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Abstract

Synthesis and characterization of the new complex W(CO)4(2,2
0-pq), (1), where 2,2 0-pq = 2-(2 0-pyridyl)quinoxaline, is presented.

The non-symmetric ligand 2,2 0-pq belongs to the general class of quinoxalines, which are natural products yielding a rich coordi-
nation chemistry. Complex (1) crystallizes in space group P21/n with a = 9.601(6) Å, b = 16.735(11) Å, c = 10.315(8) Å, Z = 4 and
V = 1616.0(19) Å3. Although its structure resembles those of W(CO)4(phen) and W(CO)4(bpy), some distortions that stem from
2,2 0-pq�s asymmetry are present. DFT calculations reveal a ground state consisting of HOMO, HOMO � 1 and HOMO � 2, mainly
of metal and carbonyl character, while LUMO is diimine oriented. The bonding scheme of (1) is illustrated after its consideration as
been consisted by two fragments, namely W(CO)4 and 2,2 0-pq, acting as a donor and acceptor of electron density, respectively. In
that scheme, back-bonding interaction of the main core to 2,2 0-pq is mainly related to the mixing of HOMO � 2 from W(CO)4 moi-
ety with LUMO from 2,2 0-pq moiety. The performed TDDFT calculations, not only in the gas phase but also combined with the
conductor like polarizable continuum model (CPCM), reveal that the lowest in energy highly solvatochromic transition of (1) can be
ascribed as a HOMO � 2 ! LUMO transition and it is better described as MLCT/LLCT, underlying the CO ! diimine contribu-
tion. The solvatochromic behaviour of (1) is anticipated by DFT/CPCM calculations and is probed in detail by absorption and
NMR spectroscopy. The correlation of the lowest-energy-band maximum to the dipole moment of the corresponding solvents pro-
vides overall good linear fits, while the correlation to the dielectric constant affords good linear patterns only after the segregation of
the solvents into groups. The 1H NMR data of 2,2 0-pq and (1) reveal an increase of the solvent influence to the chemical shifts of the
diimine ligand after its coordination to the metal and suggest two different types of solvent-effects for the complex and the ligand,
respectively. The observed proton shifts of (1) are related with the results of the Mülliken population analysis in solvents of different
polarity; the transition from CCl4 to MeOH seems to signify a charge transfer from the axial COs and the central metal to the equa-
torial COs and the internal nuclei of 2,2 0-pq.
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1. Introduction

During the last 50 years, the M(CO)4L-type (M: Cr,
Mo, W and L: O, N, S, P donor bidentate ligand) com-
plexes have been very common synthons in most syn-
thetic laboratories while a great number of compounds
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have emanated from them, through thermal or photo-
chemical reactions [1]. The information about their
structure and properties was growing along with the
development mainly of IR, Raman and fluorescence
spectroscopies; the first two could indirectly provide
an insight into the electronic distribution in their ground
state and of spectroscopy, while the latter could eluci-
date their excited states by explaining the nature of their
dual emission [2]. The interest in these model-complexes
was reanimated after the recent publications by Vlček
et al. who carried out several DFT calculations on cer-
tain complexes of this family and overthrew some mis-
understandings of the past [3]. In parallel to the
reconsideration of some of their properties, several prac-
tical applications of these complexes originating from
their photophysical characteristics are currently being
tested; they are considered as candidates for probes in
polymerization processes [4], in the labeling of biomole-
cules [5] and in the exploitation of solar energy [6]. Quite
prominent could also be their use as NLO materials, due
to their MLCT transitions, which may give rise to large
microscopic second-order non-linearities (bijk) [7].

Herein, the solvatochromic behavior of a non-
symmetric tetracarbonyl complex W(CO)4(2,2

0-pq) (1),
where 2,2 0-pq stands for 2-(2 0-pyridyl)quinoxaline
(Scheme 1), is studied by means of DFT and TD-DFT
calculations. Furthermore, the solvatochromic behavior
of (1) was monitored in a series of solvents, so as to gain
an insight in the solvation mechanisms that could affect
its properties. We have recorded the maxima of the sol-
vatochromic low energy band of (1) in various solvents
and have tried to correlate them with the dielectric con-
stant and the dipole moment of the solvents. Moreover,
we have measured and interpreted the 1H NMR spectra
of both the complex and the ligand in several different
solvents, observing the effect of the solvent reaction field

[8] on the chemical shifts. DFT calculations using
solvent cages of different polarity have been employed
to substantiate some of our arguments about
solvatochromism.

The synthesis, the crystal structure and the spectro-
scopic features of (1) is also presented. The selection
of the metal (W vs. Mo) has been made having in mind
the recent studies on W complexes and the convenience
in comparing it to literature results. The choice of
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Scheme 1.
2,2 0-pq as a diimine-ligand is quite challenging due to
the high importance of the class where it belongs; quin-
oxalines are natural products [9] and are used as antibi-
otics [10]. They can also form polymers with peculiar
magnetic and electric properties [11]. Moreover, their
significant redox chemistry and photochemistry are
responsible for many considerable intra- and inter-
electron transfer organic and biochemical processes
[12]. From a different point of view, the choice of 2,2 0-
pq is quite stimulating because it is a non-symmetric
ligand, in contrast to the majority of the a-diimines that
have been complexed on the W(CO)4 moiety; the study
of the tetracarbonyl complex (1) and its comparison to
analogous symmetric ones is expected to be enlighten-
ing. DFT calculations that are currently used in many
classes of compounds, so as to reveal and interpret their
properties [13], are utilized here and shed light on the
electronic distribution of (1) in energy levels. By using
the notation of a donor and an acceptor part inside
(1)�s structure, a fragment orbital analysis is applied sep-
arately to the W(CO)4 and 2,2 0-pq moiety, which are
finally combined to afford its bonding scheme in a
unique way. The absorption spectrum of (1) is also
reproduced and explained by TDDFT calculations in
the gas phase, whereas the solvation of the states that
are tightly connected to the highly solvatochromic band
is considered by the tandem use of TDDFT and CPCM
models. The latter is being performed for the first time
for W(diimine)(CO)4 compounds.
2. Experimental

2.1. Materials

2,2 0-pq was synthesized following Hadjiliadis routine
[14]. The complex W(CO)6 along with THF, which was
used in syntheses, were obtained from Aldrich Chemi-
cals and used after being dried. The solvents used in
UV–visible studies were purified to spectroscopic quality
by standard methods [15]. The deuterated solvents,
which were utilized in NMR experiments, were pur-
chased from Aldrich and were of 99.99% purity.

