1. Acetophenone carbonate. Using the General Procedure 6. acetophenone carbonate
-was obtained (96%): 'H NMR (200 MHz, CDCls) & 1.41 (t, J = 7.2 Hz, 3H), 2.58 (s, 3H),
4.34(q,J=7.0 Hz, 2H), 7.21 (dd, J = 8.0, 1.0 Hz, 1H), 7.34 (dt, /= 7.4, 1.0 Hz,1H), 7.55 (dt,
‘J=174,2.0 Hz, 1H), 7.82 (dd, J = 8.0, 2.0 Hz, 1H).
2, 3,4-Dimethoxy acetophenone carbonate. Using the General Procedure 6, 3,4-
dimethoxy acetophenone carbonate was obtained (83%): '"H NMR (200 MHz, CDCl;) 6 1.40
(t, J= 7.2 Hz, 3H), 2.54 (s, 3H), 3.91 (s, 6H), 4.33 (q, J = 7.2 Hz, 2H), 6.67 (s, 1H), 7.34 (s,
 1H).
3. Phenacyl bromide carbonate. Using the General Procedure 7, phenacyl bromide
carbonate was obtained (68%): 'H NMR (200 MHz, CDCl3) 8 1.28 (t, J = 7.2 Hz, 3H), 4.22
(q, J = 7.0 Hz, 2H), 4.32 (s, 2H), 6.60 (s, 1H; dibromo compound), 7.17 (dd, / = 8.0, 1.0 Hz,
1H), 7.26-7.34 (m,1H), 7.51-7.60 (m, 1H), 7.76 (dd, J = 8.0, 2.0 Hz, 1H).

4. 3,4-Dimethoxy phenacyl bromide carbonate. Using the General Procedure 7, 3,4-
dimethoxy phenacyl bromide carbonate was obtained (89%): 'H NMR (200 MHz, CDCl;) &

1.43 (t, J = 7.2 Hz, 3H), 3.94 (s, 3H), 3.95 (s, 3H), 4.38 (g, /= 7.0 Hz, 2H), 4.44 (s, 2H), 6.65
(s, 1H; dibromo compound), 6.78 (s, 1H) 7.41 (s, 1H), 7.51 (s, 1H; dibromo compound).

S. Pyrrole carbonate. Using the General Procedure 8 with slight modification in that
the crude mixture was subjected to a carbonation condition using Et;N, DMAP and
ethylchloroformate (1.5 equivalent each), pyrrole carbonate was obtained (72%): 'H NMR
(200 MHz, CDCl3) & 1.02 (t, J = 7.2 Hz, 6H), 3.00 (t, J = 6.0 Hz, 2H), 3.22 (m, 4H), 3.35 (s,
3H), 3.55 (s, 3H), 3.77 (s, 3H), 3.80 (s, 3H), 3.96 (t, J = 6.0 Hz, 2H), 6.63 (s, 1H), 6.68 (s,
1H), 6.72-6.77 (m, 3H), 6.81-6.91 (m, 3H), 7.00-7.10 (m, 2H).

6. 3,4-Dimethoxy pyrrole carbonate. Using the General Procedure 8 with slight
modification in that the crude mixture was subjected to a carbonation condition using Et;N,
DMAP and ethylchloroformate (1.5 equivalent each), 3,4-dimethoxy pyrrole carbonate was
obtained (60%): 'H NMR (200 MHz, CDCl;) & 1.12 (t, J = 7.2 Hz, 6H), 3.05 (t, /= 6.0 Hz,
2H), 3.36 (br m, 4H), 3.42 (s, 3H), 3.47 (s, 3H), 3.68 (s, 3H), 3.85 (s, 6H), 3.88 (s, 3H), 4.05
(. /= 6.0 Hz, 2H), 6.45 (s, 1H), 6.66 (s, 1H), 6.70 (s, 1H), 6.75 (s, 1H), 6.83 (s, 2H), 6.89 (m,
2H).

7. 2-Bromo pyrrole carbonate. Using the General Procedure 9, 2-bromo pyrrole
carbonate was obtained (92%): 'H NMR (200 MHz, CDCl;) & 1.04 (m, 6H), 2.89-3.20 (m,
2H), 3.30 (br m, 4H), 3.40 (s, 3H), 3.58 (s, 3H), 3.81 (s, 3H), 3.88 (s, 3H), 3.90-3.95 (m, 1H),



4.21-4.36 (m, 1H), 6.71 (s, 1H), 6.74-6.75 (m, 2H), 6.83 (s, 1H), 6.86-6.96 (m, 2H). 6.95-
7.06 (m, 2H), 7.03-7.23 (m, 1H).

8. 2-Bromo 3,4-dimethoxy pyrrole carbomate. Using the General Procedure 9, 2-
bromo 3.4-dimethoxy pyrrole carbonate was obtained (95%): 'H NMR (200 MHz, CDClI 1) &
1.03 (m, 6H), 2.89-3.20 (m, 2H), 3.30 (br m, 4H), 3.38 (s. 3H), 3.54 (s. 3H). 3.62 (s. 3H).
3.81 (s, 3H), 3.83 (s, 3H), 3.85 (s, 3H), 3.90-3.95 (m, 1H), 4.21-4.40 (m, 1H), 6.38 (s, 1H).
6.70 (s, 1H), 6.74-6.76 (m, 2H), 6.79-6.80 (m, 2H), 6.84-6.89 (m, 1H).

9. Lamellarin skeleton. Using the General Procedure 10, the corresponding lamellarin
was obtained (72%): 'H NMR (200 MHz, CDCl;) 6 3.10 (t, J = 6.0 Hz, 2H), 3.34 (s, 3H).
3.83 (s, 3H), 3.87 (s, 3H). 3.97 (s, 3H). 4.78 (t, J = 6.0 Hz, 2H), 6.63 (s, 1H). 6.74 (s, IH),
7.00-7.05 (m, 4H). 7.20-7.35 (m, 3H).

