
Abstract. Fenske-Hall molecular orbital calculations
have been applied to a new, structurally isolable analog
of the intermediate involved in catalytic rhodium
carboxylate carbenoid transformations. Results from
the structural characterization of axially ligated rhodium
acetate phenylisonitrile complexes have been utilized in
approximate molecular orbital calculations. The results
from the calculations suggest that a signi®cant degree of
p back-bonding exists between the metal and isonitrile
fragments which, by analogy, implies that p back-
bonding should also exist in the rhodium carbenoid
intermediate. Sensitivity of the Fenske-Hall method to
the magnitude of p back-donation in these complexes
was gauged through calculations involving di�erent
phenylisonitrile groups in which the p back-bonding
ability was modulated through derivativization. The
reliability of the Fenske-Hall method was evaluated
through a comparison to a high-level calculation.
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1 Introduction

Rhodium carboxylates and carboxamides are important
catalysts for a variety of carbenoid transformations [1],
including cyclopropanations [2], NAH [3] and CAH [4]
insertion reactions and dipolar cycloadditions [5]. These
rhodium carboxylates and carboxamides have been
modi®ed extensively to enhance and direct chemical
reactivity, diastereoselectivity and enantioselectivity. A
question of vital importance to the rational design of
selective catalysts is the structural and electronic makeup
of the rhodium carbenoid intermediate. Despite the
intense interest in these catalysts, little is known about

the rhodium carbenoid species itself due, largely, to its
highly transient nature.

The debate regarding the presence or absence of p
back-bonding in rhodium carboxylate complexes dates
back to the original debates regarding the RhARh bond
order of such complexes [6]. While the RhARh bond
order is now ®rmly established as one, the debate re-
garding p back-bonding, particularly in rhodium car-
benoid complexes, is as yet unresolved [7]. Crystal ®eld
theory predicts that p back-bonding would occur
through donation of electron density from one of the
degenerate metal p� orbitals into the vacant and unhy-
bridized p orbital of the carbene. Consequently, the
expected conformation of the carbene would be one
in which it eclipses the carboxylate ligands surrounding
the metal core.

In an elegant series of linear free energy relationship
experiments, Pirrung and Morehead demonstrated the
importance of the polarizability and resonance contri-
butions of the carboxylate (and carboxamide) ligands to
the reaction selectivity in carbenoid transformations [7].
Their results suggest that p back-bonding is an impor-
tant facet of these transformations. Results of spectro-
scopic studies, published in the same report, indicate
that p back-bonding is important in Rh2�O2CR�4 � CO
complexes and, by analogy, in rhodium carbenes.

Doyle and co-workers, on the other hand, have pro-
posed that a carbenoid intermediate exists which is de-
void of p back-bonding, and thereby contains a formal
RhAC single bond [8]. The electrophilic carbon is
therefore more akin to a carbocation than it is to an
alkylidene complex. Doyle based this proposition on
modeling studies of chiral rhodium carboxamide
complexes where the geometries were optimized with
molecular mechanics calculations and the axial carbene
ligand was subsequently rotated as a rigid rotor. In
addition, each rotamer was examined with extended
HuÈ ckel calculations. Results from both levels of theory
suggested that the rotational barrier was less than
1 kcal/mol and supported their contention that the
RhAC bond lacks double bond character.

In another computational study, Bursten and Cotton
performed Xa-SW calculations on the bisphosphine ad-
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duct of rhodium formate [9]. The Rh2�O2CH�4 � �PH3�2
geometry was obtained from the X-ray crystal structure
of the corresponding rhodium acetate adduct. The re-
sults of their calculations failed to show the presence of
any signi®cant p back-donation from the metal to the
phosphines. Bursten and Cotton do acknowledge, how-
ever, that the applicability of these results to other p-acid
complexes is limited.

