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Polycyclic Molecules from Linear Precursors:
Stereoselective Synthesis of Clavolonine and
Related Complex Structures**

David A. Evans* and Jonathan R. Scheerer

At the time of this publication, over 100 lycopodium alkaloids
have been isolated.l'! The 16-carbon-atom-containing lycopo-
dium alkaloid family features a variety of polycyclic ring sizes,
stereochemistry, and oxidation patterns. The classic tetracy-
clic skeleton of the lycopodane family has a rich history in
organic chemistry and has been a proving ground for new
approaches to the synthesis of polycyclic alkaloid targets.”!
Despite the number of research groups that have contributed
to the synthesis of this family of alkaloids, all have proceeded
in a linear fashion from cyclic starting materials.

The structure of lycopodine provides an instructive model
to explore a strategy centered on 1) a convergent synthesis of
a linear precursor that contains the complete carbon back-
bone and 2) the incorporation of a reaction cascade sequence
to construct the remaining carbon—-carbon bonds. In this
study, we pursued the synthesis of clavolonine (2), which was

lycopodane (1) lycopodine clavolonine (2)

first isolated in Jamaica in 1960°! from the club moss
Lycopodium clavatum and was synthesized as a racemate by
Wenkert and Broka.™"

The disconnections required to transform the lycopodium
skeleton 3 into its derived acyclic precursor may be accom-
plished with three principal constructions: 1) a Mannich
reaction, 2) a Michael addition, and 3)a C-N alkylation
(Figure 1). If the C-N alkylation is the last skeletal discon-
nection, then these reactions are implemented in a macro-
cyclic manifold (path A). Alternatively, if the C-N alkylation
is the first skeletal disconnection, the same reactions are
implemented in a linear environment (path B). Herein, we
report the evaluation of both distinct approaches to the
synthesis of the lycopodium skeleton.

[*] Prof. D. A. Evans, |. R. Scheerer

Department of Chemistry & Chemical Biology

Harvard University

Cambridge, MA 02138 (USA)

Fax: (+1) 617-495-1460

E-mail: evans@chemistry.harvard.edu

Financial support was provided by the National Institutes of Health
(GM 33328-20), Eli Lilly, Merck, and Amgen.

& Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

[

ST WL .
6192 3 InterScience’ © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2005, 117, 61926196



Angewandte

line 4 as a single diastereomer. This aldol adduct
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T— was successively reduced to the diol and trapped as
B path A R Me pathB ?_J- the derived benzylidine acetal. Subsequent reductive
R \ T\ Lol'ﬁe ;wa..mlch HLE alkylation N T \_O cleavage revoealed j[he primary alcoholl (Dib.al.H,
| o i ek s _}:\\ CHZCIZ, 7.35 O) W.thh was transformed.lnto nitrile
ek r pDI X- ‘R‘“\‘ 5 via the intermediate tosylate.[”’ Following ozonol-
-H.0 1[ + H__c: B Gl . | Mannch  ysis of the styrene moiety, the aldehyde derived from
R -H ’ 5 was condensed with [3-ketophosphonate 7 to afford
R e = Nt‘*" 'OE' a,B-unsaturated ketone 8 in 90% yield.®! After
\m d_,,_f\_\*_? pﬁ e 3 9 protection of the enone in 8, the nitrile and protected
R Tj\ _{\ § EK':\%O hyc.iroxyl termini were modified to the macrocycli-
A zation requisite precursor 9. Macrocyclization was
Michael | ‘ REALRmAD -H:0 f+H,0 accomplished by activation of the primary alcohol as
*H R_ R'H its iodide derivative, which was immediately sub-
‘{"' = ‘rﬂ"\:D alkylation '\] 0_ ‘| Me ° Michael = (P AN -M? jected to ketoester alkylation conditions (Cs,COs,
” ' T & ™ THF 37°C, 0.007m).') In this manner, macrocycle
B 1 \\ L\ L w Ry 10 was reproducibly obtained in good yield. Oxida-
16-membered 5 Il i X tion of the allylic alcohol afforded the desired enone
macrocycle il 1] 11a, which was crystallized as a single diastereomer

e b " ~"NHR (m.p.: 127°C) and analyzed by X-ray diffraction.
OR? R" R'=H COR The deprotected macrocyclic amine 11b may

Figure 1. Synthesis plan: macrocyclic path A and linear path B.

