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2,3-Di(2-pyridyl)-S-phenylpyrazine: A NN-CNN-Type Bridging Ligand for
Dinuclear Transition-Metal Complexes

Si-Hai Wu,'"! Yu-Wu Zhong,*'> <! and Jiannian Yao!*!

Abstract: A new bridging ligand, 2,3-
di(2-pyridyl)-5-phenylpyrazine

(dpppzH), has been synthesized. This
ligand was designed so that it could
bind two metals through a NN-CNN-
type coordination mode. The reaction
of dpppzH with cis-[(bpy),RuCl,]
(bpy=2.,2'-bipyridine) affords monoru-
thenium complex [(bpy),Ru-
(dpppzH)]** (1**) in 64% yield, in
which dpppzH behaves as a NN biden-
tate ligand. The asymmetric birutheni-

pyridine), in which one hydrogen atom
on the phenyl ring of dpppzH is lost
and the bridging ligand binds to the
second ruthenium atom in a CNN tri-
dentate fashion. In addition, the RuPt
heterobimetallic complex [(bpy),Ru-
(dpppz)Pt(C=CPh)]** (4**) has been
prepared from complex 1**, in which
the bridging ligand binds to the plati-
num atom through a CNN binding
mode. The electronic properties of

these complexes have been probed by
using electrochemical and spectroscop-
ic techniques and studied by theoretical
calculations. Complex 1*" is emissive at
room temperature, with an emission
Amax =095 nm. No emission was detect-
ed for complex 2** at room tempera-
ture in MeCN, whereas complex 4**
displayed an emission at about 750 nm.
The emission properties of these com-
plexes are compared to those of previ-
ously reported Ru and RuPt bimetallic

complexes with a related ligand, 2,3-
di(2-pyridyl)-5,6-diphenylpyrazine.

um complex [(bpy),Ru(dpppz)Ru-
(Mebip)]’* (2*f) was prepared from
complex 1** and [(Mebip)RuCl)]
(Mebip = bis(/N-methylbenzimidazolyl)-
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Introduction a great number of linear and rigid molecular assemblies
when bound to octahedral transition-metal ions in a NNN-
The design of polyazine bridging ligands for the construction NNN bis-tridentate fashion.’! Another bridging ligand that
of bimetallic or macromolecular coordination assemblies has
received much attention.! A “good” bridging ligand should
have a rigid and well-defined geometry and allow optimal
orbital overlap between the metals and the organic ligands.
Because of their appealing photophysical and electrochemi-
cal properties, the resulting bimetallic or multimetallic com-
plexes have been extensively used in a wide range of fields,
such as molecular electronics, electrochromism,? and the
photoconversion of solar energy.l! One of the most exten-
sively studied bridging ligands is 2,3,5,6-tetrakis(2-pyridyl)-
pyrazine (tppz, Scheme 1), which has been shown to yield
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[(bpy)sRu(dpdpzH)PtCCPh]2*

Scheme 1. Bridging ligands and the design of new ligand dpppzH.
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has received extensive attention is 2,3-bis(2-pyridyl)pyrazine
(dpp). This ligand binds to two metals through a NN-NN-
type coordination mode and is particularly useful for the
construction of macromolecular complexes with multiple
metal centers.’l Despite the progress in this area, the devel-
opment of new polyazine bridging ligands with comparable
and complementary electronic properties is still of great in-
terest to the materials science and chemistry communities.!!

Recently, there has been growing interest in the synthesis
and study of cyclometalated complexes that contain a ¢ M—
C bond.” These complexes either contain a CN-type biden-
tate ligand or a NCN/CNN-type tridentate chelate ligand.
The most studied cyclometalated complexes have been
those that bind to iridium,® ruthenium,”! and platinum
ions.'” Because of the presence of the anionic carbon
ligand, these complexes exhibit significantly different photo-
physical and electrochemical properties with respect to their
corresponding noncyclometalated complexes. However,
most of these studies have been concerned with monometal-
lic complexes and the design of bridging ligands for the syn-
thesis of cyclometalated dinuclear complexes has been limit-
ed. Some representative examples include NCN-NCN-type
bis-cyclometalating ligands 1,2,4,5-tetra(pyrid-2-yl)benzene
(tpbH,, Scheme 1), 1,3,6,8-tetra(pyrid-2-yl)pyrene,'” and
others."™ These ligands have been used for the syntheses of
bis-ruthenium complexes and for studies of metal-metal
electronic coupling.

