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Photoluminescent ruthenium(II) bipyridyl complexes containing 
phosphonium ylide ligands  

Oussama Fayafrou,a Elise Lognon,b Carine Duhayon,a Jean-Baptiste Sortais,a Antonio 
Monari,*b Olivier Baslé,*a Yves Canac*a 

A P-ylide Ru(II) bipyridyl complex was readily synthetized and fully 
characterized, constituing one of the rare examples of 
photoluminescent metal ylide complexes. Its photophysical and 
redox properties have been compared with those of related NHC 
and cyclometalated Ru complexes and exploited in visible-light 
photocatalyzed SET and EnT processes. 

Polypyridyl Ru(II) complexes exhibit unique electrochemical and 
photophysical properties[1] that allow them to be involved in a large 
variety of applications, such as solar cell implementation,[2] anti 
cancer treatment therapy[3] or photocatalysis.[4] To improve their 
overall efficiency, tremendous efforts have been made in ligand 
design, and in this context, the early introduction of strongly 
donating carbon ligands was considered. Thus, almost forty years 
ago, the first cyclometalated phenylpyridine Ru(II) bipyridyl 
complexes were described,[5] followed by the NHC-based Ru(II) 
complexes in 2004.[6] Based on this pioneering work, numerous sub-
structures incorporating both categories of carbon donors have been 
characterized, offering the possibility of various substitution pattern, 
to tune their photochemical properties and extend their field of 
application.[7] In addition to C-sp2 anionic aryl- and neutral NHC 
ligands, another category of carbon ligands, namely phosphonium 
ylides (P-ylides) has been known for a long time. Beside their 
essential role in organic synthesis,[8] they were shown to exhibit a 
rich coordination chemistry with main group elements[9] and 
transition metals.[10] In fact, P-ylides are neutral 1,2-dipolar 
molecules with a negatively charged C-sp3 atom adjacent to a 
phosphonium. They belong to the familly of h1-carbon ligands 
characterized by a strong s-donor and weak p-acceptor character,[11] 
and their donor ability is even superior to that of the NHCs.[12] 
Unexpectedly, while P-ylides have proven useful in homogeneous 
catalysis,[13] they have so far received very little consideration for the 
development of photoactive metallic systems. Indeed, with the 
exception of group XI-based clusters,[14] no examples of molecular P-
ylide metal complexes, including in the Ru(II) series, has been the  

subject of a detailed study concerning its photophysical properties. 
Moreover, P-ylides have not yet been taken into account in 
photocatalysis, a field which has experienced enormous success in 
recent years,[15] leading to the proposition of a plethora of different 
ligands. In the framework of this emerging domain, our contribution 
addresses the straightforward synthesis of the first 
photoluminescent Ru(II) bipyridyl complex [C]X2 containing a 
chelating phosphonium ylide-pyridyl ligand. This provides also a 
direct comparison with the parent [Ru(bpy)3]X2 prototype, and the 
related cyclometalated [A]X[16] and NHC [B]X2[17] Ru(II) bipyridyl 
complexes (Fig. 1). In addition, electrochemical and photophysical 
studies, complemented with molecular modeling and preliminary 
applications in photocatalysis are reported, affording a general 
overview of the potential of this new type of Ru P-ylide architecture.  

Figure 1. Targeted P-ylide Ru(II) bipyridyl complex [C]X2 with related known 
cyclometalated phenyl-pyridine [A]X and NHC-based [B]X2 Ru(II) bipyridyl complexes. 

