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Abstract — A copper-mediated domino reaction involving cyclization, bromination,
and nucleophilic substitution of N,N-disubstituted hydrazones, which
are labile under oxidative conditions, to synthesize 4-bromo-1-bromoalkyl-5-
aryl/alkyl/alkenyl-pyrazoles, is achieved. This method features the simultaneous

construction of pyrazoles and two C-Br bonds, which are synthetically useful.

Pyrazole is an important skeletal compound of various pharmaceuticals,' pesticides,? synthetic reagents,?
and chemical materials.* Therefore, the synthetic method of pyrazoles has long been an attractive research
topic. Classically, pyrazoles are synthesized by cyclocondensation of 1,3-dicarbonyl derivatives or by a
1,3-dipolar cycloaddition reaction. However, these methods often have low regioselectivity and a limited
substrate scope. Therefore, novel methods have been developed to overcome these problems in recent
years.'® The cyclization of alkynylhydrazones is a valuable method for the direct and selective synthesis
of 1,4,5-substituted pyrazoles, which have substituents in sterically hindered positions. The reaction
proceeds through electrophilic cyclization of N-monosubstituted alkynylhydrazones, followed by
protonation,® iodination,” fluorination,® trifluoromethylation,’ chalcogenylation,'® or borylation (Scheme
1a).!! In contrast, as a reaction of N,N-disubstituted hydrazones,'? which are labile under oxidative
conditions, only a copper-catalyzed rearrangement reaction has been reported,'®> and not electrophilic
cyclization. Indeed, our preliminary investigation based on the conditions of Zora et al.” showed that the
reaction of alkynylhydrazone using iodine was complicated to afford iodocyclization product in a poor
yield (Scheme 1b). Therefore, we devised a novel strategy for the synthesis of halogenated pyrazoles using
N,N-disubstituted hydrazones.
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Halogens are employed for various chemical transformations, and are therefore a universal building block
in organic synthetic chemistry.'* In addition, halogens are components of various natural products,'’
pharmaceuticals,'® and pesticides.!” Therefore, efficient construction methods for carbon-halogen bonds
have remained a focus of research and been developed.'® In recent years, halogenation!® and arylation®?!
via single electron transfer (SET) of CuX, (X = Cl, Br or I) have been developed. For example, Guo et al.
reported halocyclization of arene-alkyne with CuBr to afford 9-bromophenanthrenes (Scheme 1¢).'* As
SET of CuBr» generates a nucleophilic bromide ion in situ, we expected a domino reaction of
N,N-disubstituted hydrazones with CuBr; involving sequential intramolecular nucleophilic addition,

halogenation, and nucleophilic substitution proceeded to obtain 4-bromo-1-bromoalkyl-5-substituted

pyrazoles (Scheme 1d).
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Scheme 1. Halocyclization of alkyne

To realize the dihalogenative cyclization, we optimized the reaction conditions. First, N-piperidyl-
hydrazone la was treated with two equivalents of CuBr; in nitromethane under reflux to afford
4-bromo-1-bromopentyl-5-phenylpyrazole 2a in 16% yield and 4-protonated pyrazole 3a in 20% yield
(Table 1, entry 1).'°* The structure of 2a was determined by analysis of the spectroscopic data, including
2D-NMR (COSY, HSQC, HMBC, and NOESY), and comparison with a previous report. Next, various

ligands were investigated because we assumed that they would have a significant effect on the domino
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reaction. Pyridine, tetramethylethylenediamine (TMEDA), 2,2-bipyridyl, and 2,2":6"2"-terpyridine were
employed in chlorobenzene under reflux, but decreased the yields (entries 2-5). Meanwhile,
2,2'-bis(2-oxazoline) and neocuproine accelerated the domino reaction to give 2a in 42 and 37% yields,
respectively (entries 6 and 7). Finally, an investigation of substituents on the phenanthroline skeleton was

conducted. The yield of 2a was up to 55% when bathocuproine was employed (entries 8 and 9).

Table 1. Investigation of ligands

1 (Br (A—Br
N'O CuBr; (2 eq.) N-N 5 N-N 5

ligand (2 eq.) 5
| solvent > V\Ph V\Ph
H X 4
N Br
2a

reflux

Ph H
1a 3a
(Z:E=3:1)
entry ligand solvent yield (%)
12) - MeNO, 16 (3a: 20)
2 pyridine®) PhCI 8
3 TMEDA PhCI -
4 2,2-bipyridyl PhCI 6
5 2,2":6',2"-terpyridine PhCI 4 1
6 2,2'-bis(2-oxazoline) PhCI 42 N’N
7 neocuproine PhClI 37 Br L/
8 bathophenanthroline PhClI 26 2a Br
9 bathocuproine PhCI 55 HMBC /X

a) K3POy, (0.5 eq.) was added as an additive.
b) 10 equivalents of pyridine was used.

