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Ever since the discovery of fullerenes, their mono- and multi-functionalization by exohedral addition
chemistry has been a fundamental topic. A few years ago, a topochemically controlled regiospecific
difunctionalization of Cgq fullerene by anthracene in the solid state was discovered. In the present work,
we analyse the mechanism of this unique reaction, where an anthracene molecule is transferred from one
Ceo Mmono-adduct to another one, under exclusive formation of equal amounts of Cgg and of the difficult
to make, highly useful, antipodal Cgo bis-adduct. Our herein disclosed dispersion corrected DFT studies
show the anthracene transfer to take place in a synchronous retro Diels—Alder/Diels—Alder reaction: an
anthracene molecule dissociates from one fullerene under formation of an intermediate, while under-
going stabilizing interactions with both neighbouring fullerene molecules, facilitating the reaction kineti-
cally. In the intermediate, a planar anthracene molecule is sandwiched between two neighbouring fuller-
enes and forms equally strong ‘double-decker’ type n—x stacking interactions with both of these fuller-
enes. Analysis with the distortion interaction model shows that the anthracene unit of the intermediate is
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almost planar with minimal distortion. This analysis highlights the existence of simultaneous noncovalent
interactions engaging both faces of a planar polyunsaturated ring and two convex fullerene surfaces in an
unprecedented ‘inverted sandwich’ structure. Hence, it sheds light on new strategies to design functional

rsc.li/obc fullerene based materials.

ized selectivity for cycloaddition reactions at its so called [6,6]-
bonds.®*'"** Indeed, the thermally reversible [4 + 2]-cyclo-
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Fullerenes, the spherical molecular carbon allotropes first dis-
covered in mass-spectrometric experiments in 1985," open
up exciting fields of chemical research.*” The unique pro-
perties of the icosahedral Cq, molecules have particularly
inspired a multitude of studies concerning the functionali-
zation of this polyunsaturated carbon compound by the means
of addition reactions.>>® Early on, a range of
cyclopropanations®®® and pyrrolidine forming reactions®'° as
well as other formal cycloaddition reactions® were used very
effectively. The synthetic interest in the chemistry of Cqo was
further boosted by its pronounced and theoretically rational-
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addition (Diels-Alder, DA) reaction has become a most versa-
tile methodology for the creation of exohedrally functionalized
fullerene derivatives.®'*"” Polycyclic aromatic hydrocarbons,
such as anthracene, other acenes,?”** and derivatives
thereof,>® were found to represent surprisingly suitable diene-
components for functionalization of Cgy by [4 + 2] cyclo-
addition reactions. The experimental work on the fullerene
functionalization has been accompanied and guided by
insightful theoretical studies.>’ *° Suitably functionalized full-
erenes have been widely applied as key components,®>* in
photovoltaic devices,>*° in artificial photosynthesis,*>*! drug
delivery,®*** bio- and nanomedicine,"** in material
science,*>**™*® and as self-healing polymers.

The molecular features of the fullerenes as polyunsaturated
spherical carbon compounds have drawn particular attention
to the synthesis of di- and multi-functionalized derivatives
with high regio- and stereo-control.>*'™” Sequential addition
reactions to create multi-adducts with exceptional architec-
tures were presented,”” ®* including reactions between Cq, and
anthracenes, where mono-,'®7'821:26:64 pig. 1964768 and gpecific
tris-adducts were reported.®*®® The kinetic and thermo-
dynamic driving forces for the formation of specific bis- and
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tris-adducts has become a much discussed issue.® Thermolysis
of the crystalline mono-adduct of Cg, and anthracene has pro-
vided a strikingly efficient means for achieving regiospecific
antipodal bis-addition.”® The exquisite selectivity in this
process was proposed to result from topochemical control in
the solid state,>*®> because the alternative solution chemistry
led to a mixture of anthracene adducts, among them the anti-
podal bis-adduct as only a minor component.*®”°

The (thermal) DA reaction has become a fundamental syn-
thetic method for the stereo-controlled formation of two new
C-C bonds in a 6-memberd ring structure, and a mechanistic
textbook topic of (orbital and state) symmetry control,”*”"*
thoroughly investigated in experimental and theoretical
studies.”>””® For typical hydrocarbons, the two new C-C bonds
formed by the DA reaction are made in a concerted and ther-
mally reversible process.””®** Quantum chemical studies have
fully verified these ‘basic rules’ of the thermal [4 + 2]-cyclo-
addition chemistry.®>°° The spherical architecture of the full-
erenes induces pyramidalisation of the unsaturated carbon
centers,” rendering the Cq, electrophilic and specifically die-
nophilic - an early recognized factor for further enhancing
reactivity in exohedral addition reactions,®**°>% decreasing
the activation barrier in DA reactions.”® Aromatic hydro-
carbons first associate with Cg, to form a non-covalently
bound intermediate complex.””> Recent studies at the example
of benzene and Cg, shed light on the interaction of a planar
aromatic compound and a curved fullerene surface,”* which
was shown to be different in nature from n-n stacking inter-
actions between two planes.

Regioselectivity of the DA cycloaddition with Ce, has also
been computationally investigated,””**?®®° for example,
revealing the preference of additions to the [6,6]-bond over the
[5,6]-position to be attributed to more favourable interactions
between the reactants in the transition state.'” A finding later
confirmed by decomposition of the electron activity'® and also
put forward by Garcia-Rodeja et al. to rationalize the regio-
selectivity of bis-cycloaddition reactions to fullerenes."

