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Lithium-Mediated Mechanochemical Cyclodehydrogenation: A Time-, Cost-, and
Solvent-Reducing Scalable Synthetic Method for Nanographenes
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Cyclodehydrogenation is an essential reaction for synthesizing polycyclic aromatic hydrocarbons, polycyclic
heteroaromatic compounds, and nanographenes. Among those, anionic cyclodehydrogenation using potassium
metal in a large amount of solvent is the irreplaceable reaction that construct rylene structures from binaphthyl
derivatives, and thus has attracted synthetic chemists because of its usefulness and a lack of alternative methods.
However, current methods incur risks such as the pyrophoricity of potassium and requirement of heating, long
reaction time and a large amount of organic solvent under an inert gas atmosphere, making them difficult to
implement both in laboratory and industry due to a lack of practicality, scalability, and applicability. This paper
reports the first anionic dehydrogenative cyclization mediated by lithium metal by a mechanochemical method
and the development of an efficient synthetic method for nanographenes. The reported reaction is safe and easily
performed using metal lithium wire, which is easy to handle at room temperature in an air atmosphere, and the
1,1-binaphthyl reaction completes within thirty minutes, giving a 94% yield for perylene. Furthermore, the reaction
allows solid-to-slurry reactions with minimum use of solvent as stoichiometric additive levels, providing a cost- and
environment-friendly method as compared to conventional reactions in organic solvents. We applied this new user-
and eco-friendly synthetic approach to investigate a substrate scope, reaction mechanisms, and gram-scale syntheses
in the cyclodehydrogenation of various biaryl compounds. We also utilize quantum-chemical calculations and nuclear
magnetic resonance analyses to verify the remarkable applicability and practical extension of the proposed method
to conventional in-solution synthetic methods, as well as the limitations of reaction. Finally, we demonstrate the
synthesis of a novel nanographene by simultaneous cyclodehydrogenation at multiple reaction points, in particular
efficiency in the synthesis of quinterrylene ([5]rylene), the longest unsubstituted rylene, which had not previously
been synthesized due to its insoluble property.
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A. Cyclodehyrogenation of 1,1’-binaphthyl
Known conditions

5538
sellise

Scholl (1910): AICIy/NaCl, 140 °C, 15%
Scott (2010): K9, THF, 85 °C, quant

Problematic byproducts

I
ollee

B. Synthetic examples using anionic cyclodehydrogenation

0 O - Rylene structures —

Itami (2011) Hirose, Matsuda (2016) Puiatti, Jimenz (2022)
KNaph, THF, MW Ko, THF K?, toluene

— Electron-deficient polyaromatics —

o C
£

Gryko (2010) Ito, Itami (2020)
Ko, toluene K9, toluene

Yoshikai (2020)
Ko, ball-milling

Fig.1 (A) ZhFTH#ih 1L,I-EF 7 FILOBIKRE
LRI, (B) 7 ) &lga Hn7z7 =2 VA
S FUN

KREBRIKIG AT 5 [Fig. 2], 225+ TRAITHL
DFNRT VW) FTLIA Y =25 LUK ENSIT
YL, g F7FLEE Kk, 27V ZAK—L
Iz 2T VL 2BEHZICANK, BFRTREHIZIRE S

This work: Lithium(0)-mediated mechanochemical
anionic cyclodehyrogenation

.

-~ - + Li® wire o i
+ additive

S **  mechanochemical ) ’
grinding . ..

by ball mill ' i

* Room temp. reaction

* Under air

* Rapid reaction (5-30 min)

* Less pyrophoricity

» Gram-scale synthesis

» Synthesis of novel PAHs

* Large reduction in solvent usage

Fig. 2 A—L3INEVFIL 0 ZHEZT=AVMEAS
2 I A NVBRAKFEB LG
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\1iéf

Li (3-12 eq.)
THF (6-24 eq.)
1.5 mL stainless jar
1 x 7 mm stainless ball

0.1|0 mrrllol

ball milling (30 Hz)
20-25 °C, 30 min, under air;
then I, (0.25 M in THF, 4 mL)

