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Mono- and dinuclear osmium N,N’-di- and
tetraphenylbipyridyls and extended bipyridyls.
Synthesis, structure and electrochemistry†
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The efficient synthesis of mono- and dinuclear Os(IV) bipyridyl complexes is reported. These compounds

show a two-step oxidation process leading to notable structural changes, which are reflected in their

emission properties. During the second oxidation process a tetracation with a hydride-dihydrogen struc-

ture (instead of a trihydride) is formed. This results in a significant bathochromic shift of the emission

band, accompanied by a moderate increase in intensity.

Introduction

The interest in dinuclear and polynuclear metal-complexes
in which the metal centers are linked by bridging bi- and tri-
dentate ligands remains unabated. They are ideal structures
to study electron transfer mechanisms,1 provide the perfect
ground to disentangle the origin of the factors affecting charge
localization and, due to their electronic and magnetic proper-
ties, are also useful in the design of molecular electronic or
photonic devices.2 Properties in these systems are also related
to the nature of the ligands and the spacers, in many cases
biaryls, for which the influence of geometry and torsion
angles3 is of particular relevance in the design of electron
transport-based devices.3,4 Furthermore, changes in the oxi-
dation state of the metals often produce a substantial altera-
tion of their photophysical properties, which has found
application in different areas of chemistry, from materials to
biochemistry.5 All these reasons make the flexible access to
new dinuclear and polynuclear metal-complexes a very attrac-
tive field of research. Taking advantage of the ability of osmium(VI) hydride

complex OsH6(P
iPr3)2 to efficiently activate C–H bonds6 we

devised the synthesis of two types of bridged Os(IV) capped
4,4′-binuclear complexes I and II (Fig. 1) as novel substrates
of study. In this regard, we have recently described the use
of OsH6(P

iPr3)2 to build metallapolycycles by reaction with
2-phenylazines.7 The reactions involve the activation of two or
four C–H bonds, yielding compounds having five and eight
fused cycles, respectively. This paper reports the synthesis,
structural and electrochemical study of a series of mono- and
binuclear Os(IV)-N,N′-di- and tetraphenyl bipyridyls with
different conjugated and non-conjugated spacers. In addition,
the dramatic influence of the redox processes on the structure

Fig. 1 Bridged dinuclear Os(IV) complexes.
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of the complexes and their emission properties are also
discussed.

Results and discussion

N,N′-Di- and tetraphenyl bipyridines 2–4 were prepared start-
ing from 4-bromo-2-phenylpyridine (1) as depicted in
Scheme 1. Nickel-catalyzed homocoupling of 1 using the mild
conditions reported by Iyoda and col.8 (NiBr2(PPh3)2/Zn/Et4NI,
in tetrahydrofuran at 50 °C) afforded 2,2′-diphenyl-4,4′-bipyri-
dine (2), which was isolated in 43% yield. The phenyl and
anthranyl derivatives 3 and 4 were obtained by Suzuki coupling
between 1 and 1,4-phenylboronic acid and anthracene-9,10-
diboronic acid bis(pinacol) ester in 82% and 35% yields,
respectively. In turn, 2-phenyl-4-(2-(2-phenylpyridin-4-yl)-
ethynyl)pyridine (5) was prepared by means of two successive
Sonogashira couplings (Scheme 2). Thus, the reaction of 1
with trimethylsilyl acetylene in the presence of Pd(PPh3)4 led
to 4-ethynyl-2-phenylpyridine (6), which after a second coup-
ling with 1 under similar conditions afforded 5 in 68% yield.
Finally, 2,2′,6,6′-tetraphenyl-4,4′-bipyridine (8) was prepared in
36% yield by nickel-homocoupling of 4-chloro-2,6-diphenyl-
pyridine (7), using the reaction conditions described for 2
(Scheme 2).

Osmium(IV)–polyhydride complexes containing N,N′-di- and
tetraphenyl bipyridines

The hexahydride complex OsH6(P
iPr3)2 (9) activates an ortho-

C–H bond of the phenyl substituent of 2-phenylpyridine, in
agreement with the tendency shown by this compound to acti-
vate C(sp2)–H bonds.6,7 Thus, the treatment of toluene solu-
tions of 9 with 1.0 equiv. of 2-phenylpyridine, for 18 h, under

reflux afforded the trihydride derivative 10, which was isolated
as a yellow solid in 77% yield according to Scheme 3.

Under the same conditions, the treatment of 9 with 1.0
equiv. of the diphenylbipyridine 2 led to a 2 : 1 mixture of the
mononuclear compound 11, related to 10, and the bimetallic
species 12 resulting from the C–H bond activation of both
phenyl substituents by different metal centers. When the reac-
tion between 9 and 2 was performed in a 1 : 3 molar ratio, the
mononuclear complex 11 was selectively formed. However, the
treatment of 9 with 0.3 equiv. of 2 produced the quantitative
transformation of the bipyridine into the bimetallic derivative
12. Complexes 11 and 12 were isolated as dark red solids in
50% and 91% yields with regard to the respective limiting
reagents. The presence of phenylidene and anthracenylidene
spacers between the pyridyl groups has no significant influ-
ence on the reactivity of the bipyridines. Thus, similarly to 2,
the addition of 0.3 equiv. of 3 and 4 to the toluene solutions of
9 gave the bimetallic derivatives 13 and 14 after 6 h and 15 h,
respectively, under reflux. Both 13 and 14 were isolated as dark
red solids in almost quantitative yield with regard to the
bipyridines.

Complexes 10–14 were characterized by elemental analysis,
IR and 1H, 31P{1H} and 13C{1H} NMR spectroscopy. Complexes
11 and 12 were further characterized by X-ray diffraction analy-
sis. Fig. 2 and 3 show views of their molecular geometries. The
structure of 11 (Fig. 2) proves the selective ortho-C–H bond acti-
vation of one of the phenyl substituents of the bipyridine to

Scheme 2 Synthesis of bipyridines 5 and 8.

Scheme 1 Synthesis of bipyridines 2–4.
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afford an osmatricycle core, which is planar (maximum devi-
ation 0.121(3) Å for C(23)). 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) = 162.44(3)°). The metal coordination sphere is com-
pleted by the C(29) and N(1) atoms of the metalated bipyri-
dine, which acts with a C(29)–Os–N(1) bite angle of 76.48(11)°,

and the hydride ligands. The Os–C(29) distance of 2.102(3) Å is
similar to the Os–C bond lengths reported for osmafurans,6c,9

osmapyrroles,10 and related compounds,6i,11 while the Os–N(1)
distance of 2.155(3) Å compares well with the Os–N bond
lengths found in lower π-electron osmacyclic nitrogen-contain-
ing compounds.10,11 In agreement with a significant π-electron
delocalization in the five-membered ring, the C(19)–C(24) dis-
tance of 1.466(4) Å is about 0.02 Å shorter than the C(21)–
C(30) separation of 1.494(4) Å between the osmatricycle core
and the pyridylphenyl substituent and the C(32)–C(35) sepa-
ration of 1.487(4) Å between the pyridinic ring and the phenyl
group of the latter. The pyridinic ring is almost planar with
the metallatricycle core, the dihedral angle between the planes
is 9.49(2)° whereas the dihedral angle between the pyridinic
ring and its phenyl substituent is 32.03(1)°.

