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Abstract

A novel and efficient method for the one-pot synthesis of 2H-indazole from readily available
building blocks is reported. The reaction of 2-nitrobenzylamines with zinc and ammonium formate
underwent partial reduction to nitroso benzylamine followed by an intramolecular cyclization to
afford 2H-indazole via N-N bond formation. The carboxylic acid moiety of indazole was
proceeded to regioselective alkyne insertion under ruthenium catalysis to form pyranone-fused
indazoles. The regioselectivity is influenced by the weak co-ordination of indazole ring nitrogen

to the metal center.
Introduction
The indazole scaffold is a ubiquitous structural motif found in many natural products,

agrochemicals and pharmaceutically important molecules.® In particular, 2H-indazole has
been recognized as a privileged pharmacophore with a broad range of physiological and
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pharmacological activities and it also acts as a bioisosteric replacement for other
heterocycle structures such as indoles and benzimidazole.? For example, Niraparib is a
known PARP inhibitor for the treatment of ovarian cancer.® 2-Benzyl-3-phenyl-7-
(trifluoromethyl)-2H-indazole has been used a selective liver X receptor modulator. A

substituted indazole with pyrazine and azetidine is identified as a glucokinase K activator.*
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Niraparib
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OH O OH O OH O

o 0 o
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Figure 1. Biologically active indazoles and coumarin derivatives

Similarly, iscoumarin is a well-known heterocycle for its diverse physiological and
medicinal applications. Oosponal and Oospolactone have demonstrated their potent
antifungal and antibiotic activities.® Cytogenin exhibits significant immunomodulating,
antitumor and antiarthritic activities.” Moreover, the synthetic drug NM-3 is in the clinical
trials for its potent antitumour function.® Owing to their biological significance, numerous
synthetic methods have been reported in the literature. Among them, the direct N-alkylation
or arylation of indazole is quite challenging due to the preferential formation of the
thermodynamically more stable 1H-indazole or a mixture of 1H-indazole and 2H -indazole
through their tautomeric forms.® In addition, the separation of N1 and N2 alkylated mixtures
is laborious and tedious. As an alternative, one of the first methods to prepare 2H-indazole
was reductive cyclization of ortho-imino-nitrobenzenes mediated by excess of triethyl
phosphite at high temperature.® Subsequently, many other methods such as transition metal
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catalyzed cyclization of iminonitroaromatics and 2-azidoimines were developed.!! A
variety of other methods including benzyne [3+2] cycloaddition, zincate addition to
diazonium salts, and alkylation of 1H-indazoles have also been reported.'> Among them,
reductive cyclization of 2-nitrobenzylamines by using Sn, Ti, Zn and In have attracted
considerable attention because of the readily available starting material.*®> Nevertheless,
these methods still suffer from setbacks such as unsatisfying yields, longer and harsh
reaction conditions. Consequently, there is still a need to develop an operationally simple
and easy means to access this important class of heterocycles. In our strategy, N2-
substituted indazole was obtained selectively with appropriately substituted ortho-nitro
benzyl amines via partial reduction followed by intramolecular N-N bond formation.
Similarly, among many available synthetic methods for the preparation of isocoumarin,
transition-metal catalyzed protocols are proven to be a concise and efficient strategy.
Especially, less expensive ruthenium (IlI) catalyzed, chelation assisted C-H
activation/annulation of aromatic carboxylic acid with internal alkynes has received much
attention in the recent years.#

Fused heterocycles containing two or more pharmacophores have played a very
important role in both medicinal chemistry and organic synthesis.'® While indazoles and
coumarin are well presented, indazole fused with pyranone bi-heterocycle is rarely reported
in the literature and no attempt has been made to the synthesize of pyranone-fused
indazoles. In continuation with our research interest on the development of efficient
methods for hybrid heterocycles,’® we report herein a novel, atom economic and
regioselective synthesis of indazole fused pyranone via a sequential, stepwise pathway as
shown in Scheme 1. In our methodology, methyl 4-(bromomethyl)-3-nitrobenzoate acts as
a basic substrate to build an indazole skeleton by nucleophilic aliphatic substitution with
primary amines followed by reductive cyclization. Later, the strategically positioned
methyl ester is hydrolyzed to a carboxylic acid which subsequently undergoes
regioselective alkyne insertion through ruthenium catalysis to furnish pyranone-fused
indazoles. To the best of our knowledge, construction of indazole fused pyranone via step-

wise reductive cyclization and alkyne insertion has never been reported.
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Scheme 1. A proposed synthetic route for the synthesis of pyranone-fused indazoles

Result and Discussion

Our preliminary investigation began with the reaction of methyl 4-(((thiophene-2-
ylmethyl)amino)methyl)-3-nitrobenzoate 1{1} in the presence of zinc and ammonium
formate in methanol to prepare diamine product 2"{1}(Table 1) for the possible synthesis

of quinazoline with aldehydes.

