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By using an improved synthetic pathway, the anthracenides of the group 2 metals Ca, Sr, and Ba are
straightforwardly accessible for subsequent organometallic syntheses. These highly reactive compounds
are slightly soluble in tetrahydrofuran and can be used as synthons for group 2 metal transfer due to the
lability of the anthracene substituent. These features were used to explore their reactivity towards the
polyphosphorus ligand complexes [Cp*Fe(n®-Ps)] (Cp* = Cs(CHs)s) and [Cp*Fe(n®1-(1-CHs-2-PPh,-Ps))],
respectively. The resulting products, [Cp*Fe(u-n*21-Pg)Mgl(thfls] 0.5 thf (thf = tetrahydrofuran) and
{Cp*Fe(u-n%21-(1-CHz-2-PPh,-Ps))},Mg(thf),]-3 thf, are first examples of molecular magnesium-
containing polypnictogenide transition metal complexes without stabilization by N-donor ligands that
are soluble in organic N-donor-free solvents. The P;, ligand in the latter complex is the first example of
decaphosphadihydrofulvalen-shaped  structural motif  (2,2'-
bis(diphenylphosphanyl)-1,1’-dimethyl-3,3' -bipentaphosphole). The complexes [Cp*Fe(us-n**1-Ps)
Sr(thflalo-2 thf and [Cp*Fe(uz-n2t - (1-CHsz-2-PPh,-Ps))Sr(thflsl»-2 thf represent the first examples of
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Introduction

In recent years, the chemistry of the alkaline earth metals Mg,
Ca, Sr, and Ba has experienced a revival."* While beryllium
chemistry has also gained increasing attention, it remains
distinct due to its fundamentally different chemical behavior
and the challenges associated with its handling, particularly its
toxicity.>° Recent studies focus on group 2 metals stabilized by
N-donor ligands as in the case of the Mg(1) species ["PPBDIMg],
(BDI = B-diketiminate, Dipp = di(iso-propyl)phenyl).***” In
particular, the chemistry of the heavier metals Ca, Sr, and Ba is
less well explored than that of Mg. The activation of heavy group
2 metals is mandatory for synthetic applications due to
passivation effects and their high melting and boiling points,
which prohibit, for example, the formation of metal mirrors as
is commonly done for Na or K. These challenges in working with
alkaline earth metals are even more pronounced for the heavier
representatives.'**° For Mg, different techniques of activation

“Institute of Inorganic Chemistry, University of Regensburg, Universitdtsstr. 31, 93053
Regensburg, Germany. E-mail: Manfred.scheer@chemie.uni-regensburg.de

*Institute for General, Inorganic and Theoretical Chemistry, University of Innsbruck,
Innrain 80-82, 6020 Innsbruck, Austria

T Electronic supplementary information (ESI) available. CCDC 2453848-2453854.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d5sc04242a

i These authors contributed equally to this work.

15446 | Chem. Sci, 2025, 16, 15446-15454

molecular polypnictogen compounds of strontium that are stable in organic solvents.

are known, and the use of Grignard reagents, for example, is
fairly common in modern laboratory syntheses. A rather
unusual form of activation is the formation of magnesium
anthracenide (MgA, A = anthracenediide) by heating magne-
sium turnings in a saturated solution of anthracene in THF
(THF = tetrahydrofuran) for a prolonged period with small
amounts of Mel added for the initial activation.** The formed
anthracenide can be directly used as a highly reactive synthon
for Mg, forming anthracene upon reduction of a suitable
substrate. It is worth mentioning that anthracene is a non-
innocent ligand that can influence reactivity and, in some
cases, participate in reactions.?**® Although its solubility is low
and the use of donor solvents such as THF is mandatory, the
advantage of MgA as an Mg synthon in organometallic chem-
istry is its solubility as compared to Mg itself, which prevents
reactions from taking place directly on the metal surface.
Anthracenides are also known for the heavier homologs of
Mg. However, their synthesis is considered rather challenging
as it requires ball milling in mineral oil and large amounts of
starting materials, while yielding only poor to moderate
amounts of the respective anthracene compounds with low
purity.”” Reasons for this are the higher electron-donating
nature of the heavier alkaline earth metals, passivation effects
on the metal surface, as well as the decreased solubility and
higher reactivity of the formed products.”” Thus, bulky,
electron-donating ligands are usually required to stabilise
organometallic compounds of Ca, Sr, and Ba. The need for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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highly sterically demanding ligands also applies to the B-dike-
timinate ligands required to stabilise the respective Sr or Ba
compounds [P"**BDISrH], (DIPeP = 2,6-di-(iso-pently)phenyl)
and [P"™°*BDIBaN(SiMe;),].***> Likewise, the use of 9,10-bis(-
trimethylsilyl)anthracene has proved to be an effective strategy
to stabilise Ba, highlighting its potential as a supporting ligand
for heavier alkaline earth metal complexes.”® The cleavage of
ethers as for instance THF, which are used as solvents, is
observed for all alkaline earth anthracenide compounds upon
moderate heating, and Sr and Ba compounds slowly form the
amides upon dissolution in liquid ammonia.*