The structure of 12 (Fig. 3) proves the C–H bond activation
of both phenyl substituents of the bipyridine, by different

Scheme 3 Synthesis of complexes 10–14.

Fig. 2 Molecular diagram of complex 11. Selected bond lengths (Å) and
angles (°): Os–P(1) = 2.3412(9), Os–P(2) = 2.3503(9), Os–N(1) = 2.155(3),
Os–C(29) = 2.102(3), C(19)–C(24) = 1.466(4), C(21)–C(30) = 1.494(4), C(32)–
C(35) = 1.487(4); P(1)–Os–P(2) = 162.44(3), C(29)–Os–N(1) = 76.48(11).

Fig. 3 Molecular diagram of complex 12. Selected bond lengths (Å) and angles (°): Os–P(1) = 2.3304(15), Os–P(2) = 2.3355(15), Os–N = 2.135(4), Os–C(6) =
2.098(5); P(1)–Os–P(2) = 164.29(5), N–Os–C(6) = C6 Os N 75.60(17).
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metal centers. The molecule can be described as a symmetrical
dimer formed by two OsH3(P

iPr3)2 moieties, which are joined
by a bridging diorthometallated 2,2′-diphenyl-4,4-bipyridine
ligand. The geometry around the osmium atoms is as that of
11; i.e., a distorted pentagonal bipyramid with the phosphines
occupying axial positions (P–Os–P = 164.29(5)°). The metal
coordination spheres are completed by the donor atoms of
the metallated bipyridine (C–Os–N = 75.60(17)°) and
the hydride ligands. The Os–C and Os–N bond lengths
of 2.098(5) Å and 2.135(4) Å, respectively, agree well with those
of 11.

To gain more insight into the structure and bonding situ-
ation of complexes 11 and 12, density functional theory (DFT)
calculations12 were carried out on model complex 12M, where
the bulky isopropyl groups were replaced by hydrogen atoms.
As can be readily seen in Fig. 4a, the most remarkable differ-
ence between the B3LYP/def2-SVP computed and the experi-
mental structures is the non-planarity of the bipyridyl ligand
in the gas-phase (computed torsion angle of 34.7°). We have
also re-optimized the gas-phase geometry of 12M at the M06L/
def2-SVP13 to take into account possible dispersion effects, but
again a non-planar structure (torsion angle of 30.9°) was
observed.14 Although the discrepancy could be attributed to
the use of the simple model in the calculations, this situation
is similar to that of biphenyls having H atoms in all four ortho
positions, which are especially susceptible to crystal-packing
effects and adopt a planar geometry in the solid state but are
twisted in the gas phase.3f–h In fact, the dihedral angle
between the two phenyl rings is determined by competition
between π-conjugation and steric repulsions; the former
favours a coplanar configuration, while the latter prefers a
non-planar form.15

Our calculations also suggest a significant degree of
π-delocalization within the planar (C–C–C–N angle of 0.5°)
five-membered osmacycle. This can be viewed in the computed
Wiberg-bond orders of the C–C and C–N bonds which are
intermediate between single and double bonds (ranging from
1.10 to 1.33) and points to a participation of the occupied dπ
orbitals of the osmium center in the π-system of the ring. The
computed HOMO and HOMO − 1 molecular orbitals (Fig. 4b)
nicely confirm this hypothesis as well as the second-order
perturbation theory of the Natural Bond Orbital (NBO)
method, which clearly shows two-electron delocalizations from
occupied dπ (Os) atomic orbitals to π*(C6vC11) and π*(NvC)
molecular orbitals (associated second-order energies of ΔE(2) =
−8.3 and −4.3 kcal mol−1, respectively). Moreover, the com-
puted nuclear independent chemical shift (NICS)16 value at
the [3,+1] ring critical point of the electron density17 is slightly
negative (−1.03 ppm), thus indicating that the involvement of
the metal fragment in the π-system of the ring makes it slightly
aromatic.18

The 1H, 31P{1H} and 13C{1H} NMR spectra of 10–14 in
toluene-d8 are consistent with the structures shown in Fig. 2
and 3. As expected for three inequivalent hydride ligands, the
1H NMR spectra at 203 K contain three hydride resonances at
about −6, −11, and −12 ppm. These resonances are temp-
erature dependent. Fig. 5 shows the high field region of the
spectra of 14 as a function of the temperature. The resonances

Fig. 4 (a) B3LYP/def2-SVP fully optimized geometry of compound 12M
showing the computed torsional angle (in degrees). (b) Molecular orbitals of
complex 12M (isosurface value of 0.035 au).

Fig. 5 High field of the 1H{31P} NMR spectra (400 MHz, toluene-d8) of complex
14 as a function of temperature.
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at about −6 and −11 ppm coalesce between 235 K and 253 K,
whereas a single hydride signal at about −10 ppm is observed
at a temperature higher than 363 K. This is consistent with the
operation of two thermally activated site exchange processes,
in agreement with the behaviour of related OsH3-deriva-
tives.6,19 The exchange mechanism implies Os–H stretching,
H–H shortening, and subsequent rotation of the resulting
dihydrogen ligand. Since the activation barrier of both
exchanges is similar, about 10 and 11 kcal mol−1, the tran-
sition states containing the dihydrogen ligand trans disposed
to the nitrogen or carbon atoms of the metallated bipyridines
are similarly favoured. The hydrogen atoms of 10, 11, 13, and
14 corresponding to the resonances at about −6 and −11 ppm
undergo quantum exchange coupling20 in addition to the
thermally activated site exchange. Thus, the JH–H values
decrease with the temperature (Table 1). In agreement with the
presence in these compounds of equivalent phosphines, their
31P{1H} NMR spectra show a singlet at about 21 ppm, which
is temperature invariant from 298 K to 203 K. In the 13C{1H}
NMR spectra at room temperature, the most noticeable
resonance is that due to the metallated carbon atoms of the
bipyridines that is observed at about 188 ppm as a triplet with
a C–P coupling constant of about 6 Hz. The ethynylene spacer
is not an inert group under the reaction conditions, in contrast
to phenylidene and anthracenylidene, since the hexahydride
precursor promotes its reduction into ethylidene. Thus, the
treatment under reflux of toluene solutions of 9 with 3.0 equiv.
of 5 gave after 10 min the mononuclear complex 15
(Scheme 4), as a result of the C–H bond activation of a phenyl
substituent and the hydrogenation of the C–C triple bond of
the organic molecule. As expected, the addition of 0.5 equiv. of
5 to the toluene solutions of 9 yielded the dinuclear species
16 after 4 h, under reflux. The latter is a consequence of the
C–H activation of both phenyl substituents, by different
metal centers, and the hydrogenation of the spacer. Com-
plexes 15 and 16 were isolated as dark green solids in
16% (15) and 63% (16)21 yield with regard to 9 and 5,
respectively.

