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FeO(OH)@C-Catalyzed Selective Hydrazine Substitution of
p-Nitro-Aryl Fluorides and their Application for the

Synthesis of Phthalazinones

Dingzhong Li,”) Wensheng Zhang,” Longzhi Zhu,*"™ Shuang-Feng Yin,” Nobuaki Kambe,”

and Renhua Qiu*®

An efficient hydrazine substitution of p-nitro-aryl fluorides with
hydrazine hydrates catalyzed by FeO(OH)@C nanoparticles is
described. This hydrazine substitutions of p-nitro-aryl fluorides
bearing electron-withdrawing groups proceeded efficiently with
high yield and selectivity. Similarly, hydrogenations of p-nitro-

Introduction
Arylhydrazines are an important  structural  motifin
agrochemicals,”"”’ pharmaceuticals,” and functional materials.”

indoles,™
]

Some heterocycles such as arylpyrazoles/
pyrazolenes,” aryltriazoles,® indazoles,” and phthalazinones®
can also be efficiently generated from arylhydrazines, especially
in the construction of the core structures of numerous
pharmaceuticals, such as cancer inhibitors,” anti-
hypertensive,'” and anti-asthmatic pharmaceuticals” (Fig-
ure 1).

Therefore, it is of great importance to develop efficient and
convenient methods to obtain arylhydrazines. The nucleophilic
substitution of aryl halides with hydrazine hydrate"” and the
diazotization of anilines followed by reduction of the diazonium
salt by employing the toxic system SnCl,/HCI"™ are two classical
strategies for the synthesis of arylhydrazines. However, the
above-mentioned methods have some disadvantages. For
example, the nucleophilic hydrazine substitution pathway
typically proceeds at high temperatures, resulting in increasing
amounts of impurities. The aniline diazotization/reduction path-
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aryl fluorides containing electron-donating groups also
smoothly proceeded under mild conditions. Furthermore, with
these prepared aryl hydrazines, some phthalazinones, interest-
ing as potential structures for pharmaceuticals, have success-
fully been synthesized in high yields.
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Figure 1. Structures of pharmaceuticals containing phthalazinone skeletons.

way suffers from harsh reaction conditions, generating unstable
and explosive diazonium intermediates, and from producing
large amounts of waste.

In recent years, metal-catalyzed C—N cross-coupling reac-
tions of aryl halides and hydrazine hydrates attracted much
attention for the synthesis of arylhydrazines due to the
advantages of high yield, selectivity, and generally more
environmentally friendly features (Scheme 1A)."" For example,
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Scheme 1. Approaches for the metal-catalyzed hydrazine substitution of
halogenated aromatics.
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Hartwig et al. reported a Pd-catalyzed cross-coupling reaction
of hydrazine hydrates and (hetero)aryl halides to form aryl
hydrazines with high yields with only low catalyst loading."*"
However, the high costs of the precious metals and residual
traces of heavy metal, generally disfavored especially in
medicinal chemistry, are still problematic. Therefore, the
development of green and efficient methods for the synthesis
of aromatic hydrazines using C—N cross-coupling is of great
value in organic synthesis and still highly sought after.

Since iron is an abundant environmentally friendly, relatively
non-toxic and inexpensive metal,"” the choice of iron as a
catalyst for aromatic hydrazine substitution has attracted our
attention. To date, there was no report about iron-catalyzed
C—N cross-coupling of aryl halides with hydrazine hydrates.
Since hydrazine hydrate is a strong reductant, it can reduce
transition metals to low-valent aggregates and may lower the
catalytic activity. Preparing a supported heterogeneous catalyst
and encapsulating the transition metal into pores and channels
may solve this problem. Previously, we developed Cunning-
hamia lanceolata (C. lanceolata)-carbon-supported iron oxide
hydroxide nanoparticles with good specific surface area and
pore size distribution,"® which we considered could potentially
show good catalytic activity in the aromatic hydrazine sub-
stitution.

In this work, we report an efficient and selective synthesis of
arylhydrazines catalyzed by heterogeneous C. lanceolata-car-
bon-supported iron oxide hydroxide FeO(OH)@C (Scheme 1B),
as well as the high-yielding preparation of selected phthalazi-
nones from the obtained aromatic hydrazines.