To shed further light on the structural composition of
rhodium carbenoid complexes, a new model which in-
volves rhodium acetate coordinated to a pair of isonitrile
ligands was employed. The isonitrile group possesses r
bonding and p back-bonding capabilities similar to those
of a carbene. Unlike the metal carbene adduct, however,
the rhodium acetate isonitrile complexes are isolable,
thus making structural studies possible.

Herein we report a theoretical analysis of the elec-
tronic structure and bonding of two rhodium acetate
isonitrile complexes, Rh2�O2CCH3�4 � �CNC6H4CF3�2,
1, and Rh2�O2CCH3�4 � �CNC6H4N�CH3�2�2, 2, using
the Fenske-Hall molecular orbital method.

In addition, we re-investigate the electronic structure
and bonding of Rh2�O2CH�4 � �PH3�2, 3, with the
Fenske-Hall method to provide a means through which
the results of the present study can be compared to those
from previous studies.

2 Methods

Unparameterized Fenske-Hall molecular orbital (MO)
calculations [10] were utilized to examine the electronic
structure and bonding in a variety of axially ligated
rhodium carboxylates. The geometric parameters for 1
and 2 were taken directly from the X-ray crystallo-
graphic data (which will be reported in a subsequent
paper), while those for 3 were taken from a previous
study [9]. The basis functions for all non-hydrogen
atoms were generated from the numerical Xa atomic
orbital program of Herman and Skillman [11], which
was used in conjunction with the Xa-to-Slater basis
program of Bursten and Fenske [12]. Non-transition
metal atoms assumed ground-state atomic con®gura-
tions, while the s0d8 cationic con®guration was used for
the Rh atom. The exponents for the valence s and p
orbitals of Rh were determined by minimizing the energy
di�erence between the valence eigenvalues obtained
from the molecular calculations and experimental ion-
ization potentials. The numerical Xa atomic orbitals
were ®t to double-f analytical Slater type functions for
the valence d orbitals of Rh and for the valence p orbitals

of the other atoms except hydrogen, the exponent of
which was 1.20. All other orbitals, including the d
polarization functions on P, were ®t to single-f func-
tions. A Mulliken population analysis [13] was used in
the calculations to determine gross and overlap popu-
lations. The Mulliken gross populations, which were
calculated following the transformation of the results in
the atomic orbital basis to an MO basis of the chemically
meaningful fragments, were employed to assist our
analysis of the direction of electron density ¯ow between
interacting fragments.

An ab initio DFT/B3LYP SCF calculation of 3 uti-
lized a modest-sized all-electron rhodium basis with a
(4322/4221/331) contraction [14], a 6-31G* phosphorus
basis, and a 6-31G basis for the remaining atoms and
was performed through the GAUSSIAN 94 program
package [15]. Contour and deformation density plots
were created with an in-house version of MOPLOT [16].

3 Results and discussion

When the primary focus of a computational study is the
interaction between two or more distinct chemical
moieties, it is often useful to represent the results of
the calculations in a basis of the MOs of these distinct
moieties rather than in the usual basis of atomic orbitals
for the conglomerate species. The distinct chemical
moieties in this study are the rhodium acetate and the
axial ligands. In Fig. 1, which shows the results of the
Fenske-Hall calculation on 1, the relevant valence MOs
of rhodium acetate are shown on the left side of the
diagram while those for the two isonitrile groups are
shown on the right side. For the isonitrile species, each
MO appears as a nearly degenerate pair, corresponding
to the symmetric and antisymmetric combination of
each MO on the two spatially separated isonitrile
groups. The corresponding fragment molecular orbitals
(FMOs) are labeled according to their Ci symmetry
designation. For the rhodium acetate fragment, the
valence MOs closely resemble those of rhodium formate
described previously in detail [6c], and exhibit the
familiar r2p4d2p�4d�2 con®guration. For consistency
with the earlier reports [6c, 9], these FMOs are labeled
according to their D4h symmetry designation. The MOs
of 1 are labeled sequentially and without the Ci

symmetry designation to avoid confusion with the
isonitrile FMOs, which have the same symmetry.

