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One-electron reduction of bowl-shaped indenocorannulene, CyH;,, with Rb metal in THF affords [{Rb*(18-crown-6)},(CyH1—

Cy6H12)?7]-4THF, as confirmed by single-crystal X-ray diffraction. The product consists of a dimeric o-bonded dianion (C-C,
1.568(7) A) having two endo-n® coordinated {Rb*(18-crown-6)} moieties (Rb—C, 3.272(4)-3.561(4) A). The (CpeH1~CaeH12)*
dimer represents the first crystallographically confirmed example of spontaneous coupling for indenocorannulene

monoanion radicals, C,Hi,~. Comprehensive theoretical investigation of the new dimer confirms the single o-bond

character of the linker and reveals a significant increase of both thermodynamic and kinetic stability of [0-(CsH1,),]% in

comparison with analogues formed by such r-bowls as corannulene and its dibenzo-derivative. The in-depth computational

analysis and direct comparison of the series demonstrates the effect of curvature on radical coupling processes, allowing

control over stability and reactivity of bowl-shaped r-radicals.

Introduction

Studies of stability, reactivity, and coupling of planar and curved
organic radicals attract significant attention due to fundamental
importance!® and potential practical applications.>®
Spontaneous dimerization of mr-radicals can proceed through
two distinctive interaction modes, namely o- or rt-bonding.” In
addition, examples of fluxional behavior between o- or m-
bonded isomers have been reported.?1° Full understanding and
control of these processes are important for such diverse areas
as mechanistic and synthetic organic chemistry,'1"13 structural
and materials chemistry,'#18 magnetism and conductivity of
organic and hybrid solids.’®?! For non-planar m-radicals,
multiple X-ray crystallographic examples of dimeric products
formed by the ball-shaped Cgo-fullerene have been reported to
reveal the formation of a single covalent C—C bond connector
between two fullerene-cages.???® In contrast, the radical
coupling processes of curved polycyclic aromatic hydrocarbons
(PAHSs), representing fragments of the Cgo-fullerene,?’-2° have
been mainly investigated in solution.3%32 As revealed
spectroscopically, negatively charged bowl-shaped PAHs can
undergo complex dimerization and self-assembly processes
that are topology and charge-dependent.3%33 In recent years,
this chemistry has been moved from solution to the solid-state
to allow X-ray crystallographic characterization of the products.
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The structures of remarkable sandwich-type supramolecular
aggregates have been reported for the highly-negatively
charged bowl-shaped corannulene3*4! with unique coupling
pathways observed for corannulene trianions.3® Upon one-
electron addition, corannulene (CyHi9, 1) was shown to
undergo spontaneous dimerization to afford a dianionic o-
bonded dimer, namely [0-(CooH10)2]2".#2 A similar dimerization
pathway has been also observed for dibenzo[a,g]corannulene
(CogH1a, 2).%3 Comprehensive structural and computational
investigation of the dimeric products formed by two bowl-
shaped radicals of 1 and 2 revealed their thermodynamic
instability with respect to decomposition into parent
monomeric radicals. However, the high energy barrier for
passing through a spin-crossing point during this process
allowed the kinetic persistence of both dimers of 1 and 2. A
direct comparison of coupling processes for fullerenes and two
shallow bowl-shaped fullerene fragments pointed to the
possible effect of curvature on the stability of non-planar -
radicals. As the degree of curvature imposed on bowl-shaped -
systems can be effectively modulated through molecular
geometry design,**4¢ r-bowls offer a unique opportunity for
systematic investigation of the effects of size, symmetry and
strain on radical coupling processes.

In this work, we selected a m-bowl with increased curvature
compared to corannulene, namely
indenocorannulene (CysH1,, 3, Scheme 1). We investigated the
rubidium-induced chemical reduction of 3 in THF and
successfully isolated the product of one-electron reduction
step. The first product based on the coupling of two 3~ radicals
has been crystallographically and  spectroscopically
characterized, followed by a comprehensive theoretical analysis
of its electronic structure, thermodynamic and kinetic stability.

and strain
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Scheme 1 Depiction of indenocorannulene (3) along with the bowl

depth calculation.