Table 1. Optimization of the reaction conditions!®
0

NO, NH,
H
N _b N
Yy SE \7 2{1} 211} SE \>

Entry Reductive agents 2{1} ViiEle (CVZo,){l}
1 Zn (2 equiv)/ HCOONHj4 (1 equiv) 45 19
2 Pd/C (2 equiv) / H2 0 85
3 Pd/C (2 equiv)/ HCOONH3 (1 equiv) 0 82
4 Zn (3 equiv)/ HCOONHqs (1 equiv) 62 9
5 Zn (5 equiv)/ HCOONHqs (1 equiv) 76 0

@ Reaction conditions: the reaction was carried out in 0.165 mmol scale with various reductive agents in

methanol at room temperature for 1 h.
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However, to our surprise the reaction furnished an unknown compound (45%) as the
major product together with the diamine 2°{1} (19%). The absence of benzyl methylene
peak and the appearance of characteristic signal of C(3)-H as a sharp singlet in the aromatic
region (7.95 ppm) confirmed the formation of 2H-indazole 2{1}. Further, the structure of
2{1} was ascertained by X-ray single crystallography (Figure 2) which indicates the N-N

bond formation.

: ‘- H (7.95 ppm)
02 ’/ \’_ \ -
:. N - '._‘NL A ; O ~ /N
[ ¥y f \ v=
i '/mj / w3 _
b ~
201

Figure 2. ORTEP diagram of compound 2{1}

We reasoned that under reductive condition, the nitro group underwent partial
reduction to nitroso benzyl amine which cyclized intramolecularly to furnish indazole via
N-N bond formation. This unprecedented result encouraged us to develop an exclusive
method to selectively synthesize indazole ring owing to their notable biological property.
In order to study the formation of 2{1} exclusively, the reaction conditions were optimized
with various reducing agents as shown in Table 1. When the same reaction was carried out
in the presence of palladium on charcoal with hydrogen gas or ammonium formate, only
diamine 2°{1} (entries 2 and 3) was obtained. Increasing the amount of zinc, significantly
increases the yield of 2{1} with the diminished formation of 2"{1} (entries 4 and 5).
However, an exclusive formation of 2{1} in 76% yield was accomplished when ammonium
formate in methanol was added drop wise to the reaction mixture (entry 5).

With the optimized conditions in hand, the scope of the reaction was evaluated. As
shown in Table 2, various substituted 2-nitrobenzylamines were tested for this unique
transformation. For alkyl substituted substrates, the corresponding 2H-indazoles were
obtained in good to excellent yields. However, moderate yields were obtained in the case
of aromatic substituted (2{5} and 2{19}) and bulky substituted (2{8} and 2{9}) 2-
nitrobenzylamine accompanied with compounds 2°{5}, 2°{19}, 2°{8}, and 2°{9}. The
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moderate yields of indazole formation may be due to the resonance stabilization of nitrogen
lone pair of aniline type amine within the aromatic ring in the nitroso form (Scheme 2, A).

Table 2. Synthesis of 2H-indazoles via reductive cyclization

o
H
HC NO, Zn, HCOONH, o N,
H » N—R;
N\R MeOH, rt, 15 min =
1
1

o

Entry Product Isolated yield (%0) Entry  Product Isolated yield (%0)

1 2{1} 76 11 2{11} 70
2 2{2} 79 12 2{12} 66
3 2{3} 62 13 2{13} 75
4 2{4} 65 14 2{14} 75
5 2{5} 47 15 2{15} 72
6 2{6} 49 16 2{16} 78
7 2{7} 71 17 2{17} 68
8 2{8} 53 18 2{18} 71
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9 2{9} 51 19 2{19} 45
10 2{10} 80 20 2{20} 65
21 2{21} 79

Based on the literature reports, a tentative mechanism for the synthesis of 2H-
indazole is depicted in Scheme 2. Initially, 2-nitrobenzylamine was reduced to nitroso
compound A in the presence of zinc and ammonium formate via reductive addition of two
hydrogen atoms. It is noteworthy that, because of the presence of nucleophilic benzyl
nitrogen at the ortho-position, the reduction of nitro group with zinc under acidic condition
stop at nitroso state for the possible formation of N-N bond. Then, an intramolecular
nucleophilic addition of benzyl amine on nitroso group delivered intermediate B, upon
elimination of water to produce 2H-indazoles. The driving force for the proton elimination

in the final step is due to the formation of the more stable, aromatic like 2H-indazole.

