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Abstract: The equilibrium geometries and bond-dissociation energies for loss of one CO and loss of six CO
from TM(CO) (TMY = Hf2-, Ta~, W, Ret, O, Ir3") have been calculated at the BP86 level using Slater
type basis sets. The bonding interactions between TM{@@aY one CO and between Fl¥h thet,® valence

state and the ligand cage (G@)ere analyzed in the framework of Kohn-Sham MO theory with the use of the
quantitative ETS energy-partitioning scheme. The BDEs exhibit a U-shaped curve from f(QGO)r-
(CO)3t, with W(CO) having the lowest BDE for loss of one CO while Re(GOhas the lowest BDE for

loss of 6 CO. The stabilizing orbital interaction terixEq,, and the electrostatic attraction terfXEesia; have
comparable contributions to the (XM %—CO bond strength. The largest orbital contributions relative to the
electrostatic attraction are found for the highest charged complexes, HF(CG Ir(CO)3*. The contribution

of the (CO}TM%—CO ¢ donation continuously increases from Hf(GD)to Ir(CO)" and eventually becomes

the dominant orbital interaction term in the carbonyl cations, while the {0@%—CO x-back-donation
decreases in the same direction. The breakdown of the contributions of the d, s, and p valence orbitals of the
metals to the energy and charge terms of the*H{CO)s donation shows for a single AO the ordersds >

p, but the contributions of the three p orbitals of Thte larger than the contribution of the s orbital.

Introduction in organic and inorganic chemistry for explaining the structure
and reactivity of molecules. There is a danger, however, in the
uncritical use of the frontier orbital model for explaining
chemical bonding, because other factors such as electrostatic

The nature of the chemical bond is at the very heart of
chemical research. The lack of true insight into the interatomic

interactions in molecules in the prequantum chemical period ineractions and Pauli repulsion may also play a significant role.
prior to 19283 forced chemists to use heuristic models that were A thorough analysis of the different factors which contribute

developed by correlating experimental observations with plau- 4 the strength of the interatomic interactions is seldom done,
sible ad-hoc assumptions. Whereas these models proved to be g the results of such studies often reveal that the nature of

very helpful as an ordering scheme for experimental observa- e chemical bond is more complicated than the simple bonding
tions and as a tool for the design of new experiments, they do o 4es which are commonly used. Nevertheless, it is fair to

not provide any information about the nature of the chemical gay that much progress has been made in the understanding of
bond. Only after sophisticated quantum chemical methods werey, o «hemical bond in the past decades.

developed and powerful computers were available did it become
possible to accurately analyze the interatomic interactions off
molecules and to understand the physical nature of the chemicaL[
bond. The progress in quantum chemistry also contributed to
the development of bonding models, with molecular orbital
(MO) theory being the most prominent example. MO theoretical
models belong now to the standard curriculum of modern
chemical textbooks.

The enormous success of MO theory, particularly in form of
the frontier molecular orbital modélled to its widespread use

Most quantum chemical analyses of the chemical bond
ocused, in the beginning, on the elements of the first row of
he periodic system. The extension of the bonding concepts
which were developed for the first octal row to the heavier main-
group elements already has proven to be more complicated than
most chemists would have expecfetlevertheless, quantum
chemical calculations gave insight into the bonding situation
of the main-group elements beyond neon. A detailed analysis
of the multiple bonds of light and heavy main-group elements,
which led to some surprising results, gave an understanding for
T Theoretical Studies of Organometallic Compounds. Part 42. Party 41: the different geometries and significantly lower stabilities of
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It is possible to maintain the conceptual power of the MO
model and at the same time consider all energy components
including correlation energy for the chemical bonding by using
density functional theory (DFT). Davidson has already shown

v n that the Morokuma energy partitioning of Cr(G@}sing Kohn-
— : Sham (KS) orbitals leads to very similar results about the relative
size of the C+~CO z-back-donation and the €rCO o-dona-
<. ¢—o0 tion.” A closely related energy decomposition method, the
O Morokuma analysi§ has been introduced for DFT methods by
. Ziegler and Rauk! It is called extended transition state (ETS)

method, and it has been used for analyzing the binding
interactions in numerous TM compounds3 Details of the
method are shortly described in the Methods section.

Most previous theoretical studies which analyzed the chemical
bond in TM carbonyls focused areutralcomplexes. However,
long-lasting controversy about the question of whether the d TM carbonyls can also be negatively or positively charged. TM
orbitals of the heavier main group elements should be consideredcarbonyl complexes which carry a positive charge have been
as true valence orbitals was finally solved with the help of intensively investigated in recent years, both experimeriftally
sophisticated methods for analyzing the electronic structure in and theoretically>16 The finding that some complexes, TM-
favor of the sp-valence-bonding model. (COY™, may have GO stretching frequencies which are

Theoretical analyses of the chemical bond of transition-metal higher than those in free CO (2143 chhled Strauss to suggest
(TM) compounds which are based on accurate quantum chemi-that they should be called “nonclassical” carbonyls, while
cal calculations could only be made in the more recent past, carbonyl complexes with(CO) < 2143 cnt! are “classical’
because the electronic structure of the TMs is more complex. A recent theoretical investigation by Szilagyi and Frenking
Previous studies based on approximate MO methods, particularly

Figure 1. Schematic representation of the MO orbital interactions
in carbonyl complexes. TMCO o-donation (top) and TM-CO
m-back-donation (bottom).

by Hoffmann, demonstrated that MO arguments are very helpful
in explaining the structures and geometries of TM compoénds.
However, two detailed analyses of the-2O interactions in
Cr(CO) by Davidson et al2and by Baerends and Rozend&al
have shown that the nature of the chemical bond in chromium

(10) (a) Bauschlicher, C. W.; Bagus, P.JSChem. Physl984 81, 5889.
(b) Bauschlicher, C. W.; Petterson, L. G. M.; Siegbahn, P. EJMChem.
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A. Chem. Phys1989 129 431. (d) Bauschlicher, C. Wl. Chem. Phys.
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O. Chem. Phys1986 85, 354. (f) Barnes, L. A.; Rosi, M.; Bauschlicher,
C. W. J. Chem. Phys1991 94, 2031 (g) Barnes, L. A.; Rosi, M.;

hexacarbonyl is much more complicated than it may be assumedBauschlicher, C. WJ. Chem. Phys199Q 93, 609 (h) Barnes, L. A;

by considering qualitative models such as the popular Dewar-
Chatt-Duncanson (DCD) modedf TM—CO o¢-donation and
TM—CO z-back-donation (Figure 1).

