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Abstract—The procedure based on the first order density matrix has been suggested for the description of
molecular electronic structures. The procedure includes: The calculation of interatomic bond-order indices and
their o-, n-, and d-components; the construction of multicenter orbitals localized on fragments responsible for
the formation of bonds inside fragments and between fragments; the classification of the constructed orbitals
according to their population, valence activity, and orientation; the characterization of the realized donor—
acceptor abilities of the fragments (ligands and more complicated structural units). The interaction between
fragments is described by a rather small number of multicenter orbitals localized on them. The concept of the
valence activity of a polyatomic fragment has been introduced and the algorithm of its calculation has been
offered. The procedure is illustrated by the analysis of electronic structures of ruthenium(Il), platinum(II), and

rhodium(I) complexes.
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Theoretical concepts of chemical bonds in transi-
tion metal complexes are based on the model [1],
according to which ligands are coordinated to a metal
due to the formation of a o-donor M<—L bond by
means of the electronic density transfer from lone pairs
(or occupied MOs) of a ligand to metal orbitals and, in
those cases when a ligand has vacant n-MOs with a
low energy, due to M—L back-bonding with the
electronic density transfer from the occupied d-AOs of
the metal. For more complicated compounds,
supramolecular compounds among them, it is con-
venient to consider more complicated fragments (F) as
structural units: one-center metal complexes, clusters,
and extended organic molecules built, in turn, from
several more simple molecules. Donor and acceptor
abilities of a combined system remain its main charac-
teristics required to understand a role and function of
each fragment, as is the case with the classical model
[1]. Meanwhile, neither experimental methods nor
computational quantum-chemistry methods allow us to
characterize unambiguously these properties. The theo-
retical estimate of these characteristics requires a
certain “reference point,” and the free fragments can
naturally be used in this role. At present the following
methods are used for description of donor—acceptor
properties of coordinated ligands: EDA (Energy
Decomposition Analysis) [2, 3], CDA (Charge

Decomposition Analysis) [4-6], and NOCV (Natural
Orbitals for Chemical Valence) [7-10], which are
based on a priori partitioning of a complex into two
fragments with formal charges assigned to them and on
a sequential calculation of the electronic structure for
the fragment-donor, fragment-acceptor, and complex.

The approach developed in the present work
(valence-structural analysis, VSA) provides a pos-
sibility of a flexible partitioning of a complex into an
arbitrary number of fragments and does not require a
preliminary quantum-chemical calculation for each of
them. This procedure was applied to characterize
donor—acceptor properties of monodentate ligands in
mono-nuclear ruthenium(Il), platinum(Il), and rho-
dium (I) complexes.

Bond order and its components. Within the limits
of the qualitative molecular orbital theory the formal
bond order (BO) in a diatomic molecule is defined by
the number of electrons on bonding (Npeg) and
antibonding (N.,) MOs [Eq. (1)].

_ Nbond - Nanti
2

BO (1)

The “classical” bond order for linear molecules can
be easily divided into contributions describing c-, 7t-,
and o-components [Eq. (2)].
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Here N°, N¥, and N° are total numbers of electrons on
bonding and antibonding MOs with appropriate
Symmetry.

In spite of the fact that molecular orbitals in
nonlinear molecules cannot be classified as o, w, and 6,
in the chemical literature the concept of o- and =-
bonds between atoms is also widely used for molecules
with other geometrical structures.

In 1968 formula (3) was introduced for the
calculation of quantum-chemical bond orders (WBI,
Wiberg Bond Index) between atoms A and B based on
the density matrix D calculated in the orthogonal basis
in the zero differential overlap approximation [11].

W(A-B)= X Z|D,[" 3)

peA veB

A series of works [11-16] was devoted to the
evaluation of bond indices B(A—B) on the basis of ab
initio calculations. The sum of orders of bonds formed
by atom A defines its valence [Eq. (4)] [17].

Va= Z Wag. “4)

B#A

In [18] a correction for ionic character of bonds was
introduced for the calculation of valences of atoms,
and it was proposed to refer to the corresponding value
calculated by formula (4) as the covalence.

