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Controlled Ring Opening of a Tetracyclic Tetraphosphane
with Twofold Metallocene Bridging

[a, b

Subhayan Dey,
and Rudolf Pietschnig*®

A direct route to a doubly ferrocene bridged tetracyclic
tetraphosphane 1 was developed via reductive coupling of
Fe(CpPCl,), (2a), where a chlorine terminated linear P,-com-
pound 3 could be identified as an intermediate. Selective P—P
bond activation was further achieved by reacting 1 with
elemental selenium or [Cp*All,, where regioselective insertion
of Se or Al atoms resulted in ferrocenylene bridged [P,Se] (4) or
[P,All (7) moieties. Compound 7 can be transformed to a
hydrogen terminated linear P, species, 8, with protic solvents.

Introduction

Oligophosphanes or oligophosphines feature homoatomic
chains or rings formally consisting of (>PR), units, which is
illustrative for an alternative formulation as
oligophosphinidenes.” The closely related oligosilanes and their
heavier germanium and tin analogs received considerable
attention owing to their remarkable electronic properties.” In
contrast to these homoatomic group 14 oligomers and
polymers, in case of oligophosphanes the presence of a lone
pair at each phosphorus atom usually leads to diasteromeric
mixtures, which are difficult if not impossible to separate.”
Moreover, oligophosphanes can be quite dynamic in ring size
with planar inversion of the lone pairs/ and very recently
Pringle and coworkers demonstrated spontaneous P—P bond
metathesis even for diphosphanes.” There are some prominent
examples of well-defined oligophosphanes, stabilized by steri-
cally very demanding substituents,’”’ or embedment into cyclic
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Methylation of compound 1 with MeOTf, proceeds via inter-
mediate formation of monomethylated species 5, which
gradually produced Me,-terminated dicationic 6, again contain-
ing a linear P,-unit. Besides spectroscopic characterization, the
structural details of compounds 1, 4, 6, and 8 could be
determined by SC-XRD. Moreover, DFT calculations were used
to rationalize the reactivity of 1, derived compounds and
intermediates. As a key feature, 1 undergoes ring opening
polymerization to a linear polyphosphane 9.

scaffolds.”” Being highly sensitive towards disproportionation,
accompanied by rearrangements,*® only a very limited number
of catena-phosphanes with general formula X-(P,R,)-X (with
X=H, SiMe;, SnMe;) have been reported till date: n=2 for R=
Ph, 2,4,6-Me;CH, (Mes),” n=3 for R=Ph," and n=4 for R=
'Bu, Ph, Mes,®*'" in contrast to more common cyclic tetraphos-
phanes A-D, complemented by rare 1,3-bridged or n-bonded
P,-cyles as realized in the unique examples E-F (Figure 1).
Recently we reported the formation of an isolable linear tetra-
and polyphosphane, where the unique axial flexibility of the
ferrocenylene substituent enabled all-trans conformation of the
P,-chain."? Inspired by the configurational stability of some
ferrocene based oligophosphorus compounds,”“™® we set out
to explore the possibility of synthesizing a maximally con-
densed phosphaferrocenophane 1. Herein, we report prepara-
tion and reactivity of such an unprecedented tetracyclic
oligophosphane,1. Various methodologies for the synthesis of

cyclooligophosphanes have been reported to date,"¥ including
Mg-mediated reductive coupling of substituted
dihalophosphanes.l'>'2"*!
1
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Figure 1. Title compound 1 and related cyclotetraphosphanes A (for R=R’
and R#R),' B,"® C (R=Me),"” D (R=(CH,),),"" E,*” and F.%"
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Results and Discussion

To obtain oligophosphane 1, we explored the straightforward
reduction of the well-known 1,1"-bisdichlorophosphanylferro-
cene 2a (Fe(CpPCl,),)." By reacting the latter with an excess of
Mg in a 9:1 mixture of toluene and thf, compound 1 was
obtained as the only observable product exclusively (Scheme 1,
path 1). Tracking the formation of 1 with *P NMR at room
temperature allowed us to identify resonances of an intermedi-
ate, which subsequently converts to product 1. The resonances
of the intermediate are consistent with a chloro-terminated
tetraphosphane 3, featuring an AA'BB’ spin system in the
solution-phase *'P NMR spectra, with resonances centered at
99.24 (terminal CI-P(CsH,)-(P <) position, Figure 3A, signal a) and
—22.75 ppm (inner CI-P(CsH,)-(P <) positions, Figure 3A, signal
b).