Inspection of the different energy terms for the metajand
interactions which were identified with the Morokuma energy-
partitioning schenfeshowed that the contribution of the-€€O
m-back-donation to the total binding energy is larger than the
energy term which comes from the<€€O o-donation. This
is in agreement with numerous earlier theoretical studies of
meta-CO interactiong? However, analysis of the changes in
the electronic structure by Davidson et’akvealed that the
driving force for the larger-back-bonding is the electrostatic
energy that arises from the penetration of the &lectrons,
which are the carbon-lone-pair electrons, into the chromium

valence shell. The authors pointed out that electrostatic forces

and the Pauli exclusion principle must be considered for a true
understanding of the chemical bonding.
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A Bond-Energy Decomposition Analysis of TM(EO)

(SF)6 of the structure and bonding of the isoelectronic hexac-
arbonyls TM(COQ4 (TMY = Hf?2~, Ta", W, Re", Og*, Ir3h)
using the charge decomposition analysis (CEHAhowed that
the TM+—CO z-back-donation continuously decreases from
Hf2~ to Ir3*, which explains why the €O stretching frequency
increases in the same order in intervals~df00 cnt?.

A surprising result was found for the trend of the first CO
bond dissociation energies (BDE) of the hexacarbonyls, which
show a U-shaped curve from #fto Ir3t. The lowest BDE
was calculated for W(CQ@) The bond energy increases slightly
for Ta(CO)~ and then for Hf(CQO¥~, and an even stronger
increase in the BDE was calculated for the carbonyl cations.
Ir(CO)s®" clearly has the highest BDE of the six isolectronic
species?® This is surprising in light of the results for neutral
TM carbonyls, which all agree that the TMCO m-back-
donation contributes more to the met&O bond energy than
TM~—CO o-donation’10 A plausible explanation would be that
eithero-donation becomes much more important in TM carbonyl
cations or that electrostatic interactions play a larger role in
positively charged species. The higher BDE of the negatively
charged carbonyls than that of W(GQnpight then be due to

largerz-back-donation. Because the molecular charge changes

from —2 to +3, it might be expected that electrostatic forces
significantly influence the strength of the metalarbonyl
interactions.

J. Am. Chem. Soc., Vol. 122, No. 27, 20@51

the interactions between the bare transition metat ‘akt the
cage of (COy in octahedral symmetry. This is the approach
that has been used by Davidson for his bonding analysis of Cr-
(CO).” BecauseD, symmetry is retained in the latter analysis,

it is possible to identify the energy contributions of the d, s,
and p orbitals of the metal to the ™CO o-donation. An
energy analysis of the metatarbonyl bonding in neutral and
charged complexes has recently been reported by Ehlerd?%t al.
The authors investigated only tee ands-orbital contributions

to the first BDE and not the energy components which are due
to Pauli repulsion and electrostatic interaction. The bonding
between the metal and the ligand cage, (¢Qnd the
contributions by the d, s, and p orbitals of the metal were not
studied.

Methods

The calculations have been performed at the nonlocal DFT level of
theory using the exchange functional of Be€kand the correlation
functional of Perdef? (BP86). Relativistic effects have been considered
by the zero-order regular approximation (ZORAWwhich is more
reliable than the widely used Pauli formalism. Uncontracted Slater type
orbitals (STOs) have been used as basis functions for the SCF
calculationg* The basis sets for all atoms have triflequality,
augmented with a 6p function on the metal atoms and two sets of
polarization functions, 3d and 4f, for carbon and oxygen. The?(1s)

The question about the change in the size of the energy core electrons of oxygen and carbon and the (1s2s2p3s3p3d4%4p4ad)

contributions to the metalCO interactions when the carbonyl

core electrons of the metals were treated by the frozen-core approxima-

complex is negatively or positively charged was one reason for tion? An auxiliary set of s, p, d, f, and g STOs was used to fit the

carrying out this study. Which factors determine the U-shaped

molecular densities and to represent the Coulomb and exchange

trend of the BDE in the metal hexacarbonyls? A second question potentials accurately in each SCF cy&&he optimized structures have

which we want to address concerns a more fundamental aspec

of TM bonding. There is, at present, a controversy about the
question of whether the lowest lying empty p orbitals of the

transition metals should be considered as valence orbitals or if

they are only polarization functions, like the d functions of the
main-group element$:2°The common picture of TMligand
orbital interactions in an octahedral complex, Tiwhere the
ligands L haves donor andr acceptor orbitals suggests that
TM<—L o-donation involves the empty d), p, and s orbitals
of the metal (Figure 2). A CDA analysis of W(CgX)as shown
that the W—CO o-donation involves mainly the d orbitals, while
the s and p orbitals are less import&hBut how important are

peen verified as minima on the potential energy surface by calculation
of the vibrational frequencies. The atomic partial charges have been
calculated with the Hirshfeld partitioning scherieAll calculations
were carried out with the program package ABF.

