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On the d6-Transition Metal Complex Formation of Electron-Rich
Methylenephosphanes, a Quantum Chemical Investigation
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d6-Transition metal fragments M(CO)5 (M = Cr, Mo, W) form
mono- and binuclear complexes with methylenephosphanes.
In the mononuclear complexes the metal fragment adds to
the lone pair at the phosphorus atom without considerable
geometrical change of the original phosphaalkene moiety.
Amino substitution at the phosphorus atom yields a slightly
more stable complex than amino substitution at the carbon
atom. The latter substitution pattern causes an inverse polar-
ization of the P−C π-bond. As a further consequence, in the
corresponding transition metal complexes, the phosphorus

Introduction

While the earliest reports of compounds containing a
P5C double bond originated from Dimroth and
Hoffmann,[1] its first stable acyclic species with a localized
P5C bond was described in the pioneering work of Becker
and co-workers,[2] type A. It opened an exciting chapter in
modern phosphorus chemistry and is now documented in
various review articles.[328] It has been stated that phos-
phorus is related to carbon by the diagonal relationship in
the periodic table of elements[8] and typical reactions of
organic chemistry may well be found also in organophos-
phorus chemistry[9] (Scheme 1).

Scheme 1

An archetypal reaction of phosphaalkenes A is the
formation of transition metal complexes,[10] as η1-com-
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atom is slightly pyramidalized. In the binuclear complexes
the transition metal atoms tend to adopt a distorted bipyram-
idal arrangement at the phosphorus atom with concomitant
lengthening of the P−C bond. The stretching of the P−C π-
bond is required to form a second lone pair for coordination
at the phosphorus atom. However, the longest P−C bonds are
achieved by C-diamino-substituted methylenephosphanes
with overall bulky alkyl groups at the phosphorus and nitro-
gen atoms. It has the effect of not only extending the P−C
bond but also widening the angle at the phosphorus atom.

plexes, type B {[M] 5 Cr(CO)5,[11] Fe(CO)4,[12]

Pt(PPh3)2
[13]}. The X-ray crystal structure of the solid indic-

ated that for the latter, the ligand was η1-bonded, whereas
in solution η2-coordination, type C, was favoured. A ration-
alization for this experimental observation was not given. It
was also suggested that the ligation modes are a delicate
balance of various effects.[14] Other η2-bonded complexes
with Ni, Rh, and W were subsequently reported.[15] A series
of η2-ligated nickel(0) species were prepared.[16] It has been
shown that for an η2-bonded ligand, the P2C bond is
longer than it is in the comparable η1-complexes or the free
ligand systems.[17,18] An η1,η2-complex of a phosphaalkene
with two coordinated transition metal atoms {[M] 5
Fe(CO)4}, type D, was first recorded by Appel et al.[19] (see
also ref.[15]). Phosphaalkenes acting as an η1-(µ2)-four-elec-
tron donor have also been reported {[M] 5 Cr(CO)5,[20]

CpFe(CO)2
[21]}. In these complexes the transition metal

fragments are linked to the same phosphorus atom.
It is obvious that the experimental results obtained for

transition metal coordination of phosphaalkenes is very
rich. Besides the η1- and η2-mode of coordination, bridged
metal centres in an η1-(µ2-P) or η2-(µ3) manner are also
known. This material has been recorded in detail in re-
views.[8,15] In the present publication we analyze the prin-
cipal bonding features of transition metal coordination, i.e.,
the η1- and η2-modes, for methylenephosphanes. Particular
attention is given to amino-substituted methylenephos-
phanes, since their coordination abilities are somewhat dif-
ferent and they can also be considered as electron rich π-
systems. We considered mono- and binuclear transition
metal complex formation at the phosphorus atom. The d6-
ML5 (L 5 CO; M 5 Cr, Mo, W) species were chosen as
the transition metal fragments. Our analysis is based on the
results of quantum chemical investigations at a density
functional level (DFT). We note that in this instance DFT
calculations are the appropriate choice for the cases studied
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at hand, due to the large size of these structures. Recent
investigations on a variety of transition metal complexes
with phosphorus compounds were skilfully performed by
Creve et al.[22,23] These studies show that the results of den-
sity functional calculations (at the B3LYP level) are com-
parable to those obtained at the more elaborate CCSD(t)
level. Details of the used quantum chemical methodology
are given in the Theoretical Section.