In addition to these above-mentioned bis-cyclometalating
ligands, we recently reported that 2,3-di(2-pyridyl)-5,6-di-
phenylpyrazine (dpdpzH,, Scheme 1) displayed rich coordi-
nation chemistry with various transition metals, such as
ruthenium,™ platinum,™ and rhenium,™ to yield a number
of monometallic and bimetallic complexes with interesting
electrochemical and spectroscopic properties. In the case of
bimetallic complexes, the bridging ligand and the metal
atoms can either connect through NN-NN, NN-CNN, or
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CNN-CNN-type coordination modes, depending on whether
the two phenyl rings of dpdpzH, bind to the metal site or
not. Among these compounds, one interesting example is
the RuPt heterobimetallic complex [(bpy),Ru(dpdpzH)PtC=
CPh]** (Scheme 1)1 where bpy is 2,2-bipyridine and
dpdpz is the bis-deprotonated form of dpdpzH,. This com-
plex emits near-infrared (NIR) light™” (4,,,.=780 nm) with
a quantum yield (¢) of 0.15%, which is relatively higher
than that of monoruthenium complex [(bpy),Ru-
(dpdpzH,)]**, which emits at 709 nm (¢=0.057%).' As
a continuation of this project, we conjectured that the un-
touched phenyl ring of the bridging ligand in [(bpy),Ru-
(dpdpzH)PtC=CPh]** (Scheme 1, dashed circle) may rotate
freely to provide a non-emissive deactivation pathway. Thus,
a new ligand, 2,3-di(2-pyridyl)-5-phenylpyrazine (dpppzH),
was designed in which this phenyl ring was removed.
Herein, we describe the use of dpppzH as a NN-CNN-type
bridging ligand for the synthesis of RuRu and RuPt bimetal-
lic complexes and electrochemical and spectroscopic studies
of these complexes. In addition, density functional theory
(DFT) and time-dependent DFT (TDDFT) -calculations
have been performed to complement these experimental re-
sults.

Results and Discussion
Synthesis and Characterization

The compounds that were studied herein are shown in
Scheme 2. Ligand dpppzH was prepared by the condensa-
tion of p,L-phenylethylenediamine with 2,2"-pyridil, followed
by subsequent dehydrogenation; p,L-phenylethylenediamine
was prepared according to a literature procedure by the re-
duction of a-azidoacetophenone O-methyl oxime ether with
lithium aluminum hydride.'"! The 'H NMR spectrum of
dpppzH shows a singlet at 0 =9.11 ppm, which is assigned to
the proton on the pyrazine ring. The reaction of dpppzH
with cis-[(bpy),RuCl,], followed by anion exchange with
KPF,, gave monoruthenium complex [(bpy),Ru(dpppzH)]-
(PF,), (1?") in 64% yield. The coordination mode between
Ru and dpppzH was confirmed by subsequent transforma-
tions.

The treatment of complex 1** with [(Mebip)RuCl;]""
(Mebip = bis-(N-methylbenzimidazolyl)pyridine) in the pres-
ence of AgOTTf afforded the asymmetric bis-ruthenium com-
plex [(bpy),Ru(dpppz)Ru(Mebip)](PFy); (2**), where dpppz
is the mono-deprotonated form of dpppzH. The identity of
complex 2** was confirmed by mass spectroscopy, single-
crystal X-ray diffraction, and electrochemical studies. The
reaction of monoruthenium complex 1** with K,PtCl, in
a mixture of MeCN and water!'” gave the crude hetero-di-
nuclear Ru"Pt" complex [(bpy),Ru(dpppz)PtCl](PF), (3**)
in good yield (90 % ); this crude product was used in a subse-
quent transformation without further purification. The reac-
tion of complex 3*" with phenylacetylene, in the presence of
Cul and triethylamine,™ afforded platinum-acetylide com-
plex 4** in 70 % yield. The successful synthesis and isolation

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. Synthesis of the studied compounds.

of complexes 2*" and 4** indicate that the [Ru(bpy),] com-
ponent in complex 1** binds to the NN side of dpppzH and,
hence, that the open CNN side is available to accommodate
another cyclometalated ion.

Single-Crystal Structures

A single crystal of complex [2](PF;); was obtained in a mix-
ture of MeCN and Et,O; the X-ray structure is shown in
Figure 1.%Y1 Both ruthenium atoms adopt a distorted octahe-
dral configuration. The Rul atom has a tris-bidentate coor-
dination mode, whereas the Ru2 atom has a bis-tridentate
coordination mode and is connected to the phenyl ring of

Figure 1. Single-crystal X-ray structure of complex [2](PF;);; thermal el-
lipsoids are set at 30 % probability. Counteranions and hydrogen atoms
are omitted for clarity. Selected bond lengths [A]: Rul-Ru2 6.78, Rul-
N1=Rul-N2=Rul-N5=Rul-N6 2.06, Rul-N3 2.05, Rul-N4 2.04,
Ru2-C1 2.02, Ru2-N7 1.96, Ru2-N8 2.18, Ru2-N9 2.06, Ru2-N10 1.99,
Ru2-N11 2.05.
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[(opy)2Ru(dpppzH)I?*, 12

R = H, [(bpy),Ru(dpppz)PtCCPh)]?*, 42*

the bridging ligand through a Ru—C bond. The two rutheni-
um atoms are separated by a Ru—Ru distance of 6.78 A.
The Ru—N bonds are associated with the noncyclometalated
Rul atom and are within the range 2.04-2.06 A. In many of
the reported cyclometalated monoruthenium complexes,'*?
the Ru—C bond is slightly shorter than the Ru—N bonds.
However, the Ru2—C1 bond in complex 2** has a distance
of 2.02 A, which is longer than the Ru2-N7 (1.96 A) and
Ru2-N10 bonds (1.99 A). In addition, the Ru2—N8 bond
(2.18 A) is much longer relative to other Ru—N bonds,
owing to the trans effect of the 0 Ru2—Cl1 bond. The two
planes of the pyridine groups with the N5 and N8 atoms
have a torsion angle of 22.1°.

