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A novel class of cyclometallated photoactive iridium(i) complexes con-
taining phosphonium ylide ligands has been synthesized and thoroughly
characterized. Their photophysical and redox properties have been
systematically investigated and employed in photocatalytic applications.
Notably, these complexes exhibit high activity in visible-light-mediated
EnT and SET processes.

In recent decades, photoluminescent transition-metal com-
plexes have emerged as highly versatile compounds, attracting
considerable interest for a multitude of applications.' The two
main families of luminescent metal complexes are based on
octahedral ruthenium and iridium centers, typically coordi-
nated with Dbipyridine and phenylpyridine ligands,
respectively.” In particular, cyclometallated iridium(m) com-
plexes possess well-defined photophysical and redox pro-
perties,® making them highly efficient and widely applicable
for photocatalytic applications.* These properties can be pre-
cisely tuned by carefully selecting the coordinating ligands and
modifying their neighbouring environment.> A wide variety of
ligands, particularly those featuring a coordinating carbon
atom, have been extensively studied to improve the efficiency
and selectivity of iridium(m) photocatalysts.® However, phos-
phonium ylides (P-ylides) behaving as C-sp® carbon ligands
have been unexplored in this context, thus providing an oppor-
tunity to evaluate their properties and potential in photocata-
lysis. Phosphonium ylides are globally neutral n'-carbon
ligands,” characterized by strong o-donor and weak
m-acceptor properties, exhibiting superior donor strength com-
pared to N-heterocyclic carbenes.® Initially renowned as key
intermediates in Wittig-type reactions, they have also demon-
strated remarkable coordination chemistry with both main
group elements’ and transition metals.'"® Their extreme
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electronic features result in exalted reactivity, which influence the
selectivity of catalytic transformations.' Recently, we reported a
photoluminescent ruthenium(u) bipyridyl complex featuring a phos-
phonium ylide ligand as well as its photocatalytic activity,"”> which
constitutes a rare case of luminescent P-ylide metal complex™® and
the first photocatalyzed reaction involving P-ylides. As mentioned,
the absence to date of photoluminescent iridium complexes invol-
ving P-ylides prompted us to develop a new family of cyclometallated
iridium(m) complexes incorporating such C-sp® carbon ligands
(Fig. 1). These complexes should make it possible to reach higher
triplet energy states and different redox potentials than the Ru(u)
P-ylide analogue,' thus broadening the scope of catalytic reactions,
both for energy transfer (EnT) and single-electron transfer (SET)
processes.

The phosphonium pre-ligand [1](I) used in this study was
prepared in high yield via a one-step procedure following a recently
reported method.”> The two targeted bis-cyclometallated iridium
complexes [2a](PFs) and [2b](PFs) were then synthesized through a
sequential process. First, the KHMDS base was added to deprotonate
the pre-ligand [1](I), generating the free P-ylide at —78 °C in THF
(Scheme 1). Subsequently, chloro-bridged Ir(m) dimeric precursors
[Ir(ppy)-p-Cl], or [Ir(dF(CFs)ppy),-p-Cl], were introduced and after
anion exchange, the formation of cyclometallated P-ylide Ir(m)
complexes [2a](PFs) and [2b](PFs) was observed. The latter were
isolated as air and moisture stable yellow crystalline solids, in 82%
and 75% yields, respectively. The coordination of P-ylide ligand
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Fig. 1 Representation of
complexes.
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Scheme 1 Synthesis of P-ylide Ir(n) bis(phenylpyridyl) [2al(PF¢) and
[2b](PFe) complexes from the phosphonium pre-ligand [1](1).

in [2a](PF,) and [2b](PF,) was confirmed by *'P NMR spectro-
scopy, showing a deshielded single resonance at dp = 50.2 ppm
and 51.3 ppm, respectively. These values compared to the
precursor [1](I) (dp = 17.1 ppm), indicate successful C-ylide
coordination. *C NMR spectroscopy further supports this
assignment with the ylide resonance appearing with an upfield
shift (¢, = —2.6 ppm for [2a](PF¢) and —1.6 ppm for [2b](PFq)),
and both exhibiting the expected doublet multiplicity (YJcp =
20.8 Hz and 23.2 Hz, respectively).

