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Di-tert-butyldiphosphatetrahedrane (tBuCP), (A) is a reactive tetrahedral molecule which may serve as a
source of new phosphaorganic molecules and ligands. However, the redox chemistry of this compound
has not yet been investigated. Here, we show that the reduction of A with alkali metals (AM = Li, Na, K, Rb
and Cs) affords 1,2,3-triphospholides [AM(crown ether)][1,2,3-PsC,tBu,] (1-5, [AM(crown ether)] = [Li([12]
crown-4),]%, [Na([15]crown-5),]*, [K([18]crown-6)1", [Rb([18]crown-6)]*, and Cs*) with 1,3-diphospholides
[AM(crown ether)][1,3-P,CstBus] (6—10) formed as by-products. The potassium salt 3 was isolated on a
preparative scale, allowing for reactivity studies. Transmetalation with iron(i) and ruthenium(i) chlorides
yielded the sandwich complexes [Cp*M(n5-1,2,3-P3C2tBuz)] (11, M = Fe; 12, M = Ru, Cp* = CsMes) featur-
ing ns-coordinated triphospholide ligands. Treatment of 3 with [szFe][BAr4F] or [H(EtZO)ZBAr4F] (BAr4F =
B{CgHz(CFs),}4) afforded the polyphosphorus compound tBusC4Pe (13), which presumably results from
the dimerisation of a 1,2,3-triphospholyl radical intermediate (1,2,3-PsC,tBuy)” (37). Tetracyclic 13 is
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Introduction

Phosphatetrahedranes can be used to illustrate the diagonal
relationship between carbon and phosphorus in the periodic
table, and were postulated as stable compounds decades
ago."? Surprisingly, the first representatives for this class of
tetrahedral molecules were reported only recently.’™ We
described the synthesis of di-tert-butyldiphosphatetrahedrane
(tBuCP), (A, Fig. 1a) via the nickel-catalysed dimerisation of
the phosphaalkyne ¢BuCP.’ In parallel, Cummins and co-
workers synthesised and explored the reactivity of tri-ter¢-butyl-
phosphatetrahedrane (¢BuzC3;P) (B) and triphosphatetrahe-
drane (HCP;) (C).*” The phosphatetrahedranes A-C are isolo-
bal to purely carbon-based tetrahedranes such as (tBuC), (D),
and the classical “inorganic tetrahedrane” P, (E, white
phosphorus).®” This has inspired the study of the reaction
chemistry of A-C, which has revealed some similarities, but
also differences with respect to the chemistry of white phos-
phorus in particular.®>%7*
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closely structurally related to an isomer of the hydrocarbon hypostrophene (CioH;0).

Isomerisations of the phosphatetrahedrane scaffold have
been observed in reactions with main group nucleophiles.
Thus, N-heterocyclic carbenes (NHCs) effect P-C or P-P bond
cleavage in A, giving bis(phosphaalkenes) or phosphirenes
depending on the NHC (Fig. 1b).®> An isomerisation of B to
intermediary (tri-tert-butylcyclopropenyl)phosphinidene has
been proposed for various reactions, e.g. with triphenylmethyl-
enephosphorane and a base-stabilized silylene.” The isomeri-
sation to transient phosphacyclobutadienes is another predo-
minant reaction path, which has been reported for the
irradiation of A by UV or visible light and for the reaction of B
with Lewis acids (Fig. 1b)."®'" Cyclobutadiene-type ligands are
formed directly on the metal atom when A interacts with
various low-valent Fe, Co and Ni complexes (Fig. 1b).">"?
Further studies have shown that phosphatetrahedranes may
alternatively retain their tetrahedral structure in selected
coordination compounds.>>**

To the best of our knowledge, there are no reports on the
synthesis of organophosphorus anions by reduction of
phosphatetrahedranes. In contrast, the reduction chemistry
of the closely-related compounds P, (E) and tert-butyl-
phosphaalkyne (¢tBuCP, the monomer of A) is well-
investigated."> ' Reactions of P, with sodium afford penta-
phospholide, tetraphospholide and 1,2,3-triphospholide
anions (among other polyphosphide species),'>'® while
reduction of phosphaalkynes (RCP) with Na/Hg (and other
alkali metal reductands) yields di- and 1,2,4-
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Fig. 1 (a) Tetrahedranes comprised of phosphorus and carbon

atoms;*>™7 (b) reactivity of A (NHC = N-heterocyclic carbene, M = Fe, Co,
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alkali metal reduction of A and subsequent reactivity studies.

