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Abstract
This highlight review provides an overview of recent developments in the chemistry of pyridyl-functionalized λ3σ2-phosphinines and 3H-1,2,3,4-triazaphospholes. The access to novel
chelating, low-coordinate phosphorus heterocycles can lead to a
much broader scope for potential applications. New developments in areas such as homogeneous catalysis, molecular
materials, and supramolecular chemistry can consequently be
foreseen in the near future.

1. Introduction
With the ﬁrst successful preparation of λ3σ2-2,4,6-triphenylphosphinine (1), a milestone in the chemistry of lowcoordinate phosphorus compounds was achieved by Märkl
nearly half a century ago (Figure 1).1 This compound contains a
fully unsaturated, planar and Hückel-aromatic six-membered
phosphorus heterocycle with a P=C double bond. The synthesis
of the parent phosphinine C5H5P, which is the higher homologue
of pyridine, was ﬁnally demonstrated by Ashe, III in 1971 via
the tin route.2
Soon after, the chemistry of organic molecules containing
P=C double bonds emerged rapidly, although it was initially
thought that these compounds violated the double-bond rule and
should therefore not be stable. Nowadays, it is widely accepted
that multiple bonds between phosphorus and carbon are rather
common, and are no longer regarded as an exception.3
Within the family of unsaturated phosphorus heterocycles,
another interesting class of low-coordinate phosphorus heterocycles was reported in 1984 by Regitz et al., who demonstrated
the access to 3H-1,2,3,4-triazaphospholes of type 2 by a 1,3dipolar cycloaddition reaction starting from azides and phosphaalkynes (Figure 1).4 These compounds are the phosphorus
analogues of the well-known triazoles, which are usually
prepared by a copper-catalyzed azidealkyne cycloaddition
reaction (CuAAC, “click reaction”), introduced independently
by Sharpless and Meldal in 2002 for the atom-economic and
regioselective synthesis of such nitrogen-containing heterocycles.5 Interestingly, starting from phosphaalkynes and azides
to access the corresponding triazaphospholes, only one regioisomer is usually formed thermally and selectively, without
the need of a copper catalyst. According to theoretical
calculations, 3H-1,2,3,4-triazaphosphole has a conjugated π
system with a high degree of aromaticity and possesses a rather
high π density at the phosphorus atom owing to signiﬁcant
€
NC=P
§ N+=CP¹ conjugation.6,7
The stabilization of reactive P=C double bonds by
incorporation into aromatic systems opened up access to
formally sp2-hybridized phosphorus(III) heterocycles with sig-

niﬁcantly diﬀerent electronic, steric, coordination, and reactivity
properties compared to classical ligands based on trivalent
phosphorus. Interestingly, although low-coordinate phosphorus
heterocycles have long been regarded as “laboratory curiosities,”
they have recently regained noticeable interest. As a matter of
fact, their peculiar characteristic properties can be transferred to
more applied research ﬁelds such as homogeneous catalysis,
molecular materials, dendrimers, and supramolecular chemistry,
and thus, fascinating results can be expected.8 In this respect,
access to tailor-made low-coordinate phosphorus compounds is
a prerequisite for modulating the steric and electronic properties
of such species accordingly. State-of-the-art synthetic methodologies have been developed mostly by the groups of Mathey
and Le Floch, and today, they allow the speciﬁc derivatization
and functionalization of phosphinines.3a,9 The design and
preparation of (donor-) functionalized, polydentate, and chiral
2,4,6-triaryl-substituted phosphinines via the original pyrylium
salt route has been investigated intensively by our group over the
last few years.8a,8b,10,11 Most importantly, these 2,4,6-triarylsubstituted derivatives are accessible by a modular 23-step
synthetic route, starting from readily available functionalized
acetophenones and benzaldehydes (vide infra). 2,4,6-Triarylsubstituted phosphinines often show considerable kinetic stability and are inert toward water and oxygen as well as many acids
and bases, in contrast to less substituted phosphinines.
Interestingly, the preparation of 3H-1,2,3,4-triazaphospholes
from azides and phosphaalkynes follows a modular synthetic
protocol as well. Moreover, the 1,3-dipolar cycloaddition
reaction provides the possibility to introduce speciﬁc substituents and donor functionalities within the phosphorus heterocycle
starting from suitable precursor molecules (vide infra). It should
be mentioned here that access to such polydentate systems with
tailored properties as well as their corresponding transition-metal
complexes is an important aspect for potential applications. In
particular, by making use of the chelate eﬀect, coordination
compounds with transition-metal centers in both low and
medium to high oxidation states can now be achieved, in
contrast to the use of monodentate, low-coordinate phosphorus
heterocycles. In this way, synthetic access to a completely new
set of metal complexes based on phosphinines and triazaphospholes has been made possible for the ﬁrst time.11
The present article will therefore focus exclusively on recent
developments in the preparation, coordination chemistry, and
reactivity of pyridyl-functionalized 2,4,6-triaryl-substituted
phosphinines and 3H-1,2,3,4-triazaphospholes. In particular,
the consequences for the coordination to transition-metal centers
in medium to high oxidation states and the possibility of
preparing bimetallic complexes will be discussed, as synthetic
access to such coordination compounds was rather challenging
in the past.

2. Pyridyl-functionalized Phosphinines

Figure 1. Low-coordinate phosphorus heterocycles 1 and 2.
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2.1 Phosphorus Derivatives of 2,2′-Bipyridine. The
stepwise assembly of 2,4,6-triarylphosphinines starting from
functionalized benzaldehydes and acetophenones allows the
incorporation of additional substituents into speciﬁc positions of
the aromatic phosphorus heterocycle (Scheme 1).
This strategy can also be used to synthesize chelating
phosphinines, which is an essential aspect, especially for the
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Figure 3. Frontier orbitals of 3.

Scheme 1. Modular synthesis of 2,4,6-triaryl-substituted phosphinines.