The regiospecific formation of the antipodal bis-adduct
from the crystalline mono-adduct of Cg, and anthracene in the
solid state suggested a topochemical control.®> Potentially, the
anthracene transfer between two pre-aligned mono-adducts,
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takes place in a synchronous fashion. However, the detailed
reaction mechanism of this anthracene transfer was not estab-
lished. Formally, this reaction could be achieved by a complete
dissociation of the anthracene moiety from one mono-adduct
by a retro-DA reaction, followed by the highly regio-selective
DA-cycloaddition at another one. Alternatively, the anthracene
transfer could proceed via a direct one-step reaction, where the
transition state would represent a planar anthracene molecule
interacting similarly with both fullerenes. A third variant could
be via a synchronous two-step reaction, where in a retro-DA
step an intermediate is first formed that is stabilized by two
neighbouring fullerene moieties, followed by an addition at
the back of the mono-adduct to generate the antipodal bis-
adduct. Unravelling this reaction mechanism is of significant
interest, as it implies a correlated defunctionalisation of one
mono-adduct molecule, coupled with functionalization of a
neighbouring mono-adduct molecule. Hence, a thorough com-
putational analysis of this anthracene transfer between two
fullerenes was carried out, in order to gain insights into the
simultaneous interaction of two spherical and one planar poly-
unsaturated carbon molecules.

We investigated the topochemically controlled regiospecific
anthracene transfer by two model reactions: reaction A
describes the transfer of one anthracene molecule from one
Ceo fullerene mono-adduct to a 2™ Cg, fullerene (Scheme 1,
upper panel), while reaction B describes the transfer of one
anthracene from one Cg, fullerene mono-adduct to another
Ceo fullerene-anthracene mono-adduct, resulting in the anti-
podal bis-adduct (Scheme 1, lower panel). Density Functional
Theory (DFT) calculations were performed to elucidate the
reaction mechanism and to shed light on the interactions
occurring at the unique reaction intermediate, where a planar
anthracene is sandwiched between two fullerenes.

Computational methodology

As no high resolution X-ray crystal structures were available,
the initial structures for the Cg, fullerene and Cgy:anthracene
mono-adduct were set-up using Gaussview 4.1.2."°° All sub-
sequent structure optimizations and harmonic frequency cal-
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Scheme 1 Schematic representations of the investigated topochemically controlled anthracene transfer reactions. Reaction A depicts the transfer
of one anthracene molecule from one Cgg:anthracene mono-adduct to a Cgg fullerene. Both the product and the educt represent identical struc-
tures. Reaction B depicts the anthracene transfer from one Cgo:anthracene mono-adduct to another, resulting in the creation of one trans antipodal

bis-adduct and one Cgq fullerene.

This journal is © The Royal Society of Chemistry 2020
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culations were performed using Turbomole 7.3'°" and were
done in C1 symmetry. Structure optimizations have been
carried out with Density Functional Theory (DFT) utilizing the
GGA density functional BP86'°7'% in combination with the
def2-SVP basis set.'® As shown in previous studies, empirical
dispersion corrections, that are not intrinsically dealt with in
DFT, are essential to obtain reliable structures in such
extended m-systems and to localize reaction intermediates.’
Therefore, Grimme’s empirical dispersion corrections with
Becke-Johnson damping of the DFT-D3"%” type were employed
in all calculations. Selected structures were re-optimised with
BP86/def2-TZVP'*®/D3 but structural differences were found to
be small. Reported electronic energies were calculated as
single points BP86/def2-TZVP/D3 on the BP86/def2-SVP/D3
optimized structures. An even larger def2-QZVP'% basis set
yielded very similar single point energies with differences less
than 2 kJ mol™" compared to def2-TZVP. Hence, the triple-zeta
def2-TZVP basis set was considered to be accurate enough. To
test the effect of the density functional, single point calcu-
lations with B3LYP'*>'%%11%111/def2-TZVP/D3 were computed
on the BP86/def2-SVP/D3 optimized structures too. To validate
our chosen methodology (density functional/basis set), we
compared structural parameters with known experimental
data. As to our knowledge, currently no crystal structure of the
Ceo:anthracene mono-adduct exists, we compared our calcu-
lated structures to the available experimental Cgg:antracene
bis-adducts (“edge” and “trans-4”) structures.®” Through the
comparison with the aforementioned Cgp:anthracene bis-
adducts, it is shown that the methods chosen offer accurate
structures, as the bond lengths deviate less than 0.01 A from
their crystal counterparts, while the angles and dihedrals are
within 0.1°.

To further test our methodology, we also calculated the for-
mation of the Cgp:anthracene mono-adduct (see also Tables S6
and S7 in the ESI}), for which experimental data is available.
In their 2004 paper, Sarova et al>* reported an activation
enthalpy of AH* = 57 k] mol™* and a Gibbs energy of AG* =
93 kJ mol " in toluene. While this enthalpy is very close to our
BPS86 calculated value of AH* = 59.4 k] mol™*, the Gibbs energy
was with AG* = 72.6 k] mol™! a bit underestimated. B3LYP
values, however, overestimated the reaction barrier compared
to experiment, AH'g;yp = 86.2 k] mol™ and AGH;yp =
114.6 kJ mol ™. The experimental reaction energy was found to
be AH =—81 k] mol™ and AG = —23 k] mol™". BP86 underesti-
mated these values (AH = —54.5 k] mol™" and AG = 7.4 kJ
mol™") and the trend got worse for B3LYP (AH = —31.4 kJ
mol ™" and AG = 31.7 k] mol™"). Full optimisations and calcu-
lation of thermodynamic corrections at the BP86/D3/def2-
TZVP level alleviated these shortcomings to some extend and
correctly predicted the reaction to be exergonic with AG =
—5.2 k] mol™" (see also Table S71), but are not feasible given
the size of the investigated structures. In our view, BP86
yielded a better overall performance although barriers are
likely to be underestimated.

