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Oxidative-addition reactions of Cl2CdPN(SiMe3)2 with 1:2 Ni(COD)2/PPh3, Ni(PPh3)4, or
(Ph3P)2Ni(C2H4) initially yields the phosphavinyl phosphonium complex Cl(Ph3P)Ni[η2-C(Cl)-
(PPh3)dPN(SiMe3)2] (IIa). Addition of another equivalent of Ni(0) reagent to IIa results in
the formation of the novel, dinuclear, phosphavinylidene-phosphorane complex Ni2Cl2-
(PPh3)2[µ2-η2:η2-C(PPh3)dPN(SiMe3)2] (IIIa); the structure of IIIa was established by X-ray
diffraction and contains a Ph3PdCdPR′ ligand bridged between two four-coordinate, planar
nickel atoms in a butterfly arrangement with a Ni-Ni distance that is too long for a
significant bonding interaction. The Ph3PdCdPR′ ligand, which may be viewed as a
phosphavinylidene (dCdPR) ligand with a phosphine-donor substituent, acts as a six-electron
donor to the two nickel atoms. This contrasts with the known diphosphaallene compounds
of the types R3PdCdPR3 and RPdCdPR that act as two-electron donor ligands. When the
reaction of the Ni(0) reagent is performed with Cl2CdPMes* (Mes* ) 2,4,6-tri-tert-
butylphenyl), the mononuclear phosphonio-phosphavinyl complex Cl(Ph3P)Ni[η2-C(H)-
(PPh3)dP(Mes*)] (Va) forms. The structure of Va was established by X-ray diffraction and
contains a [C(H)(PR3)dP(R′)] ligand that acts as a three-electron donor to the Ni(PPh3)Cl
fragment. This structure also exhibits a puckered, boat-shaped supermesityl ring. Both
IIIa and Va exhibit labile PPh3 groups on nickel which are easily substituted with PEt3,
but the carbon-bound PPh3 groups could not be substituted with PEt3.

Introduction

Many recent advances have been made in the coor-
dination chemistry of ligands containing carbon-
phosphorus multiple bonds. There are numerous ex-
amples of phosphorus analogues of common unsaturated
organic ligands which exhibit rich coordination chem-
istries due in part to the presence of the phosphorus
lone electron pair. Examples of η1- through η6-coordi-
nated phosphorus-substituted hydrocarbon ligands are
known; representative examples include phosphaal-
kenes (A), phosphaalkynes (B), diphosphaallenes (C),
diphosphaallyls (D), phosphacyclobutadienes (E), phos-
phacyclopentadienyls (F), and phosphabenzenes (G).
The coordination chemistry of phosphaalkenes (A) and
phosphaalkynes (B) has been reviewed,1 as has the
coordination chemistry of the cyclic phosphorus-substi-
tuted compounds of types E-G.2 However, the coordi-
nation chemistry of diphosphaallenes (C) and diphos-
phaallyls (D) is much less developed.3 Phosphorus
ylides (R′2CdPR3), which are the tetracoordinate (σ4)
phosphorus analogues of phosphaalkenes, have been
studied a great deal with respect to their utility in the

Wittig reaction and have been studied to a lesser extent
as ligands in transition-metal complexes.4 Interest-
ingly, the coordination chemistry of ylides, which is
mainly limited to η1-C-coordination,4 is dramatically
different than that of phosphaalkenes. There are also
examples of σ4-phosphorus analogues of diphosphaal-
lenes, i.e., (R3PdCdPR3)5 and diphosphaallyls ([(R3P)-
HCdPR3]+),6 as well as mixed σ2,σ4-diphosphaallyls
[(R3P)HCdPR′]+.7-10 However, there are no examples
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of mixed σ2,σ4-diphosphaallenes (R3PdCdPR′). Of these
σ4-diphosphaallene and diphosphaallyl compounds, only
the σ4,σ4-diphosphaallenes (R3PdCdPR3) have been
investigated as ligands,11 exhibiting a preferential η1-
C-coordination as in the R′2CdPR3 compounds due to
the strongly carbanionic character of the ylidic carbon.4
The dramatic differences imparted by the σ4-phosphorus
should give these compounds interesting ligation prop-
erties that contrast with their σ2-phosphorus counter-
parts, particularly in the case of the mixed σ2,σ4-di-
phosphaallyls [(R3P)HCdPR′]+ and σ2,σ4-diphosphaal-
lenes (R3PdCdPR′) in which comparisons of bonding
properties can be made directly between the σ2 and σ4
phosphorus atoms.
We recently succeeded in preparing the first example

of a coordinated isocyaphide (CtPR) ligand by oxidative
addition of the C-X bond in the phosphavinyl complex
(1; eq 1) to generate a diplatinum complex [(Cl)(Et3P)-
Pt(µ-CdPR)Pt(PEt3)2(Cl)] (2) containing a semibridging
CtPR group.12 More recently, Weber and co-workers

reported the synthesis (eq 2) of a diiron complex
containing a symmetrically bridged CtPR ligand (3) by
a different route.13

We also reported an expanded study of the syntheses
and reactions of the phosphavinyl compounds X(R′3P)2M-
[C(dPR)X] (M ) Pt, Pd; X ) Cl, Br; R′ ) Ph, Et; R )
2,4,6-tri-tert-butylphenyl)14 in order to assess the gen-
eral usefulness of these starting materials for the
preparation of complexes containing CtPR ligands
according to eq 1. However, this approach was limited
by the tendency of the R group to migrate from
phosphorus to carbon, thereby forming the phos-
phaalkyne (R-CtP, R ) 2,4,6-tri-tert-butylphenyl). A
detailed study of this migration in the case of R′ ) Et
showed that it proceeds through a novel bicyclic inter-
mediate (4; eq 3).14 Rearrangement of the 2,4,6-tri-tert-
butylphenyl R group from phosphorus to carbon has also

been reported in the conversion of Li(Cl)CdPR to LiCl
and R-CtP15-18 and in the reaction of Pd(PPh3)4 with
Cl2CdPR to give Cl2Pd(PPh3)2 and R-CtP.19
To probe the generality of eq 1 for the synthesis of

other complexes containing CtPR ligands, in the present
paper we explore reactions of Cl2CdPR with Ni(0)
complexes. We chose Cl2CdPR reactants with nonaro-
matic R groups in order to circumvent R-group rear-
rangement (eq 3). During the course of these studies,
we isolated the first example of a mixed σ2,σ4-diphos-
phaallene or phosphavinylidene-phosphorane ligand
that is bridged between two nickel atoms in a butterfly
arrangement with the R3PdCdPR′ ligand acting as a
six-electron donor as in H. This ligand may be consid-

ered as a triphenylphosphine donor-stabilized phos-
phavinylidene ligand. Phosphavinylidene (dCdPR)
ligands can also be called isocyaphides (CtPR) and are
phosphorus analogues of isocyanides (CtNR). Since
there are no examples of donor-stabilized isocyanide R3-
PdCdNR, carbonyl R3PdCdO, or thiocarbonyl R3-
PdCdS ligands, the formation of the PPh3-stabilized
CtPR ligand in H illustrates that phosphorus ana-
logues of isocyanides offer unique differences in bonding
with respect to their well-studied isoelectronic ana-
logues. We have also isolated the first example of a
coordinated σ2,σ4-diphosphaallyl or phosphavinyl phos-
phonium ligand that is coordinated η2 to a nickel atom
with the (R3P)(H)CdPR′ ligand acting as a three-
electron donor as in I. The preparations of complexes
of types H and I will be discussed, along with likely
pathways of formation and chemical reactivity. Struc-
ture and bonding in these new ligands will also be
discussed.

Experimental Section

General Procedure. All manipulations were carried out
under a dry, oxygen-free argon atmosphere using standard
Schlenk techniques. All solvents employed were reagent grade
and dried by refluxing over the appropriate drying agents
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2133.
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under nitrogen. Tetrahydrofuran (THF) and diethyl ether
(Et2O) were distilled over sodium benzophenone ketyl, while
hexanes and toluene were distilled over CaH2. Acetone was
distilled over anhydrous MgSO4.
The 1H NMR spectra of the compounds were recorded in

C6D6 solvent unless otherwise specified using a Varian VXR
300-MHz spectrometer with TMS (δ 0.00 ppm) as the internal
standard. The 31P{1H} and 31P NMR spectra were recorded
on a Bruker AC 200-MHz spectrometer using 85% H3PO4 (δ
0.00 ppm) as the external standard. The 13C{1H} and 13C NMR
spectra were recorded on a Bruker DRX 400-MHz spectrometer
using CDCl3 as the internal standard. Elemental analyses
were performed by National Chemical Consulting, Inc., Ten-
afly, NJ. The compounds Ni(COD)2,20 (PPh3)2Ni(C2H4),21 Ni-
(PPh3)4,22 Cl2CdPN(SiMe3)2,23 Cl2CdPMes*,24 and Br2Cd
PMes*25 were prepared by literature methods. The phosphine
ligands were purchased from Strem and used without further
purification, with the exception of PPh3, which was recrystal-
lized from MeOH.
Preparation of Ni2Cl2(PPh3)2[µ2-η2:η2-C(PPh3)dPN-

(SiMe3)2] (IIIa) through Intermediate Cl(Ph3P)Ni[η2-C-
(Cl)(PPh3)dPN(SiMe3)2] (IIa). Method A. To a cooled (-50
°C) slurry of Ni(COD)2 (0.500 g, 1.82 mmol) in toluene (10 mL)
was added a cooled (-50 °C) solution of PPh3 (0.954 g, 3.64
mmol) and Cl2CdPN(SiMe3)2 (0.249 g, 0.909 mmol) in toluene
(10 mL). The dark red solution was allowed to warm slowly
with stirring. A 31P{1H} NMR spectrum taken when the
reaction had reached -20 °C after about 20 min showed IIa
as an intermediate with no traces of IIIa. When the solution
reached room temperature after about 1 h, IIa had converted
almost completely to IIIa. The solution was filtered, and the
solvent was removed under vacuum to yield a red-green oily
solid. The residue was treated with 25 mL of Et2O, and the
flask was placed in a sonicating bath for 15 min to break up
the solids. The dark green precipitate was collected on a
medium porosity fritted glass filter, washed with 3 × 5 mL
portions of Et2O, and dried under vacuum. The solids were
extracted with 25 mL of toluene, and after reducing the extract
to one-fourth of its volume under vacuum, dark green crystals
of IIIa (0.735 g, 69%) were obtained by slowly cooling the
solution to -78 °C.
Method B. To a cooled (-50 °C) slurry of Ni(PPh3)4 (0.500

g, 0.451 mmol) in toluene (10 mL) was added a cooled (-50
°C) solution of Cl2CdPN(SiMe3)2 (0.0619 g, 0.226 mmol) in
toluene (5 mL). After the reaction mixture was warmed to
room temperature with stirring over the course of 1 h, it was
worked up as above, although the yield was about 10% less.
Method C. To a cooled (-50 °C) slurry of (Ph3P)2Ni(C2H4)

