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ABSTRACT

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 di-functionalization of Cg fullerene by anthracene in the solid state was discovered.
In the present work, we analyze the mechanism of this unique reaction, where an anthracene
molecule is transferred from one Cgp mono-adduct to another one under exclusive formation of
equal amounts of Cg and of the difficult to make, highly useful, antipodal Csy 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 only
partially from one fullerene when already undergoing bonding interactions with a neighboring
fullerene molecule, facilitating the reaction kinetically. Hence, the anthracene transfer occurs via
a stabilized intermediate, in which a planar anthracene molecule is sandwiched between two
neighboring fullerenes and forms equally strong “double-decker” type m-m stacking interactions
with both of these fullerenes. Analysis with the distortion interaction model shows that the
anthracene unit of the intermediate is almost planar with minimal distortion. This analysis sheds
light on the existence of simultaneous noncovalent interactions engaging both of the two faces of
a planar polyunsaturated ring and two convex fullerene surfaces in an unprecedented ‘inverted

sandwich’ structure.



INTRODUCTION

Fullerenes, the spherical molecular carbon allotropes first discovered in mass-spectrometric
experiments in 1985," > and soon thereafter available in crystalline preparative form,” open up
exciting fields of chemical research.*’ The unique properties of the icosahedral Cgo molecules

have particularly inspired a multitude of studies concerning the functionalization of this

2,5,8

polyunsaturated carbon compound by the means of addition reactions. Early on, a range of

cyclopropanations® *° and pyrrolidine forming reactions™ '’ were used very effectively, as were
other formal cycloaddition reactions.® The synthetic interest in the chemistry of Cgp was further
boosted by its pronounced and theoretically rationalized selectivity for cycloaddition reactions at
its so called [6,6]-bonds.®*'""* Indeed, the thermally reversible [4+2]-cycloaddition (Diels-Alder,

DA) reaction has become a most versatile methodology for the creation of exohedrally
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functionalized fullerene derivatives, opening up entries to a vast array of covalent fullerene

derivatives.® The spherical architecture of the fullerenes induces pyramidalization of the
unsaturated carbon centers,'® rendering the polyunsaturated Ceo electrophilic and specifically
dienophilic and making Ce a prototype candidate for [4+2] cycloaddition reactions.® '° Polycyclic

aromatic hydrocarbons were found to represent surprisingly suitable diene-components for
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functionalization of Cey by [4+2] cycloaddition reactions, such as anthracene, other

acenes,”>® and derivatives thereof.”” The experimental work on fullerene functionalization by

[4+2]-cycloaddition has been accompanied and guided by insightful theoretical studies.”®”'

Suitably functionalized fullerenes have found a wide range of applications as key components,*>”
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in photovoltaic devices, in artificial photosynthesis,”" ** drug delivery,”> * bio- and

42,43 32,44-49 50, 51

nanomedicine, in material science, and in self-healing polymers.

The molecular features of the fullerenes as polyunsaturated spherical carbon compounds have

attracted particular attention to the question and the opportunities of the synthesis of di- and multi-
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functionalized derivatives with high regio- and stereo-contro The unique symmetrical

structure of Cgp was recognized as a remarkable spherical carbon unit for sequential addition
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reactions and the creation of multi-adducts with exceptional architectures. The inherent

propensity for multiple [4+2]-cycloaddition reactions has also been observed in the reactions
between the fullerene Cyo and anthracenes, where not only mono-adducts were prepared,'® ! %2>

2793 put bis-adducts™ ©* and specific tris-adducts, as well.** " The kinetic and thermodynamic



driving forces for the formation of specific bis- and tris-adducts has become a much discussed
issue.® Thermolysis of crystalline mono-adduct of Cgy and anthracene has provided a strikingly
efficient means for achieving regio-specific 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 antipodal

bis-adduct as only a minor component.** "'

The (thermal) DA reaction has become a fundamental synthetic 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 critical classical

76-79

experimental and theoretical studies.”""” For typical hydrocarbons the two new C-C bonds formed
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by the DA reaction are made in a concerted and thermally reversible process.®”™ Quantum

chemical studies have fully verified these ‘basic rules’ of the thermal [4+2]-cycloaddition

chemistry.*"!

