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Abstract: [thf(ArO)3W�P!M(CO)5]
(3 a,b) (M�W, Cr; Ar� 2,6-Me2C6H3)
are prepared by treatment of
[W2(OAr)6] with tBuC�P in the pres-
ence of [M(CO)5thf]. With 2.127(2) �
3 a reveals the shortest W�P triple bond
length reported so far. Theoretical cal-
culations employing BP86 density func-
tional methods on the model compounds
[(HO)3W�P] (3c), [(HO)3W�P!
W(CO)5] (3 d), and [thf(HO)3W�P!
W(CO)5] (3 e) show a shortening of the
W�P bond due to coordination of the
phosphido phosphorus lone pair in 3 c to
a [W(CO)5] fragment; this is accompa-
nied by a rehybridization of the lone pair
on the P atom from sp0.14 to sp0.98 in 3 d.

The coordination of the Lewis base THF
through the low-lying LUMO�1 s*-
type orbital leads to an elongation of
this triple bond. The phosphido com-
plexes 3 a and 3 b reveal a high side-on
reactivity. Thus, the reductive dimeriza-
tion of 3 a at ambient temperature in
toluene yields [W2(OAr)4{(m,h2:h1-P)-
W(CO)5}2] (7), which contains a planar
[W4P2] core. The reaction of 3 a with
[(ArO)4W�O] leads to the novel com-
plex [thf(ArO)5W2{(m,h2 :h1-P)W(CO)5}-
(m-O)] (8) with an almost planar

[W2OP] four-membered ring system.
Furthermore, the phosphido complex
3 a reacts with [(PPh3)2Pt(h2-C2H4)] to
give the dinuclear complex [(ArO)2WPt-
(PPh3)(m-PPh2){(m-PPh)W(CO)5}] (10),
which also possesses a planar WP2Pt
four-membered-ring unit. During this
reaction an unusual 1,3-Ph shift occurs
to give this phosphinidene derivative.
Density functional calculations on
the simplified model compound
[(HO)3W(m-PH2)(m-PH{W(CO)5})Pt-
(PH3)] (10 a) were applied to gain in-
sight into the bonding situation of the
central [WP2Pt] core. Population analy-
sis reveals significant WÿPt overlap
population for 10 a.

Keywords: metathesis ´ P ligands ´
phosphido ligands ´ tungsten

Introduction

Complexes with a transition metal ± phosphorus triple bond
are a new class of compounds.[1] The first structurally
characterized examples 1 and 2 were synthesized in the
groups of Cummins[2] and Schrock,[3] respectively. In these
compounds the metal ± phosphorus triple bond is kinetically
stabilized by bulky amido ligands. Therefore, these com-
pounds reveal exclusively end-on reactivity.[4]

Our work, however, has been focused on the synthesis and
isolation of the RO-substituted complexes 3 (R� tBu),
containing the 15 VE (valence electron) fragment {(RO)3W}
bound to a phosphido phosphorus atom.[5] The synthetic route
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employed is the metathesis reaction of [W2(OtBu)6] with
tBuC�P[6] in the presence of [M(CO)5thf] (M�W, Cr). The
resulting compounds of the type [(tBuO)3W�P] are stabilized
by the coordination of the phosphorus lone pair to a Lewis
acidic carbonyl complex fragment {M(CO)5}. In contrast to
complexes of type 1 and 2, a high side-on reactivity can be
achieved owing to the flexibility of the alkoxide ligands in the
complexes 3. This feature, however, was a disadvantage in the
synthesis of these compounds by the metathesis reaction. The
reaction led to inseparable mixtures, which contained the
desired phosphido compounds 3 (R� tBu) and the corre-
sponding alkylidyne complex 4 a as well as the four-membered
ring derivatives 5 a and 6 a.[7] The last two arise from a
subsequent cycloaddition of the target compounds 3 (R�
tBu) with an additional equivalent of phosphaalkyne followed
by a 1,3-OtBu shift. Therefore, we were interested in a
synthetic procedure that yields complexes of type 3 free of
side products. After intensive synthetic efforts we developed
an efficient route to the phosphido compounds [thf(Ar-
O)3W�P!M(CO)5] (3) (M�W (a), Cr (b), Ar� 2,6-
Me2C6H3) starting from [W2(OAr)6]. Structural and spectro-
scopic features of the phosphido complexes 3, as well as initial
investigations revealing aspects of the broad reaction poten-
tial of these compounds, are reported herein. Density func-
tional calculations have been carried out on model systems of
3 in order to understand better the donor properties of the
[(ArO)3W�P] ¹ligandª as well as the side-on reactivity of the
complexes. Further calculations examine the electronic struc-
ture of a dinuclear reaction product.

Results and Discussion

The decisive step to overcome the problem of the consecutive
reactions of the target molecule 3 was the increase of the steric
demand at the alkoxide by employing [W2(OAr)6] (Ar� 2,6-
Me2C6H3). Furthermore, the correct reaction procedure is of
crucial importance. For a maximum yield of the phosphido
complexes 3 the reaction between [W2(OAr)6] and tBuC�P in
the presence of [M(CO)5thf] (M�W, Cr) must be performed
at low temperature until all phosphaalkyne has been used in
the metathesis reaction. Then the mixture is allowed to warm
up to ambient temperature, and the only detectable side
product is small quantities of 6 b ; the formation of 5 b is no
longer observed. The total amount of side-products formed is
thus reduced to 5 ± 10 % [Eq. (1)].