Results and Discussion

Initially, to evaluate the catalytic activity of the prepared
FeO(OH)@C nanoparticles, we chose 3-chloro-4-fluoronitroben-
zene (1a) and hydrazine hydrate as substrates to identify
optimal reaction conditions. As shown in Table 1, we first
optimized the reaction with regard to different catalyst loadings
(entries 1-4). The target product was obtained with vyields
ranging from 48 to 92%, indicating good catalytic activity of
the C. lanceolata-carbon-supported iron oxide hydroxide nano-
particles. Hence, we chose 50 mg of FeO(OH)@C nanoparticles/
1 mol substrate (entry 3) for the following optimization. Next,
we investigated the amount of hydrazine hydrate (entries 3, 5-
7), and found 2.0 equiv. of hydrazine hydrate to be suitable.
Then, the reaction temperature was also investigated. Lower
temperatures are favored, while higher temperatures resulted
in lower yields of the desired product 2a (entries 8-10). Finally,
we identified optimized reaction conditions for the hydrazine
substitution as follow: 1a (1 mmol), 80% hydrazine hydrate
(2 equiv.), FeO(OH)@C nanoparticles (50 mg), EtOH (2.0 mL),
—25°C (Table 1, entry 8, yield 96%). The structure of product
2a was unambiguously confirmed by single-crystal X-ray
analysis (Figure in Table 1).1"”

With this optimized reaction conditions in hand, we then
explored the substrate scope with a series of p-nitro-aromatic
fluorides bearing various kinds of functional groups. As shown
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Table 1. Reaction condition optimization for the hydrazine substitution of
p-nitro-aromatic fluorides.”

0\’)
NO, NO,
FeO(OH)@C, NaHgH,0 _ ﬁ}'
Cl f EtOH, N, cl ¢ -
HNNH2 M
1a 2a XRD structure of 2a
Entry FeO(OH)@C N,H,-H,0 Temperature Yield
[mg] [equiv.] [°Cl [%]
1 20 2 rt 48
2 40 2 rt 82
3 50 2 rt 92
4 60 2 rt 92
5 50 1 rt 69
6 50 1.5 rt 80
7 50 25 rt 91
8 50 2 —25 96
9 50 2 0 93
10 50 2 50 68

[a] Reaction conditions: Ta (1 mmol), 80 % hydrazine hydrate (1-
2.5 equiv.), FeO(OH)@C nanoparticles (20-60 mg), EtOH (2.0 mL), —25-

50°C, 3 h; isolated yields.

in Scheme 2, the presence of one additional electron-with-
drawing group (EWG), such as 2-Cl, 3-F, 3-CN, and 2-Br, on the
the p-nitro-aromatic fluorides allowed the hydrazine substitu-
tion to proceed well with the desired products generated in
high yields (2a-2¢c, 2g in 96%, 96%, 94%, and 96% yield,
respectively). When the p-nitro-aromatic fluorides contain two
additional electron-withdrawing groups, the hydrazine substitu-
tion took place dominantly in para-position to the fluorine
atom of the starting material, generating the corresponding
products in good yields (2d, 2e, 2f, 2h in 90%, 89%, 89% and
88 % yield, respectively).

NO, NO,
= FeO(OH)@C (50 mg), EtOH
TEwe (OM@C (50 mg) Tewe
NoHaH,0 (2 equiv.), N, N
F -25°C,3-5h HN.
1, 1 mmol 2 NH,
NO, NO, NO, NO,
F CN F
Cl Cl
HN‘NH2 HN‘NH2 HN‘NH2 HN\NHZ
2a,3h,96%  2b,3h,96% 2c,3h,94%  2d,3h, 90%
NO, NO, NO, NO,
F F F
Cl Br Br F
HN H N H
“NH, N\NHZ & “NH, N\NHZ
2e,4h,89%  2f,5h,89% 2g,4h,96% 2h, 3h,88%

Scheme 2. Hydrazine substitution of p-nitro-aromatic fluorides catalyzed by
FeO(OH)@C nanoparticles. Reaction conditions: 1 (1 mmol), 80% hydrazine

hydrate (0.126 g, 2 mmol), EtOH (2 mL), FeO(OH)@C nanoparticles (50 mg),

N,, —25°C to rt, 3-5 h; isolated yield.
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To study the catalytic recyclability of the FeO(OH)@C
nanoparticles, we used 3-chloro-4-fluoronitrobenzene (1a) as a
substrate to react with hydrazine hydrate in the presence of
recycled FeO(OH)@C under the previously optimized conditions.
After the reaction was finished, and the catalyst had been
filtered off and washed with water, the recycled FeO(OH)@C
nanoparticle catalyst was dried overnight at 110°C. Over three
runs, product 2a was obtained in 92-95% yield. We further-
more checked the stability of the FeO(OH)@C nanoparticle
catalyst by drying overnight at temperatures ranging from 100
to 180°C. Again, product 2a was obtained in 92-96% yield
using the previously optimized conditions. These results show
that the FeO(OH)@C nanoparticle catalyst has good recyclability
and stability.

