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Density functional theory has been used to calculate dissociation energies, vibrational frequencies, and13C NMR
chemical shifts of the following isoelectronic metal hexacarbonyls: [Hf(CO)6]2-, [Ta(CO)6]-, W(CO)6, [Re-
(CO)6]+, [Os(CO)6]2+, [Ir(CO)6]3+; Mo(CO)6, [Tc(CO)6]+, [Ru(CO)6]2+; and Cr(CO)6, [Mn(CO)6]+, [Fe(CO)6]2+.
The first CO ligand dissociation energy∆H follows the ordering Ir> Re∼ Os> Hf ∼ Ta∼W through the third
transition series. A decomposition of∆H into contributions from the CO to metalσ-donation and metal to CO
π-back-donation reveals that this trend is the result of a strongerσ-donation in the more oxidized systems. An
increase in∆H toward higher oxidation state is also apparent for the limited sample of 3d and 4d systems. Within
a triad, the 4d metal forms the weakest M-CO bond. The calculated CO stretching frequencies are in good
agreement with experiment. Further, CO stretching frequencies, optimizedR(C-O) distances, and the calculated
contribution to∆H from theπ-back-donation all reveal the expected decline inπ-back-donation toward the more
positively charged systems. Both experimental and calculated13C NMR chemical shifts diminish with increasing
oxidation state. It was shown that the stretch of CO on coordination andπ-back-donation have positive
(paramagnetic) contributions to the chemical shift,δ, whereasσ-donation has a negative (paramagnetic) contribution
to δ. All factors contribute to the decline inδ with increasing oxidation state, althoughπ-back-donation is
predominant.

Introduction

The neutral hexacarbonyls M(CO)6 (M ) Cr, Mo, W) have
been studied1a-c extensively. These studies have provided a
detailed picture of periodic trends in the electronic structure of
M(CO)6 for M ) Cr, Mo, W. Quite recently, Aubke2 et al.
synthesized a number of new 18-electron binary hexacarbon-
yls. By now, the scope of known species include [Hf(CO)6]2-,
[Ta(CO)6]-, W(CO)6, [Re(CO)6]+, [Os(CO)6]2+, [Ir(CO)6]3+ as
well as Mo(CO)6, [Tc(CO)6]+, [Ru(CO)6]2+ and Cr(CO)6, [Mn-
(CO)6]+, [Fe(CO)6]2+.
The objective of the present study is to expand our under-

standing of periodic trends in the electronic structure of
hexacarbonyls by theoretical investigations of the species newly
synthesized by Aubke2 et al. The extended series of compounds
makes it possible not only to monitor changes within a triad
but also to probe variations along a transition series. Our
theoretical study will be based on density functional theory3

(DFT) and include calculations on the first M-CO dissociation

energy, CO vibrational frequencies, and optimizedR(M-CO)
andR(C-O) distances as well as13C NMR chemical shifts.

Computational Details

All calculations were based on the Amsterdam density functional
package ADF.4 This program has been developed by Baerends4a,b et
al. and vectorized by Ravenek.4e The adopted numerical integration
scheme was that developed by te Velde4f,g et al.
The metal centers were described by an uncontracted triple-ú STO

basis set5,6 for the outerns, np, nd, (n + 1)s, and (n + 1)p orbitals
whereas the shells of lower energy were treated by the frozen core
approximation.4a The valence on carbon and oxygen included the 1s
shell and was described by an uncontracted triple-ú STO basis
augmented by a single 3d and 4f function, corresponding to basis set
V of the ADF package.4 A set of auxiliary7 s, p, d, f, and g STO
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functions, centered on all nuclei, was used to fit the molecular density
and present Coulomb and exchange potentials accurately in each SCF
cycle.
The self-consistent DFT calculations were carried out by augmenting