Electrochemical Studies

The cyclic voltammograms (CVs) of these complexes are
shown in Figure 2. The corresponding electrochemical data
are summarized in Table 1, together with those of some re-
lated complexes for comparison. The anodic scan of mono-
ruthenium complex 1** shows one Ru™ redox couple at
+1.41 'V versus Ag/AgCl, which is comparable to those of
[(bpy),Ru(dpp)[** and  [(bpy),Ru(dpdpzH,)**")  Four
cathodic waves for complex 1°* appear at —0.96, —1.43,
—1.64, and —1.98 V. The first wave at —0.96 V is assigned to
the reduction of the dpppzH ligand;! the other three
waves cannot be clearly assigned. However, two of these
waves must be associated with the reductions of two bpy li-
gands. The further reduction of dpppzH ligand may be re-
sponsible for the remaining wave.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. CVs of a) 1?*, b) 2**, and c) 4** on a glassy carbon electrode in
0.1m Bu,NCIO,/MeCN. Scan rate: 100 mVs™.

The anodic scan of asymmetric bis-ruthenium complex 2**
shows two chemically reversible oxidation waves at +0.61
and +1.58 V and an irreversible wave at +1.15 V versus Ag/
AgCl. The redox couple at +0.61 V is due to oxidation of
the cyclometalated ruthenium site (Ru2, Figure 1). This po-
tential is in accordance with the oxidation potential of most
reported cyclometalated monoruthenium complexes,”!

Table 1. Electrochemical data.
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which also supports the formation of the Ru—C bond in
complex 2**. The Ru™" process that is associated with the
[Ru(bpy),] unit takes place at +1.58 V, which is more posi-
tive than the corresponding process in monoruthenium com-
plex 1**. This result reflects the electron-withdrawing nature
of the added ruthenium ion in complex 2**. The irreversible
oxidation process at +1.15 V may be caused by ligand-based
oxidative decomposition. Such a peak is commonly observed
in cyclometalated ruthenium complexes.”! Five cathodic
waves are observed at —0.83, —1.29, —1.51, —1.73, and
—~1.88V versus Ag/AgCl for complex 2*". The first two
waves are assigned to the reduction of the bridging ligand
and the other three waves are due to the reduction of the
bpy and Mebip ligands. In comparison, the previously asym-
metric bis-ruthenium complex [(bpy),Ru(dpdpzH)Ru(tpy)]-
(PFy); (tpy=2,2,6',2“-terpyridine) similarly showed three
anodic waves and five cathodic waves."¥ However, the cy-
clometalated Ru™™ potential of complex 2°* is less positive,
as a result of the electron-donating nature of the Mebip
ligand."”!

RuPt complex 4** shows some ill-defined anodic waves
(Figure 2c). However, the Ru"™ process appears at +1.57 V
versus Ag/AgCl. Prior to the Ru™ process, the irreversible
waves may be due to oxidation of the platinum center or to
the platinum-acetylide component.'*" Five cathodic redox
couples can be observed within the solvent window of com-

plex 4" (-0.66, —1.20, —1.46, —1.67, and —2.00 V).
The former two waves are attributable to the con-
secutive reductions of dpppz and the following two

waves are assigned to the reductions of the bpy li-

gands. The origin of the fifth wave is unclear at this
stage. These electrochemical behaviors are quite
similar to the previously reported complex
[(bpy),Ru(dpdpzH)PtC=CPh]**.[""

DFT Calculations

To assist in the understanding of the electronic
structures of these complexes, DFT calculations
have been performed on complexes 2*" and 4*" by
using the B3LYP/LANL2DZ/6-31G*/CPCM
method (for details, see the Experimental Section).
The single-crystal structure of complex 2* was used
to generate the input file for the geometrical opti-
mizations. The optimized bond lengths that are as-
sociated with the Rul and Ru2 atoms are slightly
longer than those in the single-crystal structure (see
the Supporting Information, Table S1). The Ru2—
N8 bond (2.263 A) is the longest of all of the calcu-
lated Ru—N bonds; the Ru2—N7, Ru2—N10, and
Ru2—C1 bonds are relatively shorter (2.033, 2.032,
and 2.036 A, respectively). This trend is in agree-
ment with the crystallographic data. The structure