First, let us consider path A. Macrocycles often adopt
well-defined conformations that exhibit a pronounced influ-
ence on the stereochemical course of reactions.”” The inves-
tigation of this route required the synthesis of the 16-
membered macrocycle 11a (Scheme 1). The synthesis began
by the boron-mediated aldol addition of (R)-3-propionyl-4-
benzyloxazolidinone to cinnamaldehyde to provide crystal-
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Scheme 1. Reagents and conditions (see reference [7] for explanation of abbreviations):

a) LiBH,, Et,0, H,0, 0°C; PhCH(OMe),, TsOH, 939%; b) DibalH, CH,Cl,, —35°C, 76%;

c) TsCl, NEt;, DMAP; KCN, DMSO, 50°C, 94 %,; d) NaH, allyl bromide, DMF, —20 to 10°C,
55%, 90% based on recovered material; e) 9-BBN, H,0,; TBSCI, imid, DMF, 83 %, f) nBuli,
MePO (OFEt),, THF, —78°C, 98%; g) O,, —78°C; DMS; h) NaH, THF, —78 to —20°C, 90%;
i) L-selectride, THF, —78°C; j) TBSCI, imid, DMF, 81% (2 steps); k) DibalH, CH,Cl,,
m) HF-py, THF, 0°C, 72% (93 % based on recovered
n) l,, PPh;, imid, —5°C; o) Cs,CO;, THF (0.007 m), 37°C, 65% (2 steps); p) F-py,

87%; |) ethyldiazoacetate, SnCl,, 82%; m
material);
THF, 23°C; q) DMP, NaHCO;, 74 % (2 steps).
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react with either the C13 or the C5 carbonyl groups.

We predicted that deprotection of the amine would

result in condensation at the C13 ketone to provide
the vinylogous urethane 12 (Scheme 2)."! In the event,
carbamate cleavage of amine 1la afforded none of the
desired enaminone 12; rather, exclusive formation of 13
(attack at C5) was observed (97 % yield). Exposure of 13 to
protic or Lewis acids promoted a stereoselective transannular
Michael addition of the ketoester to the a,p-unsaturated
iminium ion 14. The derived tricyclic enamine 15 was unstable
and underwent a spontaneous intramolec-
ular Mannich cyclization to the tetracyclic
ketoester 17 upon attempted purification
by chromatography on silica gel or alu-
mina. In practice, enamine 13 was trans-
formed directly into 17 (81 % yield) upon
heating in ethanol with piperidinium ace-

g © tate. The structural assignment of this

compound was verified by X-ray diffrac-
tion analysis of derivative 18 (m.p.: 194°C).
For the purpose of complete characteriza-
tion, enamine 15 was selectively reduced to
amine 19 and analyzed by X-ray diffraction
as its hydrochloride salt (m.p.: 225°C). An
examination of the solid-state conforma-
tion of macrocycle 11a provides no clear
rationale for the observed N-C5 conden-
sation of amine 11b. The protected amine
9 is positioned at the same distance from
both the ketones at C5 and C13 (5.38 and
5.41 A, respectively). As a result of the
undesired chemoselectivity of the trans-
annular amine condensation,' we turned
our attention to an alternative sequence of
events.

