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Abstract: The first members of a new class of supramolecular
organometallic compounds with mixed-alkali-metal cluster
cores, LiK; and Li;K; sandwiched between two four-fold
reduced corannulene decks are prepared and fully character-
ized. The triple-decker supramolecular anions, [(CsyH,)")-
(LiKs)" (CyoH ")~ and [(CooHiy" ) (LisK3)" (CoH 1" )],
illustrate a record ability of bowl-shaped and highly charged
corannulene to provide all its sites, five benzene rings fused to
a central five-membered ring, for binding of six alkali-metal
ions. The previously unseen engagement of the hub-site of
CyH,,"~ in lithium binding is accompanied by unprecedented
shifts up to —24 ppm in "Li NMR spectra. The discussion of
product formation mechanism, augmented by calculations, is
provided.

The multi-electron reduction processes of curved carbon-
rich compounds attract special attention owing to interesting
thermoelectric and superconductive properties of products!
and their advanced performance in lithium-ion batteries.”!
Geodesic polyaromatic compounds are known to readily
acquire multiple electrons upon reduction with alkali metals.
Cgo-fullerene can potentially accept up to six extra electrons
owing to its triply degenerate and low-lying LUMOs."”! While
all six reduction steps were observed in solution by cyclic
voltammetry, so far only mono- through tetraanions® of C,
have been crystallographically characterized. The smallest
non-planar fragment of the Cgy-fullerene, corannulene
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(CyHyp; Scheme 1), has a doubly degenerate LUMO and
can thus accept up to four electrons. In reduction reactions
with a variety of alkali metals, corannulene readily acquires
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Scheme 1. Preparation of the Lis sandwich complex.

up to two electrons.”! A trianionic state has been detected
electrochemically!”! but still awaits for its adequate character-
ization by other methods. The highest reduction state of
corannulene, C,oH,,*", has been clearly identified in the
reactions with Li metal,® where the stabilization of tetraan-
ion is achieved through the formation of supramolecular
aggregates with small lithium ions.”’» While the supramolec-
ular aggregation of corannulene anions has been extensively
investigated by the groups of Scott and Rabinovitz using
solution NMR spectroscopy,'®® "% structural identification
of the resulting products in the solid state was lagging behind
until 2011, when we have accomplished the first crystallo-
graphic characterization of the aggregate formed by the
highly reduced corannulene with lithium counterions
(Scheme 1).""1 A remarkable supramolecular structure with
five lithium ions sandwiched between two four-fold reduced
corannulene decks has been revealed.

Although corannulene was known to be a versatile
ligand,'”” for the first time all of its six-membered rings
were engaged in metal binding. This unique ability of bowl-
shaped polyarene to encapsulate a large number of alkali-
metal ions, which can be related to the high charge capacity of
the corannulene-based electrodes,?! prompted us to further
investigate these systems. To maximize the intercalated alkali-
metal content, the central hub ring of corannulene, the only
unoccupied site in the [Lis(CyH;o"),]>~ aggregate, has to be
engaged in binding. The intercentroid Cs:--Cs distance in the
Lis-sandwich structure!™ is 3.52 A. For comparison, the
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separation between planes in the charge transfer graphite
intercalation compound is 3.72 A for LiCy!"¥ In lithium
cyclopentadienide, [(n’-Cp),Li] ", the separation between the
five-membered rings is even greater (ca. 4.0 A).I'”) The Li—Cp
distances generally range from 3.8 to 4.1 A in other cyclo-
pentadienide organometallic compounds of lithium."' Thus,
a Li* ion may have some difficulty inserting into the space
allocated between the hub sites in the above Lis sandwich. To
allow this fit and thus to fully utilize all available corannulene
binding sites, the two bowls should be moved farther apart.
This can be accomplished by using alkali metals having larger
ionic radii, such as Na and K, for supramolecular assembly.
Inspired by the work of Mulvey group!”! that revealed unique
reactivity and synergism of mixed-metal systems in alkali-
metal-mediated reactions, we decided to investigate the use of
two Group 1 metals in corannulene reduction and intercala-
tion reactions. As a result, the cooperative effect of alkali
metals in self-assembly processes was revealed, leading to the
discovery of a new class of organometallic supramolecules.
Two remarkable mixed-metal products with a maximum
amount of alkali-metal ions sandwiched between two non-
planar CyH,, decks, [(CyH,o")(LiKs)*"(CyH,0")]*” and
[(CyH o) (LisK3)* " (CyoHyp*)]*~, have been isolated and
fully characterized in this work. The mechanism of their
formation along with other possible Li/K cluster compositions
is discussed and augmented by DFT calculations.

