Synthetic Methods

Angewandte
itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201306532

Palladium-Catalyzed Through-Space C(sp*)—H and C(sp*)—H Bond
Activation by 1,4-Palladium Migration: Efficient Synthesis of [3,4]-

Fused Oxindoles**

Tiffany Piou, Ala Bunescu, Qian Wang, Luc Neuville, and Jieping Zhu*

Oxindoles are highly valuable synthetic targets because of
their presence in numerous natural products, pharmaceuti-
cals, and agrochemicals.l'! Although a plethora of strategies
has been developed for the synthesis of spirooxindoles,
methods allowing rapid access to the no less important
[3,4]-fused oxindoles® remain scarce.’! Transition-metal-
catalyzed C—H functionalization has emerged recently as
a powerful tool for the synthesis of heterocycles.!l Despite
recent major advancements, palladium-catalyzed functional-
ization of non-activated C(sp*)—H bonds is still an important
challenge.”™ In continuation of our current research on the
development of domino processes incorporating a C—H
functionalization,”” and more specifically a C(sp*)—H activa-
tion step,'”) we became interested in the transformation of the
anilides 1 into the [3,4]-fused oxindoles 2. The underlying
principle is shown in Scheme 1. Oxidative addition of 1 to
palladium(0) and subsequent intramolecular carbopallada-
tion gives the o-alkyl/Pd" intermediate A. This palladium
species is ideally positioned to activate the neighboring
aromatic C(sp?)—H bond, thus leading to the five-membered
palladacycle B. A formal proton transfer from B results in
a net 14-palladium shift!! from the alkyl to the aryl
position.">¥ The so generated Pd'"/aryl species C, after C—
C bond rotation, is expected to activate the neighboring C4
methyl group to furnish the seven-membered palladacycle D.
Reductive elimination finally affords the tetracyclic oxindole
2 with concurrent regeneration of the palladium(0) species.

To realize this projected domino process, several chal-
lenges needed to be addressed: a) Finding reaction conditions
to accommodate every elementary step could be a dilemma.
Indeed from the perspective of ligand selection, it is known
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Scheme 1. Synthesis of [3,4]-fused oxindoles by a domino carbopalla-
dation/1,4-palladium migration/C(sp®)—H activation sequence. For the
sake of simplicity, a hypothetical concerted metalation—deprotonation
(CMD) mechanism®? was drawn for C—H activation steps. Ligands on
palladium were omitted for clarity.

that bidentate phosphine ligands are generally preferred for
migration processes,'¥ whereas electron-rich and bulky
monodentate phosphine ligands are ideal for C(sp’)—H
activation.’! b) Very few examples of six-membered-ring
formation by C(sp*)—H activation/C—C bond formation are
known.' ¢) Formation of the benzocyclobutane!’® from B
instead of palladium migration might also be a competitive
side reaction.

Keeping these considerations in mind, reaction conditions
were surveyed using the easily accessible N-(2-bromo-3-
methylphenyl)-N-methyl-2-phenylacrylamide  (1a-Br) as
a test substrate.'"”) After an extensive survey of reaction
conditions (see the Supporting Information), a combination
of Pd(OAc),, PCy;-HBF,, and CsOPiv('"®l in DMA was found
to be effective, thus affording 2a in 55% yield (Table 1,
entry 3). Importantly, we found that the yield of 2a increased
significantly when a tertiary amine was introduced as an
additive (entries 6-9), with N,N-diethylaniline being the best.
Under the optimum reaction conditions found, the [3,4]-fused
oxindole 2a was isolated in 84 % vyield (entry 8).") Interest-
ingly, a chloroanilide (1a-Cl) was a competent substrate to
afford 2a in 65 % yield (entry 10). Conversely, a iodoanilide
(1a-1) was a bad substrate, thus producing the desired product
2ain only 13 % yield (entry 11).
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Table 1: Reaction optimization.?!

: 0
C[X o Pd(OAc), (0.1 equiv) .
ligand (0.2 equiv) Me
8 e D
l\llle base (2.0 iquiv) I\N/I
1a-X: X =Cl, Br, | DMA 140G 2a ¢
Entry Ligand Base(s) X Yield [%]®
1 dppm CsOPiv Br n.d.
2 PPh, CsOPiv Br 53
3 PCy,-HBF, CsOPiv Br 55
4 PCy,;-HBF, Cs,CO;, Br trace
5 PCy,-HBF, CsOPiv/Cs,CO, Br trace
6 PCy,-HBF, CsOPiv/N (nBu),! Br 75
7 PCy;-HBF, CsOPiv/PMPH Br 63
8 PCy;-HBF, CsOPiv/PhNEt, Br 84
9 PCy;-HBF, CsOPiv/DBUY Br 51
10 PCy,-HBF, CsOPiv/PhNEt, cl 65
1 PCy;-HBF, CsOPiv/PhNEL, I 13

[a] Reactions were carried out under an argon atmosphere in DMA,
¢=0.1 M. [b] Yield of isolated product. [c] Low conversion. [d] 1:1 ratio.
Bu=butyl, Cy=cyclohexyl, DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene,
DMA = N,N-dimethylacetamide, dppm = bis(diphenylphosphino)me-
thane, OAc = acetate, Ph = phenyl, Piv=pivalate, PMP = pentamethyl-
piperidine; n.d. = not determined.