Additionally, "H NMR spectra reveal the presence of two diaster-
eotopic H-atoms of the [<CH,~PPh,Pyr'] sequence as a doublet of
doublets in the high-field zone (1.1-1.8 ppm), further confirming the
formation of the targeted P-ylide complexes. The Xray crystal
structures of the Ir(m) complexes [2a](PFs) and [2b](PF,) are illu-
strated in Fig. 2. Both complexes display a slightly distorted octahe-
dral coordination geometry around the Ir(m) center with two
phenylpyridine ligands in combination with the cis-chelating
pyridyl-phosphonium ylide moiety.

The C-Ir ylide bond distances are comparable in both
complexes ([2a](PF): 2.209(4) A; [2b](PF,): 2.193(3) A) and with
the rare example of P-ylide Ir(m) complexes."* These C-Ir bonds
are significantly longer than the C7-Ir1 bond ([2a](PFs):
2.047(4) A; [2b](PFe): 2.047(3) A), where C7 represents the
coordinated carbon trans to the ylide, and the C19-Ir1 bond
([2a](PFe): 2.007(4) A; [2b](PF,): 1.994(3) A) where C19 is the

Fig. 2 Perspective views of the cationic part of [2a](PF¢) (left) and [2b](PFe)
(right) with thermal ellipsoids drawn at the 30% probability level. Selected
bond lengths [Al, and angles (°). [2al(PFg): C1-P1 = 1.751(4); Cl-Irl =
2.209(4); C7-Irl = 2.047(4); C19-1Ir1 = 2.007(4); N1-Irl = 2.166(3); N2—
Irl = 2.085(4); N3-Ir1 = 2.050(4); P1-C1-Ir1 = 107.5(2); C1-Ir1-C7 =
174.99(16); C1-1r1-N1 = 85.51(14); N1-1r1-C19 = 175.64(14); [2b](PFe):
C1-P1 = 1.752(3); C1-1Irl = 2.193(3); C7-Irl = 2.047(3); C19-Irl = 1.994(3);
N1-Irl = 2.156(3); N2-Irl = 2.072(3); N3-Irl = 2.054(2); P1-Cl-Irl =
106.75(15); C1-1r1-C7 = 176.81(12); C1-Ir1-N1 = 85.33(11); N1-Ir1-C19 =
172.43(11).
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Fig. 3 UV-Vis absorbance (full lines) and emission (dashed lines, Aex =
430 nm) in CH,Cl, of [2a](PFs) and [2b](PFg).

coordinated carbon ¢rans to the pyridine. This difference is
consistent with the respective hybridization states of the carbon
atoms (C-sp® vs. C-sp®). However, the C7-Ir1 bonds exhibit an
elongation compared to the C19-Ir1 bonds due to the trans
influence of the strongly donating ylide ligand. In the
5-membered metallacycle, the CH, ylide is out of the plane
defined by the other four atoms. Compared to other Ir-N
bonds, the elongation of the Irl-N1 bonds ([2a](PFs):
2.166(3) A; [2b](PF,): 2.156(3) A) can be rationalized by the trans
influence of the cyclometallated C19 carbon atom. Indeed, the
Ir-N2 ([2a](PFs): 2.085(4) A; [2b](PF,): 2.072(3) A) and Ir1-N3
([2a](PFe): 2.050(4) A; [2b](PFe): 2.054(2) A) bond distances trans
to each other in both complexes remain shorter.