(0.500 g, 0.818 mmol) in toluene (10 mL) was added a cooled
(-50 °C) solution of Cl2CdPN(SiMe3)2 (0.112 g, 0.409 mmol)
in toluene (5 mL). After the reaction mixture was warmed to
room temperature with stirring over the course of 1 h, it was
worked up as above to yield 0.369 g of IIIa (74%). 31P{1H}
NMR (toluene, -50 °C) (see Scheme 1 for atom labels) for IIa:
δ(P(x)) 103.7 (dd, 2JP(x)P(b) ) 60.5 Hz, 2JP(x)P(a) ) 24.7 Hz), δ-
(P(a)) 22.4 (d, 2JP(a)P(x) ) 24.7 Hz), δ(P(b)) 19.0 (d, 2JP(b)P(x) )
60.5 Hz). For IIIa: δ(P(x)) 38.0 (dt, 2JP(x)P(a) ) 57.8 Hz, 2JP(x)P(b)
) 41.2 Hz), δ(P(a)) 22.3 (d, 2JP(a)P(x) ) 57.8 Hz), δ(P(b)) 20.0 (d,
2JP(b)P(x) ) 41.2 Hz). Anal. Calcd for C61H63Cl2N1Ni2P4Si2
(IIIa): C, 62.17; H, 5.39; N, 1.19. Found: C, 62.08; H, 5.44;
N, 1.25.

Reaction of Ni(COD)2, PEt3, and Cl2CdPN(SiMe3)2;
Characterization of Cl(Et3P)2Ni[C(Cl)dPN(SiMe3)2] (Ib).
This reaction was carried out as in Method A above. The
reagents used were Ni(COD)2 (0.100 g, 0.364 mmol), PEt3
(0.0859 g, 0.728 mmol), and Cl2CdPN(SiMe3)2 (0.0498 g, 0.182
mmol) in toluene (10 mL). After the reaction mixture reached
room temperature in about 1 h, a 31P{1H} NMR spectrum
showed Ib as the main product. Compound Ib decomposed
into nonisolable products after 1 day in solution and was
characterized by 31P{1H} NMR spectroscopy as discussed in
the Results. 31P{1H} NMR (toluene) (see Scheme 1 for atom
labels): δ(P(x)) 221.7 (t, 3JP(x)P(a) ) 27.5 Hz), δ(P(a)) 27.7 (d,
3JP(a)P(x) ) 27.5 Hz).
Conversion of Ni2Cl2(PPh3)2[µ2-η2:η2-C(PPh3)dPN(Si-

Me3)2] (IIIa) to Ni2Cl2(PEt3)2[µ2-η2:η2-C(PPh3)dPN(SiMe3)2]
(IV). To a cooled (-78 °C) THF (5 mL) solution of IIIa (0.0500
g, 0.0424 mmol) was added PEt3 (0.0151 g, 0.128 mmol). After
the reaction mixture was warmed to -40 °C in 15 min with
stirring, a 31P{1H} NMR spectrum showed that IV formed in
essentially quantitative yield. Compound IV decomposed into
nonisolable products after 1 day in solution and was charac-
terized by 31P{1H} NMR spectroscopy as discussed in the
Results. 31P{1H} NMR (THF, -40 °C) (see Scheme 2 for atom
labels): δ(P(x)) 39.5 (dt, 2JP(x)P(a) ) 54.3 Hz, 2JP(x)P(b) ) 49.9 Hz),
δ(P(a)) 20.3 (dt, 2JP(a)P(x) ) 54.3 Hz, 3JP(a)P(b) ) 5.5 Hz), δ(P(b))
10.9 (dd, 2JP(b)P(x) ) 49.9 Hz, 3JP(b)P(a) ) 5.5 Hz).
Preparation of Cl(PPh3)Ni[η2-C(H)(PPh3)dP(Mes*)]

(Mes* ) 2,4,6-Tri-tert-butylphenyl) (Va). Method A. To
a cooled (-50 °C) slurry of Ni(COD)2 (0.500 g, 1.82 mmol) in
toluene (10 mL) was added a cooled (-50 °C) solution of PPh3
(0.954 g, 3.64 mmol) and Cl2CdPMes* (0.294 g, 0.909 mmol)
in toluene (10 mL). After the reaction mixture was warmed
slowly to room temperature with stirring, the dark red solution
was filtered and the solvent was removed under vacuum. The
deep red residue was dissolved in acetone (25 mL), and the

(20) Schunn, R. A.; Ittel, S. D.; Cushing, M. A. Inorg. Synth. 1990,
28, 94-98.

(21) Choi, H.; Hershberger, J. W.; Pinhas, A. R.; Ho, D. M. Orga-
nometallics 1991, 10, 2930-2936.

(22) Ittel, S. D. Inorg. Synth. 1990, 28, 102-104.
(23) Prishchenko, A. A.; Gromov, A. V.; Luzikov, Y. N.; Borisenko,

A. A.; Lazhko, E. I.; Klaus, K.; Lutsenko, I. F. Zh. Obshch. Khim. 1985,
54, 1520.

(24) Appel, R.; Casser, C.; Immenkeppel, M. Tetrahedron Lett. 1985,
26, 3551.

(25) Koidan, N. G.; Oleinik, V. A.; Marchenko, A. P.; Pinchuk, A.
M. Zh. Obshch. Khim. 1989, 59, 1902.

Scheme 1

Scheme 2
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acetone solution was reduced to one-fourth of its volume under
vacuum and cooled to -78 °C to precipitate a mixture of dark
red crystals of Va and yellow solids of Ni(PPh3)3Cl. The solids
were isolated with a filter cannula and washed with 3 × 10
mL portions of acetone at 0 °C to remove the Ni(PPh3)3Cl as
a yellow solution. The remaining red solids were dissolved in
a mixture of toluene (2 mL) and hexanes (6 mL) and cooled
slowly to -78 °C to form red crystals ofVa, which were isolated
and dried under vacuum (0.387 g, 49% based on Cl2CdPMes*).
Method B. To a cooled (-50 °C) slurry of Ni(PPh3)4 (0.500

g, 0.451 mmol) in toluene (10 mL) was added a cooled (-50
°C) solution of Cl2CdPMes* (0.0729 g, 0.226 mmol) in toluene
(5 mL). After the reaction mixture was warmed slowly to room
temperature with stirring, it was worked up as above, although
the yield was much smaller.
Method C. To a cooled (-50 °C) slurry of (Ph3P)2Ni(C2H4)

(0.500 g, 0.818 mmol) in toluene (10 mL) was added a cooled
(-50 °C) solution of Cl2CdPMes* (0.132 g, 0.409 mmol) in
toluene (5 mL). After the reaction mixture was warmed slowly
to room temperature with stirring, it was worked up as above
to yield 0.121 g of Va (34% based on Cl2CdPMes*). 31P{1H}
NMR (toluene) (see eq 4 for atom labels): δ(P(a)) 25.5 (d,
2JP(a)P(x) ) 33.1 Hz), δ(P(x)) 21.6 (dd, 2JP(x)P(a) ) 33.1 Hz, 2JP(x)P(b)
)82.5 Hz), δ(P(b)) 17.8 (d, 2JP(b)P(x) ) 82.5 Hz). Anal. Calcd
for C55H60Cl1Ni1P3 (Va): C, 72.74; H, 6.66. Found: C, 72.60;
H, 6.42.
Preparation of Br(PPh3)Ni[η2-C(H)(PPh3)dP(Mes*)]

(Vb). To a cooled (-50 °C) slurry of Ni(COD)2 (0.500 g, 1.82
mmol) in toluene (10 mL) was added a cooled (-50 °C) solution
of PPh3 (0.954 g, 3.64 mmol) and Br2CdPMes* (0.375 g, 0.909
mmol) in toluene (10 mL). After the reaction mixture was
warmed slowly to room temperature with stirring, the dark
red solution was filtered and the solvent was reduced to 5 mL
under vacuum. The deep red solution was treated with
hexanes (40 mL) and filtered, and crystals of Vb (0.295 g, 35%
based on Br2CdPMes*) were obtained by cooling the filtrate
slowly to -78 °C. 31P{1H} NMR (toluene) (see eq 4 for atom
labels): δ(P(a)) 26.2 (d, 2JP(a)P(x) ) 30.2 Hz), δ(P(x)) 23.1 (dd,
2JP(x)P(a) ) 30.2 Hz, 2JP(x)P(b) )85.2 Hz), δ(P(b)) 19.2 (d, 2JP(b)P(x)
) 85.2 Hz).
Preparation of Br(Cy3P)Ni[η2-C(H)(PCy3)dP(Mes*)]

(Vc). This reaction was carried out as in the preparation of
Vb above. The reagents used were Ni(COD)2 (0.200 g, 0.727
mmol), tricyclohexylphosphine (PCy3) (0.408 g, 1.45 mmol) and
Br2CdPMes* (0.150 g, 0.364 mmol) in toluene (10 mL). After
the reaction mixture was warmed slowly to room temperature
with stirring, the lilac-colored solution was filtered. Compound
Vc could not be isolated pure as it decomposed during
attempted crystallization and was characterized by 31P{1H}
NMR spectroscopy as discussed in the Results. 31P{1H} NMR
(toluene): δ(P(b)) 32.2 (d, 2JP(b)P(x) ) 55.0 Hz), δ(P(a)) 30.1 (d,
2JP(a)P(x) ) 16.5 Hz), δ(P(x)) 5.6 (dd, 2JP(x)P(b) ) 55.0 Hz, 2JP(x)P(a)
)16.5 Hz).

