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Introduction

Selective introduction of fluorine or fluorine-containing func-
tional groups into organic molecules is becoming increas-
ingly prevalent with ca. 40% of agrochemicals and ca. 20% of
pharmaceuticals containing at least one fluorine atom.'
Compounds containing a C-F bond frequently experience
dramatic changes of their properties (i.e. hydrophobicity,
solubility, and metabolic stability) compared to their corres-
ponding C-H counterparts.” In particular, the synthesis of
functionalized fluorinated heterocycles has become a very
important weapon in the armamentarium of medicinal
chemistry.’

Dihydropyrazoles and tetrahydropyridazines are frequently
found in natural products and pharmacologically active com-
pounds. Being privileged and valuable N-N bond-containing
heterocyclic scaffolds, they also serve as versatile intermedi-
ates in organic synthesis." Consequently, great efforts have
been devoted to the development of elegant and creative strat-
egies to construct these nitrogen heterocycles, and most
research studies are based on thermal cycloaddition reac-
tions.”® Recently, a series of hydrazonyl radical-involved cycli-
zation reactions have emerged as new powerful protocols for
their assembly.”® In these reactions, stoichiometric oxidants
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achieved under transition metal-free conditions. In the presence of K;HPO,4 or NaHCOs, the intra-
molecular aminofluorination reaction took place readily to give the corresponding monofluoromethylated
dihydropyrazoles or fluoro-tetrahydropyridazines, respectively. The possible pathways were proposed
based on the experimental results.

were usually employed to generate the key hydrazonyl
radicals.

It is well known that the intramolecular aminofluorination
of alkenes is a straightforward and step-economical protocol
to synthesize nitrogen-containing heterocycles with vicinal
amino and fluorine moieties.? In 2009, Liu’s group developed
a Pd-catalyzed intramolecular aminofluorination of alkenes,
which provided a variety of fluorinated piperidines.’® Later,
further studies were conducted to make other types of fluori-
nated heterocycles.””™ However, these elegant studies usually
required transition metal catalysts and hypervalent iodine
reagents.” Recently, we reported a transition metal-free intra-
molecular cyclization of alkenyl oximes for the synthesis of
monofluoromethylated isoxazolines.'® As part of our continu-
ing research on the fluorination of unsaturated alkenes, we
further studied the transition metal-free intramolecular cycli-
zation/fluorination reaction of p,y-unsaturated hydrazones. In
the reaction, Selectfluor served as both oxidant and fluorine
source.'”"" It was found that the reaction pathway could be
controlled by different base, and the corresponding mono-
fluoromethyl dihydropyrazoles and fluorotetrahydropyridazines
were firstly obtained regioselectively in the presence of
different bases (Scheme 1). The results are reported in this

paper.

Results and discussion

In our initial experiments, f,y-unsaturated hydrazone 1a was
chosen as the substrate. Based on our previous work,'® the
reaction was carried out with 1.1 equiv. of Selectfluor and
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Scheme 1 Base-controlled regioselective reactions of p,y-unsaturated
hydrazones.

2.0 equiv. of NaHCO; in acetonitrile (CH3CN) at room
temperature.

However, only trace amount of desired product monofluoro-
methylated dihydropyrazole 2a was observed with a large
amount of 1a being recovered (Table 1, entry 1). Increasing the
reaction temperature to 50 °C improved the yield of 2a to 25%
(entry 2). Surprisingly, when the reaction was carried out at
above 80 °C, fluorotetrahydropyridazine 3a was formed as the
major product along with a small amount of 2a. At 100 °C, the
reaction could finish in only 1 hour and 3a was obtained in
54% yield (entries 3-7). Other solvents, such as dimethyl-
formamide (DMF), ethyl acetate (EtOAc), acetone, tetrahydro-
furan (THF), diethyl ether (Et,O), dichloromethane (DCM) or

Table 1 Optimization of reaction conditions
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toluene, were not suitable for this reaction. It is worth mention-
ing that only 2a was formed in nitromethane (CH;NO,) (entry 8).

