
Monometallic Osmium(II) Complexes with
Bis(N‑methylbenzimidazolyl)benzene or -pyridine: A Comparison
Study with Ruthenium(II) Analogues
Jiang-Yang Shao†,‡ and Yu-Wu Zhong*,†,§

†Beijing National Laboratory for Molecular Sciences, CAS Key Laboratory of Photochemistry, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100190, China
‡University of Chinese Academy of Sciences, Beijing 100049, China
§State Key Laboratory of Coordination Chemistry, Nanjing University, Nanjing 210093, China

*S Supporting Information

ABSTRACT: Seven bis-tridentate osmium complexes with
Mebib or Mebip (Mebib is the 2-deprotonated form of 1,3-
bis(N-methylbenzimidazolyl)benzene and Mebip is bis(N-
methylbenzimidazolyl)pyridine) have been prepared, and
their electrochemical and spectroscopic properties are
compared with ruthenium structural analogues. Among them,
four complexes have the [Os(NCN)(NNN)]-type coordina-
tion, including [Os(Mebib)(Mebip)](PF6)2 (1(PF6)2), [Os-
(dpb)(Mebip)](PF6) (2(PF6), dpb is the 2-deprotonated form of 1,3-di(pyrid-2-yl)benzene), [Os(Mebib)(ttpy)](PF6) (3(PF6),
ttpy = 4′-tolyl-2,2′:6′,2″-terpyridine), and [Os(dpb)(ttpy)](PF6) (4(PF6)). The other three complexes are [Os(Mebip)2](PF6)2
(5(PF6)2), [Os(Mebip)(tpy)](PF6)2 (6(PF6)2, tpy = 2,2′:6′,2″-terpyridine), and [Os(ttpy)2](PF6)2 (7(PF6)2) with the
[Os(NNN)(NNN)]-type coordination. Single crystals of 2(PF6) and 6(PF6)2 have been obtained, and their structures are
studied by X-ray crystallographic analysis. The Os(II/III) redox potentials of 1(PF6)2 to 7(PF6)2 progressively increase from
+0.04, +0.23, +0.24, +0.36, +0.56, +0.79 to +0.94 V vs Ag/AgCl, which are 200−300 mV less positive relative to the Ru(II/III)
potentials of their ruthenium counterparts. The highest occupied molecular orbital energy levels of 1+−72+ are calculated to vary
in a descending order. The ruthenium and osmium complexes have singlet metal-to-ligand charge-transfer (MLCT) transitions of
similar energies and band shapes, while the osmium complexes display additional 3MLCT transitions in the lower-energy region.
Complexes 6(PF6)2 and 7(PF6)2 emit weakly at 780 and 740 nm, respectively. Complex 1(PF6)2 was synthesized as the oxidized
Os(III) salt because of the low Os(II/III) potential. The transformation of 12+ to 1+ by chemical reduction or electrolysis led to
the emergence of the 1MLCT transitions in the visible region.

■ INTRODUCTION

Transition-metal polyazine complexes have attracted enormous
attention because of their superior electrochemical and
photophysical properties.1 Among them, cyclometalated
complexes are one special type of material that have been the
focus of much research efforts.2 These complexes feature a M−
C bond between the metal center and a carbon anionic ligand,
for example, the CN-type bidentate ligand or the CNN- or
NCN-type tridentate ligand. Transition metals that are mostly
involved in cyclometalated complexes include ruthenium,3

iridium,4 and platinum.5 These complexes are very useful in a
wide range of applications, such as light-emitting devices,6 solar
cells,7 and mixed-valence chemistry.8

In some applications, the redox potentials of complexes play
a crucial role in determining their performance. For instance,
low operational potentials would be beneficial for electro-
chromism (reversible absorption spectral changes in response
to external electric field) and would improve the device stability
and memory time.9 In this sense, the use of cyclometalated
complexes is very effective. Because of the presence of the

anionic cyclometalating ligand, the metal center of cyclo-
metalated complexes is much more electron-rich with respect
to the noncyclometalated analogues, and the metal-associated
redox potentials are significantly decreased.
Recently, we have reported on a series of cyclometalated

ruthenium complexes with the 2-deprotonated form of 1,3-
bis(N-methylbenzimidazolyl)benzene (MebibH) and bis(N-
methylbenzimidazolyl)pyridine (Mebip).10 These complexes
display low Ru(II/III) potentials as a result of the electron-
donating nature of the carbon anionic ligand and the
benzimidazole units. For instance, the Ru(II/III) process of
complex [Ru(Mebib)(Mebip)](PF6) takes places at +0.26 V vs
Ag/AgCl, which is considerably lower with respect to the
cyclometalated complex [Ru(dpb)(tpy)](PF6) (E1/2 = 0.56 V)
and the noncyclometalated complex [Ru(tpy)2](PF6)2 (E1/2 =
1.32 V), where dpb is the 2-deprotonated form of 1,3-di(pyrid-
2-yl)benzene (dpbH) and tpy is 2,2′:6′,2″-terpyridine. As an
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extension of this work, we considered that the use of osmium
would be possible to further decrease the metal-based redox
potentials. Osmium polyazine complexes have been well-known
to possess well-defined Os(II/III) processes with much lower
redox potentials relative to ruthenium structural analogues.11

