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We present an unusual discrete P-Te anion, P4Te2
2-, which is

readily obtained by the oxidation of white phosphorus with Te2
2- in

N-methyl imidazole at ambient temperature. According to the 31P
and 125Te NMR spectra, the anion P4Te2

2- had a bicyclo-
[1.1.0]tetraphosphane (“butterfly”) structure with the tellurium
atoms in the exo positions. The anion was remarkably stable at
ambient temperature and disproportionated only slowly with the
formation of elemental tellurium. P4Te2

2- is the first P-Te anion
with a bicyclo[1.1.0]tetraphosphane structure. When Se2

2- or
S2

2- was reacted with white phosphorus, the analogous seleno-
and thiophosphate anions P4Se2

2- and P4S2
2- were formed, thus

completing the series of phosphorus-chalcogen anions P4Ch2
2-

(Ch = S, Se, Te). The synthesis of P4Te2
2- demonstrated that

binary P-Te anions do exist as stable species in solution.

Oxophosphates, PnOm
x-, are well-known, extensively inves-

tigated, and represent an integral part of every textbook of
inorganic chemistry.1 In contrast, binary phosphorus chalco-
gen anions, PnChm

x-, with the heavier chalcogens Ch= S, Se,
and Te are less common. Indeed, only a limited number of
thiophosphate anions, PnSm

x-, andonly a fewselenophosphate
anions, PnSem

x-, have been described in the literature so far.2-6

Interestingly, the known representatives comprise mainly chal-
cogen-rich (n> m) anions, except P7S3

-, which was reported
by Baudler and Floruss and characterized in solution using 31P
NMR spectroscopy.7 In the case of tellurophosphate anions,

only one example has been described in the literature. Mewis
et al. found in crystalline BaP4Te2 the polymeric anion
(P4Te2

2-)x, which consists of chains of P6 rings in the chair
conformation with the tellurium atoms covalently bonded to
phosphorus in the 1,4 position.8 Here, we report the synthesis
and multinuclear (31P, 125Te) NMR spectroscopic character-
izationof the newanionP4Te2

2-, which represents formally the
“monomer” of the polymeric (P4Te2

2-)x and which is, to our
knowledge, the first discrete P-Te anion ever observed. In
addition, the synthesis and NMR spectroscopic characteriza-
tion of the analogous sulfur and selenium phosphorus anions
P4Se2

2- and P4S2
2- are presented.

The increasing interest inmetal chalcogenophosphateswith
the heavier chalcogens sulfur and selenium, due to their
interesting material properties like ion conductivity or optoe-
lectrical properties, stimulates the search for new and, in
particular, phosphorus-rich chalcogenophosphate anions.9

The classical syntheses of metal chalcogenophosphates are
mainly the domain of solid-state chemistry. They involve
reactions at high temperatures in the melt, under hydrother-
mal conditions, or using polychalcogenide fluxes.2-5 Our
synthetic strategy6 uses reactions in solution at ambient
temperature or below, thus making the formation of meta-
stable chalcogenophosphate anions possible. In particular,
P-Teanions,whichsuffer fromtheweakphosphorus-tellurium
bond, should become accessible under these conditions. Chi-
vers et al. have demonstrated that an anionic tellurium atom
bonded to a phosphorus atom stabilizes the phosphorus-
tellurium bond, thus preventing tellurium elimination.10,11

In this context, we investigated the reaction of white phos-
phoruswithNa2Te2,Na2Se2, andNa2S2 inN-methyl imidazole
at ambient temperature. The reaction with 1.5 equivalents
of Na2Te2 is completed within 12 h, yielding a dark purple
solution. According to the 31P NMR spectrum, the anion
P4Te2

2- (1) is formed almost quantitatively (98%; Scheme 1)
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together with traces (2%) of P5
- (δ31P = 47112). No other

phosphorus-containing species are observed in the solution.
The stoichiometry (1:1.5) as well as the solvent seem to be

essential. With less Na2Te2, additional phosphorus-contain-
ing products are formed. In less basic solvents, thanN-methyl
imidazole, for example, pyridine, only broad 31P NMR
signals are observed. The anion P4Te2

2- is remarkably stable
in N-methyl imidazole solution: it can be kept for 1 day in
daylight at ambient temperature or for 4 days at 0 �Cwithout
detectable decomposition. After a longer period of time,
however, the signals of 1 disappear and new broad signals
are observed in the 31P and 125Te NMR spectra, most
probably due to anions with still higher phosphorus content.
The analogous reaction of P4 with Na2Se2 yields a complex

mixture of P-Se anions, which contains only 30% of the
corresponding P-Se anion P4Se2

2- (2). Among the other
products, the anions PSe4

3-, P2Se6
4-, HPSe3

2-, HP2Se5
3-,

and P21
3- were identified by 31P and 77Se NMR spectro-

scopy.13 When Na2S2 is used, only traces (4%) of the P-S
anion P4S2

2- (3) are observed in the reaction solution. The 31P

NMR spectrum indicates the formation of phosphorus-rich
thiophosphate anions, the identity of which is currently under
investigation. Obviously in the series of anions 1-3, the
phosphorus-tellurium anion 1 seems to be the most stable
species under the prevailing reaction conditions.
The 31P, 77Se, and 125Te NMR spectra reveal for the anions