the local exchange-correlation potential due to Vosko8 et al. with
Becke’s9 nonlocal exchange corrections and Perdew’s10 nonlocal
correlation correction (NL-SCF). The chemical shift calculations of
3d and 4d complexes were treated without relativistic effects whereas
quasi-relativistic11 (NL-SCF+QR) calculations were carried out for the
5d complexes. Details of the GIAO-DFT method used in the chemical
shift calculations have been described previously.14 The inclusion of
the frozen core approximation12 and quasi-relativistic13 effects in the
shielding calculations will be described elsewhere.14a All the structures
were optimized and vibrational frequencies were calculated by numer-
ical differentiation of the analytical energy gradients at the NL-
SCF+QR level.
The first bond dissociation energy (FBDE) of [M(CO)6]n corresponds

to the reaction enthalpy of the process

The DFT-calculated values reported in this work represent the electronic
contribution to the reaction enthalpy of eq 1. The first ligand
dissociation energy can be decomposed with the help of the extended
transition state (ETS)15 method as

Here∆E° is the steric interaction energy between CO and the [M(CO)5]n

fragment whereas∆Eσ represents the contribution to∆H due to the
donation from σCO to the LUMO of [M(CO)5]n and ∆Eπ is the

contribution to∆H due to the back-donation from the HOMO of
[M(CO)5]n to the πCO* orbital of CO. The last term,∆Eprep, is the
energy required to relax the structures of the free fragments to the
geometries they adopt in the combined [M(CO)6]n complex. A more
detailed description of the ETS scheme and its applications to metal
carbonyls can be found elsewhere.16

We summarize in Figure 1 the well-known orbital level diagram of
M(CO)6 for later reference. The molecular orbitals are composed of
πCO*, πCO, andσCO on the CO ligands andndπ, (n + 1)s, and (n + 1)p
on the metal. The HOMO 2t2g and LUMO 2eg are primarilynd-based
orbitals.

Result and Discussion

Bond Distances.Table 1 provides optimizedR(M-CO) and
R(C-O) distances for all the hexacarbonyls under investigation
along with the few experimental estimates.17a Table 2 displays
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Table 1. Bond Lengths (Å) and Selected Vibrational Frequenciesd (cm-1) of the Transition Metal Hexacarbonylsa [M(CO)6]n

R(M-C) R(C-O) ν(a1g) ν(eg) ν(t1u)

Hf(CO)62- 2.203 1.183 1902 1777 1767 (1757)
Ta(CO)6- 2.121 (2.083f) 1.167 (1.149f) 2029 1915 1896 (1850)
W(CO)6 2.066 (2.058b) 1.152 (1.141) 2116 (2126c) 2019 (2021c) 1998 (1998c)
Re(CO)6+ 2.058 1.139 2180 (2197) 2102 (2122) 2069 (2085)
Os(CO)62+ 2.047 1.127 2260 (2259) 2212 (2218) 2189 (2190)
Ir(CO)63+ 2.053 1.121 2300 (2295) 2272 (2276) 2252 (2254)

Mo(CO)6 2.070 (2.063b) 1.152 (1.145) 2109 (2121c) 2017 (2025c) 1997 (2003c)
Tc(CO)6+ 2.028 1.138 2179 2113 2092
Ru(CO)62+ 2.033 1.127 2248 (2254) 2206 (2222) 2187 (2199)

Cr(CO)6 1.906 (1.914b) 1.153 (1.140) 2105 (2119c) 2015 (2027c) 1993 (2000c)
Mn(CO)6+ 1.886 1.139 2176 2109 2090 (2090e)
Fe(CO)62+ 1.895 1.129 2228 (2241) 2192 (2220) 2176 (2204)

a Experimental data are given in parentheses.bReference 17a.cReference 17b.d Experimental frequencies for charged species; refs 2a-2d.
eReference 17c.f Reference 17d.

