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PPX/PXP-type ligands (X = O and S) and their
transition metal complexes: synthesis, properties
and applications

Franziska Flecken ‘2 and Schirin Hanf (= *

Short-bite diphosphines of the form R,P-X—PR, (PXP; X = O, S; R = aryl, alkyl), incorporating an oxygen
or sulphur atom as bridging unit X, are widely underexplored compared to their N- and C-containing
PNP- and PCP-type counterparts. However, these PXP ligands undergo an interesting phosphorotropic
equilibrium with the PPX (R,P(=X)-PR;) tautomer, which opens up a very versatile coordination chem-
istry. This article covers the impact of the ligand backbone in short-bite ligands on their coordination
chemistry, reactivity and applications. Especially in PXP-type complexes, metallophillic interactions can be
induced in the case of coinage metals, which lead to fascinating photo-optical properties. Furthermore,
PPX/PXP-type complexes are believed to exhibit a promising behavior in catalysis, due to the potential
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Introduction

Bidentate diphosphines are prominent phosphorus-based
ligands in coordination chemistry, which have been widely
recognized in the past based on their flexible coordination
towards transition metals and their ability to be easily modi-
fied electronically and sterically."”” These steric and electronic
modifications can be achieved through the tuning of the resi-
dues attached to the phosphorus atoms or via the modification
of the ligand backbone, which bridges the two phosphorus
units. Major tools are hereby the adjustment of the number as
well as the nature of the bridging atoms.”™* A plethora of
ligand sets has therefore been developed in the last decades,
including ligands with larger bridging units, such as bis[(2-
diphenylphosphino)phenyl] ether (DPEphos), 2,2-bis(diphe-
nylphosphino)-1,1"-binaphthyl (BINAP) or PNP-type pincer
ligands, which are even capable of coordinating a transition
metal in a tridentate fashion. Down this road also short-bite
ligands, which only inherit one central bridging atom, such as
a CH, or a NH/NR unit, have attracted attention. Prominent
examples for such ligands are bis(diphenylphosphino)
methane (Ph,P-CH,—PPh,, dppm)® and bis(diphenylpho-
sphino)amine (Ph,P-N(H)-PPh,, dppa),>® which both have
shown to be capable of coordinating a range of transition
metals. Compared to dppm and dppa, as lead examples in the
field of short-bite ligands, oxygen- and sulphur-bridged dipho-
sphines, such as POP- (R,P-O-PR,) and PSP-based (R,P-S-

Institute for Inorganic Chemistry, Karlsruhe Institute of Technology, Engesserstr. 15,
76131 Karlsruhe, Germany. E-mail: schirin. hanf@kit.edu

This journal is © The Royal Society of Chemistry 2024

hemilability of the ligand and the therewith involved availability of free active sites for substrate binding.

PR,) ligands, are still largely underrepresented (Fig. 1). The
only review concerning such so-called inorganic backbone
phosphines appeared in 2002 by Woollins and Appleby.> To
shed more light on these interesting short-bite ligands, the
scope of this article is to highlight recent advances in the field
of POP- and PSP-based diphosphine ligands in general, their
coordination chemistry and their application in photo-optics
and catalysis.

Phosphorotropic tautomerism of PPX/PXP ligands

Similarly to related secondary phosphine oxides and sulphides
(Ph,P(=X)H; X = S, O), PPX/PXP-type ligands have been
reported to undergo an unique tautomeric equilibrium
between the PPX (R,P(=X)-PR,; X = O, S; R = aryl, alkyl) and
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Fig. 1 Representative diphosphines with larger ligand backbones (left)
and candidates with a central monoatomic bridge (right). As members of
the group of short-bite diphosphines, dppm and dppa have widely been
investigated, whereas their POP- and PSP-based analogues have been
largely overlooked.
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the PXP (R,P-X-PRy; X = O, S; R = aryl, alkyl) tautomer. In the
PXP tautomer both P atoms are assumed to have a formal oxi-
dation state of +III. This changes upon shift of the equilibrium
resulting in a +IV state of the P(=X) and a +II state of the P
atom within the PPh, fragment (Fig. 2). This equilibrium, also
known as phosphorotropic tautomerism, strongly relies on the
heteroatom incorporated in the ligand backbone and on the
steric and electronic properties of the rests attached to the
phosphorus atoms.””** If various phosphorus residues are
present (R,P(=X)-PR';; R # R’), different forms of the PPX tau-
tomer can be observed through rearrangement processes,
whereas the number of possible tautomers decreases if all resi-
dues are identical (Fig. 2)."°

