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Abstract 
Phosphinines belong to an intriguing class of phosphorus-containing heterocycles with 
interesting steric, electronic and coordinating properties. Nearly half a century ago, in 
1966, Märkl was the first to successfully prepare λ3σ2-2,4,6-triphenylphosphinine. This 
compound contains a fully unsaturated, planar and Hückel aromatic six-membered 
phosphorus heterocycle with a P=C double bond. Due to the strong π-acceptor properties 
of the phosphinine ligand, generally η1-coordination via the phosphorus atom is observed 
with late transition metals in low oxidation states. These coordination compounds are 
interesting for the use of phosphinines in more applied research fields such as 
homogeneous (photo)catalysis and molecular materials. However, phosphinines have 
long been regarded as “chemical curiosities” with different properties compared to 
classical phosphorusIII ligands and pyridines. State-of-the-art synthetic methodologies 
developed during the last decades now allow their specific derivatization and 
functionalization, including the incorporation of additional donor functionalities. The 
introduction of a pyridyl group leads to 2-(2’-pyridyl)phosphinine, a semi-equivalent of 
2,2’-bipyridine (bpy), containing a low-coordinate “soft” phosphorus and a “hard” 
nitrogen heteroatom. These type of compounds have first been described by Mathey et al. 
in 1982 with the synthesis of 2-(2’-pyridyl)-4,5-dimethylphosphinine (NIPHOS) and are 
intriguing bidentate P,N hybrid ligands. Hybrid ligands are bi- or polydentates that 
contain at least two different types of chemical functionalities capable of binding to metal 
centers. They are used in homogeneous catalysis and slowly start to find applications in 
photocatalysis and molecular materials. Müller et al. started to investigate the synthesis, 
reactivity and coordination chemistry of the pyridyl functionalized phosphinine ligand 2-
(2’-pyridyl)-4,6-diphenylphosphinine. 
Extensive investigations on the coordination chemistry of 2-(2’-pyridyl)-4,6-
diphenylphosphinine will be presented throughout this thesis. 
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Chapter 1 

1.1 Phosphinines 

1.1.1 Introduction 
Phosphinines are six-membered heterocycles, containing a low-coordinate trivalent 
phosphorus atom. They have long been regarded as “chemical curiosities” but state-of-
the-art synthetic methodologies, developed mainly by the groups of Mathey, Le Floch 
and Müller et al., allow nowadays specific derivatization and functionalization. However, 
the first milestone in the chemistry of these low-coordinate phosphorus compounds was 
set by Märkl et al. in 1966 with the successful preparation of 2,4,6-triphenylphosphinine 
(1, Figure 1), containing a fully unsaturated six-membered phosphorus heterocyclic 
system.[1] Soon after, the synthesis of the parent compound C5H5P (2, Figure 1) by a tin-
based route was achieved by Ashe III et al. in 1971.[2] The stabilization of reactive P=C 
double bonds by their incorporation into aromatic systems opened up the access to 
formally sp2-hybridized phosphorusIII heterocycles with significantly different electronic 
and steric properties compared to classical ligands based on trivalent phosphorus.[3] 
The name “phosphinine” for such compounds was proposed in 1983 by IUPAC, although 
the term “phosphabenzene” is still frequently found in the literature. More precisely, 
aromatic heterocycles containing a trivalent phosphorus atom linked to two carbon atoms 
(–P=) are designated as 1λ3σ2-phosphinines. 
 

 
Figure 1     1λ3σ2-phosphinines. 

 
Phosphinines are planar, Hückel aromatic system. The incorporation of a phosphorus 
atom into an aromatic moiety has a significant influence on the steric, electronic, and 
coordination properties of the resulting phosphorusIII compounds, and also determines the 
reactivity of such species.  

1.1.2 Steric properties 
Several λ3-phosphinines have been characterized crystallographically.[4-13] This has been 
demonstrated for several 2,4,6-triarylphosphinines and the 2,6-(2’-thienyl)-4-
phenylphosphinine by Müller et al.[14,15] The phosphorus heterocycle in these compounds 
is essentially planar and is best described as a distorted hexagon, unlike its benzene or 
pyridine counterparts. The P-Cα bond lengths (between 1.76 and 1.74 Å[14,15]) lie in 
between those of P-C single bonds (triphenylphosphane: 1.83 Å[16]) and those of P=C 
double bonds (diphenylmethylenephospha-alkene: 1.66 Å[17]). There is essentially no 
bond alternation between the C-C and the P-C bond lengths, which indicates 
delocalization of the π system and the presence of an aromatic system. The internal C-P-
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C angle (between 98.38(12)o and 101.37(11)o [14,15]) is somewhat smaller than the C-N-C 
angle in pyridine (117o).[18] This phenomenon is mainly due to hybridization of the 
phosphorus atom, as well as the lengthening of the heteroatom-carbon bond. From the 
planarity of the phosphorus heterocycles it becomes obvious that the steric demand of 
such ligand systems is significantly different from those of trivalent phosphanes (Figure 
2). 
 

 
Figure 2     Steric properties of 2,4,6-triarylphosphinines in comparison to classical phosphorus ligands. 

 
Tolman’s steric parameter θ (cone angle), which provides a measure of the volume around 
a metal center occupied by a ligand, is not appropriate to describe the steric properties of 
phosphinines. In fact, the occupancy angles α and β along the two orthogonal planes x 
and y show that the steric demand in the y plane is relatively small, while the one in the x 
plane is very large. This leads to a flattened cone rather than a symmetrical one, and the 
steric demand of phosphinines can thus be better described by the occupancy angles α 
and β rather than by the cone angle θ (Figure 2).[19] In this respect, phosphinines are 
similar to their pyridine analogues and to N-heterocyclic carbenes. Values of α = 216o 
and β = 54o have been determined from representative conformations and calculated 
structures of a 2,4,6-triphenylphosphinine-based metal complex, showing an average 
parameter θ = 135o, in comparison to θ = 145o for triphenylphosphine (PPh3).[19] Buried 
volumes of phosphinines have not yet been determined. 

1.1.3 Electronic properties 
The electronic properties of phosphinines differ significantly from those of pyridines, as 
shown by photoelectron and electron transmission spectroscopy as well as by theoretical 
calculations.[3,20-23] Theoretical calculations suggest their aromaticity to be as high as 88-
90% of benzene, whereas pyridine is fully aromatic.[24,25] The HOMO-2 (highest occupied 
molecular orbital) has a large coefficient at the phosphorus atom, and essentially 
represents the lone pair at the heteroatom. The phosphorus lone pair occupies a more 
diffuse and less directional orbital than that of pyridine. While the HOMO-1 and HOMO 
contribute to π donation, the LUMO (lowest occupied molecular orbital), with a large 
coefficient at the phosphorus atom, enables the heterocycle to act as a π-acceptor ligand, 
once coordinated to the metal center via the phosphorus atom (Figure 3). In pyridines, the 
LUMO is located higher in energy compared to phosphinines, while the HOMO 
represents the lone pair located at the nitrogen atom. Consequently, phosphinines are 
much better π-acceptor ligands, but less good σ-donors compared to pyridines.  

x
α

x y

y

β

θ
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Chapter 1 

 
Figure 3     Frontier orbitals of C5H5N and C5H5P. 

 
The phosphorus atom in phosphinines has a strong 3s-orbital character, which is about 
63.8%, versus 29.1% found for the nitrogen atom in pyridines.[26] This reflects the poor 
hybridization ability of phosphorus, that leads to a very low basicity of the phosphorus 
center (pKa (C5H6P+) = -16.1 ± 1.0 in aqueous solution).[27] Phosphinines show a typical 
downfield shift of about δ = + 200 ppm in the 31P{1H} NMR spectrum, and all peripheral 
protons show chemical shift values downfield from benzene in the 1H NMR spectrum. 
These phenomena can be attributed to the presence of a diamagnetic ring current typical 
for aromatic systems. The nucleus-independent chemical shift values (NICS) of 
phosphinines lead to the same conclusion.[26] To quantify the electronic properties of 
ligands, Tolman’s electronic parameter χ (chi) can be used to compare different 
monodentate systems.[19] The IR stretching frequencies of the CO ligands in trans-
[L2Rh(CO)Cl] complexes are ideal probes for determining the electronic properties of 
monodentate phosphinine ligands. The synthesis of common [LNi(CO)3] complexes 
nowadays attracts much less attention, due to the extreme toxicity and inconvenience of 
Ni-carbonyls, whereas correlations between values derived from [LNi(CO)3] complexes 
and various metal carbonyl species already exist.[28] Comparisons of the χ values of 
phosphinines with typical values for phosphanes and phosphites suggest that 
phosphinines are electron-withdrawing ligands (π-acceptors) with properties similar to 
those of phosphites, as might already be anticipated from the corresponding MO diagram 
(Figure 3). 

1.1.4 Coordination chemistry 
As an ambidentate ligand, a phosphinine possesses two different potential coordination 
sites: the lone pair of the phosphorus atom and the aromatic π system. The HOMO-2 of a 
phosphinine is suitable for σ-coordination to a metal center. Its energy is close to the ones 
of the HOMO-1 and HOMO, which can participate in η6-coordination (Figure 4).[29-33] 
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Figure 4     Common coordination modes of phosphinines. 

 
The coordination mode through the phosphorus atom (σ-coordination, 2e-donation) is the 
most common one and is generally observed with late transition metals in low oxidation 
states, due to the pronounced π-acceptor properties of the phosphinine ligand. 
Coordination through the π-system is generally imposed by steric effects, or if the metal 
has no particular affinity for the phosphorus atom lone pair, typically observed with early 
transition metals in high oxidation states.[34,35] Phosphinines easily form σ-coordination 
compounds with transition metal centers in the formal oxidation states 0 and +1. Reduced 
species of the type [(phosphinine)MLn]- and [(phosphinine)MLn]2- have been reported as 
well.[29-33] In contrast, the preparation of phosphinine complexes containing metal centers 
in intermediate oxidation states is rather challenging. One strategy for achieving this is 
the use of chelating phosphinines. The chelate effect, which prevents otherwise fast ligand 
dissociation from a metal center, is an essential feature for such purposes. With the 
chelating polydentate phosphinine ligand 4,4’,5,5’-tetramethyl-2,2’-biphosphinine 
(tmbp) the first RuII complexes (3 and 4) could be prepared and crystallographically 
characterized (Figure 5).[36,37] 
 

 
Figure 5     RuII complexes containing the bidentate tmbp ligand. 

 
A novel aspect in the coordination chemistry of phosphinines is the C-H activation of 
2,4,6-triphenylphosphinine by late transition metal complexes. An unprecedented ortho-
metalation of 1 by RhIII and IrIII has recently been observed by Müller et al. Complexes 
of the type [MCl(Cp*)(P^C)] (M = RhIII (5), IrIII (6), Cp* = pentamethylcyclopentadiene) 
could be isolated and structurally characterized (Figure 6).[38] Furthermore, the reaction 
of 1 with Ir(acac)3 in a ratio of 3:1 gives exclusively and quantitatively the fac-isomer of 
the homoleptic complex fac-[Ir(P^C)3] (7, Figure 6).[39] The access to these coordination 
compounds can lead to new developments in areas such as homogeneous (photo)catalysis 
and molecular materials. 
 

σ - mode; η1 π - mode; η6 σ/π - mode; η1, η6 σ - mode; μ2
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Figure 6     Cyclometalated complexes with ligand 1. 

1.1.5 Applications 
Phosphinines possess a rich and versatile coordination chemistry, thus investigations on 
their application as ligands in homogeneous (photo)catalysis and molecular materials is 
a logical continuation.[31,33,40]  

1.1.5.1 Homogeneous catalysis 
Phosphinines can be used as ligands for homogeneous catalysis due to their strong π-
acceptor properties and their preference to stabilize late-transition metals in low oxidation 
states. Successful applications of these ligands might be anticipated in reactions in which 
the rate determining step leads to an increase in the electron density at the metal center. 
The first example of a phosphinine-based catalyst in homogeneous catalysis was the Fe-
catalyzed cyclotrimerization and cyclodimerization of alkynes and nitriles reported by 
Zenneck et al. in 1996.[41] Subsequent investigations were based on Rh-catalyzed 
hydroformylations,[42-45] Rh-catalyzed tandem hydroformylation-cyclization reactions,[46] 
Ni-catalyzed cyclo-isomerizations,[47] Rh- and Ir-catalyzed hydrogenations,[48,49] and Ir- 
and Pd-catalyzed hydrosilylations.[50] An important contribution has been described by 
Breit et al. who explored the application of phosphinines in the Rh-catalyzed 
hydroformylation of various alkenes.[42-44] The main difficulty for the hydroformylation 
stems from a low catalyst activity of the standard PPh3/Rh catalyst. Substitution of 
phosphines by bulky phosphites was an important advance in this field. While the 
catalytic activity of such systems is extremely high, phosphites in general suffer from an 
inherent lability towards hydrolysis and a tendency to undergo degradation reactions. The 
use of 2,4,6-trisubstituted phosphinines in the Rh catalyzed hydroformylation of styrene 
provided high activity and excellent regioselectivity for the branched aldehyde. While the 
regioselectivity towards the branched product is comparable to PPh3 and P(O(o,p-
tBu)Ph)3 as representatives of classical phosphines and phosphites (~20:1; b:l), the 
activity of the phosphinine-based system is much higher under very mild 
hydroformylation conditions (T = 25oC; p = 20 bar CO/H2; Rh:L = 1:5; TOF/h-1 = 28.7 
(2,4,6-triphenylphosphinine 1) vs. 16.4 (phosphite) and 7.5 (phosphine)). The high 
activity of the Rh-phosphinine complex nicely reflects the electronic and steric situation 
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of the ligand system: electron-withdrawing substituents, or π-acceptor ligands, generally 
favor CO-dissociation from the metal center, leading consequently to higher activities. 
Furthermore, 31P{1H} NMR analysis of the hydroformylation mixtures showed that no 
phosphinine degradation had occurred during the catalytic runs indicating the stability of 
phosphinines under the applied conditions. In this respect, 2,4,6-triphenylphosphinine 1 
was also successfully applied in the hydroformylation of less reactive internal alkenes, 
such as cyclohexene. It was demonstrated that the corresponding Rh-catalyst is as active 
as catalysts based on monodentate bulky triarylphosphites, which belong to one of the 
most active ligand-modified hydroformylation catalyst known to date (T = 90oC; P = 20 
bar CO/H2; Rh:L = 1:10; TOF/h-1 = 214 (phosphinine) vs. 216 (P(O(o-tBu)Ph)3)). In the 
Rh catalyzed hydroformylation as well as in the Ni-catalyzed cycloisomerization the 
catalytic performance of the ligand is governed by steric requirements.[47] In the Ni-
catalyzed cycloisomerization the phenyl groups adjacent to the phosphorus in the 
phosphinine play a key role. When one of the phenyl groups is replaced by a methyl 
group, the reaction still proceeds well. When only alkyl groups are present (methyl or 
tert-butyl) poor rates are observed. Thus, the composition of the adjacent groups (phenyl 
vs. alkyl) is important for the steric size of the ligand. These results indicate that 
phosphinines would be useful ligands in applications which call for bulky, electron 
deficient ligands. Furthermore, the phosphinines are stable under hydroformylation 
conditions which is advantageous in situations where the less stable phosphite ligands 
cannot be used. Other developments in this area focus on the application of bidentate 
phosphinines and chiral phosphinines. The application of bidentate ligands could lead to 
more regioselective catalysts. Iyoda et al. used the bidentate tmbp ligand in the Ir-
catalyzed selective hydrosilylation leading to high selectivity and moderate to high 
yields.[50] The use of chiral phosphinines in asymmetric homogeneous catalysis would be 
interesting in the hydroformylation of internal alkenes. This could lead to chiral 
aldehydes, which are interesting building blocks for fine chemicals and pharmaceutical 
industry. However, the planarity of phosphinines and the formal sp2-hybridization of the 
phosphorus atom do not allow the introduction of phosphorus-stereogenic centers within 
the heterocycles, as is common for classical phosphines based on a trivalent phosphorus 
atom. By introducing chiral auxiliaries, chiral bidentate ligands 8 – 10 (Figure 7) could 
be synthesized with electronic differentiation of the two binding sites. Unfortunately, the 
application of these ligands in Rh-catalyzed hydroformylations showed no significant 
enantiomeric excess.[42,43,48] 
Müller et al. reported on the synthesis of a polymethyl substituted phosphinine in order 
to generate the axially chiral, atropisomeric phosphinine 11 (Figure 8).[51,52] Both 
enantiomers could be separated by means of chiral HPLC. However, it turned out that the 
barrier for internal rotation (ΔG# = 109.5 kJ/mol) is still too low for applications as 
efficient ligands in asymmetric homogeneous catalysis, especially at higher temperature. 
Modification of the substitution pattern for the development of suitable systems is 
therefore necessary. State-of-the-art synthetic methodologies allow a straightforward 
derivatization and functionalization of phosphinines, leading to ligands with tailored 
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properties and substitution patterns not easily accessible with classical phosphorus 
ligands. An extensive screening of such phosphinines in homogeneous catalytic reactions 
is desirable and could lead to unexpected results in terms of activity, reactivity and 
selectivity. 
 

 
Figure 7     Chiral bidentate phosphinine ligands, (4S)-(3-tert-butyl-2-phosphinin)-4-isopropyl-2-yl-4,5-

dihydro-oxazole (8), (1R,2R)-( – )-1,2-dicyclohexyl-[2-(diphenylphosphanyl)benzoyloxy)ethyl 6-tert-butyl-
phosphinin-2-oate (9), and 2-phenyl-6-(2-binol-PO-phenyl)-4-phenylphosphinine (10). 

 

 
Figure 8     S and R isomer of the axial chiral atropisomer ligand 2-(2,3-dimethylphenyl)-3-methyl-4,6-

diphenylphosphinine (11). 

1.1.5.2 Photocatalysis 
Pyridine based cyclometalated complexes are well known in literature for their 
application in photocatalysis. For example, the complex [IrCl(Cp*)(ppy)] (ppy = 2-
phenylpyridine) reported by Crabtree et al. is considered as a benchmark pre-catalyst for 
the photocatalytic water oxidation with Ce4+ as oxidant.[53,54] This discovery leads to an 
increasing interest and subsequent research into the photocatalytic water oxidation with 
transition metal complexes.[55-59] Interestingly, the phosphinine based complex 
[IrCl(Cp*)(P^C)] (5, Figure 6) and its cationic derivative [Ir(NCCH3)(Cp*)(P^C)]OTf 
turned out to be rather active Ir catalysts for the water oxidation with Ce4+ as oxidant as 
well, with initial TOFs of 16 min-1 and TOFmean of 4.6 min-1.[60,61] These phosphinine 
based complexes are the first homogeneous water oxidation catalyst with a metal-
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phosphorus bond. Chemical tuning of the phosphinine ligand can optimize the system in 
the future. 

1.1.5.3 Molecular materials 
The cyclometalated homoleptic complex fac-[Ir(P^C)3] (7, Figure 6) represents the first 
phosphorus analogue of the well-known triplet emitter fac-[Ir(ppy)3].[62,63] Such C-H 
activated functional coordination compounds have attracted a lot of attention due to their 
intense triplet metal-to-ligand charge transfer (3MLCT) emission and high 
photoluminescence properties, when an electric current is applied. These properties led 
to applications in molecular materials such as organic light emitting diodes (OLEDs).[64-

67] Investigations on 7 showed that this complex did not show any phosphorescence 
emission.[39] Nevertheless, these results offer new perspectives for the application of 
phosphinine-based coordination compounds in molecular materials. Again, chemical 
tuning of the phosphinine ligand can optimize various types of transitions which can lead 
to complexes showing phosphorescence emission. 
Interestingly, the coordination of the axial chiral atropisomer 11 (Figure 8) to CuBr·SMe2 
led to the formation of a heterocubane cluster of the type [{CuBr(11)}4] (12, Figure 9).  
 

 
Figure 9     Heterocubane type tetrameric cluster [{CuBr(11)}4] (12). 

 
This structural motif is so far unprecedented in phosphinine chemistry and represents the 
first tetrameric CuI cluster containing an aromatic phosphorus heterocycle. Unlike 7, 12 
exhibits an intense orange luminescence (λmax = 640 nm) at room temperature when 
irradiated with UV light in the solid state. A detailed photophysical study showed an 
intense excitation band with a maximum at λex = 430 nm, and the broad emission between 
λ = 500 and 1000 nm is phosphorescent in nature, with an average emission lifetime of 
τ298 = 171 μs, which is increased at T = 77 K to ca. τ77 = 1516 μs. This is the first example 
of a phosphinine-based coordination compound which also exhibits orange 
phosphorescence. The phosphorescence solely comes from a 3XMLCT state, no 3CC is 
present due to the steric demand of the phosphinine ligand, which inhibits Cu-Cu 
interactions. Investigations on an application of this compound in molecular materials is 
still ongoing.[68] 
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1.1.6 Selective functionalization via the pyrylium salt route  
Since the first discovery of 2,4,6-triphenylphosphinine (1) in 1966 by Märkl, several 
routes towards phosphinines have been described in literature.[35,69] The original synthetic 
route for the preparation via the pyrylium salt route is a highly flexible and modular 
procedure, which interestingly offers easy synthetic access to a whole variety of 
symmetrically as well as nonsymmetrically functionalized phosphinines. Scheme 1 
demonstrates that the heterocyclic framework of 2,4,6-triarylphosphinines can essentially 
be build up by using substituted benzaldehydes and acetophenones, which are often 
commercially available or synthetically accessible. In this way, the steric and electronic 
properties of phosphinine based ligands can be varied to a certain extend.  
 

 
Scheme 1     Modular synthesis of 2,4,6-triarylphosphinines. 

 
2,4,6-Triaryl-substituted pyrylium salts can be synthesized via two routes; the chalcone 
route (α,β-unsaturated aryl ketones, route 1 in Scheme 2) or, alternatively, by cyclization 
of 1,5-diketones (route 2 in Scheme 2) in the presence of HBF4·Et2O or BF3·Et2O.[70-74]  
 

 
Scheme 2     Routes towards substituted pyrylium salts. 

 
The first route is usually applied for symmetrically substituted 2,4,6-triarylphosphinines 
(the phenyl group at the 2 and 6 position of the phosphinine heterocycle have the same 
substitution pattern) and the second route for asymmetrically substituted 2,4,6-
triarylphosphinines. Both, chalcones and 1,5-diketones, can be prepared from the 
corresponding benzaldehydes and acetophenones by classical condensation reactions. 
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Since pyrylium salts formally contain two hydrogen atoms less than their starting 
materials, an oxidant has to be added for the cyclization step, which is typically an 
additional equivalent of the used chalcone. The last step of this route is the oxygen-
phosphorus exchange. This can be achieved with PH3-derivatives, such as P(CH2OH)3 or 
P(SiMe3)3 (Scheme 3).[75,76] Despite its low nucleophilicity, the gaseous PH3 can serve as 
a phosphorus source as well, but is normally avoided due to its high toxicity. Interestingly, 
the pyrylium salt route also allows the preparation of pyridine-derivatives with identical 
substitution pattern, which consequently makes for the first time the direct structural 
comparison of these heterocycles feasible. By using NH3, an oxygen-nitrogen exchange 
can be achieved, according to Scheme 3.[77] 
 

 
Scheme 3     Preparation of phosphinines and the corresponding pyridine derivatives from pyrylium salts. 

 
Through this modular approach it was possible to obtain phosphinines with different 
electronic and steric properties.[14,48,51,52,78-80] In this respect, Breit et al. have 
demonstrated the introduction of –CH3, –CF3 and –OCH3 groups into the phosphinine 
framework.[44] Recently, Müller et al. reported on the synthesis and characterization of 
2,4,6-triarylphosphinines 13 – 21, substituted with electron withdrawing and donating 
groups (Figure 10). In this way the effect of the substitution pattern on the rate and 
regioselectivity of the C-H bond activation during the cyclometalation reaction could be 
studied (vide supra).[15] Electron donating substituents on the ortho-phenyl groups of the 
phosphorus heterocycle facilitate the subsequent cyclometalation reaction, indicating an 
electrophilic C-H activation mechanism. The cyclometalation reaction turned out to be 
very sensitive to steric effects as even small substituents can have a large effect on the 
regioselectivity of the reaction. 
The incorporation of additional donor-functionalities within the heterocyclic framework 
is an important aspect in the design of phosphinines, leading to polydentate systems with 
interesting properties. Interestingly, the pyrylium salt route can also be used for the 
incorporation of heteroaromatic substituents, such as a second phosphinine (22), a thienyl 
(23) or a pyridyl group (24, Figure 11).[14,79] Especially the pyridyl functionalized 
phosphinine (24) is an interesting compound as it can serve as a bidentate P,N hybrid 
ligand for the preparation of phosphinine-based coordination compounds with metal 
centers in various oxidation states. This aspect could provide new perspectives in the field 
of coordination chemistry, homogeneous (photo)catalysis and molecular materials (vide 
infra). 
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Figure 10     Substituted phosphinines bearing electron-donating and electron-accepting groups. 

 

 
Figure 11     Heteroaromatic substituted phosphinines. 

1.2 P,N hybrid ligands 
Hybrid ligands are bi- or polydentate ligands that contain at least two different types of 
chemical functionalities capable of binding to metal centers. These functionalities are 
often chosen to be very different from each other in order to increase the differentiation 
between their resulting interactions with the metal center. They range from ligands that 
differ by their donating atoms (e.g. NR3 and PR3) (“hetero-donating hybrids”) to those 
that are chemically different although they have the same donor atom (e.g. amine and 
imine) (“homo-donating hybrids”). These heterofunctional systems often display unique 
dynamic features, such as hemilability, where one coordinating donor group is easily 
displaced from the metal center while the other donor group remains firmly bound. This 
provides an efficient molecular activation procedure under mild conditions. Another 
useful feature is the electronic asymmetry that is induced by the ligands. This allows 
selective reactions to occur trans to the stronger donor ligand.[81-83] The position trans to 
the stronger π-acceptor becomes more electrophilic than that trans to the σ-donor. The 
hemilability and trans effect are important concepts for the design of homogeneous 
(photo)catalyst, functional molecular materials and activation of small molecules.[81]  
The most abundant donor combinations are primarily ligand sets with different 
permutations of C, N, O, P, S and the less common B, Si, and Se. P,N hybrid ligands are 
by far the most abundant and widely used. The “soft” π accepting phosphorus atom can 
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stabilize a metal center in a low oxidation state, while the “hard” nitrogen σ-donor ability 
makes the metal more susceptible to oxidative addition reactions. This combination can 
help to stabilize intermediate oxidation states or geometries of transition metal 
coordination compounds. P,N hybrid ligands play an important role in the coordination 
chemistry of transition metals as well as in homogeneous catalysis.[84-87] The most 
successful ligands contain a phosphine, phosphinite or phosphite as phosphorus donor 
and an oxazoline, oxazole, thiazole or pyridine as nitrogen donor group. These groups 
can be used to electronically optimize a ligand for the use in a particular reaction by an 
appropriate choice of the donor atoms. For instance, the presence of an imino rather than 
an amino group will result in a nitrogen donor atom with lower σ-donating capabilities. 
Forcing the nitrogen or phosphorus atom into a ring system can lead to a closer orientation 
of substituents, giving rise to different steric effects in comparison to acyclic ligands.  
Phosphinooxazolines (PHOX, 25, Figure 12) are a class of chiral P,N hybrid ligands 
which are often applied in asymmetric catalysis.[88] They are hemilabile, bidentate ligands 
with the “soft” phosphorus atom being more firmly bound to the metal center than the 
“hard” nitrogen donor atom.[89] There are many convenient methods for preparing 
enantiopure oxazolines with a stereogenic center next to the nitrogen atom.[90] The 
standard precursors, an amino alcohol and a carboxylic acid derivative, can be selected 
from a wide variety of readily available compounds. The modular structure of PHOX 
ligands allows extensive variation of the oxazoline ring, the backbone, and the phosphine 
moiety. It is not surprising that is was possible to tailor the ligand structure and improve 
the performance for many classes of metal-catalyzed reactions. PHOX ligands are able to 
influence both the enantioselectivity and regioselectivity of a range of metal catalyzed 
reactions. The regioselectivity is controlled by steric and electronic factors with the trans 
effect as the most important one. PHOX ligands are used for enantioselective allylic 
substitutions with palladium catalysts were they are able to affect a wide range of 
substitutions.[91-93] Coordinated to palladium PHOX ligands also have shown to be 
efficient catalysts for the Heck reaction.[94] High yields and good to excellent 
enantioselectivities have been obtained. Furthermore, iridium complexes incorporating 
PHOX ligands have been shown to be effective for hydrogenation.[95] 
 

 
Figure 12     Well-known P,N hybrid ligands. 

 
Another well-known class of P,N hybrid ligands are the pyridylphosphines. Diphenyl-2-
pyridylphosphine (PPh2Py) (26, Figure 12) is the most widely used mono-
pyridylphosphine ligand of this class.[96-98] The coordination chemistry of 
pyridylphosphines has been extensively studied and mononuclear and binuclear 
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complexes, clusters and oligomers can be obtained. PPh2Py may coordinate in 
monodentate, chelating or bridging manner to the transition metal centers. In its chelating 
mode PPh2Py forms a four membered ring which is strained and relatively unstable, 
giving the ligand hemilability which can play a crucial role in catalysis.[99-106] PPh2Py and 
Ph3P share similar electronic and steric properties, however, the pyridyl group often 
greatly increases the rate of the catalytic reaction compared to the phenyl group in 
Ph3P.[99,106] Transient coordination of the nitrogen donor allows the formation of stable 
coordinatively unsaturated species which would not exist if a monodentate ligand was 
used. 
These are just a few examples of P,N hybrid ligands that are applied in catalysis. With 
respect to photosensitive transition metal complexes, polypyridines play a major role as 
ligands. [Ru(bpy)3]2+, for example, is a powerful sensitizer for solar energy 
conversion.[107] Cyclometalated N,C hybrid ligands have shown to be very efficient as 
well. [IrCl(Cp*)(ppy)] is considered as a benchmark pre-catalyst for the photocatalytic 
water oxidation and fac-[Ir(ppy)3] is a well-known triplet emitter.[53,54,62,63] These 
complexes have transition metal centers with intermediate oxidation states, RuII and IrIII 
respectively. P,N hybrid systems would be ideal bidentate ligands for this type of 
transition metals. However, there are only a few literature reports in which the 
photochemistry of coordination compounds with P,N hybrid ligands is investigated. 
Hsieh et al. reported on the synthesis of IrIII complexes with pyridyl azolate chromophores 
and 5-(diphenylphosphinomethyl)-3-(trifluoromethyl) pyrazole (27, Figure 13). This 
nonconjugated P,N ligand restricts participation in the lowest-lying electronic transition 
but also enhances the coordination strength. These factors lead to fine-tuning of the 
phosphorescence toward uncommon blue to true-blue phosphorescence and suppress the 
nonradiative deactivation.[108] Furthermore, Vega et al. reported on the reaction of PPh2Py 
(26, Figure 12) with [{Re(CO)3Br(THF)}2] under formation of [Re(CO)3Br(26)] (28, 
Figure 13).[109] Coordination compound 28 is equivalent to bipyridine systems based on 
ReI, which have been used as photocatalysts for the reduction of CO2.[110-114] Compound 
28 displays an absorption band centered at λ = 315 nm, which has been assigned to a 
MLCT transition. However, the luminescence quantum yield is only 0.001, which can be 
related to the conformational flexibility of the ligand compared to the more rigid 
bipyridines. The pyridyl functionalized phosphinine 24 (Figure 11) has the same rigidity 
as bipyridines which would make 24 an interesting P,N hybrid ligand for transition metal 
complexes with photochemical properties, such as the aforementioned pyridine based 
systems. Müller et al. recently started investigations on another class of low coordinate 
phosphorus heterocycles, the so-called 3H-1,2,3,4-triazaphospholes. They demonstrated 
the synthesis of 2-pyridylmethyl-functionalized 1,2,3,4-triazaphospholes. These 
chelating ligands form ReI complexes of the type [Re(CO)3Br(N^mN)] (29, Figure 13) by 
coordination of the nitrogen atom to the metal center, rather than via the phosphorus atom. 
The phosphorus atom now provides the possibility to prepare heterobimetallic complexes 
by additional coordination of the phosphorus atom to a second metal fragment.[115,116]  
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Figure 13     Photosensitive transition metal complexes containing P,N hybrid ligands. 

1.3 Pyridyl functionalized phosphinines  

1.3.1 Phosphorus derivatives of polypyridines 

1.3.1.1 2,2’-Bipyridine 
2,2’-Bipyridine (30, Figure 14) and its derivatives are probably among the most studied 
nitrogen ligands, and their rich coordination chemistry has often been exploited for the 
development of homogeneous (photo)catalysis and molecular materials with interesting 
photophysical properties.[117-119] The replacement of a pyridine unit by a π-accepting 
phosphinine entity leads to 2-(2’-pyridyl)phosphinine (31, Figure 14), a semi-equivalent 
of bipyridine containing a “soft” phosphorus and a “hard” nitrogen heteroatom, according 
to Pearson’s HSAB concept.[120] Such chelates are intriguing bidentate hybrid ligands, 
which were first described by Mathey et al. with the synthesis of 2-(2’-pyridyl)-4,5-
dimethylphosphinine (NIPHOS) (32), while the parent compound 31 still remains 
unknown (Figure 14).[121,122] 
 

 
Figure 14     2,2’-Bipyridine and pyridyl functionalized phosphinines. 

 
A selection of relevant frontier orbitals (DFT) of 31 are illustrated in Figure 15. As 
evident from the distribution and size of the coefficients, the LUMO enables the 
phosphinine moiety to act as a strong π-acceptor upon coordination of the phosphorus 
atom to a metal center. In contrast, the most important coefficients of the pyridine moiety 
are localized on the carbocyclic part, demonstrating the weaker π-acceptor properties of 
this subunit. The HOMO of 31 contributes to π-donation from the phosphorus atom 
towards a metal-centered d orbital, while the HOMO-3 represents the lone pairs at the 
heteroatoms for participation in σ-bonding with a metal center.[123] The pronounced 
spherical character and larger coefficient of the phosphorus lone pair, compared to that 
of nitrogen, reflects its less directional and more diffuse nature. In 30, the order of these 
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frontier orbitals is reversed, indicating the rather good σ-donor properties of this ligand. 
This shows that the incorporation of a phosphorus atom into an aromatic moiety has a 
significant influence on the electronic properties of the resulting phosphorus compounds, 
and also determines the reactivity of such species.  
 

 
Figure 15     Frontier orbitals of 31. 

 1.3.1.2 4,4’-Bipyridine 
The modular synthetic rout of phosphinines via the pyrylium-salt route is not restricted 
to phosphorus derivatives of 2,2’-bipyridine. As a matter of fact, the pyrylium salt for the 
phosphorus derivative of 4,4’-bipyridine (33, Scheme 4) is also accessible starting from 
4-pyridinecarbaldehyde.[116] The molecular structure of 33 in the crystal reveals that the 
nitrogen atom is protonated because of the synthetic procedure used. Recently, the oxygen 
phosphorus exchange, to obtain the phosphinine, has been demonstrated by Müller et 
al.[116,124] This phosphorus derivative of 4,4’-bipyridine is particularly interesting as it can 
bind through the “hard” and “soft” donor atom selectively to different metal centers, 
forming potentially heteronuclear complexes, as shown schematically in Scheme 4. 

 

 
Scheme 4     Pyrylium salt 33 towards heterobimetallic complexes with phosphinine ligands. 

1.3.1.3 Terpyridine 
The modular approach for the synthesis of 2,4,6-triarylphosphinines has also been 
extended to the tridentate pyridyl-bridged diphosphinine starting from commercially 
available 2,6-diacetylpyridine.[125] This compound not only resembles a diphosphinine 
analogue of the well-known 2,2’:6’,2”-terpyridine (tpy), but also represents a new class 
of neutral π-acceptor P,N,P pincer ligands. Interestingly, and in contrast to its terpyridine 

2-(2’-pyridyl)phosphinine (31) LUMO

HOMO HOMO-3
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analogue, facile coordination of the P,N,P pincer toward a neutral CuI gave the 
corresponding CuBr complex (34, Figure 16). The P,N,P ligand is coordinated to the 
metal center with a tetrahedral coordination geometry. Due to the more diffuse and less 
directional lone pairs of the phosphorus atoms (vide supra) a remarkable “butterfly” 
structure is formed. 
The phosphorus derivative of terpyridine with the inverse donor combination N,P,N has 
recently been achieved for the first time, starting from 2-acetylpyridine.[116,124] Ligand 35 
(Figure 16) is particularly interesting as the phosphorus atom might bridge to metal 
centers in corresponding (hetero)bimetallic complexes, as observed for the related pyridyl 
functionalized five-membered phoshpoles.[126] 
 

 
Figure 16     Phosphinine based pincer ligands, P,N,P coordinated to CuBr 34 (right) and the N,P,N pincer 

ligand 35 (left). 

1.3.2 NIPHOS 
NIPHOS (32, Figure 14) was first reported by Mathey et al. in 1982. The synthesis 
involves a ring expansion of 1-phenyl-3,4-dimethylphosphole to give a phosphor-oxide 
which was transformed into a phosphor-sulfide. Pyrolysis of the phosphor-sulfide by 
nickel gave 32 (Scheme 5).[122] This synthesis is difficult to perform, especially on a large 
scale, but it remains the simplest route towards 32.  
 

 
Scheme 5     Synthesis of NIPHOS (32). 
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Only a few studies have so far been devoted to its coordination chemistry as NIPHOS 
requires a multistep synthesis and is, at the same time, difficult to handle due to its high 
sensitivity towards nucleophilic attack at the phosphorus atom and facile protonation at 
the nitrogen center.[127] The few examples reported in the literature are complexes of the 
types [M(CO)4(32)] (M = Cr0, Mo0, W0), [M2(L)2(32)2]X2 (M = RhI, IrI; L = cod (1,5-
cyclooctadiene), nbd (norbornadiene); X = SbF6 or PF6) and [MCl(L)(32)][MCl3(L)] (M 
= PdII, PtII; L = tertiary phosphine). Complexation by the zero-valent metals Cr0, Mo0, 
and W0 initially takes place in two separate steps including a preliminary 
monocoordination of the strong π-acceptor phosphorus atom followed by ring closure 
through coordination of nitrogen. The monocoordinated complexes could be detected by 
means of 31P{1H} NMR spectroscopy, however they could not be isolated. They 
spontaneously lose carbon monoxide to give the chelate.[127] Coordination of NIPHOS to 
[Rh2Cl2(nbd)2] and [Ir2Cl2(cod)2] gave an unusual coordination mode of the phosphinine 
ring where the phosphorus atom bridges two metal centers. The X-ray crystal structure 
analysis of the cationic iridium complex [Ir2(cod)2(32)2] (36) has been reported (Figure 
17).[128] Interestingly, NIPHOS replaces 2,2’-bipyridine (30) when starting from 
[M2(L)2(30)]SbF6 (M = RhI, IrI; L = cod or nbd) showing that NIPHOS is a better ligand 
for RhI and IrI than bipyridine and that the dienes are strongly bound. 
 

 
Figure 17     Cationic [Ir2(cod)2(32)2] complex 36. 

 
The preparation of complexes with transition metal centers in intermediate oxidation 
states turned out to be rather difficult. Attempts to prepare [PtCl2(32)] by the reaction of 
NIPHOS with [PtCl2(cod)] were unsuccessful and the formation of several products was 
observed. Only the reaction of NIPHOS with [M2Cl4L2] (M = PdII, PtII; L = tertiary 
phosphine) led to the formation of salts of the type [MCl(L)(32)][MCl3(L)] (M = Pd (37), 
Pt (38), Scheme 6).[129] These complexes could only be characterized in solution by 1H 
NMR and 31P{1H} NMR spectroscopy as they form oils that gradually decomposed. It 
turned out that these species are highly sensitive towards nucleophilic attack and reacted 
with traces of water or alcohols under formation of the complexes 
[MCl(L)(32H·OH)][MCl3(L)] (M = PdII (39), PtII (40), Scheme 6). Especially for metal 
centers in higher oxidation sates, the aromaticity of the phosphinine heterocycle is 
significantly disrupted upon coordination. As a result, the phosphinine core behaves as a 
cyclophosphahexatriene containing a highly reactive P=C double bond. Note here also 
that the transition metal complexes of bipyridines undergo reaction with water albeit with 
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opposite regioselectivity due to the different charge distribution in pyridines compared to 
phosphinines.[130] 
 

 
Scheme 6    Reaction of PdII and PtII complexes of NIPHOS with water and alcohols under formation of the 

corresponding 1,2-dihydrophosphinine complexes. 
 
From a mechanistic point of view, nucleophilic attack of water or alcohols on the 
coordinated phosphorus atom followed by protonation at the 6-position in a two-step 
process, or vice-versa, is the most likely reaction path rather than a concerted mechanism 
involving a four-membered transition state (Figure 18).[129] An experimental distinction 
between the two proposed mechanisms is, however, not possible as the carbon atom at 
the 6-position of the phosphinine core bears only a hydrogen substituent. The orientation 
of the added hydrogen atom of the alcohol with respect to the RO group can thus not be 
elucidated through structural investigations. 
 

 
Figure 18     Possible mechanisms for the reaction of phosphinine-based metal complexes with water or 

alcohols. 
 
Furthermore, Venanzi et al. demonstrated that the –OH group in 
[PtCl(L)(32H·OH)][MCl3(L)] (40) can be deprotonated with diisopropylamine to form 
[MCl(L)(32H·O)], although the product was never structurally characterized.[129] 

1.3.3 2-(2’-Pyridyl)-4,6-diphenylphosphinine 

1.3.3.1 Synthesis 
Müller et al. showed that 2-(2’-pyridyl)-4,6-diphenylphosphinine (24) is readily available 
from the pyridyl functionalized pyrylium salt and P(SiMe3)3 (Scheme 7).[14] The pyridyl 
functionalized pyrylium salt was prepared starting from diketone 3,5-diphenyl-1-(2-
pyridyl)pentane-1,5-dione. Upon oxidation with one equivalent benzylidene-2-
acetophenone in the presence of BF3·Et2O, the corresponding pyrylium salt can be 
obtained in good yields. Interestingly, this route also allows the preparation of pyridine 
derivatives with an identical substitution pattern.  
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Scheme 7     Synthesis of pyridyl functionalized phosphinine 24. 

1.3.3.2 Reactivity 
From the Mulliken charges shown in Figure 19, it is not surprising that the reactivities of 
phosphinines and pyridines are completely opposed. While nucleophiles react with 
pyridines at the C2 position, they will attack at the phosphorus atom in phosphinines, 
leading to (1R)-cyclophosphahexadienyl anions.[131] Common methods for the 
derivatization of arenes or pyridines are therefore not applicable in phosphinine 
chemistry. Müller et al. explored the reactivity of pyridyl functionalized phosphinine 24 
(Figure 11) and demonstrated how diverse the chemistry of such compounds is. Figure 
20 gives an overview of the investigations on compound 24. 
 

 
Figure 19     Mulliken charges for C5H5P and C5H5N. 

 

 
Figure 20     Selected reactions of pyridyl functionalized phosphinine 24. 
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Selective protonation: The only example of a phosphorus-protonated phosphinine 
reported in the literature so far is a phosphininium salt, which is generated by the reaction 
of 2,4,6-tri-tert-butyl-1-phosphinine with Et3Si(CHB11Me5Cl6) followed by the addition 
of triflic acid.[132] The reaction of 2-(2’-pyridyl)-4,6-diphenylphosphinine (24) with triflic 
acid leads exclusively to the protonation of the nitrogen atom of the pyridine moiety as 
crystallographically confirmed for the salt 24·HSO2CF3 (41, Figure 21).[133] 
 

 
Figure 21     Products of the protonation (41) and oxidation (42) of 2-(2’-pyridyl)-4,6-diphenylphosphinine. 

 
Oxidation reactions: Higher substituted phosphinines are rather stable to air. The 2,4,6-
triphenylphosphinine-oxide has been detected, but turned out to be too reactive and could 
not be isolated.[134] Oxidation of 2,4,6-triphenylphosphinine (1) with H2O2 leads to the 
formation of a 2-hydrophosphinic acid after initial formation of a λ5-phosphinine-oxide 
hydrate.[134] Oxidation of 1 with HgCl2 in the presence of alcohols leads to fairly stable 
and highly fluorescent λ5-phosphinines.[135] In contrast to many phosphorusIII compounds, 
which react readily with elemental sulfur to the corresponding phosphane-sulfides, 
phosphinine-sulfides can only be obtained by heating toluene solutions with a slight 
excess of sulfur for several days at rather high temperatures.[136] DFT calculations have 
shown that the sulfur lone pairs in these sulfides are strongly stabilized by the two σ*(P-
C) orbitals and the phosphinine π* system. Interestingly, the oxidation with sulfur to 
phosphinine-sulfides can be accelerated considerably in the presence of pyridine. It turned 
out that 24 is converted rapidly within one day with a slight excess of sulfur at T = 90oC 
to the corresponding phosphinine-sulfide (42, Figure 21), which could be crystallo-
graphically characterized.[133] This reactivity can be attributed to the fact that 
nucleophiles, such as pyridine, facilitate ring-opening of the S8 molecule and enhance 
their reactivity. Oxidation of the phosphorus atom with sulfur is known to increase the 
reactivity of phosphinines in Diels-Alder reactions, which was confirmed both 
experimentally and by theoretical calculations.[137] Consequently, it was anticipated that 
the P=C double bond in the phosphinine-sulfide 42 might also be prone to nucleophilic 
addition reactions, leading to a mixture of diastereomers because of the prochiral nature 
of the Cα atoms. Upon addition of methanol λ5-phosphinine 43 could be 
crystallographically characterized.[133] In order to describe this species, two mesomeric 
forms can be formulated: a nonaromatic but delocalized and conjugated system (43A), 
and a zwitterionic aromatic system (43B) (Figure 22). 
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Figure 22     Possible mesomeric structures for 43. 

 
Selective [4+2] cycloaddition reactions: In general, the Diels-Alder addition of a reactive 
dienophile to a phosphinine moiety generates a phosphabarrelene cage. These systems 
were first explored by Märkl et al. and later by Breit et al. with respect to applications as 
phosphorus ligands in Rh-catalyzed hydroformylation reactions.[45,138,139] As a matter of 
fact, the addition of benzyne, generated in situ from ortho-bromofluorobenzene and 
magnesium, to phosphinines furnishes phosphabarrelenes in good yields as fairly air- and 
moisture-stable, colorless to yellow crystalline compounds. On the other hand, 1 reacts 
neither with diethyl acetylenedicarboxylate nor with maleic anhydride. However, the 
highly reactive dienophile hexafluoro-2-butyne reacts with 2,4,6-triaryl- or 2,4,6-trialkyl-
substituted phosphinines at T = 100oC to fluorine-substituted 1-phospha[2.2.2]octa-2,5,7-
trienes.[140] So far, phosphabarrelenes of P,N hybrid ligands have remained unknown. In 
fact, it was shown that 24 cannot be transformed into the corresponding pyridyl 
functionalized phosphabarrelene with in situ generated benzyne. Nevertheless, the group 
of Müller et al. could recently show that hexafluoro-2-butyne indeed reacts cleanly to the 
fluorine functionalized phosphabarrelene (44, Scheme 8).[116]  
 

 
Scheme 8     Diels-Alder reaction of 24 with hexafluoro-2-butyne towards pyridyl functionalized 

phosphabarrelene 44. 
 
Selective alkylations: Strong nucleophiles, such as RMgX or RLi reagents, attack the 
phosphorus atom in phosphinines to form (1R)-phosphahexadienyl anions.[131] As 
expected, 24 can be converted easily into the corresponding λ4σ3-phosphinine species 45 
by reaction with stoichiometric amounts of PhLi in THF at T = –78oC (Scheme 9).[141] A 
large chemical shift is observed by 31P{1H} NMR spectroscopy on going from the neutral 
phosphinine (δ = 189.0 ppm) to the anionic form (δ = –58.6 ppm). This indicates that the 
aromaticity in the ring has been disrupted substantially owing to the presence of a rather 
basic phosphorus center with a formal sp3 hybridization (PMe3: 31P{1H} NMR, δ = –60 
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ppm). The nucleophilic attack of the organolithium reagent should, in principle, lead to 
two different stereoisomers. However, it is interesting to note that only one sharp signal 
in the 31P{1H} NMR spectrum of 45 is found, even when recording the spectra at T = –
70oC. Apparently, only one isomer is present in solution as well as in the solid state, as 
the barrier for inversion is expected to be high for such trivalent σ3-coordinated 
phosphorus species, although the interconversion might be facilitated by an aromatically 
stabilized λ4σ3-species. 
 

 
Scheme 9     Alkylation of 24 with phenyllithium towards λ4σ3-phosphinine 45. 

 
Selective functionalization: Through the modular pyrylium salt route it is possible to 
functionalize 2,4,6-triarylphosphinines (vide supra). On the other hand, a systematic 
investigation of the influence of substituents on the electronic properties of phosphinines 
has so far remained elusive.  
The P,N hybrid ligand 24 enforces σ-coordination to a metal center, so it is an ideal 
bidentate ligand to probe the influences of substituents on the electronic properties of the 
aromatic phosphorus heterocycle, as π coordination can be excluded. It was anticipated 
that the modular synthetic route towards 24 (Scheme 7) would offer the possibility to 
introduce defined substituents into the phenyl group at the 4-position of the heterocyclic 
framework. This would allow, for the first time, a systematic modulation of the electronic 
properties of 24 not only via +/  ̶ I-effects of the substituents, but also through the 
participation of the P=C double bond in conjugative interactions via +/  ̶ M-effects. 
Starting from para-substituted benzaldehydes, the corresponding phosphinines 46 – 48 
could be prepared (Figure 23).[142] 
 

 
Figure 23     Pyridyl functionalized phosphinines 46 – 48. 
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1.3.3.3 Coordination Chemistry 
After the synthesis of pyridyl functionalized phosphinine 24 Müller et al. also started to 
investigate its coordination chemistry. As expected, the π-accepting properties of 24 
easily allow the synthesis of complexes of the type [MILn(24)] (49, 50, Figure 24) by 
treatment of 24 with [Rh(cod)2]BF4 or [Re(CO)5Br].[61,116,123] Complex 50 resembles the 
corresponding bipyridine-based ReI complex, which have been used by Lehn et al. for 
the photochemical reduction of CO2 to CO.[110-114] 
 

 
Figure 24     Coordination of 24 to RhI (49) and ReI (50). 

 
In contradiction to NIPHOS, 24 can be coordinated to [MCl2(cod)] (M = Pd, Pt) to obtain 
the neutral complexes [MCl2(24)] (PdII (51), PtII (52), Scheme 10).[143] Both complexes 
seem to be considerably more stable than the NIPHOS containing PdII and PtII complexes 
[MCl(L)(32)][MCl3(L)] (M = PdII (37), PtII (38), Scheme 6) described by Venanzi et al. 
As a matter of fact, 51 and 52 can easily be isolated and do not show any particular 
degradation.[129] 
The additional phenyl substituents at the 4- and 6-position of the heterocyclic framework 
might contribute to a kinetic stabilization of the metal complexes as the P=C double bond 
is sterically more hindered for addition reactions. The reactions of 51 and 52 with 
methanol, however, afforded [MCl2(24H·OCH3)] (PdII (53), PtII (54), Scheme 10) under 
certain reaction conditions.  
 

 
Scheme 10     Reaction between [MCl2(24)] (PdII (51), PtII (52)) and methanol towards syn-

[MCl2(24H·OCH3)] (PdII (53), PtII (54)). 
 
Because of the phenyl substituent in the 6-position in the phosphorus-heterocycle the 
addition of CH3OH to the P=C double bond leads not only to a stereogenic phosphorus 
atom but also to a stereogenic Cα atom. From a mechanistic point of view it seems 
interesting to explore the selectivity of the methanol addition, because it might add to the 
P=C double bond in either a syn or an anti fashion. This is especially interesting because 
addition of traces of water or alcohols to PdII and PtII NIPHOS complexes 37 and 38 has 
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been observed before. These complexes lack in an additional substituent in the Cα position 
of the NIPHOS ligand, thus the selectivity of the addition process could not be evaluated 
for [MCl(L)(32H·OH)][MCl3(L)] (M = Pd (39), Pt (40), Scheme 6).[129,143] Interestingly, 
the 31P{H1} NMR spectrum of [PdCl2(24H·OCH3)] (53) shows only a single resonance, 
excluding the formation of diastereomeric product mixtures generated by random transfer 
of a proton to the Cα atom. The molecular structure of 53 in the crystal state 
unambiguously shows that the CH3OH molecule has been added to the P=Cα double bond 
in a syn fashion, rather than in an anti fashion.[143]  
Further extensive investigations on the synthesis, characterization and reactivity of novel 
transition metal complexes based on 2-(2’-pyridyl)-4,6-diphenylphosphinine (24) will be 
presented throughout this thesis. 

