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ABSTRACT: Cyclodehydrogenation is an essential synthetic method for the preparation of polycyclic aromatic hydrocarbons, polycyclic het-
eroaromatic compounds, and nanographenes. Among the many examples, anionic cyclodehydrogenation using potassium(0) has attracted

synthetic chemists because of its irreplaceable reactivity and utility in obtaining rylene structures from binaphthyl derivatives. However, existing

methods are difficult to use in terms of practicality, pyrophoricity, and lack of
scalability and applicability. Herein, we report the development of a lith-
ium(0)-mediated mechanochemical anionic cyclodehydrogenation reaction
for the first time. This reaction could be easily performed using a conven-
tional and easy-to-handle lithium(0) wire at room temperature, even under
air, and the reaction of 1,1"-binaphthyl is complete within 30 min to afford
perylene in 94% yield. Using this novel and user-friendly protocol, we inves-
tigated substrate scope, reaction mechanism, and gram-scale synthesis. As a
result, remarkable applicability and practicality over previous methods, as
well as limitations, were comprehensively studied by computational studies
and NMR analysis. Furthermore, we demonstrated two-, three-, and five-fold
cyclodehydrogenations for the synthesis of novel nanographenes. In particu-
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lar, quinterrylene ([S]rylene or pentarylene), the longest non-substituted molecular rylene, was synthesized for the first time.

Introduction

Lithium metal possesses the lowest reduction electrode potential
(-3.04 V vs. standard hydrogen electrode (SHE)) compared to
other metals, and its lightness and high specific capacity (3.86 Ah
g ') allow us to utilize lithium as a high-voltage and high-capacity Li-
ion battery (Figure 1A)." Lithium is a key reactive main group metal
element in organic chemistry, used in the preparation of organolith-
ium reagents and lithium alkoxides, as well as general reduction re-
actions such as Birch reduction.? In these reactions, the bulk of Li
(wire, shot, granule, or dispersion) itself never dissolves in aprotic
organic solvents, but it gradually reacts with substrates (alkyl/aryl
halides, alcohols, amines, and other electrophiles) on the solid-lig-
uid interface, thus forming organolithium species that could dissolve
in organic solvents. However, regardless of the highest reduction po-
tential, Li shows the lowest reactivity among other alkali metals in
the solution state, which is a common phenomenon in organic
chemistry. The reason for the actual low reactivity is rationalized by
the higher atomization energy (A Huom = 159 kJ/mol) of Li, where
A H,iom is the enthalpy change in breaking all of a compound’s bonds
(metal bonds in Li) into separated single atoms. Comparatively, Na
and K, with larger atomic radii than Li, have 107 and 89 kJ/mol of
A Hiom, respectively (Figure 1A). In other words, the potential high-
est reducing ability of Li gets masked in the heterogeneous solution
state reactions.

An example of the lower reactivity of Li in organic synthesis is the
alkali-metal-mediated cyclodehydrogenation®* of polyarylenes for
the synthesis of polycyclic aromatic hydrocarbons (PAHs), mainly
including rylene substructures. Since Scholl and Clar first explored
syntheses of PAHs in the 1900s,’ PAHs including nanocarbons have
received tremendous attention in organic chemistry, materials sci-
ence, biology, and astrochemistry.® Despite recent advances in mo-
lecular nanocarbon synthesis” via cross-coupling reactions, the
Diels—Alder reaction, and on-surface synthesis for preparing non-
classical nanocarbons such as warped nanographenes®* and gra-
phene nanoribbons,” the final synthetic step for stitching (graphitiz-
ing or planarizing) polyarylenes continues to rely heavily on cyclode-
hydrogenation reactions. Among them, the Scholl reaction,” which
proceeds in the presence of oxidants such as FeCls, AICl;, or
DDQ/TfOH (DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone,
TfOH = trifluoromethanesulfonic acid), is undoubtedly one of the
most useful cyclodehydrogenation reactions and plays a central role
in the synthesis of polycyclic aromatics. However, successful exam-
ples of the Scholl reaction are mostly limited to six-membered ring
closures of electron-rich ortho-terphenyls and structurally con-
strained helicenes. In other cases, the reaction often results in unde-
sired aromatic rearrangements,'”"" decomposition, and chlorination
(Figure 1B).* For example, the AlCl;/NaCl-promoted Scholl reac-
tion does not perform well for the cyclodehydrogenation of 1,1
binaphthyl, yielding only 15% of perylene.’ TfOH-promoted