10. Lamellarin G trimethyl ether. Using the General Procedure 10, the corresponding
lamellarin was obtained (67%): 'H NMR {200 MHz, CDCl3) 3 3.12 (1. J = 7.0 Hz, 2H), 3.36
(s, 3H), 3.45 (s, 3H), 3.86 (s, 3H), 3.88 (s, 3H), 3.89 (s, 3H), 3.95 (s, 3H), 4.76-4.84 (m, 2H),
6.66 (s, 1H), 6.71 (s, 1H), 6.76 (s, 1H), 6.91 (s. tH), 7.04-7.05 (m, 1H). 7.09-7.11 (m, 2H).
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We have successfully developed two efficient synthetic approaches for lamellarins.

We have published one synthetic approach, namely the lithtum-bromine exchange and

submitted the other, the nitro-ester alkene for publication. The publication(s) arc listed

below:

I) Ploypradith, P.; Jinaglueng, W.; Pavaro, C.; Ruchirawat, S. Further developments
in the synthesis of lamellarin alkaloids via direct metal-halogen  exchange.
Tetrahedron Lett. 2003, 44, 1363-1366.

2) Ploypradith, P.; Mahidol, C.; Sahakitpichan, P.. Wongbundit, S.. Ruchirawat, S. A
highly efficient synthesis of lamellarin K and L via Michael addition-ring closure
reaction of benzyldihydroisoquinoline derivatives with B-ethoxycarbonyl-p-

nitrostyrenyl compounds. Manuscript submitted.
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Further developments in the synthesis of lamellarin alkaloids via
direct metal-halogen exchange
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Abstract—Direct metal-halogen exchange of 2-bromopyrrole carbonate derivatives with rert-butyllithium followed by the
intramolecular lactonization of the resulting 2-pyrrole anion onto the carbonate provided the corresponding lamellarins in
moderate to good yield. The lamellarin framework could be obtained from the direct metal-halogen exchange strategy in a
26-33% overall yield over 56 steps. © 2003 Elsevier Science Ltd. All rights reserved.

Lamellarins 1, whose structures contain polyoxy-
genated aromatics on their periphery and can be
classified as 3.4-diarylpyrroloisoquinoline lactones. are
a group of marine natural products isolated from the
prosobranch moilusc Lameilaria sp. and also from the
ascidians.!? Including the first four lamellarins isolated
by Faulkner in 1985, a total of 35 lamellarins have been
isolated and identified thus far.>*

R-R® = H or Me
X =H, OH or OMe

Y=Hor OH

Sqme of the lamellarins have been found to exhibit a
wide array of interesting and significant biological
activities including cell division inhibition, cytotoxicity,
HIV-1 integrase inhibition and immunomodulatory
activity.>¢ Lamellarin K (X =0OH; R!, R?, R® and R*=
Mle: R* and R®=H; Y=H) and lamellarin L. (X=H;
R!, R? and R®=H: R?, R* and R’=Me; Y=H), for
example, exhibited significant cytotoxicity against P388
and A549 cultured cancer cell lines with the mean 1C;qs

Keywords: lamellarin alkaloid; metal-halogen exchange: DreM: natu-
ral products; pyrrole.

‘co"'_”P“diﬂs author. Tel.: 662-574-0622; fax: 662-574-2027.
e-mail: somsak@tubtim.cri.or.th

of 0.7 pg/mL (0.06 uM) and 0.4 pg/mL (0.04 pM),
respectively.® A recent study by Faulkner also showed
that the presence of sulfate groups on the periphery
could greatly influence the selectivity of HIV-1 inte-
grase inhibition.” More importantly, lamellarins also
act as non-toxic inhibitors of acquired multi-drug resis-
tance (MDR).! Lamellarin I (X=0Me; R', R? R? R*
and R’=Me; R=H; Y =H) showed sensitizing effects
in  multidrug-resistant  P388/Schabel cells to
doxorubicin.®?

Up to now, several studies directed towards the total
synthesis of these marine natural products have been
reported,'® notably by Steglich,''-'* Banwell,">-'* Boger®
and Ishibashi.'>!'® Previously, our research group
reported an efficient synthesis of lamellarin derivatives,
as shown in Scheme 1.'7 Synthesis of the lamellarin
skeleton was achieved by first condensing the appropri-
ately substituted benzylisoquinoline 2 with the phenacyl
bromide mesylate 3. The resulting 2H-3.4-disubstituted
pyrrole intermediate 4 was smoothly formylated under
Vilsmeier conditions. Following the removal of the
mesyl group, the cyclic hemiacetal (lactol) 6 was oxi-
dized to give the desired lamellarin skeleton 7.

One drawback, albeit 2 minor one, in our previous
Scheme was the use of a mesyl protecting group. which
added two steps to the synthesis. It occurred to us that
a better approach could be realized by using a hydroxy
protecting group on the phenacyl bromide synthon that
can act as a directing group for the remote deprotona-

0040-4039/03/8 - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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N.HCI (=)

()

R = H or OMe

Scheme 1. Reagents and conditions: (a) K,CO,, CH,CN,
reflux. 63%; (b) DMF. POCI,. rt. 80-82%:; (c) KOH. EtOH.
reflux, 77-81%: (d) MnO,. CH,Cl,, rt, 20-54%; (e) Pd{OAc),,
PPh,, K,CO,. DMF. PhBr, 120°C, 12 h, 80%.

tion at the C-2 position of the pyrrole as well as being
the source of the lactone group in the subsequent
lactonization of the resulting anion without the need
for a separate formyl group equivalent. This strategy
was pioneered by Snieckus and termed DreM (for
directed remote metalation).'®* The directing group is
typically a carbonate or a carbamate group, as depicted
in Scheme 2. Alternatively. the 2H-pyrrole intermediate
9 could be selectively brominated at the 2-position® of
the pyrrole to give the corresponding bromo compound
10 which could undergo metal-halogen exchange to
provide an anion similar to that from the DreM strat-
egy after initial remote deprotonation.