2.2. Instrumentation

Photolysis experiment was carried out with a 1000 W
Xenon lamp in an Oriel, mod 68820, Universal Arc.
Lamp source selected with appropriate interference filter
(Corning). FT-IR spectra in solution and in KBr pellets
were recorded on a Nicolet Magna IR 560 spectropho-
tometer having 1.0 cm�1 resolution. Electronic absorp-
tion spectra were recorded on a Varian Cary 300
spectrometer at 25 ± 0.2 �C. The solute concentration
was �10�5 M and the samples were prepared just before
the measurements. 1H NMR measurements were
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performed using a Varian Unity Plus 300 NMR spec-
trometer. Samples were run in a 5 mm probe with deu-
terated solvents as internal lock and reference. The
assignment of the 1H NMR spectra of the free ligand
L and of the complexes is based on 2D NMR experi-
ments (1H–1H COSY). Microanalyses were performed
with a Euro Vector EA 3000 analyzer.

2.3. Synthesis of W(CO)4(2,2
0-pq) (1)

A deoxygenated solution of W(CO)6 (0.352 g,
1.00 mmol) in THF (25 mL) was irradiated with a
1000 W Xenon lamp at 25 �C for 30 min. To the bright
yellow solution that came along after the irradiation, we
added the ligand 2,2 0-pq (0.378 g, 1.00 mmol) and the
solution was stirred and heated at 50 �C for 8 h. At
the end, the solvent was removed with a rotary evapora-
tor and the dark purple residue was collected, washed
successively with 3 ml of hot methanol and twice with
5 ml portions of n-heptane and dried in vacuum. (yield:
45%). Anal. Calc.: C, 40.58; H, 1.80; N, 8.35. Found: C,
41.03; H, 1.78; N, 8.29%.

2.4. X-ray crystallography of (1)

Crystal data and details of data collection are given in
Table 1. The dark purple, prismatic crystals suitable for
X-ray structural determination were obtained by re-
crystallization during slow evaporation from a mixture
of n-hexane-dichloromethane (4:1) at 279 K. Unit cell
parameters were calculated from 30 reflections. Crystal-
lographic data were collected on a Syntex P21 diffrac-
tometer with graphite monochromated Cu Ka
radiation at room temperature (293 K). Absorption
and decay correction was applied. A total of 2294 reflec-
tions were used in further calculations. The structure
was solved by direct methods SHELXS [16] program pack-
age. Full-matrix least-squares anisotropic refinement
Table 1
Crystallographic data for compound (1)

Formula C17H9N3O4W
M 503.12
Crystal system Monoclinic
Space group P21/c
a (Å) 9.601(6)
b (Å) 16.735(11)
c (Å) 10.315(8)
b (�) 102.82(3)
V (Å3) 1616.0(19)
T (K) 293
Z 4
Total number of data 2294
Reflections I > 2rI 2060
Rint 0.1240
R 0.0786
wR 0.2141
for all non-hydrogen atoms, yielded R = 0.0786,
Rw = 0.2141 and S = 1.067. The structure of (1) pro-
duced by ORTEP3 for Windows [17] is presented in
Fig. 1.

2.5. Computational details

Ground-state electronic structure calculations of (1)
have been performed using density functional theory
(DFT) [18] methods employing the GAUSSIAN-1998 soft-
ware package [19]. The functional used throughout this
study is the B3LYP, consisting of a hybrid exchange
functional as defined by Becke�s three-parameter equa-
tion [20] and the non-local Lee–Yang–Parr correlation
functional [21]. The ground state geometries were
obtained in the gas phase by full geometry optimization,
starting from structural data. The optimum structures
located as saddle points on the potential energy surfaces,
were verified by the absence of imaginary frequencies.
The derived wavefunctions were found free of internal
instabilities. The basis set used throughout this study
is the full double-f LANL2DZ basis functions together
with the corresponding effective core potential for tung-
sten [22]. In order to estimate the possible response of
electronic structure due to the solvation, the solvent
was modeled by the polarizable conductor calculation
model (CPCM) as implemented in G98 [23]. We set
the a-parameter at the value of 1.3 and used 80 tessarae
per sphere when defining the cavity, since tighter option
may result in charge penetration into the cavity. Per-
centage compositions of molecular orbitals from the
four contributing fragments (the metal, the 2,2 0-pq, the
axial and the equatorial carbonyls) were calculated
and analyzed using the AOMix and AOMix-CDA pro-
grams [24], with the latter being extensively used for
the fragments molecular orbital (FMO) analysis. The
first 21 singlet excited states of the closed shell com-
plexes were calculated within the TDDFT formalism
Fig. 1. An ORTEP drawing of complex (1) with the atomic numbering
scheme.



Table 2
Selected molecular parameters (distances in Å, angles in deg.) of
compound (1)

Atomic distances (Å) Atomic angles (�)

W–N1 2.299(10) N1–W–N0
1 72.7(4)

W–N0
1 2.202(10) C12–W–C13 170.1(6)

W–C11 1.944(19) W–C12–O2 175.9(13)
W–C12 2.008(16) W–C13–O3 173.5(16)
W–C13 2.012(17) C11–W–C14 88.6(6)
W–C14 1.989(14) W–C11–O1 177.5(13)
C11–O1 1.19(2) W–C14–O4 176.7(14)
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[25]. Moreover, non-equilibrium TDDFT/CPCM calcu-
lations, as implemented in the GAUSSIAN-03 [26] program
package, were employed in order to reproduce the solva-
tion of the lowest states that are involved in the main
highly solvatochromic band of (1) in two solvents of
different polarity, namely methanol and carbon tetra-
chloride. The percentage of different transitions contrib-
uting to a state were calculated with the aid of SWizard
[27]. Finally, regression analyses were carried out using
the commercial StatGraphics Plus 4.0 software package.
C12–O2 1.157(19) N1–W–C14 107.0(5)
C13–O3 1.16(2) N0

1–W–C11 91.7(5)
C14–O4 1.134(17) N1–W–C13 93.8(5)
C2–C

0
2 1.460(18) N0

1–W� C13 94.9(5)
N1–C2 1.310(17) N1–W–C12 93.4(5)
N0

1–C
0
2 1.367(17) N0

1–W–C12 93.8(4)
3. Results and discussion

The synthetic procedure of (1) was based on the
method of Strohmeier and Müller [28], which involves
UV irradiation of tungsten hexacarbonyl in tetrahydro-
furan and subsequent addition of the ligand (Scheme 2).
The first reaction step (Scheme 1) is related to the pho-
tochemical dissociation of one M–CO bond and the
complexation of one molecule of THF solvent, while
the thermal reaction step involves the substitution of
THF from 2,2 0–pq and its chelation on the metal center
(Scheme 1). The overall reactions can be considered as
quite clean and afford (1) in a good yield.

