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The mono- and bidentate chelation of the main-group related bis(diamino)- and the higher element homologue
bis(diarsanyl)methanide ligand systems have been studied.elements silicon, germanium, tin, and lead through the

phosphorus atoms of the diphosphanylmethanide ligand has The bonding situation in the hitherto experimentally
unknown bis(diamino)methanide ligands is predicted to bebeen studied by means of quantum chemical methods. In

accord with experimental investigations, the species are similar to that in bis(amidinate) complexes. An analysis of
the electron distributions (natural bond orbital populationfound to adopt a ψ-tbp conformation of high flexibility. The

various distortional modes causing the axial and equatorial analysis) in these compounds reveals that the central main-
group element is positively charged and weakly chelated bypositions to become equivalent have also been investigated.

In addition, the bonding situations in the electronically the surrounding ligands.

which has been extensively investigated for tin and lead[7210]Introduction
as well as for germanium.[11] For silicon, bidentate amidin-

Divalent silicon compounds are currently of interest due ate chelation could be deduced on the basis of NMR in-
to their high potential in new synthetic routes. Archetypal vestigations. [12] A first quantum chemical interpretation of
compounds in this field are (C5Me5)Si with η5-bonded li- the various structural alternatives in amidinate chemistry
gands (silicocene)[1] and the intramolecular donor-stabi- has recently been presented. [13]

lized diphosphanylmethanide complexes 1 (M 5 Si). [2] For The extremely rich chemistry in this field prompted us to
the higher element homologues with M 5 Ge[3] and Sn,[4] investigate diphosphanylmethanide structures containing a
corresponding compounds have also been characterized ex- Group-14 element (Si, Ge, Sn, Pb) as the central atom by
perimentally. Besides the connectivity seen in 1, chelation quantum chemical methods. We report here the results of
of the main-group element can also occur in three-fold co- ab initio calculations on the chelated main-group elements
ordinated compounds such as 2 (Scheme 1). in their divalent oxidation states, utilizing relativistic effec-

tive core potentials for the description of the higher main-
group elements. In particular, we have analyzed the follow-
ing aspects of the complexes: (a) bis(diphosphanyl)methan-
ide chelation, and (b) the likelihoods of various geometrical
arrangements at the central atom, i.e. trigonal-pyramidal
(C2) or planar (D2h) environments. From experimental in-
vestigations it is known that these structures preferentially
adopt pseudo-trigonal-bipyramidal (Ψ-tbp) geometries,
which can easily be distorted. In solution, the structures
undergo geometrical rearrangements that may be observed
as dynamic processes by NMR spectroscopy.[4] [5] All these
aspects have been analyzed by means of quantum chemical
calculations. Details of the quantum chemical methodology
are given in the Appendix.

Scheme 1

Species of this kind are known for M 5 Ge, Sn, and
Pb.[5] Recently, a diphosphanylmethanide complex was re- Results and Discussion
ported with phosphorus as the central main-group ele-
ment. [6] For the Group-14 elements, chelation has been well (a) The Ligand Field of the p-Block Elements
documented in the amidinate chemistry of these species,

We begin our analysis with a discussion of some qualitat-
ive aspects. The formation of diphosphanylmethanide com-[a] Fakultät für Chemie, Universität Bielefeld,

Postfach 100131, D-33501 Bielefeld, Germany plexes can be considered in terms of the coordination of a
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central element M (Si, Ge, Sn, etc.) in a ligand field[14] that (b) Bidentate Chelation
is spanned by the diphosphanylmethanide ligands A

In this section, we report the numerical results obtained(Scheme 2).
for the parent bis(diphosphanyl)methanide structures B
(R 5 H). We first studied their equilibrium geometries with
the main-group element M being varied by descending the
group Si, Ge, Sn, and Pb. As ligands Li (i 5 1 to 4), the
diamino- (Li 5 N), diphosphanyl- (Li 5 P), and diarsanyl-
methanide (Li 5 As) components were chosen (Scheme 3).
Experimentally, only the case of Li 5 P is known, so our
calculations make predictions for a variety of structures of
experimentally unknown homologues. In all calculations we
replaced the substituents at Li and at the carbon atoms by
hydrogen atoms. In the actual experimental situation the
bis(diphosphanyl)methanide complexes are kinetically pro-
tected by bulky substituents (aryl, alkyl) at the chelating
phosphorus atoms. Hence, our present calculations cannot
account for these steric effects, but should accurately reflect
the trends in bonding. The relevant equilibrium bonding
parameters (bond lengths in Å, bond angles in degrees),
obtained by energy optimizations of the equilibrium struc-
tures, are collected in Table 1.