The initial reduction of C,,H,, with mixtures of Li and Na
in [Dg]THF revealed the formation of the known Lis
aggregate, identified by a characteristic 'Li NMR singlet at
—11.7 ppm.”*"1¥ On the contrary, while the formation of
four-fold reduced corannulene was clearly observed in the
reaction mixture with Li and K metals, the assignment of the
specific products in solution was problematic. Notably,
a shorter reaction time was observed for the mixed Li/K
system compared to the Li-only reduction, pointing to
a synergism of two metals. However, all attempts to crystallize
the products from the above reaction mixtures in THF have
failed. When THF was replaced by bis(2-methoxyethyl) ether
(diglyme), there were no signals in the 'Li NMR window
opened up to —20 ppm. It should be mentioned that Li-
containing organometallic compounds generally show ’Li
NMR signals in the range from 0 to —20 ppm.!"”! For example,
lithium pentamethylcyclopentadienide (LiCp*) shows a peak
at —12.5 ppm,® while shifts of 'Li NMR signals up to
—16 ppm!'®! are observed for the mixtures of corannulene
and substituted fullerenes in the presence of an excess of Li
metal. After numerous attempts and variations of experi-
mental conditions, we have successfully crystallized the
product from a diglyme/THF solution. The single-crystal X-
ray diffraction analysis revealed the formation of an unpre-
cedented mixed-alkali-metal LiKs cluster sandwiched
between two eclipsed four-fold reduced bowls in [(CyH;o')-
(LiKs)**(CyHy* )P (LiKs, 1; Figure 1).

All of the Li* ions that were encapsulated between the six-
membered rings of C,oH,,*" in the Lis structure have been
replaced by K* ions. Satisfyingly, the cavity formed by two
central five-membered rings in the triple-decker sandwich is
now occupied by a Li* ion. As a result, the corannulene
surface is fully “saturated” with alkali metals, for the first time
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Figure 1. a) Independent unit of 1; b) 1D crystal packing of the LiK
units; c) side view of the space-filling sandwich model; and d) top
view of the space-filling drawing superimposed with its ball-and-stick
representation. !

reaching the coordination limit for a polyaromatic ligand. In
the LiK; structure, the distance between the five-membered
rings is 4.004(6) A (Figure2; Supporting Information,
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Figure 2. Overlay of the Lis and LiKs sandwiches (ball-and-stick repre-
sentation).
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Table S1), which is sufficient to accommodate an additional
lithium ion in the inner space. The central Li* ion sits right
between the two five-membered rings with the Li--Cp
centroid distance of ca. 2.0 A. The K--C contacts to the six-
membered rings of CyH;*~ range from 2.905(5) to
3.491(5) A.

The full substitution of lithium ions by potassium ions
does not significantly perturb the internal bond length
distribution in C,yH,,*" compared to the Lis sandwich, but
rim C—C bonds in 1 are notably shortened. The latter is
a consequence of the substantial curvature increase of
corannulene and the subsequent tightening of the rim. The
bowl depth of C,yH,,*~ reaches an unprecedented high value
of 0.860(6) A, which is about three times greater than that in
the Li-only triple-decker supramolecular aggregates
(0.241(2)-0.355(2) A, and comparable to neutral corannulene
(0.875(2) A).2 1t was previously shown for [Lis(CoH o' ),
structures that the bowl depth varies by about 0.3 +0.1 A for
three aggregates having different external environments.['-15%]
The direct comparison of the Lis with LiK; sandwiches
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illustrates that the difference in the internal composition of
the triple-decker sandwiches plays a major effect on the bowl-
shaped core. The significant curvature increase of C,)H;,*
observed in 1 can be explained by the synergism of pushing
effects of five large K" ions located around the perimeter and
pulling effect of the Li* ion squeezed in between the central
hub rings of corannulene. It illustrates remarkable flexibility
of the four-fold reduced corannulene bowls in adapting to
different coordination environments, making it an exception-
ally versatile m-ligand. In the solid state, two additional K*
ions occupy the concave bowl cavities at the outside of the
LiK; sandwich with K--C contacts spanning from 2.803(4) to
3.325(5) A. Interactions of these ions with bridging diglyme
and THF molecules result in the formation of a string-like 1D
polymeric chain in the solid state (Figure 1b).

