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ABSTRACT:

The molecular and electronic structures and bonding analysis of terminal cationic metal�ylyne complexes
(MeCN)(PMe3)4MtEMes]+ (M = Mo, W; E = Si, Ge, Sn, Pb) were investigated using DFT/BP86/TZ2P/ZORA level of
theory. The calculated geometrical parameters for the model complexes are in good agreement with the reported experimental
values. The M�E σ-bonding orbitals are slightly polarized toward E except in the complex [(MeCN)(PMe3)4W(SnMes)]+, where
the M�E σ-bonding orbital is slightly polarized toward the W atom. The M�E π-bonding orbitals are highly polarized toward the
metal atom. In all complexes, the π-bonding contribution to the total MtEMes bond is greater than that of the σ-bonding
contribution and increases upon going from M = Mo to W. The values of orbital interaction ΔEorb are significantly larger in all
studied complexes I�VIII than the electrostatic interaction ΔEelstat. The absolute values of the interaction energy, as well as the
bond dissociation energy, decrease in the order Si > Ge > Sn > Pb, and the tungsten complexes have stronger bonding than the
molybdenum complexes.

’ INTRODUCTION

Since the first report of a carbyne complex in 1973 by Fischer
and co-workers,1 the synthesis, structure, reactivity, and bonding
of transition-metal complexes with terminal carbyne (CR)
ligands have been a provocative subject and much knowledge
of their properties has been obtained.2�14 In sharp contrast to
complexes with carbyne ligands CR, the research on its heavier
analogues with ER (E = Si, Ge, Sn, Pb) has been much less
developed. The known transition metal�ylyne complexes con-
taining MtER bonds can be divided into two classes: (a)
terminal neutral metal�ylyne complexes and (b) terminal
cationic metal�ylyne complexes. Power and co-workers re-
ported the neutral germylyne complexes of chromium, molyb-
denum, and tungsten, [(η5-C5H5)(CO)2MtGeR] (M = Cr,
Mo, W; R = C6H3-2,6-Mes2, C6H3-2,6-Trip2), which are the first
representative complexes containing triple bonds to a heavier
group 14 element.15,16 The synthesis, structure, and reactivity of

a complex containing a molybdenum�silicon triple bond,
[(η5-C5Me5)(CO)2MotSiR] (R = 2,6-{2,4,6-(CMe2H)3C6H2}-
C6H3), have been reported recently by Filippou and co-
workers.17,18 A number of different types of neutral metal�ylyne
complexes (see Table 1) have also been reported by the Filippou
group.19�27

Only five cationic metal�ylyne complexes are reported so
far (see Chart 1). Tilley and Mork reported the first example
of a transition-metal complex with true silylyne character,
[(η5-C5Me5)(dmpe)(H)MotSiMes][B(C6F5)4] (dmpe = Me2-
PCH2CH2PMe2);

28 however, it possesses significant interaction
between the hydrogen and silicon centers. The previously known
compound [(η5-C5Me5)(Me3P)2RuSi{(bipy)-(SC6H4-4-Me)}]-
[OTf]2 can be formally described as a silylyne complex, but it
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has four-coordinate silicon.29 Cationic tungsten�ylyne com-
plexes [(MeCN)(dppe)2WtGeCp*)]+, [(dppe)2WtSnR]-
[PF6] (R = C6H3-2,6-Mes2), and [L(PMe3)4WtPbR)]+ (L =
PMe3, PhCN) have been reported by Filippou et al.21,25,30 The
M€ossbauer spectral study of stannylyne complexes has also been
performed.31

The chemical bonding in these complexes can be considered
as donor�acceptor orbital interactions, which are schematically
presented in Figure 1. The fragments [EMes]+ have a doubly
occupied σ orbital, which serves as a donor orbital, and doubly
degenerate empty p(π) orbitals, which serve as acceptor orbitals.
The π interactions in molecules using Cs symmetry are labeled as
in-plane (π )) and out-of-plane (π^) π contributions.

