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The reactivity of white phosphorus with transition metals is
characterized by a vast diversity of bonding situations which
result in various {Px} units that range from single phosphido
atoms to high-nuclearity polyphosphorus ligands.[1] When the
tetraphosphorus array is preserved, different topologies are
observed in which the P4 molecule either remains intact and
behaves as a monohapto[2] or dihapto ligand,[2c,3] or is
activated by the opening of one or more edges to generate
acyclic P4 chains.

[1a–d] These ligands reach their thermody-
namic minima either by bridging two metal moieties[4] or by
undergoing electrophilic or nucleophilic attack from ancillary
ligands to form new P�H, P�C, or P�P bonds,[5] as exempli-
fied by the recently reported dithallium salt of Ar2P4

2� (1,
Ar=C6H3-2,6-(C6H3-2,6-iPr2)2)

[5c] and the unique cobalt com-
plex [Co(Ph2PCH2PPh2PPPPPh2PCH2PPh2)]BF4 (2-BF4)

[*] Dr. D. Yakhvarov, Prof. O. Sinyashin
A. E. Arbuzov Institute of Organic and Physical Chemistry
Russian Academy of Sciences
Arbuzov str. 8, 420088 Kazan (Russian Federation)
Fax: (+7)8432-732-253
E-mail: yakhvar@iopc.knc.ru

Dr. P. Barbaro, Dr. L. Gonsalvi, Dr. S. Ma<as Carpio, Dr. S. Midollini,
Dr. A. Orlandini, Dr. M. Peruzzini, Dipl. Chem. F. Zanobini
Istituto di Chimica dei Composti Organometallici
ICCOM CNR
Via Madonna del Piano, 10, 50019 Sesto Fiorentino (Italy)
Fax (+39)055-5225-203
E-mail: stefano.midollini@iccom.cnr.it

mperuzzini@iccom.cnr.it

[**] The stay of D.Y. in Florence was supported by the INTAS YS
fellowship program 2003 (Fellowship Ref. Nr. 03-55-2050). S.M.C.
thanks the “Ministerio de Ciencia y Tecnologia” (Spain) for a
postdoctoral grant. Thanks are due to Thermphos Int. (Vlissingen,
Netherlands) for a generous loan of white phosphorus, to the NMR
service of “FIRENZE HYDROLAB”, a project sponsored by Ente
Cassa di Risparmio di Firenze, and to Dr. A. Raffaelli (ICCOM CNR,
Pisa) for running the ESI-MS spectrum of 5-OTf.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Zuschriften

4288 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2006, 118, 4288 –4291



which was prepared in our group more than two decades
ago.[6] The mechanism of formation of the cobalt(I)-coordi-
nated 1,4-disubstituted zigzag tetraphosphabutadiene P6
chain in 2 is not clearly understood as yet. Herein, we
describe the synthesis and characterization of new rhodium
and iridium species related to 2 which result from an
unexpected bimetallic P4-activation pathway.
Reaction of [M(dppm)2]OTf (M=Rh (3-OTf), Ir (4-

OTf); dppm=PPh2CH2PPh2, OTf= trifluoromethanesulfo-
nate)[7] with white phosphorus in CH2Cl2 at room temperature
under nitrogen and subsequent work up led to the isolation of
[M(dppm)(Ph2PCH2PPh2PPPP)]OTf as either orange (M=

Rh (5-OTf)) or light yellow (M= Ir (6-OTf), Scheme 1)

microcrystals. Complexes 5-OTf and 6-OTf were character-
ized by 1H and 31P NMR spectroscopy, ESI mass spectrom-
etry, elemental analysis, and single-crystal X-ray crystallog-
raphy. The structure of the complex cation in 5-OTf is
presented in Figure 1a,[8] and Figure 2 shows a plot of the
experimental and computed 31P{1H} NMR spectra of 5-PF6
with the labeling scheme taken from the ORTEP drawing in
Figure 1a (NMR spectroscopic values for 5 and 6 are given in
the Supplementary Information).
The structure of 5-OTf consists of the [Rh-

(dppm)(Ph2PCH2PPh2PPPP)]
+ cation and a triflate anion.