[M(CO)6]
n f [M(CO)5]

n + CO

n) 2-, 1-, 0, 1+, 2+, 3+ (1)

(n represents the charge)

∆H ) ∆Eprep+ ∆E° + ∆Eσ + ∆Eπ (2)

Figure 1. Schematic orbital level diagram for M(CO)6.
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effective nuclear charges based on the population analysis due
to Hirshfeld18 for the 5d series.
We might consider [Hf(CO)6]2- and [Ta(CO)6]- as generated

from W(CO)6 by removing respectively one and two protons
from the tungsten nucleus. The removal will reduce the
effective nuclear charge on the metal and expand the radial
extent of the valence 5d orbitals, resulting in an elongation of
theR(M-CO) distance, Table 1. The reduced effective charge
will further cause a flow of density to the CO ligands and the
π*CO orbital, thus causing a stretch of theR(C-O) distance,
Table 1. It follows from Table 2 that the metal center remains
nearly neutral and that a substantial amount of charge ends up
on the more electronegative oxygen atom, Table 2.
We can generate [Re(CO)6]+, [Os(CO)6]2+, and [Ir(CO)6]3+

from W(CO)6 by subsequently adding a proton to the metal
center and increase the effective nuclear charge. The result is
now a flow of density from the CO ligands and theπ*CO orbital
to the metal center. As a consequence, theR(C-O) distance
is seen to contract with a growing positive charge on the metal
complex. One might also have expected a contraction of the
5d orbitals and theR(M-CO) distance as the effective nuclear
charge increases on the metal center with additional protons.
TheR(M-CO) distance does decrease compared toR(W-CO),
but not by much. This is primarily because the attraction of
the additional protons is reduced by an increase in the screening
of the core electrons as their orbitals are contracted. It follows
from Table 2 that the flow of density comes from both carbon
and oxygen. The flow is seen to keep the nucleus nearly neutral.
We find much the same trends in theR(M-CO) andR(C-O)
distances for the 4d series [Mo(CO)6], [Tc(CO)6]+, [Ru(CO)6]2+

and 3d series [Cr(CO)6], [Mn(CO)6]+, [Fe(CO)6]2+, Table 1.
Vibrational Frequencies. One of the two primary methods

of characterization for the hexacarbonyls synthesized by Aubke
et al. has been vibrational spectroscopy.2 The calculated and
experimental CO stretching frequencies for the isoelectronic
metal carbonyls are summarized in Table 1. Raman spectra
for [Hf(CO)6]2-, [Ta(CO)6]-, and [Mn(CO)6]+ are not reported
in the literature and there are no experimental vibrational
frequencies recorded for [Tc(CO)6]+. Most of the calculated
vibrational frequencies agree with experiment to within 1-25
cm-1. The [Ta(CO)6]- complex presents the largest discrepancy
between experiment and theory with a deviation of 46 cm-1. It
has been found that an accurate reference geometry is one of
the most important requirements for good estimates of vibra-
tional frequencies.19 We estimate that the small deviations in
the CO stretching frequencies translate into errors of(0.01 Å
in the calculatedR(C-O) distances.
The calculated and experimental trend from left to right along

the three transition series is as expected an increase in the CO
stretching frequencies as theπ-back-donation is reduced by an
increase in the formal metal oxidation state, Table 1. The CO

stretching frequencies within a triad are quite similar for modes
of the same symmetry. Thus, it is not easy to use these
properties to deduce information about differences in the
bonding mode within a homologous series of 3d, 4d, and 5d
hexacarbonyls.
Bond Dissociation Energies.Calculated values for the first

M-CO bond dissociation energy,∆H, are presented in Table
3. Also shown is the decomposition of∆H into the term∆Eσ
representing theσ-donation and the term∆Eπ representing the
π-back-donation. As expected, theσ-donation contribution∆Eσ
increases and theπ-back-donation∆Eπ decreases from left to
right in each of the three transition metal series.
For the neutral and negatively charged species, theπ-back-

donation, ∆Eπ, is more important thanσ-donation, ∆Eσ.
Further, the increase in theπ-back-donation through the series
W(CO)6, [Ta(CO)6]-, and [Hf(CO)6]2- is seen to cause a
corresponding increase in the M-CO dissociation energy∆H,
Table 3. On the other hand, for the positively charged
complexes,∆Eσ becomes the predominant term, especially
among the 5d complexes. Combined∆H is seen to increase
with ∆Eσ in each of the three series from the neutral species
toward the more positively charged complex.
Within the chromium triad,∆H follows the order Mo< Cr