A number of previous theoretical approaches have been
proven to be an indispensable part of the studies of the linear
MtE (E = Si, Ge, Sn, Pb) bonds.19,24�26,32,33 We have reported
the differences between the chemical-bonding situations of
metal�ylyne complexes and metalloylenes.34,35 We decided to
investigate the chemical bonding in the cationic metal�ylyne
complexes of molybdenum and tungsten, [(MeCN)(PMe3)4-
MtEMes]+, with energy decomposition analysis. It has been

shown that the results give quantitative insight into the nature of
the metal�ligand interactions.34�40

In this paper, we report the geometry and electronic structure
as well as the nature of MtE bonds in the cationic transition-
metal silylyne, germylyne, stannylyne, and plumbylyne com-
plexes [(MeCN)(PMe3)4MotEMes]+ (I, E = Si; II, E = Ge;
III, E = Sn; IV, E = Pb) and [(MeCN)(PMe3)4WtEMes]+ (V,
E = Si; VI, E = Ge; VII, E = Sn; VIII, E = Pb) at the DFT/BP86/
TZ2P level of theory. Bonding analysis for the cationic plumby-
lyne complex [(PMe3)5WtPbR)]+ [R = 2,6-bis(2,4,6-trimethyl-
phenyl)phenyl] has been investigated.30 The complexes I�VIII
serve as models for the structures B�E (Chart 1). In the model
complexes, the bulky substituents at the Si, Ge, Sn, and Pb atoms
are replaced by a mesityl group, 2,4,6-(CH3)3C6H2. The main
goals of the present study are (i) to investigate the optimized
structures of the model complexes, (ii) to analyze the nature of
the MtE bonds of the metal�ylyne complexes, (III) to inves-
tigate the degree of ionic and covalent character of the MtE
bond, and (iv) to study the extent of the Mr E σ-bonding and
M f E π-back-bonding contribution to the MtE bonds. The
present study reports for the first time a comprehensive

Table 1. Experimentally Known Neutral Transition Metal�Ylyne Complexes with MtE Bonds (M = Cr, Mo, W; E = Si, Ge,
Sn, Pb)