Single crystals of the corresponding complex (1), suit-
able for X-ray crystallography, were grown by slow
evaporation in a n-hexane:dichloromethane (4:1) solu-
tion. As shown in the crystallographic structure of (1)
in Fig. 1, it exhibits distorted octahedron geometry with
the metal atom bonded to four carbonyls and a biden-
tate ligand, the latter possessing, two N atoms as
donors. In Table 2, the most important bond lengths
and angles are displayed. The distances within the coor-
dinated 2-(2 0-pyridyl)quinoxaline in (1) are in good cor-
relation with the corresponding ones in the free ligand
[29] and in a number of 2-(2 0-pyridyl)quinoxaline com-
plexes with different metals [30,31].

The small angle of N1–W–N1 0(72.48�) and the bend-
ing of the axial carbonyls away from the diimine ligand
of 2,2 0-pq (the angle C13–W–C12 equals to 170.1� instead
of 180�) are two characteristics well considered in the lit-
erature for this family of complexes [32]. While for the
first one the reason could be steric, the second should
originate from electronic reasons. Further, the Os� bend
out of the W–C bonds is also a common but rather
underestimated trend of all complexes of this class. On
W(CO)6

hν

THF

+ 2, 2' pq
500C

W(CO)4(2,2' pq)

W(CO)5(THF)

W(CO)5(THF)

(1)
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Scheme 2.
the other hand, the bond W–N1 is 0.10 Å longer than
the W–N0

1, something that is probably due to the steric
effect, which is imposed by the Ph-ring of the quinoxa-
line moiety and implies a stronger bonding of W to
the pyridyl than to the quinoxaline moiety of the ligand.
The latter may be connected to the larger distance of W–
C14 compared to W–C11. An observation consistent to
the trans influence effect. On the axial plane, the bonds
W–Cax are longer than the bonds W–Ceq on the equato-
rial plane, as a result of the smaller p-acidity of 2,2 0-pq
compared to that of COs. In parallel, the bonds (C–O)ax
are shorter than the bond C1–O11 on the equatorial
plane, but paradoxically slightly longer than the bond
C14–O4 trans to the pyridyl moiety of the ligand.

Despite the overall similarity of the structures of (1)
and the rest reported symmetrical tetracarbonyl com-
plexes, there are some crucial details that differentiate
(1). One of them is the above-mentioned differences
between the W–N bond lengths; which may be the rea-
son for the slight leaning of the axial carbonyls towards
the quinoxaline part of the diimine. The strongest repul-
sion of the axial CO orbitals against the occupied orbi-
tals of the pyridine moiety results in the formation of a
dihedral angle with a value greater than 90�, which has
not been referenced before for the symmetrical com-
plexes of this class. In addition to these, the different
values of the angles N0

1–W–C14ð¼ 179:5�Þ and N1–W–
C11(=164.4�) as well as the non-orthogonal way that
2,2 0-pq binds to the central metal, introduce extra asym-
metries into (1)�s structure that can influence its
properties.

The FT-IR spectrum obtained from (1) in CH2Cl2
(Fig. 2) in the CO stretching region, exhibits four bands
at 2011 (A1), 1906 (B1), 1882 (A1) and 1834 (B2) cm

�1,
while the corresponding vibrations of (1) taken in KBr
pellets are 1995 (A1), 1893 (B1), 1856 (A1) and 1817
(B2) cm

�1; the symmetry assignments are given in accor-
dance with previously reported data [33]. The mean
value of the above four stretching CO frequencies as



Fig. 2. FT-IR spectrum of (1) in CH2Cl2.
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compared to the corresponding one of W(CO)4phen
complex, is slightly higher, which indicates a stronger
back-donation to 2,2 0-pq in comparison with phen.

The electronic absorption spectrum of (1) is similar to
analogous complexes of this series [34] and is dominated
by two intense absorption bands (Fig. 3). The first one is
at the high energy side of the spectrum, at 332 nm
(e = 9471 M�1 cm�1 and spectral bandwidth of
�4200 cm�1) while the second one is at the lower energy
side. The latter is solvent depended. Both bands are
structured indicating that they conclude more than one
transition. This is obvious in hexane solution where
although (1) is slightly dissolved, provides us with a
spectrum revealing much more bands, namely 325 nm
(3.83 eV), 403 nm (3.08 eV), 418 nm (2.97 eV) in the
high-energy band and 590 nm (2.09 eV) in the low
energy band. The observed shoulder at the high energy
side of the lower energy band is also solvent depended
Fig. 3. Electronic absorption spectra of (1) in: CH3CN (1), MeOH (2)
and (CH3CH2)2O (3).
(Fig. 3, 3 vs. 1); in the polar solvents are usually hidden
inside the main bands.
4. Theoretical results

4.1. Ground state structures and electronic description

DFT calculations were performed on complex (1)
starting from crystallographic data (Table 3) in the gas
phase and under the electric field of two solvents, CCl4
and CH3OH.

As it can be seen from Table 3 the overall agreement
between theory and experiment is satisfactory. Based on
both experimental and theoretical results, a few points
should be stressed. Firstly, tungsten faces distorted
octahedral coordination sphere, as expected. The bond
W–N1 is 0.10 Å longer than the W–N1, showing the
stronger bonding behavior of the pyridyl moiety as com-
pared to the quinoxaline�s. The induced trans influence
from the N-donor is postulated by the W–C and C–O
distances on the equatorial plane. Moreover, the charac-
teristic bending of axial carbonyls away from the dii-
mine ligand is also present here giving an (OC)ax–W–
(CO)ax angle of 170.1�. The overall accuracy of the cal-
culations seems to be satisfactory based on the large esti-
mated standard deviation�s on the X-ray data. In any
solvent, the largest deviation from the experiment comes
in the reproduction of C–O distance of the carbonyl
trans to pyridyl, which is overestimated; whereas the
whole accuracy is depending on solvents� polarity.

