Vietnam Journal of Chemistry, International Edition, 55(5): 561-568, 2017
DOI: 10.15625/2525-2321.2017-00508

Structure and chemical bond of carbodiylide complexes
[W(CO)s{C(ECp*),}] (E =B to Tl): DFT calculations

Nguyen Thi Ai Nhung
Department of Chemistry, Hue University of Sciences, Hue University, Hue, Vietnam
Received 2 March 2017; Accepted for publication 20 October 2017

Abstract

The bonding of the carbodiylide complexes [(CO)sW-{C(ECp*),}] (W5-C1E) was calculated at the BP86 level
with the basis sets def2-SVP, def2-TZVPP, and TZ2P+. The nature of the (CO)sW-{C(ECp*),} bonds was analyzed by
energy decomposition method. The calculated structures of complexes show that all ligands C(ECp*), (C1E) are
bonded in a tilted orientation relative to the fragment W(CO)s in W5-C1E and the tilting angle become much more
acute when E becomes heavier. Analysis of the bonding reveals that [(CO)sW—{C(E’Cp*),}] donation in W5-C1B
come from the o-lone-pair orbital of C(BCp”),, while [(CO)sW—{C(E’Cp*),}] donation in the strongly tilted bonded
complexes when E’ = Al to Tl comes from the n-lone-pair orbital of the carbodiylides C(E’Cp*),. The W-C bonds have
not only (CO)sW<«C(ECp*), strong c-donation but also a significant contribution n-donation and the trend of the W-C
bond strength in W5-C1E complexes. EDA-NOCYV calculations reveal that C(ECp*), ligands in W5-C1E complexes
are strong o-donors and weak m-donors which make them good spectator ligands that are well-suited for synthesizing

robust catalysts for a variety of applications.
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1. INTRODUCTION

The recent experimental studies of main-group
elements pentamethylcyclopentadienyl (Cp*)
suggested that the steric requirements of the c- or =-
bound Cp* group enable the kinetic stabilization of
highly reactive species and represents a very
important substituent [1]. Moreover, the chemistry
of Cp* with transition metal complexes has
advanced significantly in the fields of
organometallic catalysis [2-4]. The chemistry of
group-13 diyl ligand ECp* (E =B to TI) is a topic of
interest to both synthetic and theoretical chemists [5-
8]. Transition metal (TM) complexes with ECp*
ligands have been the subject of extensive
experimental and theoretical investigations of the
first stable complex [(CO)sFe-{AICp*}] which was
isolated and characterized by X-ray analysis in 1997
by Fischer et al. [5]. Further work was reported with
group-13 homologues [(CO),Fe-{ECp*}], where E
= B and Ga [6, 7]. Very recently, the first
homoleptic complex with an ECp* substituent
[Mo(GaCp¥*)e], was synthesized [9]. Numerous other
group-13 complexes with ligands ER, where R is
either a strong = donor or a very bulky substituent,
have since been reported [1, 5]. Theoretical studies
clearly showed that diyl ligands ER were strong o

donor and weaker m-acceptors than CO [10]. It has
been known that there is another class of stable
carbones CL,, where L is a group-13 diyl ligand
ECp* (E = B to TI), that has been studied in the
recent past [10, 11]. Theoretical studies clearly
showed that the diyl ligand ECp* is a stronger o-
donor and weaker m-acceptor than CO [11, 12], and
ECp* was considered as a ligand for stabilizing a
divalent carbon(0) atom in carbodiylides C(ECp)..
The coordination chemistry of monovalent group-13
elements has received significant attention and is
presently a topic of intensive experimental research
[7-13]. The diyl ligand ER where the coordinated
atom E has the formal oxidation state +1 is
analogous to CO [11-14]. Numerous other group-13
complexes with ER such as model ligands ECp,
EN(SiH3),, and ECH3 [10, 11] where R is either a
strong = donor or a very bulky substituent, and their
electronic structures have been analyzed.

This paper provides the detailed calculations on
guantum-chemical investigations of the model
complexes  [(CO)sW-{C(ECp*).}] (W5-C1E)
where E = B to Tl (Scheme 1). The aim of the study
presented in this study was to investigate the nature
of bonding and extent of o and = interactions
between ligands C(ECp*), and the TM fragment
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W(CO)s (scheme 1). The structures of the complexes
and the bond dissociation energies are predicted with
DFT. The electronic structures determined by
charge- and energy decomposition analysis of the
systems are also presented.

