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The first systematic theoretical investigation of interactions of the Lewis acidic Rh(II) centers with a number
of m-ligands having isolated unsaturated carbon—carbon bonds (acetylene and ethylene) or delocalized
m-systems with planar (benzene, naphthalene, acenaphthylene, and pyrene) or curved surfaces (corannulene
and the Cs-hemifullerene), including the Cgo-fullerene, has been undertaken. The effect of size, geometry,
site specificity, and curvature of sr-ligands on their interaction energy with Rh(II) has been examined. The
geometric and electronic structures of ;r-adducts have been modeled at the DFT level of theory by using the
hybrid Perdew—Burke—Ernzerhof parameter free exchange—correlation functional (PBEO). The nature of
Rh(II)—s interactions was found to be similar in all products with the bonding energy ranging from 14.59
kcal/mol in the benzene adduct to 50.13 kcal/mol in the fullerene complex. Importantly, the quantitative
evaluation of two bonding components, namely, ligand-to-metal and metal-to-ligand contributions, allowed
us to rationalize the observed trends in sr-binding affinity of the selected ligands as well as in stability of the
resulting products. These trends deduced from DFT calculations are important for considering the synthetic

feasibility of novel z-complexes in these systems.

Introduction

Metal—z interactions have gained general acceptance as
important driving forces in supramolecular assembling and
molecular recognition processes.! This acknowledgment of their
significance has considerably improved our understanding of
the functioning of biochemical systems such as ion channels,
drug receptors, and enzymes.? Additionally, the role of transition
metal—s interactions has been found relevant for applications
in organic synthesis,’ bond activation,* and catalysis.> Up to
now, numerous theoretical studies have been performed on the
cation—z binding of alkali or alkaline earth metal ions.® Their
focus was devoted to understanding the physical origin of such
noncovalent forces and for the quantitative evaluation of their
strength. Initially, mainly single-ring arenes and small planar
polycyclic aromatic hydrocarbons were used as models. Re-
cently, these studies have incorporated some transition metal
ions’ and extended nonplanar polyaromatic systems.® However,
to date, only sporadic theoretical studies have been dedicated
to modeling the cation— interactions of heavy transition metals.
This remains a very challenging task® from the computational
viewpoint because of relativistic, spin—orbit coupling and other
effects, significantly complicating general applicability of
theoretical methods and requiring individual consideration of
each transition metal system.

The focus of this study is rhodium(II)—s interactions. Over
the years, we have revealed a remarkable reactivity of highly
electrophilic dirhodium(II) tetratrifluoroacetate in inorganic, '
organometallic!' and supramolecular reactions.'> Moreover, the
applications of the dirhodium core compounds'® span such
diverse areas as catalysis,'* antitumor metallopharmaceuticals, '
phototheraupeutic agents,'® photochemistry,'” and self-assembly
processes.'® However, no systematic theoretical insight into
rhodium(II) binding affinities has been given. Only guanidine
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interactions with dirhodium tetracarboxylate compounds have
recently been studied by quantum chemical methods to unravel
mechanisms of their antitumor activity.!? Therefore, in this work,
we set out to broadly investigate interactions of the Rh,** core
with different types of unsaturated hydrocarbons by using
density functional theory (DFT) methods. An account of gas-
phase synthesis, X-ray crystallographic characterization, and
some properties of a structurally diverse family of the [Rhy(O,CCF;)4]-
adducts with aromatic ligands has recently been given,” but
understanding of bonding in such systems was lacking. Herein,
we examine the nature of interactions, binding affinities, and
trends in bonding energies of metal—s complexes formed by a
very electrophilic Rh,** core and axially bound unsaturated
hydrocarbons. We gradually change the nature of the latter from
systems with isolated multiple carbon—carbon bonds (C,H, and
C,H,), via cyclic aromatic (C¢Hg) and planar polyaromatic
(CioHs, CipHg, and CiHjp) molecules, to nonplanar open
geodesic s-bowls (CoHjp and C;Hj,), and finally, to the
completely closed Cgp-ball.

Calculation Details

Geometry Optimization. Full geometry optimization of all
adducts was performed at the DFT level by using the hybrid
Perdew—Burke—Ermmzerhof parameter free exchange—correlation
functional (PBE0),”! which was reported to better describe
coordination compounds of heavy transition metals with weak
bonding.?? Also, this functional was successfully applied to
model structures and properties of curved polyaromatic systems
such as nanotubes and their complexes with metal ions.>* The
Hay-and-Wadt effective core potentials (ECP) and the
LANL2DZ?* basis sets were used for Rh atoms. The standard
double-¢ 6-31G(d) basis sets were utilized for all nonmetallic
atoms. The Dy, point group symmetry was used for modeling
of acetylene (C,H,), ethylene (C,H,4), naphthalene (C;oHs), and
pyrene (Ci¢Hyo). The D¢, Coy, Cs,, Cs, I, and Cy4 point group
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symmetry constraints were imposed for modeling of benzene
(CeHg), acenaphthylene (C,,Hs), corannulene (CyH,p), hemi-
fullerene  (CsoHj,),  buckminsterfullerene  (Cgqy), and
[Rh,(O,CCF;)4], respectively. Theoretical calculations of all
[Rhy(O,CCF;)4]-adducts were performed without any symmetry
constraints (the C; point group symmetry). The gradient norm
for the geometry optimization was taken to be 107*. The true
minima on potential energy surfaces (PES) were controlled by
calculating the Hessian matrix and, as a consequence, harmonic
frequencies. The absence of imaginary frequencies indicated that
the true minima were achieved.

Single-Point Calculation. When optimizations were com-
pleted, single-point calculations were performed by using the
same ECP and the same basis set for Rh atoms and the extended
triple-§ 6-311G(d,p) basis sets for all remaining atoms. The
Natural Bond Orbital (NBO)® analysis based on single-point
calculations has been used for a detailed description of the
electronic structures of all compounds. Bond orders quoted in
the text are those from the Wiberg formulation®® (so-called
Wiberg bond indexes) incorporated in the NBO analysis.
Optimized geometry configurations and molecular orbitals
(0.035 au isosurface) are visualized with the help of the
ChemCraft program package.”” All calculations were carried
out in the frame of the PC GAMESS/Firefly quantum chemistry
program package,?® which is partially based on the GAMESS-
US? source code.

