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A Computational Study of the Intermolecular [2+2+2]
Cycloaddition of Acetylene and Ceso Catalyzed by Wilkinson’s

Catalyst

Albert Artigas,’ Agusti Lled6,”® Anna Pla-Quintana,® Anna Roglans® and Miquel Sola*®

Abstract: The functionalization of fullerenes helps modulating their
electronic and physicochemical properties, generating fullerene
derivatives with promising features for practical applications. In this
work, we use the density functional theory to explore the attachment
of a cyclohexadiene ring to Cg via a Rh-catalyzed intermolecular
[2+2+2] cycloaddition of Cg and acetylene. We analyze all potential
reaction paths to conclude that the [2+2+2] cycloaddition of Cg and
two acetylene molecules catalyzed by RhCI(PPhs); yielding a
cyclohexadiene ring fused to a [6,6] bond of Cg is energetically
feasible.

Introduction

Organic materials are appealing for photovoltaic devices due to
the advantages these materials have in comparison with the most
commonly used silicon-based systems, such as the low-cost
synthesis, easy manufacture, and the possibility to generate
flexible, light, and cheap devices.™ In this regard, fullerenes are
attractive organic materials that can efficiently harvest sunlight
and transform it into other useful forms of energy. In fact, the
production of dye-sensitized solar cells (DSSCs) is currently
among the most realistic applications of fullerene derivatives.? In
the design of DSSCs manufactured using the molecular
heterojunction (mHJ) technique,® a fullerene, commonly
[60]fullerene (Ceo), is covalently linked to an electron donating
group. The use of mHJs allows a better control of the structure of
donor and acceptor units and the charge mobility between them. !
The charge transfer (charge separation and recombination)
properties of the donor-Cgso dyad critically depends on the
connection between donor and acceptor.®) Most of the usual
chemical reactions of fullerenes (Diels-Alder, 1,3-dipolar, and
Bingel-Hirsch cycloadditions)!®l attach an electron donating group
to the fullerenic cages through two Csps—Cspz bonds. We
hypothesize that the communication between donor and acceptor
groups could be improved connecting donor and acceptor units
through Csp3—Csp2 bonds. In this way, the n-system of the cage
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and electron donor group could interact more effectively by the
so-called periconjugation and facilitate charge transfer
separation. The transition-metal catalyzed [2+2+2] cycloaddition
of Ceo and two alkynes or a diyne represents a potential way to
generate this kind of link between the fullerenic cage and the
donor. So far, from a practical point of view, cyclohexadiene-fused
fullerene derivatives have been used as synthetic intermediates
of the so-called open-cage fullerenes.!

The [2+2+2] cycloaddition of three alkynes is an elegant
preparative route to polysubstituted benzenes.”®! Scheme 1 shows
the widely accepted reaction mechanism for the [2+2+2]
cycloaddition of three acetylenes. The reaction begins via a pair
of ligand-alkyne substitution reactions. The oxidative addition of
the two alkyne ligands in Il generates a metallacyclopentadiene
llla or a metallacyclopentatriene lllb intermediate. This is
commonly the rate-determining step. Subsequent coordination of
a third alkyne ligand to Illa or Illb intermediates is followed by
either alkyne insertion to form a metallacycloheptatriene V (the
so-called Schore’s mechanism)*? or metal-mediated [4+2]
cycloaddition to yield the metallanorbornadiene VI or [2+2]
cycloaddition to give a metallabicyclo[3.2.0]heptatriene VII.
Finally, a reductive elimination of the metal leads to arene VIII and
recovery of the catalyst. Such [2+2+2] cycloaddition has been
also reported between an ene group (or an allene group™*l) and
two alkynes or a diyne to vyield cyclohexadiene species.!*
Therefore, one can expect that two acetylene molecules could
react with Ceo to generate a six-membered ring attached to Ceo
through two Csps—Csp2 bonds.
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Scheme 1. Most widely accepted reaction mechanism for the transition-metal
catalyzed [2+2+2] cycloaddition reaction of three acetylenes ([M] = transition
metal catalyst).
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In fact, Murata et al.'®! already formed such a link in a
reaction of Cg with palladacyclopentadiene complexes that
provided cyclohexadiene-type adducts. Moreover, some years
ago, Cheng et al.l'¥l reported a nickel-promoted ene-diyne
[2+2+2] cycloaddition reaction on Cgo. As usual for cycloadditions
to Ceo,'¥ the addition took place in a [6,6] bond. More than
stoichiometric amounts of NiClx(PPhs), and excess PPhs; were
needed to get a high yield of cycloadduct. In our group, we have
been working for many years on [2+2+2] cycloadditions catalyzed
by Rh.[°d 114 |t js well-known that Rh catalysts are very efficient in
[2+2+2] cycloadditions.®! The main goal of this paper is to explore
computationally the rhodium-catalyzed [2+2+2] cycloaddition
reaction of two acetylene molecules and Cgo using Wilkinson’s
catalyst. All possible routes to cycloaddition products are explored
by means of density functional theory (DFT) calculations, to
ascertain whether it is possible to reach the cycloadducts of the
reaction in catalytic conditions. We also aim to gain insight into
the regioselectivity of this [2+2+2] cycloaddition reaction and to
have a deeper knowledge of the reaction mechanism, in particular,
we pursue to uncover the intermediates present in the process.
The results obtained will guide future experimental attempts in our
group to carry out the [2+2+2] cycloaddition to Ceo and higher
fullerenes and endohedral metallofullerenes.

