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Abstract: 3-Azido saturated heterocycles are important for
therapeutic-development but challenging to prepare. Dis-
closed herein is a novel synthetic strategy for 3-azido
heterocycles via fluorocyclization of the easily available
vinyl azides. This transfor-mation proceeded under mild
conditions and provided a wide range of 3-azido hetero-
cycles in good to excellent yields. Notably, the azido group
plays an indispensable role to promote rapid and regiose-
lective fluorocyclization. Moreover, the protocol was high-
lighted by gram-scale synthesis and further synthetic trans-
formations. )

Functionalized saturated heterocycles are ubiquitous structural
elements in many natural products, bioactive compounds, and
pharmaceuticals.” Among these, 3-azido variants are more
attractive as the azido group is a useful linker in bioorthogonal
chemistry,” and are also frequently found in many biologically
active molecules (Figure 1).®! Moreover, they have also been
used as key intermediates in the development of new
pharmaceuticals” for instance, Fondaparinux sodium (Fig-
ure 1).°9 These immense biological properties motivate chem-
ists to develop efficient synthetic methods to access 3-azido
heterocycles. Typical access of these scaffolds relies on post
functionalization of parent heterocycles. For example, Lu and
co-workers developed a polarity-reversed addition cascade of
2,3-dihydrofuran with imine, and TMSN; (Figure 2a).”! On the
other hand, Bian et al. established a multi-step procedure for
the synthesis of 3-azido pyrrolidines starting from 2,5-dihydro-
pyrroles (Figure 2a).” However, these post functionalization
strategies are not practical due to nasty side reactions of
sensitive functional groups, thus limiting its broad applications.
Therefore, the discovery of new methods to construct 3-azido
heterocycles that might not rely on parent heterocycles are
especially attractive and also highly desirable. Vinyl azides are a
class of structurally unique and synthetically useful functional-
ized alkenes and have been widely explored in organic
synthesis.”” Recently, Lépez, and Xu groups independently
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Figure 2. Strategies for the synthesis of 3-azido hereocycles.

utilized vinyl azides as key precursors for the synthesis of azido-
cycloalkenes® and 2-azido-3,4-dihydropyrans,” respectively.
However, the synthesis of 3-azido saturated heterocycles from
vinyl azides remains unknown to date and therefore the
development of an efficient method for their synthesis is greatly
desirable.

In recent years, the fluorocyclization of alkenes has
continued to attract increasing attention for the validation of
saturated fluorinated heterocycles.” In line with our continued
efforts in the chemistry of vinyl azides,"” we wondered whether
vinyl azides with appropriately positioned O/N-nucleophiles are
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involved in fluorocyclization to build 3-azido saturated hetero- RIR? Ns PIDA, Py-HF —J:(><R7

cycles. Herein, we disclose the first successful process that HO DCM, 0°C, 1min N7 R
delivers 3-azido saturated heterocycles upon fluorocyclization ! 2

of vinyl azides (Figure 2b). In this event, the azido group serves 7(‘3)_@ ’/C))_Q 410)<CF3
not only as a useful functional group but also plays an N M omle M o
indispensable role by developing a charge difference in C=C to by T @ oy
enhance the reactivity of electrophilic addition that led to o pn o, o
promote 5-endo-cyclization. The azido group with many N;-FJ:%Ph ~3m N%:)(H

possibilities for further modification” and the potency of a
fluorine atom to modulate the chemical/biological properties of

0O, 0O, 0,
molecules;"? such derivatives would constitute a new chemical N;-;E)O N’?E)O< NJ?E)Q

2d, 98% 2e, 93% 2f, 92%°

space for exploration in drug discovery. 29, 86%° 2h, 90%° 2i, 89%° (68%)
To test the proposed strategy, we began our investigation

by studying the oxyfluorination reaction of 1d (Table 1). After N«‘LO)Q . 0

intensive examination, we found that the desired 3-azido F F

heterocycle 2d was obtained in 98% yield when using 2j, 95%(81%)? 2k, 92%

iodobenzene diacetate (PIDA, 1.5 equiv) as oxidant and pyridi- T o

ne-HF complex (Py-HF, 2.0 equiv) as fluorine source in dichloro- 2 — > P“Y\NL) an — "