< W with the 4d member forming the most labile bond. The
W-CO bond is strengthened compared to the corresponding
Mo-CO bond by a relativistic destabilization1c of the 5d levels,
which enhances theπ-back-donation in the case of tungsten.
We notice as well, for the group 7 and group 8 triads, that

the 4d congener forms the weakest bond whereas the M-CO
bond is strongest for the 5d member. In this case, the calculated
enhancement of theπ-back-donation is of little importance for
the stronger Os-CO and Ir-CO bonds, Table 3. Instead, the
σ-donation,∆Eσ, is increased by a relativistic stabilization of
the 6s and 6p orbitals, which makes theσ-interactions in 1a1g
and 2t1u of Figure 1 stronger. Relativistic effects are in general
more important for the heavier 5d homologue.11d

NMR Chemical Shifts. The second primary method of
characterization for the hexacarbonyls synthesized by Aubke
et al.2 has been NMR spectroscopy. Tables 4 and 5 display
calculated and experimental2 13C chemical shifts for the
octahedral metal carbonyls. The theoretical chemical shiftsδ
have further been decomposed into paramagnetic,δp, and
diamagnetic,δd, components. The calculated and observed
chemical shifts exhibit the same decrease in the chemical shift
toward the more oxidized species along each of the three
transition series. Within a triad, the shifts decrease toward the
heavier congener. On top of shortcomings of our theory, the
deviations between experiment and theory can be attributed to
the influence of thermal motion and for the ionic species also

(18) (a) Hirshfeld, F. L.Theor. Chim. Acta1977, 44, 129. (b)Wiberg, K.
B.; Rablen, P. R.J. Comput. Chem.1993, 14, 1504.

(19) (a) Berces, A.; Ziegler, T.J. Phys..Chem1995, 99, 11417. (b) Be´rces
A. J. Phys. Chem.1996, 100, 16538.

Table 2. Calculated Hirshfeld Chargesa of the Third-Row
Transition Metal Hexacarbonyls, [M(CO)6]n

M C O

Hf(CO)62- -0.168 -0.059 -0.246
Ta(CO)6- -0.063 +0.015 -0.171
W(CO)6 +0.036 +0.088 -0.094
Re(CO)6+ +0.118 +0.155 -0.009
Os(CO)62+ +0.141 +0.218 +0.092
Ir(CO)63+ +0.205 +0.275 +0.191

a For a definition, see ref 18.

Table 3. First Bond Dissociation Energies and Bond Energy
Decompositiona (kcal/mol)

FBDE (∆H) ∆E° + ∆Eprep ∆Eσ ∆Eπ

Hf(CO)62- 53.3 -23.5 22.8 54.0
Ta(CO)6- 49.3 -29.0 29.1 49.2
W(CO)6 46.0 -31.1 35.8 41.3
Re(CO)6+ 51.2 -30.9 47.3 34.8
Os(CO)62+ 62.6 -29.0 62.4 29.2
Ir(CO)63+ 76.4 -28.2 76.5 28.1

Mo(CO)6 39.9 -28.6 30.9 37.6
Tc(CO)6+ 42.1 -27.6 40.0 29.7
Ru(CO)62+ 50.8 -24.9 51.3 24.4

Cr(CO)6 43.1 -31.7 34.7 40.1
Mn(CO)6+ 44.8 -30.2 44.3 30.7
Fe(CO)62+ 53.0 -26.5 54.8 24.7

a FBDE (∆H) ) ∆E°+ ∆Eprep + ∆Eσ + ∆Eπ.
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to solvation effects. We note that it is the paramagnetic
contribution,δp, that determines the total chemical shift,δ,
whereas the diamagnetic part,δd, by comparison is numerically
negligible and nearly constant, Tables 4 and 5. This is in accord
with previous calculations14c,f on 13C chemical shifts of metal
carbonyls.
Complexation of a ligand to a metal is accompanied by

changes in the chemical shifts of the ligand atoms. These effects
are usually analyzed in terms of the coordination chemical
shift.14c The coordination shift is defined as

