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Quantum chemical calculations at the DFT level have been carried out for the title compounds. The equilibrium
geometries and bond dissociation energies are reported. The nature of the bonding between the metal and the
m ligands ethylene and acetylene has been investigated by means of an energy partitioning analysis. The

nature of the metalligand interactions is not very different from each other in the deagceptor complexes
(COETM—C;Hy (TM = Cr, Mo, W), (CO)TM—C,Hy (TM = Fe, Ru, Os), and TN—C,H, (TM = Cu, Ag,
Au). The metal-C,H, bonds have a slightly more electrostatic than covalent character. The covalent bonding
comes mainly from the metat- ligand o donation and the metat ligand 7, in-plane back-donation. The
contributions from the out-of-planey and 6 orbitals are negligible. The main difference of the bonding
interactions in the metallacyclic compoundsTW—C,H, (TM = Cr, Mo, W) is that they are clearly more
covalent than electrostatic. The covalent interactions come also mainly fi@namd b(sm) interactions.
The a(d) orbital interactions are negligible but the interactions of the out-of-piaabitals in the acetylene
complexes GITM—C;H; contribute~11% to the total orbital term.

Introduction

The bonding situation in transition metal (TM) complexes
with alkenes or alkynes asbonded ligands is usually discussed
within the framework of the DewarChatt-Duncanson (DCD)
modell2 The DCD model considers the metdigand bond as
a donor-acceptor interaction between two closed-shell frag-
ments. The bonding arises through a synergistic methigand
o-donation from the occupied in-planeorbitaP of the alkene/
alkyne into the empty @) AO of the metal, and metat ligand
m-back-donation from the occupiedsj(orbital of the metal
into the emptyr* orbital of the ligand. An alternative bonding
model which is important for transition metals in high oxidation
states considers the alkene/alkyne complex as a metallacycli
compound in which the metaligand interactions are described
in terms of two electron sharing-bonds between the metal

and the carbon atoms. This dual classification of the bonding (CDA).

situation in terms of covalent interactions in metallacycles and

donor-acceptor bonds in complexes has been shown to be

helpful for the understanding of experimental as well as
theoretical results both in main groujpand transition-metal
compounds:®

C

here the results of the bonding analysis of the ethylene and
acetylene complexes of group 11 cations F@H" (TM =

Cu, Ag, Au) as well as the ethylene and acetylene carbonyl
complexes of the metals of group 8 (GODM—C,Hy (TM =

Fe, Ru, Os) and group 6 (CE)M—C,Hy (TM = Cr, Mo, W).

One question we will address in this paper concerns the
differences in the bonding situation between high-valent and
low-valent compounds. We therefore include in this study the
complexes of the group 6 elements,TM —C,Hy.

The nature of the chemical bonding in high-valent and low-
valent tungsten complexes with side-on bountdigands has
already been investigated by Pidun and FrenRiffgom the
analysis of the electronic charge distribution, the authors
concluded that the bonding situation in the two classes of
compounds is qualitatively different from each other. A very
helpful tool in their study was the charge decomposition analysis
8 The CDA is a partitioning scheme of the Hilbert
(orbital) space which considers the bonding in a complex in
terms of fragment molecular orbital interactions. Another
method that also provides a quantitative analysis of the chemical
bond is the energy decomposition analysis (EDA), developed
by Morokumd and by Zieglef? which is based on energy terms

In a recent paper, we reported about quantum chemical rather than on an orbital-based population analysis. Its current
calculations of ethylene and acetylene complexes of the groupjmplementation in the ADF program packagallows one to

10 elements nickel, palladium, and platintrithe nature of

analyze both doneracceptor interactions as well as electron-

the metat-ligand bond was analyzed by means of an energy pairing covalent bonds. The advantage of the EDA method is
decomposition analysis. As an extension of this study, we reportnat it gives also information about the electrostatic contributions
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and the Pauli repulsion to the metdigand interactions. The
EDA results will thus complement the CDA investigation which
considers only orbital interactions.

The nature of the metaligand bonding in some compounds
of our work have already been studied with theoretical methods
in earlier works>12-26 The ethylene complexes of group 11
cations were investigated in an early study by Ziegler é2 al.
and more recently by Hertwig et &2 with the same energy

