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ABSTRACT: A rapid microwave-assisted approach for the
synthesis of phenanthridine derivatives from the radical
insertion/cyclization reaction of biphenyl isocyanides with a
C(sp3)−H bond adjacent to a heteroatom has been developed.
The protocol achieves wide substrate scope and good to
excellent yields. The kinetic isotope effect (KIE) studies,
radical inhibition studies, and Hammett plot analysis clearly
disclose that the current reaction supports a radical
mechanism.

■ INTRODUCTION

Over the past decades, extensive effort has been devoted to the
development of novel and efficient methodologies on C−N
bond formation for the synthesis of nitrogen-containing
compounds.1 Phenanthridines, which have attracted consid-
erable attention, are an important class of nitrogen-containing
compounds with a wide range of applications in material2 and
medicinal chemistry.3 Drugs with this ubiquitous scaffold
(Figure 1) present broad spectrum of bioactive properties
ranging from antibacterial,4 antituberculosis,5 to antitumoral
activity.6 For instance, NK-109 (Figure 1), which contains a
skeleton of phenanthridine, exhibits great antitumoral activities
and has been proven to inhibit several human drug-resistant
tumor cell lines.7 Because of these wide applications, efficient
and versatile methods for synthesis of phenanthridines have
been extensively investigated. The Pictet−Hubert reaction is a
classical method for synthesis of phenanthridines by using zinc
chloride as dehydration agent for cyclization of N-acyl-2-
biphenylamine at elevated temperatures.8 Later, the Bischler−
Napieralski cyclization involving P4O10, POCl3, or PCl5 at
elevated temperature was widely used in synthesis of
phenanthridines.9 However, harsh conditions were required
to facilitate the cyclization in these reactions. In recent years,
much effort has been devoted to the development of mild and
efficient synthetic routes to phenanthridines including tran-
sition metal-catalyzed approaches,10 radical-promoted cycliza-
tion,11 cycloaddition,12 and insertion.13

In the past decade, free radical reactions have become
powerful and efficient strategies in organic synthesis due to the
avoidance of a prefunctionalization process.14 Among widely
various types of radical-based reactions, those taking advantage
of the radical cascade reactions have proven to be highly
valuable for the synthesis of complex polycyclic compounds.15

Although there are various powerful methods to prepare

phenanthridines, the radical cascade reaction of biphenyl
isocyanides is always a simple and direct route with atom-
and step-economical features. For example, Chatani’s group
reported the first example of the synthesis of phenanthridines
by Mn(acac)3-catalyzed oxidative cyclization of biphenyl
isocyanides with organoboron reagents as radical precursors.16

Subsequently, reactions using biphenyl isocyanides as radical
acceptors to form phenanthridines have been frequently
reported.17 Despite the promising progress achieved in recent
years, further exploration of convenient, efficient, and milder
protocols with biphenyl isocyanides as radical acceptors is still
needed. Herein we report a new oxidative radical insertion/
cyclization of biphenyl isocyanides with a C(sp3)−H bond
adjacent to a heteroatom for the rapid microwave-assisted
synthesis of multisubstituted phenanthridines. This oxidative
cascade reaction is catalyzed by economical and environ-
mentally benign iron18 and involves the use of tert-butyl
hydrogen peroxide (TBHP) as oxidant and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as ligand (Scheme 1).

■ RESULTS AND DISCUSSION
We initially studied the reaction of 2-isocyano-1,1′-biphenyl
(1a, 0.3 mmol) with Et2O (2a, 20 equiv), FeCl3 (5 mol %) in
benzene at 80 °C for 12 h under argon atmosphere and were
able to isolate the desired phenanthridines 3a in 15% yield
(Table 1, entry 1). As we all know, the potential of microwaves
to increase the rate, selectivity, and efficiency of chemical
transformations has been well documented in the literature.19

To our delight, for only 1 h, desired product 3a was obtained in
18% yield at 80 °C under microwave-assisted conditions (Table
1, entry 2). We next tried to add 2 equiv of TBHP to the

Received: July 2, 2016
Published: August 16, 2016

Article

pubs.acs.org/joc

© 2016 American Chemical Society 8426 DOI: 10.1021/acs.joc.6b01589
J. Org. Chem. 2016, 81, 8426−8435

pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.6b01589


reaction system, and the yield of the target product significantly
increased to 43% (Table 1, entry 3). As we know, certain iron
ligands are thought to increase catalyst stability and to prevent
aggregation of the metal. Gratifyingly, the yield increased to
60% when the ligand DABCO (L1) was used (Table 1, entry
4). Encouraged by these results, different iron catalysts (such as
FeBr3, FeCl2, and Fe(acac)2) were evaluated for the reaction
between 2-isocyanobiphenyl (1a) and Et2O (2a) under
microwave-assisted conditions (Table 1, entries 5−7), among
which Fe(acac)2 provided the satisfactory yield (75%) (Table 1,
entry 7). We noted that no desired product 3a was observed in
the absence of metal catalysts (Table 1, entry 8). With regard to
the optimal amount of the catalyst, the reaction with 5 mol % of
Fe(acac)2 provided the best results (Table 1, entry 7 vs entries
9 and 10). Interestingly, the reaction was also sensitive to the
ligand types. It was found that a dramatically improved yield
(89%) of 3a was obtained when DBU (L5) was used (Table 1,
entries 7 and 11−13 vs entry 14). In addition, the yield
decreased as the amount of DBU was reduced (Table 1, entry
15). However, increasing the amount of DBU gave a
comparable yield to using 10 mol % of DBU (Table 1, entries
16 and 17), demonstrating that DBU acted as a ligand, not as a
base. To further identify the roles of DBU, a UV−visible
titration test was conducted. The absorption characteristic
peaks of DBU and Fe(acac)2 disappeared completely (Figure
2), which also confirmed that DBU acted as a ligand, not as a
base. However, the possibility that the alkalinity of DBU
promoted this transformation was not ruled out.
To demonstrate the substrate scope of this method, a variety

of biphenyl isocyanides were examined (Table 2). Substitution
on the isonitrile phenyl moiety indicated that the electron-
deficient substrates slightly diminished the yields, with
compounds 3f being formed in moderate yield (69%). The
substrates bearing electron-rich or electron-deficient groups on
the non-isonitrile phenyl moiety all delivered the corresponding
products in good to excellent yields (3g−k). The substituents
at the different positions of the biphenyl isocyanides did not
interfere with the reaction efficiency (3l−n′). When non-
isonitrile phenyl moiety m-methyl-substituted substrate was
used, two regioisomers 3n and 3n′ were formed in a ratio of
1.5:1 (52% and 35%, respectively). Furthermore, this reaction
was also versatile with respect to substitution and multi-
substitution of the two phenyl rings (3o−q′). In the case of
dioxy heterocyclic group-functionalized biphenyl isocyanide, a
mixture of regioisomers was provided in a ratio of 2.3:1 (3q and
3q′, 64% and 28%, respectively). Importantly, the obtained
molecule 3q contained a trisphaeridine framework (Figure 1),

Figure 1. Biologically active phenanthridines.

Scheme 1. Fe-Catalyzed Oxidative Radical Insertion/
Cyclization

Table 1. Optimization of the Reaction Conditionsa

entry [M] (mol %) [L] (mol %) yieldb (%)

1c FeCl3 (5) − 15
2d FeCl3 (5) − 18
3 FeCl3 (5) − 43
4 FeCl3 (5) L1 (10) 60
5 FeBr3 (5) L1 (10) 48
6 FeCl2 (5) L1 (10) 57
7 Fe(acac)2 (5) L1 (10) 75
8 − L1 (10) 0
9 Fe(acac)2 (2) L1 (4) 36
10 Fe(acac)2 (10) L1 (20) 61
11 Fe(acac)2 (5) L2 (10) 59
12 Fe(acac)2 (5) L3 (10) 32
13 Fe(acac)2 (5) L4 (10) 36
14 Fe(acac)2 (5) L5 (10) 89
15 Fe(acac)2 (5) L5 (5) 58
16 Fe(acac)2 (5) L5 (100) 83
17 Fe(acac)2 (5) L5 (200) 87

aReaction conditions: 1a (0.3 mmol), 2a (20 equiv), catalyst [M],
ligand [L], TBHP (anhydrous, 5 M in decane, 2 equiv), benzene
(anhydrous, 0.5 mL), and Ar (argon) at 80 °C under microwave-
assisted conditions (500 W) for 1 h. bIsolated yield of 3a. cWithout
TBHP and microwave-assisted conditions for 12 h. dWithout TBHP.
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thus providing a good opportunity for potential applications in
medicinal chemistry.
Then the reaction of 1a with a C(sp3)−H bond adjacent to a

heteroatom was investigated (Table 3). A broad range of ethers
was employed to react with 1a under the optimized reaction
conditions, giving rise to the corresponding phenanthridine
derivatives in good yields (4b−f). For example, 1,2-dimethoxy-
ethane (2b) was a good candidate, and under the present

reaction conditions, we mainly obtained one isomer as the final
product in an isolated yield of 71%. Moreover, the cascade
sequence involving 2,3-dihydrobenzofuran (2f) was successful,
as demonstrated by a modest yield of 4f (65%). To our delight,
a C(sp3)−H bond adjacent to a sulfur atom was also suitable
for the reaction. When we reacted 1a and tetrahydro-2H-
thiopyran (2g) under the optimized reaction conditions, the
corresponding product 4g was obtained in moderate yield

Figure 2. UV−visible titration analysis.

