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Introduction

The first neutral coordination complexes of white phospho-
rus, [(NP3)M ACHTUNGTRENNUNG(h1-P4)] [M=Ni,[1] Pd;[2] NP3 =N(CH2-ACHTUNGTRENNUNGCH2PPh2)3], were described by Sacconi and co-workers

more than 30 years ago and since then considered for a long
time queer curiosities in the fast growing area of transition
metal complexes incorporating naked phosphorus atoms
and fragments. Currently, transition metal h1-tetrahedro-P4

complexes, deriving from both neutral and cationic suitable
transition-metal synthons,[3] are a well-defined class of com-
pounds whose potential reactivity is well known.[4] Typical
31P NMR features for this class of complexes are two high
field multiplets that appear, in the absence of additional
coupling to other NMR active nuclei, as an MQ3 spin
system consisting of a doublet and a quartet with 1JP,P values
of about 200 Hz.[5–7] The doublet is straightforwardly as-ACHTUNGTRENNUNGcribed to the three uncoordinated phosphorus atoms, while
the quartet, always shifted to low-field, is assigned to the
single metalated P atom. Although some broadness of the
31P{1H} NMR signals could anticipate the existence of fluxio-
nal proACHTUNGTRENNUNGcesses involving metal bonded and metal free
P atoms in some of the h1-coordinated tetrahedro-P4 com-
plexes, the dynamics in solution of coordinated P4 has not
yet addressed in detail.[6]

Recently,[7] our research group has demonstrated by a
combined NMR and DFT study that the P4 cage of the mon-
onuclear complex trans-[Ru ACHTUNGTRENNUNG(dppm)2(H)ACHTUNGTRENNUNG(h1-P4)]+ (1+ ;

Abstract: The dynamic behavior in sol-
ution of eight mono-hapto tetraphos-
phorus transition metal-complexes,
trans-[Ru ACHTUNGTRENNUNG(dppm)2(H) ACHTUNGTRENNUNG(h1-P4)]BF4

([1]BF4), trans-[Ru ACHTUNGTRENNUNG(dppe)2(H) ACHTUNGTRENNUNG(h1-
P4)]BF4 ([2]BF4), [CpRu ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-
P4)]PF6 ([3]PF6), [CpOs ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-
P4)]PF6 ([4]PF6), [Cp*Ru ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-
P4)]PF6 ([5]PF6), [Cp*Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-
P4)]PF6 ([6]PF6), [Cp*Fe ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-
P4)]PF6 ([7]PF6), [(triphos)Re(CO)2ACHTUNGTRENNUNG(h1-
P4)]OTf ([8]OTf), and of three bimetal-
lic Ru(m,h1:2-P4)Pt species [{Ru-ACHTUNGTRENNUNG(dppm)2(H)}(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]BF4

([1-Pt]BF4), [{Ru ACHTUNGTRENNUNG(dppe)2(H)}(m,h1:2-
P4){PtACHTUNGTRENNUNG(PPh3)2}]BF4 ([2-Pt]BF4), [{Cp-ACHTUNGTRENNUNGRuACHTUNGTRENNUNG(PPh3)2)}(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]BF4

([3-Pt]BF4), [dppm =bis(diphenylphos-
phanyl)methane; dppe=1,2-bis(diphe-
nylphosphanyl)ethane; triphos =1,1,1-
tris(diphenylphosphanylmethyl)ethane;

Cp=h5-C5H5; Cp* =h5-C5Me5] was
studied by variable-temperature (VT)
NMR and 31P{1H} exchange spectrosco-
py (EXSY). For most of the mononu-
clear species, NMR spectroscopy al-
lowed to ascertain that the metal-coor-
dinated P4 molecule experiences a dy-
namic pro ACHTUNGTRENNUNGcess consisting, apart from
the free rotation about the M�P4 axis,
in a tumbling movement of the P4 cage
while remaining chemically coordinat-
ed to the central metal. EXSY and VT
31P NMR experiments showed that also
the binuclear complex cations [1-Pt]+

–[3-Pt]+ are subjected to molecular

motions featured by the shift of each
metal from one P to an adjacent one of
the P4 moiety. The relative mobility of
the metal fragments (Ru vs. Pt) was
found to depend on the co-ligands of
the binuclear complexes. For com-
plexes [2]BF4 and [3]PF6, MAS,
31P NMR experiments revealed that the
dynamic proACHTUNGTRENNUNGcesses observed in solution
(i.e., rotation and tumbling) may take
place also in the solid state. The activa-
tion parameters for the dynamic pro-ACHTUNGTRENNUNGcesses of complexes 1+ , 2+ , 3+ , 4+ , 6+ ,
8+ in solution, as well as the X-ray
structures of 2+ , 3+ , 5+ , 6+ are also re-
ported. The data collected suggest that
metal-coordinated P4 should not be
considered as a static ligand in solution
and in the solid state.
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dppm= bis(diphenylphosphanyl)methane) and of its bimet-
allic derivative trans-[{Ru ACHTUNGTRENNUNG(dppm)2(H)}(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]

+

[1-Pt]+ participates in dynamic proACHTUNGTRENNUNGcesses involving the Ru-
bonded and the free P atoms of the tetrahedron. In particu-
lar, the dynamic proACHTUNGTRENNUNGcess occurring in 1+ consists of a free
rotation of the P4 cage upon itself in three dimensions while
remaining chemically connected to the [Ru ACHTUNGTRENNUNG(dppm)2(H)]+

fragment (Figure 1 a), while the main motion occurring in
[1-Pt]+ can be regarded as a sort of oscillation of the [Ru-ACHTUNGTRENNUNG(dppm)2(H)]+ fragment between PI and PII, as depicted in
Figure 1 b. The activation parameters determined by line
shape analyses for the scrambling of all P atoms of the tetra-

hedron in 1+ were DG�
298K =14.6�0.5 kcal mol�1, DH� =

9.6�0.5 kcal mol�1, and DS� =�17�1 cal mol�1 K�1.[7]

Intrigued by these results, we started an in-depth study
aimed at: 1) ascertaining whether fluxional pro ACHTUNGTRENNUNGcesses of the
coordinated P4 occurred also in solutions of other tetraphos-
phorus complexes, 2) verifying whether the peculiar motion
experienced by the coordinated P4 molecule could still be
present in the solid state, 3) finding a rational explanation of
the possible scrambling proACHTUNGTRENNUNGcesses.

Herein we report on the results of a detailed NMR stud-
ies which reveals the dynamics occurring for a variety of
[(L)nM ACHTUNGTRENNUNG(h1-P4)] complexes [M=Fe, Ru, Os; L= dppm (n=

2), dppe (n= 1 or 2), CP (n= 1), Cp* (n= 1), PPh3 (n= 2);
dppe=1,2-bis(diphenylphosphanyl)ethane], as well as for
the bimetallic species [{Ru ACHTUNGTRENNUNG(dppm)2(H)}(m,h1:2-P4){PtACHTUNGTRENNUNG(PPh3)2}]
[1-Pt]+ , [{Ru ACHTUNGTRENNUNG(dppe)2(H)}(m,h1:2-P4){PtACHTUNGTRENNUNG(PPh3)2}] [2-Pt]+ and
[{CpRu ACHTUNGTRENNUNG(PPh3)2}(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]

+ [3-Pt]+ . We decided
to investigate the known mononuclear complexes [CpRu-ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-P4)]+ (3+), [CpOs ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-P4)]+ (4+), [Cp*Ru-ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-P4)]+ (dppe =Ph2PCH2PPh2) (6+), [Cp*Fe ACHTUNGTRENNUNG(dppe)-ACHTUNGTRENNUNG(h1-P4)]+ (7+), [(triphos)Re(CO)2(P4)]+ (8+) (triphos=

1,1,1-tris(diphenylphosphanylmethyl)ethane) as well as the
new ones trans-[Ru ACHTUNGTRENNUNG(dppe)2(H) ACHTUNGTRENNUNG(h1-P4)]+ , (2+) and [Cp*Ru-ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-P4)]+ (5+). The sketches of all studied complexes
are depicted in Scheme 1. All studied complexes, except 5+ ,
showed a dynamic behavior in solution and, in the case of
[2]BF4 and [3]PF6, even in the solid state.

Results and Discussion

Nuclear magnetic resonance is the technique of election for
studying dynamic pro ACHTUNGTRENNUNGcesses in solution by means of classic
line-shape analysis at variable temperatures or by magneti-
zation-transfer methods.[8] In principle, magnetization-trans-
fer experiments can provide qualitative and quantitative in-
formation on molecular motions in solution in terms of ki-
netic constants and, consequently, activation parameters. In

Figure 1. Molecular motions[7] of the P4 ligand in complexes a) 1+ and b)
[1-Pt]+ .