The 1H, 31P{1H} and 13C{1H} NMR spectra of 15 and 16 in
toluene-d8 agree well with those of 10–14 and support the
hydrogenation of the ethynylene spacer. In agreement with the
presence of the resulting ethylidene group, both 1H NMR
spectra contain at 2.47 ppm the signal due to the CH2-
hydrogen atoms, which appear with the complex form for 15
and as a singlet for 16. Similar to 10–14, in the high field
region of the spectra, at 203 K the hydride ligands display
three resonances at −6.51, −11.21 and −12.16 (15) and −6.49,
−11.20 and −12.12 (16) ppm, whereas at around 363 K only
one hydride signal at about −10 ppm is observed. Also in
these cases, the resonances at about −6 and −11 ppm undergo
quantum exchange coupling in addition to the thermally
activated site exchange. The activation barrier for the position
exchanges is between 10 and 12 kcal mol−1. The 31P{1H}
NMR spectra at 298 K show a singlet at about 20 ppm. In the
13C{1H} NMR spectra, the CH2 resonances of the spacer appear
at 35.4 and 35.6 (15) and 35.8 (16) ppm, whereas the signal
due to the metalated carbon atoms is observed at 187.7 ppm
for both compounds.

Complex 9 activates an ortho-C–H bond of both phenyl sub-
stituents of 2,6-diphenylpyridine. Treatment of toluene solu-
tions of this d2-hexahydride complex with 1.0 equiv. of the
organic molecule for 15 h, under reflux, afforded the dihydride
derivative 17, which was isolated as a dark orange solid in 64%
yield according to Scheme 5. Under the same conditions the
treatment of 9 with 1.0 equiv. of 2,2′,6,6′-tetraphenyl-4,4′-bipyri-
dine (8) gave a 1 : 1 mixture of the mononuclear species 18,
related to 17, and the bimetallic derivative 19. The latter
results from the C–H bond activation of the four phenyl substi-
tuents by two different metal centers. Each osmium atom
metallates both phenyl groups of a pyridinic unit. When 9 was
treated with 3.0 equiv. of 8, its quantitative transformation
into 18 occurred. However, the latter could not be separated
from the excess of 8 due to the similar solubility of both
compounds in the usual organic solvents. The addition of
0.2 equiv. of 8 to 9 selectively led to the bimetallic species
19, which was isolated as a dark red solid in 88% yield with
regard to 8.

The 1H, 31P{1H} and 13C{1H} NMR spectra of 17–19 in
toluene-d8, at room temperature, strongly support the struc-
tures proposed for these compounds in Scheme 5. In the

Scheme 4 Reactions of hexahydride 9 with 5.

Table 1 Coupling constants as a function of temperature for complexes 10,
11, 13, 14, 15, and 16

Complex Temperature (K) Coupling constant (Hz)

10 203 36.5
213 44.4

11 193 48.3
203 65.8
213 86.1

13 203 42.4
213 54.4

14 193 22.8
203 32.2
213 38.8
223 45.8

15 203 30
213 41

16 203 26.1
213 29.2
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1H NMR spectra, the equivalent hydride ligands display at
about −8 ppm a triplet with a H–P coupling constant of about
16 Hz. As expected for equivalent phosphines, the 31P{1H}
NMR spectra contain a singlet at about 0 ppm. In the 13C{1H}
NMR spectra, the resonance due to the metallated carbon
atoms of the pyridinic organic moiety appears at about
178 ppm as a triplet with a C–P coupling constant of about
7 Hz.

Electrochemical study

Cyclic Voltammetry (CV) and Osteryoung Square Wave Voltam-
metry (OSWV) experiments were carried out in order to study
the electrochemical properties of the complexes 11–13, 18 and
19. 2,2′,6,6′-Tetraphenyl-4,4′-bipyridine (8) was used as a
model for the electrochemical behaviour of the coordinated
bipyridine ligands. In the voltammograms of 8 only an irre-
versible reduction process is observed at Ep = −1.8 V (Fig. 6).
Therefore, no oxidation processes associated with the ligands
are expected in the complexes.

The electrochemical study of the mononuclear complexes
11 and 18 shows two quasi-reversible processes at about 0
and 1 V (Table 2), which agree with the values found in the
literature for the Os(IV)–Os(V) and Os(V)–Os(VI) processes,
respectively.22 Fig. 7 shows the CV and OSWV of 18.

The electrochemistry of the bimetallic complexes 12, 13
and 19 was also studied. In the three cases two quasi-reversible
waves at about 0 and 1 V were observed (Table 2). No splitting
of the waves due to electronic communication between the
metal centers was found. It is worth to mention that all mono-
metallic and bimetallic complexes behave similarly.

The spectroelectrochemical study of bimetallic complexes
12, 13 and 19 was subsequently performed. Electrochemical
oxidations of these complexes did not exhibit bands that could
be assigned to intervalence charge transfer (IVCT) processes.
In all cases, it was found an increase of the band around
280 nm (probably associated with a ligand π–π* band) and the
vanishing of the charge-transfer band around 450 nm as a con-
sequence of the oxidation of the metal center. Spectroscopic
data are detailed in Table 3 and UV-vis spectra are shown in
ESI.† In contrast to the mononuclear complex 11, changes in
the emission spectra of the binuclear complexes 12, 13 and 19
were found upon oxidation. In the three cases the transform-
ation from Os(IV) to Os(V) at 0.05 V vs. Fc+/Fc produced small
changes in the emission spectra of the complexes (λexc =
280 nm). When the excitation wavelength is chosen to match
the charge-transfer band that is present near λ = 450 nm, no
luminescence was detected. It is worth mentioning that the
absorbance of the sample at a concentration of c = 2 × 10−6 M
is of near 1 × 10−3 and self-absorption processes do not affect

Scheme 5 Reactions of hexahydride 9 with 2,6-diphenylpyridine and 8.

Fig. 6 CV (a) and OSWV (b) of 8 (c = 5 × 10−4 M) in dichloromethane–acetonitrile (1 : 1) with 0.1 M of tetrabutylammonium hexafluorphosphate as a supporting
electrolyte.

Table 2 Electrochemical data (V vs. Fc+/Fc)

Complex 1st wave potentiala 2nd wave potentiala

11 0.0 0.97
12 −0.02 0.94
13 0.00 0.99
18 −0.03 0.95
19 −0.02 0.95

aHalf-wave potentials in CH2Cl2–CH3CN (1 : 1) (c = 5 × 10−4 M).
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the emission of the sample. The analysis of the excitation
spectra (see ESI†) also supports that the emission is originated
in a ligand-centered transition. The slight increase of the lumi-
nescence intensity may be due to the increase in the molar
absorptivity of the sample. However, when a potential of
1.10 V is applied to oxidize the metal centers of the complexes
from Os(V) to Os(VI), a bathochromic shift of the band is
observed, accompanied by a moderate but significant increase
in the luminescence intensity (Fig. 8).

