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Oxidative C—H Amination from Aromatic Strained Amides
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Saswati Adhikary™

/Abstract: A new route for the expedient synthesis of specific
regioisomer of quinazolinone- and phenanthridine-fused
heterocycles through a palladium-catalyzed regioselective
intramolecular oxidative C—H amination from cyclic strained
amides of aromatic amido—amidine systems (quinazolinones)
has been developed. The amine functionalization of an aro-
matic C—H bond from a strained amide nitrogen involved in
aromaticity has been a challenging work so far. The fusion
of two heterocyclic cores, quinazolinone and phen-

N

anthridine, can occur in two different ways (linear and angu-
lar), but under the conditions reported here, only linear type
isomer is exclusively produced. This approach provides a vari-
ety of substituted quinazolinone- and phenanthridine-fused
derivatives in moderate to excellent yields. Moreover, such
fused molecules show excellent fluorescent properties and
have great potential to be a new type of fluorophores for
the use in medicinal and material science.

/

Introduction

Transition-metal-catalyzed C—H bond functionalization is
a useful tool to construct new heterocycles. Recent studies
reveal different types of transformations for the conversion of
C—H bond to C—C, C—N, C—O functionalities.!! Thus, the devel-
opment of transition-metal-catalyzed new oxidation systems
for the C—H functionalization represents a central challenge to
construct various types of N-heterocycles, including the fused
motifs. Recently, N-fused heterocycles have drawn substantial
attention due to their existence as utmost important structural
motifs in several natural products, electroluminescent materi-
als, and bioactive molecules.” Therefore, a synthesis of new N-
fused scaffolds by a short synthetic route is in high demand
for various kinds of interests, especially for the therapeutic tar-
gets in the pharmaceutical sectors worldwide. In an effort to
synthesize N-fused heterocycles by a transition-metal-catalyzed
C—H functionalization, our interest was to make annulated qui-
nazolinone- and phenanthridine-fused heterocycles amenable
by a short and efficient synthetic methodology. Among the
nitrogen-containing heterocycles, quinazolinones belong to
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a privileged class due to their wide range of biological and
pharmacological activities, such as diuretic,® anti-inflammato-
ry/ antidiabetic,” anti-hepatitis C,” anticonvulsant,”antilesh-
manial,® anticancer and so forth. This motif is also very much
abundant in various types of natural products, like Luotonin
A Isaindigotone,"™ Tryptanthrin,"? and Circumdatin H'™

(Figure 1).
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Figure 1. Structures of some bioactive molecules containing fused
quinazolinone.

On the other hand, Phenanthridine is considered as another
significant N-heterocyclic scaffold due to its biological activity
and existence in several natural products."” This heterocycle is
a basic functional moiety for DNA binding fluorescent probes
(Figure 2), due to its intercalating property.’ A recent report
has revealed that phenanthridine derivatives may be used as
radiotracers for imaging of brain 5-HT4 receptors by single
photon emission computed tomography.'®

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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and oxidation reaction between anthranilamide (1)
and o-bromo benzaldehyde derivatives 2 in 90-95 %
yield (Scheme 1).2? Next, in 2-(2-bromophenyl)quina-
zolin-4(3 H)-ones 3, a new aromatic ring C was instal-
led by a well-known Suzuki cross-coupling reac-
tion.”” Typically compounds 3 were subjected to dif-

Figure 2. Structures of some DNA intercalating stain containing phenanthridine scaffold.

In addition, quinazolinone- and phenanthridine-containing
molecular frameworks have been reported in the past as effi-
cient organic electroluminescent materials.'” Several strategies
for an independent construction of quinazolinone or phen-
anthridine cores are present in the literature,™® but molecular
frameworks containing the quinazolinone and phenanthridine
together have not been explored intensely. The research group
of Beller and Wu et al."™ has developed an approach of base-
controlled selective synthesis of linear- and angular-fused qui-
nazolinone by a Pd-catalyzed carbonylation and nucleophilic
aromatic substitution in sequence. Recently, Alper et al.”” re-
ported the synthesis of quinazolinone- and pyridine-fused het-
erocycles by a Pd-catalyzed dearomatizing carbonylation. In
the area of discovering new strategies to construct N-fused
heterocycles, there is no report for the direct synthesis of qui-
nazolinone- and phenanthridine-fused polyheterocycle by C—H
amination. Since the last decade, C—H amination has evolved
as a very efficient process due to its atom economy and high
bond-formation efficiencies. In comparison with traditional
methods for the N-arylation of amine, such as the copper-cata-
lyzed Ullmann/Goldberg method or the palladium-catalyzed
Buchwald-Hartwig coupling methods, C—H activation followed
by the C—N bond formation provide a complementary direct
approach in which no prefunctionalized substrates (like aryl
halides, tosylates, and so forth) are required. Therefore, the
C—H amination is also a cost-effective and environmentally
benign process.

The fusion of quinazolinone ring may occur in two different
ways (linear and angular) for two different types of nitrogen
atoms that would lead to two regioisomers, and both of the
isomers should have some unique pharmacological features.
Therefore, a synthetic method, which can provide any one of
the two regioisomers exclusively instead of a mixture, is highly
desirable.

Results and Discussion

Herein, we report a regioselective and direct synthesis of a
specific regioisomer of the quinazolinone- and phenanthridine-
fused polycyclic structural framework by an intramolecular
C—H amination using an aromatic strained amide nitrogen.
However, there are several reports of C—H aminations from
acyclic amides,”” but an amine functionalization of an aromat-
ic C—H bond using a cyclic strained amide nitrogen of an aro-
matic ring has been a challenging work so far.

In the present study, 2-(2-bromophenyl)quinazolin-4(3 H)-
ones 3 (precursors to the Suzuki cross-coupling reaction) were
synthesized from a condensation followed by the cyclization
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ferent arylboronic acids under a palladium catalyst re-
action to get the tetra-cyclic compounds 4 in 75—

2 r i
o) Y
U}
v Not Formed

o]

Oxidative C-H ’
ot Formed Exclusively

Reagent & Condition: (i) p-TsOH.H,0 (0.1 equiv), Phl{OAc), (1.5 equiv), THF, RT; (ii)
PdCl, (5 mol %), ArB(OH),, (1.5 equiv), K,COj3 (2 equiv), EtOH:H,0 (1:1); (iii) Pd(OAc),
(5 mol%), Cu(OAc), (2 equiv), O,, DMF, 160 °C.

Scheme 1. Synthesis of quinazolinone- and phenanthridine-fused
heterocycles by intramolecular C—H amination.