complexesa M�E (Å) E�C (Å) M�E�C (deg) ref

[(η5-C5H5)(CO)2MotGe(R*)] 2.272(8) 1.936(5) 174.25(14) 15

[(η5-C5H5)(CO)2CrtGe(R*)] 2.1666(4) 1.9512(18) 175.99(6) 16

[(η5-C5H5)(CO)2WtGe(R*)] 16

[(η5-C5H5)(CO)2MotGe(R)] 2.271(1) 1.933(7) 177.2(2) 16

[(η5-C5H5)(CO)2WtGe(R)] 2.2767(14) 1.916(11) 170.9(3) 16

[(η5-C5H5) (CO)2MotSi(R*)] 2.2241(7) 1.859(2) 173.49(8) 17, 18

[Cl(dppe)2WtGe(η1-C5Me5)] 2.302(1) 2.038(5) 172.2(2) 19

[Br(dppe)2WtGe(η1-C5Me5)] 2.293(1) 2.030(8) 172.4(2) 19

[I(dppe)2WtGe(η1-C5Me5)] 2.3060(9) 2.049(6) 172.6(2) 19

[Cl(dppe)2MotGe(η1-C5Me5)] 2.3185(6) 2.049(4) 172.0(1) 20

[Br(dppe)2MotGe(η1-C5Me5)] 2.3103(6) 2.029(5) 171.6(2) 20

[H(dppe)2WtGe(η1-C5Me5)] 2.310(1) 2.037(4) 176.8(1) 21

[(NCO)(dppe)2WtGe(η1-C5Me5)] 2.2991(9) 2.031(5) 172.0(1) 21

[(SCN)(dppe)2WtGe(η1-C5Me5)] 21

[(N3)(dppe)2WtGe(η1-C5Me5)] 21

[CN(dppe)2WtGe(η1-C5Me5)] 2.3184(6) 2.008(4) 172.2(1) 21

[Cl(depe)2MotGe(η1-C5Me5)] 22

[Br(depe)2MotGe(η1-C5Me5)] 2.2798(5) 2.046(3) 177.46(8) 22

[Cl(depe)2WtGe(η1-C5Me5)] 22

[Br(depe)2WtGe(η1-C5Me5)] 22

[Cl(PMe3)4MotGe(R*)] 23

[Cl(PMe3)4WtGe(R*)] 2.338(1) 1.982(10) 177.9(3) 23

[I(PMe3)4WtGe(R*)] 2.3206(4) 2.004(2) 175.79(3) 23

[(SCN)(PMe3)4WtGe(R*)] 23

[H(PMe3)4WtGe(R*)] 2.324(1) 1.977(6) 178.9(2) 23

[Cl(PMe3)4WtSn(R)] 2.4901(7) 2.179(5) 178.2(1) 24

[Cl(dppe)2WtSn(R)] 25

[Br(PMe3)4MotPb(R*)] 2.5495(8) 2.277(7) 177.8(2) 26

[Br(PMe3)4WtPb(R*)] 2.5464(5) 2.254(6) 177.5(2) 27

[I(PMe3)4WtPb(R*)] 2.5477(3) 2.258(3) 175.79(8) 27

[H(PMe3)4WtPb(R*)] 2.5525(3) 2.229(6) 178.7(2) 27
a dppe = 1,2-bis(diphenylphosphino)ethane [1,2-(Ph2P)2C2H4]; depe = 1,2-bis(diphenylphosphino)ethane [1,2-{(C2H5}2P)2C2H4]; R = 2,6-bis(2,4,6-
trimethylphenyl)phenyl [2,6-{2,4,6-Me3C6H2}2C6H3]; R* = 2,6-bis[2,4,6-tris(2-propyl)phenyl]phenyl [2,6-{2,4,6-(CMe2H)3C6H2}2C6H3].
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theoretical investigation of a complete series of cationic transi-
tion metal�ylyne complexes I�VIII.

’COMPUTATIONAL METHODS

The geometries of all complexes have been optimized at the gradient-
corrected density functional theory (DFT) level of theory using the
exchange functional of Becke41 in conjunction with the correlation
functional of Perdew42,43 (BP86). Uncontracted Slater-type orbitals
(STOs) were employed as basis functions for the self-consistent-field
(SCF) calculations.44 The basis sets have triple ξ quality augmented by
two sets of polarization functions. The (n � 1)s2 and (n � 1)p6 core
electrons of the main-group elements, the (1s2s2p3s3p3d)28 core
electrons of molybdenum, and the (1s2s2p3s3p3d4s4p4d)46 core

electrons of tungsten were treated by the frozen-core approximation.45

This level of theory is denoted as BP86/TZ2P. 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.46 Scalar
relativistic effects have been considered using the zero-order regular

Chart 1. Experimentally Known Cationic Transition Metal�Ylyne Complexesa

aThe bond lengths are in angstroms, and the bond angles are in degrees.

Figure 1. Schematic representation of the orbital interaction between
closed-shell metal fragments [M] and group 14 ligand fragments
[EMes]+.

Figure 2. Optimized structure of the tungsten�germylyne complex
cation [(MeCN)(PMe3)4WtGeMes]+ (VI) and its interacting frag-
ments [(MeCN)(PMe3)4W] and [GeMes]+. Important bond distances
and angles for complexes I�VIII are given in Table 2.
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approximation (ZORA).47�52 The calculations were carried out with the
program package ADF 2009.01.53

The bonding interactions between the metal fragment [(MeCN)-
(PMe3)4Mo] or [(MeCN)(PMe3)4W] and ligand fragments [EMes]+

(singlet states) have been analyzed with the energy decomposition
scheme of the program package ADF, which is based on the work by
Morokuma54 and Ziegler and Rauk.55 The bond dissociation energy
(BDE) between the fragments is partitioned into several contributions
that can be identified as physically meaningful quantities. First, ΔE is
separated into two major components, ΔEint and ΔEprep:

ΔE ¼ ΔEint +ΔEprep ð1Þ
ΔEprep is the energy that is necessary to promote the fragments from
their equilibrium geometry and electronic ground state to the geometry,
and electronic state, that they have in the molecule. The instantaneous
interaction energy ΔEint is the focus of the bonding analysis and can be
decomposed into three components:

ΔEint ¼ ΔEelstat +ΔEPauli +ΔEorb ð2Þ

The term ΔEelstat gives the electrostatic interaction energy between
the fragments that are calculated with a frozen density distribution in the
geometry of the complex. The termΔEPauli, which is called the exchange
or Pauli repulsion, takes into account the destabilizing two-orbital three-
or four-electron interactions between occupied orbitals of both frag-
ments. ΔEPauli is calculated by forcing the Kohn�Sham determinant of
the molecule, which results from superimposing both fragments, to obey

Table 2. Selected Optimized Structural Parametersa for
Cationic Transition Metal�Ylyne Complexes
[(MeCN)(PMe3)4MtEMes]+ (M = Mo, W; E = Si, Ge, Sn,
Pb) at the BP86/TZ2P Level