Table 2. Scope of Biphenyl Isocyanidesa

aReaction conditions: 1 (0.3 mmol), 2a (20 equiv), Fe(acac)2 (5 mol %), DBU (10 mol %), TBHP (anhydrous, 5 M in decane, 2 equiv), benzene
(anhydrous, 0.5 mL), and Ar (argon) at 80 °C under microwave-assisted conditions (500 W) for 1 h. All reported yields were those of isolated
products.
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(62%). Interestingly, amide 2h could also be used in this
reaction, furnishing the desired product 4h in 46% yield,
thereby making this methodology more useful in organic
synthesis.
To gain insight into the reaction mechanism, we set out to

examine the kinetic isotope effect (KIE) of this reaction
(Scheme 2). As a result, a significant KIE of 4.8 was observed in

the experiment between THF and [d8]-THF (the KIE was
determined by 1H NMR spectroscopy by analyzing the ratio of
4c vs [d7]-4c), indicating that C(sp

3)−H bond cleavage may be
one of the rate-determining steps of this procedure. On the
other hand, there was no kinetic isotope effect (kH/kD = 1) in
either the intermolecular or intramolecular experiment (4c vs
[d4]-4c and 4c vs [d1]-4c, respectively). This result indicated

Table 3. Scope of Substrates 2 with a C(sp3)−H Bond Adjacent to a Heteroatoma

aReaction conditions: 1a (0.3 mmol), 2 (20 equiv), Fe(acac)2 (5 mol %), DBU (10 mol %), TBHP (anhydrous, 5 M in decane, 2 equiv), benzene
(anhydrous, 0.5 mL), and Ar (argon) at 80 °C under microwave-assisted conditions (500 W) for 1 h. All reported yields were those of isolated
products. bAt 120 °C for 3 h.

Scheme 2. Kinetic Isotope Effect Studies
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that the mechanism of this oxidative cascade reaction was
compatible with the SEAr mechanism or the free-radical
mechanism.20 Then we conducted a radical inhibition experi-
ment with addition of the known radical scavenger TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy) under the standard re-
action conditions (Scheme 3). Addition of radical scavenger
significantly suppressed the reaction, which may support a
radical mechanism being involved in this procedure.
Further support for a radical mechanism came from a

Hammett plot analysis of the relative products formation
(Table 2, 3a, 3g−k, 3n+3n′) (Figure 3). With the use of

percent yield of the substituted phenanthridines as a measure-
ment of the equilibrium constant for the reaction (kX), a plot of
the product formation (log kX/kH) against σ

+ values showed a
line with a slope that was close to zero, consistent with a neutral
radical intermediate.21 In addition, the oxidative cyclization

pathway of biphenyl isocyanides with meta-substituted non-
isonitrile phenyl rings showed an interesting regioselectivity
(Table 2, 3n vs 3n′ and 3q vs 3q′). We speculated that the
observed regiochemistry was due to steric effects, and the
regioisomer that gave the lowest energy conformation to create
minimal steric hindrance effects was favored.
Taking into account the above results, we proposed a

plausible mechanism for this insertion/cyclization reaction of
biphenyl isocyanides with a C(sp3)−H bond adjacent to a
heteroatom (Scheme 4). Initially, TBHP was split by Fe2+ into
a tert-butoxy radical and Fe3+(OH) under microwave-assisted
conditions. Then substrate 2a was transformed into radical
intermediate A in the presence of a tert-butoxy radical.
Subsequently, addition of radical intermediate A to the 2-
isocyanobiphenyl 1a afforded the imidoyl radical B, which
experienced a intramolecular hemolytic aromatic substitution to
give the cyclized radical intermediate C. The product 3a was
finally created with the leaving of the H radical, which was
abstracted by Fe3+(OH).

■ CONCLUSION
We have successfully developed a general and practical protocol
for the synthesis of phenanthridine derivatives by an insertion/
cyclization reaction of biphenyl isocyanides with a C(sp3)−H
bond adjacent to a heteroatom under microwave-assisted
conditions. The novel method presents the major advantages
of broad substrate scope, good functional group tolerance, and
environmentally benign character. Further studies of the
reaction mechanism and the extension of the substrate’s
scope are currently underway in our laboratory.

Scheme 3. Radical Inhibition Studies

Figure 3. Hammett plot analysis.

Scheme 4. Plausible Mechanism
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■ EXPERIMENTAL SECTION
General Information. All reactions were carried out under an

argon atmosphere. All commercially available reagents were used
without further purification unless otherwise stated. All of the
microwave-assisted reactions were performed in an Initiator+
microwave system at the specified temperature using the standard
mode of operation. The reactions were monitored by thin-layer
chromatography (TLC) analysis. Silica gel (200−300 mesh) was used
for column chromatography. High-resolution MS (HRMS) was
analyzed by a TOF analyzer. The ion source is electrospray ionization
(ESI). 1H and 13C spectra were recorded at 400 and 600 MHz,
respectively. Chemical shifts in 1H NMR spectra are reported in parts
per million (ppm) on the δ scale from an internal standard of CDCl3
(7.26 ppm). Data are reported as follows: chemical shift (δ ppm),
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad), coupling constant in hertz (Hz), and
integration. Chemical shifts of 13C NMR spectra are reported in
ppm from the central peak of CDCl3 (77.0 ppm) on the δ scale.
General Procedure for the Preparation of Biphenyl

Isocyanides. Biphenyl isocyanides were prepared according to the
known procedures.16

2-Isocyano-1,1′-biphenyl (1a).17a Green liquid. 1H NMR (CDCl3,
400 MHz) δ 7.48 (m, 8H), 7.38 (m, 1H). 13C NMR (CDCl3, 600
MHz) δ 165.9, 138.2, 136.4, 130.0, 128.9, 128.4, 128.0, 127.8, 127.5,
127.2. MS (ESI) m/z 180.0 [M + H]+.
2-Isocyano-5-methyl-1,1′-biphenyl (1b).16 Green liquid. 1H NMR

(CDCl3, 400 MHz) δ 7.45 (m, 6H), 7.23 (s, 1H), 7.17 (d, 1H, J = 8.1
Hz), 2.41 (s, 3H). 13C NMR (CDCl3, 600 MHz) δ 165.1, 139.2, 138.0,
136.5, 130.5, 128.3, 128.1, 127.9, 127.6, 127.0, 121.5, 20.7. MS (ESI)
m/z 194.1 [M + H]+.
2-Isocyano-5-methoxy-1,1′-biphenyl (1c). Green liquid. 1H NMR

(CDCl3, 400 MHz) δ 7.47 (m, 6H), 6.89 (m, 2H), 3.85 (s, 3H). 13C
NMR (CDCl3, 600 MHz) δ 164.4, 159.2, 139.8, 136.5, 128.6, 128.3,
127.9, 127.8, 114.9, 113.0, 55.1. MS (ESI) m/z 210.2 [M + H]+.
HRMS (ESI): calculated for [M + H]+ C14H11NO, 210.0919;
observed, 210.0915.
5-Fluoro-2-isocyano-1,1′-biphenyl (1d).16 Green solid. Mp 51−53

°C (lit.16 50−52 °C). 1H NMR (CDCl3, 400 MHz) δ 7.47 (m, 6H),
7.14 (m, 1H), 7.07 (m, 1H). 13C NMR (CDCl3, 600 MHz) δ 166.0,
162.4, 160.7, 140.7, 140.6, 135.4, 129.2, 129.1, 128.3, 128.2, 128.1,
116.9, 116.8, 114.7, 114.6, 20.9, 14.9. MS (ESI) m/z 198.1 [M + H]+.
5-Chloro-2-isocyano-1,1′-biphenyl (1e).16 Green solid. Mp 72−75

°C (lit.16 71−73 °C). 1H NMR (CDCl3, 400 MHz) δ 7.45 (m, 7H),
7.35 (m, 1H). 13C NMR (CDCl3, 600 MHz) δ 167.2, 139.8, 135.1,
134.8, 130.0, 128.4, 128.3, 128.2, 128.1, 127.6, 122.5. MS (ESI) m/z
214.0 [M + H]+.
2-Isocyano-5-(trifluoromethyl)-1,1′-biphenyl (1f).17a Green liquid.

