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ABSTRACT

A convergent synthesis of brevisamide (1) is described based on the application of the crotyl silane-based [4 + 2]-annulation used for the
preparation of the advanced oxygenated tetrahydropyran intermediate 2. The side chain bearing a conjugated (E,E)-diene was efficiently
constructed under modified Negishi cross-coupling conditions.

A family of polycyclic ether toxins produced by red tide
Dinoflagellate Karenia breVis have attracted significant
interest due to their toxicity and structural complexity. For
instance, the brevetoxins are known to exhibit potent
neurotoxicity, which causes open state of voltage-sensitive
sodium channel (VSSC) and disturbs inactivation, and
brevenal exhibits antagonism against toxic effects caused by
brevetoxins.1 These toxins isolated from K. breVis have been
attractive targets for synthetic chemists due to their unique
structures, cyclic polyether core, and biological activities.2

Brevisamide3 (1) was recently isolated by Wright’s group
(Center for Marine Science at University of North Carolina)
while conducting experiments aimed at the identification of
new metabolites from K. breVis. The structure elucidation,
as well as the assignment of both relative and absolute
stereochemistry of brevisamide (1), were initially established
by 1D and 2D NMR studies and later confirmed by total
synthesis.4 A second total synthesis has recently appeard
from Lindsley’s laboratory.5 Structural features of brevisa-

mide (1) include an oxygenated tetrahydropyran core and a
trisubstituted (E,E)-diene as a challenging component of the
side chain (Figure 1). Additionally, brevisamide is the only
metabolite of K. breVis that contains an amide. Since the
biological properties of this molecule have not been dis-
closed, developing efficient synthetic strategies for this
natural product will provide sufficient amounts to facilitate
further biological evaluation.

Our synthetic plan intended to utilize a palladium-catalyzed
Negishi cross-coupling to construct the conjugated (E,E)-

(1) (a) Lin, Y.-Y.; Risk, M.; Ray, M. S.; Van Engen, D.; Clardy, J.;
Golik, J.; James, J. C.; Nakanishi, K. J. Am. Chem. Soc. 1981, 103, 6773–
6775. (b) Shimizu, Y.; Chou, H.-N.; Bando, H.; Duyne, G. V.; Clardy, J.
J. Am. Chem. Soc. 1986, 108, 514–515. (c) Bourdelais, A. J.; Jacocks, H. M.;
Wright, J. L. C.; Bigwarfe, P. M.; Baden, D. G. J. Nat. Prod. 2005, 68,
2–6. (d) Baden, D. G.; Bourdelais, A. J.; Jacocks, H.; Michelliza, S.; Naar,
J. EnViron. Health Perspect. 2005, 113, 621–625. (e) Poli, M. A.; Mende,
T. J.; Baden, D. G. Mol. Pharmacol. 1986, 30, 129–135.

Figure 1. Structures of brevisamide (1) and brevenal.
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diene of brevisamide 1. In this regard, we initially planed to
disconnect C3-C4, which led to two fragments 2 and 3
(Scheme 1). Iodoalkene 3 will be an immediate precursor to

an alkenylzinc reagent generated in situ through lithium-
haolgen exchange and transmetalation.6 The hydroxyl-
bearing center with an (S)-configuration at C11 will be
introduced by diastereoselective hydroboration of an inter-
mediate dihydropyran.7 Further, the (E)-vinyl iodide in the
side chain of fragment 2 will be installed though SN2-type
propynyl substitution at C6 and subsequent regioselec-
tive hydrozirconation followed by trapping with iodine.8 The
trisubstituted dihydropyran precursor to fragment 4 with a
cis-cis relationship will be prepared through a [4 +
2]-annulation between (Z)-crotylsilane 5 and aldehyde 6.9

The stereochemical outcome of the annulation products
can be attributed to the configuration of the silane reagents
as illustrated in Figure 2. In the case of a [4 + 2]-annulation
with a (E)-crotylsilane,9a a 5,6-trans-dihydropyran is always
favored. Stereochemical relationships between the 2- and

6-substituents of dihydropyran are dictated by syn- and anti-
relationship of crotylsilane. Therefore, syn- and anti-(E)-
crotylsilane give 2,6-cis- and 2,6-trans-dihydropyran, re-
spectively (Figure 2, eqs 1 and 2). In contrast, annulation of
(Z)-crotylsilane selectively affords 5,6-cis-dihydropyran.9b In
addition, 2,3-syn- and 2,3-anti-realtionships of (Z)-crot-
ylsilane provide 2,6-trans- and 2,6-cis-dihydropyran, re-
spectively (Figure 2, eqs 3 and 4), which is the opposite
and complementary stereochemical outcome to that of (E)-
crotylsilanes.

