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Abstract: The direct oxidative alkenylation of indoles is achieved by ferrous salts under mild con-
ditions, which provides one effective strategy for the synthesis of 3-alkylideneindolin-2-one in a
single step. This reaction system features simple and readily available materials, mild conditions,
and easy accessibility. The control experiments also demonstrate a radical pathway was involved in
the reaction. Moreover, the method performs well on the gram-scale experiment, which indicates
that this method enjoys a broad prospect in synthetic chemistry.
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1. Introduction

Oxindoles are prevalent motifs widely present in natural products, pharmaceuti-
cals (Figure 1), and functional materials [1-3]. Among such, 3-alkylideneindolin-2-ones
have attracted much attention because of their valuable biological activity and synthetic
applicability [4]. Recently, 3-alkylideneindolin-2-one-based solar cells and organic field-
effect transistors (OFETs) were developed by the Zhang [5] and Liu groups [6]. Indeed,
3-alkylideneindolin-2-ones were also pivotal precursors to constructing naturally occurring
alkaloids and drug candidates [7,8]. The desirable properties of 3-alkylideneindolin-2-ones
make them popular within the chemical community.
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Figure 1. Representative examples of 3-alkylideneindolin-2-ones.

In addition, 3-alkylidene oxindoles were usually acquired by condensation reactions
between oxindole and carbonyl compounds [9-11]; however, they need some harsh reac-
tion conditions, such as stoichiometry metal catalysts and elevated temperature. On the
other hand, diverse transition metal-catalyzed cyclization reactions have been frequently
used for the synthesis of 3-alkylideneoxindoles. The above intramolecular cyclization
systems are summarized as follows: the copper-catalyzed cyclization of 3-keto amides [12],
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palladium-promoted intramolecular aromatic C-H functionalization/C—C bond forma-
tion of alkenylamides [13] or 2-alkynylanilines [14-16], the carbonylation/cyclization of
2-alkynylanilines catalyzed by Pd [17], Rh [18], or Ni [19], and Pd/Rh initiated cyclization
of 2-(alkynyl)aryl isocyanates with terminal alkynes/organoboronic acids [20-22]. Despite
these apparent successes, the use of specially functionalized starting materials and noble
transition metals limits their applications in scope. Therefore, some more straightforward,
cost-effective, and environmentally benign approaches to access 3-alkylideneindolin-2-ones
are being studied by chemists (Scheme 1).
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Scheme 1. Synthesis methods of 3-alkylideneindolin-2-ones. 1-2 was two-steps processes for the
preparation of 3-alkylideneindolin-2-ones.

As an alternative pathway, the direct synthesis of 3-alkylideneoxindole was also
reported by many groups. For instance, Wan and coworkers reported 4-dimethylamino-
pyridine (DMAP)-promoted synthesis of 3-alkenyl-oxindoles by using isatins and acyl
chlorides as starting materials [23]. Siddiki and coworkers developed a selective C3-
alkenylation of oxindole with aldehydes [24]. Gnanaprakasam’s group reported that
Ru(II)-NHC promoted the synthesis of 3-(diphenylmethylene)indolin-2-one by using di-
aryl methanols and 2-oxindole as substrates [25]. Gopalaiah and coworkers finished
iron-catalyzed direct access to (E)-3-alkylideneindolin-2-ones with oxindoles and benzy-
lamines [26]. As we all know, the direct synthesis of 3-alkylideneoxindole was always
involved in the oxindoles, which were synthesized by regioselective oxidation of indoles. In
addition, the two-step protocol reduces the reaction efficiency and increases the operation
complexity. In recent years, the difunctionalization of alkenes has attracted much attention
in the fields of the construction of complex molecules [27-30]. Liu and coworkers reported
the radical oxidative fluoroalkylfluorosulfonylation of unactivated alkenes [31]. Xi and
coworkers developed photoredox-catalyzed direct keto-difluoroacetylation of styrenes
with (fluorosulfonyl)difluoroacetate and dimethyl sulfoxide [32]. Li and coworkers re-
alized radical-mediated alkoxypolyhaloalkylation of styrenes with polychloroalkanes
and alcohols [33]. Our group also developed iron-mediated azidomethylation or azi-
dotrideuteromethylation of active alkenes with azidotrimethylsilane and dimethyl sulfox-
ide [34]. Consequently, it is immensely valuable to afford 3-alkylideneindolin-2-ones by
the direct difunctionalization of indoles. As our continuing interests in the preparation
of heterocycles [35-37], we described an iron(II) salt-catalyzed oxidative alkenylation of
indoles with carbonyl compounds to obtain 3-alkylideneindolin-2-ones in a mild condition.
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2. Results

Initially, we began our investigation by exploring the reaction of 1-methylindole with
acetone. To our delight, the desired product 1 was isolated in a 26% yield when the reaction
was on treatment with 5 mol % FeCl, as a catalyst and hydrogen peroxide (H,O;) as an
oxidant at 25 °C (Table 1, entry 1). By screening a series of solvents, we found acetone/H,O
(2.5/1) was the optimum cosolvent, which produced product 1 in a 45% yield (entries 1-3).
Varying the equivalent of oxidants to 2 equiv., the yield of the desired product was increased
to 51% (entries 4-7). However, other oxidants, such as DTBP, TBPA, and TBHP (in water),
were not effective in this transformation (entries 8-10). Notably, after a variety of further
optimization of catalysts, we found FeCl, was best for this oxidative alkenylation reaction
(entries 11-18). Finally, via the variation of reaction temperature, product 1 could be isolated
in a 72% yield at 45 °C (entries 19-21).

Table 1. Optimization of reaction conditions @.

