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The electronic and molecular structures of the metal-pnic-
ogen complexes [(RO)3M�E] (M = Mo, W; E = N, P, As, Sb,
Bi; R = H, Me) and [(Me3CO)3M�P] have been investigated
at the DFT level using the exchange correlation functionals
B3LYP and BP86. The nature of the M�E interactions was
analyzed with charge and energy decomposition methods.
The bonding analyses show that the metal-pnicogen bonds
are genuine triple bonds containing a σ- and a degenerate
π-bond. The M−E σ-bonds are always polarized towards the
pnicogen atom E, particularly for the nitrogen complexes.
The M−N π-bonds are also polarized towards nitrogen, while
the π-bonds of the heavier pnicogens P−Bi show a small po-
larization towards the metal atom. The M−E σ-bonds at the
pnicogen E are spn-hybridized; the p character is always
� 80% of the total AO contribution. The hybridization of the

Introduction

Triple bonding between transition metals is a feature
commonly encountered in several classes of dinuclear com-
plexes.[1] Molecules that have a σ- and a degenerate π-bond
are also known to form between transition metals and main
group elements as exemplified in carbyne,[2�9] nitrido,[10�20]

and germylyne[21�25] complexes. The coordination chemis-
try of transition metal complexes with a terminal nitrido
ligand has blossomed in the last 25 years, during which
much knowledge of their properties has been
obtained.[10�20]

For the heavier group 15 elements P, As, Sb, and Bi there
are only a small number of complexes with a terminal phos-
phorus atom as a ligand known from the literature.[26�32]

An intermediate metal phosphido complex [(O-
tBu)3 W�P] was first suggested in 1985 by Becker et al.[33]

from the reaction of [W2(O-tBu)6] with t-BuC�P. In 1987,
Chisholm and coworkers proposed the formation of an in-
termediate phosphido complex [(NpO)3 W�P] (Np � neo-
pentyl).[34] The existence of metal-arsenido complexes
[Cp(CO)2M�As] (M � Mo, W] as intermediates was sug-
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metal atoms in the nitrido complexes is approximately sd2

and that in the heavier homologues, approximately sd. The
ratio of the energy contributions of the σ- and π-orbitals to
the covalent bonding in [(HO)3M�E] is about 50:50 for all
pnicogen atoms E. The metal−nitrido bonds in [(HO)3M�N]
are more covalent than electrostatic. The covalent character
becomes smaller when the pnicogen atom becomes heavier
with the trend N �� P � As � Sb � Bi. The [(HO)3M�E]
tungsten complexes have stronger bonds that are slightly less
covalent than the molybdenum complexes, the π-bonding
contribution in the former species is slightly larger than in
the latter.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

gested by Ziegler et al.[35] Rheingold and coworkers re-
ported on metal-stibido complexes [(CO)nM�Sb] (n � 4,
M � Cr, Mo, W; n � 3, M � Fe) as intermediates.[36]

Until ten years ago, no examples of stable, fully charac-
terized complexes with a terminal M�E bond (E � P, As,
Sb, Bi) were known. In 1995, the groups of Cummins[37]

and Schrock[38] independently reported representative ex-
amples of complexes containing metal�phosphorus triple
bonds in [(ArRN)3Mo�P], [(R2N)3Mo�P] {R �
C(CD3)2(CH3), Ar � 3,5-C6H3Me2} and [(N3N)M�P]
{M � Mo, W; N3N � (Me3SiNCH2CH2)3N}. Schrock et
al. also isolated the first examples of metal-arsenido com-
plexes [(N3N)M�As] (M � Mo, W).[38,39] Scheer and co-
workers synthesized [(N3N)W�E] (E � P, As) by a different
synthetic route.[40] Recently, Cummins et al. reported on the
phosphido complex [(RO)3Mo�P] (R � 1-methylcyclo-
hexyl).[41]

