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Asymmetric Synthetic Access to the Hetisine Alkaloids:

Total Synthesis of (+)-Nominine

Kevin M. Peese® and David Y. Gin*?!

Abstract: A dual cycloaddition strategy for the synthesis of the hetisine alkaloids
has been developed, illustrated by a concise asymmetric total synthesis of (+)-no-

minine (7). The approach relies on an early-stage intramolecular 1,3-dipolar cyclo-
addition of a 4-oxido-isoquinolinium betaine dipole with an ene-nitrile dipolaro-
phile. Subsequent late-stage pyrrolidine-induced dienamine isomerization/Diels—
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Alder cascade allows for rapid construction of the carbon—nitrogen polycyclic skel-

eton within this class of C,-diterpenoid alkaloids.

Introduction

The genera of Aconitum and Delpinium, and to a lesser
extent, Rumex, Consolida, and Spiraea, are rich sources of
diterpenoid alkaloids.! The C,,-diterpenoid alkaloids have
been classified by Wang and Liang into two principal groups
(Figure 1), the atisane class and the kaurane class, based on
their respective carbon skeletons. The atisine (1), danuda-
tine (2), hetidine (3), and hetisine (4) alkaloids comprise the
atisane structural family, and the veatchine (5) and napeline
(6) alkaloids make up the kaurane family. The hetisine natu-
ral products (4) are the largest subgroup of the atisane diter-
penoid alkaloids, and are among the most structurally com-
plex. Among the first of the hetisine alkaloids isolated
(Figure 2) were nominine (7),% kobusine (8),*°! pseudoko-
busine (9),%”) and hetisine (10)"”) more than five decades
ago. Subsequently, over 100 additional hetisine alkaloids
have been isolated and characterized. The Cy-diterpenoid
alkaloids have long been recognized as active constituents
within many traditional Eastern herbal medicines. Pharma-
cological investigations have revealed that the hetisine alka-
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Figure 2.

loids exhibit a diverse range of biological activities,"!* ex-
emplified by local anesthetic, anti-inflammatory, anti-ar-
rhythmic activities of nominine (7), potent vasodilatory ac-
tivities of kobusine (8) and pseudokobusine (9), and hypo-
tensive activity of hetisine (10).

The C,-diterpenoid alkaloids have also served as classic
targets in natural product synthesis, resulting in the total
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syntheses of natural products within the atisine (1),*'%

veatchine (5),*% and napelline (6)***! subclasses. Despite
this progress, synthetic efforts toward the hetisine subclass
(4) have been comparatively sparse. Efforts by van der
Baan and Bickelhaupt®! led to the synthesis of the bridged
aza-tricyclic core 11 (Figure 3) via intramolecular enolate al-

Figure 3.

kylation, a strategy potentially amenable to multiple families
of the Cy-diterpenoid alkaloids. Shibanuma and Okamoto!*”)
were the first to disclose the synthesis of the fully-formed
bridged N-heterocyclic array (i.e., 12) within the hetisine
skeleton, involving the key sequence of intramolecular
alkene aziridination and chloride-mediated ring opening,
followed by reduction and Hofmann-Loffler—Freytag reac-
tion to form the requisite C—N bonds. An elegant strategy
was reported by Winkler and Kwak®! to access the bridged
pyrrolidine 13, employing a highly efficient intramolecular
[242]-photocycloaddition of a vinylogous imide, followed by
a retro-Mannich-Mannich cascade. More recently, Williams
and Mander™™" applied a double Mannich protocol in con-
junction with an intramolecular bridgehead arylation®>*! as
key elements in their synthesis of the advanced veatchine-
like intermediate 14. The first completed synthesis of a heti-
sine natural product was reported by Muratake and Nat-
sume in 2004 (Scheme 1), more than 60 years after the ini-
tial discovery of this alkaloid family. This heroic synthesis of
nominine (7)P>¥ involved several key transformations, in-
cluding aldehyde a-arylation®™ to form the C9—C10 bond in
15, Lewis acid catalyzed acetal-ene reaction to construct the
C14—C20 linkage in 16, reductive radical cyclization to form
the C12—C16 bond in 17, and late-stage intramolecular N-al-
kylation to construct the N-C20 linkage, culminating in a
40-step racemic synthesis of nominine (7).

(x)-nominine (7)

Scheme 1. First completed synthesis of a hetisine natural product report-
ed by Muratake and Natsume.*!
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In our development of a novel strategy to access the heti-
sine carbon—nitrogen scaffold, construction of the maximally
bridging C—C bonds via multiple cycloaddition processes
formed the basis of the synthesis plan (Scheme 2).*! An
edge-on conformational view of nominine (7) revealed two
promising key elements for simplification, namely the bridg-
ing pyrrolidine embedded in the azabicyclo[3.2.1]octane
core, as well as the cyclohexane moiety within the bicyclo-
[2.2.2]octane substructure of 7. The former could be con-
structed via an early-stage intramolecular 1,3-dipolar cyclo-
addition (i.e., 20) with an endocyclic 1,3-dipole, thereby rap-
idly establishing the entire N-heterocyclic array within the
alkaloid target. Subsequent late-stage intramolecular Diels—
Alder reaction of an appropriately positioned diene and di-
enophile (i.e., 19) would then complete the hetisine skeleton
(i.e., 18), allowing for minimal additional functional group
interconversions to realize the natural product 7. Taken to-
gether, these two cycloaddition transformations constitute a
potentially expeditious entry into the hetisine framework
from relatively simple precursors.

H H H H
Me OH Me
H — H
CH, R
N7= H FGI N2
H H
H 18 H
7

nominine
Diels-Alder U

H H

H Me
‘H H &— H N R
Me .
N@—R 1,3-dipolar N2 @
@ < cycloaddition H

20 © H 19 H

Scheme 2. Retrosynthetic analysis.

