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A theoretical study was conducted to investigate the chemical nature of an unusual interaction
observed between carbonyl and acetate ligands in theRh(CO)2(CF3COO)3 complex. This interaction
is intriguing because it is only nominally longer (0.1-0.2 Å) than a typical carbon-oxygen σ bond,
yet is associated with only a modest (∼10 kcal/mol) energy lowering of the complex. A localized
bonding molecular orbital that promotes the notion of charge sharing is present between the
interacting ligands. Constrained geometry optimizations in tandem with Mulliken population
analyses indicate that the interaction stems from the inability of Rh(III) with highly electron
withdrawing ligands to back-donate properly into the carbonyl ligands. This produces a charge
imbalance in the ligands, which sets the stage for nucleophilic attack by the acetate oxygen to the
carbonyl carbon. This interaction causes a shift in the predicted values of both IR and 13C NMR
signals, which are compared to experiment. For a full explanation of the 13CNMR shifts, two explicit
solvent molecules were added to the model and found to induce interaction of both carbonyls with
acetate ligands. The chosen density functional (B3LYP) and basis set were validated by comparing
theoretically predicted structures and vibrational frequencies with experimentally determined values
for several complexes.

Introduction

Transition metal carbonylation chemistry plays a promi-
nent role in the synthesis of many chemicals, including
aldehydes, ketones, carboxylates, and acid anhydrides.1 As
a result, the structure and properties of transition metal
carbonyl complexes have been investigated extensively.2-5

These studies have shown that ligand composition has a
profound impact on the electronic structure of the complex
and can influence the geometry and reactivity of the complex.
Carbonyl ligands are notable for their susceptibility to

both nucleophilic and electrophilic attack when bound to a
transition metal. Such attacks are rationalized by the com-
peting effects of forward donation to and back-donation
from the metal.3,6 These interactions do not prohibit fur-
ther interaction of the carbonyl ligand with other metal

complexes, solvent molecules, or even other ligands of the
same complex.7-11 It is the last of these three, and in
particular intramolecular carbonyl-ligand interactions,
that is of interest for the present study. The literature is
generally sparse in the area of interligand interactions;
however there is precedent to believe such interactions
should exist.
While bridging carbonyl ligands have long been estab-

lished, it took until 1961 for Hock to document the first
instance of so-called semibridging carbonyl ligands.7 Sub-
sequent work byCotton isolated several other structures that
exhibited semibridging carbonyls and, in particular for this
study, Fe2(CO)2dipy.

8,9 The structure of this complex, deter-
mined by X-ray crystallography, possesses a carbonyl ligand
that is attributed primarily to one of the iron atoms but is
made nonlinear by a weak donation of charge from the d
orbitals of the second iron atom into the π* orbital of the
carbonyl. This interaction causes the carbonyl to become
bent with respect to its parent iron. Subsequent studies
have found a variety of semibridging carbonyl compounds
exhibiting the full range of behavior between completely
bridging and completely nonbridging.10 Simpson and Hall
have carried out a theoretical study of the special case of
linear semibridging carbonyls.11 They concluded that such
structures are the result of steric hindrance and would
prefer to exist as terminal groups. The electronic structure
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of nonlinear bridging carbonyls was not discussed in depth
in their work.
Compounds that possess an interaction of a carbonyl

ligand with a second ligand of the same metal complex have
also been synthesized.12 For example, Chetcuti and co-
workers have reported a complex formed by cyclometalation
of highly substituted metal (specifically Rh(III)) carbonyls
with aryl N-oxides. These reactions produce five-membered
interligand rings wherein the nitrile oxygen binds to the
carbonyl carbon, which have been likened to a 1,3-dipolar
addition, which normally open carbon-carbon double and
triple bonds. 13 As a result of charge donation in the carbonyl
from the nitrile, the carbonyl becomes highly nonlinear. This
fact is apparent not only from the X-ray crystal structure but
also from the severely red-shifted carbonyl stretching fre-
quencies.
In the present study we report a novel example of inter-

ligand interaction arising from the interaction of the carbo-
nyl and acetate ligands in the lowest energy isomer of
Rh(CO)2(CF3COO)3. Some of the properties of this complex
have been reported as a part of our investigations of its
catalytic properties for the oxidative carbonylation of
toluene to toluic acid.14-16 The remarkable feature of the
complex is the close proximity of the carbonyl and acetate
ligands, which structurally indicates a chemically bonded
interaction. However, the energetics of this interaction are
far toomodest (∼10 kcal/mol) to be a conventional bond and
suggest instead that due to the role of the metal, the bonding
geometry is only marginally favored over a nonbonded
interaction.