Scheme 2. Synthesis of 5 and 6, starting from the corresponding pyrylium salt.

Figure 2. Pyridyl-substituted phosphinines.
preparation of phosphinine-based transition-metal complexes
containing metal centers in medium to high oxidation states, as
well as for potential applications. Access to such coordination
compounds used to be very diﬃcult with monodentate phosphinines owing to their weak σ-donor properties but strong
π-accepting capacity. Moreover, metal complexes of less
substituted phosphinines turned out to be extremely sensitive
to nucleophilic attack, making their straightforward synthesis,
characterization, and application rather unattractive (see
Section 2.1.6.1).
A few years ago, our group turned its attention to phosphorus derivatives of 2,2¤-bipyridine (bpy). As a matter of fact, 2,2¤bipyridine and its derivatives are probably among the most
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.12 The replacement of
a pyridine unit by a π-accepting phosphinine entity leads to 2(2¤-pyridyl)phosphinine (3), a semi-equivalent of bipyridine
containing a “soft” phosphorus and a “hard” nitrogen heteroatom, according to Pearson’s HSAB concept. Such chelates are
intriguing bidentate hybrid ligands, which were ﬁrst described
by Mathey and co-workers with the synthesis of 2-(2¤-pyridyl)4,5-dimethylphosphinine (NIPHOS) (4) while the parent compound 3 still remains unknown (Figure 2).13,14
A selection of relevant frontier orbitals (DFT) of 3 is
illustrated in Figure 3. 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 2-(2¤-pyridyl)phosphinine
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contributes to σ donation from the phosphorus atom toward a
metal-centered d orbital, while the HOMO¹3 represents the lone
pairs at the heteroatoms for participation in σ bonding with a
metal center.15
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 2,2¤-bipyridine, the
order of these frontier orbitals is reversed, indicating the rather
good σ-donor properties of this ligand.
Since the ﬁrst preparation of NIPHOS in 1982, only a few
studies have been devoted to its coordination chemistry, as this
particular ligand requires a multistep synthesis, and is also
diﬃcult to handle because of its high sensitivity toward
nucleophilic attack at the phosphorus atom and facile protonation at the nitrogen center.16,17 We recently started to
investigate the synthesis, reactivity, and coordination chemistry
of 2-(2¤-pyridyl)-4,6-diphenylphosphinine (5), which is readily
available from the pyridyl-functionalized pyrylium salt and
P(SiMe3)3.18 Interestingly, the pyrylium salt route further allows
the preparation of (bi)pyridines such as 2-(2¤-pyridyl)-4,6diphenylpyridine (6). These nitrogen derivatives have an
identical substitution pattern to the corresponding phosphinines,
making the direct comparison of structurally related heterocycles
possible for the ﬁrst time (Scheme 2).
The incorporation of a phosphorus atom into an aromatic
moiety has a signiﬁcant inﬂuence on the electronic, steric, and
coordination properties of the resulting phosphorus(III) compounds, and also determines the reactivity of such species. 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.19
The HOMO¹2 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 HOMO¹1
and HOMO orbitals contribute to π donation, the LUMO orbital,
with a large coeﬃcient at the phosphorus atom, enables the
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Figure 5. Mulliken charges for C5H5P and C5H5N.

Figure 4. Frontier orbitals of C5H5N and C5H5P.
heterocycle to act as a π-acceptor ligand, once coordinated to the
metal center via the phosphorus atom (Figure 4).
In pyridines, the LUMO is located higher in energy than in
phosphinines, while the HOMO represents the lone pair located
at the nitrogen atom. As a result, phosphinines are much better
π-acceptor ligands but poorer σ donors than their nitrogen
counterparts, with signiﬁcant consequences for their coordination behavior (vide infra). Phosphinines show a typical downﬁeld shift of about ¤ = +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.20 Theoretical calculations indicate that the
parent phosphinine C5H5P possesses 8890% of the aromaticity
of benzene, whereas pyridine is totally aromatic.21 The lone
pair at the phosphorus atom in λ3-phosphinines has a high 3s
orbital character (63.8% versus 29.1% in pyridine). This feature
reﬂects the poor hybridization ability of phosphorus, which
leads to a very low basicity of the phosphorus center (pKa
(C5H6P+) = ¹16.1 « 1.0 in aqueous solution).22 Consequently,
the typical reactivities of trivalent phosphorus compounds are
generally not observed for phosphinines. Phosphinines can only
be protonated by strong, nonoxidizing acids containing weakly
nucleophilic (noncoordinating) anions. Moreover, owing to the
lower electronegativity of phosphorus compared with carbon
and nitrogen (2.2 for P, 2.5 for C, and 3.0 for N according to
Pauling), the P atom in phosphinines bears a partial positive
charge, whereas the Cα atoms are partially negatively charged.
In pyridines, the opposite charge distribution is observed
(Figure 5).23
From the Mulliken charges shown in Figure 5, it is not
surprising that the reactivities of these two heterocycles 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.24
Common methods for the derivatization of arenes or pyridines
are therefore not applicable in phosphinine chemistry. On the
other hand, such (1R)-cyclophosphahexadienyl anions are
interesting anionic ligands for the preparation of phosphoruscontaining transition-metal complexes (vide infra). Moreover,
owing to the somewhat lower aromaticity of phosphinines
Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

