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Understanding of the transition metal (TM) to ligand (L) bonding nature is important for characterization of 
experimental observations. One of the methods to explain the TM to L interactions is the Dewar–Chatt–Duncanson 
(DCD) model. However, in most applications the validity of the DCD model is based on assumptions in order to 
explain trends in vibrational spectroscopy or other physical properties of TM complexes. In this paper the  com-
putational methodology for treatment of the π-allyl-ruthenacycle complex based on the density functional theory, 
restricted Hartree–Fock method, natural bond orbital and charge decomposition analysis is reported. It is shown how 
the DCD model emerges from the presented calculation scheme and how it relates with the physical properties and 
stability of this complex. It is important to note that in this work the determination of the DCD model operation is 
based on the defined computational procedure, not postulated beforehand. The calculated geometry parameters, vi-
brational frequencies and electron density arrangement for the π-allyl-ruthenacycle complex are in good agreement 
with the experiment and support the DCD model.
Keywords: Dewar–Chatt–Duncanson model, density functional theory, natural bond orbitals, charge de-
composition analysis
PACS: 31.10.+z, 31.15.A-

1. Introduction

An impressive development in the  reliability of 
quantum chemistry methods leads to their appli-
cations in solving physical phenomena from light 
to heavy-atom molecular systems. Moreover, it be-
comes possible to treat systems like transition metal 
coordinated ligands with the accuracy comparable 
to that of the experiment. A comprehensive physi-
cal understanding of the transition metal (TM) to 
ligand (L) bonding nature is of great importance 
for metallacatalysis [1, 2] and electro-luminescence 
processes in organic light emitting devices  [3, 4]. 
The  most widely used bonding model for TM 
complexes is the  crystal field theory which con-
siders electrostatic interactions between the metal 

and the  ligand environment. Alternatively, the  li-
gand field theory can also be considered for mo-
lecular TM bonding treatments  [5–8]. The  ligand 
field theory is a simplified molecular orbital (MO) 
theory which considers mainly the valence d orbit-
als of TM and frontier orbitals of L. Another MO-
theoretical model is the Dewar–Chatt–Duncanson 
(DCD) model [9, 10]. It considers TM–L interac-
tions in terms of the L → TM electron donation and 
the  L  ←  TM electron back-donation. This model 
was originally introduced by Dewar, Chatt and 
Duncanson  [[9, 10] to describe TM-olefin, TM-
carbonyl and TM-carbenes interactions. The  es-
sence of this model is schematically represented 
in Fig. 1 by application to one Ru–CO bond from 
the π-allyl-ruthenacycle complex (Ru–L).
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The Ru–CO σ-bond is formed by electron do-
nation (ED) from an occupied σ molecular or-
bital of CO into an empty orbital of the  central 
Ru atom [11]. This ED process Ru ← CO leads to 
an electron excess at the  Ru atom, which is en-
ergetically unfavourable. Therefore the  electron 
back-donation (EBD) then occurs from the  oc-
cupied d orbitals of the  Ru atom into the empty 
π-MOs of the CO ligand to minimize this electron 
access. Consequently, EBD induces shortening of 
the TM–L bond and elongation of the L bond in-
fluenced by electron transfer. This shortening and 
elongation has been discussed in literature  [11, 
12].

The DCD is frequently used as a very powerful 
model to explain trends in geometries, vibrational 
spectroscopy, and other physical properties of TM 
complexes.

Spectroscopic data like vibration frequencies 
are correlated with the π acceptor strength of li-
gands. For example, elongation of the CO bond in 
the TM–CO can be indicated by lowering of CO 
vibration frequencies [11, 12]. Moreover, changes 
in the reactivity of ligand functional groups can 
be also described in accordance with the  DCD 
model  [13]. Thus, the  DCD model describes es-
sential properties of TM–L bonds. However, in 
most studies the  validity of the  DCD model is 
only based on beforehand assumptions in order to 
explain the trends in molecular geometries, vibra-
tional spectroscopy, and other physical properties 
of TM complexes.

Thus, several issues of TM–L bonding should 
be clarified beyond a  qualitative estimation of 
the DCD model: how the environment of TM and 
ligand is operating in the  electron density rear-
rangement; how it reflects the physical properties 

and stability of Ru–L; how the  electron transfer 
influences the lowering of the molecular energy of 
the Ru–L complex.

To rationalize these issues, knowing the ener-
gies and shapes of the relevant donor and acceptor 
MOs involved in EBD and ED is very important. 
However, in most applications of the DCD model, 
the  main donor and acceptor MOs are only as-
sumed to be known beforehand.