triphospholides.'” ' These previous results inspired us to

explore similar reductions of (tBuCP), (A) (Fig. 1c), with the
aim to access anionic ligands. Here, we report the synthesis
of 1,2,3-triphospholide salts [AM(crown ether)][1,2,3-
P;C,tBu,] (1-5, [AM(crown ether)] = [Li([12]crown-4),]",
[Na([15]crown-5),]", [K([18]crown-6)]", [Rb([18]crown-6)]",
and Cs") from A and alkali metals. The utility of 3 as a suit-
able precursor for 1,2,3-triphospholide complexes is
demonstrated by coordination to group 8 metal complexes.
Furthermore, we report the synthesis and characterisation
of the unusual polyphosphane (tBu,C,P¢) (13), which is an
oxidation product of 3 with a remarkable structure built up
by two fused 1,2,3-triphospholyl units. Our results comp-
lement previous studies on the synthesis of 1,2,3-tripho-
spholides via several other routes, including most promi-
nently the reaction of polyphosphide anions with

alkynes.'®2072°
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Results and Discussion

Reduction of A with alkali metals: synthesis and
characterisation of triphospholides 1-5

Initially, the redox properties of ((BuCP), (A) were investigated
by cyclic voltammetry in  toluene/THF/[nBuyN]PFs.
Surprisingly, no redox process was observed between —3.0 and
+1.2 V vs. Fe/Fc' (Fe = Cp,Fe, see Fig. S47, ESIT). The absence
of any redox wave suggests that strong oxidants and reductants
are required to react with A, while also indicating that oxi-
dation and reduction is likely associated with a large overpo-
tential on the platinum working electrode. DFT calculations
on A show that the HOMO lies higher and the LUMO lower in
energy compared to P,.'' This suggests that, in principle, A
should be more easily reduced and oxidized. P, can be
reduced at the potential E;;, = —1.55 V (vs. bottom mercury in
DMF).*® Therefore, the chemical reduction of Awas pursued.
Different reducing agents were evaluated in experiments
performed on an NMR scale. Unfortunately, A did not react
with magnesium or zinc powder. Activated Rieke zinc and
Rieke magnesium gave black and brown suspensions, respect-
ively. The reaction with Rieke zinc is very unselective, leading
to an array of unidentified products according to *'P NMR
spectroscopy. In contrast, the ladderane (tBuCP), was observed
as main product in the reaction with Rieke magnesium.
(tBuCP), is the dimerisation product of A, which can also be
obtained by irradiation with UV or visible light (Fig. 1b).****
The use of strongly reducing alkali metals gave more prom-
ising results. Analysis of the *'P{"H} NMR spectrum of the
reaction of A with lithium chunks showed full consumption of
A and two new species in a 2:1 ratio (see Fig. S1, ESI{). After
the addition of [12]crown-4, these species were identified as
[Li([12]crown-4),][1,2,3-P5C,tBu,] (1) and [Li([12]crown-4),]
[1,3-P,C;3tBuj] (6, Scheme 1) based on the comparison of the
NMR spectroscopic data with related compounds.'®2°° The
major product 1 is characterized by two doublets of doublets
at 224.0 ppm and 316.2 ppm (YJax = —463.8 Hz, Jox = —465.5
Hz, *Jaa = 4.3 Hz), while 6 gives rise to a singlet at 196.0 ppm
(see Fig. S6, ESIf). Subsequent investigations using heavier

tBu
_ PN A -
/ 1) AM @ unidentified
2) crown >__< side products
tBu Bu ether (g
A

1[Li(12c-4),l* 6 [Li(12c-4)]
2 [Na(15¢-5),]* 7 [Na(15¢-5),]"

