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The bending of axial and equatorial carbonyls, one of the
main structural features of the M(CO)4(diimine) compounds
(M = Cr, Mo, and W), is elucidated in terms of the π* back-
bonding theory by a frontier molecular orbital analysis. Em-
ploying W(CO)4(phen) (phen = 1,10-phenanthroline) as a ref-
erence compound has proved that the deviation from orthog-
onality stabilizes the structure by a total amount of 2.95 kJ/
mol. Moreover, by an extended comparison of several
W(CO)4(diimine) structures, the importance of the magnitude
of the binding angle in determining the bonding in these
complexes in comparison to the traditional approach of the
W–C and C–O bond lengths is underlined. As a result, it is

1. Introduction

The complexes of the type M(CO)4(diimine) (M = Cr,
Mo, and W) play an important role in our understanding
of the spectroscopic, photophysical, and photochemical be-
havior of chromophores with low-lying metal-to-ligand
(MLCT) charge-transfer excited states.[1–3] These com-
pounds combine an electron-rich, low-valent, typically d6

metal atom, which is stabilized by the presence of four car-
bonyl groups along with the good π*-accepting α-diimine
ligand. The observed lowest lying MLCT state is responsi-
ble for several interesting features, such as the negative sol-
vatochromism and the solution luminescence, while it is as-
sociated with large, second-order molecular hyperpolariz-
abilities. This state arises from the transition between a
metal/CO localized HOMO–2 and a diimine LUMO (both
of b1 symmetry in the case of the C2v point group).[4,5] Thus
the electronic properties of M(CO)4(diimine) make their use
quite essential in areas such as the investigation of polyme-
rization processes,[2] the labeling of biomolecules,[6] and the
exploitation of solar energy.[7]

All the structures of tetracarbonyl diimine compounds,
which are either crystallographically elucidated or theoretic-
ally predicted, share two common features. Both of these
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proposed that the correct indices of the extent of back-do-
nation are the deviations of the C–W–C angles from orthogo-
nality and the O–C–W angles from linearity. It is indicated
for the first time that the larger the existing deviation the
stronger the back-donation. Moreover, a structure-to-proper-
ties relation is provided that correlates the bending of the
carbonyls to the extent of back-donation. Back-donation is
expected to be correlated to the electronic properties of the
compounds, such as the extent of solvatochromism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

features are related to the nonorthogonality of the
W(CO)4 fragment. More specifically, according to all pub-
lished structures, the axial carbonyls bend away from the
diimine moiety. Moreover, in the majority of the known
structures, the two equatorial carbonyl groups bend away
from each other. In both cases the linearity of the two CO
units is no longer valid.[4–5,8–9] It is also worth mentioning
that the M–C–O angle often changes upon electronic exci-
tation.[4] These above-mentioned two features have been ob-
served several times in the past, but they have never been
explained in the literature. Herein, these structural charac-
teristics are studied by means of DFT calculations, and our
approach is divided into two parts. Firstly, by employing
the highly symmetric W(CO)4(phen) complex (phen = 1,10-
phenanthroline) we attempted to investigate and discuss
their structure from an electronic point of view in terms of
the π* back-bonding theory. To proceed with our analysis,
we performed a fragments’ molecular orbital analysis
(FMO) using DFT electron density calculations. Recently,
this procedure was successfully used in the case of a related
tungsten compound.[5] Secondly, we discussed the same
characteristics as they evolved through a series of bidentate
N-donor ligands. In the latter case, we succeeded in ex-
tracting the structure-to-properties relation (SPR) that gov-
erns these compounds.

2. Results and Discussion
2.1. Evolution of Back-Donation in W(CO)4(phen)

We started our analysis with W(CO)4(phen) (1). Despite
this complex being one of the most extensively studied
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among compounds of this type it was only recently that
Vlček et al. described its electronic ground state and eluci-
dated its emission behavior.[4c,4d] Apart from being easily
produced[12] and having an interesting photochemistry it is
usually employed for its high symmetry. It belongs to the
C2v point group and this makes its structure elucidation,
through spectra, significantly easier. Theoretical calcula-
tions are also favored for the same reason. In such a mole-
cule, bending of the CO ligands should be clear and free
from the difficult to describe nonorthogonal dihedral
angles, as in the case of W(CO)4(pq) [pq = 2-(2�-pyridyl)-
quinoxaline] where the calculated dihedral angle forNpy–
Nqn–W–Cax is –92.6°.[5]

In the literature, three crystal structures exist as reported
in ref.[10a,10c,11] In our case, ground-state calculations have
been performed with the aid of Gaussian 98 packages, em-
ploying the well-known B3LYP functional, under C2v mo-
lecular symmetry. The final structure, obtained by full ge-
ometry optimization, is essentially equivalent to the ones
that have been previously reported.[4] Nevertheless, there are
some differences arising from the comparison with the crys-
tal structure reported in the work of Xiong et al.[11] Specifi-
cally, the bending of the two axial carbonyl groups is not
identical in the solid phase. This is also depicted by the
observed differences in the dihedral angles (78.2 and 151.9°
as compared to –103.4 and –177.2° for the dihedral angles
Oax–Cax–W–N1 and Oax–Cax–W–N2, respectively). These
differences are due to the extended hydrogen bonding devel-
oped between the oxygen atom of the CO group and a di-
imine hydrogen atom present in the crystal. Some of the
ground-state structural features of the complex that were
theoretically derived and experimentally extracted are pre-
sented in Table 1. For uniformity purposes the structure un-
der study is the one derived from the calculation.

Table 1. Comparison of selected calculated bond lengths [Å] and
angles [°] for 1 with experimental values from X-ray analysis.

C.I.[a] Exp.[10] Exp.[11] Calcd.

W–N 2.239 2.245 2.226
W–Cax 2.011 2.007 2.033
W–Ceq 1.968 1.945 1.976
C–Oax 1.140 1.172 1.187
C–Oeq 1.147 1.189 1.197
C=N 1.348 1.401 1.384
C=Cdiim. 1.435 1.365 1.433
N–W–N 73.7 73.5 74.2
Cax–W–Cax 172.4 166.2 173.5
Ceq–W–Ceq 88.7 93.9 92.7

[a] The average value of symmetry related distances or angles is
provided.