Results and Discussion

a. Various Modes of Complexation

We first discuss the qualitative bonding features of the
P2C π-bond. The parent methylenephosphane possesses
two closely spaced frontier orbitals,[24,25] shown schematic-
ally in Scheme 2.

Scheme 2

In general the HOMO is the π- and the LUMO the π*-
orbital. Slightly below the HOMO is the σ-orbital, consti-
tuted from the nonbonding lone pair orbital at the phos-
phorus atom. On the contrary in the related iminophos-
phanes[26,27] the HOMO is the σ- and the HOMO-1 is the
π-orbital, thus the orbital sequence is reversed. This gives
rise to a different chemical behaviour of methylene- vs.
iminophosphanes. The latter class of compounds reveals a
pseudo-carbenic behavior.[24] The levelling of frontier
orbitals in the methylene- and iminophosphanes is in
agreement with detailed photoelectron-spectroscopic
investigations[27,28231] and the assignment of the orbital
character (σ vs. π) is performed by supplementary investi-
gations of the UV spectra.[26,27]

The P2C π-bond (in methylenephosphane) is essentially
weaker than a C2C or an N2C π-bond,[32234] thus it can
be more easily distorted by other potential π-donors, e.g.,
an amino group at the carbon atom. It causes a polarization
of the P2C π-bond, in terms of canonical valence bond
structures best described as quasi-allylic resonance, under
accumulation of negative charge at the phosphorus atom.[25]
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Since phosphorus and carbon atoms possess comparable
electronegativities,[35] the P2C π-bond is unpolarized in the
parent methylenephosphane. With this we mean the coeffi-
cient at the HOMO is almost the same for both the carbon
and the phosphorus atom. However, substitution by an am-
ino group at the carbon atom causes the formation of a
strong N2C π-bond, with concomitant weakening of the
P2C π-bond. As a consequence negative π-charge is accu-
mulated at the phosphorus atom by allylic resonance. In
terms of frontier orbital considerations the π-bond coeffi-
cient becomes enlarged at the phosphorus atom and dimin-
ished at the carbon atom. The effect is rather strong since
an N2C π-bond is stronger than a P2C π-bond. This as-
pect was first noted some time ago[25] and was coined as
inverse π bond polarization, in the studies on
phosphatriafulvenes.[36238] Thus, while parent methyl-
enephosphane possesses an unpolarized π-bond (phos-
phorus and carbon have similar electronegativities), in C-
amino-substituted species the π-bond is inversely polarized.
This concept explains the large variation in the cycloaddi-
tion behavior of the P2C double bond[39,40] and was re-
cently summarized in a review article.[41]

What effect does it have on transition metal complex
formation? This is the aim of our present study. In order to
reveal the effect of π-bond polarization we included in our
work the transition metal complexes of (a) the parent com-
pound and an amino group attached (b) to the phosphorus
or (c) to the carbon atom. Thus, the DFT calculations
probe the various alternatives. For mononuclear transition
metal complexation with a d6-M(CO)5 (M 5 Cr, Mo, W)
fragment the bonding parameters as shown in Figure 1
were obtained.

For completeness we include the bonding parameters for
the (substituted) methylenephosphanes. The transition
metal fragment in our study refers to the d6-M(CO)5 frag-
ment. In qualitative terms it possesses the frontier orbital
system[42] as shown in Scheme 3.

Two doubly occupied orbitals at the transition metal
centre (dxz, dyz) can provide electron density for the forma-
tion of a π-bond while the dz

2-orbital can accept electrons.
In more detail, on a qualitative basis this extends the com-
mon view on bonding in Fischer-type complexes[43] to the
diagram in Scheme 4, with II referring to donation and I
to back-donation of electron density. One expects that the
amount of back-donation π(ML5)Rπ*(PC) is less com-
pared to (phosphanyl)carbenes,[44] due to the energetically
higher (antibonding) π*-orbital in methylenephosphane as
compared with the corresponding empty (nonbonding) p-
orbital in methylene.