Prior to the interaction of the molecular fragments,
all rhodium acetate and isonitrile FMOs below and in-
cluding the 2b1u and 1ag orbitals, respectively, have an
occupancy of 2.00, while the occupancy of the other
FMOs is 0.00. Figure 1 shows that following the inter-
action of the fragments, the isonitrile 2ag and 4ag FMOs
gain 0.10 and 0.11 electrons, respectively, from the
rhodium 5eg FMOs. These results suggest that a signi-
®cant degree of p back-donation exists. The amount of
density back-donated from the rhodium 6eu FMOs to
the isonitrile 2au and 4au FMOs is much smaller (0.05
and 0.04 electrons, respectively) due to the larger ener-
getic separation between these interacting fragments
(vide infra). Figure 2a and b shows contour plots of the
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MOs of 1 which encompass the bulk of the p back-
bonding interaction. In MO 115, shown in Figure 2a, the
polarization of the RhARh p� orbital away from the
center of the molecule is evident. This polarization ac-
centuates the overlap with the 2ag FMO of the axial
ligands. Notice that while the isonitrile carbon atoms
reside slightly above and below the plane designated A
in Fig. 2, their contributions can still be seen. The cor-
responding nitrogen atoms, however, are too far re-
moved from the plane to be observed.

The 2ag and 2au isonitrile p� FMOs are energetically
stabilized by the p system of the phenyl groups, which
means that a better energetic match exists between these
FMOs and the occupied metal FMOs than between the
4ag and 4au isonitrile p� FMOs and the metal FMOs. This
better match in energy translates into a stronger inter-
action between the fragments, according to the equation
which quanti®es the extent to which atomic or molecular
fragments interact: the second-order perturbation cor-
rection to the molecular energy, Eq. (1). The numerator
of this expression, which is the square of the Fock matrix

E�2�i �
X
j 6�i

Hij
�� ��2

Ei ÿ Ej
�1�

element, depends primarily on orbital overlap, while the
denominator represents the di�erence in energy between
the interacting FMOs. Assuming that a similar degree of
overlap exists between the two sets of isonitrile p� FMOs
and the metal FMOs, the smaller energy splitting
between the 2ag=2au set and the metal FMOs should
enhance the interaction between these fragments and
result in greater p back-donation. The Mulliken gross
populations listed in Fig. 1, however, indicate that the p

back-bonding to the 4au=4ag FMOs is at least as strong
as that for the 2ag=2au FMOs despite the additional
6.0 eV separation in energy. An explanation for this
apparent discrepancy follows.

Figure 1 shows that, in addition to the RhARh p�
interaction with the 4ag isonitrile FMO, MO 116 of 1
contains signi®cant contributions from FMOs 5a1g and
1ag of the rhodium and isonitrile fragments, respectively.
These FMOs participate in the interaction largely as a
consequence of the non-linear orientation of the axial
groups with respect to the metal±metal internuclear axis.
While the deviation from linearity decreases the
RhAisonitrile pÿp overlap, it increases the RhAisonit-
rile pÿr overlap, as illustrated in Fig. 3. The contribu-
tions from both the 5a1g and 1ag FMOs are easily seen in
the metal±metal and metal±ligand regions of the contour
plot of MO 116, shown in Fig. 2b. The participation of
these FMOs results in the symmetry allowed redistri-
bution of electron density from r FMOs such as the
rhodium 5a1g into the isonitrile 4ag FMO.

Figure 4a and b shows the MOs of 1 which contain
the weaker back-bonding interactions involving the
6eu; 2au and 4au FMOs. Notice that, compared to the
interactions illustrated in Fig. 2a and b, less isonitrile p�
character is evident in the plots, underscoring the rela-
tive weakness of the interaction. Figure 4c and d shows
contour plots of the MOs of 1 which contain the metal±

Fig. 1. Molecular orbital (MO) diagram for 1 showing the interaction
between the Rh2�O2CCH3�4 and �CNC6H4CF3�2 fragments.
Mulliken gross populations are listed adjacent to the corresponding
fragment molecular orbital