After we crystallographically confirmed the presence of
the hub-bound lithium ion in the LiKs-sandwich, the "Li NMR
spectra were re-measured using an extended window. Gratify-
ingly, a single peak appears at the previously concealed high
negative value of —22.4 ppm (Supporting Information, Fig-
ure S2). This previously unseen record low-field shift shows
a need to reconsider the width of a 'Li NMR window for
investigation of Li-containing organometallic compounds.
This observation is especially important for studies of lithium-
doped extended carbon-based materials, such as graphite or
graphene, for their use in lithium-ion batteries. Consistent
with a very symmetric structure of the LiKs-aggregate, the
"H NMR spectrum exhibits a single peak at 6.6 ppm (Sup-
porting Information, Figure S1).

Re-investigation by ’Li NMR of the reaction of C,Hjj
monitored in situ with an excess of Li and K in [Dg]THF
revealed the formation of LiKj cluster (—22.4 ppm) along
with the broad signal shifted even more to the right end of the
spectrum (ca. —24.4 ppm). This implied the existence of
another mixed-metal sandwich having greater lithium content
than that in 1. As crystal growth from THF was problematic
owing to poor product solubility and formation of undesirable
oils, we turned to 1,2-dimethoxyethane (DME) as a potential
solvent. We have previously seen that Li-induced reduction of
corannulene in DME is accompanied by side-reactions,
affording lithium alkoxo-clusters.’”’ To avoid these compli-
cations, the reaction time should be minimized. However,
even with the short reaction times, the insitu 'Li NMR
measurements for the mixed Li/K systems in DME showed
a variety of peaks owing to the above intrinsic problems.
Importantly, a broad new peak appeared where a centrally
coordinated lithium cation could be expected. This peak
indicated the formation of a new sandwich-type product,
which was successfully crystallized by layering the reaction
mixture in DME with 12-crown-4 ether in hexanes.

The single-crystal X-ray diffraction analysis revealed
a unique supramolecular structure having the Li;K; cluster
core squeezed between two four-fold reduced corannulene
decks, [(CooH o) (LizK3)* (CyoHy ) ]*~ (LisKs, 2a, Figure 3a)
crystallized along with two [Li(DME)(12-crown-4)]" cations.
The separation between the two bowls in 2a is slightly smaller
than in the LiK; sandwich (3.826(5) vs. 4.008(6) A). Again, all
of the coordination sites of C,H,,'~ are engaged in alkali-
metal-ion binding, with one Li* ion occupying the central hub
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Figure 3. X-ray crystal structures of 2a ([Li(DME) (12-crown-4)],-
[(CaoH10" ) (LisK3) ¢ (CooH16* ") (DME)]) and 2b ([Li(THF) (12-crown-
A)L,[(CroHo*) (LisKs) ™ (CooHig*) (THF)s]) with the Li;K, metal cluster
core. a) Zigzag 1D polymeric chain in 2a, also showing the eclipsed
conformation of corannulene decks; b) ball-and-stick representation of
the molecular structure of the Li;K; sandwich in 2b; c) top and d) side
views of the space-filling model of the Li;K; sandwich in 2b; and

e) top view of the space-filling drawing of the sandwich superimposed
with its ball-and-stick representation. External Li* ions are omitted for
both 2a and 2b.”’!

ring. In contrast to 1, two interior Li* ions are bound to the
neighboring six-membered rings of C,H,,*~ forming a Li,
triangle within the Li;K; cluster. In the solid state, the Li;K;
sandwiches form a zigzag 1D chain through the K--O
interactions with a coordinated DME molecule (3.079(7) A,
Figure 3a). Notably, the latter chelates one and simultane-
ously coordinates two other K* ions of the neighboring
aggregates, thus exhibiting a chelating doubly bridging mode.

The 'Li NMR investigation of Li;K; crystals dissolved in
DME revealed that the supramolecular aggregate is stable
(single peak at —23.94 ppm) without any signs of product
decomposition or metal ion redistribution (Supporting Infor-
mation, Figure S5). Moreover, the remarkable stability is
demonstrated by recrystallization of these crystals from THF.
Although all of the coordinated DME molecules in both
cationic and anionic parts are replaced by THF, a structure
with an essentially unchanged Li;K; core is produced (2b;
Figure 3b,c).

