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Reduction of n-Expanded Cyclooctatetraene with Lithium:
Stabilization of the Tetra-Anion through Internal Li"~ Coordination

Zheng Zhou, Yikun Zhu, Zheng Wei, John Bergner, Christian Neif3, Susanne Doloczki,
Andreas Gorling, Milan Kivala,* and Marina A. Petrukhina*

Abstract: The chemical reduction of a m-expanded polycyclic
framework comprising a cyclooctatetraene moiety, octaphe-
nyltetrabenzocyclooctatetraene, with lithium metal readily
affords the corresponding tetra-anion instead of the expected
aromatic dianion. As revealed by X-ray crystallography, the
highly contorted tetra-anion is stabilized by coordination of
two internally bound Li*, while two external cations remain
solvent separated. The variable-temperature ’Li NMR spectra
in THF confirm the presence of three types of Li* ions and
clearly differentiate internal binding, consistent with the crystal
structure. Density-functional theory calculations suggest that
the formation of the highly charged tetra-reduced carbanion is
stabilized through Li* coordination under the applied exper-
imental conditions.

Cyclooctatetraene (COT), an 8-membered representative of
the family of [n]annulenes,!? was initially synthesized back in
1911.P! Due to its analogous stoichiometric composition to
6-membered m-system benzene, COT was originally expected
to feature aromaticity, which was, however, contradicted by
its divergent chemical behavior. In 1947, X-ray diffraction
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analysis of COT revealed a boat-like conformation of the 8-
membered ring with alternating bond lengths and D,,
symmetry.) While the eight m-electrons in COT formally
suggest its antiaromaticity, the scaffolds avoid such destabi-
lization through deviation from planarity, preventing elec-
tronic communication between the individual p-orbitals.

According to Hiickel’s rule planar, m-conjugated cycles
with 10 m-electrons are expected to be aromatic, which
motivated experiments towards aromatization of COT by
two-electron reduction. In 1960, COT was successfully
reduced to the corresponding COT?~ dianion upon treatment
with potassium metal in THF. The reduction resulted in
a concomitant downfield shift of the 'H NMR signal, suggest-
ing the occurrence of a diamagnetic ring current in the
doubly-reduced species.”! Consequently, planarization of the
8-membered scaffold was proposed and later confirmed
through X-ray crystallographic analysis of a dianion derived
from 1,3,5,7-tetramethyl-substituted COT derivative.[%”]
Although further reduction beyond dianions have been
observed for larger annulenes,®” tetraanionic COT*” remains
a theoretical consideration.l”!

The possibility to render polycyclic aromatic hydrocar-
bons (PAHs) electron acceptors through incorporation of
suitable nonbenzenoid moieties is particularly attractive and
has been successfully demonstrated for cyclopentannulated
systems!"! with corannulene and related geodesic PAHSs being
the most paradigmatic examples.'”! Such PAHs form stable
carbanions upon reduction!® and can act as n-type semi-
conductors when appropriately functionalized.!"'*l How-
ever, related efforts involving PAHs with embedded 8-
membered COT rings remain comparably scarce.?®"! For
example, -expanded COT derivatives such as tetrabenzocy-
clooctatetraene (TBCOT)!"*'" and octaphenyltetrabenzocy-
clooctatetraene (OPTBCOT; 1) have been reported and
studied (Scheme 1). The latter was obtained in a Diels—Alder
cycloaddition between 1,2,34-tetraphenylcyclopenta-1,3-
dienone and 5,6,11,12-tetradehydrodibenzo[a,e]cyclooctene

OPTBCOT
1

Scheme 1. Consecutive m-expansion of COT.
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and subjected to oxidative cyclodehydrogenation under
different conditions."! Furthermore, the saddle-shaped
COT moiety is an important structural element for the
construction of negatively curved carbon-rich compounds and
carbon allotropes.'”*! Recently, a unique COT-containing
molecular precursor towards negatively curved nanocarbon
has been reported,”! along with a remarkable contorted
chiral PAH with three embedded COT moieties having the
shape of a monkey saddle.”?’ However, the multi-electron
accepting properties of m-expanded COT-containing PAHs
have not yet been investigated.

The crystal structure of OPTBCOT (C;,Hyg, 1) was first
reported back in 1997.'" This PAH was crystallized as
C,,H'CS, (1-CS,) with one interstitial CS, molecule being
fully wrapped by the peripheral phenyl rings of 1 (see
Figure S12 in the Supporting Information). Using slow
evaporation of THF solution of 1, colorless plate-shaped
crystals were obtained in this work (Yield: ~93%) and
confirmed by X-ray diffraction to be C,,H;c THF (1-THF)
(Figure 1).2* To exclude the effect of solvents, the gas phase
sublimation of 1 in vacuo at 300°C was also used for crystal
growth affording a new non-solvated (NS) polymorph (Yield:
~84 %), 1-NS (Figure S13).

Figure 1. Crystal structure of 1-THF.”® a) Front view (ball-and-stick
model, H-atoms are omitted). b) Side view (space-filling model).

