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Perylenequinonoid-catalyzed Photoredox Activation for the Direct 
Arylation of (Het)Arenes with Sunlight 
Shiwei Zhang,a,b† Zhaocheng Tang,a† Wenhao Bao,a Jia Li,a Baodang Guo,a Shuping Huang,c Yan 
Zhangb*and Yijian Raoa*

Naturally occurring perylenequinonoid pigments (PQPs) have attracted considerable attention owing to their excellent 
properties of photosensitization. They have been widely investigated at aspect of photophysics and photobiology. However, 
their applications in photocatalysis are yet to be explored. We report here that sunlight along with 1 mol % cercosporin, 
which is one of perylenequinonoid pigments, catalyzes the direct C−H bond arylation of (het)arenes by a photoredox process 
with good regioselectivity and broad functional group compatibility. Furthermore, a gram-scale reaction with great 
conversions of substrates was achieved even by cercosporin-containing supernatant without organic solvent extraction and 
purification after liquid fermentation. Thus we set up a bridge between microbial fermentation and organic photocatalysis 
for chemical reactions in a sustainable, environmentally friendly manner.

Introduction
Visible light-driven photocatalysis is the cutting-edge of organic 
synthesis and has emerged into a green and mild mean to 
achieve unique chemical reactivity, as sunlight provides the 
most sustainable and redundant energy source.1 Transition 
metal-based photocatalysis, especially driven by ruthenium and 
iridium polypyridyl complexes,2 has been widely investigated in 
organic synthesis. Alternatively, metal-free organocatalysis has 
also been studied using organic dyes or large organic 
molecules,3 owing to their ability to absorbing the visible or 
near-visible light to participate in photoinduced electron 
transfer process, but their applications of catalytic reactivity in 
organic synthesis is somewhat less familiar.

Naturally occurring perylenequinonoid pigments (PQPs, 
Figure 1), such as cercosporin,4 hypocrellins A,5 elsinochrome C6 
and phleichrome7 produced by endophytic fungi have aroused 
considerable attention owing to their excellent properties of 
photosensitization, which function as new potential 
compounds in photodynamic therapy and photophysical 
diagnosis.4c-f,6d-f,5 Particularly, cercosporin (CP), a phytotoxin 
produced by members of the genus Cercospora, exhibits the 
most active compound of PQPs against different cancer cell 
lines with its excellent properties of photosensitization.4 These 
photosensitizers can be activated to the excited state by visible 

light absorption and then undergo energy transfer (EnT) and 
electron transfer (ET),4c-f,6d-f,5 implying that these natural 
products PQPs may be used as “metal-free” photoredox 
catalysts for organic synthesis, but have never been 
investigated.
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Figure 1. Representatives of the naturally occurring mold 
perylenequinones.

Arylated (het)arenes are widely used in materials science 
because of their interesting optical and electronic properties, as 
well as biomedical applications including peptide mimetics or 
drugs.8 A variety of cross-coupling methods for the synthesis of 
arylated (het)arenes have been well established, mainly 
utilizing transition metal-mediated reactions between 
prefunctionalized substrates and arenes or C−H arylations with 
functionalization in only one coupling partner.9 Recent progress 
in arylation reactions was accomplished with photoredox 
catalysis,10 with notable contributions by Sanford,10c König,10j, 

10m Xiao10h and Ackermann,10g among others. The reported 
methodologies are most efficient with electron-rich 
heteroarenes (Scheme 1a),10j-n or by merging transition-metal 
and photoredox catalysis (Scheme 1b)10c-e with low 
regioselectivities (Scheme 1c).10f, 10h However, the 
photoinduced C−H arylation of arenes and heteroarenes, 
especially for electron-deficient N-heteroarenes, with 
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regioselectivity under mild conditions only by organic 
photoredox catalysis has thus far proven elusive. Thus the 
development of more general and efficient organic photoredox-
catalyzed direct arylations of (het)aromatic bases is still a major 
challenge.