80% vyields. The resulted 2-([1,1"-biphenyl]-2-yl)quinazolin-
4(3H)-ones 4 were ideally suited for a ring-closing oxidative C—
H amination reaction.

The synthesis of fused quinazolinone could proceed in two
ways (linear and/or angular) simultaneously. With this in mind,
we initially subjected compound 4a under the oxidative condi-
tion using a Pd catalyst and Cu(OAc), as co-oxidant in DMSO
solvent and heated the reaction mixture at 160°C for 48 h.
Gratifyingly, single regioisomer was formed (from TLC) as con-
firmed by NMR in a moderate yield (52 %). Performing the reac-
tion in toluene as solvent at 120°C, resulted in no product.
Finally, the optimum yield was achieved (74 %) by using DMF
as solvent.

Without Cu(OAc),, no product was formed and other co-oxi-
dants like FeCl;, Ce(SO,),, DDQ, Ag,CO; K,S,0g, or a hypervalent
iodine instead of Cu(OAc), did not improve the yield of the
reaction (Table 1). The reaction was also performed under
atmospheric air instead of pure oxygen but the yield was poor
(32%). Catalyst screening was performed with various
palladium catalysts, and from the study we found Pd(OAc), to
be the best catalytic agent with 79% yield.

Next, the effect of substituent in the C ring was explored
(Table 2). We observed that the presence of an electron-donat-
ing group in the C ring facilitates the reaction and results in
high yield, whereas an electron-withdrawing group gives poor
yield. The presence of electron-donating methoxy group in the
C ring at the C; position proved to be the best in terms of
yield (5m, 91%; Table 3), whereas electron-withdrawing effect
of the fluoro group produced compound 5e in only 53%
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Table 2. Synthesis of 14H-quinazolino[3,2-flphenanthridin-14-ones by
Pd-catalyzed intramolecular C—H amination from 2-([1,1-biphenyl]-2-yl)-
quinazolin-4(3 H)-ones.”!

Ry Rq

\9* ChemPubSoc
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Table 1. Optimization of the reaction conditions for Pd-catalyzed direct
intramolecular amination.®

R A
@ﬁLNH Pd cat, Cu salt ©\)‘\N
DMIF, 160 °C, O 48 ¢ 0, 48h N
5a O

Entry  Catalyst Oxidant  Co-oxidant  Solvent  Yield [%]®
1 PdCl, 0, Cu(OAc), DMSO 52

2 Pdcl, 0, Cu(OAc), toluene  trace

3 PdCl, 0, Cu(OAc), DMF 74

4 PdCl, air Cu(OA0), DMF 32

5 PdCl, 0, — DMF 0

6 PdCl, 0, Ag,CO; DMF 17

7 PdcCl, 0, K,S,04 DMF 0

8 PdcCl, 0, BQ DMF 0

9 Pdcl, 0, Ce(S0O,), DMF trace

10 Pdcl, 0, FeCl, DMF trace

1 Pdcl, - PhI(OAc), DMF trace

12 Pd(OAc), 0, Cu(OAq), DMF 79

13 Pd(acac), 0, Cu(OAc), DMF 56

14 [PACL,(PPh;),] O, Cu(OAq), DMF 37

15 [Pd(PPh,),] 0, Cu(OAc), DMF trace

[a] Reaction conditions: 4 (0.2 mmol, 1.0 equiv), Pd(OAc), (0.01 mmol,
5mol%), Cu(OAc), (0.4mmol, 2equiv) DMF (3mL), O, 160°C.
[b] Isolated yield.

yield. Interestingly, the presence of a methoxy group in the B
ring at the C; position gave poor yield (5k and 51). The general

molecular framework was confirmed from the crystal structure
[24]

of compound 5h (Figure 3).

Figure 3. Crystal structure of 5h (50% thermal ellipsoid).

In the intramolecular amination, the question of regioselec-
tivity arises in the case of substrates in which meta-substituted
phenyl boronic acids are used to install the C ring. To our de-
light, at this point also the reaction was very much regioselec-
tive, producing only one regioisomer. This could be due to the
fact that the substituent at the C ring remains away from the
amide group, hence minimizing the steric hindrance (Table 3).
Due to this steric factor, when the C ring was installed by
3,4,5-trimethoxyphenyl boronic acid, there was no transforma-
tion in the final amination step (Table 4). Thus, the presence of
substitution at 3- and 5-position of the C ring inhibits the final
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‘\)J\NH Pd(OAc); (5 mol%), Cu(OAc);, (2 equiv)
@ NG @ Re DMF, 160 °C, Oy, 48 h
R3

PO
G

Nig @ Re

5 Rs

4
Ry Ra
2 A0 e R A
L CL L
N’ N’ O N O
5a (79%) 5b (82%) 5¢ (81%)
OMe F (]
e e e
Corl ol O
N O \ig O N
5d (88%) 5e (53%) 5f (71%)
Br O
24D e e
Cr 8 CrL
N O N’ O N7
59 (73%) 5h (68%) 5i (78%) I
OMe
2 A %A
L @&1 L
Ni O O OMe
5j (85%) L 5k (55%) 51 (56%) OMe
[a] Reaction conditions: 4 (0.2 mmol, 1.0 equiv), Pd(OAc), (0.01 mmol,

5 mol %), Cu(OAc), (0.4 mmol, 2 equiv), DMF (3 mL), O,, 160°C; isolated
yield.

Table 3. Regioselectivity in the C ring during final intramolecular C—H
Amination.”

NH Pd(OAC); (5 mol%), Cu(OAc), (2 equiv) N
N @ DME, 160 °C, Oy, 48 h N @
4 5

m (91%) 84% 50 (72% p (74%)

[a] Reaction conditions: 4 (0.2 mmol, 1.0 equiv), Pd(OAc), (0.01 mmol,
5 mol %), Cu(OAc), (0.4 mmol, 2 equiv), DMF (3 mL), O,, 160°C; isolated
yield.

cyclization. However, the presence of electron-withdrawing
fluoro group at the B ring (5i and 5j; Table 2) does not make
any significant difference in the yield. The substrate scope also
allows the A ring to be a heteroaromatic, such as pyridine, and
gratifyingly substrate 7 was cyclized to 8 in 73% yield
(Table 5).
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Table 4. Investigation of the factor for regioselection in the C Ring
during amination.”’

