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Ruthenium(ll) Complexes Having a Pincer-Type Ligand with Two

N-Heterocyclic Carbene Moieties

Yoshihiro Shimoyama, Tomoya Ishizuka, Hiroaki Kotani, and Takahiko Kojima*

Abstract: Two novel Ru(ll) complexes, having 2,2'-bipyridyl and a
pincer-type methylene-bridged N-heterocyclic carbene (NHC) ligand,
have been synthesized and characterized to evaluate the effects of
structural features of the complexes on their redox and
photochemical properties. The methylene-bridged NHC ligand
coordinated in a meridional manner and the iso-propyl groups on the
NHC rings exhibited intramolecular CH/z interaction with the 2,2’-
bipyridyl ligand, which played a role to strongly maintain the distorted
ligand structure. In addition, the two Ru complexes exhibited
reversible redox waves in the cyclic voltammograms and they were
oxidized by an electron-transfer oxidant to afford Ru(lll) complexes,
which were characterized by ESR spectroscopy and theoretical
analyses.

Transition-metal complexes bearing  N-heterocyclic
carbene (NHC) ligands have been widely studied for several
decades.!! In particular, 4d transition metals are capable of
forming highly stable coordination bonds with NHC ligands and
they have been widely applied to construction of catalytic
systems.? Among them, Ru(ll) and Ru(lll) complexes having
NHC ligands have been applied to catalysis such as substrate
oxidation® and water oxidation, and they also have gathered
much attention to the photochemical properties.®! For example,
the strong coordination of an NHC ligand to a Ru(ll) center
allowed us to elongate the lifetime of the excited state related to
the emission, compared to its polypyridyl analogs.®! Although
plenty of reports on Ru-NHC complexes have been delivered,
the effects of NHC ligands on the electronic structures of Ru-
NHC complexes have been scarcely reported.® In this study, we
have successfully synthesized and characterized two novel
Ru(ll) complexes, which have 2,2’-bipyridyl (bpy) and a pincer-
type tridentate ligand with two NHC moieties as the ancillary
ligands. The pincer-type ligand coordinates to the Ru(ll) center
with the meridional manner. In the Ru(ll) complexes,
intramolecular CH/z interaction is formed between the i-Pr
groups of the NHC moieties and the bpy ligand to fix the two
NHC moieties in different circumstances each other.

Syntheses of [Ru"(C*Py"C)(bpy)(MeCN)]** (1) ~and
[RuU'CI(C*PYy"C)(bpy)]* (2) (C"Py*C = 2,6-bis(3-isopropyl-
imidazol-2-ylidene)pyridine) are shown in Scheme 1 and the
details are described in the Supporting Information (SI).
Characterization of 1 and 2 was performed with *H NMR
spectroscopy (Figure S1), ESI-TOF-MS spectrometry (Figure
S2), elemental analysis and X-ray crystallography (Figure 1).

The crystal structures of 1-(PFs)2 and 2:-PFs (Figure 1)
clearly reveal that the coordination manner of the C"Py"C
ligands is meridional. The bond distances of Ru1-N8(CH3sCN) in
1-(PFe); and Rul-CI1 in 2 are 2.041(2) A and 2.4348(6) A,
respectively. These values were within the range of the
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Scheme 1. Synthesis of a Ru(C"Py"C)(bpy) complexes, 1 and 2. dmso =
dimethylsulfoxide.

corresponding bond lengths observed in other Ru(ll) complexes
having an acetonitrile molecule (2.03 — 2.44 A) or a chloride
ion (2.39 — 2.52)® as a ligand. In addition, the bond lengths
between the Ru(ll) center and NHC-carbons (Rul-C11 and Rul-
C1) in 1:(PFe), are 2.093(2) and 2.097(2) A, respectively, and
those in 2-PFs are 2.0824(19), 2.1149(19) A, respectively. These
values were longer than those of Ru-C bonds (1.98 — 2.00 A)
observed in other Ru(ll)-NHC complexes.?® 9 This indicates the
strong trans influences provided by strong o-donating NHC
ligands that are positioned mutually at the trans position.[*%