Complex E,; (anodic) E,;, (cathodic)
1%, [(bpy).Ru(dpppzH)](PFy), +1.41 ~0.96,
—1.43,
—1.64,
—1.98
2%, [(bpy),Ru(dpppz)Ru(Mebip)](PF); +0.61, —0.83,
+1.15,1) —1.29,
+1.58 —151,
—1.73,
—~1.88
4 [(bpy),Ru(dpppz)PtCCPh](PF), +1.35,1" —0.66,
+1.57 —1.20,
—1.46,
—-1.67,
—2.00
[(bpy).Ru(dpp)](PF), +1.38 —1.01,
—1.49,
-172
[(bpy),Ru(dpdpzH,)](PF;)," +1.38 -0.97,
—1.40,
-1.73
[(bpy).Ru(dpdpzH)Ru(tpy)](PF);“! +0.81, ~0.82,
+1.32,1 —1.25,
+1.57 —1.55,
—1.73,
—-1.90
[(bpy),Ru(dpdpzH)PtCCPh](PFj)," +1.37,1)) —0.65,
+1.58 —1.23,
—-1.51,
-1.79

of complex 4** was constructed on the basis of the

[a] All measurements were performed in 0.1m nBu,NCIO,/MeCN. Unless otherwise
stated, the potential is reported as E,, versus Ag/AgCl. Potentials versus Fc/Fct can
be estimated by substracting 0.45 V. [b] Irreversible, Ecu anodic- [€] See Ref. [14].

Chem. Asian J. 2013, 8, 1504-1513

DFT-optimized structure of complex 2** by replac-
ing the [Ru(Mebip)] component with [Pt—C=CPh].
Table S2 in the Supporting Information shows se-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lected bond lengths and angles in the DFT-optimized struc-
ture of complex 4**. The Pt—C1 and Pt—C2 bond lengths are
calculated to be 2.002 and 1.966 A, respectively. The C1-Pt-
N8 angle is 158.29°. These data agree well with those of
known cyclometalated platinum complexes.'"!

Figure 3 and Figure 4 show the isodensity plots of the
frontier orbitals for complexes 2** and 4°*, along with their
corresponding energy diagrams, respectively. The HOMO,
HOMO-1, and HOMO-2 of complex 2** are mainly asso-
ciated with the cyclometalated ruthenium (Ru2) component.
However, there is also significant electron density on the cy-
clometalating phenyl ring in the HOMO, a feature that is

-2 - 2} ":‘a,‘ 1"4 e
] o R e 5,403
4 Ja-d' '-& 24. > &%
4 43’ g oo
] e ﬁg 63 ‘o $4 ?3
: 2‘3 “a Py
J g ? ? / ‘!*: 2%
] K Ja B

! o, o9

v
oot
AN

s

oo

&S
o8
L*

©
P
[
(13
&

Eigenvalue / eV
A\
\\
e
sefeles
eRS e
“‘;b‘o“;“m’
s.s“‘
W e&e

.
J‘»‘
1 @
4 / ’,’ & y ¥
] “ia [ e 131 T3
] R 3% i ,i‘:y %
;] _ w

—6—: 0a°

o
ofelcd
?‘:
vy
P8
S&E
¢
Lo, J
S
.‘\"“s"
<
.
L
oS5E
LY

.
@

&“'

9,

¥
‘e

HOMO-4

o
:‘*M X
¢ €
T
< 1N
Bl a )
o8
X3
(3
®
)
“,
(15

Figure 3. Isodensity plots of the frontier molecular orbitals of complex
2** along with the energy diagram.
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4* along with the energy diagram.
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commonly present in cyclometalated complexes.”'!! The
lower-lying HOMO—-3 and HOMO—4 levels have major
contributions from the noncyclometalated ruthenium (Rul)
component. The LUMO and LUMO+1 are associated with
the bridging ligand. The bpy ligands are responsible for the
higher-lying LUMO+42 and LUMO+43 levels. The Mebip
ligand makes a dominant contribution to the LUMO+4 and
LUMO+5 levels. This order of orbital alignment suggests
that the cyclometalated ruthenium atom in complex 2** is
very likely to be oxidized prior to the noncyclometalated
atom. Moreover, the DFT-optimized structure of the one-
electron-oxidized form (2*%) indicates a spin density that is
dominated by the cyclometalated ruthenium component
(see the Supporting Information, Figure S1). The order of
reduction of complex 2°* may take place from the bridging
ligand, followed by the bpy and Mebip ligands. These results
are consistent with the above assignments of the electro-
chemical behavior of complex 2**.

The HOMO of complex 4** contains mixed contributions
from the phenylacetylide component and the platinum atom
(Figure 4). The HOMO—-1 and HOMO-2 levels contain
mixed contributions from the triple bond, the platinum
atom, and the cyclometalating phenyl ring. The lower-lying
HOMO-3 and HOMO—4 levels are dominated by the
ruthenium component. The orbital compositions of the un-
occupied orbitals in complex 4** share some similarities with
those in complex 2°*. The LUMO and LUMO+1 levels are
associated with the bridging ligand. The LUMO+2 and
LUMO+3 levels are associated with the bpy ligands. The
pyridine rings of the bridging ligand are responsible for the
LUMO+4 orbital. Again, these results are consistent with
the electrochemical behavior of complex 4**, as shown in
Figure 2.