This work is the  first theoretical study of 
the  π-allyl-ruthenacycle compound (Ru–L) sta-
bilized with two carbonyl and cyclometallated 
π-allyl-oxapyridyl ligands. The novel Ru-complex 
serves as a stable intermediate in the effective re-
versible Ru catalyzed metallacycle reaction. In this 
paper the  computational methodology for treat-
ment of the Ru–L based on the density functional 
theory (DFT), restricted Hartree–Fock method 
(HF), natural bond orbital (NBO)  [20–22] and 
charge decomposition analysis (CDA) [23] is re-
ported. It is shown how the DCD model emerges 
from the presented calculation scheme when it is 
applied to the complex π-allyl-ruthenacycle com-
pound and how it reflects the physical properties 
and stability of Ru–L.

2. Methods and the proposed computational 
methodology

2.1. Methods

All computations on Ru–L have been performed 
using the  Gaussian09 program  [24]. The hybrid 
B3LYP functional  [25, 26] is the  most popular 
density functional that yields suitable structural 
and thermochemical characters in the  computa-
tional studies of cyclic molecules and TM cataly-

s elektron donation

p elektron back-donation

Fig. 1. The DCD model in Ru–L. The CO bond donates σ-electrons to 
the Ru atom. The electron back-donation proceeds from the d orbitals 
of Ru into the electron accepting antibonding π orbitals of the CO bond.
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sis [27–37]. The use of the SVP basis set is the best 
compromise between speed and accuracy in com-
putations of transition metal complexes  [38, 39]. 
Thus, the hybrid B3LYP functional and the split va-
lence polarized (SVP) basis set have been used for 
the treatment of Ru–L. The stationary points were 
characterized as minima by calculation of the Hes-
sian matrix and vibration analysis. Computed and 
experimental data of the solid state X-ray analysis as 
well as CO vibrational frequencies taken from [40] 
for Ru–L are provided in Table 1. The B3LYP/SVP 
optimized geometry of Ru–L was used for the NBO 
analysis  [20–22]. The  NBO analysis has been car-
ried out with the internal module of Gaussian09 at 
the B3LYP/SVP level of theory. The role of electron 
delocalization in the  Ru–L was quantitatively as-
sessed by deleting all non-Lewis NBOs. Deletion 
of all non-Lewis orbitals was performed as imple-
mented in the NBO program. The bonding between 
Ru and L fragments was further investigated by 
CDA developed by Frenking  [23]. Structures and 
molecular orbitals were modelled with the Gauss-
View 5 software [43].

2.2. Proposed methodology revealing the DCD 
model operation

A suitable way to disclose the DCD model opera-
tion within the  Ru–L is to perform a  computa-
tional NBO analysis which may provide detailed 
insights into the  Lewis electron dot structure 
of a  molecule. It is well known that for chem-
ists the  Lewis structure is a  basis representing 
a  qualitative notation of the  electronic structure 
in a molecule [14].

A molecule in the  Lewis structure consists of 
electron pairs localized at lone pairs or core at-
oms, and at the  bonds between atoms. In phys-
ics the  most standard methods are considering 
the overall electronic structure of a molecule con-
sisting of one electron wave functions – delocal-
ized canonical molecular orbitals (MOs) that are 
distributed over the whole spatial region on atoms 
in a molecule as defined in the HF or Kohn–Sham 
molecular orbitals (MOs) in DFT methods.

Localized doubly occupied MOs can be con-
structed by the  unitary transformation of delo-
calized canonical MOs being doubly occupied in 
the closed shell HF calculation [15–19]. Weinhold 
et al. have found a way to obtain the Lewis struc-

ture from delocalized canonical MOs  [20–22]. 
This leads to orthogonal NBOs with electron oc-
cupation numbers. All obtained NBOs are divided 
into segments having the following different elec-
tron population levels on each NBO:

(a)  Core NBOs occupied by two electrons on 
atoms (CR);

(b) Bonding localized NBOs strongly occupied 
by electrons on bonds (BD) or lone pairs (LP);

(c)  Antibonding ‘non-Lewis’ orbitals  –  NBOs 
weakly occupied by electrons (BD*, LP*);

(d)  Almost empty delocalizing Rydberg (RY) 
NBOs.

The NBOs restore the bonding nature and elec-
tronic structure of a molecule and are used as an 
informative tool for the estimation of physical and 
chemical properties of molecules. This model can 
explain the DCD bonding phenomenon in a mo-
lecular Lewis structure. Meanwhile, such relation-
ship is difficult to observe when the DCD model is 
explored by means of canonical MOs.

