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Abstract: The present work is devoted to the theoretical study of the activation of the acetylene molecule coordinated
in the [Pt(PPh,),C,H,] complex. By means of DFT calculations it is shown that the geometrical and electronic
characteristics of the C,H, are essentially changed due to its coordination. The subsequent detailed analysis of the
molecular orbitals (MO) of the active valence zone of this complex allows one to make important conclusion that this
activation is being realized mainly due to the orbital back donation of 5d-electronic density from one of the occupied
MOs of the complex [Pt(PPh,),] to the unoccupied antibonding n*-MO of C,H..
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1. Introduction

Halogen derivatives of acetylene are very important in practical (industrial) use as monomers in plastics
manufacturing. They are usually obtained by means of reactions between hydrogen halogenides and various transition
metals complexes with coordinated (activated) acetylene molecules. Activation of acetylene by coordination to transition
metals is thus the main chemical process in one of the most important chemical industries [1, 2].

Under the chemical activation of molecules by coordination it is implied the modification of their electronic
and nuclear structures which leads to their higher chemical reactivity. Among qualitative models for representation of
the metal-unsaturated hydrocarbon bonding the Dewar-Chatt-Duncanson diorbital scheme [3] is more conventional.
According to this approach the carbon-metal bond in the transition metals complexes of acetylene is provided by two
bonding MOs: the first MO of a ¢ character is formed through the overlap between one of the empty metal d-orbitals
and the bonding n-MO of acetylene, and the second one of a w-type is formed by one of the filled d_orbitals of the metal
and the empty antibonding ©* orbital of acetylene. The formation of the ¢ bond leads to the transfer of electronic density
from the acetylene to the metal (c-type donation, Ad_ ), while the 7 bond provides the opposite charge transfer from the
metal to the antibonding ©*-MO of acetylene (n-type back donation, Aq).

A more general definition of the ligand bonding, in which mono-orbital, diorbital and multiorbital metal-ligand
bonds are distinguished, was suggested by Bersuker in the monograph [4]. In the MO terminology “the multiplicity of
the orbital bonding (mono-, di-, and multiorbital) equals the number of complex-ligand bonding MOs uncompensated by
the antibonding orbitals” [4]. It follows from this definition that the electronic charge transfers to and from the ligand are
due to formation of such uncompensated bonding MOs of the entire complex. The values of the orbital charge transfers
depend on the nature of the metal and the geometry of ligand coordination. They may have opposite signs (Ag,<0 means
the electron density transfer from i-th MO of the ligand to the metal, and Ag>0 in the opposite case) compensating each
other and giving a small value of the total charge transfer. However, their effect on ligand activation may be additive. In
the particular case of diorbital bonding the scheme of mutually compensating charge transfers [4] is qualitatively the
same as the Dewar-Chatt-Duncanson one [3].

Thus, in order to clarify the nature of the metal-ligand bonding, it is necessary to calculate the electronic structure
of the whole complex, as well as the values of the orbital charge transfers to and from molecular orbitals of coordinated
ligand.

Bis-triphenylphosphine complexes of zero-valence Pt with acetylene and its derivatives of the type
[Pt(PPh,),RCCR] have been the subject of several experimental studies [5-8]. In accordance with [5], these complexes
are formed mainly as a result of summary model reactions:

[Pt(PPh,),]+RCCR’—[Pt(PPh,),RCCR [+2PPh, €))
[Pt(PPh,),]+RCCR’—[Pt(PPh,),RCCR’] 2)

It was established also [5, 7] that in above complexes the acetylene molecule is coplanar (or nearly so) with the

plane of two phosphorus atoms and the atom of Pt. It is coordinated in the scheme of the = complex when the C-C bond

line is perpendicular to the line of bonding to the metal, being cis-distorted. Some explanations of this cis-bent geometry
of the coordinated acetylene molecule were given in [9].
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In the present work, the nature of the Pt(0)-C,H, binding and the changes in the properties of the C,H, molecule
due to its coordination in the [Pt(PPh,),HCCH] complex are analyzed on the basis of the Density Functional Theory
(DFT) calculations of the electronic structure of the [Pt(PPh,),] (I), [Pt(PPh,),] (II), [Pt(PPh,), HCCH] (III) complexes
and free C,H, and PPh, molecules.

The energy effects of the [Pt(PPh,),HCCH] formation due to reactions (1) and (2) were also evaluated.

