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Asymmetric [3+2] Annulation Approach to 3-Pyrrolines: Concise
Total Syntheses of (—)-Supinidine, (—)-Isoretronecanol, and

(+)-Elacomine
Isaac Chogii and Jon T. Njardarson*

Abstract: An asymmetric [342] annulation reaction to form
3-pyrroline products is reported. Upon treatment with lithium
diisopropylamide, readily available ethyl 4-bromocrotonate is
deprotonated and trapped with Ellman imines selectively at the
a-position to yield enantiopure 3-pyrroline products. This new
method is compatible with aryl, alkyl, and vinyl imines. The
efficacy of the method is showcased by short asymmetric total
syntheses of (—)-supinidine, (—)-isoretronecanol, and (+)-ela-
comine. This novel annulation approach also works for an
aldehyde, thus providing access to a 2,5-dihydrofuran product
in a single step from simple precursors. By modifying the
structure of the carbanion nucleophile, an asymmetric vinyl-
ogous aza-Darzens reaction can be realized.

The Darzens reaction, wherein the carbanion of an a-halo
ester adds to an aldehyde or a ketone to afford an a,B-epoxy
ester, is among the oldest named reactions in organic
chemistry.! By replacing the carbonyl electrophile with an
imine, the corresponding aziridine carboxylate esters can be
synthesized (aza-Darzens reaction).”! We recently utilized an
asymmetric variant®! of the aza-Darzens reaction to access
vinyl aziridine products, which we used for our copper-
catalyzed ring-expansion program (Scheme 1).1*! Inspired by
the successful marriage between these two methods to access
enantiopure 3,4-dehydroproline products, we postulated that
we could access different proline products by using an
asymmetric vinylogous aza-Darzens approach in conjugation
with our ring-expansion reaction. However, we were sur-
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Scheme 1. Proposed asymmetric vinylogous aza-Darzens reaction.
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prised by the absence of asymmetric vinylogous aza-Darzens
reaction examples, and general lack of investigations toward
it. Thus, we focused our initial studies on identifying optimal
reaction partners and conditions to access enantiopure
aziridines of interest to us, and then upon exposure to our
ring-expansion reaction would yield different proline prod-
ucts.P!

For our initial explorations we employed the readily
available ethyl 4-bromocrotonate (1) and Ellman imine 2
(Table 1). Treatment of 1 with lithium diisopropylamide
(LDA) in tetrahydrofuran (THF) at —78°C and subsequent
addition of 2 did not afford any of the expected aziridine
product (4), but instead the [342] annulation (3-pyrroline)®
product 8 was formed in 22 % yield as a single diastereomer
(entry 1). Presumably, the enolate!”! resulting from deproto-
nation of 1 selectively adds to 2 from its a-position to form 5,
which then undergoes a second deprotonation to the form
dienolate 6. After protonation of 6, the enoate 7 is most likely
formed as an E/Z mixture wherein the Z enoate undergoes
arapid 5-exo-tet cyclization to form the 3-pyrroline product 8.
A racemic version of this cascade has previously been
observed by Steel and co-workers.!*!

The discovery of this reaction prompted us to optimize the
reaction conditions towards maximizing the formation of
annulation product 8. Our efforts first turned to identifying
the most suitable base, which proved to be LDA (Table 1,
entries 6-12) compared with other bases (entries 3-5). The
amount of LDA used is critical for achieving high yields, with
three equivalents being ideal. Maintaining low temperatures
and using THF as a solvent proved beneficial (entries 7 and 8
versus 6). To suppress the imine self-condensation pathway of
alkyl imines,”! it is important to add the imine slowly as the
last component (entries 9-12 versus entry 6).