Theoretical Methods

All calculations were performed with the Q-Chem 3.1 soft-
ware package.17 Constrained geometry optimizations, noncon-
strained geometry optimizations, and IR frequency calculations
were all performed with density functional theory18 (with the
B3LYP functional) and the 6-31G* basis set for all nonmetal
atoms. Rhodium was described in these calculations using the
LANL2DZ effective core potential in order to save computa-
tional cost and include relativistic effects. Reported energies
were refined with the 6-311G**/LANL2DZ basis set and effec-
tive core potential.
Computed IR frequencies were scaled by a factor of 0.9614 to

correct for systematic overestimation at the 6-31G*/B3LYP
level of theory.19 NMR shielding constant calculations were
performed with Hartree-Fock wave functions and gauge in-
variant atomic orbitals.20 The 6-31G* basis set was used for all
atoms except rhodium, which was described by the all-electron
3-21G basis set. To correct for systematic overestimation of the
13CNMRshifts, 65 ppmwas subtracted from the raw values in a
manner similar to that done in ref 16. This calibration for
theoretical values is also the source of an estimated (8 ppm
uncertainty in the computed shifts. All species were found to be
singlet molecules in the gas phase, and solvent effects were

ignored except where noted. Molecular orbital localization
was carried out in Q-Chem using the Boys method.21-23 JMol
and MacMolPlt24 were used for orbital, electron density, and
normal mode visualization.

Results and Discussion

Validation of Theoretical Methods. Several test molecules
were optimized with the same level of theory employed in the
rest of this study in order to validate the ability of DFT
models to accurately compute molecular structures and
vibrational frequencies of complexes with both weakly and
strongly interacting carbonyl ligands. The three test struc-
tures considered were Fe2(CO)7dipy

9 and the [closo-
2-(PPh3)-2-{η

2-C(m-FC6H4)NOC(dO)-}-2,1,7-RhC2B9H11]
anion and (η5-C5Me5)-(PMe3)Rh{η2-C(p-FC6H4)NOC-
(dO)-} aryl N-oxide structures.12

The Fe2(CO)7dipy complex contains a semibridging car-
bonyl, as shown in the picture of our computed structure,
Figure 1. The two iron to bridging carbon distances obtained
from the DFT calculations are 2.40 and 1.80 Å, which agree
closely with those determined byX-ray crystallography, 2.37
and 1.80 Å. Likewise, the calculated Fe-C-O angle was
160.1�, agreeing closely with the measured value of 160.5�.
DFT calculations generally give poorer agreement with
observed metal-metal distances than with observed C-O
andM-Cdistances, but are still able to reproduce the system
geometry rather well. The calculated Fe-Fe distance of
2.745 Å is to be compared with the experimental distance
of 2.611 Å.

The DFT models of the [closo-2-(PPh3)-2-{η
2-C(m-

FC6H4)NOC(dO)-}-2,1,7-RhC2B9H11] anion and (η5-
C5Me5)-(PMe3)Rh{η2-C(p-FC6H4)NOC(dO)-}, shown in
Figure 2, also agree well with experimental measurements.
These structures are highly substituted Rh(III) complexes.
The computed nitrile oxygen to carbonyl carbon interligand
distances for the two structures are 1.394 and 1.395 Å (for a
and b, respectively). These values compare well with the
distances determined experimentally from X-ray crystallo-
graphy, 1.390 and1.399 Å. The computed carbonyl frequencies

Figure 1. DFT molecular structure of Cotton’s Fe2(CO)7dipy
structure with the semibridging carbonyl in the top middle.
Hydrogen atoms are omitted for clarity.
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of 1700 and 1712 cm-1 agree reasonably well with the
experimental values of 1670 and 1689 cm-1.
Structure and Energetics of Rh(CO)2(CF3COO)3. The Rh-