W(CO)s

o BN

i SR

Scheme 1: Complexes investigated in this study:
[(CO)sW-{C(ECp*).}] W5-C1E (E=Bto TI)

2. COMPUTATIONAL METHODS

Geometry optimizations of the molecules have been
carried out without symmetry constraints using the
Gaussian03 [15] optimizer together with Turbomole
6.0.1 [16] energies and gradients at the BP86 [17,
18] /def2-SVP [19] level of theory (denoted
BP86/SVP). For the heavier group-13 atoms In, TI,
and for W, small-core quasi-relativistic effective
core potentials (ECPs) were used [20]. The
stationary points on the potential energy surface
(PES) obtained at this level of theory was denoted as
BP86/def2-SVP. All structures presented in this
study turned out to be minima on the PES. Single
point calculations with the same functional but the
larger def2-TZVPP [21] basis set and the small core
ECPs for In, TI and W atoms were carried out with
Gaussian03 on the structures derived on BP86/def2-
SVP level of theory. The bond dissociation energies
and molecular orbitals were calculated and plotted at
the BP86/TZVPP//BP86/SVP level of theory using
the NBO 3.1 program [22, 23]. The complexes were
re-optimized for the EDA-NOCV with the program
package ADF 2009.01 [24] with BP86 in
conjunction with a triple-z-quality basis set using
uncontracted Slater-type orbitals (STOs) augmented
by two sets of polarization function, with a frozen-
core approximation for the core electrons [25]. An
auxiliary set of s, p, d, f, and g STOs was used to fit
the molecular densities and to represent the
Coulomb and exchange potentials accurately in each
SCF cycle [26]. Scalar relativistic effects were
incorporated by applying the zeroth-order regular
approximation (ZORA) [27]. The calculations have
been carried out at the BP86/TZ2P+ level of theory
on the BP86/def2-SVP optimized geometries which
were used for the bonding analysis in term of the

Nguyen Thi Ai Nhung

EDA [28]-NOCV [29] method of C; symmetric
geometries.