As the initial reaction is in solid-state, involving no charged
species, no long-range interactions were expected. Indeed,
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taking the effect of the crystal environment into account by a
dielectric constant, we chose ¢ = 4 here,''? in agreement with
previous studies, had little effect on the resulting energies. As
can be seen from Table S5 in the ESI,T the electronic energies
decreased by less than 2 kJ mol™". Thus, modelling the reac-
tion in gas phase is adequate.

The correct stationary points were identified through har-
monic frequency calculations, by examining the eigenvalues of
the Hessian corresponding to each structure. Minima show
only positive eigenvalues, while a transition state shows exactly
one imaginary eigenvalue and its associated eigenvector
corresponds to the reaction coordinate.

To obtain Gibbs energies, zero-point energies and thermal
corrections at 298.15 K were calculated via approximation of
the partition function by the standard rigid rotator and harmo-
nic oscillator model using Turbomole’s “freeh” tool. Obtained
harmonic frequencies were scaled with a factor of 0.9914** to
increase the accuracy. These corrections were calculated with
BP86/def2-SVP/D3 and added to the BP86/def2-TZVP/D3 elec-
tronic energies.

Assuming (hindered) rotation of the nonfunctionalized Cgq
fullerene in INTg;s, TS(INTg;-3) and 3, results in additional
contributions to the rotational entropy. To approximately
account for these stabilizing effects, the structures were split
up into two moieties — a Cgo fullerene and a bis-adduct-like
structure — and the rotational entropy was calculated for each
moiety separately. The resulting contributions were summed
up and replaced the rotational entropy contributions of the
full complex in the Gibbs energy calculation, thereby, taking
additional stabilizing effects due to the (hindered) rotation of
the nonfunctionalized fullerene into account.

The 2D potential energy surfaces (PES) scans were obtained
by modifying the structure along the chosen degrees of
freedom, then subsequently calculating single point energies
of each resulting structure. The resulting PES is visualized
with Origin 2018b."™*

To highlight the non-covalent interactions, NCIPLOT was
used,"’® where the second eigenvalue of the electron-density
Hessian matrix, sign(4,)p, is depicted on an isosurface of the
reduced gradient s."'® Areas with (weak) non-covalent interactions
are characterized with a low (reduced) electron density gradient
and a sign(4,)p close to zero (depicted in green). Large negative
values of sign(l,)p are indicative of attractive interactions
(depicted in blue), whereas large positive values of sign(4,)p indi-
cate non-bonding repulsive interactions (depicted in red).

All structures were visualized using PyMol,""” except for
those depicting non-covalent interactions, which were dis-
played with vMD.'"®

Results

Mechanism of the topochemically controlled regiospecific Cgo
fullerene-anthracene transfer reaction

Prior to investigating the Cg, fullerene-anthracene transfer
reaction, we evaluated the reaction energies associated with

This journal is © The Royal Society of Chemistry 2020
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the formation of an isolated Cgp:anthracene mono-adduct, see
Scheme 2 (panel A), for which we found a stabilizing energy of
AE = —62.4 k] mol™ and AG = 7.4 k] mol™". Comparing this
value to the experimentally found one of AG = —23 kJ mol™,**
we see that the Gibbs energy is underestimated in our calcu-
lations (see also Computational methodology). However, the
reaction is correctly predicted to be exergonic (AG = —5.2 kJ
mol "), when structures and thermodynamic corrections were
calculated with a larger basis set (see also Table S7 in the
ESIt). The formation of the complex 1 from the constituents
yields an energy gain of AE = —123.7 k] mol ™" and AG = 3.2 kJ
mol ™ (see panel B). The coordination of a 2" Cg, fullerene to
the Cgp:anthracene mono-adduct to form 1, exerts a stabilizing
effect of AE = —60.1 k] mol™" and a Gibbs reaction energy of
AG = —4.2 k] mol™" (panel C). Similarly, aligning two Cgo:
anthracene mono-adducts, to form the complex 2, also results
in a stabilization of AE = —58.5 k] mol™ and AG = —7.8 K]
mol ™. It is noteworthy here that the stabilization energy of the
second reaction partner to form the stable complexes 1 and 2,
is roughly the same as the formation energy of the Cgo:mono-
adduct, —60.1/—58.5 k] mol™" vs. —62.4 k] mol™".

The proposed reaction pathway for the anthracene transfer
as modelled by reaction A (see Scheme 1) is shown in Fig. 1,
depicting educts, products, intermediates as well as transition
states. Relative electronic energies (BP86/def2-TZVP/D3//BP86/
def2-SVP/D3) are given in red and reaction Gibbs energies in
green. For the sake of comparison, B3LYP/def2-TZVP/D3//
BP86/def2-SVP/D3 are listed in blue.

While the formation of complex 1, from two fullerenes and
an anthracene molecule is energetically favoured, the most
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stable conformation of 1 was determined by a potential energy
scan of the rotation of the 2™ fullerene as depicted in the ESI
in Fig. S12.7

In the initial reaction step, complex 1 undergoes a Retro-
Diels-Alder type process, in which the anthracene separates
from the fullerene moiety, while still being trapped between
and stabilized by the two fullerene species. The transition
state TS(1-INTygeno) for this reaction step has a barrier of AE*
=79.4 k] mol™, AG* = 62.8 k] mol™ and AE*gs;yp = 94.7 K]
mol~". The reaction then proceeds to reach a stable inter-
mediate structure (INTyono)- This energy minimum structure
is less stable than the educt, 1, by AE = 21.8 k] mol™" (AG =
0.8 kJ mol™, and AEgsyp = 9.7 k] mol™"). Remarkably, the
anthracene molecule lies completely flat between the two full-
erenes, experiencing interactions with both sides. The reac-
tion then continues in a mirrored fashion, with a [4 + 2]
cycloaddition step. The second transition state, TS(INTytono-
1'), lies above the intermediate state, with AE* = 57.6 kJ
mol™!, AG* = 62.0 k] mol™, and AE*g;1yp = 85.0 kJ mol ™,
exhibiting energy values identical to the reversed reaction to
TS(1-INTypono). The product compound (1) is chemically
identical to the educt 1 (AE = 0.0 k] mol™'). Compared to
BP86, for B3LYP somewhat higher electronic energies were
found. Nevertheless, both are in good agreement with each
other.