In the solid-state structure of 1-THF, the OPTBCOT
molecules of the same conformation are stacked into a 1D
column held by C—H--m (2.682(5)-2.762(5) A) and m-n
(3.128(5) A) interactions between the peripheral phenyl
rings (Figure 2a). The 1D columns are further assembled
into a 3D network through C—H--m interactions, with the
distances ranging from 2.777(5) A to 2.836(5) A (Figure 2b).
Similar solid-state structure is observed in 1-NS (Figure S18),
although the packing is slightly tighter with the volume per C-
atom reduced to 17.6 A® from 18.2 A® in 1-THF.

The conformational flexibility of 1 can be illustrated by
evaluation of the tetraphenylene core changes in three
different polymorphs. In 1-CS,, the linear solvent molecule
perfectly fits in the internal cavity of 1 (Figure S12), allowing
the host to be symmetric. In contrast, the internal void space
in 1-THF is filled by the twisted peripheral phenyl rings
(Figure 1), thus increasing the asymmetry of the tetrapheny-
lene core. Compared to 1-CS,, the central 8-membered ring in
1-THF becomes asymmetrically distorted, as can be seen
from the increase of torsion angles at the positions 3, y, {, and
7 by about 13.7° (Table S4). Similar distortion is also observed
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Figure 2. Solid-state structure of 1-THF: a) 1D column and b) 3D
network, capped-stick models. Two conformations are shown in gray
and black. THF molecules are omitted. C—H---t and mt---7t interactions
are shown in blue and red, respectively.

in 1-NS (Figure S13) with the average torsion angles at the
above positions increased by 13.4°. The dihedral angles of the
peripheral phenyl rings remain unchanged, but the dihedral
angles I/R and K/R in 1-THF and 1-NS are increased by 10.4°
and 9.2° (Table S3), illustrating added twist of the tetraphe-
nylene core in comparison with 1-CS,. The observed struc-
tural variations realized under different crystallization con-
ditions illustrate a sufficient core flexibility of 1.

To gain insight into the electron accepting properties of
OPTBCOT comprising a COT moiety embedded into a large
contorted polycyclic framework, we investigated chemical
reduction of 1 with lithium metal in THF. The reaction
mixture was stirred at room temperature for 24 hours, and the
product was successfully isolated in the form of bulk single
crystals using slow diffusion of hexanes into the THF solution
(Yield: ~75%, see the Supporting Information for more
details). The X-ray diffraction analysis confirmed the forma-
tion of [{Li"(THF),},{Li*,(1*")}] (2), which was crystallized
with two interstitial THF molecules as 2-2 THF. There are two
independent molecules in the unit cell (Figure S19), but since
their geometric parameters are very close, only one is
discussed below (see the Supporting Information for average
values).

In the crystal structure of 2 (Figure 3), there are two
internally coordinated Li* ions with the Li-Li separation of
3.351(11) A. Specifically, Lil is sandwiched by two peripheral
phenyl rings of 1*~ in an asymmetric 5°-fashion, with the Li-C
distances ranging over 2.261(9)-2.584(9) A (Figure 4). Li2 is
inserted deeply into the internal cavity formed by the highly
twisted core of 1*~ (Figure 3b). Eight Li2-C distances fall into
the range of 2.303(9)-2.544(9) A with four additional contacts
being much longer (3.095(9)-3.150(9) A). The short Li-C
contacts in 2 are close to those reported for internal Li* ions
in the sandwich formed by tetra-reduced corannulene, [Li*s-
(CyoH ¢ )PP~ In 2, two additional ions, Li3 and Li4, are
capped by four THF molecules each and remain solvent-
separated from the [Li*,(1*7)]*" core, with all Li-Opyp
distances (1.914(8)-1.958(8) and 1.894(8)-1.943(8) A, respec-
tively) being close to those previously reported.['*2!
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Figure 3. a) Crystal structure of 2, ball-and-stick model. H-atoms are
omitted. b) Side view of [Li*,(1*7)]*", space-filling model.

Bond Distance Bond Distance Bond Distance Bond Distance

Li1-C1 2.584(9) Li1-C25 2.575(9) Li2-C49 2.370(8
Li1-C2 2.379(9) Li1-C26 2.379(9) Li2-C50 2.343(9
Li1-C3 2.261(9) Li1-C27 2.268(9) Li2-C51 2.303(9
Li1-C4 2.268(9) Li1-C28 2.267(9) Li2-C52 2.544(9
Li1-C5 2.304(9) Li1-C29 2.296(9) Li2-C53 3.149(9
Li1-C6 2.436(9 (

Li1-C30 2.420(9) Li2-C54 3.150(9

Li2-C55 3.095(9)
Li2-C56 3.111(9)
Li2-C57 2.385(9)
Li2-C58 2.382(8)
Li2-C59 2.305(8)
Li2-C60 2.524(9)

)
)
)
)
)
)

Figure 4. Metal coordination in [Li*,(1*)]*", along with a table of Li-C

distances. Noncoordinated phenyl rings are omitted.

