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ABSTRACT

An efficient synthetic strategy has been developed for annulation of an azocane ring onto a bicyclo[2.2.2]octane scaffold via an intramolecular
hydroaminomethylation protocol to generate an advanced intermediate bearing three of the four rings of the structurally unique Lycopodium
alkaloid lycopladine H (1).

The Lycopodium class of alkaloids has been of scientific
interest since the initial isolation of lycopodine from the
club moss Lycopodium complanatum in 1881.1 Since then,
more than 250 additionalLycopodium alkaloids have been
isolated, many of which show biological activity.2 A
recently discovered member of the Lycopodium alkaloid
family is lycopladine H (1), which was isolated by
Kobayashi et al. from the methanolic extracts of L.
complanatum in 2009.3,4

Lycopladine H exhibits an unprecedented tetracyclic
ring system composed of a bicyclo[2.2.2]octane moiety,
a spiro-fused 3-piperidone, and a bridging azocane ring.

These unique structural features present a significant
challenge in any synthetic approach to the alkaloid.

We recently described some preliminary studies on a
strategy directed toward a total synthesis of lycopladine H
(1) based upon a key Diels�Alder cycloaddition of an
o-quinone ketal with nitroethylene to form the bicyclo-
[2.2.2]octane core suitably functionalized for eventual
conversion to the alkaloid.5 In this paper we now report
the development of an approach to annulation of the
azocane moiety onto a bicyclo[2.2.2]octane scaffold using
intramolecular hydroaminomethylation methodology.
Intramolecular hydroaminomethylation ofω-amino

alkenes is an attractive method for constructing
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nitrogen-containing heterocycles owing to the often
straightforward synthesis of the requisite precursors, as
well as the useof inexpensiveCO/H2 (syngas) as a source of
an inserted carbon.6 Thus, transition-metal-catalyzed hy-
droformylation of the amino alkene, followed by in situ
reductive amination, has been shown to be an efficient
method to form cyclic amines of various ring systems.
Although this transformation has primarily been used to
produce pyrrolidines, piperidines, and azepines, there are
also a few examples in the literature of the synthesis of
medium-sized rings.7 Indeed, one example exists of the
formation of an azocane inmoderate yield.8 However, this
powerful methodology has not yet been widely applied to
complex molecule synthesis.
In order to test the feasibility of this annulation strategy,

it was decided to synthesize the necessary precursor from
the bicyclo[2.2.2]octane intermediate 4 which we have
previously prepared.5 This compound is readily available
from phenol 2 via oxidation to o-quinone ketal 3, followed
by a high yielding Diels�Alder reaction with nitroethy-
lene, a process that we had found is both regio- and
stereoselective (Scheme 1).9,10 Reduction of nitro ketone
4 with sodium borohydride proved to be completely
stereoselective, affording nitro alcohol 5 in high yield.
The structure and stereochemistry of this intermediate
were confirmed by X-ray analysis (see Supporting
Information). As was observed previously in related
systems,5 Henry reaction of nitro compound 5 with for-
maldehydewas totally endo-stereoselective, affording nitro
diol 6 having the correct C-5 stereochemistry for the
alkaloid 1. After some experimentation, it was found that
the ketal functionality of 6 could be cleaved to form
R-hydroxy ketone 7 using lithium fluoroborate in wet
acetonitrile in nearly quantitative yield.11

At this point, diol 7 was protected as the bis-diphenyl-
tert-butylsilyl ether 8 (Scheme 2). The next stage of the
synthesis was to add a vinyl group to ketone 8. However,
when reacted with vinylmagnesium bromide, ketone 8

rapidly decomposed, even at low temperatures, perhaps
due to reactionof the organometallic reagentwith the nitro
group12 or by enolization of the ketone. As organocerium
reagents are known to be more compatible with enolizable

carbonyl compounds than are Grignard or organolithium
reagents,13 we decided to try this variation for the addition
of a vinyl group to ketone 8. Therefore, the vinyl cerium
reagent was preformed by adding vinylmagnesium bro-
mide to anhydrous cerium chloride in THF at �78 �C.
Owing to the instability of vinyl cerium reagents at tem-
peratures above�78 �C,ketone 8was then added slowly to
the organometallic suspension at this temperature. These
carefully controlled reaction conditions provided the
allylic alcohol 9 in excellent yield as a single diastereomer
having the required configuration at C-2. The structure
and stereochemistry of this intermediate were confirmed
by 2D NMR analysis. Finally, the nitro group of 9 was
reduced with activated zinc dust14 and HCl in aqueous
isopropanol to produce the desired amino alkene substrate
10 needed for the hydroaminomethylation in excellent
yield.
With the requisite amino alkene now in hand, we began

to investigate the key intramolecular hydroaminomethyla-
tion step with the hope that formation of an eight-
membered azocane ring would be facilitated by the
conformational rigidity of the bicyclo[2.2.2]octane scaf-
fold. Compound 10 was first subjected to reaction condi-
tions similar to those developed by Beller et al. for
intermolecularhydroaminomethylations.15Thus, the vinyl
amine substrate was treated with [Rh(cod)Cl]2 (with a
slightly higher catalyst loading than used by Beller) and
Xantphos as the phosphine ligand in a 1:1 mixture of
toluene/methanol (with a lower substrate concentration
than previously used in order to favor an intramolecular
reaction) under a pressurized CO/H2 atmosphere at
125�135 �C (Table 1, entry 1). Gratifyingly, the desired
azocane 13 was isolated from this reaction in 28% yield,

