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Abstract — Spiro compounds play an important role in organic chemistry, not
only as key structural units in many natural products and pharmaceuticals but also
as useful building blocks in synthetic chemistry. This review deals with the
synthesis and application of spiro heterocycles, especially spiro pyrazol-3-ones
(SPOs). SPOs represent a common scaffold present in a wide range of biological
active compounds, such as antibacterial, analgesic, phosphodiesterase, inotropic,
acetyl-CoA carboxylase, PPARa, RalA, and antitumor activities, among others.
The structural features of SPOs provide them with increased reactivity, and SPOs
undergo a series of interesting reactions under appropriate conditions, giving
efficient methods for the construction of many useful organic compounds. The
exploration of SPOs novel reaction has attracted much attention of organic
chemists. Generally, SPOs reaction types include nucleophilic addition,
ring-opening, and ring transformation reactions. The present review summarizes

the advances on SPOs during the period of 2008 to 2021 in our laboratory.
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1. INTRODUCTION

Heterocyclic compounds have received considerable attention because of their important biological
properties and their role as pharmacophores.l:2 There are vast numbers of pharmacologically active
heterocyclic compounds many of which are in regular clinical use. Among them, pyrazole and its
derivatives are known to exhibit a wide spectrum of biological activities such as antipyretic,
anti-inflammatory, antiviral, antibacterial, hypoglycemic, antihypertensive, and antitumor activities.>2
Therefore, there have been many attempts to develop alternative methods for the synthesis of pyrazole
derivatives. =14

Spiro compounds, especially nitrogen-containing spiro heterocycles, served as an important structural unit
in many bioactive natural products, pharmaceuticals, and agricultural chemicals.2>2* Among them, spiro
heterocycles containing pyrazol-3-one unit also have biological activities, such as antibacterial (A),%
analgesic (B),2 phosphodiesterase (C and D),222 inotropic (E),?° acetyl-CoA carboxylase (F),22 PPAR«
(G),2 RalA (H),22 and antitumor (1) activities (Figure 1). Hence, their synthesis continues to attract

attention and provides an interesting challenge.

Figure 1. Structures of drugs and bioactive compounds containing SPO unit
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This review deals with the synthesis and application of spiro heterocycles, especially spiro pyrazol-3-ones
(SPOs). The structural features of SPOs provide them with increased reactivity, and SPOs undergo a
series of interesting reactions under appropriate conditions, giving efficient methods for the construction
of many useful organic compounds. The exploration of SPOs novel reaction has attracted much attention
of organic chemists. Generally, SPOs reaction types include nucleophilic addition, ring-opening, and ring
transformation reactions. So far, we have reported some exciting synthetic strategies for the synthesis of
this exclusive class of spiro compounds. The main purpose of this review is to present useful data of the
literature on the synthesis and application of SPOs for medicinal chemists. The present review

summarizes the advances on SPOs during the period of 2008 to 2021 in our laboratory.

2. SYNTHESIS AND APPLICATION OF SPOS CONTAINING CYCLOPROPANE MOIETY

A series of new SPOs 2a-h®* were synthesized by the reaction of 4-arylidene-pyrazol-3-one 135 with
secondary and tertiary carbanions derived from a methylene and methine group bearing a leaving group
and electron-withdrawing group, such as methyl chloroacetate, ethyl chloroacetate, isopropyl
chloroacetate, tert-butyl chloroacetate, chloroacetonitrile, 2-chloro-N,N-diethylacetamide, methyl
2-chloropropionate, and 2-chloropropionitrile, in the presence of NaH in DMF at 0-5 °C for 2 h or rt for 6
h in 33-88% yields (Table 1).

Table 1. Synthesis of SPOs 2a-h

Ph [ aRR R! R?
Phﬁ—(Me A e Ph Me Ph >;< Me
W +ClcH  — iy N | — en Y
07 N’ RZ  DMF 0N 07N’

N L N
1 2a-h

Entry R? R? Product Yield (%)

1 H CO2Me 2a 632

2 H COEt 2b 60?

3 H CO,'Pr 2¢ 65°

4 H CO,'Bu 2d 812

5 H CN 2e 33

6 H CONEt, 2f 592

7 Me CO2Me 29 57°

8 Me CN 2h 8gP

30-5°C for 2 h. °rt for 6 h.
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Eight of the newly synthesized SPOs 2a-h were tested for their antifungal activity against Candida
albicans and Saccharomyces cerevisiae. In vitro susceptibility tests were performed to evaluate minimum
inhibitory concentrations (MICs) using the method described in the guidelines of NCCLS Document
M27-A2.27 Miconazole and ltraconazole were used as standard drugs for comparison of the antifungal
activity. The results obtained are summarized in Table 2. All SPOs 2a-h were active against Candida

albicans with MIC > 25 and Saccharomyces cerevisiae with MIC > 50 ug /mL.

Table 2. In vitro antifungal activity of SPOs 2a-h against C. albicans and S. cerevisiae

MIC (ug/mL)
Entry Compound C. albicans? S. cerevisiae®
1 2a 25¢ 509
2 2b 25¢ 509
3 2c 25¢ 509
4 2d 25¢ 509
5 2e 25¢ 509
6 2f 25¢ 509
7 29 25¢ 50¢
8 2h 25¢ 509
9 Miconazole 2¢ 0.5
10 Itraconazole 2° 49
11 DMSO > 12.5% > 6.25%
12 EtOH > 12.5% > 6.25%

aRPMI1640 medium, 37 °C. ® YM medium, 25 °C. ¢ containing 0.2% DMSO. ¢ containing 0.39%
DMSO. € containing 0.015% DMSO.  containing 0.04% DMSO. ¢ containing 0.03% DMSO.

Some heterocyclic compounds containing condensed pyrazoles such as pyrano[2,3-c]pyrazoles possess a
wide spectrum of pharmacological action, including analgesic, anti-inflammatory, vasodilating, and
antihypertensive activities.24% Hence, the preparation and biological properties of new substituted
pyrano[2,3-c]pyrazoles are interest.*-%0

To check something about reactivity of SPOs 2, we examined a ring transformation of SPOs 2a-d into
pyrano[2,3-c]pyrazoles.>t SPOs 2a-d were reacted with chloroacetonitrile in the presence of NaH®? in
DMF at 60 °C for 1 h to give the corresponding O-cyanomethylated pyrazoles 3a-d (Table 3, entries 1-4).
Treatment of 3a-d with NaH in DMF at rt for 48 h caused an intramolecular cyclization to afford the
corresponding pyrano[2,3-c]pyrazoles 4a-d (Table 3, entries 5-8). On the basis of these results, we have
tried to directly construct pyrano[2,3-c]pyrazoles 4a-d starting from SPOs 2a-d in a one-pot process.
Thus, after a mixture of SPOs 2a-d and NaH in DMF was stirred at rt for 1 h, the reaction mixture was
treated with chloroacetonitrile at 60 °C for 1 h and then with NaH at rt for 48 h. Subsequently, the
corresponding pyrano[2,3-c]pyrazoles 4a-d were obtained in 28, 47, 44, and 59% yields, respectively.
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Table 3. Synthesis of 3a-d and 4a-d

H_ CO.R Ph  CO,R Ph COzR
Ph Me — Me Me
NaH | ph CICH,CN Ph
Ph N \N - / \ - c / \N
OF N DMF |Nat 0 ~y-N 07 N’

I | I
Ph Ph Ph Ph
2a-d - - 3a-d 4a-d

Entry Substrate R Product Yield (%) Entry Substrate R Product  Yield (%)

1 2a Me 3a 672 5 3a Me 4a 35°
2 2b Et 3b 582 6 3b Et  4b 61°
3 2c 'pr 3c 762 7 3c 'Pr 4c 56P
4 2d ‘Bu  3d 852 8 3d 'Bu  4d 58P
260 °C for 1 h. brt for 48 h.

Furthermore, thermal treatment of SPO 2h with Nal in DMF at 140 °C for 1 h caused a ring
opening/recyclization sequence, giving the pyrano[2,3-c]pyrazole 5° as the only isolated product in 78%
yield (Scheme 1).

Scheme 1. Ring transformation of 2h into 5

Generally, the utility of cyclopropane derivatives in organic synthesis has been recognized for their ready
accessibility originating from the inherent ring strain that can lead to a variety of ring-opening reactions
under the influence of a wide range of chemicals, for example, electrophiles, nucleophiles, and
radicals 2458

The pyridazine nucleus and derived 3-oxo-derivatives, pyridazin-3-ones, are versatile pharmacophores in
many biologically active molecules of contemporary interest.>>%2 For example, these molecules have been
previously reported to be platelet aggregation inhibitor, o-adrenoceptor antagonists, and
antisecretory/antiulcer agents.®2> On the other hand, pyrazole motif makes up the core structure of
numerous biologically active compounds, including blockbuster drugs such as Celebrex®® and Viagra,®

that find a wide range of applications in pharmaceutical 168
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In this context, we tried the divergent synthesis of N-substituted dihydropyrazoles, dihydropyridazinones,
and O-substituted pyrazoles starting from SPO 2h (Scheme 2).22 Thus, thermal treatment of 2h with
a-chloro esters, such as methyl chloroacetate, ethyl chloroacetate, isopropyl chloroacetate, and tert-butyl
chloroacetate, in K2COs/Nal system in DMF at 120 °C for 1 h caused a ring opening and subsequent N- or
C-attack nucleophilic substitution to give the corresponding N-substituted dihydropyrazoles 6b-d and
dihydropyridazinones 7a,b. On the other hand, in the absence of Nal under this reaction conditions,

O-substituted pyrazoles 8a-d were obtained via an O-attack nucleophilic substitution.

Ph Ph
Ph Ph
NC Me NC Me
__ CICH,CO,R —
- —_—_—
o N Nal o _NCH,CO,R
N N 6b: R = Et (38%)
| |
6c: R='Pr (62%)
Ph Ph 6d: R = Bu (59%)
CN
NG Ph pp, Ph
Me Ph
{ CICH,CO,R  Ro,C Ve
0] ’ Nal
N _NH
| 0”"N
Ph | 7a: R = Me (38%)
t Ph 7b: R = Et (15%)
Ph Ph
Ph Ph
NC Me NC Me
m CICH,CO,R B
—_—
- N _N 8a: R=Me (42%)
0" N RO,CH,CO™ “N" 8. R = Et 36%)
| | 8c:R=1Pr43%)
Ph Ph 8d:R='Bu(36%)

Scheme 2. Divergent synthesis of 6b-d, 7a,b, and 8a-d starting from SPO 2h

CICH,CO,R/Nal
K,COj;

2h

— 7ab
DMF

Scheme 3. A plausible mechanism for the formation of 7a,b
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The formation of 7a,b could be explained by possible mechanism presented in Scheme 3. Thus, it is
proposed that a ring-opening reaction of 2h probably causes in the presence of K,COs to give the
C-anions, which undergo C-attack nucleophilic substitution to afford C-adducts J. An intramolecular
nucleophilic addition of activated methylene group of C-adducts J to carbonyl group could occur readily
and then the fused pyrazoles K would be produced. Subsequently, dihydropyridazinones 7a,b could be
formed via a ring expansion of the fused pyrazoles K.

