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Summary: Density functional calculations rationalize
the bonding in [Rhy(u-O2CR)4L] complexes with strong
and very weak axial donor—acceptor ligands L such as
“Arduengo” carbenes and aromatic hydrocarbons.

Tetrakis(carboxylato)dirhodium(l1) complexes, [Rhy(u-
0O,CR)4], and related species are versatile compounds
being currently used as catalysts,?3 anticancer agents,*®
and building blocks for supramolecular assemblies.6~8
Recent experimental work has focused on the synthesis
of complexes of [Rhy(u-O,CR)s] with axial carbene
ligands and their application to catalytic C—C formation
reactions.® One- and two-dimensional networks consist-
ing of [Rh2(u-O>,CCF3)4] and polycyclic aromatic hydro-
carbons (PAH) have been designed as well.®* The PAH
of these networks usually bind in an 5?2 fashion at the
axial positions.®

Despite a considerable interest in the electronic
structure of Rh—Rh clusters of the type [Rha(u-O,-
CR)4]%19 and of transition-metal carbene complexes,!!
the nature of the interaction in the novel complexes with
axial ligands has not been understood entirely. The
Rh—L bond strength in complexes with ligands such as
carbenes and aromatic hydrocarbons is anticipated to
be very different, and gaining a unified view of the
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bonding in these intriguing organometallic compounds
is a major challenge. The objective of this density
functional study?? is to predict and to analyzel®8-24 the
metal—ligand bond energies in the model complexes
[Rha(u-O,CH)4L] (la—d) with the ligands L = CH; (a),
imidazole 2-ylidene?> (b), C;H4 (c), n%-benzene (d).
Calculated molecular geometries of [Rhy(u-O2CH)4L] are
presented in Figure 1;26 the results of the energy
analysis of the Rh—L bond are given in Table 1. We
draw the following conclusions.

(i) Upon coordination of an axial ligand, a—d, the
[Rha(u-O2CH)4L] core remains intact (Figure 1). The
Rh—Rh bond is slightly elongated in 1a—d (2.41—2.48
A) in comparison to that in the parent dimer, 0 (2.38
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Figure 1. Calculated structures of [Rhy(O,CH)4L] (1b, Cy,; 1d, Cy).

Table 1. Energy Decomposition of the Rh—L Bond in the C,,-Symmetric Complexes [Rh,(O,CH),L] (1a—d)
(Energies in kcal/mol), Ratio of Electrostatics and Stabilizing Orbital Interactions AEest:AEq, and Ratio
of ¢ and & Interactions AEqr,(0):AEqr(7T)

contribn descripn T la 1b 1c 1dd
AEprep(L) def of the ligand L 18.72 1.0 2.3 0.7
AEprep([Rh2]) def of [Rh2(O2CH)4] 2.3 1.7 2.2 0.9
AEprep prep energy of the fragments; AEprep = AEprep(L) + AEprep([Rh2]) 21.0 2.7 4.5 1.6
AEpauii Pauli repulsion 281.9 192.3 112.3 43.0
AEeist electrostatic interactions —229.1 —168.8 —79.9 —28.3
AEory stabilizing orbital interactions —-131.5 -71.6 —53.6 —-22.1
AEor(T) contribns from the irred a; —70.6° —55.20 —2850 —15.9be
representations, T, to AEq; az 0.0 -0.3 -0.7
AEorm, = YiAE(T) by —54.2¢ —10.6¢ —2.6
b, —6.7 —5.6 —21.9¢ —6.2¢f
AEint interaction energy; AEint = AEpauii + AEeist + AEor —78.7 —48.1 —-21.2 —7.4
AE bond energy; AE = AEprep + AEint —57.7 —45.4 —17.0 —5.7
AEeist: AEorn electrostatics vs orbital int 1.7 2.4 15 13
AEo(0):AEorn(r) o versus x interactions 1.3 5.2 1.3 2.6

a Contains the 3B; — !A; excitation energy of methylene. ? ¢ donation. ¢ = back-donation. ¢ Cs symmetry. ¢a'. fa".