With these optimized reaction conditions in hand [Pd-
(OAc), (0.1equiv), PCy;HBF, (0.2equiv), CsOPiv
(2.0 equiv), and N,N-diethylaniline (2.0 equiv) in DMA at
140°C], the scope of the domino process was investigated.
The structural variants on the aniline (ring A) were examined
first (Scheme 2). The use of a tertiary amide was proven to be
essential to ensure the occurrence of the domino process and
double cyclization of N-benzyl, N-para-methoxybenzyl, N-
phenyl, and N-2-(trimethylsilyl)ethoxy)methyl anilides took
place without event to provide the corresponding oxindoles

: g
R3
o X reaction ‘
R2—1—p conditions(@ N Me
P4 > 2 |
N Re—A o
R Z N

1 2 R
O 2bR'=Bn, 88% O
. Me 2cR'=PMB, 94% MeO Me
O O 2dR'=Ph, 87% O o]
N 2e R' = SEM, 94% Ne
R' 2f 54 %
g SN e
. Me ‘ Me ‘ Me
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Me N N
ve Me NC Me Me
29 42% 2h 68% 2i not observed

Scheme 2. Reaction scope: varying the aniline unit (ring A). [a] Pd-
(OAc), (0.1 equiv), PCy;-HBF, (0.2 equiv), CsOPiv (2.0 equiv), N,N-
diethylaniline (2.0 equiv) in DMA at 140°C. Yields are those for the
isolated product. PMB = para-methoxybenzyl, SEM = 2-(trimethylsilyl)-
ethoxy]methyl.
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(2b-e) in excellent yields. In these cases, the carbopalladation
and the subsequent domino process was apparently faster
than the alternative direct aromatic C(sp*)—H functionaliza-
tion as the competitive formation of phenanthridine and
carbazole was not observed in these cases””! Electron-
donating and electron-withdrawing groups located ortho,
meta, or para to the nitrogen atom were all well tolerated (2 f-
h). However, an attempt to prepare 2i by activation of
a methylene group failed.

The influence of the substitution on the o-aryl unit
(ring B) was next investigated (Scheme 3). Substituents at the
para position, regardless of their electronic nature (methyl,
phenyl, methoxy, and fluoro), exerted a marginal effect on the
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Scheme 3. Reaction scope: varying the a-aryl unit (ring B). [a] Standard
reaction conditions are detailed in Scheme 2. Yields are those for the
isolated product. [b] Only the major regioisomer is represented. The
ratio was determined by '"H NMR analysis of the crude reaction
mixture. [c] Used 0.2 equiv of Pd(OAc),.

outcome of the reaction and provided tetracyclic [3,4]-fused
oxindoles (2j—m) in excellent yields. Two regioisomers could
be produced in the case of meta-substituted substrates.
However, regioselectivity was found to be substituent-
dependant. With a meta-methyl substituent, the cyclization
occurred preferentially at the less hindered position to afford
2n in excellent yield and regioselectivity (2n/2n’=92:8).
Similarly, the f-naphthal-substituted substrate afforded 20 as
a major product. In contrast, with substrates having a meta-
oxygen substituent, the regioselectivity changed, thus leading
to the more hindered tetracyclic compound 2p as the major
product (2p/2p’ =95:5). The increased acidity of the ortho
C(sp’)—H in conjunction with the chelating effect of the
oxygen atom could account for the change in regioselectivity.
The 3,5-difluorophenyl substrate was compatible with the
reaction conditions and afforded 2q in 83 % yield. However,
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substitution at ortho-position is detrimental to the reaction
(2r), most probably because of the steric hindrance.

To further explore the generality of the present domino
process, the o,fB-disubstituted acrylamide derivative 1s was
submitted to our standard reaction conditions (Scheme 4).

2t R = p-methyl, 77%

2u R = m-methyl, 73%
2v R = p-fluoro, 79%
2w R = m-methoxy, 66%
2x R = 2-naphthyl, 64%

Scheme 4. Chemoselective activation of C(sp®)—H over C(sp?)—H: syn-
thesis of 3-benzyl substituted [3,4]-fused oxindoles. [a] Standard reac-
tion conditions are detailed in Scheme 2. Yields are those for the
isolated product.