reaction of 1,1"-binaphthyl is known to give benzofluoranthene, 2,2'-
binaphthyl, and 1,2 -binaphthyl through a 1,2-aryl shifts."" Scholl re-
action of electron-deficient pyridine derivatives is also ineffective,
and introducing electron-donating substituents such as #Bu and
OMe groups is required for the reaction to proceed.'” For achieving
such difficult cyclodehydrogenation, potassium(0)- or potassium-
intercalated carbon (KCs)-mediated anionic cyclodehydrogenation
is known to be an alternative but irreplaceable method.”* While ear-
lier examples were not reported in detail,'* in 2010, Scott revisited to
developed a cyclodehydrogenation of 1,1"-binaphthyl using potas-
sium metal in THF and reported the detailed reaction profile and
mechanism."* The reaction is typically carried out in a pressure
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vessel with degassed and dehydrated THF at 85 °C under an inert
gas atmosphere, and perylene is quantitatively obtained after heating
for 12 h. Since then, this cyclodehydrogenation method has been re-
garded as an alternative method for obtaining rylene structures'*
and electron-deficient polyaromatics (Figure 1C)."* However, com-
pared to the established Scholl reactions, this method has not been
widely employed due to the lower yields of products, narrow sub-
strate scope, small scalability, and poor handleability caused by the
pyrophoric nature of potassium(0). In addition, a heterogeneous re-
action system with metallic potassium in THF or toluene disfavors
the synthesis of planar and poorly soluble molecular nanocarbons.

B. Cyclodehyrogenation of 1,1’-binaphthyl
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Figure 1. (A) Properties of alkali metals, (B) cyclodehydrogenation of 1,1"-binaphthyl, (C) alkali metal-mediated anionic cyclodehydrogena-
tion, and (D) lithium(0)-mediated mechanochemical anionic cyclodehydrogenation (this work).

Herein, we report a lithium(0)-mediated mechanochemical cy-
clodehydrogenation reaction that exploits the potentially high re-
ducing ability of lithium in the solid-state ball-milling reaction (Fig-
ure 1D). Directly mixing pieces of easy-to-handle lithium(0) wire
and various binaphthyls with stainless balls in a stainless-steel jar fol-
lowed by rapid shaking by a ball-milling machine at room tempera-
ture enables the synthesis of various rylene-type PAHs and electron-
deficient PAHs in a short reaction time. Using this methodology, we
not only improved the yield of known compounds and achieved
gram-scale synthesis but also succeeded in synthesizing unprece-
dented molecular nanocarbons.

Results and Discussion

Modification of reaction conditions

Our interest in developing mechanochemical dehydrogenations
originated from our previous campaign in developing new synthetic
methodologies for PAHs, nanographenes, and polycyclic heteroaro-
matics,'*"” the mechanochemical synthesis of fullerene dimers by
Komatsu,'® and a series of recent marked developments in mechano-
chemical synthesis.'”*” We hypothesized that the use of bulk lith-
ium(0) as a reducing agent for solid-state mechanochemical cy-
clodehydrogenation would have various synthetic advantages for
nanocarbon synthesis: i) lithium(0) has the highest reducing ability
(the lowest reduction potential) in metals; ii) neither the precursors



nor the PAH products are required to dissolve in organic solvents;
iii) handling of lithium(0) (washing, cutting, weighing, adding, re-
moving, and quenching) is easier and safer than sodium(0) and po-
tassium(0), even under air; and iv) a solid-state mechanochemical
mixing is expected to form a minute lithium-substrate cluster to en-
hance the efficient lithium-to-substrate electron transfer, which is
slow in the diluted solution-state due to the high atomization en-
thalpy of Li.

First, we optimized reaction conditions for anionic mechanochemi-
cal cyclodehydrogenation of 1,1"-binaphthyl (1a, 0.20 mmol, 1.0
eq.) using various metals, additives, and reaction temperatures. We
discovered that the use of Li wire pieces (6.0 eq.), THF (12 eq.), and
a 7-mm diameter stainless ball in a 1.5-mL volume stainless jar at
room temperature (25 °C) under air with mixing by ball milling at a
rate of 30 Hz (1800 rpm) for 30 min efficiently afforded perylene
(2a) in 94% isolated yield (Table 1, entry 1). While the reaction did
not complete within 1 min (entry 2), it was remarkable that the re-
action was almost complete in 5 min (entry 3), and extension of the
reaction time rarely affected the yield. The use of 3 eq. of Li also re-
sulted in a slight decrease in yield (81%, entry 4). The use of 6 eq. of
Li (8.3 mg, standard conditions) was more appropriate than the use
of 3 eq. Li for the 0.20 mmol-scale reaction in terms of yield, reaction
reproducibility, easy handleability, and mixing efficiency, and
showed a dependence on the total weight/volume of reaction con-
tents and reaction vessel volume. Decreasing the amount of THF or
the absence of THF significantly decreased the yield to 62% and 43%,
respectively (entries S and 6), whereas using an excess amount of
THF (30 eq.) promoted the reaction (entry 7). Notably, adding
small amounts of solvent is known to be effective in promoting the
mechanochemical reactions, known as liquid-assisted grinding
(LAG).

Table 1. Screening and optimization of reaction conditions for lith-
ium(0)-medicated mechanochemical anionic cyclodehydrogena-
tion of 1,1-binaphthyl (1a).

