O C‘The Journal of Organic Chemistry pubs.acs.org/joc

Palladium(ll)-Catalyzed Sequential C—H Arylation/Aerobic Oxidative
C—H Amination: One-Pot Synthesis of Benzimidazole-Fused
Phenanthridines from 2-Arylbenzimidazoles and Aryl Halides

Gongyuan Zhao, Chunxia Chen,* Yixia Yue, Yanhan Yu, and Jinsong Peng*

Department of Chemistry and Chemical Engineering, College of Science, Northeast Forestry University, NO. 26 Hexing Road,
Harbin 150040, P. R. China

© Supporting Information

"\©:N cat. PdCI,/Xphos “©:N\ @
—_— ..

N N L DMF, K,CO3, air, 160 °C {{ N

§ o JHOH S

A o

Tandem one-pot reaction

\ No silver salts as additives
| Air as oxidant
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PAlPAYPA! - ">-' C-Harylation Excellent selectivity
oxidative @ X =ClBr | 38 examples

C-H amination up to 90% yield
ABSTRACT: Starting from 2-arylbenzimidazoles and aryl halides, an efficient palladium-based catalytic method for the synthesis
of benzimidazole-fused phenanthridines has been developed. This reaction sequence comprises intermolecular C—H arylation
and intramolecular aerobic oxidative C—H amination, involving the rupture of two C—H bonds, one C—X bond, and one N—H
bond in one pot. The Pd"—Pd"V—Pd" and Pd"—Pd°—Pd" catalytic cycles work together under the reported conditions to
generate phenanthridines with diverse substituents.
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ransition metal-catalyzed direct C—H functionalization Scheme 1. One-Pot Synthesis of Benzimidazole-Fused
has emerged as an attractive strategy for constructing C— Phenanthridine Derivatives
C and C—heteroatom bonds in organic synthesis." In particular,
directing group-assisted palladium-catalyzed C—H activation
has been employed as a powerful method for conducting X @[N\ O
various different transformations of aromatic compounds. ©:N\>_ Ar X2 N ¢
Among these transformations, catalytic direct arylations with N

aryl(pseudo) halides as electrophilic coupling partners® and
oxidative C—N cross-coupling reactions* have become

Previous transformation:104-9

X', X2=Cl, Br, |

Proposed transformation:
extraordinarily popular. Despite recent major advancements @
in chelation-assisted C—C or C—N bond formation, a N AX
- : o 1
combination of fundamentally different C—H functionalizations @,\P_Ar N\ @ ©:
. . . . . X=Cl, Br, | oxidative
for highly efficient one-pot synthesis of heterocycles is quite H C.H arylation N C-H amination

challenging, and examples remain scarce.”
Phenanthridine-fused heterocycles are prevalent in advanced
organic materials,” biologically and therapeutically active

intermediate

molecules,® and significant natural products.” Therefore, usually used as arylation reagents in the presence of a
considerable effort has been focused on straightforward and stoichiometric amount of silver salts that helped to enhance
modular synthetic approaches to (hetero)aryl-fused phenan- reactivity and productivity.sa’c’d'n Expansion of substrate scope
thridines from simple starting materials.'® Inspired by Sun’s to less reactive aryl bromides and chlorides may be a challenge
study of benzimidazole-assisted palladium-catalyzed ortho without the help of copper and silver salt additives.>*"*

arylation of aromatic C—H bonds,"' we envisioned that a With these considerations in mind, 2-phenyl benzimidazole
novel one-pot procedure for the synthesis of benzimidazole- (1a) and iodobenzene (2a) were selected as the coupling
fused phenanthridines from aryl halides was possible through partners to verify the assumption mentioned above. Extensive
sequential C(sp*)—H arylation of 2-arylbenzimidazole followed experiments were conducted in the presence of different ligands

for the Pd catalyst, bases, solvents, and temperatures using air
as the oxidant (Table 1). We first examined the model reaction
in DMF at 160 °C for 72 h with PdCl, as the catalyst and

by aerobic oxidative C—H amination (Scheme 1)."2
To realize this proposed tandem process, we needed to
address several issues. First, finding a versatile catalyst system to

control chemical selectivity (N-arylation'®™""* vs C-aryla-
tion'') and accommodate an aerobic oxidative amination step Received: November 18, 2014
could be a dilemma. Second, more reactive aryl iodides are Published: February 6, 2015
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Table 1. Pd-Catalyzed Cascade Annulation Reaction
Condition Optimization”

o segy
N>_© @ Pd/L, base, solvent N
@: D + | _—
N\ temperature, 72 h, air O
H 1a 2a 3aa
solvent/temp
entry Pd/ligand base (°C) yield (%)b
1 Ppdcl K,CO, DMF/160 45
2 PdCl,/dppf K,CO, DMEF/160 26
3 PdCl,/dppe K,CO;, DMEF/160 44
4 PdClL/PCy, K,CO, DME/160 43
S PdCl,/PPh, K,CO, DMEF/160 70
6  PdCl,/MePhos K,CO, DMF/160 78
7 PdCl,/CyJohnPhos K,CO; DMEF/160 75
8 PdCl,/JohnPhos K,CO;, DMF/160 51
9 PdCl,/Xphos K,CO, DMF/160 90 (67)°
10 PdCl,/phenanthroline ~ K,CO; DME/160 39
11 PdCl,/2,2'-bipyridine K,CO;, DME/160 67
12 Pd,(dba),/Xphos K,CO;, DMF/160 86
13 Pd(PPh,),/Xphos K,CO, DMEF/160 82
14 Pd(OAc),/Xphos Cs,CO; DMEF/160 92
1S Pd(OAc),/Xphos KO'Bu DMEF/160 36
16  Pd(OAc),/Xphos Et;N DMF/160 0
17 PdClL,/Xphos K,CO;, DMA/160 40
18 PdCL/Xphos K,CO, DMS0/160 29
19  PdCl,/Xphos K,CO; toluene/140 0
20 PdCL/Xphos K,CO, THF/100 0
21 PdCl,/Xphos K,CO, DMEF/140 47
22 PdCl,/Xphos K,CO; DMF/120 trace

“Reaction conditions unless otherwise stated: 1a (0.2 mmol), 2a (0.6
mmol), base (0.6 mmol), Pd (10 mol %), ligand (20 mol %), solvent
(2.0 mL), 72 h, air. ®Yield of isolated product. “A 0.4 mmol portion of
2a was used.