The nature of the residues on the P atoms determines, if
predominantly one tautomer or a tautomer mixture is present.
The nature of the substituents also influences the extent to
which this equilibrium can be affected by the reaction con-
ditions, such as temperature, storage time, or the presence of
additives."® In general, electron withdrawing groups (EWG)
attached to the P atoms stabilise the PXP tautomer, while elec-
tron donating groups favour a shift of the equilibrium towards
the PPX side.>"" Since the introduction of EWG’s as P substitu-
ents lowers the nucleophilicity of the phosphorus atoms, a
comparably higher nucleophilicity can be ascribed to the X
atom, which then ultimately results in the formation of the
PXP tautomer.”'" Hereby a smaller effect of EWG’s on the
equilibrium is found for sulphur-bridged ligands compared to
the oxygen-based analogues." This finding can be rationalised
by DFT (density functional theory) calculations, carried out by
Ogawa and coworkers,'> who have shown that the HOMO
(highest occupied molecular orbital) is primarily localised on
the PPS moiety, with minor contributions from the phos-
phorus substituents. In contrast, for the PPO counterpart, the
HOMO is distributed across the entire ligand molecule. These
findings not only suggest that the phosphorus substituents
have a stronger influence on the phosphorotropic tautomerism
in PPO than in PPS ligands, but also indicate that PPS ligands
are more reactive than their PPO counterparts. Beyond the
electronic modulation of the phosphorotropic tautomerism,

Tautomeric equilibrium
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Fig. 2 Phosphorotropic tautomerism of the PXP/PPX ligand with the
oxidation states of the phosphorus atoms given in red. With sterically
more demanding or electron withdrawing substituents on the phos-
phorus atoms, the PXP-based tautomer is favoured, whereas in the case
of sterically less demanding or less electron withdrawing groups the
PPX tautomer dominates.
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steric factors play a crucial role, whereby sterically demanding
groups were found to destabilise the monoxide and sulphide
PPX (X = O, S) tautomer.>"" In accordance with these require-
ments, examples of PPX-based compounds are Ph,P(=X)-
PPh,,"*™  Cy,P(=X)-PCy,"" or (EtO),P(=S)-P(OEt),,""
whereas (“Bu),P-X-P(‘Bu),,"” (CF;),P-X-P(CF;),” or Mes,P-S-
PMes, '" represent examples of the PXP tautomers (Cy = cyclo-
hexyl, EtO = ethoxy, ‘Bu = tert-butyl, Mes = mesityl, Fig. 2). In
addition to the steric and electronic modification of the substi-
tuents on the phosphorus atoms, the phosphorotropic tauto-
merism can be further influenced by metal coordination and
the formation of so-called coordination-stabilised tautomers, a
phenomenon which will be discussed later.

Interestingly, PNP-based ligands show a similar tautomer-
ism between iminodiphosphines (R,P-PR,= NR', PPN) and
diphosphonylamines (R,P-N-PR,, PNP). However, for the
majority of these compounds, the equilibrium is shifted com-
pletely to the PNP side, which represents a widely explored
ligand class, especially in terms of photo-optical*®™"® and cata-
lysis-related applications.'®" For example, dppa, a classic
PNP-type ligand, only exists in the PNP tautomeric form under
ambient conditions, whereas in the oxygen- and sulphur-con-
taining analogues (PPX/PXP, X = O, S, with R = Ph) the equili-
brium shifts entirely to the PPX tautomer. In the case of PNP-
based ligands, the equilibrium is tremendously affected by the
nature of the nitrogen residue and less by phosphorus substi-
tuents, whereby only strong electron withdrawing groups, such
as CgH,(0-CF3), were shown to be capable of stabilising the
PPN tautomer.>*>? This is in contrast with short-bite POP- and
PSP-based ligands, where EWG’s shift the equilibrium strongly
to the PXP side. In most cases, the PPN tautomer is highly
unstable, resulting in P-P bond cleavage in presence of small
molecules, such as methanol, H,0, and water, or in an equili-
brium shift to the PNP tautomer.”” Interestingly, some PNP
compounds can convert to the PPN form reversibly through
protonation/deprotonation mechanisms. Again, this conver-
sion is strongly influenced by the nitrogen residue and
requires a proton acceptor within this residue.*® PCP ligands
do not show such a tautomeric behaviour.