The presence of intermediate 3 could also be corroborated
by MALDI measurement, taken from an aliquot of the reaction
mixture, where a molecular ion peak for [3-Cl] could be
observed (Figure S16, ESI). With an authentic sample in hand,
tetracyclic oligophosphane 1 could be identified as identical to
a previously observed trace impurity in the thermal polymer-
ization of [2]ferrocenophane 2b (Fe(CpP'Bu),) at high temper-
ature (Scheme 1, path Il), albeit in much lower yield (Figur-
es S1-S4, ESI).'?

X-ray crystallography revealed the molecular structure of
compound 1 in the solid state (Figure2), confirming the
tetracyclic tetraphosphane core with ferrocenylene handles
connecting the phosphorus atoms in the alternating positions.
In contrast to most of its congeners A and E (Figure 1), 1
features a rectangular (P—P—P angle ¢ ~90°) and comparatively
more planar (ring-fold angle y=160.6°) geometry of the P,
moiety, similar to phosphaalkyne cyclotetramer B, ate-com-
plexes of aluminacyclopentadienes C and D, and inorganic
ferrocene analogue F (Figure 1).'7"?" Investigating the Kohn-
Sham orbitals of 1 (Figure S75, ESI), it can be established that
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Scheme 1. Synthetic approaches to tetracyclic oligophosphane 1.
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the HOMO and HOMO-1 are degenerate orbitals involving the
lone pairs of all phosphorus atoms. The same energy level of
these orbitals can be attributed to the high symmetry of the
system with four equivalent phosphorus atoms and indeed the
lone pairs of them are combined with each other (HOMO and
HOMO-1). Spurred by the synthetic access in acceptable yield
and purity, we set out to explore the reactivity of the P, moiety
in 1. Owing to the unusual arrangement and degeneracy of the
phosphorus lone-pairs in tetracyclic tetraphosphane 1, we
wanted to assess their donor properties, for which the 'Jp,
coupling of the corresponding selenophosphorane is a conven-
ient measure.”? To this end, 1 was reacted with grey selenium,
however, instead of forming the corresponding selenophos-
phorane as in related cases,” the Se atom inserted between
two adjacent P atoms, giving rise to compound 4 as a sole
isolable product in nearly quantitative yield (Scheme 2a) with
the structural motif corroborated by SC-XRD (cf. Figure 2).
Similar to previously reported P—P bond activated species
[(CyP),AsLi],*¥ [P**BDISilP,*” and ["""BDIMg],["Bu,P,,*® (where
PPPBD| = HC{C(Me),N(2,6-iPr,C¢H;)},), compound 4 showed an
AA’BB'X spin system in the *P NMR spectra with resonances
centered at 0 55.82 (for Se-P(CsH,)-P <)) and 31.96 ppm (for
Se—P(CsH,)-P <), Figure S25, ESI). To illustrate the unique
reaction behavior of our tetracyclic tetraphosphane scaffold, we
additionally subjected literature known [P'Bu], to the same
reactions for the sake of comparison.””” However, in this case
only the ‘Bu-substituted variation of the Woolin’s type reagent
was observed and identified by crystallographic means (Fig-
ure S35, ESI).*® In order to understand the selectivity of the
reaction with selenium, DFT calculations were carried out at
®B97X—D/def2-TZVP level of theory (more details in ESI). Since
modeling the direct reaction with grey selenium is challenging,
a different (hypothetical) selenium transfer reaction was calcu-
lated to evaluate the thermodynamic stability of 4 (Scheme S1,
ESI). The common motif of these processes is that most of the
reactions are thermoneutral or slightly exergonic. Therefore, the
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Figure 2. Molecular structures of 1, 4, [6]*", and 8 based on SC-XRD.” Coordinates for the hydrogen atoms on the terminal P atoms in 8 are freely refined

with fixed isotropic thermal parameters.
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Scheme 2. Reactions of [Fe(CpP),], (1) with grey Se (a), MeOTf (b and c) and [Cp*All, (d) followed by quenching (e), or heating (f).