Both synthetic strategies required the benzylisoquino-
lm_e 2 and the carbonate or carbamate phenacyl bro-
mide derivatives 8. Our synthesis commenced with the
preparation of 8 starting from commercially available
2-hydroxyacetophenone 11a (R=H) and 2-hydroxy-
4.5-dimethoxyacetophenone 11b (R =OMe) which was

MN.HCI
>
R
2 8 R
X = DEL NE;
R=H or OMe

o0, = 00 X,

M RN 128 Re
11b. R = CMa 12, R = QAle
te) llﬂl
R OCOOE! OCOQOE OCONEL,
15a. R=H 14a. R=H 1da Rsn
156 R = OMs 14b, R = Che 13b R = OMe

Scheme 3. Reagents and conditions: (a) BF, E(,0, Ac;0. 80-
90°C, 90%: (b) Et,NC(O)Cl. DMAP (cat.), Ei,N. CH,Cl,, n,
82% (1%) and 79% (12b): (c) NaH. EtOCOCI. THF, rt. 96%s
(14a) and 83% (14b); {d) BnMe ,NBr,, CH,Cl,. 0°C to rt. 82
(13a), 70% (13b). 70% (15a) and 90°% (1Sh).

synthesized in 90% vyield from acetylation of 3.4-
dimethoxyphenol with acetic anhydride and BF, Et,0,
as shown in Scheme 3. Use of DMAP. Ei,N and
N.N-diethylcarbamoy! chloride smoothly converted 11a
and 11b into their corresponding carbamalte derivatives
12a and 12b in 82 and 79%: yields, respectively. How-
ever. when similar reaction conditions were used for
carbonating 11a and 11b, the desired products 14a and
14b were produced in only 66 and 4% yields. respec-
tively. since the product was often obtained as an
inseparable mixture with remaining starting material.
The use of a stronger base such as NaH in place of
E1,N and ethy! chloroformate yielded the desired car-
bonate derivatives 14a and I4b in 96 and 83% vyields.
respectively. with no starting material remaining. Sub-
sequent bromination of 12a, 12b. 14a and 14b with
BnMe,NBr, effectively provided the desired phenacyl
bromide derivatives 13a, 13b, 15a and 15b in 82, 70, 70
and 90% yields along with the dibrominated products
in approximately 8% yield.

When benzylisoquinoline 2 was reacted with the carba-
mate derivatives 13a and 13b in the presence of
NaHCO, in refluxing acetonitrile.!” the corresponding
pyrrole carbamates 16a and 16b were oblained in 9}
and 81% yields, respectively (Scheme 4). The carbonate

Scheme 2. Directed remote metalation {(DreM) and metal-halogen exchange strategies for the synthesis of lamellarin skeleton 7.
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derivatives 15a and 15b were also coupled with 2
under similar conditions to give the pyrrole carbon-
ates 17a and 17b in 72 and 60% overall yields after
subjecting the inseparable mixture of the desired car-
bonate product and the pyrrole phenols I8a and 18b
(the decarbonated products) obtained from the cou-
pling reaction to the carbonation conditions with
DMAP, Et;N and ethyl chloroformate.

With the required carbamates 16a and 16b and car-
bonates 17a and 17b in our hands, we then per-
formed a study of the DreM methodology of these
compounds. After some exploratory work, we found
that refluxing the carbonate 17a with 7 equiv. of
LDA in THF for 36 h gave the desired lamellarins 19
but in only 35% yield. In addition to the low yields,
in our hands, the DreM/cyclization reactions were not
highly reproducible and partial deprotonation of the
starting material was frequently encountered. These
problems together with the seemingly required pro-
longed reaction time have prompted us to consider
another approach. The alternative approach ideally
would feature a more effective means of generating
the C-2 pyrrole anion as well as of facilitating the
cyclization of the resulting anion onto the carbonate

or carbamate at lower temperature and with a shorter
reaction time.

We then considered a more direct way to generate
the C-2 pyrrole anion via metal-halogen exchange.
this would require the corresponding C-2 hale
pyrrole. As shown in Scheme 5, the C-2 position of
the pyrroloisoquinolines 16a, 16b, 17a and 17b could
be selectively brominated with N-bromosuccinimide
(NBS) to give the corresponding bromo pyrroles 21a,
21b, 22a'® and 22b in excellent yields (>95%). Subse-
quent lithium-halogen exchange of carbamates 2la
and 21b using ter:-BuLi gave only the corresponding
2-(N.N-diethyl)amido-pyrroles 23a and 23b in virtu-
aily quantitative yield. Various attempts to affect the
ring closure of these amido-pyrroles failed.'® Lithium—
halogen exchange of carbonates 22a and 22b with
tert-BuLi,* on the other hand, proceeded smoothly
to give the desired lamellarins 19'7 and 20'7 in 72 and
67% yields, respectively. From the isolation of 23a
and 23b as the product, it appears that cyclization of
the C.2 pyrrole anion may proceed via the intermedi-

acy of the corresponding 2-amido and 2-alkoxycar-
bonyl pyrroles.'®

In conclusion, two approaches towards the total syn-
thesis of the lamellarin skeleton have been developed.
Both DreM and metal-halogen exchange strategies
share a similar C-2 pyrrole anion intermediate which,
upon cyclization onto a carbonate or carbamate,
gives the desired lamellarin framework. Results from
both DreM and metal-halogen exchange are summa-
rized in Table 1. From Table 1, the synthesis of
lam;:llarin 20, with two methoxy groups on the
periphery, is less efficient than that of lamellarin 19.
These two strategies are relatively short (only 46

1365

steps) and more efficient than our previously reported
one which provided lamellarin 19 only in 25% overall
yield in six steps and lamellarin 20 in 15% overall
yield in seven steps. Between the two strategies. the
direct metal-halogen exchange provided lamellarins
more efficiently. The two best overall yields for the
synthesis of 19 and 20 from DreM and metal-halogen
exchange strategies are 33% in five steps and 26% in
six steps, respectively.

