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Mixed-Valence Tetrametallic Iridium Chains
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Miguel A. Ciriano,*[a] and Cristina Tejel*[a]

Neutral [X� {Ir2}� {Ir2}� X] (X=Cl, Br, SCN, I) and dicationic
[L� {Ir2}� {Ir2}� L]

2+ (L=MeCN, Me2CO) tetrametallic iridium chains
made by connecting two dinuclear {Ir2} units ({Ir2}= [Ir2(μ-
OPy)2(CO)4], OPy=2-pyridonate) by an iridium–iridium bond are
described. The complexes exhibit fractional averaged oxidation
states of +1.5 and electronic delocalization along the metallic
chain. While the axial ligands do not significantly affect the

metal–metal bond lengths, the metallic chain has a significant
impact on the iridium–L/X bond distances. The complexes show
free rotation around the unsupported iridium-iridium bond in
solution, with a low-energy transition state for the chloride
chain. The absorption spectra of these complexes show
characteristic bands at 438–504 nm, which can be fine-tuned by
varying the terminal capping ligands.

Introduction

Recent years have witnessed a growing interest in the synthesis
of discrete chains of metal atoms due to their unique structures
and interesting photophysical, magnetic, and redox
properties.[1] Furthermore, their one-dimensional configuration
makes them suitable for studying quantum transport across
molecular junctions.[2] Also interesting is their potential applica-
tions as nanoscale devices such as wires or switches,[3] single
molecular magnets,[4] and luminescent materials.[5] Moreover,
these metallic chains are expected to undergo multi-electron
transfer processes, which could facilitate small molecule
activation.[6]

Nevertheless, this interest contrasts with the slow develop-
ment of the field mainly due to the scarcity of reproducible
synthetic methods.[1a] In this regard, a popular approach
concerns the use of rationally designed multi-donor ligands as
templates to linearly orient metal atoms. Such is the case of
oligo-α-pyridyl/naphthyridyl amido[7] and related ligands,[8]

which have been successfully used to host metal atoms in a
linear array from three to the remarkable undecanickel string;
the longest extended metal atom chain (EMAC) reported up to
date.[9] Moreover, heteronuclear metal string complexes,[10]

metal-defective strings,[11] and more complicated structures
having multiply bonded dimetal units,[12] and mixed-valence
cores[13] have also been prepared with this type of multidentate
ligands.

In addition, low-valent metal atom chains of palladium and
platinum atoms have been prepared with P-based ligands such
as methylene-bridged tri-, tetra-, and hexa-phosphines.[14] More-
over, mixed PNNP- and PCP-type ligands have been used to
stabilize metallic chains of copper, silver and gold.[15]

π-conjugated polyenes have also been described as suitable
scaffolds to accommodate palladium ions in linear arrays,[16]

which show efficient delocalization of the positive charge over
the polyene ligands.[17] Among them, the decanuclear homo-
and heterometallic chains sandwiched by two β-carotene
ligands are remarkable.[18] Additionally, these scaffolds have
allowed for the observation of interesting processes such as
metal-translocation[19] and oxidative deprotonation of the
ligand.[20]

Whereas with this ‘ligand-assisted’ methodology, the
number of metal atoms hosted in the chain is limited to the
number of donor atoms (or C=C bonds) in the ligand, a second
alternative, the ‘metal-assisted’ approach, is based on growing
the chain through the formation of unsupported metal–metal
interactions or bonds. The main advantage of this methodology
is that there are no limitations to the chain length other than
the thermodynamic stability of the compound, although it
requires keeping at a minimum the steric encumbrance
between the links. In this context, metal···metal interactions
between the metals placed at the end positions of preformed
linear chains have allowed the preparation of octanuclear
species with [{Pd4}···{Pd4}]

[21] and [{Au4}···{Au4}] cores.
[22] Interest-

ingly, some of them catalyze electrochemical hydrogen
formation.[23] In addition, a remarkable decanuclear heterome-
tallic chain displaying AuI···PbII interactions has been recently
reported.[24]

Closely related, bi- and tri-nuclear complexes have been
connected by metal···metal interactions based on HOMO–LUMO
interactions at the dz

2 orbitals between platinum and hetero-
metal atoms such as rhodium and ruthenium.[25] In general
terms, the σ* HOMO is provided by platinum(II) complexes,
whereas the σ* HOMO comes from paddlewheel rhodium(II) or
ruthenium(II) compounds. Recent examples include hexametal-
lic chains with [{Pt2}···{Rh2}···{Pt2}], [{Rh2}···{Pt2}···{Rh2}], and
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[{PtMPt}···{PtMPt}] (M=Mn, Fe, Co, Ni, Cu) cores,[26] as well as
mono-dimensional chains.[27]

Connecting the preformed links by unsupported covalent
metal–metal bonds generally leads to more robust metallic
chains. Such is the case of mixed-valent rhodium, iridium and
platinum ’blues’.[28] These species feature dinuclear complexes
connected by unsupported metal–metal bonds, fractional
averaged oxidation states of the metals and electronic delocal-
ization along the metallic chain. Whereas a wide range of
platinum ’blues’ and related complexes have been already
described,[29] little is known on their Group 9 congeners, for
which very few examples of tetranuclear ([{M2}� {M2}], M=Rh,
Ir),[30] along with a sole example for hexanuclear
([{Ir2}� {Ir2}� {Ir2}])

