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Química Avanzada (ORFEO-CINQA), Universidad de Zaragoza-CSIC, 50009 Zaragoza, Spain
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ABSTRACT: The capacity of the hexahydride complex
OsH6(P

iPr3)2 (1) to discern between the nitrogen atom and
the NH unit in the azole assisted aryl C−H bond activation
has been investigated. Complex 1 reacts with 2-phenyl-
imidazole to give OsH3{κ

2-C,N-(C6H4-imidazole)}(PiPr3)2
(2), which has been characterized by X-ray diffraction analysis. The structure proves the higher affinity of the metal center
for the N atom in the presence of the NH unit, which remains unchanged, and reveals that in the solid state the molecules of this
complex form infinite chains by means of intermolecular asymmetric 3-center bifurcated dihydrogen bonds. In solution, 1H-
DOSY NMR experiments suggest that the association degree decreases as the temperature increases. The fused six-membered
ring of benzimidazole weakens the NH bond, enhancing its reactivity. As a consequence, complex 1 cannot discern between the
N atom and the NH unit of 2-phenylbenzimidazole. Thus, the treatment of 1 with this substrate leads to a mixture of OsH3{κ

2-
C,N-(C6H4-benzimidazole)}(PiPr3)2 (3) and the dinuclear species (PiPr3)2H3Os(C6H4-benzimidazolate)OsH(η

2-H2)(P
iPr3)2

(4). The latter is the result of a N-assisted ortho-C−H bond activation of the phenyl group promoted by 0.5 equiv of 1 and the
N−H bond activation promoted by the remaining 0.5 equiv of hexahydride 1 along with the agostic coordination of the
remaining ortho-C−H bond to the metal center of the unsaturated fragment OsH(η 2-H2)(P

iPr3)2. The comparison of the redox
properties of 3 and 4 suggests that the interaction between the metal centers in the dinuclear compound is negligible. The
replacement of the NH group of the azoles by a sulfur atom does not modify the behavior of the substrates. Thus, the reactions
of 1 with 2-phenylthiazole and 2-phenylbenzothiazole afford OsH3{κ

2-C,N-(C6H4-thiazole)}(P
iPr3)2 (5) and OsH3{κ

2-C,N-(C
6H4-benzothiazole)}(P

iPr3)2 (6). In turn, complexes 2, 3, 5, and 6 are phosphorescent.

■ INTRODUCTION

The functionalization of a particular C−H bond requires its
previous cleavage. Since the bond dissociation energies of the
different C−H bonds are similar, it is hard to achieve a C−H
bond cleavage in high conversion and high selectivity by
thermal procedures. Transition-metals have the ability to
enhance the reactivity of some parts of the organic molecules
while inhibiting the reactions of others. Therefore, the use of
transition-metal complexes is an excellent alternative to
circumvent the selectivity problems encountered in C−H
functionalization.1

The stability of metal complexes having two or more donor
atoms in the same ligand is greater than when these atoms are
placed on separated ligands. As a result, species having chelate
rings are usually more stable than their nonchelated counter-
parts. Accordingly to this, among the different strategies
available to stabilize particular transition-metal−carbon inter-
mediates, the chelate-assistance strategy is considered to be one
of the most efficient ways.2 The assistance is performed by a

coordination auxiliary (usually a coordinating heteroatom)
present in an organic fragment, although the presence of
different heteroatoms with similar affinity for a determined
metal center necessarily provokes selectivity problems. In these
cases, to know the coordination power of each heteroatom is
essential to develop selective methods of C−H bond cleavage.
The hexahydride complex OsH6(P

iPr3)2 is able to promote
the cleavage of C−H bonds of a wide range of organic
molecules.3 The chelate-assistance strategy is crucial in these
cases due to the high number of hydride ligands present in the
hexahydride 1 that may favor the opposite process, namely the
C−H bond formation. Among the coordination auxiliaries used,
heterocyclic nitrogen atoms have been particularly helpful not
only to perform the C−H bond activation of aromatic4 and
olefinic groups,5 but also C(sp3)-H bonds.6
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In addition, this hexahydride complex activates N−H bonds
of heterocycles such as 2,2′-biimidazole, pyrazole,7 pyrrole8 and
pyrimidinic nucleobases,9 being also the resulting nitrogen
atom a good coordination auxiliary. The reaction conditions
reported for the N−H activations are similar to those of C−H
bond activations mediated by coordination with heterocyclic
nitrogen atoms. In this regard, and in order to develop selective
processes of C−H bond activation, we are interested in
knowing the discrimination ability of the hexahydride complex
OsH6(P

iPr3)2, between an aromatic nitrogen atom and the NH
unit when are both placed in the same ring and the same C−H
bond must be broken. With this aim, herein we have
investigated the reactions of complex OsH6(P

iPr3)2 with 2-
phenylimidazole and 2-phenylbenzimidazole. Furthermore, 2-
phenylthiazole and 2-phenylbenzothiazole have been included
in the study for comparative purposes, since the sulfur atom is
isoelectronic with the NH unit (six-electrons), and it is a soft
base showing affinity for soft metals such as osmium.10

Additionally, 1,3-azoles (imidazole, thiazole and their
[benzo]derivatives) are relevant moieties in many luminescent
organic compounds and their electronic properties have been
exploited for a wide range of applications. Thus, imidazoles are
structural motifs in metal−organic frameworks (MOFs)11 or
fluorescent dyes,12 and thiazoles are found as part of π-
functional and liquid-crystalline luminescent materials,13 and
their properties have been used by nature (bioluminescent
insects)14 and by man for the detection of specific types of
biological processes by bioluminescence imaging.15 The
coordination ability of the azole nitrogen atom has resulted
in their frequent incorporation as ligands in luminescent
transition metal complexes, in particular of Ru(II),16 Re(I)17 or
Ir(III),18 in the construction of d10 mono- and polymetallic
structures19 and as sensors for anions or metal ions.20 More
recently, the role of benzimidazole as electron-transporting
moiety has attracted the attention of researchers in the design
of efficient host materials in phosphorescent organic light-
emitting diodes.21

Considering these precedents, in this paper we show a study
of the coordination auxiliary discrimination in the 1,3-azole
assisted aromatic C−H bond activation promoted by the
hexahydride complex OsH6(P

iPr3)2 and also explore the
luminescent properties of the resulting Os(IV) complexes.22

■ RESULTS AND DISCUSSION
2-Phenylimidazole. Treatment of toluene solutions of the

hexahydride complex OsH6(P
iPr3)2 (1) with 1.0 equiv of 2-

phenylimidazole, under reflux, for 2.5 h leads to the trihydride
derivative OsH3{κ

2-C,N-(C6H4-imidazole)}(PiPr3)2 (2), as a
result of the nitrogen assisted ortho-C−H activation of the
phenyl group and the release of two hydrogen molecules (eq
1).