K,COj; as the base. Fortunately, the desired product 3aa was
obtained in 45% yield (entry 1). Compared to the ligand-free
annulation process, the enhancement or inhibition of cascade
cross-coupling reactivity was observed in the presence of
phosphorus ligands (entries 2—9). It turned out that Buchwald-
type ligand Xphos'® performed best, and the yield was
improved to 90% (entry 9). Nitrogen-based ligands16 usually
employed in Pd-catalyzed C—H oxidation reactions were also
screened. Traditional ligands such as bipyridine and phenan-
throline were inferior to Xphos (entries 10 and 11). The nature
of palladium sources and bases influences the efficiency of 2-
fold C—H arylation processes. Xphos for Pd(OAc), or PdCl,
was found to be the best catalyst system with K,CO; or
Cs,CO; as the base (entries 9 and 12—16). Other polar
solvents such as N,N-dimethylacetamide (DMA) and dimethyl
sulfoxide (DMSO) were also examined; DMF provided a better
result (entries 9, 17, and 18). Nonpolar solvents such as
toluene and tetrahydrofuran gave no products (entries 19 and
20). When the reaction temperature was reduced to 140 and
120 °C, the desired annulation product 3aa was isolated in 47%
yield and a trace quantity, respectively (entries 21 and 22,
respectively). Changing the quantity of 2a from 3 to 2 equiv
resulted in a smaller yield of 67% (entry 9). In general, Xphos
for PA(OAc), or PACl, was found to be the best catalyst system
with K,COj; or Cs,COj as the base in DMF at 160 °C.
Having established the feasibility of the tandem C—H
arylation/aerobic oxidative C—H amination sequence, we then
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explored the reaction of various 2-arylbenzo[d]imidazoles with
aryl iodides to examine the scope and generality of the present
annulation process (Scheme 2). Initially, we examined the
reaction of iodobenzene with various benzimidazole derivatives
(la—1m and lo—1w). Gratifyingly, most of these substrates
can be smoothly transformed into (hetero)aryl-fused benzimi-
dazole products 3aa—3ma in moderate to good yields.
Benzimidazoles containing electron-donating groups at the
para position of the 2-aryl moiety were generally more reactive
than those bearing electron-withdrawing substituents and
provided higher yields. The incorporation of the sterically
hindering methyl group in the ortho and meta positions of the
2-aryl moiety seemed to affect the reaction to some extent, and
products 3fa and 3ga were afforded in 32 and 44% yields,
respectively. In addition, 2-heteroarylbenzimidazoles (1h and
1i), a-naphthyl substrate 1j, and 2-aryl-1H-phenanthro[9,10-
dlimidazoles (11 and 1m) can also be efficiently transformed
into the corresponding products in good yields. However, when
the substrate scope is extended to imidazopyridine 1w, the
reaction cannot proceed smoothly to give the corresponding
product under the standard conditions [3wa (Scheme 2)].
Second, as another reaction partner, aryl iodides (2b—2g) were
then investigated under the optimized conditions. A variety of
substituents (such as Me, OMe, F, Ph, and naphthyl) were
applicable, and the corresponding products 3ab—3ag can be
obtained in good yields. Nevertheless, the reaction of ortho-
substituted aryl iodides such as 2-methyl iodobenzene and 2-
methoxy iodobenzene gave a complex mixture with a low level
of conversion, which is probably the result of the steric
hindrance of the ortho substituent.

Regioselectivity issues may potentially exist in this cascade
process when asymmetrically substituted 2-aryl benzimidazoles
or aryl halides are used. Thus, the regioselectivity of the
reaction was then investigated with aryl iodides as arylating
reagents (Scheme 3). For substrates 1p—1s bearing sub-
stituents at the meta position of the 2-aryl moiety, there are two
possible C—H activation sites (C2 and C6), but the arylation
process occurred only at the most sterically accessible site, C6,
to give single regioisomers (3pa—3sa). More interestingly, f-
naphthyl substrate 1t also provided a single product 3ta in 71%
yield through f-site specific C—H activation. The complete
turnover of site selectivity («/f3) implies that the first direct C—
H arylation process is not an outcome of electrophilic aromatic
substitutions.'” 4- or 5-monosubstituted substrates were then
investigated to elucidate the influence of the steric effect on the
regioselectivity in the Pd-catalyzed oxidative C—N formation
step. For 4-methyl-substituted benzimidazoles, oxidative C—H
amination occurred specifically at the sterically accessible N
atom to give single products 3of and 3ua (Scheme 3); however,
S-substituted substrate 1v gave a 3:1 mixture 3va in 83% yield.
On the other hand, the use of meta-substituted aryl iodides,
such as 3-methyl iodobenzene [giving 3ag (Scheme 2)] and 3-
methoxy iodobenzene [giving 3ah (Scheme 3)], may also lead
to regioselectivity preferences in the aerobic oxidative
amination step. Similarly, the C—H amination occurred
specifically at C6 of meta-substituted aryl iodides in good
yields. The C—H amination process at C2 was completely
inhibited, probably because of the strong steric repulsion
between the meta substituent and the palladium center.

Attempts to extend the substrates from aryl iodides to less
reactive aryl bromides and chlorides were then conducted. As
shown in Table 2, the present catalytic reaction was compatible
with aryl chlorides (entries 1—5) and aryl bromides (entries 6—
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Scheme 2. Pd-Catalyzed Annulation of Benzimidazoles with Aryl Iodides™”
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“Reaction conditions: 1 (0.2 mmol), 2 (0.6 mmol), K,CO4 (0.6 mmol), PACl, (0.02 mmol), Xphos (0.04 mmol), DMF (2.0 mL), 160 °C, 72 h, air.
bYields of isolated products. “The reaction was performed at the 0.5 mmol scale. de(OAc)z was used. “°Cs,CO; was used.

10), affording the corresponding products in moderate yields.
In general, the yield for the aryl halide substrates follows the
order aryl iodide > aryl bromide > aryl chloride. The observed
trend is consistent with the chemical reactivity of aryl halides.

The reaction of 1a and 4-methyl iodobenzene 2b gave 3ab in
82% yield, and 'H and "*C NMR spectroscopy data of 3ab were
consistent with the reported literature.'” It is important to
note that isomer 3ag, formed probably by Pd-catalyzed tandem
N-arylation/oxidative C—C bond formation process, was not
observed in the reaction. Consequently, the transformation
appears to comprise intermolecular C—H arylation/intra-
molecular aerobic oxidative C—H amination. To gain further
insight into the mechanism of the reaction, the reactivity of two
possible intermediates 1x and 1y was examined under standard
conditions. 1x can be transformed to 3aa in 38% yield (eq 1 in
Scheme 4); however, for 1y, the reaction cannot proceed even
by using other oxidants'® (eq 2 in Scheme 4).

On the basis of the results described above, a possible
catalytic cycle is outlined in Scheme 5. The initial step involved
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the coordination of benzimidazole 1a to a Pd" species to form
5, which was followed by an ortho C—H activation to form a
five-membered palladacycle 6. The oxidative addition of 6 by
aryl halide 2 gave Pd" species 7. Complex 7 underwent C—C
reductive elimination to afford ortho-arylated intermediate 8
and a Pd" species. Similarly, 8 was then transformed into a new
seven-membered palladacycle 9 through C—H activation.
Subsequent K,COj-promoted deprotonation of the N—H
group in 9 led to N—Pd bond formation, affording intermediate
10. Palladacycle 10 underwent C—N reductive elimination to
afford the desired product 3aa and a Pd° species, which was
oxidized by O, to regenerate the active Pd" species'® for the
next catalytic cycle.

In summary, we have developed a Pd(II)-catalyzed 2-fold
arylation process via a tandem C—H arylation/aerobic oxidative
C—H amination sequence. This method allows the rapid
synthesis of diverse heteropolycyclic aromatic compounds from
2-arylbenzimidazoles and aryl halides in good yields with
excellent regioselectivities. This Pd(II)-catalyzed tandem

DOI: 10.1021/j0502632b
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Scheme 3. Regioselectivity of the Pd-Catalyzed Cascade
Annulation Reaction®”

10 mol% PdCl,
@[ >_© G __20 mol% Xphos 3
|<2co3 DMF

3 equiv 160 C, 72 h, air
2
OMe Me Cl
CL, L ”
Y ~> OO
N N N
3pa, 83% 3qa, 45% 3ra, 27%
Me
Me
(:[N N N
eV, CL~<5 eV
N Me N N OMe
3sa®d, 75% 3ta, 71% 3ua’, 40%

Me
N

CO-0)
s

30f°, 66%
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“Reaction conditions: 1 (0.2 mmol), 2 (0.6 mmol), K,CO, (0.6
mmol), PdCl, (0.02 mmol), Xphos (0.04 mmol), DMF (2.0 mL), 160
°C 72 h, air. ®Yields of isolated products. “Pd(OAc), was used.
4Cs,CO; was used. “Determined by NMR.

