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ABSTRACT: Stable organic radicals and radical ions have attracted great attention
for their far-reaching application range from bioimaging to organic electronics.
However, due to the highly reactive nature of organic radicals, the design and
synthesis of air-stable organic radicals still remains a challenge. Herein, an air-stable
organic radical from a controllable photo-induced domino reaction of a hexa-aryl
substituted anthracene is described. The domino reaction involves a photo-induced
[4+2] cycloaddition reaction, rearrangement, photolysis and an elimination reaction;
1H/13C NMR spectroscopy, high resolution mass spectrometry (HRMS), single-crystal
X-ray diffraction, as well as EPR spectroscopy were exploited for characterization.
Furthermore, a photo-induced domino reaction mechanism is proposed according to
the experimental and theoretical studies. In addition, the effects of employing push-
and pull-electronic groups on the controllable photo-induced domino reaction were
investigated. This article not only offers a new blue emitter and novel air-stable
organic radical compound for potential application in organic semiconductor
applications, but also provides a perspective for understanding the fundamentals of
the reaction mechanism on going from anthracene to semiquinone in such anthracene
systems.

INTRODUCTION

Organic radicals are of fundamental interest given their relevance to organic reactions,
molecular magnetism and spintronics, etc.1-4 Moreover, the use of stable organic
radicals and radical ions has led to advantages when utilized in the fields of organic
light-emitting diodes,5-6 radical batteries,7 two-photon absorption materials[8-9] and
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biological probes.6,10 However, due to the highly reactive nature of organic radicals,
the design and synthesis of rational molecular frameworks/conformations for
stabilizing organic radicals still remains a challenge.11 Generally, covalent approaches
are commonly used for tuning the activity of organic radicals. For example, both the
kinetic and thermodynamic stabilization of radicals can be efficiently achieved by
steric protection and the delocalization of spin density on the organic molecules via
covalent interactions. As a result, organic radicals exhibit great stability in the
atmosphere (such as air and water) and can even be purified using silica columns and
characterized by single crystal X-ray diffraction. More recently, Zeng and coworkers
demonstrated that a domino reaction, which included 14 steps and formed up to 12
new covalent bonds could be used to synthesize a triarylmethyl radical.12

Anthracene is a representative member of the polycyclic aromatic hydrocarbons
(PAHs), which are receiving great attention because of their potential application in
both academic and industrial fields, e.g. organic semiconductors,13,14 and optical
information storage.15,16 Unlike common PAH members, such as pyrene17 or
perylene,18 the distinguishing characteristics of anthracene and its homologues are that
they prefer to undergo a photo-induced [4+2] cycloaddition reaction with singlet
oxygen (1O2) under irradiation, leading to endoperoxides (EPO).19,20 This further
evolves into a competition between reconversion (to the parent acene) and
decomposition.[19-23] Thus, anthracenes can be widely utilized as high-efficiency
trapping-releasing singlet oxygen agents for potential applications as
high-performance photodynamic therapy agent (PDT) 23, fluorescent probes 24,
molecular switches 25, as well as in lithography.26

The mechanism of the photo-induced cycloaddition reaction of anthracene with
oxygen has been exhaustively studied.20,22 Typically, photooxygenation of anthracenes
occurs to give the corresponding 9,10-endoperoxides (EPOs), which further reform
the parent anthracenes and undergo release of singlet oxygen (O2 (a1Δg)) through a
cycloreversion process (Scheme 1).27 On the other hand, photolysis of EPO can lead
to decomposition to quinones by a multi-step cleavage process. The balance of this
competition system can be broken by the specific substituents at the 9,10-positions of
anthracene. Linker and co-worker previously observed that the alkynyl groups not
only play a significant role in enhancing the stability of EPO, but also improve the
conversion of EPO to the parent anthracenes in high yield.22,28 Very recently, Pan et al.
found that 9,10-diarysubstituted anthracenes can transform in-situ into
5,5’-(anthracene-9,10-diyl)diisophthalic acid under hydrothermal conditions, and this
was further confirmed by single-crystal X-ray diffraction.29Although the reaction
mechanism is open to question, there is no doubt that the formation of various radical
intermediates plays an important role in affecting the reaction pathway (such as
photo-induced cycloaddition and photolysis reaction). However, how the substituents
affect the photooxidations, photolysis and decomposition of anthracene, as well as
details on the decomposition pathway and mechanism still remain unclear.



Scheme 1. The possible reaction pathways of the photo-induced cycloaddition
reaction to anthracene endoperoxides (EPO), and the possible photo-induced
cycloreversion and decomposition reaction of EPO.

The photo-induced chemical reaction always involves radical reactions, which
leads to unidentified by-products via an un-controllable polymerization, addition,
cleavage or decomposition reaction. In this article, we present a novel stable
semiquinone radical, which was isolated from a controllable photo-induced domino
reaction of a hexa-aryl substituted anthracene in three steps, involving in
photo-induced cycloaddition reaction, a β-scission rearrangement and an elimination
reaction. The semiquinone radical exhibited extreme stability, even under air (Temp.
25 oC, relative humidity: 50%-70%) for 1 year. The intermediate compounds were
fully characterization by 1H/13C NMR spectra, high resolution mass spectrometry
(HRMS), and single-crystal X-ray diffraction analysis, and this detailed information
of the intermediates can help us to further understand the photo-induced domino
reaction pathway; theoretical calculations were performed in order to clarify the
photo-induced domino reaction mechanism. Thus, this article not only offers a
straightforward strategy for the preparation of a stable radical for potential application
in molecular electronics, but also provides evidence for understanding the reaction
mechanism on going from anthracene to semiquinone via both experimental and
theoretical techniques.