Access to the targeted P-ylide Ru(II) bipyridyl complex was 
envisioned from readily available 2-(diphenylphosphino)pyridine 1. 
In a first step, we were pleased to observe that the methylation of 1 
with MeI in toluene at 90°C occurred selectively at the soft P-center, 
affording after anion metathesis the phosphonium salt [2](PF6) in 
88% yield (Scheme 1). Its structure as well as that of phosphonium 
intermediate [2](I) were confirmed by single-crystal X-ray diffraction 
(ESI). Then, [2](PF6) was reacted in THF at −78 °C with an equivalent 
of KHMDS followed by the addition of a stoechiometric amount of 
[Ru(p-cymene)Cl2]2 dimer. After work-up, the P-ylide Ru(II)(p-
cymene) complex [3](PF6) was isolated in 67% yield as an orange 
crystalline air-stable solid. In the 31P NMR spectrum, the presence of 
a single resonance at chemical shift (dP) of 48.9 ppm, deshielded 
compared to that of precursor [2](PF6) (dP 17.0 ppm), confirmed the 
formation of a Ru coordinated P-ylide. The linkage of the CH2 ylide 
was also apparent from the upfield shift of the corresponding 13C 
NMR resonance with appropriate multiplicity (dCH2 0.3 ppm, d, 1JCP = 
31.3 Hz). The complex [3](PF6) was characterized by X-ray diffraction 
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showing the presence of a five-membered metallacycle with typical 
piano-stool geometry (Fig. 2). The Ru−ylide bond (2.1383(18) Å) falls 
within the range of the rare examples of P-ylide Ru complexes.[18] In 
a last step, the subsequent displacement of p-cymene and chloride 
co-ligands was achieved by heating [3](PF6) in DMSO at 130 °C in the 
presence of two equivalents of 2,2’-bipyridine and AgPF6 (Scheme 1). 
After purification by chromatography on silica gel, the title complex 
[C](PF6)2 was isolated in 90% yield as an air-stable dark red solid. 
Upon exchange at the Ru(II) center (p-cymene vs bpy), the 31P NMR 
chemical shift remained essentially unchanged with a singlet at dP 
45.4 ppm. The persistence of the Ru−CH2 bond was confirmed by 13C 
NMR with a doublet signal in the high-field region (dCH2 −0.2 ppm, d, 
1JCP = 20.6 Hz). In the 1H NMR spectrum, the two diastereotopic H-
atoms of the [−CH2−PPh2Pyr−]+ moiety appeared as a doublet of 
doublets in the high-field zone (0.9−1.8 ppm). The structure of 
[C](PF6)2 was established by X-ray diffraction showing a distorted 
octahedral geometry around the Ru center with the N,C-chelating 
pyridyl-ylide ligand which forms a five-membered metallacycle (Fig. 
2). The Ru−ylide bond (2.145(5) Å) is significantly longer than Ru−NHC 
(1.97-2.00 Å)[17a] and Ru−phenyl (2.044(1) Å)[19] bonds in 
corresponding complexes, consistent with their respective 
hybridization state (C-sp3 vs C-sp2). The CH2 ylide points out of the 
plane defined by the other four atoms pushing back one of the 
pyridine which induces the lengthening of the Ru−N2 bond (2.088(4) 
Å). Compared to Ru−N4 and Ru−N5 bond lengths (2.048-2.057 Å), the 
Ru−N3 bond (2.087(4) Å) also experiences an elongation of 0.03-0.04 
Å due to the trans influence of the strongly donating ylide. 
Gratifyingly, adding AgPF6 to [3](PF6) in MeCN at 100°C in the 
absence of 2,2’-bipyridine led to the formation of the 
tetra(acetonitrile)pyridyl-ylide Ru(II) complex [4](PF6)2 isolated in 
95% yield as orange air-stable crystals (Scheme 1). As confirmed by 
X-ray diffraction, [4](PF6)2 exhibits a typical octahedral geometry 
with the Ru–N3 bond distance (2.100(5) Å) trans to the ylide being 
elongated compared to the three other Ru–N bonds (2.010-2.025 Å) 
(Fig. 2). It is worth mentioning that the obtention of [4](PF6)2 opens 
perspectives for accessing functionalized P-ylide Ru complexes. 

Scheme 1. Synthesis of P-ylide Ru(II) bipyridyl [C](PF6)2 and tetra-acetonitrile [4](PF6)2 
complexes from 2-(diphenylphosphino)pyridine 1.

Photophysical and electrochemical properties of P-ylide complex 
[C](PF6)2 were evaluated and compared with those of 
[Ru(bpy)3](PF6)2[20] and the structurally related Ru bipyridyl  