Scheme 1.
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the case of molecules containing coordinated P4,
2D-EXSY experiments can provide information about the
sites involved in the possible exchange proACHTUNGTRENNUNGcesses but cannot
be used for extracting the relevant kinetic constants, due to
the presence of COSY artifacts,[9] and, more importantly, to
the cross-peak multiplicity for the PM and PQ exchanging
nuclei, which are strongly scalar coupled.[10] These draw-
backs are further aggravated by the non optimal hard pulse
length for 31P imposed by the very wide spectral window.[11]

Thus, 31P{1H} EXSY experiments were carried out to obtain
qualitative information on dynamic motions, while line-
shape analysis was performed to determine the kinetic con-
stants. The proACHTUNGTRENNUNGcesses considered in the computer simulations
of the variable temperature 31P{1H} NMR spectra were the
exchange between apical and basal P atoms of P4 and the ro-
tation of the coordinated P4 about the PM–metal bond.

Synthesis and characterization : The synthetic protocols used
for the preparation of all the new mononuclear and dinu-
clear P4 metal complexes are summarized in Scheme 2.

The mononuclear complexes [1]BF4 and [2]BF4 were pre-
pared by treating a 1:1 mixture of [Ru(L)2(H)2] and
HBF4·Et2O in CH2Cl2 with P4 in THF (L= dppm or dppe).
Complex [5]PF6 was obtained following the protocol report-
ed in the literature[12] by reacting [Cp*Ru ACHTUNGTRENNUNG(PPh3)2Cl] in a
cold THF/CH2Cl2 mixture (�50 8C) with TlPF6 and white
phosphorus. The cognate complexes [Cp*Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-
P4)]PF6 ([6]PF6), and [Cp*Fe ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-P4)]+ ([7]PF6) were
also prepared by reacting the [Cp*M ACHTUNGTRENNUNG(dppe)Cl] (M =Ru or

Fe) precursors at room temperature with TlPF6 and
NH4PF6, respectively.

The 31P{1H} NMR spectra of complexes 1+ and 2+ in di-
chloromethane at room temperature consist of a first order
A4MQ3 spin system (see Scheme 1 for P labeling). The four
diphosphane PA-phosphorus atoms gave broad doublets
(2JPAPM

of ca. 20 Hz) at d=�2.5 for 1+ and at d=60.6 for 2+

. The Ru-bonded PM resonances were found as broad quar-
tets (1JPMPQ

of ca. 220 Hz) at d=�373.4 for 1+ and at d=

�380.4 for 2+ while the basal, unmetalated PQ atoms gave
doublets at d=�492.5 for both 1+ and 2+ . The
31P{1H} NMR spectrum of complex 5+ exhibited the expect-
ed A2MQ3 spin system with signals at d=�37.6 (PA), d=

�330.8 (PM) and d=�492.5 (PQ). The main 31P{1H} NMR
features of the mononuclear complexes 1+–8+ are collected
in Table 1.

Scheme 2.

Table 1. 31P{1H} NMR features of mononuclear h1-P4 complexes in di-
chloromethane at 298 K [d are in ppm; coupling constants are in Hz].

Complex d PA d PM d PQ
2J ACHTUNGTRENNUNG(PA,PM) 1J ACHTUNGTRENNUNG(PM,PQ) Ref.

1+ �2.5 �373.4 �492.5 23 224 [7]
2+ 60.6 �380.4 �492.5 20 221 this work
3+ 36.6 �343.4 �487.8 64 233 [20]
4+ �6.9 �381.5 �480.2 38 235 [21]
5+ 37.6 �330.8 �492.5 57 227 this work
6+ 71.0 �305.5 �489.0 45 233 [12]
7+ 83.0 �303.3 �486.4 38 226 [12]
8+ [a] �9.7 �398.6 �489.2 204 232 [6]

[a] AB2MQ3 spin system: d PB =�18.1; 2JPAPB
=24 Hz.
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All the bimetallic Ru/Pt species [1-Pt]+ , [2-Pt]+ and [3-
Pt]+ were prepared by treating the appropriate Ru-(h1-P4)
precursor with [Pt ACHTUNGTRENNUNG(C2H4) ACHTUNGTRENNUNG(PPh3)2] in CH2Cl2. The high-field
part of the 31P{1H} NMR spectra of [1-Pt]+ , [2-Pt]+ , and [3-
Pt]+ recorded at the slow exchange regime temperature
showed separated signals for the coordinated P4 and are re-
ported in Figure 2, while the relevant features are collected
in Table 2. Whilst for [1-Pt]+ and [2-Pt]+ the Ru-bonded PM

appears as a broad pseudoquartet (Dn1/2 =ca. 90 Hz), owing
to three direct couplings of similar magnitude (200–212 Hz),
in the case of [3-Pt]+ the PM resonance is sharper (Dn1/2 =

ca. 25 Hz), appearing as a pseudoquartet (207–217 Hz) of
triplets (51 Hz) owing to the resolved coupling with the two
triphenylphosphane ligands (the corresponding coupling be-
tween PM and the diphosphane P atoms in [1-Pt]+ orACHTUNGTRENNUNG[2-Pt]+ , determined from the dppe signals is 21 Hz). On the
contrary, the PQ and PS signals of the P4 moiety are slightly
broader for [3-Pt]+ than for [1-Pt]+ or [2-Pt]+ . The low-
field part of the 31P{1H} NMR spectra at 298 K of [1-Pt]+ ,
[2-Pt]+ , and [3-Pt]+ shows the PA signals of the ancillary
P ligands on Ru and the PZ signals of the PPh3 bonded to Pt.
For all three dinuclear complexes the PA signal is a doublet
because of the geminal coupling with PM while the Pt-
bonded PZ is a broad singlet. On cooling the solution to
200 K, the PZ signal remains broad and only a pseudotriplet
structure with an apparent J value of approximately 14 Hz
becomes visible. The PZ pattern was observed also for the
analogous complexes [{Co(m,h1:2:1-P=P-PPh2CH2PPh2)2}{Pt-ACHTUNGTRENNUNG(PPh3)2}]

[13] and trans-[PtCl ACHTUNGTRENNUNG(PMe3)P6C4tBu4Cl].[14] Moreover,
for all of the considered Ru-P4-Pt species, the coupling con-
stant between PS and 195Pt is about 600 Hz, as expected for a

direct 31P-195Pt coupling involving naked P atoms (Figures 2
and 3).[13, 14]

X-ray crystal structure determinations : Crystals suitable for
X-ray diffraction were obtained for 2+ , 3+ , 5+ , and 6+ .
Figure 4 and Figure 5 show the complex cations 2+ and 5+ .
The two structures are representative of the two classes of
complexes, the octahedral and the piano-stool ones.

In the case of 3+ , a crystal structure was known,[17] but we
found a new stable solvate form with formula [3]-ACHTUNGTRENNUNG[PF6]·CH2Cl2, where two cations of 3+ are present
in the asymmetric unit. We also found two inde-
pendent units of the cation in the crystal structure
of 1+ .[7] The structures of 4+ [30] and 7+ [12] were al-
ready reported. It was not possible to obtain good
quality crystals for 8+ . For all complexes, we used a

Figure 2. 31P NMR signals of coordinated P4 in the slow exchange regime
for complexes [1-Pt]+ , [2-Pt]+ , and [3-Pt]+ in dichloromethane.

Table 2. NMR features of heterodinuclear Ru/Pt(m,h1:2-P4) complexes [1-Pt]+ [a]

(180 K), [2-Pt]+ (298 K), and [3-Pt]+ (273 K) [d values are in ppm; coupling constants
are in Hz].

Complex d PA d PM d PQ d PS d PZ
1J ACHTUNGTRENNUNG(PMPQ

) 1J ACHTUNGTRENNUNG(PMPS
) 1J ACHTUNGTRENNUNG(PQPS

) 2J ACHTUNGTRENNUNG(PAPM
)ACHTUNGTRENNUNG[1-Pt]+ [a] �2.3 �213.2 �346.0 �259.9 23.9 201 201 96 21ACHTUNGTRENNUNG[2-Pt]+ 62.1 �232.5 �336.4 �267.1 24.5 212 200 84 21ACHTUNGTRENNUNG[3-Pt]+ 41.0 �173.0 �329.8 �242.3 26.7 207 217 59 51

[a] Taken from reference [7].

Figure 3. 31P NMR signals of coordinated P4 in the fast exchange regime
for complexes [1-Pt]+ , [2-Pt]+ , and [3-Pt]+ in dichloromethane.