1H NMR (CDCl3, 400 MHz) δ 7.72 (s, 1H), 7.64 (q, 2H, J = 8.4 Hz),
7.50 (m, 5H). 13C NMR (CDCl3, 600 MHz) δ 168.8, 139.1, 135.0,
128.8, 128.5, 128.4, 128.3, 127.8, 127.6, 127.2, 127.0, 124.5, 120.9,
119.6. MS (ESI) m/z 248.0 [M + H]+.
2-Isocyano-4′-methyl-1,1′-biphenyl (1g).17a Green liquid. 1H

NMR (CDCl3, 400 MHz) δ 7.45 (m, 5H), 7.35 (m, 1H), 7.30 (d,
2H, J = 7.9 Hz), 2.43 (s, 3H). 13C NMR (CDCl3, 600 MHz) δ 165.7,
138.2, 137.7, 133.5, 129.9, 128.9, 128.7, 128.2, 127.3, 127.2, 124.0,
20.7. MS (ESI) m/z 194.1 [M + H]+.
2-Isocyano-4′-methoxy-1,1′-biphenyl (1h).17a Green solid. Mp

59−60 °C (lit.17a 56−57 °C). 1H NMR (CDCl3, 400 MHz) δ 7.44 (m,
5H), 7.34 (m, 1H), 7.02 (d, 2H, J = 8.7 Hz), 3.87 (s, 3H). 13C NMR
(CDCl3, 600 MHz) δ 165.6, 159.1, 137.9, 129.8, 129.6, 128.9, 128.7,
127.3, 127.1, 113.4, 54.7. MS (ESI) m/z 210.2 [M + H]+.
4′-Fluoro-2-isocyano-1,1′-biphenyl (1i).17c Green liquid. 1H NMR

(CDCl3, 400 MHz) δ 7.47 (m, 4H), 7.38 (m, 2H), 7.17 (t, 2H, J = 8.7
Hz). 13C NMR (CDCl3, 600 MHz) δ 166.1, 163.0, 161.4, 137.2, 132.4,
130.2, 130.1, 129.9, 129.0, 127.7, 127.2, 124.1, 124.0, 115.1, 114.9. MS
(ESI) m/z 198.1 [M + H]+.
4′-chloro-2-isocyano-1,1′-biphenyl (1j).17a Pale yellow solid. Mp

95−97 °C (lit.17a 85−89 °C). 1H NMR (CDCl3, 400 MHz) δ 7.47 (m,
6H), 7.40 (m, 2H). 13C NMR (CDCl3, 600 MHz) δ 166.3, 137.0,

134.8, 134.0, 129.8, 129.7, 129.1, 128.2, 127.9, 127.3. MS (ESI) m/z
214.0 [M + H]+.

2-Isocyano-4′-(trifluoromethyl)-1,1′-biphenyl (1k).17a Pale green
solid. Mp 75−77 °C (lit.17a 73−75 °C). 1H NMR (CDCl3, 400 MHz)
δ 7.75 (d, 2H, J = 8.1 Hz), 7.64 (d, 2H, J = 8.1 Hz), 7.48 (m, 4H). 13C
NMR (CDCl3, 600 MHz) δ 166.6, 139.9, 136.7, 129.8, 129.2, 128.8,
128.4, 127.4, 125.0, 124.9. MS (ESI) m/z 248.0 [M + H]+.

2-Isocyano-4-methyl-1,1′-biphenyl (1l).17b Pale yellow solid. Mp
59−60 °C (lit.17b 60−62 °C). 1H NMR (CDCl3, 400 MHz) δ 7.47 (m,
5H), 7.29 (m, 3H), 2.41 (s, 3H). 13C NMR (CDCl3, 600 MHz) δ
165.4, 137.8, 136.4, 135.3, 129.8, 129.7, 128.4, 127.9, 127.6, 127.5,
20.2. MS (ESI) m/z 194.1 [M + H]+.

2-Isocyano-4-methoxy-1,1′-biphenyl (1m). Green solid. Mp 60−
62 °C. 1H NMR (CDCl3, 400 MHz) δ 7.44 (m, 5H), 7.33 (d, 1H, J =
8.4 Hz), 7.01 (m, 2H), 3.86 (s, 3H). 13C NMR (CDCl3, 600 MHz) δ
165.6, 158.5, 136.2, 130.8, 130.7, 128.4, 127.9, 127.3, 115.5, 112.1,
55.1. MS (ESI) m/z 210.2 [M + H]+. HRMS (ESI): calculated for [M
+ H]+ C14H11NO, 210.0919; observed, 210.0922.

2-Isocyano-3′-methyl-1,1′-biphenyl (1n).17a Green liquid. 1H
NMR (CDCl3, 400 MHz) δ 7.38 (m, 7H), 7.23 (s, 1H), 2.41 (s,
3H). 13C NMR (CDCl3, 600 MHz) δ 165.9, 147.2, 137.9, 130.2, 129.9,
128.9, 127.3, 127.2, 122.3, 108.8, 107.8, 100.7. MS (ESI) m/z 194.1
[M + H]+.

2-Isocyano-4′,5-dimethyl-1,1′-biphenyl (1o).17b Pale green solid.
Mp 54−56 °C (lit.17b 50−52 °C). 1H NMR (CDCl3, 400 MHz) δ 7.39
(m, 3H), 7.28 (m, 2H), 7.22 (s, 1H), 7.15 (d, 1H, J = 8.0 Hz), 2.42 (d,
6H, J = 5.3 Hz). 13C NMR (CDCl3, 600 MHz) δ 164.9, 139.2, 138.0,
137.5, 133.6, 130.5, 128.6, 128.2, 127.9, 127.0, 20.7, 20.6. MS (ESI)
m/z 208.1 [M + H]+.

4′-Fluoro-2-isocyano-5-methyl-1,1′-biphenyl (1p).16 Pale green
solid. Mp 53−55 °C (lit.16 54−55 °C). 1H NMR (CDCl3, 400 MHz) δ
7.44 (m, 2H), 7.34 (d, 1H, J = 8.0 Hz), 7.14 (m, 4H), 2.38 (s, 3H).
13C NMR (CDCl3, 600 MHz) δ 165.3, 163.0, 161.3, 139.4, 137.0,
132.5, 130.4, 130.1, 130.0, 128.3, 127.0, 121.5, 115.0, 114.9, 20.7. MS
(ESI) m/z 212.1 [M + H]+.

5-(2-Isocyano-5-methylphenyl)benzo[d][1,3]dioxole (1q).17b Yel-
low solid. Mp 72−74 °C (lit.17b 74−76 °C). 1H NMR (CDCl3, 400
MHz) δ 7.35 (d, 1H, J = 8.0 Hz), 7.15 (m, 2H), 6.96 (m, 2H), 6.90 (d,
1H, J = 8.0 Hz), 6.02 (s, 2H), 2.40 (s, 3H). 13C NMR (CDCl3, 600
MHz) δ 165.1, 147.1, 139.2, 137.6, 130.4, 130.3, 127.9, 127.0, 122.2,
108.8, 107.8, 100.7, 20.7. MS (ESI) m/z 238.1 [M + H]+.

General Procedure for the Preparation of Phenanthridines.
To a microwave reaction vial were added biphenyl isocyanides 1 (0.3
mmol), ethers/thioether/amide 2 (20 equiv), Fe(acac)2 (5 mol %),
DBU (L5, 10 mol %), TBHP (anhydrous, 5 M in decane, 2 equiv),
and benzene (anhydrous, 0.5 mL). Then the vial was charged with
argon and was stirred at the indicated temperature under microwave-
assisted conditions (500 W) for the indicated time until complete
consumption of starting material as monitored by TLC. After the
reaction was finished, the reaction mixture was washed with brine. The
aqueous phase was re-extracted with ethyl acetate. The combined
organic extracts were dried over Na2SO4 and concentrated in vacuum,
and the resulting residue was purified by silica gel column
chromatography (hexane/ethyl acetate = 20:1) to afford the desired
product.

6-(1-Ethoxyethyl)phenanthridine (3a). Yield: 67 mg, 89%; yellow
oil. 1H NMR (CDCl3, 400 MHz) δ 8.89 (d, 1H, J = 8.4 Hz), 8.65 (d,
1H, J = 8.3 Hz), 8.55 (m, 1H), 8.17 (m, 1H), 7.83 (m, 1H), 7.68 (m,
3H), 5.22 (q, 1H, J = 6.8 Hz), 3.58 (m, 1H), 3.46 (m, 1H), 1.78 (d,
3H, J = 6.8 Hz), 1.20 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600
MHz) δ 161.3, 142.6, 132.9, 129.8, 129.4, 128.0, 126.4, 126.3, 126.2,
123.4, 121.8, 121.3, 80.8, 64.0, 20.9, 14.9. MS (ESI) m/z 252.1 [M +
H]+. HRMS (ESI): calculated for [M + H]+ C17H17NO, 252.1383;
observed, 252.1385.