Figure 2. Perspective views of the cationic part of [3](PF6) (left), [C](PF6)2 (middle) and 
[4](PF6)2 (right) with thermal ellipsoids drawn at the 30% probability level. Selected bond 
lengths [Å], and angles (°). [3](PF6): C1–P1 = 1.7548(19); C1–Ru1 = 2.1383(18); N1–Ru1 = 
2.1120(16); Cl1–Ru1 = 2.4004(5); P1–C1–Ru1 = 106.29(9); C1–Ru1–N1 = 84.58(7); 
[C](PF6)2: C1–P1 = 1.756(6); C1–Ru1 = 2.145(5); N1–Ru1 = 2.101(4); N2–Ru1 = 2.088(4); 
N3–Ru1 = 2.087(4); N4–Ru1 = 2.057(4); N5–Ru1 = 2.048(4); P1–C1–Ru1 = 106.4(3); C1–
Ru1–N1 = 87.30(19); C1–Ru1–N3 = 175.73(18); C1–Ru1–N4 = 87.06(18); N1–Ru1–N4 = 
174.03(16); N2–Ru1–N5 = 171.12(16); [4](PF6)2: C1–P1 = 1.748(6); C1–Ru1 = 2.124(5); 
N1–Ru1 = 2.077(5); N2–Ru1 = 2.010(5); N3–Ru1 = 2.100(5); N4–Ru1 = 2.022(6); N5–Ru1 
= 2.025(5); P1–C1–Ru1 = 107.0(3); C1–Ru1–N1 = 87.0(2); C1–Ru1–N3 = 177.8(2); C1–
Ru1–N4 = 87.8(2); N1–Ru1–N4 = 174.72(19); N2–Ru1–N5 = 177.9(2). 

complexes [A](PF6)[16]  and [B](PF6)2[17] of bidentate phenyl-pyridyl 
and NHC-pyridyl ligands, respectively. The absorption spectrum of P-
ylide complex [C](PF6)2 recorded at room temperature (RT) in DCM at 
a concentration of 1.10-5 mol/L evidenced a strong absorption in the 
high UV range (295 nm, e = 56820 M.cm-1) and a broad band of 
weaker intensity in the visible region with a lmax at 495 nm (e = 13510 
M.cm-1) (Fig. 3, Table 1). By reference to Ru(II) polypyridyl 
complexes,[1] these absorption bands were assigned to ligand-
centered p-p* (LC) and metal-to-ligand charge-transfer (MLCT) 
transitions (i.e., d -> p* transitions), respectively. Compared to 
[Ru(bpy)3](PF6)2 and the NHC complex [B](PF6)2, the lowest energy 
band absorption of [C](PF6)2 displays a bathochromic shift of about 50 
nm. This effect can be rationalized by the stronger donation of the P-
ylide which destabilizes the highest-occupied 4d orbitals on Ru 
decreasing the gap between those orbitals and the bpy p* orbitals in 
agreement with the MLCT character of this band. The corresponding 
MLCT absorption band of [A](PF6) was observed at lower energy (lmax 
= 548 nm) due to the even more donating character of the 
phenylated ligand. RT emission measurements carried out in DCM, 
under 495 nm excitation, shown that the ylide complex [C](PF6)2 is 
emissive with a single and broad emission band at lmax = 672 nm. In 
the solid state, [C](PF6)2 emits at similar wavelengths, although with 
a slight temperature-dependent blue-shift from 293 to 77 K (lmax = 
675 to 670 nm) (SI). In fact, emission wavelengths of [Ru(bpy)3](PF6)2 
(lmax = 596 nm), [C](PF6)2 (lmax = 672 nm), [B](PF6)2 (lmax = 620 nm) 
and [A](PF6) (lmax = 821 nm) correlate well with the energetic trend 
observed for the absorption spectra, and therefore with the inherent 
electronic properties of the corresponding carbon ligands. The 
excited state lifetime (to = 62 ns) and luminescence quantum yield 
(Flum < 0.01) of [C](PF6)2 follow the same trend being lower than 
those of [Ru(bpy)3](PF6)2 and NHC complex [B](PF6)2, but superior to 
that of cyclometalated complex [A](PF6). The photostability of 
[C](PF6)2 was also investigated by measuring the luminescence 
intensity of a DCM solution irradiated at lmax = 460 nm (Fig. 3). Thus, 
the photostability of [C](PF6)2 is slightly lower than that of the 
[Ru(bpy)3](PF6)2 reference, namely a conservation of 80% of its initial 
luminescence after 1 h of irradiation. The influence of the P-ylide 
ligand was further investigated by cyclic voltammetry in DCM 
solution. Complex [C](PF6)2 exhibits a reversible oxidation wave at 
E1/2 = 0.95 V/ECS for the RuII/RuIII event and a  

bpy, DMSO 
AgPF6, 130 °C

KHMDS

THF

0.5 [RuCl2(p-cym)]2

N PPh2

Me [3](PF6)

