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ABSTRACT
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H, halogens, Me

R® = H, halogens, Me, NO5; R?, R* = Me, Bn, Ar

The reaction of phenyliodine bis(trifluoroacetate) (PIFA) with a series of anilides 1 (E = CO,Et) in CF;CH,OH was found to give 3-hydroxy-2-
oxindole derivatives 2, while that with various anilides 1’ (E = CON(R*)Ar) afforded the C,-symmetric or unsymmetric spirooxindoles 3. These
processes feature a metal-free oxidative C(sp?)—C(sp°®) bond formation, followed by oxidative hydroxylation or spirocyclization.

Over the past two decades, the chemistry of hypervalent
iodine organic compounds has experienced prosperous
development.' Especially, iodine(III) derivatives, such as
phenyliodine(III) diacetate (PIDA) and phenyliodine(I11)
bis(trifluoroacetate) (PIFA), have been successfully ap-
plied to the construction of heterocycles via intramolecular

C—N_2N-=N,?or N—S*bond formation. In recent years, it
was found that they could also be used in the formation of
C—C bonds, without the need for a transition metal. While
most of these reactions involve the intra- or intermolecular
C(sp®)—C(sp°) bond formation that can lead to spirodienones’
or biaryl compounds,® there are only a few examples that
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describe the metal-free, iodine(III) oxidant-mediated
C(sp>)—C(sp?) formation in the construction of
heterocycles.’

Scheme 1. Proposed Route to Access Oxindoles Based on the
Previously Reported PIDA-Mediated Synthesis of Indoles
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The oxindole skeleton is widely found in natural prod-
ucts and pharmaceutically active compounds.® Anilide
derivatives have been vastly applied as substrates in the
syntheses of oxindoles via transition-metal-catalyzed and -
mediated processes through C—C bond formation be-
tween C(3)—C(3a).” The employment of PhI(OAc), along
with stoichiometric I, on N-alkyl-N-arylacrylamide deri-
vatives has provided an alternative metal-free access to this
important type of heterocycle, with concurrent introduc-
tion of two iodine atoms.'? To the best of our knowledge,
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there are few examples describing the construction of
oxindole rings from anilide derivatives via C(sp*)—C(sp°)
bond formation by using iodine(IIT) reagents as the sole
oxidant.”® We report herein a novel approach for construct-
ing the naturally occurring and biologically important
3-hydroxy-2-oxindole'' and spirooxindole'? skeletons via
PIFA-mediated tandem oxidation of anilide derivatives.

In our previous work, we successfully realized the for-
mation of the indole framework (C) by PIDA-mediated
oxidative ring closure of N-aryl enamine compounds (A),
in which the NH was proposed to be oxidized by PIDA
involving a N—I intermediate B (Scheme 1, eq 1).” Inspired
by this, we envisaged that the enol form tautomer of anilide
derivatives D may very well undergo a similar process in the
presence of an iodine(IlI) oxidant but via an O—I inter-
mediate E to realize a C(sp*)—C(sp?) bond formation and
give the oxindole compounds (Scheme 1, eq 2).

Table 1. Optimization of Reaction Conditions”

CO,Et HO, CO,Et
©\ L oxidant m
_—
N 0 solvent N 0
|
1

a 2a

concn t time  yield

entry  oxidant solvent (mol/L) (°C) (h) (%)°
1¢ PIDA DCE 0.20 60 6 23
2 PIDA DCE 0.20 60 4 44
3 PIFA DCE 0.20 60 3 55
4 PhIO DCE 0.05 rt 24 22
5 PIFA MeCN 0.20 60 5 60
6 PIFA toluene 0.20 60 5 50
7 PIFA EtOH 0.20 60 5 20
8 PIFA EtOAc 0.20 60 5 45
9 PIFA TFE 0.20 60 1 60
10 PIFA TFE 0.20 rt 1 67
11 PIFA TFE 0.10 rt 1 75
12 PIFA TFE 0.05 rt 1 83
134 PIFA TFE 0.05 0—rt 1 50

“Reaction conditions: 1a (1.0 mmol), oxidant (2.2 mmol) in solvent
unless otherwise stated. ® Isolated yields. € 1.3 equiv of PIDA was used.
“BF;-Et,0 (10 mol %) was added.