Computational Details

Geometries of the reactants, intermediates, transition states
(TSs), and products were optimized with the Gaussian 09
programt*®! using the DFT B3LYPI"! hybrid exchange-correlation
functional. All geometry optimizations were performed without
symmetry constraints. The all-electron cc-pVDZ basis set!*® was
employed for non-metal atoms and the cc-pVDZ-PP basis set
containing an effective core relativistic pseudopotential was used
for Rh.*® The electronic energy was improved by performing
single point calculations with the cc-pVTZ (cc-pVTZ-PP for Rh)
basis set and the MO6L functional. Analytical Hessians were
computed to determine the nature of stationary points (one and
zero imaginary frequencies for TSs and minima, respectively) and
to calculate unscaled zero-point energies (ZPEs) as well as
thermal corrections and entropy effects using the standard
statistical-mechanics relationships for an ideal gas.?% These two
latter terms were computed at 298.15 K and 1 atm to provide the
reported relative Gibbs energies (AG). The D3 Grimme energy
correctionsi?!! for dispersion with its original damping function

Abstract in Catalan: La funcionalitzacié dels ful-lerens permet
modular les seves propietats electroniques i fisicoquimiques,
generant derivats de ful-lere amb caracteristiques
prometedores per a potencials aplicacions practiques. En
aquest treball, mitjancant la teoria del funcional de la densitat
s’ha explorat la unié d'un anell de ciclohexadie al Ceo a través
d'una cicloaddicié intermolecular [2+2+2] de Ceo i acetile
catalitzada per rodi. L’analisi de tots els possibles camins de
reaccio ens permet concloure que la cicloaddicié [2+2+2] de Ceo
i dues moléecules d'acetile catalitzada per RhCI(PPhz)s per
generar un anell de ciclohexadié fusionat a un enllag [6,6] del
Ceo és un procés energeticament viable.
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were added in all B3LYP/cc-pVDZ-PP and MO6L/cc-pVTZ-PP
calculations. Gibbs energies of solvation were not included they
were reported to have minor effects in this kind of transformations
that are usually carried out in rather nonpolar solvents.??
However, to assess the importance of solvent effects, we
recomputed the reaction profile of the most favorable reaction
path in Scheme 3 by adding solvent corrections computed with
the SMD continuum solvation model,’?3 considering toluene as
solvent and using the MO6L-D3/cc-pVTZ-PP//B3LYP-D3/cc-
pVDZ-PP method. As expected, the results show that changes in
Gibbs energy barriers are not larger than 1.5 kcal/mol (see page
S40 in the Supporting Information). The most important
differences correspond to the dissociation (coordination) of a
PPh; ligand that are favored (disfavored) by about 5 kcal/mol in
solution. These energetic changes, however, do not modify the
conclusions reached with the gas-phase profiles. As a summary,
the hereafter reported Gibbs energies contain electronic energies
calculated at the MO6L-D3/cc-pVTZ-PP//B3LYP-D3/cc-pvVDZ-PP
level together with gas phase thermal corrections and entropic
contributions computed at 298.15 K and 1 atm with the B3LYP-
D3/cc-pVDZ-PP method.

