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The diterpenoid alkaloids comprise over 1100 natural prod-
ucts of daunting architectural complexity that possess a vast
array of hydroxylation patterns.!'! The potent interactions of
these molecules with voltage-gated ion channels that lead to
a broad spectrum of bioactivity, are well-recognized.”?
Biological activities including acetylcholinesterase inhibition,
as well as analgesic, anti-inflammatory, myorelaxant, and
anti-arrhythmic properties have been reported for many
members of this family.®) Furthermore, many of the plants
that produce diterpenoid alkaloid natural products have
various uses, including as sedatives and as fever reducers.! As
a result of their complex structures, and the emerging interest
in their use to address problems in cognitive decline, there has
been a veritable renaissance in the chemical syntheses of the
diterpenoid alkaloids. Our approach to the construction of
these natural products centers on identifying a versatile late-
stage intermediate that could be applicable to the syntheses of
several members of this family, especially, the hetidines (e.g.,
navirine, 1; Scheme 1), for which no syntheses are known.
Herein, we report our progress toward this goal, which has
resulted in the synthesis of an advanced tetracycle that we
believe sets the stage for the syntheses of natural products in
the hetidine and hetisine structural classes (e.g., 1, and
kobusine, 2, respectively).

Although no previous syntheses of molecules in the
hetidine structural class have been reported to date, there has
been substantial effort dedicated to the synthesis of the
hetisine diterpenoid alkaloids. Most of these approaches,
which were aimed at the synthesis of a single target,”” are
exemplified by the preparation of nominine (3) by Natsume
and Muratake in 2004" and by the highly efficient synthesis
by Gin and Peese, in 2006, using a beautifully orchestrated
dipolar cycloaddition/[4+2] cycloaddition strategy.”! In our
analysis of the hetidine and hetisine frameworks, we recog-
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Scheme 1. Selected hetidine and hetisine diterpenoid alkaloids.

nized that a fused 6-7-6 carbocyclic motif (see bolded bonds in
A, Scheme 1) was conserved and could therefore serve as
a common late-stage structure for the construction of these
related natural products. We envisioned the hetisine skeleton
(see B) arising from the hetidine framework (A) through
a formal dehydrogenative C—N bond-formation reaction. The
successful use of the Hoffman-Loffler—Freytag reaction to
accomplish an analogous transformation has been previously
reported by Okamoto and co-workers, albeit in modest
yield.®

On the basis of the analysis presented above, we selected 4
(Scheme 2) as our initial target. This advanced intermediate,
which resembles the hetidine skeleton, has an intermediate
oxidation level, thus making it well-suited as a precursor to
many hetidine and hetisine diterpenoid alkaloids including
navirine (1) and kobusine (2). The bicyclo[2.2.2] portion of 4
could arise from methoxy arene 5. To date, the most
expedient route to convert methoxybenzene derivatives
similar to 5 into the [2.2.2]bicyclic substructure was reported
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Scheme 2. Retrosynthetic analysis of common late-stage intermediate
4.

Angew. Chem. Int. Ed. 2013, 52, 4854—4857


http://dx.doi.org/10.1002/anie.201209030

by Gin and Peese,l’! and involves an intramolecular [442]
cycloaddition. Several recent syntheses of kaurane-type
diterpenoids have been achieved by using a similar strategy.”!
As such, we imagined that this tactic or a variant could, in
principle, be employed to transform tetracycle 5 into
advanced polycycle 4. The bridged framework of § could be
simplified to benzannulated cycloheptadiene 6, which would
be formed from indenyl alkyne 7 by a Ga'-catalyzed
cycloisomerization transformation, which has been developed
in our group"” and previously used by us in the syntheses of
natural products in the icetexane diterpenoid family.""

Our synthesis of structures related to 4 began with the
preparation of tricycle 12 (Scheme 3) from known iodo
alkyne 8, which can be synthesized in 9 steps from commer-
cially available 3-bromopropan-1-ol,'” and commercially
available B-ketoester 9.3 A standard alkylation using
K,CO; afforded the adduct of 8 and 9, which, following
saponification and decarboxylation, provided indanone 10 in
76 % vyield over the two steps. Selective reduction of the
carbonyl group of 10 proceeded in the presence of the nitrile
group, and subsequent elimination of the resulting hydroxy
group yielded indene 7. Cycloisomerization of 7 by using
catalytic Ga™ iodide under reaction conditions we have
previously established, gave benzannulated cycloheptadiene 6
(see Scheme 2), which, following selective reduction of the
disubstituted double bond by using diimide, gave 11. Oxy-
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Scheme 3. Synthesis of tricycle 12 and ORTEP representation of 12
with thermal ellipsoids set at 50% probability and most hydrogen
atoms omitted for clarity.’" Reaction conditions: a) K,CO;, acetone,
65°C, 18 h, 76%; b) LIOH-H,0, THF/H,O (4:1), 65°C, 98%;

c) NaBH,, EtOH, 0°C; d) PPTS, benzene, 80°C, 70% (over 2 steps);
e) Gal; (25 mol%), M.S. (4 A) , toluene, 100°C, 48 h, 89%; f) Et;N,
TsNHNH,, 1,2-DCE, 65°C, 83 %; g) CAN on silica, CH,Cl,/H,0 (4:1),
0°C, 5 min, 52%; h) H, (1 atm), 5 wt% Pd/C, EtOAc, quantitative.
CAN =cerric ammonium nitrate, DCE =dichloroethane, M.S.=molec-
ular sieves, PPTS = pyridinium para-toluene sulfonate, THF =tetrahy-
drofuran.
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genation of the doubly activated allylic and benzylic methyl-
ene group of 11 was achieved upon brief exposure to cerric
ammonium nitrate (CAN) adsorbed on silica to yield an
enone (not shown). Hydrogenation of the enone proceeded
with high levels of diastereocontrol to give 12, the structure of
which was confirmed by single crystal X-ray analysis (see
ORTEP). The remarkable diastereoselectivity of this hydro-
genation reaction is not well understood at this time and we
are working to gain more insight into the selectivity of this
process.™! Tricycle 12 represents the key 6-7-6 substructure
that is common to the hetidine and hetisine diterpenoid
alkaloid families (see A; Scheme 1).