Quantum yields of the different species are summarized in
Table 4. The quantum yield of organic molecule 2 is higher
than those of the organometallic species. For the bimetallic
complexes the oxidation from Os(V) to Os(VI) produces a signifi-
cant bathochromic shift from about 360 nm to 405 nm and an
increase of the emission.

To calculate the number of electrons that are involved in
each process, chrono-coulombimetry experiments on com-
plexes 19 and 12 were performed (Fig. 9). When a voltage of
0.05 V vs. Fc+/Fc pair is applied in the electrochemical cell (c =
2.5 × 10−4 M; V = 10 mL; n = 2.5 × 10−6 mol) a current of
0.427 C is obtained for 19 and a charge of 0.496 C for 12,
which noticeably coincides with the theoretical charge for a
two-electron process (q = 0.482 C, note that the charge of the
background is around 1%). We also carried out an oxidation
applying a potential of E = −0.2 V vs. Fc to take into account
the contribution of the first irreversible process to the total
current. For complex 19 a charge of 0.062 C was found, while a
value of 0.095 C was obtained in the case of 12. Therefore,
even when the charge of the first process is subtracted to the
charge of the oxidation at 0.05 V, these values clearly indicate
the oxidation of two electrons for the first reversible wave. The

large background currents, around 150% of the current origi-
nated from the oxidation of the metal centers, found when the
oxidations were carried out at 1.10 V vs. Fc (above the potential
of the second electrochemical reversible wave) make the calcu-
lations of the number of electrons of this oxidation process
less accurate. However, a charge near to 0.5 C, when the back-
ground charge is subtracted, points again to a bi-electronic
process.

The geometries of the corresponding oxidized species
12M2+ and 12M4+ were also optimized by means of compu-
tational methods. The two electron oxidation process on 12M
leads to the open-shell singlet biradical 12M2+ where the
unpaired electrons are mainly located at the osmium atoms
(computed spin densities of 0.56 e and −0.56 e, respectively,
see Fig. 10). As expected, a significant structural change is
observed upon oxidation. In fact, the hydride ligand transoid
to the metallated nitrogen atom and the central one approach
each other as a consequence of the oxidation of the metal
center. Thus, whereas a H⋯H bond length of 1.666 Å was com-
puted for 12M, a shorter bond length (1.338 Å) is found for
12M2+. This shortening is even more remarkable in the 12M4+

species formed as a consequence of the second 2-electron oxi-
dation process. As can be readily seen in Fig. 10, the computed
H⋯H bond length for the latter complex was 0.899 Å, a value
typical for dihydrogen species.24 The increase in the corres-
ponding H⋯H bond order upon oxidation (0.09 < 0.17 < 0.48)
clearly shows the structural change from a trihydride complex
to a hydride-dihydrogen compound. In addition, the planarity
of the five-membered osmacycle is also affected upon oxi-
dation (Os–C–C–C dihedral angle ranging from 0.0° to 7.1°
and to −19.0° from 12M to 12M2+ and to 12M4+, respectively).
As a result, an increase in the NICS values computed at the
[3,+1] ring critical point of the electron density was also
observed (−1.03 < +2.76 < +3.35 ppm, respectively). Thus, both
oxidized species are noticeably less aromatic than the parent
planar complex 12M. From these data, it becomes obvious that
the oxidation process leads to dramatic changes in the struc-
ture of the complexes which are reflected in their electronic
structures and their emission properties.

Similar structural changes were found in the two-step
oxidation of mononuclear complex 11M, a model complex of

Fig. 7 CV (a) and OSWV (b) of mononuclear complex 18 (c = 5 × 10−4 M) in dichloromethane–acetonitrile (1 : 1) with 0.1 M of TBAHP as supporting electrolyte.
The small irreversible wave that appears at around 0.80 V could be due to an irreversible oxidation of an impurity present in the sample.

Table 3 UV-vis-NIR spectra data of the studied complexes

Complex λ/nm (ε × 10−3/M−1 cm−1) Isosbestic points

12 267 (17.83), 483 (6.94), 544 (sh) —
122+ 252 (30.87), 449 (2.57) 270, 315, 618
13 283 (7.30), 448 (1.85), 519 (sh) —
132+ 260 (28.96), 388 (sh) 575
19 285 (7.07), 454 (2.73), 529 (sh) —
192+ 253 (26.77), 393 (sh) 590
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11 where the isopropyl groups were replaced by methyl groups.
As seen in Fig. 11, the ground state structure of 11M resembles
that of binuclear complex 12M, i.e. a trihydride complex (com-
puted H⋯H bond length of 1.668 Å), with a planar and aro-
matic five-membered osmacycle (Os–C–C–C angle of 0.5° and
NICS of −1.06 ppm). As expected, the one-electron oxidation
leads to the radical-cation 11M˙+, where the unpaired electron
is mainly located at the osmium atom (computed spin density
of 0.64e), which exhibits a shorter H⋯H bond length (1.452 Å)
and a less planar, and less aromatic, five-membered osmacycle
(Os–C–C–C angle of −6.9° and NICS of +3.40 ppm).

Conclusions

d4-Mono and dinuclear Os-N,N′-di- and tetraphenylbipyridyls
and extended bipyridyls have been synthesised by the

reaction of OsH6(P
iPr3)2 and the appropriate di- or tetra-

phenylbipyridines in high yields. The structures of some rep-
resentative mono- and binuclear compounds have been
determined by X-ray diffraction analysis and in the gas
phase by DFT-calculations. The spectroelectrochemical
study of bimetallic complexes 12–14 having different spacers
showed significant changes in the emission spectra upon
oxidation. While the transformation from Os(IV) to Os(V) pro-
duced small changes in the emission spectra of the complexes,
the oxidation from Os(V) to Os(VI) provokes a notable batho-
chromic shift of the emission band, accompanied by a
moderate but significant increase in intensity. DFT calcu-
lations carried out in the dication and tetracation model
species 11M and 12M showed important structural modifi-
cations during the sequential oxidation. Thus, the final tetra-
cation, formally an Os(VI) species, has a hydride-dihydrogen
structure (instead of a trihydride) and it should be better
considered an Os(IV) species. Similar structural changes
were found in the oxidation process of the mononuclear com-
plexes which were also reflected in their photophysical
properties.

Experimental section

General information, synthetic procedures, electrochemical
and computational details are included in ESI.† 4-Bromo-
2-phenylpyridine (1),25 4-chloro-2,6-diphenylpyridine (7)26

and OsH6(P
iPr3)2 (9)27 were prepared as previously

described.
Procedures for the preparation of mono- and dinuclear

complexes 11 and 12 are representative.

Fig. 8 Emission spectra of 11 (a), 12 (b), 13 (c), 19 (d). Blue: Os(IV); red: Os(V); green: Os(VI), c = 2 × 10−6 M, dichloromethane–acetonitrile 1 : 1.