MeO

18a, R=aH
18b, R = OMe

Scheme 4. Reagenis and conditions: (a) NaHCO,, CH,CN,
refiux. 13a, 91% (16a), or 13b, 81% (16b); (b) NaHCO,,
CH,CN, reflux, 15a or 15b; (¢} DMAP, Ey;N, CH,CI,,
CIC(O)YOEt, 72% (17a), 60% (17b).

17b, R = OMe

|

19 R=H
20, R = OMe

Scheme 5. Reagents and conditions: (a) NBS, CH,Cl,, rt.
99% (21a). 99% (21b), 99% (22a), 95% (22b); (b) tert-Buli.
THF, -78°C to rt, 99% (23a), 98% (23b), 72% (19). 67%
(20).
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imble 1. Summary of total s\ymhe_ses of lamellarins 19 and 20

amellarins DreM Mecta!-halogen exchange
. Carbonate yield (%) Carbonate yield (%) Carbamate yueld ™)
— :
19 ) 33® -
2 - 2° -
* The reaction was not performed.
* The overall yicld of five steps.
 The overall yield of six steps.
9 The reaction gave only the amido-pyrrole intermediite.
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(0.30 g, 0.49 mmol) in THF (10 mL) at -78°C was added
tert-butyllithium (0.73 mL. 1.23 mmol, ¢=1 7 M in pen-
tane). The mixture turned dark red immediately The
mixture was allowed 1o stir ut -78°C and slowly warmed
up 1o room temperature at which the mixture was stirred
for 16 h. The reaction was then quenched with water (3
mL) and diluted with EIOAc (5 ml.). The two layers were
separated and the aqueous phase was extracted with
EFtOAc (2x10 mL). The organic layers were tombined.
dried over Na,SO,. filtered. and conccnlralod_ under
reduced pressure to give the crude product which was
further purifiecd by column chromatography on silica
(50 EtOAc/hexanes) ta give the desired lamellann 19 as
a solid (0.17 g. 0.35 mmaol, 72%) Speciroscopikc data of
19 were identical to those of the compound synthesized
by a different approach previously reported 1o Ref 17.
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/ Highly Efficient Synthesis of Lamellarins K and L via the Michael Addition-

king Closure Reaction of Benzyldihydroisoquinoline Derivatives with B-
‘thoxycarbonyl-g-nitrostyrenyl Compounds™

‘oonsakdi Ploypradith, Chulabhorn Mahidol, Poolsak Sahakitpichan, Siriporn Wongbundit, and
Somsak Ruchirawat*

Among the recently discovered marine natural products isolated from the prosobranch
mollusc Lamellaria sp. and also from the ascidians is a group of the 3,4-diarylpyrroloisoquinoline
lactone derivatives known as the lamellarins whose structures contain different patterns of

polyoxygenated aromatics on their periphery (Figure 1). Since the first four alkaloids isolated by

. . . . . i .
Faulkner in 1985, a total of thirty-five lamellarins have been identified thus far. = Several studies
on their structures revealed that the aromatic ring at C-3 is orthogonal to the plane of the pyrrole
ring® which, in theory, could cause the lamellarins to exist as optically active atropisomers.

However, isolation of these lamellarins from natural sources usually provided the compounds as

i . . . [2]
mseparable (racemic) mixtures of atropisomers, suggesting a facile thermal racemization process.

Several attempts to separate these atropisomers into their optically active forms have been
2
unsuccessful.[ !

Our research group has been particularly interested in lamellarins K (12) and L (1b) for their

reported biological activities which include cytotoxicity, HIV-1 integrase inhibition and multidrug-

resistant (MDR) reversal.”™ > A recent biological evaluation by Faulkner and his co-workers of

lamellarin o (2a), its 20-sulfate, and 13,20-disulfate derivatives for inhibition of HIV-1 integrase
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2
showed that the presence of sulfate groups on the periphery could greatly influence selectivity in

; TP &) |
HIV-1 integrase inhibition. " It has also been found that lamellarins act as a non-toxic inhibitors of
acquired multi-drug resistance (MDR). Lamellarin | (1¢) showed sensitizing effects in multidrug-
resistant P388/Schabel cells at concentrations as low as 0.2 MM to doxorubicin and showed full

potentiation at the concentration 10 times lower than that of the prototype MDR inhibitor,
N L) . . . .
verapamil. ~ Fiirstner and his coworkers have recently shown that cytotoxicity and MDR reversal

. 16] . . ]
of lamellarins can be uncoupled. " The exact molecular mechanism of action of lamellarins and

their related compounds is currently under extensive investigation.

lamellarin R' R? R® R* RS R® x

K(ia) MeMeMe H Me H OH
L{ib) H MeH MeMe H H
1{1e} Me Me Me Me Me H OMe

lameflarin R’ R? R® R* R® RS

a{2a) MeMeH MeMeH
N{(2b) H MeH MeMe H

Figure 1. Structures of [ameliarins K (1a), L (1b). 1 {1€). « (2a) and N (2b).
L . .
There have been several studlesl directed toward the total synthesis of lamellarins notably