10.1021/jp031185+ CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/18/2004



Energy Partitioning Analysis J. Phys. Chem. A, Vol. 108, No. 15, 2003135

decomposition scheme we used in the present work. The EDA  AEyepis the energy required to promote the fragments from
method has also been used previously to analyze the bondingheir equilibrium geometry and electronic ground state to the
situation in ethylene complexes of group 8 elements (E€}H, geometry and electronic state they have in the compd,
by Weitz and co-workef4? and in (CO)OsGH,4 by Ziegler is then the instantaneous interaction energy between the two
and co-workerg? In the latter two studies and in the earlier “prepared” fragments. The interaction ter, is partitioned
work by Ziegler et al., the authors interpreted the energy terms into three components:
after adding up the Pauli repulsion and electrostatic attraction
into a term called steric energy. This has been criticized by AE; = AEp i T AEgga
several authors, because the steric term has no real physical
meaning, and it §h9uld not.be confused with the loosely defined AEeisat gives the classical electrostatic interaction energy
concept of steric interaction between substituéhté.Also,  peqyeen the fragments with frozen electron density when they
electrostatic attraction and Pauli repulsion have usually opposite 5, brought from infinite distance to the position they have in
signs and sometimes nearly cancel each other numerically whichihe complex. The second terEpaui gives the repulsive four-
leads to the deceptive impression that the meitgand bonding  gjectron interactions between occupied orbitals. It is calculated
comes only from orbital interactions. We think that the py enforcing the KohrSham determinant of the molecule
electrostatic attraction and the Pauli repulsion, two well-defined \ynich results from superimposing the fragments to be ortho-
terms with a clear physical meaning, have to be considered norma through antisymmetrization and renormalization. The
separately so that the bonding contributions of the electrostatic saplizing orbital interaction termEop is calculated in the final
and orbital interactions can be properly compared to estimate step of the analysis when the KohBham orbitals are allowed
the ratio of glectr_osta’;ic apd covalent bonding. An EDA analysis g relax to their final form. The orbital terr\Eo, can be
of the bonding situation in the group 6 complex (GONC:H4 identified as the covalent contributions to the attractive inter-
has been presented by Cedeno and Wéftz. actions. Thus, the ratidEeraf AEqm indicates the electrostatic/
This study extends a research program we started 3 yearscovalent character of the bontlE,, can be further partitioned
ago whose main goal is to quantitatively analyze the chemical into different contributions according to the irreducible repre-
bond in terms of contributions with a straightforward physical sentations of the interacting system point group. This makes it
meaning. Previous results of this project have been summarizedpossible to calculate the contributionsafaindzz bonding to a
in a recent reviev§’ covalent multiple bond. More details about the method can be
found elsewheré!P

+ AEorb (2)

Methods .
Geometries

Thg geometries, ha_rmonlc fre_quenmes, bond dissociation Figure 1 shows the BP86/TZP optimized geometries for the
energies and the bonding analysis have been calculated at the T L
g . complexes studied in this work. All structures were optimized
nonlocal DFT level of theory using the exchange functional of

Becke® and the correlation functional of Perd&WBP86). under(?zy symmetry constraint.

. . Previous theoretical investigations have already addressed a
Uncontracted Slater-type orbitals (STOs) were used as baSIScom arison of theoretically optimized geometries of the present
functions for the SCF calculatiod8The basis sets for all atoms P y Op 9 P

. . : o complexes obtained at different levels of theory with experi-
have_atrlp_leé quality _augmented with one set (_)f polarization mental dat#1317-2635 We will therefore not discuss the
functions, i.e., p functions on hydrogen, d functions on carbon, . . - . .

. . geometrical data in detail. Our calculated geometries shown in
oxygen, and chlorine, and f functions on the metals. The

(1s2s2pY° core electrons of the transition metals and the chlorine Figure 1 are.generally in good agreement with earlier theort_atlcal
work and with experimental data. We rather comment briefly
atoms and the 2score electrons of carbon and oxygen were

- . on the trends observed when the geometries of the ethylene and
treated by the frozen core approximati@rn auxiliary set of acetvlene complexes within the same aroun are compared
s, p, d, f, and g STOs were used to fit the molecular densities y P group P i

and to represent the Coulomb and exchange potentials accuratel)(i ;nwg b%i%m d?gtlgglc;:gigtsthzr?jergrerxgzgrtoéfl:;;gl)g:ea?c?tal
in each SCF cyclé® Scalar relativistic effects have been 9 9

. o - by complexation at the metal. With respect to the former, two
considered for the transition metals using the zero-order regular ~. .
mati ZORAJ3 This level of theory is denoted points deserve to be commented. First, the calculatee ThHy
approximation ( L y . distances as one moves down the group have in all cases a
BP86/TZP. The calculations have been performed with the ) . .
rogram packade ADE 200061 All structures reported here V-shape trend with a maximum in the complex of the second-
Eav% beeﬁ chec?<ed to be enér minima on the potential enerav OV transition metal. It is well-known that relativity causes a
surface oy P Dradial contraction of the atomic s-orbitals as well as a radial
) ) expansion of the d-orbitaf$.This usually leads to a shortening
The nature of the metaligand bond has been analyzed by i, the metat-ligand bond distance in the complexes of the third-
means of the energy decomposition analysis implemented in oy TM when compared to the second-row ones. The relativistic
the program package A1|03F which is based on the methods of gffects in the complexes studied in this work have been analyzed
Morokum#& and Ziegler:® The bond dissociation enerdye in detail elsewheré319The second point we want to point out
between two fragments A and B is partitioned into several jg the fact that for all the systems collected in Figure 1 the-TM
contributions which can be associated with physically meaning- C(ethylene) bond distances are longer than the-T\acety-
ful entities. In the present case, one fragment is the ligand |ene) ones for the same metal. This can be explained with the
ethylene or acetylene and the other the metal moiety" TM  ypridization at the carbon atoms. The orbitals of the TM
(CO)sTM or Cl,TM. In the EDA method, the dissociation  C(ethylene) bond have less s-character than the-Tifacety-
energyDe is first separated into two major componetByrep lene) bond.
and AEin: As a consequence of the metdigand interactions the
structures of both the metal fragment and the ligand are affected.

