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Density functional theory (DFT) calculations were carried out
on the terminal EQ complexes [(N3N)W(EQ)] {N3N =
N(CH2CH2NSiMe3)3; E = P, As, Sb, Bi; Q = O, S, Se Te} to
clarify the bonding situation within the linear Nax–W–E–Q
core. This unusual structural motif gives rise to a bonding
arrangement in which the π-electron density is delocalised
over the three atoms of the W–E–Q unit. Fragment calcula-
tions and natural bond order (NBO) data indicated that the
σ-bonding component of the Nax–W–E–Q unit comprises two
occupied σ orbitals, while the π component of bonding com-
prises two sets of degenerate π orbitals. In general, the π or-
bitals of the Nax–W–E–Q core are higher in energy compared
to the σ orbitals. The phosphorus monoxide (EQ = PO) com-
plexes provide an exception to this rule, with the 1π orbitals

Introduction

Transition metal complexes of nitrogen monoxide (NO)
underwent significant research in the early 1970s as a result
of the wide range of bonding motifs that can be adopted
by this versatile ligand. NO represented the fore-runner of
a wider range of the pnicogen–chalcogen (E–Q) moieties
bonding to a variety of transition metal fragments.[1] The
coordination chemistries of the heavier EQ analogues (E =
P, As, Sb, Bi; Q = O, S, Se, Te) remain relatively poorly
studied. This is partly due to the unavailability of the free
EQ ligands as well as to their poor coordinating abilities.[2]

The majority of transition metal complexes bearing heavier
EQ ligands contain PQ (Q = O, S, Se and Te) ligands that
are coordinated to three metal centres in a µ3 fashion.
Selected examples include [{Ni(C5iPr4H)}2W(CO)4(µ3-
PO)2],[3] [{Ru(CO)}3(µ3-PO)]–[iPr2NH2]+[4] [{W(CO)2-
Cp}3(µ3-PS)],[5] [{Co(C5tBu2H3)}3(µ3-PQ)2] (Q = O, S,
Se),[6] [{Co(C5tBu2H3)}3(µ3-PQ)(µ3-P)] (Q = Se,[5] Te[6]),
[{Ni(C5iPr4H)}2W(CO)4(µ3-PS)2][7] and [{FeCp(CO)2}-
{Fe2(CO)3Cp2}(µ3-PS)2].[8] The synthesis of such PQ-con-
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of the W–P–O core lower in energy than the σ orbitals. Gen-
erally, as the atomic number of either the pnicogen (E) or
chalcogen (Q) atom increases the extent of σ-orbital delocal-
isation decreases, whereas the π-orbital delocalisation in-
creases. Fractional bond orders and Wiberg bond indices
were used to establish whether localisation of the π-electron
density gives rise to a W–E or an E–Q double or triple bond.
Both methods indicate a W–E as well as an E–Q double bond.
The ionic nature of the complexes were analysed by inspec-
tion of the Hirschfeld charge distribution which shows only
a moderate ionic character. Exceptions are the pnicogen
monoxide complexes, which are more ionic.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

taining complexes is typically achieved by oxidation of the
corresponding phosphido complex with the chalcogen (e.g.
S, Se, Te) or a suitable chalcogen source (e.g. dimethyldioxi-
rane, ethylene sulfide). Hydrolysis of a µ3-P(NiPr2) func-
tional group has also been effective in preparation of the
more polar PO complex [{Ru(CO)}3(µ3-PO)]–[iPr2NH2]+.[4]

Synthesis of the terminal pnictido complexes [(ArRN)3-
Mo�P] [Ar = 3,5-Me2C6H3, R = C(CD3)2Me][9] and
[(N3N)W�E] [N3N=N(CH2CH2NSiMe3)3; E = P,[10]

As[11,12] and Sb[13]] presented clear opportunities for the
preparation of transition metal complexes containing an η1-
coordinated EQ ligands. Indeed, Cummins et al. reported
the isolation and characterisation of the PO [(ArRN)3Mo-
(PO)][14] and PS [(ArRN)3Mo(PS)][9,15] complexes, which
were prepared by oxidation of the corresponding phosphido
complex [(ArRN)3Mo�P] with dimethyldioxirane and sul-
fur, respectively. More recently, Scheer et al. reported prepa-
ration of the η1-coordinated PS and AsS complexes [(N3N)-
W(ES)] (E = P and As)[16] by oxidation of the terminal
phosphido and arsenido complexes [(N3N)W�E] (E = P
and As) with cyclohexene sulfide.

The bonding in the η1-coordinated PS complexes was in-
vestigated by Frenking and Wagener who performed calcu-
lations on a series of model complexes of the type
[(NH2)3M(PS)] and [NH3(NH2)3M(PS)] (M = Mo, W).
They proposed two Lewis formulae, one based on an NBO
partitioning Scheme (I) and a second one based on Wiberg
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bond indices (II). Both resonance canonical forms repre-
sented as Lewis structures are depicted in Scheme 1.[18] The
dissociation of an amido ligand from the metal atom in II
makes that Lewis structure less likely. The electron count
of complexes of the type [NH3(NH2)3M(EQ)] depend on
whether the amido nitrogen atoms are one- or three-elec-
tron donors. Since the a2 combination of the lone-pair or-
bitals of the three amido ligands does not have a symmetry
match among the tungsten orbitals (the three amido nitro-
gen atoms effectively donate seven electrons altogether), it
follows that complexes of the type [NH3(NH2)3M(EQ)]
obey the 18-electron rule, and the complexes of the type
[(NH2)3M(PS)] are 16-electron species.

