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Access to Electron-Rich Arene-Fused Hexahydroquinolizinones
through a Gold-Catalysis-Initiated Cascade Process**
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We have recently developed a two-step, one-pot synthesis of
piperidine-4-ols.[1] In this reaction, the protonated cyclic
imidate intermediate A, which is prepared by a gold-cata-
lyzed[2] amide cyclization, is reduced by an external hydride
(e.g., catecholborane), which initiates a key Ferrier rear-
rangement[3] (Scheme 1a). We envisioned that a carbon

nucleophile could replace the hydride in this chemistry;
moreover, if such a nucleophile is attached to the amide
nitrogen atom, addition of reagent in the course of the
reaction is not needed. The reaction would constitute a gold-
catalysis-initiated cascade process and might provide an
efficient access to bicyclic piperidin-4-ones (e.g., 1, Sche-
me 1b). Herein, we disclose our implementation of this
strategy, which leads to an expedient synthesis of electron-
rich arene-fused hexahydroquinolizinones; its synthetic utility
is illustrated by a succinct and stereoselective synthesis of
dihydrocorynantheol without the use of any protecting group,
and a formal synthesis of yohimbine and b-yohimbine.

We chose tertiary formamide 1a as substrate, as the
formyl group would minimize steric hindrance for nucleo-
philic attack and the indole ring can act as a good neutral
carbon nucleophile. Importantly, the anticipated product 2a,
a tetracyclic piperidine-4-one, shares a common hexahydro-

indolo[2,3-a]quinolizine skeleton with various indole alka-
loids, including dihydrocorynantheol,[4] yohimbine,[5] and
vincamine[6] (Scheme 2). Notably, the latter two are marketed
drugs for peripheral vasodilation.[7]

The formamide 1a was readily prepared from tryptamine
through a straightforward two-step sequence: alkylation with
but-3-yn-1-yl tosylate and formylation with ethyl formate.
When 1a was treated with IPrAuNTf2 (5 mol%) at ambient
temperature, desired product 2a could not be detected
(Table 1, entry 1). Instead, tricyclic formamide 3, which was
formed by a gold-catalyzed 8-exo-dig cyclization,[8] was

Scheme 1. A gold-catalysis-initiated cascade process toward bicyclic
piperidine-4-ones.

Scheme 2. Selected alkaloids containing the indolo[2,3-a]quinolizine
skeleton.

Table 1: Initial discovery and condition optimization.[a]

Entry Catalyst Acid additive (equiv) Yield [%][b]

1 IPrAuNTf2 – –[c]

2 IPrAuNTf2 MsOH (2) 56[d]

3 IPrAuNTf2 TsOH (2) 64[d]

4 IPrAuNTf2 TFA (2) 82[d]

5 IPrAuNTf2 AcOH (2) –[e]

6 Ph3PAuNTf2 TFA (2) 83[d]

7 BrettPhosAuNTf2 TFA (2) 89[d] (87)[f ]

8 AuCl3 TFA (2) 12[d]

[a] [1a] = 0.05m. [b] Yield estimated by 1H NMR spectroscopy with
diethyl phthalate as internal standard. [c] 12% of 3 formed after reaction
for 6 h. [d] 4 is the identifiable side product. [e] Reaction resulted in
a complex mixture of products. [f ] Yield of isolated product. IPr =
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene), Cy = cyclohexyl,
Ms = methanesulfonyl, Tf= trifluoromethanesulfonyl, TFA = trifluoro-
acetic acid, Ts = 4-toluenesulfonyl.
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detected in a small amount. To our delight, when MsOH
(2 equiv) was added, the desired product 2a was formed in
56% yield after 24 hours. The main side product was the
corresponding methyl ketone 4, formed by gold-catalyzed
alkyne hydration. To gain insight into the reaction mecha-
nism, the reaction was run in CDCl3 and monitored by
1H NMR spectroscopy. Surprisingly, the initial gold-promoted
cyclization and subsequent protodeauration[9] were facile and
efficient, even at 0 8C, and the formamide 1a was converted to
the 1,3-oxazin-3-ium intermediate C (see Table 1, footnote) in
approximately 80 % NMR yield after only 40 minutes.
Because the Ferrier rearrangement is supposed to be fast,
this result suggested that the cyclization of C is very slow,
which is unexpected.