Scheme 2. A plausible mechanism for the formation of 2H-indazoles

o] o] (o] 0 o o° (o] :OH
~ @f\lj\ @/_T_rr ~ @N\ N N [{] )
o o 7,0 OH \OJ\@ “OH 2H" O “OH,
[—— @
HN_ HN_ o HN\R HN_

H ® o]
ko o o JoH, X
N HY S N ~0 =N
\ H— N-Rr . © Y N-R — » N—R
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L
A (Nitroso) B H_ .8 (Hcoo 2

In light of a successful reductive cyclization process for the regioselective synthesis
of 2H-indazoles, the next task is aiming to build a pyranone framework by utilizing an
acidic form of indazole through metal mediated alkyne insertion. Our attempt was initiated
by the base hydrolysis (aq. NaOH) of indazole esters to the corresponding acid derivatives.
After synthesizing these acids, we carried out an oxidative coupling of 3{14,1} with
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diphenylacetylene 4{1} in the presence of [RuCl2(p-cymene)]. (5 mol %), Cu(OAc)2.H20
(2 equiv) as an oxidant and AgOTTf (20 mol %) as an additive in refluxing p-xylene (5 mL)
for 12 h to deliver the desired product 5{14,1} in 45% yield (see Supporting Information,
Table S1, entry 1). Encouraged by this promising result, further screening of the reaction
conditions was carried out as shown in see Supporting Information File in Table S1. From
these results, we concluded that [RuClz(p-cymene)]2 (5 mol %), Cu(OAc)2.H20 (2 equiv)
as an oxidant and AgOTf (20 mol %) as an additive in t-butanol under microwave
irradiation at 100 °C for 30 minutes provided the optimal results. (See Supporting
Information, Table S1).

Table 3. Indazole-directed regioselective synthesis of fused bi-heterocycles

O H [RuCl2(p-cymene)]2

HO)E@N/ Cu(OAc)2-H20, AgOTf o
~ nrt * o N
Hy — t-Butan%l(,)l\r/Inﬁ(lOO C) O : N__R!
Hy
3 4 5
e TeL MOy
3{14} 3(21} 311}
(o] o (0] (o] <>7
N N N
3{13} 3{10} 32}
(o]
les *@@ aens
3(3} b 3(12} 3{16}
Acids
Entry Product Isolated yield (%0) Entry Product Isolated yield (%0)
1 5{14,1} 82 12 5{2,1} 77
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2 5{21,2} 79 13 5{2,2} 75
3 5{21,3} 68 14 5{2,3} 69
4 5{11,1} 77 15 5{3,1} 67
5 5{11,2} 81 16 5{12,1} 65
6 5{11,3} 69 17 5{9,1} 74
7 5{13,1} 82 18 5{16,3} 71
8 5{13,2} 79 19 5{17,4} ND
9 5{13,3} 68 20 5{17,5} 79
10 5{10,1} 85 21 5{17,6} 74
11 5{10,3} 72 22 5{17,7} 81

With the optimized reaction condition in hand, we probed the substrate scope of
ruthenium catalyzed oxidative annulation with various substituted indazoles and internal
alkynes (Table 3). A broad range of functional groups were well-tolerated and a variety of
N2 substituted (alkyl, aryl, heterocyclic) indazoles were synthesized in excellent yields.
Remarkably, the coupling reaction occurred regioselectively with C-H1 bond due to the
possible chelation of indazole nitrogen to the metal center. We next investigated the scope
of the reaction by using various disubstituted alkynes such as alkyl, aryl, and electron-rich
and electron deficient symmetrical alkynes which converted to the products with moderate
to excellent yields. However, with diethyl acetylenedicarboxylate, no conversion was
observed under the same reaction condition.

The reaction of unsymmetrical alkyne (prop-1-yn-1-yl benzene) with indazoles 3
is highly regioselective in which the alkyne carbon bearing phenyl group is attached to the
acid group site and the alkyne carbon bearing a methyl group is connected to the ortho-
carbon of the acid to give the desired products (5{21,3}, 5{11,3}, 5{13,3}, 5{10,3}, 5{2,3}
and 5{16,3}) in good yields. The reason for the high regioselectivity would be the steric
repulsion between the bulky phenyl group and the indazole ring. The observed
regioselectivity is ascertained by X-ray single crystallography studies and the ORTEP

diagrams of the representative compounds 5{2,3} are shown in Figure 3. Interestingly, we
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didn’t observe any decarboxylative cyclization product in the present catalytic reaction

system.