Scheme 1. Proposed Lewis structures of [LnM(PS)] complexes.[17]

Recently, we reported the results of calculations on
[(N3N)W(ES)] [N3N=N(CH2CH2NSiMe3)3; E = P, As and
Sb].[16] Inclusion of the Me3Si substituents on the imido
nitrogen atoms was important for achieving good agree-
ment of our calculated geometries with structural param-
eters obtained from X-ray crystallographic analyses of these
complexes. We assume this is due to the strong electron-
donating properties of these substituents. Most signifi-
cantly, our study demonstrated that π bonding in the W–
E–Q unit can best be described as two three-centre four-
electron bonds (3c-4e).[16] To further our understanding of
the structural and electronic properties of η1-coordinated
EQ complexes, we have extended our analysis to the com-
plete series of [(N3N)W(EQ)] complexes (E = P, As, Sb, Bi;

Figure 1. Calculated geometry of [(N3N)W(PO)] (1a).
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Q = O, S, Se and Te). In this paper we analyse the structural
trends and use several theoretical tools to gain insight into
the important bonding features for the heavier EQ ligands.

Results and Discussion
Geometries and Binding Energies

Calculated geometries for complexes 1–4 were pseudo-
C3-symmetric with the Nax–W–E–Q core aligned with the
C3 axis. Given the isostructural nature of these complexes,
the optimised geometry of [(N3N)W(PO)] (1a) is depicted
in Figure 1 as representative of this series. Selected bond
lengths and angles for the calculated structures are provided
in Table 1. Our benchmarks for the optimised structures are
the complexes 1b and 2b, whose crystal structures were re-
ported recently.[16] The calculated geometrical parameters
for 1b (P–S 1.94 Å; W–P 2.15 Å) and 2b (As–S 2.05 Å; W–
As 2.25 Å) compare excellently with the reported experi-
mental values [E–S 1.9410(16) Å and 2.048(2) Å; W–E
2.1579(10) Å and 2.2557(8) Å for 1b and 2b, respec-
tively].[16] The Nax–W distances in 1b (2.22 Å) and 2b
(2.21 Å) also agree favourably with the reported experimen-
tal values for these complexes [1b 2.217(3) Å; 2b
2.214(6) Å].[16] Earlier calculations on the pnictido com-
plexes [(N3N)W�E] (E = P, As, Sb and Bi)[12,13] provided
Nax–W distances that were longer than those measured in
single-crystal X-ray analysis of these complexes.
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Table 1. Calculated bond lengths [Å] and W–E and E–Q bond dissociation energies (BDE). The experimental bond lengths for 1b and
2b are given in parentheses.

E Q E–Q W–E Nax–W Neq–W (av.) W–E BDE [kJ/mol] E–Q BDE [kJ/mol]

1a P O 1.48 2.13 2.21 1.995 –414.6 –557.6
1b S 1.94 (1.940) 2.15 (2.158) 2.22 (2.217) 1.98 (1.99) –400.9 –348.8
1c Se 2.08 2.15 2.23 1.98 –399.6 –286.6
1d Te 2.30 2.16 2.23 1.98 –401.0 –211.9

2a As O 1.64 2.24 2.20 1.99 –340.9 –438.5
2b S 2.05 (2.048) 2.25 (2.256) 2.21 (2.214) 1.98 (1.99) –338.9 –301.6
2c Se 2.18 2.25 2.22 1.98 –339.4 –255.3
2d Te 2.39 2.26 2.22 1.98 –340.2 –196.5

3a Sb O 1.84 2.44 2.19 1.99 –259.1 –382.9
3b S 2.25 2.45 2.20 1.98 –262.4 –280.6
3c Se 2.36 2.46 2.20 1.98 –258.9 –244.3
3d Te 2.58 2.46 2.21 1.98 –261.3 –189.5

4a Bi O 1.94 2.53 2.19 1.99 –203.7 –326.1
4b S 2.34 2.53 2.19 1.99 –206.8 –248.4
4c Se 2.46 2.54 2.19 1.99 –205.4 –218.7
4d Te 2.662 2.54 2.19 1.99 –207.6 –172.6

The experimental Nax–W distances in pnictido com-
plexes [(N3N)W�E] [2.34(1) Å, 2.336(6) Å and 2.33(1) Å
for E = P,[10] As[12] and Sb,[13] respectively] are longer than
in the complexes 1–4, showing the stronger trans influence
of an E ligand compared to an EQ ligand. Although the
variation of the Nax–W distance with the nature of the EQ
ligand is small a trend can clearly be observed. In general,
the Nax–W distance decreases as the atomic number of E
increases, indicating that EQ ligands of the heavier pnicog-
ens exhibit a weaker trans influence than their lighter ana-
logues (Figure 2). In contrast, as the atomic number of Q
increases the Nax–W distance increases, indicating that EQ
ligands of the heavier chalcogens exhibit a stronger trans
influence.

Figure 2. Variation of the Nax–W distances [Å] with Q in complexes
[(N3N)W(EQ)] (1–4). Legend: P = �, As = �, Sb = � and Bi = �.