In the complex cation, the metal is pseudo-octahedrally
coordinated by a dppm ligand and by the new
Ph2PCH2PPh2PPPP ligand, which originates from the attack
of one terminal dppm Ph2P group on the P4 molecule. The
whole activation process results in the cleavage of two P�P
edges (P5�P7 and P5�P8) and subsequent attack on P5 by
one dppm PPh2 terminal group. Alternatively, the coordina-
tion polyhedron can be described as a trigonal bipyramid in
which the P7�P8 bond occupies one site with an h2-type
coordination in the equatorial plane, and the P2-Rh1-P5
linkage forms the axis of the bipyramid. The bond lengths
better represent the latter bonding picture, as the P7�P8 bond
reveals the shortest P�P separation (2.118(3) =) in the
{PPPP} group, and the other P�P bonds (P6�P5, P6�P7,
and P6�P8) average to 2.214(7) =.[9] Notably, the latter value
is practically unchanged in comparison with the average P�P

bond lengths determined for the free P4 molecule (2.21 =).
[10]

A similar bonding situation was found for the rhodium
derivatives [{MeC(CH2PPh2)3}Rh(h

1:h2-P4RR’)]
+, which dis-

Scheme 1. Reactions of 3 and 4 with P4. The Ph groups of the dppm ligands
have been omitted.

Figure 1. ORTEP drawings of the complex cations in 5-OTf (a) and 8-
OTf (b); thermal ellipsoids are set at 30% probability. H atoms and
phenyl groups are omitted. Selected bond lengths/separations [J] and
angles [8]: 5-OTf: Rh1-P1 2.357(2), Rh1-P2 2.398(2), Rh1-P4 2.348(2),
Rh1-P5 2.343(2), Rh1-P7 2.426(3), Rh1-P8 2.431(3), P3-P5 2.206(3), P5-
P6 2.202(3), P6-P7 2.225(4), P6-P8 2.216(4), P7-P8 2.118(3), P5···P7
2.992(4), P5···P8 3.158(4); P1-Rh1-P8 159.60(9), P2-Rh1-P5 162.64(8),
P4-Rh1-P7 153.29(9), P1-Rh1-P4 98.04(8), P1-Rh1-P7 108.20(9), P4-
Rh1-P8 102.31(9), P7-Rh1-P8 51.71(9). 8-OTf: Ir1-P1 2.349(2), Ir1-P2
2.435(2), Ir1-P3 2.418(2), Ir1-P4 2.327(2), Ir1-P5 2.411(2), Ir1-P6
2.430(2), P5-P7 2.231(3), P5-P8 2.237(3), P6-P7 2.233(3), P6-P8
2.214(3), P7-P8 2.162(3), P5···P6 2.760(3); P1-Ir1-P4 169.52(7), P3-Ir1-
P5 159.52(7), P2-Ir1-P6 164.09(7).

Figure 2. Computed (bottom) and experimental (top) 31P{1H} NMR
spectra of 5-PF6 (400.13 MHz, CD2Cl2, 294 K); unidentified impurity
denoted with *; some of the signals of the partially superimposed PF6

septet denoted with +.
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play metrical parameters and NMR data in agreement with a
trigonal bipyramidal geometry.[11]