2. Computational details

The electronic and geometrical structures of free C,H, and PPh, molecules and the corresponding platinum(0)
complexes (I), (IT) and (IIT) have been investigated by means of the DFT method, including Becke’s three-parameter
nonlocal-exchange functional [10] with the correlation functional of Lee, Yang and Parr (B3LYP) [11]. All the
calculations were performed with the GAUSSIAN 03 program package [12]. For each compound considered, a full
geometry optimization is performed using the LANL2DZ basis set with non-relativistic effective core potential for Pt
and the split-valence basis set 6-31G(d) including polarization functions for all other atoms (P, C, and H) in the systems.
This method is being widely used for quantum chemical studies of transition metals complexes during a few last years.
It has proved its reliability in obtaining quite accurate geometrical parameters (the average B3LYP error is estimated to
be ~0.01A for bond distances and ~0.6° for valence angles) and energy characteristics (2-3 kcal/mol) of studied systems
(see, for example [13] and references therein).

To calculate the values of the orbital charge transfers to and from C H, the MOs obtained by the DFT calculations
are rewritten in the basis of the eigenfunctions of the free C,H, and atomic orbitals (AO) of other atoms. Then the
occupations of the C,H, eigenfunctions in the complex are calculated as the Mulliken populations of the corresponding
orbitals.

The energy gains AE, of reactions (1) and (2) with R=R’=H were defined as AE_ = E(product) — E(reactant).

3. Results and discussion

3.1 Structure of the Complexes

A general view of the complexes (I), (II) and (IIT) along with the used coordinate system is shown in Fig.1. Full
geometry optimization for all the compounds was carried out assuming the T symmetry group for (I) and C, symmetry
for (II) and (III). Calculations show that in the coordinationally unsaturated [Pt(PPh,) ] compound the P, Pt, P atoms
are collinear. The optimized values of the Pt-P distances are equal to 2.29 A for the above compound and 2.47 A for the
[Pt(PPh,),]. These values are in a rather good agreement with the available experimental data [6, 7, 14].

Fig. 1. Structure of the [Pt(PPh,),] (I), [Pt(PPh,),] (I) and [Pt(PPh,),HCCH] (IIT) complexes
(for the sake of simplicity the phenyl-hydrogen atoms are omitted)

In Table 1 are summarized the most relevant calculated geometry parameters for the [Pt(PPh,),HCCH] (III),
together with those reported for similar systems [6, 7]. Optimized geometries were found to be close to their experimental
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analogues. Note first of all, that the acetylene molecule is coordinated in (III) in the plane of P-Pt-P, being cis-distorted.
Moreover, this compound exhibits rather high energy barrier to internal rotation of the C,H, around the Pt-acetylene axis
(~ 60 kcal/mol in our calculations). This value is probably overestimated as the total energies for the rotation up to 90°
(the normal coordination of C,H,) were calculated without the corresponding geometry re-optimization. In any case, the
presence of such high energy barrier of rotation is marked in a number of papers [5, 15].

Table 1
Calculated and experimental geometry parameters for the [Pt(PPh,),RCCR’]
(distances in A and angles in degrees)

Geometry parameters Calculated X-ray data
(R=R'=H)

R(Pt-P) 2.36 2.28 [6,7]

/P-Pt-P 112.9 103 [6], 102 [7]

RP-C ) 2.08 2.01[6,7]

R(C-C ) 1.28 1.28 [6], 1.32[7]

£C oy PEC ) 359 371[6],39[7]

Table 2 contains the calculated geometry parameters, the C-C bond force constants (K) and the stretching
frequencies (v _.) for both the free and coordinated in (III) acetylene molecules. The values of K were estimated in

the assumption that the total energy E of the C,H, molecule in the neighbourhood of the equilibrium (Rgc) can be

written as E(ARcc) =1/ 2K(ARCC)2,where ARcec =Rce — R8C' Then, using the harmonic oscillator equation,

v =1/27c./K / 11, where the reduced mass 1 in our case is equal to the half of the mass of the C atom, and c is the velocity
of light, we have evaluated the values of the v _..

