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ARTICLE INFO ABSTRACT

Article history: 2-Bromo-3-methyl-1,4-naphthoquinone and 2-methgHiaphthoquione are highly reacti
Received species known to dimerize in various ways. The pcbabtained in the dimerization of e
Received in revised form compound is primarily dependent upon the solvertiufonic liquids represent a new clas
Accepted solvents having non-molecular (ionic) characiReplacement of a conventional organic sol
Available online with an ionic solvent frequently changes the meddmarof a reaction. In this study, reaction

2-bromo-3-methyl-1,4-naphthoquinone and 2-methgigphthoquinone in ionic liquids we
examined. Dimerization of 2-bromo-3-methyl-1,4-ngqoiguinone  or  2-methyl-1,4-

Keywords: naphthoquinone witlN-methylcyclohexylamine in tetra-butylammonium bromide (TBAB), i
lonic liquid ionic liquid, under an aerobic atmosphere afforded,12,14-pentacenetetrone and 1-
Dimerization methylKuQuinone, respeegly. The use of TBAB as a solvent improved theldgeof the
1,4-Naphthoquinone products as compared with previously reported nuth®he mechanism of each dimeriza
5,7,12,14-Pentacenetetrone was also investigated.

1-MethylKuQuinone 2009 Elsevier Ltd. All rights reserved

1. Introduction 3 [5]. Whenl was treated with hexamethylditin, Cul and,8@;
. L . in the presence of tris(dibenzylideneacetone)didaiim
l,4-l\.laphthqu|.nones are known to dlmer|ze in variways, [Pdy(dba)] and (+)-2,2-bis-(diphenylphosphino)-1;binaphthyl
depending on their structure and the particularo$etonditions (BINAP) in DMF, an oxepird was obtained [5]. Treatment af
in use [1-3]. They serve as electrophiles and @pdte in 1,2- iy CsCO, in DMF gave a dimeric epoxids [5], whereas
addition and 1,4-addition reactions with nucleoghila contrast,  treatment ofl with Na,CO, in MeOH gave a tetrahydropyréh
1,4-dihydroxynaphthalenes, the reduced forms of - 1,4rq) gSwitching only the solvent also results in difint reactivity.
naphthoquinones, ac_t as nucleophiles [1]. Thus, pl«my For example, a K-naphtho[l,25]pyran 7 was obtained by
between naphthoquinones and the corresponding  1.4teatment ofl with 1-ethylpiperidine in THF, while treatment of

dihydroxynaphthalenes can occur to give dimericdpats. 2- 4 it 1-ethylpiperidine in CCl, afforded a diquinon8 [7].
Methyl-1,4-naphthoquinones are known to produce done

products via thein-quinone methides. The-quinone methides Baxter and coworkers reported that treatment ofe2hyt-1,4-
have both nucleophilic and electrophilic propertiezause they naphthoquinone 9 with N-methylcyclohexylamine in EtOH
have a nucleophilic dienol/enol and an electrophitip-  gave2 in 14% yield Gcheme 2A) [4]. Although the yield of the
unsaturated enone/ketone in the same moleculeBEijter and  reaction was low, this method was considered usefthuse2
coworkers reported that treatment of 2-bromo-3-mletty- can be prepared from inexpensive starting materialsa
naphthoquinone 1§ with N-methylcyclohexylamine in EtOH straightforward and reproducible way [8]. Our grouparged a
afforded 5,7,12,14-pentacenetetro® i 11% yield Scheme biomimetic dimerization 0P affording a dimeric epoxid&0 in
1A) [4]. Our group reported the following six different higher yield by treatment with a 5 M aqueous NaOH gmiuin
dimerizations of1 (Scheme 1B) [5-7]. Treatment ofl with  EtOH under an aerobic atmosphesehieme 2B) [9].
hexamethylditin and Cul in the presence of ¥f,1
bis(diphenylphosphino)ferrocene]palladium dichlerid
[Pd(dppf)C}] in dioxane afforded a 2;2limeric naphthoquinone

lonic liquids, salts that are liquid at temperatloaer than
150 °C, represent a relatively new class of solvevits non-

C Corresponding author. Tet81-4-7122-9413; fax+81-4-7123-9767; e-mail: kuramoch@rs.tus.ac.jp
These authors contributed equally to this work.
%pPresent address: Department of Chemistry, Univess$iBittsburgh, 219 Parkman Avenue, PittsburghnBginania 15260, United States.



2

molecular (ionic) character [10]. They have emergsdiseful
solvents with high thermal and chemical stabilityd dave found
several applications in synthetic chemistry. Notaldgic liquids
can exploit novel and unusual chemical reactivit@-L12]. This
peculiar nature of ionic liquids motivated us topdoy them as
solvents for the c¢hameeon-like” dimerization of 1,4-
naphthoquinones.