Paor
7Y

Bt

\ P
e’ ‘*,I
[ L ;

o Y B

Figure 3. ORTEP diagram of compounds 5{2,3}

A plausible mechanism for the ruthenium-catalyzed regioselective C-H bond
activation/annulation reaction is illustrated in Scheme 3. The catalytic cycle commences
with the formation of five membered ruthenacycle A via acetate assisted irreversible C-H1
bond activation with the liberation of acetic acid. The regioselective C-H1 bond activation
is governed by the weak co-ordination of indazole ring nitrogen to the metal center.
Subsequently, an alkyne insertion furnished seven membered ruthenacycle which upon
reductive elimination yields the desired pyranone-fused with indazole. The resulting Ru(0)

is reoxidized to Ru(ll) in the presence of Cu(ll) salts to reinitiate the catalytic cycle.

Scheme 3. A plausible catalytic cycle for the regioselective alkyne annulation with acids

S10

ACS Paragon Plus Environment



Page 11 of 20

oNOYTULT D WN =

ACS Combinatorial Science

[Ru"Cly(p-cymene)]

Ag+\
cu o) _N

R? I ~
R3 Cu \) [Ru"(0AC)2X] H
1 /

X= p-cymene

O - ‘N_R! RU(O)
=
Hy
2HOAc
reductive
limination
eliminati X
@) IJQu””
~ 'N-R?

alkyne insertion

After the successful synthesis of pyranone-fused indazoles, we extended this methodology
for alkene insertion to the synthesis of indazole-fused furanone scaffold. Gratifying, under the
optimized condition, oxidative coupling with tert-butyl acrylate took place smoothly to produce

the target molecule in 82% yield (Scheme 4).

Scheme 4. Alkenylation/cyclization cascade for the synthesis of indazole-fused furanone
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B

o
[RuCl2(p-cymene)]2 o s
_N N o Cu(0Ac)2-H20, AgoTf O N =
. - N
t-Butanol, MW(100°C) =~
3{10} 30 min 6(10} (82 %)

Similarly, we have successfully carried out selective C3-arylation of indazole fused
pyranone with aryl halides in the presence of Pd/Ag catalytic system in water as shown in
(Table 4).

Table 4. Selective arylation of indazole-fused pyranone 5{21,2}

7
(O
Pd@gAc)z (10 mol%)
= N
O 2CO5 (1 eq) 0 N
Y
H,0,reflux,12 h

5(21,2) 8

Q
J
5
Q
\
J
5

78% 80%
8{21,2,1} 8{21,2,2}

Conclusion
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In summary, a new synthetic route to prepare pyranone-fused indazole was explored
by employing readily available substrates. The 2H-indazole core is accomplished via
reductive cyclization for N-N bond formation in the presence of zinc/ammonium format at
ambient temperature. Subsequently, the strategically positioned carboxylic derivatives
were successfully employed as a suitable substrate for the regioselective C-H bond
activation /annulation with internal alkynes to deliver indazole-fused pyranones. The new
protocol offers a concise route for the construction of these bi-heterocycles with diverse

functionalization.

EXPERIMENTAL SECTION

Experimental procedure for the synthesis of Methyl 2-(thiophen-2-ylmethyl)-2H-indazole-6-
carboxylate 2{1}.

To a solution of methyl 3-nitro-4-(((thiophen-2-ylmethyl)amino)methyl)benzoate 1{1}
(100 mg, 0.326 mmol) in methanol (6 mL) was added zinc (104 mg, 1.633 mmol) followed
by ammonium formate (20 mg, 0.344 mmol) in methanol (1 mL) was added dropwise. The
resulting reaction mixture was stirred at room temperature for 1 h. After the completion of
the reaction, the reaction mixture was filtered through a pad of celite and washed with
methanol (10 mL). The filtrate was evaporated and dissolved in CH2Cl> (15 mL). The
precipitated ammonium formate was filtered off. The resulting crude product was purified
by silica gel column chromatography (EtOAc/Hexane = 3/10) to afford the desired product
2{1} (67 mg, 76 %)

Methyl 2-(thiophen-2-ylmethyl)-2H-indazole-6-carboxylate 2{1}

Brown solid; yield 67 mg, 76%; mp 94-96 °C; *H NMR (300 MHz, CDCls) & 8.53 (s, 1H), 7.96
(s, 1H), 7.71 (dd, J = 8.8, 1.2 Hz, 1H), 7.64 (d, J = 8.8 Hz, 1H), 7.32 (dd, J = 5.2, 1.2 Hz, 1H),
7.16 (d, J = 3.6 Hz, 1H), 7.01 (dd, J = 5.2, 3.6 Hz, 1H), 5.79 (s, 2H), 3.95 (s, 4H); 3C NMR (75
MHz, CDCl3) 6 183.1, 167.9, 148.5, 137.1, 128.5, 128.3, 127.6, 127.4, 124.5, 123.1, 121.9, 121.8,
120.7,52.6; IR (cm™, neat): 2948, 1714, 1502; MS (EI-MS) m/z: 272 (M*); HRMS: calculated for