Table 2
Geometrical and electronic parameters of the free and coordinated C,H, molecule
Distances (A), angles (deg.)
-1 )

Molecule Ve €M K, mdyn/A C-C -C-H /C-C-H
HCCH, 1976 13.80 1.28 1.08 148.2
coordinated
HC=CH, free* 2075 15.25 1.21 1.07 180.0

*Experimental values for free C_H are [16]: v._ =2100 cm™, K=15.59 mdyn/A
2772 Cc=C

The results of Table 2 show that the geometrical structure of the acetylene molecule is changed significantly due
to its coordination. The coordinated C,H, molecule induces not only an elongation of the C-C distance (1.21A in free
C,H, versus 1.28A in coordinated one) but also a bending of the hydrogen atoms away from the metal (the calculated
bond angle of the C-C-H group is 148.2° for the complex). The length of the C-C bond in coordinated acetylene is
intermediate between this value for gas phase acetylene and ethylene (1.34 A), while the C-C-H angle is far from that of
free C,H, (180°) and is near to the angle in the ethylene molecule (120°). This means that coordination of acetylene to
the Pt(0) in the above complex leads to the essential change of the kind of hybridization of the valence AOs of its carbon
atoms from sp (in the gas phase) to approximately sp?. This results to the decrease in the CC bond force constant and the
stretching frequency(Av,._=100cm™) (Table 2), which means the weakening of the CC bond.

Calculated total energies of the complexes (I), (IT) and (III) and free C,H, and PPh, molecules in their optimized
equilibrium geometries allow one to estimate the energy gains of the model summary reactions (1) and (2). Our
calculations show that both the reactions (1) and (2) are exothermic (AE_(1)=38 kcal/mol and AE_(2)= 9 kcal/mol), in
agreement with the data of [5].

3.2 Orbital charge transfers and the nature of the Pt(0)-acetylene bonding

In order to analyze the orbital charge transfers in the [Pt(PPh,),C,H,] complex, consider first of all the changes of
the molecular orbitals of C,H, due to its coordination. As shown in the Section 3.1, the coordinated acetylene molecule
possesses a Cis-bent structure in the complex. In Fig.2 the highest occupied MO (HOMO) and the lowest unoccupied
MO (LUMO) of the linear and the cis-distorted acetylene molecule are presented (letters a and b denote the irreducible
representations of the C, point group of symmetry used throughout the calculations).
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Fig.2. Splitting of the HOMO and LUMO of free C,H, molecule (linear, D_ ) due to its coordination
(cis-bent, C))

The cis-distortion causes the splitting of the double-degenerated © and ©* MOs of linear C,H, into the two
occupied b(rcl) and a(nH) and two unoccupied a(nl*) and b(nH*) MOs (Fig.2). The maximum of the electronic density
of T, and TC”* MOs is in the plane of coordination, while that of = and w * MOs is in the perpendicular one. This leads
to increase of the energy of the HOMO (n”) and to decrease of the energy of the LUMO (n”*) enhancing thereby the
donor-acceptor properties of acetylene. When forming the complex [Pt(PPh,),C,H, ], these valence MOs of the acetylene
molecule interact with appropriate orbitals of the Pt atom, giving rise to the Pt- C_H, bonding.

Consider in more detail the MO energy-level scheme of the active valence zone of the whole [Pt(PPh,),C,H,] and
that of its fragments, [Pt(PPh,),] and C,H, (Fig.3). Both these fragments were considered in their pre-activated states
(nonlinear P-Pt-P fragment and cis-distorted C,H, molecule). It was done in order to understand the main electronic
redistribution details accompanying the formation of MOs of the complex [Pt(PPh,),C,H,]. The orbital energies and the
composition of these MOs are presented in Table 3. The nomenclature of MOs in Table 3 is given in accordance with
the coordinate system from Fig.1.

Table 3
One-electron states of valence zone of the [Pt(PPh,),C,H ]
Orbital, Ne, Energy, a.u. Composition*
symmetry
168 b 0.054 0.59(5dxy“)-0.44(c*°°)-0.3l(n”*CC)
154 b, HOMO -0.184 0.72 (5d_")-0.31(m «)
153 b, HOMO-1 -0.198 0.33(5d, l’t)+0.18py1" +0.21((5*°°)+0.23(7t”*°°)
152 a, HOMO-2 -0.199 0.67(5d, 2"‘)-0.11(5dz2 Pt)—0.12(0”)-0.22(71”“‘) -0.23(6s™)
137 a -0.293 0.42(5dx2_y2P‘)+0.17(5dlzpt)+0.20(GC°)+0.26(TC”°°)
136 b -0.295 050 (5d, ")+0.35(m *)

*For simplicity, only those contributions of the AOs of Pt and MOs of C,H, are presented, whose AO coefficients are
higher than 0.1 (in absolute value)

It is to be noted that some MOs of the Pt(PPh,), fragment on the left side of Fig. 3 are not pure d-AOs of the atom
of Pt. For example, the MO designated as x?-y?, contains, besides the 5dx2_y2, a fairly significant contribution of 6s-AO
and some admixture of 6p -AO of the metal. The MO xy is the linear combination of the 5dXy and 6py AOs of the Pt, and
the 3p-AOs of the atoms of phosphorus.