In order to accomplish the aforementioned task of struc-
ture elucidation in terms of back-donation we decided to
design a theoretical model. We introduced four theoretical
nonexisting structures for the system under study, which
represent steps that are equal in number towards orthogo-
nality. Thus, in 1a the bending of axial oxygen atoms
towards one another no longer exists and the W–C–O moi-
ety is linear, while in 1b the CO groups take up a position
along the x-axis of the molecule. In 1c, starting from struc-
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ture 1, equatorial oxygen atoms are placed in such a way
that the angle W–C–O becomes 180°. Finally, all the above
changes are incorporated into structure 1d. We should
underline that all the encountered distances are kept con-
stant. Another constraint, in terms of the selected strategy,
is the fixed position of the W–diimine part. By keeping the
W–diimine part constant we succeed in revealing the devel-
oped electronic forces. Otherwise the system would relax
in several directions, leaving the comparison worthless. The
above analysis is depicted in Figure 1. The small structural
changes that we introduced induce a relative change in the
electronic structure of the complex. These changes, along
with several electronic characteristics of the five structures,
are depicted in Table 2. Frontier molecular orbitals for all
the cases are summarized in Table 3.

Figure 1. Fragment molecular orbital analysis for 1.

Before we proceed with our results it is essential to ana-
lyze the concepts of donation and back-donation in
W(CO)4(diimine) complexes. Bonding in carbonyl com-
pounds is synergic. A carbon σ orbital in CO (the slightly
antibonding HOMO) donates electron density to an empty
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Table 2. Comparison of selected calculated angles [°] for the
ground-state structure of 1 and the hypothetical structures 1a–1d,
along with calculated data on electron density donation between
the W(CO)4 and the diimine fragments. Data in italics represent
the induced changes in 1a–1d.

C.I. 1 1a 1b 1c 1d

Cax–W–Cax 173.5 173.5 180 173.5 180
Oax–W–Oax 171.1 173.5 180 171.1 180
Ceq–W–Ceq 92.7 92.7 92.7 92.7 92.7
Oeq–W–Oeq 94.8 94.8 94.8 92.7 92.7
Oax–Cax–W 176.7 0 0 176.7 0
Oeq–Ceq–W 177.2 177.2 177.2 180 180

Diim. � W[a] 0.385 0.394 0.398 0.385 0.398
El. repulsion[a] –0.514 –0.521 –0.522 –0.513 –0.521
H-2 to L[b] 8.0 8.2 7.5 8.1 7.6
b1 to H-2[c] 6.5[d] 6.7[d] 6.1[d] 6.6[d] 6.2[d]

∆E[e] 2.36 2.39 2.29 2.35 2.28

∆E[f] 0 1.14 1.92 0.86 2.95
µz

[g] 12.86 12.66 12.76 12.93 12.85

[a] Total charge donation and electron repulsion between W(CO)4

and phen fragments. [b] Contribution of the b1/HOMO–2
(HOMO–1 for 1c) of the W(CO)4 fragment to the LUMO of the
complex. [c] Contribution of the b1/LUMO of the phen fragment
to the HOMO–2 of the complex. [d] In each case there is an ad-
ditional 1.8% (1.9% for 1a) contribution from the LUMO+2 of
the diimine (also b1 in symmetry). [e] HOMO–LUMO energy dif-
ference in eV. [f] Energy difference between structures, as compared
to 1, in kJ/mol. HOMO–LUMO energy difference in eV. [g] Calcu-
lated dipole moment in Debye.

metal orbital of proper symmetry, whereas a filled metal π
orbital forms a second dative overlap with an empty CO π
orbital. Up to a point, the π-bonding formation strengthens
the σ bond and vice versa.

Back-donation also occurs in the case of other π*-ac-
cepting ligands, such as 1,10-phenanthroline. On the basis
of group theory concepts back-bonding can occur through
an overlap with the dxz, dxy and dx2–y2 metal orbitals, with
the latter being more realistically envisioned as a linear
combination of dz2. Under the framework of the above dis-
cussion the diimines in the complexes under study certainly
act competitively (trans influence) with the equatorial car-
bonyls. Furthermore, the molecules develop their confor-
mation in space in a way that diminishes steric hindrance
and electronic repulsion. This electronic repulsion is formed
from several interactions among occupied fragment orbit-
als. W(CO)4(diimine) compounds have a first coordination
sphere of octahedral geometry and consequently steric hin-
drance does not play a significant role in the observed struc-
ture. As a result, the interesting structural features that we
described seem to arise from a compromise between back-
bonding and other electronic repulsions.

According to data presented in Table 3, the three highest
occupied molecular orbitals are very close in energy, with
the major contributions coming from the d orbitals of the
metal and the π* character of the carbonyl group. The high
diimine contribution to the HOMO–2 describes the W �
diimine π* back-bonding. This energetic similarity holds for
all the other complexes of the same type[1] indicating that
HOMO–2 is spectroscopically the most important of the
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Table 3. Contribution of different fragments to the valence orbitals
of the complexes. The HOMO and LUMO are shown in bold.