OMe

MeO.
R0
Ly
>
N
6

OMe  py(0Ac), (5 mol%)
Cu(OAC); (2 equiv)

DMF, 160 °C, O, 48 h

Not formed due to steric hindrance
between carbonyl and methoxy group

[a] Reaction conditions: 6 (0.2 mmol, 1.0 equiv), Pd(OAc), (0.01 mmol,
5 mol %), Cu(OAc), (0.4 mmol, 2 equiv), DMF (3 mL), O,, 160°C.

Table 5. Synthesis of 14H-pyrido[2’,3":4,5]pyrimido[1,2-flphenanthridin-14-
one by Pd-catalyzed intramolecular C—H amination.®

PO
NN
| A

I
e
8

Yield (73%)

7,
i A\ NH Pd(OAC), (5mol%), Cu(OAc), (2 equi\:)

A 2
T
7

[a] Reaction conditions: 7 (0.2 mmol, 1.0 equiv), Pd(OAc), (0.01 mmol,
5 mol %), Cu(OAc), (0.4 mmol, 2 equiv), DMF (3 mL), O,, 160°C; isolated
yield.

DMF, 160 °C, O, 48 h

Because a number of nitrogen-containing heterocycles have
fluorescent properties and could be used as good fluoro-
phores, we further investigated the photophysical properties
of the 14H-quinazolino[3,2-flphenanthridine-14-one derivatives.
The UV/Vis and fluorescence spectra of such compounds were
recorded in CH,Cl,. All the compounds showed good blue fluo-
rescence upon UV irradiation at 365 nm. It was observed that
the compounds containing electron-donating groups (like
OMe, CH;, and so forth) at C2-position of the C ring showed
good fluorescence intensity due to the extended conjugation
(Figure 4).

(@) 0.40] e

Absorbance (a.u.)

220 240 260 280 300 320 340 360 380 400 420
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Conclusion

In summary, we have developed a novel approach to construct
quinazolinone- and phenanthridine-fused pentacyclic com-
pounds, which are ubiquitous in the field of medicinal and
material science, efficiently by a regioselective palladium-
catalyzed C—H bond activation followed by an intramolecular
amination of 2-biphenyl-2-yl-3H-quinazolin-4-ones. Detailed
studies on elucidation of a mechanism and the use of
quinazolinone motif as a new directing group are ongoing in
our laboratory.

Experimental Section

Preparation of 2-([1,1-biphenyl]-2-yl)quinazolin-4(3 H)-one (4):
First, anthranilamide (5 mmol) and p-toluenesulfonic acid monohy-
drate (5 mol%) were added in THF at room temperature. Then, o-
bromobenzaldehyde (5.5 mmol) was added slowly while stirring,
followed by the addition of iodobenzene diacetate (1.5 equiv),
a strong oxidizing agent, portion wise. The reaction was completed
after 1 hour, producing 3, which was subjected to the well-known
Suzuki cross-coupling reaction leading to the arylated product 4.

o] Oy H o

NH, | B’ Phl(OAc), NH Br
NH, THF, RT N

1 2 ; Ve

PdCl,, K,CO,
EtOH:H,0=1:1

i NH
o

ArB(OH),

Preparation of 2-([1,1-biphenyl]-2-yl) pyrido [2,3-d] pyrimidine-
4(3H)-one (7): The reaction was carried out in three steps. In the
first step, 2-aminonicotinamide (2 mmol) and o-bromobenzalde-
hyde (2 mmol) were mixed in the presence of catalytic amounts of
glacial acetic acid, and the reaction mixture was refluxed overnight.
Then, the reaction mixture was neutralized and the cyclized prod-
uct was washed with cold water and dried. In the second step, the

®) 0] . 5g

. 5f
160 .-"\ . 5p
H 5
1404 : % M
s %
1204 3
100

80 4

Intensity (a.u.)

60

L) L) L) T
250 300 350 400 450 500
Wavelength (nm)

Figure 4. (a) UV/Vis; (b) fluorescence spectra of quinazolinone-fused phenanthridines (5 um in CH,Cl,, A.,=280 nm).
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cyclized product was subjected to oxidation by overnight reflux in
nitrobenzene solvent. In the final step, a Suzuki cross-coupling re-
action was performed with the oxidized product to achieve 7.

O H

o) o]
NNH; . &/Br Acetic acid reflux [ NH Br
N”NH, N’

Oxidation
Nitrobenzene

W R
I\ NH suzuki coupling reaction NNH Br
ACHN A
7

Iz

Typical procedure for a Pd-Catalyzed intramolecular C—H amina-
tion: To a solution of 4 or 7 (59.6 mg, 0.2 mmol, 1.0 equiv) in DMF
(3 mL), Pd(OAc), (1.8 mg, 0.01 mmol, 5mol%) and Cu(OAc),
(80 mg, 0.4 mmol, 2 equiv) were added in a sealed tube (50 mL)
under oxygen atmosphere. The reaction mixture was stirred for
15 min at room temperature and then heated at 160 °C while vigo-
rously stirring for 48 h. The reaction mixture was then cooled to
room temperature, diluted with dichloromethane, and filtered
through a small pad of celite. The filtrate was concentrated in
vacuo and purified by either silica gel or neutral alumina packed
flash column chromatography with petroleum ether/ethyl acetate
(24:1) as the eluent to afford the desired product 5 or 8.

R Rq
R PO
A Pd(OAC), (5 mol%), Cu(OAC); (2 equiv) ~Aoy
LA R la] R
¥ ON @ 2 DMF, 160 °C, O, 48 h PN @ 2
47 Ry 58 Rs
Ra Rs
14H-quinazolino[3,2-flphenanthridin-14-one (5a): White solid

(79%); m.p. 167-169; 'H NMR (600 MHz, CDCl;) 6=9.10 (d, J=
12 Hz, TH), 8.99 (d, J=6 Hz, 1H), 8.43 (d, J=12Hz, 1H), 8.23 (dd,
J;=6Hz, J,=12Hz, 2H), 7.82 (d, /=6 Hz, 2H), 7.72 (t, /=6 Hz, 1H),
7.59 (t, J=6 Hz, 1H), 7.53-7.47 ppm (m, 3H), *CNMR (150 MHz,
CDCly) 0=162.5, 146.0, 145.7, 134.1, 132.6, 131.7, 130.9, 128.1,
127.8, 127.7, 126.9, 126.7, 126.5, 126.0, 125.8, 122.6, 121.7, 121.4,
120.4 ppm; HRMS (El): m/z calcd for C,H,,N,O: 296.0950; found:
296.0955; FTIR: v=1687, 1602, 1554, 748 cm™".