Figure 6. Selected reactions of pyridyl-phosphinine 5.
compared with benzene, they usually react readily with strong
dienophiles to give the corresponding phosphabarrelenes. This
reaction is virtually unknown for pyridines.25
In analogy with classical phosphorus(III) compounds such
as triphenylphosphane (PPh3), phosphinines can also be oxidized with elemental sulfur to the corresponding phosphininesulﬁdes, although this reaction is much slower and requires
rather high temperatures.26 Interestingly, neither the phosphinine-oxide nor the phosphinine-selenide have yet been isolated
and characterized.
Taking all these interesting aspects into account, we started
to explore the reactivity of the pyridyl-functionalized phosphinine 5 in detail before turning our attention to its coordination
chemistry. Figure 6 gives an overview of our investigations on
compound 5. It demonstrates nicely how diverse the chemistry
of such P,N-hybrid ligands is in comparison to its nitrogen
analogue 2,2¤-bipyridine.
2.1.1 Selective Protonation: The only example of a
P-protonated phosphinine reported in the literature so far is a
phosphininium salt, which is generated by the reaction of 2,4,6tri-tert-butyl-1-phosphinine with Et3Si(CHB11Me5Cl6) followed
by the addition of triﬂic acid, as reported by Reed and Nixon.27
Thus, the reaction of 5 with triﬂic acid will lead exclusively to
protonation of the nitrogen atom of the pyridine moiety, even
with an excess of CF3SO3H. This was conﬁrmed crystallographically for the salt 5¢HOSO2CF3 (7) (Figure 7).28
The result of the X-ray crystallographic study shows the
structural diﬀerence between the phosphinine and the pyridine
heterocycle. While the latter is a regular hexagon, the phosphinine core is signiﬁcantly distorted owing to the longer PC
bonds compared with the CC or NC bonds. In compound 7,
the following bond lengths (in ¡) were observed: P(1)C(1):
1.744(2), C(1)C(2): 1.394(3), C(2)C(3): 1.405(3), C(1)C(6):
1.473(3), N(1)C(6): 1.356(2). There is no bond alternation
between the CC and the PC bond lengths, which indicates
delocalization of the π system and the presence of an aromatic
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(a)

(b)

Figure 7. Molecular structure of 7 in the crystal.

Figure 9. (a) Molecular structure of 9 in the crystal. (b)
Possible mesomeric structures for 9.

Figure 8. Molecular structure of 8 in the crystal.
system. The internal CPC angle of approximately 100° is
signiﬁcantly smaller than the CNC angle in pyridine (117°).
This phenomenon is attributed mainly to the poor ability of
phosphorus orbitals to hybridize, as well as to the lengthening of
the heteroatomcarbon bond.
2.1.2 Oxidation Reactions: Higher substituted phosphinines are rather stable to air. The 2,4,6-triphenylphosphinineoxide has been detected, but turned out to be too reactive and
could not be isolated.29 Oxidation of 2,4,6-triphenylphosphinine
(1) with H2O2 leads to the formation of 2-hydrophosphinic acid
after initial formation of a λ5-phosphinine-oxide hydrate.29
Oxidation of 1 with HgCl2 in the presence of alcohols leads to
fairly stable and highly ﬂuorescent λ5-phosphinines.30 In contrast with many P(III) 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.26 DFT calculations have shown that the sulfur
lone pairs in these sulﬁdes are strongly stabilized by the two
σ*(PC) 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 2-(2¤-pyridyl)-4,6-diphenylphosphinine (5) is converted
rapidly within one day with a slight excess of sulfur at T = 90 °C
to the corresponding phosphinine-sulﬁde 8 (Figure 8).28 This
reactivity can be attributed to the fact that nucleophiles such as
pyridine facilitate ring-opening of the S8 molecule and enhance
their reactivity. The molecular structure of 8 in the crystal is
shown in Figure 8, and conﬁrms the presence of the phosphinine-sulﬁde. The length of the PS bond is 1.927 ¡, which is
somewhat shorter than that found for S=PPh3 (1.952 ¡).31 This
suggests that the sulfur atom lone pairs interact with the σ* and
1394 | Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

π* systems of the phosphinine nucleus. Notably, the sum of
the angles at the phosphorus atom is 359.68°, showing that
the phosphorus atom is perfectly planar. In compound 8, the
following bond lengths (in ¡) were observed: C(1)C(2): 1.387,
C(2)C(3): 1.394, C(5)C(18): 1.489. These values are very
similar to those of compound 7, while the P(1)C(1) bond length
of 1.724 ¡ is slightly shorter than that in 7. Accordingly, the
C(1)P(1)C(5) angle of 107.59° is signiﬁcantly larger than the
corresponding angle in 7. These geometrical diﬀerences suggest
that the phosphorus atom has undergone a rehybridization upon
oxidation with sulfur.
Oxidation of the phosphorus atom with sulfur is known to
increase the reactivity of phosphinines in DielsAlder reactions,
which was conﬁrmed both experimentally and by theoretical
calculations.32 Consequently, it is anticipated that the P=C
double bond in the phosphinine-sulﬁde 8 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, for example. This is indeed the case,
and the molecular structure in the crystal of the reaction product
is shown in Figure 9a.28 The crystallographic characterization
of 9 revealed that the phosphorus heterocycle and the nitrogen
heterocycle are nearly coplanar, in contrast to compound 8,
with a C(5)C(6) bond length of only 1.433 ¡. This value is
signiﬁcantly smaller than that found for 8 (1.489 ¡). To describe
this species, two mesomeric forms can thus be formulated: a
nonaromatic but delocalized and conjugated system (A), and a
zwitterionic aromatic system (B) (Figure 9b).
2.1.3 Selective [4 + 2]-Cycloaddition Reactions: In
general, the DielsAlder 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 Rhcatalyzed hydroformylation reactions.25 As a matter of fact, the
addition of benzyne, generated in situ from ortho-bromoﬂuorobenzene and magnesium, to phosphinines furnishes phosphabarrelenes in fair yields as air-stable, colorless to yellow
crystalline compounds. On the other hand, 2,4,6-triphenylphos-
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Scheme 4.
Scheme 3. DielsAlder reaction of 5 with hexaﬂuoro-2butyne.