6-(1-Ethoxyethyl)-2-methylphenanthridine (3b). Yield: 65 mg,
82%; yellow oil. 1H NMR (CDCl3, 400 MHz) δ 8.88 (d, 1H, J = 8.3
Hz), 8.66 (d, 1H, J = 8.3 Hz), 8.35 (s, 1H), 8.07 (d, 1H, J = 8.3 Hz),
7.83 (t, 1H, J = 7.6 Hz), 7.67 (t, 1H, J = 7.6 Hz), 7.56 (d, 1H, J = 7.2
Hz), 5.21 (q, 1H, J = 6.7 Hz), 3.59 (m, 1H), 3.46 (m, 1H), 2.64 (s,
3H), 1.78 (d, 3H, J = 6.8 Hz), 1.22 (t, 3H, J = 7.0 Hz). 13C NMR
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(CDCl3, 600 MHz) δ 160.2, 140.9, 137.4, 136.2, 132.7, 129.7, 129.6,
129.0, 126.2, 123.5, 123.3, 121.8, 120.9, 80.8, 64.0, 21.3, 20.9, 14.9. MS
(ESI) m/z 266.0 [M + H]+. HRMS (ESI): calculated for [M + H]+

C18H19NO, 266.1539; observed, 266.1538.
6-(1-Ethoxyethyl)-2-methoxyphenanthridine (3c). Yield: 73 mg,

87%; yellow oil. 1H NMR (CDCl3, 400 MHz) δ 8.86 (d, 1H, J = 8.4
Hz), 8.58 (d, 1H, J = 8.4 Hz), 8.08 (d, 1H, J = 9.0 Hz), 7.89 (d, 1H, J
= 2.5 Hz), 7.81 (t, 1H, J = 7.7 Hz), 7.67 (t, 1H, J = 7.7 Hz), 7.35 (m,
1H), 5.18 (q, 1H, J = 6.8 Hz), 4.01 (s, 3H), 3.57 (m, 1H), 3.44 (m,
1H), 1.77 (d, 3H, J = 6.8 Hz), 1.20 (t, 3H, J = 7.0 Hz). 13C NMR
(CDCl3, 600 MHz) δ 158.6, 157.8, 137.9, 132.4, 130.7, 129.4, 126.4,
126.2, 124.5, 123.6, 117.8, 102.3, 80.6, 63.9, 55.0, 20.8, 14.9. MS (ESI)
m/z 282.1 [M + H]+. HRMS (ESI): calculated for [M + H]+

C18H19NO2, 282.1489; observed, 282.1493.
6-(1-Ethoxyethyl)-2-fluorophenanthridine (3d). Yield: 64 mg,

79%; brown solid. Mp 73−75 °C. 1H NMR (CDCl3, 400 MHz) δ
8.89 (d, 1H, J = 8.4 Hz), 8.54 (d, 1H, J = 8.3 Hz), 8.16 (m, 2H), 7.87
(t, 1H, J = 7.6 Hz), 7.73 (t, 1H, J = 7.7 Hz), 7.47 (m, 1H), 5.21 (q, 1H,
J = 6.8 Hz), 3.59 (m, 1H), 3.46 (m, 1H), 1.78 (d, 3H, J = 6.7 Hz), 1.22
(t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ 161.5, 160.5,
159.9, 139.4, 131.6, 131.5, 129.9, 127.1, 126.3, 124.8, 124.7, 123.5,
122.0, 116.9, 116.8, 106.3, 106.2, 80.5, 64.0, 20.8, 14.9. MS (ESI) m/z
270.0 [M + H]+. HRMS (ESI): calculated for [M + H]+ C17H16FNO,
270.1289; observed, 270.1281.
2-Chloro-6-(1-ethoxyethyl)phenanthridine (3e). Yield: 71 mg,

83%; pale yellow solid. Mp 87−89 °C. 1H NMR (CDCl3, 400
MHz) δ 8.89 (d, 1H, J = 8.3 Hz), 8.59 (d, 1H, J = 8.3 Hz), 8.53 (d,
1H, J = 1.8 Hz), 8.10 (d, 1H, J = 8.7 Hz), 7.87 (t, 1H, J = 7.6 Hz), 7.70
(m, 2H), 5.21 (q, 1H, J = 6.8 Hz), 3.59 (m, 1H), 3.46 (m, 1H), 1.78
(d, 3H, J = 6.8 Hz), 1.22 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600
MHz) δ 161.6, 141.1, 132.2, 131.9, 130.9, 130.1, 128.5, 127.1, 126.3,
124.6, 123.6, 121.8, 121.0, 80.5, 64.1, 20.7, 14.9. MS (ESI) m/z 286.0
[M + H]+. HRMS (ESI): calculated for [M + H]+ C17H16ClNO,
286.0993; observed, 286.0982.
6-(1-Ethoxyethyl)-2-(trifluoromethyl)phenanthridine (3f). Yield:

66 mg, 69%; yellow solid. Mp 85−87 °C. 1H NMR (CDCl3, 400
MHz) δ 8.93 (d, 1H, J = 8.2 Hz), 8.85 (s, 1H), 8.71 (d, 1H, J = 8.3
Hz), 8.28 (d, 1H, J = 8.5 Hz), 7.93 (t, 2H, J = 7.5 Hz), 7.77 (t, 1H, J =
7.7 Hz), 5.25 (q, 1H, J = 6.8 Hz), 3.60 (m, 1H), 3.47 (m, 1H), 1.79 (d,
3H, J = 6.8 Hz), 1.23 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600
MHz) δ 163.8, 144.1, 132.5, 130.5, 130.3, 127.3, 126.5, 124.0, 123.7,
123.1, 121.8, 119.2, 119.1, 80.5, 64.2, 29.1, 20.8, 14.9. MS (ESI) m/z
320.0 [M + H]+. HRMS (ESI): calculated for [M + H]+ C18H16F3NO,
320.1257; observed, 320.1245.
6-(1-Ethoxyethyl)-8-methylphenanthridine (3g). Yield: 73 mg,

92%; yellow oil. 1H NMR (CDCl3, 400 MHz) δ 8.66 (s, 1H), 8.53 (m,
2H), 8.17 (d, 1H, J = 8.1 Hz), 7.66 (m, 3H), 5.23 (q, 1H, J = 6.8 Hz),
3.58 (m, 1H), 3.46 (m, 1H), 2.61 (s, 3H), 1.78 (d, 3H, J = 6.8 Hz),
1.22 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ 160.9, 142.2,
136.4, 131.6, 130.7, 129.2, 127.6, 126.2, 125.5, 123.6, 123.5, 121.7,
121.1, 80.5, 64.0, 21.3, 20.9, 14.9. MS (ESI) m/z 266.2 [M + H]+.
HRMS (ESI): calculated for [M + H]+ C18H19NO, 266.1539;
observed, 266.1549.
6-(1-Ethoxyethyl)-8-methoxyphenanthridine (3h). Yield: 70 mg,

83%; yellow oil. 1H NMR (CDCl3, 400 MHz) δ 8.53 (d, 1H, J = 9.1
Hz), 8.45 (d, 1H, J = 7.6 Hz), 8.37 (d, 1H, J = 2.6 Hz), 8.14 (d, 1H, J
= 8.1 Hz), 7.64 (m, 2H), 7.46 (m, 1H), 5.19 (q, 1H, J = 6.8 Hz), 3.98
(s, 3H), 3.59 (m, 1H), 3.46 (m, 1H), 1.78 (d, 3H, J = 6.8 Hz), 1.23 (t,
3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ 160.3, 157.7, 141.8,
129.2, 127.3, 127.0, 126.4, 124.7, 123.6, 123.3, 120.8, 120.7, 106.1,
81.4, 63.9, 54.9, 20.6, 15.0. MS (ESI) m/z 282.2 [M + H]+. HRMS
(ESI): calculated for [M + H]+ C18H19NO2, 282.1489; observed,
282.1487.
6-(1-Ethoxyethyl)-8-fluorophenanthridine (3i). Yield: 69 mg, 86%;

yellow oil. 1H NMR (CDCl3, 400 MHz) δ 8.62 (m, 2H), 8.50 (d, 1H, J
= 8.0 Hz), 8.15 (d, 1H, J = 8.1 Hz), 7.65 (m, 3H), 5.15 (q, 1H, J = 6.8
Hz), 3.59 (m, 1H), 3.44 (m, 1H), 1.76 (d, 3H, J = 6.8 Hz), 1.22 (t, 3H,
J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ 161.3, 160.5, 159.6,
142.3, 129.6, 129.5, 127.9, 126.7, 124.6, 124.5, 124.2, 124.1, 123.0,
121.1, 119.2, 119.0, 111.1, 110.9, 81.0, 64.1, 20.6, 14.9. MS (ESI) m/z

270.1 [M + H]+. HRMS (ESI): calculated for [M + H]+ C17H16FNO,
270.1289; observed, 270.1290.

8-Chloro-6-(1-ethoxyethyl)phenanthridine (3j). Yield: 78 mg,
91%; yellow solid. Mp 54−56 °C. 1H NMR (CDCl3, 400 MHz) δ
8.93 (d, 1H, J = 2.0 Hz), 8.60 (d, 1H, J = 8.9 Hz), 8.51 (d, 1H, J = 7.5
Hz), 8.17 (d, 1H, J = 8.0 Hz), 7.77 (m, 2H), 7.68 (m, 1H), 5.18 (q,
1H, J = 6.7 Hz), 3.60 (m, 1H), 3.45 (m, 1H), 1.77 (d, 3H, J = 6.8 Hz),
1.23 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ 160.4, 142.4,
132.5, 131.3, 130.5, 129.4, 128.4, 126.8, 125.6, 124.2, 123.5, 122.9,
121.2, 80.7, 64.1, 20.8, 14.9. MS (ESI) m/z 286.1 [M + H]+. HRMS
(ESI): calculated for [M + H]+ C17H16ClNO, 286.0993; observed,
286.0994.