/
Ej\/\> + CH;COCHyH,0 —catast 0

N oxidant, T/°C N

\ \

1

Solvent Catalyst Oxidant o X o
Entry (mL) (mol %) (equiv) T°C - Yield® (%)
1 5/1(3.5) FeCl, (5) H,0, (3) 25 26
2 2.5/1 (3.5) FeCl, (5) H,0, (3) 25 45
3 1/1(3.5) FeCl, (5) H,0, (3) 25 19
4 2.5/1(3.5) FeCl, (5) H,0, (1) 25 28
5 2.5/1 (3.5) FeCl, (5) H,0, (2) 25 51
6 2.5/1(3.5) FeCl, (5) H,0, (5) 25 39
7 2.5/1(3.5) FeCl, (5) H,0, (7) 25 22
8 2.5/1 (3.5) FeCl, (5) DTBP (2) 25 7
9 2.5/1(3.5) FeCl, (5) TBPA (2) 25 8
10 2.5/1(3.5) FeCl, (5) TBHP(in H,0) (2) 25 12
11 25/1(35)  Fe(SOy4),-7H,0 (5) H,0, (2) 25 37
12 2.5/1(3.5) FeCls (5) H,0, (2) 25 17
13 2.5/1(3.5) CuCl, (5) H,0, (2) 25 24
14 2.5/1 (3.5) ZnBr; (5) H,0, (2) 25 NR
15 2.5/1(3.5) FeCl, (0) H,0, (2) 25 trace

16 2.5/1(3.5) FeCl, (2) H,0, (2) 25 29
17 2.5/1 (3.5) FeCl, (10) H,0, (2) 25 45
18 2.5/1(3.5) FeCl, (20) H,0, (2) 25 37
19 2.5/1(3.5) FeCl, (5) H,05 (2) 35 65
20 2.5/1(3.5) FeCl, (5) H,0, (2) 45 72
21 2.5/1(3.5) FeCl, (5) H,0, (2) 55 42

2 Reaction conditions: indole (1 equiv., 0.2 mmol), hydrogen peroxide (30%, 2 equiv., 0.4 mmol), ferrous chloride
(5 mol %, 0.01 mmol), acetone (2.5 mL), H,O (1 mL), 45 °C, and 14 h. P Isolated yields.

With the optimized conditions in hand, we went on to examine the substrate scopes
of the reaction. As expected, various indoles underwent the reaction smoothly to af-
ford the corresponding 3-alkylideneoxindoles with moderate to good yields (Scheme 2).
Some sensitive functional groups (—F, —Cl, —Br, —I) were compatible with the optimal
conditions, which showed the further synthetic potential of the method (2-5). Next, we
investigated the electronic effect of the substituents of the substrates. The electron-donating
substituent-revised indoles (such as 5-Me, 6-Me, 7-Me, and 5-OBn) gave the corresponding
3-alkylideneoxindoles in 66-79% yields (6-9); however, the electron-withdrawing groups
containing substrates (-CO,Et, -COCH3s, -NO,, and -CN) failed to offer the final products
under the standard conditions (see ESI). Some disubstituted indoles, such as 6-chloro-5-
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fluoro-1-methylindole, did not work well in the reaction system (10). Meanwhile, the effect
of various N-protecting groups of the starting materials was also investigated. Delightfully,
all of the protected groups were well tolerant in the transformation, which resulted in the
corresponding products in 60-80% yields (11-15). Notably, the reactive functional groups,
such as ally and 2-hydroxyethyl, were also compatible with this system, and products
16-17 could be obtained in high yields. In addition, oxidative condensation of some unpro-
tected N- moiety of indoles was also achieved with 30—40% yields (18-21). Additionally,
the structure of product 21 was further confirmed by X-ray crystallography. Finally, this
transformation could also proceed smoothly by using acetone-d; as the solvent, and the
corresponding products 22 and 23 were isolated in 78-83% yields, respectively.
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Scheme 2. Scope of various indoles. ? Reaction conditions: indole (1 equiv., 0.2 mmol), ferrous
chloride (5 mol %, 0.01 mmol), hydrogen peroxide (30%, 2 equiv., 0.4 mmol), acetone (2.5 mL), H,O
(1 mL), 45 °C, 14 h, and isolated yields. P 35 °C.
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Next, some control experiments were performed to examine the application value
of this oxidative alkenylation reaction. First, the desired product 1 was isolated in a 75%
yield when the system scaled up to 10 mmol (Scheme 3(1a)). Meanwhile, we also obtained
the desired products with a 70% yield when the amount of catalyst was reduced to 3%
(Scheme 3(1b)). Subsequently, some mechanistic studies were explored to verify the reaction
process. After the addition of a radical inhibitor, such as BHT or TEMPO, the reaction was
inhibited significantly (Scheme 3(2)). These results indicate that this reaction may involve a
radical pathway.

/

(1)
(:E\> + CHyCOCH4/H,0 a. standard conditions o
N\ b. 3% FeCl, N

\

1
1.40 g, 75% (a)
1.31g, 70% (b)

@ tandard diti /
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with 2 equiv BHT 23%
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Scheme 3. (1) Gram-scale experiments: (1la) standard conditions; (1b) 3 mL % ferrous chloride.
(2) control experiments.

On the basis of the above results and literature precedent, a plausible mechanism path-
way for the preparation of 3-alkylideneindolin-2-one is illustrated as shown in Scheme 4.
First, with the assistance of Fe(II) salts, HyO, involves a heterolysis reaction and offers a hy-
droxyl radical and hydroxyl anion. Then, the hydroxyl radical reacts with N-methylindole
to form the radical A, which is oxidized by Fe(III) to form the carbocation B. Intermediate
B loses a proton to yield intermediate C, which is easily converted into isomer D. Subse-
quently, the isomer D loses a proton to gain the anionic E. Finally, intermediate E reacts
with acetone and proceeds with addition/elimination to access the desired product 1.

Fe' + H0, — Fe!' + OH™ + «OH

* H +
\ {0 TN \
A Fe' B c\

o I
/ O
-H,0 H )]\ A OH™
o 2 0o - (Lo -2 (=0
N N N N
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1 F E D

Scheme 4. Plausible mechanism. (A-F) were possible intermediates to demonstrate the reaction
mechanism. (1) was the desired product.

3. Materials and Methods
3.1. Materials

'H and '3C NMR spectra were recorded on a Bruker advance I 500 or 400 spectrome-
ter in CDCl3 with TMS as the internal standard. High-resolution mass spectral analysis
(HRMS(TOF)) data were measured on a Bruker Apex II. All products were identified by
'H and 13C NMR. The starting materials were purchased from Energy, J&K Chemicals, or



Catalysts 2023, 13, 930

60f11

Aldrich and used without further purification. The conversion was monitored by thin-
layer chromatography (TLC). Flash column chromatography was performed over silica gel
(200-300 mesh).

3.2. Methods

Indole (1 equiv., 0.2 mmol) and ferrous chloride (5 mol %, 0.01 mmol) were added
to a 20 mL test tube with a magnetic stir bar. Then, acetone (2.5 mL), H,O (1 mL), and
HyO; (30%, 2 equiv., 0.4 mmol) were slowly added to the mixture, respectively. The
resulting reaction mixture was allowed to stir at 45 °C or 35 °C (oil bath) for 14 h. After
cooling to room temperature, the reaction mixture was diluted with saturated brine (10 mL)
and extracted with EtOAc. The combined organic layers were dried over Nay;SO4 and
concentrated in vacuo. The crude product was purified by flash chromatography using
PE/EA as eluent to afford the desired products (1-23). (See Supplementary Materials).