The bonding interactions between the pentacarbonyl fragments, TM-
(CO)?and CO, and between the metal atom,Tlhd the ligand cage,
(CO)s, have been analyzed with the energy decomposition scheme ETS
developed by Ziegler and Radk.Within this method, the bond
dissociation energhE between two fragments A and B is partitioned
into several contributions which can be identified as physically
meaningful entities. FirstAE is separated into two major components
AEprep and AEin::

AE = AE ., + AE;

the s and p orbitals energywise, and how do the contributions
to the bond energy change when the hexacarbonyl complex

carries a positi_ve charge? In the course of this work we found AE,epis the energy which is necessary to promote the fragments A
that the analysis of the interactions beween the meta¥, &l and B from their equilibrium geometry and electronic ground state to

the ligand cage, (CQ)is an excellent probe to address this the geometry and electronic state which they have in the compound
question. To answer the two questions, we carried out a AB. AEy is the instantaneous interaction energy between the two
guantitative bonding analysis of the title compounds in the fragments in the molecule. The latter quantity will be the focus of the
framework of the Koha-Sham MO model. This was done with  present work. The interaction energykin, can be divided into three

the help of an energy decomposition analysis at the gradient-
corrected DFT level using the ETS method. Details are described (22) Perdew. J. FPhys. Re. B- Condens. Materl986 33 8822,

in the Methods section. (23) (a) Chang, C.; Pelissier, M.; Durand, Fthys. Scr1986 34, 394.
The bonding analysis was carried out in two ways. One way (b) Heully, J.-L.; Lindgren, 1.; Lindroth, E.; Lundquist, S.; Martensson-
was to look at the interactions between one CO and the TM- Pendrill, A-M.J. Phys. B: AL Mol. Opt. Phys.986 19, 2799. () van

s . . Lenthe, E.; Baerends, E. J.; Snijders, JJGChem. Physl993 99, 4597.
(CO) fragment. The results give insight into the factors which (d) van Lenthe, E.; Baerends, E. J.: Snijders, JJGChem. Phys1996

determine the first BDE. In the second approach we analyzed 105 6505. (e) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders,
J. G.Int. J. Quantum Chenil996 57, 281.

(24) Snijders, J. G.; Baerends, E. J.; VernooijsAR.Data Nucl. Data
Tables1982 26, 483.

(25) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.

(26) Krijn, J.; Baerends, E. Fit Functions in the HFS-Methqdnternal
Report (in dutch); Vrije Universiteit Amsterdam: The Netherlands, 1984.

(27) Hirshfeld, E. L.Theor. Chim. Actal977, 44, 129.

(28) (a) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends, E.
J. Theor. Chem. Accl998 99, 391. (b) Bickelhaupt, F. M.; Baerends, E.
J. Rev. Comput. ChemVol. 15, in print.
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(17) Lupinetti, A. J.; Frenking, G.; Strauss, S. Mhgew. Chem1998
110, 2229;Angew. Chem., Int. Ed. Endl998 37, 2113.

(18) Dapprich, S.; Frenking, G.. Phys. Chem1995 99, 9352.
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Figure 2. Orbital interaction diagram of the splitting of the d, s, p valence orbitals of a transition metal in an octahedral ligand field. (a) Interactions
of the ¢ orbitals. (b) Interactions of the orbitals.

main component&29 in the geometry of the compleXEpay; gives the repulsive interaction
energy between the fragments which is caused by the fact that two
AE; = AEg gt ABpyi T AEy, electrons with the same spin cannot occupy the same region in space.

The term comprises the four-electron destabilizing interactions between
AEqisiat gives the electrostatic interaction energy between the frag- occupied orbitalsSAEpaui is calculated by enforcing the KohtSham
ments which is calculated with a frozen electron density distribution determinant of AB, which is the result of superimposing fragments A
and B, to obey the Pauli principle through antisymmetrization and
(29) It has become customary to add the valueaBau; and ABeisier renormalization. The stabilizing orbital interaction terfEos is

into a common term\E° (which is sometimes called the steric terth}3 . ) -
The bonding analysis is then often carried out in terms of A& and calculated in the final step of the ETS analysis when the Kebinam

AEo, values, which give a bonding model where the attractive orbital orbitals relax to their optimal form. The reader should note that the
interaction termAEom, and theAE® term are compared with the total ~ relaxation energy of the KohrSham orbitals includes the effect of
interaction energyEiy. Such a partitioning of the bonding energy often  electron correlation. ThéE,, term can be further partitioned into
supports the common MO bonding model where the dominant contributions ¢ontributions by orbitals which belong to different irreducible repre-
to the chemical bond arise from the interactions between particular orbitals sentations of the interacting system

such as the HOMO and LUM®However, the addition oAEp,,; and g sy )
AEeistat into a single termAE®, is arbitrary and deceptive, because the . .
contribution of the electrostatic forces to the bonding interactions is not Results and Discussion

obvious anymore. We decided to discuss the values for the three contribu- The discussion of the results is organized in the following

tions, AEpaui, AEeistat and AEqm, to the bond energy separately and to . . .
compare the trend of the three terms with the net bonding enérgies. ThisWay. First, we summarize the calculated geometries, the bond

leads to an unbiased conclusion about the factors which are responsible fordissociation energies (BDE), and the atomic partial charges of
the U-shaped curves of the bonding energies. The separate presentation ofhe hexacarbonyls. This section is rather short because part of
the values ofAEgstar and AEq, makes it also possible to estimate the .

the data have been reported befrtn the following parts we

electrostatic and covalent contributions to the me@®0 bonding interac- k - | .
tions. discuss the results of the bonding analysis. The second section
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Table 1. Calculated Bond Dissociation Energies (kcal/mol) and Interatomic Distances (A) and Atomic Partial Clepryeso(ding to the

Hirshfeld Partitioning Scheme

Hf(CO)6?~ Ta(CO)~ W(CO) Re(CO}* Os(COp** Ir(CO)e®*
reaction no. bonding energy
TM(CO)s4 + CO la —50.84 —48.26 —45.98 —48.36 —56.92 —73.74
TM(CO)s% + COry  1b —56.59 —51.31 —49.63 —52.74 —61.92 —78.90
TMA(t%) + 6CO 2a —511.10 —498.24 —448.37 —439.51 —517.25 —774.71
TMY(t,f) + (CO)k 1y  2b —543.90 —525.56 —473.89 —456.57 —544.40 —801.58
bond distance®
T™M-C 2.195 2112 2.061 2.036 2.034 2.055
(2.174-2.180) (2.083) (2.058) (1.98.07) (2.06-2.05)
Cc-0 1.185 1.169 1.153 1.139 1.129 1.129
(1.165) (1.149) (1.148) (1.141.19) (1.071.12)
atom Hirshfeld charges
™ —0.065 0.016 0.079 0.148 0.226 0.337
C —0.055 0.017 0.089 0.157 0.222 0.282
o] —0.268 —0.187 —0.102 —0.015 0.074 0.162

a Experimental values are given in parenthedés.

gives an account of the interactions between CO and the metalBDEs of eqs 2a and 2b are predicted for Re(&{Yable 1).
pentacarbonyl fragments. In the third section we present a The highest bonding energies of eqs 1 and 2 are calculated for
bonding analysis of the interactions between the metal atom, Ir(CO)s**.