Due to these challenges, the reactivity of such group 2 metal
compounds towards group 15 elements is largely unexplored. In
the past, polyphosphides of Ca, Sr, and Ba were only known to
exist in the solid state or in liquid ammonia as a solvent.***
Until recently, only four molecular polyphosphides of Mg,
soluble in organic solvents, were known: [{"PPBDIMg},(u-
T.l1:1:1:1_7113112134):|’ [{DippBDIMg}Z(H_n1:1:1:1_nBu2P8)],
[{PPPBDIMg};(us-n ")),  and  [As{GaC(SiMe;)s}s-
P;Mg(thf);] (¢f Scheme 1).**** Our group reported a supramo-
lecular aggregate of the polyphosphorus ligand complex
[Cp*Fe(n>-Ps)] (1, Cp* = Cs(CH;);) and the Mg(i) species
[PPPBDIMg],, as well as novel molecular Ca polyphosphides.*
Very recently, Harder and co-worker reported novel Mg and Ca
polyphosphides (P,*~, P,°, and Pg"") featuring [P'PPBDIMg]
and [(""**BDI)M] (M = Mg, Ca).*

No molecular polyphosphides of Sr or Ba are known to date,
making Sr diphosphanylsiloxanide [{P,('Pr,Si),0},{Sr(dme),},]
(dme = dimethoxyethane) the only existing molecular
diphosphide-like compound of Sr that is soluble in organic
solvents.* However, all the examples of Mg and Ca possess N-
containing B-diketiminate substituents protecting the soluble
products from further aggregations. Therefore, the question
arose as to how group 2 metals without N-donor ligands would
behave as reducing agents and whether more soluble aggregates
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Scheme 1 Selected literature examples of molecular polyphosphides
of alkaline earth metals (M = Mg-Ca) that are soluble in organic
solvents, beside the poorly soluble [(BDI)Mg]4(Pg) and the structurally
distinct diphosphide-like compound of Sr (DIPeP = 2,6-di-(iso-pentyl)
phenyl, Dipp = di(iso-propyl)phenyl, dme = dimethoxyethane, Et =
ethyl, 'Pr = iso-propyl, thf = tetrahydrofuran).
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could be achieved. In this context, we aimed for the develop-
ment of an improved synthesis of anthracenide reagents (vide
infra), which proved crucial in generating well-dispersed and
reactive group 2 metal species. This enhanced synthetic control
allowed us to explore new polypnictogen reactivity and access
molecular complexes that were previously inaccessible due to
solubility and aggregation challenges.

For these investigations, pentaphosphaferrocene [Cp*Fe(n-
P5)] (1) and its functionalized derivative [Cp*Fe(n*"-(1-CH;-2-
PPh,-P;))]* (2) were chosen. The redox chemistry of 1 was first
investigated by electrochemical studies, which revealed its
ECEC processes, ie. a reaction cascade involving electro-
chemical oxidation or reduction, chemical reaction, which in
this particular case is a dimerisation after oxidation and
reduction, electrochemical reduction or oxidation of the formed
dimer, and another chemical reaction, in this case reformation
of the original monomer in a so-called square scheme.*” Our
group was able to prove the identity of these products by
reducing 1 with potassium to [K(dme),K(dme)][{Cp*Fe,(u-n**-
Pi,)] and oxidising it with thianthrenium salts to [{Cp*Fe,(p-
N**-P14)][SbF¢,.** Furthermore, the dianionic species [K(dme)
K(di-benzo-18-crown-6)][Cp*Fe(n*-P;5)] was identified. When
other reagents for the reduction of 1, such as
[(Cp*Fe)(Cp" Co)(u-1"*-Ps)], [(DIP,pyr)SmI(thf);] (DIP,pyr = 2,5-
bis{N-(2,6-diisopropylphenyl)-iminomethyl}pyrrolyl) or carbon
nucleophiles (e.g., RLi, R = Me, ‘Bu), as well as [(°PPBDI-
Mg(CHj;)),] were used, products with similar structures
involving a n*-coordination mode and one phosphorus atom
bent out of the plane were obtained.***-*

Herein we report on an improved synthetic pathway to the
heavier group 2 anthracenides and their use as reducing agents
in polyphosphorus ligand complex chemistry.