1.4 Aim and scope of the thesis 
The aim of this thesis is to explore in detail the coordination chemistry of 2-(2’-pyridyl)-
4,6-diphenylphosphinine (24) as a bidentate P,N hybrid ligand, especially for metal 
centers in medium to higher oxidation states. The properties of the obtained coordination 
compounds are investigated for future applications in molecular devices, homogenous 
catalytic systems and molecular materials, for which metal centers in intermediate 
oxidation states are necessary. As already outlined, the access to phosphinine complexes 
with metal centers in intermediate oxidation states is rather challenging. The pyridyl 
functionalized phosphinine ligand 24, however, can make the difference because it 
combines a “soft” π-accepting phosphinine and a “hard” σ-donating pyridine moiety 
which can contribute significantly to the formation and stabilization of transition metal 
complexes with metal centers in higher oxidation states. In the subsequent chapters the 
unique properties of these aromatic phosphorus heterocycles are described while 
coordinated to various transition metal complexes. 
Chapter 2 reveals a detailed investigation of the structural and spectroscopic properties 
of a series of novel group 6 coordination compounds [M(CO)4(24)] (M = Cr0, Mo0, W0). 
Interestingly, coordination of the corresponding 2,2’-bipyridine, 2-(2’-pyridyl)-4,6-
diphenylpyridine makes a direct comparison of aromatic phosphorus and nitrogen 
heterocycles feasible.  
Chapter 3 shows that the chelate effect of the bidentate P,N hybrid ligand made it possible 
for the first time to access novel cationic RhIII and IrIII complexes, which were compared 
with the structurally related bipyridine based systems. Because of a substantial 
dearomatization of the phosphorus heterocycle after coordination to the metal center, the 
P=C double bond becomes reactive towards nucleophilic attack. The nucleophilic attack 
of water proceeds diastereoselectively and leads exclusively to the anti-addition products. 
In Chapter 4 it appears that these coordination compounds could be deprotonated with 
triethylamine to eliminate HCl. These are new transformations in the coordination 
environment of RhIII and IrIII that provide an easy and general access to new transition 
metal complexes containing λ4σ5-phosphinine ligands. 
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The synthesis of the first pyridyl functionalized phosphinine based transition metal 
complexes with metal centers in intermediate oxidation states, which are stable towards 
nucleophilic attack are described in Chapter 5. Coordination of 24 towards RuII leads to 
neutral [RuCl(Cp*)(25)] and cationic [Ru(CH3CN)(Cp*)(25)]X (X = OSO2CF3 or PF6) 
coordination compounds from which the P=C double bond does not react with 
nucleophiles. The coordination chemistry of 24 compared to the analogous bipyridine 
derivative has also been investigated for [RuCl(Cp*)(24)]. Furthermore, both ligands are 
applied in the ruthenium catalyzed Carroll rearrangement reaction. 
In Chapter 6 the synthesis towards the pyridyl functionalized phosphinine derivatives of 
the well-known dye-sensitizer [Ru(NCS)2L2] (L = 2,2’-bipyridyl-4,4’-dicarboxylic acid) 
and triplet emitter [Ru(bpy)3]2+ are explored. Starting from cis-[RuCl2(dmso)4] as RuII 
precursor the synthesis of the monocoordinated compound cis-[RuCl2(dmso)2(24)] and 
the dicoordinated compound [RuCl2(24)2] could be demonstrated. Reactions starting from 
[RuCl2(24)2] towards [Ru(NCS)2(24)2] and [Ru(24)3]2+ proved to be very troublesome. 
Nevertheless, the reactivity of the P=C double bond towards nucleophilic attack of the 
cis-[RuCl2(dmso)2(24)] and [RuCl2(24)2] complexes was investigated by addition of 
water and methanol. 
Given that the synthesis towards [Ru(24)3]2+ proved to be very troublesome, in Chapter 7 
the synthesis towards [Ru(bpy)2(24)]X2 (X = PF6, BF4, OSO2CF3 and BARF) is 
elaborated. The structural and spectroscopic properties of these P,N-based complexes and 
their analogues bipyridine complexes are investigated and compared with 
[Ru(bpy)3](PF6)2.  
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Abstract 
Replacing nitrogen by phosphorus in otherwise similar structures changes the properties 
of the resulting compounds significantly due to the electronic difference that exists 
between these heteroatoms. While the “hard” nitrogen atom of the pyridine moiety acts 
as a good σ-donor, the “soft” phosphorus atom of the phosphinine core results in a rather 
strong π-acceptor. A series of novel group 6 complexes [M(CO)4(L)] (M = Cr0, Mo0, W0) 
have been synthesized, in which L is either 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) or 
the corresponding bipyridine derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2) as a 
chelating bidentate ligand. The here presented results describe a detailed investigation 
of the structural and spectroscopic properties of the coordination compounds 
[M(CO)4(1)] and [M(CO)4(2)] (M = Cr0, Mo0, W0), leading to a better understanding of 
such intriguing aromatic phosphorus heterocycles. 
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2.1 Introduction 
α-Diimines (-N=C-C=N-), such as 2,2’-bipyridine (bpy, Figure 1), are well studied 
nitrogen ligands. Their rich coordination chemistry has often been exploited for the 
development of molecular devices and homogeneous catalytic systems because of their 
interesting spectroscopic, photochemical and electrochemical properties.[1-11] 
Tetracarbonyl-(α-diimine) complexes [M(CO)4(α-diimine)] of the group 6 metals (M = 
Cr0, Mo0, W0) are interesting because of the unique combination of an electron-rich, low 
valent metal atom, stabilized by four CO ligands, and an electron accepting α-diimine 
ligand.[12-20] These compounds usually have low-lying metal-to-ligand charge-transfer 
(MLCT) excited states and thus play an important role for understanding the 
spectroscopic, photophysical and photochemical behavior of such chromophores. In fact, 
the lowest lying MLCT state is responsible for several interesting features, such as a 
negative solvatochromism and an interesting luminescence in solution. 
The replacement of a pyridine unit in bpy by a π-accepting λ3-phosphinine entity leads to 
2-(2’-pyridyl)-4,6-diphenylphosphinine (1, Figure 1), a semi-equivalent of bpy 
containing a low-coordinate “soft” phosphorus and a “hard” nitrogen heteroatom.[21-28] 
Such chelates are intriguing bidentate P,N hybrid ligands, which have recently been 
explored extensively by Müller et al.[28-33] 
 

 
Figure 1     α-Diimine 2,2’-bipyridine (bpy), pyridyl functionalized phosphinine 1 and its bipyridine 

derivative 2. 
 
Substituting nitrogen by phosphorus in similar structures causes significant different 
properties due to the electronic difference that exists between these heteroatoms.[23-

25,27,28,34-39] As a matter of fact, the electronic properties of phosphinines differ 
significantly from those of pyridines, as shown by photoelectron and electron 
transmission spectroscopy as well as by theoretical calculations.[40] As explained in 
Chapter 1 the phosphinine acts as a π-acceptor ligand, once coordinated to the metal 
center via the phosphorus atom. Consequently and in contrast to pyridines, phosphinine-
based ligands are especially suitable for the stabilization of electron rich metal center.[28] 
As expected, the π-accepting property of the chelating P,N hybrid ligand 1 easily allows 
the synthesis of [M1Ln(1)] complexes by reaction of 1 with [Rh(cod)2]BF4 (cod = 1,5-
cyclooctadiene) or [Re(CO)5Br] and both compounds were characterized 
crystallographically.[27,33] More importantly, also the rather challenging preparation of 
phosphinine complexes with metal centers in intermediate oxidation states has been 
achieved recently for the first time. The hitherto unknown MII complexes with the 
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chelating P,N hybrid ligand (1) of type A,[28,33,41,42] and the cyclometalated MIII 
compounds of type B,[43] were also crystallographically characterized (Figure 2).  
 

 
Figure 2     MII (A) and MIII (B) phosphinine coordination compounds. 

 
Interestingly, the strategy used for the synthesis of phosphinines via the pyrylium salt 
route, originally reported by Märkl et al., also allows the preparation of the bipyridine 
derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2, Figure 1). This compound has an 
identical substitution pattern as 1, which consequently makes a direct structural 
comparison of the aromatic phosphorus and nitrogen heterocycles as well as the 
corresponding transition metal complexes possible.[27,28,33,42] 
Here the synthesis of the pyridyl functionalized phosphinine ligand 1 and the 
corresponding bipyridine derivative 2 is reported. Furthermore, the synthesis and 
characterization of a series of the group 6 [M(CO)4(L)] complexes (M = Cr0, Mo0, W0), 
in which L is 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) or the corresponding bipyridine 
derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2), is reported. A detailed comparison of 
the structural and spectroscopic data will be presented, which allows an evaluation caused 
by the different heteroatoms in otherwise identical compounds. 

2.2 Synthesis of the ligands 
2,4,6-Triaryl substituted phosphinines can be synthesized via pyrylium salts which are 
build up from two acetophenones and one benzaldehyde. This pyrylium salt route is very 
modular because of the large number of commercially available acetophenones and 
benzaldehydes. Müller et al. have already demonstrated the access to various 
functionalized 2,4,6-triphenylphosphinines via pyrylium salts.[27,28,42,44-51] It was also 
possible to obtain the pyridyl functionalized phosphinine 1 and its bipyridine derivative 
2 following the synthetic route depicted in Scheme 1.[33,48] The pyrylium salts can 
generally be synthesized either from the chalcone (α,β-unsaturated aryl ketones) or, 
alternatively, by cyclization of 1,5-diketones in the presence of HBF4·Et2O or 
BF3·Et2O.[52] The alternative method via 1,5-diketones has been applied for the 
introduction of the heteroaromatic pyridyl substituent (Scheme 1). The pyridyl 
functionalized pyrylium salt (4) cannot be obtained directly by reaction of the chalcone 
benzylidene-2-acetophenone with 2-acetylpyridine and HBF4·Et2O, due to substantial 
retro-aldol condensation under these reaction conditions, leading to a product mixture.[53] 
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Scheme 1     Synthesis of 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) and 2-(2’-pyridyl)-4,6-diphenylpyridine 

(2) via the pyrylium salt route.  
 
As depicted in Scheme 1 the 1,5-diketone, 3,5-diphenyl-1-(2-pyridyl)pentane-1,5-dione 
(3), is synthesized by mixing 2-acetylpyridine, chalcone (benzylidene-2-acetophenone) 
and NaOH with mortar and pestle. According to a modified experimental procedure 
described by Katritzky et al., 2-(2’-pyridyl)-4,6-diphenylpyrylium tetrafluoroborate (4) 
was prepared, starting from 3.[54,55] Subsequent oxidation with one equivalent chalcone in 
the presence of BF3·Et2O affords pyrylium salt 4 as a yellow solid. Compound 4 was 
further converted into phosphinine 1 by reaction with an excess of 
tris(trimethylsilyl)phosphine (P(SiMe3)3). 
Furthermore, pyrylium salt 4 can also be used as starting material for the synthesis of the 
bipyridine derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2, Scheme 1). Passing NH3 
through a suspension of pyrylium salt 4 in Me-THF gave the corresponding bipyridine 2. 

2.3 Synthesis of the coordination compounds 
Hexacarbonyl complexes of Cr0, Mo0 and W0 are kinetically rather stable, making thermal 
ligand substitution reactions usually rather difficult and unselective. Therefore the 
synthesis of the carbonyl complexes of 1 and 2 were attempted both under photochemical 
and thermal conditions. It turned out that the 18 VE Cr0 complexes 5 and 8 (Scheme 2) 
can easily be obtained quantitatively by reacting [Cr(CO)6] with ligand 1 or 2 under 
irradiation with UV-light in THF for 8 and 24 hours, respectively. It was observed that 5 
and 8 are also accessible in rather good yields under thermal reaction conditions. The 
reaction towards the Cr0 complex 5 was monitored by means of 31P{1H} NMR 
spectroscopy and the course of the ligand substitution reaction under UV-light is depicted 
in Figure 3 (top). Coordination compound 5 shows a characteristic downfield shift of the 
phosphorus resonance in the 31P{1H} NMR spectrum at δ (ppm) = 246.0 (5), in contrast 
to phosphinine-based transition metal complexes of RhI, PdII, and PtII in which the 
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phosphorus signal is shifted upfield from the one of the free ligand (δ (ppm) = 189.0 
(1)).[56-58] 
 

 
Scheme 2     Synthesis of tetracarbonyl complexes 5 – 10 containing 1 and 2. 

 

 

 
Figure 3     Time-dependent 31P{1H} NMR spectra for the conversion of 1 with [Cr(CO)6] (top) and [W(CO)6] 

(bottom) towards 5 and 7, respectively. 
 
Interestingly, an intermediate is observed upon consumption of the ligand at δ (ppm) = 
209.0. This resonance could be attributed to the formation of the mono-substituted 
complex [Cr(CO)5(N,η1-P)], in which only one carbonyl ligand has been replaced by the 
phosphorus-containing heterocycle, prior to the formation of the final product 5. Similar 
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behavior has been observed by Mathey et al. for the reaction of 2-(2’-pyridyl)-4,5-
dimethylphosphinine (NIPHOS) with [Cr(CO)6].[58] Because of the presence of a “soft” 
phosphinine and a “hard” pyridine moiety, which would certainly react in a different 
manner, it is anticipated that the coordination of the P,N hybrid ligand will take place in 
two steps starting with coordination of the phosphorus donor to the metal center, followed 
by formation of the chelate through coordination of the nitrogen atom. The phosphinine-
based complex [Cr(CO)5L] has been reported in literature by Nöth et al. As a matter of 
fact, a chemical shift difference of Δδ (ppm) = 18.0 has been observed for the signals of 
2,4,6-triphenylphosphinine and the complex by means of 31P{1H} NMR spectroscopy.[57] 
This value is in the same range observed for 1 and the intermediate at δ (ppm) = 209.0 
(Δδ (ppm) = 20.0). Apparently, this species can be observed only during the 
photochemical ligand substitution reaction, as this intermediate was not observed while 
performing the reaction thermally. 
The complexes based on Mo0 (6 and 9, Scheme 2), could easily be synthesized starting 
from commercially available [Mo(nbd)(CO)4] (nbd = norbornadiene) and one equivalent 
of 1 or 2. The ligand substitution reactions were completed at room temperature within 1 
and 3 hours, respectively. 
The W0 complexes 7 and 10 (Scheme 3) were obtained by mixing [W(CO)6] and ligand 
1 and 2, respectively, in toluene and heating at T = 120oC. It turned out, that after 48 hours 
only 60 to 70% of the starting material was converted to the final product. However, 
irradiation of a THF solution of [W(CO)6] and ligand 1 or 2 with UV-light for 12 and 48 
hours, respectively, lead to a full conversion of the starting material. When following the 
course of the ligand substitution reaction by means of 31P{1H} NMR spectroscopy, 
(Figure 3 bottom) an intermediate is again observed at δ (ppm) = 163.0 (1J(P,W) = 138.0 
Hz). Interestingly, the coupling between the tungsten and phosphorus nuclei shows 
indeed that first the phosphorus donor is coordinated to the W0 center, followed by 
coordination of the nitrogen atom under formation of 7.  
Competition experiments were performed between the P,N hybrid ligand 1 and the N,N 
analogue 2 with respect to their coordination capacity to a rather electron-rich transition 
metal center. Therefore one equivalent of 1 was added to a solution of coordination 
compounds 8, 9 or 10. It turned out that the bipyridine derivative 2 was almost 
quantitatively replaced by phosphinine 1 in the corresponding [M(CO)4(L)] complexes 
(M = Cr0, Mo0, W0) within a few hours (Scheme 3). 
 

 
Scheme 3     Ligand exchange of bipyridine ligand 2 from complexes 8 – 10 with P,N ligand 1 under 

formation of coordination compounds 5 – 7. 
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In case of the tungsten complex 10, the ligand exchange reaction under formation of 7 by 
refluxing in toluene proceeds almost quantitatively within 3 hours. This reaction can 
easily be followed by means of 31P{1H} NMR spectroscopy, as depicted in Figure 4 for 
all three transition metal complexes. 
 

 
Figure 4     Time-dependent 31P{1H} NMR spectra of the ligand exchange of bipyridine derivative 2 by P,N 

ligand 1 under formation of complexes 5 – 7. 
 
As anticipated before, the P,N hybrid ligand 1 is a much better π-acceptor and thus prefers 
coordination to a low-valent metal center in contrast to the bipyridine derivative 2. 
Mathey et al. already described a similar competition experiment, in which 2,2’-
bipyridine was displaced by NIPHOS from an electron rich IrI and RhI fragment.[59] For 
the molybdenum analogue the reaction already takes place at room temperature in DCM. 
However, in order to convert complex 8 into coordination compound 6, a reaction time 
of 72 hours was needed. The displacement of 2 from the corresponding chromium 
complex was, on the other hand, completed within 3 hours in refluxing DCM. This 
reaction does not take place at room temperature. This was also observed for the tungsten 
complex, which formation also requires higher reaction temperatures. 

2.4 Crystallographic characterization 
Crystals of compounds 6 – 10 suitable for X-ray diffraction could be obtained. The orange 
phosphinine-based complexes 6 and 7 are isomorphous in the acentric orthorhombic 
space group Pna21, while the red bipyridine-based coordination compounds 8 and 9 are 
isomorphous in the centrosymmetric triclinic space group P 1  (no. 2). Compound 10 

crystallizes in the centrosymmetric monoclinic space group P21/c. The molecular 
structures are depicted in Figure 5 along with the selected bond lengths and angles listed 
in Table 1. 
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Figure 5     Molecular structure of 6 – 10 in the crystal. Displacement ellipsoids are shown at the 50% 

probability level. 
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Table 1     Selected bond lengths (Å) and angles (o) for coordination compounds 6 – 10. 
 6 7  8 9 10 
M(1)-P(1) 2.4790(4) 2.4661(4) M(1)-N(1) 2.1566(11) 2.2930(12) 2.2932(13) 
M(1)-N(1) 2.3031(14) 2.2910(17) M(1)-N(2) 2.1036(12) 2.2406(12) 2.2312(12) 
C(5)-C(6) 1.477(2) 1.477(3) C(5)-C(6) 1.4761(18) 1.4825(19) 1.469(2) 
P(1)-C(1) 1.7368(16) 1.725(2) N(1)-C(1) 1.3551(16) 1.3553(18) 1.359(2) 
P(1)-C(5) 1.7331(16) 1.728(2) N(1)-C(5) 1.3601(18) 1.3596(19) 1.3646(19) 
C(1)-C(2) 1.394(2) 1.402(2) C(1)-C(2) 1.3910(18) 1.393(2) 1.392(2) 
C(2)-C(3) 1.396(2) 1.397(2) C(2)-C(3) 1.395(2) 1.394(2) 1.400(2) 
C(3)-C(4) 1.399(2) 1.395(3) C(3)-C(4) 1.3971(19) 1.396(2) 1.394(2) 
C(4)-C(5) 1.393(2) 1.394(3) C(4)-C(5) 1.3898(19) 1.390(2) 1.384(2) 
N(1)-C(6) 1.363(2) 1.358(2) N(2)-C(6) 1.3531(18) 1.3522(19) 1.353(2) 
N(1)-C(10) 1.345(2) 1.350(3) N(2)-C(10) 1.3466(17) 1.3471(19) 1.348(2) 
C(1)-P(1)-C(5) 104.34(7) 104.84(8) C(1)-N(1)-C(5) 117.07(11) 117.43(12) 116.77(13) 
P(1)-M(1)-N(1) 74.21(3) 74.23(4) N(1)-M(1)-N(2) 76.20(4) 72.30(4) 72.71(5) 

 
The X-ray crystal structure analyses confirm the mononuclear nature of the coordination 
compounds with ligand 1 and 2 acting as a bidentate chelate. As known from many 
structurally characterized [M(CO)4(L)] complexes (M = Cr0, Mo0, W0, L = α-diimines), 
the axial carbonyls in coordination compounds 6 – 10 bend away from the P,N and N,N 
moieties as a result of minimizing the electron repulsion between the relevant orbitals for 
σ-donation and π-back donation, which are involved in the complex formation. This is 
exemplarily shown by the side views of the complexes [Mo(CO)4(1)] (6) and 
[Mo(CO)4(2)] (9) in Figure 6a and 6c, respectively, in which the two addition phenyl 
groups are omitted for clarity and only the ipso-carbon atoms (ip) are shown. 
Unfortunately, it is not possible to correlate in this particular case the Cax-M-Cax angle 
with the electron withdrawing character of the bidentate ligand because two different 
heteroatoms are present in 6, which should have an influence on the coordination 
geometry. From the same graphical representation it is further obvious, that the two 
heterocyclic rings in all compounds are not perfectly coplanar with respect to one another. 
Nevertheless, in contrast to coordination compounds 6 and 7, the molecular structure of 
the bipyridine-based complexes 8 – 10 reveal a strong distortion, as the two pyridine rings 
are notably twisted (torsion angle N(1)-C(5)-C(6)-N(2) = -13.22(16)o (8), -13.96(17)o (9), 
-18.4(2)o (10), with interplanar angles between the least-square planes = 15.52(6)o (8), 
16.03(6)o (9), 23.18(8)o (10)). The distortion is about the same for the isostructural 8 and 
9, however, more pronounced for 10. This effect might be due to the fact that the phenyl 
group in α-position of the phosphorus and nitrogen-heterocycle leads to a repulsive 
interaction with the M(CO)4 fragment, causing ultimately a distortion of the ligand as 
well. The intercyclic C(5)-C(6) bond lengths are with 1.477(2) Å (6), 1.477(3) Å (7), 
1.4761(18) Å (8), 1.4825(19) Å (9), and 1.469(2) Å (10) all very similar. A comparison 
of the molecular structures of the phosphinine-based complexes and the bipyridine 
derivatives nicely shows the difference between the aromatic phosphinine and pyridine 
rings. 
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Figure 6     Side view (a and c) and top view (b and d) of molybdenum complexes 6 and 9. The two additional 

phenyl groups are omitted for clarity and only the ipso-carbon atoms (ip) are shown. 
 
This is especially obvious from the graphical representation of the molybdenum 
complexes 6 and 9 in Figure 6b and 6d. Due to the larger P-C bond length in comparison 
to the N-C bond length, the phosphorus heterocycle is not a regular hexagon but distorted 
with C-P-C angles of 104.34(7)o (6) and 104.84(8)o (7), in contrast to the nearly 120o 
found for the C-N-C angles in the pyridine moieties. The P(1)-C(5) bonds are 1.7331(16) 
Å (6) and 1.828(2) Å (7), which is slightly longer than the corresponding bond in the 
[MCl2(1)] complexes (M = PdII, PtII) of type A (Figure 2) (1.720 Å and 1.712 Å, 
respectively).[41] Moreover, the P(1)-C(1) and P(1)-C(5) bond lengths of 
1.7368(16)/1.7331(16) Å (6) and 1.725(1)/1.728(2) Å (7) are somewhat shorter than in a 
free 2,4,6-triarylphosphinine (1.74 – 1.76 Å)[45], whereas the C-C bond lengths in the 
aromatic phosphinine subunit are in the usual range (1.393(2) – 1.399(2) Å in 6 and 
1.394(3) – 1.402(2) Å in 7) observed for both free and coordinated phosphinine ligands. 
As expected, the M(1)-N(2) distance in 8 (2.1036(12) Å) is much smaller than in 9 
(2.2406(12) Å) and in 10 (2.2312(12) Å). Consequently, the bite angles N(1)-M(1)-N(2) 
are very similar for 9 (72.30(4)o) and 10 (72.71(5)o), while the bite angle in 8 is much 
larger (76.20(4)o). 
All the M(1)-N(2) bond lengths in 8 – 10 are shorter compared to the corresponding M(1)-
N(2) bond in coordination compound 6 and 7, due to the presence of the phosphorus atom, 

Mo(1)

N(1)

b)

P(1)

ip
ip

Mo(1)

a)

O(3)

C(25)

Mo(1)

N(1)

d)

N(2)

ipip

Mo(1)

c)

O(3)

C(25)

54 
 



2-(2´-Pyridyl)-4,6-diphenylphosphinine versus 2-(2´-pyridyl)-4,6-diphenylpyridine: Synthesis and characterization of 
novel Cr0, Mo0, and W0 carbonyl complexes containing chelating P,N and N,N ligands 

rather than a nitrogen atom. As a result, the bite angles P(1)-M(1)-N(1) are with 74.21(3)o 
(6) and 74.23(4)o (7) larger than the N(1)-M(1)-N(2) bite angles in 9 and 10.  
The metal centers are not located in the ideal axis of the phosphorus lone pair but clearly 
shifted towards the nitrogen atom. This is especially obvious from the graphical 
representation of the molybdenum complexes 6 and 9 in Figure 6b and 6d. The observed 
values are C(1)-P(1)-Mo(1) = 147.12(6)o, C(5)-P(1)-Mo(1) = 106.47(5)o, C(1)-P(1)-W(1) 
= 146.70(7)o, C(5)-P(1)-W(1) = 106.80(6)o. Clearly, this effect is necessary for an 
efficient complexation of the metal atom by the chelating P,N ligand and facilitated by 
the more diffuse and less directional lone pair of the low-coordinate phosphorus atom 
relative to the sp2-hybridized nitrogen atom in pyridines. Consequently, this is not 
observed for the M(1)-N(1) interaction, for which values of C(6)-N(1)-Mo(1) = 
124.52(10)o, C(10)-N(1)-Mo(1) = 118.08(11)o, C(6)-N(1)-W(1) = 124.62(12)o and, 
C(10)-N(1)-W(1) = 117.84(12)o were found. Moreover, the phenyl substituents in the α-
position of the phosphorus heterocycle are shifted away from the coordination site and 
are additionally rotated out of the plane of the phosphorus heterocycle (torsion angles 
P(1)-C(1)-C(11)-C(12) = 36.4(2)o (6) and 36.0(3)o (7)). As already pointed out by Le 
Floch et al. the C(1)-P(1)-C(5) angle of the coordination compounds give an indication 
of the reactivity of the P=C double bond, especially towards nucleophilic attack.[23,24] 
Upon coordination of the lone pair of the phosphorus atom, containing a high s character 
in the free ligand, must gain considerable p character. This leads to an opening of the 
internal C(1)-P(1)-C(5) angle, which is approximately 100o in a free phosphinine. 
Because this phenomenon can thus be correlated with the electron-accepting character of 
a metal fragment, it appears interesting to compare the C(1)-P(1)-C(5) angle in 6 and 7 
with selected literature data. For the MII complexes [MCl2L] (M = PdII, PtII) the values 
are 107.3o and 107.6o, respectively. The large opening of these C(1)-P(1)-C(5) angles 
reflects significant disruption of the aromaticity and consequently leads to a high 
reactivity of the P=C double bond towards nucleophilic attack.[41] This has indeed been 
observed experimentally, as these complexes react immediately with water or alcohols at 
the P=C double bond (Chapter 1). In the Cr0 complex [Cr(CO)4(tmbp)] (tmbp = 4,4’,5,5’-
tetramethyl-2,2’-biphosphinine), the C(1)-P(1)-C(5) angle is with 104.3o significantly 
smaller. Interestingly, this compound it highly stable towards nucleophilic attack.[60] For 
compounds 6 and 7, values of 104.34(7)o and 104.84(8)o, respectively, were found. The 
opening is similar to [Cr(CO)4(tmbp)] and indeed both compounds are highly stable 
towards nucleophilic attack as a reaction with water or methanol could not be observed 
even at elevated temperatures. 
The CO ligands in the coordination compounds are ideal IR-probes to evaluate and 
compare the electronic properties of ligands 1 and 2. Coordination compounds 5 – 10 
were further investigated by means of IR-spectroscopy. In agreement with related 18 VE 
carbonyl compounds, all complexes show the characteristic wavenumbers centered 
around ṽ(CO) = 1900 cm-1 (Table 2). Within one series of group 6 metal complexes, the 
values of the IR stretching frequencies vary only marginally. However, it is obvious that 
the coordination compounds containing the P,N hybrid ligand (5 – 7) show significantly 
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higher CO stretching frequencies than the bipyridine based coordination compounds (8 – 
10). As anticipated, this phenomenon can be attributed to the higher π-accepting character 
of the phosphinine heterocycle compared to the more σ-donating pyridine moiety.  
 

Table 2     IR-wavenumbers ṽ(CO) of 5 – 10. 
 ṽ(CO) (cm)-1 

[Cr(CO)4(1)] (5) 2011; 1910; 1870 
[Mo(CO)4(1)] (6) 2018; 1914; 1869 
[W(CO)4(1)] (7) 2008; 1893; 1870; 1836 
[Cr(CO)4(2)] (8) 2003; 1886; 1859; 1812 
[Mo(CO)4(2)] (9) 2002; 1898; 1865; 1813 
[W(CO)4(2)] (10) 1995; 1873; 1849; 1810 

2.5 Solvatochromism 
The absorption spectra of the complexes were studied in different organic solvents. 
Coordination compounds 5 – 10 exhibit two or three bands in the region between λ = 350 
– 600 nm (Figure 7). Table 3 lists the spectral data for complexes 5 – 10, recorded in 
DCM at room temperature. In analogy to known [M(CO)4L] complexes these bands can 
be assigned to MLCT transitions d(M0)  π*(ligand), as the bands are absent in the free 
ligands.  
 

  
Figure 7     Absorption spectra of complexes 5 – 10 (1.25·10-4 M DCM solutions at T = 298 K). 

 
 

Table 3     Absorption spectral data of complexes 5 – 10. 
 λmax/ nm (10-3 ε/M-1 cm-1)a 
[Cr(CO)4(1)] (5) 498 (7.618); 404 (11.330) 
[Mo(CO)4(1)] (6) 473 (6.577); 403 (6.791); 372 (6.392) 
[W(CO)4(1)] (7) 478 (11.806); 404 (12.521); 370 (11.229) 
[Cr(CO)4(2)] (8) 520 (3.486); 379 (4.296) 
[Mo(CO)4(2)] (9) 483 (4.436); 364 (4.463) 
[W(CO)4(2)] (10) 498 (5.569); 386 (5.173) 

a 1.25·10-4 M in DCM at T = 298 K. 
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Because low-lying MLCT states are usually responsible for several features, such as 
negative solvatochromism, the absorption spectra of coordination compounds 5 – 10 were 
recorded in different solvents. In fact, MLCT transitions can be susceptible to solvent 
polarity and exhibit a blue shift of the MLCT maxima with increasing the solvent polarity 
(negative solvatochromism).[15,17,61-63] The absorption spectra of the complexes were 
measured in toluene, tetrahydrofurane (THF), dichloromethane (DCM), 
dimethylformamide (DMF), and dimethylsulfoxide (DMSO) and the results are depicted 
in Figure 8 and Table 4. 
 

 

 

    
Figure 8     Absorption spectra of complexes 5 – 10 measured in the solvent range from nonpolar toluene to 

highly polar DMSO at T = 298 K from 1.25·10-4 M solutions. 
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Table 4     Absorption spectral data of 5 – 10 in solvents with increasing solvent polarity (λmax/nm) a. 
 Toluene THF DCM DMF DMSO Δ 
[Cr(CO)4(1)] (5) -b 

-b 
488 
403 

498 
404 

485 
-c 

477 
387 

11 
16 

[Mo(CO)4(1)] (6) 483 
406 
373 

470 
401 
378 

473 
404 
364 

462 
397 
364 

459 
395 
376 

24 
11 
- 

[W(CO)4(1)] (7) 489 
407 
369 

479 
404 
376 

478 
404 
370 

473 
363 
-c 

464 
372 
-d 

25 
35 
- 

[Cr(CO)4(2)] (8) 554 
402 

528 
386 

520 
379 

494 
-c 

490 
-d 

64 
- 

[Mo(CO)4(2)] (9) 514 
380 

498 
364 

483 
364 

462 
389 

458 
391 

56 
- 

[W(CO)4(2)] (10) 535 
383 

508 
371 

498 
368 

474 
396 

469 
391 

66 
- 

a At T = 289 K, 1.25·10-4 M solutions, b Insoluble, c Band coincides with solvent absorption, d Band coincides 
with other absorption 

 
Unfortunately, complex 5 could not be measured in toluene because of its low solubility 
in this solvent. However, a blue shift of Δλ = 11 and 16 nm for the two MLCT bands in 
going from THF to the highly polar DMSO solvent, was observed.  
The Mo0 and W0 complexes (6 and 7) were soluble in all solvents. In this case a clear 
shift of the two MLCT bands of Δλ = 24 and 11 nm for 6, and Δλ = 25 and 35 nm for 7 
in going from the nonpolar to the polar solvent is seen. Both the Mo0 and W0 complexes 
show a third band in the high-energy region around λ = 360 nm, which is apparently not 
affected by the solvent polarity, as this band hardly shifts upon changing the solvent. 
The bipyridine complexes 8 – 10 show a prominent MLCT band around λ = 550 nm. The 
second band in the high-energy region hardly shifts upon changing the solvent, as 
observed for the phosphinine-based complexes 6 and 7. A strong blue shift is observed 
for the MLCT bands of Δλ = 64 (8), 56 (9) and 66 nm (10) in going from the nonpolar 
toluene to highly polar DMSO. Because of stronger mixing of dπ and π* orbitals by π-
backbonding the negative solvatochromism becomes smaller with increasing π-acceptor 
strength of the CO-ligand in [M(CO)4L] complexes due to a reduced charge transfer 
character in the MLCT transition. The here described results are thus perfectly in line 
with the structural as well as IR-spectroscopic data, which point to a higher π-accepting 
character of P,N hybrid ligand 1, in contrast to bipyridine derivative 2. 

2.6 Cyclic voltammetry 
The electrochemical properties were investigated of ligands 1 and 2 as well as the 
corresponding coordination compounds 5 – 10 by means of cyclic voltammetry and the 
results are shown in Figure 9 and Table 5.  
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Figure 9     Electrochemical spectra of ligand 1 and 2 and coordination compounds 5 – 10 determined by CV 

on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M THF solutions at T = 298 K. 
 

Table 5     Electrochemical properties of ligand 1 and 2 and coordination compounds 5 – 10 determined by 
CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M THF solutions at T = 298 K. a,b 
 Reduction Oxidation 

E1 E2 E3 E4 E1 E2 E3 
P,N (1) -2.36c -2.78c -3,19c - -0.11c 0.72c,e 1.02c,e 

[Cr(CO)4(1)] (5) -2.01c -2.33c,d -2.96c -3.28c,d - 0.33c 0.96c 

[Mo(CO)4(1)] (6) -1.95c -2.33c,d -2.93c -3,24c,d - 0.53c 0.82c 

[W(CO)4(1)] (7) -1.95c -2.28c,d -2.93c - - 0.55c - 
N,N (2) -2.61c -3.18c - - - - - 
[Cr(CO)4(2)] (8) -2.10(105)1.17 -2.70c - -3.20c -0.04c - 0.69c 

[Mo(CO)4(2)] (9) -2.03(81)1.62 -2.63c -2.98c -3.17c 0.16c 0.43c 0.85c 
[W(CO)4(2)] (10) -1.96(71)1.25 -2.58c -2.94c -3.14c 0.17c - 1.06c 

a Values for (Epa + Epc)/2 in V vs Fc+/Fc as internal standard, ΔEpc in mV (in parentheses) Ipc/Ipa (in Italic) at a 
scan rate of 100 mV·s-1, b SCE reference electrode is used, Fc vs SCE = 0.54(83)0.81, 

c irreversible process, Epa value reported, d weak signal, e very weak signal which disappears after a few scans. 
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The phosphinine-based ligand 1 and its coordination compounds (5 – 7) have less 
negative reduction potentials compared to 2 and its coordination compounds (8 – 10). 
This is in excellent agreement with the relative energetic positions of the LUMO’s. The 
LUMO of 1 is lower in energy than the LUMO of 2 and 1 is thus easier to reduce than 2. 
Moreover, both heterocyclic ligand systems show two reduction waves in the cyclic 
voltammogram. The reduction processes of 1 are irreversible. The first reduction process 
of ligand 2 is also irreversible when measuring the full range from 1.8 to -3.0 V. However, 
when the measurement is stopped after the first reduction of -2.4 V, this process becomes 
reversible (see Table 6 and Figure 10 in the experimental section). 
Furthermore, this process is a one electron reduction, which can be concluded from the 
differential pulse voltammetry measurement with ferrocene were the one electron 
oxidation peak of ferrocene and the first reduction peak of 2 have the same peak area (see 
Table 7 and Figure 11 in the experimental section). The second reduction process of 2 is 
also irreversible as observed for compound 1. The coordination compounds 5 – 10 have 
three or four reduction waves. Coordination of ligand 1 and 2 to the metal center shifts 
the reduction potentials to more positive values, because the LUMO energy lowers upon 
coordination.[64,65] The shift of the first reduction towards positive potentials is essentially 
due to the fact that reduced forms of the ligand (L- and L2-) are more stabilized by ligation 
than the fully oxidized form of the ligand (L).[66,67] The shift is smaller for the 
phosphinine-based compounds 5 – 7 than for the bipyridine-based compounds 8 – 10. 
Again, the reduction waves of the phosphinine-based compounds 5 – 7 are all irreversible. 
The first reduction waves of 8 – 10 are irreversible when the spectra are recorded from 
1.8 to -3.0 V. However, when measuring from 1.8 to -2.0 V, the first reduction process 
becomes reversible (see Tables 8 – 10 and Figure 12 – 14 in the experimental section). 
This shows that the radical anions [M(CO)4(2)]·- are fairly stable.[68] The reversibility 
further indicates that the LUMO is a ligand-centered π* orbital. It was not possible to 
determine if these reduction waves are one-electron reductions as differential pulse 
voltammetry measurements with equimolar ferrocene in the sample did not give equal 
integrals. Probably the coordination compounds behave differently than ferrocene does, 
making it impossible to compare them. The other reduction waves of 8 – 10 are 
irreversible. The second reduction is also chemically irreversible for bpy or 
phenanthroline complexes, due to a fast dissociation of a CO ligand.[15] The third and 
fourth reductions belong to a complicated process which involves consumption of two to 
three electrons.[15] There is a clear and established order in that the heavier homologues 
display more positive reduction potentials.[64,65] In agreement with literature the 
chromium complexes (5 and 8) have the most negative reduction potential followed by 
the molybdenum complexes (6 and 9) and the tungsten complexes (7 and 10) are most 
easy to reduce for both the phosphinine and bipyridine based complexes. Furthermore, 
the stabilization of reduced forms is evident from the equally shifted second reduction 
waves. The difference between reduction wave E1 and E2 is almost the same for all 
complexes and thus characteristic for the ligand system.[65]  
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In case of the bipyridine ligand 2, no oxidation waves could be observed. The pyridyl 
functionalized phosphinine 1, however, shows three irreversible oxidation waves in the 
cyclic voltammogram. Nevertheless, the last two are very weak and disappears after a 
few scans. The electrochemical oxidations of all coordination compounds (5 – 10) are 
irreversible. This process corresponds to a loss of one electron from a metal-centered 
orbital. In fact, it is well-known that the +1 oxidation state of molybdenum and tungsten 
tetracarbonyl complexes is rather unstable.[15,64,69-71] From the measurements it appears 
that also the +1 oxidation states of the chromium complexes are unstable. This 
demonstrates the effect of the relatively high ligand basicity by destabilization of the 
highest occupied metal-based orbital. A high pKa value of the ligand improves the 
complex stability of the coordination compounds because they have stronger σ-donor 
character. Although bipyridine derivative 2 does not show any oxidation waves, the 
bipyridine based coordination compounds (8 – 10) are easier to oxidize, indicating that 
ligand 2 has a higher pKa value and is the stronger σ-donor compared to phosphinine-
based ligand 1, which is in agreement with the lower HOMO-2 level of 1. Consequently, 
1 is a weaker base than 2, as also apparent from the molecular orbital scheme of 
phosphinines in comparison with pyridines. These results suggest that the reduction of 
the complexes 5 – 10 take place on the ligands, rather than on the metal center, which 
indicates a very small contribution of the metal d-orbitals to the LUMOs of the 
complexes. 

2.7 Conclusion 
The here presented results describe a detailed investigation of the structural and 
spectroscopic data of 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) and its coordination 
compounds [M(CO)4(1)] (M = Cr0, Mo0, W0) in comparison to its structurally analogous 
bipyridine derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2). The air and moisture stable 
tetracarbonyl complexes containing the P,N hybrid ligand can easily be obtained by 
ligand exchange reactions under thermal or photochemical conditions. In the latter case, 
a transient species is observed during the course of the reaction of [M(CO)6] (M = Cr0, 
W0) with one equivalent of 1, revealing the formation of the intermediate species 
[M(CO)5(N,η1-P)] prior to the formation of the final product. Competition experiments 
showed that 1 is the preferred chelate ligand for the coordination to an M(CO)4 fragment, 
which is in line with the good π-accepting properties of this ligand. The structural analysis 
of the coordination compounds reveal significant differences between ligand 1 and 2 due 
to the larger size of the phosphorus atom compared to the nitrogen atom. The results of 
the IR spectroscopic measurements, the presence of negative solvatochromism as well as 
the cyclic voltammetry investigations are in line with the higher π-accepting capacity of 
the phosphinine moiety compared to a pyridine system. These systematic investigations 
nicely demonstrate the differences between phosphorus and nitrogen containing 
heteroaromatic systems having otherwise identical structures. 
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2.8 Experimental section 
General remarks: All reactions were performed under argon using Schlenk techniques or in an MBraun dry box 
unless stated otherwise. All glassware was dried prior to use. [Cr(CO)6], [Mo(CO)4(nbd)] and [W(CO)6] were 
purchased from STREM and used without further purification. All common solvents and chemicals were 
commercially available. P(SiMe3)3 was prepared according to a literature procedure.[72] The dry solvents were 
prepared by using custom-made solvent purification columns filled with Al2O3. The elemental analyses were 
performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr (Germany). 1H, 13C{1H}, and 
31P{1H} NMR spectra were recorded on a Varian Mercury 200 or 400 spectrometer and all chemical shifts are 
reported relative to residual proton resonance of the deuterated solvents. IR spectra were measured on a 
Shimadzu MIRacle10 FTIR-ATR spectrometer and UV-vis spectra on a Shimadzu UV-1650pc from 1.25·10-4 
M DCM solutions of the compounds. For reactions under UV radiation a Philips HPK 125W high-pressure 
mercury vapor lamp was used. Spectrometer Cyclic Voltammetry measurements were performed with Autolab 
PGSTAT 302N AUT84884 and a three electron system with a Glassy-Carbon working electrode, platinum sheet 
counter electrode, and a saturated calomel electrode (SCE) reference electrode. Conducting salt 
tetrabutylammonium hexafluorophosphate (NBu4PF6, Fulka ≥ 99.0%) was used for electrochemical analysis 
and 5·10-3 M THF solutions of the compounds were used. As reference ferrocene (98% Aldrich) was used. 
 
3,5-Diphenyl-1-(2-pyridyl)pentane-1,5-dione (3): The compound was prepared according to a modified 
literature procedure.[73] Benzylidene-2-acetophenone (8.12 g, 39.2 mmol, 1.0 equivalent) and 2-acetylpyridine 
(4.72 g, 39.2 mmol, 1.0 equivalent) were mixed with NaOH (1.64 g, 39.2 mmol, 1.0 equivalent) using a mortar 
and pestle. All compounds were stirred for about 10 minutes until a sticky yellow mixture was obtained. The 
product was transferred into a flask containing a water/ethanol mixture (1:2) and heated until everything was 
dissolved. The solution was allowed to cool down to room temperature. The pure product was filtered off and 
dried under vacuum, affording a white powder (11.5 g, 34.9 mmol, 89%). M.P. 104oC. spectroscopic data from 
references.[55,73] 1H NMR (CDCl3, 300 MHz): δ (ppm) = 3.33 (2H, m), 3.63 (2H, m), 4.05 (1H, m), 7.06 (1H, 
m), 7.20 (2H, t, 3J(H,H) = 7.48 Hz), 7.25 (2H, m), 7.32 (3H, m), 7.44 (1H, m), 7.69 (1H, dt, 3J(H,H) = 7.6, 4J(H,H) = 
1.7 Hz), 7.83 (2H, m), 7.88 (1H, m) 8.55 (1H, m). 13C NMR (CDCl3, 75 MHz): δ (ppm) = 36.8, 44.1, 45.4, 
122.0, 126.7, 127.3, 127.8, 128.3, 128.5, 128.7, 133.1, 137.0, 137.3, 144.5, 149.0, 153.6, 198.7, 200.2. 
 
2-(2’-Pyridyl)-4,6-diphenylpyrylium tetrafluoroborate (4): BF3·Et2O (22.3 g, 157.3 mmol, 8.0 equivalents) was 
added dropwise to a mixture of 3 (6.5 g, 19.7 mmol, 1.0 equivalent) and benzylidene-2-acetophenone (4.1 g, 
19.7 mmol, 1.0 equivalent) at room temperature. The reaction mixture was then heated to T = 70oC for 3 hours. 
After allowing the reaction mixture to cool down to room temperature a yellow solid precipitated was obtained 
after adding Et2O. The yellow solid was collected on a glass filter, washed with Et2O and recrystallized from 
methanol to obtain the pyrylium salt as yellow needles (4,7 g, 11.8 mmol 60%). M.P. 243oC (decomposition). 
1H NMR ([D6]DMSO, 200 MHz): δ (ppm) = 7.76-7.90 (7H, m; Harom), 8.26 (1H, dt, 3J(H,H) = 7.8 Hz; Harom), 
8.49-8.79 (5H, m; Harom), 9.02 (1H, m; Harom), 9.20 (1H, s; Harom), 9.32 (1H, s; Harom). 13C NMR ([D6]DMSO, 50 
MHz): δ (ppm) = 115.7, 116.9, 125.0, 129.1, 129.3, 129.6, 130.4, 130.5, 132.7, 136.0, 139.1, 146.7, 151.5, 
160.1, 168.2, 171.1. 19F NMR ([D6]DMSO, 188 MHz): δ (ppm) = -148.3 ppm. Elemental analysis calculated 
(%) for C22H16BF4NO (397.18 g·mol-1): C 66.53, H 4.06, N 3.53%; found: C 67.51, H 4.13 N 3.42%. 
 
2-(2’-Pyridyl)-4,6-diphenylphosphinine (1): P(Si(CH3)3) (2.8 g, 11.2 mmol, 2.1 equivalents) was added 
dropwise to a solution of 4 (2.0 g, 5.0 mmol, 1.0 equivalent) in acetonitrile (12 ml) in a 50 ml Schlenk flask. 
Upon adding P(Si(CH3)3) a dark reaction mixture was obtained which was heated under reflux at T = 85oC for 
6 hours. Subsequently, all volatiles were removed in vacuum to obtain a dark solid. The crude product was 
purified by means of column chromatography over neutral alumina with ethyl acetate/petroleum ether (1:5) to 
afford the product as a yellow-orange solid after recrystallization from acetonitrile (0.54 g, 1.5 mmol, 30.7%). 
M.P. 146.5oC. 1H NMR (C6D6, 200 MHz): δ (ppm) = 7.08-7.21 (8H, m), 7.64 (2H, m), 7.47 (2H, m), 7.85 (1H, 
m), 8.10 (1H, dd, 3J(H,H) = 5.7, 4J(H,H) = 1.4 Hz), 8.55 (1H, m), 9.10 (1H, dd, 3J(H,H) = 5.7, 4J(H,H) = 1.4 Hz). 31P 
NMR (C6D6, 162 MHz): δ (ppm) = 189.0. 13C NMR (C6D6, 200 MHz): δ (ppm) = 120.8, 121.2, 122.4, 128.8, 
132.0 (d, 3J(C,P) = 13.0 Hz), 132.9 (d, 2J(C,P) = 11.9 Hz), 136.2, 142.3 (d, 4J(C,P) = 3.5 Hz), 143.4, 144.0, 144.2 (d, 
2J(C,P) = 22.2 Hz), 149.8, 159.1 (d, 2J(C,P) = 26.1 Hz), 169.5 (d, 1J(C,P) = 50.6 Hz), 171.5 (d, 1J(C,P) = 50.6 Hz). 
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Elemental analysis calculated (%) for C22H16NP (325.35 g·mol-1): C 81.22, H 4.96, N 4.31%; found: C 80.84, 
H 5.24 N 3.97%. 
 
2-(2’-Pyridyl)-4,6-diphenylpyridine (2): Ligand 2 was prepared according to a modified literature-procedure.[55] 
4 (1.2g, 3.0 mmol) was suspended in Me-THF (20 ml) and heated to T = 60oC. A light stream of NH3 was 
bubbled through the reaction mixture for 30 minutes and a yellow-orange suspension was formed. The solid 
was filtered off, all volatiles were removed under vacuum. The residue was dissolved in DCM and filtered 
through a plug of silica using DCM. All volatiles were removed under vacuum and an off-white powder was 
obtained. (0.8 g, 2.6 mmol, 87%). The analytical data of 2 are identical with those reported in literature.[55] 1H 
NMR (CDCl3, 300 MHz): δ (ppm) = 7.26 (1H, m), 7.42 (6H, m), 7.75 (3H, m), 7.91 (1H, d, 4J(H,H) = 1.5 Hz), 
8.13 (2H, d, 3J(H,H) = 7.0 Hz), 8.57 (1H, d, 4J(H,H) = 1.5 Hz), 8.63 (2H, m). 13C NMR (CDCl3, 75 MHz): δ (ppm) 
= 117.6, 118.5, 121.6, 123.8, 127.1, 127.3, 128.7, 128.9, 129.0, 129.1, 136.9, 138.8, 139.5, 149.1, 150.3, 156.3, 
156.4, 157.2. 
 
[Cr(CO)4(1)] (5): A mixture of [Cr(CO)6] (13 mg, 0.06 mmol, 1.0 equivalent) and 1 (20 mg, 0.06 mmol, 1.0 
equivalent) was suspended in d-THF (0.5 mL) and transferred to a Young NMR-Tube in a dry box. The reaction 
was irradiated with UV light for 8 hours at room temperature. Dark orange solid was obtained via slow diffusion 
of diethyl ether into a dichloromethane solution of the crude product. Yield after crystallization was 50%. 1H 
NMR (CD2Cl2, 400 MHz): δ (ppm) = 7.20 (1H, dd, 3J(H,H) = 7.2 Hz, 3J(H,H) = 6Hz; Harom), 7.50 (6H, m; Harom), 
7.69 (2H, d, 3J(H,H) = 7.6 Hz; Harom), 7.86 (3H, m; Harom), 8.17 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.30 (1H, dd, 3J(H,P) 
= 16.4 Hz, 4J(H,H) = 1,2 Hz; Harom), 8.52 (1H, dd, 3J(H,P) = 13.6 Hz, 4J(H,H) = 1,0 Hz; Harom), 9.22 (1H, d, 3J(H,H) = 
5.6 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 246.0. 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 120.2 
(d, 2J(C,P) = 11.7 Hz; CH), 123.8 (d, 4J(C,P) = 3.6 Hz; CH), 127.9 (d, 4J(C,P) = 2.2 Hz; CH), 128.4 (CH), 128.7 (CH), 
128.8 (CH), 128.9 (d, 4J(C,P) = 1.6 Hz; CH), 129.5 (d, 3J(C,P) = 7.7 Hz; CH), 130.3 (d, 2J(C,P) = 12.7 Hz; CH), 137.9 
(CH), 138.0 (d, 3J(C,P) = 11.3 Hz; CH), 140.3 (d, 4J(C,P) = 1.3 Hz; Cq), 140.5 (d, 4J(C,P) = 1.5 Hz; Cq), 142.1 (d, 
4J(C,P) = 4.2 Hz; Cq), 156.9 (d, 3J(C,P) = 5,1 Hz; CH), 158.0 (d, 3J(C,P) = 6.4 Hz; Cq), 160.8 (d, 1J(C,P) = 19.7 Hz; Cq), 
166.3 (d, 2J(C,P) = 9.3 Hz; Cq), 215.3 (d, 1J(C,P) = 19.5 Hz; Cq), 227.4 (d, 2J(C,P) = 11.7 Hz; CO equatorial), 228.2 
(d, 2J(C,P) = 6.5 Hz; CO axial). Elemental analysis calculated (%) for C26H16NPO4Cr (489.38 g·mol-1): C 63.81, 
H 3.30, N 2.86%; found: C 63.28, H 3.71, N 2.78%.  
 
[Mo(CO)4(1)] (6): A mixture of [Mo(CO)4(nbd)] (14 mg, 0.05 mmol, 1.5 equivalents) and 1 (10 mg, 0.03 mmol, 
1.0 equivalent) was suspended in d-THF (0.5 mL) and transferred to a young NMR-Tube in a dry box. After 1 
hour at room temperature the reaction was complete. Dark orange crystals were obtained via slow diffusion of 
pentane into the reaction mixture. Yield after crystallization was 58%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 
7.26 (1H, dd, 3J(H,H) = 6.0 Hz, 3J(H,H) = 6.8 Hz; Harom), 7.59 – 7.45 (6H, m; Harom), 7.71 (2H, d, 3J(H,H) = 8.1 Hz; 
Harom), 7.94 (3H, m; Harom), 8.26 (1H, d, 3J(H,H) = 8.3 Hz; Harom), 8.36 (1H, d, 3J(H,P) = 16.1 Hz; Harom), 8.59 (1H, 
d, 3J(H,P) = 13.3 Hz; Harom), 9.23 (1H, d, 3J(H,H) = 5.6 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 216.0. 
13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 120.49 (d, 3J(C,P) = 11.4 Hz; CH), 124.1 (d, 3J(C,P) = 3.5 Hz; CH), 127.9 
(d, 4J(C,P) = 2.5 Hz; CH), 128.4 (CH), 128.5 (d, 3J(C,P) = 3.2 Hz; CH), 128.9 (d, 4J(C,P) = 2.1 Hz; CH), 129.6 (d, 
4J(C,P) = 1.7 Hz; CH), 131.1 (d, 2J(C,P) = 12.8 Hz; CH), 137.3 (d, 2J(C,P) = 11.6 Hz; CH), 138.4 (CH), 140.28 (d, 
2J(C,P) = 16.9 Hz; Cq), 140.78 (d, 1J(C,P) = 20.3 Hz; Cq), 142.10 (d, 4J(C,P) = 4,4 Hz; Cq), 156.8 (d, 3J(C,P) = 3.6 Hz; 
CH), 158.39 (d, 3J(C,P) = 7.1 Hz; Cq), 160.07 (d, 1J(C,P) = 18.5 Hz; Cq), 163.80 (d, 2J(C,P) = 8.4 Hz; CO axial), 
204.70 (d, 2J(C,P) = 13.4 Hz; Cq), 217.69 (d, 2J(C,P) = 42.2 Hz; CO equatorial), 220.39 (d, 2J(C,P) = 7.9 Hz; CO 
axial). Elemental analysis calculated (%) for C26H16NPO4Mo (533.34 g·mol-1): C 58.55, H 3.02, N 2.63%; 
found: C 57.67, H 3.35, N 2.58%.  
 
[W(CO)4(1)] (7): A mixture of [W(CO)6] (21 mg, 0.06 mmol, 1.0 equivalent) and 1 (20 mg, 0.06 mmol, 1.0 
equivalent) was suspended in d-THF (0.5 mL) and transferred to a Young NMR-Tube in a dry box. The reaction 
was irradiated with UV light for 12 hours at room temperature. Dark orange crystals were obtained via slow 
diffusion of diethyl ether into a dichloromethane solution of the crude product. Yield after crystallization was 
58%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 7.22 (1H, dddd, 3J(H,H) = 7.3 Hz, 3J(H,H) = 5.9 Hz, 4J(H,H) = 1.3 Hz, 
4J(H,P) = 1.3 Hz; Harom), 7.52 (6H, m; Harom), 7.69 (2H, m; Harom), 7.95 (3H, m; Harom), 8.29 (1H, d, 3J(H,H) = 8.6 
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Hz; Harom), 8.39 (1H, dd, 3J(H,P) = 17.8 Hz, 4J(H,H) = 1.4 Hz; Harom), 8.59 (1H, dd, 3J(H,P) = 14.0 Hz, 4J(H,H) = 1.2 
Hz; Harom), 9.37 (1H, ddd, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.6 Hz, 5J(H,P) = 0.8 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): 
δ (ppm) = 203.0 (t, 1J(P,W) = 139 Hz). 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 120.5 (d, 2J(C,P) = 11.6 Hz; CH), 
124.8 (d, 3J(C,P) = 3.7 Hz; CH) 127.9 (d, 4J(C,P) = 2.4 Hz; CH), 128.4 (CH), 128.6 (d, 3J(C,P) = 11.0 Hz; CH), 129.0 
(d, 4J(C,P) = 1.9 Hz; CH), 129.6 (d, 4J(C,P) = 3.2 Hz; CH), 131.7 (d, 2J(C,P) = 12.4 Hz; CH), 138.0 (d, 3J(C,P) = 11.0 
Hz; CH), 138.5 (CH), 139.9 (d, 2J(C,P) = 16 Hz; Cq), 140.2 (d, 1J(C,P) = 20.9 Hz; Cq), 142.1 (d, 4J(C,P) = 4.4 Hz; 
Cq), 157.9 (d, 4J(C,P) = 4.5 Hz; CH), 159.1 (d, 2J(C,P) = 14.3 Hz; Cq), 160.1 (d, 1J(C,P) = 17.7 Hz; Cq), 161.3 (d, 
2J(C,P) = 17.3 Hz; Cq), 198.3 (d, 2J(C,P) = 10.9 Hz; Cq), 209.7 (d, 2J(C,P) = 5.2 Hz; CO axial), 211.3 (d, 2J(C,P) = 41.9 
Hz; CO equatorial). Elemental analysis calculated (%) for C26H16NPO4W (621.22 g·mol-1): C 50.27, H 2.60, N 
2.25%; found: C 50.10, H 2.82, N 2.37%. 
 