3[K(18c6)* 8 [K(18c-6)*
4 [Rb(18c-6)]* 9 [Rb(18c-6)]*
5Cs* 10 Cs*

Scheme 1 Reduction of di-tert-butyldiphosphatetrahedrane (A) yield-
ing the triphospholides 1-5 as the major products next to the dipho-
spholides 6—10 and other unidentified side products (AM = Li, Na, K, Rb,
Cs, 12c-4 = [12]crown-4, 15c-5 = [15]crown-5, 18c-6 = [18]crown-6).
Conditions: THF, —80 °C — r.t., over night.
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alkali metals (Na-Cs) gave similar mixtures of the tri- and
diphospholide (Scheme 1).

Salts 1-10 clearly result from the initial reduction of A, fol-
lowed by rearrangements that involve the exchange of P and
CtBu units.§ A similar process has been reported in the litera-
ture for the related reduction of tBuCP, but this yields mixtures
of 1,2,4-triphospholides and 1,3-diphospholides.'® 1,2,4-
Triphospholides have been studied far more intensely than
their 1,2,3-isomers due to the easier synthetic accessibility.
The first 1,2,3-triphospholide salt was reported by Baudler and
co-workers in 1990 as a side product in the reaction of P, with
sodium in diglyme.'® Since then several other 1,2,3-tripho-
spholides have been reported, which contain aryl, alkyl, ester
groups or hydrogen atoms as substituents.>*™2°

It is interesting to note that the ratio of di- and triphospho-
lide in this reaction mixture does not reflect the ratio of
carbon and phosphorus atoms in the starting material A.
Thus, several unidentified side products were detected in the
"H NMR spectra of the reaction mixtures, among them a
singlet at 1.15 ppm which likely can be attributed to the
remaining tBuC fragments of this reaction (see Fig. S11, ESIT).
The similar solubility of the di- and triphospholide salts
hampers their clean isolation. Gratifingly, salts 1 and 3 were
isolated as crystalline materials in varying yield of up to 5%
and 32%, respectively, whereas attempts to cleanly isolate 2, 4
and 5 gave mixtures featuring the di- and triphospholide (see
the ESIT for further details).

The molecular structures of the di- and triphospholide salts
are corroborated by single-crystal X-ray diffraction (sc-XRD)
studies on crystals of 1, 3, 4 and 9 obtained from #-hexane/THF
or n-hexane/toluene. The molecular structure of potassium salt
3 is shown as an example in Fig. 2a. The similar structures of
the lithium and rubidium triphospholides 1 and 4 and the
structure of the rubidium diphospholide 9 are shown in the
ESIL.T The salient feature of the structures of 1, 3 and 4 are the
planar five-membered P;C, rings which are consistent with an
aromatic 6 n-electron ring system with bond lengths in between
typical single and double bonds (e.g. 3: C-C (1.420(3) A), C-P
(1.780(2) A), P-P (2.0740(8) A and 2.0777(8) A)). This is well in
line with related triphospholide structures.®?2%:23:25:26,29,32

In contrast to other symmetrically substituted triphospho-
lide salts,"®?%%>2729 the *'P{'H} NMR spectra of 1-5 do not
display an A,B spin system but an AA'X spin system. For
example, the simulation of the spin system for 3 by an iterative
fitting procedure gave the PP coupling constants: ‘Jax =
465.6 Hz, 'Jax = 467.5 Hz and [, = 4.3 Hz (Fig. 2b). The mag-
netic inequivalence of the phosphorus atoms P* and P" is
likely due to the proximity of the ¢tBu groups which cannot
rotate independently and thus differentiates the two otherwise
symmetrical halves of the 1,2,3-triphospholide anion (see
Fig. S44, ESIf). The *'P{'"H} NMR spectrum of 3 did not
change significantly at elevated temperature (25, 40 and