To further improve yields, solvents, temperature, and additives were investigated. The investigation of
aprotic polar solvent, such as DMF, 1,4-dioxane, and nitromethane, under heating condition did not
increase the yield of 2a as compared with chlorobenzene (Table 2, entries 1-4). As expected, a significant
amount of protonated by-product 3a was obtained with ethanol, which is a protic solvent (entry 5). In
addition, small amount of (E)-1a was recovered when one equivalent of copper species was used (entry 6).
As protonation not only occurred in entry 5, but 3a was detected in the other conditions, proton
scavengers were further investigated. The addition of molecular sieve 4A (MS4A) suppressed the
generation of 3a, but accelerated the generation of 4a (entry 7). In contrast, the yield of 2a was increased
by up to 71% when K3PO4 was employed (entry 8). Finally, 4-bromo-1-bromopentyl-3-phenylpyrazole

23,24

4a, which would be generated by sequential nucleophilic substitution,””* was obtained when the reaction

time was prolonged to 64 h (entry 9).
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Table 2. Investigation of solvents and additives

CuBr, (2 eq.) Br
N’N bathocuproine (2 eq.) 1 (/-)gBr (/-)—Br (Qs

I additive (eq.) - I;I’N s I;I’N 5 1 N":l
H \\ solvent > ¢~ —Ph %Ph k:es\Ph
1a Ph reflux, time Br H Br
(Z:E=3:1) 2a 3a 4a
entry additive (eq.) solvent time (h)  yield (%)
1 - PhCI 1 55
2 - DMF?) 1 15 Br
3 ] 1,4-dioxane 1 41 NOE C Y
4 - MeNO, 1 26 { N, N
5 - EtOH 1 25 (3a: 16) c .
62 - PhCI 1 37 ((E)1a:7) Br
7 MS4A (180 mg/mL) PhCI 1 23 (4a: 18) 4
8 K3PO, (0.5) PhCI 1 71
9 K3PO, (0.5) PhCI 64 0 (4a: 75)

a) The reaction was carried out at 135 °C
b) CuBr, (1 eq.) and bathocuproine (1 eq.) were used.

With the optimized conditions determined, the substrate scope was investigated. First, to confirm
substituent effects, substituents at the 4-position on the benzene-ring linked to alkyne terminus were
investigated. Both electron-donating as well as withdrawing groups resulted in moderate yields of
4-bromo-1-bromopentylpyrroles 2b—2e (Scheme 2). The cyclization of N-pyrrolidino hydrazone 1f was
sluggish and produced 4-bromo-1-bromobutyl-5-phenylpyrazole 2f in poor yield, whereas the reaction of
N-morpholino hydrazone 1g proceeded smoothly to afford the corresponding bromopyrazole 29 in 71%
yield. These results suggest that the efficiency of bromocyclization is dependent on the cyclic amine
moiety rather than the ratio of the E/Z isomer. The alkynylhydrazone 1h, bearing a thiophene on an
alkyne terminus, was able to give 2h in 75% yield. In addition, 5-alkenylpyrazole 2i was obtained in good
yield (63%) as well as 5-alkyl pyrazole 2j, albeit in low yield (15%). Finally, the use of N,N-dimethyl-
hydrazone 1k afforded 4-bromo-5-phenyl-1-methylpyrazole 2Kk in 63% yield.
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Br
NN CuBr; (2 eq.) X—/_
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a) In parentheses is the ratio of Z to E of the starting material.

Scheme 2. Scope of dihalogenative cyclization®

To demonstrate the synthetic utility of our methodology, further chemical transformations of 2a were

performed (Scheme 3). First, bromopyrazole 2a was treated with NaN3 in DMF at 50 °C to afford the

corresponding alkyl azide 5 in 90% yield. In addition, alkynylation of 2a proceeded to give alkyne 6 in
49% yield.
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Scheme 3. Transformation of 2a
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To clarify the details of the reaction, some control experiments were conducted. First, 4-bromopyrazole
2a was not detected at all, however, 4b was obtained when protonated pyrazole 3a was treated under the

optimized conditions (Scheme 4, eq. 1). This indicated that 2a was not generated from 3a as a reaction
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Br
(/-)S—Br bathocuproine (2 eq.) 1 (/)EBr (Q
N-N K3PO, (0.5 eq.) , I;J’N 5 N-N
| / T
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Scheme 4. Control experiments

intermediate. The use of bromine and NBS, which are electrophilic brominating reagents, resulted in a
complex mixture, not 2a (Eq. 2). Therefore, CuBr; was found to be appropriate for the domino reaction.
Finally, when a single isomer of (£)-1a was employed, 2a was obtained at 18% yield (Eq. 3). The result
suggests that the reaction rate of the (E)-isomer is slower, probably because the (E)-isomer requires

isomerization to (Z)-isomer.?

The proposed mechanism of the copper-mediated domino dibromonative cyclization is shown in Scheme
5. First, the alkyne moiety of hydrazone (Z)-1a coordinates to CuBr2 to generate copper complex A and
activates the alkyne moiety. Subsequently, 5-endo-dig cyclization proceeds to form vinyl copper(Il)
intermediate B. Another CuBr; undergoes SET to give vinyl copper(Ill) species C along with CuBr and a
bromide ion. Reductive elimination of intermediate C affords vinyl bromide D.!? Finally, the bromide ion,

which is generated in situ, reacts with D to give 4-bromo-1-bromoalkyl-5-substituted pyrazole 2a.
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Scheme 5. Proposed reaction mechanism

In summary, we have developed copper-mediated dibromonative cyclization for the synthesis of
4-bromo-1-alkylbromo-5-aryl/alkyl/alkenyl-pyrazoles. This method enables the synthesis of halogenated
pyrazoles using N,N-disubstituted hydrazones, which is difficult to carry out with electrophilic
halogenating reagents such as Brz and NBS. In addition, the simultaneous introduction of two C-Br bonds,

which would be synthetically useful, is featured in the domino reaction.
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