After work-up, the phosphido complexes 3 a and 3 b can be
obtained as red crystalline compounds in 66 and 53 % isolated
yield, respectively. The Lewis basicity of the ArO ligands
appears to be insufficient to compensate for the electron

deficiency at the tungsten atom, and coordination of an
additional THF molecule becomes necessary. All attempts to
isolate THF-free products have failed so far. The complexes
3 a and 3 b are readily soluble in n-hexane, toluene, and THF
and are extremely sensitive to oxygen and moisture.

Spectroscopic properties of the phosphido complexes : The
31P{1H} NMR spectrum of 3 a exhibits a singlet at d� 718.5
with two pairs of tungsten satellites. The coupling constants
are 562.5 Hz for the W�P triple bond and 170.2 Hz for the
coordinative bond of phosphorus to the W(CO)5 moiety (3 b :
d� 773.4, 1JWP� 549.3 Hz; Figure 1). The magnitude of the

Figure 1. 31P{1H} NMR resonances of the phosphido complexes 3 a and 3b
in [D6]benzene (SF� 101.3 MHz, T� 300 K)

1JWP of the triple bond is in accordance with data found for the
GaCl3 (1JWP� 712 Hz)[4d] and W(CO)5 (1JWP� 450, 135 Hz)[8]

adducts of the phosphido complex 2 b. These large coupling
constants are due to an increase in the s character of the W�P
triple bond caused by the linear coordination of the lone pair
of the phosphido phosphorus to Lewis acids.[8, 9] In the IR
spectra of 3 a and 3 b, the appropriate A1

1 band of the CO-
stretching frequencies [local C4v symmetry at the LM(CO)5

complex] reveals that the p-acceptor ability of the
[thf(RO)3W�P] moiety is between that of PX3 (X� halo-
gen) and P(OR)3.[10]

Crystal structure of 3 a : The X-ray structure of 3 a (Figure 2)
shows a molecule with an almost linear W(1)-P-W(2) axis of
176.30(6)8 in which the ArO ligands protect the W�P triple
bond by surrounding it. This orientation towards the W�P
triple bond [average angle W(2)-O-C� 132.6(3)8] is a com-
mon feature in alkylidyne complexes of the type
[(RO)3W�CR'] (R� tBu, R ' �Ph).[11] In 3 a the triple bond
length between W2 and P is 2.127(2) � and, therefore, the
shortest W�P bond reported so far.[12] The coordinative bond
W(1)ÿP of 2.432(1) � is relatively short as well.[13]

Quantum chemical calculations on model systems of the
phosphido complexes 3: Density functional calculations
on the simplified model systems [(HO)3W�P] (3 c),
[(HO)3W�P!W(CO)5] (3 d) and [thf(HO)3W�P!W(CO)5]
(3 e), were performed employing the BP86 functional[14] and
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Figure 2. Molecular structure of 3a (ellipsoids drawn at of 50 % proba-
bility level). Selected bond lengths [�] and angles [8]: W(1)ÿP 2.4315(13),
W(2)ÿP 2.1261(12), W(2)ÿO(6) 1.898(3), W(2)ÿO(9) 2.333(3), O(6)ÿC(6)
1.382(6), W(1)-P-W(2) 176.30(6), P-W(2)-O(9) 179.50(10), P-W(1)-C(5)
177.0(2), O(6)-W(2)-P 101.52(10), C(6)-O(6)-W(2) 135.0(3), C(14)-O(7)-
W(2) 128.9(3), C(22)-O(8)-W(2) 133.8(3).

the Gaussian 94 program.[15] We used a quasi-relativistic
pseudopotential and a corresponding 6s5p3d valence basis
set for W,[16] effective-core potentials and DZP valence basis
sets for P, O, and C,[17] and a DZ basis for H.[18] While the
structures of 3 c and 3 d were fully optimized, the angles of the
hydroxy H atoms in 3 e were held at a W-O-H angle of 1268 to
avoid H bridges between the THF ligand and the hydroxy
groups. Natural population and natural localized molecular
orbital analyses[19] were carried out using the built-in NBO
routines of the Gaussian 94 code.[15]

The optimized W�P distances for the computational
models are 2.155 � for [(HO)3W�P] (3 c), 2.149 � for
[(HO)3W�P!W(CO)5] (3 d), and 2.167 � for
[thf(HO)3W�P!W(CO)5] (3 e), that is, only slightly longer
than the experimentally observed bond length found for 3 a
(2.1261(12) �). The calculated PÿW(1) distances in 3 d and 3 e
(2.503 � and 2.499 �, respectively) are longer than the

experimental ones (2.4315(13) �). The coordination of the
phosphido phosphorus atom to the W(CO)5 group leads to a
slight shortening of the W�P triple bond, which is accom-
panied by a considerable rehybridization at the P atom (see
below). In contrast, the coordination of THF slightly elon-
gates this bond. The net donor character and trans influence of
the [(HO)3W�P] ¹ligandª are evident from the relative
W(1)ÿC and CÿO distances for axial and equatorial carbonyl
ligands within the [W(CO)5] acceptor, for example, for
[thf(HO)3W�P!W(CO)5]: W(1)ÿCax� 2.029 �, CaxÿOax�
1.161 �, W(1)ÿCeq� 2.067 �, and CeqÿOeq� 1.157 � (aver-
aged values, see also bonding discussion below).