NsN F
3,80%

methane (DCM) at 0°C (entry 1)."® Replacing PIDA with

iodosobenzene bis(trifluoroacetate) (PIFA) or iodosylbenzene

PhIO) lted in | ields (entries 2, 3). Th f oxidant Scheme 1. Oxyfluorination.” [a] Reaction conditions: 1 (0.2 mmol), PIDA

( resufted in lower yields {entries 2, 5). The use of oxidants (0.3 mmol, 1.5 equiv), and Py-HF (0.4 mmol, 2.0 equiv) in 2 mL of DCM at

other than hypervalent iodines led to no reaction (entries 4 and ~ 0°C for 1 min. ® Inseparable mixture. ¢ Yields refer to TH-NMR with respect

5). The desired product was not observed when using inorganic to the PhCF; standard, not isolated due to the volatile nature of compounds.

fl L AQF and CsF d Selectfl Ith h 4 Isolated yield is less owing to low boiling points. ¢ 1f or 1h (0.5 mmol),
uorinating agents (AgF an sF) an electflour, although a PIDA (0.75 mmol, 1.5 equiv), and Py-HF (1.0 mmol, 2.0 equiv) in 2 mL of

trace amount of 2d was obtained with Et;N-HF (entries 6-8). DCM at 0°C for 1 min; after simple handling without isolation, added

Switching the solvent from DCM to chlorobenzene or phenylacetylene (1.2 equiv), and Cul (10 mol%) in 2 mL of DMSO at rt for

acetonitrile gave the product in a slightly lower yield, while the 6h.

reaction was shutdown in DMF (entries 9-11). The reaction also

proceeded equally at either room temperature or below 0°C,

albeit produced 2d in somewhat reduced yields (entries 12-14).  alkene dispense the corresponding products in excellent yields

Having developed the optimum conditions for the oxy- (2d, 2e). Unsubstituted homoallylic alcohol (1f) also partici-

fluorination of vinyl azides, the scope of the reaction evaluated  pated well. Similarly, cyclic homopropargylic alco-hols were also

first with a range of linear homoallylic alcohols (Scheme 1). The  equally undergone effective fluorocyclization, giving the desired

oxyfluorination of mono- or different substituents at the -  spiro-products 2g-21 in 70-95% yield. However, the com-

carbon of alkene affords the diastereomeric mixture of products  pounds 2f-21 were not enough stable to isolate, and the

in overall high yields (2a-2c¢, 75-83% yields, 1.2:1-1.4:1). Vinyl  formation of these compounds was confirmed by derivatization

azides bearing diphenyl or dibenzyl groups at the p-carbon of  of 2f and 2h.

Table 1. Optimization of the reaction conditions.”’
Ph Ph N3 Oxidant, 'F' Source ’,Eo><Ph
HOK/\ Solvent, T °C, 1 min N Ph
1d 2d
Entry oxidant ‘F' source solvent T[°C yield of 2d [%]"
1 PIDA Py-HF DCM 0 98
2 PIFA Py-HF DCM 0 23
3 PhIO Py-HF DCM 0 48
4 H,0, Py-HF DCM 0 0
5 K,S,04 Py-HF DCM 0 0
6 PIDA Et;-HF DCM 0 trace
7 PIDA AgF/CsF DCM 0 0
8 PIDA Selectflour DCM 0 0
9 PIDA Py-HF PhCl 0 82
10 PIDA Py-HF CH,;CN 0 70
1 PIDA Py-HF DMF 0 0
12 PIDA Py-HF DCM 25 79
13 PIDA Py-HF DCM —-20 81
14 PIDA Py-HF DCM —45 80
? Reaction conditions: 1d (0.2 mmol), oxidant (0.3 mmol, 1.5 equiv), and ‘F’ source (0.4 mmol, 2.0 equiv) in 2 mL of solvent for 1 min. ® Isolated yield.
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Encouraged by the above results, we next applied this
strategy to homoallylic sulfonamides that enable the amino-
fluorination (Scheme 2). However, the high temperature (typi-
cally room temperature) required to afford the best efficiency.
The influence of having a substitution pattern of the aryl
sulfonyl protecting group on the nitrogen atom was firstly
examined (6a-6i). The electronic nature and position of
substituents on the benzene ring did not influence the amino-
fluorination pro-cess, and all were delivered the azaheterocycles
in excellent yields (6a-6i). The formation of pyrrolidine
structure was confirmed by single-crystal X-ray diffraction
analysis of 6d (CCDC: 1978654). Similarly, amines bearing
naphthyl-, heteroaryl-, and methyl sulfonyl groups were also
smoothly participated in the cyclization (6j-61). Moreover,
amine tethered on secondary or tertiary carbon has also
proceeded well and afforded the desired products in ex-cellent
yields (6m and 6n). Subsequently, we studied the possibility of
extending the aminofluorination reaction to the synthesis of
piperidine derivatives. Under the standard conditions, a range
of piperidine derivatives (60-6x) has also been framed well
without difficulty.
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Scheme 2. Aminofluorination.” [a] Reaction conditions: 5 (0.2 mmol), PIDA
(0.3 mmol, 1.5 equiv), and Py-HF (0.4 mmol, 2.0 equiv) in 2 mL of DCM at rt
for 1 min. ® Inseparable mixture. Yields are of isolated products.
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The practicability and effectiveness of this strategy were
demonstrated by the gram-scale synthesis of 2d and 6a
(Scheme 3). To further prove the utilities of these com-pounds,
we performed a series of synthetic manipulations. For example,
the azido group in the products 2d and 6a were easily
transformed to 1,2,3-triazoles (7-9, 11) through base-mediated
1,3-dipolar cycloaddition with alkynes."*'® Meanwhile, the
representative products 2d and 6a are readily converted to the
respective amines (10, 12) by reduction with LiAIH,."” Further,
pyrrolidine 6a was effectively converted to 3-pyrrolidone 13
simply treated by HCI (1.0 M).