Figure 4. Drawing of cation of 2+ . Hydrogen atoms have been omitted
for clarity.

Figure 5. Drawing of cation of 5+ . The hydrogen atoms are omitted.
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consistent labeling scheme. The phosphorus atom
of the P4 unit bonded to the metal is P1 and corre-
sponds to PM of Scheme 1. The other three uncoor-
dinated phosphorus atoms (PQ in Scheme 1) are P2,
P3, and P4. The P5, P6, and P7, P8 labels identify
the phosphorus atoms of the biphosphanes. In
Table 3 are collected the main geometrical features
of cations 1+–7+ .

In the case of the octahedral complexes 1+ and
2+ , the P4 unit is h1-bonded trans to the hydride
ligand. The Ru�P1 distances are about 2.33 � in 1+

and 2+ , while for the other ruthenium complexes,
such distance is by almost 0.07 � shorter. For
piano-stool complexes 3+–7+ , the basal PQ�PQ dis-
tances of the coordinated P4 unit are up to 0.07 �
longer than the PM�PQ ones, while for the octahe-
dral complexes the difference is much smaller. It is also in-
teresting to evaluate the conformational differences between
the basal plane of the P4 unit with respect to the other part
of the metal complex. The most convenient parameter to
measure is the smallest PM-PQ-M-PA and PM-PQ-M-Ct (where
Ct is the Cp or Cp* centroid) dihedral angle in 1+ and 2+

and in 3+-7+ respectively. The values are widespread be-
tween the expected range of values (�60 to 608), and this is
consistent with the fact that the P4 unit has no preferential
conformation and it is free to rotate around the M�P1 axis.
As a consequence, in the solid state even weak interactions
could have large influence in both the orientation of the
P4 basal plane and in the possible P4 scrambling motion (see
below). In keeping with this hypothesis, we noticed for the
structure of [3]ACHTUNGTRENNUNG[PF6]·CH2Cl2 that one phosphorus atom of
the P4 ligand in one of the two crystallographically inde-
pendent molecules exhibits contacts with two fluorine atoms
of the PF6 anion as shown in Figure 6. The P2b···F2a and
P2b···F5a distances are 3.339(2) � and 3.468(2) �, respec-
tively. These values are only 2 % and 6 % longer than the
sum of Van der Waals radii. Similar interactions were found
also between the 3+ cation and the PF6 anion [dACHTUNGTRENNUNG(P···F)=

3.249(14) �] in the known structure[17] without the chlathrat-
ed solvent molecule, as well as between one of the basal
phosphorus and the oxygen atoms of the triflate anion
[d ACHTUNGTRENNUNG(P···O)=3.666(5) �] in the structure of 4+ .

Dynamics of mononuclear complexes : To gain insights into
the molecular dynamics in solution, 31P{1H} EXSY experi-
ments were recorded for all of the eight mononuclear com-
plexes depicted in Scheme 1. The experiments were carried
out, as specified below, at various mixing times and temper-
atures.

The octahedral RuII complexes 1+ and 2+ were found to
be highly fluxional in solution, as intense cross peaks due to
PM$PQ exchange were detected even at 260 K. Figure 7
shows the high field part of the room temperature
31P{1H} EXSY spectrum of 2+ . The dynamic proACHTUNGTRENNUNGcess respon-
sible for the cross peaks in the 31P{1H} EXSY experiments
may be safely assigned to the free tumbling of the P4 ligand
around the metal center encompassing therefore a sort of

Table 3. Selected bond lengths [�] and dihedral angles [8] (see above) for the studied
h1-P4 metal complexes. The PM�PQ and PQ�PQ values are averaged on the three equiv-
alent bonds.

M�PM PM�PQ PQ�PQ PQ-PM-M-PA PQ-PM-M-Ct* Ref.

1+ 2.3215(17) 2.15(2) 2.15(3) �2.9(2)
7

2.3270(16) 2.152(9) 2.17(2) 16.0(9)
2+ 2.3449(12) 2.152(9) 2.18(2) 25.7(2) this work
3+ 2.2693(13) 2.147(6) 2.189(10) 8.34(13) 17

3+ 2.2626(8) 2.159(11) 2.199(13) �29.71(8)
this work

2.2575(8) 2.159(3) 2.212(10) 12.50(8)
4+ 2.2632(9) 2.153(8) 2.209(10) 11.93(8) 29
5+ 2.2614(17) 2.1623(11) 2.191(11) 18.9(2) this work
6+ 2.2582(8) 2.1541(10) 2.21(2) �56.4(7) this work
7+ 2.1622(8) 2.162(4) 2.22(2) 56.5(5) 12

* Ct indicates the centroid of the cyclopentadienyl ring.

Figure 6. Drawing of one cation of [3] ACHTUNGTRENNUNG[PF6]·CH2Cl2 and its contacts with
the PF6 anion [P2b···F2a 3.339(2) �; P2b···F5a 3.468(2) �]. Hydrogen
atoms have been omitted for clarity.

Figure 7. Portion of the 31P{1H} EXSY spectrum of 2+ (C2D2Cl4, 298 K,
tm = 0.1 s).
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h1!h2!h1 “walk” down an edge of P4 moiety similar to
what Eichhorn and co-workers proposed for the [PtH-ACHTUNGTRENNUNG(PPh3)]+ fragment moving along the heptaphospha ACHTUNGTRENNUNGnor-ACHTUNGTRENNUNGtricyclene-P7

3� moiety in the complex [h2-P7ACHTUNGTRENNUNG{PtH ACHTUNGTRENNUNG(PPh3)}]
[K(2,2,2-crypt)]2.

[15]

The activation parameters calculated by analyzing a set of
VT 31P{1H} NMR spectra for 2+ are: DG�

298K =14.6�
0.5 kcal mol�1, DH� =11.8�0.5 kcal mol�1, and DS� =�9.5�
1 cal mol�1 K�1, values similar to those found for 1+ .[7] In
agreement with the occurrence of a scrambling proACHTUNGTRENNUNGcess, the
variable temperature 31P{1H} NMR spectra of complex 2+

(Figure 8) showed the broadening of both PM and PQ reso-
nances with increasing temperatures. The fast exchange
regime spectrum, which should result in coalescence of the
high field resonances to a single signal, could, however, not
be recorded due to extensive decomposition of 2+ at tem-
peratures above 360 K.

Complexes 3+ , 4+ , and 6+ share the same piano-stool ge-
ometry. Although both [CpRu ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-P4)]+ (3+) and the
homologous osmium species [CpOs ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(h1-P4)]+ (4+) ex-
hibit similar fluxional behavior of the coordinated P4 ligand
in solution, they feature slightly different activation parame-
ters reflecting the higher fluxionality of 3+ with respect to
4+ (DG�

3
+ =15.4 kcal mol�1, DG�

4
+ = 15.9 kcal mol�1). In

keeping with the DG� values, the 31P{1H} EXSY spectrum of
3+ (298 K, tm =0.100 s) showed neat exchange cross peaks
between PM and PQ, while the Os complex 4+ showed only
COSY artifacts in the same experimental conditions, and
clear exchange cross peaks between PM and PQ could be ob-
served only at 348 K with a tm of 0.400 s.

A perusal of the activation parameters listed in Table 4
clearly indicates that the octahedral RuII complexes 1+ and
2+ are more fluxional than the RuII or OsII Cp-based piano-
stool species. Similarly, for the octahedral rhenium(I) deriv-
ative 8+ DG� value closer to that of the two diphosphane
species was obtained. The higher fluxionality of 1+ and 2+

with respect to 3+ and 4+ is devoid of any simple explana-
tion and likely results from the combination of a higher en-

thalpic contribution with a significantly less negative entrop-
ic term.

To shed some light on the role played by steric and elec-
tronic factors on the dynamics of the h1-P4 complexes, we
prepared the new complex [Cp*Ru ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(h1-P4)]+ (5+),
which differs from 3+ only in the formal replacement of Cp
by Cp*. The 31P{1H} EXSY spectrum of a CD2Cl2 solution of
5+ recorded at mixing times ranging from 0.100 s to 0.500 s
at 298 K did not show any exchange cross peaks,[16] which
excludes any observable dynamic proACHTUNGTRENNUNGcess of the coordinated
P4 for 5+ at room temperature. Recording 31P{1H} EXSY
spectra at temperature higher than 298 K resulted in decom-
position of 5+ . Again, the apparent lack of a fluxional pro-ACHTUNGTRENNUNGcess affecting the tetrahedro-P4 in 5+ at room temperature
cannot be simply interpreted, although the higher basicity of
the pentamethylcyclopentadienyl ligand could be invoked as
a possible explanation. In this regard, it is worth mentioning
that complexes 5+ and 3+ exhibit a markedly different reac-
tivity which stresses how even subtle differences in both
steric and electronic requirements may strongly affect the
solution chemistry of related species. For example, while the
Cp derivative 3+ easily undergoes stepwise hydrolysis to
eventually afford [CpRu ACHTUNGTRENNUNG(PPh3)2ACHTUNGTRENNUNG(PH3)]+ ,[17] the Cp* deriva-
tive 5+ is reluctant to react with water even at high temper-
ature.

