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Efficient Electronic Communication of Two Ruthenium Centers through a
Rigid Ditopic N-Heterocyclic Carbene Linker

Michael Nussbaum,'®’ Oliver Schuster,*® and Martin Albrecht**"!

Abstract: A ditopic benzobis(carbene)
ligand precursor was prepared that
contained a chelating pyridyl moiety to
ensure co-planarity of the carbene
ligand and the coordination plane of
a bound octahedral metal center. Bi-
metallic ruthenium complexes compris-
ing this ditopic ligand [L,Ru-C,N-bbi-
C,N-RuL,] were obtained by a transme-
talation methodology (C,N-bbi-C,N=
benzobis(N-pyridyl-N'-methyl-imidazo-
lylidene). The two metal centers are
electronically decoupled when the
ruthenium is in a pseudotetrahedral ge-
ometry imparted by a cymene specta-
tor ligand (L,=[(cym)Cl]). Ligand ex-
change of the Cl/cymene ligands for
two bipyridine or four MeCN ligands

geometry to octahedral. As a conse-
quence, the ruthenium centers, separat-
ed through space by more than 10 A,
become electronically coupled, which is
evidenced by two distinctly different
metal-centered oxidation processes
that are separated by 134 mV (L,=
[(bpy),]; bpy=2,2"-bipyridine) and
244 mV (L,=[(MeCN),]), respectively.
Hush analysis of the intervalence
charge-transfer bands in the mixed-
valent species indicates substantial va-
lence delocalization in both complexes

Keywords: ditopic ligands - metal-
metal communication - mixed-val-
ent state - N-heterocyclic carbene -
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(delocalization parameter I'=0.41 and
0.37 in the bpy and MeCN complexes,
respectively).  Spectroelectrochemical
measurements further indicated that
the mixed-valent Ru"/Ru™ species and
the fully oxidized Ru"™/Ru™ complexes
gradually decompose when bound to
MeCN ligands, whereas the bpy specta-
tors significantly enhance the stability.
These results demonstrate the efficien-
cy of carbenes and, in particular, of the
bbi ligand scaffold for mediating elec-
tron transfer and for the fabrication of
molecular redox switches. Moreover,
the relevance of spectator ligands is
emphasized for tailoring the degree of
electronic communication through the
benzobis(carbene) linker.

induced a change of the coordination

Introduction

Molecular switches provide intriguing opportunities as
active entities for the storage and processing of data.l'l
Metal complexes are particularly attractive units for such
switching purposes, since they offer multiple read-out func-
tions due to their potential activity in non-invasive events,
such as reversible redox,” spin transitions,” and charge-
transfer!l processes. The resulting electronic, magnetic, and
optical signals constitute a diagnostic probe for the state of
the switch."™ The information density can be considerably
enhanced when metal centers are mutually coupled. For ex-
ample, redox switching of a bimetallic species gives access
to a stable mixed-valent state in addition to the fully oxi-
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dized and reduced states, if the metal centers are electroni-
cally coupled.P! Such mixed-valent states have distinct prop-
erties that depend on the degree of coupling.”! A valence-lo-
calized system will thus provide access to a molecular diode
with the oxidized entity as acceptor and the reduced unit as
donor site.’ Valence-delocalized systems will be excellent
constituents of molecular wires®™ with the possibility for tai-
loring activity through modification of the bridging ligand.
Intramolecular metal-metal coupling is critically depen-
dent on the ability of the bridging ligand to function as an
electronic relay.””! The two currently most popular classes of
ligands that promote coupling in bimetallic systems are com-
prised of either ditopic bi- and oligopyridines,'” and of olio-
gacetylenes.'!! While the latter type of ligands offers an ex-
cellent electronic link between the metal and the bridging
ligand with a high degree of dy—m. overlap, especially in
metal-alkylidene and metal-alkynylidene oxidation states,
the oligopyridine family dwells on the p-acidity of the che-
lating pyridyl ligand and its synthetic versatility for function-
alization. In a simplistic view, N-heterocyclic carbenes
(NHCs)!" represent a fusion of these two successful classes
of ligands, featuring the synthetic versatility™ of pyridines
with the (partial) p component of the M—Cyye bond™! remi-
niscent of acetylenes. Stimulated by these considerations,
a variety of ditopic NHC ligands have been developed (e.g.
A-C, Figure 1). However, even in complexes containing
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Figure 1. Relevant examples of ditopic NHC ligands.

the apparently highly conjugated benzobis(imidazolylidene)
bridging ligand C, the metal-metal interaction was mediocre
at best. Different explanations for the weak coupling of the
metal centers in this molecular configuration have been put
forward,'® including low dy—m, overlap due to a mismatch
of the ligand 2p orbital and the metal 4d orbitals,"” poor p
electron delocalization between the arene and the NCN
units in the bridging ligand,"™ and an unfavorable orienta-
tion of the relevant dy orbitals with respect to the m; system
that mimizes overlap.'” We have addressed this latter issue
by incorporating rigid pyridyl donor groups into the NHC
wingtips, which induce chelation and consequentially impart
a coaxial arrangement of the metal and ligand orbitals,
a concept that has been widely exploited in bipyridine
chemistry.”! The constrained NHC coordination substantial-
ly enhances the intermetallic coupling between two rutheni-
um centers bridged by ligands of type C. The electronic
Ru-Ru coupling is critically dependent on the nature of the
spectator ligands and on the coordination geometry they
impose. These results indicate that appropriately designed
dicarbenes provide efficient bridging ligands for the fabrica-
tion of molecular switches, and they emphasize the rele-
vance of the mutual orientation of ligand and metal orbitals.

Results and Discussion

Synthesis of a ditopic pyridyl-carbene precursor and dime-
tallic Ru, complexes: The synthetic approach towards che-
lating dicarbene ligands containing pyridyl donor groups
was inspired by a methodology developed by Bielawski and
co-workers for related monodentate ligand platforms
(Scheme 1).2 Accordingly,
amination of 24-dinitro-1,5-di-
chlorobenzene with 2-amino-
pyridine furnished the pyridyl-

functionalized product 1. Ami- cl
nations performed in EtOH at N7
120°C afforded 1 only after ex- X

tended reaction times and fur-
nished monosubstituted com-
pounds as major products due
presumably to the deactivating

stituent. Yields and purity were N=

ieved in a palladium-catalyzed one-pot reaction involving
reduction of the nitro groups with formic acid followed by
in situ cyclization with orthoformate, which afforded the
pyridyl-substituted benzobis(imidazole) 2. Cyclization in-
duced a marked upfield shift of the aryl proton resonances
from 6y=9.38 and 10.26 in 1 to 8.32 and 8.92 ppm in 2.
Moreover, a singlet at 63;=8.62 ppm was attributed to the
imidazole proton (0.=142.2 ppm). The reaction proceeds in
high yields (>80%). The largest side product was identified
by HPLC-MS (m/z 357 gmol ') as an ethoxy-adduct of 2,
possibly originating from incomplete EtOH elimination
upon cyclization with HC(OEt),;. Formation of 2 was unam-
biguously confirmed by an X-ray crystal-structure determi-
nation (see Figure S1 in the Supporting Information), which
revealed an essentially planar molecular structure for 2. The
central benzene ring is elongated along the CH--CH vector,
a feature that was previously observed by Bielawski!'”! and
us,'® albeit in a less-pronounced manner. Pairs of molecules
of 2 are stacked along the crystallographic c-axis and give
rise to supramolecular zig-zag layers in the a—b plane (see
Figure S1 in the Supporting Information).