The UV-visible absorption spectra of complexes [2a](PFs) and
[2b](PF,), recorded in CH,Cl, solution at room temperature (RT) at a
concentration of 5.0 x 10> mol L™, are presented in Fig. 3 with the
corresponding photophysical data summarized in Table 1. Both
Ir(m) complexes exhibit intense absorption bands below 300 nm
([2a](PFg), /max = 261 nm, & = 60572 M ' cm™; [2b](PFs), Amax =
255 nm, ¢ = 54936 M~ ' ecm™ "), attributed to spin-allowed © — 7*
ligand-centered (LC) transitions. Weak broad absorption beyond
380 nm and up to 500 nm ([2a](PFe), Amax = 393 nm, & =
6126 M~ ' cm ™ Y; [2b](PFe), Amax = 395 Nm, & = 5736 M ' cm™ ), is
assigned to mixed metaltoligand-charge-transfer/intraligand
(MLCT/IL) transitions."® The solution photoluminescence (PL) spec-
tra of complexes [2a](PFs) and [2b](PFs) were measured in degassed
CH,Cl, at RT. Upon photoexcitation at 430 nm, both Ir(m) complexes
exhibited intense visible-region luminescence, with PL peaks
observed at Amax = 506 nm for [2a](PFs) and Am.x = 486 nm for
[2b](PFs). The PL spectra of both complexes displayed structured

Table 1 Photophysical and electrochemical properties of [2a](PFg) and
[2b](PF¢)

Aabs (1’11’1’1) Aemb (1’11’1’1) 7 (HS) ¢1um ET (ev) E(l);(Zd E;(/:gd
[2a](PFe)* 393 506 346 0.018 245  1.04 —1.59
[2b](PFe)* 395 486 563  0.019 2.55  1.55 —1.43

“In dry degassed CH,Cl, at 293 K. b exe = 430 M. € ey = 449 nm.
4 Redox potential (V) against SCE.
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profiles, with [2a](PFs) showing a clear shoulder at longer wave-
lengths. The halogenated complex [2b](PF,) is characterized by a
significant blue shift of 20 nm, which reflects its increased *MLCT
energy. This spectral shift can be rationalized by considering the
electronic resonance and inductive effects of the halogen substitu-
ents on aryl groups. Next, the solution photoluminescence quantum
yields and excited-state lifetimes of [2a](PFs) and [2b](PFs) were
measured in degassed CH,Cl, (Table 1). As expected, these values
are superior to those of related Ru(u) P-ylide bipyridyl complex
recently reported (t = 62 ns and ¢y, < 0.01)."

A photostability study was then conducted for both Ir(m)
complexes. Their stability under irradiation was monitored by
recording 'H NMR spectra at different time intervals. After
24 hours of exposure to 460 nm light, the spectroscopic analysis
revealed excellent resistance to photodegradation, with conser-
vation of about 90% and 60% of the initial "H NMR integration
for [2a](PF,) and [2b](PF,), respectively (ESI).

The influence of the P-ylide ligand on the electrochemical
properties of complexes [2a](PF) and [2b](PF,) was investigated
using cyclic voltammetry in CH,Cl, solution with TBAPF; as the
supporting electrolyte (Table 1). Upon anodic scanning, both
complexes exhibited a reversible one-electron oxidation pro-
cess, occurring at Eq;, = 1.04 V vs. SCE for [2a](PF) and E;, =
1.55 V vs. SCE for [2b](PFs). This oxidation process is formally
assigned to the Ir(m)/Ir(tv) redox couple. The presence of
fluorine atoms on the aromatic rings induces a significant
positive anodic shift (+0.49 V). In the cathodic region, com-
plexes [2a](PFs) and [2b](PF¢) exhibited a reversible one-
electron reduction wave with a smaller positive shift (+0.16 V)
observed from [2a](PF¢) (E1, = —1.59 V vs. SCE) to [2b](PFs)
(E1/2 = —1.43 Vvs. SCE). According to previous studies of similar
compounds, these reduction events are likely attributed to the
reduction of the phenylpyridine ligands."®