[31] chains have been reported.
For both type of metal-strings, i. e., those in which the metal

ions are linearly placed via coordination to multidentate ligands
and those in which preformed links are connected by covalent
or non-covalent unsupported metal-metal bonds, the influence
of the capping ligands placed at the end of the chains on the
structural, electronic, photo-physical, and magnetic properties is
remarkable. For example, in the case of the most studied
trinuclear EMACs, featuring [X� {M3}� X] cores, it has been
demonstrated that the identity of these ligands (X) significantly
affects the metal···metal separations, the antiferromagnetic
coupling parameter,[32] and the luminescence[33] (M=Ni), the
symmetrical (Cr� Cr� Cr) versus unsymmetrical (Cr�Cr···Cr)
structures,[34] the spin-crossover properties (M=Co),[35] the color
in mixed-valent trinuclear platinum chains,[36] as well as the
metal–metal bond order and electric conductance (M=Ru).[37]

Moreover, the spin-state of Co[7c] and Ni[8a] ions in [X� Cr2Co� X]
and [Ni3(NCS)2/1]

0/+1 systems, respectively, can be tuned by the
π-donor/acceptor properties of the axial ligands. In addition,
remoted effects of the axial ligands bonded to chromium on
the structure of the metal M have been also observed in
hetero-trimetallic chains [X’� Cr2M� X] (M=Fe, Mn, Co).[38] Fur-
thermore, the structures and electronic states of tetrametallic
[L� {Pd4}� L]

[14b] and octametallic [L� {Pd4}···{Pd4}� L]
[21a] chains

have found to be controlled by the nature of the terminal
capping ligands.

In the present study, we have explored the influence of the
axially capped terminal ligands (L, X) on the structural and
electronic properties of tetranuclear iridium ‘blues’ featuring
both, dicationic [L� {Ir2}� {Ir2}� L]

2+ (L=NCMe, Me2CO) and neu-
tral [X� {Ir2}� {Ir2}� X] (X=halide, pseudohalide) moieties.

Results and Discussion

Synthesis of the complexes. We previously communicated[30a]

the easy one-electron oxidation of the dinuclear complex [Ir2(μ-
OPy)2(CO)4] (1) (OPy=2-pyridonate) with [FeCp2]PF6 in
acetonitrile to give the tetranuclear iridium ’blue’
[MeCN� {Ir2}� {Ir2}� NCMe](PF6)2 ([2](PF6)2, {Ir2}= [Ir2(μ-OPy)2(CO)4]),
in which the metals show an average oxidation state of +1.5.
The labile character of both capping acetonitrile ligands makes
them suitable for easy exchange reactions. Thus, the simple
solution of [MeCN� {Ir2}� {Ir2}� NCMe](PF6)2 ([2](PF6)2) in acetone

causes an easy ligand replacement reaction of acetonitrile by
acetone to give [Me2CO� {Ir2}� {Ir2}� OCMe2](PF6)2 ([3](PF6)2). In
the same line, addition of LiCl, KBr, KI, and KSCN to acetone
solutions of [3](PF6)2 produced the incorporation of the halide/
pseudohalide to both ends of the chain to form the neutral
counterparts [X� {Ir2}� {Ir2}� X] (X=Cl, 4; Br, 5; I, 6, NCS, 7,
Scheme 1). From these solutions the complexes were isolated
as microcrystalline solids in very good yields. Complex 6 can be
alternatively prepared by direct oxidation of [Ir2(μ-OPy)2(CO)4]
with iodine.[30b]

Unfortunately, all attempts to coordinate CN� and OH�

anions to the ends of the chains were unsuccessful, leading to a
mixture of unidentified complexes.

Molecular structures. Single crystals suitable for X-ray
diffraction analyses of the iridium ’blues’ [3](PF6)2, 4, 5 and 7
were obtained by slow diffusion of hexane into acetone or
dichloromethane solutions of the complexes. The molecular
structures are displayed in Figure 1. Complexes [3](PF6)2, 4, and
7 crystallized in centrosymmetric groups, whereas 5 crystallized
in the non-centrosymmetric group P 21.

All of them show a tetrairidium chain achieved through an
unsupported iridium–iridium bond between two dinuclear
[Ir2(μ-OPy)2(CO)4] moieties, and two supported iridium–iridium
bonds within each one of the dinuclear entities. The dinuclear
moieties display a face-to-face structure bridged by two 2-
pyridonate ligands in a head-to-head disposition. This config-

Scheme 1. Synthesis of neutral [X� {Ir2}� {Ir2}� X] chains (4-7) from [3]2+.
i =LiCl, KBr, KI, and KSCN, respectively.