Table 2. Annulation of Benzimidazoles with Aryl Bromides

and Chlorides”
N
N oo
@ \>_Ar1 + Ar2X N @
N

10 mol% PdCl,
20 mol% Xphos

H X=8r.cCl 1&%9837';':/,'2" @
1 4 3

entry 1 4 product yield (%)°
1 la PhCl 3aa 33

2 1b PhCl 3ba 61

3 1c PhCl 3ca 44

4 1j PhC 3ja 49

5¢ 11 PhCl 3la 56

6 la PhBr 3aa SS

7¢ 11 PhBr 3la 61

8¢ la p-Me-C4,H, Br 3ab 36

9° la p-MeO-C¢H,Br 3ac 45
10° la p-F-C¢H,Br 3ad 30

“Reaction conditions: benzimidazoles 1 (0.2 mmol), aryl bromides or
chlorides 4 (0.6 mmol), K,CO; (0.6 mmol), PACl, (0.02 mmol),
Xphos (0.04 mmol), DMF (2.0 mL), 160 °C, 72 h, air. "Yields of
isolated products. “Pd(OAc), was used.

double arylation will provide a useful tool for the discovery of
fluorescent materials and drugs.

B EXPERIMENTAL SECTION

General Methods. Chemicals were all purchased from commercial
supplies and used without further purification unless otherwise stated.
Solvents were dried and purified according to the standard procedures
before use. Reactions were monitored by TLC. 2-Aryl benzimidazoles
(la—1k and 1n-1x),"® 2-aryl-1H-phenanthro[9,10-d]imidazoles (11
and 1m),*® and 1,2-diphenyl-1H-benzo[d]imidazole 1y*' were
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10 mol% PdCl,

Scheme 4. Investigation of the Reaction Mechanism
__20 mol% Xphos
K,COy, DMF
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% md  3ab, 82% 3ag, 0% Me
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10 mol% PdCl,
20 mol% Xphos
K,CO3, DMF
160 C, 24 h, air
38%

10 mol% PdCl,
20 mol% Xphos
K,CO3, DMF
160 'C, 24 h, air

prepared according to the literature methods. All reactions were
conducted in dried glassware. Melting points were determined on a
melting point apparatus in open capillaries and are uncorrected. 'H
NMR spectra were recorded on a 400 MHz spectrometer, and *C
NMR spectra were recorded at 100 MHz. Unless otherwise stated,
deuterochloroform (CDCl,) was used as a solvent. Chemical shifts ()
are given in parts per million downfield relative to tetramethylsilane
(TMS, 0.00 ppm). The splitting patterns are reported as s (singlet), d
(doublet), dd (double doublet), t (triplet), and m (multiplet).
Coupling constants are given in hertz. High-resolution mass spectra
were recorded on a BIO TOF Q mass spectrometer.

General Procedures for One-Pot Synthesis of Benzimida-
zole-Fused Phenanthridines. A 25 mL Schlenk tube equipped with
a magnetic stirring bar was charged with 2-arylbenzimidazoles (0.2
mmol, 1.0 equiv), aryl halides (0.6 mmol, 3.0 equiv), and K,CO; (82.5
mg, 0.6 mmol, 3.0 equiv), and then PdCl, (0.02 mmol, 3.5 mg) or
Pd(OAc), (0.02 mmol, 4.6 mg) and Xphos (0.04 mmol, 19 mg) were
added. Finally, DMF (2.0 mL) was added to the mixture via syringe at
room temperature under air. The tube was sealed and put into a
preheated oil bath at 160 °C for 72 h. The mixture was cooled to room
temperature, quenched with water (S mL), and diluted with ethyl
acetate (8 mL). The layers were separated, and the aqueous layer was
extracted with 2 X 8 mL of ethyl acetate. The combined organic
extracts were dried over anhydrous sodium sulfate, filtered, and
concentrated in vacuo. The crude product was then purified by flash
chromatography on silica gel (H), eluting with 3—10% ethyl acetate/
petroleum ether.

Benzol[4,5]imidazo[1,2- f]phenanthrldlne (3aa). Pale yellow
solid. Mp: 145—147 °C (Lit."° mp 144—146 °C). Yield: 90%
(48.3 mg). "H NMR (CDCl,, 400 MHz): § 8.62 (1H, d, ] = 8.0 Hz),
8.08 (1H, d, J = 8.0 Hz), 8.00—7.91 (4H, m), 7.46 (2H, d, ] = 7.2 Hz),
7.39 (1H, t, ] = 8.0 Hz), 7.29 (2H, m), 7.12—7.10 (1H, m). *C NMR
(CDCl,, 100 MHz): § 1472, 144.3, 134.1, 131.7, 130.2, 129.2, 128.8,
128.4, 125.8, 124.1, 124.0, 123.8, 1232, 122.7, 122.0, 1213, 1202,
115.7, 113.8.

2-Methyl-benzo[4,5]imidazo[1,2-f]phenanthridine (3ab).
White solid. Mp: 184—186 °C (Lit.'" mp 187—189 °C). Yield: 82%
(46.3 mg). "H NMR (CDCl,, 400 MHz): § 8.75—8.73 (1H, m), 8.14
(1H, d, J = 8.0 Hz), 8.10 (1H, d, J = 8.0 Hz), 8.05 (1H, s), 8.04 (1H, d,
J = 8.0 Hz), 8.00 (1H, d, ] = 8.0 Hz), 7.61—7.53 (2H, m), 7.48—7.44
(1H, m), 7.41-7.37 (1H, m), 7.06 (1H, d, ] = 8.0 Hz), 243 (3H, s).
BC NMR (CDCl;, 100 MHz): § 147.8, 144.6, 134.5, 132.3, 131.9,
130.9, 1304, 129.7, 1282, 126.1, 125.6, 124.1, 123.1, 122.8, 122.0,
1204, 119.3, 116.3, 114.0, 22.0.

