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Most multiple charged molecules are unstable in the absence
of a stabilizing environment of opposite charge and decom-
pose either under “Coulomb explosion”, that is, under bond
cleavage, and/or by electron detachment.[1] The latter process
occurs easily in the case of polyanions because electrons are
readily lost by tunneling through the barrier at the inter-
section of the Xn� and X(n�1)� + e� (X=molecular fragment)
potential energy surfaces. Numerous polyanions with phos-
phorus are found in the solid state as Zintl phases (MnPm),
which generally show tight anion–cation contacts.[2] For
example, in Ca2P2

[3] or [Cs2P4(NH3)2],
[4] which contain the

small (P2)
4� or the 6p aromatic (P4)

2� ions, the high concen-
tration of negative charge is stabilized by the formation of
bicyclobutane-type arrangements such as A in Figure 1. Such

Figure 1. Bicyclobutane-shaped fragment A characteristic for
[(M+)2(X

2�)] ion triples and structure of rac-[1a(thf)4(tmu)]. Hydrogen
atoms are omitted for clarity and the second orientation of the disor-
dered THF molecules is shown in thin lines. Selected distances [$] and
angles [8]: Na1-P1 2.974(2), Na1-P1A 2.918(2), Na1-Na1A 3.491(4),
Na1-O1 2.405(4), Na1-O2 2.326(4), Na1-O3 2.453(4), P1-P2 2.163(2),
P2-P2A 2.206(2), P1-C1 1.809(4), P2-C7 1.850(5); C1-P1-P2 102.0(1),
P1-P2-P2A 104.4(1), P1-P2-C7 107.4(1), C7-P2-P2A 98.8(2), C2-C1-C6
115.7(4), C8-C7-C12 117.3(4), P1-P2-P2A-P1A �31.9(1), C1-P1-P2-C7
88.8(2), C7-P2-P2A-C7A �170.6(3), normal angle (Na1,P1,P1A)/
(Na1A,P1,P1A): 85.7(1).
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arrangements are typical for ion triples[5]

and are favored because they contain
four attractive Coulombic interactions
(r+,�) but only two repulsive ones (r�,�
and r+,+), respectively. Exceptions are
[(BnMe3N)+2(P11H)2�] and [(EtMe3N)+3-
(P11)

3�][6] which contain weakly coordinating
large cations and the negative charges are
delocalized over the s framework of the
P11 cage. Geminal dianions (RP)2� could be
isolated in organophosphorus chemistry as
cage compounds through intimate contacts
with the countercations.[7] In the solid-state
structures of bis(alkali metal)-catena-oligo-
phosphane-a,w-diides [M2(PmRm)(solv)x]
(M=Li, Na, K; m= 2, 3, 4; solv=M-
bonded solvent molecules) ion triples with
a M2P2-bicyclobutane-type arrangement
were observed.[8, 9] An example of such an
ion triple is the C2-symmetric disodium
1,2,3,4-tetraphenyltetraphosphane-1,4-diide
[Na2(P4Ph4)(thf)4(tmu)] (rac-[1a(thf)4-
(tmu)], tmu= tetramethylurea; Figure 1).[10] This compound
was obtained by reduction of phenylphosphonous acid
dichloride with sodium metal in toluene/tetramethylethyle-
nediamine (tmeda)[8a] and recrystallization of the product
[Na2(P4Ph4)(tmeda)2] from THF in the presence of tetrame-
thylurea. The folding along the (P1,P1A) vector, caused by
the bridging carbonyl oxygen atom of the strong tmu ligand, is
particularly acute (F= 85.78), and consequently the Na···Na
distance (3.491(4) C) is relatively short compared with other
[Na2PnRn] bicyclic structures (n= 3, 4). All other structural
parameters lie within the typical range (Figure 1).[8,9] The
terminal phenyl rings are only slightly tilted with respect to
the adjacent P1�P2/P1A�P2A bonds (12.68), and the terminal
P�C bonds are shorter (P1�C1 1.809(4) C) than the internal
ones (P2�C7 1.850(5) C), thus indicating charge delocaliza-
tion from the formally negatively charged terminal phos-
phorus centers into the phenyl rings. The phosphorus
centers at the central P�P unit of the P4 chain in the
[M2(P4R4)] ion triples has the R,R(S,S) configuration, that is,
the P4 chain is made of the sterically favored racemic threo
isomer.

