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The equilibrium geometries and bond dissociation energies of the complexes L,TM—C;H,
and L,TM—C,H, (TM = Ni, Pd, Pt) with the monodentate ligands L, = (PH3),, (PMejs), and
the bidentate ligands L, = 5?-diphosphinomethane (dpm), n?-diphosphinoethane (dpe) have
been calculated using gradient-corrected DFT methods. The nature of the bonding interac-
tions between the metal and the x ligands ethene and ethyne was investigated with an
energy partitioning analysis (EPA). The ethene and ethyne ligands are more strongly bonded
to the metal when L, = dpm, dpe. The EPA results reveal that the reason for the stronger
bonds of (dpm)TM—C;Hy and (dpe)TM—C;Hy is the smaller preparation energy of (dpm)TM
and (dpe)TM that is necessary to deform the metal fragments from the equilibrium geometry
to the geometry in the complex. The L,TM—C,Hy interaction energies between the fragments
with a frozen geometry do not significantly vary when L, consists of a bidentate or two
monodentate ligands. The EPA shows also that the nature of the L,TM—C,H, bonding does
not change a lot when L, = (PHs),, (PMej3), or when L, = dpm, dpe. The metal—carbon bonds
always have a higher electrostatic (54.1—62.3%) than covalent (37.7—45.9%) character. The
covalent bonding in the ethyne and ethene complexes comes mainly from the TM—C,Hjy
in-plane s back-donation, while the relative contribution of the TM<—C,H, ¢ donation is much
less. The contributions of the out-of-plane a,(d) and b, (xzp) orbital interactions are very small
even for the ethyne complexes. The bonding analysis suggests that the ethyne ligand in the
complexes (PH3), TM—C,H, and (PMe3), TM—C,H; should be considered as a two-electron

donor and not a four-electron donor.

Introduction

In 1951, Dewar introduced the molecular orbital
model to describe the bonding of an ethene coordinated
to Ag(l) or Cu(l).! Chatt and Duncanson? used Dewar’s
model for a systematic description of metal—ethene
complexes. It is therefore nowadays called the DCD
model after Dewar, Chatt, and Duncanson.® The DCD
model has become the most important bonding model
in transition metal (TM) chemistry not only for ethene
complexes. The model suggests a synergistic TM-—ligand
o donation from the occupied m orbital* of the ethene to
the empty d(o) orbitals of the metal, and a TM ligand &
back-donation from the occupied d(sr) AO of the metal
to the empty #* orbital of the ligand. An alternative
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bonding model that is important for transition metals
in high oxidation states has two electron-sharing o
bonds between the metal and the carbon atoms, which
leads to a description of the molecule as a metallacy-
clopropane.>® The two descriptions can be used for both
alkene and alkyne complexes, the major difference
between the two classes of compounds being the pres-
ence of a second s orbital in alkynes, which is perpen-
dicular to the TMC; plane, and which can be involved
in the metal—ligand interactions. Due to this orbital,
alkynes can be two- or four-electron donors. We will
discuss the orbital interaction model in more detail
below.