(a)

(b)

Figure 11. Molecular structure of 11¤ in the crystal (a) and side
view of the anionic part (b).
Figure 10. Molecular structure of 10 in the crystal and the
corresponding 31P{1H} NMR spectrum.
phinine (1) reacts neither with diethyl acetylenedicarboxylate
nor with maleic anhydride. With tetracyanoethylene, only a
charge-transfer band at  = 450 nm is observed.33 However,
the highly reactive dienophile hexaﬂuoro-2-butyne reacts with
2,4,6-triaryl- or 2,4,6-trialkyl-substituted phosphinines even at
T = 100 °C to ﬂuorine-substituted 1-phospha[2.2.2]octa-2,5,7trienes.34
So far, phosphabarrelenes of P,N-hybrid ligands have
remained unknown. In fact, it was shown that the pyridylfunctionalized phosphinine 5 cannot be transformed into the
corresponding pyridyl-functionalized phosphabarrelene with
in situ-generated benzyne. Nevertheless, it turned out that
hexaﬂuoro-2-butyne indeed reacts cleanly to the ﬂuorinesubstituted phosphabarrelene 10 (Scheme 3).35
Figure 10 depicts the crystallographic characterization of
10 along with the corresponding 31P{1H} NMR spectrum,
conﬁrming that the cycloaddition of the alkyne occurs exclusively in the 1,4-position. The structural analysis revealed a
strong pyramidalization at the phosphorus atom (¾(CPC) =
281.45°), which reﬂects a more pronounced s character of the
phosphorus lone pair compared with the situation in PPh3 (PPh3:
¾(CPC) = 308.8°).36 Compound 10 is the ﬁrst example of a
pyridyl-functionalized phosphabarrelene.
2.1.4 Selective Alkylations: Strong nucleophiles such
as RMgX or RLi reagents attack the phosphorus atom in
phosphinines to form (1R)-phosphahexadienyl anions.24 As
expected, 5 can be converted easily into the corresponding
λ4σ3-phosphinine species 11 by reaction with stoichiometric
amounts of PhLi in THF at T = ¹78 °C (Scheme 4).37 A large
chemical shift is observed by 31P{1H} NMR spectroscopy on
going from the neutral phosphinine (¤ = 187.4 ppm) to the
anionic form (¤ = ¹58.6 ppm). This indicates that the aromaticity in the ring has been disrupted substantially owing to the
Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

presence of a rather basic phosphorus center with a formal sp3
hybridization (PMe3: 31P{1H} NMR, ¤ = ¹60 ppm).
By making use of a cryptand during the course of the
reaction, it was possible to crystallize the Li salt 11¤, and the
presence of the anionic λ4σ3-phosphinine species was conﬁrmed
crystallographically (Figure 11). The molecular structure of 11¤
shows the cryptand-separated ion pair, while the phosphorus
atom is strongly pyramidalized and points out of the plane
deﬁned by the ﬁve carbon atoms of the heterocycle (¾(CPC) =
304.7°; PPh3: ¾(CPC) = 308.8°).
The nucleophilic attack of the organolithium reagent should,
in principle, lead to two diﬀerent stereoisomers. However, it is
interesting to note that we found only one sharp signal in the
31 1
P{ H} NMR spectra of the (1R)-phosphahexadienyl salts 11
and 11¤, even when recording the spectra at T = ¹70 °C.
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.
2.1.5 Selective Functionalization:
With respect to
potential applications, the question of whether not only the
steric but also the electronic properties of phosphinines can be
modiﬁed successively has long been under discussion. From the
MO diagram of phosphinines, for example, it is not obvious why
potentially π-donor properties of σ-coordinated phosphinines
have neither been considered nor discussed in the literature
(Figure 4). In particular, because the HOMO is rather high in
energy, this situation should have a signiﬁcant eﬀect on the
nature of the metalphosphorus bond. On the other hand, a
systematic investigation of the inﬂuence of substituents on
the electronic properties of phosphinines has so far remained
elusive, mainly for synthetic reasons. The P,N-hybrid ligand 5
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
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Scheme 5. Synthesis of functionalized pyridylphosphinines.

Scheme 6. Photochemical synthesis of tungsten complexes
19a19d.

Figure 13. Time-dependent 31P{1H} NMR spectroscopy for
the photochemical conversion of phosphinine 15 with
[W(CO)6].

Figure 12. Molecular structure of pyrylium salt 14 in the
crystal.
modular synthetic route toward 5 (Scheme 1) 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 5 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 p-substituted benzaldehydes, the corresponding
pyrylium salts and phosphinines 1517 could indeed be prepared
(Scheme 5).38
The molecular structure of the pyrylium salt 14 is shown
in Figure 12. For the analysis of the electronic structure of
phosphinines 5 and 1517, see Section 2.1.6.
2.1.6 Coordination Chemistry: 2.1.6.1 Coordination to M(0) Fragments; The P,N-hybrid ligands 5 and
1517 can be transformed easily into the corresponding
[(P^N)W(CO4)] complexes under thermal conditions, starting
from [W(CO)6]. Additionally, the coordination compounds can
be obtained quantitatively through the reaction of equimolar
amounts of the ligand and [W(CO)6] in THF and under
irradiation with UV light (Scheme 6).38
The photochemical reaction can be monitored by means of
31 1
P{ H} NMR spectroscopy; the course of the reaction is
depicted for the ﬂuorine-substituted P,N-ligand 15 in Figure 13.
Interestingly, an intermediate with W satellites (1JPW = 275 Hz)
is observed at ¤ = 160.8 ppm upon consumption of the ligand,
while the ﬁnal complex 19b is formed almost quantitatively after
10 h (¤ = 201.0 ppm, 1JPW = 278 Hz). The observed intermediate is probably the mono-P-coordinated pentacarbonyl species
[N∩PW(CO)5] (18b).16,39
1396 | Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