b Dual catalysis transition metal/ photoredox catalyst for arylation of benzenes

DG

Ar N2BF4

DG
ArDual catalysis

c Metal-photoredox catalyst for arylation of (hetero)arenes

Ar

N
Het

Ar N2BF4or
Cyclometalated catalyst

Ar

N
Het

or

Ar

Arlow regioslectivity

a Organic photoredox catalyst for arylation of (hetero)arenes

X
Ar N2BF4

Organic photocatalyst

Only electron-rich heteroarenes!

hv

hv

hv X Ar

X = O, S, N-Boc

d Metal-free arylation of (het)arenes (this work)

N2BF4Ar1H Ar2 Ar1 Ar2

Cercosporin
(1mol%)

perylenequinonoid as organic photoredox catalyst
biosynthesis of cercosporin

sunlight-induced C-H arylation
broad substrate scope
good regioselectivity

gram-scale synthesis with fermentation supernatant

Scheme 1. Photo-catalyzed C−H arylation with aryl diazonium 
salt.

Here we report an unprecedented photoinduced direct 
C−H arylations of arenes and heteroarenes catalyzed by one of 
naturally occurring PQPs, cercosporin. Notable features of our 
finding include (a) natural product cercosporin as an organic 
photoredox catalyst for C−H functionalization, (b) good 
regioselectivity and broad substrate scope, and (c) great 
conversions of substrates in the gram-scale reaction using 
cercosporin-containing supernatant in a sustainable, 
environmentally friendly manner (Scheme 1d).

Results and discussion 
Cercosporin was produced by a new isolated endophytic 

fungus Cercospora sp. JNU001 strain with high yield through 
liquid fermentation (see ESI). The photochemical and 
electrochemical properties were characterized (see ESI), which 
imply that cercosporin can undergo photoinduced electron 
transfer (PET) to facilitate chemical reactions through an 
oxidative or reductive quenching cycle.

To test its photocatalysis activity, cercosporin was used as 
a photoredox catalyst to investigate the direct C–H arylation of 
arene (1a) with aryl diazonium salt (2a). The reaction condition 
was conducted by irradiating a mixture of 1a, 2a, and 
cercosporin (1 mol%) with sunlight at room temperature under 
nitrogen atmosphere (Table 1, entry 1). It gave the 
corresponding arylated product, showing that cercosporin 
indeed facilitated this direct arylation. Next, this reaction 
condition was optimized with various solvents, additives and 
the amount of 2a. The arylated product was obtained with a 
best yield at 58% when using an excess of 10 equiv of 1a (Table 
1, entries 1-4) with dimethyl sulfoxide (DMSO) as solvent 
(entries 5-9), of which the yield were comparable with previous 
studies. The use of Cs2CO3 or K2HPO4 as an additional base had 
no effect on the yield (entries 10-11). We also tested other 
commercially available perylenequinonoid pigments, 
hypocrellin A and hypocrellin B, giving comparable catalytic 
activity (entries 12-13). But the use of common transition metal 
photocatalysts [Ru(bpy)3]Cl2 or another organic photocatalyst 
Eosin Y with sunlight resulted in lower yields (entries 14-15). 
Besides sunlight, blue LED light slightly promoted the reaction 
to a 63% yield (entry 16). However, irradiation of the reaction 
mixture with either green LED light or CFL (compact fluorescent 
lamp) delivered slightly low yields of the desired product 
(entries 17-18). Control experiments confirmed that both of 
light irradiation and cercosporin were necessary for significant 
conversion to the product (entries 19-20).
Table 1 Optimization of the carbamoylation reaction 
conditionsa

N2BF4 Cercosporin
(1 mol%)

sunlight, solvent
room temperature, N2

2a1a
CO2Et

H

EtO2C

3a

Entry Conditions Yieldb (%)