Compared to cyclometalated ruthenium complexes, only
limited reports have been devoted to the syntheses and studies
of cyclometalated osmium complexes.12 Le Lagadec and
Ryabov and co-workers have synthesized a series of cyclo-
metalated osmium complexes with a general formula of
[Os(C−N)x(N−N)3−x]m+ (x = 0−3),13 where C−N is a
bidentate cyclometalating ligand and N−N is a bidentate
ligand, such as 2,2′-bipyridine and 1,10-phenanthroline. These
complexes have low redox potentials and high rates of oxidation
of reduced enzymes. Collin and Barigelletti and co-workers
reported a few [Os(NCN)(NNN)]-type bis-tridentate poly-
pyridyl osmium complexes and related dimetallic complexes
bridged by a biscyclometalating ligand.14 Recently, some
emissive osmium complexes supported by N-heterocyclic
carbene-based CCC-pincer ligands and aromatic diimines
have been disclosed by Wong and co-workers.15 We note
that, although a large number of transition-metal complexes
with Mebip or Mebib have been known,16 osmium complexes
with these two ligands, either cyclometalated or noncyclometa-
lated, have not been documented to date. We present in this
Article the syntheses and characterization of a series of osmium

complexes with Mebip or Mebib (Scheme 1) and a comparison
study of their electrochemical and spectroscopic properties with
the previously reported ruthenium analogues.10a In addition,
theoretical calculations have been performed to complement
these experimental results.

■ RESULTS AND DISCUSSION
Syntheses and X-ray Structures. The osmium complexes

studied in the paper were synthesized as outlined in Scheme 1.
The reaction of (NH4)2[OsCl6] with Mebip afforded
[(Mebip)OsCl3] in good yield. The treatment of [(Mebip)-
OsCl3] with MebibH in ethylene glycol under microwave
heating, followed by anion exchange using KPF6, gave complex
[Os(Mebib)(Mebip)](PF6)2 (1(PF6)2) in 23% yield. This
reaction was expected to give a cyclometalated Os(II) complex
with one anion. However, only the oxidized Os(III) form was
isolated, suggesting that the Os(II/III) potential is sufficiently
low. The identity of 1(PF6)2 was supported by mass spectrum,
microanalysis, and following spectroelectrochemical measure-
ment. Using a similar procedure, the reaction of [(Mebip)Os-
Cl3] with dpbH, Mebip, and tpy gave the cyclometalated
complex [Os(dpb)(Mebip)](PF6) (2(PF6)) and noncyclome-
talated complexes [Os(Mebip)2](PF6)2 (5(PF6)2) and [Os-
(Mebip)(tpy)](PF6)2 (6(PF6)2), respectively. Cyclometalated
complexes [Os(Mebib)(ttpy)](PF6) (3(PF6), ttpy = 4′-tolyl-
2,2′:6′,2″-terpyridine)17 and [Os(dpb)(ttpy)](PF6) (4(PF6))

Scheme 1. Syntheses of Compounds Studied
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were prepared from the reaction of [(ttpy)OsCl3]
14 with

MebibH and dpbH, respectively. The yields for the syntheses of
these complexes are in the range of 20−30%. Some byproducts
with higher polarity were detected in thin-layer chromatog-
raphy. However, their composition has not been identified. The
addition of AgOTf in these reactions, as has been used in the
syntheses of ruthenium analogues,10 did not improve the yield.
In addition to these complexes, a known compound [Os-
(ttpy)2](PF6)2 (7(PF6)2) was prepared for a comparison
study.18

Single crystals of 2(PF6) and 6(PF6)2 suitable for X-ray
analysis were obtained by diffusion of diethyl ether into the
solution of these two compounds in CH3CN. The thermal
ellipsoid plots of the X-ray structures are shown in Figure 1.
Crystal data and selected bond lengths and angles are given in
Tables 1 and 2. The bis-tridentate coordination mode is
confirmed for both complexes. In complex 2(PF6), the Mebib
ligand binds to osmium with an NCN-type coordination. The
Os−C1 bond length is 1.977(8) Å. The Os−N bonds are in the
range of 2.058(4)−2.087(7) Å. In complex 6(PF6)2, the bond
between osmium and the central pyridine nitrogen (N6) of tpy
is the shortest Os−N bond in length. The Os−N3 bond,

opposite to Os−N6, has a length of 2.023(6) Å. Other Os−N
bonds are in the range of 2.060(6)−2.072(6) Å.