6-(1-Ethoxyethyl)-8-(trifluoromethyl)phenanthridine (3k). Yield:
81 mg, 85%; yellow solid. Mp 53−54 °C. 1H NMR (CDCl3, 400
MHz) δ 9.30 (s, 1H), 8.73 (d, 1H, J = 8.7 Hz), 8.55 (d, 1H, J = 8.0
Hz), 8.18 (d, 1H, J = 8.2 Hz), 8.01 (m, 1H), 7.79 (t, 1H, J = 7.6 Hz),
7.69 (t, 1H, J = 7.6 Hz), 5.21 (q, 1H, J = 6.8 Hz), 3.62 (m, 1H), 3.43
(m, 1H), 1.78 (d, 3H, J = 6.8 Hz), 1.21 (t, 3H, J = 7.0 Hz). 13C NMR
(CDCl3, 600 MHz) δ 161.2, 143.3, 135.1, 129.6, 129.2, 128.3, 128.1,
126.9, 125.6, 124.0, 122.8, 122.5, 121.6, 80.9, 64.1, 20.8, 14.8. MS
(ESI) m/z 320.1 [M + H]+. HRMS (ESI): calculated for [M + H]+

C18H16F3NO, 320.1257; observed, 320.1256.
6-(1-Ethoxyethyl)-3-methylphenanthridine (3l). Yield: 68 mg,

85%; yellow solid. Mp 61−62 °C. 1H NMR (CDCl3, 400 MHz) δ
8.87 (d, 1H, J = 8.3 Hz), 8.58 (d, 1H, J = 8.3 Hz), 8.40 (d, 1H, J = 8.4
Hz), 7.98 (s, 1H), 7.78 (t, 1H, J = 7.6 Hz), 7.63 (t, 1H, J = 7.7 Hz),
7.45 (d, 1H, J = 8.3 Hz), 5.21 (q, 1H, J = 6.8 Hz), 3.58 (m, 1H), 3.45
(m, 1H), 2.57 (s, 3H), 1.78 (d, 3H, J = 6.8 Hz), 1.21 (t, 3H, J = 7.0
Hz). 13C NMR (CDCl3, 600 MHz) δ 161.3, 142.8, 138.1, 133.0, 129.7,
129.0, 128.0, 126.2, 125.9, 123.1, 121.6, 121.1, 80.9, 64.0, 20.9, 14.9.
MS (ESI) m/z 266.2 [M + H]+. HRMS (ESI): calculated for [M +
H]+ C18H19NO, 266.1539; observed, 266.1549.

6-(1-Ethoxyethyl)-3-methoxyphenanthridine (3m). Yield: 68 mg,
81%; yellow solid. Mp 62−64 °C. 1H NMR (CDCl3, 400 MHz) δ 8.83
(d, 1H, J = 8.4 Hz), 8.54 (d, 1H, J = 8.4 Hz), 8.43 (d, 1H, J = 9.0 Hz),
7.79 (t, 1H, J = 7.7 Hz), 7.59 (m, 2H), 7.28 (m, 1H), 5.20 (q, 1H, J =
6.8 Hz), 3.97 (s, 3H), 3.58 (m, 1H), 3.46 (m, 1H), 1.77 (d, 3H, J = 6.8
Hz), 1.21 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ 161.9,
159.5, 144.3, 133.1, 129.9, 126.2, 125.3, 122.5, 121.3, 117.5, 109.1,
80.6, 64.1, 55.0, 21.0, 14.9. MS (ESI) m/z 282.2 [M + H]+. HRMS
(ESI): calculated for [M + H]+ C18H19NO2, 282.1489; observed,
282.1487.

6-(1-Ethoxyethyl)-9-methylphenanthridine (3n). Yield: 41 mg,
52%; off-white solid. Mp 55−57 °C. 1H NMR (CDCl3, 400 MHz) δ
8.79 (d, 1H, J = 8.5 Hz), 8.54 (d, 1H, J = 8.2 Hz), 8.44 (s, 1H), 8.16
(d, 1H, J = 8.1 Hz), 7.71 (t, 1H, J = 7.5 Hz), 7.63 (t, 1H, J = 7.6 Hz),
7.50 (d, 1H, J = 8.5 Hz), 5.20 (q, 1H, J = 6.8 Hz), 3.58 (m, 1H), 3.45
(m, 1H), 2.64 (s, 3H), 1.78 (d, 3H, J = 6.8 Hz), 1.21 (t, 3H, J = 7.0
Hz). 13C NMR (CDCl3, 600 MHz) δ 161.2, 142.7, 140.2, 133.1, 129.2,
128.2, 127.9, 126.1, 123.3, 121.5, 121.4, 121.3, 80.9, 64.0, 21.7, 21.0,
14.9. MS (ESI) m/z 266.2 [M + H]+. HRMS (ESI): calculated for [M
+ H]+ C18H19NO, 266.1539; observed, 266.1541.

6-(1-Ethoxyethyl)-7-methylphenanthridine (3n′). Yield: 28 mg,
35%; off-white solid. Mp 58−60 °C. 1H NMR (CDCl3, 400 MHz) δ
8.56 (m, 2H), 8.24 (d, 1H, J = 8.1 Hz), 7.66 (m, 3H), 7.52 (d, 1H, J =
7.1 Hz), 5.69 (q, 1H, J = 6.2 Hz), 3.49 (q, 2H, J = 6.9 Hz), 3.03 (s,
3H), 1.72 (d, 3H, J = 6.2 Hz), 1.21 (t, 3H, J = 7.0 Hz). 13C NMR
(CDCl3, 600 MHz) δ 160.4, 142.1, 135.1, 134.2, 131.3, 129.4, 128.9,
127.8, 126.2, 124.8, 123.4, 121.5, 120.3, 75.1, 62.8, 24.9, 19.7, 14.9. MS
(ESI) m/z 266.1 [M + H]+. HRMS (ESI): calculated for [M + H]+

C18H19NO, 266.1539; observed, 266.1545.
6-(1-Ethoxyethyl)-2,8-dimethylphenanthridine (3o). Yield: 77 mg,

92%; yellow solid. Mp 52−54 °C. 1H NMR (CDCl3, 400 MHz) δ 8.63
(s, 1H), 8.53 (d, 1H, J = 8.5 Hz), 8.30 (s, 1H), 8.04 (d, 1H, J = 8.3
Hz), 7.64 (d, 1H, J = 7.7 Hz), 7.51 (m, 1H), 5.20 (q, 1H, J = 6.8 Hz),
3.57 (m, 1H), 3.45 (m, 1H), 2.60 (d, 6H, J = 2.7 Hz), 1.77 (d, 3H, J =
6.8 Hz), 1.22 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ
159.8, 140.7, 136.1, 136.0, 131.3, 130.5, 129.2, 129.0, 125.4, 123.7,
123.3, 121.6, 120.7, 80.6, 63.9, 21.3, 21.2, 20.9, 14.9. MS (ESI) m/z
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280.1 [M + H]+. HRMS (ESI): calculated for [M + Na]+ C19H21NO,
302.1515; observed, 302.1512.
6-(1-Ethoxyethyl)-8-fluoro-2-methylphenanthridine (3p). Yield:

68 mg, 80%; off-white solid. Mp 78−80 °C. 1H NMR (CDCl3, 400
MHz) δ 8.60 (m, 2H), 8.27 (s, 1H), 8.04 (d, 1H, J = 8.3 Hz), 7.56 (m,
2H), 5.14 (q, 1H, J = 6.7 Hz), 3.58 (m, 1H), 3.44 (m, 1H), 2.61 (s,
3H), 1.75 (d, 3H, J = 6.8 Hz), (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3,
600 MHz) δ 161.2, 159.5, 159.4, 140.6, 136.7, 129.6, 129.4, 129.2,
124.6, 124.5, 124.2, 124.1, 122.9, 120.7, 118.9, 118.8, 111.0, 110.8,
81.0, 64.0, 21.3, 20.6, 20.9, 14.9. MS (ESI) m/z 284.1 [M + H]+.
HRMS (ESI): calculated for [M + H]+ C18H18FNO, 284.1445;
observed, 284.1448.
6-(1-Ethoxyethyl)-2-methyl-[1,3]dioxolo[4,5-j]phenanthridine