[12] .
by Steglich,[s] Banwell,m Boger,“ol lshibashi“ ! and our research group. ~ Previously, we reported
two synthetic approaches to the lamellarin skeleton, both involving the key condensation of the

appropriately substituted benzyldihydroisoquinoline with the phenacyl bromide derivatives to form
the pyrrole core.'” The required lactone carbonyl group could be introduced via the Vilsmeier

formylation of the 24!’-1-pyrrolt-:“2'l or alternatively via the ester group equivalent (a carbonate group)

as a part of the phenacyl bromide derivative synthon.mb} In the former, following Vilsmeier

formylation and deprotection of the hydroxy group, the lactone was formed under oxidative
conditions of the resulting lactol.!'*) In the latter, selective bromination at the 2H-position of the

Pymole and subsequent direct lithjum-bromine exchange gave the anion which underwent
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intramolecular lactonization with the carbonate group.!'® It is apparent that both approaches

required at least one chemical step to introduce the formyl group (or its equivalent) at the 2-position
of pyrrole.

We now envisioned that the lamellarin skeleton 3 could arise from condensation of the
benzyldihydroisoquinoline 4 with a Michael acceptor such as § or 9 which essentially would install
the lactone or ester group on the 2-position as shown retrosynthetically in Scheme 1. This synthetic
approach would prove highly convergent since it would form the pyrrole as well as providing the
lactone directly or the ester group tor subsequent lactonization in a single step. Since imines, which

exist in equilibrium with their enamines, have been shown to react with p-nitrostyrene to give the

. (3], . . . .
corresponding pyrroles. it was expected then that Michael addition of an enamine derived from

benzyldihydroisoquinoline with a powerful Michael acceptor, 5 or 9, followed by ring closure and

aromatization could provide the more direct route to the lamellarin alkaloids.

rR'O
O s
R3O -
Sane
8 OR®
JJMrRC
R'O i CO;R
, O NN o O,N 3;
R’ . |
R3O + 4
RYO @ OR® OR®
4 5 OR® 9 ORS
U Y=OHNy kv Kv|J¥=Horor

OHC.

+ Osz COZR
11

R'O CHO RO CHO
LIRS
R%20 R*C
6 7

+2 CH3N02

OR®
10 OR®

Scheme 1. Retrosynthetic analysis and strategies for the synthesis of the Iamellan‘n_ skeleton
3. L = lactonization, Mi-RC = Michael addition-ring closure; KV = Knoevenagel reaction.

Modeling the Michael addition-ring closure reaction between the simple p-nitrostyrene and
3,4-dihydropapavarine hydrochloride under basic conditions resulted in complete consumption of
both starting materials but gave no desired product. We then examined the use of nitro-ester

alkenes in place of the simple nitroalkenes in a similar Michael addition-ring closure reaction.
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Vitro-ester alkenes are more powerful Michael acceptors than the simple nitroalkenes due to the
_additional electron-withdrawing effect provided by the ester group, thereby allowing the nitro-ester
alkenes to react under milder reaction conditions than those required for the simple nitroalkenes.

We turned our attention to the coumarin derivatives 12a and 12b (Figure 2) as the nitro-ester
alkenes for the reaction under basic conditions (pathway A in Scheme 1). These coumarin
derivatives offered a significant advantage in that their structures already contained the lactone
moiety. We anticipated that if the reaction occurred with these coumarins, all of the lamellarin
skeletons, especially the pyrrole and lactone. would be successtully installed in one chemical

operation. Unfortunately. such reaction with these coumarins gave the desired lamellarins in only

5-6% yields.

R'O
O N ,COR oy NO:
R?0 (3 Y
rR?C R' 0" "o
o, K
OR® -
8a. Y = OCH,Ph OR? 12a. R =R"=H

8b.Y=H 12b.R' = R? = OMe
Figure 2. Structures of pyrrole esters 8a and 8b and nitrocoumarins 12a and 12b,

R0

The poor yield resulting from the reaction using nitrocoumarins 12a and 12b prompted us to
examine the use of acyclic nitro-ester alkenes like 9 (pathway B in Scheme ). Despite adding one
step of lactonization into the synthesis, this alternative synthetic route would probably allow for a
more effective preparation of the lamellarin framework. Our required intermediate would then
assume the structures of either compound 8a or 8b as shown in Figure 2.

From the structure of compound 8a (Y = OCH-Ph), it was apparent that the desired lactone
moiety could be formed by unmasking the benzyloxy-protected phenol via hydrogenolysis and its
subsequent base-mediated lactonization. Retrosynthetic analysis, as shown in Scheme 2, revealed

that our target lamellarins K and L would require the same nitro-ester alkene 13 which could be

Prepared in 56% overall yield over 3 steps via the Knoevenagel condensation of aldehyde 16"

With ethy! nitroacetate as shown in Scheme 3. As an alternative to Scheme 3, aldehyde 16 could be

Prepared from selective bisdemethylation of 2,4,5-trimethoxybenzaldehyde using AlClg“sl followed
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¥ benzylation in 79% overall yield. Synthesis of the substituted benzyldihydroisoquinolines 14

ad 15 are well known in the literature!'®%!!

and both compounds were synthesized in seven steps
ia Bischler-Napieralski reactions of the appropnate arylethylamines and homoveratric acids

sadily prepared from three common starting materials 17-19 (Scheme 3).

OBn
MeQ. Et0,C. _ NO; BnO

SO S TP
MeO BnO

O OB8n O
8nO 14 13 OMe MeQ 15

Schemes 2. Retosynthetic analysss for the synthes:s of lametlanns K (1aiand L (1b) Bn=
benzyl group (CH;Ph).