However, the spherical structure of the Cgp molecules results in a pyramidalization
of their unsaturated carbon centres, an early recognized relevant factor for further enhancing
reactivity in exohedral addition reactions.” °* The pyramidal nature of the unsaturated carbon
centers of Cgo pre-activates them for bonding interactions with unsaturated reaction partners at
their convex exo-face, **** decreasing the activation barrier in DA reactions.”* On the way to their
cycloaddition products, aromatic hydrocarbon first associate with Cg to a non-covalently bound
intermediate complex.”* ’* This activates towards reaching the transition state on the way to the
new C-C bonds. As pointed out by Osuna,”” non-covalent interactions govern the stability of
fullerenes and aromatic hydrocarbon intermediates, and an adequate description of these

5283 Recent studies with the

interactions in computational investigations has to be accounted for.
example of benzene and Cgg shed light on the interaction of a planar aromatic compound and a
curved fullerene surface,” which was shown to be different in nature from m-m stacking

interactions between two planes.

Regioselectivity of the DA cycloaddition with Cgp has also been a point of computational

. f o 58, 67, 95-98
mvestigations.™ 7

The group of Bickelhaupt and Sola suggested the addition to the so called
[6,6]-bond, to be preferred over the [5,6]-position, because of more favourable interactions

between the reactants in the transition state,”’ as was confirmed by decomposition of the electron



activity.*® The former argument was also put forward by Garcia-Rodeja et al. to rationalize the

regio-selectivity of bis-cycloaddition reactions to fullerenes.®

In the solid state, the regio-specific formation of the antipodal bis-adduct from the crystalline
mono-adduct of Cgo and anthracene was observed.’® This suggested a topochemically controlled
anthracene transfer between two pre-aligned mono-adducts, possibly taking place in a synchronous
fashion, as schematically shown in the lower panel B of Scheme 1.°° However, the detailed reaction
mechanism of this anthracene transfer was not established. In a most basic formal mechanism this
result would 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 an unprecedented direct one-step
reaction, where the transition state would represent a planar anthracene molecule interacting
similarly with both fullerenes, or via a synchronous two-step reaction, where in a retro-DA step an
intermediate is first formed that exhibits (non-)covalent interactions with both neighbouring
fullerene moieties, followed by an addition at the back of 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 computational 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.

Due to the size of the system and the lack of a high-resolution crystal structure, this solid-state
reaction was modelled in the gas phase. This approach is reasonable, since all reaction partners are
neutral and thus, long-range electrostatic interactions are expected to be minimal. We chose to
investigate the topochemically controlled regiospecific anthracene transfer by two model
reactions: Reaction A describes the transfer of one anthracene molecule from one Cg fullerene
mono-adduct to a 2™ Cg fullerene (Scheme 1, panel A), while reaction B describes the transfer of
one anthracene from one Cgo fullerene mono-adduct to another Cg fullerene-anthracene mono-
adduct, resulting in the creation of an antipodal bis-adduct (Scheme 1, panel B). Density Functional
Theory (DFT) calculations were performed to elucidate the reaction mechanism, not only from a
thermodynamic and kinetic point of view, but also in view of the non-covalent interactions present

between the reaction partners in each species.
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Scheme 1. Schematic Representation of investigated topochemically controlled anthracene

/

transfer reactions. Reaction A depicts the transfer of one anthracene molecule from one
Ceo:anthracene mono-adduct to a Ce fullerene. Both the product and the educt represent identical
structures. Reaction B depicts the anthracene transfer from one Cep:anthracene mono-adduct to

another, resulting in the creation of one trans antipodal bis- adduct and one Cg fullerene.

COMPUTATIONAL METHODOLOGY

As no high resolution X-ray crystal structures were available, the initial structures for the Ceo
fullerenes and Cgo:anthracene mono-adduct were set-up using Gaussview 4.1.2.°> All subsequent
structure optimizations and harmonic frequency calculations 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'*'"'** 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 =-
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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-optimized 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 accurate enough. To test the



effect of the density functional, single point calculations with B3LYP'?" 191011/ qef> TZVP/D3
were computed on the BP86/def2-SVP/D3 optimized structures too. To validate our chosen
methodology (density functional/basis set), we compared both structural parameters with known
experimental data. As to our knowledge, currently no crystal structure of the Cegp: anthracene
mono-adduct exists, we compare our calculated structures to the available experimental
Ceo:antracene bis-adducts (“edge” and “trans-4”) structures.”® Through the comparison with the
trans-3 and edge Cep: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°. As the initial reaction is in solid-state, involving no charged
species, no long-range interactions were expected, thus, modelling the reaction in gas phase is

adequate.