1 1a (5 equiv), DMSO 45

2 1a (10 equiv), DMSO 58

3 1a (15 equiv), DMSO 50

4 1a (20 equiv), DMSO 51

5 1a (10 equiv), DMF 38

6 1a (10 equiv), THF 25

7 1a (10 equiv), EtOH 41

8 1a (10 equiv), CH3CN 50

9 1a (10 equiv), EtOAc 29

10 1a (10 equiv), DMSO, Cs2CO3 50

11 1a (10 equiv), DMSO, KH2PO4 48

12c 1a (10 equiv), DMSO 53

13d 1a (10 equiv), DMSO 50

14e 1a (10 equiv), DMSO 43

15f 1a (10 equiv), DMSO 40

16g 1a (10 equiv), DMSO, blue LED 63

17h 1a (10 equiv), DMSO, green LED 51

18i 1a (10 equiv), DMSO, CFL 45

19 1a (10 equiv), DMSO, no catalyst, 20

20 1a (10 equiv), DMSO, no light trace
a All reactions were carried out on a scale of 2 mmol of 1a and 0.2 mmol 

of 2a in 2 mL of solvent with sunlight for 16h under nitrogen atmosphere. 
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b Yields of isolated product. c 1 mol% of hypocrellin A as photocatalyst. d 

1 mol% of hypocrellin B as photocatalyst. e 1 mol% of [Ru(bpy)3] Cl2 as 

photocatalyst. f 1 mol% of Eosin Y as photocatalyst. g 5 W blue LED was 

used. h 5 W green LED was used. i 5 W CFL bulb was used.

Using the optimized conditions, the reaction scope of the 
sunlight-enabled C−H arylation of arenes 1 was explored 
(Scheme 2) with electron-acceptor- (CO2Et, CN, NO2, COCH3), 
electron donor-and neutral substituted (Me, OMe) diazonium 
salts. All gave the corresponding products in moderate to good 
yields. Notably, it was also observed that halogen-substituted 
aryl diazonium salts successfully underwent C−H bond arylation 
and kept the C−halogen bond intact (3ad and 3am), which is 
useful for further synthetic elaboration. Furthermore, we also 
found that this kind of C−H arylation were efficiently 
functionalized with electron-rich heteroarenes 4 (Schemes 3), 
such as furan (5aa-5ao), thiophene (5ba-5bn) and pyrrole (5ca-
5cl), in moderate to good yields and all arylations selectively 
happened in 2-position of heteroarenes.

Cercosporin
(1 mol%)

sunlight, DMSO
room temperature, N2

N2BF4H ArAr' Ar Ar'

21 3

R = CO2Et (3aa, 58%)
R = CN (3ab, 55%)
R = COCH3 (3ac, 60%)
R = Cl (3ad, 53%)
R = NO2 (3ae, 57%)
R = OCH3 (3af, 51%)

R

O2N

R

R

O2N

3ag, 56%

R = CO2Et (3aj, 71%)
R = NO2 (3ak, 68%)
R = COCH3 (3al, 62%)
R = Cl (3am, 60%)
R = CH3 (3an, 57%)
R = OCH3 (3ao, 54%)

R = NO2 (3ah, 48%)
R = Ph (3ai, 50%)

3ap, 60%

3aq, 50%

OMe

MeO

3ar, 52%

R

R = CO2Et (3as, 67%)
R = Cl (3at, 62%)
R = OCH3 (3au, 49%)

O2N

3av, 65%

O2N

Scheme 2. Cercosporin-catalyzed C−H arylation of arenes with 
sunlight.

Cercosporin
(1 mol%)

sunlight, DMSO
room temperature, N2

N2BF4Ar
XH

4
(X = O, S, NBoc)

2

Ar
X

5

5a X = O

O
R

O

R = CO2Et (5aa, 72%)
R = COCH3 (5ab, 69%)
R = NO2 (5ac, 75%)
R = CN (5ad, 67%)
R = F (5ae, 60%)

O

R

R = CH3 (5am, 70%)
R = NO2 (5an, 64%)

O

5ao, 73%

5b X = S

S
R

S

S

R = CO2Et (5ba, 63%)
R = COCH3 (5bb, 82%)
R = NO2 (5bc, 61%)
R = CN (5bd, 75%)
R = F (5be, 57%)

5c X = NBoc

N
Boc

R

N
Boc

O2N

N
Boc

NO2

R = CO2Et (5ca, 63%)
R = COCH3 (5cb, 55%)
R = CN (5cc, 63%)

5cj, 67%

N
Boc

5cl, 60%5ck, 72%

R = Cl (5af, 62%)
R = Br (5ag, 63%)
R = H (5ah, 78%)
R = CH3 (5ai, 61%)
R = OCH3 (5aj, 67%)