§ Note that the ladderane (tBuCP), (i.e. the dimer of A) does not react with alkali
metals under the conditions described in Scheme 1.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Solid-state molecular structure of 3. Displacement ellipsoids
are drawn at the 50% probability level; H atoms have been omitted for
clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.0777(8), P2—-P3
2.0740(8), P1-C1 1.780(2), P3-C2 1.780(2), C1-C2 1.420(3), P1-P2-P3
97.24(3), C1-P1-P2 102.86(8), C2-P3-P2 103.02(7), C2-Cl-P1
118.52(16), C1-C2-P3 118.35(15). (b) Section of the 3!P{*H} NMR spec-
trum of 3 with nuclei assigned to an AA’X spin system; experimental
(top); simulation (bottom): 5(Px) = 224.8 ppm, 5(Pan) = 314.4 ppm, *Jax =
—465.6 Hz, 1Jux = —467.5 Hz, 2Jpn = 4.3 Hz. The 3P{*H} NMR spectrum
of 1 is similar (see the ESIf for further details).

60 °C), which may indicate that the ¢tBu-groups rotate in a con-
certed fashion (see Fig. S19, ESIT). The "H NMR spectrum of 3
gives two partly overlapping singlets for the tBu groups at
1.75 ppm, similarly attributed to the non-equivalence of the
18 hydrogen atoms due to the hindered rotation of the ¢Bu
groups. Another singlet at 3.57 ppm arises from the hydrogen
atoms of the crown ether molecule. The signal of the carbon
nuclei in the five-membered P;C, core of 3 appears as a multi-
plet centred at 184.4 ppm in the C{"H} NMR spectrum, due
to coupling to the phosphorus atoms. The multiplet detected
at 38.9 ppm is assigned to the magnetically inequivalent
methyl groups, while quaternary carbon atoms of the ¢Bu
groups give rise to a multiplet centred at 40.5 ppm. Similar *C
NMR data were recorded for 1.1 The UV-Vis absorption spectra
of 1 and 3 dissolved in THF display two absorption bands in
the UV region at 270 nm and 345 nm. The latter absorption
tails into the visible region, causing the orange colour of 1 and
3 (see Fig. S39 and S40, ESIY).

Metal coordination of triphospholide 3: synthesis of iron and
ruthenium complexes

Even though several 1,2,3-triphospholide salts were reported,
the number of isolated 1,2,3-triphospholyl complexes is

Dalton Trans., 2024, 53,10113-10119 | 10115
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limited.>*"**%%33 To test the utility of the newly synthesized tri-
phospholide salts, we investigated the synthesis of triphospha-
ferrocenes using 3 (which was selected among 1-5 due to the
superior isolated yield).>*** Dropwise addition of 3 to
[Cp*FeCl(tmeda)] (tmeda = tetramethylethylene-1,2-diamine)
afforded the complex [Cp*Fe(n>1,2,3-P;CytBuy)] (11,
Scheme 2a), which was identified by its AA'X spin system with
resonances at 116.3 ppm and at —17.8 ppm in the *'P{'H}
NMR spectrum in C¢Dg. 11 was isolated as a purple powder in
54% yield after work-up. Similarly, the reaction of 3 with
[Cp*RuCl(cod)] (cod = cycloocta-1,5-diene) led to the isolation
of orange, crystalline [Cp*Ru(n’1,2,3-P;C,tBu,)] (12) in 32%
yield (Scheme 2b). Complex 12 can be identified by two multi-
plets (AA'X spin system) at 87.5 ppm and at —39.1 ppm in the
*'p{"H} NMR spectrum.

The structural and spectroscopic properties of 11 and 12
are broadly similar to related 1,2,3-triphosphaferrocenes.>**3**
To our knowledge, only one 1,2,3-triphospholide ruthenium
complex  [K(2,2,2-crypt)][Ru(n’®P;C,H,)}{CH;C(CH,),},]  has
been reported so far, which has not been crystallographically
characterised.”® In contrast to the previously reported
examples,?>**”* the (phospha-)cyclopentadienyl rings in the
structures of 11 and 12 adopt a staggered conformation
(Fig. 3), probably due to steric interactions between the Me
groups of the Cp* ligands and the tert-butyl groups of the
1,2,3-triphospholyl ligands. It is noteworthy that the planes of
the five membered ring ligands are slightly tilted with a plane-
to-plane angle of 9°. In both complexes 11 and 12 the bonds
in the five-membered ring of the triphospholide ligand are
slightly elongated compared to the triphospholide salt 3 (e.g.
3: P1-P2 = 2.0777(8) A, C1-C2 = 1.420(3) A, 11: P1-P2 =
2.1056(7) A, C1-C2 = 1.437(3) A).