Figure 1. Molecular structures (ORTEP, ellipsoids set at 50% probability) of
the cation of [3](PF6)2 and the neutral iridium chains 4, 5 and 7. For the
centrosymmetric complexes [3](PF6)2 and 4 primed atoms are related with
the unprimed ones by an inversion center. H-atoms have been omitted for
clarity.
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uration lead to two different types of iridium centers, O,O- and
N,N-coordinated, and the unsupported metal–metal bond is
formed between the O,O-coordinated iridium atoms, that is, the
less hindered centers. Two solvent molecules (OCMe2, [3]

2+),
halide (Cl, 4; Br, 5) or pseudo-halide (SCN, 7) axial ligands are
placed at both ends of the chains. The thiocyanide ligand was
found to be S-coordinated in 7, in contrast with the typical N-
coordination observed in EMACs of first row transition metals.

Selected bond distances (Å) and angles (°) have been
collected in Table 1, which also includes the structural data of
the acetonitrile[30a] and iodide tetranuclear counterparts[30b] for
comparative purposes.

In all the cases, the four iridium centers are arranged in a
slightly zigzag chain, as deduced from the θ angles, calculated
as the averaged value between θ1 (Ir1� Ir2� Ir2‘/Ir3) and θ2
(Ir2� Ir3� Ir4) angles.

A particular feature refers to the relative conformation of
the dinuclear entities around the unsupported metal–metal
bond. They were found to be almost fully eclipsed in complexes
[2]2+, [3]2+, and 4, but alternated in ca. 35° for 5–7, according to
the torsional twist angle φ (calculated as the average of the four
dihedral angles O� Ir� Ir� C around the unsupported Ir� Ir bond,
Figure 2, Table 1). We don’t find any electronic/steric reason to
account for this difference, which probably arises from packing

effects, and also because the very small energy difference
between these conformations in the gas phase (see below).

The influence exerted by the axial ligand on both the
supported (Ir1� Ir2, Ir3� Ir4) and unsupported (Ir2� Ir2’/Ir3) metal–
metal bonds was found to be very small, although slightly
marked for the later (Table 1). In the particular case of the
eclipsed complexes (φ=0; [2]2+, [3]2+, and 4) both metal–metal
bond distances increase simultaneously, following the sequence
OCMe2<NCMe<Cl. For the alternated chains (5–7) no appreci-
able changes were observed on the supported metal–metal
bond distances, despite of the different electronic properties of
the axial ligand.

Conversely, the influence exerted by the metallic chain on
the iridium–L/X bond distance was found to be remarkable
considering the weak coordination of the axially bonded
capping ligands. Thus, the Ir� OCMe2 bond distance in the
acetone chain [3]2+ is the longest reported up to date, being
longer than that found in the mononuclear complex [Ir-
(PCy3)2(H)2(η-OCMe2)2]+, in which the trans influence of the
terminal hydride ligand produces an elongation of the Ir� O
bond up to 2.2379(13) Å.[39] A similar labile coordination of
acetonitrile to iridium was found in [2]2+, for which the sole
example of a longer Ir� NCMe bond distance was found in the
acetonitrile trans to a nitrosyl ligand in [Ir(NCMe)3(NO)(PPh3)2]

2+

(2.360(26) Å).[40] In addition, for complexes featuring the
‘MeCN� Ir� Ir’ moiety, the longest Ir� NCMe bond distance
reported up to date was found shorter than here ([Ir2(μ-
ArNCNAr)2(NCMe)6]

2+, 2.209(5) Å).[41]

In the same line, the halide chains, 4, 5 and 6, also feature
relatively long Ir� X bond distances. A search on Cambridge
Structural Database (CSD)[42] revealed very few examples of
complexes with ‘X� Ir� Ir’ moieties showing longer Ir� X bond
distances than here (X=Cl,[43] Br,[44] I[45]). This feature is even
more pronounced for the thiocyanate derivative 7, in which the
coordination of the thiocyanate is weakly produced through
the sulfur atom, as evidenced from the extremely long Ir� S
bond distances (Table 1).[46]

Table 1. Selected crystallographic and DFT-calculated (in italic) bond distances (Å) and angles (°) for tetranuclear iridium ’blues’.[a]

Complex L/X� Ir1
L/X� Ir4

Ir� Ir
supp

Ir� Ir
unsupp

θ φ

[2]2+

(NCMe)
2.246(10) 2.6966(8)

2.741
2.7772(10)
2.758

168.03(3) 0
� 35.8

[3]2+

(OCMe2)
2.378(2) 2.6836(2)

2.743
2.7339(3)
2.751

166.47(1) 0
� 34.9

4 (Cl) 2.520(2) 2.7106(4)
2.741

2.7840(5)
2.778

167.41(2) 0
� 39.1

5 (Br) 2.6833(14) 2.6917(7)
2.745

2.7650(7)
2.785

168.85(2) � 30.57(2)
� 32.5

6 (I) 2.843(2) 2.7015(15)
2.745

2.750(2)
2.777

168.20(5) 40.08(5)
� 38.8

7 (SCN) 2.563(3) 2.6934(5)
2.748

2.7471(5)
2.787

167.36(2) � 34.88(2)
� 33.1

[a] Supported (sup.) Ir� Ir bond= Ir1� Ir2, Ir3� Ir4; unsupported (unsupp.) Ir� Ir bond= Ir2� Ir2’/Ir3; θ = averaged value between θ1 and θ2 (θ1= Ir1� Ir2� Ir2‘/Ir3,
θ2= Ir2� Ir3� Ir4); φ= torsional twist angle around the unsupported Ir� Ir bond, calculated as the averaged value of the four O� Ir� Ir� C dihedral angles, see
Figure 2 for details. Averaged values have been included for the non-centrosymmetric complexes 5 and 7.