Results and Discussion

1,3-Dipolar cycloaddition via non-stabilized endocyclic azo-
methine ylides: The use of azomethine ylides in the synthe-
sis of pyrrolidine-containing complex alkaloids is well-estab-
lished,***! and formed the basis of our approach to con-
struct the N-heterocyclic core within the hetisine alkaloids.
A plethora of methods exist for the generation of these aza-
1,3-dipoles, including, fluoride-mediated desilylation of a-
iminium species, electrocyclic ring-opening of aziridines, and
tautomerization of a-amino acid ester imines. Of these, the
Vedejs strategy of desilylation of a-iminium intermediates is
among the most widely used methods for the generation of
non-stabilized azomethine ylides,“’ wherein a notable ex-
tension by Padwa has allowed access to this class of 1,3-di-
poles from sequential N-alkylation and desilylation of vinyl-
ogous imidates.””7 A complementary variant to this ap-
proach has also been recently developed, involving the O-
sulfonylation and desilylation of N-CH,TMS tertiary vinylo-
gous amides.*! In adapting this method to the construction
of the pyrrolidine ring embedded in the azabicyclo-
[3.2.1]nonane core in the hetisine alkaloids, the generation
of a six-membered endocyclic azomethine ylide to serve as a
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dipole in the presence of a tethered dipolarophile function-
ality (i.e., 22, Scheme 3) is required (for full experimental
details, see Supporting Information). In this scenario, O-acti-
vation (ROTTY) of an endocyclic vinylogous amide (i.e., the
o-TMS-dihydropyridone 21), followed by subsequent desily-
lation of the resultant iminium salt, would furnish the azo-
methine ylide 22. If the torsional and steric constraints in 22
permit, intramolecular dipolar cycloaddition would ensue to
provide the requisite bridged pyrrolidine core 23.

21 22 23

Scheme 3. Approach to bridged pyrrolidine core 23.

Since examples of the generation and cycloaddition of en-
docyclic non-stabilized azomethine ylides are rare, %
model investigations involving the dihydropyridone 28
(Scheme 4) were initiated to assess the feasibility of the key
dipolar cycloaddition step in the synthesis. Attractive strat-
egies to access 6-TMS-2,3-dihydro-4-pyridone moieties such
as 28 have been reported, most notably involving the addi-
tion of silyl-Grignard nucleophiles to N-acyl-4-methoxypyri-
dinium derivatives.”>>* Unfortunately, the impracticality of
late stage N-deprotection and subsequent neopentyl N-alky-
lation to form dihydropyridones such as 21 (i.e., Scheme 3)
led us to consider an alternate, more flexible approach, in-
corporating an imine-hetero-Diels—Alder reaction employ-
ing Danishefsky’s diene (27, Scheme 4).°”) To investigate

HO a) Yol H c) R
N Y
™S ™S MeO z OTMS BnN
. |
24 b)(25Y=0 27 CH, 28 T™MS

26: Y =NBn

Scheme 4. a) (COCl),, DMSO, NEt;, Et,0, —78—0°C; b) BnNH,, sol-
vent evaporation, 23°C; c) add 27, ZnCl,, CH,Cl,, 0—-23°C, 61% over-
all.

this plan, the preparation of a model a-TMS-dihydropyri-
done 28 would require access to a C-silyl aldimine dieno-
phile such as 26. Moffatt-Swern oxidation of trimethylsilyl-
methanol (24) afforded an ether solution of highly reactive
formyl silane 25,°%%! which was immediately exposed to
benzylamine to provide the transient C-silyl aldimine dieno-
phile 26. Treatment of the unpurified aldimine 26 with Dani-
shefsky’s diene 27 and ZnCl, yielded the dihydropyridone
cycloadduct 28 (61 % from 24). This one-pot procedure pro-
vided a convenient protocol to access C-silyl aldimines, and
established this class of imines to be competent dienophiles
in the hetero-Diels—Alder reaction.

The ready access to the endocyclic vinylogous amide 28
allowed for evaluation of its suitability to serve as an endo-
cyclic non-stabilized azomethine ylide precursor. O-Activa-
tion of 28 (Scheme 5) with MeOTf or BzOTf followed by
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treatment with tetrabutylammonium triphenylsilyldifluorosi-
licate (TBAT) as a source of anhydrous fluoride!® provided
the putative azomethine ylide 29, which was trapped with

o OR z
o [ 7" = #S
BnN — | BnN® —— BN |
=) H
28 TMS 29 30-33

BnN":
H

30: R = Me (43%)

31: R=Bz (42%) 32 (26%; 1.4:1) 33 (20%)

Scheme 5. Synthesis of azabicyclo[3.2.1]octane cycloadducts 30-33.

several activated dipolarophiles. Dimethylacetylenedicar-
boxylate, phenylvinylsulfone and o-nitrobenzylacrylate all
provided the desired azabicyclo[3.2.1]octane cycloadducts
30-33, albeit in low yields. While the efficiency of these in-
termolecular reactions is far from optimal, these experi-
ments nonetheless demonstrate the feasibility of the dipolar
cycloaddition, and signal the possibility of enhancing the ef-
ficiency of the process in an intramolecular mode, a varia-
tion required for the synthesis of the hetisine alkaloids.
Efforts on this front commenced with 3-methylcyclohexe-
none (34, Scheme 6), employed as an electrophile for conju-
gate addition of cyanide with AI(CN)Et,] to afford the
transient aluminum enolate. Activation of this enolate with
anhydrous fluoride (TBAT) followed by treatment with
Tf,0 led to smooth O-triflation to provide the vinyl triflate
35 (81 %). Reduction of the nitrile with DIBAL-H followed
by NaBH, produced the neopentyl amine 36, which served
as the nitrogen source for an imine-hetero-Diels—Alder re-
action. This proceeded with the conversion of amine 36 to
its corresponding C-silyl aldimine by condensation with for-
myltrimethylsilane, generated in situ from Moffatt-Swern
oxidation of trimethylsilylmethanol (see above). The unpuri-
fied imine was subsequently exposed to Danishefsky’s diene
27 with ZnCl, catalysis to provide the vinylogous amide 37
(55% from 36, 1.2:1 dr). Stille coupling!®? of vinyl triflate 37
with (E)-methyl 3-(tributylstannyl)acrylate afforded the di-
enoate 39 (87%), a substrate which incorporated both the
dipolarophile group and the dipole precursor. Although the
complex endocyclic vinylogous amide 39 was conveniently
accessed, all attempts at azomethine ylide generation (via
O-acylation or O-alkylation and subsequent desilylation)
followed by intramolecular cycloaddition to prepare the ad-
vanced pyrrolidine intermediate 42 were unsuccessful, lead-
ing instead to complex mixtures of unidentifiable products.
Nevertheless, several findings emerged from these studies.
Interestingly, O-activation of dihydropyridone 39 with
MeOTTf proceeded with near quantitative conversion to the
vinylogous iminium triflate 40 as evidenced by 'H NMR,
even though this intermediate could not be successfully ad-
vanced to the cycloadduct 42. Furthermore, when the vinyl-
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Scheme 6. a) i) AI(CN)Et,, PhH, 23°C; i) TBAT, then Tf,0, 81%; b)
DIBAL-H, 0°C, toluene, NaBH,/MeOH quench, 88%; c) i) TMSCHO,
Et,0, 0°C; ii) solvent evaporation, 0°C; iii) 27, ZnCl,, CH,Cl,, 0—23°C,
55%, 1.2:1 dr; d) methyl (E)-3-tributylstannylacrylate, [Pd(PPhs),], LiCl,
THEF, reflux, 87 %; e) MeOTf, CH,Cl,, 23°C; DMAD, TBAT, 57 %, 1:1
dr; f) MeOTf, CDCl;, 23°C, >95%.
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Figure 4.