In this work the Weinhold and Landis’s com-
putational scheme  [20–22] was applied to ob-
tain NBOs for the  Ru–L complex. Firstly, it was 
shown how the occupied BD and LP NBOs rep-
resent the  Lewis structure of the  Ru–L complex. 
Secondly, the  most important NBO interactions 
between the  strongly occupied NBOs of BD, LP 
and ‘non Lewis’ weakly occupied antibonding 
BD*, LP*  NBOs have been determined applying 
the Weinhold’s perturbation technique [21]. This 
outcome enables one to qualitatively estimate 
the  extent of electron density transferred from 
the  occupied BD and LP NBOs of the  (b) seg-
ment to the  formally vacant BD* and LP* NBOs 
of the  (c) segment. In this way finding the  elec-
tron donor or acceptor ability of each ligand to 
TM bond involved in EBD and ED has been ac-
complished by applying the Weinhold’s perturba-
tion technique  [21]. This enables one to explain 
the trend how the bond length, strengths and vi-
brational frequencies are correlated with the elec-
tron donating-accepting strength of the  Ru to 
ligand bonds. Aiming to confirm the  tendencies 
obtained from the electron transfer characteriza-
tion by NBO analysis the role of electron transfer 
has also been quantitatively assessed by CDA [23]. 
This method provides the  possibility to define 
the amount of energy transferred by electrons in 
ED (donation from the ligand to TM) and in EBD 
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(back-donation from the TM to ligand) for each 
molecular orbital. Thus, the DCD model emerg-
es from the proposed computations. In this way, 
the determination of the DCD model operation is 
based on a defined computational procedure.

3. Results and discussions

3.1. The structure of π-allyl-ruthenacycle (Ru–L)

The computed and experimental data of solid 
state X-ray analysis as well as the CO vibration 
frequencies taken from [40] for Ru–L are reported 
in Table 1.

In general, the  calculated and the  experimental 
values are found to be in good agreement which may 
indicate that the chosen method is appropriate for 
a  theoretical description of the Ru–L type of com-
pounds. It can be seen from Table 1 that the calcu-

lated geometry parameters between Ru and L atoms 
are somewhat larger than the experimental values. 
The  solid-state interactions can lead to shortening 
of donor–acceptor transition metal (TM) to ligand 
bonds due to different intermolecular forces as com-
pared to those calculated in the gas phase [41, 42].

Nevertheless, the results obtained from the gas-
phase computation are more appropriate for 
the evaluation of a discrete Ru–L molecule as com-
pared to those of the crystal solid state. The Ru–L 
adopts a  slightly distorted octahedral configura-
tion as it is evident from the presented optimized 
geometry (Fig. 2).

The Ru atom coordination to ligands consists of 
the linear coordination of two bondings (O5'–Ru 
and Ru–C9O bonds bearing axial positions) and 
four equatorial coordination states (two bonds 
of the Ru atom with C1 and C3 atoms, one bond 
of Ru with the N atom, and the bond of Ru with 
the C8 atom).

Table 1. Comparison between the B3LYP/SVP level computed (columns 3 and 7) and experimental [40] (col-
umns 2 and 6) bond lengths, angles and vibrational CO frequencies for the Ru–L complex. The calculated 
Wiberg bond order index (WI) and the bond occupancy by electron values are listed in columns 4 and 5. 

Entry Exp. [40] 
geom. param.

Calc. bond 
lengths WI Occu-

pancy
Exp. [40] vib. 

freq. cm–1
Calc. vib. 
freq. cm–1

1 2 3 4 5 6 7
Ru–C1 2.187 2.235 0.5568 1.52778 – –
Ru–C3 2.277 2.308 0.4456 1.47119 – –
Ru–O5' 2.059 2.081 0.3624 1.90426 – –
Ru–N 2.131 2.199 0.4448 1.65617 – –

Ru–C8O 1.903 1.927 1.1108 1.91093 – 431
Ru–C9O 1.865 1.903 1.2343 1.99807 – 454

C8=O 1.138 1.140 2.1383
1.99760
1.99302
1.99302

2014 2135

C9=O 1.151 1.152 2.0913
1.99807
1.99776
1.99119

1941 2071

C9–Ru–N 100.2 99.8 – – – –
C9–Ru–C3 99.4 101.2 – – – –
C9–Ru–C8 91.6 92.4 – – – –
C9–Ru–C1 99.9 102.9 – – – –
O5'–Ru–C3 80.8 79.9 – – – –
O5'–Ru–C8 88.8 87.4 – – – –
O5'–Ru–C1 83.7 82.0 – – – –

C8–Ru–C3–O8' 178.3 178.2 – – – –
C9–Ru–O5'–O9' 171.2 177.6 – – – –
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The two Ru–CO bonds are not equal. An in-
crease in the  Ru–C9O coordination strength re-
sults in the decreased strength of the C9=O bond. 
The  calculated shorter axial Ru–C9O bond dis-
tance of 1.90 Å leads to an increase in the C9=O 
bond length (1.52  Å) and, vice versa, the  longer 
equatorial Ru–C8O bond distance of 1.93 Å leads 
to a  decrease in the  O=C8 bond length (1.14  Å). 
Experimental [40] Ru–CO bond lengths are prop-
erly reproduced by the  DFT calculation (Table 
1). The  B3LYP calculation yields CO vibration 
frequencies which are overestimated by about 
125  cm–1 compared to the  experiment (Table 1). 
However, the calculated and experimental frequen-
cies reveal that the  longer C9=O bond distance is 
associated with the lower C9=O vibration frequen-
cy as compared to that of C8=O.