By grouping together the molecular orbitals
according to the irreducible representations /” of the
point group of the molecule Mayer bond order can be
presented according to Eq. (5) [19].

B(A—B)= XX [X(DS)u Z(DS);]- (%)
=

neAveBI"

Here /" and I"' are symbols of irreducible representa-
tions, by which a MO of a molecule is transformed.
Such splitting is possible only in the case when no cross
terms with [” # ['' arise after multiplication of two
sums in formula (5). For linear molecules this approach
makes it possible to select 6-, n-, and 5-components of
the bond order, whereas in other cases the resulting
components B(A — B)" are hardly susceptible to the
traditional chemical interpretation. The main drawback
of bond indices B(A — B) is the pronounced
dependence of their values on the basis set in use.

SIZOVA

To calculate Wiberg indices within the limits of ab
initio or DFT methods it is necessary to perform a
transformation of the initial basis set to an orthogonal
set, for example, to the basis of natural atomic orbitals
(NAO) [20, 21]. The density matrix in the NAO basis
is calculated by formula (6).

PMO =T (SDS)T. (6)

Here S is the overlap matrix and T is the matrix of the
transformation from an AO basis to a NAO basis.

The procedure of the analysis of valence structure
developed in this work is based on the C matrix of the
expansion of molecular orbitals (MO or KS) over basis
functions y, (hereinafter referred to as AO), which is
obtained from a quantum-chemical calculation. The
matrix C defines the total spin-free density matrix D
[Eq. (8)], which is constructed for open-shell systems
as the sum of two contributions D = P* + PP,

¢ = EICW’XW (7

occup

DHV =22 C},liCVi~ (8)
i=1

The first stage of VSA is the construction of a NAO
basis and the calculation of Wiberg bond orders. We
note that systems with open shells were considered
within the limits of the UHF method, and W(A-B)
values were calculated by formula (9) [13, 16].

WA -B)= ZX[(P"+PP), ]’ + (P~ P"), [

peAveB
=2 [W*A - B) + WH(A - B)]. )

For the decomposition of W(A-B) into o-, -, and
d-components the previously proposed AOSB (Atomic
Orbitals Symmetry Based) scheme [22, 23] is applied,
which uses local cylindrical symmetry for a diatomic
fragment A—B of a polyatomic molecule and is based
on the classification of matrix elements P,, according
to the symmetry of p and v AOs defined by the quan-
tum number m. The splitting is carried out separately
for each selected pair of atoms of the molecule under
consideration. The coordinate system for this pair of
atoms is displaced and rotated so that both atoms are
located on the z axis, and matrixes C and S are
correspondingly transformed. Bond orders were
calculated as the sums of the o-contribution (m, = m, =
0), m-contribution (m, = £1 and m, = £1), and 3-con-
tribution (m, = £2 and m, = £2). For linear molecules
the Wiberg index can be represented by formula (10).
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WA-B)=X I PV + 2 = (PO + = X (PVO)
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= W°(A - B) + WA — B) + (A — B). (10)

In nonlinear molecules the o-, m-, and 6-
components are supplemented by a Cross Term
Contribution WCTC, which includes P,, elements
containing AOs with different symmetries [Eq (11)].

W(A — B) = W(A — B) + WA — B)

+ WA - B) + WA — B). (11)

As a rule, appreciable cross term contributions
point to electronic density delocalization over triatomic
or polyatomic fragments. For such fragments an
AOSB-P technique was developed, in which a bond
index was split into two contributions: symmetric and
antisymmetric in relation to a plane [22].

When considering transition metal complexes it is
useful to elucidate the measure of the contribution of
s-, p-, and d-AOs of a metal to o- and m-interactions
with ligands [24]. It is not difficult to separate these
contributions when calculating o-, w-, and o-
components of bond orders W(M — L) [Eq. (12)].