As replacing the two PPh3 with a 1,2-bis(diphenylphos-
phanyl)ethane (dppe) may result in more robust species, we
completed the analysis of the Ru/P4 complexes by recording
31P{1H} EXSY and VT 31P{1H} NMR spectra of [Cp*Ru-ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-P4)]+ (6+). With a mixing time of 0.100 s the
31P{1H} EXSY spectra of 6+ in 1,1,2,2-tetrachloroethane
(TCE) did not show any exchange cross peak at either 298
or 338 K. However, increasing the mixing time up to 0.400 s
at 338 K revealed clear exchange cross peaks between PM

and PQ. The PM–PQ exchange was evidenced also at 348 K
with a mixing time of 0.100 s. These findings strongly suggest
that the P4 tumbling is always detectable, provided that the
P4 complex does not decompose on rising the temperature.
From VT 31P{1H} NMR experiments, a DG� value of
16.0 kcal mol�1 was calculated, which represents the highest
value among the studied Ru-(h1-P4) complexes.

Complex 7+ is the Fe analogue of 6+ and showed, as
major dynamic proACHTUNGTRENNUNGcess, the dissociation of the P4 ligand,

Figure 8. VT 31P{1H} NMR spectra of complex 2+ (C2D2Cl4).

Table 4. Activation parameters for the dynamic proACHTUNGTRENNUNGcess of the investigat-
ed h1-P4 metal complexes: DG�

298K and DH� [kcal mol�1] and DS�

[cal mol�1 K�1]. The error on DG� and DH� is �0.5 kcal mol�1, while that
on DS� is �1 calmol�1 K�1.

Complex[a] DG�
298K DH� DS�

1+ [b] 14.6 9.6 �17
2+ 14.6 11.8 �10
3+ 15.4 5.3 �34
4+ 15.9 5.0 �38
6+ 16.0 7.8 �28
8+ 14.8 7.5 �25

[a] The iron complex 7+ is not reported (see text). [b] Taken from refer-
ence [7].
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which appears to be a peculiar pro ACHTUNGTRENNUNGcess of the iron species
not observed for Ru and Os congeners. In fact, dissolving
isolated [7]PF6 in [D6]acetone, weak peaks attributable to
free P4 (d=�520) and to [Cp*Fe ACHTUNGTRENNUNG(dppe)L]+ (d= 89.7, L=

[D6]acetone,) were detected, indicating around 10 % dissoci-
ation at room temperature. The existence of a dissociation
equilibrium was clearly indicated in the 31P{1H} EXSY spec-
tra of [7]PF6 in [D6]acetone recorded at 298 K or at 318 K
by the appearance of exchange cross peaks between free
and coordinated P4 (Figure 9). The 31P{1H} EXSY spectra at
318 K showed additional weak exchange peaks that can be
due to thermal activation of the tumbling motion of the co-
ordinated P4 molecule, and/or multiple P4 dissociation/coor-
dination during the mixing time.

The occurrence of the independent dissociation equilibri-
um affected the reliability of the kinetic constants values
calculated by DNMR and, together with the thermal insta-
bility of 7+ (which decomposed at T> 318 K), eventually
hampered the calculation of the activation parameters for
7+ . The easy dissociation of the P4 ligand in the iron com-
plex suggests that the Fe�Pligand bond is kinetically more
labile than both Ru�Pligand and Os�Pligand. This finding is in-

triguing and contrasts with the general observation that
down any series of homologous complexes of the iron triad,
ruthenium forms the most substitution labile adducts.[18]

Finally, reaction of [(triphos)Re(CO)2ACHTUNGTRENNUNG(OTf)] [triphos=

1,1,1-tris(diphenylphosphanylmethyl)ethane; OTf=MeO-
SO2CF3] with a slight excess of white phosphorus in TCE
straightforwardly afforded a solution containing
[(triphos)Re(CO)2ACHTUNGTRENNUNG(h1-P4)]OTf ([8]OTf), with a small
amount of the known dinuclear compound [{(triphos)Re-ACHTUNGTRENNUNG(CO)2}2(m,h1:1-P4)] ACHTUNGTRENNUNG(OTf)2 [8-Re] ACHTUNGTRENNUNG(OTf)2 (Scheme 3).[6]

The 31P{1H} EXSY spectrum recorded at 298 K
(Figure 10) showed intramolecular exchange cross-peaks be-
tween PM and PQ of the P4 moiety both for the mononuclear

8+ and its dimer [8-Re]2+ . For 8+ , the calculated activation
free energy (DG�

298K = 14.8�0.5 kcal mol�1) was of the same
order of that calculated for the octahedral RuII complexes
1+ and 2+ . It is interesting to note that no intermolecular
exchange between 8+ , excess P4 and [8-Re]2+ was detected
in the 31P{1H} EXSY spectrum, nor was the solution dynam-
ics slowed down by the presence of excess white phosphorus
as it would be expected if ligand dissociation was involved
in the fluxional proACHTUNGTRENNUNGcess. These findings give not only indirect
evidence for the lack of dissociative equilibria in the rheni-

Figure 9. Portion of the 31P{1H} EXSY spectrum of 7+ in [D6]acetone at
318 K (tm =0.600 s).

Scheme 3.

Figure 10. 31P{1H} EXSY spectrum of a solution containing 8+ , [8-Re]2+ ,
and free P4 (CD2Cl2, 298 K, tm =0.100 s).
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um complexes, but also corroborate a high stability of the
Re�PP4 bond and allow to rule out a dissociative mechanism
as a general explanation for the tumbling motion of the co-
ordinated tetraphosphorus molecule.

Dynamics in the solid state : Intrigued by the discovery that
the fluxional isomerization of coordinated tetraphosphorus
moieties proceeds via an unexpected non-dissociative tum-
bling of the P4 cage, which thus remains chemically connect-
ed to the metal center at all times, we wondered whether a
similar dynamic proACHTUNGTRENNUNGcess might be observed also in the solid
state. Examples of a similar fluxional rearrangement in the
solid state had previously been obtained for the weakly co-
ordinated P4 ligands in the homoleptic complex salts [Ag ACHTUNGTRENNUNG(h2-
P4)2][Al ACHTUNGTRENNUNG(ORf)4].[19]

To establish the solid-state dynamics in the family of
[(L)nM ACHTUNGTRENNUNG(h1-P4)] [Mu=Ru, L= dppe (n= 2), Cp (n= 1), Cp*
(n=1) PPh3 (n=2)] complexes investigated here, we decid-
ed to study [2]BF4 and the solvate of [3]PF6 as representa-
tive examples, by solid-state MAS 31P NMR spectroscopy.[20]

Figure 11 shows the one-dimensional 31P MAS NMR spectra
of [2]BF4 and [3]PF6 at 296 K. The spectrum of [2]BF4 con-

sists of four spinning sideband manifolds which are attribut-
able to two sets of crystallographically inequivalent phos-
phorus atoms in the dppe ligands, and the metal coordinated
(PM) and basal (PQ) phosphorus atoms of the P4 unit. The
spectrum of [3]PF6 shows single resonances for the phospho-
rus atoms in the PPh3 ligands and the PF6 anion, and two
sets of equally intense spinning sideband manifolds attribut-
able to the PM and PQ atoms of the P4 ligands of crystallo-
graphically independent molecules. The signals of metal-
bound and basal phosphorus atoms in the same molecule

were readily identified from a 2D-31P-CP-INADEQUATE
spectrum (see the Supporting Information).