ogous amide 37, prior to installation of the pendant dienoate
functionality, is activated with MeOTf and then exposed to
TBAT, intermolecular cycloaddition could be performed
with dimethyl acetylenedicarboxylate (DMAD) to provide
the azabicyclo[3.2.1]octane 38 in 57 % yield, thereby con-
firming at least the successful generation of the azomethine
ylide dipole from 37. That the intramolecular cycloaddition
could not be induced from 37 or 39 suggests prohibitive
steric and/or torsional constraints in the desired transition
state (i.e., 43, Figure 4) leading to competitive unproductive
reaction manifolds arising from the highly reactive, short-
lived 1,3-dipole. These results indicated that much of the dif-
ficulties may stem from the lack of stability of the azome-
thine ylide in 43, and this eventually led to re-evaluation of
the cycloaddition strategy with the aim of employing a more
stabilized 1,3-dipole.

Intramolecular 1,3-dipolar cycloadditions with 3-oxidopyri-
dinium betaines: Given our lack of success in effecting intra-
molecular cycloaddition with non-stabilized azomethine
ylides, a significantly more stable 1,3-dipole equivalent,
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namely a 3-oxidopyridinium betaine, was explored in the
context of pyrrolidine construction for the hetisine alkaloids.
Dipolar cycloaddition of 3-oxidopyridinium betaines, intro-
duced by Katritzky,** are useful synthetic transformations
for increasing structural complexity in the construction of
bridged N-heterocycles (44+45—46, Scheme 7). This class
of betaines constitutes moderately reactive aza-1,3-dipoles
that undergo dipolar cycloadditions at the 2- and 6-positions
with alkenes and alkynes to produce tropanone-like adducts
of varying complexity, including a handful of examples that
proceed in an intramolecular mode.*7°!

Z0
= zZ 15
N K -
P 4
R'@ oo X A RN '
44 45 46

Scheme 7. 3-Oxidopyridinium betaine cycloaddition.

In applying this approach to the synthesis of the hetisine
alkaloids, the initial aim was to prepare the 3-oxidopyridini-
um betaine 50 (Scheme 8), incorporating a pendant ene—ni-
trile as an electronically activated, less sterically demanding
dipolarophile. Although N-alkylation of substituted pyri-
dines is the most direct and common method for the prepa-
ration of 3-oxipyridinium betaines,*! concerns with nucleo-
philic substitution at a neopentyl carbon to form the N—C19
bond in 50 directed our efforts to pursuing an alternate ap-
proach involving the aza-Achmatowicz reaction.””*" This
sequence relied on our previously prepared nitrile 35, which
was reduced to the corresponding aldehyde 47 (DIBAL-H,
92 %) and then subjected to reductive amination with furfur-
ylamine to provide the secondary amine 48 (99 % ). To intro-
duce an appropriate electron deficient dipolarophile activat-

@ : @ﬁ @ﬁ
0( 28 y

47: R=CHO

o Cefd e
A% e
N\

@ N

51
X 7|
¥
©
H oN O
0 =
Me 0 -CN (
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Scheme 8.a) DIBAL-H, 0°C, PhMe, 92%; b) furfurylamine-HCI,
NaBH,, MeOH, 3 A MS, 23°C, 99 %; c) KCN, [18]crown-6, [Pd(PPh;),],
PhH, 75°C, 75 %; d) Br,, 1:1 AcOH/water, 0°C, 65%; ¢) [0.15M] toluene,
170°C, 5d, 73%.
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ing group that would also serve as a convenient dienophile
precursor, the vinyl triflate moiety in 48 was then converted
to ene-nitrile 49 (75%) via Pd-catalyzed cyanation with
KCN. Bromine-mediated aza-Achmatowicz reaction of 50
delivered the oxidopyridinium betaine 50 (65%), which
could be purified by silica gel flash chromatography. Un-
fortunately, heating (up to 170°C) a solution of betaine 50
in a variety of solvents failed to effect the desired intramo-
lecular dipolar cycloaddition (i.e., 50 — 51 — 52), as the tri-
cyclic oxidopyridinium betaine 54 was the only discernable
product (73%) after a prolonged reaction time (5 d). The
formation of 54 was the result of direct conjugate addition
of the betaine 53 into the ene-nitrile, followed by aromatiza-
tion, being the dominant reaction pathway. While the forma-
tion of the indolizinium species 54 provides access to an in-
teresting heterocyclic scaffold,”®" the unmet challenges of ac-
cessing the desired azabicyclo[3.2.1]octane skeleton of the
hetisine alkaloids remained.