Synthesis of PPX/PXP ligands

The synthesis of R,P(=X)-PR,/R,P-X-PR, (X = O, S) com-
pounds dates back to the 1960s. The procedures for synthesis-
ing these ligands often depend on the nature of the phos-
phorus substituents, which can include (fluorinated) alkyl,
aryl, OR, or NR, groups. Compared to the formation of monox-
ide species, which are frequently obtained from side reactions
or degradation products,®*® the isolation of comparable
sulphur analogues is less often described. Whereas most of
the synthetic approaches are solely applicable for PPO/POP- or
PPS/PSP-type compounds, method 4 and 6 can be utilised for
both the oxygen- and sulphur-based short-bite ligands.

As shown in reaction (1) in Fig. 2, degradation reactions
starting from PNP-based ligands, can lead to the formation of
PPO/POP compounds through a hydrolytic cleavage of the P-N
bond. However, the exact mechanism of these degradation

This journal is © The Royal Society of Chemistry 2024
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reactions remains unknown and several potential pathways
have been described in the literature. Some reports suggest the
hydrolytic P-N bond cleavage of the coordinated PNP ligand
and a subsequent recombination of the two phosphorus
units.>® In other studies mechanisms are proposed, which
include an initial equilibrium shift from the PNP to the PPN
tautomer, followed by the P=N bond cleavage. In both cases,
an amine results as side product.”® Besides P-N bond clea-
vages, esters, such as Ph,P-O-C(=O)R (R Ph*° or
CH=CH,)*" were shown to be susceptible towards rearrange-
ment reactions, yielding PPO and R-C(O)OC(O)R (Fig. 3, reac-
tion (2)). Additionally, radical-based reactions have been
reported. For example, Ogawa and coworkers described the
reaction of Ph,P(=O0)" radicals with (Ph,P), to form PPO
(Fig. 3, reaction (3)).>* PPO/POP- and PPS/PSP-type compounds
can also be synthesised via the conversion of R,PCl with R,P
(X)H,'***33 R,PXR’ (R' = H, R, Na, K),>*7® Na,s,"" Li,S,*
R;SiONa,*” H,0,?*?° oxidation of R,P-PR, *° or the reaction of
R,PHal (Hal = I or Cl) with Ag,CO; (Fig. 3, reactions (4)-
(9)).*"** 1t should be mentioned that reactions with water are
usually observed as side reactions caused by trace amounts of
water, as experiments involving R,PCl compounds are typically
conducted under an inert gas atmosphere. As mentioned
before, depending on the nature of the residues on the phos-
phorus atoms, either the PXP, the PPX or a mixture of both
tautomers is formed.

Reactivity of PPX/PXP ligands

It is evident that the different tautomers (PPX/PXP; X = O, S)
show different reactivities, as indicated by their distinct phos-
phorus oxidation states. The fundamental reactions of PPX
compounds, which were reported before 2002, were already
summarised by Appelby and Wollins.> The majority of
described reactions is based on the cleavage of the P-P bond,
for example via acid hydrolysis forming R,POH and R,PCI>*
or the electrophilic attack of methyl bromide at the P(u), which
causes the formation of Ph,PMe and Ph,P(=0)Br.*’> Notably,
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Fig. 3 Various synthetic strategies for the formation of PPX/PXP-type
ligands. R = (fluorinated) alkyl, aryl, OR, or NR,.
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the acidic hydrolysis was reported to be reversible through
addition of trifluoro acetic acid in trifluoroacetic anhydride, if
the POP ligand was chelating a metal ion.®