.4e
9

1,1'-binaphthyl (1a)

Standard conditions

Li, wire (6 eq.) OO
THF (12 eq.)
1.5 mL stainless jar
1 x 7 mm stainless ball OO
ball milling (30 Hz)

25 °C, 30 min, under air

perylene (2a)

[0.20 mmol] [94% yield]
Entry  Deviation from the standard conditions Yield
1 None 94%
2 Reaction time: 1 min 9%

3 Reaction time: S min 91%
4 Li (3 eq.) instead of Li (6 eq.) 81%
S THF (6 eq.) instead of THF (12 eq.) 62%
6 w/o THF 43%
7 THF (30 eq.) instead of THF (12 eq.) 95%
8 NEt; (12 eq.) instead of THF 94%
9 TMEDA (12 eq.) instead of THF 95%
10 Et,0 (12 eq.) instead of THF 88%
11 Naphthalene (1.0 eq.) instead of THF 70%

12 DMAN (1.0 eq.) instead of THF 75%
13 K (6 eq.) instead of Li (6eq.) 49%
14 Na (6 eq.) instead of Li (6 eq.) 28%
157 K (30 eq.), THF, 85 °C, under argon, 12 h quant
16> Li(30eq.), THF (40mL),25°C,2h 0%
17> Li(30eq.), THF (40mL), 50°C,2h 0.03%

The reactions were quenched with 0.25 M I, in THF after the indicated
reaction times. * Sealed tube instead of ball-milling. Experimental data
are presented in ref. 13a. # The reactions were carried out in a Schlenk
tube with a stirring bar under argon by mixing with a magnetic stirrer in
an oil bath.

The parameter of # (the ratio of total liquid volume to the total
weight of other solid sample, uL/mg)*'* of each condition are fol-
lows: 7 =3.2 yL/mg (entry 1), 3.5 uL/mg (entry 4), 1.6 uL/mg (en-
try 5), 0.0 uL/mg (entry 6), and 8.1 yL/mg (entry 7). These values
indicate that the current reactions with THF additive are slurry reac-
tions (7 = ca. 1-10 uL/mg) rather than LAG reactions (LAG = ca.
0.1 uL/mg). Other additives, such as NEt;, N,N,N,N; -tetrameth-
ylethylenediamine (TMEDA), Et,O, naphthalene, and 1-(N,N-di-
methylamino)naphthalene (DMAN), worked well as additives in-
stead of THF, which can also potentially modulate the reactivity of
Li for various substrates (entries 8-12). It is also interesting that
solid additives such as naphthalene and DMAN slightly promoted
the reaction compared to the lithium(0)-alone reaction (entry 6 vs.
entries 11 and 12). When alkali metals such as K and Na were em-
ployed instead of Li, 1a was not fully consumed, and the yields of 2a
dropped to 49% and 28%, respectively (entries 13 and 14). This is in
stark contrast to a previous report by Scott, who demonstrated the
same reaction with highly pyrophoric K in a THF solution under
pressurized and heated conditions (entry 15)."* The solution-state
reaction with a Li wire did not proceed at all at 25 °C or 50 °C (en-
tries 16 and 17). The observed higher reactivity in the solid-state re-
action and lower reactivity in the solution-state reaction are consid-
ered to correlate with the high reducing ability of lithium and high
atomization energy (A Huom); thus, the potential high reduction ca-
pacity of Li was successfully achieved in the solid-state reaction.

Substrate scope and limitation

With a highly efficient, easy-to-handle mechanochemical reaction in
hand, we explored the substrate scope of anionic cyclodehydrogena-
tion of various binaphthyl analogs, particularly by testing unprece-
dented and poorly soluble substrates (Figure 2). 4,4-Diphenyl-1,1'-
binaphthalene (1b), 9-(naphthalen-1-yl)phenanthrene (1c), and 6-
(naphthalen-1-yl)chrysene (1d) were efficiently transformed to
substituted perylene 2b and n-extended perylenes 2¢ and 2d in high
yields (92%, 88%, and 82%, respectively). Substrates such as 9,9'-bi-
phenanthrene (1e) and 6-(phenanthren-9-yl)chrysene (1f) were al-
most completely consumed, but the n-extended perylenes 2e and 2f
were easily decomposed in air due to the presence of reactive bay-
regions,” resulting in low isolated yields (18% and 16%) after puri-
fication by preparative thin-layer column chromatography (PTLC)
on silica gel. On the other hand, 1-(naphthalen-1-yl)pyrene (1g)
and its isomer 4-(naphthalen-1-yl)pyrene (1g’) were found to be
suitable substrates for the anionic cyclization, and naphtho([8,1,2-
bcd|perylene (2g) was obtained in 83% and 81% yields using both
substrates through small-scale reactions (0.2-0.5 mmol scale). A
gram-scale reaction using 1.64 g (5.0 mmol) of 1g was accomplished
simply by employing a larger stainless jar (10-mL volume) and three
10-mm-diameter stainless ball with direct heating with a heat gun