[Cr(CO)4(2)] (8): A mixture of [Cr(CO)6] (13 mg, 0.06 mmol, 1.0 equivalent) and 2 (19 mg, 0.06 mmol, 1.0 
equivalent) was suspended in d-THF (0.5 mL) and transferred to a Young NMR-Tube in a dry box. The reaction 
was irradiated with UV light for 24 hours at room temperature. THF was evaporated and dark red crystals were 
obtained via slow diffusion of diethyl ether into a dichloromethane solution of the crude product. Yield after 
crystallization was 60%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 7.39 (1H, dd, 3J(H,H) = 6.4 Hz, 3J(H,H) = 6.4 Hz; 
Harom), 7.52-7.59 (6H, m; Harom), 7.64 (2H, d, 3J(H,H) = 6.4 Hz; Harom), 7.70 (1H, d, 4J(H,H) = 1.2 Hz; Harom), 7.79 
(2H, d, 3J(H,H) = 6.8 Hz; Harom), 7.71 (1H, t, 3J(H,H) = 7.6 Hz; Harom), 8.19 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.28 (1H, 
d, 4J(H,H) = 0.8 Hz; Harom), 9.29 (1H, d, 3J(H,H) = 5.2 Hz; Harom). 31C NMR (CD2Cl2, 100 MHz): δ (ppm) = 118.2 
(CH), 122.5 (CH), 124.8 (CH), 125.1 (CH), 127.5 (CH), 128.8 (CH), 129.0 (CH), 129.7 (CH), 129.8 (CH), 
130.5 (CH), 136.9 (Cq), 137.2 (CH), 143.2 (Cq), 149.5 (Cq), 153.5 (CH), 156.4 (Cq), 156.9 (Cq), 214.3 (Cq), 
223.1 (Cq), 230.1 (Cq). Elemental analysis calculated (%) for C26H16N2O4Cr (472.41 g·mol-1): C 66.10, H 3.41, 
N 5.93%; found: C 65.82, H 3.60, N 5.81%.  
 
[Mo(CO)4(2)] (9): A mixture of [Mo(CO)4(nbd)] (14 mg, 0.05 mmol, 1.5 equivalents) and 2 (10 mg, 0.03 mmol, 
1.0 equivalent) was suspended in d-THF (0.5 mL) and transferred to a young NMR-Tube in a dry box. After 3 
hour at room temperature the reaction was complete. Dark orange crystals were obtained via slow diffusion of 
pentane into the reaction mixture. Yield after crystallization was 75%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 
7.43 (1H, ddd, 3J(H,H) = 5.2 Hz, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.2 Hz; Harom), 7.55 – 7.64 (8H, m; Harom), 7.77 (1H, d, 
4J(H,H) = 1.8 Hz; Harom), 7.81 (2H, m; Harom), 8.00 (1H, m; Harom), 8.27 (1H, d, 2J(H,H) = 8.0 Hz; Harom), 8.35 (1H, 
d, 4J(H,H) = 1.6 Hz; Harom), 9.20 (1H, m; Harom). 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 119.0 (CH), 123.2 (CH), 
124.7 (CH), 125.4 (CH), 127.6 (CH), 128.8 (CH), 128.8 (CH), 129.9 (CH), 129.9 (CH), 130.6 (CH), 136.9 (Cq), 
137.8 (CH), 143.0 (Cq), 150.2 (Cq), 153.4 (CH), 156.2 (Cq), 156.4 (Cq), 164.8 (Cq), 205.5 (Cq), 218.2 (Cq), 225.2 
(Cq). Elemental analysis calculated (%) for C26H16N2O4Mo (516.38 g·mol-1): C 60.47, H 3.12, N 5.42%; found: 
C 60.06, H 3.45, N 5.29%. 
 
[W(CO)4(2)] (10): A mixture of [W(CO)6] (21 mg, 0.06 mmol, 1.0 equivalent) and 2 (19 mg, 0.06 mmol, 1.0 
equivalent) was suspended in d-THF (0.5 mL) and transferred to a Young NMR-Tube in a dry box. The reaction 
was irradiated with UV light for 48 hours at room temperature. THF was evaporated and dark red crystals were 
obtained via slow diffusion of diethyl ether into a dichloromethane solution of the crude product. Yield after 
crystallization was 70%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 7.43 (1H, ddd, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.2 
Hz, 4J(H,H) = 2.0 Hz; Harom), 7.58 (8H, m; Harom), 7.80 (3H, m; Harom), 8.02 (1H, ddd, 3J(H,H) = 7.6 Hz, 4J(H,H) = 1.6 
Hz, 4J(H,H) = 1.6 Hz; Harom), 8.29 (1H, d, 3J(H,H) = 8.4 Hz; Harom), 8.37 (1H, d, 4J(H,H) = 2.0 Hz; Harom), 9.30 (1H, 
ddd, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.6 Hz, 4J(H,H) = 0.8 Hz; Harom). 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 119.4 
(CH), 123.6 (CH), 125.2 (CH), 126.2 (CH), 127.5 (CH), 128.7 (CH), 128.8 (CH), 129.8 (CH), 129.9 (CH), 
130.7 (CH), 136.7 (Cq), 137.6 (CH), 143.0 (Cq), 149.9 (Cq), 153.5 (CH), 157.3 (Cq) 157.4 (Cq), 164.7 (Cq), 202.3 
(t, 1J(C,W) = 66 Hz; Cq), 210.8 (t, 1J(C,W) = 81 Hz; Cq), 217.2 (t, 1J(C,W) = 86 Hz; Cq). Elemental analysis calculated 
(%) for C26H16N2O4W (604.26 g·mol-1): C 51.68, H 2.67, N 4.64%; found: C 51.45, H 2.81, N 4.70%. 
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Cyclic voltammetry measurements: 
Reversibility of ligand 2: 

 
Table 6     Electrochemical Ipa values of the first reduction wave from ligand 2 at different scan rates, 

determined by CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 2 THF solutions at 
T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
10 3.16 1.82 
50 7.07 2.53 
100 10 3.24 
250 15.81 5.63 
500 22.36 7.69 
1000 31.62 10.33 

 

 
Figure 10     Electrochemical spectra of the first reduction wave from ligand 2 at different scan rates, 

determined by CV on glassy carbon working electrode in a 0.1 M nBu4NPF6 and 5·10-3 M 2 THF solution at T 
= 298 K. The right graph represents the linear regression between the square root of the different scan rates 

and the Ipa measured of ligand 2, see Table 6 for the values. 
 

Table 7     Electrochemical DPV properties of ligand 2 and ferrocene determined by CV on a glassy carbon 
working electrode in 0.1 M nBu4NPF6, 5·10-3 M ferrocene and 5·10-3 M 2 THF solutions at T = 298 K. 

Compound Peak position (V) Peak area (A) 
Ferrocene 0.50 2.64·10-7 
2 -2.06 2.83·10-7 

 
Figure 11     Electrochemical DPV spectrum of ligand 2 with ferrocene determined by CV on glassy carbon 

working electrode in a 0.1 M nBu4NPF6, 5·10-3 M ferrocene and 5·10-3 M 2 THF solution at T = 298 K.  
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Reversibility of [Cr(CO)4(2)] (8): 
 

Table 8     Electrochemical Ipa values of the first reduction wave from 8 at different scan rates, determined by 
CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 8 THF solutions at T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
10 3.16 0.38 
50 7.07 1.18 
100 10 1.51 
250 15.81 2.14 
500 22.36 2.81 

 

 
Figure 12     Electrochemical spectra of the first reduction wave from 8 at different scan rates, determined by 

CV on glassy carbon working electrode in a 0.1 M nBu4NPF6 and 5·10-3 M 8 THF solution at 298 K. The right 
graph represents the linear regression between the square root of the different scan rates and the Ipa measured 

of 8, see Table 8 for the values. 
 
Reversibility of [Mo(CO)4(2)] (9): 

 
Table 9     Electrochemical Ipa values of the first reduction wave from 9 at different scan rates, determined by 

CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 9 THF solutions at T = 298 K. 
Scan rate mV/s Square root scan rate Ipa (·10-6) 
10 3.16 1.16 
100 10 2.30 
250 15.81 3.00 
500 22.36 4.15 
1000 31.62 5.74 
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Figure 13     Electrochemical spectra of the first reduction wave from 9 at different scan rates, determined by 
CV on glassy carbon working electrode in a 0.1 M nBu4NPF6 and 5·10-3 M 9 THF solution at T = 298 K. The 

right graph represents the linear regression between the square root of the different scan rates and the Ipa 
measured of 9, see Table 9 for the values. 

 
Reversibility of [W(CO)4(2) (10): 

 
Table 10     Electrochemical Ipa values of the first reduction wave from 10 at different scan rates, determined 

by CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 10 THF solutions at T = 298 K. 
Scan rate mV/s Square root scan rate Ipa (·10-6) 
10 3.16 1.20 
50 7.07 2.02 
100 10 2.94 
250 15.81 4.47 
500 22.36 5.66 
1000 31.62 7.74 

 

 
Figure 14     Electrochemical spectra of the first reduction wave from 10 at different scan rates, determined by 
CV on glassy carbon working electrode in a 0.1 M nBu4NPF6 and 5·10-3 M 10 THF solution at T = 298 K. The 

right graph represents the linear regression between the square root of the different scan rates and the Ipa 
measured of 10, see Table 10 for the values. 

 
X-ray crystal structure determinations: 
Compound 6: C26H16MoNO4P, Fw = 533.31, orange block, 0.33 × 0.32 × 0.15 mm3, orthorhombic, Pna21 (no. 
33), a = 15.8048(5), b = 18.8955(5), c = 7.3079(2) Å, V = 2182.45(11) Å3, Z = 4, Dx = 1.623 g/cm3, µ = 0.71 
mm-1. 25398 Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 
monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin θ/λ)max = 0.65 Å-1. X-
ray intensities were integrated with the Eval15 software.[74] Multiscan absorption correction and scaling was 
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performed with SADABS[75] (correction range 0.68-0.75). 5011 Reflections were unique (Rint = 0.021), of which 
4776 were observed [I>2σ(I)]. The structure was solved with Patterson superposition methods using 
SHELXT.[76] Least-squares refinement was performed with SHELXL-2014[77] against F2 of all reflections. Non-
hydrogen atoms were refined freely with anisotropic displacement parameters. All hydrogen atoms were located 
in difference Fourier maps and refined with a riding model. 299 Parameters were refined with 1 restraint 
(floating origin). R1/wR2 [I > 2σ(I)]: 0.0169 / 0.0439. R1/wR2 [all refl.]: 0.0184 / 0.0444. S = 1.069. 
Refinement as inversion twin resulted in a Flack parameter[78] x = -0.01(2). Residual electron density 
between -0.25 and 0.37 e/Å3. Geometry calculations and checking for higher symmetry was performed with the 
PLATON program.[79]  
 
Compound 7: C26H16NO4PW, Fw = 621.22, red block, 0.38 × 0.38 × 0.38 mm3, orthorhombic, Pna21 (no. 33), 
a = 15.7856(4), b = 18.8326(5), c = 7.2886(2) Å, V = 2166.78(10) Å3, Z = 4, Dx = 1.904 g/cm3, µ = 5.44 mm-1. 
42028 Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph 
monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin θ/λ)max = 0.65 Å-1. X-
ray intensities were integrated with the Saint software.[80] Analytical absorption correction and scaling was 
performed with SADABS[75] (correction range 0.17-0.35). 4970 Reflections were unique (Rint = 0.019), of which 
4846 were observed [I>2σ(I)]. The structure was solved with direct methods using SHELXS-97.[81] Least-
squares refinement was performed with SHELXL-2014[77] against F2 of all reflections. Non-hydrogen atoms 
were refined freely with anisotropic displacement parameters. All hydrogen atoms were located in difference 
Fourier maps and refined with a riding model. 300 Parameters were refined with 1 restraint (floating origin). 
R1/wR2 [I > 2σ(I)]: 0.0108 / 0.0275. R1/wR2 [all refl.]: 0.0114 / 0.0278. S = 1.060. Refinement as inversion 
twin resulted in a Flack parameter[78] x = -0.006(5). Extinction parameter EXTI = 0.00074(8). Residual electron 
density between -0.35 and 0.41 e/Å3. Geometry calculations and checking for higher symmetry was performed 
with the PLATON program.[79]  
 

Compound 8: C26H16CrN2O4, Fw = 472.41, dark red block, 0.48 × 0.38 × 0.16 mm3, triclinic, P 1   (no. 2), a = 

9.5048(2), b = 10.4930(3), c = 12.1845(3) Å, α = 100.514(1), β = 107.177(1), γ = 104.629(1) °, V = 1079.05(5) 
Å3, Z = 2, Dx = 1.454 g/cm3, µ = 0.57 mm-1. 19024 Reflections were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up 
to a resolution of (sin θ/λ)max = 0.65 Å-1. X-ray intensities were integrated with the Eval15 software.[74] Multiscan 
absorption correction and scaling was performed with SADABS[75] (correction range 0.70-0.75). 4942 
Reflections were unique (Rint = 0.011), of which 4747 were observed [I>2σ(I)]. The structure was solved with 
Patterson superposition methods using SHELXT.[76] Least-squares refinement was performed with SHELXL-
2014[77] against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. All hydrogen atoms were located in difference Fourier maps. Hydrogen atoms H2 and H4 of the 
phosphinine ring were refined freely with isotropic displacement parameters. All other hydrogen atoms were 
refined with a riding model. 306 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0247 / 0.0660. 
R1/wR2 [all refl.]: 0.0256 / 0.0664. S = 1.065. Residual electron density between -0.39 and 0.37 e/Å3. Geometry 
calculations and checking for higher symmetry was performed with the PLATON program.[79]  
 

Compound 9: C26H16MoN2O4, Fw = 516.35, black block, 0.81 × 0.60 × 0.36 mm3, triclinic, P 1   (no. 2), a = 

9.6294(4), b = 10.4368(4), c = 12.2967(4) Å, α = 100.380(2), β = 107.819(2), γ = 103.596(2) °, V = 1100.31(7) 
Å3, Z = 2, Dx = 1.559 g/cm3, µ = 0.63 mm-1. 17388 Reflections were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up 
to a resolution of (sin θ/λ)max = 0.65 Å-1. X-ray intensities were integrated with the Eval15 software.[74] Multiscan 
absorption correction and scaling was performed with SADABS[75] (correction range 0.69-0.75). 5031 
Reflections were unique (Rint = 0.010), of which 4941 were observed [I>2σ(I)]. Initial coordinates for the 
refinement were taken from the isostructural compound 6. Least-squares refinement was performed with 
SHELXL-2014[77] against F2 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 
displacement parameters. All hydrogen atoms were located in difference Fourier maps. Hydrogen atoms H2 and 
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H4 of the phosphinine ring were refined freely with isotropic displacement parameters. All other hydrogen 
atoms were refined with a riding model. 306 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 
0.0177 / 0.0462. R1/wR2 [all refl.]: 0.0182 / 0.0464. S = 1.102. Residual electron density between -0.39 and 
0.38 e/Å3. Geometry calculations and checking for higher symmetry was performed with the PLATON 

program.[79] 
 
Compound 10: C26H16N2O4W, Fw = 604.26, dark red block, 0.12 × 0.12 × 0.08 mm3, monoclinic, P21/c (no. 
14), a = 8.0777(2), b = 15.6562(4), c = 18.1170(4) Å, β = 110.058(1) °, V = 2152.22(9) Å3, Z = 4, Dx = 1.865 
g/cm3, µ = 5.40 mm-1. 60945 Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed 
tube and Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin θ/λ)max 
= 0.65 Å-1. X-ray intensities were integrated with the Eval15 software.[74] Multiscan absorption correction and 
scaling was performed with SADABS[75] (correction range 0.36-0.43). 4947 Reflections were unique (Rint = 
0.019), of which 4638 were observed [I>2σ(I)]. The structure was solved with direct methods using SHELXS-
97.[10] Least-squares refinement was performed with SHELXL-2014[77] against F2 of all reflections. Non-
hydrogen atoms were refined freely with anisotropic displacement parameters. All hydrogen atoms were located 
in difference Fourier maps and refined with a riding model. 298 Parameters were refined with no restraints. 
R1/wR2 [I > 2σ(I)]: 0.0114 / 0.0265. R1/wR2 [all refl.]: 0.0129 / 0.0268. S = 1.041. Residual electron density 
between -0.32 and 0.32 e/Å3. Geometry calculations and checking for higher symmetry was performed with the 
PLATON program.[79]  
CCDC 1056137 (compound 6), 1056138 (7), 1056139 (8), 1056140 (9), and 1056141 (10) contain the 
supplementary crystallographic data for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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Abstract 
The bidentate P,N hybrid ligand 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) allows for 
the first time access to novel cationic phosphinine-based RhIII and IrIII complexes, 
broadening significantly the scope of low-coordinate aromatic phosphorus heterocycles 
for potential applications. The coordination chemistry of 1 towards RhIII and IrIII was 
investigated and compared with the analogous 2,2’-bipyridine derivative, 2-(2’-pyridyl)-
4,6-diphenylpyridine (2), which showed significant differences. The molecular structures 
of [RhCl(Cp*)(1)]Cl and [IrCl(Cp*)(1)]Cl (Cp* = pentamethylcyclopentadiene) were 
determined by means of X-ray diffraction and confirm the mononuclear nature of the λ3-
phosphinine-RhIII and IrIII complexes. In contrast, a different reactivity and coordination 
behavior was found for the nitrogen analogue 2 towards RhIII as a bimetallic ion pair 
[RhCl(Cp*)(2)][RhCl3(Cp*)] is formed rather than a mononuclear coordination 
compound. [RhCl(Cp*)(1)]Cl and [IrCl(Cp*)(1)]Cl react with water and methanol 
regio- and diastereoselectively at the external P=C double bond. The addition of water 
lead exclusively to the anti-addition products [RhCl(Cp*)(1H·OH)]Cl and 
[IrCl(Cp*)(1H·OH)]Cl as confirmed by X-ray crystal structure determination. An 
attempt to synthesize a sterically hindered pyridyl functionalized phosphinine was 
unsuccessful. However, the substituted bipyridine derivative could be obtained and 
coordination towards IrIII has been confirmed by X-ray crystal-structure analysis. 
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3.1 Introduction 
2,2’-Bipyridine (bpy) and its derivatives are well studied nitrogen ligands and their rich 
coordination chemistry has often been exploited for the development of molecular 
devices, homogeneous catalytic systems or modern materials with interesting 
photophysical properties.[1-11] The replacement of a pyridine unit by a π-accepting λ3-
phosphinine entity leads to 2-(2’-pyridyl)phosphinine, a semi-equivalent of bpy 
containing a low-coordinate “soft” phosphorus and a “hard” nitrogen heteroatom.[12-19] 
Such chelates are intriguing bidentate P,N hybrid ligands, which have first been described 
by Mathey et al. in 1982 with the synthesis of 2-(2’-pyridyl)-4,5-dimethylphosphinine 
(NIPHOS, Figure 1).[20,21] 
 

 
Figure 1     Pyridyl functionalized phosphinines and the bipyridine derivative of 1. 

 
However, replacing nitrogen by phosphorus in similar structures causes significant 
diverse properties due to the electronic differences that exist between these heteroatoms. 
Phosphinines are particularly suitable for the stabilization of late transition metal center 
in low oxidation states because of their pronounced π-accepting character (Chapter 1).[13-

18] In contrast, the preparation of phosphinine complexes containing metal centers in 
intermediate oxidation states is rather challenging.[22] Especially for metal centers in 
higher oxidation states and with reduced π back donation capability, the aromaticity of 
the phosphinine heterocycle is significantly disrupted upon coordination. As a result, the 
phosphinine core behaves like a cyclophosphahexatriene containing a highly reactive 
P=C double bond. Earlier attempts to prepare such compounds have shown that they are 
extremely sensitive towards nucleophilic attack, making their straightforward synthesis, 
handling, characterization, and potential application rather unattractive.[23] Yet access to 
such species would open up new perspectives in the field of phosphorus-containing 
molecular materials, as well as in homogeneous (photo)catalysis.  
Functionalized 2,4,6-triaryl-substituted phosphinines are generally synthesized through 
the modular pyrylium-salt route reported by Märkl et al.[12,24-29] It turned out that 2-(2’-
pyridyl)-4,6-diphenylphosphinine (1, Figure 1) is readily available from the 
corresponding pyridyl functionalized pyrylium salt.[30] Interestingly, this route also allows 
the preparation of the 2,2’-bipyridine derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2, 
Figure 1) with an identical substitution pattern, which consequently made the direct 
structural comparison of these heterocycles and the corresponding transition metal 
complexes possible, as already described in Chapter 2.[31,32] Furthermore, the neutral 
complexes [PdIICl2(1)] and [PtIICl2(1)] could easily be prepared and isolated and an 

76 
 



2-(2´-Pyridyl)-4,6-diphenylphosphinine versus 2-(2´-pyridyl)-4,6-diphenylpyridine:  
Synthesis, characterization, and reactivity of novel cationic RhIII and IrIII complexes  

 

unprecedented C-H activation of 2,4,6-triphenylphosphinine by IrIII and RhIII precursors 
could be observed.[33,34] The cyclometalated compounds of type A (Figure 2) represent 
the first examples of isolated and structurally characterized neutral phosphinine-MIII 
coordination compounds reported so far. 
 

 
Figure 2    Neutral (A) and cationic (B) phosphinine-MIII coordination compounds. 

 
Both the chelate effect of the bidentate P,N ligand and the phenyl-group in 6-position of 
the heterocyclic framework of 1 are anticipated to contribute significantly to the 
formation and stabilization of such complexes. Because the formally anionic ligand (P^C) 
in complex A is isoelectronic with the neutral P,N ligand 1, the cationic coordination 
compounds of type B (Figure 2), containing the same metal fragment should be accessible 
as well. The first results concerning the synthesis, characterization, and reactivity of such 
novel cationic phosphinine-MIII (M = Rh, Ir) complexes are reported herein. 

3.2 Coordination of 2-(2’-pyridyl)-4,6-diphenylphosphinine 
towards RhIII and IrIII 
Reaction of 1 with [{RhCl2(Cp*)}2] (Cp* = pentamethylcyclopentadiene) in the ratio of 
2:1 in CH2Cl2 leads instantaneously to a dark-red solution. The 31P{1H} NMR spectrum 
of the reaction mixture shows a single doublet at δ = 186.0 ppm (d, 1J(P,Rh) = 130.0 Hz) 
and a coordination shift of Δδ(31P) = –3.0 ppm, which is in the expected region for 
phosphinine-metal complexes with an η1-coordination mode of the phosphorus atom. In 
the 1H NMR spectrum two doublets (3J(H,P) = 20.8 Hz) at δ = 8.44 and 8.82 ppm are 
observed for the two peripheral protons of the phosphorus heterocycle. Likewise, reaction 
of 1 with 0.5 equivalents of [{IrCl2(Cp*)}2] in CH2Cl2 leads exclusively to one single 
species according to NMR spectroscopy. The 31P{1H} NMR spectrum of the reaction 
mixture reveals a signal at δ = 158.0 ppm and a chemical shift difference upon 
coordination of Δδ(31P) = –31.0 ppm. The 1H NMR spectrum shows two sets of doublet 
of doublets at δ = 8.37 ppm (3J(H,P) = 25.1, 4J(H,H) = 1.6 Hz) and 8.77 ppm (3J(H,P) = 19.2 
Hz, 4J(H,H) = 1.6 Hz) for the two peripheral protons of the phosphorus heterocycle. From 
the NMR spectra it appears that quantitative formation of the RhIII and IrIII complexes 3 
and 4 has occurred according to Scheme 1. 
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Scheme 1     Synthesis of RhIII (3) and IrIII (4) complexes of 1. 

 
Orange crystals of 3 and 4 suitable for X-ray diffraction were isolated in 91 and 72% yield 
by slow diffusion of Et2O into a diluted solution of 1 and [{RhCl2(Cp*)}2] and 
[{IrCl2(Cp*)}2] in CH2Cl2, respectively. Complexes 3 and 4 have the same crystal 
packing and are thus isomorphous with very similar unit-cell parameters. They crystallize 
enantiomerically pure in the noncentrosymmetric space group P212121 with one metal 
complex in the asymmetric unit. Because both enantiomers were formed during the 
synthesis, it can be assumed that crystals of both enantiomers are present as a racemic 
conglomerate. Plots of the molecular structures in the crystal are given in Figure 3 and 
selected bonding geometries are compared in Table 1. For a comparison of bond angles, 
torsion angles, and interplanar angles in the molecular structures reported herein, see 
experimental section 3.8 (Table 5 and 6). 
 

 
 Figure 3     Molecular structures of 3 (left) and 4 (right) in the crystal. Displacement ellipsoids are shown at 

the 50% probability level. Only one enantiomer is shown. 
 
The X-ray crystal structures of 3 and 4 in Figure 3 confirm the observed NMR 
spectroscopic data and reveal the mononuclear nature of the coordination compounds 
with the metal centers displaying the characteristic three-legged “piano-stool” 
arrangement. Figure 3 nicely shows the difference between the aromatic pyridine moiety 
and the aromatic phosphinine ring, which is best described as a distorted hexagon due to 
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the larger P-C bond length in comparison to the N-C bond length. The two heterocyclic 
rings in 3 and 4 are essentially coplanar with respect to one another with an intercyclic 
C(5)-C(6) bond length of 1.475(3) in 3 and 1.488(9) Å in 4. The P(1)-C(1) and P(1)-C(5) 
bond lengths of 1.720(2)/1.720(2) (3) and 1.717(7)/1.710(6) Å (4) are somewhat shorter 
than in free 2,4,6-triarylphosphinines (1.74 – 1.76 Å),[35] whereas the C-C bond lengths 
in the aromatic phosphinine subunit are in the usual range (1.389(3) – 1.406(3) in 3 and 
1.382(9)-1.405(9) Å in 4) observed for both free and coordinated phosphinine ligands. 
 

Table 1     Selected distances [Å] and angles [o] in 3 and 4. 
 3 (Rh) 4 (Ir) 
M(1)-centroid 1.8078(1) 1.819(3) 
M(1)-Cl(1) 2.3843(7) 2.3858(19) 
P(1)-M(1) 2.2659(6) 2.2428(16) 
N(1)-M(1) 2.136(2) 2.127(6) 
C(5)-C(6) 1.475(3) 1.488(9) 
P(1)-C(1) 1.720(2) 1.717(7) 
P(1)-C(5) 1.720(2) 1.710(6) 
C(1)-C(2) 1.400(3) 1.386(9) 
C(2)-C(3) 1.406(3) 1.405(9) 
C(3)-C(4) 1.394(3) 1.382(9) 
C(4)-C(5) 1.389(3) 1.384(9) 
N(1)-C(6) 1.347(3) 1.364(8) 
C(1)-P(1)-C(5) 106.64(12) 106.7(3) 
P(1)-M(1)-N(1) 77.93(5) 78.00(15) 

 
The M(1)-P(1) bond lengths are 2.2659(6) in 3 and 2.2428(16) Å in 4, and thus are very 
similar to those in the corresponding neutral complexes [RhCl(Cp*)(P^C)] and 
[IrCl(Cp*)(P^C)] of type A (Figure 2) (2.2156(4) and 2.2397(11) Å, respectively). The 
Ir(1)-N(1) distance of 2.127(6) Å is slightly larger than in the related bpy complex 
[IrCl(Cp*)(bpy)]Cl (Ir(1)-N(1) = 2.076(8), Ir(1)-N(2) = 2.090(2) Å).[36] The bite angles 
P(1)-M(1)-N(1) are very similar for the two coordination compounds with 77.93(5) (3) 
and 78.00(15)o (4) and slightly larger than in [IrCl(Cp*)(bpy)]Cl (76.2(3)o) due to the 
presence of two different heteroatoms. As also pointed out in Chapter 2, the metal centers 
are not located in the ideal axis of the phosphorus lone pair but clearly shifted towards 
the nitrogen atom (C(5)-P(1)-Rh(1) = 108.23(9), C(1)-P(1)-Rh(1) = 145.10(8), (C(5)-
P(1)-Ir(1) = 108.8(2), C(1)-P(1)-Ir(1) = 144.4(2)o). This effect is necessary for an efficient 
complexation of the metal atom by the chelating P,N ligand and facilitated by the more 
diffuse and less directional lone pair of the low-coordinate phosphorus atom relative to 
the sp2-hybridized nitrogen atom in pyridines. Consequently, it is not observed for the 
M(1)-N(1) interactions (C(6)-N(1)-Rh(1) = 123.41(15), C(10)-N(1)-Rh(1) = 117.17(16), 
C(6)-N(1)-Ir(1) = 123.6(4), C(10)-N(1)-Ir(1) = 117.7(5)o). The phenyl substituents in the 
α-position of the phosphorus heterocycle are shifted away from the coordination site and 
are additionally rotated out of the plane of the phosphorus heterocycle (torsion angles 
P(1)-C(1)-C(11)-C(12) = 42.8(3)o (3) and -43.3(9)o (4)). In this way, the phosphorus 
ligating ability of such 2,4,6-triaryl-substituted phosphinines is apparently not influenced 
as dramatically as observed for SiMe3-substituted ones, which show a preference for η6-
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coordination through the aromatic ring, rather than for η1-coordination through the 
phosphorus lone pair.[37] 
Complexes 3 and 4 are the first reported crystallographic characterizations of cationic 
phosphinine-RhIII and IrIII complexes. As explained in Chapter 2 the opening of the 
internal ∠ C-P-C angle can be correlated with the electron-accepting character of a metal 
fragment, it appears interesting to compare the ∠ C-P-C angles in 3 and 4 with selected 
literature data.[38] In the Cr0 complex [Cr(CO)4(tmbp)] (tmbp = 4,4’,5,5’-tetramethyl-2,2’-
biphosphinine), the ∠ C-P-C angle is 104.3o.[39] As a matter of fact, this compound is 
highly stable towards nucleophilic attack. In the RhI complex [Rh(cod)(1)][BF4] (cod = 
1,5-cyclooctadiene), the corresponding value is 105.25o, whereas in the RuII complex cis-
[RuCl2(dmso)2(tmbp)] (dmso = dimethylsulfoxide), it is 106.08o.[31,40] The latter 
compound, however, is much less stable towards nucleophilic attack, which indicates the 
disruption of aromaticity upon coordination to a more electrophilic metal center. For 
compounds 3 and 4 values of 106.64(12) and 106.7(3)o, respectively, were found. Despite 
the fact that the larger opening of this ∠ C-P-C angle reflects significant disruption of the 
aromaticity and consequently a high reactivity of the P=C double bond is expected (vide 
infra), both compounds can easily be isolated, handled, and characterized and seem to be 
considerably more stable than, for example, the NIPHOS-containing cationic PdII and PtII 
complexes described by Venanzi et al.[23,38] As mentioned above, it is assumed that the 
additional aryl substituents at the 4- and 6-position of the heterocyclic framework might 
indeed contribute to a steric protection of the P=C double bond as has been observed 
before for neutral [PdCl2(1)] and [PtCl2(1)] complexes, as well as for the neutral 
phosphinine-RhIII and IrIII complexes [MCl(Cp*)(P^C)] of type A (Figure 2), containing 
a cyclometalated 2,4,6-triphenylphosphinine ligand.[33,34]  

3.3 Coordination of 2-(2’-pyridyl)-4,6-diphenylpyridine towards 
RhIII and IrIII 
To compare the coordination behavior of 1 with the analogous 2,2’-bipyridine derivative 
2, compound 2 was reacted with [{RhCl2(Cp*)}2] in a ratio of 2:1 in CH2Cl2 under 
identical conditions to those described above. In the 1H NMR spectrum of the reaction 
mixture the immediate formation of a new species was observed, which shows two 
different Cp* units. Moreover, one equivalent of unreacted ligand 2 was still present in 
solution and this ratio did not change upon heating the reaction mixture either. However, 
in the case of reacting 2 with [{IrCl2(Cp*)}2] in a ratio of 2:1 in CH2Cl2, the formation of 
only one single species was observed by 1H NMR spectroscopy. Based on the NMR 
spectra the formation of the bimetallic ion pair [RhCl(Cp*)(2)][RhCl3(Cp*)] (5) is 
proposed, whereas a monomeric species, [IrCl(Cp*)(2)]Cl, is expected for compound 6 
(Scheme 2).  
 

80 
 



2-(2´-Pyridyl)-4,6-diphenylphosphinine versus 2-(2´-pyridyl)-4,6-diphenylpyridine:  
Synthesis, characterization, and reactivity of novel cationic RhIII and IrIII complexes  

 

 
Scheme 2     Synthesis of RhIII (5) and IrIII (6) complexes of 2. 

 
By slow diffusion of Et2O into a diluted solution of 5 and 6 in CH2Cl2, yellow and orange 
crystals suitable for X-ray diffraction were isolated in 82% (based on Rh) and 89% yield. 
Compound 5 crystallizes enantiopure in the orthorhombic space group P212121 and the 
asymmetric unit consists of one metal complex molecule. The iridium complex 6 
crystallizes as a racemate in the monoclinic space group P21/n with one metal complex 
molecule in the asymmetric unit. Plots of the molecular structures of one enantiomer in 
the crystal are given in Figure 4 and selected bonding geometries are compared in Table 
2. 
 

 
Figure 4     Molecular structure of 5 (left) and 6 (right) in the crystal. Displacement ellipsoids are shown at the 

50% probability level. 
 
Indeed, the molecular structure of 5 in the crystal reveals the presence of the bimetallic 
ion pair [RhCl(Cp*)(2)][RhCl3(Cp*)], whereas 6 is present as a monomeric species, as 
observed in solution. It appears that complete dissociation of the metal precursor dimer, 
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[{RhCl2(Cp*)}2], to form monomeric species cannot be achieved by the bidentate 
bipyridine derivative. This has been observed before for related sp2-nitrogen donor 
ligands, although the different behavior of the RhIII and IrIII dimer is not clear at the 
moment.[41,42] Nevertheless, a clear difference concerning the reactivity and coordination 
behavior between the two ligand systems 1 and 2 is apparent. In contrast to coordination 
compounds 3 and 4, the molecular structure of the bipyridine-based complex 5 reveals a 
strong distortion, as the two pyridine rings are notably twisted (torsion angle N(1)-C(5)-
C(6)-N(2) = –15.9(5)o, interplanar angle between the least square planes = 19.97(18)o). 
In contrast, the two pyridine rings are essentially coplanar in complex 6, but bent towards 
one another (torsion angle N(1)-C(5)-C(6)-N(2) = 1.6(2)o, interplanar angle between the 
least square planes = 13.54(8)o). 
 

Table 2     Selected distances [Å] and angles [o] in 5 and 6. 
 5 (Rh) 6 (Ir) 
M(1)-centroid 1.7862(18) 1.794 
M(2)-centroid 1.7578(18) - 
M(1)-Cl(1) 2.4003(11) 2.4110(4) 
N(1)-M(1) 2.178(3) 2.1447(14) 
N(2)-M(1) 2.071(3) 2.0784(14) 
C(5)-C(6) 1.491(6) 1.471(2) 
N(1)-C(1) 1.360(5) 1.362(2) 
N(1)-C(5) 1.366(5) 1.371(2) 
N(2)-C(6) 1.341(5) 1.352(2) 
N(2)-C(10) 1.342(5) 1.342(2) 
N(1)-M(1)-N(2) 76.47(13) 76.39(5) 

 
The intercyclic C(5)-C(6) bond length is 1.491(6) in 5 and 1.471(2) Å in 6. Thus, in 5 it 
is identical to that in the free bpy (1.490(3) Å),[43,44] and slightly shorter in 6. The N(1)-
C(5) bonds are 1.366(5) (5) and 1.371(2) Å (6), which is slightly longer than the 
corresponding bond in bpy (1.346(2) Å). The bite angles N(1)-M(1)-N(2) are 76.47(13)o 
in 5 and 76.39(5)o in 6. The iridium compound 6 can be compared with the 
crystallographic data of [IrCl(Cp*)(bpy)]Cl. In the latter complex, the mean Ir-Cp* 
distance is 1.786 Å, whereas the N(1)-Ir(1) and N(2)-Ir(1) distances are very similar to 6 
with 2.076(8) and 2.090(9) Å, respectively. The C(5)-C(6) bond length in 
[IrCl(Cp*)(bpy)]Cl is 1.49(1) Å and thus slightly longer than in 6, while the bite angles 
N(1)-Ir(1)-N(2) are equal within standard deviations. In contrast to compound 6, the two 
pyridine rings in [IrCl(Cp*)(bpy)]Cl are perfectly coplanar and only slightly bent towards 
one another. It appears that ligand 2 does not behave like a typical bpy ligand. The 
observed differences in the coordination geometries are most likely due to the fact that 
the additional phenyl substituent at the α-position of the N(1)-pyridine ring of 2 is much 
closer to the coordination site relative to the situation in the corresponding P,N ligand 1. 
The steric interaction between the α-phenyl group and the remaining ligands around the 
metal center might consequently cause a distortion, which is essentially absent in 
[IrCl(Cp*)(bpy)]Cl, although it has been observed before in the complex 
[Rh(cod)(2)][BF4].[31] 
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3.4 Nucleophilic addition of water 
Despite the fact that the additional aryl substituents at the 4- and 6-position of the 
heterocyclic framework contribute significantly to a kinetic stabilization of the metal 
complexes 3 and 4 as they can easily be isolated, handled, and characterized, the larger 
opening of the ∠ C-P-C angle in comparison to a free phosphinine reflects significant 
disruption of the aromaticity.[38] Consequently, a considerable reactivity of the P=C 
double bond in 3 and 4 towards H2O is still anticipated as observed before for neutral and 
cationic PdII and PtII complexes as well.[33] As a matter of fact, adding a drop of H2O to a 
solution of 3 and 4 in CH2Cl2 leads instantaneously to quantitative formation of the new 
species 7 and 8 and is accompanied by a color change from yellow to orange. 
The addition of H2O and alcohols to NIPHOS containing cationic complexes 
[PtCl(L)(NIPHOS)]+ and [PdCl(L)(NIPHOS)]+ under formation of 
[PtCl(L)(NIPHOSH·OH)]+ and [PdCl(L)(NIPHOSH·OH)]+ has been described by 
Venanzi et al. before.[23] In contrast to these compounds, the addition of H2O to the 
external P=C double bond of the chiral complexes 3 and 4 would lead principally to a 
mixture of diastereomers because not only a stereogenic Cα atom is generated due to the 
additional phenyl group at the 6-position of the heterocycle, but also to a stereogenic 
phosphorus atom. The addition of the H2O molecule could occur in a syn or anti fashion 
and, furthermore, also through the Re or the Si site of the P=C double bond (Scheme 3). 
 

 
Scheme 3     Reaction of 3 and 4 with H2O. 

 
The 31P{1H} NMR spectra of [RhCl(Cp*)(1H·OH)]Cl (7) and [IrCl(Cp*)(1H·OH)]Cl (8) 
show, however, only a single resonance at δ = 86.0 (d, 1J(P,Rh) = 133.0 Hz) and 58.0 ppm, 
respectively (CD2Cl2). This excludes the formation of diastereomeric product mixtures 
generated by either a random addition of the H2O molecule to the Re or Si site of the P=C 
double bond or a random transfer of the proton to the Cα atom. Accordingly, the 1H NMR 
spectra of 7 and 8 show only one set of signals, with characteristic resonances for the 
protons Ha and Hb at δ = 4.78 (dd, 3J(H,H) = 2.8, 2J(H,P) = 12.0 Hz) and 6.53 (dd, 3J(H,H) = 
2.4, 2J(H,P) = 8.0 Hz) ppm for 7, as well as at δ = 4.61 (dd, 3J(H,H) = 2.8, 2J(H,P) = 12.4 Hz) 
and 6.66 (br d, 2J(H,P) = 9.6 Hz) ppm for 8. Figure 5 illustrates the 1H NMR spectra of the 
iridium complex 4 (Hp/p’ = peripheral hydrogen atoms of the heterocycle) and of the 
product 8 after the addition of H2O. As expected, the bipyridine-containing complexes 5 
and 6 do not show any reactivity towards H2O under the same condition as described for 

- Anti / syn addition
- Re / Si addition
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3 and 4, although Gillard et al. have found that [Pt(CN)2(bpy)] also adds H2O 
regioselectively, whereas the OH group adds to the Cα-atom due to the different charge 
distribution in pyridine compared to phosphinine (Chapter 1).[45] 
 

 
Figure 5     1H NMR spectra (CD2Cl2, 400 MHz) of 4 and 8. Hp/p’ = peripheral hydrogen atoms at the 

phosphorus heterocycle with 3J(H,P) coupling. 
 
From these observations, it appears that the addition of H2O to the external P=C double 
bond proceeds diastereoselectively and not randomly. Interestingly, due to the phenyl 
substituent at the 6-position of the phosphorus heterocycle, an investigation of 7 and 8 by 
means of X-ray crystal structure determination would allow the differentiation between 
anti- and syn-addition, as well as, between addition through the Re or Si site of the P=C 
double bond. Crystals of 7 and 8 suitable for X-ray diffraction were obtained in 85 and 
96% isolated yield, respectively, by slow diffusion of Et2O into a diluted solution of 7 
and 8 in CH2Cl2. The compounds crystallize as racemates in the orthorhombic space 
group Pbca (7) and in the triclinic space group Pī (8) with one metal complex molecule 
in the asymmetric unit. The molecular structures of one enantiomer each are depicted in 
Figure 6 and selected bonding geometries are compared in Table 3. 
The molecular structure of 7 and 8 in the crystal unambiguously show that the H2O 
molecule has been added in an anti-fashion to the P(1)=C(1) double bond, rather than in 
a syn fashion. Moreover, the H2O molecule has been added selectively to only one side 
of the heterocycle in such a way that the OH group is pointing away from the Cl ligand. 
Additionally, hydrogen bonding between the OH group and the Cl counteranion occurs. 
The phosphorus atom shows a distorted tetrahedral geometry with a P(1)-C(1) bond 
length of 1.836(3) Å and a P(1)-C(5) distance of 1.811(3) Å in 7 and of 1.827(2) and 
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1.803(2) Å, respectively, in 8, reflecting the sp3 hybridization of C(1) and the sp2 
hybridization of C(5). 
 

 
Figure 6     Molecular structures of 7 (left, two CH2Cl2 solvent molecules are omitted for clarity) and 8 (right) 

in the crystal. Displacement ellipsoids are shown at the 50% probability level. 
 

Table 3     Selected distances [Å] and angles [o] in 7 and 8. 
 7 (Rh) 8 (Ir) 
M(1)-centroid 1.8324(14) 1.8453(12) 
M(1)-Cl(1) 2.4012(8) 2.3972(6) 
P(1)-M(1) 2.2552(8) 2.2548(6) 
N(1)-M(1) 2.116(3) 2.1284(19) 
C(5)-C(6) 1.468(4) 1.467(3) 
P(1)-C(1) 1.836(3) 1.827(2) 
P(1)-C(5) 1.811(3) 1.803(2) 
C(1)-C(2) 1.508(4) 1.505(3) 
C(2)-C(3) 1.350(5) 1.340(3) 
C(3)-C(4) 1.464(4) 1.471(3) 
C(4)-C(5) 1.351(4) 1.344(3) 
N(1)-C(6) 1.354(4) 1.362(3) 
P(1)-O(1) 1.578(2) 1.5745(18) 
C(1)-P(1)-C(5) 98.52(14) 98.74(11) 
P(1)-M(1)-N(1) 82.27(7) 80.22(6) 

 
Moreover, the C(1)-C(2) bond in 7 corresponds to a single bond (1.508(4) Å), whereas 
the remaining C-C bond lengths in the phosphorus heterocycle are in agreement with a 
diene structure, which shows the expected values of C(2)-C(3) = 1.350(5), C(3)-C(4) = 
1.464(4), and C(4)-C(5) = 1.351(4) Å. In compound 8, values of C(1)-C(2) = 1.505(3), 
C(2)-C(3) = 1.340(3), C(3)-C(4) = 1.471(3), and C(4)-C(5) = 1.344(3) Å were found. The 
bite angles N(1)-M(1)-P(1) are 82.27(7)o in 7 and 80.22(6)o in 8, and are thus larger than 
in the starting materials 3 and 4.  
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3.5 Nucleophilic addition of methanol 
Interestingly and in contrast to the anti-addition of H2O to the P=C double bond in 3 and 
4, it has been observed that the reaction of the neutral complexes [PdCl2(1)] and [PtCl2(1)] 
with methanol leads quantitatively and selectively to a syn addition of CH3OH to the 
external P=C double bonds as demonstrated by single-crystal X-ray diffraction of the 
product [PdCl2(1H·OCH3)] (Figure 7).[33]  
 

 
Figure 7     Methanol addition product of neutral metal complexes containing ligand 1. 

 
The regioselective addition of methanol exclusively to the P(1)=C(1) double bond was 
attributed to the somewhat higher nucleophilicity of C(1) due to the electron-withdrawing 
character of the pyridine ring connected to C(5), leading to a preferred addition of a proton 
to C(1). However, the cause of the difference in anti and syn addition between these two 
systems remains speculative, therefore 3 and 4 were treated with an excess of methanol 
to form the dihydrophosphinine derivatives 9 and 10 (Scheme 4). The addition of the 
CH3OH molecule could, as explained for the H2O addition, occur in a syn or anti fashion 
and also through the Re or Si site of the P=C double bond. 
 

 
Scheme 4     Reaction of 3 and 4 with methanol. 

 
Both compounds show again the characteristic signals for the hydrogen atoms Ha and Hb 
at δ = 5.00 (dd, 3J(H,H) = 3.2 Hz; 2J(H,P) = 8.8 Hz) and 6.88 ppm (ddd, 5J(H,H) = 0.6 Hz, 3J(H,H) 
= 3.2 Hz, 2J(H,P) = 9.2 Hz) for 9 and at δ = 4.79 (dd, 3J(H,H) = 3.2 Hz; 2J(H,P) = 11.2 Hz) and 
6.95 ppm (ddd, 5J(H,H) = 0.8 Hz, 3J(H,H) = 3.2 Hz, 2J(H,P) = 11.0 Hz) for 10. Moreover, a 
doublet at δ = 3.84 ppm (3J(H,P) = 10.8 Hz) for 9 and at δ = 3.76 ppm (3J(H,P) = 11.2 Hz) 
for 10 is observed for the CH3O group attached to the phosphorus atom (Figure 8). In the 
31P{1H} NMR spectrum of 9 and 10 a single resonance at δ = 110.0 ppm (d, 1J(P,Rh) = 
170.0 Hz) and δ = 77.0 ppm is observed. This again excludes the formation of 
diastereomeric product mixtures.  
 

- Anti / syn addition
- Re / Si addition

86 
 



2-(2´-Pyridyl)-4,6-diphenylphosphinine versus 2-(2´-pyridyl)-4,6-diphenylpyridine:  
Synthesis, characterization, and reactivity of novel cationic RhIII and IrIII complexes  

 

 
Figure 8     1H NMR spectra (CD2Cl2, 400 MHz) of 4 and 10. Hp/p’ = peripheral hydrogen atoms at the 

phosphorus heterocycle with 3J(H,P) coupling. 
 
Any attempts to grow crystals of compounds 9 and 10 failed because the compounds react 
with traces of water to form coordination compound 7 and 8, respectively (Scheme 5). It 
is anticipated that the formation of hydrogen bonding between the OH functionality and 
the Cl counter anion, as previously observed for 7 and 8, might be the driving force for 
this process. 
 

 
Scheme 5     Reaction of 9 and 10 with water under formation of 7 and 8. 

 
3.6 Synthesis of a sterically hindered, nonsymmetrical 
phosphinine and its bipyridine derivative 
Attempts to synthesize a tert-butyl substituted pyridyl functionalized phosphinine have 
been carried out which could minimize or slow down nucleophilic attack of water and 
methanol across the external P=C double bond in the phosphinine ring. The synthetic 
route towards 2-(2’-pyridyl)-4-phenyl-6-(3’,5’-di-tert-butyl)phenylphosphinine (11) and 
its analogous bipyridine derivative 2-(2’-pyridyl)-4-phenyl-6-(3’,5’-di-tert-butyl)phenyl-
pyridine (12) is shown in Scheme 6. 

4.04.55.05.56.06.57.07.58.08.59.0

Hb Ha

Hp’ Hp

(10)

(4)

-CH3O
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The formation of 11 is a five step synthesis starting from commercially available 3,5-di-
tert-butylbenzoic acid. Reaction of 3,5-di-tert-butylbenzoic acid with an excess of 
methyllithium gave 1-(3,5-di-tert-butylphenyl)-ethanone (13) as a yellow oil in 85% 
yield.[46] Addition of benzaldehyde to 13 at T = 0oC gave 1-(3,5-di-tert-butylphenyl)-3-
phenyl-2-propen-1-one (14) in 83% yield.[47] In the third step the diketone is synthesized 
by mixing 14, chalcone and NaOH with a mortar and pestle. 1-(2’-pyridyl)pentane-3-
phenyl-5-(3,5-di-tert-butylphenyl)-1,5-dione (15) is obtained in 43% yield.[30]  
 

 
Scheme 6     Synthetic route for the preparation of 11 and 12. 

 
The pyrylium salt could be synthesized from 15 by adding an excess of BF3·Et2O and 
chalcone to abstract the hydride. After 18 hours at T = 70oC 2-(2’-pyridyl)-4-phenyl-6-
(di-tert-butylphenyl)pyrylium tetrafluoroborate (16) was obtained in 44% yield. An 
excess of P(SiMe3)3 was added to 16, but no conversion to the phosphinine (11) in 
acetonitrile or DME was observed by 31P{1H} NMR spectroscopy. From the pyrylium 
salt 16 the bipyridine derivative 12 could also be synthesized by reaction with NH3.[31] 
Filtration over silica gave the pure product in 77% yield. Since the synthesis of bipyridine 
12 from the pyrylium salt (16) with NH3 was successful, the phosphinine (11) could in 
principle be obtained from 16 and PH3 instead of P(SiMe3)3, which might be too bulky 
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for the substitution reaction. Unfortunately, gaseous PH3 is highly toxic and difficult to 
handle, making this reaction rather inconvenient. 
To confirm the structure of the bipyridine ligand, 12 was reacted with [{IrCl2(Cp*)}2] in 
a ratio of 2:1 in CH2Cl2 to give [IrCl(Cp*)(12)]Cl (17) after one hour at room temperature 
(Scheme 7). Via slow diffusion of diethyl ether into a CH2Cl2 solution of the complex, 
crystals of 17 could be obtained. The compound crystallizes as a racemate in the 
monoclinic space group P21/c with two molecules in the asymmetric unit. The molecular 
structure of one enantiomer is depicted in Figure 9 and selected bonding geometries are 
illustrated in Table 4. 
 

 
Scheme 7     Synthesis of IrIII complex 17 of 12. 

 

 
Figure 9     Molecular structure of 17 in the crystal. Only one enantiomer is shown and two CH2Cl2 solvent 

molecules are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 
 
The molecular structure of 17 in the crystal reveals the assumed structure of ligand 12 
and the monomeric nature of the metal complex. When comparing the bond distances and 
angles of 17 with the ones of bipyridine-based iridium complex 6, it appears that they are 
rather similar. Apparently, the two tert-butyl groups do not influence the structure of the 
coordination compound that much. 
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Table 4     Selected distances [Å] and angles [o] in 17. 
 17 
Ir(1)-centroid 1.793 
Ir(1)-Cl(1) 2.3896(11) 
N(1)-Ir(1) 2.152(3) 
N(2)-Ir(1) 2.084(3) 
C(5)-C(6) 1.472(6) 
N(1)-C(1) 1.359(5) 
N(1)-C(5) 1.373(5) 
N(2)-C(6) 1.342(5) 
N(2)-C(10) 1.342(6) 
N(1)-Ir(1)-N(2) 76.63(12) 

3.7 Conclusion 
It is shown for the first time that the cationic mononuclear complexes [MCl(Cp*)(1)]Cl 
(M = RhIII, IrIII) containing the chelating P,N hybrid ligand 2-(2’-pyridyl)-4,6-
diphenylphosphinine (1) can easily be prepared and isolated by starting from the 
corresponding [{MCl2(Cp*)}2] metal precursors. The molecular structures of both 
compounds were determined by means of X-ray crystallography and represent the first 
structurally characterized cationic λ3-phosphinine complexes of RhIII and IrIII. Both the 
chelate effect of the bidentate ligand and the aryl groups at the 4- and 6-position of the 
heterocyclic framework are anticipated to contribute significantly to the formation and 
stabilization of such complexes.  
Due to the presence of electronically and sterically rather different phosphorus and 
nitrogen centers within the same molecule, significant differences in the coordination 
behavior of the P,N ligand towards RhIII and IrIII were observed, compared to the 
structurally related bipyridine-based ligand (2). Ligand 2 not only causes a distortion of 
the corresponding RhIII and IrIII complex, due to steric interactions between the ligand 
framework and the coordinated {MCl(Cp*)} fragment but also leads to the formation of 
the bimetallic ion pair [RhCl(Cp*)(2)][RhCl3(Cp*)]. This repulsion is much less 
pronounced in the related P,N ligand, mainly as a result of the larger phosphorus atom.  
The reaction with water leads quantitatively and regio- and diastereoselectively to an anti-
addition of H2O to the external P=C double bonds as unambiguously demonstrated by X-
ray crystal structure determination of the products [MCl(Cp*)(1H·OH)]Cl (M = RhIII, 
IrIII). The reaction with methanol also seems to proceed diastereoselectively according to 
NMR spectrometry, however, the configuration of the product could not be determined.  
In an attempt to prevent nucleophilic attack at the external P=C double bond by 
introducing sterically demanding groups, the synthesis of a tert-butyl substituted pyridyl 
functionalized phosphinine 11 was unsuccessful. However, the analogous bipyridine 
ligand 12 could be synthesized and coordinated to iridium. X-ray crystal structure 
determination of the product [IrCl(Cp*)(12)]Cl demonstrates that the tert-butyl 
substituted bipyridine ligand 12 coordinates in a similar manner as the bipyridine ligand 
2 in [IrCl(Cp*)(2)]Cl.  
The results described herein demonstrate that the bidentate P,N hybrid ligand 2-(2’-
pyridyl)-4,6-diphenylphosphinine (1) allows access for the first time to novel cationic 
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RhIII and IrIII complexes, broadening significantly the scope of low-coordinate aromatic 
phosphorus heterocycles for potential applications. 

