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The catalytic role of acid and base in the rearrangement and the following decomposi-
tion of trimethylamine N-oxide to formaldehyde and dimethylamine has been investi-
gated. The catalyzer which decomposed the N-oxide most extensively was tris (hydroxy-
methyl) aminomethane-malonate system, while several other tris (hydroxymethyl)
aminomethane-dibasic carboxylic acid systems exhibited appreciable catalytic activ-
ities. Specific acid and base, hydrogen ion and hydroxide ion, scarcely showed the
catalytic activity in the pH region from 0 to 14. The optimum pH of tris (hydroxy-
methyl) aminomethane-malonate system for the decomposition of trimethylamine N-
oxide was 11 and the amounts of the products, formaldehyde and dimethylamine, bore
an equimolar relation to each other. On the other hand, several assumed schemes
were simulated to elucidate the catalytic mechanism of tris (hydroxymethyl) amino-
methane-malonate system.
Based upon the reaction mechanism presumed from the experimental results, it has
been concluded that the catalyzed rearrangement of trimethylamine N-oxide may
occur through an intermediate to yield dimethylaminomethylo1 which gives spontaneous-
ly formaldehyde and dimethylamine as final products. In addition, the mechanism of
rearrangement step was discussed from the standpoint of role of acid-base catalysis
with emphasizing the action of base or hydride ion.

INTRODUCTION

It has been well known that trimethylamine N-oxide (TMO) is distributed
widely in tissues of many species of fish and shells (Yamada,  1967). The oxide
is cleaved by the action of a certain enzyme (Yamada,  1968) or non-enzymatic
catalysis (Vaisey, 1956 ; Soudan, 1959, 1961; Craig et al., 1961; Ferris et al., 1967;
Hayashi et al., 1964; Otsuka, personal communication) into formaldehyde (FA)
and dimethylamine (DMA). The reaction mechanism of formations of FA and
DMA from TM0  in enzymatic reaction has been preliminarily investigated by
Yamada  (1968). Contrarily, the mechanism has been fairly well examined in the
non-enzymatic seactions (Vaisey, 1956; Craig et al., 1961; Ferris et al., 1967).
T h e  major i ty  o f  presented  mechanisms  i s  conta in ing  the  reac t ion  s tep  o f  the
formation of an intermediate dimethylaminomethylol (Fish et al., 1956;  Sweely
et al., 1957;  Frisell et al., 1959).
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Harada (unpublished data) observed that the participation of reduced methyl-
ene blue or reduced flavin  nucleotide (co-factor) was required in the enzymatic
reaction. The decomposition of TM0 to FA and DMA is purely unimolecular
reaction and there is any exchange of matter with surrounding medium.
Therefore, the role of the reduced co-factors may not be the entire donation of
electrons or hydride ion (reduction), but the circulation of electrons through
the TM0 molecule to generate the polarization of electron distribution in the
molecule. If this is the case, acid-base species may exhibit also the catalytic
activity to some extents for the decomposition of TMO, because one of the
catalytic roles of acid-base species has been known to polarize the electron dis-
tribution of a substrate molecule. Thus, the present study was focused to the
observation of action of acid-base catalyzer toward the decomposition of TM0
in connection with the elucidation of the mechanism of catalysis in the enzy-
matic reaction.

EXPERIMENTAL

Materials

Substrate : Trimethylamine N-oxide.2H,O  was of guaranteed reagent grade, pur-
chased from Wako Pure Chemical Industries, Ltd.
Catalyzer: Lewis acids were aluminum trichloride and boron trifluoride etherate,
purchased from Wako Pure Chemical Industries, Ltd. Specific acid and base were
hydrochloric acid and sodium hydroxide. General acid-bases were several buffer
solutions. Tris-carboxylate buffers were most frequently used.

Methods
Assay of catalytic activity: A 50 pmole of TM0 was added to 5 ml of chloroform
containing 1 mmole of aluminum trichloride or 5 ml of boron trifluoride etherate,
while for acid-base catalysis 1 ml of 0.2 M TM0 solution (200 pmole) was added
to 10 ml of buffer solution. The mixture solution was then incubated at 80°C
for desired periods, and an aliquot was subjected to the determinations of FA
and DMA.
Determination of FA and DMA : The amounts of FA and DMA were determined
by the methods of Nash (1953) and Dyer (1945),  respectively.
Computer simulation : Computer simulations were performed with FACOM 230-75
using Graphic Display GDP F6233A  in the Computer Center, Kyushu University.