Mo W

Si Ge Sn Pb Si Ge Sn Pb

Bond Distances

MtE 2.272 2.312 2.511 2.571 2.297 2.332 2.532 2.589

E�C 1.884 1.967 2.161 2.244 1.884 1.966 2.160 2.243

M�N 2.151 2.139 2.112 2.099 2.129 2.116 2.093 2.080

C�N 1.167 1.168 1.169 1.171 1.169 1.170 1.171 1.173

Bond Angles

M�E�C 179.8 179.9 179.2 179.1 179.1 179.8 179.5 179.4

N�M�E 179.8 179.7 179.7 179.7 179.4 179.9 179.8 179.8

E�M�P (in) 86.2 85.9 86.6 86.9 85.9 85.8 86.4 86.7

E�M�P (out) 102.3 101.6 101.0 100.7 102.3 101.6 100.8 100.4
aDistances are in angstroms, and angles are in degrees.

Figure 3. NPA charge distributions in cationic transition metal�ylyne complexes [(MeCN)(PMe3)4MtEMes]+ (M = Mo, W; E = Si, Ge, Sn, Pb)
(I�VIII). The values in parentheses are the WBIs.
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the Pauli principle through antisymmetrization and renormalization.
The last term ΔEorb in eq 1 gives the stabilizing orbital interactions
between the occupied and virtual orbitals of the two fragments. ΔEorb
can be further partitioned into contributions by the orbitals that belong
to different irreducible representations of the point group of the system.
It has been suggested that the covalent and electrostatic character of a
bond is given by the ratio ΔEelstat/ΔEorb. The electronic structures of
the complexes I�VIII were examined by natural bond order (NBO)
analysis.56 The molecular orbitals were made by using the MOLDEN
program.57

’RESULTS AND DISCUSSION

Geometries. Figure 2 displays the representative optimized
geometries of the cationic tungsten�germylyne complex VI and
its fragments [(MeCN)(PMe3)4W] and [GeMes]+. The struc-
tures of silylyne, stannylyne, and plumbylyne complexes are very
similar to those presented in this figure and are therefore not

included. The important bond distances and angles of the eight
cationic complexes [(MeCN)(PMe3)4MotEMes]+ (I, E = Si;
II, E = Ge; III, E = Sn; IV, E = Pb), and [(MeCN)-
(PMe3)4WtEMes]+ (V, E = Si; VI, E = Ge; VII, E = Sn; VIII,
E = Pb) calculated at the BP86/TZ2P level of theory are
represented in Table 2. The important optimized geometrical
parameters of the molybdenum fragment [(MeCN)(PMe3)4-
Mo] are Mo�N = 1.943 Å, N�C = 1.207 Å, M�N�C = 176.1�,
and N�C�C = 142.6� and the ligand fragments [EMes]+ are
Si�C = 1.802 Å, Ge�C = 1.901 Å, Sn�C = 2.110 Å, and Pb�C =
2.205 Å.
The optimizedMtE bond distances in the cationic complexes

I�VIII are in good agreement with the experimental values
reported for metal�ylyne complexes (see Table 2 and Chart 1).
We observe a steady increase of the MtE bond distances on
going from molybdenum to tungsten, which further increases
upon descending group 14 (I, Mo�Si, 2.272 Å; II, Mo�Ge,
2.312 Å; III, Mo�Sn, 2.511 Å; IV, Mo�Pb, 2.571 Å; V, W�Si,

Table 3. Results of NBO Analysis in Cationic Transition Metal�Ylyne Complexes [(MeCN)(PMe3)4MtEMes]+ (M = Mo, W;
E = Si, Ge, Sn, Pb)

Mo W

Si (I) Ge (II) Sn (III) Pb (IV) Si (V) Ge (VI) Sn (VII) Pb (VIII)