3. SYNTHESIS AND APPLICATION OF SPOS CONTAINING OXIRANE MOIETY

Epoxides, especially spiro epoxide-heterocycles, are versatile building blocks for the synthesis of many
bioactive natural products. They are an ideal source for diversity because they can be opened with
nucleophiles. They are well-known carbon electrophiles and their ability to undergo regioselective
ring-opening reactions contributes to their synthetic value.”%’* In this context, we have developed a
diversity-oriented approach to pyrazole-4,5-diols, 4-hydroxy-pyrazol-3-ones, and phenylhydrazones from
key intermediate SPO 10a.”

An initial attempt to react 4-alkylidene-pyrazol-3-ones 9a-c¢’®"® with m-chloroperbenzoic acid (m-CPBA)
using the method of DeRuiter and co-workers® failed and the expected SPOs 10a-c were observed as
trace level. The reaction was not clean. To achieve an efficient synthesis of SPOs 10a-c, we examined the
epoxidation of 9a-c. Consequently, the reaction of 9a-c with m-CPBA in the presence of K2CO3z in CHCI3
at 0-5 °C for 1 h led to the corresponding SPOs 10a-c (Scheme 4). In this case, it seems that the substrates
9a-c were activated by deprotonation of alkylidene proton in the presence of K>.COs and then the

epoxidation could be promoted by using activated intermediates.

_ N _
K 0
R _03 R
R \ Me (U’Ln (o) C6H4'm'C| (0] Me
{ m-CPBA, K,CO; _ f/ Me R>il—\<N
(N CHCl, K\ 07N
| 0™ N’ I
Ph | Ph
) Ph
Pa-c L . 10a (84%)
10b (79%)
a: R=Me b:R= —(CH2)4— c:R= _(CHZ)G_ 10c (50%)

Scheme 4. Synthesis of SPOs 10a-c

With the aim of extending the ring-opening reaction of SPOs 10a-c, we next tried the reaction of 10a with
acid anhydride in the presence of Lewis acid as an acid catalyst. Thus, treatment of 10a with acid

anhydride such as acetic, propionic, butyric, and pentanoic anhydride in the presence of BFs+ OEt; in
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CHCI;s at rt for 12 h led to the corresponding 4-acyloxy-pyrazol-3-ones 11a-d (Scheme 5). The effect of

Lewis acid was observed with BF3 ¢ OEt, giving the highest yield of 11a, while other Lewis acids such as

ZnCl; and TiCls gave none of 11a.

Me
Me

O mMe (RCO)0
\ BF3' OEtz
N >
N CHCl,4

I
Ph

10a

(‘o“‘

R
Me wl/
o}

I< H20
N~gF,

Me
Dy
(0] N'N 11a: R

= Me (66%)

| 11b: R=Et (77%)

Ph 11c:R=
11d: R=

"Pr (61%)
"Bu (92%)

Scheme 5. Ring opening of 10a with acid anhydride in the presence of BF3 « OEt,

With these results in hand, we investigated a divergent method for the synthesis of pyrazole derivatives

from 4-acetyloxy-pyrazol-3-one 1la in detail (Scheme 6). Thus, when a mixture of 1la and

a-chloroketones,

such as chloroacetone,

phenacyl

chloride,

4-methylphenacyl

chloride, and

4-chlorophenacyl chloride, in the presence of NaH in DMF was stirred at rt for 12 h, the corresponding

pyrazole-4,5-diols 12a-d were obtained with 56-79% isolated yields.

CICH,COR!

NaH

MeCOR?

Et;N-H,0

R,NH-HCI

or R,NH

\N

O>Jo 'r/
R' 12a-d
R2
(0]
Me

HO \N
(0] 'r’
13a-d Ph

Ph—HN\ Me

N
(o)
(o)
T—R
14a-d R

12 | R Yield (%)
a | Me 75
b | Ph 75
C 4-Me-CGH4 79
d | 4-CI-CgH, 56
13| R? Yield (%)
a | Me 85
b | Ph 73
C 4'Me'CGH4 65
d | 4-CI-C¢H, 75
14| R;N Yield (%)
a MezN 48
b | 4-morpholinyl 57
c | 1-piperidinyl 66
d | 1-pyrrolidinyl 63

Scheme 6. Divergent synthesis of 12a-d, 13a-d, and 14a-d starting from 11a
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On the other hand, the reaction of 1la with ketones, such as acetone, acetophenone,
4'-methylacetophenone, and 4'-chloroacetophenone, in the presence of EtsN and H2O using air as the
oxidant at rt for 12 h led to the corresponding 4-hydroxy-pyrazol-3-ones 13a-d in 65-85% isolated yields.
To simplify the reaction, the ketones were used to serve as the reagent and solvent. Additive effects were
observed with H2O giving the highest yield of 13a. It makes us believe that this reaction can only be
promoted by using EtsN/H20 system.

Furthermore, we found the reaction condition under which phenylhydrazone derivatives 14a-d could be
isolated. Indeed, thermal treatment of 11a with secondary amines, such as dimethylamine hydrochloride,
morpholine, piperidine, and pyrrolidine, using air as the oxidant for 1-2 h gave the corresponding
phenylhydrazones 14a-d with 48-66% isolated yields. In this reaction, secondary amines were used to
serve as the reagent and solvent to simplify the reaction.

A plausible mechanism for the formation of 13a-d and 14a-d is shown in Scheme 7. These reactions are
assumed to proceed through the formation of the non-isolable intermediate pyrazole-4,5-dione L. In all
cases of synthesis of compounds 13 and 14, L was not observed at all, and this could be explained by the
instability structure of L under these reaction conditions. Thus, a deacetylation and subsequent aerobic
oxidation®8 of 4-acetyloxy-pyrazol-3-one 1la easily occurs and then L would be produced. The
reaction of L with ketones probably causes aldol-type addition of activated methyl group of ketones to
C-4 position of L, giving the 4-hydroxy-pyrazol-3-ones 13a-d. On the other hand, thermal treatment of L
with secondary amines would cause nucleophilic addition of secondary amines to C-5 position of L and

subsequent ring opening to afford the phenylhydrazones 14a-d.

R2
ZOD o)
>~ R? Me
> HO
\N
Me .
71/0 Me o Me o hll
o] )\_\<N ; \<N 13a-d Ph
—» —
(o) N’ (o) N’
||=h ||=h Ph=HN — Me
11a L /I_R:N' N
. o
(o]
N—-R
14a-d |!;

Scheme 7. A plausible mechanism for the formation of 13a-d and 14a-d
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Oxime esters are a small, but valuable intermediates for the synthesis of heterocyclic compounds.84 They
are also an important class of biologically useful compounds for the synthesis of fragrances® and
therapeutic studies,® and useful building blocks in peptide synthesis.®” In addition, oxime esters are
selective covalent inhibitors of serine hydrolase retinoblastoma-binding protein 9 (RBBP9)® and cleave
DNA under photolytic conditions.&2 Hence, their synthesis continues to attract attention and provides an
interesting challenge.22-%2

Owing to the importance of oxime esters, we tried to extend our previous studies to synthesize the
functionalized pyrazol-3-ones 16a-e and 17a-e containing oxime ester from 13a,b, which might have
useful biological and therapeutic activities, especially in vitro their DNA cleavage activities.22 The
cleaving agents of nucleic acid have attracted extensive attention due to their potential applications in the
fields of molecular biological technology and drug development.242> DNA is an important cellular
receptor and many chemicals exert their antitumor effects through binding to DNA thereby changing the
replication of DNA and inhibiting the growth of tumor cells.®%” Then discussing the mechanism of
compounds cleaving and/or binding to DNA possesses significant meanings. For these reasons, we have
been interested in the preparation of functionalized pyrazol-3-ones containing oxime ester to evaluate
their DNA cleavage activity.

In the first step, we examined the conversion of compounds 13a,b into the oxime derivatives 15a,b
(Scheme 8). In this reaction, the base NaOAc was investigated because of its ease of handling. Indeed,
when 13a,b were treated with NH2OH-HCI in the presence of NaOAc in refluxing EtOH for 1 h, the
expected pyrazol-3-one oxime derivatives 15a,b were produced in good yields as crude products.

On the basis of this result, in the next step, we have tried to directly construct pyrazol-3-one oxime esters
16a-e and 17a-e starting from 13a,b and acid anhydride or chloride in a one-step process, without
isolation of the intermediate oxime derivatives 15a,b. The results are summarized in Table 4. Thus, when
a mixture of 13a,b and NH.OH-HCI in the presence of NaOAc in refluxing EtOH for 1 h and then the
reaction mixture was treated with acid anhydride or chloride in the presence of EtsN in refluxing CHCl3
for 1 h, the desired pyrazol-3-ones (E)-16a-e and (Z)-17a-e containing oxime ester were obtained together

with (Z2)-16a-e and (E)-17a-e as minor products.
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R2 R2
0 NH,OH -HCI HON (R3C0),0 or R3COCI
Me NaOAc Me Et;N
HO \\/ - HO .
J\ N EtOH \ CHCl,
o ‘ [0} .
| |
13a,b Ph L 15a,b Ph _
3 2
RYO\N— R | Rz 1617| B3
0 Me 13a,15a,16 | Me a| Me
HO . 13b,15b,17 | Ph b| Et
\ c| Ph
o N d | 4-NO,-CgH,
(E)-16a-¢ | 2)-16a-¢ | ¢ | 4-MeO-CgH,
(Z)-17a-e Ph (E)-17a-e Ph
Major products Minor products

Scheme 8. Synthesis of 16a-e and 17a-e starting from 13a,b

Table 4. Synthesis of pyrazol-3-ones 16a-e and 17a-e containing oxime ester

Entry  Substrate R? R3 Product  Yield (%) Ratio of E/Z

1 13a Me Me 16a 72 7/12

2 13a Me Et 16b 80 9/12

3 13a Me Ph 16¢ 45 5.4/1.0°
4 13a Me 4-NO,-CgHa 16d 62 6.8/1.0°
5 13a Me 4-MeO-CgHa 16e 47 1/0°

6 13b Ph Me 17a 60 1.0/2.3
7 13b Ph Et 17b 67 1.0/4.2°
8 13b Ph Ph 17¢c 69 1.0/1.5°
9 13b Ph 4-NO2-CeHs 17d 65 1.0/2.8"
10 13b Ph 4-MeO-CgHa 17e 62 0.9/1.0°

3 The ratio of E and Z was determined based on the *H NMR data.
®The ratio of E and Z was determined based on the isolated yield.

