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Abstract – Brevisamide is a monocyclic ether alkaloid produced by the red tide 

dinoflagellate Karenia brevis. Brevisamide has attracted the attention of organic 

chemists because it is the smallest molecule that can be used to understand the 

biosynthetic 6-endo epoxide cyclization of polycyclic ethers. Within nine years of 

its discovery, several diverse approaches to synthesizing this monocyclic ether 

amide have been explored, culminating in the publication of eight total and seven 

formal total syntheses. In the first part of this review, we discuss strategies for the 

introduction of the key elements—the (2E,4E)-3,4-dimethyl-2,4-heptadienal side 

chain, acetamide side chain, C9 axial methyl group, and tetrahydropyran (THP) 

core. In the following sections, each of the total and formal syntheses is 

overviewed, based on the method for constructing the THP core. 
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1. INTRODUCTION 
Red tide is an algal bloom that causes serious damage to the fishing industry through massive fish kill and 

food poisoning.1 Karenia brevis is a notorious red tide dinoflagellate that produces potent neuro- and 

ichthyotoxic polycyclic ethers such as brevetoxin A and B (Figure 1).2 Recently, K. brevis was found to 

produce the penta- to heptacyclic ethers brevenal,3 brevisin,4 and tamulamides,5 all of which have an 

antagonistic effect against brevetoxins by blocking the brevetoxin binding site of voltage-gated Na 

channels of nerve cells.6,7 Brevisamide (1) is a monocyclic ether alkaloid isolated from K. brevis, as 

reported by Wright and co-workers in 2008;8 it has a hybrid structure comprising the A ring of brevenal 

and brevisin, with an axial methyl group and a 3,4-dimethylhepta-2,4-dienal side chain, and the A ring of 

tamulamides, possessing an acetamide side chain. It has been revealed using a synthetic sample that 

brevisamide possesses weak cytotoxic activity against P388 mouse leukemia cells (ED50 > 30 µg/mL).9b 

Wright proposed that brevisamide was biosynthesized by the epoxidation of olefinic alcohol 2 to epoxy 

alcohol 3, followed by the 6-endo cyclization reaction—a well-known proposed mechanism for natural 

polycyclic ethers (Scheme 1).10 Brevisamide has understandably attracted much attention, as it is the 

smallest known biological molecule produced by the 6-endo cyclization reaction. Recently, the proposed 

biosynthetic precursor, epoxide 3, was synthesized by Satake et al., and the 6-endo cyclization was 

attempted under the non-enzymatic conditions referenced to in Jamison’s reports,11 where polycyclic 

ethers were synthesized via a 6-endo cyclization reaction under aqueous conditions without any catalysts 
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Figure 1. Natural cyclic ethers isolated from the dinoflagellate Karenia brevis 

 

or enzymes. However, brevisamide was not successfully obtained under these conditions; instead, 

isobrevisamide, the 5-exo cyclization product of 3, was formed exclusively (Scheme 2).12 Therefore, it 

was speculated that brevisamide was biosynthesized through an enzyme-catalyzed 6-endo cyclization 

reaction.13 

 

 
Scheme 1. Proposed biosynthetic pathway of brevisamide (1) (ref. 8) 

 

 
Scheme 2. Attempted biomimetic cyclization reaction for brevisamide (ref. 12b) 

 

Since its discovery, organic chemists all over the world are investigating its synthesis; so far, eight total 

and seven formal total syntheses have been reported by 13 different research groups: Tachibana,9 

Lindsley,14 Ghosh,15 Panek,16 Smith III,17 Sabitha,18 Zakarian,19 Yadav,20 Kumaraswamy,21 Sridhar,22 
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Kang,23 Mohapatra,24 and Mori.25 Fadeyi and Lindsley summarized eight syntheses reported until 2012, 

and focused mainly on the six total syntheses.26 In the first part of our review, we summarize the key 

points of these brevisamide syntheses. We then discuss in depth each of the total and formal syntheses. 

2. SYNTHETIC OVERVIEW OF BREVISAMIDE 

A generally applicable retrosynthetic analysis for brevisamide (1) is shown in Figure 2. Installation of the 

3,4-dimethylhepta-2,4-dienal side chain and acetamide group is usually performed at the final stage of the 

synthesis, because these functional groups can be influenced by several different reactions. The 

stereoselective construction of four stereogenic centers at C8, C9, C11, and C12 on the tetrahydropyran 

(THP) core, including the axial methyl group at C9, is usually executed at an earlier synthetic stage. In 

this section, we discuss how these key steps have been achieved in each synthetic study. 

 

 
Figure 2. Retrosynthetic analysis for brevisamide applied in most total syntheses 

2-1. Installation of the (2E,4E)-3,4-dimethyl-2,4-heptadienal side chain 
The 3,4-dimethylhepta-2,4-dienal side chain is the common substituent in brevisamide, brevenal, and 

brevisin. The approach for the incorporation of 3,4-dimethylhepta-2,4-dienal group 8 can be classified 

into three types: 1) Suzuki-Miyaura coupling27 between alkylborane 6a and vinyl halide 9; 2) Stille28 or 

Negishi29 coupling between vinyl iodide 6b and vinylstannane 10 or vinylzinc 11; and 3) 

Horner-Wadsworth-Emmons reaction between aldehyde 6c and phosphonate 12 (Scheme 3). In most 

reports on total synthesis of brevisamide, brevenal, and brevisin, key precursors 6a-c are prepared from 

the corresponding alcohols 4a-c. Hydroxymethyl group 4a is oxidized to the aldehyde followed by Wittig 

olefination to 5a, which is converted to 6a by the hydroboration reaction with 9-BBN-H. Alkylborane 6a 

can also be prepared from hydroxyethyl group 4b through dehydration to olefin 5a, followed by 

hydroboration to 6a, or by iodination to iodide 5b followed by transformation to 6a using the 

lithiation-boration protocol. Alternatively, hydroxyethyl group 4b is subjected to the 

triflation-alkynylation reaction to give alkyne 5c, which is converted into vinyl iodide 6b by the 

hydrozirconation-iodination or silyl cuprate addition-iodination sequences. Hydroxypropyl group 4c 

undergoes oxidation to aldehyde 6c by Parikh-Doering oxidation, Swern oxidation, or Dess-Martin 

oxidation. In the first reported synthesis of brevenal by Sasaki et al., aldehyde 6c is converted to alkyne 

5c using the Bestmann reagent in the Stille coupling strategy.3b,30 After Kadota reported the 
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Horner-Wadsworth-Emmons (HWE) route using 6c and phosphonate 12 (R’ = Me) for the total synthesis 

of brevenal,31 this HWE strategy became standard for the side-chain construction from the substituted 

propanol 4c. 

 

 
Scheme 3. General route to 3,4-dimethylhepta-2,4-dienal side chain (R is the THP core of brevisamide or 

the polycyclic ether skeletons of brevenal and brevisin) 
 

2-1-1. Suzuki-Miyaura coupling 

Three separate syntheses have been reported for vinyl halides 9 (Scheme 4). Tachibana and Satake 

prepared conjugated aldehyde 14 from cis-2-butene-1,4-diol (13) through TBS protection, ozonolysis, and 

the Wittig reaction according to Leahy’s report.32 The modified Corey-Fuchs bromoalkyne synthesis,33 

followed by debromination with n-BuLi, afforded conjugated enyne 15. Vinyl iodide 9a was obtained by 

Negishi’s methylalumination-iodination34 of enyne 15.9a Ghosh synthesized enyne 15 from trans-crotyl 

alcohol 16 via bromination,35 elimination, and Sonogashira coupling according to Roush’s report.15,36 

Tachibana and Satake synthesized vinyl bromides 9c and 9d from the two-step bromination of methyl 

methacrylate (18) to (E)-3-bromomethacrylic acid (19). After five steps,37,38 ethyl ester 20 was reduced to 

alcohol 9c, which was protected with a TBDPS group to provide 9d quantitatively. It should be noted that 

the synthesis of 20 from 18 was carried out without purification until the separation of the desired 

E-isomer from the Z-isomer generated by the HWE reaction.9b 
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Scheme 4. Synthesis of vinyl halides 9 

 

The Suzuki-Miyaura cross coupling reaction of vinyl halide 9 is summarized in Scheme 5. Tachibana 

reported the hydroboration of amide olefin 21 with 9-BBN, and the generated alkylborane 22 was 

subjected to the Suzuki-Miyaura cross coupling with vinyl iodide 9a.9a Ghosh also reported a similar 

coupling reaction using the TBS-protected vinyl iodide 9b.15 However, these coupling reactions resulted 

 

 
Scheme 5. Incorporation of the dienal side chain using Suzuki-Miyaura coupling 
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in low yields (40%) and poor reproducibility. In Tachibana’s second total synthesis, the yield of the 

coupling reaction was improved to 64% by using vinyl bromide 9d and alkylborane 25, which was 

prepared in situ through the lithium-iodine exchange reaction of amide-free iodide 24.9b The presence of 

the acetamide moiety adversely affects the yield of the coupling reaction; alkyl iodide 27a involving an 

acetamide group gave coupling product 29a in low yield, while the reaction with amide-free iodide 27b 

provided a much better yield.12 

The Suzuki-Miyaura coupling with vinyl bromide 9c was employed in the final stage of Tachibana’s total 

synthesis of brevisin (Scheme 6).39 Alkyl iodide 30 was subjected to the borylation-coupling sequence to 

give product 31. After global deprotection of the TES groups, selective oxidation of the allylic alcohol 

afforded brevisin in good overall yield. 