Several theoretical studies on metal nitrido complexes
have been published[14�20] but little theoretical work has
been performed on the heavier homologues. Four compu-
tational investigations on phosphido complexes have been
reported. Wagener and Frenking optimized the geometries
of the model compounds [(H2N)3M�P],
[(H2N)3(NH3)M�P], [(HNCH2CH2)3M�P] (M � Mo, W)
at the HF, MP2, and B3LYP levels of theory[42] 31P NMR
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chemical shielding calculations for phosphido complexes
were carried out by Morokuma et al.[43] and by Cummins
et al.[41] Geometries of [(N3N)W�E] (E � P, As) were opti-
mized at the DFT/BP86/SVP level of theory by Scheer et
al.[40] Ab initio MP2 calculations on the [(CO)4Mo�Sb]�

anion were reported by Rheingold et al.[36] A comparative
study of complexes with terminal metal�pnicogen triple
bonds LnM�E has not been published until now.

In this paper, 21 metal-pnicogen complexes [(RO)3M�E]
(M � Mo, W; E � N, P, As, Sb, Bi; R � H, Me) and
[(Me3CO)3M�P] have been investigated using density func-
tional theory at the B3LYP and BP86 levels of theory. We
report on the charge and energy decomposition analysis of
the metal�pnicogen triple bonds in [(MeO)3M�E] (M �
Mo, W; E � N, P, As, Sb, Bi), which gives, for the first
time, the energies that are associated with the M�E σ-do-
nation and M�E π-bonding. The relative strength of the
electrostatic and covalent contributions to the bond
strength will be also reported. The following questions are
addressed in this work: (i) how are the M�E σ- and π-
bonds polarized, and what is the hybridization at the metal
and pnicogen atoms; (ii) how strong are the contributions
of the M�E σ-bonding and M�E π-bonding to the total
M�E bonding energy; (iii) what are the relative strengths
of the covalent and electrostatic interactions?

Computational Methods

Calculations on all complexes have been performed using
the hybrid B3LYP density functional method, which uses
Becke’s 3-parameter nonlocal exchange functional[44] mixed
with the exact (Hartree�Fock) exchange functional and
Lee�Yang�Parr’s nonlocal correlation functional.[45] The
geometries of the molecules were optimized without any
symmetry restrictions with standard 6�311G(d) basis
sets[46] for H, C, O, N and P atoms. For As, Sb, Bi, Mo and
W, quasi-relativistic effective core potentials (ECP) deter-
mined by Hay�Wadt have been used.[47] The valence basis
sets for Mo and W have triple-ζ quality (10s10p4d1f/
3s3p3d1f), which include (n�1)p functions[48] that were
augmented by an additional set of f orbitals with an ex-
ponent of 1.043 for Mo and 0.823 for W.[49] For As, Sb and
Bi, the standard (3s4p1d/2s3p1d) valence basis functions of
Hay and Wadt have been used.[50] This basis set is denoted
TZP. Frequency calculations were performed at B3LYP/
TZP to determine whether the optimized geometries were
minima on the potential energy surface. The electronic
structures of the complexes were examined by NBO analy-
sis.[51] The B3LYP/TZP calculations were carried out with
the Gaussian98 program.[52] All MO pictures were made by
using the MOLDEN program.[53]

Calculations on the model complexes [(HO)3M�E] have
also been performed at the nonlocal DFT level of theory
using the exchange functional of Becke[54] and the corre-
lation functional of Perdew[55] (BP86). Scalar relativistic ef-
fects have been considered using the ZORA formalism.[56]
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Uncontracted Slater-type orbitals (STOs) using triple-ζ
basis sets augmented by two sets of polarization functions
were employed for the SCF calculations.[57] The (1s)2 core
electrons of carbon and nitrogen, (1s2s2p)10 core electrons
of phosphorus, (1s2s2p3s3p)18 core electrons of arsenic,
(1s2s2p3s3p3d)28 core electrons of molybdenum,
(1s2s2p3s3p3d4s4p)36 core electrons of antimony, and
(1s2s2p3s3p3d4s4p4d)46 core electrons of bismuth and
tungsten were treated by the frozen-core approximation.[58]