Figure 14. Molecular structure of 19b in the crystal and
geometrical arrangement of the two heterocycles.
The molecular structure of 19b in the crystal shows a
distorted octahedral coordination geometry around the W center
with the P,N-hybrid ligand acting as a bidentate chelate. As
observed before in related transition-metal complexes of the
unsubstituted P,N-ligand 5, the metal center is not located in
the ideal axis of the phosphorus lone pair and is clearly shifted
toward the nitrogen atom (Figure 14).15
Coordination compounds 19a19d were further investigated
by means of IR spectroscopy. Interestingly, the electronic
properties of such pyridyl-substituted 2,4,6-triarylphosphinine
derivatives can indeed be modulated systematically and rather
eﬃciently by introducing substituents into speciﬁc positions of
the heterocyclic framework. In agreement with the calculations,
the π-acceptor capacity of the phosphinine increased upon
introduction of electron-withdrawing groups (F, CF3) in the para
position of the heterocyclic framework (Figure 15). Moreover,
the π-donor properties of the phosphinine increased as well
when CH3 or CH3S substituents were incorporated in the para
position. It was found that the HOMO especially is much higher
in energy than the one in the reference compound. It is
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Figure 16. Molecular structure of 20 in the crystal.
Figure 15. Energy level of the frontier orbitals of 5, 1517 and
the corresponding CH3-derivative.

Figure 17. Systematic variation of phosphinine-based metal
complexes for the photochemical reduction of CO2 to CO.
19a

Scheme 7. Competition experiment between 5 and 6.
anticipated that the rather strong +M eﬀect of the CH3S group
causes a conjugative interaction through the HOMO. Furthermore, evidence was found that the HOMO and HOMO¹1 of π
symmetry play a signiﬁcant role in determining the properties of
metal complexes containing σ-coordinated phosphinine ligands,
but this has so far been neglected for this class of compounds.
This particular electronic situation is caused by the special shape
and orientation of the LUMO and HOMO of the phosphinine
ligand, and is unique in comparison with other π donors.38
For further investigation of the electronic diﬀerences
between the P,N-hybrid ligands and their bipyridine analogues,
2-(2¤-pyridyl)-4,6-diphenylphosphinine (5) was treated in a
competition experiment with one equivalent of the tungsten
complex [W(CO)4(6)] in toluene (Scheme 7).
At room temperature, only the free phosphinine ligand 5
is detectable by 31P{1H} NMR spectroscopy. Upon heating to
T = 120 °C, however, almost quantitative formation of the
tungsten complex [W(CO)4(5)] (19a) and one equivalent of
the bipyridine derivative 6 is achieved already after t = 1.5 h.
This result indicates that the π-accepting phosphinine ligand,
rather than the bipyridine ligand, coordinates preferentially to a
transition-metal center in a low oxidation state.
2.1.6.2 Coordination to M(I) Fragments; The P,Nhybrid ligand 5 not only allows access to neutral W(0)
complexes, but also to neutral Re(I) and cationic Rh(I) species.40
The complex [ReIBr(CO)3(5)] (20), shown in Figure 16, resembles the corresponding bipyridine-based Re(I) complexes of the
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type [ReI(bpy)X(CO)3] (X = halide), which have been used by
Lehn et al. for the photochemical reduction of CO2 to CO.41
As a matter of fact, the development of photocatalytic
systems for the eﬃcient conversion of solar energy into
chemical fuels has become a tremendously challenging research
area in chemistry. The nature of the photosensitizer to perform
the initial step of light absorption is of fundamental importance.
Homogeneous systems based on Re(I) complexes still suﬀer
from relatively low eﬃciencies, and low turnover frequencies
and stabilities. In this respect, compound 20 could be a starting
point for a detailed investigation of the photocatalytic applicability of phosphinine-based coordination compounds, because an enhancement of excited-state lifetimes due to the πacceptor properties of phosphinine-based ligands is anticipated
(Figure 17).
2.1.6.3 Coordination to M(II) Fragments;
Most
importantly, investigations of the coordination chemistry of 5
showed that the P,N-hybrid ligand also allowed access to
coordination compounds with metal centers in medium to high
oxidation states for the ﬁrst time. Thus, the complexes
[PdIICl2(5)] (21), [PtIICl2(5)] (22), and [RuIICp*Cl(5)] (23)
could be prepared, and represent examples of the very few
crystallographically characterized M(II) complexes of phosphinines reported in the literature to date (Figure 18).42
For the C(1)P(1)C(5) angle, a value of 108.0(2)° was
found in the platinum complex 22. Despite the fact that the large
opening of the CPC angle reﬂects a signiﬁcant disruption of
the aromaticity and consequently a high reactivity of the P=C
double bond, both 21 and 22 seem to be considerably more
stable than the NIPHOS-containing Pd(II) and Pt(II) complexes
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Figure 18. Schematic structure of coordination compounds
2124.
Figure 20. Molecular structure of the Ir(III)-complex 26 in the
crystal.

Figure 19. Molecular structure of 24 in the crystal.
described by Venanzi et al., as they can be isolated easily and do
not show any particular degradation upon manipulation.42,43 It is
assumed that the additional phenyl substituents in the α-position
of the heterocyclic framework might indeed contribute to a
kinetic stabilization of the metal complex, as the P=C double
bond is sterically more protected for addition reactions. This is
an important contribution to the chemistry of phosphinines, as
this aspect is relevant for further applications of 2,4,6-triarylphosphinines since such novel coordination compounds are now
synthetically accessible for the ﬁrst time.
Figure 19 shows the molecular structure of the Ru(II)
complex [RuCl2(5)(dmso)2] (24), containing one chelating
P,N-hybrid ligand. Coordination compound 24 is the starting
material for the preparation of Ru(II) complexes containing
more than one P,N ligand, such as [Ru(5)2(NCS)2].40 This
coordination compound would be the ﬁrst phosphorus derivative
of the bipyridine-based dye-sensitizer [Ru(bpy¤)2(NCS)2] (bpy¤:
substituted bipyridine), used in solar cell devices. The preparation of [Ru(5)3]2+ would ultimately lead to the ﬁrst phosphorus
derivative of the well-studied complex [Ru(bpy)3]2+ used in
many functional molecular materials.
2.1.6.4 Coordination to Neutral and Cationic
M(III) Fragments; The cationic Rh(III) (25) and Ir(III) (26)
complexes are the ﬁrst examples of phosphinineM(III) species.
They can be prepared and isolated easily starting from the
corresponding [MCp*Cl2]2 metal precursors and the P,N-hybrid
ligand.44 Both the chelate eﬀect of the bidentate ligand and
the aryl groups in the 2- and 6-positions of the heterocyclic
framework are anticipated to contribute signiﬁcantly to the
formation and stabilization of such complexes. These results
demonstrate that the bidentate P,N-hybrid ligand has allowed
access to novel cationic Rh(III) and Ir(III) complexes for the ﬁrst
time, broadening signiﬁcantly the scope of low-coordinate
aromatic phosphorus heterocycles for potential applications.
The molecular structure of 26 is depicted in Figure 20; the
corresponding Rh(III) complex 25 is isostructural.
1398 | Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