The key step of Michael addition-ring closure reaction of the imines 14 and 15 with the
nitro-ester alkene 13 in the presence of NaHCO; in refluxing anhyvdrous acetonitrile proceeded
smoothly to give the desired pyrroles 20 and 21. both in 70% yield as shown in Scheme 4. The
Syntheses were completed by subjecting pyrroles 20 and 21 to hydrogenolysis to give compounds
22 and 23 quantitatively followed by base-mediated lactonization using sodium hydride in dry THF
to produce lamellarin K (1a) in 93% and lamellarin L (1b) in 87% yields over two steps.

We also examined an alternative direct lactonization of compound 8b (Y = H; Figure 2) by
oxidative lactonization of the corresponding acid 24a using Pb(OAc),s in refluxing ethanol, a
condition previously employed in the synthesis of lamellarin G trimethyl ether.” " This process
would essentially simplify the structure of the required nitro-ester alkene as well as reducing one
Step in the synthesis (hydrogenolysis). Pyrrole ester 24b was prepared by a similar Michael
addition-ring closure reaction between appropriate starting materials. Unfortunately, various
attempts to hydrolyze the ester by standard conditions such as KOH in refluxing ethanol to the

Corresponding acid only gave the decarboxylated 2H-pyrrole product 24c¢ virtually quantitatively
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Figure 3). When the crude mixture containing the presumed acid was used in the Pb(OAc),

ixidative condition, the decarboxylated compound 24¢ was the only isolable product.

X

R! CHO ,o.
Q:©, 19; 3 steps
R0

MeO CHO

17. X = OMe: R' = R? = Me 18
18, X=R2=H;R'=Me EtO,CCH,NO,,
19 x=R| =H: R2=Me EtNH.HCI
o %o
17-19; 7 steps P 2
MeO CO,Et
13
X
R'O
R2G O =N 14, X=0Bn;R'=R% =R?= Me; R* =Bn
R0 15. X=H:R'=R¥=Bn R?=R* = Me
RO l

Scheme 3. Synthesis of nitro-ester alkene 13 and benzyidihydroisoquinoline derivatives 14 and 15.

X

rR'0
@

rR20

R0 [

RO

R'RZ R? R* X

14 Me Me Me Bn OMe
15 Bn Me Bn Me H

R'O

R%0
R

R*O

OMe

R'"R2 R* R* X

1a Me Me Me H OMe

ibBnMeH Me H

Scheme 4. Synthesis of lamellarins K (1a), and L (1b). a) NaHCO;, 13, CH3CN, reflux, 70%
(20). 70% {21); b) Hy, Pd/C, EtOAC; c) NaH, THF, 93% (1a, over two steps), 7% (1b, over two

steps).

R'R? R* R* X

20 Me Me Me Bn OMe
21 Bn Me Bn Me H

b
LY
R'O

R20

RO

R'R? R* R* X

0 CO,Et
l N | OH
<
OH
OMe

22 Me Me Me H OMe
2BnMeH Me H

Figure 3. Structures of the acid 24a, the pyrrole ester 24b and the decarboxylated product 24c.
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In summary, lamellarins K and L were successfully synthesized in three steps from
enzyldihydroisoquinolines 14 and 15 with nitro-ester alkene 13 in 65% and 61% overall yields,
sspectively. The key step was the Michael addition-ring closure reaction which proceeded in 70%
sield for both lamellarins. The basic building blocks for the lamellarins are only the simple and
zasily prepared substituted benzaldehyde derivatives. Each lamellarin could be analyzed to consist
of three such building blocks, two in the benzyldihydroisoquinoline derivative and the other in the
nitro-ester alkene. In addition, our convergent synthetic approach offers a significant improvement

!
over others reported thus far in that it allows for an easy incorporation of all aryl groups on the

| lamellarin skeleton without the need for complex protecting group strategies. The benzyl group

was chosen as the only necessary hydroxy-protecting group since all of the benzyl groups could be

removed in the same step by simple paliadium-catalyzed hydrogenolysis. The syntheses of other

lamellarins employing this similar approach will be reported in due course.
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able of Contents

.amellarins, a new class of potential non-toxic inhibitors against HIV-1 integrase and multidrug-
esistance (MDR) in cancer cell lines, could be synthesized in three chemical steps and in 60%
wverall yields from two simple starting materials (see picture). The key step in our convergent
synthetic approach involved the novel Michael addition-ring closure (Mi-RC) reaction, giving the

pyrrole core and the required ester group for subsequent lactonization in the same step.

co2

N
RZO &

R%0

Keywords: marine alkaloids, cyclization, Michael addition, nitroalkenes, total synthesis



upporting Information

‘xperimental Section

13: A round-bottomed flask equipped with a Dean-Stark apparatus was charged with aldehyde 16
(3.60 g, 10.3 mmole), ENH.HCI (1.25 g, 15.5 mmole), ethyl nitroacetate (1.38 mL, 12.4 mmole)
and toluene (120 mL) at rt. The mixture was refluxed under argon for 48 h. Toluene was removed
and water and CH>Cl, were added. Two phases were separated and the aqueous phase was
extracted with CH>Cl; (3x). The combined organic layers were washed with brine, dried over
Na,S0., filtered, and concentrated under reduced pressure to give the crude product which was
recrystallized from MeOH to furnish the desired product 13 as a yellow-orange solid (3.28 g, 67%):
m.p. 104-105 °C; IR (KBr): vmax = 2938, 1754, 1714, 1608, 1573, 1522, 1268, 1225 cm™; '"H NMR
(200 MHz, CDCl3): 8 = 7.99 (s, 1H), 7.27-7.36 (m, 10 H), 6.83 (s, 1H), 6.50 (s, 1H), 5.12 (s, 2H),
5.00 (s, 2H), 4.34 (q, J = 7.2 Hz, 2H), 3.79 (s, 3H), 1.34 (t, J = 7.2 Hz, 3H); °C NMR (50 MHz,
CDCl;): 6 = 159.9, 153.8, 152.9, 144.2, 137.9, 136.0, 135.8. 128.70 (2 carbons), 128.66, 128.2,
127.4, 127.1 (2 carbons), 110.5, 110.3, 100.4, 71.6, 70.9, 62.5, 56.2, 14.0; MS (EI): m/z (%): 464
() [M"+1], 463 (40) [M'], 326 (28), 236 (29), 181 (36), 91 (100); HR-MS (FAB): calcd for
CasHaNO; (M + H): 464.1709, found: 464.1699; Anal. caled for CasH2sNO7: C 67.38, H 5.44, N
3.02, found: C 67.51, H 5.62, N 2.98.