The orbital energies along with the contributions
from the ligands and the metal are given in Table 4. In
the gas phase, the overall pattern is qualitatively similar
to the symmetric complexes of the same type [3]. In the
first place, taking into consideration Table 4 and Fig. 4
Table 3
Comparison of calculated selected bond lengths (Å) and angles (�) for
(1) in the gas phase and two solvents with experimental values from
X-ray analysis

C.I. (1)

M Exp. gp CCl4 CH3OH

W–N1 2.299(10) 2.270 2.270 2.280
W–N10 2.202(10) 2.215 2.216 2.223
W–C11 1.944(19) 1.969 1.964 1.960
W–C14 1.989(14) 1.980 1.973 1.966
W–C12 2.008(16) 2.036 2.031 2.028

W–C13 2.012(17) 2.036 2.031 2.028
C11–O1 1.19(2) 1.196 1.198 1.202
C14–O4 1.134(17) 1.196 1.199 1.205
C12–O2 1.157(19) 1.185 1.186 1.189
C13–O3 1.16(2) 1.185 1.186 1.189
/dim. 72.7(4) 73.4 73.5 73.6
/eq 88.6(6) 88.0 87.7 86.8
/ax 170.1(6) 173.6 173.5 174.2



Table 4
Contribution of different fragments to complexes� valence orbitals

MO EeV W pq COeq COax

Gas phase

94 �1.41 16.7 �1.9 �0.5 85.7
93 �1.63 18.2 0.2 6.6 75.0
92 �2.20 0.6 97.0 1.7 0.7
91 �2.40 0.2 99.0 0.5 0.3
90 �3.52 4.5 89.1 3.2 3.2

89 �5.51 63.3 1.3 34.9 0.5

88 �5.76 58.1 4.8 14.1 23.0
87 �5.90 55.0 13.5 11.1 20.4
86 �7.53 0.9 98.7 0.1 0.3
85 �7.82 0.1 99.8 0.0 0.1
84 �7.98 1.0 98.1 0.8 0.1

CCl4
94 �1.53 16.0 �1.7 �0.5 86.3
93 �1.75 17.6 0.3 6.6 75.4
92 �2.0 0.5 96.9 2.0 0.6
91 �2.26 0.2 99.0 0.6 0.2
90 �3.42 3.8 90.1 3.2 2.9

89 �5.65 62.5 1.2 35.8 0.5

88 �5.88 57.2 5.4 14.4 23.1
87 �6.01 55.0 12.3 11.7 20.9
86 �7.44 1.1 98.4 0.2 0.3
85 �7.68 0.2 99.7 0.0 0.1
84 �7.90 1.0 98.1 0.8 0.1

CH3OH

94 �1.66 0.6 95.7 2.9 0.7
93 �1.68 15.0 �1.0 �0.6 86.6
92 �1.89 16.7 0.6 6.2 76.5
91 �2.03 0.2 99.1 0.6 0.2
90 �3.23 2.3 92.9 2.9 2.0

89 �5.79 61.2 1.1 37.3 0.4

88 �5.99 56.0 5.6 14.9 23.4
87 �6.12 55.3 10.3 13.0 21.4
86 �7.27 1.3 98.0 0.2 0.4
85 �7.46 0.4 99.3 0.1 0.1
84 �7.82 1.2 97.9 0.8 0.1

HOMO and LUMO orbitals are shown in bold.
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where HOMOs and LUMOs are indicated, we notice
that the three highest occupied molecular orbitals span
very close in energy, with the major contributions com-
ing from metal�s d-orbitals (mainly dxz in case of
HOMO) and carbonyls� p* orbitals. The high diimine
contribution in HOMO � 2 describes the M ! diimine
p back bonding, something that is common to all com-
plexes of this class [3a], indicating that HOMO � 2 is
spectroscopically the most important of the HOMO
manifold. The main difference between the HOMO
and the two HOMOs-1 and -2 is that the COs� character
is not the same. HOMO is mainly dominated by the
equatorial COs, while HOMOs-1,2 by the axial ones.
The three highest occupied MOs could be compared to
the t2g set of MOs in W(CO)6 concerning their p bond-
ing character and having in mind that a splitting to a1, a2
and b1 is caused by Oh symmetry. On the other hand,
HOMO-3 to HOMO-5 are localized on 2,2 0-pq and
more specifically, HOMO-3 lies on the quinoxaline moi-
ety, HOMO-4 lies on both moieties while HOMO-5
character is mainly dominated by N4 p contribution.

LUMO is mainly localized on the five-member ring
and is a combination of C2, C

0
2, N1 and N0

1 orbitals. It
corresponds to b�1 orbital of bipyridine or phenan-
throline in analogous complexes. LUMO + 1 and
LUMO + 2 are very close in energy and are localized
on 2,2 0-pq; in particular, although LUMO + 1 lies on
the whole bindate ligand, LUMO + 2 lies only on the
pyridyl fragment. In contrast, both LUMO + 3 and
LUMO+4 character arises from the axial carbonyls.
The metal dxz contribution to LUMO along with the
W/diimine mixing in the HOMO � 2 is consistent with
the p-back bonding theory. The latter plays an impor-
tant role to complexes� optical properties.

Trying to gain more insight on the bonding scheme of
(1), we envisioned the molecule as been consisted by two
fragments, namely W(CO)4 and 2,2 0-pq, acting as a
donor and acceptor of electron density, respectively
[35]. The derived pattern of this fragment orbital analy-
sis is manifested in Fig. 5 for HOMO � 2 to LUMO
molecular orbitals. The molecular orbitals of the central
unit W(CO)4 are reported at the left side of the diagram,
whereas those of the diimine are displayed at the right
side. As it is indicated, HOMO and HOMO � 1 orbitals
of the complex almost entirely originate from W(CO)4
fragment, while LUMO is a combination of diimine�s
LUMO and metal-carbonyls� HOMO � 2 orbitals. This
combination along with the HOMO � 2 character, are
indicative of the back donation procedure. Being more
precise, complex�s HOMO � 2 is a mixture of 81.8%
of W(CO)4�s HOMO � 2 and 7.9% of 2,2 0-pq�s LUMO.
This reveals the electron density donation path from the
main core back to diimine in a total amount of 0.054 e�

(as extracted by the CDA software). An analogous treat-
ment for the W(CO)4phen complex yielded an amount
of 0.022 e� as back-donation to diimine in agreement
with the IR experimental results.

In our study, the solvent�s effect was modeled by the
polarizable conductor calculation model (CPCM).
Although Koopman�s theorem does not apply to DFT
and the energies of Kohn–Sham orbitals cannot be used
as in the case of Hartee–Fock calculations, it is widely
acceptable that the energy difference DE between the
HOMO and the LUMO can be considered as a valuable
parameter [36]. Based on that assumption, the applica-
bility of the polarizable conductor calculation was tested
recently [37] and proved that it can be used efficiently in
the description of highly solvatochromic compounds, a
fact justifying the following discussion.

The selected solvents were carbon tetrachloride and
methanol based on criteria of polarity and compounds�
solubility. The whole case is best described by Fig. 4.
First of all, it is obvious that solvents� electric field
stabilizes the orbitals that are localized on the metal
and the carbonyl groups, destabilizing those with large



Fig. 5. Schematic representation of the way that the orbitals of W(CO)4 moiety mix with the orbitals of diimine moiety, so as to form the orbitals of
the complex (1).

Fig. 4. Diagram of electronic energy levels of (1) corresponding to the gas phase, MeOH and CCl4. Contour plots of valence orbitals extracted from
the calculation in the gas phase are also presented.

