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Synthesis of phenanthridine derivatives via
cascade annulation of diaryliodonium salts
and nitriles †

Jian Li,*a,b Hongni Wang,a,b Jiangtao Sun,a,b Yang Yangc and Li Liuc

A cascade coupling reaction toward a variety of phenanthridine

derivatives has been developed. This cascade transformation

proceeds via the copper-catalyzed coupling reaction of diaryl-

iodonium salts and nitriles, and undergoes cyclization into the

phenanthridine core.

Introduction

The synthesis of substituted phenanthridines is of consider-
able interest in the fields of organic and pharmaceutical chem-
istry, since this basic skeleton is an important unit due to its
involvement in pharmaceuticals and biologically active natural
compounds, such as antiviral, antiprotozoal, antitumor
agents, and functional materials.1 Therefore, substantial
efforts have been focused on the synthetic methods of phen-
anthridines, and a number of well-established methods are
now available involving transition-metal-catalyzed, microwave-
assisted, benzyne-mediated and hypervalent iodine-promoted
reactions.2 All these approaches have provided powerful
methods for the selective assembly of phenanthridine.
However, the challenges such as multistep synthetic reactions
and limited substrate scope are still present. To meet the high
demand of the efficient synthesis of phenanthridines, it is
imperative to develop more general and convenient methods
with a new strategy.

On the other hand, diaryliodonium salts,3 as highly elec-
tron-deficient and environmentally benign reagents with low
toxicity, have emerged as attractive and versatile arylating
agents in the synthesis of arylated compounds.4 In this
context, Gaunt has made seminal contributions to the design

of new reaction methods in a step-economical fashion that
allow for the rapid construction of many complex com-
pounds.5 In 2008, Gaunt’s group developed a site-selective
Cu(II)-catalyzed C–H bond functionalization process that can
selectively arylate indoles at either the C3 or C2 position with
diaryliodonium salts under mild conditions; they proposed
the mechanism of the arylation reaction via a highly electro-
philic aryl-Cu(III) species, which would enable a mild arylation
process.6 Recently, MacMillan’s group reported an enantio-
selective arylation–cyclization cascade using a combination of
diaryliodonium salts and chiral copper catalysis. They postu-
lated that the aryl-Cu(III) could form and serve as a platform
for pyrroloindoline construction via an enantioselective aryla-
tion–cyclization cascade process using indole-based nucleo-
philes.7 Very recently, Chen and co-workers demonstrated a
regioselective [2 + 2 + 2] cyclization approach to the nitrogenous
hetero-arenes with diaryliodonium salts and nitriles catalyzed
by Cu(OTf)2.

8 The reaction proceeded via a series of electro-
philic reactions and a key intermediate was the N-aryl nitrilium
cation generated in situ by the reaction of nitrile and iodonium
salt in the presence of Cu(OTf)2 via the same aryl-Cu(III) process.

Inspired by the aryl-Cu(III) activation mode, combined with
our ongoing interest in developing application of diaryl-
iodonium salts via transition metal catalysis,9 we developed an
efficient cascade coupling reaction toward a variety of phen-
anthridine derivatives; this cascade transformation proceeds
via the copper-catalyzed coupling reaction of diaryliodonium
salts and nitriles, and undergoes cyclization into the phen-
anthridine core. Our design plan is outlined in Scheme 1.
We proposed that the key intermediate N-aryl nitrilium cation

Scheme 1 Synthesis of phenanthridine derivatives via cascade annula-
tion of diaryliodonium salts and nitriles.
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generated in situ by the reaction of nitrile and iodonium salt
in the presence of Cu(OTf)2.