Mechanistically, the intermediate E, generated by intramo-
lecular carbopalladation and 1,4-palladium migration, could
activate either the neighboring C4 methyl C(sp*)—H (path a)
or the aromatic C(sp?’)—H (pathb), thus leading to the
formation of the [3,4]-fused tetracycle 2s and spirooxindole
3, respectively. In both cases seven-membered palladacycles
(F and G) are formed. Interestingly, 2s was formed exclu-
sively (80%) at the expense of 3. These results are surprising
since activation of C(sp?)~H bonds (path b) are generally
favored over C(sp’)~H bonds (patha).”"! This unusual
chemoselectivity pattern turned out to be general under our
reaction conditions. As shown in Scheme 4, [3,4]-fused tetra-
cycles (2t—x) were formed exclusively from the corresponding
anilides regardless of the electronic property of the substitu-
ent in the aromatic ring (ring C).

However, when substrates allowed the reaction going
through a six-membered palladacycle intermediate, reductive
elimination prevailed over the alternative 1,4-palladium
migration process. As shown in Scheme 5, 1y and 1z were
converted into the corresponding spirocycles 4 and 5 by
C(sp®)—H and C(sp*)—H bond activations, respectively.*!

Significant deuterium loss and deuterium scrambling were
observed when the deuterated substrates [D,]-1a and [Ds]-1a

Angew. Chem. Int. Ed. 2013, 52, 1-6
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Scheme 5. Direct C—H activation prevailed over 1,4-palladium migra-
tion. [a] Standard reaction conditions as detailed in Scheme 2. Yields
are those for the isolated product.

were subjected to the standard reaction conditions
(Scheme 6). These results clearly indicated that both 14-
palladium migration and C(sp®)—H activation were reversi-
ble.”! The partial deuterium loss can be explained by proton
exchange between palladium(Il) intermediates (B and D,

9N
. H/D
O H1 4D1s

Ve
[Dzl 13
(6/4)
H/D (1)
H/D
CHz 8Do2
[Dsl-1a a”

Scheme 6. Isotope-labeling experiments. [a] Standard reaction condi-
tions as detailed in Scheme 2.

Scheme 1) and the reaction media. These observations made
the kinetic studies very difficult and inconclusive (for addi-
tional kinetic isotope effect studies, see the Supporting
Information).l?*

In conclusion, we developed a novel palladium(0)-cata-
lyzed carbopalladation/1 4-palladium shift by a C(sp*)—H
bond activation/C(sp*)—H bond activation/C—C bond-form-
ing process. The C(sp’)—H activation went through a rare
seven-membered palladacycle intermediate which occurred
chemoselectively in the presence of a competitive C(sp®)—H
bond. The reaction allows an efficient synthesis of tetracyclic
[3,4]-fused oxindoles in high yields from simple starting
materials. Preliminary mechanistic studies demonstrated the
reversibility of both the 1,4-palladium migration and C(sp®)—
H activation processes under the reaction conditions.

Experimental Section

N-(2-Bromo-3-methylphenyl)-N-methyl-2-phenylacrylamide (1a-Br;
20.0 mg, 0.061 mmol, 1.0 equiv) was charged into a tube equipped
with a stirring bar and was introduced into a nitrogen filled glovebox.
Pd(OAc), (1.4mg, 0.006 mmol, 0.1equiv), PCy;HBF, (4.5mg,
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0.012 mmol, 0.2 equiv), and CsOPiv (28.7 mg, 0.122 mmol, 2.0 equiv)
were added, followed by degassed N,N-dimethylacetamide (1.6 mL,
¢=0.1m) and N,N-diethylaniline (20.0 uL, 0.122 mmol, 2.0 equiv).
The resulting mixture was stirred for 3 min at room temperature and
then overnight in a preheated oil bath at 140 °C. The reaction mixture
was partitioned between ethyl acetate and aqueous HCI solution
(1.0N). The aqueous layer was extracted with ethyl acetate and the
combined organic extracts were washed with water, aqueous NaOH
solution (1.0N), and brine, and then dried over anhydrous sodium
sulfate and concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (petroleum
ether/ethyl acetate 95:5) to afford 2,10b-dimethyl-6,10b-
dihydronaphtho[1,2,3cd]indol-1(2H)-one 2a (12.7 mg, 84 %).
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o Pd(OAc), (0.1 equiv) K P
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r— 7 @ 2 _Re e R?
A N X CsOPiv (2.0 equiv) R T o
re Al PhNEt, (2.0 equiv) N
R3 DMA, 140 °C R!

23 examples, up to 97% yield

Palladium two step: Linear anilides were
converted into the title compounds in
good to excellent yields through a palla-
dium-catalyzed domino carbopallada-
tion/1,4-palladium shift sequence. The

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

C(sp®)-H activation involves a seven-
membered palladacycle, and is chemo-
selective in the presence of competitive
C(sp>)—H bonds. DMA = N,N-dimethyl-
acetamide, OPiv = pivalate.
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