3.8 Experimental section 
General remarks: All reactions were performed under argon using Schlenk techniques or in an MBraun dry box 
unless stated otherwise. All glassware was dried prior to use. All common solvents and chemicals were 
commercially available. [{IrCp*Cl2}2] and [{RhCp*Cl2}2] were purchased from STREM and used without 
further purification. 2-(2’-Pyridyl)-4,6-diphenylphosphinine (1) and 2-(2’-pyridyl)-4,6-diphenylpyridine (2) 
were prepared according to literature procedures.[30,31] The dry solvents were prepared by using custom-made 
solvent purification columns filled with Al2O3. The elemental analyses were performed by H. Kolbe, 
Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr (Germany). 1H, 13C{1H}, and 31P{1H} NMR spectra were 
recorded on a Varian Mercury 200 or 400 spectrometer and all chemical shifts are reported relative to residual 
proton resonance of the deuterated solvents. 
 
[RhCl(Cp*)(1)]Cl (3): A mixture of [{RhCp*Cl2}2] (19 mg, 0.03 mmol, 1.0 equivalent) and 1 (20 mg, 0.06 
mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry box. 
The reaction was completed after 4 hours at room temperature. Crystals were obtained via slow diffusion of 
diethyl ether into the reaction mixture. Yield after crystallization: 91%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) 
= 1.58 (15H, d, 3J(H,H) = 5.6 Hz; Me from Cp*), 7.48-7.63 (6H, m; Harom), 7.70 (1H, t, 3J(H,H) = 6.8 Hz; Harom), 
7.77 (2H, d, 3J(H,H) = 7.6 Hz; Harom), 7.82 (2H, d, 3J(H,H) = 7.2 Hz; Harom), 8.23 (1H, t, 3J(H,H) = 7.8 Hz; Harom), 8.44 
(1H, d, 3J(H,P) = 20.8 Hz; Hp), 8.54 (1H, d, 3J(H,H) = 4.0 Hz; Harom), 8.82 (1H, d, 3J(H,P) = 20.8 Hz; Hp’), 8.83 (1H, 
s, Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 186.0 (d, 1J(Rh,P) = 130.0 Hz). 13C NMR (CD2Cl2, 101 MHz): 
δ (ppm) = 10.0 (CH3 from Cp*), 103.7 (Cq from Cp*), 122.1 (CH), 122.2 (CH), 127.5 (CH), 128.1 (CH), 128.2 
(d, 4J(C,P) = 3.2 Hz; CH), 128.6 (2J(C,P) = 11.5 Hz; CH), 129.3 (CH), 129.4 (CH), 129.7 (CH), 130.3 (CH), 130.5 
(CH), 133.2 (2J(C,P) = 14.7 Hz; CH), 138.4 (Cq), 138.5 (Cq), 139.8 (2J(C,P) = 14.6 Hz; CH), 140.5 (Cq), 140.6 (Cq) 
141.1 (CH), 143.5 (Cq), 155.9 (CH), 157.5 (Cq). Elemental analysis calculated (%) for C32H31NPCl2Rh·0.5 
CH2Cl2 (676.89 g·mol-1): C 57.67, H 4.76, N 2.07%; found C 57.60, H 4.68 N 2.20%. 
 
[IrCl(Cp*)(1)]Cl (4): A mixture of [{IrCp*Cl2}2] (24 mg, 0.03 mmol, 1.0 equivalent) and 1 (20 mg, 0.06 mmol, 
2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry box. The 
reaction was completed after 1 hour at room temperature. Crystals were obtained via slow diffusion of diethyl 
ether into the reaction mixture. Yield after crystallization: 72%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.62 
(15H, d, 4J(H,P) = 3.6 Hz; Me), 7.47 (1H, m; Harom), 7.53-7.66 (6H, m; Harom), 7.75-7.79 (4H, m; Harom), 8.17-8.20 
(1H, m; Harom), 8.37 (1H, dd, 3J(H,P) = 25.1 Hz, 4J(H,H) = 1.6 Hz; Hp), 8.62 (1H, d, 3J(H,H) = 8.4 Hz; Harom), 8.77 
(1H, dd, 3J(H,P) = 19.2 Hz, 4J(H,H) = 1.2 Hz; Hp’), 8.78 (1H, d, 3J(H,H) = 5.6 Hz; Harom). 31P NMR (CD2Cl2, 162 
MHz): δ (ppm) = 158.0. 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 9.3 (CH3 from Cp*), 97.3 (d, 4J(C,P) = 2.6 Hz; 
Cq from Cp*), 121.5, 121.6 127.27, 127.30, 127.9, 128.0, 128.6, 128.7, 128.9, 129.5, 130.1, 133.5 (d, 2J(C,P) = 
13.3 Hz), 138.1 (d, 2J(C,P) = 12.5 Hz), 140.3 (d, 2J(C,P) = 11.4 Hz), 140.5 (d, 3J(C,P) = 5.5 Hz), 141.2, 141.4, 149.9 
(d, 1J(C,P) = 40.7 Hz), 150.6 (d, 1J(C,P) = 37.4 Hz, Cα), 156.7, 158.7 (d, 2J(C,P) = 16.1 Hz). Elemental analysis 
calculated (%) for C32H31NPCl2Ir·0.5 CH2Cl2 (766.20 g·mol-1): C 50.95, H 4.21, N 1.83%; found: C 51.02, H 
4.25, N 2.05%. 
 
[RhCl(Cp*)(2)][RhCl3(Cp*)] (5): A mixture of [{RhCp*Cl2}2] (20 mg, 0.033 mmol, 1.0 equivalent) and 2 (20 
mg, 0.065 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in 
a dry box. The reaction was completed after 1 hour at room temperature. Crystals were obtained via slow 
diffusion of diethyl ether into the reaction mixture. Yield after crystallization: 82% (based on Rh). 1H NMR 
(CD2Cl2, 400 MHz): δ (ppm) = 1.16 (15H, s; Me from Cp*), 1.54 (15H, s; Me from Cp*), 7.61 (6H, m; Harom), 
7.81 (1H, t, 3J(H,H) = 6.3 Hz; Harom), 7.94 (2H, d, 2J(H,H) = 7.2 Hz; Harom), 8.12 (1H, s; Harom), 8.26 (1H, t, 3J(H,H) = 
7.7 Hz; Harom), 8.42 (2H, s; Harom), 8.49 (1H, d, 2J(H,H) = 8.4 Hz; Harom), 8.59 (1H, s; Harom), 8.81 (1H, d, 3J(H,H) = 
8.2 Hz; Harom). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 8.8 (CH3 from Cp*), 9.4 (CH3 from Cp*), 97.3 (Cq 
from Cp*), 97.4 (Cq from Cp*), 120.9 (CH), 126.0 (CH), 127.1 (CH), 127.3 (CH), 127.5 (CH), 128.1 (CH), 
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128.4 (CH), 129.0 (CH), 129.3 (CH), 129.4 (CH), 129.9 (CH), 131.1 (CH), 131.35 (CH), 131.43 (CH), 135.2 
(Cq), 139.5 (Cq), 141.7 (CH), 152.2 (CH), 152.7 (Cq), 155.7 (Cq), 157.2 (Cq), 164.7 (Cq). Elemental analysis 
calculated (%) for C42H46N2Cl4Rh2·5 CH2Cl2 (1351.56 g·mol-1): C 41.76, H 4.18 N 1.04%; found: C 42.26, H 
4.78, N 1.19%. 
 
[IrCl(Cp*)(2)]Cl (6): A mixture of [{IrCp*Cl2}2] (26 mg, 0.033 mmol, 1.0 equivalent) and 2 (20 mg, 0.065 
mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry box. 
The reaction was completed after 4 hours at room temperature. Crystals were obtained via slow diffusion of 
diethyl ether into the reaction mixture. Yield after crystallization: 89%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) 
= 1.15 (15H, s; CH3 from Cp*), 7.59 (6H, m; Harom), 7.80 (1H, t, 3J(H,H) = 7.0 Hz; Harom), 7.84 (2H, d, 2J(H,H) = 
6.8 Hz; Harom), 8.07 (1H, s; Harom), 8.24 (1H, t, 3J(H,H) = 7.4 Hz; Harom), 8.36 (2H, s; Harom), 8.60 (1H, d, 2J(H,H) = 
7.6 Hz; Harom), 8.63 (1H, d, 4J(H,H) = 2.0 Hz; Harom), 8.76 (1H, d, 2J(H,H) = 5.6 Hz; Harom). 13C NMR (CD2Cl2, 101 
MHz): δ (ppm) = 8.5 (CH3 from Cp*), 89.6 (Cq from Cp*), 120.9 (CH), 126.1 (CH), 127.9 (CH), 128.2 (CH), 
128.7 (CH), 129.2 (CH), 129.8 (CH), 130.9 (CH), 131.5 (CH), 131.8 (CH), 134.8 (Cq), 140.1 (Cq), 141.7 (CH), 
151.6 (CH), 152.4 (Cq), 156.5 (Cq), 158.2 (Cq), 164.7 (Cq). Elemental analysis calculated (%) for 
C32H31N2Cl2Ir·CH2Cl2 (791.72 g·mol-1): C 50.06, H 4.20, N 3.55%; found: C 50.69, H 4.49, N 3.81%. 
 
[RhCl(Cp*)(1H·OH)]Cl (7): 3 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of water (22 mg, 1.20 mmol, 40.0 equivalents) was 
added to the mixture. 7 was formed instantaneously. Crystals were obtained via slow diffusion of diethyl ether 
into the reaction mixture. Yield after crystallization: 85%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.30 (15H, 
d, 4J(H,P) = 3.2 Hz; CH3 from Cp*), 4.78 (1H, dd, 2J(H,P) = 12.0 Hz, 3J(H,H) = 2.8 Hz; Ha), 6.53 (1H, dd, 3J(H,P) = 8.0 
Hz, 3J(H,H) = 2.4 Hz; Hb), 7.06 (2H, s; Harom), 7.22 (3H, m; Harom), 7.32 (1H, d, 3J(H,P) = 17.6 Hz; Harom), 7.38 (4H, 
m; Harom), 7.66 (2H, dd, 3J(H,H) = 4.0 Hz, 2J(H,H) = 1.8 Hz; Harom), 8.03 (1H, t, 3J(H,H) = 7.4 Hz; Harom), 8.12 (1H, d, 
3J(H,P) = 8.0 Hz; Harom), 8.60 (1H, d, 3J(H,H) = 5.6 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 86.0 (d, 
1J(Rh,P) = 133.0 Hz). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 9.0 (CH3 from Cp*), 51.3 (CH), 51.6 (CH), 101.6 
(Cq from Cp*), 121.3 (d, 2J(C,P) = 7.6 Hz; CH), 125.3 (CH), 127.1 (CH), 127.9 (d, 4J(C,P) = 2.8; CH), 128.1 (CH), 
128.8 (CH), 128.9 (d, 4J(C,P) = 2.3 Hz; CH), 130.9 (d, 3J(C,P) = 5.4 Hz; CH), 136.2 (CH), 137.2 (d, 2J(P,C) = 10.1 
Hz; Cq), 138.0 (Cq), 138.9 (CH), 139.0 (CH), 139.1 (CH), 140.5 (d, 3J(C,P) = 2.9 Hz; Cq), 154.7 (CH), 159.3 (Cq), 
159.5 (Cq). Elemental analysis calculated (%) for C32H33NPOCl2Rh·CH2Cl2 (791.73 g·mol-1): C 53.77, H 4.79, 
N 1.90%; found: C 53.86, H 4.85, N 1.89%. 
 
[IrCl(Cp*)(1H·OH)]Cl (8): 4 (22 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of water (22 mg, 1.20 mmol, 40.0 equivalents) was 
added to the mixture. 8 was formed instantaneously. Crystals were obtained via slow diffusion of diethyl ether 
into the reaction mixture. Yield after crystallization: 96%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.42 (15H, 
s; CH3 from Cp*), 4.61 (1H, dd, 2J(H,P) = 12.4 Hz, 3J(H,H) = 2.8 Hz; Ha), 6.66 (1H, d(br), 3J(H,P) = 9.6 Hz; Hb), 7.19 
(1H, s; Harom), 7.28 (3H, m; Harom), 7.38 (5H, m; Harom), 7.45 (1H, s; Harom), 7.66 (2H, m; Harom), 7.99 (1H, t, 
3J(H,H) = 7.2 Hz; Harom), 8.12 (1H, d, 3J(H,P) = 6.8 Hz; Harom), 8.55 (1H, d, 3J(H,H) = 5.6 Hz; Harom). 31P NMR (CD2Cl2, 
162 MHz): δ (ppm) = 58.0. 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 8.8 (CH3 from Cp*), 47.1 (CH), 47.5 
(CH), 95.8 (Cq from Cp*), 121.4 (d, 3J(C,P) = 7.6 Hz; CH), 126.0 (CH), 127.3 (CH), 128.1 (d, 4J(C,P) = 3.0 Hz; 
CH), 128.2 (CH), 128.8 (CH), 129.0 (d, 4J(C,P) = 2.5 Hz; CH), 130.8 (d, 3J(C,P) = 5.3 Hz; CH), 138.1 (d, 2J(C,P) = 
11.4 Hz; Cq), 139.3 (CH), 140.8 (d, 3J(C,P) = 2.5 Hz; Cq), 155.6 (CH), 159.8 (d, 2J(C,P) = 18.1 Hz; Cq). Elemental 
analysis calculated (%) for C32H33NPOCl2Ir·0.5 CH2Cl2 (741.13 g·mol-1): C 49.81. H 4.37, N 1.79%; found: C 
49.01, H, 4.58, N 1.67%. 
 
[RhCl(Cp*)(1H·OCH3)]Cl (9): 3 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of methanol (38 mg, 1.20 mmol, 40.0 equivalents) 
was added to the mixture. 9 was formed instantaneously. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.51 (15 H, 
d, 4J(H,P) = 4.4 Hz; CH3 from Cp*), 3.84 (3H, d, 3J(H,P) = 10.8 Hz; CH3O), 4.99 (1H, dd, 2J(H,P) = 8.6 Hz, 3J(H,H) = 
3.2 Hz; Ha), 6.88 (1H, ddd, 2J(H,P) = 9.4 Hz, 3J(H,H) = 3.2 Hz, 5J(H,H) = 1.0 Hz; Hb), 7.42-7.55 (9H, m; Harom), 7.61 
(1H, t, 3J(H,H) = 6.6 Hz; Harom), 7.86 (1H, s; Harom), 7.91 (1H, s; Harom), 8.12 (1H, t, 3J(H,H) = 7.8 Hz; Harom), 8.24 
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(1H, d, 2J(H,H) = 8.4 Hz; Harom), 8.68 (1H, d, 2J(H,H) = 5.7 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 
110.0 (d, 1JP-Rh = 170.0 Hz). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 9.4 (CH3 from Cp*), 48.6 (d, 2J(C,P) = 20.2 
Hz; CH), 49.9 (CH3O), 59.5 (d, 2J(C,P) = 15.6 Hz; CH), 103.4 (d, 2J(C,P) = 2.8 Hz; Cq from Cp*), 122.4 (CH), 
122.5 (CH), 126.8 (CH) 127.1 (CH), 129.2 (CH), 129.4 (CH), 129.7 (d, 3J(C,P) = 2.5 Hz; CH), 130.3 (d, 3J(C,P) = 
5.6 Hz; CH), 131.5 (d, 1J(C,P) = 37.4 Hz; Cq), 134.6 (d, 2J(C,P) = 4.7 Hz; Cq), 136.7 (d, 2J(C,P) = 15.4 Hz; CH), 138.3 
(Cq), 138.4 (Cq), 138.7 (d, 2J(C,P) = 9.1 Hz; Cq), 140.3 (CH), 140.90 (CH), 140.92 (CH), 154.9 (CH), 157.5 (d 
1J(C,P) = 20.6 Hz; Cq). The compound could not be isolated for elemental analysis. 
 
[IrCl(Cp*)(1H·OCH3)]Cl (10): 4 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of methanol (38 mg, 1.20 mmol, 40.0 equivalents) 
was added to the mixture. 10 was formed instantaneously. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.51 (15 H, 
d, 4J(H,P) = 2.8 Hz; CH3 from Cp*), 3.76 (3H, d, 3J(H,P) = 11.2 Hz; CH3O), 4.79 (1H, dd, 2J(H,P) = 11.2 Hz, 3J(H,H) 
= 3.2 Hz; Ha), 6.95 (1H, ddd, 2J(H,P) = 7.6 Hz, 3J(H,H) = 3.2 Hz, 5J(H,H) = 0.6 Hz; Hb), 7.38-7.54 (10H, m; Harom), 
7.83 (1H, s; Harom), 7.88 (1H, s; Harom), 8.10 (1H, t, 3J(H,H) = 7.8 Hz; Harom), 8.22 (1H, d, 2J(H,H) = 8.0 Hz; Harom), 
8.63 (1H, d, 2J(H,H) = 5.6 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 77.0. 13C NMR (CD2Cl2, 101 
MHz): δ (ppm) = 9.0 (d, 3J(C,P) = 0.8 Hz; CH3 from Cp*), 46.6 (CH), 50.2 (CH3O), 58.7 (d, 2J(C,P) = 13.3 Hz; 
CH), 97.3 (d, 2J(C,P) = 2.8 Hz; Cq from Cp*), 122.1 (CH), 122.2 (CH), 126.8 (d, 3J(C,P) = 1.4 Hz; CH) 127.5 (CH), 
129.1 (d, 2J(C,P) = 3.3 Hz; CH), 129.3 (CH), 129.5 (CH), 129.7 (d, 3J(C,P) = 2.7 Hz; CH), 130.2 (CH), 130.3 (CH), 
133.9 (Cq), 134.4 (Cq), 134.5 (d, 2J(C,P) = 5.3 Hz; Cq), 136.8 (CH), 136.9 (CH), 138.4 (Cq), 138.9 (d, 1J(C,P) = 10.1 
Hz; Cq), 140.4 (CH), 141.6 (d 3J(C,P) = 1.6 Hz; CH), 155.9 (CH), 158.4 (d, 1J(C,P) = 18.4 Hz, Cq). The compound 
could not be isolated for elemental analysis. 
 
1-(3,5-Di-tert-butylphenyl)-ethanone (13): 1.6N MeLi in Et2O (35.7 ml, 0.570 mol, 2.2 equivalents) was added 
to a solution of 3,5-di-tert-butylbenzoic acid (6.0 g, 0.0257 mol, 1.0 equivalent) in THF (20 ml) at T = -78oC. 
The mixture was stirred at room temperature for 5 hours, then poured into water and extracted three times with 
ethyl acetate. The organic layer was washed once with brine and dried over MgSO4. Filtration and evaporation 
of the solvent in vacuum gave 5 g (84%) of 13 as a yellow oil. 1H NMR (CDCl3, 400 MHz): δ (ppm) = 1.36 
(18H, s; CH3 from tert-butyl), 2.62 (3H, s; CH3), 7.65 (1H, t; Harom), 7.81 (2H, d, 4J(H,H) = 2.0 Hz; Harom). 
 
1-(3,5-Di-tert-burtylphenyl)-3-phenyl-2-propen-1-one (14): To a solution of 13 (1.71 g, 7.4 mmol, 1.0 
equivalent) in 8.5 ml of methanol was added sodium hydroxide (0.4 g, 10 mmol, 1.3 equivalents), the mixture 
was cooled to T = 0oC. Benzaldehyde (0.8 g, 7.4 mmol, 1.0 equivalent) was added dropwise and after stirring 
overnight at room temperature, the precipitate was filtered off, washed with H2O and dried in vacuum to afford 
1.95 g (83%) of 14 as white flakes. 1H NMR (CDCl3, 400 MHz): δ (ppm) = 1.38 (18H, s; CH3 from tert-butyl), 
7.42 – 7.45 (3H, m; Harom), 7.50 (1H, d, 3J(H,H) = 16.0 Hz; Harom), 7.64 – 7.67 (3H, m; Harom), 7.80 (1H, d, 3J(H,H) 
= 12.0 Hz; Harom), 7.84 (2H, d, 4J(H,H) = 1.8 Hz; Harom). 
 
1-(2’-Pyridyl)pentane-3-phenyl-5-(3,5-di-tert-butylphenyl)-1,5-dione (15): In a mortar (1.0 g, 2.2 mmol, 1.0 
equivalent) of 14, sodium hydroxide (0.1 g, 2.4 mmol, 1.1 equivalents) and 2-acetylpyridine (0.27 g, 2.2 mmol, 
1.0 equivalent) were mixed with use of a pestle until a sticky, yellow mixture was obtained. The mixture was 
transferred to a flask containing water/ethanol 1:2 and heated to T = 70oC until everything was dissolved. The 
solution was allowed to cool down to room temperature. The white solid was filtered off and recrystallized from 
ethanol to afford 0.86 g (43%) of 15. 1H NMR (CDCl3, 400 MHz): δ (ppm) = 1.32 (18H, s; CH3 from tert-butyl), 
3.39 – 3.44 (2H, m; CH2), 3.81 – 3.64 (1H, m; CH2), 4.13 (1H, m; CH), 7.15 (1H, t; Harom), 7.27 (1H, t; Harom), 
7.36 (2H, d, 3J(H,H) = 8.0 Hz; Harom), 7.60 (1H, t; Harom), 7.75 – 7.81 (3H, m; Harom), 7.97 (1H, d, 3J(H,H) = 8.0 Hz; 
Harom), 8.65 (1H, m; Harom). 
 
2-(2’-Pyridyl)-4-phenyl-6-(di-tert-butylphenyl)pyrylium tetrafluoroborate (16): BF3·Et2O (1.0 g, 7.2 mmol, 8.0 
equivalents) was added dropwise to a mixture of 15 (0.4 g, 0.9 mmol, 1.0 equivalent) and 1,3-diphenyl-2-
propen-1-one (0.19 g, 0.9 mmol, 1.0 equivalent) dissolved in 4 ml 1,2-dichlorethane at room temperature. The 
reaction mixture was heated to T = 70oC for 18 hours. After allowing the reaction mixture to cool down to room 
temperature Et2O was slowly added to the mixture. The yellow solid was filtered off and recrystallized from 
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EtOH to afford 0.2 g (44%) of 16. 1H NMR (CD3CN, 400 MHz): δ (ppm) = 1.50 (18H, s; CH3 from tert-butyl), 
7.78 – 7.91 (4H, m; Harom), 8.02 (1H, m; Harom), 8.22 – 8.25 (3H, m; Harom), 8.37 (2H, m; Harom), 8.48 – 9.14 (4H, 
m; Harom). 19F NMR (CD3CN, 400 MHz): δ (ppm) = 151.82, 151.88 (1:4). MALDI-TOF MW calculated: 422.58 
g·mol-1, MW measured: 422.28. 
 
2-(2’-Pyridyl)-4-phenyl-6-(3,5-di-tert-butylphenyl)-phosphinine (11): 16 (20 mg, 0.04 mmol, 1.0 equivalent) 
was suspended in DME or acetonitrile and transferred to a Young NMR tube. P(SiMe3)3 (20 mg, 0.04 mmol, 
2.0 equivalents) was added dropwise. The resulting dark orange mixture was heated to T = 90oC when DME 
was used as solvent and to T = 85oC in case of acetonitrile. After 7 hours and after 20 hours the reaction was 
measured in situ with 31P{1H} NMR spectrometry. However, no conversion was seen in the 31P{1H} NMR 
spectra, for the reaction in DME or acetonitrile. 
 
2-(2’-Pyridyl)-4-phenyl-6-(3,5-di-tert-butylphenyl)-pyridine (12): 16 (66 mg, 0.13 mmol) was suspended in dry 
Me-THF (2 ml) and heated to T = 60oC. NH3 was bubbled through the reaction mixture for 30 minutes and an 
orange mixture was obtained. The reaction mixture was allowed to cool down to room temperature and filtered 
over silica using DCM. The filtrate was concentrated in vacuum to obtain 42 mg (77%) of 12 as an off-white 
powder. 1H NMR (CDCl3, 400 MHz): δ (ppm) = 1.43 (18H, s; CH3 from tert-butyl), 7.32 – 7.36 (1H, m; Harom), 
7.47 – 7.56 (4H, m; Harom), 7.82 – 7.90 (3H, m, Harom), 7.93 (1H, d, 4J(H,H) = 1.6 Hz; Harom), 7.98 (1H, d, 4J(H,H) = 
2.0 Hz; Harom), 8.65 – 8.72 (3H, m; Harom). 
 
[IrCl(Cp*)(12)]Cl (17): A mixture of [{IrCp*Cl2}2] (34.5 mg, 0.04 mmol, 1.0 equivalent) and 12 (33.6 mg, 0.06 
mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry box. 
The reaction was completed after 1 hour at room temperature. Crystals were obtained via slow diffusion of 
diethyl ether into the reaction mixture. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.14 (15H, s; CH3 from Cp*), 
1.45 (18H, s; CH3 from tert-butyl), 7.44 – 7.55 (3H, m; Harom), 7.60 (1H, s; Harom), 7.65 (1H, t; Harom), 7.79 – 
7.83 (1H, m; Harom), 7.91 (1H, d, 4J(H,H) = 4.0 Hz; Harom), 8.14 – 8.20 (2H, m; Harom), 8.32 (1H, s; Harom), 8.40 – 
8.44 (1H, m; Harom), 8.72 – 8.74 (1H, m; Harom), 9.33 (1H, d, 4J(H,H) = 4.0 Hz; Harom), 9.69 (1H, d, 3J(H,H) = 8.0 Hz; 
Harom). 
 
X-ray crystal structure data of compound 3 – 8: X-ray intensities were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å). Software packages used for the 
integration of intensity data were Saint[48] (compounds 3, 8), Eval15[49] (compounds 4, 6, and 7), and Eval14[50] 
(compound 5). Absorption correction and scaling was performed with SADABS or TWINABS[51]. The 
structures were solved with Direct Methods using the program SHELXS-97[52] (compounds 3-8) or with 
automated Patterson methods in the program DIRDIF-08[53] (compound 9). Least-squares refinement was 
performed refined with SHELXL-97[52] against F2 of all reflections. Non-hydrogen atoms were refined with 
anisotropic displacement parameters. Hydrogen atoms were introduced in calculated positions (compounds 3-
6) or located in difference Fourier maps (compounds 7, 8). The hydrogen atoms of the OH groups in 7 and 8 
were refined freely with isotropic displacement parameters. All other hydrogen atoms were refined with a riding 
model. Geometry calculations and checking for higher symmetry was performed with the PLATON program.[54]  
 
Compound 3: [C32H31ClNPRh]Cl, Fw = 634.36, red needle, 0.56 x 0.06 x 0.04 mm3, orthorhombic, P212121 (no. 
19), a = 8.0620(6), b = 15.4082(11), c = 22.6360(17) Å, V = 2811.9(4) Å3, Z = 4, Dx = 1.498 g/cm3, µ = 0.88 
mm-1. 28710 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) 
K. 6388 Reflections were unique (Rint = 0.033), of which 5905 were observed [I>2σ(I)]. 340 Parameters were 
refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0240 / 0.0547. R1/wR2 [all refl.]: 0.0294 / 0.0566. S = 1.022. 
Flack parameter x = -0.005(19).[55] Residual electron density between -0.31 and 0.48 e/Å3. 

 
Compound 4: [C32H31ClIrNP]Cl, Fw = 723.65, red needle, 0.12 x 0.06 x 0.04 mm3, orthorhombic, P212121 (no. 
19), a = 8.09971(15), b = 15.3390(4), c = 22.5955(3) Å, V = 2807.30(10) Å3, Z = 4, Dx = 1.712 g/cm3, µ = 5.03 
mm-1. The crystal appeared to be cracked into two fragments and the integration was performed with two 
orientation matrices. 32992 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a 
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temperature of 150(2) K. 6456 Reflections were unique (Rint = 0.068), of which 5868 were observed [I>2σ(I)]. 
340 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0376 / 0.0756. R1/wR2 [all refl.]: 0.0456 
/ 0.0786. S = 1.103. Flack parameter x = 0.093(9).[55] Residual electron density between -0.65 and 2.14 e/Å3. 
 
Compound 5: [C32H31ClN2Rh][C10H15Cl3Rh], Fw = 926.43, red needle, 0.26 x 0.16 x 0.13 mm3, orthorhombic, 
P212121 (no. 19), a = 7.5533(6), b = 17.5836(10), c = 29.189(2) Å, V = 3876.7(5) Å3, Z = 4, Dx = 1.587 g/cm3, 
µ = 1.16 mm-1. The crystal consisted of several crystalline fragments. Only the non-overlapping reflections were 
used for the refinement. 36653 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a 
temperature of 150(2) K. 8461 Reflections were unique (Rint = 0.049), of which 7539 were observed [I>2σ(I)]. 
461 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0363 / 0.0639. R1/wR2 [all refl.]: 0.0476 
/ 0.0681. S = 1.159. Flack parameter x = 0.00(3).[55] Residual electron density between -0.58 and 0.66 e/Å3. 
 
Compound 6: [C32H31ClIrN2]Cl, Fw = 706.69, yellow block, 0.24 x 0.13 x 0.12 mm3, monoclinic, P21/n (no. 
14), a = 8.99223(18), b = 15.4804(3), c = 19.2384(4) Å, β = 92.300(1) º, V = 2675.89(10) Å3, Z = 4, Dx = 1.754 
g/cm3, µ = 5.21 mm-1. 91091 Reflections were measured up to a resolution of (sin θ/λ)max = 0.83 Å-1 at a 
temperature of 100(2) K. 13018 Reflections were unique (Rint = 0.028), of which 11363 were observed [I>2σ(I)]. 
339 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0218 / 0.0514. R1/wR2 [all refl.]: 0.0277 
/ 0.0535. S = 1.047. Residual electron density between -1.00 and 4.22 e/Å3. 
 
Compound 7: [C32H33ClNOPRh]Cl · 2(CH2Cl2), Fw = 822.23, red block, 0.59 x 0.39 x 0.17 mm3, orthorhombic, 
Pbca (no. 61), a = 15.5649(5), b = 15.8979(4), c = 28.3901(10) Å, V = 7025.1(4) Å3, Z = 8, Dx = 1.555 g/cm3, 
µ = 1.02 mm-1. 121746 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature 
of 150(2) K. 8076 Reflections were unique (Rint = 0.034), of which 7268 were observed [I>2σ(I)]. 406 
Parameters were refined with no restraints. Minor disorder of the solvent molecules was not resolved. R1/wR2 
[I > 2σ(I)]: 0.0406 / 0.1147. R1/wR2 [all refl.]: 0.0451 / 0.1177. S = 1.121. Residual electron density 
between -1.31 and 1.10 e/Å3. 
 

Compound 8: [C32H33ClIrNOP]Cl, Fw = 741.66, orange plate, 0.08 x 0.07 x 0.02 mm3, triclinic, P 1   (no. 2), 

a = 11.6201(5), b = 11.6246(5), c = 12.7068(5) Å, α = 84.4711(13), β = 71.6171(13), γ = 60.9154(12) º, V = 
1420.08(10) Å3, Z = 2, Dx = 1.734 g/cm3, µ = 4.97 mm-1. 32922 Reflections were measured up to a resolution 
of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 6466 Reflections were unique (Rint = 0.029), of which 
5814 were observed [I>2σ(I)]. 352 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0186 / 
0.0373. R1/wR2 [all refl.]: 0.0251 / 0.0389. S = 1.045. Residual electron density between -0.48 and 1.04 e/Å3. 
 
Compound 17: [C40H47ClN2Ir]Cl · CH2Cl2, Fw = 903.84, 0.66 x 0.53 x 0.25 mm3, monoclinic, P21/c (no. 14), a 
= 15.7745(5), b = 14.9950(4), c = 35.9276(9) Å, V = 8497.4(4) Å3, Z = 4, Dx = 1.413 g/cm3, µ = 3.423 mm-1. 
87588 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 
19510 Reflections were unique (Rint = 0.022), of which 16785 were observed [I>2σ(I)]. 887 Parameters were 
refined with no restraints. S = 1.038. Residual electron density between -4.25 and 5.15 e/Å3. 
 

Table 5     Bond angles in the chelating ligand [º] 
 C(1)-P(1)-M(1) 

C(1)-N(1)-M(1) 
C(5)-P(1)-M(1) 
C(5)-N(1)-M(1) 

C(6)-N(1)-M(1) 
C(6)-N(2)-M(1) 

C(10)-N(1)-M(1) 
C(10)-N(2)-M(1) 

compound 3 145.10(9) 108.23(9) 123.41(15) 117.17(16) 
compound 4 144.4(2) 108.8(2) 123.6(4) 117.7(5) 
compound 5 127.9(3) 110.2(3) 116.4(2) 124.0(3) 
compound 6 129.84(11) 112.37(10) 116.07(10) 123.89(12) 
compound 7 123.00(11) 102.55(10) 122.8(2) 118.0(2) 
compound 8 121.33(9) 102.32(8) 122.01(15) 120.46(16) 
compound 17 129.0(3) 112.8(3) 117.0(3) 122.7(3) 
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Table 6     Torsion angles and interplanar angles in the chelating ligand [º] 
 P(1)-C(5)-C(6)-N(1) 

N(1)-C(5)-C(6)-N(2) 
interplanar angle 

compound 3 3.3(3) 11.93(10) 
compound 4 -3.9(7) 11.5(3) 
compound 5 -15.9(5) 19.97(18) 
compound 6 1.6(2) 13.54(8) 
compound 7 10.9(4) 28.17(14)[*] 
compound 8 -17.7(3) 14.18(13)[*] 
compound 17 5.4(6) 9.0(2) 

[*] least-squares plane through non-planar ring 
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 Reactions of pyridyl functionalized, chelating λ3-phosphinines 
in the coordination environment of RhIII and IrIII 

Abstract 
RhIII and IrIII complexes based on the λ3-P,N hybrid ligand 2-(2’-pyridyl)-4,6-
diphenylphosphinine (1) react selectively at the P=C double bond to chiral coordination 
compounds of the type [MCl(Cp*)(1H·OH)]Cl (M = RhIII (2), IrIII (3); Cp* = 
pentamethylcyclopentadiene), which can be deprotonated with triethylamine (Et3N) 
under elimination of HCl. By using different bases, the pKa value of the P-OH group could 
be estimated. Whereas [IrCl(Cp*)(1H·O)] (4) is formed quantitatively upon treatment 
with Et3N, the corresponding rhodium compound [RhCl(Cp*)(1H·O)] (5) undergoes 
tautomerization upon formation of the λ5σ4-phosphinine RhIII complex 
[RhCl(Cp*)(1·OH)] (6) as confirmed by single crystal X-ray diffraction. Blocking the 
acidic P-OH functionality in 3 by introducing a P-OCH3 substituent leads directly to the 
λ5σ4-phosphinine IrIII complex (8) upon elimination of HCl. These new transformations in 
the coordination environment of RhIII and IrIII provide an easy and general access to new 
transition metal complexes containing λ5σ4-phosphinine ligands. 

 

 

 

 

 

 

 

 

 

101 
 



Chapter 4 

4.1 Introduction 
2,2’-Bipyridine (bpy) derivatives are well studied bidentate nitrogen ligands and their 
corresponding transition metal complexes find widespread application in various areas of 
chemistry, such as molecular electronics, homogeneous (photo)catalysis, or material 
science.[1-11] The replacement of a pyridine unit by a π-accepting λ3-phosphinine entity 
leads to 2-(2’-pyridyl)phosphinine, a semi-equivalent of bpy.[12,13] As explained in 
Chapter 3 the first example of this type of P,N hybrid ligand has been described by 
Mathey et al. with the synthesis of 2-(2’-pyridyl)-4,5-dimethylphosphinine (NIPHOS, 
Figure 1).[14] Müller et al. recently developed a facile synthetic route to 2-(2’-pyridyl)-
4,6-diphenylphosphinine (1, Figure 1).[15-17] 
 

 
Figure 1     Pyridyl functionalized phosphinines NIPHOS and 2-(2’-pyridyl)-4,6-diphenylphosphinine 1. 

 
It is by now well established that the coordination chemistry of phosphorus-analogues of 
bpy is markedly different from that of classical tertiary diphosphines or their all-nitrogen-
counterparts.[18-22] In contrast to (bi)pyridines, phosphinine-based ligands are especially 
suitable for the stabilization of electron-rich metal centers due to the pronounced π-
acceptor properties of the aromatic phosphorus heterocycle.[18-23] 
As outlined in Chapter 3, the aromaticity of the phosphinine heterocycle is significantly 
disrupted upon coordination to metal centers in especially higher oxidation states and 
with reduced π-back donation capability. Accordingly, the phosphinine core behaves like 
a cyclophosphahexatriene containing a highly reactive P=C double bond.[24] Venanzi et 
al. have shown that cationic PdII and PtII complexes of NIPHOS react with traces of water 
and alcohols to the corresponding dihydrophosphinine species of type A (Figure 2) 
(Chapter 1).[25] The regioselective addition of methanol exclusively to the external P=Cα 
atom, leads to the preferred addition of the proton exclusively to the external Cα-atom.[17] 
Nevertheless, as the external Cα-atom in NIPHOS is not prochiral, the structural 
characterization of A does not allow to draw any conclusion whether the addition of ROH 
to the P=C double bond proceeds in a syn- or anti-fashion, or even randomly. 
Interestingly, the pyridyl functionalized phosphinine 1 does contain a prochiral center at 
the external Cα-atom, providing the possibility to gain more insight into the mechanism 
of the addition process once the ligand is coordinated to a metal center. As a matter of 
fact, Müller et al. recently demonstrated for the first time that the reaction of the neutral 
phosphinine-MII complexes [PdCl2(1)] and [PtCl2(1)] with methanol does not proceed 
randomly but quantitatively and selectively to the syn-addition product of type B (Figure 
2) (Chapter 1) as confirmed by X-ray crystal structure analysis.[17] This indicates that the 
reaction proceeds in a concerted way, rather than in a two-step process. In contrast, 
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treatment of the cationic phosphinine-MIII complexes [RhCl(Cp*)(1)]Cl and 
[IrCl(Cp*)(1)]Cl with water leads quantitatively and selectively to the anti-addition 
products 2 (Rh) and 3 (Ir), respectively (type C, Figure 2) (Chapter 3), as confirmed 
crystallographically as well.[26] 
 

 
Figure 2     Coordination compound A – C containing dihydrophosphinine derivatives as ligands. 

 
Additionally, hydrogen bonding between the –OH hydrogen atom and the Cl- 
counteranion was observed. Venanzi et al. have already demonstrated that the –OH group 
in [PtCl(L)(NIPHOSH·OH)]+ (A, Figure 2) could be deprotonated with diisopropylamine 
to form [PtCl(L)(NIPHOSH·O)], although the product was never structurally 
characterized.[25] Here the reactions of the P,N hybrid ligand 1 in the coordination 
environment of RhIII and IrIII are reported. 

4.2 Deprotonation of dihydrophosphinines in the coordination 
environment of RhIII and IrIII with triethylamine  
As outlined in Chapter 3 complex 3 (type C, Figure 2) can be synthesized starting from 
[IrCl(Cp*)(1)]Cl (Scheme 1).[26] Adding an excess of H2O (≈ 40 equivalents) to a solution 
of [IrCl(Cp*)(1)]Cl in CH2Cl2 leads instantaneously to the quantitative formation of 3. 
Figure 3 shows the 1H NMR spectrum of [IrCl(Cp*)(1)]Cl and 3 in CD2Cl2. Compound 
3 shows the characteristic resonances for the protons Ha and Hb at δ = 4.61 (dd, 3J(H,H) = 
2.8 Hz; 2J(H,P) = 12.4 Hz) and 6.66 ppm (d, br, 3J(H,P) = 9.6 Hz) (Chapter 3). Upon treating 
3 with Et3N (≈ 10 equivalents) in CH2Cl2 the NMR spectroscopic data revealed the clean 
and quantitative formation of a new species. 
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Scheme 1     Reaction of 3 with Et3N. 

 
In the 1H NMR spectrum (Figure 3, top) the signals for the hydrogen atoms Ha and Hb 
shifts from δ = 4.61 to 4.38 ppm (dd, 3J(H,H) = 3.2 Hz; 2J(H,P) = 14.0 Hz) and from δ = 6.66 
to 6.73 ppm (dd, 3J(H,H) = 3.2 Hz; 2J(H,P) = 8.4 Hz). In the 31P{1H} NMR spectrum of the 
new compound, a shift from δ = 58.0 to 39.0 ppm is observed. On the basis of the NMR 
spectroscopic data the elimination of HCl from 3 is proposed by addition of Et3N upon 
formation of the zwitterionic species 4 (Scheme 1). 
 

 
Figure 3     1H NMR spectra (CD2Cl2) of [IrCl(Cp*)(1)]Cl (bottom), 3 (middle), and 4 (top). The aliphatic 

region is omitted for clarity. 
 
Crystals of 4 suitable for X-ray diffraction were isolated in 54% yield by slow diffusion 
of Et2O into a diluted solution of 4 in CH2Cl2. The compound crystallizes as a racemate 
in the orthorhombic space group Pna21 with one molecule in the asymmetric unit. The 
molecular structure is depicted in Figure 4 and selected bonding geometries are compared 
in Table 1. 
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[IrCl(Cp*)(1)]Cl

(4)
Hb Ha

9.0                              8.0                              7.0                              6.0                       5.0                              4.0
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Figure 4     Molecular structure of 4 in the crystal. Displacement ellipsoids are shown at the 50% probability 

level. 
 

Table 1     Selected bond lengths (Å) and angles (o) in complexes 4, 6, and 8. 
 4 (Ir) 6 (Rh, mol. 1) 6 (Rh, mol. 2) 8 (Ir) 
M(1)-centroid 1.8477(12) 1.8352(12) 1.8324(13) 1.8403(7) 
M(1)-Cl(1) 2.4002(7) 2.4075(7) 2.4084(7) 2.4019(4) 
P(1)-M(1) 2.2806(7) 2.2791(9) 2.2899(9) 2.2646(4) 
N(1)-M(1) 2.115(2) 2.118(2) 2.111(2) 2.1119(13) 
P(1)-O(1) 1.507(2) 1.638(2) 1.635(2) 1.6357(11) 
P(1)-C(1) 1.863(3) 1.759(3) 1.766(3) 1.7782(15) 
P(1)-C(5) 1.830(3) 1.761(3) 1.758(3) 1.7507(16) 
C(1)-C(2) 1.510(4) 1.390(4) 1.394(4) 1.371(2) 
C(2)-C(3) 1.341(4) 1.411(4) 1.407(4) 1.425(2) 
C(3)-C(4) 1.470(4) 1.411(4) 1.394(4) 1.387(2) 
C(4)-C(5) 1.336(4) 1.382(4) 1.388(4) 1.404(2) 
N(1)-C(6) 1.353(3) 1.366(4) 1.369(4) 1.3724(19) 
C(5)-C(6) 1.459(3) 1.448(4) 1.446(4) 1.434(2) 
C(1)-P(1)-C(5) 95.20(11) 102.88(13) 103.16(13) 102.52(7) 
P(1)-M(1)-N(1) 82.70(6) 76.76(7) 77.41(7) 80.42(4) 

 
The molecular structure of 4 in the crystal indeed confirms the elimination of HCl from 
3, and the complex can thus best be described as a formally zwitterionic species (Scheme 
1). The P(1)-O(1) distance of 1.507(2) Å is somewhat shorter than in 3 (1.5755(18) Å), 
indicating partial P=O double bond character. Consequently, the P(1)-C(1) and the P(1)-
C(5) distances of 1.863(3) Å and 1.830(3) Å are slightly longer than in 3 (1.827(2) Å and 
1.803(2) Å), whereas the C(1)-P(1)-C(5) angel of 95.20(11)o is slightly smaller than in 3 
(98.74(11)o). The remaining C-C bond lengths in the phosphorus heterocycle are similar 
to the ones in 3. 
Furthermore, the pKa value of the P-OH functionality in 3 has been estimated. Addition 
of Et3N (pKb = 3.3) to 3 gives quantitative conversion to compound 4 as described above. 
When an excess (≈ 10 equivalents) of bpy (pKb = 9.56) was added to a solution of 3 in 
CD2Cl2, no deprotonation was observed by using 1H NMR spectroscopy. This indicates 
that the pKa value of the P-OH group is somewhere between pKa = 10.7 and 4.35. Addition 
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of pyridine (pKb = 8.75), on the other hand, gave a mixture of 3 and 4 in the ratio of 1:2. 
These results show that the pKa value of the P-OH group is similar to the one of the 
pyridinium ion, which is pKa = 5.25. 
Likewise, treatment of 2 (Rh) with Et3N (≈ 10 equivalents) in CH2Cl2 reveals again the 
predominant formation of a new species. In the 1H NMR spectrum, the characteristic 
signals for the hydrogen atoms Ha and Hb shift from δ = 4.78 to 4.65 ppm (dd, 3J(H,H) = 
3.2 Hz; 2J(H,P) = 12.0 Hz) and from δ = 6.53 to 6.63 ppm (dd, 3J(H,H) = 4.0 Hz; 2J(H,P) = 8.0 
Hz). In the 31P{1H} NMR spectrum of this compound, a shift from δ = 86.0 (d, 1J(P,Rh) = 
133.0 Hz) to 80.0 ppm (d, 1J(P,Rh) = 133.0 Hz) is observed. However, after 1 day at room 
temperature, a minor amount of a second species (≈ 5%) is present in the solution, which 
shows a single pseudo-triplet at δ = 6.80 ppm (3J(H,P),(H,H) = 6.0 Hz) in the 1H NMR 
spectrum and a doublet (1J(P,Rh) = 128.8 Hz) at δ = 91.0 ppm in the 31P{1H} NMR 
spectrum. Nevertheless, on the basis of the NMR spectroscopic data again elimination of 
HCl from 2 is proposed upon formation of the zwitterionic species [RhCl(Cp*)(1H·O)] 
(5) according to Scheme 2.  
 

 
Scheme 2     Reaction of 2 with Et3N. 

 
Crystals suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether 
into the reaction mixture. The product crystallizes as a racemate in the monoclinic space 
group Cc (No. 9) with two molecules in the asymmetric unit. The molecular structure of 
one enantiomer is depicted in Figure 5 and the selected structural parameters are 
compared in Table 1. The crystallographic characterization reveals indeed elimination of 
HCl from 2. Most strikingly, however, is the fact that the zwitterionic species 5 has not 
been isolated, but instead its tautomeric form 6, containing a hydroxyl-group at the 
phosphorus atom, is present in the solid state (Scheme 2). The minor amount of the second 
species observed in the 1H NMR spectrum as mentioned above might thus be attributed 
to the tautomeric form 6, which should show a single pseudo-triplet for the proton Hb, 
due to coupling with the phosphorus atom as well as Hc. As a matter of fact, heating a 
sample of 2 with Et3N in CD2Cl2 for several hours to T = 60oC reveals that the amount of 
6 increases substantially. 
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Figure 5     Molecular structure of 6 in the crystal. A monocoordinated CH2Cl2 solvent molecule is omitted 

for clarity. Only one independent molecule is shown. Displacement ellipsoids are shown at the 50% 
probability level. Bottom representation is a side view of the molecular structure. 

 
The phosphorus heterocycle is essentially planar as observed in the complex 
[RhCl(Cp*)(1)]Cl (Chapter 3) containing a λ3-phosphinine. The phosphorus atom escapes 
from the plane defined by C(1)-C(2)-C(3)-C(4)-C(5) atoms by only 0.1933(8) Å (Figure 
5, bottom). The P(1)-C(1) and P(1)-C(5) bond lengths in 6 of 1.758(3) and 1.766(3) Å, 
respectively, are slightly longer than in [RhCl(Cp*)(1)]Cl (both 1.720(2) Å), whereas the 
C-C bond lengths in the phosphinine moiety of 6 are essentially identical compared to the 
ones in [RhCl(Cp*)(1)]Cl.[26] The –OH group at the phosphorus atom forms an 
intramolecular hydrogen bond with the chloride ligand. It should be noted here that an 
inversion of configuration has apparently occurred during the proton transfer step, either 
at the phosphorus atom or at the rhodium center. Both the oxygen atom and the chloride 
ligand in 6 are now located on the same side of the molecule, which is in contrast to the 
situation observed in compound 4. 
The deprotonation reactions of 2 and 3 suggest that the pKa value of the –OH group is 
somewhat lower than the one of the Cα-H unit, but essentially very similar, as the 
tautomeric form can apparently be easily formed. The gain in energy by the more 
extended delocalization within the phosphorus heterocycle could be the driving force for 
this rearrangement. Taking these results into account, it should be possible to generate 
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the λ5σ4-species directly by deprotonation of a coordination compound, in which no –OH 
acidic proton is present. Therefore [IrCl(Cp*)(1)]Cl was treated with an excess of 
methanol to form the dihydrophosphinine derivative 7 (Scheme 3), as described in 
Chapter 3. 
 

 
Scheme 3     Reaction of [IrCl(Cp*)(1)]Cl with CH3OH and Et3N. 

 
Upon treatment of 7 with excess Et3N a new species is indeed formed instantaneously, 
which was apparent from the disappearance of the signal at δ = 4.79 ppm in the 1H NMR 
spectrum. Only one pseudo-triplet remains at δ = 6.48 ppm in the 1H NMR spectrum 
(Figure 6, top) and one signal at δ = 56.0 ppm observed in the 31P{1H} NMR spectrum. 
This result suggests indeed a deprotonation with the loss of Ha and the formation of a 
λ5σ4-species. 
 

 
Figure 6     1H NMR spectra (CD2Cl2) of [IrCl(Cp*)(1)]Cl (bottom), 7 (middle) and 8 (top). 

 
Crystals of the new compound were obtained by slow diffusion of diethyl ether into the 
reaction mixture. The complex crystallizes as a racemate in the monoclinic space group 
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P21/n (No. 14) with one independent molecule in the asymmetric unit. The molecular 
structure of one enantiomer is depicted in Figure 7 and selected bonding geometries are 
compared in Table 1. The crystallographic characterization indeed reveals formation of 
compound 8 according to Scheme 3. 
The P(1)-C(1) and P(1)-C(5) bond lengths in 8, being 1.7782(15) and 1.7507(16) Å, 
respectively, are longer than in [IrCl(Cp*)(1)]Cl (1.717(7) and 1.710(6) Å). The C-C 
bond lengths in the phosphinine moiety of 8 are essentially identical compared to the ones 
in [IrCl(Cp*)(1)]Cl.[26] However, the transformation of [IrCl(Cp*)(1)]Cl into 8 through 7 
induces a distortion of the phosphinine heterocycle. Whereas the phosphinine core in 6 is 
basically planar as mentioned above, the phosphorus atom in 8 escapes from the plane 
defined by the C(1)-C(2)-C(3)-C(4)-C(5) atoms by as much as 0.4717(4) Å (Figure 7, 
bottom). 
 

 
Figure 7     Molecular structure of 8 in the crystal. Displacement ellipsoids are shown at the 50% probability 
level. Bottom representation is a side view along the C(5)-C(6) bond were the phenyl groups are omitted for 

clarity and only the ipso-C-atoms are shown. 
 
Starting from [RhCl(Cp*)(1)]Cl the dihydrophosphinine derivative 9 could be obtained 
by treatment with an excess of methanol (Scheme 4), as described in Chapter 3. Upon 
treatment of 9 with excess Et3N two new species are formed instantaneously (Scheme 4), 
as observed by 31P{1H} NMR spectrometry at δ = 99.0 ppm (d, 1J(P,Rh) = 150.0 Hz) for 
10a and δ = 91.0 ppm (d, 1J(P,Rh) = 161.0 Hz) for 10b. In the 1H NMR spectrum the signal 
of the Ha proton is missing. For both species a doublet is observed at δ = 3.00 ppm (3J(H,P) 
= 12.4 Hz) for 10a and δ = 3.08 ppm (3J(H,P) = 11.6 Hz) for derivative 10b, for the CH3O 
group attached to the phosphorus atom. The Hb proton of derivative 10a occurs as a 
double triplet (δ = 6.77 ppm (3J(H,H) = 5.8 Hz, 4J(H,H) = 2.6 Hz), however the Hb proton of 
10b is a multiplet at δ = 6.58 – 6.61 ppm. 
Immediately after the addition of Et3N, 10b is the major species and only a minor amount 
of 10a is present according to the NMR spectroscopic data. When the reaction mixture is 
left at room temperature the equilibrium shifts to 10a and after 4 days the ratio between 
10a and 10b of 3:1 does not change anymore. Attempts to separate the two species via 
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crystallization have not been successful. Unfortunately, this made it impossible to 
determine the exact structure of species 10a and 10b. 
 

 
Scheme 4     Reaction of [RhCl(Cp*)(1)]Cl with CH3OH and Et3N. 

 
It should be mentioned here that Le Floch et al. has reported already on the synthesis of 
Pd-complexes containing λ5-SPS(OH) or λ5-SPS(OCH3) phosphinines (Scheme 5).[27] 
This route, however, is only operative because the λ3-SPS phosphinine already reacts with 
water or alcohols to form the corresponding λ5-phosphinines. Consequently, such 
reactions are generally not applicable to other phosphinines that do not react with water 
of alcohols, such as 2,4,6-triarylphosphinines.  
 

 
Scheme 5     Conversion of an SPS pincer ligand into λ5-SPS(OH) or λ5-SPS(OCH3) phosphinine-based PdII 

complexes. 
 