Complex 2 was isolated as a pale green solid in 67% yield and
characterized by X-ray diffraction analysis. The structure
(Figure 1) proves the higher affinity of the metal center for

the nitrogen atom in the presence of the NH unit, which
remains unchanged. The geometry around the osmium atom
can be rationalized as a distorted pentagonal bipyramid, with
the phosphine ligands occupying axial positions (P(1)−Os−
P(2) = 170.70(2)°). The metal coordination sphere is
completed by the ortho-metalated ligand, which acts with a
C(1)−Os−N(1) bite angle of 76.45(8)°, and the hydride
ligands. H(01) and H(02) are separated by 1.56(4) (1.690 Å in
the optimized structure), whereas H(02) and H(03) are
separated by 1.58(3) (1.712 Å in the optimized structure). The
Os−N(1) distance of 2.157(2) Å is similar to those found in
lower π-electron osmacyclic nitrogen containing compounds,23

whereas the Os−C(1) bond length of 2.128(2) Å compares
well with the Os-aryl distances reported for other five-
membered osmacycles resulting from orthometalation reac-
tions.24 In agreement with the presence of three inequivalent
hydride ligands in the complex, the 1H NMR spectrum
(toluene-d8, at 193 K) shows, in addition to the NH resonance
at 8.55 ppm, three high field region signals at −6.86, −11.32,
and −11.44 ppm, whereas the 31P{1H} NMR spectrum
contains a singlet at 21.1 ppm, as expected for equivalent
phosphines. The metalated aryl carbon atom gives rise to a
triplet (JC−P = 7.3 Hz) at 181.8 ppm in the 13C{1H} NMR
spectrum.
An extended view of the structure (Figure 2) reveals that the

molecules of the complex form infinite chains by means of
intermolecular highly asymmetric 3-center bifurcated dihydro-
gen bonds,25 involving the coordination of the imidazole NH-
hydrogen of a molecule (H(1)), with two hydride ligands of the

Figure 1. ORTEP diagram of complex 2 (50% probability ellipsoids).
Hydrogen atoms (except hydrides and N−H) are omitted for clarity.
Selected bond lengths (Å) and angles (deg): Os−N(1) = 2.157(2);
Os−C(1) = 2.128(2); H(01)···H(02) = 1.56(4); H(02)···H(03) =
1.58(3); P(1)−Os−P(2) = 170.70(2); C(1)−Os−N(1) = 76.45(8).

Figure 2. View of the interactions via hydrogen bonding in the
structure of 2 [symmetry codes: (I) 1/2 − x, −1/2 + y, z; (II) 1/2 − x,
1/2 + y, z; (III) x, −1 + y, z; (IV) x, 1 + y, z.
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neighbor: the central one (H(02)) and that disposed transoid to
the metalated aryl carbon atom (H(01)). The N(2)−H(1)
bond points toward the Os−H(01) bond, the angles Os−
H(01)−H(1) and H(01)−H(1)−N(2) are 141(2)° and
174(2)°, respectively, whereas the angles Os−H(02)−H(1)
and H(02)−H(1)−N(2) are 115(1)° and 137(2)°. Consis-
tently, the H(1)−H(01) distance of 1.90(3) Å is significantly
shorter than the H(1)−H(02) separation of 2.30(3) Å; the
shorter being similar to the distances found in other N−H···H−
M examples26 while the longest is almost nonbonding.27

1H NMR Diffusion-ordered spectroscopy (1H-DOSY)
experiments were carried out in toluene-d8,

28 between 296
and 203 K, in order to gain more insight into the association
degree of the molecules in solution. Pulsed field gradient
(PFG) NMR is a method for measuring diffusion rates, which
provides information about the size of the molecules in
solution.29 Self-diffusion of a chemical species in a solvent
depends on its molecular size and its hydrodynamic volume.
According to this principle, molecular association can promote
changes in self-diffusion coefficients, which can allow the
detection of the presence of hydrogen-bonded species in
solution.30 Table 1 summarizes the obtained diffusion

coefficient for each temperature along with the corresponding
hydrodynamic radius, whereas Figure 3 shows the variation of
the latter as a function of the temperature. The results reveal
that the association degree decreases as the temperature
increases. At 298 K, the obtained diffusion coefficient is 8.71 ×
10−10 m2·s−1, which corresponds to a hydrodynamic radius of

4.84 Å. By means of the X-ray experiment, the calculated radius
for 2 was 5.15 Å. Thus, the comparison of both values suggests
that at this temperature the intermolecular H···H interaction is
virtually broken. In addition, it should be mentioned that the
formation and cleavage of the H···H interaction is very fast,
since the hydride resonances are not affected by the hydrogen
bond in the studied temperature range.

2-Phenylbenzimidazole. The N−H bond of benzimida-
zole is weakened respect to that of imidazole by the effect of the
fused six-membered ring,31 which enhances its reactivity. As a
consequence, the hexahydride complex 1 cannot effectively
discriminate between the nitrogen atom and the NH unit of 2-
phenylbenzimidazole (Scheme 1). Thus, refluxing a toluene

solution of 1 with 1.0 equiv of the substrate for 6 h leads to a
mixture of the mononuclear derivative OsH3{κ

2-C,N-(C6H4-
benzimidazole)}(PiPr3)2 (3) and a dinuclear species
(PiPr3)2H3Os(C6H4-benzimidazolate)OsH(η

2-H2)(P
iPr3)2 (4).

Complex 3 is the benzimidazole counterpart of 2, whereas the
dinuclear species 4 is the result of two processes on the same
substrate: a nitrogen assisted ortho-C−H bond activation of the
phenyl group (as in 2 and 3) promoted by 0.5 equiv of the
starting compound and the N−H bond activation promoted by
the remaining 0.5 equiv of hexahydride 1. The two bond
activations result in the release of two hydrogen molecules of
each metal center. The removal of hydrogen from one of the
Os-center generates a coordination vacancy that is saturated by
agostic coordination of the remaining ortho-C−H bond of the
phenyl substituent of the heterocycle. Furthermore, the Os-
center involved in the agostic interaction undergoes a reduction
process from trihydride to hydride−elongated dihydrogen (vide
inf ra). Because the coordination of a C−H bond to an
unsaturated metal fragment is the first step for its metal
mediated cleavage,32 the stabilization of the chelate N−CH
agostic interaction can be viewed as a truncated activation event
of the second ortho-C−H bond of the phenyl substituent.
Complex 3 is generated nearly quantitatively in the presence

of 2 equiv of heterocycle (Scheme 1). Under these conditions it
was isolated as a pale green solid in 53% yield. As in the case of
complex 2, at 193 K, the 1H NMR spectrum of 3 in toluene-d8
shows three hydride resonances at −7.07, −11.03, and −11.37
ppm, in addition to the NH signal at 8.33 ppm, whereas the
31P{1H} NMR spectrum contains a singlet at 21.2 ppm. In the
13C{1H} NMR spectrum, the resonance corresponding to the
aryl metalated carbon atom appears at 184.6 ppm, as a triplet
with a C−P coupling constant of 6.0 Hz.
The dinuclear complex 4 is the main reaction product when

0.5 equiv of 2-phenylbenzimidazole are used. It was isolated as
a pure dark green solid in 60% yield and characterized by X-ray
diffraction analysis. The structure (Figure 4) proves the
dinuclear character of the compound, the nitrogen assisted
ortho-C−H bond activation on a metal center (Os(1)) and the

Table 1. Diffusion Coefficient, Viscosity of Toluene, and
Hydrodynamic Radius of 2 for Each Temperature

T (K) D (10−10 m2 s−1)a η of C7H8 (mPa)
b RH (Å)c

298 8.71 0.517 4.84
283 5.83 0.641 5.54
273 5.08 0.765 5.14
263 4.37 0.798 5.52
253 2.90 1.067 5.98
243 2.68 1.084 6.11
233 1.54 1.280 8.64
223 0.92 1.510 11.8
213 0.66 1.810 13.0
203 0.42 2.181 16.2

aDiffusion coefficient. bViscosity of toluene from Santos et al. J. Phys.
Chem. Ref. Data. 2006, 35 (1), 1. cHydrodynamic radius calculated
using the Stokes−Einstein equation.

Figure 3. Hydrodynamic radius of 2 vs temperature.