The calculations indicate that the mononuclear transition
metal coordination does in essence only slightly alter the
geometry of the methylenephosphane. The transition metal
variation insignificantly changes the bonding parameters of
the (free) methylenephosphane moieties. It is in contrast to
the phosphanylcarbene complexes in which complexation
requires substantial changes in the geometries of the free
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Figure 1. Relevant bonding parameters (bond lengths [Å], bond
angles [°]) of η1-transition metal complexes of methylenephos-
phanes

carbenes.[44] The situation for η1-coordination is more
deeply analyzed by an inspection of the energies for bond-
ing of the transition metal fragments (Table 1). They are
defined by the reactions according to Equations (1) and (2).

R1P5CR2R3 R [R1P5CR2R3]‡ (1)

[R1P5CR2R1]‡ 1 ML5 R (ML5)(R1P5CR2R3 (2)
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Scheme 3

Scheme 4

The first process [Equation (1)] refers to the energy
(Eprep) needed to bring the free ligand (methylenephos-
phane) towards the structure for complexation.[45] Overall
the preparation energies are in the range of 122 kcal/mol,
thus fairly small. The second process [Equation (2)] corre-
sponds to the energy gained in the formation of the trans-
ition metal complex from its standard state. The table in-
cludes the electronic energies (∆E, with zero-point vibra-
tional energy correction) and the free energies (∆G, at room
temperature) for complexation. The binding energies (as
given by ∆E and ∆G) are throughout exothermic and
strongly superimpose the (endothermic) preparation ener-
gies. We note here that the free energies also include the
entropy contributions and were determined by standard
thermodynamic formulae (see Theoretical Section). The
bonding situation for transition-metal complexation con-
trasts that of the phosphanylcarbene complexes, where both
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Table 1. Energies for η1-coordination of d6-M(CO)5 fragments

Ligand Metal 2∆E [kcal/mol] 2∆G [kcal/mol] ∆Eprep [kcal/mol]

HP5CH2 Cr 26.5 16.0 1.0
Mo 27.7 17.5 0.9
W 31.8 21.5 1.0

H2N2P5CH2 Cr 28.2 17.2 0.7
Mo 29.4 18.8 0.7
W 33.5 22.9 0.7

HP5CH2NH2 Cr 25.3 15.1 1.4
Mo 27.7 18.0 1.1
W 30.8 21.6 1.4

quantities are comparable in magnitude.[44] Overall the free
energies (∆G) are smaller in magnitude than the electronic
energies (∆E 1 zero-point vibrational energy corrections).
There is a continuous trend in that the binding energies
increase slightly from Cr to W.

The structures of the methylenephosphanes are to a de-
gree preserved by the coordination. Amino substitution at
the phosphorus atom does not essentially alter the geo-
metry of the parent compound, the P2C bond is only
slightly elongated, as compared with the parent compound.
In terms of π-conjugation, the amino group at the phos-
phorus atom acts only as a weak π-donor toward the P2C
π-bond. The case is different for amino substitution at the
carbon atom. Here the P2C bond is sizeably elongated, due
to effects of inverse π bond polarization. In the coordinated
compounds the phosphorus atom adopts for a the parent
methylenephosphane and b for its P2NH2-substituted con-
gener a trigonal planar arrangement. The situation is differ-
ent for the C2NH2 substitution. After coordination, the
phosphorus atom becomes slightly pyramidal, in agreement
with the experiments.[31,41] The sum of valence angles for
C-amino substitution are as follows: Cr 348.9°, Mo 353.9°,
W 350.9°. This matter can be touched on in the limiting
structures shown in Scheme 5.

Scheme 5

In a the transition metal centre coordinates to the lone
pair at the phosphorus atom while in b the transition metal
fragment occupies one lone pair of the phosphorus atom
which is obtained by shifting electron density from the am-
ino group towards the P2C π-bond. In this case one lone
pair is available for complexation while the other becomes
stereochemically active and causes pyramidalization at the
phosphorus atom.
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For the binuclear coordination, the various modes for
complexation at the phosphorus as shown in Scheme 6 are
possible.