RESULTS AND DISCUSSION

Synthesis and characterization
According to the previously reported synthetic strategy,30 we have developed a facile,
widely applicable approach to the synthesis of novel D2h symmetric hexaaryl
substituted anthracenes 2 (see Figure 1). In the presence of iron powder, we found that
bromination of anthracene or the 9-bromo anthracene under mild conditions such as
stirring the reaction solution in CH2Cl2 at room temperature, can afford a yellow
insoluble residue in high yield (71 %). In order to confirm the molecular conformation
of these bromo-anthracene derivatives in detail, the bromo-anthracene precursor was
directly utilized for the construction of novel anthracene derivatives via a
Suzuki-Miyaura coupling reaction with the corresponding arylboronic acids. As
expected, highly D2h symmetric 2,3,6,7,9,10-hexa-aryl-substituted anthracenes 2 were
afforded in considerable yield with good solubility in common organic solvents (such
as CHCl3, toluene, THF and acetonitrile), and which were characterized by 1H/13C
NMR spectroscopy, X-ray diffraction and high-resolution mass spectrometry
(HRMS). Single crystals of 2a and 2b suitable for X-ray diffraction were grown via
evaporation of a mixture of dichloromethane and hexane solution, and single crystal
2b’ was cultivated in a mixture of CHCl3 and hexane solution. The six substituents
were introduced at the 2-, 3-, 6-, 7-, 9- and 10-positions of the central anthracence
core, which is agreement with our experimental results.



Figure 1 Synthetic route to 2,3,6,7,9,10-hexa-aryl-substituted anthracene derivatives
(2a-d), and the single crystal structures of (A) 2a and (B) 2b, in ORTEP drawing with
thermal ellipsoids at 30% probability.

Photophysical properties
The photophysical properties of 2a-d were examined by UV-vis and fluorescence

(PL) spectra in CH2Cl2 solution. As shown in Figure 2A, the four compounds
exhibited similar absorption bands in the regions 280-350 nm and 370-450 nm,
respectively. The short wavelength absorption region corresponded to the
intramolecular charge transfer between the terminal groups at the 2-, 3-, 5-, 6-, 9- and
10-positions and the anthracene unit, while the long wavelength absorption band was
assigned to π-π* transitions of the anthracene core. The molar extinction coefficient of
compounds 2-4 vary from 5.95×104 to 2.03×105 cm-1 M-1. Clearly, the different
electronic effects of the substituent groups at the 2-, 3-, 5-, 6-, 9- and 10-positions of
the central anthracene core play a significant role in affecting the molar extinction
coefficient (ε). With the substituents changing from a donating group 2a (t-Bu), 2b
(OMe) to a withdrawing group 2c (CHO), the absorption peaks are bathochromic
shifted from 317 to 334 nm. In contrast, the compound 2d (CF3) with six of the
strongest acceptor -CF3 groups is blue shifted ~3 nm compared to that of 2a, probably
due to the effect of the dipole moment.31,32

Figure 2. The UV-vis and PL spectra of hexa-aryl substituted anthracenes 2 in CH2Cl2
solution (10 μM) at 25 oC

Upon excitation, all compounds emitted deep blue fluorescence both in solution
and the solid state. As shown in Figure 2B, the photoluminescence (PL) spectra of



compound 2 illustrated a structureless emission band in the range 438-458 nm in
CH2Cl2 solution with the order 2d < 2a < 2b < 2c, due to the electronic effect of the
terminal group. For example, compound 2b exhibited a maximum emission peak at
448 nm with a shoulder peak at 467 nm, attributed to the charge transfer character of
the excited state.33 In addition, the fluorescence quantum yields (Φf) of these
compounds in CH2Cl2 solution were recorded and were found to vary from 0.46-0.59
(see Table S3). Thus, it can be concluded that iron-powder catalyzed the bromination
of anthracene/9-bromo anthracene and this is a widely applicable strategy for
preparing highly symmetric 2,3,6,7,9,10-hexabromoanthracenes with good
regioselectivity, which have not been reported before and will be important
intermediate compounds for the preparation of highly efficient anthracene-based
organic semiconductor materials.

Photo-induced domino reaction of hexaaryl-substituted anthracenes
Normally, anthracene and its derivatives prefer to react with oxygen under

UV-irradiation to afford EPOs, which further undergo a thermolysis or decomposition
process with an uncontrollable reaction pathway. 19-22 Here, to investigate the
electronic effect on the kinetics of the photo-induced domino reaction these hexa-aryl
substituted anthracenes, compounds 2 were irradiated (λex =365 nm, 6 W) in CDCl3 at
25 oC and tracked by 1H NMR spectroscopy.