Scheme 1
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N−H bond activation−agostic C−H coordination on the other
one (Os(2)). The respective trihydride and hydride- elongated
dihydrogen nature of the Os(1)H3 and Os(2)H3 units were
confirmed by means of the Density Functional Theory (DFT)
optimized structure at the M06/6-311G(d,p)&SDD(f) level
(see Computational Details below). The coordination poly-
hedron around Os(1) can be described as a pentagonal
bipyramid. The phosphine ligands occupy the axial positions
(P(1)−Os(1)−P(1A) = 163.04(17)°) whereas the chelate unit
(N(1)−Os(1)−C(27) = 75.3(3) °) and the hydride ligands,
separated by 1.99(1) (1.707 Å in the optimized structure;
H(01)−H(02)) and 1.79(1) (1.698 Å in the optimized
structure; H(02)−H(03)) Å, lie in the equatorial plane.
Although the Os(1)−N(1) and Os(1)−C(27) bond lengths
of 2.189(7) and 2.223(11) Å, respectively, compare well with
the corresponding ones in 2, they are slightly longer. The
geometry around Os(2) can be rationalized as a distorted
octahedron, with trans-phosphines (P(2)−Os(2)−P(2A) =
163.16(19)°). The perpendicular plane is formed by the
elongated dihydrogen (H(04)−H(05) = 1.29(1) Å; 1.323 Å in
the optimized structure) trans disposed to the nitrogen atom
N(2) and the hydride H(06) trans disposed to the C(31)−
H(31) bond involved in the agostic interaction. The Os(2)−
N(2) bond appears to be stronger than the Os(1)−N(1) one.
Thus, the Os(2)−N(2) distance of 2.098(7) Å is about 0.09 Å
shorter than the Os(1)−N(1) bond length. The Os(2)−C(31)
and Os(2)−H(31) separations of 3.06(1) (3.055 Å in the
optimized structure) and 2.16(7) Å (2.100 Å in the optimized
structure), respectively, as well as the C(31)−H(31) distance of
0.999(10) Å (1.107 Å in the optimized structure) support the
agostic interaction between the ortho C(31)−H(31) bond of
the phenyl group and Os(2).33 The rbd value of 1.12 Å agrees
well with those calculated for other δ agostic interactions.34

To gain more insight into the bonding situation of 4, we also
analyzed the C−H···Os agostic interaction with the help of the
Atom in Molecules (AIM) and Natural Bond Orbital (NBO)
methods. The laplacian distribution of 4 in the C−H···Os plane
(Figure 5) clearly reveals the occurrence of a bond critical point
between the transition metal and the hydrogen atom (pointed
by two red arrows), which is associated with a bond path

running between the corresponding two atoms. Moreover, the
computed value of 0.032 e Å−3 for the electron density at the
bond critical point is in the range reported for related CH
agostic interactions.35 This proves the existence of a direct
interaction between both atoms and confirms the agostic nature
of the bonding. In addition, further support to this finding is
provided by the Second-Order Perturbation Theory (SOPT) of
the NBO method, which locates a stabilizing electronic
donation from the doubly occupied σ(C−H) molecular orbital
to the vacant d atomic orbital of the osmium (associated
second-order perturbation energy of −22.0 kcal·mol−1).
The 1H, 13C{1H} and 31P{1H} NMR spectra of 4 are

consistent with the structure shown in Figure 4 and, in
accordance with the rbd value, confirm the strength of the
agostic interaction that persists in toluene-d8, at room
temperature. In the 1H NMR spectrum the most noticeable
features are the hydride resonances and the signal correspond-
ing to the hydrogen atom H(31) involved in the agostic
interaction. At 203 K, the spectrum contains five resonances
between −6 and −19 ppm (Figure 6). In agreement with 2 and

3, those corresponding to the trihydride Os(1)H3 unit are
observed at −6.54, - 11.49 and −12.60 ppm, whereas those due
to the elongated dihydrogen−hydride Os(2)H3 unit appear at
−11.60 (H2) and −18.90 (H) ppm. At room temperature, the
signal corresponding to H(31) is observed at 1.47 ppm, an
unusually high field for an aryl resonance. The 1H−1H COSY
NMR spectrum (Figure 7) shows the cross-peak of this signal
with the aromatic signal at 6.88 ppm. In a consistent manner,
the 13C{1H} NMR spectrum also shows the resonance due to
C(31), involved in the agostic interaction, at unusually high
field (108.6 ppm). Furthermore, the INEPT 13C spectrum

Figure 4. ORTEP diagram of complex 4 (50% probability ellipsoids).
Hydrogen atoms (except hydrides and agostic C−H) are omitted for
clarity. Selected bond lengths (Å) and angles (deg): Os(1)−N(1) =
2.189(7), Os(1)−C(27) = 2.223(11), Os(2)−N(2) = 2.098(7),
Os(2)···H(31) = 2.16(7), Os(2)···C(31) = 3.06(1), C(31)−H(31)
= 0.999(10), H(01)···H(02) = 1.99(1), H(02)···H(03) = 1.79(1),
H(04)−H(05) = 1.29(1); P(1)−Os(1)−P(1A) = 163.04(17), N(1)−
Os(1)−C(27) = 75.3(3), P(2)−Os(2)−P(2A) = 163.16(19).

Figure 5. Contour line diagrams ∇2ρ(r) for complex 4 in the Os−H−
C plane. The solid lines connecting the atomic nuclei are the bond
paths while the small green and red spheres indicate the corresponding
bond critical points (BCP) and ring critical points (RCP), respectively.
The BCP corresponding to the agostic interaction is indicated by two
red arrows.

Figure 6. High field 1H{31P} NMR spectrum (400 MHz, C7D8, 203
K) of complex 4. Blue dots: resonances assigned to the Os(1)H3 unit.
Red dots: resonances assigned to the Os(2)H3 unit.
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shows a C−H coupling constant of 121.3 Hz for that signal,
which is about 40 Hz lower than the other phenyl 1JC−H
coupling constants. The phenyl metalated C(27) resonance
appears at 180.6 ppm, as a triplet with a C−P coupling constant
of 7 Hz, in agreement with 2 and 3. The 31P{1H} NMR
spectrum contains two singlets at 35.7 and 21.6 ppm,
corresponding to the Os(2)P2 and Os(1)P2 units, respectively.
The comparison of the spectroscopic data of 3 and 4

suggests that the influence between the metal centers in the
dinuclear complex is very scarce, since the spectroscopic
features of the moiety associated with Os(1) are almost
identical to those of 3. This assumption was confirmed by the
study of the redox properties of both compounds. Cyclic
voltammetries (CV) and Osteryoung square-wave voltammetry
(SW) were conducted in acetonitrile utilizing concentrations
10−3 M of the test sample and 0.1 M of the supporting
electrolyte [N(nBu)4]ClO4. Results are summarized in Table 2,
whereas CV’s and SW’s are shown in Figure 8.

