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Total Synthesis of (+)-Eucophylline. A Free-Radical Approach to the
Synthesis of the Azabicyclo[3.3.1]Jnonane Skeleton

Haitham Hassan,” Shireen Mohammed,” Frédéric Robert, and Yannick Landais*

University of Bordeaux, Institute of Molecular Sciences, UMR-CNRS 5255, 351 cours de la libération, 33405 Talence, France

© Supporting Information

X
L L
0" R Olefin radical
carbo-oximation
S0;Ph LG

J Eucophylline
(10 steps, 10% overall yield)

ABSTRACT: The first total synthesis of eucophylline was reported in 10 steps and 10% overall yield. The naphthyridine core of
eucophylline was prepared through the coupling between a strained azabicyclo[3.3.1]nonan-2-one and a trisubstituted
benzonitrile, followed by a cyclization of the corresponding amidine. This coupling reaction was shown to proceed through a
stable bicyclic chloroenamine intermediate. The azabicyclo[3.3.1]nonan-2-one skeleton was in turn accessible through a
straightforward sequence including a free-radical three-component olefin carbo-oximation as a key step.

eucophyllidine 1 is a cytotoxic dimeric terpene indole Scheme 1. Disconnection Approach to Eucophylline 3
alkaloid recently isolated by Kam and co-workers from the

EtOH extract of the stem-bark of Leuconotis griffithii, an Y Ed
apocynaceae found in the Malaysian peninsula (Figure 1)." This \ R
Suzuki MeO N™ "N
3 coupling 4,Y =N,*, OTf
-
R R :
o, = JOLCH
MeO NH, POCI, MeO NN
6, R =CN, CO;R' 5
Leucophyllidine, 1 Eucophylline, 3 +
Figure 1. Leucophyllidine 1 and its b - "
igure 1. Leucophyllidine 1 and its biogenetic precursors. : )
£ g— A
= Olefin R
AL bo-oximation S0.Ph
carpo-
complex alkaloid shows inhibition of NO production and exhibits 2 LG

a pronounced in vitro cytotoxicity toward vincristine-resistant BnON” 8
human KB cells with an IC, value 0f2.92 ytg/mL. Compound 1 is
constituted by an eburnan unit 2 and a novel tetrahydrobenzo-
[b][1,8]naphthyridine ring system 3, recently isolated by Morlta
et al. from Leuconotis eugenifolius and named eucophylline.” With
compounds 1 and 3 being both present in L. eugenifolius, the
biogenetic pathway to 1 was proposed to involve a Mannich-type
coupling between eburnan 2 and eucophylline 3. The precedent
for such couplings has been reported in other apocynaceae.” In
the endeavor of searching for more potent antitumor agents active
against drug-res1stant cells* and structurally close to vincristine
and vinblastine,® dimers such as 1 are of significant interest. The
unusual dimeric structure of 1, established unambiguously
through X-ray diffraction studies, its potent biological activity,
and low availability (7.1 mg/kg) prompted us to study its total

Our preliminary efforts were thus directed toward the synthesis of
3 and its unique azabicyclo[3.3.1]nonane skeleton. A retro-
synthetic analysis was drawn in which it was envisaged that the
reactive vinylic fragment of 3 could be introduced late in the
synthesis through a Suzuki coupling from a substituted quinoline
such as 4 (Scheme 1). The latter would in turn be formed by a
base-mediated cyclization of an amidine 5 (Friedlinder type
cyclization),” bearing an aromatic ester or a nitrile (R) functional
group. Coumpound $ would then be formed via a coupling
between a simple trisubstituted aniline 6 and the azabicyclo-

synthesis, anticipating as a last step a biomimetic coupling Received: July 30, 2015
between 2 and 3. No synthesis of 1 or 3 has been reported to date. Published: September 8, 2015
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[3.3.1]nonan-2-one 7 containing the stereogenic quaternary
center.

This straightforward sequence however raised two main issues.
Whereas the synthesis of amidines starting from a monocyclic
amide and an aniline is well precedented, its extension to bicyclic
amide 7 might prove more difficult. It was thus anticipated that the
activation of this strained amide through an a-chloroiminium
(using POCl,) or an iminjum triflate (using Tf,O) might be
unfavorable owing to the “anti-Bredt” nature of such
intermediates.” Moreover, the synthesis of bridgehead amides
such as 7 remains challenging, as indicated by the very few
methods reported so far and the low efficiency of most of them.’
We report here that these putative pitfalls can be efficiently
overcome and that the azabicyclo[3.3.1]nonan-2-one skeleton of
7 is easily accessible through a short sequence involving as a key
step a free-radical three-component carbo-oximation of a suitable
olefin.'® Interestingly, activation of bicyclic 7 upon exposure to
POCI; also led to the formation of a useful a-chloroenamine
intermediate which showed unusual stability. Coupling between 6
and 7 and further elaboration of amidine § are shown to afford
natural 3 in good overall yield in only 10 steps.