(inner vessel temperature23 (reaction temperature): 53 °C; preset
temperature of heat gun: 80 °C). Under these conditions, 1.34 g
(82%) of 2g was obtained by ball milling after 30 min. Although 1-
(phenanthrene-9-yl)pyrene (1h) and 1,1’-bipyrene (1i) were also
transformable substrates and the reactions indeed proceeded, the
cyclized product 2h was isolated only in 25% yield, and we were not
able to isolate 2i using the usual isolation techniques under air. Sim-
ilar to 2e and 2f, the low yield and decomposition of products are
also rationalized by the instability of bay-region-reactive large
PAHs.”> Next, naphthalene-substituted PAHs 1j, 1k, 1], and 1m were
tested for anionic cyclodehydrogenation to examine the effects of
five-, six-, and seven-membered ring containing molecules. Naph-
thylfluoranthene (1j), naphthlycorannulene (1k), and naph-
thylcoronene (21) were less reactive even upon heating at 71 °C
(heat-gun preset temperature: 140 °C), affording the products in
low yields (2j: 20%; 2k: 10%; 2I: 7%) with the recovery of the start-
ing compounds. Interestingly, the seven-membered ring-embedded
substrate 1m effectively reacted at 25 °C, and dibenzo[4,5:6,7]cyclo-
hepta[1,2,3-cd]perylene (2m) was obtained in 75% yield. Once
again, we performed a gram-scale reaction by heating at 71 °C (heat-
gun preset temperature: 140 °C) for S0 min to obtain 2m in an 86%
yield (1.1 g). A two-fold cyclodehydrogenation of dinaphthylchrys-
ene (1n) proceeded smoothly with heating at 71 °C, and tetra-
benzo[ dejk qr; wx]hexacene (2n) was obtained in high yield (95%).
Compound 2n is a new PAH with a molecular formula of CssHao and

core of tetra-perr-tetrabenzohexacene, so detailed analysis of its pho-
tophysical properties and density functional theory (DFT) calcula-
tions were also performed (see Supporting Information (SI) for de-
tails).

Next, we tested the reactions of isoquinoline- and quinoline-conju-
gated arene derivatives, which are also known as inert substrates for
oxidative cyclodehydrogenation due to their electron-deficient
properties.”* While these reactions afforded aza-perylenes 20-2s in
low to moderate yields (12-65%), the products were valuable be-
cause the nitrogen-embedded structures are otherwise difficult to
synthesize by conventional organic synthesis.  5-Phe-
nyldibenzo[ ;k]phenanthridine, which our group synthesized in a
previous study,'* was also transformed into aza-nanographene 2t.
Finally, we found that our mechanochemical anionic cyclodehydro-
genation was also effective for the synthesis of triphenylene (2u)
from ortho-terphenyl (1t), albeit with a moderate but inferior yield
compared with the typical Scholl reaction with oxidants.* Taking
into account the safety, efficiency, mass production potential, and
applicability, the developed Li-mediated mechanochemical reaction
possesses huge synthetic advantages over conventional solution-
state reactions with potassium(O). Furthermore, our easy-to-operate
reaction unveiled the first systematic investigation of the substrate
scope and limitations of anionic cyclodehydrogenation.
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Figure 2. Substrate scope in lithium(0)-mediated mechanochemical anionic cyclodehydrogenation of binaphthyls and their analogues. Unless
otherwise noted, 0.10 mmol of substrate (1a~1u) and a 7-mm diameter stainless-steel ball in a 1.5-mL stainless-steel jar were employed at room
temperature (20-25 °C) for 30 min. For the gram-scale synthesis (3.2-5.0 mmol scale reaction) of 1g and 1m, three 10-mm diameter stainless-
steel balls in a 10-mL stainless-steel jar were used. The reaction temperature/heat-gun preset temperature/reaction vessel volume:
34°C/50°C/1.5 mL; 46 °C/80°C/1.5 mL; 53 °C/80°C/10 mL; 71 °C/140°C/1.5 mL; 71°C/140°C/10 mL. See Table S1 for details.

Mechanistic considerations by NMR spectroscopy

Next, we investigated the reaction mechanism, possible active spe-
cies, and reaction profiles in the present solid-state lithium(0)-me-
diated anionic cyclodehydrogenation of 1,1-binaphthyl (1a) based
on the well-known mechanism of the potassium(0)-mediated solu-
tion-state reaction suggested by Scott."* We also considered that 1a
first undergoes one-electron reduction by lithium(0) to form its rad-
ical anion la’~ which can receive an additional electron from lith-
ium(0) to generate dianion 1a’~ (Figure 3A). Dianion la’ can be
transformed into the trans-dihydroperylene dianion 3a’. On the
other hand, 1a™~ is also capable of cyclization to afford the trans-di-
hydroperylene radical anion 3a™”, which is also easily reduced by lith-
ium(0) to give 3a”. As suggested in the potassium(0)-mediated re-
action, equilibria between 1a"/3a’~ and 1a’>*/3a* likely exist in our
lithium system. Finally, intermediate 32>~ would spontaneously and