Fig. 2a, b. Contour plots for selected MOs of 1. The A and B planes
are shown in the top diagram of the ®gure. a MO 115 in plane A.
b MO 116 in plane B. Contours are geometric, di�ering by a factor
of 2, with the lowest contour of �0:01563�e/a.u.3�1=2

Fig. 3. Illustration of the metal-ligand p-r overlap as a function of
axial ligand linearity with the metal-metal bond axis
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ligand r� interactions. Notice in the former that the
metal±metal component of this MO contains a contri-
bution from the 5eg rhodium FMO and results in the
skewed appearance of the RhARh bond. That the 6a1g
FMO of the rhodium fragment energetically stabilizes
this metal±ligand antibonding interaction serves to keep
this MO below the Fermi level. As a result of its par-
ticipation, it is populated with a substantial amount of
electron density (0.39 electrons). The other rhodium
FMO involved in the forward-donation of density from
the isonitrile r orbitals is the antibonding 5dz2 interac-
tion, FMO 4a2u. FMO 4a2u is the LUMO of the rhodium
fragment, and through the bonding interaction with
isonitrile FMO 1au it receives 0.48 electrons. MO 90 (not
shown in Fig. 1) of 1 contains this interaction, and the
contour plot is shown in Fig. 4d.

One would expect that the substitution of the elec-
tron-withdrawing CF3 group at the para position in the
phenylisonitriles with the electron-donating NMe2
group would result in less p back-bonding between the
rhodium acetate and the axial ligands. Indeed, the results
of the calculations on 2, shown in Fig. 5, corroborate
this expectation. Notice that while the magnitude of
electron density populating the 4a2u and 6a1g FMOs as a
result of the r forward-donation is nearly identical to
that in 1, the magnitude of the p back-donation is sig-
ni®cantly reduced. The reason for this reduction is that
the NMe2 group, as a p-donor ligand, destabilizes the
isonitirile p� orbitals �3au and 3ag� through the p system
of the phenyl ring. The energy splitting between the 5eg
rhodium acetate FMOs and the 3ag FMO of the axial
ligands is 6.5 eV in 2, while it is only 4.6 eV in 1; the net
increase in the splitting is 1.9 eV. In contrast, the net

increase in the 5egÿ5ag splitting is only 0.5 eV, since the
5ag (and 5au) isonitrile p� FMO is orthogonal to the
delocalized p system of the phenyl group and is therefore
somewhat insulated from the destabilizing e�ects of the
NMe2 substituent. That the magnitude of the back-do-
nation to the 5au and 5ag FMOs is larger than that to the
3au=3ag set is a consequence of the non-linear RhACAN
angle and the concomitant symmetry-allowed partici-
pation of the r FMOs (vide supra).

It is important to point out that, unlike 1, the iso-
nitrile 4au and 4ag FMOs of 2 (not shown in Fig. 5)
contain signi®cant p� character and receive 0.02 elec-
trons from the 5eg FMOs of the rhodium fragment.
While this interaction certainly contributes to the overall
p back-donation in 2, the contribution is minor and does
not alter the conclusion that p back-donation in this
complex is signi®cantly less than that in 1.

The results of Fenske-Hall calculations on Rh2�O2CH�4��PH3�2, 3, are shown in Figure 6 and paint a very di�erent
picture from that reported previously [9]. Substantial p
back-donation from the rhodium 5eg FMOs to the phos-
phine 1bg and 2ag FMOs (labeled in C2h symmetry) is the
principal distinguishing characteristic of these results. While
the energy splitting between these interacting fragments is
5.6 eV, signi®cant overlap between the phosphorus dp hy-
brid orbitals and the rhodium 5eg FMOs fuels the interac-
tion. The contour plots of MOs 48 and 49, shown in Fig. 7a
and b, illustrate the overlap.