The substrate scope for this new asymmetric [3+2]
annulation reaction is demonstrated with the seventeen
examples shown in Table 2. All the imines were prepared
using Ellman’s standard protocol.l'” This new method is
broad in scope, thus showing compatibility with aryl, vinyl,
and enolizable alkyl imines. Yields for products range from
good to very good and diastereoselectivity is uniformly
excellent. X-ray crystallography of one of the substrates
(9¢g) enabled unambiguous assignment of relative and abso-
lute stereochemistry for the asymmetric annulation reaction.
The initial imine addition step proceeds by either an open or
closed transition state, however very rapid isomerization of
the double bond into conjugation prevents determination of
accurate syn/anti ratios. Fortunately, this selectivity, or lack
thereof, is inconsequential to the success of the reaction as
addition to the Ellman imine is completely selective, and the
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Table 1: Optimizations for a new asymmetric [3+2] annulation reaction.  Table 2: [342] Annulation: Scope
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n
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0 ‘tBu 0*5~u 0~ ‘tBu
(8a, 77%) (8b 52%) (8¢, 53%)
5-exo-tet o] o]
Z olefin EtO EtO
only — —
N~ N N ®/\\ N
S 25
Entry Base t [h] Yield [9%] 0" iBu o ~iey 07" Bu
(8d, 55%) (8e, 52%) (8, 69%)
1 LDA (1 equiv) 6 22
2 LDA (2 equiv) 6 63 0 0
3 NaHMDS (2 equiv) 6 38 EtO
4 LIHMDS (2 equiv) 6 31 - TBSO
5 KOtBu (2 equiv) 6 <10 . N N
6 LDA (3 equiv) 4 77 o*S~isu o*S By "> 18U
7 LDA (3 equiv, Et;,0) 4 49 (89, 59%) (9a, 58%) (9b, 75%)
8 LDA (3 equiv, 0°C) 4 0
9 LDA (3 equiv) 4 60"
10 LDA (3 equiv) 4 5201
1 LDA (3 equiv) 4 58
12 LDA (3 equiv) 4 550
Standard reaction conditions: Crotonate (1.2 equiv) added to base in O/’ “tBu 0" B
THF at —78°C followed by slow addition of a 1.0 M THF solution of imine (9¢, 58%) (9d, 63%)
(1.0 equiv; 0.5 mLh™"). Only a single product diastereomer is observed
by '"H NMR analysis. [a] 1.0 mLh~" addition of imine. [b] 2.0 mLh™"
addition of imine. [c] Imine and crotonate added simultaneously to
a cooled LDA solution. [d] LDA added to solution of imine and crotonate .
—78°C. HMDS = hexamethyldisilazide, THF =tetrahydrofuran, Ts = (99, 63%)
4-toluenesulfonyl. 0" By 0*>Bu
- Bra_ X -CO:Me MeO,C (9e, 63%) (9f, 56%)
j ® DA THF, —20°C _ =
Ph 17% = Ph
(one example in Ref. [8]) Ts
A\
’ “tBu ’ “tBu O/ “tBu
(9h, 51%) (9i, 56%) (9], 58%)
confl.guratl.on .Of. the (.)the.r stereocen.ter. is erased in t.he Reaction conditions: LDA (3 equiv), crotonate (1.2 equiv), imine
ensuing anionic isomerization and cyclization steps. A major (1.0 equiv), THF, —78°C. One 3-pyrroline diastereomer was observed in
strength of this method is the ready access to either  all cases. Thermal ellipsoids for 9g shown at 50% probability.*”
3-pyrroline enantiomeric series (8a—g and 9a-j) by simply = TBS=tert-butyldimethylsilyl.
changing the imine auxiliary (10a-g and 11a—j), which also
serves the role of a nitrogen protecting group. Hindered
imines, ethers, sulfonate esters, heteroaryl substituents, and  vinylogous Darzens reactions between aldehydes and halo
conjugated imines are all well tolerated. crotonates to form vinyl oxiranes."!! Toward that end, treat-
With the new asymmetric 3-pyrroline annulation reaction  ment of the aldehyde 12 with the enolate derived from ethyl
established, we wondered if this approach could also be 4-bromocrotonate (1), using our standard reaction conditions,
applied to aldehydes. Although this type of reaction is not  afforded only the [342] annulation product 13 (Scheme 2).
known for aldehydes, there are several reported examples of ~ This constitutes a new scalable route to 2,5-dihydrofuran
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Scheme 2. [342] Annulation works for an aldehyde.

products. Efforts are underway to explore the scope of this
reaction and develop an asymmetric variant.

As mentioned in the introduction, we were surprised to
find a dearth of literature on vinylogous aza-Darzens
reactions, and no asymmetric examples. This finding inspired
us to investigate whether a strategically substituted nucleo-
phile could be used to divert the reaction to a y-selective
imine addition pathway, and thus to a vinyl aziridine product.
For this purpose we chose the readily available 4-(bromome-
thyl)furan-2(5H)-one as the nucleophile (15: Scheme 3). By
using our standard reaction conditions, the vinyl aziridine

O o]
15 ]

O O
9 Br. /

LDA

Sk
63% { :
tBu-Sy .
14 ! y
o 16 é/

Scheme 3. Asymmetric vinylogous aza-Darzens reaction. Thermal ellip-
soids for 16 shown at 50% probability.””

product 16 was obtained in very good yield, with none of the
[3+42] annulation product being isolated. We were able to
grow a high quality crystal of the product, thus allowing
assignment of its relative and absolute configuration as the
cis-vinyl aziridine shown. Unlike in the pyrroline case, we
were able to establish that the Ellman auxiliary performed as
expected and that the addition step was syn-selective. This
fascinating and useful result provides insight into the sensi-
tivity of the annulation to sterics and represents the only
reported example of an asymmetric vinylogous aza-Darzens
reaction. Efforts are underway to explore a wider range of
nucleophiles to decipher the fine balance needed to funnel
products to either annulation pathway.