2-Methoxy-benzo[4,5]imidazo[1,2-f]phenanthridine (3ac).
White solid. Mp: 217—219 °C (Lit.'* mp 219-221 °C). Yield: 76%
(45.3 mg). '"H NMR (CDCl;, 400 MHz): § 8.83 (1H, d, J = 8.0 Hz),
8.35 (1H, d, ] = 9.2 Hz), 8.29—8.27 (2H, m), 8.06—8.01 (2H, m), 7.69
(1H, m), 7.61 (1H, m), 7.52—7.46 (2H, m), 7.0 (1H, d, ] = 8.0 Hz),
4.02 (3H, s). 3C NMR (CDCl,;, 100 MHz): § 160.3, 147.9, 144.6,
135.5, 131.7, 130.4, 129.7, 127.5, 126.0, 125.4, 124.1, 122.7, 122.2,
121.6, 120.3, 115.0, 113.7, 110.8, 101.3, 55.6.
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Scheme 5. Proposed Catalytic Pathway
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2-Fluoro-benzo[4,5]imidazo[1,2-f]phenanthridine (3ad).
White solid. Mp: 168—169 °C. Yield: 61% (35 mg). 'H NMR
(CDCl,, 400 MHz): 6 8.80 (1H, d, J = 8.0 Hz), 8.37 (1H, t, ] = 8.0
Hz), 8.23—8.15 (3H, m), 8.03 (1H, d, ] = 8.0 Hz), 7.71-7.61 (2H, m),
7.54—7.46 (2H, m), 7.18 (1H, t, ] = 8.0 Hz). *C NMR (CDCl,, 100
MHz): § 162.6 (d, ] = 167 Hz), 147.4, 144.4, 135.0, 131.7, 130.7,
1289, 1284, 126.0, 1259 (d, ] = 7 Hz), 124.4, 123.2, 122.8, 122.0,
120.5,118.0 (d, J = 3 Hz), 113.5, 112.0 (d, ] = 15 Hz), 103.2 (d, ] = 18
Hz). HRMS-ESI: [M + Na]* calcd for C,gH,,FN,Na m/z 309.0804,
found m/z 309.0806.
11,12-Dimethyl-2-phenyl-benzo[4,5]imidazo[1,2-f]-
phenanthridine (3ne). White solid. Mp: 246—248 °C. Yield: 58%
(43.2 mg). '"H NMR (CDCl,;, 400 MHz): § 8.85 (1H, dd, ] = 8.0, 1.2
Hz), 8.74 (1H, d, J = 1.2 Hz), 8.52 (1H, d, ] = 8.4 Hz), 8.38 (1H, d, J
= 8.0 Hz), 8.12 (1H, s), 7.81-7.79 (3H, m), 7.74—7.70 (3H, m),
7.68—7.64 (3H, m), 2.53 (3H, s), 2.48 (3H, s). *C NMR (CDCl,, 100
MHz): § 147.1, 143.2, 142.1, 140.4, 135.0, 133.3, 132.2, 130.4, 130.1,
129.2, 128.5, 128.1, 127.5, 127.4, 127.0, 125.9, 124.6, 123.2, 122.3,
120.7, 120.4, 114.4, 114.2, 21.2, 20.4. HRMS-ESI: [M + Na]* calcd for
C,;H,)N,Na m/z 395.1524, found m/z 395.1527.
10-Methyl-benzo[albenzo[4,5]imidazo[1,2-f]-
phenanthridine (3of). White solid. Mp: 193—195 °C. Yield: 66%
(43.8 mg). '"H NMR (CDCl,;, 400 MHz): § 9.03 (1H, dd, ] = 7.2, 1.6
Hz), 8.90 (1H, d, ] = 8.4 Hz), 8.76 (1H, dd, ] = 8.4, 1.2 Hz), 8.69 (1H,
d,J=9.2Hz), 822 (1H, d, ] = 8.0 Hz), 8.07 (1H, d, ] = 8.8 Hz), 8.00
(1H, d, J = 8.0 Hz), 7.74-7.64 (3H, m), 7.57 (1H, d, ] = 7.6 Hz),
7.39—7.32 (2H, m), 2.89 (3H, s). *C NMR (CDCl,;, 100 MHz): §
147.0, 144.2, 133.1, 131.4, 131.3, 130.5, 130.3, 129.8, 129.5, 129.3,
128.6, 127.9, 127.8, 127.2, 127.0, 126.3, 125.4, 124.6, 124.5, 122.5,
117.1, 115.1, 111.5, 17.2. HRMS-ESI: [M + Na]" caled for
C,,H,(N,Na m/z 355.1211, found m/z 355.1213.
3-Methyl-benzo[4,5]imidazo[1,2-f]phenanthridine (3ag).
White solid. Mp: 201-202 °C. Yield: 71% (40.1 mg). 'H NMR
(CDCl,, 400 MHz): § 8.85 (1H, d, J = 8.0 Hz), 8.39—8.25 (3H, m),
8.20-8.17 (1H, m), 8.04 (1H, d, J = 8.0 Hz), 7.72—7.65 (2H, m),
7.52—7.40 (3H, m), 2.52 (3H, s). *C NMR (CDCl;, 100 MHz): §
147.4, 144.5, 134.0, 132.3, 131.8, 130.3, 130.0, 129.4, 128.4, 126.0,
124.2, 123.9, 123.4, 122.7, 122.2, 121.5, 120.3, 115.7, 113.8, 21.3.
HRMS-ESL: [M + Na]* caled for C,H;,N,Na m/z 305.1055, found
m/z 305.1057.
3-Methoxy-benzo[4,5]limidazo[1,2-f]phenanthridine (3ah).
White solid. Mp: 180—182 °C. Yield: 65% (38.7 mg). 'H NMR
(CDCl,;, 400 MHz): & 8.82 (1H, d, J = 7.2 Hz), 8.37 (1H, d, ] = 8.0
Hz), 8.22—8.20 (2H, m), 8.03 (1H, d, ] = 8.0 Hz), 7.79 (1H, s), 7.69—
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7.62 (2H, m), 7.49 (1H, t, ] = 8.0 Hz), 7.43 (1H, t, ] = 8.0 Hz), 7.16
(1H, 4, J = 8.0 Hz), 3.92 (3H, s). *C NMR (CDCl;, 100 MHz): §
156.0, 147.0, 144.3, 131.6, 130.2, 129.1, 128.6, 128.5, 126.0, 123.8,
123.6, 122.9, 122.7, 1222, 120.2, 116.9, 115.7, 113.5, 107.8, 55.6.
HRMS-ESI: [M + Na]* caled for C,oH;,N,NaO m/z 321.1004, found
m/z 321.1006.
6-Methoxy-benzo[4,5]limidazo[1,2-f]phenanthridine (3ba).
White solid. Mp: 170—171 °C (Lit."°*™® mp 172—174 °C). Yield:
87% (51.9 mg). "H NMR (CDCl,;, 400 MHz): § 8.67 (1H, d, ] = 8.8
Hz), 8.36 (1H, d, ] = 8.4 Hz), 8.18 (2H, d, ] = 8.0 Hz), 7.96 (1H, d, J
= 7.6 Hz), 7.56—7.51 (2H, m), 7.46 (1H, t, ] = 8.0 Hz), 7.41-7.36
(1H, m), 7.32 (1H, t, ] = 8.0 Hz), 7.16 (1H, dd, ] = 8.8, 2.4 Hz), 3.92
(3H, s). 3C NMR (CDCl;, 100 MHz): § 161.3, 147.6, 144.6, 134.5,
1317, 131.1, 129.1, 127.7, 124.1, 124.0, 123.9, 122.3, 121.2, 121.5,
119.9, 116.4, 115.8, 113.7, 105.3, 55.4.
6-Methyl-benzol[4,5]limidazo[1,2-f]phenanthridine (3ca).
White solid. Mp: 156—157 °C (Lit.'”® mp 156—157 °C). Yield:
76% (42.9 mg). '"H NMR (CDCl;, 400 MHz): § 8.67 (1H, d, ] = 8.4
Hz), 842 (1H, d, ] = 8.0 Hz), 8.32 (1H, d, ] = 7.6 Hz), 8.24 (1H, d, ]
= 8.0 Hz), 8.02—7.99 (2H, m), 7.59—7.55 (1H, m), 7.50—7.35 (4H,
m), 2.53 (3H, s). *C NMR (CDCl,;, 100 MHz): § 147.7, 144.6, 140.6,
134.4, 131.8, 129.9, 129.4, 1289, 1259, 1242, 124.0, 123.9, 122.6,
1222, 121.5, 121.0, 120.1, 115.8, 113.8, 22.1.
6-Chloro-benzo[4,5]imidazo[1,2-f]phenanthridine (3da).
Pale yellow solid. Mp: 197—198 °C (Lit.'* 8 mp 198-200 °C).
Yield: 37% (22.4 mg). 'H NMR (CDCl;, 400 MHz): 5 8.75 (1H, d, ]
= 8.4 Hz), 8.50 (1H, d, ] = 8.4 Hz), 8.35—8.28 (3H, m), 8.01 (1H, d, J
= 8.0 Hz), 7.69 (1H, quint, ] = 8.0, 3.2 Hz), 7.60 (1H, d, ] = 8.8 Hz),
7.53—7.45 (3H, m). ®*C NMR (CDCl,, 100 MHz): § 146.7, 144.5,
136.8, 134.7, 131.7, 130.8, 129.8, 128.9, 127.5, 124.5, 124.31, 124.30,
123.2, 122.2, 121.8, 120.5, 120.4, 116.1, 113.9.
Benzo[4,5limidazo[1,2-f]phenanthridine-6-carbonitrile
(3ea). Pale yellow solid. Mp: 256—258 °C (Lit."°% mp 258—260 °C).
Yield: 35% (20.5 mg). "H NMR (CDCl;, 400 MHz): 5 8.92 (1H, d, ]
= 8.0 Hz), 8.62 (1H, s), 8.56 (1H, d, ] = 8.0 Hz), 8.40 (1H, d, ] = 8.0
Hz), 8.34 (1H, d, ] = 8.0 Hz), 8.06 (1H, d, ] = 8.0 Hz), 7.85 (1H, d, J
= 8.0 Hz), 7.77 (1H, t, ] = 8.0 Hz), 7.57-7.52 (3H, m). 3C NMR
(CDCl,, 100 MHz): § 145.6, 144.5, 134.7, 131.8, 130.6, 130.5, 129.7,
127.1, 126.9, 126.4, 125.0, 124.8, 124.4, 124.1, 121.0, 120.1, 118.6,
1162, 114.1, 113.7.
8-Methyl-benzo[4,5]imidazo[1,2-f]phenanthridine (3fa).
White solid. Mp: 141—142 °C (Lit.' mp 141—142 °C). Yield: 32%
(18.1 mg). "H NMR (CDCl,, 400 MHz): & 8.62—8.18 (4H, m), 7.85—
7.40 (7H, m), 3.39 (3H, s). *C NMR (CDCl;, 100 MHz): § 148.0,
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144.5, 139.6, 134.4, 131.7, 130.8, 130.7, 129.2, 128.8, 124.5, 124.2,
123.6, 122.9, 122.4, 122.2, 120.7, 120.1, 115.6, 113.8, 25.3.