In our attempts at a quantitative interpretation of the trends in
Tables 4 and 5, the shielding terminology (σ) is employed
instead of the chemical shift (δ). Given the opposite signs of
σ (shielding) andδ (chemical shift), the coordination shift should
be defined in terms of the shielding terminology as

Thus, the coordination shift is defined as the difference in the
shielding of the free ligand and the shielding of the ligand in
the complex.
The coordination shift∆δ has contributions from the para-

magnetic coupling between occupied and virtual orbitals,
∆δoc-vir, as well as contributions,∆δoc, that only depend on

the occupied orbitals.14a,c Thus

The components∆δoc-vir and∆δoc are displayed for carbon of
the hexacarbonyls in Tables 6 and 7.
It is evident from these tables that∆δoc-vir is predominant

(trend setting), and we have, in order to gain further insight
into this term, decomposed it as14c

Here∆δBdist ) σBCO
p′ - σBCO*

p′ is the change due to the elongation
of the bond vector in CO to the distance it will have in the
complex, CO*.
We display calculated values for∆δss

dist (s ) x, y, z) with
respect to carbon in Tables 6 and 7, with thez axis pointing
along the 13CO bond vector. The negative paramagnetic
shielding in CO is determined14c by the paramagnetic coupling
between theσCO HOMO, 1a, and theπ*CO LUMO, 1b, of CO
through the overlaps〈σCO|M̂s|π*CO〉 with s) x, y, whereM̂xπ*CO
is shown20 in 1c. It is, in addition, inversely proportional to
the HOMO-LUMO energy gap∆εHL. As the C-O distance

(20) The operation ofM̂s on an orbital is explained in ref 14c.

Table 4. Calculated and Experimental Chemical Shifts for Various [M(CO)6]n 5d Complexes

system
R(C-O),

Å

exptl
chem shift

δ, ppmd

calcdc

chem shift
δ, ppm

calcd diamagnetic
chem shift

δd, ppm

calcd paramagnetic
chem shift
δp, (ppm)

[Hf(CO)6]2- b 1.183a 244 228.3 -8.7 237.0
[Ta(CO)6]- b 1.167a 211 211.8 -11.4 223.2
W(CO)6 b 1.152a 192 197.7 -11.6 209.3
[Re(CO)6]+ b 1.139a 171 183.9 -12.4 196.3
[Os(CO)6]2+ b 1.127a 147 172.4 -14.5 186.9
[Ir(CO)6]3+ b 1.121a 121 153.6 -15.2 168.8

aOptimized structure.bRelativistic NL-SCF-QR calculations.cCalculated absolute chemical shieldingσTMS ) 179.5 ppm,σd ) 250.24,σp )
-70.78 andδ ) σTMS - σsubstance. dReference 2d.

Table 5. Calculated and Experimental Chemical Shifts for Various [M(CO)6]n Complexes of 3d and 4d Elements

system
R(C-O),

Å

exptl
chem shift

δ, ppm

calcdb

chem shift
δ, ppm

calcd diamagnetic
chem shift

δd, ppm

calcd paramagnetic
chem shift,
δp, (ppm)

Mo(CO)6 1.152a 203.0g 203.4c -13.9 217.3
[Tc(CO)6]+ 1.138a 193.1 -15.2 208.3
[Ru(CO)6]2+ 1.127a 166.1d 178.6 -16.5 195.1
Cr(CO)6 1.153a 212.0g 207.2c -12.2 219.4
[Mn(CO)6]+ 1.139a 195.0e 198.0 -13.7 211.7
[Fe(CO)6]2+ 1.129a 179.0f 182.3 -13.9 196.2

aOptimized structure.bCalculated absolute chemical shieldingσTMS ) 179.5 ppm,σd ) 250.24,σp ) -70.78, andδ ) σTMS - σsubstance. cReference
14c. dReference 2a.eReference 2b.f Reference 2c.gReference 21.