Presented in Scheme 4 are synthetic application examples
of how the pyrroline product 9¢ can be converted, in
a substrate controlled manner, into valuable fused tricyclic
architectures by exploiting the iodoaryl group. For example,
a 5-exo-trig radical cyclization can be either reductively
terminated (17) or trapped with appropriate partners to forge
an additional C—C bond (18). Palladium-mediated cyclization
affords a useful 2-pyrroline moiety (19) for further function-
alization. Such strategies are currently being used in our
laboratory to build diverse collections of enantiopure nitro-
gen heterocycles.!'”

To highlight the power of this new asymmetric annulation
reaction and to further demonstrate its compatibility with
reactive functional groups (Scheme 5) we chose to pursue the
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Scheme 4. Rapid access to fused nitrogen heterocyclic motifs.
AIBN =2,2"-azobis (2-methylpropionitrile).
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Scheme 5. New approach to pyrrolizidine alkaloids. TMS =trimethyl-
silyl.

pyrrolizidine alkaloids (—)-supinidine and (—)-isoretroneca-
nol. As such, we formed the requisite imine (22) of an
aldehyde containing a primary tosylate. This imine was shown
to be a compatible substrate, thus affording the expected
pyrroline product 9a. The pyrrolizidine fused ring system 23
was then formed by removing the nitrogen protecting group
and cyclizing the resulting amine using triethylamine. Reduc-
tion with diisobutylaluminum hydride afforded (—)-supini-
dine, whose spectral data and optical rotation matched that of
the literature reports.'*! Substrate-controlled hydrogenation
of (—)-supinidine completed an asymmetric total synthesis of
(—)-isoretronecanol."™ Our asymmetric total synthesis of
(—)-supinidine was accomplished in only six steps from
a commodity chemical, 1,4-butanediol. This route represents
the shortest asymmetric synthesis of (—)-supinidine.
Elacomine is an intriguing spirooxindole natural product
whose structure and absolute configuration was confirmed by
Borschberg and co-workers.'”! Racemic elacomine has been
synthesized three times, by the groups of Borschberg,
Horne," and White,'”! in addition to one formal synthesis
by Takemoto and co-workers.!'8! These syntheses use trypt-
amine-type starting materials and employ an acid-catalyzed
step to form the spirooxindole core, which is a limitation if
access to enantiopure material is desired. For example,
Borschberg’s racemic elacomine total synthesis required
five steps, while his synthesis of (+)-elacomine, the only
reported asymmetric synthesis, is eleven steps (76 % ee).
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Scheme 6. Asymmetric total synthesis of (+)-elacomine. Thermal
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Takemoto’s synthesis employs an acyl palladium cyclization
strategy for the key step, but required eighteen steps.
Presented in Scheme 6 is the shortest asymmetric total
synthesis of (+)-elacomine, and it makes use of a substrate-
controlled Heck cyclization step to form the spirooxindole
core. We first treated the Ellman imine (11d) of isovaler-
aldehyde with the enolate of ethyl 4-bromocrotonate under
our new annulation conditions. The ester of the resulting
pyrroline (9d) was then converted into the iodo arylamide 25
using Weinreb’s protocol and aniline 24.") Heck cyclization
to form the spirooxindole core (26) proceeded in very good
yield and with complete substrate control as evident from
X-ray crystallographic analysis. Interestingly, radical cycliza-
tion approaches failed to produce the spirooxindole, as did
palladium cyclizations employing an aryl bromide. Treatment
of the protected enamine functionality with zinc in acetic acid
deprotected the nitrogen atom and reduced the resulting
imine, thus affording the methoxy-protected elacomine 27.
Standard deprotection conditions then afforded (+)-elaco-
mine in only six steps from isovaleraldehyde.

In summary, we report a new asymmetric [34+2] annula-
tion reaction to form 3-pyrrolines. This new reaction is
compatible with aryl, alkyl, and conjugated imines. The power
of this new asymmetric method is highlighted with the
shortest total syntheses of (+)-elacomine and (—)-supinidine.
We have further demonstrated that this annulation approach
can be applied to an aldehyde or alternatively be diverted to
a vinyl aziridine by the increasing steric bulk of the
nucleophile. Also reported is the first example of an
asymmetric vinylogous aza-Darzens reaction.
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