Results and discussion
Synthesis of alkaline earth metal anthracenides

From the existing literature on the synthesis of the alkaline
earth metal anthracenides, it is evident that the activation of the
group 2 metal and its fine dispersion as a powder are crucial
steps for a feasible synthesis route.”” Ball milling of alkaline
earth metals suspended in mineral oils introduces multiple
possible sources of contamination while reducing the yields as
well as the purity of the final products. In contrast, dissolving
the metal in liquid ammonia appears to be a relatively easy way
to convert lumps of Ca, Sr, or Ba into a powder or a microporous
solid. Thus, a small amount of ammonia was condensed onto
the metal and removed after most of the metal was dissolved, as
described by Westerhausen for the activation of the heavier
group 2 elements for subsequent syntheses of heavy alkaline
earth metal Grignard reagents.” This also eliminates the
necessity of further activating the finely dispersed metal in
solution with a halide activator such as Mel (as done e.g. by
Bonnemann et al),”” provided that not even trace amounts of
water or oxygen come into contact with the metal before the
anthracenide begins to form (visible by vibrant colors, vide
infra). Therefore, a synthesis route (Scheme 2) was designed in
which not even standard inert gas from the Schlenk line was
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Scheme 2 Generalised activation (by sonication (Mg) and dissolution
in liquid ammonia (Ca—Ba), respectively) of the alkaline earth metal and
reaction pathway to alkaline earth metal anthracenides M(thf),A,,
featuring an improved synthetic approach (M=Mg (n=3, m=1),Ca(n
=6,m=2),S5r(n=2,m=1),Ba(n=1 m=1)). Isolated yields are given
in parentheses.

applied, but where THF and anthracene were sublimed and
condensed, respectively, and added under high vacuum (c¢f.
ESIf).

After metal activation by sonication (Mg) and dissolution in
liquid ammonia with the subsequent removing of NH; (Ca-Ba),
respectively, and the addition of anthracene and a stirring bar,
THF (dried and stored over potassium mirror/benzophenone) is
condensed onto the solid mixture while it is cooled in a liquid
nitrogen bath. The valve is closed while the flask is still under
vacuum and allowed to warm to room temperature. For Sr and
Ba, the reaction initiates within one hour of vigorous stirring.
The onset of the reaction is indicated by a color change of the
reaction mixture (intense color of the suspension: violet for Sr,
dark blue for Ba). If no color change is observed within the first
hour, the reaction mixture (still under vacuum) should be
subjected to an ultrasonic bath to facilitate activation. At this
point, dry argon is carefully added to the flask. After all metal
powder is consumed, the reaction is considered complete, and
the liquid is decanted. The remaining powder is washed three
times with cold n-pentane, yielding intensely colored, fine,
homogeneous powders (MgA 73%, SrA 63%, BaA 28%),
comparable in appearance to those obtained in the initial
literature procedure.””

For Ca, the activation proved to be less reliable, and the
synthesis of CaA is particularly challenging due to the possible
formation of the dianthracenide species CaA,. Therefore, the
dianthracenide was synthesised deliberately following literature
procedures.”” Additionally, a small amount of Mel was added to
the THF suspension of ammonia-activated calcium and
anthracene to assist the first step of the reaction. Nevertheless,
the reaction still proceeded slowly and required prolonged
activation in an ultrasonic bath. During the reaction between Ca
and anthracene, the color of the solution changed from brown
to green, producing a brownish-gray powder. Upon washing
with n-pentane, drying under vacuum, and isolation (52%), the
powder turned deep violet, which corresponds to the reported
color of CaA,.”” In contrast, CaA is described as having
a brownish-orange color.”” The refined anthracenide synthesis
was not only critical for obtaining well-defined group 2
anthracenide complexes, but also served as a key enabling step
for subsequent reactivity studies. The improved solubility and
reactivity control allowed for cleaner reduction conditions and
better molecular dispersion of the metal centers, which proved
essential for accessing the novel polypnictogen complexes
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reported in the following. Without this optimised synthetic
route, the formation and isolation of the structurally charac-
terised molecular polypnictides would have been significantly
hindered by poor solubility, aggregation, or decomposition
pathways.