First step: Take 2b as an example, as shown in Figure 3 and Figure S20, the 1H
NMR spectra clearly confirmed the molecular structure of 2b, that is four doublets
(24H) and one singlet (4H) were observed at 6.73, 7.03, 7.10, 7.45, 7.74 ppm which
correspond to the protons of the anthracene and phenyl rings, respectively. After
irradiation over 1 h, a new singlet proton peak appeared at a relatively low field
position of 7.21 ppm, and four groups of doublets peaks were observed at 6.69, 6.90,
7.11 and 7.66 ppm, respectively, indicating that a new symmetrical compound was
achieved. Subsequently, the intensity of the latter gradually increased as the proton
signal of 2b disappeared over 2 h under UV-irradiation. Finally, the compound 2b
(m/z+ = 814.339) was quantitatively converted to the corresponding photoreactive
species 3b as determined by 1H NMR spectroscopy. The molecular weight of 3b was
confirmed by HRMS with a molecular peak at m/z+ = 846.3172 (Figure S46),
indicating that the photoreactive species 3b is an endoperoxide (EPO), formed by a
photo-induced inter-molecular [4+2] cycloaddition reaction between compound 2b
with oxygen, which was also confirmed by single-crystal X-ray diffraction analysis
(Figure 3B) (a single crystal of 3b was obtained from a mixture of dichloromethane
and hexane solution at room temperature). Interestingly, the photosensitive EPO 3b
can also be converted to 2b as the temperature increases from 25 oC to 140 oC, which
was tracked by a variable-temperature 1H NMR spectroscopic study (Figure S31).
Second step: On prolonging the irradiation time from 2 h to 4 h, two new singlet
peaks at 7.64 and 8.30 ppm and several new doublet peaks (δ = 6.75, 6.79, 7.03, 7.11,
7.37 ppm) were observed. After irradiating for 5 h, the corresponding proton peaks of
3b completely disappeared, and this compound was quantitatively converted to stable
4b with a molecular ion peak of m/z+ = 741.24 (Figure S47). A single crystal of 4b
was cultivated via solvent diffusion of hexane into a dichloromethane solution of the
compound at room temperature. Furthermore, the effect of the irradiation powder,
both in the presence/absence of oxygen, on the photo-induced domino reaction was
investigated. 1H NMR spectra indicated that EPO 3b was different before and after
increasing the irradiation time from 0 h to 10 h under a high UV power (100 W)



irradiation. Although we cannot identify the exact molecular structure of the new
organic species 4b’; according to the HRMS (m/z+ = 847.6789), 4b’ can be assigned
as an anthraquinone derivative and the proposed molecular structure is listed in
Scheme S1. The product 4b’ exhibits extreme stability even under UV-irradiation 10 h
(λex = 365 nm, 100 W) (Figures S21-S24). This result inspired us to further explore
this photo-induced domino reaction pathway.
Third step: The starting material 3b (100 mg) was irradiated under a UV light (λex =
365 nm, 6 W) for 4 h in chloroform and monitored by TLC. The resulting reaction
mixture was further purified by silica gel column chromatography to afford a yellow
powder 5b, (15 mg, 18 % yield), although the 1H NMR spectrum is similar with that
of compound 4b possessing two singlets and four doublets peaks at 8.30, 7.64, 7.37,
7.11, 7.03, 6.79 and 6.76 ppm in ratio of 2:2:2:4:4:6:4, respectively. Compared to the
13C NMR spectrum of compounds 3b and 4b, the 13C NMR spectrum at the C10
position of anthracene was shifted from 83.9 (3b) ppm to 183.3 ppm (4b), but the 13C
NMR spectrum of compounds 4b and 5b have slightly changed before and after UV
irradiation (Figures S11, S17 and S20). The molecular ion of the 5b (m/z+ =
723.2741) (Figure S48) suggests the loss of a hydroxy group (OH) from compound
4b (m/z+ = 741.24.). More importantly, from the FT-IR results, it is noted that the
compound 5b contains a clear C=O bond vibration peak at 1659 cm-1, which is not
observed in the FT-IR spectra of compounds 2b and 3b (Figure S36 and S37). This
result provides more strong evidence for us to propose the exact molecular structure
of semiquinone radical 5b (Figure 3). We inferred that the OH group was captured in
a separation process to afford 5b which is thought to be due to the acidic nature of the
silica gel column chromatography employed. Compound 5b exhibited greater stability
even under UV-light upon irradiating for 10 h in the absence/presence of O2 (Figures
S25-S28). However, the fluorescence spectra indicated that the emission intensity of
5b was enhanced as the water fraction was increased. This result agrees with Pan’s
report (Figure S69).29



Figure 3. A) A controllable photo-induced domino reaction pathway from hexa-aryl
substituted anthracene 2b to 5b under UV-irradiation (λex = 365 nm, 6W), B) X-ray
single crystal structure of 2b and its corresponding photo-induced products 3b and 4b,
in ORTEP drawing with thermal ellipsoids at 30% probability, C) Irradiation
time-dependent 1H NMR spectra of photo-induced domino reaction from 2b to 4b.

EPR detection
In this hexaaryl anthracene systems, the entire photo-induced domino reaction

processes were tracked by electron paramagnetic resonance (EPR) (Figure 4). After
irradiation for 5 min., the solutions of 2b and 3b in toluene were measured using
DMPO as the spin-trapping reagent. The spectra of 2b show a weak signal, while a
very clear EPR signal with a g value of 2.006 for 3b in toluene was observed. The
EPR spectra of 3b was carefully calculated and fitted for assigning the type of radical.
We found that the EPR signal contains three kinds of radical, including superoxide
radical (O2

-), self-photolysis of DMPO radical, and an alkyl radical upon comparing
the database of radicals (Figure S38). On the other hand, the EPR spectra of both 2b
and 3b in the solid state, before and after under UV irradiation for 10 min., did not
reveal any signal. However, the spectra of 4b showed a very weak signal in the solid
state. It is interesting that the EPR studies of 5b in the solid state at room temperature



showed a very strong paramagnetic signal with a g value of 2.007, which indicated
that a radical cation does exist in 5b (Figure 4A). 34 The EPR signal remains when
compound 5b was kept under air for 1 year, but the intensity of the EPR signal
decreased somewhat, since trace water molecules are present in the external
environment that can be captured by radical 5b thereby forming 4b (Figure 4B). More
importantly, although the NMR spectra show slight changes, the EPR signal
completely disappeared upon adding deuterium chloride (DCl, 35% in D2O) to 5b
(Figure S39).