The synthesis of oxygenated tetrahydropyran fragment 2
was initiated with [4 + 2]-annulation of known (Z)-
crotylsilane 59b,10 with aldehyde 6 (Scheme 2), which
afforded 5,6-cis-trisubstituted dihydropyran 7 in 70% isolated
yield (dr ) 10:1). In our initial plan, we desired diastereo-

(2) For total synthesis of brevetoxin A, see: (a) Nicolaou, K. C.; Yang,
Z.; Shi, G.-Q.; Gunzner, J. L.; Agrios, K. A.; Gärtner, P. Nature 1998,
392, 264–269. (b) Crimmins, M. T.; Zuccarello, J. L.; Ellis, J. M.;
McDougall, P. J.; Haile, P. A.; Parrish, J. D.; Emmitte, K. A. Org. Lett.
2009, 11, 489–492. For the total synthesis of brevetoxin B, see: (c) Nicolaou,
K. C.; Rutjes, F. P. J. T.; Theodorakis, E. A.; Tiebes, J.; Sato, M.;
Untersteller, E. J. Am. Chem. Soc. 1995, 117, 10252–10263. (d) Matsuo,
G.; Kawamura, K.; Hori, N.; Matsukura, H.; Nakata, T. J. Am. Chem. Soc.
2004, 126, 14374–14376. (e) Kadota, I.; Takamura, H.; Nishii, H.;
Yamamoto, Y. J. Am. Chem. Soc. 2005, 127, 9246–9250. For the total
synthesis of brevenal, see: (f) Fuwa, H.; Ebine, M.; Bourdelais, A. J.; Baden,
D. G.; Sasaki, M. J. Am. Chem. Soc. 2006, 128, 16989–16999. (g) Takamura,
H.; Kikuchi, S.; Nakamura, Y.; Yamagami, Y.; Kishi, T.; Kadota, I.;
Yamamoto, Y. Org. Lett. 2009, 11, 2531–2534.

(3) Satake, M.; Bourdelais, A. J.; Van Wagoner, R. M.; Baden, D. G.;
Wright, J. L. C. Org. Lett. 2008, 10, 3465–3468.

(4) Kuranaga, T.; Shirai, T.; Baden, D. G.; Wright, J. L. C.; Satake, M;
Tachibana, K. Org. Lett. 2009, 11, 217–220.

(5) Fadeyi, O. O.; Lindsley, C. W. Org. Lett. 2009, 11, 3950–3952.
(6) (a) Negishi, E.-I. Acc. Chem. Res. 1982, 15, 340–348. (b) Panek,

J. S.; Hu, T. J. Org. Chem. 1997, 62, 4912–4913. (c) Hu, T.; Panek, J. S.
J. Am. Chem. Soc. 2002, 124, 11368–11378.

(7) (a) Evans, D. A.; Fu, G. C.; Hoveyda, A. H. J. Am. Chem. Soc.
1988, 110, 6917–6918. (b) Boger, D. L.; Honda, T. J. Am. Chem. Soc.
1994, 116, 5647–5656. (c) Huang, H.; Panek, J. S. J. Am. Chem. Soc. 2000,
126, 2425–243. (d) Qin, H.-L.; Lowe, J. T.; Panek, J. S. J. Am. Chem. Soc.
2007, 129, 38–39.

Scheme 1. Retrosynthetic Analysis of Brevisamide (1)

Figure 2. Stereochemical course of [4 + 2]-annulation of (E)- and
(Z)-crotylsilane reagents.

Scheme 2. Synthesis of Hydroxytetrahydropyran Fragment 4
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selective hydroboration of dihydropyran 7 to directly intro-
duce the �-hydroxyl group at C11. Since hydroboration in a
trans,trans dihydropyran system has been previously studied
in our group,7c,d we applied the conditions that were used
in previous examples (2.0 M BH3·SMe2 in THF) to the
hydroboration of cis,cis dihydropyran 7. However, hydrobo-
ration of 7 was found to be problematic, which gave the
desired product in 40% yield (dr ) 2.5:1) with varying
amounts of degradation of 7. Other experiments utilizing
catecholborane in the presence of Wilkinson’s catalyst or
9-BBN7a,b also proved to be unsuccessful.