Compounds 5-OTf and 6-OTf are soluble in halogenated
solvents, THF, and acetone. The 31P{1H} NMR spectra in
CD2Cl2 indicate that the solid-state structures of 5 and 6 are
preserved in solution. The spectrum of 5 exhibits a temper-
ature-invariant ABCDEFGHX splitting pattern (X= 103Rh),
which simplifies to an ABCDEFGH pattern for the iridium
complex 6 (see the Supporting Information).
Complexes 5 and 6 display a new P4 topology formed by a

cyclo-P3 ring that is bound to a functionalized P atom;
[12] this

ligand array may be viewed as an intermediate along the P4-
activation process leading to the ligand in 2. Indeed, further
cleavage of the P6�P8 bond and subsequent attack on a PPh2
group of a chelating dppm ligand could certainly account for
the formation of the tetraphosphabutadiene unit
{Ph2PCH2PPh2PPPPPh2PCH2PPh2} that was found in the
cobalt derivative 2.[13] Monitoring the reactions of 3-OTf
and 4-OTf with P4 by in situ

31P NMR spectroscopy provided
useful hints about the activation mechanism. The strategy was
to exploit the higher kinetic inertness of the Ir complex in the
NMR monitoring of the reaction of 4-OTf with P4. White
phosphorus immediately reacted with the iridium precursor
already at �40 8C to afford a highly fluxional intermediate
species 7 which displayed three featureless resonances at d=
�55.9, �62.1, and �82.6 ppm with identical intensity corre-
sponding to four P atoms each. Lowering the temperature to
�90 8C did not affect the broadness of these signals, thus
indicating that a low-energy process is responsible for the
observed fluxionality of 7. Increasing the temperature to 25 8C
slowly gave the final compound 6 in almost quantitative yield
after about four days (Scheme 1). However, when the
solution was kept at�40 8C, a new set of resonances appeared
in the spectrum within 20 minutes, as ascribable to the IrIII

complex [Ir(dppm)2(h
2-P4)]OTf (8-OTf) which results from

the oxidative addition of P4 to 7-OTf. After a week at �20 8C,
brown crystals of 8-OTf precipitated.[14] The structure of 8-
OTf consists of a [(dppm)2Ir(h

2-P4)]
+ cation and a triflate

anion, as well as a disordered dichloromethane molecule
(Figure 1b). In 8, the metal center is hexacoordinated by the
four phosphorus donors of two dppm ligands and by an h2-
coordinated tetraphosphabicyclobutadienide ligand. The
bond lengths in the P4 moiety are comparable with those of
other reported butterfly P4 ligands.

[2]

Dissolving 8-OTf in CH2Cl2 did not directly produce 6, but
gave rise to an equilibrium between 8 and 7 with release of
free P4 (singlet at d=�527 ppm).[15] To elucidate the nature of
7, stock solutions of 4-OTf and P4 in CD2Cl2 were carefully
mixed at low temperature (�40 8C) in four screw-cap 5 mm
NMR tubes to prepare solutions of 4-OTf/P4 in ratios of
1:0.25, 1:0.50, 1:1, and 1:2, and these solutions were inde-
pendently analyzed by 31P NMR spectroscopy at low temper-
ature. The results of this experiment show that: 1) at the
lowest P4 concentration (1:0.25 4-OTf/P4), only 50% of the
iridium complex is consumed to form 7, and the other signals
correspond to unreacted 4 ; 2) doubling the amount of P4
(1:0.50 4-OTf/P4) gives 7 as the only NMR-detectable iridium
species, and all the added P4 is consumed; and 3) further
increase of P4 concentration (1:1 or 1:2 4-OTf/P4) does not

change the product distribution and gives only free P4 and 7.
As all experiments were performed quickly, no significant
amount of 8was detected. On this basis, we may conclude that
the mononuclear species 8 is not directly related to the
activation process and that a bimetallic complex of the form
[{Ir(dppm)2}2(m,h

2:h2-P4)]
2+, which features a doubly activated

tetraphosphorus molecule tethering two {Ir(dppm)2} frag-
ments, is the most likely attribution for 7. This conclusion is in
line with literature data reporting double-edge activation of
P4 as observed in, for example, [{Cp*Co(CO)}2(m,h

