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a b s t r a c t

In this review, the synthesis, reactivity and properties of linear and cyclic oligophosphanides are
described. Specifically the structures and versatile reactivity of the anionic ligands (P4R4)2− (R = But, Ph,
Mes), (P4HR4)− (R = Ph and Mes) and cyclo-(P5But

4)− towards main group and transition metal com-
plexes is elucidated. In addition, potential application of metal oligophosphanides as precursors for the
preparation of metal phosphides is also briefly discussed.
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1. Introduction

The reports by Baudler and some other authors on their

extensive investigations on cyclooligophosphanes cyclo-(PR)n [1]
and catenated polyphosphanes (with hydrogen, organic or even
organometallic substituents) [2] have shown that the chemistry
of these compounds is analogous to that of related carbon com-
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Scheme 1. Reaction

ounds [3]. Among other things, this analogy is due to the existence
f constitutional and configurational isomerism and valence tau-
omerism, as well as the existence of mixed P–C ring systems, and
s rationalized by the isolobality of the fragments P/CR, PR/CR2 and
R2/CR3 [1–3]. Like carbon, phosphorus shows a notable propensity
o form a wide variety of Pn frameworks due to the comparatively
igh bond energy of P–P single bonds (ca. 200 kJ/mol, the highest
alue within group 15) [4].

While the chemistry of catena and cyclic polyphosphanes has
een studied in depth, especially with the help of 31P NMR spec-
roscopy and X-ray crystallography, less is known about metal

omplexes of these species. Only a few examples have been
escribed, and all of them have shown that cyclic [5] and catenated
ligophosphanide anions [6] exhibit a rich coordination chemistry,
ecause each P atom may be involved in coordination via its free
lectron pair.

Scheme 2. Synthesis of metal oligophosphanide com
1

clo-P5Ph5 with BH3.

On the other hand, the coordination chemistry of oligophos-
phanide anions has hardly been explored until recently, as selective
and facile syntheses were mostly unknown for the corresponding
oligophosphanide anions. Besides the academic challenge, metal
complexes with anionic polyphosphorus ligands are of interest
as potential precursors for the development of rational synthe-
ses of binary metal phosphides (MxPy), which are compounds with
rare structures and interesting properties for materials science [7],
such as corrosion resistance [8], catalysts for hydrodesulfurization
and hydrodenitrogenation of petroleum fuels [9], oxygen barri-
ers in capacitors [10], and magnetic properties [11]. Even today,

the number of accessible metal complexes with linear and cyclic
oligophosphanide ligands is still relatively small. Thus, this article
will review the synthetic methods and reactivity for the prepara-
tion of metal complexes with anionic polyphosphorus rings and
chains, as well as their structural and spectroscopic properties.

plexes using cyclo-P3But
3 as starting material.
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. General synthetic methods for the preparation of metal
ligophosphanides

The preparation and purification of metal complexes with
ligophosphanide ligands has always been a highly challenging
ask. Several complexes have been reported in the literature which
n many cases have been obtained serendipitously or as inseparable

ixtures and were characterized only by 31P NMR spectroscopy or
-ray crystallography.

Additionally, some procedures reported for the rational prepa-
ation of this kind of complexes have led to mixtures of compounds
rom which some target products could be isolated and fully char-
cterized. In general, five different synthetic methods have been
eveloped for the preparation of metal complexes with (PnRn)
nits:

Method 1: Formation of single Lewis acid–base adducts of the type
cyclo-(PnRn)(MLm)x from cyclooligophosphanes and metal com-
plex fragments.
Method 2: The reaction of cyclooligophosphanes of the type cyclo-
(PnRn) (R = alkyl, aryl; n = 3–6) with complexes of valence electron-
rich metals with P–P bond cleavage.
Method 3: Dehalogenation reaction of halophosphanes with phos-
phane or phosphanido complexes.
Method 4: Oligomerization of phosphanes or phosphanides to form
metal complexes with oligophosphanediide ligands.
Method 5: Reduction of cyclooligophosphanes with alkali met-
als and subsequent transmetallation of the formed alkali metal
oligophosphanides with metal halides.

Classic examples of synthetic Method 1 are the reactions of

yclooligophosphanes with metal carbonyls [M(CO)n] which lead
o substitution of one or more CO ligands by a phosphorus atom
f the cyclooligophosphane [12,13]. In these reactions, the ring
ize is usually retained, but some ring expansions have also been
bserved.

Scheme 4. Synthesis of rh
Scheme 3. Synthesis of [Fe2(�-P4Ph4)(CO)6] (7).

Analogously, compounds such as cyclo-1,2-(BH3)2(P5Ph5) (1)
have been also synthesized by this method (Scheme 1) [14].

Using Method 2, Fenske and co-workers isolated a platinum(II)
complex with a (P3But

3)2− ligand from the reaction of cyclo-
(P3But

3) and platinum(0) complexes (Scheme 2). With nickel(0)
complexes, either ring expansion to give a nickel complex with
the cyclo-P6But

6 ligand, or ring opening combined with ring
degradation (to PBut fragments) to give a pentanuclear cluster
(Scheme 2) was observed, depending on the starting material
[15]. Analogously, Schnöckel et al. and Uhl et al. prepared cyclic
main group triphosphanediide complexes cyclo-(ER′PBut

3) (E = Al,
R′ = Cp*; E = Ga, R′ = C(SiMe3)3) by reaction of alkyl gallium(I) or
cyclopentadienyl aluminium(I) compounds with cyclo-(P3But

3)
(Scheme 2) [16,17].

Also using Method 2, West and Rheingold prepared the dinuclear
iron complex [Fe2(�-P4Ph4)(CO)6] (7) and other related com-
pounds by reaction of cyclo-(P5R5) (R = Me, Et, Ph) with [Fe(CO)5]
(Scheme 3) [18].

A similar method has recently been used by Stephan and co-
workers for the formation of other transition metal complexes
[19] such as the rhodium(III) compound [Rh(NacNac)(P5Et5)] (8)
and the rhodium(I) complex [Rh(NacNac)(cyclo-P5Ph5)] (9) which
have been obtained by the reaction of [Rh(NacNac)(coe)(N2)]

(coe = cyclooctene) with cyclo-(P5R5) (R = Et, Ph), respectively
(Scheme 4). The differing nature of the products of the reactions of
cyclo-P5R5 (R = Ph, Et) was probably due to the higher donor ability
and lesser steric requirements of ethyl substituents in compari-

odium complexes.
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on to phenyl groups. Thus, oxidative addition of cyclo-P5Et5 gives
he more stable rhodium(III) product (8) while the less electron-
ich cyclo-P5Ph5 favors formation of a rhodium(I) product such as
[19a].

Other related compounds were prepared by Method 3 through
eaction of PhPCl2 with dinuclear phosphanido- or lithium
hosphanido-bridged iron complexes (Scheme 5) [20,21].

In addition, we obtained the complexes [Cp◦MoCl2(�3-P4HCy4)]
11) and [Cp◦

2Mo2(�-Cl)2(�-P4Ph4)] (12) in very low yield by
eaction of the paramagnetic molybdenum phosphane complexes
Cp◦MoCl4(PH2R)] (Cp◦ = �5-C5EtMe4, R = Cy or Ph) with two equiv-
lents of NEt3; the mechanism of this reaction was unclear, but
ould involve an intermediate molybdenum phosphinidene com-
lex (Method 4) [22].

Using Method 4, Wright and co-workers obtained
{Na(tmeda)(NHMe2)}{cyclo-Sb(P4Cy4)}]2 (13) (Cy = cyclohexane,
meda = Me2NCH2CH2NMe2) by the (1:1:1) reaction of Sb(NMe2)3,
H2Cy and NaPHCy and also the lithium salt [Li(tmeda)(thf){cyclo-
s(P3But

3)}] (14) by the (1:3) reaction of As(NMe2)3 and LiPHBut

23].
In addition, Method 4 was employed in the synthesis of

etallocene derivatives and specifically resulted in the forma-
ion of triphosphanediide ligands only. Thus, the reaction of
iPHPh or a mixture of PH2Ph/Mg with [Zr(�5-C5H5)2Cl2] gave
Zr(�5-C H ) (P Ph )] (15) (Scheme 6). The same zirconocene
5 5 2 3 3
riphosphanediide (15) was also obtained by reaction of [Zr(�5-
5H5)2Me2] with PH2Ph (Scheme 6) [24].

It seems that group 4 metallocene derivatives tend to form
omplexes with triphosphanediide ligands, because the chain

LiPHPh PhP

Cl

Cl
Zr

Zr

Z

Scheme 6. Different routes for the synth
Scheme 7. Synthesis of [M(�5-C5H5)2(P3Ph3)] [M = Ti (16), Zr (15), Hf (17)].

length is not retained in the reaction of M2(PnPhn) (n = 2–4) with
[M(�5-C5H5)2Cl2] (M = Ti, Zr, Hf) (Method 5), which always gave
exclusively [M(�5-C5H5)2(P3Ph3)] [M = Ti (16), Zr (15), Hf (17)], as
was observed by Köpf and Voigtländer (Scheme 7) [25].