1H NMR spectra of 1 and 2 in acetonitrile-ds exhibited
complicated spectral patterns derived from the structures of 1
and 2 despite of meridional coordination geometry mentioned
above. This indicates that complexes 1 and 2 show the C1
symmetry due to non-flexibility of the NHC ligand twisted at the
CH,-linkers. The *H NMR signals, assigned to the protons at the
6-position of the pyridine moieties in the bpy ligand close to the
axial ligands, were observed at 9.3 for 1 and 10.0 ppm for 2. The
large down-field shift of the *H NMR signal in 2 compared to that
of 1 indicates that there is hydrogen-bonding interaction
between the proton at the 6-position of the bpy ligand and the CI
ligand in 2 (Figure S3(a) in SI).I34 'H NMR signals of the
methylene moieties showing two AB quartets were observed in
the range from 4.8 to 5.6 ppm for 1. These chemical shifts were
comparable to those of Ru(ll) complexes having two similar bis-
NHC ligands.*¥ The *H NMR spectrum of 2 showed an AB
quartet and two AX doublets in the range from 4.9 to 7.0 ppm for
the methylene moieties. The large downfield shift of one of the
AX doublets for 2 due to the methylene protons should be
derived from intramolecular hydrogen bonding between the
chloro ligand and one methylene proton as shown in Figure S3
(SI). Three possible structural isomers can be considered for 1
and 2: one meridional and two facial isomers (Figure S4). Since
1 and 2 should be in the C1 symmetry as indicated by the 'H

Figure 1. ORTEP drawings of 1 (a) and 2 (b) with 50% probability of thermal
ellipsoids. The counter anions and hydrogen atoms are omitted for clarity.



NMR spectra, one of the facial isomers in the Cs symmetry can
be excluded. In addition, the hydrogen bonding between the
chloro ligand and the proton at the 6-position of the bpy ligand in
2, as mentioned above, should not be observed in the other
facial isomer. The features observed in the *H NMR spectra
indicate that the C*"Py"C coordinates to the Ru(ll) center in the
meridional manner in both 1 and 2, as demonstrated by X-ray
crystallography.

In the crystal structures, the bpy ligand in both 1 and 2 was
strongly distorted due to the steric repulsion of one of the
isopropyl moieties bound to the NHC ligand (Figure S3(b) and
(c)). The distance between C17 and the centroid of the pyridine
ring containing N7 atom was ca. 3.7 A, which was in the range
(2.9 — 3.8 A) that CH/z interaction can be formed between
them.*? This interaction suggests shielding of the proton by the
ring current to afford large upfield shifts (> 2 ppm) of the *H NMR
signals, assigned to protons bound to the methine carbons
(Figures S5 and S6).131 In addition, variable-temperature H
NMR measurements from 298 to 348 K were conducted for 1; as
a result, the 'H NMR signals did not show any significant shifts
and the symmetry-broken *H NMR signals of 1 maintained in the
temperature range (Figure S10). This indicates that the CH/x
interaction assists the stabilization of the distorted conformation
of the C"Py~C ligand in 1 and the two NHC moieties do not flip
to show the seesaw-like motion that makes the two NHC
moieties equivalent in the NMR time scale.4l