In model reaction B (see Scheme 2), structure 2, where two
Ceo:anthracene mono-adducts are aligned, reacts exclusively
to the antipodal trans-bis-adduct in complex with Cg
(denoted as 3) undergoing a proposed mechanism as
depicted in Fig. 2.

AE = -62.4 kJ/mol /
AG=

7.4 kJ/mol

Cgo:anthracene mono-adduct

JosN!
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=-123.7 kJ/mol
3.2 kdJ/mol

=-58.5 kJ/mol

B 21

Scheme 2 Formation of the Cgg:anthracene mono-adduct (A) from isolated Cgg and anthracene, formation of complex 1 (B) from two isolated Cgq

molecules and anthracene, interaction of Cgo with the Cggo:anthracene

mono-adduct to form complex 1 (C), interaction of two Cgg:anthracene

mono-adducts to form complex 2 (D). Relative Gibbs energies (AG) as well as relative electronic energies (AE) of the reactions are given in kJ mol™

and were obtained with BP86/def2-TZVP/D3//BP86/def2-SVP/D3.

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Reaction mechanism of the anthracene transfer (reaction A in Scheme 1) from the Cgo:anthracene mono-adduct (see complex 1) to a neigh-
bouring Ceo fullerene (see complex 1') in a two-step synchronous Retro Diels—Alder and Diels—Alder reaction via an inverted sandwich intermediate
(INTmono)- Red values denote BP86/def2-TZVP/D3//BP86/def2-SVP/D3 relative electronic energies, green values denote reaction Gibbs energies and
blue values denote relative electronic energies computed with B3LYP/def2-TZVP/D3//BP86/def2-SVP/D3. All values are in kJ mol™.
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Fig. 2 Reaction pathway of the anthracene transfer between two mono-adducts (reaction B in Scheme 1). Electronic and the Gibbs energies of the
reaction calculated with BP86/def2-TZVP/D3//BP86/def2-SVP/D3 are depicted in red and green, respectively. Energies calculated with B3LYP/def2-
TZVP/D3//BP86/def2-SVP/D3 are shown in blue. The grey lines represent the Gibbs energy when additional rotational entropy of the Cgq is taken
into account too (see Computational methodology for details). All values are in kJ mol™.
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Similar as in reaction A, the mechanism starts with a retro
Diels Alder step to yield the stable intermediate INTg;s, Where
the anthracene is trapped between two fullerenes. For this
reaction step, an energy barrier of AE* = 76.8 k] mol™* (AG* =
64.5 kJ mol™" and AE*;yp = 94.3 k] mol™") was found, being
very similar to the corresponding energy barrier in reaction A.
The intermediate (INTg;s) has a relative electronic energy AE =
19.1 k] mol™* (AEgpz1yp = 9.5 k] mol™) and a Gibbs energy of
AG = 2.8 k] mol™, indicating the stabilizing effect of the
neighbouring fullerenes on the anthracene. INTg;s then
reaches a 2"¢ transition state TS(INTg;s-3) with a relative energy
of AE* = 84.7 k] mol™", a relative Gibbs energy of AG* = 72.0 k]
mol™ (AE*g31yp = 110.0 k] mol™) before forming the antipo-
dal bis-adduct in complex with Cg, denoted as 3. The 2" tran-
sition state is energetically less favourable than TS(2-INTg;s),
but the barrier is with AE* = 65.6 k] mol™ (AG* = 69.2 k]
mol™!, AE*y;yp = 100.4 kJ mol™) slightly lower due to the
higher energy of INTg;s. In the initial calculations, the formed
antipodal Cgg:anthracenes bis-adduct in complex with Cg, (3)
is with a relative electronic energy of 7.9 k] mol ™" (AG = 7.2 k]
mol ™" and AEgzyp = 7.6 kJ mol™") thermodynamically slightly
less favoured than 2. However, as shown by low barrier to
rotation of the Cgo moiety in complex 1 (see Fig. S127), a hin-
dered rotation of Cgo in INTgis, TS(INTgis-3) and 3 could be
anticipated resulting in additional rotational entropy. This
contribution lowers the total Gibbs energy of 3 by about 39 kJ
mol™, whereas a smaller stabilising effect is expected for
INTg;s and TS(INTg;-3) due to more pronounced rotational
hindrance.

To further analyse the reaction, we used the distortion inter-
action model/activation strain model independently developed
by Houk and Bickelhaupt®®'*®*2° to characterise all stationary
points in the reaction including intermediates and product/
educt structures. As results are expected to be similar, we
restrict our analyses to reaction A only.

We intended to quantify the effects of the deformations
exerted by the weak, non-covalent interactions and to charac-
terise the planar anthracene molecule in the intermediate
structure. In our distortion interaction analysis along the reac-
tion coordinate, the interactions on both sides of the anthra-
cene were considered by taking the unperturbed fullerene and
anthracene molecule as reference structures.

The deformation and interaction energies, AEp. and
AEp,, can be computed using the following equations,

AEElectronic = Z AEDef. + Z AEInt. (1)

where AFgiectronic represents the electronic energy of the
structure with reference to isolated Cg, fullerene and anthra-
cene molecules. The deformation energy AEp.¢. can be defined
as the energetic difference between the individual molecule
fragments (Epeformed) @nd their isolated, optimized structures
(Eoptimized)- In the case of reaction A, the molecule fragments
are represented by two Cg, fullerenes and one anthracene.