(CO)2(CF3COO)3 complex can form three distinct isomers
as shown in Figure 3. These isomers are named according to
the location of the carbonyl ligands relative to the plane of
the bidentate acetate, with e denoting an equatorial carbonyl
and a denoting an axial carbonyl. In each isomer the
carbonyl ligands can be said to form associations with a
unidentate acetate, in that the unbound oxygen on the
acetate will point toward the carbon atom of the carbonyl.
This association does not mean that the two ligands are

chemically interacting, but it will be convenient to think of
them as pairs. The a:e isomer (which contains one axial and
one equatorial carbonyl) is lowest in energy and stands out
from the other isomers because of its asymmetric carbonyls.
Inspection of the carbonyls (Figure 4) shows that the equa-
torial carbonyl interacts very closely with the neighboring
acetate. This equatorial carbonyl and its associated acetate,
with an interligand distance of 1.53 Å, resemble an ether
linkage.While typical hydrocarbon carbon to oxygenσ bond
lengths are roughly 0.1-0.2 Å shorter, this is very unusual in
a metal complex. Unlike the equatorial carbonyl, the axial
carbonyl of the a:e isomer does not closely interact with its
associated acetate. Cutouts of the electron isodensity sur-
face, shown in Figure 4, depict a sharing of electron density
between the equatorial carbonyl/acetate pair and a lack of
sharing for the axial carbonyl/acetate. Molecular orbital
localization with the Boys method produced a bonding
orbital between the oxygen of the acetate and the carbon
of the carbonyl as depicted in Figure 5. This orbital is
comprised mainly of p orbital character and represents a
sharing of charge between the two ligands.

To determine the strength of interaction between the
acetate and carbonyl ligands, a series of constrained dihedral
angle optimizations were performed. In these calculations,
two planes are defined by three atoms each. They are forced

Figure 2. DFT models of the Chetcuti structures (a) [closo-
2-(PPh3)-2-{η

2-C(m-FC6H4)NOC(dO)-}-2,1,7-RhC2B9H11]
anion and (b) (η5-C5Me5)(PMe3)Rh{η2-C(p-FC6H4)NOC-
(dO)-}. Hydrogen atoms are omitted for clarity.

Figure 3. Isomers of the Rh(CF3COO)3(CO)2 complex. The a:e isomer is lowest in energy.

Figure 4. The two monodentate acetate-carbonyl interactions in the a:e isomer with geometric parameters in Å. The superimposed
gray area denotes the isoelectron density surface (F = 0.8 au). Extraneous ligands are omitted for clarity.

Figure 5. Localized bonding molecular orbital between the
interacting acetate and carbonyl ligands comprised primarily
of p-type Gaussian basis functions.
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to sit relative to one another with a specified dihedral angle
while all other degrees of freedom relax. In Rh(CO)2-
(CF3COO)3 the first plane is defined by Rh-C-O (of a
carbonyl), and the second by Rh-O-C (of an acetate).
Thus, constraining the dihedral angle between these planes
causes the ligands to twist away from one another. Two sets
of optimizations were performed: one with the constraint
between equatorial carbonyl and its acetate, and the other
with the axial carbonyl and its acetate. The final energies of
these constrained structures as a function of dihedral angle
are shown in Figure 6. This plot clearly shows that the
equatorial carbonyl sits in amuch steeper potential well than
the axial carbonyl. This supports the notion that the equa-
torial carbonyl is chemically interacting with the acetate,
while the axial carbonyl is not. Although the equatorial
carbonyl is relatively hard to separate from the axial carbo-
nyl, the energetic penalty of dihedral angle rotation is
extremely mild for true bond breaking, which should be
∼100 kcal/mol. This observation is surprising due to the
presence of a localized bonding orbital between the equator-
ial carbonyl and acetate. It demonstrates that the truly
surprising aspect of this interaction is not the proximity of
the ligands but rather the incredible flexibility of this
complex to redistribute charge with only modest energetic
penalty.

