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The coordination chemistry of chalcogenide ligands has always attracted significant interest in the field of
inorganic chemistry, especially for soft metals such as those of group 11. Despite the scarcity of research
on phosphane tellurides, we report on the synthesis and characterisation of five novel silver complexes
containing the phosphane telluride ligand, TeP(Pr)s, along with other ancillary ligands such as mono or
diphosphanes. Spectroscopic studies were performed to investigate the behaviour of these complexes,
including their redox properties, as demonstrated by the 1,1'-diphenylphosphaneferrocene (dppf) silver
derivatives. Additionally, these complexes showcase remarkable rapid interchange equilibrium, revealing
silver species with distinctive Ag,Te, cores and a combination of bridging and terminal TeP(Pr)s ligands. A
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Introduction

Compounds containing chalcogen-phosphorus bonds, specifi-
cally those of the P-E and P=E types, where E is O, S, Se, or
Te, have garnered significant attention in both organic and in-
organic chemistry due to their diverse synthetic versatility and
unique chemical properties." Organotellurium ligands, in par-
ticular, possess unique chemical properties that make them
valuable building blocks for a wide range of applications,
including catalysis,” materials science,’ and electronics.*

Among these compounds, Lawesson’s reagent’ and its sele-
nide analogue Woollins’ reagent® are well-known examples of
chalcogen-based compounds that have proven their effective-
ness in transforming carbonyl groups into thio- and selenocar-
bonyl moieties, respectively (Fig. 1).

However, despite these well-known examples, phosphane
tellurides have received relatively little attention in
comparison.'

TePR; compounds (where R = alkyl or aryl) are known for
possessing a P-Te bond with lower bond energy compared to
their chalcogen congeners.” This lower bond energy results in
these phosphanes being thermally and photochemically
unstable species. In recent years, phosphane tellurides have
garnered interest for their unique properties, such as their ten-
dency to decompose in the presence of Lewis acids® or their
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promising avenue for further investigation and potential applications emerges.

kinetic lability.” These features have led to their application as
Te’ carriers, enabling the formation of multiple-sized clus-
ters'® or semiconductor materials."* Consequently, they have
emerged as a promising source of elemental telluride in
various electronic applications, particularly in the production
of a wide range of semiconducting metal telluride nano-
materials, ranging from nanotubes to dendritic structures.*>

The versatility of phosphane tellurides is evident in their
applications, highlighting Te as an elemental low-dimensional
van der Waals material with exotic physical properties and sig-
nificant potential in electronic devices and spintronics."?

In the context of coordination chemistry, phosphane tellur-
ides have demonstrated soft-base behaviour, making them
attractive ligands for soft metal ions due to the dipolar nature
of the P*-Te™ bond.™

Due to the aforementioned reasons, it is anticipated that
phosphane tellurides would be superior ligands for soft metal
ions in comparison to the corresponding phosphane oxide,
sulphide, or selenide. This feature makes them particularly
appealing for use in combination with coinage metals. In this
topic, our group has described a wide range of oxide, sulphide
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Fig. 2 Some of the phosphane telluride group 11 metal complexes pre-
viously described.

and selenophosphane complexes.'® Notably, as far as we are
aware, only a few examples of group 11 metal complexes featur-
ing a M-TePR; (M = Cu, Ag, or Au; R = Ph or 'Pr) bond have
been reported (Fig. 2).'°

Therefore, we aim to report the synthesis of new silver com-
plexes bound to a phosphane telluride, starting from some
ubiquitous silver phosphane-complexes. By exploring the
potential of these new complexes, we hope to contribute to the
growing body of knowledge on the chemistry of telluride-phos-
phorus bonds and their potential applications in various
fields.

Results and discussion
Synthesis and characterisation

Coordination chemistry between phosphane tellurides and
silver has not been studied further since the pioneering work
reported by W.-W. du Mont and co-workers.'®” In this way, we
have tested the reactions of TeP('Pr); against Ag(1) derivatives
bearing mono or diphosphanes as ancillary ligands, such as
[Ag(OTf)(PPhs)], AgOTf and [Ag(OTf)(dppf)] (Scheme 1).