It is well known that almost in all cases the ax-
ial TM–CO bond in a complex should be slightly 
longer than the equatorial TM–CO bond. The TM–
CO bonding of the Ru–L complex is an exception 
to this rule. The  increased axial Ru–C9O coordi-
nation strength might appear due to complicated 

ED and EBD effects in the  Ru–L complex. This 
phenomenon could be rationalized by means of 
the TM to ligand bonding model as suggested by 
DCD [9, 10].

3.2. The computed Lewis structure for π-allyl-
ruthenacycle (Ru–L)

The validity of the DCD model within the Ru–L has 
been disclosed by means of a computational NBO 
analysis. The optimized geometry of the Ru–L has 
been used to obtain the  NBOs  [24]. The  strongly 
occupied NBOs represent the  Lewis structure of 
Ru–L and provide information for determination of 
important interactions between BD, LP NBOs and 
non-Lewis antibonding BD*, LP*  NBOs. Follow-
ing this, the relevant set constructed from the oc-
cupied NBOs classifying NBOs as BD and LP has 
been analysed. Assignment of the NBOs has been 
made by monitoring the output results, shapes and 
locations in the space of NBOs with the GausView 
5 program [43]. Figure 3 presents the Lewis struc-
ture of the  Ru-complex as it was obtained from 

Fig. 2. The  optimized geometry of Ru–L at the  B3LYP/SVP level. 
NBOs 95 representing an equatorial Ru–C3 σ-bond: isosurface value 
of 0.09 (a) and isosurface value of 0.17 (b).

(a)

(b)

95.BD(s)Ru–C1
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the  shape and location of NBOs. The  BD and LP 
NBOs occupy the positions from 41 to 103 in order 
of increasing energy. The Wiberg index (WI) values 
(bond strength measure) and electron occupancies 
on the bond obtained by NBO have been collected 
in Table 1.

The important notion about Ru–L comes from 
the NBOs inspection of π-allyl ligand interactions 
with the  Ru atom. As represented in Fig.  2(a), 
the plots of NBO shapes at isosurface values of 0.09 
show that NBO  95 and NBO  98 represent nearly 
equatorial Ru–C σ-bonds as presented in Fig. 2(a). 
The Ru–C3 bond was found to be weaker than that 

of Ru–C1. The 98.BD(σ) C3–Ru NBO has 0.031 a.u. 
higher energy compared to that of 95.BD(σ) C1–
Ru. The  Ru–C3 bond is more polarized and less 
occupied by electrons than Ru–C1. The  electron 
occupation numbers are 1.47 and 1.53, and WI is 
0.45 and 0.56, respectively. Both Ru–C bonds are 
polarized towards the  carbon atom as shown by 
plots of the 0.17 isovalue (Fig. 2(b)) and display an 
extensive contribution of the Ru atom d electrons 
to the  bond formation. This finding is compat-
ible with a  significant polarized covalent bonding 
character of the bonds Ru–C. As shown in Fig. 4, 
the  three occupied d-type LP orbitals (99  dxz, 

Fig. 3. The Lewis structure of the Ru–L complex. The NBO numbers, BD or LP type, and σ, π, d bond character 
as well as the orbital energy (in a.u.) for each NBO are denoted. 

103.BD(s)Ru–C3–0.2264

88.BD(s)Ru–O5ʹ–0.4462

95.BD(s)Ru–C1–0.2570

66.BD(s)Ru–CO–0.3689

91.LP(s)N–0.3606

65.BD(s)Oc–Ru–0.5791

90.BD(p)C=O–0.2570
86.BD(p)C=O–0.4629
52.LP(s)C=O–0.7041
42.BD(s)C=O–1.2

89.BD(p)C=O–0.4445
87.BD(p)C=O–0.4582
51.LP(s)C=O–0.7046
43.BD(s)C=O–1.1998

102.LP(d)Ru–0.2265
101.LP(d)Ru–0.2274
 99.LP(d)Ru–0.22313
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101 dx2-y2, 102 dyz) appear on the Ru atom. Thus, 
the  computed Lewis structure of Ru–L indicates 
a d6-electron configuration for the Ru atom.

The plotted shapes of two C=O ligands NBOs 
show that each C=O ligand consists of one BD 
σ-bond orbital (NBOs 42 or 43), two perpendicular 
π bonds (BD NBOs 86, 90 or 87, 89) and one LP or-
bital (NBOs 52 or 51) for oxygen. The BD NBOs 65 
and 66 represent the axial and equatorial σ bonds of 
Ru–C9O and Ru–C8O, respectively. The axial NBO 
65 of Ru–C9O has the energy of –0.579 a.u., the elec-
tron occupation number 1.99 and the Wiberg bond 
index (WI) 1.23, as reported in Table 1 and repre-
sented in Fig. 3. The energy of equatorial 66.BD(σ)
Ru–C8O NBO is –0.369 a.u., the electron occupa-
tion number is 1.91 and WI 1.11, suggesting that 

the axial Ru–C9O bond may be somewhat stronger 
than the equatorial bond. As shown in Fig. 4, both 
σ-bond Ru–CO NBOs are polarized towards car-
bon. The  WIs values higher than 1 suggest very 
strong covalent Ru–CO bonds.