(3q). Yield: 59 mg, 64%; yellow solid. Mp 105−107 °C. 1H NMR
(CDCl3, 400 MHz) δ 8.18 (d, 2H, J = 8.2 Hz), 8.10 (d, 1H, J = 8.3
Hz), 7.46 (d, 1H, J = 8.2 Hz), 7.39 (d, 1H, J = 8.7 Hz), 6.22 (s, 2H),
5.58 (q, 1H, J = 6.3 Hz), 3.66 (m, 1H), 3.53 (m, 1H), 2.58 (s, 3H),
1.63 (d, 3H, J = 6.4 Hz), 1.28 (t, 3H, J = 7.1 Hz). 13C NMR (CDCl3,
600 MHz) δ 157.5, 145.4, 142.4, 140.4, 136.4, 129.6, 128.9, 127.9,
122.7, 120.7, 115.7, 112.1, 110.8, 100.9, 63.9, 21.4, 20.4, 14.9. MS
(ESI) m/z 310.1 [M + H]+. HRMS (ESI): calculated for [M + H]+

C19H19NO3, 310.1438; observed, 310.1440.
4-(1-Ethoxyethyl)-8-methyl-[1,3]dioxolo[4,5-i]phenanthridine

(3q′). Yield: 26 mg, 28%; yellow solid. Mp 160−162 °C. 1H NMR
(CDCl3, 400 MHz) δ 8.29 (s, 1H), 8.12 (s, 1H), 7.99 (d, 1H, J = 8.3
Hz), 7.93 (s, 1H), 7.49 (d, 1H, J = 8.3 Hz), 6.15 (s, 2H), 5.10 (q, 1H, J
= 6.7 Hz), 3.56 (m, 1H), 3.42 (m, 1H), 2.59 (s, 3H), 1.73 (d, 3H, J =
6.8 Hz), 1.21 (t, 3H, J = 7.0 Hz). 13C NMR (CDCl3, 600 MHz) δ
158.8, 150.0, 147.0, 140.6, 135.8, 130.5, 129.1, 128.9, 123.4, 120.6,
119.9, 103.6, 101.2, 99.6, 81.5, 63.9, 21.3, 20.7, 14.9. MS (ESI) m/z
310.1 [M + H]+. HRMS (ESI): calculated for [M + H]+ C19H19NO3,
310.1438; observed, 310.1440.
6-(1,2-Dimethoxyethyl)phenanthridine (4b). Yield: 57 mg, 71%;

yellow solid. Mp 66−68 °C. 1H NMR (CDCl3, 400 MHz) δ 8.73 (d,
1H, J = 8.3 Hz), 8.63 (d, 1H, J = 8.3 Hz), 8.54 (d, 1H, J = 8.1 Hz),
8.22 (d, 1H, J = 8.1 Hz), 7.82 (t, 1H, J = 7.4 Hz), 7.69 (m, 3H), 5.33
(m, 1H), 4.14 (m, 1H), 3.82 (m, 1H), 3.44 (s, 6H). 13C NMR
(CDCl3, 600 MHz) δ 157.3, 142.7, 132.7, 130.0, 129.6, 128.1, 126.7,
126.6, 125.8, 124.2, 123.4, 121.8, 121.3, 84.1, 74.6, 58.7, 56.7. MS
(ESI) m/z 268.0 [M + H]+. HRMS (ESI): calculated for [M + H]+

C17H17NO2, 268.1332; observed, 268.1332.
6-(Tetrahydrofuran-2-yl)phenanthridine (4c). Yield: 59 mg, 79%;

yellow solid. Mp 93−95 °C. 1H NMR (CDCl3, 400 MHz) δ 8.65 (d,
1H, J = 8.3 Hz), 8.55 (d, 1H, J = 8.1 Hz), 8.45 (d, 1H, J = 8.3 Hz),
8.20 (d, 1H, J = 8.1 Hz), 7.83 (t, 1H, J = 7.7 Hz), 7.68 (m, 3H), 5.78
(t, 1H, J = 6.9 Hz), 4.22 (m, 1H), 4.08 (m, 1H), 2.74 (m, 1H), 2.43
(m, 1H), 2.17 (m, 2H). 13C NMR (CDCl3, 600 MHz) δ 158.7, 142.6,
132.7, 129.8, 129.7, 127.9, 126.6, 126.3, 125.9, 124.2, 123.5, 121.7,
121.2, 79.0, 68.4, 29.4, 25.4. MS (ESI) m/z 250.0 [M + H]+. HRMS
(ESI): calculated for [M + H]+ C17H15NO, 250.1226; observed,
250.1219.
6-(1,4-Dioxan-2-yl)phenanthridine (4d). Yield: 57 mg, 72%;

yellow solid. Mp 143−145 °C. 1H NMR (CDCl3, 400 MHz) δ 8.67
(d, 1H, J = 8.4 Hz), 8.57 (d, 1H, J = 8.0 Hz), 8.44 (d, 1H, J = 8.3 Hz),
8.22 (d, 1H, J = 7.9 Hz), 7.86 (t, 1H, J = 7.6 Hz), 7.71 (m, 3H), 5.50
(t, 1H, J = 6.1 Hz), 4.31 (d, 2H, J = 6.5 Hz), 4.12 (m, 2H), 3.92 (m,
2H). 13C NMR (CDCl3, 600 MHz) δ 155.5, 142.5, 132.6, 129.9, 129.9,
128.0, 126.8, 126.7, 125.5, 123.9, 123.4, 121.8, 121.3, 75.6, 69.4, 67.1,
66.0. MS (ESI) m/z 266.0 [M + H]+. HRMS (ESI): calculated for [M
+ H]+ C17H15NO2, 266.1176; observed, 266.1165.
6-(Tetrahydro-2H-pyran-2-yl)phenanthridine (4e). Yield: 62 mg,

78%; yellow solid. Mp 100−102 °C. 1H NMR (CDCl3, 400 MHz) δ
8.55 (m, 3H), 8.24 (d, 1H, J = 8.1 Hz), 7.70 (m, 4H), 5.21 (d, 1H, J =
11.1 Hz), 4.30 (d, 1H, J = 12.6 Hz), 3.81 (t, 1H, J = 11.6 Hz), 2.28 (m,
1H), 2.08 (t, 2H, J = 12.3 Hz), 1.87 (m, 2H), 1.69 (d, 1H, J = 12.3
Hz). 13C NMR (CDCl3, 600 MHz) δ 158.9, 142.7, 132.8, 129.8, 129.6,
127.8, 126.4, 126.3, 126.1, 123.8, 123.4, 121.7, 121.2, 79.9, 68.9, 29.9,
25.4, 23.2. MS (ESI) m/z 264.2 [M + H]+. HRMS (ESI): calculated
for [M + H]+ C18H17NO, 264.1383; observed, 264.1384.

6-(2,3-Dihydrobenzofuran-2-yl)phenanthridine (4f). Yield: 58 mg,
65%; yellow solid. Mp 108−110 °C. 1H NMR (CDCl3, 400 MHz) δ
8.68 (d, 1H, J = 8.3 Hz), 8.57 (d, 1H, J = 7.9 Hz), 8.45 (d, 1H, J = 8.3
Hz), 8.18 (d, 1H, J = 7.9 Hz), 7.86 (t, 1H, J = 7.4 Hz), 7.71 (m, 3H),
7.33 (d, 1H, J = 7.3 Hz), 7.18 (t, 1H, J = 7.5 Hz), 6.94 (t, 1H, J = 7.4
Hz), 6.79 (m, 1H), 6.55 (t, 1H, J = 9.3 Hz), 4.38 (m, 1H), 3.64 (m,
1H). 13C NMR (CDCl3, 600 MHz) δ 158.5, 156.0, 142.4, 133.0, 130.0,
129.9, 128.1, 127.5, 126.9, 126.8, 126.4, 125.9, 124.4, 124.2, 123.7,
121.9, 121.3, 120.2, 109.1, 83.3, 32.6. MS (ESI) m/z 298.0 [M + H]+.
HRMS (ESI): calculated for [M + H]+ C21H15NO, 298.1226;
observed, 298.1225.

6-(Tetrahydro-2H-thiopyran-2-yl)phenanthridine (4g). Yield: 52
mg, 62%; yellow solid. Mp 122−124 °C. 1H NMR (CDCl3, 400 MHz)
δ 8.64 (d, 1H, J = 8.2 Hz), 8.53 (d, 1H, J = 8.0 Hz), 8.43 (d, 1H, J =
8.3 Hz), 8.21 (d, 1H, J = 7.8 Hz), 7.82 (t, 1H, J = 7.6 Hz), 7.68 (m,
3H), 4.88 (m, 1H), 3.03 (m, 1H), 2.83 (d, 1H, J = 13.4 Hz), 2.46 (m,
2H), 2.15 (m, 2H), 1.88 (m, 1H), 1.69 (m, 1H). 13C NMR (CDCl3,
600 MHz) δ 159.6, 143.0, 132.6, 129.7, 129.7, 127.9, 126.5, 126.2,
125.3, 123.6, 123.1, 122.0, 121.2, 45.3, 32.3, 30.1, 26.5, 26.2. MS (ESI)
m/z 280.1 [M + H]+. HRMS (ESI): calculated for [M + H]+

C18H17NS, 280.1154; observed, 280.1156.
N-Methyl-N-(phenanthridin-6-ylmethyl)acetamide (4h). Yield: 36

mg, 46%; pale yellow oil. 1H NMR (CDCl3, 400 MHz) δ 8.64 (d, 1H,
J = 8.3 Hz), 8.56 (d, 1H, J = 8.2 Hz), 8.43 (d, 1H, J = 8.2 Hz), 8.15 (d,
1H, J = 8.0 Hz), 7.85 (t, 1H, J = 7.6 Hz), 7.71 (m, 3H), 5.31 (s, 2H),
3.00 (s, 3H), 2.20 (s, 3H). 13C NMR (CDCl3, 600 MHz) δ 171.7,
170.1, 156.1, 153.2, 142.7, 132.4, 130.2, 130.1, 129.9, 129.4, 128.2,
128.0, 127.2, 127.0, 126.5, 125.8, 124.1, 123.6, 121.7, 121.4, 53.4, 50.5,
34.8, 34.4, 21.4, 21.0. MS (ESI) m/z 265.1 [M + H]+. HRMS (ESI):
calculated for [M + H]+ C17H16N2O, 265.1335; observed, 265.1341.