In the upper reaction depicted in Scheme 5 the 1,2-dihydrophosphinine oxide reacts with 
[Pd(cod)Cl2] (cod = 1,5-cyclooctadiene) upon elimination of HCl to [Pd(SPS·OH)], most 
likely through a [1,3] hydride shift from the C(2) carbon atom to the P=O double bond. 
In the reaction using alcohols (Scheme 5, bottom), the corresponding λ5-phosphinines are 
formed directly by a formal insertion of the phosphorus lone pair into the RO-H bond. 
These reactions are most likely the result of a significant dearomatization of the 
phosphorus heterocycle due to strong acceptor groups at the α position of the phosphorus 
atom.  
Nevertheless, uncoordinated 2,4,6-triphenylphosphinine derivatives, as in the case of the 
P,N hybrid ligand 1, do not react with water or alcohols, making this type of 
transformation consequently impossible. The direct conversion of the transition metal 
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complexes into the new λ5-phosphinines(OH) and λ5-phosphinines(OR) containing 
compounds by the reaction with water or alcohols and subsequent deprotonation is 
therefore an elegant and new route to such coordination compounds. Furthermore, these 
transformations are even possible in “one pot”, starting directly from the λ3-phosphinine 
based [MCl(Cp*)(1)]Cl (M = RhIII, IrIII) complexes. 

4.3 DFT calculations 
As evident from the X-ray crystal structure determination of compounds 6 (P-OH) and 8 
(P-OCH3) the phosphorus atom deviates from the plane of the ring, although this effect is 
much less pronounced and hardly noticeable in 6 (Rh) in comparison to 8 (Ir). The 
significant difference in the distortion of the phosphinine heterocycle in 6 and 8 suggest 
a different electronic situation in the phosphorus moiety of both compounds. In fact, the 
phosphorus containing 6-membered ring can be described either as a λ5σ4-phosphinine 
consisting of an anionic λ4σ3-ligand or, alternatively, as a λ4σ4-phosphinine consisting of 
a classical tertiary λ3σ3-phosphinite ligand (Figure 8). 
 

 
Figure 8     Resonance structures of 6 and 8 and of the corresponding ligands. 

 
To clarify this the electronic properties of 6 and 8 were analyzed by means of DFT 
calculations starting from the corresponding X-ray crystal structures of these coordination 
compounds.[28-31] All calculations were performed at the B3LYP/def2-TZVP level and 
the optimized structures are shown in Figure 9. In analogy to the X-ray crystal structure 
determination of compounds 6 (P-OH) and 8 (P-OCH3), the phosphorus atom deviates in 
the optimized structures from the plane of the ring by θ = 8.8o (6, Rh) and 25.3o (8, Ir) (In 
Figure 9 θ corresponds to the angle between the planes of the triades of atoms of the ring). 
The natural bond orbital (NBO) charges from both the Rh- and Ir-complex are listed in 
Table 2. From the results it is clear that the negative charge in both compounds is 
delocalized over the phosphinine ring. The total charge in the heterocycle of 6 and 8 is 
estimated to be almost exactly 1 e lower than the atomic charge on phosphorus. This 
implies that despite the strong difference in the distortion of the phosphorus heterocycle, 
both compounds can best be described as a species that consists of a λ4σ4-phosphorus 
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heterocycle with an ylide structure. The difference in the distortion of the phosphorus 
heterocycle might be attributed to the presence of efficient hydrogen bonding between 
the P-OH group of 6 and the Cl ligand at the metal center.  
 

 
Figure 9     Optimized structures (DFT) of 6 (Rh) and 8 (Ir). 

 
Table 2     NBO charges calculated for 6 (Rh) and 8 (Ir). 

Atom/moiety 6 (Rh) 8 (Ir) 
Rh/Ir -0.236 +0.085 
Cl- -0.419 -0.391 
P- +1.65 +1.545 
P-benzene 
(approximately) 

+0.67 +0.546 

-OH/-OCH3 -0.473 -0.498 
N- -0.360 -0.395 

 

 
Figure 10     Frontier orbital of 6 (Rh) and 8 (Ir). 
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The frontier orbitals of compounds 6 and 8 were also analyzed and the results are depicted 
in Figure 10. It is obvious that the HOMO in both compounds shows a substantial 
delocalization over the C-P-C moiety. The metal fragment and the –OR residue at the 
phosphorus atom form antibonding domains within the HOMO. As a matter of fact, the 
shape of the HOMO strongly resembles that of the parent λ5-phosphinine, which is best 
described by an ylidic resonance structure as well (Figure 11).[32] This comparison again 
suggests that compounds 6 and 8 are best described by the presence of a λ4σ4-phosphorus 
heterocycle consisting of an ylide structure. 
 

 
Figure 11     Frontier orbitals of the λ5-phosphinine C5H5PH2. 

 
Nevertheless, from Figure 10 it is furthermore apparent that the LUMOs are significantly 
different for both compounds 6 and 8. In both cases, there is an important contribution 
from the metal centered d orbitals. Whereas in the case of compound 6 (Rh), the states 
due to the Cp* ligand dominate the LUMO, the LUMO of the Ir complex 8 contains 
substantial contribution from the bidentate ligand.  

4.4 Conclusion 
It has been demonstrated that the cationic RhIII and IrIII complexes 
[MCl(Cp*)(1H·OH)]Cl can be deprotonated with Et3N under the elimination of HCl to 
form zwitterionic species of the type [MCl(Cp*)(1H·O)]. By using different bases, the 
pKa value of the P-OH group could be estimated (pKa = 5.25). In the case of RhIII, 
subsequent tautomerization through a [1,3] hydride shift occurs and the λ5σ4-complex 
[RhCl(Cp*)(1·OH)] is formed exclusively. Starting from the corresponding 
[IrCl(Cp*)(1H·OCH3)]Cl species, in which no acidic P-OH group is present, direct 
deprotonation of the phosphorus heterocycle was observed to form [IrCl(Cp*)(1·OCH3)]. 
This transformation of λ3-phosphinine-based complexes into λ5-phosphinine(OH) and λ5-
phosphinine(OR) complexes in the coordination environment of transition metals is a new 
and elegant route to such coordination compounds. It should be mentioned here, however, 
that the role of the pyridine moiety has not yet been clearly understood.  

4.5 Experimental Section 
General Remarks: All reactions were performed under argon using Schlenk techniques or in an MBraun dry 
box unless stated otherwise. All glassware was dried prior to use. All common solvents and chemicals were 
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commercially available. Coordination compounds 2 and 3 were prepared according to literature procedures.[26] 
The dry solvents were prepared by using custom-made solvent purification columns filled with Al2O3. Elemental 
analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a. d. Ruhr (Germany). 1H, 
13C{1H}, and 31P{1H} NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer and all chemical 
shifts are reported relative to residual proton resonance of the deuterated solvents. 
 
[IrCl(Cp*)(1H·O)] (4): 3 (22 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 mL) and transferred 
to a Young NMR-Tube under argon. An excess of triethylamine (30 mg, 0.30 mmol, 10.0 equivalents) was 
added to the mixture. Compound 4 was formed instantaneously. The reaction mixture was filtered over celite 
and crystals were obtained via slow diffusion of diethyl ether into the reaction mixture. Yield after crystallization 
was 54%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.44 (15H, d, 4J(H,P) = 2.3 Hz; CH3 from Cp*), 4.38 (1H, dd; 
2J(H,P) = 14.0 Hz, 3J(H,H) = 3.2 Hz; Ha’), 6.73 (1H, ddd, 3J(H,P) = 8.4 Hz, 3J(H,H) = 3.2 Hz, 5J(H,H) = 0.8 Hz; Hb’), 7.11 
(1H, m; Harom), 7.21 (1H, s; Harom), 7.25 (1H, s; Harom), 7.29 (1H, m; Harom), 7.36 (4H, m; Harom), 7.47 (1H, s; 
Harom), 7.49 (1H, d, 3J(H,H) = 1.2 Hz; Harom), 7.53 (1H, s; Harom), 7.55 (1H, d, 3J(H,H) = 2.0 Hz; Harom), 7.81 (1H, t, 
3J(H,H) = 7.8 Hz; Harom), 7.92 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.66 (1H, d, 3J(H,H) = 5.6 Hz; Harom). 31P NMR 
(CD2Cl2, 162 MHz): δ (ppm) = 38.0. 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 8.8 (CH3 from Cp*), 51.4 (CH), 
51.0 (CH), 94.4 (d, 2J(C,P) = 10.0 Hz; Cq from Cp*), 110.4 (Cq), 120.9 (CH), 121.0 (CH), 124.8 (CH), 126.8 
(CH), 127.8 (CH), 128.4 (d, 2J(C,P) = 8.8 Hz; CH), 128.9 (CH), 130.6 (CH), 130.6 (CH), 134.2 (d, 2J(C,P) = 9.6 
Hz; CH), 135.9 (Cq), 136.0 (Cq), 137.7 (CH), 139.8 (CH), 140.0 (CH), 140.35 (Cq), 140.39 (Cq), 140.7 (Cq), 
155.6 (CH). Elemental analysis calculated (%) for C32H32NPOClIr (705.25 g·mol-1): C 54.50, H 4.57, N 1.99%; 
found: C 53.37, H 4.27, N 1.99%. 
 
[RhCl(Cp*)(1·OH)] (6): 2 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 mL) and 
transferred to a Young NMR-Tube under argon. An excess of triethylamine (30 mg, 0.30 mmol, 10.0 
equivalents) was added to the mixture. Compound 5 was formed instantaneously. 1H NMR (CD2Cl2, 400 MHz): 
δ (ppm) = 1.41 (15 H, d, 4J(H,P) = 2.8 Hz; CH3 from Cp*), 4.65 (1 H, dd, 2J(H,P) = 12.0 Hz, 3J(H,H) = 3.2 Hz; Ha’), 
6.63 (1 H, ddd, 3J(H,P) = 8.0 Hz, 3J(H,H) = 4.0 Hz, 5J(H,H) = 1.0 Hz; Hb’), 7.22 (2 H, t, 3J(H,H) = 6.4 Hz; Harom), 7.33 
(5 H, m; Harom), 7.53 (5 H, m; Harom), 7.81 (1 H, t, 3J(H,H) = 7.8 Hz; Harom), 7.91 (1 H, d, 3J(H,P) = 8.0 Hz; Harom), 
8.71 (1 H, d, 3J(H,H) = 5.2 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 80.0 (d, 1J(Rh,P) = 133.0 Hz). 13C 
NMR (CD2Cl2, 101 MHz): δ (ppm) = 9.2 (CH3 from Cp*), 100.8 (Cq from Cp*), 121.1 (CH), 121.2 (CH), 124.2 
(CH), 126.8 (d, 4J(C,P) = 1.4 Hz; CH), 127.0 (CH), 127.1(CH), 127.9 (CH), 128.5 (d, 4J(C,P) = 2.2 Hz; CH), 128.9 
(CH), 130.9 (CH), 131.0 (CH), 133.7 (CH), 133.8 (CH), 135.9 (Cq), 136.0 (Cq), 140.0 (CH), 140.1 (d, 3J(C,P) = 
3.9 Hz; Cq), 140.2 (CH), 140.8 (d, 4J(C,P) = 2.9 Hz; Cq), 145.8 (Cq), 154.3 (CH), 160.3 (Cq). The reaction mixture 
was filtered over celite and crystals of 6 were obtained via slow diffusion of diethyl ether into the reaction 
mixture. Isolated yield after crystallization was 53%. Elemental analysis calculated (%) for 
C32H32NPOClRh·CH2Cl2·C6H15N (802.06 g·mol-1): C 58.40, H 6.16, N 3.49%; found: C 58.40, H 6.10, N 
3.22%. 
 
[IrCl(Cp*)(1H·OCH3)]Cl (7): 3 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 mL) and 
transferred to a Young NMR-Tube under argon. An excess of methanol (38 mg, 1.20 mmol, 40.0 equivalents) 
was added to the mixture. 7 was formed instantaneously. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.51 (15 H, 
d, 4J(H,P) = 2.8 Hz; CH3 from Cp*), 3.76 (3H, d, 3J(H,P) = 11.2 Hz; CH3), 4.79 (1H, dd, 2J(H,P) = 11.2 Hz, 3J(H,H) = 
3.2 Hz; Ha), 6.95 (1H, ddd, 2J(H,P) = 7.6 Hz, 3J(H,H) = 3.2 Hz, 5J(H,H) = 0.6 Hz; Hb), 7.38-7.54 (10H, m; Harom), 7.83 
(1H, s; Harom), 7.88 (1H, s; Harom), 8.10 (1H, t, 3J(H,H) = 7.8 Hz; Harom), 8.22 (1H, d, 2J(H,H) = 8.0 Hz; Harom), 8.63 
(1H, d, 2J(H,H) = 5.6 Hz; Harom) 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 77.0. 13C NMR (CD2Cl2, 101 MHz): δ 
(ppm) = 9.0 (d, 3J(C,P) = 0.8 Hz; CH3 from Cp*), 46.6 (CH), 50.2 (CH3), 58.7 (d, 2J(C,P) = 13.3 Hz; CH), 97.3 (d, 
2J(C,P) = 2.8 Hz; Cq from Cp*), 122.1 (CH), 122.2 (CH), 126.8 (d, 3J(C,P) = 1.4 Hz; CH) 127.5 (CH), 129.1 (d, 
2J(C,P) = 3.3 Hz; CH), 129.3 (CH), 129.5 (CH), 129.7 (d, 3J(C,P) = 2.7 Hz; CH), 130.2 (CH), 130.3 (CH), 133.9 
(Cq), 134.4 (Cq), 134.5 (d, 2J(C,P) = 5.3 Hz; Cq), 136.8 (CH), 136.9 (CH), 138.4 (Cq), 138.9 (d, 1J(C,P) = 10.1 Hz; 
Cq), 104.4 (CH), 141.6 (d 3J(C,P) = 1.6 Hz; CH), 155.9 (CH), 158.4 (d, 1J(C,P) = 18.4 Hz; Cq). The compound could 
not be isolated for elemental analysis and was used without further purification (see below). 
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[IrCl(Cp*)(1·OMe)] (8): To the reaction mixture of 7 in CH2Cl2, in a Young NMR-Tube under argon, was added 
an excess of triethylamine (30 mg, 0.30 mmol, 10.0 equivalents). Compound 8 was formed instantaneously. 
Crystals were obtained via slow diffusion of diethyl ether into the reaction mixture. Yield after crystallization 
was 80%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.55 (15H, d, 4J(H,P) = 2.4 Hz; CH3 from Cp*), 3.08 (3H, d, 
3J(H,P) = 11.6 Hz; CH3), 6.48 (1H, dt, 3J(H,H) = 6,4 Hz, 4J(H,H) = 1.6 Hz; Hylide), 7.10 (1H, m; Hylide), 7.23 (1H, m; 
Harom), 7.31 (5H, m; Harom), 7.40 (1H, m; Harom), 7.47 (1H, d, 2J(H,H) = 7.8 Hz; Harom), 7.53 (1H, dd, 4J(H,P) = 14.4 
Hz, 4J(H,H) = 1.2 Hz; Harom), 7.58 (1H, dd, 4J(H,P) = 7.2 Hz, 4J(H,H) = 1.6 Hz; Harom), 7.74 (2H, d, 2J(H,H) = 8.0 Hz; 
Harom), 7.99 (1H, d, 3J(H,H) = 6.0 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 56.0. 13C NMR (CD2Cl2, 
101 MHz): δ (ppm) = 8.9 (CH3 from Cp*), 93.8 (d, 3J(C,P) = 3.0 Hz; Cq from Cp*), 100.4 (d, 1J(C,P) = 69.2 Hz; 
Cq), 115.0 (d, 1J(C,P) = 72.3 Hz; Cq), 116.5 (CH), 116.6 (CH), 117.1 (CH), 118.9 (d, 3J(C,P) = 9.8 Hz; Cq), 124.5 
(CH), 125.6 (CH), 126.1 (CH), 126.2 (CH), 128.5 (CH), 128.5 (CH), 128.7 (CH), 129.3 (d, 3J(C,P) = 4.9 Hz; CH), 
130.0 (CH), 130.1 (CH), 136.9 (CH), 139.8 (CH), 144.3 (d, 2J(C,P) = 12.6 Hz; Cq), 144.5 (d, 4J(C,P) = 1.2 Hz; Cq), 
154.3 (CH), 169.1 (d, 2J(C,P) = 21.4 Hz; Cq). Elemental analysis calculated (%) for 
C33H34NPOClIr·CH2Cl2·C6H15N (905.40 g·mol-1): C 53.06, H 5.68, N 3.06%; found: C 54.76, H 5.63, N 3.22%. 
 
[RhCl(Cp*)(1H·OCH3)]Cl (9): 2 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of methanol (38 mg, 1.20 mmol, 40.0 equivalents) 
was added to the mixture. 9 was formed instantaneously. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.51 (15 H, 
d, 4J(H,P) = 4.4 Hz; CH3 from Cp*), 3.84 (3H, d, 3J(H,P) = 10.8 Hz; CH3O), 4.99 (1H, dd, 2J(H,P) = 8.6 Hz, 3J(H,H) = 
3.2 Hz; Ha), 6.88 (1H, ddd, 2J(H,P) = 9.4 Hz, 3J(H,H) = 3.2 Hz, 5J(H,H) = 1.0 Hz; Hb), 7.42-7.55 (9H, m; Harom), 7.61 
(1H, t, 3J(H,H) = 6.6 Hz; Harom), 7.86 (1H, s; Harom), 7.91 (1H, s; Harom), 8.12 (1H, t, 3J(H,H) = 7.8 Hz; Harom), 8.24 
(1H, d, 2J(H,H) = 8.4 Hz; Harom), 8.68 (1H, d, 2J(H,H) = 5.7 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 
110.0 (d, 1JP-Rh = 170.0 Hz). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 9.4 (CH3 from Cp*), 48.6 (d, 2J(C,P) = 20.2 
Hz; CH), 49.9 (CH3O), 59.5 (d, 2J(C,P) = 15.6 Hz; CH), 103.4 (d, 2J(C,P) = 2.8 Hz; Cq from Cp*), 122.4 (CH), 
122.5 (CH), 126.8 (CH) 127.1 (CH), 129.2 (CH), 129.4 (CH), 129.7 (d, 3J(C,P) = 2.5 Hz; CH), 130.3 (d, 3J(C,P) = 
5.6 Hz; CH), 131.5 (d, 1J(C,P) = 37.4 Hz; Cq), 134.6 (d, 2J(C,P) = 4.7 Hz; Cq), 136.7 (d, 2J(C,P) = 15.4 Hz; CH), 138.3 
(Cq), 138.4 (Cq), 138.7 (d, 2J(C,P) = 9.1 Hz; Cq), 140.3 (CH), 140.90 (CH), 140.92 (CH), 154.9 (CH), 157.5 (d 
1J(C,P) = 20.6 Hz; Cq). The compound could not be isolated for elemental analysis and was used without further 
purification (see below). 
 
[RhCl(Cp*)(1·OMe)] (10a/b): To the reaction mixture of 9 in CH2Cl2, in a Young NMR-Tube under argon, was 
added an excess of triethylamine (30 mg, 0.30 mmol, 10.0 equivalents). Compound 10a/b was formed 
instantaneously. It appeared to be impossible to separate species 10a and 10b, thus the compounds could not be 
characterized completely. 
 
X-ray crystal structure data of compound 4, 6 and 8: X-ray intensities were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å). The intensities were integrated 
using Eval15.[33] Absorption correction and scaling was performed with SADABS or TWINABS.[34] The 
structures were solved using automated Patterson methods in the program DIRDIF-08[35] (compound 4) and 
SHELXT[36] (compounds 6 and 8). Least-squares refinement was performed refined with SHELXL-97[37] against 
F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen 
atoms were located in difference Fourier maps (compounds 4 and 8) or included in calculated positions 
(compound 6). O-H hydrogen atoms were refined freely with isotropic displacement parameters, C-H hydrogen 
atoms were refined with a riding model. Geometry calculations and checking for higher symmetry was 
performed with the PLATON program.[38] 

 
Compound 4: C32H32ClIrNOP, Fw = 705.21, orange block, 0.27 x 0.13 x 0.09 mm3, orthorhombic, Pna21 (no. 
33), a = 12.9795(3), b = 14.0625(3), c = 14.6631(3) Å, V = 2676.35(10) Å3, Z = 4, Dx = 1.750 g/cm3, μ = 5.18 
mm-1. 43545 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) 
K. 6140 Reflections were unique (Rint = 0.030), of which 5594 were observed [I>2σ(I)]. 340 Parameters were 
refined with 1 restraint. R1/wR2 [I > 2σ(I)]: 0.0150 / 0.0315. R1/wR2 [all refl.]: 0.0189 / 0.0322. S = 1.028. 
Flack parameter x = -0.012(3).[35] Residual electron density between -0.49 and 0.64 e/Å3. 
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Compound 6: C32H32ClNOPRh · 0.5(CH2Cl2), Fw = 658.38, red needle, 0.48 x 0.19 x 0.07 mm3, monoclinic, 
Cc (no. 9), a = 25.4883(8), b = 19.5808(6), c = 11.9853(5) Å, β = 105.322(2) º, V = 5769.1(3) Å3, Z = 8, Dx = 
1.516 g/cm3, μ = 0.86 mm-1. The crystal appeared to be twinned with a twofold rotation about hkl=(1,0,0) as 
twin operation. The intensity integration was consequently based on two orientation matrices. 34917 Reflections 
were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 12989 Reflections were 
unique (Rint = 0.031), of which 11725 were observed [I>2σ(I)]. 713 Parameters were refined with 2 restraints. 
R1/wR2 [I > 2σ(I)]: 0.0244 / 0.0534. R1/wR2 [all refl.]: 0.0303 / 0.0550. S = 1.050. Flack parameter x = -
0.013(15).[38] Twin fraction = 0.4331(6). Residual electron density between -0.47 and 0.39 e/Å3. 
 
Compound 8: C33H34ClIrNOP, Fw = 719.23, red needle, 0.56 x 0.17 x 0.12 mm3, monoclinic, P21/n (no. 14), a 
= 8.6491(2), b = 14.3269(4), c = 23.3997(8) Å, β = 95.788(1) º, V = 2884.80(15) Å3, Z = 4, Dx = 1.656 g/cm3, 
μ = 4.80 mm-1. 42821 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature 
of 150(2) K. 6627 Reflections were unique (Rint = 0.016), of which 6106 were observed [I>2σ(I)]. 349 
Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0129 / 0.0292. R1/wR2 [all refl.]: 0.0150 / 
0.0298. S = 1.048. Residual electron density between -0.63 and 0.42 e/Å3. 
 
CCDC 904608 (compound 4), 908560 (6), and 908561 (8) contain the supplementary crystallographic data for 
these complexes. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data_request/cif.  

4.6References 
 [1] C. Kaes, A. Katz, M. W. Hosseini, Chem. Rev. 2000, 100, 3553. 
 [2] O. Pàmies, J.-E. Bäckvall, Chem. Eur. J. 2001, 7, 5052. 
 [3] H. Yang, H. Gao, R. J. Angelici, Organometallics 2000, 19, 622.  
 [4] M. S. Lowry, S. Bernhard, Chem. Eur. J. 2006, 12, 7970.  
 [5] A. J. Esswein, D. G. Nocera, Chem. Rev. 2007, 107, 4022. 
 [6] D. A. Nicewicz, D. W. C. MacMillan, Science 2008, 322, 77. 
 [7] K. Zeitler, Angew. Chem. Int. Ed. 2009, 48, 9785. 
 [8] J. D. Blakemore, N. D. Schley, D. Balcells, J. F. Hull, G. W. Olack, C. D. Incarvito, O. Eisenstein, G. 

W. Brudvig, R. H. Crabtree, J. Am. Chem. Soc. 2010, 132, 16017. 
 [9] A. Savini, P. Belanzoni, G. Bellachioma, C. Zuccaccia, D. Zuccaccia, A. Macchioni, Green Chem. 

2011, 13, 3360. 
 [10] P. V. Pham, D. A. Nagib, D. W. C. MacMillan, Angew. Chem. Int. Ed. 2011, 50, 6119. 
 [11] H. Ozawa, K. Sakai, Chem. Commun. 2011, 47, 2227. 
 [12] G. Märkl, Angew. Chem. 1966, 78, 907. 
 [13] A. J. Ashe III, J. Am. Chem. Soc. 1971, 93, 3293. 
 [14] J. M. Alcaraz, A. Breque, F. Mathey, Tetrahedron Lett. 1982, 23, 1565. 
 [15] C. Müller, D. Wasserberg, J. J. M. Weemers, E. A. Pidko, S. Hoffmann, M. Lutz, A. L. Spek, S. C. J. 

Meskers, R. A. J. Janssen, R. A. van Santen, D. Vogt, Chem. Eur. J. 2007, 13, 4548. 
 [16] A. Campor Carrasco, E. A. Pidko, A. M. Masdeu-Bultó, M. Lutz, A. L. Spek, D. Vogt, C. Müller, New 

J. Chem. 2010, 34, 1547. 
 [17] A. Campor Carrasco, L. E. E. Broeckx, J. J. M. Weemers, E. A. Pidko, M. Lutz, A. M. Masdeu-Bultó, 

D. Vogt, C. Müller, Chem. Eur. J. 2011, 17, 2510. 
 [18] C. Müller, D. Vogt, Catalysis and material science applications, (M. Peruzzini, L. Gonsalvi), Springer, 

2011, Vol. 36, Chapter 6. 
 [19] C. Müller, D. Vogt, Dalton Trans. 2007, 5505. 
 [20] P. Le Floch, Coord. Chem. Rev. 2006, 250, 627. 
 [21] N. Mezailles, F. Mathey, Pascal Le Floch, Prog. Inorg. Chem. 2001, 49, 455. 
 [22] P. Le Floch, F. Mathey, Coord. Chem. Rev. 1998, 179-180, 771. 
 [23] C. Müller, L. E. E. Broeckx, I. de Krom, J. J. M. Weemers, Eur. J. Inorg. Chem. 2013, 2013, 187. 
 [24] P. Le Floch, S. Mansuy, L. Ricard, F. Mathey, Organometallics 1996, 15, 3267. 
 [25] B. Schmid, L. M. Venanzi, A. Albinati, F. Mathey, Inorg. Chem. 1991, 30, 4693. 

116 
 



 Reactions of pyridyl functionalized, chelating λ3-phosphinines 
in the coordination environment of RhIII and IrIII 

 [26] I. de Krom, L. E. E. Broeckx, M. Lutz, C. Müller, Chem. Eur. J. 2012, 19, 3676. 
 [27] M. Doux, N. Mézailles, L. Ricard, P. Le Floch, Eur. J. Inorg. Chem. 2003, 2003, 3878. 
 [28] DFT calculations were carried out by using the Gaussian 09 program at the B3LYP/def2-TZVP level 

of theory (see ref.[29]).The nature of the stationary points was tested by analyzing the analytically 
calculated harmonic normal modes. Optimized structures did not show imaginary frequencies. 

 [29] Gaussian 09, Revision A. 01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, 
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, 
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. Hasegawa, M. Ishida, T. Nakajima, Y. 
Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. 
Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. 
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, 
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, 
R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. 
Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, Ö. Farka, J. B. Foresman, J. V. Ortiz, J. 
Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 2009.  

 [30] F. Weigend, R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297. 
 [31] D. Andrae, U. Häußermann, M. Dolg, H. Stoll, H. Preuß, Theor. Chim. Acta 1990, 77, 123. 
 [32] Z.-X. Wang, P. von Ragué Schleyer, Helv. Chim. Acta. 2001, 84, 1578. 
 [33] A. M. M. Schreurs, X. Xian, L. M. J. Kroon-Batenburg, J. Appl. Cryst. 2010, 43, 70. 
 [34] G. M. Sheldrick, SADABS and TWINABS: Area-Detector Absorption Correction, v2.10, (Universität 

Göttingen), Germany, 1999.  
 [35] P. T. Beurskens, G. Beurskens, R. de Gelder, S. Garcia-granda, R. O. Gould, J. M. M. Smits, The 

DIRDIF2008 program system, (Crystallography Laboratory, University of Nijmegen), The 
Netherlands, 2008.  

 [36] G. M. Sheldrick, SHELXT, (Universität Göttingen, Germany), 2012.  
 [37] G. M. Sheldrick, Acta Cryst. Section A 2008, 64, 112. 
 [38] A. L. Spek, Acta Cryst. Section D 2009, 65, 148. 
 

 
 
 

117 
 



 



Neutral and cationic RuII complexes based 
on 2-(2’-pyridyl)-4,6-diphenylphosphinine: 
Synthesis, characterization, and catalytic 
reactivity 

Chapter 5  



Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of the work described in this chapter have been published: 
P  C. Müller, L. E. E. Broeckx, I. de Krom, J. J. M. Weemers, Developments in 

the coordination chemistry of phosphinines, Eur. J. Inorg. Chem. 2013, 
2013, 187. 

P  C. Müller, J. A. W. Sklorz, I. de Krom, A. Loibl, M. Habicht, M. Bruce, G. 
Pfeifer, J. Wiecko, Recent developments in the chemistry of pyridyl-
functionalized, low-coordinate phosphorus heterocycles, Chem. Lett. 2014, 
43, 1390.  

120 
 



Neutral and cationic RuII complexes based on 2-(2’-pyridyl)-4,6-diphenylphosphinine: 
Synthesis, characterization, and catalytic reactivity 

Abstract 
The bidentate P,N hybrid ligand 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) allows for 
the first time access to transition metal complexes with metals centers in intermediate 
oxidation states, which are stable towards nucleophilic attack. The coordination 
chemistry of 1 towards RuII was investigated and compared with the analogous 2,2’-
bipyridine derivative, 2-(2’-pyridyl)-4,6-diphenylpyridine (2). The molecular strutures of 
[RuCl(Cp*)(1)] and [RuCl(Cp*)(2)] (Cp* = pentamethylcyclopentadiene) in the crystal 
were determined by means of X-ray diffraction and confirm the mononuclear nature of 
the complexes. The cationic derivative [Ru(CH3CN)(Cp*)(1)]OSO2CF3 could be 
synthesized from [RuCl(Cp*)(1)] via ligand exchange of Cl for CH3CN by using silver 
trifluoromethanesulfonate. Furthermore, the cationic complex [Ru(CH3CN)(Cp*)(1)]-
PF6 could be prepared from [Ru(CH3CN)3(Cp*)]PF6 and ligand 1. Interestingly, the P=C 
double bonds in both the neutral and the cationic phosphinine-based RuII complexes do 
not react with nucleophiles.  
While analogous species of the type [RuCl(Cp*)(bpy)] have proven to be very efficient 
and selective precatalysts for the rearrangement of allyl β-keto esters, the application of 
ligand 1 and 2 in the ruthenium catalyzed Carroll rearrangement appeared to inhibit the 
reaction. 
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5.1 Introduction 
2,2’-Bipyridine (bpy) and its derivatives are well studied nitrogen ligands and their rich 
coordination chemistry has often been exploited in various areas of chemistry, such as 
molecular electronics, material science, or homogeneous catalysis.[1-11] The replacement 
of a pyridine unit by a π-accepting λ3-phosphinine entity[12-19] leads to 2-(2’-
pyridyl)phosphinine, a semi-equivalent of bpy, containing a low-coordinate “soft” 
phosphorus and a “hard” nitrogen heteroatom (Chapter 3). Müller et al. started to 
investigate the synthesis and coordination chemistry of 2-(2’-pyridyl)-4,6-diphenyl-
phosphinine (1, Figure 1), which is readily available from the pyridyl functionalized 
pyrylium salt and P(SiMe3)3 (Chapter 1 and 2).[20] Interestingly, this route also allows the 
preparation of the bipyridine derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2, Figure 1) 
(Chapter 2). 
 

 
Figure 1     Pyridyl functionalized phosphinine and 1 and its bipyridine analogue 2. 

 
As expected, the π-accepting property of the phosphinine core in 1 easily allows the 
synthesis of complexes of the type [M0Ln(1)] (type A, Figure 2) by treatment of 1 with 
[M(CO)6] (M = Cr, Mo, W) (Chapter 2).[21] Further investigations afforded evidence that 
the P,N hybrid ligand also allowed access to coordination compounds with metal centers 
in intermediate oxidation states for the first time. The complexes [PdIICl2(1)] and 
[PtIICl2(1)] (type B, Figure 2) could thus be prepared. They represent examples of the 
very few crystallographically characterized MII complexes of phosphinines reported in 
literature to date.[22] Interestingly, the pyridyl functionalized phosphinine 1 also gave 
excess to [RhIIICl(Cp*)(1)]Cl and [IrIIICl(Cp*)(1)]Cl complexes (type C, Figure 2) which 
are the first examples of cationic phosphinine-based MIII species (Chapter 3).[23]  
 

 
Figure 2     Coordination compounds, containing pyridyl functionalized phosphinine ligand 1, with metal 

centers in different oxidation states. 
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However, the aromaticity of the phosphinine heterocycle is significantly disrupted upon 
coordination to metal centers in especially higher oxidation states and with reduced π-
back-donation capability (Chapter 3). Addition of methanol and water to [PdIICl2(1)] and 
[PtIICl2(1)], as well as to [RhIIICl(Cp*)(1)]Cl and [IrIIICl(Cp*)(1)]Cl has shown that these 
coordination compounds are reactive towards nucleophilic attack.[22,23] Because this 
phenomenon can thus be correlated with the electron-accepting character of a metal 
fragment, it appears interesting to compare their reactivity with more electron rich 
systems, for example with complexes containing the fragment [RuCl(Cp*)]. 

Interestingly, [RuCl(Cp*)(bpy)] has proven to be an efficient and selective catalyst for 
the addition of nucleophiles to the most highly substituted position of a substrate, thus 
leading to branched (b) rather than linear (l) products. An “intramolecular” version of an 
allylic alkylation, the Carroll rearrangement, was reported by Tunge et al.[24] Allyl β-keto 
esters (Figure 3) reacted smoothly with a catalytic amount of [{RuCl(Cp*)}4] and bpy to 
form selectively branched, γ,β-unstaturated ketones in high yield. The linear regioisomer 
was formed only in trace amounts. Interesting about this reaction are the particularly mild 
reaction conditions (CH2Cl2, room temperature), which are in sharp contrast to those of 
decarboxylative [3,3]-sigmatropic Carroll reactions (140-180oC).[25,26] 
 

 
Figure 3     Ruthenium catalyzed Carroll rearrangement. 

 
The synthesis and characterization of neutral [RuIICl(Cp*)(L)] complexes containing the 
pyridyl functionalized ligand 1 and its bipyridine derivative 2 are reported here. The 
coordination chemistry of ligand 1 is also investigated in cationic 
[RuII(CH3CN)(Cp*)(1)]X (X = OSO2CF3 and PF6) complexes. Furthermore, ligand 1 and 
2 were applied in the ruthenium catalyzed Carroll rearrangement. 

5.2 Neutral 2-(2’-pyridyl)-4,6-diphenylphosphinine and 2-(2’-
pyridyl)-4,6-diphenylpyridine RuII complexes 
Reaction of stoichiometric amounts of ligand 1 and [RuCl(Cp*)(cod)] (cod = 1,5-
cyclooctadiene) in THF at room temperature gave [RuCl(Cp*)(1)] (3) after 48 hours of 
reaction time (Scheme 1). The 31P{1H} NMR spectrum of the reaction mixture shows a 
singlet at δ = 234.0 ppm and a coordination shift of Δδ(31P) = 48.0 ppm, which is in the 
expected region observed for phosphinine-metal complexes with an η1-coordination 
mode of the phosphorus atom. In the 1H NMR spectrum two doublets at δ = 8.15 and 8.39 
ppm (3J(H,P) = 15.8 and 13.8 Hz, respectively) are observed for the two peripheral protons 
of the phosphorus heterocycle. Likewise, reaction of ligand 2 and [RuCl(Cp*)(cod)] in 
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THF at room temperature gave [RuCl(Cp*)(2)] (4) after 24 hours (Scheme 1). From the 
1H NMR spectrum of the reaction mixture it appeared that ligand 2 was consumed 
quantitatively. However, the 1H NMR spectrum did not reveal the formation of complex 
4. On the other hand Maldi-TOF of the reaction mixture showed quantitative formation 
of complex 4. Maybe the complex is dynamic in solution making it difficult to obtain a 
good NMR spectrum. Furthermore, after purification via crystallization the complex does 
not dissolve anymore, this all together made it impossible to measure any NMR spectra 
of this complex. 
 

 
Scheme 1     Synthesis of RuII complexes with 1 (3) and 2 (4). 

 
Nevertheless, by slow diffusion of pentane into a diluted solution of 3 and 4 in THF, red 
and purple crystals suitable for X-ray analysis were obtained. Complex 3 crystallized in 
the monoclinic space group P21/c and complex 4 in the monoclinic space group P21/n. 
Plots of the molecular structures of one enantiomer in the crystal are given in Figure 4 
and selected bonding geometries are listed in Table 1. For a comparison of bond angles, 
torsion angles, and interplanar angles see Table 4 and 5 in the experimental section. 
 

 
Figure 4     Molecular structure of 3 (left) and 4 (right) in the crystal. Displacement ellipsoids are shown at the 

50% probability level. 
 
The molecular structures of 3 and 4 in the crystal reveal the mononuclear nature of the 
coordination compounds with the metal centers displaying the characteristic three-legged 
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“piano-stool” arrangement. As observed before in Chapter 2 the two heterocyclic rings in 
3 are essentially coplanar with respect to one another with an intercyclic C(5)-C(6) bond 
length of 1.477(6) Å. This is also observed for 4 with a slightly shorter intercyclic C(5)-
C(6) bond length of 1.457(3) Å. The P(1)-C(1) and P(1)-C(5) bond lengths in 3 (1.738(4) 
and 1.730(5) Å) are somewhat shorter than in free 2,4,6-triarylphosphinines (1.74-1.76 
Å),[27] whereas the C-C bond lengths of 3 in the aromatic phosphinine subunit are in the 
usual range (1.384(7)-1.404(6) Å) observed for both free and coordinated phosphinine 
ligands. The Ru(1)-P(1) bond length in 3 is 2.2150(12) Å and thus slightly longer than 
those in the corresponding neutral MII-phosphinine complexes of type B (Figure 2)[22] and 
on the other hand smaller than in the corresponding neutral M0-phosphinine and cationic 
MIII-phosphinine complexes of type A and C (Figure 2), respectively.[23] 
 

Table 1     Selected distances [Å] and angles [o] in 3 and 4. 
 3   4  
Ru(1)-centroid 1.828 Ru(1)-centroid 1.787 
Ru(1)-Cl(1) 2.4378(12) Ru(1)-Cl(1) 2.4838(6) 
P(1)-Ru(1) 2.2150(12) N(1)-Ru(1) 2.1806(16) 
N(1)-Ru(1) 2.154(3) N(2)-Ru(1) 2.0758(16) 
C(5)-C(6) 1.477(6) C(5)-C(6) 1.457(3) 
P(1)-C(1) 1.738(4) N(1)-C(1) 1.363(3) 
P(1)-C(5) 1.730(5) N(1)-C(5) 1.365(2) 
C(1)-C(2) 1.384(7) C(1)-C(2) 1.393(3) 
C(2)-C(3) 1.404(6) C(2)-C(3) 1.391(3) 
C(3)-C(4) 1.400(6) C(3)-C(4) 1.395(3) 
C(4)-C(5) 1.389(6) C(4)-C(5) 1.386(3) 
N(1)-C(6) 1.377(6) N(2)-C(6) 1.350(3) 
C(1)-P(1)-C(5) 103.7(2) C(1)-N(1)-C(5) 115.81(17) 
P(1)-Ru(1)-N(1) 77.62(9) N(1)-Ru(1)-N(2) 75.87(6) 

 
As explained in Chapter 2 the opening of the internal ∠ C-P-C angle can be correlated 
with the electron-accepting character of a metal fragment, it appears interesting to 
compare the ∠ C-P-C angle in 3 with selected literature data. The coordination 
compounds [PdCl2(1)] and [PtCl2(1)], as well as [RhCl(Cp*)(1)]Cl and [IrCl(Cp*)(1)]Cl 
are reactive towards nucleophilic attack, with ∠ C-P-C angles of 107.6(2)°, 108.0(2)°, 
106.64(12)° and 106.7(3)o, respectively.[22,23] As mentioned before, the aromaticity of the 
phosphorus heterocycle in the latter compounds is disrupted upon coordination to the 
electrophilic metal center, leading to the addition of a nucleophile across the P=C double 
bond. In the pentacarbonyl Mo0 and W0 complexes of ligand 1 (type A, Figure 2) the 
corresponding values are 104.34(7)o and 104.84(8)o, respectively.[21] These complexes 
are stable towards nucleophilic attack, unlike the MII and MIII complexes. In the RuII 
complex 3 the opening of the ∠ C-P-C angle is 103.7(2)o. The C(1)-P(1)-C(5) angle is 
smaller than in all the above described coordination compounds containing ligand 1. 
Interestingly, 3 is indeed very stable towards nucleophilic attack. As a matter of fact, 
disolving 3 in CH2Cl2 in the presence of water or methanol does not lead to any addition 
of the nucleophile across the P=C double bond at room temperature or under reflux. Also 
the corresponding biphosphinine derivative [RuCl(Cp*)(tmbp)] (tmbp = 4,4’,5,5’-
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tetramethyl-2,2’-biphosphinine), having an ∠ C-P-C angle of 104.4o, is highly stable 
towards nucleophilic attack.[28] The opening of the ∠ C-P-C angle is larger in the 
biphosphinine-RuII complex than in the pyridyl functionalized phosphinine-RuII complex 
3, indicating that the pyridine unit contributes significantly to the formation and 
stabilization of phosphinine-based complex 3. 

5.3 Cationic 2-(2’-pyridyl)-4,6-diphenylphosphinine RuII 
complexes 
The cyclometalated 2,4,6-triphenylphosphinine iridium complex [IrCl(Cp*)(P^C)] 
(Chapter 1, Figure 6) can be converted into the corresponding cationic species by 
treatment with one equivalent of silver trifluoromethanesulfonate (AgOSO2CF3) in the 
presence of acetonitrile or pyridine. As expected, the reaction with water was 
considerably faster towards the cationic complex [Ir(CH3CN)(Cp*)(P^C)]OSO2CF3 
compared to the neutral [IrCl(Cp*)(P^C)] complex. This was attributed to the cationic 
character of the complex and the larger opening of the ∠ C-P-C angle, 105.7(2)o for 
[IrCl(Cp*)(P^C)] compared to 106.80(11)o for [Ir(CH3CN)(Cp*)(P^C)]OSO2CF3.[29,30] In 
order to investigate the properties and reactivities of phosphinine-based RuII complexes, 
it was investigated if compound 3 could also be converted into the corresponding cationic 
species by exchange of the chloride ligand for acetonitrile. 
Two different synthetic routes were used to obtain cationic RuII complexes containing the 
pyridyl functionalized phosphinine ligand 1. First, the exchange of the chloride ligand 
from 3 was investigated. Silver trifluoromethanesulfonate was added to a 
CH2Cl2/acetonitrile mixture of complex 3 (Scheme 2, top). 
 

 
Scheme 2     Synthesis of cationic RuII complexes 5 and 6 with ligand 1. 
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A small but immediate shift of the signal in the 31P{1H} NMR spectrum from δ = 234.0 
ppm (3) to δ = 227.0 ppm could be detected. Furthermore, the 1H NMR spectrum of the 
new complex 5 in CD2Cl2 clearly revealed the presence of a doublet for the coordinated 
CH3CN ligand at δ = 2.37 ppm (5J(H,P) = 1.4 Hz). Purification of the reaction mixture by 
filtration over celite and subsequent crystallization using several solvent combinations 
provided 5 solely as pure red solid. Unfortunately, crystals suitable for X-ray analysis 
could not be obtained.  
A second synthetic route, starting from a cationic ruthenium precursor and ligand 1 was 
also investigated. Reaction of 1 with [Ru(CH3CN)3(Cp*)]PF6 in THF for 5 hours at room 
temperature leads to a dark-red solution. The 31P{1H} NMR spectrum of this reaction 
mixture shows a singlet at δ = 225.0 ppm and two doublets at δ = 184.0 ppm (2J(P-P) = 
53.0 Hz) and 238.0 ppm (2J(P-P) = 52.0 Hz). After 3 days at room temperature the two 
doublets of the byproduct disappeared and only the singlet at δ = 225.0 ppm for complex 
6 was measured by means of 31P{1H} NMR spectroscopy. Furthermore, the signal for the 
CH3CN ligand in the 1H NMR spectrum was observed at δ = 2.34 ppm (5J(H,P) = 1.4 Hz). 
The presence of two doublets for the byproduct in the 31P{1H} NMR spectrum imply the 
coordination of two ligands to ruthenium. Unfortunately, it appeared to be impossible to 
obtain this coordination compound in a pure form. Reaction of two equivalents of ligand 
1 with [Ru(CH3CN)3(Cp*)]PF6 in THF lead to an oil and the product could not be isolated. 
The formation of the byproduct suggests an equilibrium between different species, which 
can be shifted towards compound 6 if an excess of acetonitrile ligand is present. However, 
when performing the reaction in acetonitrile it appeared that the solubility of the starting 
materials was low. When the reaction towards 6 is performed in a THF/acetonitrile 
mixture the product is formed immediately at room temperature without formation of any 
byproducts. Crystallization using several solvent combinations provided 6 solely as pure 
red solid. Crystals suitable for X-ray analysis, however, could not be obtained for this 
cationic ruthenium complex. 
To compare the coordination behavior of 1 with the analogous bipyridine derivative, 
ligand 2 was reacted with [Ru(CH3CN)3(Cp*)]PF6 in a THF/acetonitrile mixture under 
identical conditions. The immediate formation of a new species was observed by 1H NMR 
spectroscopy, but only an oil could be obtained after recrystallization. Interestingly, it 
seems that it is much more troublesome to coordinate the bipyridine ligand to the cationic 
Ru-center, rather than the pyridyl functionalized phosphinine ligand 1. 
Although crystals suitable for X-ray analysis could not be obtained to identify the internal 
∠ C-P-C angle, the reactivity of the P=C double bond towards nucleophilic attack was 
investigated. Interestingly, dissolving 5 and 6 in CH2Cl2 in the presence of water does not 
lead to any addition of the nucleophile across the P=C double bond at room temperature 
or under reflux. Both cationic complexes 5 and 6 are stable towards nucleophilic attack, 
as is their neutral analog 3. These complexes represent the first stable complexes based 
on the pyridyl functionalized phosphinine with transition metal centers in intermediate 
oxidation states. 
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5.4 Carroll rearrangement 
The Carroll rearrangement involves the transformation of allyl β-keto esters into γ,β-
unsaturated ketones. In this way, important intermediates can be synthesized for a variety 
of fine chemicals, such as pharmaceuticals, agrochemicals, dyes or flavors. Tunge et al. 
published the successful application of [RuCl(Cp*)(bpy)] as an efficient and selective 
catalyst for the rearrangement of allyl β-keto esters.[24] It has been demonstrated before 
that ruthenium complexes catalyse the allylation of stabilized nucleophiles with high 
regioselectivity at the more substituted allyl terminus, providing primarily the product of 
a [3,3] rearrangement.[31] Furthermore, Tunge et al. found that addition of 10 mol% bpy 
to 2.5 mol% of [{RuCl(Cp*)}4], accelerated the reaction and resulted in the quantitative 
conversion to the [3,3] rearrangement product within 1.5 h at room temperature.[24]  
The pyrylium salt route makes it possible to compare 2,4,6-triarylphosphinines and 2,4,6-
triarylpyridines with the same substitution pattern. Consequently, both the pyridyl 
functionalized phosphinine ligand 1 and the bipyridine derivative 2 were applied in the 
ruthenium catalyzed Carroll rearrangement of cinnamyl acetoacetate (7, Scheme 3). 
Compuond 7 had to be synthesized since it is not commercially available (see 
experimental section).  
Compound 7 was used as standard substrate and [RuCl(Cp*)(cod)] as standard metal 
precursor for the Carroll rearrangement, bpy, 1 and 2 were applied as ligands (Scheme 
3). Also coordination compound 5, with a CH3CN ligand instead of the Cl ligand, was 
used as catalyst. The catalysis was performed at room temperature (Table 2) and at T = 
60oC (Table 3). As a control experiment the rearrangement was performed only with 
[RuCl(Cp*)(cod)] (entry 1, Table 2). In this particular case, the reaction proceeded very 
slow and after 24 hours only 15% conversion was observed with 75% selectivity for the 
branched product. The conversion increased to 98% upon heating, however, the 
selectivity remained the same (entry 9, Table 3). 
 

 
Scheme 3     Ruthenium catalyzed Carroll rearrangement of 7 using bpy, 1, and 2 as ligand. 

 
Addition of bpy accelerated the reaction to 100% conversion in 8 hours and gave 
quantitative formation of the branched product (entry 2, Table 2). This is in line with the 
results from Tunge et al., although, the reaction proceeds much slower. This is probably 
due to the use of a different ruthenium precursor. The same reaction at T = 60° leads to 
complete conversion within one hour, nevertheless, both linear and branched product 
were formed in a ratio of 18 to 82% (l:b) (entry 10, Table 3). When using pyridyl 
functionalized phosphinine 1 as ligand, no conversion was observed neither at room 
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temperature nor at T = 60oC (entry 3 and 11). With ligand 2 hardly any conversion was 
detected. The traces of product showed only 66% selectivity for the branched compound 
at room temperature (entry 4, Table 2). Upon heating the conversion went up to 49%. 
However, the selectivity slightly decreased (entry 12, Table 3). Using 10 mol% of 
coordination compound 5 results in a low conversion with a selectivity for the branched 
product of 60% at room temperature (entry 5, Table 2). At T = 60oC the activity increased 
slightly, with a selectivity in a favor of the linear product (entry 13, Table 3). 
 

Table 2     Ruthenium catalyzed Carroll rearrangement of 7 using bpy, 1, and 2 at room temperature.a 

Entry Metal precursor Ligand AgOSO2CF3  Reaction 
time (h) 

Conversion 
(%) 

Branched 
ratio (%) 

1 [RuCl(Cp*)(cod)] - - 24 h 15 75 
2 [RuCl(Cp*)(cod)] bpy - 8 h 100 100 
3 [RuCl(Cp*)(cod)] 1 - 24 h 0 - 
4 [RuCl(Cp*)(cod)] 2 - 24 h 9 66 
5 (5)b - - 24 h 2 60 
6 [RuCl(Cp*)(cod)] bpy Yes 1 h 100 91 
7 [RuCl(Cp*)(cod)] 1 Yes 24 h 1 70 
8 [RuCl(Cp*)(cod)] 2 Yes 24 h 2 100 

a Metal precursor 2.5 mol%, ligand 10 mol%, AgOSO2CF3 1 mol% and 0.25 mmol 7 in DCM at room 
temperature. b 10 mol% of catalyst. 

 
Table 3     Ruthenium catalyzed Carroll rearrangement of 7 using bpy, 1, and 2 at T = 60oC.a 

Entry Metal precursor Ligand AgOSO2CF3  Reaction 
time (h) 

Conversion 
(%) 

Branched 
ratio (%) 

9 [RuCl(Cp*)(cod)] - - 72 h 98 75 
10 [RuCl(Cp*)(cod)] bpy - 1 h 100 82 
11 [RuCl(Cp*)(cod)] 1 - 72 h 0 - 
12 [RuCl(Cp*)(cod)] 2 - 72 h 47 58 
13 (5)b - - 72 h 4 23 
14 [RuCl(Cp*)(cod)] bpy Yes 1 h 100 92 
15 [RuCl(Cp*)(cod)] 1 Yes 72 h 5 36 
16 [RuCl(Cp*)(cod)] 2 Yes 72 h 10 13 

a Metal precursor 2.5 mol%, ligand 10 mol%, AgOSO2CF3 1 mol% and 0.25 mmol 7 in DCM at T = 60oC. 
b 10 mol% of catalyst. 

 
Ligand 1 and 2 show hardly any reactivity and selectivity for the Carroll rearrangement 
at room temperature or at T = 60oC. In an attempt to tackle this lack of reactivity, 1 mol% 
of silver trifluoromethanesulfonate was added to the reaction mixtures to serve as Lewis 
acid. Lacour et al. already showed that the addition of Lewis acids as co-catalyst increased 
the conversion and selectivity in the enantioselective decarboxylation reaction.[32] Their 
results show that the addition could favor the nucleophilic attack and activate one of the 
intermediates prior to the decarboxylation and the β-keto acetate leaving group. Addition 
of silver trifluoromethanesulfonate to the catalytic reaction with bpy as ligand showed a 
faster reaction time, after 1 hour the reaction was complete at room temperature as well 
as at T = 60oC (entry 6 and 14). Unfortunately, the selectively decreases as only 92% and 
91% of the branched product was obtained, respectively. Silver trifluoromethanesulfonate 
in combination with the pyridyl functionalized phosphinine 1 gave only little conversion, 
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which increased upon heating. However, the selectivity decreased upon heating (entry 7 
and 15). With ligand 2 the conversion remained the same with 100% selectivity for the 
branched product (entry 8, Table 1). At T = 60oC the conversion did not increase much 
with silver trifluoromethanesulfonate as co-catalyst and the selectivity changed to the 
linear product. 
It appears that bpy is the best ligand for the ruthenium catalyzed Carroll rearrangement. 
Heating the reaction mixtures leads to a change in selectivity of the rearrangement 
reaction towards the linear product. Furthermore, the addition of silver 
trifluoromethanesulfonate as co-catalyst influenced the reactions only slightly. The 
reactions without the use of ligand 1 and 2 gave the best conversions and selectivities.  

5.5 Conclusion 
It has been demonstrated that the mononuclear complexes [RuCl(Cp*)(L)] (L = 1, 2) can 
be prepared and isolated staring from [RuCl(Cp*)(cod)]. While the preparation and 
characterization of [RuCl(Cp*)(1)] was facile and straightforward, the characterization of 
[RuCl(Cp*)(2)] appeared to be much more tedious, due to solubility problems. 
Nevertheless, the molecular structures of both compounds could be determined by means 
of X-ray crystallography.  
Starting from [RuCl(Cp*)(1)], the cationic [Ru(CH3CN)(Cp*)(1)]OSO2CF3 derivative 
could be obtained via ligand exchange with silver trifluoromethanesulfonate. Furthermore 
the cationic [Ru(CH3CN)(Cp*)(1)]PF6 analog could easily be synthesized starting from 
[Ru(CH3CN)3(Cp*)]PF6 and ligand 1. However, the synthesis of [Ru(CH3CN)(Cp*)(2)]-
PF6 via this route appeared to be troublesome, because the product could not be purified.  
Surprisingly, the P=C double bonds in these neutral and cationic phosphinine-based RuII 
complexes do not react with water. Therefore, these complexes represent the first pyridyl 
functionalized phosphinine based transition metal complexes with metal centers in 
intermediate oxidation states which are stable towards nucleophilic attack.  
Furthermore, the analogues bpy-based complex [RuCl(Cp*)(bpy)] was extensively tested 
in the Carroll rearrangement of allyl β-keto esters, which appeared to be very efficient 
and selective. Application of ligand 1 and 2 seemed to inhibit the rearrangement reaction, 
as the control experiment without ligand proceeded much better. Addition of the Lewis 
Acid silver trifluoromethanesulfonate as co-catalyst did not have a big impact on the 
rearrangements either. 