3. RESULTS AND DISCUSSION

The optimized geometries of W5-C1B to W5-C1TI
complexes and free C1B to C1TI ligands are shown
in Figure 1. The theoretically predicted W-C bond
length decreases from W5-C1B (2.434 A) to W5-
C1TI (1.989 A). The equilibrium geometries of W5-
C1B to W5-C1TI in Figure 1 shows that only the
ligand C1B has the B1 atom m;-bonded to the
central C atom which the longest and shortest B1-C
bonds of Cp* ring are 3.420 and 1.577 A, while the
B2 atom is ns-bonded to the central C atom with
longest and shortest bond of 2.308 and 1.649 A,
respectively. In contrast, the Al atoms in W5-C1Al
are both ns-bonded to the central C atom of the
respective Cp* rings, which have values between
2.222 and 2.237 A, while the heavier homologues
C(ECp¥*), where E = Ga to TI, suggest that there is a
trend toward bonding between n; and n; for E-Cp*
when E becomes heavier. This remains the five E-C
bonds to the carbon atoms of the Cp* ligand which
exhibit between 2.272 and 2.364 A for W5-C1Ga,
2.495 and 2.802 A for W5-C1In, and 2.748 and
2.845 A for W5-C1TI. The bending angle, a, is
156.9° in W5-C1B and becomes much more acute in
the heavier homologues which the value decreases
from o = 138.3° in W5-C1Al to o = 132.8° in W5-
C1Ga and then increases a bit for W5-C1In 135.8°,
and is 138.7° for W5-C1TI. This means all ligands
are bonded in a tilted orientation to W(CO)s in the
complexes. This implies that there is not only a
possible interaction with the c-lone-pair of C1E, but
also with the m-lone-pair [10, 11, 32]. Figure 1 also
shows the optimized geometries of free C(ECp*),
molecules. There is a significant difference between
boron compound C1B and the heavier homologues.
The former has a nearly linear B1-C-B2 moiety
(178.5°), whereas the latter, the heavier species, are
strongly bent. The bending angle, E-C-E, of the
heavier homologues varies between 101.1° for
C1Ga and 104.5° for C1TI. The calculated bending
angles are clearly smaller than those in C(NHC\),
(131.8°) and in C(PPh3), (136.9°) [30]. The
geometry of C(BCp*), suggests that the compound
can be considered as a substituted homologue of
HB=C=BH, which has been synthesized by laser-
ablated of boron atoms with methane in a low-
temperature matrix by Andrews [31]. The boron
atoms are m-bonded to one carbon atom of the Cp*
ligand. The calculated B1-C and B2-C bonds in
C(BCp*), are 1.380 A. The interatomic B-C
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distances to the other carbon atoms of the ring are
much longer [32], and should not be considered as
genuine boron-carbon bonds. The C-C bonds in the
Cp* groups, which are rotated with respect to each
other by about 90° around the C-B-C axis, show the
characteristic pattern of alternating distances in a
1,3-butadiene moiety that are bonded to the carbon
atoms of Cp* rings, which exhibit between 1.553
and 3.177 A [32]. This situation is strikingly
different to the C-C bonds in the Cp* rings of
C(AICp*),, which have nearly identical values
between 1.442 and 1.445 A. The same trend holds
for each of the five Al-C bonds to the carbon atoms
of the Cp* ligand, which lie between 2.259 and
2.273 A. The calculated equilibrium structure of
C(AICp*), clearly shows that the Cp* ligands are
ns-bonded to aluminum with calculated Al1-C and
Al2-C bonds of 1.844 and 1.843 A. The optimized
geometries of the remaining homologues C(ECp*),,
where E = Ga, In, and TI, suggests that there is a
trend toward ns or n; bonding for E-C (Cp* rings)
when E becomes heavier. This becomes obvious by
an increasing distortion of the cyclic ligands toward
bond alternation of the C-C distances in the ring and
particularly by the differences among the E-C bonds
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to the Cp* ligand. The ligand in C(GaCp¥*), have
one short (2.066 A) Gal-C bond, two rather long
Ga-C bonds (2.449 and 2.472 A), and two very long
Ga-C distances (3.002 and 3.023 A). The GaCp*
bonding can be interpreted as intermediate between
13 and n;. Note that the similar situation is found for
the indium and thallium ligands C(InCp*), and
C(TICp*),. A comparison between the geometry of
WS5-C1B to W5-C1TI and the free ligands C1B to
C1TI shows that the E-C bonds in all ligands CE are
clearly longer in complexes W5-C1B to W5-C1TI
(0.4 to 0.7 A) than those in the free ligands. Note
that free C(BCp*), ligand has a nearly linear B1-C-
B2 moiety (178.5°), whereas the ligand in the
complex has a bent B1-C-B2 moiety (150.1°). The
calculated B1-C and B2-C bonds in C1B are 1.380
A, which is slightly longer than the calculated values
of 1.374 A for the linear equilibrium structure of
HB=C=BH at BP86/SVP [33]. The calculated B1-C
and B2-C bonds in W5-C1B are 1.403 and 1.424 A.
The optimized geometries of the free ligands in
figure 1, together with the calculated values for the
most important bond lengths and angles, are similar
to the calculated values of carbodiylides C(ECp*),
investigated recently [32].
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Figure 1: Optimized geometries of the complexes W5-C1E and the free ligands C1E at the BP86/def2-SVP
level. Bond lengths are given in A; angles in degrees. Calculated metal-ligand BDES, D, (kcal/mol), at the
BP86/def2-TZVPP//BP86/def2-SVP level for the (CO)sW-C(ECp*), bonds (E = B to Tl)

Figure 1 also gives the theoretically predicted
bond dissociation energies (BDES) for the W-C bond
of W5-C1B to W5-CL1TI and exhibit an interesting
non-steric trend. The calculated bond energies
suggest that the tungsten-cabodiylides bond strength
increases from W5-C1B to W5-C1Al, decreases for

E = Ga, and then increases again for W5-C1In and
W5-CL1TI. The data thus suggest that the heavier
complexes have stronger bonds than the lighter
homologues.  Continuously, the EDA-NOCV
calculations give a more insight into the nature of
metal-ligand bonding in W5-C1B to WH5-CL1TI.
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Table 1 shows the numerical results of EDA-NOCV
calculations for the (CO)sW-carbodiylide bonds. The
EDA-NOCYV data demonstrates that the increase in
metal-ligand bonding comes from the intrinsic
interactions AE;,, which clearly increases from W5-
C1B to W5-C1TI. The intrinsic interaction in W5-
Cl1Ga is even smaller than that in W5-C1Al and
increases for the heavier homologues. The increase
of AE;, from W5-C1B to W5-C1Al is not as steep
as the BDE, which strongly increases from W5-C1B
to W5-C1Al. This is because the aluminum complex
has a significantly smaller preparation energy of
AEprep=8.7 kcal/mol, while for the boron complex it
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IS AEprep = 23.1 keal/mol. From this, it follows that
linear Cp*B=C=BCp* has to be bent in complex
W5-C1B. The small decrease of the BDEs (D) from
W5-C1Al (45.0 kcal/mol) to W5-ClGa (42.8
kcal/mol) is due to the small increase in the
preparation energy AE,., and the small decrease in
AE; for the complexes. In contrast, the increase of
D, in W5-C1E (E = Ga to Tl) comes from the larger
intrinsic interactions AE;,, (-52.2 kcal/mol) for W5-
ClGa to -66.5 kcal/mol for W5-C1TI), and are
nearly canceled out by the preparation energies AE;y
in the complexes.

