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TETRODOTOXIN is one of the most toxic oompounds among the poisona
baving low molecular weight. It is obtained from owaries of swell-
fish (Spheroides rubrime’ and the intraperitoneal dose for the mouse
is 0.01y/g of the body weight' (1). Poisoning due to the toxin has
long been a serious problem in Japan eince swellfish is highly esteemed
for the table. Since the end of last ocentury many workers have inves-
tigated, but the toxin had not been obtained as a pure form until 1952,
when Yokoo (2) obtained the orysialline toxin and assigned the mo—
lecular formula 0121{17010113. Kakimsawa et al. (3) and Tsuda et al.
(4), however, favored 012}11909]!3 for it. In this communication we
wish to report the structure of tetrodotoxin.

From the elementary analyses and molecular weight determinations
of the toxin and its derivatives ithe molecular formula of tetrodo-
toxin (I) was revised to Cy;H,,OgNy (5). The toxin (() I:)L darkens above
220° without melt, exhibits no UV absorptions (end, ezéo“ﬁ‘i’l 75) and
is a monoacidic base (pKa' 8.3);\/?;: 1670, 1613, 1075 cm . Per—
manganate oxidation afforded guanidine, which was characteriged as a
picrate, and hence it is evident that three nitrogen atoms in the
toxin form a guanidine group, which corresponds to the pka (8.3).

It consumed two moles of periodate in O.ln sulfuric acid solution at
5°, and, when the first one mole of the reagent was oonsumed, gave
formaldehyde.

* Only the shellfish toxin is known to have the comparable toxicity:
E. J. Schantz, Annals New York Acad. Soi. ;9, 843 (1960).
** He used the name "spheroidine" for the toxin.

2105



2106 The structure of tetrodotoxin No.30

When heated with water, the toxin (I) was hydrolyzed to tetro-
doic acia (II), c113190933 (Pound: C, 39.14, 38.873 H, 5.96, 5.753
¥, 12.33, 12.25. Calecd.: C, 39.17s H, 5.68; N, 12.46%), which was
obtained as long needles in 45% yield. The acid (II) darkens above
260° without melt, exhibited an end absorption (egéé”gfl 410) ;v 27
1693, 1633, 159 om™l; and did not consume bromine, but two moles of
periodate (see below). It is a switterionic compound having pKa's
below 2.5 (COOH) and ca. 11.8 (guanidine). The existence of the car—
boxylate group was also demonstrated Wy the IR spectra; whereas the
IR spectrum of (II) has a carboxylate band at 1590, (II) hydrochloride
shows & band at 1720 e+ corresponding to a free carboxylic acid.

The negative Sakaguchi reaction of the acid (II) indicates that
the gumnidine group is not a monosubstituted one. The NMR spectrum
of (II) hydrochloride taken in a deuterium oxide solution (Fig. 1)
shows pignals corresponding to eight protons that ocan not be exchanged
by deu‘rterium*. From these results and the molecular formula of (II),
it is deduced that the acid (II) can be represented by (IIa), which
contains a disubstituted guanidine, seven hydroxyl groups and conse-
quently two rings. If a tri- or more substituted guanidine group
and/or‘ oxygen atoms other than hydroxyl groups were present, the num-
ber of non-exchangeable protons must exceed eight.

..m\ %%
¢ -
9 *x
with -COOH
two rings 8 -2
T -OH
(I1a)

* Possibilities of overlapping of the proton signels with the strong
DOH, signal were eliminated by the addition of pyridine hydrochlor—
ide to the sample solution; the DOH signal was shifted to lower
field, but no signal appeared in the region previously covered by
the DOH signal.

** Thepe two groups exist as a zwitterion, but, for the sake of con-
venience, they are represented in this paper as shown. An N,N-
disubstituted guanidine, instead of the N,N'-disubstituted one,
is also possible.
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Cleavage of tetrodoic acid (II) with one mole of periodic acid
afforded formaldehyde and nortetrodoic acid (III), which consumed
further one mole of the reagent and ylielded seconortetrododioic acid
(IV). The properties of the products are as follows.