At this point, we concluded that cis,cis dihydropyran 7
was not conformationally suitable for the desired stereo-
chemical course of hydroboration. Therefore, we removed
the chiral center at C12 by isomerization of the olefin into
conjugation with the methyl ester in the presence of DBU,11

after which that stereocenter could be regenerated through
hydroboration of the allylic TBS ether. Then, LAH reduction
of methyl ester and subsequent protection of the resulting
allylic alcohol as a TBS ether gave a new hydroboration
precursor 9. Subsequently, hydroboration using BH3·SMe2

at 0 °C afforded the desired oxygenated tetrahydropyran 4
both in high yield and diastereoselectivity (90%, dr >11:1).

With useful quantities of secondary alcohol 4 in hand, we
turned our attention to extending the left-hand side chain.
Intermediate alcohol 4 was protected as its TBS ether, and
hydrogenolysis of benzyl ether in ethyl acetate afforded
primary alcohol 10 in high yield (Scheme 3). To install three

additional carbons at C6, SN2-type alkyne substitution12 was
employed. Triflation of primary alcohol 10 using Tf2O gave
an unstable intermediate triflate ester that was used without
purification. As such, this material was treated with 1-pro-
pynyllithium that was generated in situ by treatment of a

propyne solution in THF with n-BuLi at -78 °C to afford
alkyne 11. However, this reaction turned out to be sensitive
to the number of equivalents of nucleophile and cosolvent.
For instance, 1.5 equiv of propynyllitihium gave only
decomposition of triflate ester after 12 h. Using THF/HMPA
(10:1) mixed solvent system gave the desired product 11 in
60% yield within 30 min, but this result was not reproducible
when scaled up. An optimal condition was found when the
triflate ester was treated with 5 equiv of propynyllithium in
THF for 3 h, affording 11 in 78% (two steps).

Regioselective hydrozirconation of the internal alkyne 11
utilizing 2 equiv of Schwartz reagent in THF, followed by
trapping of the organozirconium intermediate with I2 suc-
cessfully furnished the coupling precursor (E)-iodoalkene
2 in 88% yield (E/Z ) 10:1).8 Alternatively, silylcupration
(5 equiv of CuCN, 10 equiv of PhMe2SiLi) gave the
desired vinyl iodide 2 with much lower regioselectivity
(E/Z ) ∼2:1).2f,13

The final stage of the synthesis required introduction of
the aldehyde side chain with the assembly of the conjugated
(E,E)-diene, which began with fragment coupling between
different (E)-vinyl iodide fragments 2 and 3 under modified
Negishi coupling conditions.5 Although it has been reported
that formation of this type of trisubstituted (E,E)-diene can
be achieved using Stille coupling conditions, the use of silyl-
protected vinyl stannane version of intermediate 3 afforded
the contaminated diene with its homocoupling product.2f

Treatment of vinyl iodide 314 with an excess amount of
t-BuLi and transmetalation of the resulting lithium anion with
anhydrous ZnCl2 generated an intermediate vinlyzinc species.
Coupling of the in situ prepared zinc intermediate with the
vinyl iodide 2 in the presence of 10 mol % of Pd(PPh3)4

provided a crude diene that was used without purification.
The selective cleavage15 of primary TBS ether using CSA
afforded, after purification on silica gel, the pure (E,E)-diene
12 in 58% as a single regioisomer.

To install an acetyl amide in the right-hand side chain,
the resulting primary alcohol was activated and substituted
with azide using diphenylphosphoryl azide (DPPA) under
Mitsunobu conditions.16 Reduction of the azide17 in the
presence of NH4OH followed by acetylation of the primary
amine gave the acetyl amide 13 in 83% yield (two steps).