—D.= AEprep+ AE;y 1) Within the framework of the DCD model one predicts an
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Figure 1. Optimized geometries of the complexes studied in this work. Bond lengths are given in angstoms and angles in degrees.
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TABLE 1: Energy Decomposition Analysis and Hirshfeld Partial Chargesq of TM —C,H,* at BP86/TZP (kcal/mol) Using
Closed Shell Fragments TM(d19 and C,Hy

Cu* Ag* Aut

C2H4 C2H2 CgH4 CgHg C2H4 CgHg
AEjnt —63.5 —62.0 —40.8 —35.9 —79.1 —70.8
AEpauii 98.9 103.6 61.8 56.4 157.2 161.0
AEeisa -90.6 (55.8%) —94.6 (57.1%) -59.8 (58.3%) —54.8 (59.4%) —134.7  (57.0%) —134.1  (57.8%)
AEon ~71.8  (44.2%) —71.1 (42.9%) —42.8 (41.7%) —37.5 (40.6%) —101.6  (43.0%) —97.8  (42.2%)
AE(@)o  —42.6 (59.4%) —39.5 (55.7%) —29.6 (69.2%) —25.6 (68.4%) —68.0 (67.0%) —63.1  (64.6%)
AE(&)0  —22 (3.1%) —0.9 (1.3%) —1.6 (3.7%) —0.3 (0.8%)  —2.6 (2.6%) —1.3 (1.4%)
AE(b)mn  —5.1 (7.1%) —6.9 (9.7%) —2.7 (6.4%) —3.4 (9.0%)  —55 (5.4%)  —6.9 (7.0%)
AE(p)m  —21.9 (305%) —23.7 (33.4%) —8.8 (20.6%) —8.2  (21.8%) —255  (25.0%) —26.5  (27.1%)
Eprep 35 3.7 2.0 1.8 6.2 5.8
—De —60.0 —58.3 —38.8 —-34.1 —72.9 —64.9
—Do —58.5 —57.7 —37.5 —33.6 —-71.2 —64.3
q(TM) 0.85 0.88 0.81 0.83 0.73 0.77
q(CHy) 0.5 0.12 0.19 0.17 0.27 0.23

2Values in parentheses give the percentage of attractive interactfns.+ AEon. ° Values in parentheses give the percentage contribution to
the total orbital interactions.

elongation of the carbencarbon bond length of £ix as a The calculations predict that the interaction energy for both
consequence of the removal of electron density from its bonding ethylene and acetylene complexes have the trend for the different
mr-orbital and increase of electron density in its antibondifig metals TM Au> Cu > Ag. The same V-like trend caused by
orbital. Another geometrical consequence of the complexation relativistic effects is observed for the BDEs. The marginally
is the partial pyramidalization (ethylene ligand) or bending larger BDEs of the ethylene complexes with respect to the
(acetylene ligand) at the carbon atoms. Figure 1 shows that theacetylene ones (with differences increasing downward in the
C—C distances of the ligands are longer than in free ethylene group) are due to the slightly stronger metédand interactions
and acetylen® and that there is substantial pyramidalization in the former species and are not due to the preparation energies,
and bending, respectively, at the carbon atoms (see the Supi.e., the ethylene ligand is always stronger bonded than
porting Information for the pyramidalization and bending acetylene. Note that the metaC(ethylene) bonds are always
angles). The energies that are associated with the deformatiorlonger than the metalC(acetylene) ones although the former
of the ligands will be discussed below. bonds are stronger than the latter. It follows tktadre is no

Particulary interesting are the geometrical differences of the correlation between the metaligand bond length and the bond
metal-ligand fragments between the high- and low-valent TM strength of group 11 complex@*—C;Hy.
compounds. No data belonging to 4CtC;Hx are reported Previous studies on the bonding situation ofHig) TM* and
because it was not possible to obtain SCF convergence for this(C,H,)TM+ complexes suggested that the interaction is mainly
system at the BP86/TZP level of theory. In agreement with electrostatic with only negligible covalent contributidigl415a.16
previous resulfs?>2we find shortenings of 0:30.4 A in the Table 1 shows that, according to the energy decomposition
metak-ligand distances of the high-valent analogues with respect analysis, the character of the;dy/C,H,—TM bond is more
to the low-valent ones. The-fx fragment is also much more  electrostatic than covalent but the covalent contributions play
distorted in the former compounds. The larger geometrical an important role: th\E,;, term accounts for 4344% of the
reorganization of the ligands should be related to a larger attractive interactions. Notice that the percentage values of
eIe_ctron de_nsity Qistortion with respect to the free fragments AE, ., and AEqm change very little for the different metals.
which was mvestlgate_d by us earl@??eThe changes (.)f the A gqualitative orbital interaction diagram which illustrates the
electronic structure will be discussed in the next section. DCD bonding model for ethylene and acetylene complexes is
shown in Figure 2. In ethylene complexes there are two principal
bonding components: the meteat ligand o donation which

