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Abstract: A total synthesis of tetrodotoxin was accomplished. A 
Diels-Alder reaction between a known enone and a siloxy diene 
gave a tricyclic product, the steric bias of which could be used to 
construct the remaining stereogenic centers. A nitrogen atom was 
introduced either via a four-step sequence involving a Curtius 
rearrangement, or a three-step sequence featuring a newly 
developed transformation of a terminal alkyne into a nitrile. 
Introduction of the guanidine moiety followed by the formation of the 
heterocyclic system via cascade reactions led to the synthesis of 
tetrodotoxin. 

Tetrodotoxin is one of the most well studied and culturally 
revered natural products.[1] It is the toxin originally found in puffer 
fish,[2],[3] and is known to block voltage-gated sodium channels.[4] 
This biological activity has prompted the development of 
tetrodotoxin as a new class of analgesics, and clinical trials of 
tetrodotoxin are currently underway. The unique structure of 
tetrodotoxin, composed of a tetracyclic skeleton with a tricyclic 
orthoester (a dioxaadamantane core) and a cyclic guanidine 
moiety, is another attractive feature of the molecule (Figure 1).[5] 
The skeleton is highly oxidized and is substituted with five 
hydroxy groups. In addition, a variety of natural congeners have 
been isolated. Based on these structural relationships, 
biosynthetic pathways of tetrodotoxin have been proposed.[6] 
The structural complexity has made tetrodotoxin a fascinating 
synthetic target. Although several total syntheses and many 
synthetic studies of tetrodotoxin have been reported to date,[7] it 
deserves further synthetic efforts even today since biological 
and chemical behaviors of the densely functionalized molecules 
have not been fully controlled. Since our total synthesis of 
tetrodotoxin was reported in 2017,[7k] we have been pursuing 
investigations toward this attractive molecule with quite different 
synthetic strategies. Herein we disclose our novel total synthesis 
of tetrodotoxin. 

 

Figure 1. Structure of Tetrodotoxin. 

Our retrosynthetic analysis is shown in Scheme 1. The 
hemiaminal and orthoester moieties could be derived from 
aldehyde and carboxylic acid moieties, respectively. Connection 
of these two carbonyl groups would lead to cis-fused bicyclic 
compound 3, in which a 1,2-diol moiety is installed for the 
oxidative cleavage. The hydroxy groups on the cyclohexane ring 
could be stereoselectively introduced using the steric bias of the 
cis-fused bicyclic skeleton, which could in turn be constructed 
via a Diels-Alder reaction, leading to cyclopentenone 4 and 
diene 5 as precursors. The functional group Y on the 
cyclopentenone ring should be an equivalent to the guanidino 
group. In addition, Y should contribute positively to the Diels-
Alder reaction. To fulfill these requirements, we chose an ethynyl 
group as the functional group Y.[8] 

 

Scheme 1. Retrosynthetic Analysis. 

The synthesis commenced with preparation of dienophlile 6 from 
α-methyl-D-mannoside according to the literatures.[9] The Diels-
Alder reaction of 6 with siloxydiene 7 proceeded smoothly in 
toluene at 40 °C, giving the adduct 8 as the sole isomer in a 
quantitative yield (Scheme 2). The ketone moiety in 8 was 
stereoselectively reduced with L-Selectride to furnish secondary 
alcohol 9, which was protected as its benzyl ether. Treatment 
with TBAF induced cleavage of the TBS group, liberating the 
cyclohexenone moiety with concomitant removal of the TMS 
group on the alkyne moiety. After reinstallation of a TMS group 
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at the terminal alkyne, enone 11 was converted into triflate 13 by 
treatment with LDA and Comins reagent (12).[10] Palladium-
catalyzed cross coupling reaction of triflate 13 with 
benzyloxymethylstannane 14 installed a hydroxymethyl moiety 
at C6.[11] The Diels-Alder reaction with singlet oxygen occurred 
from the convex face of the cis-fused bicyclic skeleton in 15, and 
the resulting endoperoxide was reduced with zinc to afford diol 

16. Epoxidation directed by the hydroxy groups proceeded 
stereoselectively to give epoxide 17. A two-step oxidation-
reduction sequence inverted the configuration of the hydroxy 
groups to furnish 18, which has the correct stereochemistry of 
tetrodotoxin. Protection of the hydroxy groups with acetyl groups, 
and subsequent removal of the TMS group with TBAF gave 19. 

 

 

Scheme 2. Construction of the Cyclohexane Ring and Stereoselective Installation of the Hydroxy Groups. 

