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Abstract An efficient copper-promoted C(sp”)—H bond amination was developed to afford 1H-indazoles and 1H-pyrazoles
in moderate to excellent yields from easily accessible hydrazones. This process tolerated a variety of functional groups and
afforded the corresponding 1H-indazoles and 1H-pyrazoles under mild conditions.
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1 Introduction

Nitrogen-containing heterocycles are structural constit-
uents of many bioactive natural products, medicinally im-
portant compounds and organic materials."’ In particular,
indazoles and pyrazoles are prevalent structural motifs in
pharmaceutically important and biologically active com-
pounds which have exhibited a broad spectrum of biologi-
cal activities including anti-bacterial,”? anti-tumour,"”’
anti-HIV,"¥ anti-cancer,”) and anti-platelet activities.!®
With the growing interest in indazole and pyrazole deriva-
tives, development of mild and efficient synthetic methods
has been pursued for a long time by synthetic chemists.!”

Traditional synthetic methods for indazoles include dia-
zotization of 2-alkyl anilines™ and nitrosation of the
N-acetyl derivatives of 2-alkyl anilines.®® ! Catalytic
cyclization of the hydrazones of o-haloacetophenones or
o-haloaldehydes represents an attractive route.”” Recently,
1,3-dipolar cycloaddition of arynes with diazo com-
pounds,!"®'® hydrazones"* '° or nitrile imines!'* has
also been reported. Despite significant achievements have

3]

* E-mail: xubin@shu.edu.cn; qttan@shu.edu.cn; Tel./Fax: 0086-021-66132830

Received April 16, 2015; published June 5, 2015.

been made, ortho prefunctionalization is indispensable in
most cases.

With regard to pyrazole derivatives, classical synthetic
methods mostly involve the condensation of 1,3-dicarbonyl
or o,f-unsaturated carbonyl compounds with hydrazines,
and 1,3-dipole cycloaddition of diazo compounds onto
triple bonds.!""! Recently, several new approaches towards
the synthesis of these compounds have been developed.''”
For instance, Zhan''* has reported the one-pot synthesis of
pyrazoles from tertiary propargylic alcohols and
p-tolylsulfonohydrazide, and Yu has disclosed a
three-component reaction of vinyl azide, aldehyde and
tosylhydrazine affording the polyfunctional pyrazoles.!'*”
However, it is still desirable to develop novel synthetic
methods of pyrazoles in terms of starting materials availa-
bility and synthetic efficiency.

Transition metal catalyzed intramolecular C—H bond
amination, without the necessity to prefunctionalize the
readily available starting materials, is highly efficient and
environmentally benign for construction of nitrogen con-
taining heterocycles.>'* In this event, this strategy has
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been applied to the synthesis of N-substituted indazoles
and pyrazoles during the past few years.!"”)

Recently, we reported a tandem rhodium-catalyzed
C—H bond olefination/annulation approach to afford the
1,2-dihydrophthalazines in good to excellent yields from
sulfonylhydrazones and alkenes, in which the hydrazone
moiety remained intact during the reaction.!"® However, in
the case of N-diethoxyphosphoryl hydrazone (=N—NH
P(O)(OEt),), the N—N bond is more labile and cleavaged
under rhodium catalysis, leading to an efficient synthesis of
multisubstituted isoquinolines (Scheme 1a).!" As a part of
our continuing efforts to assemble heterocycles through a
C—H bond amination strategy,!'”’ herein we report a
copper-promoted intramolecular oxidative C—H bond
amination to afford 1H-indazoles and 1H—p;lrazoles in
moderate to excellent yields, whereby a C(sp”)—N bond
was formed with the N—P bond cleavage of N-diethoxy-
phosphoryl hydrazone under mild conditions (Scheme 1b).
It is worth noting that 1H-indazoles and 1H-pyrazoles are
of considerable biological interests,!'®! which allowed for
further functionalization and thus especially useful for
combinatorial chemistry and new drug discovery.
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Scheme 1 Synthesis of indazoles and pyrazoles from hydrazones

2 Results and discussion

2.1 Reaction condition optimization

We started our study by examining the reaction of 1a
(R=P(O)(OEt),) in the presence of anhydrous Cu(OAc),
in toluene under an oxygen atmosphere. To our delight, the
indazole product 2a was isolated in 38% yield after react-
ing for 70 h at 100 C (Table 1, Entry 1). An extensive
screening of copper resources revealed that the use of
Cu(OAc),*H,;0 turned out to be the best choice and af-
forded 2a in 70% yield (Entry 5), while other copper salts
resulted in either lower yields or no desired product
(Entries 2~4). Next, the influence of solvent was investi-
gated (Entries 6~9). Among the screened solvents, DMSO
gave the best result with an excellent yield in shorter reac-
tion time (Entry 9). By raising the reaction temperature to
110 C, the indazole product was obtained with up to 96%
yield (Entry 10). Decreased yields were obtained when the
reaction was conducted under an air or nitrogen atmos-
phere (Entries 11~12). The leaving group of 1 has a deci-
sive and subtle effect on this transformation based on the
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fact that replacement of the P(O)(OEt), group by hydrogen,
acetyl or tosyl group gave no apparent desired product
(Entries 13~15), indicating the vital role of diethoxy-
phosphoryl group for such a transformation. To our delight,
catalytic amount of Cu(OAc),*H,0O could also afford the
desired product in moderate to good yields with long reac-
tion time (Entries 16~17). No product was isolated in the
absence of copper salt (Entry 18). In view of its readily
availability and less toxic character, stoichiometric
Cu(OAc),*H,0 was used for the following studies in order
to achieve higher yields.