Results and discussion
Chemical reduction of 3

The synthesis of indenocorannulene, Cy¢Hi, (3), has been
reported back in 2001.4” The X-ray crystal structural
characterization of 3 has confirmed its increased bowl depth of
1.065(4) A%546 ys. that of corannulene (0.875(2) A).%8 Chemical
reduction of 3 has been first investigated by Scott and
Rabinovitz in solution, using a combination of spectroscopic
methods.3® These studies demonstrated very rich redox
chemistry of 3 coupled with complex dimerization and
supramolecular aggregation processes that the negatively-
charged indenocorannulene can undergo in solution. The only
prior example of metal complexation for 3 has revealed an
increasing bowl curvature from direct metal binding.*® Despite
these intriguing observations, no crystallographically confirmed
examples stemming from the electron-transfer processes of 3
have been reported to date.

In this work, the chemical reduction of 3 has been carried
out with rubidium metal in THF at room temperature. Short
reaction time (ca. 1 h) and the addition of 18-crown-6 ether
have been used to facilitate crystallization of the monoreduced
state of 3. Slow diffusion of hexanes into a reaction solution
allowed the isolation of brown crystals of good quality.

Crystallographic characterization of 4

The X-ray diffraction characterization of the above crystals
(See the Supporting Information for more details) revealed the
formation of  [{Rb*(18-crown-6)},(CysH12—CyeH12)%7] (4),
crystallized with four THF molecules as 4-4THF.

In the crystal structure of 4, the dimeric dianion is
centrosymmetric with only a half of its core being
crystallographically independent (Fig. S10). Two cationic
{Rb*(18-crown-6)} moieties coordinate to the concave surfaces
of the dimer (Fig. 1), with four interstitial THF molecules filling
the voids (Fig. S11). Specifically, the Rb* ions bind to the six-
membered ring of the indenyl group in an asymmetric endo-n®-
fashion, with the Rb---C distances spanning over 3.272(4)-
3.561(4) A (Fig. $12). The coordination environment of each Rb*
ion is completed by an axially bound 18-crown-6 ether (Rb-:-O,
2.832(2)-2.980(3) A). All Rb--C and Rb--O distances are
comparable to those reported previously.>®>> Some additional
intramolecular C—H---t contacts are found between the 18-

2| J. Name., 2012, 00, 1-3

Fig. 1 Crystal structure of 4, ball-and-stick and space-filling models.

crown-6 ether and the concave bowl cavity of the dimeric
dianion, spanning a broad range of 2.598-3.053 A. In the solid
state structure of 4 (Fig. S13), intermolecular C-H--;t
interactions (2.560(5)-2.722(5) A) between the convex bowl
faces of the dianions and the adjacent 18-crown-6 ether
moieties are responsible for the formation of a 2D layer. No
significant interactions are found between the adjacent layers.

In the centrosymmetric (CyH1,—Cy6H12)?~ dimer, the C-C
bond length of the linker at 1.556(5) A and average bond angle
of 109.5(3)° are indicative of the formation of a single C—C bond
and the sp3-hybridization of the C16 atom at the connecting site
(Table 1). In comparison to the neutral parent, the hub
(1.410(5)-1.433(5) A) and rim (1.375(6)-1.545(5) A) C—C bonds
of the mono-reduced indenocorannulene bowl in 4 are slightly
elongated. In contrast, the C—C bonds of the indenyl group are
slightly shortened (1.371(5)-1.450(5) A in 4 vs. 1.383(4)-
1.498(4) A in 3, Table 2). Interestingly, the depth of the
corannulene bowl (1.029(5) A) in the dimer in 4 is slightly
reduced compared to that in the neutral indenocorannulene
(1.065(4) A).4>

Following the bowl! depth alteration, the POAV calculations
were also used to describe the change of pyramidalization for
each C-atom upon one-electron acquisition and dimerization
processes (Tables 3, S2). In the neutral bowl, the highest value
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Table 1 Selected C-C bond length distances (&) and angles (°) in
Cy6H1> (3) and the dimer in 4 along with a labelling scheme.