The major differences in the structure upon moving from
the lighter to the heavier congeners is observed in the W–E
and E–Q distances. As expected, as the atomic number of
E or Q increases, the E–Q and the W–E bond lengths also
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increase. The shortest E–Q distance is predicted for 1a
(1.48 Å) and the longest distance for 4d (2.66 Å). The W–E
distance increases only slightly for a particular E, as Q be-
comes heavier (Figure 3). This trend is observed when E =
P, As and Sb, whereas for the BiQ complexes the W–Bi
distance remains constant on going from Q = O to Te.

Figure 3. Variation of the W–E distances in complexes [(N3N)-
W(EQ)] (1–4). Legend: P = �, As = �, Sb = � and Bi = �. The
detached points correspond to the experimental W–E distances in
the corresponding [(N3N)W�E] complexes for E = P, As and Sb
and with the calculated distance for E = Bi.

Comparison of the W–E distances in the complexes 1–4
with the experimental W–E distances in the pnictido com-
plexes [(N3N)W�E] (E = P, As, and Sb) [2.162(4) Å,[10]

2.2903(11) Å[12] and 2.5255(17) Å[13] for E = P, As and Sb,
respectively] shows that, upon oxidation of the [(N3N)-
W�E] complexes, the W–E distance became shorter, a phe-
nomenon which is more accentuated for the heavier homo-
logues of E (Figure 3). The exception is the phosphorus
monotelluride complex 1d in which the predicted W–P dis-



G. Balázs, J. C. Green, D. M. P. MingosFULL PAPER
tance is slightly longer than the W–P distance in the corre-
sponding phosphido complex. A similar shortening is ob-
served for the experimental Mo–P distance in [(ArRN)3-
Mo(PQ)] (Q = O,[14] S[15]) where the Mo–P distances are
0.04 Å and 0.09 Å shorter than in the parent pnictido com-
plex [(ArRN)3Mo�P].[9] The W–E distances in complexes
2–4 are comparable to the sum of the triple-bond covalent
radii[19] of the corresponding elements, whereas in com-
plexes 1 the W–E distances are slightly longer.

In order to gain insight into the strength of the E–Q
bonding and stability of the complexes, the E–Q bond
dissociation energies were calculated (Table 1). This shows
that complexes 1–4 are stable with respect to the dissoci-
ation into the pnictido complexes and chalcogen. Further-
more, the E–Q bond dissociation energies present the ex-
pected periodic variation; an approximately linear decrease
for a given pnicogen (E) upon going from Q = S to Te
(Figure 4). The pnicogen monoxide complexes (a) exhibit a
larger BDE than would be anticipated upon linear extrapo-
lation of the BDE plots for complexes b–d. The stability of
the complexes is also supported by the high HOMO–
LUMO gap.

Figure 4. Variation of the E–Q bond dissociation energies [kJ/mol]
in complexes [(N3N)W(EQ)] (1–4). Legend: P = �, As = �, Sb =
� and Bi = �.

The E–Q BDEs also demonstrate a dependence on the
atomic number of the pnicogen (E) for a given chalcogen
(Q). For example, complexes a (Q = O), show a decrease in
the BDE going from 1a to 4a.

To enable the comparison of the strength of the W–E
bonding in the complexes 1–4 with the parent pnictido
[(N3N)W�E] complexes, the W–E BDEs were calculated.
Similarly to the E–Q BDEs, the W–E BDEs decrease as the
atomic number of E increases for a particular Q, but are not
influenced by the nature of Q (Table 1). The comparison of
the W–E BDEs in complexes 1–4 (Table 1) and the pnictido
complexes [(N3N)W�E] (481.9 kJ/mol, 429.0 kJ/mol,
333.4 kJ/mol and 293.3 kJ/mol for E = P, As, Sb and Bi,
respectively)[13] shows that the strength of the W–E bonding
is ca. 80–100 kJ/mol weaker in the complexes 1–4 than in
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the parent pnictido complexes. This shows that upon oxi-
dation of the pnictido complexes the W–E triple bond is
weakened thermodynamically.

Bonding Analysis

The bonding arrangement in complexes 1–4 was further
probed using fragment calculations and Natural Bond Or-
bital (NBO) analyses. Complexes 1–4 were separated into
two fragments either by cleavage of the E–Q bond, to pro-
vide (N3N)WE and Q fragments, or by cleavage of the W–
E bond to provide (N3N)W and EQ fragments. Contri-
butions to the bonding in the [(N3N)W(EQ)] complex can
then be understood in terms of linear combinations of the
fragment MOs. The bonding in the complex [(N3N)W-

Figure 5. Molecular orbital interaction scheme for [(N3N)W(AsSe)]
(2c). The (N3N)W and (N3N)WAs fragment levels are labelled in
C3 symmetry and those of 2c with σ and π symmetry with respect
to the NWAs axis (the labels in parentheses are in C3 symmetry).
The relevant molecular orbitals of the (N3N)W and (N3N)WAs
fragments are given on the left-hand side of the diagram.
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(AsS)] (2b) was described elsewhere.[16] Here we describe the
bonding in the complex [(N3N)W(AsSe)] (2c) as a represen-
tative example of this series of structures in order to give a
basis for discussion of the trends in the bonding upon mov-
ing from the lighter EQ congeners to the heavier ones.

The molecular orbital interaction scheme for the com-
plex 2c is depicted in Figure 5. The (N3N)W and (N3N)-
WAs fragment levels are labelled in C3 symmetry and those
of the complex with σ and π symmetry (the labels in the C3

symmetry are given in parentheses) with respect to the
NWAs axis. The relevant molecular orbitals of the
(N3N)W and (N3N)WAs fragments are given on the left-
hand side of the diagram.