Ethyl 3-(methyl (phenyl)amino)-3-oxo-propanoate 1la,
readily prepared via condensation of N-methylaniline with
monoethyl malonate,'® was chosen as the model substrate
to probe the feasibility of the proposed conversion. We
were pleased to find that the reaction of 1a with PIDA,
under the conditions for the conversion of A to C, success-
fully afforded 3-hydroxy-2-oxindole 2a (Table 1, entry 1),
which implies that not only the expected C—C bond
formation occurred but also a second oxidative hydroxyla-
tion was also realized. Since at least 2 equiv of the oxidant
were required for the process, the dosage of PIDA was
increased from 1.3 to 2.2 equiv, and the yield was raised
accordingly (Table 1, entry 2). Switching PIDA to other

(13) Wee, A. G. H.; McLeod, D. D. Heterocycles 2000, 53, 637.
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Table 2. Synthesis of 3-Substituted-3-hydroxy-2-oxindoles by

PIFA“
R%__CO,Et HO,
Z SN0 TFE, rt LA
R? R2
1 2
entry anilide 1 product 2 yield (%)°
R'@ LCOzEt o @\H%/::OZE(
1 N
1 1a(R'=H) 2aR!'=H) 83
2 1b (R =4-Cl) 2b (R' = 5-Cl) 90
3 1c (R'=3-F) 2¢ R'=6-F) 70
4 1d (R! = 4-Me) 2d (R' = 5-Me) 56
1_ 2e (R' =5,6-Me) .
5 1e (R" =3,4-Me) 2¢' (R' = 4,5-Me) 69
CO,Et HO_ _co,Et
N ] N™ ™0
Bn Bn
6 1f (R =H) 2f (R =H) 65
7 1g (R>=4-Br) 2g (R*=5-Br) 80
Lcoza HO_ _co,Et
8 C N0 C :r;l: ;o 65
Ph Ph
1h 2h
CO,Et HO_ _co,Et
9 C ‘QILO mo 68
Tol Tol
1i 2i
ot R HO_ _co,Et
S Wt
10 \©\N’£O 24 ° 55¢
)
Ph 2j (R* =Me, R*=Ph)

2j' (R*=H, R*=Tol)

1j
@Icoza : : CO,Et
11 lil 0 o) 0

Y
1k 2k
HO.__CO,Et HO, _co,Et
12 Q\TIO ©\?’;o 0
11 2a

COLEt HO_ _co,Et
13¢ C :lil: ;o : rlq ;o 65

1m 2a

“General conditions: 1 (1.0 equiv), PIFA (2.2 equiv) in TFE at rt
unless otherwise stated. ” Isolated yields. ¢ 2e was obtained in 42% yield,
with the other isomer being isolated in 27% yield. ¢ The two regioisomers
were inseparable, 2j/2j = 3:1. “Im (1.0 equiv), PIFA (1.2 equiv) in
TFE, rt.

iodine(IIl) oxidants, namely, PIFA and PhI=0, shows
that PIFA afforded the best yield (Table 1, entries 2—4).
Solvent screening experiments revealed that the reaction in
trifluoroethanol (TFE) gave the best yield in the shortest
time, even at rt (Table 1, entries 5—10). Further study
showed that when the concentration of 1a was lowered
from 0.20 to 0.10 and 0.05 mol/L, the yield gradually
improved due to less byproducts being formed during the
reactions (Table 1, entries 10—12). Attempts to further
increase the yield by the use of BF5- Et,O were unsuccessful.

Under the optimal reaction conditions (Table 1, entry 12),
we explored the scope and limitations of this newly devel-
oped method by using various substituted anilides, bearing
a terminal ethoxycarbonyl functionality. Anilides with weak
electron-withdrawing groups (Cl, F) at the para or meta

2212

Table 3. Synthesis of Spirooxindoles by PIFA“

R4
2, .e
o
R1\©\ ﬁry PIFA 2.2 equiv) R R3
NS0 R TFE, 1t O N
R? R?
1 3
entry R! R? R? R* product 3 yield (%)°
1 H Me H Me 3a 75
2 Cl Me Cl Me 3b 60
3 H Bn H Bn 3c 65
4 H Ph H Ph 3d 63
5 H Me H Bn 3e 53
6 H Me Me Me 3f 50
7 H Me Cl Me 3g 60
8 H Me NO, Me 3h 40

“General conditions: See Table 2. * Isolated yields.

position of the phenyl ring reacted smoothly to afford the
expected oxindoles 2b—c in desirable yields, while the yields
for substrates bearing electron-donating methyl group(s)
were relatively lower (2d—e). In the case of a substrate
bearing 3,4-dimethyl substituents, two regioisomeric pro-
ducts were formed. The substrates can also be extended to
N-benzylated and N-arylated substrates, with no obvious
effect on the yields (Table 2, entries 6—10), except for
substrate 1j, where two inseparable regioisomers were
formed. The structure of 2¢ was further established by
X-ray crystallography (see Supporting Information), which
unambiguously confirmed the structure of the obtained
3-hydroxy-2-oxindole compounds.

In order to understand the reaction in more detail,
anilides 1k—1m were examined for the oxidative cycliza-
tion. Unfortunately, however, no cyclized product was
detected when either anilide 1k or 11 was treated with
PIFA under the optimal conditions whereas precyclized
oxindole 1m gave the hydroxylated oxindole 2a in 65%
yield (Table 2, entries 11—13). The unsuccessful cyclization
of 11 and the successful hydroxylation of 1m clearly
indicate the reaction process adopts a sequence of oxdida-
tive C(sp?)—C(sp®) bond formation with the subsequent
oxidative hydroxylation.