Scheme 1. Synthesis of R-Hydroxyketone 7
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along with 41% of the corresponding N,O-acetal 14

(Scheme 3).
We believe that an initial hydroformylation of alkene 10

occurs to provide amino aldehyde 11, which undergoes
in situ intramolecular cyclodehydration to form eight-
membered ring imine 12 (and/or the corresponding
enamine). Rhodium-catalyzed hydrogenation of the imine/
enamine then furnishes the desired azocane 13, while
nucleophilic addition of methanol to the imine produces
N,O-acetal 14 (R=Me). Interestingly, thisN,O-acetal is a
single stereoisomer, but we have not determined its config-
uration. Although the addition of methanol to the imine in
principle should be reversible, theN,O-acetal appears to be
relatively stable under the reaction conditions. However,
isolation ofN,O-acetal 14 by chromatography, followedby
reduction with sodium cyanoborohydride under acidic
conditions, furnished the azocane 13 in 67% total yield.
Although the two-step hydroformylation/sodium cya-

noborohydride reduction sequence was serviceable, we
sought to streamline this hydroaminomethylation reaction
(Table 1). In comparison to the modified Beller conditions
used initially (entry 1), the use of the aprotic solvents
toluene or THF under the same conditions in the absence
of an alcohol (entries 2 and 3) led to an increase in the
isolated yield of the azocane 13. However, neither single-
solvent system produced a yield of the azocane 13 that
approached the 67% yield benchmark from the aforemen-
tioned two-stepprocess.Although it is not completely clear
why the total yield of cyclization products is reduced here
relative to the reaction run in toluene/methanol, Beller has
noted that in intermolecular hydroaminomethylations
using a secondary amine, hydrogenation of the intermedi-
ate enamine is slow in aprotic solvents.16

We therefore posited that use of the protic solvent
trifluoroethanol (TFE) rather than methanol might im-
prove the selectivity and yield for formation of the azocane
13 through both steric and electronic effects. The electron-
withdrawing CF3 group makes the alcohol a poor nucleo-
phile and would allow for a more facile reversal of N,O-
acetal formation due to the enhanced leaving-group ability

of TFE (pKa = 12.517). We expected that the increased
steric bulk of TFE relative to methanol would further
disfavor N,O-acetal formation. Additionally, we hoped
that the increased acidity of TFEmight even accelerate the
hydrogenation of the imine/enamine by shifting the equili-
brium toward the protonated iminium ion species, which
should be more reactive toward hydrogenation.
Indeed, when TFE was employed as a cosolvent (entry

4), azocane 13was formed in 59% isolated yield, with only
8% of N,O-acetal 14 (R = trifluoroethyl) observed in the
1H NMR spectrum of the crude mixture. Use of hexa-
fluoroisopropanol (HFIPA), an even less nucleophilic and
more sterically encumbered protic solvent (entry 5, pKa =
9.317), furnished azocane 13 in 75% yield, with none of the
corresponding N,O-acetal observed. When the purport-
edlymore active catalyst [Rh(cod)2]BF4 (entry 6) was used
in conjunction withHFIPA, the result was nearly identical
to that observed with the more stable and less expensive
[Rh(cod)Cl]2 catalyst.

In conclusion, we have successfully tested a strategy for
annulation of an azocane ring onto a preformed bicyclo-
[2.2.2]octane core utilizing an intramolecular hydroami-
nomethylation reaction. The substrate for this
transformation, vinyl amine 10, can be prepared stereo-
selectively in six steps in high overall yield from readily
available Diels�Alder adduct 4. The key intramolecular

Scheme 3. Intramolecular Hydroaminomethylation of Vinyl
Amine 10

Scheme 2. Synthesis of Hydroaminomethylation Precursor 10

Table 1. Optimization of the Intramolecular Hydroamino-
methylation of Vinyl Amine 10

entry catalysta solvent

azocane

13 (%)

N,O-acetal

14 (%)

1 [Rh(cod)Cl]2 PhMe/MeOH 28 46

2 00 PhMe 46 �
3 00 THF 58 �
4 00 PhMe/TFE 59 8

5 00 PhMe/HFIPA 75 0

6 [Rh(cod)2]BF4 PhMe/HFIPA 71 0

aCatalyst loading: 1 mol % [Rh(cod)Cl]2; 2 mol % [Rh(cod)2]BF4.
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hydroaminomethylation to produce an eight-membered
azocane ring proceeds in good yield, probably due to
the conformational rigidity imparted by the bicyclo-
[2.2.2]octane nucleus. The application of hexafluoroiso-
propanol as a cosolvent in this type of reaction may also
prove tobe a useful general protocol in hydroaminomethy-
lations. We are presently applying what we have learned
from the research outlined here and in our previous work5

to complete a total synthesis of lycopladine H (1).18
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