The failure to observe separate resonances for the crystal-
lographically distinguishable basal phosphorus atoms in
[2]BF4 and [3]PF6 suggests that the P4 ligands undergo rapid
molecular jumps about the local threefold axis parallel to
the P�Ru bond. Such dynamic behavior is quite common
for molecular frameworks derived from P4 tetrahedra and
has been observed for P4 itself[21] and phosphorus chalcoge-
nides such as P4S3,

[22] or P4O6S and P4O7.
[23] The effect of

these motions adds up to a rotational reorientation of the
P4 unit and induces a collapse of the individual chemical
shielding tensors to a single, axially symmetrical, averaged
tensor which then gives rise to a single spinning sideband
manifold in the 31P MAS spectrum.[23]

Further insight into the dynamic behavior of the
P4 ligands was obtained from rotor synchronized, two-di-
mensional 31P MAS EXSY experiments[24] (Figure 12,

Figure 13). The spectra show, in addition to the diagonal
peaks, two types of off-diagonal peaks. Cross peaks of the
first type connect different spinning sidebands within the
same manifold (Figure 12 b) and can again be related to ro-
tational reorientation of the P4 unit during the mixing
time.[24] Cross peaks of the second type connect individual
sidebands of the PM and PQ resonances (Figure 12 c) and
provide evidence that also the tumbling motion of the

Figure 11. a) 31P MAS NMR spectrum of [2]BF4 (MAS spinning rate
13000 Hz, relaxation delay 5 s); b) CP-MAS NMR spectrum of [3]PF6

(MAS spinning rate 11 500 Hz, relaxation delay 5 s). The isotropic lines
of spinning sideband manifolds representing different types of phospho-
rus atoms are labeled (PA, PM, PQ, and so on); unlabeled lines are spin-
ning sidebands. The spectral regions containing the isotropic lines of the
PM and PQ phosphorus atoms of [3]PF6 are expanded in order to show
the doubling of these signals due to the presence of two crystallographi-
cally independent molecules.

Figure 12. a) Section of the rotor synchronized 31P CP-MAS EXSY spec-
trum[24] of [3]PF6 (MAS spinning rate 11.5 kHz, mixing time 2000 rotor
cycles (174 ms), relaxation delay 8 s, spectral window 64 725 Hz in both
dimensions, 2k data points in t2 and 128 t1 increments, 8 transients per t1

increment, acquisition time 31.7 ms in t2 and 1 ms in t1) at 296 K showing
spinning sideband manifolds of PM1,2 and PQ1,2 phosphorus atoms in the
P4 ligands. Arrows indicate cross peaks that connect resonance lines in
different spinning sideband manifolds and prove thus the presence of
chemical exchange between PM and PQ sites. b) Analysis of cross-peak
profiles reveals that correlation signals connecting different spinning side-
bands of the PQ (or PM) signal consist of two components, thus indicating
that the P4 ligand in both crystallographically independent molecules un-
dergo rotational reorientation. c) Profiles of cross-peaks connecting spin-
ning sidebands of PM and PQ signals reveal that a tumbling motion of the
P4 unit is only observable for one of the two crystallographically distin-
guishable molecules.
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P4 tetrahedra persists in the solid state. Comparison of cross-
sections of 2D 31P EXSY spectra of [2]BF4 recorded with
different mixing times reveals that the relative intensities of
the rotational cross peaks are independent from the mixing
time whereas those of cross peaks associated with the tum-
bling pro ACHTUNGTRENNUNGcess grow with increasing mixing time (Figure 13).
These findings confirm that the rotational motion is a fast
proACHTUNGTRENNUNGcess and occurs on a timescale that is short compared to
the mixing time, whereas the tumbling pro ACHTUNGTRENNUNGcess is slower and
proceeds on a timescale which by far exceeds the longest
mixing time applied. Careful inspection of cross peak pro-
files in 31P MAS EXSY spectra of [3]PF6 reveals, quite inter-
estingly, that the effects of the tumbling motion are only de-
tectable for one of the two crystallographically independent
molecules (Figure 12 c; this differentiation allows also to
rule out that the correlation signal is produced by spin diffu-
sion proACHTUNGTRENNUNGcesses[25] as in this case the effect should be observa-
ble for both molecules). This finding emphasizes that the
solid state dynamics is apparently controlled by subtle influ-

ences of the molecular environment which can in principle
be of either intramolecular or intermolecular origin. Al-
though we currently cannot provide an ultimate explanation,
the observation that only one of the two crystallographically
independent cations of [3]ACHTUNGTRENNUNG[PF6] ACHTUNGTRENNUNG[CH2Cl2] exhibits short con-
tacts between one basal P atom of the coordinated P4 ligand
and two PF6 fluorine atoms (see above) could be reasonably
invoked to account for the different solid-state dynamic be-
havior of both entities.

The occurrence of tumbling motion in the solid state defi-
nitely rules out that the scrambling of the four P4 atoms pro-
ceeds via a dissociative mechanism, and further supports the
conclusion obtained from the solution dynamics of 8+ (see
above) that no fast dissociative/reassociative pathways, too
short to be detected on the NMR timescale, have to be in-
voked to explain the observed fluxional behavior in solu-
tion.

Dynamics of dinuclear complexes : In dinuclear adducts like
[1-Pt]+ and [2-Pt]+ , beside the integral rotation about the
Ru�PM bond, two possible dynamic proACHTUNGTRENNUNGcesses may in princi-
ple involve the coordinated P4: one in which the Ru frag-
ment passes from PM to PQ and acts as a sort of pendulum
moving between two extreme positions (in the following Ru
motion), and another one in which the Pt center passes from
PS to PQ via a pathway involving all the P atoms of the origi-
nal P4 tethrahedron but the Ru-bonded one (in the following
Pt motion), as shown in Scheme 4 below. For [1-Pt]+ we

Figure 13. a) Expanded section of the rotor synchronized 31P MAS EXSY
spectrum of [2]BF4 (MAS 13 kHz, mixing time 2000 rotor cycles
(154 ms), relaxation delay 8 s, spectral window 80625 Hz in both dimen-
sions, 1k data points in t2 and 64 t1 increments, 8 transients per t1 incre-
ment, acquisition time 6.4 ms in t2 and 0.4 ms in t1) at 296 K with 1H-de-
coupled 31P MAS NMR spectrum as projections. Diagonal peaks arising
from the isotropic lines of the two phosphorus sites in the P4 ligands are
labeled as PM and PQ, and correlation signals connecting different spin-
ning sidebands within the PQ manifold or between the PM and PQ mani-
folds are labeled as B and A, respectively. b) Normalized F2 cross sec-
tions through 31P 2D EXSY spectra recorded with mixing times of 154 ms
(top trace), 77 ms (1000 rotor cycles, middle trace), and 20 ms (260 rotor
cycles, bottom trace), showing the increase of the intensity of A type
cross peaks with mixing time. All cross sections were obtained at the po-
sition of the dashed line in the 2D representation.

Scheme 4. For each step of the motion, Ru-coordinated P atoms corre-
spond to PM; Pt-coordinated P atoms correspond to PS; uncoordinated P
atoms correspond to PQ in the labeling of the NMR experiments.
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have demonstrated that the molecule experiences
both motions in solution, with different rates. In
particular, a fast Ru motion (calculations gave
DG�

298K =13.2�0.5 kcal mol�1, DH� =5.0�0.5 kcal
mol�1, DS� =�28�1 cal mol�1 K�1), was accompa-
nied by a slow Pt motion that was evidenced by re-
cording 31P{1H} EXSY experiments at 305 K.[7]

The 31P{1H} EXSY spectrum of [2-Pt]+ at 298 K
(Figure 14) showed intense cross peaks indicating

that PM, PQ, and PS undergo fast exchange with each other.
Since relative cross-peak intensities suggest that Ru and Pt
motions occur with comparable frequencies, we considered
both Ru motion (i.e., the PM–PQ exchange) and Pt motion
(i.e., the PS–PQ exchange) in the simulation of the VT
31P{1H} spectra. Therefore, the line shape analysis provided
two series of kinetic constants that were used to calculate
the activation parameters for both dynamic proACHTUNGTRENNUNGcesses. The
calculated free activation energy for the Ru motion was
14.7�0.5 kcal mol�1, while DG�

298K for the Pt motion was
slightly higher (DG�

Pt motion =15.3�0.5 kcal mol�1).
If one considers the propensity of the Pt ACHTUNGTRENNUNG(PPh3)2 fragment

to move around the tetraphosphorus unit together with the
less pronounced fluxionality of the piano-stool Ru com-
plexes compared to octahedral ones, it is conceivable that
the Pt motion in the bimetallic complex [3-Pt]+ could be
faster than the Ru motion. This was demonstrated by re-
cording the 31P{1H} EXSY spectra of [3-Pt]+ which showed
only intense exchange cross peaks between PS and PQ (Fig-
ure S11 in the Supporting Information). For this exchange, a
DG�

298K of 14.4�0.5 kcal mol�1 was calculated (Table 5).
The combination of the Ru and Pt motions in the dinuclear
complexes [1-Pt]+ and [2-Pt]+ is responsible for the com-
plete scrambling of the phosphorus atoms in the {RuACHTUNGTRENNUNG(h1-
P4)Pt} complex and suggests that complicated dynamic pro-

ACHTUNGTRENNUNGcesses may also be active in many of the known polynuclear
polyphosphorus compounds providing that the fluxional pro-ACHTUNGTRENNUNGcesses occur with comparable kinetic rates.