2:h2-P4)]
[4a]

and [{HC(CMeNAr)2}2Al2(m,h
2:h2-P4)] (Ar= 2,6-iPr2C6H3),

[4e]

although species with m,h1:h2-P4 or m,h
1:h1-P4 ligands, which

could account for the observed fluxionality of 7 and for the
formation of 6 by nucleophilic attack of one dppm PPh2 group
on the activated P4 ligand, cannot be ruled out at this stage for
the Ir complex. The occurrence of a bimetallic activation of
white phosphorus by MoIII complexes has been recently
proposed.[16] Theoretical studies are in progress to clarify the
nature of 7, whose identification represents a step forward in
understanding the activation of elemental phosphorus by
transition metals and may eventually lead to large-scale
applications. The reactivity of the novel complexes 5 and 6 is
also currently under investigation.
In summary, we have shown that: 1) as in recent reports in

N2 chemistry,
[17] bimetallic cooperativity is relevant to P4

activation; 2) a new bonding mode for the P4 ligand which
catches the metal-mediated opening of the P4 molecule in
action has been elucidated; and 3) the ancillary phosphane
ligands may actively participate in opening the P4 cage, thus
confirming that the activation/degradation of white phospho-
rus is favored by strong nucleophiles.[18]

Experimental Section
5-OTf: A solution of P4 (0.030 g, 0.24 mmol) in THF (4 mL) was
added to a solution of 3-OTf (0.21 g, 0.19 mmol) in acetone (10 mL)
at room temperature with continuous stirring. The resulting brown
solution was concentrated under a current of nitrogen to about 5 mL,
and then ethanol (10 mL) was added. After further concentration
under nitrogen, allowing the solution to stand at room temperature
for one day gave orange-brown X-ray quality crystals. The crystals
were filtered, washed with acetone/pentane (1:1), and dried in a
current of nitrogen at room temperature. Yield: 0.125 g, 58%.
Elemental analysis (%) calcd for C51H44F3O3P8RhS: C 53.51, H
3.87; found: C 53.38, H 3.97; ESI-MS: m/z (%): 995.4 (100)
[Rh(dppm)(Ph2PCH2PPh2PPPP)]

+; 1H NMR (400.13 MHz, CD2Cl2,
294 K): d= 8.4–6.5 (m, 40H, Ph), 4.8–4.2 ppm (m, 4H, CH2);
31P{1H} NMR: see Figure 2 and the Supporting Information. Meta-
thesis of the triflate counteranion with NH4PF6 gave the PF6 salt 5-PF6
in practically quantitative yield.

6-OTf: A solution of P4 (0.026 g, 0.21 mmol) in THF (3 mL) was
added to a solution of 4-OTf (0.200 g, 0.17 mmol) in CH2Cl2 (15 mL)
at room temperature. The resulting reddish-brown solution was
stirred at room temperature until the color turned to orange-yellow
(ca. 4 days). Then ethanol (10 mL) was added, and the solution was
concentrated under a gentle current of nitrogen until precipitation
started. After the solution stood for one day at room temperature,
solid 6 separated as light yellow X-ray-quality crystals. The crystals
were filtered, washed with CH2Cl2/pentane (1:3), and dried in a
current of nitrogen. Yield: 0.110 g, 56%. Elemental analysis (%)
calcd for C51H44F3IrO3P8S: C 49.64, H 3.59; found: C 49.59, H 3.70;
1H NMR (400.13 MHz, CD2Cl2, 294 K): d= 7.6–7.0 (m, 40H, Ph),
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4.87 ppm (m, 4H, CH2);
31P{1H} NMR: see the Supporting Informa-

tion.
Details of the synthesis of 3-OTf and 4-OTf, as well as of the

crystal-structure determination of 5-OTf and 8-OTf, are provided in
the Supporting Information, which also includes complete ORTEP
drawings of 5-OTf and 8-OTf, tables reporting the 31P{1H} NMR
spectroscopic data for 5 and 6, and copies of significant 31P NMR
spectra.
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