The analysis of the frontier orbitals (Figures 3 and 4) shows
that the highest occupied MOs correspond to an almost
degenerate set, predominantly with p(W(2)ÿP) character,
mixed with p(W(1)ÿC) contributions of the W(CO)5 unit. The
two lowest unoccupied MOs possess mostly p*(W(2)ÿP)
antibonding character with very large coefficients at the
coordinatively unsaturated metal. These p and p* frontier
MOs of 3 d and 3 e derive from the exactly degenerate HOMO
and LUMO in free 3 c (of e symmetry in C3v). The next lower
occupied MO (HOMOÿ 1) has s(W(2)ÿP) character (not
shown in Figure 4). The LUMO�1 is a s*(W(2)ÿP) type MO.
The high-lying occupied MOs illustrate the donor function of
the W�P bond towards the W(CO)5 acceptor. In contrast, the
three low-lying unoccupied MOs are consistent with the
coordinatively unsaturated character of the [(HO)3W�P] part
of the complex, and they are well suited to accept electron
density from an additional axial donor ligand at this center.
This provides a ready explanation for the strong coordination
of the THF molecule (calculated bonding energy for THF in
3 e : 54 kJ molÿ1). Indeed, the coordination of THF in 3 e
increases the energy of the HOMO ± LUMO gap significantly
relative to 3 d (Figure 3). The domination of the components
of the W�P triple bond in both occupied and unoccupied
frontier orbitals of 3 e is also consistent with the high side-on
reactivity of 3 a.

Atomic and fragment charges obtained from natural
population analyses for the model systems are provided in
Table 1. They show clearly that in both 3 d and 3 e the

Figure 3. Frontier MO diagrams obtained from the model DFT calculations a) [(HO)3W�P{W(CO)5}] (3d); b) [thf(HO)3W�P{W(CO)5}] (3e).
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Figure 4. Orbital iso-surfaces (with iso-surface values � /ÿ 0.05 a.u.) for
the Frontier Kohn-Sham MOs of [(HO)3WP{W(CO)5}].See Figure 3a for
the orbital energies. Bottom: one part of the (almost) degenerate p(W2ÿP)
type HOMO. Middle: one part of the (almost) degenerate p*(W2ÿP) type
LUMO. Top: s*(W2ÿP) type LUMO�1.

[(HO)3W�P] fragment acts as an efficient electron donor
relative to the W(CO)5 fragment (the charges indicate more
net charge donation than from the carbonyl ligands; the
charge is largely withdrawn from the W�P bond). Moreover,
the charge donation of the THF donor in 3 e increases the
donor ability of this fragment and enhances the negative
charge on the W(CO)5 unit. The different metal oxidation
states of the two fragments are reflected in a positive metal
charge for the [(HO)3W�P] unit and a negative one for the
W(CO)5 unit. Note that while W(2) becomes less positively
charged upon THF coordination, the phosphorus atom
exhibits a larger positive charge, consistent with an increased
polarization of the W(2)�P bond and with increased donation
from phosphorus.

Hybridization analyses of natural localized molecular
orbitals (NLMOs) confirm the conclusion of earlier bonding
analyses[8] about the rehybridization at phosphorus when the
W�P bond acts as a donor. Thus, the phosphorus lone-pair
NLMO exhibits sp0.14 hybridization for free [(OH)3W�P].
This changes to sp0.98 upon coordination to [W(CO)5].
Correspondingly, the s contribution to the W�P bond changes
from sp7.11 to sp0.51 upon coordination. This explains the
dramatic changes in the 1JWP spin ± spin coupling constants.[8]

A similar rehybridization at phosphorus has been found
computationally when the M�P bond donates to a BH3

acceptor,[8] or when it is transformed into a M�PÿS frag-
ment.[9]

Reactivity studies : As a result of the high flexibility of the
ArO ligands and the relatively weak THF donation, the triple
bond in 3 remains accessible and makes these compounds
highly side-on reactive. Thus, toluene solutions of 3 a react at
ambient temperature over a longer period of time under
formal reductive dimerization combined with the loss of two
ArO ligands to give dark green crystals of 7 [Eq. (2)]. In the
reaction of 3 a with [(ArO)4W�O][20] the dinuclear compound
8 is formed [Eq. (3)].