Figure 4. The EPR spectra of (A) compounds 2b and 3b (g = 2.006) in solution and
(B) compounds 4b (g = 2.006) and 5b (g = 2.007) in the solid state at room
temperature.

According to the single-crystal X-ray diffraction analysis, 1H/13C NMR spectra,
HRMS data as well as FT-IR spectra, the exact structure of products 2b-5b were
confirmed. Thus, a clearly controllable photo-induced domino reaction process with
determined molecular structures can be outlined as in Figure 3A. Based on our
knowledge, this is first such example of the hexaaryl anthracene systems, and offers a
facile and efficient strategy for generating an air stable radical cation via a
controllable photo-induced domino reaction under mild conditions.

The electronic effect on the photo-induced domino reaction



Figure 5 Two possible photo-induced reaction pathways (A) from
hexa-aryl-substituted anthracene 2a to EPO 3a and (B) from hexa-aryl-substituted
anthracenes 2c/2d to decomposition under UV irradiation.

Previously, Linker and co-workers reported that EPO of anthracenes undergo a
competitive reaction between reconversion and a decomposition process through
either the homolysis of an O-O bond or cleavage of the C-O bond depending on the
substituent group present at the 9,10-positions of the anthracene.20 Therefore, possible
photo-induced domino reactions of the hexaaryl-substituted anthracenes 2a, 2c and 2d
were also investigated under similar conditions to 2b (UV light, λex = 356 nm) and
tracked by 1H NMR spectroscopy. As shown in Figure S19, in the presence of the
weak electron-donating group, tert-butyl, five new proton peaks of 2a (δ = 6.88, 7.13,
7.31, 7.58, 7.68 ppm) were observed under UV irradiation for 20 min., which
corresponded to the EPO 3a (m/z+ = 1003.64), whilst 2a was totally converted to the
EPO 3a within 240 mins. Surprisingly, EPO 3a is very stable and does not participate
in the next photo-induced domino reaction to afford 4a even under 12 h UV
irradiation (λex = 365 nm, 6W) (Figures S19, S43-44). This indicates that the presence
of a tert-butyl group plays a significant role in stabilizing EPO 3a.

Similarly, the hexaaryl-substituted anthracenes 2c and 2d can also be converted to
their corresponding EPO 3c (m/z+ = 834.88) and 3d (m/z+ = 1073.17) within 90 min.
and 180 min., respectively. However, the corresponding EPOs 3c and 3d are unstable
and further cleavage of C-C may occur to afford decomposition (unidentified)
compounds with m/z+ = 537.37 for 4c and m/z+ = 663.45 for 4d, respectively. As a
result (Figure 5), it is concluded that the presence of a strong electron-withdrawing
group can accelerate cleavage of the hexaaryl-substituted anthracenes and their
frameworks. More importantly, it seems that the electron-donating units located at the
2,3,6,7,9,10-positions of anthracene can contribute to improve the reaction speed of
the photo-induced inter-molecular [4+2] cycloaddition reaction (the first step) to form
the photo-induced adduct compounds EPO in the order 2b (60 min.) (>2a (240 min.))
> 2c (180 min.) > 2d (320 min.) (Figures S19-S30). Thus, we conclude that the



electronic effect plays a significant role to affect the pathway of the photo-induced
domino reaction, and the strong electron-donating groups (-OMe) in this
hexa-anthracene system would easily promote radical formation by a controllable
photo-induced domino reaction, while the weak donating group (-tBu) is beneficial to
the stabilization of the EPO. In contrast, the electron-withdrawing groups (such as
CHO or CF3) would convert the anthracene derivative to an unknown product by an
uncontrollable photo-induced decomposition process. Besides, it is believed that the
strong electron-donating groups are beneficial to sufficiently stabilize the
carbon-centered radical, which have borne out the prediction of Linker’ et al.20

Proposed photo-induced domino reaction mechanism

Scheme 2 The possible photo-induced domino reaction mechanism from
hexaaryl-substituted anthracenes (2a) to stable radical-semiquinone radical 5b; the
m/z+ in red color is the corresponding experimental results.

Based on the experimental data, we observed three possible reaction pathways for
the thermolysis of EPO, depending on the electronic effect of the terminal groups. In
order to obtain more insight into the mechanism for the hexaaryl-substituted
anthracene systems via a photo-induced domino reaction pathway, combined
experimental and DFT calculations were performed. The total energy of compound 2



and EPO 3 were calculated using Gaussian 09 at the B3LYP theory level with
6-311G(d) basis set and ZPE corrections at 25 oC. The calculated thermodynamic
energies of photo-induced inter-molecular [4+2] cycloaddition reaction from
hexa-aryl anthrancene 2 to EPO 3 were negative and are listed in Table S6. This
indicates that the hexaaryl-substituted anthracenes 2 show high reactivity toward
oxygen. Thus, combined with reported mechanism,19-20 it is easier to understand why
the mechanism of the photo-induced inter-molecular [4+2] cycloaddition reaction
between hexaaryl-substituted anthracenes 2 and 1O2, affords the endoperoxides 3.