irreversibly provide perylene dianion 2a*" through the release of hy-
drogen gas.”* Based on this assumption, we attempted to directly
observe the active species and/or intermediates by "H NMR spec-
troscopy. After the cyclodehydrogenation of 1a under standard con-
ditions at 25 °C for 30 min, a dark purple paste of the crude mixture
was observed in the reaction vessel, which was directly analyzed by
"H NMR after dilution with THF-dk. Only perylene dianion 2a”,
whose three hydrogen atom signals were largely shifted to a high
magnetic field region up to 4.7 ppm (Figure 3B), was observed. In
the "Li NMR analysis in THF-d, unreacted Li’ (a broad peak be-
tween 0 and 4 ppm) and solvated [Li*(THF).] ion** (a sharp peak
at —~0.98 ppm) were observed. There is no peak corresponding to
strongly coordinated complexes such as (Li*)2(2a*), whose "Li
NMR peak should be observed in the higher magnetic region be-
tween -2 and —10 ppm.** The states of 2a®> and Li* in the solid-state
are unknown at this stage, but the same type of state (2[Li*(THF).]



+ [2a*(THEF).) observed in the 'H and Li NMR spectra in THF-d
can be possible candidates because of the use of 6 eq. of THF most
likely promoted the reaction in the solid state (Table 1, entry 1).
‘While we could not observe other active species and were not able
to measure solid-state NMRs, the observation of dianion 2a>" as a
species in the resting state supports the possible mechanism shown
in Figure 3A. However, it should be emphasized that the current
solid-state mechanochemical reaction is much faster than the solu-
tion-state long-time heating reaction with potassium(0), and all pro-
cesses, including two one-electron reductions, cyclization, and dehy-
drogenation, quickly converge to the relatively stable perylene dian-
ion, 2a*". These phenomena are unprecedented in previous cyclode-
hydrogenations, and we believe that the higher reactivity of lithium
has been showcased for the first time by utilizing the mechanochem-
ical solid-state reaction.

A. Proposed reaction mechanism
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One possible reason for such a rapid reaction is simply thought to be
the efficient mechanical mixing of lithium(0) with the substrate to
form a minute solid dispersion mixture, which efficiently promotes
electron transfer from lithium(0) to the substrate. Of course, this can
also occur when using other metals, such as sodium(0) and potas-
sium(0), as we observed in the modification of the reaction condi-
tions (Table 1, entries 12 and 13); however, these reactions did not
proceed to completion within 30 min at 25 °C. This can also be ra-
tionalized by the highest reducing ability of lithium(0) among other
metals (Figure 1A). More detailed and careful observations of the
reactive species and morphological changes of the substate/addi-
tive/lithium(0) are needed for further investigation of the reaction
mechanism.

Reaction profiles of anthracene-substituted biaryls

To understand the critical factor determining the reaction progress,
we further tested the reactions of anthracene-substituted biaryls 1v,
1w, and 1w’ (Figure 4). In the reactions of 1v and 1w, the target cy-
clized products 2v and 2w were not obtained, and almost all starting
materials remained unreacted. In contrast, the reaction of 1-(naph-
thalen-1-yl)anthracene (1w’) proceeded under slightly modified re-
action conditions with lithium(0) or sodium(0) at 71 °C (heat-gun
preset temperature: 140 °C) to afford benzoperylene 2w in 10-21%
yield. In these reactions, 1w’ was fully consumed; however, the prod-
uct yields were consequently low because of the poor solubility and

degradability of 2w.

Ph Ph Ph
standard
conditions
— I

low
conversion
of v

Ph Ph Ph
2v 2v’
v n.d. n.d.
standard
conditions
—_—

low
conversion
of 1w

conditions yield
1w 2w Li (6 equiv)

trace THF (12 equiv) 2%

25 °C, 30 min

Oe conditions OO Li (6 equiv)
THF (12 equiv) 10%

il - ‘ 71 °C, 30 min

Ul
conversion Na (6 equiv)

of Tw” THF (12 equiv) 25%

71 °C, 30 min

600 MHz M OO = 1w’ 2w
THF-ds  f Figure 4. Reactions of anthracene-substituted biaryls. 0.20 mmol of
19.7°C ‘ substrates and a 7-mm diameter stainless-steel ball in a 1.5-mL stain-
O less-steel jar were employed at 25-71 °C for 30 min.
2
9.0 8.0 7.0 6.0 5.0 4.0

chemical shift / ppm

Figure 3. (A) Proposed reaction mechanism and (B) 'H NMR anal-
ysis of crude mixture in the reaction of 1,1"-binaphthyl (1a) before
quenching with L. The spectrum of a cold sample solution in THF-
d at —78 °C was measured at the room-temperature (19.7 °C).