The results of a fragment analysis, in which the complex
2c was separated into an Se and an (N3N)WAs fragment,
shows that the pz orbital of Se mixes with the 1a orbitals
of the (N3N)WAs fragment, containing contributions from
Nax (pz), As (pz) and W (dz2 and s) to form two occupied
molecular orbitals of σ symmetry (1σ and 2σ, Figures 5 and
6). 1σ is an all-in-phase combination, whereas 2σ is As–Se
bonding, but has minimal W contribution and thus is W–
As and W–Nax nonbonding. The px and py orbitals of the
Se interact with the two degenerate π orbitals of the WAs
unit (1e) to give two occupied sets of π orbitals (1π and 2π)
from which the 1π set is bonding over all three atoms (W,
As and Se) but with only a minor contribution from W. The
2π set is antibonding with respect to the AsSe and bonding
with respect to the WAs unit (Figure 6).

Figure 6. Isosurfaces of 2π (2e), 1π (1e) and 1σ (1a) and 2σ (2a)
MO of [(N3N)W(AsSe)] (2c).

An analysis of the interaction of the AsSe fragment with
the (N3N)W fragment shows that the π orbitals of the AsSe
fragment increase slightly in energy due to the increasing
charge, but do not mix significantly with the orbitals of the
(N3N)W fragment, remaining localised as As–Se π bonds
(forming 1π in the complex; Figures 5 and 6). In contrast,
the π* orbitals of the AsSe fragment interact with the orbit-
als 1e of the (N3N)W fragment, containing mainly the tung-
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sten dyz and dxz orbitals, respectively, to give a W–As π-
bonding interaction (2π). The out-of-phase combination is
unoccupied and forms the LUMO (3π). The 2π MO encap-
sulates back-donation of the tungsten atom to the AsSe li-
gand. Overall, the WAsSe π system is best described by two
three-centre four-electron (3c-4e) bonds. This orbital inter-
action scheme describes qualitatively the bonding in com-
plexes 1–4.

General Trends

Although the bonding in complexes 1–4 is similar, sig-
nificant changes appear in the σ bonding going from the
lighter to the heavier homologues. In the pnicogen mon-
oxide complexes (1a–4a) the contribution of atomic orbitals
of E to 1σ decreases as its atomic number increases (Fig-
ure 7). However, the most distinct changes were observed
for the pnicogen monotelluride complexes 1d–4d (Figure 8).
In the PTe complex (1d) the 1σ is an extended bonding MO
over the Nax–W–E–Q core. In contrast to that the 1σ in the
bismuth monotelluride complex (4d) is a localised Nax–W
bonding molecular orbital, having a strong 1a contribution

Figure 7. Isosurfaces of the 1σ, 2σ, 1π and 2π MOs of the phospho-
rus monoxide and bismuth monoxide complexes 1a and 4a, respec-
tively. From the degenerated 1π and 2π sets only one orbital is
represented.

Figure 8. Isosurfaces of the 1σ, 2σ, 1π and 2π MOs of the phospho-
rus monotelluride complexes 1d and 4d, respectively. From the de-
generate 1π and 2π sets only one orbital is represented.
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(88.2%) of the N3NW fragment. The bonding in the arsenic
and antimony montelluride complexes (2d and 3d, respec-
tively) constitute a transition between the two extremes (1d
and 4d). In 2d and 3d there is a mixing of the ETe (E =
As, Sb) fragment σ orbital with (N3N)W fragment orbitals
containing Si and C p-orbital contributions. A comparative
energy level diagram is given in Figure 9. For 2σ the oppo-
site trend than for 1σ was observed, but the changes are
not so accentuated. Generally, as the atomic number of E
increases, its contribution to 2σ increases. Also, the contri-
bution of the EQ fragment σ orbital to 2σ increases as the
atomic number of either E or Q increases. This leads to a
localised E–Q bonding MO.

Figure 9. Comparative MO energy level diagram for the pnictido
monotelluride complexes [(N3N)W(ETe)] (1d–4d). The energy
levels marked with thin lines (“ghost” levels) represent combina-
tions of the ETe fragment σ or π orbitals with energetically close-
lying orbitals of the (N3N)W fragment localised on the N3N ligand.
The contribution of the ETe fragment orbitals to the “ghost” levels
is relatively small, except for E = As.

The nature of the 1σ MO can explain the relative
strength of the trans influence of the EQ ligands. The com-
plexes with an extended 1σ MO over the Nax–W–E–Q core,
such as the phosphorus monotelluride complex (1d) have a
stronger trans influence than the complexes with 1σ local-
ised on Nax–W (Figures 2 and 8). However, the trans influ-
ence of the EQ ligands in complexes 1–4 (Figure 2) can eas-
ily be rationalised in terms of the interaction of the
(N3N)W and EQ fragments σ-type orbitals. The stronger
the interaction of the EQ σ orbital with the 1a orbital of the
(N3N)W fragment (Figure 5) the weaker the Nax–W orbital
interaction. Since the energy of the 1a orbital of the relaxed
(N3N)W fragment does not change, the trans influence will
be determined by the relative energy of the EQ fragment σ
orbitals. For example, in the case of the PQ complexes (1)
the energy difference between the σ orbital of the PQ frag-
ments varies strongly between the PO and PTe (∆E =
1.793 eV), leading to a variation in the mixing with the
(N3N)W fragment 1a orbital. This variation affects strongly
the Nax–W distances and hence leads to a variation in the
trans influence of the different PQ ligands. In contrast, in
the BiQ complexes (4) the σ orbitals of the BiQ fragments
lie energetically close to each other (overall variation in en-
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ergy ∆E = 0.616 eV) and therefore the variation in the trans
influence of the BiQ ligands is much lower.