The benzobis(imidazole) was selectively quaternized with
excess Mel to yield the benzobis(imidazolium) salt 3. The
substantial downfield shift of the NCHN proton (from oy =
8.62 to 10.84 ppm) and to a lesser extent of the aryl protons
(0=ca. 0.8 ppm) in the "H NMR spectrum supports alkyla-
tion of the imidazole unit. Moreover, the NMR resonances
of the pyridyl fragment are essentially unaltered upon alky-
lation, which indicates that imidazole methylation is selec-
tive. Anion exchange with aqueous (NH,)PF¢ gave 4 and
was carried out to avoid issues due to potential halide
scrambling in the subsequent (trans)metalation step.

Complexation of the ditopic carbene precursor was ac-
complished according to a classical metalation—transmetala-
tion protocol by using Ag,0 and [RuCl,(n*-p-cymene)],.*!
While the transruthenation afforded pure products when
performed in CH,Cl,, reaction with Ag,O in this solvent was
exceedingly slow, presumably due to the limited solubility of
the dicationic salt 4. Therefore, formation of the carbene

O,N NO, O,N NO, N N N N
WU 22 0 52 <TI0y 2 CTIy
— —— —
o 8% un Ny 81% N N 52% N N
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- z

substantially higher in a sol-
vent-free reaction when using
a large excess of 2-aminopyri-
dine at 90°C. Subsequent het-
erocycle formation was ach-

rac-5

Scheme 1. Synthesis of complexes 5: a) 2-NH,-pyridine, 90°C, 3 d; b) HCOONa, HCOOH, Pd/C, HC(OEt)s,
100°C, 36 h; c¢) Mel, MeCN, microwave irradiation, 110°C, 1h; d) (NH,)PF,, H,O; ¢) Ag,O, MeOH, 24 h,
then [RuCl,(p-cymene)],, CH,Cl,, 3 d.
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silver intermediate was performed in MeOH and the solvent
was then changed to CH,Cl, for the transmetalation, with-
out any purification or characterization of the probably
polymeric silver complex.” Complex 5 is an air-stable
orange solid. While HPLC-MS analysis suggests a pure com-
pound, NMR spectroscopic analysis shows two distinct sets
of signals that were attributed to the rac and meso diaste-
reoisomers of 5 as a consequence of the chirality of the com-
plex at each ruthenium center.'>? Solubility tests revealed
that one of the two isomers is less soluble in MeCN and was
thus successfully separated by repetitive precipitation and
filtration. This isomer is stable in solution over several days,
which demonstrates that racemization at ruthenium is very
slow. Hence, 2D NMR spectroscopic measurements allowed
all resonances to be assigned to one or the other isomer.
However, we were unable to confidently assign the meso
and rac designations based on spectroscopic data, and crys-
tallization attempts have failed to date.

Successful double metalation was indicated by the perti-
nent cymene/benzobis(carbene) integral ratios and by the
carbenic resonance at 6.=202.8 and 203.3 ppm, correspond-
ing to more than 6=>50 ppm downfield shift compared to
the ligand precursor (Table 1). As expected for a chiral com-

Table 1. Selected NMR spectroscopic shifts of complexes 5-7 and the
ligand precursor 4.1

Compound 0c NCN Oy Hy, 0c Co—H Oy Hap Oc Car
4 146.7 9.65 103.6 9.08 99.7
5 203.3 8.56 97.8 8.20 96.7
5 202.8 7.84 95.9 7.69 95.9
6 207.6 8.58 95.9 8.11 94.8
7 211.1 8.92 96.2 7.69 93.7

[a] All data in CDCl; except 4 (in [D¢]DMSO); Ar denotes the position
B to the pyridyl-substituted nitrogen, Ar’ the position f to the methyl-
substituted nitrogen atom; 5 and 5§ are the two diastereoisomers of 5
(meso and rac).

plex, all four aromatic cymene protons are magnetically in-
equivalent, and the iPr group appears as two distinct high-
field doublets for each isomer. Chelation of the pyridyl
group is supported by the marked deshielding of the C6-
bound pyridyl protons (0= >0.4 ppm, see Figure S2 in the
Supporting Information). Moreover, the resonances of the
protons of the central arene ring experience a diagnostic up-
field shift upon ruthenation and appear at oy=7.84 and
7.69 ppm in one isomer, and at 0=y 8.20 and 8.56 ppm in
the other one (cf. 6;=9.08 and 9.65 ppm in the ligand pre-
cursor 4). These shift differences suggest a strong electronic
coupling of the metal center with the central arene moiety.

Substitution of the ancillary ligands was achieved accord-
ing to established procedures.” Thus, reaction of complex 5
with AgPF, in MeCN at reflux temperature gave the solven-
to complex 6 (Scheme 2). The reaction progress is conven-
iently monitored optically as the bright-orange solution
turns colorless upon displacement of the CI™ and cymene li-
gands. The NMR spectra of complex 6 reveals only one set
of signals and thus supports the notion of diastereomeric

5
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Scheme 2. Synthesis of complexes 6 and 7: a) AgPF, MeCN, reflux, 20 h;
b) 2,2'-bipyridine, MeNO,, reflux, 20 h.

mixtures in 5. Evidently, the ruthenium centers are achiral
in 6. The carbene carbon atom is further deshielded (from
0c=203 to 207.6 ppm), and also the central arene protons
undergo a slight downfield shift, ;;=8.11 and 8.58 ppm (see
Figure S2 in the Supporting Information). Three different
types of MeCN ligands are resolved, with one set (Oy=
2.09 ppm) twice as intense as the other two sets (0y=2.60
and 1.96 ppm, respectively). These features support an octa-
hedral coordination geometry of the ruthenium centers with
two MeCN in a mutual frans position and hence symmetry
related. Based on the stronger donor properties of NHCs
versus pyridine ligands, the most deshielded resonance was
tentatively attributed to the MeCN ligand trans to the pyrid-
yl donor and the resonance at highest field to the MeCN
trans to the carbene.