10 Subsequent intramolecular
cyclization would then yield the desired phenanthridine.

Results and discussion

At the outset of our studies, [1,1′-biphenyl]-2-yl(mesityl)iodo-
nium (1a) derived from 2-iodo-1,1′-biphenyl11 and benzonitrile
(2a) were selected as model substrates to commence this
project. The blank experiments (in the absence of a catalyst) of
1a and 2a were investigated in DCE at 80 °C and 130 °C for
20 h, respectively, no desired compound was detected (Table 1,
entries 1 and 2). Interestingly, the reaction produced the 6-phenyl-
phenanthridine 3a in 31% yield in the presence of 10 mol%
of Cu(OTf)2 (Table 1, entry 3). To optimize reaction conditions,
different copper based catalysts were examined, the screening
results indicated that Cu(OTf)2 was the most effective catalyst
for this transformation (Table 1, entries 4–8). To further
improve the efficiency of the reaction, several frequently used
aprotic polar solvents were also examined. However, the reac-
tion did not work well (Table 1, entries 9–12). Further study
was thus carried out about the temperature, to our delight, sig-
nificant improvement was achieved at 150 °C and 80% yield
was obtained (Table 1, entry 13). The thermal stability test of
1a (1.0 mol) in DCE (2.0 mL) proceeded at 150 °C; 14% of 1a
was decomposed after 20 h. Moreover, under microwave
irradiation the reaction occurred to afford 3a in 43% yield in
2 hours at 150 °C (Table 1, entry 14).

With the optimized reaction conditions in hand, we probed
the scope of different aryl nitriles (Table 2). A variety of

different groups at the aromatic moiety of benzonitrile, such
as halogen, nitro, methyl and aniline, were well tolerated in
this transformation. The nitrile substrates bearing an electron-
donating group were found suitable than an electron-with-
drawing group to afford the final products (Table 2, 3d–3h).
Moreover, a range of meta- and ortho-substituted aryl nitriles
with steric and electronic properties can be readily exploited
(Table 2, 3i–3m). Further exploration of the substrate scope
involved heterocyclic nitrile derivatives. It was found that the
reaction successfully provided 6-(thiophen-2-yl)phenanthridine
3n in 41% yield.

Next we turned our attention to the scope of the diaryl-
iodonium salt coupling partner. As revealed in Table 3, the current
catalytic system exhibited good reactivity for various sub-
stituted diaryliodonium salts. A range of unsymmetrical
[Ar-I-Mes]OTf salts were tested and we were pleased to find that
the salts were all readily converted to the corresponding substi-
tuted phenanthridines in moderate to good yields via this reac-
tion (42–78% yields). The diaryliodonium salts bearing an
electron-donating group on the 1′-benzene ring (Table 3, 1b, 1c)
resulted in better yields than that bearing an electron-withdrawing

Table 1 Optimization of reaction conditions for the preparation of 3aa

Entry Catalyst T (°C) Solvent
Yield (%)b

3a

1 — 80 DCE —
2 — 130 DCE —
3 Cu(OTf)2 130 DCE 31
4 CuI 130 DCE 13
5 CuBr 130 DCE 9
6 CuCl 130 DCE 11
7 CuBr2 130 DCE Trace
8 CuCl2 130 DCE —
9 Cu(OTf)2 130 DMSO Trace
10 Cu(OTf)2 130 DMF —
11 Cu(OTf)2 130 Toluene 15
12 Cu(OTf)2 130 PhCl 7
13 Cu(OTf)2 150 DCE 80
14c Cu(OTf)2 150 DCE 43

a Standard reaction conditions: 1a (1.0 mmol), 2a (2.0 mmol), catalyst
(10 mol%), solvent (2.0 mL) were heated in a sealed tube, 20 h.
b Isolated yield. cHeated with microwave, 2 h.

Table 2 The synthesis of phenanthridine 3 from various nitriles 2 a,b,c

a Standard reaction conditions: 1a (1.0 mmol), 2 (2.0 mmol), Cu(OTf)2
(10 mol%), DCE (2.0 mL) were heated in a sealed tube, 20 h. b Be
cautious of potentially hazardous high temperature. c Isolated yield.
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group (Table 3, 1f ). The structure of compound 1f was unequi-
vocally confirmed by single-crystal X-ray diffraction analysis
(Fig. 1).12

The catalytic system tolerated valuable electrophilic func-
tional groups, such as fluoro and chloro substituents (Table 3,
1d, 1e and 1g). Moreover, 1-benzene substituted diaryl-
iodonium salts 1h, 1i and 1j were also suitable substrates
for the cyclization, and led to the corresponding products in
42%–51% yields.