Absorption Studies and TDDFT Calculations

The electronic absorption spectra of complexes 1**, 2°**, and
4** are shown in Figure 5, along with those of previously re-
ported complexes [(bpy),Ru(dpdpzH,)]** and [(bpy),Ru-
(dpdpzH)PtC=CPh]** for comparison.*!*) The spectroscop-
ic data are delineated in Table 2. In addition, TDDFT calcu-
lations have been performed on the above DFT-optimized
structures of complexes 2** and 4*" at the same level of
theory and the predicted low-energy excitations are sum-
marized in Table 3. Absorptions in the ultraviolet-light
region are due to intraligand m—n* excitations. The metal-
to-ligand charge-transfer (MLCT) transitions in complex 1**
(Amax=427 and 481 nm) are slightly blue-shifted relative to
those in [(bpy),Ru(dpdpzH,)]*" (Amex=446 and 490 nm).
Complex 2** showed an intense absorption band at 577 nm
(e=041x10°m'cm™"). In addition, in the region 700-
1000 nm, some weak-but-distinct absorption are present.
TDDFT results suggest that the NIR absorption of complex
2% is associated with HOMO —LUMO+1 and HOMO —
LUMO excitations (the S; and S, states, S stands for sin-
glet). The S, state, with an oscillator strength (f) of 0.3817,
is likely responsible for the observed absorption band at

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Electronic absorption spectra in MeCN and TDDFT results for
a) 17*, b) 2°*, and c) 4**. The right axes in (b) and (c) are associated with
the TDDFT excitations for complexes 2°* and 4°*.

Table 2. Absorption and emission data.[*]
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577 nm, although the predicted excitation is at higher
energy. This state is mainly associated with the HOMO-2 —
LUMO+1 excitation (MLCT transition from the Ru2 atom
to the bridging ligand) and has minor contributions from the
HOMO-1—-LUMO-+4, HOMO —LUMO+3, and
HOMO —-LUMO+5 excitations (MLCT transition from the
Ru2 atom to the Mebip or bpy ligands). Inconsistency be-
tween the TDDFT-predicted excitation energy and the ex-
perimental value is often observed in charge-transfer transi-
tions in metal complexes. The weaker absorption band of
complex 2°* at 456 nm is assigned to MLCT transitions from
the noncyclometalated ruthenium (Rul) component.

RuPt complex 4°" has a very similar absorption spectrum
to [(bpy),Ru(dpdpzH)PtC=CPh]**, with a slightly blue-shift-
ed low-energy absorption edge. The TDDFT results suggest
that the absorption band of complex 4°*, with 4,,,,=534 nm,
contains a major component from the HOMO —-LUMO+1
excitation (the S, state), which can be interpreted as a mix-
ture of platinum-based MLCT transitions and ligand-to-
ligand charge-transfer (LLCT) from the phenyl-acetylide
unit. The ruthenium-based MLCT transitions are very likely
within the region 400-500 nm. A similar situation has previ-
ously been observed for [(bpy),Ru(dpdpzH)PtC=CPh]**.I")

Emission Studies

The previously reported monoruthenium complex
[(bpy),Ru(dpdpzH,)]** exhibited an emission band at
709 nm and ¢=0.057% (Table 2 and Figure 6).' The excit-
ed-state lifetime (7) of this com-
plex was later determined to be
41 ns under ambient conditions

Complex Absorption A, [nm]

(e [x10° M 'em ™))

Emission®! 4 [nm]/¢ [% /z [ns] in dilute MeCN. The newly pre-

pared ruthenium complex 1°F,

1**, [(bpy),Ru(dpppzH)](PF), 285 (0.90),
347 (0.40),
427 (0.15),
481 (0.14)

299 (1.08),
365 (0.61),
456 (0.16),
577 (0.41),
834 (0.04)

282 (0.95),
363 (0.33),
426 (0.22),
468 (0.22),
534 (0.24)

430(0.12),
470(0.10)

299 (0.63),
360 (0.23),
446 (0.10),
490 (0.088)
286 (0.78),
380 (0.30),
436 (0.20),
477 (0.20),
545 (0.20)

2**, [(bpy),Ru(dpppz)Ru(Mebip)](PF);

4**, [(bpy),Ru(dpppz)PtCCPh](PFy),

[(bpy).Ru(dpp)](PF)(PF,),

[(bPY)zRU(dePZHz)](PFs)z[d]

[(bpy).Ru(dpdpzH)PtCCPh](PF),"

695/2.9/302 which contains the dpppz

ligand, shows an emission band
at 695 nm. This slightly blue-
shifted emission maximum rela-
tive to complex [(bpy),Ru-
(dpdpzH,)J** is in accordance
with the difference in their ab-
sorption spectra. To our delight,
complex 1°* displays a much
higher ¢ value (2.9%) and
a longer lifetime (302 ns) under
the same experimental condi-
tions. These results suggest that

no emission detected

752/0.41/170

675/5.1/135

709/0.057/41 the free-standing phenyl rings
in the dpdpz ligand provide
a non-emissive deactivation
780/0.15/120 pathway, as discussed in the

design strategy of dpppzH (see
the Introduction).
No emission for bis-rutheni-

[a] All spectra were recorded in MeCN at room temperature. [b] Excitation wavelength: 400 nm for all com-
pounds studied. Quantum yield was determined by comparison with [Ru(bpy);](PFs),, which had a quantum

yield of 5.9% in N,-saturated MeCN. [c] See Ref. [6a]. [d] See Ref. [14].
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um complex 2°* was detected at
room temperature. Possible
emission from the [Ru(bpy),]