To further improve the reaction, we subsequently
screened other acid additives (Table 1, entries 3–5). Trifluoro-
acetic acid (TFA) turned out to be the most effective additive,
and the indole-fused hexahydroquinolizinone 2a was formed
in 82% yield (Table 1, entry 4). Among the other examined
gold catalysts, BrettPhosAuNTf2

[10] provided a slightly better
yield (Table 1, entry 7), while use of AuCl3 resulted in a very
low yield (entry 8).

With the optimized reaction conditions in hand, the scope
of this gold-catalysis-initiated cascade reaction was explored.
Different substituents on the indole benzenoid ring, including
an electron-donating 5-MeO (Table 2, entry 1), electron-
withdrawing 6-F (entry 2) and 5-Cl (entry 3), and a 5-Me
(entry 4), were tolerated, and the reactions afforded indole-
fused hexahydroquinolizinones in good yields. The form-
amide 1 f, which was easily prepared from tryptophan ethyl
ester, also reacted smoothly, and the tetracyclic keto ester
product 2 f was formed in 79% yield, although the diastereo-
selectivity was low (a/b = 2/3; Table 2, entry 5). The tolerance
of the reaction toward substituents on the but-3-yn-1-yl group
was then studied. The reaction occurred smoothly with
a phenyl group in a position to the nitrogen atom (Table 2,
entry 6). Notably, the reaction was highly diastereoselective,
and product 2g, with the phenyl group cis to the indole ring,
was isolated as the only diastereoisomer in 72% yield. When
a 4-benzyloxybut-1-yl group replaced the phenyl group, the
reaction proceeded with the same yield of isolated product
and equally excellent stereoselectivity (Table 2, entry 7). A
cyclohexyl group at the propargylic position posed no
problem, and the cyclized product was isolated in 81%
yield, albeit with a low diastereoselectivity (a/b = 2.4/1;
Table 2, entry 8). Because of the general interest in indole
alkaloids, all the examples thus far used indole rings as the
tethered nucleophiles. This, however, is not a limitation to the
chemistry. For example, electron-rich benzene rings, such as
methoxybenzene (Table 2, entry 9) and benzo[1,3]dioxole
(entry 10), participated in the cascade, giving the benzene-
fused hexahydroquinolizin-2-ones in synthetically useful
yields.

With the relatively general reaction scope of this cascade
approach in hand, we turned our attention to the investigation
of its utility in the synthesis of indole alkaloids that feature the
hexahydroindolo[2,3-a]quinolizine skeleton. We first chose
dihydrocorynantheol, which was first isolated from the bark
of the Amazonian tree A. marcgravianum Woodson and has

been synthesized through many elegant total synthesis
approaches.[11] The ethyl formamide substrate 6a was easily
prepared in 72 % overall yield in two steps from tryptamine
and 2-ethylbut-3-yn-1-yl tosylate (Scheme 3), which in turn
was synthesized in 44% yield in two steps[12] from cheap
commercially available 1-pentyne. Compound 6a underwent
the cascade reaction smoothly, and the hexahydroindolo[2,3-
a]quinolizinone 7a was isolated in 87 % yield, albeit as

Table 2: The reaction scope.[a]

Entry 1 2 Yield
[%][b]

1 1b 2b 82

2 1c 2c 84

3 1d 2d 83

4 1e 2e 82

5 1 f 2 f 79

6 1g 2g 72

7 1h 2h 72

8 1 i 2 i 81

9 1 j 2 j 68

10 1k 2k 61[c]