Reactivity of alkaline earth metal anthracenides towards
pentaphosphaferrocene

In order to use the anthracenides of Mg, Ca, Sr, and Ba as
reducing agents towards pentaphosphaferrocene, two equiva-
lents of the respective reductant are mixed with crystalline 1 in
a dry Schlenk flask. The flask is then cooled in a bath of liquid
nitrogen. THF, stored over a potassium mirror, is directly
condensed onto the solid reaction mixture. While the reaction
mixture is slowly warmed to room temperature, the flask is
shaken vigorously to ensure thorough mixing. The reaction
initiates immediately upon melting of the solvent, as evidenced
by the appearance of a brown coloration of the mixture. After
stirring the resulting brown suspension at room temperature
for five minutes, the solids are allowed to settle and the clear,
dark brown solution is decanted into another flask. Crystalline
products as thf adducts form upon storing the solutions at
—30 °C over a period of up to one week.

By using the anthracene compounds of Mg and Sr, the
compounds [Cp*Fe(u-n*?>"-Ps)Mg(thf);]-0.5 thf (3, 33%,
Scheme 3) and [Cp*Fe(uz-n**'-P5)Sr(thf),], - 2 thf (4, 56%) were
isolated and fully characterized. Complex 3 represents the first
example of a molecular, transition metal-stabilised alkaline
earth polyphosphide without an N-donor ligand that is already
soluble in organic ethereal solvents (e.g. THF), and complex 4 is
indeed the first molecular strontium polyphosphide exhibiting
this property. Pentaphosphaferrocene 1 reacted with both
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Scheme 3 Reaction of 1 with the alkaline earth metal anthracenides
M(thf),A (M = Mg (n = 3), Sr (n = 2), Ba (n = 1)). All reactions were
performed by condensing THF onto the mixture of solid starting
materials, cooled with a liquid nitrogen bath, and warming to room
temperature. Isolated yields are given in parentheses.
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[BaA(thf)] and [CaA,(thf)s], as evidenced by a distinct color
change and the absence of signals for 1 in the >'P NMR spectra
of the respective reaction solutions. Unfortunately, no product
could be isolated or identified from the reaction with
[CaA,(thf)s]. The *'P NMR spectra of the reaction mixtures
involving [Ba(thf)A] show an extremely broadened AMM'XX
spin system, consistent with the expected twofold reduction
product of 1 (vide infra, most likely structured like 3). If the
solution is stored at room temperature for more than four
hours, the signals disappear, and the color of the solution
changes to a brighter brown. The same behavior is observed at
0 °C over two to three days or storing the solution at —30 °C over
one to two weeks, while maintaining temperatures below 0 °C
throughout the storage time. In the reaction with slightly less
than two equivalents of [Ba(thf)A] and handling the reaction
mixture at —10 °C, a few crystals of [{Cp*Fe},(usn***"-Py()
Ba(thf)s]-0.5 thf (5, Scheme 3), suitable for a tentative X-ray
structure determination, were obtained after storing the solu-
tion at —30 °C for two weeks. It confirmed the connectivity of 5
featuring a P, ligand framework, coordinated by one Ba atom
as depicted in Scheme 3 (¢f ESIf). Both compounds 3 and 4
(Scheme 3) show an AMM'XX’ spin system in their *'P NMR
spectra, consistent with the Cs-symmetric P5 ligand in an
envelope conformation (P, = P1, Pyyy = P3/P4, Pxx = P2/P5;
P1-P5 as revealed by its X-ray structure in Fig. 1 (left)). In
contrast to the 1,3-bisketiminate-stabilised magnesium
compound [(*PPBDI-Mg),(11-n**"'-P;)(FeCp*)],* 3 does not
exhibit any dynamic process associated with a tumbling of the
magnesium atom over the cyclo-Ps ligand. The signals of 4 are
slightly broadened as compared to 3, but still resolved well
enough for iterative fitting and simulation of the spectrum.
The chemical shifts of the individual P atoms resemble those
observed for [K(dme)K(dibenzo-18-crown-6)][Cp*Fe(n*-Ps)], yet
with systematic trends for the different alkaline-earth metals.*®
Due to the higher basicity of Sr, the multiplet of the A resonance

Fig. 1 Molecular structures of 3 (left) and 4 (right) in the solid state.
Selected bond lengths of 3: Fel-P4 2.3124(5), Fel-P5 2.2587(5), Fel-
P32.2982(5), Fel-P2 2.2624(5), P4-P5 2.2173(7), P4A-P3 2.1713(7), P4—
Mg 2.8393(8), P5-P12.1762(7), P5-Mg 3.1617(8), P3-P2 2.2229(7), P3—
Mg 2.7788(8), P1-P2 2.1771(7), P1-Mg 2.5624(8), P2—Mg 3.0746(8).
Selected bond lengths of 4: Sr1—-P2 3.4128(8), Sr1-P1’ 3.1175(7), Sr1-P1
3.0793(7), Sr1-P4 3.7466(8), Sr1-P3 3.1772(7), Fel-P5 2.2719(8), Fel-
P2 2.2825(7), Fel-P4 2.3221(8), Fel—-P3 2.2901(8), P5-P1 2.1625(9),
P5-P4 21971(10), P2-P1 21731(11), P2-P3 2.2164(11), P4-P3
2.1488(13).
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is significantly shifted downfield.*® The relatively strong down-
field shift of the MM’ multiplet in the *'P NMR spectrum of 3 to
0 =50 ppm, compared to —3 ppm for the respective multiplet in
the spectrum of 4, can be explained by stronger coordination of
the Mg atom to the respective phosphorus atoms in comparison
to the Sr compound 4.