The correct stationary points were identified through harmonic frequency calculations, by
examining the eigenvalues of the hessian matrix corresponding to each structure. Minima show
only positive eigenvalues, while a transition state show exactly one imaginary eigenvalue and its

associated eigenvector corresponds to the reaction coordinate.

To obtain Gibbs free energies, zero-point energies and thermal corrections at 298.15K were
calculated via approximation of the partition function by the standard rigid rotator and harmonic
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 electronic energies.

The 2D potential energy surfaces (PES) scans were obtained by modifying the structure along the
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chosen degrees of freedom in Pymol, "~ then subsequently calculating single point energies of each

resulting structure. The resulting PES is visualized with Origin 2018b.'""

To highlight the non-covalent interactions, NCI plot was used,''> where the second eigenvalue of
the electron-density Hessian matrix, sign(A,)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(A;)p close to zero (depicted in green). Large negative values of
sign(A,)p are indicative of attractive interactions (depicted in blue), whereas large positive values

of sign(A,)p indicate non-bonding repulsive interactions (depicted in red).



All structures were visualized using Pymol,'"® except for those depicting non-covalent interactions,
gry 1Y Y g

which were displayed with VMD.'"”

RESULTS

Mechanism of the topochemically controlled regiospecific Cgy fullerene-anthracene transfer

reaction

Prior to investigating the Ceo fullerene-anthracene transfer reaction, we evaluated the reaction
energies associated with the formation of an isolated Cgp:anthracene mono-adduct, see Scheme 2
(panel A), for which we found a stabilizing energy of AE=-63.6 kJ mol™' and AG= 7.4 kJ mol™.
The formation of the complex 1 from the constituents yields an even larger energy gain of AE= -
123.7 kI mol™ and AG= 3.2 kJ mol™ (see panel B). Therefore the coordination of a 2" Cy fullerene
to the Cep:anthracene mono adduct to form 1, exerts a stabilizing effect of AE=-60.1 kJ mol ! and
a free reaction energy of AG=-4.2kJ mol™ (panel C). Similarly, aligning two Cgo:anthracene mono-
adducts, to form the complex 2, also results in a stabilization of AE=-58.5 kJ mol™” and AG=-7.8
kJ 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 C¢p:mono-adduct,

-60.1/-58.5 kJ mol™! vs. -63.6 kJ mol™.
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Scheme 2. Formation of the isolated Cegp:anthracene mono-adduct (A) from isolated Cgp and
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anthracene, formation of complex 1 (B) from two isolated Cgy molecules and anthracene,
interaction of Cgy with the Cgo:anthracene mono-adduct to form 1 (C), interaction of two
Ceo:anthracene mono-adducts to form 2 (D). Relative reaction free energies (AG) as well as relative
electronic energies (AE) are given in kJ mol' and were obtained with BP86/def2-TZVP/
D3//BP86/def2-SVP/D3.
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Figure 1. Reaction mechanism of the anthracene transfer (reaction A, see Scheme 1) from the
Ceo:anthracene mono-adduct ( see 1) to a neighboring Cg fullerene (see 1) in a two-step
synchronous Retro Diels-Alder and Diels-Alder Reaction via a stacked intermediate (INTwono).
Red values denote BP86/def2-TZVP/D3//BP86/def2-SVP/D3 relative electronic energies, green
values denote reaction free energies and blue values denote relative electronic energies computed

with B3LYP/def2-TZVP/D3//BP86/def2-SVP/D3. All values are in kJ mol™'.

The proposed reaction pathway for the anthracene transfer as modelled by reaction A (see Scheme
1) is depicted in Figure 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 free energies in green. For 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
favored, the most stable conformation of 1 was determined by a potential energy scan of the

rotation of the 2™ fullerene as depicted in the S.I. in Figure S12.
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In the initial reaction step, complex 1 undergoes a Retro-Diels-Alder type process, in which the
anthracene incompletely separates from the fullerene moiety. The transition state TS(1-INTwiono)
for this reaction step has a barrier of AE=79.4 kJ mol”', AG=62.8 kJ mol™' and AEg3;yp=94.7 kJ
mol™. The reaction then proceeds to reach a stable intermediate structure (INTgono). This energy
minimum structure is less stable than educt 1, by AE=21.8 kJ mol’! (AG=0.8kJ mol'l, and AEg3Lyp
=9.7 kJ mol"). Remarkably, the anthracene molecule lies completely flat between the two
fullerenes experiencing interactions with both sides. The reaction then continues in a mirrored
fashion, with a [4+2] cycloaddition step. The second transition state, TS(INTwmeno-1’), lies above
the intermediate state, with AE=57.6 kJ mol™', AG=62.0 kJ mol'l, and AEg31yp=85.0 kJ mol™,
exhibiting energy values identical to the reversed reaction to TS(1-INTwmoeno). The product
compound (1°) is chemically identical to the educt 1 (AE=0.0 kJ mol™"). Compared to BP86, for
B3LYP somewhat higher electronic energies were found. Nevertheless, both are in good