(A) Dimerization ofl reported by Baxter and coworkers

(B) Six different dimerizations reported by our gpo
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Scheme 1. Previous dimerizations of 2-bromo-3-methyl-1,4-
naphthoquinonelj.
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In this paper, dimerizations ofi and 9 in tetran-
butylammonium bromide (TBAB), an ionic liquid, areported.
Dimerizations of 1 and 9 in TBAB gave 2 and 1-
methylKuQuinone 11), respectively. Both2 and 11 have
interesting properties. Compound and its derivatives are
promising organic candidates for use as high-céapaathodes in
rechargeable lithium batteries [13-16]. Additionattpmpound?
has been used as a starting material in the prioduof a new
class of pentacene-basedconjugated systems [8,17-21]. 1-
MethylKuQuinone {1) was synthesized by Coletti and
coworkers in 6% vyield via treatment of 2-
hydroxynaphthoquinonel®) and 1-bromopropane with &30,
in the presence of a catalytic amount of ferrocenBMSO at
114 °C &cheme 3) [22]. This compound possesses interesting
absorption, fluorescence and electrochemical ptigsef23-25].
In addition to its chemical propertiedl shows cytotoxic
activities against human cancer cells [25]. Thudester and
simpler methodology for the synthesis df is needed. Our
present method using TBAB as a solvent for the dizagons of
1 and9 improved the yields o2 and11, respectively. Notably,
the use of TBAB as a solvent and a reagent provalewvel
dimerization mode of9. The reaction mechanism for the
formation of 11 by dimerization of9 was also elucidated by
determination of the reaction intermediate al@ labeling
experiments.

(A) Dimerization of9 reported by Baxter and coworkers

o O/NHMe
EtOH

o 14%

9

5 M NaOH aq
air
EtOH
—78°Ctort
37%
Scheme 2. Previous Dimerizations of 2-Methyl-1,4-
naphthoquinone9yj.
O \/\Br
082003
“ ferrocene
DMSO
0 114 °C
6%
12

Scheme 3. Previous synthesis of 1-methylKuQuinonié)(

2. Results and discussion

Dimerization of 2-bromo-3-methyl-1,4-naphthoquind in
ionic liquids was examinedT@ble 1). Treatment ofl with N-



methylcyclohexylamine (2.0 equiv) in TBAB (52 equia) 120
°C under an aerobic atmosphere gava 17% vyield (entry 1).
The melting point (Mp) of TBAB is 103 °C. Thus, TBAB a
liquid at the reaction temperature of 120 °C. Beseacompound
1 is unstable under basic conditions, the low yislddue to
decomposition ol accompanied by formation &f Dimerization
of 1 with N-methylcyclohexylamine (2.0 equiv) in TBAB (50
equiv) and refluxing toluene gaven lower (7%) yield (entry 2).
The reaction did not proceed in the absence Nf
methylcyclohexylamine (entry 3). These results ¢até that the
use of TBAB and\-methylcyclohexylamine as solvent and base
respectively, is important for this dimerizatiorheTuse of tetra-
n-butylammonium chloride (TBAC; Mp 70°C), tetra-
butylphosphonium bromide (TBPB; Mp = 100-103 °@}rdn-
butylphosphonium tetrafluoroborate-Bu,P-BFR; Mp = 96-99
°C), or 1-butyl-3-methylimidazolium chloride ([Bmi@l; Mp =
~70 °C) as the ionic liquid all decreased the yiel® (entries
4-7). The reaction in tetrabutylammonium iodide (TBAI; Mp
= 141-143 °C) at 145 °C resulted in decompositibid ¢entry
8). The melting point of TBAI is higher than thodeother liquid
ions used in this study, suggesting that TBAI irefu¢hermal
decomposition of.

Table 1.
Dimerization of 2-bromo-3-methyl-1,4-naphthoquinghg
in ionic liquids.

0]
O‘ (2.0 equiv)
Br ionic liquid
) temp
1
entry iO?é(; E?Vl;id solvent t(eog)p (trinni]r?) )g)z I)?
1 T(BS/;)B 120 45 17
2 T(BS'S;B toluene reflux 60 &7
3 T(B5/3)B - 120 300 ¢
4 T(Bsgf - 100 60 5
5 T(BSS)B 110 30 18
6 “'Bt‘ggj BR - 110 30 10
7 [BTég“)]C' - 80 50 A
8 ng)' 145 50 0

#lsolated yield.

P TLC analysis showed the starting materlawas fully consumed.
Decomposition ofl was accompanied by formation2f

°Without N-methylcyclohexylamine.

4 TLC analysis showed that formation &f was not observed and
unreacted starting materihlwas observed.

€Compoundl decomposed, artlwas not obtained.

