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ABSTRACT: Benzoquinone and 9-phenylanthracene barely undergo anticipated cycloaddition under acid catalysis. Instead, 9-
anthracenyl aryl ethers are obtained as unexpected products. Mechanistic studies indicate that the reaction likely undergoes an ionic
mechanism between protonated anthracene species and nucleophilic oxygen of 1,4-benzoquinone or 1,4-hydroquinone. A variety of
9-anthracenyl aryl ethers are constructed with this method. Produced anthracenyl aryl ethers are potential scaffolds for new
fluorescent molecules.

Anthracene and derivatives are molecules of elegant
structures and versatile functions. Anthracene-derived

chromophores enabled many stable fluorescent organic light-
emitting diode materials.1 Its rigid structure has also been
incorporated in the assembly of many metal−organic frame-
work and covalent organic framework materials as a supporting
unit.2 In asymmetric catalysis, substituted anthracenyl groups
are popular elements for introducing unique steric and
electronic effects into chiral catalysts.3 Moreover, the 1,8-
sites and 9,10-sites were frequently functionalized to construct
multidentate ligands for metal complexes.4 Strategies to access
substituted anthracenes include metal-catalyzed cross-coupling
reactions of prefunctionalized anthracenyl precursors,5 alkyla-
tion through C−H deprotonation with strong base,6 acid-
promoted reactions such as Friedel−Crafts alkylation,
acylation and other electrophilic substitution reactions,7 as
well as reactions of anthracenyl radical cations (Scheme 1a).8

One unique reaction pattern of anthracene as well as other
linear polyaromatic hydrocarbons is participation in pericyclic
reactions as a diene (Scheme 1b).9 Anthracene is capable of
both thermal and photochemical [4 + 2] or [4 + 4]
cycloadditions with various dienophiles or dienes across the
9,10-sites.9a,10 Meanwhile, quinones are very common
dienophiles that can certainly react with anthracene in
Diels−Alder reactions, especially so when catalyzed by Lewis
acids.10b,11 However, we observed that, under a strong
Brønsted acid catalysis environment using bis(trifluoro-
methanesulfon)imide (Tf2NH) as the catalyst, Diels−Alder
reaction between 9-phenylanthracene (PA, 1a) and 1,4-

benzoquinone (Q, 2a) only contributes a very minor fraction
of the product mixture (<5%). Instead, the major product is
identified by single crystal X-ray diffraction as 4-((10-
phenylanthracen-9-yl)oxy)phenol (PAOP, 3aa), in which a
new C−O bond was formed connecting the 10-position of PA
and one hydroxyl of a 1,4-hydroquinone (HQ) fragment
(Scheme 1c). Here we report the preliminary mechanistic
investigation of this unexpected transformation as well as its
applications in the synthesis of anthracenyl aryl ethers.
Reaction condition studies revealed that the acidity of

catalysts is likely a vital factor in this catalytic reaction. PA and
Q were treated with a series of Lewis acids and Brønsted acids
as the catalyst, giving PAOP as the major product. HNTf2 is
the best catalyst among those examined (Table 1, entries 1−
6).12 Without the acid catalyst, the reaction did not occur
(Table 1, entry 2). Polar solvents or lower temperature
reduced the yield (Table 1, entries 7−9). Q cannot be replaced
by HQ under standard catalytic conditions (Table 1, entry 11).
Thus, conditions of Table 1, entry 1 are adapted as the
standard conditions (see Table S1 in the Supporting
Information for a full list of conditions). A 1 mmol scale
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reaction gave 73% isolated yield (see Supporting Information
section III-(4)).
The structure of this unusual aryl ether left us hints to

suggest a few preliminary mechanistic models for its formation.
First, a redox chain mechanism based on quinone chemistry is
proposed as pathway A (Scheme 2a). In this scenario, the

catalysis commences with protonation of PA to PA−H+ and its
tautomer PA−H+*,13 which could then be attacked by the
adventitious HQ with one of its OH groups, forming the C−O
bond after a final deprotonation. The resulting dihydroan-
thracene derivative (PAOP−H2) contains two benzylic C−H
bonds; thus, it is susceptible to oxidative aromatization toward
PAOP.14 It would be oxidized by the remaining Q to PAOP
along with replenished HQ ready for the next cycle of reaction,
propagating the redox chain.15 In an alternatively proposed
pathway B, PA−H+ may react directly with Q, generating a
redox active oxonium ion PAH2−Q+ as the key intermediate
(Scheme 2b). This intermediate may function as an oxidant
using the activated benzoquinone motif and as a reductant
using the 9,10-dihydroanthracene motif. Thus, PAOP could be
generated from this intermediate via an autoredox reaction.
Here, the autoredox reaction probably traverses the same
intermediate PAOP−H2 as in pathway A, which could act as
the initiator to start the redox chain. The point of divergence
distinguishing pathways A and B is whether the carbocation
intermediate PA−H+ reacts with a −OH group of HQ or an
oxygen of Q. We also considered the possibility of a radical
cation mechanism initiated by protonation of Q and
subsequent oxidation of PA to radical cation PA•+,16 but
experimental evidence showed otherwise, which is described
below.
Mechanism probing experiments were performed to test

these hypotheses as well as a few others, and evidence suggests
that the real mechanism may involve both ionic hypotheses
working concurrently. First, protonation of anthracene is
decisively proved by 10-deuteration of PA catalyzed by HNTf2
(Scheme 3a). In fact, when Q was added to the deuteration
condition, a similar level of PA-10-d can be recovered (25% D)
along with PAOP-d, indicating the protonation reaction is
parallelly operating with the PAOP formation (Scheme 3b).
Second, when 4-methoxyphenol was added along with Q, the
reaction generated not only 20% PAOP but also 55% PAOP-