W(M - L) = va + W?,p + Wg,d + VVE,& + W(ajﬂs +‘ W;,d
+ W;,p + m,p+ Wz,d + Wg,p + Wg,d—"_ %,p + WS{,d— (12)

Valence atomic and molecular orbitals (VAO
and VMOF). The following analysis is based on the
P49 density matrix and applies to molecular systems
with closed electronic shells. We suggested to denote
the hybrid atomic orbitals satisfying the requirements
of the maximal or minimal valence activity as the
valence atomic orbitals (VAO) of a specified atom in a
specified molecule (VAO). The postulate of extreme
valence activity is equivalent to the requirement of
diagonality of all intraatomic blocks of the density
matrix [25]. The extension of this approach is the
construction of multicenter valence molecular orbitals
VMOF (Valence Molecular Orbitals of Fragment),
which satisfy the conditions of the maximal or minimal
population and the valence activity of interfragment
bonds [26, 27]. The transition to the VMOF basis &;
[Eq. (13)] is performed by diagonalizaton of the PR*°
block of PM© matrix spanning over NAOs of this
fragment, A,

&= Xy
neF

In this formula {X,} is the matrix of VMOF
expansion over NAO. Eigenvalues of the PN*° matrix
represent populations of VMOFu;.

(13)
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In the framework of the outlined formalism the
concept of valence or valence activity can be also
extended to polyatomic fragments. In turn, the valence
activity of a fragment F, Vg, can be presented as a sum
of certain characteristics v; related to orbitals of this
fragment (14) and be defined as partial orbital valences
[Eq. (15)] reflecting the realized valence activity of
each VMOF.

VF =X Vi,

ieF

(14)

vi= X Wig=X X (P)’'=2 % Wy
GegF GeF ke G GeF ke G

(15)

It is natural to consider Wy values as indices of
bond orders between VMOFs &; and & of F and G
fragments, respectively. Using the known relation
(PN49)? = 2PN0 [16] valid for closed-shell systems,
we can readily show that the expression v; = 2n; — n} is
true. Thus, the valence activity of an orbital is maximal
(vi=1) if n; = 1, which is typical for a Lewis covalent
bond, and is minimal (v; = 0) in two cases: n; = 0 (the
orbital is not populated by electrons and does not
participate in chemical bond) and n; = 2 (for example,
an orbital with a lone electron pair of an atom or an
orbital responsible for covalent bonds inside a poly-
atomic fragment). Sequential application of this
procedure to all structural blocks of a complicated
molecule allows us to reduce the number of orbitals
necessary for analyzing interfragment chemical bonds
to a minimum, as it is sufficient to consider only active
VMOFs.

Donor and acceptor abilities of ligands. Popula-
tions of active VMOFs can be used for estimating
donor and acceptor abilities of ligands under the fol-
lowing conditions:

— A transition metal ion with a formal configuration
d" and ligands (anions or uncharged molecules) with a
closed electronic shell' are considered as fragments of
coordination compounds [28, 29]; for the free frag-
ments the populations »! of all MOs are equal to 2 or0;

— VMOFs and MOs of a free ligand are similar in
composition, and a correspondence between them can
be established; small (as practice of calculations
shows) discrepancies can be considered as
“preparation of a ligand to coordination;”

— A deviation of the n? value of a coordinated ligand
fromn? of a free ligand, Ag, characterizes donor (n} =
2) and acceptor (n! = 0) properties of the ith VMOF.

! This does not refer to the so-called “non-innocent” ligands.
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Table 1. Populations n;, orbital valence activities v;, and orbital bond indices wj for the complex [RuH(NH3)5(pz)]2+ (only
VMOFs with valence activity exceeding 0.06 are shown; interligand wy, indices are not given)

Parameter Ligands
L' L’ L Lt L’ pz pz
VMOF, & & & & & & Eio &
n; 1.76 1.74 1.74 1.74 1.74 1.71 0.09
Vi 0.42 0.44 0.44 0.44 0.44 0.50 0.19
Wik
& (n,=0.20) 0.06 0.06 0.06 0.06 0.06 0.05
& (ny=0.65) 0.21 0.21 0.21 0.21
& (n;=0.68) 0.27 0.07 0.07 0.07 0.07 0.34
& (m=1.89) 0.18

These assumptions are within the framework of
approximations explicitly or implicitly adopted by
other theoretical methods used for the investigation of
donor—acceptor properties. The analysis of atomic and
partial valences and bond indices between atoms or
fragments does not require such restrictions.