I. Veroni et al. / Journal of Organometallic Chemistry 691 (2006) 267–281 273
diimine character. This trend enhances the HOMO–
LUMO energy difference, in total accordance with the
experimental result of negative solvatochromism and
it also leads to the observed switching between
LUMO + 2 and LUMO + 3 on going from CCl4 to
MeOH. This produces a charge delocalization in the
ground state. In other words, solvation procedure,
through the interactions between solvent�s field and
polar solute, mainly of the dipole–dipole character,
stabilizes the orbitals localized on this part of the mole-
cule with the higher electron density, destabilizing all the
rest. In compounds of this type, electron density is
centered mainly on the metal and carbonyl ligands.
Although the difference in orbital energies are of the
same magnitude as the observed band shifts, going from
carbon tetrachloride to methanol (�1800 cm�1), to bet-
ter understand how solvation of ground and excited
states alter the energetic levels and affect the solvato-
chromism of these compounds, we have undertaken
TDDFT/CPCM calculations. The results are discussed
in the next section.

Considering once again the fragments� contribution
(Table 4) we conclude that metal�s contribution to
HOMO tends to diminish upon solvation and solvent�s
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polarity in favor of equatorial carbonyl�s. The afore-
mentioned statement holds true in general for tungsten.
It is also noteworthy, that metal�s and axial carbonyl�s
contribution to LUMO is reduced in favor of diimine�s
one; whereas the latter�s contribution to HOMO � 2 is
reduced in favor mainly of the carbonyls�. In other
words, a slight trend of reduction in back donation from
metal to diimine seems to be the case upon a raise in
solvent�s dielectric constant. This observation can be
possibly employed in cases of ligand abstraction or
replacement, either photochemically or chemically
induced, where solvent�s selection might be important.

Finally, it should be stressed that compound�s ground
state is anticipated to become less polar on going from
polar to non-polar solvents as a direct consequence of
negative solvatochromism. This conclusion is confirmed
by our DFT calculations and the calculated complexes�
Table 5
Selected TDDFT calculated energies and compositions of the lowest lying s

State Compositionb DEc

3 HOMO � 1! LUMO, 93% 1.56

4 HOMO � 2 ! LUMO, 74% 2.09

7 HOMO � 1! LUMO + 1, 92% 2.86

9 HOMO � 2 ! LUMO + 1, 56% 2.97

HOMO � 1 ! LUMO + 2, 28%

10 HOMO � 1 ! LUMO + 2, 46% 3.01

HOMO � 2 ! LUMO + 1, 29%

HOMO � 2 ! LUMO + 2, 14%

13 HOMO � 2! LUMO + 2, 71% 3.17
HOMO � 1! LUMO + 2, 15%

15 HOMO � 2! LUMO+4, 46% 3.22
HOMO � 1! LUMO + 3, 40%
HOMO � 1! LUMO+4, 10%

17 HOMO � 3 ! LUMO, 78% 3.45

HOMO � 4 ! LUMO, 11%

18 HOMO � 4 ! LUMO, 66% 3.83

HOMO � 3 ! LUMO + 1, 11%

20 HOMO! LUMO+6, 55% 4.08
HOMO! LUMO+8, 21%
HOMO! LUMO+5, 17%

21 HOMO � 1! LUMO+5, 75% 4.13
HOMO! LUMO+7, 13%

22 HOMO � 1! LUMO+7, 67% 4.23
HOMO � 2! LUMO+4, 11%
HOMO! LUMO+6, 10%

a The principal singlet transition responsible for the main absorption band
b Compositions of electronic transitions are expressed in terms of contribu
c Transition energy from the a1A1 ground state in eV.
d Oscillator strength.
dipole moment in methanol (13.88 D) and in carbon tet-
rachloride (10.79 D).

4.2. Excited states and absorption spectra

In order to investigate the lowest lying singlet states
of (1), TDDFT calculations have been performed.
Selected calculated states together with their vertical
excitation energies and oscillator strengths are displayed
in Table 5. The transitions under study fulfill the criteria
posed by Casida [38]. The lowest in energy highly solva-
tochromic transition (based on experimental data) of
(1), can be ascribed as a HOMO � 2 ! LUMO transi-
tion, since the contributions from several other transi-
tions to the final state are minor. This is in total
accordance with systems described before [3] although
the fragments contributions to the valence orbitals are
inglet energy states together with oscillator strengths of (1)a

fd Character

0.0017 W/CO! pq (MLCT/LLCT)

0.1158 W/CO! pq (MLCT/LLCT)

0.0230 W/CO! pq (MLCT/LLCT)

0.0387 W/CO! pq (MLCT/LLCT)

0.0215 W/CO! pq (MLCT/LLCT)

0.0433 W/CO! pq (MLCT/LLCT)

0.036 W/CO! COax/W (MLCT/LLCT)

0.0178 p–p* (pq)

0.3030 p–p* (pq)

0.0019 W/COeq ! pq (MLCT/LLCT)
W/COeq ! COeq/COax (MLCT/LLCT)
W/COeq ! pq (MLCT/LLCT)

0.0074 W/CO! pq (MLCT/LLCT)
W/CO! COeq/COax (MLCT)

0.0292 W/CO! COeq/COax (MLCT)
W/L! COax/W (MLCT/LLCT)
W/COeq ! pq (MLCT/LLCT)

in the visible region is shown in bold.
ting excitations between ground-state Kohn–Sham molecular orbitals.



Fig. 6. Energy diagram of the lowest excited singlet states of 1

S1(HOMO! LUMO), S2(HOMO � 1! LUMO) and S3(HOMO �
2 ! LUMO), in the gas phase where (first column, E1 = 1.28 eV,
E2 = 1.56 eV, E3 = 2.09 eV, for the related transitions to S1, S2 and S3,
respectively), in carbon tetrachloride (second column, E1 = 1.44 eV,
E2 = 1.70 eV, E3 = 2.13 eV, for the related transitions to S1, S2 and S3,
respectively) and methanol (third column, E1 = 1.63 eV, E2 = 1.86 eV,
E3 = 2.26 eV, for the related transitions to S1, S2 and S3, respectively),
as calculated by TDDFT/CPCM.
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different since a non-symmetric ligand has been
employed.

The fact that 45% from HOMO � 2 0s electron den-
sity is localized on parts of the molecule other than
the metal (Table 4), contradicts the widely accepted
notation MLCT for this transition; it could be charac-
terized as an oversimplification. Therefore, we adopt
the term MLCT/LLCT suggested by Vlček and cowork-
ers [39].