Scheme 6

In E the phosphorus atom adopts a tetrahedral coordina-
tion with equal bond angles [M]2P2C. In F the phos-
phorus atom adopts a trigonal bipyramid with one lone
pair in an equatorial position. In principle, the stereochem-
ical activity of the phosphorus lone pair can lead to such
conformations.[46] However, the electropositive transition
metal fragment would occupy the axial rather than the
equatorial positions. This would be uncommon for a tri-
gonal bipyramid. In any case, one expects for all three al-
ternatives, D to F, a longer P2C bond than for the mono-
nuclear cases since the phosphorus atom has now to provide
a second lone pair for coordination. It becomes only avail-
able by adopting the limiting structure b.

A binuclear chromium complex of F3CP5C(F)NMe2 has
been reported recently.[20] The P2[M] distances are 2.459,
2.457 Å, with Cr2P2Cr 5 127.5° and Cr2P2C 5 113.5,
104.6°. Thus, this structures has been addressed as a (η1-
µ2)-4e-complex. Concomitantly the P2C bond results in a
value of 1.859 Å, which is in the range of the length of a
P2C single bond (exp. 1.8221.86 Å).[47]

We have studied the binuclear case for [M] 5 Cr(CO)5

at (C-amino)methylenephosphane. A Molden plot[48] of the
resulting equilibrium geometry is shown in Figure 2.

Only the case where the transition metal fragment was
situated trans to the amino group at the carbon atom was
studied, in order to mimic the situation with the least steric
hindrance. The P2C bond here is sizeably longer (1.784 Å)
than in the parent compound or in the mononuclear con-
gener (see Figure 1), however also essentially shorter than
in the experiment.[20] Interestingly, the angles [M]2P2C are
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Figure 2. Molden plot of the chromium binuclear complex of C-
aminomethylenephosphane

different (112.8, 88.2°), also the Cr2P distances are not
equal (2.469, 2.553 Å) (see Figure 2). This indicates that the
structure does not adopt type D, rather it prefers a bonding
situation between E and F. In other words, the first trans-
ition metal fragment can easily coordinate to the lone pair
of the phosphorus atom, however, the second transition
metal fragment cannot bind strongly enough, such as to
emphasise the limiting structure of b over a. It will be
shown in the following section that steric effects also con-
tribute to a further lengthening of the P2C bond in methyl-
enephosphanes.

Accordingly, an amino group at the phosphorus atom
shortens the [M]2P bond. It can be attributed to an in-
crease of the p-character of the lone pair. On this basis the
phosphorus atom changes from p3-hybridization[32,49]

(R2P2C 5 90°) to sp2-hybridization (R2P2C 5 120°).
This is already witnessed in the structures of the transition
metal free methylenephosphanes. The amino substitution at
the phosphorus atom causes an opening of the angle at P,
as compared with the parent methylenephosphane. In the
experimentally reported structure of the binuclear chro-
mium complex the M2Cr distances as well as the angles of
the transition metal centres with the P2C bond are almost
equal. Thus, our investigations make it likely that the cru-
cial structural effect on bicoordination is exerted by the
electron-withdrawing substituent at the phosphorus atom.
The energy quantities for coordination of a second Cr(CO)5

fragment in addition to the η1-complex of C-aminomethy-
lenephosphane are: ∆E 5 220.8, ∆G 5 28.0, ∆Eprep 5 1.4
kcal/mol. Hence the second metal coordination is essen-
tially less favored than the first metal coordination. The
preparation energy, i.e., the energy mainly required to
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stretch the P2C π-bond is rather small. It is evident that
the η1/η2- or η1/η1-coordination will preferentially take
place for inversely polarized methylenephosphanes, since
the energy contributions ∆Eprep, i.e., the energy to stretch
the P2C π-bond can be expected to be small. Our analysis
is in agreement with the wealth of experimental data avail-
able on transition metal coordination of the P2C systems.[8]