To our delight, when the ethoxycarbonyl group in the
substrate was switched to an arylaminocarbonyl group,
the corresponding N',N°-diphenylmalonamides 1’ were
conveniently converted to the spirooxindoles 3 under the
described conditions (Table 3). This result clearly indicates
that the oxidative spirocyclization was realized after the
expected C—C bond formation. The C,-symmetric spir-
ooxindoles 3b—d can be achieved by introducing a halogen
atom to the phenyl rings or using the N-benzylated and N-
arylated substrates. Furthermore, the C,-unsymmetric
spirooxindoles 3e—h can also be realized by installing
different substituents to the N-atom or phenyl ring. It is
worth noting that the presence of a strong electron-with-
drawing nitro group was also applicable to the method. In
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Table 4. Oxidative Hydroxylation of 4“
HO._E
A o
RZ
5

O\ L _PIFA 22 equiv)_
~ e

entry R! R? E product 5 yield (%)°
1 4-N02 Me CO2Et 5a 90
2 2-Br Me COsEt 5b 75
3 H Bn COMe 5¢ 80
4 H Me  CON(n-Pr), 5d 53

“ General conditions: See Table 2. ? Isolated yields.

all of the above cases, no corresponding 3-hydroxy-2-
oxindole compound was detected during the process.
However, when the substrate in 1a is a para-methoxy
group on the phenyl ring, no desired 3-hydroxy-2-oxindole
product was obtained (not shown). Surprisingly, for ani-
lide with a para-NO, or an ortho-Br substituent, uncyclized
hydroxylated products (5a, Sb) were formed as illustrated
in Table 4."* Furthermore, when the ethoxycarbonyl group
was changed to the acetyl group or alkylaminocarbonyl
group, hydroxylated products 5¢ and 5d were formed
respectively (Table 4). No cyclized products were detected
when these hydroxylated products (5a—d) were heated at
reflux, even in the presence of a Lewis acid (BF5: Et,O) or
Bronsted acid (TFA). These results further imply that the
formation of cyclized 3-hydroxy-2-oxindole does not go
through the hydroxylated intermediate. Disappointingly,
when the ethoxycarbonyl group in 1a was replaced with a
cyano group, the corresponding substrate was inert under the
identical conditions, even at reflux temperature (not shown).
Based on the experimental results, a plausible mechan-
istic sequence is proposed for this PIFA-mediated tandem
oxidation process (Scheme 2). First, the nucleophilic at-
tack on the iodine center by the carbonyl oxygen in 1a
affords intermediate G, with the release of a trifluoroace-
tate anion. Then the capture of the acidic o-proton by the
generated trifluoroacetate transforms the imine salt G into
enamine H. Next, the electrocyclic ring closure,’® along
with the concomitant cleavage of the I—O bond, occurs in
H, with subsequent aromatization by the loss of a proton
to afford the oxindole I. Consistent with the experimental
result, the unsuccessful cyclization of 4a might result from
the delocalization of the electron pair on the amino group
into the nitro group through resonance, thus preventing
this step from taking place and resulting in the uncyclized
product (5a). Further oxidation of I by PIFA adopts a

(14) For recent acetoxylation of anilide using PIDA, see: Liu, W. B.;
Chen, C.; Zhang, Q.; Zhu, Z. B. Beilstein J. Org. Chem. 2011, 7, 1436.

(15) Control experiments indicate that H,O is not necessary for the
process.

(16) This spirocyclization proccess may also adopt an intramolecular
Friedel—Crafts reaction; for such an example, see: England, D. B.;
Merey, G.; Padwa, A. Org. Lett. 2007, 9, 3805.
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Scheme 2. Proposed Mechanism
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\
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similar sequence as described above to give the intermedi-
ate J. The nucleophilic attack of the trifluoroacetate anion
on the sp® carbon center that is connected with the
ethoxycarbonyl group regenerates the oxindole K, which
realizes the trifluoroacetoxylation of oxindole I. Finally,
the alcoholysis'® of the trifluoroacetic ester group affords
the hydroxylated oxindole 2a (Scheme 2, path a). As to the
spirolization observed in the conversion of 1" to 3, we
propose a second intramolecular ring-closure reaction
takes place between the phenyl ring in the side chain in
L, assisted by the adjacent amino group, and the electron-
deficient sp? carbon, along with the cleavage of the
O—I bond. The formed intermediate G undergoes
further proton loss to furnish the spirooxindole 3a
(Scheme 2, path b).'®

In summary, we have shown a novel metal-free synthesis
of 3-hydroxy-2-oxindoles and spirooxindoles via a PIFA-
mediated cascade oxidation of anilide derivatives that bear
an appropriate a-alkoxycarbonyl or a-arylaminocarbonyl
group. These processes feature the oxidative cross-coupling
of an sp” carbon with a side-chained sp* carbon, followed by
further oxidative hydroxylation or spirocyclization. On-
going studies are in progress to find proper oxidative
conditions for the other unsuccessful anilide derivatives
using such an iodine(Ill)-mediated C—C bond strategy.
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