[a] [1] = 0.05m. [b] Yield of isolated product. [c] TFA (5 equiv), 4 days.
DIBAL-H= diisobutylaluminium hydride, DMSO= dimethylsulfoxide,
Py = pyridine.
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a mixture of diastereomers. The low diastereoselectivity,
which is similar to what observed in the case of 2 i, however,
posed no problem for the total synthesis. Hence, when 7a was
subjected to the Horner–Wadsworth–Emmons (HWE) reac-
tion, the enoate 8 was isolated as the only diastereomer in an
excellent yield. Apparently, under basic reaction conditions,
the axial ethyl group in the b isomer of 7a was epimerized to
the more stable equatorial position, either before or after the
HWE reaction. Pd/C-catalyzed hydrogenation of the exocy-
clic C=C bond was highly stereoselective,[13] and dihydrocor-
ynantheol was isolated as the only diastereomer in 80 % yield
upon subsequent DIBAL-H reduction. This total synthesis
constitutes a short, six-step sequence from tryptamine, and
the overall yield from 1-pentyne in eight steps is 20 %.
Notably, no protecting group is needed in the whole synthetic
sequence!

The same synthetic strategy can be employed in the
formal synthesis of yohimbine[5] and b-yohimbine. The hexa-
hydroindolo[2,3-a]quinolizinone 7b with a 3-benzyloxyprop-
1-yl group in a position to the carbonyl group was readily
accessed in a similarly efficient manner (59 % overall yield in
three steps from tryptamine and the corresponding tosylate).
Again, the low diastereoselectivity in the cascade process had
no consequence, because both diastereomers of 7b were
converted into the desired enoate product 9 with the side
chain occupying the more stable equatorial position. Hydro-
genative debenzylation and consecutive oxidations afforded
the diester 11, which has been previously converted to

a separable mixture of yohimbine and b-yohimbine through
a chemoselective Dieckmann reaction[14] and a subsequent Pt-
catalyzed hydrogenation.[15]

In summary, we have developed an efficient synthesis of
electron-rich arene-fused hexahydroquinolizinones. In this
cascade reaction, a gold-catalyzed amide cyclization to
a tethered C�C bond initiates a subsequent Friedel–Crafts-
type cyclization followed by a Ferrier rearrangement. When
an indole ring is employed as the tethered nucleophile, this
reaction provides a rapid access to the hexahydroindolo[2,3-
a]quinolizine skeleton, which is the common core structure in
various indole alkaloids. This new method enables a succinct
and stereoselective synthesis of dihydrocorynantheol and
a formal synthesis of yohimbine and b-yohimbine.

Experimental Section
General procedure for the gold catalysis-initiated cascade reaction: A
formamide, BrettPhosAuNTf2 (0.05 equiv), and trifluoroacetic acid
(2.0 equiv) were dissolved in anhydrous methylene chloride (0.1m) in
a flame-dried vial. The mixture was stirred at RT typically for 24 h.
Ammonium hydroxide (� 14.8n, the same volume as methylene
chloride) was added to quench the reaction. The organic phase was
separated and the aqueous phase was extracted with methylene
chloride. The combined organic phases were dried with anhydrous
sodium sulfate. After filtration and concentration, the resulting
residue was purified by flash chromatography on silica gel (eluent:
ethyl acetate/MeOH/NH4OH = 10:1:0.1).
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Access to Electron-Rich Arene-Fused
Hexahydroquinolizinones through
a Gold-Catalysis-Initiated Cascade
Process

Golden Cascade : With a tethered, elec-
tron-rich arene as the internal nucleo-
phile, a gold-catalyzed amide cyclization
to an alkyne initiates a cascade process
that ends with a Ferrier rearrangement.
Electron-rich arene-bearing hexahydro-
quinolizin-2-ones are formed in good
yields and can be converted into indole
alkaloids in only a few steps.
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