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Abstract: Catalytic, selective, and controlled oxidative func-
tionalization of C—H bonds using molecular oxygen as an
oxidant remains highly desirable and equally challenging in the
development of synthetic methodologies. Presented herein is
a one-pot oxygenase cascade reaction wherein a copper(l)-
catalyzed oxygenase reaction transforms the allylic methyl
group in 3-methylidene oxindoles into an aldehyde, which then
undergoes an aldol-oxa-Michael addition sequence with f-
ketoesters to yield dihydrofuran-bearing oxindoles.

N ature remains a source of inspiration for organic chemists
to develop efficient and cleaner synthetic methods directed
towards greater molecular complexity.!! Amongst the most
challenging transformations that remain underdeveloped in
a synthesis laboratory, are selective oxidative functionaliza-
tions of C—H bonds, despite the fact that such reactions are
beautifully exploited by nature in the biogenesis of natural
products.”! For its abundance, low cost, and lack of toxic
byproducts, molecular oxygen is an ideal oxidant for these
transformations. In the biosynthesis of natural products,
generally two types of metalloenzymes catalyze the oxida-
tions:P! 1) oxidases that couple the reduction of O, to H,O or
H,0, during the oxidation of a diversity of substrates, and
2) oxygenases that catalyze the transfer of an oxygen atom
from molecular dioxygen to organic substrates.*! For instance,
generation of the polycyclic taxane precursor 2 from acyclic
tetraene 1 is followed by introduction of a 5-a-hydroxy group
(3) by a cytochrome-P450-dependent hydroxylase-mediated
oxygenase reaction (Scheme 1a).! TET (ten eleven translo-
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Scheme 1. a—c) Different bio- and synthetic oxygenase transformations.
d) A retrosynthetic design based on oxygenase cascade sequence
leading to complex oxindoles.

cation) proteins induce oxidation of 5S-methylcytosine (4) into
5-hydroxymethylcytosine (5) and 5-formylcytosine (6, Sche-
me 1b)!®! which undergoes decarboxylation and thereby
induces DNA demethylation as an epigenetic control.” A
large class of oxidase and oxygenase enzymes contains copper
metal in their active sites to bind and activate O,.! This
reactivity has inspired the development of biomimetic
copper-catalyzed oxidative reactions, for instance, oxidation
of an alcohol to an aldehyde and/or acid. However, oxygen-
ative C—H functionalizations remain exceptional® and are
often challenged by selectivity and efficiency problems (for
instance, 7—8+9, Scheme 1¢).”! In particular, oxygenative
transformation of the allylic methyl group into an aldehyde, in
general, remains unprecedented (10 —11, Scheme 1c¢). How-
ever, rationally designed activated substrates which could
bind to metal centers might provide desired oxygenase
reactions and a,f3-unsaturated aldehydes for further applica-
tions in organic synthesis (Scheme 1d).1""

In a research program aimed to build natural-product-
inspired compound collections,"!] we seek highly concise
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complexity-generating transformations such as cascade- or
domino-reaction-based synthetic strategies."?! A significant
and unaddressed challenge in this field is to develop catalytic
transformations which employ nontoxic and inexpensive O,
to generate, in situ, a functionality which could be explored in
a cascade reaction to build molecular complexity. Herein we
describe the first oxygenase cascade involving two sequential
catalytic cycles occurring in a one-pot method. The first
copper-catalyzed oxygenase reaction converts the allylic
methyl group in 3-methylidine oxindoles into the correspond-
ing aldehyde, which undergo the base-catalyzed aldol/oxa-
Michael addition sequence with -ketoesters to yield sp*-rich
dihydrofuran-bearing oxindoles.

The oxindole scaffold represents a biologically relevant
molecular framework embodied by numerous bioactive
natural products.”® To develop an oxygenative cascade
route to complex oxindoles, we envisioned that a direct allylic
oxidation of the methyl group in 12 into the aldehyde 13
would provide a substrate amenable to various cycloaddition
and annulation reactions (Scheme 1d). To first establish the
oxygenase reaction, we explored ethyl (E)-2-(2-oxoindolin-3-
ylidene)propanoate (12a) as a substrate for oxidation to the
aldehyde (E)-13a. Various metal salts in the presence of
molecular oxygen and a base were explored before discov-
ering the optimal combination to provide the desired
aldehyde (E)-13a (Table 1).