Another example of Method 5 in which chain length variation
occurred is the reaction of the potassium salt K2(P2But

2) with
[NiCl2(PMe3)2] to give the complex [Ni(�2-P2But

2)(P4But
4)] (18),

in which coupling of two (P2But
2)2− units resulted in formation of

the tetraphosphanediide ligand (P4But
4)2− (Scheme 8) [26].

However, usually Method 5 allows the chain length of the
oligophosphanediide ligand bound to the metal to be controlled.
For example, transmetallation reactions of alkali metal oligophos-
phanides of the type M2(PnRn) (n = 2–4) with some metal halides
[27] as well as the reaction of K2(P4But

4) with R2ECl2 to give cyclo-
(P4But

4ER2) [R = Me, E = Si (19), Ge (20), Sn (21); R = Cl, E = Si (22),
Ge (23), Sn (24)] are clear examples of products in which the Pn

chain remains intact (Scheme 9) [28].
It seems that Method 5, which normally retains the Pn lig-

and, is one of the most efficient routes for the preparation of
metal oligophosphanides. However, selective preparation of highly
reactive alkali metal oligophosphanides is a prerequisite. The syn-
thesis of such compounds, M2(PnRn) (n = 2–4), was described more
than 40 years ago by reductive cleavage of the corresponding
cyclooligophosphanes with Li, Na or K [27], and other alkali metal
compounds, such as K[cyclo-(P3But

2)] (25) [29], K[cyclo-(P5Ph4)]

(26) [30], and Li[cyclo-(PnBut

n−1)] (n = 3 (27), 4 (28), 5 (29)) [31,32],
were also reported, but these compounds were only obtained as
inseparable mixtures.

H2 / Mg PhPH2

P

P

P

Ph

Ph

Ph
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Cl
r
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15

esis of [Zr(�5-C5H5)2(P3Ph3)] (15).
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Additionally, longer contacts can be observed between the alkali
metal and the second terminal phosphorus atom (Fig. 2).

The AA′BB′ coupling patterns in the 31P NMR spectra of the alkali
metal tetraphosphanediides 31–37 were analyzed. The observed
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Scheme 11. Preparation of alkali met

Since 2003, the rational preparation and purification
f a wide variety of alkali metal oligophos-
hanediides such as [Na2(tmeda)3(P3Ph3)] (30) and
Na2(tmeda)2(P4Ph4)] (31) (tmeda = Me2NCH2CH2NMe2) by
rützmacher and co-workers [33], and [Na2(thf)5(P4Ph4)]

32), [Na2(thf)4(P4Mes4)] (33), [Na2(thf)4(P4But
4)]

34), [K2(thf)6(P4Mes4)] (35) (Mes = 2,4,6-Me3C6H2)
34],K2(pmdeta)2(P4Ph4)] (36) and [K2(pmdeta)(P4But

4)]2
37) (pmdeta = Me2NCH2CH2NMeCH2CH2NMe2) [35] by us
Scheme 10), starting from the appropriate stoichiometric ratio
f RPCl2 and Na (3:8 for the triphosphanediides, 4:10 for the
etraphosphanediides), were reported.

Similarly, the targeted preparation of alkali metal
yclooligophosphanides, such as [Li(tmeda)2][cyclo-(P5But

4)] (38)
36], Na(thf)4[cyclo-(P5But

4)] (39) [37] and [K(pmedta)(thf)][cyclo-
P5But

4)] (40) [35] (Scheme 11), was developed. Thus, suitable
tarting materials for the preparation of metal complexes with
inear and cyclic phosphorus-rich anions were made available.

. Alkali metal catena-oligophosphanediides

.1. Dianionic phosphorus-rich chains

As mentioned above, the selective preparation of compounds of
he type [M2(L)x(PnPhn)] (M = Na or K, n = 3 or 4, L = donor molecule)
as achieved only during the past decade by judicious choice of the
orrect stoichiometric ratio of RPCl2 and alkali metal (Scheme 10).
n the solid state, these compounds form isolated ion-contact
omplexes, in which the P4 chain of the (P4R4)2− dianion has a
yn arrangement and is coordinated to two alkali metal cations
33–35].
pounds with the cyclo-(P5But
4)− ion.

The coordination spheres of the alkali metal cations are com-
pleted by one, two or three solvent molecules. The M2P4R4
moieties have different arrangements. The phosphorus–alkali
metal distances for both the internal and terminal phospho-
rus atoms of the mesityl-substituted P4 chain (complexes 33
and 35, Table 1) are in the typical range for related sodium
and potassium phosphanides. In contrast, in the phenyl- or
alkyl-substituted tetraphosphanediides the alkali metal cations
are exclusively coordinated by the terminal phosphorus atoms
(Fig. 1).

Thus, in 33 and 35, the phosphorus atoms in 1- and 3-position
coordinate, and four-membered MP3 chelate rings are formed.
R = Ph; M = Na

R = But; M = Na
R = Mes; M = Na or K

Type IIType I

Fig. 1. Different coordination modes for [M2(P4R4)] (M = Na or K, R = Ph, Mes, But).
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Table 1
P–P and M–P bond lengths (determined by single-crystal X-ray diffraction studies) and observed spin systems (determined by 31P{1H} NMR) in complexes with linear
oligophosphanide anions.

Compound P–P M–Pa Spin system in 31P{1H} NMR Ref.

[Ni(�2-P2But
2)(P4But

4)] (18) 211.0(5) 214.9(4) AA′BB′CC′ [26]
219.6(4) 225.7(4)
223.7(5)

[Na2(tmeda)2(P4Ph4)] (30) 216.7(4) 289.4(6) AA′BB′ [33a]
216.8(4) 291.6(6)
219.0(4) 293.3(6)

296.0(6)

[Na2(thf)5(P4Ph4)] (32) 216.6(1) 289.2(2) AA′BB′ [34]
220.7(2) 290.1(2)

[Na2(thf)4(P4Mes4)] (33) 217.7(1) 289.6(1) AA′BB′ [34]
218.3(1) 296.1(1)
225.1(1) 305.3(1)

316.6(1)
317.3(1)
331.6(2)

[Na2(thf)4(P4But
4)] (34) 215.8(1) 281.9(1) AA′BB′ [34]

217.0(2) 284.0(1)
222.2(2) 290.1(2)

291.1(2)

[K2(thf)6(P4Mes4)] (35) 215.0(2) 331.4(3) AA′BB′ [34]
215.9(2) 341.1(2)
225.2(2) 343.2(3)

359.8(2)
382.3(3)
385.1(2)

[K2(pmdeta)2(P4Ph4)] (36) 217.2(1) 324.5(2) AA′BB′ [35]
217.2(2) 327.9(2)
220.7(2) 330.1(2)

337.2(2)
376.7(2)
381.5(2)

[K2(pmdeta)(P4But
4)]2 (37) 217.4(1) 308.0(2) AA′BB′ [35]

219.0(2) 313.3(2)
224.8(3) 323.1(2)

341.7(2)
342.2(2)

[Li2(tmeda)2(P4Ph4)] (42) 216.7(1) 261.8(4) AA′BB′ [39]
219.0(1) 265.2(4)

[K(18-crown[6])(thf)2][P4HMes4] (44) 216.9(2) b AA′BB′Xc [40]
219.8(2)
228.5(2)

[K(18-crown[6])(P4HMes4)] (45) 215.2(2) 336.4(2) AA′BB′Xc [40]
220.2(4)
227.6(2)

[K(tmeda){Ga(P4Ph4)(DAB)}] (46) 219.4(2) 238.2(2)d AA′BB′ [45]
220.1(2) 242.3(2)d

223.3(3) 359.0(2)e

331.4(2)e

[Cu4(P4Ph4)2(PCyp3)3] (47) 218.0(2) 225.8(2) f [46]
220.0(3) 227.1(2)
220.6(3) 228.1(2)
221.3(2) 229.0(2)
222.1(2) 229.9(2)
224.2(3) 231.5(2)

232.0(2)
239.8(2)
240.0(2)
240.3(2)

[Cu4(P4Ph4)2(PH2Ph)2(PCyp3)2] (48) 218.6(1) 222.6(2) f [47]
218.6(1) 222.7(1)
220.5(1) 227.6(2)

228.5(2)
230.1(1)
233.4(1)

[Rh(P4HMes4)(cod)] (49) 219.9(1) 225.7(2) ABCDXc [47]
221.2(1) 229.9(1)
222.3(1)
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Table 1 (Continued)

Compound P–P M–Pa Spin system in 31P{1H} NMR Ref.