Figure 2. Central core of complexes [X� {Ir2}� {Ir2}� X] (X=Cl (4), on the left; I
(6) on the right) showing the eclipsed and alternated cores, respectively, and
one of the four diedral angles around the unsupported Ir� Ir bond
(O� Ir� Ir� C) in blue.
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DFT studies. Further insight into the ground state electronic
structures of the iridium ‘blues’ was gathered from DFT single
point calculations, which were performed with B3LYP� D3
functional and LanL2TZ(f) (for Ir) and 6-311G(d,p) (for others)
basis sets. In all the cases, the more stable conformer was found

to be the alternated one, as found for complexes 5, 6 and 7 in
the solid state. For this particular conformation, the unsup-
ported iridium–iridium bond length in the cationic complexes
was found to be shorter than in the neutral ones, whereas no
appreciable changes were observed on the supported iridium–
iridium bond distances (Table 1).

In the particular case of the chloride chain 4, the rotation of
one of the dinuclear entities around the unsupported metal–
metal bond was analyzed by DFT calculations. As shown in
Figure 3, two minima were located for the alternated conforma-
tions 4’-a1 and 4’-a2, which featured values of φ= � 39.05 and
+39.05°, respectively, and similar ΔE values.

To our surprise, the eclipsed conformation (φ=0°), found in
the solid state, corresponds to the transition state (4’-TS)
between the two alternated ones. This 4’-TS was found to be
3.6 kJ mol� 1 above the two symmetrical more stable alternated
conformations (4’-a1 and 4’-a2), indicating that such a rotation
is a very low energy process. Moreover, the unexpected
crystallization of 4’-TS clearly indicates the influence of packing
effects in stabilizing a particular conformation.

In all the cases the HOMO‘s and LUMO‘s are both mainly
metal-centered molecular orbitals corresponding to two of the
four combinations of the iridium dz

2 orbitals. The HOMO’s
(σ*,σ,σ*) show a bonding character for the inter–dimer σ-
Ir2� Ir2’/Ir3 bond and antibonding nature for the intra–dimer
metal–metal bonds whereas the LUMO’s develop an antibond-
ing character between every pair of adjacent iridium atoms
(σ*,σ*,σ*) (Figure 4).

The electron vacancy of these high-energy σ-MO’s is the
responsible for the stability of the unsupported metal–metal
bond between the two dinuclear moieties. Moreover, the
stability of the metal chain is assigned to a 2-electron/4-center
delocalized σ-bond along the metal backbone.

The HOMO–LUMO gaps varies from 3.208 to 2.822 eV, found
for the acetonitrile ([2]2+) and the iodide (6) chains, respectively
(Table 2a). Under the perspective that larger HOMO–LUMO

Figure 3. Central core of DFT-calculated 4’-a1, TS, and 4’-a2 (top) and scan of
total energy for the rotation of one of the dinuclear entities around the
unsupported metal–metal bond. φ= torsional twist angle around the
unsupported Ir� Ir bond, calculated as the averaged value of the four
O� Ir� Ir� C dihedral angles, see Figure 2 for details.

Figure 4. HOMO (left) and LUMO (right) of the tetrametallic chain
[Cl� {Ir2}� {Ir2}� Cl] (4).

Table 2. a) Selected electronic DFT parameters for tetranuclear iridium ’blues’.[a] b) Wiberg bond indices (WBI).[b]

Complex [3]2 (OCMe2) [2]2+ (NCMe) 4 (Cl) 5 (Br) 7 (SCN) 6 (I)

a)

ΔE 3.015 3.208 3.029 2.948 2.854 2.822

Ir(int)δ� � 0.173 � 0.188 � 0.241 � 0.230 � 0.237 � 0.234

Ir(ext)δ� � 0.247 � 0.327 � 0.429 � 0.475 � 0.507 � 0.740

χ (AR) 3.50 3.07 2.83 2.74 2.44 2.21

b)

Ir� Ir
supp

0.4662 0.4725 0.4712 0.4628 0.4553 0.4359

Ir� Ir
unsup

0.5070 0.4992 0.4570 0.4535 0.4508 0.4493

Ir(ext)� L/X 0.2495 0.3761 0.6153 0.6360 0.5973 0.9041

[a] Ir(int)= internal iridium, Ir(ext)=external iridium. For complexes 5 and 7, averaged values of the electronic density on internal Ir2 and Ir3 and external Ir1
and Ir4 (ext) are shown, χ=Allred-Rochow electronegativity of the heteroatom bonded to iridium in the capping ligand, ΔE (HOMO–LUMO) in ev. [b] For
non symmetric complexes, Ir� Ir(supp) corresponds to the averaged value of WBI for Ir1� Ir2 and Ir3� Ir4 bons. In the case of Ir(ext)� L/X, averaged values
have been also included.
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gaps correspond to better stability, the acetonitrile complex is
expected to be the more stable tetrametallic chain.