 

 
Scheme 6. Suzuki-Miyaura coupling using 9c in the brevisin total synthesis 

2-1-2. Stille coupling and Negishi coupling 

Stille coupling with vinylstannane 1040 was employed in the first total synthesis of brevenal reported by 

Sasaki et al.3b,30 They initially investigated the coupling conditions using vinylstannane 32 and vinyl 

iodide 33 as model compounds for the dienal side chain (Table 1). Under the conventional conditions 

using PdCl2(MeCN)2 in DMF, only a trace amount of coupling product was obtained due to the sterically 

hindered substrates (entry 1). The reaction improved when soft ligands such as tri(2-furyl)phosphine and 

triphenylarsine were employed for the acceleration of the transmetallation step,41 and when a copper(I) 

salt was added for the generation of a more reactive organocopper specimen in the catalytic cycle42 

(entries 2 and 3). Elevating the reaction temperatures decreased the (E,E):(E,Z) ratio of the coupling 

product (entries 4 and 5). Use of copper(I) thiophene-2-carboxylate instead of copper(I) iodide provided 

coupling product 34 in a better yield with exclusive (E,E)-selectivity for both the non-protected and 

O-protected vinylstannanes 10 and 32 (entries 6 and 8). 

O

Me
Me

Me
OHC

H

OH

O

O

OH

O

O

O Me

OH

Me

HH
OH

H
H

MeHH

H Me

brevisin

O

Me

Me

Me

H

TESO
O

O

OTES

O

O

O Me

OTES

Me

HH
OTES

H
H

MeHH

H Me

I

BrHO

t-BuLi, B-MeO-9-BBN
Et2O, –78 °C to rt;
then

O

Me

H

TESO
O

O

OTES

O

O

O Me

OTES

Me

HH
OTES

H
H

MeHH

H Me

HO
Me

Me

1. TBAF, THF, reflux

2. MnO2, CH2Cl2, 0 °C
    75% for 3 steps

PdCl2(dppf)
3 M Cs2CO3
DMF, 50 °C

30 31

9c

HETEROCYCLES, Vol. 95, No. 1, 2017 87



 

 

Table 1. Investigation of reaction conditions for the Stille coupling using vinylstannanes3b 

 

entry vinylstannane reagents and conditions % yield (E,E):(E,Z) 

1 32 PdCl2(MeCN)2, DMF, rt to 45 °C trace not determined 
2 10 Pd2(dba)3, (2-furyl)3P, CuI, DMSO/THF, rt 57 ca. 3.5:1 

3 10 Pd2(dba)3, Ph3As, CuI, DMSO/THF, rt 54 ca. 5:1 

4 10 Pd2(dba)3, (2-furyl)3P, CuI, DMSO/THF, 60 °C 48 1:1 

5 10 Pd2(dba)3, Ph3As, CuI, DMSO/THF, 60 °C 66 1:1 

6 10 Pd2(dba)3, Ph3As, CuTC, DMSO/THF, rt 84 ca. 10:1 

7a 32 Pd2(dba)3, Ph3As, CuI, DMSO/THF, rt 40 1:0 

8a 32 Pd2(dba)3, Ph3As, CuTC, DMSO/THF, rt 69 1:0 
a) Isolated as an inseparable mixture of 34b and 1,6-bis(tert-butyldiphenylsilyloxy)-3,4-dimethylhexa- 
2,4-diene (homocoupling product of 32). Yield was estimated based on 1H NMR of the mixture. 

 

The best conditions in Table 1, entry 6, were employed for incorporating the 3,4-dimethylhepta- 

2,4-dienal side chain into brevenal (Scheme 7).3b,30 

 

 
Scheme 7. Stille coupling in the total synthesis of brevenal 

 

Zakarian succeeded in the Stille coupling reaction of 37 and 10 without the protection of the hydroxy and 

acetamide groups by using CuBr·SMe2 instead of CuTC and obtained product 23 in good yield (Scheme 

8).19 
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A similar cross-coupling reaction was achieved by the Negishi coupling reaction (Scheme 9).43 Panek 

prepared vinyl zinc species 11 from vinyl iodide 38 through a lithiation-zincation protocol. Negishi 

coupling reaction with vinyl iodide 39 afforded product 40 in good overall yield after the removal of the 

TBS group of 26.16 

 

 
Scheme 9. Negishi coupling for construction of the dienal side chain of brevisamide 

2-1-3. Horner-Wadsworth-Emmons reaction 
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Scheme 10. Syntheses of phosphonates 12 

 

 
Scheme 11. HWE reaction for construction of the dienal side chain of brevenal (ref. 31) 
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Kadota used this HWE reaction for the pentacyclic aldehyde obtained by Parikh-Doering oxidation of 

alcohol 43 at the final stage of the total synthesis of brevenal. A further three-step reaction sequence 

completed the total synthesis (Scheme 11).31 Lindsley reported the total synthesis of brevisamide using 

the HWE reaction with ethyl ester 12b and aldehyde 45 (Scheme 12),14 in which the presence of the 

acetamide group did not affect the reaction, and dienoate 46 was obtained in good yield. Thus, the HWE 

strategy is often adopted in the later total syntheses of brevisamide20,24,25 and brevenal44 for the 

construction of the dienal side chain because of easy access to phosphonate 12 (83–93%, 3-step overall) 

and tolerability for an acetamide group. 

 

 
Scheme 12. HWE reaction for construction of the dienal side chain of brevisamide (ref. 14) 

2-2. Installation of the acetamide side chain 

In most reports, the acetamide side chain was installed at a later stage of the synthesis by acetylation of 

the corresponding primary amine, which was typically introduced either by the Curtius rearrangement of 

a carboxylic acid using DPPA45 or the reduction of a nitro or azido group (Scheme 13). 

 

 
Scheme 13. Acetamide side chain installation 
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Recently, Mori and coworkers investigated the N-alkylation reaction of acetamide nucleophiles for the 

direct installation of the acetamide moiety using the model alkyl triflate 47 with KHMDS/18-crown-6 in 

THF (Table 2).25 Direct nucleophilic substitution by acetamide (48a) did not provide the N-alkylation 

product because of low solubility of the anion of 48a in THF (entry 1). N-Methoxyacetamide (48b) and 

diacetamide (48c) afforded both the desired N-alkylated products 49b and 49c, respectively, along with 

O-alkylated products 50b, 50c, and 51 (entries 2 and 3). When N-Boc- and N-Cbz-acetamides 48d and 

48e were employed, desired N-alkylated products 49d and 49e were obtained in good yield (entries 4 and 

5). A stoichiometric amount of 18-crown-6 was necessary to attain good conversion (entry 6). 

In the actual synthetic route, N-alkylation using N-Cbz-acetamide 48e with alkyl triflate 53, prepared by 

the one-pot reaction for triflation-TBS protection of diol 52, provided the desired product 55 in good 

overall yield after removal of the benzyl and Cbz groups of 54 by hydrogenation (Scheme 14). This direct 

introduction of the acetamide group is apparently convenient and useful in organic synthesis. 