The mechanism for the dimerization df in TBAB is
proposed inScheme 4. First, the diquinone8 is formed by
coupling 1 to its o-quinone methide [7]. A base-induced
enolization of8, an intramolecular 1,4-addition, and elimination

of the bromide ion affords diquinorig which is in equilibrium
with its dienol forml”. Interaction between the carbonyl oxygen
and the tetrarbutylammonium cation should activate the
unsaturated ketone and induces the 1,4-additiomalll
oxidation of the tautomeric mixture of diquinoidisand |’ by
oxygen yield2.
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Scheme 4. Mechanism for formation d from 1.
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We examined the conventional solvents for timeedzation Table2.
of 1 (Scheme 5). According to the procedure reported by Baxter Dimerization of 2-methyl-1,4-naphthoquinon®) (in ionic
and coworkers [4], treatment bfwith N-methylcyclohexylamine liquids.
(0]
O

in EtOH under an aerobic atmosphere g&en 7% vyield
0
l *I ionic liquid
(0]

(Scheme 5A). Surprisingly, treatment of1 with N-
methylcyclohexylamine in MeOH gau8 in 19% yield Gcheme
5B). Decomposition ofl. was accompanied by formation ©3.
The reaction in 2-propanol gavélaphtho[1,25]pyran7 [7] in

17% yield with 64% recovery ofl (Scheme 5C). The use of atomosphere
THF as a solvent gavéin 12% Scheme 5D). When DMF was temp
used as a solvent, decompositioriafccurred. These results are 9 11
the reason why we call the dimerization of 1,4-napgtfinones — - -
“ oo ! ionic liquid temp time yield
chameleon-like’. entry (equiv) atmosphere  solvent C) (@)
1 T(Blﬁ_\f’ air - 130 1 30
A
*) O/ NHMe 2 T(Bl‘l\? air - 130 9 22
TBAB
) it 3 (11) 0, - 130 7 19
EtOH 4 Tg’g‘? 0, toluene reflux 65 17
7%
’ B hanol ~refl 7 o
B) NHMe 5 (10) O, ethanol reflux
O/ o] 6 T(Bl'g)c (o - 100 7 0
air OMe TBAC
1 oon oMe 7 (10) 0, - 130 7 15
19% HO CO.Me 8 T(Blgf’ 0, DMF 130 7 0

13 TBAI

(©) NHMe 9 20) o - w70
‘ #1solated yield.

air

®In the presence di-methylcyclohexylamine (3.0 equiv).

D ——— °TLC analysis showed the starting mate@awas fully consumed.
2-propanol Decomposition 0P was accompanied by formation 1if.
17% with o) Br 9No reaction occurred. Almost all the starting miatevas recovered.
64% recovery of 1 7 ¢Compound® decomposed, antl was not obtained.
(D) NHMe N )
O/ TBAI, decomposition of9 occurred (entry 9). TBAI induces
) thermal decomposition oB. These results indicate that the
1 air 7 reaction temperature, solvent, and ionic liquid duse this
THF reaction are considered major factors in this diragion.
12%

To determine the intermediate in the dimerizatiérootwo
Scheme 5. Dimerization of1 in EtOH (A), MeOH (B) and 2- hypo;hetical ilnltermediateio and 14 were subjected to the
propanol (C), and THF (D). react|o_n condﬂmnsS’@hemg 6). Co_mpoundl4 was .prepared.by
reduction of the epoxide it0 [7] with PPh and iodine. Heating
10 in TBAB at 130 °C under an aerobic atmosphere teduh
the decomposition df0. On the other hand, whéd was heated
in TBAB at 130 °C,11 was obtained in 55% vyield. These results
indicate thatl4 is a potential intermediate in the conversiordof

Next, dimerization oB in ionic liquids was examined éble
2). When 9 was heated withN-methylcyclohexylamine (2.0
equiv) in TBAB (11 equiv) at 130 °C under an aerobic
atmosphere, 1-methylKuQuinon#l] was obtained in 30% yield to11.
(entry 1). In this reaction, decomposition®fvas accompanied  To elucidate the reaction pathway and mechanismhef t
by formation of11, resulting in the low yield ot1. The reaction  formation of 11 from 9, a **C-labeled 1-methylKuQuinon#1’
proceeded in the absenceNinethylcyclohexylamine (entry 2) was synthesized from 2-(meth¥ic)-1,4-naphthoquinone9?)
and under an oxygen atmosphere (entry 3). Dimeoizaif 9 by  (Scheme 7). Compound9’ was prepared by treatment of 1,4-
TBAB in a refluxing toluene (bp = 110.6 °C) under @ygen  naphthoquinonelf) with silver nitrate and potassium persulfate
atmosphere affordedl in 17% yield (entry 4). When the in the presence of sodium acetat&@-(Scheme 7A). Treatment
reaction of9 with TBAB was performed in a reﬂuxing ethanol of 9" with a 5 M aqueous NaOH solution under an oxygen
(bp = 78.4 °C), the formation dfl was not observed (entry 5). atmosphere in EtOH gave dim&d’ in 37% yield. Reduction of
When the reaction was performed in TBAC at 100 °C, nghe epoxide irl0’ with PPh and iodine afforded4’. Heating14’
reaction occurred (entry 6). However, the reactiolTBAC at i3 TBAB under an aerobic atmosphere gaVie-labeled 1-
130 °C yieldedl1 in 15% yield (entry 7). These results suggestmethylkuQuinonell’ in 29% vyield. Strong“C NMR signals
that the dimerization might proceed at temperathigher than  gerived from C-5a (or C-6a) and the methyl grougdt2 of11’
110 °C. But, treatment & with TBAB in DMF at 130 °C gave a were observed at 125.4 and 14.2 ppm, respectividplé S1
complex mixture (entry 8). Whe@ was heated at 145 °C in and Fig. S21 in the Supplementary material). The coupling
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Scheme 6. Reactions of10 and 14 in TBAB under an
aerobic atmosphere.
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Scheme 7. Synthesis of°C-labeled 1-methylKuQuinond’
from 1,4-naphthoquinonelg) (A) and via dimerization of
2-(methyl*3C)-1,4-naphthoquinon@?) (B).