Scheme 2

The ligand A refers to two two-electron donors (denoted
here as L). In other words, each two-electron donor is con-

Scheme 3fined to a non-bonding lone pair at the (terminal) phos-
phorus atoms and each phosphorus atom of the diphos- The most stable structure is found to be the ψ-tbp ge-

ometry, in accord with experiment. Two ligands L1 and L2phanylmethanide ligand supplies two electrons to the cen-
tral atom M. Various a priori possible conformations can occupy equatorial while the other two L3 and L4 occupy

axial positions. All of the equilibrium geometries could bebe drawn. In each of them, the ligand exerts a ligand
field[14] on the central atom. The orbital splitting for the ascertained by corresponding vibrational analyses. As ex-

pected, the equatorial bonds are invariably shorter than thedifferent geometrical arrangements can be deduced from
symmetry considerations, as has been shown previously for axial ones. This is a common feature of the trigonal-bipyra-

mid surrounding a central main-group element. [15] The ac-coordination of a central atom M with amidinato li-
gands. [13] In the C2 and C2v conformations, a non-bonding tual equilibrium geometry of the ψ-tbp complex is deter-

mined by the electronegativity of the chelating axial andlone-pair orbital is operative at the central element M. The
latter differs from the former geometry in that all M2L equatorial atoms (groups). We may discuss this for the case

M 5 Si, Li 5 N (diaminomethanide ligand), for which cor-bonds are equivalent. It can be considered as the transition
state geometry for interchange of the equatorial and axial responding experimental structures are unknown. Here, the

two axial bonds are equivalent in length, hence this mol-bond positions in the dynamic rearrangement. [3] Possible
planar (D4h) or tetrahedral (Td) conformations are not ob- ecule strictly adopts C2 symmetry. On the other hand, re-

placement of N by P (diphosphanylmethanide ligand)served experimentally, and are thus not included in our con-
siderations. For the corresponding amidinate complexes, the makes the two axial bonds asymmetrical. The trend in-

creases in the order (L4/L3, N 5 1.0, P 1.35, As 1.41). How-latter tetrahedral structure incorporates four strong bonds
between the central atom M and the ligands, and can be ever, with increasing atomic size of the central element M

(Si < Ge < Sn < Pb), the asymmetry of the axial bondsassigned to a structure with a high degree of open-shell
character. [13] For a more exhaustive discussion on the ac- becomes less marked. In fact, for M 5 Sn the two axial

bonds in the ψ-tbp geometries are invariably symmetrical.tion of the ligand field on the orbitals of the central element
M, the reader might like to refer to a recent report. [13] The effects on the equatorial bonds are almost negligible so
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Table 1. Equilibrium geometries of complexes 1 (bond lengths in Å; bond angles in degrees)

M Li Symmetry M2L1 M2L2 M2L3 M2L4 / L1ML2 / L3ML4

Si N C2 1.956 1.956 2.165 2.165 96.0 142.0
P C1 2.331 2.338 2.401 3.245 93.5 138.2
As C1 2.435 2.459 2.502 3.514 90.6 135.2

Ge N C2 2.079 2.079 2.284 2.284 94.8 137.8
P C2 2.432 2.432 2.749 2.749 92.8 140.9
As C1 2.525 2.548 2.664 3.200 89.6 139.3

Sn N C2 2.301 2.301 2.417 2.417 89.9 130.4
P C2 2.639 2.639 2.900 2.900 90.5 132.7
As C2 2.731 2.731 3.008 3.008 87.8 133.8

Pb N[a] C2 2.420 2.420 2.462 3.462 85.1 131.8
P C2 2.691 2.691 2.929 2.929 90.6 131.6
As C2 2.776 2.776 3.021 3.021 89.1 134.1

[a] Unstable (transition state) structure, rearranges to d.