The bonding energy for all adducts was estimated by using
the following formula: E(bonding) = E([Rhy(O,CCF3),+(7*-L)])
— E([Rhy(O,CCF;)4]) — E(L), where L is an unsaturated
hydrocarbon. These values characterize the total energy of
bonding between [Rh,(O,CCF;),] and a 7-ligand including two
Rh—C bonds (17?-coordination) as well as all possible additional
interactions. These data are used for comparative evaluation of
thermodynamic stability of the resulting products. Additionally,
the influence of the basis set quality on bonding energy has
been tested. For selected adducts, two extended basis sets,
LANL2TZ and LANL2TZ(f), have been used for Rh. The
maximum difference in E(bonding) was found to be no more
than 1.11 kcal/mol (~5%). This confirms that the LANL2DZ
basis set used in this work is a good compromise between
accuracy and computational efforts. An estimation of BSSE
(counterpoise technique)** has been performed for the Rh—ethylene
adduct to give 2.01 kcal/mol. Thus, the basis set superposition
error was found to be in the range of the generally accepted
accuracy for the DFT methods.

The donor—acceptor interactions are quantified by examining
all possible interactions between filled (donor) Lewis-type NBOs
and empty (acceptor) non-Lewis NBOs and by evaluating their
energetic importance by using the second-order perturbation
theory in the NBO basis.?> Because these interactions lead to
the loss of occupancy from localized NBOs of an idealized
Lewis structure to empty non-Lewis orbitals (and thus to
departures from an idealized Lewis structure description), they
are referred to as delocalization corrections to the zeroth-order
natural Lewis structure. For each donor NBO (i) and acceptor
NBO (j), the stabilization energy, E®, associated with delocal-
ization i — j is estimated as

7 2
3 2<0i|F o)

AE(EE =
7 Ex T

where F is an effective orbital Hamiltonian (Fock or Kohn—Sham
operator) and & = (o/Flo;) and g = (aj*lﬁlaj*) are orbital
energies for donor and acceptor NBOs, respectively. When
interpreting the results of such estimations, it should be noted
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Figure 1. Equilibrium geometry configurations of (a) [Rha(O;CCFj)4+ (17
CHy)] (1) and (b) [Rhy(O,CCFs)s(17*-CoHy)] (2), along with the
corresponding labeling schemes.

that this approach is only performed at the SCF level of theory
(i.e., the Fock or Kohn—Sham operator is analyzed in the basis
of the NBO), and only bonding interactions are considered (i.e.,
antibonding contributions are not covered by the NBO analysis
and must be calculated separately). Thus, the simultaneous
calculation of bonding and stabilization energies E® allows us
to estimate the thermodynamic stability as well as both metal-
to-ligand (M — L) and ligand-to-metal (L — M) electronic
contributions.

Results and Discussion

[Rh;(0,CCF3)4]. The orbital model of metal—metal bonding
and antibonding interactions within a dimetal core has given
chemists a powerful tool to understand structures and reactivity
of transition metal dinuclear systems.'? It has been generally
accepted that the formal metal—metal bond order in dirhod-
ium(ILII) tetracarboxylates, [Rho(O,CR)4], is 1. In a simplified
molecular orbital picture of the Rh,*" core, 8 of the 14 electrons
are distributed in the o-, 7-, and O-orbitals, whereas the
remaining 6 electrons occupy the st~ and 0*-orbitals, resulting
in a ground-state configuration of ¢?7*025*27** (assuming that
the sr* orbitals are destabilized relatively to 6*). This scheme
is supported by a vast amount of structural information reported
for various [Rh»(O,CR)4] molecules in which the Rh—Rh bond
distances are consistent with a single metal—metal bond.'* At
the same time, the energetic ordering of the Rh—Rh bonding
and antibonding orbitals has been under debate for a number
of years. Spectroscopic and computational studies have been
carried out to understand the electronic structure of various
dirhodium systems. The earliest work was done by Dubicki and
Martin,*! who performed extended Hiickel calculations on
[Rhy(O,CH),4] and concluded that the formal bond order is based
on the o%1*3%0*%** electronic configuration. This report was
followed by SCF-Xa calculations for [Rhy(O,CH),4] that indi-
cated the same formal Rh—Rh bond order but suggested that
the 0* orbital is destabilized relative to the sz* level, giving a
ground-state configuration of o%r*0*7**9*2.32 The switching of
the Rh—Rh 77* and 0* levels was attributed to the filled—filled
symmetry interaction between the * orbital and the appropriate
symmetry combination of the oxygen s-type lone pairs. Other
relatively high-level theoretical treatments of [Rh,(O,CR),] have
reported different ground-state configurations. For example, ab
initio calculations performed by Nakatsuji and co-workers
suggested a ground-state configuration of *0%r**d*202.>* More
recent SCF-Xa-SW calculations for [Rh,(O,CCF;)4] concur with
the earlier Xo results by suggesting an orbital ordering of
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TABLE 1: Selected Calculated Parameters for [Rh,(O,CCF3)y], C,H,, C;H,4, and Their Adducts, 1 and 2

compound
parameter [ha(OzCCFz)A;] Csz C2H4 1 2
Rh(1)—Rh(2) 2.385 2412 2.425
Rh(1)—C(1) 2.448 2.416
Rh(1)—C(2) 2.448 2.416
C(H—C(2) 1.205 1.329 1.217 1.355
order, Rh(1)—Rh(2) 0.799 0.676 0.642
order, C(1)—C(2) 2.993 2.044 2.794 1.780
charge, Rh(1) +0.966 +0.927 +0.918
charge, Rh(2) +0.966 +0.895 +0.878
charge, C(1) —0.229 —0.373 —0.211 —0.378
charge, C(2) —0.229 —0.373 —0.211 —0.378
E®(M—L), kcal/mol 7.50 10.94
E®(L—M), kcal/mol 24.10 3791
E(bonding), kcal/mol 16.60 20.59

o?m*O**40*? with an energy separation between the 0* and
ar* orbitals of 0.48 eV.3* From the photoelectron spectroscopy
point of view augmented by density functional calculations
(DFT/BLYP), it can only be concluded that the 0* and s*
ionization energies are similar within the spread of vibrational
energies with excitation (0.2 eV).%

Herein, we performed calculations by using the DFT level
of theory with the new hybrid parameters free exchange—correlation
functional PBEQ that is successfully used for modeling transition
metal clusters.*® Our results support a ground-state configuration
of o?m*d%a*49*2 for [Rhy(O,CCF3),] (Supporting Information,
Figure S33). However, the difference between the 0* and two
degenerate st* orbitals is so small (0.0079 au, 0.21 eV) that
these orbitals can be considered as nearly degenerate.