Electrochemical Studies. Figure 2 shows the cyclic
voltammograms (CVs) of the above synthesized osmium
complexes. The electrochemical data are summarized in Table
3, together with those of the previously reported ruthenium
analogues.10a Cyclometalated complexes 1(PF6)2 to 4(PF6)
show one cathodic wave at −1.63, −1.57, −1.53, and −1.48 V
vs Ag/AgCl, respectively. They are assigned to the reduction of
the individual noncyclometalating (NNN) ligand, Mebip of
1(PF6)2 and 2(PF6), and ttpy of 3(PF6) and 4(PF6),
respectively. The anionic cyclometalating (NCN) ligand is
more electron-rich and thus sluggish to be reduced relative to
the NNN ligand. Within the solvent window, complexes
1(PF6)2 to 4(PF6) all display two peaks in the anodic scan. The
less positive redox couples at +0.04, +0.23, +0.24, and +0.36 V
vs Ag/AgCl for 1(PF6)2 to 4(PF6), respectively, are attributed
to the Os(II/III) processes. It is possible that some mixing of
ligand oxidation is involved in this process, a common feature
for cyclometalated complexes.3 It is not surprising that complex
1(PF6)2 was isolated in the oxidized form because of its low
Os(II/III) potential. The more positive redox waves of 1(PF6)2
to 4(PF6) (mostly irreversible except 1(PF6)2) are ascribed to
the Os(III/IV) processes.
Noncyclometalated complexes 5(PF6)2 to 7(PF6)2 all show

two ligand-based reduction waves. The Os(II/III) process
occurs at +0.56, +0.79, and +0.94 V vs Ag/AgCl for 5(PF6)2,
6(PF6)2, and 7(PF6)2, respectively. The Os(II/III) potentials
for noncyclometalated complexes are clearly more positive with
respect to cyclometalated complexes 1(PF6)2 to 4(PF6). The
Os(II/III) potentials of osmium complexes 1(PF6)2 to 7(PF6)2,
either cyclometalated or not, are 200−300 mV less positive
relative to the Ru(II/III) potentials of their ruthenium
counterparts (Table 3). This is caused by the lower third
ionization energy for Os relative to Ru.11

Density Functional Theory (DFT) Calculations. DFT
calculations were performed for 1+−72+ on the B3LYP/
LANL2DZ/6-31G*/CPCM level of theory (see details in the
Experimental Section). Figure 3 shows the calculated energy
diagrams of these complexes. The highest occupied molecular
orbital (HOMO) levels progressively descend from −4.66 eV
for 1+ to −5.88 eV for 72+. This order is in good accordance

Figure 1. Thermal ellipsoid plots of the X-ray structures of (a) 2(PF6) and (b) 6(PF6)2 with 30% probability. Counter anions and hydrogen atoms
are omitted for clarity. Atom color code: carbon, gray; nitrogen, blue; osmium, brown.

Table 1. Crystallographic Data

compound 2(PF6) 6(PF6)2

empirical formula C37H28N7OsPF6 C36H28N8OsP2F12
formula weight 905.83 1052.81
space group P1̅ P1̅
crystal system triclinic triclinic
a (Å) 9.257(2) 13.1990(18)
b (Å) 11.733(3) 18.001(3)
c (Å) 17.132(5) 18.683(2)
α (deg) 97.50 95.03
β (deg) 99.13 90.19
γ (deg) 111.02 104.01
vol (Å3) 1679.1(7) 4289.0(10)
Z 2 2
R1 (all) 0.0531 0.0749
R1 (gt) 0.0458 0.0594
wR2 (ref) 0.1529 0.1853
wR2 (gt) 0.1249 0.1734
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with the Os(II/III) potentials of these complexes (Figure 2 and
Table 3). The lowest unoccupied molecular orbital (LUMO)
levels of these complexes have the same descending order from
1+ to 72+, which also correlates well with the first reduction
potentials of these complexes.
The closely spaced HOMO, HOMO−1, and HOMO−2 of