CaeH12% [0-(Ca6H12)2]*
Cl6-Ci16’ - 1.568(7)
Bond
. C15-Cl6 1.460(4) 1.554(5)
Distance
C16-C17 1.385(4) 1.545(5)
Bond C15-Cl6-C16’ - 109.5(3)
on
Angl C15-C16-C17 120.3(4) 109.4(3)
ngle
& Cl6'-C16-C17 - 112.9(4)

This journal is © The Royal Society of Chemistry 20xx
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of POAV angle was found at C22 (11.42°) of the central five-
membered ring. Notably, the POAV value of C22 has increased
to 13.24° in the dianionic dimer. However, the most
pyramidalized carbon site in the (CysH1,—Cy6H15)? dimer is the
sp3-hybridized C16-atom, with a POAV angle of 18.31°. Except
for C16 and C22, the remaining C-atoms become less
pyramidalized in 4 than those in the neutral parent, which is
consistent with the observed decrease of the bowl! depth in the
dimer.

A similar dimerization pathway has been recently observed
for the monoreduced corannulene (CyHi0)** and
dibenzo[a,g]corannulene (C,gH14)*® affording the products of
the corresponding dianionic dimers in the solid state. The C—C
bond length of the linker and bond angles at the connecting site
in 4 are close to those in the [0-(CyoH10)2]%~ and [0-(CygH14)5]%
dimers (Tables 4, S3).

Although geometric parameters of the dimeric products
show close match, the solution behavior is different. Both the
[0-(C50H10)2]?~ and [0-(CygH14),]>~ dimers were found to fall apart
in solution.#?*3 In contrast, the 'H NMR spectroscopic data of 4
demonstrate the persistence of the new dimer in solution at
room temperature (Figs. S3, S4), and even upon heating (Fig.
S7). Specifically, the proton (H16) bound to the sp3 hybridized
C16 atom is largely shielded with the signal shifted to 5.75 ppm
compared to that in neutral 3 (7.74 ppm, Fig. S5). Except for the
protons on C2 and C5 atoms (See Table S2 for numbering), the
remaining 'H NMR signals of [0-(C,sH1,),]?~ are up-field shifted,
stemming from the charge distribution rearrangement during
reduction and dimerization. Notably, the NMR data for the
dissolved crystals of 4 are consistent with the previous in situ
NMR solution study of the K-induced indenocorannulene
reduction.3° Moreover, the 'H NMR signal shifts calculated in
this work (Fig. S18) show close match with experimental values.
Finally, it should be pointed out that the (C,6H1,—Cy6H15)>~ dimer
can dissociate and re-oxidize back to neutral 3, as confirmed by
1H NMR upon quenching with air (Fig. S8).

Table 4 Key distances (A) and angles (°) for the series of dimers.
27

[0-(CooH10)2)*  [0-(CogH1a)o]*™  [0-(CaeH12)a]*

c-C
distances 1.588(5) 1.559(8) 1.568(7)
Average
bond angle 111.1(1) 110.4(1) 109.5(3)
Bowl depth 0.906(5) 0.891(9) 1.029(5)
Torsion angle 180(1) 172.91(1) 18003
a—b—c
Dihedral
angle ZA/B 0(1) 4.98(1) 0(3)

This journal is © The Royal Society of Chemistry 20xx
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Another confirmation of existence of the dimeric species in
solution comes from UV-Vis spectroscopic study of target
systems. The nature of characteristic transition at 764 nm (Fig.
S2) was further clarified through theoretical TD-DFT calculations
(see ESI for more details), which exhibited an excellent
agreement (761 nm, Fig. S19) with the above experimental
value. This band is described by a HOMO-LUMO transition (Fig.
S21). The HOMO corresponds to the o-bonding between two
bowl-shaped fragments, whereas the LUMO is a purely
delocalized m-orbital of the polyaromatic unit. Expectedly, such
transition is absent in both calculated and experimental UV-Vis
spectra of the neutral indenocorannulene. Moreover, the same
transition computed for an isolated dianionic dimer (without
directly interacting with Rb* cations) showed a significant shift
to 799 nm. Thus, UV-Vis spectroscopy not only provides a clear
evidence of existence of the dimeric species in solution, but also
points out to the formation of contact-ion pars rather than
solvent-separated ones.