Some important features of the electronic structure of
unligated [Rhy(O,CCF3)4] should be briefly mentioned before
discussing its complexation with s-systems. First, the lowest
unoccupied molecular orbital (LUMO) lies 0.0523 au (1.42 eV)
lower than the next unoccupied molecular orbital (LUMO —+
1). This difference in energy, along with symmetry reasons,
precludes the possibility to donate electrons into LUMO + 1,
and as a result, only LUMO can be considered as an electron
acceptor from a donor (aryne, arene, or polyaromatic hydro-
carbon molecules). Second, the energy degeneracy of the two
% and one O* orbitals could make all of them suitable for 7
back-donation. However, the symmetry requirement for the
accepting orbital to be of the o*-type, which is d,?, causes a
back-donating orbital to include a z component. This leaves the
o* orbital as an acceptor and one of the two sr* orbitals as a
donor of electrons in respect to the axially bound z-ligands.
Importantly, the calculated charges at open rhodium(II) centers
in [Rhy(O,CCF;)4] are 0.966 (Table 1), thus confirming the latter
to be an extremely avid Lewis acid.

Adducts with C,H, and C,H,. Because there are no
experimental crystallographic data available for the acetylene
adduct, [Rhy(O,CCF3)4+(5*-CoH,)] (1, Figure la), the geo-
metrical parameters of the structurally characterized complex
with diphenylacetylene®” were used for comparison (Supporting
Information, Table S11). The calculated equilibrium geometry
of [Rhy(O,CCF3)y+(72-C,H,)] (2, Figure 1b) is in good agree-
ment with the experimental one obtained by single crystal X-ray
diffraction (Supporting Infomation, Table S10).% The observed
differences between the calculated and crystallographic data for
1 and 2 can be attributed to crystal packing forces that are not
taken into account in theoretical modeling, incompleteness of
the basis sets, and inherent approximation of the DFT method.
However, for molecules as large as these adducts consisting of
about 100 atoms, the agreement found between the experimental
and theoretical values is considered satisfactory.

SCHEME 1: Schematic Representations of the
Interacting MOs in (a) [Rhy(O,CCF3)4* (7*C,H,)] (1) and
(b) [ha(02CCF3)4'(7]2'C2H4)] 2)
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A comparison of the geometrical parameters of 1 and 2 (Table
1) with those of the parent [Rh,(O,CCF;),] complex shows that
the coordination of both ethylene and acetylene leads to an
elongation of the Rh—Rh bond length. This can be explained
by (i) an increase in occupancy of antibonding orbitals centered
at the Rhy*" core and (ii) a decrease in occupancy of bonding
orbitals localized at the metal—metal bond. Both types of
interactions should be important for the dirhodium adducts with
mr-ligands. The elongation of the C(1)—C(2) bond length of
coordinated hydrocarbons in 1 and 2 is also consistent with the
L — M electron donation, which is accompanied by a decrease
in occupancy of the ligand sr-bonding orbitals.

The Rh(1)—C bond lengths are noticeably shorter in 2 (Table
1), indicating a stronger interaction in [Rhy(O,CCFs),* (17%-C,Hy)]
compared to that in [Rhy(O,CCF3),* (7>-C,H,)]. This is in line
with the estimated bonding energies of the corresponding
adducts, 20.59 kcal/mol in 2 versus 16.60 kcal/mol in 1. To
follow up on these results, a detailed analysis of the electronic
structures of 1 and 2 was carried out in terms of NBO.?
Specifically, the second-order perturbation theory in the frame
of NBO was applied, and that allowed us to decompose
interactions between the dimetal unit and hydrocarbons into two
components, namely, L. — M and M — L contributions (Scheme
1). The L — M interaction mainly corresponds to electron
donation from the highest occupied MO (HOMO) of an axial
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Figure 2. Equilibrium geometry configurations of (a) [Rhy(O,CCF3), (7>-CsHg)] (3), (b) [Rhy(O,CCF3)y* (>-rim-CyoHg)] (4a), (c) [Rhy(O,CCF3),+ (17%-
rim-C,Hg)] (5a), (d) [Rhy(O,CCFs),+ (17*-hub-C,Hyg)] (5b), and (e) [Rhy(O,CCFs),* (7>-Ci6Hi0)] (6), along with the corresponding labeling schemes.

ligand to the o-type antibonding MO centered at the dimetal
core (0* MO). The M — L interaction mainly involves electron
donation from the 7-type antibonding molecular orbital (z* MO
in accord with Cotton’s formulation of metal—metal bonding)'?
centered at the dirhodium core to the lowest unoccupied MO
(LUMO) of acetylene or ethylene. It is noteworthy that 7* MO
of [Rh,(0O,CCF;),] is not HOMO, but HOMO — 1. HOMO of
the dirhodium unit corresponds to 0* MO, which is localized
at the dimetal core and is not suitable for interacting with C,H,
or C,H, because of symmetry reasons.

The results obtained show that the L — M interactions provide
a major contribution to bonding in 1 and 2 (Table 1). Because
the o antibonding orbital of the dirhodium core is involved in
this interaction, a higher value of the L — M interaction energy
in 2 leads to a greater decrease of its metal—metal bond order
(0.642 and 0.676 in 2 and 1 vs 0.799 in [Rhy(O,CCF;)4]). The
nature of L — M interactions is the same in both adducts
(Supporting Information, Figures S34 and S35), whereas the
difference in energy results from different positioning of HOMO
of ethylene and acetylene on the energy scale. HOMO of C,H,
lies higher in energy (—0.2867 au) than that of C,H, (—0.3052
au), and that results in the reduced energy gap between frontier
orbitals of interacting partners in 2 compared to 1. The specific
feature of bonding between the dirhodium unit and ethylene or
acetylene should be noted here. Because the o-bonding orbital
of the Rh,*" core is also involved in the L — M donation, the
overall interaction should be more precisely described as the 4
electrons—3 orbitals one. However, the contribution of the
o-bonding orbital is small.

Adducts with C6H6, CIOHS, Cles, and C16H10. For the next
step, we have moved to modeling the dirhodium adducts with
cyclic aromatic (benzene, CgHg) and planar polyaromatic
(naphthalene, C;oHg; acenaphthylene, C|,Hg; pyrene, Ci¢Hio)
hydrocarbons (Figure 2). It should be mentioned here that the
DFT data for the pyrene adduct have recently been used for a
direct comparison of the homometallic Rh—Rh and heterobi-
metallic Bi—Rh s-complexes.®® An analysis of calculated
geometrical parameters of [Rhy(O,CCFs),+ (7?-CsHg)] (3), [Rh,-

SCHEME 2
riH rim —~ wpee Tk 5“
T
S50 &

CyoHg Cy2Hg CyHy C3Hyz
naphthylene acenaphthylene corannulene hemifullerene

(0,CCFy)y* (17*-rim-CyoHy)] (4a), [Rho(0,CCFy)y* (17*-rim-C 2Hy)]
(5a), [Rhy(O,CCFs)y+ (17°-hub-C ,Hs)] (5b), and [Rhy(0,CCF),*
(7*-C1sH10)] (6) shows their good agreement with experimental
data® (Supporting Information, Tables S12—S14, S16, and S17).
For naphthalene and acenaphthylene that can map onto the
surface of the Cgp-fullerene and the C,oH,¢-bowl, the C—C bonds
were defined as accepted for corannulene (Scheme 2).4' In
naphthalene, two sites (rim and spoke) are compared, whereas
acenaphthylene provides a unique case with all carbon—carbon
bond types (rim, hub, and spoke) of a bowl-shaped polyaromatic
system existing in a planar environment. The corresponding
spoke-isomers, for which there are no experimentally isolated
complexes known, will be discussed separately.