Conclusion

A combination of solution and solid-state NMR methods
was applied to study the dynamic behavior of a series of
transition-metal complexes incorporating white phosphorus
as a ligand, either in the form of terminal h1-monohapto
ligand or as dimetalated (h1:1 or h1:2) moiety. From the data
obtained, it could be established that metal-coordinated P4

does not behave as a static ligand both in solution and in
the solid state.

Apart from the rotational motion of the tetrahedro-P4

unit around the M�PP4 axis, the mononuclear M ACHTUNGTRENNUNG(h1-P4) com-
plexes (M =Fe, Ru, Os, Re) undergo a fluxional proACHTUNGTRENNUNGcess in
solution which scrambles all of the P4 phosphorus atoms via
a non-dissociative pathway. This additional dynamics may
be described as involving a tumbling motion of the tetra-
phosphorus moiety which does not lose its connectivity to
the metal. Line-shape analysis and 2D-EXSY spectra al-
lowed us to figure out the relevant thermodynamic parame-
ters of the dynamic proACHTUNGTRENNUNGcess, and showed further that also
the dinuclear species [{(triphos)Re ACHTUNGTRENNUNG(CO)2}2(m,h1:1-P4)]2+ expe-
riences a similar fluxional behavior in solution.

Solid-state MAS 31P NMR spectroscopy carried out on
[2]BF4 and [3]PF6 confirmed that the rotational and the
tumbling proACHTUNGTRENNUNGcesses leading to scrambling of all the tetra-
phosphorus P atoms are also operating in the crystal lattice.
Remarkably, the solid state NMR analysis of [3]PF6 demon-
strates that only one of two crystallographically independent
cations experiences the P4 tumbling motion and points out
that solid-state constraints, possibly dictated in the case at
hand by weak interactions of one PP4

atom with the counter-
anion, may easily block the P4 ligand in a definite orienta-
tion and eventually halt the whole fluxional proACHTUNGTRENNUNGcess.

Dinuclear ruthenium–platinum tetraphosphorus com-
plexes of formula [LnRu(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]

+ [Ln =

{(dppm)2(H)}, {(dppe)2(H)} and {Cp ACHTUNGTRENNUNG(PPh3)2}] were also syn-
thesized and their dynamic behavior in solution analyzed by
31P{1H} EXSY experiments. This study revealed that a com-
bination of two independent motions is responsible for the
observed fluxionality which eventually results in the com-
plete scrambling of all the phosphorus atoms. The first
motion, identified as ruthenium motion, recalls a pendulum

Figure 14. 31P{1H} EXSY spectrum of [2-Pt]+ (CD2Cl2, 298 K, tm =

0.100 s). The sequence of Ru and Pt motions during mixing time results
in the complete PM–PS exchange.

Table 5. Activation parameters for the dynamic proACHTUNGTRENNUNGcesses of the dinuclear Ru/Pt com-
plexes [1-Pt]+ , [2-Pt]+ , and [3-Pt]+ calculated at 298 K. DG� and DH� values are in
kcal mol�1, DS� values are in cal K�1 mol�1 The error on DG� and DH� is �0.5 kcal
mol�1 while that on DS� is �1 cal mol�1 K�1.

Complex DG�
Ru motion DG�

Pt motion DH�
Ru motion DH�

Pt motion DS�
Ru motion DS�

Pt motionACHTUNGTRENNUNG[1-Pt]+ [a] 13.2 5.0 �28ACHTUNGTRENNUNG[2-Pt]+ 14.7 15.3 6.3 8.9 �28 �21ACHTUNGTRENNUNG[3-Pt]+ 14.4 9.8 �15

[a] Taken from reference [7].
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motion oscillating from the Ru-bonded P atom to the unme-
talated one, while the second pro ACHTUNGTRENNUNGcess, indicated as platinum
motion, accounts for the {Pt ACHTUNGTRENNUNG(PPh3)2} ride along the three
P atoms not coordinated to ruthenium.

Currently we are investigating the reactivity of these
mono ACHTUNGTRENNUNGnuclear and dinuclear tetraphosphorus derivatives to-
wards different reagents and expanding the class of co-li-
gands at both ruthenium and platinum to provide a rationale
to the observed dynamic behavior.

Experimental Section

General details : All reactions and manipulations were carried out under
nitrogen using standard Schlenk glassware and techniques. DichloroACHTUNGTRENNUNGmeth-ACHTUNGTRENNUNGane was purified by distillation over CaH2. THF was purified by distilla-
tion over sodium wire and benzophenone. Diethyl ether and n-pentane
were purified by passing them over two columns filled with molecular
sieves (4 �) (LabMaster MBRAUN MD SPS). n-Hexane was used as
purchased. Deuterated solvents (Aldrich) were pre-treated with three
freeze-thaw pump cycles before use and kept under an inert atmosphere.
Literature methods were used for the preparation of [Pt ACHTUNGTRENNUNG(C2H4)-ACHTUNGTRENNUNG(PPh3)2],[26] [Ru ACHTUNGTRENNUNG(dppm)2(H)2],[27] [Ru ACHTUNGTRENNUNG(dppm)2(H)ACHTUNGTRENNUNG(h2-H2)]BF4,

[28] [Ru-ACHTUNGTRENNUNG(dppe)2(H)2],[29] [CpRu ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(h1-P4)]PF6,
[17] [CpOsACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(h1-P4)]PF6,

[30]

and [(triphos)Re(CO)2 ACHTUNGTRENNUNG(h1-P4)]OTf.[6] The syntheses of [Cp*Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-
P4)]PF6 and [Cp*Fe ACHTUNGTRENNUNG(dppe)ACHTUNGTRENNUNG(h1-P4)]PF6

[12] were carried out according to the
literature with only slight modifications as explained below.

Solution multinuclear NMR spectra were recorded on a Bruker
Avance 400 spectrometer, equipped with a variable temperature control
unit. 31P{1H} EXSY spectra were recorded by using the library pulse pro-
gram “noesyph” modified for 1H decoupling. Line-shape analysis was
performed by DNMR module of TopSpin BRUKER. DG� values were
calculated at 298 K. 1H chemical shifts are referenced to tetramethylsi-
lane (TMS), 31P chemical shifts are referenced to 85% H3PO4

(161.92 MHz), and 195Pt chemical shifts are referenced to H2PtCl6

(85.98 MHz). Solid-state NMR spectra at 9.4 T (n0 =161.9 MHz) were re-
corded at ambient temperature (296 K) on a BRUKER AVANCE 400
spectrometer equipped with a 4 mm MAS probe. All spectra were ac-
quired using magic angle spinning (MAS) at spinning speeds between 9
and 14 kHz, and high power 1H decoupling was applied during acquisi-
tion. All experiments were recorded with pulse sequences from the
standard BRUKER pulse program library. Two-dimensional EXSY spec-
tra were recorded using rotor synchronized mixing times[24] and
908 pulses of 3.9 ms duration. Cross polarization with a ramp-shaped con-
tact pulse and mixing times of 5 ms was used for signal enhancement in
measurements of CP MAS spectra of [3]PF6. The presence of solvent in
the used sample of [3]PF6 was verified by solution 1H NMR spectroscopy.
IR spectra were recorded with a Spectrum BX II Perkin–Elmer spec-
trometer; ESI-MS analyses were performed using a Finnigan Analytic
LTQ instrument. High resolution mass spectrometry (HRMS) analyses
were performed using a time-of-flight mass spectrometer equipped with
an electro-spray ion source (Bruker micrOTOF-Q II). The analyses were
carried out in positive ion mode. The sample solutions were introduced
by continuous infusion with the aid of a syringe pump at a flow-rate of
180 mLh�1. The instrument was operated at end plate offset �500 V and
capillary 4500 V. Nebulizer pressure was 0.3 bar (N2) and the drying gas
(N2) flow 4 L min�1. Drying gas temperature was set at 180 8C. The soft-
ware used for the simulation is Bruker Daltonics DataAnalysis (ver-
sion 4.0).