C14H12N202S m/z: 272.0619; found 272.0618.
S13
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Experimental procedure for the synthesis of 2-cyclopentyl-8,9-diphenylpyrano[3,4-
glindazol-6(2H)-one 5{14,1}.
To an oven dried microwave vial was added 2-cyclopentyl-2H-indazole-6-carboxylic acid

(70 mg, 0.304 mmol), diphenyl acetylene (65 mg, 0.365 mmol), [RuClz(p-cymene)]2 (9 mg,
0.0152 mmol), Cu(OACc)2.H20 (121 mg, 0.608 mmol) followed by AgOTf ( 16 mg, 0.0608
mmol) in t-BuOH (3 mL). The reaction tube was sealed and irradiated at a ceiling
temperature of 100 °C using 150 W for 30 min. Upon completion of reaction, the residue
was filtered through a pad of celite and the filtrate was concentrated in vacuo. The resulting
crude product was purified by column chromatography (EtOAc/hexane= 1/5) on silica gel
to afford compound 5{14,1} (101 mg, 82 %)
2-cyclopentyl-8,9-diphenylpyrano[3,4-g]indazol-6(2H)-one 5{14,1}.

Brown semi solid; yield 62 mg, 71%; *H NMR (300 MHz, CDCls) § 7.95 (d, J = 8.8 Hz, 1H), 7.87
(s, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.40-7.32 (m, 7H), 7.21-7.19 (m, 3H), 4.64 (quint, J = 7.4 Hz,
1H), 1.99-1.93 (m, 2H), 1.82-1.75 (m, 2H), 1.58-1.51 (m, 4H); 3C NMR (75 MHz, CDCls) &
163.4, 153.0, 143.9, 136.9, 133.7, 132.6, 132.0, 129.8, 129.1, 128.3, 128.1, 127.8, 125.4, 122.2,
121.2, 120.6, 117.3, 117.1, 64.9, 33.9, 25.1;IR (cm™, neat): 2954, 1714, 1492; MS (EI-MS) m/z:
406 (M*); HRMS: calculated for C27H22N202 m/z: 406.1681; found 406.1681.

ASSOCIATED CONTENT

Supporting Information

The supporting information is available free of charge on the ACS Publications website at DOI:
Full characterization and spectroscopic data (*H and *C NMR, HRMS, FT-IR) of compounds 2,
5,6and8

X-ray crystallography of 2{1} (CIF)

X-ray crystallography of 5{2,3} (CIF)

X-ray crystallography of 5{3,1} (CIF)

S14

ACS Paragon Plus Environment

Page 14 of 20



Page 15 of 20

oNOYTULT D WN =

ACS Combinatorial Science

AUTHOR INFORMATION

Corresponding authors

*E-mail: cmsun@mail.nctu.edu.tw

Notes

The authors declare no competing financial interest.

ACKNOWLEDGEMENTS

The authors thank the Ministry of Science and Technology of Taiwan for the financial

assistance and Mr. Han-Yuan Hsu to prepare some compounds in the initial study.

REFERENCES

1.

(a) Haddadin, M. J.; Conrad, W. E.; Kurth, M. J. The Davis-Beirut Reaction: A Novel Entry
into 2H-indazoles and Indazolones. Recent Biological Activity of Indazoles. Mini-Rev.Med.
Chem. 2012, 12, 1293. (b) Gaikwad, D. D.; Chapolikar, A. D.; Devkate, C. G.; Warad, K. D.;
Tayade, A. P.; Pawar, R. P.; Domb, A. J. Synthesis of indazole motifs and their medicinal
importance: An overview. Eur. J. Med. Chem. 2015, 90, 707; (c) Elsayed, N. M. Y.; Abou El
Ella, D. A.; Serya, R. A. T.; Tolba, M. F.; Shalaby, R.; Abouzid, K. A. M. Design, synthesis
and biological evaluation of indazole—pyrimidine based derivatives as anticancer agents with
anti-angiogenic and antiproliferative activities. Med. Chem. Commun. 2016, 7, 881.

() Cerecetto, H.; Gerpe, A.; Gonzalez, M.; Aran, V. J.; Ocariz, C. O. D. Pharmacological
Properties of Indazole Derivatives: Recent Developments. Mini-Rev. Med. Chem. 2005, 5, 869.
(b) Huang, L. J.; Shih, M. L.; Chen, H. S.; Pan, S. L.; Teng, C. M.; Lee, F. Y.; Kuo, S. C.
Synthesis of N2-(substituted benzyl)-3-(4-methylphenyl)indazoles as novel anti-angiogenic
agents. Bioorg. Med. Chem. 2006, 14, 528.