The HOMO � 2 ! LUMO + 1 and HOMO �
1 ! LUMO + 2 MLCT/LLCT transitions are responsi-
ble for the broadening of the main absorption band at
the high-energy region in polar solvents (Table 5). The
aforementioned transitions are perfectly distinguished
in non-polar solvents e.g. hexane. Indeed the first transi-
tion is observed at 418 nm (2.97 eV) while the second at
403 nm (3.08 eV). Finally, a non-solvatochromic band
at 330 nm (3.60 eV), which is experimentally observed
at 332 nm (3.73 eV) is attributed to a p ! p* quinoxa-
line based transition.

Trying to complete the aforementioned picture
regarding the solvation of the ground state and the low-
est lying gas phase excited states, we employed a tandem
use of TDDFT/CPCM models. The TDDFT/CPCM
calculations are non-equilibrium calculations with
respect to the polarization process between the solvent
reaction field and the charge density of the singlet
ground state [40] and they have been successfully
employed in several cases during the last few years
[41]. As starting geometries in this approach we selected
the previously calculated ground state geometries under
the influence of the solvents� field. Our results are in
good agreement with the experiment with the best one
being observed in the case of methanol (DE for the main
band �700 cm�1). Our results are summarized in Fig. 6.
The main feature that we observe, as it is clarified by the
combined TDDFT/CPCM model, is that the ground
state (S0) faces solvent�s reaction field in a larger extent,
as compared to S3 (the main UV–Vis transition of a
HOMO � 2 ! LUMO character, vide supra) and
DEgs > DEes. Hence, going from the gas phase to a solu-
tion of carbon tetrachloride (a typical non-polar sol-
vent), the ground state of the system is stabilized by
0.20 eV, with the difference being enhanced to a total
value of 0.38 eV in methanol. The corresponding values
in case of S3 are 0.15 and 0.21 eV, respectively. Both S1
(HOMO! LUMO with f = 0.0001) and S2 (HOMO -
1 ! LUMO with f = 0.0017) transitions having a negli-
gible oscillator strength do not really affect the main
band; they are not solvent depended. This situation
describes the origin of the negative solvatochromism in
these compounds. Thus, the main band blue shift as
the solvent�s electric field strengthens.

On the basis of the TDDFT results mentioned above,
we could come down to the following conclusions. To
begin with, the calculated energies of MLCT/LLCT
transitions are in excellent agreement to the experimen-
tal ones, considering complex�s negative solvatochro-
mism. As a matter of fact, the non-solvatochromic
p ! p* quinoxaline based transition is estimated accu-
rately. Secondly, the MO pattern calculated herein for
(1) does not conform to the usual textbook picture of
ligand-field and simple MO theories. No LF transitions
were found among the lowest 21 calculated transitions
in a spectroscopically relevant range up to 5 eV. All
the calculated valence orbitals own a highly mixed char-
acter which reflects to their expanded delocalization; as
a matter of fact no orbital of a net dr* character has
been observed. It probably exists but at a higher energy;
indeed, the lowest LF transition for complexes of this
class has been referenced at 5.08 eV (40,984 cm�1) [3].

4.3. Solvatochromic study of (1)

4.3.1. Absorption spectroscopy

In consistence with other complexes of the type
M(CO)4L [3b,33] (1) exhibits a significant negative solva-
tochromism taking a range of colors from pink to green
(ca. 3346 cm�1 range) depending on the solvent. Mostly
relative for the negative solvatochromism of the complex
is the low energy band, whose maximum shifts to higher
energies in solvents of increasing polarity. An interpreta-
tion of the solvatochromic behavior of (1) was attempted
by a correlation of the low-energy band�s maximum
expressed in energy units, with the dipole moment and
with the bulk dielectric constant of a variety of solvents.
The values of ~mð1Þ in different solvents along with the
corresponding dipole moments and dielectric constants
of the solvents are displayed in Table 6.



Table 6
Maximum absorbance frequencies of MLCT transitions of (1) in
various solvents, along with the values of dielectric constant e and
dipole moment l of the corresponding solvents

Solvents e l (D) ~mð1Þ ðcm�1Þ
Methanol 32.630 2.97 17,462
Ethanol 24.300 1.71 17,134
Acetonitrile 37.500 3.39 18,259
Acetone 20.700 3.11 17,900
THF 7.580 1.69 17,262
Chloroform 4.806 1.11 16,566
Carbon tetrachloride 2.238 0.00 15,692
Dmso 46.680 3.90 18,461
Toluene 2.438 0.37 16,557
Dmf 36.710 3.82 18,337
Diethylether 4.335 1.23 16,576
Dichloromethane 9.100 1.90 17,056
n-Heptane 1.920 0.00 15,473
Iso-octane 1.940 0.00 15,489
Acetic acid 6.150 – 16,940
Cyclohexanone 18.300 3.07 17,554
Benzene 2.284 0.00 16,750
m-Xylene 2.374 – 16,570
Piperidine 5.800 1.19 16,920
Methylethylketone 18.510 2.78 17,720
3-Pentanone 17.000 2.72 17,604
Methylisobutylketone 13.110 – 17,438
Carbon disulfide 2.641 0.00 15,703
n-Hexane 1.890 0.08 15,448
Nitromethane 35.870 3.46 18,203
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Fig. 7 indicates the linear correlation between the ~m of
(1) and the solvent dipole moment l; an excellent corre-
lation coefficient is found (r = 0.98), which denotes the
contribution of the dipolar interactions to the solvato-
chromic behavior of these complexes [30,42]. The nega-
tive solvatochromism of these complexes can be
attributed not only to the preferential stabilization of
their polar ground state, but also to the destabilization
of the less polar excited state in the polar solvents.
According to the Franck–Condon principle, the latter
can be explained by considering that the solvent shell
Fig. 7. Interpretation of the calculated vs. observed transition energies
for ~mð1Þ according to the correlation with the dipole moments l of the
solvents (R2 = 0.96), after omitting the data for the aromatic solvents.
is approximately ‘‘frozen’’ relative to the timeframe of
the electronic excitation. As a consequence, the large
dipole moments of the polar solvents, being unable to
reorient after the photo-excitation, are oriented incor-
rectly with respect to the transition charge distribution
of the complex, whose excited state becomes
destabilized.

On the other hand, the data in Table 7 and in Fig. 8
reveal that, even though the overall linear fit of ~mð1Þ to e
is rather unsuccessful, acceptable linear fit patterns are
taken after the segregation of the solvents into separate
groups. Among the solvents we have used in our study,
we can distinguish a group containing solvents with low
dielectric constants (non-polar solvents) (R = 0.944), a
group basically consisted by keto- solvents (R = 0.975)
and finally a group, where polar, quite nucleophilic sol-
vents are included (R = 0.884). On the other hand, the
classification of the aromatic solvents into any of the
above-mentioned groups also seems to fail, as the stan-
dard deviation of the linear correlations increases dras-
tically. This practically means that the aromatic
solvents should form a group of their own, as a result
of the anisotropic effect that they impose on solute� s
properties. The latter could be ascribed in part to a
p�p interaction of the aromatic cloud of 2,2 0-pq with
the solvent�s one; an interaction different from any other
group of solvents.