There is a further aspect that must be considered here,
that is the electron distribution in the various coordination
compounds. In the η1-complexes, the M(CO)5 fragments
are only weakly bound to the phosphorus atom. The Wib-
erg bond indices yield a result for the [M]2P bond of ap-
proximately 0.5 which indicate a rather weak bond. These
values are almost independent on the nature of the trans-
ition metal (Cr, Mo, W). Overall 20.4 e flow from the li-
gand (methylenephosphane) into the M(CO)5 fragment. In
other words, the latter acts only as a poor electron acceptor.
Again, it is not essentially effected by the nature of the
transition metal, e.g., for η1-coordination at the C-amino-
methylenephosphane the following Wiberg bond orders and
flow of electron densities result: Wiberg bond order (∆
charge) Cr 0.411 (20.438), Mo 0.437 (20.374), W 0.434
(20.376). Thus, the Cr(CO)5 fragment is the slightly
stronger electron acceptor, although the W(CO)5 fragment
binds slightly stronger to the methylenephosphanes. With
respect to the electron distribution in the transition metal
complexes we will now report our results on the Laplaci-
ans (Figure 3).

Figure 3 (top) views the Laplacian of the electron density
of Cr bound to the phosphorus atom as well as in plane
with the carbon atom. The bond-critical point is at the
phosphorus atom that indicates a bond of the lone pair at
P towards the transition metal centre. In comparison to the
coordination of the second transition metal fragment, an
essentially different electronic structure results (Figure 3,
bottom). The bond-critical point is located within the tri-
angle spanned by the atoms C, P, and Cr. It indicates that
the second transition metal fragment binds simultaneously
to the phosphorus and the carbon atom. Whether the se-
cond transition metal fragment coordinates according to
type E or F thus depends largely on the preparation energy
required to stretch the P2C π-bond.

b. Steric Effects

While it seems clear that monocoordination does not ef-
fect the P2C bond length, this, however, is the case for the
addition of a second transition metal fragment, since a se-
cond lone pair at the phosphorus atom has to be provided.
Alternatively in the coordination C to F the P2C π-bond
is weakened. In practise the methylenephosphanes are sub-
stituted by bulky groups in order to kinetically protect the
central π-bond. It is well established that the ‘‘naked’’
methylenephosphanes tend to undergo immediate reactions
after generation.[50] To further analyze this aspect we per-
formed quantum chemical calculations on a variety of dif-
ferently substituted methylenephosphanes, at times utilizing
the B3LYP/6-31g* level of approximation (see following
Theoretical Section). The most important bonding para-
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Figure 3. Laplacian of the electron density distribution for Cr(CO)5
complex formation with C-aminomethylenephosphane; top: first
transition metal fragment (with a large angle bound to the phos-
phorus atom); bottom: second transition metal fragment (with a
small angle bound to the phosphorus atom)

meters are the P2C bond lengths and the R2P2C angles;
these are collected in Table 2.

The amino groups at the carbon atom sizeably extend the
P2C bond lengths. The effect is largely electronic. Two am-
ino groups increase the P2C distance to 1.742 Å, but the
further substitution by sterically demanding isopropyl
groups does not essentially continue this tendency. Still the
resulting equilibrium bond lengths are shorter than the
largest value (1.805 Å) obtained for the binuclear metal
complex.[20] According to our investigations the stretching
of the P2C bond does not require much energy. Con-
sequently the actual P2C bond lengths are determined by
the bonding state in the crystal.

The alkyl substitution in the phosphaalkenes has a fur-
ther effect, it induces a twisting of the π-bond. The matter
is illustrated for the case R1 5 iPr and R2 5 R3 5 NiPr2

in a Molden plot of the computed equilibrium geometry

Eur. J. Inorg. Chem. 2001, 2891228982896

Table 2. Relevant bonding parameters of various alkyl-substituted
phosphaalkenes (bond lengths [Å], bond angles [°]), computed at
B3LYP/6-31 g(d) level

R1(P) R2(C)[a] R3(C)[b] P2C R12P2C

H H H 1.674 97.7
H NH2 H 1.715 95.5
H H NH2 1.721 93.8
H NH2 NH2 1.742 94.5
H NMe2 NMe2 1.749 96.0
Me NMe2 NMe2 1.744 103.0
Me NiPr2 NiPr2 1.752 103.2
iPr NiPr2 NiPr2 1.751 104.8
Me H NH2 1.728 97.2
SiF3 H NH2 1.735 94.7
CF3 H NH2 1.716 97.2
F H NH2 1.701 99.1

[a] cis to R1(P). 2 [b] trans to R1(P).