RESULTS AND DISCUSSION

Complexes [Ru"(NH;)sL]*". As an example the
application of the VSA procedure to [Ru"(NH;)sL]**
[L = NH;, py (pyridine), pz (pyrazine), and tz
(tetrazine)] complexes is considered. Each complex
was separated into seven fragments: the central metal
atom and six ligands (L1 = trans-NH;; L, L*, L*, L’ =
cis-NH3; L° = L). No assumptions about formal
charges on fragments were made. Orbital bond order
indices wj in the basis of active VMOFs are presented
in Table 1 for the case of L = pz; these orbitals are four
VAOs (& - &) from the metal, one VMOF (&5 — &)
from each of NH; molecules, and two VMOFs (§;, and
&11) from the pyrazine molecule.

As ruthenium(Il) in these compounds has the
formal electronic configuration d° (tgg in terms of the
Oh symmetry), populations of s and e, orbitals in the
absence of chemical bonds with ligands are equal to
zero. Population of the VAOs & (i = 1, 2, 3) in the
complex are nonzero owing to electronic density
transfer from those VMOFs of ligands (p) for which w;
values are nonzero. Such VMOFs are the orbitals of
lone pairs of nitrogen atoms (Fig. 1), which are
responsible for observed donor properties of ammonia
and pyrazine molecules.

Populations of each of tggAO of a d°® ion in the
octahedral crystal field are taken to be equal to two. In

the case of coordinated pyridine, pyrazine, and
tetrazine molecules, along with the lone electron pair
of nitrogen (&), the m*-orbital (&;;) perpendicular to
the ring plane has a nonzero valence activity. The
population of this VMOF (0.09 for L = pyz)
characterizes m*-acceptor properties of pyrazine, and
the partial bond order wy;4 = 0.18 points to the fact
that &, interacts with d;-VAO &4 (ny = 1.89). Accord-
ing to Table 2, the m*-acceptor ability of L decreases
along the series: tz > pz > py > NH;.

Along this series the energy of the lowest vacant
MOs of nonbound ligands, which are considered to be
responsible for the m*-acceptor properties, increases: —
0.14 < -0.07 <-0.04 < 0.09 (eV). As a consequence,
the energy (eV) of the electron transition with metal-
to-ligand charge transfer increases [30, 31]: 2.33 (tz) <
2.62 (pz) < 3.06 (py).

The ratio Ag(L—-M)/Agq(M—L) = D/A can be
considered as a measure of donor—acceptor properties
of a coordinated ligand. The separation of a complex
into two fragments {Ru(NH;)s}*" and {L} practically
does not affect the VSA results. The calculated charac-
teristics are close to those obtained by the CDA
procedure [32] (Table 3). We note, however, that for
the CDA realization it has been necessary to carry out
three quantum-chemical calculations for each com-
pound: (1) for the whole [Ru(NHs)s(L)]** complex, (2)
for the {Ru(NH;)s}*" fragment, and (3) for the
uncharged nonbound ligand L (the CDA procedure
allows only for splitting into two fragments).

The contour map shown in Fig. 2 was constructed
by the Chemissian program [33] for the electron
density deformation upon the formation of the

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 82 No. 10 2012
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VAO & Ru

VAO & Ru

(a)

VMOF E_,]() pz
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VMOF E_,l] pz

Fig. 1. VAOs (§, — &) of the metal and VMOF of ammonia molecules for (a) [Ru(NH;)s(L)]** complexes, (b) VAO &, of ruthenium
and VMOF of the pyrazine molecule in the [Ru(NH;)s(pz)]*" complex.