MO E [eV] W phen COax COeq

1

37a1 –1.20 16.2 –2.1 85.8 0.1
28b2 –1.46 20.3 –0.1 70.6 9.2
15b1 –1.57 0.7 97.2 0.8 1.4
7a2 –2.86 0.2 99.1 0.2 0.5
14b1 –2.93 3.8 89.8 3.1 3.4
36a1 –5.30 64.0 0.7 0.7 34.5
6a2 –5.58 58.3 3.7 22.8 15.1
13b1 –5.60 54.6 13.7 21.6 10.1
12b1 –7.69 1.5 97.6 0.7 0.2
5a2 –8.00 0.3 99.5 0.1 0.0
27b2 –9.35 0.4 80.0 1.8 17.7

1a

37a1 –1.19 15.7 –2.3 86.4 0.1
28b2 –1.47 20.4 0.0 70.7 9.0
15b1 –1.56 0.7 97.1 0.7 1.4
7a2 –2.85 0.2 99.1 0.2 0.5
14b1 –2.92 3.9 89.6 3.1 3.4
36a1 –5.31 64.0 0.7 0.8 34.5
13b1 –5.59 54.4 14.1 21.7 9.9
6a2 –5.59 58.2 3.7 22.8 15.2
12b1 –7.68 1.5 97.6 0.7 0.2
5a2 –7.98 0.3 99.5 0.1 0.0
27b2 –9.35 0.4 80.4 1.8 17.3

1b

37a1 –1.27 16.3 –2.3 86.3 –0.3
28b2 –1.51 20.2 –0.1 72.1 7.8
15b1 –1.58 0.9 97.2 0.4 1.5
7a2 –2.86 0.3 99.0 0.2 0.5
14b1 –2.94 3.9 90.4 2.4 3.3
36a1 –5.24 64.0 0.8 0.3 34.8
6a2 –5.56 58.8 4.0 22.9 14.3
13b1 –5.62 55.4 13.1 20.5 11.0
12b1 –7.69 1.3 97.6 0.9 0.2
5a2 –8.00 0.3 99.5 0.2 0.0
27b2 –9.35 0.5 79.2 1.8 18.4

1c

37a1 –1.20 16.4 –2.1 85.7 0.1
28b2 –1.46 20.9 0.0 69.3 9.8
15b1 –1.57 0.7 97.2 0.8 1.3
7a2 –2.86 0.2 99.1 0.2 0.5
14b1 –2.94 3.8 89.7 3.1 3.3
36a1 –5.29 64.1 0.7 0.8 34.3
6a2 –5.59 58.4 3.8 22.8 15.1
13b1 –5.59 54.5 13.8 21.6 10.0
12b1 –7.69 1.4 97.7 0.7 0.2
5a2 –8.00 0.3 99.5 0.1 0.0
27b2 –9.36 0.4 80.3 1.8 17.4

1d

37a1 –1.27 16.4 –2.3 86.2 –0.3
28b2 –1.52 20.8 0.0 70.8 8.4
15b1 –1.58 0.9 97.2 0.4 1.5
7a2 –2.87 0.3 99.0 0.2 0.5
14b1 –2.95 3.9 90.3 2.4 3.3
36a1 –5.23 64.1 0.9 0.3 34.7
6a2 –5.56 58.8 4.0 22.9 14.3
13b1 –5.62 55.3 13.2 20.6 11.0
12b1 –7.69 1.3 97.6 0.9 0.2
5a2 –8.01 0.3 99.5 0.2 0.0
27b2 –9.36 0.5 79.4 1.8 18.2
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higher occupied orbitals. The main difference between the
HOMO and both the HOMO–1 and HOMO–2 is that the
character of the carbonyl group is not the same. The
HOMO is mainly dominated by the equatorial COs, while
HOMO–1 and HOMO–2 are dominated by the axial ones.
These three orbitals are related to the t2g orbital set in
W(CO)6

[13] concerning their π*-back-bonding character. We
have to keep in mind that a splitting to a1, a2, and b1 is
caused by the C2v symmetry. On the other hand, HOMO–
3 to HOMO–5 are localized on the diimine moiety, as well
as LUMO, LUMO+1, and LUMO+2, with the first being
very close in energy. LUMO+3 and LUMO+4 arise mainly
from the axial carbonyls.

The metal dxz contribution to the LUMO and the W/
diimine mixing in the HOMO–2 (it contains bonding inter-
actions between the d orbital of the metal and the π* orbit-
als of the carbonyl groups) are consistent with the π-back-
bonding theory. To gain more insight into the bonding
scheme of 1 we envisioned the molecule as consisting of two
fragments, namely W(CO)4 and phen, acting as a donor
and acceptor of electron density, respectively.[14] The de-
rived picture of this fragment orbital analysis is demon-
strated in Figure 2 for the HOMO–2 to LUMO. The FMOs
of the central unit W(CO)4 are presented on the left side of
the diagram, whereas those of the diimine are on the right
side. As indicated, the HOMO and HOMO–1 are predomi-
nantly localized on the W(CO)4 fragment, with the LUMO
being a combination of the LUMO from the diimine and
the HOMO–2 from the metal–carbonyls. Of course we have
to keep in mind that an increased back-donation of the
metal to the heteroligand (N ligand) results in a decreased
back-donation to the carbonyl ligands. The aforementioned
combination along with the localization of HOMO–2 are
indicative of the back-donation procedure. To be more pre-
cise, the HOMO–2 of the complex is a mixture of 86.2% of
the HOMO–2 of W(CO)4 and 6.5% of the LUMO of phen.
This reveals the back-donation path of the electron density
from the main core back to the diimine, for a total amount
of 0.022 e–, as computed by the Frenking et al.[14] charge
decomposition method.

Recently, an analogous treatment of the W(CO)4(pq)
complex yielded an amount of 0.054 e–, revealing a more
effective back-bonding pathway.[5] At this point we should
emphasize that mixing of frontier orbitals is an important
parameter of the system and is connected to the negative
solvatochromism and the existence of NLO properties for
these types of compounds.

According to the aforementioned scheme we could ex-
pect the back-donation to the CO groups to be more effec-
tive if 1 had not adopted its existing bent geometry. Even
if we adopt the atomic angular overlap model it is clear that
more electron density is necessary to keep the
W(CO)4 fragment together when the structure deviates
from orthogonality.

In the current analysis, we examine the bending of the
axial carbonyl as a two-step procedure, 1b�1a�1. Stated
otherwise, we keep the bend of the equatorial CO units
towards each other constant and monitor the axial ones
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Figure 2. Schematic energy diagram of the induced structural
changes in 1.

deviating from orthogonality. From a frontier orbital point
of view, the first step induces major changes, as is expected
by the relative geometrical ones. Metal and equatorial car-
bonyl orbitals are significantly stabilized, while axial car-
bonyl orbitals seem to become destabilized as well. Diimine
orbitals are less destabilised. This finding justifies the in-
verse order of HOMO–2 (the main, spectroscopically rel-
evant orbital in 1) and HOMO–1 in 1a. These trends have
an immediate effect on the HOMO–LUMO gap, which ac-
cording to our calculations increases from 2.30 eV to
2.39 eV in the first step, while it is minimized to 2.37 eV in
the second step. This second step is connected to the slight
diimine orbital stabilization, whereas the rest of the mole-
cule is destabilized to the same extent. Both steps offer a
total 1.92 kJ/mol stabilization to the system. From a partial
charges point of view, as calculated by Mulliken’s popula-
tion analysis (provided as Supporting Information), we as-
certain that, along the series, the metal and diimine gain
electron density at the expense of the carbonyls.