(Figure 4). The substituents at the phosphorus and carbon
atoms exert considerable mutual steric hindrance, such as
to induce rotation at the amino groups (Figure 4, top). As
a further consequence, the P2C π-bond starts rotating
(Figure 4, bottom).

Conclusion

The results of our investigations can be summarized as
follows:

(1) For π-conjugation of an amino group with the π-bond
in methylenephosphane an essential lengthening of the
P2C bond is observed for the case of substitution of an
amino group at the carbon atom. It is due to the stronger
N2C π-bond compared with the P2C π-bond that makes
the stronger N2C π-conjugation feasible. This refers to the
case of inverse polarized PC π-bonds.

(2) The mononuclear transition metal coordination
causes only slight changes in the equilibrium geometries of
the free ligands, resulting in small preparation energies re-
quired for coordination. The phosphorus atom remains es-
sentially planar. However, for the case of amino substitu-
tion at the carbon atom, the phosphorus atom accumulates
negative charge. As a consequence the latter are slightly
pyramidal in the coordinated compounds and [M]2P is
also slightly longer compared to the other cases.

(3) For the binuclear complexes the first transition metal
fragment is coordinated to the phosphorus lone pair and
the second fragment to the P2C π-bond. Consequently, the
second fragment is weaker bound than the first fragment.
The second fragment can easily slip from η1- to η2-coor-
dination.

(4) Sterically demanding alkyl groups cause a further
lengthening of the P2C π-bond. Concomitantly a twisting
of the P2C π-bond is induced.

Theoretical Section

All structures were fully optimized at the B3LYP[51,52]

level. For the description of the metal complexes the effect-
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Figure 4. Molden plot of a substituted phosphaalkene (R1 5 iPr;
R2 5 R3 5 NiPr2)

ive core potential basis sets of Stevens, Basch, and
Krauss,[53,54] were augmented by one set of polarization
functions (of d-type) for the heavy (non-hydrogen) main
group elements [SBK(d) basis]. The use of polarization
functions is imperative to obtain a correct description of
the polar [M]2P bond. All stationary points were charac-
terized as local minima by inspection of the eigenvalues of
the corresponding Hessian matrices calculated at the DFT
level. The free energy contributions were evaluated using
standard thermodynamic formulae and refer to contribu-
tions at 25° C (room temperature). For the cases of the un-
complexed methylenephosphanes which are substituted by
bulky substituents [see Section (b)] we employed the 6-
31g(d) basis set.[55] For the population analyses the NBO
partitioning scheme[56] was used. Further investigations of
the electron density distributions were performed with the
method of ‘‘atoms in molecules’’.[57] All calculations were
performed using the Gaussian 98 package of programs.[58]

Eur. J. Inorg. Chem. 2001, 289122898 2897

Acknowledgments

This work has been supported by the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie.

[1] K. Dimroth, P. Hoffmann, Angew. Chem. 1964, 76, 4332512;
Angew. Chem. Int. Ed. Engl. 1964, 3, 384. K. Dimroth, P.
Hoffmann, Chem. Ber. 1966, 99, 132521331.

[2] G. Becker, Z. Anorg. Allg. Chem. 1976, 423, 2422254.
[3] L. N. Markovskii, V. D. Romanenko, Tetrahedron 1989, 45,

601926090.
[4] R. Appel, F. Knoll, I. Ruppert, Angew. Chem. 1981, 93,

7712784; Angew. Chem. Int. Ed. Engl. 1981, 20, 731.
[5] M. Reitz, B. Weber, Methoden Org. Chem. (Houben-Weyl)

1982, vol. E1, pp. 27231.
[6] L. N. Markovskii, V. D. Romanenko, A. V. Ruban, The Chem-

istry of Acyclic Twofold Coordinated Phosphorus Compounds,
Kiev, 1988 (in Russian).

[7] M. Regitz, O. J. Scherer (Eds.), Multiple Bonds and Low Coor-
dination in Phosphorus Chemistry, Thieme, Stuttgart, 1990.