Our preliminary efforts toward the synthesis of bicyclic amide 7
started with the carbo-oximation of olefin 10 with xanthate 9,
sulfonyloxime 8 in th e presence of (Bu3Sn), and DTBHN as an
initiator (Scheme 2)."%" This led to the desired addition product

Scheme 2. Preparation of Piperidinone 12
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11, albeit in modest yield. Subsequent hydrogenation of the
benzyl oxime ether using Raney nickel, with concomitant
lactamization, afforded the piperidinone 12 in 72% yield,""
without a trace of the correspondlng imide, in good agreement
with the early studies of Buchanan,* indicating that further ring
closure in systems such as 12 is difficult. All our efforts to further
cyclize 12 into 7 through the chemoselective reduction of the
amide (Red-Al) or the ester (NaBH,, MeOH), followed by a
cyclization, unfortunately failed.

An alternative strategy was thus employed relying on the
versatility of the three-component carbo-oximation process,
which allowed the use of a more reactive @-iodothioester 13 as a
radical precursor (Scheme 3). Carbo-oximation of olefin 10 with
13 under the same conditions as the above-mentioned afforded
addition product 14 in good and reproducible yield. Chemo-
selective reduction of the thloester group into an alcohol'” and
hydrogenolysis of the oxime,"” followed by lactamization, finally
led to the hydroxy-lactam 15, which was cyclized into the desired
bicyclic lactam 7, after activation of the hydroxyl group as a
mesylate."* This short sequence thus provides a new straightfor-
ward access to these strained bicyclic amides.
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Scheme 3. Synthesis of Bicyclic Lactam 7
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With amide 7 in hand, we then considered its coupling with
anilines 6. Preliminary experiments were first carried out using
bicyclic amlde model 16, readily available following a literature
procedure,” and POCl; (1 equiv) in a CH,Cl,/THF mixture.
While previous attempts using monocyclic lactams afforded the
desired amidines in good yields under such conditions, ' such was
not the case using bicyclic amide 16. First trials with ester 6a and
nitrile 6b were disappointing, leading to amidines 17a and 17b in
modest 24% and 18% yield respectively (Table 1, entries 1—2).

Table 1. Preparation of Amidines 17a—c: Preliminary Studies

/@[ Ij\) POCIa (1 equiv) /@R‘/(j\j
solvent Iz
reflux, 12 h R NN
6a, R = OMe; R'= CO,Me 17a, R = OMe; R' = CO,Me
6b, R = OMe; R'=CN 17b, R = OMe; R'=CN
6c, R=H; R'=CN 17¢,R=H; R"'=CN
entry aniline solvent amidine yield, %“
1 6a CH,Cl,/THF 17a 24
2 6b CH,Cl,/THF 17b 18
3 6b benzene 17b 16
4 6b CH,CN 17b 34
S 6b CH,Cl, 17b 46
6 6b” CH,Cl, 17b 70
7 6c” CH,Cl, 17¢ 70

“Isolated yields. b1s equiv of 6b—c was used.

Substituting CH,Cl,/THEF for the less polar benzene also led to
poorresults (Table 1, entry 3), while abetter yield was observed in
CH,CN (Table 1, entry 4). Finally, optimal results were obtained
in pure CH,Cl, (Table 1, entry 5S) and when increasing the
amount of aniline to 1.5 equiv (Table 1, entries 6 and 7). X-ray
diffraction studies on 17¢ showed that amidines possess an E-
configuration, adopting a boat-chair conformation, similar to that
of the parent 1-azabicyclo[3.3.1]nonan-2-one 16 (Scheme 4).*9*

