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ABSTRACT: Access to homoleptic phosphinine-based
coordination compounds of d6 metals has so far remained
elusive. We report here on the preparation and full
characterization of the first homoleptic phosphinine−
iridium(III) complex, obtained by C−H activation of
2,4,6-triphenylphosphinine with [Ir(acac)3]. This result
opens up new perspectives for the implementation of such
aromatic heterocycles in more applied research fields.

The replacement of nitrogen by phosphorus in equivalent
structures leads to a significant change in the electronic and

steric properties of the resulting species. Phosphinines, the
higher homologues of pyridines, have been shown to be
particularly suitable for the stabilization of late-transition-metal
centers in low oxidation states because of their weak σ-donor
properties but pronounced π-accepting character. In contrast, the
preparation of phosphinine complexes containing metal centers
in medium-to-higher oxidation states has practically failed, while
the pyridine-based counterparts are generally easily accessible.1

Yet, access to such complexes would open up new perspectives
for potential applications. In this respect, we recently discovered
a new reactivity pattern of phosphinine derivatives and
demonstrated for the first time that C−H activation of 2,4,6-
triphenylphosphinine (1) by iridium(III) and rhodium(III) is
possible, resulting in the corresponding complexes [Cp*M-
(C^P)Cl] (M = Ir, Rh).2 We attributed our findings to the
chelate effect of the formally anionic bidentate P,C ligand as well
as to a steric protection of the PC double bond by the
additional phenyl group in the 6 position of the phosphorus
heterocycle. Inspired by these results, we set out to further
explore the C−H activation of 2,4,6-triphenylphosphinine
derivatives. While the Cp* ligand in the precursor [Cp*IrCl2]2
certainly represents a strong electron-donating ligand, helping to
facilitate coordination of the phosphinine ligand to the formally
IrIII center, we were wondering whether it would be possible at all
to prepare homoleptic cyclometalated complexes based on
phosphinines. We envisaged that [Ir(C^P)3] (2) could be an
interesting target molecule because the analogous nitrogen-

based systems [Ir(C^N)3] (C^N = cyclometalated 2-arylpyr-
idine derivative) are well-known.3 However, such complexes are
generally synthesized in multistep procedures using IrCl3·H2O
and 2-arylpyridines as starting materials in combination with
high-boiling alcohols and/or water to optimize yields and
selectivity.3 Unfortunately, both the metal precursor and reaction
conditions are generally not compatible with phosphinines
because the PC double bond is usually sensitive toward
nucleophilic attack by protic solvents.2 Moreover, we realized
that coordinating up to three bulky 2,4,6-triphenylphosphinines
to the IrIII center might be difficult to achieve. Nevertheless, we
decided to attempt the orthometalation of 1with [Ir(acac)3] and
ultimately performed the reaction in a sealed autoclave under
rather harsh reaction conditions at T = 220 °C for 3 days
(Scheme 1).

Interestingly, orange crystals could be isolated from the
reaction mixture, and the 31P NMR spectrum of the product
showed a single resonance at δ 167.6, indicating that the
thermodynamically more stable fac isomer of 2 had been formed
selectively. Matrix-assisted laser desorption ionization time-of-
flight analysis revealed an m/z ratio of 1160.21 g/mol,
demonstrating that the tris-cyclometalated product had indeed
been formed. Crystals of 2 suitable for X-ray diffraction could
further be obtained by slowly evaporating the solvent of a
solution of 2 in toluene, and the X-ray crystal structure
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Scheme 1. Synthesis of 2
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unambiguously confirmed the formation of complex 2. fac-
[Ir(C^P)3] crystallizes in the noncentrosymmetric space group
P21 (No. 4) with three independent molecules in the asymmetric
unit (twoΔ and oneΛ isomers in the measured crystal), and the
molecular structure of one Δ isomer is shown in Figure 1 (see
also the Supporting Information, SI).