Considering all the aforementioned data, from the back-
bonding concept we conclude that the diimine ligation is
very crucial. As soon as phenanthroline binds, it demands,
as a π acceptor, more electron density. The latter is moved
from the carbonyls to phenanthroline. We will try to clarify
this concept in terms of a fragment orbital analysis. First
of all, starting from 1b, we confirm that the σ donation of
the diimine to the system reduces as we move towards 1.
This is also clearly demonstrated by the contributions of
the W(CO)4 empty orbitals to the formation of 27b2

(HOMO–5) and 35a1 (HOMO–8) orbitals (3.9% and 4.9%
for 1b, 3.8% and 4.6% for 1a and 1). The total donation is
reduced from 0.398 to 0.394 and 0.385 e–, respectively. On
the other hand, back-donation to o-phenanthroline is in-
creased when going from 1b to 1a, as expected. Back-bond-
ing occurs through the transfer of electron density from the
HOMO–2 of W(CO)4 to the 5b1 and 6b1 of the diimine,
forming the 13b1 and 14b1 orbitals of the complex. Thus,
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the contribution of the empty orbitals of the diimine to the
formation of 13b1 increases from 7.9% to 8.6%, while the
contribution of the W(CO)4 fragment to 5b1 of the diimine
increases from 7.5% to 8.2%. Back-donation reduces
slightly when going from 1a to 1 and this is where the elec-
tron repulsion concept is applied. W(CO)4 and phenan-
throline filled orbitals repulse each other and the oxygen
atoms bend in order for these forces to reach equilibrium.
But this is rather the result than the cause (vide infra).

Up to this point we determined the nature of the driving
forces that bend the system from 1b to 1, through 1a. In
summary, the major effect comes from the existence of
phenanthroline. The system adopts the geometry that mini-
mizes the electron repulsion for all the present ligands. This
is further enhanced by the need for diminishing the electron
repulsion of the fragment. If the system has a perfect octa-
hedral geometry before these changes started to occur then
another feature must also be explained. The bend of the
axial carbonyls is sensitive to the back-bonding of the equa-
torial diimine ligands. Thus, the axial COs deviate from lin-
earity by 3.25°, while the related differentiation in the case
of the equatorial COs is only 1.35°. This means that the
axial ligands are the most sensitive to the coordination di-
imines on the metal atom. The aforementioned conclusion
is rather peculiar if the trans influence is kept in mind, along
with the fact that the bite angle of the equatorial COs cer-
tainly has to be enlarged in order for the phenanthroline σ
bonding to be effective. A natural arising question is why
that happens. To provide a satisfactory answer we should
examine the way back-donation evolves in space. As we
have already mentioned back-bonding to phenanthroline is
set through the 5dxz orbital (b1 in symmetry) of the metal
and consequently the carbonyls that compete with the di-
imine are the axial and not the equatorial ones.

To proceed with our analysis, the bending of oxygen
atoms should be further explained. As we have already
mentioned, in the axial sites the carbonyls bend towards the
“inside”, while in the equatorial ones they bend towards the
“outside”. According to a frontier orbitals point of view,
bending in the latter case causes stabilization of the orbitals
centered on both carbonyls and the metal, whereas it desta-
bilizes the diimine orbitals in a complete inverse way as
compared to 1a�1. Thus 1c�1 offers 0.86 kJ/mol to the
system. This is slightly less than the 1.14 kJ/mol for 1a�1.
The induced stabilization, as an absolute value, is in both
cases rather small. On the other hand, if compared to the
relative value for 1b�1a, which arises from changes in
back-donation, it is considered relatively high and this find-
ing becomes more valuable if we take into account the sig-
nificantly smaller geometric change in this case.

Going from 1c to 1 the back-donation to the carbonyls
increases (0.3% rise in the carbonyl LUMO contribution to
36a1). This happens because carbonyls have a better overlap
with the 5dx2–y2 of the metal, which is the most suitable d
orbital for back-donation, because of its orthogonal ar-
rangement to the yz plane. Furthermore, a linear combina-
tion of dz2 and dx2–y2 is also present. This situation leads us
to reevaluate the C to O σ donation. In order to reevaluate
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this process we used the concept of natural hybrid orbitals,
which are derived by a natural bond orbital analysis.[15] Be-
fore we proceed we have to clarify that although the abso-
lute values, which are extracted from the NBO analysis, are
different from those extracted through the Mulliken pop-
ulation analysis applied in the rest of this report, the follow-
ing results and described trends are in total accordance. In-
deed, σ bonding through the equatorial W–C–O unit is also
favored. Calculated deviations between the geometrical di-
rection of the bond and the related direction of the hybrid
orbital are reduced by up to 1.9° for W–C and 4.7° for C–
O. This is a direct consequence of the diimine ligation to
the system.

The case of 1a�1 seems to be analogous. It is clear that
axial carbonyls accept electron density from the metal dxy

orbital. Unfortunately, in each case changes in fragment
contributions and relative energy are below the method pre-
cision. The hybrid orbitals of the complex seem to slightly
change their conformation due to a best alignment of the
carbon atoms to the π-orbital of the tungsten, at the ex-
pense of carbon–oxygen overlap and σ bonding.

