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Coordination compounds of the precious metals are of
enormous importance in homogeneous catalysis. Generally,
their electronic structures favor closed-shell states, thus
explaining the typical preference of two-electron (oxidative
addition/reductive elimination) over one-electron redox reac-
tions.[1] However, the importance of the latter was more
recently emphasized for platinum metal complexes, for
example in radical H2, C�H, and C�C activation reactions
or catalytic oxidations.[2–5] Nevertheless, fully characterized
metalloradical complexes of these metals remain scarce.[6]

Alternatively, radical complexes with the spin density
mainly located on redox non-innocent ligands have been
described, such as strongly N-centered radical complexes
resulting from oxidation of RhI and IrI dialkylamides.[5b, 7]

However, in contrast to rhodium, these iridium aminyl
radicals were described as being transient intermediates. In
analogy, upon oxidation of the PdII amide [PdPh(L1)] (with
R = iPr), only the follow-up products [PdPh(HL1)]+ and
[PdPh(L2)]+ (R = iPr) were obtained (Scheme 1).[8]

Similarly, complexes of the platinum metals with an even
number of valence electrons in high-spin configuration are
extremely rare owing to the generally larger ligand field
splitting of the 4d/5d metal ions compared to their 3d
homologues. An exception is provided by the square-planar
d6 disilylamido complexes [MX(L5)] (M = Ru, Os; X = F, Cl,
I, trifluoromethanesulfonate (OTf); L5 = N(SiMe2-
CH2PtBu2)2), which exhibit an electronic intermediate-spin
configuration, in analogy to iron(II).[9, 10] However, the

stronger N!M p donation in the related dialkylamido
complex [RuCl(L1)] (R = tBu) results in a low-spin ground
state.[11]

These examples demonstrate the importance to ratio-
nalize the parameters that control the electronic structure and
therefore the reactivity of such radical complexes and
coordinatively strongly unsaturated complexes of the plati-
num metals. Regarding the PNP pincer ligands used in our
group (Scheme 1), the dehydrogenation of one of the chelate
backbone ethylene bridges to ligand L3 allows the donor
properties to be fine-tuned.[12] Herein, we present the
versatile ligand functionalization towards the novel diene-
amido ligand (L4)� (R = tBu; Scheme 1), which afforded the
isolation of iridium(II) amido complex [IrCl(L4)] (1; R =

tBu). Oxidation of 1 gives diamagnetic [IrCl(L4)]PF6 (2 ; R =

tBu), the first example of a square-planar iridium(III)
complex.

[Ir(H)Cl(C8H13)(HL1)] (3 ; R = tBu)[13] can be oxidized
in situ with benzoquinone (2.5 equiv) to give turquoise
complex 1 in yields of isolated product of up to 60%
(Scheme 2).[14] A 31P NMR spectrum of 1 exhibits no signals.
The three broad signals in the 1H NMR spectrum are strongly
paramagnetically shifted and can be assigned to the tBu
substituents (d = 10.5 ppm) and two sets of ligand backbone

Scheme 1. PNP chelating ligands derived from HN(CH2CH2PR2)2.

Scheme 2. Synthesis of iridium complexes 1 and 2.
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C�H protons (d =�6.8, �138.2 ppm), respectively, indicating
C2v symmetry on the NMR spectroscopy timescale.

The potential redox non-innocence of amido ligands has
attracted considerable interest in recent years.[5b, 7, 15,16] For
example, radical complexes with related, chelating amido
ligands, such as [(cod)Ir{N(CHC5H5N)(CH2C5H5N)}] (cod =

1,5-cyclooctadiene) or [NiCl{N(C6MeH3PiPr2)2}]
+, were

reported to exhibit strongly ligand-centered spin densi-
ties.[16c,d] Thus, resonance structures which describe 1 in
terms of an iridium(II) amido or iridium(I) aminyl complex
provide conceivable alternatives. Mononuclear iridium(II)
complexes were frequently postulated as transient reaction
intermediates. However, fully characterized examples are
considerably more rare than those of rhodium(II).[6, 17] The
rhombic EPR spectrum of 1 indicates a large anisotropy of the
g tensor, suggesting a metal-centered radical (Figure 1).
Hyperfine coupling with iridium is not resolved (86 K).
Similar EPR parameters were reported for other iridium(II)
complexes.[17e,g] The spectroscopic results are supported by
DFT calculations, suggesting 67 % of the spin density to be
located at the metal center. The magnetic moment in the solid
state (Supporting Information, Figure S1) confirms the dou-
blet ground state of 1 (meff = 2.2 mB; g = 2.5) and is in agree-
ment with the EPR spectrum (gav = ((g1