Macrocycle 11a underwent a selective
transannular Michael reaction upon expo-
sure to base (Cs,CO;, EtOH, —78°C) to

54% (5 steps)

CO,Et

—50°C,

www.angewandte.de

Chemie

6193


http://www.angewandte.de

Zuschriften

6194

12: R = CO.Et, H
not observed

—_—
C5 condensation H

OBn

----- X 22 N Me

C13 condensation

TN=
& 22:R'=CO,R, H
X not observed

Scheme 2. Reagents and conditions: a) TFA, CH,Cl,, DMS, 0°C, 97%; b) ZnCl,; c) SiO,; d) piperidinium acetate, EtOH, 80°C, 48 h, 81%;
e) tBuOK, DMSO; HCl, 40°C, 85%; f) H,, Pd(OH),/C, EtOH, 70%; g) NaBH,CN, MeOH, AcOH; h) Cs,CO,, EtOH, —78°C, 83%; i) TMSOTY,

CH,Cl,, —20°C.

provide 21 as a mixture of diastereomers (94:6) in 83 % yield
(Scheme 2, m.p.: 136°C). The stereochemical outcome of this
cyclization was established by X-ray crystallography. Both
newly formed stereocenters are those desired for
construction of the lycopodium core. The crystal
structure of the Michael product 21 depicts a
cyclohexane-ring conformer that minimizes non-
bonding interactions. If we assume that the transition
state resembles the solid-state conformer, then the
transannular addition of the dipole minimized E,E-
enolate 20 into a pseudo-axially disposed enone
rationalizes the outcome and minimizes developing
syn-pentane interactions. Removal of the carbamate
protecting group in 21 results in condensation at C5
to yield the previously described tricyclic enamine 15.
It was apparent that protection of the ketone at C5,
which is positioned in close proximity to the carba-
mate nitrogen center (4.7 A by X-ray crystallogra-
phy), would be necessary to divert the condensation
to the carbonyl group at C13. A variety of protections
at C5 were investigated, however, no reaction
between the free amine and C13 ketone could be
observed. In conclusion, it appears that the C13 condensation
pathway to provide intermediate 22 is disfavored for both
entropic and steric reasons. To effect reaction between the
amine and C13, we reasoned that disconnection of the N—C1
bond would be necessary (Figure 1, path B).

With respect to path B, the linear precursors 26 and 27
were selected as targets and assembled in a manner analogous
to the preparation of 8 (see above, Scheme 1). This synthesis
employed a similar Horner—Wadsworth-Emmons coupling to
afford 23. After reduction of the ketone and protection of the
alcohol as its silyl ether, the nitrile terminus was converted
into aldehyde 24 (DibalH, CH,Cl,, —50°C). An aldol-
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oxidation sequence provided flexibility in the synthesis of
both substituted and unsubstituted P-ketoesters 26 and 27
(Scheme 3)

O Me OTES Me

CHO d

23 OBn
O Me O

24 OBn
tBuO,C NHBoc|
i

OBn CO,Bu
26
O Me O

€ = CO,tBu
24 — N\)K/Yl\)J\/ 2
4% TBDPSO

OBn
27

Scheme 3. Reagents and conditions: a) L-selectride, —78°C; b) TESCI, imid.,
DMF, 73%; c) DibalH, CH,Cl,, —50°C, 83 %, d) LDA, 25; PPTS, EtOH; DMP,
NaHCO;, 87% (3 steps); e) LDA, tBuOAc; PPTS, EtOH; DMP, NaHCO;, 84%
(3 steps).

A survey of conditions to effect a selective intramolecular
Michael reaction was undertaken (Scheme 4). The unstable {3-
ketoester precursor 27 was immediately subjected to cycliza-
tion conditions (Cs,CO;, EtOH, —78°C) to provide 28 as a
mixture (> 10:1) of diasteromers (Scheme 4, equation (1)).[**
The additional three carbon atoms and amino terminus were
appended through an acrylonitrile Michael addition
(BuNOH-30H,0, MeCN, 0°C, 71%) to provide 29 as a
single diastereomer.