selenium incorporation is favored thermodynamically, similar to
other phosphanes. Despite the selenophosphorane isomer of 4
(i.e. 4') was not detected, its relative stability was determined
(Figure S76, ESI) and our calculations revealed that reaction 4'—
4 is exergonic (AG=-9.1 kcal/mol), but the corresponding
barrier of the monomolecular transformation is high (63.3 kcal/
mol). For comparison, the thermodynamic driving force of the
related transformation is lower in case of
diphosphal[2]ferrocenophane (AG=—2.1 kcal/mol), but the cor-
responding reaction barrier is lower (34.4 kcal/mol) as well (for
better comparison values were recomputed at ®B97X-D/def2-
TZVP).” The question arises why only 4 is formed exclusively
and no other selenium containing species could be detected.
Different possible products were investigated (Scheme S1, ESI)
and based on our computational results it can be established
that introducing a second selenium atom is less favoured
thermodynamically, with the transfer reactions being ender-
gonic. It seems that the formed five-membered ring in 4 has
significant thermodynamic stability, which is likely comple-
mented by the steric hindrance of the ferrocene unit. Since the
proclivity to undergo quaternization is a prototypic reactivity
feature of phosphanes, we set out exploring the methylation of
1. To this end we reacted 1 with MeOTf, where stoichiometric
and sub-stoichiometric amount of the reagent produced mono-
methylated 5, as a mixture with unreacted 1, and 6 (Scheme 2b;
Figures S41, S42, S49, and S50, ESI). Reaction of 1 with an excess
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of MeOTf (7 eq.) resulted selectively and quantitatively in
compound 6 (Scheme 2). Tracking the formation of 6 by 'H and
*'P{'"H} NMR, we were able to identify the resonances of an
intermediate, consistent with mono-methylated 5, which over
long standing eventually produces crystals of compound 6. In
its >'P{'"H} NMR spectra, compound 5 shows an ABCB’ type spin
system, where three different multiplets at 6 61.62 (for (>P-
P(CsH,)-PMe), signals c), 46.90 (for (> P—P(CsH,)-PMe), signals d)
and 27.61 (for (>P-P(CsH,)-PMe), signals e) were observed
(Figure 3B). The identity of compound 5 could further be
confirmed with MALDI-MS, which showed a molecular ion peak
for [1+Me]™ (Figure 5S40, ESI). The solid-state structure of 6 was
analyzed by X-ray crystallography, where a linear all-trans P,
chain could be observed terminated by two methyl units on
each side (Figure 2), entailing two positive charges. Two triflate
anions further compensate the positive charges of the
[Fc',P,Me,] scaffold.”

As monovalent aluminum complexes have previously been
used to access rare Al-P cages and clusters by reducing highly
reactive white phosphorus and its derivatives,®" the reactivity
of compound 1 was then explored with [Cp*All,. Similar to the
reaction of P, with complexes of monovalent group 13
elements,”'¥ the reaction resulted in regioselective insertion
yielding Al(lll)-species 7 as product (Scheme 2d). The latter
shows an AA'BB'X spin system in the *'P{'"H} NMR spectra with
two multiplets, centered at 6 —251.21 (for AIP(CsH,)-P <) and
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Figure 3. Experimental (red) and simulated (teal) *'P{"H} NMR spectra of compounds 3 (A) and 5 (B); 6 ca. 68-75 ppm view of *C NMR spectrum of compound

7 (Q).
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—56.87 ppm (for AIP(CsH,)-P <) (Figures S56 and S60, ESI). The a
and 8 carbon atoms of the C;H,-rings with P—Al bonds exhibit
complex multiplets (signals g-i, and | in Figure 3C), whereas
similar carbon atoms of the other half of ferrocene units are
showing simpler resonances (signals f, j, and k in Figure 3Q),
which is an agreeable pattern for the C, symmetric nature of
[AIP,] core. On the other hand, monocyclic [P'Bul, showed no
reaction with [Cp*Al], even with an excess of the Al(l)-reagent,
as confirmed by *'P and Al NMR (Figures $65-567, ESI). The
reaction of 1 with equimolar amounts of [Cp*Al], remained
incomplete (Figures S51 and S52, ESI), even at 110°C, over
several days. Using an excess (2.5 eq.) of [Cp*All, allowed full
conversion (Figures S55 and S56, ESI) and selective formation of
7 which could be isolated in 81% yield along with unreacted
[AICp*], (Figures S58 and S60, ESI). The reaction of 1 with
[AICp*], was investigated by DFT calculations. As expected, the
reaction of 1 with the AICp* monomer is exergonic (AG=
—22.2 kcal/mol), and the brutto process (4 eq. 1+[AICp*],—7)
has significant thermodynamic driving force (AG=-79.0 kcal/
mol) as well. Similar to the reaction with selenium, the
introduction of the second AICp* unit is endergonic AG=
3.1 kcal/mol (Scheme S2, ESI).