agreement with each other.
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Figure 2. Reaction pathway of the anthracene transfer between two mono-adducts (reaction B)

are depicted in red and green

Electronic and reaction free energies calculated with BP86/def2-TZVP/D3//BP86/def2-SVP/D3

respectively. Energies calculated with B3LYP/def2-
TZVP/D3//BP86/def2-SVP/D3 are shown in blue. The gray lines represent the free energy when

additional rotational entropy of the Cq is taken into account too. All values are in kJ mol™

In model reaction B (see also Scheme 2), structure 2, where two Cep:anthracene mono-adducts

are aligned, reacts exclusively to the antipodal trans-bis-adduct in complex with Cey (denoted as

3) undergoing a proposed mechanism as depicted in Figure 2

Similar as in reaction A, the mechanism starts with an incomplete dissociation of one anthracene

molecule in 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 kJ mol’'
_ -1

(AG=64.5 kI mol™" and AEg;3;yp=94.3 kJ mol™") was found, being very similar to the corresponding
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energy barrier in reaction A. The intermediate (INTg;s) has a relative electronic energy AE=19.1
kJ mol! (AEB3Lyp=9.5 kJ mol'l) and a free energy of AG=2.8 kJ mol'l, indicating the stabilizing
effect of the neighboring fullerenes on the anthracene. INTp;s then reaches a 2" transition state
TS(INTg;-3) with a relative energy of AE=84.7 kJ mol™, a relative free energy of AG=72.0 kJ
mol! (AEg3Lyp=110.0 kJ mol'l) en route to forming the antipodal bisadduct in complex with Ceo ,
denoted as 3. The 2™ transition state is less favorable than TS(2-INTg;), but the barrier is with
AE=65.6 kI mol™ (AG=69.2 kJ mol"' AEg3yp=100.4 kJ mol™) slightly lower due to the higher
energy of INTp;s. In the initial calculations, the formed antipodal Ceo:anthracenes bis-adduct in
complex with Cg (3) is with a relative electronic energy of 7.9 kJ mol™ (AG=7.2 kJ mol™ and
AEg31vp=7.6 kJ mol") thermodynamically slightly less favored than 2. However, as shown by low
barrier to rotation of the C¢p moiety in 1 (see Figure S12), a hindered rotation of Cgp in INTHpjs,
TS(INTsgis-3) and 3 can be anticipated, resulting in additional rotational entropy, which lowers the

total free energy by about 38-39 kJ mol™ for each of these structures.

To further analyze the reaction, we used the distortion interaction model/activation strain model
independently developed by Houk and Bickelhaupt™ ''® ''® to characterize 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 intend to quantify the effects of the deformations exerted by the weaker, non-covalent
interactions and to characterize the planar anthracene molecule in the intermediate structures. In
our distortion interaction analysis along the reaction coordinate, the interactions on both sides of
the anthracene were considered by taking the unperturbed fullerene and anthracene molecule as

reference structures.

Table 1. Distortion-Interaction energies for reaction A. AEceo per. represents the total energy
difference of the two fullerenes, when compared with a reference structure represented by two
fullerenes and one anthracene which are infinitely separated; AEanthracene Def T€presents the total
energy difference of the anthracene, when compared with a reference structure — free molecule;

AErotal per represents the sum of all deformation energies; AErowm me represents the difference
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between the electronic energy and the total deformation; AEgjectonic represents the electronic

energy of the structure with reference to isolated Cg fullerene and anthracene molecules.