Trying to summarize the above facts, we must emphasize
that the suitable orbitals for back-donation are the dxz, dxy,
and dx2–y2/dz2 metal orbitals, which offer electron density to
the diimine and also the axial and equatorial carbonyls. The
bending of the C–O bonds is, in each case, the result of the
tendency of the system to adopt a configuration in space
that minimizes the electron repulsions between the bonds
involved in the complex formation. The whole situation is
best described by 1d, which contains all the aforementioned
changes. As demonstrated in Table 2 this structure shows
the greatest destabilization, giving a final value of 2.95 kJ/
mol. Despite the fact that this value is relatively low it is
indicative of the energy stabilization that is offered to the
system from the arrangement of the ligand in space, in such
a way that is convenient from an electronic point of view.

2.2. Relation Between Structure, Back-Bonding, and
Electron Properties

At the second level of our approach, we tried to discover
the trends that govern the structural features of the com-
plexes under study, such as the bending of axial carbonyls
in terms of the ability of the ligand to partake in back-
donation. As already mentioned (vide supra), these features
are anticipated to be correlated to the electronic properties
of the compound. This is an essential hypothesis, which we
try to test in this report.

There are three important factors that govern the elec-
tronic structure of W(CO)4(diimine) complexes. First of all,
the σ-donating ability of the coordinating nitrogen atoms,
followed by the existence of π*-orbitals of proper energy
and symmetry, which are suitable for the evolution of back-
donation, and thirdly the magnitude of the binding N–W–
N angle. Taking all these factors into consideration we
properly selected eight ligands in order to demonstrate
probable induced differences in compound structure and



W(CO)4(diimine) Structure Revised FULL PAPER
electronic behavior. First of all, we employed 1,10-phenan-
throline (phen – compound 1) and 2,2�-bipyridine (bpy –
compound 2), which are two of the most widely used aro-
matic ligands in synthesis. In order to test the influence of
symmetry and binding angle we also employed two pyridine
moieties (2py – compound 3), in a sense that they would
create an aromatic, but not a chelated first coordination
sphere, around the metal. Consequently, we selected 1,4-
diazabutadiene (DAB – compound 4), N,N�-bis-methyl-1,4-
diazabutadiene (Me-DAB – compound 5) and N,N�-bis-iso-
propyl-1,4-diazabutadiene (iPr-DAB – compound 6). These
are highly symmetric aliphatic diimines and their properties
will be compared to those of the aromatic ones. Finally, we
introduced 1,2-ethylenediamine (en – compound 7), since it
is a bidentate diamine without any orbitals suitable for
back-bonding and two ammonia ligands (2NH3 compound
8) with almost the same σ-donating ability to the en, but
without any steric constraints present.

Structural characteristics of compounds 2–8 are depicted
in Table 4. Relative data for 1, extracted from Table 1 and
Table 2 (vide supra) are also reported for uniformity pur-
poses. All data presented are extracted at the G98-B3LYP
level of theory and show satisfactory agreement with other
reported computational results and crystal structures.[4,9,11]

To the best of our knowledge, compound 8 has not yet been
prepared, but is included in our analysis for comparison
purposes.

All of the complexes under study adopt a distorted
pseudo-octahedral geometry. We started our analysis with
the approximation described in all standard textbooks.[16]

Within the framework of π* back-bonding different struc-
tures are compared based on the magnitude of the W–L
and C–O bond lengths. In our case, the axial W–C bonds
are significantly longer than the relative equatorial ones.
The length of the W–N bond is increased in the order 4 �

Table 4. Comparison of selected calculated bond lengths [Å] and angles [°] for the ground-state structure of complexes 1–8 along with
calculated data on electron density donation between the W(CO)4 and the diimine fragments.

C 1 2 3 4 5 6 7 8

W–N 2.226 2.219 2.274 2.134 2.215 2.216 2.365 2.349
W–Cax 2.033 2.033 2.023 2.042 2.068 2.064 2.049 2.023
W–Ceq 1.976 1.977 1.975 2.002 2.016 2.011 1.985 1.965
C–Oax 1.187 1.187 1.191 1.183 1.158 1.162 1.169 1.192
C–Oeq 1.197 1.197 1.196 1.19 1.165 1.17 1.174 1.198
C=N 1.384 1.378 1.368 1.338 1.308 1.312 1.487 –
N–W–N 74.2 73.2 84.7 72.1 72 72.5 73.9 84.7
Cax–W–Cax 173.5 173.2 174.9 162.1 169.4 166.1 174.9 176.4
Oax–W–Oax 171.1 170.7 172.6 158.9 167 162.7 172.5 174.4
Ceq–W–Ceq 92.7 92.3 90.9 99.6 95.1 94.8 91.1 90.3
Oeq–W–Oeq 94.8 94.6 91.8 102.2 97.0 96.8 92.4 90.9

∆E[a] 2.36 2.33 2.92 2.43 2.36 2.40 3.51 3.48
b[b] 0.385 0.391 0.460 0.427 0.464 0.574 0.472 0.477
bd[b] 0.022 0.021 0.021 0.121 0.111 0.091 0 –0.02
r[b] –0.514 –0.536 –0.084 –0.517 –0.434 –0.46 –0.338 –0.41

Total π*(N) to H-2[c] 8.3[d] 8.8[e] 4.1[f] 30.3[g] 20.4 20.5 0 0

[a] HOMO–LUMO energy differece in eV. [b] Total charge donation, back-donation, and electron repulsion between W(CO)4 and diimine
fragments. [c] Mainly the HOMO–2 [W(CO)4 – b1 in symmetry] to b1*-LUMO (N ligand) type. [d] It contains a 1.8% contribution from
the LUMO+2 of the phen. [e] It contains a 2.8% contribution from the LUMO+1 of the bpy. [f] An interaction between the orbitals of
a symmetry. [g] Contains 1.0% contribution from the LUMO+1 of DAB.
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5 ≈ 6 ≈ 2 � 1 � 3 � 8 � 7. Thus, bonding of the N ligand
seems to be stronger in the case of the DAB ligands as
compared to the aromatic ones, while the amine complexes
demonstrate weaker bonding along the series. This series
is also indicative of the nitrogen hybridization where sp3