1+ have major contributions from the osmium atom (Figure 4),

except that the HOMO−1 has some contributions from the
cyclometalating phenyl ring. The much lower-lying HOMO−3,
HOMO−4, and HOMO−5 are dominated by the NCN ligand
(Mebib) and NNN (Mebip) ligand, respectively. The closely
spaced LUMO and LUMO+1 of 1+ have major contributions
from the NNN ligand and a minor contribution from the
osmium atom. This feature has not been observed for
cyclometalated ruthenium complexes,10 reflecting the greater
extension of osmium d orbitals.11 However, it should be kept in
mind that DFT calculations tend to overestimate electron
delocalization. The higher-lying LUMO+2 level is dominated
by the NCN ligand. Other three cyclometalated complexes
(2+−4+) have very similar frontier orbital orderings and

Table 2. Selected Bond Lengths and Bond Angles

bond lengths (Å) bond angles (deg)

2(PF6) 6(PF6)2 2(PF6) 6(PF6)2

Os−N(1) 2.074(6) Os−N(1) 2.070(5) C(1)−Os−N(1) 77.9(3) N(6)−Os−N(1) 78.2(2)
Os−N(2) 2.061(5) Os−N(2) 2.072(6) C(1)−Os−N(2) 101.8(3) N(6)−Os−N(2) 104.6(2)
Os−N(3) 2.066(6) Os−N(3) 2.023(6) C(1)−Os−N(3) 178.8(3) N(6)−Os−N(3) 177.5(2)
Os−N(4) 2.058(4) Os−N(4) 2.065(6) N(3)−Os−N(1) 102.3(2) N(3)−Os−N(1) 102.1(2)
Os−N(5) 2.087(7) Os−N(5) 2.060(6) N(3)−Os−N(2) 77.0(2) N(3)−Os−N(2) 77.9(2)
Os−C(1) 1.977(8) Os−N(6) 1.993(5)

Figure 2. (a) CVs of 1(PF6)2 to 7(PF6) (anions are omitted for
complex labels) in 0.1 M Bu4NClO4/CH3CN at 100 mV/s. (b) A
comparison of the Os(II/III) waves.

Table 3. Electrochemical and Absorption Data

complexa E1/2
b (anodic) E1/2

b (cathodic) λmax/nm (ε/105 M−1 cm−1)c

[Os(Mebib)(Mebip)]2+, 12+ +0.04, +1.13 −1.63 354 (0.23), 510 (0.16), 590 (0.057)
[Ru(Mebib)(Mebip)]+d +0.26, +1.50 −1.60 334 (0.32), 353 (0.27), 515 (0.13), 571 (0.077)
[Os(dpb)(Mebip)]+, 2+ +0.23, +1.18e −1.57 350 (0.32), 450 (0.13), 510 (0.16), 800 (0.011)
[Ru(dpb)(Mebip)]+d +0.43, +1.49e −1.56 334 (0.29), 339 (0.39), 457 (0.12), 516 (0.17)
[Os(Mebib)(ttpy)]+, 3+ +0.24, +1.17e −1.53 396 (0.17), 470 (0.19), 514(0.18), 864 (0.021)
[Ru(Mebib)(tpy)]+d +0.48, +1.47 −1.55 275 (0.47), 319 (0.44), 394 (0.082), 497 (0.11)
[Os(dpb)(ttpy)]+, 4+ +0.36, +1.27e −1.48 372 (0.20), 502 (0.20), 538 (0.19), 764 (0.025)
[Ru(dpb)(tpy)]+d,f +0.56, +1.60e −1.51 372 (0.086), 423 (0.095), 499 (0.14)
[Os(Mebip)2]

2+, 52+ +0.56, +1.67 −1.22, −1.60 360 (0.71), 486 (0.20), 564 (0.071), 798 (0.018)
[Ru(Mebip)2]

2+d +0.86 −1.24, −1.55 357 (0.66), 491 (0.16)
[Os(Mebip)(tpy)]2+, 62+ +0.79, +1.81e −1.20, −1.53 356 (0.39), 480 (0.15), 542 (0.063), 718 (0.028)
[Ru(Mebip)(tpy)]2+d +1.07 −1.24, −1.50 354 (0.38), 480 (0.14)
[Os(ttpy)2]

2+, 72+ +0.94 −1.17, −1.45 314 (0.72), 490 (0.25), 668 (0.064)
[Ru(tpy)2]

2+d,f +1.32 −1.22, −1.46 307 (0.78), 475 (0.17)

aAll anions are PF6
−. bThe potential is reported as the E1/2 value vs Ag/AgCl. The potential value vs ferrocene

0/+ can be deduced by subtracting 0.45
V. cAll absorption spectra were recorded in CH3CN at room temperature. dSee ref 10a. eEp,anodic, irreversible.

fSee ref 3i.