In this paper we report the results of quantum
chemical calculations of alkene and alkyne complexes
of the group 10 elements nickel, palladium, and plati-
num. Numerous theoretical studies of this class of
compounds have been published in the last 20 years,
focusing mainly on geometries and binding energies.36-17
The nature of the metal—ligand interactions was also
analyzed by several workers. The discussion of the
bonding situation was in most cases done in terms of
the DCD model; that is, only the orbital interactions
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were considered. However, electrostatic attraction should
also play an important role for the metal—ligand bond-
ing in ethene complexes. Besides the attractive orbital
and electrostatic interactions, there is strong Pauli
repulsion between the ethene ligand and the metal
fragment, which is important in order to give a physi-
cally meaningful insight into the nature of the bond.
A theoretical method that gives a quantitative esti-
mate of the attractive orbital and electrostatic interac-
tions as well as an estimate of the Pauli repulsion was
introduced already in the 1970s independently by Moro-
kumal® and by Ziegler.'® Both workers used their
methods for analyzing the bonding situation in alkene
and alkyne complexes of group 10 elements.”~°12 The
work by Morokuma et al.8 was carried out only at the
Hartree—Fock level. Therefore, a comparison with the
present results is not appropriate. In the theoretical
studies of Ziegler et al.”%12 the authors used a question-
able division of the interaction energy between the metal
fragment and the ligand where the electrostatic attrac-
tion and the Pauli repulsion are added to give a term
called steric energy. This has been criticized, because
the steric term has no physical meaning and it has
nothing to do with the loosely defined concept of steric
interactions between substituents.?® Because the elec-
trostatic attraction and Pauli repulsion have opposite
signs and often nearly cancel each other numerically,
the addition of the two terms deceptively suggests that
the metal—ligand bonding comes only from the orbital
interactions. We suggest that the electrostatic attraction
and Pauli repulsion have to be considered separately,
so that the bonding contributions of the electrostatic and
the orbital interactions can be properly compared to
estimate the ratio of electrostatic and covalent bonding.
Two years ago we started a research program that
aims at a quantitative analysis of the chemical bond in
terms of electrostatic versus covalent interactions, also
providing a estimate of the relative degree of multiple
(r and 0) bonding of the covalent part, which is based
on energy terms rather than partial charges. The
program is based on the energy partitioning analyses
of Morokuma?® and Ziegler,'® which are described in the
Methods section. In previous studies we investigated the
nature of the chemical bond in transition metal com-
plexes with ligands CO,2122 with group-13 diyl ligands
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ER (E = B—TI, R = Cp, N(SiH3)2, Ph, Me, NH,, H),2223
with the ligands Cp and Ph,24252 with the ligands cyc-
Es (E = N—Sb) which are valence isoelectronic with
Cp,?® and with phosphane ligands PR3 (R = H, Me, Cl,
F).26 We also investigated complexes with side-on and
end-on coordinated ligands N, P, As,, Shy, and Bi,.2”
More recently we moved toward analyzing chemical
bonds between main group elements. We studied main
group metallocenes Cp,E (E = Be—Ba, Zn, Si—Pb) and
CpE (E = Li—Cs, B—TI)?® and phosphane complexes
X3B—PY3 and X3AlI-PY3 (X =H, F, Cl; Y = F, Cl, Me,
CN).2° Part of this work has been summarized in a
review.20

We have now extended these studies to ethene and
ethyne complexes of the complete triad of group 10
elements. Here we present our results of the bonding
analysis of the complexes L,TM—C,H; and L, TM—C,H,
(TM = Ni, Pd, Pt; L, = (PH3)2, (PMe3s),, dpm, dpe). The
breakdown of the metal—ligand interaction energy into
physically meaningful terms gives a comprehensive
description of the nature of the bonding. The EPA
results also settle the question whether the alkyne
complexes L,TM—C3H;, should be considered as 16-
electron complexes or as 18-electron complexes, i.e.,
whether ethyne serves as a two-electron or four-electron
donor in the molecules. A previous charge-partitioning
analysis of (PH3);Ni—C;H, by Hyla-Krispin et al. re-
vealed that ethyne serves as a four-electron donor in
the compound, which should be considered an 18-
electron complex.'” It was later pointed out that the
NBO data that are reported in this work are not in
agreement with the assignment of an 18-electron com-
plex and that an energy decomposition analysis should
be carried out in order to address the question in an
unbiased way.3° This is now done in the context of the
present study.

Methods

The geometries and bond dissociation energies have been
calculated at the nonlocal DFT level of theory using the
exchange functional of Becke®' and the correlation func-
tional of Perdews? (BP86). Scalar relativistic effects have
been considered using the zero-order regular approximation
(ZORA).3334 Uncontracted Slater-type orbitals (STOs) were
used as basis functions for the SCF calculations.®® The basis
sets for all atoms have triple-¢ quality augmented with one
set of polarization functions, i.e., p functions on hydrogen, d
functions on carbon and phosphorus, and f functions on the

(21) Diefenbach, A.; Bickelhaupt F. M.; Frenking, G. J. Am. Chem.
Soc. 2000, 122, 6449.

(22) (a) Chen, Y.; Frenking, G. J. Chem. Soc., Dalton Trans. 2001,
434. (b) Doerr M.; Frenking, G. Z. Allg. Anorg. Chem. 2002, 628, 843.
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metals. The (1s2s2p)° core electrons of the transition metals
and the 1s? core electrons of carbon and phosphorus were
treated by the frozen core approximation.3® 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 ac-
curately in each SCF cycle.?” This level of theory is denoted
BP86/TZP. The latter calculations were carried out with the
program package ADF 2000.01.3 The geometries have also
been optimized with the program package Gaussian 98%° using
B3LYP“ in conjunction with the LANL2DZ effective core
potentials*t for Ni, Pd, and Pt and 6-31G(d) basis sets for the
other atoms.*> This level of theory is denoted B3LYP/
LANL2DZ*. The latter calculations were carried out because
the vibrational frequencies at B3LYP/LANL2DZ* could be
calculated using analytical second derivatives. All structures
that are reported here are energy minima on the B3LYP/
LANL2DZ* potential energy surface.