The analysis of the π bonding in the pnicogen monoxide
complexes 1a–4a (Figure 10) shows that the relative energy
of the 1π set increases considerably as the atomic number
of E increases, whereas the 2π set increases and the 3π set
decreases only slightly in energy. The more pronounced in-
crease in the energy of the 1π set going from E = P to As
(1a to 2a) is not unexpected if we consider that it contains
a higher contribution of the EO fragment π orbitals (69.2,
73.8, 86.8 and 86.7% for E = P, As, Sb and Bi, respectively),
as well as a high energy difference of the PO and EO (E =
As, Sb and Bi) fragments π orbitals. The consequence of
the low energy of the PO fragment π orbital is that in the
phosphorus monoxide complex (1a) the 1π set is lower in
energy than 2σ. A similar orbital energy ordering as for 1a
was reported by Carty et al. for the model complex
[(H2N)3Mo(PO)].[20] In the EQ complexes b, c and d a sim-
ilar increase in energy of 1π and 2π set and a decrease in
energy of 3π set occurs upon increasing the atomic number
of E.

Figure 10. Comparative MO energy level diagram for the pnicogen
monoxide complexes [(N3N)W(EO)] (1a–4a). The energy levels
marked with thin lines (“ghost” levels) represent combination of
the EO fragment σ orbitals with energetically close-lying orbitals
of the (N3N)W fragment localised on the N3N ligand. The contri-
bution of the EO fragment orbitals to the “ghost” levels is relatively
small.

Apart from the changes in the energy of the 1π set upon
increasing the atomic number of E or Q, changes in the
extent of its delocalisation are also apparent. The delocali-
sation is more accentuated for the heavier congeners (Fig-
ures 7 and 8). As the atomic number of the pnicogen E in-
creases, the contribution of the (N3N)W fragment (1e or-
bital of the fragment) to the 1π set also increases. Since the
1π set is an in-phase combination over all three atoms (W,
E and Q), that leads to a stronger delocalisation of 1π. It is
noteworthy, that in phosphorus monotelluride complex 1d
the π set of the PTe fragment mixes not only with the 1e
set of the N3NW fragment to give the 1π set, but also mixes
slightly with other orbitals of the N3NW fragment (contain-
ing mainly C, H and Si contributions). That mixing de-
creases as E becomes heavier so that in the arsenic monotel-
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luride complex 2d only the 1π set contains considerable
AsTe π contribution. Changes appears also in the 2π set,
which represents the back-bonding of tungsten to the EQ
ligand moving from the lighter to the heavier congeners. As
the atomic number of E increases, its contribution to the 2π
set decreases. That has the effect that 2π becomes perma-
nently weaker bonding (Figure 8). The nature of Q has a
similar effect to the nature of E on the 1π and 2π set MOs.
Overall, the changes in the π bonding in the complexes 1–
4 are similar to those in the σ-bonding mainfold; however,
they progress in opposite directions.

Based on the fragment calculations we have determined
the overall W–E fractional bond order by considering the
(N3N)WE fragment 1e orbitals as W–E bonding, the 2e as
W–E antibonding and the 3a orbital as bonding and con-
sidering the fragment occupation in the molecule. Similarly,
the E–Q fractional bond order can be calculated by con-
sidering the occupation of the π, π*, σ and σ* orbitals of
the EQ fragment in the complex. Furthermore, by consider-
ing the occupations of the fragment σ-type orbitals or π-
type orbitals the fractional bond order can be split into a
σ- and a π-contribution term. The W–E and E–Q fractional
bond orders as well as its σ and π components are summa-
rised in Table 2.

Table 2. Fractional W–E and E–Q bond orders in complexes
[(N3N)W(EQ)] (1–4).

E W–E E–Q W–E E–Q
σ π σ π

Q = O
1a P 2.12 2.07 0.35 1.77 0.88 1.19
2a As 2.09 1.97 0.34 1.75 0.92 1.05
3a Sb 2.12 2.13 0.34 1.79 0.82 1.31
4a Bi 2.14 2.18 0.35 1.79 0.87 1.31

Q = S
1b P 2.22 2.03 0.50 1.73 0.86 1.17
2b As 2.24 1.83 0.49 1.75 0.84 0.99
3b Sb 2.20 2.12 0.46 1.74 0.83 1.29
4b Bi 2.23 2.10 0.47 1.76 0.88 1.22

Q = Se
1c P 2.24 1.98 0.52 1.72 0.87 1.11
2c As 2.26 1.82 0.50 1.76 0.84 0.98
3c Sb 2.23 2.09 0.48 1.75 0.84 1.25
4c Bi 2.26 2.08 0.50 1.76 0.89 1.19

Q = Te
1d P 2.32 1.92 0.59 1.73 0.81 1.11
2d As 2.33 1.73 0.58 1.75 0.74 0.97
3d Sb 2.28 2.05 0.55 1.73 0.84 1.21
4d Bi 2.30 2.06 0.56 1.74 0.88 1.18