O

O2N

5al, 66%5ak, 78%

R = Cl (5bf, 60%)
R = Br (5bg, 69%)
R = H (5bh, 70%)
R = CH3 (5bi, 62%)
R = OCH3 (5bj, 63%)

S

NO2

5bm, 75% 5bn, 67%

S

O2N

5bk, 65%

5bl, 58%

R = H (5cg, 59%)
R = CH3 (5ch, 61%)
R = OCH3 (5ci, 70%)

R = F (5cd, 67%)
R = Cl (5ce, 60%)
R = Br (5cf, 78%)

Scheme 3. Cercosporin-catalyzed C−H arylation of electron-rich 
heteroarenes with sunlight.

Normally the direct derivatization of electron-deficient N-
heteroarenes, such as pyridines, pyrimidines, oxazoles, 
thiazoles and quinolines, are difficult to be achieved. In 
particular, it has not been reported by commercial available 
organic photoredox catalysts,10j-n such as Eosin Y, Acr+-Mes and 
Rhodamine B. Surprisingly, we clearly showed that cercosporin-
driven photocatalysis was proved to be compatible with this 
challenging arylation approach (Scheme 4) with an array of 
pyridines (7aa-7ai), pyrimidines (7ba-7bb), benzothiazoles (7ca-
7cb), benzoxazoles (7da-7db) and quinolines (7ea-7ec). They 
afforded the corresponding arylated derivatives in good to 
excellent yields. Additional benefits of this arylation approach 
are the tolerance of halides, multiple substitution, steric bulk, 
and diversity in the electronic properties of the N-heteroarenes. 
Next, we also explored the scope of aryldiazonium salts, 
showing that they all afforded good yields irrespective of 
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whether they were electron-poor or electron-rich (Scheme 4). 
Increasing steric bulk of the diazonium salts had negative effect 
on the yields (7ai). Compared with the reported 
photocatalysts,10f, 10h cercosporin showed good regioselectivity 
in this direct C–H arylation of pyridine derivatives. With 
pyridine, only 2-arylated products were isolated (7aa-7ae). 
With 2-substituted pyridines, only 6-arylated products were 
obtained (7af-7ai). With 2-substituted pyrimidines, 4-arylated 
products were obtained (7ba and 7bb). Benzothiazole (7ca and 
7cb) and benzoxazole (7da and 7db) were also proved to 
produce the 2-arylated products in good yields. For quinolines, 
both of 2-arylated and 5-arylated products were obtained in 
ratio 5:1 (7ec). Only 5-arylated quinolines were obtained when 
2-substituted quinolines were used as substrates (7ea, 7eb). 
The reason that the excellent photocatalysis activity of 
cercosporin may correlated with its structural similarity to the 
odd alternant hydrocarbon phenalenyl (PLY), which is well-
known to stabilize the radical state due to the presence of a 
nonbonding molecular orbital (NBMO).11 Thus it shows the 
advantage of cercosporin as an organic photocatalyst with 
broad substrate scope in this C–H arylation as compared with 
other commercial available Eosin Y and Rhodamine B.

Cercosporin
(1 mol%)

sunlight, DMSO
room temperature, N2

N2BF4Ar

2

Ar
X

YY

X
n = 1, 2

H

6 7

n n

7a Heteroarene = Pyridine

R = F (7aa, 67%)
R = Cl (7ab, 58%)
R = Br (7ac, 57%)
R = H (7ad, 53%)
R = CH3 (7ae, 70%)

R
N

N
H3COC

N

N

7af, 69% 7ag, 58%

7ah, 60%

7b Heteroarene = pyrimidine

N

Ph
7ai, 48%

N
N

Cl

7c Heteroarene = benzothiazole

R
S

N

R = Cl (7ca, 60%)
R = CH3 (7cb, 61%)

7eHeteroarene = quinoline

R
O

N

R = CO2Et (7da, 59%)
R = Cl (7db, 43%)

Cl

7ba, 63%
N

N

Cl7bb, 51%

O2N

7d Heteroarene = benzoxazole

Cl Cl

Cl Cl

N

Me

Cl

7ea, 60%

N

CH3

Cl

7ec, 58%, 2-aryl/5-aryl, 5:1

NCl

CH3

Cl

7eb, 53%

Scheme 4. Cercosporin-catalyzed C−H arylation of electron-
deficient heteroarenes with sunlight.