Finally, we have tested in vitro DNA cleavage activity of the synthesized compounds 10a, 11a, 13a,b,

(E)-16¢c-e, and (2)-17a-e. The values obtained for activity were based on the remaining amounts of

covalently closed circular duplex DNA, namely ccc-DNA, of plasmid pBR322.%1% The data of DNA

cleavage activity is summarized in Table 5. Indeed, in the absence of Cu?*, all the tested compounds

showed no DNA cleavage activity. These activities of compounds 10a, 13a, and (Z)-17a, however, were
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obviously accelerated by the addition of 1 mM Cu?* (entries 3, 4, and 9). Furthermore, it was found that
compounds (E)-16c-e and (Z)-17b-e have moderate activity with Cu?* (entries 6-8 and 10-13).

Table 5. DNA cleavage by 10a, 11a, 13a,b, (E)-16c-¢, and (Z)-17a-e

Relative amounts of DNA (%)

Entry Compound DNA type Without CuZ 2 With CuZ®
1 Control® cce- 100 100
ocC- 0 0
d cce- 100 28
2 10a oc- 0 12
d cce- 100 100
3 11a oc- 0 0
d ccce- 100 24
4 13a oc- 0 76
d cce- 100 80
S 13b oc- 0 20
1and cce- 100 89
6 (E)-16¢ oc- 0 11
cce- 100 87

_ d

7 (E)-16d oc- 0 13
g EY.166 cce- 100 91
(E)-16e oc- 0 9
9 211740 cce- 100 61
(2)-174 oc- 0 39
10 (Z)-17bd cce- 100 84
oc- 0 16
1 (Z)-l7cd cce- 100 88
oc- 0 12
19 (Z)-17dd cce- 100 88
oc- 0 12
13 (Z)-l7ed cce- 100 88
oc- 0 12

2 Incubation for 3 h. ® Incubation for 3 h. ¢ Amount: 0 mM. ¢ Amount: 10 mM.
As activity was accelerated upon addition of Cu?*, the quantity of compounds and the incubation time
were minimized until differences in activity could be observed.

A series of new SPOs 21-23 containing oxirane moiety were synthesized by the reaction of
pyrazole-4,5-diones 18-20 with phenacyl bromides through the Darzens-type reaction.t% Furthermore, we
have demonstrated the ring transformation of SPOs 21-23 with pyrrolidine, giving pyridazinone
derivatives 24-26. Pyridazinones are one of the most important subtypes of pyridazine heterocyclic family
highly attractive in modern drug discovery and agrochemicals, such as Azelastine,*®® Lynparza,1%

Emorfazone,:% Diclomezine,X% and Flufenpyr.1%
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The convenient substrates, three types of pyrazole-4,5-diones 18-20,2%819 were reacted with phenacyl

bromides in the presence of EtsN in EtOH at rt for 1 h to give the corresponding SPOs 21-23 containing

oxirane moiety in moderate to good yields (Table 6).

Table 6. Substrate scope of the synthesis for SPOs 21-23

o] o
o Me R2 Rz%“ﬂe 0 Me
by IShve
o N EtsN "o N}N R2 oy N
EtOH T
o rt,1h
R! B R R’
18-20 - - 21a-h, 22a-h, 23a-h
Entry Substrate R? R? Product Yield (%)?
1 18 H H 2l1a 81
2 18 H F 21b 84
3 18 H Cl 21c 89
4 18 H Br 21d 91
5 18 H Me 21e 77
6 18 H OMe 21f 56
7 18 H CFs3 21g 79°
8 18 H NO2 21h 90
9 19 Me H 22a 88
10 19 Me F 22b 83
11 19 Me Cl 22¢ 84
12 19 Me Br 22d 87
13 19 Me Me 22e 70
14 19 Me OMe 22f 53
15 19 Me CFs3 229 85°
16 19 Me NO2 22h 92
17 20 Cl H 23a 89
18 20 Cl F 23b 90
19 20 Cl Cl 23c 90
20 20 Cl Br 23d 89
21 20 Cl Me 23e 9
22 20 Cl OMe 23f 88
23 20 Cl CFs3 23g 81°
24 20 Cl NO2 23h 92

2solated yield. P Reaction for 0.5 h.
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Table 7. Ring transformation of SPOs 21-23 into pyridazinones 24-26

o ( \
0 Me N
\ H

o N H,0

—_—

100°C, 0.5 h

21a-h,223-h,23a-hR1 L M R! _ 24a-h, 25a-h, 26a-h R?
Entry Substrate R? R? Product Yield (%)?

1 21a H H 24a 66

2 21b H F 24b NDP

3 21c H Cl 24c 58

4 21d H Br 24d 49

5 21e H Me 24e 57

6 21f H OMe 24f 62

7 21g H CF3 24q 39

8 21h H NO2 24h NDP

9 22a Me H 25a 53
10 22b Me F 25b NDP
11 22¢C Me Cl 25¢c 46
12 22d Me Br 25d 36
13 22e Me Me 25e 47
14 22f Me OMe 25f 46
15 229 Me CFs 259 24
16 22h Me NO; 25h NDP
17 23a Cl H 26a 77
18 23b Cl F 26b NDP
19 23c Cl Cl 26¢ 75
20 23d Cl Br 26d 80
21 23e Cl Me 26e 60
22 23f Cl OMe 26f 77
23 239 Cl CFs 269 55
24 23h Cl NO; 26h NDP

31solated yield. ° Not detected.

To expand the scope application of reactions of SPOs 21-23, we next examined the ring transformation of
SPOs 21-23 in detail. Interestingly, we found the reaction condition under which pyridazinone derivatives

24-26 could be isolated (Table 7). Thus, thermal treatment of SPOs 21-23 with pyrrolidine in the presence
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of H>O for 0.5 h caused a ring transformation easily to afford the corresponding pyridazinones 24-26. In
the case of 21b,h, 22b,h, and 23b,h as the substrates, the expected products 24b,h, 25b,h, and 26b,h were
not detected at all and the reaction was not clean (entries 2, 8, 10, 16, 18, and 24). It is assumed that an
intramolecular nucleophilic addition of secondary amino group of the ring-opening intermediate M to
carbonyl group may be less likely to occur due to the influence of fluorine, nitro, or trifluoromethyl
substituent as electron withdrawing substituent.

The formation of pyridazinones 24-26 could be explained by a plausible reaction mechanism presented in
Scheme 9. SPOs 21-23 would be reacted with pyrrolidine to give the key intermediate hydrazones M via
a nucleophilic addition of the adjacent pyrrolidine nitrogen atom to the pyrazol-3-one carbonyl carbon.
An intramolecular cyclization of N, which would be produced by a protonation of M, easily occurs,
leading to intermediates O. An aryl migrationt® of O possibly proceeds to afford the intermediates P,

which undergo elimination of H»O to yield pyridazinone derivatives 24-26.

R2
—_—
100 °C, 0.5 h
21-23 R
L M R! N R!
. Q
R HO -0
Me
I
H,O
o R P R _ 24-26 R!

Scheme 9. A plausible mechanism for the formation of 24-26

4. SYNTHESIS AND APPLICATION OF SPOS CONTAINING ISOXAZOLINE MOIETY

Many papers have accounted in the last decade for the synthesis and occurrence of isoxazoline derivatives
in nature and medicinal chemistry.11%112 Besides its natural occurrence, isoxazoline is also an important
skeleton found in many synthetic bioactive compounds. Isoxazoline derivatives have wide-ranging

collection of conventional biological activities, for example, antimicrobial, anticancer, anti-inflammatory,
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and antiplatelet activities.2*11% In this context, several synthetic methods used for the formation of
isoxazole and its derivatives have recently been reported in the literature 12012

Prompted by these observations, novel SPOs 28 containing isoxazoline moiety were prepared by the
K2COz-assisted intramolecular cyclocondensation reaction of B-hydroxy ketoximes, which were prepared
from pyrazol-3-ones 13a-d containing B-hydroxy ketone moiety through an oximation.12® Thus, treatment
of 13a-d with NH.OH-HCI/NaOAc in refluxing EtOH for 2 h and subsequent TsCl or Ac.O/ K>CO3
combinations in refluxing toluene for 3 h caused an intramolecular Sn2-type reaction of the key
intermediate O-tosylated or -acetylated oximes 27a-d via an elimination of tosyloxy or acetyloxy group to
give the corresponding SPOs 28a-d with 40-64% isolated yields (Scheme 10).

R R R
(o) R’O~N _
Me 1) NH,OH-HCI/NaOAG/EtOH Me N Me
HO \\/ HO ; - 0 \\/
% N 2) TsCl or Ac,0/K,COs/toluene N J\ N
(o) N’ o N/ o N,
| |
ILh L Ph Ph
13a-d a: R=Me 27a: R’ =Ts 28a (40% from 13a)
b: R =Ph 27b-d: R’ = Ac 28b (57 % from 13b)

c:R= 4'Me'CGH4
d: R =4-CI-CgH,

28c (64 % from 13c)
28d (54 % from 13d)

Scheme 10. Synthesis for SPOs 28a-d

On the other hand, treatment of B-hydroxy ketoximes, which were prepared from 13a-d and NH>OH-HCI,
with [hydroxy(tosyloxy)iodo]benzene (HTIB)X212 in the presence of 4A molecular sieves (MS 4A) in
DMF at rt for 1 h caused an oxidative N-O coupling reaction to provide the corresponding SPOs N-oxides
29a-d with 2 steps 44-69% isolated yields (Scheme 11). Subsequently, thermal treatment of 29a-d with
P(OMe)z at 110 °C for 1 h without solvent caused a deoxygenation to give the corresponding SPOs 28a-d

in 68-89% yields, which were identical with authentic samples prepared according to Scheme 10.

R R R
o

0-R7 N7
Me 1) NH,OH - HCI/NaOAc/EtOH \ Me  P(OMe), \ Me
HO——( > ( >~ O (

- o)
% \\N 2) HTIB/DMF, MS 4A 4 \\N 110°C, 1 h % \\N
N’ O™ N O™ N’

(0]
I l |
Ph Ph Ph
13a-d a: R=Me 29a (59%) 28a (68%)
b: R=Ph 29b (69 %) 28b (87 %)
c: R =4-Me-C¢H, 29c¢ (44%) 28c¢ (85%)
d: R=4-CI-CgH, 29d (55 %) 28d (89%)

Scheme 11. Synthesis for SPOs 29a-d



HETEROCYCLES, Vol. 104, No. 4, 2022 639

A plausible mechanism for this cascade cyclization was proposed, as shown in Scheme 12. HTIB would
undergo a release of tosylate anion to form hydroxyphenyliodonium ion Q as an active species in the
oxidative N-O coupling reaction. The reaction of Q with B-hydroxy ketoximes R probably causes a
nucleophilic addition of oxime hydroxyl group of R to Q via a proton migration, giving the intermediate
nucleophilic adduct S, which would undergo an elimination of iodobenzene and H-O to produce the key
intermediate N-oxonitrenium ion T. The neighboring alcoholic oxygen of T would attack the nitrogen

center and then the desired isoxazoline N-oxides 29a-d would be formed through a deprotonation.