hybridization (present in the amines) affords longer W–N
bonds. The relative series, regarding the W–Ceq, W–Cax, C–
Oeq, and C–Oax bonds, is 8 � 3 ≈ 1 ≈ 2 � 7 � 4 � 6 ≈ 5,
8 ≈ 3 � 1 ≈ 2 � 4 ≈ 7 � 6 ≈ 5, 5 � 6 � 7 � 4 � 3 ≈ 1 ≈ 2
≈ 8, and 5 ≈ 6 � 7 � 4 � 1 ≈ 2 � 3 ≈ 8, respectively.
According to the above bonding scheme we conclude that
diazabutadiene ligands are better π* acids than a-diimines
and amines, a finding that definitely make sense. Neverthe-
less, there are some points in the above series that certainly
deserve to be further explained. First of all, within the R-
DAB ligands it seems that the series of π* acidity that holds
is H- � Me- � iPr-. In other words, the increase of the
electron-releasing character of the substituents on the nitro-
gen atoms in the R-DAB ligands increases the electron-do-
nating character of the σ bond and in consequence it in-
creases the π-acceptor character. The observed trend is cer-
tainly not normally expected. Secondly, the first coordina-
tion sphere of 7 seems to resemble that of the R-DAB li-
gands, while several similarities exist between 3 and 8. This
trend should be further explained on the basis of important
differences in nature between these organic substances.

To proceed with our analysis we examined, at first, a
structural feature that is certainly underestimated in the exi-
sting literature in the field. This is the binding and bending
angles of the carbonyl moieties. In Figure 3 and Figure 4
these features are schematically depicted. Thus, we observe
that the N–W–N bite angle increases in the series 5 ≈ 4 ≈ 6
� 2 � 7 ≈ 1 � 3 ≈ 8, while the relative series in the case
of Ceq–W–Ceq/Oeq–W–Oeq (φ1/φ2) and Cax–W–Cax/Oax–W–
Oax (φ3/φ4) is 8 � 3 ≈ 7 � 2 ≈ 1 � 6 � 5 � 4 and 4 � 6 �
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5 � 2 ≈ 1 � 7 ≈ 3 � 8, respectively. All the complexes under
study share the same structural features, described earlier
(vide supra). The W(CO)4 fragment deviates from orthogo-
nality with the axial carbonyls bending away, while the
equatorial ones bend towards the N ligand. In both cases,
the bending of the oxygen atoms is larger. Moreover, several
other features deserve attention. First of all, both axial and
equatorial carbonyls deviate from orthogonality in an anal-
ogous way and the following relations, Equation (1) and (2),
are extracted.

φ1 = –0.5935 φ3 +195.03 (r = 0.97) (1)

φ2 = –0.6372 φ4 +202.59 (r = 0.95) (2)

φ1 and φ2 are the angles Ceq–W–Ceq and Oeq–W–Oeq and φ3

and φ4 the angles Cax–W–Cax and Oax–W–Oax, respectively.
Moreover, as it is depicted in Figure 3 and Figure 4 in

both cases the deviation from linearity observed in the car-
bonyl moiety is enhanced, in general terms, with the devia-
tion of the whole group from orthogonality. Thus, in the
case of the axial carbonyls, the largest deviation is observed
for 6 and 4 and the smallest for 8 and 9, whereas for the
equatorial carbonyls the largest deviation is observed in 4
and the smallest are also in 8 and 9. Last but not least, the
trend followed within the W(CO)4 moiety is reversed in the
case of the W–heteroligand bite angle. Nevertheless, we

Figure 3. Schematic diagram of the Cax–W–Cax and Oax–W–Oax

angles for compounds 1–8.

Figure 4. Schematic diagram of the Ceq–W–Ceq and Oeq–W–Oeq

for compounds 1–8.
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should emphasize the fact that the two compounds without
a bidentate ligand, namely 3 and 8, show the same N–W–
N angle, despite the different nature of the nitrogen ligands.

Proceeding with our discussion in electronic terms the
contribution of different fragments to the frontier orbitals
of the complexes is depicted in Table 5. Complex 2 has a
framework of frontier orbitals analogous to the aforemen-
tioned one for 1 (vide supra), with the expected changes
that arise from the fact that they have different aromatic
diimine groups. For example, the first unoccupied diimine
based a2 orbital lies at a lower energy in 1 as compared to
2. On the contrary in compounds 4–6 a different pattern is
observed. The LUMO+3/+4 in 2 are stabilized and become
the LUMO+1/+2 in 3. These are predominantly axial car-
bonyl in character. The HOMO manifold for these com-
pounds remains localized, mainly on the metal giving a rel-
evant bonding scheme.

Complex 3 contains two pyridine moieties and not a bi-
dentate ligand. The relaxed structure, in which the two pyri-
dines are twisted from the planar disposition in order to
minimize the hindrance that appears between the pyridine
ortho-H atoms, destabilizes the frontier orbitals and affects
the back-donation pathway. As a result back-bonding is no
longer evolved through an orbital of b symmetry. In the
case of pyridine ligands a metal dx2–y2/dz2 (a1 in C2v first
coordination sphere) linear combination interacts with a
pyridine-based a* orbital (Figure 5).

Finally, in the case of the diamine and bis-amine com-
plexes the bonding scheme, apart from the three highest oc-
cupied orbitals, is different. Most of the unoccupied orbit-
als are carbonyl localized, with the contribution of the hete-
roligand being of low to only moderate importance (e.g.
LUMO+3 in 7 and LUMO+2 in 8). Moreover, an unoccu-
pied orbital with a predominant d(σ*) character was not
found in any of the above compounds. In cases where this
sort of contribution existed it corresponded to only a part
of a highly delocalized orbital. Thus, low-lying LF states
contradict the arguments of the traditional ligand field
theory. This fact is consistent with previous work done by
Vlček et al.[4]

In terms of back-donation to the N ligand the main
pathway followed for all cases (apart from 3) is the out-of-
phase interaction between an orbital of dxz tungsten/π*-ax-
ial carbonyl character and a π* heteroligand. This is best
demonstrated by the HOMO–2 and LUMO (vide supra).
Through an FMO analysis, analogous to that described in
the previous paragraph, we concluded the following series
of increasing back-donation, 8 ≈ 7 � 3 � 1 � 2 � 5 ≈ 6 �
4, with the diamine and bis-amine compounds showing
trivial back-bonding and 4, which contains the DAB ligand,
having the maximum back-bonding in the series. The com-
parison was based on the interaction of the HOMO–2 of
the W(CO)4 fragment (HOMO in the case of 3) with the π*
orbitals of the heteroligand (LUMO to LUMO+2 of proper
symmetry), as demonstrated in Table 4. The same series in
terms of the ligands is NH3 ≈ en � py � bpy � phen �
Me-DAB ≈ iPr-DAB � DAB. Thus, aliphatic diimines in-
teract stronger with the metal fragment than aromatic ones,
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Table 5. Contribution of different fragments to the valence orbitals
of complexes 2–8. The HOMO and LUMO are shown in bold.