AEDef. = EDefomed - EOptimized (2)

This journal is © The Royal Society of Chemistry 2020
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Table 1 Distortion—interaction energies for reaction A. AEc, per. rep-
resents the deformation energy of the two fullerenes; AEanthracene Def.
represents the deformation energy of the anthracene; AEtqtal per. rep-
resents the sum of all deformation energies; AEtota int. Fepresents the
total interaction energy; AEgectronic represents the electronic energy of
the structure (for details see egn (1-3))

TS(1- TS(INTysono-
Structure 1 INTymono) INTmono 1) 1
AEc,, per. 174.3 48.4 18.5 48.4 174.3
Epnthracene Dot 306.8 86.0 3.2 86.0 306.8
AErotal pet. 4811  134.4 21.7 134.4 481.1
AFrotal mnt. -583.6 -157.6  —102.4 —157.6 —583.6
ABgectronic -102.5 -23.1 -80.7  -23.1 -102.5

By summing up the deformation energies AEp.. and sub-
tracting them from the electronic energy AFEgjectronic, We obtain
the total interaction energy as

E AEInt. = AEEIec'cronic - Z AEDef. (3)

When looking at the deformation energies AEgjectronic fOr
the Cg, fullerene along the reaction coordinate of reaction A as
listed in Table 1, a maximum of AE¢_ per. = 174.3 kJ mol™" was
found in 1 and 1, decreasing to 48.4 k] mol™" in the transition
states and reaching a minimum in the intermediate INTyono-
A mere deformation of AE¢  per. = 18.5 K] mol™! indicate that
the structure is close to that of an unperturbed Cg, fullerene.
The same trend was observed for the deformation of anthra-
cene. Of course, the strong deformations of bound anthracene
are alleviated upon reaching the TS. However remarkably,
INTymono has a very small anthracene deformation energy of
only AEanthracene pet. = 3.2 k] mol ™, indicating that the anthra-
cene is stabilized almost at its ideal gas phase geometry. The
total deformation energy is, therefore, by far the smallest in
INTpono (AErotal per. = 21.7 k] mol ™). The interplay of distor-
tion and interaction results in a striking stabilization of
INTpmono in unprecedented ‘inverted sandwich’ structure with
AFEgiectronic = —80.7 k] mol™, when assembled from two fuller-
enes and an anthracene.

Structure and electronic properties of the intermediate
INTMono

To shed light on the nature of the unprecedented intermedi-
ates, INTyono and INTg;s, where the anthracene lies almost per-
fectly planar between the two curved fullerenes, potential
energy surfaces as well as non-covalent interactions were
investigated.

Two 2D potential energy surface (PES) scans were per-
formed at the example of INTpeno, see Fig. 3. On the left-
hand side (A), the PES for the displacement of the left Cg,
fullerene along the y-axis and its rotation around the x-axis
is depicted. On the right-hand side (B), the rotation of the
anthracene around the x-axis and its tilt, i.e., its rotation
around the z-axis is shown. As evident from the plot, the PES
is rather flat allowing for a wide range of motion of the
anthracene and fullerene without significant increase in
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Fig. 3 2D potential energy surfaces scans of the intermediate INTmono. A. The Cgq is rotated around the x-axis by —30° and +90° and displaced
along the y-axis by +0.9 and —0.7 A relative to the geometry of the INTuono. as indicated by grey arrows. B. Anthracene is rotated along the x-axis by
—40° and +55° and the z-axis by —8° and +7° from INTmono. as indicated by red arrows; C. relative empirical dispersion corrections for the PES scan
depicted in A. Displayed energies are given in kJ mol™, calculated with BP86/def2-SVP/D3.

energy. The energy minimum, as verified by analysis of the
harmonic frequencies, was determined for a conformation,
where - compared to an idealized C,, symmetric complex -
the anthracene is rotated by 32.5° around the x-axis and
rotated around the z-axis by 8° resulting in a tilt. Last, the
two fullerenes are oriented with their centre of mass above
and below the xz-plane (see Fig. 3). Consequently, this
anthracene orientation maximizes attractive interactions
with the neighbouring fullerenes. While the dispersion cor-
rections become more favourable when the anthracene-full-
erene distance is minimized (see x-axis in the dispersion
energy surface shown in Fig. 3C), it can also be seen that
these interactions depend on the rotation of the fullerene
(see y-axis in Fig. 3C).

4096 | Org. Biomol. Chem., 2020, 18, 4090-4103

We also tested replacement of anthracene by smaller rings,
such as naphthalene and benzene, in INTpeno- Both naphtha-
lene and benzene assume positions very close to that of the
anthracene, being tilted by 8° (rotated by 8° around the z-axis)
and rotated by 32.5° around the x-axis, even though the
arrangement of the acene over the ring slightly differs (see
Fig. S15 ESIY).

To further elucidate the interactions between the anthra-
cene and their two neighbouring fullerenes, the non-covalent
interactions were visualized using NCIPLOT"*>'*® as depicted
in Fig. 4. Here, the electronic density is examined as a function
of an isosurface of the reduced gradient, thus allowing for a
quantitative assessment of these interactions. Red areas in
Fig. 4 denote strong repulsive interaction, whereas green

This journal is © The Royal Society of Chemistry 2020
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Interactions between the Cgp fullerenes and the anthracene molecule in the INT,,ono Structure, plotted as an isosurface of the reduced

density gradient s. Left: Side view of INT,ono: Right: transversal view of INTmono. An isosurface of s = 0.3 a.u. is depicted and the colours from blue

to red correspond to sign(4,)p, values from —0.1 to 0.1 a.u.

denote weakly attractive regions, typical for dispersive inter-
actions. These are found between the upper and middle Cg-
ring of anthracene and the closest Cg-ring of the left fullerene
as well as between the middle and lower Cq-ring of anthracene
and the closest Cqring of the right fullerene, showing sym-
metric n-n double decker interactions in this ‘inverted sand-
wich’ structure.