Figure 21. Molecular structure of the Ir(III)-complex 28 in the
crystal.
Interestingly, the reaction of 25 and 26 with water proceeds
quantitatively and leads exclusively to the single products 27
(Rh) and 28 (Ir), which have been characterized crystallographically (Figure 21).44 The molecular structures of 27 and 28
in the crystal show unambiguously that the H2O molecule has
been added selectively 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 occurs
between the OH group and the Cl¹ counter anion. The
regioselective addition of water exclusively to the P(1)=C(1)
double bond is attributed to the somewhat higher nucleophilicity
of C(1) owing to the electron-withdrawing character of the
pyridine ring connected to C(5), leading to the 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,
and further investigations are required.
It was further demonstrated that coordination compounds 27
and 28 can be deprotonated at the OH functionality with NEt3
under elimination of HCl to form zwitterionic species of the type
[MCp*Cl(5H¢O)] (29, Rh; 30, Ir), as conﬁrmed crystallographically (Figure 22 and Scheme 8). By using diﬀerent bases, the
pKa value of the POH group in this species could be estimated
(pKa = 5.25).45
In the case of the Rh(III) species 29, subsequent tautomerization via a [1,3]-H shift occurs, and the λ5σ4-complex
[RhCp*Cl(5¢OH)] (31) is formed exclusively (Scheme 8 and
Figure 23). This transformation of λ3-phosphinine-based complexes into λ5-phosphinine(OH) complexes in the coordination
environment of transition metals is a new, elegant, and general
route to such coordination compounds. While bipyridine
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Figure 22. Molecular structure of the Ir(III)-complex 30 in the
crystal.
Scheme 9. Synthesis of phosphorus derivatives of 4,4¤-bipyridine.

- HNEt3CI

Scheme 8. Deprotonation experiments starting with Rh(III)
complex 27.

Figure 24. Molecular structure of the pyrylium salt 32 in the
crystal.
Figure 23. Molecular structure of the Rh(III)-complex 31 in
the crystal.
complexes of the type [Rh(bpy)Cp*Cl]Cl ﬁnd application in the
oxidation of H2O, it also appears attractive to investigate further
the application of such cationic and neutral transition-metal
complexes in catalytic reactions.12h
2.2 Phosphorus Derivatives of 4,4′-Bipyridine. The
modular synthetic route of phosphinines via the pyrylium-salt
route is not restricted to phosphorus derivatives of 2,2¤bipyridine. As a matter of fact, the phosphorus derivative of
4,4¤-bipyridine, compound 33, is also accessible starting from
4-pyridinecarbaldehyde (Scheme 9).46
The pyrylium-salt precursor 32 could be characterized
crystallographically (Figure 24).
The molecular structure of 32 in the crystal reveals that the
nitrogen atom is protonated because of the synthetic procedure
used. Two methanol molecules form hydrogen bonds to the
corresponding counter anion. The phosphorus derivative of 4,4¤bipyridine is particularly interesting as it can bind through the
“hard” and “soft” donor atom selectively to diﬀerent metal
Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

Figure 25. Heterobimetallic complexes with P,N-hybrid ligand 33.
centers, forming potentially heteronuclear complexes, as shown
schematically in Figure 25.
2.3 Phosphorus Derivatives of Terpyridine.
The
modular approach for the synthesis of 2,4,6-triarylphosphinines
has also been extended to the tridentate pyridyl-bridged
diphosphinine 34, starting from commercially available 2,6diacetylpyridine (Scheme 10).47
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-accepting PNP pincer
ligands. Structural information on discrete terpyridineCuIX
complexes (X = halide) have not been reported to date in the
literature, although these species have been postulated in atom-
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Scheme 10. Synthesis of a phosphorus derivative of terpyridine.

Scheme 11. Synthesis of the phosphorus derivative of terpyridine 36.