R
HO AN
Me
HO
0 T Ph—rlOtN
Ph OTs 5
>N + R Ph CoH, Me
| —> | Ph—I=OH > + HO
4 A \
:OH 0 0 _N
HTIB T
L S Ph ]
—+ R R
Ph-1 + H,0 O=N Ny
j ) Me O_N\ Me
> HO—/— —_— o g
o N/N o N’N
| I
L P 20a.4 PN

Scheme 12. A plausible mechanism for the formation of 29a-d

All the synthesized SPOs 28a-d and 29a-d were tested for their DNA cleavage activity in vitro. The
values obtained for activity were based on the remaining amounts of covalently closed circular duplex
DNA, namely ccc-DNA, of plasmid pBR322. The data of DNA cleavage activity is summarized in Table
8. Indeed, in the absence of Cu?*, the tested compounds other than 29a showed no DNA cleavage activity.
These activities of compounds 28a,d and 29b-d, however, were obviously accelerated by the addition of
1 mM Cu?* (entries 5, and 7-9). Interestingly, it was found that compound 28a showed high DNA
cleavage activity in vitro with Cu?* (entry 2).
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Table 8. DNA cleavage by 28a-d and 29a-d?

Entry Compound DNA type _ Relative amounts of DNA (%)
Without Cu?* With Cu?* ©
1 Control® COCCC 108 108
? 26a° oc. 108 108
3 28h¢ ccc 108 108
R - :
o | | = : T
C | | :
| = :
; 200 10 5

2ncubation for 3h.  °CuClz: 0mM. €CuClz 1 mM. 9 Amount: 0 mM. € Amount: 10 mM.
As activity was accelerated upon addition of Cu?*, the quantity of compounds and the incubation time
were minimized until differences in activity could be observed.

5. SYNTHESIS OF SPOS CONTAINING IMINOLACTONE AND/OR CYCLIC IMIDE MOIETY
We have developed a divergent synthesis of SPO 35 and 37 containing iminolactone and/or cyclic imide

moiety through an intramolecular cyclization of the key intermediate ethyl imidate 33 (Scheme 13).13L

MeO
Me
0 \ -
N —_—
(o) T/
Ph
30

Ph
37a-d

a:R= CHZCOZMe b:R= CH2C02Et c:R= CH2C02iPr d:R= CH2C02tBu

Scheme 13. Divergent synthesis of 35a-d and 37a-d starting from 30
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In our initial studies, we carried out the hydrolysis of C-cyanomethylated pyrazole-4-acetic acid methyl
ester 31, which was easily prepared by treatment of pyrazole-4-acetic acid methyl ester 30:32 and
iodoacetonitrile. Thus, the treatment of 31 with KOH in aqueous MeOH at rt for 1 h gave the carboxylic
acid 32 in 62% isolated yield (Scheme 14). Fortunately, we found the reaction condition under which the
ethyl imidate 33 could be isolated. Thus, the reaction of 32 with EtOH in the presence of SnCls in boiling
CHCIs for 3 h provided the ethyl imidate 33 in 62% isolated yield most likely via the nucleophilic
addition of EtOH to CN group of the intermediate Sn(IV) complex U, which would be probably formed
by the reaction of 32 with SnCla.

CN CN OEt
MeO Ve HO AN

Me

0 Y _KOH o { ;
o) T MeOH-H,0 o) T o N,N

I

Ph Ph
31 32 3psh

Scheme 14. Synthesis of 33

We next investigated a divergent method for the synthesis of SPO from ethyl imidate 33 in detail. Thus,
after treating 33 with NaH in DMF at 100 °C for 1 h, the desired SPO 34 containing iminolactone moiety
was isolated in 73% yield. The formation of the 34 could be explained by the possible mechanism
presented in Scheme 15. Thermal treatment of 33 with NaH would cause intramolecular nucleophilic
addition of carboxylate anion of V to imino carbon, giving the desired SPO 34 with elimination of
ethoxide ion. Based on this result, we have tried to directly construct substituted SPOs 35a-d from 33 and
a-chloro esters, such as methyl chloroacetate, ethyl chloroacetate, isopropyl chloroacetate, and tert-butyl
chloroacetate, in a one-pot process. Thus, when a solution of 33 in the presence of NaH in DMF was
stirred at 100 °C for 1 h and then the reaction mixture was treated with a-chloro esters at 100 °C for 1 h,
the desired SPOs 35a-d were obtained in 62-84% vyields.

NR
N OEt o
HO
Ve NaH Me
o) — \
o _N DMF 0 N
N N~ 35a(84%)
| | 35b(73%)
Ph Ph  35c¢ (78%)
33 35d (62%)

a:R= CHchZMe b:R= CHchZEt c:R= CH2C02iPr d:R= CH2002tBu

Scheme 15. Synthesis of SPOs 35a-d
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On the other hand, we found the reaction condition under which the SPO 36 containing cyclic imide
moiety could be isolated. Subsequently, treatment of 33 with NaOAc at 180 °C for 1 h without solvent
gave 36 in 77% yield (Scheme 16). Interestingly, in this reaction, the SPO 34 was not detected at all. This
reaction possibly proceeds through attack of the imino group at the carbonyl of the carboxylic acid with
nucleophilic addition followed by ring closure with loss of hydroxide ion to produce the key intermediate
W, which undergoes elimination of ethyl group to yield 36. Furthermore, we carried out the reaction of
36 with a-chloro esters to obtain substituted SPOs 37a-d. Thus, SPO 36 was reacted with a-chloro esters
in the presence of NaH in DMF at 120 °C for 1 h to provide the desired SPOs 37a-d with 80-98% isolated
yields.

- O—Et — o o
+
i HN RN
NaOAc ° Me NaH ° Me
0 _N o N DMF o N
N N N”  37a(98%)
| | | 37b(86%)
L Ph Ph Ph 37c¢ (80%)
w 36 37d (84%)

a: R =CH,CO,Me b: R = CH,CO,Et c: R = CH,CO,Pr d: R = CH,CO,Bu

Scheme 16. Synthesis of SPOs 37a-d

6. SYNTHESIS OF SPOS CONTAINING QUINAZOLINE MOIETY

Quinazoline and its derivatives are an important class of heterocycles found in a wide range of natural
products and pharmaceuticals. They exhibit several biological activities including antibacterial, antitumor,
anti-inflammatory, antiviral, and anti-oxidant activities.*33-33” Quinazoline scaffold is also the building
block for many naturally occurring alkaloids such as Bacillus cereus, Bouchardatia neurococca, Dichroa
febrifuga, and Peganum nigellastrum.23814L Therefore, the development of quinazoline-based drugs has
renewed the interest in developing new synthetic strategies for the synthesis of quinazoline
derivatives.1%4’ The growing importance of quinazolines in medicine is highlighted by the huge sales of
the drugs Erlotinib, which is used in the treatment of several types tumors, and Prazosin, an a.-adrenergic
blocker. Likewise, Iressa, an epidermal growth factor receptor inhibitor, was recently approved by the
U.S. Food and Drug Administration for the treatment of lung cancer.48-151

A simple, efficient, and three-component procedure has been developed for the synthesis of a series of
SPOs 39-41 containing dihydroquinazoline moiety by the reaction of pyrazole-4,5-diones 18-20,
2-aminobenzophenones 38, and NHsOAc in moderate to good yields (Table 9).252 This method provides

several advantages such as operational simplicity, shorter reaction time, and higher yields.
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Table 9. Substrate scope of the three-component reaction for SPOs 39-412

_R3 R2 ] R2
o a0 o
by ) e
0™ N O NH,OAC M}\(Me _»R \ Nl;INMe
Rz EtOH o™ N (o Jn Y
o O reflux, 1 h
R1 H,N
18-20 38a-h
L X R' _| 39a-h, 40a-h, 41a-h R’
Entry Substrate R? R? R® Product Yield (%)°
1 18 H H H 39a 77
2 18 H Cl H 39b 67
3 18 H Br H 39c 62
4 18 H Me H 39d 81
5 18 H H F 39 78
6 18 H H Cl 39f 76
7 18 H H Br 39¢g 70
8 18 H H Me 39h 71
9 19 Me H H 40a 76
10 19 Me Cl H 40b 65
11 19 Me Br H 40c 58
12 19 Me Me H 40d 87
13 19 Me H F 40e 77
14 19 Me H Cl 40f 77
15 19 Me H Br 40g 76
16 19 Me H Me 40h 79
17 20 Cl H H 41a 63
18 20 Cl Cl H 41b 48
19 20 cl Br H 41c 43
20 20 Cl Me H 41d 72
21 20 Cl H F 41e 58
22 20 Cl H Cl 41f 57
23 20 cl H Br 419 49
24 20 Cl H Me 41h 62

2 Reactions were carried out with 18-20 (1 mmol), 38 (1 mmol), and NH,OAc (4 mmol). > |solated yield.

643
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A plausible reaction mechanism was proposed as shown in Table 9 to explain the formation of SPOs
39-41. Pyrazole-4,5-diones 18-20 would be reacted with 2-aminobenzophenones 38 and NH4OAc to give
the key intermediate diimines X with the expulsion of H>O and AcOH. The intramolecular cyclization of
X easily occurs via a nucleophilic addition of the adjacent nitrogen atom to the imine carbon and then the

corresponding SPOs 39-41 would be produced via a proton migration.

7. SYNTHESIS AND APPLICATION OF SPOS CONTAINING CYCLOBUTATHIAZOLE
MOIETY

In medicinal chemistry, thiazole and related compounds have been very well known for their therapeutic
applications. Thiazole moiety has been found as integral part of the structure of therapeutic agents and is
widely used like sulfathiazole as antimicrobial agent, ravuconazole as antifungal agent, ritonavir as
antiretroviral agent, and meloxicam as nonsteroidal anti-inflammatory drug.!®® In addition, thiazole
derivatives have wide-ranging collection of conventional biological activities, for example, antiallergic,
antioxidant, anti-HIV, anticancer, antihypertensive, and antidiabetic activities.2>#1>2 In this context,
several synthetic methods used for the formation of thiazole derivatives have recently been reported in the
literature.2®° Based on these properties, it can be reasonably supposed that the development of synthetic
strategies for some novel structures incorporating both the pyrazole and thiazole ring systems might
provide additional lead molecules for drug discovery. Therefore, the preparation of some bioactive

thiazole derivatives containing pyrazole moiety has been reported.61-164

s _
Oi( S— R
OMe S R
03/ | - =
Me OMe
HN S\ RC(OMe); N ons 0=\ ) be
\ —_— H \ o N Me
0 _N toluene o N H \N
) ) oy
I
Ph L Y Ph Ph
42
H R R 43| R Yield (%)

o=<s ~ (GMe MeOH oa/s |_/ Me Me (78)
= =7 Et (75)

— N Me | 2. N%\N
N (0] .,

o6 T e

Py (72)
07 N’ 'i‘ "Bu (58)
7 |Lh _ 43a-e Ph Ph (79)

Scheme 17. Synthesis of SPOs 43a-e starting from 42

We have developed a facile and efficient synthesis of novel SPOs 43 containing cyclobutathiazole moiety

(Scheme 17).2% Thus, thermal treatment of the key substrate pyrazole-thiazolidine derivative 42 as the



HETEROCYCLES, Vol. 104, No. 4, 2022 645

building block for bis-heterocycles with orthoesters such as trimethyl orthoacetate, trimethyl
orthopropionate, trimethyl orthobutyrate, trimethyl orthovalerate, and trimethyl orthobenzoate in
refluxing toluene for 3 h caused an C-attack nucleophilic substitution, followed by an intramolecular
cyclization/elimination sequence, giving the corresponding SPOs 43 in moderate to good yields. The
reaction of 42 with orthoesters is assumed to proceed through the formation of the intermediate acetals Y,
which undergo an intramolecular cyclization with an elimination of MeOH to result in the formation of Z.
Furthermore, an elimination of MeOH from Z easily occurs and then SPOs 43a-e would be produced.