For the next step, in order to quantify the stability and
energetics of the new dimeric product, we turned to its
comprehensive theoretical investigation.

Theoretical analysis

Indenocorannulene monoanion radical, CygH;,~ Prior to
theoretical description of the new dimer, we have analyzed the
parent monoanion, CysHi,~, with a special focus on how the
alkali metal coordination (with and without extra ligand)
influences the geometry and electronic structure of this bowl-
shaped radical. The optimized geometries and 3D spin density
distribution of C,¢H1,~ are shown in Fig. 2.

An addition of one electron to indenocorannulene results in
a small but notable decrease of the bowl depth from 1.077 A in
neutral parent to 1.046 A in the monoreduced state of 3. This is
in perfect agreement with the previously reported trend of
flattening of bowl-shaped polyarenes upon addition of
electrons.”® Interestingly, complexation of the Cy¢Hi,~ ligand
with Rb* to form a contact-ion pair (CIP) is accompanied by an
increase of the bowl depth of CygHi,~ to 1.084 A. However, a
subsequent addition of a strong donor,

(18C6), to the coordination environment of Rb* reverses the

18-crown-6 ether

+18C6

[Rb'(C,.H,,)'] =

|{Rh (182:61}10%1-[]2]]

:cmHu‘J gbl
r*'##

Fig. 2 Spin density distribution (isosurface 0,0035 a.u.) in
indenocorannulene radical-based (PBEO/cc-
pVTZ(C,H,0)//def2-TZVP(Cs)).

systems

J. Name., 2013, 00, 1-3 | 3
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Table 2 Key C—C bond length distances and bowl! depth (A) in C;6H1,
and [0-(Cy6H12)2]%

CyeH1% [0-(Ca6H12)2)*
Hub 1.404(4)—1.424(4) 1.410(5)-1.433(5)
Rim 1.372(4)-1.385(4) 1.375(5)-1.545(5)
Spoke 1.356(4)-1.397(4) 1.370(5)-1.399(5)
Flank 1.429(3)-1.460(3) 1.390(5)-1.554(5)

1.383(4)-1.498(4)
1.065(4)

1.371(5)-1.450(5)
1.029(5)

Indenyl group
Bowl depth

Table 3 Selected average p-orbital axis vector (POAV) angles (°) in
Cy6H12 and [0-(CagH12)0]%

POAV CasH1® [0-(CoeH12)2]> 4
C15 4.70 2.29 -2.41
Cie6 3.44 18.31 14.87
Cc17 4.97 351 -1.46
Cc21 6.68 6.54 -0.14
C22 11.15 13.24 2.09
Cc23 9.82 9.34 -0.48

trend back to a reduced bowl depth (1.021 A), which agrees well
with the experimental value (Table 2). The detected difference
between the complexes of Cy¢H;,~ with the naked Rb* and
complexed {Rb*(18C6)} cations can be attributed to significant
changes in their geometries, as illustrated in Fig. 2. While in
[Rb*(Cy6H127)], @ symmetrical metal ion placement inside the
bowl is observed, the [{Rb*(18C6)}(CsH127)] complex shows a
clear shift in binding towards the indeno-site of the ligand (Fig.
2). This could be indicative of a strong network of C—H---;r
interactions between the crown ether and the negatively
charged CysHi,~ anion, which stabilizes a specific geometrical
configuration. Indeed, multiple C—H---it interactions have been
detected in the X-ray crystal structure of 4.

Despite the difference observed in geometry of
[Rb*(CyeH127)] and [{Rb*(18C6)}(CysH1,7)], the localization of
unpaired electron was found to be exactly the same for both, as
evidenced by spin density distribution (Fig. 2). Such a minimal
influence of the counter ion (with and without a spectator
ligand) on spin density distribution over the polyaromatic core
has been observed earlier.5” Compared to the highly symmetric
CyoH10~ bowl,*2 fusion of the indeno-group to the corannulene

Fig. 3 Redistribution of negative charge over m-surface during radical
coupling, as illustrated by MEP maps of CyHi, ~ (left) and [o-

(C25H12)2]27 (rlght) (PBEO/CC‘pVTZ).