(a) Complexes of Group 11 Elements TM-C,Hy (TM = involves the g2 AO of the metal (Figure 2a) and the metal
Cu, Ag, Au). The EDA results and the calculated Hirshfeld ligands, in-plane back-donation (Figure 2b). Acetylene has an
charge# of the ethylene and acetylene complexes of group 11 additional out-of-planerg orbital which in principle could also
elements are given in Table 1. The four top entries give the serve as an electron donor. The orbitals that contribute to the
values of the interaction energEi;) and its decomposition  metal< ligand 7 out-of-plane donation are shown in Figure
in terms of the electrostatic, Pauli, and orbital (covalent) 2c. Finally, the out-of-planery orbitals yield metal— ligand
contributions. The orbital term is further partitioned according back-donation by mixing the occupieg, O of the metal and
to the irreducible representations of g, point group, which the vacantrg* orbital of the ligand. These orbitals hawe
is shown in the following four entries. The percentage values symmetry (Figure 2d). Note that the strength of the interactions
refer to the contribution of each term to the total orbital term, shown in Figure 2, parts-ad depends on the occupation of the
AEqm,. Finally, the preparation energiEqrep and the dissocia-  orbitals. The group 11 metal ions Tvhave a & configuration,
tion energy De and, including the ZPED,) are given. The i.e., the valencen— 1)d orbitals are fully occupied but the
absolute values of the bond dissociation energies given in Tablevalence £)s orbital is empty. The molecules ha@g, symmetry
1 are too high, but the trend is correctly predicted. The and therefore, the valence s and AO of the metal can mix
experimental values for the BDEs dbg(Cut—C,H,) = 41.5 yielding an empty acceptor orbital for the in-plane metal
kcal/mol3 Do(Ag™—CyHs) = 33.7 kcal/mot® and Do(Au™— ligand o donation (Figure 2a). In contrast to this there should
C,Hy4) ~65 kcal/molt3cd be no metal— ligand g out-of-plane donation in the ¢El,)-

Bonding Analysis
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Figure 2. Schematic representation of the most important orbital interactions indikyne complexes: (a) metat ligand in-planes donation;
(b) metal— ligand in planer, back-donation; (c) metat- ligand out-of-planery donation; (d) metat= ligand 6 back-donation. The symmetry
assignmentsia&, by, and b are given with respect to overdll,, symmetry.

TM* and (GH2)TM* complexes because the,dalence AO et al?22 Bender et al. analyzed the bonding in Os(G{O)H,).3

of the metals is occupied. The bonding situation in the group 8 acetylene complexes
As commented in the methods section, the EDA makes it (COuTM(C,H,) has been addressed by Decker and Klo-

possible to further partition the orbital term in contributions that bukowski?! Chen et al have also studied the Fe(gO)H>)

can be classified according to the irreducible representations ofcomplex?? The complex Os(CQJC,H4) has earlier been

the local symmetry point group of the molecular system which investigated by means of an energy decomposition analysis

in all the complexes we have studiedGs,. Figure 2 shows while Fe(CO)(C,H4) was the subject of a recent EDA

that, under the symmetry point group, the four orbital inter- investigatior?42

actions have the symmetrieg(@), &(9), bu(7c), and b(m). Table 2 gives the EDA results and the calculated Hirshfeld

The partitioning of the\Eq term gives therefore a quantitative  charge& for the ethylene and acetylene complexes of group 8

estimate of the strength of the interactions which are schemati- g|ements. The calculated data show that the trend of the BDEs

cally shown in Figure 2. The data collected in Table 1 show 55 \ye move down the group displays a characteristic V-shaped

that the largest contribution to the orbital term comes from the curve. Notice, however, that now the first-row TM complexes

?1§0|) inter?ctiol? Wg.iCh .yii:::is tlﬁtvlveen 9.4 Iand 69'2;/‘;)0: the have slightly larger bond energies than the third-row TM species.
otal covalent bonding In the ethylene complexes and DEWEEN ;¢ o opposite to the trend observed for cationic complexes

55.7 and 68.4% in the acetylene ones. Thénz term ; o )

contributes less but it is still significant: 26-80.5% in (GH4)- Or: grgupcll glaments. .The reason hh c drllssomrz? tlo(r;. energies of

TM* and between 21.8 and 33.4% in,tG)TM™. Note that the .S( Q)CaHy shecies are smater than the 'S.SOC'at'OH
energies of Fe(CQE.Hy is not due to weaker metaligand

the relative contribution of the in-plane(lr;) back-donation ° . . L .

has the trend Car Au > Ag for bo?h claés”e)s of compounds. bondlng_lnteracthns but rather to the significantly higher

The contribution of the metat- ligand out-of-plane ) preparation energies of the former complexes. The role of the
deformation energy in bonding and reactivity of olefin com-

donation is much smaller and it is probably mainly caused by - . .
orbital relaxation effects rather than genuine charge donation. plexes Fe(CQE2X4 (X =H, F, Cl, Br, |, CN) was investigated