To check something about application of SPOs 43, we have tested in vitro DNA cleavage activity of the
synthesized compounds 42 and 43a-e. The data of DNA cleavage activity is summarized in Table 10.
Indeed, in the absence of Cu?*, all the tested compounds showed no DNA cleavage activity. These
activities of compounds 42 and 43b, however, were obviously accelerated by the addition of 1 mM Cu?*
(entries 2 and 4). Furthermore, it was found that compounds 43c,d have moderate activity with Cu?*
(entries 5 and 6).

Table 10. DNA cleavage by 42 and 43a-e

Relative amounts of DNA (%)
Entry Compound DNA type Without Cu2* @ With Cu2* D

ccc- 100 100

1 Control® oc- 0 0
linear- 0 0

cce- 100 0

2 42¢ oc- 0 48
linear- 0 52

cce- 100 100

3 4331 oc- 0 0
linear- 0 0

ccce- 100 37

4 43p¢ oc- 0 63
linear- 0 0

cce- 100 76

5 43¢ oc- 0 24
linear- 0 0

ccc- 100 71

6 43d¢ oc- 0 29
linear- 0 0

ccce- 100 100

7 43¢¢ oc- 0 0
linear- 0 0

2 Incubation for 3 h. ° Incubation for 1 h. ¢ Amount: 0 mM. ¢ Amount: 10 mM.
As activity was accelerated upon addition of Cu?*, the quantity of compounds and the incubation time
were minimized until differences in activity could be observed.
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8. CONCLUSION
The SPOs have proven to be a privileged scaffold in medicinal chemistry and pharmaceutical industry.

Recently, the examples describing the synthesis of SPOs have grown exponentially in the scientific

community. This review has covered the synthesis and application of SPOs. The functionalized SPOs

represent useful synthetic building blocks. The content of the present review was mostly published

between 2008 to 2021. The authors regret any omission that may have occurred in this review. Future

work would be directed to develop efficient, practical, and scalable synthetic routes to heterocyclic

frameworks for biological and preclinical studies. We strongly believe that this area will continue to grow

with optimizing known procedures and exploring new useful synthetic methodology.

ACKNOWLEDGEMENTS
These works were performed by Dr. N. Kashige, Dr. E. Shirouzu, Mr. H. Nagabuchi, Mr. T. Eishima, Ms.

Y. lwase, Ms. J. Honda, and Mr. H. Hanazono. We express our heartfelt thanks to them.

REFERENCES

1. J. Elguero, 'Comprehensive Heterocyclic Chemistry Il," Vol. 3, ed. by I. Shinkai, Elsevier Science
Ltd., Oxford, 1996, p 1.

2. A.T.Balaban, D. C. Oniciu, and A. R. Katritzky, Chem. Rev., 2004, 104, 2777.

3. P.D. Sauzem, G. D. S. Sant’Anna, P. Machado, M. M. M. F. Duarte, J. Ferreira, C. F. Mello, P.
Beck, H. G. Bonacorso, N. Zanatta, M. A. P. Martins, and M. A. Rubin, Eur. J. Pharmacol., 2009,
616, 91.

4. K. Sujatha, G. Shanthi, N. P. Selvam, S. Manoharan, P. T. Perumal, and M. Rajendran, Bioorg. Med.
Chem. Lett., 2009, 19, 4501.

5. A. Tanitame, Y. Oyamada, K. Ofuji, H. Terauchi, M. Kawasaki, M. Wachi, and J. Yamagishi,
Bioorg. Med. Chem. Lett., 2005, 15, 4299.

6. E. Hernandez-Vazquez, R. Aguayo-Ortiz, J. J. Ramirez-Espinosa, S. Estrada-Soto, and F.
Hernandez-Luis, Eur. J. Med. Chem., 2013, 69, 10.

7. H.Y.Lo, C.C. Man, R. W. Fleck, N. A. Farrow, R. H. Ingraham, A. Kukulka, J. R. Proudfoot, R.
Betageri, T. Kirrane, U. Patel, R. Sharma, M. A. Hoermann, A. Kabcenell, and S. D. Lombaert,
Bioorg. Med. Chem. Lett., 2010, 20, 6379.

8. L.-W. Zheng, L.-L. Wu, B.-X. Zhao, W.-L. Dong, and J.-Y. Miao, Bioorg. Med. Chem., 2009, 17,
1957.

9. G. Varvounis, Y. Fiamegos, and G. Pilidis, Adv. Heterocycl. Chem., 2001, 80, 73.

10. G. Varvounis, Y. Fiamegos, and G. Pilidis, Adv. Heterocycl. Chem., 2004, 87, 141.
11. G. Varvounis, Y. Fiamegos, and G. Pilidis, Adv. Heterocycl. Chem., 2008, 95, 27.



http://dx.doi.org/10.1016/B978-008096518-5.00059-9
http://dx.doi.org/10.1016/B978-008096518-5.00059-9
http://dx.doi.org/10.1021/cr0306790
http://dx.doi.org/10.1016/j.ejphar.2009.06.008
http://dx.doi.org/10.1016/j.ejphar.2009.06.008
http://dx.doi.org/10.1016/j.bmcl.2009.02.113
http://dx.doi.org/10.1016/j.bmcl.2009.02.113
http://dx.doi.org/10.1016/j.bmcl.2005.06.103
http://dx.doi.org/10.1016/j.ejmech.2013.07.054
http://dx.doi.org/10.1016/j.bmcl.2010.09.095
http://dx.doi.org/10.1016/j.bmc.2009.01.037
http://dx.doi.org/10.1016/j.bmc.2009.01.037
http://dx.doi.org/10.1016/S0065-2725(01)80013-1
http://dx.doi.org/10.1016/S0065-2725(04)87003-X
http://dx.doi.org/10.1016/S0065-2725(07)95002-3

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

HETEROCYCLES, Vol. 104, No. 4, 2022 647

G. Varvounis, Adv. Heterocycl. Chem., 2009, 98, 143.

S. Fustero, M. Sanchez-Rosello, P. Barrio, and A. Simon-Fuentes, Chem. Rev., 2011, 111, 6984.

S. Kumari, S. Paliwal, and R. Chauhan, Synth. Commun., 2014, 44, 1521.

K. B. Sippy, D. J. Anderson, W. H. Bunnelle, C. W. Hutchins, and M. R. Schrimpf, Bioorg. Med.
Chem. Lett., 2009, 19, 1682.

A. Jasper, D. Schepmann, K. Lehmkuhl, J. M. Vela, H. Buschmann, J. Holenz, and B. Wuensch, Eur.
J. Med. Chem., 2012, 53, 327.

J.-P. Strachan, J. J. Farias, J. Zhang, W. S. Caldwell, and B. S. Bhatti, Bioorg. Med. Chem. Lett.,
2012, 22, 5089.

D. R. Witty, D. T. Macpherson, G. M. P. Giblin, S. J. Stanway, and A. K. K. Vong, PCT Int. Appl.
Patent 2013, WO 2013093497 Al 20130627.

R. Baharfar and R. Azimi, J. Chem. Sci., 2015, 127, 1389.

S. A. S. Ghozlan, M. F. Mohamed, A. G. Ahmed, S. A. Shouman, Y. M. Attia, and I. A. Abdelhamid,
Arch. Pharm. Chem. Life Sci., 2015, 348, 113.

K. Parthasarathy, C. Praveen, J. C. Jeyaveeran, and A. A. M. Prince, Bioorg. Med. Chem. Lett., 2016,
26, 4310.

W. S. I. Abou-Elmagd and A. I. Hashem, J. Heterocycl. Chem., 2016, 53, 202.

I. Knappmann, D. Schepmann, and B. Wiinsch, Bioorg. Med. Chem., 2016, 24, 4045.

Z.Tang, Z. Liu, Y. An, R. Jiang, X. Zhang, C. Li, X. Jia, and J. Li, J. Org. Chem., 2016, 81, 9158.
M. S. Chande, P. A. Barve, and V. Suryanarayan, J. Heterocycl. Chem., 2007, 44, 49.

P. S. Silaychev, V. O. Filimonov, A. N. Maslivets, and R. R. Makhmudov, RU 2577528C2, 2016.

I. Schlemminger, B. Schmidt, D. Flockerzi, H. Tenor, C. Zitt, A. Hatzelmann, D. Marx, C. Braun, R.
Kuelzer, A. Heuser, H.-P. Kley, and G. J. Sterk, WO 2010055083A1, 2010.

E. Amata, N. D. Bland, R. K. Campbell, and M. P. Pollastri, Tetrahedron Lett., 2015, 56, 2832.

I. Sircar, G. C. Morrison, S. E. Burke, R. Skeean, and R. E. Weishaar, J. Med. Chem., 1987, 30,
1724.

D. Barnes, G. R. Bebernitz, S. L. Cohen, R. E. Damon, R. F. Day, M. Jain, R. G. Karki, L. C.
Kirman, T. J. Patel, B. K. Raymer, H. F. Schuster, and W. Zhang, WO 2011067306A1, 2011.

N. S. Stock, A. C.-Y. Chen, Y. M. Bravo, J. D. Jacintho, and Y. Truong, US 20180079745A1, 2018.
Y. Zhang, C. Wang, W. Huang, P. Haruehanroengra, C. Peng, J. Sheng, B. Han, and G. He, Org.
Chem. Front., 2018, 5, 2229.

Y. Zhang, S. Wu, S. Wang, K. Fang, G. Dong, N. Liu, Z. Miao, J. Yao, J. Li, W. Zhang, C. Sheng,
and W. Wang, Eur. J. Org. Chem., 2015, 2030.