MtE σ Bonds

occupancy 1.815 1.801 1.757 1.715 1.850 1.835 1.789 1.746

M

% 48.65 48.20 49.26 44.48 49.29 49.15 51.09 46.36

% s 32.11 30.61 29.16 26.72 31.74 30.27 28.51 25.90

% p 31.31 32.77 36.42 37.66 30.83 32.04 35.16 35.89

% d 36.56 36.61 34.42 35.61 37.42 37.67 36.33 38.20

% f 0.02 0.01 0.00 0.01 0.01 0.02 0.00 0.01

E

% 51.35 51.80 50.54 55.52 50.71 50.85 48.91 53.64

% s 63.89 63.70 62.50 61.45 63.36 63.20 61.90 61.17

% p 36.10 36.29 37.45 38.38 36.63 36.80 38.05 38.68

% d 0.01 0.01 0.05 0.17 0.01 0.00 0.05 0.15

MtE π Bonds

occupancy 1.798 1.791 1.777 1.769 1.790 1.783 1.762 1.751

M

% 74.61 76.59 79.22 80.56 73.12 75.35 78.34 79.87

% p 14.70 14.41 12.83 11.78 13.55 13.15 11.56 10.45

% d 85.30 85.59 87.17 88.22 86.45 86.85 88.44 89.55

E

% 25.39 23.41 20.78 19.44 26.88 24.65 21.66 20.13

% p 99.77 99.93 99.93 99.72 99.80 99.94 99.94 99.74

% d 0.23 0.07 0.07 0.28 0.20 0.06 0.06 0.26

occupancy 1.805 1.800 1.786 1.781 1.771 1.764 1.745 1.737

M

% 79.10 80.53 82.21 83.25 77.62 79.18 81.08 82.21

% p 2.49 2.28 1.68 1.46 1.54 1.36 0.92 0.75

% d 97.51 97.72 98.32 98.54 98.46 98.64 99.08 99.25

E

% 20.90 19.47 17.79 16.75 22.38 20.82 18.92 17.79

% p 99.70 99.88 99.96 99.75 99.73 99.89 99.97 99.79

% d 0.30 0.12 0.04 0.25 0.27 0.11 0.03 0.21
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2.297 Å;VI, W�Ge, 2.332 Å;VII, W�Sn, 2.532 Å;VIII, W�Pb,
2.589 Å). The MtE bond distances in complexes I�VIII are
significantly shorter than those expected from single-bond
covalent radii predictions (Mo�Si = 2.58 Å, Mo�Ge = 2.62 Å,
Mo�Sn = 2.80 Å, andMo�Pb = 2.87 Å;W�Si = 2.59 Å,W�Ge=
2.63 Å, W�Sn = 2.81 Å, and W�Pb = 2.88 Å).58

The optimized E�C bond distances in complexes I�VIII
(Table 2) are slightly shorter than those expected for a single
bond based on covalent radii (Si�C = 1.95 Å, Ge�C = 1.99 Å,
Sn�C = 2.17 Å, and Pb�C = 2.24 Å). The shortening of the
E�C bonds may be due to weak E�C(Mes) π bonding. The
M�N (M = Mo, W) bond distances in complexes I�VIII are
also shorter than those expected for a single bond based on
covalent radii (Mo�N= 2.15 Å andW�N= 2.16 Å). The results
reveal strong M�N bonding in the studied complexes. From
silicon to lead, the M�N bond strength increases. The M�E�C
and N�M�E bond angles are almost linear (>179�) in all of the
studied complexes. Moreover, the P�M�E bond angles with
out-of-plane P atoms are wider than the in-plane P�M�E bond
angles.
Bonding Analysis of MtE Bonds. The electronic structures

of complexes I�VIII were analyzed with a discussion of the
conventional indices that are frequently used to characterize the
bonding in molecules, that is, bond orders and atomic charges.
Figure 2 gives theWiberg bond indices (WBIs)59 and the natural
population analysis (NPA) charge distributions.
As seen in Figure 3, the WBI values of the M�E bonds in

complexes I�VIII are significantly higher (1.54�1.87), indicat-
ing a substantial degree of multiple M�E bonding. Like the
MtE bond distances, upon going fromMo toW, theWBI values
of the MtE bonds increase as 1.82 (I) < 1.87 (V), 1.75 (II) <
1.80 (VI), 1.63 (III) < 1.66 (VII), 1.54 (IV) < 1.56 (VIII). We
also found decreases in theWBI values of MtE upon going from
silylyne to plumbylyne ligands. The WBIs of the E�C(Mes)
bonds decrease on going from E = Si to Pb in both sets of
complexes (Figure 3). The trends are consistent with those
reported above for the calculated geometries.
The calculated charge distribution indicates that the metal

atoms always carry a negative charge while the heavier group 14
elements (E) and EMes ligands are positively charged. It is

important to note that the NBO analysis generally gives high
values of NPA charges (see Table S1 in the Supporting
Information).60 The charges on the E atoms vary as Si < Ge <
Sn > Pb. The acetonitrile and PMe3 ligands are positively
charged, while the Mes ring carries a negative charge (Figure 3).
A more definitive picture of MtE bonding is obtained

through NBO analysis of the delocalized Kohn�Sham orbitals.
The characteristics of theMtE one σ component (a0 symmetry)
and two nearly degenerate π components (in-plane and out-of-
plane with a0 and a00 symmetry, respectively) are listed in Table 3.
In most of the complexes I�VIII, the M�E σ-bonding orbital is
slightly polarized toward the heavier group 14 elements (i.e., the
E atom contributes more to the bonding orbital) except complex
[(MeCN)(PMe3)4WtSnMes]+, where the M�E σ-bonding
orbital is slightly polarized toward the metal atom. The occupa-
tions for M�E σ-bonding orbitals are in the range 1.746�1.850.
In both sets of metal�ylyne complexes of molybdenum and