5.6 Experimental section 
General remarks: All reactions were performed under argon by using Schlenk techniques or in an MBraun dry 
box unless stated otherwise. All glassware was dried prior to use. All common solvents and chemicals were 
commercially available. [RuCl(Cp*)(COD)], silver trifluoromethanesulfonate, and [Ru(Cp*)(NCCH3)3]PF6 
were purchased from STREM and used without further purification. Ti-POSS was provided by the company 
Hybrid Catalysis BV in Eindhoven. 2-(2’-Pyridyl)-4,6-diphenylphosphinine (1) and 2-(2’-pyridyl)-4,6-
diphenylpyridine (2) were prepared according to literature procedures.[20,33] The dry solvents were prepared by 
standard procedures. Elemental analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, 
Müllheim a.d. Ruhr (Germany). 1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on a Varian Mercury 
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200 or 400 MHz spectrometer and all chemical shifts are reported relative to residual proton resonance of the 
deuterated solvents. 
 
[RuCl(Cp*)(1)] (3): A solution of 1 (20 mg, 0.06 mmol, 1.0 equivalent) in THF (0.5 mL) was added dropwise 
to a solution of [RuCl(Cp*)(COD)] (23 mg, 0.06 mmol, 1.0 equivalent) in THF (0.5 mL). After 48 hours at 
room temperature the reaction was complete. Dark red crystals were obtained via slow diffusion of pentane into 
the reaction mixture. Yield after crystallization was 52%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.41(15H, 
d, 4J(H,P) = 2.4 Hz; C5(CH3)5), 7.21 (1H, t, 3J(H,H) = 6.3 Hz; Harom), 7.36-7.55 (6H, m; Harom), 7.69 (3H, d, 3J(H,H) = 
7.1 Hz; Harom), 7.97 (2H, d, 3J(H,H) = 7.1 Hz; Harom), 8.03 (1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.15 (1H, dd, 3J(H,P) = 
15.8 Hz, 4J(H,H) = 1.5 Hz; Hp), 8.39 (1H, dd, 3J(H,P) = 13.8 Hz, 4J(H,H) - 1.4 Hz; Hp’), 9.03 (1H, d, 3J(H,H) = 5.7 Hz; 
Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 234.0. 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 10.0 
(C5(CH3)5), 88.4 (C5(CH3)5), 117.9 (CH), 118.0 (CH), 122.8 (CH), 127.4 (CH), 127.5 (CH), 128.1 (CH), 128.3 
(CH), 128.4 (CH), 129.4 (CH), 129.6 (CH), 130.4 (CH), 130.5 (CH), 134.6 (d, 2J(C,P) = 16.4 Hz; Cq), 135.8 (CH), 
138.0 (CH), 138.1 (CH), 142.4 (d, 1J(C,P) = 16.7 Hz; Cq), 142.9 (d, 4J(C,P) = 3.4 Hz; Cq), 153.1 (d, 2J(C,P) = 13.4 
Hz; Cq), 155.9 (d, 3J(C,P) = 6.2 Hz; Cq), 156.8(CH), 161.7 (d, 1J(C,P) = 36.3 Hz; Cq). Elemental analysis calculated 
(%) for C32H31RuPNCl.C4H8O (669.20 g·mol-1): C 64.61, H 5.87, N 2.09%; found: C 65.66, H 6.61, N: 2.05%. 
 
[RuCl(Cp*)(2)] (4): A solution of 2 (20 mg, 0.07 mmol, 1.0 equivalent) suspended in THF (0.5 mL) was added 
dropwise to a solution of [RuCl(Cp*)(COD)] (25 mg, 0.07 mmol, 1.0 equivalent) in THF (0.5 mL). After 24 
hours at room temperature the reaction was crystallized via slow diffusion of pentane into the reaction mixture, 
red crystals were obtained. Due to the low solubility of 4 no NMR spectra could be obtained. Maldi TOF: m/z+ 
= 545.48 ([Ru(Cp*)(2)]+, C32H31N2Ru, exact mass: 545.15 g·mol-1). Elemental analysis calculated (%) for 
C32H31RuN2Cl.0.5 CH2Cl2 (622.60 g·mol-1): C 62.70, H 5.18, N 4.50%; found: C 63.21, H 4.90, N: 4.63%. 
 
[Ru(NCCH3)(Cp*)(1)]SO3CF3 (5): To a solution of 3 (20 mg, 0.03 mmol, 1.0 equivalent) in DCM (0.5 mL) was 
added a solution of silver trifluoromethanesulfonate (8 mg, 0.03 mmol, 1.0 equivalent) in acetonitrile (0.5 mL). 
A grey precipitate is formed instantaneously. The precipitate was filtered off over celite and the solvent was 
removed under vacuum. Dark red solid was obtained via slow diffusion of pentane into a THF solution of the 
product. Yield after crystallization was 50%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 1.42 (15H, d, 4J(H,P) = 2.8 
Hz; C5(CH3)5), 2.37 (3H, d, 5J(H,P) = 1.4 Hz; NCCH3), 7.42-7.60 (7H, m; Harom), 7.72 (2H, m; Harom), 7.84 (2H, 
m; Harom), 7.95 (1H, m; Harom), 8.21 (1H, d, 3J(H,H) = 8.2 Hz; Harom), 8.28 (1H, dd, 3J(H,P) = 17.4 Hz, 4J(H,H) = 1.5 
Hz; Harom), 8.54 (1H, dd, 3J(H,P) = 14.7 Hz, 4J(H,H) = 1.5 Hz; Harom), 9.00 (1H, d, 3J(H,H) = 5.6 Hz; Harom). 31P NMR 
(CD2Cl2, 162 MHz): δ (ppm) = 227.0. 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 4.6 (CH3 from NCCH3), 9.9 
(C5(CH3)5), 89.8 (C5(CH3)5), 119.6 (d, 2J(C,P) = 11.9 Hz; CH), 124.9 (CH), 125.0 (CH), 125.7 (NCCH3), 127.6 
(CH), 127.7 (CH), 128.3 (CH), 128.4 (CH), 129.0 (CH), 129.1 (CH), 129.6 (CH), 129.7 (CH), 129.9 (CH), 
131.2 (d, 2J(C,P) = 11.7 Hz; CH), 137.9 (CH), 138.1 (d, 1J(C,P) = 18.3 Hz; Cq), 139.0 (d, 3J(C,P) = 10.3 Hz; CH), 
141.1 (d, 2J(C,P) = 15.5 Hz; Cq), 142.0 (d, 4J(C,P) = 4.2 Hz, Cq), 155.3 (d, 2J(C,P) = 15.9 Hz, Cq), 156.5 (CH), 159.0 
(d, 3J(C,P) = 11.9 Hz, Cq), 161.0 (d, 1J(C,P) = 22.2 Hz, Cq). 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -79. Elemental 
analysis calculated (%) for C35H34RuPN2F3O3S (751.76 g·mol-1): C 55.92, H 4.56, N 3.73%; found: C 55.17, H 
4.81, N: 3.64%. 
 
[Ru(NCCH3)(Cp*)(1)]PF6 (6): A solution of 1 (20 mg, 0.06 mmol, 1.0 equivalent) and [Ru(Cp*)(NCCH3)3]PF6 
(31 mg, 0.06 mmol, 1.0 equivalent) in 0.5 ml THF and 0.5 ml acetonitrile was stirred at room temperature. After 
10 minutes the reaction was complete. The volatiles were removed under vacuum. Dark red solid was obtained 
via slow diffusion of pentane into a THF solution of the product. Yield after crystallization was 78%. 1H NMR 
(CD2Cl2, 400 MHz): δ (ppm) = 1.42 (15H, d, 4J(H,P) = 2.8 Hz; C5(CH3)5), 2.34 (3H, d, 5J(H,P) = 1.4 Hz; NCCH3), 
7.43-7.60 (7H, m; Harom), 7.71 (2H, m; Harom), 7.83 (2H, m; Harom), 7.94 (1H, m; Harom), 8.20 (1H, d, 3J(H,H) = 8.1 
Hz; Harom), 8.28 (1H, dd, 3J(H,P) = 17.4 Hz, 4J(H,H) = 1.5 Hz; Harom), 8.53 (1H, dd, 3J(H,P) = 14.7 Hz, 4J(H,H) = 1.6 
Hz; Harom), 8.99 (1H, dd, 3J(H,H) = 5.8 Hz, 4J(H,H) = 1.7 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 225.0 
(phosphinine,s), -144.0 (PF6, q). 13C NMR (CD2Cl2, 100 MHz): δ (ppm) = 4.4 (CH3 from NCCH3), 9.9 
(C5(CH3)5), 89.9 (C5(CH3)5), 119.6 (d, 2J(C,P) = 12.2 Hz; CH), 124.9 (CH), 125.0 (CH), 125.7 (NCCH3), 127.7 
(CH), 127.8 (CH), 128.3 (CH), 128.4 (CH), 129.1 (CH), 129.6 (CH), 129.9 (CH), 131.2 (d, 2J(C,P) = 11.6 Hz; 
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CH), 137.9 (CH), 138.1 (d, 1J(C,P) = 19.1 Hz; Cq), 139.0 (d, 3J(C,P) = 10.7 Hz; CH), 141.1 (d, 2J(C,P) = 15.9 Hz; 
Cq), 142.0 (d, 4J(C,P) = 4.2 Hz, Cq), 155.4 (d, 2J(C,P) = 15.7 Hz, Cq), 156.5 (CH), 159.1 (d, 3J(C,P) = 11.2 Hz, Cq), 
161.1 (d, 1J(C,P) = 21.3 Hz, Cq). 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -76, -74. Elemental analysis calculated 
(%) for C34H34RuP2N2F6 (747.66 g·mol-1): C 54.62, H 4.58, N 3.75%; found: C 54.20, H 4.76, N: 3.61%. 
 
Cinnamyl acetoacetate (7): Cinnamyl alcohol (10.0 g, 0.074 mol, 2 equivalents) and methyl acetoacetate (4.3 g, 
0.037 mol, 1 equivalent) were dissolved in 100 ml toluene. Ti-POSS (0.17 g, 0.00019 mol, 0.005 equivalent) 
was added and the reaction was heated to reflux for 24 hours leading to 82% conversion. The solvent was 
removed under vacuum. Pure 7 was obtained after ultra-high vacuum distillation. For NMR data see 
literature.[34] 
 
General procedure for catalytic Carroll rearrangement: In a Young NMR tube under argon, [RuCl(Cp*)(COD)] 
(0.0024 mg, 0.006 mmol, 2.5 mol%) and ligand (bpy, 1, or 2, 0.025 mmol, 10 mol%) (if used also AgOSO2CF3 
(0.0006 mg, 0.0025 mmol, 1 mol%)) were dissolved in 0.5 mL of d-DCM. The resulting deep purple solution 
was left over night before addition of cinnamyl acetoacetate (7, 0.055 g, 0.25 mmol, 1 equivalent). The reaction 
was left at room temperature or at 60oC and followed by 1H NMR after 1, 2, 4, 8, and 24 hours at room 
temperature and for the reaction at 60oC also after 48 and 72 hours. Branched to linear ratios were determined 
from the 1H NMR spectra.   
 
X-ray crystal structure data of compound 3 and 4: X-ray intensities were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å). Absorption correction and 
scaling was performed with SADABS or TWINABS[35]. The structures were solved with Direct Methods using 
the program SHELXS-97[36]. Least-squares refinement was performed refined with SHELXL-97[36] against F2 
of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. All other 
hydrogen atoms were refined with a riding model. Geometry calculations and checking for higher symmetry 
was performed with the PLATON program.[37]  
 
Compound 3: [2{C32H31ClNPRu}][C4H8O], Fw = 1266.24, 0.21 x 0.30 x 0.30 mm3, monoclinic, P21/c (no. 14), 
a = 15.5257(1), b = 23.467(2), c = 8.6684(1) Å, V = 3061.45(5) Å3, Z = 2, Dx = 1.3736(1) g/cm3, µ = 0.676 mm-

1. 33594 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 
5705 Reflections were unique (Rint = 0.072), of which 4642 were observed [I>2σ(I)]. 340 Parameters were 
refined with no restraints. S = 1.09. Residual electron density between -0.85 and 1.83 e/Å3. 
 

Compound 4: [C32H31ClN2Ru][C4H8O], Fw = 652.21, 0.22 x 0.28 x 0.87 mm3, monoclinic, P21/n (no. 14), a = 
12.0020(8), b = 17.9483(8), c = 14.8400(7) Å, V = 3046.2(3) Å3, Z = 4, Dx = 1.4221(1) g/cm3, µ = 0.634 mm-

1. 39691 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 
7049 Reflections were unique (Rint = 0.028), of which 6242 were observed [I>2σ(I)]. 340 Parameters were 
refined with no restraints. S = 1.09. Residual electron density between -0.58 and 0.43 e/Å3. 

 
Table 4     Bond angles in the chelating ligand [º] 

 C(1)-P(1)-Ru(1) 
C(1)-N(1)-Ru(1) 

C(5)-P(1)-Ru(1) 
C(5)-N(1)-Ru(1) 

C(6)-N(1)-Ru(1) 
C(6)-N(2)-Ru(1) 

C(10)-N(1)-Ru(1) 
C(10)-N(2)-Ru(1) 

compound 3 145.81(17) 110.48(15) 124.0(3) 118.7(3) 
compound 4 130.29(13) 113.38(12) 118.50(12) 123.52(14) 

 
Table 5     Torsion angles and interplanar angles in the chelating ligand [º] 

 P(1)-C(5)-C(6)-N(1) 
N(1)-C(5)-C(6)-N(2) 

interplanar angle 

compound 3 2.8(5) 7.3(2) 
compound 4 -5.0(2) 10.68(9) 
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Abstract 
Mono- and dicoordination of the bidentate P,N hybrid ligand 2-(2’-pyridyl)-4,6-
diphenylphosphinine (1) allows access to phosphinine-based RuII complexes with more 
than one pyridyl functionalized phosphinine ligand. The molecular structures of cis-
[RuCl2(dmso)2(1)] and cis-Δ-[RuCl2(1)2] were determined by means of X-ray diffraction. 
These complexes can serve as starting material for the synthesis of phosphinine-based 
RuII analogs of well-known bipyridine-based RuII complexes, such as [Ru(bpy)3]2+ and 
cis-[Ru(NCS)2L2] (L = 2,2’-bipyridyl-4,4’-dicarboxylic acid).   
Cis-[RuCl2(dmso)2(1)] reacts with water regio- and diastereoselectively at the external 
P=C double bond. The addition of water leads exclusively to the anti-addition product 
cis-[RuCl2(dmso)2(1H·OH)] as confirmed by X-ray crystal-structure determination. On 
the other hand, the reaction of cis-[RuCl2(dmso)2(1)] with methanol appeared to be 
reversible and can be directed by changing the temperature. 
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6.1 Introduction 
Polypyridine complexes have attracted a lot of interest for the development of functional 
molecular devices, homogeneous catalytic systems or materials with interesting 
photophysical properties. One of the most prominent examples is [Ru(bpy)3]2+ (bpy = 
2,2’-bipyridine) (A, Figure 1), which is a powerful sensitizer for solar energy conversion, 
such as H2O splitting or photovoltaic devices. Polypyridine complexes of ruthenium owe 
their prominence not only to their absorbance in the visible light (λmax ≈ 450 nm), but also 
to their unique properties in terms of chemical stability, the favorable photophysical and 
redox properties and the longevity of their excited states (originating from metal-to-ligand 
charge-transfer (MLCT)).[1-6] Cis-[Ru(NCS)2L2] (L = 2,2’-bipyridyl-4,4’-dicarboxylic 
acid) (B, Figure 1) is the well-known N3-dye first reported by Grätzel et al. This 
bipyridine-based ruthenium complex is used as dye in dye-sensitized solar cells (DSSC) 
providing efficiencies near 10%.[6-9] 
 

 
Figure 1     Schematic structure of [Ru(bpy)3]2+ (A, left) and cis-[Ru(NCS)2L2] (B, (L = 2,2’-bipyridyl-4,4’-

dicarboxylic acid), right). 
 
Replacing nitrogen by phosphorus in similar structures leads to properties which differ 
significantly due to the distinct electronic differences that exists between these 
heteroatoms (Chapter 1). As discussed in previous chapters, the combination of a pyridine 
and a phosphinine entity (1, Figure 2) can contribute significantly to the formation and 
stabilization of transition metal complexes with metal centers in higher oxidation states. 
Recent attempts to coordinate phosphinines to cationic rhodium and iridium centers by 
using ligand 1 were successful (Chapter 3).[10]  
 

 
Figure 2     Schematic structure of 2-(2’-pyridyl)-4,6-diphenylphosphinine (1). 
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Recently, Müller et al. reported on the phosphorus analogue of the well-known triplet 
emitter fac-[Ir(ppy)3] (ppy = 2-phenylpyridine).[11,12] Via C-H activation of 2,4,6-
triphenylphosphinine the cyclometalated homoleptic complex fac-[Ir(P^C)3] (C, Figure 
3) could be obtained (Chapter 1).[13] Nevertheless, investigation on this phosphinine-
based iridium complex did not show any phosphorescence emission as opposed to its 
nitrogen analog fac-[Ir(ppy)3]. Müller et al. also described the synthesis and 
characterization of an axial chiral atropisomeric phosphinine-based CuI heterocubane 
cluster of the type [{CuBr(P)}4] (D, Figure 3) (Chapter 1). Interestingly, [{CuBr(P)}4] 
exhibits an intense orange luminescence (λmax 640 nm) at room temperature when 
irradiated with UV light in the solid state. This is the first example of a phosphinine-based 
coordination compound which exhibits orange phosphorescence.  

 

 
Figure 3     Phosphinine based complexes fac-[Ir(ppy)3] (C) and [{CuBr(P)}4] (D). 

 
Mathey et al. published the synthesis of cis-[RuCl2(dmso)2(tmbp)] and cis-
[RuCl2(tmbp)2], containing the bidentate biphosphinine tmbp (4,4’,5,5’-tetramethyl-2,2’-
biphosphinine.[14] In this chapter, the pathway towards phosphinine-based RuII complexes 
is described, using the pyridyl functionalized phosphinine ligand 1. The preparation, 
characterization, and reactivity of cis-[RuCl2(dmso)2(1)] and cis-Δ-[RuCl2(1)2], are 
reported, as well as several attempts to obtain the phosphorus analog of the well-known 
N3-dye [Ru(NCS)2(1)2] and the homoleptic tricoordinated phosphinine-based RuII 

complex [Ru(1)3]2+.  

6.2 The RuII complex containing one 2-(2’-pyridyl)-4,6-
diphenylphosphinine ligand 
Reaction of equimolar amounts of 1 and cis-[RuCl2(dmso)4] in CH2Cl2 leads to full 
conversion of 1 under formation of a new species after 10 days at room temperature 
(Scheme 1). Heating the reaction mixture in order to accelerate the reaction leads to the 
formation of several byproducts. When the reaction is completed, the 31P{1H} NMR 
spectrum shows a single resonance at δ = 215.0 ppm and a coordination shift of Δδ(31P) 
= 26.0 ppm which is in the expected region for phosphinine-metal complexes with an η1-
coordination mode of the phosphorus heterocycle. In the 1H NMR spectrum two doublets 
of doublets are observed for the two peripheral protons of the phosphorus heterocycle at 
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δ = 8.17 ppm (3J(H,P) = 21.2 Hz, 4J(H,H) = 2.0 Hz) and 8.60 ppm (3J(H,P) = 18.0 Hz, 4J(H,H) = 
1.6 Hz). From the NMR spectra it is proposed that [RuCl2(dmso)2(1)] (2) has been formed 
quantitatively according to Scheme 1. Interestingly, reaction of cis-[RuCl2(dmso)4] with 
the analogues bipyridine ligand 2-(2’-pyridyl)-4,6-diphenylpyridine under the same 
conditions did not lead to formation of any product. 
 

 
Scheme 1     Synthesis of the RuII complex (2) of 1. 

 
Orange crystals of 2 suitable for X-ray diffraction were isolated in 61% yield by slow 
diffusion of pentane into a diluted solution of the reaction mixture. Complex 2 crystallized 
enantiomerically pure in the centrosymmetric space group P-1. Figure 4 gives the plot of 
the molecular structure in the crystal and selected bonding geometries are shown in Table 
1. For a comparison of bond angles, torsion angles, and interplanar angles, see Table 4 
and 5 in the experimental section. 
 

 
Figure 4     Molecular structure of 2 in the crystal. One CH2Cl2 solvent molecule is omitted for clarity. 

Displacement ellipsoids are shown at the 50% probability level. 
 
The X-ray crystal structure analysis of 2 confirms the observed NMR spectroscopic data 
and reveals monocoordination of the ligand to the metal center and the mononuclear 
nature of the coordination compound in the cis configuration. The two heterocyclic rings 
are essentially coplanar with respect to one another with an intercyclic C(5)-C(6) bond 
length of 1.471(5) Å. The P(1)-C(1) and P(1)-C(5) bond lengths of 1.736(3) and 1.728(3) 
Å are somewhat shorter than in free 2,4,6-triarylphosphinines (1.74-1.76 Å),[15] whereas 

Ru(1)
Cl(1)

Cl(2)N(1)

P(1)

C(1)
C(2)

C(3)

C(4)
C(5)

C(6)

140 
 



Towards phosphinine derivatives of functional RuII bipyridine complexes; Synthesis, characterization, and 
reactivity of cis-[RuCl2(dmso)2L] and [RuCl2L2] (L = 2-(2’-pyridyl)-4,6-diphenylphosphinine) 

 
the C-C bond lengths in the aromatic phosphinine subunit are in the usual range (1.379(5) 
-1.403(5) Å) observed for both free and coordinated phosphinine ligands. 
 

Table 1     Selected distances [Å] and angles [o] in 2. 
Ru(1)-Cl(1) 2.4269(9) P(1)-C(5) 1.728(3) 
Ru(1)-Cl(2) 2.4487(11) C(1)-C(2) 1.394(5) 
Ru(1)-S(1) 2.2698(9) C(2)-C(3) 1.396(5) 
Ru(1)-S(2) 2.2799(9) C(3)-C(4) 1.403(5) 
P(1)-Ru(1) 2.2392(10) C(4)-C(5) 1.379(5) 
N(1)-Ru(1) 2.190(2) N(1)-C(6) 1.369(5) 
C(5)-C(6) 1.471(5) C(1)-P(1)-C(5) 104.49(16) 
P(1)-C(1) 1.736(3) P(1)-Ru(1)-N(1) 78.84(9) 

 
Complex 2 is not the first crystallographically characterized phosphinine-based RuII 
complex, as the molecular structures of [RuCl(Cp*)(1)] in the crystal (Chapter 5), and the 
ones with the tmbp ligand cis-[RuCl2(dmso)2(tmbp)] and [RuCl(Cp*)(tmbp)] have been 
determined as well.[14,16] The Ru(1)-P(1) bond length in 2 is 2.2392(10), and thus slightly 
longer than the Ru(1)-P(1) bond length in the corresponding complex [RuCl(Cp*)(1)] 
(2.2150(12) Å). The Ru(1)-N(1) distance of 2.190(2) Å in 2 is also slightly longer than 
the Ru(1)-N(1) distance in [RuCl(Cp*)(1)] (2.154(3) Å). The P(1)-Ru(1)-N(1) bite angle 
is, with 78.84(9)o, thus also slightly wider than in [RuCl(Cp*)(1)] (77.62(9)o). In the 
tmbp-based complexes the Ru(1)-P(1) bond lengths are similar to the one in 2 
([RuCl(Cp*)(1)]: 2.2475(7) and 2.2375(7) Å; cis-[RuCl2(dmso)2(tmbp)]: 2.2353(8) and 
2.2428(7) Å). Furthermore the metal center is not located in the ideal axis of the 
phosphorus lone pair in [RuCl(Cp*)(tmbp)] and cis-[RuCl2(dmso)2(tmbp)], but clearly 
shifted towards the center of the ligand ([RuCl(Cp*)(tmbp)]: Ru(1)-P(1)-C(6) 117.3(1)o 
and Ru(1)-P(1)-C(2) 138.7(1)o; cis-[RuCl2(dmso)2(tmbp)]: Ru(1)-P(1)-C(6) 115.5(1)o 
and Ru(1)-P(1)-C(2) 138.5(1)o).[14,16] 
As explained in Chapter 2 the opening of the internal ∠ C-P-C angle can be correlated 
with the electron-accepting character of a metal fragment, it appears interesting to 
compare the ∠ C-P-C angle in 2 with [RuCl(Cp*)(1)], [RuCl(Cp*)(tmbp)] and cis-
[RuCl2(dmso)2(tmbp)]. In the complexes [RuCl(Cp*)(1)] and [RuCl(Cp*)(tmbp)] the ∠ 
C-P-C angles are 103.7(2)o and 104.4o, respectively. As a matter of fact, both compounds 
are highly stable towards nucleophilic attack. For complex 2, a value of 104.49(16)o is 
found. However, in cis-[RuCl2(dmso)2(tmbp)] it is 106.08o.[14] This latter compound is 
much less stable towards nucleophilic attack, which indicates more disruption of the 
aromaticity because of the chelating tmbp ligand. In pyridyl functionalized phosphinine 
ligand 1 the combination of a phosphinine and a pyridine unit apparently contributes 
significantly to the formation and stabilization of complex 2.  
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6.3 The RuII complex containing two 2-(2’-pyridyl)-4,6-
diphenylphosphinine ligands 
Displacement of the dmso ligands from the hexa-coordinated cis-[RuCl2(dmso)4] 
complex by two pyridyl functionalized ligands can lead to a mixture of six possible 
diastereomers for [RuCl2(1)2] (3, Scheme 2). They are designated as cis-Δ-3, cis-Λ-3, 
trans-Δ-3, trans-Λ-3, trans/cis/cis-3 and trans/trans/trans-3, where Δ (lamda) and Λ 
(delta) imply right- and left-hand helicity, respectively (Figure 5).[17,18] 
 

 
Figure 5     Possible stereoisomers of 3. 

 
For the coordination of a second pyridyl functionalized phosphinine to 2, one equivalent 
of 1 was added to compound 2 in CH2Cl2 (Scheme 2). After 48 hours at T = 60°C the 
31P{1H} NMR spectrum showed that multiple species were formed. Two doublets (2J(P,P) 
= 52.0 Hz) at δ = 222.0 and 233.0 ppm are the most abundant species, which are in the 
expected region for phosphinine-metal complexes with an η1-coordination mode of the 
phosphorus heterocycle. Multiple resonances for byproducts were found around δ = 30 
ppm.  
 

 
Scheme 2 Synthesis of isomeric complexes 3 starting from 2 or 1. 

 
Coordination compound 3 could also be obtained starting from two equivalents of 1 and 
one equivalent of the ruthenium precursor cis-[RuCl2(dmso)4] in THF at T = 80oC 
(Scheme 2). The product does not dissolve in THF and precipitates out of solution during 
the reaction. After 72 hours at T = 80oC no more starting material is observed as confirmed 
by 31P{1H} NMR spectroscopy. After the reaction THF was removed under vacuum and 

cis-Δ-3 trans-Δ-3 trans/cis/cis-3

cis-Λ-3 trans-Λ-3 trans/trans/trans-3
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the reaction mixture was redissolved in CD2Cl2. In the 31P{1H} NMR spectrum two 
doublets at δ = 222.0 and 233.0 ppm could be observed again. However, also several 
resonances can be detected around δ = 30 ppm, indicating the formation of byproducts. 
Interestingly, the reaction with the analogues bipyridine ligand 2-(2’-pyridyl)-4,6-
diphenylpyridine under the same conditions did not lead to formation of any product. 
Red crystals of 3 were grown by slow diffusion of pentane into a diluted solution of the 
reaction mixture in CH2Cl2. X-ray crystal structure analysis confirmed the presence of 
two different isomers. The crystallographic characterization of one crystal confirms the 
formation of cis-Δ-3, while the trans-Δ-3 isomer was determined from a second crystal. 
Figure 6 gives the plots of the molecular structures of cis-Δ-3 and trans-Δ-3 in the crystal 
and selected bonding geometries of cis-Δ-3 are shown in Table 2. Bond lengths and angles 
of the preliminary molecular structure of trans-Δ-3 in the crystal could not be obtained as 
the quality of the crystal was unfortunately very poor.  
 

 
Figure 6     Molecular structure of cis-Δ-3 in the crystal (top, two CH2Cl2 solvent molecules are omitted for 

clarity) and the preliminary molecular structure of trans-Δ-3 in the crystal (bottom, only one of two 
independent molecules is represented). Displacement ellipsoids are shown at the 50% probability level. 
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Table 2     Selected distances [Å] and angles [o] in cis-Δ-3. 
Ru(1)-Cl(1) 2.3941(4) Ru(1)-Cl(2) 2.4497(4) 
P(1)-Ru(1) 2.1847(4) P(2)-Ru(1) 2.2021(4) 
N(1)-Ru(1) 2.2000(14) N(2)-Ru(1) 2.1171(15) 
C(5)-C(6) 1.476(2) C(27)-C(28) 1.471(2) 
P(1)-C(1) 1.7133(18) P(2)-C(23) 1.7198(18) 
P(1)-C(5) 1.7262(17) P(2)-C(27) 1.7220(17) 
C(1)-C(2) 1.396(3) C(23)-C(24) 1.400(2) 
C(2)-C(3) 1.398(3) C(24)-C(25) 1.399(3) 
C(3)-C(4) 1.407(2) C(25)-C(26) 1.398(3) 
C(4)-C(5) 1.394(2) C(26)-C(27) 1.392(2) 
N(1)-C(6) 1.370(2) N(2)-C(28) 1.369(2) 
C(1)-P(1)-C(5) 105.73(9) C(23)-P(2)-C(27) 105.66(8) 
P(1)-Ru(1)-N(1) 78.65(4) P(2)-Ru(1)-N(2) 79.99(4) 

 
Compound cis-Δ-3 crystallized enantiomerically pure in the triclinic space group Pī with 
one metal complex molecule in the asymmetric unit. As expected, the metal center is not 
located in the ideal axis of the phosphorus lone pairs because of the larger size of the 
phosphinine heterocycle compared to pyridine. The P(1)-C(1/23) and P(1)-C(5/27) bond 
lengths in cis-Δ-3 are somewhat shorter than in complex 2 (1.7133(18), 1.7198(18), 
1.7262(17), and 1.7220(17) Å). Therefore the ∠ C-P-C angles are also larger in cis-Δ-3 
(average; 105.70o). Again, this reflects an increased disruption of the aromaticity of the 
phosphorus heterocycle in 3 compared to complex 2, consequently a higher reactivity of 
the P=C double bonds towards nucleophilic attack is expected. 
It was further attempted to exchange the chloride ligands by thiocyanate ligands (SCN-) 
in order to prepare the phosphorus derivative 4 of the well-known N3-dye reported by 
Grätzel et al. (B, Figure 1) according to Scheme 3.  
 

 
Scheme 3     Reaction towards the phosphinine based analog of the N3-dye 4. 

 
Unfortunately, addition of two equivalents of a thiocyanate salt (NH4SCN, AgSCN or 
NaSCN) to a solution of 3 in CH2Cl2 lead to decomposition of 3, therefor 4 could not be 
obtained. 
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6.4 Towards the RuII complex containing three 2-(2’-pyridyl)-4,6-
diphenylphosphinine ligands  
The initial goal for the synthesis of compounds 2 and 3 is to obtain the homoleptic 
complex [Ru(1)3]2+ (5) as the phosphinine analog of [Ru(bpy)3]2+ (A, Figure 1). Several 
attempts were undertaken to obtain 5. Unfortunately, the coordination of three pyridyl 
functionalized phosphinine ligands to ruthenium proved to be impossible. The different 
synthetic pathways towards 5 that were undertaken are explained.  
The cyclometalated complex fac-[Ir(P^C)3] (C, Figure 3) could be synthesized under 
rather harsh conditions by reaction of 2,4,6-triphenylphosphinine with [Ir(acac)3] (acac = 
acetylacetone) in a sealed autoclave at T = 220oC for 3 days without solvent.[13] According 
to this procedure three equivalents of 1 were reacted with one equivalent of cis-
[RuCl2(dmso)4] (Scheme 4). 
 

 
Scheme 4     Autoclave reaction of 3 equivalents 1 and cis-[RuCl2(dmso)4] without solvent. 

  
The 31P{1H} NMR spectrum of the reaction mixture after 3 days in CD2Cl2 showed a 
small singlet at δ = 208.0 ppm and a small resonance for unreacted ligand 1. Due to the 
low yield of this reaction and the formation of insoluble material it was impossible to 
purify the desired compound. It was, however, possible to record a Maldi-TOF spectrum 
of the reaction mixture. It turned out that a minor species at m/z+ = 787.08 could 
correspond to [RuCl(1)2]+ and a major species at m/z+ = 805.16 (Δm = 18.08 m/z+) could 
correspond to [RuCl(1)2(H2O)]+. These results suggest that a dicoordinated complex, such 
as 3 was obtained, rather than the desired compound. However, the singlet at δ = 208.0 
ppm in the 31P{1H} NMR spectrum does not correspond to the chemical shifts of the 
isomers of complex 3 that were characterized before (vide supra), indicating the 
formation of yet another isomer of 3. Based on the single resonance in the 31P{1H} NMR 
spectrum the complex should have the trans/trans/trans-3 configuration (Figure 5). 
Nevertheless, it was not possible to determine the exact structure of the product obtained 
by this reaction. When the reaction was performed with [RuCl3][x(H2O)] instead of cis-
[RuCl2(dmso)4] the same 31P{1H} NMR spectrum was obtained, showing a small singlet 
at δ = 208.0 ppm and a resonance for unreacted ligand 1. Also for this reaction, it was 
impossible to obtain the product in pure form. Furthermore, no reaction took place when 
[Ru(acac)3] was used as ruthenium precursor. Also reactions with the analogues 
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bipyridine ligand 2-(2’-pyridyl)-4,6-diphenylpyridine under the same conditions did not 
lead to formation of any product. 
Alternatively, some reactions were performed starting from a mixture of 3 to coordinate 
the third ligand via ligand exchange of the two chloride ligands. Different salts were used 
for this reaction; AgOSO2CF3, AgNO3, and AgBF4 (Scheme 5).  
 

 
Scheme 5     Reaction towards 5 starting from 3. 

 
However, as already appeared from the ligand exchange reaction of chloride for 
thiocyanate (Scheme 3) also these attempts led to decomposition of 3 and no reaction was 
observed. Up to now, it appeared to be impossible to synthesize complex 5. 
Again reactions to replace the chloride ligands in 3 for the analogues bipyridine ligand 2-
(2’-pyridyl)-4,6-diphenylpyridine under the same conditions did not lead to formation of 
any product. 

6.5 Reactivity of the P=C double bonds towards nucleophilic 
attack 
Although the combination of a phosphinine and a pyridine unit contributes significantly 
to the formation and stabilization of complexes 2 and 3, the larger opening of the ∠ C-P-
C angle in comparison to a free phosphinine reflects significant disruption of the 
aromaticity.[16] Consequently, the P=C double bonds in 2 and 3 become reactive towards 
nucleophilic attack as observed before for cationic RhIII and IrIII complexes based on 
ligand 1.[10] As a matter of fact, adding a trace of H2O to a solution of 3 in CH2Cl2 leads 
instantaneously to the quantitative formation of multiple products. The 31P{1H} NMR 
spectrum of the reaction mixture shows several resonances between δ = 120.0 and 150.0 
ppm, which is in the expected region for water addition products. As complex 3 consists 
of several stereoisomers and the addition of the H2O molecule could occur in a syn- and 
anti-fashion it is not surprising that multiple products were obtained. Nevertheless, it 
appeared to be impossible to separate or characterize one of the species. 
On the other hand, adding a trace of H2O or CH3OH to a solution of 2 in CH2Cl2 leads to 
the quantitative formation of the new species 6 and 7, respectively. Because of the 
prochiral nature of the Cα atoms at the 6-position of the heterocycle, and of the phosphorus 
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atom in the aromatic ring, the addition of H2O or CH3OH to the external P=C double bond 
of the chiral complex 2 would lead principally to a mixture of diastereomers. The addition 
of the H2O or CH3OH molecule could occur in a syn- or anti-fashion and, furthermore, 
also through the Re or the Si site of the P=C double bond (Scheme 6). 
 

 
Scheme 6     Reaction of 2 with H2O and CH3OH. 

 
The 31P{1H} NMR spectra of [RuCl2(dmso)2(1H·OH)] (6) and 
[RuCl2(dmso)2(1H·OCH3)] (7) show, however, only a single resonance at δ = 123.0 and 
131.0 ppm, respectively (CD2Cl2). This excludes the formation of a mixture of 
diastereomers generated by a random addition of the nucleophile to the Re or Si site of 
the P=C double bond. Accordingly, figure 7 illustrates the 1H NMR spectra of 2 (Hp/p’ = 
peripheral hydrogen atoms of the heterocycle) and 6 the product after addition of water 
and 7 the product after addition of methanol.  
 

 
Figure 7     1H NMR spectra (CD2Cl2, 400 MHz) of 2 (bottom), 6 (middle), and 7 (top). Hp/p’ = peripheral 

hydrogen atoms at the phosphorus heterocycle with 3J(H,P) coupling. 
 
The 1H NMR spectra of 6 and 7 show only one set of signals, with characteristic 
resonances for the protons Ha and Hb at δ (ppm) = 5.62 (dd, 3J(H,P) = 12.0 Hz, 3J(H,H) = 2.8 
Hz), 6.63 (ddd, 3J(H,P) = 12.2 Hz, 3J(H,H) = 3.0 Hz, 4J(H,H) = 1.4 Hz for 6, as well as at δ 
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(ppm) = 5.87 (dd, 2J(H,P) = 9.0 Hz, 3J(H,H) = 2.9 Hz) and 6.65 (ddd, 3J(H,P) = 11.5 Hz, 3J(H,H) 
= 2.9 Hz, 4J(H,H) = 1.1 Hz) for 7. Moreover, the characteristic doublet at δ = 3.46 ppm 
(3J(H,P) = 11.2 Hz) is observed for the CH3O group attached to the phosphorus atom in 7. 
From these observations, it appears that the addition of H2O and CH3OH to the external 
P=C double bond proceeds diastereoselectively and not randomly. Interestingly, due to 
the phenyl substituent at the 6-position of the phosphorus heterocycle, an investigation of 
6 by means of X-ray crystal structure determination would allow the differentiation 
between anti- and syn-addition, as well as between addition through the Re or Si site of 
the P=C double bond. Crystals of 6 suitable for X-ray diffraction were obtained in 52% 
isolated yield, by slow diffusion of Et2O into a diluted solution of 6 in CH2Cl2. Complex 
6 crystallizes as racemate in the triclinic space group Pī with one metal complex molecule 
in the asymmetric unit. The molecular structure of one enantiomer is depicted in Figure 
8 and selected bonding geometries are shown in Table 3.  
The molecular structure of 6 in the crystal unambiguously shows that the H2O molecule 
has been added in an anti-fashion to the P(1)=C(1) double bond, rather than in a syn-
fashion. This has been observed before for pyridyl functionalized phosphinine complexes 
[MCl(Cp*)(1)]Cl (M = RhIII, IrIII) (Chapter 3).[10] Moreover, the H2O molecule has been 
added in such a way that hydrogen bonding between the OH group and Cl(2) occurs. 

 
Figure 8     Molecular structure of 6 (one CH2Cl2 solvent molecule is omitted for clarity). Displacement 

ellipsoids are shown at the 50% probability level. 
 
The phosphorus atom shows a distorted tetrahedral structure with P(1)-C(1) and P(1)-
C(5) bond lengths of 1.842(3) and 1.821(3) Å, reflecting the sp3 hybridization of C(1) and 
the sp2 hybridization of C(5). Moreover, the C(1)-C(2) bond in 6 corresponds to a single 
bond (1.507(4) Å), whereas the remaining C-C bond lengths in the phosphorus 
heterocycle are in agreement with a diene structure which shows the expected values of 
C(2)-C(3) = 1.344(4), C(3)-C(4) = 1.465(4), and C(4)-C(5) = 1.342(4) Å. The bite angle 
P(1)-Ru(1)-N(1) is 82.23(6)o, and thus are larger than in the starting material 2. 
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Table 3     Selected distances [Å] and angles [o] in 6. 

Ru(1)-Cl(1) 2.4831(7) C(1)-C(2) 1.507(4) 
Ru(1)-Cl(2) 2.4592(7) C(2)-C(3) 1.344(4) 
Ru(1)-S(1) 2.2947(7) C(3)-C(4) 1.465(4) 
Ru(1)-S(2) 2.2499(7) C(4)-C(5) 1.342(4) 
P(1)-Ru(1) 2.2476(7) N(1)-C(6) 1.363(3) 
N(1)-Ru(1) 2.169(2) P(1)-O(1) 1.612(2) 
C(5)-C(6) 1.462(3) C(1)-P(1)-C(5) 98.14(12) 
P(1)-C(1) 1.842(3) P(1)-Ru(1)-N(1) 82.23(6) 
P(1)-C(5) 1.821(3)   

 
As described before in Chapter 3, the addition of methanol does not lead to a stable 
product, compound 7 reacts with traces of water to form coordination compound 6.[19] It 
is anticipated that the formation of hydrogen bonding between the OH group and the Cl 
counteranion, as observed for 6, might be the driving force for this process. 
Recently, Müller et al. reported that the cationic RhIII and IrIII complexes 
[MCl(Cp*)(1H·OH)]Cl could be deprotonated with Et3N under the elimination of HCl to 
form zwitterionic species of the type [MCl(Cp*)(1H·O)] (Chapter 4).[19] Upon treating 6 
with Et3N (≈ 10 equivalents) in CH2Cl2 the 31P{1H} NMR spectroscopic data revealed the 
immediate formation of two new species with a chemical shift of δ = 92.6 and 93.2 ppm. 
Unfortunately, when the reaction mixture was measured again after 24 hours the 31P{1H} 
NMR spectrum only showed very small resonances and after 48 hours the complex was 
totally decomposed and no more signals were observed by means of 31P{1H} NMR 
spectroscopy. Treatment of 7 with Et3N (≈ 10 equivalents) in CH2Cl2 only revealed slow 
decomposition of 7 and no new species were obtained according to the 31P{1H} NMR 
spectrum. These deprotonation reactions suggest that these ruthenium complexes are not 
able to accommodate the positive charge on the metal center because of the more 
electrophilic character of the complex. On the other hand, the cationic RhIII and IrIII 
complexes with the electron rich Cp* ligand could stabilize the positive charge on the 
metal center and stable deprotonation products were obtained which could easily be 
isolated, handled and characterized (Chapter 4).[19] 

6.6 Reversibility of the nucleophilic addition reactions 
Remarkably, the water addition to the cyclometalated IrIII complex based on 2,4,6-
triphenylphosphinine was found to be reversible and seemed to favor the addition product 
[IrCl(Cp*)(P^CH·OH)] at room temperature, while the starting complex 
[IrCl(Cp*)(P^C)] was favored at T = 80oC as can be monitored by 31P{1H} NMR 
spectroscopy (Figure 9).[20] 48 Hours after addition of H2O to a solution of 
[IrCl(Cp*)(P^C)] in CD2Cl2 approximately 95% of the starting material was converted to 
[IrCl(Cp*)(P^CH·OH)] and some minor side products. After heating the reaction mixture 
for 3 hours at T = 80oC approximately 95% of the water addition product had eliminated 
water and the starting material was obtained again. When the reaction mixture was left at 
room temperature, the starting material [IrCl(Cp*)(P^C)] reacted with water again and 
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after 48 hours approximately 95% of the starting material was converted back to 
[IrCl(Cp*)(P^CH·OH)], which again eliminated water within 3 hours at T = 80oC.  
 

 
 Figure 9     Reversibility of H2O addition to the P=C double bond of 2,4,6-triphenylphosphinine 

cyclometalated to IrIII visible with 31P{1H} NMR spectroscopy (CD2Cl2, 400 MHz NMR). 
 
It appears interesting to determine if other complexes containing the pyridyl 
functionalized phosphinine ligand 1 also show the same behavior. The reversibility of 
nucleophilic attack towards the P=C double bond was thus investigated for 
[RhCl(Cp*)(1H·OH)]Cl, [IrCl(Cp*)(1H·OH)]Cl, 6 [RhCl(Cp*)(1H·OCH3)]Cl, 
[IrCl(Cp*)(1H·OCH3)]Cl, and 7.[10]  
Compounds [RhCl(Cp*)(1H·OH)]Cl, [IrCl(Cp*)(1H·OH)]Cl, and 6 appear to be rather 
stable upon heating. Heating solutions of these complexes in CD2Cl2 at T = 80oC for 24 
hours showed that they were still intact according to the NMR spectroscopic data. Heating 
solutions of the complexes [RhCl(Cp*)(1H·OCH3)]Cl, and [IrCl(Cp*)(1H·OCH3)]Cl at 
T = 80oC for 24 hours leads to the formation of multiple species as observed by 31P{1H} 
NMR spectroscopy. One of these species has the same chemical shift as the water addition 
complexes. Presumably, an exchange of the OCH3 group by an OH group takes place, 
however, the reaction does not proceed very selectively and multiple species are obtained 
most likely due to the higher reaction temperature. This exchange of the OCH3 group for 
an OH group is also observed at room temperature for these complexes. Nevertheless, the 
exchange is very slow and only the anti-water addition products are obtained at room 
temperature (Chapter 3).[10] 
Surprisingly, when a solution of RuII complex 7 is heated at T = 100oC in d-ODCB 
(deuterated ortho-dichlorobenzene), compound 7 eliminates methanol and complex 2 is 
regenerated again (Figure 10).  
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Figure 10     Reversibility of CH3OH addition to the P=C double bond of 7 visible with 31P{1H} NMR 

spectroscopy (d-ODCB, 400 MHz NMR). 
 
Following the course of the reaction by 31P{1H} NMR spectroscopy, complex 2 reacts 
immediately with methanol to form complex 7. When the reaction mixture is heated at T 
= 100oC methanol is eliminated and within 30 minutes an equilibrium between 2 and 7 is 
reached. Full conversion back to the starting material 2 could not be observed and higher 
temperatures are required. Unfortunately, this temperature regime could not be reached 
by the NMR spectrometer. Nevertheless, when the reaction mixture was cooled to room 
temperature, the almost quantitative formation of complex 7 was again observed within 
30 minutes. This cycle could be repeated several times. This unprecedented behavior of 
[IrCl(Cp*)(P^CH·OH)] and complex 7 show that for some complexes the nucleophilic 
addition towards the P=C double bond is reversible and can be directed by changing the 
temperature. 

6.7 Conclusion 
The RuII complex cis-[RuCl2(dmso)2(1)] containing one chelating P,N hybrid ligand 2-
(2’-pyridyl)-4,6-diphenylphosphinine (1) can easily be prepared and isolated starting 
from the corresponding cis-[RuCl2(dmso)4] precursor. The molecular structure was 
determined by means of X-ray crystallography and reveals the mononuclear nature of the 
complex. Starting from this complex the RuII complex [RuCl2(1)2] could be synthesized. 
Furthermore, this compound could also be obtained starting from the ruthenium precursor 
cis-[RuCl2(dmso)4] and two equivalents of ligand 1. According to 31P{1H} NMR 
spectrometry multiple stereoisomers were obtained. The molecular structure of cis-Δ-
[RuCl2(1)2] was determined by means of X-ray crystallography.  
[RuCl2(1)2] did not allow access to the phosphorus analog of the bipyridine-based dye-
sensitizer [Ru(NCS)2L2] (L = 2,2’-bipyridyl-4,4’-dicarboxylic acid). Furthermore, the 
phosphorus analog of the well-studied [Ru(bpy)3]2+ complex, the homoleptic complex 
[Ru(1)3]2+, also appeared to be impossible to synthesize. The synthetic access to these 
complexes needs further study in the future. 
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Both, cis-[RuCl2(dmso)2(1)] and [RuCl2(1)2] are reactive towards nucleophilic attack. 
[RuCl2(1)2] reacts very fast with water leading to multiple products which could not be 
separated or fully characterized. The reaction of cis-[RuCl2(dmso)2(1)] with water leads 
quantitatively and regio- as well as diastereoselectively to an anti-addition of H2O to the 
external P=C double bond as unambiguously demonstrated by means of X-ray crystal 
structure determination of the product cis-[RuCl2(dmso)2(1H·OH)]. The reaction with 
methanol also seems to proceed diastereoselectively according to NMR spectroscopy, 
however, the absolute configuration of the product could not be determined. Remarkably, 
the reaction of methanol with cis-[RuCl2(dmso)2(1)] was found to be reversible and 
seemed to favor the addition product at room temperature, while the starting complex was 
favored at T = 100oC.  

6.8 Experimental section 
General remarks: All reactions were performed under argon using Schlenk techniques or in an MBraun dry box 
unless stated otherwise. All glassware was dried prior to use. All common solvents and chemicals were 
commercially available. Cis-[RuCl2(dmso)4], [Ru(acac)3], [RuCl3][x(H2O)], NH4SCN, AgSCN, NaSCN, 
AgOSO2CF3, AgNO3, and AgBF4 were purchased from STREM and used without further purification. 2-(2’-
pyridyl)-4,6-diphenylphosphinine (1) was prepared according to literature procedures.[21,22] All solvents were 
dried and degassed by standard techniques or used from a Braun solvent system. The elemental analyses were 
performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr (Germany). 1H, 13C{1H}, and 
31P{1H} NMR spectra were recorded on a Varian Mercury 200 or 400 spectrometer and all chemical shifts are 
reported relative to residual proton resonance of the deuterated solvents. 
 
Cis-[RuCl2(dmso)2(1)] (2): A mixture of cis-[RuCl2(dmso)4] (29 mg, 0.06 mmol, 1.0 equivalent) and 1 (20 mg, 
0.06 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry 
box. The reaction was completed after 10 day’s at room temperature under sonication. Crystals were obtained 
via slow diffusion of pentane into the reaction mixture. Yield after crystallization: 61%. 1H NMR (CD2Cl2, 400 
MHz): δ (ppm) = 3.23 (2H, s; dmso), 3.36 (2H, s; dmso), 3.37 (4H, s; dmso), 3.41 (2H, s; dmso), 3.58 (2H, s; 
dmso), 7.43 – 7.55 (7H, m; Harom), 7.69 (2H, m; Harom), 7.67 – 8.02 (3H, m; Harom), 8.17 (1H, dd, 3J(H,P) = 21.2 
Hz, 4J(H,H) = 2.0 Hz; Hp), 8.28 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.60 (1H, dd, 3J(H,P) = 18.0 Hz, 4J(H,H) = 1.6 Hz; 
Hp’), 10.20 (1H, ddd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 1.6 Hz, 5J(H,H) = 0.4 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ 
(ppm) = 215.0. 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 45.9, 47.6, 120.1, 120.2, 124.50, 124.52, 127.93, 
127.95, 128.5, 129.2, 129.5, 129.9, 130.35, 130.44, 132.3, 132.4, 139.0, 139.1, 139.3, 139.6, 139.8, 141.0, 
141.1, 141.5, 141.6, 153.5, 153.8, 154.8, 159.6, 159.8, 160.5, 160.7, 207.0. Elemental analysis calculated (%) 
for C26H28NPCl2RuO2S2 (653.59 g·mol-1): C 47.78, H 4.32, N 2.14%; found C 46.99, H 4.28 N 2.08%. 
 
[RuCl2(1)2] (3): 
Route 1: A mixture of 2 (30 mg, 0.04 mmol, 1.0 equivalent) and 1 (13 mg, 0.06 mmol, 1.0 equivalent) was 
suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry box. The reaction was completed 
after 48 hours at T = 60oC.  
Route 2: A mixture of cis-[RuCl2(dmso)4] (14.5 mg, 0.03 mmol, 1.0 equivalent) and 1 (20 mg, 0.06 mmol, 2.0 
equivalents) was suspended in THF (0.5 ml) and transferred to a Young NMR-Tube in a dry box. The reaction 
was completed after 72 hours at T = 80oC. All volatiles were removed and the reaction mixture was redissoved 
in CH2Cl2. Crystals were obtained via slow diffusion of pentane into the reaction mixture. Yield after 
crystallization: 60%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 6.93 (4H, d, 3J(H,H) = 4.3 Hz; Harom), 7.09 (1H, m; 
Harom), 7.32 (3H, m; Harom), 7.39 (2H, d, 3J(H,H) = 7.0 Hz; Harom), 7.47 (3H, m; Harom), 7.56 – 7.72 (10H, m; Harom), 
7.82 (2H, m; Harom), 7.98 (1H, d, 3J(H,P) = 20.4 Hz; Harom), 8.10 (2H, m; Harom), 8.35 (1H, d, 3J(H,H) = 8.1 Hz; 
Harom), 8.43 (1H, d, 3J(H,P) = 16.7 Hz; Harom), 8.58 (1H, d, 3J(H,P) = 18.1 Hz; Harom), 10.45 (1H, bs; Harom). 31P NMR 
(CD2Cl2, 162 MHz): δ (ppm) = 222.0 (d, 2J(P,P) = 52.0 Hz), 233.0 (d, 2J(P,P) = 52.0 Hz). Due to the low solubility 
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of 3 an acceptable 13C NMR spectrum could not be obtained. Elemental analysis calculated (%) for 
C44H32N2P2Cl2Ru·0.5 CH2Cl2 (865.14 g·mol-1): C 61.78, H 3.84, N 3.24%; found C 62.59, H 4.32 N 3.32%. 
 
[Ru(NCS)2(1)2] (4): A mixture of 3 (20 mg, 0.025 mmol, 1.0 equivalent) and thiocyanate salt (NH4SCN, AgSCN 
or NaSCN 0.05 mmol, 2.0 equivalents) was suspended in CH2Cl2, THF or DMF (dimethylformamide) (0.5 ml) 
and transferred to a Young NMR-Tube in a dry box. 31P{1H} NMR was measured 10 minutes after obtaining 
the reaction mixture and after heating the reaction mixture at reflux for 2 hours and 24 hours. No signals were 
visible in the 31P{1H} NMR spectra. Also Maldi-TOF of the reaction mixtures did not show any product 
formation. Unfortunately, 4 could not be obtained.  
 