In the UV-Vis spectra of 1 and 2 in acetonitrile,
characteristic absorption bands were observed at 483 and 537
nm, respectively. On the basis of the TD-DFT calculations
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Figure 2. a) UV-Vis spectra of 1 (red) and 2 (blue) in MeCN measured at room
temperature. b) Excitation (solid line) and emission spectra (dashed line) of 1
in butyronitrile glass measured at 77 K under Ar: [1] = 0.1 mM, Aexc = 486 nm,
Aobs for the excitation spectrum = 608 nm. c) Excitation (solid line) and
emission spectra (dashed line) of 2 in butyronitrile measured at 77 K under Ar:
[2] = 0.1 mM, Zexc = 544 nm, Aobs for the excitation spectrum = 732 nm.
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(Figure S11), these absorption bands are assigned to metal-to-
ligand charge transfer (MLCT) bands (dn of Ru(ll) to 7* of bpy).
These wavelength values were larger (ca. 30 nm) compared to
other related Ru(ll) complexes having bpy ligands.*! In addition,
the emission and excitation spectra of 1 and 2 were measured in
argon-purged butyronitrile at 77 K (Figure 2b and c). The
emission bands assigned to the phosphorescence from the
SMLCT excited states of 1 and 2 were observed at 608 and 732
nm, respectively.’® The quantum vyields of 1 and 2 were
determined to be 0.41 and 1.5 x 1073, respectively.l” - 19 This
lowering of the quantum yield for the phosphorescence in 2 can
be explained by decreasing the lifetime of the SMLCT excited
state by thermal transition to metal-centered triplet excited state
(®3MC); this is probably due to the narrowing the ligand field
splitting in 2, since the chloro ligand acts as a rn-donor to elevate
the energy level of the dn orbital in contrast to the acetonitrile
ligand in 1, which undergoes n-back bonding to lower that of the
dr orbital and to enlarge the splitting. As the result, thermal
transition from the *MLCT excited state to the *MC excited state
occurs easily in 2. The effects of axial ligands on the
photophysical properties of the Ru(ll) complexes have been also
reported for Ru(ll)-porphyrin complexes.?%

The redox behavior of 1-(PFg). and 2-PFs in the acetonitrile
solutions was investigated by cyclic and differential-pulse
voltammetries at room temperature (Figure S13). The cyclic
voltammograms (CVs) showed reversible redox waves at Ei, =
+1.01 and -1.49 V vs SCE for 1-(PF¢), and Ei, = +0.62 and —
1.52 V vs SCE for 2:(PFg). These potentials were relatively lower
than those of other related Ru(ll) complexes having neutral
polypyridyl ligands or alkylamine ligands.?¥ In particular, redox
potentials of 1 and 2 were lower than Ru(ll) complexes having
terpyridine-like conjugated NHC ligands.!® This indicates that the
o-donating ability of the NHC moieties in C*"Py~C ligand is
stronger than the n-conjugated analog,® and the strong o-
donating ability of the NHC ligands in the C*Py"C ligand makes
the Ru(ll) center more electron-rich. Therefore, the Ru(ll) center

can be oxidized more easily than the =-conjugated
counterparts.®l
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Figure 3. UV-Vis spectral changes upon addition of [Ru"(bpy)s]** to 1 (a) and
2 (b) at room temperature. [1] and [2]: 0.10 mM. Solvent: MeCN. Inset shows
the absorbance change at the selected wavelength against concentration of
[Ru"(bpy)s]** added as an oxidant.



Upon addition of [Ru"(bpy)s](ClO4)z (E1z = +1.29 V vs
SCE)P? to acetonitrile solutions of 1 and 2, the absorption bands
at 483 nm for 1 and 537 nm for 2 decreased and instead a new
obvious absorption bands at 711 nm for 1 and 600 nm for 2
arose with an isosbestic point at 363 and 478 nm for 1 and 497
and 577 nm for 2 (Figures 3). The absorption increase around
450 nm was derived from the formation of [Ru'(bpy)s]?*, which
matched to the absorption band of [Ru"(bpy)s](PFs). (Figure
S14). The changes were completed by addition of 1 equiv of
[Ru"(bpy)s](ClOy)s; the solution color changed from orange to
green for 1 in the formation of the le -oxidized species (3) and
from pink to red for 2 in that of the le—-oxidized species (4).
Based on the TD-DFT calculations, the absorption band of 1e™-
oxidized 1 at 711 nm was assigned to the ligand-to-metal charge
transfer (LMCT) transition from the NHC ligand, having an iso-
propyl group forming the CH/x interaction with the pyridine ring
containing N7 atom, to the Ru(lll) center in 3 (Figure S15). The
1H NMR spectra of 3 and 4 showed relatively broad signals in
the range of —74 ~ +60 ppm and —40 ~ +20 ppm, respectively,
reflecting the paramagnetic characters of 3 and 4 (Figure S16
and S17).281 The electron paramagnetic resonance (EPR)
spectra recorded in acetonitrile at 5 K exhibited rhombic EPR
signalsl® with g; = 2.782, g,= 2.315 and gz = 1.980 for 3, and g;
= 2.984, g,= 2.116 and gz = 1.758 for 4 (Figure 4). The root
mean squares of the g-values, <g> (= ((|g1> + |92]* + |9s[?)/3)*?),
were calculated to be 2.382 and 2.343, respectively, which were
comparable to a typical <g> value for Ru(lll) complexes (S = 1/2),
ca. 2.3.% Thus, the products of the first oxidation processes of 1
and 2 should be formally [Ru"(C*Py~C)(bpy)(NCMe)J** (3) and
[Ru"CI(C*Py~C)(bpy)]?* (4), respectively.