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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170 ns. The emission maximum

Complex S, E [eV] A[nm] f Dominant transition(s) Assignment!®! of compound £t s slightly
(percentage contribution) blue-shifted relative to that of
2% 1 175 706.6 0.0105 HOMO —LUMO+1 (77) Mg,oLg CT [(bpy),Ru(dpdpzH)PtC=
2 1.81 636.8 0.0491 HOMO —LUMO (74) MLy CT CPhJ**, in accordance with
6 225 550.8 0.0214 HOMO-2—LUMO (92) MLy CT thei .
u eir absorption spectra as
10 2.53 490.5 0.0453 HOMO —LUMO+3 (76) Mo Ly CT 1DSOTp P ’
11 2.54 488.8 0.3817 HOMO-2—LUMO-+1 (44) Mpy,Lg CT shown in Figure 5. Tt has been
HOMO-1-LUMO+4 (12) MeuoLtepip CT reported that the excited-state
HOMO —LUMO+3 (11) Mg, Ly, CT lifetime of bis-tridentate ruthe-
HOMO —LUMO+5 (10) MgioLuenipCT pjum  complexes can be pro-
12 2.60 476.0 0.0538 HOMO-2—LUMO-+4 (83) MLy CT | d by form " tal
14 265 467.9 00604  HOMO-1—LUMO45 (98) Mplye,CT ~OD8EC DY torming a two-meta
4+ 1 204 606.5 0.0444  HOMO—LUMO (73) MpLy CT/LLCT ~ System, which stabilizes the
2 2.12 584.4 0.2798 HOMO —LUMO+1 (72) Mp Ly CT/LLCT ligand m*-acceptor orbital and
3 227 546.4 0.0478 HOMO-3—LUMO (46) Mpg,L; CT lowers the MLCT state below
HOMO-2—LUMO (24) MpLg CT th o . .
e deactivatin ligand-field
HOMO-1-LUMO (18) MpLg CT 4] & e .
7 2.53 289.7 0.0423 HOMO-1-LUMO+1 (35) MLy CT state. However,  previous
HOMO-1-LUMO (29) MLy CT TDDFT results have shown
HOMO-2—LUMO+1 (17) MpLp CT that the lowest MLCT transi-
HOMO-2—LUMO (14) MpLp CT tions are mainly associated with
8 2.58 480.1 0.1258 HOMO-2—LUMO+1 (34) MpLg CT the olatinum-acetvlide compo-
HOMO-3—LUMO+1 (23) Mg, L CT ¢ platinum-acetyhide comp
HOMO-1-LUMO+1 (13) Mp Ly CT nent. Thus, we believe that the
9 2.63 471.7 0.1698 HOMO-3—-LUMO+1 (50) Mg Ls CT NIR emission of complex 4°* is
11 2.7 457.4 0.0373 HOMO-5—LUMO (52) Mg, Ly CT a Pt-based MLCT/LLCT, as
15 2.87 432.1 0.0686 HOMO-5—LUMO-+1 (60) Mpg,Lg; CT

[a] Computed at the B3ALYP/LANL2DZ/6-31G*/CPCM level of theory. [b] Actual contribution [% | = (configu-
ration coefficient)?x2x 100. [c] BL =bridging ligand. The Ru2 atom in complex 2** is the cyclometalated one.

[(bpy),Ru(dpdpzH,)]*
[(bpy),Ru(dpdpzH)PtCCPh]™
12 42+

100
80
60 -

40

Normalized emission intensity

20

600 700 800 900
Alnm ——

Figure 6. Normalized emission spectra in MeCN at room temperature.
Excitation wavelength: 400 nm.

component could be quenched by the cyclometalated ruthe-
nium moiety, as a result of an energy-transfer process. Simi-
lar cyclometalated ruthenium-induced energy transfer and
emission quench have been reported previously.!'*%!

The previously reported heterobimetallic RuPt complex
[(bpy).Ru(dpdpzH)PtC=CPh]** emits at 780 nm, with ¢=
0.15%.1  The excited-state lifetime of [(bpy),Ru-
(dpdpzH)PtC=CPh]*" was later determined to be 120 ns.
The dpppz-bridged RuPt complex 4*" shows an emission
band at about 750 nm, with ¢=0.41% and a lifetime of

Chem. Asian J. 2013, 8, 1504-1513

a result of an energy-transfer
process from the excited Ru-
based MLCT state to the Pt-
based charge-transfer level.™!
The enhanced ¢ value and pro-
longed lifetime of complex 4*% with respect to [(bpy),Ru-
(dpdpzH)PtC=CPh]** are presumably a combined result of
the energy-gap law and the absence of a free-standing
phenyl ring in the bridging ligand in complex 4**.