Copper(IT) and magnesium(II) salts did not show the
desired oxidation of 12a in the presence of pybox (A) and
(dimethyl)Box (E) along with DIPEA as the base (entries 1—
4, Table 1). The biological relevance of ligated copper(I)
complexes, which many oxygenase enzymes smartly exploit to
activate oxygen, motivated us to turn to copper(I) salts. Very
encouragingly, copper cyanide and the ligand B (5-Ph-4-Me-
Pybox) led to the desired aldehyde 13a in high yield and
moderate selectivity for (E)-13a (entry 5, Table 1). Screen-
ing of more copper(I) salts with A and B (entries 5-10)
revealed [Cu(CH;CN),]PF; as the best metal salt for this
reaction, thus yielding (E)-13a in good yield and high
stereoselectivity (entry 10). Racemic pybox was as good as
enantiopure for this oxygenase catalysis (entry 11). Reducing
the amount of DIPEA to 5 mol % reduced the yield for (E)-
13a by more than 35% (entry 12). Other bases exhibited
lower efficiencies (entries 13 and 14). In the absence of any
base, only a small amount of aldehyde was obtained
(entry 15). Some other pyridine-based ligands, for instance,
pyridine, bipyridine (F), and phenanthroline (G) provided
only moderate yields and stereoselectivities (entries 16-18).
Among the pybox-based ligands, iPr-Pybox (C) as well as
indeno-Pybox (D) proved to be less stereoselective and
efficient than A (entries 19 and 20). Dimethyl-Box (E) did not
provide any oxidation reaction (entry 21), thus indicating the
significance of pyridine ligation in the copper complex.
CH,Cl, was the best solvent among those tested (entries 22—
24). For its commercial availability, we preferred enantiopure
A over the equally effective (rac)-A for synthesis of 13 and
further optimization of the oxygenase cascade. A couple of
aldehydes (13a—c) were synthesized separately in very high
yields (62-78 %, E/Z 7:1 to 11:1; see the Supporting Informa-
tion) before optimizing the complete oxygenase cascade, that
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Table 1: Copper-catalyzed oxygenase synthesis of ethyl (E)-3-oxo-2-(2-
oxoindolin-3-ylidene) propanoate.”

E0,C HH catalyst (5 mol%), Eoc_ f
~ { W e C%/ -
o) o
N RT, 12 h, O, (ballon) N
H H
12a 13a
Entry Metal Ligand Solvent Base Yield E/z¢
(%]
1 Cu(OTf), A CH,Cl, DIPEA nr. -
2 Cu(OTf), E CH,Cl, DIPEA n.r.
3 Mg(OtBu), A CH,Cl, DIPEA nr. -
4 Mg(OtBu), E CH,Cl, DIPEA nr. -
5 CuCN B CH,Cl, DIPEA 65  5:1
6 [Cu(CH;CN),PFy B CH,Cl, DIPEA 78 81
7 CuBrSMe, B CH,Cl, DIPEA 71 9:1
8 [Cu(CH;CN),BF, B CH,Cl, DIPEA 75 51
9 [Cu(CH;CN),JOTf B CH,Cl, DIPEA 75 4
10 [Cu(CH,CN),JPFs A CH,Cl, DIPEA 83 11
11 [Cu(CH;CN),JPFg  +A CH,Cl, DIPEA 81 12:1
12 [Cu(CH,CN),JPFs A CH,Cl, DIPEAH 53 11:1
13 [Cu(CH,CN),JPFs A CHCl, DABCO 18  9:
14 [Cu(CH;CN),JPFs A CH,Cl, EtN 7 7:1
15 [Cu(CH;CN),JPFg A CHCl, - <10 -
16 [Cu(CH,CN),PFs F CH,Cl, DIPEA 45 41
17 [Cu(CH;CN),JPFy G CH,Cl, DIPEA 49 41
18 [Cu(CH;CN),JPF; Pyt CH,Cl, DIPEA 47 22
19 [Cu(CH,CN),PFy C CH,Cl, DIPEA 73 5:
20 [Cu(CH;CN),PFy D CH,Cl, DIPEA 77 50
21 [Cu(CH;CN),JPFy E CH,Cl, DIPEA trace —
22 [Cu(CH,CN),JPFs A MeCN  DIPEA 50 9:
23 [Cu(CH;CN),JPFs A THF DIPEA 27 11
24 [Cu(CH;CN),PFy A toluene DIPEA 53 13:1

[a] For details, see the Supporting Information. [b] Yield of isolated
product. [c] Based on "H NMR analysis of the crude reaction mixture.
[d] 5 mol %. [e] 30 mol %. DIPEA =diisopropylethylamine, DABCO =1,4-
diazabicyclo[2.2.2]octane, n.r.=no reaction, THF =tetrahydrofuran.
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is, copper-catalyzed allylic oxidation to form aldehydes and an
annulation reaction with the newly generated aldehyde
moiety to form sp’-rich oxindoles.™!