A). The Rh—ligand distances are calculated to be 1.89
(@), 2.02 (b), 2.19 (c), and 2.52 A (d).

(if) A wide range of the Rh—L bond energies AE is
predicted with values of —57.7 (a), —45.5 (b), —17.0 (c),
and —5.7 kcal/mol (d) (Table 1). The trend in the bond
energies in 1la—d is evident from the calculated metal—
ligand distances.

(iii) Deformation of the free molecules, [Rhz(u-O2CH)a]
and L, toward their geometry in the complexes 1b—d
requires a small preparation energy, AEprep, of less than
3 kcal/mol for each molecule (Table 1), whereas the
AEyrep Value for methylene also contains the 3B, — 1A
excitation energy.?” The energy of interaction, AEjy,
between [Rhy(u-O,CH)4] and L is the main factor
determining bond energy (AE = AEprep + AEint). AEint
can in turn be divided into three parts (AEint = AEpauii
+ AEgist + AEom): Pauli repulsion, AEpaui, the electro-

(26) Calculated bond distances and valence angles in the complexes
[Rhy(u-O2CH)4L,] with n =0 (0), n =1 (la—d), and n = 2 (2a—c) are
listed in the Supporting Information. The calculated structures show
Dan (0), Cay (1a—c), Cyy (1d), and Dog Symmetry (2a—c); these structures
were also obtained by geometry optimizations using selected starting
structures of lower symmetry.

(27) Note that the calculated 3B;—'A; singlet—triplet splitting of
methylene at the BP86 level (15.7 kcal/mol) is larger than the
experimental value (9 kcal/mol): McKellar, A. R. W.; Buenker, P. R,;
Sears, T. J.; Evenson, K. M.; Saykally, R. J.; Langhoff, S. R. J. Chem.
Phys. 1983, 79, 5251.

static contribution, AEgs:, and the stabilizing orbital
interactions, AE,,. The analysis shows that |AE;n| and
each of its three contributions decrease in the order la
> 1b > 1c > 1d (Table 1).

(iv) Electrostatic interactions (AEgst) cause a stronger
stabilization of the Rh—L bond in 1la—d than orbital
interactions (AEqr). The ratio AEeist: AE,rp is predicted
to be 1.7 (a), 2.4 (b), 1.5 (c), and 1.3 (d) (Table 1),
indicating that electrostatic attraction is particularly
important in the carbene complexes.

(v) Given the small value of Pauli repulsion?! in the
n?-benzene complex 1d in comparison with AEpay; in
the other complexes, one might believe that Pauli
repulsion is least important in 1d (Table 1). One should
note that the Rh—C distances in the benzene complex
are much longer?8 than in the ethylene complex 1c and
that the benzene moiety is bent away from the carboxy-
lato ligands (Figure 1). The equilibrium structure of 1d
is the result of Pauli repulsion between oxygen lone
pairs and the sw-electron system. Analysis of the ethylene
complex [Rhy(u-O2,CH)4(C2H4)] (1c’) with Rh—C bond
lengths taken from the optimized structure of 1d reveals
virtually equal amounts of Pauli repulsion in 1c' and

(28) The long Rh—C distances (2.615 A) in 1d are similar to those
(2.770 A, 2.787 A) in an X-ray crystal structure of [Rhy(u-O,CCF3)s-
(hexamethylbenzene)]...62
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Figure 2. Schematic representation of ¢ donation and &
back-donation between [Rh,(O,CH),;] and 'A; methylene
(left) as well as between [Rh,(O,CH),4] and ethylene (right).

1d and a larger stabilization by electrostatics as well
as by stabilizing orbital interactions in 1c’, indicating
a slight intrinsic preference of the metal for the olefin
ligand (see Supporting Information).