constant between th&C-labeled carbons i1’ is 2.8 Hz,
indicating a long-rang@&lc.c coupling. When 2-(methyf’C)-1,4-
naphthoquinone¥) was heated in TBAB, compourtd’ was
obtained in 27% yieldScheme 7B).

Taking the results obtained #themes 6 and7 together, the
mechanism for the dimerization 8f is proposed irScheme 8.
Sequential intermolecular and intramolecular Mi¢h@&actions
of 9, followed by oxidation of the resulting hydroquireohl
with molecular oxygen gives4’ [26,27]. Further oxidation of the
cyclopentene moiety id4’ affordslil|. The addition of bromide
ion to the carbonyl group inll and a C-C bond cleavage
reaction affords an acyl bromid¥. The cyclopentadienyl anion
in 1V is stabilized by the three carbonyl groups adjaterthe
cyclopentadienyl ring, and acts as a good leavingug to
promote C-C bond cleavage [27-30]. The ring-closiegction
occurs at the less hindered unsubstituted carbonthm
cyclopentadienyl anion to givil'.

Scheme 8. Proposed Mechanism ftite Formation ofl1’ from 9'.

In order to prove the existence of the intermedidteandlV
in Scheme 8, compoundl4 was treated with NaOMe under an
oxygen atmosphere in MeOl$dheme 9). This reaction afforded
a cyclopentadienyl aniot6 in 69% yield. This result strongly
supports the existence of the intermediatbs and 1V. The
formation of 16 from 14 is explained by the oxidative double
bond formation inl4, followed by methanolysis of the resultant



6 Tetrahedron

intermediate I1’. The driving source of the methanolysis and 100 MHz, respectively), using chlorofodn¢CDCl) or
should be the high stability of the cyclopentadieanjon in16. methanold, (CD;OD). Chemical shift values are expressed in
(ppm) relative to tetramethylsilane (TM$,0.00 ppm) or the
solvent resonance (CDLIS 77.0 ppm for *C{*H} NMR;
CD;OD, & 3.30 ppm for'H NMR, & 49.0 ppm for*C{'H}
NMR). Data are reported as follows: chemical shift]tiplicity
(s = singlet, d = doublet, dd = double doublet, nmgltiplet),
coupling constantsJ{ Hz), and integration. Mass spectra were
obtained by a JEOL high-resolution double-focusingss
spectrometer (JMS-700) using fast atom bombardifiexB), or
14 16 a Bruker Fourier transformation-ion cyclotron resoce (FT-
ICR) mass spectrometer (solariX) using electrospoayzation
(ESI), or an Applied Biosystems hybrid quadrupateetiof-flight
(QTOF) mass spectrometer (APl QSTAR pulsar i) usifgj. E
Compound 1 was prepared from commercially availab®
according to the reported procedure [31].

OMe

4.2. General Procedure for Dimerization of 2-Bromo-3-methyl-
1,4-naphthoquinone (1) in an lonic Liquid (Table 1)

A mixture of 1 (75.0 mg, 29%umol, 1.0 equiv) and TBAB
(5.00 g, 15.5 mmol, 52 equiv) was heated in an atihtunder an
aerobic atmosphere in the presenc&lahethylcyclohexylamine

Scheme 9. Formation of cyclopentadienyl aniod6 from g () | “s68,mol. 2.0 equiv) at 120 °C for 45 min. The mixture

compoundld, was diluted with EtOAc and water. After the layers were
separated, the organic layer was washed with a 1 MoaguHClI
) solution, water, and brine, dried over 8@y, and concentrated.
3. Conclusion