TMSY, and the ligand cage, (C®)The final section contains an

Table 1 shows that the calculated met&lO bond lengths

analysis of the contributions of the metal d, s, and p valence R(TM—C) are in excellent agreement with experimental val-

orbitals to the carbonyl bonds.
Geometries, Bond Energies, and Charge Distribution.

ues3l38please note that the R(TMC) values decrease regularly
from Hf(CO)?~ to Os(CO)?" before they become longer again

Table 1 shows two types of calculated bonding energies. First, in triply charged Ir(CO$*". The calculations predict that the
we give the theoretically predicted bond dissociation energies C—O bond lengths decrease regularly from Hf(GO)to Ir-

(BDESs), De, of the metal hexacarbonyls for loss of one CO
ligand yielding TM(CO34 and CO in the relaxed geometries

(CO)3*. The experimental values for RED) agree with the
theoretical trend, but the scattering of the measured values is

(eq 1a) and in the frozen geometries of the hexacarbonyls (egrather high. The regular increase of the-Q stretching
1b). The latter set gives the instantaneous interaction energiesfrequency from Hf(COY~ to Ir(CO)3* with intervals of~100
AEjy, between the pentacarbonyl fragment and CO in the cmt, which was found experimentafyand theoretically:$:32
complex. The two sets of data from reactions 1a and 1b are notis in agreement with the trend toward shorter@ interatomic
very different, because the geometry changes of the fragmentsdistances.

are small. TheD, value of W(CO} (49.63 kcal/mol) gives a
ZPE corrected theoretically predicted BDE of W(G@),
47.5 kcal/mol which is in excellent agreement with the
experimental valu®, = 46 & 2 kcal/mol3° The theoreticaDe
andAE;y values show the same U-shaped trend from Hf(0)
to Ir(CO)" with W(CO)s being the lowest point in the curve
as found in our previous stud$.

TM(CO)s"— TM(CO)," + CO+ BDE(CO)  (la)

TM(CO)* — TM(CO).(fr) + CO(fr) + BDE(CO)
(fr = frozen geometry) (1b)

TM(CO)s’ — (t,)TM® + 6 CO+ BDE(6 CO) (2a)

TM(CO)e’ — (t,)TM® + (CO)(fr) + BDE(CO), ~ (2b)

The charge distribution given by the Hirshfeld partitioning
scheme indicates a regular decrease of negative charge (increase
of positive charge) for the three atom types, TM, C, O, from
Hf(CO)s?™ to Ir(CO)". This is a reasonable trend. The previous
study of SF gave NBO partial charges, which show larger charge
separations and a less regular trend of the charge distribtion.

Energy Decomposition TMA(CO)s—CO. Table 2 shows the
results of the partitioning of the interaction energigg,(CO),
between TM(COYand CO into the three termAEpaui, AEeistas
andAEy,. The trends of the different energy terms are displayed
in Figure 3.

Figure 3 shows that thAE,, values indeed have a similar
trend as the total interaction energiag;n;, but theAE, values
increase from W(CQ)to Hf(CO)?~ while the AEq, values
decrease (Table 2). The similar trends AEiy; and AEqm
exhibited in Figure 3 support the idea that the bond strength
can be correlated with the orbital interactions, but the opposite
behavior of the two terms from W(C@}o Hf(CO)?>~ demon-

The second set of bonding energies given in Table 1 refers strates that other factors can also be important. Figure 3 shows

to the dissociation of TM(CQ@) into the metal cation in the

that the sum 0fAEpaui and AEq gives a trend which is in

tog® reference state, which is the valence state of the metal in 2greement with the increase &€y, W(CO) < Ta(CO)~ <
the hexacarbonyl, and six CO (eq 2). Equation 2a gives the _ (31) (a) Ellis, J. E.; Chi, K.-MJ. Am. Chem. S0d.99Q 112, 6022. (b)

calculated BDEs for the reactions yielding 6 CO with optimized

Siebert, H.Anwendungen der Schwingungsspektroskopie in der anorga-

nischen ChemieSpringer: Berlin, Germany, 1966. (c) Jones, L. H,;

bond lengths, while eq 2b describes the dissociation yielding mcDowell, R. S.; Goldblatt, Minorg. Chem.1969 8, 2349. (d) Abel, E.

the metal and the ligand cage (GO the frozen geometry of
the hexacarbonyl. Both sets of BDEs exhibit a similar U-shape
curve like the BDEs for loss of one CO. However, the lowest

(30) Lewis, K. E.; Golden, D. M.; Smith, G. B. Am. Chem. Sod984
106, 3905.

W.; McLean, R. A. N.; Tyfield, S. P.; Braterman, P. S.; Walker, A. P.;

d Hendra, P. 1J. Mol. Spectroscl969 30, 29. (e) Wang, C.; Bley, B.; Balzer-

Jdlenbeck, G.; Lewis, A. R.; Siu, S. C.; Willner, H.; Aubke, &.Chem.
Soc., Chem. Commu995 2071. (f) Bach, C.; Willner, H.; Wang, C.;
Rettig, S. J.; Trotter, J.; Aubke, Angew. Chenml996 108 2104;Angew.
Chem., Int Ed. Engl1996 35, 1974.