Table 4 Emission quantum yields in the different oxidation states

Compound λemi ϕF
a

2 377 0.140
11 367 0.005
11+ 470 0.006
112+ 470 0.005
12 366 0.005
122+ 365 0.013
124+ 407, (sh 465) 0.030
13 363 0.020
132+ 363 0.026
134+ 404 0.074
19 363 0.020
192+ 363 0.025
194+ 405 0.110

aQuantum yields were calculated using anthracene as the standard.23
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Reaction of OsH6(P
iPr3)2 with 2,2′-diphenyl-4,4′-bipyridine (2):

synthesis of complex 11

3 equiv. of 2,2′-diphenyl-4,4′-bipyridine (2) (71 mg, 0.23 mmol)
was added to a solution of OsH6(P

iPr3)2 (9) (40 mg,
0.077 mmol) in toluene (5 mL) and heated under reflux for
0.5 hours, changing the color from pale yellow to dark red.
The resulting solution was dried in vacuo. Methanol was added
to afford a dark red solid which was washed with further
portions of methanol and dried in vacuo. Yield: 32 mg (50%).
Anal. calcd for C40H61N2OsP2: C, 58.44; H, 7.48; N, 3.41.
Found: C, 58.10; H, 7.21; N, 3.51. IR (neat compound, cm−1):
ν(Os–H) 2128 (w), 1980 (w); ν(CvN) ν(CvC) 1592 (m),
1459 (m). 1H NMR (300 MHz, C6D6, 293 K): δ 9.80 (d, JH–H = 6,
1H, CH-arom), 8.76 (d, JH–H = 7.2, 1H, CH-arom), 8.62 (d, JH–H

= 4.9, 1H, CH-arom), 8.12 (d, JH–H = 7.3, 2H, CH-arom), 8.03 (s,
1H, CH-arom), 7.93 (d, JH–H = 7.2, 1H, CH-arom), 7.74 (s, 1H,
CH-arom), 7.28 (t, JH–H = 7.3, 2H, CH-arom), 7.25 (t, JH–H =
7.3, 1H, CH-arom), 7.17 (t, JH–H = 7.2, 1H, CH-arom), 7.12

(t, JH–H = 7.2, 1H, CH-arom), 6.87 (d, JH–H = 4.9, 1H, CH-arom),
6.49 (d, JH–H = 6, 1H, CH-arom), 1.91 (m, 6H, PCH(CH3)2), 1.01
(dvt, JH–H = 6.5, N = 12, 18H, PCH(CH3)2), 0.98 (dvt, JH–H = 6.5,
N = 12, 18H, PCH(CH3)2), −8.36 (br, 2H, OsH), −11.65 (br, 1H,
OsH). 1H NMR (300 MHz, C7D8, 193 K, high field region):
δ −6.40 (d, JH–H = 48.3, 1H, Os–H), −10.87 (d, JH–H = 48.3, 1H,
Os–H), −11.82 (s, 1H, Os–H). 13C{1H} NMR (75.48 MHz, C6D6,
293 K): δ 188.4 (t, JP–C = 6.6, Os–C), 168.5 (s, Cipso), 159.4
(s, CH-arom), 158.6 (s, Cipso), 150.8, 147.2 (both s, CH-arom),
146.0, 144.3, 142.5, 139.7 (all s, Cipso), 129.4, 129.0, 128.4,
127.5, 125.5, 119.6, 118.9, 117.9, 117.6, 115.7 (all s, CH-arom),

Fig. 9 Chronocoulombimetric curves of the complexes 12 (a) and 19 (b) at E = 0.05 V vs. Fc+/Fc.

Fig. 10 B3LYP/def2-SVP fully optimized geometries of complexes 12M2+ and
12M4+. Values in brackets indicate the computed spin densities.

Fig. 11 B3LYP/def2-SVP fully optimized geometries of complexes 11M and
11M˙+.
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27.7 (vt, N = 24, PCH(CH3)2), 20.2, 19.9 (both s, PCH(CH3)2).
31P{1H} NMR (121.5 MHz, C6D6, 293 K): δ 20.7 (s).

Reaction of OsH6(P
iPr3)2 with 2,2′-diphenyl-4,4′-bipyridine (2):

synthesis of complex 12

2,2′-Diphenyl-4,4′-bipyridine (29 mg, 0.10 mmol) was added to
a solution of OsH6(P

iPr3)2 (9) (150 mg, 0.29 mmol) in toluene
(8 mL) and heated under reflux for 24 hours, changing the
color from pale yellow to dark red. The resulting solution was
dried in vacuo. Methanol was added to afford a dark red solid
which was washed with further portions of methanol and
dried in vacuo. Yield: 117.6 mg (91%). Anal. calcd for
C58H106N2Os2P4: C, 52.15; H, 8.00; N, 2.10. Found: C, 51.8; H,
8.29; N, 1.62. IR (neat compound, cm−1): ν(Os–H) 2098 (w),
1961 (w); ν(CvN) ν(CvC) 1578 (m), 1456 (m). 1H NMR
(400 MHz, C6D6, 293 K): δ 9.77 (d, JH–H = 6.0, 2H, CH-arom),
8.75 (d, JH–H = 7.2, 2H, CH-arom), 8.21 (d, JH–H = 1.4, 2H, CH-
arom), 7.82 (d, JH–H = 7.2, 2H, CH-arom), 7.16 (t, JH–H = 7.2,
2H, CH-arom), 7.09 (t, JH–H = 7.2, 2H, CH-arom), 6.64 (dd, JH–H

= 6.0, JH–H = 1.4, 2H, CH-arom), 1.87 (m, 12H, PCH(CH3)2),
0.98 (dvt, JH–H = 6.6, N = 13.3, 36H, PCH(CH3)2), 0.95 (dvt, JH–H

= 6.8, N = 13, 36H, PCH(CH3)2), −8.38 (br, 4H, OsH), −11.66
(br, 2H, OsH). 1H NMR (300 MHz, C7D8, 213 K, high field
region): δ −6.43 (d, JH–H = 49.8, 2H, Os–H), −10.96 (d, JH–H =
49.8, 2H, Os–H), −11.85 (br, 2H, Os–H). 13C{1H} NMR
(100.63 MHz, C6D6, 293 K): δ 188.3 (t, JP–C = 6.5, Os–C), 168.3,
144.3, 141.3 (all s, Cipso), 159.3, 147.1, 128.3, 125.6, 118.8,
117.3, 114.8 (all s, CH-arom), 27.5 (vt, N = 24.0, PCH(CH3)2),
20.1, 19.9 (both s, PCH(CH3)2).

31P{1H} NMR (161.99 MHz,
C6D6, 293 K): δ 20.8 (s).