The contribution of the £0) back-donation is negligible. in a detailed theoretical study by Weitz and co-workéfghe

The a(o) interaction is slightly more important in the ethylene complex Ru(CQ)CoH, has a larger interaction energfy than
complexes than in acetylene complexes: Table 1 shows that,':e(co)‘Q'_l2 (Table 2). The metatligand bonds have a slightly
in the cationic complexes of group 11 elements, ethylene is a more electrostatic than covalenF character Mggterm yields
better & donor whereas acetylene is a marginally better 51.9-56.3% of the total attractive forces. The metal-acetylene
acceptor. However, the EDA results show that overall the bond has more covalent character than the metal-ethylene bond
natures of the metalethylene and metatacetylene bonding although the differences are 'not yery]arge. thige that the ratio
in the complexes (§4,)TM* are very similar to each other. of the AEq and AEeistar contributions is very similar to those

The calculated charges at the metals TM and the ligants C found in the cathmc comple>_<es o_f group 11 elements. The
indicate the metals carry most of the positive charge of the theoretically predicted bond dissociation energy of (@)
complex (Table 1). Note that the acetylene ligand is always C2H# Do = 30.6 kcal/mol, is slightly lower than the experi-
slightly less positively charged than the ethylene ligand. This Mental value which is 3z 3 kcal/mol°
is in agreement with the EDA results which suggest that, inthe  The decomposition ofAE., into contributions from the
acetylene complexes, metal (C;Hy) donation (a+ & orbital different symmetry representations of g point group shows
interactions) has less weight and meta(C;H,) back-donation that the largest contributor to the covalent bonding is the b
(by + by orbital interactions) has more weight than in the () metal— ligand back-donation which accounts 5155.5%
ethylene complexes. of the total AEyp term in the ethylene complexes and 54.7

Complexes of Group 8 Elements (COJTM-C ;Hy (TM = 60.8% in the acetylene ones. The larger contribution of the back-
Fe, Ru, Os).The nature of the metaligand bonding in the donation in complexes of group 8 elements when compared to
group 8 ethylene complexes (COM(C.Ha4) has previously those of group 11 cations can be explained with the positive
been analyzed in a theoretical study by Li et*aThe Fe(COy charge carried by the metal fragment in the latter species. Table
(C2H4) complex was also studied by Axe et?8land by Chen 2 shows that the ligands,By in the complexes (CQJM(CzHy)
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TABLE 2: Energy Decomposition Analysis and Hirshfeld Partial Chargesq of (CO)4,TM —C,H at BP86/TZP (kcal/mol) Using
Closed Shell Fragments TM(CO) and C,Hy

Fe(CO) Ru(CO) Os(CO)

CzH4 C2H2 C2H4 C2H2 C2H4 C2H2
AEint —48.3 —49.6 —41.7 —52.3 —62.2 —70.2
AEpayii 123.1 128.0 137.1 149.4 180.4 185.5
AEestr —91.0 (53.1%) —92.3 (51.9%) —100.6 (56.3%) —107.3 (53.2%) —1335 (55.0%) —-134.3 (52.5%)
AEy,  —80.4 (46.9%) —85.3 (48.1%) —78.2 (43.7%) —94.4 (46.8%) —-109.2 (45.0%) —-121.5 (47.5%)
AE(a)0 —35.2 (43.8%) —34.1 (39.9%) —31.3 (40.0%) —32.6 (34.5%) —46.3 (42.4%) —45.5 (37.4%)
AE(2)5 —0.9 (1.1%) -1.1  (1.3%) -0.8  (1.1%) -1.0 (1.1%) -1.1  (1.0%) -1.3  (1.1%)
AE(b)7n —2.9 (3.6%) —35  (4.1%) —2.7  (3.4%) —3.4  (3.6%) -3.6 (3.3%) —4.4  (3.6%)
AE(by)m —41.4 (51.5%)  —46.7 (54.7%) —43.4 (55.5%) —57.4 (60.8%) —58.2 (53.3%) —70.3 (57.9%)
Eprep 149 (5.3+9.6F 189 (6.0+12.9f 246 (14.3+10.3f 35.7 (18.2+17.5f 329 (17.9+15.0f 41.4 (21.3+20.1y
—De —33.4 —30.8 —-17.1 —16.6 —29.3 —28.8
—Do —30.6 —28.8 —15.3 —15.2 —26.9 —27.0
q[T™M] ¢ 0.09 0.14 0.10 0.19 0.12 0.21
q(CHy)  —0.09 -0.14 —-0.10 -0.19 -0.12 -0.21

aValues in parentheses give the percentage of attractive interactis:+ AEqw. P Values in parentheses give the percentage contribution to
the total orbital interactions.The values in parentheses give the preparation energies of the metal fragment and ligand, respleRairtédy.
charge of TM(CO).