Computational studies on activation energies in cyclization

Stimulated by the above-mentioned results in Figure 4 and the suc-
cessful and unsuccessful cyclization of 1a, 1j, and 1m in Figure 2, we
performed computational considerations for the cyclization pro-
cesses of each substrate (Figure 5). Related to a computational study,
Puiatti and Jimenez recently reported the mechanistic investigations
on anionic cyclodehydrogenation of 1,1-binaphthyl (1a) by DFT."*
They revealed that the cyclization could preferentially occur from
open-shell singlet dianion 1a** (1a** (OS)) to 32> (OS) rather than
radical anion 1a’~ to 3a", with an estimated activation barrier in the
former of 26.1 kcal/mol by the symmetry-broken unrestricted
B3LYP**** (SB-UB3LYP)/6-31+G(d)/IEF-PCM(toluene) level
of theory at 363 K. We also examined the same type of calculations
by the UB3LYP/6-31+G(d)/IEF-PCM(THF)** level of theory at
298 K using a Gaussian 16 program.” For simplification of calcula-
tions, we calculated only radical anions and symmetry-broken open-
shell singlet dianions, whereas closed-shell dianions and triplet dian-
ions are excluded in this work due to those energetically unstable fea-
tures as investigated by Puiatti and Jimenez."* To evaluate the elec-
tron-accepting ability and stability of 1x, 1x™, 3x~, 1= (OS), and
32" (0S) (x=a,j, m, w,w’), the relative free energy (A G, kcal/mol)
of 1x was estimated, taking into account the energies of free lith-
ium(0) and Li* (Figure SA). In these calculations, the absolute val-
ues of energy differences between 1x/1x/1x*" and 3x™/3%*" are not
useful because the presented one-electron reduction from atomic
lithium(0) is not realistic, and there are many possibilities for the
state of lithium(0) and Li* to be considered, such as lithium clusters,
complexes with multiple anionic substrates, and THF molecules.
However, it is easy to compare the relative stabilities and electron-
accepting abilities of compounds in the same anionic state. For ex-
ample, larger m-systems than la clearly stabilize radical anions 1x~ (x
=j, m,w,w) (4G = -16.0 ~ —22.8 kcal/mol vs. —8.8 kcal/mol) and
dianions 1 (x=j, m, w, w’) (4G = -12.5 ~ ~21.9 kcal/mol vs. +3.1
kcal/mol). In addition, based on the hypothesis that there is no equi-
librium between 1x/1x~/1x*, we calculated the activation barriers
(AG?) for each cyclization, that is, TSisra (radical anion pathway)
and TSipaos (open-shell singlet dianion pathway) for the reactions
of 1x” to 3x" and 1x*” (OS) to 32> (OS). Comparing the activation
barriers of the radical anion and dianion pathways, the dianion path-
ways are favored for all substrates. To investigate the effects of the
five- and seven-membered rings in the substrates, the activation bar-
riers for the cyclization of 1j** (OS) and that of Im* (OS) were com-
pared. As a result, the activation barrier for the cyclization of 1m via
the dianion pathway is 2.4 kcal/mol lower than that for the cycliza-
tion of 1j. Even via a radical anion, 1m cyclization is favored by 3.8
kcal/mol. Indeed, the results are consistent with the experimental re-
sults that 2m was obtained in high yield, whereas cyclization of 1j did
not occur at room temperature and required heating to achieve low
yields (Figure 2). This can be rationalized by the higher electron-ac-
cepting ability of the five-membered aromatic ring in the fluoran-
thene core of 1j. We believe that the higher stabilization of 1j*-
compared to Im*” can result in a relatively higher activation barrier.
Indeed, the relative energy of 1j* is largely stabilized by -21.9
kcal/mol upon two-electron reduction of 1j by two Li(0), while the
stabilization energy of Im*~ is estimated at —12.5 kcal/mol. Further-
more, a comparison of the activation barriers for the cyclization of
Iw and 1w’ shows that the activation barriers of 1w are larger by 7.0
kcal/mol than those of 1w’. Even via radical anions, 1w’ has a lower
activation energy by 8.7 kcal/mol than that of 1w. The calculated

results are also consistent with the experimental results that 1w’ cy-
clizes easily, whereas 1w does not undergo cyclization (Figure 4).

