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ABSTRACT: An efficient Ag(I)-catalyzed π-acid activation
method for the cyclization of cyclic ketimine-tethered ynones
is reported. Various nitrogen-containing scaffolds commonly
found in bioactive alkaloids can be prepared in high yields, and
the utility of the method is demonstrated by a formal synthesis
of (±)-lasubine II and in a short total synthesis of
(±)-indolizidine 209D.

Azabicycles are ubiquitous in bioactive alkaloids,1 with
exemplar compounds 1−6 representing a small fraction of

the diverse structural classes found in Nature (Figure 1).2

Fused bicyclic indolizidines (e.g., 1 and 2) and quinolizidines
are particularly common motifs, although alkaloids based on
other ring sizes (e.g., 6,7-bicylic systems such as 3) and more
complex polycyclic systems (e.g., 4−6) are also known. The
challenge of constructing such azacycles, allied to the fact that
many exhibit broad biological activity, has propagated much
research effort to develop efficient methods for their synthesis.1

We recently reported a new method for the preparation of
6,6-fused azacycles, exemplified in a five-step total synthesis of
the quinolizidine alkaloid lasubine II (9) (Scheme 1A).3 A key
step in this dearomative synthesis4 was the cyclization of pyridyl
ynone 7 into quinolizinone 8 via π-acid activation5 of the
alkyne with catalytic Ag(I).6 Following hydrogenation7 and two
further steps to epimerize the alcohol, a short, gram-scale
synthesis of lasubine II (9) was completed in 36% overall yield.8

This method was also shown to work well with other pyridyl
ynones and represents an efficient method for the preparation
of quinolizinones while also allowing entry into the
quinolizidine framework following hydrogenation. In this
paper, we describe the application of a similar strategy to

cyclic ketimines (Scheme 1B). While the cyclization of
protected saturated amine nucleophiles onto tethered alkynes
is reasonably well-established (via aza-Michael-type reactions or
metal-catalyzed hydroamination),9 to the best of our knowl-
edge, there are no published examples of similar processes that
proceed via cyclization through the sp2-hybridized nitrogen of a
cyclic ketimine precursor.10

There are several benefits of the approach outlined in
Scheme 1B compared to our previous work on pyridyl systems:
(1) a much wider array of azabicycles should be accessible, as
we will not be limited to pyridyl starting materials; (2) the
requisite starting materials can be easily prepared by exploiting
the enamine character of ketimine precursors, without the need

Received: January 22, 2018

Figure 1. Alkaloid natural products containing fused azacycles.

Scheme 1. Aza-ynone Cyclization Reactions

Letter

pubs.acs.org/OrgLettCite This: Org. Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.orglett.8b00225
Org. Lett. XXXX, XXX, XXX−XXX

pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.8b00225
http://dx.doi.org/10.1021/acs.orglett.8b00225


to use protecting groups;11 (3) the use of nonaromatic starting
materials reduces the number of bonds requiring hydrogenation
to prepare saturated alkaloid analogues. The realization of this
Ag(I)-catalyzed cyclization approach is described herein,
enabling a range of alkaloid frameworks to be prepared in
high yields under operationally simple reaction conditions. The
utility of the method in natural product synthesis is also
demonstrated during a formal synthesis of (±)-lasubine II and
in a short total synthesis of (±)-indolizidine 209D.
We started by examining the cyclization of pyrroline-tethered

ynone 11a, which is readily prepared from 2-methyl-1-pyrroline
10 and methyl phenylpropiolate (Table 1).12 Thus, ynone 11a

(which exists predominantly as its enamine tautomer 11a′ in
solution in CDCl3) was reacted with common Cu(I)-, Cu(II)-,
Au(I)-, and Ag(I)-based catalysts (10 mol %) in DCM at 40 °C
for 18 h (entries 1−7), with AgNO3 and AgTFA (entries 6 and
7) being particularly effective at promoting the desired
transformation into 4-pyridone 12a (structure confirmed by
X-ray crystallography). Further optimization showed that
AgTFA was slightly more effective than AgNO3, solvent
screens revealed that the rate of reaction could be increased
by performing the reaction in toluene, and the catalyst loading
could be reduced to 2 mol % by raising reaction temperature to
110 °C, which also led to a reduced reaction time of 1 h (entry
12). Control experiments showed that only trace amounts of
pyridone 12a were formed under thermal conditions without a
catalyst (entry 12).