To make the best use of the optimized reaction conditions
for allylic oxidation of 12 into 13, thus providing complex
oxindoles, we resorted to a base-catalyzed annulation of the
aldehydes 13 with B-ketoesters (15). The reaction optimiza-
tion (see the Supporting Information) revealed that 50 mol %
of DABCO along with A provided the best yield for the
adduct 14a (Scheme 2). With optimized reaction conditions
for the oxygenase cascade, differently substituted oxindoles
(12) and B-ketoesters (15) were employed to provide novel
dihydrofuran-appended oxindoles (Scheme 2). Both electron-

11/\
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Scheme 2. Oxygenase cascade synthesis of dihydrofuran-appended
oxidnoles (14).

rich and electron-poor oxindole substrates worked nicely in
the cascade reaction, thus providing the adducts 14 in good
yields and diastereoselectivities. Differently substituted
ketoesters yielded adducts decorated with alkyl, aryl, and

heterocyclic moieties with good stereoselectivities and appre-
ciable yields, thus demonstrating the scope and generality of
the catalytic oxygenase cascade reaction (Scheme 2). Cascade
synthesis also tolerated different ester functions on the
ketoesters (14k-m) and could thus provide a good handle in
building a larger compound collection. In a separate reaction
of the pure aldehyde (E)-13a and the ketoester 15a (R =Et,
R?=Me), the adduct 14a was obtained in similar yields and
diastereoselectivities.'®!

Highly enlightening results from the groups of Karlin/**
P91 and Tto"™™ on Cu-O, chemistry, along with support from
crystallographic! and spectroscopic® evidence, strongly
suggest an electrophilic reactivity of a side-on-type peroxo
intermediate for aromatic o-hydroxylation of monophenols
by tyrosinase.’!! The oxygenase transformation of the oxin-
dole 12 into 13 seems to follow a similar reaction mechanism.
Thus, insertion of molecular oxygen into the copper(I)
complex 16 generates a side-on p-1*:m’-peroxo complex (17;
Scheme 3).144¢22 Coordination of the enolate 18 to one of the
metal centers in 19 avoids the steric repulsions between the
allylic ester moiety and oxazoline ligand, and thereby
determines the stereoselectivity in the reaction. Enol addition
facilitates the oxo-bridge opening and proton transfer, thus
leading to the intermediate 20. Finally, base-mediated allylic
deprotonation and release of the aldehyde 13 regenerates
copper(I) for further catalysis. Interestingly, another oxygen-
ase enzyme, NspF, was recently reported to follow similar
final steps in oxygenation of o-aminophenol to nitrosophe-
nol.! Aldol addition of the enolate of ketoester 15 to the
newly generated aldehyde forms the intermediate 21. A six-
membered transition state, stabilized by hydrogen-bonding
between the newly formed hydroxy group and the enolate,
avoids the steric hinderance between two ester moeities. A re-
face oxa-Michael addition of 21 is therefore preferred, thus
generating another stabilized oxindole enolate. While the
si face is now shielded by an ester moiety, the oxindole/
enolate receives a proton from the re-face to yield the adduct
14.0%¢)
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R _ P 5
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/N\ o} o c.\"g/\ -
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0, N s 2 N
L6 .
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Scheme 3. A mechanistic proposal for individual catalytic steps in oxygenase cascade synthesis of the oxindoles 14.
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In summary, we have disclosed the first copper(I)
catalyzed oxygenase reaction which transforms the allylic
methyl group of 3-methylidene oxindoles into the corre-
sponding aldehyde stereoselectively and with great efficiency.
A base-catalyzed cascade reaction (aldo/oxa-Michael addi-
tion) of the newly generated aldehyde in a one-pot synthesis
provided stereoselective entry to complex oxindoles which
contain a dihydrofuran ring supporting three consecutive
chiral centers. We believe that with rising demands for
sustainable and environmentally benign synthetic routes to
complex molecules, catalytic oxygenase cascades, where O, is
the driving force of the reaction sequence, will draw the
attention of the chemistry community and find more appli-
cations in green and clean bioinspired organic syntheses.
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