Results and Discussion

We have analyzed all potential reaction pathways that transform
a Cgo molecule and two acetylenes into the final cyclohexadiene
derivative of Cgo. First, we have considered two possible initial
oxidative additions, i.e., path A involving the addition of two
acetylenes to yield the rhodacyclopentadiene intermediate A4
(see Scheme 2) followed by Cgo insertion or [4+2] cycloaddition
and path B in which the oxidative addition takes place between
an acetylene and Cg to generate intermediate B4 that
subsequently adds a second acetylene molecule. Both in the Cgg
insertion/ [4+2] cycloaddition in path A and in the oxidative
addition in path B, we have analyzed the attack to a [6,6] bond
and to a [5,6] bond of Cgo. As usual for Ce,*%® 9 in all cases, the
[6,6] bond has been found to be more reactive than the [5,6] bond.
Moreover, all reaction pathways have been studied with three
possible active catalysts: RhCI(PPh3),, RhCIPPh3, and RhCI. This
is relevant because, for instance, the preferred oxidative addition
between two acetylenes takes place with two phosphines
coordinated to Rh, whereas the Rh—C insertion occurs with one
coordinated phosphine. It is also worth mentioning that, after
oxidative addition, we analyzed the three different possibilities,
namely, insertion to form a rhodacycloheptadiene intermediate
(analogous to V in Scheme 1), Rh-mediated [4+2] cycloaddition
to yield a rhodanorbornene complex (VI in Scheme 1), and [2+2]
cycloaddition to give a rhodabicyclo[3.2.0]heptadiene species (VII
in Scheme 1). The most favorable reaction paths go through a
rhodacycloheptadiene intermediate, but we also found some
reaction pathways involving rhodanorbornene and
rhodabicyclo[3.2.0]heptadiene  intermediates.  Finally, for
comparison purposes, we also computed the reaction mechanism
of the [2+2+2] cycloaddition of three acetylenes catalyzed by
Wilkinson’s catalyst. This reaction was already studied by some
of us some years ago,* but here we recompute the Gibbs energy
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profile to take into consideration dispersion effects in both the
geometry and energy of all stationary points. All studied Gibbs
reaction profiles are given in the Supporting Information. In the
coming paragraphs, we discuss only the two energetically most
favorable reaction paths.

As shown in Scheme 2, there is a preactivation of the
catalysts before entering the catalytic cycle as the 16-electron
species A2. To reach A2, the initial Wilkinson catalyst coordinates
an incoming acetylene molecule and loses a phosphine in a
process that is endergonic by 15.0 kcal/mol. The PPh; ligand in
Al that is removed to form A2 occupies a site cis to CI®! in the
equatorial position of the trigonal bipyramid (tbp).

The Gibbs energy profile of the transformation from A2 to
A1l through paths A and B is given in Scheme 3. A2 adds an
acetylene molecule to generate the 18-electron species A3 in
which the two PPhs ligands occupy axial positions of the tbp. We

have checked that this is the most stable disposition of the ligands.
The conversion from A2 to A3 is exergonic by merely 2.2 kcal/mol.

Oxidative addition from A3 with two equatorial acetylene ligands
has a large Gibbs energy barrier of 37.5 kcal/mol. Thus, this
oxidative addition takes place through its less stable isomer A3’
(Supporting information, S3), in which the acetylene ligands
occupy axial and equatorial positions. A3 and

A4 Clppn,

PhsP—Rh—=;