On the other hand, to understand the electronic effect of the substituent group on
the controllable photo-induced domino reaction mechanism, the highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) of
hexa-aryl anthracene 2 and EPO 3 were also calculated at the same theoretical level.
On-going from the electron-donating groups (2a and 2b) to the electron-withdrawn
groups (2c and 2d), the electron density distribution of these compounds
progressively disperses from the central anthracene ring to the whole molecular
framework. For example, the HOMO and LUMO of 2a are mainly localized on the
central anthracene ring, while the HOMO and LUMO of 2d locate at both the
anthracene core and over the substituent groups at the 2-, 3-, 6- and 8-positions (Table
S7). The energy level of the HOMO was also raised following the order 2b (OMe) >
2a (tBu) > 2c (CHO) > 2d (CF3), which correlates with the photoactivity of the
photo-induced inter-molecular [4+2] cycloaddition, and this result agrees with the
report by Linker et al.20

Experimental and theoretical methods have been used to thoroughly investigate the
mechanism of the retro-reaction of EPO to the parent acene or to quinones (Scheme
1). Two possible mechanisms were proposed to clarify the photooxidation from acene
to EPO, which is now generally accepted. However, the decomposition process of
EPO to quinones still remains unclear. In our case, a new semiquinone 4b was
achieved by a controllable photo-induced domino reaction of the hexaaryl-substituted
anthracene, which is beneficial in terms of understanding the mechanism of the
photolysis to quinines in the anthracene system.

Moreover, variable-temperature 1H NMR spectroscopy was performed in d-DMSO
solution over the range 25 oC to 140 oC for tracking the thermolysis process (Figures
S31 and S57). It was found that EPO 3b quantitatively converted to 2b. Due to the
electron-donating 4-methoxylphenyl groups located at the 2-, 3-, 6-, 7-, 9- and
10-positions, the EPO 3b exhibited a higher pyrolysis temperature compared to that of
the 9,10-di-pyridine substituted anthrancene derivatives.28 Thus, according to the
previously reports on the photolysis of anthracene 22,25,29,35,36 and HRMS results, the
possible photo-induced degradation intermediates here are summarized in Table S1.

Thus, three possible mechanisms for the metal-free catalyzed photo-induced domino
reaction of hexaaryl-based anthrancenes EPO are summarized in Scheme 2. In these
hexaaryl-substituted anthracene systems, taking EPO 3b as an example, after careful
analysis of the experimental data (such as 1H NMR, HRMS, EPR), it adopted two
photolysis pathways depending on the power of the irradiation light. Type I: firstly,
the photolysis of EPO prefers to proceed via an heterolytic cleavage of the C-O bond
to form the intermediate 1; then a water molecule as a nucleophile was attacked,
which resulting in transition state 2, and which further undergoes a β-scission
reaction via a rearrangement process from intermediate 3 to achieve 4b 37, which is
driven by solvent effects and the presence of the unstable three-membered ring
system. Furthermore, a hydroxyl ion combines with a proton and then dissociates to
achieve a stable radical cation 5b with an sp2 carbon center. Type II: The O-O bond



would break via a homolytic bond cleavage forming an extremely stable product 4b’
via an intermediate 4 even under UV irradiation (λex = 365 nm, 100W), indicated that
the barrier energy of homolytic O-O bond cleavage in the Type II pathway is higher
than the heterolytic C-O bond cleavage process in the Type I pathway, meaning that
the Type II pathway requires more energy expenditure. More importantly, the
thermodynamic product 4b’ in Type II is more stable than 4b of Type I, which is
strongly supported by our experimental studies. Type III: due to the presence of an
electron-withdrawing group, the intermediate carbon-centered radical is not stable in
the homolytic O-O bond or heterolytic C-O bond cleavage process, which can
undergo an uncontrollable photo-induced degradation reaction to afford unknown
products. Type III: due to the presence of electron-withdrawing group, the
intermediate with carbon-centered radical is not stable in the homolytic O-O bond or
heterolytic C-O bond cleavage process, which would occur an uncontrollable
photo-induced degradation reaction to achieve unknown products.

CONCLUSION

In this article, we firstly present a facile and controllable photo-induced domino
reaction to obtain a stable organic radical from the 2,3,6,7,9,10-hexa-aryl substituted
anthracene system, via an iron-catalyzed bromination and Suzuki-Miyaura
cross-coupling reaction from anthracene. Due to the electronic effect of the
substituents, the presence of donating groups such as the 4-t-butylphenyl group at the
2,3,6,7,9,10-positions of anthracene plays a significant role in stabilizing the
endoperoxides (EPO), which then cannot be further involved in the photo-induced
domino reaction to afford a radical. By contrast, in the presence of the electron
donating group 4-methoxylphenyl, the photo-induced domino reaction in the
2,3,6,7,9,10-hexa-(4-methoxylphenyl) anthracene system exhibits a well-controlled
process under UV irradiation to achieve a stable EPO, semiquinone, as well as a
semiquinone radical, respectively. Molecular structures were confirmed by NMR
spectra, HRMS and X-ray crystallography. However, with the strong electron
withdrawing groups 4-formylphenyl and 4- trifluoromethyl, the anthracene
derivatives prefer to undergo a photodegradation process affording unidentified
compounds. Furthermore, a detailed photo-induced domino reaction mechanism was
also proposed according to the theoretical study. This article not only offers a new
blue emitter and novel air-stable organic radical compound for potential application in
organic semiconductor applications, but also provides a perspective for understanding
the fundamental knowledge on the photolysis pathway in such anthracene systems.
Experimental section
General information: 1H and 13C NMR spectra (400 MHz/ 600 MHz) were recorded
on a Bruker AV 400/600 spectrometer, using chloroform-d solvent and SiMe4 as
internal reference. J-values are given in Hz. High-resolution mass spectra (HRMS)
were taken on a LC/MS/MS, which consisted of a HPLC system (Ultimate 3000
RSLC, Thermo Scientific, USA) and a Q Exactive Orbitrap mass spectrometer, or
taken on a GCT premier CAB048 mass spectrometer operating in a MALDI-TOF
mode. Fluorescence spectra were recorded on a Hitachi F-4700 spectrofluorometer.
UV-vis absorption spectra were obtained on a Milton Ray Spectrofluorometer. PL
quantum yields were measured using absolute methods, using a Hamamatsu
C11347-11 Quantaurus-QY Analyzer. EPR spectra were performed on a Bruker
EMXplus-10/12 spectrometer. The quantum chemistry calculation was performed on
the Gaussian 09W (B3LYP/6–31G** basis set) software package.[38] Crystallographic
data of the compounds were collected on a Bruker APEX 2 CCD diffractometer with