 

Table 2. N-Alkylation of acetamide nucleophiles 

 

entry PG 18-crown-6 (equiv) time (h) N-alkylated product (%) O-alkylated product (%) 

1 H 48a 2.0  1  0  0 

2 OMe 48b 2.0  1 49 (49b) 29 (50b) 

3 Ac 48c 2.0  1 70 (49c) 24 (50c: 6 + 51: 18) 

4 Boc 48d 2.0  0.5 90 (49d) –a 

5 Cbz 48e 2.0  1.5 89 (49e)  7 (50e) 

6 Cbz 48e 0.2 22 23 (49e) – 

7 Cbz 48e – 16  8 (49e) – 
a) A small amount of product was detected by TLC but not isolated. 

 

 
Scheme 14. Acetamide side chain installation by nucleophilic substitution of 48e 
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2-3. Installation of the axial methyl group 

Stereoselective introduction of the C9 axial methyl group is a key feature of the synthesis of brevisamide. 

The most popular strategy is the asymmetric addition or asymmetric cycloaddition reaction to C8 

aldehydes. Sasaki, Tachibana, and Smith employed the Evans aldol reaction,46 which afforded 

syn-adducts with high diastereoselectivity. In the case of the Evans aldol, D-phenylalanine-derived chiral 

oxazolidinone 56 was required to obtain the natural (8S,9R)-configuration (Scheme 15). Thus, Sabitha, 

Yadav, and Mohapatra chose the Crimmins titanium aldol reaction using L-phenylalanine-derived 

thiazolidithione 59, which gave a non-Evans syn aldol product through a trident-chelate model.47 

 

 
Scheme 15. C9 axial methyl introduction using asymmetric reaction 
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Brown asymmetric crotylation48 with commercially available cis-crotyl-diisopinocampheylborane 62 was 

used by Tachibana, Lindsley, and Reiner. Panek simultaneously constructed the C9 axial methyl and the 

THP ring by the [4+2]-annulation reaction using (Z)-anti-crotylsilane 65.49 The Jacobsen oxa-Diels-Alder 

reaction catalyzed by asymmetric chromium catalyst 7050 was applied in Ghosh’s total synthesis. 

Alternatively, syn-3-hydroxy-2-methylalkanamide 74 was prepared by the dynamic kinetic 

resolution-asymmetric transfer hydrogenation (DKR–ATH) reaction51 using Noyori’s catalyst 7352 by 

Kumaraswamy. In the second synthesis of Yadav, the C9 methyl group of 77 was introduced by 

regioselective methyl cuprate addition53 to epoxide 76 prepared by the Sharpless epoxidation of 75.54 

There are four reports in which the axial methyl group was introduced on six-membered oxa-cycles 

(Scheme 16). Axial attack of dimethylcuprate to enone 78 was demonstrated by Zakarian to afford the 

axial adduct 79 with 8:1 diastereoselectivity.19,55 Kang reported that hydrogenation of an endo-cyclic 

tri-substituted olefin 80 gave the axial methyl product 81 preferentially.23,56 Although exo-cyclic olefin 82 

was predominantly reduced from the equatorial face to give the axial methyl product 83 with moderate 

selectivity (3:1),22 the hydroxy-directed reduction of the exo-cyclic olefin 84 using Crabtree’s catalyst 85 

was found to afford the axial-methyl product 52 with good selectivity of 16:1.25,57 

 

 
Scheme 16. C9 axial methyl introduction using diastereoselective reaction 
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Figure 3. THP core construction 

 

the C9 methyl group using asymmetric reactions, as shown in Scheme 15. The THP core can be further 

constructed by an Achmatowicz rearrangement,19 an oxiranyl anion strategy,25 ring-closing metathesis,23 

and from 3-deoxy-D-glucal,22 followed by the installation of the axial methyl group, as shown in Scheme 

16. In the following section, we discuss individual studies in more detail according to the type of THP 

synthesis. 

3. BREVISAMIDE SYNTHESIS USING AN ASYMMETRIC REACTION FOR C9 AXIAL 

METHYL INSTALLATION 

3-1. Lactonization (Tachibana’s total syntheses) 

Tachibana’s first total synthesis9a involved conversion of cis-2-butene-1,4-diol (13) to chiral alcohol 64 

through TBS protection, ozonolysis, and Brown asymmetric crotylation (Scheme 17). The terminal olefin 

was cleaved by ozonolysis to aldehyde 86, which was subjected to a Wittig reaction to give hydroxy 

conjugate ester 87. Hydrogenation, followed by the PPTS-catalyzed lactonization, led to valerolactone 

89.59 Transformation to the vinyl triflate and subsequent Stille coupling with tributylvinylstannane gave 

diene 90. Diol 91 was stereoselectively obtained by double hydroboration with thexylborane from the 

less-hindered α-face of the diene.60 After protection of the secondary alcohol with a TBS group, the 

primary alcohol was oxidized to carboxylic acid 92 by treatment with TEMPO, NaClO, and TBAC. A 

Curtius rearrangement, followed by acetylation of the resulting primary amine, furnished acetamide 93, in 

which all of the stereogenic centers of the THP core were confirmed by comparing with natural 

brevisamide. Deprotection of the TBDPS group, oxidation, and Wittig reaction afforded olefin 21. Finally, 

the 3,4-dimethyl-2,4-dienal side chain was furnished through a sequence of hydroboration of 21, 

Suzuki-Miyaura coupling with 9a, desilylation, and allylic oxidation. In this first synthesis of brevisamide, 

Tachibana intended to install the amide side chain before Suzuki-Miyaura coupling in order to compare 

the stereochemistry of 93 with that of brevisamide. However, as mentioned in Section 2-1-1, the presence 

Lactonization (Tachibana, 2009 and 2010)
Epoxide ring-opening reaction 
     (Smith III, 2011; Yadav, 2013)
Iodoetherification (Kumaraswamy, 2013)
Oxa-Michael cyclization (Sabitha, 2011)
Oxonium ion allylation (Mohapatra, 2016)

Achmatowicz rearrangement
                       (Zakarian, 2011)
Williamson ether synthesis
                       (Yadav, 2013)

SmI2 cyclization (Lindsley, 2009)

Ring-closing metathesis (Kang, 2015)

Tri-O-acetyl-D-glucal (Sridhar, 2014)

1 8 12
9

10

11

Oxa-Diels-Alder reaction (Ghosh, 2009)
Crotylsilane-based [4+2] annulation (Panek, 2009)

O

Me OH
H
NO

H

Me

O
H H

Me

Me

Oxiranyl anion strategy (Mori, 2016)

Asymmetric introduction for 
C8-C9 configuration
(Section 3)

Diastereoselective introduction
for C9 axial methyl group
(Section 4)

94 HETEROCYCLES, Vol. 95, No. 1, 2017



 

 

of the acetamide group caused an unexpected low yield of the Suzuki-Miyaura coupling. Thus, a more 

effective second route was investigated. 

 

 
Scheme 17. Tachibana’s total synthesis (first generation) 
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Suzuki-Miyaura coupling with the dienyl bromide 9d to give coupling product 26 in better yield (64%) 

than the previous synthesis. After selective removal of the TBS group of the primary alcohol with CSA, 

the resulting alcohol was iodinated to 102. The acetamide side chain was furnished through azidation, 

reduction, and acetylation, and subsequent treatment with TBAF provided diol 23. Finally, selective 

oxidation of the allylic alcohol with TEMPO afforded brevisamide (1). 

 

 
Scheme 18. Tachibana’s total synthesis (second generation) 
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C11-C12 bond with the desired stereochemistry. The obtained hydroxy ester 108 was protected with a 

TBS group, and the ethyl ester was hydrolyzed to the corresponding carboxylic acid 109, which then 

underwent a Curtius rearrangement to primary amine 110. After acetylation, debenzylation, and Swern 

oxidation, the resulting aldehyde 45 underwent the HWE reaction with phosphonate 12b to provide 

dienoate 46. Completion of the synthesis was achieved through three additional steps: DIBAL reduction, 

TBS deprotection, and allylic oxidation with MnO2. 

 

 
Scheme 19. Lindsley’s total synthesis 
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spontaneous desilylation and cyclization reaction66 to the desired, thermodynamically stable THP core 

108—the intermediate of Lindsley’s synthesis. 

 

 
Scheme 20. Sabitha’s formal synthesis 

 

Kumaraswamy employed the DKR–ATH reaction for the preparation of hydroxy amide 74, which was 

subjected to TBS protection followed by reduction to aldehyde 118 (Scheme 21).21 Wittig olefination and 

conjugate reduction with LiBH4 provided alcohol 120, and Dess-Martin oxidation gave aldehyde 121. 

