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On the Reaction Mechanism of the Rhodium-Catalyzed
Arylation of Fullerene (C,,) with Organoboron Compounds

in the Presence of Water

Juan Pablo Martinez, Miquel Sola, and Albert Poater*™

Dedicated to the memory of our colleague Prof. Dr. Tom Ziegler

Density functional theory (DFT) calculations were carried out
to study the reaction mechanism of the Suzuki-Miyaura rhodi-
um-catalyzed hydroarylation of fullerene (C4,) by phenylboron-
ic acid in the presence of water. As found experimentally, our
results confirm that addition of the phenyl group and the hy-
drogen atom in Cg occurs at the [6,6] bond. The rate-deter-
mining step corresponds to the simultaneous transfer of a hy-
drogen atom from a water molecule to Cy, and the recovery of
the active species. The use of 2-phenyl-1,3,2-dioxaborinane

Introduction

After thirty years since it was discovered,”" fullerene Cy, is still
an attractive nanocarbon-based material due to its unique
structure,' specific properties, and numerous derivatives that
enable potential applications in biology, medicine, electronics,
photovoltaics, and cosmetic industries.** The reactivity of ful-
lerenes is rich;®' the most important synthetic pathways used
to functionalize Cg, are not only pericyclic reactions, such as
cyclopropanations,’® Diels-Alder reactions, and 1,3-dipolar cy-
cloadditions,” but also the addition of free radicals or nucleo-
philes.®

The hydroalkylation and hydroarylation of Cg have also
been fascinating areas of research.”’ In this framework, organo-
lithium and Grignard compounds are used to form intermedi-
ate anions (RCg, ), which undergo protonation to yield hydro-
alkylated or hydroarylated derivatives.” Following the advance
in rhodium(l) and palladium(ll) catalysis of organoboron-based
hydroarylation chemistry,"®'? Itami et al. provided a catalytic
pathway for the hydroalkylation and hydroarylation of Cg,
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and the 4,4,55-tetramethyl-2-phenyl-1,3,2,-dioxaborolane in-
stead of phenylboronic acid as organoborate agents does not
lead to great modifications of the energy profile. The possible
higher steric hindrance of 4,4,5,5-tetramethyl-2-phenyl-1,3,2,-di-
oxaborolane should not inhibit its use in the hydroarylation of
Ceo- Overall, we show how organoboron species arylate Cq, in
rhodium-based catalysis assisted by water as a source of pro-
tons.

(Scheme 1).'*™ Their work was inspired by the work of
Miyaura et al., who discovered the rhodium-catalyzed conju-
gate addition of organoboron compounds to enones in aque-
ous solution.""*">'¢ They also established the basis of the
mechanism to carry out the addition of aryl- or 1-alkenylboron-
ic acids to enones. In this case, the catalytic cycle encompasses
transmetalation between rhodium(l) enolates and arylboronic
acids to produce arylrhodium(l) species followed by insertion
of enones into Ar—Rh bonds."” The mechanistic pathway of
the addition of organoboron compounds to electron-deficient
alkenes such as Cg, catalyzed by rhodium complexes remains
rather unknown."® Itami et al."*'? proposed a general catalytic
cycle, based on the work of Miyaura et al.,""" for the hydroary-
lations of Cg, fullerene, and the details of the reaction mecha-
nism and the function of water are missing or incomplete. For

B

- N EWG Rh catalyst EWG

R = aryl, heteroaryl, alkenyl
B = B(OH),, B(pin), BF3K

Scheme 1. Hydroarylation of electron-deficient alkenes (EWG: electron-
withdrawing group) and fullerenes by means of organoborates and
rhodium-based catalysts.
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this reason, here we aim to unravel the role of each agent in
the Suzuki-Miyaura-like reaction catalyzed by rhodium com-
plexes of C¢, and organoborates as cocatalysts in the presence
of water. In order to do so, we explore the catalytic cycle that
leads to the hydroarylation of Cg, via density functional theory
(DFT) methods.

Results and Discussion

The reaction pathway is divided into four main different parts
(see Figure 1): 1) transmetalation of Rh—OH species with water
and the organoborate to generate the Ar—RhB(OH); complex
(A—C); 2) elimination of B(OH); to give the Rh—Ar species
(C—D); 3)insertion or arylrhodation of Ar—Rh to Cg, (D—F);
4) protonation of Ar—Cy, through a water molecule and release
of the Rh—OH species to conclude the hydroarylation process
of Cg.