Crystals of 6 suitable for an X-ray diffraction analysis
were obtained by slow diffusion of Et,O into a MeCN solu-
tion of the complex. The molecular structure (Figure 2,
Table 2) confirms the octahedral geometry of the two ruthe-
nium centers, with only little angular distortion. The bite
angle of the C,N-bidentate ligand is 78.5(4)°, which is in line
with related structures featuring pyridyl-substituted NHC li-
gands.”! As a consequence of this acute bite angle, the over-
all molecular shape of 6 is curved.””’ The Ru—N bonds for
the MeCN ligands trans to the carbenes (2.115(6) and
2.113(6) A) are significantly longer than the remaining Ru—
N distances (2.02-2.04 A, Table 1). This elongation is in
agreement with a substantially stronger trans influence of
the carbene ligand, which is often correlated with its strong
o-donor ability. The metal-metal separation in 6 is
10.537(2) A and hence some 0.2 A shorter than the Ru-Ru
distance in a bimetallic complex with an analogous ditopic
ligand that lacks chelating wingtip groups.'¥! This difference
is almost fully accounted for by the shorter Ru—C bond
upon chelation, namely, 1.95(1) A in 6 versus 2.065(4) A in
the monodentate analogue.
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some 0=1.2 ppm apart, where-
as 0<0.5ppm in 6 (see Fig-
ure S2 in the Supporting Infor-
mation). Again, the sensitivity
of these central protons towards
peripheral ligand exchange re-
actions suggests that electronic
coupling of the metal center
with these protons and hence
with the center of the molecule
is effective.

Figure 2. ORTEP view of complex 6 (50 % probability ellipsoids; Hydrogen atoms, counter-ions and co-crystal-

lized MeCN molecules omitted for clarity).

Table 2. Selected bond lengths [A] and angles [°] for complexes 6 and
10.

6l 10

Rul—C1 1.955(6) 1. 945(6) 1.979(4)
Rul-N3 2.053(6) 2.059(6) 2.068(5)
Rul-N23 2.115(6) 2.113(6) 2.126(3)
Rul-N33 2.042(6) 2.038(6) 2.046(6)
Rul—N43 2.034(6) 2.025(6) 2.074(5)
Rul-N53 2.026(6) 2.022(6) 2.062(6)
C1-N1 1.388(9) 1.393(9) 1.393(8)
C1-N2 1.346(9) 1.380(8 1.350(7)
N1-C2 1.346(9) 1.413(8) 1.416(5)
N2-C5 1.395(8) 1.368(9) 1.413(6)
N1-C1-N2 105.2(6) 105.0(6) 104.2(5)
CI-N1-Cl1 116.2(6) 116.7(6) 117.3(5)
C1-Rul-N3 78.4(3) 785(3) 77.7(2)
ClCla 6.690(8) 6.690(8) -
Ru-Ru 10.537(2) 10.537(2) -

[a] Right column pertains to east end of the complex (atom labels in
Figure 2).

Subsequent ligand exchange
with bpy was straightforward in
MeNO, and yielded bright
orange complex 7 in an excel-
lent yield (90%). Introduction
of bpy directly starting from the
cymene complex 5 in the pres- av
ence of AgPF, was less success-
ful and afforded a mixture of
compounds containing both bi-
pyridine and MeCN ligands bound to the ruthenium center.
The NMR spectroscopic data of complex 7 indicates the
presence of two diastereoisomers; however, the congestion
of the aromatic region due to the presence of two sets of
five inequivalent pyridyl fragments did not allow proton and
carbon resonances to be fully resolved and unambiguously
assigned. Most diagnostic are the shielding of the pyridyl
proton in a-position as well as a shift of the carbene reso-
nance to higher field (6o=211.1 ppm). In addition, the
chemical shift difference between the two central arene pro-
tons increases upon bpy coordination. The two resonances
appear in complex 7 at d5="7.69 and 8.92 ppm and are thus

(PFe)
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N,-" },-’ iPr
oot
N Cl
T
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N

Synthesis of monocarbene com-

plexes: For comparative pur-

poses, analogous monometallic
complexes were prepared by a route similar to the synthesis
of the bimetallic complexes 5-7. Thus, stirring of complex
8¢ at reflux temperature in MeCN in the presence of
AgPF; gave the solvento complex 9 and subsequent addition
of bpy yielded complex 10 as a monometallic analogue of 7
(Scheme 3). Similar spectroscopic trends as deduced for the
bimetallic complexes were observed. For example, the reso-
nance of the carbene nucleus gradually shifts upfield upon
introducing MeCN and subsequently bpy spectator ligands
(0c=198.2, 204.0, and 207.9 ppm for 8, 9, and 10, respective-
ly). Moreover, four coordinated MeCN molecules were
spectroscopically identified in 9 in the 1:2:1 ratio as dis-
cussed for the bimetallic complex 6 (see above).

Crystals of 9 featured severe disorder in co-crystallized
solvent molecules and PF¢~ anions, which prevented refine-
ment to an acceptable convergence. Hence, discussion of
structural data of the cationic section is limited (see Fig-
ure S3 in the Supporting Information). Crystals of 10
(Figure 3) were of better quality. The molecular structure

1PFe)
PRk
p TCMe /
a) N wNCMe b) N |
— Ru—NCM — R
33% l\/)\r?,)_ (N s0% | /-~3,>_ I~
N_NCMe N
Il \\I \||I/ \\I'
S N
9 10

Scheme 3. Synthesis of complexes 9 and 10: a) AgPF,, MeCN, reflux, 20 h; b) 2,2"-bpy, MeNO,, reflux, 20 h.

confirms the expected connectivity pattern. The Ru—C
(1.979(4) A) and Ru—N,,,i4n. bonds (2.068(5) A) are slightly
longer than in 6, and consequentially, the bite-angle is more
acute, 77.7(2)°. As in 6 and 9, the carbene exerts the stron-
gest trans influence and the Ru—N23 bond trans to the NHC
moiety is significantly longer (2.126(3) A) relative to the
other Ru—N,, i, bonds (2.046(6)-2.074(5) A).

Electrochemical analyses: Cyclovoltammetry (CV) measure-
ments of complex § in CH,Cl, show a single and reversible
oxidation/reduction process with E;, (5°*/5)=+1.606V
versus SCE (see Figure S4 in the Supporting Information,
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Figure 3. ORTEP view of 10 (50% probability ellipsoids; hydrogen
atoms and non-coordinating PF¢~ anions omitted for clarity).

Table 3). This redox potential is about 0.5V higher than
that of neutral [RuCl,(cym)(NHC)] complexes!™® and thus
demonstrates the lower electron density in the cationic che-
lates, which is also reflected in the NMR deshielding of the

Table 3. Electrochemical data for complexes 5-10.1!