(32) Jonas, V.; Thiel, WOrganometallics1998 17, 353.
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Table 2. Energy Decomposition and Bonding Analysis of TM(GO} CO

Hf(CO)s*~ Ta(CO)~ W(CO) Re(CO}* Os(COp?* Ir(CO)®"
energy decomposition (kcal/mol)
AEiq —56.59 —-51.31 —49.63 —52.74 —61.92 —78.90
AEpauii 76.63 100.74 118.31 126.86 125.44 115.94
AEeistat —59.38 —76.56 —90.08 —97.69 —98.48 —93.08
AEom —73.83 —75.48 —77.87 —81.92 —88.87 —101.76
Aq —17.19 —25.79 —35.92 —47.34 —60.08 —75.39
Az 0.00 0.00 0.00 0.00 0.00 0.00
B, 0.05 0.02 —0.03 —0.07 —0.09 —0.10
B2 —0.05 —0.07 —0.07 —0.07 —0.06 —0.05
E —56.64 —49.64 —41.85 —34.44 —28.64 —26.22
orbital overlaplTM(CO)s% | COLl
11a | 500 0.428 0.446 0.468 0.486 0.476 0.414
10e| 270 0.194 0.197 0.192 0.179 0.155 0.108
orbital populatiorg
)

TM(CO)sd 1lla 0.18 0.21 0.26 0.34 0.43 0.50

50 1.72 1.70 1.68 1.64 1.60 1.52

--II--

TM(CO)sd 10e 1.67 1.75 1.81 1.87 191 1.96

2t 0.35 0.28 0.21 0.15 0.11 0.07

TM(CO)s'-CO
HiCO)? Ta(CO) W(CO) Re(CO)" Os(CO)* IHCO)™
150 —
11a; (LUMO)
27 (LUMO)
AEpayi
100 - ' %
10e (HOMO) )
1 56 (HOMO) @@
50 A AEpaui + AEom,

Energy / (kcal/mol)
(=)

AEelslat

-100

-150

Figure 3. Trend of the energy contributions to the interaction energy
between TM(CO) and CO.

Hf(CO)s2~, but the highest point of the curve is found for Re-
(CO)%™' and not for W(COy.

TM(CO)s*

TM(CO)4*

(o0]

Figure 4. Orbital interaction diagram and plot of the HOMO and
LUMO of TM9(CO) and CO.

Table 2 shows that the values fAEp,yi and AEqistathave a
trend which follows the TM-CO bond lengths, i.e., the absolute
values increase with the shortening of the bond from Hf¢Z0)
to Os(CO)?* but decrease for Ir(C@¥". We want to point out
that the AEgistat Value of Ir(CO)3* is less than those of Re-
(CO)"™ and Os(CQO¥". This means that the very high bonding
energy of the iridium complex cannot be explained with
electrostatic forces.

Table 2 also gives the contributions of the stabilizing orbital
interaction termAEq, for the orbitals with different symmetry.
Figure 4 shows a contour-line diagram of the symmetry-allowed
orbital interactions between the HOMO and LUMO of the

An important point concerns the absolute values of the energy fragments which can be expected to give the largest contribu-

terms AEpayi, AEeistas and AEqn,. Table 2 shows that the
calculated values al\Egisiar and AEor, are always higher than
the bonding energyAEin:. An arbitrary consideration of only

tions to theAEy, term. Table 2 shows that only the orbital
interactions witha; ande symmetry significantly contribute to
the AEq term. Although the stabilization arises from the sum

one attractive term would lead to the conclusion that the CO of all orbital interactions witha; and e symmetry, it can

ligand either is only electrostatically bound or that it is only

reasonably be argued that the dominant contributions come from

covalently bound. A reasonable consideration of all three terms the HOMO/LUMO interactions depicted in Figure 4. This is
leads to the conclusion that the ionic contribution and the supported by the calculated orbital population given in Table

covalent contribution to the (CE)M9—CO bonding interactions

2, which shows that the HOMO and the LUMO exhibit a large

have a similar size and that the Pauli repulsion leads to a netchange in the population along the series of molecules. It follows

bonding which is<0.5(AEestat+ AEom,). Figure 3 shows that,
for Hf(CO)s2~ and Ir(CO)3*, the covalent bonding given by
AEy is larger than the electrostatic bonding given/Alestas
while for W(CO), Re(CO}™, and Os(CQ¥™, it holds thatAEqm,

that the stabilizing orbital interactions are mainly given by
TM4%—CO o-donation & term) and the TM—CO z-back-
donation é term).

We want to comment on thieend of the energies given by

< AEastae This is a counterintuitive result, because it means thea; ande symmetric orbital interactions. Table 2 shows that

thatthe highest charged complexes/bahe smallest degree of
ionic character in the metatCO bond.

the stabilization due to TM—CO o-donation steadily increases
from Hf(CO)?~ to Ir(CO)®", while the TM—CO z-back-
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Frontier Orbital Energies terms of the ETS analysis. We use the results for WeQ@hich
HICO)X® TalCO) W(COJs Re(CO)’ Os(COJZ GO has the lowesEi value and the lowest BDE, as a reference
10 point. It becomes obvious that the higher TM(G®)CO
5 | interaction energies of the negatively charged complexes
Ta(CO)~ and Hf(CO}?~ arenot caused by the changes in the
91 electrostatic attraction, which decreases for the anions, nor by
3 5 the AEq term, which also becomes slightly smaller. The higher
3 10 bonding energy is rather caused by the very large decrease in
] the repulsive AEpay;, term (Table 2). Although the stabilizing
w15 5 LUMO TM(CO)s+—~CO xr-back-donation becomes larger in the anions,
201 the increase is compensated for by the larger decrease in the
7 HOMO TM(CO)s%—CO o-donation. The overall stabilization by the
25 AEqm, term in Ta(COJ~ and Hf(CO)2~ is weaker than that in
-30 W(CO). A superficial consideration of the trend of the different
Figure 5. Trend of the frontier orbital energy levels of the pentacar- terms could have attributed the higher BDEs of the anions to
bonyls. the increase in the-back-donation.