Data in Table 2 indicate that compounds 3 and 4 have
almost identical electrochemical behavior, showing four main
oxidation events at similar Epa values. Taking into account that
compound 4 has two metal centers in two different formal
oxidation states [Os(1)(IV) and Os(2)(II)] these results
deserve further comments. To gain more information about
the process DFT calculations at M06/6-311G(d,p)&SDD(f)
level were performed on both compounds. Figure 9 depicts the
HOMO orbitals (closed shell species) and the spin densities

(open shell species) of the different compounds formed after
the successive loss of electrons from mono- and dinuclear
compounds 3 and 4. In agreement with the CV results, the
similarity between both complexes along the oxidation process
is also apparent in the DFT calculations. Undoubtedly in
dinuclear complex 4 the Os(1) unit plays the main role in the
sequential loss of electrons and the presence of the additional
metal fragment is only perceived after the formation of the
trication [4]3+, in which the spin density (0.71e) is mainly
placed on the Os(2). The electrochemical behavior observed
for mono- and dinuclear complexes 3 and 4 is fully consistent
with the similitudes found in both, orbital distribution and
energy, not just for the HOMO orbitals in Figure 9 (−4.80 eV
for 3 and −4.98 eV for 4) but also for the HOMO−1 and
HOMO−2 orbitals (see Supporting Information). In fact, the
OsH(η2-H2)(P

iPr3)2 moiety can be considered more a part of
the benzimidazole ligand than an independent metal fragment.
The structural changes produced during the oxidation events

give more details about the insights of the process (Figure 10).
The optimized structures reveal how the successive oxidations
cause the approaching of H(02) to H(03). In the case of the
mononuclear complex 3, the separation between the hydrides
H(02) and H(03) changes from 1.75 Å in 3 to 1.52 Å in
monocation [3]+ and to 0.87 Å in the dication [3]2+, that
becomes a hydride-dihydrogen species. For the dinuclear
compound, the H(02)−H(03) shortening goes from 1.70 Å
in 4 to 0.85 Å in [4]2+. By contrast, and in agreement with the
spectator role of the fragment associated with Os(2), the
hydride-elongated dihydrogen nature of the Os(2)H3 unit is
maintained with little changes during the successive oxidations,
although finally the H(04)−H(05) bond length is reduced from

Figure 7. Partial view of the 1H−1H COSY NMR spectrum (400
MHz, C7D8, 298 K) of 4 showing the cross peaks between the
resonance at 1.47 ppm (C−H agostic) and one of the protons of the
metalated phenyl group.

Table 2. Cyclic Voltammetry Data of Complexes 3 and 4a

Compd E1 E2
b (ΔE) E3 E4

b (ΔE) E5

3 0.22 0.43 (90) 0.95 1.42 (100)
4 0.20 0.44 (60) 0.97 1.42 (80) 1.75

2-phenyl
benzimidazole

1.51

aData obtained from 10−3 M acetonitrile solutions, containing 0.1 M
[N(nBu)4]ClO4 as supporting electrolyte at 20 °C. Data are given in
mV. Potentials are relative to Ag/AgCl. bE1/2 values.

Figure 8. (a) Cyclic voltammetries (CV) and (b) Osteryoung square-
wave voltametries (SW) for complexes 3 and 4 (10−3 M acetonitrile
solutions, containing 0.1 M [N(nBu)4]ClO4 as supporting electrolyte
at 20 °C).
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1.32 Å in 4 to 0.89 Å in the trication [4]3+. Additionally, the
successive oxidations are accompanied by a reduction of the P−
Os−P angle, from 164.3° in 3 to 132.4° in [3]2+ (P(1)−
Os(1)−P(2) angle in Figure 10a) and from 165.7° in 4 to
134.6° in [4]2+ (P(1)−Os(1)−P(1A) angle in Figure 10b).
In this context it should be noted that [3]2+ is a six-

coordinate unsaturated species of a d4-ion and Os(1) and its
associated ligands form in [4]2+ a similar metal fragment. It is
well-known that the octahedral geometry is not favored for a
heavy d4 ion, which prefers to be diamagnetic. Thus, these
compounds undergo a distortion that destabilizes one orbital
from the t2g set and simultaneously stabilizes some occupied

orbitals.36 In agreement with this, the coordination polyhedron
around [3]2+ and Os(1) in [4]2+ strongly deviates from a
octahedron while remembers that of the cation [OsH(κ-N,N-o-
HNC6H4NH)(CH3CN)(P

iPr3)2]
+37 and members of the

OsH2Cl2(P
iPr3)2 family.

38 The hydride-dihydrogen transforma-
tion is a tautomerization equilibrium, which is consistent with
the reversibility of the second oxidation wave. In this context, it
should be noted that tha oxidation from 3 to [3]2+ and from 4
to [4]2+ is in fact the oxidation of two hydrides to afford a
hydrogen molecule, keeping the metal centers their initial
oxidation states. The subsequent third and four oxidation
processes must be ligand dependent, which could be related to
the high electron donor character of the benzimidazole
fragment. This point is supported by the different electro-

Figure 9. Sequential oxidation of mononuclear complex 3 (a) and
dinuclear complex 4 (b). The figure shows the computed HOMO
orbitals of complexes 3 and 4 and dications [3]2+ and [4]2+ (isosurface
values 0.04) and the spin densities of monocations [3]+ and [4]+ and
trications [3]3+ and [4]3+ (isosurface values 0.028) (in brackets
computed Mulliken-spin densities). H atoms are omitted for clarity.
All data have been computed at the M06/6-311G(d,p)&SDD(f) level.

Figure 10. Optimized geometries (computed at the M06/6-311G(d,p)
&SDD(f) level) for the species formed during the sequential oxidation
of mononuclear complex 3 (a) and dinuclear complex 4 (b). H were
omitted for clarity, with exception made of the hydride positions.
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chemical behavior found in other structurally related mono-
and trinuclear trihydride-osmium(IV) complexes derived from
2-phenylpyridine ligands, in which only two metal-centered
monoelectronic oxidation events were observed.4c

2-Phenylthiazole and 2-Phenylbenzothiazole. In spite
of the soft nature of the sulfur atom of these molecules and the
late third row transition-metal, they react with the hexahydride
complex in the same manner as 2-phenylimidazole. Thus,
treatment of toluene solutions of the hexahydride complex 1
with 1.0 equiv of 2-phenylthiazole and 2-phenylbenzothiazole
under reflux leads to OsH3{κ

2-C,N-(C6H4-thiazole)}(P
iPr3)2

(5) and OsH3{κ
2-C,N-(C6H4-benzothiazole)}(P

iPr3)2 (6),
which were isolated as orange and red solids in 56% and
76% yields, respectively (Scheme 2). The N-coordination was

confirmed by means of the X-ray structures of both complexes
(See Supporting Information). Although accurate structural
parameters could not be obtained due to the disorder in the
perpendicular plane to the P−Os−P direction, resulting from
the packing of the molecules with the ortho-metalated ligand at
50% in its two possible orientations, the structures
unambiguously demonstrate the nitrogen coordination and
the pentagonal bipyramidal geometry around the osmium atom
with trans-arrangement of the phosphines. DFT calculation for
5 show that the obtained isomer is 20.1 kcal·mol−1 more stable
than that coordinated by the sulfur atom. The presence of three
inequivalent hydride ligands in these compounds is strongly
supported by their 1H NMR spectra (toluene-d8, 193 K), which
show three hydride resonances (1:1:1 ratio) at −6.65, −11.35,
and −11.45 for 5 and −6.32, −11.25, and −11.31 ppm for 6. In
agreement with the trans-disposition of the phosphine ligands,
the 31P{1H} NMR spectra contain a singlet at about 21 ppm. A
triplet in the 13C{1H} NMR spectra (JC−P ≈ 6.5 Hz) at about
187 ppm, corresponding to the aryl metalated carbon atom, is
also a characteristic feature for these compounds.
The electrochemical behavior of 2-phenylbenzothiazole

derivative 6 was similar to that of the parent compound 3,
showing four main oxidation events at Epa values of 0.09, 0.43
(E1/2), 0.41 and 1.44 V respectively (see Supporting
Information).
Photophysical Properties. Absorption spectra of 1 × 10−5

M dichloromethane solutions of these compounds, at 298 K,
show a similar profile (See Figure S5, Supporting Information).
They exhibit two main absorption bands at the visible region:
an intense absorption between 260 and 330 nm and a less
intense band at lower energy (370−450 nm).
Time-dependent DFT calculations were performed in order

to gain deeper insight into the electronic properties of the
transitions involved in the absorption process in dichloro-
methane. A very good agreement between the vertical
excitation energies and the wavelengths of the absorption
maxima in the experimental spectra was found, which allows
the accurate assignment of the experimental observed bands
(Table 3). Calculations indicate that the bands in the range
370−540 nm are the result of a combination of two one-

electron promotions from the HOMO−1 and HOMO to the
LUMO. As depicted in Figure 11 for 5, both HOMO−1 and