that these have similar lengths in all cases. We note that for In order to further support this argument we have per-
formed calculations at a higher level for the case M 5 Si,M 5 Pb and Li 5 N the corresponding structure B is not

stable on the electronic hypersurface, but further rearranges Li 5 P. The two stationary points, with either C2 symmetry
(transition state structure) or C1 symmetry (equilibriumto its isomer d (vide infra) without having to surmount an

energy barrier. structure) were taken into consideration. At the MP2 level,
we obtained the following energy differences (in kJ/mol) asIt is of interest to inspect the population analyses (NBO)

of the resulting equilibrium geometries. These are presented a function of the basis sets: (a) 6-31g** level 3.9, (b) 6-
311g** 5.1, (c) 6-3111g** 3.6. Thus, at higher compu-in Table 2.
tational levels our findings compare extremely well with the

Table 2. Wiberg bond indices and NBO charges of complexes 1 results obtained with the effective core potential basis sets.
In other words, the more refined calculations are supportiveM Li M2L1 M2L2 M2L3 M2L4 q(M)
of the present discussion. In the actual experiment, how-
ever, the structures are substituted by bulky substituents,Si N 0.37 0.37 0.24 0.24 1.28

P 0.84 0.80 0.72 0.10 0.24 which exert a steric hindrance. Hence, the subtle energy dif-
As 0.86 0.80 0.75 0.06 0.22 ferences revealed by the quantum chemical theory for theGe N 0.32 0.32 0.20 0.20 1.36

unsubstituted cases can be neglected in comparison withP 0.77 0.77 0.40 0.40 0.39
As 0.81 0.78 0.60 0.17 0.36 the steric effects exerted by the substituents. The calcu-

Sn N 0.21 0.21 0.17 0.16 1.48 lations also predict that the trend towards decreased sym-P 0.66 0.66 0.37 0.37 0.64
As 0.67 0.67 0.36 0.36 0.64 metry should increase with decreasing positive charge at the

Pb N 0.16 0.16 0.15 0.15 1.51 central main-group element, e.g. for M 5 Si, in the order
P 0.63 0.63 0.34 0.34 0.73

N < P < As.As 0.63 0.63 0.33 0.33 0.74
We have also analyzed the extent of a bonding interaction

between the negatively charged methanide carbon atomsIn general, the Wiberg bond indices for the axial bonds
and the central atom M. Overall, the Wiberg bond indices,are smaller than those for the equatorial bonds. Neverthe-
i.e. the bond orders, are negligible (# 0.05) for the casesless, for Li 5 N, M 5 Si both the equatorial and the axial
M 5 Si to Pb. Of interest is the charge at the central atombonds are even weaker than a half bond. Replacing the li-
M. For Li 5 N (diaminomethanide ligand) this amounts togands Li by more electropositive elements (P, As) increases
ca. 11.3 to 11.5, while for the higher element homologuesthe strengths of the equatorial bonds, but makes the axial
Li 5 P, As it is much less (ca. 10.2 to 10.7). Such a descrip-bonds more asymmetrical. As a further consequence, one
tion also holds true for the related amidinate complexes. [13]

axial bond becomes much stronger than the other (e.g. M 5
On the basis of the charge densities and the Wiberg bondSi, Li 5 P). As will be shown below by energetic consider-
indices, one can view the bonding situation in the com-ations (vide infra), the overall energy differences resulting
plexes in terms of the three canonical structures a to cfrom the increased strength of one axial bond and the sim-
(Scheme 4).ultaneous weakening of the other are fairly small. With the

higher element homologues as the central atom, M 5 Ge > In a, the central element M is tetravalent but additionally
bears a lone pair orbital. Thus, this canonical structure for-Sn > Pb, the trend towards asymmetry of the two axial

bonds is diminished. mally refers to a 10-electron configuration at M. In com-
parison, in the canonical structure b the central atom MIt is notable that the axial bonds of the diphosphanyl-

methanide structures can easily become asymmetrical. is chelated by four two-electron donating groups. In this
structure, M is assigned a formal charge of 12. Finally, weThus, one axial bond lengthens while the other shortens,

and the energy difference between these forms and the may add a third canonical structure c. It is characterized
by equatorial single bonds and two axial bonds fixed by ahighly symmetrical structure (C2 symmetry) is fairly small.
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increasing electronegativity of the chelating atoms, N < P
< As. In the same order, canonical structure b comes to
the fore.