Complex 7 appears to be insoluble in n-hexane, CH2Cl2,
Et2O, or toluene. In THF or DMSO decomposition is
observed at ambient temperature. For the formation of the

isolobal carbyne compounds [W2(Ot-
Bu)4(m-CPh)2] by the reaction of [W2(Ot-
Bu)6] with PhC�CR, thermolytic reac-
tion conditions are necessary.[21] Complex
8 is the product of a cycloaddition
reaction of 3 a with [(ArO)4W�O] and
subsequent reductive WÿW bond forma-
tion under loss of two ArO ligands.

The molecular structure of 7 (Figure 5)
reveals a planar W4P2 framework with a
central W2P2 ring system. The short
WÿP bond lengths of 2.269(10) and
2.292(10) � inside the ring indicate the
multiple-bond character of these bonds,
whereas the bond lengths of the ring
phosphorus to the exocyclic W atom

Table 1. Atomic and fragment charges from natural population analyses.

atom/fragment [(HO)3WP] (3c) [(HO)3WP{W(CO)5}] (3d) [thf(HO)3WP{W(CO)5}] (3e)

W(2) � 1.101 � 1.189 � 1.105
P ÿ 0.120 � 0.060 � 0.131
O (OH) av[a,b] ÿ 0.837 ÿ 0.832 ÿ 0.841
H (OH) av[a,b] � 0.510 � 0.513 � 0.502
[(HO)3WP] 0.000 � 0.292 � 0.219
(THF)[c] � 0.128
W(1) ÿ 1.057 ÿ 1.047
C (COax)[d] � 0.577 � 0.564
O (COax)[d] ÿ 0.416 ÿ 0.424
C (COeq) av[a,e] � 0.565 � 0.562
O (COeq) av[a,e] ÿ 0.414 ÿ 0.421
[W(CO5)] ÿ 0.292 ÿ 0.347

[a] Averaged for groups of atoms. [b] For hydroxy ligands. [c] Summed up for the entire THF ligand.
[d] Axial carbonyl ligands. [e] Equatorial carbonyl ligands.
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Figure 5. Molecular structure of 7 (ellipsoids drawn at of 50% probability
level). Selected bond lengths [�] and angels [8]: W(1)ÿW(2) 2.830(1),
W(1)ÿP(1) 2.269(10), W(2)ÿP(1) 2.292(10), P(1)ÿW(3) 2.486(2),
W(1)ÿO(2) 1.871(19, O(2)ÿC(9) 1.381(20), W(2)ÿO(1) 1.827(29),
O(1)ÿC(1) 1.368(28), W(1)-P(1)-W(2) 76.67(7), P(1)-W(2)-O(1)
108.88(50),P(1)-W(1)-P(1') 104.06(63), O(2)-W(2)-O(2') 109.92(36),
O(2)-W(1)-W(2) 123.62(59), W(1)-P(1)-W(3) 132.39(68).

(2.486(2) �) are in range of coordinative bonds of this type.[13]

The WÿW bond is 2.830(1) � and, therefore, corresponds to a
WÿW single bond. The six-membered planar framework of 7
is formally comparable to that of the complex [Cp*Re-
(CO)2(m,h2 :h1-P)W(CO)4]2 (9),[22] which also possesses a
central [W2P2] four-membered-ring system. However, in this
complex a multiple bond is observed between phosphorus and
the exocyclic Re atom, while in 7 the bond to the exocyclic W
atom is of coordinative nature. In compound 7, the endocyclic
WÿP bond lengths [9 : d(WÿP)� 2.439(2) and 2.440(2) �] as
well as the WÿW distance [9 : d(WÿW)� 3.0523(7) �] are
smaller than in 9. Pnicogenidene complexes of phosphorus
and arsenic similar to 7 were first synthesized and charac-
terized in the group of Huttner.[23]

The central motif of the molecular structure of 8 (Figure 6)
is the essentially planar W2PO ring. The angle between the
planes W(2)-W(3)-P and W(2)-W(3)-O(6) is 175.88 and
deviates only by 4.28 from planarity. While O(6) and P bind
to the tungsten atoms W(2) and W(3) the phosphorus
additionally possesses a coordinative bond to a coplanar
W(CO)5 group. The tungsten atoms W(2) and W(3) are
symmetrically bridged by the P atom with bond lengths
W(2)ÿP and W(3)ÿP of 2.312(2) and 2.304(2) �, respectively;
the corresponding bond lengths W(2)ÿO(6) and W(3)ÿO(6)
differ by 0.074 �. The bond length W(2)ÿW(3) is 2.7327(6) �
and, therefore, clearly in the range of WÿW single bonds.[21]

The phosphido complex 3 a reacts with [(PPh3)2Pt(C2H4)]
under loss of THF and ethylene to give the novel dinuclear
complex 10 in almost quantitative yield as the only phospho-
rus containing product [Eq. (4)]. The first step of the reaction
is presumably a replacement of ethylene by the WÿP triple
bond, so that an intermediate, such as that indicated in
Equation (4), might be formed. Subsequently, an unusual 1,3-
shift of one of the phenyl groups of the PPh3 ligands to the
phosphido phosphorus occurs to give bridging PPh2 and

Figure 6. Molecular structure of 8 (ellipsoids drawn at of 30% probability
level). Selected bond lengths [�] and angels [8]: W(2)ÿW(3) 2.7080(6),
W(1)ÿP 2.519(2), W(2)ÿP 2.312(2), W(3)ÿP 2.304(2), W(2)ÿO(6) 1.960(6),
W(3)ÿO(6) 1.886(7), W(3)ÿO(12) 2.207(6), W(2)ÿO(9) 1.928(6),
W(3)ÿO(11) 1.882(6), W(1)-P-W(2) 142.86(10), W(1)-P-W(3) 145.30(10),
W(2)-P-W(3) 71.84(7), P-W(3)-W(2) 54.21(6), P-W(3)-O(6) 100.54(18),
P-W(2)-W(3) 53.95(5), W(3)-O(6)-W(2) 89.5(2).