MacMillan’s asymmetric α-chlorination generated α-chloroaldehyde 123, and the subsequent in situ 

reduction-epoxidation sequence afforded chiral epoxide 124.67 Treatment with a sulfonium ylide followed 

by desilylation with TBAF provided diol 125.68 The key iodoetherification reaction of allylic alcohol 125 

unfortunately led to the exclusive formation of iodide 127,69 which had the undesired C12 stereochemistry 

because of the cyclization conformation of 126, in which the C9 methyl group was oriented in the 

equatorial position, and the C8 benzyloxymethyl and C11 hydroxy groups were axial. This result 

contrasted with Sabitha’s oxa-Michael reaction, which provided the thermodynamically stable isomer 108. 

Fortunately, inversion of the C12 stereocenter was accomplished by TBS protection, elimination, and 

hydroboration to give alcohol 129, which was converted to the enantiomer of Tachibana’s intermediate 

ent-94 by a three-step process. 
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Scheme 21. Kumaraswamy’s formal synthesis 

3-4. Allylation of oxonium ion (Mohapatra’s formal syntheses) 
Recently, Mohapatra reported another formal total synthesis of brevisamide using the iodine-catalyzed 

allylation reaction of an oxonium ion (Scheme 22).24 A Crimmins aldol adduct 131 was transformed to 

enoate 133 according to Sabitha’s report. After three steps, the unsaturated aldehyde 134 was subjected to 

cyclization with excess allyltrimethylsilane in the presence of a catalytic amount of iodine. The 
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amide 144. The PMB group was deprotected by DDQ, and the resulting alcohol was oxidized to aldehyde 
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45. Finally, the HWE reaction using 12b provided intermediate 46. Although the C12 stereogenic center 

was efficiently introduced by iodolactonization in this synthesis, the necessity of the removal of iodine at 

C11 and epimerization at the C13 stereogenic center made this synthesis a longer route. 

 

 
Scheme 22. Mohapatra’s formal synthesis 

3-5. Epoxide ring-opening reactions (Smith’s and Yadav’s formal syntheses) 

Smith employed the 6-exo-epoxide ring-opening reaction of a hydroxy epoxide in his formal synthesis 

(Scheme 23).17 The acrolein-derived aldol adduct 14571 was subjected to TIPS protection, and LiBH4 

reduction gave alcohol 146. Alcohol 146 was transformed to cyanide 147 through the Appel iodination 

and subsequent SN2 substitution with NaCN. Reduction of the cyanide group to the aldehyde followed by 

a Wittig reaction afforded enoate 148 in good yield. The Sharpless asymmetric dihydroxylation of 148 

Me

OTBS

2,6-lutidine
TBSOTf

CH2Cl2, 0 °C
30 min, 89%O

TiCl4
i-Pr2NEt

CH2Cl2
80% (dr 95:5)

130

Me
O

N S

S

Bn

131

+

66
NMe

O

S

OH

S

Bn

132

PMBO
PMBO

PMBO

NMe
O

S

O

S

Bn
PMBO

TBS

CO2Et Me

OHPMBO

CHO Me

OPMBO

Me

OPMBO

Me

OPMBO CO2H

Me

OPMBO

O
I

O

Me

OPMBO

O
O

Me

OPMBO

OTBS

CO2H

Me

OPMBO

OTBS

CO2Me

Me

OPMBO

OTBS

CO2Me

Me

OPMBO

OTBS

CO2H

Me

OPMBO

OTBS
H
N

O

Me

1. DIBAL-H
    CH2Cl2, –78 °C

2. Ph3P=CHCO2Et
    toluene, 55 °C
    81% for 2 steps

1. DIBAL-H
    CH2Cl2, –78 °C

2. CSA, MeOH
    rt, 81% for 2 steps
3. TEMPO, PhI(OAc)2
    CH2Cl2, rt, 95%

SiMe3

I2

THF, 45 min
96%

1. OsO4, NaIO4
    2,6-lutidine
    dioxane-H2O, rt

2. NaClO2, NaH2PO4
    2-methyl-2-butene
    t-BuOH-H2O, 0 °C
    89% for 2 steps

I2, KI
NaHCO3

H2O, rt
86%

n-Bu3SnH
AIBN

toluene
reflux, 92%

1. aq. LiOH, THF

2. TBSOTf, DMAP
    imidazole, rt
    then H2O
    84% for 2 steps

CH2N2

Et2O
0 °C, 91%

t-BuOK

THF
0 °C
92%

aq. LiOH
THF-MeOH

0 °C to rt
87%

1. DPPA, Et3N
    toluene, 80 °C
    84%

2. Ac2O, pyridine
    85 °C, 96%

OHC

Me

O

OTBS
H
N

O

Me

1. DDQ, pH 7 buffer
    CH2Cl2, 85%

2. SO3•py, Et3N
    DMSO, CH2Cl2
    0 °C

Me

O

OTBS
H
N

O

CH3

Me

Me
EtO2C

PO(OEt)2

Me

Me
EtO2C

NaHMDS

THF, –78 °C
82%

133 134 135

136 137 138

139 140 141

142 143 144

45 Lindsley's intermediate 46

12b

H

H H H H H H

H

H H

H

HH H H

HH H H HH

H H HH

11 12
13

13

100 HETEROCYCLES, Vol. 95, No. 1, 2017



 

 

using AD-mix-α72 provided dihydroxy ester 149 with the terminal olefin remaining intact. The ester was 

reduced with LiBH4 to triol 150, wherein the primary alcohol was selectively sulfonated with 

2,4,6-triisopropylbenzenesulfonyl imidazole (TPS-imid). The resulting sulfonate underwent cyclization 

mediated by NaH to yield an epoxide,73 and the remaining hydroxy group was protected with a PMB 

group to 151. After removal of the TIPS group, epoxy alcohol 152 was exposed to the acid-catalyzed 

6-exo-cyclization reaction to yield 153. The potential brevisamide intermediate 155 was obtained after 

introducing an acetamide through azidation-reduction-acetylation. Synthesis of Tachibana’s intermediate 

21 through a four-step sequence from 154 completed this formal synthesis of brevisamide. 

 

 
Scheme 23. Smith’s formal synthesis 

 

The THP core was constructed by a 6-endo epoxide-opening reaction in Yadav’s first synthesis (Scheme 

24).20a Aldol adduct 61 was subjected to TBS protection, reduction, and bromination to give bromide 156. 

Nucleophilic substitution of the bromide with THP-protected propargyl alcohol to alkyne 157 was 

followed by the removal of the THP group with dithiol and Red-Al reduction to afford allyl alcohol 158.74 
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cyclization approach is interesting; however, this synthesis required four additional steps for the 

introduction and removal of the styryl group that was necessary for 6-endo cyclization. 

 

 
Scheme 24. Yadav’s first synthesis 

3-6. Annulation reaction for the THP core (Ghosh’s and Panek’s total syntheses) 
Two total syntheses of brevisamide based on the annulation strategy have been reported so far. Ghosh’s 

total synthesis15 commenced with the addition of ethylmagnesium bromide to conjugate aldehyde 166,76 

Swern oxidation, and enal silylation (Scheme 25). The resulting diene 68 was subjected to an asymmetric 

oxa-Diels-Alder reaction with aldehyde 69, catalyzed by the Jacobsen chromium catalyst 70,50 to produce 

the cyclic TES enol ether 71. Oxidation with m-CPBA to α-hydroxy ketone 16777 was followed by 

removal of the ketone moiety by the Wolff-Kishner reduction to afford 168.78 The secondary alcohol was 

protected with a TBS group, and the benzyl group was removed by hydrogenation. The resulting primary 

alcohol 169 was transformed to acetamide 170 via azidation, hydrogenation, and acetylation. Finally, 

vinyl derivative 21 obtained from 170 by elimination using Grieco’s method79 was subjected to 

hydroboration with 9-BBN, followed by Suzuki-Miyaura coupling with iodide 9b. The TEMPO oxidation 

then completed the total synthesis of brevisamide (1). 
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Scheme 25. Ghosh’s total synthesis 

 

 
Scheme 26. Panek’s total synthesis 
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Panek achieved the total synthesis of brevisamide through an oxonium-ene cyclization reaction (Scheme 

26).16 Crotylsilane 65 and 3-(benzyloxy)propanal 66 were treated with TMSOTf to afford 67 via in 

situ-generated oxonium salt 171.49 After isomerization of the double bond with DBU to the conjugate 

system, the methoxycarbonyl group of 172 was reduced to the hydroxymethyl group, and the resulting 

alcohol was protected with TBS to give 173. Hydroboration from the axial face afford alcohol 174, and 

subsequent TBS protection followed by debenzylation gave alcohol 175. Triflation with 

trifluoromethanesulfonic anhydride and substitution with 1-propynyllithium provided acetylene 176. 

