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ABSTRACT: A novel FeCl;-mediated reaction of 3-benzyl-2-
oxindoles with styrene derivatives was developed. The reaction
provided spirocyclohexene oxindoles in good yields and
excellent diastereoselectivities via a tandem radical addition/
cyclization process.

As an important structural unit, spiro-oxindole motifs exist
in a large number of natural products and clinical
pharmaceuticals," which often show a broad range of biological
activities.” Among them, spirocyclohexene(-ane) oxindoles also
show good photophysical and biological activities,” such as
compound A (luminescent), compound B (progesterone
receptor agonist), compound C (spindomycin A), and
compound D (MDM2-PS3 interaction inhibitor) (Figure 1) .
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Figure 1. Examples of biologically active spirooxindoles.

Several methods for the preparation of spirooxindoles have
been developed, including cycloaddition, organocascade
reactions, Prins cyclization, and multicomponent reactions.*
However, there are relatively few reports about the ayplication
of C—H activation in the synthesis of spirooxindoles.” Over the
past decades, selective C—H activation has provided increas-
ingly important innovations for the construction of carbon—
carbon and carbon—heteroatom bonds, as it is more environ-
mentally benign and atom-economic than the conventional
cross-coupling reactions.’ In particular, difunctionalization of
alkenes through selective C—H activation has emerged as a
highly efficient approach to access natural products and
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biologically active molecules, because of their inherently mild
conditions and high functional group compatibility.” Ruck et al.
reported a novel palladium-catalyzed S-exo-trig Heck cycliza-
tion with subsequent functionalization of an unactivated C—H
bond for the synthesis of spirooxindoles.’® Zhu et al. reported
an interesting synthesis of spirooxindoles through palladium-
catalyzed domino carbopalladation/C(sp*)—C(sp®) bond-form-
ing reactions.”” In 2012 Yuan et al. developed an efficient
FeCl;-catalyzed highly stereoselective intramolecular tandem
1,5-hydride transfer/ring closure reaction for the synthesis of a
new class of spirocyclic oxindole tetrahydroquinolines.>* Later
Duan et al. developed a metal-free oxidative spirocyclization of
hydroxymethyl acrylamide with 1,3-dicarbonyl compounds via
tandem sp® and sp® C—H functionalization followed by
intramolecular dehydration.”® However, these approaches
suffered from the use of noble-metal catalysts, commercially
unavailable substrates, or pregeneration of organic halides;
thereby, the method disclosed here complements previous
methods.

Styrene derivatives have been recognized as important
starting materials in synthetic chemistry because of their low
cost and easy availability. Recently we reported a direct
olefination of 2-oxindole with styrene catalyzed by iodine
providing cross-dehydrogenative-coupling (CDC) products
(Scheme 1, eq 1).° Herein, we present an FeCl;-mediated
C(sp®)—H activation of 3-benzyl-2-oxindoles by a sequential
radical addition/cyclization with styrene derivatives for the
direct construction of spirocyclohexene oxindoles (Scheme 1,

eq 2).
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Scheme 1. Reactions between 2-Oxindoles and Styrene
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Initially, the reaction of N-methyl-3-benzyl-2-oxindole 1a and
styrene 2a was selected as a model reaction to produce the
spirooxindole product 3a (Table 1). FeCl; was selected as a

Table 1. Condition Optimization®

Q.
S

FeCl3 (2 equiv)
- .

additive, PhCI

entry additive (equiv) temp (°C) yield of 3a (%)
1 - 130 ND/
2 DMAP (1) 130 79
3 DBU (1) 130 66
4 DABCO (1) 130 40
s Et;N (1) 130 57
6 pyridine (1) 130 S1
7 DMAP (1.5) 130 28
8 DMAP (0.5) 130 24
9° DMAP (1) 130 77
10 DMAP (1) 100 75
11 DMAP (1) 120 70
124 DMAP (1) 130 66
13° DMAP (1) 130 77
14 DMAP (1) 130 60
158 DMAP (1) 130 59
16" DMAP (1) 130 65
17’ DMAP (1) 130 60