[Ru(NH;)s(pz)]”" complex from two fragments,
{Ru(NH;)s}*" and a pyrazine molecule. The electron
density transfer from the metal d,-AO to the ligand =-
orbital perpendicular to the ring plane can be clearly
seen. The increase in the density on the Ru-NH;
(trans) bond upon pyrazine coordination to the
{Ru(NH;)s}*" fragment with a coordination vacancy
reflects a competition between trans-ligands for the
charge transfer from lone pairs of nitrogen atoms to -
orbitals of the central atom, which forms the basis for
the static trans-influence.

Scale of donor—acceptor abilities of coordinated
ligands. Metal-ligand donor—acceptor interactions in
the complexes [NiL;X]? (L = NH3, CO; X = CN, PH3,
NHi, C,H,, CO, CS, N,, NO") were studied in [7]
within the framework of the NOCV method. It was
found that for L = NHj the charge transfer X—[NiL;]?
(X = CN", PH;, NH;, C,H,4) approaches one electron
and for X ligands considered in the present study it
decreases in the series: CN™ = PH; > NH; = C,H, > CO

> NO', and the Ni—X charge transfer diminishes in
the series: NO™ > CO > C,H, = PH; > CN™ > NH,,
whereas, for example, Ap (Ni > NH;) reaches 0.28.
Such results were attributed to the synergetic charge
transfer (Ap) X—Ni and Ni—X; it was pointed out

Fig. 2. Deformation of electronic density of [Ru(NHz)s]*
fragments and pyrazine molecule upon their combining in
the [Ru(NHy)s(p2)]** complex. Ap = p{[Ru(NH:)s(p2)*'} -
p(pz). Regions of negative values (electron density is
decreasing) are shown by dashed lines, Ap values for
contour lines vary from —0.035 up to +0.035, and regions
of the largest changes are marked by darker color.
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Table 2. Bond orders and donor-acceptor abilities of ligands (L = NHs, py, pz, tz) in [Ru(NHz)s(L)]*" complexes as deter-

mined by VSA
W(Ru-L) Ag
L q(L)
w we wr weIw" L—Ru Ru—L D/A
NH; 0.36 0.35 0.02 22.00 0.25 0.02 13.21 0.23
Py 0.44 0.38 0.06 7.00 0.30 0.09 3.28 0.21
pz 0.46 0.38 0.08 4.97 0.31 0.12 2.48 0.18
tz 0.59 0.40 0.19 2.12 0.36 0.30 1.18 0.06

that the sum of these values correlated with the AE
value calculated by the EDA method.

Using the procedure of valence-structural analysis
described in the previous sections, we have studied
donor—acceptor properties of ligands L in [Pt(L)(C1);]""
and [Ru(L)(NH;)s]*" complexes (q is the formal
charge of the free ligand L with a closed electronic
shell) (Table 4, Fig. 3). According to our data, ligands
CI" and NH; have no m-acceptor ability; ligands L are
selected so that their donor and acceptor properties
vary in the widest range. These properties depend on
the composition and structure of the inner coordination
sphere, nevertheless, a correlation between Ag(Ru—L)
and Ag(Pt—L) is easily observed (Fig. 3b). The
greatest discrepancies in the order of Ag(Ru—L) and
Ag(Pt—L) variations in the series of selected ligands L
were observed for phosphorus-containing ligands. It is
not improbable that they also participate in nonclas-
sical interactions inside the coordination sphere.

The obtained sequences of variation of donor and
acceptor activities of coordinated ligands coincide with
the data of [7], however the values of charge transfer
between ligands L and the metal are essentially
different: the NH;—M charge transfer is far from one,
and the NH;«M charge transfer is absent, which is in
better agreement with the generally accepted views on
the properties of this ligand.

Table 3. Donor, Ag(L—M), and acceptor, Ag(M—L),
properties of ligands in [Ru(NH;)s(L)]*" complexes as deter-
mined by CDA (electron-charge units)

L Ag(L—M) Ag(M—L) D/A
NH;* 0.28 0.01 27.6
py 0.32 0.08 4.1
pz 0.28 0.08 33
tz 0.28 0.10 2.6

¢ (NH3)gyans in [Ru(NH3)s(p2)]*".