In the last years, Ogawa et al. extended the investigation of
the reactivity of PPX compounds and explored, for example,
the reversible P-P bond cleavage in presence of a radical
starter or UV light. The highly active Ph,P(X)" radical is capable
of attacking unsaturated C-C bonds forming a carbon-based
radical, which again can react with PPO liberating a new Ph,P
(X)' radical.** Hereby, the presence of oxygen or sulphur is fun-
damental for this type of reactivity, since with Ph,PPPh,,
similar reactions have not been observed. The reactivity of PPS
is thereby much higher than for PPO. In the context of photo-
catalysis, Takano et al. investigated the photocatalytic ethylene
insertion into the P-P bond of PPO and subsequent sulphur-
oxidation of the unoxidized P atom.*” Beyond the photo-
induced activation of the P-P bond, Yang et al. have reported
the activation of C-F bonds and simultaneous phosphoryl-
ation by converting aryl fluorides with PPO in presence of a
base and [Ni(COD),] (COD = 1,5-cyclooctadiene) at elevated
temperatures.’® The reactivity is initiated through the P-P
bond cleavage of PPO. The application of PPO as a phosphorus
source has also been attempted by the group of Ogawa in Pd-
and Rh-catalysed hydrophosphination reactions of terminal
alkynes. Hereby it has been shown that catalytic amounts of
PPO can enhance the phosphorylation of other phosphine
oxides as reagents.*”*®

At this point, it should be mentioned, that contrary to the
bridging units in dppm (CH,) and dppa (NR; R = alkyl, aryl,
H), in POP- and PSP-type ligands no further ligand backbone
modification is feasible. In PCP- and PNP-type ligands this has
proven to be an effective modification strategy, especially for
the formation of anionic ligands through deprotonation."®

PPX/PXP-based coordination compounds

A unique feature of short-bite PPX/PXP-based ligands is their
ability to adopt a variety of different coordination modes
towards transition metals, which is mainly based on their
occurrence in two different tautomeric forms (Fig. 4).

PXP coordination PPX coordination
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Fig. 4 Potential coordination modes of the PXP (left) and PPX (right)
tautomers. Additional ligands are omitted for clarity. With X = O, coordi-
nation of hard metals can be achieved, while the P and S donor sites
tend to coordinate soft metals. Heterobimetallic complexes can be
formed (bottom).
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Consequently, a wide range of metals in different oxidation
states can be coordinated. The position of the phosphorotropic
equilibrium and the resulting coordination mode are strongly
influenced by the nature of the heteroatom X, the residues of
the phosphorus atoms and the properties of the metal
(Fig. 5).4%'%3%1% In addition, the choice of metal precursor
and the presence of additional ligands also affect the coordi-
nation mode of the PPX/PXP ligands.®*%>°

The PPX tautomer features two different donor sites,
namely the phosphorus atom, which possesses the lone elec-
tron pair [P(u)], and the oxygen or sulphur atom in the ligand
backbone. The increased softness (based on the HSAB prin-
ciple) of sulphur compared to oxygen provides two donor sites
within the PPS ligand, which both coordinate preferably rather
soft metals. However, there are only two reported examples of
PPS-based Fe(0)'! and Cr(0)*° complexes, in which the coordi-
nation occurs via the P(u) atom. Contrary, oxygen presents a
hard donor site enabling the coordination of harder metals,
such as Ga(m),”* Zr(iv),>* Al(m),>® Y(m)"* and Fe(n),"* whereas
softer metals, such as Cu(1),”>** Mo(0),” Co(0),>® or Fe(0)>*™°
are coordinated through the P(u) atom of the PPO ligand. The
PPX tautomer opens the possibility for the formation of het-
erobimetallic complexes via coordination of the two different
donor sites. In this context, the combination of two different
metals can enable cooperative effects, which can lead to out-
standing properties of the bimetallic complexes in catalysis,
photo-optics or magnetism. A chelating coordination of the
P(n) and the X atom in PPX ligands® is assumed to be highly
unlikely, due to the high ring strain and has never been
reported.