The molecular structure of 2 shows a distorted octahedral
coordination geometry around the IrIII center. The Ir−P and Ir−
C bond distances are in the ranges of 2.259(2)−2.2800(18) and
2.129(7)−2.158(7) Å, respectively. As expected, themetal center
is not located in the ideal axis of the phosphorus lone pair because
of the larger size of the phosphinine heterocycle compared to
pyridine. Much to our surprise, it further turned out that 2 is air-
andmoisture-stable. A space-filling model of 2 (see the SI) shows
that the PC double bonds are rather inaccessible for reactions
with protic reagents. In fact, the additional phenyl groups in the 4
and 6 positions of the heterocyclic framework create an organic
shell around the inner core of the complex, presumingly resulting
in a kinetically very stable compound.
In order to establish structure−property relationships, the

optical and redox properties of 2 were investigated in CH2Cl2.
The absorption spectrum presents an intense band centered at λ
= 289 nm along with a red-shifted broad intense absorption band
extending from λ = 315 to 405 nm (Figure 2). This spectrum
differs from the one recorded for 1, which presents an intense
band centered at λ = 279 nm along with a red-shifted shoulder
tailing down to λ = 345 nm (Figure 2).4 For rationalization of the

observed properties, density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations were carried out on
phosphinine 1 as well as on complex 2, and the orbital and atomic
percentage compositions of the frontier molecular orbitals
(MOs) are given in Table 1. It is worth noting that the

computed structural data for 2 are very similar to those obtained
by the X-ray diffraction study (for details, see the SI). Analysis of
the ligand MOs (1) shows that the highest occupied MO
(HOMO) and lowest unoccupied MO (LUMO) are mainly
localized at the phosphinine core, with more than 30%
contribution of the P atom. The TD-DFT calculations
performed on 1 assign the computed band at λ = 315 nm
(shoulder experimentally) to a HOMO → LUMO transition,
corresponding to an intra-phosphinine charge transfer (Table 1
and Figure 3) with a strong contribution of the P atom (see also
the SI).

Because this transition is weakly allowed, only a low
fluorescence intensity is observed at λ = 430 nm (quantum
yields ≪ 1), which is nicely reproduced by TD-DFT
computations (λ = 403 nm).5 The absorption band at λ = 279
nm (computed at λ = 290 nm) can be assigned to a mix of
HOMO → LUMO+1 and HOMO−1 → LUMO transitions,
which are mainly π−π* and n−π* charge transfers and
particularly from the P atom to the hydrocarbon part of the
phosphinine.
Considering complex 2, it is worth noting that the frontier

MOs from HOMO−2 to LUMO+2 exhibit significant
phosphinine and P atom character (Table 1). Moreover, the
weight of the Ir 5d orbitals is important in HOMO, HOMO−3,
and HOMO−4, which most likely allow the occurrence of metal-
to-ligand charge-transfer (MLCT) absorption bands. In the
simulated absorption spectrum of complex 2 (Figure 2), the

Figure 1. Molecular structure of fac-Δ-2 in the crystal. Displacement
ellipsoids are shown at the 50% probability level. Only one of three
independent molecules is represented. The phenyl substituents in the 4
and 6 positions of the heterocycle have been omitted for clarity, and only
the corresponding ipso-C (Ci) atoms are shown.

Figure 2. Absorption spectra of 1 (continuous blue line) and 2
(continuous red line) in CH2Cl2 and TD-DFT-simulated spectrum of 2
(dashed black line).

Table 1. Percentage Orbital or Atomic Weights of Relevant
Moieties in Frontier MOsa of 1 and 2

MO H-4 H-3 H-2 H-1 H L L+1 L+2

1 PC5H2
b 9 10 39 59 73 63

P 7 3 1 33 36 2
2 Ir d 14 13 6 6 19 4 3 2

Irc 14 13 6 6 19 6 4 3
3Pd 6 6 19 21 17 32 31 30
3(PC5H2) 6 7 20 31 26 42 54 53

aH = HOMO; L = LUMO. bTotal phosphinine contribution. cTotal
iridium contribution. dTotal phosphorus contribution.