An interesting bonding nature has been ob-
served for the Ru and N interaction. This bond-
ing is localized on the N atom, as can be seen from 
the NBO plot of the 0.17 isovalue in Fig. 5(a).

The shape of LP(σ)N NBO 91 is associated with 
the lone pair out-of-phase electron donation from 
the σ-lone pair atomic orbital (AO) component of 
N to the  Ru acceptor AO component associated 
with the lone pair dz2 orbital as obtained by draw-
ing isosurface values of 0.03 (Fig.  5(b)). Actually, 
the LP(σ) NBO of N represents a highly polarized 

Fig. 4. Three d-orbital-shaped Ru lone pair NBOs 99, 101, 102 and 
σ shaped 65 NBO of Ru–C9O with isosurface values of 0.09 are 
recorded.

99.LP(d)Ru   102.LP(d)Ru

101.LP(d)Ru    65.BD(s)Ru–CO
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bond sharing a pair of electrons with the electron 
deficient Ru dz2 AO. This suggests that the N atom 
is involved in the  dative donor–acceptor ionic 
bond with the Ru atom.

In contrast to the LP(σ) NBO of N, the shape 
of NBO 88 on Ru–O5' is related to the BD σ or-
bital which consists of in-phase oriented lone pair 
AOs electrons of Ru and O5' atoms (Fig. 5(a)). It 
emerges through the  in-phase electron donation 
from the  sp5 hybridized σ-lone pair AO compo-
nent of O5' to the  Ru lone pair dz2 AO compo-
nent (Fig. 5(b)). The electron occupation number 
is 1.90 and WI  is 0.36. The electron polarization 
towards O5' ranges up to 82.38% and the  calcu-
lated bond ionicity is equal to 0.648, which re-
veals the donor–acceptor ionic bond character of 
the axial Ru–O5' bond.

The obtained results show that σ-ED is the first 
step in the  DCD model (Fig.  1) covered by 
the computed Lewis structure of Ru–L (Figs. 2–5).

The qualitative estimation EBD of the  DCD 
model (Fig. 1) is presented below. Weinhold et al. 
applied the  second-order perturbation theo-
ry [21] to show the interactions between strongly 
occupied donor NBOs and weakly occupied anti-
bonding acceptor NBOs of a  molecule. Within 
this theory, the  HF F-matrix is represented in 
the complete NBO basis set. Diagonal matrix ele-
ments, referred to as BD, LP and CR NBOs, form 
the  unperturbed system. The  perturbation of 
the unperturbed system is represented by off-diag-
onal F-matrix elements. This F-matrix partition-
ing leads to the second-order energies E(2). Strong 
donor–acceptor NBO interactions are reflected 

88.BD(s)Ru–05'  88.BD(s)Ru–O5'

91.LP(s)N   91.LP(s)N

(a) (b)

(a) (b)

Fig. 5. The σ shaped lone pair 91 NBO of N atom and Ru–O5' σ 
type 88 NBO are recorded with the isosurface values: 0.17 (a) and 
0.03 (b).
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by large E(2) values. The obtained largest E(2) val-
ues (higher than 33.0 kJ/mol) for donor–acceptor 
interactions are recorded in Table 2. Strongly oc-
cupied donor NBOs interacting with π* NBOs are 
given in the second column (i) of  Table 2. The ac-
ceptor NBOs weakly occupied antibonding π* LP* 
and BD* NBOs are given in the third (j) column, 
and the second-order interaction energies E(2) are 
given in the fourth column.

Entries 2–4 reveal EBD processes occurring 
from the  BD NBOs of Ru–C1 and Ru–C3 to π* 
antibonding NBOs of the  LP*C2(π)and BD* 
O5'(p)–Ru bond regions. The  E(2) values show 
that the bonds of Ru–C1 and Ru–C3 in the Ru–L 
act as strong electron donors with E(2) values of 
878.598 and 1371.139 kJ/mol, respectively. Thus, 
the  donating ability operates in elongation and 
weakening of the Ru–C3 bond with a greater ex-
tent of 492.541  kJ/mol as compared to Ru–C1. 
This result agrees with trends of the  Ru–C1 and 
Ru–C3 bond strengths. The  longer and weaker 
Ru–C3 bond was obtained by calculation and 
experiment as compared to Ru–C1. It is also im-
portant to stress that the highest accepting ability 
has been detected for 104.LP*(π)C2 due to highly 
expressed EBD transfer mainly operating from 
LP(d)Ru NBOs, Ru–C3 and Ru–C1 NBOs to 104.
LPC2 (entries 2, 3, 5, 7, 12). Such high electron 
transfer (of 2486.175  kJ/mol) explains why for-
mally vacant antibonding NBO 104.LP*(π)C2 is 

characterized by the highest electron occupation 
number 0.881 and the  lowest energy –0.141  a.u. 
The overall EBD contribution to → 104.LP*(π)C2 
NBO is equal to E(2) = 2486.175 kJ/mol. This sug-
gests that this NBO to the largest extent contrib-
utes to the stabilization of Ru–L.