Table 1 Optimization of reaction conditions *

O [Cu], solvent

O \N’H\R atoms, T °C
1a
Entry Cu salt Solvent R Teglp/ Tir}?e/ Yif/idb/
1 Cu(OAc), toluene P(O)(OEt), 100 70 38
2 Cu(TFA), toluene P(O)(OEt), 100 32 23
3 CuBr, toluene P(O)(OEt), 100 26 ND
4 CuCl toluene P(O)(OEt), 100 37 41
5 Cu(OAc),*H,O  toluene P(O)(OEt), 100 70 70
6 Cu(OAc),*H,0 PhOMe P(O)(OEt), 100 64 63
7 Cu(OAc),*H,O dioxane P(O)(OEt), 100 70 ND
8 Cu(OAc),*H,0O DMF P(O)(OEt), 100 27 37
9 Cu(OAc),*H,0O DMSO P(O)(OEt), 100 25 91

10  Cu(OAc),*H,0
11 Cu(OAc),*H,O
12 Cu(OAc),*H,O

DMSO P(O)OEt), 110 16 96
DMSO P(O)OEt), 110 21 89
DMSO P(O)OEt), 110 37 78

13 Cu(OAc),*H,0O DMSO H 110 20 ND
14 Cu(OAc),*H,O DMSO Ac 110 20 ND
15 Cu(OAc),*H,O DMSO Ts 110 20 ND

16  Cu(OAc) H,0
17 Cu(OAc)*H,0
18 —

DMSO P(O)OEt), 110 55  8I°
DMSO P(O)OEt), 110 67 74
DMSO P(O)OEt), 110 40 ND

“Reaction conditions: 1a (0.3 mmol), Cu salt (0.3 mmol) in solvent (1.5 mL),
100 C, O,. Ac=Acetyl, Ts=4-toluenesulfonyl, ND=not detected. b Isolated
yield. ¢ Under air. ¢ Under N,. ¢ Cu(OAc);*H,0 (50 mol%) was used.
TCu(0AC),*H,0 (20 mol%) was used.

2.2 Substrate Scope
2.2.1 Hydrazone scope in the synthesis of indazoles

With the optimized reaction conditions in hand, we then
extended the reaction to a range of readily available phos-
phorylhydrazones 1a~1k, and the results are shown in
Table 2. Substrates bearing various substituents on the aryl
rings, regardless of their electronic properties, all gave the
desired products in good to excellent yields (2a~2i). For
substrate bearing two methyl groups on the meta positions
of the aryl rings gave a mixture of isomers 2f and 2f"', with
the less sterically hindered product 2f slightly favored.
Similarly, unsymmetrical hydrazones containing two dif-
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ferent aryl groups also afforded a mixture of isomers (2g~
2i), the ratios of which varied from 1 : 1 to 4.6 . 1, de-
pending on the electronic properties of the substituents.
Impressively, the substrates containing furyl and benzoyl
groups also afforded the corresponding products 2j and 2k
in moderate yields, respectively. Notably, the absolute
spectroscopic analysis for some products is relatively com-
plicated, which due to their dynamic tautomeric forms that
1H-indazoles can adopt.

Table 2 Hydrazone scope in the synthesis of indazoles

R2 R2
H CU(OAC)2 . Hzo N
NS -~ i
i X N (1.0 equiv.) R \,N
AN (OEt2  pmso, 110 °c, ZN
1a ~ 1k 02 (1 atm) 2a ~ 2k

of ofohof 7

2a,96%, 13h  2b, 92%, 11 h 2c,86%,6h 2d,78%.20h

ofofef

2e, 77%, 24h 80%° (1.6 : 1)8h

OMe NO,
+ N + \
H' MeO H H 2 H
29 29’ 2 !

92%° (1 . 82%° (46 : 1), 25h

Cl OMe
~
® SO
NH
VO T
N ¢ N
2i 2i'

2j,37%,10h 2k, 33%, 55 h

1), 23 h

MeO

60%C (2.6:1), 7 h

“ Reaction Conditions: 1a~1k (0.3 mmol), Cu(OAc),*H,O (0.3 mmol) in
DMSO (1.5 mL), O, (1 atm), 110 ‘C. *Isolated yield. “ Combined yield of both
isomers (the ratio indicated in the parentheses).