Table 1: EDA-NOCYV results at the BP86/TZ2P+ level for complexes W5-C1B to W5-C1T]I using the
moieties [W(CO)s] and [C(ECp*)] as interacting fragments. The complexes were analyzed with C,
symmetry. Energy values in kcal/mol

Compound | W5-C1B W5-C1AI W5-C1Ga W5-Clln W5-C1TI
Fragments W(CO)s W(CO)s W(CO)s W(CO)s W(CO)s
C(BCp), C(AICp "), C(GaCp), C(InCp), C(TICp),
AEin -48.7 -53.7 -52.2 -64.6 -66.5
AEpaui 100.3 101.6 102.4 148.0 156.1
AEeigta™ -92.4 (62.0 %) -95.2 (61.3 %) -92.3(59.7%) | -128.5 (57.7 %) -133.6 (62.8 %)
AE g, -56.6 (38.0 %) -60.1 (38.7 %) -62.3 (40.3 %) -79.0 (42.4 %) -94.1 (37.2 %)
AE, ™ -35.9 (63.4 %) -42.3 (70.3 %) -45.0 (72.2 %) -61.1 (78.0 %) -76.7 (81.5 %)
AE, -18.0 (31.8 %) -15.0 (24.9 %) -13.8 (22.2 %) | -14.5 (18.3 %) -14.3 (15.2 %)
AE re™ -2.7 (4.8 %) -2.8 (4.8 %) -3.5 (5.6 %) -2.9 (3.7 %) -3.1 (3.3 %)
AEprep 23.1 8.7 9.4 175 18.2
AE(= -Dy) -25.6 (-25.5) -45.0 (-46.1)" -42.8 (-43.5)1 -47.1 (-46.9)1 -48.3 (-52.4)1

[BThe values in parentheses are the percentage contributions to the total attractive interactions AEeiss + AEom; ™ The
values in parentheses are the percentage contributions to the total orbital interactions AEy, ; “The values in parentheses
give the dissociation energy at the BP86/def2-TZVPP//BP86/def2-SVP level.

The three main terms AEpaui, AEBeistar, and
AE,y, are considered to inspect their contribution to
the interaction energy AE;, of the molecules.
Inspection of the three main terms indicated that the
Pauli repulsion AEp,,; was similar for the lighter
species where E = B, Al, and Ga and became larger
for the heavier atoms when E = In and TI. This can
be explained that the increase in the bond strength
for the heavier carbodiylides comes from the
stronger attraction rather than weaker repulsion [33].
The attractive interactions AEg.: increase from W5-
C1B to W5-CL1TI except for the small decrease from
W5-C1AI to W5-C1lGa. The increase in the
attractive interactions AEggy and AEq, of the
heavier carbodiylide ligands can be traced back to
the o-lone-pair orbital, which leads to stronger o-
orbital interactions AE, and to stronger electrostatic
attraction AEggy. Inspection of the trend of the
electrostatic term AEq:, and the orbital term AE,,
shows that the stronger bonds are mainly caused by

the latter term. The o-orbital contribution AE, is
much stronger for the heavier carbodiylides which
means they increase from W5-C1B to W5-C1TI. In
contrast, the w-orbital contributions AE, are much
weaker than those of AE, and decrease for the
heavier group-13 diyl ligands. The AE,, term of the
EDA-NOCYV results was examined further to obtain
more detailed information on the bonding in W5-
C1B to W5-C1TI. Figures 2 shows plots of those
pairs of orbitals y/y that yield the NOCVs with
the largest contributions to the c- and m-orbital terms
AE, and AE, in W5-C1B and W5-C1TIl. The
associated deformation  densities, A4p, and
stabilization energies are also given. The adducts
W5-C1Al, W5-C1Ga, and W5-C1TI exhibit similar
shapes to those of the complex W5-C1TI. Therefore,
the NOCV pairs of W5-C1Al, W5-C1Ga and W5-
ClIn are not shown in Figures 2. Note that the
green/red colors for wd ., indicate the sign of the
orbitals, while the yellow/blue colors in the