TABLE 3: Energy Decomposition Analysis and Hirshfeld Partial Chargesq of (CO)sTM —C,Hy at BP86/TZP (kcal/mol) Using
Closed Shell Fragments TM(CO3 and C,H

Cr(CO) Mo(CO)s W(CO)

CoHs CoH2 CoH, CoH; CoHs CoH,
AEin —29.9 —-29.6 —-256 —26.5 —-35.4 -38.1
AEpaui 83.9 86.2 69.1 74.9 93.0 103.5
ABese  —595  (52.3%) —59.8  (51.7%) —52.0 (55.0%) —54.5  (53.8%) —~70.0  (54.5%) ~75.0  (52.9%)
AEon 543 (47.7%) —56.0  (48.3%) —426  (45.0%) —46.9  (46.3%) —58.4  (45.5%) —66.6  (47.1%)
AE@)oc —29.0 (53.5%) —27.1  (48.4%) —20.4  (47.9%) -19.8  (42.3%) —28.8  (49.3%) —28.4  (42.6%)
AE@)0  —06  (1.2%) -1.3  (2.3%) -0.6  (1.5%) —11 (2.2%) -0.7  (1.3%) —1.4  (2.1%)
AE(b)rn  —2.2  (4.0%) —25  (4.5%) —21  (5.0%) —30  (6.4%) —27  (4.6%) —41  (6.1%)
AE(b)m  —22.5  (41.4%) —25.1  (44.9%) —~19.4  (45.6%) —23.0  (49.0%) —26.2  (44.9%) —32.8  (49.2%)
Eprep 63 (0.9+54r 84  (L.0+74F 4. (13+36F 7. (14+61F 75  (1L.9+56F 116  (2.2+9.4f
—De 236 —21.2 —20.6 -19.0 —27.9 —26.6
—Do -20.9 -19.6 -18.8 -18.0 —25.9 -25.3
qiT™]¢ 0.03 0.07 0.04 0.08 0.06 0.11
q(CH)  —0.03 -0.07 —0.04 -0.08 —0.06 -0.11

aValues in parentheses give the percentage of attractive interacttans:+ AEqn. P Values in parentheses give the percentage contribution to
the total orbital interactions.The values in parentheses give the preparation energies of the metal fragment and ligand, respdresintedy.
charge of TM(CO).

are always negatively charged while they are positively charged Complexes of Group 6 Elements (COQJTM-C,Hy and
in TM(C2Hy)™ (Table 1). ClI4TM-C ,Hy (TM = Cr, Mo, W). Table 3 gives the EDA
We want to point out that the contribution of the metal results and the calculated Hirshfeld chafgdsr the ethylene
ligand out-of-plane Y{z) donation is very small in both the  and acetylene carbonyl complexes of group 6 elements. The
ethylene and acetylene complexes. This is reasonable becausealculated data show that both the BDE and &t values
the d,acceptor orbital of the metal is occupied. The contribution follow the same trend for the metals Mo Cr < W. The only
of the a(d) back-donation is negligible. Thus, the EDA results compound for which experimental values of the BDE have been
suggest that the nature of the (GDY1—C,H, and (CO)TM— reported is (CO)Cr—C;H4.# The average value of the experi-
C,H,4 bonding of group 8 metals is not very different from each mental 24.8+ 1.2 kcal/mol is slightly larger than the calculated
other. As in the group 11 complexes TM{&) ", the acetylene  valueD, = 20.9 kcal/mol. In agreement with what was observed
ligand in (CO)TM—CyH; is always slightly less positively  for the complexes of group 8 elements, the character of the
charged than the ethylene ligand in (GOY1—C,H4. The EDA metal-ligand bond is slightly more electrostatic than covalent.
results in Table 2 show that, in the acetylene complexes, The AEgisiaiterm contributes 51:755.0% of the total attractive
(COUTM — (CzHy) donation (a + & orbital interactions) has  interactions. The bonding in acetylene complexes has again a
less weight and (CQJM — (C;H,) back-donation (b+ b, slightly higher covalent character than in the ethylene com-
orbital interactions) has more weight than in the ethylene plexes. The decomposition of the orbital term shows that the
complexes. ai(0) interactions have a comparable strength as tha;p
The acetylene complexes of group 8 elements have slightly interactions while the#9) and h(sz0) terms are negligible. The
lower BDEs than the ethylene complexes although the instan- calculated charge distribution indicates that the ligandd,C
taneous metatligand attractionAEj, in the former is higher of the group 6 complexes (CE)M—C;Hy carry a negative
(Table 2). This is because the preparation energies of thecharge which is slightly less than in the group 8 species
acetylene ligand are higher than those of the ethylene ligand.(COuTM—C,Hx (Table 2). This is in agreement with the trend
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TABLE 4: Energy Decomposition Analysis and Hirshfeld Partial Chargesq of CI,TM —C,H, at BP86/TZP (kcal/mol) Using
Triplet Fragments TMCI 4 and C,H