Complex  solvent  E,/V AEmVP  AE,/mV Kl
5/Ru, CH,(Cl, +1.606 151 - -
6/Ru, MeCN +1.644, +1.888 n.d. 244 10413
7/Ru, CH,Cl, +1434 122 - -
7/Ru, MeNO,  +1.283,+1.417 95,95 134 10%%
8/Ru CH,Cl, +1.583 116 - -
9/Ru MeCN +1.619 104 - -
10/Ru CH,Cl, +1.446 103 - -
10/Ru MeNO,  +1.287 110 - -

[a] 0.1 M [NBu,][PF4] as the supporting analyte, sweep rate: S0 mVs™', po-

tentials referenced to internal Fc*/Fc (E,,=0.41V). [b] AE,=E,,—E,..
[c] K.=exp(AE,;,/0.059).

ligand protons (see above). No further oxidation occurred
up to +1.9 V. The cathodic current of the oxidation was
considerably larger than the anodic current. Such behavior
has previously been attributed to the adsorption of the oxi-
dized analyte to the electrode surface. In contrast, the cor-
responding monometallic complex 8 shows no such adsorp-
tion effect, but a similar E,, (8*/8)= +1.583 V. Differential
pulse voltammetry (DPV) measurements did not show any
substantial broadening of the signal recorded for 5 relative
to that of the monometallic analogue 8, which indicated that
the two metal centers in 5 are essentially decoupled (Class I
according to Robin and Day).””) Measurements in MeCN or
MeNO, were inconclusive and showed either an irreversible
oxidation (MeCN), or no redox-process at all (MeNO,).
Displacement of the chloride ligand may account for the dif-
ferent behavior of 5 and 8 in these solvents as compared to
CH,CL,.

Complex 6 was measured in MeCN because its solubility
in CH,Cl, is low and NMR spectroscopic experiments
showed decomposition in MeNO,. A reversible redox pro-
cess was observed at E;, (6*7/6)= +1.574 V, comparable to
the monometallic model complex 9 (E,, (9%/9)=+1.619V;

InA]

| FelFc" 6/62*
N /

#—
0 £ ~/
—
20 - .6:’6" 662" |
0 0.4 08 1.2 16 2.0 2.4
EV]

Figure 4. CV plots and relevant DPV sections (inset) of complexes 6 and
9 (1 mMm in dry MeCN with 0.1m [NBu,][PF¢] as the supporting electro-
Iyte, 50 mV's™' scan rate, Fc*/Fc used as internal standard with E,, (Fc/
Fct)=0.41V vs. SCE).

Figure 4). No further oxidation occurred up to +2.1 V. Com-
pound 6 is unstable at potentials higher than 4+1.8 V and de-
composed during electrochemical cycles, due presumably to
the poor stabilization of the ruthenium(III) center by
MeCN ligands. However, DPV measurements in an optical-
ly transparent thin-layer electrochemical (OTTLE) cell™”)
revealed two separate processes of similar intensity which
were attributed to a stepwise oxidation of the two rutheniu-
m(I1) centers with E;,, (67/6)=+1.644 and E,, (6*¥/67)=
+1.888 V. These data suggest that a mixed-valence Ru'/
Ru™ state is accessible. Based on the 244 mV potential dif-
ference between the two oxidation processes and the ensu-
ing comproportionation constant K,=10*P" complex 6
corresponds to a Class II/III borderline system according to
the Robin and Day classification.””* These results demon-
strate for the first time that efficient electronic communica-
tion of two metal centers through a rigid carbene linker is
achievable. This intermetallic coupling confirms that conju-
gation through the benzobis(carbene) linker is effective,
thus corroborating the NMR sensitivity of the central arene
protons towards peripheral functionalization (cf. NMR dis-
cussion above).

Qualitatively similar data were recorded for the bpy ligat-
ed bimetallic complex 7. CV and DPV measurements in
MeNO, show two distinct redox processes at Ey, (71/7)= +
1.283 and E,, (7*7/77)= +1.417 V (Figure 5). The lower ox-
idation potential compared to 6 underlines the stronger
donor properties of bpy versus MeCN.* The stability of the
oxidized species is much improved and the oxidations are
fully reversible. The peak potential separation AE;,=
134 mV is smaller than for the acetonitrile complex 6, yield-
ing a comproportionation constant K,=10>*% (Class II
system in the Robin and Day classification). The monome-
tallic analogue 10 undergoes one oxidation with E,, (13*
/13)=+1.287 V, identical to the first oxidation of 7. When
measured in CH,Cl,, complex 7 showed only one single
redox process in CV and DPV (E,, (7**/7)=+1.434V).
The asymmetric shape of the DPV signal and the large
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Figure 5. CV plots and relevant DPV sections (inset) of complexes 7 and
10 (1 mm in dry MeNO, with 0.1 M [NBu,][PF] as the supporting electro-
lyte, S0 mV's ™! scan rate, Fc*/Fc used as internal standard with E,, (Fc/
Fc*)=0.35V vs. SCE).

anodic peak current hint to fast decomposition in this sol-
vent (see Figure S5 in the Supporting Information).

Spectroelectrochemistry and Hush analysis: The mixed-
valent species derived from complexes 6 and 7 were further
investigated by spectroelectrochemical methods by using an
OTTLE cell.B*3* Complex 6 shows a strongly potential-de-
pendent absorption behavior (Figure 6). In the absence of

Abs [a.u.]
6
6+
A,
200 600 1000 1400 1800

A [nm]

Figure 6. Absorption spectra (MeCN solutions) of complexes 6 at 0.0 V
(green), 6% at +1.37 V (dark blue), and 6** at +1.6 V (light blue).

an applied potential, the complex features a strong absorp-
tion band at 333 nm, tentatively assigned to a metal-to-
ligand charge-transfer band. At +1.37V, the spectrum
shows a markedly reduced intensity of the UV absorption
and a broad absorption in the NIR region (4,,,=1593 nm,
£=13100m 'ecm™!") that is diagnostic for an intervalence
charge-transfer (IVCT) and thus supports the formation of
a mixed-valent Ru"/Ru" species 6*. Further increase of the
potential to +1.6 V reduces the IVCT intensity. The fully
oxidized Ru™/Ru™ species 6** is characterized by a shallow
absorption maximum at 4., =838 nm and a transparent ab-
sorption window until nearly 300 nm. Complex 7 features
qualitatively identical properties, including a MLCT band at
Amax =411 nm, a broad IVCT band centered at 1652 nm (e=
2780M 'cm™") upon applying a +1.23V potential, and

a weak absorption at 733 nm for the fully oxidized species
7** at +1.5V (see Figure S6 in the Supporting Informa-
tion).

The stability of the oxidized species was evaluated by
time-dependent monitoring of the IVCT absorbance and the
band around 800 nm, respectively. Thus exposing complex 6
to a potential of +1.46 V for prolonged periods of time in-
duces a gradual decay of the absorbance at 1590 nm to
about 50% within 1h (see Figure S7 in the Supporting In-
formation). At a higher potential (+1.6 V), the decay is
even faster and the absorbance at 820 nm is depleted within
few minutes (#,,=ca. 2 min), which suggests a low stability
of 6% and even a lower one for 6**. Moreover, in a CV mea-
surement of 6 between +1.0 and +2.0 V, the IVCT absorp-
tion intensity in the anodic scan is reduced to about 20% of
the absorption during the cathodic scan (Figure 7a).!
These measurements thus corroborate the poor stability of
oxidized 6 and 6** as deduced from initial CV measure-
ments (see above).

a)
Abs [a.u.]