The interaction of the equatorial carbonyl can be rationa-
lized by recognizing the influence that rhodium in the þ3
oxidation state has on the electronic structure of the carbo-
nyl. Because it is so electron deficient, rhodium is prevented
from back-donating into the carbonyl π* orbital, creating a
structure of predominantly Rh-CδþtOδ- character rather
than RhdCδ-dOδþ character. As a result, the carbon is
susceptible to nucleophilic attack by the acetate group.
Donation of charge from the acetate group to the carbon
atom causes the carbonyl to become bent. This is similar to
the case of Fe2(CO)7, discussed above.

To test this proposal, the equatorial (interacting) carbonyl
and its associated acetate were separated forcibly through
another set of constrained optimizations. In these calcula-
tions, the structure was fully optimized with the sole excep-
tion of the specified carbonyl carbon to acetate oxygen
interatomic distance. Figure 7 illustrates the geometry of the
equatorial carbonyl (and associated acetate) as a function of

interligand distance. The carbonyl becomes linear as the
ligands are separated, implying that the interaction causes
the distortion. The Rh-C bond distance simultaneously
becomes shorter due to the slightly greater ability of the
carbonyl to accept back-donation from rhodium when the
acetate is not interacting. Mulliken population analysis of
these constrained complexes (Figure 7) shows that the
rhodium becomes more positive and the carbonyl carbon
more negative as the ligands are separated. At the same time,
the acetate oxygen becomesmore negative due to its inability
to shed charge through interaction.

Assuming that the acetate-carbonyl interaction results
from the electron-poor nature of rhodium, one might expect
metals with similar electronic structures to yield similar
interactions. Specifically, octrahedral complexes with the
transition metal in the 3þ oxidation state that are either
more or less electron poor than rhodium should possess
stronger or weaker interligand interactions, respectively. In
the case of Ir(CO)2(CF3COO)3, the Ir atom is more electron
rich than Rh and produces a complex that lacks an inter-
ligand (i.e., carbonyl-acetate) interaction. Conversely, for
Co(CO)2(CF3COO)3 the cobalt atom is less electron rich
than Rh and produces a complex that exhibits an interligand
interaction very to similar to Rh. The acetate-carbonyl
distance in the Co complex is 1.57 Å, compared to 1.53 Å
in the case of Rh. The energetics of forming the interland
interaction in Co again seem very modest when compared to
the extreme structural distortion. The overall structures of

Figure 6. Energy vs dihedral angle for the two sets of con-
strained dihedral angle optimizations. The two curves corre-
spond to separately perturbing the equatorial and axial carbonyl
from their associated acetates.

Figure 7. Geometric parameters and Mulliken charges for the
constrained interligand distance (equatorial carbonyl to acetate)
optimizations.
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the Ir, Rh, and Co complexes are very similar, as may be
seen from the information given in the Supporting Informa-
tion.

The ligand in the position trans to the carbonyl ligands
should have the greatest impact on the ability of Rh to back-
donate into the equatorial carbonyl. Thus, placing a more
electron withdrawing ligand in this position should strength-
en the equatorial carbonyl/acetate interaction by decreasing
the electron density of Rh. In the a:e isomer of the Rh(CO)2-
(CF3COO)3 complex, the ligand trans to the equatorial
carbonyl is a bidentate acetate. Changing the composition
of this acetate group in themodel and reoptimizing the entire
structure had a strong influence on the carbonyl-acetate
interligand distance. A plot of this distance versus the pKa of
the conjugate acid of the acetate group (a measure of
electron-withdrawing ability) is shown in Figure 8. It is
clearly evident from this plot thatmore electronwithdrawing
ligands (lower pKa) shorten the interligand distance and
strengthen the interaction.

Along with geometric and charge distortions, the equator-
ial carbonyl-acetate interaction lowers the carbonyl stretch-
ing frequency to a predicted 1892 cm-1, compared to 2121
cm-1 for the axial (noninteracting) carbonyl. Unfortunately,
this lowering of the IR frequency for the equatorial carbonyl
places it into the broad absorbance of the trifluoroacetic acid
needed to prepare this structure experimentally, thus hiding
it from direct observation. The distortion of the equatorial
carbonyl also changes its electronic environment and alters
the predicted 13C NMR shift. The 13C shift of the axial
(noninteracting) carbonyl is predicted to be 164.7 ( 8 ppm,
while the equatorial (interacting) carbonyl is predicted to be
134.6 ( 8 ppm. This reduction is consistent with the gain of
negative charge on the carbon atom.