1-methyl-3-(propan-2-ylidene)indolin-2-one (1). A colorless liquid after purification by
flash column chromatography (petroleum ether/ethyl acetate = 40/1), 26.9 mg, with yield
of 72%. 'H NMR (500 MHz, CDCl3): 6 7.43 (d, ] = 7.5 Hz, 1H), 7.20 (t, ] = 7.5 Hz, 1H), 6.96
(t, ] =7.5Hz, 1H), 6.72 (d, ] = 7.5 Hz, 1H), 3.15 (s, 3H), 2.56 (s, 3H), and 2.28 (s, 3H). 13C
NMR (125 Hz, CDCl3): 4 167.5,154.4, 141.7, 127.2,123.3, 123.0, 122.4, 121.3, 107.2, 25.3, 24.9,
and 22.9. HRMS (ESI, m/z): Calculated for C1o,H13NO [M + H]* 188.1070, found 188.1071.

5-fluoro-1-methyl-3-(propan-2-ylidene)indolin-2-one (2). A colorless liquid after purifica-
tion by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 23.4 mg, with
yield of 57%. 'H NMR (400 MHz, CDCl3): § 7.27 (dd, ] = 9.2, 2.4 Hz, 1H), 6.96 (td, ] = 8.8,
2.4 Hz, 1H), 6.71 (dd, ] = 8.4, 4.4 Hz, 1H), 3.23 (s, 3H), 2.64 (s, 3H), and 2.36 (s, 3H). 13C{'H}
NMR (100 MHz, CDCl3): 6 167.7,158.6 (d, ] = 236.8 Hz), 156.5, 138.0, 124.4 (d, ] = 8.8 Hz),
122.6 (d, ] = 2.9 Hz), 113.4 (d, | = 23.6 Hz), 111.2 (d, | = 26.3 Hz), 107.5 (d, ] = 8.4 Hz),
25.7, 25.1, and 23.3. HRMS (ESI, m/z): Calculated for C1,H,FNO [M + H]* 206.0976,
found 206.0979.

5-chloro-1-methyl-3-(propan-2-ylidene)indolin-2-one (3). A colorless liquid after purifi-
cation by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 29.6 mg,
with yield of 67%. '"H NMR (400 MHz, CDCl3): § 7.49 (d, ] = 2.0 Hz, 1H), 7.22 (dd, ] = 8.4,
2.0 Hz, 1H), 6.73 (d, ] = 8.4 Hz, 1H), 3.23 (s, 3H), 2.64 (s, 3H), and 2.38 (s, 3H). '3C{'H} NMR
(100 MHz, CDCl3): 6 167.5, 156.8, 140.5, 127.1, 126.8, 124.8, 123.5, 122.1, 108.2, 25.7, 25.3, and
23.3. HRMS (ESI, m/z): Calculated for C1,H1,CINO [M + H]* 222.0680, found 222.0681.

5-bromo-1-methyl-3-(propan-2-ylidene)indolin-2-one (4). A colorless liquid after purifica-
tion by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 33.0 mg, with
yield of 62%. '"H NMR (500 MHz, CDCl3): § 7.60 (s, 1H), 7.34 (d, ] = 8.0 Hz, 1H), 6.66 (d,
J = 8.0 Hz, 1H), 3.20 (s, 3H), 2.62 (s, 3H), and 2.35 (s, 3H). '*C{'H} NMR (125 MHz, CDCl3):
5167.3, 156.8, 140.9, 130.0, 126.1, 125.3, 121.9, 114.2, 108.7, 25.6, 25.3, and 23.3. HRMS (ESI,
m/z): Calculated for C1oH1>,BrNO [M + H]* 266.0175, found 266.0178.

5-iodo-1-methyl-3-(propan-2-ylidene)indolin-2-one (5). A colorless liquid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 40.7 mg, yield
65%. 'H NMR (500 MHz, CDCl3): & 7.79 (s, 1H), 7.55 (dd, ] = 8.0, 1.0 Hz, 1H), 6.59 (d,
J =8.0 Hz, 1H), 3.21 (s, 3H), 2.62 (s, 3H), and 2.36 (s, 3H). 13C{1H} NMR (125 MHz, CDCl3):
5167.1,156.8,141.5, 136.0, 131.8, 125.8, 121.7, 109.4, 84.1, 25.6, 25.4, and 23.3. HRMS (ESI,
m/z): C1oH12INO [M + H]* 314.0036, found 314.0037.

1,5-dimethyl-3-(propan-2-ylidene)indolin-2-one (6). A colorless liquid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 29.3 mg, with
yield of 73%. 'H NMR (400 MHz, CDCly): & 7.34 (s, 1H), 7.05 (d, | = 7.6 Hz, 1H),
6.70 (d, ] = 7.6 Hz, 1H), 3.22 (s, 3H), 2.62 (s, 3H), 2.37 (s, 3H), and 2.36 (s, 3H). 3C{1H}
NMR (100 MHz, CDCl3): 6 167.9, 154.3, 139.8, 130.8, 127.7, 124.2, 123.6, 122.8, 107.1, 25.6,
25.2, 23.1, and 21.4. HRMS (ESI, m/z): Calculated for C;3H15sNO [M + HJ* 202.1226,
found 202.1227.

1,6-dimethyl-3-(propan-2-ylidene)indolin-2-one (7). A colorless liquid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 26.5 mg, with
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yield of 66%. 'H NMR (400 MHz, CDCl3): § 7.40 (d, ] = 8.0 Hz, 1H), 6.83 (d, ] = 7.6 Hz, 1H),
6.64 (s, 1H), 3.22 (s, 3H), 2.60 (s, 3H), 2.39 (s, 3H), and 2.34 (s, 3H). 13C{'H} NMR (100 MHz,
CDCly): 5168.1,153.2,142.1, 137.7,123.1, 122.6, 122.1, 121.0, 108 .4, 25.5, 25.1, 22.9, and 21.8.
HRMS (ESI, m/z): Calculated for C13H5NO [M + H]* 202.1226, found 202.1230.