Table 6. Contribution to the Calculated Shifta in the Isotropic Shielding of13C for Complexed CO in [M(CO)6]n for Various 5d Systems

system
∆δxx

dist,
ppmb

∆δyy
dist,

ppmb
∆δzz

dist,
ppmb

∆δxx
p′ ,

ppmd
∆δyy

p′ ,
ppmd

∆δzz
p′,

ppmd
∆δoc,
ppme

∆δoc-vir,
ppmf

∆δ,
ppma

energy gap, eV
2t2g f 2t1g

[Hf(CO)6]2- 31.6c 31.6 0.0 -14.1 -14.3 103.6 -5.8 46.2 40.4 3.406
[Ta(CO)6]- 21.9c 21.9 0.0 -15.0 -15.0 60.2 -0.8 24.7 23.9 4.262
W(CO)6 13.7c 13.7 0.0 -19.9 -19.9 26.5 5.1 4.7 9.8 5.506
[Re(CO)6]+ 6.3c 6.3 0.0 -26.8 -26.9 14.7 4.8 -8.8 -4.0 6.613
[Os(CO)6]2+ -0.4c -0.4 0.0 -34.9 -34.9 10.6 4.5 -20.0 -15.5 7.322
[Ir(CO)6]3+ -3.9c -3.9 0.0 -54.7 -54.7 5.8 2.8 -37.1 -34.3 8.842

aCoordination shielding:∆δ ) σCO - σ[M(CO)6]n or ∆δ ) ∆δoc + 1/3∑s)1
3 ∆δss

dist + 1/3∑s)1
3 ∆δss

p′. b ∆δBdist ) σbCO
p′ - σbCO*

p′ . Here CO is the free CO
molecule and CO* the distorted ligand with the bond length it will have in the complex.cRelativistic NL-SCF-QR calculations.d ∆δss

p′ ) σss,CO*
p′ -

σss,[M(CO)6]n
p′ is the difference in the paramagnetic shielding between [M(CO)6]n, σss,[M(CO)6]n

p′ , and the distorted ligand CO*, σss,CO*
p′ . e ∆δoc is the

contribution to the coordination shielding∆δ from all the terms that only depend on the occupied orbitals.f ∆δoc-vir is the contribution to the
coordination shielding∆δ from the term that couples occupied and virtual orbitals.

∆δ ) δcomplex- δligand (3)

∆δ ) σligand- σcomplex (4)

∆δ ) ∆δp + ∆δd ) ∆δoc-vir + ∆δoc (5)

∆δoc-vir )
1

3
∑
s)1

3

∆δss
dist +

1

3
∑
s)1

3

∆δss
p′ (6)
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is stretched, the energy gap∆εHLwill decrease and the negative
paramagnetic shielding will increase in absolute terms. It is
thus clear that the term∆δss

dist (s) x, y) increases linearly with
R(C-O). For the negatively charged species [Ta(CO)6]- and
[Hf(CO)6]2- with substantialπ-back-donation and a stretched
C-O bond,∆δss

dist (s ) x, y) is seen to afford a large positive
contribution. As theπ-back-donation diminishes and the C-O
bond contracts toward more positively charged species in the
5d series,∆δss

dist (s ) x, y) becomes small and eventually
negative when the C-O distance of the coordinated ligand is
smaller than that of free ligand, Table 6. Quite similar trends
are calculated for∆δxx

dist and∆δyy
dist in the 3d and 4d series.

The second part of eq 6 deals with the change in the coupling
between occupied and virtual orbitals as CO* is complexed to
the metal. The individual components of∆δss

p′ (s) x, y, z) can
be found for carbon in Tables 6 and 7. The two components
∆δxx