Tertiary phosphines constitute an important class of
ligands, and the description of the nature of their bonds
with metals and quantitative characteristics of these
bonds attract attention over many years. To construct a
scale of their donor—acceptor properties, experimental
data were usually used. A review of theoretical studies
in this field is given in [34], where o-donor and =-
acceptor properties of phosphine ligands were
characterized within the framework of the NOCV
method. The o-donor properties of ligands L were
found to decrease in the series: P(CH3);=P(OCH3); >
PH(CHs); > PHy(CHs); > PH; > PCL; > PF; [Ni(CO)sL],
P(CH3); > PH(CH3); > PHy(CH3); > P(OCH3); > PH; >
PCl; > PF5 [Mo(CO)sL]; and the m-acceptor properties,
in the series: PF; > PCl; >> P(OCH;); > PH; >
PH,(CHs); > PH(CHs); > P(CH3); [Ni(CO);L], PCl; >
PF; >> P(OCH;); > PH; > PH,(CHj3); > PH(CH;); >
P(CH3); [Mo(CO)sL].

In addition to Pt(Il) compounds, donor—acceptor
abilities of PX; ligands have also been analyzed in this
work for trans-[Rh(CO)(COOH)(L),] complexes
(Table 5), where the following sequences of variation
of donor and acceptor properties have been found.

Ag(L—M):
P(OMC):;EPMG},EP(OPh)g':PFg,EPPh;zPHg,:
P(NC4H,); [PUL)(CD);]

P(i-Pr); = P(Cy); > PMe; > PF; > PPh; >
PH; [Rh(CO)(COOH)(L),].
Ag(M—L):

PF3 = P(NC4H4)3 ~ P(OMC)3 = P(OPh)3 > PPh3 >
PMe; = PH; [P(L)(Cl)s] ;

PF; >> PH; = PPh; > P(iPr); = P(Cy); >
PMe; [Rh(CO)(COOH)(L),].

The correlation between the charge transfer along
L—Pt o-bond and the Pt-Cl,,,; bond order in square
planar [Pt(L)(C1);]*" complexes (Fig. 4) indicates that

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 82 No. 10 2012
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Table 4. Donor and acceptor valence abilities of monodentate ligands L in [Pt(L)(C1);]*" and [Ru(L)(NHs)s]** complexes
(¢ 1s a formal charge on free ligand L with closed electronic shell)

Ligand [Pt(L)(C1)s]"" [Ru(L)(NHs)s]*"
AL-M) | aqM—L) | DA | Q) AqL-M) | AqM-L) | DA | Q)
qg=-1
CN 0.60 0.16 3.77 0.56 0.61 0.12 5.02 051
CCH 0.60 0.16 3.86 0.55 0.61 0.12 5.18 051
cl 0.37 0.01 >10 ~0.64 0.33 0.01 >10 ~0.62
OH 0.38 0.01 >10 ~0.62
CH;00 031 0.02 >10 ~0.68
SCN 0.46 0.05 8.44 ~0.60 0.43 0.02 >10 059
CNS 0.56 0.13 437 057
NCS 0.34 0.07 5.15 072
CH, 0.70 0.01 >10 035
CF, 0.60 0.14 4.42 ~0.54
CCPh 0.58 0.20 2.96 ~0.62
Ph 0.65 0.12 5.8 0.49
PhCN 0.62 0.19 3.26 057
q=0
H,0 0.17 0.05 3.67 0.12 0.14 0.01 >10 0.13
NH; 0.28 0.06 5.00 0.22 0.25 0.02 >10 0.23
py 0.28 0.15 1.91 0.12 0.30 0.09 3.8 0.21
pyz 0.29 0.24 1.19 0.04 0.30 0.12 2.48 0.18
tz 0.36 0.30 1.18 0.06
DMSO*® 0.20 0.02 >10 0.18
DMSO" 0.41 0.16 2.63 0.25 0.46 0.10 4.67 0.36
N, 0.32 0.26 1.20 0.05
C:H, 0.34 037 0.94 ~0.02 0.35 0.27 131 0.08
CH, 0.32 0.35 0.90 ~0.04 0.32 0.24 132 0.08
co 0.47 0.46 1.01 0.01 0.56 0.36 1.53 0.19
PH; 0.48 0.18 2.77 0.31
PF, 0.51 0.27 1.85 0.22
PMe; 0.56 0.17 3.30 0.39 0.58 0.08 6.86 0.50
PPh; 0.51 0.20 252 031 0.59 0.10 5.98 0.49
P(OMe); 0.57 0.25 229 032 0.65 0.14 4.60 0.51
P(OPh), 0.53 0.24 2.15 027 0.65 0.14 4.53 0.51
P(NC4H,); 0.48 0.26 1.84 0.22 0.64 0.16 4.02 0.48
g=-+1
pyzH" 0.30 0.36 0.83 0.94
NO' 0.36 0.93 0.39 0.43