Hydrozirconation using the Schwarz reagent followed by iodination gave vinyl iodide 39,77,80 which was 

subjected to Negishi coupling with vinylzinc derived from iodide 38 to give 40.43 After assembling the 

acetamide side chain to 177, the TBDPS and TBS groups were removed with TBAF, and the resulting 

allylic alcohol was oxidized with MnO2 to complete the total synthesis of brevisamide (1). 

3-7. SN2 cyclization at the C8-O bond (Yadav’s total syntheses) 

Yadav’s second synthesis20b commenced with the allylation reaction of D-glyceraldehyde acetonide (178) 

followed by protection to benzyl ether 179 (Scheme 27). 

 

 
Scheme 27. Yadav’s second synthesis 
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The terminal olefin was subjected to one-pot ozonolysis and Wittig olefination to afford enoate 180. The 

ester group was reduced with DIBAL-H, and the resulting allylic alcohol 75 underwent Sharpless 

asymmetric epoxidation54 to give epoxide 76 after benzylation. Regioselective methyl cuprate addition to 

the epoxide afforded alcohol 77 with the desired stereochemistry for the C9 methyl group, while the C8 

hydroxy group had the unnatural S configuration.53 Thus, alcohol 77 was converted to mesylated diol 181 

and subjected to NaH-mediated SN2 cyclization, which advanced the THP core formation and inverted the 

C8 oxygen functional group.81 The remaining primary alcohol was protected with TBSOTf, and two 

benzyl groups were removed with Li-naphthalenide to diol 183. The selective oxidation of the primary 

alcohol in 183 with TEMPO/PhI(OAc)2 and one-pot Wittig reaction provided enoate 184. The C=C 

double bond was reduced to 185 by hydrogenation and the secondary alcohol in 186 was protected with a 

TBS group. Installation of the acetamide side chain by the conventional method, followed by DIBAL-H 

reduction, afforded aldehyde 45. Synthesis of brevisamide was completed after carrying out four more 

steps based on Lindsley’s total synthesis. 

4. BREVISAMIDE SYNTHESIS USING DIASTEREOSELECTIVE C9 METHYL 

INTRODUCTION 

4-1. Achmatowicz rearrangement for the THP core (Zakarian’s total synthesis) 
Zakarian used the Achmatowicz rearrangement for the construction of the THP core of brevisamide 

(Scheme 28).19 Furanyl ester 187 was converted to the corresponding alkyne 189 through LiAH4 

reduction, Swern oxidation, and subsequent Corey-Fuchs alkyne synthesis. Formylation of the furan ring 

by the Vilsmeier-Haack reaction to aldehyde 190 and the asymmetric Henry reaction using Wang’s 

catalyst gave 192.82 The nitro group of the resulting adduct was reduced to the primary amine, and 

subsequent acetylation afforded acetamide 193. The Achmatowicz rearrangement using 

N-bromosuccinimide followed by reduction with Et3SiH provided cyclic enone 194, corresponding to the 

THP core of brevisamide.83 Axial attack of dimethylcuprate to the conjugate enone gave the methyl 

adduct 196 with 8:1 diastereoselectivity.55 The best axial reduction was obtained using NaBH4 in an 

aqueous THF solvent system to give 196 in 43% yield along with its epimer (43%).84 The reduction of the 

ketone under normal NaBH4 reduction conditions (e.g., NaBH4 in MeOH) exclusively provided the 

undesired epimer, having been reduced from the less-hindered equatorial face. The silyl cuprate addition 

to alkyne followed by iodination using NIS provided vinyl iodide 37. Stille cross-coupling with 

vinylstannane 10 under modified Sasaki’s conditions provided the coupling product ent-23. Finally, 

oxidation of the allylic alcohol with TEMPO provided (+)-brevisamide. 
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Scheme 28. Zakarian’s total synthesis 

4-2. THP core from tri-O-acetyl-D-glucal (Sridhar’s formal synthesis) 
Sridhar’s synthesis22 started from 3-deoxy-D-glucal dibenzyl ether 197 prepared from tri-O-acetyl-D- 

glucal85 (Scheme 29). Formylation by the Vilsmeier-Haack reaction to aldehyde 198 and reduction to 

 

 
Scheme 29. Sridhar’s formal synthesis 
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alcohol 199 were followed by treatment with ethyl vinyl ester in the presence of Hg(OAc)2 to afford vinyl 

ether 200. Claisen rearrangement of 200 provided aldehyde 201 in 66:36 diastereomeric ratio. The 

diastereomixture was isomerized to the more stable isomer using Zn(OAc)2 and then reduced to alcohol 

82.86 The exo-methylene in 82 was hydrogenated using 10% Pd/C to afford product 83 with 75:25 

diastereoselectivity. A further three-step protecting group manipulation was necessary to obtain Panek’s 

brevisamide intermediate 175. 

4-3. Ring-closing metathesis at C9-C10 bond (Kang’s formal synthesis) 

Kang achieved the formal total synthesis of brevisamide based on a unique retrosynthetic analysis that 

includes C9-C10 formation by ring-closing metathesis (Scheme 30).23 Enoate 203 prepared in three steps 

from 1,4-butanediol20a was subjected to DIBAL-H reduction, followed by Sharpless epoxidation to epoxy 

alcohol 204. The alcohol was converted to iodide, and subsequent Zn-mediated cleavage of the 

oxiranylmethyl iodide afforded allylic alcohol 205. The alcohol was alkylated with bromoacetic acid, and 

the resulting carboxylic acid 206 was transformed to oxazolidinyl imide 207 by the mix anhydride 

protocol. The chlorotitanium-mediated aldol reaction with acrolein provided the Evans syn-aldol adduct 

20887 with the desired configuration at C12, but epimeric at C11. The imide functional group was 

removed reductively using LiBH4, and the diene moiety was subjected to ring-closing metathesis to afford 

 

 
Scheme 30. Kang’s formal synthesis 
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dihydropyran 209.88 After protection of the primary alcohol, the stereochemistry of the alcohol at C11 

was inverted from β to α by oxidation and reduction to give 80. The endo-olefin was hydrogenated to 

alkyne 81 diastereoselectively,56 followed by TBS-protection of the secondary alcohol and deprotection of 

the primary alcohol. The resulting primary alcohol 210 was converted to Lindsley’s acetamide 165 via the 

azidation route. 

4-4. Oxiranyl anion strategy (Mori’s total synthesis) 

Mori’s total synthesis25 is characterized by the oxiranyl anion strategy for the THP core construction 

(Scheme 31). 4-(Benzyloxy)-1-butanol was subjected to a three-step transformation to epoxysulfone 211, 

which was treated with n-BuLi at –100 °C in the presence of alkyl triflate 212 to afford the coupling 

product 213.89 The TES group was removed by p-TsOH·H2O, and the epoxysulfone was treated with 

MgBr2·OEt2 to afford bromoketone 214. The cyclization with DBU provided the six-membered ketone 

215 along with its C8 diastereomer epi-215, which was epimerized to 215 using DBU. Ketone 215 was 

 

 
Scheme 31. Mori’s total synthesis 
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transformed to exo-methylene 216 by the Wittig reaction, and the di-tert-butylsilylene group was 

removed with TBAF. The resulting diol 84 was reduced using Crabtree’s catalyst to afford the axial 

methyl product 52 in a 94:6 diastereomeric ratio,57 from which the pure isomer was obtained by 

recrystallization. The triflation of the primary alcohol and TBS protection of the secondary alcohol were 

carried out in a one-pot operation to afford 53. Nucleophilic substitution of N-Cbz-acetamide 48e to 

N-alkylated product 54 and the subsequent removal of the benzyl and Cbz groups afforded alcohol 55. 

The five additional steps carried out according to Lindsley’s synthesis provided brevisamide (1). 

5. TABULAR SUMMARY OF TOTAL SYNTHESIS OF BREVISAMIDE 
A comprehensive tabular summary of eight total and seven formal total syntheses of brevisamide is 

provided in Table 3 for comparative purposes. 