An auxiliary set of s, p, d, f and g STOs was used to fit
the molecular densities, and to present the coulomb and
exchange potentials accurately in each SCF cycle.[59] A nu-
merical integration accuracy of INTEGRATION � 10 was
used throughout. The geometries of [(HO)3M�E] were op-
timized at BP86/TZ2P with C3 symmetry. The latter calcu-
lations were performed utilizing the program package
ADF-2002.01.[60]

The binding interactions in the complexes [(HO)3M�E]
between the fragment radicals in the electronic quadruplet
states (4A1) [(HO)3Mo] and (4Σ�) E have been analyzed
with C3 symmetry using the energy decomposition scheme
of ADF, which is based on the methods of Morokuma,[61]

and Ziegler and Rauk.[62] According to the ETS method,
the bond energy ∆E between the [(HO)3Mo] and E frag-
ments is:

∆E � ∆Eint � ∆Eprep (1)

Here, ∆Eprep is the energy required to promote the struc-
tures of the free fragments from their equilibrium structure
in the electronic ground state to the geometry and electronic
state that they take up in the molecule:

∆Eprep � Etotal(distorted fragments) � Etotal

(fragments in the equilibrium structure) (2)

∆Eint in Equation (1) is the instantaneous interaction en-
ergy between the two fragments in the molecule. It is com-
prised of three main components as shown in Equation (3).

∆Eint � ∆Eelstat � ∆EPauli � ∆Eorb (3)

∆Eelstat describes the classical Coulomb interaction be-
tween the fragments, which is attractive in most cases. The
term ∆EPauli, which is called exchange repulsion or Pauli
repulsion, takes into account the destabilizing two-orbital
three- or four-electron interactions between occupied or-
bitals of both fragments. ∆EPauli is calculated by enforcing
the Kohn�Sham determinant of the molecule, which re-
sults from superimposing both fragments, to obey the Pauli
principle through antisymmetrization and renormalization.
The last term ∆Eorb in Equation (1) gives the stabilizing or-
bital interactions between occupied and virtual orbitals of
the two fragments. ∆Eorb can be further partitioned into
contributions from the orbitals that belong to different irre-
ducible representations of the point group of the system. It
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has been suggested that the covalent and electrostatic
character of a bond is given by the ratio ∆Eelstat/
∆Eorb.[23,63�65]

Results and Discussion

Geometries

Figure 1 shows the optimized geometries of [(RO)3-

Mo�P] (R � H, Me, CMe3). Table 1 gives the most import-
ant bond lengths and angles that have been computed for
the eleven molybdenum-pnicogen complexes [(RO)3Mo�E]
(R � H, Me; M � Mo; E � N, P, As, Sb, Bi) and [(Me3C-
O)3Mo�P]. The geometrical data for the ten tungsten-pnic-

Figure 1. Optimized geometries of [(RO)3Mo�P] (R � H, Me,
CMe3)

Table 1. Selected optimized geometrical parameters for the [(RO)3Mo�E] (R � H, Me; E � N, P, As, Sb, Bi) complexes; distances are
in Å and angles are in degrees