In a series of complexes 3, 4a, 5a, 5b, and 6 (Table 2), the
rhodium—rhodium bond length has the maximum value in the
hub-isomer with acenaphthylene and then decreases along the
row Sb > 6 > 5a = 4a > 3. This is accompanied by a largest
elongation (A = 0.032 A) of the C—C bond directly coordinated
to the dimetal unit in 5b (vs 0.011, 0.017, 0.018, and 0.023 A
in 3, 4a, 5a, and 6, respectively). Plus, the Rh—C bond lengths
are significantly shorter in Sb compared to those in other adducts
with planar polyaromatic ligands. All these tendencies indicate
that the metal—m—arene interaction for this series should be
the strongest in the hub-acenaphthylene complex. This is
consistent with the estimated bonding energy values between
the dirhodium unit and a polyarene, 23.11 kcal/mol in 5b versus
14.52, 17.87, 17.74, and 20.08 kcal/mol in 3, 4a, Sa, and 6,
respectively.

A detailed analysis of electronic structures of these adducts
in terms of NBO indicates that the L — M contribution is the
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TABLE 2: Selected Calculated Parameters for C¢Hg, C19Hg, C{;Hg, CisHj9, and Their Adducts with [Rhy(O,CCF3)4], 3—6

compound
parameter C6H6 Clng C12Hg C16H10 3 4a 4b Sa 5b Sc 6

Rh(1)—Rh(2) 2414 2.422 2.406 2.422 2.432 2.421 2.427
Rh(1)—C(1a)* 2.591 2.542 2.958 2.534 2.426 2.984 2.487
Rh(1)—C(2a)* 2.604 2.575 2.866 2.513 2.428 2.643 2.489
C(1)—C(?2) 1.393 1.373 1.381 1.359 1.404 1.390 1.371 1.399 1.384 1.383 1.382
C(3)—CH4) 1.393 1.428 1.393 1.423 1.384 1.423 1.435 1.389 1.396 1.408 1.422
C(7)—C(8) 1.361 1.360 1.393 1.366

order, Rh(1)—Rh(2) 0.687 0.647 0.736 0.648 0.601 0.677 0.621
order, C(1)—C(2) 1.436 1.555 1.557 1.655 1.394 1.460 1.570 1.460 1.544 1.539 1.506
order, C(3)—C(4) 1.436 1.233 1.280 1.234 1.491 1.244 1.220 1.302 1.263 1.229 1.235
order, C(7)—C(8) 1.746 1.748 1.513 1.689

charge, Rh(1) +0.947 40936 +0.972 +0.936 +0.927 +0.953 +0.927
charge, Rh(2) +0.902 +0.883 +0.929 +0.884 +0.855 +0.898 +0.871
charge, C(1) —-0.208 —0.205 —-0.209 -—0.180 -—0.253 —0.229 —0.187 —0.233 —-0.206 —0.176 —0.201
charge, C(2) —-0.208 —0.183 —0.167 —0.180 —0.248 —0.222 —0.186 —0.209 —0.147 —0.165 —0.202
charge, C(3) —0.208 —0.058 —0.065 —0.051 —0.193 —0.060 —0.102 —0.066 —0.067 —0.057 —0.064
charge, C(4) —0.208 —0.058 —0.052 -0.016 —0.178 —0.048 —0.082 —0.032 —0.021 —0.123 —0.003
charge, C(7) —-0.197 —0.168 —0.204 —0.177

charge, C(8) —-0.197 —0.203 —0.205 —0.176

E®M — L), kcal/mol 12.34 7.42 4.29 6.46 10.35 4.54 7.97
E®(L — M), kcal/mol 13.65 38.59 2.71 38.11 51.54 16.03 38.41
E(bonding), kcal/mol 14.52 17.87 9.76 17.74 23.11 13.08 20.08

“These carbon atoms are directly bound to a rhodium center. For convenience, in rim-isomers, they are designated as C(1) and C(2), in

spoke-isomers as C(3) and C(4), and in hub-isomer as C(7) and C(8).

highest in 5b and the lowest in the benzene adduct 3 with very
similar values found in 4a, 5a, and 6. At the same time, the M
— L contribution is even slightly lower in 5b than that in 3.
Similarly to the above-mentioned adducts with acetylene and
ethylene, the main difference in stability is also caused by
different L — M energy contributions, although their variation
in 1 and 2 was not that drastic. The relative stabilities of all
above-mentioned adducts follow the order Sb > 2 > 6 > 4a ~
Sa > 1 > 3. By considering this series, it can be generally
concluded that extended and conjugated polyaromatic ligands
form more stable 7’-adducts than benzene, with the hub-
acenaphthylene and ethylene complexes being the most stable.

The nature of M — L and L — M interactions is the same in
3, 4a, 5a, 5b, and 6 (Scheme 3) and similar to that in the adducts
with acetylene (1) and ethylene (2). The 4 electrons—3 orbitals
type of interaction for the M — L electron donation (Supporting
Information, Figures S36—S38, S41, and S42) is found in each
case. It involves occupied MO of [Rh,(O,CCF;),] (HOMO-1,
¥ MO) and both unoccupied (LUMO) and occupied MOs of
an aromatic ligand, but contribution of the latter is not
sufficiently strong. At the same time, the L — M electron
donation involves only interaction of HOMO of an arene (except
for 5a, where this orbital is HOMO — 1) with LUMO (¢o* MO
mainly localized at the dimetal core) of [Rhy(O,CCF;),].
Similarly to the acetylene and ethylene adducts, variations in L.
— M interaction energy can be explained by different position-
ing of the frontier ligand MOs on the energy scale. Thus, HOMO
of acenaphthylene lies higher (—0.2319 au) than the same orbital
of benzene (—0.2656 au) and than HOMO — 1 of naphthalene
(—0.2444 a.u). One exception involves pyrene which has higher
energy of its HOMO (—0.2128 au) compared to C;,Hg, whereas
the stability of the pyrene adduct 6 is lower than that of the
acenaphthylene complex 5b.