 

Table 3. Summary of the syntheses of brevisamide 

 online 
publication research group THP core construction dienala longest 

sequenceb 
overall 
yieldc ref 

1 Dec. 2008  Tachibana lactonization Suzuki 21 steps 1.6% 9a 

2 Jul. 2009 Lindsley SmI2 radical cyclization HWE 18 steps 6.3% 14 

3 Aug. 2009 Ghosh oxa-Diels-Alder Suzuki 18 steps 1.7% 15 

4 Sep. 2009 Panek crotylsilane-based [4+2] Negishi 17 steps 6.4% 16 

5 Jul. 2010 Tachibana lactonization Suzuki 21 steps 8.6% 9b 

6 Nov. 2010 Smith III 6-exo-epoxide RO — 14 (+3) steps 3.1% 17 

7 Dec. 2010 Sabitha Oxa-Michael — 9 (+10) steps 6.5% 18 

8 Jun. 2011 Zakarian Achmatowicz rear. Stille 16 steps 2.5% 19 

9 Mar. 2013 Yadav 6-endo-epoxide RO — 19 (+4) steps 1.35% 20a 

10 Jul. 2013 Yadav SN2 cyclization HWE 22 steps 5.3% 20b 

11 Aug. 2013 Kumaraswamy iodo etherification — 16 (+5) steps 4.1% 21 

12 Nov. 2014 Sridhar tri-O-acetyl-D-Glucal — 11 (+9) steps 1.9% 22 

13 Jan. 2015 Kang ring-closing metathesis — 22 (+5) steps 1.9% 23 

14 Apr. 2016 Mohapatra oxonium ion allylation HWE 22 (+3) steps 5.4% 24 

15 Apr. 2016 Mori oxiranyl anion strategy HWE 18 steps 5.9% 25 
a) Assembling method for the 3,4-dimethyl-2,4-dienal side chain. b) Longest linear sequence starting from the 
commercially available substrates (cis-2-butene-1,4-diol 13, 3-(benzyloxy)-1-propanal 66, 4-(benzyloxy)-1-butanol 
103, ethyl 3-(2-furyl)propionate 187, and 1,4-butanediol) or the known starting materials ((Z)-crotylsilane 65, 
conjugated aldehyde 166, Winreb’s amide 72, acrolein aldol adduct 145, glucal derivative 197, and aldehyde 130), 
whose synthetic steps were not counted. For formal syntheses, the remaining steps toward brevisamide are shown 
in parentheses. c) Overall yield of the longest liner sequence. For formal syntheses, the yields were calculated using 
the yields of the cited total synthesis for the remaining steps. 
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6. CONCLUSION 

Recent advances in synthetic methodology have allowed access to a variety of routes toward brevisamide, 

culminating in 15 total and formal total syntheses in the nine years since it was discovered. These 

syntheses involved highly diverse methods for constructing the THP core, installing the four stereogenic 

centers, and assembling the side chains. However, even the shortest total synthesis requires 16 steps, 

which is significant for such a small monocyclic molecule (i.e., Zakarian’s total synthesis). The overall 

yields of all 15 synthetic processes remain in single digits. Therefore, the development of more efficient 

synthetic methods for highly functionalized oxa-cyclic compounds is still an important task. 

ACKNOWLEDGEMENTS 

This study was partially supported by Grant-in-Aid for Scientific Research (C) (16K08182 and 

16K08183) from the Japan Society for the Promotion of Science (JSPS), and the Science Research 

Promotion Fund from the Promotion and Mutual Aid Corporation for Private Schools of Japan. 

REFERENCES 
1. (a) J.-M. Kornprobst, ‘Encyclopedia of Marine Natural Products’, Vol. 1, Chapter 11, 

Wiley-Blackwell, Weinheim, Germany, 2010, pp. 212–220; (b) H. A. Magaña, C. Contreras, and T. 

A. Villareal, Harmful Algae, 2003, 2, 163; (c) J. H. Landsberg, L. J. Flewelling, and J. Naar, 

Harmful Algae, 2009, 8, 598. 

2. (a) Y.-Y. Lin, M. Risk, S. M. Ray, D. V. Engen, J. Clardy, J. Golik, J. C. James, and K. Nakanishi, J. 

Am. Chem. Soc., 1981, 103, 6773; (b) Y. Shimizu, ‘Dinoflagellate Toxins’ in Marine Natural 

Products, Vol. 1, ed. by P. J. Scheuer, Academic Press, New York, 1978; (c) Y. Shimizu, Chem. Rev., 

1993, 93, 1685; (d) T. Yasumoto and M. Murata, Chem. Rev., 1993, 93, 1897; (e) M. Murata and T. 

Yasumoto, Nat. Prod. Rep., 2000, 17, 293; (f) T. Yasumoto, Chem. Rec., 2001, 1, 228; (g) A. H. 

Daranas, M. Norte, and J. J. Fernández, Toxicon, 2001, 39, 1101; (h) M. Satake, ‘Topics in 

Heterocyclic Chemistry’, Vol. 5, ed. by H. Kiyota, Springer, Berlin, 2006, pp. 21–51. 

3. (a) A. J. Bourdelais, H. M. Jacocks, J. L. C. Wright, P. M. Bigwarfe, Jr., and D. G. Baden, J. Nat. 

Prod., 2005, 68, 2; (b) H. Fuwa, M. Ebine, A. J. Bourdelais, D. G. Baden, and M. Sasaki, J. Am. 

Chem. Soc., 2006, 128, 16989. 

4. (a) M. Satake, A. Campbell, R. M. Van Wagoner, A. J. Bourdelais, H. Jacocks, D. G. Baden, and J. 

L. C. Wright, J. Org. Chem., 2009, 74, 989; (b) R. M. Van Wagoner, M. Satake, A. J. Bourdelais, D. 

G. Baden, and J. L. C. Wright, J. Nat. Prod., 2010, 73, 1177. 

5. L. T. Truxal, A. J. Bourdelais, H. Jacocks, W. M. Abraham, and D. G. Baden, J. Nat. Prod., 2010, 

73, 536. 

110 HETEROCYCLES, Vol. 95, No. 1, 2017



 

 

6. (a) M. A. Poli, T. J. Mende, and D. G. Baden, Mol. Pharmacol., 1986, 30, 129; (b) V. L. Trainer, D. 

G. Baden, and W. A. Catterall, J. Biol. Chem., 1994, 269, 19904; (c) D. G. Baden, A. J. Bourdelais, 

H. Jacocks, S. Michelliza, and J. Naar, Env. Health Persp., 2005, 113, 621. 

7. A. J. Bourdelais, S. Campbell, H. Jacocks, J. Naar, J. L. C. Wright, J. Carsi, and D. G. Baden, Cell. 

Mol. Neurobiol., 2004, 24, 553. 

8. M. Satake, A. J. Bourdelais, R. M. Van Wagoner, D. G. Baden, and J. L. C. Wright, Org. Lett., 2008, 

10, 3465. 

9. (a) T. Kuranaga, T. Shirai, D. G. Baden, J. L. C. Wright, M. Satake, and K. Tachibana, Org. Lett., 

2009, 11, 217; (b) R. Tsutsumi, T. Kuranaga, J. L. C. Wright, D. G. Baden, E. Ito, M. Satake, and K. 

Tachibana, Tetrahedron, 2010, 66, 6775. 

10. K. Nakanishi, Toxicon, 1985, 23, 473. 

11. (a) I. Vilotijevic and T. F. Jamison, Science, 2007, 317, 1189; (b) J. A. Byers and T. F. Jamison, 

Proc. Natl. Acad. Sci. U. S. A., 2013, 110, 16724. 

12. (a) T. Shirai, T. Kuranaga, J. L. C. Wright, D. G. Baden, M. Satake, and K. Tachibana, Tetrahedron 

Lett., 2010, 51, 1394; (b) T. Shirai, Y. Takimoto, T. Kuranaga, K. Tachibana, M. Satake, D. G. 

Baden, and J. L. C. Wright, Heterocycles, 2014, 89, 127. 

13. K. Hotta, X. Chen, R. S. Paton, A. Minami, H. Li, K. Swaminathan, I. I. Mathews, K. Watanabe, H. 

Oikawa, K. N. Houk, and C.-Y. Kim, Nature, 2012, 483, 355. 