The catalytic species A is obtained from the precatalytic spe-
cies [Rh(cod)(MeCN),]BF, (cod=1,5-cyclooctadiene) through
the dissociation of an acetonitrile ligand followed by the coor-
dination of the hydroxy group from a water molecule releasing
a proton that, with the initial counter anion BF,”, yields HBF,.
This step has an energetic cost of 24.3 kcalmol ',*” and is
a common step for all organoborates."*'? First, we discuss the
reaction mechanism of the Suzuki-Miyaura rhodium-catalyzed
hydroarylation of C¢, by phenylboronic acid in the presence of
water. The neutral species [Rh(cod)(MeCN)(OH)] (A) can release
an acetonitrile ligand and coordinate Ph—B(OH), in a slightly
exergonic process (0.6 kcalmol™) to give B. Then species B
overcomes a barrier of 6.6 kcalmol™" to transfer the phenyl

HO

Ho-B..
B-C
Ph-B(OH), 2L
MeCN  / g-? '
L B/ 86}
0.0 — '
HO -0.7 '
\ 1.2
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group from boron to rhodium to yield Ph(cod)RhB(OH); (com-
plex C).

Release of B(OH); from C results in D with an energetic cost
of only 6.2 kcalmol™. In D, rhodium is surrounded by the cod
and phenyl ligands. n?-Coordination of D to Cg, to form E is fa-
vorable by 11.8 kcalmol™, in agreement with previous expeti-
mental® and computational insights,”? with slightly longer
Rh—C bonds (2.28 and 2.31 &) to be compared with 2.20 A for
RhH(CO)(PH,),(C4) in part due to the sterically demanding cod
ligand. From E, the transfer of the phenyl group to the adja-
cent carbon atom requires to overcome a relatively low barrier
of 12.8 kcalmol ™', driving to the next intermediate F, which is
quite stable (11.3 kcalmol™" more stable than its precursor E).
The resulting attacked bond in F is a [6,6] bond as experimen-
tally found."' We also examined the attack to a [5,6] bond of
Ceo in E and confirmed that the transition state and the result-
ing complex are less stable by 3.6 and 7.5 kcalmol ™', respec-
tively. Moreover, we were not able to obtain an optimized
structure with 77° and %° coordination of the PhRh(cod) in E or
Rh(cod) in F to Cg,.

Finally, in order to get the organic substituted Cg, product
and regenerate the catalyst, a coordination of a water mole-
cule to rhodium occurs to yield G. This complex (G) is trans-
formed into H via the transfer of a hydrogen atom from water
to the carbon atom of Cg, bonded to rhodium and concomi-
tant release of (cod)Rh—OH. The role of water is then to pro-
vide the hydrogen atom for the formation of the phenyl(hy-
dro)[60]fullerene and the OH group to recover the (cod)Rh—OH
species."* ™ The structure, acidity, and aromaticity of this phe-
nyl(hydro)[60]fullerene species were discussed previously by
Geerlings and co-workers.”®! The complete G—H transforma-
tion has a Gibbs energy barrier
of 129kcalmol™. In the next
step, Rh in H coordinates a new
entering Ph—B(OH), molecule,
which is a reactant in excess, to
recover the catalytic species B
again and close the catalytic
cycle. The energy difference be-
tween species B at the begin-
ning and at the end of the cata-
lytic cycle in Figure 1 corre-
sponds to the Gibbs reaction
energy of the transformation of

:=19.9 220.4,Ph-B(OH),

OH Ceor H,O, and PhB(OH), into
! Rh | B(OH); and C¢,PhH in a process
codh F_H20 bod e that is exergonic by 27.9 kcal
_;8' OH, -28.6 mol .
Ph Rh-cod P_Z\QJ,OH For 2-phenyl-1,3,2.dioxabori-
B nane and 44,5,5-tetramethyl-2-
HO" OH )
F\m/ phenyl-1,3,2-dioxaborolane, the
\cod Gibbs reaction energies are the

Figure 1. Gibbs energy reaction profiles for the rhodium-catalyzed addition to fullerene (Cg,) of phenylboronic
acid (black), 2-phenyl-1,3,2-dioxaborinane (green), and 4,4,5,5-tetramethyl-2-phenyl-1,3,2,-dioxaborolane (red) in
ortho-dichlorobenzene solution. Values for the Gibbs energy are given in kcalmol™'. Schematic drawings of mole-

cules refer to the reaction with phenylboronic acid.
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same: —27.9kcalmol™'. Apart
from the relatively high energy
cost to generate the catalytic
species A from the precatalytic
species [Rh(cod)(MeCN),]BF,, for
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Figure 2. Density functional theory (DFT)-optimized geometries for the tran-
sition states of the transformations E—F (left) and G—H (right); key distan-
ces are given in A.

the catalytic cycle, the G to H conversion is the rate determin-
ing step. However, the phenyl transfer in E—F is in competi-
tion, being the corresponding barrier of the transition state
just 0.1 kcalmol™" lower in energy (see Figure 2).2"

On the other hand, considering the non-stoichiometric
amount of C4, with respect to the metal catalyst, the coordina-
tion of a second C4 molecule substituting the cod ligand in
the intermediate species displayed in Figure 1 was also investi-
gated (see Figure S1 in the Supporting Information). This alter-
native path for the transformation of A to H implies the loss of
acetonitrile and cod, the attack of RhOH to Cg, and subse-
quent addition of PhB(OH),. Overall, this path to H has to sur-
mount a Gibbs energy barrier higher than 40 kcalmol™ and,
therefore, it is not operative and can be ruled out.