The nature of the metal—ethene and metal—ethyne bonding
has been investigated through the energy-partitioning analysis
(EPA) of the program package ADF based on the EDA method
of Morokuma?® and the ETS partitioning scheme of Ziegler.®
The bonding analysis was carried out at the BP86/TZP level.
In the EPA method the bond dissociation energy D. between
two fragments A and B is partitioned into several contributions
which can be identified as physically meaningful entities. In
the present case the fragments are L,TM and C,Hy in the
singlet ground state. First, D. is separated into two major
components, AEyrep and AEint:

—D. = AEprep + AEjy, 1)

AEprep is the energy that is necessary to promote the fragments
L,TM and C,;Hyx from their equilibrium geometry to the
geometry that they have in the complex L,TM—C;Hy. AEin is
the instanteneous interaction energy between the two frag-
ments in the molecule. Note that it is AE;,; and not D, that
should be used to identify the nature of the chemical bond.
The interaction energy AEin: can be divided into three com-
ponents:

AEint = AEelstat + AEF’auli + AEorb (2)

AE.istat gives the electrostatic interaction energy between the
fragments that are calculated with a frozen electron density
distribution in the geometry of the complex. It can be consid-
ered as an estimate of the electrostatic contribution to the
bonding interactions. The second term AEpaui in eq 1 gives
the repulsive four-electron interactions between occupied
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Comput. Chem. 2001, 22, 931.
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orbitals. AEpaui is calculated by enforcing the Kohn—Sham
determinant of the molecule which results from superimposing
the fragments to be orthonormal through antisymmetrization
and renormalization. The stabilizing orbital interaction term
AE, is calculated in the final step of the analysis when the
Kohn—Sham orbitals relax to their final form. The orbital term
AEqn can be considered as an estimate of the covalent
contributions to the attractive interactions. Thus, the ratio
AEeistai/ AEor, indicates the electrostatic/covalent character of
the bond. The latter term can be partitioned further into
contributions by the orbitals that belong to different irreducible
representations of the interacting system. This makes it
possible to calculate, for example, the contributions of o and
z bonding to a covalent multiple bond. More details about the
method can be found in ref 38b.

Geometries and Bond Energies

Figure 1 shows schematically the optimized struc-
tures and the most important bond lengths and bond
angles in the complexes. The complete sets of inter-
atomic distances and angles are given as Supporting
Information. Figure 1 also gives the theoretically pre-
dicted bond dissociation energies (BDESs) of the Lo, TM—
C,Hy bonds at BP86/TZP.

The calculated geometries and bond energies shall be
discussed only shortly because the molecules have
already been studied in previous theoretical investi-
gations.12-17 Qur calculated bond lengths and angles are
in good agreement with earlier works which report
about geometries optimized at different level of theory.
Figure 1 also gives for some complexes the experimental
values of TM—C and C—C distances which have been
reported for substituted analogues of the model com-
pounds. The theoretically predicted TM—C bond lengths
are always slightly longer than the experimental values.
The difference can be explained with the influence of
the substituents and with solid state effects. It has been
shown that donor—acceptor bonds are shorter in the
solid state than in the gas phase because of intermo-
lecular interactions.5® The differences between theoreti-
cal and experimental values in Figure 1 are not very
large, however.
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Figure 1. Calculated bond lengths [A] and angles [deg] and theoretically predicted bond dissociation energies of the
ligands [kcal/mol] of L,TM—C,Hy at BP86/TZP (B3LYP/LANL2DZ*). Experimental bond lengths of substituted analogues
are given in italics. The experimental values have been taken from the following complexes: (Ph3sP);Ni(C;H,),* (PhsP),-
Ni(C;Hy),* (Ph3P),Pd(CH,CCH,),*> [(CsH11)3P].Pd(CF3CCCF3),*¢ (Ph3sP),Pt(C,Hy),*” (PhsP),Pt(H;CCCPh),*8 (MezP),Pt-
(PhCCPh),* [(tBu),P(CHy)P(tBu)2]Ni[Ph(CH),Ph],5° [(tBu),P(CH,)P(tBu),]Ni[Me;SiCCSiMes],5* [(Pr),P(CH,),(‘Pr),P]Ni-
(CgHg),sZ [Mezp(CHz)szeg]NI(PhCCPh),53 [(CGH11)2P(CH2)2P(C6H11)2]Pd(CHzCHCHCHz),54 [('Pr)zp(CHz)zp('Pr)z]Pd(HCCPh),55
[Ph,P(MeCH),PPh,]Pt(PhCHCHPh),38 [(iPr),P(CH,),P(iPr),]Pt(PhCCPh).5”
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Table 1. Energy Decomposition Analysis of (PH3), TM—C,Hy at BP86/TZP (kcal/mol)