H. Maruoka, N. Kashige, T. Eishima, F. Okabe, R. Tanaka, T. Fujioka, F. Miake, and K. Yamagata,



http://dx.doi.org/10.1016/S0065-2725(09)09802-X
http://dx.doi.org/10.1021/cr2000459
http://dx.doi.org/10.1080/00397911.2013.828757
http://dx.doi.org/10.1016/j.bmcl.2009.01.099
http://dx.doi.org/10.1016/j.bmcl.2009.01.099
http://dx.doi.org/10.1016/j.ejmech.2012.04.018
http://dx.doi.org/10.1016/j.ejmech.2012.04.018
http://dx.doi.org/10.1016/j.bmcl.2012.05.108
http://dx.doi.org/10.1016/j.bmcl.2012.05.108
http://dx.doi.org/10.1007/s12039-015-0910-2
http://dx.doi.org/10.1002/ardp.201400304
http://dx.doi.org/10.1016/j.bmcl.2016.07.036
http://dx.doi.org/10.1016/j.bmcl.2016.07.036
http://dx.doi.org/10.1002/jhet.2401
http://dx.doi.org/10.1016/j.bmc.2016.06.046
http://dx.doi.org/10.1021/acs.joc.6b01711
http://dx.doi.org/10.1002/jhet.5570440108
http://dx.doi.org/10.1016/j.tetlet.2015.04.061
http://dx.doi.org/10.1039/C8QO00422F
http://dx.doi.org/10.1039/C8QO00422F
http://dx.doi.org/10.1002/ejoc.201403673

648

35.
36.
37.

38.

39.
40.

41.
42.
43.
44,
45.
46.
47.
48.

49.
50.

51.

52.

53.

54,

55.

56.

57.
58.

HETEROCYCLES, Vol. 104, No. 4, 2022

J. Heterocycl. Chem., 2008, 45, 1883.
D.-M. Du, S.-M. Meng, Y.-M. Wang, J.-B. Meng, and X.-Z. Zhou, Chin. J. Chem., 1995, 13, 520.
S. Abdou, S. M. Fahmy, K. U. Sadek, and M. H. Elnagdi, Heterocycles, 1981, 16, 2177.

National Committee for Clinical Laboratory Standards: Reference Method for Broth Dilution

Antifungal Susceptibility Testing of Yeasts; Approved Standard-Second Edition. NCCLS Document
M27-A2, NCCLS, Vol. 22, No. 15, 2002.

Y. Sato, Y. Shimoji, K. Endo, H. Nishino, H. Koike, and S. Kumakura, Yakugaku Zasshi, 1987, 98,
335.

S.-C. Kuo, L.-J. Huang, and H. Nakamura, J. Med. Chem., 1984, 27, 539.

K. V. Mityurina, L. K. Kulikova, M. K. Krasheninnikova, and V. G. Kharchenko, Kihm-Farm. Zh.,
1981, 15, 34.

A. Mustafa, A. M. Fleifel, M. I. Ali, and N. M. Hassan, Liebigs Ann. Chem., 1970, 739, 75.

H.-H. Otto, Arch. Pharm., 1974, 307, 444.

H.-H. Otto and H. Schmelz, Arch. Pharm., 1979, 312, 478.

G. Tacconi, G. Gatti, G. Desimoni, and V. Messori, J. Prakt. Chem., 1980, 322, 831.

Y. A. Sharanin, L. G. Sharania, and V. V. Puzanova, Zh. Org. Khim., 1983, 19, 26009.

O. H. Hishmat, F. M. Galil, and D. S. Farrag, Arch. Pharm., 1987, 320, 562.

J.-F. Zhou, S.-J. Tu, and H.-Q. Zhu, Synth. Commun., 2002, 32, 3363.

A. M. Shestopalov, Y. M. Emeliyanova, A. A. Shestopalov, L. A. Rodinovskaya, Z. I. Niazimbetova,
and D. H. Evans, Org. Lett., 2002, 4, 423.

W. Holzer and 1. Krca, Heterocycles, 2003, 60, 2323.

D.-M. Li, L.-P. Song, X.-F. Li, C.-H. Xing, W.-M. Peng, and S.-Z. Zhu, Eur. J. Org. Chem., 2007,
3520.

H. Maruoka, E. Masumoto, T. Eishima, F. Okabe, S. Nishida, Y. Yoshimura, T. Fujioka, and K.
Yamagata, J. Heterocycl. Chem., 2009, 46, 782.

H. Maruoka, S. Nishida, N. Kashige, Y. Yoshimura, M. Omori, R. Tomita, E. Masumoto, F. Okabe,
F. Miake, K. Yamagata, and T. Fujioka, J. Heterocycl. Chem., 2012, 49, 1218.

E. Masumoto, H. Maruoka, F. Okabe, S. Nishida, Y. Yoshimura, T. Fujioka, and K. Yamagata, J.
Heterocycl. Chem., 2011, 48, 96.

M. Yu and B. L. Pagenkopf, Tetrahedron, 2005, 61, 321.

R. K. Bowman and J. S. Johnson, Org. Lett., 2006, 8, 573.

A. Reichelt and S. F. Martin, Acc. Chem. Res., 2006, 39, 433.

F. Brackmann and A. de Meijere, Chem. Rev., 2007, 107, 4493.

Z. Zhang, Q. Zhang, S. Sun, T. Xiong, and Q. Liu, Angew. Chem. Int. Ed., 2007, 46, 1726.



http://dx.doi.org/10.1002/jhet.5570450653
http://dx.doi.org/10.3987/R-1981-12-2177
http://dx.doi.org/10.1248/yakushi1947.98.3_335
http://dx.doi.org/10.1248/yakushi1947.98.3_335
http://dx.doi.org/10.1021/jm00370a020
http://dx.doi.org/10.1007/BF00758668
http://dx.doi.org/10.1007/BF00758668
http://dx.doi.org/10.1002/jlac.19707390111
http://dx.doi.org/10.1002/ardp.19743070609
http://dx.doi.org/10.1002/ardp.19793120604
http://dx.doi.org/10.1002/prac.19803220519
http://dx.doi.org/10.1002/ardp.19873200614
http://dx.doi.org/10.1081/SCC-120014044
http://dx.doi.org/10.1021/ol0102747
http://dx.doi.org/10.3987/COM-03-9857
http://dx.doi.org/10.1002/jhet.117
http://dx.doi.org/10.1002/jhet.919
http://dx.doi.org/10.1002/jhet.519
http://dx.doi.org/10.1002/jhet.519
http://dx.doi.org/10.1016/j.tet.2004.10.077
http://dx.doi.org/10.1021/ol052700k
http://dx.doi.org/10.1021/ar030255s
http://dx.doi.org/10.1021/cr078376j
http://dx.doi.org/10.1002/anie.200604276

59.

60.

61.

62.
63.

64.

65.

66.

67.
68.

69.

70.
71.
72.
73.
74.
75.
76.

77.
78.
79.

HETEROCYCLES, Vol. 104, No. 4, 2022 649

R. Barbaro, L. Betti, M. Botta, F. Corelli, G. Giannaccini, L. Maccari, F. Manetti, G. Strappaghetti,
and S. Corsano, J. Med. Chem., 2001, 44, 2118.

C. S. Li, C. Brideau, C. C. Chan, C. Savoie, D. Claveau, S. Charleson, R. Gordon, G. Greig, J. Y.
Gauthier, C. K. Lau, D. Riendeau, M. Thérien, E. Wong, and P. Prasit, Bioorg. Med. Chem. Lett.,
2003, 13, 597.

L. Betti, F. Corelli, M. Floridi, G. Giannaccini, L. Maccari, F. Manetti, G. Strappaghetti, and M.
Botta, J. Med. Chem., 2003, 46, 3555.

M. H. Elnagdi, N. A. Al-Awadi, and I. A. Abdelhamid, Adv. Heterocycl. Chem., 2009, 97, 1.

S. Corsano, R. Vezza, R. Scapicchi, S. Foresi, G. Strappaghetti, G. G. Nenci, and P. Gresele, Eur. J.
Med. Chem., 1995, 30, 627.

L. Betti, M. Zanelli, Giannaccini, F. Manetti, S. Schenone, and G. Strappaghetti, Bioorg. Med.
Chem., 2006, 14, 2828.

T. Yamada, Y. Nobuhara, H. Shimamura, Y. Tsukamoto, K. Yoshihara, A. Yamaguchi, and M. Ohki,
J. Med. Chem., 1983, 26, 373.

T. D. Penning, J. J. Talley, S. R. Bertenshaw, J. S. Carter, P. W. Collins, S. Doctor, M. J. Graneto, L.
F. Lee, J. W. Malecha, J. M. Miyashiro, R. S. Rogers, D. J. Rogier, S. S. Yu, G. D. Anderson, E. G.
Burton, J. N. Cogburn, S. A. Gregory, C. M. Koboldt, W. E. Perkins, K. Seibert, A. W. Veenhuizen,
Y. Y. Zhang, and P. C. Isakson, J. Med. Chem., 1997, 40, 1347.

N. K. Terrett, A. S. Bell, D. Brown, and P. Ellis, Bioorg. Med. Chem. Lett., 1996, 6, 1819.

F. M. Abdelrazek, P. Metz, O. Kataeva, A. Jager, and S. F. EI-Mahrrouky, Arch. Pharm. Chem. Life
Sci., 2007, 340, 543.

W.-M. Liu, Y.-Q. Zhu, Y.-F. Wang, B. Liu, X.-M. Zou, and H.-Z. Yang, J. Heterocycl. Chem., 2007,
44, 967.

R. E. Parker and N. S. Isaacs, Chem. Rev., 1959, 59, 737.

C. Bonini and G. Righi, Synthesis, 1994, 225.

A.-H. Li, L.-X. Dai, and V. K. Aggarwal, Chem. Rev., 1997, 97, 2341.

K. B. Mishra and V. K. Tiwari, J. Org. Chem., 2014, 79, 5752.

J. He, J. Ling, and P. Chiu, Chem. Rev., 2014, 114, 8037.

E. Masumoto, F. Okabe, T. Fujioka, K. Yamagata, and H. Maruoka, Heterocycles, 2014, 89, 2572.
S. N. Ege, A. D. Adams, E. J. Gess, K. S. Ragone, B. J. Kober, and M. B. Lampert, J. Chem. Soc.
Perkin Trans. 1, 1983, 325.