The coexistence of solvents with not only acidic but
also basic character in the third group, implies that there
should be no significant influence from the donor/accep-
tor properties of the solvents on the position of the low-
energy band of (1). If a discrimination of the two classes
of solvents had taken place a different solvation mecha-
nism related to basic or acidic character of (1) would be
suggested. This conclusion is further verified by the
application of Kamlet–Taft scale [43], where it can be
easily checked that the contribution of the acidic and
basic term is trivial (p value for the acidic term >0.3, p
value for the basic term >0.1) (Suppl. 1).

Another point of interest is that, although the slopes
of the plots in the second and third group of solvents are
similar (Fig. 7), they differ substantially from that of the
non-polar solvents, with the latter attaining a greater
value. This indicates that the complex is particularly sen-
sitive to the change of the solvent in the low polarity
area. The poor linearity of the fit, when all the solvents
are taken into account, denotes that the dielectric con-
stant by its own fails to describe the solvent effects in
an unambiguous way. This could attributed to the fact
that the values of the dielectric constant of a solvent
change significantly after the introduction of a solute,
obtaining values that are in direct relation to the dis-
tance from the solute�s surface; herein the values for
the pure solvents are employed.

As far as the extent of (1)�s solvatochromism is con-
cerned, an insight can be shed by comparing it with



Table 7
The coefficients of the variable e, the constant terms and the R of the equation ~mð1Þ ¼ aeþ b

a b R

All solvents 56.626 16195 0.8484

Solvent groups

1 Dichloromethane, chloroform, carbon tetrachloride, n-hexane, n-
heptane, iso-octane, diethylether, THF, carbon disulfide, piperidine

337.5 14882 0.9435

2 Acetone, methylisobutylketone, 3-pentanone, methylethylketone,
cyclohexanone, acetic acid

62.8 16536 0.9745

3 Nitromethane, DMF, DMSO, methanol, ethanol, acetonitrile 65.9 15628 0.8837

Fig. 8. Correlation diagram of ~mð1Þ vs. the dielectric constant of the
corresponding solvents. The graphical points represented as h, d, D
and e correspond to the non-polar solvents (group 1), keto-solvents
(group 2), polar, nucleophilic solvents (group 3) and the aromatic
solvents.
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the W(CO)4phen complex; 1150 cm�1 is the D~m for (1)
going from acetone to benzene, while the corresponding
difference value for W(CO)4phen is 1917 cm�1. We have
already mentioned in the previous session that the
Table 8
Proton chemical shifts of 2,2 0-pq and (1) in various solvents

H3 H6 0 H30 H5

Acet pq 9.96 8.81 8.64 8.18
1 10.03 9.52 9.09 8.29

DMSO pq 9.79 8.76 8.48 8.17
1 10.08 9.36 9.13 8.30

DMF pq 9.95 8.84 8.61 8.19
1 10.19 9.50 9.25 8.32

CCl4 pq 9.97 8.74 8.64 8.14
1 9.52 9.67 8.52 8.23

CDCl3 pq 9.98 8.80 8.62 8.19
1 9.59 9.56 8.52 8.26

CD2Cl2 pq 9.95 8.77 8.61 8.17
1 9.63 9.51 8.54 8.25

CD3CN pq 9.92 8.79 8.59 8.17
1 9.75 9.44 8.74 8.26

CD3OD pq 9.85 8.77 8.60 8.19
1 9.87 9.49 8.91 8.28
overall electronic pattern of the tetracarbonyl a-diimine
d6 complexes is almost the same, with differences in the
fragments� contribution to the energy states. The latter
reflects to the extent of p-back donation. Moreover,
back-donation has been accepted as one of the factors
that influence the extent of solvatochromism. Hence it
is obvious that the higher back-donation to 2,2 0-pq
(0,054 e�) than the one to phen (0,022 e�), fits with the
smaller solvatochromism of (1). Apart from any elec-
tronic reasons, the size of the transition dipole moment
of the complexes after their photo-excitation should be
consistent with their geometrical features, among which
the axial carbonyls� dihedral angle in asymmetrical (1)
should be of considerable importance.

4.3.2. 1H NMR spectroscopy
In Table 8 the proton chemical shifts of 2,2 0-pq and

(1), in a number of solvents, are reported. The assign-
ment of the peaks that correspond to the nine protons
of each molecule is based on COSY experiments (Suppl.
2). Thus, it has been found that the two most deshielded
protons for both 2,2 0-pq and (1) are H3 and H0

6; this is
mainly due to the magnetic anisotropies of the Ns.
H8 H4 0 H6 H7 H0
5

8.13 8.05 7.90 7.88 7.56
9.24 8.38 8.13 8.10 7.84

8.11 8.04 7.89 7.87 7.56
9.05 8.36 8.14 8.09 7.81

8.14 8.11 7.95 7.92 7.61
9.20 8.45 8.19 8.14 7.91

8.08 7.86 7.74 7.71 7.36
9.36 8.07 8.06 8.00 7.53

8.18 7.92 7.82 7.79 7.43
9.32 8.13 8.04 8.00 7.55

8.13 7.93 7.81 7.79 7.43
9.27 8.13 8.04 8.00 7.57

8.13 8.01 7.87 7.84 7.52
9.19 8.23 8.07 8.04 7.67

8.13 8.02 7.89 7.86 7.53
9.27 8.26 8.06 8.05 7.70
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The proton that resonates next is H0
3 for 2,2

0-pq and H8

for (1). This difference stems from the fact that H0
3 in the

free ligand may interact through space with N1 of the
opposed aromatic ring and as a consequence it
deshields. The aforementioned interaction is lost after
complexation because of the twisting of the pyridyl moi-
ety of 2,2 0-pq around the C2–C

0
2 bond so as N1 and N0

3

bind with W [29,44]. On the other hand, after the com-
plexation a novel interaction through space between H3

and H0
3 is established, which is depicted in NOESY

experiments of (1) (Fig. 9). The geometrical change of
the ligand, along with the change of the electronic distri-
bution on it, after its coordination to W, results in an
overall downfield shift of the protons, which is particu-
larly pronounced for H8 (Table 8).

When considering the effects of different solvents on
1H chemical shifts, it is important to distinguish between
intrinsic solvent effects and those which occur as a result
of a change in the solute conformation or structure due
to the change in solvent. The intrinsic solvent effect may
be attributed to the different anisotropy, polarity or
polarizability of the solvents, while the specific solvent
effects may be due to polarity changes and chemical
effects, in particular hydrogen bonding.