It was noticed earlier on the basis of Hiickel calculations that
the electrophilic dirhodium units tend to coordinate to
carbon—carbon bonds of a polyarene having the highest zz-bond
order.*® We have later shown that the direction of this
interaction depends on topology of the frontier MO for aromatic
ligands.*? Application of both approaches to the polyarene

adducts of [Rhy(O,CCF;),] studied here gives the same result.
The highest C—C bond order in Ci,Hg corresponds to the
C(7)—C(8) bond (Figure 2d), whereas in naphthalene and
pyrene, it is found at the C(1)—C(2) site (Figure 2b,e). Also,
suitable HOMO and LUMO of naphthalene and pyrene are
localized in a way that their effective interaction with MOs of
a dimetal core becomes possible only in the case of the
C(1)—C(2) bond (Scheme 3, Supporting Information, Figures
S27 and S29). In acenaphthylene, the suitable combination of
occupied and unoccupied MOs was found for both C(1)—C(2)
and C(7)—(8) sites yielding two stable isomeric adducts (rim
and hub). In contrast, benzene has six equivalent carbon—carbon
bonds and exhibits no site preference for 7*-metal coordination
(Table 2, Supporting Information, Figure S26). Importantly, the
theoretically predicted binding sites of all polyaromatic ligands
are consistent with the ones observed experimentally in the
structurally characterized dirhodium(II) tetratrifluoroacetate com-
plexes.*

Spoke-Isomers. The Cg-fullerene is well known to form a
variety of stable 7’-exohedral metal complexes*’ in which the
metal coordinates to the junction of two six-membered rings
corresponding to the so-called spoke bond of corannulene.*' In
order to evaluate the reactivity of this site in different environ-
ments, we have modeled the spoke-isomers of the dirhodium
unit with planar polyaromatic ligands, C;oHg and C,,Hg (Figure
3). They will be later compared with the spoke-complexes of
the C,oH;p-bowl and the Cgp-ball.

Although such adducts have not been observed experimen-
tally, both [Rhy(O,CCFs),*(*-spoke-CoHg)] (4b) and [Rhy-
(O,CCFs),* (n*-spoke-C1,Hy)] (5¢) were found to be true minima
on the PES. Their bonding energies of 9.76 and 13.08 kcal/mol
for 4b and Sc, respectively, indicate that the spoke-bond in
planar polyarenes could be involved in metal binding. However,
the spoke-isomers are less stable than the corresponding rim-
adducts of the same polyarene (Table 2). The low values of
bonding energy are consistent with very small elongations of
the Rh—Rh bond length and the coordinated C—C bond of a
polyaromatic molecule (A is 0.015 A in 5S¢ and 0.007 A in 4b).
The long Rh—C bond distances in 4b and Sc (Table 2) are also
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SCHEME 3: Schematic Representations of the Interacting MOs in (a) [Rhy(0,CCF3)4(7*-C¢Hg)] (3), (b)
[Rhy(0,CCF3)s+ (57%-rim-CyyHsg)] (4a), (¢) [Rhy(O,CCF3)y (92-rim-C1,Hs)] (5a), (d) [Rhy(0,CCF3)y¢ (5*-hub-Cy;Hs)] (5b), (e)
[Rhy(0,CCF3),* (n*-spoke-CyoHs)] (4b), and (f) [Rhy(0,CCF3),* (*-spoke-C1;Hs)] (5¢)
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in agreement with the low stability of the spoke-isomers. In Sc,
there is a strong inequivalence of the two Rh—C bond length
distances (A is 0.341 A vs 0.092 in 4b). The asymmetry in
metal—carbon interactions has previously been seen in the
unique diruthenium hub-corannulene complex isolated experi-
mentally,* where hapticity of metal—sz—arene interaction was
finally assigned to #'.

An in-depth investigation of the nature of the interaction
between the dirhodium core and a polyarene in the spoke-
adducts in terms of the NBO method showed that both M — L
and L — M interactions in 4b are very low (4.29 and 2.71 kcal/
mol). In the case of 5S¢, the M — L contribution is also small
(4.54 kcal/mol), whereas the L — M donation of 16.03 kcal/
mol is higher than in the benzene adduct 3 (13.65 kcal/mol).
The latter shows the lowest stability in this series but was

ccupied
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Figure 3. Equilibrium geometry configurations of (a) [Rhy(O,CCF;),* (17*-
spoke-CoHg)] (4b) and (b) [ha(OZCCF3)4°(ﬂz'SPOke'Cles)] (5¢),
along with the corresponding labeling schemes.
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nevertheless isolated and structurally characterized.*** Thus, the
addition of a fused five-membered ring to a naphthalene core
results in the noticeable increase of a donating ability of the
spoke carbon—carbon site in acenaphthylene.

A detailed analysis of the electronic structures of 4b and 5¢
has demonstrated the similarity and differences in bonding of
these adducts (see Supporting Information, Figures S39 and S41
for their MO interaction diagrams). In 4b, the L — M interaction
is formed by HOMO - 1 of naphthalene and LUMO (o* MO
mainly localized at the dimetal core) of [Rhy(O,CCF;)4]. In Sc,
the L — M contribution is provided by HOMO of acenaphth-
ylene and LUMO of the dirhodium unit. Interestingly, HOMO
- 1 of naphthalene is equally distributed over the spoke
carbon—carbon bond providing a symmetrical 5>-coordination
mode in the corresponding dirhodium adduct. At the same time,
HOMO of acenaphthylene involves one hub-carbon atom
without contribution from the other carbon atom of the spoke
bond. The L — M bonding should therefore be described as
the interaction of the Rh,*t core with the hub-carbon atom of
acenaphthylene only (Scheme 3f). However, the M — L
contributions in 4b and 5c are the 4 electrons—3 orbitals
interactions involving both carbon atoms of the spoke site.

Adducts with z-Bowls, C;)H;9 and C;yH;,. From planar
polyaromatic systems, we have moved to open geodesic
polyarenes* having curved unsaturated carbon surfaces, namely,
corannulene and the Cs;-symmetric hemifullerene (Scheme 2).
Although corannulene is quite shallow and maps only ca. 30 %
of the Cgp-surface, the hemifullerene has a greater curvature
and represents a symmetrical half of the fullerene. The estimated
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Figure 4. Equilibrium geometry configurations of (a) [Rhy(O,CCF;),* (17%rim-exo-CyoH,g)] (7a), (b) [Rhy(O,CCF;),* (17>-spoke-exo-CyoH,g)] (7b),
and (c) [Rhy(0,CCFy),+ (1% rim-exo-CsoH,2)] (8), along with the corresponding labeling schemes.