(vi) Partitioning of the orbital-interaction term AEy
into the irreducible representations I'; (AEom, = Y iAE(TS))
reveals the contributions from o and & interactions to
the bond energy; the predominant ¢ and & orbital
interactions in metal—carbene and metal—ethylene
bonds are displayed in Figure 2.2° ¢ donation from
occupied L orbitals into vacant [Rhz(x-O2,CH),] orbitals
is represented by a; (in 1a—c) and a’ (in 1d), respec-
tively, while 7 back-donation from occupied [Rhz(u-O2-
CH),] orbitals into vacant L orbitals is represented by
bi (in 1a,b), b, (in 1c), and a" (in 1d), respectively (Table
1). The analysis shows that ¢ donation is slightly more
important than & back-donation in the methylene and
ethylene complexes 1a,c; the ratio o.r of the energies
is 1.3 (Table 1). In contrast, in the complexes of both
the heterocyclic carbene and benzene, & back-donation
is much weaker; the analysis predicts the ratio o7 of
5.2in 1b and 2.6 in 1d. Inspection of the atomic partial
charges shows that the central carbon (here denoted C1)
in free imidazol-2-ylidene is negatively charged (—0.19;
see the Supporting Information), which is due to elec-
tron redistribution into the p, orbital of C1 within the

(29) Figure 2 is based on the analysis of the orbital interactions in
la and 1c in Cy symmetry. Upon coordination of singlet methylene
to [Rhy(u-O,CH)4] (complex 1a), the population of the methylene
HOMO (a;) decreases by —0.75e and the population of the [Rhy(u-O»-
CH)4] LUMO (a;) increases by 0.71e. The [Rhy(u-O2CH)4] LUMO (a;)
is a linear combination of the d,2 orbitals of the two Rh centers (o*
orbital). The population of the methylene LUMO (b;) increases by 0.63e
and the population of the [Rhy(u-O,CH),] HOMO-1 (b;) decreases by
—0.61e. The [Rhy(u-O,CH)s] HOMO-1 (b,) is a linear combination of
the dy, orbitals of the two Rh centers (one of the 7* orbitals). In the
ethylene complex (1c), the population of the ethylene HOMO (a;)
decreases by —0.32e and the population of the [Rh,(u-O,CH)4] LUMO
(a1) increases by 0.28e. The population of the ethylene LUMO (b,)
increases by 0.22e, and the population of the [Rh,(u-O,CH),] HOMO-1
(b2) decreases by —0.16e. The [Rhy(u-O,CH)4] HOMO-1 (by) is a linear
combination of the dy, orbitals of the two Rh centers.
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Table 2. Calculated Energy per Rh—L Bond (in
kcal/mol) in the Complexes [Rhy(O,CH),L.] (n = 1,
la—d; n =2, 2a—c)

b c d
1 —-57.7 —454 -17.0 —-5.8
2 —46.3 —33.9 —-14.1

aromatic sz system of the free heterocycle. This orbital
can only partially act as an acceptor orbital for electron
back-donation from the metal in 1b. In contrast, the
long metal—ligand distance in the »2-benzene complex
induced by Pauli repulsion is the origin of the weak &
back-donation in 1d, because s interactions require
shorter interatomic distances than o interactions.??:30

(vii) Uptake of a second axial carbene or ethylene
ligand leads to a significant stabilization and decreases
the energy of the Rh—L bond by approximately only 20%
in 2a—c (Table 2), indicating that carbene complexes
of the type [Rha(u-O2CH)4L2] should be considered
interesting targets for synthesis and potential interme-
diates in the catalytic systems.® However, while the
geometry of the dirhodium core in the [Rhy(u-O2CH)4L5]
complexes 2b,c is almost unaffected by the second axial
ligand, the dimethylene complex 2a shows a very long
Rh—Rh distance (2.87 A).3!

Current work on dirhodium carboxylates is aimed at
an understanding of their anticancer activity.* We are
presently analyzing the interaction of dirhodium(ll)
complexes with potential biological targets to compare
the chemoselectivity of the metalation of biomolecules
by the title compounds and by the antitumor drug
cisplatin.23
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