graphite monochromated Mo Kα radiation (λ = 0.71073 Å) in the ω scan mode.[39,40]

The structure was solved by charge flipping or direct methods algorithms and refined
by full-matrix least-squares methods, on F2.[39] All esds (except the esd in the dihedral
angle between two l.s. planes) are estimated using the full covariance matrix. The cell
esds are taken into account individually in the estimation of esds in distances, angles
and torsion angles. Correlations between esds in cell parameters are only used when
they are defined by crystal symmetry. An approximate (isotropic) treatment of cell
esds is used for estimating esds involving l.s. planes. The final cell constants were
determined through global refinement of the xyz centroids of the reflections harvested
from the entire data set. Structure solution and refinement were carried out using the
SHELXTL-PLUS software package.[39] Data (excluding structure factors) on the
structures reported here have been deposited with the Cambridge Crystallographic
Data Centre with deposition numbers. CCDC 1844505-1844506, 2052692-2052694
contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
Materials: Unless otherwise stated, all other reagents used were purchased from
commercial sources and were used without further purification. Tetrahydrofuran
(THF) was distilled prior to use.
Synthesis of 2,3,6,7,9,10-hexa-bromoanthracene (1)
Run 1: A mixture of anthracene (530 mg, 3 mmoL), iron powder (1.12 g, 20 mmoL)
and bromine (1.09 mL, 20 mmoL) in dry CH2Cl2 (20 mL) was stirred under argon for
6 h at room temperature. The mixture was quenched with Na2S2O3 (10%) and
extracted with dichloromethane (50 mL ×2). The combined organic extracts were
washed by water and brine and evaporated, affording 1 (1.36 g, 71%) as a grey
powder. The crude product is insoluble in common solvents and just slightly dissolved
in hot CHCl3. Due to the low solubility, the product was not further purified and was
further used as the mixture for the Suzuki coupling reaction. HRMS (MALDI-TOF)
m/z: [M CH]+ Calcd for C14H4Br6 651.61;found 662.7216.
Run2: A mixture of 9-bromo-anthracene (257 mg, 1 mmoL), iron powder (0.40 g, 7
mmoL) and bromine (0.3 mL, 5.5 mmoL) in dry CH2Cl2 (20 mL) was stirred under
argon for overnight at room temperature. The mixture was quenched with Na2S2O3
(10%) and extracted with dichloromethane (50 mL ×2). The combined organic
extracts were washed by water and brine and evaporated. The crude product is
insoluble in common solvent and just slightly dissolved in hot CHCl3 (423 g, 65%) as
a light grey powder, which was used without further purification.
General Procedure for 2,3,6,7,9,10-hexa-aryl substituted anthracene (2a-d)
Compounds 2a-d were synthesized from 2,3,6,7,9,10-hexbromoanthracene (1) with
the corresponding aryl boronic acid by a Suzuki coupling reaction in considerable
yield.
Synthesis of 2,3,6,7,9,10-hexa-(4-tert-butylphenyl) anthracene (2a)
A mixture of 2,3,6,7,9,10-hexbromoanthracene (1) (320 mg, 0.5 mmoL),
4-tert-butylphenyl boronic acid (600 mg, 3.4 mmoL) in toluene (15 mL), ethanol (3
mL) and H2O (3 mL) at room temperature was stirred under argon, and K2CO3 (500
mg, 3.6 mmoL) and Pd(PPh3)4 (100 mg, 0.09 mmol) were added. After the mixture
was stirred for 30 min. at room temperature under argon, the mixture was heated to 90
°C by oil bath, and stirred for 24 h. After cooling to room temperature, the mixture
was quenched with water, extracted with CH2Cl2 (2 ×30 mL), washed with water and
brine. The organic extracts were dried with MgSO4 and evaporated. The residue was
purified by column chromatography eluting with CH2Cl2/hexane, 1:3 to give 2a as a