The synthesis of PXP-type complexes is more complicated
compared to their PPX-type counterparts, due to the PPX tauto-
mer being often more stable under ambient conditions.
Therefore, initially several PXP-type complexes were only iso-
lated as by-products, resulting from degradation reactions of
other phosphine ligands.?***®" However, recently PXP-based
complexes, such as molybdenum, copper or gold complexes,
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Fig. 5 Selected examples of PXP- and PPX-based coordination
compounds.*#9!1% Hard metals result in oxygen coordination and soft
metals in phosphorus coordination. An equilibrium shift of the PPX to
the PXP tautomer can occur, which results in the formation of coordi-
nation-stabilised tautomers, such as seen with the dinuclear copper
complex and the mononuclear Ru- and Cr-based chelate complexes.
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have been obtained from the direct reaction of metal precur-
sors with the PPX/PXP-type ligand. This has proven to be a suc-
cessful strategy, independent of whether the free ligand is
present as PXP or PPX tautomer.®'* PXP-based complexes,
resulting from ligands, which are usually present as PPX tauto-
mers under ambient conditions, are referred to as coordi-
nation-stabilised tautomers.

In PXP-type complexes, the ligand can either adopt a chelat-
ing or bridging coordination mode of one or two metals,
respectively. The formation of dinuclear complexes, where the
PXP ligand acts as a bridging ligand, often occurs to avoid the
high strain associated with the four-membered P-X-P-M ring
in chelate-type metal complexes.® Similar observations have
been reported for PCP-type ligands, where dppm as ligand
forms majorly dinuclear complexes, while ligands with a
higher number of carbon atoms in the backbone, such as in
bis(diphenylphosphino)ethane (dppe), act as chelate ligands
in mononuclear complexes. For POP ligands, examples of the
bridging coordination mode include Au,'*®* Fe,** Cr,** Rh®®
or Cu complexes,>***®*%7 while for the chelating coordination
mode Cr,® Mo,*® w,° Ru®"*® and Rh’>”! complexes have been
reported. For PSP-type ligands, complexes, in which the PSP
ligand adopts a bridging coordination, have been reported for
Ag," W,”> Mn,”® Cu®® and Ni,” whereas chelate complexes have
been isolated in the case of Mo,”* Ru* and Ni.*® The bridging
coordination mode of the short-bite diphosphine ligands can
bring two metal atoms in close proximity, which is particularly
interesting if the metal-metal distance of d'® metals falls
below the sum of the van der Waals radii and therefore in the
range of metallophilic interactions.”” Such interactions can
lead to extraordinary properties, especially in the field of
photo-optics or catalytic reactions.>”® Interestingly, to the best
of our knowledge, no example is known of an isolated PXP-
type complex, in which only one phosphorus atom binds to a
metal centre, while the other phosphorus atom remains unco-
ordinated, as reported for PCP-"7"® and PNP-type*>”**° com-
plexes. Another potentially interesting compound class would
be heterobimetallic PXP-based complexes, through which two
different metal atoms would come in close proximity.
Examples of such heterobimetallic complexes stabilised by the
oxygen- or sulphur-containing PPX/PXP ligand have not been
reported yet but are expected to show outstanding catalytic
properties, in analogy to the PNP- and PCP-type counterparts,
as seen in dppa-*" and dppm-**** based bimetallic complexes.

Influence of the ligand backbone in coordination compounds

The nature of the heteroatom in the backbone of short-bite
ligands has a strong impact on the underlying coordination
chemistry, due to the size and hard-/softness of the hetero-
atom involved and the corresponding electronegativity. Since
the POP and PSP ligand (R = Ph) both do not exist in the PXP
tautomer under ambient conditions, the comparison of the
free PXP ligands is not possible. Therefore, two analogue tran-
sition metal complexes of the POP and PSP (with R = Ph)
ligands, namely [Cus(ps-Cl),(p-PXP);]"** and [Mo(CO),(PXP)]
(X = 0,% 87, are being considered to study the influence of the

This journal is © The Royal Society of Chemistry 2024
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ligand backbone in short-bite ligands on structural parameters
of the coordination compounds. These complexes can easily
be compared to the respective PCP (C = CH,, for Mo® and
Cu®) and PNP (N = H, for Mo’® and Cu®®) analogues (Fig. 6).