HOMO should be viewed as d(π)-molecular orbitals which are
mainly located at the metal whereas the LUMO is a π*-
molecular orbital which is fully delocalized on the chelate
ligand. So, the observed bands can be ascribed to metal-to-
ligand charge transfer processes having a remarkable π−π*
character.
The variations in the position of the MLCT band shown in

Table 3 find their origin in the changes in the electronic nature
of the chelate ligand attached to the osmium atom, which
strongly affects the energy of the LUMO. Both the replacement
of the NH group by a sulfur atom and the presence of a fused
six-membered ring in the azole decrease the energy of the
LUMO. In this context, it should be pointed out the good
correlation between the position of the wavelength of the
MLCT-absorption and the computed energy for the LUMO,
which follows the sequence 374 nm (2; −0.77 eV) < 420 nm
(3; −1.19 eV) < 425 nm (5; −1.79 eV) < 457 nm (6; −1.88
eV).
Complexes 2, 3, 5 and 6 are emissive upon photoexcitation,

in the solid state and in toluene solution, at room temperature
and at 77 K. Figure 12 depicts the emission spectra in the solid
state (a) and in toluene (b) at room temperature. Lifetimes lie
in the range 8−23 μs whereas the quantum yields are between
0.009 and 0.06 (Table 4).
In a consistent manner with the sequence of computed

energy for the LUMO of the complexes, the energy of the
emission decreases by replacement of the NH group by a sulfur
atom and with the presence of a fused six-membered ring in the
azole, i.e., in the sequence 2 > 3 > 5 > 6. Thus, imidazole-
derived complexes 2 and 3 are blue and green emissive,

Scheme 2

Table 3. UV/Vis Experimental Data (Recorded at Room
Temperature in Dichloromethane with a Concentration 1 ×
10−5 M) and Computed TD-B3LYP/6-311G(d,p)
&SDD(f)//M06/6-311G(d,p)&SDD(f) Gas Phase Vertical
Excitation Energies (the Value Corresponding to the
Oscillator Strength, f, Is Given in Parentheses)

Complex
Obs λ [nm] (ε [×104 M−1

cm−1]) Calc λ [nm]

2 265 (1.50), 374 (0.25) 259 (0.197), 357 (0.027),
383 (0.019)

3 300 (3.30), 420 (0.31) 293 (0.187), 404 (0.0287),
435 (0.034)

5 286 (1.64), 425 (0.41) 298 (0.154), 407 (0.04),
472 (0.018)

6 290 (1.70), 457 (0.45) 308 (0.155), 429 (0.041),
483 (0.030)

Figure 11. Computed HOMO−1, HOMO, and LUMO of complex 5
(isosurface value of 0.035 au).
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respectively. For 2, the spectrum in the solid state contains an
intense band at 490 nm, and two shoulders at 460 and 525 nm,
whereas in toluene at room temperature an intense band is
observed at 515 nm. Because the intermolecular NH···hydride
interactions discussed above (Figures 2 and 3) increase as the
temperature decreases, the measured spectrum in toluene at 77
K is similar to that of the solid state (See Figures S7 and S6 of
the Supporting Information), thus, it shows an intense band at
504 nm and two shoulders at 470 and 543 nm. The
benzimidazole complex 3 shows an emission centered at 564
nm in the solid state and at 587 nm in toluene at room
temperature. Although the NMR data and the redox properties
of 3 and 4 are almost identical, suggesting that the influence
between the metal centers in 4 is negligible, it should be
mentioned that the replacement of the NH-hydrogen atom by
the OsH(η2-H2)(P

iPr3)2 metal fragment produces the quench-
ing of the emissive properties. Taking into account the
electrochemical properties of both compounds (see above),
an intramolecular energy transfer mechanism rather than an
electron transfer process could account for this observation.39

The replacement of the NH of 2 and 3 by a sulfur atom
produces new color shifts. The thiazol complex 5 is yellow
emissive at about 600 nm, in both the solid state and in toluene,
at room temperature and 77 K. Complex 6, containing a
benzothiazole assistant, is red emissive at about 680 nm, in the
solid state. In toluene the bands are centered at 693 and 654
nm, at room temperature and 77 K, respectively.

Time-dependent DFT calculations on complex 2 indicate
that the most stable excited state is a triplet (T1), with a vertical
excitation energy of 2.87 eV, the first singlet (S1) resting 0.37
eV above T1. These data are in agreement with an efficient S1-
T1 intersystem crossing (ISC).40 The computed spin densities
on the optimized structure of this triplet state indicate that the
unpaired electrons are located on the osmium atom (0.38 e)
and on the chelate ligand (see Figure 13). Therefore, the

LUMO is populated in the most stable triplet state and, as a
consequence, the trend observed in the wavelengths of the
emission maxima is similar to that found in the UV/vis
absorptions.
The emission wavelength can be roughly estimated through

the difference in energy between the optimized triplet excited
state and the singlet ground state with the same geometry as
the optimized triplet excited state.41 Thus, we have computed
the emission wavelength in the gas-phase for complex 2. The
obtained value is in good agreement with the experimental
data: 572 nm (computed) versus 525 nm (experimental, see
Table 4). The comparison strongly supports that the observed
luminescence is the result of the emission from the most stable
triplet excited state.

■ CONCLUDING REMARKS
This study shows the capacity of the hexahydride complex
OsH6(P

iPr3)2 to discern between the nitrogen atom and the
NH unit in the azole assisted C−H bond activation. This
complex selectively promotes the nitrogen assisted ortho-C−H
bond activation of the phenyl group of 2-phenylimidazole to
afford an OsH3{κ

2-C,N-(C6H4)-azole}(P
iPr3)2 derivative. The

presence of a fused six-membered ring in the azole weakens the
N−H bond. As a consequence, the hexahydride complex

Figure 12. Emission for complexes 2, 3, 5 and 6 in solid state (a) and in toluene solutions (b) at room temperature.

Table 4. Photophysical Properties of Complexes 2, 3, 5, and
6 in the Solid State at 298 K and in Degassed Toluene at 298
and 77 K

Complex media (T/K) λem (nm) τ (μs) Φa

2 solid (298) 460, 490max, 525 (λexc 365) 26.5 0.06
C7H8 (298) 515 (λexc 365) 10.1
C7H8 (77) 470, 504max, 543 (λexc 365) 22.8

3 solid (298) 564 (λexc 400) 8.1 -c

C7H8 (298) 587 (λexc 410) 10.2
C7H8 (77) 581 (λexc 410) 17.5

5 solid (298) 602 (λexc 440) 9.8 0.006
C7H8 (298) 607 (λexc 425) 10.7
C7H8 (77) 588 (λexc 425) 15.5

6 solid (298) 683 (λexc 440) 10.4 0.009
C7H8 (298) 693 (λexc 457) 10.7
C7H8 (77) 654 (λexc 480) -b

aMeasurements in solid state by doping 5% sample in PMMA film.
bToo weak to be measured. cDecomposes.