[PhPW(CO)5] groups. However, all attempts to detect the
side-on coordinated intermediate by 31P{1H} NMR spectro-
scopy remained unsuccessful. Therefore, we assume that the
rate determining step of the reaction is the formation of the
proposed intermediate, which then rearranges quickly
through the 1,3-Ph shift within the NMR timescale. Transition
metal mediated PÿC bond cleavage has been thoroughly
investigated, since it is a possible deactivation pathway in
homogeneous catalytic processes for catalysts bearing tertiary
phosphines in their coordination sphere.[24] These processes
occur at higher temperatures, while reaction in Equation (4)
proceeds at temperatures as low as ÿ10 8C.

The 31P{1H} NMR spectrum of 10 reveals a AMX spinsys-
tem of the P nuclei. The signal at d� 180.3 (PA) is assigned to
the phosphorus bearing two phenyl groups, P(2) in Figure 7.
Literature data show that signals for m-PPh2 moieties bridging
metal ± metal bonds appear in the downfield region (50 to
300 ppm), whereas upfield resonances (�50 to ÿ200 ppm)
occur when these ligands bridge two metal atoms not joined
by a bonding interaction.[25] The PÿP coupling constants are
155 and 29 Hz. The latter arises from the coupling to the PPh3
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Figure 7. Molecular structure of 10 (ellipsoids drawn at of 30 % probability
level). Selected bond lengths [�] and angels [8]: W(2)Pt 2.7360(7),
W(2)ÿP(1) 2.453(2), W(2)ÿP(2) 2.526(2), PtÿP(1) 2.275(2), PtÿP(2)
2.244(2), PtÿP(3) 2.280(2), W(1)ÿP(1) 2.604(2), W(2)ÿO(6) 1.950(6),
W(2)ÿO(7) 1.883(6), W(2)ÿO(8) 1.856(6), P(1)ÿC(6) 1.872(9),
P(2)ÿC(42) 1.830(9), P(3)ÿC(60) 1.832(10), W(2)-P(1)-Pt 70.60(7), W(2)-
P(2)-Pt 69.72(6), P(1)-W(2)-P(2) 101.81(7), P(1)-Pt-P(2) 117.54(8), W(1)-
P(1)-C(6) 104.7(3), W(2)-O(6)-C(12) 172.2(6), W(2)-O(7)-C(20) 156.6(6),
W(2)-O(8)-C(28) 160.2(6).

group at the Pt atom. Owing to the coordination to the
{(ArO)3W} fragment a 1JWP of 178 Hz is observed. The
coupling between P(2) and platinum has a value of 2890 Hz.
Although the tungsten atom of this ring system is in a high
oxidation state, these data for the m-PPh2 ligand correspond
very well to those found in the complex [(CO)4W(m-
PPh2)2Pt(PPh3)] (11) (d� 173.8, 1JPtP� 2659 Hz), which is
similar to 10.[26] The signal at d� 166.2 (PM) can be assigned to
the phosphinidene P atom bearing one phenyl group and a
W(CO)5 entity, P(1) in Figure 7. Two PÿP couplings are
observed for this signal, with coupling constants of 155 and
12 Hz for the coupling of phosphorus to the bridging PPh2

group and the end-on bound PPh3 at platinum, respectively.
The coupling between P(1) and platinum is 1654 Hz, and
between P(1) and the coordinated W(CO)5 group is 182 Hz.
This is consistent for a 1JWP coupling of an end-on coordinated
phosphorus.[27] The signal observed at d� 75.5 (PX) reveals the
appropriate PÿP coupling constants of 29 and 12 Hz P(3) in
Figure 7. The coupling constant 1JPtP is 4310 Hz and lies in
between the PtÿP(Ph3) couplings in [(PPh3)2Pt(C2H4)]
(3660 Hz)[28] and in 11 (5148 Hz).[26]

The molecular structure of 10 (Figure 7) confirms the data
gained from the 31P{1H} NMR investigation. The central
structural element is a planar WP2Pt moiety. The W(2)ÿP(1)
and W(2)ÿP(2) bond lengths are 2.453(2) and 2.526(2) �,
respectively; these values correspond to WÿP single bonds
and coordinative bonds, respectively. The bond lengths
PtÿP(1), PtÿP(2), and PtÿP(3) are almost equal (2.275(2),
2.244(2), and 2.279(2) �, respectively) and consistent with
platinum ± phosphorus single bonds as observed in
[(PPh3)2Pt(m-C2H4)].[29] A bond length of 2.604(2) � between
P(1) and W(1) indicates a long coordinative interaction of the
phosphorus lone pair with the W(CO)5 group.[13]

Quantum chemical calculations on the dinuclear complex 10:
To gain some insight into the bonding situation of the
heteronuclear tungsten ± platinum compound 10, we per-
formed density functional calculations[30] on a simplified
model of 10, the complex [(HO)3W(m-PH2)(m-PH{W(CO)5})-
Pt(PH3)] (10 a). The geometrically optimized compound 10 a
is shown in Figure 8, and selected bond lengths and angles are
given in the figure caption. The geometry and bonding
parameters of the optimized model compound are in good
agreement with the experimental structure of 10.