p′ and ∆δyy
p′ are again determined by the paramagnetic

coupling,1c, between theσCOHOMO,1a, and theπ*COLUMO,
1b, of CO*. TheσCO HOMO, 1a, is now involved in the 2t1u,
1eg, and 1a1gσ orbitals of the M(CO)6 complex, Figure 1. They
are all shifted to lower energy thanσCO in free CO due to the
bonding interactions with the (n + 1)s (1a1g), ndσ (eg), and (n
+ 1)p (2t1u) orbitals, Figure 1. Theπ*CO LUMO, 1b, is on the
other hand involved in the 2t1g, 3t1u, 2t2u, and 3t2g orbitals of
M(CO)6, Figure 1. Of these, 3t2g and 3t1u are shifted to higher
energies thanπ*CO of free CO due to interactions with metal
orbitals. All these interactions widen the effective energy gap
betweenσCO andπ*CO with the result that the paramagnetic
coupling is reduced and∆δxx

p′ as well as∆δyy
p′ is negative. It is

thus understandable that the chemical shift is reduced, Tables
4 and 5, along with the coordination chemical shift, Tables 6
and 7, as theσ-donation becomes more important with increas-
ing oxidation number of the metal center. The reduction is
especially noticeable for the 5d series where the relativistic
lowering of the 6s and 6p orbitals makes them more accessible
for σ-donation interactions withσCO. This will result in a
stabilization of 1a1g and 3t2g, which will reduce the paramagnetic
σCO to π*CO coupling. This reduction is primarily responsible
for the fact that the coordination shifts∆δ of the 5d members

are smaller than the corresponding shifts of the 4d and 3d
homologues.
The complexed CO ligand has as opposed to free CO a

paramagnetic contribution to thezzcomponent of the shielding
tensor in terms of∆δzz

p′, Tables 6 and 7. There is one main
category of coupling, and it involves the 2t2g HOMO of the
hexacarbonyl,2a, which is dπ based with an in-phase bonding

contribution fromπ*CO, and the empty 2t1g orbitals,2b, which
are purelyπ*CO based. Again,M̂z|2t1g-x〉, 2c, will overlap with
2t2g-y, 2a, through the commonπ*CO lobes on2aand2c. The
interaction between dπ andπ*CO represents the back-donation
of density from the metal to CO. We see that it tends to deshield
13C by making a positive contribution to∆δ, Tables 6 and 7.
The term∆δzz

p′ decreases from left to right along the transition
series. This is because the energy gap between the 2t2g HOMO
orbitals and the empty 2t1g orbitals increases, Table 6, and
because the paramagnetic shielding is proportional to the inverse
of the energy gap;14a the higher the gap, the lower the
paramagnetic shielding. The paramagnetic coupling between
the 2t2g HOMO, 2a, and the empty 2t1g orbitals,2b, correlates
with the bonding contributions fromπ*CO to the occupied dπ
orbital since such contributions increase the coupling to the
vacantπ*CO combination. The correlation is illustrated in Table
8. The paramagnetic coupling in the case of [Ir(CO)6]3+ has
the smallest value, 5.8 ppm, consistent with a small population
of eachπ*CO in the HOMO, Table 8.
The picture that emerges from our analysis is that the metal

to CO back-donation as well as the bond stretch of the
coordinated CO ligand has a positive contribution to the
coordination shift,∆δ, for carbon whereas the contribution from
the CO to metal donation is negative. With increasing oxidation
of the metal, theσ-donation becomes more important and the

(21) (a) Oldfield, E.; Keniry, M. A.; Shinoda, S.; Schramm, S.; Broen, T.;
Gutkowsky, H. S.J. Chem. Soc., Chem. Commun.1985, 791. (b)
Gleeson, J. W.; Vaughan, R. W.J. Chem. Phys.1983, 78, 5384.