The ratio of 1a and Selectfluor was then evaluated. It was
found that the best result with respect to regioselectivity and
the yield of 3a was obtained with 1.2 equiv. of Selectfluor
(entries 9-11). Further screening of bases showed that in-
organic bases such as Na,CO;, KHCO;, K,CO;, NaOH and
Cs,CO; gave both isomers with lower selectivities and yields
(entries 13-17). However, it was interesting to find that some
phosphates, such as K,HPO,-:3H,0, KH,PO,, NaH,PO,, K3PO,,
Na,HPO, and K,HPO, afforded 2a as the sole product (entries
18-23), and up to 79% yield of 2a was achieved in the presence
of K,HPO, (entry 23). No desired product was observed when
organic bases such as DABCO and triethylamine were used
(entries 24 and 25). These results indicated that the regio-
selectivity of this intramolecular aminofluorination reaction
could be controlled by different bases: NaHCO; helped to form
fluorotetrahydropyridazine 3a as the major product, while only
monofluoromethylated dihydropyrazole 2a was obtained in the
presence of K,HPO,. This might be attributed to the basicity
and solubility of the base. NaHCO; (pK, = 10.25) is a medium
strength base with good solubility in the reaction system, but
K,HPO, (pK, = 12.32) is poorly soluble in the reaction system."?

Under the optimized conditions (Table 1, entry 23), the
scope of p,y-unsaturated hydrazones 1 was first investigated in

_NHTs i Noy e N
s P 2 F
CeHs CeHs solvent CeHs  CeHs CeHs
1a 2a 3a
Entry” 1a:[F] Base Solvent t/h Temp/°C 2a%/% 3a’/%
1 1:1.1 NaHCO, CH,;CN 12 rt 3 —
2 1:1.1 NaHCO, CH;CN 12 50 25 —
3 1:1.1 NaHCO, CH,;CN 12 80 10 39
4 1:1.1 NaHCO, CH;CN 12 100 10 55
5 1:1.1 NaHCO, CH;CN 12 120 16 50
6 1:1.1 NaHCO, CH;CN 4 100 12 52
7 1:1.1 NaHCO, CH,;CN 1 100 11 54
8 1:1.1 NaHCO, CH;NO, 1 100 42 —
9 1:1.0 NaHCO, CH,;CN 1 100 17 46
10 1:1.2 NaHCO, CH;CN 1 100 12 66
11 1:1.4 NaHCO, CH,;CN 1 100 22 51
12 1:1.2 — CH;CN 1 100 20 —
13 1:1.2 Na,COs CH;CN 1 100 26 10
14 1:1.2 KHCO; CH;CN 1 100 23 17
15 1:1.2 K,CO; CH,;CN 1 100 16 15
16 1:1.2 NaOH CH;CN 1 100 15 5
17 1:1.2 Cs,C0; CH;CN 1 100 — —
18 1:1.2 K,HPO,-3H,0 CH;CN 1 100 37 —
19 1:1.2 KH,PO, CH,;CN 1 100 60 —
20 1:1.2 NaH,PO, CH;CN 1 100 60 —
21 1:1.2 K;PO, CH;CN 1 100 24 —
22 1:1.2 Na,HPO, CH;CN 1 100 64 —
23 1:1.2 K,HPO, CH,;CN 1 100 79 —
24 1:1.2 DABCO CH;CN 1 100 — —
25 1:1.2 NEt, CH;CN 1 100 — —

“Reaction conditions: 1a (0.2 mmol), Selectfluor (0.2-0.28 mmol), base (0.4 mmol), solvent (4 mL), under a nitrogen atmosphere. ” Determined
by '°F NMR spectroscopy based on 1a using PhCF; as the internal standard.
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Table 2 Scope of K,HPO4-promoted intramolecular aminofluorina-
tion reaction of B,y-unsaturated hydrazones®
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Table 3 Scope of NaHCOsz-promoted intramolecular aminofluorina-
tion reaction of B,y-unsaturated hydrazones®

_NHTs KoHPO,

J\)L +  Selectfluor CH5CN, 100 °C, 1h AQ/ECHZF

N‘N/Ts N‘N/Ts
CeHs—< -MeCgH,— m-MeCsH4u
8 5uCH2F piiete 4uCH2F CHZF
CeHs CeHs CeH
2a, 73% 2b, 62% 2¢, 59%
Noy TS _ . Ts
p- FCsWu CICGH p—BrceH‘,u
Gl Hs M5
2d, 66% 2e, 70% 2f, 72%
‘N/Ts B-naphthyl o
-naphthy H
pCF305H4uCH i ﬂonF Ce suCHZF
o 2 CgHs CgHsMe-p
2g,49% °°° 2h, 45% 2i, 84%
N‘N/Ts Ny TS
CeHs— CeHs—< N
CHF o CH,F CHQF
CgH4Cl-p )
-~ 2K 19% 21, 15%