[Ni(�2-P2Mes2)(PEt3)2] (51) 213.6(2) 226.1(1) AA′XX′ [48]
226.3(1)

[Ni(�2-P2Mes2)(PMe2Ph)2] (52) 213.7(1) 224.9(1) AA′XX′ [48]
226.0(1)

[Pd(�2-P2Mes2)(PBun
3)2] (53) 214.2(2) 237.7(1) AA′XX′ [48]

238.2(1)

[Pd(�2-P2Mes2)(PMe2Ph)2] (54) 214.1(1) 236.9(1) AA′XX′ [48]
238.1(1)

[Pt(P4Mes4)(cod)] (55) 221.4(2) 232.8(2) AA′XX′ [50]
222.4(2)

[Pt(P4Mes4)(dppe)] (56) 219.5(3) 233.8(2) AA′BCXX′ [50]
221.4(3) 234.7(2)
223.6(3)

[Pt(P4Mes4)(C NBut)2] (57) 221.3(2) 231.9(1) g [50]
221.3(2) 233.9(1)
222.1(2)

[Pt(P4Mes4)(C NCy)2] (58) 221.1(2) 233.1(2) g [50]
221.2(2) 233.1(2)
221.5(2)

[Na(thf)3][Rh(P3Mes3)(cod)] (59) 221.4(2) 299.9(2)h AXX′ [51]
222.0(2) 315.7(2)h

231.5(1)i

232.9(2)i

[Ag4(P6Mes6)2] (60) 215.3(2) 248.0(2) AA′BB′XX′ [51]
221.3(4) 250.1(2)
225.7(3) 256.3(2)

[Ta(�5-C5Me5)(Ph)(P6Ph5)] (61) 209.6(3) 241.6(2) ABCDEX [52]
213.3(3) 252.8(2)
218.5(3) 256.1(2)
221.1(3) 265.9(2)
221.3(3)

[Na(Et2O)3][Na3(Et2O)2Ni3(�-P2Ph2)2(�2-P2Ph2)3] (62) 211.5(3) 219.4(2)j f [53]
213.4(4) 219.5(2)j

213.5(3) 219.9(3)j

218.5(3) 220.9(2)j

219.2(3) 221.0(3)j

221.5(2)j

221.5(3)j

222.2(3)j

222.5(3)j

223.1(3)j

225.0(3)j

226.1(3)j

290.5(5)h

298.6(4)h

298.7(4)h

299.6(4)h

300.1(4)h

[K(pmdeta)]2[Ni(P4Ph4)(P2Ph2)] (63) 211.2(2) 218.7(2)j AA′BB′XX′k [53]
218.9(2) 219.7(2)j

220.7(2) 223.1(2)j

221.0(2) 224.1(2)j

354.5(2)e

362.0(3)e

a Refers to M–P bond of the Pn chain.
b No K–P bond, separated ions.
c Refers to spin system in 31P NMR.
d Ga–P bond.
e K–P bond.
f Severe line broadening precluded numerical analysis of the coupling patterns.
g Severe overlap of the signals precluded numerical analysis of the coupling patterns.
h Na–P bond.
i Rh–P bond.
j Ni–P bond.
k Due to the presence of more than one isomer in solution, the reported signals are those corresponding to the major isomer, presumably the all-trans isomer.
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K2(P4Mes4) with one equivalent of HCl (dissolved in Et2O) and
subsequent addition of 18-crown[6] (Scheme 13).
Scheme 12. Synthesis of

oupling constants indicated that the basic structural features
hich are observed in the solid state for these species are retained

n solution.
When lithium sand was used in the reaction with MesPCl2

4:10), the formation of the corresponding (P4Mes4)2− anion was
bserved by 31P NMR spectroscopy; however, the product could
ot be isolated [38].

A different synthetic approach was successfully employed
or the corresponding lithium oligophosphanediides
Li2(tmeda)x(PnPhn)] (n = 2, 3, 4) by Grützmacher et al. starting
rom different stoichiometric amounts of pentaphenylcyclopen-

aphosphane and lithium (Scheme 12).

X-ray diffraction studies of some of these compounds showed
hat [Li2(tmeda)2(P2Ph2)] (41) and [Li2(tmeda)2(P4Ph4)] (42)
Fig. 3) are ion triples, while an ion pair was observed in

ig. 2. Molecular structure of [Na2(thf)4(P4Mes4)] (33) (hydrogen atoms have been
mitted for clarity).
oligophosphanediides.

[Li(tmeda)2][Li(tmeda)(P3Ph3)] (43). 31P NMR studies supported
the assumption that these structures are retained in solution [39].

3.2. Monoprotonated anionic phosphorus-rich chains

Monoprotonated tetraphosphanide anions (P4HMes4)− were
obtained as potassium salts [K(18-crown[6])(thf)2][P4HMes4]
(44) and [K(18-crown[6])(P HMes )] (45) from the reaction of
Compound 44 displays an ion-separated structure in which
the potassium cation is coordinated by 18-crown[6] and two THF

Fig. 3. Molecular structure of [Li2(tmeda)2(P4Ph4)] (42) (hydrogen atoms have been
omitted for clarity).
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Scheme 13. Preparation of [K(18-crown[6])(thf)2

olecules (Fig. 4). On the other hand, the molecular structure of the
nalogous compound 45 reveals an ion-contact complex in which
he potassium cation is surrounded by 18-crown[6] and one ter-

inal phosphorus atom of the (P4HMes4)− anion of 45. 31P NMR
pectroscopic studies on 44 and 45 indicated that the (P4HMes4)−

on displays a number of remarkable features, including its lability
n solution and the fluxional behavior of its P–H hydrogen atom

ith different proposed alternative structures [40].
The reactivity of the sodium and potassium compounds 32, 33,

5 and 36 and the in situ generated (P4HR4)− anion towards several
ransition metal complexes has been studied and will be described
n Section 5.

. Alkali metal cyclo-oligophosphanides

The targeted synthesis of anionic ring systems such as M[cyclo-
P5R4)] (M = Li, Na or K; R = Pri, But, Ph) has been reported
36,37,41]. These compounds have been synthesized by the reac-

ion of lithium, sodium or potassium with the corresponding
PCl2 and PCl3 in the ratio 12:4:1 in THF (Scheme 11). A product
ixture is obtained usually comprising M[cyclo-(P3R2)], M[cyclo-

P4R3)], cyclo-(P4R4), M2(P4R4) and M[cyclo-(P5R4)]. Systematic

ig. 4. Molecular structure of [K(18-crown[6])(thf)2][P4HMes4] (44) (hydrogen
toms other than P–H and coordinated THF molecules at potassium have been
mitted for clarity).
Mes

45

Mes4] (44) and [K(18-crown[6])(P4HMes4)] (45).

variation of the reaction conditions led to optimization of the syn-
thesis of M[cyclo-(P5R4)], which was obtained with only small
amounts of the other alkali metal salts and cyclo-(P4R4). Only
M[cyclo-(P5R4)] and cyclo-(P4R4) are soluble in n-pentane and
could thus be separated from the other by-products. Subsequent
separation of cyclo-(P4R4) from M[cyclo-(P5R4)] is possible by
sublimation of the former. Additionally, M[cyclo-(P5R4)] can also
be separated from the impurities by crystallization. In the solid
state, an all-trans arrangement of the tert-butyl groups of the
P5 ring in [Li(tmeda)2][cyclo-(P5But

4)] (38) [36], [Na(thf)4][cyclo-
(P5But

4)] (39) [37], and [K(pmedta)(thf)][cyclo-(P5But
4)] (40) [35]

is observed. The chiral P5 ring has an envelope conformation in
which the neutral phosphorus atoms are almost coplanar, while
the anionic phosphorus atom lies about 80 pm above this plane
(Fig. 5).

The envelope conformation of the ring with the But groups in all-
trans conformation seems to be retained in solution, as the 31P{1H}
NMR spectrum of these compounds showed an ABB′CC′ spin sys-
tem indicating that only one conformational isomer is present. The

observed coupling constants suggest that the all-trans isomer is
preferred.

In all alkali metal complexes, the P(1)–P(5) bond length of ca.
212 pm is about 8–10 pm shorter than the other P–P bonds of the

Fig. 5. Molecular structure of [Li(tmeda)2][cyclo-(P5But
4)] (38) (hydrogen atoms

have been omitted for clarity).
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Table 2
P–P and M–P bond lengths (determined by single crystal X-ray diffraction studies) and observed spin systems (determined by 31P{1H} NMR spectroscopy) in complexes with
cyclic oligophosphanide anions.

Compound P–Pa P–Pb M–P (of P5) Spin system in 31P{1H} NMR Ref.

[Li(tmeda)2][cyclo-(P5But
4)] (38) 220.7(2) 212.5(2) 490.4(6)c ABB′CC′ [36]

221.5(2)
221.6(2)
222.6(2)

[Na(thf)4][cyclo-(P5But
4)] (39) 220.4(2) 213.2(2) 293.8(2) ABB′CC′ [37]

220.8(1)
221.1(2)
222.9(1)

[K(pmedta)(thf){cyclo-(P5But
4)}] (40) 219.5(4) 212.9(3) 325.3(3) ABB′CC′ [35]

220.8(6)
221.4(3)
222.6(5)

[Rh{cyclo-(P5But
4)}(PPh3)2] (66) 220.6(2) 212.9(2) 231.3(2) ABCDEFG [56]

220.8(2) 238.5(2)
223.8(2)
224.1(3)

[Ni{cyclo-(P5But
3)}(PEt3)2] (67) 219.9(1) 211.8(2)d 223.2(1) ABB′CC′DD′ [37]

220.1(2) 223.9(1)
220.2(2)
221.1(2)

[Ni{cyclo-(P5But
4)}2] (68) 220.1(1) 212.2(1) 217.5(2) AA′BB′CC′DD′EE′ [57]

220.3(1) 229.4(2)
220.7(1)
222.6(1)

[Pd{cyclo-(P5But
4)}2] (72) 219.6(2) 212.3(2) 229.2(1) AA′BB′CC′DD′EE′ [57]

