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A unique gold()-catalyzed 5-endo-dig cyclization/aerobic oxi-
dation cascade strategy from 1,5-enyne substrates with molecular
oxygen as the oxidant to yield the indenone was described. The
reaction mechanism was studied by heavy atom labelling and
some related experiments. This method was applied to the formal
total synthesis of isoprekinamycin.

Indenones or their corresponding reductive derivatives inda-
nones are important carbocycles that serve as valuable skel-
etons in many biologically active compounds and synthetic
drugs," such as donepezil, mukagolactone, indacrinone,
MJ-1I-38, pauciflorol F and isoprekinamycin (Fig. 1).
Furthermore, indenone derivatives are useful synthetic precur-
sors to steroids and some drugs.” Therefore, the preparation of
indenones has received considerable attention. Different
metal-catalyzed routes for efficient preparation of indenones
from various starting materials have been developed in the
past decades.’ Recently, Hashmi and co-workers developed a
gold-catalyzed unprecedented oxidative cyclization of diynes to
give this type of product.*

Gold-catalyzed cycloisomerization of 1,5- and 1,6-enynes is
one of the most important strategies for forming functiona-
lized carbocyclic frameworks.” However, in the presence of
organic oxidants, most enynes failed to produce oxidative pro-
ducts. Recently a new type of gold(i)-catalyzed oxidative cycliza-
tion of 1,5-enynes to indanones and indenes mediated by
8-methylquinoline N-oxide was discovered by Liu’s group.°®
As an ideal oxidant in transition metal-catalyzed oxidation,
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dioxygen had drawn much attention,” and the range of tran-
sition-metal catalysts compatible with aerobic oxidation were
extended to gold. Recently some exciting breakthroughs in the
combination of gold catalysts and dioxygen have been discov-
ered, such as the oxidation of vinyl-gold complexes into alde-
hydes by synergistic Au/Fe catalysts and dioxygen,® the autoxi-
dation of electron-rich alkenes into aldehydes by gold(i) cata-
lysts and dioxygen® and the reaction of Au-bound cationic
bicyclo[3.2.0]-heptane with a triplet oxygen to form a metallo-
radical through a single electron transfer from Au(i) to 0,."°

During the course of our research in developing a gold-cata-
lyzed cascade cyclization strategy to carbocycles,'" we observed
different cyclization paths of the substituted 1,5-enynes with
an electron-rich enol ether. In previous studies, we disclosed a
gold(1)-catalyzed alkyne alkoxylation/tandem cyclization strat-
egy of 1,5-enynes to afford naphthalenes."'® Herein, we report
a distinct pathway of the same 1,5-enynes to produce inde-
nones via a gold-catalyzed 5-endo-dig cyclization/aerobic oxi-
dation cascade strategy (Scheme 1).

We tested our proposal as shown in Scheme 1 by subjecting
1,5-enyne substrate 1 (Table 1) with Ph;PAuCl/AgBF, in
toluene under an N, atmosphere. The 5-endo-dig cyclization
product 2 could be isolated with excellent yield. Then indene 2
was exposed to air to observe the oxidation. To our delight,
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Fig. 1 Indenone and indanone-containing biologically active molecules
and drugs.
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Scheme 1 Competitive cyclization paths of 1,5-enynes.

Table 1 The screening of reaction conditions

(D
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= Ph catalyst (10 mol%)
additive (10 mol%)

e}
(Lo
CHO

—_—
S pgSOVent, 80°C, 10 \
1 02 MeO 2 3
Entry Catalyst Additive Solvent Yield® (%)
1 Ph;PAuUBF, — Dioxane 2 (65)
2 Ph,PAUBF, — DCE 2 (80)
3 Ph;PAUBF, — THF 2 (86)
4 Ph;PAuUBF, — Toluene 3(65)
5 Ph;PAuCl — Toluene —
6 Ph;PAuCl AgSbF, Toluene 3(51)
7 Ph;PAuCl AgOTf Toluene 3 (60)
8 Ph;PAUNTf, — Toluene 3(75)
9 [(TPr)AuCl] AgNTf, Toluene 3(72)
10 Ph;PAUNTf, — Toluene 3 (55)
11 HAuCl, — Toluene 2 (10)
12 HNTf, — Toluene 3(15)

“ Average isolated yield of at least two runs. ? Performed with 5 mol%
Ph;PAUNTY,.

indenone 3 was detected in 30% yield with 60% of indene 2
remaining after one week.