1,7-dimethyl-3-(propan-2-ylidene)indolin-2-one (8). A colorless liquid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 27.3 mg, with
yield of 68%. 'H NMR (400 MHz, CDCl;): § 7.40 (d, ] = 7.5 Hz, 1H), 6.98 (d, ] = 7.6 Hz,
1H), 6.91 (t, ] = 7.6 Hz, 1H), 3.54 (s, 3H), 2.63 (s, 3H), 2.59 (s, 3H), and 2.36 (s, 3H). 1>*C{IH}
NMR (100 MHz, CDCl3): 6 168.5,154.3, 139.9, 131.3, 124.2,122.5, 121.4, 121.3, 119.0, 29.0,
25.4, 23.6, and 19.5. HRMS (ESI, m/z): Calculated for C;3H;sNO [M + H]* 202.1226,
found 202.1228.

5-(benzyloxy)-1-methyl-3-(propan-2-ylidene)indolin-2-one (9). A colorless liquid after
purification by flash column chromatography (petroleum ether/ethyl acetate = 20/1),
46.3 mg, with yield of 79%. 'H NMR (500 MHz, CDCl3): § 7.45 (d, | = 7.5 Hz, 2H), 7.39
(t,J=7.5Hz,2H), 7.33 (t,] =7.5Hz, 1H), 7.22 (d, ] = 2.0 Hz, 1H), 6.86 (dd, ] = 8.5, 2.5 Hz,
1H), 6.69 (d, ] = 8.0 Hz, 1H), 5.06 (s, 2H), 3.21 (s, 3H), 2.62 (s, 3H), and 2.32 (s, 3H). 1*C{'H]}
NMR (125 MHz, CDCl3): 6 167.8, 155.1, 154.3, 137.2, 136.4, 128.6, 128.0, 127.6, 124.5,
123.0, 112.8, 112.7,107.3, 71.1, 29.7, 25.7, 25.1, and 23.1. HRMS (ESI, m/z): Calculated for
C19H1oNO, [M + HJ* 294.1488, found 294.1490.

6-chloro-5-fluoro-1-methyl-3-(propan-2-ylidene)indolin-2-one (10). A colorless liquid after
purification by flash column chromatography (petroleum ether/ethyl acetate = 40/1),
13.8 mg, with yield of 29%. 'H NMR (400 MHz, CDCl3): § 7.32 (d, ] = 10.0 Hz, 1H), 6.78 (d,
] = 6.0 Hz, 1H), 3.21 (s, 3H), 2.62 (s, 3H), and 2.34 (s, 3H). 3C{'H} NMR (100 MHz, CDCl;):
5167.4,157.1,153.7 (d, ] =239.7 Hz), 138.6, 122.8 (d, ] = 7.8 Hz), 121.9 (d, ] = 2.5 Hz), 119.2 (d,
J=19.7 Hz), 112.0 (d, ] = 25.9 Hz), 108.6, 25.8, 25.1, and 23.3. HRMS (ESI, m/z): Calculated
for C1,H;;CIFNO [M + H]* 240.0586, found 240.0589.

1-ethyl-3-(propan-2-ylidene)indolin-2-one (11). A colorless liquid after purification by
flash column chromatography (petroleum ether/ethyl acetate = 40/1), 28.1 mg, with yield
of 70%. 'H NMR (400 MHz, CDCl3): & 7.54 (d, ] = 7.6 Hz, 1H), 7.24 (t, ] = 8.0 Hz, 1H), 7.02
(td,J=7.6,1.2Hz, 1H), 6.84 (d, ] = 7.6 Hz, 1H), 3.81 (q, ] = 7.2 Hz, 2H), 2.63 (s, 3H), 2.38
(s, 3H), and 1.26 (t, ] = 7.2 Hz, 3H). 13C{'H} NMR (100 MHz, CDCls): 5 167.4, 154.6, 141.0,
127.4,123.8,123.5,122.7,121.3, 107.5, 34.0, 25.2, 23.1, and 12.8. HRMS (ESI, m/z): Calculated
for C13H15NO [M + H]* 202.1226, found 202.1229.

1-isopropyl-3-(propan-2-ylidene)indolin-2-one (12). A colorless liquid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 40/1), 29.7 mg, with
yield of 69%. '"H NMR (500 MHz, CDCl3): & 7.55 (d, ] = 8.0 Hz, 1H), 7.21 (t, ] = 8.0 Hz, 1H),
7.02-6.99 (m, 1H), 4.79-4.71 (m, 1H), 2.63 (s, 3H), 2.37 (s, 3H), and 1.49 (d, ] = 7.0 Hz, 6H).
I3C{'H} NMR (125 MHz, CDCl3): & 167.4, 154.3, 140.6, 127.1, 124.1, 123.6, 122.8, 120.9, 109.1,
42.9,25.3,23.2, and 19.5. HRMS (ESI, m/z): Calculated for C14H;yNO [M + HJ* 216.1383,
found 216.1381.

1-butyl-3-(propan-2-ylidene)indolin-2-one (13). A colorless liquid after purification by
flash column chromatography (petroleum ether/ethyl acetate = 40/1), 34.3 mg, with yield
of 75%. 'H NMR (500 MHz, CDCly): § 7.53 (d, ] = 7.5 Hz, 1H), 7.22 (td, ] = 7.5, 1.0 Hz,
1H), 7.01 (td, ] = 7.5, 1.0 Hz, 1H), 6.83 (dd, ] = 8.0, 1.0 Hz, 1H), 3.74 (t, ] = 7.5 Hz, 2H),
2.63 (s, 3H), 2.37 (s, 3H), 1.68-1.61 (m, 2H), 1.43-1.36 (m, 2H), and 0.95 (t, ] = 7.5 Hz, 3H).
I3C{'H} NMR (125 MHz, CDCl3): § 167.70, 154.53, 141.53, 127.40, 123.76, 123.46, 122.74,
121.30, 107.71, 39.24, 29.80, 25.21, 23.13, 20.33, and 13.81. HRMS (ESI, m/z): Calculated for
C15H19NO [M + HJ* 230.1539, found 230.1540.

1-benzyl-3-(propan-2-ylidene)indolin-2-one (14). A colorless liquid after purification by
flash column chromatography (petroleum ether/ethyl acetate = 40/1), 42.1 mg, with yield
of 80%. 'H NMR (500 MHz, CDCls): § 7.55 (d, ] = 7.5 Hz, 1H), 7.30 (d, | = 4.5 Hz, 4H),
7.25-7.22 (m, 1H), 7.14 (t, ] = 7.5 Hz, 1H), 7.01 (t, | = 7.5 Hz, 1H), 6.73 (d, ] = 8.0 Hz, 1H),
4.98 (s, 2H), 2.68 (s, 3H), and 2.41 (s, 3H). 13C{'H} NMR (125 MHz, CDCl;): 5 167.8, 155.3,
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141.2,136.5,128.7,127.4,127.3, 127.2,123.7, 123.4, 122.5, 121.6, 108.5, 43.2, 29.7, 25.3, and
23.3. HRMS (ESI, m/z): Calculated for C;gH17NO [M + H]* 264.1383, found 264.1387.