2-methyl-14H-quinazolino[3,2-f]phenanthridin-14-one (5b):
White solid (82%); m.p. 146-148°C; '"H NMR (600 MHz, CDCl;) 6 =
8.97 (d, J=12Hz, 1H), 891 (s, 1H), 8.43-8.41 (m, TH), 8.15 (d, J=
6 Hz, 1H), 8.10 (d, J=6 Hz, 1H), 7.82 —7.81 (m, 2H), 7.70-7.68 (m,
1H), 7.57-7.50 (m, 2H), 7.28 (d, J=6 Hz, 1H), 2.51 ppm (s, 3H);
BCNMR (150 MHz, CDCl;) 0=162.6, 146.1, 145.7, 137.9, 134.0,
132.5, 131.7, 131.0, 127.7, 127.6, 127.1, 127.0, 126.5, 126.3, 125.7,
122.5, 121.9, 121.1, 120.4, 120.1, 21.5 ppm; HRMS (El): m/z calcd for
Cy;H14N,0: 310.1106; found: 310.1073; FTIR: v=1686, 1597, 1548,
766 cm™.

2-tert-butyl-14H-quinazolino[3,2-flphenanthridin-14-one (5¢):
White solid (81%); m.p. 152-154°C; "H NMR (600 MHz, CDCl;) 6 =
9.22 (s, 1H), 9.02 (d, J=12 Hz, 1H), 8.47 (d, /=6 Hz, 1H), 8.23-8.20
(m, 2H), 7.86-7.82 (m, 2H), 7.74-7.72 (m, 1H), 7.59 (t, 1H), 7.56-
7.52 (m, 2H), 1.46 ppm (s, 9H); *C NMR (150 MHz, CDCl;) 6=162.7,
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151.0, 146.3, 145.7, 134.0, 132.6, 131.7, 131.0, 127.8, 127.7, 127.0,
126.5, 125.7, 123.5, 122.2, 121.2, 120.4, 120.2, 118.9, 34.9, 30.9 ppm;
HRMS (El): m/z calcd for C,,H,N,O: 352.1576; found: 352.1567;
FTIR: v=1680, 1596, 1551, 768 cm .

2-methoxy-14H-quinazolino[3,2-flphenanthridin-14-one (5d):
White solid (88%); m.p. 174-176°C; '"H NMR (600 MHz, CDCl,) 6 =
8.96 (d, J=12Hz, 1H), 8.79 (d, J=6 Hz, 1H), 842 (d, J=6 Hz, 1H),
8.12 (d, J=6Hz, 1H), 8.09 (d, J/=12Hz, 1H),7.84 —7.82 (m, 2H),
7.67 (t, J=6Hz, 1H) 7.53-7.50 (m, 2H), 7.07-7.05 (m, 1H),
3.95 ppm (s, 3H); *C NMR (150 MHz, CDCl;) 6 =162.8, 158.8, 146.3,
145.6, 134.1, 133.9, 131.7, 131.1, 127.8, 127.0, 126.9, 126.5, 125.7,
125.6, 123.6, 120.7, 120.2, 115.9, 114.0, 105.9, 55.2 ppm; HRMS (EI):
m/z calcd for C,;H4N,0O,: 326.1055; found: 326.1064; FTIR: v=
1677,1610, 1557, 759 cm ™.

2-fluoro-14H-quinazolino[3,2-flphenanthridin-14-one (5e): White
solid (53%); m.p. 213-215°C; 'H NMR (600 MHz, CDCl;) 6 =9.06-
9.03 (m, 1H), 9.01 (d, J=12Hz, 1H), 843 (d, /=6 Hz, 1H), 8.25-
8.23 (m, 1H), 8.15 (d, J=6 Hz, 1H), 7.86 —7.83 (m, 2H), 7.73 (t, /=
6 Hz, 1H), 7.60 (t, J=6 Hz, 1H), 7.55-7.53 (m, 1H), 7.26-7.23 ppm
(m, TH); ®CNMR (150 MHz, CDCl;) 6 =162.5, 162.2, 160.5, 145.8,
145.5, 134.4, 133.8, 133.7, 131.9, 130.3, 128.0, 127.0, 126.6, 126.2,
126.0, 124.2, 121.2, 120.1, 119.0, 113.8, 113.7, 109.3, 109.1 ppm (ad-
ditional peaks appeared due to the splitting by the fluoro group);
HRMS (El): m/z calcd for CyH,,FN,O: 314.0833; found: 314.0855;
FTIR: V= 1682, 1604, 1556, 757 cm™".

2-chloro-14H-quinazolino[3,2-flphenanthridin-14-one (5f): White
solid (71%); m.p. 199-201°C; 'H NMR (600 MHz, CDCl;) 6 =9.24 (s,
1H), 8.98 (d, /=6 Hz, 1H), 8.42 (d, J=6Hz, 1H), 8.15 (t, J=6 Hz,
2H), 7.86-7.82 (m, 2H), 7.72 (t, J=6 Hz, 1H), 7.61 (t, J=6 Hz, 1H),
7.55-7.53 (m, 1H), 7.46 ppm (d, J=12 Hz, 1H); *C NMR (150 MHz,
CDCl;) 6= 624, 145.5, 145.5, 1344, 133.6, 133.3, 131.9, 130.0,
128.4, 127.9, 127.0, 126.6, 126.3, 126.1, 123.7, 121.8, 121.3, 121.2,
120.2 ppm; HRMS (El): m/z calcd for C,,H,;CIN,O: 330.0560; found:
330.0562; FTIR: v=1689, 1599, 1554, 759 cm .

2-bromo-14H-quinazolino[3,2-flphenanthridin-14-one (5g): Gray-
ish White solid (73%); m.p. 180-182°C; "H NMR (600 MHz, CDCl;)
0=9.35 (s, TH), 8.92 (d, /=6 Hz, 1H), 8.40 (d, J=12Hz, 1H), 8.09
(d, J=6Hz, 1H), 8.03 (d, J=6 Hz, 1H), 7.82-7.78 (m, 2H), 7.67 (t,
J=6Hz, TH), 7.58-7.51 ppm (m, 3H); *CNMR (150 MHz, CDCl,)
0=1623, 1454, 134.3, 133.3, 131.8, 130.0, 129.1, 1284, 127.8,
127.0, 126.6, 126.3, 126.1, 124.6, 123.8, 123.6, 121.6, 121.5, 121.2,
120.1 ppm; HRMS (El): m/z calcd for C,H,,BrN,O: 374.0055; found:
374.0043; FTIR: v=1684, 1595, 1549, 759 cm™".