219.9(2) 243.4(1)
220.2(2)
222.5(2)

[Pd{cyclo-(P5But
3)}(PPh3)2] (73) 219.7(5) 213.7(5) 235.4(3) e [57]

219.7(5) 239.5(3)
219.7(5)
220.1(5)

[PtCl{cyclo-(P4But
3)PBut}(PMe2Ph)] (74) 219.8(2) 230.1(2) ABCDEF [57]

221.2(2) 232.7(2)
221.9(2)
222.7(2)
225.0(2)

[Cu{cyclo-(P5But
4)}(PPh3)2] (76) 221.0(2) 214.6(2) 228.6(2) f [58]

221.1(2)
221.9(2)
222.2(2)

[Cu2(�-Cl){cyclo-(P5But
4)}(PCyp3)2] (77) 220.0(2) 214.6(2) 225.6(1) f [58]

220.5(2) 221.0(1)
221.5(2) 227.3(1)
221.8(2) 223.3(1)

[Cu4{cyclo-(P4But
3)PBut}4] (78) 219.3(2) 221.4(1) g [58]

221.4(2) 222.7(2)
221.7(2)
222.2(1)
222.5(2)

[Ag4{cyclo-(P4But
3)PBut}4] (79) 218.7(1) 238.3(1) g [58]

221.9(1) 240.2(1)
222.0(1)
222.4(2)
222.7(1)

[Au{cyclo-(P5But
4)}(PCyp3)] (80) 217.3(2) 233.3(2) ABCDEX [58]

220.7(2)
221.6(2)
222.5(2)
223.0(2)

[Au4{cyclo-(P4But
3)PBut}4] (82) 219.7(5) 232.1(3) g [58]

221.2(5)
221.3(5)
222.8(6)
222.9(7)

a Regular P–P bonds of the P5 ligand.
b Short P–P bond of the P5But

4 ligand due to interaction of the lone pair of electrons at the anionic phosphorus atom with unoccupied orbitals (with �*- and d-orbital
contributions) at the adjacent phosphorus atom. In case of P5But

3 ligands this refers to the P P bond length.
c No Li–P bond, separated ions.
d P P double bond.
e This complex was only characterized by single-crystal X-ray diffraction studies.
f Severe line broadening precluded numerical analysis of the coupling patterns.
g Poor solubility of this complex prevented 31P{1H} NMR analysis.
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ture with several broad peaks of different intensity, as was expected
for an unsymmetrical spin system of 11 different phosphorus nuclei
if its solid-state structure were retained in solution. This spectrum
is even more complicated at lower temperatures (down to −80 ◦C)
S. Gómez-Ruiz, E. Hey-Hawkins / Coordina

ve-membered ring (Table 2), which have values ranging from 220
o 222 pm, validating the larger coupling constant 1J(PA, PB) = 1J(PA,

B′ ) of ca. 390 Hz observed in the 31P{1H} NMR spectra.
Interestingly, compound 38 consists of separated [Li(tmeda)2]+

ations and [cyclo-(P5But
4)]− anions (Fig. 5). The lithium cation is

oordinated in a usual distorted tetrahedral fashion by four nitro-
en atoms of two TMEDA molecules, which prevents interaction
f the cation with the anion and thus results in a “naked” [cyclo-
P5But

4)]− anion (Li(1)· · ·P(1) 494.0(6) pm) [36]. This type of anionic
wo-coordinate phosphorus atom is typical in metal complexes
f white phosphorus [42], but rare for linear or cyclic oligophos-
hanides [43].

The reactivity of the sodium salt 39 towards several main group
nd transition metal complexes has been studied and will be
escribed in Section 6.

. Reactivity of (P4R4)2− ions

.1. Main group metal complexes with the (P4R4)2− ion

The highly reducing nature of (P4R4)2− dianions limits their
se as transmetallation reagents for metal salts in high oxi-
ation states [28]. Thus, reactions of the (P4R4)2− anion with
-block main group metal salts such as SnCl2, AlEt2Cl, AlCyCl2,
a(DAB)I2, GaI, InCyBr2 or GaCl3 (Cy = cyclohexyl, DAB = N,N′-
is(2,6-diisopropyl)phenyldiazabutadiene) did not lead to the
esired transmetallation products; instead, either elemental
etal, cyclooligophosphanes or unidentified products where

btained [44].
In this context, the only known example of a group 13 metal with

(P4R4)2− ion is the complex [K(tmeda){Ga(P4Ph4)(DAB)}] (46)
45], which was obtained by reaction of [K(tmeda){Ga(DAB)}] and
yclo-P5Ph5 (5:1) (Scheme 14). The synthetic method used for the
reparation of 46 is analogous to that carried out for the preparation
f [Ga{C(SiMe3)3}(P3But

3)] (6) (Scheme 2) by Uhl and Benter [17].
The molecular structure of 46 shows that the potassium ion

s coordinated by two phosphorus atoms of the GaP4 ring of the
pirocyclic system and a TMEDA molecule. Additionally, �6-arene
nteraction by one of the N substituents of the GaN2C2 fragment is
bserved (Fig. 6). It is noteworthy that the phenyl substituents at
hosphorus are syn (P(1), P(2)), anti (P(2), P(3)), anti (P(3), P(4)) to
ach other. Thus, all phosphorus atoms are chemically inequivalent
n the solid state. This is, however, not observed by 31P {1H}NMR
pectroscopy in solution, where an AA′BB′ system (Table 1) with
wo broad signals at −80.2 and −6.1 ppm was observed, that is,
ither the structure is not retained in solution or a fluxional pro-
ess takes place which may involve cleavage and reformation of
a–P and/or P–P bonds [45].

.2. Reactivity of the (P4R4)2− ion towards transition metals

In contrast to reactions with p-block metals, (P4R4)2− anions
xhibit diverse reactivity towards a wide variety of transition
etal compounds. One of the first interesting results was obtained
ith copper(I) compounds [46]. While the reaction of CuCl with

Na2(thf)5(P4Ph4)] (32) or K2(P4But
4) led only to a black precipi-

ate consisting of elemental copper, NaCl and the cyclophosphanes
yclo-(PnPhn) (n = 4–6) or cyclo-(P4But

4), respectively, the reaction
f [CuCl(PCyp3)2] (Cyp = cyclo-C5H9) with [Na2(thf)5(P4Ph4)] (32)
ielded the tetranuclear copper(I) complex [Cu4(P4Ph4)2(PCyp3)3]

47) (Fig. 7, Scheme 15), avoiding reduction of the metal cation and
eading to the transmetallation product.

The X-ray structure determination of 47 revealed that it consists
f a tetranuclear aggregate of four Cu+ cations with two bridg-
ng (P4Ph4)2− anions (Fig. 7). Three of the four copper atoms are
Fig. 6. Molecular structure of [K(tmeda){Ga(P4Ph4)(DAB)}] (46) (hydrogen atoms
have been omitted for clarity).

additionally coordinated by tricyclopentylphosphane ligands, giv-
ing rise to a Cu4P11 core with fused five- and six-membered rings.
In this core, three of the copper(I) atoms have a distorted trigonal-
planar geometry (Cu(1), Cu(3) and Cu(4)) while one copper(I) atom
(Cu(2)) has a distorted tetrahedral environment.

The P–P bond lengths of the chains are in the range for single
bonds (Table 1), and the P4 chains are in a syn arrangement with
large torsion angles (ca. 62◦ and 67◦) compared to the structure of
[Na2(thf)5(P4Ph4)] (32) (ca. 32◦). This is a phenomenon caused by
the coordination of an internal phosphorus atom of the chain to
copper in each of the (P4Ph4)2− ligands, which restricts the flexi-
bility of the latter to adapt to the coordination requirements of the
copper cations.

47 shows a complex 31P{1H} NMR spectrum at room tempera-
Fig. 7. Section of the molecular structure of [Cu4(P4Ph4)2(PCyp3)3] (47) (only copper
and phosphorus atoms are shown).
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Scheme 14. Synthesis of [K

ith broader multiplets indicating that line broadening at room
emperature may not exclusively be caused by coupling between
hosphorus and the quadrupolar 63Cu/65Cu nuclei, but also by an
nresolved fluxional process.

The analogous compound [Cu4(P4Ph4)2(PH2Ph)2(PCyp3)2]
48) [47] was obtained by reaction of one equivalent of
Na2(thf)5(P4Ph4)] (32) or K2(P4Ph4) with one equivalent of
Cl [40], followed by subsequent reaction with one equivalent of

CuCl(PCyp3)2]. The reaction mechanism includes the rearrange-
ent of two equivalents of “in situ” generated (P4HPh4)− to one

quivalent of (P4Ph4)2− and one equivalent of P4H2Ph4. The neu-
ral tetraphosphane is very unstable in solution and decomposes
apidly to give a mixture of phosphanes, of which PH Ph is coordi-
2
ated to two copper atoms. 48 has similar structural features to 47
Table 1); however, in this case a centrosymmetric arrangement
f the Cu4P12 cluster with a tetranuclear aggregate of four Cu+

ons with two bridging (P4Ph4)2− dianions is observed (Fig. 8). In

2 " Na(P4HPh4) "

2 [CuCl(PCyp3)2]

- 2 NaCl
[Na2(thf)5(P4Ph4)] (32)

- 2 NaCl

Cyp

Cy

1/2

1/2

Scheme 15. Synthesis of copper(I) complexes [Cu4(P4Ph4)2(P
+ unidentified products

a){Ga(P4Ph4)(DAB)}] (46).

this case, two copper(I) centers have tetrahedral geometry and the
other two exhibit trigonal-planar coordination.