To evaluate the reliability of the Fenske-Hall results,
a self-consistent-®eld calculation was performed at the
DFT/B3LYP level of theory and the results were
examined independent of the orbital model. The defor-
mation density plot shown in Fig. 8 displays the di�er-

Fig. 4a±d. Contour plots for selected MOs of 1. Planes A and B
correspond to the schematic in Fig. 2. aMO 111 in planeA. bMO 112
in plane B. c MO 114 in plane B. dMO 90 in plane B. See Fig. 2 for
contouring information

Fig. 5. MO diagram for 2 showing the interaction between the
Rh2�O2CCH3�4 and �CNC6H4N�CH3�2�2 fragments
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ence between the total molecular density of 3 and the
PH3 and Rh2�O2CH�4 fragment (or promolecule) den-
sities. Consistent with the Fenske-Hall results, the plot
illustrates that the interaction between the metal frag-
ment and the axial ligands results in a depletion of
density from the Rh dp orbitals and in an accumulation
near phosphorus in the RhAP bonding regions. Note
that, by de®nition, these regions of accumulation cannot

be due to the phosphine lone pair densities since they are
part of the promolecule and are subtracted out of the
total molecular density [17].

Of secondary interest are the r interactions, the
principal components of which are contained within
MOs 43 and 50. The latter MO contains the metal-ligand
r� interaction which is stabilized by the rhodium 6a1g
FMO. Recall that a similar feature was observed in both
1 and 2. The former MO consists of the HOMO/LUMO
interaction in which r density is donated from the
phosphine lone pairs to the unoccupied rhodium 4a2u
FMO. Unlike 1 and 2, this MO is high enough in energy
(due to the relative instability of the 1ag and 1au FMOs)
to be included in Fig. 6. Contour plots of these MOs are
shown in Fig. 7c and d.

4 Conclusions

To obtain information regarding the structural and
electronic makeup of the carbenoid intermediate in
catalytic rhodium carboxylate and carboxamide trans-
formations, we have reported electronic structure calcu-
lations on a new, structurally stable analog of the
intermediate. This analog involves rhodium acetate with
phenylisonitrile axial ligation. The isonitrile groups
possess r bonding and p back-bonding capabilities
similar to those of a carbene, yet can be derivatized in
the para position of the phenyl group to modulate the
electronic character of the ligand. In this study we have
capitalized on this ability to modulate the p accepting
capacity of the isonitrile group to examine the question
of p back-bonding within the adduct.

Results from Fenske-Hall calculations on 1 and 2
indicate that a signi®cant degree of p back-donation
occurs between the rhodium fragment and the axial li-
gands. Previous calculations on related complexes [8, 9]
came to the opposite conclusion. Application of the
Fenske-Hall method to one of these related complexes,
3, suggested that p back-bonding was, indeed, signi®-
cant, and raises questions regarding the reliability of
these di�erent computational methodologies. Results
from a high-level (DFT/B3LYP) calculation corroborate

Fig. 6. MO diagram for 3 showing the interaction between the
Rh2�O2CH�4 and �PH3�2 fragments

Fig. 7a±d. Contour plots for selected MOs of 3. a MO 48, b MO 49,
c MO 43, d MO 50

Fig. 8. Deformation density plot from an all-electron DFT/B3LYP
calculation of 3 where the promolecule densities for the Rh2�O2CH�4
and two PH3 fragments were subtracted from the total density of
3. Nine geometric contours are plotted, the smallest of which is
�0:0003906 e=a:u:3
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those from the Fenske-Hall analysis, thereby providing
the requisite measure of reliability for the approximate
MO method.

During the course of this investigation into the elec-
tronic composition of the rhodium acetate isonitriles, a
secondary question arose why do the axial ligands bend
in 1 and 2? The computational studies presented herein
have not been tailored to provide an answer to this
question. Additional calculations which examine the
e�ects of linearizing the axial groups will serve this
purpose. Whether the deviation from linearity is a con-
sequence of crystal packing forces or an electronic e�ect
that stems from the participation of metal±ligand pÿr
interactions along with the corresponding pÿp interac-
tions will be analyzed and discussed in a subsequent
report.
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