Ni(PH3); Pd(PH3), Pt(PH;3)2

CaHy CzH2 CaH4 CaH2 CoHy CoH>
AE(= —Dg) —-34.3 —41.5 —-16.1 —-17.9 —19.6 —-23.7
AEprep(tot) 20.4 30.8 20.9 30.9 39.3 51.3
AEprep(C2Hy) 9.2 18.1 7.2 15.2 12.8 21.4
AEprep(L2TM) 11.2 12.7 13.7 15.7 26.5 29.9
AEint —54.6 —-72.3 —-37.0 —48.8 —58.9 —75.0
AEpauii 143.4 167.5 138.1 162.0 205.7 228.8
AEgistat® —114.4 (57.8%) —132.2 (55.1%) —109.1 (62.3%) —125.6 (59.6%) —159.8 (60.4%) —174.7 (57.5%)
AEorp? —83.6 (42.2%) —107.6 (44.9%) —66.0 (37.7%) —85.2 (40.4%) —104.8 (39.6%) —129.1 (42.5%)
AE(a1),? —21.1 (25.2%) —21.7 (20.2%) —20.3 (30.8%) —22.0 (25.8%) —36.1 (34.4%) —38.1 (29.5%)
AE(az)s? —0.2 (0.3%) —3.5(3.1%) —0.3 (0.4%) —1.7 (2.1%) —0.7 (0.7%) —3.0 (2.3%)
AE(by)mP —3.4 (4.0%) —5.5 (5.1%) —2.9 (4.4%) —4.1 (4.8%) —4.6 (4.4%) —6.5 (5.1%)
AE(bp)mP —58.9 (70.5%) —77.0 (71.6%) —42.5 (64.4%) —57.3 (67.3%) —63.4 (60.5%) —81.5 (63.1%)

aValues in parentheses give the percentage of attractive interactions AEeistat + AEom. ° Values in parentheses gives the percentage

contribution to the total orbital interactions.

The most relevant data given in Table 1 that are
important for this work are the bond dissociation
energies. The calculations predict that the BDE values
of the complexes with the monodentate phosphane
ligands (PH3), TM—C,Hy and (PMe3), TM—C,Hy have a
trend for the different metals of TM Ni > Pt > Pd. The
ethyne ligand is always more strongly bound than the
ethene one. This could be interpreted as support of
ethyne serving as a four-electron donor. The analysis
of the metal—ligand interactions given below will ad-
dress this point. We want to point out that the com-
plexes (PMe3), TM—C,Hy have slightly lower BDE values
than the respective (PH3), TM—C,Hy species except for
the ethyne complexes of nickel, where the D, values are
nearly the same (Figure 1). A speculative interpretation
would suggest that, with comparison to PHsz, the PMes
ligand weakens the TM—C;Hy bonding interactions. It
will be seen below if this interpretation is justified.

The calculated bond dissociation energies of the
complexes with the bidentate phosphane ligands (dpm)-
TM—C;,Hy and (dpe)TM—C,Hjy are very interesting. The
BDE values of the latter complexes are always signifi-
cantly higher than those of the complexes with mono-
dentate phosphane ligands. The bidentate ligands not
only yield larger bond energies but also change the trend
of the BDE values for the different metals. Figure 1
shows that the bond dissociation energies of (dpm)TM—
CyHy display the order Pt > Ni > Pd; that is, the
platinum complexes are now the strongest bonded
species. The BDEs of the platinum complexes (dpe)Pt—
C,Hy are also rather large, but the nickel complexes
(dpe)Ni—C,Hy remain the strongest bonded molecules
of the series (dpe)TM—C,Hy, which, therefore, has the
order Ni > Pt > Pd.

We want to draw attention to the finding that the
calculated C—C distances in the complexes do not agree
with the trend of the theoretically predicted L, TM—C,Hj
bond dissociation energies. The carbon—carbon bonds
in the complexes are always longer than in the free
ligands. The calculated C—C distances at BP86/TZP of
ethene and ethyne are 1.332 and 1.205 A, respectively.
Figure 1 shows that the compounds (PMe3z),Pt—C,Hy
have the most stretched carbon—carbon bond lengths
among the platinum complexes L,Pt—C,Hy, but the
bond dissociation energies of (PMez),Pt—C,H, (De = 21.3
kcal/mol) and (PMe3),Pt—C,H, (D = 16.2 kcal/mol) are
the lowest BDE values in the series. The calculated data
indicate clearly that there is no correlation between the

metal—ligand bond energies and the geometries of the
molecules. This is an important result because it is often
assumed that the observed bond lengths and bond
angles are a probe for the bond strength. The results of
the energy partitioning analysis, which shall be pre-
sented and discussed below, will give an explanation for
the above findings.