Structural analysis of complexes 11 and 12

Crystals suitable for X-ray diffraction were obtained by slow
diffusion of methanol into solutions of the complexes in
toluene. X-ray data were collected on a Bruker Smart APEX
diffractometer equipped with a normal focus, 2.4 kW sealed
tube source (Mo radiation, λ = 0.71073 Å) operating at 50 kV
and 30 (11) or 40 (12) mA. Data were collected over the com-
plete sphere by a combination of four sets. Each frame
exposure time was 10 s covering 0.3° in ω. Data were corrected
for absorption by using a multiscan method applied with the
SADABS program.28 The structures were solved by the Patter-
son (Os atoms of 11 and 12) method and conventional Fourier
techniques and refined by full-matrix least squares on F2 with
SHELXL97.29 Anisotropic parameters were used in the last
cycles of refinement for all non-hydrogen atoms. The hydrogen
atoms were observed or calculated and refined freely using a
restricted riding model. Hydride ligands were observed in the
difference Fourier maps but refined with the restrained Os–H
bond length (1.59(1) Å, CSD). For both structures the highest
electronic residuals were observed in the close proximity of the
Os centers and make no chemical sense. CCDC-870543 (11)
and 870544 (12) contain the supplementary crystallographic
data for this paper.

Crystal data for 11

C40H60N2OsP2, MW 821.04, dark red, needle (0.20 × 0.05 ×
0.05), triclinic, space group P1̄, a: 8.5681(6) Å, b: 14.7204(10) Å,
c: 15.3568(11) Å, α: 80.2450(10)°, β: 76.4900(10)°, γ: 80.7930
(10)°, V = 1841.4(2) Å3, Z = 2, Dcalc: 1.481 g cm−3, F(000): 840,
T = 100(2) K, μ 3.580 mm−1. 20 686 measured reflections (2θ:
3–57°, ω scans 0.3°), 7671 unique (Rint = 0.0407); minimum/
maximum transmission factors 0.596/0.768. Final agreement
factors were R1 = 0.0278 (6571 observed reflections, I > 2σ(I))
and wR2 = 0.0453; data/restraints/parameters 7671/3/428;
GoF = 0.897. Largest peak and hole 1.111 and −1.342 e Å−3.

Crystal data for 12

C58H104N2Os2P4·2(C7H8), MW 1517.98, violet, prism (0.10 ×
0.08 × 0.03), monoclinic, space group P2(1)/c, a: 17.258(4) Å, b:
8.775(2) Å, c: 23.919(6) Å, α: 90.00°, β: 103.864(5)°, γ: 90.00°,
V = 3516.5(15) Å3, Z = 2, Dcalc: 1.434 g cm−3, F(000): 1556, T =
100(2) K, μ 3.741 mm−1. 43 143 measured reflections (2θ:
3–58°, ω scans 0.3°), 8774 unique (Rint = 0.0867); minimum/
maximum transmission factors 0.655/0.825. Final agreement
factors were R1 = 0.0425 (5956 observed reflections, I > 2σ(I))
and wR2 = 0.0701; data/restraints/parameters 8774/3/384;
GoF = 0.852. Largest peak and hole 1.909 and −1.260 e Å−3.

Acknowledgements

Financial support from grants CTQ-2010-20414-C02-01/BQU
(to MAS), CTQ2011-23459 (to MAE) and Consolider Ingenio
2010 (CSD2007-00006) from the MINECO, Diputación General
de Aragón (E35), Comunidad de Madrid (P2009/PPQ1634-
AVANCAT) (UCM group), and European Social Fund is acknowl-
edged. I.F. and F.O. are Ramón y Cajal and Juan de la Cierva
fellows, respectively. M.M.O is an FPI fellow.

Notes and references

1 (a) P. Aguirre-Etcheverry and D. O’Hare, Chem. Rev., 2010,
110, 4839; (b) S. D. Glover, J. C. Goeltz, B. J. Lear and
C. P. Kubiak, Coord. Chem. Rev., 2010, 254, 331.

2 Recent selected references: (a) F. Paul and C. Lapinte,
Coord. Chem. Rev., 1998, 178, 431; (b) P. J. Low, Dalton
Trans., 2005, 2821; (c) M. Akita and T. Koike, Dalton Trans.,
2008, 3523; (d) B. Kim, J. M. Beebe, C. Olivier, S. Rigaut,
D. Touchard, J. G. Kushmerick, X. Y. Zhu and C. D. Frisbie,
J. Phys. Chem. C, 2007, 111, 7521; (e) Y. F. Liu, C. Lagrost,
K. Costuas, N. Tchouar, H. Le Bozec and S. Rigaut, Chem.
Commun., 2008, 6117; (f ) A. K. Mahapatro, J. W. Ying,
T. Ren and D. B. Janes, Nano Lett., 2008, 8, 2131;
(g) J.-W. Ying, I. P.-C. Liu, B. Xi, Y. Song, C. Campana, J.-
L. Zuo and T. Ren, Angew. Chem., Int. Ed., 2010, 49, 954;
(h) K. Liu, X. H. Wang and F. S. Wong, ACS Nano, 2008, 2,
2315; (i) K. Terada, K. Kobayashi, J. Hikita and M. Haga,
Chem. Lett., 2009, 38, 416; ( j) N. Tuccitto, V. Ferri,

Paper Dalton Transactions

3606 | Dalton Trans., 2013, 42, 3597–3608 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

in
ds

or
 o

n 
29

/0
6/

20
13

 1
3:

15
:0

7.
 

View Article Online

http://dx.doi.org/10.1039/c2dt32548a


M. Cavazzini, S. Quici, G. Zhavnerko, A. Licciardello and
M. A. Rampi, Nat. Mater., 2009, 8, 41.

3 (a) R. Adams and H. C. Yuan, Chem. Rev., 1933, 12, 261;
(b) J. Wang, G. Cooper, D. Tulumello and A. P. Hitchcock,
J. Phys. Chem. A, 2005, 109, 10886; (c) V. J. Eaton and
D. Steele, J. Chem. Soc., Faraday Trans. 2, 1973, 1601;
(d) G.-P. Charbonneau and Y. Delugeard, Acta Crystallogr.,
Sect. B: Struct. Crystallogr. Cryst. Chem., 1976, 32, 1420;
(e) O. Bastiansen and S. Samdal, J. Mol. Struct., 1985, 128,
115; (f ) A. Almenningen, O. Bastiansen, L. Fernholt,
B. N. Cyvin, S. J. Cyvin and S. Samdal, J. Mol. Struct., 1985,
128, 59; (g) S. Tsuzuki and T. Tanabe, J. Phys. Chem., 1991,
95, 139; (h) A. Karpfen, C. H. Choi and M. Kertesa, J. Phys.
Chem. A, 1997, 101, 7426.