Characterization of transition states

To evaluate the effect of a second fullerene or Cgg:anthracene
on the transition state for the cycloaddition or cycloreversion,
we analysed the structural and electronic effects in the obtained
transition states TS(INTg;s-3), TS(2-INTg;s), and TS(1-INTyiono)
and compared them to a number of Cgp:arene transition states
as well as the Cyp:butadiene transition state (Table 2).

Most notable differences in the transition states can be
seen in the C1-C10’ and C9-C9' bond lengths. With TSgytadiene
being a somewhat different case due to the absence of an aro-
matic ring, it can be seen the C1-C10’ and the C9-C9’ bond
lengths increase with increasing ring size and further
increases in the presence of a 2™ fullerene. In addition, the
transition states become more asymmetric in TS(1-INTyono),
TS(2-INTg;s) and TS(INTg;s-3). As the TS of the mono-adduct

and of the antipodal bis-adduct (see ESI Fig. S71) are almost
perfectly symmetric, the asymmetry likely arises due to inter-
action with the 2" fullerene, which is aligned slightly off axis.
Considering the energy barriers, when the non-covalently
bound intermediate is taken as a reference (see Fig. S16} for
structures), it can be seen that TS(1-INTyjono) and TS(2-INTg;s)
not only have very similar barrier heights but also the lowest
energy barriers for this set of structures (57.6 and 57.7 kJ
mol ™). The formation of the bis-adduct in TS(INTg;s-3) has a
higher energy barrier with AE*gimier = 65.6 k] mol™ as
expected, which is very similar to that of the antipodal bis-
adduct (67.2 k] mol™, see ESI Table S27), slightly surpassing
the activation energy necessitated by the formation of the Cgp:
anthracene mono-adduct at AE' g, er = 62.4 k] mol™ . The
energy barrier for the formation of mono-adducts increases as
the diene gets smaller, AE g ier 100.9 k] mol™* for
TSnaphtatenes AE garrier = 128.1 kK] mol™" for TSgengene, With the
notable exception of TSpytadiene, Where the energy is the lowest
out of all investigated transition states, at only 30.5 k] mol™".
We also performed a distortion-interaction analysis®***%*2°
on the transition states depicted in Fig. 5, for details see illus-
tration in Fig. S13 in the ESL7 It can be seen from Table 3,
that the total deformation energies are smallest, 115.9 and

Table 2 Relevant structural parameters of different transition states involved in Cgo functionalization. Distances are given in A, angles, and dihedral
angles in °. AE*g,ier represents the energy barrier between the non-covalently bound intermediate (see Fig. S167 for structures) and their respective
transition state in kJ mol™ calculated as single points (BP86/def2-TZVP/D3) on the fully optimized BP86/def2-SVP/D3 structures

Structure TS(INTg;s-3) TS(2-INTg;s) TS(1-INTnono) TSmonoadduct TSwaphtalene TS, TSgutadiene
Bond lengths

C1-C10’ 2.180 2.185 2.184 2.156 2.097 2.014 2.883
C9-C9’ 2.155 2.170 2.172 2.156 2.043 2.014 2.884
C1-C5 1.485 1.483 1.484 1.485 1.493 1.497 1.479
C1-C9 1.480 1.482 1.482 1.483 1.482 1.481 1.480
Angles

C5-C1-C2 104.5 104.7 104.7 104.5 103.7 103.4 105.3
C5-C1-C9 117.6 117.8 117.7 117.6 116.8 117.0 118.3
Dihedral angles

C5-C1-C9-C10 126.8 126.8 126.9 126.2 124.5 123.4 129.0
C10'a-C10'-C9'-C9'a 147.8 147.8 148.4 148.6 144.9 143.0 —
AE* garrier 65.6 57.7 57.6 62.4 100.9 128.1 30.5

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Comparison of various transition state structures: TS(INTg;s-3), TS(2-INTg;s), and TS(1-INTmono) as previously discussed; TSmonoadduct denotes
the TS to the formation of the Cgg:anthracene mono-adduct, TSnaphtatene @Nd TSgenzene denote the TS to the formation of the Cgo:naphthalene and
Ceo:benzene mono-adducts, whereas TSpytadiene denotes the TS for the reaction of butadiene with Cgo. Numbering of structures according to
IUPAC. Structures were fully optimized with BP86/def2-SVP/D3. To enhance the readability, the anthracene, naphthalene, and benzene structures
have been truncated and show only part of the aromatic ring structure.

Table 3 Distortion—interaction energies for the transition states depicted in Fig. 5. AEc, per. represents the deformation energy of the fullerene and
Ceo:anthracene mono-adduct, respectively, when compared with its geometry in the corresponding non-covalently bound intermediate; AEpiene Def.
represents the total energy difference of the diene, when compared with the corresponding geometry in the intermediate; AEtota per. represents the
sum of all deformation energies; AErotal 1nt. represents the difference between the barrier energy and the total deformation; AEg,ier represents the

electronic energy difference between the transition state and the corresponding intermediate

Structure TS(INTBis'3) TS(Z'INTBis) TS(I'INTMcno) TSMoncadducl TSNaphtalene TSBenzene TsButadiene
AEG,, pet. 32.8 32.5 30.8 34.9 45.2 53.3 17.6
Epienc Def. 85.2 83.5 82.8 84.3 114.0 133.4 50.1
AErotal Det. 118.0 115.9 113.6 119.2 159.2 186.6 67.7
AE ol . —52.4 —-58.3 ~56.0 —56.8 —58.3 —-58.3 —37.2
E garrier 65.6 57.7 57.6 62.4 100.9 128.3 30.5