Would “naked” (P4R4)
2� dianionic chains be stable? To

answer this question we added an excess of the bicyclic
sodium/potassium-complexing agent [2.2.2]cryptand
(C222)[11] to (EPR-silent) solutions of rac-[1a(solv)] (solv=
tmeda, dimethoxyethane (dme), thf; Scheme 1). A color
change from yellow to red-orange occurred immediately and
was accompanied by the precipitation of most of the
phosphorus-containing species (> 90%), firstly as a red oil
which soon crystallized to give red and yellow crystals. Freshly
prepared, inhomogeneous samples of the rac-[1a(solv)]/
cryptand mixture gave a strong EPR signal (g= 2.0089)
which appeared as a triplet (aiso[P]= 115 MHz) as a result of
hyperfine coupling with two identical 31P nuclei. The signal is
further split by smaller 1H couplings to two nonequivalent
ortho protons on each benzene ring (aiso[H]= 8.5 MHz and
aiso[H’]= 4.0 MHz; Figure 2a).

This EPR spectrum is assigned to the free diphenyldi-
phosphene radical anion (P2Ph2)C� (2a) formed by homolytic
cleavage of the central P�P bond in the (P4Ph4)

2� dianion
upon removal of its charge-stabilizing contacts to the positive
sodium counterions.[12] Dilute solutions of 2a are remarkable
stable, however, the same crystalline solids as formed in the
reaction of rac-[1a(solv)] with (C222) were obtained upon
concentration. These crystals were carefully washed with
small portions of THF and then suspended in THF, which
became slightly orange, thus indicating the complex was
slightly soluble.

Scheme 1. Syntheses of 2a,b and rac-3a/meso-3a,b.

Figure 2. X-band EPR spectra of 2a (a) and 2b (b) in THF at room
temperature. Spectra were measured with a microwave frequency of
9.7 GHz, a modulation amplitude of 0.05 mT, and a modulation fre-
quency of 100 kHz.
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However, no 31P NMR signal could be recorded; instead,
2a was again detected by EPR spectroscopy. X-ray structure
analyses were performed on both the red and yellow crystals.
The red crystals, which are formed in a smaller amount,
contain the 2R,3S diastereomer (meso or erythro isomer) of
the “naked” (P4Ph4)

2� chain (meso-3a)[10] (Figure 3a) and the
yellow ones the (2R,3R)/(2S,3S)-configured diastereomer rac-
3a[10] (not shown here because the crystals of rac-3a were of
poor quality and although the gross structural features could
be unambiguously determined, a sufficient refinement of the
data sets was impossible, see the Supporting Information for
details and structure plots).

We also examined the reaction of the cyclohexyl (Cy)
analogue [K2(P4Cy4)(thf)x] [1b(thf)x]

[13] (of unknown struc-
ture) with an excess of the [2.2.2]cryptand. As with rac-
[1a(solv)], a strong EPR signal was observed (g= 2.0099)
which indicates the formation of the radical anion (P2Cy2)C�

2b (Figure 2b). In addition to the 31P hyperfine couplings of
aiso[P]= 127 MHz, which are slightly larger than the ones in
2a, couplings with the protons at the C1 atom were observed
(aiso[H]= 10 MHz). One sort of crystals precipitated from the
THF solution and was subjected to X-ray structure analysis.
The result (Figure 3b) shows them to be composed of
[{K(C222)gþ2 ](P4Cy4)

2�. The “naked” [P4Cy4]
2� chain corre-

sponds to the 2R,3S diastereomer, that is,
[{K(C222)gþ2 ](P4Cy4)