%

r = naphthalene-1-yl, R = H: (1a)

= 4-phenylnaphthalene-1-yl, R = Ph: (1b)

= phenanthrene-9-yl, R = H: (1¢)
rysene-6-yl, R = H: (1d)

rrrrrrrrrrx
" nun nunn

Ar = phenanthrene-9-yl: (1e) O‘ Ar= Cas
_ : = pyrene-1-yl: (1i)
ﬁr = chrysene-6-yl: (1f) r = isoquinoline-1-yl: (1r)
isoquinolineBui- (1
Ar= isoquinoline-8-yl: (1s)
Al

O
(]
OO‘O

2d
82% (71°C)

W

2j 2k
20% (71 °C)
(0.050 mmol scale)

10% (71 °C)

9
(from 1

2e 2f om 1g)
83% (0.50 mmol scal
17% 16% (71°C) b {0.50 mmol scale)
1.3 g, 82% (5.0 mmol scale) (-
53 °C, 60 mi

2m 2n
7.1% (71 °C) 75% (0.10 mmol _scale) 95% (71 °C, 2 h)
0.050 mmol scale 21°C, 30 min 0.075 | scal
( ) 1.1g, 86% (3.2 mmol scale) ( mmol scale)
71°C, 50 min

20 2p 2r 2t 2u
41% 27% 65% (71 °C) 16% (71 °C) 28% 55% (46 °C)
Fig. 3 VF9LIZKB AN /7 I ANBKKRBERLRIBIZE T 5 ¥ F 7 FIOUFERB RO FLE HE

7= (2§, 18% ; 2k, 10% ; 21, 7%) . WRHENZ &2, &
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KFEA ZORMEFEC T, AR 2D REHERIZXY
LY VT =AYy 22" BT ETPRENS T
ZOIRGEIZHT % TH NMR HlE1 & - TR ERE=
A Z BB T 2 2ikalz, A B/ X I
KRB L D EHER IS F FIZH 0T, 1a % 25 CT
30 IR & 72tk RIDHEHRDZE &I 5 & B
WICHTER X — 2 M IRYIE 2 @5 E 7z [Fig. 5A],
Z N % THF-dy THM L 72#. 'H NMR % Wl L 7=,
ZTOMR, XYL ryor=Frv2a”tRohs3250
7a by T FIILD AN 4.7-6.0 ppm DRI X F,
DX Y LYY 7 b kD K E L BRI ER
IZ¥ 7 F LTz [Fig. 5B], THF-d; %1+ % Li
NMR 734 Tid, RGO Li (0) 7% 0-4 ppm 127 0 —
FaY—2L UM, E2EEMLEZ) F T4
4 4 v [Li'(THF),] ** #-0.98 ppm 2@ ¥ — 7 &
Lailshzz, —7, [(Li),(2")] ok5 %Y F
T LA F Y BT HFERY T A VI B L 72 $ A
e d b —2 (-2 ppm » 5-10 ppm IZHIBL) X R
S o7z BRIRETO 22 & Lit OFEIRGE
GHERE IR TH 22, BRKIETH->TE 64
HO THF # W T W5 728, kD & [RA 2 $5 K
KR (2 [Li'(THF),] + [2a (THF),]) #& 5T 5%
e, Sl XYL Y F I T AV EED
D W PERR 2B T X 7 A NMR & MlE T & &4 >
7o, BRI R REALFRE LTV T =4 v 227
WX 7= &1E. Fig. 4 125 L 72 SHRS 2 X5 5
EDTH%, TL T, SHEHFELZL (0) #HWw
[EAIRAED 2 5 7 I HILKIE, WEWERIZE T 3 K

A
Li (6 equiv) opened  addition of
THF-ds (12 equiv) in glove box  THF-ds
1a H NMR
ball-milling (30 Hz)  under Ar analysis
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~=after reactiol
NS