A plausible mechanism for the reaction between diaryliodo-
nium salts and aryl nitriles is illustrated in Scheme 2. First,
Cu(I) was formed from Cu(OTf)2 by either a reduction or dis-
proportionation.7b,8 Next, oxidative insertion of Cu(OTf)2 into a
suitable diaryliodonium salt 1 would result in a highly electro-
philic Ar-Cu(III) species 4,7 which acts as carbocation equi-
valents; subsequent addition of the aryl nitrile 2 would produce
the key intermediate N-aryl nitrilium cation 6 8,10 while recon-
stituting the catalyst. The resonance occurs between N-phenyl-
nitrilium 6 and intermediate 7, which undergoes an electro-
philic annulation to afford phenanthridine 3.

In order to prove the reaction process via Cu(I) catalysis,
AgOTf and CuI were utilized as catalysts for this transform-
ation (Scheme 3). It was found that 61% of the desired phen-
anthridine 3a was formed smoothly in the presence of AgOTf
and CuI, which could produce Cu(I) species in situ.

Conclusions

In conclusion, we have demonstrated a cascade coupling reac-
tion toward a variety of phenanthridine derivatives. This

Fig. 1 The X-ray diffraction pattern of compound 1f.

Table 3 The synthesis of phenanthridine 3 from various diaryliodonium
triflates 1 a,b,c

a Standard reaction conditions: 1 (1.0 mmol), 2 (2.0 mmol), Cu(OTf)2
(10 mol%), DCE (2.0 mL) were heated in a sealed tube, 20 h.
b Be cautious of potentially hazardous high temperature. c Isolated yield.

Scheme 2 Plausible mechanism for the reaction.

Scheme 3 Mechanism experiment catalyzed by Cu(I) in situ.

Communication Organic & Biomolecular Chemistry

7906 | Org. Biomol. Chem., 2014, 12, 7904–7908 This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 2
8 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 G

eo
rg

et
ow

n 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

02
/1

0/
20

14
 0

8:
09

:3
6.

 
View Article Online

http://dx.doi.org/10.1039/c4ob01504e


cascade transformation proceeds via the copper-catalyzed
coupling reaction of diaryliodonium salts and nitriles, under-
goes cyclization into the phenanthridine core. The reaction
outcomes provide a new strategy for synthetically and medicin-
ally phenanthridine derivatives. Further studies to extend the
scope and synthetic utility for the synthesis of substituted
phenanthridines are in progress in our laboratory.

Experimental section
General experimental methods

All experiments were conducted under an air atmosphere.
Flasks were flame dried and cooled under nitrogen before use.
All solvents were dried appropriately. For column chromato-
graphy, 200–300 mesh silica gel was employed. 1H NMR and
13C NMR were recorded on a 300 MHz, 400 MHz or 500 MHz
spectrometer in CDCl3 solution and the chemical shifts were
reported in parts per million (δ) relative to the internal stan-
dard TMS (0 ppm). For HRMS measurements, the mass ana-
lyzer is GC-TOFMS. Unless otherwise noted, materials obtained
from commercial suppliers were used without further
purification.

General procedure for cascade annulation of diaryliodonium
salts and nitriles. A solution of diaryliodonium salts 1
(1 mmol), nitriles 2 (2.0 mmol) and Cu(OTf)2 (36 mg,
0.1 mmol) in DCE (2 mL) was stirred at 150 °C for 20 h. After
completion of the reaction (observed on TLC), the solvent was
evaporated under reduced pressure to obtain the crude
mixture. The residues were purified by silica-gel column
chromatography (ethyl acetate–petroleum ether = 1/10–1/4) to
afford the pure product 3. The obtained product was analyzed
by 1H NMR, 13C NMR and HRMS.

Acknowledgements

We are grateful to the Natural Science Foundation of Jiangsu
(BK20140259), the Priority Academic Program Development of
Jiangsu Higher Education Institutions and Jiangsu Key Labora-
tory of Advanced Catalytic Materials and Technology for gener-
ous financial support for our research.