The differences in these reactivities arise from steric repulsion in the
transition states, which are simply visualized by non-covalent inter-
action (NCI) plot analysis using the NCIPLOT4 program. (Figure
SB)* In this analysis, red-orange color-reduced density gradient
isosurfaces correspond to the existence of repulsive interactions.
Compared with the larger steric hindrance around the fjord-region
in TSiw-na.0s, the less hindered transition states, T'S1a.ps-0s and TSyw-
pa-os, have lower activation barriers.
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AG in kecal/mol calculated by UB3LYP/6-31+G(d) with IEF-PCM(THF) at 0 atm,
298.15 K. Activation energy (AG*) based on 1x- or 1x2- in parentheses.
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Figure S. (A) Profile of free energies and activation energies in ani-
onic cyclization estimated by DFT calculations. (B) NCI analysis*
and reduced density gradient isosurfaces (isosurface value = 0.33)
by a NCIPLOT4 program for TSi.pa0s, TSiwpa-o0s, and TSw-pa-os.
Color code based on sign (h)p was —0.05 a.u. (blue) < 0.00 a.u.
(green) < 0.05 a.u. (red). Blue and red isosurfaces show regions hav-
ing attractive and repulsive interactions, respectively, and green
isosurfaces show week van der Waals interactions such as 7 inter-
action.

Synthesis of novel nanographenes by multi-fold cyclodehy-
drogenation

Finally, we attempted multifold cyclodehydrogenation for the syn-
thesis of unprecedented nanographenes as one of the highlighted ap-
plications of the present lithium(0)-mediated mechanochemical cy-
clodehydrogenation. First, Ci-symmetric benzo[c]naphtho[2,1-



plchrysene (4), which is frequently considered a precursor for bucky
bowls,”* was brominated to Ci-symmetric tribromide 4’ (Figure
6A).”* Suzuki-Miyaura coupling of 4 with di- ter#-butylnaphthalene
pinacol boronate (5) afforded the precursor 6 in a 60% yield. Under
anionic cyclodehydrogenation conditions with lithium(0) and heat-
ing at 71 °C (heat-gun preset temperature: 140 °C), a highly chal-
lenging three-fold cyclodehydrogenation proceeded to afford trifur-
cated perylene trimer 7 in a 38% yield. Compound 7 possesses a C3-
symmetric trifurcated structure with a central benzene junction and
three perylene wings. The geometry optimization by DFT shows a
slightly twisted structure, such as a propeller shape derived from
three cove regions ([4]helicene moieties) (see SI). In the UV-vis
absorption measurements of a solution of 7 in CH>ClL (c = 0.0461
mM), two absorption maxima in the long wavelength regions are ob-
served at 478 and 451 nm, and shoulder absorption is extended up
to 700 nm (Figure 6B).
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In the depiction of frontier molecular orbitals calculated by
B3LYP/6-31G(d), HOMO (~4.85 eV) and LUMO (~2.11 eV) are
each degenerated, and molecular orbitals (MOs) are localized on
two perylene wings (Figure 6C). On the other hand, HOMO-1 (-
5.11 eV) is delocalized on an entire molecule. The observed absorp-
tions are identical to the excitations simulated by time-dependent
DFT (TD-DFT): HOMO to LUMO (Arp.oer = 502 nm, oscillation
strength (4 = 0.5098) and HOMO(a) to LUMO+1 (Arporr = 453
nm, /= 0.4288) (see SI for details). Comparing the absorption spec-
tra of 7 and 2n (see SI), 7n shows shorter wavelength absorptions
and broader absorption peaks than 2n. Moreover, the Stokes shift of
7 is larger than 2n. These results indicate that 7 has a more flexible
structure than 2n, and the large structural relaxation in the excited
state of 7 is considered to cause a larger Stokes shift than the rigid 2n.
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Figure 6. (A) Synthesis of Ci-symmetric perylene trimer 7. (B) UV-Vis absorption and emission spectra of 7 (c= 0.0461 mM) in CH.CL. (C)

Frontier molecular orbitals of 7.

Finally, we tested the synthesis of non-substituted (pristine)
quinterrylene (9)* from quinquenaphthalene (8) (Figure 7).
Rylene or polyrylenes® are known as promising materials for organic
electronic devices that show attractive photophysical, electrochemi-
cal, and magnetic properties,”> and their polymeric structure is also
now known as V= § armchair-type graphene nanoribbon® with a
short width. Only pristine quaterrylene (four naphthalene units)
was previously synthesized as the longest and analyzable non-substi-
tuted rylene, first by Clar and coworkers** and later by Cataldo.*®"
They dimerized perylene to quaterrylene by a typical Scholl reaction
using AICl; or a mixture of FeCl; and AICl;. Moreover, Johnson and
coworkers recently found that quaterrylene could be synthesized in

high yield by the dimerization reaction of perylene with DDQ and
TfOH in refluxing dichloromethane for 24 h.** The generated crude
quaterrylene was purified by repeated washing with THF because of
its insolubility. We anticipated that our lithium-mediated solid-state
reaction would be adequate for the reaction and synthesis of poorly
soluble compounds such as quinterrylene 9 without the need for sol-
ubilizing substituents and reaction termination induced by the ex-
clusion of insoluble intermediates from the reaction media.
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Figure 7. (A) Cyclodehydrogenation of quinquenaphthalene 8 to
pristine quinterrylene 9. (B) MALDI-TOF MS spectrum of 9. (C)
Observed (left) and simulated (right) isotopic patterns of 9 in
MALDI-TOF MS. (D) Observed IR spectrum of 9 and a simulated
IR spectrum by DFT/PBE0/def2-SVP. (E) Observed Raman spec-
trum of 9 on silicon surface with a 632 nm laser and a simulated Ra-
man spectrum by DFT/PBE0/def2-SVP. Simulated IR and Raman
spectra are scaled with a scaling factor of 0.95427.%