Interestingly, we found that products with amino groups,
resulting from reduction of the nitro substituents, were
obtained when p-nitro-aromatic fluorides containing electron-
donating groups were employed as substrates (see Scheme 3).
We observed that p-nitro-aromatic fluorides with an electron-
donating group (EDG), such as dimethyl, methyl, methoxy and
amino groups, provided high yields of the reduced products
(4a-4d, 4g in 94%, 96%, 97 %, 90% and 93 %, respectively). In
addition, also a p-nitro-aromatic fluoride containing an hydroxyl
group gave the corresponding product 4e in a good 89 % yield.
When the p-nitro-aromatic fluoride without any EDGs was used,
a moderate yield was observed (4f in 76 % yield). Furthermore,
we found that the 3-bromo-substituted p-nitro-aromatic
fluoride provided the reduced amine product 4h in 95% yield
rather than undergoing hydrazine substitution.

As discussed and shown in Schemes2 and 3, p-nitro-
aromatic fluorides containing electron-withdrawing groups
yielded hydrazine-substituted products, as electron-withdraw-
ing groups can decrease the electron density of the aromatic
nucleus, thus enhancing the leaving group ability of fluorine,
promoting the hydrazine substitution. However, when the
electron-withdrawing group is not strong enough to effectively
decrease the electron density of the aryl motif and drive the

NO, NH,
N FeO(OH)@C (50 mg), EtOH 2
P NoHgeH,0 (2 equiv.), N, ~ EPC

it 75°C,4-12h L

3, 1mmol 4

NH, NH, NH, NH,
i “NH, i : i ~ i\o/
F F F F
4a,12h,94% 4b, 12 h, 96%

NH, NH, NH, NH,
NH, Br
OH
F F F F

4e,12 h, 89%

4c,12h,97% 4d, 12 h, 90%

4f, 4 h, 76% 49,12 h,93% 4h,rt, 12 h, 95%

Scheme 3. Nitro hydrogenation of p-nitro-aromatic fluorides catalyzed by
FeO(OH)@C nanoparticles. Reaction conditions: 3 (1 mmol), 80 % hydrazine
hydrate (0.126 g, 2 equiv.), 2 mL EtOH, FeO(OH)@C nanoparticles (50 mg), N,,
75°C, 4-12 h; isolated yield.
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fluorine group to leave, hydrogenated amino products (4h for
example) were formed, also helped by electron-donating
groups, the electron-donating group through increasing the
electron density of the aromatic core.

Phthalazinones are attractive diazabicyclo compounds due
to their pharmaceutical bioactivity."® We were thus also
interested in synthesizing phthalazinones using our developed
hydrazine substitution method, which may be useful for the
development of new pharmaceuticals. The synthesized aromatic
hydrazines were selected as substrates to react with 2-(4-
hydroxylbenzoyl)benzoic acid or 2-formylbenzoic acid to syn-
thesize various kinds of phthalazinones. The hydrazine-substi-
tuted product 2a and 2-formylbenzoic acid (5a) were used to
optimize the reaction conditions (see Table 2). Firstly, we found
that concentrated (conc.) HCl and conc. H,SO, could efficiently
drive the cyclization process with 1 equiv. of 5a at 120°C, and
conc. HClI was the best (entries 1-3) acid choice. Further
increasing the amount of 2-formylbenzoic acid (5a) did not
significantly enhance the yield (entries 4-5). The amount of
added conc. HCl was also investigated, and using 2.0 equiv. led
to the best result (entries 6-8). We found that the reaction
temperature could be lowered to 110°C (entries 9-10), arriving
at the following optimized conditions: 2a (1 mmol), 2-formyl-
benzoic acid (1.1 equiv.), concentrated HCl (2 equiv.), HOAc
(2.0 mL), 110°C, 12 h (Table 2, entry 10, yield 97 %).