[Ru(1)3] (5):  
Route 1: cis-[RuCl2(dmso)4] (65.4 mg, 0.1 mmol, 1.0 equivalent) was reacted with 1 (100 mg, 0.3 mmol, 3.0 
equivalents) in an acid digestion bomb at T = 180oC for 3 days. The product mixture was dissolved in CH2Cl2 
and filtered over celite. However, the product could not be fully characterized only a 31P{1H} NMR and a Maldi 
TOF spectrum could be obtained. These measurements indicate the formation of trans/trans/trans-3. 31P NMR 
(CD2Cl2, 162 MHz): δ (ppm) = 208.0 ppm. Maldi TOF: m/z+ = 787.08 ([RuCl(1)2]+, C44H32ClN2P2Ru, exact 
mass: 787.22 g·mol-1), 805.16 ([RuCl(1)2(H2O)]+, C44H34ClN2OP2Ru, exact mass: 805.09 g·mol-1). 
Route 2: A mixture of 3 (20 mg, 0.025 mmol, 1.0 equivalent) and salt (AgOSO2CF3, AgNO3, and AgBF4 0.05 
mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and transferred to a Young NMR-Tube in a dry box. 
31P{1H} NMR was measured 10 minutes after obtaining the reaction mixture and after heating the reaction 
mixture at reflux for 2 hours and 24 hours. No signals were visible in the 31P{1H} NMR spectra. Also Maldi-
TOF of the reaction mixtures did not show any product formation. Unfortunately, 5 could not be obtained. 
 
[RuCl2(dmso)2(1H·OH)] (6): 2 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of water (22 mg, 1.20 mmol, 40.0 equivalents) was 
added to the mixture. 6 was formed instantaneously. Crystals were obtained via slow diffusion of diethyl ether 
into the reaction mixture. Yield after crystallization: 52%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 3.24 (3H, 
s; dmso), 3.36 (3H, m; dmso), 3.41 (3H, m; dmso), 3.56 (3H, s; dmso), 5.62 (1H, dd, 3J(H,P) = 12.0 Hz, 3J(H,H) = 
2.8 Hz; Ha), 6.63 (1H, ddd, 3J(H,P) = 12.2 Hz, 3J(H,H) = 3.0 Hz, 4J(H,H) = 1.4 Hz; Hb), 7.35 – 7.67 (12H, m; Harom), 
7.90 – 8.00 (2H, m; Harom), 9.97 (1H, dd, 3J(H,H) = 5.9 Hz, 4J(H,H) = 1.5 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): 
δ (ppm) = 123.0. 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 46.0, 46.4, 46.5, 47.6, 120.9, 121.0, 124.8, 126.81, 
126.82, 127.1, 128.2, 128.36, 128.39, 128.4, 128.7, 129.0, 129.1, 129.2, 129.36, 129.37, 132.4, 133.92, 133.94, 
136.1, 136.19, 136.24, 136.3, 136.7, 138.0, 138.1, 138.9, 139.40, 139.41, 140.31, 140.34, 155.2, 159.4, 159.6, 
207.2. Elemental analysis calculated (%) for C26H30NPO3Cl2RuS2 (671.60 g·mol-1): C 46.50, H 4.50, N 2.09%; 
found: C 46.78, H 4.72, N 2.10%. 
 
[RuCl2(dmso)2(1H·OCH3)] (7): 2 (19 mg, 0.03 mmol, 1.0 equivalent) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube under argon. An excess of methanol (38 mg, 1.20 mmol, 40.0 equivalents) 
was added to the mixture. 7 was formed after 1 hour at room temperature. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) 
= 3.22 (3H, s; dmso), 3.37 (3H, s; dmso), 3.41 (3H, s; dmso), 3.46 (3H, d, 3J(H,P) = 11.2 Hz; -OCH3), 3.60 (3H, 
s; dmso), 5.87 (1H, dd, 2J(H,P) = 9.0 Hz, 3J(H,H) = 2.9 Hz; Ha), 6.65 (1H, ddd, 3J(H,P) = 11.5 Hz, 3J(H,H) = 2.9 Hz, 
4J(H,H) = 1.1 Hz; Hb), 7.33 – 7.52 (9H, m; Harom), 7.64 (3H, m; Harom), 7.53 (2H, m; Harom), 9.94 (1H, dd, 3J(H,P) = 
5.9 Hz, 3J(H,H) = 1.6 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 131.0. 13C NMR (CD2Cl2, 101 MHz): 
δ (ppm) = 44.5, 45.5, 47.0, 47.9, 57.2, 118.9, 119.0, 119.9, 120.0, 124.8, 126.7, 126.8, 128.1, 128.2, 128.4, 
128.8, 128.9, 129.2, 132.38, 132.41, 134.5, 134.6, 135.9, 136.0, 136.68, 136.72, 138.8, 138.9, 140.1, 140.2, 
155.1, 155.8, 159.8, 160.0, 205.9. The compound could not be isolated for elemental analysis. 
 
X-ray crystal structure data of compound 2: X-ray intensities were measured on a Bruker Kappa ApexII 
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å). Absorption correction and 
scaling was performed with SADABS or TWINABS[23]. The structures were solved with Direct Methods using 
the program SHELXS-97.[24] Least-squares refinement was performed refined with SHELXL-97[24] against F2 
of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms 
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were introduced in calculated positions or located in difference Fourier maps. All other hydrogen atoms were 
refined with a riding model. Geometry calculations and checking for higher symmetry was performed with the 
PLATON program.[25] [C26H28Cl2NO2PRuS2]CH2Cl2, Fw = 738.50, yellow needle, 0.22 x 0.25 x 0.39 mm3, 
triclinic, P-1, a = 10.4845(3), b = 12.2963(3), c = 13.6696(5) Å, V = 1598.29(9) Å3, Z = 2, Dx = 1.535 g/cm3, µ 
= 1.031 mm-1. 28665 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 
150 K. 7343 Reflections were unique (Rint = 0.029), of which 6305 were observed [I>2σ(I)]. 347 Parameters 
were refined with no restraints. S = 1.04. Residual electron density between -0.92 and 0.98 e/Å3. 
 
X-ray crystal structure data of compound 3:  
Molecular formula   C44H32Cl2N2P2Ru, 2(CH2Cl2) 
Molecular weight   992.48 
Crystal habit   Red platelet 
Crystal dimensions (mm)  0.23x0.19x0.06 
Crystal system   Triclinic 
Space group   P-1 
a(Å)    11.3545(2) 
b(Å)    11.5995(2) 
c(Å)    16.6674(2) 
α(o)    97.78 
β(o)    90.55 
γ(o)    97.25 
V(Å3)    2156.78(6) 
Z    2 
d(g-cm-3)    1.528 
F(000)    1004 
μ(mm-1)    0.846 
Absorption corrections  Multi-scan 
Diffractometer   KappaCCD 
X-ray source   MoKα 
λ(Å)    0.71073 
Monochromator   Graphite 
T (K)    100(2) 
Scan mode    Phi and omega scans 
Maximum Ɵ   26.438 
HKL ranges   -14 14 ; -14 14 ; -20 20 
Reflection used   8307 
Criterion    I > 2σ) 
Refinement type   Fsqd 
Hydrogen atoms   Constr 
Parameters refined   515 
Reflections / parameter  16 
wR2    0.0690 
R1    0.0247 
GoF    1.116 
 
X-ray crystal structure data of compound 6:  
Molecular formula   C26H30Cl2NO3PRuS2, (CH2Cl2) 
Molecular weight   756.52 
Crystal habit   Red block 
Crystal dimensions (mm)  0.34x0.23x0.13 
Crystal system   Triclinic 
Space group   P-1 
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a(Å)    8.0501(7) 
b(Å)    12.8559(10) 
c(Å)    15.5372(12) 
α(o)    102.498(6) 
β(o)    100.640(6) 
γ(o)    93.335(6) 
V(Å3)    1534.8(2) 
Z    2 
d(g-cm-3)    1.637 
F(000)    768 
μ(mm-1)    1.078 
Absorption corrections  Multi-scan 
Diffractometer   KappaCCD 
X-ray source   MoKα 
λ(Å)    0.71073 
Monochromator   Graphite 
T (K)    200(2) 
Scan mode    Phi and omega scans 
Maximum Ɵ   29.233 
HKL ranges   -10 10 ; -17 17 ; -21 21 
Reflection used   8205 
Criterion    I > 2σ) 
Refinement type   Fsqd 
Hydrogen atoms   Constr 
Parameters refined   365 
Reflections / parameter  22 
wR2    0.0807 
R1    0.0351 
GoF    0.883 
 

Table 4     Bond angles in the chelating ligand [º] 
 C(1)-P(1)-Ru(1) 

C(23)-P(2)-Ru(1) 
C(5)-P(1)-Ru(1) 
C(27)-P(2)-Ru(1) 

C(6)-N(1)-Ru(1) 
C(28)-N(2)-Ru(1) 

C(10)-N(1)-Ru(1) 
C(32)-N(2)-Ru(1) 

compound 2 146.96(12) 108.33(12) 121.6(2) 120.5(2) 
compound 3 143.66(7) 

146.00(6) 
110.43(6) 
108.30(6) 

121.40(11) 
122.17(12) 

120.16(12) 
119.54(12) 

compound 6 130.95(9) 102.36(8) 120.66(16) 121.51(18) 
 

Table 5     Torsion angles and interplanar angles in the chelating ligand [º] 
 P(1)-C(5)-C(6)-N(1) 

P(2)-C(27)-C(28)-N(2) 
interplanar angle 

compound 2 -7.9(3) 9.66(15) 
compound 3 0.7(2) 

-2.2(2) 
- 
- 

compound 6 19.6(3) - 
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Abstract 
A series of RuII complexes [Ru(bpy)2L]X2 have been synthesized, in which L is either 2-
(2’-pyridyl)-4,6-diphenylphosphinine (1) or the corresponding bipyridine derivative 2-
(2’-pyridyl)-4,6-diphenylpyridine (2), while X are the counteranions PF6, BF4, OSO2CF3, 
or B(3,5-(CF3)2C6H3)4 (BArF). The molecular structure of [Ru(bpy)2(1)](PF6)2 was 
determined by means of X-ray diffraction, and represents the first crystallographically 
characterized phosphinine derivative of the well-known triplet emitter [Ru(bpy)3]2+. The 
spectroscopic properties of the PF6-based complexes were investigated and compared 
with [Ru(bpy)3](PF6)2. Supported by DFT calculations, these studies reveal an intriguing 
comparison between phosphinine and bipyridine based RuII complexes. Furthermore, the 
reactivity of the P=C double bonds, as well as, the reversibility of the water addition to 
the [Ru(bpy)2(1)]X2 complexes appears to be dependent on the counteranion. 
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7.1 Introduction 
Polypyridine complexes have attracted a lot of interest for the development of functional 
molecular devices, homogeneous catalytic systems or materials with interesting 
photophysical properties. One of the most prominent examples is [Ru(bpy)3]2+ (bpy = 
2,2’-bipyridine) (A, Figure 1), which is a powerful sensitizer for solar energy conversion 
(H2O splitting, photovoltaic devices) (Chapter 6).  
 

 
Figure 1     Schematic structure of [Ru(bpy)3]2+ (A). 

 
The remarkable photophysical properties of [Ru(bpy)3]2+ are readily tuned by ligand 
modifications. For example the bpy ligand can be chemically changed by addition of 
electron donating or electron withdrawing substituents to the pyridine moiety. With these 
modifications the ground- and excited-state properties can be tuned, absorption and 
emission bands can be shifted and the emission lifetime can be modulated.[1-4] 
Another way to change the properties of bpy would be the replacement of a pyridine unit 
by a π-accepting λ3-phosphinine entity. This results in 2-(2’-pyridyl)-4,6-
diphenylphosphinine (1, Figure 2), a semi-equivalent of bpy, which contains a low-
coordinate “soft” phosphorus and a “hard” nitrogen heteroatom (Chapter 1). 
Ligand 1 is available through the modular pyrylium salt route (Chapter 1 and 2). 
Interestingly, this route also allows the preparation of the 2,2’-bipyridine derivative 2-
(2’-pyridyl)-4,6-diphenylpyridine (2, Figure 2) with an identical substitution pattern, 
which consequently makes a direct structural comparison of these heterocycles and the 
corresponding transition metal complexes possible (Chapter 2 and 3).[5-13] 
 

 
Figure 2     Pyridyl functionalized phosphinine 1 and its bipyridine derivative 2. 

 
The coordination of ligand 1 to RuII was successful before as discussed in Chapter 5 and 
6. Three different coordination compounds could be synthesized and characterized 
crystallographically: [RuCl(Cp*)(1)], [RuCl2(dmso)2(1)], and [RuCl2(1)2].[14,15] 
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Herein the synthesis and characterization of [Ru(bpy)2L]X2 (X = PF6, BF4, OSO2CF3, and 
BArF (BArF = B(3,5)-(CF3)2C6H3)4) is reported, in which L is 2-(2’-pyridyl)-4,6-
diphenylphosphinine (1) or the corresponding bipyridine derivative 2-(2’-pyridyl)-4,6-
diphenylpyridine (2). A detailed comparison of the spectroscopic data of 
[Ru(bpy)2L](PF6)2 and [Ru(bpy)3](PF6)2, supported by DFT calculations, will be 
presented. 

7.2 Coordination of 2-(2’-pyridyl)-4,6-diphenylphosphinine and 
2-(2’-pyridyl)-4,6-diphenylpyridine towards RuII 
Reaction of stoichiometric amounts of ligand 1 with [Ru(bpy)2Cl2]·xH2O and two 
equivalents of the corresponding silver or sodium salt in DCM gave [Ru(bpy)2(1)]X2 (X 
= PF6 (3), BF4 (4), OSO2CF3 (5), and BArF (6)) (Scheme 1).  
 

 
Scheme 1     Synthesis of complexes 3 – 6 containing ligand 1. 

 
The reaction was completed after heating the reaction mixture for 1 hour at T = 60oC for 
compound 4 and 3 hours at T = 60oC for compounds 3 and 5. The BArF derivative (6) 
could already be obtained at room temperature and after 4 hours the reaction was 
completed. Interestingly, the water in the crystal lattice of [Ru(bpy)2Cl2]·xH2O does not 
seem to disturb the reaction, as phosphinine-based transition metal complexes tend to 
react with protic solvents (Chapter 3). The 31P{1H} NMR spectra of the reaction mixtures 
show a singlet at δ (ppm) = 218.0 (3), 213.0 (4), 213.0 (5), and 209.0 (6), which is in the 
expected region for phosphinine-metal complexes with an η1-coordination mode of the 
phosphorus atom. 
 

 
Scheme 2     Synthesis of complexes 7 – 9 containing 2. 
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Likewise, reaction of ligand 2 with [Ru(bpy)2Cl2]·xH2O and two equivalents of silver salt 
in DCM gave [Ru(bpy)2(2)]X2 (X = PF6 (7), BF4 (8), and OSO2CF3 (9)) (Scheme 2). All 
reactions were completed after heating the reaction mixture at T = 60oC for 4 hours. 
[Ru(bpy)2(2)](BArF)2 could not be obtained in contrast to [Ru(bpy)2(1)](BArF)2 which 
was most facile to synthesize of al complexes. Maldi-TOF obtained from the reaction 
mixture of ligand 2 with [Ru(bpy)2Cl2]·xH2O and two equivalents NaBArF showed free 
ligand 2 and ruthenium dimers and tetramers containing two bipyridines and one chloride 
ligand per ruthenium center, indicating coordination of ligand 2 never took place. 
After filtration over celite to remove the insoluble silver salts, red crystals of phosphinine-
based complex 3 could be obtained via slow diffusion of pentane into a diluted solution 
of the reaction mixture. Complex 3 crystallized in the monoclinic space group C2/c. A 
plot of the molecular structure in the crystal is given in Figure 3, while selected bonding 
geometries are compared in Table 1. The two PF6 counteranions are omitted for clarity 
because they were severely disordered. 
 

 
Figure 3     Molecular structure of 3 in the crystal. Displacement ellipsoids are shown at the 50% probability 

level. The two disordered PF6 counteranions are omitted for clarity. 
 

Table 1     Selected distances [Å] and angles [o] in 3. 
Ru(1)-N(2) 2.025(9) P(1)-C(5) 1.717(9) 
Ru(1)-N(3) 2.074(7) C(1)-C(2) 1.380(12) 
Ru(1)-N(4) 2.105(7) C(2)-C(3) 1.385(11) 
Ru(1)-N(5) 2.076(8) C(3)-C(4) 1.388(12) 
P(1)-Ru(1) 2.230(2) C(4)-C(5) 1.392(12) 
N(1)-Ru(1) 2.131(7) N(1)-C(6) 1.372(11) 
C(5)-C(6) 1.459(11) C(1)-P(1)-C(5) 105.5(4) 
P(1)-C(1) 1.726(9) P(1)-Ru(1)-N(1) 79.48(19) 

 

Ru(1)

N(1)

P(1)
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The X-ray crystal structure analysis of 3 reveals the mononuclear nature of the 
coordination compound with a distorted octahedral coordination geometry around the 
RuII center. It should be pointed out that this compound represents the first 
crystallographically characterized phosphinine derivative of the well-known triplet 
emitter [Ru(bpy)3]2+ (A, Figure 1). The Ru(1)-P(1) bond distance is with 2.230(2) Å 
slightly larger than the Ru(1)-N(1) distance of 2.131(7) Å. As expected, the metal 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. The Ru(1)-N(bpy) distances in 3 
(average 2.070 Å) are slightly longer than the Ru-N distances in [Ru(bpy)3](PF6)2 
(average 2.056 Å).[16,17] The slightly longer bond lengths suggest that the π bonding 
between the delocalized π* orbitals on the bpy ligands and the t2g orbitals of the RuII core 
is reduced due to the coordination of the π accepting phosphinine ligand 1, which is in 
line with the expectations. However, a distortion due to steric effects cannot be excluded. 
As explained in Chapter 2 the opening of the internal ∠ C-P-C angle can be correlated 
with the electron-accepting character of a metal fragment and it appears interesting to 
compare the ∠ C-P-C angle in 3 with the aforementioned RuII complexes containing 
ligand 1. In [RuCl(Cp*)(1)] (Chapter 5) the ∠ C-P-C angle is 103.7(2)o, this compound is 
highly stable towards nucleophilic attack. On the other hand, values of 104.49(16)o and 
105.70o were found for [RuCl2(dmso)2(1)] and [RuCl2(1)2] (Chapter 6) and these 
compounds are much less stable towards nucleophilic attack. For complex 3, a value of 
105.5(4)o is found, which indicates significant disruption of the aromaticity and 
consequently a pronounced reactivity of the P=C double bond toward nucleophilic attack 
(Chapter 3). 

7.3 Spectroscopic characterization 
In order to establish structure–property relationships, the redox and optical properties of 
complex 3 and 7 (PF6 counteranion) were determined. For comparison also 
[Ru(bpy)3](PF6)2 was investigated by means of cyclic voltammetry, UV-vis spectroscopy, 
and photoluminescence measurements. 

7.3.1 Cyclic voltammetry 
First, the electrochemical properties of 3, 7, and [Ru(bpy)3](PF6)2 were investigated by 
means of cyclic voltammetry and the results are shown in Figure 4 and Table 2. 
All compounds show three reduction and one oxidation wave. The first reduction (Er1) 
wave of compound 3 is irreversible, the second (Er2) reversible, and the third (Er3) is quasi 
reversible, meaning only part of the reduced species is oxidized back to its original form. 
In the experimental section the reversibility of Er2 in compound 3 is shown. For 
compound 7 and [Ru(bpy)3](PF6)2 it is not possible to determine whether the Er1 and Er2 
waves are reversible in acetonitrile, due to the small overlap between these two reduction 
waves. On the other hand Er3 is reversible for both compounds in acetonitrile (see 
experimental section). When 7 is measured in dichloromethane Er1 and Er2 do not overlap 
and the reduction waves are fully reversible (see experimental section). Due to solubility  
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Figure 4     Electrochemical spectra of complexes 3, 7 and [Ru(bpy)3](PF6)2 determined by CV on a glassy 

carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M CH3CN solutions at T = 298 K. 
 
Table 2     Electrochemical properties of complexes 3, 7 and [Ru(bpy)3](PF6)2 determined by CV on a glassy 

carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M CH3CN solutions at T = 298 K.a,b 
Compound Reduction   Oxidation 
 Er1 Er2 Er3 Eo1 

[Ru(bpy)2(1)](PF6)2 (3) -1.46c -1.83(85)1.02 -2.09(110)0.67 1.19c 

[Ru(bpy)2(2)](PF6)2 (7) -1.67(122)1.30 -1.90(127)0.74 -2.23(115)1.00 0.90(122)1.98 
[Ru(bpy)3](PF6)2 -1.72(173)1.79 -1.95(178)1.43 -2.22(171)0.85 0.91(164)0.99 

a Values for (Epa + Epc)/2 in V vs Fc+/Fc as standard, ΔEpc in mV (in parentheses) Ipc/Ipa (in Italic) at a scan rate 
of 100 mV·s-1, b SCE reference electrode is used, Fc vs SCE = 0.36(59)0.99, c irreversible process, Epa value 

reported. 

 
problems, [Ru(bpy)3](PF6)2 could not be measured properly in dichloromethane. 
However, literature data confirm that the Er1 and Er2 reduction steps are reversible for 
[Ru(bpy)3]2+.[18-22] The reduction of RuII polypyridine complexes may in principle involve 
either a metal-centered or a ligand-centered orbital, depending on the relative 
energetically ordering of the orbitals. When the ligand field is sufficiently strong and/or 
the ligands can easily be reduced, reduction takes place on a ligand πL* orbital. This is 
the commonly observed behavior of RuII polypyridine complexes. The reduced form, 
keeping its low-spin 4d6 configuration, is usually quite inert and the reduction process is 
reversible, as seen for 7 and [Ru(bpy)3](PF6)2.[21] The influence of the phosphinine ligand 
on the ruthenium complex can be directly observed: complex 3 is reduced more easily 
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than the bipyridine based complexes 7 and [Ru(bpy)3](PF6)2, due to the lower LUMO 
energy of the phosphinine moiety compared to pyridine (Chapter 1).[15] 
Oxidation of RuII polypyridine complexes usually involves a metal centered orbital, with 
formation of genuine RuIII complexes (low spin 4d5 configuration) which are inert to 
ligand substitution.[21] Indeed the oxidation waves of 7 and [Ru(bpy)3](PF6)2 are 
reversible (See experimental section). On the other hand the oxidation wave of 3 is 
irreversible. This complex is more difficult to oxidize due to d-π* interaction causing a 
certain amount of d-orbital stabilization (and π* orbital destabilization) which may lead 
to a higher oxidation potential. The pyridine ligands exhibit a stronger σ-donor ability 
(higher pKa) resulting in lower formal charge of Ru2+ and consequently in a lower 
oxidation potential of the complex. These results are in excellent agreement with former 
electrochemical measurements on Cr0, Mo0, and W0 tetracarbonyl complexes containing 
ligand 1 and 2 (Chapter 2).[23] Taking the properties of phosphinine-based coordination 
compound 3 into account, the formation and stabilization of a very rare formally RuI 
complex might be easier for 3 in contrast to [Ru(bpy)3]2+ (A, Figure 1), which is favorable 
for future applications of 3 as oxidant.  

7.3.2 UV-vis 
The absorption spectra of 3, 7, and [Ru(bpy)3](PF6)2 were studied in DCM. The 
compounds exhibit two, respectively, three bands in the region between λ = 225 – 500 nm 
(Figure 5 and Table 3 lists the spectral data). 
 

 
Figure 5     Absorption spectra of complexes 3, 7, and [Ru(bpy)3](PF6)2 (5·10-5 M DCM solutions at T = 298 

K). 
 

Table 3     Absorption spectral data of complexes 3, 7, and [Ru(bpy)3](PF6)2. 
 λmax/ nm (10-3 ε/M-1 cm-1)a 
[Ru(bpy)2(1)](PF6)2 (3) 383 (10.854); 286 (50.662); 256 (32.974) 
[Ru(bpy)2(2)](PF6)2 (7) 456 (3.566); 271 (53.174) 
[Ru(bpy)3](PF6)2 453 (15.198); 285 (72.246); 245 (30.640) 

a 5·10-5 M in DCM at T = 298 K. 
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For [Ru(bpy)3](PF6)2, the absorption band in the visible regime at λ = 453 nm arises from 
MLCT transitions from the singlet ground state to largely singlet excited states.[18,24,25] 
For compound 7 this band hardly shifts, with λ = 456 nm as the maximum. In contrast, a 
much broader MLCT band is observed for compound 3, ranging from λ = 360 - 470 nm. 
This broad band is due to multiple MLCTs under participation of both the bipyridine and 
the phosphinine ligand as these are missing in the bipyridine-based complex 7 as well as 
in [Ru(bpy)3](PF6)2. Nevertheless, with respect to light-harvesting molecules, it is 
generally necessary to have systems which absorb light in a broader range of the visible 
light spectrum. 
In the UV range an intense ligand-centered π – π* band appears for [Ru(bpy)3](PF6)2 at λ 
= 285 nm.[18,24,25] For both 3 and 7 also an intense band in the UV range is observed, the 
π – π* band of 3 hardy shifts with λ = 286 nm. However, for 7 a small blue shift of the π 
– π* band to λ = 271 nm is observed. 

7.3.3 Photoluminescence measurements 
The photoluminescent properties of 3, 7, and [Ru(bpy)3](PF6)2 were explored by means 
of fluorescence spectroscopy and the results are shown in Figure 6 and Table 4.  
 

  

 
Figure 6    Absorption, emission and excitation spectra of 3, 7, and [Ru(bpy)3](PF6)2 in DCM at T = 298 K 

under inert atmosphere (Ar).  
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Table 4     Recorded emission lifetimes of 3, 7, and [Ru(bpy)3](PF6)2.a 

 λ [nm] τ1 [μs] (%) τ2 [μs] (%) χ2 τav [μs] 
[Ru(bpy)2(1)](PF6)2 (3) 468 1.3 (90) 3.0 (10) 1.215 2.2 
[Ru(bpy)2(2)](PF6)2 (7)  622 1.80 (97) 17.97 (3) 1.091 9.89 
[Ru(bpy)3](PF6)2 606 491 (100) - 1.200 - 

a DCM at T = 298 K under inert atmosphere (Ar). 
 
The excitation and emission bands are well separated for all three compounds, which is 
common for these types of systems. For compound 7 and [Ru(bpy)3](PF6)2 a red emission 
is observed at λ = 622 and 606 nm, respectively, which is phosphoresce in nature. 
However the emission of compound 7 has a very low quantum yield, which could not be 
determined accurately. Furthermore, a small band is observed around λ = 510 nm, which 
is absent in [Ru(bpy)3](PF6)2. This band has a very low intensity and is probably due to 
residual fluorescence from the ligand. This band is actually in the same region as the 
emission band observed for compound 3 λ = 468 nm. This indicates, that the emission of 
compound 3 is fluorescence in nature with a quantum yield of only 1.1%. 

7.4 DFT calculations 
In order to rationalize the observed properties, density functional theory (DFT) 
calculations were carried out on compound 3 and 7. Selected frontier orbitals of 3 and 7 
are depicted in Figure 13 and 15 of the experimental section, while selected singlet and 
triplet excited states are depicted in Figure 14 and 16. An interesting observation is the 
difference between the HOMO of 3 (Figure 13) and 7 (Figure 15). In the phosphinine-
based RuII complex, a prominent conjugation between the metal center, the phosphinine 
core and the attached phenyl group in 4-position is present, in contrast to the bipyridine-
based complex. Apparently, this compound could be an ideal example for the future 
construction of bimetallic species with respect to charge separation or electron transfer 
processes between two different metal centers.  
From the calculations it is difficult to rationalize why compound 3 shows additional 
MLCT bands in the higher energy regime of the corresponding UV-vis spectrum and not 
in the lower energy regime, as would be expected for a π-accepting ligand. As a matter 
of fact, the S1 (metal to bipyridine part, Figure 14) is lower in energy than S2 (metal to 
phosphinine-part, Figure 14). This observation is most likely due to a strong distortion of 
the complex. The DFT calculations indicate, that the high-energy region around λ = 380 
nm is due to MLCT transitions, with the most relevant singlet states S6, S9, and S42, 
depicted in Figure 14. These are combinations of mostly metal-centered d-orbitals and 
the phosphorus heterocycle.  
With regard to the results obtained by fluorescence spectroscopy, it can be noticed from 
the triplet excited states of compound 3 (Figure 14) that the phosphorus atom apparently 
gains more p character, resulting in a more tetrahedral structure. Next to the additional 
phenyl groups, which can freely rotate, this transformation to the tetrahedral structure 
requires energy. All these process favor radiationless decay, rather than intersystem 
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crossing, which might be the reason for the absence of any phosphorescence at room 
temperature. As a matter of fact, the triplet states of the bipyridine-based system 7, 
especially T1 (Figure 16), show that the energy transfer is related to the bpy ligands and 
not to ligand 2. In contrast [Ru(bpy)3]2+ is rather symmetrical octahedron and 
consequently the energy transfer might be enhanced. This would also explain the low 
phosphorescence quantum yield of compound 7. 

7.5 Reactivity of the P=C double bonds towards nucleophilic 
attack 
As demonstrated in Chapter 3 and 6, the larger opening of the ∠ C-P-C angle could lead 
to a considerable reactivity of the P=C double bond. As a matter of fact, adding a small 
amount of H2O to a solution of the phosphinine-based compounds 3 – 6 in DCM leads to 
a different behavior for all four complexes. For the PF6 derivative (3) a new broad 
resonance is slowly observed in the 31P{1H} NMR spectrum around δ = 118.0 ppm with 
a chemical shift difference of Δδ = 100.0 ppm. However, both the signals for the starting 
material and the new species are not visible any more after 48 hours at room temperature. 
The chemical shift difference of Δδ = 100.0 ppm is in the expected region for water 
addition, but it seems that the water addition product is not stable and decomposes. On 
the other hand, the addition of a small amount of H2O to a solution of the BF4 complex 
(4) in DCM leads to two new resonances in the 31P{1H} NMR spectrum at δ = 122.0 and 
112.0 ppm. The addition of H2O to the external P=C double bond of these intrinsically 
chiral complexes would principally lead to a mixture of diastereomers as shown in 
Chapter 3 and 6. The appearance of two new resonances in the 31P{1H} NMR spectrum 
could be an indication that the H2O molecule is added in both a syn- and anti-fashion. As 
opposed to the reaction of compound 3 with H2O the water addition products of 
compound 4 are stable. However, compound 4 is not fully converted to the water addition 
products at room temperature. Heating the reaction mixture does not shift the equilibrium 
to the water addition products but back to the starting material 4 (Figure 7). This 
interesting reversibility of the nucleophilic addition reaction has been observed before 
(Chapter 6) and can be directed by temperature. In Figure 7 the course of the reaction is 
followed by 31P{1H} NMR spectroscopy. Complex 4 reacts with H2O slowly and after 24 
hours an equilibrium between 4 and the water addition products is obtained. When the 
reaction mixture is heated at T = 60oC for 1 hour H2O is eliminated partially and after 24 
hours at room temperature again an equilibrium between 4 and the water addition 
products is obtained. This reversibility can only be repeated once, during the second cycle 
byproducts were obtained and it seems that the water addition products were 
decomposing probably due to the increased temperature. 
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Figure 7     Reversibility of H2O addition to the P=C double bond of 4 visible with 31P{1H} NMR 

spectroscopy (d-DCM, 200 MHz NMR). 
 
The OSO2CF3 complex, 5, reacts with H2O in a similar fashion. Adding a drop of H2O to 
a solution of 5 in DCM leads to the quantitative formation of one new species after 6 
hours at room temperature. This new species showed a resonance in the 31P{1H} NMR 
spectrum at δ = 121.0 ppm with a chemical shift difference of Δδ = 92.0 ppm, which is 
again in the expected region for water addition. However, this cannot be confirmed by 
the 1H NMR spectrum, as the signals for the characteristic Ha and Hb protons overlap with 
other resonances. After 24 hours at room temperature a second species is detected in the 
31P{1H} NMR spectrum at δ = 108.0 ppm. After one week an equilibrium between the 
two species is reached. When the reaction mixture is heated at T = 60oC again the 
equilibrium is shifted back to the starting material 5. In Figure 8 the course of the reaction 
is followed by means of 31P{1H} NMR spectroscopy. After 1 hour at T = 60oC the first 
water addition product is again the major species and after 2 hours at T = 60oC compound 
5 is retained after elimination of H2O. When the reaction mixture is left at room 
temperature again the water addition products are formed. These products seem to be 
much more stable and the cycle of heating and cooling down can be repeated several 
times. 

 

 
Figure 8     Reversibility of H2O addition to the P=C double bond of 5 visible with 31P{1H} NMR 

spectroscopy (d-DCM, 200 MHz NMR). 
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Surprisingly, when a trace of H2O was added to a solution of compound 6 (BArF 
counteranion) in DCM the complex was stable up to two weeks. After that period a small 
resonance could be detected at δ = 109.0 ppm by means of 31P{1H} NMR spectroscopy. 
The stability of the P=C double bond in compound 6 could be due to the bulkiness of the 
BArF counterions, making it difficult for H2O molecules to reach the P=C double bond. 
However, to confirm this assumption a crystallographic characterization of compound 6 
would be necessary. Unfortunately, it was not possible to obtain crystals suitable for X-
ray analysis up to now. Apparently, the reactivity of the P=C double bond in these 
complexes is depending on the counteranion.  

7.6 Conclusion 
The here presented results describe an investigation of the structural and spectroscopic 
data of [Ru(bpy)2L]X2 (L = 2-(2’-pyridyl)-4,6-diphenylphosphinine (1) or 2-(2’-pyridyl)-
4,6-diphenylpyridine (2); X = PF6, BF4, OSO2CF3, and BArF). These complexes could 
easily be prepared and isolated starting from cis-[Ru(bpy)2Cl2]·xH2O and the 
corresponding silver or sodium salts. The molecular structure of [Ru(bpy)2(1)](PF6)2 was 
determined by means of X-ray crystallography and reveals the mononuclear nature of the 
complex. This compound represents the first crystallographically characterized 
phosphinine derivative of the well-known triplet emitter [Ru(bpy)3]2+. The cyclic 
voltammetry measurements reveal that the phosphinine-based complex 
[Ru(bpy)2(1)](PF6)2 is harder to reduce than the bipyridine based complexes. DFT 
calculations further show that the HOMO of [Ru(bpy)2(1)](PF6)2 is fully conjugated from 
the metal to one of the exocyclic phenyl groups, making [Ru(bpy)2(1)](PF6)2 an 
interesting candidate for electron transfer processes in future studies. Furthermore, the 
results of the UV-vis spectroscopic measurements show the presence of a very broad 
MLCT absorption band for [Ru(bpy)2(1)](PF6)2 in comparison to [Ru(bpy)2(2)](PF6)2 and 
[Ru(bpy)3](PF6)2 which is principally favorable for light harvesting. The fluorescent 
spectroscopic measurements show only a low quantum yield for [Ru(bpy)2(1)](PF6)2 
(fluorescence) and [Ru(bpy)2(2)](PF6)2

 (phosphorescence). This is most likely caused by 
the additional phenyl groups in 4- and 6-position of ligands 1 and 2 which lead to a rather 
flexible, distorted octahedral complex structure and ultimately to radiationless decay.  
The reactivity of the P=C double bond in [Ru(bpy)2(1)]X2 towards nucleophilic attack 
and the stability of the water addition products is depending on the counteranion of the 
compound. The reaction of water with [Ru(bpy)2(1)](BF4)2 and [Ru(bpy)2(1)](OSO2CF3)2 
was found to be reversible and seemed to favor the addition product at room temperature, 
while the starting complex is favored at T = 60oC. Interestingly, [Ru(bpy)2(1)](BArF)2 
appeared to be much more stable compared to the other three compounds.  
Al these observations show once more that the replacement of a “hard” pyridine moiety 
by a ‘soft” phosphinine leads to significantly different properties, which could lead to 
novel and interesting applications of phosphinine-based transition metal complexes in the 
future. 
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7.7 Experimental section 
General remarks: All reactions were performed under argon using Schlenk techniques or in an MBraun dry box 
unless stated otherwise. All glassware was dried prior to use. All common solvents and chemicals were 
commercially available. Cis-[Ru(bpy)2Cl2]·xH2O, AgOSO2CF3, AgBF4, NaBArF, and AgPF6 were purchased 
from STREM and used without further purification. 2-(2’-Pyridyl)-4,6-diphenylphosphinine (1) and 2-(2’-
pyridyl)-4,6-diphenylpyridine (2) were prepared according to literature procedures.[7,12] All solvents were dried 
and degassed by standard techniques or used from a Braun solvent system. The elemental analyses were 
performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr (Germany). 1H, 13C{1H}, 31P{1H}, 
and 19F{1H} NMR spectra were recorded on a Varian Mercury 200 or 400 spectrometer and all chemical shifts 
are reported relative to residual proton resonance of the deuterated solvents. UV-vis spectra were measured on 
a Shimadzu UV-1650pc. Spectrometer Cyclic Voltammetry measurements were performed with Autolab 
PGSTAT 302N AUT84884 and a three electron system with a Glassy-Carbon working electrode, platinum sheet 
counter electrode, and a saturated calomel electrode (SCE) reference electrode. Conducting salt 
tetrabutylammonium hexafluorophosphate (NBu4PF6, fulka ≥ 99.0%) was used for electrochemical analysis. As 
reference ferrocene (98%, Aldrich) was used. Excitation and emission spectra were recorded under an inert 
argon atmosphere on an Edinburgh Instrument FLSP920 spectrometer, equipped with an 450 W Xenon lamp, 
double monochromators for the excitation and emission pathways, and a red-sensitive (PMT-R928P) as 
detector. The excitation and emission spectra were fully corrected using the standard corrections supplied by 
the manufacturer for the spectral power of the excitations source and sensitivity of the detector. The quantum 
yields were measured by use of an integrating sphere with an Edinburgh Instrument FLSP920 spectrometer, 
following a method described in the literature.[26] The luminescence lifetimes were either measured using a 
μF900 pulsed 60W xenon microsecond flash lamp, with a repetition rate of 100Hz, and a multichannel scaling 
module, or by the use of a 5 mW pulsed EPL-375 laser-diode and a TCSPC module. The emission was collected 
at right angles to the excitation source with the emission wavelength selected using a double grated 
monochromator and detected by a R928-P PMT. Calculations (gas-phase) were carried out with the ORCA 
3.0.2 program suite.[27] Geometry optimizations of the ground state S0 were carried out with the PBE0[28-34] 
functional as implemented in ORCA. The def2-TZVP[35,36] basis set was used for all atoms together with the 
auxiliary basis set def2-TZVP/J in order to accelerate the computations within the framework of RI 
approximation. In addition, the Stuttgart-Dresden ECP has been employed for the Ru atom together with the 
corresponding, above mentioned basis set.[37-39] Relativistic effects were accounted for by employing the 
ZORA[40] method and van der Waals interactions have been considered by an empirical dispersion correction 
(Grimme-D3).[41,42] TD-DFT calculations were performed with the same functional employing a COSMO model 
for dichloromethane. Representations of molecular orbitals and transition densities were produced with orca 
plots as provided by ORCA 3.0.2.  
 
[Ru(bpy)3](PF6)2: A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), bpy (10 mg, 0.06 
mmol, 1.0 equivalent), and AgPF6 (30 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) and 
transferred to a Young NMR-Tube in a dry box. The reaction was completed after 2 hours at 60oC. The reaction 
mixture was filtered over celite with acetonitrile to remove the salts, all volatiles were removed under vacuum. 
Crystals were obtained via slow diffusion of pentane into an acetonitrile solution of the reaction mixture. Yield 
after crystallization: 85%. 1H NMR (CD3CN, 400 MHz): δ (ppm) = 7.37 (6H, ddd, 3J(H,H) = 7.6 Hz, 3J(H,H) = 5.7 
Hz, 4J(H,H) = 1.3 Hz; Harom), 7.71 (6H, ddd, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.5 Hz, 4J(H,H) = 0.8 Hz; Harom), 8.03 (6H, 
ddd, 3J(H,H) = 8.1 Hz, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.5 Hz; Harom), 8.48 (6H, dt, 3J(H,H) = 8.3 Hz, 4J(H,H) = 1.1 Hz; Harom). 
13C NMR (d-DMSO, 101 MHz): δ (ppm) = 156.7, 151.2, 138.2, 128.2, 124.8. 19F NMR (CD2Cl2, 376 MHz): δ 
(ppm) = -74, -72. 
 
[Ru(bpy)2(1)](PF6)2 (3): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 1 (20 mg, 
0.06 mmol, 1.0 equivalent), and AgPF6 (30 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) 
and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 3 hours at 60oC. The 
reaction mixture was filtered over celite to remove the salts. Dark orange crystals were obtained via slow 
diffusion of pentane into the reaction mixture. Yield after crystallization: 77%. 1H NMR (CD2Cl2, 400 MHz): δ 
(ppm) = 6.82 (2H, m; Harom), 6.91 (3H, m; Harom), 7.04 – 7.12 (2H, m; Harom), 7.22 (1H, m; Harom), 7.29 – 7.36 
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(3H, m; Harom), 7.40 (1H, m; Harom), 7.47 (1H, m; Harom), 7.56 – 7.62 (4H, m; Harom), 7.77 (2H, m; Harom), 7.87 
(2H, m; Harom), 7.97 (1H, m; Harom), 8.04 (3H, m; Harom), 8.28 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.48 (1H, d, 3J(H,H) 
= 8.1 Hz; Harom), 8.55 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.61 (1H, d, 3J(H,H) = 8.2 Hz; Harom), 8.69 (1H, d, 3J(H,H) = 
8.2 Hz; Harom), 8.90 (2H, m; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = -141.0 (q, PF6), 218.0 (s, 
phosphinine). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 122.2, 122.3, 124.4, 125.0, 125.21, 125.23, 125.5, 
126.28, 126.30, 127.2, 127.3, 127.8, 127.9, 128.1, 128.4, 128.5, 128.6, 128.9, 129.0, 129.20, 129.22, 129.34, 
133.0, 133.1, 138.6, 138.7, 139.2, 139.3, 139.6, 140.7, 140.77, 140.79, 140.8, 140.9, 149.1, 152.2, 153.0, 153.7, 
155.8, 156.1, 156.3, 156.6, 156.9, 158.25, 158.34, 161.4, 161.5, 162.2, 162.4. 19F NMR (CD2Cl2, 376 MHz): δ 
(ppm) = -71, -67. Elemental analysis calculated (%) for C42H32N5P3F12Ru (1028.73 g·mol-1): C 49.04, H 3.14, 
N 6.81%; found C 49.22, H 3.33 N 6.46%. 
 
[Ru(bpy)2(1)](BF4)2 (4): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 1 (20 mg, 
0.06 mmol, 1.0 equivalent), and AgBF4 (24 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) 
and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 1 hours at 60oC. The 
reaction mixture was filtered over celite to remove the salts. Dark orange solid was obtained via slow diffusion 
of pentane into the reaction mixture. Yield after crystallization: 83%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 
6.94 – 7.03 (4H, m; Harom), 7.08 – 7.16 (2H, m; Harom), 7.26 – 7.31 (2H, m; Harom), 7.38 – 7.64 (9H, m; Harom), 
7.70 – 7.89 (4H, m; Harom), 8.01 – 8.22 (4H, m; Harom), 8.30 (1H, d, 3J(H,H) = 7.9 Hz; Harom), 8.48 – 8.53 (2H, m; 
Harom), 8.57 (1H, d, 3J(H,H) = 8.2 Hz; Harom), 8.61 (1H, d, 3J(H,H) = 8.2 Hz; Harom), 8.74 (1H, d, 3J(H,H) = 5.6 Hz; 
Harom), 8.80 (1H, dd, 3J(H,P) = 17.2 Hz , 4J(H,H) = 1.2 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 213.0. 
13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 121.9, 122.0, 124.7, 125.3, 125.53, 125.54, 125.9, 126.81, 126.83, 
127.3, 127.4, 127.98, 128.00, 128.3, 129.0, 129.10, 129.14, 129.5, 129.7, 129.8, 133.3, 133.4, 138.4, 138.6, 
139.4, 139.5, 139.8, 140.1, 140.15, 140.16, 140.3, 141.0, 141.09, 141.12, 141.7, 141.89, 141.89, 149.0, 151.8, 
152.38, 152.40, 152.8, 153.6, 155.7, 155.9, 156.6, 156.8, 156.97, 156.98, 157.69, 157.70, 157.8, 161.1, 161.3, 
161.4, 162.7, 162.9. 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -152.05, -151.99 (3:1). Elemental analysis 
calculated (%) for C42H32N5PF8B2Ru·CH2Cl2 (997.33 g·mol-1): C 51.79, H 3.44, N 7.02%; found C 52.55, 3.52 
N 8.23%. 
 
[Ru(bpy)2(1)](OSO2CF3)2 (5): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 1 (20 
mg, 0.06 mmol, 1.0 equivalent), and AgOSO2CF3 (30 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 
(0.5 ml) and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 3 hours at 60oC. 
The reaction mixture was filtered over celite to remove the salts. Dark orange solid was obtained via slow 
diffusion of pentane into the reaction mixture. Yield after crystallization: 75%. 1H NMR (CD2Cl2, 400 MHz): δ 
(ppm) = 6.96 – 7.05 (4H, m; Harom), 7.12 – 7.18 (2H, m; Harom), 7.29 (1H, t, 3J(H,H) = 6.8 Hz; Harom), 7.42 (1H, d, 
3J(H,H) = 5.6 Hz; Harom), 7.46 – 7.61 (6H, m; Harom), 7.66 (1H, t, 3J(H,H) = 6.7 Hz; Harom), 7.71 (1H, d, 3J(H,H) = 5.9 
Hz; Harom), 7.77 (2H, d, 3J(H,H) = 7.5 Hz; Harom), 7.82 (1H, d, 3J(H,H) = 5.6 Hz; Harom), 7.90 (1H, t, 3J(H,H) = 8.0 Hz; 
Harom), 8.05 (1H, t, 3J(H,H) = 7.9 Hz; Harom), 8.11 – 8.26 (4H, m; Harom), 8.42 (1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.56 
(1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.64 (1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.68 (1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.74 (1H, 
d, 3J(H,H) = 8.2 Hz; Harom), 8.78 (1H, d, 3J(H,H) = 5.4 Hz; Harom), 8.86 (1H, d, 3J(H,P) = 17.0 Hz; Harom). 31P NMR 
(CD2Cl2, 162 MHz): δ (ppm) = 213.0. 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 119.7, 122.0, 122.2, 122.9, 
124.9, 125.5, 125.7, 125.8, 126.0, 126.71, 126.72, 127.3, 127.4, 127.96, 127.98, 128.9, 129.0, 129.2, 129.3, 
129.4, 129.6, 129.7, 133.3, 133.4, 138.4, 138.5, 139.4, 139.5, 139.7, 140.0, 140.1, 140.96, 141.00, 141.1, 141.6, 
141.8, 148.8, 151.7, 152.7, 153.4, 155.6, 155.7, 155.9, 156.6, 156.8, 156.9, 157.66, 157.74, 161.3, 161.4, 162.5, 
162.8. 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -81. Elemental analysis calculated (%) for C44H32N5PF6O6S2Ru 
(1036.92 g·mol-1): C 50.97, H 3.11, N 6.75%; found C 51.73, H 3.28 N 6.72%. 
 
[Ru(bpy)2(1)](BArF)2 (6): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 1 (20 mg, 
0.06 mmol, 1.0 equivalent), and NaBArF (106 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 
ml) and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 4 hours at room 
temperature. The reaction mixture was filtered over celite to remove the salts. Dark orange solid was obtained 
via slow diffusion of pentane into the reaction mixture. Yield after crystallization: 96%. 1H NMR (CD2Cl2, 400 
MHz): δ (ppm) = 6.90 – 6.92 (2H, m; Harom), 6.97 – 7.00 (3H, m; Harom), 7.11 – 7.19 (2H, m; Harom), 7.30 (1H, 
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d, 3J(H,H) = 5.3 Hz; Harom), 7.39 – 7.47 (3H, m; Harom), 7.48 – 7.60 (13H, m; Harom and BArF), 7.70 – 7.79 (18H, 
m; Harom and BArF), 7.90 – 7.97 (2H, m; Harom), 8.06 – 8.11 (3H, m; Harom), 8.23 – 8.31 (3H, m; Harom), 8.36 
(1H, d, 3J(H,H) = 8.2 Hz; Harom), 8.46 (1H, dd, 3J(H,H) = 8.1 Hz; Harom), 8.77 (1H, d, 3J(H,H) = 5.4 Hz; Harom), 8.83 
(1H, d, 3J(H,P) = 17.2 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = 209.0. 13C NMR (CD2Cl2, 101 MHz): 
δ (ppm) = 117.91, 117.95, 117.98, 120.9, 122.1, 122.3, 123.6, 124.3, 124.8, 125.09, 125.11, 125.3, 126.4, 
126.58, 126.60, 127.2, 127.3, 127.88, 127.90, 128.3, 128.98, 129.07, 129.15, 129.18, 129.21, 129.23, 129.3, 
129.4, 129.5, 129.78, 129.81, 129.83, 129.86, 130.0, 133.6, 133.8, 135.2, 138.2, 138.3, 139.5, 139.6, 139.9, 
140.0, 140.58, 140.62, 140.9, 141.0, 141.2, 142.7, 143.0, 148.4, 151.5, 152.5, 152.7, 155.2, 155.5, 155.8, 156.4, 
156.62, 156.64, 156.9, 157.9, 158.0, 161.5, 161.7, 161.8, 162.0, 162.2, 162.37, 162.45, 162.7, 162.9, 163.1, 
163.3. 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -63. Elemental analysis calculated (%) for C106H56N5PB2F48Ru 
(2465.24 g·mol-1): C 51.64, H 2.29, N 2.84%; found C 51.03, H 2.56 N 3.14%. 
 
[Ru(bpy)2(2)](PF6)2 (7): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 2 (19 mg, 
0.06 mmol, 1.0 equivalent), and AgPF6 (30 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) 
and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 4 hours at 60oC. The 
reaction mixture was filtered over celite to remove the salts. Dark red solid was obtained via slow diffusion of 
pentane into the reaction mixture. Yield after crystallization: 62%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 
5.95 (1H, bs; Harom), 6.53 (1H, bs; Harom), 6.69 – 6.82 (3H, m; Harom), 6.99 (1H, d, 3J(H,H) = 5.5 Hz; Harom), 7.15 
(1H, m; Harom), 7.23 – 7.50 (10H, m; Harom), 7.62 (1H, d, 3J(H,H) = 5.2 Hz; Harom), 7.77 – 8.03 (8H, m; Harom), 8.19 
(1H, d, 3J(H,H) = 5.5 Hz; Harom), 8.34 (1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.42 (2H, d, 3J(H,H) = 8.1 Hz; Harom), 8.87 (1H, 
d, 3J(H,H) = 8.2 Hz; Harom), 8.92 (1H, d, 4J(H,H) = 2.0 Hz; Harom). 31P NMR (CD2Cl2, 162 MHz): δ (ppm) = -146.0 
(q, PF6). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 120.8, 123.5, 124.4, 124.5, 124.6, 125.5, 126.6, 126.8, 127.3, 
127.5, 127.7, 128.1, 128.2, 128.5, 129.4, 129.5, 130.8, 135.3, 136.3, 138.07, 138.18, 138.24, 138.26, 139.1, 
149.5, 151.0, 151.7, 151.86, 151,88, 152.9, 156.5, 157.3, 157.4, 158.2, 158.3, 158.4, 167.1. 19F NMR (CD2Cl2, 
376 MHz): δ (ppm) = -71, -67. Elemental analysis calculated (%) for C42H32N6P2RuF12 (1011.76 g·mol-1): C 
49.86, H 3.19, N 8.31%; found C 50.02, H 3.34 N 8.04%.  
 
[Ru(bpy)2(2)](BF4)2 (8): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 2 (19 mg, 
0.06 mmol, 1.0 equivalent), and AgBF4 (24 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 (0.5 ml) 
and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 4 hours at 60oC. The 
reaction mixture was filtered over celite to remove the salts. Dark red solid was obtained via slow diffusion of 
pentane into the reaction mixture. Yield after crystallization: 67%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 
6.00 (1H, bs; Harom), 6.71 (1H, bs; Harom), 6.80 – 6.84 (1H, m; Harom), 6.93 – 7.04 (3H, m; Harom), 7.27 – 7.40 
(3H, m; Harom) 7.49 – 7.60 (9H, m; Harom) 7.83 – 7.85 (1H, m; Harom), 7.88 – 7.94 (3H, m; Harom), 7.99 – 8.02 
(2H, m; Harom), 8.06 – 8.18 (3H, m; Harom), 8.34 (1H, d, 3J(H,H) = 8.1 Hz; Harom), 8.34 (2H, t, 3J(H,H) = 8.0 Hz; 
Harom), 8.73 (1H, d, 3J(H,H) = 8.0 Hz; Harom), 8.79 (1H, d 4J(H,H) = 2.0 Hz; Harom). 13C NMR (CD2Cl2, 101 MHz): δ 
(ppm) = 121.3, 123.7, 124.7, 124.8, 124.9, 125.6, 127.1, 127.6, 127.8, 128.0, 128.5, 128.6, 129.0, 129.9, 130.0, 
131.3, 135.3, 136.6, 138.60, 138.63, 138.65, 138.7, 138.8, 150.4, 150.8, 151.58, 151.63, 151.8, 152.3, 156.4, 
157.3, 158.0, 158.1, 158.2, 167.3. 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -152.14, -152.08 (3:1). Elemental 
analysis calculated (%) for C42H32N6B2F8Ru (895.44 g·mol-1): C 56.34, H 3.60, N 9.39%; found C 57.74, H 4.00 
N 9.10%. 
 
[Ru(bpy)2(2)](OSO2CF3)2 (9): A mixture of Cis-[Ru(bpy)2Cl2]xH2O (30 mg, 0.06 mmol, 1.0 equivalent), 2 (19 
mg, 0.06 mmol, 1.0 equivalent), and AgOSO2CF3 (30 mg, 0.12 mmol, 2.0 equivalents) was suspended in CH2Cl2 
(0.5 ml) and transferred to a Young NMR-Tube in a dry box. The reaction was completed after 4 hours at 60oC. 
The reaction mixture was filtered over celite to remove the salts. Dark red solid was obtained via slow diffusion 
of pentane into the reaction mixture. Yield after crystallization: 93%. 1H NMR (CD2Cl2, 400 MHz): δ (ppm) = 
6.00 (1H, bs; Harom), 6.71 (1H, bs; Harom), 6.80 – 6.83 (1H, m; Harom), 6.93 (1H, d, 3J(H,H) = 5.6 Hz; Harom), 6.98 – 
7.04 (2H, m; Harom), 7.27 – 7.39 (4H, m; Harom), 7.49 – 7.61 (8H, m; Harom), 7.83 (1H, d, 3J(H,H) = 5.6 Hz; Harom), 
7.90 – 7.94 (3H, m; Harom), 8.01 (1H, d, 3J(H,H) = 5.6 Hz; Harom), 8.06 – 8.18 (4H, m; Harom), 8.41 (1H, d, 3J(H,H) = 
8.2 Hz; Harom), 8.47 – 8.52 (2H, m; Harom), 8.82 – 8.86 (2H, m; Harom). 13C NMR (CD2Cl2, 101 MHz): δ (ppm) = 
119.7, 121.4, 122.9, 123.8, 124.85, 124.87, 125.1, 125.8, 127.1, 127.4, 127.8, 127.9, 128.5, 128.6, 128.9, 129.9, 
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131.3, 135.2, 136.6, 138.58, 138.62, 138.7, 138.8, 150.3, 150.7, 151.5, 151.6, 151.7, 152.2, 156.3, 157.29, 
157.31, 158.0, 158.2, 167.2. 19F NMR (CD2Cl2, 376 MHz): δ (ppm) = -79. Elemental analysis calculated (%) for 
C44H32N6F6O6S2Ru (1019.96 g·mol-1): C 51.81, H 3.16, N 8.24%; found C 52.45, H 2.98 N 8.15%. 
 