In order to improve the yield of indenone 3, we performed
an intensive screening of optimal conditions to realize these
two transformations in one pot (Table 1). First we set about
investigating solvent effects. Among the tested solvents, only
toluene allowed for the formation of indenone 3. The rest of
the solvents would result in indene 2 in high yield even under
an O, atmosphere (Table 1, entries 1-4). The influences of
counterions on the catalyst were examined by combining
Ph;PAuCI with several silver salts or using commercially avail-
able catalysts (Table 1, entries 5-8) and Ph;PAuNTf, afforded
the best yield. Then a screening of different ligands at the
Au-center was carried out. Interestingly, a slight decrease in
yield was observed when mixing [(IPr)AuCl] with silver salts
resulting in the discovery that the combination of the [(IPr)
AuCl] precatalyst [IPr = 1,3-bis(diisopropylphenyl)imidazole-2-
ylidene] (10 mol%) and silver trifluoromethanesulfonate
(10 mol%) was almost the same as Ph;PAuNTY,, yielding the
product in 72% isolated yield (Table 1, entry 9). Decreasing the
catalyst loading to 5 mol% reduced the yield by 20% (Table 1,
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entry 10). HAuCl, could catalyze the cascade cyclization with a
yield of 10%, which was very messy (Table 1, entry 11). In
order to exclude the possibility that a trace amount of acid
catalyzed the reactions, the same amount of HNTf, itself was
tested and a smaller amount of product 3 was produced with a
messy reaction profile (Table 1, entry 12).

Next the scope of the transformation was investigated
under the optimized conditions (Scheme 2). The reaction with
the substrates bearing both electron-donating and withdraw-
ing groups on both aryl rings proceeded smoothly in moderate
to good yields (Scheme 2, 3a-30). However, naphthalene-con-
taining products could only be obtained with lower yields
(Scheme 2, 3p-3r). Terminal alkyne and alkyl and silyl substi-
tuted alkyne substrates could not participate in this reaction
under the standard conditions. Interestingly, Liu and co-
workers reported a copper-catalyzed oxidative cyclization of
1,5-enynes and C-C bond cleavage to generate 3-formyl-1-
indenones,” whose structures were similar to our products.
The structures of our products were determined by comparing
our products with these reported compounds and further
confirmed by a single crystal X-ray diffraction of 31 (Fig. 2).

6]
R2 10 mol% XN
~ = Ph3PAUNTf, R1— > R2
R1—! P toluene, 80 °C,
= OMe 05, 10h H o
1a-1r 3a-3r?
[0}
0 MeO
(5w O
MeO
(e}
o H

H
3a, R2=pOMeCgH,4, 80%
3b, R%=pCICgH,, 75%
3¢, R%=pAcNHCgH,, 57%
3d, R%=mAcNHCgH,, 46%
3e, R?=pCH,CO,EtCgH,, 61%

e}
Me
=
(¢}
H

3f, R?=CgHs, 78%
3g, R>=pOMeCgH,, 82%

O
OO .
MeO
H o]

3h, R?=CgHs, 81%
3i, R?=pOMeCgH,, 60%
3j, R?>=pCICgH,4, 79%

3k, 77%

e}
(L
F
0
H

31, R>=CgHs, 70%
3m, RZ=pCICgH,, 72%

o
F
L=
W

3n, R?=C¢Hs, 70%
30, R?=pOMeC¢Hy, 75%

e

3p, R%=CgHs, 56%"
3q, R?=pOMeCgH., 59%P
3r, R%=pCICgHg4, 52%°

Scheme 2 Scope of gold-catalyzed cascade cyclization. ?Isolated
yields.? Performed for 20 h.
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Fig. 2 Single crystal X-ray diffraction of 3o.

To investigate the source of O atoms in carbonyl groups, we
performed the reaction in the presence of *0, or '*0,/H,0,"?
employing 1i as a substrate (Scheme 3). Interestingly, the pro-
ducts 3i-1 (89%) and 3i-2 (11%) were detected under an %0,
atmosphere assisted with LC-MS. A control experiment by sub-
jecting the isolated intermediate 2i to the standard conditions
under an '®0, atmosphere resulting in the isolation of the pro-
ducts 3i-1 and 3i-2 ruled out the possibility of incorporation of
the '®0 into an aldehyde after cycloisomerization. However, in
the presence of *0,/H,0 or H,0, no '®0 atom was incorpor-
ated into the product, and only the product 4i derived from
the hydrolysis and isomerization of the corresponding cyclo-
isomerization product was isolated. However, 4i could not be
transformed into the desired product 3i under the standard
conditions. These results suggested that the ketone group in 3i
was not derived from the oxidation of the benzylic C-H bond
of 4i.