A different explanation must be given for the higher bond
energies of the positively charged systems. Table 2 shows that
) . o the increase of thAEj, values from W(CQOjto Ir(CO)3" runs
stronger than theo-donation, Wh'l_e the positively cha_rged parallel to the increase of th&E,, values. This is because the
%Eatcrz:lbd?sn}é[:nhﬁ\éeeig?;iggg?/Ci?rt]l?E;r}ivn\fé?iizk-cﬂotgzugrﬁital sum of the Pauli repulsion and electrostatic attraction is nearly

: constant for W(CQ) Re(COy*, and Os(CQOy+ (Figure 3).
energies of the ®HOMO and 1B LUMO of TM(CO)s? from Thus, it seems reasonable to conclude that the l&geralues

2— 3+ Fj
Hf(CO)g*~ to Ir(CO)3*. Figure 5 shows that the energy levels of Re(CO}*, Os(CO)2*, and I((CO)3* are caused by the larger

of the frontier orbitals of TM(CQJ span a wide range from AE -
B ; b orb Values, which come from the stronger TM(G®)CO
+510 =25 eV. The very low lyingy LUMO of Ir(CO)s*" and o-donation. However, the electrostatic attraction also increases

the very high lyingz HOMO of Hf(CO)*" explain why the from W(CO) to Os(CO)?", and the further increase of the;
. . s ’ nt
TM%—CO o-donation in the iridium complex and the M4CO value for Ir(CO)}*" may also be explained with the decrease of

m-back-donation in the hafnium complex dominate the stabiliz- o, ; repulsion. It is arbitrary to state that the higher interaction

ing orbital interactions in the compounds (Table 2). Table 2 energies areausedby the AEoy term. All one can say is that

shows also that the orbital overlap between theHEOMO of .
the increase of thAEy values from W(CQyto Ir(CO)*" can
q
CO and 12, LUMO of TM(CO)s? does not change very much " o1aaquith the increase of thA\Eorp term.
for the six interacting systems. Nor does the overlap between . .
the 1@ HOMO of TM(CO)" and the 2 LUMO of CO vary Energy Decomposition TM!~(CO)e. Table 3 gives the
noticeably among the first four species listed in Table 2. Please 8N€rgy contributionsAEpaui, AEeistai and AEon, to the total

note that Ir(CO¥*, which has the strongest contribution fay)( interaction energyAEi , between the metal, TMand the

donation exhibits the opposite trend. The stabilization due to
m-back-donation in Hf(CQ¥~, Ta(CO)~, and W(CO} is

o-donation, has the smallest orbital overlafila/50>. It ligand cage, g(_:Q) Figure36+‘> shows the trend of the energy terms
follows that orbital overlap is here overruled by the factor of from Hf(CO)=" to Ir(CO)*". It becomes obvious that the values
matching orbital energies. of the orbital interaction termAE,m,, are quite similar to the

The calculated orbital population shows a steady increase of AEnt values and that the two curves exhibit a similar shape.
the 11, LUMO of the metal fragment and a decrease of the The only qualitative difference between t_he two t_erms is found
27 LUMO population of CO from Hi(CQ{~ to Ir(CO)2*. The for W(CO) and Re(CQyt. The tota_ll interaction energy
same trends have been found by SF in the CDA analysis of thedecreases from W(C@)o Re(CO}", while the orbital interac-
compounddg® The change in the orbital population agrees with tions increase in this dlrectlon_ (Table 3)._A similar trend as for
the trend of the orbital interaction energies. The values in Table AEo S found for the total orbital interactionaEom + AEpauii
2 demonstrate that the size of the orbital overlap between the(Figure 6). This is because the values of the Pauli repulsion
bonded atoms does not correlate with the bond energy. Theand the electrostatic interactionsEeisias Change only little from
overlap of theo orbital <11a)/50> in Hf(CO)&2~, Ta(CO) ", Hf(_CO)BZ* to Ir(CO)?", although tht_a charge of the complexgs
and W(CO} is larger than the overlap of the orbital <11e/ varies _from—2 to+3. We want to.pomt out that the electrostatic
27> and yet, ther-bonding energy is higher than thebonding attraction between ¥ a}nd (COj} is the smallest of that of '.[he
energy. Also, the trend of the orbital overlaps and the associatednexacarbonyls shown in Table 3, although the metal carries the
energy values do not agree with each other. ¥bebital overlap ~ largest charge and Ir(C@) has the largest TH-(CO)s
<11a/50> of Ir(CO)63* has the smallest value (0.414) of the interaction energy. Thus, the.electrostan.c interactions are not
carbonyl complexes, but the energy contribution is the largest the reason for the large bonding energy in Ir(@0)and they
of all compounds (Table 2). The change in the orbital overlap do not play a role for the trend of the met&lO interactions.
populationof the ¢ and z orbitals, however, agrees with the Note that the trend of thAEeisiarvalues given in Table 3 does
relative contributions of the associated energieAR,,. The not follow the pattern of the metalCO distances, unlike the
7-orbital populations of Hf(CQJ~, Ta(CO)~, and W(CO} are values which were calculated for the interactions between TM-
larger than thes population, while the opposite is found for (COX®and CO (Table 2).
the cations. Note that the values for the orbital overlap and for  The energy decomposition of the total binding energy of the
the orbital contribution given in Table 2 refer to only one hexacarbonyls TM(CQ)in terms of interactions between ™M
component of the degeneratmrbital. They must be multiplied  and (CO} in the geometry of the complex retai@®s symmetry.
by two in order to get the total values. This makes it possible to analyze the different orbital interactions

Now we try to rationalize the U-shaped trend of the bonding of the metal valence orbitals having different symmetry and to
energy,AEj, in light of the calculated values for the various estimate their contributions to the and sz-type interactions
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Table 3. Energy Decomposition and Bonding Analysis of TM (CO)

Diefenbach et al.