Structure 1 TS(1-INTyono) INTyone  TS(INTyone-17) 1
AEcg0 per. 174.3 48.4 18.5 48.4 174.3
AE pnthracene Def. 306.8 86.0 32 86.0 306.8
AE 1ota1 pet. 481.1 134.4 21.7 134.4 481.1
AE totai nt. -583.6 -157.6 -102.4 -157.6 -583.6
AEgiectronic -102.5 -23.1 -80.7 -23.1 -102.5

When looking at the deformation energies for the Ceo fullerene along the reaction coordinate of
reaction A as listed in Table 1, a maximum of AEcg pet =174.3 kJ mol™ was found in 1 and 1°,
decreasing to 48.4 kJ mol™ in the transition states and reaching a minimum in the intermediate
INThono. A mere deformation of AEceper =18.5 kJ mol™ indicate that the structure is close to that
of an unperturbed Cg fullerene. The same trend was observed for the deformation of anthracene.
Of course, the strong deformations of bound anthracene are alleviated upon reaching the TS.
However remarkably, INTwono has a very small anthracene deformation energy of only AE anthracene
per=3.2 kJ mol™, indicating that the anthracene is stabilized almost at its ideal gas phase geometry.
The total deformation energy is, therefore, by far the smallest in INTyjono (in total: 21.7 kJ mol™).
In comparison to the other species, the stability of the INTwmeno 1S thus mainly govern by minimal
distortion because its interaction energy AErow me 1S significantly smaller than in all other
structures. Still, this unique interplay of distortion and interaction results in a striking stabilization
of INTeno in unprecedented ‘inverted sandwich’ structure with AEgecronec =-80.7 kJ mol', when

assembled from two fullerenes and an anthracene.

14



Structure and electronic properties of the intermediate INT yiono

To shed light on the nature of the unprecedented intermediates, INTwmono and INTgis, where the
anthracene lies almost perfectly planar between the two curved fullerenes, potential energy
surfaces as well as non-covalent interactions were investigated.

Two 2D potential energy surface scans were performed at the example of INTwmono, See Figure
3. On the left-hand side (A.), the PES for the displacement of the left C¢ 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 potential energy surface is rather flat allowing for a wide range of motion of the
anthracene and fullerene without significant increase in energy. For example, given an energy
increase up to 10.0 kJ mol™, the fullerene can rotate by ~80° and can be displaced along the y-axis
by +0.4 A (Figure 3A.). Despite being rather flat, the energy minimum — 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 tilted, i.e., rotated
around the z-axis by 8° and the two fullerenes are oriented with their center of mass above and
below the xz-plane (see Figure 3). Consequently, this inverted sandwich stabilization of the
anthracene by the two neighbouring fullerenes is the orientation, where (non-covalent) interactions
are most favourable. While the attractive dispersion corrections become more favourable when the
anthracene-fullerene distance is minimized (see x-axis in the dispersion energy surface shown in
Figure 3C), it can also be seen that dispersive interactions depend on the rotation of the fullerene
(see y-axis in Figure 3C).

We also tested replacement of anthracene by smaller rings such as naphthalene and benzene in
INTmono. Both, naphthalene 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 Figure S15 S.I.).

15



Energy in kd/mol Energy in kJ/mol
250

&

20.0

8

15.0

o
o

2 100

o

0

Anthracene X axis rotation in ©

Y
o«

50

Cg, fullerene X axis rotation in ©

-20 ‘ 30
- 0.0
08 06 04 02 00 02 04 086 4 6 4 2 0 2 4 8
Cy fullerene Y axis displacement in A Anthracene Z axis rotation in °
Energy in kJ/mol

100

C.

Cg, fullerene X axis rotation in ©

08 -06 04 02 00 02 04 06
Cg, fullerene Y axis displacement in A

Figure 3. 2D potential energy surfaces scans of the intermediate INTnono. A. The Cgy 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 INTwmono, 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 INTwmono, 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.
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To further elucidate the interactions between the anthracene and their two neighbouring fullerenes,

the non-covalent interactions were visualized using NCIPlot as depicted in Figure 4.''> '

Here,
the electronic density is examined as a function of an isosurface of the reduced gradient, thus
allowing for a quantitative assessment on the non-covalent interactions. Red areas in Figure 4
denote strong repulsive interaction, whereas green denote weakly attractive regions, typical for
van der Waals interactions or dispersive interactions. These are found between the upper and
middle Ce-ring of anthracene and the closest Ce-ring of the left fullerene as well as between the
middle and lower Cq-ring of anthracene and the closest Cq.ring of the right fullerene, showing

symmetric -t double decker interactions in this ‘inverted sandwich’ structure.