NE � P As Sb Bi

R � H Me H Me C(Me)3 H Me H Me H Me

B3LYP BP86 B3LYP B3LYP BP86 B3LYP B3LYP B3LYP BP86 B3LYP B3LYP BP86 B3LYP B3LYP BP86 B3LYP

Bond lengths
Mo�E 1.634 1.657 1.639 2.094 2.117 2.102 2.112 2.217 2.226 2.224 2.429 2.443 2.436 2.484 2.523 2.488
Mo�O 1.902 1.906 1.893 1.893 1.893 1.881 1.889 1.893 1.893 1.880 1.892 1.891 1.878 1.893 1.893 1.879
O�H 0.963 0.973 0.962 0.971 0.962 0.971 0.962 0.971 0.962 0.971
O�C 1.415 1.413 1.443 1.413 1.411 1.411
Bond angles
E�Mo�O 106.2 107.1 105.3 107.1 107.8 105.5 107.9 107.2 107.8 105.5 107.3 107.7 105.2 107.2 107.9 104.9
O�Mo�O 112.5 111.8 113.3 111.8 111.0 113.1 111.1 111.7 111.1 113.1 111.5 111.2 113.4 111.6 111.1 113.6
M�O�H 122.5 119.9 124.9 122.1 125.2 121.8 125.7 121.8 125.9 122.1
M�O�C 134.2 139.3 144.2 140.0 141.5 141.6
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ogen complexes [(RO)3W�E] (R � H, Me; M � W; E �
N, P, As, Sb, Bi) are presented in Table 2.

Experimental values are available for a large number of
stable nitrido complexes of molybdenum and tungsten.
From these structural data, the M�N triple bond lengths
are between 1.6�1.7 Å.[10�20] The calculated Mo�N and
W�N bond lengths at B3LYP/TZP in [(HO)3Mo�N]
(1.634 Å), [(MeO)3Mo�N] (1.639 Å), [(HO)3W�N] (1.665
Å), and [(MeO)3W�N] (1.670 Å) agree quite well with the
experimental values. The calculated Mo�P and W�P bond
lengths in [(HO)3Mo�P] (2.094 Å), [(MeO)3Mo�P] (2.102
Å), [(Me3CO)3Mo�P] (2.112 Å), [(HO)3W�P] (2.118 Å)
,and [(MeO)3W�P] (2.126 Å) are also very close to exper-
imental values found by X-ray diffraction for
[(ArRN)3Mo�P] [2.119(4) Å], [(RO)3Mo�P] [2.1144(16)
Å], and [(N3N)W�P] [2.162(4) Å]. We note that as the size
of R increases, the M�E bond lengthens. In arsenido com-
plexes, the calculated M�As bond lengths in
[(HO)3Mo�As] (2.217 Å), [(MeO)3Mo�As] (2.224 Å),
[(HO)3W�As] (2.237 Å), and [(MeO)3W�As] (2.245 Å) are
slightly shorter than those found by X-ray diffraction for
[(N3N)Mo�As] [2.252(3) Å] and [(N3N)W�As] [2.2903(11)
Å]. The BP86/TZ2P values are very similar to the B3LYP/
TZP data.

There are no experimental data for the length of M�Sb
and M�Bi triple bonds. A bond length of 2.55 Å in
[(CO)4Mo�Sb]� has been calculated at the MP2 level.[36]

Using the relationship between bond order and bond
lengths suggested by Pauling,[66] we find the estimated
Mo�E (Mo�N � 1.81 Å, Mo�P � 2.12 Å, Mo�As �
2.25 Å, Mo�Sb � 2.44 Å, and Mo�Bi � 2.49 Å) and
W�E bond lengths (W�N � 1.82 Å, W�P � 2.13 Å,
W�As � 2.26 Å, W�Sb � 2.45 Å, and W�Bi � 2.50 Å)
for triple bonds from the M�E single bond lengths based
on covalent radii predictions (covalent radius, Mo � 1.40
Å, W � 1.41 Å, N � 0.75 Å, P � 1.06 Å, As � 1.19 Å,
Sb � 1.38 Å, Bi � 1.43 Å).[67] It is interesting to note that
the calculated M�E bond lengths in the calculated molyb-
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Table 2. Selected optimized geometrical parameters for the [(RO)3W�E] (R � H, Me; E � N, P, As, Sb, Bi) complexes; distances are in
Å and angles are in degrees