1-(propan-2-ylidene)-5,6-dihydro-1H-pyrrolo [3,2,1-ijlquinolin-2(4H)-one (15). A colorless lig-
uid after purification by flash column chromatography (petroleum ether/ethyl acetate = 40/1),
25.6 mg, with yield of 60%. 'H NMR (500 MHz, CDCl,): § 7.33 (d, ] = 7.5 Hz, 1H), 6.9 (d,
J =8.0Hz, 1H), 692 (t, ] = 7.5 Hz, 1H), 3.76-3.73 (m, 2H), 2.79-2.77 (m, 2H), 2.61 (s, 3H), 2.35 (s,
3H), and 2.00 (dt, ] = 12.0, 6.0 Hz, 2H). 3C{'H} NMR (125 MHz, CDCl3): § 166.9, 154.5, 137.9,
126.3,123.7,122.1,121.2,121.0, 119.3, 38.2, 24.9, 24.8, 22.6, and 21.1. HRMS (ESI, m/z): Calculated
for C14H;5NO [M + HJ* 214.1226, found 214.1230.

1-allyl-3-(propan-2-ylidene)indolin-2-one (16). A colorless liquid after purification by
flash column chromatography (petroleum ether/ethyl acetate = 40/1), 28.9 mg, with yield
of 68%. 'H NMR (500 MHz, CDCl3): § 7.55 (d, ] = 7.5 Hz, 1H), 7.21 (td, ] = 7.5, 1.0 Hz, 1H),
7.03 (td, ] =7.5,1.0 Hz, 1H), 6.82 (dd, ] = 8.0, 1.0 Hz, 1H), 5.89-5.82 (m, 1H), 5.21-5.17 (m,
2H), 4.40 (dt, ] = 5.0, 2.0 Hz, 2H), 2.64 (s, 3H), and 2.39 (s, 3H). 1*C{1H} NMR (125 MHz,
CDCl): 6 167.4,155.0,141.2,132.0, 127.4, 123.7, 123.4, 122.5, 121.52, 117.0, 108.3, 41.8, 25.2,
and 23.2. HRMS (ESI, m/z): Calculated for C14,H15NO [M + H]* 214.1226, found 214.1229.

1-(2-hydroxyethyl)-3-(propan-2-ylidene)indolin-2-one (17). A colorless liquid after purifi-
cation by flash column chromatography (petroleum ether/ethyl acetate = 10/1), 24.3 mg,
with yield of 56%. 'H NMR (500 MHz, CDCl3): § 7.53 (d, ] = 7.5 Hz, 1H), 7.23 (t, ] = 8.0 Hz,
1H),7.04 (t,] = 7.5 Hz, 1H), 6.90 (d, ] = 7.5 Hz, 1H), 3.94-3.91 (m, 4H), 2.61 (s, 3H), and 2.38
(s, 3H). 3C{'H} NMR (125 MHz, CDCl3): & 169.0, 155.8, 141.3, 127.5, 123.7, 123.5, 122.4,
121.8,107.8, 61.3, 42.8, 25.3, and 23.3. HRMS (ESI, m/z): Calculated for C13H15NO, [M + H]*
218.1175, found 218.1176.

3-(propan-2-ylidene)indolin-2-one (18). A yellowish solid after purification by flash
column chromatography (petroleum ether/ethyl acetate = 5/1), mp 187-188 °C, 11.4 mg,
with yield of 33%. '"H NMR (500 MHz, CDCl3): & 8.45 (s, 1H), 7.52 (d, ] = 7.6 Hz, 1H), 7.18
(t,]=7.6 Hz, 1H), 7.05-6.98 (td, ] = 7.6, 0.8 Hz, 1H), 6.87 (d, | = 7.6 Hz, 1H), 2.62 (s, 3H), and
2.38 (s, 3H). 1*C{'H} NMR (125 MHz, CDCl3): § 169.7, 155.6, 139.3, 127.5, 124.3, 123.7, 123.0,
121.5,109.3, 25.2, and 23.1. HRMS (ESI, m/z): Calculated for C11H11NO [M + H]* 174.0913,
found 174.0917.

7-methyl-3-(propan-2-ylidene)indolin-2-one (19). A yellowish solid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 5/1), mp 201-202 °C,
13.1 mg, with yield of 35%. 'H NMR (500 MHz, CDCl3): & 8.80 (s, 1H), 7.32 (s, 1H), 6.9 (d,
J =8.0Hz, 1H), 6.77 (d, ] = 7.5 Hz, 1H), 2.61 (s, 3H), 2.37 (s, 3H), and 2.35 (s, 3H). 13C{H}
NMR (125 MHz, CDCl3): 6 155.1,137.2,130.6, 129.8, 127.9, 124.4, 123.3, 109.1, 25.2, 23.1, and
21.4. HRMS (ESI, m/z): Calculated for C;o,H13NO [M + H]* 188.1070, found 188.1072.

5-methoxy-3-(propan-2-ylidene)indolin-2-one (20). A yellowish solid after purification
by flash column chromatography (petroleum ether/ethyl acetate = 5/1), mp 199-200 °C,
16.2 mg, with yield of 40%. 'H NMR (500 MHz, CDCls): 5 8.44 (s, 1H), 7.12 (d, ] = 1.5 H,
1H), 6.79-6.73 (m, 2H), 3.80 (s, 3H), 2.62 (s, 3H), and 2.36 (s, 3H). 13C{1H} NMR (125 MHz,
CDCls): 6 169.8, 155.8, 155.0, 133.3, 125.4, 123.4, 111.7, 111.6, 109.2, 56.0, 25.2, and 23.2.
HRMS (ESI, m/z): Calculated for C1,H13NO; [M + H]* 204.1019, found 204.1021.