Table 4. Energy Decomposition Analysisa for Cationic Transition Metal�Ylyne Complexes [(MeCN)(PMe3)4MtEMes]+

(M = Mo, W; E = Si, Ge, Sn, Pb) at the BP86/TZ2P Levelb

Mo W

Si (I) Ge (II) Sn (III) Pb (IV) Si (V) Ge (VI) Sn (VII) Pb (VIII)

ΔEpauli 125.1 115.1 94.6 89.3 136.1 126.7 104.2 99.4 [112.8]c

ΔEint �129.9 �123.9 �108.4 �97.8 �138.2 �131.8 �115.3 �103.9 [�98.2]c

ΔEelstat �94.2 �85.9 �75.5 �70.6 �104.7 �96.1 �83.8 �78.7 [�84.1]c

ΔEorb
d �160.8 (63.1) �153.2 (64.1) �127.5 (62.8) �116.6 (62.3) �169.7 (61.8) �162.5 (62.8) �135.7 (61.8) �124.6 [�126.9]c (61.3)

ΔEa0 �90.1 �86.0 �72.9 �66.9 �96.2 �92.3 �78.8 �72.7

ΔEa0 0 �70.7 �67.2 �54.6 �49.7 �73.5 �70.2 �56.9 �51.9

% πout
e {43.9} {43.9} {42.8} {42.7} {43.3} {43.2} {41.9} {41.7}

ΔEprep 14.6 12.9 10.6 9.8 17.1 15.3 12.8 11.8

ΔE (�De) �115.3 �111.0 �97.8 �88.0 �121.1 �116.6 �102.4 �92.1
a Energy contribution in kcal/mol. b [(MeCN)(PMe3)4W] and [EMes]+ fragments have been considered. cThe values in square brackets are previously
calculated values for the WtPb bond in the complex [(PMe3)5WtPb(2,6-Trip2C6H3]

+] considering [(PMe3)5W] and [Pb(2,6-Trip2C6H3]
+

fragments.30 dThe values in parentheses are the percentage contribution to the total attractive interactions reflecting the total covalent character of
the bond. eThe values in the parentheses are the percentage π-character contribution in the total orbital interaction, ΔEorb.

Figure 4. Trends of the absolute values of the interaction energy, orbital
interactions (covalent contributions), electrostatic interacton (ionic
contributions), Pauli repulsive interaction, and bond dissociation energy
(De) to the MtE bond in the cationic metal�ylyne complexes
[(MeCN)(PMe3)4MtEMes]+ (M = Mo, W; E = Si, Ge, Sn, Pb;
I�VIII).
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tungsten, I�VIII, the M�E π-bonding orbitals are highly
polarized toward the metal atom (i.e., the metal center con-
tributes significantly more to the bonding orbital). The con-
tributions of E to the π bonding are small (Table 3).
Energy Decomposition Analysis of MtE Bonds. To quan-

tify the above information and to obtain more detailed insight
into the nature of theMtE interactions, we carried out an energy

decomposition analysis of complexes I�VIII. The results are
given in Table 4 and Figure 4. The charge on the EMes ligands is
significantly positive, with values ranging from +0.99 to +1.16.
For this reason, we considered [(MeCN)(PMe3)4M] and
[EMes]+ fragments in the decomposition analysis.
The calculated data in Table 4 show that the MtEMes bonds