RESULTS

Catalytic activity of Lewis acids
The catalytic formations of FA and DMA from TM0 with Lewis acids are

shown in Fig. 1. As seen in the figure, the formations of FA and DMA are ob-
served only in the solution of boron trifluoride, but not in the solution of alu-
minum trichloride.

Abbreviations are ; ThlO  : trimethylamine N-oxide, FA : formaldehyde, DMA : dimethylamine,
Tris : tris (hydroxymethyl) aminomethane.
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Catalytic activity of specific acid-base

As shown in Fig. 2, the formations of FA and DMA in the solution of
hydrochloric acidand  sodium hydroxide were found to be very faint even below
pH 1 and above pH 13. This may mean that TM0 is not in the methyl01  form
which has been believed to decompose easily to FA and DMA in acid or alkaline
medium.

PH

Fig. 2. Catalytic formations of FA and DMA from TM0 in specific acid and base
solutions. Reaction mixture was incubated at 80°C for 40 hrs. 0 : FA, 0 : DMA.

Catalytic activity of general acid-base

The formations of FA and DMA in many kinds of buffer solutions were,
first of all, generally surveyed. The results are shown in Fig. 3. The catalytic
formations of FA and DMA were observed in several buffer solutions, though
the extents were not exceeded 1 % of initial amount of TMO. However, it was
expected that the formations of FA and DMA in the Tris-maleate system may
increase in high pH region. To confirm the expectation, the pH-dependence  of
catalytic action of Tris-maleate system was examined in pH region from 5 to
12. The result obtained is shown in Fig. 4. It was noted that the formations
of FA and DMA occurred considerably at pH 11. In connection with the catalyt-
ic activity of Tris-maleate system, the formations of FAand DMA in the medium
containing other dibasic acid used instead of maleate  were surveyed. The results
are presented in Fig. 5. The formations were observed most strongly in pH
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Pig. 3. Catalytic formations of FA and DMA from TM0 in buffer solutions. (l)Glycine-
N&l-HCl(pH  l.l-3.0), ( 2 )  S o d i u m  citrate-HCl  (pH l.l-4.0), ( 3 )  S o d i u m  p h o s p h a t e
dibas ic-potass ium phosphate  monobas ic  (pH 5.@8.0), ( 4 )  Glycine-NaCl-NaOH(pH
9.0-1X0), ( 5 )  HCl-sodium ace ta te  (pH l.O-5.0), (6) Citric acid-sodium phosphate
d ibas ic  <pH 2.2-&O),  (7) Tris-WC1 (pH 7.0-9.0),  @)Tris-maleic  acid-NaC1 (pH 5.0-8.0),
(9) NaOH-sodium  phosphate dibasic (pH 11.0-12.0).  Reaction mixture was incubated
at 80°C for 40 hrs. 0: FA, l : DMA.
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Fig. 4.  Cata ly t ic  format ions  of  FA and  DMA in  Tr i s  buf fe r .  So l id  l ine :  Tris-
maleic acid-NaOH,  Dotted line : Tris-NaOH. 0: FA, l : D M A .

0
I5 6 7 6 a la 11 n

PH

Fig. 5. Effect of dibasic acids on the catalytic formations of FA and DMA in Tris
buffer. (1) Malonic acid, (2) Azelaic acid, (3) Succinic acid, (4) Oxalic acid. 0 : FA,
0 : DMA.

region from 10 to 11.5 regardless of kind of dibasic acids. The formations of
FA and DMA in Tris-malonate system was superior to those in other Tris-
dibasic acid systems.

Catalytic activity in Tris-malonate system
In Tris-malonate system of which the pH values were adjusted by the addi-
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tion of sodium hydroxide, the formations of FA and DMA were estimated with
changing the concentrations of the catalyzer and the substrate. The results
are shown in Figs. 6 and 7. In the early stages of the reaction, it was found
that the time-course of the formations exhibited a clear induction periods; at
low concentration of the catalyzer, induction periods (lag-time) extended to 29 hrs
of incubation. The amounts of product held an equimolar relation to each other.
In the late stages of the reaction, such the relation was broken due to the loss
of formed FA.