Notes and references

1 (a) M. Suffness and G. A. Cordell, The Alkaloids, Academic,
New York, 1985, vol. 25, pp 178–189; (b) T. Nakanishi and
M. Suzuki, Org. Lett., 1999, 1, 985; (c) T. Nakanishi,
A. Masuda, M. Suwa, Y. Akiyama, N. Hoshino-Abe and
M. Suzuki, Bioorg. Med. Chem. Lett., 2000, 10, 2321;
(d) T. Ishikawa, Med. Res. Rev., 2001, 21, 61;
(e) W. A. Denny, Curr. Med. Chem., 2002, 9, 1655; (f ) S. Zhu,
A. L. Ruchelman, N. Zhou, A. Liu, L. F. Liu and E. J. LaVoie,
Bioorg. Med. Chem., 2005, 13, 6782; (g) J. Zhang and
J. R. Lakowicz, J. Phys. Chem. B, 2005, 109, 8701;
(h) S. L. Bondarev, V. N. Knyukshto, S. A. Tikhomirov and

A. N. Pyrko, Opt. Spectrosc., 2006, 100, 386; (i) N. Stevens,
N. O’Connor, H. Vishwasrao, D. Samaroo, E. R. Kandel,
D. L. Akins, C. M. Drain and N. J. Turro, J. Am. Chem. Soc.,
2008, 130, 7182; ( j) P. H. Bernardo, K. F. Wan,
T. Sivaraman, J. Xu, F. K. Moore, A. W. Hung, H. Y. K. Mok,
V. C. Yu and C. L. L. Chai, J. Med. Chem., 2008, 51,
6699; (k) E. Dubost, N. Dumas, C. Fossey, R. Magnelli,
S. Butt-Gueulle, C. Balladonne, D. H. Caignard, F. Dulin,
J. S. d.-O. Santos, P. Millet, Y. Charnay, S. Rault, T. Cailly
and F. Fabis, J. Med. Chem., 2012, 55, 9693.

2 For selected recent examples, see: (a) R. T. McBurney,
A. M. Z. Slawin, L. A. Smart, Y. Yu and J. C. Walton, Chem.
Commun., 2011, 47, 7974; (b) J. Peng, T. Chen, C. Chen and
B. Li, J. Org. Chem., 2011, 76, 9507; (c) A. M. Linsenmeier,
C. M. Williams and S. Brase, J. Org. Chem., 2011, 76, 9127;
(d) Y. Wu, S. M. Wong, F. Mao, T. L. Chan and F. Y. Kwong,
Org. Lett., 2012, 14, 5306; (e) D. Intrieri, M. Mariani,
A. Caselli, F. Ragaini and E. Gallo, Chem. – Eur. J., 2012, 18,
10487; (f ) M. Tobisu, K. Koh, T. Furukawa and N. Chatani,
Angew. Chem., Int. Ed., 2012, 51, 11363; (g) M. L. Read
and L.-L. Gundersen, J. Org. Chem., 2013, 78, 1311;
(h) B. Zhang, C. Mück-Lichtenfeld, C. G. Daniliuc and
A. Studer, Angew. Chem., Int. Ed., 2013, 52, 10792;
(i) Q. Wang, X. Dong, T. Xiao and L. Zhou, Org. Lett., 2013,
15, 4846; ( j) T. Xiao, L. Li, G. Lin, Q. Wang, P. Zhang,
Z. W. Mao and L. Zhou, Green Chem., 2014, 16, 2418.

3 For reviews on diaryliodonium salts, see: (a) V. V. Zhdankin
and P. J. Stang, Chem. Rev., 2008, 108, 5299; (b) E. A. Merritt
and B. Olofsson, Angew. Chem., Int. Ed., 2009, 48, 9052;
(c) L. F. Silva and B. Olofsson, Nat. Prod. Rep., 2011, 28,
1722.