The solid-state structure of 3 (Fig. 1, left) confirms the exis-
tence of a [Cp*FeP5]”~ moiety, with the Mg atom coordinating
to the phosphorus atom that is bent out of the plane (P1), as
well as to the two opposite P atoms (P3 and P4). The fact that the
Mg-P1 bond (2.5624(8) A) is close to the sum of their covalent
radii (2.50 A)® and significantly shorter than the Mg-P3
(2.7788(8) A) and Mg-P4 (2.8393(8) A) bonds suggests a stronger
coordination of Mg to P1, as confirmed by the chemical shifts of
the respective signals in the *'P NMR spectrum of 3 (vide supra).
The distance of the Mg atom to the centroid of the plane formed
by the atoms P2, P3, P4, and P5 is 2.4380(6) A. The bond lengths
and angles of the [Cp*FeP5]”~ moiety in 3 and 4 are similar to
those observed in related complexes, such as [K(dme)
K(dibenzo-18-crown-6)][Cp*Fe(n*-P5)].*®

In contrast to 3, 4 crystallises as a dimer where two Sr(thf),
dications are bridged by two [Cp*FePs;]*~ anions. The bond
lengths of Sr to P1 (3.0793(7) A) and to the P1 atom of the second
moiety in the dimeric solid-state structure of 4 (3.1175(7) A)
differ by only 0.038 A and are comparable to the Sr-P bond
lengths in [{P,(*Pr,Si),0},{Sr(dme),},] (3.1086(11) A and
3.1271(11) A).* The distance of the Sr atoms to the mean plane
of the cyclo-P; ligand in 4 amounts to 3.0683(4) A. Both the Sr--
Sr distance (5.1062(4) A) and the P1---P1’ distance (3.5110(14) A)
are too large for significant Sr---Sr or P---P interactions.

It was also tested whether 1 could be reduced with alkaline-
earth metals itself, with and without small amounts of anthra-
cene present in the reaction mixture. Therefore, the metals were
first activated using liquid ammonia, as described above. After
months of stirring the reaction mixture together with 1, a dark,
oily residue was observed for the Sr reaction (only when
anthracene was present), while no reaction occurred with Mg,
Ca, and Ba. Therefore, the reduction potential of the respective
M(thf),A is needed to achieve the reduction step efficiently.

While trying to improve the crystallised yields of 3, DME was
used as a solvent for extracting the crude reaction mixture.
Surprisingly, a color change was observed and the *'P NMR
spectrum of the reaction solution revealed a different reaction
product as compared to 3, along with the starting material 1 in
a 1:1 ratio. After X-ray diffraction experiments of some crystals
obtained from this solution, the reaction product was identified
as [Cp*Fe(n*-PsCHj)],[Mg(dme);]-dme (6, Scheme 3). The
formation of 6 and 1 in a 1:1 ratio can be explained by
a disproportionation reaction and ether cleavage of DME. In the
31p NMR spectrum of 6, the chemical shifts and the coupling
constants of the AMM'XX' spin system are identical to those of
[Cp*Fe(n*-PsCH,)], the product of the nucleophilic methyla-
tion of 1 with MeLi.** Since the methyl groups are cleaved from
the solvent, we assume that magnesium ethylenglycoxide must
be formed to balance the reaction equation (Scheme 3).
Unfortunately, analytical evidence for this species remains
elusive. Repeating the experiment by dissolving pure 3 in neat
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DME, in the absence of anthracene, did not result in an ether
cleavage.