Figure 8. Geometrically optimized structure of [(HO)3W(m-PH2)(m-
PH{W(CO)5})Pt(PH3)](10 a) from RI-J-DFT calculations with B-P86/
SVP density functionals. Important calculated bond lengths [�] and angles
[8]: W(2)ÿPt 2.797, W(1)ÿP(1) 2.449, W(1)ÿP(2) 2.584, W(1)ÿO(1) 1.966,
W(1)ÿO(2) 1.907, W(1)ÿO(3) 1.901, W(2)ÿP(1) 2.604, PtÿP(1) 2.337,
PtÿP(2) 2.320, PtÿP(2) 2.320, PtÿP(3) 2.306, P(1)-W(1)-P(2) 103.82, P(1)-
W(1)-O(1) 99.74, P(1)-W(1)-O(2) 104.24, P(1)-W(1)-O(3) 106.79, O(1)-
W(1)-P(2) 156.63, O(2)-W(1)-O(3) 148.70, P(1)-Pt-P(2) 115.72, P(1)-Pt-
P(3) 115.63, P(2)-Pt-P(3) 128.59, Pt-P(2)-W(1) 69.31, Pt-P(1)-W(1) 71.48,
Pt-P(1)-W(2) 134.30, Pt-W(1)-O(1) 152.13, Pt-W(1)-O(2) 98.37, Pt-W(1)-
O(3) 97.21, W(1)-P(1)-Pt-P(2) 5.08.

The calculated W(2)ÿPt bond length of 2.797 � is slightly
longer than the experimentally observed one (d(W(2)Pt)�
2.7360(7) �), but is still in the range of metal ± metal bonding
distances. In homonuclear phosphanido complexes of the type
[(CO)4M(m-PMe2)2M(CO)4] (M�V, Cr, Mn) synthesized by
Vahrenkamp,[31] variations in the metal ± metal distances from
2.733 � (M�V) to 3.675 � (M�Mn) have been observed,
depending on the electron configuration of the central atom
M. In a theoretical study using the extended Hückel method,
Hoffmann and co-workers[32] assigned a M�M double bond
for M�V, a MÿM single bond for M�Cr, and no MÿM
interaction for M�Mn in the different compounds. They put
these complexes in a general setting of bridged and unbridged
M2L10 compounds. Geoffroy and co-workers[26] assigned a
WÿPt bond to the complex [(OC)4W(m-PPh2)2Pt(PPh3)] (11),
a compound closely related to 10. In the following, we want to
compare a simplified model for Geoffroy�s compound
[(OC)4W(m-PH2)2Pt(PH3)] (11 a)[33] with our model
[(HO)3W(m-PH2)(m-PH{W(CO)5})Pt(PH3)] (10 a).

For the electron count on 11 a, we opt to cleave the metal ±
ligand bonds of the ring heterolytically and end up with two
negatively charged [PH2]ÿ units, a neutral carbonyl entity
[(OC)4W], and a cationic complex fragment [PtÿPH3]2�. In
10 a we also find a [PH2]ÿ and a [PtÿPH3]2� unit. In contrast to
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11 a, however, the phosphinidene entity [PH{W(CO)5}]2ÿ

carries two negative charges, and consequently the tungsten
fragment [(HO)3W]� has a single positively charge with a
formal d2 electron configuration at the central atom. Metal ±
metal bonding can be envisaged in 10 a and 11 a to arise from
donation of an occupied tungsten d orbital of the d2 (in 10 a) or
d6 (in 11 a) tungsten atom to an unoccupied acceptor orbital of
the d8 platinum atom. However, the question of direct metal ±
metal bonding in doubly bridged complexes is controversial,
since the bonding interaction between the metal atoms may
take place through orbitals involving the bridging atoms
(Figure 9).

Figure 9. Bonding interactions between metal atoms through orbitals
involving the bridging atoms.

Figure 9 depicts some important interactions that build up
the s frame of the four-membered core [M(m-PR2)2M].
Whereas phosphorus spx hybrid orbitals are responsible for
PÿR bonding, the [W(m-PR2)2Pt] s frame is mainly a result of
the interactions of linear combinations of (occupied) spy and
pz orbitals with (unoccupied) metal [dz2 , s, pz]- and [dyz, py]-
hybrid orbitals. For metal ± metal bonding, one can think of an
interaction of [dz2 , s, pz]-hybrid orbitals located on both metal
centers, as shown on the upper left of the Figure 9. However,
to evaluate metal ± metal bonding by means of population
analysis, one has to consider multicenter contributions
emerging from overlap of the bridging atoms to both metal
centers.