113.6 k] mol™', for the two transition states TS(2-INTg;,) and
TS(1-INTnhono), Where a Cgo:anthracene mono-adduct is formed
in the presence of a second fullerene. The deformation energy
increases slightly when we look at the mono-adduct, at
119.2 k] mol™" as well as when reducing the size of the added
molecule. Thus, it reaches 159.2 k] mol™" for naphthalene and
186.6 k] mol™" for benzene. Butadiene, requires a minimal
amount of deformation energy compared to the other tran-
sition states, with a total of 67.7 k] mol™*. The interaction
energy of the transfer reactions is consistent with all transition
states involving aromatic hydrocarbons showing little vari-
ation. TS(INTg;s-3) has the least favourable energy, —52.4 kJ
mol ™, and TS(2-INTg;s) the most favourable one, at —58.3 KkJ
mol™'. The deformation energy largely correlates with the

4098 | Org. Biomol. Chem., 2020, 18, 4090-4103

barrier height with the exception of TS(INTg;s-3), where the
less favourable interaction energy and higher Cq, deformation
energy can be considered the cause for the high transition-
state energy.

Discussion
Reaction mechanism

Both investigated reaction A and B (see Scheme 1) follow a syn-
chronous two-step retro DA/DA sequence, where the anthra-
cene dissociates while still being trapped between two fuller-
enes during the entire reaction to yield a regiospecific
difunctionalization.

This journal is © The Royal Society of Chemistry 2020
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The starting point of reaction A is represented by a stabil-
ized complex, 1, consisting of a C4, fullerene and a Cgp:anthra-
cene mono-adduct. The interactions between the mono-adduct
and the fullerene, while being favourable, allow for a large
rotational movement of the Cq, fullerene as the potential
energy surface is very shallow (see Fig. S12t). This indicates
that a pre-alignment in the first reaction step is not immanent
to the structures, but facilitated due to the confined arrange-
ment of molecules in the solid state.

By comparing the transition states of reactions A and B,
with several transition states for Cgy:arene-mono-adduct for-
mation a systematic trend becomes apparent: in the series
from benzene, to naphthalene, to anthracene, to TS(1-
INThono), t0 TS(2-INTg;s), and to ,TS(INTg;s-3) the C1-C10" and
C9-C9' bonds elongate, which relates well to the Hammond
postulate. The cycloaddition becomes more exothermic
(compare Table S9t), making the TS more intermediate like
(earlier TS for cycloaddition/later TS for cycloreversion).
Moreover, the 2" fullerene induced a difference in the two
bond lengths resulting in more asymmetric transition states,
which likely arises because the 2" fullerene is located off
centre the anthracene-fullerene axis, but whether this is a
result of the gas phase calculation and whether this also per-
tains the solid state remains speculative. Still, the presence of
the 2™ fullerene decreases the transition-barrier height mostly
by minimizing deformation.

Energetics. The transition states TS(1-INTypono) and TS
(INTpono-1') are mirror images of each other with an energy
barriers of AG* = ~60 k] mol™*. In agreement with other
studies on mono-adducts, these are concerted transition states
as indicated by their symmetric structures.”® Finding identical
barriers for both the retro Diels-Alder reaction to form the
intermediate INTyono and the Diels—Alder reaction to form 1/,
is in contrast to experimental and theoretical studies of the
Ceo:anthracene mono-adduct formation, where the retro Diels-
Alder reaction is found to have a significantly higher
barrier’*®® emphasizing once more the effect of the 2!
fullerene.

The reaction rate for the elementary cycloreversion step and
the according half-life can be calculated using the Eyring
equation,

- KkB T act

k A ce R (4)

In2
lijp = T (5)

where k is the reaction rate, x is the transmission coefficient,
here equal to one, kg is the Boltzmann constant, /# the Planck
constant, AG* the Gibbs energy barrier, R the gas constant,
and T the temperature in Kelvin.

At room temperature, for reaction A reaction rate of 6.2 x
10" s7" is obtained for the cycloreversion (¢, = 1.1 x 107> s),
while heated up to 180 °C the reaction rate increases to k = 5.4
x10° 87" (t1, = 1.3 x 1077 s). Similar values are found for reac-
tion B, k = 4.8 s7" (t1,, = 1.5 x 107" 5) at room temperature and

This journal is © The Royal Society of Chemistry 2020
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k=1.0%x10° s7" (4, = 6.9 x 1077 5) at 180 °C. This agrees with
the experimentally observed fast reaction at elevated tempera-
tures and shows that the reaction model is indeed plausible.®®
It should be kept in mind, however, that reported calculated
values for the energy barriers might be underestimated by
several k] mol™" (see also Computational methodology and
Tables S5-S7 in the ESIf).

Concerning reaction B, our initial calculations showed
structure 3 is slightly less table than the educts. However,
thermodynamic corrections are calculated with the standard
rigid rotator model/harmonic oscillator model of the entire
complex 3. In this model, the rotational entropy is calculated
for the whole complex not allowing for individual rotation of
the Cg, fullerene.

If we assume the nonfunctionalized Cg, fullerene to be
rotating, the additional rotational entropy lowers AG of INTg;s,
TS(INTg;s-3), and 3. In the limit of a freely rotating Cg,, the
Gibbs energy of 3 is lowered by approximately 39 kJ mol™*
making it the thermodynamically favoured species. The gain
in rotational entropy for INTg; and TS(INTgi-3) can be
expected to be smaller as the Cgq, rotation is potentially more
hindered there, hence, we have not assigned any number in
Fig. 2, but just indicated the stabilising effect. In any case, this
correction to the standard model makes 3 the thermo-
dynamically favoured product of reaction B and entropic
effects are likely to be the driving force for this reaction.®®> Of
course, this also holds for reaction A, but the effect is sym-
metric and does not affect the relative energy difference
between the structures.