Experimental Procedure for UV−Visible Titration Analysis.
All absorbance measurements were carried out on a UV-2550
spectrophotometer equipped with 1.0 mL quartz cells. The
concentrations of Fe(acac)2 and DBU are 0.0015 and 0.003 mg/mL,
respectively. The UV−vis titration results imply that DBU acts as a
ligand, not a base.

Experimental Procedure for the Kinetic Isotope Effect Study
between 2c and [d8]-2c. To a microwave reaction vial were added 1a
(0.3 mmol), 2c (10 equiv), [d8]-2c (10 equiv), Fe(acac)2 (5 mol %),
DBU (L5, 10 mol %), TBHP (anhydrous, 5 M in decane, 2 equiv),
and benzene (anhydrous, 0.5 mL). Then the vial was charged with
argon and was stirred at 80 °C under microwave-assisted conditions
(500 W) for 1 h. After the reaction was finished, the reaction mixture
was washed with brine. The aqueous phase was re-extracted with ethyl
acetate. The combined organic extracts were dried over Na2SO4 and
concentrated in vacuum, and the resulting residue was purified by silica
gel column chromatography (hexane/ethyl acetate = 20:1) to afford
the mixture of 4c and [d7]-4c.

The Mixture of 4c and [d7]-4c. Yield: 60 mg, 79%; yellow solid. 1H
NMR (CDCl3, 400 MHz) δ 8.66 (d, 1H, J = 8.4 Hz), 8.56 (d, 1H, J =
8.1 Hz), 8.45 (d, 1H, J = 8.3 Hz), 8.20 (d, 1H, J = 7.8 Hz), 7.84 (t, 1H,
J = 8.2 Hz), 7.68 (m, 3H), 5.79 (t, 0.83H, J = 6.9 Hz), 4.22 (m,
0.84H), 4.08 (m, 0.84H), 2.73 (m, 0.81H), 2.44 (m, 0.84H), 2.18 (m,
1.68H).

Experimental Procedure for the Intermolecular Kinetic
Isotope Effect Study. To a microwave reaction vial were added 1a
(0.15 mmol), [d5]-1a (0.15 mmol), 2c (20 equiv), Fe(acac)2 (5 mol
%), DBU (L5, 10 mol %), TBHP (anhydrous, 5 M in decane, 2 equiv)
and benzene (anhydrous, 0.5 mL). Then the vial was charged with
argon, and was stirred at 80 °C under microwave-assisted conditions
(500 W) for 1 h. After the reaction was finished, the reaction mixture
was washed with brine. The aqueous phase was re-extracted with ethyl
acetate. The combined organic extracts were dried over Na2SO4 and
concentrated in vacuum, and the resulting residue was purified by silica
gel column chromatography (hexane/ethyl acetate = 20:1) to afford
the mixture of 4c and [d4]-4c.

The Mixture of 4c and [d4]-4c. Yield: 58 mg, 78%; yellow solid. 1H
NMR (CDCl3, 400 MHz) δ 8.66 (d, 0.5H, J = 8.3 Hz), 8.56 (d, 1H, J
= 8.1 Hz), 8.46 (d, 0.5H, J = 8.3 Hz), 8.23 (d, 1H, J = 7.8 Hz), 7.85 (t,
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0.5H, J = 7.6 Hz), 7.69 (m, 2.5H), 5.80 (t, 1H, J = 7.0 Hz), 4.23 (m,
1H), 4.08 (m, 1H), 2.73 (m, 1H), 2.45 (m, 1H), 2.18 (m, 2H).
Experimental Procedure for the Intramolecular Kinetic

Isotope Effect Study. To a microwave reaction vial were added
[d1]-1a (0.3 mmol), 2c (20 equiv), Fe(acac)2 (5 mol %), DBU (L5, 10
mol %), TBHP (anhydrous, 5 M in decane, 2 equiv), and benzene
(anhydrous, 0.5 mL). Then the vial was charged with argon and was
stirred at 80 °C under microwave-assisted conditions (500 W) for 1 h.
After the reaction was finished, the reaction mixture was washed with
brine. The aqueous phase was re-extracted with ethyl acetate. The
combined organic extracts were dried over Na2SO4 and concentrated
in vacuum, and the resulting residue was purified by silica gel column
chromatography (hexane/ethyl acetate = 20:1) to afford the mixture of
4c and [d1]-4c.
The Mixture of 4c and [d1]-4c. Yield: 58 mg, 78%; yellow solid. 1H

NMR (CDCl3, 400 MHz) δ 8.66 (d, 1H, J = 8.3 Hz), 8.56 (d, 1H, J =
8.2 Hz), 8.46 (d, 0.5H, J = 8.2 Hz), 8.25 (d, 1H, J = 7.9 Hz), 7.85 (t,
1H, J = 7.2 Hz), 7.70 (m, 3H), 5.80 (t, 1H, J = 6.9 Hz), 4.24 (m, 1H),
4.08 (m, 1H), 2.71 (m, 1H), 2.45 (m, 1H), 2.17 (m, 2H).
Experimental Procedure for the Radical Inhibition Study. To

a microwave reaction vial were added 1a (0.3 mmol), 2a (20 equiv),
Fe(acac)2 (5 mol %), DBU (L5, 10 mol %), TBHP (anhydrous, 5 M
in decane, 2 equiv), TEMPO (2 equiv), and benzene (anhydrous, 0.5
mL). Then the vial was charged with argon, and was stirred at 80 °C
under microwave-assisted conditions (500 W) for 1 h. After the
reaction was finished, the reaction mixture was washed with brine. The
aqueous phase was re-extracted with ethyl acetate. The combined
organic extracts were dried over Na2SO4 and concentrated in vacuum,
and the resulting residue was purified by silica gel column
chromatography (hexane/ethyl acetate = 50:1 to 20:1) to afford 5
in 86% yield and 3a in 7% yield.
1-(1-Ethoxyethoxy)-2,2,6,6-tetramethylpiperidine (5). Yield: 118

mg, 86%; colorless oil. 1H NMR (CDCl3, 400 MHz) δ 4.86 (q, 1H, J =
5.5 Hz), 3.75 (m, 1H), 3.55 (m, 1H), 1.45 (m, 6H), 1.28 (d, 3H, J =
5.5 Hz), 1.22 (s, 3H), 1.15 (t, 3H, J = 7.1 Hz), 1.08 (m, 9H). 13C
NMR (CDCl3, 600 MHz) δ 104.3, 62.2, 59.8, 58.5, 39.8, 39.4, 33.1,
33.0, 19.9, 19.3, 18.6, 16.6, 14.6. MS (ESI) m/z 230.2 [M + H]+.
HRMS (ESI): calculated for [M + Na]+ C13H27NO2, 252.1934;
observed, 252.1936.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.6b01589.

Kinetic isotope effect studies, radical inhibition studies,
and 1H and 13C NMR spectra for all compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*Tel: +86 152 2183 3166; fax: +86 021 5198 0201; e-mail:
limingshao@fudan.edu.cn.
Author Contributions
⊥Y.X. and Y.C. contributed equally.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was financially supported by the National Basic
Research Program of China (973 Program, 2015CB931804).

■ REFERENCES
(1) (a) Amines: Synthesis Properties and Applications; Lawrence, S. A.,
Eds.; Cambridge University Press: Cambridge, 2004. (b) Amino
Group Chemistry: From Synthesis to the Life Sciences; Ricci, A., Eds.;
Wiley-VCH: Weinheim, 2008.