light yellow powder (168 mg, 35 %). 1H NMR (400 MHz, CDCl3) δ 7.82 (s, 4H), 7.56
(d, J = 8.1 Hz, 4H), 7.46 (d, J = 8.1 Hz, 4H), 7.16 (d, J = 8.1 Hz, 8H), 7.00 (d, J = 8.1
Hz, 8H), 1.44 (s, 18H), 1.26 (s, 36H) ppm; 13C{1H} NMR (101 MHz, CDCl3) δ
150.0, 149.2, 138.8, 138.4, 137.1, 135.7, 130.9, 129.8, 129.8, 128.0, 127.0, 125.7,
125.5, 124.4, 34.7, 34.4, 34.4, 31.5, 31.3; HRMS (FIMS+p ESI) m/z: [M]+ Calcd for
C74H82 971.47; found 971.6452
A similar procedure with 4-methoxyphenylboronic acid, 4-formylphenylboronic acid,
and 4-trifluoromethylphenylboronic acid was followed for the synthesis of 2b-2d.
2,3,6,7,9,10-hexa-(4-methoxylphenyl) anthracene (2b) was obtained as a light
yellow powder (152 mg, 37 %). 1H NMR (400 MHz, CDCl3) δ 7.73 (s, 4H), 7.44 (d, J
= 8.6 Hz, 4H), 7.10 (d, J = 8.6 Hz, 4H), 7.03 (d, J = 8.7 Hz, 8H), 6.73 (d, J = 8.7 Hz,
8H), 3.92 (s, 3H), 3.76 ppm (s, 6H); 13C{1H} NMR(100 MHz, CDCl3): δ = 158.9,
158.3, 138.0, 136.4, 134.2, 132.3, 131.0, 130.9, 130.0, 128.1, 114.0, 113.3, 55.3 ,
55.2. ppm; HRMS (MALDI-TOF) m/z: [M]+, Calcd for C56H46O6 814.33;found
814.3319.
2,3,6,7,9,10-hexa-(4-formylphenyl) anthracene (2c) was obtained as a yellow
powder (122 mg, 30 %). 1H NMR (400 MHz, CDCl3): δH = 10.19 (s, 2H), 9.95 (s,
4H), 8.18 (d, J = 8.1 Hz, 4H), 7.78 (d, J = 8.0 Hz, 4H), 7.71 (d, J = 8.3 Hz, 8H), 7.23
ppm (d, J = 8.2 Hz, 8H); 13C{1H} NMR(100 MHz, CDCl3): δ = 191.6, 146.5, 144.3,
138.1, 137.1, 136.2, 135.0, 131.9, 130.3, 130.3, 129.6, 129.5, 128.7 ppm; HRMS
(FIMS-pAPCI)m/z: [M++1], Calcdfor C56H34O6 802.2355;found 803.2430  .
2,3,6,7,9,10-hexa-(4-trifluoromethyl) anthracene (2d) was obtained as a yellow
powder (98 mg, 19 %). 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 7.6 Hz, 4H), 7.70
(d, J = 7.9 Hz, 4H), 7.67 (s, 4H), 7.48 (d, J = 8.0 Hz, 8H), 7.18 (d, J = 8.0 Hz, 8H).
13C{1H} NMR (101 MHz, CDCl3) δ 144.0, 141.7, 137.9, 136.7, 131.6, 131.5, 130.0,
129.6, 129.3, 128.6, 127.6, 126.0, 125.2, 125.2; HRMS (FIMS-pAPCI) m/z: [M]+

Calcd for C56H28O18 1042.79;found 1042.1929
Synthesis of Endoperoxide 3a
Compound 2a (10 mg, 0.01 mmoL) in CDCl3 (0.5 mL) in a NMR tube was kept under
UV light (λex = 365nm) irradiation and this reaction process was tracked by 1H NMR
spectroscopy. After 60 mins, the compound 2a was converted to 3a in quantitative
yield (11 mg, 100%) as a deep yellow powder. 1H NMR (400 MHz, CDCl3) δ 7.68 (d,
J = 8.4 Hz, 4H), 7.59 (s, 4H), 7.31 (s, 4H), 7.13 (d, J = 8.2 Hz, 8H), 6.88 (d, J = 8.2
Hz, 8H), 1.39 (d, J = 9.9 Hz, 18H), 1.24 (s, 36H); 13C{1H} NMR (101 MHz, CDCl3) δ
150.9, 149.4, 140.1, 139.4, 138.2. 129.7, 129.6, 129.4, 127.0, 127.0, 125.5, 124.8,
124.5, 84.1, 34.8, 34.4, 31.4, 31.3(s); HRMS (FTMS + p APCI) m/z: [M]+ Calcd for
C74H82O2 1003.47; found 1003.6418.
Synthesis of Endoperoxide 3b
Method 1: Compound 2b (10 mg, 0.01 mmoL) in CDCl3 (0.5 mL) in a NMR tube
was kept under UV light (λex = 365nm) irradiation and this reaction process was
tracked by 1H NMR spectroscopy. After 2 h, the compound 2b was converted to 3b in
quantitative yield (10 mg, 100%) as a yellow powder. 1H NMR (400 MHz, CDCl3): δH
= 7.67 (d, J = 8.9 Hz, 4H), 7.21 (s, 4H), 7.11 (d, J = 8.9 Hz, 4H), 6.90 (d, J = 8.7 Hz,
8H), 6.69 (d, J = 8.8 Hz, 8H), 3.89 (s, 6H), 3.74 ppm (s, 12H); 13C{1H} NMR (100
MHz, CDCl3): δ = 159.2, 158.3, 139.6, 139.3, 133.6, 130.9, 128.5, 125.7, 124.8,
113.9, 113.4, 83.9, 55.3, 55.2 ppm; HRMS (MALDI-TOF): m/z [M]+ Calcd for
C56H46O8 846.32; found 846.3172.
Method 2: The compound 2b (100 mg, 0.12 mmoL) was dissolved in CHCl3 (30 mL)
in a beaker and stirred, the solution was kept under visible light irradiation (simulated
sunlight irradiation) and this reaction process was tracked by TLC. After 2 h, the