Figure 27. Bimetallic complexes based on ligand 36.
Figure 26. Molecular structure of 35 in the crystal.
transfer radical polymerization reactions. The only structurally
characterized [CuI(tpy)] complexes are cationic complexes
containing either an extremely bulky terpyridine derivative,
which induces a strongly perturbed, almost square-planer Cu(I)
coordination geometry, or an additional PPh3 ligand leading to a
trigonal-bipyramidal Cu(I) coordination geometry. Interestingly,
and in contrast to its terpyridine analogue, facile coordination of
33 toward a neutral Cu(I) center was observed. The corresponding CuIBr complex 35 was characterized crystallographically,
and the molecular structure is depicted in Figure 26.
The ligand coordinates in a κ3(P,N,P) fashion to the metal
center, while the fourth coordination site of the Cu center is
occupied by the Br¹ anion. The tetrahedral environment of Cu(I)
further enforces a noncoplanarity of the three heterocycles,
leading to interplanar angles for the P-heterocycles and the
N-heterocycle between 25.5(2) and 31.4(2)°. A remarkable
feature of the “Butterﬂy” structure is the unusual nondirectional
coordination mode of the two phosphinine ligands, which
ultimately allows coordination of the ligand to a metal with
distorted tetrahedral geometry: the metal atom is no longer
located in the ideal axis of the phosphorus lone pairs. Instead,
the CuP vectors deviate signiﬁcantly from the plane deﬁned by
the heterocyclic rings by 28.20(15) to 33.06(14)°. The CuN
vectors form angles of 8.28(18) and 9.8(2)° with the corresponding pyridine planes, and thus, are approximately coplanar.
Additionally, the Cu atom is clearly shifted toward the nitrogen
atom, resulting in CuN distances of 2.101(3) and 2.079(3) ¡,
while the CuP distances are in the range 2.2522(13)
2.2757(12) ¡. This coordination behavior is probably due to
the pronounced spherical character of the phosphorus lone pair
in phosphinines and the particular shape of the LUMO, HOMO,
and HOMO¹1, which are responsible for π back donation and
π-donor contributions, respectively. The resulting electronic
situation apparently permits coordination to the Cu(I) center,
resulting in the unusual coordination geometry observed. Owing
1400 | Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

to the presence of electronically rather inequivalent donor atoms,
it is anticipated that this novel ligand will represent a new class
of π-accepting PNP-pincer systems. This is expected to lead to
transition-metal complexes with new properties and applications, especially in homogeneous catalysis and as optoelectronic
devices, in the near future.
The phosphorus derivative of terpyridine with the inverse
donor combination N,P,N has so far remained elusive. However,
the synthesis of this neutral N,P,N pincer ligand 36, starting from
2-actylpyridine, has recently been achieved for the ﬁrst time.
Compound 36 has so far been characterized by means of NMR
spectroscopy and mass spectrometry (Scheme 11).46
Ligand 36 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 phospholes (Figure 27).48

3. Pyridyl-functionalized 3H-1,2,3,4-Triazaphospholes
Inspired by this recent successful approach, a program to
transfer these results on chelating P,N-hybrid ligands to other
classes of low-coordinate phosphorus compounds has been
initiated. In this context, derivatives of the so-called 3H-1,2,3,4triazaphospholes (Figures 1 and 2) were anticipated to be
suitable candidates, as they can generally be prepared in a
modular and selective “click reaction” starting from azides and
phosphaalkynes.4 Interestingly, while the analogous donorfunctionalized all-nitrogen-containing triazoles have been investigated intensively in coordination chemistry during the last
decade,49 the synthesis and coordination chemistry of donorfunctionalized, chelating 3H-1,2,3,4-triazaphosphole derivatives
remains practically unknown.50 Only one example has so
far been characterized crystallographically, where a tripodal
tris(triazaphosphole) acts as a tridentate ligand with P-coordination toward a Pt(0) center, as reported by Jones et al.51
On the basis of these ﬁndings, the preparation of the
pyridyl-functionalized, chelating triazaphospholes 37 and 38
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Scheme 12. Synthesis of pyridyl-substituted triazaphospholes
37 and 38.
was envisaged (Scheme 12). Owing to the presence of both
phosphorus and nitrogen atoms within one heterocycle, these
ambidentate ligands contain two diﬀerent potential coordination
sites. Consequently, the coordination chemistry of such systems
and the inﬂuence of additional substituents at the P=C moiety
on the stereoelectronic properties of the ligand were investigated
in detail. It was anticipated that a tBu group in the 5-position of
the triazaphosphole moiety might be a suitable substituent, since
it clearly does not prevent η1-(P)-coordination of the ligand to
a transition-metal center. For modiﬁcation of the electronic
properties while retaining similar steric properties of the
heterocycle, the SiMe3-substituted compound was prepared as
well. It is known that silyl groups attached directly to a πelectron system show relatively strong electron-withdrawing
eﬀects due to inverse hyperconjugation. On the other hand, the
“click reaction” between an azide and the required trimethylsilylphosphaethyne has not been shown before. It turned out,
however, that the reaction between equimolar amounts of the
azide and tert-butylphosphaethyne proceeds without any problem. Interestingly, the reaction of trimethylsilylphosphaethyne
with 2-(azidomethyl)pyridine also proceeded straightforwardly,
leading for the ﬁrst time to a TMS-substituted triazaphosphole
derivative via this synthetic pathway.52
As the phosphinine-based P,N ligand 5 undergoes a facile
reaction with [Re(CO)5Br] under formation of the complex 20,
the coordination chemistry of 37 and 38 toward Re(I) was
investigated accordingly, and complex [Re(CO)3Br(37)] (39)
could be characterized crystallographically. The molecular
structure of 39 in the crystal is shown in Figure 28, revealing
that the chelating ligand 37 coordinates to the Re(I) center via
the nitrogen atom N(2) of the triazaphosphole moiety, rather
than via the phosphorus atom. Interestingly, the coordination of
the least nucleophilic nitrogen atom N(2) to a metal center has
not been observed for triazaphospholes before, and is apparently
enforced by the chelating eﬀect. It was further demonstrated
for the ﬁrst time that the extra phosphorus atom provides
the possibility of preparing heterobimetallic complexes by the
additional coordination of the phosphorus atom to a second
metal fragment (Figure 29).
In contrast to the pyridyl-functionalized phosphinine 5
(Figure 2), however, the triazaphospholes 37 and 38 lack
conjugation owing to the presence of a bridging CH2 spacer.
On the other hand, coordination compounds containing chelating N^N ligands, such as 2,2¤-bipyridine (bpy) or phenanthroline
(phen), have been exploited widely as functional components in
electronic and luminescent materials, as well as photocatalysts
for the reduction of CO2 (vide supra). The reaction toward
pyridyl-functionalized 1,2,3-triazoles starting from 2-azidopyridine is, however, not straightforward, because this azide exists
in an equilibrium between the closed form (tetrazole) and the
open form (azide). Interestingly, the reaction of pyridotetrazole
Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

Figure 28. Molecular structure of the Re(I) complex 39 in the
crystal.