E � N P As Sb Bi

R � H Me H Me H Me H Me H Me

B3LYP BP86 B3LYP B3LYP BP86 B3LYP B3LYP BP86 B3LYP B3LYP BP86 B3LYP B3LYP BP86 B3LYP

Bond lengths
Mo�E 1.665 1.686 1.670 2.118 2.133 2.126 2.237 2.237 2.245 2.446 2.448 2.455 2.502 2.539 2.508
Mo�O 1.888 1.907 1.878 1.877 1.898 1.865 1.876 1.896 1.863 1.876 1.892 1.860 1.876 1.894 1.861
O�H 0.962 0.971 0.961 0.970 0.961 0.970 0.961 0.970 0.961 0.970
O�C 1.420 1.418 1.418 1.417 1.417
Bond angles
E�Mo�O 106.4 106.7 105.5 107.6 107.7 106.3 107.6 107.7 106.4 108.0 107.7 106.4 107.9 107.8 106.1
O�Mo�O 112.9 112.1 113.1 111.3 111.1 112.5 111.3 111.2 112.3 110.9 111.2 112.4 111.0 111.1 112.6
M�O�H 124.9 119.4 127.1 121.7 127.1 121.8 128.2 121.6 128.2 121.7
M�O�C 135.3 140.2 141.0 142.5 143.2

denum-pnicogen and tungsten-pnicogen complexes corre-
spond to a Pauling bond order of approximately 3.

Bonding Analysis of M�E Bonds

We begin the analysis of the bonding situation in the
pnicogen complexes [(MeO)3M�E] (M � Mo, W; E � N,
P, As, Sb, Bi) with a discussion on the conventional indices

Table 3. Wiberg bond indices and results of the NBO analysis of the [(RO)3M�E] (M � Mo, W; E � N, P, As, Sb, Bi) complexes

Mo W

E � N P As Sb Bi N P As Sb Bi

R � Me H Me CMe3 Me Me Me Me Me Me Me Me

Wiberg bond indices
M�E 2.65 2.59 2.53 2.48 2.51 2.49 2.47 2.58 2.56 2.55 2.54 2.54
M�O 0.81 0.85 0.83 0.83 0.83 0.83 0.84 0.81 0.84 0.84 0.84 0.83
O�C 0.92 0.91 0.86 0.91 0.91 0.91 0.90 0.89 0.89 0.89 0.89
C�H 0.93 0.93 0.92 0.93 0.93 0.93 0.93 0.93 0.93 0.93 0.93
NBO charges
M 1.63 1.07 1.09 1.14 1.03 0.99 1.06 1.94 1.39 1.33 1.25 1.29
E �0.46 0.02 �0.01 �0.09 0.02 0.08 0.01 �0.66 �0.23 �0.18 �0.10 �0.10
O �0.72 �0.87 �0.69 �0.70 �0.69 �0.69 �0.69 �0.77 �0.74 �0.74 �0.74 �0.74
Me 0.33 0.33 0.34 0.33 0.33 0.34 0.35 0.36 0.36 0.34
M�E σ bond
Occupancy 1.871 1.869 1.837 1.831 1.840 1.835 1.849 1.918 1.898 1.900 1.899 1.905
M
%[a] 37.13 43.16 41.35 39.77 42.19 42.96 41.49 33.98 41.20 42.84 45.48 44.22
%s 30.51 50.86 48.84 48.00 51.53 55.14 54.73 32.50 50.33 52.43 85.87 59.51
%p 0.37 0.81 0.14 0.40 0.69 1.49 1.63 0.49 0.16 0.72 1.73 1.66
%d 68.59 48.21 50.80 51.36 47.69 43.24 43.51 66.68 49.38 46.76 42.34 42.37
E
%[a] 62.87 54.86 58.65 60.23 57.81 57.04 58.51 66.02 58.80 57.16 54.52 55.78
%s 16.86 10.29 13.10 14.22 12.42 10.96 8.82 19.08 14.63 13.66 11.73 9.78
% p 82.87 89.26 86.44 85.34 87.11 88.64 90.96 80.64 84.85 85.83 87.85 90.02
% d 0.27 0.45 0.46 0.44 0.47 0.40 0.22 0.28 0.52 0.51 0.24 0.20
M�E π bond
Occupancy 1.988 1.975 1.981 1.969 1.981 1.981 1.978 1.983 1.975 1.975 1.974 1.882
M
%[a] 45.81 56.06 56.13 55.09 56.42 58.12 57.13 42.49 51.03 52.03 53.00 50.28
% p 0.42 1.23 1.08 1.08 1.04 1.24 1.27 0.73 1.51 1.45 1.86 12.39
% d 99.47 98.74 98.90 98.89 98.94 98.75 98.27 99.16 98.46 98.54 98.13 87.09
E
%[a] 54.19 43.94 43.87 44.91 43.58 41.88 42.87 57.51 48.97 47.97 47.00 49.72
% p 99.72 99.39 99.45 99.48 99.54 99.76 99.90 99.70 99.49 99.55 99.76 99.89
% d 0.28 0.61 0.55 0.52 0.46 0.24 0.10 0.30 0.51 0.45 0.24 0.11