Figure 3. HOMO and LUMO of 1 (top) and HOMO, LUMO, and
LUMO+1 of 2 (bottom).
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computed absorption band of the highest energy at λ = 298 nm
fits nicely with the observed one at λ = 289 nm. This absorption
band, which originates mainly from HOMO−7 → LUMO and
HOMO−6 → LUMO transitions (SI), corresponds to electron
density transfer from phenyl groups to phosphinine cores. The
second absorption band observed at ca. λ = 335 nm corresponds
to the calculated excitations at λ = 326 and 346 nm. The
originating electronic transitions, among them HOMO−3 and
HOMO−4 to LUMO, which exhibit the highest oscillator
strengths (SI), are mainly MLCT involving particularly an
electron transfer from the metal to phosphinine ligands. Finally,
the observed shoulder at ca. λ = 385 nm fits rather nicely with the
calculated one at λ = 376 nm, corresponding to a HOMO →
LUMO transition with a low oscillator strength. It can be
assigned to an MLCT with a significant metal-to-phosphinine
electron transfer (Figure 3).
A degassed solution (methyltetrahydrofuran or CH2Cl2) of 2

when excited in the MLCT low-energy absorption band at 298 K
shows a very weak emission intensity centered at λ = 430 nm,
resembling the ligand fluorescence. Indeed, this value again fits
well with the fluorescence emission at ca. λ = 410 nm computed
theoretically by TD-DFT. Negligible changes of the emission
intensity were observed upon aeration of the solution, likely
indicating that the emission is mainly ligand-centered and does
not originate from a 3MLCT triplet state. Moreover, no further
emissions were detected at low temperature. These photo-
physical data indicate that radiationless deactivation pathways are
mainly responsible for deactivation of the excited states. At the
moment, a straightforward explanation for the nonemissive
property of complex 2 still remains elusive, except for the low
oscillator strength of the MLCT excitations. As a matter of fact,
specific features to rationalize the lack of phosphorescence of
transition-metal complexes are missing in our case.6 Among
those are the inefficiency of spin−orbit coupling, i.e., high-energy
differences between occupied Ir 5d orbitals or low-energy
differences between occupied and vacant Ir 5d orbitals, as well as
low 5d metal orbital contributions within the HOMOs in the
lowest 3MLCT state and an important distortion of the geometry
of this triplet state. Furthermore, the TD-DFT calculations
showed that the HOMOs have an important contribution of
both phosphinine and metal character, leading to a mixing of
various types of transitions (MLCT, intraligand charge transfer,
and/or ligand-to-ligand charge transfer) in the excited state,
which might induce radiationless deactivation.6

In order to gain more insight into the electronic structures of 1
and 2, their electrochemical properties were further investigated
by means of cyclic voltammetry (CH2Cl2, 0.2 M Bu4NPF6, and v
= 200 mV/s) using ferrocene as the internal standard. 2
undergoes two irreversible electronic oxidation and reduction
waves (Eox1 = +0.74 V; Eox2 = +1.11 V; Ered1 = −2.17 V; Ered2 =
−2.34 V vs Fe), while 1 shows only an irreversible cathodic peak
potential at −1.40 V in the studied electrochemical window.7 At
this stage, we believe that the oxidation occurs mainly at the
metal site, along with minor contributions from the ligand.
Furthermore, and in contrast to the oxidation process, the
reduction may occur primarily on the low-lying π* orbitals of the
ligand.7 This assignment is supported by the frontier MO
diagram of the complex (see the SI). The electrochemical
measurements show that 2 is easier to reduce and more difficult
to oxidize compared the reference compound [Ir(C^N)3],
indicating that the phosphinine ligand 1 induces a stabilization of
the LUMO and HOMO of complex 2 because it is a better π
acceptor than the corresponding pyridine ligand.1,8

In summary, we successfully isolated and crystallographically
characterized the first homoleptic phosphinine−iridium(III)
complex fac-[Ir(C^P)3], which was prepared by C−H activation
of 2,4,6-triphenylphosphinine with [Ir(acac)3]. First investiga-
tions on the physical properties and TD-DFT calculations of 2
showed that this complex does not show any phosphorescence
emission. Nevertheless, our here-described first results offer new
perspectives for the application of phosphinine-based coordina-
tion compounds in molecular materials science. Currently,
experiments are being performed in our laboratories to carefully
optimize the structure of the ligand and to avoid mixing of
various types of transitions.
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