67%
N PPh2

1) MeI, Toluene, 90 °C PF6

2) NH4PF6
      CH2Cl2/H2O

88% [2](PF6)

90%

1

AgPF6, MeCN

95%
100 °C

[C](PF6)2

Ru

N

N

N

N

CH2

N

P
2 PF6

[4](PF6)2

Ru

N

N

N

N

CH2

N

P
2 PF6

Ru

N

Cl CH2

P
PF6



Journal Name  COMMUNICATION 

J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

Figure 3. UV-Vis absorption (black line) and emission (red line, lex = 495 nm) in CH2Cl2 
of [C](PF6)2 (left). Photostability of [Ru(bpy)3](PF6)2 (black line) and [C](PF6)2 (red line) in 
CH2Cl2 at 25 °C under 50W blue LED (lmax = 460 nm) irradiation (right).

reversible reduction at E1/2 = –1.46 V/ECS assigned to ligand centered 
reduction (ESI). Thus, similarly to photophysical data, comparison of 
these redox values with those of [Ru(bpy)3](PF6)2 and complexes 
[A](PF6) and [B](PF6)2 clearly reflect the electronic properties of the 
supported carbon ligands, the neutral C-sp3 ylide being located in 
term of donating strength between the neutral C-sp2 NHC and the 
anionic C-sp2 aryl ligand. Notably, the modification of the carbon 
ligand has more impact on the oxidation than on the reduction events 
with a direct influence on the HOMO-LUMO gap of complexes, 
consistent with the luminescence data given in Table 1. 

Table 1. Photophysical and electrochemical properties of complex [C](PF6)2 and 
comparison with [Ru(bpy)3](PF6)2 and carbon-based Ru complexes [A](PF6) and [B](PF6)2. 

a In dry, degassed CH2Cl2 at 293K.b lexc = 495 nm.c lexc = 455 nm.d From reference [20].    
e From reference [17]. f From reference [16].g Redox potentials (V) against ECS.  

To better rationalize these results, we performed molecular 
modeling and simulation at the density functional theory level. All the 
three Ru complexes adopt, as expected, a distorted octahedral 
geometry (ESI). The simulated absorption spectra are collected in ESI 
with the lowest in energy and most intense individual transitions. 
Despite a global blue-shift, the experimental trends are correctly 
reproduced. In particular, the lowest energy band of [C] peaks in 
between those of [B] which is blue shifted and [A] red shifted with a 
difference between the absorption maxima of 26 and 41 nm, 
respectively. Interestingly, and as confirmed by the natural transition 
orbitals (NTO, Fig. 4), the nature of the low energy states is 
consistently of MLCT type. In the case of [C], the electronic density is 
accumulated on the bipyridine ligands for the lowest energy band 
and on the pyridine-ylide backbone at higher excitation energies. The 
gap between the MC and MLCT states, dictating photostability and 
excited state lifetime, has been estimated at Franck-Condon (ESI). 
Even though [C] experiences a decrease of the MC/MLCT gap 
compared to the other complexes, the two states are still sufficiently 
separate to avoid inversion and hence a dramatic shortening of the 
lifetime of the MLCT state. As concerns the emission properties (ESI), 

we may observe a general red-shift of the simulated wavelengths, 
even if the experimental trends among the different compounds are 
respected. The modeling of the redox properties of [C] evidences that 
the electron density of the reduced species is accumulated on the 
ligands (Fig. 4B), and more specifically on the bipyridine units. On the 
other hand, in the oxidized complex the hole is localized on the d 
orbitals of the Ru center (Figure 4C). From a quantitative point of 
view, the energy difference between the two species has been 
estimated at 2.68 eV in agreement with experimental redox values.  

Figure 4. (A)  TD-DFT NTOS for the most important transitions of complex [C], spin density 
representing the unpaired electron localization for the reduced (B) and oxidized (C) 
system of complex [C].