0 5 10 15 20 25 30 85
t [min]

0 5 10 15 20
t [min]

Figure 7. a) Absorbance change at 1590 nm upon a redox cycle between
1.0-20V of 6 (1mm in MeCN, 1mVs™' scan rate); b) Absorbance
change at 1730 nm upon a redox cycle between 1.0-1.6 V of 7 (1 mMm in
MeNO,, | mVs™' scan rate).

In contrast, the bpy spectator ligands greatly enhance the
stability of the oxidized forms of 7 and hence improve the
reversibility substantially. For example, the decay of the
IVCT absorbance band of the mixed-valent Ru"/Ru™ spe-
cies 7T is only moderate (~5% decrease within 100 min),
probably due to disproportionation. The fully oxidized Ru™Y/
Ru™ complex 7** did not show any signs of degradation
(see Figure S8 in the Supporting Information). Moreover,
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the IVCT absorbance of the species at 1730 nm is equally in-
tense in anodic and cathodic scans (Figure 7b). These results
underline the relevance of a judicious choice of spectator li-
gands for both stability and electronic coupling.”!

Analysis of the TVCT bands by Marcus’ theory®! and by
methods developed by Hush®™ allows the degree of cou-
pling of the metal centers to be further detailed (Table 4).
The IVCT bands for 6% and 7% is considerably asymmetric

Table 4. Spectroscopic analysis of mixed-valence complexes 6% and 7+

Conclusion

By introducing rigidly planar chelating pyridyl wingtip
groups, ditopic benzobis(carbene) ligands become effective
linkers for imparting electronic coupling between two coor-
dinated ruthenium centers. Intermetallic communication is
critically triggered by appropriate alignment of the metal 4d
and the ligand p orbitals as a key principle to overcome the
hitherto poor coupling in dicar-
bene species. Small overlap and
hence insignificant Ru--Ru cou-

pling results from coordination
of the chelate to pseudotetrahe-

Solvent Piax €max asymmetry®! H, r
Anl/z(obs) Anl/z(calcd)
6" MeCN 6277 13078 2412 3808 1.87 729 cm ! (0.0904 eV) 0.37
7 MeNO, 6042 2783 2219 3736 2.06 377 cm™! (0.0467 eV) 0.41

dral metal coordination geome-
tries as in the cymene complex

[a]n in cm™

[c] Ru-Ru distance R=10.537 A from X-ray crystal structure of 6.

(see Figure S9 in the Supporting Information), with the
bandwidth at half height on the high energy side, Avy; (high),
about twice as large as that at the low energy side, Av,;(oy).
The observed bandwidth at half height Avy; g, =2412 cm!
for 67 and 2219 cm™' for 7*. These values are significantly
smaller than the values calculated from the Hush approxi-
mation for a valence-trapped class IT system (Avcyicay 3808
and 3736 cm™! for 6+ and 7%, respectively).”**¥ These devi-
ations suggest a substantial degree of valence delocalization.
The electronic coupling parameter H,, was calculated to be
729 (0.090 eV) and 377 cm™' (0.047 eV), respectively.”] The
different H,, values determined for 6% and 7* may poten-
tially hint to a strong solvent dependence, which is charac-
teristic for a class IT system.''® However, since all further
electrochemical and spectroscopic analyses point to border-
line class II/III systems, we attribute this difference to
a better dy—m; overlap in complex 6 containing weakly do-
nating ancillary MeCN ligands. Weaker bonding of ancillary
ligands strengthens the M—Cyyc bond and hence increases
the electronic coupling of the metal centers, thus increasing
the relevance of resonance structures E (Scheme 4). Accord-

\

| ! /
N =N N N
m— :@ M) ~——= M= ﬁ =M
| N Z N | | N~ "N |
NH}( NN N N
D E

Scheme 4. Resonance structures A and B emphasizing the electronic sep-
aration and coupling, respectively, of two coordinated metal centers.

ingly, the valence delocalization in 6% is more pronounced
than in complex 77 containing two bpy spectator ligands. In
agreement with the classification of 67 and 7% as borderline
valence-trapped/delocalized mixed-valent systems, the de-
localization parameter [ is very close to 0.5.

, ¢ in Mm'em™. [b] Asymmetry of the IVCT band determined

5, and also emanates from mon-
odentate carbene coordination,
since the carbene is typically ro-
tated out of the metal coordina-
tion plane by 30-45°. In contrast, chelation to octahedral
metal centers as in 6 and 7 induces sufficiently large dy—m;
overlap for imparting a high degree of intermetallic elec-
tronic communication, reminiscent of the poor versus pro-
nounced m bonding established in pyridine and bipyridine
complexes, respectively. These data lend further support to
the relevance of w contributions to the metal-NHC bond.

Appropriate substitution of the ancillary ligands enhances
the efficiency of the electronic communication and thus pro-
vides an opportunity for tailoring the electronic properties
of the redox switch. Thus, while spectroelectrochemcial
analyses indicate that both MeCN and bpy spectator ligands
provide borderline Class II/III systems, valence delocaliza-
tion is more pronounced in complex 6 with peripheral
MeCN ligands than in complex 7 containing bpy spectator
ligands. Besides affecting the stability of the different oxida-
tion states and the reversibility of the redox processes, spec-
tator ligands thus also influence the degree of communica-
tion. This relevance needs to be taken into account when
designing a next generation of molecular switches based on
the bis(carbene) scaffold.

Our results provide unambiguous evidence that N-hetero-
cyclic carbene-based ligands are suitable linkers for the fab-
rication of molecular redox switches. They constitute syn-
thetically versatile alternatives to the more popular oligo-
pyridine- and alkyne-derived linkers, thus offering to novel
synthons for application in organometallic polymer chemis-
try, in molecular electronics, and potentially also in comput-
ing.

as a ratio Any, gigh/Anys (o)

Experimental Section

General comments: Starting materials were commercially available and
used as received. Solvents were purified by using a Thermovac alumina/
catalyst column system. The synthesis of complexes 8 and 10 was de-
scribed previously.”?! Where indicated, reactions were conducted in a Bi-
otage Initiator Microwave Synthesizer. 'H and “C['H} NMR spectra
were recorded with Bruker spectrometers at RT unless stated otherwise.
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Chemical shifts (0) are given in ppm relative to signals of residual protio
solvent (coupling constants J in Hz). Signals were assigned with the aid
of two-dimensional cross-coupling experiments. Elemental analyses were
performed by the Microanalytical Laboratory of the ETH Ziirich (Swit-
zerland).