The residue was purified by silica gel column chrgeaphy
using toluene as the eluent to aff@d8.8 mg, 17%) as a pale

naphthoquinone 1) and 2-methyl-1,4-naphthoquinone) (in brown solid. TheH NMR spectrum of was identical with that
TBAB, an ionic liquid, were reported. Treatment bfwith N- reported foi2 [32].

methylcyclohexylamine in TBAB at 120 °C afforded 37,14- In entry 2, following the general procedure, thectiea of 1
pentacenetetrone2) in 17% yield. The yield o2 is slightly ~ (50.0 mg, 199 pmol) in the presence of N-
higher than that previously reported for the dization of 1 methylcyclohexylamine (52.6L, 395 umol) and TBAB (3.21 g,
using EtOH as a solvent (entry 1Table 1 versusScheme 1A).  9.96 mmol) in a refluxing toluene (6 mL) for 60 naave2 (2.3
The presence ofN-methylcyclohexylamine is necessary for mg, 7%). In entry 3, the reaction df(50.0 mg, 19%imol) was
formation of2. The dimerization ol also proceed in other ionic performed in TBAB (3.21 g, 9.96 mmol) at 120 °C &0 min.
liquids including TBAC, TBPB,n-Bu,P-BR, and [Bmim|Cl to  No significant TLC changes were observed during 800. In
give 2. Treatment oD with N-methylcyclohexylamine in TBAB  entry 4, the reaction df (75.2 mg, 30Qumol) in the presence of
at 130 °C afforded 1-methylKuQuinon&lj in 30% yield. The  N-methylcyclohexylamine (80.0L, 608 umol) in TBAC (4.17 g,
present method greatly improves the yieldlbfcompared with  15.0 mmol) at 100 °C for 60 min ga2g4.6 mg, 9%). In entry 5,
the reported method (entry 1 ihable 2 versusScheme 3).  the reaction ofl (75.5 mg, 301umol) in the presence df-
Furthermore, using the present method, compo@hdwas  methylcyclohexylamine (80.QL, 608 pmol) in TBPB (5.10 g,
purified by repeated centrifugation and washing Wi#OH. The  15.0 mmol) at 110 °C for 30 min ga2e(6.8 mg, 13%). In entry
reaction mechanism was elucidated by determinatibrthe 6, the reaction ol (75.3 mg, 30Qumol) in the presence of-
reaction intermediates antC labeling experiments using 2- methylcyclohexylamine (80.QuL, 608 umol) in n-Bu,P-BR
(methyl-°C)-1,4-naphthoquinone 99. The present study (5.19 g, 15.0 mmol) at 110 °C for 30 min ga¢5.1 mg, 10%).
demonstrates not only the potential utility of ioriquids as In entry 7, the reaction df (75.1 mg, 299umol) in the presence
solvents for the dimerization of 1,4-naphthoquirgr®it also the  of N-methylcyclohexylamine (80.QL, 608 umol) in [Bmim]Cl

potential utility of 1,4-naphthoquinones as vetsdtitermediates  (2.62 g, 15.0 mmol) at 80 °C for 50 min g&/€2.1 mg, 4%).
for the divergent syntheses of numerous 1,4-napjuinone
dimers.

In this study, dimerizations of 2-bromo-3-methyl,

4.3. General Procedure for Dimerization of 2-Bromo-3-methyl-
1,4-naphthoguinone (1) in a Conventional Solvent (Scheme 5)

4, Experimental section . .
A solution of 1 (75.0 mg, 299umol, 1.0 equiv) andN-

4.1. General Information methylcyclohexylamine (80.0L, 608 umol, 2.0 equiv) in EtOH
) (3 mL) was stirred under an aerobic atmospherefat i7 h. The

All solvents and reagents were used without furthersolytion was concentrated. The residue was purifiesilica gel
purification unless otherwise noted. Analytical TLCasv column chromatography using toluene as the eluertfford 2

performed using Silica gel 60.dr plates (0.25 mm, normal (3.5 mg, 7%). ThéH NMR spectrum of was identical with that
phase) (Merck). Flash column chromatography wasopeed  yeported for2.

using Silica gel 60 (particle size 40-6&n; 230-400 mesh ) .
ASTM) (SiliCycle). Melting point (Mp) data were deteined In Scheme 5C, foIIowmg_the general procedure, the reaction
using a MM-2 instrument (Shimadzu) and uncorrectéd. ©f 1 (50.0 mg, 19qumol) with N-methylcyclohexylamine (52.0
spectra were recorded on a FT-720 spectrometer (#)onising 1L, 395 mmol) in 2-propanol (3 mL) at rt for 8 h, dan
KBr pellets. '"H and proton-decoupled®c (°C{'H}) NMR  Ppurification by silica gel column chromatography ings
spectra were recorded on a Bruker Avance 400 speeteorid00  hexanes/EtOAc (5/1) as the eluent gav¢7.2 mg, 17%) and



recoveredl (31.9 mg, 64%). ThéH NMR spectrum of7 was  organic layer was collected, washed with water andebinied
identical with that reported fat [7]. over NaSQ, and concentrated. The residue was purified by
silica gel chromatography using hexanes/EtOAc (1@4)the