13C-Labeling Studies of Cl(Ph3P)Ni[η2-C(H)(PPh3)dP-
(Mes*)] (Va). The compound Cl213CdPMes* was prepared by
substituting labeled 13CCl4 for CCl4 in the literature prepara-
tion. This compound was then used to prepare Cl(Ph3P)Ni-
[η2-13C(H)(PPh3)dP(Mes*)] by using the procedure in Method
A above. 31P{1H} NMR (toluene) (see eq 4 for atom labels):
δ(P(a)) 25.5 (dd, 2JP(a)P(x) ) 33.1 Hz, 2JCP ) 30.7 Hz), δ(P(x))
21.6 (ddd, 2JP(x)P(a) ) 33.1 Hz, 2JP(x)P(b) )82.5 Hz, 1JCP ) 93.5
Hz), δ(P(b)) 17.8 (dd, 2JP(b)P(x) ) 82.5 Hz, 1JCP ) 57.2 Hz). 13C-
{1H} NMR (toluene): δ(CdP) 24.3 (ddd, 1JCP(x) ) 93.5 Hz, 1JCP(b)
) 57.2 Hz, 2JCP(a) ) 30.7 Hz). 13C NMR (toluene): δ(CdP) 24.3
(dddd, 1JCH ) 145.8 Hz, 1JCP(x) ) 93.5 Hz, 1JCP(b) ) 57.2 Hz,
2JCP(a) ) 30.71 Hz).
Conversion of Br(Ph3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (Vb)

to Br(Et3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (VI). To a THF
solution of compound Vb (0.050 g, 0.0545 mmol) in an NMR
tube was added 1 equiv of PEt3 (8 µL) at room temperature.
Compound Vb was converted immediately and completely to

compound VI, which was characterized by 31P{1H} NMR
spectroscopy as described in the Results. Addition of two more
equivalents of PEt3 (16 µL) did not cause further change. 31P-
{1H} NMR (THF) (see Scheme 2 for atom labels): δ(P(x)) 22.5
(dd, 2JP(x)P(b) ) 30.2 Hz, 2JP(x)P(a) ) 90.5 Hz), δ(P(a)) 18.5 (d,
2JP(a)P(x) ) 90.5 Hz), δ(P(b)) -5.5 (d, 2JP(b)P(x) ) 30.2 Hz).
X-ray Crystallographic Study of Ni2Cl2(PPh3)2[µ2-η2:

η2-C(PPh3)dPN(SiMe3)2] (IIIa). Diffraction-quality crystals
of IIIa were obtained by recrystallization from toluene at -78
°C. Data collection and reduction information are given in
Table 1. A dark green crystal of IIIa was mounted on a glass
fiber for data collection. Cell constants were determined from
a set of 25 reflections found by a random search routine. The
data were corrected for Lorentz and polarization effects. A
correction based on nonlinear decay in the three standard
reflections was applied to the data. An absorption correction
based on a series of ψ-scans using the semiempirical method
was applied. The space group P1h was unambiguously deter-
mined by intensity statistics.26 A successful direct-methods
solution was calculated which provided most non-hydrogen
atoms from the E-map. Several full-matrix least-squares
difference-Fourier cycles were performed, which located the
remainder of the non-hydrogen atoms. All non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen-atom positions were generated with ideal geometries
and refined as riding, isotropic atoms. One toluene molecule
is disordered over two partially occupied sites. The phenyl
groups of the triphenylphosphines were used as a model to
restrain C-C interatomic distances within both unique toluene
solvent molecules. A secondary crystallite was unavoidably
attached to the specimen used for data collection. An unsuc-
cessful attempt was made to determine its orientation so a

(26) SHELXTL-Plus V5.0; Siemens Industrial Automation Inc.:
Madison, WI, 1994.

Table 1. Crystal and Data Collection Parameters
for Ni2Cl2(PPh3)2[µ-η2:η2-C(PPh3)dPN(SiMe3)2]

(IIIa) and Cl(Ph3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (Va)
IIIa Va

formula C75H79Cl2NNi2P4-
Si2

C58.50H64ClNiP3

space group P1h P1h
a, Å 10.904(2) 10.7005(8)
b, Å 17.073(3) 12.968(1)
c, Å 18.936(3) 20.350(2)
R, deg 86.42(1) 74.537(1)
â, deg 86.60(2) 83.690(1)
γ, deg 79.24(2) 68.106(1)
V, Å3 3452(1) 2525.1(4)
Z 2 2
dcalc, g/cm3 1.311 1.255
cryst size, mm 0.25 × 0.12 × 0.03 0.4 × 0.34 × 0.02
µ, mm-1 2.921 0.570
data collection instrument Siemens P4RA Siemens SMART
radiation (monochromated
in incident beam)

Cu KR (λ )
1.54178 Å)

Mo KR (λ )
0.71073 Å)

temp, K 213(2) 173(2)
scan method 2θ-θ area detector,

ω-frames
data collection range,

θ, deg
2.34-56.82 1.75-24.11

no. of data collected 9814 10 481
no. of total unique data 9227 7384
with I g 2σ (I) 9207 5879

no. of param refined 840 613
trans factors; max/min 0.78/0.55 0.818/0.649
Ra (I > 2σ(I)) 0.0699 0.0622
Rw

b (I > 2σ(I)) 0.1753 0.1378
quality of fit indicatorc 1.052 1.090
largest peak, e/Å-3 0.642 0.610

a R ) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2/∑w|Fo|2]1/2; w
) 1/σ2(|Fo|). c Quality-of-fit ) [∑w(|Fo| - |Fc|)2/(Nobs - Nparam)]1/2.
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twin law could be applied. However, eight reflections which
had Fo

2 . Fc
2 were removed from the least-squares refinement,

reducing R1 by about 2%. Selected bond distances and bond
angles are given in Table 2.
X-ray Crystallographic Study of Cl(Ph3P)Ni[η2-C(H)-

(PPh3)dP(Mes*)] (Va). Diffraction-quality crystals of Va
were obtained by recrystallization at -78 °C in acetone. Data
collection and reduction information are given in Table 1. A
dark red crystal of Va was mounted on a glass fiber for data
collection. An initial set of cell constants was calculated from
50 reflections taken from three sets of 20 frames. Final cell
constants were calculated from a set of 4943 strong reflections
taken during the data collection. The space group P1h was
unambiguously determined by systematic absences and in-
tensity statistics.26 A hemisphere-type data collection was
employed in which a randomly oriented region of space was
surveyed to the extent of 1.3 hemispheres to a resolution of
0.87 Å. Three major swaths of frames were collected with
0.30° steps in ω, providing a high degree of redundancy. A
successful direct-methods solution was calculated which pro-
vided most non-hydrogen atoms from the E-map. Several full-
matrix least-squares difference-Fourier cycles were performed,
which located the remainder of the non-hydrogen atoms. All
non-hydrogen atoms were refined with anisotropic displace-
ment parameters. Hydrogen-atom positions were generated
with ideal geometries and refined as riding, isotropic atoms,
except for the CdP hydrogen atom (H(1)), which was refined
as an independent atom. PLATON/SQUEEZE was used to
remove the effects of the disordered toluene solvent molecule
on the data.27 This solvent void was approximately 216.4 Å3

or 8.6% of the total volume. A total of 41.1 electrons were
located in the disordered void, and the refinement improved
by 1.1% after applying the program. Selected bond distances
and bond angles are given in Table 3.

Results

Reactions of Ni(0) Complexes with Cl2CdPN-
(SiMe3)2. The reactions (Scheme 1) of 0.5 equiv of
Cl2CdPN(SiMe3)2 with 1:2 Ni(COD)2/PPh3, Ni(PPh3)4,
or (Ph3P)2Ni(C2H4) in toluene at -78 °C produce Ni2-
Cl2(PPh3)2[µ2-η2:η2-C(PPh3)dPN(SiMe3)2] (IIIa) in 69-
74% yield. The reaction with (Ph3P)2Ni(C2H4) (Method
C) is preferred because it produces fewer impurities and
gives slightly higher yields. Low-temperature (-30 °C)
31P NMR monitoring shows complex IIa as the only
observable intermediate in these reactions. A 1:1 stoi-
chiometric reaction of (Ph3P)2Ni(C2H4) with Cl2CdPN-
(SiMe3)2 quantitatively forms IIa at -30 °C. However,
complex IIa could not be isolated and decomposes to
unidentified products in solution at room temperature.
Formation of IIIa occurs upon addition of another
equivalent of (Ph3P)2Ni(C2H4) to the solution of IIa at
0 °C. In this reaction, the remaining C-Cl bond in IIa
is oxidatively added to (Ph3P)2Ni(C2H4), resulting in the
formation of IIIa. Complex IIIa is oxygen-sensitive in
the solid state and in solution but does not react with
water; it is thermally sensitive and decomposes when
heated above 30 °C.
Compounds IIa and IIIa were characterized by 31P-

{1H} NMR spectroscopy; the structure of IIIa was
established by X-ray diffraction studies. The 31P NMR
spectrum of IIIa was collected at -50 °C, as signal
broadening occurred at room temperature. Excess PPh3
present in solution enhanced this broadening, and at
room temperature the signal for free PPh3 disappeared.
This is most likely due to phosphine exchange, although
detailed studies were not carried out. Compound IIIa(27) PLATON: Spek, A. L. Acta Crystallogr. 1990, A46, C34.

