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ABSTRACT: A one-pot, mild, two-component iminium ion— Rl R® Rl R? Rl RS
enamine cascade reaction to construct structurally diverse [H [ I
azacyclic frameworks from L-proline and L-pipecolic acid, and ( N N Ar N
its application to indolizidine and quinolizidine alkaloids and R2
azasteroids, is reported. R
R = alkyl, aryl R' = alkyl R'= alkyl, aryl
R? = alkyl, O-alkyl/silyl RZ=H, R? = aryl, alkyl
R3=H R3=H, Me
n=0,1
Azacyclic compounds in which the nitrogen atom is at the R R? R R? . R?
junction of two rings display a wide cross section of N N :C?
biological activities as exemplified by the quinolizidine and ( Ar N
indolizidine alkaloids among others."” The ring conformations R? R?
of spch iarchitgcturally unique compounds. als9 dictate the R = alkyl, aryl R = alky R = alkyl, aryl
spatial orientation of the nitrogen lone pair with important R2 = alkyl, O-alkyl/silyl RZ=H. R? = aryl, alkyl
consequences on their biological activities.” A unique family of R3=H R3=H, Me
n=01

such compounds are the phenanthroindolizidine and
phenanthroquinolizidine alkaloids and their aryl and biaryl
biogenetic precursors (Figure 1).
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Figure 1. Quinolizidine and indolizidine alkaloids.

The total synthesis of these classes of alkaloids has been an
active and fertile area of research for decades.* Despite their
relatively simple structures, most methods have employed
classical assembly approaches with varying degrees of step
efficiencies.

Herein we report a mild, expedient, and stereoselective
method for the synthesis of a variety of azacyclic compounds
represented by the generic structures shown in Figure 2. The
method was also applied toward the total synthesis of
(+)-septicine 3,° (+)-julandine 4,° and (+)-ipalblidine 5’
(Figure 1).

-4 ACS Publications  © Xxxx American Chemical Society

Figure 2. Azacyclic frameworks.

The basic sequence consists of a highly stereocontrolled one-
pot cascade reaction involving a ketone derived form L-
homoproline and a carbonyl compound exemplified by
cyclohexanone, in the presence of trifluoroethyl triflate as a
hitherto unexplored Lewis acid mediator. The cascade starts
with the formation of the iminium intermediate I, which leads
to the enamine II, followed by cyclization to III, dehydration to
the azadienium ion IV, and finally stereoselective reduction
with NaBH, to the intended prototypical tricycle V, without the
need to isolate intermediates (Scheme 1).

A systematic study of solvents revealed the following order of
preferred reactivity: THF > benzene > toluene > DCM =
acetonitrile ~ methanol.® We next investigated the effect of
Lewis acids and secured complete conversion in decreasing
order of reactivity: CF;CH,OTf > TMSOT{ > TfOH ~ metal
triflates ~ BF;-OEt.® Further optimization showed that use of 4
equiv of ketone was beneficial, since lesser equivalents resulted
in lower yields.

Extension to a variety of ketones led to tricyclic and
tetracyclic analogs in preparativly acceptable yields over three
steps in most cases (Figure 3).% The absolute configurations of
representative compounds shown in Figure 3 were determined
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Scheme 1. Proposed Mechanistic Pathway
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based on single crystal X-ray structures of the corresponding
methiodides (Scheme 2).
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Figure 3. Scope of iminium—enamine reaction. * Nonseparable major
isomer. ” Separable major isomer. ¢ TBS deprotected compound also
observed. ¢ Proposed stereochemistry.

Scheme 2. Methiodide Formation
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A fortuitous result in some of the cyclizations was the
selective formation of one of the two possible diastereoisomers
as the preponderant product in the reactions with 4-substituted
cyclohexanones. Thus, with 4-benzyloxy and 4-tert-butyldime-

thylsilyloxy cyclohexanones, a 2:1 and 4:1 mixture of
diastereomers respectively resulted that could be separated by
column chromatography (Figure 3, entries 10d, 10e). The
identity of the major diastereoisomer 10d was ascertained from
an X-ray structure of the corresponding methiodide salt
(Scheme 2).° In the case of enantiomerically pure 3-(R)-
methylcyclohexanone, the major product was enriched in one
diastereomer, 10f, the structure of which is based on steric
arguments that would disfavor the reaction with the alternative
regioisomeric enamine. Another example of diastereoselective
cyclization was the case of racemic perhydro-1-indanone” which
led to a single diastereomer in 30% yield, whose relative cis-
stereochemistry at the Indane ring junction was provisionally
assigned based on steric considerations (Figure 3, 10g). Facile
access to diazatricycles and 14-azasteroidal'® core structures
such as 10h and 10i, respectively, are noteworthy because of
their potential diversification to other functionalized scaffolds
(Figure 3).

Aiming at constrained analogs and congeners of indolizidine
alkaloids of the septicine type, we subjected aryl ketones
derived from r-homoproline to the same one-pot protocol
shown in Scheme 1 (R = aryl, 8 and 9). The corresponding aryl
branched azatricylic compounds were easily formed (Figure 3,
10k and 101). The stereochemistry of the cyclization products
was deduced from the crystal structures of related methiodide
salts.”