2.2.2  Hydrazone scope in the synthesis of pyrazoles

To further explore the generality of this method, we next
expand this synthetic strategy to C—H bond amination of
olefinic double bonds for the synthesis of pyrazole deriva-
tions. However, under the aforementioned optimized con-
ditions (Table 1, Entry 10), the pyrazole product 3,5-
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diphenyl-1H-pyrazole 4a was afforded in 52% yield from
substrate 3a together with many complicated by-products.
Further optimization of the reaction condition revealed that
the indistinct secondary reactions could be significantly
suppressed under a nitrogen atmosphere and 0.5 equivalent
of Cu(OAc),*H,O was sufficient to drive the reaction to
complete. With the established optimized condition, a
variety of substrates derived from readily available
o,f-unsaturated ketones and phosphorylhydrazine were
surveyed to prepare different 1H-pyrazoles. As depicted in
Table 3, substrates with electron-donating and electron-
withdrawing groups on the phenyl rings all gave the prod-
ucts in good yields (4a~4d). The reactions showed excel-

Table 3 Hydrazone scope in the synthesis of pyrazoles “”

O P(OEt)
,NH Cu(OCAc); « H,0 H )

(0.5 equiv.) N’N _/R
_ )~

| R2 DMSO, 110°C, N, R!

4a ~ 4i

Me!

4c, 74%,9h

4d, 73%, 18 h

. A
 / O N|/
o,

4e,78%,6 h 4f, 74%, 23 h
H H
N’N N’N
Ly |
X
|
N
49, 41%,23 h 4h, 76%, 9 h
H
n-N
Ly
Me
4i, 37%, 53 h

“ Reaction conditions: 3a~3i (0.3 mmol), Cu(OAc),*H,O (0.15 mmol) in
DMSO (1.5 mL), Ny, 110 °C. *Isolated yield.
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lent selectivity as no indazoles could be isolated in all
cases which could be formed through the aromatic C(sp )
—H bond functionalization other than the olefinic C(sp?)—
H amination. Functional groups, such as Cl and Br, were
all well tolerated in this transformation (4b and 4d). In
addition to the phenyl substituent, other aryl groups such as
2-naphthyl and 2-furyl, had little effect on the yields and
gave corresponding pyrazoles in good yields (4e and 4f),
while 3-pyridyl led to a lower yield (4g). It is worth noting
that substrate with two alkenyl substituents gave compara-
ble yield (4h). Hydrazone bearing an alkyl substituent on
one side could also afford the desired product 4i, albeit in
lower yield and elongated reaction time.

2.3 Mechanistic studies

To gain insight into the mechanism, we conducted the
reaction by adding 1.5 equivalents of the radical scavenger
TEMPO to the reaction of 1a under the optimized reaction
conditions. The addition of TEMPO did not inhibit the re-
action, but caused decreased yields for products (57% yield
for 2a and 74% yield for 4a), indicating that the radical
process might not be the major pathway in this reaction.!"”’
An intramolecular kinetic isotope effect (KIE) study was
next conducted, and a small KIE value (ky/kp=1.06) was
obtained, which implied that the C—H bond cleavage did
not involve in the rate-determining step (for details, see:
Supporting Information). (201 Furthermore, the fact that un-
substituted benzophenone hydrazone could not afford the
desired product (Table 1, Entry 13), which suggested that
the N—P bond cleavage may not occur at the initial stage.

Although the detailed reaction mechanism remained to
be clarified, a plausible mechanism for this transformation
was proposed in Scheme 2. Initially, hydrazone 1a reacted
with Cu(OAc), to give intermediate A, which then formed
metallacycles B by C—H bond activation or electrophilic
metalation."**?"! Reductive elimination of B generated
corresponding cyclization product C. Finally, C afforded
2a after release of diethyl hydrogen phosphate with the aid
of water due to the excellence of diethyl phosphate as a
leaving group.”? The existence of diethyl hydrogen phos-
phate was confirmed by an in situ phosphorus NMR analy-
sis after completion of the reaction.””!

N/ N
OEt Cu(OAc),

[O]
O (OEt), HOAc

Y@ N*.‘/Cun
N

\ 2 P(OEt),
N~NH © N’Cu

B
2a \/04 P(OEY),

A

|
o= P(OEY),

Scheme 2 Plausible mechanism (ligands are omitted for clarity)
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3 Conclusions

In conclusion, we have developed a novel and efficient
protocol for the synthesis of 1H-indazoles and
1 H-pyrazoles from easily accessible N-diethoxyphosphoryl
hydrazones through N—P bond cleavage and C(sp’)—H
bond amination process. The approach features a wide sub-
strate scope, good functional group tolerance, mild reaction
conditions and operational simplicity, which would provide
it a broad utility in organic synthesis. Further insight into
the synthetic applications for bioactive compounds are now
under investigation in our group.
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A signal at 6 —4.81 was observed in the *'P NMR of the reaction

mixture after the disappearance of 1a, which is assignable to be

diethyl hydrogen phosphate when compared with the *'P NMR

spectrum of the authentic sample (6 —4.67). For details, see: Figure

S1 and S2 in the supporting information.
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