2� is denoted as meso-3b.
The centrosymmetric dianions in meso-3a and meso-3b

provide the first structures for “naked” a,w-dianions of chains
made from main-group IV/V elements. The sodium ions in

meso-3a and the potassium ions in meso-3b are completely
encapsulated in the internal cavity of the cryptand. The
shortest contacts between the formally negatively charged
terminal phosphorus atoms P1 and P1A and the hydrogen
atoms at the outside of the [M(C222)]+ ions (M=Na, K) are
about 2.88–3.05 C. With exception of the C1-P1-P2-P2A
torsion angles (meso-3a : �173.4(3)8 , meso-3b : �137.2(3)8)
the structural features of both P4 chains are quite similar. For
electrostatic reasons they adopt a planar 1,4-anti conforma-
tion to maximize the P1···P1A distance (5.139(2) C in meso-
3a, 5.289(2) C in meso-3b) which is much shorter in the ion
triple rac-[1a(thf)4(tmu)] (3.475(2) C). As in this latter
complex, the terminal phenyl groups in meso-3a are almost
coplanar with the P4 chain (tilt angle 8.78), and the distinctly
shorter terminal P�C bonds (P1�C1: 1.811(3) C versus P2�
C7: 1.863(3) C) may indicate some charge delocalization.
This proposal is consistent with the observation of hindered
rotation of the phenyl groups in the planar (P2Ph2)C� radical
anion[14] on the EPR time scale, that is, 2a also profits from
some p-type charge delocalization. Evidently, such effects are
absent in the cyclohexyl-substituted analogues and the P�
C bonds in meso-3b are almost identical (P1�C1: 1.866(7) C
and P2�C7: 1.876(8) C). The most notable structural feature
in meso-3a,b is that the stereochemistry at one of the central
phosphorus atoms has been inverted when compared to the
ion triples rac-[1a(solv)]. In view of the sizable inversion
barriers at s3,l3-phosphorus centers in phosphanes (PR3)

[15]

and the typical sum of bond angles at P2/P2A (meso-3a :
300.58, meso-3b : 306.78), it is reasonable to assume that the
2R,3S-configured P4 chains in meso-3a,b result from a cleav-
age of the central P�P bond of the P4 units in the ion triples
into two (P2R2)C� radical anions 2a,b upon removal of the
stabilizing anion–cation interactions. Subsequently, the radi-
cals recombine to give the P4 chains with the sterically favored
anti arrangement of the internal substituents at P2 and
P2A.[16] This process is reversible, that is, the ion triple rac-
1a with its R,R(S,S)-configured P4 units is reformed when
crystals of meso/rac-3a are dissolved in a solution of sodium
triflate (NaO3SCF3) in THF. No unusual P�P bond lengths are
observed in meso-3a,b, and thus neither strain nor an
especially weak central P�P bond is responsible for the
dissociation process. The central P�P bond in the ion triple
[Na2(P4Ph4)(thf)4(tmu)] (rac-[1a(thf)4(tmu)]) and the
P4 chains in meso-3a,b (rac-[1a(thf)4(tmu)]: 2.206(2) C;
meso-3a : 2.224(2) C; meso-3b : 2.210(4) C) is only slightly
longer than the terminal ones (rac-[1a(thf)4(tmu)]:
2.163(2) C; meso-3a : 2.178(1) C; meso-3b : 2.147(3) C). In
contrast, the sterically overcrowded diphosphane
[(Me3Si)2CH]2P�P[CH(SiMe3)2]2, which is cleaved into two
[(Me3Si)2CH]2PC radicals upon melting, dissolution, or vapor-
ization, shows a modestly elongated P�P bond (2.3103(7) C)
and considerable distortions in the geometry of the ligands.[17]

The destabilizing energy which causes the dissociation of the
“naked” (P4R4)

2� chains in solution must have its origin
mainly in the Coulombic repulsion between the negative
charges. On the other hand, the electrostatic field in the
crystals of meso-3a,b is clearly capable of allowing these
weakly bonded or even unstable dianions to form quite
normal oligophosphanes. While the neutral “phosphoben-