Aluminumphosphanide 7 is highly reactive and protic
solvents like water lead to its selective conversion to the ring
opened hydrogen-terminated linear tetraphosphane 8 (Sche-
me 2e). The molecular structure of 8 in the solid-state shows a
linear all-trans P, moiety with terminal P-H bonds (Figure 2),
which in the ATR-IR spectrum shows a characteristic band for
the P—H stretching mode (ca. 2360 cm™', Figure S72, ESI). The
*'P{"H} NMR spectra of 8, show an AA'BB’ spin system, with two
multiplets, centered at 6 —66.71 (for HP(C;H,)-P<) and
—36.37 ppm (for HP(CsH,)-P <), similar to the pattern observed
for previously published [Fc',P,'Bu,] (Figure S68, ESI).l'?

The geometric parameters of the Me,- and hydrogen
terminated dicationic and neutral linear P,-species 6 and 8 are
mostly comparable to those of their cyclic analog 1 (Figure 2).5”
The P—P—P or ¢ angle, is closest to 90° in 1 [89.15(4)°-89.24(5)°]
which increases by ca. 6-8.5° in ring-opened 6 [97.58(9)°] and 8
[95.14(8)°1.%% Although many cyclic P, systems with even lower
¢ angles are reported in the literature, their molecular strain
around the P, core are compensated by low ring fold angles v,
making the ring more puckered than planar."” When both ¢
and vy angles simultaneously increase,”? rigid equatorial
orientations of the substituents at the P atoms get conforma-
tionally disfavored. With respect to the distortion of the
cyclopentadienyl moieties from coplanarity,®® 1 (o.=3.8°) shows
a slightly higher tilt angle than [Fc’,P,Bu,] (a=0°) and other
phospha[3]FCPs,**' but nevertheless indicates negligible ring
strain of the ferrocenophane scaffold. However, both 1 and
[Fc,P,Bu,] feature twist angles of t=0° highlighting the
directional rigidity of the linear P—P backbone.®

As pointed out earlier, 1 had been observed as byproduct in
trace amounts during the thermal ring expansion polymer-
ization of [2]ferrocenophane (Fe(CpP'Bu),). We were wondering,
whether 1 could be ring-opened thermally to an all-trans linear
polyphosphinidene, as well. To solve this question, we heated
neat 1 in vacuum at 350°C which likewise resulted in the

Chem. Eur. J. 2024, 30, 202400194 (4 of 5)

formation of polymer 9 (Scheme 2f), as confirmed by identical
IR and elemental analysis compared with an authentic sample
(Figure S74, ESI). The latter findings might point at a role of 1 as
potential intermediate in the formation of this polymer for the
thermally driven dealkylative ring-expansion polymerization of
[2]ferrocenophane (Fe(CpP'Bu),)."? We speculate that the only
moderate strain as documented in the above-mentioned geo-
metrical parameters of 1, together with the torsional flexibility
of the ferrocene moiety allow for a controlled ring-opening by
various reagents or just thermally. By contrast, a less flexible
tetraphosphane such as C, disintegrates with reducing and
methylating reagents, leading to complete fragmentation of the
P, moiety to P-containing small molecules."

Conclusions

In summary, straightforward access to a unique tetracyclic
tetraphosphane 1 with twofold metallocene bridging has been
demonstrated. Despite the degeneracy of the lone-pairs at all
four phosphorus atoms, functionalization with electrophilic and
ambiphilic reagents occurs exclusively at a single P—P bond.
The resulting linear tetraphosphane 8 and its closely related
analog 3 with opposite polarity are attractive building blocks
for larger catena polyphosphanes. Likewise, P-P bond activa-
tion in 1 can be effected thermally transforming 1 into all-trans
catena polyphosphane 9, for which it may have been the actual
intermediate in a previously reported approach. We anticipate
that the only moderate strain of 1, together with the torsional
flexibility of the ferrocene moiety allow for a controlled ring-
opening. This is in contrast to less flexible tetraphosphanes
such as C which disintegrate with reducing and methylating
reagents, leading to complete fragmentation of the P,
moiety.!"

Supporting Information

The data that support the findings of this study are available in
the Electronic Supporting Information (ESI) of this article.
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