The reaction of [Ag(OTf)(PPh,)] with TeP('Pr); in stoichi-
ometries of 1:1 and 1:2 yields complexes 1 and 2, respect-
ively, as pale-yellow solids that are stable in air (Scheme 1).
However, in solution, they rapidly decompose by loss of tellur-
ium, resulting in the formation of a tellurium mirror that can
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Scheme 1 Synthesis of silver complexes 1-5.
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be visually observed within one hour. Despite this decompo-
sition, the complexes can be detected and characterised by
NMR spectroscopy before degradation occurs. The 'H NMR
spectra of both complexes show the expected resonances
associated with phenyl protons, a multiplet that corresponds
to the CH group of triisopropylphosphane, and a doublet of
doublets assigned to the protons of the CH; group of the phos-
phane. The integrals of each signal are consistent with the
stoichiometry proposed for the complex formation. The *'P
{'"H} NMR spectra of the complexes show two resonances
(Fig. S21). For complex 1, the signal associated with TeP('Pr);
appears at 6p = 48.3 ppm and exhibits satellites due to the
7(*'P, *°Te) coupling, which presents a value around 15%
lower than that of free TeP('Pr); (Y/(*'P, '*°Te) = 1669.8 Hz,
CD,Cl,, 298 K)."” Another signal appears at 6, = 9.9 ppm with
the same intensity as the previous one but with a wide singlet
aspect due to phosphorus coordinated to the Ag atom as a
result of the '“Ag, and '°’Ag coupling not resolved at room
temperature.

For complex 2 the same resonances are observed at
different chemical shift and also with the appropriate integral
ratio, but the most significant change is seen in the *'P{"H}
NMR spectrum (Fig. S6t). The resonance associated with phos-
phane telluride appears at 6p = 43.8 ppm, centred between the
satellites of *"P-'**Te, with a coupling constant around 100 Hz
higher than that exhibited by complex 1. The magnitude of the
7('p, *°Te) in complex 2 is comparable to that reported by du
Mont and coworkers,'®” for a silver tricoordinated phosphane tell-
uride complex (Fig. 2e), which shows a 'J(*'P, *°Te) = 1498.6 Hz
while complex 2 displays a 'J(>'P, *Te) = 1481.6 Hz. Otherwise,
complex 1 exhibits a YJ(*'P, '*°Te) = 1384.2 Hz, which is lower
than the values previously reported for this type of complexes,
ranging from 1418 to 1500 Hz. However, this value is more closely
aligned to the hexameric silver complexes (Fig. 2b) reported by
Chivers and coworkers. '

Additionally, the signal associated with PPh; bound to Ag
appears as a broad singlet with an intensity half that of the
other signal and at §p = 6.8 ppm, which implies a Adp = -
3.1 ppm with respect to complex 1. This change could be
attributed to a variation in the coordination environment of Ag
(1) from a linear geometry to a trigonal plane geometry.'®

Remarkably, the mass spectra (ESI-QTOF) of both com-
plexes provide valuable insight into their chemical properties.
For complex 1, the molecular ion is located at an m/z ratio of
659.0397. Conversely, the molecular ion of complex 2 cannot
be observed due to fragmentation processes. Despite this, both
spectra exhibit two prominent ions. The first is located at an
m/z of 684.9936 and has a relative intensity of 100%, corres-
ponding to the fragment [Ag{TeP('Pr),},]". Additionally, both
spectra show an ion at m/z 557.0874 with a relative intensity of
40%, corresponding to the species [Ag{P(‘Pr);{TeP("Pr);}]"
resulting from a tellurium atom loss. Additionally, elemental
analytical data corroborates the proposed stoichiometry for
both complexes.

In addition, the reaction between Ag(OTf) and TeP('Pr); in a
1:2 ratio produces the complex [Ag,(TeP('Pr);),][OTf], (3)

This journal is © the Partner Organisations 2023
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(Scheme 1). This complex is a symmetrical dimer with an
inversion axis where two telluride atoms serve as a bridge
between two silver atoms.’®” The 'H NMR spectrum of this
complex shows a doublet of septuplets at 2.44 ppm, which
corresponds to the protons of the CH group of triisopropyl-
phosphane, and a doublet of doublets at 1.34 ppm, corres-
ponding to the protons of the methyl group.