K. Kirschke and E. Schmitz, J. Prakt. Chem., 1985, 327, 35.

K. Kirschke, P. Hibner, G. Lutze, E. Grindemann, and M. Ramm, Liebigs Ann. Chem., 1994, 159.
N. Ahmad, Acta Ciencia Indica, Chem., 2011, 37, 5.



http://dx.doi.org/10.1021/jm010821u
http://dx.doi.org/10.1016/S0960-894X(02)01045-4
http://dx.doi.org/10.1016/S0960-894X(02)01045-4
http://dx.doi.org/10.1021/jm0307842
http://dx.doi.org/10.1016/0223-5234(96)88278-X
http://dx.doi.org/10.1016/0223-5234(96)88278-X
http://dx.doi.org/10.1016/j.bmc.2005.12.009
http://dx.doi.org/10.1016/j.bmc.2005.12.009
http://dx.doi.org/10.1021/jm00357a012
http://dx.doi.org/10.1016/0960-894X(96)00323-X
http://dx.doi.org/10.1002/ardp.200700157
http://dx.doi.org/10.1002/ardp.200700157
http://dx.doi.org/10.1002/jhet.5570440437
http://dx.doi.org/10.1002/jhet.5570440437
http://dx.doi.org/10.1021/cr50028a006
http://dx.doi.org/10.1055/s-1994-25445
http://dx.doi.org/10.1021/cr960411r
http://dx.doi.org/10.1021/jo500890w
http://dx.doi.org/10.1021/cr400709j
http://dx.doi.org/10.1039/P19830000325
http://dx.doi.org/10.1039/P19830000325
http://dx.doi.org/10.1002/prac.19853270106
http://dx.doi.org/10.1002/jlac.199419940307

650

80.
81.
82.
83.
84.
85.

86.

87.
88.

89.

90.
91.
92.
93.

94.
95.
96.
97.
98.
99.

100.

101.
102.
103.
104.

HETEROCYCLES, Vol. 104, No. 4, 2022

J. DeRuiter, D. A. Carter, W. S. Arledge, and P. J. Sullivan, J. Hetrocycl. Chem., 1987, 24, 149.

T. Siu, D. Qin, and S. J. Danishefsky, Angew. Chem. Int. Ed., 2001, 40, 4713.

C. Joo, S. Kang, S. M. Kim, H. Han, and J. W. Yang, Tetrahedron Lett., 2010, 51, 6006.

X. Wang and D. Z. Wang, Tetrahedron, 2011, 67, 3406.

A. Faulkner, J. S. Scott, and J. F. Bower, J. Am. Chem. Soc., 2015, 137, 7224.

N. A. Zhukovskaya, E. A. Dikusar, V. 1. Potkin, and O. G. Vyglazov, Chem. Nat. Compd., 2009, 45,
148.

G. V. Crichlow, K. F. Cheng, D. Dabideen, M. Ochani, B. Aljabari, V. A. Pavlov, E. J. Milller, E.
Lolis, and Y. Al-Abed, J. Biol. Chem., 2007, 282, 23089.

I. Hayashi and K. Shimizu, Bull. Chem. Soc. Jpn., 1983, 56, 3197.

D. A. Bachovchin, M. R. Wolfe, K. Masuda, S. J. Brown, T. P. Spicer, V. Fernandez-Vega, P. Chase,
P. S. Hodder, H. Rosen, and B. F. Cravatt, Bioorg. Med. Chem. Lett., 2010, 20, 2254.

P. J. Bindu, K. M. Mahadevan, N. D. Satyanarayan, and T. R. R. Naik, Bioorg. Med. Chem. Lett.,
2012, 22, 898.

S. K. Kundu, M. Rahman, P. Dhara, A. Hajra, and A. Majee, Synth. Commun., 2012, 42, 1848.

D. Enders, A. Grossmann, and D. V. Graen, Org. Biomol. Chem., 2013, 11, 138.

S. C. S. Kumar, N. V. Kumar, P. Srinivas, and B. K. Bettadaiah, Synthesis, 2014, 46, 1847.

E. Masumoto, N. Kashige, F. Okabe, F. Miake, K. Yamagata, and H. Maruoka, Heterocycles, 2016,
92, 1293.

W. K. Pogozelki and T. D. Tullius, Chem. Rev., 1998, 98, 1089.

C. Liu, M. Wang, T. Zhang, and H. Sun, Coord. Chem. Rev., 2004, 248, 147.

A. M. Pyle, T. Morii, and J. K. Barton, J. Am. Chem. Soc., 1990, 112, 9432.

A. E. Friedman, C. V. Kumar, N. J. Turro, and J. K. Barton, Nucleic Acids Res., 1991, 19, 2595.

R. S. Lloyd, C. W. Haidle, and D. L. Robberson, Biochem., 1978, 17, 1890.

K. Watanabe, N. Kashige, Y. Nakashima, M. Hayashida, and K. Sumoto, Agric. Biol. Chem., 1986,
50, 1459.

N. Kashige, T. Yamaguchi, N. Mishiro, H. Hanazono, F. Miake, and K. Watanabe, Biol. Pharm.
Bull., 1995, 18, 653.

H. Maruoka, N. Kashige, F. Miake, and T. Yamaguchi, Chem. Pharm. Bull., 2005, 53, 1359.

H. Nagabuchi, E. Masumoto, F. Okabe-Nakahara, and H. Maruoka, Heterocycles, 2021, 102, 1354.
D. McTavish and E. M. Sorkin, Drugs, 1989, 38, 778.

K. A. Menear, C. Adcock, R. Boulter, X. Cockcroft, L. Copsey, A. Cranston, K. J. Dillon, J.
Drzewiecki, S. Garman, S. Gomez, H. Javaid, F. Kerrigan, C. Knights, A. Lau, V. M. Loh Jr., I. T.
W. Matthews, S. Moore, M. J. O’Connor, G. C. M. Smith, and N. M. B. Martin, J. Med. Chem.,



http://dx.doi.org/10.1002/jhet.5570240128
http://dx.doi.org/10.1016/j.tetlet.2010.09.028
http://dx.doi.org/10.1016/j.tet.2011.03.052
http://dx.doi.org/10.1021/jacs.5b03732
http://dx.doi.org/10.1007/s10600-009-9264-7
http://dx.doi.org/10.1007/s10600-009-9264-7
http://dx.doi.org/10.1074/jbc.M701825200
http://dx.doi.org/10.1246/bcsj.56.3197
http://dx.doi.org/10.1016/j.bmcl.2010.02.011
http://dx.doi.org/10.1016/j.bmcl.2011.12.037
http://dx.doi.org/10.1016/j.bmcl.2011.12.037
http://dx.doi.org/10.1080/00397911.2010.545165
http://dx.doi.org/10.1039/C2OB26974K
http://dx.doi.org/10.1055/s-0034-1378350
http://dx.doi.org/10.3987/COM-16-13476
http://dx.doi.org/10.3987/COM-16-13476
http://dx.doi.org/10.1021/cr960437i
http://dx.doi.org/10.1016/j.cct.2003.11.002
http://dx.doi.org/10.1021/ja00181a077
http://dx.doi.org/10.1093/nar/19.19.5403
http://dx.doi.org/10.1021/bi00603a014
http://dx.doi.org/10.1080/00021369.1986.10867592
http://dx.doi.org/10.1080/00021369.1986.10867592
http://dx.doi.org/10.1248/bpb.18.653
http://dx.doi.org/10.1248/bpb.18.653
http://dx.doi.org/10.1248/cpb.53.1359
http://dx.doi.org/10.3987/COM-21-14473
http://dx.doi.org/10.2165/00003495-198938050-00005
http://dx.doi.org/10.1021/jm8001263

105.
106.
107.
108.

109.
110.

111.
112.
113.

114.
115.

116.

117.
118.
119.
120.
121.
122.
123.
124.
125.
126.

127.
128.

129.
130.

HETEROCYCLES, Vol. 104, No. 4, 2022 651

2008, 51, 6581.

M. Takaya, M. Sato, K. Terashima, H. Tanizawa, and Y. Maki, J. Med. Chem., 1979, 22, 53.

T. Jojima and Y. Takahi, Ger. Offen., 1977, DE 2640806.

T. Katayama, S. Kawamura, Y. Sanemitsu, and Y. Mine, PCT Int. Appl., 1997, WO 9707104.

P. Chauhan, S. Mahajan, U. Kaya, A. Peuronen, K. Rissanen, and D. Enders, J. Org. Chem., 2017,
82, 7050.

F. Vetica, P. Chauhan, S. Mahajan, G. Raabe, and D. Enders, Synthesis, 2018, 50, 1039.

H.-W. Xu, W. Fan, M.-Y. Li, B. Jiang, S.-L. Wang, and S.-J. Tu, Org. Biomol. Chem., 2013, 11,
3603.

P.J. O’Dwyer, M. T. Alonso, and B. Leyland-Jones, J. Clin. Oncol., 1984, 2, 1064.

R. D. Encarnacion, E. Sandoval, J. Malmstrgm, and C. Christophersen, J. Nat. Prod., 2000, 63, 874.

R. P. Tangallapally, D. Sun, Rakesh, N. Budha, R. E. B. Lee, A. J. M. Lenaerts, B. Meibohm, and R.
E. Lee, Bioorg. Med. Chem. Lett., 2007, 17, 6638.

R. Aggarwal, A. Bansal, and A. Mittal, J. Fluorine Chem., 2013, 145, 95.

G. G. Mandawad, R. D. Kamble, S. V. Hese, R. A. More, R. N. Gacche, K. M. Kodam, and B. S.
Dawane, Med. Chem. Res., 2014, 23, 4455.

S. Castellano, D. Kuck, M. Viviano, J. Yoo, F. Lopez-Vallejo, P. Conti, L. Tamborini, A. Pinto, J. L.
Medina-Franco, and G. Sbardella, J. Med. Chem., 2011, 54, 7663.

K. Kaur, V. Kumar, A. K. Sharma, and G. K. Gupta, Eur. J. Med. Chem., 2014, 77, 121.

A. G. Habeeb, P. N. P. Rao, and E. E. Knaus, J. Med. Chem., 2001, 44, 2921.

S. A. Mousa and J. Wityak, Cardiovasc. Drug Rev., 1998, 16, 48.

H. Valizadeh, M. Amiri, and H. Gholipur, J. Heterocycl. Chem., 2009, 46, 108.

S. Tang, J. He, Y. Sun, L. He, and X. She, J. Org. Chem., 2010, 75, 1961.

M. J. Raihan, V. Kavala, C.-W. Kuo, B. R. Raju, and C.-F. Yao, Green Chem., 2010, 12, 1090.

T. Kano, A. Yamamoto, S. Song, and K. Maruoka, Chem. Commun., 2011, 47, 4358.

B. Sangepu, B. Gandu, G. Anupoju, and V. Jetti, J. Heterocycl. Chem., 2016, 53, 754.

T. Morita, S. Fuse, and H. Nakamura, Angew. Chem. Int. Ed., 2016, 55, 13580.

E. Masumoto, E. Shirouzu, N. Kashige, F. Okabe-Nakahara, F. Miake, K. Yamagata, and H.
Maruoka, Heterocycles, 2018, 96, 1289.