Last, to demonstrate the synthetic utility of this 
regioselective cercosporin-catalyzed photoredox direct 
arylation of (het)arenes, the gram-scale reaction was carried 
out using cercosporin-containing fermentation supernatant. 
Direct use of fermentation supernatant as a catalyst avoids the 
solvent-involved extraction and purification process of 
cercosporin. In fact, it also gave the desired products with 
comparable yields as purified cercosporin did (Table 2). Notably, 
only a very small proportion of chemical solvents (≤10%) were 
used in this direct C-H arylation, thus providing a possibility for 
large scale synthesis of arylated (het)arenes in a sustainable, 
environmentally friendly manner. 

Table 2 Gram-scale synthesis with fermentation supernatant a

EtO2C

3aa

0.67g, 60%

EtO2C

3aj

0.89g, 75%

Cl

3at

0.70g, 65%

EtO2C

5ba

0.66g, 58%

S

O2N

5ac

0.67g, 71%

O

Me

7cb

0.76g, 68%

S

N

Me

7af

0.62g, 62%

N Cl

O2N

3ae

0.51g, 52%

aAll reactions were carried out on a scale of 50 mmol of 
(het)arene and 5 mmol of 2 with 5 W blue LED under 
nitrogen atmosphere catalyzed by fermentation 
supernatant, details see Experimental. bYields of isolated 
product.

Subsequently, we conducted mechanistic studies to gain 
insights into the mode of action of cercosporin as a photoredox 
catalyst in the direct arylation of (het)arenes (Scheme 5 and 
ESI). First, the addition of the radical inhibitors TEMPO, or 
hydroquinone, or the electron-transfer scavenger 1,4-
dinitrobenzene significantly inhibits the transformation, and 
the TEMPO trapped intermediates 8 and 9 were detected by MS 
analysis (Scheme 5-1 and ESI). This finding implies a radical 
pathway that proceeds through a single-electron transfer (SET) 
process should be involved. Next, intermolecular competition 
experiments indicated that electron-poor aryl diazonium salts 2 
can preferentially react with benzene when compared with 
electron-rich one (Scheme 5-2 and ESI), which correlated with 
their reduction potential. A notable intermolecular kinetic 
isotope effect (KIE, kH/kD  1.13) was not observed (Scheme 5-3 
and ESI), indicating a non-kinetically relevant C−H cleavage. 
Last, the interaction between aryl diazonium salt 2a and 
cercosporin has also been studied by means of UV−vis and 
fluorescence spectroscopy (see ESI). It showed 2a has no 
obvious interaction with ground state CP according to UV-vis 
titration. It was found that the fluorescence intensity 
diminished upon the gradual addition of 2a and the decrease 
fitted well with Stern–Volmer plots. These results indicated the 
electron transfer (ET) process between cercosporin and arryl 
diazonium salt 2.
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Cercosporin
(1 mol%)

standard reaction conditions

S
Cl N2BF4

Additive (2.0 equiv)
Cl

S

2d 4b 5bf

Additive Yield of 5bf

TEMPO

Hydroquinone

1,4-Dinitrobenzene

trace

trace

trace

Cl TEMPO

S

TEMPO

Cl

(1) effect of radical inhibitor

(2) competition experiment

(3) KIE study

8

9

N2BF4

2a/2e (each 1.0 equiv)1a
CO2Et/OMe

H
EtO2C

3aa, 35%

MeO
3ag, 22%

Cercosporin
(1 mol%)

sunlight, DMSO
room temperature, N2

N2BF4

2a1a/[D]6-1a
CO2Et

EtO2C
3aa

EtO2C
[D]5-3aa

Cercosporin
(1 mol%)

sunlight, DMSO
room temperature, N2

D6/H6

D
D

D

D
D

H

KH/KD = 1.13 : 1

3aa : 3ag = 1.6:1

Scheme 5. Mechanistic experiments.