20: To a mixture of benzyldihydroisoquinoline 14 (0.77 g, 1.47 mmole) and NaHCOs (0.12 g, 1.47
mmole) in acetonitrile (15 mL) was added nitro-ester alkene 13 (0.45 g, 0.98 mmole). The resulting
mixture was refluxed for 15 h. After being allowed to cool to rt, water and EtOAc were added. The

two layers were separated and the aqueous phase was extracted with EtOAc (3 x). The combined

organic layers were washed once with brine, dried over anhydrous Na;SO,, filtered, and

Concentrated under reduced pressure to give crude which was further purified by column

chromatography on silica (20% EtOAc/hexanes) to furnish the desired product as a sticky gum

(0.64 g, 70%): IR (KBr): vmax = 2934, 1685, 1508, 1457, 1417, 1216, 1206 cm™; 'H NMR (400

MHz, CDCly): § = 7.07-7.44 (m, 20H), 6.56-6.76 (m, 4H), 6.53 (s, 1H), 6.43 (s, 1H), 5.13 (s, 2H),



~..08 (s, 2H), 5.03 (s, 2H), 4.73 (s, 2H), 4.40 (br s, 2H), 3.99 (br q, / = 7.1 Hz, 2H), 3.87 (s, 3H),
.63 (s, 3H), 3.54 (s, 3H), 3.22 (s, 3H), 2.91 (br s, 2H), 0.83 (t, J = 7.1 Hz, 3H); ’C NMR (100
;AHz, CDCl3): 6 = 161.9, 151.5, 150.6, 149.1, 148.8, 147.1, 146.5, 143.5, 141.2, 137.8, 137.3,
137.2, 137.1, 130.3, 128.8, 128.6, 128.5, 128.47, 128.2, 127.79, 127.77, 127.4, 127.2, 127.0, 126.7,
123.1, 122.4, 119.9, 119.4, 118.6, 116.1, 114.5, 113.5, 105.2, 103.0, 75.4, 71.4, 71.2, 70.7, 61.0,
59.6, 56.5, 55.8, 55.2, 42.5, 29.7, 22.6, 13.7; MS (EI): m/z (%): 938 (4) [M + H'], 573 (92), 91
(100), 42 (90); HR-MS (FAB): calcd for CsoHssNO1g (M + H): 938.3904, found: 938.3905.

21: Using a procedure similar to that of 20, compound 21 was obtained as a sticky gum (70%): IR
(KBI): vmax = 2933, 1685, 1498, 1381, 1254, 1212, 1174 1206 cm™’; '"H NMR (400 MHz, CDCl;): &
= 7.06-7.46 (m, 20H), 6.76 (s, 1H), 6.74 (s, 1H), 6.65 (s, 1H), 6.57 (s, 1H), 6.44 (s, 1H), 5.14 (s,
1H), 5.01 (s, 2H), 4.77 (s, 2H), 4.72 (s, 2H), 4.59 (br s, 2H), 3.99 (br q, J = 7.1 Hz, 2H), 3.82 (s,
3H), 3.64 (s, 3H), 3.31 (s, 3H), 2.99 (br s, 2H), 0.82 (t, J = 7.1 Hz, 3H); ’C NMR (100 MHz,
CDClL3): 6 = 162.0, 150.6, 148.2, 147.9, 147.8, 147.1, 143.5, 137.9, 137.1, 137.01, 136.95, 130.9,
128.6, 128.5, 128.4, 128.2, 127.9, 127.7, 127.4, 127.3, 127.2, 126.8, 125.6, 123.7, 121.7, 121.5,
119.1, 118.8, 116.5, 116.1, 113.1, 111.5, 109.1, 103.1, 71.7, 71.2, 71.0, 70.8, 59.6, 56.5, 56.0, 55.2,
42.8,29.6, 13.7; MS (EI): m/z (%): 908 (6) [M + H'], 615 (100), 573 (84), 84 (38); HR- MS (FAB):

caled for CsgHssNOo (M + H): 908.3799, found: 908.3791.

22: A solution of pyrrole 20 (1.15 g, 1.22 mmole) in EtOAc (115 mL) was placed in a high

Pressure Parr apparatus at rt. To this solution was added palladium on activated charcoal (ca. 100

mg). The resulting mixture was hydrogenated (75 psi) until all starting material was consumed

(normally 15 hours) as indicated by tlc. The mixture was then filtered through a plug of Celite® and

Concentrated under reduced pressure to give a sticky solid (0.70 g, quantitative) which was used in

the next step without further purification: IR (KBr): vpax = 3420 (br), 2939, 1683, 1422, 1247 cm";

'HNMR (400 MHz, CDCL): § = 6.55-6.83 (m, 3H), 6.54 (s, 1H), 6.40 (s, 1H), 6.32 (s, 1H), 5.98