Bonding Analysis

The EPA results of the complexes L, TM—C,Hy with
four different ligands L, are given in Tables 1—4. The
three top entries give the values of the dissociation
energy De, the preparation energy AEprep, and the
interaction energy AEjn:. The calculated data show that
the complexes with monodentate phosphane ligands
(PH3),TM—C;,Hy and (PMe3), TM—C,H, have much larger
preparation energies than the complexes with bidentate
phosphane ligands (dpm)TM—C,Hx and (dpe) TM—C;H.
The breakdown of the AEprep Values into contributions
of the metal fragments L,TM and the & ligand C,Hjy
shows that the former species are responsible for the
larger preparation energy of (PH3);TM—C,Hx and
(PMe3),TM—C,Hy. This is because the equilibrium
structures of free (PH3),TM and (PMej3),TM present a
linear arrangement of the ligands; that is, the bond
angle P—TM—P" is 180°. The latter angle becomes much
more acute in the complexes where the bond angle
P—TM—P' is between 103° and 117.1° (Figure 1).

The larger preparation energies of (PH3), TM—C,Hy
and (PMej3), TM—C,Hy are the reason the dissociation
energies D, of the complexes are rather small. Tables
1-4 show that the interaction energies of (PH3), TM—
C,Hyx and (PMe3), TM—C,Hjy are nearly as high or even
higher than the AE;y values of (dpm)TM—C,Hyx and
(dpe)TM—C;Hy. A striking example is given by the
energy values of (PMe3),Pt—C,H, and (dpm)Pt—C,Ho.
The dissociation energy of the latter complex (D, = 51.6
kcal/mol) is much higher than for the former complex
(De = 21.3 kcal/mol), but the metal—ligand interaction
energy of (PMes),Pt—CsH; (AEin: = —80.3 kcal/mol) is
nearly the same as that of (dpm)Pt—C;H; (AEjn: = —81.7
kcal/mol). The interaction energies of the latter two
molecules represent also two of the largest values that
have been calculated for the ethyne complexes (Tables
1-4) which is in agreement with the rather long C—C
distances of the compounds (Figure 1). Thus, the AEjnt
values are a better probe to estimate the strength of
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Table 2. Energy Decomposition Analysis of (PMe3), TM—C,Hy at BP86/TZP (kcal/mol)

Ni(PMes), Pd(PMes), Pt(PMes),
CaHy CzH2 CaH4 CaH2 CaHy CoH>

AE(= —Dg) —335 —42.1 —14.6 —-17.5 —16.2 —21.3
AEprep(tot) 26.5 38.6 26.6 39.2 45.8 59.0
AEprep(C2Hy) 11.8 22.2 9.5 19.7 15.6 25.3
AEprep(L2TM) 14.7 16.4 171 19.5 30.2 33.7

int —60.0 —80.7 —41.2 —56.7 —62.0 —80.3
AEpauii 166.0 186.0 157.7 179.6 226.9 244.9
AEgistat® —128.9 (57.0%) —144.3 (54.1%) —122.5 (61.6%) —137.7 (58.3%) —173.5 (60.1%) —184.9 (56.9%)
AEorp? —97.1 (43.0%) —122.4 (45.9%) —76.4 (38.4%) —98.6 (41.7%) —115.4 (39.9%) —140.3 (43.1%)
AE(a1),? —21.2 (21.8%) —22.3 (18.2%) —20.5 (26.8%) —22.8 (23.1%) —35.8 (31.0%) —38.4 (27.4%)
AE(az)s? —0.2 (0.3%) —4.0 (3.3%) —0.3 (0.4%) —2.0 (2.1%) —0.7 (0.7%) —3.3(2.3%)
AE(by)mP —4.0 (4.1%) —5.3 (4.3%) —3.3 (4.3%) —4.2 (4.2%) —5.0 (4.3%) —6.1 (4.4%)
AE(bp)mP —71.7 (73.8%) —90.8 (74.2%) —52.3 (68.5%) —69.6 (70.6%) —73.9 (64.0%) —92.5 (65.9%)

aValues in parentheses give the percentage of attractive interactions AEeistat + AEom. ° Values in parentheses gives the percentage
contribution to the total orbital interactions.