Simulation of the *'P{'H} NMR spectra revealed an AA’X
spin system for 11 and 12 (Fig. 4). As reported for related
complexes,”*?*?* the *'P and '*C NMR resonances are shifted
to lower frequency. The 'Jpp coupling constants (11: “Jax =

4 tBu tBu
p : ®:
~ -
i
Fe
a :/

tBu tBu tBu tBu
[K(18c-6)* LQ
3 b i
 — Ru
V4
I ﬁ
NN 12

Scheme 2 Synthesis of 11 and 12. Reagents and conditions: (a) THF,
—30°C, 1.5 h; (b) THF, =30 °C, 1.5 h.
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Fig. 3 Solid-state molecular structures of (a) 11 and (b) 12.
Displacement ellipsoids are drawn at the 50% probability level; H atoms
have been omitted for clarity. Selected bond lengths [A] and angles [°]
for 11: P1-P2 2.1054(7), P2-P3 2.1056(7), P1-C1 1.7999(19), P3-C2
1.8104(19), C1-C2 1.437(3), Fel—(P3Cp)centroia 1.6321(6), Fel—Cp*centroid
1.7116(9), P1-P2-P3 98.29(3), Ci-P1-P2 101.85(6), C2-P3-P2
101.90(6), C1-C2-P3 118.53(13), C2—-C1-P1 119.36(14), Cp*centroia—Fel—
(P3C2)centroia 172.02(4). 12: P1-P2 2.1115(8), P2-P3 2.1093(8), P1-C1
1.808(2), P3-C2 1.814(2), C1-C2 1.435(3), Rul—(P3Cp)centroia 1.7595(6),
Rul-Cp*centroia 1.8447(9), P1-P2—-P3 98.25(3), C1-P1-P2 101.78(7), C2—
P3-P2 101.95(7), C1-C2-P3 118.66(15), C2-Ci-P1 119.33(15),
Cp*centroid_RU1_(P3C2)centroid 173.19(4).

a tBu tBu

31p{1H} NMR

Experiment A ;: A
AA X Fe

i =

f f I t —+[ppm]
117.0 116.0 V’/LY -17.5 -20.0

Simulation

tBu tBu
b
31P{IH} NMR A XPTA
Experiment Ru
N ==
: i : : [ppm]
88.0 87.0 =-37.5 -40.0

Simulation

Fig. 4 (a) Section of the *P{H} NMR spectrum of 11 with nuclei
assigned to an AA'X spin system; experimental (top); simulation
(bottom): 5(Px) = —17.8 ppm, 5(Paa) = 116.3 ppm, 2Jax = —397.1 Hz, 1Jax
= —396.2 Hz, 2Jaa = 3.4 Hz. (b) Section of the 3P{*H} NMR spectrum of
12 with nuclei assigned to an AA’X spin system; experimental (top);
simulation (bottom): 5(Px) = —39.1 ppm, 5(Pax) = 87.5 ppm, Uax =
-393.4 Hz, "Jax = —=393.9 Hz.

397.1 Hz, 12: YJax = 393.4 Hz) are smaller compared to the
signals of anionic 3 (YJxx = 465.6 Hz, vide supra). The UV-Vis
absorption spectrum of 11 displays two absorption bands in

This journal is © The Royal Society of Chemistry 2024
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the UV region at 240 nm and 280 nm as well as two in the
visible region at 470 nm and 575 nm (see Fig. S41 and S42,
ESIT).