Firstly, [Cus(ps-Cl),(-PXP);]" complexes can give insights
into the electronic situation caused by the different ligand
backbones via *'P{'"H} NMR spectroscopy. The *'P chemical
shift correlates strongly with the electronegativity of the brid-
ging atoms, in the order of O > N > S > C, indicating the
deshielding of the phosphorus atoms.

Further, the tuning of the ligand backbone clearly impacts
the molecular structures of [Cus(p;-Cl),(1-PXP);]", as indicated
by the differences in the P-X bond lengths, as well as the P-X~
P bond angles (Table 1). The P-X bond increases in the order
of POP ~ PNP < PCP < PSP, whereby a bond elongation of 0.5 A
from POP to PSP is observed. Similar findings become obvious
for the P-X-P bond angle, which decreases in the order of POP
~ PNP > PCP > PSP. A tremendous difference of around 20° for
the P-X-P bond angles of POP and PSP can be revealed (POP >
PSP). Even the smallest P-O-P angle in reported chelate-type
complexes”® is with 95.4(11)° still significantly larger than the
reported P-S-P angles for the cationic [Cus(ps-Cl)y(p-PSP)s]"
complex. The parameters are in accordance with the general
conclusion in literature, that P-N-P angles are larger than the
ones in PCP-type ligands.?”

As discussed above, through the bridging coordination
mode of PXP-type ligands, metallophilic interactions can be
induced and the impact of PNP, PCP and POP ligands on these
interactions can be discussed in the case of dinuclear Au and
Cu complexes. Unfortunately, no analogue PSP complexes have
been reported so far. For bimetallic [Au,(p,-PXP),]Y, (Y =

Pho
ph Ph Xa‘\F])/ Ph
\P/ co ph\P/ \ [ Ph 255  3.04 3.44
% \N!O/CO Ph—\ ) Cu \x“
/[ co P el )
U—
W o 3
PH  Ph L
N\ppPh 219 258
Ph

Fig. 6 Comparison of different bridging atoms (C, N, O, S) within the
backbone of short-bite diphosphine ligands using [Mo(CO)4(PXP)] and
the cation [Cuz(ps-Cl),(u-PXP)3]* as examples. The electronegativity of
the respective element is given in black and the covalent radii [pm] is
given in grey (right). The hard/soft character of the bridging atoms are
displayed by colours: yellow: soft, green: intermediate, blue: hard.

Table 1
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ClO,™, PFs") complexes, the observed metal-metal distances
are similar for PCP- (2.9258(9)%3-3.120 A®°) and POP-based
(2.9302(7) A)" compounds, while smaller metal-metal dis-
tances have been reported for PNP-coordinated Au, complexes
(2.7944(19)°°-2.838(2)°" A, NR = 2,6-iPr,C¢Hj, Et). All these dis-
tances are below the sum of the van der Waals radii and there-
fore provide the grounds for aurophilic interactions. Looking
at the 3d coinage metal copper in [Cuy(MeCN),(1,-PXP),]Y, (Y
= PF¢~, BF,™, ClO,"), a different trend can be observed, since
PCP-type complexes (C = CH,, dppm, 3.755°%-3.7679(7)> A, n
= 4) are not capable of bringing the metals in such a close
proximity as PNP-(N = NH, dppa, 3.341(2) A)** and POP-type
(3.371(3) A)** complexes. It should be underlined that the
metals and the corresponding metal-metal distances are
strongly influenced by additional ligands present on the metal
centres. Hereby, a strong decrease of the Cu-Cu distance can
be observed with a decreasing number of coordinating MeCN
molecules. Whereas four coordinating MeCN molecules
provide Cu-Cu distances of 3.755°*-3.7679(7)°® A (PCP, dppm),
3.340 A°* (PNP, dppa) and 3.371(3) A (POP) with three coordi-
nating MeCN molecules the Cu-Cu distance is decreased and
is found to be close to the sum of the van der Waals radii
(PNP: 2.869(4) A%, POP: 2.8965(24) A). Also in the case of the
dppm complex, the Cu-Cu distance is reduced to 3.3885(7) A,
when only three coordinating MeCN molecules are being
present.”® For a POP-coordinated complex, the coordination of
only one MeCN molecule per Cu atom leads to a drop in the
Cu-Cu distance to 2.4408(23) A. This unambiguously corres-
ponds to cuprophilic interactions, which consequently facili-
tates remarkable photo-emission properties.™*