“Reaction conditions: a mixture of oxindole 1a (0.2 mmol), styrene 2a
(1 mmol), and FeCl; (0.4 mmol) in PhCI (8 mL) under N, for 7 h.
*Determined by 'H NMR using 1,3,5-trimethoxybenzene as the
internal standard. “FeCl;-6H,0O (0.4 mmol) was used. 94 mL of PhCl
were used. °12 mL of PhCl were used. "Reaction in air. ¥1a:2a = 1:2.
"8 mL of toluene were used. ‘8 mL of 1,2-dichlorobenzene were used.
/ND: not detected.

promoter for this transformation, which was proven to be an
effective catalyst in the radical arylation of 2-oxindole with
arenes in air.” However, no desired spiro-oxindole product 3a
was obtained when FeCl; was used; only polymerization of
styrene was observed (Table 1, entry 1).

It was reported that the addition of base could prohibit the
homopolymerization of styrene.'’ Thus, several organic bases,
including DMAP, DBU, DABCO, Et;N, and pyridine were
examined as an additive (entries 2—6). DMAP exhibited the
best ability for suppressing the homopolymerization of styrene,
resulting in a high yield of 3a (79%, entry 2). Further
experiments demonstrated that the amount of DMAP had a
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significant influence on the yield. When 1.5 or 0.5 equiv of
DMAP was used, the yields dramatically decreased to 28% and
24%, respectively (entries 7 and 8). Interestingly, FeCl;-6H,0
with DMAP also displayed high activity for the reaction of 1a
with 2a, giving 3a in 77% yield (entry 9). X-ray single crystal
analysis of 3a clearly showed a spirooxindole structure and a
chair conformation of the cyclohexene rinlg with the phenyl
group in an equatorial position (Figure 2).1 However, the use

Ha ph
[5 H2|
0
T (0]
3a

Figure 2. X-ray structure of 3a.

of a catalytic amount of FeCly (20 mol %) with DMAP and
DDQ (2 equiv) was not effective for the reaction, but only the
oxidative product of 1a, 4, was obtained in 83% yield. Further
studies revealed that conducting the reaction at 130 °C gave the
best result (entry 2 vs entries 10 and 11). The amount of PhCl
also influenced the yield: 4 and 12 mL of PhCI gave product in
66% and 77% yield, respectively (entries 12 and 13). If the
reaction of 1a with 2a was carried out in air, the yield of 3a was
decreased to 60% (entry 14). Finally, when the amount of 2a
was decreased to 2.0 equiv, the yield of 3a decreased to 59%
(entry 15). Finally, different solvents, including toluene and
1,2-dichlorobenzene, were investigated (entries 16 and 17).
However, no improvement in yield was gained by altering the
solvent. The optimized conditions were employed as follows: a
mixture of 1a and 2a (1:5) with FeCl; (2 equiv) and DMAP (1
equiv) in PhCl at 130 °C for 7 h.

With optimal reaction conditions in hand, various 3-benzyl-2-
oxindoles were used to explore the substrate scope. It was
shown in Scheme 2 that the N-substituent of 2-oxindole
influenced the yield of the spirooxindole product slightly. For
example, both the N-methyl- (1a) and N-benzyl-oxindoles (1c)
gave the corresponding products 3a and 3c in 76% and 75%
yield, respectively, as a single isomer. However, 3-benzyl-2-
oxindole 1b was less reactive, giving product 3b in only 52%
yield as a diastereomeric mixture (dr 13:1). The introduction of
a chloro substituent to the 5- and 6-position of 2-oxindole
afforded the products 3j and 3k in 67% and 72% yield,
respectively. Next we investigated the effects of the substituents
at the meta- and para-positions of the benzyl group. For
example, introducing a methyl and methoxyl group at the para-
position of the benzyl group gave the product 3d in 55% yield
and 3e in 42% yield (dr 13:1). The introduction of chloro and
bromo gave relatively high yields of the corresponding products
3f and 3g in 65% and 62% yield, respectively. 3-(3-
Chlorobenzyl)-2-oxindole gave the product 3h in 51% yield.
Importantly, heterocyclic substituents, for example 1i, also
tolerated the reaction conditions, giving product 3i in 62% yield
as a mixture of two diastereomers (dr 4:1).