Figure 3. Solid-state structures of meso-3a (a) and meso-3b (b). Hydro-
gen atoms and countercations (meso-3a : [Na(C222)]+, meso-3b :
[K(C222)]+) are omitted for clarity. Selected distances [$] and angles
[8]: a) P1-P2 2.178(1), P2-P2A 2.224(2), P1-C1 1.811(3), P2-C7 1.863(3);
C1-P1-P2 99.8(1), P1-P2-P2A 97.4(1), P1-P2-C7 105.4 (1), C7-P2-P2A
97.7(1), C2-C1-C6 115.9(3), C8-C7-C12 117.3(3), P1-P2-P2A-P1A
180.0(0), C1-P1-P2-C7 �86.5(1), C7-P2-P2A-C7A 180.0(0); b) P1-P2
2.147(3), P2-P2A 2.210(4), P1-C1 1.866(7), P2-C7 1.876(8); C1-P1-P2
102.1(3), P1-P2-P2A 104.2(2), P2-P2-C7 106.2(3), C7-P2-P2A 96.3(3),
P1-P2-P2A-P1A 180.0(0), C1-P1-P2-C7 121.7(4), C7-P2-P2A-C7A
180.0(0).
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zene” PhP=PPh is unstable,[18] the phenomena described here
allow the synthesis of the persistent free-radical anion
(P2Ph2)C� with partial P,P multiple bond character in solution.
Such species must be considered in the chemistry of organo-
phosphanides.[19]

Experimental Section
Inert conditions were maintained throughout all procedures. rac/
meso-3a : Vacuum-distilled [2.2.2]cryptand (28 mg, 0.074 mmol) was
added at room temperature in one portion to a solution of rac-
[1a(tmeda)2]

[8a] (25 mg, 0.035 mmol) in THF (0.5 mL) contained in a
narrow (5 mm diameter) glass tube. The yellow solution became
cloudy red-orange and a deep red oil separated which subsequently
solidified over several hours to form a mixture of red, irregular-
shaped (meso-3a) and yellow, needlelike (rac-3a) crystals (combined
yield: > 90%). The ratio of rac-3a to meso-3a was approximately
3:1—4:1 and increased further on using more dilute solutions. The
orange-colored solution contained the radical 2a, which was also
observed in a lower concentration upon re-suspending the isolated
(namely, rigorously THF-washed), sparingly soluble crystals of meso/
rac-3a in THF. Addition of sodium triflate to meso/rac-3a in THF
gave a clear yellow solution. The 1H, 13C, and 31P NMR spectra for the
(P4Ph4)

2� section were identical to those of the starting material rac-
[1a(tmeda)2]. Meso-3b was prepared by addition of [2.2.2]cryptand
(100 mg, 0.266 mmol) to a suspension of [K2(P4Cy4)(thf)x]

[13] (70 mg,
< 0.13 mmol) in THF (20 mL). A clear red solution formed upon
sonification and short (30 s) warming to 45 8C. Yellow crystals of
meso-3b deposited on storing overnight (ca. 70%). M.p. 135 8C
(decomp); IR (neat): ñ= 2962w, 2886m, 2835m, 2824m, 2800m,
1479m, 1456w, 1445m, 1356m, 1295m, 1258m, 1166w, 1133m, 1095s,
1081s, 986w, 944s, 932s, 875w, 845w, 830m, 819w, 750w, 699w cm�1. The
solution contained the radical 2b, which was also observed (in lower
concentration) upon suspending the sparingly soluble, carefully
washed crystals of meso-3b in THF. rac-[1a(thf)4(tmu)]: Tetramethy-
lurea (25 mg, 0.22 mmol) was added to rac-[1a(tmeda)2] (150 mg,
0.21 mmol) in THF (10 mL). Large yellow crystals were isolated after
concentration to 1/5 of the original volume and storing for one day at
room temperature (47%; for spectroscopic data see the Supporting
Information), m.p. 95 8C.
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