The reaction between amides and POCI; is well-known to
afford the corresponding a-choroiminiums, which react
efficiently with nucleophiles, including amines. However, the
formation, as an intermediate, of a highly strained brldgehead
iminium species in the case of amide 16 appeared unlikely.® In
order to obtain information regarding the mechanism of the
coupling mentioned above, bicyclic lactam 16 was treated with
POCI, (2.2 equiv) in CH,Cl, under reflux for 3 h. This led, after
basic treatment, to a-chloroenamine 18 (60% yield), the structure
of which could be established unambiguously through extensive
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Scheme 4. a-Chloroenamine Intermediate 18 and X-ray
Structures of Bicyclic Lactam 17c and Enamine 19¢
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'"H and “C NMR studies. In contrast with reported a-
chloroenamines,'” 18 was found to be remarkably stable.'® The
treatment of 18 with trifluoroacetic acid (1 equiv) did not
generate the a-choroiminium, but led to the kinetic protonation
at the nitrogen center with the formation of the a-chloro-
enaminium salt 20 in quantitative yield. In turn, reaction of 18
with benzonitrile 6b, in the presence of 10 mol % of TFA led to
amidine 17b in 84% yield. Although an a-chloroiminium such as I
(Scheme 4) could not be isolated or detected, it is assumed that an
in situ prototropy in 20 could provide I-T’, able to react further
with anilines 6a—c."” Bicyclo[3.3.1]non-1-ene II, the bridgehead
alkene analogue of I, has been isolated and is reasonably stable,*’
which provides support to the hypothesis that I could be a
competent intermediate in the reaction with anilines 6a—c.

Surprisingly, reaction of 18 with 6b in the absence of TFA or
with 10 mol % of 2,6-di-tert-butylpyridine also led to amidine 17b
in good yields. a-Chloroenamines are known to react with
nucleophiles,'” including amines via a ketene-iminium inter-
mediate, which is unlikely with bicyclic 18.”" Although further
studies will be required to firmly establish the mechanism of this
coupling, strong coloration observed upon mixing 18 and 6b
might be indicative of a single electron-transfer initiation process
occurring under neutral or basic conditions. In parallel, 18 was
also reacted with a series of aryl boronic acids under Pd-catalysis,
leading to stable aryl-enamines 19a—c in excellent yields.
Inspection of the X-ray crystallographic data of the pyrene-
enamine 19¢ indicates that the bicyclic system enforces the
nitrogen lone pair to be quasi orthogonal to the enamine 7-
system, expla1n1n§ the unusual stability of such enamines and
chloro-enamines.

The procedure for the synthesis of amidine 17b—c was then
applied to the strained amide 7, which upon coupling with aniline
6b afforded the desired amidine 21 in excellent yield (Scheme §).
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Scheme S. Synthesis of Eucophylline 3
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The formation of the quinoline skeleton was then carried out
through cyclization of amidines 17b and 21 under basic
conditions. Using t-BuOK (2.6 equiv) as a base, the cyclization
of 17b was shown to be slow, however affording the amino-
naphthyridine skeleton 22a in 69%.

Application of these conditions in the natural product series
surprisingly gave 22b with a poor conversion (~20%) along with
unreacted 21 (59%). Treatment of the latter using LDA (3 equiv)
at 25 °C led to the formation of 22b in a more reproducible 70%
isolated yield. Incorporation of the vinylic fragment was first
planned rely1n§ on a Suzuki coupling with diazonium salts derived
from 22a—b.”* The modest yields obtained with model
compounds led us to envision an alternative strategy using
instead triflates 23a—b,”> which were prepared through
diazotation, then hydrolysis of naphthyridines 22a—b, followed
by the conversion of the alcohols into the corresponding triflates
using Comins’ reagent.”® The Suzuki couphng was then carried
out with commercial vinyl trifluoroborate,” affording the
desired vinyl naphthyridines 24a and 24b in 82% and 80% yield,
respectively. Demethylation of 24b with BBr; finally afforded
(£)-eucophylline 3 in 87% yield and 10% overall yield over 10
steps from iodothioester 13. Analytical data were found to match
those of the natural product isolated by Morita et al.**

In summary, we reported the first total synthesis of
(£)-eucophylline 3, the south fragment of the leucophyllidine
alkaloid recently isolated from Leuconotis griffithii and L.
eugenifolius. The 10-step synthesis encompasses a new straightfor-
ward method to access to the azabicyclo[3.3.1]nonane skeleton
through a three-component olefinic carbo-oximation process and
its further elaboration into the naphthyridine skeleton using a
POClI;-mediated coupling between a strained bridgehead amide 7
and an aniline. During these studies, we also isolated enamines
exhibiting unusual stabilities resulting from their strained bicyclic
conformation. Further work on the total synthesis of
leucophyllidine 1 with the preparation of eburnan 2 and its
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biomimetic coupling with 3 is currently in progress and will be
reported in due course. An enantioselective synthesis of 3, relying
on recent work from the laboratory, is also under study.””
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