Electrochemistry: Electrochemical studies were carried out by using an
EG&G Princeton Applied Research Potentiostat, Model 273A, employ-
ing a gas-tight three electrode cell under an argon atmosphere. A glassy
carbon disk with 3.41 mm? surface area was used as the working elec-
trode and was polished before each measurement. The reference elec-
trode was Ag/AgCl and the counter electrode was a Pt wire. In all experi-
ments, Bu,NPF; (0.1™ in dry solvent) was used as the supporting electro-
lyte with analyte concentrations of approximately 1 mm. Measurements
were performed at different scan rates (50-250 mVs™). All redox poten-
tials were referenced to the ferrocenium/ferrocene couple (Fct/Fc) as in-
ternal standard with E,, (Fc*/Fc) versus SCE=+0.46 V in CH,Cl,
+0.40 V in MeCN, +0.35 V in MeNO,.*’!

Spectroelectrochemical studies were performed by using an EG&G
Princeton Applied Research Potentiostat, Model 273A and a Perkin—
Elmer UV/Vis-NIR Spectrometer, Model Lambda 900, employing an op-
tically transparent thin-layer electrochemical (OTTLE) cell.”” In all ex-
periments, BuyNPF; (0.1m in MeCN or MeNO,) was used as supporting
electrolyte with analyte concentrations of approximately 1 mm. For Hush
analysis,”! data were first treated to remove solvent artifacts by subtract-
ing the absorbance at ground potential, assuming that there is no relevant
absorbance in the NIR region but background and solvent. The baseline
was corrected and absorbance values were smoothened over 9 data
points. The IVCT band of 6 (v,,,,=6277 cm™') contains a shoulder to-
wards high energy. Assuming that the shoulder arises from a minor de-
composition product, it was removed by curve fitting. Transformation
from absorbance to molar extinction ¢ was calculated via Beer-Lambert
law (1 mm concentrations, path length d=0.2 mm for the OTTLE cell).
Integrals were calculated numerically and yielded induced dipole
moment u,,=7.31 D for 6* and 3.16 D for 7% according to Equation (1):

Uge = 0.09584 (/ (V) OV /Vinax) (1)
The electronic coupling was calculated according to Equation (2):

Hap = tge X Vinax /(€ X R) )

with R taken from the Ru--Ru distance in 6 as determined by X-ray crys-
tallography (10.537 A) and is the elementary charge. The delocalization
parameter " was calculated according to Equation (3):

= 17(v1/2(0bs)/yl/2(calcd)) (3)

with v 5caieq) = (2310 % Vi)'

Synthesis of 1: 1,5-Dichloro-2,4-dinitrobenzene (2.76 g, 11.6 mmol) and 2-
aminopyridine (24.0 g, 255 mmol) were stirred neat at 90°C for 3 days.
The mixture was poured into MeCN (50 mL) and water was added until
a yellow precipitate formed. This precipitate was isolated by filtration
and dried in vacuo to yield 1 as an analytically pure yellow solid (3.59 g,
87%). 'HNMR (360 MHz CDCly): 6=10.64 (brs, 2H; NH), 10.26 (s,
1H; Hy,), 938 (s, 1H; H,,), 844 (d, Juy=4.5Hz, 2H; H,,), 7.75 (t,
*Jun=8.0Hz, 2H; H,)), 7.17 (d, J4z=8.0 Hz, 2H; H,,), 7.09 ppm (dd,
Jun=45, Juy=80Hz, 2H; H,,); "C{'H} NMR (75 MHz, CDCL,): 6=
152.5 (C,,—C), 148.1 (C,—H), 143.4 (C,—NO,), 1382 (C,—H), 127.9
(Ca—H), 126.6 (Co—NH), 119.3 (C,,—H), 1149 (C,—H), 103.4 ppm
(Ca—H); elemental analysis caled (%) for C,sH;,NO, (352.31): C 54.55,
H 3.43, N 23.84; found C 54.71, H 3.52, N 23.88.

Synthesis of 2: Compound 1 (800 mg, 2.3 mmol) was dissolved in a mix-
ture of HC(OEt); (26 mL) and HCOOH (85 %, 2.2 mL, 58 mmol) under
argon atmosphere. Sodium formate (3.56 g, 52 mmol) and Pd/C 10%
(0.6 mg, 0.52 mmol) were added and the reaction was stirred at 100°C for
36 h. After cooling, the reaction mixture was filtered and the filtrate
treated with aqueous HCI (6 %) and stirred for 10 min. The yellow solu-

tion was treated with aqueous NaOH (10%) until basic and allowed to
stand for 1 h. The resulting solid was collected by filtration, washed with
H,O, and dried to yield crude 2 (567 mg, 81%). Recrystallization from
CH,Cl,/pentane mixture afforded an analytically pure sample. 'H NMR
(300 MHz CDCly): 6=892 (s, 1H; Hy,), 8.66 (dd, *Jyy=4.8, =
1.5Hz, 2H; H,), 8.62 (s, 2H; NCHN), 8.32 (s, 1 H; Hy,), 7.95 (td, *Jy =
8.1, Yyu=1.5Hz, 2H; H,,)), 7.65 (d, *Juyy=8.1Hz, 2H; H,,), 7.33 ppm
(dd, *Jyu=8.1, *Jyu=4.9 Hz, 2H; H,)); "C{'H} NMR (75 MHz, CDCL):
0=1503 (C,,—C), 149.5 (C,y—H), 142.2 (NCHN), 142.2 (C5~N), 139.0
(C,y—H), 130.6 (C,—N), 121.6 (C,,—H), 114.2 (C,—H), 111.0 (C,—H),
96.2 ppm (C,—H); elemental analysis caled for CsH,)Ng (312.33)x1/
8CH,Cl,: C 67.41, H 3.82, N 26.02; found: C 67.78, H 4.10, N 25.61.

Synthesis of 3: Compound 2 (567 mg, 1.8 mmol) was suspended in a mix-
ture of Mel (2.0 mL, 32 mmol) and MeCN (0.1 mL). The reaction mix-
ture was sealed in a pressure tube and heated to 110°C for 48 h. After
cooling, the reaction mixture was filtered and the residue was washed
with a minimum amount of MeCN and Et,0 and dried in vacuo, yielding
3 as an analytically pure and slightly hygroscopic off-white powder
(569 mg, 52%). 'HNMR (400 MHz, [D(]DMSO): 6=10.84 (s, 2H;
NCHN), 9.65 (s, 1H; Hy,), 9.13 (s, 1H; Hy,), 8.85 (d, Jyy=4.5Hz, 2H;
H,,), 8.36 (t, Juy=8.0Hz, 2H; H,)), 7.65 (d, *Juy=8.0 Hz, 2H; H,)),
7.33 (dd, 2H, Jyu=8.0, Jyy=4.5Hz, 2H; H,)), 433 ppm (s, 6H; N—
CH;); “C{'H}NMR (100 MHz, [D,]DMSO): 6=149.4 (C,—C), 147.5
(C,y—H), 146.6 (NCHN), 140.8 (C,,—H), 131.4 (C,~—N), 128.5 (Co—N),
1252 (C,,—H), 116.8 (C,—H), 103.6 (Cs—H), 99.7 (Cs—H), 34.5 ppm
(N—CH,;); elemental analysis calcd for C,)HsI,Ng (596.21)x1/2H,0: C
39.69, H 3.16, N 13.89; found: C 39.57, H 3.26, N 13.82.