Oxidation of 3 with Brookhart’s acid: synthesis of
hexaphosphane 13

Further reactivity studies of 3 with metal salts (e.g
[(Ph3P),NiCl,], [CpsNi,|BF,, [(PPh3)CuCl]), oxidizing agents
(e.g. [Cp,Fe]PFg), and organic electrophiles repeatedly revealed
a set of three distinct multiplets at —63.8 ppm, 15.0 ppm and
64.2 ppm (1:1:1 integral ratio) in the *'P{"H} NMR spectra,
which are assigned to a new product 13. While this pattern
was accompanied by further intractable products in most
cases, reactions of 3 with [Cp,Fe][BAr,"] and [H(Et,0),BAr,]
(Brookhart’s acid, BAr," = B{CcH;(CF;),}4) gave 13 in a selective
fashion (see Fig. S31 and S37, ESIY). Isolation of crystalline 13
was possible from the reaction of 3 with [H(Et,0),BAr,*] by
extraction of the crude reaction product with n-hexane and
subsequent recrystallisation from n-pentane at —30 °C (22%
yield, Scheme 3).

The determination of the molecular structure of 13 by sc-
XRD revealed that this complex arises from the dimerisation of
two 1,2,3-triphospholyl units, resulting in a tetracyclic struc-
ture (Fig. 5). The polycyclic framework of 13 represents a phos-
phorus-containing isomer of the hydrocarbon hypostrophene
(C10H10) reported by Pettit and co-workers.>* The Pg core fea-

N

7 —_——
o/
@ + [H(Et,0),BAr,S ] ———> 7 ) fBu
" 5 THF, 30°C BUT-P<)
u u S Bu
[K(18c-6)]* 2 B,
3

Scheme 3 Synthesis of 13.

Fig. 5 Solid-state molecular structure of 13. Displacement ellipsoids
are drawn at the 50% probability level; H atoms have been omitted for
clarity. Selected bond lengths [A] and angles [°]: P1-P2 2.1709(8), P1-P6
2.2380(8), P2—-P3 2.2082(8), P2—P4 2.2571(8), P3—-P5 2.2540(8), P4-P5
2.2054(9), P5-P6 2.1736(9), P1-C1 1.875(2), P3-C2 1.858(2), P4-C3
1.851(2), P6-C4 1.870(2), C1-C2 1.364(3), C3-C4 1.366(3), P1-P2-P3
90.50(3), C1-P1-P2 93.58(7), C2-P3-P2 99.04(7), C1-C2-P3
115.47(15), C2-C1-P1 116.22(15), P4-P5-P6 90.47(3), C3-P4-P5
98.78(7), C4-P6—-P5 93.26(7), C3—-C4-P6 115.92(15), C4-C3-P4 115.81
(16), P1-P2—-P4 87.60(3), P3—-P2-P4 83.93(3), P4-P5-P3 84.07(3), P6—
P5-P3 97.62(3).

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Sections of the 3'P{*H} NMR spectrum of 13 with nuclei assigned
to an AAMM’XX’ spin system; experimental (top); simulation (bottom):
5(Pan) = 64.2 ppm, 5(Pum) = 15.0 ppm, 5(Pxx) = —63.8 ppm, Jan =
—261.9 Hz, Yax = Wax = —293.9 Hz, Wwx = Uux = —134.2 Hz, 2w =
2dam = =32 Hz, 2Jpam = 2am = 9.9 Hz, 2Jum = 24.9 Hz, 2Jax = 2Jax =
15.3 Hz, Ywx = YUy = —157.7 Hz, 2Jxx = 29.5 Hz.

tures a double-envelope arrangement with covalent P-P and
P-C single bonds, while the adjacent C atoms each form a
C=C double bond (C1-C2 1.364(3) A, C3-C4 1.366(3) A).>* A
similar double-envelope Ps; moiety has been reported for
[Cp"2Th(p,n?n*-Ps)ThCp”,] (Cp” = n°-1,3-tBu,CsH3).>* A related
Pg unit is also found in Jutzi’s Ps(CsMes),, which contains an
additional P-P bond.*®

The NMR spectroscopic data of 13 are fully consistent with
the molecular structure, revealing two 'H NMR singlets for the
chemically inequivalent ¢tBu groups at 1.08 and 1.53 ppm and
deshielded *C nuclei in the five-membered rings (165.0 ppm
and 170.5 ppm) consistent with the C=C double bonds. An
AA'MM'XX’ spin system is observed in the *'P{"H} NMR spec-
trum (Fig. 6), confirming the presence of a covalently con-
nected P moiety. Note that [Cp",Th(u,n’n’*-Ps)ThCp”,] gives
rise to a similar AA'MM'Q, spin system.>®