NBO analyses were utilized to estimate the natural charge
population on the iridium atoms. According to Table 2a, the
partial negative charge on the iridium atoms located at the end
of the chains (Ir(ext)) is seen to increase as the electronegativity
(Allred-Rochow scale) of the heteroatom in the capping ligand
decreases.

The Wiberg bond indices (WBI) indicate the existence of
three metal–metal bonding interactions within the tetrametallic
chains (Table 2b). The values for the supported and unsup-
ported Ir� Ir bonds were observed to be alike, which agree with
a complete delocalization of the two electrons along the chain.
Moreover, the bonding between the axial ligand and the
external iridium atoms was found to be strong for iodide,
whereas it appeared to be weak for the acetonitrile and acetone
ligands.

NMR studies. The isolated chains show a relative stability in
solution, giving the expected resonances in the 1H and 13C{1H}
NMR spectra. Free rotation around the unsupported iridium–
iridium bond in solution makes equivalent the four 2-
pyridonate ligands, leading thus to four resonances in their 1H
NMR spectra. It is worth noting the influence of the axial ligand
in the chemical shift of the proton H6 when comparing their
1H NMR spectra in CD2Cl2 solutions (Figure 5).

At first glance, a hydrogen bond interaction between the H6

proton and the axial heteroatom bonded to iridium (typically at
�2.6 Å) could be the responsible of these shifts, exerting a
stronger influence the more electronegative heteroatom. How-
ever, the most deshielded proton was found to be that in the
iodo complex 6, ruling out this possibility.

A second alternative that better accounts for the observed
chemical shifts is related to the strength of the Ir� X bond.
Under this perspective, complexes [2]2+, [3]2+, and 7, which
feature weakly coordinated acetonitrile, acetone, and thiocya-
nate ligands (Table 1), shows the more shielded H6 protons,
whereas they are high field shifted for the halide series. For

them, the observed trend Cl<Br< I matches well with the
expected increase of the Ir� X bond strength (Cl<Br< I).[47]

Noticeably, this trend was also observed in their corresponding
13C{1H} NMR spectra, where again the more deshielded C6

carbon was found in the iodide complex 7 (see the Supporting
Information).

UV-Vis studies. The tetranuclear iridium ’blues’ are distin-
guished by their intense coloration, both in solid state and in
solution, which is indicative of electronic transitions in the
visible spectrum. These transitions are directly related to the
difference in energy between the chain’s orbitals and may
provide additional information about the influence of the axial
ligands on the electronic structure.

To prevent the exchange of the axial ligands by solvent
molecules, samples of [2](PF6)2 and [3](PF6)2 were prepared in
acetonitrile and acetone respectively, whereas the neutral
chains 4–7 were dissolved in dichloromethane. Figure 6 shows
the UV/Vis spectra in solution of the aforementioned com-
pounds. Additionally, Table 3 collects the data of wavelength
and molar extinction coefficients, along with those calculated
values from TD-DFT calculations.

All the complexes gave a very intense absorption band in
the visible region with molar extinction coefficients ranging
3.3 ·104� 9.6 · 104 Lmol� 1 cm� 1 (allowed transitions by the selec-
tion rules). The lower values of wavelength were obtained for
the cationic chains [2](PF6)2 and [3](PF6)2 (438 and 455 nm,
respectively), whereas the higher band was observed for the
neutral iodide 6 (504 nm). An appreciable red shift was
observed according to the sequence [2]2+<4<5<7<6, which
nicely fits with a decrease in the electronegativity (Allred-
Rochow scale) of the heteroatom in the axial capping ligand
(Table 3). The sole exception to this general trend corresponds
to the acetone complex ([3]2+), featuring the most electro-
negative atom (oxygen), probably due to the labile coordination
of the acetone molecules to iridium above mentioned.

TD-DFT calculations reproduced considerably well the
experimental electronic absorption spectra (Table 3). The esti-
mated lowest energy singlet excited state (S1) was found to be
placed from 2.81 to 2.49 eV (from 441.6 to 497.5 nm) above the
ground state (S0) with very large oscillator strength (f) in all the
cases. The calculated transitions are assignable to spin allowed

Figure 5. 1H NMR spectra of complexes [2]2+, [3]2+, and 4–7 in CD2Cl2.
Figure 6. UV-Vis of complexes [2]2+ (in acetonitrile), [3]2+ (in acetone), and
4–7 in CH2Cl2.
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HOMO to LUMO transitions (ca. 100%) and are in agreement
with the observed absorption energies.

Conclusions

The impact of the axial capping ligand on the structural and
electronic characteristics of a series of neutral and cationic
tetranuclear iridium ’blues’ was explored. The complexes, of
general formula [L� {Ir2}� {Ir2}� L]

2+ (L=MeCN, [2]2+; Me2CO, [3]2+)
and [X� {Ir2}� {Ir2}� X] (X=Cl, 4; Br, 5; I, 6; SCN, 7), consist of two
dinuclear {Ir2} units ({Ir2}=[Ir2(μ-OPy)2(CO)4], OPy=2-pyridonate)
linked by an unsupported iridium–iridium bond. A fractional
averaged oxidation state of +1.5 and complete electron
delocalization along the metallic chain was found in all the
cases. This electron delocalization corresponds to a 2-electron/
4-center delocalized π-bond along the metal backbone, and
accordingly, the Wiberg bond indices (WBI) for the supported
and unsupported by bridging ligands iridium–iridium bonds
were almost identical in all the complexes.