Figure 13. Computed spin density in the triplet state of 2.
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cannot discern completely between the nitrogen atom and the
NH unit. Thus, in contrast to 2-phenylimidazole, 2-phenyl-
benzimidazole reacts with the hexahydride to give a mixture of
two compounds: the corresponding OsH3{κ

2- C,N-(C6H4)-
azole}(P iPr3)2 derivative and a dinuclear species. The latter is
the result of two processes on the same substrate: a nitrogen
assisted ortho-C−H bond activation of the phenyl group
promoted by 0.5 equiv of the starting compound and the N−H
bond activation promoted by the remaining 0.5 equiv of
hexahydride joined with the agostic coordination of the
remaining phenyl ortho-C−H bond. The spectroscopic data
and electrochemical behavior of this compound indicate that
the mutual influence between the metal centers is negligible.
The replacement of the NH group of the azole by a sulfur atom
does not modify the behavior of the substrates, in spite of the
soft character of the sulfur atom and the late third row
transition metal. Thus, 2-phenylthiazole and 2-phenylbenothia-
zole react as 2-phenylimidazole, affording also the selective
nitrogen assisted C−H bond activation of the phenyl group.
Complexes OsH3{κ

2-C,N-(C6H4)-azole}(P
iPr3)2 show phos-

phorescence upon photoexcitation. The emission energy
decreases as a consequence of the replacement of the NH
unit by a sulfur atom and the presence of a fused six-membered
ring in the azole. This is related to the decrease of the energy of
the LUMO of the resulting compounds, which is mainly
centered on the chelate ligand.
In conclusion, although the capacity to discern depends upon

the strength of the N−H bond, in general, the hexahydride
complex OsH6(P

iPr3)2 shows preference by the nitrogen
assisted C−H bond activation. The resulting OsH3{κ

2-C,N-
(C6H4)-azole}(P

iPr3)2 derivatives are novel examples of
phosphorescent d4-osmium emissors upon photoexcitation.

■ EXPERIMENTAL SECTION
General Information. All reactions were carried out with rigorous

exclusion of air using Schlenk-tube techniques. Toluene was obtained
oxygen- and water-free from an MBraun solvent purification apparatus.
Methanol was dried and distilled under argon. 1H, 31P{1H} and
13C{1H} NMR spectra were recorded on Bruker 300 ARX, Bruker
Avance 300 MHz, and Bruker Avance 400 MHz instruments.
Chemical shifts (expressed in parts per million) are referenced to
residual solvent peaks (1H, 13C{1H}) or external 85% H3PO4
(31P{1H}). Coupling constants J and N are given in hertz. Attenuated
total reflection infrared spectra (ATR-IR) of solid samples were run on
a PerkinElmer Spectrum 100 FT-IR spectrometer. C, H, and N
analyses were carried out in a PerkinElmer 2400 CHNS/O analyzer.
High-resolution electrospray mass spectra were acquired using a
MicroTOF-Q hybrid quadrupole time-of-flight spectrometer (Bruker
Daltonics, Bremen, Germany). OsH6(P

iPr3)2
38a and 2-phenylthiazole42

were prepared by published methods.
Photophysical Studies. All the manipulations of the organo-

metallic compounds were carried out in strict absence of oxygen and
water. UV−vis spectra were recorded on an Evolution 600
spectrophotometer. Steady-state photoluminescence spectra were
recorded in a Jobin-Yvon Horiba Fluorolog FL-3-11 spectrofluor-
ometer. An IBH 5000F coaxial nanosecond flash lamp was used to
measure the lifetimes.
Reaction of OsH6(P

iPr3)2 (1) with 2-Phenylimidazole:
Preparation of OsH3{κ

2-C,N-(C6H4)-imidazole}(PiPr3)2 (2). A
solution of 1 (150 mg, 0.290 mmol) in toluene (10 mL) was treated
with 1.0 eq of 2-phenylimidazole (41.8 mg, 0.290 mmol). The
resulting solution was heated at 120 °C for 2.5 h. During this time the
color of the solution changed from colorless to greenish. The solution
was filtered through Celite and was taken to dryness. The addition of
methanol caused the precipitation of a pale green solid, which was
washed with methanol and dried in vacuo. Yield: 128 mg (67%). Anal.

Calcd for C27H52N2OsP2: C, 49.37; H, 7.98; N, 4.27. Found: C, 48.97;
H, 7.52; N, 4.38. HRMS (electrospray, m/z): calcd for C27H51N2OsP2
[M − H]+ 657.3138, found 657.3132. IR (Nujol, cm−1): ν(Os−H)
2167 (w). 1H NMR (400 MHz, C7D8, 298 K): δ 8.68 (d, JH−H = 7.3,
1H, Ph), 8.55 (br s, 1H, N−H), 7.72 (dd, JH−H = 7.3, JH−H = 1.3, 1H,
Ph), 7.32 (d, JH−H = 1.3, 1H, im), 7.11 (m, 1H, Ph), 6.97 (m, 1H, Ph),
6.19 (d, JH−H = 1.3, 1H, im), 1.86 (m, 6H, PCH(CH3)2), 1.07 (dvt,
JH−H = 6.9, N = 12.3, 18H, PCH(CH3)2), 1.03 (dvt, JH−H = 6.9, N =
12.3, 18H, PCH(CH3)2), −9.50 (br, 2H, OsH), −11.17 (br, 1H,
OsH). 1H{31P} NMR (400 MHz, C7D8, 193 K, hydride region): δ
−6.86 (br, 1H, OsH), −11.32 (br, 1H, OsH), −11.44 (br, 1H, OsH).
1H{31P} NMR (400 MHz, C7D8, 363 K): δ −10.14 (br, 3H, OsH).
31P{1H} NMR (161.90 MHz, C7D8, 298 K): δ 21.1.(s).

13C{1H} NMR
(100.56 MHz, C7D8, 298 K, plus apt): δ 181.8 (t, JC−P = 7.3, Os−C),
158.2 (s, NCN), 147.0 (s, CH Ph), 134.3 (s, Cq Ph), 133.7 (s, CH im),
125.3, 121.1, 117.9 (all s, CH Ph), 114.4 (s, CH im), 27.3 (vt, N =
23.4, PCH(CH3)2), 19.8, 19.6 (both s, PCH(CH3)2). T1(min) (ms,
OsH, 300 MHz, C7D8, 248 K): 90 (−9.34 ppm), 114 (−11.57 ppm).

Reaction of OsH6(P
iPr3)2 (1) with 1 equiv of 2-Phenyl-

benzimidazole. A solution of 1 (150 mg, 0.290 mmol) in toluene
(10 mL) was treated with the 1.0 eq of 2-phenylbenzimidazole (56.3
mg, 0.29 mmol). The resulting solution was heated at 120 °C for 2 h.
After this time a 31P{1H} NMR spectrum was recorded, showing that
the solution contains a mixture of complexes 3 and 4 in a ratio 5 to 1.