5-fluoro-3-(propan-2-ylidene)indolin-2-one (21). A yellowish solid after purification by
flash column chromatography (petroleum ether/ethyl acetate = 5/1), mp 217-218 °C,
11.5 mg, with yield of 30%. 'H NMR (400 MHz, CDCl3): & 8.53 (s, 1H), 7.24 (dd, ] = 9.6,
2.0 Hz, 1H), 6.90 (td, | = 8.8, 2.4 Hz, 1H), 6.79 (dd, ] = 8.4, 4.8 Hz, 1H), 2.63 (s, 3H), and 2.36
(s, 3H). 3C{'H} NMR (100 MHz, CDCl3): & 169.7, 158.5 (d, ] = 236.9 Hz), 157.4, 138.1, 135.3
(d,J=15Hz),125.2 (d, ] =8.7 Hz), 113.7 (d, ] = 23.8 Hz), 111.3 (d, | = 26.2 Hz), 109.5 (d,
J =8.4 Hz), 25.2, and 23.3. HRMS (ESI, m/z): Calculated for C11H19oFNO [M + H]* 192.0819,
found 192.0820.

(22). A colorless liquid after purification by flash column chromatography (petroleum
ether/ethyl acetate = 40/1), 28.5 mg, with yield of 78%. 'H NMR (400 MHz, CDCl3): &
7.34 (s, 1H), 7.05 (d, ] = 8.0 Hz, 1H), 6.70 (d, ] = 8.0 Hz, 1H), 3.21 (s, 3H), and 2.36 (s, 3H).
I3C{'H} NMR (100 MHz, CDCl3): § 167.9, 154.1, 139.8, 130.7, 127.7, 124.2, 123.6, 122.9, 107.1,
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25.6,24.5-23.9 (m), 22.6-22.1 (m), 22.3 (dd, | = 38.6, 18.5 Hz), and 21.4. HRMS (ESI, m/z):
Calculated for C11HgDgNO [M + HJ* 184.1603, found 184.1604.

(23). A colorless liquid after purification by flash column chromatography (petroleum
ether/ethyl acetate = 40/1), 30.3 mg, with yield of 83%. 'H NMR (400 MHz, CDCl3): § 7.57
(d,J =7.6 Hz, 1H), 7.29-7.25 (m, 1H), 7.05 (td, ] = 7.6, 1.2 Hz, 1H), 6.88 (d, | = 8.0 Hz, 1H),
3.85(q, ] = 7.2 Hz, 2H), and 1.29 (t, ] = 7.2 Hz, 3H). '*C{'H} NMR (100 MHz, CDCl3): &
167.5,154.5,141.1, 127.5,123.8, 123.5, 122.9, 121.4, 107.6, 34.1, 24.7-24.1 (m), 22.7-22.1 (m),
and 12.9. HRMS (ESI, m/z): Calculated for C11HgDgNO [M + H]* 184.1603, found 184.1605.

4. Conclusions

In summary, we have developed a Fe(Il) salt/hydrogen peroxide-promoted oxidative
condensation of indoles with acetone or acetone-ds;, which offers an available and low-cost
protocol for the synthesis of 3-alkylideneindolin-2-ones or 3-deuteroalkylideneindolin-2-
ones with good yields. This approach shows a broad substrate scope and mild reaction
conditions. In addition, this reaction system could be scaled up to 10 mmol easily. The
oxidative alkenylation of other heterocycles is ongoing in our laboratory.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/catal13060930/s1. Fail examples for the reaction system,
characterization data for all products, X-ray diffraction analysis of compound 19, 'H and 3C NMR
spectra of all products, Deposition Numbers 2258769 (for 19) contain the supplementary crystallo-
graphic data for this paper. These data are provided free of charge by the joint Cambridge Crys-
tallographic Data Centre and Fachinformationszentrum Karlsruhe http://www.ccdc.cam.ac.uk/
structures accessed on 4 May 2023. Numbers 2258769 (for 19) contain the supplementary crystallo-
graphic data for this paper [38].

Author Contributions: Conceptualization, Y.T.; methodology, Z.L. and Y.T.; investigation, Y.T., L.Z.,
Y.C,, Y.L. and M.W,; writing—original draft preparation, Y.T.; writing—review and editing, Y.T. and
Z.L.; supervision, W.F,; funding acquisition, Y.T. and Z.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors thank the Natural Science Foundation of Henan Province (202300410290) for
financial support. We also thank the National Natural Science Foundation of China (21702044) and
the Natural Science Foundation of Hebei Province (B2020201014, B2022201059) for their support.

Data Availability Statement: All experimental data are contained in the article and Supplementary
Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kamal, A.; Nagaseshadri, B.; Nayak, V.L.; Srinivasulu, V.; Sathish, M.; Kapure, ].S.; Reddy, S.C. Synthesis and biological evaluation
of benzimidazole-oxindole conjugates as microtubule-targeting agents. Bioorg. Chem. 2015, 63, 72-84. [CrossRef] [PubMed]

2. Romagnoli, R.; Baraldi, P.G.; Prencipe, F.; Oliva, P; Baraldi, S.; Salvador, M.K.; Cara, L.C.L.; Bortolozzi, R.; Mattiuzzo, E.; Basso,
G.; et al. Design, synthesis and biological evaluation of 3-substituted-2-oxindole hybrid derivatives as novel anticancer agents.
Eur. J. Med. Chem. 2017, 134, 258-270. [CrossRef] [PubMed]

3. Li, J.-L.; Chai, Y.-F; Wang, W.V,; Shi, Z.-F,; Xu, Z.-G.; Zhang, H.-L. Pyrazine-fused isoindigo: A new building block for polymer
solar cells with high open circuit voltage. Chem. Commun. 2017, 53, 5882-5885. [CrossRef] [PubMed]

4. Dalpozzo, R.; Bartoli, G.; Bencivenni, G. Recent advances in organocatalytic methods for the synthesis of disubstituted 2- and
3-indolinones. Chem. Soc. Rev. 2012, 41, 7247-7290. [CrossRef]

5. Wu, J,; Chen, J; Huang, H.; Li, S.; Wu, H.; Hu, C,; Tang, J.; Zhang, Q. (Z)-(Thienylmethylene)oxindole-Based Polymers for
High-Performance Solar Cells. Macromolecules 2016, 49, 2145-2152. [CrossRef]

6.  Shi, L.; Guo, Y,; Hu, W,; Liu, Y. Design and effective synthesis methods for high-performance polymer semiconductors in organic
field-effect transistors. Mater. Chem. Front. 2017, 1, 2423-2456. [CrossRef]

7. Kim, KH.; Moon, H.R;; Lee, J.; Kima, ].N. Palladium-Catalyzed Construction of Spirooxindoles by Arylative Cyclization of
3-(y,5-Disubstituted)allylidene-2-Oxindoles. Adv. Synth. Catal. 2015, 357, 701-708. [CrossRef]