Figure 29. Bimetallic complexes based on ligand 37 and 38.

Scheme 13. Synthesis of pyridyl-functionalized triazaphospholes 40 and 41.
with tBu-phosphaalkyne P¸CtBu turned out to proceed
smoothly and selectively toward the desired product 40, and
was already completed after 2 h at T = 65 °C (Scheme 13).53
Similarly, the SiMe3-substituted triazaphosphole 41 was
formed within 1 h by reaction of the pyridotetrazole and P¸C
SiMe3 in toluene. The SiMe3 group was found to have a rather
large inﬂuence on the chemical shift of the product, as the
phosphorus resonance in the 31P{1H} NMR spectrum of compound 41 was observed at ¤ = 211.6 ppm, while compound 40
shows a resonance at ¤ = 167.5 ppm in the 31P{1H} NMR
spectrum. The pyridyl-functionalized triazaphosphole 40 could
also be characterized crystallographically, and the molecular
structure in the crystal reveals a perfectly planar arrangement of
the two heterocycles (Figure 30).
Calculations at the DFT level (B3LYP) were performed on
compound 40 to gain insight into the electronic structure of
the novel triazaphospholes; the frontier molecular orbitals are
depicted in Figure 31.
The LUMO of the low-coordinate phosphorus heterocycle
40 shows a rather large coeﬃcient of π symmetry at both the
phosphorus atom and the nitrogen atom N2, indicating signiﬁcant π-accepting properties of such systems. Interestingly, any
electronic population of the LUMO via π back bonding from an
electron-rich metal center should obviously result in a shortening of the intracyclic CC bond as a bonding interaction
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Figure 30. Molecular structure of 40 in the crystal.
Figure 32. Molecular structure of Re(I) complex 42 in the
crystal.
Br]. From the diﬀerence in chemical shift of the product
[Re(CO)3Br(40)] (42), however, it is not conclusive whether the
triazaphosphole moiety coordinates via the phosphorus lone pair
or via the nitrogen lone pair to the metal center, since σcoordinated phosphinines show similar chemical shift diﬀerences upon coordination to a metal center. From the crystallographic characterization of 42 (Figure 32), it is, however,
obvious that the chelating ligand coordinates to the Re(I) center
via the nitrogen atom N(2) of the triazaphosphole moiety, rather
than via the phosphorus atom. Interestingly, the coordination of
the least nucleophilic nitrogen atom N(2) to a metal center has
only recently been observed for the ﬁrst time for triazaphospholes, and is apparently enforced by the chelating eﬀect.
In analogy to the CH2-bridged pyridyl-functionalized
triazaphospholeRe(I) complex 39 (Figure 28), the extra phosphorus atom provides the possibility to prepare heterobimetallic
complexes by additional coordination of the phosphorus atom to
a second metal fragment.

4. Conclusion

Figure 31. Frontier molecular orbitals of the pyridyl-functionalized triazaphosphole 40.
between this particular bond is present. The π-donor properties
of the phosphorus atom and N2 in compound 40 are noticeable
from the HOMO. Moreover, a rather large coeﬃcient is present
at the nitrogen atom N1 of the heterocycle in the HOMO¹1.
Normally, this nitrogen atom in triazoles coordinates preferentially to a transition-metal center, as it is the most nucleophilic
one. However, in chelating ligands such as 40 and 41, this
nitrogen atom is not suitable for σ coordination owing to the
chelating eﬀect. Rather large coeﬃcients at the pyridine nitrogen
are noticeable in the HOMO¹2 and HOMO¹3, indicating the
σ-donor properties of the pyridine part. Very similar large
coeﬃcients at both the phosphorus atom and the nitrogen atom
N2 are further present in the energetically low-lying HOMO¹4.
If σ coordination to a transition-metal center occurs, the
energetic diﬀerence between coordination via the pyridyl
nitrogen and nitrogen N2 or via the pyridyl nitrogen and the
phosphorus atom is expected to be very small, and consequently,
both coordination modes might be possible.
The coordination chemistry of 40 was thus explored.
Equimolar amounts of the ligand were reacted with [Re(CO)51402 | Chem. Lett. 2014, 43, 1390–1404 | doi:10.1246/cl.140553

Low-coordinate phosphorus compounds have been known
for several decades, but state-of-the-art synthetic methodologies
have allowed only recently their speciﬁc derivatization and
functionalization, including the introduction of additional
donor functionalities. This is an important aspect for potential
applications, as polydentate ligands with interesting coordination and functional properties can be obtained, which are not
accessible with monodentate donors. The design and preparation
of chelating, pyridyl-functionalized phosphinines via the original pyrylium salt route, as well as the preparation of chelating
pyridyl-functionalized 3H-1,2,3,4-triazaphosphole derivatives
via the atom-economic “click-reaction,” have been investigated
by our group over the last few years, and the highlights are
presented in this article. In particular, the here-described 2,4,6triarylphosphinine derivatives often show considerable kinetic
stability, and are inert toward water, oxygen, and many acids
and bases, in contrast to less substituted phosphinines. In the
case of the 3H-1,2,3,4-triazaphosphole derivatives, there is
even the possibility of diﬀerent coordination modes, as well as
potential access to heterobimetallic complexes. These features
oﬀer the possibility to generate coordination compounds based
on low-coordinate phosphorus species with uncommon and
tailored properties. Nevertheless, a detailed exploration of these
unique phosphorus-containing heterocycles is still necessary and
important. Although once regarded as “laboratory curiosities,”
the history of low-coordinate phosphorus compounds demon-
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strates nicely that these ligands can still lead to unexpected
discoveries, and their further investigation remains an exciting,
challenging, and rewarding research ﬁeld.
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Muriel Hissler (Université de Rennes 1), Dr. Nicolas Mézailles
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