Table 3. Energy Decomposition Analysis of (dpm)TM—-C,Hy at BP86/TZP (kcal/mol)

Ni(dpm) Pd(dpm) Pt(dpm)
CoH4 CzH> CoH4 CoH> CyH4 CoH>

AE(= —De) —41.0 —49.7 —29.5 —33.7 —44.6 —51.6
AEprep(tot) 14.1 24.2 10.4 17.8 20.0 29.7
AEprep(C2Hy) 8.3 17.6 6.8 14.8 12.9 22.4
AEprep(L2TM) 5.8 6.6 3.6 3.0 7.1 7.3

int —55.1 —73.9 —40.0 —51.5 —64.6 —81.3
AEpauii 136.2 168.2 132.6 160.9 200.8 233.7
AEgistat —109.8 (57.4%) —132.6 (54.8%) —107.0 (62.0%) —126.1 (59.4%) —159.0 (59.9%) —179.7 (57.1%)
AEqrp? —81.5 (42.6%) —109.5 (45.2%) —65.6 (38.0%) —86.3 (40.6%) —106.4 (40.1%) —135.3 (42.9%)
AE(a)P —22.7 (27.9%) —26.7 (24.4%) —21.4 (32.6%) —24.9 (28.9%) —39.0 (36.7%) —44.6 (33.0%)
AE(a")° —58.8 (72.1%) —82.8 (75.6%) —44.2 (67.4%) —61.4 (71.1%) —67.4 (63.3%) —90.7 (67.0%)

aValues in parentheses give the percentage of attractive interactions AEgistat + AEorp. ° Values in parentheses gives the percentage
contribution to the total orbital interactions.

Table 4. Energy Decomposition Analysis of (dpe)TM—-C,Hy at BP86/TZP (kcal/mol)

Ni(dpe) Pd(dpe) Pt(dpe)
CaHy CoH2 CoHgy CoH2 CoHy CoH2

AE(= —Dg) -41.2 -49.3 -29.3 -32.3 -41.0 -46.7
AEprep(tot) 14.9 25.6 11.8 21.6 23.9 35.0
AEprep(C2Hy) 8.7 18.3 7.3 16.0 13.2 22.7
AEpep(L.TM) 6.2 73 45 5.6 10.7 12.3

int —-56.1 —74.9 —41.1 —-53.9 —64.9 —81.7
AEpauli 133.4 161.0 132.8 159.0 196.8 224.4
AEeisat® —108.3(57.2%)  —128.2 (54.4%)  —107.1(61.6%) —125.0(58.7%)  —156.0 (59.6%)  —173.3 (56.6%)
AEorp? —81.2 (42.8%) —107.7 (45.6%)  —66.8 (38.4%) —87.9 (41.3%) —105.7 (40.4%)  —132.8 (43.4%)
AE(a)° —19.3 (23.8%) —23.7 (22.0%) —18.8 (28.1%) —22.5 (25.6%) —34.5 (32.6%) —39.6 (29.8%)
AE(b)° —61.9 (76.2%) —84.0 (78.0%) —48.0 (71.9%) —65.4 (74.4%) —71.2 (67.4%) ~93.2 (70.2%)

aValues in parentheses give the percentage of attractive interactions AEeistat + AEor. ° Values in parentheses gives the percentage

contribution to the total orbital interactions.

the metal—ligand interactions than the D values. The
interaction energies can be further partitioned into the
three difference contributions, which were described
above.

Tables 1—4 show that the largest contributions to the
L,TM—C;,Hy interactions come from the repulsive term
AEpayi- The ratio of the attractive contributions AEejstat
and AEqm gives an estimate of the electrostatic and
covalent character of the bond. The results in Table 4
show that the percentage values of AEgistat and AEg
in L,TM—C,Hy change very little for different phos-
phane ligands L,. The electrostatic contribution is
always larger than the covalent contribution to the
bonding interaction; that is, the character of the L,TM—
C,Hy bonds is more electrostatic than covalent. The
AEgistar term yields between 54.1 and 62.3% of the
attractive interactions. The metal—carbon bonding in
the ethyne complexes has a slightly higher covalent
character than in the ethene complexes. The covalent

character increases for different metals TM with Pd <
Pt < Ni. The EPA makes it possible to identify the type
of orbitals that are important for the covalent bonding.