To determine the role of the azido group in fluorocycliza-
tion, we performed the control experiments with homoallylic
alcohols lacking an azido group (Scheme 4a). No desired
product 15’ was observed under standard conditions, even if
the reaction time was extended to 12 h, albeit trace amount of
14’ was detected. The reason behind the higher activity of vinyl
azides may be due to the fact that the azido group acts as an
electron-donating group which is capable of polarizing the C=C
double bond and then readily attacted by electrophilic
species.”! Based on these experimental results and literature
precedents,'® the possible reaction pathway is proposed
(Scheme 4b). Initially, PhIF,-HF is generated in situ from the
reaction of PIDA and Py-HF. Then, the regioselective vicinal
iodofluorination of vinyl azide 1d with PhIF,-HF occurs to form
the intermediate I. Subsequently, the intramolecular nucleo-
philic attack of the C—l bond of | by the tethered O/N-
nucleophile results in the formation of a tetrahydrofuranium

a) Ph Ph N3
HO'
1d, (20 mmol)

Standard
conditions

Ph O Ph [a] [b] O__Ph
P en < ‘ e

N=N' F

O__Ph
7,84% N3~L><Ph 8,79%
F

COOEt Zd (81%, 4.30 )
{o] g
EtOOC / J’\){h [d] J/\0><Ph
Ph Ph
H,N
9, 90% 10, 85%
b) N3
Ts\u/\/\
5a, (20 mmol)
Standard
conditions
[d] HoN.
EtOOC.__N_ N, ) EN-TS
N F
\‘/\in’ < N-Ts 12, 90%

EtOOC” t)
N-Ts

11, 90%

6a, (81%, 4.60 g)

fe] °
t)N—Ts

13, 85%

Scheme 3. Gram-scale synthesis and further transfor-mations. [a] Reaction
conditions: [a] 2d (0.5 mmol), phenylacetylene (0.6 mmol, 1.2 equiv), and
Cul (0.05 mmol, 10 mol %) in 2 mL of DMSO at rt for 6 h; [b] 2d (0.5 mmol),
2-(trimethylsilyl)phenyl triflate (0.6 mmol), and CsF (2.0 mmol, 4.0 equiv) in
2 mL of CH;CN at rt for 24 h; [c] 2d or 6a (0.5 mmol), and diethyl
acetylenedicarboxylate (0.7 mmol, 1.4 equiv) in neat at 100 °C for 30 min; [d]
2d or 6a (0.5 mmol), and LiAlH, (0.6 mmol, 1.2 equiv) in 10 mL of THF at
25°C for 3 h; [e] 6a (0.5 mmol), and 1.0 M HCI (2.0 mmol, 4.0 equiv) in 2 mL
of DCM at rt for overnight. ® 110°C for 10 min. Yields are of isolated
products.
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ion (Il). Following the proton elimination from Il in the form of
HF produced the final product 2d.