As it is seen in Table 8, the proton chemical shifts of
2,2 0-pq change with the solvent – the highest difference
recorded is 0.25 ppm between CCl4 and d7-dmf. The
chemical shift differences for each proton of the mole-
cule are not the same reflecting at the same time the
intrinsic and the specific solute–solvent interactions.
The general trend is a low-field shift on moving to more
polar solvents for all protons except from H3 and H0

3.
Due to their location in the molecule, these two protons
Fig. 9. NOESY spectrum of (1) in (CD3)2CO.
are the most influenced by the relative direction of the
quinoxaline in relation to the pyridine ring moiety; even
a small twist of the pyridine around the bond C2–C

0
2

could directly affect these protons� chemical shifts. The
anomalous trend that these two protons exhibit as the
solvent polarity changes can be assigned as an intra-
molecular structural change – a ring twist, in particular.
The latter is the consequence of the effect that some sol-
vents impose on solute�s structure and the value of the
twist-angle should depend on the solvent.

As far as (1) is concerned, the solvent change seems to
affect its proton chemical shifts more than the ones of
the free ligand (Table 8), as it has been previously
reported for analogous diimines and their complexes
[45]. The 1H NMR spectra of (1) in various solvents
are schematically presented in Fig. 10. The recorded
maximum shifts correspond to H0

3 and then to H3 and
can be up to 0.7 ppm (CCl4 to d7-dmf). In contrast to
2,2 0-pq, all complex�s shifts are mainly affected by sol-
vents� intrinsic effects as no change in the dihedral angle
of the two heterocyclic ring planes of the bidentate
ligand is expected. In accordance to the rigidity of the
ligand in the complex the chemical shifts of (1) correlate
with the polarity of the solvents – expressed by their
dipole moments – in contradiction to the free ligand�s
shifts.

It is straight forward to verify that the observed
chemical shifts of (1) are in consistence with the Müllik-
en atomic partial charges in solvents with different
polarity, e.g. CCl4 and MeOH (Table 9). On the one
hand, there is an overall, gradual proton deshielding in
(1) when the solvents become more polar – a trend only
disturbed by the shielding of H0

6 and H8 to the more
polar solvents. On the other hand, Mülliken values indi-
cate a general increase in the positive charges of the pro-
tons, in parallel to the increase of solvent cage�s polarity.
As a matter of fact, the transition from CCl4 to MeOH
signifies a charge transfer from the axial COs and the
central metal to the equatorial COs and the internal
nuclei of 2,2 0-pq. Nevertheless, it was interesting to
observe an increase of the positive charge on C2–C

0
2

and a slight decrease of the negative charge of N1. The
highest atomic partial charge difference is predicted for
H 0

3 in accordance with the experimentally observed 1H-
shifts in these two solvents. Finally, the anomalous
trend of H8 is predicted by the Mülliken analysis; a
decrease of positive charge in MeOH correlates with
its shielding in the polar solvents.

The solvent effect on H0
6 and H8, named shielding in

the polar solvents, could be attributed to their location
in the molecule, in a region very susceptible to the mag-
netic anisotropy of the CO ligands. In other words H0

6

and H8 being remote and protected from direct contact
with solvent molecules, could be affected by any pertur-
bation in electronic population on COs, caused by
solvents.



Fig. 10. Mülliken atomic partial charges of (1) in CCl4 and MeOH.

Table 9
Mülliken charges for the ground state structures

Atom Gas phase CCl4 CH3OH

W +0.751 +0.756 +0.763
N1 �0.290 �0.290 �0.286
N1 0 �0.306 �0.306 �0.307
C2 +0.312 +0.320 +0.338
C20 +0.225 +0.229 +0.238
C11 �0.082 �0.086 �0.088
O1 �0.182 �0.198 �0.231
C14 �0.085 �0.093 �0.104
O4 �0.182 �0.201 �0.240
C12 �0.057 �0.055 �0.048
O2 �0.139 �0.153 �0.177
C13 �0.057 �0.055 �0.048
O3 �0.139 �0.153 �0.177
N4 +0.025 +0.015 �0.019
H6 0.2393 0.2491 0.2714
H5 0.2642 0.2699 0.2909
H7 0.2440 0.2501 0.2695
H8 0.2714 0.2672 0.2645
H3 0.2388 0.2536 0.2929
H3 0 0.2329 0.2497 0.2980
H4 0 0.2487 0.2652 0.3063
H6 0 0.2769 0.2763 0.3020
H5 0 0.2460 0.2605 0.2987
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A reasonable question that could be raised is whether
and how the negative solvatochromic behavior of the
tetracarbonyl a-diimine d6 complex is interpreted by
1H NMR spectroscopy. As we have already noted,
HOMO � 2 not only has a key importance to the solva-
tochromism of the complexes of this series but also it is
indicative of the extent of back-donation process. As a
whole, the delocalization of electron density on diimine
at the ground state reduces the extent of the observed
solvatochromism. Besides, one should expect an
enhanced contribution of diimine�s orbitals to the
ground state to nominate high solvent-induced chemical
shifts. On the basis of the aforementioned arguments
and on experimental and theoretical results both herein
and in the literature [3,45], we deduce that the most sol-
vatochromic is a diimine-tetracarbonyl complex, the
smallest shielding of diimine�s 1H shifts is induced by
changing the solvent.
5. Conclusions

In this work, we present the synthesis, characteriza-
tion and crystallographic data of the novel complex
W(CO)4(2,2

0-pq) (1). The character of its ground state
and the way that the orbitals of W(CO)4 moiety interact
with those of 2,2 0-pq, so as to form the orbitals of (1) are
investigated by means of DFT calculations. On the
other hand, an important property of (1), that is its neg-
ative solvatochromism, is examined through absorption
and NMR spectroscopy, while TDDFT calculations
reveal the electronic transition that entails its major sol-
vatochromic character. Moreover, DFT calculations
using solvent cages depict the solvents� influence on
complex�s energy levels. The influence of the solvents
on (1)�s properties does not seem to arise either from
an acid/base interaction or an induced structural trans-
formation, but it is more likely to originate from a
significant charge redistribution on (1) depending on
the solvent. As a matter of fact, our DFT calculations
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indicated that the polar solvents enhance the (CO)eq�s
and diimine�s contribution in HOMO and LUMO,
respectively. The mixing of frontier orbitals, the amount
of back-bonding and some factors related to complexes�
structure and asymmetry must be taken in account for
the interpretation of the solvatochromism�s extent in a
series of complexes analogous to (1).
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Crystallographic data for the structural analysis has
been deposit with the Cambridge Crystallographic data
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