. . eluent to affordl4 (37.8 mg, 79%) as a red brown amorphous
of 1 (50.0 mg, 199umol) with N-methylcyclohexylamine (52.0 solid. Mp = 151-152 °C; IR (KBryma = 2929, 1685, 1664,

uL 395 mmol) in THF (3 mL) at rt for 12 h, and digéation by 1618, 1591, 1458, 1431 ¢ *H NMR (400 MHz, CDCJ) 5
srllhcalgel colugnscgromaic;%/raphy using hexanes/Et(®At) as 8.13-8.04 (m, 4H), 7.81—7.70 (m, 4H), 3.50-3.41 (h), B.14—
the eluent gave (5.9 mg, 12%). 3.04 (m, 1H), 1.85 (s, 3HFC{*H} NMR (100 MHz, CDC}) 5
4.4. Methyl 1-hydroxy-2,2-dimethoxy-3-oxo-2,3-dihydro-1H- 197.2, 195.8, 183.2, 182.3, 149.9, 149.8, 135.4.413133.9,
indene-1-carboxylate (13) (Scheme 5B) 133.7,133.6, 133.2, 132.4, 127.7, 127.1, 126.8,251.8, 57.1,
33.7, 22.4 (one aromatic carbon signal is overldppElRMS

Following the general procedure described in secti@n the (ESIQTOF) miz [M+Na]* Calcd for GH.O,Na 365.0784;
reaction ofl (116 mg, 46Zimol) with N-methylcyclohexylamine  kqnd 365.0792.

(162 pL, 1.23 mmol) in methanol (30 mL) at rt for 8 h,dan )
purification by silica gel column chromatography ings 4.7- Synthesisof 11 from 14

hexanes/EtOAc (5/1~3/1) as the eluent ga®€23.6 mg, 19%) A mixture of 14 (15.0 mg, 43.8umol) and TBAB (0.650 g

as a pale yellow oil. IR (neat),, = 3477, 3010, 2953, 2845, A . :
1 2.02 mmol) was heated at 130 °C in an oil bath uadeaerobic
1728, 1622, 1604, 1464 Ci'H NMR (400 MHz,CDC)) 5 7.85 atmosphere for 6 h. The mixture was diluted with CH&id

(d,J=7.6Hz, 1H), 7.71 (td] = 7.6, 0.8 Hz, 1H), 7.63 (d,= 7.6 water. After the layers were separated, the organjer lavas
Hz, 1H), 7.54 (td) = 7.6, 0.8 Hz, 1H), 4.01 (s, 1H), 3.69 (s, 3H), washed with a 3 M aqueous,$0, solution, water and brine,

3~rl
3.55 (s, 3H), 3.42 (s, SH}’C{ H} NMR (100 MHz, CDCH) dried over Na&SQO,, and concentrated. The residue was diluted

P e (E;?/'E’T_}é‘;ﬁohzﬂioj]'}’ with MeOH (3 mL) and centrifuged (3500 rpm, 1 min).dfthe
Calcd for GsH,-05 267.0863: Found 267.0864. supernatant Was.removgd, the precipitate was vyashghd wit

MeOH (3 mL). This washing process was repeated fivedito
4.5, General Procedure for Dimerization of 2-Methyl-1,4- give 11 (8.1 mg, 54%). The'H NMR spectrum ofll was
naphthoquinone (9) in an lonic Liquid (Table 2) identical with that of our authentic sample.

A mixture of 9 (99.8 mg, 58Qumol, 1.0 equiv) and TBAB 4.8. 2-(Methyl-*C)-1,4-naphthoguinone (9")
(2.10 g, 6.51 mmol, 11 equiv) was heated in an atihtlunder an
aerobic atmosphere in the presenc&lghethylcyclohexylamine
(230 uL, 1.75 mmol, 3.0 equiv) at 130 °C for 1 h. The e
was diluted with EtOAc and water. After the layers were
separated, the organic layer was washed with a 1 MoaguHCl
solution, water, and brine, dried over,8&),, and concentrated.
The residue was diluted with MeOH and centrifuged (3500,

1 min). After the supernatant was removed, the pitatgwas
washed with MeOH. This washing process was repeated fi
times to givell (29.6 mg, 30%). ThéH NMR data of1l was
identical with that reported fdl [22]. The'*C{1H} NMR data

of 11 was in good agreement with that reportedifbrexcept for
the chemical shift at the methyl group at C-12 [2RE assigned
all signals in théH and™*C{"H} NMR spectra of11 through the
analysis of the'H-"*C heteronuclear multiple-bond correlation
(HMBC) spectrum ofl1l (Table Sl in the Supplementary
material).