In summary, a novel strategy for the synthesis of 3-azido
saturated heterocycles via the fluorocyclization of vinyl azides
has been developed. This method furnishes a broad range of 3-
azido oxa/azaheterocycles that are typically difficult with post
functionalization. The protocol is viable for large-scale synthesis,
and further synthetic derivatization demonstrates the useful-
ness of these products. Given the importance of azido and
fluoro heterocycles in drug discovery and the rich chemistry of
the azido group, the cyclization method described here is
expected to have broad applications in medicinal research and
organic synthesis methodology can find potential applications
in the future.

Experimental Section

General procedure for the synthesis of saturated oxygen rings: In
a 15mL plastic tube (PVC), a solution of 1, PIDA (0.30 mmol,
1.5 equiv) in anhyd DCM (0.1 M) stirred for 5 min at 0°C. Py-HF
(0.40 mmol, 2.0 equiv) was added to the mixture. After 1 min the
mixture was quenched with sat. aq NaHCO; solution and extracted
with DCM (3x20 mL). Then combined organic layers dried over
Na,SO, and filtered, evacuated under vacuum. The residue was
purified by triethylamine-treated (Et;N/PE=1:100) silica gel column
chromatography (PE) to give saturated oxygen ring compounds 2.

General procedure for the synthesis of saturated nitrogen rings:
In a 15 mL plastic tube (PVC), a solution of vinyl azide amine 5
(0.20 mmol, 1.0 equivalent), PIDA (0.30 mmol, 1.5 equiv) in anhy-
drous DCM (0.1 M) Stir at 25°C for 5 minutes. Py-HF (0.40 mmol,
2.0 equiv) was added to the mixture. After 1 minute, the mixture
was quenched with saturated NaHCO3. It was washed with aqueous
NaHCO; solution and extracted with DCM (3x20 mL). The com-
bined organic layers were then dried over Na,SO, and filtered, and
evacuated under vacuum. The residue was purified by basic
alumina column chromatography (PE/EA=20:1) to give saturated
nitrogen ring compounds 6.

4-azido-4-fluoro-2,2-diphenyltetrahydrofuran (2d). Colorless oil;
1TH NMR (600 MHz, CDCI3) & 7.42-7.37 (m, 4H), 7.32 (dt, J=12.0,
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7.2 Hz, 4H), 7.24 (dt, J=10.8, 7.2 Hz, 2H), 4.22 (dd, J=16.2, 10.2 Hz,
1H), 3.95 (dd, J=20.4, 10.8 Hz, TH), 3.23 (dd, J=19.8, 14.4 Hz, 1H),
3.05 (dd, J=17.4, 13.8 Hz, 1H). 13 C NMR (150 MHz, CDCI3) & 144.2,
144.1, 128.5, 128.4, 127.5, 127.4, 125.7, 125.6, 112.9 (d, J=224.6 Hz),
88.7 (d, J=2.1Hz), 74.0 (d, J=30.9 Hz), 49.7 (d, J=25.5Hz). 19F
NMR (470 MHz, CDCI3) & —110.88—-(—111.08) (m). IR (film, cm™):
2124, 1339, 1260, 1166, 990, 867, 743, 706.

3-azido-3-fluoro-1-tosylpyrrolidine (6a). Colorless oil; '"H NMR
(600 MHz, CDCl,) 6 7.72 (d, J=7.8 Hz, 2H), 7.35 (d, /=7.8 Hz, 2H),
3.61 (ddd, J=17.4, 12.0, 1.2 Hz, 1H), 3.53 (ddd, J=12.0, 8.4, 3.6 Hz,
1H), 3.47-3.36 (m, 2H), 2.45 (s, 3H), 2.35-2.28 (m, 1H), 2.17-2.08 (m,
1H). *C NMR (150 MHz, CDCl,) & 144.2, 133.1, 129.9, 127.6, 110.1 (d,
J=223.4Hz), 55.8 (d, J=30.6 Hz), 46.2, 35.6 (d, J=26.6 Hz), 21.6. '°F
NMR (470 MHz, CDCl;) & —114.68-(—114.84) (m). IR (film, cm™):
3446, 2963, 2125, 1508, 1339, 1261, 1163, 1094, 826, 626.
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