Although the reactivity of ketones such as cyclohexanone and
cyclopentanone with cyclic imines to form iminium salts and
enamines is a reversible process, the subsequent intramolecular
cyclizations as depicted in Scheme 1 are less explored. An
extensive literature survey shows that similar transformations
require harsher conditions and are also low yielding."" In this
regard, it is of interest that 2-substituted cyclohexanones, 1-
decalone, and acyclic ketones such as 3-pentanone and 4-
heptanone failed to react with amino ketone 7. We attribute
this to an inability of the initial iminium ion to form due to
steric effects and to the reversibilty of the reaction. Adding
cyclohexanone to any of the above inert reaction mixtures
readily afforded the azatricyclic product 10a after NaBH,
reduction albeit in moderate yield, indicating the viability of
the unreacted ketone. The piperidine analog corresponding to
7 also failed to react with cyclohexanone.

An interesting solvent effect was observed in moving from
ketone to aldehyde substrates such as phenylacetaldehyde.
Reactions performed in THF proceeded in low yield with
partial racemization of the product. However, the expected
cyclization took place with phenylacetaldehyde and 7 in
benzene as solvent, without the need for the Lewis acid, to
give the indolizidine analog 12 in good yield (Scheme 3).%f
When an angular methyl group was present in the starting
ketone (R = Me), a lower yield of product 14 was obtained,
possibly due to steric effects (Scheme 3).

Scheme 3. 6-Aryl Indolizidine Frameworks
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The azadienium intermediates could be functionalized in situ
in a 1,2-addition'” mode by reaction with MeMgBr or PhMgBr
to give angularly substituted novel azacyclic compounds. As
expected from the results of 10b (Figure 3), 16 was also
obtained as the major isomer (5:1 ratio). Compounds 17 and
18 were obtained as single isomers, although the yield of 17
was modest (Scheme 4a). The absolute stereochemistry of the
products was deduced by analogy with the X-ray crystal
structure of the crystalline methiodide 19 (Scheme 4b).*

Scheme 4. Stereoselective 1,2 Grignard Addition
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With a versatile method toward diverse azacyclic compounds
in hand, we turned our attention to the total synthesis of
enantiopure aryl indolizidine alkaloids such as ipalbidine,
septicine, and julandine. A variety of synthetic approaches
have been reported toward these alkaloids. Notable among
these is the four-step total synthesis of (4)-ipalbidine by
Herbert and co-workers,71 also exploiting an enamine ring
closing step. The same group also reported expeditious routes
toward racemic tylophorine®*" and julandine,éf_h albeit in
modest yields.

Herein we report a total synthesis of (+)-ipalbidine in three
steps from ketone 7 (eight steps and 38% overall yield starting
from N-Boc L-proline) (Scheme S). Applying the same general

Scheme S. Total Synthesis of (+)-Ipalbidine
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protocol, we completed the total synthesis of (+)-septicine 3
and seco-antofine 20 (eight steps, 35% overall yields) and
(+)-julandine 4 (eight steps, 10% overall yields) (Scheme 6).
The intermediate compounds 7, 9, and 22 were synthesized
from N-Boc L-proline and N-Boc L-pipecolic acid in five
consecutive steps with an overall yield of 57%, 59%, and 26%
respectively.

seco-Alkaloids such as 3°° and 4% are considered to be
biogenetic precursors to the corresponding phenanthro-
indolizidines and phenanthroquinolizidine alkaloids respec-

Scheme 6. Total Syntheses of (+)-Septicine, (+)-seco-
Antofine, (+)-Julandine, and Related Aryl Indolizidines
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n=1,R" R?=0OMe, 3 (+)-septicine, 60%, (3 steps)
n=1,R"=OMe, R? = H, 20 (+)-seco-antofine, 60%, (3 steps)
n=1,R"=0H, R?=H, 21, 53%, (3 steps)

n=2,R"=0OMe, R% = H, 4 (+)-julandine, 40%, (3 steps)

tively (Figure 1). Facile oxidation of 3 with VOF; and 4 with
TI(TFA); leads to tylophorine 1°° and cryptopleurine 2°
respectively.

In conclusion, we have reported a one-pot, mild, and efficient
three-step iminium—ion enamine cascade cyclization to
construct structurally diverse, novel bi-, tri-, and tetra-azacyclic
compounds. These could be potentially useful scaffolds toward
the elaboration of biologically interesting compounds in the
CNS field."> We have also reported the most recent syntheses
to date of known 6-aryl and S5,6-diaryl indolizidine alkaloids
using the iminium jon—enamine cascade cyclization. In the
process, we also introduced trifluoroethyl triflate as a versatile
and hitherto seldom exploited organic Lewis acid for iminium
ion—enamine cascade cyclizations.
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Experimental procedure, "H and *C NMR spectra, spectro-
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