Synthesis of 4: Compound 3 (569 mg, 1.0 mmol) was dissolved in H,O
(80 mL) and a solution of (NH,)PF, (3.23 g, 20 mmol) in H,O (10 mL)
was added under vigorous stirring. The formed precipitate was collected
by filtration and dried in vacuo to yield 4 as an analytically pure white
powder (502 mg, 87%). 'HNMR (360 MHz, [D¢]DMSO): 6=10.80 (s,
2H; NCHN), 9.65 (s, 1H; Hy,), 9.08 (s, 1H; Hy,,), 8.85 (d, *Jyyy=4.1 Hz,
2H; H,)), 835 (t, Jyz=80Hz, 2H; H,), 8.10 (d, Juy=8.0Hz, 2H;
H,,), 7.77 (dd, /4y =80, *Jyy=4.1Hz, 2H; H,), 432 ppm (s, 6H; N—
CH;); "C{'H}NMR (90 MHz, [D(DMSO): 6=149.7 (C,,—C), 147.6
(C,y—H), 146.7 (NCHN), 140.9 (C,—H), 131.5 (C,—N), 128.6 (C4;—N),
1254 (C,,—H), 116.8 (C,,—H), 103.5 (CA—H), 99.7 (C,—H), 34.5 ppm
(N—CHs;); elemental analysis caled (%) for C,)HsF,N.P, (632.33): C
37.99, H 2.87, N 13.29; found: C 38.12, H 3.06, N 13.24.

Synthesis of complex 5: Ag,0 (81 mg, 0.35 mmol) was added to a suspen-
sion of benzobisimidazolium salt 4 (100 mg, 0.16 mmol) in MeOH
(10 mL). The reaction mixture was stirred in the dark under argon at RT
for 24 h. All volatiles were evaporated and the residue was suspended in
dry CH,Cl, (10 mL). After addition of [RuCl,(p-cymene)], (106.4 mg,
0.17 mmol), the suspension was stirred at RT for 72 h protected from
light. The mixture was then centrifuged and the supernatant was deca-
nted and filtered through a short pad of ALO;. After evaporation and
drying in vacuo, complex 5 was obtained as an orange solid in a 1:1 mix-
ture of diastereomers (167 mg, 90%). 'HNMR (400 MHz CDCL),
isomer A: 0=927 (d, *Jyy=5.2 Hz, 2H; H,y), 7.90-7.96 (m, 4H; H,,),
7.84 (s, 1H; Hy,), 7.69 (s, 1H; Hy,), 7.49-7.56 (m, 2H; H,), 6.37 (d,
*Jun=6.3Hz, 2H; H,,), 6.23 (d, *Juu=6.3 Hz, 2H; H,,,), 6.14 (d, *Jyu=
6.5 Hz, 2H; Hy,,), 5.78 (d, *Juu=6.5 Hz, 2H; H,,,,), 3.98 (s, 6H; N—CHj),
2.38 (septet, *Jyy=6.6 Hz, 2H; CHMe,), 2.28 (s, 6 H; cym-CH,), 0.92 (d,
*Jun=6.6 Hz, 6H; CH—CH,), 0.83 (d, *J,y=6.6 Hz, 6H; CH—CH,); iso-
mer B: =930 (d, *Jyy=5.6 Hz, 2H; H,,), 8.56 (s, 1H; H,,), 845 (d,
*Juu=83Hz, 2H; H,,), 8.33 (t, Juu=8.0Hz, 2H; H,), 820 (s, 1H;
H,,), 7.56 (t, *Juy=6.3Hz, 2H; H,,), 6.31 (d, Juy=6.3 Hz, 2H; H,,).
6.28 (d, *Juu=6.3 Hz, 2H; H,), 6.05 (d, *Juy=6.5Hz, 2H; H,,,,), 5.72
(d, Juu=6.5Hz, 2H; H,,), 443 (s, 6H; N—CH,), 2.46 (septet, Jyy=
6.6 Hz, 2H; CHMe,), 2.22 (s, 6H; cym-CH,), 0.92 (d, *Jy;;=6.6 Hz, 6 H;
CH—CH;), 0.83ppm (d, *Jyy=6.6 Hz, 6H; CH-CH,); “C{'H} NMR
(100 MHz CDCly), isomer A: 202.8 (C—Ru), 154.4 (C,,—C), 153.0 (C,—
H), 143.4 (C,,—H), 134.5 (C4~—N), 127.8 (C,—N), 125.0 (C,,—H), 115.1
(Cy=H), 111.7 (Cyyy=C), 1084 (Cyy,=C), 96.7 (Co—H), 959 (Co—H),
94.3 (Coym—H), 92.9 (Cyy—H), 89.5 (Ciy—H), 85.2 (Cyu—H), 37.5 (N—
CH,;), 32.1 (CHMe,), 22.7 (CH-CH,;), 22.5 (C—CH,), 19.6 (cym—CH,);
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isomer B: =203.3 (C—Ru),157.4 (C,,—C), 153.0 (C,,—H), 142.9 (C,,—H),
135.7 (CoN), 128.8 (Co—N), 124.3 (C,,—H), 114.9 (C,,—H), 111.2 (Coyp—
C), 1084 (Cyu=C), 97.8 (CsH), 959 (Co—H), 943 (Cy,—H), 94.0
(Cep—H), 89.3 (Coy—H), 854 (Cyy—H), 37.4 (N-CH;), 32.1 (CHMe,),
22.6 (C—CH,), 22.5 (C—CH,;), 19.4 ppm (cym—CHs;); elemental analysis
caled (%) for CuH,CLF,NsP,Ru, (1171.79) x CH,CL,: C 39.18, H 3.69, N
6.69; found C 38.98, H 3.90, N 6.97.

Synthesis of complex 6: Complex 5 (140 mg, 0.12 mmol) was dissolved in
MeCN (10 mL) and AgPFg (121 mg, 0.48 mmol) was added. The mixture
was heated to reflux and stirred for 20 h. After cooling, the reaction mix-
ture was poured into H,O (10 mL). The formed precipitate was filtered,
washed with Et,O (3x5 mL) and dried to yield analytically pure complex
6 as an off-white powder (91 g, 52%). X-ray quality crystals were grown
by slow diffusion of Et,O into a MeCN solution of 6 at —20°C. "H NMR
(400 MHz, CDCLy): 6=9.05 (d, */uy=5.7 Hz, 2H; H,,), 8.58 (s, 1H; H,,),
8.48 (d, *Juy=82Hz, 2H; H,), 8.33 (t, *Jyy=82Hz, 2H; H,,), 8.11 (s,
1H; Hy,), 7.56 (dd, *Juu=82, Juy=5.7Hz, 2H; H,,), 441 (s, 6H; N—
CHj;), 2.60 (s, 6H; NCCHj;), 2.09 (s, 12H; NCCH;), 1.96 ppm (s, 6H:
NCCH;); “C{'H}NMR (100 MHz, CDCL): 6=207.6 (C—Ru), 156.4
(Cy=0), 154.7 (C,,—H), 1422 (C,,—H), 136.0 (C5—N), 129.9 (C,~—N),
127.9 (NCMe), 126.2 (NCMe), 125.4 (NCMe), 123.4 (C,,—H), 114.3 (C,,—
H), 95.9 (C,—H), 94.8 (C,—H), 35.9 (N—CH,), 4.9 (NC—CHs;), 4.4 (NC—
CH;), 1.1ppm (NC—CH;); elemental analysis caled (%) for
CyHyoF2u N, P,Ru, (1452.02): C 29.80, H 2.78, N 13.52; found C 29.67, H
2.89, N 13.30.