8-Methyl-benzo[4,5]imidazo[1,2-f]phenanthridine (3ga).
White solid. Mp: 188—189 °C. Yield: 44% (26.1 mg). '"H NMR
(CDCl,;, 400 MHz): 6 8.63 (1H, s), 8.56—8.51 (2H, m), 8.29 (1H, dd,
J=72,1.6 Hz), 801 (1H, d, J = 8.0 Hz), 7.63—7.58 (1H, m), 7.51—
7.39 (3H, m), 7.35 (1H, s), 2.93 (3H, s), 2.51 (3H, s). *C NMR
(CDCl,, 100 MHz): & 148.4, 144.8, 137.9, 136.4, 134.8, 134.3, 131.7,
1284, 127.9, 126.7, 124.8, 124.3, 124.0, 123.5, 123.2, 122.6, 120.2,
115.8, 113.9, 25.9, 20.9. HRMS-ESI: [M + Na]* caled for C,;H;(N,Na
m/z 319.1211, found m/z 319.1213.

Benzo[4,5]imidazo[1,2-a]thieno[2,3-clquinoline (3ha). Pale
yellow solid. Mp: 187—188 °C (Lit."°f mp 190—194 °C). Yield:
85% (46.6 mg). "H NMR (CDCl,;, 400 MHz): § 8.59 (1H, d, ] = 8.0
Hz), 8.35 (1H, d, ] = 8.0 Hz), 8.18 (1H, d, ] = 8.0 Hz), 8.03 (1H, d, J
= 8.0 Hz), 7.81-7.80 (1H, m), 7.72—7.66 (2H, m), 7.54—7.45 (3H,
m). 3C NMR (CDCl,, 100 MHz): § 144.9, 144.7, 137.3, 134.2, 131.4,
129.9, 128.4, 126.6, 1252, 124.3, 122.7, 122.5, 120.5, 120.2, 115.9,
113.8.

Benzo[4,5]imidazo[1,2-alfuro[2,3-clquinoline (3ia). Pale yel-
low solid. Mp: 156—157 °C (Lit."% mp 156—157 °C). Yield: 64% (33
mg). 'H NMR (CDCl;, 400 MHz): § 8.64 (1H, d, ] = 8.0 Hz), 8.39
(1H, d, J = 8.0 Hz), 8.06 (2H, d, ] = 8.0 Hz), 7.90 (1H, m), 7.70 (1H,
m), 7.54—7.49 (3H, m), 7.19 (1H, m). *C NMR (CDCl,;, 100 MHz):
5 1469, 144.8, 141.0, 140.3, 133.9, 1314, 127.9, 125.1, 124.4, 124.3,
123.9, 122.8, 120.7, 118.8, 115.9, 113.7, 106.2.

Benzo[ilbenzo[4,5]imidazo[1,2-f]phenanthridine (3ja). White
solid. Mp: 237—238 °C (Lit.'"® mp 237-238 °C). Yield: 80% (50.9
mg). '"H NMR (CDCl;, 400 MHz): 6 11.02 (1H, d, ] = 8.4 Hz), 8.72
(1H, dd, J = 7.6, 0.8 Hz), 8.65 (1H, dd, ] = 8.4, 1.2 Hz), 8.51 (1H, d, J
=9.2 Hz), 8.47 (1H, d, ] = 8.0 Hz), 8.20 (1H, dd, J = 7.2, 1.2 Hz), 8.16
(1H, d, J = 8.8 Hz), 8.00 (1H, d, ] = 7.6 Hz), 7.93—7.89 (1H, m),
7.80—7.76 (1H, m), 7.73—7.69 (1H, m), 7.61-7.52 (3H, m). *C
NMR (CDCl;, 100 MHz): § 147.6, 144.7, 134.5, 133.3, 131.6, 130.8,
130.7, 129.4, 129.2, 128.4, 1282, 127.0, 124.9, 124.3, 124.1, 123.0,
121.9, 120.8, 119.7, 118.9, 115.7, 114.0.

11,12-Dichloro-benzo[4,5]imidazo[1,2-f]phenanthridine
(3ka). White solid. Mp: 231—232 °C (Lit."% mp 231-232 °C). Yield:
36% (24.2 mg). "H NMR (CDCl,, 400 MHz): & 8.77 (1H, dd, ] = 8.0,
1.2 Hz), 8.47 (1H, dd, = 8.0, 1.2 Hz), 8.38 (1H, s), 8.36 (1H, d, ] =
8.4 Hz), 8.31 (1H, d, ] = 8.4 Hz), 8.04 (1H, s), 7.78—7.66 (3H, m),
7.54 (1H, t, ] = 8.0 Hz). *C NMR (CDCI,, 100 MHz): § 149.1, 144.0,
133.6, 131.1, 130.8, 129.7, 129.5, 128.8, 128.2, 126.5, 126.2, 125.1,
124.4, 122.9, 122.4, 121.8, 121.1, 115.7, 115.1.

Phenanthro[9,10-dlimidazo[1,2-f]phenanthridine (3la).
White solid. Mp: 293—294 °C. Yield: 75% (552 mg). '"H NMR
(CDCl,;, 400 MHz): & 8.96—8.91 (2H, m), 8.80 (1H, d, ] = 8.4 Hz),
8.73 (1H, d, J = 8.0 Hz), 8.47—8.40 (4H, m), 7.77 (1H, t, ] = 7.6 Hz),
7.73—=7.69 (3H, m), 7.64—7.54 (4H, m). *C NMR (CDCl;, 100
MHz): § 147.8, 141.5, 133.6, 129.7, 129.6, 129.4, 129.0, 128.7, 127.4,
1272, 127.1, 126.4, 125.5, 125.4, 125.2, 125.1, 124.7, 124.6, 124.2,
124.1, 123.8, 123.4, 123.2, 123.1, 123.0, 122.3, 119.5. HRMS-ESI: [M
+ Na]* caled for Cp,H ¢N,Na m/z 391.1211, found m/z 391.1214.

6-Methoxy-phenanthro[9,10-d]limidazo[1,2-f]-
phenanthridine (3ma). White solid. Mp: 160—162 °C. Yield: 32%
(25.5 mg). "H NMR (CDCl,, 400 MHz): § 8.89 (1H, d, ] = 8.0 Hz),
8.77 (2H, d, J = 8.0 Hz), 8.71 (1H, d, ] = 8.0 Hz), 8.39 (1H, d, ] = 8.0
Hz), 8.34—8.29 (2H, m), 7.77-7.66 (3H, m), 7.59—7.44 (4H, m),
7.23 (1H, d, ] = 8.0 Hz), 3.98 (3H, s). *C NMR (CDCl,;, 100 MHz):
5 161.0, 148.0, 141.3, 133.8, 131.2, 129.6, 128.8, 127.4, 127.3, 127.2,
127.0, 126.4, 125.3, 125.1, 124.8, 124.7, 124.6, 123.9, 123.7, 123.4,
123.0, 122.9, 122.8, 119.6, 117.8, 116.6, 105.6, 55.6. HRMS-ESI: [M +
Na]* caled for C,gHgN,NaO m/z 421.1317, found m/z 421.1318.