Scheme 1. Synthetic Strategies and Reactions of Anthracene
Derivatives

Table 1. Conditions Optimization of PAOP Formation

entry variation from standard conditionsa yield/%b

1 no variation 85 (75)
2 no HNTf2 NR
3 catalyst = 5 mol % Cu(NTf2)2 30
4 catalyst = 5 mol % Sc(NTf2)3 47
5 catalyst = 5 mol % Hf(OTf)4 56
6 catalyst = 5 mol % TfOH 65
7 solvent = DCE 70
8 solvent = PhCF3 57
9 solvent = dioxane NR
10 temperature = 0 °C 61
11 HQ instead of Q NR

aStandard conditions: 1a (0.2 mmol), 2a (0.2 mmol), 5 mol %
HNTf2 and DCM (1 mL) stirred at 25 °C for 12 h unless otherwise
noted. Tf, trifluoromethanesulfonyl; DCM, dichloromethane; DCE,
1,2-dichloroethane; NR, no desired product. bYields determined by
crude 1H NMR versus an internal standard C2H2Cl4. Isolated yield in
parentheses.

Scheme 2. Proposed Mechanism of PAOP Formation
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OMe, the C−O bond formation product between PA and 4-
methoxyphenol. It appears that 4-methoxyphenol participated
in the reaction as a surrogate of HQ through pathway A
(Scheme 3c). However, generation of PAOP could not be
significantly accelerated by adding extra HQ (Table S1). There
must be an even more rapid PAOP formation pathway that
involves only PA, Q, and acid catalyst, such as pathway B.
On the other hand, the radical cation pathway can be ruled

out by the following facts. First, addition of 1 equiv of radical
scavenger 2,6-di-tert-butyl-4-methylphenol (BHT) slowed
down the reaction instead of complete inhibition, suggesting
other nonradical pathways are present (Scheme 3d). Second,
aliquots of the reaction between PA + Q were regularly
monitored by electron paramagnetic resonance (EPR), but no
single electron species was observed (Figure S1). Third, since
the acid catalyst is essential, the hypothetical radical cation
mechanism must begin with protonation of Q in order to level
up its oxidation potential to oxidize PA to corresponding
radical cation.16b,17 However, cyclic voltammetry experiments
showed that the oxidation potential of protonated Q is lower
than that of PA and thus is unlikely to perform the oxidation
(0.395 vs 0.763 V, Figure S2 of the Supporting Information).
In addition, PA deuteration rates were about the same with or
without Q, likely ruling out the possibility that a substantial
amount of Q competes with PA for acidic protons.
Another mechanism possibility to be ruled out is

decomposition of a potential intermediary Diels−Alder (D−
A) adduct of a substituted anthracene and a quinone. The only
D−A adduct stable enough to be isolated is that of 9-
methylanthracene and Q, obtained in the same reaction to
synthesize corresponding aryl anthracenyl ether 3va (Scheme

Scheme 3. Mechanism Probing Experiments

Scheme 4. Scope of Substituted Anthracenes and Benzoquinonesa

aConditions: 1 (0.2 mmol), 2 (0.2 mmol), HNTf2 (5 mol %), and DCM (1 mL) were stirred at 25 °C for 12 h unless otherwise noted. All yields
are isolated yields after column chromatography. b1.5 equiv of 2, 30 °C, 24 h. c40 °C, 24 h. d20 mol % HNTf2, 40 °C, 48 h. e2 equiv of p-
benzoquinonimine 2f.
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4). Upon treatment in the identical acid catalysis conditions,
the adduct gave only 7% desired anthracenyl aryl ether
product, along with 23% recovered 9-methylanthracene
(Scheme 3e). These results suggest that the ether product
likely emerges from the reaction between anthracene and Q
resulting from the retro-Diels−Alder reaction following the
above-mentioned mechanisms, rather than from the D−A
adduct following acid-catalyzed fragmentation mechanism.
Kinetic studies were also performed. The Hammett

relationship (ρ = −6.61 when varying the anthracene 9-
substituents; see Figure S3 of the Supporting Information)
indicated that a full carbocation is likely generated during the
rate-determining step. The kinetic isotope effect (KIE) result
(kH/kD = 2.03; see Figure S4 of the Supporting Information)
indicated that the reaction does not involve direct C−H bond
cleavage. The kinetic order of the catalyst (1.3 order for
HNTf2; see Figure S6 of the Supporting Information) suggests
that the Brønsted acid might be involved in the rate-
determining step in different forms, likely contributing to
both pathways A and B that consume PA−H+ in different rate
laws. In summary of the mechanism, although the real
mechanism is still perplexing, the ionic mechanisms initiated
by protonation of PA are consistent with current evidence in
hand.
Summarized in Scheme 4 are the substrate scopes of this