Since the undesired conjugate addition pathway emerged
as the principal obstacle at this juncture, a strategy was
adopted in which a removable electron-deficient dipolaro-
phile activating group (i.e., a sulfone) was installed at the
vinyl CS5-position in a cycloaddition substrate such as 59
(Scheme 9). It was anticipated that reversal of the polariza-
tion of the dipolarophile m-system would preclude a conju-
gate addition pathway (i.e., 59 — 62 — 63) that would nec-
essarily proceed via a high energy bridged transition state.
This may provide an opportunity for the favored cycloaddi-
tion process (i.e., 59 — 60 — 61) to surface as the dominant
reaction pathway. This approach began with 2-cyano-2-
methylcyclohexanone (55), which was readily prepared from
1,5-dicyanopentane via a previously reported three-step se-
quence.® Condensation of ketone 55 with thiophenol pro-
duced the vinyl sulfide 56 (84 %). Subsequent reduction of
the nitrile in 56 with DIBAL-H afforded the corresponding
neopentyl aldehyde, which allowed for oxidation of the

q qsph (j:SOZPh CLS/OZPh
CN CHO
"

Ph [e]<)
Me%ZSOzPh 5 $=0] 6 PhOz i
CL Q/e
j x
]
Me
Ve PhO,SF;
@o //N®
83 O

Scheme 9. a) PhSH, P,0Os, CH,Cl,, 23°C, 84%; b) DIBAL-H, toluene,
0°C, 82%; c¢) m-CPBA, CH,Cl, 0°C, 91%; d) furfurylamine-HCI,
NaBH,CN, 3 A MS, NEt,, MeOH, 23°C, 91 %; ¢) Br,, MeOH, H,0, 0°C,
77 %; f) [0.05M], PhMe, reflux, 70 %.
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vinyl sulfide functionality to the vinylsulfone 57 (75%, 2
steps) with m-CPBA. Introduction of the oxidopyridinium
betaine dipole proceeded with reductive amination of alde-
hyde 57 with furfurylamine to produce amine 58 (91%),
which smoothly underwent aza-Achmatowicz oxidative rear-
rangement to provide the cycloaddition precursor 59 (77 %).
Heating of a dilute solution of 3-oxidopyridinium betaine 59
in refluxing toluene provided the desired cycloadduct 61
(70%), the structure of which was unambiguously verified
by its X-ray crystal structure. That none of the isomeric con-
jugate addition product 63 was formed in this reaction rein-
forces the hypothesis of an energetically disfavored bridged
transition state 62 giving way to the more favorable cycload-
dition manifold (60). This promising result presented a
highly efficient route to the entire N-heterocyclic array
within the hetisine framework in the form of 61. Further ad-
vancement of this intermediate toward the hetisine alkaloids
would involve installation of the diene—dienophile pair for
late-stage intramolecular Diels-Alder reaction (i.e., 19,
Scheme 2). While installation of the 1,3-diene moiety onto
61 (Scheme 9) can be envisioned to occur via a variety of
six-membered annulation strategies at the C8-C14 positions,
introduction of a dienophile moiety, required at the C10-po-
sition of 61, is considerably more challenging since a
method for controlled C-H activation at this bridgehead po-
sition is not obvious.

In light of this challenge, installation of an appropriate
C10-dienophile precursor prior to the key dipolar cycloaddi-
tion event was pursued. This involved (Scheme 10) bromina-
tion of the alkene at C10 within our previously prepared
vinyl sulfide 56 to form vinyl bromide 64 (92 %), which al-
lowed for metal-halogen exchange with iPrMgCL"®! The re-
sulting vinyl Grignard reagent was alkylated with BOMCI in
the presence of CuCN to provide tetrasubstituted alkene 65
(81%). The nitrile within 65 was then reduced (DIBAL-H)
to afford the corresponding aldehyde (74 %), allowing for
sulfide oxidation (m-CPBA) to provide the vinyl sulfone 66
(62%). Subsequent reductive amination with furfurylamine
furnished amine 67 (78 %), allowing for bromine-mediated
oxidative rearrangement to provide the oxidopyridinium be-
taine 68 (67 % ). Investigation into the cycloaddition reaction
of betaine 68 led to its heating in refluxing toluene with the
hopes of acquiring pyrrolidine 70 via the anticipated transi-
tion state 69. However, none of the cycloadduct 70 was de-
tected; rather, the isomeric intramolecular cycloadduct 73
was isolated (43 %) as the primary product; its structure was
initially delineated by a battery of spectroscopic data and ul-
timately unambiguously verified through single crystal X-ray
analysis.

This outcome arose from initial isomerization of the tetra-
substituted C5—C10 alkene in 68 to its trisubstituted Cl—
C10 alkene counterpart 71, eventually leading to intramolec-
ular dipolar cycloaddition of this unactivated dipolarophile
to generate the observed cycloadduct 73. This initial “decon-
jugation” event (68 — 71) is likely driven by release of
steric strain to allow for access to a lower energy pathway
for intramolecular cycloaddition. Qualitative conformational
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Scheme 10. a) Br,, MeCN, 80°C, 92%; b) iPr,MgCl, CuCN, THF, 0°C,
then BOMCI, 81%; c) DIBAL-H, toluene, 0°C, 74%; d) m-CPBA,
CH,Cl,, 0°C, 62%; ¢) furfurylamine-HCI, NaBH,, 3 A MS, NEt;, MeOH,
23°C, 78%; f) Br,, MeOH, H,0, 0°C, 41%; g) [0.01M], PhMe, 120°C,
67%.

analysis of the initially anticipated cycloaddition transition
state of the tetrasubstituted dipolarophile (74, Scheme 11)
reveals that the pendant oxidopyridinium dipole must

OBn
=925 0Bn PRO,S (M
i‘ @ éH _O, '-I{/le v \\

g N—\l H
Q
74 %)
Scheme 11.

extend from a pseudo-axial orientation. This would con-
strain three neighboring exocyclic substituents, namely the
vinyl benzyloxymethyl, the vinyl sulfone, and pseudoequato-
rial allylic methyl group, to all be nearly coplanar in an
early transition state model 74. By contrast, significant relief
of steric strain would result from alkene isomerization to
the C1-C10 position to form the trisubstituted alkene 75, in
which the same three exocyclic substituents would approxi-
mate mutual pseudo-gauche relative orientations. While the
mechanism of the alkene isomerization of 68 to 71 is not
known, the process is not surprising in retrospect given that
electronic influences of the sulfone moiety on a,f3-alkenes
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are primarily inductive in nature. It has been shown that the
sulfone moiety imparts little electronic stabilization to at-
tached alkenes through conjugation, since ground state d-or-
bital resonance does little to stabilize o,p-2p-mt-systems.™
Indeed, this property of vinyl sulfones has on occasion been
synthetically exploited.’>*” Although the formation of cy-
cloadduct 73 constitutes entry into a novel bridged pyrroli-
dine scaffold, its formation could not be abated in favor of
the desired cycloadduct 70, as all attempts to preclude
alkene isomerization through either rigorous exclusion of
adventitious proton sources, or decreasing substrate concen-
tration, met with no success.