The analysis of the  interaction energies of 
Ru–C9=O and Ru–C8=O bondings agrees with 
the  trends observed in the  calculated bond dis-
tances and bond orders. The  compiled E(2) val-
ues show that the C9=O and C8=O antibonding 
π*  NBOs most effectively interact with the  Ru 
atom LP(d) NBOs. The  highest electron transfer 
energies of EBD from Ru LP(d) NBOs to BD(π*)
C9=O and BD(π*)C8=O are equal to 505.469 and 
195.225 kJ/mol, respectively. As shown in Fig. 1, 
the  donating ability from the  Ru LP(d) NBOs 
operates in weakening of the  C9=O bond and 
strengthening of the Ru–C9 bond. As seen from 
entries 8–13, the  π-back-donation from the  Ru 
LP(d) orbitals to the  formally vacant antibond-
ing π* orbitals of C=O operates in strengthening 
of the Ru–C9 bond and weakening of C9=O with 
a greater extent of 310.244 kJ/mol as compared to 
Ru–C8=O bonding strengthening variations.

The calculation shows that the  shorter axial 
Ru–C9O bond distance leads to an increase in 
the C9=O bond length and, conversely, the longer 
equatorial Ru–C8O bond distance leads to a de-
crease in the O=C8 bond length.

Table 2. Second-order interaction energies E(2) characterizing the interactions between bond (BD) and lone 
pair (LP) donor NBOs and the electron accepting antibonding p*–NBOs of carbonyl ligands are listed with 
a threshold higher than 33 kJ/mol. 

Entry Donor NBO (i) Acceptor NBO (j) E(2) kJ/mol
1 91.LP(σ)N 118.LP*(d)Ru 327.021
2 103.BD(σ)C3–Ru 104.LP*C2(π) 1 371.139
3 95.BD(σ)C1–Ru 104.LP*C2(π) 878.598
4 95.BD(σ)C1–Ru 118.BD*(p)O'–Ru 45.606
5 102.LP(d)Ru 104.LP*C2(π) 56.526
6 102.LP(d)Ru 108.BD*(π)C9=O 131.587
7 101.LP(d)Ru 104.LP*C2(π) 144.725
8 101.LP(d)Ru 109.BD*(π)C8=O 116.441
9 99.LP(d)Ru 113.BD*(π)C8=O 78.785

10 99.LP(d)Ru 110.BD*(π)C9=O 110.709
11 102.LP(d)Ru 108.BD*(π)C9=O 131.587
12 99.LP(d)Ru 104.LP*C2(π) 35.187
13 4.CR Ru 158.BD*(π)C9=O 49.8314
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In addition, the outcome of E(2) computations 
points out to the  main contributions LP(σ)N 
91 → 118.LP*(dz2)Ru. The LP(σ)N atom contrib-
utes as a strong electron donor with the E(2) value 
of 327.021 kJ/mol as collected by entry 1. This ob-
servation suggests the  pronounced participation 
of the LP(σ)N 91 NBO in the σ ED.

As expected, the donating or accepting nature 
of the ligand bonds to Ru expressed by the analy-
sis of E(2) energies, characterizing the size of elec-
tron transfer between Ru and the ligand, is in 
agreement with the observed shortening of axial 
Ru–C9O and elongation of equatorial Ru–C8O 
bond distances, as well as explains the  presence 
of a  stronger and more covalent Ru–C1 bond as 
compared to Ru–C3.

In summary, the above results show that, first, 
the preferential σ ED operates from the occupied 
orbitals on N, C1, C3 and O5' atoms into the va-
cant orbitals of the  central Ru atom; secondly, 
the EBD transfer operates mostly effectively from 
the LP(d) NBOs of the Ru atom and BD(σ) NBOs 
of Ru–C1 and Ru–C3 into the antibonding BD*(π)
NBOs of both CO groups and the C2 atom of the 
allyl fragment. The C9=O and C8=O bonds domi-
nate as electron acceptors. The Ru–C1 and Ru–C3 
BD(σ) NBOs in the Ru-complex act as strong elec-
tron donors.

Aiming to confirm the  results obtained from 
electron transfer characterization of the E(2) anal-
ysis, the  role of electron delocalization has also 
been quantitatively assessed by the  CDA  [23]. 
This method was developed for TM complexes 
with the aim to analyse chemical bonding within 
a framework of the DCD model.