“Reaction conditions: 1 (0.2 mmol), Selectfluor (0.24 mmol), K,HPO,
(0.4 mmol), CH3CN (4 mL), 100 °C, under a nitrogen atmosphere, 1 h.
Isolated yields.

the K,HPO,-promoted reaction. As shown in Table 2, various
functional groups (R') in the hydrazone moiety were compati-
ble with this reaction system. The substituent in the benzene
ring, either electron-donating or electron-withdrawing, had a
little influence on the yield of 2. For example, the reaction of
1b with a p-methylphenyl substituent gave desired product 2b
in 62% yield. For hydrazones 1d-f bearing a halide substituent
in the phenyl ring, the corresponding products 2d-f were
obtained in 66-72% yields. Only 49% yield was achieved
with hydrazone 1g containing a strong electron-withdrawing
trilfuoromethyl group. Hydrazone 1h with a p-naphthyl group
could also react with Selectfluor to give 2h in 45% yield.
However, the reaction was complicated when R' was an
aliphatic substituent such as cyclohexyl group. Regarding the
substituents in the alkene moiety (R?), it was found that hydra-
zones bearing an aryl group were suitable substrates for this
reaction (2i and 2j), and poor results were obtained again with
alkyl substitution (2k and 21).

The p-toluenesulfonyl group in products 2 could be easily
removed under mild conditions. The result shown in
Scheme 2 indicated that compound 2a can be efficiently con-

Ts -
N-N MeCN,80°C _ ., Nan
CeHsu + NaOH ——————— G4l 5MCH F
CeHs CeHs
2a 2.0 equiv 4a, 68%

Scheme 2 Deprotection of 2a.
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NHTs K,HPO,
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+  Selectfluor R
)\)L CH,CN, 100 °C, 1h WCHzF
RZ
2

N\N/TS N\N/Ts
CgH -MeCgH,— m—MeCeH4*u
¢ 5{/H:HZF pets AuCHQF CHoF
CeHs CeHs
2a. 73% 2b, 62% 2¢, 59%
N\N/TS N‘N/Ts
p‘FCEHAu -CICeHs— P'BszH‘t‘u
CHF  PClCe 4uCH2F CH,F
CeHs C.H CeHs
2d, 66% 26, 70% 2f, 72%
Ts Ts
Ts N-N~ N-N~
Ny~ % N
N B-naphthw‘w CoHed?
pCF306H4uCH . CH,F sHs CH,F
o 2 CeHs CgHsMe-p
29,49% ¢ 2h, 45% 2i, 84%
N\N,Ts N T8 /N‘N/Ts
CeHs— CoHs— | Cy
CH,F 65 CHyF CHyF
CeHaCl-p 21, 15%
2j, 66% 2k, 19% T

“Reaction conditions: 1 (0.2 mmol), Selectfluor (0.24 mmol), NaHCO;
(0.4 mmol), CH3CN (4 mL), 100 °C, under a nitrogen atmosphere, 1 h.
Isolated yields of 3. Ratio determined by '°F NMR spectroscopy.

verted into biologically important monofluoromethyl 3H-pyra-
zole 4a by treatment with NaOH, and no defluorination reac-
tion was observed in this reaction.

Next, we studied the scope of the NaHCO;-promoted reac-
tion (Table 1, entry 10). According to the results in Table 3,
this protocol also shows a broad substrate scope and func-
tional group tolerance, giving fluorotetrahydropyridazines 3 as
the major products. For example, a series of hydrazones
bearing an aryl substituent in both hydrazone and alkene moi-
eties reacted well with Selectfluor to give the corresponding
products (3b-f and 3h-j) in moderate to good yields along
with a small amount of monofluoromethylated dihydropyra-
zoles 2. The substitution pattern of the phenyl ring and the
electronic property of the substituents had no obvious effect
on the reaction. Unfortunately, hydrazone 1k containing a
methyl substituent failed to give the expected cyclic product
3k, and compound 5 was obtained in 40% yield instead
(Scheme 3).