Reactivity of alkaline earth metal anthracenides towards
[Cp*Fe(n*'-(1-CH;3-2-PPh,-P;))]

The cyclic voltammogram of [Cp*Fe(n*"-(1-CH;-2-PPh,-P;))]*®
(2) reveals a behavior similar to the one known for 1,*” but with
lower reduction and oxidation potentials: both the oxidation
and reduction are chemically irreversible one electron processes
(Fig. 2). The chemical and electrochemical behavior of the
resulting 17 valence-electron (VE) oxidation product [2]" and the
19 VE reduction product [2]” are best described as two ECEC
(electron transfer, chemical Reaction, electron transfer, chem-
ical Reaction) processes (vide supra): After the one-electron
oxidation at peak A (peak potential E,"** = 529 mV, Fig. 2) of
2 to [2]", dimerisation of the 17 VE complex to [2],>* occurs too
rapidly to detect a directly associated, cathodic counterpeak for
back-reduction of [2]" to 2, even at a scan rate of 1000 mV s~ .
However, the dimer [2],>* is then reduced back to 2 on
traversing wave B at E,“?" = —19 mv, Fig. 2). The same
overall behavior applies to the respective one-electron reduction

at E,"*? = —1600 mV (peak C in Fig. 2) and the oxidation of the
resulting dimer [2],>~, observed as peak D at EPO"’[Z]Z* = 915
mvV).

When complex 2 is reacted with MgA and SrA, respectively,
under the same experimental conditions as used for 1 (vide
supra), crystals of [{Cp*Fe(u-n**'-(1-CH;-2-PPhy-P;s))},-
Mg(thf),]-3 thf (7, 30%) and [Cp*Fe(u;-n>""""-(1-CH;-2-PPh,-
P5))Sr(thf);],-2 thf (8, 28%) are obtained by storing the respec-
tive THF solutions at —30 °C for one week (Scheme 4).

The solid-state structures of 7 and 8 (Fig. 3 and 4) show
a central metallo-nortricyclane structural motif. In 7, a new P-P
bond is formed between two units of the one-electron reduced
2. The resulting P;,>” ligand can be described as a 2,2'-bis(di-
phenylphosphanyl)-1,1’-dimethyl-3,3’-bipentaphosphole ~ and
represents the first example of this 2,2’-diphosphanyl-
substituted decaphosphadihydrofulvalen-shaped structural
motif of a homoatomic polyphosphorus P;, moiety (Fig. 3,
right). The Mg-P bonds in 7 differ by ca. 0.5 A (2.574(3) A and
3.042(2) A). The length of the newly formed bond P1-P1
(2.224(3) A) is similar to the other P-P bonds in 7. The structure
of the {Cp*Fe},(u-Py,) framework in 7 is identical to that

2,000 1500 1.000 500 0 500 1000

2.000 1.500 1.000 500 ) 500 1.000
E{mV)

V vs. Cp,Fe/Cp,Fe

Fig. 2 Cyclic voltammogram of 2 in dichloromethane.
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PE \ZP/P\‘Ph
R
F
HyC

d)\M = Na, K

Feu
o ﬁ M(18-crown-6)(thf),
Ph’ \H C, \LQ
|
-N

F

®

P P

10 (few crystals) 9 (40%)

Scheme 4 Reaction of 2 with several reducing agents: (a) with one or
two equivalents of MgA in THF at approximately —108 °C (THF
condensed and frozen onto the solid starting materials and slowly
melting), (b) with one or two equivalents of SrA in THF at ca. —108 °C
(THF condensed and frozen onto the solid starting materials and
slowly melting), (c) with [(°PPBDI)Mgl, at —80 °C in toluene, and (d)
over potassium or sodium mirror in THF at room temperature. Isolated
yields are given in parentheses.

postulated for [2],>7, the product of the reductive ECEC process,

as deduced from the cyclic voltammetry measurements (vide
supra) and the analogy with that of pentaphosphaferrocene
itself.

Fig. 3 Molecular structure of 7 in the solid state (left) and schematic
depiction of the novel (2,2'-bis(diphenylphosphanyl)-1,1'-dimethyl-
3,3'-bipentaphosphole) ligand for easier understanding (right).
Hydrogen atoms are omitted for clarity. Selected bond lengths: Fel-
P2 2.1472(18), Fel-P5 2.2599(17), Fel-P6 2.260(2), P1-P1' 2.224(3),
P1-P3 2.201(2), P1-P5 2.226(2), P2-P3 2.253(2), P2—C9 1.846(7), P2—
C12 1.847(7), P3—-P4 2.188(3), P4—-P6 2.226(3), P4-C25 1.850(8), P5-
P6 2.198(3), P5—Mgl 2.574(3), P6—Mgl 3.042(2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Molecular structure of 8 in the solid state. Hydrogen atoms are
omitted for clarity. Selected bond lengths: Sr1-Srl’ 4.3804(7), Sr1-P1
3.1202(11), Sr1-P2’ 3.2806(11), Sr1-P5’ 3.2418(12), Sr1-P5 3.1088(11),
Sr1-P6" 3.1696(12), Sr1-O1 2.523(3), Sr1-02 2.562(3), Sr1-0O3
2.538(3), Fel-P1 2.2641(12), Fel-P2 2.2781(12), Fel-P3 2.1399(12),
P1-P2 2.2040(15), P1-P5 2.2247(15), P2-P6 2.2294(16), P3-P4
2.2757(15), P3-C3 1.844(4), P3-C4 1.847(4), P4-P5 2.1684(16), P4-P6
2.1852(16), P6-C29 1.856(5).