4| J. Name., 2012, 00, 1-3

200 250 300 350 400 450 500 550
u, degree
Fig. 4 Potential energy profile for the rotation of indenocorannulene
fragments in [0-(Cy6H12),]?~ around the C—C’ linker (PBEO/cc-pVTZ).

core causes a significant redistribution of the spin density in
Cy6H1>~ with its notable localization at the junction between the
two fused parts. Specifically, the highest spin value is found at
the rim site adjacent to the junction. This observation
unambiguously explains the subsequent dimerization process,
which occurs exclusively at this specific C-atom with the highest
spin population, as confirmed crystallographically in 4. This also
supports the idea of an artificially created spin center (carbon
atom carrying the largest spin) that was successfully utilized in
the design of the first dianionic dimer using
dibenzo[a,g]corannulene.®* The formation of a new site-
directed o-bonded dimer formed by indenocorannulene
monoanion radicals further reinforces this designed concept.

Electronic structure of the dimer. In order to further
support the hypothesis of the direct correlation between the
spin density localization and energetic preference for a given
isomer, we have tested all possible o-bonded dimers formed by
Cy6H1,~ radicals with different C—C coupling sites (Fig. S14).
Surprisingly, only two dimeric systems were found to
correspond to local minima in the potential energy surface (Fig.
S15). The rest diverged during optimization procedure or
eventually converged to one of these two dimers. The most
energetically favorable dianionic dimer (by +48.59 kcal/mol)
strictly corresponds to the configuration observed
experimentally.

Similar to the [0-(C5oH10)2]1?>~ and [0-(CasH14)-1% products,*?43
the ground state of the title dimer having the lowest energy was
found to be a closed-shell singlet. The latter is energetically
well-isolated from the triplet and open-shell singlet states (by
>20 kcal/mol). Analysis of the bonding between the bowl-
shaped fragments revealed that the C—C' linker is best described
as a single non-polar covalent bond of o-type, which is
supported by both geometrical parameters and NBO analysis
(Fig. S16). Interestingly, an addition of the rubidium counterion
(with or without crown ether) shows almost negligible impact
on the nature of this C—C' bond. A 3D distribution of negative

This journal is © The Royal Society of Chemistry 20xx
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Table 5 Results of EDA analysis for [0-(CyH12)20%7, [{Rb*}{o-(CisH12)?>7}], and [{Rb*(18C6)},{o-(Co6H12)*}] systems (PBEO/TZ2P/ZORA;

kcal/mol).
Parameter [0-(CoH10)%71* [0-(CagH1a)* 1% [0-(Ca6H12)0*] [{Rb*}2{o-(Ca6H12)* ] [{Rb*(18C6)},{0-(Ca6H12)* 1]

AEint -21.72 -28.52 -34.66 -85.35 -82.56

AE,, -324.54 -320.24 -345.89 -341.37 -339.83
Dot -142.60 -141.14 -141.70 -180.14 -185.18
Doy +445.42 +432.86 +452.94 +436.16 +442.45

AEprep +59.98 +64.05 +66.16 +69.15 +66.63

—D. +38.26 +35.53 +31.50 -16.20 -15.93

charge over the indenocorannulene surface upon formation of
the [0-(Cy6H12),]?~ dimer (Fig. 3) corresponds to localization of
the previously unpaired and delocalized electrons at the C-C’
bonding site. Subsequent evaluation of the conformational
stability of the [0-(CysH12):]>~ system clearly indicates the
highest stability of the trans-conformer by at least ~6 kcal/mol,
as compared with two other isomers (Fig. 4). Such stabilization
can be explained by minimization of the electrostatic repulsion
between two negatively charged indenocorannulene bowls of
the dianionic dimer. Importantly, the trans-conformer has been
observed in the X-ray crystal structure of 4. All these findings
are in excellent agreement with two analogous members of this
series.*243