4 For selected recent examples, see: (a) R. B. Bedford,
C. J. Mitchell and R. L. Webster, Chem. Commun., 2010, 46,
3095; (b) B. Xiao, Y. Fu, J. Xu, T.-J. Gong, J.-J. Dai, J. Yi and
L. Liu, J. Am. Chem. Soc., 2010, 132, 468; (c) A. J. Hickman
and M. S. Sanford, ACS Catal., 2011, 1, 170; (d) B. Chen,
X.-L. Hou, Y.-X. Li and Y.-D. Wu, J. Am. Chem. Soc., 2011,
133, 7668; (e) A. M. Wagner and M. S. Sanford, Org. Lett.,
2011, 13, 288; (f ) N. Jalalian, E. E. Ishikawa, L. F. Silva Jr.
and B. Olofsson, Org. Lett., 2011, 13, 1552; (g) S. Castro,
J. J. Fernández, R. Vicente, F. J. Fañanás and F. Rodríguez,
Chem. Commun., 2012, 48, 9089; (h) J. Wen, R.-Y. Zhang,
S.-Y. Chen, J. Zhang and X.-Q. Yu, J. Org. Chem., 2012, 77,
766; (i) T. E. Storr and M. F. Greaney, Org. Lett., 2013, 15,
1410.

5 (a) R. J. Phipps and M. J. Gaunt, Science, 2009, 323, 1593;
(b) H. A. Duong, R. E. Gilligan, M. L. Cooke, R. J. Phipps
and M. J. Gaunt, Angew. Chem., Int. Ed., 2011, 50, 463;
(c) Q. Y. Toh, A. McNally, S. Vera, N. Erdmann and
M. J. Gaunt, J. Am. Chem. Soc., 2013, 135, 3772;
(d) B. S. L. Collins, M. G. Suero and M. J. Gaunt, Angew.
Chem., Int. Ed., 2013, 52, 5799; (e) E. Cahard, N. Bremeyer
and M. J. Gaunt, Angew. Chem., Int. Ed., 2013, 52,
9284.

6 R. J. Phipps, N. P. Grimster and M. J. Gaunt, J. Am. Chem.
Soc., 2008, 130, 8172.

Organic & Biomolecular Chemistry Communication

This journal is © The Royal Society of Chemistry 2014 Org. Biomol. Chem., 2014, 12, 7904–7908 | 7907

Pu
bl

is
he

d 
on

 2
8 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 G

eo
rg

et
ow

n 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

02
/1

0/
20

14
 0

8:
09

:3
6.

 
View Article Online

http://dx.doi.org/10.1039/c4ob01504e


7 (a) S. Zhu and D. W. C. MacMillan, J. Am. Chem. Soc., 2012,
134, 10815; (b) R. J. Phipps, L. McMurray, S. Ritter,
H. A. Duong and M. J. Gaunt, J. Am. Chem. Soc., 2012, 134,
10773.

8 Y. Wang, C. Chen, J. Peng and M. Li, Angew. Chem., Int. Ed.,
2013, 52, 5323.

9 (a) J. Li, L. Liu, Y. Y. Zhou and S. N. Xu, RSC Adv., 2012, 2,
3207; (b) J. Li and L. Liu, RSC Adv., 2012, 2, 10485;
(c) L. Liu, J. Li, J. Xu and J. T. Sun, Tetrahedron Lett., 2012,
53, 6954.

10 (a) S. Cai, C. Chen, Z. Sun and C. Xi, Chem. Commun., 2013,
49, 4552; (b) X. Su, C. Chen, Y. Wang, J. J. Chen, Z. B. Lou and
M. Li, Chem. Commun., 2013, 49, 6752; (c) Y. Wang, C. Chen,
S. Zhang, Z. B. Lou, X. Su and M. Li, Org. Lett., 2013, 18, 4794.

11 The diaryliodonium salts were prepared according to the
references: (a) M. Bielawski, M. Zhu and B. Olofsson, Adv.
Synth. Catal., 2007, 349, 2610; (b) M. Zhu, N. Jalalian and
B. Olofsson, Synlett, 2008, 592.

12 CCDC 981367 contains the supplementary crystallographic
data for this paper.

Communication Organic & Biomolecular Chemistry

7908 | Org. Biomol. Chem., 2014, 12, 7904–7908 This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 2
8 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 G

eo
rg

et
ow

n 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

02
/1

0/
20

14
 0

8:
09

:3
6.

 
View Article Online

http://dx.doi.org/10.1039/c4ob01504e

	Button 1: 