Jones, P.; Altamura, S.; Boueres, J.; Ferrigno, F.; Fonsi, M.; Giomini, C.; Lamartina, S.;
Monteagudo, E.; Ontoria, J. M.; Orsale, M. V.; Palumbi, M. C.; Pesci, S.; Roscilli, G.; Scarpelli,
R.; Schultz-Fademrecht, C.; Toniatti, C.; Rowley, M. Discovery of 2-{4-[(3S)-Piperidin-3-
yl]phenyl}-2H-indazole-7-carboxamide  (MK-4827): A Novel Oral Poly(ADP-

S15

ACS Paragon Plus Environment


mailto:cmsun@mail.nctu.edu.tw

oNOYTULT D WN =

ACS Combinatorial Science

ribose)polymerase (PARP) Inhibitor Efficacious in BRCA-1 and -2 Mutant Tumors. J. Med.
Chem. 2009, 52, 7170.

Wrobel, J.; Steffan, R.; Bowen, S. M.; Magolda, R.; Matelan, E.; Unwalla, R.; Basso, M.;

Clerin, V.; Gardell, S. J.; Nambi, P.; Quinet, E.; Reminick, J. I.; Vlasuk, G. P.; Wang, S.;
Feingold, I.; Huselton, C.; Bonn, T.; Farnegardh, M.; Hansson, T.; Nilsson, A. G.;
Wilhelmsson, A.; Zamaratski, E.; Evans, M. J. Indazole-Based Liver X Receptor (LXR)
Modulators with Maintained Atherosclerotic Lesion Reduction Activity but Diminished
Stimulation of Hepatic Triglyceride Synthesis. J. Med. Chem. 2008, 51, 7161.

Perez, A. G; Pfefferkorn, J. A.; Lee, E. C. Y.; Stevens, B. D.; Aspnes, G. E.; Bian, J.; Didiuk,
M. T.; Filipski, K. J.; Moore, D.; Perreault, C.; Sammons, M. F.; Tu, M.; Brown, J.; Atkinson,
K.; Litchfield, J.; Tan, B.; Samas, B.; Zavadoski, W. J.; Salatto, C. T.; Treadway, J. The design
and synthesis of a potent glucagon receptor antagonist with favorable physicochemical and
pharmacokinetic properties as a candidate for the treatment of type 2 diabetes mellitus. Bioorg.
Med. Chem. Lett. 2013, 23, 3051.

(@) Sonnenbichler, J.; Kovacs, T. Influence of the Gloeophyllum metabolite oosponol and
some synthetic analogues on protein and RNA synthesis in target cells. Eur. J. Biochem. 1997,
246, 45. (b) Nozawa, K.; Yamada, M.; Tsuda, Y.; Kawai, K.; Nakajima, S. Antifungal Activity
of Oosponol, Oospolactone, Phyllodulcin, Hydrangenol, and Some Other Related Compounds.
Chem. Pharm. Bull. 1981, 29, 2689.

(@) Lim, D. S.; Kwak, Y. S.; Kim, J. H.; Ko, S. H.; Yoon, W. H.; Kim, C. H. Antitumor
Efficacy of Reticulol from Streptoverticillium against the Lung Metastasis Model B16F10
Melanoma. Chemotherapy. 2003, 49, 146. (b) Kumagai, H.; Wakazono, K.; Agata, N.; Isshiki,
K.; Ishizuka, M.; lkeda, D. J. Effect of Cytogenin, a Novel Immunomodulator, on
Streptozotocin-induced Diabetes in Mice. Antibiot. 2005, 58, 202.

(@) Salloum, R. M.; Jaskowiak, N. T.; Mauceri, H. J.; Seetharam, S.; Beckett, M. A.; Koons,
A. M.; Hari, D. M.; Gupta, V. K.; Reimer, C.; Kalluri, R.; Posner, M.C.; Hellman, S.; Kufe,
D. W.; Weichselbaum, R. R. NM-3, an Isocoumarin, Increases the Antitumor Effects of
Radiotherapy without Toxicity. Cancer Res. 2000, 60, 6958. (b) Kawano, T.; Agata, N.;
Kharbanda, S.; Avigan, D.; Kufe, D. A novel isocoumarin derivative induces mitotic phase

arrest and apoptosis of human multiple myeloma cells. Cancer Chemother. Pharmacol. 2007,

S16

ACS Paragon Plus Environment

Page 16 of 20



Page 17 of 20

oNOYTULT D WN =

10.

11

ACS Combinatorial Science

59, 329; (c) Agata, N.; Nogi, H.; Milhollen, M.; Kharbanda, S.; Kufe, D. 2-(8-Hydroxy-6-
methoxy-1-oxo-1H-2-benzopyran-3-yl)propionic Acid, a Small Molecule Isocoumarin,
Potentiates Dexamethasone-Induced Apoptosis of Human Multiple Myeloma Cells. Cancer
Res. 2004, 64, 8512.