0
10 20 30 50

lime of incubaliidhrs)

Fig. 6. Formations of FA and DMA in Tris-malonate system. Concentrations of Tris-
malonate (catalyzer) were I : 0.152 M, II : 0.091 M, III : 0.03 M. Incubated at 80°C. o :
FA. 0 : DMA.

2 4 6 6 10 ’ 2 4 6 8 10
Time of incubatidhrs) lime of incubatiodhrs)

Fig. 7. Formations of FA and DMA in 0.152 M Tris-malonate system. Concentrations
of TM0 of I, II, III, IV, V and VI were 0.182, 0.091, 0.046, 0.0182. 0.0091 and 0.0046 M,
respectively. 0 : FA, 0-z DMA.

Computer simulation

To elucidate the reaction pathway of TM0 decomposition by the base (Tris-
malonate system) catalysis, the several schemes were assumed and simulated.
As a result of simulation, several schemes which can principly  explain the char-
acteristic features of time-course in the base-catalyzed decomposition of TM0
were selected. Typical schemes thus selected are shown in Scheme 1. The results
of the simulation on the selected schemes are shown in Figs. 8 and 9. The rate
constants used for the computation of time-courses shown in the figures are
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Scheme 1. Assumed schemes of Tris-malonate catalyzed reaction. X-l, 2, 3 and 4 :
intermediate, X-5 : condensed product, T : Tris component, M : malonate.

Fig. 8. Simulated time-course for Scheme-(l).  Cat: Catalyzer concentrations were

changed as follows under fixing substrate concentration at 0.182 M, I : 0.152 M, II :
0.091 M, III: 0.03 M. TMO: Substrate concentrations were changed as follows under
fixing catalyzer concentration at 0.125 M. I’: 0.182 M, II’: 0.091 M, III’: 0.046 M.
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Fig. 9. Simulated time-course for Scheme-(Z). Notations are the same as those in

Fig. 8.

listed in Table 1. It is obvious, as can be seen in the figures, that the time-
courses computed with Scheme-(l) are most fittable  to the experimental data
shown in Figs. 6 and 7.
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Table 1. Rate constants used for computation.
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Scheme
Catalyzer TM0

( 1 ) (2) (1) (2)

k, ( set-l) 0.333  x 10-a 0.333 X 10-d _
kz (M-kec-I) 0.333 X 1O-3 0.333 X 10-S 0.333 X 1O-3 0.167 X 1O-3
k3 ( see-I) 0.333 X 10-Z 0.333 X 1O-3 0.333 i; 1O-2 0.167 X 1O-3
k, (M-lsec-I) 0.333 X 10-S 0.333 X 10-3
k, ( set-I) 0.333 x 10-Z - 0.333 X 10-Z
ks (M-kec-l) 0.333 X 1O-3 0.333 X 1O-4 0.333 x 1O-3 0.167 X 1O-3

DISCUSSION

Vaisey (1956),  Craig et al. (1961)and Ferris et al. (1967) studied the catalytic actions
of iron compounds and Otsuka (personal communication) investigated the decom-
position of TM0 in the presence of acetic anhydride. Catalytic cleavage of TM0
by ferrous or ferric compounds gives the oxido-reduction products, trimethyl-
amine and formic acid, in addition to the normal products, FA and DMA. Since
the enzymatic decomposition of TM0  gives stoichiometrically equimolar amounts
of FA and DMA, but not trimethylamine (Harada, unpublished data), it is not
believed that the enzyme provides for a similar catalytic mechanism to that by
which iron compound exerts its catalytic activity.

In the enzymatic reaction, it was not observed that the change of co-factor
reduced flavin nucleotide or reduced methylene blue to their oxidation forms took
place incidentally to the decomposition of the substrate TMO. Since the enzy-
matic reaction was conducted in anaerobic milieu, there might not be autoxida-
tion of reduced co-factor during the enzymatic reaction. Furthermore, it is
clear that the decomposition TM0  to FA and DMA is purely unimolecular re-
action.