Figure 2 shows a qualitative orbital interaction
diagram between a transition metal and a x ligand,
which illustrates the DCD bonding model for ethene and
alkyne complexes. There are four principle bonding
components for the latter species and two components
for the former complexes. The in-plane orbitals which
yield metal—ligand donation have o symmetry* (Figure
2a), while the in-plane orbitals of the metal—ligand
back-donation have & symmetry (Figure 2b). The latter
orbitals are denoted with the symbol s in order to
distinguish them from the out-of-plane zg orbitals,
which yield the metal<—ligand 7 donation (Figure 2c)
that may become important in alkyne complexes where
the ligand serves as a four-electron donor. Finally there
are the out-of-plane orbitals that yield metal—ligand
back-donation (Figure 2d). The latter orbitals have ¢
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Figure 2. Schematic representation of the most important
orbital interactions in TM—alkyne complexes: (a) ligand—
metal in-plane o donation; (b) metal—ligand in-plane x,
back-donation; (c) ligand—metal out-of-plane sy donation;
(d) metal—ligand ¢ donation. The symmetry assignments
aj, by, by, a, are given with respect to overall C,, symmetry.

symmetry. They come from the mixing of the occupied
dy; AO of the metal and the vacant s* orbital of the
ligand, where the symmetry assignment of the latter
refers to the local symmetry of the free ligand.

The complexes (PH3), TM—C;Hyx and (PMe3), TM—
C,Hx have C,, symmetry. Under C,, symmetry, the four
orbital interactions shown in Figure 2 have the sym-
metries ai(0), ax(d), bi(n), and by(m). The calculated
values of AEq, for orbitals having different symmetry
give therefore a quantitative estimate of the strength
of the interactions, which are schematically shown in
Figure 2. The results in Tables 1 and 2 show that the
b,()) interactions deliver the largest contribution to the
AEyp term. According to the EPA calculations, the
TM—C;,Hy in-plane & back-donation yields between 64.9
and 78.5% of the total covalent bonding. The relative
contribution of the TM—C,Hy o donation is much less.
The values of the a;(0) orbitals are between 18.2 and
34.4%. The percentage values of the ethyne complexes
are always slightly larger for the by(s) contribution and
smaller for the a;(0) contribution compared with the
ethene complexes, respectively. The contributions of the
ay(6) and b, (;r) orbital interactions are very small even
for the ethyne complexes, where the largest percentage
value is found for the (PH3),TM<—H; 7z donation (5.1%)
(TM = Ni, Pt). The energy values show clearly that the
ethyne ligand in the complexes (PH3), TM—C,;H, and

Massera and Frenking

(PMe3)2, TM—C3H; should be considered as a two-electron
donor and not as a four-electron donor.

The complexes (dpm)TM—C,Hy and (dpe)TM—C,Hy
have Cs and C, symmetry, respectively. Therefore, only
the interactions of orbitals having a' and a" symmetry
in Cs and a and b in C; can be distinguished by the EPA
calculations. The @' orbital interactions of the complexes
with Cs symmetry correspond to the a;(0) and bi(zp)
interactions of the complexes with C,, symmetry, and
the a" interactions correspond to ax(d) + ba(7;). On the
contrary the a orbital interactions of the complexes with
C, symmetry correspond to the a;(0) and ax() interac-
tions of the complexes with C,, symmetry, and the b
interactions correspond to bs(rp) + ba()).%° The contri-
butions of the b;(n) and ay(d) orbital interactions in
(PH3), TM—C3H, and (PMej3), TM—C,H, are rather small.
They can also safely be assumed to be small in (dpm)-
TM—C,Hy and (dpe) TM—C,Hy. Tables 3 and 4 give the
calculated values for the a'(0) and a"' () orbital contribu-
tions in (dpm)TM—C;Hy and for the a(c) and b(x) orbital
contributions in (dpe)TM—C,Hy. The energy values of
the a"'(7) (and b(r)) orbitals are much larger than those
of the a'(o) (and a(o)) orbitals. The comparison of the
percentage contributions of the a'(0) and a"' () (Cs) and
a(o) and b() (C,) orbital terms with comparison to the
ai1(0), ba(n), a2(d), and bo(7r) values, which are given in
Tables 1 and 2, shows that the nature of the orbital
interactions does not exhibit a large variation between
the complexes with the monodentate and bidentate
phosphane ligands.

The qualitative MO bonding model in Figure 2 sug-
gests that all orbital interactions should yield a length-
ening of the carbon—carbon bond of the x ligand. Figure
3 shows a diagram where the optimized C—C distances
of the complexes L,TM—-C;Hs and L,TM—-C,;H, are
plotted against the calculated AEqm values. There is a
nice correlation between the bond lengths and the
orbital interactions, which quantitatively supports the
DCD bonding model. A correlation of the bond strength
given by the dissociation energies with the C—C bond
lengths gives a very poor agreement.