Zakzeski et al. have recently shown that the Rh(CO)2-
(CF3COO)3 complex exhibits a single carbonyl 13C NMR
shift at 130 ppm.16 The authors propose that the observation
of a single NMR resonance, rather than two, may be a
consequence of solvent interactions, which induce the second
carbonyl group to interact with a nearby acetate ligand. To
explore the role of solvent molecules in the interaction of the

equatorial and axial carbonyls, two explicit CF3COOH
molecules were added to the model. One of the viable
structures obtained for the Rh(CO)2(CF3COO)3 þ 2CF3-
COOH system possesses the desired interaction of both
carbonyls with their associated acetates, as depicted in
Figure 9. In this structure, the first CF3COOH attaches to
Rh in the first coordination sphere by displacing one of the
bidentate acetate ligand’s Rh-O bonds. The second
CF3COOH interacts with the axial carbonyl through its
proton. This draws charge away from the axial carbonyl
and allows the nearby acetate to perform a nucleophilic
attack on the carbon atom in a similar manner to the
equatorial carbonyl. In this configuration, the predicted
13C NMR shift of the axial carbonyl is 156.1( 8 ppm, while
the predicted shift of the equatorial carbonyl is 136.7 ( 8
ppm. These values aremore consistent with the experimental
observation than the predicted shifts of the isolated Rh-
(CO)2(CF3COO)3 complex and suggest that the interaction
of multiple CF3COOHmolecules with Rh(CO)2(CF3COO)3
could result in interactions of both carbonyl ligands with the
acetate ligands and thereby explain the observation of a
single 13C NMR peak when this complex is formed in the
presence of excess CF3COOH.

Conclusion

The results of this study indicate that the Rh(CO)2-
(CF3COO)3 complex in its most stable isomer possesses a
novel interaction between acetate and carbonyl ligands. The
chemical nature of this interaction was investigated through
a series of combined geometry optimization and Mulliken
population analyses. These calculations showed that the
interaction occurs because of a nucleophilic attack on the
carbonyl carbon by the neighboring unidentate acetate.
Furthermore, the interaction is rationalized by considering
the poor ability of Rh in theþ3 oxidation state, with several
highly electron withdrawing ligands, to back-donate charge
into the π* orbital of the carbonyl. This creates a partial
positive charge on the carbonyl carbon, which is necessary to
induce the interaction. By artificially changing the electron-
withdrawing nature of the complex, it was shown that more
electron rich rhodium complexes will produce weaker car-
bonyl-acetate interactions.

Figure 8. Equatorial carbonyl to acetate interaction distance
(carbonyl carbon to acetate oxygen) vs pKa of the conjugate acid
for the bidentate ligand. Points included are CCF3COOH (pKa

= 0), CClF2COOH (pKa = 0.35), CCl3COOH (pKa = 0.63),
CClH2COOH (pKa = 2.86), and CH3COOH (pKa = 4.76).

Figure 9. Structure of the Rh(CF3COO)3(CO)2 complex inter-
acting with two explicit CF3COOH solvent molecules. The first
CF3COOH binds directly to the metal center, while the second
CF3COOH interacts with the axial carbonyl, inducing it to
interact with the nearby acetate anion.
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Similarly to those seen in experimental studies of rho-
dium carbonyl complexes with more strongly interacting
ligands, a red shift in the carbonyl stretching frequencies
of Rh(CO)2(CF3COO)3 is predicted as a result of the
interaction. Additionally, this interaction causes a low-
ering of the predicted 13C NMR shift, which was previ-
ously seen experimentally. When two explicit CF3COOH
molecules were added to the model of Rh(CO)2-
(CF3COO)3, the axial carbonyl was induced to also interact
with its associated acetate and shifted the predicted 13C

NMR signal to be more consistent with experimental
observations.
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