(8) (a) Hart, D. W.; Blackburn, T. F.; Schwartz, J. J. Am. Chem. Soc.
1975, 97, 679–680. (b) Thompson, C. F.; Jamison, T. F.; Jacobsen, E. N.
J. Am. Chem. Soc. 2000, 122, 10482–10483. (c) Nicolaou, K. C.; Li, Y.;
Sugita, K.; Monenschein, H.; Guntupalli, P.; Mitchell, H. J.; Fylaktakidou,
K. C.; Vourloumis, D.; Giannakakou, P.; O’Brate, A. J. Am. Chem. Soc.
2003, 125, 15443–15454.

(9) (a) Huang, H.; Panek, J. S. J. Am. Chem. Soc. 2000, 122, 9836–
9837. (b) Lowe, J. T.; Panek, J. S. Org. Lett. 2005, 7, 3231–3234.

(10) Lowe, J. T.; Youngsaye, W.; Panek, J. S. J. Org. Chem. 2006, 71,
3639–3642.

(11) Lowe, J. T.; Wrona, I. E.; Panek, J. S. Org. Lett. 2007, 9, 327–
330.

(12) (a) Kotsuki, H.; Kadota, I.; Ochi, M. Tetrahedron Lett. 1990, 31,
4609–4612. (b) Takizawa, A.; Fujiwara, K.; Doi, E.; Murai, A.; Kawai,
H.; Suzuki, T. Tetrahedron 2006, 62, 7408–7435.

(13) (a) Zakarian, A.; Batch, A.; Holton, R. A. J. Am. Chem. Soc. 2003,
125, 7822–7824. (b) Lu, C.-D.; Zakarian, A. Org. Lett. 2007, 9, 3161–
3163.

(14) (a) Betzer, J.-F.; Delaloge, F.; Muller, B.; Pancrazi, A.; Prunet, J.
J. Org. Chem. 1997, 62, 7768–7780. (b) Alvarez, R.; DomInguez, M.; Pazos,
Y.; Sussman, F.; Lera, A. R. Chem.sEur. J. 2003, 9, 5821–5831. (c)
Murakami, Y.; Nakano, M.; Shimofusa, T.; Furuichi, N.; Katsumura, S.
Org. Biomol. Chem. 2005, 3, 1372–1374.

(15) (a) Satoh, M.; Koshino, H.; Nakata, T. Org. Lett. 2008, 10, 1683–
1685. (b) Khalaf, J. K.; VanderVelde, D. G.; Datta, A. J. Org. Chem. 2008,
73, 5977–5984.

(16) Stork, G.; Niu, D.; Fujimoto, A; Koft, E. R.; Balkovec, J. M.; Tata,
J. R.; Dake, G. R. J. Am. Chem. Soc. 2001, 123, 3239–3242.

(17) Rodrı́guez-Lucena, D.; Benito, J. M.; Älvarez, E.; Jaime, C.; Perez-
Miron, J.; Mellet, C. O.; Fernández, J. M. G. J. Org. Chem. 2008, 73, 2967–
2979.

Scheme 3. Synthesis of the Fragment 2
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Deprotection of the two silyl ethers using TBAF gave an
advanced diol intermediate, and chemoselective oxidation
of the primary allylic alcohol in the presence of the secondary
alcohol using excess amount of MnO2 successfully afforded
brevisamide 1 (Scheme 4).2f,4,18

In summary, the total synthesis of the brevisamide has
been achieved in 17 steps with a 6.4% overall yield starting

from trans-(Z)-crotylsilane 5. The key feature of our
synthesis relied on the formation of highly substituted
oxygenated tetrahydropyran using our silicon-directed [4 +
2]-annulation strategy. In addition, construction of the
substituted (E,E)-diene through a modified Negishi cross-
coupling demonstrated that this method can be useful for
stereochemically challenging systems en route to complex
molecule synthesis. Studies to further explore the scope and
application of this strategy are currently underway.
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(18) (a) Yadav, J. S.; Sunitha, V.; Reddy, B. V. S.; Gyanchander, E.
Synthesis 2008, 18, 2933–2938. (b) Bonazzi, S.; Guttinger, S.; Zemp, I.;
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Scheme 4. Completion of the Synthesis

Org. Lett., Vol. 11, No. 19, 2009 4393

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

A
ST

R
IC

H
T

 o
n 

Se
pt

em
be

r 
29

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 S

ep
te

m
be

r 
8,

 2
00

9 
| d

oi
: 1

0.
10

21
/o

l9
01

80
1h