A SEN (shared electron number) analysis[34] of the covalent
contributions to the WÿPt bond in [(OC)4W(m-PH2)2Pt(PH3)]
(11 a) gives a shared electron number of 0.251 electrons for
WÿPt, which is almost entirely consumed by the multicenter
contributions of 0.117 electrons per W-P-Pt bridge. The
remaining value of 0.017 electrons indicates that there is no
significant tungsten ± platinum interaction in this compound.
If the same analysis is carried out for [(HO)3W(m-PH2)(m-
PH{W(CO)5})Pt(PH3)] (10 a), a shared electron number of
0.489 is calculated for WÿPt; this is significantly higher in
comparison with the SEN WÿPt calculated for 11 a. The
relevant multicenter contributions in 10 a are on average
almost the same as in 11 a, and the net result is a SEN WÿPt of
0.277 electrons. On the basis of the DFT calculations applied
here, we can attribute a WÿPt interaction to our model
compound 10 a.

Conclusion

We finally succeeded in the synthesis of the phosphido
complexes 3 by using appropriate variations of steric consid-
erations of the tungsten alkoxide dimer and reaction con-
ditions. Thus, these compounds are now available in good
preparative yields. The high side-on reactivity is illustrated in
the cyclomerization reactions of 3 with itself, with
[(ArO)4W�O], and with [(PPh3)2Pt(C2H4)] leading to the
dinuclear complexes 7, 8, and 10. If both metal-complex
fragments possess RO ligands, we observe a strong tendency
for those compounds to form metal ± metal bonds by reduc-
tive ArO elimination. This feature seems to be a common
property of these systems.

Current investigations in our laboratories concerning the
reactivity of 3 a towards alkynes, nitriles, and related com-
pounds as well as other coordination complexes will definitely
offer more insights into the exciting chemistry of this new
class of compounds with a metal ± phosphorus triple bond.

Experimental Section

General techniques : All reactions were performed under an atmosphere of
dry argon using Schlenk and glove box techniques. Solvents were purified
and degassed by standard procedures and distilled prior to use. NMR
spectra were recorded on a Bruker AC 250 [1H: 250.13 MHz; 31P:
101.256 MHz; standard Me4Si (1H), 85 % H3PO4 (31P)]. IR spectra were
recorded in Nujol on a Bruker IFS 28 FT-IR-spectrometer. MS: Finnigan
MAT 711 at 70 eV. Correct elemental analysis for the isolated products
were performed by the analytical laboratory of the institute.

Reagents : Unless otherwise stated, commercial-grade chemicals were used
without further purification. tBuC�P was synthesized in accordance to the
literature route.[35] [(ArO)6W2] was synthesized as published.[36]

Synthesis of 3a and 3 b : A solution of [W2(OAr)6] (1.094 g, 1 mmol) and
[M(CO)5thf] (25 mL of a 0.04m solution prepared by irradiation of M(CO)6

in THF; M�W, Cr) in THF (25 mL) was cooled toÿ196 8C. tBuC�P (2 mL
of a 0.5m solution in n-hexane) was cooled toÿ70 8C and added to the solid
mixture. The solution was allowed to warm to ambient temperature within
15 h. The solvent was removed in vacuo, and the residue was extracted with
n-hexane (30 mL) and filtered. The solvent of the resulting mixture was
then reduced in vacuo until the onset of crystallization. At 8 8C crystals of
3a suitable for an X-ray single-crystal diffraction study were isolated in the
shape of yellow plates which appear red in thicker layers. Isolated yield:
650 mg, 66 % of 3a and 450 mg, 53 % of 3b ; 31P{1H} NMR (101.256 MHz,
C6D6, 300 K): 3a : d� 718.5 (s, 1JWP� 562.5 Hz, 1JWP� 170.2 Hz); 3 b : d�
773.4 (s, 1JWP� 549.3 Hz); IR (Nujol): 3a : nÄ(CO)� 2069 (s), 1976 (sh),
1947 cmÿ1 (br); 3b : nÄ(CO)� 2065 (s), 1985 (sh), 1962 cmÿ1 (br); EI-MS
(70eV; 180 8C): m/z (%): 901.9 (9.6) [MÿTHF]� , 818.0 (4.4) [Mÿ 3 COÿ
THF]� , 790.0 (2.9) [Mÿ 4 COÿTHF]� , 653.1 (40) [(ArO)3WPÿMe]� ,
351.9 (32.1) [W(CO)6]� , 72.0 (100) [THF]� .

Synthesis of 7: A solution of 3a (0.5 mmol, 490 mg) in toluene (25 mL) was
kept at room temperature. After one day crystals of 7 formed in shape of
dark green rhombi (after 4 d, isolated yield: 120 mg, 30 %). 31P{1H} NMR
([D8]THF, ÿ78 8C): d� 558.2 (s 1JWP� 202.7 Hz); IR (Nujol): nÄ(CO)�
2065 (s), 1939 (br), 1920 cmÿ1 (sh); EI-MS (70 eV; 180 8C): m/z (%):
1561.9 (9) [M]� , 1477.8 (1.1) [Mÿ 3CO]� , 1238.1 (1.2) [MÿW(CO)5]� ,
1098.1 (4) [(ArO)4W3P2]� , 351.9 (50.8) [W(CO)6]� .