Regiospecificity. In the experimental solid-state reaction,
exclusively the formation of the antipodal bis-adduct and free
Ceo fullerene was observed, a surprising, much commented
and further explored process.®>*>'>'"1?* However, when com-
paring all possible bis-adducts as listed in Table S3 in the
ESI,} the antipodal bis-adduct, is the least stable adduct. In
addition, it also has the highest activation energy of 67.2 kJ
mol ™! of all bis-adducts. Thus, in the absence of a 2" fuller-
ene, the antipodal bis-adduct would not be thermodynamically
favoured. This provides strong evidence that a prealignment of
Ceo:anthracene monomers in the crystal structure and a syn-
chronous coupled retro DA/DA reaction facilitates the observed
topochemically controlled regiospecific antipodal
difunctionalization.

The planar intermediate INTy;,,,, With double decker -t
stacking interactions

INTmono represents an unprecedented case of non-covalent
n-n-stacking interactions between a planar and two curved
surfaces.

Being exposed to a convex surface, planar structures such
as anthracene tend to deform and adapt to the convex shape
to maximize attractive dispersive interactions as indicated by
the slight bend in the anthracene when forming a noncova-
lently bound intermediate with Cg, as depicted in Fig. S17.F
The deformation of the anthracene can be characterized by the
bowl depth - calculated according to ref. 124, which amounts
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to 0.14 A for the Cg, and anthracene intermediate. Such a
deformation is also observed for other acenes.”” In the pres-
ence of a 2" Cg, fullerene as in INTpono and INTg;, the
anthracene is almost perfectly planar with minimal distortion
from the gas phase geometry. This finding is supported by the
distortion-interaction analysis, where for INTygono @ minimal
distortion of anthracene was found (3.2 k] mol™"). Thus, an
alignment with the two fullerenes stabilizes a planar structure
and counteracts the tendency of a large aromatic hydrocarbons
to slightly bend towards Cg, surfaces.

Further analysing the interactions between the Cgp:anthra-
cene and the 2™ fullerene (1, TS(1-INTytono); INTono), We see
that the calculated the bowl depth'>* of anthracene correlates
with the stabilization energy: INTyono (@nthracene is planar)
has the smallest stabilization energy (—51.9 k] mol™') but it
gets more favourable for TS(1-INTyono), With a bowl depths of
anthracene of 0.88 A and an interaction energy of —57.8 kJ
mol~". The stabilization energy is with —60.1 k] mol™" most
pronounced in 1, where a bowl depth of 1.63 A was deter-
mined. This finding is in line with previous studies, where the
bowl depth of hexabenzocorones was found to correlate with
the Cg, interaction strength, reaching an optimum at 1.5 A.***

Concerning the position of the anthracene relative to the
two fullerenes, a rotation around the x-axis by 32.5° and a
rotation around the z-axis by 8° with respect to an idealized
C,, symmetric molecule maximizes favourable interactions.
This orientation is very different from the position an anthra-
cene molecule adopts when interacting with a single Cg, fuller-
ene, where it is aligned directly on top of the bond-to-be-
formed, along the common edge formed by two C6 rings on
the fullerene.’>'?*> When a second fullerene is added, the sim-
ultaneous double decker n-n stacking interactions induce a
rearranging of the anthracene to stack the 6-membered carbon
ring of one Cg, on its upper ring and of the other Cg, fullerene
on the lower ring. In contrast, if two benzene molecules are
stacked in parallel, the two rings are slightly shifted so that
one carbon atom stands over the centre of the second benzene
molecule.'*® In addition, the presented intermediate INTyono
shows with 3.06 A shorter n-n stacking distances between
anthracene and each fullerene (compare also with ref. 127)
than found in planar n-r stacking structures. For example, in
benzene dimers the distance between the two faces is 3.8 A.'*®

Conclusion

Our quantum chemical investigations revealed the anthracene-
transfer in the experimentally observed regiospecific Cgo:
anthracene difunctionalization to proceeds via a synchronous
two-step retro Diels-Alder/Diels Alder type process. The central
species is a low lying intermediate, where a planar anthracene
molecule is non-covalently bound to two fullerene moieties.
The rate determining step in this reaction is the initial cyclore-
version to form anthracene sandwiched intermediates, either
in the form of INTpyoeno Or as INTg;. The presence of the
second fullerene lowers the activation energies and stabilizes

4100 | Org. Biomol. Chem., 2020, 18, 4090-4103
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intermediates with planar anthracene species. The potential
driving force for experimentally observed antipodal bis-adduct
is the gain in rotational entropy upon formation of complex 3.

Given that in experiment only the formation of Ceo and the
antipodal bis-adduct occurs, despite the latter being the
thermodynamically least stable of all Cgp:anthracene bis-
adducts, strongly suggests that crystal packing pre-aligns the
structures to control the regiospecific reaction. These findings
encourage new approaches of topochemically steered Cego
multi-functionalization.

The intermediate structures INTyono and INTg;s present a
central point of interest, as they are to the best of our knowl-
edge an unprecedented case of a perfectly planar molecule,
trapped between equal and opposing n-n stacking interactions
with ‘curved’ fullerenes. Our studies shed more light on the
nature of n-x stacking interactions between a planar and (two)
curved surfaces, as we report the first example of a double
decker type of n—x stacking in an ‘inverted sandwich’ arrange-
ment. These findings could open up new possibilities in
designing functional fullerene based materials.
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