Scheme 2. The two energetically most favorable catalytic cycles for the [2+2+2]
cycloaddition reaction of Ceo and two acetylenes catalyzed by RhCI(PPhaz)s: 1)
path A corresponds to the initial oxidative addition between two acetylenes and
2) path B considers the initial oxidative addition between Ceo and an acetylene
molecule.
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A3’ are in equilibrium and easily interconvert through a Berry
pseudorotation of the tbp.?8 The approach of the two acetylene
ligands during oxidative addition is easier when they occupy axial
and equatorial coordination sites.?* 21 The energetic span(?®
between the TOF determining intermediate (TDI, A3) and TOF
determining transition state (TDTS, TS A3’A4) is 22.4 kcal/mol.
The molecular structure of TS A3’A4 is depicted in Figure la. As
it can be seen, the C—C bond to be formed in this step has a bond
length of 2.008 A. This is the highest energy barrier throughout
the catalytic cycle through path A and, therefore, oxidative
addition is the rate determining step (rds) for this path as found in
some other [2+2+2] cycloadditions.[*?22¢.27a. 29 Oxjdative addition
affords the rhodacyclopentadiene species A4 by releasing 11.0
kcal/mol. In a subsequent step, this intermediate loses a PPh;
ligand to form A5 with a cost of 14.6 kcal/mol. Coordination of A5
to Ceo to yield A6 is an exergonic process by 21.6 kcal/mol.
Alternatively, A4 coordinates to a third acetylene molecule
(Supporting - information, S3) to progress through benzene
formation pathway (vide infra). m-localization?® 3% in A4 and A5
as denoted by the large difference between double C=C (1.35 A)
and single C—-C (1.47 A) bond lengths shows that these
intermediates are not stabilized by aromaticity of the
rhodacyclopentadiene ring. In A6, Cgo is n?-coordinated to Rh
occupying an axial position of a distorted tbp trans to Cl. The
structure of A6 resembles that of the first X-ray crystal structure
of cobaltacyclopentadiene(alkyne) complex reported.®Y Schore’s
mechanismi* is operative in the insertion of the [6,6] bond of Ceo
to the Rh-C bond through TS A6A7 to Vyield
rhodacycloheptadiene intermediate A7. Transformation of A6 to
A7 is exergonic by 12.4 kcal/mol and takes place through a Gibbs
energy barrier of only 6.7 kcal/mol. [4+2] cycloaddition in A6
leading to intermediate C7 has also been considered, but this
alternative pathway has a much larger barrier of 24.7 kcal/mol.

Figure 1. Molecular structure of the rate determining transition states of (a) the
oxidative addition step in path A (TS A3’A4) and (b) the Rh-C insertion step in
path B (TS B6A7).
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Scheme 3. MO6L-D3/cc-pVTZ-PP//B3LYP-D3/cc-pVDZ-PP Gibbs energy profile for paths A (blue) and B (orange) of the [2+2+2] cycloaddition reaction of Ceo and
two acetylenes catalyzed by RhCI(PPhs)s. Energies given in parenthesis are electronic energies. All energies are relative energies referred to A2 and are given in

kcal/mol.

Paths A and B merge in A7 and from these intermediate
they share the same reaction path untii All, the final
cyclohexadiene derivative of Cgo. All attempts to locate the
rhodanorbornene and rhodabicyclo[3.2.0]heptadiene
intermediates failed and lead to the A7 complex. A reductive
elimination occurs in A7 to generate intermediate A8 in which the
Rh'CIPPh; complex is n?-coordinated to the cyclohexadiene ring
attached to Cso. The conversion of A7 into A8 is exergonic by just
1.6 kcal/mol and takes place through a Gibbs energy barrier of
15.2 kcal/mol. A8 is a 14-electron species that can accept an
incoming PPhs ligand to generate the 16-electron A9 species in
an exergonic process by 23.0 kcal/mol. Finally release of the
product and recovering of the A2 species is endergonic by 5.6
kcal/mol. As a whole, the transformation from reactants to
products via path A occurs with a Gibbs energy barrier of 22.4
kcal/mol and a Gibbs reaction energy of -51.6 kcal/mol. The fact
that A5 can add Ce to give cyclohexadiene-type adducts is in line
with the experimental reaction reported by Murata et al.[*3 of Ceo
with palladacyclopentadiene complexes to generate an adduct
with the cyclohexadiene ring attached to Ceo.

On the other hand, path B starts with the formation of 18-
electron complex B3 by coordination of Cgo to RhCI(PPh3)2(C2Hy).