From Table 2 it may be seen, that the W–E fractional
bond orders are lower for the pnicogen monoxide com-
plexes (1a–4a) than for the complexes of the b, c or d series.
For a particular Q the W–E fractional bond order can be
considered to be constant within the standard errors. How-
ever, as the atomic number of Q increases, for a particular
E the fractional bond order increases slightly (Figure 11).
The E–Q fractional bond orders do not vary strongly be-
tween the complexes 1–4. They increase slightly for a par-
ticular Q on going from P to Bi, this being in accordance
with the decrease of the tungsten back-donation to the EQ
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ligand. For a particular E the E–Q fractional bond order
decreases on going from O to Te (Figure 12). It is note-
worthy that the As–Q fractional bond orders are generally
lower, for which the low oxidation ability of As is responsi-
ble.

Figure 11. Variation of the W–E fractional bond orders with Q in
complexes [(N3N)W(EQ)] (1–4). Legend: P = �, As = �, Sb = �
and Bi = �.

Figure 12. Variation of the E–Q fractional bond orders in com-
plexes [(N3N)W(EQ)] (1–4). Legend: P = �, As = �, Sb = � and
Bi = �.

To determine whether the σ and π components of the
W–E bond order go in opposite directions, and to obtain
insight into the strengths of the σ- and π-bonding ratio,
the fractional bond orders were split into their σ and π
components (Table 2). The inspection of the σ contri-
butions to the bond orders reveals that the σ part is respon-
sible for the low W–E bond order in the phosphorus mon-
oxide complexes 1a–4a. This increases slightly for a particu-
lar E by going from O to Te (Figure 13), while for a particu-
lar Q (Q = S, Se and Te) it decreases slightly as the atomic
number of E increases. In the pnictido monoxide complexes
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the σ component of the W–E fractional bond order stays
approximately constant as the atomic number of E in-
creases.

Figure 13. Variation of the σ component of the W–E fractional
bond order with E in complexes [(N3N)W(EQ)] (1–4). Legend:
O = �, S = �, Se = � and Te = �.

The π components of the W–E fractional bond order are
not affected by the nature of Q for a particular E and stay
essentially constant. Instead, for a particular Q the W–E
fractional bond order increases slightly moving from P to
Bi. The σ component of the E–Q, as judged by the frac-
tional bond order, is not influenced by either the nature of
E or Q, remaining constant. In contrast, the π component
of the E–Q bond shows a decrease for a particular E as the
atomic number of Q increases and an increase for a particu-
lar Q as the atomic number of E increases (Figure 14). The
π component of the As–Q fractional bond orders are lower
compared with the other complexes, confirming the lower
oxidising ability of the arsenic.

Figure 14. Variation of the π component of the E–Q fractional
bond order with Q in complexes [(N3N)W(EQ)] (1–4). Legend: P
= �, As = �, Sb = � and Bi = �.
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The relative small variation of the fractional bond orders
does not indicate that the bond strength stays constant. The
strength of the bonding or antibonding of the molecular
orbitals is not explicitly incorporated in this model and as
shown in Table 1 the bond strengths decrease with atomic
number.

The relative composition of the σ and π components to
the fractional bond order was also investigated. The W–E
and the E–Q bonds show a very different σ and π composi-
tion. Whereas in the W–E bond σ/π ratio (ca. 1:5 for the
EQ complexes and 1:3.6 for the complexes of the series b,
c and d) is relatively low, the σ/π ratio of the E–Q bond is
much higher (1:1.4).

To enable the comparison of the results obtained with
the literature data, we have calculated the Wiberg bond in-
dices (WBI)[21] for the W–E and E–Q bonds of the com-
plexes 1–4 (Table 3). Generally, the WBI either of the W–E
and E–Q bonds are lower than the corresponding fractional
bond orders, but that is compensated by adding a W–Q
bond index of which the magnitude varies between 0.3 and
0.4. Similar WBIs were reported for [NH3(NH2)3W(PS)]
(W–P 1.89 and P–S 1.59). For the W–E triple bond in the
pnictido complexes [(N3N)W�E] (2.38, 2.35, 2.28 and 2.27
for E = P, As, Sb and Bi, respectively)[13] and [(MeO)3W�E]
(2.56, 2.55, 2.54 and 2.54 for E = P, As, Sb and Bi, respec-
tively) higher WBI were reported.[22]

Table 3. Wiberg bond indices for the W–E and E–Q bonds in com-
plexes [(N3N)W(EQ)] (1–4).

E W–E E–Q W–Q

Q = O
1a P 1.83 1.34 0.30
2a As 1.80 1.30 0.30
3a Sb 1.70 1.20 0.28
4a Bi 1.61 1.17 0.30

Q = S
1b P 1.79 1.54 0.41
2b As 1.79 1.49 0.39
3b Sb 1.70 1.43 0.35
4b Bi 1.62 1.39 0.35

Q = Se
1c P 1.81 1.52 0.43
2c As 1.79 1.48 0.41
3c Sb 1.67 1.44 0.37
4c Bi 1.59 1.41 0.37

Q = Te
1d P 1.81 1.44 0.43
2d As 1.79 1.43 0.41
3d Sb 1.73 1.42 0.38
4d Bi 1.64 1.42 0.38

In general, the W–E WBI decreases as the atomic
number of E increases for a particular Q. The W–E WBI is
not influenced by the nature of Q for a particular E and
remains constant in the series. Also, the E–Q WIB decreases
as the atomic number of E increases for a particular Q, but
for the series b, c and d it is lower in magnitude then the
decrease of the W–E WBI. For a particular E by moving
from S to Te only a slight decrease of the E–Q WIB is
observed. The WBI for the pnicogen monoxide complexes
(a) are ca. 0.2 lower than for the other EQ complexes (b, c
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and d). This is probably due to the higher ionicity of the
pnicogen monoxide complexes.