Structural analyses indicate that the axial ligands do not
have a significant impact on the metal–metal bond lengths.
Conversely, the metallic chain strongly influences the distances
between iridium and L/X atoms, with acetonitrile and acetone
showing weak coordination, and iodide exhibiting a stronger
Ir� X bond according to the WBI values.

The tetrametallic metal backbone is stable enough to be
maintained in solution, where free rotation around the
unsupported iridium–iridium bond was observed. In the
particular case of the chloride chain, this rotation was estimated
by DFT-calculations. Going from alternated un-clockwise con-
formation (φ= � 39.05°) to the clockwise one (φ=39.05°), a
transition state corresponding to the eclipsed conformation
(φ=0°) was located only 3.6 kcalmol� 1 above the alternated
conformations. Noticeably, this transition state corresponds to
the structure found in the solid state; enlighten the strong
influence of packing effects in stabilizing a specific structure.

NMR studies showed a strong influence of the axial ligand
in the chemical shift of the proton H6 (and C6), with the iodide
complex showing the most deshielding effect. For the halide

series, the observed trend Cl<Br< I matches well with the
expected increase of the Ir� X bond strength (Cl<Br< I).

Finally, all the complexes gave a very intense absorption
band in the visible region. An appreciable red shift was
observed according to the sequence [2]2+<4<5<7<6, which
is consistent with a decrease in the electronegativity (Allred-
Rochow scale) of the heteroatom in the axial capping ligand.

Experimental Section
All the operations were carried out under an argon atmosphere
using standard Schlenk techniques as well as dry-box facilities.
Acetone was distilled from calcium hydride under argon and
ultrapure acetonitrile was used as purchased from Aldrich. The
other solvents were purified with a Solvent Purification System
(MB-SPS-800). 2-hydroxypyridine (97%, Aldrich) and all other
chemicals were purchased from commercial suppliers and used
without further purification. Complex [MeCN� {Ir2}� {Ir2}� NCMe](PF6)2
([2](PF6)2) was prepared according to literature methods.[30a] Carbon,
hydrogen, and nitrogen analysis were carried out with Perkin–Elmer
2400 CHNS/O microanalyzer. NMR spectra were recorded on Bruker
AV-400 and AV-500 spectrometers operating at 400.13 and
500.13 MHz respectively, for 1H. Chemical shifts are reported in
ppm and referenced to SiMe4, using the internal signal of
deuterated solvent as the reference (1H and 13C). IR spectra of solid
samples were recorded with a Perkin–Elmer 100 FTIR spectrometer
(4000–400 cm� 1) equipped with attenuated total reflectance (ATR).
Electronic spectra were recorded on a double-beam UV-visible
UNICAM UV-4 spectrophotometer., using a quartz cuvette sealed
with an airtight Teflon® cap (optical path length l=0.1 cm).

Synthesis of the complexes. [Me2CO� {Ir2}� {Ir2}� OCMe2](PF6)2
([3](PF6)2): Complex [2](PF6)2 (75.0 mg, 0.0431 mmol) was dissolved
in 3 mL of acetone and layered with 6 mL of diethyl ether. After
three days, the mother-liquid was decanted and the resulting
green-turquoise crystals were washed with diethyl ether (3×2 mL)
and vacuum-dried. Yield: 65.7 mg (86%). 1H NMR (500.13 MHz,
[D6]acetone, 25 °C): δ=8.32 (dd, 3J(H,H)=6.5 Hz, 4J(H,H)=1.9 Hz, 4H;
H6), 7.78 (ddd, 3J(H,H)=8.7 Hz, 4J(H,H)=6.9 Hz, 5J(H,H)=1.9 Hz, 4H;
H4), 6.89 (t, 3J(H,H)=6.9 Hz, 4H; H5), 6.85 (d, 3J(H,H)=8.7 Hz, 4H; H3);
13C{1H} NMR (125.0 MHz, [D6]acetone, 25 °C): δ=174.1 (C2), 163.8
and 162.2 (Ir� CO), 146.6 (C6), 142.9 (C4), 118.2 (C3), 116.5 (C5); IR
(nujol): ν=2118 (s), 2095 (w), 2068 (s), 2056 (sh) (C�O), 1653 (s,
Me2CO), 1618 (s, OPy) cm� 1; UV-Vis (3.6 · 10� 5 M): λmax(acetone)=
455 nm (ɛ=3.3 · 104 Lmol� 1 cm� 1), elemental analyses calcd. (%) for

Table 3. UV-vis spectra and selected TD-DFT data for tetranuclear iridium ’blues’.[a]

Complex [3]2+ [2]2+ 4 5 7 6

L/X Me2CO NCMe Cl Br NCS I

χ (AR) 3.50 3.07 2.83 2.74 2.44 2.21

λ (nm) 455 438 467 481 490 504

ɛ 3.3·104 5.4·104 6.0·104 9.1·104 8.4·104 9.6·104

Δ(S0–S1) 2.67 2.81 2.70 2.61 2.51 2.49

λ (nm) 464.4 441.6 458.5 475.3 494.4 497.5

f 1.0171 0.8956 1.0913 1.2198 1.4010 1.5883

% 93% 90% 92% 95% 96% 97%

[a] Registered on solutions ca. 10� 5 in acetonitrile ([2]2+), acetone ([3]2+), and dichloromethane (4–7);. ɛ in L mol� 1 cm� 1, χ=Allred-Rochow electronegativity,
Δ(S0–S1), f=oscillator strength, and %=% of HOMO to LUMO contribution (main transition).
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C34H28N4O14Ir4P2F12 (1775.4): C 23.00, H 1.59, N 3.16; found: C 22.56,
H 1.30, N 3.28.