8.  Trost, B.M.; Cramer, N.; Bernsmann, H. Concise Total Synthesis of (+)-Marcfortine B. ]. Am. Chem. Soc. 2007, 129, 3086-3087.
[CrossRef]

9.  Du, T.-P; Zhu, G.-G.; Zhou, J. A Facile Method for the Synthesis of 3-Alkyloxindole. Lett. Org. Chem. 2012, 9, 225-232. [CrossRef]


https://www.mdpi.com/article/10.3390/catal13060930/s1
http://www.ccdc.cam.ac.uk/structures
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1016/j.bioorg.2015.09.003
https://www.ncbi.nlm.nih.gov/pubmed/26469740
https://doi.org/10.1016/j.ejmech.2017.03.089
https://www.ncbi.nlm.nih.gov/pubmed/28419928
https://doi.org/10.1039/C7CC01973D
https://www.ncbi.nlm.nih.gov/pubmed/28508912
https://doi.org/10.1039/c2cs35100e
https://doi.org/10.1021/acs.macromol.5b02780
https://doi.org/10.1039/C7QM00169J
https://doi.org/10.1002/adsc.201400965
https://doi.org/10.1021/ja070142u
https://doi.org/10.2174/157017812800167420

Catalysts 2023, 13, 930 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lee, HJ.; Lim, JW,; Yu, J.; Kim, ].N. An expedient synthesis of 3-alkylideneoxindoles by Ti(OiPr)4 /pyridine-mediated Knoeve-
nagel condensation. Tetrahedron Lett. 2014, 55, 1183-1187. [CrossRef]

Kise, N.; Sasaki, K.; Sakurai, T. Reductive coupling of isatins with ketones and aldehydes by low-valent titanium. Tetrahedron Lett.
2014, 70, 9668-9675. [CrossRef]

Lu, B.; Ma, D. Assembly of 3-Acyloxindoles via Cul/1-Proline-Catalyzed Intramolecular Arylation of 3-Keto Amides. Org. Lett.
2006, 8, 6115-6118. [CrossRef] [PubMed]

Ueda, S.; Okada, T.; Nagasawa, H. Oxindole synthesis by palladium-catalysed aromatic C-H alkenylation. Chem. Commun. 2010,
46, 2462-2464. [CrossRef] [PubMed]

Jiang, T.-S.; Tang, R.-Y.; Zhang, X.-G.; Li, X.-H.; Li, J.-H. Palladium-Catalyzed Intramolecular 5-exo-dig Hydroarylations of
N-Arylpropiolamides: Thermodynamics-Controlled Stereoselective Synthesis of 3-Methyleneoxindoles. J. Org. Chem. 2009, 74,
8834-8837. [CrossRef] [PubMed]

Parveen, N.; Sekar, G. Palladium Nanoparticle-Catalyzed Stereoselective Domino Synthesis of All-Carbon Tetrasubstituted Olefin
Containing Oxindoles via Carbopalladation/C-H Activation. J. Org. Chem. 2020, 85, 10514-10524. [CrossRef]

Yu, Y.; Shin, J.K.; Seo, ].H. Stereoselective Synthesis of 3-(1,3-Diarylallylidene)oxindoles via a Palladium-Catalyzed Tandem
Reaction. J. Org. Chem. 2017, 82, 1864-1871. [CrossRef]

Tang, S.; Yu, Q.-E; Peng, P.; Li, ] -H.; Zhong, P; Tang, R.-Y. Palladium-Catalyzed Carbonylative Annulation Reaction of 2-(1-
Alkynyl)benzenamines: Selective Synthesis of 3-(Halomethylene)indolin-2-ones. Org. Lett. 2007, 9, 3413-3416. [CrossRef]

Park, J.H.; Kim, E.; Chung, Y.K. Heterobimetallic Cobalt/Rhodium Nanoparticle-Catalyzed Carbonylative Cycloaddition of
2-Alkynylanilines to Oxindoles. Org. Lett. 2008, 10, 4719-4721. [CrossRef]

Miao, B.; Zheng, Y.; Wu, P; Li, S.; Ma, S. Bis(cycloocta-1,5-diene)nickel-Catalyzed Carbon Dioxide Fixation for the Stereoselective
Synthesis of 3-Alkylidene-2-indolinones. Adv. Synth. Catal. 2017, 359, 1691-1707. [CrossRef]

Kamijo, S.; Sasaki, Y.; Kanazawa, C.; Schiifeler, T.; Yamamoto, Y. Oxindole Synthesis through Intramolecular Nucleophilic
Addition of Vinylpalladiums to Aryl Isocyanates. Angew. Chem. Int. Ed. 2005, 44, 7718-7721. [CrossRef]

Miura, T.; Toyoshima, T.; Takahashi, Y.; Murakami, M. Stereoselective Synthesis of 3-Alkylideneoxindoles by Palladium-Catalyzed
Cyclization Reaction of 2-(Alkynyl)aryl Isocyanates with Organoboron Reagents. Org. Lett. 2008, 10, 4887-4889. [CrossRef]
[PubMed]

Miura, T.; Takahashi, Y.; Murakami, M. Stereoselective Synthesis of 3-Alkylideneoxindoles by Rhodium-Catalyzed Cyclization
Reaction of 2-Alkynylaryl Isocyanates with Aryl- and Alkenylboronic Acids. Org. Lett. 2007, 9, 5075-5077. [CrossRef] [PubMed]
Chen, L.; Wu, Z,; Peng, L.; Wang, Q.; Xu, X.; Wang, L. A New Cyclization/Decarboxylation Reaction of Isatins with Acyl Chlorides
for the Facile Synthesis of 3-Alkenyl-Oxindoles. Chin. J. Chem. 2014, 32, 844-852. [CrossRef]

Rashed, M.; Touchy, A.; Chaudhari, C.; Jeon, J.; Siddiki, S.; Toyao, T.; Shimizu, K. Selective C3-alkenylation of oxindole with
aldehydes using heterogeneous CeO, catalyst. Chin. J. Catal. 2020, 41, 970-976. [CrossRef]

Bisht, G.; Pandey, A.M.; Chaudhari, M.B.; Agalave, S.G.; Kanyal, A.; Karmodiya, K.K.; Gnanaprakasam, B. Ru-Catalyzed
dehydrogenative synthesis of antimalarial arylidene oxindoles. Org. Biomol. Chem. 2018, 16, 7223-7229. [CrossRef]