14. O. O. Fadeyi and C. W. Lindsley, Org. Lett., 2009, 11, 3950. 

15. A. K. Ghosh and J. Li, Org. Lett., 2009, 11, 4164. 

16. J. Lee and J. S. Panek, Org. Lett., 2009, 11, 4390. 

17. A. B. Smith III, N. Kutsumura, and J. Potuzak, Tetrahedron Lett., 2011, 52, 2117. 

18. G. Sabitha, S. Nayak, M. Bhikshapathi, and J. S. Yadav, Org. Lett., 2011, 13, 382. 

19. A. T. Herrmann, S. R. Martinez, and A. Zakarian, Org. Lett., 2011, 13, 3636. 

20. (a) J. S. Yadav, A. Raju, K. Ravindar, and B. V. Subba Reddy, Tetrahedron Lett., 2013, 54, 3227; 

(b) J. S. Yadav, N. M. Reddy, M. A. Rahman, A. R. Prasad, and B. V. Subba Reddy, Tetrahedron, 

2013, 69, 8618. 

21. G. Kumaraswamy, A. N. Murthy, V. Narayanarao, S. P. B. Vemulapalli, and J. Bharatam, Org. 

Biomol. Chem., 2013, 11, 6751. 

22. C. Sudharani, P. Venukumar, and P. R. Sridhar, Eur. J. Org. Chem., 2014, 8085. 

23. J. Lee, H.-S. Oh, and H.-Y. Kang, Tetrahedron Lett., 2015, 56, 1099. 

24. S. Banoth, S. Maity, S. R. Kumar, J. S. Yadav, and D. K. Mohapatra, Eur. J. Org. Chem., 2016, 

2300. 

25. T. Sakai, A. Fukuta, K. Nakamura, M. Nakano, and Y. Mori, J. Org. Chem., 2016, 81, 3799. 

HETEROCYCLES, Vol. 95, No. 1, 2017 111



 

 

26. O. O. Fadeyi and C. W. Lindsley, ‘The discovery and synthesis of brevisamide’ in Studies in Natural 

Products Chemistry, Vol. 38, ed. by Atta-ur-Rahman, Elsevier, Oxford, UK, Chapter 2, pp. 37–51. 

27. (a) N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457; (b) S. R. Chemler, D. Trauner, and S. J. 

Danishefsky, Angew. Chem. Int. Ed., 2001, 40, 4544. 

28. (a) J. K. Stille, Angew. Chem., Int. Ed. Engl., 1986, 25, 508; (b) P. Espinet and A. M. Echavarren, 

Angew. Chem. Int. Ed., 2004, 43, 4704. 

29. E. Negishi, Acc. Chem. Res., 1982, 15, 340. 

30. H. Fuwa, M. Ebine, and M. Sasaki, J. Am. Chem. Soc., 2006, 128, 9648. 

31. H. Takamura, S. Kikuchi, Y. Nakamura, Y. Yamagami, T. Kishi, I. Kadota, and Y. Yamamoto, Org. 

Lett., 2009, 11, 2531. 

32. J. A. Lafontaine, D. P. Provencal, C. Gardelli, and J. W. Leahy, J. Org. Chem., 2003, 68, 4215. 

33. M. Okutani and Y. Mori, J. Org. Chem., 2009, 74, 442. 

34. C. L. Rand, D. E. Van Horn, M. W. Moore, and E. Negishi, J. Org. Chem., 1981, 46, 4093. 

35. (a) E. J. Corey, M. G. Bock, A. P. Kozikowski, A. V. Rama Rao, D. Floyd, and B. Lipshutz, 

Tetrahedron Lett., 1978, 19, 1051; (b) M. Schlosser and E. Hammer, Helv. Chim. Acta, 1974, 57, 

2547. 

36. W. R. Roush and B. B. Brown, J. Am. Chem. Soc., 1993, 115, 2268. 

37. M. Handa, K. A. Scheidt, M. Bossart, Zheng, and W. R. Roush, J. Org. Chem., 2008, 73, 1031. 

38. Y. Murakami, M. Nakano, T. Shimofusa, N. Furuichi, and S. Katsumura, Org. �Biomol. Chem., 2005, 

3, 1372. 

39. T. Kuranaga, N. Ohtani, R. Tsutsumi, D. G. Baden, J. L. C. Wright, M. Satake, and K. Tachibana, 

Org. Lett., 2011, 13, 696. 

40. J. Uenishi, R. Kawahama, O. Yonemitsu, A. Wada, and M. Ito, Angew. Chem. Int. Ed., 1998, 37, 

320. 

41. V. Farina and B. Krishnan, J. Am. Chem. Soc., 1991, 113, 9585. 

42. V. Farina, S. Kapadia, B. Krishnan, C. Wang, and L. S. Liebeskind, J. Org. Chem., 1994, 59, 5905. 

43. (a) J. S. Panek and T. Hu, J. Org. Chem., 1997, 62, 4912; (b) T. Hu and J. S. Panek, J. Am. Chem. 

Soc., 2002, 124, 11368. 

44. Y. Zhang, J. Rohanna, J. Zhou, K. Iyer, and J. D. Rainier, J. Am. Chem. Soc., 2011, 133, 3208. 

45. (a) T. Shioiri, K. Ninomiya, and S. Yamada, J. Am. Chem. Soc., 1972, 94, 6203; (b) K. Ninomiya, T. 

Shioiri, and S. Yamada, Tetrahedron, 1974, 30, 2151. 

46. D. A. Evans, J. Bartroli, and T. L. Shih, J. Am. Chem. Soc., 1981, 103, 2127. 

47. (a) M. T. Crimmins, B. W. King, and E. A. Tabet, J. Am. Chem. Soc., 1997, 119, 7883; (b) M. T. 

Crimmins and K. Chaudhary, Org. Lett., 2000, 2, 775. 

112 HETEROCYCLES, Vol. 95, No. 1, 2017



 

 

48. U. S. Racherla and H. C. Brown, J. Org. Chem., 1991, 56, 401. 

49. (a) H. Huang and J. S. Panek, J. Am. Chem. Soc., 2000, 122, 9836; (b) J. T. Lowe and J. S. Panek, 

Org. Lett., 2005, 7, 3231; (c) J. T. Lowe, W. Youngsaye, and J. S. Panek, J. Org. Chem., 2006, 71, 

3639. 

50. A. G. Dossetter, T. F. Jamison, and E. N. Jacobsen, Angew. Chem. Int. Ed., 1999, 38, 2398. 

51. (a) R. Noyori, T. Ikeda, T. Ohkuma, M. Widhalm, M. Kitamura, H. Takaya, S. Akutagawa, N. Sayo, 

T. Saito, T. Taketomi, and H. Kumobayashi, J. Am. Chem. Soc., 1989, 111, 9134; (b) J. Limanto, S. 

W. Krska, B. T. Dorner, E. Vazquez, N. Yoshikawa, and L. Tan, Org. Lett., 2010, 12, 512. 

52. R. Noyori and S. Hashiguchi, Acc. Chem. Res., 1997, 30, 97. 

53. R. K. Boeckman Jr., T. E. Barta, and S. G. Nelson, Tetrahedron Lett., 1991, 32, 4091. 

54. (a) T. Katsuki and K. B. Sharpless, J. Am. Chem. Soc., 1980, 102, 5974; (b) R. M. Hanson and K. B. 

Sharpless, J. Org. Chem., 1986, 51, 1922. 

55. S. F. Martin, J. A. Dodge, L. E. Burgess, C. Limberakis, and M. Hartmann, Tetrahedron, 1996, 52, 

3229. 

56. Diasteremeric ratio of 81 is not provided in reference 23. 

57. R. H. Crabtree and M. W. Davis, J. Org. Chem., 1986, 51, 2655. 

58. Review on tetrahydropyran syntheses: M. A. Brimble, J. S. Gibson, and J. Sperry, ‘Pyrans and Their 

Benzo Derivatives: Synthesis’ in Comprehensive Heterocyclic Chemistry III, Vol. 7, Chapter 8, ed. 

by D. StC. Black, Elsevier, Oxford, UK, 2008, pp. 419–726. 

59. (a) I. Kadota, C. Kadowaki, C.-H. Park, H. Takamura, K. Sato, P. W. H. Chan, S. Thorand, and Y. 

Yamamoto, Tetrahedron, 2002, 58, 1799; (b) I. Kadota, H. Takamura, K. Sato, and Y. Yamamoto, 

Tetrahedron Lett., 2001, 42, 4729. 

60. K. C. Nicolaou, Z. Yang, G. Shi, J. L. Gunzner, K. A. Agrios, and P. Gärtner, Nature, 1998, 392, 

264. 