Importantly, the triple-decker [(CyoH;o* )(Li;K5)*'-
(CyHy" )] aggregates crystallize as separate molecular
moieties (along with two [Li(THF)(12-crown-4)]* cations),
in contrast to an extended 1D structure of 2a. This fact
denotes that the formation of Li/K sandwiches is not induced
by crystal packing, and the specific mixed-metal core can exist
in different coordination environments. The separation
between the two bowls in 2b is close to that in 2a (3.865(2)
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vs. 3.826(5) A), additionally illustrating the small effect of
external moieties on the geometry of the supramolecular
aggregates. Overall, two Li;K; products (2a and 2b) show
only small variations in their sandwich core (Supporting
Information, Table S3).

As expected, the value of the bowl depth in Li;K; falls
almost exactly in between the Lis; and LiK; sandwiches
(0.620(2) A; Supporting Information, Table S1). It was pre-
viously shown by ab initio and DFT calculations that the bowl
becomes shallower as more electrons are added to its core.”
Herein, we illustrate for the first time that interactions with
encapsulated alkali-metal clusters of different compositions
result in a remarkable variation in the bowl depth of C,)H,,*,
ranging from 0.24 in Lis to 0.62 or even to 0.86 A in Li;K; and
LiK; structures, respectively. Such an exceptional curvature
manipulation on the molecular level in charged hydrocarbons
has not been seen before and can possibly be utilized for
storage/release of strain energy.

'"H NMR spectra of Li;K; aggregates
are much more complex compared with 1.
In both 2a and 2b, two signals for

aromatic protons (a sharp signal at 1K

6.8 ppm and a very broad signal at about
6.6 ppm) that do not coalesce upon cool-
ing are observed (Supporting Informa-
tion, Figures S4,S8). Such behavior is
believed to be related to complex
dynamic exchange processes involving
different parts of the asymmetric Li;K;
aggregates in solution. As the proton
signal from the homometallic Lis sand-
wich (6.9 ppm, THF) is shifted downfield
in comparison with the LiKs aggregate
(6.6 ppm) having only K* ions on the periphery, the broad
peak at 6.6 ppm for 2 can be assigned to the protons of
CyH,,*" that are close to the K-enriched part of the LisK;
product. As shown below, the alkali-metal ions are capable of
moving in/out through this side only and this affects the
associated corannulene protons. Plus, both 2a and 2b (grown
from DME and THE, respectively) have solvent molecules
coordinated to the sandwiched K" ions. The scrambling of
solvent molecules at these potassium sites on the periphery of
Li;K; sandwich can additionally affect the corresponding
protons of corannulene causing the observed signal broad-
ening at room temperature. Both processes should slow down
at low temperatures resulting in some signal sharpening
(Supporting Information, Figure S4). In contrast, two periph-
eral encapsulated Li* ions in 2 are fully shielded by
corannulene decks, have no coordinated solvent, and do not
provide the path for internal insertion at the Li side of the
Li;K; aggregate (as discussed below). The related protons
show up as a sharp signal at 6.8 ppm at room temperature.
Owing to their nonequivalence, the above signal starts to split
at lower temperatures (Supporting Information, Figure S8).

To get further insights into the formation of the unique
mixed-alkali-metal supramolecular aggregates discovered in
this work, the DFT calculations were performed at the PBE0/
def2-TZVPP(Li,K)//cc-pVDZ(C,0,H) level of theory (see
the Supporting Information for details). The calculated "Li
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NMR signals for the central Li* ion in the Li;K; and LiK;
organometallic complexes are —26.1 and —23.9 ppm, com-
pared with the experimental values of —23.9 and —22.4 ppm,
respectively. Thus, the highly negative values along with the
overall dependence on Li/K ratio are reproduced by theory.
For the next step, calculations of the whole series of mixed Li/
K sandwiches with variable core compositions were carried
out (Supporting Information, Table S4). This allows us to
discuss the step-by-step changes occurring upon metal
exchange starting from the Li-only cluster sandwiched
between two CyH,,* ligands. The initial formation of a Lis
sandwich is warranted by the fact that the addition of excess
Li metal quickly produces the four-fold reduced anions,!"'5
while the use of pure K metal affords less charged corannu-
lene species.*®! Starting from the Lis cluster, the substitution
of small Li* ions by larger K* ions along the periphery
gradually leads to the sandwich opening, simulating the
opening of a clamshell (Figure 4, see Li,K).