Gopalaiah, K.; Tiwari, A. Synthesis of (E)-3-Alkylideneindolin-2-ones by an Iron-Catalyzed Aerobic Oxidative Condensation of
Csp3-H Bonds of Oxindoles and Benzylamines. Eur. |. Org. Chem. 2020, 2020, 7229-7237. [CrossRef]

Zhao, B.; Shang, R.; Wang, G.-Z.; Wang, S.; Chen, H.; Fu, Y. Palladium-Catalyzed Dual Ligand-Enabled Alkylation of Silyl Enol
Ether and Enamide under Irradiation: Scope, Mechanism, and Theoretical Elucidation of Hybrid Alkyl Pd(I)-Radical Species.
ACS Catal. 2020, 10, 1334-1343. [CrossRef]

Wu, Y.-B,; Lu, G.-P; Yuan, T.; Xu, Z.-B.; Wan, L.; Cai, C. Oxidative trifluoromethylation and fluoroolefination of unactivated
olefins. Chem. Commun. 2016, 52, 13668-13670. [CrossRef]

Cao, H.; Ma, S.; Feng, Y.; Guo, Y,; Jiao, P. Synthesis of 3-nitro ketones from geminal bromonitroalkanes and silyl enol ethers by
visible light photoredox catalysis. Chem. Commun. 2022, 58, 1780-1783. [CrossRef]

Li, Z; Cui, X.; Niu, L.; Ren, Y.; Bian, M.; Yang, X; Yang, B.; Yan, Q.; Zhao, J. An Iron(II) Chloride-Promoted Radical Cascade
Methylation or x-Chloro-f-methylation of N-Arylacrylamides with Dimethyl Sulfoxide. Adv. Synth. Catal. 2017, 359, 246-249.
[CrossRef]

Lin, Q.; Liu, Y,; Xiao, Z.; Zheng, L.; Zhou, X.; Guo, Y.; Chen, Q.-Y.; Zheng, C.; Liu, C. Intermolecular oxidative radical
fluoroalkylfluorosulfonylation of unactivated alkenes with (fluoroalkyl)trimethylsilane, silver fluoride, sulfur dioxide and
N-fluorobenzenesulfonimide. Org. Chem. Front. 2019, 6, 447-450. [CrossRef]

Luo, X,; Fan, Z.; Zhang, B.; Chen, C.; Xi, C. Visible-light-triggered direct keto-difluoroacetylation of styrenes with (fluorosul-
fonyl)difluoroacetate and dimethyl sulfoxide leads to x-difluoroacetylated ketones. Chem. Commun. 2019, 55, 10980-10983.
[CrossRef] [PubMed]

Liang, Y.; Huang, J.; Ouyang, X.; Qin, J.; Song, R.; Li, ]. H. Radical-mediated alkoxypolyhaloalkylation of styrenes with poly-
haloalkanes and alcohols via C(sp3)-H bond cleavage. Chem. Commun. 2021, 57, 3684-3687. [CrossRef] [PubMed]

Zhang, R.; Yu, H.; Li, Z,; Yan, Q.; Li, P; Wu, ].; Qi, ].; Jiang, M.; Sun, L. Iron-Mediated Azidomethylation or Azidotrideuteromethy-
lation of Active Alkenes with Azidotrimethylsilane and Dimethyl Sulfoxide. Adv. Synth. Catal. 2018, 360, 1384-1388. [CrossRef]
Tian, Y;; Ge, Y,; Zheng, L.; Yan, Q.; Ren, Y.; Wang, Z.; Zhang, K.; Wang, Z.; Zhao, J.; Li, Z. A Free Radical Cascade Difunctionaliza-
tion of o-Vinylanilides with Simple Ketones and Esters. Asian J. Org. Chem. 2019, 8, 2188-2191. [CrossRef]


https://doi.org/10.1016/j.tetlet.2013.12.097
https://doi.org/10.1016/j.tet.2014.10.071
https://doi.org/10.1021/ol0625886
https://www.ncbi.nlm.nih.gov/pubmed/17165943
https://doi.org/10.1039/b926560k
https://www.ncbi.nlm.nih.gov/pubmed/20379556
https://doi.org/10.1021/jo901963g
https://www.ncbi.nlm.nih.gov/pubmed/19848384
https://doi.org/10.1021/acs.joc.0c00915
https://doi.org/10.1021/acs.joc.6b02909
https://doi.org/10.1021/ol701450n
https://doi.org/10.1021/ol801978n
https://doi.org/10.1002/adsc.201700086
https://doi.org/10.1002/anie.200502252
https://doi.org/10.1021/ol801844w
https://www.ncbi.nlm.nih.gov/pubmed/18837553
https://doi.org/10.1021/ol7024185
https://www.ncbi.nlm.nih.gov/pubmed/17958437
https://doi.org/10.1002/cjoc.201400320
https://doi.org/10.1016/S1872-2067(19)63515-1
https://doi.org/10.1039/C8OB01852A
https://doi.org/10.1002/ejoc.202001300
https://doi.org/10.1021/acscatal.9b04699
https://doi.org/10.1039/C6CC08178A
https://doi.org/10.1039/D1CC06529G
https://doi.org/10.1002/adsc.201601001
https://doi.org/10.1039/C8QO01192C
https://doi.org/10.1039/C9CC06037E
https://www.ncbi.nlm.nih.gov/pubmed/31453610
https://doi.org/10.1039/D1CC00400J
https://www.ncbi.nlm.nih.gov/pubmed/33725052
https://doi.org/10.1002/adsc.201800078
https://doi.org/10.1002/ajoc.201900591

Catalysts 2023, 13, 930 11 of 11

36. Ge, Y; Tian, Y,; Wu, J.; Yan, Q.; Zheng, L.; Ren, Y.; Zhao, J.; Li, Z.-]. Iron-promoted free radical cascade difunctionalization of
unsaturated benzamides with silanes. Chem. Commun. 2020, 56, 12656-12659. [CrossRef]

37. Tian, Y.; Zheng, L.; Wang, Z.; Li, Z.-].; Fu, W. Metal-Free Electrochemical Oxidative Difluoroethylation/Cyclization of Olefinic
Amides To Construct Difluoroethylated Azaheterocycles. J. Org. Chem. 2023, 88, 1875-1883. [CrossRef]

38. Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3-8. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/D0CC05213B
https://doi.org/10.1021/acs.joc.2c02579
https://doi.org/10.1107/S2053229614024218

	Introduction 
	Results 
	Materials and Methods 
	Materials 
	Methods 

	Conclusions 
	References