Figure 3. DFT-calculated energy diagrams of 1+−72+. The numbers
shown in the middle indicate the LUMO and HOMO energies.
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compositions as 1+ (Figures S1−S3 in the Supporting
Information), except that the HOMOs, instead of HOMO−1,
of 2+−4+ have some contributions from the cyclometalating
phenyl ring. These calculation results support the previous
electrochemical assignment that the observed cathodic waves of
12+−4+ are associated with their NNN ligands, and the first
anodic waves are the OsII/III processes, possibly mixing with
some portion of ligand oxidation.
Selected frontier orbitals with electron density distributions

of the noncyclometalated complexes 52+−72+ are provided in
Figures S4−S6 (Supporting Information). Complexes 52+ and
72+ have symmetrical structures, and their occupied and
unoccupied frontier orbitals are dominated by osmium and
individual ligands, respectively. For the asymmetric complex
62+, the LUMO and LUMO+1 are dominated by Mebip and
tpy ligands, respectively (Figure S5, Supporting Information).
Spectroscopic Studies and Time-Dependent DFT

(TDDFT) Calculations. The UV/vis absorption spectra of 1+

to 7(PF6)2 (1
+ was obtained by chemical reduction; see below)

are displayed in Figure 5, and the absorption data are
summarized in Table 3. Complexes 1+, 2(PF6), 5(PF6)2, and
6(PF6)2 show intense Mebip-based intraligand (IL) transitions
around 350 nm. Other IL transitions locate at a slightly higher-
energy region. This feature has previously been observed for
the ruthenium complexes with Mebip.10a Absorption bands in
the visible region are due to the singlet metal-to-ligand charge-
transfer (1MLCT) transitions. Most complexes, especially
3(PF6) to 7(PF6)2, show distinct shallow absorption in the
region of 650−900 nm. These are ascribed to the spin-
forbidden 3MLCT transitions, a well-known feature for
polyazine osmium complexes caused by the strong spin−orbital
coupling of osmium.11−14 The solvent dependence of the
absorption spectra of both cyclometalated and noncyclometa-
lated complexes, represented by 2(PF6) and 6(PF6)2, are
insignificant (Figures S7 and S8, Supporting Information).
The 1MLCT transitions of cyclometalated complexes are

much more broad and complex with respect to those of
noncyclometalated complexes. To assist the understanding of
these transitions, TDDFT calculations have been performed for
the singlet states of asymmetric complexes 1+, 2+, 3+, 4+, and
62+ (Figure 6, and Table S1 in the Supporting Information).
These results suggest that the MLCT bands of 1+−4+ are all
associated with both NCN and NNN ligands. For example, the
calculated S5 and S6 excitations of 1+ are responsible for the
observed shoulder band around 520 nm and S7 and S8
excitations are responsible for the MLCT band with the

absorption maximum at 440 nm. These four excitations are
mainly of the HOMO−2 → LUMO+1, HOMO → LUMO+2,
HOMO−1 → LUMO+2, and HOMO−2 → LUMO character,
respectively, where LUMO and LUMO+1 have dominant
contributions from the NNN ligand and LUMO+2 from the
NCN ligand. Symmetrical noncyclometalated complexes
5(PF6)2 and 7(PF6)2 display 1MLCT absorption maxima at
486 and 490 nm, respectively. For the asymmetric complex 62+,
TDDFT results suggest that the 1MLCT transitions are
associated both Mebip and ttpy ligands.
Figure S9 in the Supporting Information provides a

comparison of the absorption spectra of the Os series
complexes with their ruthenium counterparts (Ru series).
Two series compounds have similar 1MLCT absorption shapes
and energies, but no 3MLCT transitions are observed for the
Ru series compounds. Complexes 3(PF6), 4(PF6), and 7(PF6)2
have a slightly higher 1MLCT molar absorptivity relative to
their ruthenium counterparts, [Ru(Mebib)(tpy)](PF6), [Ru-
(dpb)(tpy)](PF6), and [Ru(tpy)2](PF6)2, respectively. This is
partially caused by the use of one different auxiliary ligand, tpy

Figure 4. Selected frontier orbital graphics of 1+. The upper and lower parts of the structure are Mebib and Mebip, respectively.

Figure 5. UV/vis absorption spectra of (a) cyclometalated complexes
1+ to 4(PF6) and (b) noncyclometalated complexes 5(PF6)2 to
7(PF6)2 in CH3CN. Anions are omitted for the complex labels for
clarity.
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for the Ru series and ttpy for the Os ttpy series. Complex
7(PF6)2 was previously reported to show an emission band
around 750 nm at room temperature.18a Similarly, we have
recorded a weak emission at 740 nm for this complex (Figure
7). In addition, the asymmetric noncyclometalated complex
6(PF6)2 was found to emit weakly at 780 nm. However, no
distinct emission was detected for other complexes.