2 + g2
2 + g3

2)/3)1/2 =

2.41).
Single-crystal X-ray diffraction of 1 confirms a C2v-

symmetric molecular structure (Figure 2a). The metal
center has a square-planar coordination geometry with an

ideally linear N1-Ir1-Cl1 axis. The Ir1�N1 distance
(1.985(2) �) of 1 compares well with the iridium(I) amido
complex [Ir(C2H4)(L1)] (R = iPr; 4 ; 1.99(2) �) and is slightly
shorter than in [Ir(CO)(L1)] (R = iPr; 5 ; 2.035(4) �).[18] The
planar nitrogen atom (sum of angles 360.08) and the short C2�
C3 (1.342(3) �; 4 1.50(3)/1.56(3) �; 5 1.521(9)/1.528(9) �)
and N1�C2 distances (1.387(2) �; 4 1.43(3)/1.48(3) �; 5
1.438(7)/1.464(8) �) are in agreement with the dehydrogen-
ation of both pincer backbone ethylene bridges and formation
of the novel (L4)� dieneamido ligand with considerable C=C
und C=N double bonding contributions.

The mass spectrum of 1 provides no indication for further
hydrido ligands at the vacant coordination sites. The IR
spectrum of 1 shows three very weak absorptions between
1870 und 1960 cm�1. However, although open-shell hydrido
complexes are very rare,[19] the presence of a hypothetical
iridium(IV) complex [Ir(H)2Cl(L4)] (R = tBu) could not be
fully excluded on the basis of these results. Interestingly, the
synthesis of iridium(IV) dihydrido complexes [Ir(H)2(Cl)2-
(PR3)2] (R = iPr, cyclohexyl) had been reported earlier, but
reevaluation of these results could not confirm their exis-
tence.[20, 21] Therefore, single crystals of 1 were also charac-
terized by neutron diffraction (Supporting Information, Fig-
ure S4).[14, 22] The neutron-diffraction results confirm the
square-planar geometry around the metal center and the
absence of further hydride ligands. Furthermore, the local-
ization of the hydrogen atoms indicates the absence of
significant Ir···H�C interactions at the vacant coordination
sites.

Oxidative addition of H2 is a typical reaction of square-
planar iridium(I) complexes, but was not observed for

Figure 1. a) X-band EPR spectrum of 1 (Et2O/Toluene glass, 86 K,
frequency 8.9931 GHz, power 0.5 mW, modulation 1 mT/100 kHz).
b) Cyclic voltammogram of 1 in CH2Cl2 at room temperature (glassy
carbon electrode, 0.15m [NnBu4]PF6, scan rate 100 mVs�1). Fc = ferro-
cene.

Figure 2. DIAMOND plots of the molecular structures of a) 1 and b) 2
from single crystal X-ray diffraction (ellipsoids set at 50% probability,
hydrogen atoms and one THF solvent molecule in of 2 are omitted for
clarity). Selected bond lengths [�] and angles [8]: 1: Ir1–Cl1 2.3390(7),
Ir1–N1 1.985(2), Ir1–P1 2.3190(6), N1–C2 1.387(2), C2–C3 1.342(3);
N1-Ir1-Cl1 180.0, P1-Ir1-P1’ 166.22(2). 2 : Ir1–Cl1 2.2966(6), Ir1–N1
1.922(2), Ir1–P1 2.3416(6), Ir1–P2 2.3443(6), N1–C2 1.414(3), N1–C4
1.415(3), C2–C3 1.335(3), C4–C5 1.334(3); N1-Ir1-Cl1 174.93(6), P1-
Ir1-P2 167.56(2).
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iridium(II) compound 1 over a prolonged period of time. The
cyclic voltamogram of 1 (Figure 1; Supporting Information,
Figure S2) exhibits a reduction wave at E1/2 =�1.61 V (vs.
Fe(C5H5)2/Fe(C5H5)2

+) that is quasireversible only at high
scan rates (> 800 mVs�1). Accordingly, all efforts to isolate
the corresponding iridium(I) complex [IrCl(L4)]� (R = tBu)
were unsuccessful to date. However, reversible oxidation at
E1/2 = + 0.02 V (100 mVs�1) is observed, even at low scan
rates. This result is particularly surprising, as the chemical
oxidation of the related complex [IrIICl{N(SiMe2CH2PtBu2)2}]
resulted in the isolation of subsequent products after PtBu
cyclometalation.[17g] In contrast, the reversible electrochem-
ical oxidation of 1 is also observed by chemical redox
titration, which can be monitored by 1H NMR spectroscopy:
An equimolar mixture of 1 and [Fe(C5H5)2]PF6 in CD2Cl2

