h.
Compound 4 precipitated as a white solid, which was isolated by filtration, washed with THF and dried
in vacuo (1.05 g, 91%). Recrystallisation from MeOH/Et,0 gave analytically pure material. 'H NMR

(DMSO-d,, 360 MHz): 6 9.95 (s, 2H, NCHN), 8.44 (s, 2H, H,,,), 8.12 (s, 4H, Ph), 8.11 (s, 2H, H,,),

4.28 (t, *Jyy = 7.3 Hz, 4H, NCH,), 1.90 (quint, *J,y; = 7.3 Hz, 4H, NCH,CH,), 1.36 (sext, J,y; = 7.3 Hz,
4H, CH,CH,), 0.95 (t, J,y = 7.3 Hz, 6H, CH,CH,). "C{'H} NMR (DMSO-d,, 100 MHz): & 135.7

(NCHN), 1352 (Cp), 123.5 (C,.—H), 123.3 (Cp—H), 121.1 (C, —H), 49.3 (NCH,), 31.1 (NCH,CH,),

18.7 (CH,CH,), 13.4 (CH,CH,). Anal. Calcd. for C,jH, LN, (578.27): C 41.54, H 4.88, N 9.69. Found:
C4159,H4.90,N9.72.

Synthesis of 5. This complex was prepared according to the general procedure from 4 (0.289 g, 0.50
mmol) and Ag,0 (0.116 g, 0.50 mmol) in CH,Cl, under Ar. [RuCl,(cymene)], (0.306 g, 0.50 mmol) was
added to a CH,Cl, suspension of the Ag-carbene complex at 40 °C. The crude product was purified by
gradient column chromatography (Al,O;; CH,Cl,/EtOH). The product was obtained as an orange solid
(92 mg, 29%). Due to the instability of complex 5 in solution (see text), crystallisation attempts failed to

provide analytically pure material. 'H NMR (CDCl,, 400 MHz): 6 11.03 (s, 1H, H,;), 8.55 (d, *Jyy, = 1.9

Hz, 1H, Hy,), 7.90 (s, 1H, H, ), 7.52 (s, 1H, H, ), 745 (d, *Jiyy = 1.8 Hz, 1H, Hyyo), 7.12 (d, V= 8.3

Hz, 1H, Hy,), 7.03 (d, /iy = 1.8 Hz, 1H, Hyye), 7.01 (d, iy = 8.3 Hz, 1H, Hp,), 6.15,5.92, 5.81,5.44 (4

x d,Jyy =59 Hz,4H, H,,,), 4.54-4.43,4.43-431,4.27-4.15,4.15-4.02 (4 x m, 4H, NCH,), 2.12 (m,

cym

1H, CHMe,), 2.03 (s, 3H, C.,,—CH,), 2.0-1.8, 1.76-1.63 (2 br, 4H, CH,CH,), 1.49 (sext, *J,y,; = 7.4 Hz,

cym

2H, CH,CH,), 1.29-1.13 (m, 2H, CH,CH,), 1.02 (t, *Jyy = 7.4 Hz, 3H, CH,CH;), 0.86-0.77 (m, 6H,
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CH(CH,), and CH,CH,), 0.66 (d, *Jyy; = 6.9 Hz, 3H, CH(CH,),). *C{'H} NMR (CDCl,, 100 MHz): &
188.5 (Cyy—Ru), 168.1 (Cp—Ru), 147.1 (Cy,), 135.3 (NCHN), 134.0 (Cp—H), 129.5 (Cypy), 122.9 (C,,.—

H), 1213 (Cyye—H), 120.7 (C,,—H), 114.9 (Cyye—H), 114.8 (Cp—H), 111.3 (Cp—H), 106.1 (C,,,—Me),

cym

99.6 (C,,,—Pr), 93.9,91.4, 88.3,85.2 (4 x C,—H), 50.8,49.4 (2 x NCH,), 33.3, 324 (2 x NCH,CH,),

31.1 (CHMe,), 22.9, 22.1 (2 x CH(CH,),), 20.3, 19.4 (2 x CH,CH,), 19.1 (C,,,~CH,), 13.9, 13.5 (2 x

cym
CH,CH,).

Synthesis of 6. This complex was prepared according to the general procedure from 4 (0.28 g, 0.5
mmol) and Ag,0 (0.11 g, 0.5 mmol). [RuCl,(cymene)], (0.31 g, 0.5 mmol) was added to a CH,Cl,
suspension of the Ag-carbene complex at RT. The precipitation was carried out from CH,Cl,/Et,0. The

product was obtained as a green solid (0.23 g, 53%). 'H NMR (CDCl,, 400 MHz): 6 7.84 (s, 2H, H,,),

749,699 (2 x s, 4H, Hyyo), 5.68, 5.64,5.25,503 (4 x d, J,; = 5.8 Hz, 8H, H,..), 4.46 (m, 4H, NCH,),

cym

2.14-1.87 (2 x m, 6H, CHMe, and NCH,CH,), 2.06 (s, 6H, C,,,—CH,), 1.62-1.48 (m, 4H, CH,CH,),
1.07 (t, *Jyyy = 7.4 Hz, 6H, CH,CH,), 0.87, 0.64 (2 x d, *Jiy = 6.9 Hz, 12H, CH(CHS,),). *C{'H} NMR
(CDCl,, 100 MHz): 6 186.5 (Cyyye—Ru), 159.1, 154.5 (Cp—Ru and Cyy), 123.7 (Cp—H), 119.7, 114.9 (2 x
Canc—H), 105.6 (C,,,—Pr), 96.5 (C,,,—Me), 942, 90.5, 86.5, 80.8 (4 x C,,~H), 50.6 (NCH,), 33.8
(NCH,CH,), 30.9 (CHMe,), 23.1, 21.6 (2 x CH(CH,),), 20.5 (CH,CH,), 18.9 (C,,~CH,), 14.1

(CH,CH,). Anal. Calcd. for C,,H;,Cl,N,Ru, (861.91) x 1.5 CH,Cl,: C 50.38, H 5.60, N 5.66. Found: C
50.36,H 5.46, N 5.93.

Crystal structure determinations. Suitable single crystals were mounted on a Stoe Mark II-Imaging
Plate Diffractometer System (Stoe & Cie, 2002) equipped with a graphite-monochromator. Data
collections were performed at —100°C using Mo-Ka. radiation (4 = 0.71073 A) with a nominal crystal to
detector distance of 135 mm (for 2a and 5) and 130 mm (for 2d). All structures were solved by direct
methods using the program SHELXS-97 and refined by full matrix least squares on F* with SHELXL-
97.” The hydrogen atoms were included in calculated positions and treated as riding atoms using

SHELXL.-97 default parameters. All non-hydrogen atoms were refined anisotropically. Semi-empirical
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absorption corrections were applied using MULscanABS as implemented in PLATON.*® Further
crystallographic details are compiled in the supporting information. CCDC No. 771526 (2a), 771527
(2d), and 771528 (5) contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.
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Bimetallic N-heterocyclic carbene ruthenium complexes interlinked with different numbers of —-CH,—
linkers were synthesized and afforded electronically coupled metal centers if the linker is short and
decoupled systems for longer linkers. Mutually communicating metal centers on a robust NHC scaffold

thus offer perspectives for the fabrication of new types of molecular switches.
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