Based on the above observations and literature reports,10a-

n a plausible mechanism for this photoreaction is proposed 
(Scheme 6). Initially, cercosporin was activated to excited state 
after irradiation with sunlight and then aryl radical 10 was 
formed by SET from the cercosporin to aryl diazonium salt 2. 
Addition of aryl radical 10 to (het)arene 1 or 4 or 6 gave radical 
intermediate 11, which was further oxidized by the cercosporin 
radical cation or the aryl diazonium salt 2 and transformed to 
carbocation intermediate 12. Finally, intermediate 12 is 
deprotonated to regenerate the aromatic system and lead to 
the desired coupling product 3 or 5 or 7.

N2BF4

2

CP

CP* CP

N2 BF4
-

H

N2BF4

2
10

1

11

12

3

10

H

R

R

R

R

R

R

R

Scheme 6. Proposed mechanism for cercosporin-catalyzed C–H 
arylation of (het)arenes.

Conclusions
In summary, we reported a new class of organic photoredox 
catalyst, natural occurring perylenequinonoid pigment, for 
photoinduced C−H direct arylations of (het)arenes with sunlight 
under mild conditions. This C−H direct arylation is compatible 
with a wide array of functional groups with excellent 
regioselectivity and broad substrate scope. Mechanistic studies 
provided strong support for an efficient SET process. The use of 
this new class of photoredox catalyst for other chemical 
reactions awaits further investigation.

Conflicts of interest
There are no conflicts to declare.

Acknowledgements
We thank for the National Natural Science Foundation of China 
(21703036), Natural Science Foundation of Jiangsu Province 
(Grants No BK20160167), the Thousand Talents Plan (Young 
Professionals), Jiangsu Specially-Appointed Professor Program 
(1016010241160390) and the Fundamental Research Funds for 
the Central Universities (JUSRP51712B), the National First-class 
Discipline Program of Light Industry Technology and 
Engineering (LITE2018-14) for funding support.

Notes and references
1. (a) J. M. R. Narayanam and C. R. J. Stephenson, Chem. Soc. 

Rev. 2011, 40, 102-113; (b) J. Xuan and W. J. Xiao, Angew. 
Chem. Int. Ed. 2012, 51, 6828-6838; (c) D. Staveness, I. 
Bosque and C. R. Stephenson, Acc. Chem. Res. 2016, 49, 
2295-2306; (d) M. D. Karkas, J. A. Porco, Jr. and C. R. 
Stephenson, Chem. Rev. 2016, 116, 9683-9747; (e) N. 
Corrigan, S. Shanmugam, J. Xu and C. Boyer, Chem. Soc. 
Rev. 2016, 45, 6165-6212; (f) M. H. Shaw, J. Twilton and D. 
W. C. MacMillan, J. Org. Chem. 2016, 81, 6898-6926; (g) K. 
L. Skubi, T. R. Blum and T. P. Yoon, Chem. Rev. 2016, 116, 
10035-10074; (h) L. Marzo, S. K. Pagire, O. Reiser and B. 
Konig, Angew. Chem. Int. Ed. 2018, 57, 10034-10072.

2. (a) C. K. Prier, D. A. Rankic and D. W. C. MacMillan, Chem. 
Rev. 2013, 113, 5322-5363; (b) Y. M. Xi, H. Yi and A. W. Lei, 
Org. Biomol. Chem. 2013, 11, 2387-2403; (c) J. W. Tucker 
and C. R. J. Stephenson, J. Org. Chem. 2012, 77, 1617-1622; 
(d) M. Reckenthaler and A. G. Griesbeck, Adv. Synth. Catal. 
2013, 355, 2727-2744.