TABLE 3: Selected Calculated Parameters for CyHyy, C30Hy2, Cgp, and Their Adducts with [Rh,(O,CCF3)4], 7—9

compound
parameter Con 10 C30H 12 C50 Ta 7b 8 9

Rh(1)—Rh(2) 2.425 2421 2.430 2.424
Rh(1)—C(1a)" 2473 2.850 2.470 2.436
Rh(1)—C(2b)* 2.491 2.450 2.562 2.432
C(H—C(2) 1.385 1.378 1.391 1.410 1.385 1.410 1.409
C(3)—C(4) 1.382 1.400

order, Rh(1)—Rh(2) 0.637 0.653 0.634 0.657
order, C(1)—C(2) 1.627 1.529 1.384 1.485 1.617 1.416 1.302
order, C(3)—C(4) 1.260

charge, Rh(1) +0.929 +0.938 +0.926 +0.879
charge, Rh(2) +0.881 +0.891 +0.883 +0.863
charge, C(1) —0.180 —0.059 —0.00 —0.212 —0.133 —0.036 —0.038
charge, C(2) —0.180 —0.147 —0.00 —0.206 —0.190 —0.036 —0.037
charge, C(3) —0.049 —0.013

charge, C(4) —0.014 —0.128

E®(M—L), kcal/mol 10.53 8.49 9.95 16.88
E®(L—M), kcal/mol 40.79 28.16 37.79 40.95
E(bonding), kcal/mol 18.79 16.56 18.34 50.13

“These carbon atoms are directly bound to a rhodium center. In rim-isomers, they are designated as C(1) and C(2), and in spoke-isomers as

C(3) and C(4).

bowl depth of CyHjg is 0.875 A versus 2.43 A for CH,,."!
Crystalline complexes of [Rh,(O,CCF;),] with both bowls have
been isolated and structurally characterized in our group,'' but
no theoretical description of bonding was provided at that time.
They were found to exhibit extended 1D and 2D (corannulene)
and 3D (hemifullerene) structures built on the bridging u,-17%
7%, us-n*n?, and we-*appy" modes of bowls, respectively.
The experimental X-ray diffraction data clearly indicated that
the electrophilic rthodium(II) centers bind only the outer rim
C—C bonds of these bowl-shaped polyarenes. It should be
mentioned that Ag™ ions also coordinate corannulene via rim
bonds in an 7>-fashion.*® Several crystallographically character-
ized n°-corannulene complexes of Ir(I), Rh(I),¥ Ru(l), and
Ir(I1)*® can be mentioned here, but those are beyond the scope
of this discussion. Herein, we have tested computationally the
reactivity of the rim-sites of Cy0H; and C3H;;, as well as those
of the spoke-bond in corannulene toward the 7-coordination
of highly electrophilic [Rhy(O,CCF;),].

Because there are two distinct faces in bowl-shaped polyare-
nes (convex or exo and concave or endo), two possible ways of
metal coordination should be differentiated. The extended
structures revealed by X-ray crystallography for the rhodium(II)
complexes of CyoHjo and Cs0H;, did not allow us to identify
the preference of convex versus concave surfaces of these bowls
for metal binding.** However, the recently isolated discrete
ruthenium(I) complexes of corannulene*** along with other

reported examples, all exhibited exo coordination of a metal to
Cy0H o and thus showed the general preference of the convex
(exo) face of the corannulene bowl for metal binding.’!
Therefore, the exo-isomers of [Rh,(O,CCF;)4]-adducts with
CyHj¢ and C3oH;, have been computed and analyzed in this
work.

The good agreement found between the calculated and
experimental geometrical parameters'! of [Rhy(O,CCF3),+ (1>-
rim-e.XO-Con]Q)] (73) and [ha(OzCCF3)4‘(ﬂz-rim-EXO-Cj:,oH]z)]
(8) (Figure 4, Supporting Information, Tables S20 and S22)
demonstrates that the PBEO functional is suitable for accurate
description of complexes formed by bowl-shaped polyaromatic
hydrocarbons with polynuclear transition metal units. Despite
the fact that the geometries of discrete complexes are compared
with extended crystal structures, the maximum differences
between the calculated and experimental parameters for 7a
(0.027 and 0.065 A for 1D and 2D, respectively) and 8 (0.047
A) are reasonable.

The geometric and electronic structures of 7a and 8 are close
(Table 3). The specific feature found in adducts with planar
arenes, namely, the 4 electrons—3 orbitals M — L interaction,
also describes bonding in 7a and 8 (Supporting Information,
Figures S43 and S46). In both adducts, coordination results in
an elongation of the Rh—Rh bond lengths because of the L —
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M electron donation and, as a consequence, an increase of
occupancy of o* antibonding MO centered at the dirhodium
core.

As mentioned above, the site provided by a polyarene for
metal binding is determined by the topology of frontier
molecular orbitals of a ligand and the localization of its highest
7-bond order. In 7a and 8, both methods predict the rim of a
bowl as the preferential coordination site (Supporting Informa-
tion, Table S28 and Figures S30 and S31). However, although
in corannulene, all rim carbon—carbon bonds are equivalent,
the metal coordination to a C3;yH;,-bowl is site specific (Figure
4c).

Bonding energies are very close for the 5*-rim adducts of
corannulene (18.79 kcal/mol, 7a) and hemifullerene (18.34 kcal/
mol, 8) but slightly lower than those for the pyrene and
acenaphthylene complexes (Tables 2 and 3). Hence, a significant
increase in curvature of a s--bowl when going from C,Hj to
C30H;, showed no effect on the rim-adducts of [Rhy(O,CCF;),],
whereas some decrease in stability of 7a and 8 is observed in
comparison with the analogues based on planar polyarenes.

So far, there are no experimental examples of spoke coordi-
nation for the Rhy*" core; therefore, it was informative to
computationally test the potential reactivity of this internal site
of a corannulene bowl and to compare the results with planar
polyarenes and the Cg-fullerene. Similarly to the spoke-adducts
of naphthalene and acenaphthylene, [Rhy(O,CCF3)4* (17%-spoke-
exo-CyoHjp)] has been found to be a true minimum on the PES.
Moreover, its bonding energy (16.56 kcal/mol, 7b) is only
slightly lower than that of the corresponding rim-isomer (18.79
kcal/mol, 7a). The stability of the spoke-adduct of corannulene
is higher compared to that of the corresponding analogues with
planar polyarenes (9.76 kcal/mol for the naphthalene adduct,
4b, and 13.08 kcal/mol for the acenaphthylene complex, 5c).
Similarly to Se, a significant inequivalence of the two Rh—C
bond length distances (A is 0.40 A) is found in 7b. As mentioned
above, the asymmetric coordination has previously been seen
in the [Ruz(02C(3,5-CF3)2C6H3)2(CO)5'(nl-hub-exo-Conm)]
complex.** However, the main difference between that hub-
adduct of Cy)H;y and 7b is the nature of their metal—mx
interactions. The MO diagram of [Rhy(O,CCF;),* (17*spoke-exo-
CyHjp)] (Supporting Information, Figure S44) shows the
presence of the 4 electrons—3 orbitals for the M — L interaction
that involves both spoke carbon atoms of corannulene. In
contrast, only the hub-carbon atom of C,0H;o was found to be
engaged in bonding in the diruthenium complex.