2-phenyl-14H-quinazolino[3,2-flphenanthridin-14-one (5h):
White solid (68%); m.p. 179-181°C; '"H NMR (600 MHz, CDCl,) 6 =
9.41 (s, TH), 9.02 (d, J=12Hz, 1H), 845 (d, J=6 Hz, 1H), 8.29 (d,
J=12Hz, 1H), 8.23 (d, /=12 Hz, 1H), 7.85-7.83 (m, 2H), 7.77-7.72
(m, 4H), 7.62-7.59 (m, 1H), 7.54-7.49 (m, 3H), 7.43-7.40 ppm (m,
TH); ®*CNMR (150 MHz, CDCl;) 6 =162.7, 146.1, 145.7, 140.4, 139.7,
134.1, 133.0, 131.8, 130.7, 128.5, 128.0, 127.8, 127.4, 127.0, 126.9,
126.7, 126.5, 125.8, 124.7, 123.0, 121.6, 121.4, 120.37, 120.36 ppm;
HRMS (El): m/z calcd for CyH¢N,O: 372.1263, found: 372.1262;
FTIR: v=1678, 1590, 1552, 760 cm™".

7-fluoro-14H-quinazolino[3,2-flphenanthridin-14-one (5i): White
solid (78 %); m.p. 210-212°C; '"H NMR (600 MHz, CDCl;) §=9.12 (d,
J=12Hz, 1H), 8.68 (d, J=6 Hz, 1H), 844 (d, /=12 Hz, 1H), 8.24-
8.19 (m, 2H), 7.84 (s, 2H), 7.56-7.44 ppm (m, 4H); *CNMR
(150 MHz, CDCl;) 6=163.0, 162.4, 161.3, 145.4, 145.0, 134.2, 132.3,
1289, 1289, 127.6, 1274, 127.0, 126.6, 126.2, 123.9, 123.8, 122.5,
122.0, 121.8, 120.5, 120.0, 119.8, 113.5, 113.4 ppm (additional peaks
appeared due to the splitting by the fluoro group); HRMS (El): m/z
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calcd for C,,H;;FN,O: 314.0855; found: 314.0844; FTIR: v=1684,
1607, 1554, 753 cm™".

7-fluoro-2-methoxy-14H-quinazolino[3,2-flphenanthridin-14-one
(5j): White solid (85%); m.p. 226-228°C; 'H NMR (600 MHz, CDCl,)
0=28.77 (d, /=246 Hz, 1H), 8.56-8.54 (m, 1H), 8.38 (d, /=6 Hz,
1H), 8.01-7.97 (m, 2H), 7.82-7.76 (m, 2H), 7.52-7.49 (m, 1H), 7.35-
732 (m, 1H), 7.02-7.00 (m, TH), 3.92ppm (s, 3H); CNMR
(150 MHz, CDCl;) 6=162.5, 162.2, 160.6, 158.6, 145.2, 145.20,
145.16, 134.1, 133.5, 127.5, 126.9, 126.5, 126.0, 123.3, 123.02,
12297, 120.2, 1199, 119.7, 115.0, 114.0, 113.3, 113.2, 105.9,
55.1 ppm) (additional peaks appeared due to the splitting of the
fluoro group); HRMS (El): m/z calcd for C,H,5sFN,O,: 344.0961;
found: 344.0963; FTIR: V= 1680, 1613, 1554, 763 cm ™.

5,6-dimethoxy-14H-quinazolino[3,2-flphenanthridin-14-one (5k):
White solid (55%); m.p. 190-192°C; "H NMR (300 MHz, CDCl;) 6 =
9.14 (d, J=9Hz, 1H), 8.80 (d, /=6 Hz, 2H), 8.38 (d, /=9 Hz, 1H),
7.77 (s, 2H), 7.49-7.44 (m, 3H), 7.19 (d, J=9 Hz, TH), 4.04 (s, 3H)
3.88 ppm (s, 3H); *C NMR (75 MHz, CDCl;) 6=162.7, 156.2, 146.7,
146.6, 145.7, 134.5, 132.6, 128.0, 127.4, 126.7, 125.8, 125.5, 125.1,
122.8, 121.9, 121.6, 120.5, 112.5, 60.6, 56.2 ppm; HRMS (El): m/z
caled for C,,HgN,0;: 356.1161; found: 356.1167; FTIR: v=1671,
1594, 1553, 755 cm ™.

2-tert-butyl-5,6-dimethoxy-14H-quinazolino[3,2-flphenanthridin-
14-one (5L): White solid (56%); m.p. 175-177°C; 'H NMR
(600 MHz, CDCl;) 0=9.08 (d, J=12Hz, 1H), 890 (d, J=1.92 Hz,
1H), 881 (d, J=6Hz, TH), 8.44 (d, J=12Hz, 1H), 7.82-7.78 (m,
2H), 7.53-7.47 (m, 2H), 7.19 (d, J=6 Hz, TH), 4.05 (s, 3H), 3.90 (s,
3H), 1.44 ppm (s, 9H); *CNMR (75 MHz, CDCl;) §=162.4, 155.9,
150.8, 146.6, 146.2, 145.0, 134.0, 132.1, 127.0, 126.5, 126.2, 125.2,
124.7, 123.7, 121.3, 120.2, 119.7, 1183, 111.7, 60.1, 55.7, 34.7,
30.8 ppm; HRMS (El): m/z calcd for CyH,,N,0;5: 412.1787; found:
412.1780; FTIR: 7= 1680, 1586, 1547, 768 cm ™.

3-methoxy-14H-quinazolino[3,2-fl]phenanthridin-14-one (5m):
White solid (91%); m.p. 171-172°C; "H NMR (300 MHz, CDCl;) 6 =
9.13 (d, J=9Hz, 1H), 9.03 (d, J=9Hz, 1H), 842 (d, /=9 Hz, 1H),
8.17 (d, J=9Hz, 1H) 7.83 (s, 2H), 7.75-7.69 (m, 2H), 7.61 (t, J=
6 Hz, 1H), 7.53-7.48 (m, 1H), 7.10-7.06 (m, 1H), 3.96 ppm (s, 3H);
3C NMR (75 MHz, CDCly) 6 =162.8,157.5, 146.2, 146.1, 134.4, 132.1,
131.2, 128.7, 128.4, 127.5, 127.3, 127.0, 126.9, 126.1, 124.6, 123.8,
121.9, 120.7, 114.2, 107.1 ppm; HRMS (El): m/z calcd for C,;H,,N,0,:
326.1055; found: 326.1050; FTIR: v=1690, 1617, 1552, 754 cm™".