Table 7. Contribution to the Calculated Shifta in the Isotropic Shielding of13C for Complexed CO in [M(CO)6]n for Various 3d and 4d
Systems

system
∆δxx

dist,
ppmb

∆δyy
dist,

ppmb
∆δzz

dist,
ppmb

∆δxx
p′ ,

ppmc
∆δyy

p′ ,
ppmc

∆δzz
p′,

ppmc
∆δoc,
ppmd

∆δoc-vir,
ppme

∆δ,
ppma

energy gap, eV
2t2g f 2t1g

Mo(CO)6f,g 9.4 9.4 0.0 -7.4 -7.4 31.1 3.8 11.7 15.5 5.214
[Tc(CO)6]+ f 5.3 5.3 0.0 -13.9 -13.9 17.5 5.0 0.1 5.1 6.195
[Ru(CO)6]2+ f -0.3 -0.3 0.0 -27.9 -27.9 11.8 5.6 -14.8 -9.2 7.398
Cr(CO)6f,g 7.2 7.2 0.0 3.2 3.2 35.7 0.5 18.8 19.3 5.592
[Mn(CO)6]+ f 6.1 6.1 0.0 -4.1 -4.1 24.8 0.5 9.6 10.2 6.528
[Fe(CO)6]2+ f 0.4 0.4 0.0 -19.0 -19.0 20.9 -0.1 -5.4 -5.5 7.519

a-eSee Table 6.f No relativistic calculations.gReference 14c.

Table 8. A Correlation between∆δzz
p′ and the Populationa of π*CO

in the 5d Metal Carbonyls, [M(CO)6]n

system
∆δzz

p′ in
13C, ppm

pop. of
eachπ*CO system

∆δzz
p′ in

13C, ppm
pop. of

eachπ*CO
[Hf(CO)6]2- 103.6 0.32 [Re(CO)6]+ 14.7 0.12
[Ta(CO)6]- 60.2 0.26 [Os(CO)6]2+ 10.6 0.09
W(CO)6 26.5 0.18 [Ir(CO)6]3+ 5.8 0.05

a The total charge in each of the 12π*CO orbitals contributing to
the three 2t2g HOMO’s of Figure 1.
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π-back-donation less pronounced with the result that the
chemical shift is diminished.

Conclusions

Molecular orbital calculations based on density functional
theory have been carried out on the first CO bond dissociation
energy as well as the vibrational frequencies and13C NMR
chemical shift for the isoelectronic metal hexacarbonyls
[Hf(CO)6]2-, [Ta(CO)6]-, W(CO)6, [Re(CO)6]+, [Os(CO)6]2+,
[Ir(CO)6]3+ and Mo(CO)6, [Tc(CO)6]+, [Ru(CO)6]2+ as well as
Cr(CO)6, [Mn(CO)6]+, [Fe(CO)6]2+. We found in our theoreti-
cal study that the first ligand dissociation energy follows the
ordering Cr∼ Mn < Fe for the 3d row, Mo< Tc< Ru for the
4d row, and Ir> Re∼ Os> Hf ∼ Ta ∼ W, through the 5d
row, primary as a result of a strongerσ-donation in the more
oxidized systems.
Down the Mn and Fe triads, it is observed that the first ligand

dissociation energy,∆H, follows the ordering Tc< Mn < Re
and Ru< Fe < Os with the 4d congener forming the most
labile bond. This is because relativistic effects strengthen the
M-CO bond by increasing theσ-CO donation. The same trend
has been found1b,c in the case of the Cr triad, where∆H follows
the order Mo< Cr ∼ W. However, in this case, the M-CO
bond of the 5d congener is stabilized by an increase in the
π-back-donation as the 5d orbitals are destabilized by relativity
and thus more readily available to donate electrons.
The calculated vibrational CO stretching frequencies are in

most cases within 10 cm-1 of experiment, with a maximum
deviation of 46 cm-1. Both calculated and observed CO

stretching frequencies increase along a transition metal series
with a corresponding increase of the formal charge of the metal.
This is consistent with a corresponding decrease inπ-back-
bonding.
The13C chemical shift decreases along the 3d (Cr, Mn, Fe),

4d (Mo, Tc, Ru), and 5d (Hf, Ta, W, Re, Os) rows. The trends
are due to a decrease in two positive and paramagnetic
contributions to the chemical shift that diminish with respec-
tively a reduction inπ-back-donation and an increase in
σ-donation. Within a triad, the chemical shift is decreasing as
σ-donation becomes more important for the 5d congeners due
to a relativistic stabilization of the 6s and 6p orbitals, which
makes them more accessible as electron acceptors.
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