4 (a) F. Pauly, J. K. Viljas, J. C. Cuevas and G. Schön, Phys.
Rev. B: Condens. Matter, 2008, 77, 155312; (b) H. Kondo,
J. Nara, H. Kino and T. Ohno, J. Chem. Phys., 2008, 128,
64701; (c) J. W. Y. Lam, X. D. Kong, C. Yuping, K. L. Kevin,
K. Xu and Z. T. Ben, Macromolecules, 2000, 33, 5027;
(d) R. P. Lemieux, Acc. Chem. Res., 2001, 34, 845;
(e) M. Kollbel, T. Beyersdorff, X. H. Cheng, C. Tschierske,
J. Kain and S. Diele, J. Am. Chem. Soc., 2001, 23, 6809;
(f ) F. Tao and S. L. Bernasek, Chem. Rev., 2007, 107, 1408;
(g) B. Schlicke, P. Belser, L. De Cola, E. Sabioni and
V. Balzani, J. Am. Chem. Soc., 1999, 121, 4207; (h) T. Van der
Boom, R. T. Hayes, Y. Zhao, P. J. Bushhard, E. A. Weiss and
M. R. Wasielewski, J. Am. Chem. Soc., 2002, 124, 9582;
(i) E. A. Weiss, M. J. Ahrens, L. E. Sinks, A. V. Gusev,
M. A. Ratner and M. R. Wasielewski, J. Am. Chem. Soc.,
2004, 126, 5577; ( j) A. C. Benniston, A. Harriman,
P. V. Patel and C. A. Sams, Eur. J. Org. Chem., 2005, 4680;
(k) B. D. Allen, A. C. Benniston, A. Harriman, I. Llarena and
C. A. Sams, J. Phys. Chem. A, 2007, 111, 2641;
(l) A. C. Benniston, A. Harriman, P. Li, P. V. Patel and
C. A. Sams, Chem.–Eur. J., 2008, 14, 1710;
(m) A. C. Benniston, A. Harriman, P. Li, P. V. Patel and
C. A. Sams, Phys. Chem. Chem. Phys., 2005, 7, 3677;
(n) L. Venkataraman, J. E. Klare, C. Nuckolls,
M. S. Hybertsen and M. L. Steigerwald, Nature, 2006, 442,
904; (o) D. Vonlanthen, A. Mishchenko, M. Elbing,
M. Neuburger, T. Wandlowski and M. Mayor, Angew. Chem.,
Int. Ed., 2009, 48, 8886; (p) D. Vonlanthen, J. Rotzler,
M. Neuburger and M. Mayor, Eur. J. Org. Chem., 2010, 120;
(q) A. Mishchenko, L. A. Zotti, D. Vonlanthen, M. Burkle,
F. Pauly, J. C. Cuevas, M. Mayor and T. Wandlowski, J. Am.
Chem. Soc., 2011, 133, 184; (r) J. Rotzler, D. Vonlanthen,
A. Barsella, A. Boeglin, A. Fort and M. Mayor, Eur. J. Org.
Chem., 2010, 1096; (s) A. Mishchenko, D. Vonlanthen,
V. Meded, M. Burkle, C. Li, I. V. Pobelov, A. Bagrets,
J. K. Viljas, F. Pauly, F. Evers, M. Mayor and T. Wandlowski,
Nano Lett., 2010, 10, 156.

5 See, for example: (a) D. M. D’Alessandro and F. R. Keene,
Chem. Rev., 2006, 106, 2270; (b) P.-T. Chou and Y. Chi,
Eur. J. Inorg. Chem., 2006, 3319; (c) L. De Cola, P. Belser,
A. von Zelewsky and F. Vogtle, Inorg. Chim. Acta, 2007, 360,
775; (d) J. A. G. Williams, Chem. Soc. Rev., 2009, 38, 1783;

(e) A. Virel, J. Sanchez-Lopez, L. Saa, A. C. García and
V. Pavlov, Chem.–Eur. J., 2009, 15, 6194.

6 (a) G. Barea, M. A. Esteruelas, A. Lledós, A. M. Lopez,
E. Oñate and J. I. Tolosa, Organometallics, 1998, 17, 4065;
(b) P. Barrio, R. Castarlenas, M. A. Esteruelas, A. Lledós,
F. Maseras, E. Oñate and J. Tomàs, Organometallics, 2001,
20, 442; (c) P. Barrio, R. Castarlenas, M. A. Esteruelas and
E. Oñate, Organometallics, 2001, 20, 2635; (d) P. Barrio,
M. A. Esteruelas and E. Oñate, Organometallics, 2004, 23,
1340; (e) P. Barrio, M. A. Esteruelas and E. Oñate, Organo-
metallics, 2004, 23, 3627; (f ) M. Baya, B. Eguillor,
M. A. Esteruelas, A. Lledós, M. Oliván and E. Oñate, Orga-
nometallics, 2007, 26, 5140; (g) M. Baya, B. Eguillor,
M. A. Esteruelas, M. Oliván and E. Oñate, Organometallics,
2007, 26, 6556; (h) B. Eguillor, M. A. Esteruelas, M. Oliván
and M. Puerta, Organometallics, 2008, 27, 445;
(i) M. A. Esteruelas, A. B. Masamunt, M. Oliván, E. Oñate
and M. Valencia, J. Am. Chem. Soc., 2008, 130, 11612;
( j) M. A. Esteruelas, E. Forcén, M. Oliván and E. Oñate,
Organometallics, 2008, 27, 6188; (k) B. Eguillor, M.
A. Esteruelas, J. García-Raboso, M. Oliván and E. Oñate,
Organometallics, 2009, 28, 3700; (l) B. Eguillor,
M. A. Esteruelas, J. García-Raboso, M. Oliván, E. Oñate,
I. M. Pastor, I. Peñafiel and M. Yus, Organometallics, 2011,
30, 1658.

7 M. A. Esteruelas, I. Fernández, A. Herrera, M. Martín-Ortiz,
R. Martínez-Álvarez, M. Oliván, E. Oñate, M. A. Sierra and
M. Valencia, Organometallics, 2010, 29, 976.

8 M. Iyoda, H. Otsuka, K. Sato, N. Nisato and M. Oda, Bull.
Chem. Soc. Jpn., 1990, 63, 80.

9 (a) B. Eguillor, M. A. Esteruelas, M. Oliván and E. Oñate,
Organometallics, 2004, 23, 6015; (b) B. Eguillor,
M. A. Esteruelas, M. Oliván and E. Oñate, Organometallics,
2005, 24, 1428; (c) M. A. Esteruelas, Y. A. Hernández,
A. M. López, M. Oliván and E. Oñate, Organometallics,
2005, 24, 5989; (d) L. Gong, Y. Lin, T. B. Wen, H. Zhang,
B. Zeng and H. Xia, Organometallics, 2008, 27, 2584;
(e) M. L. Buil, M. A. Esteruelas, K. Garcés, M. Oliván and
E. Oñate, Organometallics, 2008, 27, 4680; (f ) Y. Lin,
L. Gong, H. Yu, X. He, T. B. Wen and H. Xia, Organometal-
lics, 2009, 28, 1524.

10 (a) M. Baya, M. A. Esteruelas, A. I. González, A. M. López
and E. Oñate, Organometallics, 2005, 24, 1225;
(b) T. Bolaño, R. Castarlenas, M. A. Esteruelas and
E. Oñate, J. Am. Chem. Soc., 2006, 128, 3965.