The unavoidable alkene isomerization of vinyl sulfone 68
led to the exploration of a cycloaddition substrate incorpo-
rating a C10-nitroalkene dipolarophile functionality (i.e., 81,
Scheme 12). It was anticipated that use of the nitroalkene
would preclude alkene isomerization in the cycloaddition
due to an increased degree of conjugative stabilization, even
though the propensity of 81 to undergo unproductive conju-
gate addition might be enhanced. These efforts were initiat-
ed with the formation of the thermodynamic TMS-enol
ether of 2-methylcyclohexanone (76, Scheme 12), followed
by trityl-ClO,-catalyzed a-alkylation with 2-methoxy-1,3-di-
oxolane to afford the keto-dioxolane 77 (81 % ). Nitration
at the a'-position of 77 was accomplished with iBuONO,
and K-OrBu to provide the o'-nitroketone 78 (91%) as a
diastereomeric/tautomeric mixture, which could be convert-
ed to the corresponding nitroalkene (69 %) under the Luche
reduction protocol.®™ After acetal hydrolysis to form alde-
hyde 79 (78 %), the familiar sequence (unoptimized) of re-
ductive amination with furfurylamine and aza-Achmatowicz
rearrangement was executed to form amine 80 (34%) and
oxidopyridinium betaine 81 (64 %), respectively. Microwave
heating of oxidopyridinium 81 at 170°C provided the cyclo-
adduct 83. While this experiment afforded, for the first time,

0]
(:/[Me

NO,
o
= O
e o) _— o
Me
76 7 OJ 78 Me, )
Jd) e)
NO, NO,
.9 f)
Me (0] MeCHO
80 79

\
NO,
M i
e \\: O@
N 7\
82 @

Scheme 12. a) iPr,NMgBr; TMSCI, NEt;, HMPA, Et,0, 23°C, 77 %; b)
TrClO,, 2-methoxy-1,3-dioxolane, CH,Cl,, —78°C, 81%; c) iBuONO,,
tBuOK, 23°C, 91 %; d) CeCl;-7H,0, NaBH,, EtOH, 23°C, 69 %; ¢) TFA/
H,0 4:1, 23°C, 78 %; f) i) furfurylamine-HCl, NEt;, 4 A MS, MeOH; ii)
NaBH(OAc);, CH,Cl,, 23°C, 34%; g) Br,, 1:1 AcOH/H,0, 0°C, 64 %; h)
[0.01m], PhMe, 170°C (MW wave), 14% (plus 81 % rec. 81).
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a Cl0-derivatized cycloadduct comprising the hetisine N-
heterocyclic substructure, the transformation advanced to
no further than ~14 % conversion. Moreover, the structure
of pyrrolidine 83, verified by spectroscopic scrutiny, was that
derived from a cycloaddition which proceeded opposite to
what would be expected from a dipole HOMO-controlled
process, implying contra-kinetic electronic selectivity. These
data suggest that the cycloaddition outcome might be the
result of thermodynamic selection, a fact that was verified
when purified cycloadduct 83 was re-subjected to the reac-
tion conditions, leading to re-establishment of a ~6:1 ratio
of betaine 81 and cycloadduct 83, respectively. From this
critical finding, a more efficient synthetic approach to the
hetisine alkaloids was pursued based on a thermodynamic
(as opposed to a kinetic) analysis of the key 1,3-dipolar cy-
cloaddition event.

Intramolecular 1,3-dipolar cycloadditions with 4-oxidoiso-
quinolinium betaines: The unfavorable equilibrium observed
in the conversion of 3-oxidopyridinium 81 to its pyrrolidine
cycloadduct 83 (Scheme 12) led to an overhaul in the design
of the cycloaddition substrate. As a result, the exploration
of 4-oxidoisoquinolinium betaine dipoles was initiated with
the goal of lowering the energetic cost of breaking aromatic-
ity of the dipole in the cycloaddition event to the point
where the transformation might be rendered exothermic.
Calculations by Bird regarding resonance stabilization ener-
gies (RSE) of various aromatic and heteroaromatic com-
pounds provide a useful framework in this context.” In
these estimates, the sum of the individual RSEs (Figure 5)

X =
N P Na RSE(84) + RSE(85) > RSE(86)
84 85 86
0o 0o
@ © ® RSE(87) + RSE(85) > RSE(88)
Nz LN @
8 85 88

7

Figure 5.

of pyridine (84) and benzene (85) exceeds the RSE (by
~8 kcalmol ') of isoquinoline (86), the molecular fusion of
the two individual aromatic systems. This in turn suggests
that the aromatic resonance stabilization of the isolated het-
erocyclic “pyridinyl subunit” within isoquinoline (86) is less
than that of pyridine (84) itself, perhaps by a few kcalmol .
If this analogy can be reasonably transferred to aromatic be-
taine substrates, one can infer that the aromatic stabilization
of the “oxidopyridinium subunit” (i.e., the dipole compo-
nent) within 4-oxidoisoquinolinium intermediate 88 is also
less (i.e., more destabilized) compared to that of 3-oxidopyr-
idinium substrate 87 itself. This proposed net relative
ground state destabilization of a 4-oxidoisoquinilinium
dipole highlights its potential to serve in a more thermody-
namically favorable dipolar cycloaddition.
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Notably, the earlier cycloaddition employing the nitroal-
kene-oxidopyridinium substrate 81 (Scheme 13a, also
Scheme 12) was found to be endothermic by ~ 1.6 kcalmol ™!
(i.e., =#14% conversion at 170°C). Thus, only a relatively
small perturbation in the relative ground state energies of
the reagent and product need be achieved to reverse the
thermodynamic outcome of the reaction. If this could be ac-
complished with the use of a moderately destabilized 4-oxi-
doisoquinolinium dipole such as 89 (Scheme 13b), rapid
access to a highly advanced synthetic intermediate such as
90 would be possible. Indeed, the allure of this strategy is
heightened by the likelihood of the pendant benzo-ring
within the isoquinolinium dipole 89 to eventually serve as
the structural foundation for a Diels—Alder diene in the
later stages of the synthesis, a prospect contingent, of
course, on an acceptable level of regioselectivity in the dipo-
lar cycloaddition.

a) NO, (o]C)
~ 170 °C Me
N -
<
) AG = +1.6 keal mol~!
Me
81
N
b) 0, (o]¢)
“
N NS
Me ® 89
Scheme 13.