The Gibbs energy profiles corresponding to alternative orga-
noborates, such as 2-phenyl-1,3,2,-dioxaborinane and 4,4,5,5-
tetramethyl-2-phenyl-1,3,2,-dioxaborolane, are similar to that
obtained with the phenylboronic acid (Figure 1). The fact that
2-phenyl-1,3,2,-dioxaborinane gives a nearly identical energy
profile to that of phenylboronic acid concurs with the experi-
mental result that this organoborate also results in the forma-
tion of the corresponding aryl(hydro)fullerene. However, for
the 4,4,55-tetramethyl-2-phenyl-1,3,2,-dioxaborolane, no yield
is observed experimentally. This is unexpected because the dif-
ferent organoborates share the same rate-determining step.
Maybe it could be related to the somewhat more energetically
difficult B to C transformation. What is clear is that steric hin-
drance seems not to be the cause of the decreased reactivity
of 4,4,5,5-tetramethyl-2-phenyl-1,3,2,-dioxaborolane.

Conclusions

We have investigated by DFT calculations the reaction mecha-
nism of the Suzuki-Miyaura rhodium-catalyzed hydroarylation
of Cg, by phenylboronic acid in the presence of water. Our re-
sults show that the until now unknown role of water is to co-
ordinate the PhCyRh(cod) complex to provide the hydrogen
atom for the formation of the phenyl(hidro)[60]fullerene and
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the OH group to recover the (cod)Rh—OH species. This step is
the rate-determining step of the whole catalytic cycle.

Our results with alternative organoborates, such as dioxabor-
inane and 4/4,5,5-tetramethyl-2-phenyl-1,3,2,-dioxaborolane,
showed no remarkable differences for the phenyl transfer to
the metal center, thus excluding the steric hindrance of the or-
ganoborate as a key factor to tune and improve the yield of
the Suzuki-Miyaura reaction of C4, as a substrate, rhodium as
a catalyst, and organoborate as cocatalysts. Water turns out to
be a key reactant.

Experimental Section

All DFT calculations were completed with the Gaussian09 set of
programs.?”! For geometry optimizations, the well-established and
computationally fast hybrid-GGA functional B3LYP was used.”® Ge-
ometry optimizations were performed without symmetry con-
straints, and the located stationary points were characterized by
analytical frequency calculations. The electronic configuration of
the molecular systems was described with the Gaussian 6-31G(d)
basis set with a polarization function for H, C, N, B, and 0.

For rhodium, we used the small-core, quasi-relativistic Stuttgart/
Dresden (SDD) effective core potential with an associated valence
contracted basis set (standard SDD keywords in Gaussian 09).*®
Zero-point energies (ZPEs) and thermal corrections were calculated
at the B3LYP level. Single-point energy calculations with the M06
functional® in solution were performed with the 6-311G(d,p) basis
set for main group atoms,*” and again the same SDD pseudopo-
tential for rhodium.®" Solvent effects were included with the polar-
izable continuous solvation model polarizable continuum model
(PCM) using ortho-dichlorobenzene (0-DCB) as a solvent (the sol-
vent employed in experimental studies is a 9:1 mixture of 0-DCB
and water). The Gibbs energy profiles in water are given in the
Supporting Information. Relative Gibbs energy differences in water
and in 0-DCB are lower than 2.0 kcalmol ™.

The MO06 energy calculations were carried out with the scf=tight
and integral(grid = ultrafinegrid) keywords. Reported energies are
MO06/6-311G(d,p) ~SDD//B3LYP/6-31G(d)~SDD electronic energies
corrected with ZPEs, thermal energies, and entropy effects calculat-
ed at 298 K using the B3LYP/6-31G(d)~SDD method. We also cor-
rected the energy for solvation effects present in an 0-DCB solution
that were calculated at the MO06/6-311G(d,p)~SDD//B3LYP/6-
31G(d)~SDD level with the PCM method.®? Finally, we applied
a concentration correction of 1.89 kcalmol™' for the Gibbs energies
in solution to account for the condition change from 1 atm to 1m
concentration when going from gas phase to solution.”® For
water, the correction was 4.27 kcalmol™". Furthermore, for the
aqueous solvation free energy of the proton, we assumed the
value of —262.2 kcalmol™ from the literature.®¥
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