2-Methyl-phenanthro[9,10-d]imidazo[1,2-f]phenanthridine
(3Ib). White solid. Mp: 258—260 °C. Yield: 46% (35.2 mg). '"H NMR
(CDCl,;, 400 MHz): 6 8.97 (1H, d, J = 8.0 Hz), 8.94—8.92 (1H, m),
8.83 (1H, d, J = 8.4 Hz), 8.76 (1H, d, ] = 8.4 Hz), 8.50 (1H, d, ] = 8.0
Hz), 8.39—8.37 (1H, m), 8.33 (1H, d, ] = 8.0 Hz), 8.26 (1H, s), 7.80
(1H, t, J = 7.2 Hz), 7.75—7.69 (3H, m), 7.67—7.57 (2H, m), 7.36 (1H,
d, J = 8.0 Hz), 2.53 (3H, s). ®*C NMR (CDCl;, 100 MHz): 5147.9,
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1414, 137.7, 133.5, 129.7, 129.5, 129.0, 1282, 127.4, 127.2, 126.4,
125.5, 1252, 125.0, 124.5, 124.4, 124.0, 123.9, 123.8, 123.4, 123.2,
123.0, 122.0, 120.6, 119.8, 21.5. HRMS-ESI: [M + Na]* calcd for
C,sH N,Na m/z 405.1368, found m/z 405.1371.

7-Methoxy-benzo[4,5]limidazo[1,2-f]phenanthridine (3pa).
White solid. Mp: 168—169 °C (Lit."°® mp 163—165 °C). Yield:
83% (49.5 mg). '"H NMR (CDCl,, 400 MHz): 5 8.30 (1H, d, ] = 8.0
Hz), 8.18 (1H, d, ] = 8.0 Hz), 8.10 (1H, d, ] = 8.0 Hz), 8.07 (1H, m),
8.00 (2H, t, ] = 8.0 Hz), 7.48—7.37 (3H, m), 7.27 (1H, t, ] = 8.0 Hz),
7.14 (1H, dd, ] = 8.0, 4.0 Hz), 3.97 (3H, s). *C NMR (CDCl,, 100
MHz): § 159.7, 147.1, 144.3, 133.2, 131.8, 127.7, 124.5, 124.1, 123.9,
123.8, 123.3, 122.9, 122.7, 121.5, 120.2, 120.1, 115.6, 113.9, 106.2,
55.8.

7-Methyl-benzo[4,5]imidazo[1,2-flphenanthridine (3qa).
Pale yellow solid. Mp: 158—159 °C (Lit.'% mp 158-159 °C).
Yield: 45% (25.4 mg). "H NMR (CDCl,, 400 MHz): § 8.60 (1H, s),
8.45—8.41 (1H, m), 8.31-8.24 (2H, m), 8.14—8.11 (1H, m), 8.01
(1H, d, J = 8.0 Hz), 7.59—7.54 (1H, m), 7.51-7.37 (4H, m), 2.53
(3H, s). °C NMR (CDCl;, 100 MHz): § 147.5, 144.5, 138.8, 134.0,
1319, 131.7, 128.5, 127.0, 125.7, 124.3, 124.0, 123.9, 123.2, 122.7,
1222, 121.7, 120.3, 115.8, 113.9, 21.3.

7-Chloro-benzo[4,5]imidazo[1,2-flphenanthridine (3ra).
White solid. Mp: 216—217 °C (Lit."*® mp 216—217 °C). Yield: 27%
(16.3 mg). '"H NMR (CDCly, 400 MHz): § 8.78 (1H, s), 8.46 (1H, d,
J=8.0 Hz), 8.32—8.26 (2H, m), 8.19 (1H, d, ] = 8.0 Hz), 8.01 (1H, d,
J = 80 Hz), 7.67-7.58 (2H, m), 7.54—7.42 (3H, m). *C NMR
(CDCl,, 100 MHz): § 146.4, 144.7, 135.0, 134.5, 132.1, 130.9, 129.7,
128.0, 125.7, 124.9, 124.8, 124.7, 124.4, 124.2, 123.6, 121.1, 120.8,
116.3, 114.3.

6,7-Dimethyl-benzo[4,5]imidazo[1,2-f]phenanthridine (3sa).
White solid. Mp: 177—178 °C. Yield: 75% (44.4 mg). '"H NMR
(CDCl,;, 400 MHz): § 8.50 (1H, m), 8.45—8.38 (1H, m), 8.31—8.25
(2H, m), 8.00 (1H, d, J = 8.0 Hz), 7.97-7.91 (1H, m), 7.55—7.34
(4H, m), 2.41 (6H, s). *C NMR (CDCl;, 100 MHz): § 147.6, 144.5,
139.8, 138.0, 134.1, 131.8, 128.3, 127.3, 126.1, 124.1, 123.9, 123.7,
122.7, 122.4, 121.6, 121.1, 120.1, 115.8, 113.8, 20.6, 19.7. HRMS-ESI:
[M + Na]* caled for C,;H,(N,Na m/z 319.1211, found m/z 319.1213.

Benzo[jlbenzo[4,5]imidazo[1,2-f]phenanthridine (3ta).
White yellow solid. Mp: 240—241 °C. Yield: 71% (45.2 mg). 'H
NMR (CDCly, 400 MHz): § 9.14 (1H, s), 8.46 (1H, s), 8.29 (1H, d, J
= 8.0 Hz), 8.22 (1H, d, J = 8.0 Hz), 8.09 (1H, d, ] = 8.0 Hz), 7.97—
7.93 (2H, m), 7.81 (1H, d, ] = 4.0 Hz), 7.47—7.42 (4H, m), 7.37 (1H,
t,J = 8.0 Hz), 7.28 (1H, t, J = 8.0 Hz). *C NMR (CDCl,, 100 MHz):
5 147.8, 144.6, 134.4, 133.9, 132.8, 1322, 129.1, 128.6, 128.3, 127.5,
126.9, 126.7, 125.8, 124.6, 124.4, 124.0, 123.1, 122.0, 121.4, 120.3,
116.1, 113.8. HRMS-ESI: [M + Na]* caled for C,3;H4,N,Na m/z
341.1055, found m/z 341.1057.

10-Methyl-6-methoxy-benzo[4,5]imidazo[1,2-f]-
phenanthridine (3ua). White solid. Mp: 176—177 °C. Yield: 40%
(25 mg). 'TH NMR (CDCl,, 400 MHz): § 8.79 (1H, d, ] = 8.0 Hz),
8.49 (1H, d, J = 8.0 Hz), 8.33 (1H, d, ] = 8.0 Hz), 8.09 (1H, d, ] = 8.0
Hz), 7.69 (1H, s), 7.63 (1H, t, ] = 8.0 Hz), 7.42 (1H, t, ] = 8.0 Hz),
7.32—7.20 (3H, m), 3.97 (3H, s), 2.83 (3H, s). *C NMR (CDCl,, 100
MHz): § 161.3, 147.0, 143.9, 134.8, 131.4, 131.0, 129.9, 129.1, 128.0,
124.2, 124.1, 124.0, 122.2, 121.5, 117.3, 116.4, 116.0, 111.2, 105.3,
55.5, 17.0. HRMS-ESI: [M + Na]* caled for C,H;sN,NaO m/z
335.1160, found m/z 335.1161.