The EPA results in Tables 1—4 show that the com-
plexes with monodentate and bidentate ligands exhibit
also a similar degree of covalent and electrostatic
bonding between the metal and the xz ligand. It follows
that the nature of the L,TM—C,Hyx bonding does not
change very much when L; comprises either a bidentate
or two monodentate phosphane ligands. The main
difference between the bonding in the two classes of

(59) (a) Hansen, S. M.; Volland, M. A. O.; Rominger, F.; Eisentrager,
F.; Hofmann, P. Angew. Chem. 1999, 111, 1360; Angew. Chem., Int.
Ed. 1999, 38, 1273. (b) Adlhart, C.; Volland, M. A. O.; Hofmann, P.;
Chen, P. Helv. Chim. Acta 2000, 83, 3306. (c) Hofmann, P.; Volland,
M. A. O.; Hansen, S. M.; Eisentrager, F.; Gross, J. H.; Stengel, K. J.
Organomet. Chem. 2000, 606, 88. (d) Volland, M. A. O.; Hofmann, P.
Helv. Chim. Acta 2001, 84, 3456. (e) Volland, M. A. O.; Straub, B. F;
Gruber, 1.; Rominger, F.; Hofmann, P. J. Organomet. Chem. 2001, 617—
618, 288. (f) Volland, M. A. O.; Adlhart, C.; Kiener, C. A.; Chen, P;
Hofmann, P. Chem. Eur. J. 2001, 7, 4621. (g) Urtel, H.; Bikzhanova,
G. A.; Grotjahn, D. B.; Hofmann, P. Organometallics 2001, 20, 3938.
(h) Urtel, H.; Meier, C.; Eisentrager, F.; Rominger, F.; Joschek, J. P;
Hofmann, P. Angew. Chem. 2001, 113, 803; Angew. Chem., Int. Ed.
2001, 40, 781.

(60) Note that there are no genuine orbitals which have o, x, or 6
symmetry in the complexes (dpe)TM—C,Hy because there is no
symmetry plane in the point group C,. However, the local mirror
symmetry of the C,Hy ligands is nearly undisturbed by the dpe ligand,
and thus, the orbital interactions can safely be divided into ¢ and &
contributions.
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Figure 3. Plot of the optimized C—C distances of L,TM—
C,H, and the orbital interaction term AEgp.

compounds comes from the significantly larger deforma-
tion energy of the metal fragment with two monodentate
phosphane ligands (PR3),TM compared with bidentate
metal fragments such as (dpm)TM and (dpe)TM, which
yields a higher L,TM—C;Hy bond dissocation energy for
the latter species. This finding could be helpful for the
interpretation and understanding of the peculiar chem-
istry of transition metal complexes with ligands such
as bis(di-tert-butylphosphino)ethane (dtbpe) and bis(di-
tert-butylphosphino)methane (dtbpm), which have been
found useful in homogeneous catalysis.>®

Summary

The results of the theoretical work can be summarized
as follows.

The DFT calculations predict that the ethene and
ethyne ligands of the complexes L,TM—C;Hy are more
strongly bonded to the metal when L, is a bidentate
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phosphane ligand like dpm or dpe compared with
monodentate ligands (PH3), and (PMes),. The energy-
partitioning analysis of the bonding situation reveals
that the reason for the stronger bonds of (dpm)TM—
CyHx and (dpe)TM—C,Hy is the smaller preparation
energy of (dpm)TM and (dpe)TM that is necessary to
deform the metal fragments from the equilibrium
geometry to the geometry in the complex. The EPA
results show that the nature of the L,TM—C,H, bonding
does not significantly change when L, consists of a
bidentate or two monodentate ligands. The metal—
carbon bonds have a higher electrostatic (54.1—62.3%)
than covalent (37.7—45.9%) character. The covalent
bonding in the ethyne and ethene complexes comes
mainly from the TM—;Hy in-plane 7 back-donation,
while the relative contribution of the TM—Cy;Hyx o
donation is much smaller. The contributions of the out-
of-plane ay(d) and by(rn) orbital interactions are very
small even for the ethyne compounds. The bonding
analysis suggests that the ethyne ligand in the com-
plexes (PHz), TM—C,H, and (PMejz), TM—C,H, should be
considered as a two-electron donor and not as a four-
electron donor.
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