As has been mentioned earlier, 1(PF6)2 was isolated as the
Os(III) form. When 1(PF6)2 was treated with aqueous
hydrazine (NH2NH2·H2O) in CH3CN,

19 the absorption band
at 420 nm decreased and the 1MLCT transition at 510 nm,
associated with the reduced form 1+, was recovered (Figure 8).
The appearance of isosbestic absorption points at 338 and 460
nm indicates the clean transformation of this process. The
reduction of 1(PF6)2 can also be triggered by electrolysis with
an indium tin oxide (ITO) glass electrode by gradually
decreasing the potential from the open-circuit potential to
−0.6 V vs Ag/AgCl (Figure S10, Supporting Information).

■ CONCLUSION
In summary, we have successfully prepared a series of
cyclometalated and noncyclometalated osmium complexes

containing the Mebib or Mebip ligands. The Os(II/III)
potentials of these complexes can be modulated in a wide
range from +0.04 to +0.94 V vs Ag/AgCl, which are 200−300
mV less positive relative to the Ru(II/III) potentials of their
ruthenium counterparts. This feature may make osmium
complexes applicable for redox-controlled processes, such as
mixed-valence chemistry,8,10b electrochromism,9 and electro-
catalysis.13 The newly prepared osmium complexes show
absorption in the near-infrared (NIR) region due to the
3MLCT transitions, and they can be considered as potential
dyes for solar cell applications. In this sense, the cyclometalated
complexes are of little interest, because their HOMO levels are
too high for dye regeneration.7 It would be better to design dye
compounds on the basis of the noncyclometalated complexes
with lower-lying HOMO levels.

■ EXPERIMENTAL SECTION
General Procedure. NMR spectra were recorded in designated

solvents on a Bruker Avance 400 MHz spectrometer. Spectra are
reported in parts per million values from residual protons of
deuterated solvents. Mass spectra (MS) data were obtained with a
Bruker Daltonics Inc. ApexII FT-ICR or Autoflex III MALDI-TOF
mass spectrometer. The matrix is α-cyano-4-hydroxycinnamic acid.
Microanalysis was carried out using a Flash EA 1112 analyzer at the
Institute of Chemistry, Chinese Academy of Sciences. Mebip,10a

Figure 6. UV/vis absorption spectra (black curves) and TDDFT-predicted singlet excitations (vertical lines and red dotted curves) of (a) 1+, (b) 2+,
(c) 3+, (d) 4+, and (e) 62+. The left and right y axes are associated with the absorption spectra and predicted excitations, respectively.

Figure 7. Emission spectra of 6(PF6)2 (red line) and 7(PF6)2 (black
line) in CH3CN at room temperature. The excitation wavelength is
480 nm.

Figure 8. Absorption spectral changes of 1(PF6)2 in CH3CN during
stepwise reduction with NH2NH2·H2O.
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MebibH,10a ttpy,17 dpbH,20 and [Os(ttpy)2](PF6)2
18 were prepared

according to known procedures.
Synthesis of [Os(Mebip)Cl3]. To 10 mL of dry N,N-dimethyl

formamide were added (NH4)2[OsCl6] (207.8 mg, 0.47 mmol) and
Mebip (176.1 mg, 0.52 mmol). The mixture was refluxed for 1 h. After
cooling to room temperature, the mixture was poured into 30 mL of
ethyl ether. The resulting precipitate was collected by filtering and
washing with ethyl ether to give 214 mg of [Os(Mebip)Cl3] as a black
solid in 70% yield. MALDI-MS: 601.0 for [M − Cl]+.
Synthesis of [Os(ttpy)Cl3]. To 10 mL of dry N,N-dimethyl

formamide were added (NH4)2[OsCl6] (219 mg, 0.50 mmol) and ttpy
(161 mg, 0.52 mmol). The mixture was refluxed for 1 h. After cooling
to room temperature, the mixture was poured into 30 mL of ethyl
ether. The resulting precipitate was collected by filtering and washing
with ethyl ether to give 252 mg of [Os(ttpy)Cl3] as a black solid in
81% yield. MALDI-MS: 584.9 for [M − Cl]+.
Synthesis of Complex [Os(Mebib)(Mebip)](PF6)2, 1(PF6)2. To