[Cl� {Ir2}� {Ir2}� Cl] (4): LiCl·H2O (5.2 mg, 0.086 mmol) was added to
an acetone solution (5 mL) of [2](PF6)2 (75.0 mg, 0.0431 mmol). After
stirring for one hour the red solution was evaporated to dryness.
The residue was solved in dichloromethane and filtered to give a
red solution, which was concentrated to 3 mL and layered with
7 mL of hexane. The mother-liquid was decanted and the red
microcrystals were washed with hexane (3×2 mL) and vacuum-
dried. Yield: 55.2 mg (89%). 1H NMR (500.13 MHz, CD2Cl2, 25 °C): δ=

8.93 (dd, 3J(H,H)=6.4 Hz, 4J(H,H)=1.3 Hz, 4H; H6), 7.47 (ddd, 3J(H,H) -
=8.7 Hz, 4J(H,H)=6.8 Hz, 5J(H,H)=1.9 Hz, 4H; H4), 6.64 (d, 3J(H,H)=
8.5 Hz, 4H; H3), 6.60 (td, 3J(H,H)=6.7, 4J(H,H)=1.9 Hz, 4H, H5); 13C{1H}
NMR (125.0 MHz, CD2Cl2, 25 °C): δ=176.1 (C2), 166.8 and 163.8
(Ir� CO), 146.8 (C6), 140.6 (C4), 117.2 (C3), 114.4 (C5); IR (nujol): ν=

2091 (vs), 2066 (s), 2044 (vs), 2025 (m) (C�O), 1614 (s, OPy) cm� 1;
UV-Vis (5.7 ·10� 5 M): λmax(dichloromethane)=467 nm (ɛ=

6.0 ·104 Lmol� 1 cm� 1), elemental analyses calcd. (%) for
C28H16N4O12Ir4Cl2 (1440.2): C 23.35, H 1.12, N 3.89; found: C 23.18, H
1.09, N 3.80.

[Br� {Ir2}� {Ir2}� Br] (5) was prepared as above starting from [2](PF6)2
(75.0 mg, 0.0431 mmol) and KBr (10.3 mg, 0.0861 mmol) and
isolated as maroon microcrystals. Yield: 51.4 mg (78%). 1H NMR
(500.13 MHz, CD2Cl2, 25 °C): δ=9.05 (dd, 3J(H,H)=6.4 Hz, 4J(H,H)=
2.0 Hz, 4H; H6), 7.46 (ddd, 3J(H,H)=8.6 Hz, 3J(H,H)= 6.8 Hz, 4J(H,H)=
1.9 Hz, 4H; H4), 6.65 (d, 3J(H,H)=8.6 Hz, 4H; H3), 6.57 (td, 3J(H,H)=
6.6 Hz, 4J(H,H)=1.4 Hz, 4H; H5); 13C{1H} NMR (125.0 MHz, CD2Cl2,
25 °C): δ=175.7 (C2), 166.6 and 164.1 (Ir–CO), 148.9 (C6), 140.5 (C4),
117.1 (C3), 114.7 (C5); IR (nujol): ν=2089 (s), 2066 (s), 2044 (vs),
2025 (s) (C=O), 1616 (s, OPy) cm� 1; UV-Vis (4.6 · 10� 5 M): λmax-
(dichloromethane)=481 nm (ɛ=9.1 · 104 Lmol� 1 cm� 1), elemental
analyses calcd. (%) for C28H16N4O12Ir4Br2 (1529.1): C 21.99, H 1.05, N
3.66; found: C 21.87, H 1.06, N 3.61.

[I� {Ir2}� {Ir2}� I] (6) was prepared as above starting from [2](PF6)2
(75.0 mg, 0.0431 mmol) and KI (14.3 mg, 0.0861 mmol) and isolated
as purple microcrystals. Yield: 52.4 mg (75%). 1H NMR (500.13 MHz,
CD2Cl2, 25 °C): δ=9.21 (dd, 3J(H,H)=6.4 Hz, 4J(H,H)=1.4 Hz, 4H; H6),
7.45 (ddd, 3J(H,H)=8.7 Hz, 4J(H,H)=6.8 Hz, 5J(H,H)=1.9 Hz, 4H; H4),
6.66 (ddd, 3J(H,H)=8.6 Hz, 4J(H,H)=1.4 Hz, 5J(H,H)=0.7 Hz, 4H; H3),
6.52 (td, 3J(H,H)=6.7 Hz, 4J(H,H)=1.4 Hz, 4H; H5); 13C{1H} NMR
(125.0 MHz, CD2Cl2, 25 °C): δ=175.3 (C2), 166.5 and 165.1 (Ir� CO),
152.9 (C6), 140.4 (C4), 117.1 (C3), 115.0 (C5); IR (nujol): ν=2080 (s),
2069 (s), 2044 (vs), 2020 (s) (C=O), 1616 (s, OPy) cm� 1; UV-Vis
(2.6 · 10� 5 M): λmax(dichloromethane)=504 nm (ɛ=

9.6 ·104 Lmol� 1 cm� 1), elemental analyses calcd. (%) for
C28H16N4O12Ir4I2 (1623.1): C 20.72, H 0.99, N 3.45; found: C 20.94, H
1.18, N 3.25.