3-methyl-14H-quinazolino[3,2-flphenanthridin-14-one (5n):
White solid (84%); m.p. 150-151°C; 'H NMR (600 MHz, CDCl;) 6 =
9.01 —8.99 (m, 2H), 8.42 (d, J=6Hz, 1H), 8.20 (d, J=12Hz, 1H),
8.02 (s, 1H), 7.82-7.81 (m, 2H), 7.71-7.69 (m, 1H), 7.59-7.56 (m,
1H), 7.52-7.50 (m, 1H), 7.32-7.30 (m, 1H), 2.50 ppm (s, 3H);
3CNMR (75 MHz, CDCl;) 6 =162.5,145.9, 145.7, 135.7, 134.0, 131.6,
130.9, 130.4, 128.6, 127.9, 127.8, 126.9, 126.8, 126.4, 125.7, 122.7,
1224, 121.5, 121.3, 120.3, 20.8 ppm; HRMS (El) m/z calcd for
C,;;H14N,0: 310.1092; found: 310.1081; FTIR: v=1687, 1598, 1548,
766 cm ™.

3-chloro-14H-quinazolino[3,2-flphenanthridin-14-one(50): White
solid (72%); m.p. 209-210°C; 'H NMR (600 MHz, CDCl;) 6=9.10 (d,
J=12Hz, 1H), 8.96 (d, J=6 Hz, TH), 8.39 (d, J=6 Hz, 1H), 8.15 (s,
1H), 8.11 (d, /=6 Hz, 1H), 7.84-7.80 (m, 2H), 7.71 (t, J=6 Hz, TH),
7.61 (t, J=6Hz, 1H), 7.52 (t, J=6 Hz, TH), 7.45-7.43 ppm (m, TH);
BCNMR (150 MHz, CDCl;) 6=162.3,145.5, 1454, 134.3, 131.9,
131.6, 131.1, 129.6, 128.7, 127.9, 127.5, 127.0, 126.9, 126.6, 126.0,
1243, 123.2, 122.3, 121.4, 120.2 ppm; HRMS (El): m/z calcd for
C,oHy;,CIN,O: 330.0560; found: 330.0570; FTIR: v= 1681, 1620, 1551,
759 cm ™.
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17H-benzo[b]quinazolino[3,2-flphenanthridin-17-one (5p): White
solid (74%); m.p. 204-206°C; "H NMR (600 MHz, CDCl;) 6=9.60 (s,
1H), 891 (d, /=6 Hz, 1H), 8.54 (s, 1H), 8.43 (d, J=6 Hz, TH), 8.25
(d, J=12Hz, 1H), 791 (d, J=12Hz, 1H), 7.86 (d, J=6Hz, 1H),
7.83-7.79 (m, 2H), 7.65 (t, J=6 Hz, 1H); 7.54-7.49 ppm (m, 4H);
3C NMR (75 MHz, CDCl;) 6 =162.7, 145.9, 145.4, 134.0, 132.0, 131.7,
131.0, 130.5, 129.9, 128.1, 128.1, 127.9, 127.0, 126.6, 126.6, 126.5,
126.2, 126.0, 121.7, 121.7, 121.5, 120.6, 120.1 ppm; HRMS (El): m/z
caled for C,,H4N,0O: 346.1106; found: 346.1089; FTIR: v=1684,
1591, 1551, 766 cm ™.

14H-pyrido[2’,3:4,5]pyrimido[1,2-flphenanthridin-14-one (8):
White solid (73%); m.p. 175-177°C; '"H NMR (300 MHz, CDCl,) 6 =
9.22 (d, J=9Hz, TH), 9.12-9.06 (m, 2H), 8.76 (d, J=9Hz, 1H),
8.35-8.28 (m, 2H), 7.81 (t, J=6Hz, 1H), 7.69-7.64 (m, 1H), 7.57-
7.55 (m, 2H), 7.50-7.46 ppm (m, 1H); *C NMR (75 MHz, CDCl,) 6 =
163.4, 156.7, 156.0, 149.6, 137.2, 133.2, 132.6, 131.8, 129.3, 128.8,
128.4, 127.0, 126.6, 123.3, 123.2, 122.0, 121.8, 121.6 ppm; HRMS
(El): m/z calcd for C;gH;;N;O: 297.0902; found: 297.0895; FTIR: v=
1685, 1602, 1550, 769 cm ™.

Acknowledgements

The authors thank CSIR, New Delhi, for financial support in
terms of a research grant (ORIGIN, CSC 0108). SB, SC, SA thank
CSIR, India for a junior research fellowship and SK thanks for
a senior research fellowship. We thank Mr. Sandip Kundu, CSIR-
IICB, for recording X-ray data, Mr. E. Padmanaban for NMR, and
Mr. Sandip Chakraborty for recording the HRMS.

Keywords: amides : C—H activation - fused-ring systems -
nitrogen heterocycles - synthetic methods

[1] a) . K. Hyster, T. Rovis, J. Am. Chem. Soc. 2010, 132, 10565-10569;
b) J. A. Jordan-Hore, C.C. Johansson, E. M. Beck, M.J. Gaunt, J. Am.
Chem. Soc. 2008, 130, 16184-16186; c)C.-V. T. Vo, J. W. Bode, J. org.
chem. 2014, 79, 2809-2815; d) Y. Yang, C. Xie, Y. Xie, Y. Zhang, Org. Lett.
2012, 14, 957 -959.

a)S. T. Chan, P.R. Patel, T. R. Ransom, C.J. Henrich, T.C. McKee, A.K.
Goey, K. M. Cook, W. D. Figg, J. B. McMahon, M. J. Schnermann, J. Am.
Chem. Soc. 2015, 137, 5569-5575; b) T. Mitsumori, M. Bendikov, O.
Dautel, F. Wudl, T. Shioya, H. Sato, Y. Sato, J. Am. Chem. Soc. 2004, 126,
16793-16803; c) R. Nakajima, T. Ogino, S. Yokoshima, T. Fukuyama, J.
Am. Chem. Soc. 2010, 132, 1236-1237.

[3] S.R. Steinmuller, J. B. Puschett, Kidney Int. 1972, 1, 169-181.

[4] S.E. Abbas, F. M. Awadallah, N. A. lbrahin, E. G. Said, G. M. Kamel, Eur. J.
Med. Chem. 2012, 53, 141-149.

[5] J. Rudolph, W.P. Esler, S. O'Connor, P. D. Coish, P. L. Wickens, M. Brands,
D. E. Bierer, B. T. Bloomquist, G. Bondar, L. Chen, J. Med. Chem. 2007, 50,
5202-5216.