The M — L contributions are low in both 5¢ and 7b (4.54
and 8.49 kcal/mol, respectively), but the higher bonding energy
in 7b is mainly provided by a greater L — M donation (16.03
vs 28.16 kcal/mol). Thus, the donor—acceptor ability of the
internal spoke-site of a bowl-shaped corannulene is noticeably
greater compared to the planar polyaromatic systems, with this
effect being even more pronounced in the closed Cgo-fullerene,
as shown below.

Adduct with the Cg-fullerene. The logical step completing
the series of rhodium adducts with planar polyarenes and
m-bowls mapping onto the Cg-surface is to consider the
fullerene itself. The latter is well known to have two types of
carbon—carbon bonds at the junction between two six-membered
rings (6:6) and between six- and five-membered rings (5:6). All
experimental structural data show the metal binding to the (6:
6) sites exclusively.**>? This is consistent with the topology of
frontier molecular orbitals of Cg,, because its five highest
occupied degenerate MOs (HOMOs) as well as three lowest
unoccupied MOs (LUMOs) are localized at the (6:6) sites
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Figure 5. Equilibrium geometry configuration of [Rhy(O,CCF;),+ (17%-
Ce0)] (9), along with the corresponding labeling scheme.

(Supporting Information, Figure S32). Hence, we modeled only
one adduct with the rhodium(II) center coordinated to the (6:6)
bond at the Cgp-surface, namely, [Rhy(O,CCF3),+ (17%-Ceo)] (9,
Figure 5).

The X-ray crystallographic data for [Rhy(O,CCF3),* (7°-Cgo)]
are not available; however, all theoretical results presented above
clearly indicate good applicability of the selected DFT level
for modeling these systems. A comparison of geometrical
parameters of 9 with those of the individual molecules, Cqy and
[Rhy(O,CCF3)4] (Table 3), shows that coordination leads to a
noticeable elongation of the Rh—Rh bond distance in 9 (2.424
vs 2.385 A in the unligated [Rh,(O,CCF;),] dimer). Similarly
to other cases, the adduct formation results in the elongation of
the coordinated C(1)—C(2) bond of the Cgp-ligand from 1.391
to 1.409 A. The two Rh—C bond lengths in 9 are close, 2.436
and 2.432 A, indicating a symmetrical 5>-coordination of the
Ceo-fullerene by the dirhodium unit. In contrast, the isoelectronic
Ru,?t unit was found to coordinate to Cyy in an asymmetric
mode.>* Consistent with the highest stability of the fullerene-
based complex, the Rh—C bond length distances in 9 are the
shortest in the whole series considered here, except for the hub-
acenaphthylene adduct Sb. Specifically, the bonding energy of
50.13 kcal/mol in [Rhy(O,CCF3)4*(17%*-Cgo)] is more than twice
greater than the estimated values for all other dirhodium adducts
(Tables 1—3). For comparison, the bonding energy of the spoke-
adduct of corannulene, in which rhodium(II) is bound to the
same junction of the two six-membered rings, is only 16.56
kcal/mol. A significant difference in bonding energy between
the Cgo-ball and the C,oH;op-bowl has also been seen in the
corresponding diruthenium(I) adducts.”® The detailed NBO
analysis of the electronic structure of [Rhy(O,CCF3)4* (17*-Ceo)]
allowed us to rationalize its high bonding energy. The L — M
contribution of 40.95 kcal/mol is one of the largest in 9, with
the M — L interaction energy of 16.88 kcal/mol also being
noticeably greater compared to other adducts (Tables 1—3 and
Supporting Information, Table S32). It can also be mentioned
here that the energy gap between the interacting orbitals is
smaller in the fullerene adduct, because LUMOs of Cg,
(—0.1771 au) lie significantly lower than those of other z-ligands
discussed in this work. This results in the stronger M — L
interaction in [Rhy(O,CCF3)4*(17>-Cg)] compared to other
adducts.

Thus, the Cgo-fullerene exhibits greater acceptor and donor
abilities than open geodesic polyarenes (CooH;9, C30H}2), planar
aromatic systems (C¢Hg, CioHs, CioHg, Ci6Hjp), and linear
hydrocarbons with isolated multiple carbon—carbon bonds
(C,H,, C,Hy). Moreover, a comparison of charge distribution
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in the Cgp-adduct with that of parent molecules showed slight
polarization of the axially bound fullerene. The originally neutral
carbon atoms of Cgy become negatively charged in 9 (—0.037
and —0.038 for C(1) and C(2), respectively). This can be
explained by (i) polarization of a coordinated ligand induced
by positively charged metal center and (ii) electron transfer from
the occupied MOs centered at the Rh,*t core to the unoccupied
MOs of Cg. As it stems from the NBO analysis of 9, the L —
M contribution is significantly greater than the M — L one.
Thus, the induced polarization of the coordinated Cg-fullerene
seems to play the major role. This is also confirmed by a quick
look at the charges of other carbon atoms of Cg, which became
slightly positive in 9 (Supporting Information, Tables S24 and
S27).

General Trends and Concluding Remarks

Because this is the first systematic theoretical investigation
of rhodium(Il)—s complexation with a number of unsaturated
hydrocarbons having variable geometries, sizes, electronic
structures, aromatic conjugation, and curvatures, it is informative
to make some general comparisons for the whole series. An
analysis of all MO interaction diagrams (see Supporting
Information) shows that the nature of the interactions between
the electrophilic Rhy** unit and all studied 7z-systems is very
similar. However, the resulting products show different stability
with bonding energies ranging broadly from 14.59 (for the least
stable benzene adduct) to 50.13 kcal/mol (for the most stable
fullerene complex). The stability of the acetylene adduct is also
low (16.60 kcal/mol), but a replacement of acetylene by ethylene
leads to an increase in bonding energy to 20.59 kcal/mol.
Polyaromatic hydrocarbons form more stable 7*-adducts with
[Rh,y(O,CCFs)4] than benzene and acetylene, with their bonding
energies being close to that of the ethylene complex. Interest-
ingly, imposing curvature to polyaromatic surfaces in coran-
nulene and hemifullerene leads to a slight decrease in stability
of their 57>-rim-complexes, as compared to planar acenaphthylene
and pyrene.