Figure 4. Interactions between the Cgy fullerenes and the anthracene molecule in the INTmeno
structure, plotted as an isosurface of the reduced density gradient s. Left: side view of INTmeno;
Right: Transversal view of INTweno. An isosurface of s=0.3 a.u. is depicted and the colors from

blue to red correspond to sign(A,)p, values from -0.1 to 0.1 a.u.

Characterization of transition states

To evaluate the effect of a second fullerene or Cgp:anthracene on the transition state for the
cycloaddition or cycloreversion, we analyzed the structural and electronic effects in the obtained
transition states TS(INTgis-3), TS(2-INThg;s), and TS(1-INTwmene) and compared them to a number

of Cgo:arene cycloaddition/cycloreversion transition states.
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TSNaphtaIene TSBenzene TSButadiene

Figure 5. Comparison of various transition state structures: TS(INTgis-3), TS(2-INTp;s), and
TS(1-INTwmono) as previously discussed; TSmonoadduct denotes the TS to the formation of the
Ceo:anthracene monoadduct, TSnaphtatene and TSgenzene denote the TS to the formation of the
Cso:naphthalene and Csp:benzene monoadducts, whereas TSgutadiene denotes the TS for the reaction
of butadiene with Cg. Numbering of structures according to IUPAC. Structures were fully

optimized with BP86/def2-SVP/D3.
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Table 2. Relevant structural parameters of different transition states involved in Ce
functionalization. Distances are given in A, angles, and dihedrals in °. AEgymier represents the
energy barrier between the noncovalently bound intermediate (see Figure S16 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.

TS(INTgs- TS(2- TS(1-
Structure TSmonoadduct ~ TSNaphtatene TSgenzene  TSButadiene
3) INTgis) INTwmono)
Bond Lengths
C1-C10' 2.180 2.185 2.184 2.156 2.097 2.014 2.883
C9-CY’ 2.155 2.170 2.172 2.156 2.043 2.014 2.884
Cl1-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
ClOR-CLO-C 10 g 147.8 148.4 148.6 144.9 1430 -
C9'a
AEgarvier 65.6 57.7 57.6 62.4 100.9 128.1 30.5

Most notable differences in the transition states can be seen in the C1-C10’ and C9-C9’ bond
lengths. With TSgutadiene being a somewhat different case due to the absence of an aromatic ring,

it can be seen the C1-C10’ and the C9-C9’ bond lengths increase with increasing ring size and
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further increases in the presence of a 2™ fullerene. In addition, the transition states become more
asymmetric in TS(1-INTwmono)s TS(2-INTpgis) and TS(INTgi-3). As the TS of the mono-adduct
and of the antipodal bis-adduct (see S.I. Figure S7) are almost perfectly symmetric, this asymmetry
likely arises due to interaction 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 Figure S16 for structures), it can be seen than TS(1-INTweno) and TS(2-INThp;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™), once more hinting towards the contribution of the 2" fullerene in this
reaction. The formation of the bis-adduct in TS(INTp;s-3) has a higher energy barrier with AEgarier
= 65.6 kJ mol ' as expected and very similar to that of the antipodal bis-adduct (67.2 kJ mol’’, see
S. I. Table S2), slightly surpassing the activation energy necessitated by the formation of the
Co:anthracene mono-adduct at AEpie=62.4 kJ mol "', The energy barrier for the formation of
mono-adducts increases as the diene gets smaller, AEgamier = 100.9 kJ mol " for TSaphtatene 128.1
kJ mol™ for TShenzene, With the notable exception of TSputadicne, Where the energy is the lowest out
of all investigated transition states, at only 30.5 kJ mol ™.

: . . . 93, 118, 119
We also performed a distortion-interaction analysis™™ ™

on the transition states depicted in
Figure 5, for details see illustration in Figure S13 in the Supporting Information. It can be seen
from Table 3, that the total deformation energy is smallest (115.9 and 113.6 kJ mol™) for the two
transition states TS(2-INTgis) and TS(1-INTwono), 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 kJ mol™ as well as when reducing the size of the added molecule. Thus,
it reaches 159.2 kJ mol™ naphthalene for and 186.6 kJ mol™ for benzene. Butadiene, requires a
minimal amount of deformation energy compared to the other transition states, with a total of 67.7
kJ mol™". The interaction energy of the transfer reactions is consistent amongst all transition states
involving aromatic hydrocarbons showing little variation, with TS(INTgis-3) having the least
favorable energy, -52.4 kJ mol™', and TS(2-INTg;) the most favorable one, at -58.3 kJ mol”'. The
deformation energy largely correlates with the barrier height with the exception of TS(INTgis-3),
where the less favorable interaction energy and higher Cey deformation energy can be considered