Table 2. Selected Bond Distances (Å) and Angles (deg) for Ni2Cl2(PPh3)2[µ-η2:η2C(PPh3)dPN(SiMe3)2] (IIIa)a

Distances
Ni(1)-Ni(2) 2.966(7) Ni(2)-C(1) 2.036(7) C(1)-P(2) 1.709(7)
Ni(1)-C(1) 1.983(7) Ni(2)-P(1) 2.103(2) P(1)-N(1) 1.684(6)
Ni(1)-P(1) 2.133(2) Ni(2)-P(4) 2.195(2) N(1)-Si(1) 1.773(6)
Ni(1)-P(3) 2.202(2) Ni(2)-Cl(2) 2.205(2) N(1)-Si(2) 1.795(6)
Ni(1)-Cl(1) 2.231(2) C(1)-P(1) 1.707(7)

Bond Angles
P(1)-C(1)-P(2) 144.4(4) C(1)-Ni(2)-P(4) 162.4(2)
C(1)-Ni(1)-P(1) 48.8(2) C(1)-Ni(2)-Cl(2) 104.2(2)
C(1)-Ni(1)-P(3) 158.1(2) P(1)-Ni(2)-Cl(2) 152.57(9)
C(1)-Ni(1)-Cl(1) 101.5(2) P(4)-Ni(2)-Cl(2) 93.41(8)
P(1)-Ni(1)-Cl(1) 147.54(10) P(1)-Ni(2)-P(4) 113.85(9)
P(3)-Ni(1)-Cl(1) 94.01(9) P(1)-N(1)-Si(1) 121.7(3)
P(1)-Ni(1)-P(3) 118.28(9) P(1)-N(1)-Si(2) 119.3(3)
C(1)-Ni(2)-P(1) 48.7(2)

a Numbers in parentheses are estimated standard deviations in the least significant digits.

Table 3. Selected Bond Distances (Å) and Angles (deg) for Cl(Ph3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (Va)a

Distances
C(1)-P(1) 1.796(5) Ni-Cl 2.2338(12) C(13)-C(14) 1.389(6)
C(1)-P(2) 1.742(5) P(1)-C(11) 1.892(4) C(14)-C(15) 1.391(6)
Ni-C(1) 1.977(5) C(1)-H(1) 0.86(4) C(15)-C(16) 1.394(6)
Ni-P(1) 2.1793(13) C(11)-C(12) 1.421(6) C(16)-C(11) 1.432(6)
Ni-P(3) 2.1783(14) C(12)-C(13) 1.393(6)

Bond Angles
P(1)-C(1)-P(2) 118.5(3) C(11)-C(12)-C(13) 118.5(4)
C(1)-Ni-P(1) 50.92(13) C(12)-C(13)-C(14) 123.0(4)
C(1)-Ni-P(3) 157.11(13) C(13)-C(14)-C(15) 116.4(4)
C(1)-Ni-Cl 105.68(13) C(14)-C(15)-C(16) 123.1(4)
P(1)-Ni-P(3) 106.98(5) C(15)-C(16)-C(11) 118.1(4)
P(1)-Ni-Cl 156.24(5) C(16)-C(11)-C(12) 117.8(4)
P(3)-Ni-Cl 95.68(5)

a Numbers in parentheses are estimated standard deviations in the least significant digits.
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exhibits a 31P NMR spectrum that is consistent with
the structural data. A proton-coupled 31P NMR spec-
trum shows the peak at δ 38.0 as a sharp doublet of
triplets, which allows assignment of this peak to the
CdPR phosphorus P(x), while the other two peaks are
broadened due to coupling with phenyl protons and are
assigned as PPh3 groups. The characteristic doublet-
of-triplets splitting pattern for P(x) allows for unam-
biguous assignments of the peaks; the doublet arises
from splitting by the carbon-bound phosphine P(a) at δ
22.3 with 2J ) 57.8 Hz, and the triplet is caused by the
two equivalent nickel phosphines P(b) at δ 20.0 with 2J
) 41.2 Hz. Although it is not possible to compare the
31P NMR properties of IIIa with uncoordinated R3Pd
CdPR ligands since they are unknown, some compari-
sons with similar compounds can be made. The chemi-
cal shift of δ 38.0 for P(x) in IIIa is significantly upfield
from that of the phosphaalkene Cl2CdPN(SiMe3)2 (δ
251.7 ppm)23 and the phosphavinyl phosphonium salt
[(Ph3P)(H)CdPN(i-PR)2]+ (δ 303.5 ppm for CdP).7 This
is consistent with similar dramatic upfield shifts which
occur upon η2-coordination of CdP double bonds; for
example, Ni(PMe3)2[η2-(Me3Si)2CdPCH(SiMe3)2] (δ 23.4
ppm for CdP) is 380 ppm upfield from the free phos-
phaalkene (Me3Si)2CdPCH(SiMe3)2 (δ 404 ppm).28 The
coupling constant of 2J ) 57.8 Hz between the CdP
phosphorus P(x) and the carbon-bound phosphine P(a)
in IIIa is smaller than values found for free phosphavi-
nyl phosphonium salts, e.g., 2JP-P ) 124.6 Hz in [(Ph3P)-
(H)CdPN(i-PR)2]+, which also contains an R3P-CdPR
linkage.7 However, in IIIa, the CdP phosphorus P(x)
has sp3-like character, which allows for less s-character
in the bonding to carbon and would then result in a
smaller coupling constant between P(x) and P(a). An
even smaller 2JP-P value of 10.9 Hz was reported in the
η2-diphosphaallene complex [(Ph3P)2Pt(η2-RPdCdPR)]29
(R ) tri-tert-butylbenzene) which contains an RPdCdPR
unit with one of the CdP bonds coordinated. The
coupling constant of 2J ) 41.2 Hz in IIIa between the
CdP phosphorus P(x) and the two equivalent nickel
phosphines P(b) that are located cis to P(x) is slightly
larger than the coupling constant of 2JP-P ) 28.6 Hz
between P(x) and the PMe3 group that is cis to it in
Ni(PMe3)2[η2-(Me3Si)2CdPCH(SiMe3)2],28 most likely
because the P(x) lone pair is involved in bonding to the
nickel atoms in IIIa, which allows for more s-character
from phosphorus in the P(x)-Ni bonds.
The 31P NMR spectrum of IIa is similar to that of the

analogous compound Va (eq 4). The peak at δ 103.7
ppm is assigned to the CdPR phosphorus P(x), since a
proton-coupled 31P NMR spectrum showed this peak as
a sharp doublet of doublets, while the peaks at δ 22.4
and 19.0 ppm were broadened by proton coupling,
indicative of PPh3 groups. The peak for P(x) in IIa is
82.1 ppm downfield from the corresponding peak for P(x)
in Va. This may be partially due to the different R
group on phosphorus or the proton on the carbon in Va
instead of a chloride in IIa. However, a comparison of
the 31P NMR spectra of two phosphaalkenes with
different substituents that correspond to the different

C- and P-substituents in IIa and Va, Cl2CdPN(SiMe3)2
(δ 251.7 ppm)23 and (Cl)(H)CdPMes* (δ 245 ppm),30
shows that changes in these particular substituents do
not necessarily impart large changes on the 31P NMR
chemical shifts. A better explanation for the large
differences in chemical shifts between IIa andVa is that
the configuration around the CdP bond in IIa (Z) is
different than that which was determined by X-ray
diffraction for Va (E). It is well-documented that the
E and Z configurations of phosphaalkenes can have a
large effect on the 31P chemical shift of the CdP
phosphorus, although it is not possible to predict the
relative shifts of the isomers.31 An illustrative example
is the phosphaalkene compound [(Ph)(Me3Si)N]C(Ph)dP-
(Ph) in which the E isomer has a chemical shift of δ
225 ppm and the Z isomer is at δ 144 ppm.32 Further
evidence for the different configurations in IIa and Va
is the appreciably smaller value of 2JP(x)P(a) ) 60.5 Hz
in IIa than that (2JP(x)P(a) ) 82.5 Hz) in Va. According
to the cis rule in phosphaalkenes, substituents that are
located cis to the phosphorus lone pair show larger
couplings to the CdP phosphorus atom,33 as is the case
in the E configuration in Va. The value of 2JP(x)P(a) in
IIa (60.5 Hz) is also quite similar to that in IIIa (57.8
Hz), in which the carbon-bound PPh3 group and the
N(SiMe3)2 group are arranged in a Z configuration as
well.
In contrast to the reactions above with triphenylphos-

phine as the ligand, when a 1:2 Ni(COD)2/PEt3 mixture
was reacted with Cl2CdPN(SiMe3)2, complex Ib formed
(Scheme 1). This compound did not react further to
form the triethylphosphine analogues of IIa or IIIa,
even when 2 equiv of the Ni(0) reagent were added.
However, all attempts to isolate Ib resulted in decom-
position to unidentified products. The 31P NMR spec-
trum of compound Ib, δ 221.7 (t, 3JPP ) 27.5 Hz, CdP-
R), 27.7 (d, 3JPP ) 27.5 Hz, Ni-PEt3), is quite charac-
teristic of a phosphavinyl structure (Scheme 1) and is
very similar to that of a platinum analogue Cl(Et3P)2-
Pt[C(Cl)dPMes*], δ 234.2 (t, 3JPP ) 24.7 Hz, CdP-R),
15.0 (d, 3JPP ) 24.7 Hz, Pt-PEt3), that was character-
ized previously by X-ray diffraction studies.14

Reactions of Ni(0) Complexes with X2CdPMes*
(X)Cl, Br). The reactions (eq 4) of 0.5 equiv of
X2CdPMes* (X ) Cl, Br) with 1:2 Ni(COD)2/PPh3,
Ni(PPh3)4, or (Ph3P)2Ni(C2H4) in toluene at -78 °C
produce X(Ph3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (Va, X )
Cl; Vb, X ) Br) in moderate yields, along with a roughly
equimolar amount of Ni(PPh3)3X. This Ni(I) compound
was characterized by X-ray diffraction studies as the
acetone solvate (Ph3P)3ClNi‚(Me2CdO), but the struc-
ture of a toluene solvate of the same compound was
reported previously.34 The preparation of Va using Ni-
(COD)2 and PPh3 (Method A) is preferred because of the
higher yield. The 2:1 metal complex to X2CdPMes*
stoichiometry is necessary to optimize the yield of

(28) Cowley, A. H.; Jones, R. A.; Stewart, C. A.; Stuart, A. L.;
Atwood, J. L.; Hunter, W. E.; Zhang, H. M. J. Am. Chem. Soc. 1983,
105, 3737-3738.