X-ray crystal structure data of compound 3: 
Molecular formula   C42H32N5PRu, 2(F6P) 
Molecular weight   1028.70 
Crystal habit   Orange plate 
Crystal dimensions (mm)  0.12x0.41x0.53 
Crystal system   Monoclinic 
Space group   C2/c 
a(Å)    36.3711(8) 
b(Å)    14.1053(3) 
c(Å)    17.8659(4) 
α(o)    90 
β(o)    99.3920(10) 
γ(o)    90 
V(Å3)    9042.8(3) 
Z    8 
d(g-cm-3)    1.511 
F(000)    4128.0 
μ(mm-1)    0.539 
Absorption corrections  Multi-scan 
Diffractometer   KappaCCD 
X-ray source   MoKα 
λ(Å)    0.71073 
Monochromator   Graphite 
T (K)    100(2) 
Scan mode    Phi and omega scans 
Maxiumum Ɵ   26.640 
HKL ranges   -45 45 ; -17 17 ; -22 22 
Reflection used   9406 
Criterion    I > 2σ) 
Refinement type   Fsqd 
Hydrogen atoms   Constr 
Parameters refined   536 
Reflections / parameter  18 
wR2    0.2898 
R1    0.1173 
GoF    1.103 
 
Cyclic voltammetry measurements: 
Reversibility of [Ru(bpy)2(1)](PF6)2 (3): 

Table 5     Electrochemical Ipa values of the Er2 wave from 3 at different scan rates, determined by CV on a 
glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 3 CH3CN solutions at T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
50 7.07 1.52 
100 10 2.24 
250 15.81 3.43 
500 22.36 4.83 
1000 31.62 6.95 
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Figure 9     Electrochemical spectra of the Er2 wave from 3 at different scan rates, determined by CV on a 
glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 3 CH3CN solutions at T = 298 K. The 

graph on the right represents the linear regression between the square root of the different scan rates and the 
Ipa measured of 3, see Table 5 for the values. 

 
Reversibility of [Ru(bpy)2(2)](PF6)2 (7): 

Table 6     Electrochemical Ipa values of the Er3 wave from 7 at different scan rates, determined by CV on a 
glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 7 CH3CN solutions at T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
50 7.07 1.88 
100 10 2.50 
250 15.81 3.71 
500 22.36 4.96 
1000 31.62 7.11 

 
Table 7     Electrochemical Ipa values of the Eo1 wave from 7 at different scan rates, determined by CV on a 

glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 7 CH3CN solutions at T = 298 K. 
Scan rate mV/s Square root scan rate Ipa (·10-6) 
50 7.07 2.16 
100 10 3.10 
250 15.81 4.75 
500 22.36 6.47 
1000 31.62 8.70 
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Figure 10     Electrochemical spectra of the Er3 and Eo1 waves from 7 at different scan rates, determined by 

CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 7 CH3CN solutions at T = 298 K. 
The graph on the left represents the linear regression between the square root of the different scan rates and 

the Ipa measured of Er3 from 7, see Table 6 for the values. The graph on the right represents the linear 
regression between the square root of the different scan rates and the Ipa measured of Eo1 from 7, see Table 7 

for the values. 
 

Table 8     Electrochemical Ipa values of the Er1 wave from 7 at different scan rates, determined by CV on a 
glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 7 CH2Cl2 solutions at T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
10 3.16 0.61 
50 7.07 1.68 
100 10 2.48 
250 15.81 4.03 
500 22.36 5.35 
1000 31.62 7.21 

 
Table 9     Electrochemical Ipa values of the Er2 wave from 7 at different scan rates, determined by CV on a 

glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 7 CH2Cl2 solutions at T = 298 K. 
Scan rate mV/s Square root scan rate Ipa (·10-6) 
10 3.16 1.09 
50 7.07 1.84 
100 10 2.55 
250 15.81 3.97 
500 22.36 5.49 
1000 31.62 7.31 
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Figure 11     Electrochemical spectra of the Er1 and Er2 waves from 7 at different scan rates, determined by 

CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M 7 CH2Cl2 solutions at T = 298 K. 
The graph on the left represents the linear regression between the square root of the different scan rates and 

the Ipa measured of Er1 from 7, see Table 8 for the values. The graph on the right represents the linear 
regression between the square root of the different scan rates and the Ipa measured of Er2 from 7, see Table 9 

for the values. 
 

Reversibility of [Ru(bpy)3](PF6)2: 
Table 10     Electrochemical Ipa values of the Er3 wave from [Ru(bpy)3](PF6)2 at different scan rates, 

determined by CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M [Ru(bpy)3](PF6)2 
CH3CN solutions at T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
50 7.07 1.80 
100 10 2.38 
250 15.81 3.62 
500 22.36 4.86 
1000 31.62 6.88 

 
Table 11     Electrochemical Ipa values of the Eo1 wave from [Ru(bpy)3](PF6)2 at different scan rates, 

determined by CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M [Ru(bpy)3](PF6)2 
CH3CN solutions at T = 298 K. 

Scan rate mV/s Square root scan rate Ipa (·10-6) 
50 7.07 2.22 
100 10 3.31 
250 15.81 4.93 
500 22.36 7.18 
1000 31.62 9.67 
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Figure 12     Electrochemical spectra of the Er3 and Eo1 waves from [Ru(bpy)3](PF6)2 at different scan rates, 
determined by CV on a glassy carbon working electrode in 0.1 M nBu4NPF6 and 5·10-3 M [Ru(bpy)3](PF6)2 

CH3CN solutions at T = 298 K. The graph on the left represents the linear regression between the square root 
of the different scan rates and the Ipa measured of Er3 from [Ru(bpy)3](PF6)2, see Table 10 for the values. The 
graph on the right represents the linear regression between the square root of the different scan rates and the 

Ipa measured of Eo1 from [Ru(bpy)3](PF6)2, see Table 11 for the values. 
 
DFT calculations: 
 

 
Figure 13     Selected frontier orbitals of the ground state S0 of 3 obtained by DFT calculations. 
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Figure 14     Selected singlet excited states Sn and lowest triplet excited states Tn of 3 obtained by DFT 

calculations. 
 

 
Figure 15     Selected frontier orbitals of the ground state S0 of 7 obtained by DFT calculations. 
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Figure 16     Selected singlet excited states Sn and lowest triplet excited states Tn of 7 obtained by DFT 

calculations. 
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Summary 

2-(2’-Pyridyl)-4,6-diphenylphosphinine: 
Synthesis, characterization, and reactivity of novel transition metal 
complexes based on aromatic phosphorus heterocycles 
 

Phosphinines have long been regarded as “chemical curiosities” with different properties 
compared to classical phosphorusIII compounds and pyridines. However, phosphinines 
belong nowadays to an intriguing class of phosphorus-containing heterocycles with many 
perspectives for applications. In Chapter 1 the properties of these six-membered, planar, 
Hückel aromatic systems, containing a low-coordinate trivalent phosphorus atom are 
outlined. The coordination of the phosphinine through the phosphorus atom is most 
common and is generally observed with late transition metals in low oxidation states, due 
to their pronounced π-acceptor properties. Because of their rich and versatile coordination 
chemistry, phosphinines have also been applied as ligands in homogeneous 
(photo)catalysis and functional molecular materials with interesting photophysical 
properties. However, especially for applications in the field of functional molecular 
materials, complexes with metal centers in intermediate oxidations states are necessary. 
However, the preparation of such coordination compounds is rather challenging. One 
strategy for achieving this goal is the design and use of chelating phosphinines, such as 
P,N hybrid ligands. Moreover, P,N hybrid ligands display unique features which are 
important for the design of homogeneous (photo)catalysts and functional molecular 
materials. There are a lot of examples known where P,N hybrid ligands are applied in 
homogeneous catalysis. However, their application in photochemistry and functional 
molecular materials is scarce. On the other hand, polypyridines are probably among the 
most studied nitrogen ligands, and their rich coordination chemistry has often been 
exploited for the development of homogenous (photo)catalysts and functional molecular 
materials. Replacement of one pyridine unit by a phosphinine entity leads to 2-(2’-
pyridyl)phosphinines. These fascinating compounds combine a “soft” π-accepting 
phosphinine and a “hard” σ-donating pyridine moiety and can serve as bidentate P,N 
hybrid ligands. The synthesis, reactivity, and coordination chemistry of the here described 
pyridyl functionalized phosphinine (2-(2’-pyridyl)-4,6-diphenyl-phosphinine, 1) has 
been studied extensively by Müller et al. As a matter of fact, the unique properties of 1 
can contribute significantly to the formation and stabilization of transition metal 
complexes with metal centers in higher oxidation states. Moreover, compound 1 could be 
selectively protonated, oxidized, alkylated, functionalized and undergoes selective [4+2] 
cycloaddition reactions. Initially, straightforward coordination of 1 could be achieved by 
using RhI, ReI, PdII, and PtII precursors, the obtained complexes with 1 could be 
crystallographically characterized. 
In Chapter 2 the coordination chemistry of 1 is further explored by the synthesis and 
characterization of a group 6 series of [M(CO)4(1)] complexes (M = Cr0, Mo0, and W0). 
Interestingly, the synthesis of phosphinines via the pyrylium salt route also allows the 
preparation of the bipyridine derivative 2-(2’-pyridyl)-4,6-diphenylpyridine (2) as the 
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nitrogen-containing reference compound. This species has an identical substitution 
pattern as 1, which consequently makes a direct structural comparison of the aromatic 
phosphorus and nitrogen heterocycles, as well as, the corresponding transition metal 
complexes possible. Compound 2 gave access to the identical group 6 series of 
[M(CO)4(2)] complexes (M = Cr0, Mo0, and W0). Competition experiments between 
ligand 1 and 2 showed that the phosphinine ligand 1 is a much better π-acceptor and thus 
prefers coordination to a low-valent metal center in contrast to the bipyridine derivative 
2. All compounds, except for [Cr(CO)4(1)], could be crystallographically characterized 
and the molecular structures nicely show the differences between the aromatic pyridine 
and phosphinine rings, due to the larger size of the phosphorus atom compared to 
nitrogen. Furthermore, the CO ligands in the phosphinine-based complexes show 
significantly higher CO stretching frequencies in the corresponding IR spectra due to their 
higher π-accepting character. Also UV-vis and cyclic voltammetry measurements of the 
complexes point out that phosphinine-based ligand 1 has a higher π-accepting character 
than its bipyridine derivative 2. 
From Chapter 3 it appears that the combination of a phosphinine and a pyridine, as well 
as the chelating character of compound 1, allowed for the first time access to cationic 
phosphinine-based RhIII and IrIII complexes. Starting from [{MCl2(Cp*)}2] (M = RhIII and 
IrIII; Cp* = pentamethylcyclopentadiene), the cationic complexes [MCl(Cp*)(1)]Cl (M = 
RhIII and IrIII) could easily be prepared. Furthermore, the coordination behavior of 1 was 
compared with the analogous bipyridine derivative 2. In contrast, a different behavior was 
found for the coordination of 2 towards RhIII as the bimetallic ion pair [RhCl(Cp*)(2)]-
[RhCl3(Cp*)] was obtained. The additional aryl substituents at the 4- and 6-position of 
the heterocyclic framework contribute significantly to the stabilization of the 
phosphinine-based complexes as they can be easily isolated, handled, and characterized 
by X-ray crystal structure analysis. Nevertheless, the larger opening of the ∠ C-P-C angle 
reflects significant disruption of the aromaticity. Consequently, the P=C double bond in 
the phosphinine-based complexes becomes reactive towards nucleophilic attack. Both 
[MCl(Cp*)(1)]Cl (M = RhIII and IrIII) complexes react with water and methanol regio- 
and diastereoselectively at the external P=C double bond. The addition of water lead 
exclusively to the anti-addition products [MCl(Cp*)(1H·OH)]Cl (M = RhIII and IrIII) as 
confirmed by X-ray crystal structure determination. To hamper the nucleophilic addition 
towards the P=C double bond the synthesis of a sterically hindered nonsymmetrical 
phosphinine was set out, however, only the analogous bipyridine ligand and its 
corresponding IrIII complex could be obtained. 
The complexes [MCl(Cp*)(1H·OH)]Cl (M = RhIII and IrIII) can be deprotonated with 
triethylamine (Et3N) under elimination of HCl as explained in Chapter 4. 
[IrCl(Cp*)(1H·O)] is formed quantitatively upon treatment with Et3N, whereas 
[RhCl(Cp*)(1H·O)] undergoes tautomerization to form the λ5σ4-phosphinine RhIII 
complex [RhCl(Cp*)(1·OH)] as confirmed by single crystal X-ray diffraction. The 
addition of pyridine instead of Et3N to [IrCl(Cp*)(1H·OH)]Cl did not lead to full 
deprotonation, showing that the pKa value of the P-OH group is similar to the one of the 
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pyridinium ion. Furthermore, blocking the P-OH functionality in [MCl(Cp*)(1H·OH)]Cl 
(M = RhIII and IrIII) by starting from the methoxy-substituted complexes 
[MCl(Cp*)(1H·OCH3)]Cl (M = RhIII and IrIII) leads directly to the λ5σ4-phosphinine IrIII 
complex [IrCl(Cp*)(1·OCH3)] after addition of Et3N and upon elimination of HCl. On 
the other hand, the addition of Et3N to [RhCl(Cp*)(1H·OCH3)]Cl resulted in multiple 
species, which could not be fully characterized. DFT calculations imply that 
[RhCl(Cp*)(1·OH)] and [IrCl(Cp*)(1·OCH3)] can best be described as species that 
consist of a λ4σ4-phosphorus heterocycle with an ylide structure. These transformations 
in the coordination environment of RhIII and IrIII provide a facile route to new transition 
metal complexes containing λ5σ4-phosphinine ligands.  
The coordination chemistry of 1 is further explored in Chapter 5 by the synthesis of the 
RuII complex [RuCl(Cp*)(1)]. This compound and the corresponding bipyridine-based 
complex [RuCl(Cp*)(2)] could both be characterized crystallographically. The neutral 
complex [RuCl(Cp*)(1)] could easily be converted into its cationic derivative 
[Ru(CH3CN)(Cp*)(1)]-OSO2CF3 via ligand exchange of Cl for CH3CN by using silver 
trifluoromethanesulfonate. On the other hand, a cationic complex could also be prepared 
from [Ru(CH3CN)3(Cp*)]PF6 and ligand 1. Interestingly, the P=C double bonds in both 
the neutral and cationic phosphinine-based complexes are stable towards nucleophilic 
attack. This makes these compounds the first pyridyl functionalized phosphinine-based 
complexes with metal centers in intermediate oxidation states which do not react with 
water or methanol. Analogous [RuCl(Cp*)(bpy)] complexes (bpy = 2,2’-bipyridine) have 
proven to be very efficient and selective precatalysts in the Carroll rearrangement of allyl 
β-keto esters. The application of ligand 1 and 2 in the RuII catalyzed Carroll 
rearrangement of cinnamyl acetoacetate appeared to inhibit the reaction and also the 
addition of the Lewis acid silver trifluoromethanesulfonate as co-catalyst did not improve 
the reaction. 
In Chapter 6 cis-[RuCl2(dmso)4] appeared to be the starting material of choice to obtain 
RuII complexes based on more than one pyridyl functionalized phosphinine ligand. 
Through reaction with 1, cis-[RuCl2(dmso)2(1)] could be synthesized and 
crystallographically characterized. Starting from cis-[RuCl2(dmso)2(1)] or cis-
[RuCl2(dmso)4] the dicoordinated complex [RuCl2(1)2] could also be synthesized. There 
are six possible stereoisomers of [RuCl2(1)2] and with X-ray analysis it was possible to 
characterize the cis-Δ-[RuCl2(1)2] and trans-Δ-[RuCl2(1)2] isomers. With [RuCl2(1)2] as 
starting material several attempts were undertaken to obtain the phosphorus analogues of 
the well-known N3-dye cis-[Ru(NCS)2L2] (L = 2,2’-bipyridyl-4,4’-dicarboxylic acid) and 
the homoleptic tricoordinated complex [Ru(bpy)3]2+. Unfortunately, the reactions towards 
cis-[Ru(NCS)2(1)2] and [Ru(1)3]2+ proved to be very troublesome. 
Although [RuCl(Cp*)(1)] is stable towards nucleophilic attack, the addition of water to 
cis-[RuCl2(dmso)2(1)] and [RuCl2(1)2] showed that the P=C double bonds in these 
complexes were reactive towards nucleophilic attack. Multiple water addition products 
were obtained for [RuCl2(1)2]. On the other hand, cis-[RuCl2(dmso)2(1)] reacted regio- 
and diastereoselectively to the anti-addition product cis-[RuCl2(dmso)2(1H·OH)], which 
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could be crystallographically characterized. Remarkably, the reaction of cis-
[RuCl2(dmso)2(1)] with methanol was found to be reversible and seemed to favor the 
addition product at room temperature, while the starting complex was favored at elevated 
temperatures.  
The synthesis towards the homoleptic [Ru(1)3]2+ complex appeared to be troublesome. 
Interestingly, the coordination of 1 towards [Ru(bpy)2Cl2]·xH2O proved to be very facile, 
which is described in Chapter 7. The heteroleptic [Ru(bpy)2(1)]X2 complex could be 
obtained with different counteranions: X= PF6, BF4, OSO2CF3, and BArF (B-3,5-
(CF3)2C6H3)4. [Ru(bpy)2(1)](PF6)2 could be crystallographically characterized, and 
represents the first crystallographically characterized phosphinine derivative of the well-
known triplet emitter [Ru(bpy)3]2+. For comparison it also appeared possible to synthesize 
the analogous bipyridine complexes [Ru(bpy)2(2)]X2 (X = PF6, BF4, and OSO2CF3). By 
means of cyclic voltammetry, UV-vis, and fluorescence spectroscopy the electrochemical 
and photophysical characteristics of [Ru(bpy)2(1)](PF6)2 and [Ru(bpy)2(2)](PF6)2 could 
be compared with [Ru(bpy)3](PF6)2. The stronger π-accepting character of the 
phosphinine ligand, compared to the bipyridine ligand leads to an easier reduction of 
[Ru(bpy)2(1)](PF6)2 and thus to an interesting oxidant for future investigations. 
Furthermore, [Ru(bpy)2(1)](PF6)2 has a much broader MLCT band in the visible light 
regime compared to the bipyridine-based complexes. However, the phenyl groups in 4- 
and 6-position lead to a distorted geometry and ultimately to mainly radiationless decay 
for both [Ru(bpy)2(1)](PF6)2 and [Ru(bpy)2(2)](PF6)2.  
It further turned out, that the reactivity of the P=C double bond in the phosphinine-based 
complexes is depending on the counteranion. [Ru(bpy)2(1)](PF6)2 reacts with water 
slowly but the obtained products are not stable, leading to a quantitative decomposition 
within 48 hours. On the other hand, [Ru(bpy)2(1)](BF4)2 reacts partially with water giving 
two new species, which could possibly be the syn- and anti-diastereomers. When heating 
the reaction mixture the equilibrium is moving back to the starting material as observed 
before, however, this could not be repeated. [Ru(bpy)2(1)](OSO2CF3)2 was fully 
converted into two new species after the addition of water and this reaction could also be 
reversed upon heating. In contrast to [Ru(bpy)2(1)](BF4)2, this could be done several 
times because the water addition products appeared to be more stable. Last but not least 
[Ru(bpy)2(1)](BArF)2 appeared to be much more stable towards nucleophilic attack 
compared to the other compounds. 
With all these interesting results, showing the versatile coordination chemistry of 2-(2’-
pyridyl)-4,6-diphenylphosphinine (1) and the intriguing properties of the obtained 
coordination compounds, phosphinines become less of a “chemical curiosity” and more 
and more interesting.  
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Samenvatting 

2-(2’-Pyridyl)-4,6-difenylfosfinine: 
Synthese, karakterisatie en reactiviteit van nieuwe overgangs-
metaalcomplexen gebaseerd op aromatische, heterocyclische fosfor 
verbindingen 
 
Fosfinines zijn lang beschouwd als “chemische curiositeiten” met eigenschappen die 
verschillen van klassieke fosforIII verbindingen en pyridines. Echter, tegenwoordig behoren 
de fosfinines tot een intrigerende klasse van heterocyclische fosfor verbindingen met 
verschillende perspectieven voor toepassingen. In Hoofdstuk 1 worden de eigenschappen 
beschreven van deze platte, Hückel aromatische, zesring systemen, met daarin een 
laagcoördinerend, trivalent fosfor atoom. Coördinatie van de fosfinine via het fosfor atoom is 
het meest gebruikelijk en vooral gezien bij late overgangsmetalen in lage oxidatie toestanden, 
vanwege hun uitgesproken π-accepterende eigenschappen. Omdat fosfinines een rijke en 
veelzijdige coördinatiechemie hebben kunnen ze toegepast worden als ligand in homogene 
(foto)katalyse en functionele moleculaire materialen met interessante fotofysische 
eigenschappen. Echter voor toepassingen zoals in functionele moleculaire materialen zijn 
metaal complexen met gemiddelde tot hoge oxidatie toestanden noodzakelijk. Maar, het 
verkrijgen van deze metaal complexen met tussenliggende oxidatie toestanden gebaseerd op 
fosfinines is een uitdaging. Een manier om dit doel te bereiken is het ontwerpen en gebruiken 
van chelerende liganden, zoals P,N hybride liganden. Bovendien, P,N hybride liganden 
hebben unieke eigenschappen die belangrijk zijn voor het ontwerpen van homogene 
(foto)katalysatoren en functionele moleculaire materialen. Er zijn heel veel voorbeelden waar 
P,N hybride liganden gebruikt worden in homogene katalyse. Echter, hun toepassing in 
fotochemie en functionele moleculaire materialen is zeldzaam. Daarentegen, polypyridinen 
zijn waarschijnlijk de meest bestudeerde stikstof liganden en de coördinatiechemie van 
polypyridinen is vaak benut voor de ontwikkeling van homogene (foto)katalyse en functionele 
moleculaire materialen. Vervanging van een pyridine voor een fosfinine geeft 2-(2’-
pyridyl)fosfinines. In deze fascinerende moleculen worden een “zachte” π-accepterende 
fosfinine en een “harde” σ-donerende pyridine verenigd en ze kunnen gebruik worden als 
bidentaat P,N hybride liganden. De synthese, reactiviteit en coördinatiechemie van het hier 
beschreven pyridyl gefunctionaliseerde fosfinine (2-(2’-pyridyl)-4,6-difenylfosfinine, 1) is 
uitgebreid onderzocht door Müller en collega’s. Hieruit blijkt dat de unieke eigenschappen 
van 1 aanzienlijk bijdragen aan het verkrijgen en stabiliseren van overgangsmetaal complexen 
met metaal centra in hogere oxidatie toestanden. Bovendien is het mogelijk om 1 selectief te 
protoneren, oxideren, alkyleren, functionaliseren en 1 ondergaat selectieve [4+2] cycloadditie 
reacties. Aanvankelijk eenvoudige coördinatie van 1 kon worden bereikt door gebruik te 
maken van RhI, ReI, PdII en PtII precursoren. De verkregen complexen gebaseerd op 1 konden 
kristallografisch geanalyseerd worden. 
In Hoofdstuk 2 wordt de coördinatiechemie van 1 verder onderzocht via de synthese en 
karakterisering van een serie groep 6 [M(CO)4(1)] complexen (M = Cr0, Mo0 en W0). 
Interessant is dat de synthese van fosfinines via de pyrylium zout route ook toegang geeft tot 
de synthese van bipyridine derivaat 2-(2’-pyridyl)-4,6-difenylpyridine (2) dat gebruikt kan 
worden als het stikstof referentie molecuul. Dit molecuul heeft precies hetzelfde substitutie 
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patroon als 1, derhalve is het mogelijk direct de aromatische fosfor en stikstof heterocycli met 
elkaar te vergelijken, zowel als hun bijbehorende overgangsmetaal complexen. Ligand 2 
maakte het mogelijk om de identieke groep 6 serie te verkrijgen van [M(CO)4(2)] complexen 
(M = Cr0, Mo0 en W0). Competitie experimenten tussen ligand 1 en 2 laten zien dat fosfinine 
ligand 1 een veel betere π-acceptor is en bij voorkeur coördineert aan laag valente metaalcentra 
in tegenstelling tot bipyridine derivaat 2. Alle complexen, behalve [Cr(CO)4(1)], konden 
kristallografisch gekarakteriseerd worden en de moleculaire structuren laten keurig het 
verschil zien tussen de aromatische pyridine en fosfinine ringen, als gevolg van de grotere 
omvang van het fosfor atoom vergeleken met het stikstof atoom. Bovendien, de CO liganden 
in de fosfinine gebaseerde complexen hebben aanzienlijk hogere CO rek frequenties in het 
bijbehorende IR spectrum vanwege hun sterkere π-acceptor eigenschappen. Verder laten UV-
vis en cyclische voltammetrie metingen zien dat fosfinine ligand 1 een sterkere π-accepor is 
dan het bipyridine derivaat 2. 
Uit Hoofdstuk 3 blijkt dat de combinatie van een fosfinine en een pyridine, evenals het 
chelerende karakter van molecuul 1 het voor de eerste keer mogelijk maken om kationische 
fosfinine gebaseerde RhIII en IrIII complexen te synthetiseren. Met [{MCl2(Cp*)}2] (M = RhIII 
en IrIII; Cp* = pentamethylcyclopentadienyl) konden de kationische complexen 
[MCl(Cp*)(1)]Cl (M = RhIII en IrIII) gemakkelijk vervaardigd worden. Bovendien was het 
mogelijk om het coördinatie gedrag van 1 te vergelijken met het analoge bipyridine derivaat 
2. Daarentegen werd een ander gedrag voor 2 geobserveerd voor coördinatie aan RhIII, want 
een bimetaal ionenpaar [RhCl(Cp*)(2)][RhCl3(Cp*)] werd verkregen. De extra aryl 
substituenten in de 4- en 6-positie van de heterocyclische ring dragen significant bij aan de 
stabilisatie van de fosfinine gebaseerde complexen, omdat ze gemakkelijk kunnen worden 
geïsoleerd, gehanteerd en gekarakteriseerd met röntgenkristalstructuur analyse. Desondanks 
zorgt de grotere opening van de ∠ C-P-C hoek voor een significante verstoring van de 
aromaticiteit. Dit heeft als gevolg dat de P=C dubbele binding van de fosfinine gebaseerde 
complexen reactief word voor nucleofiele additie. Beide [MCl(Cp*)(1)]Cl (M = RhIII en IrIII) 
complexen reageren met water en methanol regio- en diastereoselectief aan de externe P=C 
dubbele binding. De additie van water geeft exclusief de anti-additie producten 
[MCl(Cp*)(1H·OH)]Cl (M = RhIII en IrIII), zoals bevestigd met röntgenkristalstructuur 
analyse. De synthese voor een sterisch gehinderde asymmetrische fosfinine werd uiteengezet 
om de nucleofiele additie aan de P=C double binding te belemmeren. Helaas, kon alleen de 
bipyridine analoog en het overeenkomstige IrIII complex verkregen worden. 
De complexen [MCl(Cp*)(1H·OH)]Cl (M = RhIII en IrIII) kunnen gedeprotoneerd worden met 
triethylamine (Et3N) onder eliminatie van HCl zoals beschreven in Hoofdstuk 4. 
[IrCl(Cp*)(1H·O)] wordt kwantitatief gevormd na toevoeging van Et3N, terwijl 
[RhCl(Cp*)(1H·O)] tautomerisatie ondergaat naar λ5σ4-fosfinine RhIII complex 
[RhCl(Cp*)(1·OH)] zoals bevestigd met röntgenkristalstructuur analyse. De additie van 
pyridine in plaats van Et3N aan [IrCl(Cp*)(1H·OH)]Cl leed niet tot een volledige 
deprotonering, dit laat zien dat de pKa waarde van de P-OH groep ongeveer gelijk is aan die 
van het pyridinium ion. Daarnaast, het blokkeren van de P-OH functionaliteit in 
[MCl(Cp*)(1H·OH)]Cl (M = RhIII en IrIII) door gebruik te maken van de methoxy 
gesubstitueerde complexen [MCl(Cp*)(1H·OCH3)]Cl (M = RhIII en IrIII) leid rechtstreeks naar 
het λ5σ4-fosfinine IrIII complex [IrCl(Cp*)(1·OCH3)] na additie van Et3N en onder eliminatie 

189 
 



Samenvatting 

van HCl. Anderzijds, de additie van Et3N aan [RhCl(Cp*)(1H·OCH3)]Cl resulteerde in 
meerdere producten die niet volledig gekarakteriseerd konden worden. DFT berekeningen 
wijzen erop dat de fosfinines in [RhCl(Cp*)(1·OH)] en [IrCl(Cp*)(1·OCH3)] het best 
omschreven kunnen worden als heterocyclische λ4σ4-fosfor verbindingen met een ylide 
structuur. Deze transformaties in de coördinatie omgeving van RhIII en IrIII verschaffen een 
gemakkelijke route voor het verkrijgen van overgangsmetaal complexen met λ5σ4-fosfinine 
liganden. 
De coördinatiechemie van 1 is verder onderzocht in Hoofdstuk 5 door de synthese van het RuII 
complex [RuCl(Cp*)(1)]. Dit complex en het overeenkomstige bipyridine gebaseerde 
complex [RuCl(Cp*)(2)] konden beide kristallografisch gekarakteriseerd worden. Het 
neutrale [RuCl(Cp*)(1)] complex kon gemakkelijk omgezet worden in zijn kationische 
derivaat [Ru(CH3CN)(Cp*)(1)]OSO2CF3 via ligand uitwisseling van de Cl voor CH3CN door 
toevoeging van zilver trifluormethaanesulfonaat. Anderzijds was het ook mogelijk om een 
kationische complex te maken van [Ru(CH3CN)3(Cp*)]PF6 en ligand 1. Interessant is dat de 
P=C dubbele bindingen in zowel de neutrale als de kationische fosfinine gebaseerde 
complexen stabiel zijn voor nucleofiele additie. Dit maakt deze complexen de eerste pyridyl 
gefunctionaliseerde fosfinine gebaseerde complexen met metaal centra in gemiddelde tot hoge 
oxidatie toestand die niet reageren met water of methanol. Analoge [RuCl(Cp*)(bpy)] 
complexen (bpy = 2,2’-bipyridine) hebben bewezen zeer efficiënte en selectieve pre 
katalysatoren te zijn voor de Carroll omlegging van allyl β-keto esters. De toepassing van 
ligand 1 en 2 in de RuII gekatalyseerde Carroll omlegging van cinnamyl acetoacetaat bleek de 
reactie echter af te remmen en de toevoeging van Lewis zuur zilver trifluormethaanesulfonaat 
als cokatalysator bracht ook geen verbetering. 
In Hoofdstuk 6 blijkt dat cis-[RuCl2(dmso)4] het uitgangsmateriaal bij uitstek is voor de 
synthese van RuII complexen gebaseerd op meer dan één pyridyl gefunctionaliseerde fosfinine 
ligand. Door reactie met 1 kon cis-[RuCl2(dmso)2(1)] verkregen worden en kristallografisch 
gekarakteriseerd worden. Met cis-[RuCl2(dmso)2(1)] of cis-[RuCl2(dmso)4] is het ook 
mogelijk om het bis gecoördineerde complex [RuCl2(1)2] te verkrijgen. [RuCl2(1)2] heeft zes 
mogelijke stereoiosmeren en met röntgenkristalstructuur analyse konden de cis-Δ-[RuCl2(1)2] 
en trans-Δ-[RuCl2(1)2] isomeren gekarakteriseerd worden. Verschillende pogingen werden 
ondernomen om van [RuCl2(1)2] de fosfor analoog van de bekende N3-dye cis-[Ru(NCS)2L2] 
(L = 2,2’-bipyridyl-4,4’-dicarbonzuur) en het homoleptische drie gecoördineerde complex 
[Ru(bpy)3]2+ te maken. Helaas, de reacties om cis-[Ru(NCS)2(1)2] en [Ru(1)3]2+ te verkrijgen 
bleken zeer lastig te zijn. 
Ondanks dat [RuCl(Cp*)(1)] stabiel is voor nucleofiele additie, zijn de P=C dubbele bindingen 
in cis-[RuCl2(dmso)2(1)] en [RuCl2(1)2] wel reactief jegens nucleofiele additie. Na toevoeging 
van water aan [RuCl2(1)2] werden meerder producten verkregen. Anderzijds, cis-
[RuCl2(dmso)2(1)] reageerde regio- en diastereoselectief met water naar het anti-additie 
product cis-[RuCl2(dmso)2(1H·OH)], dat kristallografisch gekarakteriseerd kon worden. 
Opmerkelijk is de reactie van cis-[RuCl2(dmso)2(1)] met methanol, deze reactie bleek 
reversibel. Het additie product heeft de voorkeur bij kamer temperatuur terwijl het evenwicht 
verschuift naar het uitgangscomplex bij hogere temperaturen. 
De synthese van het homoleptische [Ru(1)3]2+ complex bleek lastig te zijn. Interessant is echter 
dat de coördinatie van 1 aan [Ru(bpy)2Cl2]·xH2O zeer gemakkelijk bleek te zijn, dit is 
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beschreven in Hoofdstuk 7. Het heteroleptische [Ru(bpy)2(1)]X2 kan verkregen worden met 
verschillende tegenanionen: X= PF6, BF4, OSO2CF3 en BArF (B-3,5-(CF3)2C6H3)4. 
[Ru(bpy)2(1)](PF6)2 kon kristallografisch gekarakteriseerd worden en vertegenwoordigt het 
eerste kristallografisch gekarakteriseerde fosfinine derivaat van de bekende triplet emitter 
[Ru(bpy)3]2+. Voor vergelijkingsdoeleinden was het ook mogelijk om de analoge bipyridine 
complexen [Ru(bpy)2(2)]X2 (X = PF6, BF4 en OSO2CF3) te synthetiseren. Met behulp van 
cyclische voltammetrie, UV-vis en fluorescentiespectroscopie was het mogelijk om de 
elektrochemische en fotofysische eigenschappen van [Ru(bpy)2(1)](PF6)2 en 
[Ru(bpy)2(2)](PF6)2 te verglijken met [Ru(bpy)3](PF6)2. De sterkere π-accepterende 
eigenschappen van het fosfinine ligand tegenover het bipyridine ligand zorgen ervoor dat 
[Ru(bpy)2(1)](PF6)2 gemakkelijker gereduceerd kan worden en dit complex dus interessant 
zou kunnen zijn als oxidant voor toekomstige onderzoeken. Bovendien heeft 
[Ru(bpy)2(1)](PF6)2 een veel bredere MLCT band in het zichtbare licht regiem vergeleken met 
de complexen gebaseerd op bipyridine. Echter zorgen de fenyl groepen in de 4- en 6-positie 
voor een verwrongen geometrie van de complexen wat uiteindelijk leid tot stralingsloos verval 
voor [Ru(bpy)2(1)](PF6)2 en [Ru(bpy)2(2)](PF6)2.  
Verder bleek dat de reactiviteit van de P=C dubbele bindingen in de fosfinine gebaseerde 
complexen afhankelijk is van het tegenanion. [Ru(bpy)2(1)](PF6)2 reageert langzaam met 
water maar het product is niet stabiel waardoor kwantitatieve ontleding plaats vind binnen 48 
uur. Daarentegen reageert [Ru(bpy)2(1)](BF4)2 maar gedeeltelijk met water waaruit twee 
nieuwe producten ontstaan die waarschijnlijk de syn- en anti-diastereomeren zijn. Het 
evenwicht van de reactie verschuift terug naar het start materiaal als de oplossing verwarmd 
wordt zoals al eerder is waargenomen echter kon dit niet herhaald worden. 
[Ru(bpy)2(1)](OSO2CF3)2 werd volledig omgezet in twee nieuwe producten na toevoeging van 
water en deze reactie is ook reversibel bij verwarming. In tegenstelling tot [Ru(bpy)2(1)](BF4)2 
kon het evenwicht van deze reactie verschillende malen veranderd worden omdat de water 
additie producten veel stabieler waren. Als laatst bleek [Ru(bpy)2(1)](BArF)2 veel stabieler 
tegen nucleofiele additie dan de andere complexen. 
Met al deze interessante resultaten, de veelzijdige coördinatiechemie van 2-(2’-pyridyl)-4,6-
difenylfosfinine (1) en de intrigerende eigenschappen van de verkregen coördinatie-
verbindingen, kunnen fosfinines steeds minder beschouwd worden als “chemische 
curiositeiten” en worden ze steeds interessanter.  
 

191 
 



Curriculum Vitae 

Curriculum Vitae 
 
Iris de Krom was born on 4 August 1986 in Breda, the Netherlands. After obtaining her 
bachelor degree in Chemistry in 2009 at the Hogeschool Utrecht, she continued with the 
master study Chemistry, Molecular Design Synthesis and Catalysis, at the University of 
Amsterdam. In 2011 she graduated within the group of prof.dr. J.N.H. Reek on the subject 
“Carbene polymers for new organic solar cells” under the supervision of prof.dr. B. de 
Bruin. In the same year, she started her Ph.D. project at Eindhoven University of 
Technology in the group of prof.dr. C. Müller and prof.dr. D. Vogt. Her research mainly 
focused on the synthesis, characterization, and reactivity of novel transition metal 
complexes based on the pyridyl functionalized phosphinine of which the most important 
results are presented in this dissertation. 
 
 

 
 
 
Iris de Krom is geboren op 4 augustus 1986 in Breda, Nederland. Na het behalen van haar 
bachelor in Chemistry in 2009 aan de Hogeschool Utrecht, is ze verder gegaan met een 
master studie Chemistry, Molecular Design Synthesis and Catalysis, aan de Universiteit 
van Amsterdam. In 2011 is ze afgestudeerd in de groep van prof.dr. J.N.H. Reek op het 
onderwerp “Carbene polymers for new organic solar cells” onder begeleiding van prof.dr. 
B. de Bruin. In datzelfde jaar is ze begonnen met haar Ph.D. project aan de Technische 
Universiteit Eindhoven in de groep van prof.dr. C. Müller en prof.dr. D. Vogt. Haar 
onderzoek richten zich voornamelijk op de synthese, karakterisatie en reactiviteit van 
nieuwe overgangs-metaalcomplexen gebaseerd op de pyridyl gefunctionaliseerde 
fosfinine waarvan de voornaamste resultaten worden beschreven in dit proefschrift. 

192 
 



List of publications 

List of publications 
 

P  C. Müller, L. E. E. Broeckx, I. de Krom, J. J. M. Weemers, Developments in 
the coordination chemistry of phosphinines, Eur. J. Inorg. Chem. 2013, 2, 
187. 

 
P  I. de Krom, L. E. E. Broeckx, M. Lutz, C. Müller, 2-(2’-Pyridyl)-4,6-

diphenylphosphinine versus 2-(2’-pyridyl)-4,6-diphenylpyridine: Synthesis, 
characterization, and reactivity of cationic RhIII and IrIII complexes based 
on aromatic phosphorus heterocycles, Chem. Eur. J. 2013, 19, 3676. 
 

P  I. de Krom, E. A. Pidko, M. Lutz, C. Müller, Reactions of pyridyl-
functionalized, chelating λ3-phosphinines in the coordination environment 
of RhIII and IrIII, Chem. Eur. J. 2013, 19, 7523. 
 

P  A. Loibl, I. de Krom, E. A. Pidko, M. Weber, J. Wiecko, C. Müller, Tuning the 
electronic effects of aromatic phosphorus heterocycles: An unprecedented 
phosphinine with significant P(π)-donor properties, Chem. Commun. 2014, 
50, 8842. 
 

P  C. Müller, J. A. W. Sklorz, I. de Krom, A. Loibl, M. Habicht, M. Bruce, G. 
Pfeifer, J. Wiecko, Recent developments in the chemistry of pyridyl-
functionalized, low-coordinated phosphorus heterocycles, Chem. Lett. 2014, 
43, 1390. 
 

P  I. de Krom, M. Lutz, C. Müller, 2-(2’-Pyridyl)-4,6-diphenylphosphinine 
versus 2-(2’-pyridyl)-4,6-diphenylpyridine: Synthesis and characterization 
of novel Cr0, Mo0, and W0 carbonyl complexes containing chelating P,N and 
N,N ligands, Dalton Trans. 2015, 44, 10304. 

193 
 



Dankwoord 

Dankwoord 
 

Na vier jaar onderzoek is deze thesis het resultaat van mixen, roeren, verwarmen, filtreren, 
destilleren, kolommen en kristalliseren van verbindingen in het laboratorium, uren 
werken in de glovebox, een aantal mooie kristallen, een ontelbaar aantal NMR spectra en 
af en toe een UV/vis, IR of CV spectrum, een paar kleine brandjes, een aantal interessante 
resultaten en nog veel meer mislukte reacties die het boek helemaal niet gehaald hebben. 
Echter was dit allemaal niet mogelijk geweest zonder vele mensen om mij heen in Berlijn, 
Eindhoven maar ook thuis, en het laatste wat mij te doen staat is al deze mensen te 
bedanken. 
Om te beginnen mijn 1e promotor prof.dr. Christian Müller, jij hebt mij de kans en het 
vertrouwen gegeven om op dit onderzoek te promoveren. Ondanks dat jij in Berlijn zat 
en ik in Eindhoven was je altijd heel erg geïnteresseerd in mijn onderzoek en met je 
enthousiasme en passie voor fosfinines weet je altijd iedereen te motiveren. Daarnaast 
zorgde je ervoor dat ik me altijd welkom voelde in Berlijn en maakte je tijd om nog even 
wat te gaan eten en drinken, kortom het was heel fijn om met jou samen te werken. Mijn 
2e promotor prof.dr. Dieter Vogt wil ik graag bedanken, omdat jij mij, samen met prof.dr. 
Christian Müller, de kans hebt gegeven om aan dit onderzoek te starten. We hebben niet 
heel lang samen gewerkt maar toch bedankt voor je input in mijn project en de gezellige 
uitjes met de SKO groep. 
Also the committee members deserve special appreciation for taking time to be part of 
the committee and reading this thesis. Thanks a lot prof.dr. E. Hey-Hawkins, prof.dr. K. 
Lammertsma, prof.dr. P. C. J. Kamer, prof.dr.ir. R. A. J. Janssen, and prof.dr. R. J. M. 
Klein Gebbink. 
Furthermore, lots of gratitude to dr. Martin Lutz, dr. Jelena Wiecko, and Manuela Weber 
for X-ray analysis and to dr. Evgeny Pidko and dr. Andreas Steffen for DFT calculations. 
Verder wil ik Ton bedanken, je hebt mij alle ins en outs geleerd over het onderhouden 
van de glovebox zodat ik hem in goede staat kon houden, maar ook Tiny en Johan stonden 
altijd klaar voor ondersteuning. Dan zijn er ook nog een aantal secretaresse die mij 
ondersteund hebben te beginnen met Simone, daarna Jose en Agnes en bij Emma was ik 
ook altijd welkom met vragen, allemaal heel erg bedankt. 
Nu ik dit aan het schrijven ben is de gezelligheid een beetje weggeëbd maar 4 jaar geleden 
was STW4.37 een heel gezellig kantoor. For that I first want to thank Sabriye, sometimes 
you took some of my table space because yours was overflowing with stuff, but not to 
worry, I don’t mind it is nice to have some people around that keep the place alive. 
Furthermore, you also managed to keep the office alive with your love for plants, thanks 
for the nice plant you brought to our office which had flowers continuously since it arrived 

. Leen natuurlijk ook bedankt voor de gezelligheid op kantoor en op het lab, in het 
begin heb je mij goed op weg geholpen en me alles verteld over het synthetiseren van 
fosfinines en samen met Jarno hebben we grote hoeveelheden P(SiMe3)3 gemaakt wat 
toch een hele onderneming is en ook bedankt voor de goede discussies over fosfinines jij 
weet altijd de juiste vragen te stellen. Daarnaast heb ik ook nog even gezelschap gehad 

194 
 



Dankwoord 

van Evi op het kantoor en in het lab. Evi je was een hele fijne student om mee samen te 
werken en ik weet zeker dat je in Amsterdam je promotie ook weer zeer succesvol zal 
afronden.  
Er waren ook nog twee andere studenten die ik heb mogen begeleiden, Christian en 
Wouter, jullie ook bedankt voor jullie bijdragen aan mijn werk. 
Samen met mijn fosfinine collega’s Leen en Jarno heb ik niet alleen een leuke tijd op het 
lab in Eindhoven gehad maar ook een onvergetelijke tijd daarbuiten op onder andere 
conferenties ook samen met Sandra en Linda, en Wylliam en Frank. Leen en Jarno 
bedankt daarvoor maar natuurlijk ook voor onze “werk”bezoekjes aan Berlijn, we hebben 
ons daar altijd prima vermaakt: de toerist uithangen, bier drinken in de Louise, cocktails 
drinken in de hotel bar  en barbecueën met de groep. However, these Berlin trips would 
all have been less fun without our nice group members from the phosphinine group in 
Berlin. It was always nice to visit you all in Berlin: for discussions about phosphinines, 
nice food and grills, hanging out to have a drink, and other activities. Thanks a lot for that 
Jelena, Julian, Marlene, Marija, Antonia, Gregor, Massimo, Markus, Manuela, Dorian, 
Lamis, and all the students I met over the years who were doing projects in the group and 
of course prof.dr. Christian Müller who did a great job in setting up this really nice group, 
keep this up for the future. And for good company in Berlin, or anywhere else for that 
matter, there were always Fanni and Micha. Thanks a lot for the nice drinks and diners 
we had while I was visiting Berlin. 
Of course there are also al lot of, mostly former, colleges from the SKO group, and some 
other usual suspects, that I would like to thank a lot for all the fun times in the lab, during 
the coffee breaks, in the F.O.R.T. on the Friday borrels, group weekends, conferences, or 
other activities; Dennis, Jarno en Evelien, Coen en Mariët, Leen, Sabriye, Andreas, Atilla, 
Evert, Alberto, Olivier, Karin, Frank, Yoran, Henriette, Romain, Evgeny, Ton, Adelheid, 
William, Ivo, Robin, Bart, and Esther. Also the people from Hybrid Catalysis 
indispensable on STW4: Erik, Gijsbert, ook voor het beschikbaar stellen van Ti-POSS en 
een encyclopedie aan kennis, Jos, Arjan, and Mónica. And the people from the SKE group 
Tiny, Hans, Yibin, Gilbère, and Remco altijd in voor een biertje zelfs op de vakantie 
bestemming samen met Ellen.  
I also like to thank prof.dr. Emiel Hensen and his group SMK for the pleasant cooperation, 
especially the people from the lab on the fourth floor for making the lab much more 
cheerful: William de buurman uit Lage Zwaluwe na je afstuderen kon je het leuke lab op 
de vierde verdieping niet achter je laten en toen je kans zag om daar weer een zuurkast te 
bemachtigen hoefde je er ook niet lang over na te denken, Georgy I also want to thank 
you for helping out with the glovebox whenever it was not working properly and 
measuring mass for me, Arno, Burcu, Esther, Wilbert, Christaan, Tobias, James, and Jan 
veel succes met de glovebox in goede staat houden maar ik weet zeker dat het geen 
probleem zal zijn.  
Daarnaast zijn er ook mensen die ik al veel langer ken en graag wil bedanken voor hun 
steun, de nodige ontspanning maar ook interesse ondanks dat ze vaak geen idee hebben 
wat ik nu eigenlijk doe, zoals de familie, de Oma’s altijd bezorgd of het wel goed gaat 

195 
 



Dankwoord 

daar helemaal in Eindhoven en de schoonfamilie: Kees en Dian, Myrna, Ad en Liz en 
Cynthia en Roy. Natuurlijk ook de vriendengroep die altijd zin hebben in een avondje 
bier en wijn drinken, in het bijzonder Lieke, Lindsay en Ilona, we hebben al heel veel 
gezellige avonden samen doorgebracht en ik ga er vanuit dat er nog heel veel zullen 
volgen , ook al is de daarop volgende ochtend niet altijd even plezierig.  
Karlien, samen hebben we vele scheikunde boeken doorgespit om daarna ieder onze eigen 
weg te gaan maar toch zien we elkaar nog regelmatig en het is altijd weer gezellig om bij 
te kletsen met een hapje en een drankje, bedankt daarvoor , maar natuurlijk ook omdat 
je mijn paranimf wilt zijn nu ik mijn zelf geschreven scheikunde boek moet verdedigen. 
Dit doe je natuurlijk niet alleen maar samen met Silvy. Silvy en Ferdy, jullie wil ik ook 
bedanken voor jullie steun en interesse en Silvy ook heel erg bedankt dat je mijn paranimf 
wilt zijn.  
Pa en Ma zonder jullie steun en toeverlaat, positieve houding, belangstelling en trotste 
blikken was dit nooit gelukt, bedankt voor alles . 
Als laatst wil ik graag Rudy bedanken. Rudy dat jij iedere dag voor mij klaar staat en mij 
steunt betekend heel veel voor mij en samen kunnen wij de hele wereld aan . 
 

Iris  
 
 
 
 
 

196 
 



 


	Title page
	Title page part 2
	Table of contents
	Blank page
	Intro 150410
	1.1 Phosphinines
	1.1.1 Introduction
	1.1.2 Steric properties
	1.1.3 Electronic properties
	1.1.4 Coordination chemistry
	1.1.5 Applications
	1.1.5.1 Homogeneous catalysis
	1.1.5.2 Photocatalysis
	1.1.5.3 Molecular materials

	1.1.6 Selective functionalization via the pyrylium salt route

	1.2 P,N hybrid ligands
	1.3 Pyridyl functionalized phosphinines
	1.3.1 Phosphorus derivatives of polypyridines
	1.3.1.1 2,2’-Bipyridine
	1.3.1.2 4,4’-Bipyridine
	1.3.1.3 Terpyridine

	1.3.2 NIPHOS
	1.3.3 2-(2’-Pyridyl)-4,6-diphenylphosphinine
	1.3.3.1 Synthesis
	1.3.3.2 Reactivity
	1.3.3.3 Coordination Chemistry


	1.4 Aim and scope of the thesis
	1.5 References

	Blank page
	Ch2 20150414
	Abstract
	2.1 Introduction
	2.2 Synthesis of the ligands
	2.3 Synthesis of the coordination compounds
	2.4 Crystallographic characterization
	2.5 Solvatochromism
	2.6 Cyclic voltammetry
	2.7 Conclusion
	2.8 Experimental section
	2.9 References

	Blank page
	Ch3 20150415
	2-(2’-Pyridyl)-4,6-diphenylphosphinine versus 2-(2’-pyridyl)-4,6-diphenylpyridine: Synthesis, characterization, and reactivity of cationic RhIII and IrIII complexes
	Abstract
	3.1 Introduction
	3.2 Coordination of 2-(2’-pyridyl)-4,6-diphenylphosphinine towards RhIII and IrIII
	3.3 Coordination of 2-(2’-pyridyl)-4,6-diphenylpyridine towards RhIII and IrIII
	3.4 Nucleophilic addition of water
	3.5 Nucleophilic addition of methanol
	3.6 Synthesis of a sterically hindered, nonsymmetrical phosphinine and its bipyridine derivative
	3.7 Conclusion
	3.8 Experimental section
	3.9 References

	Blank page
	Ch4 20150415
	4.1 Introduction
	4.2 Deprotonation of dihydrophosphinines in the coordination environment of RhIII and IrIII with triethylamine
	4.3 DFT calculations
	4.4 Conclusion
	4.5 Experimental Section
	4.6References

	Blank page
	Ch5 20150430
	Neutral and cationic RuII complexes based on 2-(2’-pyridyl)-4,6-diphenylphosphinine: Synthesis, characterization, and catalytic reactivity
	5.1 Introduction
	5.2 Neutral 2-(2’-pyridyl)-4,6-diphenylphosphinine and 2-(2’-pyridyl)-4,6-diphenylpyridine RuII complexes
	5.3 Cationic 2-(2’-pyridyl)-4,6-diphenylphosphinine RuII complexes
	5.4 Carroll rearrangement
	5.5 Conclusion
	5.6 Experimental section
	5.7 References

	Blank page
	Ch6 20150430
	6.1 Introduction
	6.2 The RuII complex containing one 2-(2’-pyridyl)-4,6-diphenylphosphinine ligand
	6.3 The RuII complex containing two 2-(2’-pyridyl)-4,6-diphenylphosphinine ligands
	6.4 Towards the RuII complex containing three 2-(2’-pyridyl)-4,6-diphenylphosphinine ligands
	6.5 Reactivity of the P=C double bonds towards nucleophilic attack
	6.6 Reversibility of the nucleophilic addition reactions
	6.7 Conclusion
	6.8 Experimental section
	6.9 References

	Blank page
	Ch7 20150513
	7.1 Introduction
	7.2 Coordination of 2-(2’-pyridyl)-4,6-diphenylphosphinine and 2-(2’-pyridyl)-4,6-diphenylpyridine towards RuII
	7.3 Spectroscopic characterization
	7.3.1 Cyclic voltammetry
	7.3.2 UV-vis
	7.3.3 Photoluminescence measurements

	7.4 DFT calculations
	7.5 Reactivity of the P=C double bonds towards nucleophilic attack
	7.6 Conclusion
	7.7 Experimental section
	7.8 References

	Summary
	2-(2’-Pyridyl)-4,6-diphenylphosphinine:
	Synthesis, characterization, and reactivity of novel transition metal complexes based on aromatic phosphorus heterocycles


	Samenvatting
	2-(2’-Pyridyl)-4,6-difenylfosfinine:
	Synthese, karakterisatie en reactiviteit van nieuwe overgangs-metaalcomplexen gebaseerd op aromatische, heterocyclische fosfor verbindingen


	Curriculum Vitae
	Curriculum Vitae

	List of publications
	List of publications

	Acknowledgements
	Dankwoord

	Blank page