Furthermore, reactions of the in situ generated analogous
(P4HMes4)− anion with rhodium(I) salts allowed for the first time
the rational synthesis of a transition metal tetraphosphanido com-
plex with a (P4HMes4)− ligand, namely [Rh(P4HMes4)(cod)] (49)
(Scheme 16) [47], while [Cp◦MoCl2(�3-P4HCy4)] (11) was only
obtained in very low yield via the reaction of [Cp◦MoCl4(PH2Cy)]
with two equivalents of NEt3 [22]. The formation of 49 was always
accompanied by [{Rh(cod)}2(�-P2HMes2)(�-PHMes)] (50); suc-
cessive recrystallizations allowed both complexes to be separated.

In 49, the (P4HR4)− ligand chelates the rhodium atom by coor-
dination through terminal phosphorus atoms P(1) and P(4) of the

chain (Fig. 9).

The proton-coupled 31P NMR spectrum of 49 shows an ABCDXY
spin system in which a highly complex signal with a very large 1J(PB,
H) coupling constant of 335.2 Hz was observed. In addition, the ter-
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Scheme 16. Synthesis of rhodi

inal phosphorus atoms of the P4 chain exhibit 31P–103Rh coupling
1J(P, Rh) 167.6 and 85.3 Hz). This spectrum clearly indicates that
he structure of 49 is retained in solution.

Coming back to the reactivity of the (P4R4)2− ions, the
imesityldiphosphene complexes [Ni(�2-P2Mes2)(PEt3)2] (51),
Ni(�2-P2Mes2)(PMe2Ph)2] (52), [Pd(�2-P2Mes2)(PBun

3)2] (53)
nd [Pd(�2-P2Mes2)(PMe2Ph)2] (54) were obtained in the reac-
ion of [Na2(P4Mes4)] with the corresponding nickel or palladium
omplexes [NiCl2(PEt3)2], [NiCl2(PMe2Ph)2], [PdCl2(PBun

3)2] and
PdCl2(PMe2Ph)2], respectively (Scheme 17) [48].

The first step in this reaction is assumed to include the forma-
ion of the nickel(II) or palladium(II) tetraphosphanediide species,
hich undergo an intramolecular redox reaction to give the cor-

esponding nickel(0) or palladium(0) bis(dimesityldiphosphene)
omplexes. The latter are unstable and eliminate a diphosphene
igand to give the isolated products 51–54 and cyclo-PnMesn (n = 3
nd 4).
An AA′XX′ spin system with 2J(P, Pcis) coupling constants close to
ero was observed in the 31P{1H}NMR spectra of 51–54, as was pre-
iously reported for analogous group 10 complexes by Pidcock and
o-workers, who observed slow rotation (on the NMR timescale) of
he diphosphene ligand around the C2 axis [49].
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Scheme 17. Proposed reaction mechanism for the format
+ other unidentified products

oligophosphanido complexes.

The molecular structures of compounds 51–54, determined by
single-crystal X-ray diffraction studies, revealed similar structural
parameters to those described in previously reported nickel, pal-
ladium and platinum diphosphene complexes [49], with short P–P
bonds of ca. 211 pm (Table 1).

A different behavior was observed in transmetallation reac-
tions of (P4R4)2− with platinum(II) complexes, which led to
the corresponding platinum(II) tetraphosphanediides, due to
the higher stability of platinum(II) in comparison to nickel(II)
and palladium(II). Thus, the reaction of [Na2(thf)4(P4Mes4)]
(33) with one equivalent of [PtCl2(cod)] or [PtCl2(dppe)]
(dppe = bis(diphenylphosphino)ethane) gave [Pt(P4Mes4)(cod)]
(55) and [Pt(P4Mes4)(dppe)] (56), respectively (Scheme 18)
[50], which were the first platinum complexes containing a
tetramesityltetraphosphane-1,4-diide ligand. The Pt–P bonds of
these complexes are very stable, and no evidence of insertion of
CO, CS2, white phosphorus or ethyl diazoacetate into the Pt–P

bonds or reaction with MeI was observed. Analogous reactions of
55 and 56 with tert-butyl isocyanide and cyclohexyl isocyanide
yielded only the complexes [Pt(P4Mes4)(C NBut)2] (57) and
[Pt(P4Mes4)(C NCy)2] (58), respectively, in which ligand transfer
had occurred instead of the targeted insertion reactions. Insertion
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Scheme 18. Synthesis and reactivity of platinum(II) tetramesityltetraphosphane-
1,4-diide complexes.
ig. 8. Molecular structure of [Cu4(P4Ph4)2(PH2Ph)2(PCyp3)2] (48) (hydrogen atoms
ther than P–H have been omitted for clarity).

f isocyanides into the Pt–P bonds did not take place even when
erforming the reactions at higher temperatures (up to 110 ◦C) or
fter prolonged reaction times (2–150 h; Scheme 18).

In the molecular structure of 55–58, the P4 chain has a syn
rrangement, as was observed for the alkali metal compounds,
orming a five-membered ring with platinum in an envelope con-
ormation (Fig. 10). The Pt–P bond lengths of ca. 233 pm (Table 1)
re in the range for platinum(II) phosphanido complexes such as
Pt(P3But

3)(PPh3)2] (2) (Scheme 2) [15d].
While the 31P{1H} NMR spectra of 55 and 56 showed higher

rder AA′XX′ (Fig. 11) and AA′BCXX′ spin systems with platinum
atellites 1J(31P, 195Pt) of 1146 Hz for 55 and 2261 and 780 Hz for 56,
ndicating that the structure observed in the solid state is retained
n solution, the 31P{1H} NMR spectra of 57 and 58 gave only one

ultiplet at ca. −40 ppm, due to severe overlap of signals, which
howed no changes with varying temperature and precluded full

nalysis of chemical shifts and coupling constants.

Of the group 9 metals, mainly rhodium complexes were stud-
ed. The reaction of [{RhCl(cod)}2] with (P4Mes4)2− gave a mixture
f compounds, of which [Na(thf)3][Rh(P3Mes3)(cod)] (59) with a
rimesityltriphosphane-1,3-diide ligand was structurally charac-

ig. 9. Molecular structure of [Rh(P4HMes4)(cod)] (49) (hydrogen atoms other than
–H have been omitted for clarity).

Fig. 10. Molecular structure of [Pt(P4Mes4)(C NBut)2] (57) (hydrogen atoms have
been omitted for clarity).
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the vertices of an imaginary tetrahedron with Ag···Ag distances of
327.9(2) and 334.6(2) pm indicating intramolecular argentophilic
contacts [51].

Characterization of this complex was very difficult due to its
poor solubility in polar or non-polar solvents once the crystals were
59

Scheme 19. Synthesis of [N

erized (Scheme 19) [51]. Several attempts to get insight into the
echanism of this reaction by changing the reaction conditions and

toichiometry resulted in the isolation of the side products cyclo-
6Mes6 and [Na3(Et2O)(P4Mes4)(PHMes)], which indicated that
his reaction may occur via P–P bond cleavage to give (P3Mes3)2−

nd PH2Mes although the reaction mechanism is still not clear.
The 31P{1H} NMR spectrum of 59 exhibits two broad sig-

als at −30 and −46 ppm at room and low temperature (−80 ◦C).
he molecular structure of 59 (Fig. 12) determined by single-
rystal X-ray diffraction studies shows that the (P3Mes3)2− ligand
helates the rhodium atom via its two terminal phosphorus atoms
P(1) and P(3)), leading to a similar coordination to that observed
n [Pt(P3But

3)(PPh3)2] (2) [15d] and [Ga{C(SiMe3)3}(P3But
3)]

6) [17] (Scheme 2). One of the two negative charges of the
rimesityltriphosphane-1,3-diide ligand is counterbalanced by
odium cation Na(1), which interacts with the terminal phospho-
us atoms of the P3 chain and presumably with the rhodium atom
Na(1)–Rh(1) 310.5(2) pm). This Na–Rh interaction was studied by
hared electron number (SEN) and natural bond orbital (NBO) anal-
sis, which showed that the Na–Rh contact is stronger than the
nteractions between Na and P, and thus indicates some covalent
haracter [51].

Oxidative coupling to give a P6 chain was also found in the
eaction of [Na2(thf)4(P4Mes4)] (33) with two equivalents of

AgCl(PPh3)2], which gave [Ag4(P6Mes6)2] (60), a tetranuclear com-
lex with two hexamesitylhexaphosphane-1,6-diide ligands, as the
ain product of the reaction, albeit in modest yield (Scheme 20)

51].

ig. 11. 31P{1H} NMR spectrum (161.97 MHz) of [Pt(P4Mes4)(cod)] (55) at room
emperature.
)3][Rh(P3Mes3)(cod)] (59).

The formation of this complex may occur by a simple redox
reaction (Eq. (1)) that involves the formation of elemental silver,
which was detected in the black solid which precipitates when the
reaction is carried out.