After having defined optimal reaction conditions, we sought
to explore the scope of the reaction with 2-(4-
hydroxylbenzoyl)benzoic acids or 2-formylbenzoic acids, and
various substituted phthalazinones were successfully obtained
in high yields (6a-6h in 91-97 % yields) (Scheme 4).

The following control experiments were performed to
investigate a possible reaction mechanism (Scheme 5). Firstly,
the yield did not decrease when 2,2,6,6-tetramethyl-1-piperidi-
nyloxy (TEMPO) was added to the model reaction of 1a with
hydrazine hydrate, showing that the hydrazine substitution
does likely not involve a free radical process (Scheme 5a).
Secondly, we performed the model reaction using standard

Table 2. Optimization of ring-closure conditions.”
NO, Ho. .o o NO,
<>\ . CHo Acid, HOAc (2 mL) QiN/Q
c Temp, N, N C
HN. P N2
2a 5a 6a

Entry 5a Acid Temperature Yield of 6a

(equiv.) (equiv.) [°cl [%]
1 1 Con. HCl, 2 120 92
2 1 Con. H,S0,, 2 120 86
3 1 - 120 55
4 1.1 Con. HCl, 2 120 94
5 1.2 Con. HCl, 2 120 95
6 1.1 Con. HCl, 1 120 91
7 1.1 Con. HCl, 1.5 120 92
8 1.1 Con. HCl, 2 120 93
9 1.1 Con. HCl, 2 100 91
10 1.1 Con. HCl, 2 110 97
[a] Reaction conditions: 2a (1T mmol), 2-formylbenzoic acid (1-1.2 equiv.),
concentrated HCI (1-2.5 equiv.) or H,SO, (2 equiv.), HOAc (2.0 mL), 100-
120°C, 12 h; isolated yields.
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Scheme 4. Synthesis of phthalazinones using p-nitro-aromatic hydrazines.
Reaction conditions: 2 (1 mmol), 5 (1.1 equiv.), concentrated HCI (2 equiv.),
HOACc (2.0 mL), 110°C, 12 h; isolated yields.

NO, NO,
FeO(OH)@C (50 mg), EtOH, N,
(a)
¢l N2H42H20 (2 equiv.), TEMPO (2 equiv.) Cl
F -25°C,4h HN\NH2
1a 2a, yield 95%
FeO(OH) (10 mol%), EtOH, N,
(b) 1a 2a
NoH4*H,0 (2 equiv.), =25 °C, 12 h yield 52%
NoH4*H,0 (2 equiv.), EtOH, N,
2a
(c) 1a P
25 °C.12h yield 21%
N,H4*H,0 (2 equiv.), EtOH, N,
(@ 1a 2a
m12h yield 50%
N,H,4°H,0 (2 equiv.), EtOH, N,
(€ 1a 2a
75°C,12h yield 30%

Scheme 5. Control experiments (TEMPO =
yloxyl).

(2,2,6,6-Tetramethylpiperidin-1-

conditions, that is, using non-carbon supported FeO(OH) and
longer reaction times. In this case, the desired product 2a was
generated with only 52% yield (Scheme 5b), indicating the
important role of the carbon supported. 1a was also tested to
react with hydrazine hydrate without our catalyst, the industrial
C. lanceolata carbon-supported FeO(OH) nanoparticles, at
elevated temperatures, which resulted in only 21-50% vyield of
2a (Scheme 5¢-5e). The above-detailed control experiments
clearly show that the prepared FeO(OH)@C particles can
effectively catalyzed the hydrazine substitution, and both of the
support and the metal are essential to the catalytic activity.

On the basic of previous literature™*'¥ and the control
experiments, we propose a possible mechanism as shown in
Scheme 6. First, the nitro aryl fluorides are absorbed on the
surface of the C. lanceolata carbon-supported iron oxide, and
the active species iron then inserts into the C—F bond to form
intermediate 1. In the next step, hydrazine hydrate coordinates.
The N,H, may form N,H,~ and H™ species on the surface of the
nanoparticles,”” leading to the generation of intermediate II.

ChemistryOpen 2022, 11, e202200023 (4 of 6)

After the dissociation of HF, which may be subsequently
captured by hydrazine hydrate, intermediate Il is formed. The
final product is then obtained after an reductive elimination.