Based on their triplet energy states estimated from their
emission spectra, complexes [2a](PFs) (Ex ~ 56.5 keal mol ")
and [2b](PFe) (Er ~ 58.8 kcal mol ") were first selected for
evaluating the photocatalytic activity of P-ylide ligands in Ir(u)-
based visible-light photocatalysis driven by energy transfer.'”
The first transformation involves the EnT [2 + 2] cycloaddi-
tion of (E)-1-(1-methyl-1H-imidazol-2-yl)-3-phenylprop-2-en-1-
one (Ex ~ 49.7 keal mol™")"® with styrene, using [2a](PF,) and
[2b](PFs) as triplet sensitizers under blue LED irradiation
(460 nm) (Table 2, left). With 0.5 mol% (0.5 M) of [2a](PFs),
the photocycloaddition proceeded with 72% yield in CH,Cl,
(entry 1). Under identical conditions, the cycloaddition product
was obtained with a similar yield with [2b](PF¢) (70%, entry 3).
However, further optimization by reducing the catalyst loading
highlighted the remarkable performance of catalyst [2b](PFs).
Indeed, while [2a](PF¢) (0.05 mol%, 0.5 M in CH,Cl,) led to the
product in only 28% yield, [2b](PF,) appeared to be much more
efficient affording in the same conditions the cycloaddition
adduct in 70% yield (entries 2 and 5). The catalyst loading of
[2b](PFe) can even be lowered to 0.01 mol% (0.5 M in CH,Cl,)
while maintaining satisfactory yield (67%, entry 6). In MeCN,
the product was formed in 53% yield with 0.01 mol% of
[2b](PFs) (entry 7). Under the following conditions
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Table 2 Complexes [2a](PF¢) and [2b](PFg) in visible-light photocatalysis
driven by energy transfer (EnT) mechanisms

o yPh Q \/\o H /S
\ ’?—/7 fin xmot% Jun?«vph N {11, x mol% (:(i J
N, CHyCly, 16h, it N— m CH,Cly, 16h, 1t 8
§/N/\Ph (x«l:fikggnm) N No° <7w:xlu=e4LsEoDnm) N
Cat Yield Cat Yield
PC (mol%) [C](M) (%) PC (mol%) [C](M) (%)
1 2a 0.5 0.5 72 8 2a 0.5 0.5 5
2 2a 0.05 0.5 28 9 2b 0.5 0.5 100
3 2b 05 0.5 70 10 2b 0.1 0.5 58
4 2b 0.1 0.5 74 11 2b 0.05 0.5 24
5 2b 0.05 0.5 70 12 [1r] 0.5 0.5 80
6 2b 0.01 0.5 67 13 [Ir] 0.1 0.5 43
7% 2b  0.01 0.5 53 14 [Ir] 0.05 0.5 20

¢ In MeCN. [Ir] = Ir(ppy)s. Yield in % was determined by 'H NMR using
1,3,5-trimethoxybenzene as an internal standard. PC = photocatalyst.

(0.5 mol%, 0.2 M in CH,Cl,), a kinetic study was performed
to evaluate the efficiency of [2b](PFs). These results revealed
that the reaction proceeds rapidly, achieving full conversion in
just 2.5 hours and thus evidencing the potential of complex
[2b](PFs) for this transformation (ESI), which is not accessible
by the Ru(n) P-ylide analogue (Ex ~ 43.0 kcal mol *).> Based
on this, in a second application, we investigated the more
energetically demanding intramolecular EnT [2 + 2] cycl-
oaddition of 4-(but-3-enyloxy)quinolone under visible-light
irradiation (Table 2, right)."” The *MLCT energy of [2a](PF)
(Er ~ 56.5 keal mol ) suggests that the cycloaddition of 4-(but-
3-enyloxy)quinolone (Ex ~ 57.8 kcal mol ')*° is slightly endo-
thermic. This was experimentally confirmed, as only 5% yield
was obtained using [2a](PFe) (0.5 mol%, 0.5 M in DCM)
(entry 8). In contrast, [2b](PF,), which exhibits a higher *MLCT
energy (Er ~ 58.8 kcal mol ™), effectively promoted the reac-
tion. In our experiments, using 0.5 mol% of [2b](PF) at 0.5 M
concentration under 460 nm LED irradiation resulted in com-
plete conversion of the quinolone substrate (entry 9). Decreas-
ing the catalyst loading of [2b](PFs) to 0.1 mol% led to the
product in moderate yield (58%, entry 10). With 0.05 mol% of
[2b](PF), the cycloadduct was formed in 24% yield (entry 11). It
should be noted that the reaction can also be carried out in MeCN
with generally similar yields (ESIt). A kinetic study of the cycloaddi-
tion was conducted using photocatalyst [2b](PFs) (0.5 mol%, 0.1 M in
MeCN) indicating a conversion of about 40% after 4 hours, and of
86% after 10 hours of reaction which corresponds to full completion
(ESIt). These results therefore underscore the excellent catalytic
performance of [2b](PF,), including at low catalyst loadings, even
surpassing those of the reference Ir(ppy); (entries 12-14) and some
of the reported Ir(m) catalysts.*!