61. G. Sabitha, P. Padmaja, K. Bhaskar Reddy, and J. S. Yadav, Tetrahedron Lett., 2008, 49, 919. 

62. K. Ando, J. Org. Chem., 1997, 62, 1934. 

63. T. Nakata, Chem. Soc. Rev., 2010, 39, 1955. 

64. (a) G. Zhong, Angew. Chem. Int. Ed., 2003, 42, 4247; (b) S. P. Brown, M. P. Brochu, C. J. Sinz, and 

D. W. C. MacMillan, J. Am. Chem. Soc., 2003, 125, 10808; (c) Y. Hayashi, J. Yamaguchi, K. Hibino, 

and M. Shoji, Tetrahedron Lett., 2003, 44, 8293. 

65. (a) G. Zhong and Y. Yu, Org. Lett., 2004, 6, 1637; (b) I. K. Mangion and D. W. C. MacMillan, J. 

Am. Chem. Soc., 2005, 127, 3696. 

66. (a) O. Yonemitsu, T. Yamazaki, and J. Uenishi, Heterocycles, 1998, 49, 89; (b) B. Wang, T. M. 

Hansen, T. Wang, D. Wu, L. Weyer, L. Ying, M. M. Engler, M. Sanville, C. Leitheiser, M. 

HETEROCYCLES, Vol. 95, No. 1, 2017 113



 

 

Christmann, Y. Lu, J. Chen, N. Zunker, R. D. Cink, F. Ahmed, C.-S. Lee, and C. J. Forsyth, J. Am. 

Chem. Soc., 2011, 133, 1484; (c) P. Radha Krishna, R. Nomula, and D. Venkata Ramana, 

Tetrahedron Lett., 2012, 53, 3612. 

67. M. Amatore, T. D. Beeson, S. P. Brown, and D. W. C. MacMillan, Angew. Chem. Int. Ed., 2009, 48, 

5121. 

68. L. Alcaraz, J. J. Harnett, C. Mioskowski, J. P. Martel, T. Le Gall, D.-S. Shin, and J. R. Falck, 

Tetrahedron Lett., 1994, 35, 5449. 

69. N. Greeves, W.-M. Lee, S. P. McLanchlan, G. H. Oakes, M. Purdie, and J. F. Bickley, Tetrahedron 

Lett., 2003, 44, 9035. 

70. D. K. Mohapatra, P. P. Das, M. R. Pattanayak, and J. S. Yadav. Chem. Eur. J., 2010, 16, 2072. 

71. (a) D. A. Evans, J. R. Gage, and J. L. Leighton, J. Am. Chem. Soc., 1992, 114, 9434; (b) J. Gebauer, 

S. Arseniyadis, and J. Cossy, Org. Lett., 2007, 9, 3425. 

72. K. B. Sharpless, W. Amberg, Y. L. Bennani, G. A. Crispino, J. Hartung, K.-S. Jeong, H.-L. Kwong, 

K. Morikawa, Z.-M. Wang, D. Xu, and X.-L. Zhang, J. Org. Chem., 1992, 57, 2768. 

73. (a) D. R. Hicks and B. Fraser-Reid, Synthesis, 1974, 203; (b) E. J. Corey, L. O. Weigel, A. R. 

Chamberlin, and B. Lipshutz, J. Am. Chem. Soc., 1980, 102, 1439. 

74. S. E. Denmark and T. K. Jones, J. Org. Chem., 1982, 47, 4595. 

75. (a) K. C. Nicolaou, C. V. C. Prasad, P. K. Somers, and C.-K. Hwang, J. Am. Chem. Soc., 1989, 111, 

5330; (b) H. Matsukura, M. Morimoto, and T. Nakata, Chem. Lett., 1996, 487; (c) H. Matsukura, M. 

Morimoto, H. Koshino, and T. Nakata, Tetrahedron Lett., 1997, 38, 5545. 

76. Aldehyde 166 was synthesized from cis-2-buten-1,4-diol (3 steps, 80% overall). J.-F. Fournier, S. 

Mathieu, and A. B. Charette, J. Am. Chem. Soc., 2005, 127, 13140. 

77. C. F. Thompson, T. F. Jamison, and E. N. Jacobsen, J. Am. Chem. Soc., 2000, 122, 10482. 

78. (a) V. Nair and A. Sinhababu, J. Org. Chem., 1978, 43, 5013; (b) L. Caglioti, Tetrahedron, 1966, 22, 

487. 

79. (a) P. A. Grieco, S. Gilman, and M. Nishizawa, J. Org. Chem., 1976, 41, 1485; (b) P. Wipf and C. R. 

J. Stephenson, Org. Lett., 2005, 7, 1137. 

80. (a) D. W. Hart, T. F. Blackburn, and J. Schwartz, J. Am. Chem. Soc., 1975, 97, 679; (b) K. C. 

Nicolaou, Y. Li, K. Sugita, H. Monenschein, P. Guntupalli, H. J. Mitchell, K. C. Fylaktakidou, D. 

Vourloumis, P. Giannakakou, and A. O’Brate, J. Am. Chem. Soc., 2003, 125, 15443. 

81. S. D. Rychnovsky, G. Griesgraber, and R. Schlegel, J. Am. Chem. Soc., 1995, 117, 197. 

82. W. Jin, X. Li, Y. Huang, F. Wu, and B. Wan, Chem. Eur. J., 2010, 16, 8259. 

83. (a) O. Achmatowicz Jr., P. Bukowski, B. Szechner, Z. Zwierzchowska, and A. Zamojski, 

Tetrahedron, 1971, 27, 1973; (b) K. C. Nicolaou, K. P. Cole, M. O. Frederick, R. J. Aversa, and R. 

114 HETEROCYCLES, Vol. 95, No. 1, 2017



 

 

M. Denton, Angew. Chem. Int. Ed., 2007, 46, 8875. 

84. T. Oguchi, K. Watanabe, K. Ohkubo, H. Abe, and T. Katoh, Chem. Eur. J., 2009, 15, 2826. 

85. H. Oguri, A. Oomura, S. Tanabe, and M. Hirama, Tetrahedron Lett., 2005, 46, 2179. 

86. H. Shao, Z. Wang, E. Lacroix, S.-H. Wu, H. J. Jennings, and W. �Zou, J. Am. Chem. Soc., 2002, 124, 

2130. 

87. M. T. Crimmins and J. She, Synlett, 2004, 1371. 

88. ‘Metathesis in Natural Product Synthesis’, ed. by J. Cossy, S. Arseniyadis, and C. 

Meyer, �Wiley-VCH, Weinheim, 2010. 

89. (a) Y. Mori, K. Yaegashi, and H. Furukawa, J. Am. Chem. Soc., 1996, 118, 8158; (b) Y. Mori, K. 

Yaegashi, and H. Furukawa, Tetrahedron Lett., 1999, 40, 7239; (c) Y. Mori, K. Yaegashi, and H. 

Furukawa, J. Am. Chem. Soc., 1997, 119, 4557; (d) H. Furuta, Y. Hasegawa, and Y. Mori, Org. Lett., 

2009, 11, 4382; (e) T. Sakai, S. Matsushita, S. Arakawa, K. Mori, M. Tanimoto, A. Tokumasu, T. 

Yoshida, and Y. Mori, J. Am. Chem. Soc., 2015, 137, 14513. 

 

 
Takeo Sakai was born in 1981 in Fukuoka, Japan. He received his Ph. D. degree from 
Kyoto University in 2008 under the supervision of Professor Kiyoshi Tomioka, and then 
worked with Professor Rick L. Danheiser as a postdoctoral fellow at Massachusetts 
Institute of Technology for two years. He joined Mori’s research group at Meijo University 
as an assistant professor in 2010, and promoted to associate professor in April, 2016. His 
research interests are synthesis of marine natural products and development new synthetic 
methodologies. 
 
 
 

 

Yuji Mori was born in Gifu, Japan, in 1950. He received his Ph. D. degree in 1978 from 
Kyoto University. He was appointed as Assistant Professor of Meijo University in 1978. 
From 1983 to 1985, he worked with Professor Clark Still as a visiting researcher at 
Columbia University. He was promoted to Associate Professor in 1993 and then to 
Professor in 2000. He was a recipient of Pharmaceutical Society of Japan for Young 
Scientist (1993). His research interests are in the exploration of new synthetic strategies 
and total synthesis of biologically and structurally interesting marine natural products. 

HETEROCYCLES, Vol. 95, No. 1, 2017 115