* DMSO is coordinated through the sulfur atom. ® DMSO is coordinated through the oxygen atom.

the trans-influence of the ligand L is defined first of all and Ph) complexes. The stretching vibration
by the o-donor activity of L. frequency v(CO) is a useful source of information on
donor—acceptor interactions in the inner coordination

Electronic interactions between cis-ligands in  spheres of carbonyl complexes and on effects of
trans-[Rh(CO)(PY3),(OCOH)] (Y = CHj, i-Pr, Cy, mutual influence of ligands. It is caused by the
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Fig. 3. Correlation between (a) donor and (b) acceptor ability of ligands L in [Pt(L)(CI);]¢" and [Ru(L)(NH;)s]*"? complexes.

sensitivity of carbonyl ligands to the composition and Cco OCOH PPh;
structure of complexes and by a high degree. of Aq (from a ligand) 051 033 0.48
vibrational independence nature of v(CO) frequencies.

Aq (onto a ligand) 0.51 0.02 0.10

It was suggested in [35] that the characteristics
describing metal-CO bonds [bond length and spin-spin
interaction constant J(CRh)] are defined by the nature
of the ligand in trans-position relative to the carbonyl
group, and the characteristics, which are defined by the
population of m-antibonding orbitals of carbonyl
groups, depend first of all on cis-ligands in the coor-
dination sphere. The analysis of electronic structure of
trans-[Rh(CO)(PY;),(OCOH)] complexes shows that
only the carbonyl ligand in these compound has an
appreciable m-acceptor ability, phosphines exhibit
pronounced donor and weak acceptor abilities, which
are caused first of all by the population of p- (instead
of d-) phosphorus orbitals, and in the case of tri-
phenylphosphine, by the population of Ph m*-orbitals.
In the trans-[Rh(CO)(PPh;),(OCOH)] complex the

0.45
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o
A 2
f=1]

T

&

[

=]
T

0.1 02 03

Fig. 4. Correlation between Ag(L—Pt) and W(Pt—Cl,,) in
[Pt(L)(CD);]¢" complexes.

charge transfer Ag between each of ligands and the
remaining metal fragment has the following values.

As the donor ability of PX; ligands in cis-positions
in relation to the carbonyl group increases, v(CO)
decreases [36]. As Ag[Rh(CO)(PY;),(OCOH)—CO]
decreases, the frequency of C—O stretching vibrations
increases (Table 6), which can be considered as an
evidence of reliability of calculated characteristics of
donor—acceptor properties. Nonzero total Wyberg
indices, W(P-C) ~ 0.09, and partial Wyberg indices,
w[o(PY;3)-n*(CO)] ~ 0.05, point to a possibility of
direct nonclassical interactions between PY; and CO
ligands (Table 6).