The occupied a(n“) MO of C H, interacts with the occupied MO (x*-y?) of the Pt(PPh,), fragment, giving rise to the
two occupied c-type MOs of the [Pt(PPh,),C H,] complex: the bonding MO 137a and the antibonding MO 152a (Fig.3).
Because of the fact that both these MOs are occupied by electrons, they compensate each other, and hence their total
contribution to the Pt-C H, bonding is very small. The results of the DFT calculations yield Ag_= -0.09 &. This small
Aq_ value characterizes the slightly asymmetrical charge distribution in the mutual compensating bonding (137a) and
antibonding (152a) ¢ MOs.
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Fig. 3. MO energy-level scheme of the active valence zone of the Pt-C H, bonding.

Two other n-type MOs of the [Pt(PPh,),C,H,], the bonding MO 136b and the antibonding HOMO-154b, are formed
also by the occupied MOs of the fragments: b(r ) of C,H, and xz of Pt(PPh,),, the latter is approximately a pure 5d_-
AO of Pt. As in the previous case, both these MOs, bonding 136b and antibonding 154b, are double occupied (Fig.3),
and hence they do not contribute to the Pt-C ,H, bonding, due to their mutual compensation. The n -type donation is
negligible, Aq_=0.

The main contribution to the Pt-C H, bond is provided by forming of the n-type bonding MO 153b from the
corresponding MOs of the above fragments, namely, from the filled MO xy of the [Pt(PPh,),] and the empty antibonding
n”*-MO of C,H,. Due to forming of this (153b) MO the electron density from the Sde—AO of the Pt atom is transferred
to the nH*-MO of the acetylene molecule (the n-type back donation). The orbital charge transfer is quite significant, Aq_,
= 0.36 &. This value coincides with the decrease of the 5d_-AO population due to formation of the complex (1.50 & in
the [Pt(PPh,),C,H,], compared with a value of 1.88 € in the Pt(PPh,),).

It is seen from Fig. 3 that only this one bonding MO of the complex, 153b, composed, as discussed above, from
the filled Sde-AO of the Pt and the empty n”*—MO of C,H,, is uncompensated by the antibonding orbital (the empty
MO 168b in our calculations). Therefore the Pt(0)-acetylene bonding in the studied complex can be classified as mainly
mono-orbital one [4]. Namely this MO 153b provides the essential charge transfer to the antibonding n*-MO of C,H,
causing the activation of the latter.

The net effect of the charge density redistribution due to the [Pt(PPh,),C,H,] formation is reflected in Table 4 where
the values of the atomic charges and the bond indexes are presented. It is seen that the C,H, molecule in the above
complex carries the resulting negative charge (Q(C,H,)= -0.24¢), the fact suggesting that the n-accepting ability of C,H,
prevails over its o-donor properties. The value of the C-C bond order decreases from 3.0 up to 2.3. Note also that the net
atomic charge Q,, on the Pt atom is negative, while that on the P atoms is positive. This agrees with the data of the article
[17], where the nature of the Pt-P bond in two model systems, [(H,P),Pt] u [(F,P),Pt], is discussed in detail.
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Table 4
Atomic charges Q(€) and bond orders (the Wiberg bond indexes) in the [Pt(PPh,),], [Pt(PPh,),C,H,]
and free C,H,
Q Wiberg bond indexes

Molecule Pt P CH, Pt-P Pt-C C-C C-H

[Pt(PPh,),] -0.48 0.38 - 0.58 - - -
[Pt(PPh,),HCCH] -0.35 0.50 -0.24 0.42 0.45 2.31 0.89
HC=CH, free - - 0. - - 2.99 0.93

Conclusion

On the base of our DFT calculations the following conclusions can be drawn. The acetylene molecule in the
[Pt(PPh,),C H,] complex is in its activated state. It is reflected in the corresponding cis-distortion of the molecule, in
the elongation of the C-C bond distance accompanied by the decrease in the C-C bond force constant and the stretching
frequency v_.. This activation is being realized mainly owing to the orbital back donation of 5d-electronic density from
one of the occupied molecular orbitals of the precursor complex [Pt(PPh,),] to the unoccupied antibonding n* MO of
the C,H, molecule.
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