1-3 a bicyclo[1.1.0]tetraphosphane (butterfly) structure with
the chalcogen atoms in the sterically more favorable exo
positions (Figure 1). The symmetrical bicyclic framework is
suggestedby the 31PNMRspectra of theA2M2 type and, in the
cases of 1 (Figure 2) and 2, is further supported by the satellite
pattern for the signal of P-2(4), caused by the isotopomer with
one magnetically active chalcogen nucleus (A part of the
AA0M2X spectrum). From the satellite pattern, a large and
positive value for the “hidden” coupling constant 2JPP between
the isochronous nuclei P2 and P4 is determined (Table 1), in
accordwith the exopositionof the chalcogennuclei.No signals
corresponding to an exo-endo or endo-endo isomer of 1-3
can be detected in the 31P NMR spectra (Figure 3). The 125Te
NMR spectrum of 1 (Figure 4) displays the line pattern for the
X part of anAA0M2X spectrum; each of the five lines expected
for theXpart ofAA0Xis further split according to first order in
a triplet by coupling with the two magnetically equivalent M
nuclei. The 2JTeP coupling (11 Hz) is small, and for P1(3), the
125Te satellites overlap with the main signals (Figure 3).
The 31P NMR data of the new anions 1-3 fit well to those

of other bicyclo[1.1.0]tetraphosphanes (Table 1). With dec-
reasing electronegativity of the chalcogen, the 31P NMR
signals shift to higher field, and the value of 1JPP decreases.
The coupling constants 1JTeP and 1JSeP in 1 and 2 are, with
values of -457 Hz and -336 Hz, in the expected range and
provide rare examples of one-bond couplings of trivalent
three-coordinated phosphorus with one coordinated anionic
selenium and tellurium, respectively.18 3JTeP in 1 and 3JSeP in
2 are, with values of-138Hz and-51Hz, remarkably large.

Scheme 1. Synthesis of P4Te2
2-

Figure 1. Structure of P4Ch2
2- (Ch = S, Se, Te). 1, X = Te-; 2, X =

Se-; 3, X= S-; 4, X=Cl; 5, X=Br; 6, X= SiMe3; 7, X=N(SiMe3)2.

Figure 2. 31P NMR spectrum of P4Te2
2- (1). Signal of P2(4), A part of

AA0M2X: (a) enlarged satellite pattern of the observed spectrum, (b)
observed spectrum in N-methyl imidazole, (c) calculated14 spectrum for
the isotopomer without NMR-active tellurium (86.2%), (d) calculated
spectrum for the isotopomer with one 125Te nucleus (6.6%).

Figure 3. 31P NMR spectrum of P4Te2
2- (1). Signal of P1(3), M part of

the AA0M2X: (a) observed spectrum in N-methyl imidazole, (b) calcu-
lated14 spectrum for the isotopomer with one 125Te nucleus.
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A bicyclo[1.1.0]tetraphosphane has been postulated as a
reaction intermediate for the nucleophilic degradation of
white phosphorus19,20 and has been shown to be the initial
product of the oxidation of white phosphorus with Cl2 and
Br2.

15 The formation of the new binary anions 1-3 implies
the oxidative addition of the isoelectronic dichalcogenides
Te2

2-, Se2
2-, and S2

2- to one of the P-P bonds in the P4
tetrahedron and fits well into this picture.
With the synthesis of the first discrete P-Te anion

P4Te2
2- (1) and its full characterization by 31P and 125Te

NMR spectroscopy, described here, we have demonstrated
that binary phosphorus tellurium anions can exist as stable
species in solution. The results suggest the possible exis-
tence of further phosphorus-rich P-Te anions. Together

with the anions P4Se2
2- (2) and P4S2

2- (3), the synthesis
and NMR spectroscopic characterization of which have
been presented here for the first time, we introduce a new
type of phosphorus-rich binary phosphorus-chalcogen
anions with a bicyclo[1.1.0]tetraphosphane structure.
Further investigations on the synthesis and characteriza-
tion of phosphorus-rich seleno- and tellurophosphate
anions are in progress.
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Figure 4. 125Te NMR spectrum of P4Te2
2- (1). X part of AA0M2X:

(a) observed spectrum in N-methyl imidazole, (b) calculated14 spectrum.

Table 1. NMR Chemical Shifts and Coupling Constants of New (1-3) and
Literature-Known (4-8) Bicyclo[1.1.0]tetraphosphanes

δ [ppm] J [Hz]

1a P-2,4 -143.1 1JPP -180
(X = Te-) P-1,3 -301.9 2JP2P4 168

Te -272.9 1JTeP2(4) -457
2JTeP1(3) 11
3JTeP2(4) -138

2a P-2,4 -90.5 1JPP -206
(X = Se-) P-1,3 -284.0 2JP2P4 181

Se -160.0 1JSeP2(4) -336
2JSeP1(3) <8
3JSeP2(4) -51

3 P-2,4 -64.9 1JPP -222
(X = S-) P-1,3 -271.6
415 P-2,4 -54.5 1JPP -215
(X = Cl) P-1,3 -290.4
515 P-2,4 -72.7 1JPP -203
(X = Br) P-1,3 -294.4
616 P-2,4 -155.0 1JPP 162
(X = SiMe3) P-1,3 -329.2
717 P-2,4 -79.1 1JPP 222
(X = N(SiMe3)2 P-1,3 -287.3

aThe signs of the coupling constants result from the iterative fitting of
the NMR spectra assuming a negative sign for 1JPP,

1JTeP, and
1JSeP.
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