6Ag+ + 3(P4Mes4)2− � 4Ag+ + 2(P6Mes6)2− + 2Ag0 (1)

The molecular structure of 60 reveals the formation of two linear
(P6Mes6)2− ligands, bound by four phosphorus atoms (the ter-
minal ones P(3), and P(1)) to four silver(I) atoms with distorted
trigonal-planar geometry (Fig. 13). As was observed for the copper
complexes 47 and 48, this complex shows five and six-membered
rings in its structure. In addition, the four Ag atoms of this complex
are related by a crystallographic S4 axis and are thus located on
Fig. 12. Molecular structure of [Na(thf)3][Rh(P3Mes3)(cod)] (59) (hydrogen atoms
have been omitted for clarity).
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Scheme 21. Synthesis of [

solated. The 31P{1H} NMR spectrum of 60 showed three broad
ultiplets at −100.6, −14.3 and 0.7 ppm at room temperature, sug-

esting an AA′BB′XX′ system. These signals are in agreement with
he symmetry of the structure in the solid state, and suggest that
he linear structure of the novel dianionic P6 chain may also be
etained in solution.

A related linear P6-based trianion was observed in the com-
lex [Ta(�5-C5Me5)(Ph)(P6Ph5)] (61), which was obtained in the
eaction of the sodium salt of (P4Ph4)2− with [Ta(�5-C5Me5)Cl4]

52] and contains an unprecedented oligophosphanide trianion
P6Ph5)3−, acting as a terminal phosphanyl phosphinidene ligand
Scheme 21).

The 31P NMR spectrum of the reaction mixture showed forma-
ion of a variety of cyclooligophosphanes and the phosphinidene-

ig. 13. Molecular structure of [Ag4(P6Mes6)2] (60) (hydrogen atoms have been
mitted for clarity).
61

-C5Me5)(Ph)(P6Ph5)] (61).

bridged complex [{Ta(�5-C5Me5)Cl(�-PPh)}2] as well as numerous
low-intensity multiplets which could not be assigned. Further
reactions under different reaction conditions and with other sto-
ichiometric ratios did not help to gain insight into the reaction
mechanism. However, complex 61 was fully characterized by
spectroscopic methods and by X-ray diffraction studies. The molec-
ular structure of 61 consists of a mononuclear, highly distorted
pentagonal-pyramidal tantalum complex with coordination of a
tetradentate trianionic (P6Ph5)3− ligand (P(1), P(2), P(5) and P(6);

Fig. 14) and a phenyl group. The apical position is occupied by an
�5-coordinating pentamethylcyclopentadienyl ligand.

The 31P{1H} NMR spectrum of 61 showed a first-order ABCDEX
spin system, with the signal of the phosphorus atom of the terminal
phosphinidene group observed at ca. 370 ppm (Fig. 15).

Fig. 14. Molecular structure of [Ta(�5-C5Me5)(Ph)(P6Ph5)] (61) (hydrogen atoms
have been omitted for clarity).
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302.6(3), 316.2(4) and 326.8(3) pm) (Fig. 16). This anionic moiety is
counterbalanced by a separated sodium cation which is addition-
ally coordinated by three diethyl ether molecules.
Scheme 22. Reactivity of Na and

To avoid oxidative coupling of oligophosphanide anions, a
etal(0) complex, namely [Ni(cod)2], was employed in reac-

ions with the sodium and potassium salts of the (P4Ph4)2−

on. However, P–P bond cleavage of tetraphenyltetraphosphane-
,4-diide was observed in the reaction of [Na2(thf)5(P4Ph4)]
28) with one equivalent of [Ni(cod)2], leading to formation of
Na(Et2O)3][Na3(Et2O)2Ni3(�-P2Ph2)2(�2-P2Ph2)3] (62), presum-
bly via reductive cleavage of the (P4Ph4)2− ion by nickel(0) to
ive two (P2Ph2)2− ions and oxidation of (P4Ph4)2− by nickel(II)
see also Scheme 17) to give two diphenyldiphosphene ligands
Scheme 22) [53]. In addition, this reaction generated a mixture
f oligophosphanes and oligophosphanides from which Na2P2Ph2
nd cyclo-P4Ph4 were identified.

An analogous reaction between the less reactive
K2(pmdeta)2(P4Ph4)] (36) and [Ni(cod)2] (ratio 1:1 or 2:1)
ave as a major product the complex [K(pmdeta)]2[Ni(P4Ph4)(�2-
2Ph2)] (63) (Scheme 22), and provided some insight into the

echanism of formation of 62 (Scheme 23). Complex 63 can be

onsidered to be the potassium analogue of the intermediate
pecies in the formation of 62; however, in the case of potassium,
he K–Ni and K–P interactions stabilize the NiP4 framework and
revent further reaction to give the corresponding potassium

ig. 15. 31P{1H}NMR spectrum (161.97 MHz) of [Ta(�5-C5Me5)(Ph)(P6Ph5)] (61) (#
inor diastereoisomer of 61, * cyclo-P4Ph4).
63

s of (P4Ph4)2– towards [Ni(cod)2].

analogue of [Na(Et2O)3][Na3(Et2O)2Ni3(�-P2Ph2)2(�2-P2Ph2)3]
(62).

Both complexes were characterized by single-crystal X-ray
diffraction studies. The molecular structure of 62 shows an
ionic complex with an Na3Ni3P10 anionic core in which two
diphenyldiphosphanediide ligands bridge three nickel(0) atoms.
Each nickel atom is additionally coordinated in an �2-fashion by a
trans-diphenyldiphosphene ligand. The three sodium cations inter-
act with the phosphorus atoms of the diphenyldiphosphanediide
ligands as well as the nickel atoms (short Na· · ·Ni contacts of
Fig. 16. Anionic part of the molecular structure of [Na(Et2O)3][Na3(Et2O)2Ni3(�-
P2Ph2)2(�2-P2Ph2)3] (62). Hydrogen and carbon atoms have been omitted for clarity.
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Scheme 23. Proposed mechanism for the formation of [Na(Et2O)3][N

The molecular structure of 63 shows that the nickel atom and the
our phosphorus atoms of the dianionic P4 chain form a puckered
ve-membered ring. The nickel atom is coordinated by both phos-
horus atoms of the diphosphene ligand (P(5) and P(6)) and the
erminal phosphorus atoms of the (P4Ph4)2− ligand (P(1) and P(4))

n the equatorial positions, and the potassium atoms (K(1) and K(2))
n the axial positions (Table 1), giving rise to pseudo-octahedral
oordination of the metal atom. This structure shows short K···Ni
istances of 318.5(2) pm for K1 and 310.7(2) pm for K(2), which are

ig. 17. Molecular structure of [K(pmdeta)]2[Ni(P4Ph4)(�2-P2Ph2)] (63) (all hydro-
en atoms and carbon atoms of the pmdeta molecules have been omitted for clarity).
O)2Ni3(�-P2Ph2)2(�2-P2Ph2)3] (62) (Et2O donor molecules omitted).

the shortest distances reported for an Ni···K interaction in a complex
(Fig. 17).

The 31P{1H} NMR spectra of 62 and 63 showed notable differ-
ences. While the spectrum of 62 exhibited very broad signals at
room and low temperature (down to −80 ◦C) which were very sim-
ilar to those found in its solid-state 31P{1H}CP MAS NMR spectrum,
the spectrum of 63 consisted of a set of three signals correspond-
ing to an AA′BB′XX′ spin system, which indicates that the dianionic
P4 chain with all-trans conformation, observed in the solid state, is
retained in solution.

Finally, several other reactions of the sodium and potas-
sium salts of the (P4R4)2− ions with transition metal com-
plexes, such as [Zr(�5-C5H5)2Cl2], [CoCl2(PPh3)2], NiCl2, [Mo(�5-
C5H5)Cl2]2, [Mo(�5-C5EtMe4)Cl2]2, [MoBr2(CO)2(PPh3)2], Cp3Yb
and Yb(OSO2CF3)3, in our hands did not (yet) result in isolable com-
pounds which could be fully characterized. However, 31P{1H}NMR
spectra of the reaction mixtures with [ZnCl2(py)2] (py = pyridine)
or [ZnCl2(tmeda)], showed AA′BB′ spin systems which were pre-
sumably due to the formation of the corresponding [Zn(P4R4)(L)n]
(L = py, n = 2; L = tmeda, n = 1) complexes [54].

6. Reactivity of the cyclo-(P5But
4)− ion

6.1. Reactivity of the cyclo-(P5But
4)− ion towards main group

metals

As was already observed for the (P4R4)2− ions, the highly
reducing nature of the cyclo-(P5But

4)− ion complicates its use as

transmetallation reagent for metals in high oxidation states.