To evaluate the ionic character of the complexes 1–4 we
have analysed the Hirshfeld charge distribution
(Table 4).[23,24] This shows that the equatorial nitrogen
atoms of the amido (N3N) ligands are negatively charged
(–0.23), whereas the axial nitrogen atom is almost neutral
(varies between 0 to –0.01) and both are not influenced by
the nature of the EQ ligand. The positive charge on the
tungsten atom is only slightly influenced by the nature of
the EQ ligand (it varies between 0.33 and 0.40). As the
atomic number of Q increases for a particular E the charge
on the tungsten atom increases but it decreases as the
atomic number of E increases for a particular Q (Fig-
ure 15). The charges on the pnicogen atom (E) vary be-
tween 0 and 0.34 for the PTe and BiO complexes, respec-
tively (1d and 4a, respectively), indicating a relatively strong
variation (Table 4). Similarly, the negative charge on the
chalcogen atoms also varies relatively strongly between the
two extremes –0.12 and –0.44 for 1d and 4a, respectively.
Generally, for a particular E the charges on either E and Q
decrease as Q become heavier, while for a particular Q the
charges on either E and Q increase as E becomes heavier
(Figure 16). The Hirshfeld charge analysis shows that the
complexes b–d are only moderately charged, while the pnic-
ogen monoxide complexes (a) are more polar.

Table 4. Selected Hirshfeld charges in complexes [(N3N)W(EQ)] (1–
4).

E W E Q

Q = O
1a P 0.36 0.17 –0.31
2a As 0.36 0.21 –0.35
3a Sb 0.33 0.32 –0.42
4a Bi 0.33 0.34 –0.44

Q = S
1b P 0.38 0.05 –0.18
2b As 0.38 0.10 –0.22
3b Sb 0.35 0.22 –0.30
4b Bi 0.34 0.25 –0.32

Q = Se
1c P 0.39 0.03 –0.15
2c As 0.39 0.08 –0.20
3c Sb 0.35 0.19 –0.27
4c Bi 0.34 0.22 –0.30

Q = Te
1d P 0.40 0.00 –0.12
2d As 0.39 0.04 –0.16
3d Sb 0.36 0.15 –0.22
4d Bi 0.35 0.18 –0.25

One might expect that the decrease of the W–E bond
strength (BDEs in Table 1) would be accompanied by an
increase of the W–E distance. However, in the complexes
1–4 the W–E distances are shorter (except for 1d) than in
the pnictido complexes [(N3N)W�E], although the W–E
BDEs are lower. This can be explained by the different hy-
bridisation of the pnicogens in the two types of complexes.
In the complexes 1–4 the pnicogen atom in the σ bonding
is almost sp-hybridised (sp0.5–0.7), while in the pnictido com-
plexes it is sp3.30- (E = P) to sp6.06-hybridised (E = Bi).[13]
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Figure 15. Variation of the Hirshfeld charges on tungsten in com-
plexes [(N3N)W(EQ)] (1–4). Legend: P = �, As = �, Sb = � and
Bi = �.

Figure 16. Variation of the Hirshfeld charges on E (positive) and
Q (negative) in complexes [(N3N)W(EQ)] (1–4). Legend: P = �, As
= �, Sb = � and Bi = �.

Since the s orbitals are more compact compared with the
more diffuse p orbitals it is not unexpected that the effective
radius of the pnicogen decreases with increase of the s con-
tribution to the hybrid orbital through which the W–E σ
bonding is realised. This decrease of the effective radius of
E due to hybridisation is responsible for the shorter W–E
bond in complexes 1–4 than in the corresponding pnictido
[(N3N)W�E] complexes. Since the s-orbital contraction is
more accentuated for the heavy elements, the shortening of
the W–E bond will be more pronounced for the heavier
congeners of E. This is consistent with the results of our
calculations. It has to be noted that for the π bonding the
pnicogen atoms use almost pure p orbitals in complexes 1–
4 and [(N3N)W�E].

Conclusions about the hybridisation of the pnicogen
atom in the phosphido complex [(N3N)W�P] was made
based on 31P NMR spectroscopy. The phosphido complex
[(N3N)W�P] shows an unusual 31P chemical shift (δ =
1080.0 ppm) and a small tungsten-phosphorus coupling
constant (1JW-P = 138 Hz).[10] The small tungsten-phospho-
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rus coupling in the phosphido complex [(N3N)W�P] was
attributed to the low s-orbital contribution to the W–P σ
bonding[25] while the chemical shift was attributed to the
paramagnetic shilding perpendicular to the W�P triple
bond.[26] In contrast to that, the phosphorus monosulfide
complex 1b presents a large phosphorus-tungsten coupling
(1JW-P = 771.5 Hz),[16] indicating a considerably higher
amount of s-orbital contribution to the W–P σ bonding.
We have calculated the 31P chemical shift (δ = 356.8 ppm)
and tungsten-phosphorus coupling (1JW-P = 753.9 Hz) for
1b which compare well with the experimental data (δ =
342.3 ppm, 1JW-P = 771.5 Hz). The NMR data and its pre-
dictibilty by computational procedures provides good evi-
dence for the inferred cause of this unusual anti-correlation
between bond strength and bond length.