Apart from the impact of the ligand backbone on the mole-
cular structures of complexes with bridging PXP ligands, also
chelate-type complexes, as in the case of [Mo(CO),(PXP)]
(Table 2), are clearly affected by the modification of the ligand
backbone. In the chelate-type complexes, the bite angles

Table 2 Influence of the ligand backbone (PXP = POP, PSP, dppa,
dppm) in chelating coordination mode on the structural parameters
(bond lengths and distances are given in A, bond angles are given in °) in
[Mo(CQ)4(PXP)]

Mo-P bond P-X bond P-X-P  P-Mo-P
POP* 2.458(1)-2.476(1)  1.659(2)-1.667(2) 103.3(1)  63.82(3)
psp”* 2.489(2)-2.498(2)  2.131(3) 86.9(1)  72.02(7)
dppa’  2.495(2)-2.501(3)  1.684(3)-1.685(3) 106.2(2)  65.29(6)
dppm®  2.501(2)-2.535(3)  1.88(1) 95.6(4) 67.3(1)

Influence of the ligand backbone (PXP = POP, PSP, dppa, dppm) in bridging coordination mode on the structural parameters (bond lengths

and distances are given in A, bond angles are given in °) as well as on the 3!P{*H} NMR shift [ppm] in [Cus(pz-Cl),(u-PXP)s]*

Cu-P P-X Cu-Cu P-X-P 5
pOP* 2.222(2)-2.241(2) 1.642(4)-1.653(4) 2.950(1)-3.033(1) 120.9(3)-124.8(2) 101.7
pPSP*® 2.246(2)-2.257(2) 2.111(3)-2.118(3) 2.992(2)-3.046(1) 99.6(1)-101.6(1) 23.9
dppa®® 2.236(4)-2.274(3) 1.627-1.705 2.937(2)-3.040(2) 124.66-124.95 37.2
dppm® 2.248(3)-2.273(5) 1.823-1.841 3.063(3)-3.328(2) 112.1(5)-116.0(7) -14.4

This journal is © The Royal Society of Chemistry 2024
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increase in the order of POP < PNP < PCP < PSP according to
the increasing P-P bond distances. The PSP bite angle is
hereby closest to the dppe analogue with a CH,-CH, bridging
unit (80.44(8)°).”®

From the before-mentioned parameters, it can be con-
cluded that the P-X bond lengths as well as the P-X-P and P-
M-P bond angles strongly correlate with the size of the brid-
ging atom in the ligand backbone (O <N < C < S).

Tautomerism in PPX/PXP-based metal complexes

Another interesting feature, which has rather been neglected
up to now, is the tautomerism of PPX/PXP ligand-coordinated
transition metal complexes. Hereby, it came to light that in
solution, PPX- and PXP-stabilised complexes can co-exist, as
observed in the case of [Au,Cl,(j1,-POP)]."* Similar observations
were made by Wong and co-workers, who reported a thermally
initiated rearrangement of the PPO ligand (coordinated via the
P) in [M(CO)5(PPO)] (M = Cr, Mo, W) complexes to the POP tau-
tomer in [M(CO),4(p,-POP)] under the loss of one CO ligand.’