(r s, 1H), 5.57 (br s, 2H), 5.47 (br s, 2H), 5.00 (m, 1H), 4.20 (m, 1H), 4.17 (q, J = 7.1 Hz, 2H),

388 (s, 3H), 3.64 (s, 3H), 3.55 (s, 3H), 3.35 (s, 3H), 3.04-3.16 (br m, 2H), 1.08 (t, /= 7.1 Hz, 3H);



3¢ NMR (100 MHz, CDCl3): & = 161.9, 150.2, 148.7, 146.3. 145.9. 1457, 13444, 140.1. 134.7.
131.6, 126.8, 123.8, 123.6, 123.5, 119.6, 114.2, 114.0, 113.3. 1124 102.5, 101.8. 61.0. 604, 56.4,
559, §5.2, 42.7, 21.7, 13.8 MS (EI): m/z (%0): 577 () [M]. 91 (100%: HR-MS (FAB): caled for
CsyH5NOjo (M + H): 578.2026, found: 578.2023.

23: Using a procedure similar to that of 22, compound 23 was obtained as a sticky solid
(quantitative) which was used in the next step without further purification: IR (KBr): v = 3410
(br), 2935, 1675, 1546, 1481, 1413, 1327, 1245 em™: '"H NMR (400 MHz. CDC13): 8§ = 6,77 (m
2H), 6.71 (s, 1H), 6.62 (s, 1H), 6.62 (m. 1H), 6.52 (s. 1H). 6.40 {s. 1H). 5.65 (br 5. IH). 5.58 (br s.
IH), 5.57 (br s, 1H), 5.38 (br s, 1H), 4.87 (m. 1H). 4.32 (m. 1H). 4.13 (q. /= 7.1 Hz, 2H), 3.83 (s:
3H), 3.60 (s, 3H), 3.38 (s, 3H). 2.90-3.10 (br m. 2H). 1.06 (t.J = 7.1 Hz. 3H): '*C NMR (100 MHz,
CDCl3): & = 161.9, 148.6, 145.6, 145.5, 145.3, 145.0, 144.9, 140.0. 132.3, 128.3, 126.8, 122.6,
122.2, 120.0, 119.0, 117.0, 114.3, 113.7, 110.6, 108.5, 60.3; 56.5, 55,9, 55.3, 42.9, 28.7. 13.8: MS
(EIY: m/z (%): 547 (4) [M']. 91 (100): HR-MS (FAB): caled for C:oH:z:NOo (M — H): 548.1921,
found: 548.1918.

1a: To a solution of pyrrole 22 (0.63 g, 1.09 mmole) in THF (70 mL) at 0 °C was added NaH (80°0
in paraffin, 0.20 g, 6.67 mamole). The resulting mixture turned red and was allowed 1o stir at that
lemperature for 15 minutes. The reaction was then slowly warmed up to rt and stirred at rt for 2 h.
Water and EtOAc were added and the resulting biphasic mixture was allowed to stir at rt overnight.
Two layers were separated and the aqueous was extracted with EtOAg (3x). The combined organic
layers were washed with brine, dried over Na-SQs, filtered. and concentrated under reduced
Pressure to give crude lamellarin. Recrystallization trom MeOH gaye the desired lamellarin K as a
white solid (0.54 g, 93%): m.p. >250 °C; IR (KBr): vma = 3404 (br), 2936, 1712, 1544 [ 510, 1457,
1265, 1118 em™; '"H NMR (400 MHz, CDCl3): § = 7.00 (d. J = 8.0 Hz. 1H). 6.94 (d./ = 1.8 Hz,
1H), 6.91 (dd, J = 8.0, 1.8 Hz, 1H). 6.79 (s. 1H). 6.55 (s. 1H). 6.33 (s. 1H). +.73 (m. IH), +.55 (m.
). 4.08 (br s, 3 H). 3.78 (s. 3H), 3.75 (s. 3H). 3.39 (s, 3H), 3.28 (s, 3H). 3.04 (m. 2H): "°C NMR

(190 MHz, CDC1): § = 156.2. 150.7. 148.0. 146.7, 146.1. 146.0, 145.9. 1444, 136.1. 1359, 1287,



126.8, 123.9, 123.1, 115.7. 115.6. 113.:84. 113.75, 113.3. 109.8, 104.5, 103.3, 101.5, 60,7, 56.0,
353, 54.9, 42.0, 21.4; MS (El): m/z (o) 532 (38) [M ~1]. 531 (100) [A/]. Sl6 (520 484 (23,
| These spectroscopic data are ideritical to those reported previously.™
1b: Using the procedure similar to that of 1a, compound 1b was obtained as a white solid (87%o):
m.p. >250 °C’; IR (KBr): vmay = 3629 (br), 3473 (br). 3266 (br), 2957, 1672, 1589, 1483, 1421, 1278
em’; 'H NMR (400 MHz, CDC13): 8 = 7.08 (d. J = 2.0 Hz. TH), 7.05 (d../ = 8.2 Hz, TH). 6.9% (dd,
J=82, 2.0 Hz, IH), 6.89 (s, 1H), 6:77 (5. [H1.6.72 (5. 1H) $.64-3.80 (m, JH), 3.96 (s, 31, 352
(5,3 H), 3.41 (s. 3H). 3.05 (apparent t. J = 6.5 Hz, 2H); *C NMR (100 MHz. CDCl): § = 156.0,
146.8, 146.6, 146.1. 1459, 1458, 1454, [43.9, 1364, 1285, 127.3, 132.8 [19.5, 1176, T34,

132, T11.7, 1099, 108.8, 104.5, 103.4, 56.2, 5.4,

’Jn
"Jl

5.1, 42,3, 2837 MS (E1e m= (P6): 301 (1Y

[M], 251 (51), 42 (100). These spectroscopic-data are identical to those réported previously. ™
p P P )