Thus, we attempted to transform readily prepared quinquenaphtha-
lene 8 into 9 (Figure 7A). Initial investigations revealed that treating
8 with excess Li and THF resulted in the formation of black insoluble
materials with m/z = 624, which correlates to the mass of 9. How-
ever, there were some inseparable mass peaks, such as m/z = 626,
628, and 640, which are considered to be the peaks of partially cy-
clized products and/or by-products with an oxygen atom. After
modifying the reaction conditions, we found that the reaction of 8
with 60 eq. of Li and 118 eq. of THF with heating at 71 °C (heat-gun

preset temperature: 140 °C) for 3 h under a rough argon atmosphere,
followed by treatment of the crude mixture with AICls in chloroben-
zene** at 80 °C for 30 min, afforded a relatively simple crude mixture,
which was purified by washing with hot toluene with a Soxhlet ex-
traction apparatus.

The resulting black powder was analyzed using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) to obtain an intense mass peak at m/z= 624.1888 (Figure
7B), with m/ zvalues and isotopic patterns identical to those of [9]*
(Figure 7C). To further elucidate the structure of the product, we
measured the IR and Raman spectra (Figures 7D and 7E). In the IR
spectrum, there were some characteristic peaks in the fingerprint re-
gion, such as 762 and 811 cm™. These correspond to the vibrations
of the out-of-plane bending mode in the bay-region C-H bonds,
which were well reproduced by DFT calculations (see SI). The ob-
served peak at 1378 cm™ was weak but identical to that of the in-
plane bending mode. Generally, the Raman spectra of graphene and
graphene nanoribbons provide important information about the
structure, defects, width, aspect ratio, and defects. In previous similar
measurements of V= 5 armchair-type graphene nanoribbon,” a ra-
dial breathing-like vibration mode (RBLM (observed)*: 532 cm™
!; RBLM(simulated)*'#: $21-545 cm™), D band (1300-1350 cm™),
and G band (1564-1580 cm™) have been reported to elucidate the
rylene structure. In our measurement (red line in Figure 7E), RBLM
mode, G band, and D band were observed at 531, 1274, and 1557
cm™’, respectively. These values are very similar to the reported val-
ues and the values simulated by the DFT/B3LYP/def2-SVP level of
theory (black line in Figure 7E). Based on the direct evidence of the
MALDI-TOF MS spectrum as well as indirect evidence in IR and
Raman measurements, it is reasonable to state that we successfully
synthesized quinterrylene 9.

Conclusions

In this study, we have developed a mechanochemical anionic cy-
clodehydrogenation reaction using lithium(0). First, we investi-
gated various conditions for the cyclization of binaphthyl to perylene
and found that the cyclodehydrogenation proceeded by ball milling
with easy-to-handle lithium(0)-wire and a small amount of THF as
an additive at room temperature under air for S min. Compared with
solution-state reactions with potassium(0) and lithium(0) and
solid-state reactions with sodium(0) and potassium(0), the present
method shows significant synthetic benefits in terms of handleability
under air, rapid reactivity at room temperature, safety, and practical
gram-scale synthesis. With this simple and easy synthetic tool in
hand, we investigated a wide range of substrate scopes and synthe-
sized various novel polycyclic aromatic compounds for the first time.
"H NMR spectroscopic analysis of the dark purple crude paste of the
reaction mixture clearly showed the formation of a perylene dianion,
which is a similar resting intermediate in the solution-state reaction.
While the mechanism of the present solid-state reaction can be dif-
ferent from the mechanism proposed for the solution-state reaction,
we expect that efficient mechanochemical mixing in the solid state
could bring out the potent highest reactivity (reducing ability) of
lithium(0), resulting in rapid cyclodehydrogenation. Furthermore,
we were able to synthesize and characterize novel polycyclic aro-
matic compounds such as 2n and 7 via multifold cyclodehydrogena-
tion. In particular, we synthesized quinterrylene 9, the longest
known non-substituted pristine rylene, which is difficult to



synthesize due to its low solubility. MALDI-TOF MS, IR, and Ra-
man spectroscopic analyses support the formation of 9.

The mechanochemical anionic cyclodehydrogenation with lithium
described in this study is an innovative and practical method for the
rapid and efficient synthesis of polycyclic compounds. This protocol
not only allows the cyclization of polyarylenes that do not proceed
in the solution state but is also applicable to the synthesis of insoluble
compounds. We hope that this reaction can be used universally in
the future, leading to the development of a variety of unexplored pol-
ycyclic aromatic compounds and molecular nanocarbons.
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