564



VIC, 55(5), 2017

deformation densities, Ap indicate the charge flow.
The yellow areas of Ap designate present charge
depletion while the blue areas indicate charge
accumulation. The charge flow Ap takes places in
the direction yellow—blue. Figure 2a gives the
NOCV pairs ya/y, and the deformation densities
Apy of the most important pair of s orbitals for 4E,
of W5-C1B. The associated stabilization energies of
Apy are approximately 90% of the total energies AE,
(Table 2). Thus, the orbital pairs ya/y; can be
considered as dominant sources of s bonding for the
C1B ligands in the two complexes. The shape of the
orbital pairs clearly indicates that oc-orbital
interactions take place between the donor orbitals of
C1B ligands, and the acceptor orbital of W(CO)s.
Note that the charge flow (CO)sW<«C(ECp*),
involves not only donor C and acceptor W atoms. In
particular, there is charge flow into the W-CO
bonding and C-O anti-bonding regions, particularly
for the trans-CO bond, which agrees with the change
in the bond lengths between W(CO)s and W5-CL1E.
Figure 2-a clearly shows that the o-type interaction
has clearly the direction (CO)sW<«C(ECp*),. The
deformation density reveals that the charge flow
comes from the C(ECp*), ligands (E = B) toward
the W(CO)s fragment; this is in good agreement with
the calculated partial charges which were shown in
Table 1. The NOCV pairs were analyzed for the
W(CO)s-carbodiylides because the ligands C(ECp*).
are double donors, and there should be no significant
contribution from (CO)sW— C(ECp*), =-back-
donation. Figure 2-b and 2-c show that two NOCV
pairs wd w (k = 2, 3) dominate the total stabilization
AE, in W5-C1B. The shape of the NOCV pairs
ynl ., and the deformation densities, which reveal
the charge flow Ap,, are shown in Figure 2-b and
indicate that the stabilization of -8.7 kcal/mol can be
assigned to the (CO)sW—C(BCp¥*), n-backdonation
where the C-B vacant anti-bonding orbital serves as
acceptor. This contributes to the weakening of the C-
B bonds, which become longer in W5-C1B than that
of the free ligand. In contrast, figure 2-c shows the
shape of the charge flow Ap;, which indicates that
the stabilization of -3.7 kcal/mol comes mainly from
relaxation of the W(CO)s fragment. The EDA-
NOCYV results for W5-C1TlI, which are shown from
Figures 2-d to 2-f, are interesting because they give
detailed insight into the bonding situation of the
tilted bonded thallium complex, which exhibits the
shortest W-C bond of the lighter species. Figures 2-
d, and 2-e show that the o-type interaction have
surprising pairs in either the direction of
(CO)sW<«C(TICp*), c-donation or
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(CO)sW—C(TICp*), backdonation in the W5-C1TI
complex. The shapes of the y; and ., donor
fragment of the NOCV pairs of W5-C1TI suggest
that the o-donation comes from the C1TI ligand
toward the W(CO)s fragment. The acceptor fragment
yn of W5-C1TI looks very similar to the c- acceptor
fragment of W5-C1B (Figure 2-a) together with the
shapes of the y; donor fragment. However, the
shape of the y»/y, acceptor fragment of the NOCV
pair of W5-C1TI suggests that c-donation comes
from the HOMO of C(TICp*),, which has =-
symmetry with respect to the free ligand. The
deformation densities Ap; and Ap, which indicate
stabilization of -49.5 and -21.2 kcal/mol, and not
only exhibit a significant area of charge donation
(yellow area) from the C1TI fragment toward the
W(CO)s moiety, but also exhibit an area of charge
backdonation (blue area) from (CO)sW to
C(TICp*),. Figure 2-f shows very weak =-type
orbital interactions in W5-C1TI, which indicate that
the stabilization of Ap; = -11.4 kcal/mol comes
mainly from typical n-back-donation
(CO)sW—C(TICp*),. The bonding analysis in
continuously examined by considering the molecular
orbitals with the energy levels of the energetically
highest lying ¢ and = orbitals of C1E ligands.