(29) Akpan, C. A.; Meidine, M. F.; Nixon, J. F.; Yoshifuji, M.; Toyota,
K.; Inamoto, N. J. Chem. Soc., Chem. Commun. 1985, 946.

(30) Bickelhaupt, F. Pure Appl. Chem. 1993, 65, 621-624.
(31) Fluck, E.; Heckmann, G. Phosphorus 31 NMR Spectroscopy in

Stereochemical Analysis: Organic Compounds and Metal Complexes;
Verkade, J. G., Quin, L. D., Eds.; VCH: Deerfield Beach, FL, 1987; pp
74-76.

(32) Issleib, K.; Schmidt, H.; Meyer, H. J. Organomet. Chem. 1980,
160, 47.

(33) Knaap, T. A. v. d.; Bickelhaupt, F. Chem. Ber. 1984, 117, 915.
(34) Cassidy, J. M.; Whitmire, K. H. Acta Crystallogr., Sect. C 1991,

47, 2094.
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product. When only 1 equiv of metal complex is added,
unreacted X2CdPMes* remains in solution while all of
the Ni(0) reagent is consumed. Compounds Va and Vb
are moderately air-stable in the solid state but air-
sensitive in solution. A similar reaction of 1:2 Ni(COD)2/
tricyclohexylphosphine (PCy3) with 0.5 equiv of Br2-
CdPMes* gave an analogous product (Vc), which was
characterized by its 31P NMR spectrum.
Compounds Va-c were characterized by 31P{1H}

NMR spectroscopy; the structure of Va was established
by X-ray diffraction studies. A preliminary X-ray-
determined structure for Vb was also obtained and
showed that it was isostructural with Va. However, due
to disordered solvent molecules, the final refinement
was unacceptable for publication. Compound Va ex-
hibits a 31P NMR spectrum that is consistent with the
structural data. The signal at δ 21.6 is assigned to P(x)
based on a proton-coupled 31P spectrum which showed
this peak as a sharp doublet of doublets, while the peaks
at δ 25.5, assigned to P(a), and 17.8, assigned to P(b),
were broadened due to phenyl proton couplings. The
chemical shift of P(x) is significantly upfield from that
in Cl2CdPMes* (232.0 ppm)24 and also significantly
upfield from P(x) in the related complex IIa (103.7 ppm).
The greater upfield shift of P(x) in Va, along with the
larger 2JP(x)P(a) coupling constant of 82.5 relative to that
in IIa (2JP(x)P(a) ) 60.5), is indicative of the E configu-
ration in Va, with the ylidic phosphine group being cis
to the CdP phosphorus lone pair. The peak at δ 17.8
is assigned to P(b) and shows a cis 2JP(b)P(x) ) 33.1 Hz,
which is similar to the cis 2JP(b)P(x) ) 24.7 Hz found in
IIa and the cis 2JP(b)P(x) ) 28.6 Hz found in the
η2-phosphaalkene complex Ni(PMe3)2[η2-(Me3Si)2CdPCH-
(SiMe3)2].28 The signal for the proton on the CdP
carbon atom in Va is obscured by PPh3 protons in the
1H NMR spectrum, and the presence of this proton was
deduced indirectly from the 1H-coupled 13C NMR spec-
trum of 13C-labeled Va, [Cl(Ph3P)Ni[η2-13C(H)(PPh3)dP-
(Mes*)]. The measured 1JCH of 145.8 Hz is typical of
one-bond sp2 C-H coupling constants and is similar to
1JCH ) 148.4 Hz of the sp2 carbon atom in MeCHdC-
(Me)2.35 The use of labeled Va also allowed for the
elucidation of C-P coupling constants and unambiguous
assignment of the signals in the 31P NMR spectrum. The
1JCP(x) value of 93.5 Hz is similar to 1JCP(x) ) 86.9 Hz
found in (Me3Si)2CdPMes*36 and to 1JCP(x) ) 92.5 Hz
found in the phosphavinyl phosphonium salt [(Ph3P)-
(H)CdPN(i-PR)2]+.7 The 1JCP(a) value of 57.2 Hz is
similar to that, 1JCH3P ) 52 Hz, found in the phospho-
nium salt (Ph3P+CH3)I- 35 and is roughly intermediate
between C-P coupling constants37 in free (e.g., 1JCH2P
) 100.7 Hz in Ph3PdCH2) and η1-C-coordinated (e.g.,

1JCH2P ) 26.1 Hz in (CO)3Ni(CH2PPh3)) phosphorus
ylides. Both 1JCP(x) and 1JCP(a) are larger than the two-
bond C-P coupling constant 2JCP(b) ) 30.7 Hz between
the Ni-PPh3 phosphorus and the CdP carbon. The 31P
NMR spectra of Vb and Vc are very similar to that of
Va; the peaks for P(x) at δ 26.19 for Vb and δ 5.64 for
Vc are again split into doublets of doublets and do not
show any signal broadening in the proton-coupled 31P
NMR spectra.
Phosphine Substitution Reactions of IIIa and

Vb. Compound IIIa reacts with 2 equiv of triethylphos-
phine at -40 °C to generate Ni2Cl2(PEt3)2[µ2-η2:η2-
C(PPh3)dPN(SiMe3)2] (IV), in which the PPh3 groups
on nickel have been substituted by PEt3 (Scheme 2).
However, Compound IV decomposes in solution at -25
°C after 1 day and could not be isolated. Substitution
of the carbon-bound PPh3 group was not observed, even
when 3 equiv of PEt3 were added and the solution was
warmed to room temperature. Compound IV was
identified by the similarity of its 31P NMR spectrum to
that of IIIa. The chemical shifts for P(x) at δ 39.5 and
P(a) at δ 20.3 are quite similar to those in IIIa, 38.0
and 22.3, respectively. However, the chemical shift for
P(b) is now at δ 10.9, 9.1 ppm upfield from P(b) in IIIa,
which indicates that the nickel-coordinated PPh3 groups
have been substituted by PEt3. The coupling constants,
2JP(a)P(x) ) 54.3 Hz and 2JP(b)P(x) ) 49.9 Hz, in IV are
similar to those in IIIa, 2JP(a)P(x) ) 57.8 Hz and 2JP(b)P(x)
) 41.2 Hz, indicating that the geometry of the molecule
is the same.
Since compound IIIa can be viewed as a triphenyl-

phosphine-donor-stabilized phosphavinylidene (Ph3-
PdCdPR), an attempt was made to remove the carbon-
bound phosphine-donor group to generate the parent
phosphavinylidene complex. This was done by reacting
IIIa with 9-BBN dimer (9, 9′-biborabicyclo[3.3.1]nonane),
which is a known phosphine sponge reagent.38 How-
ever, no phosphavinylidene compounds were isolated,
as the reaction results in complete decomposition of the
complex with no isolable products. Evidently, the
carbon-bound PPh3 group in IIIa is much more difficult
to substitute or remove than the nickel-bound PPh3
ligands, which precludes the formation of a phosphavi-
nylidene complex from IIIa.
Compound Vb reacts with 1 equiv of triethylphos-

phine at room temperature to generate Br(Et3P)Ni[η2-
C(H)(PPh3)dPMes*] (VI), in which the PPh3 group on
nickel has been substituted by PEt3 (Scheme 2). Sub-
stitution of the carbon-bound PPh3 group did not occur,
even when two more equivalents of PEt3 were added at
room temperature. The 31P NMR spectrum of VI shows
very similar splittings and chemical shifts to those of
Vb. The chemical shifts for P(x) at δ 22.5 and P(a) at
δ 18.5 are very similar to those in Vb, 23.1 and 19.2,
respectively. However, the chemical shift for P(b) is now
at δ -5.5, 31.7 ppm upfield from P(b) in Vb, which
demonstrates that the nickel-coordinated PPh3 group
has been substituted by PEt3. The coupling constants,
2JP(a)P(x) ) 90.5 Hz and 2JP(b)P(x) ) 30.2 Hz, are similar
to those in Vb, 2JP(a)P(x) ) 85.2 Hz and 2JP(b)P(x) ) 30.2
Hz, indicating that the geometry of the molecule is the
same.

(35) Silverstein, R. M.; Bassler, G. C.; Morrill, T. C. Spectrometric
Identification of Organic Compounds, 5th ed.; John Wiley and Sons:
New York, 1991; p 248.

(36) Appel, R.; Casser, C. Tetrahedron Lett. 1984, 25, 4109.

(37) Pörschke, K. R.; Wilke, G.; Mynott, R. Chem. Ber. 1985, 118,
298-312.

(38) Luck, R.; Morris, R. H. Inorg. Chem. 1984, 23, 1489.
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Discussion

Ni2Cl2(PPh3)2[µ2-η2:η2-C(PPh3)dPN(SiMe3)2] (IIIa).
Compound IIIa contains the first example of a phos-
phavinylidene phosphorane (R3PdCdPR) ligand or
phosphine-donor-stabilized phosphavinylidene that acts
as a six-electron donor to the two nickel atoms in IIIa.
Since there are no known examples of related isoelec-
tronic R3PdCdO, R3PdCdNR, or R3PdCdS compounds
in the chemistry of carbonyl, isocyanide, or thiocarbonyl
ligands, the formation of the R3PdCdPR ligand in IIIa
illustrates a new type of bonding capability in iso-
cyaphides (CtPR) that is not accessible with the more
thoroughly studied, isoelectronic CtO, CtNR, and CtS
ligands. There are some examples of free39 and coor-
dinated40,41 vinylidene phosphoranes R3PdCdCR2, which
are carbon analogues of R3PdCdPR. However, these
compounds are only known to coordinate η1 through the
ylidic carbon as two-electron-donor ligands. The phos-
phine-donor-stabilized phosphavinylidene ligand in IIIa
is not formed simply by PPh3 attack on an isocyaphide
complex as compound IIa was observed as an interme-
diate in the reaction. A likely mechanism for the
formation of compounds IIa and IIIa is outlined in
Scheme 3. The first step in Scheme 3 involves the
oxidative addition of a C-Cl bond from Cl2CdPN-
(SiMe3)2 to the Ni(0) reagent. The product of this
addition is the phosphavinyl intermediate Ia, which
could not be observed in variable-temperature NMR
experiments from -50 to -30 °C; at -30 °C, compound
IIa begins to form. However, when triethylphosphine
was used in this reaction, the phosphavinyl compound
Cl(Et3P)2Ni[C(Cl)dPN(SiMe3)2] (Ib) formed and was
characterized by 31P NMR spectroscopy as discussed in
the Results, which indirectly supports Ia as an inter-
mediate. It is not clear why compound Ib does not go
on to form triethylphosphine analogues of IIa and IIIa.
Assuming Ia is an intermediate, it must rapidly isomer-
ize to compound IIa, which was characterized by low-
temperature 31P NMR spectroscopy as discussed in the
Results.