the cause for the high transition-state energy.
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Table 3. Distortion-Interaction energies for the transition states depicted in Figure 5. AEceo per
represents the deformation energy of the fullerene/Cgo:anthracene monoadduct, when compared
with the corresponding intermediate Ceo fullerene/ Cep:anthracene monoadduct structure; AEpiene
pet. Tepresents the total energy difference of the diene, when compared with the corresponding
intermediate structure molecule; AEro per represents the sum of all deformation energies; AEtoal
mte. represents the difference between the barrier energy and the total deformation; AEgarier
represents the electronic energy difference between the transition state and the corresponding

intermediate structure.

Structure TS(INTBls'3) TS(Z-INTBIS) TS(I'INTMono) TSMonoadduct TSNaphtalene TSBenzene TSButadiene

AE c60 pet. 32.8 325 30.8 349 45.2 533 17.6

AEpiene Det. 85.2 83.5 82.8 84.3 114.0 1334 50.1

AE 1ota1 per. 118.0 115.9 113.6 119.2 159.2 186.6 67.7

AE1otal Int. -52.4 -58.3 -56.0 -56.8 -58.3 -58.3 -37.2

AEgarrier 65.6 57.7 57.6 62.4 100.9 128.3 30.5
DISCUSSION

Reaction mechanism

Both investigated reaction A and B (see Scheme 1) follow a synchronous two-step retro DA/DA
sequence, where the anthracene incompletely dissociates and is trapped between to fullerenes
during the entire reaction to yield a regiospecific di-functionalization.

The starting point of reaction A is represented by a stabilized complex, 1, consisting of a Cg
fullerene and a Cgo:anthracene mono-adduct. The interactions between the mono-adduct and the
fullerene, while being favorable, allow for a large rotational movement of the C¢ fullerene as the

potential energy surface is very shallow. This indicates that a pre-alignment in the first reaction
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step is not immanent to the structures, but facilitated due to the confined arrangement of molecules
in the solid state.

By comparing the transition states of reactions A and B, TS(INTgis-3), TS(2-INThg;s), and TS(1-
INTwono), With several transition states for Cgo:acene-mono-adduct formation the effects of the ond
fullerene becomes apparent: (I) It elongates C1-C10° and C9-C9’ bond and also induced a
difference in the two bond lengths resulting in more asymmetric the transition states. Most likely
this effect arises because the 2™ fullerene is located off center the anthracene-fullerene axis but
whether this is a result of the gas phase calculation and whether this also pertains the solid state
remains speculative. (II) Its presence decreases the transition-barrier height mostly by decreasing
the deformation.

Energetics. The transition states TS(1-INTwiono) and TS(INTwono-1) are mirror images of each
other with an energy barriers of AG= ~ 60 kJ 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

25, 106

significantly higher barrier emphasizing once more the effect of the 2™ fullerene.

The reaction rates and the half-life can be calculated using the Eyring equation:

. AG

k — KkBT . e_ﬁ (1)
In2

tipg == (2)

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

At room temperature, for reaction A reaction rate of 6.2 x 10' s is obtained (#,,=1.1 x 107s),
while heated up to 180C the reaction rate increases to k=5.4 x10° s (#;,=1.3 x 10”s). Similar
values are found for reaction B, k=4.8 s (t,,=1.5 x 10" s) at room temperature and k=1.0 x10’ s~
' (11,=6.9 x 10”s) at 180°C. This agrees with the experimentally observed fast reaction at elevated
temperatures and shows that the reaction model is indeed plausible.'*’

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
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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 Cgo fullerene. This
argument holds not only for 3 but also for INTg;s and TS(INTgis-3), whereas rotation is expected
to be hindered in 2, due to crystal packing, and in TS(2-INTgis), where the fullerene still interacts
with the anthracene.

If we assume the Cg fullerene to be freely rotating, the additional rotational entropy lowers AG
of INTgis, TS(INTg;s-3), and 3 by max. 38-39 kJ mol™ making it thermodynamically favored.
However, this is an upper limit for an unhindered rotation and the actual value is expected to be
smaller. In any case, the correction to the standard model makes 3 the thermodynamically favored
product of reaction B. Of course, this also holds for reaction A, but the effect is symmetric and

does not affect the relative energy difference between the structures.