Reaction of OsH6(P
iPr3)2 (1) with 2.0 equiv of 2-Phenyl-

benzimidazole: Preparation of OsH3{κ
2-C ,N-(C6H4)-

benzimidazole}(PiPr3)2 (3). A solution of 1 (150 mg, 0.290 mmol)
in toluene (10 mL) was treated with 2.0 eq of 2-phenylbenzimidazole
(112.7 mg, 0.58 mmol). The resulting solution was heated at 120 °C
for 6 h. During this time the color of the solution changed from
colorless to dark green. After cooling at room temperature, the
solution was filtered through Celite and was taken to dryness. The
addition of methanol caused the precipitation of a green solid, which
was washed with methanol and dried in vacuo. Yield: 110 mg (53%).
Anal. Calcd for C31H54N2OsP2: C, 52.67; H, 7.70; N, 3.96. Found: C,
52.34; H, 7.87; N, 4.08. HRMS (electrospray, m/z): calcd for
C31H53N2OsP2 [M − H]+ 707.3295, found 707.3277. IR (cm−1):
ν(OsH) 2072 (w). 1H NMR (300 MHz, C6D6, 298 K): δ 8.82 (d, JH−H
= 7.4, 1H, Ph), 8.38 (d, JH−H = 8.0, 1H, Ph), 8.33 (br, 1H, N−H), 7.34
(d, JH−H = 7.0, 1H, Ph), 7.25 (t, JH−H = 7.4, 1H, Ph), 7.09 (m, 3H, Ph),
6.98 (d, JH−H = 8.0, 1H, Ph), 1.81 (m, 6H, PCH(CH3)2), 0.94 (m,
36H, PCH(CH3)2), −9.28 (br, 2H, OsH), −11.33 (br, 1H, OsH).
1H{31P} NMR (300 MHz, C7D8 193 K, hydride region): δ −7.07 (d,
JH−H = 23.6, 1H, OsH), −11.03 (br, 1H, OsH), −11.37 (d, JH−H =
23.6, 1H, OsH). 1H{31P} NMR (300 MHz, C7D8, 353 K, hydride
region): δ −10.11 (br, 3H, OsH). 31P{1H} NMR (121.42 MHz, C6D6,
298 K): δ 21.2 (s). 13C{1H} NMR (75.41 MHz, C6D6, 298 K, plus
apt): δ 186.4 (t, JC−P = 6.0, Os−C), 162.7 (s, NCN), 147.2 (s, CH
Ph), 143.6, 133.4, 133.3 (all s, Cq), 126.8, 126.8, 123.4, 122.7, 121.7,
120.2, 118.2, 110.6 (all s, CH Ph and bzim), 27.2 (vt, N = 23.2,
PCH(CH3)2), 20.0, 19.8 (both s, PCH(CH3)2). T1(min) (ms, OsH, 300
MHz, C7D8, 228 K): 109 (−11.20 ppm).

Reaction of OsH6(P
iPr3)2 (1) with 0.5 equiv of 2-Phenyl-

benzimidazole: Preparat ion of (P iPr3)2H3Os(C6H4-
benzimidazolate)OsH(η2-H2)(P

iPr3)2 (4). A solution of 1 (162 mg,
0.310 mmol) in toluene (10 mL) was treated with the 0.5 eq of 2-
phenylbenzimidazole (30.4 mg, 0.156 mmol). The resulting solution
was heated at 120 °C for 6 h. During this time the color changed from
colorless to dark green/brownish. After cooling at room temperature,
the solution was filtered through Celite and was taken to dryness. The
addition of methanol caused the precipitation of a dark green solid
which was washed with methanol and dried in vacuo. Yield: 113 mg
(60%). Anal. Calcd for C49H98N2Os2P4: C, 48.25; H, 8.10; N, 2.30.
Found: C, 48.65; H, 7.60; N, 1.96. IR (cm−1): ν(OsH) 1953 (w), 2107
(w). 1H NMR (400 MHz, C7D8, 298 K): δ 8.64 (d, JH−H = 7.2, 1H,
Ph), 8.19 (m, 1H, Ph), 7.63 (m, 1H, Ph), 7.24 (m, 2H, Ph), 7.04 (m,
1H, Ph), 6.88 (t, JH−H = 7.2, 1H, Ph), 1.84 (m, 6H, PCH(CH3)2), 1.47
(d, JH−H = 6, 1H, CHagostic Ph), 1.13 (dvt, JH−H = 6.4, N = 12.1, 18H,
PCH(CH3)2), 1.03 (dvt, JH−H = 6.4, N = 12.1 18H, PCH(CH3)2), 0.92
(m, 36H, PCH(CH3)2), −9.50 (br, 2H, OsH), −11.68 (br, 1H, OsH),
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−14.42 (br, 3H, OsH). 1H{31P} NMR (400 MHz, C7D8 203 K,
hydride region): δ −6.54 (br d, JH−H = 13, 1H, OsH), −11.49 (br, 1H,
OsH), −11.60 (br, 2H, OsH), −12.60 (br, 1H, OsH), −18.90 (br s,
1H, OsH). 31P{1H} NMR (121.42 MHz, C7D8, 298 K): δ 35.7 and
21.6 (both s). 13C{1H} NMR (100.56 MHz, C7D8, 298 K, plus apt): δ
180.6 (t, JP−C = 7.0, Os−C), 172.6 (s, NCN), 148.5 (s, CH Ph), 146.8,
144.5, 140.4 (all s, Cq), 127.2, 122.6, 119.5, 118.8, 118.7, 117.1 (all s,
CH Ph and bzim), 108.6 (s, CHagostic Ph), 27.5 (vt, N = 26.0,
PCH(CH3)2), 27.4 (vt, N = 22.8, PCH(CH3)2), 20.4, 20.0, 19.8 (all s,
PCH(CH3)2).
Reaction of OsH6(P

iPr3)2 (1) with 2-Phenylthiazole: Prepara-
tion of OsH3{κ

2-C,N-(C6H4)-thiazole}(P
iPr3)2 (5). A solution of 1

(150 mg, 0.290 mmol) in toluene (10 mL) was treated with 1.0 eq of
2-phenylthiazole (46.8 mg, 0.290 mmol). The resulting solution was
heated at 120 °C for 2.5 h. During this time the color of the solution
changed from colorless to red. After cooling at room temperature, the
solution was filtered through Celite and was taken to dryness. The
addition of methanol caused the precipitation of an orange solid,
which was washed with methanol and dried in vacuo. Yield: 110 mg
(56%). Anal. Calcd for C27H51NOsP2S: C, 48.12; H, 7.63; N, 2.08, S,
4.76. Found: C, 48.30; H, 7.57; N, 2.02; S, 5.02. HRMS (electrospray,
m/z): calcd for C27H50NOsP2S: [M − H]+ 674.2747, found 674.2765.
IR (Nujol, cm−1): ν(OsH) 2153 (w). 1H NMR (400 MHz, C6D6, 298
K): δ 8.85 (d, JH−H = 7.4, 1H, Ph), 8.06 (d, JH−H = 3.4, 1H, thiazole),
7.76 (dd, JH−H = 7.4, JH−H = 1.0, 1H, Ph), 7.14 (td, JH−H = 7.4, JH−H =
1.0, 1H, Ph), 7.08 (td, JH−H = 7.4, JH−H = 1.0, 1H, Ph), 6.33 (d, JH−H =
3.4, 1H, thiazole), 1.89 (m, 6H, PCH(CH3)2), 1.10, (dvt, JH−H = 6.8,
N = 12.6, 18H, PCH(CH3)2), 1.05 (dvt, JH−H = 6.8, N = 12.3, 18H,
PCH(CH3)2), −9.08 (br, 2H, OsH), −11.60 (br, 1H, OsH). 1H{31P}
NMR (400 MHz, C7D8, 183 K, hydride region): δ −6.65 (d, JH−H =
30.5, 1H, OsH), −11.35 (d, JH−H = 30.5, 1H, OsH), −11.45 (br, 1H,
OsH). 1H{31P} NMR (400 MHz, C7D8, 353 K, hydride region): δ
−9.95 (br, 3H, OsH). 31P{1H} NMR (161.90 MHz, C6D6, 298 K): δ
21.5 (s). 13C{1H} NMR (100.56 MHz, C6D6, 298 K, plus apt): δ 186.1
(t, JC−P = 6.7, Os−C), 173.7 (s, NCN), 148.0, 145.6 (both s, CH Ph),
139.0 (s, Cq), 125.3, 127.7, 124.6, 113.7 (all s, CH Ph and thiazole),
26.2 (vt, N = 23.8, PCH(CH3)2), 18.7, 18.5 (both s, PCH(CH3)2).
T1(min) (ms, OsH, 300 MHz, C7D8, 228 K): 54 (−6.71 ppm), 93
(−11.51 ppm).
Reaction of OsH6(P