The step involving rearrangement of Ia to IIa is
similar to the intramolecular 1,2-shift of PMe3 in an η1-
vinylnickel complex (eq 5) to form an η2-vinyl phospho-
nium compound.42 In the structurally characterized η1-

vinylnickel complex (Me3P)2ClNi[PhCdCH(COCH2Si-
Me3)] (5b), the geometry around nickel is planar with
a weak Ni-O interaction (Ni-O ) 2.535(7) Å). It is
interesting to note that the rearrangement to the η2-
vinyl phosphonium compound in eq 5 was not general,
and only in the case of R ) CH2CMe2Ph did the 1,2-
PMe3 shift occur to form (Me3P)2ClNi[η2-(Ph)(Me3P)Cd
CH(COCH2CMe2Ph)] (6d).42 A similar reaction was
found in a series of Mo andW η1-vinyl compounds which
react with PMe3 to generate η2-vinyl phosphonium
compounds.43 These η2-vinyl phosphonium ligands may
be considered as carbon analogues of the η2-phosphavi-
nyl phosphonium ligands in compounds IIa and Va.
Although no mechanisms were postulated in these
transformations, the reactions give precedent for the
rearrangement of Ia to IIa and this isomerization can
be rationalized by proposing (Scheme 3) the rearrange-
ment of the η1-phosphavinyl (Ia) to an η2-phosphavinyl
intermediate (Ia′, Ia′′), which is then attacked by PPh3
at the carbon atom to generate IIa. Vinyl, acyl, and
iminoacyl ligands are all known to exhibit both η1- and
η2-coordination, and there are some examples of coor-
dinated iminoacyl compounds44 which undergo trans-
formation from η1- to η2-coordination with concomitant
loss of a phosphine ligand as in the rearrangement of
Ia to Ia′, Ia′′ in Scheme 3. Structural, spectroscopic,
and chemical studies of η2-vinyl45,46 and η2-acyl lig-
ands47,48 suggest some influence of a carbene-like reso-
nance form, similar to that (Ia′′) proposed in Scheme 3.
Since the attack of phosphines on carbene ligands is
well-known,49 the attack of PPh3 on the carbene-like
intermediate (Ia′′) to generate IIa (Scheme 3) is reason-
able. Further precedent for the postulated attack of
PPh3 on an η2-phosphavinyl complex is a reaction (eq
6) involving PPh3 attack on an η2-vinyl intermediate.50
There are also a few examples of phosphine attack on
related η2-acyl ligands51-53 (eq 7). A plausible explana-

(39) Märkl, G.; Bauer, W. Tetrahedron Lett. 1993, 34, 2915-2918.
(40) Kolobova, N. E.; Ivanov, L. L.; Zhvanko, O. S.; Khitrova, O. M.;

Batsanov, A. S.; Struchkov, Y. T. J. Organomet. Chem. 1984, 265, 271-
281.

(41) Senn, D. R.; Wong, A.; Patton, A. T.; Marsi, M.; Strouse, C. E.;
Gladysz, J. A. J. Am. Chem. Soc. 1988, 110, 6096-6109.

(42) Carmona, E.; Gutiérrez-Puebla, E.; Monge, A.; Marı́n, J. M.;
Paneque, M.; Poveda, M. L. Organometallics 1989, 8, 967-975.

(43) Alt, H. G.; Thewalt, U. J. Organomet. Chem. 1984, 268, 235-
245.

(44) Carmona, E.; Palma, P.; Paneque, M.; Poveda, M. L. Organo-
metallics 1990, 9, 583-588.

(45) Pombeiro, A. J. L. J. Organomet. Chem. 1988, 358, 273.
(46) Green, M. J. Organomet. Chem. 1986, 300, 93.
(47) Tatsumi, K.; Nakamura, A.; Hofmann, P.; Stauffert, P.; Hoff-

mann, R. J. Am. Chem. Soc. 1985, 107, 4440.
(48) Wolczanski, P. T.; Bercaw, J. E. Acc. Chem. Res. 1980, 13, 121.
(49) Kreissl, F. R. Transition Metal Carbene Complexes; Verlag

Chemie: Deerfield Beach, FL, 1983; pp 156-159.
(50) Chen, H.; Harman, W. D. J. Am. Chem. Soc. 1996, 118, 5672-

5683.
(51) Arnold, J.; Tilley, T. D.; Rheingold, A. L.; Geib, S. J.; Arif, A.

M. J. Am. Chem. Soc. 1989, 111, 149.
(52) Bonnesen, P. V.; Yau, P. K. L.; Hersh, W. H. Organometallics

1987, 6, 1587-1590.

Scheme 3
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tion for the ease of nucleophilic attack by PPh3 on the
η2-phosphavinyl ligand (Ia′, Ia′′) in Scheme 3 is that
the carbene-phosphido resonance structure (Ia′′) is
favored more than the alkyl-phosphine resonance form
(Ia′) because of the known instability of CdP double
bonds,54 which gives more carbene-like character to this
intermediate and favors PPh3 attack. This carbene-like
resonance structure in the η2-phosphavinyl ligand (Ia′′)
is precedented by the X-ray structure of a similar η2-
phosphavinyl complex of tungsten Cp(CO)2W[η2-C(Ph)d
PPh{W(CO)5}] which contained a W-C bond length-
(1.954(8) Å) that is typical of a WdC double bond.55
When another equivalent of the Ni(0) reagent is added
to compound IIa at 0 °C, compound IIIa is formed
almost quantitatively. This reaction entails oxidative
addition of the C-Cl bond in IIa to the Ni(0) reagent
with subsequent loss of 1 equiv of PPh3 and the
formation of dinuclear IIIa. It should be noted that in
the Z configuration which is postulated for IIa (see
Results), the second equivalent of Ni(0) is sterically able
to access the open side of the CdP bond to undergo
oxidative addition and form the dinuclear complex IIIa.
Thus, the reaction pathway outlined in Scheme 3
reasonably accounts for the formation of IIa and IIIa.
Cl(Ph3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (Va). The

reactions of Ni(0) complexes with Cl2CdPN(SiMe3)2
(Scheme 1) and Cl2CdPMes* (eq 4) occur under the
same mild conditions but give quite different products.
In an effort to understand why different R groups in
the phosphaalkenes (Cl2CdPR) lead to different prod-
ucts, one might assume that both reactions proceed by
a phosphavinyl phosphonium intermediate such as IIa.
As discussed above, the reaction of this intermediate
with Ni(0) reagents for R ) N(SiMe3)2 leads to the
dinuclear IIIa (Scheme 3) but when R is the more bulky
supermesityl group, oxidative addition across the C-Cl
bond in the phosphavinyl phosphonium intermediate
does not occur. Instead, the Ni(0) reagent abstracts a
Cl atom from this intermediate to generate the Ni(I)
compound Ni(PPh3)3Cl, which was isolated from the
reaction, and Ni(PR3)(X)[C(PR3)dPMes*], which ab-
stracts an H atom to form compound Va. The formation
of Ni(I) species from the reaction of the Ni(II) phos-
phavinyl phosphonium intermediate with the Ni(0)
reagent is somewhat similar to the known reaction of
Ni(PPh3)4 with Ni(PPh3)2Cl2 to generate 2 equiv of
Ni(PPh3)3Cl.56 Unfortunately, the reaction pathway
could not be verified as no intermediates could be
detected in variable-temperature (-50 °C to 20 °C) 31P

NMR studies. In an attempt to identify the source of
the H atom in the C(H)(PPh3)dPMes* ligand, an
experiment was carried out in a drybox in which Ni-
(PPh3)4 (0.0903 mmol) was dissolved in distilled C6D6
(3 mL, no H2O present in 1H NMR) in a flask (dried at
150 °C for 3 days) and reacted with Cl213CdPMes*
(0.0451 mmol). Compound Va formed, but the proton-
coupled 13C NMR spectrum showed the same multiplet
(ddd) for the CdP carbon as observed when the reaction
was performed in nondeuterated toluene; no broadening
was detected due to deuterium incorporation. Thus, the
H atom in the C(H)(PPh3)dPMes* ligand does not
originate from the solvent. The phosphavinyl phospho-
nium ligands C(H)(PR3)dPMes* in Va-c are the first
examples of this type of ligand.
Structure and Bonding in Ni2Cl2(PPh3)2[µ2-η2:η2-

C(PPh3)dPN(SiMe3)2] (IIIa). A thermal ellipsoid
drawing with the phenyl rings removed for clarity
(Figure 1) of complex IIIa shows that the nickel atoms
are both in planar environments defined by the PPh3,
Cl, and Ph3PdCdPR ligands (sum of angles around
nickel atoms are 360.2° for Ni(2) and 362.6° for Ni(1)).
The dinuclear complex exhibits a butterfly geometry
with a long Ni-Ni distance (2.966(7) Å) that is outside
the range of a typical Ni-Ni single bond (2.4-2.7 Å).57
This Ni-Ni distance in IIIa (Table 2) is longer than that
in dinuclear nickel complexes in which a Ni-Ni bonding
interaction has been excluded, e.g., d(Ni-Ni) ) 2.908-
(3) Å in [{(Et2PCH2)2Ni}2(µ,η2-PtP)], which is a di-
nuclear complex with a similar butterfly geometry
containing a bridging PtP unit,58 and d(Ni-Ni) )
2.874(2) Å in the A-frame complex [Ni2(µ-CdCH2)(dppm)2-
Br2].59 The C(1)-P(1) distance in IIIa (1.707(7) Å)
indicates some double bond character, as it is more
similar to a typical CdP double bond found in Cl2CdPN-
(SiMe3)2 (1.685(2) Å)60 than to that (1.773(8) Å) of the

(53) Martin, A.; Mena, M.; Pellinghelli, M. A.; Royo, P.; Serrano,
R.; Tiripicchio, A. J. Chem. Soc., Dalton Trans. 1993, 14, 2117-2122.