Hf(CO)s?~ Ta(CO)}~ W(CO) Re(CO}* Os(COp*" Ir(CO)e®"
energy decomposition (kcal/mol)
AEint —543.90 —525.56 —473.89 —456.57 —544.40 —801.58
AEpayi 367.40 413.38 438.80 45451 451.33 420.93
AEeistat —358.62 —397.62 —396.24 —375.09 —353.44 —337.81
AEor —552.68 —541.32 —516.44 —536.00 —642.27 —884.70
Agg —9.48 —10.49 —15.40 —27.42 —47.63 —78.78
Agg 0.00 0.00 0.00 0.00 0.00 0.00
Ey —83.36 —113.07 —159.08 —233.72 —348.84 —520.66
Tig —1.30 —0.98 —2.88 -8.91 —-19.41 —33.92
Tog —437.42 —397.59 —308.18 —200.33 —101.14 —43.82
A —0.03 —0.04 —0.03 0.00 —0.02 —0.02
Ey 0.00 —0.00 0.00 0.00 0.00 0.00
Tou —2.74 —2.00 —4.35 —11.60 —23.86 —40.17
T —18.35 —17.15 —26.52 —54.00 —101.37 —167.33
Tuw (0)2 —12.97 —12.06 —18.65 —38.53 —73.98 —125.68
Tau (7)° —5.38 —5.09 —7.87 —15.47 —27.39 —41.65
orbital overlapcTM9| (CO)
Rayg | 3a1g0 0.656 0.683 0.708 0.713 0.697 0.659
(ey | 30 0.620 0.619 0.573 0.495 0.412 0.329
(tyg | 2t 0.524 0.505 0.440 0.345 0.273 0.204
Bty | 3ta 0.261 0.274 0.281 0.275 0.257 0.226
(Btay | 4ta] 0.629 0.649 0.666 0.685 0.694 0.682
orbital populatiorg
- Agg--
TMA 2au4 0.16 0.19 0.24 0.33 0.41 0.50
(COX% 3ayg 1.76 1.76 1.76 1.72 1.66 1.56
--Eq--
TMd ley 0.41 0.55 0.66 0.73 0.83 0.91
(COX 3gy 1.55 1.46 1.37 1.28 1.18 1.05
--Tog--
TMd 1tag 0.60 0.99 1.29 1.46 1.61 1.75
(COX 2tog 1.36 1.03 0.74 0.52 0.34 0.19
--Tw--
TMd 3t 0.07 0.07 0.09 0.12 0.15 0.20
(COX 3t 1.97 1.96 1.95 1.94 1.93 1.93
(COX 4ty 1.93 1.95 1.95 1.93 1.90 1.84

aE(Tlu) (O’) = E(Tlu) M [:Btm ‘ 4t1um(|:3t1u | 3t1u|:|+ Btlu | 4t1ug- b E(T1u) (.7'[) = E(T]_u) . Bt]_u | 3t1um([$t1u | 3tlu[|+ Bt]_u | 4t1ug.

TM(CO);
. HRCO)® Ta(CO)y W(CO)s Re(CO)" Os(CO)}Z IHCOX

400 M

200

01 AEpaji+ AEorp

-200 ~

AE eistar

Energy / (kcal/moi)

-400 A

600 - AEin
AEorb
-800 -

-1000

Figure 6. Trend of the energy contributions to the interaction energy
between TM and (COj.

with the ligand-cage orbitals. Figure 2 suggests thatterac-
tions arise from orbitals withy,, g5, anda;g symmetry, while
thes interactions come from orbitals which hatgg symmetry.
Table 2 shows that the partitioning of thé=,, term gives also
contributions from orbitals which havigg and toy, Ssymmetry.

Figure 7 shows a more detailed representation of the orbital

interactions TM—(CQO)s as given in Figure 2.

Metal orbitals Ligand orbitals Metal orbitals Ligand orbitals Ligand orbitals

R
el T

PR

——

a-type interaction T-type interaction orbital relaxation

Figure 7. Schematic representation of the orbitals with different
symmetry which contribute to thAE, term according to the ETS
analysis of TM—(CO) (Table 3).

It becomes obvious that the metal valence orbitals which are
engaged iro-type interactions with (CQ)are the ¢ and (not
shown in Figure 7) the,d 2 orbitals (e.g., symmetry), the s
orbital (aig), and the p orbitalst{y). The z-type interactions
involve the d, and (not shown) g and d, orbitals (), but
also the p orbitals of the metal which can formyacombination
with the zr orbitals of (CO}. The latter stands for the donation
of the occupiedr MOs of CO into empty pt) AOs of the metal.
The contribution of this interaction to the met&l O z-bonding
is not shown in Figure 2. It is often neglected, but a popular
textbook of organometallic chemistry has pointed out that
TM-—CO z-donation may perhaps also be import&hThus,

(33) Elschenbroich, Ch.; Salzer, Drganometallics 2nd ed.; VCH:
Weinheim, Germany, 1992.
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HI(CO)sZ Ta(CO)y W(CO)s Re(CO)s" Os(CO)6%* I(CO)" back-donationtg). Note that the totalr interaction includes
0 thety, TM%—(CO)s -back-donation. It becomes obvious that,
= 2g(0) g (m) for the negatively charged and neutral speciesatimteractions
4100 1 - are more impor_tant than the interactions,_ _while theo
interactions dominate th&E,, term for the positively charged
metal carbonyls. The largest part of theinteractions comes
-200 from the tg term, while the largest contribution to the
interactions comes from they orbital.
3 -300 A We also analyzed the changes in the electronic structure of
% the metal and the ligand cage by the bonding interactions. Table
g 400 | 3 shows that the calculated orbital overlapEM%(CO)> again
~ do not correlate at all with the energy contributions. Thus, in
2 the systems investigated here, the energy difference between
& -500 1 the occupied and empty orbitals is much more important for
. the AEq value than the orbital overlap.
-600 - Valence Orbitals of the Transition Metals. Figure 7 shows
k that the empty df), s, and p valence orbitals of the metal receive
700 - zo electronic charge from the (Cel)gand through orbitals having
© €y, a1g, andty, symmetry. The respective energy terms may thus
be used to estimate how important the metal orbitals are for
-800 the strength of the metaligand interactions? The values given
Figure 8. Trend of the contributions of the orbital interaction term  in Table 3 show for all metals the ordeg >ty > aug. 10
AEon to the binding energy of TM-(CO)s. relate this to the metal valence orbitals, the degeneracy of the
orbitals must be considered. There are two d orbitals, one s
the totalty, contribution of the orbital interaction ternEorm, orbital, and three p orbitals of the metal involved. This leads to
gives not only the stabilization due to FMCO o-donation but  the energy contributions by a single d, s, or p metal orbital which
it contains also the stabilization due to ¥MCO z-donation. are shown in Table 4. It becomes obvious that the relative
To quantify thes andz contributions to théx, symmetricAEqr importance of the TM valence orbitals issd s > p. The size

term, we used as a roug_h approximation the ;ize of the overlapss 5 single p orbital contribution to thAEe, energy term is
of the metal p orbital with thetg, and 4,, orbitals of (CO, between 54 and 71% of the s orbital contribution. The metal d

Whtiﬁh conﬁist prirr?arilill ofr ando CO OFE‘T?'& re];spr(]activ@/‘. valence orbital is much more important energywise than the s
Tad € 3. N c_stlt at the ehnlergy ﬁontrL ug:(?mnoo tde‘?o and p orbitals. However, thetal contribution of the three p
z-donation Is always much less than the o-donation. orbitals is larger than the contribution of the s orbital.