Valence-structural analysis developed in the present
work is based on the results of a quantum-chemical
calculation for the molecule (complex) under study
and includes the following stages: transition to the
basis of natural atomic orbitals (NAO); calculation of
Wyberg bond indices; their decomposition into 6-, 7-,
and d&-components; analysis of contributions of
separate (s, p, d)-AOs to these values; construction of
single-center (VAO) and multicenter valence
molecular orbitals (VMOF) and their sorting by the
valence activity realized inside a fragment or directed
to interfragment bonds; characterization of donor and
acceptor valence activities of VMOFs; construction of
a table of indices for bonds between orbitals of
fragments and analysis of VMOFs responsible for the
formation of intrafragment and interfragment bonds.
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Table 5. Donor and acceptor abilities of ligands L in complexes [PtCI;L] and trans-[Rh(CO)(COOH)(L),]
L [PtCLL] [Rh(CO)(COOH)(L),]
Ag(L—M)* AgM—-L)* Ag(L—>M)° Ag(M—-L)° Ag(L—>M)* Ag(M—L)*

P(Cy)s 0.51 0.09
P(i-Pr); 0.51 0.09
PMes 0.56 0.17 0.55 0.19 0.50 0.08
PPh; 0.51 0.20 0.51 0.23 0.48 0.10
PH; 0.48 0.18 0.50 0.18 0.44 0.10
P(OMe); 0.57 0.25 0.57 0.25

P(OPh); 0.53 0.24 0.54 0.28

P(NC4H,); 0.48 0.26 0.48 0.26

PF; 0.51 0.27 0.55 0.26 0.49 0.18

* B3LYP/LanL calculation. ®* PBE1PBE/SDD+DZVP.

Table 6. Donor and acceptor abilities of the carbonyl ligand in trans-[Rh(CO)(PY3),(OCOH)] complexes, characteristics of
the interaction between cis-ligands CO and PY3, and frequencies of stretching vibrations C-O*

Parameter Cy i-Pr Me Ph
Ag[Rh(PY3),(OCOH) « CO] 0.524 0.530 0.517 0.512
Ag[Rh(PY3),(OCOH) — CO] 0.578 0.566 0.527 0.506
w(P-C) 0.097 0.098 0.089 0.083
W[o(PY3)-*(CO)] 0.055 0.059 0.048 0.040
V(CO)carc [36]° 1936 1945 1966 1975
V(CO)eyp [36] 1948 1954 1980

* Calculated frequencies for all complexes were multiplied by an empirical calibrating factor 1.02455.

The VSA is carried out by means of specially
developed software. As compared to other procedures
focused on solution of similar problems, VSA has the
following advantages: considerably smaller compu-
tational complexity; results of the analysis are linked
both with charge characteristics and with bond orders;
a flexible splitting into fragments (the number of
fragments can be arbitrary, which makes it possible to
consider interfragment ligand-ligand interactions);
only the formal configuration of the metal atom is used
to describe donor—acceptor interactions, and com-

by the calculation of bond orders and their component-
wise analysis.

DETAILS OF CALCULATIONS

Quantum-chemical calculations were carried out in
the framework of density functional theory with the
B3LYP hybrid functional [37]. The LanL.2DZ valence
basis set [38, 39] was supplemented by polarizing d
orbitals and diffuse p orbitals for P, S, and Cl atoms
[40]. In the case of phosphorus-containing Pt(Il) com-
plexes the exchange-correlation functional PBEO (also

plexes are classified according to it without any spe-
culations about the charges of fragments.

The application of the VSA technique describes
metal-ligand bonds in the considered complexes in
complete agreement with the previously proposed
model [1] and allows donor—acceptor bonds to be
characterized in terms of charge transfers M«—L [Ag(c)]
and M—L [Ag(m)]. This description is supplemented

known as PBE1PBE) [41] was used in combination
with the basis sets SDD and DZVP for the Pt atom and
the H, C, N, O, and P atoms [42], respectively. For all
compounds the calculations were performed with the
full geometry optimization without symmetry
limitations. The calculations were carried out using the
GAUSSIAN-03 program [43] on the high-performance
computer complex of St. Petersburg State University.
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