[6] A.L. Leivers, M. Tallant, J. B. Shotwell, S. Dickerson, M. R. Leivers, O. B.
McDonald, J. Gobel, K. L. Creech, S.L. Strum, A. Mathis, J. Med. Chem.
2014, 57,2091 -2106.

[71 M. M. Aly, Y. A. Mohamed, K. A. El-Bayouki, W. M. Basyouni, S.Y. Abbas,
Eur. J. Med. Chem. 2010, 45, 3365-3373.

[8] M. Sharma, K. Chauhan, R. Shivahare, P. Vishwakarma, M. K. Suthar, A.
Sharma, S. Gupta, J. K. Saxena, J. Lal, P. Chandra, J. Med. Chem. 2013, 56,
4374-4392.

[9] A. Kamal, E. V. Bharathi, M. J. Ramaiah, D. Dastagiri, J. S. Reddy, A. Viswa-
nath, F. Sultana, S. Pushpavalli, M. Pal-Bhadra, H. K. Srivastava, Bioorg.
Med. Chem. 2010, 18, 526 -542.

[10] A. Cagir, S. H. Jones, R. Gao, B. M. Eisenhauer, S. M. Hecht, J. Am. Chem.
Soc. 2003, 7125, 13628-13629.

[11] P. Molina, A. Tarraga, A. Gonzalez-Tejero, |. Rioja, A. Ubeda, M. C. Teren-
cio, M. J. Alcaraz, J. Nat. Prod. 2001, 64, 1297 - 1300.

[2

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1021/ja103776u
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/ja806543s
http://dx.doi.org/10.1021/jo5001252
http://dx.doi.org/10.1021/jo5001252
http://dx.doi.org/10.1021/jo5001252
http://dx.doi.org/10.1021/jo5001252
http://dx.doi.org/10.1021/ol300067h
http://dx.doi.org/10.1021/ol300067h
http://dx.doi.org/10.1021/ol300067h
http://dx.doi.org/10.1021/ol300067h
http://dx.doi.org/10.1021/jacs.5b02156
http://dx.doi.org/10.1021/jacs.5b02156
http://dx.doi.org/10.1021/jacs.5b02156
http://dx.doi.org/10.1021/jacs.5b02156
http://dx.doi.org/10.1021/ja049214x
http://dx.doi.org/10.1021/ja049214x
http://dx.doi.org/10.1021/ja049214x
http://dx.doi.org/10.1021/ja049214x
http://dx.doi.org/10.1021/ja9103233
http://dx.doi.org/10.1021/ja9103233
http://dx.doi.org/10.1021/ja9103233
http://dx.doi.org/10.1021/ja9103233
http://dx.doi.org/10.1038/ki.1972.24
http://dx.doi.org/10.1038/ki.1972.24
http://dx.doi.org/10.1038/ki.1972.24
http://dx.doi.org/10.1016/j.ejmech.2012.03.050
http://dx.doi.org/10.1016/j.ejmech.2012.03.050
http://dx.doi.org/10.1016/j.ejmech.2012.03.050
http://dx.doi.org/10.1016/j.ejmech.2012.03.050
http://dx.doi.org/10.1021/jm070071+
http://dx.doi.org/10.1021/jm070071+
http://dx.doi.org/10.1021/jm070071+
http://dx.doi.org/10.1021/jm070071+
http://dx.doi.org/10.1021/jm400781h
http://dx.doi.org/10.1021/jm400781h
http://dx.doi.org/10.1021/jm400781h
http://dx.doi.org/10.1021/jm400781h
http://dx.doi.org/10.1016/j.ejmech.2010.04.020
http://dx.doi.org/10.1016/j.ejmech.2010.04.020
http://dx.doi.org/10.1016/j.ejmech.2010.04.020
http://dx.doi.org/10.1021/jm400053v
http://dx.doi.org/10.1021/jm400053v
http://dx.doi.org/10.1021/jm400053v
http://dx.doi.org/10.1021/jm400053v
http://dx.doi.org/10.1016/j.bmc.2009.12.015
http://dx.doi.org/10.1016/j.bmc.2009.12.015
http://dx.doi.org/10.1016/j.bmc.2009.12.015
http://dx.doi.org/10.1016/j.bmc.2009.12.015
http://dx.doi.org/10.1021/ja0368857
http://dx.doi.org/10.1021/ja0368857
http://dx.doi.org/10.1021/ja0368857
http://dx.doi.org/10.1021/ja0368857
http://dx.doi.org/10.1021/np0101898
http://dx.doi.org/10.1021/np0101898
http://dx.doi.org/10.1021/np0101898
http://www.chemeurj.org

Sl

[12]

[13]

[14]

[15]

[16]

[171

[18]

Chem. Eur. J. 2016, 22, 3506 -3512

\9}‘ ChemPubSoc

Europe

S. Yang, X. Li, F. Hu, Y. Li, Y. Yang, J. Yan, C. Kuang, Q. Yang, J. Med.
Chem. 2013, 56, 8321-8331.

J.-R. Dai, B.K. Carté, P.J. Sidebottom, A.L. Sek Yew, S.-B. Ng, Y. Huang,
M. S. Butler, J. Nat. Prod. 2001, 64, 125-126.

a) O. B. Abdel-Halim, T. Morikawa, S. Ando, H. Matsuda, M. Yoshikawa, J.
Nat. Prod. 2004, 67, 1119-1124; b) S. Berkov, M. Cuadrado, E. Osorio, F.
Viladomat, C. Codina, J. Bastida, Planta Med. 2009, 75, 1351-1355;
c) E. G. Lyakhova, S. A. Kolesnikova, A. . Kalinovsky, S. S. Afiyatullov, S. A.
Dyshlovoy, V.B. Krasokhin, C.V. Minh, V. A. Stonik, Tetrahedron Lett.
2012, 53, 6119-6122; d) K. Matsumoto, T. Choshi, M. Hourai, Y. Zamami,
K. Sasaki, T. Abe, M. Ishikura, N. Hatae, T. Iwamura, S. Tohyama, Bioorg.
Med. Chem. Lett. 2012, 22, 4762-4764; e) Q. Sun, Y. H. Shen, J. M. Tian,
J. Tang, J. Su, R. H. Liu, H. L. Li, X. K. Xu, W. D. Zhang, Chemistry & biodi-
versity 2009, 6, 1751-1757; biodiversity 2009, 6, 1751-1757.