in cationic complexes [(MeCN)(PMe3)4MtEMes]+ (I�VIII)
are rather strong. The magnitude of the energy terms slightly
decreases in the order W > Mo as coordinating metal. The
tabulated results for tungsten reveal the expected periodic trend
in the bond strengths due to the d-orbital extent: the WtE
bonds are stronger than the corresponding MotE bonds. BDEs
decrease on going from silylyne to plumbylyne complexes. We
note a steady decrease in the BDEs. The nature and properties
of the highest occupied (HOMOs) and lowest unoccupied
(LUMOs) molecular orbitals of the fragments [(MeCN)-
(PMe3)4M] and [EMes]+ (Figure 5) play a important role in
explaining the orbital interaction differences. The LUMO of
[GeMes]+ (87.21% Ge; 8.85% Mes) has relatively more con-
tribution of Mes than the LUMO of [SiMes]+ (87.02% Si; 8.11%
Mes), and hence it is more stabilized. The difference in energy of
the HOMO orbitals of the fragments [(MeCN)(PMe3)4M] on
going from molybdenum to tungsten may be due to the
relativistic changes in energies of the tungsten-based d orbitals.
The energy increase for the HOMO of the tungsten fragment
[(MeCN)(PMe3)4W] will enhance [(MeCN)(PMe3)4W] f
[EMes]+ π back-donation because this orbital is closer to the
LUMO of [EMes]+ fragments. Also, the energy decrease for
the LUMO of [(MeCN)(PMe3)4W] will enhance [(MeCN)-
(PMe3)4M] r [EMes]+ σ donation. Thus, the values of the
interaction energy as well as BDE are greater for tungsten
complexes V�VIII than those for molybdenum complexes
I�IV.
The breakdown of the interaction energies, ΔEint, into the

repulsive term ΔEpauli and the attractive interactions ΔEorb and
ΔEelstat shows that the MtE bonds have greater orbital interac-
tion than electrostatic (ionic) interaction. Table 4 also gives a

Figure 5. HOMOs and LUMOs of Kohn�Sham molecular orbitals of
fragments [(MeCN)(PMe3)4M] (M = Mo, W) and [EMes]+ (E = Si,
Ge, Sn, Pb).

Table 5. Comparison of Various Bonding Parameters of the M�E Bond in Previously Reported Metal�Ylyne Complexes
[(η5-C5H5)(CO)2MtEMe]a and Presently Studied Cationic Complexes [(MeCN)(PMe3)4MtEMes]+ b (M = Mo, W; E = Si,
Ge, Sn, Pb)