In Scheme 5D, following the general procedure, the reaction

A solution of 1,4-naphthoquinonts (436 mg, 2.76 mmol),
sodium acetate-ZC (156 mg, 1.88 mmol), and AgN@L60 mg,
0.941 mmol) in a 1:1 mixture of MeCN and water (14)mlas
degassed. §5,05 (2.49 g, 9.21 mmol) was added to the mixture
at rt. The mixture was stirred at 60 °C by heatimgm oil bath
under an argon atmosphere for 3 h. The resultartunei was
diluted with EtOAc and water to give a biphasic solutidhe
V%rganic layer was collected, washed with water andebuinied

over NaSQ,, and concentrated to give a residue. The residise wa
purified via silica gel column chromatography using
hexanes/EtOAc (50/1) as the eluent to @¥€.08 mg, 33%) as a
yellow solid and recoveret (124 mg, 28%). Mp = 98-99 °C;
IR (KBr) vmax = 3064, 3047, 2949, 2922, 2852, 1666, 1622, 1593
cm; 'H NMR (400 MHz,CDC)) & 8.13-8.05 (m, 2H), 7.75—
7.71 (m, 2H), 6.86-6.84 (m, 1H), 2.20 (dd= 129.3, 1.5 Hz,
3H); “C{*H} NMR (100 MHz, CDC}) & 135.7, 133.7, 133.6,
132.3, 133.2, 126.5, 126.1, 16.5 (The signals ddrivom other

In entry 2, following the general procedure, thectiesm of 9 carbons were not observed, because the signal éfGHabeled
(50.2 mg, 292umol) in TBAB (1.02 g, 3.16 mmol) under an carbon was greatly enhanced); HRMS (FAB/double-foxusi
aerobic atmosphere at 130 °C for 9 h in the absaficd-  MS) nmiz [M+H]® Calcd for **C,o"*CHs0, 174.0636; Found
methylcyclohexylamine gavél (10.9 mg, 22%). In entry 3, the 174.0637.
reaction 0f9 (152.4 mg, 88mumol) in TBAB (3.00 g, 9.30 mmol) . 13
under an oxygen atmosphere at 130 °C for 7 h 4\@8.8 mg, 3.3&&&%]%‘33? e:r?(;SSb ér{lftgl(st)ﬁ))?;r%ﬁeip; 1 (-:1(11%',)

19%). In entry 4, the reaction 6f(50.6 mg, 294imol) in TBAB ' B
(935 mg, 2.90 mmol) in a refluxing toluene under atygen A 5.0 M aqueous NaOH solution (1.00 mL, 5.00 mmol) in
atmosphere at 130 °C for 6.5 h ga\ie(8.4 mg, 17%). In entry  ethanol (20 mL) was bubbled by oxygen gas at -78 °C.
5, the reaction 09 (50.0 mg, 29Gumol) in TBAC (806 mg, 2.90  Compoundd’ (100 mg, 0.577 mmol) was added to the solution at

mmol) under an oxygen atmosphere at 130 °C forgavell  -78 °C, and the mixture was stirred under an oxyerosphere.
(7.6 mg, 15%). The reaction was warmed up to rt, and the mixture stiaed at
4.6. 5a-Methyl-12,12a-dihydro-5H-dibenzo[ b, h] fluorene- rt for 30 min. The reaction was quenched by the taddiof
5,6,11,13(5aH)-tetraone (14) water, and the resulting mixture was diluted with EtOAbe

layers were separated, and the aqueous layer watextrwith
lodine (72.9 mg, 0.574 mmol) and RBP{L48 mg, 0.562 EtOAc three times. The combined organic layer was vehsliida
mmol) were added to a solution 10 [9] (50.5 mg, 0.141 mmol) water and brine, dried over p&0O, and concentrated. The
in MeCN (5 mL) at rt. The mixture was refluxed by tiegin an  residue was purified via silica gel chromatographsing
oil bath for 4.5 h. The reaction was quenched byaithdition of  hexanes/EtOAc (10/1) as the eluent to afft®d(37.9 mg, 37%)
water, and the resulting mixture was diluted with EtOAbe as a white solid. Mp = 194-195 °C; IR (KBr)., = 3066, 3014,
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2941, 1697, 1593, 1464 ¢in'H NMR (400 MHz, CDC)) & MeOH (3 mL). This washing process was repeated fourteen
8.17-8.15 (m, 1H), 8.10-8.07 (m, 1H), 7.97-7.92 (H), Z.76— times to givell’ (13.4 mg, 27%). ThéH NMR spectrum ofl1’
7.68 (m, 4H), 3.63 (dd] = 129.9, 14.8 Hz, 1H), 2.95 (ddi= 7.8,  was identical with that of our authentic sample.
7.8 Hz, 1H), 2'31 (f'dd] =129.9, 14.8, 7.8 Hz, 1H), 1.69 @iF 4.13. Sodium 2-(2-(methoxycar bonyl )benzoyl)-3-methyl-4,9-
129.9 Hz, 3H),"C{"H} NMR (100 MHz, CDCL) 5 134.6, 134.5,  yi\. ) 4 g ihvero-1H-cyclopenta] b] naphthalenide (16)
134.2, 127.52, 127.47, 127.1, 127.0, 29.0, 18.0e(Shgnals '
derived from other carbons were not observed, becdhs A 0.5 M NaOMe solution in MeOH (5.00 mL, 2.50 mmol)
signals of theC-labeled carbons were greatly enhanced)ivas added td4 (10.0 mg, 29.2imol). The resultant mixture was
HRMS (FAB/double-focusing MS)mz [M+H]" Calcd for  stirred at rt under an oxygen atmosphere for 3Q fitie reaction