solution was evaporated and purified by column chromatography eluting with CH2Cl2
to give 3b as a yellow powder (82 mg, 79 %). 1H NMR (400 MHz, CDCl3): δH = 7.67
(d, J = 8.9 Hz, 4H), 7.21 (s, 4H), 7.11 (d, J = 8.9 Hz, 4H), 6.90 (d, J = 8.7 Hz, 8H),
6.69 (d, J = 8.8 Hz, 8H), 3.89 (s, 6H), 3.74 ppm (s, 12H).
Synthesis of Endoperoxide 3c
Compound 2c (10 mg, 0.01 mmoL) in CDCl3 (0.5 mL) in a NMR tube was kept under
UV light (λex = 365nm) irradiation and this reaction process was tracked by 1H NMR
spectroscopy. After 1 h, the compound 2c was converted to 3c in quantitative yield
(11 mg) as a light yellow powder. 1H NMR (400 MHz, CDCl3): δ 10.15 (s, 2H), 9.93
(s, 4H), 8.19 (d, J = 8.4 Hz, 4H), 7.98 (d, J = 8.3 Hz, 4H), 7.68 (d, J = 8.3 Hz, 8H),
7.23 (s, 4H), 7.12 ppm (d, J = 8.2 Hz, 8H); 13C{1H} NMR (100 MHz, CDCl3): δ =
191.5, 145.9, 139.7, 139.3, 138.1, 136.6, 135.2, 135.0, 131.9, 130.3, 130.1, 129.7,
129.6, 128.7, 128.0, 125.6, 83.9 ppm; HRMS (MALDI-TOF) m/z: [M+1]+Calcd for
C56H34O8 834.23;found  835.2200
Synthesis of Endoperoxide 3d
Compound 2d (10 mg, 0.01 mmoL) in CDCl3 (0.5 mL) in a NMR tube was kept under
UV light (λex = 365nm) irradiation and this reaction process was tracked by 1H NMR
spectroscopy. After 1 h, the compound 2d was converted to 3d in quantitative yield
(11 mg,) as a dark yellow powder. 1H NMR (400 MHz, CDCl3) δ 7.92 (dd, J = 15.6,
8.0 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 7.18 (s, 1H), 7.07 (d, J = 8.0 Hz, 2H). 13C{1H}
NMR (101 MHz, CDCl3) δ 143.4, 139.5, 139.2, 135.7, 130.0, 129,8, 129,5, 127.7,
127,6, 126.0, 125.7, 125.4, 125.4, 122.5; HRMS (FTMS-p APCI) m/z: [M]+ Calcd for
C56H30 F18O2 1076.83; found 1077.1604.
Synthesis of semiquinone 4b
The aboved compound 3b (Method 1, 10 mg, 0.01 mmoL) in an NMR tube in CDCl3
solution was irradiated under a UV light and monitored by 1H NMR spectroscopy.
After 2.5 h, the compound 3b was converted to 4b in quantitative yield (9 mg) as a
yellow powder. 1H NMR (600 MHz, CDCl3): 8.30 (s, 2H), 7.64 (s, 2H), 7.37 (d, J =
8.9 Hz, 2H), 7.11 (d, J = 8.7 Hz, 4H), 7.03 (d, J = 8.7 Hz, 4H), 6.79 (d, J = 8.6 Hz,
6H), 6.76 (t, J = 5.8 Hz, 4H), 3.80 (s, 3H), 3.77 (s, 3H), 3.74 (s, 3H). 13C NMR (151
MHz, CDCl3) δ 183.3, 180.6, 158.9, 158.6, 158.4, 146.6, 145.8, 140.2, 138.3, 132.9,
132.7, 130.9, 130.3, 129.0, 128.8, 126.9, 126.8, 116.0, 114.8, 113.8, 113.6, 113.5,
113.5, 113.3, 72.9, 55.2 ppm. HRMS (MALDI-TOF)m/z : [M]+ Calcd for C49H40O7
740.85. found 740.2774.

Synthesis of radical 5b
The starting material 3b (100 mg) was irradiated under a UV light (365nm) 4 h in
chloroform and monitored by TLC. The resulting reaction mixture was further
purified by silica gel column chromatography affording a yellow powder in 15 mg
(18% yield). 1H NMR (600 MHz, CDCl3) δ 8.30 (s, 2H), 7.64 (s, 2H), 7.37 (d, J = 8.9
Hz, 2H), 7.11 (d, J = 8.7 Hz, 4H), 7.03 (d, J = 8.7 Hz, 4H), 6.79 (d, J = 8.7 Hz, 6H),
6.75 (d, J = 8.7 Hz, 2H), 3.80 (s, 6H), 3.78 (s, 6H), 3.74 (s, 3H) ppm. 13C{1H} NMR
(151 MHz, CDCl3) δ 183.3, 158.9, 158.7, 158.3, 146.6, 145.7, 140.1, 138.3, 132.9,
132.7, 130.9, 130.2, 129.0, 128.8, 126.8, 113.8, 113.6, 113.5 , 72.9, 55.2, 55.2, 53.4
ppm. HRMS (MALDI-TOF) m/z : [M]+ Calcd for C49H39O6

+ 723.84; found 723.2741.
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