Energetics of dimerization. For the next step, evaluation of
the energetics of decomposition of the closed-shell singlet
dimer [0-(Cy6H12)21%~ (S = 0) into two radicals CygHq,~ with the
total spin of S = 1 (S = 1/2 for each monoanion) has been
completed. Previously, the dimers were found to be
thermodynamically unstable (having —D. or Eyonging POsitive in
magnitude) but kinetically persistent due to a spin-crossing
point at the intersection of two potential energy surfaces,
namely the singlet and triplet ones.#243

Indeed, the calculated bonding energy for the new dimer
was also found to be positive (+31.50 kcal/mol). However, when
compared with the same parameter computed for corannulene
and dibenzo[a,g]corannulene derivatives, the [0-(CysH12)21%
dimer clearly shows the highest stability (by ca. 6 kcal/mol)
mainly due to substantial increase of the total interaction
energy (AE, of —34.66 kcal/mol vs. —21.72 kcal/mol for [o-
(C5oH10)2]% and —28.52 kcal/mol for [0-(CygH14),]% calculated at
the same level of theory*?). Subsequent detalization of
contributions from different attractive (covalent or AE,, and
ionic AEqstat) and repulsive (AEp,yi) components of bonding
clarified the observed trend. Whereas the AE . remains
essentially the same (within A = 2 kcal/mol) for all members of
the series, the orbital term was found to be ~25 kcal/mol larger
in the indenocorannulene derivative. It should be noted here
that non-planarity of polyaromatic surface leads to asymmetric
shape of m-orbitals with greater localization on the exo-side.
This results in notable localization of electron density on the
convex surface and, consequently, to more efficient convex-
convex orbital overlap when interacting with another reactive
species. Thus, the larger AE,,, in the title system as compared
with corannulene and dibenzo[a,g]corannulene derivatives can
be stemming from the higher curvature of the m-surface of
bowl-shaped fragments in [0-(CysH12)2]%~ (Table 5). Usually,

This journal is © The Royal Society of Chemistry 20xx

larger orbital component is accompanied by greater Pauli
repulsion. Indeed, for the indenocorannulene dimer AEp,,;i was
calculated to be the largest among three dimeric analogues
(Table 5).

Influence of the counterion. Complexation of the dianionic
dimer [0-(CysH12),]>~ with two rubidium cations results in a
dramatic change of the thermodynamic stability of the system
(Table 5). Whereas the parent “naked” dimer is
thermodynamically unstable, the complexed one shows
remarkable stability as evaluated by bonding energy (—D.). As
follows from different contributions to the total bonding, the
key player in reversing the stability is the electrostatic
component of the ionic term, which increases substantially (by
~40 kcal/mol) from “naked” [0-(CysH12),]>~ dimer to its complex,
[{Rb*}{o-(Cs6H12)>}] (Table 5). At the same time, the covalent
component goes slightly down (by ~4 kcal/mol) in that
direction. In spite of the fact that the addition of the spectator
18-crown-6 ether led to changing the Rb* binding site (Fig. 2),

—=— singlet
—e— triplet

T T T T T T 1
1.5 2.0 2.5 3.0 3.5

cc, A
Fig. 5 Stabilization of the [0-(C6H1,),]> dimer by Rb* counterions, as
evidenced by PET scan for the C-C' connecting bond
different

breaking/forming process for

(PBEO/TZVP/ZORA).

spin-states

J. Name., 2013, 00, 1-3 | 5
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its influence on thermodynamic stability of the resulting
product was found to be small (—D, varies within 0.5 kcal/mol).

Importantly, when compared with two previously reported
analogues, the indenocorannulene derivative is incredibly
stable with —D. calculated to be almost twice larger in
magnitude (—16.20 kcal/mol vs. —9.27 and —9.97 kcal/mol for
[0-(CyoH10)2]1?~ and [0-(CygH14)2]%~ dimers®?). As in the case of
“naked” dianions, the orbital component of the bonding plays
the key role in such stabilization, being significantly (by ~25
kcal/mol) greater than those calculated for the [{Cs*}.{o-
(CooH10)*}] and [{Cs*},{o-(C,sH14)*"}] adducts. Thus, one can
conclude that the increase of the curvature of the m-bowl-
shaped radicals dramatically rises the thermodynamic stability
of the resulting dimeric o-bonded products. This effect is even
more pronounced when coupled with complexation of the
dianions with alkali metal cations.