3.3. Charge decomposition analysis and idealized 
natural Lewis structure

CDA is a quantitative expression of the metal to 
ligand bonding which considers the ligand → TM 
σ-ED and ligand  ←  TM π-EBD as the  dominant 
factors for the  TM to ligand bond. In the  CDA, 
the wave function of the L–TM–X complex is ex-
pressed as a linear combination of the molecular 
orbital of fragments in closed-shell configurations 
of the  ligand (X) and the  remaining TM and li-
gand fragment L–TM. Orbital contributions of 
the fragments to the wave function of the L–TM–X 
complex are divided into four parts: (i) mixing of 

the occupied MOs of X and the unoccupied MOs 
of L–TM (ED action X  →  TM–L); (ii)  mixing of 
the unoccupied MOs of X and the occupied MOs 
of L–TM (back-donation X ← TM–L); (iii) mixing 
of the occupied MOs of X and the occupied MOs 
of L–TM (repulsive polarization X T ←→ TM–L). 
Since the  donation and the  back-donation are 
calculated for each MO separately, it is possible 
to estimate the contributions of the ligand → TM 
σ-donation and ligand ← TM π-back-donation to 
the total charge exchange. The CDA may be used 
in conjunction with HF MOs and with Kohn–
Sham orbitals as well as NBOs obtained by means 
of DFT calculations [23].

In this work, the charge donation (qd), charge 
back-donation (qb) and repulsive polarization (qr) 
between the  Ru–L molecular orbital fragments 
have been calculated as implemented in the CDA 
method (Table 3). Within this method, the  in-
teraction between donor fragment A and accep-
tor fragment B is partitioned into three terms: 
the  electron donation from A to B, the  electron 
donation from B to A and the  reorganization 
due to the  electron repulsion in the  bonding re-
gion. Considering the  outcomes of NBO E(2) 
characterizing the  donating and accepting abili-
ties of the  relevant Ru–L bonds, the oxapyridine 
moiety was defined as an A donor fragment and 
the remaining Ru atom, two carbonyl groups and 
C2 within the  π-allyl ligand were defined as a  B 
electron acceptor. Table 2 summarizes the  total 
amounts of donation qd(A  →  B), back-donation 
qb(A ← B) and repulsion qr(A ↔ B) of Ru–L, which 
were assessed by computation at the DFT-B3LYP/
SVP and HF/SVP levels of theory.

The positive values of qd(A → B), qb(A ← B) and 
the  negative qr(A ↔  B) are found at the  HF and 
DFT levels of theory indicating that the electronic 
structure of Ru–L can be characterized by the DCD 
model as a  typical donor–acceptor complex. 
The  negative qr(A ↔  B) value indicates the  elec-
tronic charge removal from the overlapping region 
between the occupied molecular orbitals. A mean-
ingful quantity is the ratio of qd/qb. It shows what 
an amount of EBD operates in the Ru–L with re-
spect to ED. As shown in Table 3, the  qd/qb ratio 
demonstrates an increase in EBD as compared to 
ED when the method changes from restricted HF 
to DFT. This confirms the  importance of electron 
correlation effects in EBD as implemented in DFT.
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Aiming to confirm the  results obtained from 
electron transfer characterization of the  E(2) 
analysis and CDA results, the  role of electron 
delocalization has also been assessed by elimina-
tion of the  non Lewis NBOs from the  basis set. 
This procedure results in the  idealized localized 
natural Lewis structure of Ru–L (I–Ru–L) wave 
function possessing all Lewis-type NBOs dou-
bly occupied by electrons. It gives a  quantitative 
estimation on how the  stabilizing effects of elec-
tron delocalization contribute to the total energy 
changes in the  Lewis structure of Ru–L. Impor-
tant energy quantities, resulting from the deletion 
procedure of the  Ru–L ground state optimized 
wave function by means of HF and DFT, are 

compiled in Fig.  6. The  electron correlation was 
defined as the difference between the DFT ener-
gy and the  energy obtained from the  solved HF  
equation.

The energy of the Lewis structure Ru–L calcu-
lated at HF/SVP level is –5448.6617 a.u. The elec-
tron correlation turns out the  total energy to 
DFT  =  –5457.2921  a.u. and leads to the  energy 
lowering by 8.63  a.u. for the  Lewis structure of 
Ru–L. The  deletion procedure of all non-Lewis 
NBOs leads to the  I–Ru–L wave function and 
increases the  energy to DFT  =  –5446.4469  a.u. 
and HF = –5445.3279 a.u. It means that the elec-
tron transfer action from the I–Ru–L to BD* and 
LP*NBOs of the Lewis structure Ru–L is impor-
tant in stabilization of Ru–L. This electron trans-
fer decreases the energy of the Lewis structure of 
Ru–L by 10.85 and 3.34 a.u. for DFT and HF, re-
spectively. This suggests that electron transfer in 
Ru–L is influenced by electron correlation effects 
as implemented in the DFT method.