Allylation of ketone 12 with NaH and allyl bromide (see
Scheme 4) resulted in a mixture of O- and C-allyl products,
which gave a single diastereomer of the C-allylated com-
pound (13) through a Claisen rearrangement upon heating to
160°C (microwave). Reduction of ketone 13 with lithium
aluminium hydride (LAH) yielded an amino alcohol as
a single diastereomer,'® which upon selective Boc protection
of the amino group yielded 14. Exposure of carbamate
alcohol 14 to thionyl chloride!"” effected cyclization to form 5,
which contains the piperidine ring.'¥! The structure of 5 was
unambiguously confirmed by X-ray crystallographic analysis
of the corresponding 4-nitrobenzamide derivative (15).

Access to 5 set the stage for the exploration of various
strategies to install the bicyclo[2.2.2] portion of the hetidines
and hetisines; we envisioned that the formation of the
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Scheme 4. Synthesis of tetracycle 5 and ORTEP representation of the
corresponding 4-nitrobenzamide derivative (15) with thermal ellipsoids
set at 50% probability and most hydrogen atoms omitted for clarity.”"!
Reaction conditions: a) NaH, allyl bromide, DMF, 50°C, 45 min;

b) DMF, 160°C (microwave), 45 min, 69% (over 2 steps); c) LAH,
THF, 65°C, 4 h; d) Boc,O, Et;N, CH,Cl,, 23°C, 92% (over 2 steps);

e) SOCl,, CH,Cl,, 23°C, 1 h, 72%. Boc =tert-butoxycarbonyl, DMF =di-
methylformamide, LAH = lithium aluminum hydride.
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bicyclo[2.2.2] portion would involve a dearomatization of the
arene moiety. Our early attempts, which proved unfruitful,
involved a Birch reduction of methoxybenzene 5. However,
the resulting dihydrobenzene reduction product was unstable
and could not be easily advanced. We were ultimately drawn
to oxidative dearomatizations, which could site selectively
introduce oxygenation at C14 (see 18, Scheme 5) and would

N
Boc

4a (where R = C(0))

Scheme 5. Synthesis of 4a, a common late-stage intermediate for the
hetidines and hetisines, and ORTEP representation of 4a with thermal
ellipsoids set at 50% probability and most hydrogen atoms omitted
for clarity.?"! Reaction conditions: a) NaH, EtSH, DMF, 180°C (micro-
wave), 15 min), 85%; b) PIFA (1.5 equiv), MeCN/CF,CH,OH (1:1),
0°C, 54%; c) cat. 0sO,, NMO, THF:H,0 (2:1), 23°C, 5 days;

d) NalO, on silica, CH,Cl,, 23°C, 30 min, 59% (over 2 steps); e) SiO,,
CH,Cl,, 36 h, 80%; f) H,, 5 wt% Rh/Al,O; (50 wt %), benzene, 24 h;
g) K,CO; (10 equiv), MeOH: CH,Cl, (9:1), 4 h, 43% (over 2 steps).
MeCN = acetonitrile, NMO = N-methylmorpholine N-oxide, PIFA=
phenyliodine bis(trifluoroacetate).

be advantageous for the synthesis of navirine (1) and related
alkaloids. Thus, cleavage of the methyl ether in 5§ afforded
phenol 16 in 85 % yield. Oxidative dearomatization of 16 with
phenyliodine bistrifluoroacetate (PIFA; [bis(trifluoroacet-
oxy)iodo]benzene) gave cyclohexadienone 18, in 54 % yield,
via the presumed intermediacy of 17.1] To the best of our
knowledge, this is the first example of the use of a Boc
carbamate as a nucleophile in an oxidative dearomatization
reaction. Dihydroxylation/periodate cleavage®! of the allyl
group in 18 yielded aldehyde 19, which upon stirring with
silica gel gave the Michael addition product 20. At this stage,
reduction of the enone double bond and treatment of the
resulting ketone aldehyde with K,COj; in methanol led to
aldol cyclization to provide 4a. The structure of 4a was
unambiguously determined by X-ray crystallographic analy-
sis.

The synthesis of 4a addresses many of the significant
challenges inherent in the synthesis of the hetidine and
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hetisine diterpenoid alkaloids. These challenges include the
introduction of nine contiguous stereocenters (3 of which are
quaternary) and the construction of a highly caged, bridged
ring system. Our approach reinforces the significance of our
recognition of the 6-7-6 ring system as an important starting
point for the synthesis of the diterpenoid alkaloids. Key to the
success of our outlined plan thus far is the use of a Ga™'-
catalyzed cycloisomerization reaction for the synthesis of the
6-7-6 tricycle, a remarkably diastereoselective hydrogenation
that effectively distinguishes between a methyl and nitrile
group, and an unusual oxidative dearomatization reaction
involving a Boc carbamate to initiate the construction of the
bicyclo[2.2.2] framework. Despite these advances, several
challenges, including the selective manipulation of the
bicyclo[2.2.2] framework (i.e., removing the hydroxy group
or converting the ketone group into an exo-methylene
moiety) remain. Studies to implement these planned synthetic
steps, as well as related efforts to use 4a in the syntheses of
hetidine and hetisine alkaloids, including navirine and
kobusine, are the focus of our current studies.
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