[8] K. B. Dillon, F. Mathey, J. F. Nixon, Phosphorus: The Carbon
Copy, Wiley, Chichester, 1998.

[9] F. Mathey, J. Organomet. Chem. 1997, 529, 1; see following
publications.

[10] H. Estiagh-Hosseini, H. W. Kroto, J. F. Nixon, M. J. Maah,
M. J. Taylor, J. Chem. Soc., Chem. Commun. 1981, 1992200.

[11] T. C. Klebach, R. Lourens, F. Bickelhaupt, C. H. Stam, A. van
Herk, J. Organomet. Chem. 1981, 210, 2112221.

[12] J.-P. Majoral, R. Mathieu, A.-M. Caminade, S. Attali, M. San-
chez, Phosphorus Sulfur 1987, 30, 443.

[13] Th. A. van der Knaap, F. Bickelhaupt, H. van der Poel, G. van
Koten, C. H. Stam, J. Am. Chem. Soc. 1982, 105, 175621757.

[14] H. W. Kroto, S. I. Klein, M. F. Meidine, J. F. Nixon, R. K.
Harris, K. J. Packer, P. Reams, J. Organomet. Chem. 1985,
280, 2812287.

[15] J. F. Nixon, Chem. Rev. 1988, 88, 132721362.
[16] E. Niecke, H.-J. Metternich, M. Nieger, D. Gudat, P. Wender-

oth, W. Malisch, C. Hahner, W. Reich, Chem. Ber. 1993, 126,
129921309.

[17] A. L. Spek, A. J. M. Duisenberg, Acta Crystallogr., Sect. C
1987, 43, 121621219.

[18] M. H. A. Benvenutti, N. Cenac, J. F. Nixon, Chem. Commun.
1997, 1327.

[19] R. Appel, C. Casser, F. Knoch, J. Organomet. Chem. 1985,
293, 2132217.

[20] J. Grobe, D. Le Van, B. Krebs, R. Fröhlich, A. Schiemann, J.
Organomet. Chem. 1990, 389, C292C33.

[21] I.-P. Lorenz, W. Pohl, H. Nöth, M. Schmidt, J. Organomet.
Chem. 1994, 475, 2112221.

[22] S. Creve, K. Pierloot, M. T. Nguyen, L. G. Vanquickenborne,
Eur. J. Inorg. Chem. 1999, 1072115.

[23] S. Creve, M. T. Nguyen, L. G. Vanquickenborne, Eur. J. Inorg.
Chem. 1999, 128121289.

[24] W. W. Schoeller, E. Niecke, J. Chem. Soc., Chem. Commun.
1982, 5692570.

[25] W. W. Schoeller, J. Chem. Soc., Chem. Commun. 1985,
3342335.

[26] E. Niecke, D. Gudat, W. W. Schoeller, P. Rademacher, J. Chem.
Soc., Chem. Commun. 1985, 105021051.

[27] D. Gudat, E. Niecke, W. Sachs, P. Rademacher, Z. Anorg. Allg.
Chem. 1987, 545, 7223.

[28] S. Lacombe, D. Gonbeau, J.-L. Cabioch, B. Pellerin, J.-M. De-
nis, G. Pfister-Guillouzo, J. Am. Chem. Soc. 1988, 110,
696426967.

[29] H. Bock, M. Bankmann, Angew. Chem. 1986, 98, 2872288;
Angew. Chem. Int. Ed. Engl. 1986, 25, 265.

[30] G. Davis, V. von der Gönna, E. Niecke, T. Busch, W. W. Scho-
eller, P. Rademacher, J. Chem. Soc., Faraday Trans. 1984, 90,
261122618.



W. W. Schoeller, A. B. Rozhenko, S. GrigoleitFULL PAPER
[31] J. Grobe, D. L. Van, U. Althoff, B. Krebs, M. Dartmann, R.

Gleiter, Heteroatom Chem. 1991, 2, 3852394.
[32] W. Kutzelnigg, Angew. Chem. 1984, 96, 2622286; Angew.

Chem. Int. Ed. Engl. 1984, 23, 272.
[33] M. W. Schmidt, Phi N. Truong, M. S. Gordon, J. Am. Chem.