The use of 4-oxidoisoquinolinium betaines in 1,3-dipolar
cycloadditions was first reported by Katritzky.’!l Despite the
synthetic potential of this transformation, only a handful of
these cycloadditions have appeared,””® wherein the paucity
of intramolecular examples is notable."™ Several methods
exist for the preparation of 4-oxidoisoquinolinium betaines,
including N-alkylation of hydroxyisoquinolines, fragmenta-
tion of benzo-keto aziridines,®? cyclocondensation-oxida-
tion of diesters,”® and Rh'-catalyzed annulation of o-diazo-
carbonyl groups onto imines.”® However, direct application
of any of these strategies toward the appropriately substitut-
ed 4-oxidoisoquinolinium 89 was not obvious, and so an al-
ternative strategy was pursued based on a late-stage cycloar-
omatization—condensation event, similar to that in the
second phase of the classic aza-Achmatowicz reaction. Prep-
aration of the 4-oxidoisoquinolinium betaine commenced
with commercially available 4-methoxybenzaldehyde di-
methyl acetal (91, Scheme 14) in which directed ortho-lithia-

OMe ) OMe o M OMe
a , C
ey e B 20 G
cl oMe Ns OMe
91 OMe o 9 OMe 93

Scheme 14. a) BuLi, Et,0, —23°C; CICH,C(O)N(OMe)Me, 52%; b)
NaN3, acetone, 23°C, 95%; c¢) AcCl, MeOH, 99 %, 3:2 dr.
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tion!"™ and acylation with o-chloro-N-methoxy-N-methyl-
acetamide provided the chloroacetophenone 92 (52%). Nu-
cleophilic substitution of the chloride in 92 with NaNj; pro-
ceeded smoothly (95%), allowing for subsequent acid-cata-
lyzed acetal isomerization in MeOH to produce the bicyclic
diacetal 93 (99 %) as a 3:2 mixture of diastereomers.
Convergent attachment of the dipole precursor 93 with
the nitroalkene dipolarophile component 79 was accom-
plished (Scheme 15) with a Staudinger—aza-Wittig reaction,

2

NO, H OMe NO. H OMe
a)
ij\ : \§©\ @\/Hm
N N
CHO 3 OMe OMe
Me OMe Me OMe
79 93 94
|
OsN H o)) NO, oe
= OMe c) ” OMe
-
B .
Me
26 o 5 Me

N
(€]

prd bo

Scheme 15. a) 93, PBu;, CH,Cl,, 23°C; add 79; add NaBH(OAc);, 74 %
(3:3:2:2 dr); b) 1:10 TFA/CH,Cl,, 0°C, 98%; c) [0.008M], PhMe, 90°C
(MW wave), 30 min, — 98/100/96 with 4:2:3 isomeric ratio.

in which azide 93 was initially exposed to Bu;P, followed by
sequential treatment with the nitroalkene—aldehyde 79 and
NaBH(OACc);. The resultant amine 94 (74 %) was isolated
as an inconsequential 3:3:2:2 mixture of diastereomers, all
of which were converged to the 4-oxidoisoquinolinium be-
taine 95 via TFA-catalyzed extrusion of MeOH (98 %). In-
vestigations into the intramolecular 1,3-dipolar cycloaddi-
tion of 95 involved its heating in a dilute solution of 5%
MeCN in toluene at 90°C in a microwave reactor. After
30 min at this temperature, 4-oxidoisoquinolinium betaine
95 was quantitatively converted to three isomeric products,
namely the bridged pyrrolidine cycloadducts 98 and 100, as
well as the tetracyclic betaine 96 (arising from intramolecu-
lar conjugate addition of 95) in a 4:2:3 isomeric ratio, re-
spectively. Upon increasing the reaction time, the proportion
of the tetracyclic betaine 96 also increased, ultimately to the
point of its exclusive formation. These data suggest that the
cycloaddition of 95 to form the bridged pyrrolidines 98 and
100 is relatively rapid compared with that of conjugate addi-
tion of 95 to form betaine 96. Additionally, the cycloaddition
of 95 is reversible, in which reversion of cycloadducts 98/100
to a small quantity of bicyclic betaine 95 allows for its even-
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tual irreversible funneling via conjugate addition to the tet-
racyclic betaine 96, the thermodynamic sink in the reaction.
Despite the unavoidable diminution of the desired cycload-
ducts in this process, the presence of only a small (undetect-
able) amount of the intermediary betaine 95 in the eventual
accumulation of 96 from 98/100 suggests that the partial
equilibrium of the cycloaddition (95 = 98/100) indeed repre-
sents an exothermic process.'" This validates the strategy of
using oxidoisoquinolinium betaines over oxidopyridinium
betaines to effect a more favorable cycloaddition equilibri-
um, yet there remained the specific issue of avoiding irrever-
sible conjugate addition of 95 for application to the synthe-
sis of the hetisine alkaloids.