Conclusions

In summary, a new NN-CNN-type bridging ligand 2,3-di(2-
pyridyl)-5-phenylpyrazine has been developed for the syn-
thesis of bimetallic complexes with interesting spectroscopic
and electrochemical properties. The asymmetric nature of
this ligand allows for the construction of heterobimetallic
complexes or homobimetallic complexes with different coor-
dination modes, as exemplified by RuPt complex 4** and
bis-ruthenium complex 2*". As a result of the absence of
free-rotating phenyl groups, these new complexes display
enhanced emission quantum yields and prolonged excited-
state lifetimes with respect to the previously reported Ru
and RuPt complexes with 2,3-di(2-pyridyl)-5,6-phenylpyra-
zine. These properties make the RuPt complex potentially
useful for the photocatalytic reduction of water.”! The
newly developed bridging ligand will also be useful for the
construction of other bimetallic complexes with mixed non-
cyclometalated and cyclometalated coordination modes.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section
Synthesis

General

Solution NMR spectra were recorded on a Bruker Avance 400 MHz
spectrometer. "H NMR spectra are reported in ppm and are referenced
to residual protons in the deuterated solvent (6=7.26 ppm for CDCl,
and 0=1.92 ppm for CD;CN). MS data were obtained on Bruker Dalton-
ics Inc. Apex II FT-ICR or Autoflex III MALDI-TOF mass spectrome-
ters. The matrix for the matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) measurements is o-cyano-4-hydroxycinnamic
acid. Microanalysis was performed on Flash EA 1112 or Carlo Erba 1106
analyzers at the Institute of Chemistry, the Chinese Academy of Sciences.
Ferroceneboronic acid was purchased from Aladdin reagent of China.

Synthesis of 2,3-Di(2-pyridyl)-5-phenylpyrazine (dpppzH)

A solution of 2,2"-pyridil (1.70 g, 8.0 mmol) and 1-phenylethylenediamine
(1.10 g, 8.0 mmol) in EtOH (40 mL) was heated at reflux for 20 h under
a nitrogen atmosphere. After cooling to RT, the mixture was opened to
air and stirred for a further 3 days. The resulting yellow precipitate was
collected and purified by flash column chromatography on silica gel
(CH,CL,/EtOAc/NH,OH, 20:80:0.2) to give dpppzH as a yellow solid
(1.55 g, 63% yield). '"H NMR (400 MHz, CDCl;): 6=7.23 (m, 2H), 7.50-
7.54 (m, 3H), 7.76-7.84 (m, 3H), 8.02 (d, /=7.8 Hz, 1H), 8.17 (d, /=
7.0 Hz, 2H), 8.38 (dd, J=15.0, 4.8 Hz, 2H), 9.11 ppm (s, 1H); "C NMR
(100 MHz, CDCly): 0=122.79, 123.08, 124.13, 124.32, 127.19, 129.05,
130.04, 135.99, 136.44, 136.61, 139.52, 148.51, 148.77, 150.23, 150.34,
151.32, 157.06, 157.29 ppm; MS (EI): m/z: 309 [M—H]*, HRMS (EI): m/z
caled for C,0H 5N,: 309.1139 [M—H]*; found: 309.1144.

Synthesis of [(bpy),Ru(dpppzH)](PFy), (I**)

To a solution of dpppzH (62 mg, 0.20 mmol) in ethylene glycol (10 mL)
was added cis-[Ru(bpy),CL]-2H,0 (104 mg, 0.20 mmol) and the mixture
was heated under microwave irradiation for 30 min (375 W). After cool-
ing to RT, excess KPF, (aq) was added. The resulting precipitate was col-
lected and purified by flash column chromatography on silica gel
(MeCN/H,0O/aq. KNO,, 150:10:1) to give complex 1** as a red solid
(140 mg, 64% yield). 'HNMR (400 MHz, CD;CN): =722 (d, J=
8.3 Hz, 1H), 7.28 (t, J=6.2 Hz, 1H), 7.43-7.53 (m, 7H), 7.65-7.67 (m,
2H), 7.69 (d, J=5.5Hz, 1H), 7.73 (d, J=5.4 Hz, 1H), 7.78-7.83 (m, 4H),
8.06-8.15 (m, 8H), 851 (d, J=72Hz, 2H), 853 (d, /=8 Hz, 2H),
8.65 ppm (d, J=4.6 Hz, 1H); "C NMR (100 MHz, CD;CN): 6=125.77,
125.82, 125.99, 126.23, 127.10, 128.50, 128.79, 128.82, 129.06, 129.16,
129.22, 130.56, 132.92, 135.04, 137.99, 139.57, 139.59, 139.67, 139.73,
139.76, 142.45, 151.10, 151.23, 152.77, 152.87, 152.99, 153.40, 153.50,
153.66, 155.46, 156.84, 157.60, 157.86, 158.11, 158.27, 158.31 ppm; MS
(MALDI): m/z: 869.0 [M—PF,]*, 724.1 [M—2PF,]*; elemental analysis
caled [%] for C,H;F,NgP,Ru,-H,0: C46.57, H3.11, N 10.86; found:
C46.22, H3.23, N 10.78.