We want to point out that the division of thg, orbital . . . .
interactions intos andr contributions is not very relevant to _Th_e valence orbital populations which are also shown in Tgble
the other conclusions which are made in this paper. 3 indicate the (_:harge exchange between t_he met_al and the ligand
The remaining contributions to th&Eq, term havetyy and cage. The orbital populations correlate nicely with the trend of
the orbital interaction energies, similar to that which was found

tou Symmetry (Figure 7). Théyg andty, contributions are not o :
genuine orbital interaction terms. There are no metal orbitals Pefore for the (CQJTMI—CO systems. Table 4 also gives the

which havetyg or t,, symmetry in an octahedral environment. contributions of the df), s, and p valence orbitals of the metals
The stabilization arises from the relaxation of the occupigd (0 the total TM~—(CO)s charge acceptance. Theg acceptor
and t, ligand orbitals of (CQ) caused by the electrostatic ©rbital of HP~, which is the empty valence s orbital in thg®
attraction of the metal. The electric charge of the metal polarizes State, receives only 0.16 electrons from (€®) Hf(CO):*",
the electronic charge distribution of the carbonyl ligands. It has While 0.50 electrons are donated into the valence s orbital of
been shown by #&and by other that the charge distribution  Ir*". The TM—(CO)s o-donation into the df) orbitals of TV
of CO, which is caused by a positive point charge, has a strongis significantly higher. Theg; donation in Hf(COy*~ is 0.41
effect on the G-O bond length and stretching frequency. The electrons, and it increases to 0.91 electrons in Irg€0O)
electrostatic stabilization of thg, andty, ligand orbitals is quite  Significantly smaller charge donations are found for the ligand
small in the neutral and negatively charged carbonyls, but it donation into the metal p orbitals. Thi,j p orbital population
becomes larger in the positively charged species. The size ofof TMd is between 0.07 electrons in Hf(C&) and 0.20
thetyg andty, terms in I(COY3* eventually becomes comparable  electrons in Ir(COy**. However, these are the values for a single
to the ¢zg) Ir¥*—(CO)s 7z-back-donation (Table 3). p orbital. The total TM(p)—(CO) donation into the three metal
Figure 8 shows graphically the trend of theand . orbital p orbitals is always larger than the Pigy—(CO)s donation.
interaction energies with different symmetries which contribute Thus, the breakdown of the charge and energy contributions of
to the TM—(CO)s donation &g, aig, t1y) and the TM—(CO)s the d, s, p metal orbitals in TM(C@)suggests that the p orbitals
are as important as the s orbital and, therefore, should be
considered as true valence orbitals.

(34) We think that the approximation is justified, because we make a
comparison within one system and for orbitals which have the same
symmetry. The approximation yields an estimate oftheontribution via

tyy donation which is probably too high, because the(3) orbital is lower (37) Please note that the orbital relaxation step gives the contributions
in energy (-11.684 eV) than thet4,(o) orbital of (CO) (—9.060 eV). by all s and p orbitals of the metal and not only the valence orbitals.
Thus, the calculated data can be considered as an upper bound for theHowever, the dominant contributions should come from the valence orbitals.
TM-~—CO s-donation. (38) (a) Arnesen, S. V.; Seip, H. Micta Chem. Scand.966 20, 2711.
(35) Lupinetti, A. J.; Fau, S.; Frenking, G.; Strauss, SJH?hys. Chem. (b) Calderazzo, F.; Englert, U.; Pampaloni, G.; Pelizzi, G.; Zamboni, R.
A 1997 101, 9551. Inorg. Chem.1983 22, 1865. (c) Bruce, D. M.; Holloway, J. H.; Russel,
(36) Goldman, A. S.; Krogh-Jespersen,JXAm. Chem. Sod996 118 D. R. J. Chem. Soc., Dalton Trank978 1627. (d) Holloway, J. H.; Senior,

12159. J. B.; Szary, A. CJ. Chem. Soc., Dalton Tran&987 741.
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Table 4. Energy and Charge Contributions of a Single TM d, s, p Orbital to the-O&% Donatior?

Hf(CO)s*~ Ta(CO)~ W(CO) Re(CO}* Os(COp*" Ir(CO)e®"
energy d —41.7 —56.5 —79.5 —116.9 —174.4 —260.3
energy S —-9.5 —10.5 —15.4 —27.4 —47.6 —78.8
energy p —6.1 —-5.7 —8.8 —18.0 —33.8 —55.8
charge d 0.41 0.55 0.66 0.73 0.83 0.91
charge S 0.16 0.19 0.24 0.33 0.41 0.50
charge p 0.07 0.07 0.09 0.12 0.15 0.20

aEnergy values in kilocalories per mole, charge values.in

Summary tion is the most important contributor in Hf(CgY, Ta(CO),

The results of this work can be summarized as follows. The and W(CO}, while TM%*~CO) o-donation dominates the

trend of the bond dissociation energies of TM(GCThr loss orbital interaction term in Re(C@), Os(CO}*", and Ir(CO}*".
of one CO follows a U-shaped curve from Hf(GD) to Ir- The contribution of the three metal p orbitals to the energy terms

(CO)**. The lowest BDE is calculated for W(CJThe higher and to the qharge terms is sligh.tly higher than the contripution
bond dissociation energies of the negatively charged hexacar-Of the s orbital. The metal p orbitals should thus be considered
bonyls Hf(CO)?~ and Ta(COy~ compared with W(CQ)are as valence orbitals for describing the bonding in the metal
caused by less Pauli repulsion and not by attractive orbital hexacarbonyls.

interactions. The increase of the (GOY9—CO BDEs of the
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