Synthesis of complex 7: A pressure tube was charged with complex 6
(60 mg, 41 mmol), 2,2-bipyridine (60 mg, 0.38 mmol), and MeNO, (4 mL)
and stirred at 110°C for 20 h. After cooling, the orange reaction mixture
was poured into Et,0O (20mL) and the formed precipitate was filtered
off, washed with Et,O, and dried to give complex 7 as an orange solid
(86 mg, 95 %). Recrystallization from CH,Cl,/pentane gave an analytical-
ly pure sample and crystals suitable for an X-ray diffraction analysis.
NMR spectroscopy revealed a 1:1 mixture of two diastereomers.
'HNMR (500 MHz, CDCL): d=8.92 (s, 2H; H,,), 8.64 (d, 4H; H,,)),
8.63 (d, 4H; H,,), 8.62 (d, 2H; H,,), 8.61 (d, 2H; H,,), 8.59 (d, 2H;
H,/), 8.56 (d, 2H; Hy,,), 8.55 (d, 2H; H,,,), 8.53 (d, 2H; H,,,), 8.26 (t,
4H; Hyy). 824 (d, 2H; Hy,), 821 (t, 4H; Hyy), 820 (d, 2H; Hy,), 8.15
(t, 2H; Hyyy), 8.12 (t, 2H; Hy,y), 8.10 (t, 2H; Hy,y), 8.09 (t, 2H; Hyy,y),
8.09 (t, 2H; H,,), 8.06 (t, 2H; H,/), 8.00 (d, 2H; H,,,), 7.98 (d, 2H;
Hy,y), 7.86 (t, 4H; Hyyy), 7.85 (d, 2H; Hy,y), 7.80 (t, 4H: Hy,), 7.79, (d,
2H; Hyy,y), 7.69 (s, 2H; Hy,), 7.58 (dd, 4H; H,,,), 7.45 (dd, 2H; H,,),
7.44 (dd, 2H; Hyyy), 7.42 (dd, 2H; Hy,y), 741 (dd, 2H; Hy,y), 7.40 (dd,
2H; H,,), 7.31 (dd, 4H; H,,), 7.30 (dd, 2H; H,,’), 3.50 ppm (s, 12H; N—
CH;); “C{'H}NMR (125 MHz, CDCL): 6=211.1 (C—Ru), 158.3-156.2
(C2,), 156.7-150.3 (C3,,), 141.5-139.2 (C*,), 136.7 (CA—N), 130.3 (Cp—
N), 130.3-124.1 (C’,), 125.9-1144 (C°,)), 96.2 (Co—H), 93.7 (C,—H),
34.0 ppm (N—CHj;); elemental analysis caled (%) for CeHysF,uN,,P,Ru,
(1747.11): C 41.25, H 2.77, N 11.22; found C 40.96, H 3.21, N 11.01.

Synthesis of complex 9: Complex 8 (50 mg, 80 mmol) was dissolved in
MeCN (8 mL) and AgPF, (45 mg, 0.18 mmol) was added. The reaction
mixture was stirred at reflux temperature for 20 h. After cooling, all vola-
tiles were evaporated and the residue was dissolved in a minimum
amount of H,O and extracted with CH,Cl, (3x5 mL). The combined or-
ganic layers were washed with H,O (5 mL) and dried over Mg,SO,. The
solution was poured into pentane (30 mL) and the formed precipitate
was filtered and washed with pentane. After drying in vacuo complex 9
was obtained as an off-white solid (45 mg, 33 %). X-ray quality crystals
were grown by slow diffusion of Et,O into a MeCN solution of complex
9 at —20°C. Elemental analysis calcd (%) for C, Hy3F,N;P,Ru (764.45):
C 32,99, H 3.03, N 12.83; found: C 33.23, H 291, N 13.04; '"HNMR
(300 MHz, CDCly): 6=8.97 (dd, Jyu=5.8, Juy=0.9 Hz, 1H; H,)), 8.27-
813 (m, 3H; Hy+2H,,), 7.81-7.73 (m, 1H; Hy,), 7.64-7.51 (m, 2H;
Hy,), 747 (ddd, Ty =7.2, *Jyu=5.8, Juu=1.3 Hz, 1H; H,), 4.26 (s, 3H;
N—CHs), 2.56 (s, 3H; NC—CHs;), 2.07 (s, 6H; NC—CHj3), 1.96 ppm (s, 3H;
NC—CH,); “C{'H} NMR (100 MHz, CDCly): 6=204.0 (C—Ru), 156.9
(Cy=0), 1544 (C,,—H), 141.9 (C,;—H), 138.2 (C4~—N), 132.7 (C5N),
127.7 (NCMe), 126.1 (CA,—H), 123.0 (CA,—H), 125.1 (NCMe), 123.0 (C,,—
H), 118.7 (NCMe), 113.7 (C,,—H), 1129 (C,—H), 112.3 (C5—H), 35.3

(N—CHs;), 4.8 (NC—CHs;), 4.4 (NC—CH,), 1.4 ppm (NC—CH,); elemental
analysis caled (%) for C,;HyF,N,P,Ru (764.45): C 32.99, H 3.03, N
12.83; found: C 33.23, H 2.91, N 13.04.

Crystal structure determinations: Suitable single crystals were mounted
on a StoeMark II-Imaging Plate Diffractometer System (Stoe & Cie,
2002) equipped with a graphite-monochromator. Data collection was per-
formed by using Moy, radiation (1=0.71073 A) with a nominal crystal to
detector distance of 135 mm. All structures were solved by direct meth-
ods by using SHELXS-97 and refined by full-matrix least-squares on F
for all data using SHELXL-97.1) The hydrogen atoms were included in
calculated positions and treated as riding atoms using SHELXL-97 de-
fault parameters. Anisotropic thermal displacement parameters were
used for all non-hydrogen atoms. Four independent molecules and eight
disordered PF,~ anions are present in the unit-cell of 9. Attempts to re-
solve the disorder of the PF,~ ions and solvent molecules by using the
SQUEEZE routine*!! were unsuccessful due to the low quality of the
data. Further crystallographic details are compiled in the Supporting In-
formation. CCDC-numbers 949564 (2), 949565 (6), and 949566 (10) con-
tain 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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