In the case of p-block main group metals, such as aluminium,
germanium, tin, lead and bismuth, differences in reactivity were
observed. While the 1:1 reaction of the sodium salt [Na(thf)4][cyclo-
(P5But

4)] (39) with AlEt2Cl and GeCl4 gave a mixture of products
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instead of the expected compound 68.
Similar behavior was found for palladium(II) complexes. Thus,

the major product in the reaction of 39 with [PdCl2(PMe2Ph)2] (2:1)
was the palladium(0) �2-3,4,5-tri-tert-butylcyclopentaphosphene
complex [Pd{cyclo-(P5But

3)}(PMe2Ph)2] (71), and only traces of the
Scheme 24. Reactivity of the sodium salt

ncluding the expected complexes [AlEt2{cyclo-(P5But
4)}(thf)] (64)

nd [GeCl3{cyclo-(P5But
4)}] (65) (Scheme 24) [55], the reaction

f 39 with SnCl2 (2:1), PbCl2 (2:1) or BiCl3 (1:1) resulted in the
ormation of the phosphorus-rich compounds {cyclo-(P5But

4)}2
nd {cyclo-(P4But

3)PBut}2 among other cyclooligophosphanes and
lemental metal (Sn, Pb or Bi, respectively), presumably via ini-
ial formation of the corresponding unstable metal phosphanides
M{cyclo-(P5But

4)}x] (Scheme 24) [55].
The phosphanide complexes 64 and 65 were isolated and

haracterized by 31P{1H} NMR spectroscopy and other analytical
echniques. The 31P{1H} NMR spectra showed ABB′CC′ spin sys-
ems (ratio 1:2:2), indicating that in solution the P5 ring is bound
o the metal atom only by the anionic phosphorus atom.

Reactions with other p-block main group metal compounds
uch as GaCl3 or SnPh3Cl were also unsuccessful, and in spite of
he observation of signals of phosphorus-rich metal compounds in
he 31P{1H} NMR spectra, no compounds could be isolated [38].

.2. Reactivity of the cyclo-(P5But
4)− ion towards transition

etals

Transmetallation reactions of the sodium salt [Na(thf)4][cyclo-
P5But

4)] (39) with transition metal complexes were more
uccessful. Thus, the 1:1 reaction with [RhCl(PPh3)3] gave the
hodium(I) complex [Rh{cyclo-(P5But

4)}(PPh3)2] (66; Scheme 25),
n which the tetra-tert-butylcyclopentaphosphanide ligand, is
ound to rhodium via the anionic phosphorus atom and
ne of the adjacent phosphorus atoms of the ring (Fig. 18)
56].

As was observed for the alkali metal compounds with the cyclo-
P5But

4)− ion, the P5 ring in 66 has an envelope conformation
ith an all-trans conformation of the But groups (Table 2). This

onformation is retained in solution, as indicated by the 31P{1H}
MR spectrum, which showed six multiplets (ratio 1:1:1:2:1:1,
BCDEFG spin system, in which the spins D and E overlap).

Reactions of [Na(thf)4][cyclo-(P5But
4)] (39) with group 10 com-

lexes are clearly influenced by the nature of the co-ligand of
he metal complex, the metal, the reaction conditions and the

toichiometric ratio. Thus, the reaction of 39 with [NiCl2(PEt3)2]
2:1) in polar or nonpolar solvents gave the unusual nickel(0)
2-3,4,5-tri-tert-butylcyclopentaphosphene complex [Ni{cyclo-

P5But
3)}(PEt3)2] (67) [37], via cleavage of a P–C(But) bond of the

nionic cyclo-(P5But
4) ring and elimination as ButCl (Scheme 26).
lo-(P5But
4)− towards main group metals.

Formation of ButCl was indirectly proved by the detection of cyclo-
(P5But

4H) and isobutene, which are the products of the subsequent
reaction of ButCl and [Na(thf)4][cyclo-(P5But

4)] (39).
However, the transmetallation reaction (2:1) of [Na(thf)4][cyclo-

(P5But
4)] (39) with [NiCl2(bipy)], which contains the more labile

bipyridine ligand, gave the expected product, [Ni{cyclo-(P5But
4)}2]

(68) (Scheme 26) [57]. 68 is relatively unstable on heating in solu-
tion and rearranges to [Ni{cyclo-(P5But

4)PBut}{cyclo-(P4But
3)}]

(69). Presumably, the intermediate [Ni{cyclo-(P5But
4)}{cyclo-

(P4But
3)PBut}] is formed first, and subsequent migration of the

exocyclic PBut group of cyclo-(P4But
3)PBut to the cyclo-(P5But

4)
ligand gives the novel cyclo-{(P5But

4)PBut}− ligand.
Furthermore, reaction of 39 with the nickel dichloride com-

plex with triphenylphosphane ligands (which are weaker ligands
than PEt3, but stronger than bipy), [NiCl2(PPh3)2] (1:2), gave the
unexpected product [NiCl{cyclo-(P5But

4)}(PPh3)] (70) (Scheme 26)
Fig. 18. Molecular structure of [Rh{cyclo-(P5But
4)}(PPh3)2] (66) (hydrogen atoms

have been omitted for clarity).
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ransmetallation product [Pd{cyclo-(P5But
4)}2] (72) were obtained

Scheme 27). In addition, in the reaction of 39 with [PdCl (PPh ) ]
2 3 2
2:1), which contains the more labile PPh3, the expected prod-
ct [Pd{cyclo-(P5But

4)}2] (72) was isolated, but a small amount
f the complex [Pd{cyclo-(P5But

3)}(PPh3)2] (73) was also formed
Scheme 27) [57].
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In the case of platinum(II) complexes, the reaction of 39
with [PtCl (PPh ) ] gave [PtCl{cyclo-(P But )PBut}(PMe Ph)] (74)
2 3 2 4 3 2
(Scheme 28), in which ring contraction had occurred to give the
{cyclo-(P4But

3)PBut}− ion, which was proposed as intermediate in
the formation of the nickel complex [Ni{cyclo-(P5But

4)PBut}{cyclo-
(P4But

3)}] (69) [57].
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The group 10 metal complexes 67–74 were characterized by
1P{1H} NMR spectroscopy. Most compounds showed first- or
igher-order spin systems in accordance with their structures
Table 2). Thus, complexes with the cyclo-(P5But

3) ligand and two
oordinated phosphanes (67, 71 and 73) show an AA′BB′CDD′ spin
ystem with a large (absolute) coupling constant 1J(PA, PA′ ) of
a. 470 Hz, which indicates multiple-bond character between PA
nd PA′ [57]. On the other hand, the 31P{1H} NMR spectra of the
omoleptic complexes 68 and 72 exhibit five multiplets for an
A′BB′CC′DD′EE′ spin system. These spectra showed the presence
f more than one isomer in solution (cis and trans, due to the chi-
ality of PA and PA′ ), however, the signals for the trans isomer were
learly predominant. An ABCDEF spin system (ratio 1:1:2:1:1) was
bserved in the 31P{1H} NMR spectrum of 70, while the spectrum
f 74 showed a typical first-order ABCDEF spin system with 132
ines in which phosphorus atom A appeared at ca. −125 ppm, due

o the “small-ring effect” which shifts all signals to higher field [57].

X-ray diffraction studies on these group 10 metal complexes
ave more information about their solid-state structures (Table 2).
he molecular structure of homoleptic complexes with two
yclo-(P5But

4) ligands (68 and 72) showed the typical all-trans

ig. 19. Molecular structure of [Pd{cyclo-(P5But
4)}2] (72) (hydrogen atoms have

een omitted for clarity).
-(P4But
3)PBut}(PMe2Ph)] (74).

arrangement of the But groups, an envelope conformation of the P5
ring (Fig. 19) and binding of the anionic phosphorus atom and one
of its adjacent phosphorus to the metal center. In addition, the P–P
bond lengths of the P5 rings showed a short P–P bond of ca. 215
pm due to interaction of the lone pair of electrons at the anionic
phosphorus atom with unoccupied orbitals (with �*- and d-orbital
contributions) at the adjacent phosphorus atom (Table 2) [37].

The “all-trans” conformation of the But groups of the P5 ligand in
an envelope conformation was also observed for the P5 ring of the
cyclo-(P5But

3) ligand of the complexes 67, 71 and 73; this ligand
is coordinated to the metal center via both phosphorus atoms of
the P P bond (Fig. 20). Furthermore, the P P bond length of the P5
ligand of about 213 pm indicates its multiple bond character.

Both [Ni{cyclo-(P5But
4)PBut}{cyclo-(P4But

3)}] (69) (Fig. 21) and
[PtCl{cyclo-(P4But

3)PBut}(PMe2Ph)] (74) (Fig. 22) have a P4 ring in
a butterfly conformation. Furthermore, 69 shows also a very rare
seven-membered norbornene-like metallabicycle for the Ni{cyclo-
(P5But

4)PBut} moiety (Fig. 21).
In view of the results obtained in the reactions of

[Na(thf)4][cyclo-(P5But
4)] (39) with complexes of the nickel triad,

the coordination chemistry of the cyclo-(P5But
4)− ion towards

group 11 complexes was explored. Here, it was also observed that
the reactivity of the cyclic anion is notably dependent on the metal,
its co-ligands and the reaction conditions [58].