This challenge was addressed with a final modification of
the dipolarophile component of the 4-oxidoisoquinilinium
betaine cycloaddition precursor, wherein the use of the less
activated ene-nitrile dipolarophile was re-investigated. Al-
though previous studies with this class of dipolarophile
failed to effect intramolecular cycloaddition with 3-oxido-
pyridinium dipoles (i.e., 50, Scheme 8), the conjugate addi-
tion manifold was also extremely slow (170°C, 5d). Thus,
the use of a more reactive isoquinolinium betaine dipole
with an ene-nitrile dipolarophile may result in the cycload-
dition emerging as the preferred reaction pathway. The ene—
nitrile was readily prepared from the vinyl triflate 47
(Scheme 16), beginning with Pd-catalyzed cyanation with
Zn(CN),!'®! to provide the nitrile-alkene 101 (85%). Appli-
cation of the previously established Staudinger—aza-Wittig
sequence in the coupling of aldehyde 101 and azide 92 pro-
vided the amine 102 (79%) as a mixture of four diastereo-
mers. Treatment of this mixture with TFA effected cycloaro-
matization to afford the 4-oxidoisoquinolinium betaine 103
(93%). When a dilute solution of this cycloaddition precur-
sor was heated to 180°C in THF (sealed tube) for 15h, a
mixture of the betaine 103 and the cycloadducts 104 and 105

CN oo CN OMe
H
= OMe
c) b O
s N OMe
Me 103 Me OMe
d 102
d) 4\ AN

H H OMe

o]
Me " -CN OMe Me

L

@ equilibrium [recycle] |d

Scheme 16.a) Zn(CN),, [Pd(PPh,),], DMF, 60°C, 85%:; b) 93, PBu,,
CH,Cl,, 23°C; add 101; add NaBH(OAc)s;, 79% (3:3:2:2 dr); c) 1:10

TFA/CH,Cl,, 0°C, 93%; d) [1.5M], 180°C, THF, 97 %, 104/105 1:3.6 at
equilibrium.
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was isolated in a 03:21:76 ratio, respectively. Importantly,
this ratio was invariant to extended reaction times, and con-
tained no trace of conjugate addition by-products, indicating
that the cycloaddition was indeed exothermic (97 % conver-
sion), and that the unproductive conjugate addition pathway
had been completely suppressed. However, the 1:3.6 isomer-
ic ratio of the cycloadducts favored the undesired isomer
105. Nevertheless, the cycloaddition process was verified to
be under thermodynamic control, as isolation and re-subjec-
tion of the undesired cycloadduct 105 to the reaction condi-
tions led to re-establishment of the equilibrium ratio of iso-
mers. Given this near quantitative interconversion of iso-
mers from 103, a procedure for iterative thermal re-equili-
bration in the recycling of 105 was established, allowing for
accumulation of the desired cycloadduct 104 at ~20% per
equilibration with minimal loss of material.

Intramolecular Diels—Alder reaction and the synthesis of (+)-
nominine (7): Advancement of the pyrrolidine cycloadduct
104 (Scheme 17) toward nominine (7), the simplest of the
hetisine alkaloid family, began with benzylic ketone-to-

H H
°) CN
Me o CN OMe 2-C) Me o OMe
N q N I:|
104 106
ld), e)
H H H H
Me 0 0 f) Me 0 OMe

H CH,

Scheme 17.a) NaBH,, EtOH, 23°C; b) SOCI, CH,Cl, reflux; c)
Bu;SnH, AIBN, PhH, reflux, 68% (3 steps); d) DIBAL-H, PhMe, 0°C,
85%; e) Ph,P=CH,, THF, 23°C, 96%; f) Na’, Me,CHOH, THF, NH,,
—78°C; HCl), 97 %; g) 9:1 MeOH/pyrrolidine, 60°C, 78 %; h) Ph;P=
CH,, THF, 70°C, 77 %; i) SeO,, tBuOOH, CH,Cl,, 23°C, 66 %, 7:1 dr.
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methylene reduction. This was performed with the sequen-
tial operations of: 1) reduction to the benzylic alcohol (5:1
dr); 2) chlorination of the resultant benzylic alcohol (6:1
dr); and 3) free radical benzylic de-chlorination to provide
the bridged pyrrolidine skeleton 106 (68%, three steps).
Conversion of the nitrile in 106 to an alkene dienophile was
straightforward, initially involving its reduction to the corre-
sponding aldehyde (85%) with DIBAL-H, followed by
Wittig methylenation to afford the alkene 107 (96 % ). In se-
curing the diene component for the proposed Diels—Alder
reaction, the arene in 107 was reduced under the Birch pro-
tocol (Na, THF, iPr,CHOH)!"™ to afford the transient 1,4-
dienol ether, which was hydrolyzed upon acidic work-up to
afford the v,9-unsaturated cyclohexenone derivative 108
(97 %).

With efficient access to vy,0-unsaturated cyclohexenone
108, it was envisioned that isomerization of the endocyclic
alkene to provide the conjugated enone functionality would
provide a key intermediate for generation of the required
1,3-diene for intramolecular [442] cycloaddition. Unfortu-
nately, all efforts to convert 108 to is o,-enone isomer met
with no success. Exposure of 108 to a variety of either acidic
or basic reagents/catalysts under mild conditions resulted in
no reaction, while more forcing conditions led only to its de-
composition. This suggests that the de-conjugated enone
moiety in 108 may already be in its thermodynamically fa-
vored form. However, a significant advance emerged during
attempts at generating conjugated diene functionalities
through the formation of iminium/enamine intermediates.
When enone 108 was treated with pyrrolidine in refluxing
MeOH, the fully intact polycyclic hetisine skeleton 111
(verified by X-ray analysis) could be isolated in 78 %. This
intriguing outcome is likely the result of initial reversible
iminium formation via dehydrative condensation of pyrroli-
dine and enone 108. In a polar protic solvent (MeOH) at
elevated temperature, isomerization of the transient imini-
um species to several distinct dienamine constitutional- and
stereo-isomeric forms would occur, with one of them being
the dienamine 109. Among all of the possible isomers in dy-
namic equilibration, only dienamine 109 is conducive to a
favorable intramolecular Diels—Alder transition state, result-
ing in Curtin-Hammett kinetics that funnel the equilibrating
intermediates irreversibly to the Diels—Alder adduct 110,
and ultimately to ketone 111 after enamine hydrolysis.
Having secured the critical [4+2]-cycloaddition reaction in
the synthesis, the final functional group interconversions in-
volved Wittig olefination of the ketone in 111 to form
alkene 112 (77 %), followed by diastereoselective allylic hy-
droxylation of with SeQ,'™%! to afford (=+)-nominine (7,
66 %, 7:1 dr), whose structure was verified by single crystal
X-ray analysis. Overall, the total synthesis of (+)-7 was ac-
complished in a 15-step sequence with only a single protec-
tive group manipulation.