Photo-optical applications

By using diphosphines as ligands for transition metals, metal-
lophilic interactions of d'® metals can emerge through a brid-
ging coordination mode. These interactions are known to
initiate interesting photo-optical properties, such as long
luminescence lifetimes or thermochromism effects.!*”>%¢ A
drastic impact of the bridging atom in the ligand backbone of
short-bite ligands was hereby identified. Whereas dinuclear
gold and copper complexes stabilised by PCP- and PNP-type
ligands showed a bright photo-luminescence at room
temperature,””7'°® in the case of the POP-based counterparts
photo-emission can only be observed at 77 K.** To the best of
our knowledge, the photo-optical properties of dinuclear PSP-
based complexes have not yet been investigated. A similar
finding was reported for trinuclear complexes. Again, trinuc-
lear dppm-coordinated copper complexes show a bright
luminescence at room temperature, which cannot be observed
for the POP and the PSP counterparts.*>'°® However, at 77 K
POP-stabilised Cu; complexes were shown to exhibit strong
photo-optical emission with lifetimes exceeding 100 ps.
Interestingly, with PSP-type analogues, no photo-emission
could be observed at all. This outcome was attributed to the
larger size of the sulphur atom in the ligand backbone, which
causes a loss in rigidity of the PSP-containing complexes and
therewith involved a higher number of non-radiative decays.”

Potential catalytic applications

The unique dynamic tautomerism of the PXP/PPX (X = O, S)
ligand, also within transition metal complexes, might be
advantageous for the application of such metal complexes as
homogeneous catalysts. In both tautomeric forms of the
ligands, two donor sites are available, which opens the possi-
bility to act as hemilabile ligand in metal complexes. These
hemilabile properties are advantageous in catalytic appli-
cations to offer free coordination sites, which are available for
substrate binding. This finding was already reported for other
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short-bite ligands, such as PCP-type ligands, for which
superior catalytic behaviour of Ru complexes of dppm com-
pared to dppe and dppp (TOF(dppm): 51 h™" > TOF(dppe):
30 h™, TOF (dppp): 26 h™") in the conversion of ethanol to
n-butanol was attributed to a higher hemilability based on an
enhanced ring strain.’®* A similar behaviour can therefore be
expected for the oxygen and sulphur analogues. Initial studies
have already given the perspective, that free coordination sites
at the active centre can reversibly be opened up in the presence
of substrates. The vacancy can either result from de-coordi-
nation of one P(um)-atom of the PXP tautomer from the metal
centre or from the PPX/PXP-specific equilibrium shift to the
PPX form, where only one donor site coordinates the metal
centre. The latter process would describe a unique type of
hemilability.

Conclusions and outlook

In this frontier article, highlights of the underestimated PPO/
POP- and PPS/PSP-type short-bite ligands are summarised and
compared to the well-studied PCP and PNP ligands. One key
feature of these oxygen- and sulphur-bridged diphosphines is
their phosphorotropic equilibrium between the PPX and PXP
tautomer. As a result, PXP/PPX ligands (X = O, S) can adopt
various coordination modes based on the different donor sites
available in the two potential tautomers. Also, in presence of
transition metals so-called coordination-stabilised tautomers
can be formed.

The incorporation of S and O into the backbone of short-
bite ligands strongly impacts their electronic properties and
the molecular structures of corresponding transition metal
complexes. Whereas POP ligands show similar structural para-
meters as dppa, which can be attributed to similar sizes of the
oxygen and nitrogen atoms in the ligand backbone, a great
difference to PSP-type complexes is identified. The signifi-
cantly larger size of the sulphur atom results in larger bond
lengths and a higher flexibility within the backbone.
Consequently, a very acute backbone can be found in PSP-
based transition metal complexes. The effect of the increased
flexibility can also be recognized in photo-optical properties of
corresponding coinage metal complexes, since the loss in
rigidity is accompanied by a higher number of non-radiative
decays. To optimise POP- and PSP-based complexes for photo-
optical applications, further modification of the phosphorus
residues or combinations with other ligands on the metal
must be conducted to counteract non-radiative decays.

The tautomeric equilibrium of the oxygen- and sulphur-
containing short-bite ligands not only plays a role in the
free PPX/PXP (X = O, S) ligands, but also in their transition
metal complexes. Hereby, external factors can be utilised to
shift this tautomeric equilibrium of the ligand within metal
complexes, for example in the presence of other com-
pounds. This behaviour opens interesting opportunities for
catalytic applications and has to be investigated in detail as
part of future studies.

This journal is © The Royal Society of Chemistry 2024
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