The Gibbs reaction energy of this process is -1.5 kcal/mol. The
axial coordination sites of the tbp in complex B3 are occupied by
Cl and acetylene. This is the most stable disposition of the ligands
We have also analyzed the possibility to generate B2 (Supporting
Information, S2) from AO by loss of a PPhs ligand and then
coordination of Cgo. Subsequent coordination of acetylene to B2
forms B3. Dissociation of PPhs from AO and coordination to Ceo
to yield B2 has a cost of 19.8 kcal/mol. This energetic cost is
higher by 4.8 kcal/mol than the cost to generate A2 from AO, and,
therefore, B2 is not expected to play a major role in the reaction
mechanism. Oxidative addition in B3 takes places through TS
B3B4 to yield B4 with a Gibbs energy barrier of 21.0 kcal/mol and
releasing 13.0 kcal/mol. Interestingly, the oxidative addition of an
acetylene and Cgo has almost the same barrier as that between
two acetylenes. Similarly, it was found that the oxidative addition
of a nitrile and an acetylene molecules catalyzed by RhCp has a
similar barrier to that of two acetylenes.4 In 16-electron
intermediate B4, Ceo is fused to a rhodacyclopentene species.
This intermediate is moderately stable and we postulate that it
could be isolated working at relatively low temperatures.
Subsequent coordination of acetylene to B4 gives the 18-electron
B5 intermediate that is destabilized by 15.9 kcal/mol as compared
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to B4. All attempts to locate the transition state of the Rh—C
insertion in B5 failed. On the other hand, if B5 loses a PPhs to
give B6, the insertion goes through TS B6A7 with a Gibbs energy
barrier of only 6.3 kcal/mol. The energetic span from the TDI B4
to the TDTS TS B6A7 is 26.1 kcal/mol. Interestingly, the rds in
path B is the insertion of the second acetylene molecule. Despite
oxidative addition is generally the rds, there are also some
examples in which oxidative addition is not rate determining.23
The energetic span of path B (26.1 kcal/mol) is somewhat higher
than that found for path A (22.4 kcal/mol). Therefore, although
path A is clearly the most favorable, path B cannot be totally ruled
out and both paths could be operative to provide the
cyclohexadiene ring attached to Ceo product. Finally, the reaction
pathway from A7 to A1l is shared by reaction paths A and B and
has been commented in previous paragraphs (vide supra).
As aforementioned, we have studied the oxidative addition of
three acetylene molecules catalyzed by RhCI(PPhs)s; to generate
benzene (see Supporting Information). The reaction mechanism
from AO to A4 is the same as path A discussed in previous
paragraphs. In both reaction pathways the oxidative addition is
the rds. The two main differences are: 1) path A of Scheme 3
involves loss of a PPh; ligand in A4 to form A5 before insertion
and this dissociation costs 14.6 kcal/mol, whereas PPhs in A4 is
not released in the cycloaddition of three acetylene molecules,
and 2) the Rh—C insertion has an energy barrier of 13.0 kcal/mol
when acetylene is inserted and of only 6.7 kcal/mol when Ceo is
inserted in A6. Subsequent steps are almost barrierless in the
[2+2+2] cycloaddition of three acetylenes, whereas a barrier of
15.2 kcal/mol is found in the transformation of A7 to A8 (Scheme
3). We conclude that insertion of Cgo and acetylene can compete
and, therefore, to avoid benzene formation which is somewhat
easier, it would be advisable to work with an excess of Ceo.
Finally, we have analyzed the possible attack to the [5,6]
bond of C¢o (see Supporting Information). Again, both paths A and
B have been considered. The lowest in energy reaction pathway
for the attack to a [5,6] is kinetically and thermodynamically less
favored than the addition to a [6,6] bond. The product of the [5,6]
addition is 15.3 kcal/mol less stable in Gibbs energy than that of
the [6,6] attack. From a kinetic point of view, for path A, the main
difference corresponds to the insertion of Ce to Rh—C bond. In
the [5,6] addition, the Gibbs energy barrier is 21.9 kcal/mol,
whereas for the [6,6] attack is 15.2 kcal/mol. For path B, the
energetic span in the [5,6] attack is 29.7 kcal/mol and that of the
[6,6] attack is 26.1 kcal/mol. Our conclusion is that the major (or
the only) product of the [2+2+2] cycloaddition will be the one
generated in the [6,6] attack, although the presence of traces of
the [5,6] addition cannot be totally ruled out.

Conclusions

We have shown here that Wilkinson’s complex catalyzed [2+2+2]
cycloaddition of Cso and two acetylene molecules to form a
cyclohexadiene ring fused to a [6,6] bond of Ceg is possible. The
most likely reaction pathway involves an oxidative addition of the
two acetylene molecules followed by insertion of Cgg into a Rh—C
bond of the rhodacyclopentadiene intermediate formed. The
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reaction yield can be improved by using an excess of Cg to avoid
side reactions such as the formation of benzene. Moreover, the
energy barriers could be entropically reduced by using diynes
instead of acetylene molecules.B4 Capitalizing on all this
information, work is underway in our laboratories to develop a Rh-
catalyzed [2+2+2] cycloaddition involving fullerene. Results will
be reported in due course.
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