Figure 4. Transformation of alkali-metal cores starting from Lis to LiKs sandwiches. Some
intermediates are omitted.

Herein, the clamshell opening is quantified by measuring
angles between the mean planes passing through the rim or
hub carbon atoms of C,H,,*~ within the sandwich (Support-
ing Information, Table S4). The first substitution step in the
Lis structure leads to a substantial increase of the rim angle
(12.8°) in Li K, while the five-membered rings of corannulene
remain essentially parallel, with the hub angle being
unchanged. As a result, the space between the five-membered
rings in Li,K sandwich (3.47 A) remains small. Thus, sub-
stitution of the Lis cluster with one K* ion does not provide
sufficient room between the corannulene decks for incorpo-
ration of an additional Li" ion in the central position. The
second substitution step can afford two isomers, where two K*
ions are located at either neighboring (a-Li;K,) or separated
(B-Li;K,) benzene rings (Supporting Information,
Scheme S1). The substantial increase in both rim and hub
angles is observed for this substitution step (Supporting
Information, Table S4). Outstandingly, the B-Li;K, isomer,
having one Li" located between two K* ions, shows a sub-
stantially lower thermodynamic stability (by ca. 13 kcal
mol ') than the structure with the Li" ion being inserted
into the space between the five-membered rings of two
C,0H,,*” bowls. This provides a considerable driving force for
the insertion process with the subsequent formation of the
new type of sandwich. Thus, having two K* ions separated by
one six-membered ring and two Li" cations functioning as
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clamshell hinges on the opposite side open a clamshell
sufficiently wide to provide a channel for the interior insertion
of a Li* ion. This hub-to-ring lithium insertion is essentially
barrierless (activation energy, E,, is calculated to be 0.7 kcal
mol '), and this process is accompanied by a remarkable
driving force of about 13 kcalmol '. The barrier for the
reverse process (migration of the central lithium ion back to
the rim in between two six-membered rings) is quite
significant (13.9 kcalmol ™, Figure 5) with no thermodynamic

<& TS

Energy

product of insertion

Reaction coordinate

Figure 5. Representation of the Li insertion into the space between two
five-membered ring sites.

driving force. After the above insertion is completed, closing
the channel with a potassium ion leads to the formation of the
stable experimentally observed Li;K; sandwich. The central
Li" is now fully confined by surrounding alkali metals and has
no path to escape.

For comparison, the Li* insertion barrier for o-Li;K,,
where Li could not move in between two K* ions, is larger
(14.5 kcalmol™!) than in the B-Li;K, sandwich, while the
driving force for this process is much lower (2.4 kcalmol ™).
The next possible member of the class, Li,K,, is readily
amenable toward further transformations. The presence of
four K* ions opens up a clamshell too wide. This makes the
last Li" ion located between six-membered rings being very
weakly bound and easily replaceable by a larger K" ion, which
fits the allocated space much better. This transformation
eventually leads to the formation of the experimentally
observed LiKy composition.

As a result of these first studies on concomitant alkali
metals reduction of a bowl-shaped polyarene, C,)H,,, a new
class of mixed-alkali-metal organometallic sandwich com-
pounds has been discovered. Furthermore, the coordination
record for the four-fold reduced corannulene, which is able to
bind six alkali-metal ions by engaging its five benzene rings
along with the central five-membered ring, has been revealed.
Notably, the sandwiching of Li* ion between the hub sites of
two CyH,o*~ bowls is accompanied by unprecedented shifts in
Li NMR spectra. This experimental result, augmented by
theoretical calculations, illustrates the need to reconsider the
width of NMR window for Li NMR investigations of Li-
doped extended carbonaceous materials. This work also
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offers a new approach towards the formation of unique
mixed-alkali-metal clusters stabilized by supercharged curved
polyarenes. The proposed mechanism of their formation
should facilitate the design of other members of this
remarkable family and stimulate future practical applications
of heavy alkali-metal-doped carbon-based materials.
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