(@ Minkin, V. I.; Garnovskii, D. G.; Elguero, J.; Katritzky, A. R.; Denisko, O. V.
Tautomerism of Heterocycles: Five-Membered Rings with Two or More Heteroatoms. Adv.
Heterocycl. Chem. 2000, 76, 157. (b) Schmidt, A.; Beutler, A.; Snovydovych, B. Recent
Advances in the Chemistry of Indazoles. Eur. J. Org. Chem. 2008, 4073. (c) Hunt, K. W.;
Moreno, D. A.; Suiter, N.; Clark, C. T.; Kim, G. Selective Synthesis of 1-Functionalized-alkyl-
1H-indazoles. Org. Lett. 2009, 11, 5054. (d) Slade, D. J.; Pelz, N. F.; Bodnar, W.; Lampe, J.
W.; Watson, P. S. Indazoles: Regioselective Protection and Subsequent Amine Coupling
Reactions. J. Org. Chem. 2009, 74, 6331.

(a) Cadogan, J. I. G.; Marshall, R.; Smith, D. M.; Todd, M. J. Reduction of nitro- and nitroso-
compounds by tervalent phosphorus reagents. Part VIII. Syntheses of benzimidazoles and
anthranils. J. Chem. Soc. C, 1970, 0, 2441. (b) Cadogan, J. I. G.; Mackie, R. K. Tervalent
phosphorus compounds in organic synthesis. Chem. Soc. Rev. 1974, 3, 87. (c) Varughese, D.
J.; Manhas, M. S.; Bose, A. K. Microwave enhanced greener synthesis of indazoles via nitrenes.
Tetrahedron Lett. 2006, 47, 6795. (d) Nathan, E. G.; Liuging, W.; Gary, E. A. Regioselective
Synthesis of 2H - Indazoles Using a Mild, One-Pot Condensation—Cadogan Reductive
Cyclization. Org. Lett. 2014, 16, 3114.

(@) Okuro, K.; Gurnham, J.; Alper, H. lonic diamine rhodium complex catalyzed reductive N-
heterocyclization of N-(2-nitroarylidene)amines. Tetrahedron Lett. 2012, 53, 620. (b)
Moustafa, A. H.; Malakar, C. C.; Aljaar, N.; Merisor, E.; Conrad, J.; Beifuss, U. Microwave-
Assisted Molybdenum-Catalyzed Reductive Cyclization of o-Nitrobenzylidene Amines to 2-
Aryl-2H-indazoles. Synlett. 2013, 24, 1573. (c) Stokes, B. J.; Vogel, C. V.; Urnezis, L. K.; Pan,
M.; Driver, T. G. Intramolecular Fe(ll)-Catalyzed N—O or N-N Bond Formation from Aryl
Azides. Org. Lett. 2010, 12, 2884. (d) Kumar, M. R.; Park, A.; Park, N.; Lee, S. Consecutive
Condensation, C-N and N-N Bond Formations: A Copper- Catalyzed One-Pot Three-
Component Synthesis of 2H-Indazole. Org. Lett. 2011, 13, 3542. (e) Hu, J.; Cheng, Y.; Yang,
Y.; Rao, Y. A general and efficient approach to 2H-indazoles and 1H-pyrazoles through

S17

ACS Paragon Plus Environment



oNOYTULT D WN =

12.

13.

14.

ACS Combinatorial Science

copper-catalyzed intramolecular N-N bond formation under mild conditions. Chem. Commun.
2011, 47, 10133. (f) Song, J. J.; Yee, N. K. A Novel Synthesis of 2-Aryl-2H-indazoles via a
Palladium-Catalyzed Intramolecular Amination Reaction. Org. Lett. 2000, 2, 519. (g) Hongji
L.; Pinhua Li.; Lei Wang. Direct Access to Acylated Azobenzenes via Pd-Catalyzed C-H
Functionalization and Further Transformation into an Indazole Backbone. Org. Lett., 2013, 15,
620.

(@) Fang, Y.; Wu, C.; Larock, R. C.; Shi, F. Synthesis of 2H-Indazoles by the [3 + 2] Dipolar
Cycloaddition of Sydnones with Arynes. J. Org. Chem. 2011, 76, 8840. (b) Wang, C. D.; Liu,
R. S. Silver-catalyzed [3+2]-cycloaddition of benzynes with diazocarbonyl species via a
postulated (1H-indazol-1-yl)silver intermediate. Org. Biomol. Chem. 2012, 10, 8948. (c)
Cheung, M.; Boloor, A.; Stafford, J. A. Efficient and Regioselective Synthesis of 2-Alkyl-2H-
indazoles. J. Org. Chem. 2003, 68, 4093. (d) Lin, M. H.; Liu, H. J.; Lin, W. C.; Kuo, C. K;;
Chuang, T. H. Regioselective synthesis of 2H-indazoles through Ga/Al- and Al-mediated
direct alkylation reactions of indazoles. Org. Biomol. Chem. 2015, 13, 11376. (e) Haag, B.;
Peng, Z.; Knochel, P. Preparation of Polyfunctional Indazoles and Heteroarylazo Compounds
Using Highly Functionalized Zinc Reagents. Org. Lett. 2009, 11, 4270.