4. Conclusions

Aiming to provide detailed insights into the elec-
tronic structure and explain the  transition metal 
to ligand bonding nature the  DFT-B3LYP/SVP 
calculation has been applied for the  π-allyl-
ruthenacycle complex (Ru–L). The computa-
tional natural bond orbital analysis (NBO) in 
conjunction with the charge decomposition anal-
ysis (CDA) reveals the Dewar–Chatt–Duncanson 
(DCD) model operation within the Ru–L.

The relevant calculated geometry parameters, 
vibration frequencies and electron density ar-
rangement within the  Ru–L complex are deter-
mined to be in good agreement with the experi-
ment and support the DCD model.

Table 3. The total amounts of donation qd(A → B), back-donation qb(A ← B) and repulsion qr(A ↔ B) of Ru–L at 
the DFT-B3LYP/SVP and HF/SVP levels of theory between the Ru–L molecular orbital fragments. The charge 
donation qd, charge back donation qb and repulsive polarization qr. The oxapyridine moiety is defined as an A 
donor fragment, and the remaining Ru atom, two carbonyl groups and C2 within the π-allyl ligand as a B elec-
tron acceptor.

CDA terms HF DFT
qd(A → B) 5.527 0.962
qb(A ← B) 0.306 0.795
qr(A ↔ B) –5.559 –3.827
Ratio qd/qb 18.062 1.210

Fig. 6. The total energies (in a.u.) are presented for the 
computed Lewis structure of the Ru–L complex (Ru–
L) andfor the  idealized Lewis structure (I–Ru–L), 
obtained by elimination of non-Lewis NBOs from 
the  basis set. The  calcutations were performed at 
the B3LYP/SVP and HF/SVP levels.
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The electron donation proceeds mainly from 
the N atom (of pyridine moiety), C1, C3 atoms (of 
π-allyl group) and O5 atom to the central Ru atom 
forming σ NBOs.

The electron back-donation (EBD) transfer 
most effectively proceeds from three lone pair 
LP(d)Ru NBOs into two unoccupied bond BD*(π)
CO and LP*(p)C2 NBOs.

The strengths and vibration frequencies of 
Ru–C and Ru–C=O bonds coincide well with 
electron transfer energies proposed by the  NBO 
Weinhold perturbation theory.

The lone pair of N atom LP(σ)N contributes as 
a strong donor transferring electron density into 
the antibonding lone pair LP*(dz2)Ru NBO.

The C2 atom exhibits extremely high electron 
accepting power (of 2  486.175  kJ/mol) as com-
pared to other bonds. The  π C9=O and C8=O 
bonds clearly dominate as electron acceptors.

The energy of the Lewis Ru-complex as com-
pared to that of the  idealized Lewis structure 
gets lowered by the  contribution of electron do-
nation and electron back-donation processes. 
The  highly prominent electron back-donation to 
the  lone pair antibonding LP*(p)C2 NBO most 
efficiently stabilizes the Ru–L complex. The elec-
tron transfer is influenced by electron correlation 
effects.
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PEREINAMOJO METALO IR LIGANDO SĄVEIKOS POBŪDIS: RUTENIO 
KOMPLEKSO ANALIZĖ, PAREMTA KVANTINĖS CHEMIJOS SKAIČIAVIMAIS

A. Vektarienė

Vilniaus universiteto Teorinės fizikos ir astronomijos institutas, Vilnius, Lietuva

Santrauka
Žurnale Nature 2017 m. publikuoti darbai parodė, 

kad ryšių tarp pereinamojo metalo ir ligando pobūdis 
gali keisti fotokatalizės vyksmų eigą, daryti įtaką elekt-
ro-liuminescenciniams procesams organiniuose ir 
šviesą skleidžiančiuose prietaisuose.

Darbe teoriškai nagrinėjama pereinamojo metalo 
ir ligando ryšių kilmė. Vienas iš metodų, aškinantis li-
gando ir pereinamojo metalo ryšio pobūdį, yra Dewar-
Chatt-Duncanson (DCD) modelis. Tačiau, aiškinant 
eksperimentą, DCD modelio galiojimas dažniausiai 
yra postuluojamas. Šiame darbe DCD modelio ga-

liojimas rutenio cikliniame komplekse yra pagrįstas 
kvantinės chemijos skaičiavimais. Pasiūlyta skaičia-
vimo metodika remiasi tankio funkcionalo teorijos, 
natūralių ryšio orbitalių (angl.  natural bond orbital), 
krūvio suskaidymo (angl.  charge decomposition) ana-
lizės metodais. Skaičiavimo rezultatai, gauti remiantis 
straipsnyje aprašyta metodika, atskleidė DCD modelio 
galiojimo ypatumus Ru komplekse. Apskaičiuoti Ru 
komplekso geometrijos parametrai ir svyravimų daž-
niai koreliuoja su eksperimentu ir yra suderinami su 
DCD modeliu.
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