10 mL of dry ethylene glycol were added [(Mebip)OsCl3] (34.5 mg,
0.054 mmol) and MebibH (16.9 mg, 0.050 mmol). The mixture was
refluxed for 0.5 h under microwave heating (power = 375 W). After
cooling to room temperature, an excess of aq. KPF6 was added. The
resulting precipitate was collected by filtrating and washing with water
and Et2O. The obtained solid was subjected to flash column
chromatography on silica gel (eluent: CH3CN/H2O/aq. KNO3,
100/5/0.5), followed by anion exchange with KPF6, to give 11.4 mg
of 1(PF6)2 in 23% yield as a black solid. MALDI-MS: 868.5 for [M −
2PF6]

+. Anal. Calcd for C43H34F12N9P2Os·H2O: C, 43.96; H, 3.09; N,
10.73. Found: C, 43.84; H, 3.28; N, 10.72.
Synthesis of Complex [Os(Mebip)(dpb)](PF6), 2(PF6). Using

the same procedure for the synthesis of 1(PF6)2, 12.2 mg of complex
2(PF6) was isolated from the reaction of [(Mebip)OsCl3] (32.5 mg,
0.051 mmol) with dpbH (18.5 mg, 0.080 mmol) in 26% yield. 1H
NMR (400 MHz, CD3CN): δ 4.54 (s, 6H), 5.98 (d, J = 8.0 Hz, 2H),
6.46 (t, J = 6.4 Hz, 2H), 6.75 (t, J = 8.0 Hz, 2H), 6.86 (m, 2H), 7.28 (t,
J = 7.4 Hz, 4H), 7.46 (d, J = 8.0 Hz, 4H), 8.04 (d, J = 8.4 Hz, 2H),
8.43 (d, J = 7.6 Hz, 2H), 8.54 (m, 2H). MALDI-MS: 762.4 for [M −
PF6]

+. Anal. Calcd for C37H28F6N7POs: C, 49.06; H, 3.12; N, 10.82.
Found: C, 49.15; H, 3.09; N, 10.78.
Synthesis of Complex [Os(Mebib)(ttpy)](PF6), 3(PF6). Using

the same procedure for the synthesis of 1(PF6)2, 14.0 mg of 3(PF6)
was isolated from the reaction of [(ttpy)OsCl3] (32.0 mg, 0.052
mmol) and MebibH (17.0 mg, 0.050 mmol) in 28% yield. 1H NMR
(400 MHz, CD3CN): δ 2.56 (s, 3H), 4.45 (s, 6H), 5.35 (t, J = 7.2 Hz,
1H), 5.58 (s, 2H), 6.70 (t, J = 7.6 Hz, 2H), 6.96−7.06 (m, 4H), 7.24−
7.36 (m, 8H), 7.55 (d, J = 8.0 Hz, 2H), 8.14 (d, J = 7.2 Hz, 2H), 8.49
(d, J = 8.0 Hz, 2H), 8.94 (s, 2H). MALDI-MS: 852.6 for [M − PF6]

+.
Anal. Calcd for C44H34F6N7POs: C, 53.06; H, 3.44; N, 9.84. Found: C,
53.29; H, 3.64; N, 10.10.
Synthesis of Complex [Os(ttpy)(dpb)](PF6), 4(PF6).

14 Using
the same procedure for the synthesis of 1(PF6)2, 10.8 mg of 4(PF6)
was isolated from the reaction of [(ttpy)OsCl3] (31.2 mg, 0.050
mmol) and dpbH (17.0 mg, 0.050 mmol) in 24% yield. 1H NMR (400
MHz, CD3CN): δ 2.53 (s, 3H), 6.55 (t, J = 6.2 Hz, 2H), 6.86−6.92
(m, 4H), 7.11 (d, J = 4.4 Hz, 2H), 7.30 (s, 1H), 7.46 (t, J = 7.0 Hz,
2H), 7.53 (d, J = 7.6 Hz, 2H), 7.58 (t, J = 7.2 Hz, 2H), 8.06 (d, J = 8.4
Hz, 2H), 8.17 (d, J = 8.0 Hz, 2H), 8.35 (d, J = 7.6 Hz, 2H), 8.57 (d, J
= 8.0 Hz, 2H), 8.99 (s, 2H). MALDI-MS: 744.4 for [M − PF6]

+. Anal.
Calcd for C38H28F6N5POs·3H2O: C, 48.35; H, 3.63; N, 7.42. Found:
C, 48.43; H, 3.27; N, 7.54.
Synthesis of Complex [Os(Mebip)2](PF6)2, 5(PF6)2. Using the

same procedure for the synthesis of 1(PF6)2, 10.9 mg of 5(PF6)2 was
isolated from the reaction of [(Mebip)OsCl3] (31.9 mg, 0.050 mmol)
and Mebip (17.5 mg, 0.050 mmol) in 19% yield. 1H NMR (400 MHz,
CD3CN): δ 4.52 (s, 12H), 6.17 (d, J = 8.4 Hz, 4H), 6.92 (t, J = 7.6 Hz,
4H), 7.35 (t, J = 7.8 Hz, 4H), 7.42 (d, J = 8.4 Hz, 4H), 7.73 (d, J = 8.4
Hz, 2H), 8.76 (d, J = 8.4 Hz, 4H). MALDI-MS: 1014.5 for [M −
PF6]