3. (a) M. L. Marin, L. Santos-Juanes, A. Arques, A. M. Amat and 
M. A. Miranda, Chem. Rev. 2012, 112, 1710-1750; (b) S. 
Fukuzumi and K. Ohkubo, Chem. Sci. 2013, 4, 561-574; (c) 
D. Ravelli, M. Fagnoni and A. Albini, Chem. Soc. Rev. 2013, 
42, 97-113; (d) D. P. Hari and B. Konig, Chem. Commun. 
2014, 50, 6688-6699; (e) S. Fukuzumi and K. Ohkubo, Org. 
Biomol. Chem. 2014, 12, 6059-6071; (f) D. A. Nicewicz and 
T. M. Nguyen, ACS Catal. 2014, 4, 355-360; (g) S. P. Pitre, C. 
D. McTiernan and J. C. Scaiano, Acc. Chem. Res. 2016, 49, 
1320-1330; (h) M. Majek and A. Jacobi von Wangelin, Acc. 
Chem. Res. 2016, 49, 2316-2327; (i) N. A. Romero and D. A. 
Nicewicz, Chem. Rev. 2016, 116, 10075-10166.

Page 5 of 6 Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
 O

F 
L

O
U

IS
IA

N
A

 A
T

 L
A

FA
Y

E
T

T
E

 o
n 

4/
9/

20
19

 4
:5

9:
46

 P
M

. 

View Article Online
DOI: 10.1039/C9OB00659A

http://dx.doi.org/10.1039/c9ob00659a


ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

4. (a) S. Kuyama and T. Tamura, J. Am. Chem. Soc. 1957, 79, 
5725-5726; (b) S. Kuyama and T. Tamura, J. Am. Chem. Soc. 
1957, 79, 5726-5729; (c) M. E. Daub and R. P. Hangarter, 
Plant Physiol. 1983, 73, 855-857; (d) M. E. Daub, 
Phytopathology, 1987, 77, 1515-1520; (e) M. E. Daub, G. B. 
Leisman, R. A. Clark and E. F. Bowden, P. Natl. Acad. Sci. 
USA, 1992, 89, 9588-9592; (f) G. B. Leisman and M. E. Daub, 
Photochem. Photobiol. 1992, 55, 373-379; (g) M. A. F. Jalal, 
M. B. Hossain, D. J. Robeson and D. Vanderhelm, J. Am. 
Chem. Soc. 1992, 114, 5967-5971; (h) P. Bilski, M. Y. Li, M. 
Ehrenshaft, M. E. Daub and C. F. Chignell, Photochem. 
Photobiol. 2000, 71, 129-134; (i) M. E. Daub, M. Li, P. Bilski 
and C. F. Chignell, Photochem. Photobiol. 2000, 71, 135-
140.

5. aY. Z. Hu, J. Y. An, L. J. Jiang and D. W. Chen, J. Photoch. 
Photobio. A, 1995, 89, 45-51; (b) Y. Z. Hu, L. J. Jiang and L. 
C. Chiang, J. Photoch. Photobio. A, 1996, 94, 37-41; (c) M. 
H. Zhang, M. Weng, S. Chen, W. L. Xia, L. J. Jiang and D. W. 
Chen, J. Photoch. Photobio. A, 1996, 96, 57-63; (d) M. 
Weng, M. H. Zhang and T. Shen, J. Chem. Soc. Perkin Trans. 
2, 1997, 2393-2397.

6. (a) Z. J. Diwu and J. W. Lown, J. Photoch. Photobio. A, 1992, 
64, 273-287; (b) Z. J. Diwu and J. W. Lown, J. Photoch. 
Photobio. A, 1992, 69, 191-199; (c) Z. J. Diwu, J. 
Zimmermann, T. Meyer and J. W. Lown, Biochem. 
Pharmacol. 1994, 47, 373-385; (d) M. Z. Xing, X. Z. Zhang, 
Z. L. Sun and H. Y. Zhang, J. Agr. Food Chem. 2003, 51, 7722-
7724; (e) R. C. Guedes and L. A. Eriksson, Photoch. 
Photobio. Sci. 2007, 6, 1089-1096; (f) C. A. Mulrooney, E. 
M. O'Brien, B. J. Morgan and M. C. Kozlowski, Eur. J. Org. 
Chem. 2012, 3887-3904.