Visible light-photocatalysis has recently emerged as a powerful tool 
for organic synthesis, taking advantage of photoinduced single 
electron transfer (SET) or energy transfer (EnT) mechanisms, which 
are respectively governed by the redox potentials and the triplet 
energy values of excited state species.[21] Since Ru(II) polypyridyl 
complexes are active photocatalysts in both processes through the 
involvement of their 3MLCT excited state,[22] we decided to gain 
some information on the photocatalytic activity of P-ylide Ru complex 
[C](PF6)2. Based on a SET mechanism, the oxidative coupling of 
nitroalkanes with N-aryl tetrahydroisoquinolines (THIQ) under visible 
light irradiation was reported to be a valuable method of 
functionalizing Csp3–H bonds adjacent to N-atom.[23] This so-called 
Aza-Henry reaction was demonstrated to be photocatalyzed by 
[Ru(bpy)3]Cl2. Thus, a solution of THIQ and 1.0 mol% of [C](PF6)2 in 
MeNO2 was irradiated with blue LEDs (lmax = 460 nm) under O2 
atmosphere. While after 2h, only 37% of product was formed, the 
Henry adduct was produced in 80% yield after 6 h (Table 2, entries 1-
2). Extending the irradiation time to 16 h did not improve the yield 
(entry 3). As expected, the exclusion of O2 that acts as external 
oxidant resulted in a lower yield (entry 4).[24] Performing the reaction 
in the absence of Ru catalyst led to the product in 30% yield in 
agreement with the formation of an electron donor-acceptor 
complex between THIQ and MeNO2 (entry 5).[25] For comparison, 
under the same conditions, [Ru(bpy)3](PF6)2 afforded MeNO2 adduct 
in only 54% yield (entry 6). In agreement with the redox potential of 
involved species, the formation of the Henry product can be 
rationalized by the oxidative quenching of photoactivated ylide 
catalyst [C](PF6)2 by O2 through a Ru(II)/Ru(III) cycle. In a second time, 
as a photo-induced EnT transformation, we focused on alkene 
isomerization where the thermodynamically less stable isomer can 
be generally produced.[26] 
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Table 2. Aza-Henry reaction and isomerization of E-stilbene with [C](PF6)2. 

Entrya Catalyst Timee Yieldd Entryc Catalyst Timee Yieldd 

1 [C](PF6)2 2 37 7 [C](PF6)2 8 39 

2 [C](PF6)2 6 80 8 [C](PF6)2 16 84 

3 [C](PF6)2 16 77 9 - 16 0 

4b [C](PF6)2 16 40 10 [Ru(bpy)3](PF6)2 16 80 

5 - 16 30 

6    [Ru(bpy)3](PF6)2 16 54 

aReaction conditions: 0.2 mmol, MeNO2 (1 mL). bUnder Ar. cReaction conditions: 0.2 
mmol, degassed MeNO2 (1 mL). dYield in % was determined by 1H NMR using 1,3,5-
trimethylbenzene as an internal standard. eTime was given in hours. 

Gratifyingly, reacting the E-stilbene in MeNO2 in the presence of 1 
mol% of [C](PF6)2 under blue LED irradiation (lmax = 460 nm) afforded, 
after 16 h, its Z-isomer with an excellent conversion of 84% (entry 8). 
Noteworthy, a slightly lower conversion (ca 80%) was observed with 
[Ru(bpy)3](PF6)2 while no reaction occurred in the absence of [C](PF6)2 
(entries 9-10). The 3MLCT energy of [C](PF6)2 estimated from 
emission spectrum (ET ~ 43.0 Kcal mol-1) suggests that the 
isomerization of E-stilbene is here slightly endergonic.[27] However, 
vibronic coupling may favor energy transfer, or state mixing, which 
will in turn trigger the, downhill, isomerization cascade (ESI). 
An air-stable Ru(II) bipyridyl complex of a chelating P-ylide-pyridyl 
ligand was easily prepared in a three-step sequence from 2-
(diphenylphosphino)pyridine. This complex represents one of the 
very few examples of photoluminescent P-ylide complexes, and the 
first representative in the Ru series. It displays notably a 
photoluminescence red-shifted relative to that of [Ru(bpy)3](PF6)2 

and in between those of closely related NHC and cyclometalated Ru 
bipyridyl complexes in accordance with the electronic properties of 
corresponding carbon ligands. Finally, this P-ylide Ru complex was 
demonstrated to be active in visible-light photocatalyzed SET and EnT 
processes, namely the Aza-Henry reaction and the isomerization of 
E-stilbene, which stand as the first photocatalyzed reactions involving 
P-ylides, thus opening new avenues in this field. 
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