Conclusions

In summary, a simple and efficient protocol for the selective
synthesis of aromatic hydrazines from p-nitro-aromatic fluorides
is developed, catalyzed by C. lanceolata carbon-supported iron
oxide nanoparticles. When p-nitro-aromatic fluorides bearing
electron-withdrawing groups are reacted with hydrazine hy-
drates at low temperature, these substrates form produce
hydrazine-substituted products. However, when p-nitro-aro-
matic fluorides contain electron-donating groups, reduction of
the nitro group to yield amino-substituted products occurs.
Followingly, selected phthalazinones have been successfully
synthesized with high vyields from the obtained aromatic
hydrazines.

Experimental Section

General Information: All reagents and solvents were purchased
from Leyan Reagent Co., Ltd. Industrial C. lanceolata carbon was
purchased from Haixing Water Supply Materials (Gongyi) Co., Ltd.
NMR spectra were recorded on a Bruker Avance 400 spectrometer
operating at 400 MHz ("H NMR), 101 MHz (*C NMR) and 376 MHz
("®F NMR) in CDCl; or DMSO-d,. All '"H NMR, *C NMR and "°F NMR
chemical shifts were reported in ppm relative to internal references
of CDCl; at 7.26 ppm, carbon resonance in CDCl; at 77.00 ppm,
DMSO-d; at 2.5 ppm, carbon resonance in DMSO-d, at 39.95 ppm,
respectively. The following abbreviations are used to describe peak
patterns where appropriate: singlet, doublet (d), triplet (t), multiplet
(m), broad resonances (br).

Process for the Preparation of Industrial Cunninghamia
lanceolata Carbon-supported Iron Oxide Hydroxide
Nanoparticles

The formation of industrial C. lanceolata carbon-supported iron
oxide hydroxide catalyst particles was based on an established
method."®?" To a solution of FeCl; (2.7 g FeCl;-6H,0 dissolved in
30 mL of purified water) were added 12 g of industrial C. lanceolata
carbon. Then, a 50% NaOH solution (1.0 g of NaOH dissolved in
1.0 mL of water) was added dropwise. The reactant was stirred at

© 2022 The Authors. Published by Wiley-VCH GmbH
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70°C for about 1 h and cooled down to room temperature. The
obtained black solid was filtered and washed with purified water 3
times, and dried overnight at 80°C to obtain a black solid (10.5 g).

Procedure for the Hydrazine Substitution of p-Nitro-aromatic
Fluorides

To a 10 mL glass reactor were added 1 mmol of a p-nitro-aromatic
fluoride, 50 mg of C. lanceolata carbon-supported iron oxide
hydroxide nanoparticles, and 2mL of ethanol under an N,
atmosphere. Then the temperature was cooled down to —25°C,
80% N,H,-H,0 (0.126 g, 2 mmol) was added dropwise under an N,
atmosphere. Next, the reaction mixture was stirred at this temper-
ature for 3-5 h. After the reaction was finished, the catalyst was
filtered off and washed with ethyl acetate. The solvent was
removed in vacuo, and the target products (2a-2 h) were purified
by column chromatography or directly dried in vacuo.

Procedure for the Hydrogenation of p-Nitro-aromatic
Fluorides

To a 10 mL glass reactor were added 1 mmol of a p-nitro-aromatic
fluoride, 50 mg of C. lanceolata carbon-supported iron oxide
hydroxide nanoparticles, 80% N,H,-H,O (0.126 g, 2 mmol) and
2 mL of ethanol under an N, atmosphere. Then, the temperature
was raised to 75°C, and the reaction mixture was stirred at this
temperature for 4-12 h. After the reaction was finished, the catalyst
was filtered off and washed with ethyl acetate. The solvent was
removed in vacuo, and the target products (4a-4h) were purified
by column chromatography or directly dried in vacuo.

Procedure for the Synthesis of Phthalazinones

To a 10 mL glass reactor were added aromatic hydrazines (1 mmol),
2-(4-hydroxylbenzoyl)benzoic acid (262 mg, 1.1 mmol) or 2-formyl-
benzoic acid (165 mg, 1.1 mmol), 37 % conc. HCl (196 mg, 2 mmol)
and HOAc (2 mL). Then, the temperature was raised to 110°C, and
the reaction mixture was stirred at this temperature for 12 h. After
the reaction was finished, the mixture was added to 20 mL of water,
and stirred for 0.5 h, after which the solid was filtered and washed
with 10 mL of water and subsequently dried overnight at 80°C to
obtain the target phthalazinones.
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