7. (a) E. Frezza, S. Pieraccini, S. Mazzini, A. Ferrarini and G. P. 
Spada, Beilstein J. Org. Chem. 2012, 8, 155-163; (b) K. K. So, 
I. S. Jo, M. S. Chae, J. M. Kim, H. J. Chung, M. S. Yang, B. T. 
Kim, J. K. Kim, J. K. Choi and D. H. Kim, J. Biosci. Bioeng. 
2015, 119, 289-296; (c) J. B. Hudson, V. Imperial, R. P. 
Haugland and Z. Diwu, Photochem. Photobiol. 1997, 65, 
352-354.

8. J. Hassan, M. Sevignon, C. Gozzi, E. Schulz and M. Lemaire, 
Chem. Rev. 2002, 102, 1359-1469.

9. (a) K. Billingsley and S. L. Buchwald, J. Am. Chem. Soc. 2007, 
129, 3358-3366; (b) K. L. Billingsley and S. L. Buchwald, 
Angew. Chem. Int. Ed. 2008, 47, 4695-4698; (c) F. P. 
Crisostomo, T. Martin and R. Carrillo, Angew. Chem. Int. Ed. 
2014, 53, 2181-2185.

10. (a) C. S. Wang, P. H. Dixneuf and J. F. Soule, Chem. Rev. 
2018, 118, 7532-7585; (b) I. Ghosh, L. Marzo, A. Das, R. 
Shaikh and B. Konig, Acc. Chem. Res. 2016, 49, 1566-1577; 
(c) D. Kalyani, K. B. McMurtrey, S. R. Neufeldt and M. S. 
Sanford, J. Am. Chem. Soc. 2011, 133, 18566-18569; (d) L. 
Liang, M. S. Xie, H. X. Wang, H. Y. Niu, G. R. Qu and H. M. 
Guo, J. Org. Chem. 2017, 82, 5966-5973; (e) J. Jiang, W. M. 
Zhang, J. J. Dai, J. Xu and H. J. Xu, J. Org. Chem. 2017, 82, 
3622-3630; (f) F. Gomes, V. Narbonne, F. Blanchard, G. 
Maestri and M. Malacria, Org. Chem. Front. 2015, 2, 464-
469; (g) Y. F. Liang, R. Steinbock, L. Yang and L. Ackermann, 
Angew. Chem. Int. Ed. 2018, 57, 10625-10629; (h) D. Xue, 
Z. H. Jia, C. J. Zhao, Y. Y. Zhang, C. Wang and J. L. Xiao, Chem. 
Eur. J. 2014, 20, 2960-2965; (i) J. Zhang, J. Chen, X. Y. Zhang 
and X. G. Lei, J. Org. Chem. 2014, 79, 10682-10688; (j) D. P. 
Hari, P. Schroll and B. Konig, J. Am. Chem. Soc. 2012, 134, 
2958-2961; (k) L. Huang and J. Z. Zhao, RSC Adv. 2013, 3, 

23377-23388; (l) Y. S. Feng, X. S. Bu, B. Huang, C. Rong, J. J. 
Dai, J. Xu and H. J. Xu, Tetrahedron Lett. 2017, 58, 1939-
1942; (m) K. Rybicka-Jasinska, B. Konig and D. Gryko, Eur. J. 
Org. Chem. 2017, 2104-2107; (n) P. Maity, D. Kundu and B. 
C. Ranu, Eur. J. Org. Chem. 2015, 1727-1734; (o) Y. P. 
Zhang, X. L. Feng, Y. S. Yang and B. X. Cao, Tetrahedron Lett. 
2016, 57, 2298-2302.

11. A. Mukherjee, S. C. Sau and S. K. Mandal, Acc. Chem. Res. 
2017, 50, 1679-1691.

Page 6 of 6Organic & Biomolecular Chemistry

O
rg

an
ic

&
B

io
m

ol
ec

ul
ar

C
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

A
pr

il 
20

19
. D

ow
nl

oa
de

d 
by

 U
N

IV
 O

F 
L

O
U

IS
IA

N
A

 A
T

 L
A

FA
Y

E
T

T
E

 o
n 

4/
9/

20
19

 4
:5

9:
46

 P
M

. 

View Article Online
DOI: 10.1039/C9OB00659A

http://dx.doi.org/10.1039/c9ob00659a