V. V. Zhdankin and P. J. Stang, Chem. Rev., 2008, 108, 5299.

M. J. Raihan, V. Kavala, P. M. Habib, Q.-Z. Guan, C.-W. Kuo, and C.-F. Yao, J. Org. Chem., 2011,
76, 424.

H. Kawai, S. Okusu, E. Tokunaga, and N. Shibata, Eur. J. Org. Chem., 2013, 6506.

'Hypervalent lodine Chemistry,' ed. by T. Wirth, Springer, Switzerland, 2016.



http://dx.doi.org/10.1021/jm8001263
http://dx.doi.org/10.1021/jm00187a013
http://dx.doi.org/10.1055/s-0036-1591860
http://dx.doi.org/10.1055/s-0036-1591860
http://dx.doi.org/10.1200/JCO.1984.2.9.1064
http://dx.doi.org/10.1021/np990489d
http://dx.doi.org/10.1016/j.bmcl.2007.09.048
http://dx.doi.org/10.1007/s00044-014-1016-y
http://dx.doi.org/10.1021/jm2010404
http://dx.doi.org/10.1016/j.ejmech.2014.02.063
http://dx.doi.org/10.1021/jm0101287
http://dx.doi.org/10.1111/j.1527-3466.1998.tb00344.x
http://dx.doi.org/10.1002/jhet.20
http://dx.doi.org/10.1021/jo1000065
http://dx.doi.org/10.1039/b926085d
http://dx.doi.org/10.1039/c0cc05786j
http://dx.doi.org/10.1002/anie.201608039
http://dx.doi.org/10.3987/COM-18-13931
http://dx.doi.org/10.1021/cr800332c
http://dx.doi.org/10.1021/jo1018393
http://dx.doi.org/10.1021/jo1018393
http://dx.doi.org/10.1002/ejoc.201301096

652

131

132.

133.
134.
135.

136.
137.
138.

139.
140.
141.
142.
143.

144.
145.
146.
147.
148.

149.

150.

151.

152.

153.
154.

155

HETEROCYCLES, Vol. 104, No. 4, 2022

E. Masumoto, H. Maruoka, N. Kashige, F. Okabe, T. Fujioka, and K. Yamagata, J. Heterocycl.
Chem., 2015, 52, 48.

E. Masumoto, H. Maruoka, F. Okabe, S. Nishida, R. Tomita, T. Fujioka, and K. Yamagata, J.
Heterocycl. Chem., 2012, 49, 893.

R. Tiwari and G. Chhabra, Asian J. Chem., 2010, 22, 5981.

M. N. Noolvi, H. M. Patel, V. Bhardwaj, and A. Chauhan, Eur. J. Med. Chem., 2011, 46, 2327.

C. Balakumar, P. Lamba, D. P. Kishore, B. L. Narayana, K. V. Rao, K. Rajwinder, A. R. Rao, B.
Shireesha, and B. Narsaiah, Eur. J. Med. Chem., 2010, 45, 4904.

T.-C. Chien, C.-S. Chen, F.-H. Yu, and J.-W. Chern, Chem. Pharm. Bull., 2004, 52, 1422.

A. Kumar, P. Sharma, P. Kumari, and B. L. Kalal, Bioorg. Med. Chem. Lett., 2011, 21, 4353.

S. Yoshida, T. Aoyagi, S. Harada, N. Mastuda, T. lkeda, H. Naganawa, M. Hamada, and T.
Takeuchi, J. Antibiot., 1991, 44, 111.

C. Wattanapiromsakul, P. I. Forster, and P. G. Waterman, Phytochemistry, 2003, 64, 609.

Y. Deng, R. Xu, and Y. Yang, J. Chin. Pharm. Sci., 2000, 9, 116.

Z.-Z.Ma, Y. Hano, T. Nomura, and Y.-J. Chen, Heterocycles, 1997, 46, 541.

Y. Ohta, Y. Tokimizu, S. Oishi, N. Fujii, and H. Ohno, Org. Lett., 2010, 12, 3963.

R. Alonso, A. Caballero, P. J. Campos, D. Sampedro, and M. A. Rodriguez, Tetrahedron, 2010, 66,
4469.

F. Portela-Cubillo, J. S. Scott, and J. C. Walton, J. Org. Chem., 2009, 74, 4934.

Z.-H. Zhang, X.-N. Zhang, L.-P. Mo, Y.-X. Li, and F.-P. Ma, Green Chem., 2012, 14, 1502.

K. Karnakar, J. Shankar, S. N. Murthy, K. Ramesh, and Y. V. D. Nageswar, Synlett, 2011, 1089.

V. L. Truong and M. Morrow, Tetrahedron Lett., 2010, 51, 758.

R. Gundla, R. Kazemi, R. Sanam, R. Muttineni, J. A. R. P. Sarma, R. Dayam, and N. Neamati, J.
Med. Chem., 2008, 51, 3367.

J. F. M. da Silva, M. Walters, S. Al-Damluji, and C. R. Ganellin, Bioorg. Med. Chem., 2008, 16,
7254,

G. W. Rewcastle, B. D. Palmer, A. J. Bridges, H. D. H. Showalter, L. Sun, J. Nelson, A. McMichael,
A.J. Kraker, D. W. Fry, and W. A. Denny, J. Med. Chem., 1996, 39, 918.

A. Luth and W. Lowe, Eur. J. Med. Chem., 2008, 43, 1478.

H. Nagabuchi, E. Masumoto, F. Okabe-Nakahara, and H. Maruoka, Heterocycles, 2019, 98, 845.

M. S. Karthikeyan, Eur. J. Med. Chem., 2009, 44, 827.

S. A. F. Rostom, I. M. EI-Ashmawy, H. A. A. E. Razik, M. H. Badr, and H. M. A. Ashour, Bioorg.
Med. Chem., 2009, 17, 882.

M. A. Gouda, M. A. Berghot, E. A. Baz, and W. S. Hamama, Med. Chem. Res., 2012, 21, 1062.



http://dx.doi.org/10.1002/jhet.1946
http://dx.doi.org/10.1002/jhet.1946
http://dx.doi.org/10.1002/jhet.894
http://dx.doi.org/10.1002/jhet.894
http://dx.doi.org/10.1016/j.ejmech.2011.03.015
http://dx.doi.org/10.1016/j.ejmech.2010.07.063
http://dx.doi.org/10.1248/cpb.52.1422
http://dx.doi.org/10.1016/j.bmcl.2011.05.031
http://dx.doi.org/10.7164/antibiotics.44.111
http://dx.doi.org/10.1016/S0031-9422(03)00205-X
http://dx.doi.org/10.3987/COM-97-S65
http://dx.doi.org/10.1021/ol1016756
http://dx.doi.org/10.1016/j.tet.2010.04.082
http://dx.doi.org/10.1016/j.tet.2010.04.082
http://dx.doi.org/10.1021/jo900629g
http://dx.doi.org/10.1039/c2gc35258c
http://dx.doi.org/10.1055/s-0030-1259960
http://dx.doi.org/10.1016/j.tetlet.2009.11.133
http://dx.doi.org/10.1021/jm7013875
http://dx.doi.org/10.1021/jm7013875
http://dx.doi.org/10.1016/j.bmc.2008.06.037
http://dx.doi.org/10.1016/j.bmc.2008.06.037
http://dx.doi.org/10.1021/jm950692f
http://dx.doi.org/10.3987/COM-19-14087
http://dx.doi.org/10.1016/j.ejmech.2008.04.022
http://dx.doi.org/10.1016/j.bmc.2008.11.035
http://dx.doi.org/10.1016/j.bmc.2008.11.035
http://dx.doi.org/10.1007/s00044-011-9610-8

156
157
158

159
160

161

162

163

164

165

HETEROCYCLES, Vol. 104, No. 4, 2022 653

. S. J. Kashyap, P. K. Sharma, V. K. Garg, R. Dudhe, and N. Kumar, Adv. Sci. Res., 2011, 2, 18.
. Y. Luo, F. Xiao, S. Qian, W. Lu, and B. Yang, Eur. J. Med. Chem., 2011, 46, 417.
. B. F. Abdel-Wahab, S. F. Mohamed, A. E.-G. Amr, and M. M. Abdalla, Monatsh. Chem., 2008, 139,

.F. Li, Q. Zhu, Y. Zhang, Y. Feng, Y. Leng, and A. Zhang, Bioorg. Med. Chem., 2010, 18, 3875.
. R. Mishra, P. K. Sharma, P. K. Verma, |. Tomer, G. Mathur, and P. K. Dhakad, J. Heterocycl. Chem.,

2017, 54, 2108.

. E. K. A. Abdelall, P. F. Lamie, and W. A. M. Ali, Bioorg. Med. Chem. Lett., 2016, 26, 2893.
. A. B. Cooper, S. Ciblat, G. Shipps, J. Levine, M. Kostura, V. Oza, L. Constantineau-Forget, M. Dery,

C. Grand-Maitre, N. Bruneau-Latour, E. Bellavance, A. Siddiqui, and M. Luther, Bioorg. Med.
Chem. Lett., 2017, 27, 4471.

. C.-J. Zheng, M.-X. Song, L.-P. Sun, Y. Wu, L. Hong, and H.-R. Piao, Bioorg. Med. Chem. Lett.,
2012, 22, 7024.

. A. M. Youssef, M. S. White, E. B. Villanueva, I. M. EI-Ashmawy, and A. Klegeris, Bioorg. Med.
Chem., 2010, 18, 2019.

. E. Masumoto, H. Nagabuchi, N. Kashige, F. Okabe-Nakahara, F. Miake, K. Yamagata, and H.
Maruoka, Heterocycles, 2019, 99, 669.

Eiichi Masumoto is an Associate Professor of Faculty of Pharmaceutical Sciences at
Fukuoka University, Japan. He was born in Fukuoka, Japan, in 1984. He received his Ph.D.
degree from Fukuoka University in 2013. He received his Bachelor's and Master's degrees
from Fukuoka University in 2007 and 2009. He is interested in studies on the novel molecular
design with characteristic structures and biological activities, especially synthesis of
nitrogen-containing heterocycles.

Hiroshi Maruoka is a Professor of Faculty of Pharmaceutical Sciences at Fukuoka
University, Japan. He was born in Fukuoka, Japan, in 1960. He received his Ph.D. degree
from Fukuoka University in 1997. He received his Bachelor's degree from Fukuoka
University in 1984 and Master's degree from Kyushu University in 1986. He is interested in
research on the design and synthesis of heterocyclic compounds with potential biological
activities, especially pyrazol-3-one derivatives.


http://dx.doi.org/10.1016/j.ejmech.2010.11.014
http://dx.doi.org/10.1007/s00706-008-0896-2
http://dx.doi.org/10.1007/s00706-008-0896-2
http://dx.doi.org/10.1002/jhet.2827
http://dx.doi.org/10.1002/jhet.2827
http://dx.doi.org/10.1016/j.bmcl.2016.04.046
http://dx.doi.org/10.1016/j.bmcl.2017.08.003
http://dx.doi.org/10.1016/j.bmcl.2017.08.003
http://dx.doi.org/10.1016/j.bmcl.2012.09.107
http://dx.doi.org/10.1016/j.bmcl.2012.09.107
http://dx.doi.org/10.1016/j.bmc.2010.01.021
http://dx.doi.org/10.1016/j.bmc.2010.01.021
http://dx.doi.org/10.3987/COM-18-S(F)34