MOC|4 WC|4

CoHa CoH, CoHy CoH,
AEjnt —126.1 —153.1 —139.7 —169.4
AEpauii 209.1 268.7 257.9 313.9
AEeisat ~132.6 (39.6%) ~165.9 (39.3%) -172.8 (43.5%) —206.8 (42.8%)
AEqp ~202.6 (60.4%) —256.0 (60.7%) —224.7 (56.5%) —276.5 (57.2%)
AE(a)o -101.9 (50.3%) -121.4 (47.4%) -116.0 (51.6%) -135.0 (48.8%)
AE(20)0 25 (1.2%) 238 (1.1%) 2.8 (1.2%) —2.4 (0.9%)
AE(by)7o -6.9 (3.4%) —27.4 (10.7%) -8.4 (3.7%) -30.0 (10.9%)
AE(ba) -91.3 (45.1%) ~104.4 (40.8%) -97.5 (43.4%) ~109.1 (39.4%)
Eprep 133.9 (44.8+ 89.1y 141.2 (47.5+ 93.7¥ 126.8 (41.0+ 85.8y 1315 (41.7+ 89.8y
—De 7.8 —-11.9 —-12.9 —-37.9
—Do 9.4 —9.8 —-11.4 —35.6
qT™] @ 0.03 0.07 0.04 0.08
Q(CoHy) —0.03 —0.07 ~0.04 ~0.08

2 Values in parentheses give the percentage of attractive interactns.+ AEon. ° Values in parentheses give the percentage contribution to
the total orbital interactions.The values in parentheses give the preparation energies of the metal fragment and ligand, respdesistedy.
charge of TMCI.

of the energy contributions of the orbital interaction terms. Table energies come from the large preparation energigse, The
3 shows that, in the acetylene complexes, ((J®) < (CzHy) excitation energy of the i, fragments from the singlet ground
donation (a + & orbital interactions) has now more weight state to the triplet reference state is very large. This has been
and (CO3TM — (CyHy) back-donation (b + b, orbital discussed before.
interactions) has less weight than in the group 8 complexes The EDA results suggest that the metaarbon bonds in the
(Table 2). high-valent compounds @IM—C;Hy have a higher covalent
The theoretically predicted dissociation energies of the character than in the low-valent complexes (€)—CyHx
ethylene complexes are slightly larger than those of the acetylene(Tables 3 and 4). The breakdown of theE,, term into
complexes which is mainly caused by the larger preparation contributions from orbitals having different symmetry shows
energies of the latter species. The breakdown ofMBgepterm that, in Ck,TM—C,Hy, the a(o) interactions have a comparable
into contributions of the metal fragment and the ligand shows strength as the Jr) interactions and that thex@) term is
(Table 3) that it costs always more energy to deform the negligible. The same result was found for (GOY1—CyHx. A
acetylene ligand than the ethylene ligand. This holds also for significant difference between the high-and low-valent species
the other complexes except for AG)AgT and (GHAU™ is found for the B(z) term. The contribution of the;torbitals
(Table 1) where the differences between thigy e, values of in the ethylene complexes JIM—C;H, is very small, only
the ethylene and acetylene complexes are very small, though.3.4% and 3.7% of the totahEy term, but it becomes three
There seems to be a subtle balance between different factorgimes larger in the acetylene complexegT®l—C,H, (Table
which contribute to the deformation energy. Acetylene has a 4). This means that the metatarbon bonds in the latter species
C—C triple bond which needs more energy to be stretched thanare additionally stabilized by out-of-plane bonding, which
the C-C double bond of ethylene. The latter ligand has four contribute~11% of the total covalent bonding. The enhanced
C—H bonds which become deformed from the planar equilib- metal<— ligand out-of-planery donation in CJTM—C,H; can
rium geometry while acetylene has only twe-8 bonds which be explained with the electron configuratiohaf the metal in
become bend in the complexes. the high-valent compound. On the other hand, a contribution
One important goal of this study is to address the differences of ~11% is still not very large. The calculated strength of the
in the bonding situation between a low-valent and a high-valent metal — ligand out-of-planerr donation is not sufficient to
transition metal compound. We shall now compare the EDA classify the acetylene as a foarelectron donor in GITM—
results for (COJTM —C,Hy with the results for GITM —C,Hx. CoHo.
Our previous analysis of the electronic structure of (§) The calculated charge distribution show that the ligangt,C
C,Hy and CkW—C,Hy has shown that the latter species should in the compounds GTM—CyHy carry small negative charges
be considered as a metallacylic compound which has two sharedwhich have similar absolute values as in the complexes
electron bonds between WCAnd GHx where each fragment  (COxTM—C,Hy. This is in agreement with the EDA results
has two unpaired electroAsThe EDA study was therefore  which indicate that the [TM}— (C;Hy) donation (a + & orbital

carried out using the triplet states of TMCind GHy. The interactions) has nearly the same weight as the [FM[C;H,)
results and the calculated Hirshfeld chafgese shown in Table back-donation (b+ b, orbital interactions) in both classes of
4. compounds (Tables 3 and 4).