To gain more insight into the reaction mechanism, the iso-
lated indene intermediate 2 in the screening of conditions was
subjected to the optimal conditions and the isolation of inde-
none 3 indicated that the indene 2 was possibly the key inter-
mediate in the transformation (Scheme 4, eqn (1)). A decrease
in the temperature to 25 °C would result in lower yield
(Scheme 4, eqn (2)) and the control experiment without gold
was also performed, whose results verified the significance of
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Scheme 3 Control experiments under an 80, atmosphere.
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Scheme 4 Control experiments using indene intermediate 2.

the catalyst in the oxidation step, which was consistent with
the first attempt at the very beginning (Scheme 4, eqn (3)).

To confirm that indene 2 was the true intermediate of the
oxidation, the reaction kinetic profiles under various con-
ditions were performed as shown in Scheme 5. A very faster
rate from substrate 1 to indene 2 was observed, which indi-
cated that indene 2 could be generated easily under the reac-
tion conditions. In the transformation from substrate 1 to
indenone 3, it was found that the yield of product 3 would
increase gradually accompanied by the slow consumption of
indene 2. And the similar kinetic profiles observed from the
oxidations of 1 to 3 and 2 to 3 strongly supported that indene
2 should be the active intermediate in the oxidation process.

According to the precedent study, a radical mechanism may
be involved in this transformation.®° The verification experi-
ments using the radical inhibitor butylated hydroxytoluene
(BHT) are summarized in Scheme 6. The formation of inde-
none 3 from indene 2 was completely blocked in the presence
of 1 equivalent amount of BHT. However, the treatment of
intermediate 2 with the combination of a gold catalyst and the
radical initiator azodiisobutyronitrile (AIBN) gave a messy reac-
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N
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Scheme 5 Reaction kinetic profiles under various conditions.
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Scheme 6 Radical verification experiments.

tion profile. It indicated that the gold catalyst and radical con-
ditions were incompatible, which had been described in the
precedent literature.® Then a following experiment by treating
the substrate 2 with AIBN itself and O, led to the generation of
the desired product 3 in a much shorter time. These results
suggested that the oxidation by O, might happen via some
radical intermediates."?

Based on the experimental results, a plausible mechanism
was proposed as depicted in Scheme 7. Activation of the
alkyne in 1i promoted a 5-endo-dig cyclization of enol ether to
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R
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Scheme 7 The proposed mechanism.
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Scheme 8 The formal total synthesis of isoprekinamycin.

produce the indene 2i after protodeauration. A following
radical addition of *®0, to intermediate 2i resulted in the for-
mation of 2i-1, which underwent an isomerization to give 2i-2.
Coordination of cationic Au species with the oxygen atom
initiated the cleavage of the '*0-'®0 bond to provide the
oxonium intermediate 2i-3, which could be captured by H,'*0
or H,O to generate the indenone 3i-1 or 3i-2 after removing the
methoxyl group.

Significantly, the assembly of highly functionalized inde-
nones with this unique method allowed the rapid preparation
of structurally diverse molecules by functional group manipu-
lations. In order to expand the utility of this method further,
isoprekinamycin, a cytotoxic benzo[a]fluorene natural product
was chosen as our target. Retrosynthetically, isoprekinamycin
could be disconnected into indenone intermediate 5, which
was the key intermediate in Dmitrienko’s total synthesis of
this molecule."* Our synthesis started from gold(i)-catalyzed
tandem cyclization reaction of 1s to give indenone 3s in 61%
yield under the optimal conditions. The transformation from
3s to ester 5 by Pinnick oxidation and esterification achieved
the formal total synthesis of isoprekinamycin by providing the
Dmitrienko’s key intermediate (Scheme 8).

In summary, we have developed a unique strategy for the
synthesis of indenones by a gold(i)-catalyzed cyclization/
aerobic oxidation cascade reaction from simple aryl 1,5-enyne
substrates. The possible mechanism was probed based on
heavy isotope labelling and a series of control experiments.
The application of this method to the formal total synthesis of
isoprekinamycin was achieved. Notably, molecular oxygen, the
most environmentally friendly oxidant, was employed com-
bined with a gold catalyst to provide indenone scaffolds in a
single step from acyclic precursors.
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