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ABSTRACT: A [2+2+1]-NO-segment-incorporating heteroannu-
lative cascade is described. This versatile method, particularly using
modular cyanoarylated ketimine substrates, allows efficient access
to structurally diversified quinolines embedded with an oxadiazole
core. This metal-free protocol proceeds smoothly at 30 °C, offers
easy manipulation of substituents on the quinoline moiety, and
tolerates a spectrum of functional groups. Density functional theory
calculation revealed that the cyano moiety is crucial to facilitate the
early cyclization step in this heteroannulation process and is
different from the previously established late cyclization mecha-

nistic interpretation.

he heterocycle constitutes as an important structural

motif in many natural products, pharmaceutically useful
intermediates, and functional materials.' > Indeed, the strategy
to enable specific heteroatom incorporation plays a crucial role
in synthetic organic chemistry as the resulting compound
would alternatively give an appealing property when compared
to that of its structurally similar all-carbon entity. Furazan,
particularly the 1,2,5-oxadiazole, is a Jon- -natural origin
heterocycle among four existing isomers.” ® In fact, furazan
exhibits versatile properties with respect to material and
pharmaceutical applications (Scheme 1a).”® For instance, the
1,3,4-isomer serves as an electron-transport layer’ "' and the
1,2,5-oxadiazole isomer can be applied as a ligase inhibitor'”
and a fluorescent dye.'”'*

With regard to the significance of these unique furazan
scaffolds, unremitting investigations have been conducted with
respect to new synthetic protocol development. Traditional
methods of preparing arylated/arene-fused furazans are the
dehydration of prefunctionalized 1,2-dioximes and using
simple furazans as primitive substrates,">~"” as well as lengthy,
multistep, and in particular sequential reactions using anilines
or o-halonitroarene compounds as early starting materials.'®~*°

In fact, there has been no general and direct approach to
reaching these arylated/arene-fused furazans with fascinating
structural complexity using highly attractive modular sub-
strates. In 2014, Jiao™' reported the reaction between modular
arylated ketimines”> and TBN (tert-butyl nitrite)**** for
accessing quinoxaline N-oxides (Scheme 1b). The NO
segment of TBN was incorporated in a partially exo fashion.
In 2015 Li showed the synthesis of 3-nitroindoles using
TBN.> Via this strategy, the NO moiety was installed in a fully
exo manner. As a continuation of our interest in investigating
fused arenes,”* ">’ we are intrigued about whether the furazan
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Scheme 1. Selected Applications of Arylated and Arene-
Fused Furazans and Recent Synthetic Strategies of
Incorporation of TBN NO into Arylketimines
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can be feasibly assembled from TBN via a fully endo-selective
NO incorporation pathway (Scheme 1b).
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We started to embark on the prototypical investigations by
employing arylketimine 1a and TBN (2) as model substrates
(Table 1). An evaluation of the reaction temperature revealed

Table 1. Optimization of Reaction Conditions®

Me solvent O N_?“
N/K@L o oMo Tem, Sl Q
CN air, 24 h
1a Me TBN, 2 3a Me
entry solvent temp (°C) yield (%)°
1 MeCN 70 27
2 MeCN S0 S1
3 MeCN 30 56
4 MeCN 25 52
sb MeCN 30 36
6° MeCN 30 60
7¢ DCM 30 43
8¢ dioxane 30 30
9° toluene 30 39
10° DMA 30 30
11°¢ DCE 30 71
12° MeNO, 30 64
134 DCE 30 69
14° DCE 30 65

“la (0.2 mmol) and 2 (0.8 mmol) were stirred in the indicated
solvent (2 mL) at the indicated temperature for 24 h under a
benchtop air atmosphere. Isolated yields are reported YUnder a
nitrogen atmosphere. “Under an oxygen atmosphere. “With 0.6 mmol
of 2. “With 1.0 mmol of 2.

that the range of 25—30 °C was the best (entries 1—4). A
higher reaction temperature resulted in a lower product yield
due to the possible decomposition of the starting materials
(entry 1). Among the commonly used solvents that were
screened, DCE was found to be the solvent of choice (entries
6—12). Desired product 3a was obtained in 71% isolated yield
under DCE solvent (entry 11). Alternating the stoichiometry
of the starting materials did not provide a beneficial outcome
(entries 13 and 14).

With the optimized reaction conditions in hand, we next
investigated the scope of this tandem cyclization process with
regard to the substituents attached to arylketimines (Scheme
2). In general, good product yields were afforded among
various substituents at the arene ring tested. The structure of
product 3a was confirmed by X-ray crystallographic analysis
(see the Supporting Information for details). No significant
electronic effect was observed for the arene ring attached to the
arylketimines (p-OMe vs p-CFy; product 3b vs 3h). Halo
groups, such as -F, -Cl, and -Br, were found to be compatible
during the course of the reaction (products 3e—3g, 30, and
3p). It is notable that the intact -Br groups in products 3g and
30 are particularly useful as the resulting compounds can be
further functionalized using established cross-coupling tech-
nology. Nevertheless, the steric influence was prominent.
Products 3k and 31 with ortho substituents resulted in lower
yields. 7-Extended furazan could be assembled in good yield
(product 3q). Heterocyclic substituents, for instance, 2-thienyl
and 3-thienyl groups, were compatible under these reaction
conditions (products 3r and 3s).