Thus, the reaction of [Na(thf)4][cyclo-(P5But
4)] (39) with
[CuCl(PCyp3)2] (1:1) or [CuCl(PPh3)3] (1:1) gave the transmetal-
lation products [Cu{cyclo-(P5But

4)}(PCyp3)2] (75) and [Cu{cyclo-
(P5But

4)}(PPh3)2] (76), in which the cyclo-(P5But
4)− ligand

remained intact (Scheme 29). However, formation of [Cu2(�-
Cl){cyclo-(P5But

4)}(PCyp3)2] (77) was observed when starting from

Fig. 20. [Pd{cyclo-(P5But
3)}(PPh3)2] (73) (hydrogen atoms have been omitted for

clarity).
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Scheme 29. Reactivity of the cyclo-(P5But
4)− ion

Fig. 21. [Ni{cyclo-(P5But
4)PBut}{cyclo-(P4But

3)}] (69) (hydrogen atoms have been
omitted for clarity).
towards copper(I) and silver(I) complexes.

[CuCl(PCyp3)2] and [Na(thf)4][cyclo-(P5But
4)] (39) in 2:1 molar

ratio (Scheme 29).
Complexes 75 and 76 rearranged in non-polar solvents over

several weeks to give the tetrameric compound [Cu4{cyclo-
(P4But

3)PBut}4] (78) (Scheme 29), in which the P5 ring is contracted
to a four-membered ring. The resulting cyclo-(P4But

3)PBut ligand
bridges two metal atoms by coordination of the exocyclic phos-
phorus atom of the ligand. This rearrangement was not observed
for 77.

An analogous compound [Ag4{cyclo-(P4But
3)PBut}4] (79) was

isolated in the reaction of [Na(thf)4][cyclo-(P5But
4)] (39) with

[AgCl(PCyp3)]4 (4:1) or [AgCl(PPh3)2] (1:1) (Scheme 29). It seems
that the mononuclear species were formed first (detected in the
reaction mixtures by 31P NMR spectroscopy, but not isolated) but

were relatively unstable and rearranged rapidly to give the tetranu-
clear complex 79 (Scheme 29) [58].

In the case of gold(I) complexes, the reaction of 39 with
[AuCl(PCyp3)] (1:1) led to formation of the monomeric compound
[Au{cyclo-(P5But

4)}(PCyp3)] (80), which also rearranged in non-
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Scheme 30. Reactivity of the cyclo-

olar solvents to give a mixture of oligomeric compounds, of
hich [Au3{cyclo-(P5But

4)}3] (81) and [Au4{cyclo-(P4But
3)PBut}4]

82) were characterized (Scheme 30). No monomeric species were
etected in the reaction of 39 with [AuCl(PPh3)], which also
esulted in a mixture of oligomeric compounds in which 81 and
2 were detected (Scheme 30) [58].

The group 11 complexes were studied by 31P{1H} NMR

pectroscopy. Severe line broadening caused by the quadrupole
oment of the metal atoms (63Cu, 65Cu) was observed. In addi-

ion, dynamic processes involving the phosphorus-rich ligands in
he silver and gold compounds and poor solubility of the polynu-

ig. 22. [PtCl{cyclo-(P4But
3)PBut}(PMe2Ph)] (74) (hydrogen atoms have been omit-

ed for clarity).
82

t
4)− ion towards gold(I) complexes.

clear complexes 78, 79, 81 and 82 limited the numerical analysis
of the chemical shifts and coupling constants of the spectra. Full
analysis was only possible for [Au{cyclo-(P5But

4)}(PCyp3)] (80),
which at −80 ◦C showed six multiplets corresponding to an ABCDEX
spin system (Fig. 23).

The large difference in chemical shifts of the atoms PA and PE
indicates that one of these phosphorus atoms may be involved in
coordination to gold, leading to a coordination number of three at
the metal center. At room temperature, this tricoordinate gold com-
plex (A, Scheme 31) may be in rapid equilibrium with an identical
structure involving coordination of the other adjacent phosphorus
atom (B, Scheme 31, windscreen-wiper mechanism) and/or with
the structure in which only the anionic phosphorus atom is bound
to gold (C, Scheme 31).

X-ray diffraction studies on the group 11 complexes gave more
information about the solid-state structures (Table 2). The molecu-

lar structure of complexes with the cyclo-(P5But

4) ligand (75, 76, 77
and 80) showed the typical all-trans arrangement of the But groups
and an envelope conformation of the P5 ring (Fig. 24). In 75, 76 and
80 only the anionic phosphorus atom of the P5 ring is bound to

Fig. 23. Low-temperature 31P{1H} NMR spectrum (161.97 MHz) of [Au{cyclo-
(P5But

4)}(PCyp3)] (80) (at −80 ◦C, impurity: # PCyp3).
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the R groups at phosphorus, which should be facilitated by ther-
mal decomposition. Organyl-free MxPy species have already been
observed in the mass spectra of several of the studied complexes,
e.g., [Rh2P3]+ and [Rh2P2]+ in [Rh(P4HMes4)(cod)] (49), [PtP4]+
C

Scheme 31. Proposed equilibrium for the different species of the

he metal, resulting in trigonal-planar copper complexes 75 and 76
nd linear gold complex 80 (Fig. 24) [58]. In 77, the P5 ring bridges
Cu2Cl fragment via the anionic and an adjacent phosphorus atom.
he two copper atoms have a trigonal-planar environment (Fig. 25)
58].

Both copper atoms are nearly coplanar with the two phosphorus
toms of the PCyp3 ligands (P(6) and P(7)). The two copper atoms,
(1) and P(2) of the P5 ligand and Cl(1) form a five-membered ring
ith an envelope conformation (Fig. 25).

Finally, in the tetrameric complexes 78, 79 and 82, the four-
embered cyclo-(P4But

3) groups are in a butterfly conformation
ith an all-trans arrangement of the But substituents with only

oordination of the exocyclic phosphorus atom of the {cyclo-
P4But

3)PBut}− ligand, bridging two metal centers. Each metal
tom is coordinated in a distorted linear fashion (Fig. 26).

Further reactions of the sodium salt 39 with other transition
5 5
etal complexes, such as [Ti(� -C5H5)2Cl2], [Zr(� -C5H5)2Cl2],

CoCl2(PPh3)2], Cp3Yb, Yb(OSO2CF3)3 and [Ta(�5-C5Me5)Cl4], were
erformed but did not lead to isolable products. However, 31P{1H}
MR spectra of the reaction mixtures with zinc(II) complexes,
{RhCl(cod)}2] and [MnBr(CO)5] showed complex signals which

ig. 24. Molecular structure of [Au{cyclo-(P5But
4)}(PCyp3)] (80) (hydrogen atoms

ave been omitted for clarity).
complex [Au{cyclo-(P5But
4)}(PCyp3)] (80) at room temperature.

indicate the formation of (possibly rearranged) phosphorus-rich
metal complexes, but further investigations must be carried out
for their full characterization [59].

7. Future applications of phosphorus-rich metal
oligophosphanides

Phosphorus-rich metal oligophosphanides could be suitable
candidates for the development of alternative routes for the
preparation of metal phosphides (MxPy, with y > x) under mild con-
ditions. One of the key steps in this process is the removal of
Fig. 25. Molecular structure of [Cu2(�-Cl){cyclo-(P5But
4)}(PCyp3)2] (77) (hydrogen

atoms have been omitted for clarity).
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ig. 26. Section of the molecular structure of [Au4{cyclo-(P4But
3)PBut}4] (82) (car-

on and hydrogen atoms have been omitted for clarity).

n [Pt(P4Mes4)(cod)] (55), [RhP5]+ in [Rh{cyclo-(P5But
4)}(PPh3)2]

66), [NiP5]+ and [NiP6]+ in [Ni{cyclo-(P5But
4)}2] (68), [NiClP6]+ and

NiP5]+ in [NiCl{cyclo-(P5But
4)}(PPh3)] (70), [PdP5]+ and [PdP4]+

n [Pd{cyclo-(P5But
3)}(PMe2Ph)2] (71) and [Pd{cyclo-(P5But

4)}2]
72), [PdP6]+, [PdP5]+ and [PdP4]+ in [Pd{cyclo-(P5But

3)}(PPh3)2]
73), and [PtP5]+ in [PtCl{cyclo-(P4But

3)PBut}(PMe2Ph)] (74). While
t may be difficult to control the morphology of the resulting mate-
ials, the development of future applications of phosphorus-rich
etal oligophosphanides is feasible now that procedures for their

argeted synthesis have been developed.

. Conclusions

The targeted synthesis of ions such as (P4R4)2−, (P4HR4)− (R = Ph,
es) and cyclo-(P5But

4)− and their versatile reactivity towards
ain group and transition metal complexes allowed the prepara-

ion of a large variety of phosphorus-rich metal oligophosphanides.
n reactions with the anions (P4R4)2− or (P4HR4)− (R = Ph, Mes),
omplexes with intact (P4R4)2− or (P4HR4)− ligands are formed or
egradation or oxidative coupling was observed resulting in com-
lexes with (P3R3)2−, (P2R2)2−, and diphosphene (P2R2) or even
P6R6)2− ligands. On the other hand, in reactions with metal com-
lexes the cyclo-(P5But

4)− ion was observed to either stay intact or
earrange to cyclo-(P5But

3), cyclo-(P4But
3)−, {cyclo-(P4But

3)PBut}−

r {cyclo-(P5Bu4
t)PBut}−, depending on the starting materials.

hese phosphorus-rich metal complexes may be suitable precur-
ors for phosphorus-rich binary metal phosphides (MxPy, with
> x), which are expected to exhibit interesting properties for mate-

ials science.
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