(@) Sun, F.; Feng, X.; Zhao, X.; Huang, Z. B.; Shi, D. Q. An efficient synthesis of 2H-indazoles
via reductive cyclization of 2-nitrobenzylamines induced by low-valent titanium reagent.
Tetrahedron. 2012, 68, 3851. (b) Shi, D. Q.; Dou, G. L.; Ni, S. N.; Shi, J. W.; Li, X. Y.; Wang,
X. S.; Wu, H.; Ji, S. J. A Novel and Efficient Synthesis of 2-Aryl-2H-indazoles via SnCl2-
Mediated Cyclization of 2-Nitrobenzylamines. Synlett. 2007, 16, 2509. (c) Ahn, G. H.; Lee, J.
J.; Jun, Y. M.; Lee, B. M.; Kim, B. H. Reductive heterocyclizations via indium—iodine-
promoted conversion of 2-nitroaryl imines or 2-nitroarenes to 2,3-diaryl-substituted indazoles.
Org. Biomol. Chem. 2007, 5, 2472.

(@) Ueura, K.; Satoh, T.; Miura, M. An Efficient Waste-Free Oxidative Coupling via
Regioselective C-H Bond Cleavage: Rh/Cu-Catalyzed Reaction of Benzoic Acids with
Alkynes and Acrylates under Air. Org. Lett. 2007, 9, 1407. (b) Ackermann, L.; Pospech, J.;
Graczyk, K.; Rauch, K. Versatile Synthesis of Isocoumarins and a-Pyrones by Ruthenium-
Catalyzed Oxidative C-H/O-H Bond Cleavages. Org. Lett. 2012, 14, 930. (c) Chinnagolla, R.

S18

ACS Paragon Plus Environment

Page 18 of 20



Page 19 of 20

oNOYTULT D WN =

15.

16.

ACS Combinatorial Science

K.; Jeganmohan, M. Regioselective synthesis of isocoumarins by ruthenium-catalyzed aerobic
oxidative cyclization of aromatic acids with alkynes. Chem. Commun. 2012, 48, 2030.

(a) Dolle, R. E.; Bourdonnec, B. L.; Goodman, A. J.; Morales, G. A.; Thomas, C. J.; Zhang,
W. Comprehensive Survey of Chemical Libraries for Drug Discovery and Chemical Biology:
2007. J. Comb. Chem. 2008, 10, 753. (b) Soural, M.; Bouillon, I.; Krchiak, V. Combinatorial
Libraries of Bis-heterocyclic Compounds with Skeletal Diversity. J. Comb. Chem. 2008, 10,
923.

(a) Maiti, B.; Chanda, K.; Selvaraju, M.; Tseng, C. C.; Sun, C. M. Multicomponent Solvent-
Free Synthesis Of Benzimidazolyl Imidazo[1,2-a]-pyridine Under Microwave Irradiation. ACS.
Comb. Sci. 2013, 15, 291. (b) Liao, J. Y. C.; Selvaraju, M.; Chen, C. H.; Sun, C. M. Multistep
divergent synthesis of benzimidazole linked benzoxazole/benzothiazole via copper catalyzed
domino annulation. Org. Biomol. Chem. 2013, 11, 2473. (c) Dhole, S.; Selvaraju, M.; Maiti,
B.; Chanda, K.; Sun, C. M. Microwave Controlled Reductive Cyclization: A Selective
Synthesis of Novel Benzimidazole-alkyloxypyrrolo[1,2-a]Jquinoxalinones. ACS Comb. Sci.
2015, 17, 310.

S19

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Combinatorial Science Page 20 of 20

Regioselective Synthesis of Pyranone-fused Indazoles via
Reductive Cyclization and Alkyne Insertion

Tz-Yi Wu, Sandip Dhole, Manikandan Selvaraju and Chung-Ming Sun”

Department of Applied Chemistry, 1001 Ta-Hseuh Road, National Chiao-Tung University,
Hsinchu 300-10, Taiwan

0 o H 1. Hydrolysis o
~o NO, Zn No _N, 2. Alkyne insertion
H - N—Rj ———— > N
\g HCOONH;  y S N—Ry
1

3. Arylation, H

ACS Paragon Plus Environment