These results allow a clear-cut assignment of the various
mechanisms for the dynamic rearrangement of the bis(di-
phosphanyl)methanides. It has been noted that these species
undergo exchange of the equatorial and axial phosphorus
atoms and even more facile exchange of the axial and exo-
phosphanyl groups. [3] The mechanism for the latter process

Scheme 4 is outlined in Scheme 5.
One axial bond is readily extended, while the other is

donor2acceptor interaction with the central atom. Accord- strengthened. This is followed by a facile rotation about the
ing to the population analyses, the various complexes can P2C bond (I) and subsequent ring-closure (II). Along this
be divided into two categories: (a) In cases where the donat- reaction coordinate, the phosphanyl groups undergo posi-
ing atoms are strongly electronegative (e.g. with the diamin- tional interchange. Considering the presented results, such
omethanide ligand), the resulting compounds are best de- a process is easy to understand. While one axial bond is
scribed by canonical structure b. In these cases, the Wiberg stretched, the other is shortened and the overall energy ex-
bond indices indicate a bond order of less than a half for pense for such a process is fairly small.
the equatorial and axial bonds. However, the latter bonds There is another point that needs to be considered here.
are invariably stronger than the former ones. (b) On the It has been reported that certain bis(diphosphanyl)methan-
other hand, in the case of Li 5 P, As (diphosphanyl-, diar- ide structures undergo irreversible reaction of the ψ-tbp ge-
sanylmethanide ligands) the equatorial and, to a much ometry[4] to give a structure in which one diphosphanylme-
lesser extent, the axial bonds become stronger. This sup- thanide ligand is linked through an M2C bond (structure
ports the predominance of canonical structure c for the d, Scheme 6).
overall bonding description. Interestingly, for the structures In order to gain an insight into the stability of the latter
with asymmetrical bonds, the shorter axial bond becomes geometry, we have calculated the energy balances for vari-
much stronger, while the longer axial bond is weakened (e.g. ous cases (different M, Li and R9, R 5 H) (Table 4).
M 5 Si, Li 5 P). In all cases, the structures d are found to be more stable

Besides the ψ-tbp conformations with symmetrical (C2 than the ψ-tbp structures. Furthermore, the investigations
symmetry) or asymmetrical (C1) axial bonds, we also ex- indicate that with various substituents R the energy bal-
plored structures in which the axial and equatorial bonds ances between the two structures are not significantly affec-
in the complexes were of equal length. This refers to the ted. This indicates that silyl or phosphanyl groups[16] at the
case of C2v symmetry and represents the transition state for carbon atom in structure d do not exert strongly stabilizing
pseudorotation, i.e. the positional interchange of the equa- effects on the ψ-tbp geometries.
torial and axial bonds. We will not present here the details
of the equilibrium structures, but all geometries refer to
transition states established from the corresponding vi- Conclusionsbrational analyses. They are in accordance with one imagin-
ary vibration in these C2v geometries. A summary of the The results of our investigation can be summarized as fol-
energies of the ψ-tbp geometries and their corresponding lows:
C2v geometries is also given in Table 3. 1. The bis(diphosphanyl)methanide complexes with

Group-14 central elements have been studied by quantumTable 3. Relative energies (in kJ/mol) for complexes 1
chemical methods at an effective core potential level. They

M Li E(C1) E(C2) E(C2v) have been found to be capable of facile pseudorotation over
a C2v symmetrical structure. The energy barrier for the de-

Si N 0.0 0.0 21.9 generate rearrangement decreases in the order Si > Ge >
P 0.0 3.8 34.0

Sn > Pb. Rearrangement is also facilitated with increasingAs 0.0 6.1 41.7
Ge N 2 0.0 15.0 difference in electronegativity between the central and chel-

P 2 0.0 33.6 ating atoms, As > P > N.As 0.0 0.6 38.1
2. The structures with the diphosphanylmethanide andSn N 2 0.0 6.2

P 2 0.0 15.7 diarsanylmethanide ligands are best described as having
As 2 0.0 20.0 equatorial single bonds and weak axial bonds, which canPb N 2 0.0 9.6

distort to form asymmetrical trigonal bipyramids. This ex-P 2 0.0 11.9
As 2 0.0 15.0 plains the experimentally observed facile rearrangement of

these species.
3. A “true” chelation, i.e. the formation of partial bondsThe numerical data indicate that the energy differences

between the two conformations are fairly small. The values between the central atom M and the ligands is observed
only for the case Li 5 N, i.e. the hitherto experimentallydecrease in the order M 5 Si > Ge > Sn > Pb and with
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Scheme 5

the given computational level were performed according to the
Weinhold2Reed partitioning scheme.[21]
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