Mixture of 11-Methoxy-benzo[4,5]imidazo[1,2-f]-
phenanthridine and 12-Methoxy-benzo[4,5]imidazo[1,2-f]-
phenanthridine (3va). Inseparable pale yellow solid (3:1). Mp:
138—142 °C. Yield: 83% (49.5 mg). '"H NMR (CDCl,, 400 MHz): §
8.84 (0.3H, d, ] = 8.0 Hz), 8.80 (1H, d, ] = 8.0 Hz), 8.47 (0.3H, d, ] =
8.0 Hz), 8.45—8.43 (2.3H, m), 8.38—8.33 (1.3H, m), 8.19 (0.3H, d, ] =
8.0 Hz), 7.93 (1H, d, J = 8.0 Hz), 7.80 (1H, s), 7.71—7.63 (3.9H, m),
7.50—7.46 (1.6H, m), 7.17 (1H, d, ] = 8.0 Hz), 7.09 (0.3H, d, ] = 8.0
Hz), 4.00 (3H, s), 3.96 (1H, s). *C NMR (CDCl;, 100 MHz): §
157.3, 156.6, 148.0, 147.2, 145.9, 139.3, 134.6, 134.4, 132.4, 130.4,
1302, 129.5, 129.3, 129.2, 128.8, 128.7, 126.5, 126.0, 125.8, 124.5,
124.4, 123.9, 123.5, 122.4, 122.0, 121.7, 120.7, 115.9, 114.5, 112.9,
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112.6, 102.1, 99.0, 56.4, 55.8. HRMS-ESI: [M + Na]* calced for
C,0H4N,NaO m/z 321.1004, found m/z 321.1005.

B ASSOCIATED CONTENT

© Supporting Information
'"H and "*C NMR spectra of the products. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Authors

*E-mail: ccx1759@163.com.

*E-mail: jspeng1998@163.com.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful for the financial support from the Fundamental
Research Funds for the Central Universities (2572014DB04),
the National Natural Science Foundation of China (31300286
and 31400294), the China Postdoctoral Science Foundation
(20110491013 and 2012T50319), and a Heilongjiang Post-
doctoral Grant (LBH-Z11251).

B REFERENCES

(1) Selected recent reviews on C—H activations: (a) Crabtree, R. H,,
Ed. Chem. Rev. 2010, 110, 575—1211 (special issue on selective
functionalization of C—H bonds). (b) Davies, H. M., Du Bois, J., Yu,
J--Q., Eds. Chem. Soc. Rev. 2011, 40, 1855—2038 (special issue on C—
H functionalization in organic synthesis). (c) Wencel-Delord, J.;
Droge, T.; Liu, F; Glorius, F. Chem. Soc. Rev. 2011, 40, 4740.
(d) Song, G.; Wang, F; Li, X. Chem. Soc. Rev. 2012, 41, 3651.
(e) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112,
5879. (f) Yamaguchi, J.; Yamaguchi, A. D.; Itami, K. Angew. Chem.
2012, 124, 9092; Angew. Chem., Int. Ed. 2012, 51, 8960. (g) Chen, D.
Y.-K; Youn, S. W. Chem.—Eur. J. 2012, 18, 9452. (h) Kuhl, N,;
Hopkinson, M. N.; Wencel-Delord, J.; Glorius, F. Angew. Chem. 2012,
124, 10382; Angew. Chem., Int. Ed. 2012, 51, 10236. (i) Rouquet, G;
Chatani, N. Angew. Chem. 2013, 125, 11942; Angew. Chem., Int. Ed.
2013, 52, 11726.

(2) Selected reviews on chelation-assisted Pd-catalyzed C-H
functionalizations: (a) Daugulis, O.; Do, H.-Q.; Shabashov, D. Acc.
Chem. Res. 2009, 42, 1074. (b) Lyons, T. W.; Sanford, M. S. Chem. Rev.
2010, 110, 1147. (c) Engle, K. M.; Mei, T.-S.; Wasa, M,; Yu, J.-Q. Acc.
Chem. Res. 2012, 45, 788. (d) Li, D.; He, C.; Cai, H.; Wang, G. Youji
Huaxue 2013, 33, 203. (e) Wu, Y,; Wang, J.; Mao, F.; Kwong, F. Y.
Chem.—Asian J. 2014, 9, 26. (f) Giri, R;; Thapa, S.; Kafle, A. Adv.
Synth. Catal. 2014, 356, 1395. (g) Dastbaravardeh, N.; Christakakou,
M.,; Haider, M.; Schniirch, M. Synthesis 2014, 46, 1421.

(3) (a) Alberico, D.; Scott, M. E.; Lautens, M. Chem. Rev. 2007, 107,
174. (b) Ackermann, L.; Vicente, R.; Kapdi, A. R. Angew. Chem. 2009,
121, 9976; Angew. Chem., Int. Ed. 2009, 48, 9792.

(4) Selected reviews: (a) Zalatan, D. N.; Du Bois, J. Top. Curr. Chem.
2010, 292, 347. (b) Cho, S. H; Kim, J. Y.; Kwak, J.; Chang, S. Chem.
Soc. Rev. 2011, 40, 5068. (c) Louillat, M.-L.; Patureau, F. W. Chem. Soc.
Rev. 2014, 43, 901. Selected Pd-catalyzed amination of aromatic C—H
bonds: (d) Tsang, W. C. P.; Zheng, N.; Buchwald, S. L. J. Am. Chem.
Soc. 2008, 127, 14560. (e) Thu, H.-Y.; Yu, W.-Y.; Che, C.-M. J. Am.
Chem. Soc. 2006, 128, 9048. (f) Inamoto, K.; Saito, T.; Katsuno, M,;
Sakamoto, T.; Hiroya, K. Org. Lett. 2007, 9, 2931. (g) Tsang, W. C. P.;
Munday, R. H,; Brasche, G.; Zheng, N.; Buchwald, S. L. J. Org. Chem.
2008, 73, 7603. (h) Wasa, M.; Yu, J. J. Am. Chem. Soc. 2008, 130,
14058. (i) Jordan-Hore, J. A.; Johansson, C. C. C.; Gulias, M.; Beck, E.
M.; Gaunt, M. J. J. Am. Chem. Soc. 2008, 130, 16184. (j) Neumann, J.
J.; Rakshit, S.; Droge, T.; Glorius, F. Angew. Chem. 2009, 121, 7024;
Angew. Chem,, Int. Ed. 2009, 48, 6892. (k) Xiao, Q; Wang, W.-H.; Liu,
G.; Meng, F.-K; Chen, J.-H,; Yang, Z.; Shi, Z.-J. Chem.—Eur. ]. 2009,

2833

15, 7292. (1) Mei, T.-S.; Wang, X.; Yu, J.-Q. J. Am. Chem. Soc. 2009,
131, 10806. (m) Haffemayer, B.; Gulias, M.; Gaunt, M. J. Chem. Sci.
2011, 2, 312. (n) Kumar, R. K; Ali, M. A; Punniyamurthy, T. Org.
Lett. 2011, 13, 2102. (o) Youn, S. W.; Bihn, J. H.; Kim, B. S. Org. Lett.
2011, 13, 3738. (p) Yoo, E.J.; Ma, S.; Mei, T.-S.; Chan, K. S. L,; Yu, J.-
Q. J. Am. Chem. Soc. 2011, 133, 7652. (q) Kumar, R. K;
Punniyamurthy, T. RSC Adv. 2012, 2, 4616. (r) Mei, T.-S.; Leow,
D.; Xiao, H; Laforteza, B. N.; Yu, J.-Q. Org. Lett. 2013, 15, 30S8.
(s) Shrestha, R.;; Mukherjee, P.; Tan, Y.; Litman, Z. C.; Hartwig, J. F. J.
Am. Chem. Soc. 2013, 135, 8480. (t) Chng, L. L,; Yang, J.; Wei, Y,;
Ying, J. Y. Chem. Commun. 2014, 50, 9049. (u) Yang, W.; Chen, J,;
Huang, X,; Ding, J.; Liu, M.; Wu, H. Org. Lett. 2014, 16, 5418.

(5) (a) Wang, G.-W.; Yuan, T.-T.; Li, D.-D. Angew. Chem. 2011, 123,
1416; Angew. Chem., Int. Ed. 2011, S0, 1380. (b) Karthikeyan, J;
Cheng, C.-H. Angew. Chem. 2011, 123, 10054; Angew. Chem., Int. Ed.
2011, 50, 9880. (c) Fan, Z.; Wu, K; Xing, L.; Yao, Q.; Zhang, A. Chem.
Commun. 2014, 50, 1682. (d) Deng, Y,; Gong, W.; He, J; Yu, J.-Q.
Angew. Chem. 2014, 126, 6810; Angew. Chem., Int. Ed. 2014, 53, 6692.