Various styrene derivatives were also employed in the
reactions with 1a under the optimized conditions. The spiro-
oxindole products 3l—r were listed in Scheme 3. Different
substituents, either electron-withdrawing or electron-donating
groups, could be used in the reactions with 1la. For example,
para-Me- and para-OAc-phenylethylene gave the product 31
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Scheme 2. Substrate Scope of 3-Benzyl-2-oxindoles
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Scheme 3. Substrate Scope of Styrene Derivatives
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The reaction of disubstituted ethylenes with la exhibited
different reactivities (Scheme 4). When 1-phenyl-2-methyl-

Scheme 4. Scope of Disubstituted Ethylenes
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“Reaction conditions: a mixture of oxindole 1 (1 equiv), disubstituted
ethylene S (S equiv) in the presence of FeCl; (2 equiv) and DMAP (1
equiv) at 130 °C under N, atmosphere was stirred for 7 h. “Isolated
yields.

ethylene Sa and indene Sb were used, spiro-oxindole product
3s and 3t were obtained in the same yield (51%). However,
when 1,2-diphenylethylene 5c¢ was used, compound 6 as the
dimer of la was obtained in 68% vyield, and Sc did not
participate in the reaction at all. For 1,1-disubstituted ethylenes,
the products of carbon—carbon cross-coupling were obtained.
1,1-Diphenyl ethylene Se and 1-phenyl-1-bromoethylene Sf
afforded Heck-type product 7b and 7c in 72% and 44% yields,
respectively. 1-Phenyl-1-methyl ethylene Sd gave the product
7a with the double bond migration.

The thermal ring-opening and rearrangement reaction of
vinylcyclopropane is often used to demonstrate the reaction
trapping through a radical process.'” The reaction of 3-(4-
methylcbenzyl)-2-oxindole 1d with 1-phenylvinylcyclopropane
Sg (1d/Sg = 1:3) under the same reaction conditions provided
the product 8 as the dimer of 1d in 30% vyield and the
cyclopropane ring-opening and rearrangement product 9 in 8%
yield (Scheme S).

On the basis of the above-mentioned results, a mechanism is
tentatively proposed (Scheme 6). First, 3-benzyl-2-oxindole
could tautomerize to its enol form, which is easily oxidized in
the presence of FeCl; to give the corresponding radical E via a
single-electron transfer (SET), while at the same time Fe(II)

and 3m in the same yield (46%). While p-chloro and p-
fluorophenylethylene gave the products in 76% (3n) and 61%
(30, dr 11:1) yields, respectively. The reaction of meta-
bromophenylethylene with 1a provided the product 3p in 71%
yield as a diastereomeric mixture (dr 7:1). 1-Vinylnaphthalene
was compatible under the reaction conditions, giving the
product 3q in 68% vyield, while 2-vinylthiophene was less
effective to give product 3r in a lower yield (30%).
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Scheme 5. Reaction of 1d with 5g
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Scheme 6. Proposed Mechanism
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was formed.”> Second the attack of radical E to styrene
provided radical intermediate F. The intermediate F exhibited a
chairlike transition state with the phenyl group in an equatorial
position and then underwent an intramolecular cyclization to
generate radical G with high diastereoselectivity. Finally, an
Fe(III)-mediated oxidation of the radical intermediate G into
the corresponding carbocation, followed by the loss of HT,
affords the desired spiro-oxindole products.

In summary, we have developed an efficient approach for the
stereoselective synthesis of spirocyclohexene oxindoles by
FeCl;-mediated reactions of 3-benzyl-2-oxindoles with styrene
derivatives through a radical addition/cyclization process.
C(sp*)—C(sp®) and C(sp’)—C(sp?) bonds are formed in

tandem reactions with excellent diastereoselectivity.
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