(54) Schleyer, P. v. R.; Kost, D. J. Am. Chem. Soc. 1988, 110, 2105.
(55) Huy, N. H. T.; Fischer, J.; Mathey, F. Organometallics 1988,

7, 240.
(56) D’Aniello, M. J.; Barefield, E. K. J. Am. Chem. Soc. 1978, 100,

1474.

(57) Melnik, M.; Sramko, T.; Dunaj-Jurco, M.; Sirota, A.; Holloway,
C. E. Rev. Inorg. Chem. 1994, 14, 1-346.

(58) Schäfer, H.; Binder, D.; Fenske, D. Angew. Chem., Int. Ed. Engl.
1985, 24, 522-524.

(59) Heise, J. D.; Nash, J. J.; Fanwick, P. E.; Kubiak, C. P.
Organometallics 1996, 15, 1690-6.

Figure 1. Thermal ellipsoid drawing of Ni2Cl2(PPh3)2[µ2-
η2:η2-C(PPh3)dPN(SiMe3)2] (IIIa) with the phenyl and
methyl groups removed for clarity.
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side-on π-bound phosphaalkene in Ni(PMe3)2[η2-(Me3-
Si)2CHPdC(SiMe3)2].28 The C(1)-P(2) distance (1.709-
(7) Å) is very similar to the C(1)-P(1) distance and is
intermediate between typical ylide C-P bond lengths,
e.g., 1.661(8) Å in Ph3PdCH2,61 and C-coordinated ylide
C-P bond lengths, e.g., 1.745(8) Å in (CO)3Ni[(H)-
(Me)CdPCy3].62 The C(1)-P(2) distance indicates more
ylidic (C--P+) than phosphonium (C-P+) character in
the bond, as it is significantly shorter than the C-PPh3
distance (1.798(14) Å) found in the phosphavinyl phos-
phonium salt [(Ph3P)(H)CdPN(i-PR2)](BF4).7 The Ni-
(1)-P(1) and Ni(2)-P(1) distances (2.133(2) and 2.103(2)
Å, respectively) are much shorter than the nickel-
phosphine (Ni(1)-P(3) and Ni(2)-P(4)) distances (2.202-
(2) and 2.195(2) Å, respectively) and are also shorter
than the Ni-P (phosphaalkene) distance (2.239(2) Å)
found in Ni(PMe3)2[η2-(Me3Si)2CHPdC(SiMe3)2].28 The
nitrogen atom of the N(SiMe3)2 group is in a planar
environment, which is generally preferred for this group
in other structures.60
The structure of IIIa (Figure 1) suggests that the

novel phosphavinylidene-phosphorane ligand (R3PdCd
PR) is a six-electron donor, providing two electrons from
the ylide carbon, two from the CdP double bond, and
two from the lone pair on phosphorus as shown in L.

As mentioned, this ligand can also be considered the
first example of a mixed σ2,σ4-diphosphaallene and has
much different coordinating abilities than the known
σ4,σ4-diphosphaallenes11 (J) and σ2,σ2-diphosphaallenes3
(K) which have only been coordinated as two-electron
donor ligands through the ylidic carbon in J and
through one of the CdP double bonds in K. The
R3PdCdPR ligand in L is also somewhat similar to a
recently prepared PPh3 adduct of a vinylidene phospho-
rane Ph3PdCdP(Mes*)dNMes*, which contains a σ3,λ5
phosphorus atom instead of the σ2,λ3 phosphorus atom
in L.63 The R3PdCdPR ligand is drawn as the ylide
rather than ylene form inL, which is a more appropriate
representation as ab initio calculations have shown that
the short C-PR3 bond lengths found in ylides are due
more to a strong electrostatic attraction between the
anionic carbon and the cationic phosphorus R2C--PR3

+

than to a true ylene form R2CdPR3 with a CdP double
bond.64,65 A more appropriate comparison of the bridg-
ing phosphavinylidene-phosphorane ligand L is with
diimino (M), iminophosphine (N), diphosphene (O), and
disulfur (P) ligands.66 These ligands are isolobal with

L, when L is drawn in the ylide form and have the
capability of donating two electrons from each lone pair
and two electrons from the double bond for a total of
six electrons, as for L. These ligands are quite different
than µ2:η2,η2-alkynes which can only donate four elec-
trons to two metal atoms in a dimer. All four of the
ligand typesM-P have been coordinated as six-electron
donor ligands in the iron dimers 7-10.66-68 The tetra-

hedrane dimers 7-10 are closely related to IIIa, al-
though they contain metal-metal bonds to give an 18-
electron count, while in IIIa, the two nickel atoms have
a total of 16-valence electrons each and no metal-metal
bond is needed. The X-ray-determined structures for
7, 8, and 10 exhibit formally single-bond N-N, N-P,
and S-S distances, while the P-P distance in 9 (2.059-
(3) Å) suggests that there is double-bond character in
this bond. Although no explanation was given for this
apparent anomaly, it is interesting that the C-P
distance in IIIa is also consistent with double-bond
character. The bonding in IIIa may be expressed by
three resonance structures which are presented in
Scheme 4. Resonance structure a may be viewed as a
metalla-ylide-phosphido structure where the phos-
phorus atom is covalently bonded to one nickel atom
and the phosphorus lone pair donates two electrons to
the other nickel fragment; the carbon atom is also
covalently bonded to one nickel atom and the ylide
carbon lone pair donates two electrons to the other
nickel fragment. Both of the nickel atoms are then Ni-
(II), with the R3PdCdPR group acting as a six-electron
donor overall. This is quite similar to the bonding in
the related dimers 7-10.66-68 The short C(1)-P(2) bond
length is explained by the electrostatic attraction be-
tween the adjacent charges on the cationic P(2) and
anionic C(1) in this resonance form. Resonance struc-
tures b and c are formulated as zwitterionic structures
where the negative charge is located on the nickel atom
that is bound η2 to the CdP double bond, while the other
nickel atom coordinates to the R3PdCdPR ligand as an
η2-phosphavinyl (three-electron-donor) ligand. In struc-
tures b and c, the anionic nickel atom is formally Ni(0)

(60) Antipin, M. Y.; Chernega, A. N.; Struchkov, Y. T. Phosphorus,
Sulfur Silicon Relat. Elem. 1993, 78, 289-96.

(61) Bart, J. C. J. Angew. Chem., Int. Ed. Engl. 1968, 7, 730.
(62) Jolly, P. W.; Wilke, G. The Organic Chemistry of Nickel;

Academic Press: New York, 1974; Vol. I, p 38.
(63) Schilbach, W.; Gonna, V.; Gudat, D.; Nieger, M.; Niecke, E.

Angew. Chem., Int. Ed. Engl. 1994, 33, 982.
(64) Francl, M. M.; Pellow, R. C.; Allen, L. C. J. Am. Chem. Soc.

1988, 110, 3723-3728.
(65) Naito, T.; Nagase, S.; Yamataka, H. J. Am. Chem. Soc. 1994,

116, 10080-10088.
(66) Teo, B. K.; Hall, M. B.; Fenske, R. F.; Dahl, L. F. Inorg. Chem.

1975, 14, 3103-3117.

(67) Vahrenkamp, H.; Wolters, D. Angew. Chem., Int. Ed. Engl.
1983, 22, 154.

(68) Arif, A. M.; Cowley, A. H.; Pakulski, M. J. Am. Chem. Soc. 1985,
107, 2553-2554.
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while the neutral nickel atom is formally Ni(II). Here
the R3PdCdPR group acts as a five-electron-donor
ligand. The short C(1)-P(1) bond length suggests some
contribution from these two resonance structures.
Structure and Bonding in Cl(Ph3P)Ni[η2-C(H)-

(PPh3)dP(Mes*)] (Va). The thermal ellipsoid drawing
(Figure 2) of complex Va shows that the nickel atom is
in a planar environment defined by the PPh3, Cl, and
[C(H)(PPh3)dPR] ligands (sum of angles around the
nickel atom is 359.3°). The carbon-bound PPh3 and the
Mes* groups are situated in a trans arrangement across
the C(1)-P(1) bond. The H, PPh3, and Mes* groups are
bent back from planarity in the C(H)(PPh3)dPMes*
unit, indicating a pyramidalization at C(1) and P(1).
This is seen in both the dihedral angle of C(11)-P(1)-
C(1)-P(2) ) -123.1(3)° and in the sum of angles around
C(1) ) 343.5°. This indicates that C(1) is roughly
intermediate between sp2 and sp3 hybridization, which
is similar to structural features of η2-coordinated olefins
and phosphaalkenes.28 The C-P distances can be
compared with those found in the phosphavinyl phos-
phonium salt [(Ph3P)(H)CdPN(i-PR2)](BF4),7 which is
a cationic analogue of the C(H)(PPh3)dPMes* ligand in
Va, differing only in the R group on phosphorus. The
C(1)-P(1) distance in Va (1.796(5) Å) is much longer
than the analogous CdP distance found in [(Ph3P)-
(H)CdPN(i-PR2)](BF4) (1.684(14) Å). This is consistent
with the lengthening of CdP bonds which occurs upon
η2-coordination of phosphaalkenes, and in fact, the
C(1)-P(1) distance in Va (1.796(5) Å) is quite similar
to the CdP distance (1.773(8) Å) in the η2-phosphaal-
kene complex Ni(PMe3)2[η2-(Me3Si)2CHPdC(SiMe3)2].28
The C(1)-P(2) distance (1.742(5) Å), although shorter
than the C(1)-P(1) distance, is longer than a typical
ylide C-P bond length, e.g., 1.661(8) Å in Ph3PdCH2,61
but shorter than the corresponding Ph3P-C bond
(1.798(14) Å) in [(PPh3)(H)CdPN(i-PR2)](BF4). The Ni-
C(1) distance in Va (1.977(5) Å) is the same within

experimental error as the Ni-C distances (1.97(1) and
1.95(2) Å) in the related η2-vinyl phosphonium com-
pound (Me3P)2ClNi[η2-Ph(Me3P)CdCH(COCH2CMe2-
Ph)] (6d, eq 5).42