(2) (a) Zhang, J.; Lakowicz, J. R. J. Phys. Chem. B 2005, 109, 8701.
(b) Bondarev, S. L.; Knyukshto, V. N.; Tikhomirov, S. A.; Pyrko, A. N.
Opt. Spectrosc. 2006, 100, 386. (c) Stevens, N.; O’Connor, N.;
Vishwasrao, H.; Samaroo, D.; Kandel, E. R.; Akins, D. L.; Drain, C. M.;
Turro, N. J. J. Am. Chem. Soc. 2008, 130, 7182.
(3) (a) Denny, W. A. Curr. Med. Chem. 2002, 9, 1655. (b) Zhu, S.;
Ruchelman, A. L.; Zhou, N.; Liu, A.; Liu, L. F.; Lavoie, E. J. Bioorg.
Med. Chem. 2005, 13, 6782. (c) Kock, I.; Heber, D.; Weide, M.;
Wolschendorf, U.; Clement, B. J. Med. Chem. 2005, 48, 2772.
(4) Schrader, K. K.; Avolio, F.; Andolfi, A.; Cimmino, A.; Evidente, A.
J. Agric. Food Chem. 2013, 61, 1179.
(5) Ishikawa, T. Med. Res. Rev. 2001, 21, 61.
(6) (a) Kellinger, M. W.; Park, G. Y.; Chong, J.; Lippard, S. J.; Wang,
D. J. Am. Chem. Soc. 2013, 135, 13054. (b) Johnstone, T. C.;
Alexander, S. M.; Lin, W.; Lippard, S. J. J. Am. Chem. Soc. 2014, 136,
116.
(7) Kanzawa, F.; Nishio, K.; Ishida, T.; Fukuda, M.; Kurokawa, H.;
Fukumoto, H.; Nomoto, Y.; Fukuoka, K.; Bojanowski, K.; Saijo, N. Br.
J. Cancer 1997, 76, 571.
(8) Pictet, A.; Hubert, A. Ber. Dtsch. Chem. Ges. 1896, 29, 1182.
(9) (a) Lorsbach, B. A.; Kurth, M. J. Chem. Rev. 1999, 99, 1549.
(b) Rozwadowska, M. D. Heterocycles 1994, 39, 903. (c) Whaley, W.
M.; Govindachari, T. R. Org. React. 1951, 6, 74.
(10) (a) Gerfaud, T.; Neuville, L.; Zhu, J. Angew. Chem., Int. Ed.
2009, 48, 572. (b) Candito, D. A.; Lautens, M. Angew. Chem., Int. Ed.
2009, 48, 6713. (c) Maestri, G.; Larraufie, M.-H.; Derat, E.; Ollivier,
C.; Fensterbank, L.; Lacote, E.; Malacria, M. Org. Lett. 2010, 12, 5692.
(d) Peng, J.; Chen, T.; Chen, C.; Li, B. J. Org. Chem. 2011, 76, 9507.
(e) Grigg, R. D.; Van Hoveln, R.; Schomaker, J. M. J. Am. Chem. Soc.
2012, 134, 16131. (f) Bao, X.; Yao, W.; Zhu, Q.; Xu, Y. Eur. J. Org.
Chem. 2014, 33, 7443.
(11) (a) Xu, Z.; Yan, C.; Liu, Z. Q. Org. Lett. 2014, 16, 5670.
(b) Zhu, T. H.; Wang, S. Y.; Tao, Y. Q.; Wei, T. Q.; Ji, S. J. Org. Lett.
2014, 16, 1260. (c) Hofstra, J. L.; Grassbaugh, B. R.; Tran, Q. M.;
Armada, N. R.; de Lijser, H. J. P. J. Org. Chem. 2015, 80, 256.
(12) (a) Shou, W.-G.; Yang, Y.-Y.; Wang, Y.-G. J. Org. Chem. 2006,
71, 9241. (b) Yanada, R.; Hashimoto, K.; Tokizane, R.; Miwa, Y.;
Minami, H.; Yanada, K.; Ishikura, M.; Takemoto, Y. J. Org. Chem.
2008, 73, 5135. (c) Sripada, L.; Teske, J. A.; Deiters, A. Org. Biomol.
Chem. 2008, 6, 263. (d) Mehta, B. K.; Yanagisawa, K.; Shiro, M.;
Kotsuki, H. Org. Lett. 2003, 5, 1605.
(13) (a) Cheng, Y.; Jiang, H.; Zhang, Y.; Yu, S. Org. Lett. 2013, 15,
5520. (b) Sun, X.; Yu, S. Org. Lett. 2014, 16, 2938. (c) Zhang, B.;
Daniliuc, C. G.; Studer, A. Org. Lett. 2014, 16, 250. (d) Yang, X. L.;
Chen, F.; Zhou, N. N.; Yu, W.; Han, B. Org. Lett. 2014, 16, 6476.
(14) (a) Zard, S. Z. Chem. Soc. Rev. 2008, 37, 1603. (b) Fallis, A. G.;
Brinza, I. M. Tetrahedron 1997, 53, 17543. (c) Zard, S. Z. Synlett 1996,
1996, 1148. (d) Esker, J. L.; Newcomb, M. Adv. Heterocycl. Chem.
1993, 58, 1. (e) Stella, L. Angew. Chem., Int. Ed. Engl. 1983, 22, 337.
(f) Mackiewicz, P.; Furstoss, R. Tetrahedron 1978, 34, 3241. (g) Neale,
R. S. Synthesis 1971, 1971, 1.
(15) (a) McCarroll, A. J.; Walton, J. C. Angew. Chem., Int. Ed. 2001,
40, 2224. (b) Malacria, M. Chem. Rev. 1996, 96, 289. (c) Wang, K. K.
Chem. Rev. 1996, 96, 207. (d) Dhimane, A.-L.; Fensterbank, L.;
Malacvia, M. Polycyclic Compounds via Radical Cascade Reactions. In
Radicals in Organic Synthesis; Renaud, P., Sibi, M. P., Eds.; Wiley-VCH:
Weinheim, 2001; Chapter 4.4, Vol. 2, pp 350−382. (e) Togo, H.
Advanced Free Radical Reactions for Organic Synthesis; Elsevier Science:
Amsterdam, 2004; pp 57−156.
(16) Tobisu, M.; Koh, K.; Furukawa, T.; Chatani, N. Angew. Chem.,
Int. Ed. 2012, 51, 11363.
(17) (a) Wang, Q. L.; Dong, X. C.; Xiao, T. B.; Zhou, L. Org. Lett.
2013, 15, 4846. (b) Zhang, B.; Mück-Lichtenfeld, C.; Daniliuc, C. G.;
Studer, A. Angew. Chem., Int. Ed. 2013, 52, 10792. (c) Leifert, D.;
Daniliuc, C. G.; Studer, A. Org. Lett. 2013, 15, 6286. (d) Sha, W. X.;
Yu, J. T.; Jiang, Y.; Yang, H. T.; Cheng, J. Chem. Commun. 2014, 50,
9179. (e) Zhu, Z. Q.; Wang, T. T.; Bai, P.; Huang, Z. Z. Org. Biomol.
Chem. 2014, 12, 5839. (f) Jiang, H.; Cheng, Y. Z.; Wang, R. Z.; Zheng,
M. M.; Zhang, Y.; Yu, S. Y. Angew. Chem., Int. Ed. 2013, 52, 13289.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.6b01589
J. Org. Chem. 2016, 81, 8426−8435

8434

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.6b01589
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.6b01589/suppl_file/jo6b01589_si_001.pdf
mailto:limingshao@fudan.edu.cn
http://dx.doi.org/10.1021/acs.joc.6b01589


(g) Cao, J. J.; Wang, X.; Wang, S. Y.; Ji, S. J. Chem. Commun. 2014, 50,
12892. (h) Gu, L. J.; Jin, C.; Liu, J. Y.; Ding, H. Y.; Fan, B. M. Chem.
Commun. 2014, 50, 4643.
(18) (a) Bolm, C.; Legros, J.; Le Paih, J.; Zani, L. Chem. Rev. 2004,
104, 6217. (b) Iron Catalysis in Organic Chemistry: Reactions and
Applications; Plietker, B., Eds.; Wiley-VCH: Weinheim, 2008.
(c) Correa, A.; Garcia Mancheno, O.; Bolm, C. Chem. Soc. Rev.
2008, 37, 1108. (d) Sherry, B. D.; Fürstner, A. Acc. Chem. Res. 2008,
41, 1500. (e) Sun, C.-L.; Li, B.-J.; Shi, Z.-J. Chem. Rev. 2011, 111, 1293.
(19) (a) Lidstrom, P.; Tierney, J.; Wathey, B.; Westman, J.
Tetrahedron 2001, 57, 9225. (b) Kappe, C. O. Angew. Chem., Int. Ed.
2004, 43, 6520.
(20) (a) Jones, W. D. Acc. Chem. Res. 2003, 36, 140. (b) Pinto, A.;
Neuville, L.; Retailleau, P.; Zhu, J. Org. Lett. 2006, 8, 4927. (c) Jones,
W. D.; Feher, F. J. J. Am. Chem. Soc. 1986, 108, 4814. (d) Chen, X.;
Hao, X.-S.; Goodhue, C. E.; Yu, J.-Q. J. Am. Chem. Soc. 2006, 128,
6790.
(21) McDaniel, D. H.; Brown, H. C. J. Org. Chem. 1958, 23, 420.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.6b01589
J. Org. Chem. 2016, 81, 8426−8435

8435

http://dx.doi.org/10.1021/acs.joc.6b01589