To take advantage of the excited-state redox potentials of
complexes [2a](PFs) and [2b](PFe) (ESIt), the third application
involves a reductive cross-coupling reaction between an imine
and an olefin using a visible-light photoredox catalysis
approach.”” The reaction was carried out by irradiating
N-benzylideneaniline in the presence of 3 equiv. of methyl
acrylate, 1.5 equiv. of tributylamine, and [2a](PF¢) or [2b](PFs)

This journal is © The Royal Society of Chemistry 2025
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Table 3 Complexes [2a](PF¢) and [2b](PFg) in visible-light photocatalysis
driven by single-electron transfer (SET)

_Ph o [ir], x mol% Ph N
N NBuj 1.5 equiv
N - O
o %O/ EtOH, 24h, 1t Ph)\/\[( >

blue LED (o)
(Amax = 460 nm)

Cat Yield Cat Yield

PC (mol%) [C](M) (%) PC  (mol%) [C](M) (%)
1 2a 2 0.1 8 5 2b 2 0.1 81
2 2b 2 0.1 87 6 2b 2 0.1 71
3 2b 1 0.1 60 7¢ [IrF]J 2 0.1 84
4 2b 1 0.5 47 8 [ 2 0.1 57

“ MeCN, 24 h.” DMF, 24 h.°From ref. 22, [Ir] = Ir[F(CF;)ppyl-
gbpy)PFs, [1r®] = Ir(ppy),(dtbbpy)PFs. Yield in % was determined by
H NMR using 1,3,5-trimethoxybenzene as an internal standard.

under 460 nm blue LED light for 24 hours in ethanol (Table 3).
Complex [2a](PFs) (2 mol%) exhibited very low efficiency in this
transformation, yielding only 8% of the coupling product (entry 1).
In contrast, [2b](PFs) in the same loading demonstrated excellent
catalytic performance, achieving 87% yield (entry 2). Upon reducing
the catalyst charge of [2b](PFs) to 1 mol%, a decrease in efficiency
was observed, with the yield dropping to 60% (entry 3). According to
the generally accepted mechanism,” the difference in activity
between the catalysts can be rationalized by the excited state
potential values E(Ir****") (+0.86 V for [2b](PFs), +1.12 V for
[2b](PF¢)) favouring the reductive quenching step with the amine
in the latter case. Additionally, various solvents were evaluated to
determine their impact on catalytic performance showing with
[2b](PFs) the formation of the product in 81 and 71% yields in
MeCN and DMF, respectively (entries 5 and 6). Complex [2b](PF)
was also demonstrated to surpass complexes Ir[F(CF;)ppyl,(bpy)PFs
and Ir(ppy),(dtbbpy)PF, (entries 7 and 8),** thus acting as an efficient
catalyst for the reductive coupling of imines with olefins.

Anew class of C-sp® carbon ligands, namely phosphonium ylides
has been incorporated into cyclometallated iridium complexes,
leading to the development of air-stable photoluminescent Ir(m)
complexes. These complexes represent the first reported examples
of luminescent P-ylide-based Ir(ur) compounds. Full characterization
revealed that they exhibit well-defined optical and redox properties.
Furthermore, these complexes demonstrate excellent performance,
even at low catalyst loadings, effectively participating in three distinct
reactions under visible-light excitation driven by EnT or SET
mechanisms.
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