Synthesis of [(bpy),Ru(dpppz)Ru(Mebip)](PFy); (2**)

To a solution of [(Mebip)RuClL;]™ (27.0 mg, 0.050 mmol) in dry acetone
(15mL) was added AgOTf (78.0 mg, 0.30 mmol) and the mixture was
heated at reflux for 2 h under a nitrogen atmosphere. After cooling to
RT, the generated AgCl precipitate was removed by filtering through
a pad of Celite. The filtrate was concentrated under reduced pressure.
The above-prepared monoruthenium complex 12* (51.0 mg, 0.050 mmol),
DMF (10 mL), and rBuOH (10 mL) were added to the residue. The re-
sulting mixture was heated at reflux under a nitrogen atmosphere for
a further 24 h. The solvent was removed under reduced pressure. The res-
idue was dissolved in MeOH (1 mL), followed by the addition of excess
aqueous KPF,. The resulting precipitate was collected and purified by
flash column chromatography on silica gel (MeCN/H,O/aq. KNOs;,
150:10:3), followed by anion exchange with KPFy, to give complex 2°* as
a deep purple solid (20.0 mg, 25% yield). MS (MALDI): m/z: 1307.2
[M—2PF¢—H]*, 1163.2 [M—3PF,]*, 1005.1 [M—3PF,—bpy|*; elemental
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analysis calcd [%] for CqHysF1sN13P3sRu,:3H,0: C44.34, H3.17, N 11.02;
found: C 44.28, H3.03, N 11.32.

Synthesis of [(bpy),Ru(dpppz)PtCI](PF,), (3**)

An aqueous solution of K,PtCl, (15 mL, 0.20 mmol, 82.0 mg) was added
to a solution of monoruthenium complex 1** (0.10 mmol, 102 mg) in
MeCN (15 mL). The mixture was heated at reflux for 24 h under a nitro-
gen atmosphere. After cooling to RT, the organic solvent was evaporated
before adding an excess of aqueous KPF,. The resulting precipitate was
collected to afford complex 3** as a deep red solid (112 mg, 90% yield).
This crude product was used in the next transformation without further
purification. MS (MALDI): m/z: 952.7 [M—2PF,]*.

Synthesis of [(bpy),Ru(dpppz) PtC=CPh](PF,), (4*%)

The above-prepared complex 3** (50.0 mg, 0.040 mmol), Cul (2.0 mg),
and phenylacetylene (0.30 mL, 0.30 mmol) were added to a mixture of ni-
trogen-saturated DMF (10 mL) and triethylamine (2 mL). The mixture
was stirred in the dark at RT for 22 h. The solvent was removed under
reduced pressure. The residue was purified by flash column chromatogra-
phy on silica gel (MeCN/H,0O/aq. KNO3, 200:10:1), followed by anion ex-
change with an aqueous solution of KPFy, to give complex 4** as a deep-
brown solid (36 mg, 70% yield). MS (MALDI): m/z: 1161.6 [M—PF,]*,
1017.7 [M—2PF,]*, 861.8 [M—2PF;—bpy[*; elemental analysis calcd [%]
for CuH3F,NgP,PtRu-H,O: C43.45, H2.73, N 844; found: C43.52,
H2.77, N 8.83.

Spectroscopic Measurements

Absorption spectra were obtained on a TU-1810DSPC spectrometer
(Beijing Purkinje General Instrument Co. Ltd.) at RT in MeCN in a con-
ventional quartz cell (path length: 1 cm). Emission spectra were recorded
on a F-380 spectrofluorimeter (Tianjin Gangdong Sic. & Tech Develop-
ment Co. Ltd.), with a red-light-sensitive R928F photomultiplier tube.
Samples for the emission measurements were placed in quartz cuvettes
(path length: 1 cm). Luminescence quantum yields were determined by
using [Ru(bpy);](PF), in degassed MeCN as a standard (¢=5.9%)."
The excited-state lifetime was determined on a Hamamatsu Quantaurus-
Tau under ambient conditions at RT.

X-ray Crystallography

X-ray diffraction data were collected on a Rigaku Saturn 724 diffractom-
eter with a rotating anode (Moy, radiation, 0.71073 A) at 173 K. The
structure was solved by using direct methods with SHELXS-97"! and re-
fined with Olex2.%”) The structure shown in Figure 1 was generated by
using Olex2.

Electrochemical Measurements

All cyclic voltammetry (CV) measurements were recorded on
a CHI620D potentiostat with a one-compartment electrochemical cell
under a nitrogen atmosphere. All of the measurements were recorded in
0.1m Bu,NCIO, in indicated solvents at a scan rate of 100 mVs~'. The
working electrode was a glassy carbon electrode with a diameter of
0.3 mm. The electrode was polished prior to use with 0.05 um alumina
and thoroughly rinsed with water and acetone. A large-area platinum
wire coil was used as the counter electrode. All potentials are referenced
to a Ag/AgCl electrode in a saturated aqueous solution of NaCl without
regard for the liquid-junction potential.

Computational Methods

All calculations were implemented in the Gaussian 09 program.*”) Wave-
functions were expanded in the LANL2DZ basis set with effective core
potentials® and the electron-exchange correlation was described by
using the B3LYP hybrid functional.’ Solvation effects in MeCN were in-
cluded by using the conductor-like polarizable continuum model
(CPCM) with united-atom Kohn-Sham (UAKS) radii.’¥ All orbitals
were computed at an isovalue of 0.03 ebohr .

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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