The geometry of the 1~ anion has been analyzed by
comparing the dihedral and torsion angles with those in
neutral parent, 1-THF, as both were crystallized from THF
solution. Unlike 1-THF, the central pocket in 1*~ is occupied
by the rings A and E that are forced to rotate and fold in order
to sandwich two internal Li* ions (Figure 5). This is accom-
panied by a significant asymmetric distortion of the tetra-
phenylene core reflected by the change of the characteristic
torsion angle between the rings A and E measured at 26.5°
(vs. 138.8° in 1-THF). Compared to 1-THF, an increasing
distortion is observed at positions 5 and ¢ in the central 8-
membered ring of 1~ (Table S4), with the average value
increased by 6.9°.

The solution behavior of 2 was investigated using variable
temperature 'Li NMR spectroscopy. At room temperature
(Figure S5), the only "Li NMR resonance signal at —0.64 ppm
corresponds to the solvated [Li*(THF),] cations. Upon
cooling, this peak slightly upshifts and two new signals
appear in the low temperature 'Li NMR spectra (Figure S5).
The "Li resonance signal at —1.88 ppm (Figure 6) can be

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Figure 5. The cores of 1-THF and [Li,(1*")]*" in 2. a) Ball-and-stick
models with rings and torsion angles labeled. b) Space-filling models.

o) © ©
[ro) es) s}
T T ¢

1.00 - 0.99
L

2.04

T T T T T T T T T T T
2 0 -2 -4 -6 -8
6, ppm

Figure 6. "Li NMR spectrum of 2 in THF-d; at —80°C.

assigned to the sandwiched Li* ion (Lil) while the signal at
—5.08 ppm represents the deeply embedded Li* ion (Li2).
Importantly, the integration ratio of these three peaks of 2:1:1
is fully consistent with the three types of lithium ions present
in the crystal structure. Remarkably, the internal lithium ions
having different coordination environment can be clearly
differentiated based on the characteristic 'Li NMR signal
shifts. We have previously seen the tendency for the 'Li NMR
signals to exhibit high-negative values for deeply embedded
Li* ions in sandwich-type assemblies formed by the tetra-
reduced corannulene.**>! In addition, '"H NMR spectros-
copy illustrates that the 1*~ anion can be reversibly re-
oxidized back to the neutral state by exposure to air
(Figure S9).

The somewhat surprising formation of [Li*,(1*)]*
instead of the expected dianionic species can be rationalized
by looking at the energetics of the equilibrium between these
two forms, which was calculated on the DFT level of theory;
solvent effects were taken into account by a conductor-like
continuum model (see the Supporting Information for
details). According to our computations, the dianion 1>~ is
mainly coordinated by one Li* cation in solution. Therefore,

Angew. Chem. Int. Ed. 2021, 60, 3510 -3514
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we consider the equilibrium (neglecting the concentrations of
lower/higher coordinated species):

LT = 1+ [LinI)P (1)

The calculated free energy change AG® of this reaction is
0.6 kcalmol ™', i.e., the equilibrium constant K of this reaction
is in the order of 1, and the actual concentration of the tetra-
reduced species will crucially depend on the concentration of
the neutral parent 1. The concentration of 1, however, will be
very low under the reducing reaction conditions (excess of Li
metal), which “shifts” the equilibrium towards the tetra-
anion. The tetra-anion (and dianion) enjoy significant stabi-
lization through the coordinating Li* cations and the solvent:
both the dianion 1°~ and the tetraanion 1*~ cannot exist in
vacuum as indicated by the calculated positive orbital
energies of these species in vacuum (i.e, not all electrons
are bound, Table S7).

Regarding the electronic properties of 1 and [Li*,(1*7)]*",
it is informative to consider the nuclear independent chemical
shifts (NICS) near the COT core.*™ We find clearly positive
NICS values near the geometric center of the COT core of
1 indicating anti-aromatic behavior (Figure S20). In case of
[Li*,(1*7)]*, the NICS values near the COT core are of small
magnitude (Figure S21) which points to a non-aromatic
character. Furthermore, natural population analysis reveals
that the negative charge of 1*  is delocalized over the
[Li*,(1*)]* scaffold with only a small fraction located at
the COT core (—0.55 e) (Figures S22, S23).

In this work, the chemical reduction of OPTBCOT (1)
with lithium metal has been investigated for the first time. In
contrast to parent COT, four electrons are readily accepted by
the m-expanded and contorted polycyclic framework of 1. The
resulting tetra-anion, 1*~, has been crystallized with four
lithium counterions and was found to exhibit a highly non-
planar conformation, as revealed by X-ray crystallography.
This conformation is stabilized by coordination of two
internally bound lithium cations, while two external cations
remain solvent-separated from the [Li*,(1*7)]*~ core. Notably,
the low-temperature 'Li NMR data in solution revealed
characteristic signal shifts for three types of lithium ions
observed in the crystal structure. Interestingly, the expected
dianionic aromatic species with the planarized COT moiety
has not been formed, under the experimental conditions used.
The rationalization of this unexpected finding is provided by
density functional theory calculations, suggesting that the
formation of the tetra-anion may be favored under the
experimental reaction conditions.
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