G. Malojci¢, I. Piantanida, M. Marini¢, M. zini¢, M. Marjanovi¢, M. Kralj, K.
Paveli¢, H.-J. Schneider, Org. Biomol. Chem. 2005, 3, 4373 -4381.

E. Dubost, N. Dumas, C. Fossey, R. Magnelli, S. Butt-Gueulle, C. Ballan-
donne, D. H. Caignard, F. Dulin, J. Sopkova de-Oliveira Santos, P. Millet,
J. Med. Chem. 2012, 55, 9693 -9707.

T. Wakimoto, R. Murayama, K. Nagayama, Y. Okuda, H. Nakada, Applied
surf. sci. 1997, 113, 698-704.

a) A. Kalusa, N. Chessum, K. Jones, Tetrahedron Lett. 2008, 49, 5840 -
5842; b) S. Mohammed, R. A. Vishwakarma, S. B. Bharate, J. Org. Chem.

[19]

[20]
[21]
[22]

[23]

[24]

CHEMISTRY

A European Journal

Full Paper

2015, 80, 6915-6921; c) A. Rosa, S. Prabhakar, A. Lobo, Tetrahedron Lett.
1990, 37, 1881-1884.

J. Chen, K. Natte, A. Spannenberg, H. Neumann, P. Langer, M. Beller, X. F.
Wu, Angew. Chem. Int. Ed. 2014, 53, 7579-7583; Angew. Chem. 2014,
126, 7709-7713.

T. Xu, H. Alper, Org. lett. 2015, 17, 1569-1572.

a) H. Zhao, Y. Shang, W. Su, Org. lett. 2013, 15, 5106-5109; b) B. Zhou,
J. Du, Y. Yang, H. Feng, Y. Li, Org. lett. 2014, 16, 592 -595.

R. Cheng, T. Guo, D. Zhang-Negrerie, Y. Du, K. Zhao, Synthesis 2013, 45,
2998 -3006.

a) J. M. Antelo Miguez, L. A. Adrio, A. Sousa-Pedrares, J. M. Vila, K. K. Hii,
J. Org. chem. 2007, 72, 7771-7774; b) M. Mondal, U. Bora, Green Chem.
2012, 14, 1873-1876; c)N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95,
2457 -2483.

CCDC 1419906 (5h) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by The Cambridge
Crystallographic Data Centre. See the Supporting Information for de-
tails.

Received: October 17, 2015
Published online on February 2, 2016

www.chemeurj.org

3512

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1021/jm401195n
http://dx.doi.org/10.1021/jm401195n
http://dx.doi.org/10.1021/jm401195n
http://dx.doi.org/10.1021/jm401195n
http://dx.doi.org/10.1021/np000381u
http://dx.doi.org/10.1021/np000381u
http://dx.doi.org/10.1021/np000381u
http://dx.doi.org/10.1021/np030529k
http://dx.doi.org/10.1021/np030529k
http://dx.doi.org/10.1021/np030529k
http://dx.doi.org/10.1021/np030529k
http://dx.doi.org/10.1055/s-0029-1185575
http://dx.doi.org/10.1055/s-0029-1185575
http://dx.doi.org/10.1055/s-0029-1185575
http://dx.doi.org/10.1016/j.tetlet.2012.08.148
http://dx.doi.org/10.1016/j.tetlet.2012.08.148
http://dx.doi.org/10.1016/j.tetlet.2012.08.148
http://dx.doi.org/10.1016/j.tetlet.2012.08.148
http://dx.doi.org/10.1016/j.bmcl.2012.05.064
http://dx.doi.org/10.1016/j.bmcl.2012.05.064
http://dx.doi.org/10.1016/j.bmcl.2012.05.064
http://dx.doi.org/10.1016/j.bmcl.2012.05.064
http://dx.doi.org/10.1002/cbdv.200800273
http://dx.doi.org/10.1002/cbdv.200800273
http://dx.doi.org/10.1002/cbdv.200800273
http://dx.doi.org/10.1002/cbdv.200800273
http://dx.doi.org/10.1021/jm300943r
http://dx.doi.org/10.1021/jm300943r
http://dx.doi.org/10.1021/jm300943r
http://dx.doi.org/10.1016/S0169-4332(96)00952-X
http://dx.doi.org/10.1016/S0169-4332(96)00952-X
http://dx.doi.org/10.1016/S0169-4332(96)00952-X
http://dx.doi.org/10.1016/S0169-4332(96)00952-X
http://dx.doi.org/10.1016/j.tetlet.2008.07.091
http://dx.doi.org/10.1016/j.tetlet.2008.07.091
http://dx.doi.org/10.1016/j.tetlet.2008.07.091
http://dx.doi.org/10.1021/acs.joc.5b00989
http://dx.doi.org/10.1021/acs.joc.5b00989
http://dx.doi.org/10.1021/acs.joc.5b00989
http://dx.doi.org/10.1021/acs.joc.5b00989
http://dx.doi.org/10.1016/S0040-4039(00)98810-5
http://dx.doi.org/10.1016/S0040-4039(00)98810-5
http://dx.doi.org/10.1016/S0040-4039(00)98810-5
http://dx.doi.org/10.1016/S0040-4039(00)98810-5
http://dx.doi.org/10.1002/anie.201402779
http://dx.doi.org/10.1002/anie.201402779
http://dx.doi.org/10.1002/anie.201402779
http://dx.doi.org/10.1002/ange.201402779
http://dx.doi.org/10.1002/ange.201402779
http://dx.doi.org/10.1002/ange.201402779
http://dx.doi.org/10.1002/ange.201402779
http://dx.doi.org/10.1021/acs.orglett.5b00452
http://dx.doi.org/10.1021/acs.orglett.5b00452
http://dx.doi.org/10.1021/acs.orglett.5b00452
http://dx.doi.org/10.1021/ol4024776
http://dx.doi.org/10.1021/ol4024776
http://dx.doi.org/10.1021/ol4024776
http://dx.doi.org/10.1021/ol403477w
http://dx.doi.org/10.1021/ol403477w
http://dx.doi.org/10.1021/ol403477w
http://dx.doi.org/10.1021/jo701308b
http://dx.doi.org/10.1021/jo701308b
http://dx.doi.org/10.1021/jo701308b
http://dx.doi.org/10.1039/c2gc35401b
http://dx.doi.org/10.1039/c2gc35401b
http://dx.doi.org/10.1039/c2gc35401b
http://dx.doi.org/10.1039/c2gc35401b
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
https://summary.ccdc.cam.ac.uk/structure-summary?doi=10.1002/chem.201504186
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://www.chemeurj.org