The *'P{'H} NMR spectrum reveals a singlet signal at
47.2 ppm with a J(*'P-'**Te) = 1386.7 Hz. Notably, this coup-
ling constant is approximately 50 Hz lower than the value
measured for the dimeric complex described previously by du
Mont and collaborators (Fig. 2f).'°” At room temperature, this
resonance appears as a narrow singlet despite the presence of
two inequivalent phosphorus atoms in the molecule. This
observation could indicate the existence of a dynamic process
that enables the exchange of the terminal Te atoms with the
bridging Te atoms, leading to the equivalence of all phos-
phorus atoms in the complex (Fig. 3).

To gain insight into the telluride bridge opening/closing
process, a series of variable temperature *'P{'"H} NMR experi-
ments were conducted. The obtained NMR spectra revealed a
broadening of the signal as the temperature was lowered to
—80 °C (coalescence temperature). With further decrease in
temperature to —90 °C, the broad signal began to split into
two inequivalent signals. Finally, at —95 °C, the two signals
were resolved into two distinct peaks. This result is in line with
the observed kinetic lability of the Ag-Te coordination,
wherein the rapid breaking of Ag-Te bond appears to be
impeded only at very low temperatures.

The ESI-QTOF mass spectrum of 3 exhibits a molecular ion
that corresponds to the [Ag{Te(P'Pr;)},]" species (Fig. S25%).
This observation suggests that the Ag-Te bonds, where Te acts
as a bridging ligand, are more labile compared to the bonds
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Fig. 3 Proposed mechanism of interconversion between terminal and
bridging phosphane telluride ligands (top) and variable temperature P
{*H} NMR spectra (162 MHz, CD,Cl,) of complex 3 (bottom). The (*)
denotes free TeP(Pr)s.
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involving terminal Te atoms. To demonstrate the reactivity of
complex 3, it was mixed with two equivalents of triphenylpho-
sphane. This reaction proceeded rapidly, leading to the dimer
cleavage and the formation of two equivalents of complex 2
(Scheme 1). The 'H and *'P{'"H} NMR spectra of complex 4
after addition of PPh; was found to be identical to that of
complex 2, which is consistent with the NMR observations and
provides further evidence for the dynamic behaviour of the
complex. The crystal structure of 3 was established by X-ray
diffraction and contains an unprecedented structural frame-
work. Complex 3 crystallises with two independent molecules
in the asymmetric unit (Fig. 4), one of them is a dimer con-
taining two tricoordinate silver atoms and four TeP('Pr);
ligands. Two of the ligands act as bridging ligands, linking
two silver atoms, whereas the other two are bonded to the
silver centres in a terminal monodentate fashion (Fig. 4a).

The Ag-Te distances in the present complex are 2.7081(3) A
and 2.7136(3) A for the terminal ligands, and in the range
2.7945(3) to 2.8244(3) A for the bridging ligands. The latter are
comparable to those found in the [Ag,{N(SO,Me),{TeP
(*Pr);},][N(SO,Me),] complex (2.8117(6) and 2.8024(6) A), for
which bridging telluride phosphanes are present.'® For the
first molecule (Fig. 4a), the P-Te bond distances are 2.4164(6)
A and 2.4038(7) A for the bridging and terminal telluropho-
sphanes, respectively. For the second molecule (Fig. 4b), the
P-Te bond distances fall within the range of 2.4090(6) A to
2.4246(6) A. These bond distances agree with previously
reported values for phosphane telluride silver complexes®®
(Fig. 2d-f), where both terminal and bridging ligands dis-
played P-Te bond distances ranging from 2.40 to 2.43 A. Such
distances are also typical for organophosphorus(v) tellurides
with formal double bonds, PY=Te.