Synthesis of trans-[Ru ACHTUNGTRENNUNG(dppm)2(H) ACHTUNGTRENNUNG(h1-P4)]BF4 ([1]BF4): A solution of
white phosphorus in THF (0.1 m, 2.29 mL, 0.229 mmol) was syringed into
a solution of trans-[Ru ACHTUNGTRENNUNG(dppm)2(H)ACHTUNGTRENNUNG(h2-H2)]BF4 (200 mg, 0.229 mmol) in
CH2Cl2 (10 mL). After 15 min the resulting dark brown solution was con-
centrated under vacuum. Addition of 20 mL of diethyl ether gave an
ivory colored solid which was filtered off and washed with toluene
(25 mL). Yield: 84%, 209 mg. Crystals suitable for X-ray analysis were

obtained from a diluted CH2Cl2/n-hexane (1:1) solution by slow concen-
tration under nitrogen. The crystals were filtered off and dried in the air.
1H NMR (400 MHz, CD2Cl2, 295 K): d= 7.91–6.86 (m, 40 H; Ph), 4.88
(br s, 2H; CH2), 4.56 (b s, 2H; CH2), �3.69 ppm (br d, 1 H, 2JH,Ptrans

=

162 Hz; Ru-H); 31P{1H} NMR (400 MHz, CD2Cl2, 295 K): d=�2.5 (d,
1JPAPM

=23 Hz; PA, 4P), �373.4 (q, 1JPMPQ
=224 Hz; PM, 1P), �492.5 ppm

(d, 1JPMPQ
=224 Hz; PQ, 3P); IR (CH2Cl2): ñ(Ru�H) =1975 cm�1; MS (ESI):

m/z : 995.07 (1+); elemental analysis calcd (%) for C50H45BF4P8Ru
(1081.56): C 55.53, H 4.19; found: C 55.71, H 4.25.

Synthesis of trans-[Ru ACHTUNGTRENNUNG(dppe)2(H) ACHTUNGTRENNUNG(h1-P4)]BF4 ([2]BF4): A solution of
white phosphorus in THF (0.1 m, 2.22 mL, 0.229 mmol) was syringed into
a solution of trans-[RuACHTUNGTRENNUNG(dppe)2(H)2] (200 mg, 0.229 mmol) and HBF4.EtO2

(31 mL, 1 equiv) in a mixture of THF (10 mL) and CH2Cl2 (6 mL). After
30 min the resulting brown solution was concentrated under vacuum. Ad-
dition of 20 mL of diethyl ether gave an ivory colored solid which was fil-
tered off and washed with toluene (25 mL). Yield: 89 %, 222 mg. Crystals
suitable for X-ray analysis were obtained from a diluted CH2Cl2/n-
hexane (1:1) solution by slow concentration under nitrogen. The crystals
were filtered off and dried in the air. 1H NMR (400 MHz, CD2Cl2,
295 K): d=7.69–6.39 (m, 40H; Ph), 2.43 (m, 4 H; C2H4), 2.11 (m, 4H;
C2H4), �5.68 ppm (br d, 1 H; Ru-H, 2JH,Ptrans

=175 Hz); 31P{1H} NMR
(400 MHz, CD2Cl2, 295 K): d=60.6 (d, 1JPAPM

=20 Hz; 4P, PA), �380.4 (q,
1JPMPQ

=221 Hz; PM, 1P), �492.5 ppm (d, 1JPMPQ
=221 Hz; PQ, 3P); IR

(CH2Cl2): ñ(Ru�H) =1975 cm�1; MS (ESI): m/z : 933.36 (2+); elemental
analysis calcd (%) for C52H49BF4P8Ru (1109.24): C 56.25, H 4.45; found:
C 56.41, H 4.72.

Improved synthesis of [Cp*Ru ACHTUNGTRENNUNG(PPh3)2Cl]:[31] A suspension of
[Cp*RuCl2]2 (0.5 g, 1.64 mmol), PPh3 (1.73 g, 6.6 mmol) and an excess of
zinc dust in THF (65 mL) was stirred for 2 h. The solution was filtered
and transferred to another flask containing n-pentane (200 mL). Upon
15 min formation of orange crystals was observed. After precipitation
was complete (1 h), the crystals were filtered off and dried under nitro-
gen. Yield: 90%, 0.58 g.

Synthesis of [Cp*Ru ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(h1-P4)]PF6 ([5]PF6): A THF solution of
white phosphorus (0.1 m, 1.94 mL, 0.194 mmol) was added to a solution
of [Cp*Ru ACHTUNGTRENNUNG(PPh3)2Cl] (200 mg, 0.194 mmol) and TlPF6 (101 mg,
0.289 mmol) in a mixture of CH2Cl2 (5 mL) and THF (4 mL). The result-
ing slurry was stirred at �50 8C for 2 h; the TlCl which separated out was
filtered off and [CpRu ACHTUNGTRENNUNG(PPh3)2 ACHTUNGTRENNUNG(h1-P4)]PF6 was obtained as orange micro-
crystals by evaporating the solvent under reduced pressure. Yield: 90%,
231 mg. Crystals suitable for X-ray analysis were obtained by layering
Et2O (50 mL) over the CH2Cl2/THF solution. 1H NMR (400 MHz,
CD2Cl2, 295 K): d =7.50–6.94 (m, 30H; Ph), 1.30–1.25 ppm (m, 15 H; C5-ACHTUNGTRENNUNG(CH3)5); 31P{1H} NMR (400 MHz, CD2Cl2, 295 K): d=37.6 (d, 1JPAPM

=

57 Hz; 4P, PA), �330.8 (qt, 1JPMPQ
=227 Hz, 2JPAPM

=57 Hz; 1P, PM),
�492.5 ppm (d, 1JPMPQ

=227 Hz; 3P, PQ), MS (ESI): m/z : 885.1 (5+); ele-
mental analysis calcd (%) for C46H45P7RuF6 (1029.72): C 53.65, H 4.40;
found: C 53.76, H 4.63.

Improved synthesis of [Cp*Ru ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-P4)]PF6 ([6]PF6):[12] A THF sol-
ution of white phosphorus (0.1 m, 2.49 mL, 0.249 mmol) was added to a
solution of [Cp*Ru ACHTUNGTRENNUNG(dppe)Cl] (200 mg, 0.249 mmol) and TlPF6 (87 mg,
0.249 mmol) in a mixture of CH2Cl2 (5 mL) and THF (4 mL). The result-
ing slurry was stirred at room temperature for 2 h; the precipitated TlCl
was filtered off and [CpRu ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-P4)]PF6 was obtained as orange crys-
tals by layering Et2O (50 mL) over the CH2Cl2/THF solution. Yield:
90%, 243 mg.

Improved synthesis of [Cp*Fe ACHTUNGTRENNUNG(dppe)ACHTUNGTRENNUNG(h1-P4)]PF6 ([7]PF6):[12] A THF solu-
tion of white phosphorus (0.1 m, 3.19 mL, 0.319 mmol) was added to a sol-
ution of [Cp*Fe ACHTUNGTRENNUNG(dppe)Cl] (200 mg, 0.319 mmol) and NH4PF6 (80 mg,
0.480 mmol) in a mixture of CH2Cl2 (12 mL) and THF (8 mL). The re-
sulting slurry was stirred at room temperature overnight; the precipitated
NH4Cl was filtered off and [Cp*Fe ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h1-P4)]PF6 was obtained as
purple microcrystals by evaporating the solvent under reduced pressure.
Yield: 80%, 219 mg.

Synthesis of trans-[{Ru ACHTUNGTRENNUNG(dppm)2(H)}(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]BF4 ACHTUNGTRENNUNG([1-
Pt]BF4): Solid [Pt ACHTUNGTRENNUNG(C2H4) ACHTUNGTRENNUNG(PPh3)2] (140 mg, 0.183 mmol) was added por-
tion-wise to a solution of [1]BF4 (200 mg, 0.183 mmol) in 10 mL of
CH2Cl2 under nitrogen at room temperature. After stirring for 5 min, the
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solution was concentrated under vacuum to leave a ivory colored solid.
After stirring for 5 min, the solution was concentrated under vacuum and
the product was isolated as pale brown solid by addition of diethyl ether
(10 mL). Yield 220 mg (66 %). 1H NMR (400 MHz, CD2Cl2, 180 K): d=

7.61–6.72 (m, 70 H; Ph), 5.01 (br s, 2H; CH2), 4.53 (br s, 2H; CH2), �5.48
(br d, 1 H, 2JH,Ptrans

=107 Hz; Ru-H); 31P{1H} NMR (162 MHz, CD2Cl2,
180 K): d=23.9 (br, 1JPZPt =2270 Hz; 2P, PZ), �2.3 (d, 2JPAPM

=21 Hz; 4P,
PA), �213.2 (pq, 1JPMPS

= 1JPMPQ
=201 Hz; 1P, PM), �259.9 (m; 2P, PS),

�346.0 ppm (m, 1JPSPQ
=96 Hz; 1P, PQ); 195Pt{1H} NMR (86.01 MHz,

CD2Cl2, 180 K): d =�3987 (m, 1JPZPt =2270 Hz, 1JPSPt =820 Hz; Pt,); IR
(CH2Cl2): n(Ru-H)ñ =1966 cm�1; MS (ESI): m/z : 1713.45 (1-Pt+); elemental
analysis calcd (%) for C86H75BF4P10RuPt (1801.21): C 57.35, H 4.20;
found: C 57.04, H 4.24.