11 (a) M. A. Esteruelas, E. Gutiérrez-Puebla, A. M. López,
E. Oñate and J. I. Tolosa, Organometallics, 200l, 19, 275;
(b) M. A. Esteruelas, A. Lledós, M. Oliván, E. Oñate,
M. A. Tajada and G. Ujaque, Organometallics, 2003, 22,
3753; (c) M. L. Buil, M. A. Esteruelas, E. Goni, M. Oliván
and E. Oñate, Organometallics, 2006, 25, 3076.

12 See computational details in the ESI.†
13 Y. Zhao and D. G. Truhlar, Acc. Chem. Res., 2008, 41,

157.
14 The corresponding possible open-shell singlet biradical

species has been also calculated. However, the broke-

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 42, 3597–3608 | 3607

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

in
ds

or
 o

n 
29

/0
6/

20
13

 1
3:

15
:0

7.
 

View Article Online

http://dx.doi.org/10.1039/c2dt32548a


symmetry solution converges to the close-shell singlet
compound.

15 (a) C.-G. Huang, K. A. Beveridge and P. Wan, J. Am. Chem.
Soc., 1991, 113, 7676; (b) S. Arulmozhiraja and T. Fujii,
J. Chem. Phys., 2001, 115, 10589; (c) F. Grein, J. Phys. Chem.
A, 2002, 106, 3823; (d) F. Grein, J. Mol. Struct. (THEOCHEM),
2003, 624, 23; (e) C. F. Matta, J. Hernandez-Trujillo,
T.-H. Tang and R. F. W. Bader, Chem.–Eur. J., 2003, 9, 1940;
(f ) J. C. Sancho-Garcia and J. Cornil, J. Chem. Phys., 2004,
121, 3096; (g) J. Poater, M. Solá and F. Bickelhautpt, Chem.–
Eur. J., 2006, 12, 2889; (h) L. F. Pacios, Struct. Chem., 2007,
18, 785; (i) M. P. Johanson and J. Olsen, J. Chem. Theor.
Comput., 2008, 4, 1460; ( j) P. D. Ortiz, R. Suardíaz, L. de
Vega, G. Hennrich and P. J. Ortiz, J. Phys. Chem. A, 2010,
114, 2939; (k) M. Gómez-Gallego, M. Martín-Ortiz and
M. A. Sierra, Eur. J. Org. Chem., 2011, 6502.

16 Z. Chen, C. S. Wannere, C. Corminboeuf, R. Puchta and
P. v. R. Schleyer, Chem. Rev., 2005, 105, 3842.

17 NICS values were computed at the [3,+1] ring critical points
of the electron density, because of their high sensitivity to
diamagnetic effects and their unambiguous character. See
related examples: (a) F. P. Cossío, I. Morao, H. Jiao and
P. v. R. Schleyer, J. Am. Chem. Soc., 1999, 121, 6737;
(b) I. Fernández, M. A. Sierra and F. P. Cossío, J. Org.
Chem., 2007, 72, 1488; (c) I. Fernández, F. P. Cossío and
M. A. Sierra, Organometallics, 2007, 26, 3010;
(d) I. Fernández, F. M. Bickelhaupt and F. P. Cossío, Chem.–
Eur. J., 2009, 15, 13022; (e) I. Fernández, F. P. Cossío, A. de
Cózar, A. Lledós and J. L. Mascareñas, Chem.–Eur. J., 2010,
16, 12147.

18 NICS (0) values for a few metallacycles have been previously
calculated, see: (a) C. Lauterbach and J. Fabian,
Eur. J. Inorg. Chem., 1999, 1995; (b) G. Liu, Q. Fang and
C. Wand, J. Mol. Struct., 2004, 679, 115; (c) M. A. Iron,
A. C. B. Lucassen, H. Cohe, M. E. Van der Boom and
J. M. L. Martin, J. Am. Chem. Soc., 2004, 126, 11699;
(d) C. A. Makedonas and C. A. Mitsopoulou, Eur. J. Inorg.

Chem., 2006, 2460; (e) M. K. Milcic, B. D. Ostojic and
S. D. Zaric, Inorg. Chem., 2007, 46, 7109; (f ) M. Mauksch
and S. B. Tsogoeve, Chem.–Eur. J., 2010, 16, 7843;
(g) M. Baya, M. A. Esteruelas and E. Oñate, Organometallics,
2011, 30, 4404.

19 (a) M. A. Esteruelas, F. J. Lahoz, A. M. López, E. Oñate,
L. A. Oro, N. Ruiz, E. Sola and J. I. Tolosa, Inorg. Chem.,
1996, 35, 7811; (b) A. Castillo, G. Barea, M. A. Esteruelas,
F. J. Lahoz, A. Lledós, F. Maseras, J. Modrego, E. Oñate,
L. A. Oro, N. Ruiz and E. Sola, Inorg. Chem., 1999, 38, 1814.

20 A. Castillo, M. A. Esteruelas, E. Oñate and N. Ruiz, J. Am.
Chem. Soc., 1997, 119, 9691.

21 Although the transformation was quantitative, the sepa-
ration of 16 from the excess of 5 was difficult due to the
similar solubility of both compounds in the usual organic
solvents.

22 B. Sarkar, W. Kaim, A. Klein, B. Schwederski, J. Fiedler,
C. Duboc-Toica and G. K. Lahiri, Inorg. Chem., 2003, 42,
6172.

23 W. R. Dawson and M. W. Windsor, J. Phys. Chem., 1968, 72,
3251.

24 G. J. Kubas, Metal Dihydrogen and σ-Bond Complexes,
Kluwer Academic/Plenum Publishers, New York, 2001.

25 D. L. Comims and N. B. Mantlo, J. Org. Chem., 1985, 50,
4410.

26 L. L. Matz and D. O. Buchanan, Proceedings of the Inter-
national Technical Conference on Coal Utilization and Fuel
Systems, 1997, vol. 22, p. 275.

27 M. Aracama, M. A. Esteruelas, F. J. Lahoz, J. A. López,
U. Meyer, L. A. Oro and H. Werner, Inorg. Chem., 1991, 30,
288.

28 R. H. Blessing, Acta Crystallogr., Sect. A: Fundam. Crystal-
logr., 1995, 51, 33; SADABS: Area-detector absorption correc-
tion, Bruker-AXS, Madison, WI, 1996.

29 SHELXTL Package v. 6.10, Bruker-AXS, Madison, WI, 2000;
G. M. Sheldrick, Acta Crystallogr., Sect. A: Fundam. Crystal-
logr., 2008, 64, 112.

Paper Dalton Transactions

3608 | Dalton Trans., 2013, 42, 3597–3608 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

in
ds

or
 o

n 
29

/0
6/

20
13

 1
3:

15
:0

7.
 

View Article Online

http://dx.doi.org/10.1039/c2dt32548a