We next focused on the formation of the dioxaadamantane 
skeleton. After acidic hydrolysis of the acetonide in 19, the 
resulting 1,2-diol was oxidatively cleaved with lead tetraacetate 
(Scheme 3). Attempted oxidation of the resulting dialdehyde with 
sodium chlorite,[12] however, induced epoxide opening by the C4 
carboxyl group (shown in blue) instead of C10 carboxyl group 
(shown in red), leading to the exclusive formation of the 
undesired lactone 20.[13] This might be attributed to the sterically 
less demanding ethynyl group, which was inclined to assume 
the axial conformation in the cyclohexane ring. As a 
consequence, the C4 carboxyl group also took the axial 
conformation and attacked the epoxide. 
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Scheme 3. Attempted Formation of the Lactone. 

To change the conformation of the cyclohexane ring, we decided 
to convert the ethynyl group into the sterically more demanding 
guanidino group. For this transformation, the ethynyl group was 
converted into an amino group by a four-step sequence 
(Scheme 4). Partial reduction of the ethynyl group followed by 
ozonolysis gave aldehyde 22, which was subjected to oxidation 
with sodium chlorite.[12] The resulting carboxylic acid 23 was 
converted into amine 25 via a Curtius rearrangement with 
DPPA[14] and allyl alcohol and subsequent cleavage of the Alloc 
group. 

 

Scheme 4. Conversion of Alkyne into Amine via Curtius Rearrangement. 

While investigating the other transformations of alkyne 19, we 
found an unusual reaction in which the ethynyl group was 
converted into a cyano group (Scheme 5). Thus, treatment of 19 
with CuI and TMSN3 in methanol and DMF at 100 °C produced 
nitrile 26 in 34% yield.[15],[16] The nitrile could be hydrated 
according to Lee’s protocol with a slight modification.[17] The 
resulting carboxamide was subjected to the modified Hofmann 
rearrangement to give amine 25.[18] Although the yield left room 
for improvement, this protocol produced the desired amine 25 in 
three steps from alkyne 19. 

  

Scheme 5. Conversion of Alkyne into Nitrile. 

The amine 25 was then converted to bis-Cbz protected 
guanidine 28 and the acetonide of which was subjected to acidic 
hydrolysis to furnish diol 29 (Scheme 6).[19] Oxidative cleavage 
of the 1,2-diol with orthoperiodic acid proceeded smoothly at 
room temperature. Under these conditions, the two formyl 
groups and the guanidino group in 30 cooperatively formed a 
tricyclic lactol. The guanidino group in the equatorial position 
attacked the more-accessible C4 formyl group to form 
hemiaminal 31, the hydroxy group of which then attacked the 
other formyl group. The cyclic hemiacetal 32 could be oxidized 
into lactone 33 with Dess-Martin periodinane.[20] 
Attempted cleavage of the lactone moiety in 33 with ammonia[21] 
caused decomposition of the substrate, which contained base-
labile functional groups such as an epoxide and acetates. To our 
delight, treatment of 33 with hydrochloric acid in THF at 35 °C 
successfully cleaved the lactone moiety. The liberated carboxyl 
group attacked the epoxide at the less hindered position to 
afford the desired tricyclic lactone 36. After removal of the acetyl 
groups under basic conditions, hydrogenolysis of the Cbz and 
the two benzyl groups gave tetrodotoxin (1). 
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Scheme 6. Completion of the Synthesis. 

In conclusion, we have achieved the total synthesis of 
tetrodotoxin. A stereoselective Diels-Alder reaction produced a 
tricyclic compound. The steric bias of the resulting ring system 
could be used to construct other stereogenic centers. The 
alkyne moiety was converted into an amino group via a four-step 
sequence including Curtius rearrangement, or via a three-step 
sequence by means of a newly developed transformation of 
alkyne into nitrile mediated by CuI and TMSN3. After installation 
of an amidino group onto the amine, the cyclic guanidine moiety 
was formed by oxidative cleavage of a 1,2-diol moiety, where 
two aldehyde units were efficiently differentiated by a 
nucleophilic attack of the guanidine moiety to give a cyclic 
hemiacetal. Oxidation into a lactone followed by an acidic 
treatment liberated the carboxyl group, which intramolecularly 
attacked the epoxide. Finally, deprotection gave tetrodotoxin. 
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A total synthesis of tetrodotoxin was accomplished. Construction of the cyclohexane core via a Diels-Alder reaction was followed by 
stereoselective installation of hydroxy groups. A newly developed transformation of a terminal alkyne into a nitrile enabled 
introduction of an amino group. Oxidative cleavage of a 1,2-diol formed two aldehyde units, which were differentiated by nucleophilic 
attack of a guanidine moiety, leading to tetrodotoxin.  
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