Generally, an increase in adduct stability is accompanied by
a decrease of metal—metal bond orders (or elongation of the
Rh—Rh bond length) because of the donation of electrons from
HOMO of ligands to o* antibonding MO centered at the
dirhodium core. Thus, the least stable adducts with acetylene
and benzene are characterized by the shortest bond distance
between the two rhodium(II) centers. Correspondingly, the
coordinated carbon—carbon bond length in axially bound ligands
shows the greatest elongation in the most stable adducts. At
the same time, no evident correlation between the overall
stability and the calculated or experimental Rh—C bond length
was found.

Interesting trends have been revealed when separate M — L
and L — M contributions to bonding were considered. In
general, the most stable adducts show the highest ligand-to-
metal interaction energy. Thus, in terms of their donating
abilities toward the Rhy*" core, the selected ligands follow the
order: hl/tb-Cleg (5]54) > C()() (4095) ~ rim-Cgon (4079)
> rim-CyoHg (39.59) > Ci¢Hyo (38.41) =~ rim-C,Hg (38.11) ~
C,H, (37.91) =~ C50Hy, (37.79) > CH, (24.10) > CgHg (13.65).
In contrast, the energies of M — L back donations vary in a
smaller range of 6.46—16.88 kcal/mol. Considering the accept-
ing abilities of the same set of ligands, they follow the order:
Ceo (16.88) > Ce¢He (12.34) > C,Hy (10.94) > rim-CyHyy
(10.53) ~ hub-C,Hg (10.35) > C;30H; (9.95) > Ci¢Hyo (7.97)
> C2H2 (750) ~ rim—Clng (742) > I’im—Cleg (646) The
Cgo-fullerene acts as the best donor and acceptor in this series.
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Importantly, these trends depend on the ligand coordination
site and the nature of metal. The latter can be clearly illustrated
by a direct comparison of Rh(II) and Ru(I) binding to the rim
site of corannulene. The calculated energies of the L — M
contributions for the significantly softer ruthenium(I) complexes
are much lower than for very Lewis acidic rhodium(II). For
example, these values for [Ruy(O,CCF;3),(CO),* (i7*-rim-exo-
Cz()H]())] and [RUZ(02C(3,5-CF3)2C6H3)2(CO)5'(T]Z-l’im-e)CO-
CaoHjg)] are 21.77°° and 25.22 kcal/mol,** respectively, com-
pared to 40.79 kcal/mol for [Rhy(O,CCF3)y* (1% rim-exo-
CyHjp)]. At the same time, the energies of the M — L back
donation are greater in the above ruthenium complexes, being
14.37 and 16.90 kcal/mol (vs 10.53 kcal/mol in the rhodium(II)
adduct). Very similar trends are observed for the diruthe-
nium(I)> and dirhodium(II)-based fullerene complexes. Again,
the L — M interaction energy is lower in the ruthenium(I) adduct
(24.29 vs 40.95 kcal/mol in the rhodium(II) complex), whereas
the M — L contribution is significantly higher in the former
(32.52 vs 16.88 kcal/mol in [Rhy(O,CCF3),*(17>-Cgo)]).

Regarding the specific ligand coordination site, two Ru(I)
complexes can be compared, namely, [Ru,(O,C(3,5-
CF3)2C6H3)2(CO)5 ° (nz-rim-exo—Cgon)] and [Ru2(02c(3,5-
CF3)2C6H3)2(CO)5'(nl-hub-exo-Conlo)].M For the latter, the
energy contributions of L — M (19.13 kcal/mol) and M — L
(8.59 kcal/mol) are lower than those for the rim-bound coran-
nulene complex (25.22 and 16.90 kcal/mol, respectively). This
is in agreement with the experimentally observed rim-preference
of C,oH, for coordination of electrophilic metal centers.

For the highly Lewis acidic Rh,** core, no complexation to
the internal spoke site has yet been seen experimentally, but
computational evaluation of its reactivity allows us to make a
general comparison for planar and nonplanar polyaromatic
surfaces. For naphthalene, acenaphthylene, and corannulene, the
calculated data unambiguously indicate the preference of a rim-
bond over a spoke-site for coordination of [Rh,(O,CCF;),]. This
is supported by a difference in bonding energies of the
corresponding rim and spoke isomers that is greater for planar
polyarenes (8.1 and 4.7 kcal/mol for naphthalene and acenaph-
thylene, respectively) compared to only 2.2 kcal/mol for
corannulene. The latter result illustrates relative stability of the
spoke-corannulene isomer and implies that such z-complexes
are feasible. Interestingly, only in the spoke-adduct with
naphthalene (4b) the symmetrical 72-coordination of a zr-ligand
has been found. In contrast, the spoke-adducts of Ci,Hg (5¢)
and CyHjy (7b) show an asymmetry in coordination, which is
rationalized when a detailed description of bonding is provided.
Although the M — L donation in S¢ and 7b involves both carbon
atoms of a spoke bond, the inequivalence in Rh—C binding is
dictated by the L — M contributions that include only the hub-
carbon atom of a polyarene. For the given series of adducts,
the L — M contributions are found to play a major role. Thus,
the revealed differences in stability of rim and spoke pairs are
arising from a significantly greater L — M interaction energy
found in all rim-bound isomers (Tables 2 and 3).

It is worth mentioning that coordination of s-ligands, both
conjugated aromatic or molecules with isolated multiple C—C
bonds, results in perturbation of charge distribution in the
dimetal core in comparison with parent [Rh,(O,CCF;),]. Specif-
ically, the charge at the rhodium center involved in coordination
becomes more positive than that at the open metal end. Only
in the fullerene complex, despite the strongest M — L
interaction, this difference is rather small (A = 0.016). In other
monoadducts, a disparity in charges of the two rhodium centers
is observed. This can be clearly illustrated by comparing a very
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stable acenaphthylene adduct, [Rhy(O,CCF3),* (17>-hub-C,Hg)],
having charges of +0.927 and +0.855 (A = 0.072), with the
least stable benzene analogue, [Rhy(O,CCF3),+ (17>-CsHg)], for
which A is 0.045. Therefore, the overall interaction between
the Rh,*" unit and the selected 77-ligands consists of two major
components: (i) Coulomb interaction between the positively
charged rhodium center and an induced dipole moment of axially
bound hydrocarbons and (ii) donor—acceptor interactions
between the dimetal core and 7m-type MOs of ligands with a
strong orbital control (having both L — M and M — L
contributions with the former being a major contributor to the
bonding). It is noteworthy that an increase in hardness of the
dimetal core when moving from Ru,”" to Rhy*" leads to a
decrease of donor—acceptor contributions accompanied by an
increase of Coulomb forces.
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