In contrast, the solid-state structure of 8 (Fig. 4) is best
described as a dimer of the dianion of 2, with strontium coor-
dinating two units of the doubly reduced complex. The central
structural motif is similar to the one in 7, except that no P-P
bond exists between the two units. Using MgA as reducing agent
for 2 has so far produced only the P,, containing ligand in 7. StTA
appears to be the more powerful reducing agent, resulting in
the two-electron reduction of 2, thereby preventing P-P bond
formation. A *'P NMR study was conducted to investigate the
reducing strength of the anthracenediides towards 2 in more
detail. With less than one equivalent of the anthracenediides
the *'P NMR spectra of the reaction solutions show both 2 and
the dimer of the respective one-electron reduced product, i.e.
[2],>". When at least two equivalents of the respective anthra-
cenediide are used, the *'P NMR spectra of the reaction solu-
tions show 2 and 7 in a 1:1.8 ratio for MgA, whereas only
signals attributed to 8 are observed when using SrA (cf. Fig. S17
and S207). Thus, the reducing power of MgA is only sufficient to
form 7 in an equilibrium with the starting material, while the
reducing power of SrA is sufficient to reduce 2 entirely to the
doubly reduced 8.

Since the reduction products of 1 with alkali metal mirrors
are already known, the use of sodium and potassium mirrors for
the reduction of 2 was tested. After several attempts, crystals of
[Cp*Fe(n*-(PsCH;))|[K(18-crown-6)(thf),] (9) were obtained as
the only product (Scheme 3). This suggests that the reduction of
2 with alkali metals leads to its conversion by extruding the
PPh, group, yielding [Cp*Fe(n®-PsCH;3)]” as the ultimate
product. In contrast, the anthracene compounds, although
highly reactive, do not show any signs of decomposition of the
starting material 2.

To investigate the influence of sterically demanding N-donor
ligands, 2 was reacted with the Mg(1) dimer [(*PPBDI)Mg],.
Upon reduction of 2 with [(*PPBDI)Mg], in toluene at room

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Calculated spin density for 10 (left) and its radical anion frag-
ment [Cp*Fe(m™1-(1-CH3-2-PPh,-Ps))l~ (right). Hydrogen atoms are
omitted for clarity. (Triplet; BP86-D4/def2-SVP; isovalue = 0.012 a. u.).

temperature, extraction with n-pentane, and storing the orange-
brown solution at —30 °C for four months after decanting, few
orange  crystals of  [Cp*Fe{u-n*"""-(1-CH;-2-PPh,-P;)}
Mg("'PPBDI)]"-0.5 pentane (10) were obtained, alongside
amorphous brown solids and a brown oil. The *'P{'H} NMR
spectrum of the mother liquor shows a complex product
mixture which precludes structural assignment and from which
no other pure product could be isolated in spite of numerous
attempts. Compound 10 features a metallo-nortricyclane
structural motif similar to that of 7 and 8. The formation of
10 corresponds to a single-electron reduction of 2 to
[Cp*Fe(n""*'-(1-CH;-2-PPh,-Ps))], the product postulated by
cyclo-voltammetric investigation. This species is not expected to
be stable and should dimerise to form the above-mentioned
P,,>~ dianion. However, in the case of 10, dimerisation is not
possible due to the more covalent nature of the "PPBDIMg-P
bond and the steric shielding provided by the B-diketiminate
ligand and the Dipp-groups of the ligand. Due to the small
quantity of 10 in a complex reaction mixture, its isolation and
full spectroscopic characterisation have not yet been successful.
Density functional theory (DFT) calculations (¢f. ESIT) on the
spin density distribution of 10 and its theoretical fragment
[Cp*Fe(n""'-(1-CH;-2-PPh,-P;))]” (vide supra) revealed that in
10, the spin density is almost exclusively located at the Fe atom
(99%), whereas in the radical anion fragment, the spin density
is mainly distributed between the Fe atom (57%) and the P5
atom (30%), as visualised in Fig. 5. Based on this spin density
distribution, the dimerisation to form the P;,?>~ dianion
[Cp*Fe(n*""-(1-CH;3-2-PPh,-P;))],>~ was modeled by connecting
two radical P2 centers (cf. Fig. 5 right). In comparison, DFT
calculations of the bond dissociation energy show that the
cleavage of the Mg-P bond in 10 to yield [Cp*Fe(n"""-(1-CH3-2-
PPh,-P5))]” and [Mg(DippBDI)]" requires AG = 589.8 k] mol ',
whereas the dissociation of the theoretical P;,>~ dianion to two
[Cp*Fe(n""'-(1-CH;-2-PPh,-P5))]~ fragments accounts for AG =
—148.3 k] mol *. Thus, the formation of 10 is strongly favored
over the formation of the P;,>~ dianion, which is in line with the
experimental observations.