Nortetrodoic acid (III): needles darken above 250° without melt,
°10315°8’331/2 HO (Found: ¢, 38.81, 38.013 H, 5.35, 5.47; N, 13.60.
Calod.: C, 38.22; H, 5.13; ¥, 13.37%); Ka's below 3 (COOH) and above
11 (guanidine); end absorption (eni’o 2300, ¢J;1nHC1 3000); one

&u 3 250 m * €210 mp 3
mole periodate is consumed for 3 hr at 4®* in O.1ln sulfuric acid;
Tollens and tetragolium tests are positive;V E’; 169°ah?( C=0), 1670
and 1645 (guanidine, 1612 cw* (C007).

Seoconortetrododioic acid (IV): prisms darken abowe 250° without
melt, C)oH,cOoNy (Founds C, 36.75, 37.00, 36.84; H, 4.96, 5.09, 4.94;
¥, 13.21, 13.05, 13.18, 13.15. Calod.: C, 37.39; H, 4.71; N, 13.08¢);
pEa's below 2 (COOH), 3.3 (COOH), above 10.5 (guanidine); end absorp—
tion (€520 o, 2500, e370° s 2000)3V 07 1750 (COOH), 1675 and 1640
{guanidine), 1600 (€00 ); silver salt V m: 1675 and 1635 (guanidine),
1610 and 1410 om > (C00”); no periodate consumption after 24 hr either

in 0.1n sulfuric acid or at pH 4.4.

In the NMMR spectrum of (IV) (Fig. 1), a doublet among the signals
at 2.0 - 2.5 ppm, which were in the spectrum of (III), disappeared
and a new doublet appeared at 1.50 ppm. The latter signal is assumed
to be for a proton attached to a hemiacetal carbon atom, which was
produced from a secondary alccholic ocarbon by periodate cleavage with
formation of a hemiacetal linkage. Thus, transformations of tetro-
doic acid (II) to the seconordioic wucid (IV) can be represented by

the following sequence.

=0H -0H -0
R HIO, " HIO, '}."OH
~C-0H —(l}—OH s H
'?-CHZOH ~C=0 ~COOH
OH

(110) (II1ID) (1vv)
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The presence of an a~ketol group in (III) was supported by the posi-
tive Tollens and tetrazolium teste. The hemiacetal proton in (IV)
must be vieinal to the proton attached to a tertially oarbon atom
that does not link with oxygem or nitrogen atom, since the signal at
1.50 ppm is apin-coupled with a doublet at the highest field (3.75
ppm, J = 9 ops).

The acid (II) contains a disecondary vio-glycol grouping as
demonsfrated by the MMR signals at 2.05 end 2.45 ppm with a coupling
oonnta.ht J = 4 ops. The glyocol grouping is retained also in the
nor aoild (III); the corresponding signals appeared at 2.09 and 2.50
pom (J = 4 ops). Partial structure (IIc) fo» tetrodoic acid oan,
therefore, be considered to be established.

— ox —
Toom o ] LT
(:r N/N-di- (C)\?/E\?/‘mzox
substd.) (¢) = (o)
—COOH ® OH
3¢, 2 -H (c)—f-—{:—(c)
2 05 EH

(I1e)

Tetrodoic acid (II), as well es tetrodotoxin (I), can be trans-
formed into the Cy-base (v)(¢) By beating with an aqueous barium hyd-
roxide! solution. This coupled with the fact that the acid (II) con-
tains two rings constructed from carbon and nitrogen atoms suggests
that the acid (II) has a perhydroquinazoline nucleus having a hydro-
symethyl group at the 06-position. To accomodate the partial formula
(IIc) in the perhydroquinazoline nucleus, only formula (IId) is pos—
sible. Then, the nor acid (III) and the seconordicic acid (IV) must
be represented by formulas {IIIA) and (IVA), respectively.