Throughout chemistry there is a general correlation be-
tween bond length and bond strength, i.e. shorter bonds are
stronger than longer bonds. However, there are exceptions.
There are known examples where the bond lengths do not
correlate with the bond strengths or force constants. For
example in the HnNF3–n or MenNF3–n series the N–F force
constants increase with increasing bond length.[27] Also, for
some polyfluorinated hydrocarbons an increase of the C–
C dissociation energy with the bond length and increasing
fluorine substitution was observed.[28] Distances were ana-
lysed computationally by Kaupp et al. with respect to their
bond length/bond strength abnormality.[29] It was found
that the Sn–Sn bond dissociation energy decreases clearly
with increasing fluorine substitution but the Sn–Sn distance
remains constant. Also, no correlation between the bond
lengths and force constants was observed. This abnormality
was attributed to “hybridisation-deficiency”[30] caused by
“hybridisation defects” (reduced mixing and non-uniform-
ity of the s and p orbitals due to their different radial distri-
butions).[31] This work provides evidence that similar effects,
i.e. hybridisation defects, cause the shortening of the W–E
bond in complexes 1–4 compared to the pnictido complexes
[(N3N)W�E].

Conclusions

In this paper we have shown, that the linear arrangement
of the Nax–W–E–Q framework in complexes of the type
[(N3N)W(EQ)] renders a bonding situation with a π-delo-
calised electron system which is best described as two three-
centred four-electron bonds. The σ-electron systems be-
comes more localised as the atomic number of either E or
Q increases. In contrast to the σ-electron system the π
bonding becomes more delocalised as the atomic number
of either E and Q increases. The strength of the trans influ-
ence of the EQ ligands in the complexes 1–4 is determined
by the relative energy of the EQ fragment σ orbitals.

The shorter W–E distances in complexes 1–4 than in the
pnictido complexes [(N3N)W�E] (E = P, As, Sb and Bi)
have been attributed to the different hybridisation, i.e. con-
siderable increase of s contribution to the σ MOs of the
pnicogen atoms in complexes 1–4 compared to the pnictido
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[(N3N)W�E] complexes. Complexes 1–4 are moderately
charged, except for the phosphorus monoxide complexes (a)
which exhibit a more significant ionic character.

The W–E and E–Q bond dissociation energies of com-
plexes 1–4 are relatively high, and show the expected per-
iodic variations. The BDEs indicate that even the heavier
congeners should be stable enough to be isolated. Both
fragment calculations and WIB give very similar bond or-
ders and trends herein. Overall, the bonding in the W–E–
Q unit is best pictorially represented by two double bonds
(Scheme 2).

Scheme 2. Proposed Lewis structure for the complexes [(N3N)-
W(EQ)].

Computational Methods
DFT calculations were carried out using the Amsterdam Density
Functional program (ADF) versions 2004.01 and 2005.01.[32–35]

Scalar relativistic corrections were included via the Zero Order
Regular Approximation (ZORA) method.[36–40] The generalized
gradient approximation was employed, using the local density
approximation of Vosko, Wilk, and Nusair[41] together with the
nonlocal exchange correction by Becke[42,43] and nonlocal corre-
lation corrections by Perdew.[44] The Slater-type orbital (STO) basis
sets were of triple-ζ quality augmented with a single polarization
function and two diffuse functions (ADF basis TZP++). The cores
of the atoms were frozen up to 1s for C and N, 2p for P, S and Si,
3p for As and Se, 4p for Sb and Te, 5p for Bi and 4d for W. Optimi-
sations were performed without symmetry restraints. Fragment cal-
culations were performed to enable analysis of the orbital interac-
tions to the W–E and E–Q bonds. In these calculations the complex
is divided into two fragments, whose molecular and electronic
structures are calculated in a single-point optimisation with a re-
stricted singlet spin state. The geometry of the fragment is pre-
served from the optimised structure of the full complex. The molec-
ular orbitals (MOs) of the complex are formed through linear com-
bination of the MOs of the two fragments. The bond dissociation
energies (BDEs) were calculated as the difference between the en-
ergy of the complex and the energy of the fragments in their ground
state [Q triplet, (N3N)WE singlet, EQ doublet and (N3N)W quar-
tet]. For the BDEs the SCF energies were used without correction.
The 31P NMR chemical shift and P–W coupling constant for 1b
were calculated on the optimised geometry using the corresponding
program modules as implemented in ADF.[45–49] The geometry of
1b was optimised with the TZ2P basis sets for all atoms, with no
core electrons and using a tight convergence criterion as well as an
integration grid of 6. The relativistic effects were incorporated via
the ZORA method. NBO analyses were performed with the
Gaussian03 program[50] using the BP86[42–44] functional and the 6-
31G* basis sets[51–59] with one diffuse function added, for C, H, N,
Si, P, S, As and Se. The Dunning–Hunzinaga[60] type basis set with
Stuttgart–Dresden SDD[61,62] core potentials was applied for Sb,
Te, W and Bi.

Supporting Information (see footnote on the first page of this arti-
cle): Tables of the fragment analyses and cartesian coordinates for
all optimised structures. Figures in colour are also included.
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