The possible mechanism of formation of 13 is shown in
Scheme 4. We presume that [H(Et,0),BAr,"] acts as an oxidiz-
ing agent towards 3, forming the radical (1,2,3-P;C,tBu,)" (37)
and dihydrogen (H,) as a by-product.y Subsequently, the pre-
sumed intermediate 3" dimerizes under P-P bond formation,
which is followed by a [2 + 2] cycloaddition to generate 13
(Scheme 4). The proposed mechanism is corroborated by DFT
calculations (@wB97XD/def2-TZVPPD level of theory) on the

fWe could not unambiguously detect the formation of H, by '"H NMR spec-
troscopy. Nevertheless, the well-documented ability of metal phosphides to cata-
lyse hydrogen evolution reactions in acidic media supports the proposed
pathway.?”
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Scheme 4 Proposed mechanism for the formation of 13 by oxidation
of 3; the inset shows the calculated spin density distribution of 3° drawn
at a surface isovalue at 0.05.

radical 3%, which show that the calculated spin density is
mainly located on the terminal P atoms (P1/P3) of the P; chain
and to a lesser extent on the central P atom (P2).} An alterna-
tive pathway might be the protonation of 3 to form (1,2,3-
P;C,tBu,H) (3-H) that would be prone to cycloaddition, fol-
lowed by dihydrogen elimination (Scheme S1, ESIT).|| However,
the pathway proposed in Scheme 4 is considered more likely
given that 13 from 3 is also formed with aprotic oxidizing
agents such as [Cp,Fe]PF¢.T

Conclusions

The reduction of di-tert-butyldiphosphatetrahedrane (A) offers
a new route to 1,2,3-triphospholide salts 1-5, which are
obtained as mixtures with 1,3-diphospholides 6-10. This con-
trasts with the direct reduction of tBuCP with alkali metals
which yields the related 1,2,4-triphospholides in addition to
the 1,3-isomers. These findings echo the results of earlier
investigations where A and ¢BuCP have formed isomeric reac-
tion products.’> The synthesis of [Cp*M(n>-1,2,3-P;C,tBu,)]
(11, M = Fe; 12, M = Ru) from the isolated potassium salt 3
complements earlier studies,”>**> demonstrating the potential
of 3 for transition metal coordination. Furthermore, reactions
of 3 with [Cp,Fe][BAr,"] and [H(Et,O),BAr,"] resulted in oxi-
dation and dimerisation, forming the hexaphosphane
tBu,C,Ps (13). This compound has a remarkable molecular
structure, which is analogous to a hypostrophene (C;oH;o)
isomer. These results once more illustrate the potential utility
of diphosphatetrahedranes as building blocks in organopho-

|[Such a pathway has been proposed by Nixon and co-workers for the protona-
tion of Li[1,2,4-P;C,tBu,] with an EtOH/MeCO,H mixture, leading to a tricyclic
compound containing a P chain and an isolated P atom.*® Indeed, our DFT cal-
culations for (1,2,3-P;C,tBu,)” show that P1 and P3 have a slightly higher proton
affinity than C1, C2 and P2. In contrast, the carbon atoms of (1,2,4-P;C,tBu,)”
have a higher proton affinity than the phosphorus atoms. The protonation of
one P atom in (1,2,3-P;C,tBu,)” leads to a localized P=P double bond which is
prone to cycloaddition triggering the hydrogen elimination and formation of 13.
Both the dimerisation of 3" to 13 and of protonated 3-H to 13 are exergonic with
—59.1 keal mol™* and —23.9 keal mol™, respectively (see ESIT). A 1,2,4-tripho-
spholide radical dimerisation has been reported by Tonkin and co-workers.*”
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sphorus chemistry. Further investigations into the reduction
and oxidation of diphosphatetrahedrane A are in hand.
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