Additionally, a short Ag---Ag distance of 3.0388(3) A is
observed, which can be interpreted as a weak bonding inter-

Fig. 4 (a and b) Crystal structure of both of the asymmetric molecules
of complex 3.2° Ellipsoids are shown at 50% probability level. Hydrogen
atoms, the triflate anions (for 3a and 3b) and triisopropyl groups (for 3b)
are omitted for clarity.
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action within the range for reported argentophilic inter-
actions.'® The second molecule is an oligomer which features
two Ag,Te, cores bridged by two phosphane telluride units
(Fig. 4b).

In addition, the terminal phosphane telluride units make
weak Te---Te contacts with a distance of 3.802 A, which is
below the sum of van der Waals radii for Te---Te (4.12 A).>°
This intermolecular interaction leads to the formation of a
supramolecular structure within one of the asymmetric mole-
cules in the unit cell of complex 3. These secondary bonding
interactions originally coined by Alcock®! have been previously
identified as a chalcogen bond (ChB) and are more pro-
nounced for heavier chalcogen atoms as tellurium.”” It has
been defined by IUPAC as net attractive interaction between an
electrophilic region associated with a chalcogen atom in a
molecular entity and a nucleophilic region in another.?®

Considering the importance of these interactions, we con-
ducted a diffusion-ordered NMR (DOSY) experiment to study
the behaviour of complex 3 in solution, particularly because
the asymmetric unit of its single crystal structure contains two
different molecular species. The DOSY spectrum of complex 3
at room temperature (see ESI, Fig. S13 and S147), shows that
all proton resonances display the same diffusion coefficient in
CD,Cl, (1.2 x 10~° m? s7%), showing that in solution complex 3
behaves as a single entity.

In pursuit of a deeper understanding of the reactivity and
coordination behaviour of this phosphane telluride, we
decided to expand our scope of complexes, by incorporating
1,1-bis(diphenylphosphane)ferrocene (dppf) as ligand, having
in mind the interesting redox properties that the ferrocene
moiety could provide.** We synthesised two analogues of com-
plexes 1 and 2. Complexes 4 and 5 were prepared by reacting
complex [Ag(OTf)(dppf)] with one or two equivalents of TeP
(*Pr);, respectively (Scheme 1).

The "H NMR spectra of complexes 4 and 5 exhibit reso-
nances characteristic of the cyclopentadienyl rings of ferrocene
and those assigned to phosphane telluride moiety, whose inte-
grations are consistent with the proposed stoichiometries. The
3Ip{'H} NMR spectrum of complex 4 displays two signals
(Fig. S167), with one at 44.9 ppm attributed to the TePR; unit
and another wide signal at —0.4 ppm corresponding to the
phosphorus atoms of the dppf ligand attached to the Ag atom.
Meanwhile, the >'P{'"H} NMR spectrum of complex 5 exhibits a
similar pattern to that of complex 4, with some differences
(Fig. S20%). Firstly, there is around an 18% decrease in the
coupling constant (at room temperature) *'P-'>*Te compared
to complex 4. Secondly, the signal of the phosphorus atoms
attached to Ag appears at 2 ppm at higher field. We speculate
that these differences may originate from a change in the geo-
metric environment of the Ag atom, as was previously observed
for complexes 1 and 2.

Positive-ion ESI-QTOF mass spectra reveals a molecular
cation peak at m/z 951.0526 (57%) for complex 4, while
complex 5 does not show the cation molecular peak but does
the same fragment at m/z 951.0514 (54%). The radical cation
[Ag(dppf)Te]™" is the most intense peak (100%) observed in

6522 | /norg. Chem. Front., 2023, 10, 6519-6525
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both spectra with m/z 790.9189 (Fig. S26 and S277). Elemental
analytical data corroborates the proposed stoichiometry for
complexes 4 and 5.

The structure of complex 4 was also determined by X-ray
diffraction (Fig. 5). It is a tricoordinated mononuclear complex
with a terminal TeP('Pr); ligand bonded to the Ag(dppf) frag-
ment. The distance Ag-Te 2.7109(5) A is similar to the Ag-Te
bond distance found in the terminal phosphane telluride
ligands of complex 3. Furthermore, the P-Te bond distance
was determined to be 2.4034(6) A, which is nearly identical to
the P-Te bond distance found for the terminal telluropho-
sphanes in complex 3. Both complexes exhibit P-Te bond dis-
tances which are slightly longer (ca. 4 pm) than the bond dis-
tance of the free ligand (2.363(1) A),"” which could be attribu-
ted to coordination to the silver atom, as previously observed
for other silver complexes."®

The angle P-Ag-P of 110.53(2)° represents the main distor-
tion from the ideal trigonal planar geometry.