Taking product 3a as an example, the removal of the Ts
group in products 3 was also tried. Unfortunately, the treat-
ment of 3a with NaOH resulted in the removal of both the Ts
group and fluorine atom (see the ESIT). Other reagents, such

Q0
NHTs S
aHCO, NG
M + Selectfluor 4>0 |
Phi CH,CN, 100°C, 1h
1k 5, 40%

Scheme 3 Reaction of 1k with Selectfluor in the presence of NaHCOs.
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Selectfluor (1.2 equiv)

TS KoHPO, (2.0 equiv) L
TEMPO (3.0 equiv, 4
| % 2a + CeHsMAOTEMP
CeHs CeHs CH4CN, 100 °C, 1h CoHs
1a 0% 6, 4%
Selectfluor (1.2 equiv)
NaHCO; (2.0 equiv) Ts
n-HTs TEMPO (3.0 equiv) N
I el bt i AN 2a + 3a + NI
CeHs CgHs  CHCN, 100 °C, 1h CoHs™ 7 “CyHs
1a 0% 0% 7,50%

Scheme 4 Control experiments.

as HBr/AcOH and HF/pyridine, did not give the desired de-
protection product either.

To gain additional insights into the reaction mechanism,
the control experiments were conducted (Scheme 4). When 3.0
equiv. of the radical scavenger TEMPO was added to the
K,HPO,-promoted system, the aminofluorination reaction was
completely suppressed, and a small amount of aminooxygena-
tion product 6 was observed in the reaction mixture. These
results indicated that the fluorination might be a radical
process. Similarly, the addition of TEMPO to the NaHCO;-pro-
moted reaction also inhibited the formation of products 3a
and 2a. Only 1,6-dihydropyradazine 7 was isolated in 50%
yield. According to Xiao’s research,”® compound 7 might be
generated from a N-centered hydrazonyl radical intermediate.

On the basis of the aforementioned mechanistic studies
and related literature,'®"*'* plausible mechanisms were pro-
posed for the base-controlled reactions. As shown in
Scheme 5, the oxidation of 1 by Selectfluor might initially take
place to form cation-radical intermediate A (Path A).
Subsequent fluorination and cyclization of A give intermediate

Ts 1
NH . NH_F N_H.Ts
M F transfer U R d
R R2 R! R2 R2CHZF
A B Cc
v
Ts s

E E” transfer
Path B :
NaHCO;3 Ts
. N<pn”
disfavoured - R {/yt‘
2
Ts Ts R

NN selectfiuor (N
N W
R R? R R?

F

Scheme 5 Proposed mechanism for the base-controlled reaction.
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C, which affords product 2 by hydrogen abstraction. The exist-
ence of intermediate A and B has been confirmed through an
ESI mass spectrum by Zhang et al.'* The presence of K,HPO,
may accelerate this process due to its compatible basicity.
When R” is an aryl group, intermediate A and B are more
stable due to its stabilization effect and product 2 is formed in
higher yield.

However, in the presence of NaHCOj;, the proton atom of
NHTs in hydrazones 1 may also be abstracted firstly to give
anionic intermediate D, which is transformed to N-centred
radical E by Selectfluor through a SET process (Path B). Then,
intermediate F and F' may be formed from E through 5-exo
radical cyclization and 6-endo radical cyclization, respectively.
According to the density functional theory (DFT) investigations
by Xiao’s group,"® the 6-endo cyclization of the N-radical was
more feasible than the 5-exo process when R> was an aryl
group. In the NaHCO;-promoted reaction, both Path A and
Path B may exist as competing reactions, and Path B is the
dominant one which affords fluorotetrahydropyridazine 3 as
the major product via intermediate F'.

Conclusions

In summary, we have successfully developed a base-controlled
regioselective intramolecular aminofluorination of
B,y-unsaturated hydrazones. Using Selectfluor as the fluorine
source, monofluoromethylated dihydropyrazoles and fluoro-
tetrahydropyridazines were synthesized selectively in moderate
to good yields in the presence of K,HPO, or NaHCOj3, respect-
ively. Good functional group compatibility, scalability, easily
available materials, and mild reaction conditions characterize
this protocol. Efforts towards an asymmetric variant of this
transformation are currently underway in our laboratory.
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