CHZOB
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COOH

(1va)

These formulas are consistent with the following observations.
(a) Kawamura {6b) reported that oxalic acid was produced along with
the 09—base in the alkaline degradation of the toxin (I). Though
oxalic acid was not isolated owing to the small amount of the sample,
it is safe to assume that the alkaline degradation of the acid (II)
also affords oxalic acid, since the reaction of (I) is considered to
proceed through the acid (II). In the formula (IId), there is a two-
carbon chain attached to the quinazoline nucleus and this accounts
for the production of oxalic acid. (b) When refluxed with 1ln hydro-
chloric acid, nortetrodoic acid (III) afforded yellow needles exhibit-
ing Az 2 ™! 310 (2 7050), 265 (19100), 228 m (13900); Ag: ™**M309
(12300), 228 mu (13400) ; rka's 4.9, 8.0; MR (in D0, ppm from exter—
nal benzene) -0.05 (1H, &, J=9 eps), ~0.68 (1H, 4, J=9cps), -2.50 (1H,
s); and its elementary analysis indicated the empirical formula
CSH.{02N3'HCI'H20 (Found: C, 41.52; H, 4.50; N, 17.25, 17.26%). It is
probably 2-amino-5,6-~dihydroxyquinazoline (VI), the formation of which
from the nor acid (III) is easily understandable. (e) Seconortetro-
dodioic acid (IV) consumed ca. 1 mole of bromine in water in the pre~
sence of strontium carbonate and yielded a crystalline product that
is considered to be a strontium salt of seconortetrodotrioic acid
(VII), CyoH, 3050N45T (Foung: sr, 17. Calcd: Sr, 20%);V KT 1660 (gua-
nidine), 1600 and 1400 cm ~ (€007 ).

* After acidification, the solution showed a different spectirum from
that recorded above; A(0.1nHC1) 298 (11400), 220 mu (9200).
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OH

(v1) (viz)

Tetrodotoxin (I) bas no acidic funotion and ite guanidine group
shows unusually low pKa value (8.3). This suggests that the carboxyl
group and the guanidine link together to form a cyclic acylguanidine
moiety. Since only the nitrogen atom at 3~position can form a &-mem~
bered Eeing, the structure of the toxin (I) must be represented by (Ia).

(1a)

It seems probable that the carbenyl afvetohing band of (I) overlaps
with the guanidine band at 1670 oln-l, since an amorphous sulfate of
™

(I) shows a carbonyl band at 1730 om .

The NMR spectra (Fig. 1) providie evidence for the following struc-
turel features. (a) H; and Hy are cis to each other since in the
spectra of (II) and (III), those signals corresponding to the protons
are spin-coupled with a ooupling constant J = 4 cps. (b) Both 1 and
E in (II) and (III) may be equatorial, for they show long range spin—
spin ooupling (J = ca. 1 cps, not resolved well). (o) The cis-config-
uratiof: of 345 and HS is evident from the coupling constants, which

* A mjodel compound, p-alacreatinine, exhibigs V (xBr) 1670, 1620, and
the hydrochloride V (KBr) 1730, 1700 cm -,
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FIG. 1. NMR spectra at 60 Mc in D0 containing HC1
(Ppm fron external CgHg)
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are ca. 2 ¢ps in (I) (not resolved) and 4 cpe in both (II) and (III).
In (IV), however, they have a trans-diaxial oconfiguration (7 = 9 cps).
(a) H, and H, is considered to ba cis to each other since in (I)

their coupling constant is 9 ops and in (II), (III), and (IV) their
ocoupling constants seem to be less than 1 cps. (e) The signal of

59 was displaced strongly to lower field when the amide bond was hyd-
rolyged (I —3 II, III, and IV). The sbift is probably due to aniso-
tropic shielding factors of guanidine group. In the favored conform~
ation (A) having Cg-oonfiguration ss shown, the proton (Hg) comes above
the plane of the guanidine group, which may deshield the proton.

From these facts the stereochemistry of the toxin (I) may be written

as (Ib) or (Ic).

(1b) {I¢)
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* cis-Protons in bicyelo(2,2,2)octane system have a coupling constant
T = B-9 ops, while a coupllng constant of trans-protons is 2-3 cps;
K. Tori, Y, Takano, K. Kitahonoki and T. Nakagawa, Abstr. 2nd NMR
Symposium 67 (1962){Tokyo, Japan).
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