MO E [eV] W diimine COax COeq

2

34a1 –1.22 16.0 –2.2 86.0 0.2
26b2 –1.49 20.2 –0.2 70.8 9.1
7a2 –1.97 0.1 97.8 0.5 1.6
14b1 –2.12 1.0 96.8 1.0 1.2
13b1 –3.00 3.7 90.1 3.0 3.2
33a1 –5.33 63.8 0.8 0.8 34.6
6a2 –5.61 58.3 3.8 22.8 15.1
12b1 –5.64 54.7 13.6 21.6 10.1
5a2 –7.83 0.1 99.9 0.0 0.0
11b1 –9.19 1.2 95.3 3.0 0.5
4a2 –9.20 1.4 97.5 0.8 0.3

3

41b –1.30 11.4 46.4 36.2 6.0
40b –1.57 5.8 54.5 39.3 0.5
41a –1.72 3.6 77.0 19.6 –0.2
40a –2.18 2.6 89.8 2.8 4.8
39b –2.21 1.4 94.5 2.3 1.9
39a –5.13 61.2 7.2 0.3 31.3
38b –5.56 60.1 3.1 25.0 11.8
38a –5.58 60.2 1.3 23.9 14.5
37b –8.28 0.1 99.8 0.1 0.0
37a –8.39 0.2 99.5 0.1 0.2
36b –8.99 0.8 95.3 1.9 2.1

4

12b1 –0.51 13.2 2.7 11.6 72.6
16b2 –1.02 3.4 0.5 20.6 75.5
23a1 –1.58 12.1 –0.6 85.7 2.9
15b2 –1.93 16.9 0.7 70.1 12.3
11b1 –3.48 12.6 62.6 15.3 9.4
22a1 –5.92 63.2 1.7 3.4 31.7
4a2 –6.22 54.7 6.8 21.8 16.7
10b1 –6.35 43.0 34.1 18.7 4.2
3a2 –9.47 4.6 92.8 1.9 0.8
14b2 –10.13 3.0 70.3 2.4 24.3
21a1 –10.28 4.8 74.2 1.9 19.1

5

13b1 –0.12 17.3 1.8 13.9 67.0
19b2 –0.37 3.5 1.0 17.4 78.1
26a1 –1.27 13.0 –0.4 86.7 0.7
18b2 –1.59 17.8 1.3 72.1 8.7
12b1 –3.07 10.0 74.5 8.5 7.0
25a1 –5.43 65.5 1.1 1.5 31.9
5a2 –5.76 59.3 4.0 21.9 14.8
11b1 –5.91 51.4 23.2 18.9 6.5
4a2 –8.65 2.3 96.7 0.8 0.2
17b2 –9.36 3.0 81.7 1.1 14.3
24a1 –9.68 5.1 80.1 1.2 13.5

6

17b1 –0.04 16.2 2.9 13.2 67.7
23b2 –0.39 3.7 1.1 19.4 75.8
30a1 –1.18 12.4 –0.5 87.0 1.1
22b2 –1.51 17.4 1.3 71.1 10.2
16b1 –3.01 9.3 73.5 9.5 7.8
29a1 –5.42 64.7 1.5 1.9 31.9
9a2 –5.70 57.5 5.5 21.7 15.4
15b1 –5.84 50.4 23.5 19.8 6.2
8a2 –8.42 3.2 95.2 1.2 0.4
21b2 –8.77 1.5 88.5 1.0 9.0
28a1 –9.13 4.1 89.0 0.7 6.1
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Table 5. (continued)

MO E [eV] W diimine COax COeq

7

29b 0.35 33.2 16.2 0.3 50.4
28b 0.17 34.3 4.5 16.9 44.3
29a 0.09 62.8 24.0 16.5 –3.2
27b 0.01 37.9 8.9 28.7 24.5
28a –1.31 20.8 8.2 71.1 –0.2
26b –1.52 25.8 6.8 60.9 6.5
27a –5.03 65.3 0.8 0.5 33.4
26a –5.40 61.7 0.2 24.2 13.9
25b –5.41 63.3 0.7 24.7 11.3
24b –9.39 2.3 78.4 1.7 17.7
25a –9.43 3.9 81.0 1.4 13.7
23b –10.22 4.6 0.5 71.4 23.5

8

50 –0.06 18.3 0.0 21.8 60.0
49 –0.29 30.3 7.5 25.4 36.8
48 –0.58 56.3 22.5 25.2 –4.0
47 –1.75 29.8 9.7 60.8 –0.2
46 –1.80 24.9 5.1 63.9 6.1
45 –5.28 64.6 0.6 0.2 34.7
44 –5.70 61.2 0.2 25.3 13.3
43 –5.72 61.4 0.4 24.8 13.4
42 –9.83 2.7 63.6 2.8 30.9
41 –10.09 3.5 60.4 4.1 31.9
40 –10.25 4.0 0.4 63.8 31.8

with the amines not showing back-donation at all. This
conclusion certainly makes sense and it certainly reflects the
nitrogen hybridization changing from sp3 for NH3 to sp2

for DAB.
Taking the aforementioned findings into consideration

we verified that the bond lengths do not demonstrate the
correct behavior according to the induced back-donation.
On the contrary, the C–W–C deviation from orthogonality
and C–O deviation from linearity follow the back-donation
trends! In other words, the stronger the back-donation the
larger the deviations. This observation is originally pre-
sented in this report. Indeed, C–W–C and O–W–O angles
correlate effectively with the observed back-donation mag-
nitude (bd), as proven from the following relations [bd can
also be provided as a function of the angles φ1 and φ2,
through Equations (1) and (2) since the deviation of the
equatorial ligands are a consequence of the bending of the
axial ones]. In these relations bd is the total percentage of
contribution of unoccupied π*-type heteroligand orbitals in
the back-donation pathway.