12C,54"C,H1505 361.0987; Found 361.0984. was quenched by the addition of water, and the iaguthixture
4.10. 5a-(MethyI-13C)-12,12a-dihydro-5H-dibenzo[b,h] fluorene- was diluted with EtOAc. The aqueous layer was extraeotitiol
5,6,11,13(5aH)-tetraone-12-°C (14) EtOAc. The combined organic layer was collected, wastitd

water and brine, dried over pMBO,, and concentrated. The
lodine (37.0 mg, 0.291 mmol) and RBP{5.9 mg, 0.289 residue was purified via silica gel chromatographsing

mmol) were added to a solution ®®’' (19.7 mg, 54.7umol) in hexanes/EtOAc (2/1) and EtOAc/MeOH (10/1) as the eluents
MeCN (3 mL) at rt. The mixture was refluxed by hegtin an  afford 16 (8.0 mg, 69%) as an orange amorphous solid. M80O= 1
oil bath for 19 h. The reaction was quenched byatthdition of  °C (decomposition); IR (KBrym. = 2924, 1722, 1711, 1579,
water, and the resulting mixture was diluted with EtO&be 1550, 1493, 1483, 1444, 1427, 1385 tmH NMR (400 MHz,
organic layer was collected, washed with water andebdined CD,OD) 6 8.06 (d,J = 7.4 Hz,1H), 7.99 (d] = 7.1 Hz, 1H), 7.93
over NaSQ, and concentrated. The residue was purified vigd,J= 7.7 Hz, 1H), 7.63 (ddl = 7.7, 7.4 Hz, 1H), 7.55-7.50 (m,
silica gel chromatography using hexanes/EtOAc (1@4)the 3H), 7.44 (dJ = 7.5 Hz, 1H), 6.71 (s, 1H), 3.69 (s, 3H), 2.81 (s,
eluent to affordl4’ (13.3 mg, 70%) as a pale brown amorphous3H); **C{'*H} NMR (100 MHz, CD,OD) & 196.7, 182.5, 180.8,
solid. IR (KBr) vmax = 2956, 2925, 2854, 1685, 1666, 1618, 1593,169.0, 145.9, 142.0, 139.5, 138.5, 132.9, 132.2.513130.9,
1456 cm’; '"H NMR (400 MHz, CDCJ) & 8.13-8.04 (m, 4H), 130.7, 130.5, 129.8, 129.1, 128.0, 127.1, 126.%.3,2125.1,
7.81-7.70 (m, 4H), 3.48 (ddd,= 130.6, 18.2, 8.6 Hz, 1H), 3.43 52.7, 15.5; HRMS (FAB/double-focusing MS$WVz [M-Na]
(m, 1H), 3.06 (dddJ = 130.6, 18.2, 8.2 Hz, 1H), 1.85 (@= Calcd for GzHysO0s 371.0921; Found 371.0920, anmavz
130.6 Hz, 3H);°C{'H} NMR (100 MHz, CDC}) 5 135.1, 134.4, [M+Na]* Calcd for GsH;:0sNa, 417.0715; Found 417.0719.
133.9, 133.6, 127.7, 127.1, 126.7, 126.2, 33.7J(d, 1.1 Hz),
22.4 (d,J = 1.1 Hz) (The unassigned signal at 127.3 ppm wag\cknowledgments
also observed. The signals derived from other cerlweere not
observed, because the signals of {f@labeled carbons were This study was supported by Japan Society for tbhenBtion
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Highlights

- Dimerizations of 3-methyl-1,4-naphthoquinone$BAB were developed.

- The use of TBAB as a solvent improved the yidl8,3,12,14-pentacenetetrone.
- The use of TBAB as a solvent improved the yidld-methylKuQuinone.

- The reaction mechanisms for the dimerizationgwedércidated.
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