With optimized conditions in hand, we next examined the
scope of this reaction with other pyrroline-tethered ynones
(Scheme 2). Pyrroline−ynones 11b−h were prepared from

commercially available sources in good to excellent yield using
methods similar to that used to prepare 11a (see the
Supporting Information); as before, these substrates exist
largely in their enamine form in solution in CDCl3. First,
pyrrolines tethered to aliphatic ynone subunits were well
tolerated under the standard conditions, affording products 12b
and 12c in near-quantitative yields. The preparation of 12b was
also achieved on a 1.67 g scale with no appreciable drop in
yield. Ynone substrates bearing functionalized phenyl groups
were also well tolerated (12d and 12e) as was a thiophene-
substituted ynone (to form 12f). Additional substituents on the
ynone tether were also compatible with the standard method
(12g and 12h), with all of the examples proceeding in excellent
to quantitative yield (92−100%). These results are especially
pleasing given the abundance of the 5,6-framework in
indolizidine alkaloids.13

The scope of the reaction with respect to the cyclic ketimine
was then examined (Scheme 3). The methylated cyclic
ketimines were prepared from the corresponding lactam
precursors using a reported procedure14 and then converted
into the tethered ynones using the same method used to make
11a (see the SI).15 First, two dihydropiperidine ketimine
derivatives of the form 13 were prepared and converted into
cyclized products 14a and 14b using 2 and 10 mol % of AgTFA
respectively; notably, compound 14a, which is a key
intermediate in our previous synthesis of lasubine II, was
obtained in particularly high yield (90%).3 Next, two partially
unsaturated isoquinoline-tethered ynones of the form 15 were
prepared, and each was converted into the corresponding 4-
pyridone adducts in high yield, following treatment with 5 mol

Table 1. Optimization of the Cyclization of 11aa

entry catalyst (mol %) solvent time (h) 12ab (%)

1 Cu(MeCN)4PF6 (10) CH2Cl2 18 0
2 Cu(OTf)2 (10) CH2Cl2 18 0
3 Ph3PAuNTf2 (10) CH2Cl2 18 0
4 AgOTf (10) CH2Cl2 18 36
5 AgNTf2(10) CH2Cl2 18 64
6 AgNO3 (10) CH2Cl2 18 100
7 AgTFA(10) CH2Cl2 18 100
8 AgNO3 (5) CH2Cl2 21 >95
9 AgTFA (5) CH2Cl2 21 100
10 AgTFA (5) CH2Cl2 11 57
11 AgTFA (5) PhMe 11 100
12c AgTFA (5) PhMe 1 100
13c AgTFA (2) PhMe 1 100 (100)
14c PhMe 1 <5

aReactions were performed using 0.2 mmol of 11a, with the listed
catalyst/loading and solvent, at 0.1 M at 40 °C, unless otherwise
stated. bYields determined using 1H NMR spectroscopy of the
unpurified reaction mixtures using 3,5-bis(trifluoromethyl)-
bromobenzene as an internal standard. Isolated yield is shown in
parentheses. cReaction performed at 110 °C.