In general, Michael additions with the substituted {3-
ketoester 26 were less selective than with its unsubstituted
counterpart 27 (Scheme 4, equation (2)). Products 30a and
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CN C4 enol and C13-derived imminium
sy K o ion. Thi§ objective was realized on
Cs,COs, EtOH, BuNOH-30H,0  Bu0C ™) both Michael adducts 30a and 29

27 —M—M8MM

—78 °C, 96%

MeCN, 0 °C, 71%

28: R=-(CH,),0TBDPS

which were independently carried
forward to the common tetracyclic
dihydropyran 32 (Scheme 5). Car-
29 bamate deprotection (TFA,
CH,Cl,) of 30a initiated condensa-

NHBoc tion, leading to intermediate imine
o 31. On exposure to methanolic
HCLI' a series of reactions
conditions 7 @) ensued, including decarboxylation,
(see table) H formation of a dihydropyran, and
o OBn Mannich cyclization to provide 32
30b in 71% yield. To effect a similar
sequence from 29, it was necessary
E,E-enolate (extended).  30a 30b 30c 30d to reduce the nitrile (Raney Ni, H,)
Cs,CO;, EtOH, —78°C 5 2 0 0 to give imine 33. The adjacent
BnMesNOMe, 0 °C, CHCl, 5 2 0 0 e
: quaternary  center  sufficiently
Z_’Z_enOIa_te (chelate). retards reduction of the imine
LiOMe, LiCIO,, E,0,0°C 1 1 6 0 .
NaH, toluene, 0 °C 1 0 3 0 moiety to prevent over-reduc-

Scheme 4. Survey of conditions for selective intramolecular Michael reaction; the table shows the
conditions for equation (2), and the relative proportions of product obtained.

30d contain the requisite stereochemistry at C7 for elabo-
ration to the lycopodium skeleton. Generation of chelate-
organized Z,Z-enolate complexes (NaH or LiOMe/LiClO,)
afforded predominately diastereomer 30¢."*! Conditions that
favor extended or dipole-minimized E,E-ketoester enolates
(Me;NBnOMe or Cs,CO;) afforded a turnover in selectivity,
providing a modest bias for the desired diastereomeric
Michael reaction product 30a.['>“l Both Me;NBnOMe or
Cs,CO; reaction conditions were equally convenient to
execute and high yielding (55-60% 30a, 22-24% 30b).
Product 30d was not detected under any conditions.!'®!

With the configuration at C7 established through a
selective Michael reaction, the next objective toward the
lycopodium skeleton was the Mannich addition between the

tion."®! Methanolic HCI converted
imine 33 into the aforementioned
dihydropyran 32. Inspection of
intermediates 31 and 34 indicates
an epimeric configuration at CI12.
Owing to the stereoelectronic imperatives of the Mannich
reaction, the latter will not undergo cyclization without prior
decarboxylation and formal inversion.['”)

Treatment of dihydropyran 32 with HBr/HOACc cleaved
both the benzyl ether and the dihydropyran functions to
provide intermediate ammonium bromide salt 35. On expo-
sure to methanolic base, intramolecular N-alkylation and
saponification of the acetate was realized, leading to clav-
olonine (2) in 95 % yield. The structure of clavolonine (2) was
verified by single-crystal X-ray crystallography (m.p.:
227°C).20

In conclusion, the synthesis of clavolonine (2) has been an
exercise in the conversion of functionalized linear carbon
chains into polycyclic architectures. The end products include

tBu020 HHH
TRLTom m&‘ T
N Me +N 13 T H
§ H |,
2, O o
R“0O 31 -Bn/+Ac
A
1 Br
30a: R' = -(CH,),OTBDPS
R? = TBDPS, H
H
H
BUO,C OBn N o
b (BUOC Me ~—
‘Me 74_06% A Mesen oo
OBn
R'" ~o clavolonine (2) 35

Scheme 5. Reagents and conditions: a) TFA, DMS, CH,Cl,, 23°C; HCl, MeOH, 70°C, 24 h (71%);

MeOH, 70°C, 42 h, 96%; d) HBr, HOAc, CH,Cl,; MeOH, NaOH, 95 %.
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b) Raney Ni, H,, EtOH, 74-96%; c) HCl,
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not only the target structure but also a diverse array of
complex nitrogen-containing polycyclic structures that are
accessible from simple Michael-Mannich reaction cascades.
The illustrated strategy of cyclization-based multistep bond
constructions is currently being applied to other complex
natural products.
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