Soc. 1987, 109, 521725227. T. L. Windus, M. S. Gordon, J.
Am. Chem. Soc. 1992, 114, 955929568.

[34] W. W. Schoeller, C. Begemann, U. Tubbesing, J. Strutwolf, J.
Chem. Soc., Faraday Trans. 1997, 93, 295722962.

[35] L. Pauling, The Nature of the Chemical Bond, Cornell Univer-
sity Press, New York, 1960.

[36] This concept (ref.[25]) has been first coined explicitely as an in-
verse polarization in the discussion on the electronic properties
of phosphatriafulvenes: E. P. O. Fuchs, H. Heydt, M. Regitz,
W. W. Schoeller, T. Busch, Tetrahedron Lett. 1989, 30,
511125114; E. Fuchs, B. Breit, H. Heydt, W. W. Schoeller, T.
Busch, C. Krüger, P. Betz, M. Regitz, Chem. Ber. 1991, 124,
284322855.

[37] L. Weber, Eur. J. Inorg. Chem. 2000, 242522441.
[38] L. Weber, S. Uthmann, H.-G. Stammler, B. Neumann, W. W.

Schoeller, R. Boese, D. Bläser, Eur. J. Inorg. Chem. 1999,
236922381.

[39] A. N. Chernega, A. V. Ruban, V. D. Romanenko, L. N. Mar-
kovski, A. A. Korkin, M. Yu. Antipin, Y. T. Struchkov, Het-
eroatom Chem. 1991, 2, 2292241.

[40] J. Grobe, D. L. Van. J. Nientedt, B. Krebs, M. Dartmann,
Chem. Ber. 1988, 121, 6552664.

[41] L. Weber, Phosphaalkenes with Inverse Electron Density; for a
full account see ref.[37].

[42] T. A. Albright, J. K. Burdett, M. H. Whangbo, Orbital Interac-
tion in Chemistry, Wiley-Interscience, New York 1985.

[43] Ch. Elschenbroich, A. Salzer, Organometallchemie, Teubner,
Stuttgart, 1986.

[44] W. W. Schoeller, D. Eisner, S. Grigoleit, A. B. Rozhenko, A.
Alijah, J. Am. Chem. Soc. 2000, 122, 10115210120.

[45] T. Ziegler, A. Rauk, Theor. Chim. Acta 1977, 46, 1210. T. Zi-
egler, A. Rauk, Inorg. Chem. 1979, 18, 155821565.

Eur. J. Inorg. Chem. 2001, 2891228982898

[46] W. W. Schoeller, A. Sundermann, M. Reiher, Inorg. Chem.
1999, 38, 29237, and refs. cited therein.

[47] A. F. Wells, Structural Inorganic Chemistry, 4th ed., Clarendon
Press, Oxford, 1975, pp. 234.

[48] G. Schaftonaar, Molden, www.caos.kun.nl/~schaft/mold-
en.html.

[49] W. W. Schoeller, in: Multiple Bonds and Low Coordination in
Phosphorus Chemistry (Eds.: M. Regitz, O. J. Scherer), Thieme
Verlag, Stuttgart, 1990.

[50] M. J. Hopkinson, H. W. Kroto, J. F. Nixon, N. P. C. Simmons,
J. Chem. Soc., Chem. Commun. 1976, 5132515.

[51] A. D. Becke, J. Chem. Phys. 1993, 98, 564825653.
[52] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 7852789.
[53] W. J. Stevens, H. Basch, M. Krauss, J. Chem. Phys. 1984, 81,

602626033.
[54] W. J. Stevens, M. Krauss, H. Basch, P. G. Jasien, Can. J. Chem.

1992, 70, 6122630.
[55] P. C. Hariharan, J. A. Pople, Theor. Chim. Acta 1973, 28,

2132222.
[56] A. E. Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88,

8992926.
[57] R. F. W. Bader, Atoms in Molecules, Clarendon Press, Ox-

ford, 1994.
[58] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.

A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgom-
ery, R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala,
Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,
C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L.
Andres, M. Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian
98 (Revision A.1), Gaussian Inc., Pittsburgh PA, 1998.

Received May 31, 2001
[I01221]