In certain cases, a correlation has been reported between
the values of d(P-Te) and 'J(*'P, '*°Te). Typically, the usual P-
Te bond distances for phosphorus(v) tellurides are associated
with large J(*'P, *Te) (>1000 Hz). In our case, both com-
plexes 3 and 4 display similar P-Te bond distances, but their
coupling constants differ by approximately 65 Hz. However,
with these data, we have not found any significant correlation
between d(P-Te) and 'J(*'P, '*Te), other than both falling
within the range for a phosphorus(v) telluride ligand.

Electrochemical studies

Organophosphorus(v) telluride species are known to exhibit
rich redox behaviour®®* and act as reactive sources of tellur-
ium. Complex 4 was chosen as a simple model to investigate
the possible redox transfer processes between the ferrocene
moiety and phosphane telluride (Fig. 6).

Upon closer examination of the voltammogram, the first
redox wave exhibited quasi-reversible behaviour, which can be
attributed to the (dppf)Ag moiety. This redox process involves
the Fe" — Fe'" (peak I) and Fe™ — Fe" (peak III) events,

Fig. 5 Crystal structure of complex 4.2° Ellipsoids are shown at 50%
probability level. Hydrogen atoms and the triflate anion are omitted for
clarity.

This journal is © the Partner Organisations 2023
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Fig. 6 Superimposition of cyclic voltammograms of 0.5 mM solutions
of 4 (blue), [Ag(OTf)(dppf)] (red) and TeP(Pr)s (green) in CH,Cl,/0.1 M
[BusNI[PFg] at 250 mV s, in the electrochemical window of —600 mV
to 1600 mV, referenced against Fc*/Fc couple.

resulting in E;,, = 0.490 V. Notably, this potential is shifted by
approximately —30 mV compared to the half-wave potential of
the [Ag(OTf)(dppf)] complex. The oxidation peak II at E,, =
0.768 V can be attributed to an irreversible oxidative process
involving TeP('Pr), fragment. It is well established that these
species can participate in oxidative coupling processes,
leading to the formation of dicationic species such as [(‘Pr;)P-
Te;—P('Pr);]**.>°° Interestingly, this process occurs at a poten-
tial +45 mV compared to the free TeP('Pr),, indicating that the
coordination to the (dppf)Ag moiety stabilises the phosphane,
causing oxidation to occur at higher potentials.

Finally, the reduction peak IV at E,. = -0.337 V can be
assigned to the reduction of tellurium species previously
formed to another oxidation state, such as elemental tellurium
or tritelluride anions Te;?".2°” The results of the electro-
chemical studies suggest that complex 4 could potentially par-
ticipate in redox transfer processes, further studies will be
needed to gain a comprehensive knowledge into the electronic
transfer processes in organophosphorus(v) telluride species.

Conclusions

In summary, our study provides insights into the coordination
chemistry of the overlooked TeP('Pr); ligand, which has proven
to be a versatile and valuable building block for the synthesis
of silver complexes. While the chalcogenide analogues of TeP
(‘Pr); have been extensively studied in combination with
coinage metals, this phosphane has been relatively underex-
plored. We have reported a novel crystal structure featuring
two distinct types of molecules, each containing Ag,Te, moi-
eties. Additionally, low-temperature NMR experiments have
highlighted the dynamic equilibrium of the dimeric complex.
Furthermore, by using the dppf ligand, we have synthesised
new complexes that exhibit significantly higher stability in
solution, enabling a comprehensive study of their redox pro-
perties using the ferrocene moiety. Overall, the use of TeP('Pr);
in obtaining molecular complexes remains a compelling area

This journal is © the Partner Organisations 2023
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of research, as a deeper understanding of its potential for tell-
urium transfer and its versatility in coordination chemistry is
still required.
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