Compound Va is the first example of a complex
containing a coordinated phosphavinyl phosphonium
ligand. A few examples of uncoordinated phosphavinyl
phosphonium salts [(R3P)RCdPR]+ 7-10 have been re-
ported in the literature, and the structure of [(PPh3)-
(H)CdPN(i-PR2)](BF4) was determined by X-ray diffrac-
tion.7 The NMR spectra of these compounds, along with
the X-ray evidence, suggest that there is a contribution
from both resonance forms d and e in Scheme 5, and
these compounds have also been referred to as σ2,σ4-
diphosphaallyl cations (resonance form f).10 However,
we find no evidence for allyl-like behavior in the (Ph3P)-
(H)CdPMes* ligand which is bound η2 through the
C(1)-P(1) bond in Va as opposed to η3 through the
P(2)-C(1)-P(1) allyl-like unit as in compounds of the
type (R3P)(X)Ni[η3-allyl]. There are a few examples of
η3-coordinated σ2,σ2-diphosphaallyl ligands,69-72 but the
(Ph3P)(H)CdPMes* group in Va is best viewed as a
phosphavinyl phosphonium ligand. Since it is generally
accepted that the short bond lengths found in ylide C-P
bonds are caused by an electrostatic interaction and not
a genuine π bond and there are no structurally char-
acterized examples of η2-CdPR3-coordinated ylide com-
pounds, the η3-coordination of the (Ph3P)(H)CdPMes*
ligand in Va is unlikely and further supports the lack
of π-bonding in ylides.
The bonding in compound Va may be described as a

mixture of two resonance structures as shown in
Scheme 6. Resonance form g can be viewed as an
ylide-phosphido structure with a dative two-electron
donation from C(1) and a covalent, phosphido-type bond
between P(1) and nickel. Here, the (Ph3P)(H)CdPMes*
ligand donates three electrons to the 13-electron nickel
fragment, which is formally Ni(II). The somewhat short
C(1)-P(2) distance found in Va suggests a contribution
from form g, where the charges are located on adjacent
atoms. Resonance form h can be viewed as an η2-
phosphavinyl phosphonium cation (1+) coordinated to

(69) Appel, R.; Schuhn, W.; Knoch, F. Angew. Chem., Int. Ed. Engl.
1985, 24, 420.

(70) Appel, R.; Schuhn, W.; Knoch, F. J. Organomet. Chem. 1987,
319, 345.

(71) Appel, R.; Schuhn, W. J. Organomet. Chem. 1987, 329, 179.
(72) El-Ouatib, R.; Ballivet-Tkatchenko, D.; Etemad-Moghadam, G.;

Koenig, M. J. Organomet. Chem. 1993, 453, 77-84.

Scheme 4

Figure 2. Thermal ellipsoid drawing of Cl(PPh3)Ni[η2-
C(H)(PPh3)dP(Mes*)] (Va).

Scheme 5

Scheme 6
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a formally Ni(0) metal fragment. This is a zwitterionic
structure with the negative charge located on nickel and
the CdP double bond acting as a two-electron donor.
Unlike structure IIIa, the CdP phosphorus lone pair
is unavailable for bonding to nickel in this structure,
as it is pointing down and away from the metal center.
The resonance structures in Scheme 6 are quite similar
to those postulated for the related η2-vinyl phosphonium
compound (Me3P)2ClNi[η2-(Ph)(Me3P)CdCH(COCH2-
CMe2Ph)] (6d, eq 5).42
The structure of Va exhibits an interesting feature

in that it contains a somewhat distorted, boat-shaped
supermesityl ring with the P(1) atom located 1.09 Å out
of the plane of the carbon atoms in the arene ring. This
is most likely a steric effect as compound Va is quite
bulky and the supermesityl ring is forced to bend back
away from the nickel-bound P(1) atom in order to
alleviate steric strain with a concomitant puckering of
the ring. Calculations have shown that in very bulky
substituted phenyl rings in which the substituents are
forced to bend out of the plane of the ring, a similar
puckering of the aromatic ring occurs in order to
maintain the greatest amount of delocalization in the
ring, and such distortions were calculated to be favor-
able with much of the electron delocalization (aroma-
ticity) of the ring remaining.73,74 In other sterically
encumbered supermesityl systems, a similar puckering
of the ring is observed (Table 4). The cell coordinates
and atomic positions for the compounds in Table 4 were
obtained from the literature references and entered into
CSC Chem 3D Plus (Version 3.1.1, Cambridge Scientific
Computing) in order to ascertain the deviation from
planarity in the rings. The first column of data repre-
sents the average deviation from planarity of the six
carbon atoms making up the Mes* ring in the given
compound, while the second data column gives the
distance that the P or In atom is displaced out of the
average plane defined by the six ring-carbon atoms of
the supermesityl ring. As can be seen in Table 4, all of
these compounds show similar distortions as those in
Va to varying degrees and the most sterically crowded
systems seem to show the greatest distortions. In the
iron-coordinated diphosphene complex Cp*(CO)2Fe-
PdPMes* (12),75 in which there is no steric interference
between the Mes* group and the rest of the complex,
there is no deviation from planarity in the ring and the

phosphorus atom is only 0.123 Å out of the plane of the
ring. However, when the PdP bond is η2-coordinated
to the bulky Pt(PPh3)2 moiety in Pt(PPh3)2[η2-Cp*(CO)2-
FePdPMes*] (13),76 the Mes* ring becomes puckered
with an average deviation from planarity in the ring-C
atoms of 0.040 Å and the phosphorus atom is situated
0.562 Å out of the average plane of the ring. The
compound In(Mes*)2Br (11)77 exhibits a structure that
is perhaps the most sterically bulky of all of the
structures that were examined, containing two Mes*
groups attached to the same atom. Correspondingly,
this structure exhibits the greatest deviation of the
heteroatom out of the average plane of the ring (1.44
Å), but its average deviation from planarity in the ring
(0.057 Å) is similar to that of compounds 1 (0.061 Å), 2
(0.052 Å), and Va (0.073 Å). Thus, puckering of the ring
and bending out of the plane of the P(1) atom in Va are
most likely caused by steric congestion in the molecule,
and this type of distortion is similar to that observed in
other sterically bulky compounds containing Mes* rings.

Summary
Oxidative-addition reactions of Ni(0)-PPh3 reagents

with Cl2CdPN(SiMe3)2 results in formation of the first
example of a phosphavinylidene phosphorane ligand
(Ph3PdCdPR′), which may also be viewed as a σ2,σ4-
diphosphaallene, coordinated as a six-electron-donor
ligand in the dinuclear nickel butterfly dimer Ni2Cl2-
(PPh3)2[µ2-η2:η2-C(PPh3)dPN(SiMe3)2] (IIIa) (Scheme 1,
Figure 1). A phosphavinyl phosphonium intermediate
Cl(Ph3P)Ni[η2-C(Cl)(PPh3)dPN(SiMe3)2] (IIa) was iden-
tified in this reaction and most likely results from PPh3
attack on an η2-phosphavinyl intermediate that reacts
like an electrophilic carbene (Scheme 3). The Ph3Pd
CdPR′ ligand in IIIa is isolobal with diimine (RNdNR),
iminophosphine (RNdPR), diphosphene (RPdPR), and
disulfur (RSdSR) ligands, which also act as dibridging
six-electron donors. A similar reaction using PEt3
instead of PPh3 resulted in formation of the η1-phos-
phavinyl compound Cl(Et3P)2Ni[C(Cl)dPN(SiMe3)2] (Ib).
In contrast, when the same Ni(0)-PPh3 reagents are
reacted with X2CdPMes* (X ) Cl, Br; Mes* ) 2,4,6-tri-
tert-butylbenzene), the phosphavinyl phosphonium com-
pounds X(Ph3P)Ni[η2-C(H)(PPh3)dP(Mes*)] (Va,b) form
along with Ni(PPh3)3X (eq 4). A similar reaction using
PCy3 instead of PPh3 formed an unstable PCy3 analogue
(Vc) of Va. The difference in reactivity between
Cl2CdPN(SiMe3)2 and Cl2CdPMes* with Ni(0) reagents
is likely due to the greater steric bulk of the Mes* group
which prevents the formation of a dimer analogous to
IIIa. Compound Va is the first example of a metal
complex containing a phosphavinyl phosphonium ligand
(C(H)(PPh3)dPMes*), which may also be viewed as an
η2-coordinated σ2,σ4-diphosphaallyl ligand coordinated
as a three-electron donor (Scheme 6). This compound
also exhibits a somewhat distorted supermesityl ring,
which is likely due to steric constraints in the molecule
and has been observed in other bulky supermesityl-
containing compounds.
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Table 4. Deviations from Planarity in
Supermesityl Rings

compound

C atoma

deviation
(Å)

P (or In)
deviationb

(Å)

Pt(PEt3)2Cl[(Cl)CdPMes*] (1)c 0.061 0.668
(Et3P)2ClPt[µ-(CdPMes*)]Pt(PEt3)Cl (2)d 0.052 0.499
Cl(Ph3PNi[η2-C(H)(PPh3)dP(Mes*)] (Va)e 0.073 1.09
In(Mes*)2Br (11)f 0.057 1.44
Cp(CO)2FePdPMes* (12)g 0.000 0.123
Pt(PPh3)2[η2-Cp(CO)2FePdPMes*] (13)h 0.040 0.562

a Average deviation of ring C atoms from ring plane. b Deviation
of P (or In) from average carbon ring plane. c Reference 12.
d Reference 12. e This work. f Reference 75. g Reference 73. h Ref-
erence 74.
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