Synthesis of 8 : A solution of 3a (0.5 mmol, 490 mg) and [(ArO)4W�O]
(0.5 mmol; 342 mg) in toluene (25 mL) was stirred at 80 8C for 12 h. After
evaporation of the solvent, the residue was extracted with 20 mL hexane.
Besides unreacted [(ArO)4W�O] it was possible to obtain 8 as black
platelets. Owing to the impurities of 8 with starting material a complete
spectroscopic characterization of 8 was impossible. However, crystals of 8
could be reproduced from different reactions.
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Synthesis of 10 : The phosphido complex 3a (0.5 mmol, 490 mg) was
dissolved in toluene (25 mL) and cooled to ÿ70 8C. At this temperature
[(Ph3P)Pt(h2-C2H4)] was added at once. Then the solution was allowed to
warm to ambient temperature within 15 h. The solvent was removed in
vacuo, and the residue was extracted in n-hexane (50 mL). This solution
was kept at 8 8C to give dark-brown rhombi, which were suitable for an
X-ray diffraction study. Upon reduction of the solvent, 10 could be isolated
in a total yield of 50 % (400 mg). 31P{1H} NMR (101.256 MHz, C6D6,
300 K): d� 180.3 (dd, 2JPP� 155, 29 Hz, 1JWP� 178 Hz, 1JPtP� 2890 Hz),
166.2 (dd, 2JPP� 155, 12 Hz, 1JWP� 182 Hz, 1JPtP� 1654 Hz), 75.5 (dd, 2JPP�
29, 12 Hz, 1JPtP� 4310 Hz); IR (Nujol): nÄ(CO)� 2059 (vs), 1970 (sh), 1945
(vs), 1925 (vs), 1986 cmÿ1 (vs).

Crystal structure analysis : Crystal structure analyses of 3a, 7, 8, and 10 were
performed on a STOE STADI IV (3 a : w-scan mode) and a STOE IPDS (7,
8, 10, and [(ArO)4W�O]) diffractometer with MoKa radiation (l�
0.71073 �), and with empirical absorption corrections for 3a (6 Psi-scans).
The structures were solved by direct methods by use of SHELXS-86.[37a]

Full-matrix least-squares refinement on F 2 in SHELXL-93[37b] was
performed with anisotropic displacement for non-H atoms. Hydrogen
atoms were located in idealized positions and refined isotropically
according to the riding model. Crystallographic data for compounds 3a,
7, 8, and 10 are given in Table 2.

Crystals of 7 suitable for an X-ray diffraction study were directly obtained
from the toluene reaction mixture at ambient temperature. Unfortunately,
all crystals of the compound appeared to be twinned. Owing to the low
solubility in n-hexane, toluene, and CH2Cl2 and the decomposition in THF
or DMSO at ambient temperature recrystallization of 7 was impossible.
However, the structure could be solved in the orthorhombic space group
Fmmm. There, the structure could be refined up to a final R1 value of 0.022
with split positions for the CO and Ar groups. The problem of this solution,
however, is that only parts of the structure possess mmm symmetry. The W,
P, and O atoms of the alkoxy ligand fully obey the mmm symmetry, whereas
the CO and Ar moieties only adhere to a 2/m symmetryÐthe CO and Ar
groups lie on two different axes. Therefore, four different possibilities arise
for the refinement of the structure: i) refinement of the structure in Fmmm
with disordered CO and Ar groups; ii) resolving the structure under loss of
symmetry in C2/m with disordered and doubly twinned CO ligands; iii)

assumption of a different position for the Ar moieties and refinement of
those as disordered and twinned; iv) the refinement in P1Å under further loss
of symmetry with double twinning but without any disorder. In all these
solutions one of the methyl groups of the Ar substituent comes very close to
one of the CO ligands. Therefore, problems arose for the disordered groups
during the anisotropic refinement that could be satisfactorily resolved by
the use of appropriate restraints. After thorough consideration of all
solutions, we found that the molecular structure of 7 is best described by the
refinement in the space group Fmmm. In this solution the CO ligands were
calculated as being disordered, and the position of the Ar substituents was
fixed by restraints. Only the heavy atoms W and P were refined anisotropi-
cally.

Crystallographic data for [(ArO)4W�O]: C32H36O5W, M� 684.46, crystal
size 0.19� 0.08� 0.08 mm3, tetragonal, space group P4/n ; a� b�
14.109(2) �, c� 7.358(2) �, T� 200(2) K, Z� 2, V� 1464.7(4) �3, 1calcd�
1.552 mg mÿ3, m(MoKa)� 39.81 cmÿ1, 1415 independent reflections (2 qmax�
528), 1314 observed reflections with Fo� 4s (Fo); 90 parameters, R1�
0.0370, wR2� 0.0999.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-116259 ±
116263. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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