The calculations give much larger interaction energi&s; So what is the major difference between the bonding

for the high-valent compounds speciesT®ll—C;Hy than for situations in (COJTM —CyHyx and ChTM —CH? Is it justified

the low-valent complexes (CE)M—C,H,. Thisisin agreement  to use two different bonding models, i.e., doracceptor
with the much shorter TMC distances in the former com- interactions and metallacyclic compound for the two classes of
pounds than in the latter. The bond dissociation energies of thecompounds? The EDA results given in Tables 3 and 4 show
molecules CITM—C;Hy are very low, however. The theoreti- that the major difference lies in thabsolutevalues of the
cally predicted BDE of CMo—C;H, is even positive, i.e., the  calculated energy terms. The total interaction eneryigs but
molecule is only kinetically stable. The small bond dissociation also the energy contributions &Eestas AEorm, and AEpayi of
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the high-valent compounds ZIM—C,Hy are much larger than
in the low-valent (COJTM—C,Hy complexes. The electron- and tungsten acetylene complexes the metdigand ; in-
sharing (covalent) metaicarbon binding forces in the former plane back-donation plays the most important role (49.0
molecules yield shorter bond lengths and thus, larger Pauli 49.2%). The metat— ligand 7 donation and the %) back-
repulsion and stronger electrostatic attraction. Of course, it is donation are negligible. The BDEs are marginally larger for
arbitrary to pick out one bonding component to be responsible the ethylene complexes due to the larger preparation energies
for the short interatomic distance. A plausible reason for this is of the acetylene ligand but the differences are not very big.
the fact that the interacting fragments iy —C,Hy are open- The analysis of the metaligand interactions in the high-
shell species while the fragments in (GOY1—CzHy complexes valent complexes of group 6 elementgT® —C,Hy was carried

are closed-shell molecules. The classification of the molecules out using the fragments between TM@hd GHy in the triplet

into two different categories, i.e., doneacceptor complexes  states. The interaction energieg TV —C,Hy are very large but

and metallacyclic compounds, is therefore reasonable becausehe bond dissociation energies are rather small and in the case
it establishes a helpful ordering scheme for compounds which of Cl;Mo—C;H, the BDE is even positive. The low BDEs of
haver-bonded ligands. We want to point out, however, that the high-valent complexes are due to the high preparation
there is no fundamental difference in the nature of the binding energies required to excite,8 from the singlet ground state
interactions, i.e., the ratio of covalent and electrostatic bonding to the triplet state. The metatarbon bonds in GTM—C,Hy

and the percent contributions ofandsz bonding in the high- have more covalent than electrostatic character. Tite) a
and low-valent ethylene and acetylene complexes are not veryinteractions have a comparable strength as ifglinteractions
different from each other. The two bonding models can be while the a(d) term is negligible. The #f7z1)) orbital interactions
considered as sketches of two extreme situations where the reabf the out-of-planer orbitals in the acetylene complexes;,Cl
molecules have bonds which are between the two poles. TM—C;H; contribute~11% to the total orbital term while they
Molecules will exist whose bonding situation may be considered are negligible in the ethylene complexes, T —C;Ha.

as a borderline case between the two models. In fact, in our
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this study can be summarized as follows.

The metat-ligand bonds of the cationic complexes of group  Sypporting Information Available: A table with the
11 elements TM-CH," have more electrostatic than covalent coordinates and energies of the calculated molecules. This
character. However, the covalent contributions to the bonding material is available free of charge via the Internet at http://
is quite large (40.644.2%) in variance with previous predic-  pubs.acs.org.
tions based on orbital and density partitioning schemes. The
covalent bonding in these complexes comes mainly from the
metal — ligand o donation (55.769.2%). The contributions
of the metal— ligand 7 in-plane back-donation are much
smaller (20.6-33.4%) because the transition metal carries a
positive charge. The metal- ligand w5 donation is much
smaller. The contribution of the,@) back-donation is negli-
gible. The ethylene ligand is slightly stronger bonded to™TM
and the BDE values are also slightly higher compared with
acetylene.

For the carbonyl complexes of group 8 elements (O
(C,Hy) the EDA results show that the electrostatic/covalent
character of the metaligand bond is very similar to that found
in the complexes of group 11 cations. However, the metal
ligand 7, in-plane back-donation becomes more important in
the latter complexes where it is the largest contributor to the
covalent interactions (51-%60.8%). The metat— ligand o
donation _(34'543'8%) is clearly Weal_(er. The metal_llgand the complex the in-plang orbital of the free ligand has symmetry.

7 donation and the »8) back-donation are negligible. The (4) Haaland, AAngew. Chem1989 101, 1017;Angew. Chem., Int.
acetylene ligand has slightly larger interaction energies than theEd. Engl.1989 28, 992.

i i i iati (5) (a) Pidun, U.; Frenking, GOrganometallics1995 14, 5325. (b)
ethylene ligand but the latter has higher bond dissociation Pidun, U.- Frenking, GJ. Organomet. Cheni996 525 269. (¢) Pidun.

energies because the ligand preparation energy of acetylene i@'_. Frenking, G.J. Chem. Soc., Dalton Tran$997, 1653.

— ligando donation (47.9-53.5%) whereas in the molybdenum

Summary

Note Added after ASAP Posting.This article was published
ASAP on 2/18/2004. In Tables-4, the labels for the ligands
C,H4 and GH; were incorrect in some column heads. The
entries forAEjn; and AEpay (top two rows) and for-De, —Do,
g[TM], and q(C.H,) (bottom four rows) in Table 3 were shifted.
The corrected version was posted 3/5/2004.
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