[a] The % values give the polarization of the M�E bonds.
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that are frequently used in order to characterize the bond-
ing situation in molecules, i.e. bond orders and atomic
charges. Table 3 gives the Wiberg bond indices (WBI)[68]

and the results of the natural bond orbital (NBO) analysis.

Table 3 shows that the WBI values of the M�E bonds in
the pnicogen complexes are significantly higher (2.47�2.65)
than the WBI values of the M�O single bond (0.81�0.85).
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Figure 2. Metal s-d hybrid and E s-p hybrid orbitals for M�E σ-
bond in [(MeO)3M�E] (M � Mo, W; E � N, P, As, Sb, Bi)

Figure 3. Plot of Mo�E σ- (top) and π- (bottom) molecular orbitals of [(HO)3Mo�E] (E � N, P, As, Sb, Bi)

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 4388�43954392

The latter values are approximately one third of the WBI
values of the M�E bonds. This is a first hint that the M�E
bonds have a substantial degree of multiple bonding. The
calculated NBO charge distribution indicates that the metal
atoms always carry a large positive charge. Note that tung-
sten is always more positively charged than molybdenum.
Nitrogen carries a significant negative charge in the nitrido
complexes, while the heavier pnicogen ligands have only a
small negative charge or, in cases of some molybdenum
species, are slightly positive.

A more definitive picture of M�E bonding is obtained
through NBO analysis of the delocalized Kohn�Sham or-
bitals. The characteristics of the M�E bonding orbitals are
listed in Table 3. The M�E σ-bonding orbitals are always
polarized towards the pnicogen atoms E, particularly for
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the nitrogen complexes. The M�N π-bonds are also polar-
ized towards nitrogen, albeit less so than the σ-bonds, while
the heavier pnicogen M�E π-bonds show a small polariz-
ation towards the metal atom. The hybridization of the
M�E σ-bonds at the pnicogen atoms has a large p charac-
ter, which is always �80% of the total AO contribution.
The hybridization of the metal atoms in the metal�nitrido
bonds is approximately sd2, while the s and d contributions
in the heavier metal�pnicogen σ-bonds are more balanced.
The trend of the spn and sdn character of the pnicogen and
metal atoms of the σ-bonds is shown in Figure 2. It be-
comes obvious that the %d contribution at the metal atom
of the σ-bonds for the heavier pnicogens is much lower than
that for nitrogen. The strong triple-bond character of the
M�E bonds becomes visible by the envelope plots of the
calculated σ- and π-orbitals of the model compounds
[(HO)3Mo�E] (E � N, P, As, Sb, Bi), which are shown
in Figure 3.

Besides the charge decomposition analysis using the
NBO method, we also carried out an energy decomposition
analysis of the metal�pnicogen bonds in [(HO)3M�E]. The
results are given in Table 4.

The calculated data in Table 4 show that the M�E bonds
are rather strong. The theoretically predicted BDEs of the
nitrido bonds are 163.6 kcal/mol for [(HO)3Mo�N] and
179.2 kcal/mol for [(HO)3W�N]. The heavier pnicogen
complexes have significantly weaker bonds. The calculated
bond energies are between 122.6 kcal/mol for [(HO)3W�P]
and 64.3 kcal/mol for [(HO)3Mo�Bi]. The bond energies
show the expected trend for the BDE of the pnicogens, N
�� P � As � Sb � Bi. The tungsten complexes have
stronger bonds than the molybdenum complexes.