Conclusions

By activating the alkaline-earth metals Ca, Sr and Ba with liquid

ammonia, an improved and simple synthesis of the

Chem. Sci, 2025, 16, 15446-15454 | 15451
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corresponding anthracenides of these metals was developed.
Since this synthetic pathway does not rely on ball milling under
mineral oil or large amounts of starting materials, it can readily
be performed using standard Schlenk techniques.

The high reducing power of these anthracenides and -diides
without sterically demanding and stabilizing N-donor ligands
was then demonstrated and exploited in their reactions with
pentaphosphaferrocene (1) and [Cp*Fe(n*"-(1-CH;-2-PPh,-P;))]
(2), respectively. Starting from [Cp*Fe(n’-Ps)] (1) and the
anthracene compound of Mg, the complex [Cp*Fe(u-n**"-P;)
Mg(thf);]-0.5 thf (3) was obtained and fully characterised. It
represents the first molecular polyphosphide transition metal
complex of magnesium without N-donor ligands that is soluble
in ethereal solvents (e.g. THF). Reaction of 1 with the THF
solvate of Sr anthracenediide yields [Cp*Fe(us;-n**'-P;)
Sr(thf),],-2 thf (4), the first molecular polyphosphide
compound of strontium that is stable in organic solvents.
Although the dianthracenide of Ca reacts with 1, as indicated by
a color change of the reaction mixture, no products from this
reaction could be isolated or identified. With the anthracene-
diide of Ba, the formation of an extremely temperature-sensitive
product was observed in the *'P NMR spectra of freshly
prepared reaction solutions. This short-lived product could not
be isolated, but trace amounts of [{Cp*Fe},(ps-n***'-Py()
Ba(thf)s]-0.5 thf (5), the first molecular polyphosphide
compound of barium, were isolated when less than two equiv-
alents of BaA were used in the reaction.

The anthracenides of Mg and Sr also proved to be valuable in
exploring the redox chemistry of the complex [Cp*Fe(n*'-(1-
CH;-2-PPh,-P;5))] (2). Alkali metals Na and K proved to be too
harsh as reducing agents for 2, leading to decomposition of the
starting material. However, the anthracenide of Mg successfully
achieved a single electron reduction of 2 with subsequent
dimerisation of the as-formed anion [2]” through P-P bond
formation to afford [{Cp*Fe(u-n**"-(1-CH;-2-PPh,-Ps))},-
Mg(thf),]-3 thf (7). Complex 7 contains an unprecedented,
functionalised 2,2'-bis(diphenylphosphanyl)-1,1’-dimethyl-3,3'-
bipentaphosphole ligand. A two-electron reduction to
[Cp*Fe(usn*"(1-CH;-2-PPh,-P5))St(thf);],-2  thf (8) was
observed when the anthracenediide of Sr was used for the
reduction of 2. Reduction with [("'PPBDI)Mg], produced
mixtures of different products, of which only [Cp*Fe{u-n*""-
(1-CH;-2-PPh,-P5)}Mg("PPBDI)]" (10) could be identified by X-
ray diffraction analysis. This product represents the product
of a one-electron reduction of 2 without subsequent dimerisa-
tion, which is thwarted by the sterically demanding N-donor
ligand of [(°'PPBDI)Mg],. A comparison of the reactivity of 2
towards [Mg(n?-Cy14H,,)(thf);] and [(®PPBDI)Mg], shows that
stabilisation of Mg by bulky donor ligands is not required to
form stable polyphosphides in solution. Bulky ligands like the
B-diketiminate ligands in [(®PPBDI)Mg], can even hinder
further reactions, such as dimerisation, due to their high steric
demand.

The results show the value of the anthracenide and -diide
compounds of the alkaline-earth metals as synthons for their
metals in reduction chemistry. This provides an easier access to
the metals Mg, Ca, Sr, and Ba as reducing agents in situations
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where the direct manipulation of the metals is difficult or not
feasible. By this way, products can be obtained that cannot be
synthesised by using standard reducing agents. The availability
of these reagents broadens the scope of available reducing
agents in general and offers new opportunities for exploring
selective reduction pathways in main-group and transition-
metal chemistry.
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