complex M�E bond distance (Å) ΔEelstat ΔEint BDE ref

[(η5-C5H5)(CO)2MotSiMe] 2.229 �168.1 �220.9 �211.0 35

[(MeCN)(PMe3)4MotSiMes]+ 2.272 �94.2 �129.9 �115.3 this work

[(η5-C5H5)(CO)2MotGeMe] 2.286 �160.8 �210.5 �204.7 34

[(MeCN)(PMe3)4MotGeMes]+ 2.312 �85.9 �123.9 �111.0 this work

[(η5-C5H5)(CO)2MotSnMe] 2.482 �153.5 �193.6 �185.7 35

[(MeCN)(PMe3)4MotSnMes]+ 2.511 �75.5 �108.4 �97.8 this work

[(η5-C5H5)(CO)2MotPbMe] 2.522 �153.0 �180.3 �172.9 35

[(MeCN)(PMe3)4MotPbMes]+ 2.571 �70.6 �97.8 �88.0 this work

[(η5-C5H5)(CO)2WtSiMe] 2.239 �180.7 �231.0 �220.1 35

[(MeCN)(PMe3)4WtSiMes]+ 2.297 �104.7 �138.2 �121.1 this work

[(η5-C5H5)(CO)2WtGeMe] 2.293 �168.9 �220.6 �213.2 34

[(MeCN)(PMe3)4WtGeMes]+ 2.332 �96.1 �131.8 �116.6 this work

[(η5-C5H5)(CO)2WtSnMe] 2.483 �162.8 �202.0 �193.3 35

[(MeCN)(PMe3)4WtSnMes]+ 2.532 �83.8 �115.3 �102.4 this work

[(η5-C5H5)(CO)2WtPbMe] 2.521 �163.8 �187.9 �179.9 35

[(MeCN)(PMe3)4WtPbMes]+ 2.589 �78.7 �103.9 �92.1 this work
a Fragments [(η5-C5H5)(CO)2M]� and [EMe]+. b Fragments [(MeCN)(PMe3)4M] and [EMes]+.
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breakdown of the orbital interaction into Mr E σ donation and
Mf Eπ back-donation. The covalent bonding has a high degree
of π character. We want to emphasis that the calculated energy
contribution ΔEπ gives only the out-of-plane (π^) component
of the [M] f [EMes]+ π back-donation. This is because the
molecules haveCs symmetry and the orbitals can only have a0 (σ)
and a00 (π) symmetry. Thus, the energy contributions of the a0
orbitals comes from the [M] r [EMes]+ σ donation but also
from the in-plane [M] f [EMes]+ π back-donation. For the
molecules that haveCs symmetry, it is not possible to separate the
latter two interactions. The energy analysis suggests that, in the
complexes I�VIII, ∼43% of ΔEorb comes from out-of-plane
(a00) π bonding. As mentioned earlier, both π bonds are nearly
degenerate, and the total π contribution is approximately 80% of
the total orbital contribution. On going from silicon to lead, the
absolute values of the all energy terms decrease (see Figure 4).
Table 5 shows theMtE bond distances as well as the bonding

energy terms, electrostatic interaction, interaction energy, and
BDE of the metal�ylyne complexes [(η5-C5H5)(CO)2Mt
EMe] and [(MeCN)(PMe3)4MtEMes]+ (M = Mo, W; E =
Si, Ge, Sn, Pb). We found that the MtE bonds are relatively

longer in the cationic complexes (this work) than those in the
neutral metal�ylyne complexes,34,35 indicating the weakening of
MtE bonds in cationic complexes. As expected, the electrostatic
interaction between metal fragments [(MeCN)(PMe3)4M] and
[EMes]+ is significantly smaller than that between the fragments
[(η5-C5H5)(CO)2M]� and [EMe]+. Hence, the BDEs as well as
interaction energies are also smaller for cationic complexes than
for neutral metal�ylyne complexes of molybdenum and tung-
sten. It is worth mentioning that the BDEs for the neutral
complexes [(η5-C5H5)(CO)2MtEMe] are calculated for the
ionic fragments [(η5-C5H5)(CO)2M]� and [EMe]+.34,35 Thus, the
cationic complexes (I�VIII) have relatively weaker MtE bonds.
The strong triple-bond character of the MtE bonds becomes

visible by the envelope plots of some relevant σ and π orbitals of
the tungsten�germylyne complex [(MeCN)(PMe3)4WtGeMes]+

(VI; Figure 6).
Parts a (HOMO�1) and b (HOMO�2) of Figure 6 give

pictorial descriptions of the WtGe π bonding in complex VI.
The HOMO�1 has a0 symmetry, and HOMO�2 can clearly be
identified as having a00 (π) symmetry; however, the shape of the
orbital shows clearly that the HOMO�1 has an in-plane π

Figure 6. Plot of some relevant molecular orbitals of cationic tungsten�germylyne complex VI.
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component of π back-donation. Part c (HOMO�7) of Figure 6
shows mainlyWtGe σ-bonding orbitals. Parts d (LUMO) and e
(LUMO+1) of Figure 6 mainly depict a nonbonding p orbital of
Ge atoms but W�N in-plane and out-of-plane π bonding also
appear. It becomes clear from Figure 6 that the [(MeCN)-
(PMe3)4MtEMes]+ species has a large contribution from
π-bonding orbitals.

’SUMMARY AND CONCLUSION

From the above-presented theoretical studies of the structure
and bonding in cationic metal�ylyne complexes of molybdenum
and tungsten, [(MeCN)(PMe3)4MtEMes]+ (M = Mo, W; E =
Si, Ge, Sn, Pb), the following conclusions may be drawn:
1 Here, we reported the geometry and electronic structure as
well as analyzed the nature of the MtEMes bonds in the
terminal cationic metal�ylyne complexes of molybdenum
and tungsten, I�VIII. The calculated geometries are in
excellent agreement with the experimental values (Chart 1).

2 The M�E bonds in these complexes are nearly MtE triple
bonds. The M�E σ-bonding orbital is slightly polarized
toward the E center, except the complex [(MeCN)-
(PMe3)4W(SnMes)]+, where the M�E σ-bonding orbital
is slightly polarized toward the metal atom. The M�E
π-bonding orbitals are highly polarized toward the metal
atom. In all studied complexes, the π-bonding contribution
to the total MtEMes bond is greater than that of σ
bonding and increases on going from M = Mo to W.

3 The contributions of the orbital interactions ΔEorb are
significantly larger in all studied complexes I�VIII than
the electrostatic contributions ΔEelstat.

4 The absolute values of the interaction energies, as well as
BDEs, decrease in the order Si > Ge > Sn > Pb. Moreover,
the tungsten complexes are stronger than the molybdenum
complexes.
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