reaction with respect to aryl anthracene derivatives/analogues
and benzoquinones. Many functional groups on the anthracene
were tolerated, including halogens, nitrile, aldehyde, ketone,
ester, borate, and heterocycles (Scheme 4, 3ba−3ta). Cyclo-
addition products were negligible in most cases, except for 9-
methylanthracene which gave 10% of the cycloaddition
byproduct along with 40% aryl ether (Scheme 4, 3va).
Electron-withdrawing 9-substituents gave lower yield even at
higher temperatures. 9-Cyclohexylanthracene gave a C−C
bond formation product (4ua) instead of the C−O bond
formation product. The benzoquinones capable of this
transformation include substituted ones: methyl substituted
quinones (3ad−3fe), chloranil, and 2,6-dichloroquinone (3ab,
3ac), but naphthoquinones and anthraquinones did not give
any conversion. Moreover, N-protected p-benzoquinonimine
also participated in this reaction, giving exclusively the C−O
bond formation products (3af, 3wf, 3kg).
In the reaction between PA and chloranil, a considerable

yield of the 2:1 coupling byproduct was obtained (Scheme 4,
3aab). In addition, formation of PAOP-OMe shown in Scheme
3c demonstrated that a phenolic nucleophile can be
incorporated in the aryl ether at the presence of an oxidant.
Therefore, additional examples following this strategy are
summarized in Scheme 5. Structures derived from 1,4- and 1,2-
hydroquinone achieved good yields (6aa−6ad). While using
resorcinol, phloroglucinol, and trimethoxybenzene as nucleo-
philes, C−C bond formation products prevailed instead of C−
O bond formation, resulting in biaryl compounds (6ae−6aag).
Electron-donating substituents with a 1,3-substitution pattern
on a benzene ring may synergistically enhance the nucleophil-
icity of the 2-, 4- and 6-positions, overriding the nucleophilicity
of phenol hydroxyls. 2,3-Dihydroxynaphthalene also gave
biaryl coupling product 6af. Even unsubstituted anthracene
can be functionalized by trimethoxybenzene, giving 6xh as the
product. N-Tosyl-protected p-aminophenol gave excellent yield
of ether 6ai. Formation of all these products can be explained
by mechanism pathway A. Note that when phenolic
nucleophiles were used, coupling products between PA and

chloranil (3ab, 3aab) were not observed, likely due to the
lower nucleophilicity of tetrachlorohydroquinone/chloranil
than that of electron-rich phenols.
Diversified PA-type substrates can be conveniently synthe-

sized from easily accessible diarylmethyl carbinols or their
acetates 7 under similar acid-catalyzed conditions.18 Thus, a
cascade reaction was developed, by simply adding Q and acid
catalyst to the acetates, to achieve various PAOP-type aryl
ethers that contain tunable polyaromatic motifs, aryl
substituents, and phenolic motifs (Scheme 6, 3aa−8da).

All the anthracenyl-containing products synthesized in this
study exhibit excellent fluorescence properties. Their utility in
fluorescent labeling and detection can be preliminarily
demonstrated by the convenient synthesis of an artificial
fluorescent amino acid and its dopamine conjugate. A
fluorescent dopamine analogue 11 exhibiting ex/em = 397/
432 nm and fluorescent quantum yield (Φf) = 21.50% (Figure

Scheme 5. Scope of Nucleophiles in Reactions of PA with
Separated Oxidants and Nucleophilesa

aConditions: 1 (0.2 mmol), nucleophile 5 (0.2 mmol), chloranil (0.2
mmol), HNTf2 (5 mol %), DCM (1 mL), 40 °C, 24 h. All yields are
isolated yields after column chromatography.

Scheme 6. Sequential Syntheses of Polycyclic Aryl Ethersa

aConditions: 7 (0.2 mmol), 2a (0.2 mmol), HNTf2 (5 mol %), DCM
(1 mL), 40 °C, 24 h. All yields are isolated yields after column
chromatography. b1.5 equiv of 2a, 30 °C, 12 h.
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S7) was made in four room temperature steps (Scheme 7).
The emission wavelength of 11 does not overlap with the

characteristic 495−529 nm fluorescence of Green Fluorescent
Protein (GFP),19 allowing orthogonal imaging of both
dopamine-interacting domains and GFP-labeled domains
simultaneously. Moreover, functional groups at 11 may allow
further conjugation of a variety of targets with this fluorescent
molecule. Imaging of biological systems with these fluores-
cence probes is underway.
In summary, we discovered a one-step, acid-catalyzed, metal-

free, and redox neutral method to synthesize a series of
anthracenyl aryl ethers that are difficult to access from other
methods. Mechanistic experiments revealed possible ionic
reaction sequences involving protonated anthracenes, phenolic
nucleophiles, and benzoquinone oxidants. Applications of
these new compounds are preliminarily investigated.
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