Regiospecificity. In the experimental solid-state reaction, exclusively the formation of the anti-

podal bis-adduct and free C¢ fullerene was observed. However, when comparing all possible bis-
adducts as listed in Table S3 in the Supporting Information, the trans-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™ fullerene, the antipodal bis-adduct would not be
thermodynamically favored. This provides strong evidence that a prealignment of Cgo:anthracene
monomers in the crystal structure and an incomplete dissociation of the anthracene in a
synchronous coupled retro DA/DA reaction facilitates the observed topochemically controlled

regiospecific anti-podal bisfunctionalization.

The planar intermediate INTyono With double decker n-r stacking interactions

INTwmono represents an unprecedented case of non-covalent n-m-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 noncovalently bound intermediate with Cg as depicted in
Figure S17. The deformation of the anthracene can be characterized by the bowl depth — calculated
according to Ref. '*' —amounts to 0.14 A. Such a deformation is also observed for other acenes.'*

In the presence of a 2" Cy fullerene as in INTyjono and INTg; the bowl depth becomes 0.00 A.
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The anthracene is almost perfectly planar with minimal distortion from the gas phase geometry, as
also evident from the distortion interaction investigations along the reaction coordinate, where for
in INTyene @ minimal distortion of anthracene was found (3.2 kJ mol'l). Thus, the alignment with
the two fullerenes stabilizes a planar structure and counteract the tendency of a large aromatic
hydrocarbons to slightly bend towards Ce surfaces.

Further analyzing the interactions between the Cgo:anthracene and the 2" fullerene (1, TS(1-
INTMono), INTmono), We see that the calculated the bowl dep‘[h121 of anthracene correlates with the
stabilization energy: INTyono (anthracene bowl depth of 0.00 A) has the smallest stabilization
energy (-51.9 kJ mol™), but it gets more favorable for TS(1-INTyone), With a bowl depths of
anthracene of 0.88 A and interaction energy of -57.8 kJ mol”, and it is most pronounced in 1,
where the interaction stabilizes the complex by -60.1 kJ mol™, while having a bowl depth of 1.63
A. This is in line with previous studies, where the bowl depth of hexabenzocorones was found to
correlate with Cgo 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 favorable dispersive interactions. This is very different from the position of
one anthracene (naphthalene or benzene) molecule interacting with a single Cgo fullerene. In the
case of a single fullerene, the anthracene is aligned directly on top of the bond-to-be-formed, along

19122 When a second fullerene is added,

the common edge formed by two C6 rings on the fullerene.
the simultaneous double decker n-r stacking interactions induce a rearranging of the anthracene
to stack the 6-membered carbon ring of one Ce on its upper ring and of the 2" Cy fullerene on
the lower ring. In contrast, if two benzene molecules are stacked in parallel, the two rings are
slightly shifted so that on carbon atom stands over the center of the second benzene molecule.'>
In addition, the presented intermediate INTygono shows with 3.06 A shorter -m stacking distances
between anthracene and each fullerene (compare also with Ref. '**) as found in planar rt-r stacking

structures, for example in benzene dimers the distance between the two faces is 3.8 A .'*

CONCLUSION
The reaction mechanism of the experimentally observed topochemically controlled regiospecific
reaction of two Cgo:anthracene mono-adducts to form the antipodal Cgp:anthracene bis-adduct in

complex with Cg was critically analyzed by a quantum chemical investigation. According to this
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study the anthracene transfer proceeds via a synchronous two-step retro Diels-Alder/Diels Alder
type process, yielding 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
partial cycloreversion to form anthracene sandwiched intermediates, either in the form of INTwono
or as INTp;s. The presence of the second fullerene not only lowers the activation energies but also
stabilizes the intermediates.

Given that in experiment only the formation of Cg and the antipodal bis-adduct occurs, despite
the latter being the thermodynamically least stable of all Cgo: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 Cgp multi-functionalization.

The intermediate structures INTwyono and INTg;s present a central point of interest, as it is to the
best of our knowledge a first example of a perfectly planar molecule, trapped between equal and
opposing nt-w stacking interactions with ‘curved’ fullerenes. This does not only shed more light on
the nature of m-r stacking interactions between a planar and (two) curved surfaces, but it is the first
example of a double decker type of n-m stacking in an ‘inverted sandwich’, which could open up

new possibilities in designing functional fullerene based materials.
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