Synthesis of trans-[{Ru ACHTUNGTRENNUNG(dppe)2(H)}(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]BF4 ([2-Pt]BF4).
Solid [Pt ACHTUNGTRENNUNG(C2H4) ACHTUNGTRENNUNG(PPh3)2] (135 mg, 0.180 mmol) was added portion-wise to
a solution of [2]BF4 (200 mg, 0.180 mmol) in 10 mL of CH2Cl2 under ni-
trogen at room temperature to give a deep brown solution. The product
could not be isolated in the solid state due to extensive decomposition to
unknown species. It was therefore characterized by in situ NMR, IR, and
ESI-MS techniques. 1H NMR (400 MHz, CD2Cl2, 245 K): d=8.00–6.41
(m, 70 H; Ph), 3.69 (br s, 4H; CH2), 1.83 (br s, 4H; CH2), �9.15 ppm
(br d, 1 H, 2JH,Ptrans

=122 Hz; Ru-H); 31P{1H} NMR (162 MHz, CD2Cl2,
145 K): d=62.1 (d, 2JPAPM

=21 Hz; 4P, PA), 24.5 (br, 1JPZPt =2286 Hz; 2P,
PZ), �213.2 (pq, 1JPMPS

=200 Hz, 1JPMPQ
=212 Hz; 1P, PM), �267.1 (m; 2P,

PS), �340.1 ppm (dt, 1JPSPQ
=84 Hz; 1P, PQ); 195Pt{1H} NMR (86.01 MHz,

CD2Cl2, 298 K): d =�3962 ppm (m, 1JPZPt =2286 Hz, 1JPSPQ
=610 Hz; Pt);

IR (CH2Cl2): n(Ru-H)̃ =1965 cm�1; MS (ESI): m/z : 897.20 (2-Pt+).

Synthesis of [CpRu ACHTUNGTRENNUNG(PPh3)2(m,h1:2-P4){Pt ACHTUNGTRENNUNG(PPh3)2}]PF6 ACHTUNGTRENNUNG([3-Pt]BF4): Solid
[Pt ACHTUNGTRENNUNG(C2H4) ACHTUNGTRENNUNG(PPh3)2] (160 mg, 0.210 mmol) was added portion-wise to a sol-
ution of [3]BF4 (200 mg, 210 mmol) in 10 mL of CH2Cl2 under nitrogen
at room temperature to give a dark orange solution. The product could
not be isolated in the solid state due to extensive decomposition to an
oily sticky material. It was therefore characterized by in situ NMR and
ESI-MS techniques. 1H NMR (400 MHz, CD2Cl2, 273 K): d=7.08–6.60
(m, 60 H; Ph), 4.41 (s, 5H; C5H5); 31P{1H} NMR (162 MHz, CD2Cl2,
273 K): d=41.0 (d, 2JPAPM

=51 Hz; 2P, PA), 26.7 (br, 1JPZPt =2259 Hz; 2P,
PZ), �173.0 (pq, 1JPMPS

=217 Hz, 1JPMPQ
=207 Hz; 1P, PM), �242.3 (m; 2P,

PS), �329.8 ppm (dt, 1JPSPQ
= 59 Hz; 1P, PQ); 195Pt NMR (86.01 MHz,

CD2Cl2, 298 K): d=�3989 ppm (m, 1JPZPt =2259 Hz, 1JPSPt =607 Hz; Pt);
MS (ESI): m/z : 1333.60 (3-Pt+).

XRD analyses : A summary of the crystallographic data and structure re-
finement results for the structure containing cations 2+ , 3+ , 5+ , and 6+ is
given in Table 6. The X-ray data of 2+ , 5+ , and 6+ were collected using
an Oxford Diffraction Excalibur 3 diffractometer equipped with MoKa ra-
diation (l =0.71069 �) and CCD area detector using the program CrysA-
lis CCD.[32] Data reductions were carried out with the program CrysAlis
RED[33] and adsorption correction was applied through the program AB-
SPACK.[34] The data of 3+ were collected on Bruker-Nonius Kappa CCD
diffractometer at 100(2) K using MoKa radiation (l=0.71069 �). These
complexes had some difficulties to crystallize due to the presence of dis-
ordered anion and solvent molecules even at low temperature. As conse-
quence, the refinement of the crystal structures was problematic. The
structures were solved by direct methods (SIR97,[34] SHELXS-97[35]) and
refined by full-matrix F2 refinement (SHELXL-97).[36] Generally all the
non-hydrogen atoms were refined with anisotropic displacement parame-
ters. The hydrogen atoms were included from calculated positions and re-
fined riding on their respective carbon atoms with isotropic displacement
parameters. In the structure of cation 2+ , the hydride atom was located
on the Fourier map, the disordered BF4 anion was modeled splitting over
five positions three of the four fluorine atoms. On the other site, two n-
hexane solvent molecules present in the asymmetric unit were removed
using the SQUEEZE procedure,[35] after unsuccessful attempts to model
them. In the structure of cation 6+ , Et2O solvent molecules were disor-
dered and modeled using isotropic displacement parameters.

CCDC-874683 (2+), CCDC-874684 (3+), CCDC-874685 (5+), CCDC-
874686 (6+), contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Table 6. Crystallographic data for compounds containing cations 2+ , 3+ , 5+ , and 6+ .

[2] ACHTUNGTRENNUNG[BF4]·2C6H14 [3] ACHTUNGTRENNUNG[PF6]·CH2Cl2 [5]ACHTUNGTRENNUNG[PF6]·2 CH2Cl2 [6] ACHTUNGTRENNUNG[PF6]·C4H10O

empirical formula C64H72BF4P8Ru C42H37Cl2F6P7Ru C48H49Cl4F6P7Ru C40 H49F6OP7Ru
formula weight 1276.86 1044.48 1199.53 977.65
temperature [K] 293(2) 100(2) 150(2) 150(2)
wavelength [�] 0.71069 0.71069 0.71069 0.71069
crystal system triclinic monoclinic monoclinic monoclinic
space group P1̄ P21/c P21/n P21/n
unit cell dimensions
a [�] 13.3004(7) 18.4709(11) 10.6313(3) 11.6882(2)
b [�] 13.7148(7) 29.2905(18) 17.3818(5) 18.3613(4)
c [�] 18.9937(9) 16.0236(11) 27.8900(6) 19.5351(3)
a [8] 97.255(4) 90 90 90
b [8] 104.751(4) 99.708(2) 98.898(2) 91.0107(15)
g [8] 113.811(5) 90 90 90
V [�3] 2960.8(3) 8545.0(9) 5091.8(2) 4191.79(13)
Z, calculated density [Mg m�3] 2, 1.432 8, 1.624 4, 1.565 4, 1.549
absorption coefficient [mm�1] 0.535 0.813 0.794 0.7
F ACHTUNGTRENNUNG(000) 1322 4208 2432 2000
data/restraints/parameters 13230/0/581 26124/0/1045 11300/0/595 11267/0/484
goodness-of-fit on F2 0.917 1.045 1.031 1.042ACHTUNGTRENNUNG[I>2s(I)] 0.0567 0.0530 0.0782 0.0448
wR2 0.1635 0.0865 0.1906 0.1054
R1 (all data) 0.0932 0.1106 0.1287 0.0617
wR2 (all data) 0.1737 0.0960 0.2248 0.1175
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Solution and Solid-State Dynamics of
Metal-Coordinated White Phosphorus

A detailed solution and solid-state
NMR dynamics study on mono- and
bimetallic transition metal complexes,
coordinating white phosphorus in h1-P4

fashion, has revealed that this ligand is
endowed of motions which depend on
the nature of co-ligands and geome-
tries around the metals. Activation
parameters of the proACHTUNGTRENNUNGcesses and X-ray
crystal structures were also obtained
(see figure).

Coordinated P4…
…showed a high fluxionality in h1-
P4 metal complexes, in solution
and in the solid state, investigated
by NMR techniques. For more
details ssee the paper by M. Peruz-
zini et al. on page && ff. The
background shows part of the
ancient painting “The Alchemist in
Search of the Philosopher�s Stone
Discovers Phosphorus.” by Joseph
Wright.
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