[NCS� {Ir2}� {Ir2}� SCN] (7) was prepared as above starting from
[2](PF6)2 (75.0 mg, 0.0431 mmol) and KSCN (8.4 mg, 0.086 mmol)
and isolated as orange microcrystals with metallic green brightness.
Yield: 46.7 mg (73%). 1H NMR (500.13 MHz, CD2Cl2, 25 °C): δ=8.27
(br, 4H; H6), 7.51 (ddd, 3J(H,H)=8.7 Hz, 4J(H,H)= 6.8 Hz, 5J(H,H)=
1.9 Hz, 4H; H4), 6.69 (dd, 3J(H,H)=8.3 Hz, 4J(H,H)=1.3 Hz, 4H; H3),
6.62 (td, 3J(H,H)=6.6 Hz, 4J(H,H)=1.4 Hz, 4H; H5); 13C{1H} NMR
(125.0 MHz, CD2Cl2, 25 °C): δ=176.3 (C2), 166.1 and 163.4 (Ir� CO),
147.0 (C6), 140.9 (C4), 117.9 (C3), 115.4 (C5); IR (nujol): ν=2109 (s,
SCN), 2085 (s), 2066 (s), 2053 (s), 2025 (s), (C=O), 1617 (s, OPy) cm� 1;
UV-Vis (3.5 ·10� 5 M): λmax(dichloromethane)=490 nm (ɛ=

8.4 ·104 Lmol� 1 cm� 1), elemental analyses calcd. (%) for
C30H16N6O12Ir4S2 (1485.5): C 24.26, H 1.09, N 5.66, S 4.32; found:
found: C 24.24, H 1.14, N 5.46, S 4.35.

X-ray diffraction studies on complexes
[Me2CO� {Ir2}� {Ir2}� OCMe2](PF6)2 ([3](PF6)2), [Cl� {Ir2}� {Ir2}� Cl] (4),

[Br� {Ir2}� {Ir2}� Br] (5), and [NCS� {Ir2}� {Ir2}� SCN] (7): Intensity meas-
urements were collected with a Bruker Smart Apex diffractometer
with graphite-monochromated MoKα radiation at 100 K ([3](PF6)2
and 5) or 130 K (4), except for (7), which was measured with
BrukerAXS SMART APEXII CCD diffractometer installed at station 9.8
of the SRS Daresbury Laboratory, at 150 K. Synchrotron radiation
was monochromated with a silicon (111) crystal (λ=0.6934 Å). Data
were collected with ω scans of 0.3°, and a semi-empirical
absorption correction was applied to the data sets with the multi-
scan[48] methods. The structures were solved by direct methods
with SIR97[49] (7), SHELXS-97[50] ([3](PF6)2 and 4) or SHELXS-2013[49]

(5) and refined by full-matrix least-squares on F2 with the program
SHELXL-2016,[51] in the WINGX[52] package. All non-hydrogen atoms
were refined with anisotropic displacement parameters, and their
hydrogen atoms were geometrically calculated and refined by the
riding mode, including the isotropic displacement parameters. In
compound 7, the procedure SQUEEZE[53] was used to model a
severe solvent disorder, accounting for six hexane molecules per
unit cell. For selected crystallographic data see the Supporting
Information.

Deposition Number(s) 2257856 ([3](PF6)2), 2257855 (4), 2257858
(5 · 3CH2Cl2) and 2257857 (7 · 1.5 C6H14) contain(s) the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

DFT geometry optimizations: The DFT geometry optimizations
were carried out with the Gaussian 09 program package,[54] using
the B3LYP-D3 hybrid functional.[55] Geometry optimizations were
performed in the gas phase with the LanL2TZ(f) effective core
potential basis set for the metal atoms, and the 6-311G(d,p) basis
set for the remaining ones. The LanL2TZ(f) basis set is based in the
Hay–Wadt relativistic effective core potentials (RECPs) for the
transition metal atoms.[56]

TD-DFT calculations: TD-DFT calculations were performed consider-
ing solvent effects of acetonitrile, acetone or dichloromethane with
the continuum SMD model.[57]

Supporting Information
Selected crystallographic data, density functional theory orbitals,
and 13C{1H} NMR spectra (pdf). Cartesian coordinates for optimized
(DFT, TD-DFT) structures of the complexes (XYZ). Crystallographic
data for complexes 3](PF6)2, 4, 5, and 7 (CIF). Additional references
have not been cited within the Supporting Information.
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