From the above Equation (3) and (4) we verify that the
bite angles of the CO groups are not only indicative of π*
back-donation but they are also correlated to back-do-
nation in a linear fashion. In other words, it is proved that
the structural indices that best describe back-donation in
symmetric compounds of the type W(CO)4(NN) or
W(CO)4N2, are the deviations of the C–W–C angles from
orthogonality and O–C–W angles from linearity. The larger
the existing deviation the stronger the back-donation. This
contradicts the traditional concept of bond lengths, which
does not always lead to correct results. This conclusion
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Figure 5. Contour plots of the HOMO (a) and LUMO (b) for com-
pound 3.

should also apply to the symmetric carbonyl compounds
with other types of ligands, such as phosphanes and phos-
phites.

bd = –2.1238 φ3 +375.51 (r = 0.97) (3)

bd = –1.9562 φ4 +341.63 (r = 0.97) (4)

3. Concluding Remarks

In the present report, we tried to study the structures of
W(CO)4(NN) and W(CO)4N2 compounds in terms of π*
back-donation. Our approach was divided into two parts.
Firstly, we proved, for the first time, that the observed struc-
tural deviations from orthogonality, regarding C–W–C bite
angles and deviations from the linearity of the O–C–W
angles present in complexes of this type, have their origin in
the evolution of the necessary back-donation pathways. The
energy difference between the two structures (the bent and
the totally orthogonal one) is computed to be 2.95 kJ/mol.

Secondly, we analyzed the back-donation pathways of a
series of compounds having different types of ligands. We
proved that this is achieved through a dxz � N-ligand elec-
tron donation, except in the case of the W(CO)4(py)2 com-
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pound. Moreover, we showed that back-donation is corre-
lated to the above-mentioned structural features in a linear
manner.

Keeping this scheme in mind, along with the fact that
among all the ligands studied in our series DAB is involved
in the maximum back-bonding and NH3 the minimum, we
can develop a new structure-to-properties type scale regard-
ing back-donation. From a multiple regression analysis of
the aforementioned data (Figure 6) we developed the fol-
lowing relation (details for the linear regression are supplied
in the Supporting Information) which implies that the mag-
nitude of back-donation is a linear combination of the four
angles of the CO groups (since φ1 and φ2 are dependant on
φ3 and φ4, respectively), see Equation (5).

Figure 6. Scatter plot of bd = f(φ3, φ4). R2 = 0.98 (from multiple
regression analysis).

bd = 510.15–10.58 φ3 +7.79 φ4 (5)

The standard deviation is 2.34.
Moreover, if we define the π* acidity related to the DAB

(100% π* acid) and ammonia molecules (0% π* acid) we
get Equation (6).

bd� = 3.00 bd (6)

On the basis of Equation (6) we can attribute a 29% of
π*-accepting ability to bpy compared with DAB.

The extent of back-donation and thus the bending of the
W(CO)4 group should be correlated to other properties of
the system such as the slope of solvatochromic plots.[8] It is
well known that the complexes under study exhibit a large
negative solvatochromism, which refers to the blue shift of
the low energy MLCT transition of the complex, with a
simultaneous increase in the polarity of the solvent. This
phenomenon is directly related to a difference between the
ground- and excited-state dipole moment. The ground-state
dipole moment is certainly determined by the geometry of
the compounds and this geometry has its origin in the ex-
tent of back-donation as we have already proved (vide in-
fra). As a result the extent of solvatochromism should be
correlated to the extent of back-donation.
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4. Computational Details

Ground-state electronic structure calculations of all complexes un-
der study have been performed using density functional theory
(DFT)[17] methods by employing the Gaussian 98 software pack-
age.[18] The functional that was used throughout this study is the
B3LYP, consisting of a hybrid exchange functional, as defined by
Becke’s three-parameter equation[19] and the Lee–Yang–Par corre-
lation functional.[20] The ground-state geometries were obtained in
the gas phase by full geometry optimization and the optimum
structures, located as stationary points on the potential energy sur-
faces, were verified by the absence of imaginary frequencies. More-
over, the derived wave functions were free from internal instabilities.
Structures were regularized in order to satisfy the C2v geometry in
1–2 and 4–6. Complex 3 was optimized under no symmetry con-
straint. The optimum structure obtained a practically C2 symmetry
and the optimization was repeated in this point group. Complex 7
was optimized also under the C2 symmetry, whereas complex 8
was optimized without any symmetry constraint. The basis set used
throughout this study is the full double-ζ LANL2DZ basis func-
tion, together with the corresponding effective core potential for
tungsten.[21] Percentage compositions of molecular orbitals from
the four contributing fragments (the metal, the N ligand, the axial
and equatorial carbonyls) were calculated and analyzed using the
AOMix and AOMix-CDA programs, with the latter being exten-
sively used for the fragment molecular orbital (FMO) analysis.[22]

The graphics presented here were drawn with the aid of Molekel.[23]

An NBO population analysis has been performed with the NBO
3.1 program as implemented in Gaussian.[15b] Finally, a multiple
regression analysis was carried out using the commercial Origin 6.0
software package.

Supporting Information (see also the footnote on the first page of
this article): Mulliken charges for compounds 1 and 1a–1d (Table
S1), details for the linear regression provided for Equation (5) and
calculated atomic coordinates (S2–S9) for all compounds under
study.
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[1] A. Vlček Jr., Coord. Chem. Rev. 2002, 230, 225–242.
[2] A. J. Lees, Coord. Chem. Rev. 1998, 177, 3–35.
[3] D. J. Stufkens, Coord. Chem. Rev. 1990, 104, 39–112.
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