The breakdown of the metal�pnicogen interaction ener-
gies into the different energy terms shows that the M�N
bond has a larger covalent character (about 60%) than elec-
trostatic character (Table 4). The covalent contribution to
the M�E bonds becomes significantly smaller than the
electrostatic contribution for the heavier pnicogens. The
trend for the covalent character for the pnicogens is N ��

Table 4. Energy decomposition analysis of [(HO)3M�E] at BP86/TZ2P; energy contributions in kcal/mol

Mo W

Term N P As Sb Bi N P As Sb Bi

∆Eint �175.2 �119.0 �106.1 �86.0 �76.5 �192.4 �136.9 �123.4 �102.2 �91.7
∆EPauli 462.4 300.2 281.5 244.8 241.0 475.2 320.8 302.3 264.6 250.5
∆Eelstat �249.4 �215.8 �214.7 �200.2 �198.7 �272.3 �241.7 �239.4 �222.5 �212.0
∆Eorb

[a] �388.3 �203.4 �172.8 �130.7 �119.1 �395.3 �215.9 �186.3 �144.3 �130.2
(60.9%) (48.5%) (44.6%) (39.5%) (37.5%) (59.3%) (47.2%) (43.8%) (39.3%) (38.0%)

a1 �204.2 �101.4 �87.1 �66.9 �63.1 �205.7 �105.4 �91.2 �70.9 �66.4
a2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
e[b] �184.1 �102.0 �85.7 �63.8 �56.0 �189.6 �110.5 �95.1 �73.4 �63.8

(47.4%) (50.1%) (49.6%) (48.8%) (47.0%) (48.0%) (51.2%) (51.0%) (50.9%) (49.0%)
∆Eprep 11.6 12.3 12.2 11.9 12.2 13.2 14.3 14.2 14.0 14.3
∆E(�De) �163.6 �106.7 �93.9 �74.1 �64.3 �179.2 �122.6 �109.2 �88.2 �83.4

[a] The values in parentheses are the percentage contribution to the total attractive interactions reflecting the covalent character of the
bond. [b] The values in parentheses are the percentage π-contribution to the total orbital interactions, ∆Eorb.
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P � As � Sb � Bi. The trend is graphically shown in Fig-
ure 4. The ratio of σ- to π-bonding in the covalent M�E
bond is almost 50:50.

Figure 4. Trends of the covalent contributions to the M�E bonding
interactions in [(HO)3M�E] (M � Mo, W; E � N, P, As, Sb, Bi)

Summary and Conclusion

The results of the bonding analysis of the title com-
pounds show that the metal�pnicogen bonds are genuine
triple bonds containing a σ- and a degenerate π-bond. The
questions that have been addressed in the introduction can
be answered as follows. (i) The M�E σ-bonds are always
polarized towards the pnicogen atom E, particularly for the
nitrogen complexes. The M�N π-bonds are also polarized
towards nitrogen, while the π-bonds of the heavier pnicog-
ens (P�Bi) show a small polarization towards the metal
atom. The M�E σ-bonds at the pnicogen E are spn-hy-
bridized; the p character is always � 80% of the total AO
contribution, while the hybridization of the metal atoms in
the nitrido complexes is approximately sd2 and in the heav-
ier homologues, approximately sd. (ii) The ratio of the en-
ergy contributions of the σ- and π-orbitals to the covalent
bonding in [(HO)3M�E] is about 50:50 for all pnicogen
atoms E. (iii) The metal�nitrido bonds in [(HO)3M�N] are
more covalent than electrostatic in character. The covalent
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character becomes smaller when the pnicogen atom be-
comes heavier, following the trend N �� P � As � Sb �
Bi. (iv) The [(HO)3M�E] tungsten complexes have stronger
bonds, which are slightly less covalent than the molyb-
denum complexes. The π-bonding contribution in the for-
mer species is slightly larger than in the latter.
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