Kinetic stability. We have previously observed that the
thermodynamically unstable [0-(CyoH10);2]>~ and [0-(CogH14)2]%
dimers show notable kinetic persistence. The latter is mainly
caused by the spin-crossing point between the closed-shell
singlet and triplet potential energy surfaces, which the system
passing during the decomposition reaction. In this process, a
dianionic species [(PAH),>] (S = 0) dissociates into two
monoanion-radicals [(PAH)~] with a total spin of S = 2/2.
Together with aforementioned thermodynamic considerations,
it completes the picture of the total stability of the target
systems.

In order to evaluate the kinetic barrier, the C—C’' connecting
bond scan was performed for both potential energy surfaces,
closed-shell singlet and triplet. The scan was completed for the
C—C’ bond length distances ranging from 1.50 A to 3.50 A with a
step of 0.02 A for both [0-(C26H12)2]2~ and [{Rb*},{0-(Co6H12)2}27].
The energy barrier evaluated as the crossing point between the
singlet and triplet surfaces was calculated to be +20.70 kcal/mol
and +24.79 kcal/mol, respectively. It is worth to mention that
the increase of curvature of the bowl-shaped fragments led to
substantial rise of the kinetic barrier in the title dimer as
compared with [0-(CyoH10)2]>~ and [0-(CogH14)2]?~ (+10.00
kcal/mol and +12.35 kcal/mol, respectively).??43 Moreover,
subsequent complexation of the [0-(CysH1,),]?~ dimer resulted
in enhanced stabilization, making the indenocorannulene
derivative the most stable dimeric product known to date for
bowl-shaped radicals. For comparison, the calculated barriers
are +15.85 kcal/mol and +18.50 kcal/mol for [{Cs*},{o-
(Co0H10)*}] and [{Cs*},{o-(CysH14)?7}], respectively.®” An increase
of both the thermodynamic and kinetic stability of the new
dimer is illustrated in Fig. 5.

Conclusions

In this work, the first crystallographically confirmed example of
spontaneous coupling for indenocorannulene monoanion
radicals to afford the new [0-(CysH12),]>~ dimer is reported. The
C—C bond formation (1.568(7) A) is observed at the rim sites of
CysHi,~ having the highest spin density. This coupling is
accompanied by the change of the C-atoms of the linker to sp3-
hybridization (avg. 110.6°). Notably, *H NMR spectroscopic data
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for the [0-(C56H12)-]% dimer indicate a re-aromatization of these
C-atoms as well as an increased stability and persistence of the
o-bonded dimer in solution. The latter was further supported by
UV-Vis spectroscopy accompanied by the detailed TD-DFT
calculations. This behavior contrasts that for the dimers formed
by shallow corannulene and dibenzo[a,g]lcorannulene radicals
that dissociate in solution. Moreover, in-depth theoretical
analysis of the [0-(CysH12),]?~ dimer showed it to be the most
thermodynamically and kinetically stable product among the
analogues formed by bowl-shaped radicals that are known to
date (Table 5). Investigation of the bonding between the bowl-
shaped fragments identified a dramatically increased
orbital/covalent contribution (by ~20 kcal/mol) as a key
contributor to the total stability of the [0-(CysH12),]?~ dimer,
when compared with more shallow corannulene or
dibenzo[a,g]corannulene derivatives. Subsequent
complexation of the dianionic dimer by two Rb* counterions
(with or without spectator 18-crown-6 ether ligand) led to the
formation of thermodynamically stable adducts as revealed by
the total bonding energy calculations. Notably, the kinetic
stability, calculated as the singlet-triplet spin-crossing point,
was found to be almost twice larger in the magnitude in the case
of indenocorannulene derivatives than in any other dimer
formed by bowl-shaped n-radicals. Altogether, these findings
clearly reveal the effect of curvature on radical coupling
processes and the product energetics, allowing the modulation
of stability of the resulting dimers through imposed curvature
and strain of monomeric building units.
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