(6) Selected recent examples of Pd-catalyzed dual C—H activation/
functionalization tandem processes: (a) Thirunavukkarasu, V. S
Parthasarathy, K.; Cheng, C.-H. Angew. Chem. 2008, 120, 9604; Angew.
Chem., Int. Ed. 2008, 47, 9462. (b) Sun, C.-L;; Liu, N; Li, B.J.; Yu, D.-
G.; Wang, Y.; Shi, Z.-J. Org. Lett. 2010, 12, 184. (c) Gandeepan, P.;
Parthasarathy, K; Cheng, C.-H. ]. Am. Chem. Soc. 2010, 132, 8569.
(d) Thirunavukkarasu, V. S.; Cheng, C.-H. Chem.—Eur. ]. 2011, 17,
14723. (e) Sun, C.-L; Liu, J.; Wang, Y.; Zhou, X,; Li, B.-J.; Shi, Z.-].
Synthesis 2011, 7, 883. (f) Wan, J.-C.; Huang, J.-M.; Jhan, Y.-H.; Hsieh,
J.-C. Org. Lett. 2013, 1S, 2742. (g) Zhao, J.; Asao, N.; Yamamoto, Y.;
Jin, T. J. Am. Chem. Soc. 2014, 136, 9540.

(7) (a) Baik, C.; Kim, D.; Kang, M.-S; Song, K; Kang, S. O.; Ko, J.
Tetrahedron 2009, 65, 5302. (b) Lee, K. H.; Oh, S.; Lee, S. J.; Kim, Y.
K.; Yoon, S. S. Mol. Cryst. Lig. Cryst. 2012, 563, 206. (c) Chen, J.-J.; Li,
K.-T.; Yang, D.-Y. Org. Lett. 2011, 13, 1658.

(8) (a) Ishikawa, T. Med. Res. Rev. 2001, 21, 61. (b) Parenty, A. D.
C.; Smith, L. V,; Guthrie, K. M; Long, D.-L.; Plumb, J.; Brown, R;
Cronin, L. J. Med. Chem. 2005, 48, 4504. (c) Bernardo, P. H.; Wan, K.-
F.; Sivaraman, T.; Xu, J.; Moore, F. K; Hung, A. W.; Mok, H. Y. K;;
Yu, V. C; Chai, C. L. L. J. Med. Chem. 2008, 51, 6699.

(9) Ishikawa, T.; Ishii, H. Heterocycles 1999, S0, 627.

(10) For the selected recent reports for the synthesis of (hetero)aryl-
fused phenanthridines, see: (a) Xie, C.; Zhang, Y.; Huang, Z.; Xu, P. J.
Org. Chem. 2007, 72, 5431. (b) Cerna, L; Pohl, R.; Klepetirov4, B.;
Hocek, M. J. Org. Chem. 2010, 75, 2302. (c) Hu, Y.; Sun, Y,; Hu, J;
Zhu, T.; Yu, T.; Zhao, Q. Chem.—Asian J. 2011, 6, 797. (d) Takeda,
D.; Hirano, K; Satoh, T.; Miura, M. Heterocycles 2012, 86, 487.
(e) Yan, L.; Zhao, D.; Lan, J.; Cheng, Y.; Guo, Q;; Li, X.; Wu, N.; You,
J. Org. Biomol. Chem. 2013, 11, 7966. (f) Liu, J.; Zhang, N.; Yue, Y.;
Liu, G; Liu, R;; Zhang, Y.; Zhuo, K. Eur. ]. Org. Chem. 2013, 7683.
(g) Chen, C; Shang, G.; Zhou, J; Yu, Y.; Li, B; Peng, ]J. Org. Lett.
2014, 16, 1872. (h) Gao, J.; Shao, Y.; Zhy, J.; Zhu, J.; Mao, H.; Wang,
X.; Lv, X. J. Org. Chem. 2014, 79, 9000.

(11) Chen, L-H; Wu, T.-Y.; Paike, V.; Sun, C.-M. Mol. Diversity
2013, 17, 641—649.

(12) Using O, as the oxidant. For recent reviews, see:
(a) Punniyamurthy, T.; Velusamy, S.; Igbal, J. Chem. Rev. 2005, 105,
2329. (b) Gligorich, K. M.; Sigman, M. S. Chem. Commun. 2009, 45,
3854. (c) Wendlandt, A. E.; Suess, A. M.; Stahl, S. S. Angew. Chem., Int.
Ed. 2011, 50, 11062. (d) Campbell, A. N.; Stahl, S. S. Acc. Chem. Res.
2012, 45, 851. (e) Shi, Z.; Zhang, C.; Tang, C.; Jiao, N. Chem. Soc. Rev.
2012, 41, 3381.

(13) (a) Ueda, S.; Alj, S.; Fors, B. P.; Buchwald, S. L. J. Org. Chem.
2012, 77, 2543. (b) Ueda, S.; Su, M.; Buchwald, S. L. J. Am. Chem. Soc.
2012, 134, 700.

(14) (a) Weibel, J.-M,; Blanc, A.; Pale, P. Chem. Rev. 2008, 108, 3149.
(b) Li, Z,; Capretto, D. A; He, C. Prog. Inorg. Chem. 2009, 56, 1.
(c) Aufiero, M; Proutiere, F.; Schoenebeck, F. Angew. Chem. 2012,
124, 7338; Angew. Chem., Int. Ed. 2012, S1, 7226.

DOI: 10.1021/j0502632b
J. Org. Chem. 2015, 80, 2827—2834


http://pubs.acs.org
mailto:ccx1759@163.com
mailto:jspeng1998@163.com
http://dx.doi.org/10.1021/jo502632b

The Journal of Organic Chemistry

(15) (a) Surry, D. S.; Buchwald, S. L. Angew. Chem. 2008, 120, 6438;
Angew. Chem., Int. Ed. 2008, 47, 6338. (b) Surry, D. S.; Buchwald, S. L.
Chem. Sci. 2011, 2, 27.

(16) (a) Stahl, S. S. Science 2005, 309, 1824. (b) Shibahara, F.; Murai,
T. Asian J. Org. Chem. 2013, 2, 624.

(17) (a) Balcells, D.; Clot, E.; Eisenstein, O. Chem. Rev. 2010, 110,
749. (b) Gorelsky, S. I. Coord. Chem. Rev. 2013, 257, 153.

(18) (a) Stahl, S. S. Angew. Chem., Int. Ed. 2004, 43, 3400.
(b) Gligorich, K. M.; Sigman, M. S. Angew. Chem. 2006, 118, 6764;
Angew. Chem., Int. Ed. 2006, 45, 6612. (c) Watanabe, T.; Oishi, S.;
Fujii, N.; Ohno, H. J. Org. Chem. 2009, 74, 4720. (d) Scheuermann, M.
L.; Boyce, D. W.; Grice, K. A.; Kaminsky, W.; Stoll, S.; Tolman, W. B,;
Swang, O.; Goldberg, K. I. Angew. Chem. 2014, 126, 6610; Angew.
Chem., Int. Ed. 2014, 53, 6492.

(19) (a) Peng, ].; Ye, M;; Zong, C; Hu, F,; Feng, L.; Wang, X,;
Wang, Y.; Chen, C. J. Org. Chem. 2011, 76, 716. (b) Lu, J.; Yang, B;
Bai, Y. Synth. Commun. 2002, 32, 3703.

(20) Zheng, L.; Hua, R. J. Org. Chem. 2014, 79, 3930.

(21) Zhy, L; Li, G; Luo, L;; Guo, P; Lan, J.; You, J. J. Org. Chem.
2009, 74, 2200.

2834

DOI: 10.1021/j0502632b
J. Org. Chem. 2015, 80, 2827—2834


http://dx.doi.org/10.1021/jo502632b