The reaction scope was further evaluated by testing various
substituents at the benzonitrile moiety of 1 (Scheme 3).
Functional groups such as -OMe, -F, -Cl, and -Br were well-
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Scheme 2. Substrate Scope of Arylketiminebenzonitrile 1

Me !\FON
! o N, DE S
N + 0770  3p°c,24h N
CN
1 TBN, 2 3
ST o S} =t
- = ™
_ = . & — — Me
Me A OMe
3a, 71% X-ray crystal structure 3b, 80% 3c, 54%

of 3a (CCDC 1899185)

N’

3d, 76% 3e, 85% 3f, 84% 3g, 84%
N-Q N-Q N-Q N-O
y ) (N
CFy NO, Me
3h, 76% 3i, 72% 3, 74% 3k, 30%
N-O
o s 3
N O N O N O
cl
31, 40% 3m, 66% 3n,67% 30, 84%
N-O N-0 -0
N N —N
= N O Vi \S/ N" B
F S
3p, 78% 3r, 65% 3s, 56%

“1 (0.2 mmol) and 2 (0.8 mmol) were stirred in DCE (2 mL) at 30
°C for 24 h under an oxygen atmosphere. Isolated yields are reported.

Scheme 3. Scope of the Arylnitrile Ring of Arylketimine 1¢
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“1 (0.2 mmol) and 2 (0.8 mmol) were stirred in DCE (2 mL) at 30
°C for 24 h under an oxygen atmosphere. Isolated yields are reported.

tolerated (products 4b—4e, respectively). The highly electron-
withdrawing -CF; group located at the para position of the
nitrile moiety did not affect the annulation process (product
4f). Slightly lower yields were attained when the bromo
substituent is at the ortho or meta position to the nitrile moiety
(products 4g and 4h). In addition, we attempted to use butyl
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methyl ketone instead of 1, yet no corresponding product was
observed from GC-MS analysis.

To shed light on the possible mechanism of this cascade
cyclization process, a radical trapping experiment was carried
out (Scheme 4). The reaction was inhibited by the radical
scavenger tetramethylpiperidin-1-oxyl (TEMPO). Essentially
no desired product was detected by GC/GC-MS analysis.

Scheme 4. Radical Trapping Experiment”

standard

conditions N-O
Me Bu__N as in Scheme 2 O =N
P> -Bu. Ny _ _
N Me Me
1a 2 3a, trace

“Reaction conditions were the same as in Scheme 2, with TEMPO
(0.8 mmol) added.

To investigate the reaction mechanism, DFT calculations
were performed (Scheme 5).*° @-H atom abstraction of 1j by
in situ-generated t-BuO® leads to intermediate S (Scheme Sa).
The cyano group of § is crucial for facilitating generation of the
six-membered ring from the methylene radical, in which it is
energetically favorable for the delivery of intermediate 6. Thus,
the early cyclization pathway before the impending NO*®

radical is conceivable. In contrast, another opportunity for
cyclization is the late annulation pathway after NO® radical
approaching (Scheme Sb, black part), as opposed to the
suggestion by Jiao and co-workers.”’ The NO segment-
incorporated intermediate 12 is believed to attain a
thermodynamically stable radical intermediate 13.

This intermediate allows the formation of Jiao’s product 14a
under an energetically more favorable pathway (Scheme Sb,
red part; TS;3/14 vs TSy3/142)- Nevertheless, it is found to be
less probable to go over TS,3/14 (barrier of 34.9 kcal/mol) for
the delivery of the ultimate furazan species 11. In fact, we also
did not observe any 14a or its derivatives during the course of
our study. These results on the contrary indicated that in the
presence of the cyano group, the early cyclization pathway is
more plausible than the late annulation route for attaining the
entirely new framework, the arene-fused furazans.

A proposed mechanism is illustrated with the support of a
radical trapping experiment and DFT calculation (Scheme 6).
t-BuO*® and NO* radicals are generated in situ from TBN.*!
BuO* carries out a-H atom abstraction of 1j to give methylene
radical int-A.>> The 6-exo-dig cyclization is proposed for
producing the six-membered ring species int-B.*> The NO®
radical then reacts with methylidyne radical int-C and delivers
NO segment-incorporated intermediate int-D. The putative

Scheme 5. DFT Energy Profile of Possible Reaction Mechanisms (with respect to Jiao’s work)

(a) DFT calculation for the early cyclization pathway, our finding differs from Jiao's mechanistic proposal
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Scheme 6. A Proposed Mechanism
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int-E undergoes 1,5-HAT to afford species int-F, and
subsequent intramolecular cyclization generates int-G. Finally,
the resulting furazan product 3j is attained via the H atom
abstraction process.

In conclusion, we have succeeded in showing a facile
[2+2+1]-NO segment-incorporating heteroannulative cascade
process. This transition metal-free protocol proceeds smoothly
under ambient reaction conditions and realizes easy manipu-
lation of a conceivable substituent pattern on fused arene/
arylated furazans. Thus, this new modular method exhibits
good product framework diversity and complexity and decent
product yields and allows good functional group compatibility,
particularly the -Br and -Cl groups where they are often found
to be impermissible in existing metal-catalyzed aromatic ring-
forming processes. It is worth noting that DFT calculation
reveals a new possible early cyclization pathway, which is
contrary to the precedented literature mechanistic interpreta-
tion. This complementary theoretical result indicates the rich
potential of introducing other unsaturated moieties at the ortho
position of modular arylketamine for the assembly of new
structural frameworks.
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