iPr3)2 (1) with 2-Phenylbenzothiazole:
Preparation of OsH3{κ

2-C,N-(C6H4)-benzothiazole}(P
iPr3)2 (6). A

solution of 1 (150 mg, 0.290 mmol) in toluene (10 mL) was treated
with 1.0 eq of 2-phenylbenzothiazole (61.3 mg, 0.290 mmol). The
resulting solution was heated at 120 °C for 6 h. During this time the
color of the solution changed from colorless to deep red. After cooling
at room temperature, the solution was filtered through Celite and was
taken to dryness. The addition of methanol caused the precipitation of
a deep red solid, which was washed with methanol and dried in vacuo.
Yield: 160 mg (76%). Anal. Calcd for C31H53NOsP2S: C, 51.43; H,
7.38; N, 1.94; S, 4.43. Found: C, 51.05; H, 7.21; N, 1.80; S, 4.42. MS
(MALDI+, m/z): [M − 3H]+ 720.9. IR (cm−1): ν(OsH) 2152 (w). 1H
NMR (400 MHz, C6D6, 298 K): δ 9.13 (d, JH−H = 8.0, 1H, Ph), 8.80
(d, JH−H = 7.3, 1H, Ph), 7.98 (d, JH−H = 7.3, 1H, Ph), 7.35 (d, JH−H =
8.0, 1H, Ph), 7.31 (t, JH−H = 8.0, 1H, Ph), 7.06 (t, JH−H = 7.3, 1H, Ph),
7.10 (t, JH−H = 7.3, 1H, Ph), 6.99 (t, JH−H = 8.0, 1H, Ph), 1.90 (m, 6H,
PCH(CH3)2), 1.04 (dvt, JH−H = 6.8, N = 12.7, 18H, PCH(CH3)2),
0.99 (dvt, JH−H = 6.9, N = 12.4, 18H, PCH(CH3)2), −8.71 (br, 2H,
OsH), −11.48 (br, 1H, OsH). 1H{31P} NMR (400 MHz, C7D8, 193 K,
hydride region): δ −6.32 (br, 1H, OsH), −11.25 (br, 1H, OsH),
−11.31 (br, 1H, OsH). 1H{31P} NMR (400 MHz, C7D8, 363 K,
hydride region): δ −9.72 (br, 3H, OsH). 31P{1H} NMR (161.90 MHz,
C7D8, 298 K): δ 21.4 (s). 13C{1H} NMR (100.56 MHz, C6D6, 298 K,
plus apt): δ 189.1 (t, JP−C = 6.4, Os−C), 174.1 (s, NCN), 152.8 (s,
Cq), 146.4 (s, CH Ph), 140.3, 131.6 (both s, Cq), 128.7, 126.5, 125.6,
124.9, 124.8, 121.9, 119.1 (all s, CH Ph and benzothiazole), 27.3 (vt,
N = 23.6, PCH(CH3)2), 19.9, 19.7 (both s, PCH(CH3)2). T1(min) (ms,
OsH, 300 MHz, C7D8, 233 K): 94 (−11.48 ppm).
Structural Analysis of Complexes 2 and 4. Crystals suitable for

the X-ray diffraction were obtained by slow diffusion of pentane into
concentrated solutions of the complexes in toluene. X-ray data were

collected on Bruker Smart APEX or APEX DUO difractometers
equipped with a normal focus, 2.4 kW sealed tube source (Mo
radiation, λ= 0.71073 Å) operating at 50 kV and 30 (2)/40 (4) mA.
Data were collected over the complete sphere. Each frame exposure
time was 10 s (2) or 30 s (4) covering 0.3° in ω.Data were corrected
for absorption by using a multiscan method applied with the SADABS
program.43 The structures were solved by the Patterson (Os atoms) or
direct methods and conventional Fourier techniques and refined by
full-matrix least-squares on F2 with SHELXL97.44 Anisotropic
parameters were used in the last cycles of refinement for all non-
hydrogen atoms. Complex 4 crystallizes as a racemic twin (Flack
parameter 0.348(18)) with a quasi C2 symmetry axes between the two
osmium atoms. In this compound, the refined C−C distances in the
two triisopropylphosphines were observed in the range 1.4−1.6 Å, and
a model with the same C−C refined distance was preferred (1.52(1)
Å). In addition, two molecules of pentane were observed in the
asymmetric unit, which were refined with partial occupancies,
restrained geometries and isotropic displacement parameters. The
hydrogen atoms in both structures were observed or calculated and
refined freely or using a restricted riding model. Hydride ligands were
observed in the difference Fourier maps but refined to close to metals,
so a restrained refinement fixing the OsH bond length to 1.59(1) Å
(CCDC) was used. In 4, the H(04)−H(05) distance was restrained to
1.3(1) Å, as observed in the theoretical calculations, because it does
not converged properly. The agostic C(31)−H(31) bond distance was
refined freely. The highest electronic residuals were observed in the
close proximity of the metal centers and make no chemical sense.

Crystal data for 2: C27H52N2OsP2, MW 656.85, pale yellow, irregular
block (0.20 × 0.20 × 0.12), orthorhombic, space group Pbca, a:
17.5141(7) Å, b: 14.3683(6) Å, c: 23.0704(9) Å, V = 5805.6(4) Å3, Z
= 8, Dcalc: 1.503 g cm−3, F(000): 2672, T = 100(2) K, μ 4.520 mm−1.
51574 measured reflections (2θ: 4−56°, ω scans 0.3°), 7151 unique
(Rint = 0.0344); minimum/maximum transmission factors 0.571/
0.498. Final agreement factors were R1 = 0.0202 (5555 observed
reflections, I > 2σ(I)) and wR2 = 0.0441; data/restraints/parameters
7151/3/317; GoF = 0.928. Largest peak and hole 1.177 and −0.704 e/
Å3.

Crystal data for 4: C49H98N2Os2P4·C5H12, MW 1291.72, green,
irregular block (0.18 × 0.03 × 0.03), monoclinic, space group Cc, a:
15.461(4)Å, b: 17.256(4)Å, c: 11.892(3)Å, β: 100.563(3)o, V =
3118.9(13)Å3, Z = 2, Z′ = 0.5, Dcalc: 1.375g cm−3, F(000): 1320, T =
100(2) K, μ 4.205 mm−1. 13195 measured reflections (2θ: 4−56°, ω
scans 0.3°), 6324 unique (Rint = 0.0280); minimum/maximum
transmission factors 0.682/0.862. Final agreement factors were R1 =
0.0298 (5608 observed reflections, I > 2σ(I)) and wR2 = 0.0731; Flack
parameter: 0.348(18), data/restraints/parameters 6324/60/343; GoF
= 1.044. Largest peak and hole 1.549 and −0.617 e/Å3.

Computational Details. Calculations were performed at the DFT
level using the M06 functional45 including an ultrafine integration grid,
as implemented in Gaussian 09.46 The Os atom was described using
the scalar relativistic Stuttgart-Dresden SDD pseudopotential and its
associated double-ζ basis set,47 complemented with a set of f
polarization functions.48 The standard triple-ζ basis set 6-311G(d,p)
basis set was used for the rest of atoms.49 Calculation of the vibrational
frequencies50 at the optimized geometries showed that the compounds
are minima on the potential energy surface This level is denoted M06/
6-311G(d,p)&SDD(f).

Calculations of absorption spectra were accomplished in the present
work using the time-dependent density functional theory (TD-DFT)
method.51 The assignment of the excitation energies to the
experimental bands was performed on the basis of the energy values
and oscillator strengths. The B3LYP Hamiltonian was chosen because
it was proven to provide accurate structures and reasonable UV−vis
spectra for a variety of chromophores52 including organometallic
complexes.53 This level is denoted TD-B3LYP/6-311G(d,p)&SDD-
(f)//M06/6-311+G(d,p)&SDD(f).
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