exhibits a broad signal at d = 7.4 ppm, which is assignable to
one averaged signal for the tBu substituents of [IrCl(L4)] (R =

tBu; dtBu = 10.7 ppm) and [IrCl(L4)]+ (dtBu = 2.3 ppm; see
below), which form a fast redox equilibrium on the NMR
timescale (Supporting Information, Figure S3). From this
solution, 1 can be recovered without decomposition almost
quantitatively. Reaction of 1 with AgPF6 enables the isolation
of the primary oxidation product, [IrCl(L4)]PF6 (2) in yields of
about 40 % (Scheme 2). Compound 2 is thermally labile, and
complete decomposition to several products is observed after
about 4 h in solution at room temperature. The sharp NMR
signals for 2 point towards a diamagnetic, C2v-symmetric
cation. The diamagnetism of 2 is unexpected, as square-planar
d6 complexes with a formal 14-valence-electron count typi-
cally exhibit an electronic intermediate-spin (S = 1) config-
uration.[11a]

The molecular structure of 2 in the crystalline state
confirms the square-planar geometry (Figure 2b). The steric
bulk of the tBu substituents or the planarization of the ligand
backbone possibly contribute to the stabilization of square-
planar instead of saw-horse coordination, which is generally
observed for four-coordinate iridium(III).[23] However, DFT
calculations predict a square-planar structure for the less
sterically encumbered model complex [IrCl(L4)]+ (R = Me;
2Me), as well (see below). The structural parameters of 2 and 1
in the crystalline state are very similar. As the most striking
difference, the Ir1�N1 bond shortens considerably upon
oxidation (2 1.922(2), 1 1.985(2)). The comparison with the
Ir1�Cl1 bond lengths (2 2.2966(6), 1 2.3390(7)) suggests that
the Ir�N bond contraction cannot only be attributed to the
smaller ionic radius of iridium(III). Furthermore, significant
elongation of the pincer backbone N�C bonds and slight
contraction of the C�C bonds are also observed (Scheme 3).
These structural features indicate stronger weighting of

mesomeric structure A for 2 compared with structure B,
which is tantamount to enhanced N!Ir p donation.

This qualitative bonding picture was further substantiated
by electronic structure calculations using DFT methods for
the model complexes [IrCl(L4)] (R = Me; 1Me) and [IrCl(L4)]+

(R = Me; 2Me). The optimized geometries of 1Me (doublet
state) and 2Me (singlet state) are in good agreement with the
crystallographic results for the respective {Ir(L4)}0/+ frag-
ments.[14] 2Me (triplet state) is found at higher energies with
respect to the singlet state by around 4.1 kcalmol�1 (B3LYP)
or 9.3 kcalmol�1 (BP). Furthermore, the Ir�N bond length is
considerably overestimated in the triplet state (DdIr-N =

0.08 �). The structural trends are easily explained by
consideration of the frontier orbitals. The SOMO of 1 exhibits
considerable N�Ir p* character. Therefore, removal of this
electron by oxidation towards 2 in the singlet state effects
reinforcement of the N�Ir p bond (Figure 3). Therefore, the

unusual electronic low-spin configuration of 2 is attributed to
strong N!Ir p donation as in the case of [RuCl(L1)] (R =

tBu).[11] While the p-donor properties of the L1 ligand should
be weakened by dehydrogenation to L4, this effect is counter-
balanced by the cationic charge and the change from a 4d to a
5d metal, which should strengthen M�N bonding.[24]

In conclusion, simple oxidative ligand functionalization of
the PNP chelate ligand framework allows for the versatile
isolation of unusual square-planar d7 und d6 iridium com-
plexes. Surprisingly, the square-planar d8 complex of the
redox series, [IrCl(L4)]� (R = tBu), was not stable under the
experimental electrochemical and synthetic conditions. Com-
pared to the ethylene-bridged PNP amido ligand, the (L4)�

pincer is characterized by higher conformational rigidity but
electronic flexibility: While the radical complexes from the
oxidation of iridium(I) dialkylamides are generally transient
species, the metalloradical 1 and the oxidation product 2 are
sufficiently stable to be easily isolated.[7,25] Thus the new
dieneamido ligand opens up the opportunity to examine an
unusual one-electron reactivity of iridium.
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Scheme 3. Selected resonance structures and bond lengths (center) for
1 and 2 (italics).

Figure 3. Metal-centered Kohn–Sham frontier orbitals of 2Me in the
singlet state from spin-unrestricted ZORA-B3LYP-DFT calculations (the
z axis is perpendicular to the {Ir(L4)} plane).
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