+, 870.5 for [M − 2PF6]
+. Anal. Calcd for C42H34F12N10P2Os·

H2O: C, 42.86; H, 3.08; N, 11.90. Found: C, 42.98; H, 3.40; N, 11.80.
Synthesis of Complex [Os(Mebip)(tpy)](PF6)2, 6(PF6)2. Using

the same procedure for the synthesis of 1(PF6)2, 15.8 mg of 6(PF6)2

was obtained from the reaction of [(Mebip)OsCl3] (31.8 mg, 0.050
mmol) and tpy (20.1 mg, 0.080 mmol) in 30% yield. 1H NMR (400
MHz, CD3CN): δ 4.52 (s, 6H), 5.94 (d, J = 8.4 Hz, 2H), 6.93 (m,
2H), 7.02 (m, 2H), 7.25 (d, J = 5.6 Hz, 2H), 7.38 (m, 2H), 7.54 (d, J =
8.4 Hz, 2H), 7.61 (m, 2H), 7.76 (t, J = 8.4 Hz, 1H), 7.97 (t, J = 8.2 Hz,
1H), 8.35 (d, J = 8.0 Hz, 2H), 8.70 (d, J = 8.4 Hz, 2H), 8.82 (d, J = 8.4
Hz, 2H). MALDI-MS: 908.5 for [M − PF6]

+, 762.4 for [M − 2PF6]
+.

Anal. Calcd for C36H28F12N8P2Os·H2O: C, 40.38; H, 2.82; N, 10.46.
Found: C, 39.98; H, 2.91; N, 10.83.

Electrochemical Measurements. All CV measurements were
taken using a CHI620D potentiostat with a one-compartment
electrochemical cell under an atmosphere of nitrogen. All measure-
ments were carried out in denoted solvents containing 0.1 M
nBu4NClO4 as the supporting electrolyte at a scan rate of 100 mV/s.
The working electrode was a glassy carbon with a diameter of 3 mm.
The electrode was polished prior to use with 0.05 μm alumina and
rinsed thoroughly with water and acetone. A large area platinum wire
coil was used as the counter electrode. All potentials are referenced to
the Ag/AgCl electrode in saturated aqueous NaCl without regard for
the liquid junction potential. Potentials vs ferrocene0/+ can be deduced
by subtracting 0.45 V.

Spectroscopic Measurements. UV−vis and NIR spectra were
recorded on a TU-1810DSPC or a PE Lambda 750 UV/vis/NIR
spectrophotometer at room temperature in CH3CN, with a conven-
tional 1 cm quartz cell. Emission spectra were recorded using an F-380
spectrofluorimeter of Tianjin Gangdong Sic. & Tech Development Co.
Ltd., with a red-sensitive photomultiplier tube R928F. Spectroelec-
trochemistry was performed in a thin layer cell (optical length = 0.1
cm) in which an ITO glass working electrode was set. A platinum wire
and Ag/AgCl in saturated aqueous NaCl was used as a counter
electrode and a reference electrode, respectively. The cell was put into
the spectrometer to monitor the spectral change during electrolysis.

X-ray Crystallography. The X-ray diffraction data were collected
using a Rigaku Saturn 724 diffractometer on a rotating anode (Mo−K
radiation, 0.71073 Å) at 173 K. The structure was solved by the direct
method using SHELXS-9721 and refined with Olex2.22 The structure
graphics shown in shown in Figure 1 were generated using Olex2. The
corresponding CIF files are provided in the Supporting Information.

Computational Methods. All calculations were implemented in
the Gaussian 09 program.23 Wave functions were expanded in the
LANL2DZ basis set with effective core potentials,24 and electron
exchange-correlation was described using the B3LYP hybrid func-
tional.25 No symmetry constraints were used in the optimization
(nosymm keyword was used). Solvation effects in CH3CN were
included using the conductor-like polarizable continuum model
(CPCM) with united-atom Kohn−Sham (UAKS) radii.26 Frequency
calculations have been performed with the same level of theory to
ensure the optimized geometries to be local minima. All orbitals have
been computed at an isovalue of 0.03 e/bohr3. The TDDFT-predicted
spectra were generated using GaussView 5.0.
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