DFT-optimized structures of complexes 1 and 2 under
vacuum were calculated and shown in Figure 5. The highest
occupied molecular orbital (HOMO) of 1 mainly delocalized on
the Ru(ll) center and also on the NHC ring forming CH/x
interaction with the pyridine ring. In contrast, that of 2
delocalized on the Ru(ll) center, Cl ligand and NHC rings. The
lowest unoccupied molecular orbital (LUMO) of both of 1 and 2
located on the bpy ligands. These results indicate that the first
oxidation of 1 and 2 should occur on the Ru(ll) center and the
first reduction of them should proceed on the bpy ligand. In
addition, the spin-density maps of 3 and 4 were obtained based
on their DFT-optimized structures, and the unpaired electrons
mainly located on the Ru center and NHC moiety in both 3 and 4.
The spin density on the Ru center was calculated to be 0.88 for

- 9,=2116 Exp.

[ 1000 2000 3000 4000 5000 6000
Magnetic field / G

Figure 4. Experimental EPR spectra (black) and their simulations (red) for 1e™
oxidized species of 1 (a) and 2 (b) measured at 5 K in helium-purged MeCN.
[1] or [2] = 1 mM, MW power: 5.024 mW, MW frequency: 9.398 GHz, Mod.
frequency: 100.00 kHz, Mod. amplitude: 12.00 G. 1 equiv. of
[Ru"(bpy)s](ClO4)s was used for 1e~ oxidation.
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Figure 5. HOMO (a) and LUMO (b) orbitals of 1, HOMO (c) and LUMO (d)
orbitals of 2, and Mulliken spin-density map (blue and green mesh) of 3 (e)
and 4 (f) calculated at the UB3LYP/SDD level of theory.

3 and 0.86 for 4. Therefore, almost of all unpaired electron
localized on the Ru center, allowing us to conclude that the first
oxidation should occur at the Ru center to afford formally Ru(lIl)
complexes. These results are consistent with the results of EPR
measurements (Figure 4).

In conclusion, novel two Ru(ll) complexes having pincer-
type C"Py"C ligands have been successfully synthesized and
characterized on the basis of crystallographic and spectroscopic
analyses. The methylene-bridged NHC ligand (C*Py"C)
coordinated in a meridional manner and highly distorted, which
was maintained even in solution, where the intramolecular CH/n
interaction between the iPr group of the NHC moieties and the
bpy ligand probably assists the fixation of the distorted structure
of the C*Py~C ligand. NHC ligands had a strong o-donating
ability to Ru(ll) centers compared to pyridine or alkylamine
ligands, resulted in lowering oxidation potential of the
Ru(Il)/Ru(lll) redox couple. In addition, these two Ru(ll)
complexes could be oxidized by using le~-oxidant in acetonitrile
to afford the corresponding Ru(lll) complexes, which were
revealed by *H NMR and EPR spectroscopic analyses and DFT
calculations. The applications of these complexes in catalysis
and optical functionality are ongoing in our laboratory.
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Two Ru(ll) complexes, having an axial ligand, bipyridine and a pincer-type
methylene-bridged N-heterocyclic carbene ligand, have been synthesized. Their
structural, electrochemical, and photochemical properties have been investigated,
which revealed the characteristics of a methylene-bridged pincer-type NHC ligand.