Scheme 2. Substrate Scope for Ag(I)-Catalyzed Cyclization
of Pyrroline-Tethered Ynones
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% of AgTFA under the usual conditions. Simple 7-membered
cyclic ketimine precursors (of the form 17) were also well
tolerated, furnishing products 18a,b under similar conditions.
We were also keen to demonstrate that the procedure is
applicable to more complex systems with additional function-
ality that might improve the medicinal properties of the
products. Thus, starting materials 19a and 19b, which were
prepared from benzodiazepine precursors, were converted into
the products 20a and 20b, respectively, and in the case of the
latter, via a high-yielding double cyclization, from starting
material 19b. Many benzodiazepines are psychoactive and act
as minor sedatives, and they have been used for the treatment
of various neurological conditions including anxiety, insomnia,
seizures, muscle spasms, and alcohol withdrawal.16

A proposed mechanism is outlined in Scheme 4. In all cases,
the starting materials exist predominantly as enamine
tautomers, which are likely stabilized by an intramolecular H-
bond and present in the conformation depicted (A).
Tautomerization (A → A′) followed by bond rotation (A′ →
A″) is proposed to generate an intermediate capable of
undergoing cyclization via nucleophilic attack of the ketimine
nitrogen lone-pair, induced by Ag(I)-mediated π-acid activation
of the alkyne (A″ → B). Subsequent deprotonation and
protodemetalation would then generate the indolizinone
product and release Ag(I) back into the catalytic cycle.
Alternatively, intermediate A″ might tautomerize back to the
analogous E-enamine prior to cyclization to give C, although we

believe that this pathway is less likely in view of the expected
low nucleophilicity of the nitrogen (a vinylogous amide) in this
form.
Finally, the utility of the Ag(I)-catalyzed cyclization was

demonstrated in a short total synthesis of indolizidine 209D, an
alkaloid isolated from the skin secretions of the Dendrobates
family of neotropical frogs, that is part of a family of alkaloids
known to be effective noncompetitive inhibitors of the
neuromuscular transmission receptor and nicotinic acetylcho-
line receptors.17,18 Our synthesis began the with the acylation
of 2-methyl-1-pyrroline 10 with ester 21 to provide 11b in 70%
yield. Then, AgTFA-catalyzed cyclization afforded the desired
bicyclic product 12b in quantitative yield as described above.
This was followed by dearomative hydrogenation, using
catalytic platinum(IV) oxide and hydrogen at 8 bar, which
afforded a 1:2 mixture of hydroxylated product 22 and the fully
saturated target molecule (±)-indolizidine 209D (1). The
products were separable and isolated separately (with isolated
yields of 21% for 22 and 39% for 1), and each was formed as a
single diastereoisomer, with the spectroscopic properties of the
natural product 1 identical to those previously reported.18

Furthermore, the yield of the natural product could be
increased by subjecting partially reduced side product 22 to
standard Barton−McCombie deoxygenation conditions,18c

which furnished an additional quantity of (±)-indolizidine
209D 1 (when added to the original sample of 1, an overall
49% yield for the conversion of 12b into 1 was obtained). In
total, 0.78 g of (±)-indolizidine 209D was prepared in four
steps in 34% overall yield from ketimine 10 (Scheme 5).
In summary, we have developed an efficient and operation-

ally simple Ag(I)-catalyzed cyclization of cyclic ketimine-

Scheme 3. Substrate Scope for Ag(I)-Catalyzed Cyclization
of Ketimine-Tethered Ynones

Scheme 4. Proposed Mechanism

Scheme 5. Synthesis of (±)-Indolizidine 209D
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tethered ynones to form partially saturated azabicycles
containing 4-pyridones. The method is compatible with a
range of cyclic ketimines, enabling the facile synthesis of several
classes of azabicyclics. The prevalence of azabicycles in
bioactive alkaloids augurs well for the use of this method in
natural product synthesis and medicinal chemistry,19 demon-
strated in this work by a four-step total synthesis of
(±)-indolizidne 209D. The method is also likely to be
applicable to other more complex nitrogen-containing natural
products; applications in target synthesis are ongoing in our
laboratories, and these results will be reported in due course.
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