Enantioselective total synthesis of (4)-nominine (7): Adap-

tation of our racemic synthesis of nominine (7) to a non-rac-
emic route focused on asymmetric induction at an early
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stage in the synthetic route to establish the absolute stereo-
chemical course of the synthesis. Although nominine (7) in-
corporates ten chiral carbon centers, initial establishment of
the absolute configuration of the C4-quaternary carbon
would allow for effective diastereoselective stereochemical
relay to the remaining stereocenters in the natural product.
In the racemic synthesis of nominine (7), the enol triflate in-
termediate 47 (Scheme 16) served as a key early chiral race-
mic intermediate. The C—C bond-forming event to establish
the quaternary C4 center in 47 was accomplished earlier by
conjugate addition of cyanide onto an enone electrophile
(34 — 35, Scheme 6); unfortunately, an enantioselective var-
iant of this cyanide conjugate addition has not been report-
ed.

Recently, Hoveyda reported the enantioselective conju-
gate addition of alkylzinc and arylzinc nucleophiles for the
formation of quaternary carbon stereogenic centers.'””! In
this method (Scheme 18), treatment of cyclic y-keto enoates
113 with dialkyl or diarylzinc reagents in the presence of
CuOTf and the chiral N-heterocyclic carbene ligand com-
plex 114 [(S,S)-NHC] provided the conjugate addition prod-
ucts 115 with good to excellent levels of asymmetric induc-
tion. Moreover, in related conjugate additions with 3-alkyl-
substituted a,B-enones, the initial Zn-enolate product of nu-
cleophilic addition could be trapped at oxygen with Tf,0O to
furnish enol triflate products.!®!

ROLC | (s,5)NHC (114), 0 Me
CUOT, ZnR, | <
9
Y Me Me
115 N”\N
(53-98% vyield) ﬁ Me  (S,S)-NHC
ROC R (86:98%er) | 0 OPR  Ph (114)
Scheme 18.

Application of this methodology to the asymmetric syn-
thesis of (4+)-nominine (7) thus necessitated several changes
in the early stages of the sequence (Scheme 19), commenc-
ing with allylic oxidation of methyl 1-cyclohexene-1-carbox-
ylate (116) with CrO;. The resultant y-keto enoates 117
(56 %) was then used as the electrophile for asymmetric
conjugate addition with the Hoveyda protocol, employing
the (S,S)-NHC catalyst 114 in the presence of CuOTf and
ZnMe,. The corresponding zinc enolate intermediate was
then trapped with Tf,O to provide the enol triflate (+)-118
(91 %) with good enantioselectivity (92:8 er) as determined
by chiral HPLC. The enantio-enriched vinyl triflate 118 was
then subjected to low-temperature DIBAL-H reduction of
the ester to provide the corresponding aldehyde (+)-47
(92%), an enantio-enriched intermediate that directly inter-
cepts its racemic counterpart in our earlier synthesis (i.e.,
47, Scheme 16). Palladium-catalyzed cyanation of enol tri-
flate 47 then furnished the ene-nitrile (+)-101 (82 % ). Alde-
hyde (4)-101 was then coupled to the cyclic ketal azide 93
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(+)}-7 Scheme 17 (recrystallize —» >99:1 er)

Scheme 19.a) CrOs;, Ac,0, AcOH, CH,Cl,, 23°C, 56%; b) 114,
(CuOTf),-PhH, ZnMe,, tBuOMe, 0°C; add 117, —30°C; add Tf,0, 0°C,
88%, 92:08 er; c) DIBAL-H, pentane, —105°C, 92%; d) Zn(CN),, [Pd-
(PPhs),], DMF, 60°C, 82 %; ¢) 93, PBu;, CH,Cl,, 23°C; add (4)-101; add
NaBH(OAc);, 82% (3:2 dr); f) 1:10 TFA/CH,Cl,, 0°C, 98 %; g) [0.32M],
180°C, THF, 97 %, (4+)-104/105 1:3.6 at equilibrium; recrystallized from
iPrOH, 104 92:8 — >99:01 er.

via the Staudinger—aza-Wittig protocol to afford amine 102
(82%) as a diastereomeric mixture, which was readily con-
verted to the oxidoisoquinolinium betaine 103 upon TFA-
mediated cycloaromatization (98 % ). The intramolecular di-
polar cycloaddition of enantio-enriched 103 proceeded as
expected, providing the cycloadducts 105 and 104 in a 3.6:1
isomeric ratio, respectively. Reiterative thermal re-equilibra-
tion of the isolated cycloadduct 105 allowed for accumula-
tion of the desired cycloadduct (+)-104, which could be re-
crystallized to enantiopurity (>99:1 er). The remaining
steps in the asymmetric synthesis mirrored that of the
above-mentioned racemic synthesis (Scheme 17), whereby
the identical nine-step sequence was executed in comparable
yields, providing (4)-nominine (7, [a]p=+50.7, ¢=1.09,
MeOH).>?! These efforts mark the first enantioselective
synthesis of (4)-nominine (7), comprising a 16-step se-
quence.

Conclusion

A concise synthetic entry to the hetisine class of diterpenoid
alkaloids is described. The synthesis was predicated on the
successful development of a dual cycloaddition strategy, in-
cluding an intramolecular 1,3-dipolar cycloaddition with a 4-
oxidoisoquinilinium betaine dipole, as well as a pyrrolidine-
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induced dienamine isomerization/Diels—Alder cascade.
Early investigations demonstrated the facility with which 3-
oxidopyridinium betaines could be prepared and applied to
complex intramolecular cycloadditions in the preparation of
the N-heterocyclic subunit of the hetisine alkaloids. Later
studies extended the approach to the use of 4-oxidoisoqui-
nolinium betaine dipoles, prepared by a novel cycloaromati-
zation strategy, ultimately enabling an expedient racemic
synthesis of (+)-nominine (7) in a 15-step sequence. The
synthetic route also provided an attractive setting with
which to apply novel catalytic asymmetric conjugate addi-
tion methodology recently disclosed by Hoveyda. Early-
stage modification in the racemic synthetic route permitted
successful application of this enantioselective transformation
in the context of multi-step synthesis, culminating in the first
asymmetric synthesis of (+)-nominine (7). This total synthe-
sis of (+)-7 signals a novel strategic approach to the hetisine
class of C,-diterpenoid alkaloids that will likely enable
ready access to the other, more highly oxidized members of
this natural product family.
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