H'E purple paste

B
HNMR 1 — Ho H He

2a%- [l !‘ I
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Fig. 5 (A) KIGHI#OMT &, (B) MIBHRAO 'H NMR
H7E SR
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(0) Z&HWZ=RIEFMESIG L D 1325 2o, =
bl 18 %I, Bk, BARILEELTRTOMM
D, B THRL I 5T B Z L IFEHICMET 5,
INEDBRIE,. ZhE CORAERILKIETIZRS
NG DTHY, AH 77 I HNKIEEFHT
52 EII2&k 5T F U LAOFHEMISE OB - EIT
TshFERCs 2 X h R TIR AV EZ Tn
%, ZO&) ERHEEKIEOMEHE LTEZLNED
FLHMIC L (0) EIE AR L SRA L.
T 25 MR 3 BUR A & TR § % Z & T, Li (0) #
5IBENDOETHE & S h 5 728 & i
TES, 72770, AMKEBZIEINa (00 K (0) O
Ot ERmAEMHA L ZHBAI I H> B2 LT
H . FBFIZ Table 1. entry 12 36 K U° 13 D5
THEEW IR B THD, LrLAERE, ZThb
DIEZ 25 °CT 30 2 LIPS 588 L e 2 5 72, ZHd,
Li (0) OFEITLHAMMOEBOP TREENZ 15
SABMICHTE 5 [Table 1],

(4] E7VU—=ILORICHEDEWICDOWTDOIREE

Fig. 3 1Z/R U 7= BB H P O Beat T ik, ARkt
2e. 2f. 2h. 2i DPWHEOK &, ERMOEKIZHT
DZAREMISEIK L CTE D, —J. 2j. 2k DNFED
K S X HBBRTH RO L 722 RIBMEOIK & (2
HRLTWB Z e Sz, ThsStoRED
BOGEZRET 2 ERNE2HS 720, TV 7V E
7 ) — LIy, 1w, 1w ORIBIZOWT MG L
7z [Fig. 6], 1v & 1w ORIETIE. HIYDOBRLARY
2v & 2w 3R 5T, KRRICO HMFEWE AN S h 5
DATH 7= [Fig. 6A, 6Bl, —hH. 1-(F 721 -1
-AL) 77y (w') Tk, Li (0) 713 Na
(0) % 71°C (b — b A Y OBERE 140 'C) THEH
XHBEREAEIT L, N UXY LY 2w ALK 10
~21% T 5 N7z [Fig. 6Cl, Zh6DRIBTIE, 1w
RIS, 2w DIEIENEL . D%
fRVEDS G2 5 7278 . ERIBEINERIZ L E E 572k
EibNhb, €7 =) 1w & 1w ORIBHEDE NI
DWW, DFT#EEZHWTERLZEZ A, Fig. 40
12>/32a" O BHL KB IZH M 3 5 1w’ /3w” D Kk &
Iw'?/3w? DG & T, HilE O WG PEILEREE A 28.9 keal
/mol, #%#13 21.8 kcal/mol & WY I FE RS N7z,
IS DEWZELOERIREIZ I 1 2 SIS RE D O
VAKRERIZERK L TWA Z ERB I N, -, &
LBRE7Y - L1 EEEERETY =L Im DK
JRMEDEZ DWW T & AR IC DFT &H50C K 2 Bk 2
1o, MiEDOWHEILREE L 26.2 kcal/mol, %
13 23.4 kcal/mol & W) KR E & D FEEROFERGS
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420y 9 ORARE %A [Fig. 7B, ¥
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3567 % (2023)
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ball milling (30 Hz)
OO 71 °C, 3 h, under Ar
then I, (0.25 M in THF)
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2.AICl3 (8.0 eq.)
chlorobenzene
80 °C, 30 min

[0.0500 mmol scale]

quinterrylene ([5]rylene)
(9)

6.9 mg (22%)
insoluble in any solvents

A F /7737207, BLXUEB 74201V 9DHIK
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R, 8L 60 M ED L (0) ¥ LU 118 Y4 & D THF
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otz ROEE, (3) Ratt, (4) FEHNE S 7 427 —
LA, ODRTAREOKRELMEERL 72, F 72,
VB FH L VAWRIRTE T D R HEH 1/300 12 %
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T30 ThLABHELAEDOARIZEINHTE 5,
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