Figure 3 shows the shape of the energetically
highest-lying occupied orbitals HOMO and HOMO-
1. These MOs of C(BCp¥*), exhibit the shape of a
nearly degenerate pair of orbitals that have
approximate n-symmetry. HOMO and HOMO-1 are
strongly delocalized over the whole molecule, and
thus, do not resemble lone-pair orbitals. In contrast
to this, the highest-lying occupied MOs of
C(AICp*), are easily identified as m-lone pair
(HOMO) and o-lone-pair (HOMO-1) orbitals at the
carbon atom. This weakly attractive E-C-E
interaction leads to the rather acute bonding angle. A
similar situation of C(AICp*), is found for the
HOMO and HOMO-1 of the heavier homologues
C(ECp*), (E = Gato TI). The main difference is that
the HOMO-1 in the heavier species has increased
contributions from the =-orbitals of the Cp*
moieties. Figure 3 also shows the energy levels of
the two highest-lying occupied MOs which have o-
or m-symmetry of the ligands C(ECp*),. The
energies of the m-orbitals get lower in energy from
Al to Ga, and then they increase slightly from Ga to
Tl. The oc-orbitals are lower in energy than the =-
orbitals and become lower in energy when E
changes from Al to Ga, and then nearly do not
change in energy. The lower energy of the c-lone-
pairs is one reason for the change to tilted bonding
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of the C(ECp*), ligands. We realize that c-donation
[(CO)sW<«{C(ECp*),}] in the latter complexes
takes place from the m-lone-pair orbitals of the
ligands C(ECp¥*),, which have pure =-character.
There is some s/p hybridization at the carbon donor
atom in the complexes that becomes smaller when
the bending angle, o, becomes more acute. The
carbodiylides C(ECp¥*), have two lone-pair orbitals,

W5-C1B (o)
¥,(-0.65) Wi1(0.65)  Api(AE=-34.8) (a)
W5-C1B (m)
¥2(-035)  ¥,(035) Ap2(AE=-8.7) (b)
“E % .E
W5-C1B (m)
¥3(-022)  W5(022)  Ap:s(AE=-3.7) (¢
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but they can use their w-lone-pair electrons for
donor-acceptor interactions in  the side-on
complexes. The increase in the donation (CO)sW<«—
C(ECp*),, which is manifested in the calculated
values for AE, and electrostatic attraction AEc
provides a rationale for the stronger bonding of the
ligands C(ECp*), when E becomes heavier.

g,
=

WS5-C1TI (o)

¥1(-098) ¥ (0.98) Api (AE = -49.5) (d)
&5 S= S
% *‘%ﬂ =
W5-C1TI (6)
¥2(-0.54) ¥2(0.54)  Ap2 (AE=-21.2) (e)

O®,
W v?v ¢
[, ¢
W5-C1TI (r)
W5 (-0.49) W;(049)  Aps(AE=-11.4) (O

Figure 2: Most important NOCV pairs of orbitals y, w4 with their eigenvalues —w, v, which is given in
parentheses, and the associated deformation densities, oy, and orbital stabilization energies, AE, for the
complex W5-C1B and W5-C1TI. The charge flow in the deformation densities is from the yellow—blue
region. (a) c-NOCV of W5-C1B; (b) and (c) =-NOCVs of W5-C1B. (d) and (e) c-NOCVs of W5-C1TI; (f)
n-NOCV of W5-C1TI. Energy values in kcal/mol
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Figure 3: Plot of the energy levels of the
energetically highest lying o and = orbitals of free
ligands C1E

4. CONCLUSION

The calculated structures of the W5-C1E complexes
show that ligands C1E are bonded in an
arrangement that is tilted with respect to the metal
fragment W(CO)s. The theoretical calculation of
BDEs suggests that the bond strength of complexes
increases from the boron complex W5-C1B to the
strongest bonded thallium adduct WH5-C1TI.
Analysis of the bonding situation reveals that the
(CO)sW<«C(BCp*), donation in W5-C1B comes
from the o-lone-pair orbital of C(BCp*),, while the
donation (CO)sW<«C(ECp¥*), in the strongly tilted
bonding complexes where E = Al to Tl comes from
the m-lone-pair orbital of the carbodiylides
C(ECp*),. The EDA-NOCYV results suggest that the
trend of the W-C bond strength W5-C1B < W5-
C1Al < W5-C1Ga < W5-ClIn < W5-C1TI comes
from the increase in (CO)sW<«C(ECp*), donation
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and from lower preparation energies than that of
WH5-C1B and the carbodiylides ligands C(ECp*), in
the complexes W5-C1E are strong c-donors and
weak mt-donors.
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