Thus, the catalytic action of enzyme and co-factors toward the substrate
may be assumed to occur via (a) the enzyme protein moiety acts as acid-base
catalyzer and the co-factor is not participating directly in the reaction steps,
or (b) both enzyme protein and co-factor act as acid-base catalyzer cooperative-
ly. To approve the above assumptions or to justify the possibility of the above
assumptions, catalytic actions of non-enzymatic acid-base species were ex-
amined.

Specific acid-base, hydrogen and hydroxide ion, exhibited very low activity
in pH region from 0 to 13 as shown in Fig. 2. It had been supposed that an
amine N-oxide has partly the methyl01 structure in aqueous solution. If this
is the case, trimethylamine N-oxide must be rapidly decomposed to FA and DMA
in the presence of moderate concentration of hydrogen ion or hydroxide ion. The
experimental results exclude the methyl01 structure of TM0 in aqueous solution.

It should be emphasized that the some buffer solutions exhibited more
catalytic activity in various pa-regions than specific acid-base did. Especially,
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Tris-malonate system showed a remarkable catalytic activity around pH 11.
Since the catalytic groups of Tris-malonate system around pH 11 are assumed
to be amino group and oxyanions of Tris component and carboxylate ions of
malonate, the mode of catalysis of the Tris-malonate system is considered to be
general base catalysis.

Although optimum pH values and the pH-regions  for enzymatic activity (pH
5.0 and pH 3-7) and for Tris-malonate system (pH 11 and above pH 9.5) were
quite different to each other, the results on the model system infer that the
mode of enzymatic catalysis appears to be also general acid-base catalysis. From
the above viewpoint, the mode of the action of reduced methylene blue or re-
duced flavin nucleotide is presumed unitedly to be general base catalysis ; i.e.,
reduced co-factor may act on the intramolecular rearrangement and the follow-
ing decomposition as catalyzer to donate or to withdraw the electron pair or
hydride ion to or from the TM0  molecule.

The decomposition of TM0 to FA and DMA may be consisted of two chem-
ical events; intramolecular rearrangement to form the methylol structure (III
or III’) and the spontaneous cleavage of methyl01 compound to FA and DMA.
In intramolecular rearrangement, transient (intermediate) structure with three-
membered ring (II) has been generally postulated as shown in the following
equation.

111’

A supposed structure existing just before the three-membered ring structure
may have zwitter ion in the molecule (I). Thus, it is very likely that the
catalyzer assists the polarization of electron distribution to form the zwitter
ion structure. The detailed mechanism of catalyzer action may, therefore, be
represented by the following equations (p. 167).

General base in the enzyme protein may either withdraw the proton on meth-
yl group to form the active methylene or donate the electron pair on oxygen atom
to form oxyanion. Reduced co-factor may donate hydride ion (a kind of base)
which acts either on methyl group or on oxygen atom in similar way to the
base. It should be noted, however, that zwitter ion does not necessarily have the
structure shown in the equations, but it might also have another structure in
which methylene group accomodates negative and oxygen atom has positive
charge. Both types of zwitter ion structure are kinetically indistinguishable.

The characteristic features of time-course of the formations FA and DMA in
the reaction catalyzed by Tris-malonate system are the appearance of clear in-



Rearrangement of TM0

(A) Base

167

0H____$

ccc
12

CH2(.'

(8) H3C-y-0 - H,C-fi-> -

C"3 tH3

CH (+)
I*

CH (+)
I*

(b) - H3C-y--O\---

i i

H3C-N-O(-)

CH3 B tH3

(B) Hydride i o n

I

CH (+'
12

(a) H3t-y-0 ____,

CH3 'Ii

I

duction periods and the consumption of formed FA in the late stages. In order
to explain such the specific features, several reaction schemes were assumed and
their behaviors were simulated using digital computer. As a result, it is con-
cluded that the induction periods were caused by the sequence of several reac-
tion steps in the whole pathway, and that the formed FA was consumed in a
slow rate by malonate in the catalyzer system,

It is, however, not likely that the reaction which is consisted of several
reaction steps exhibits always the induction periods. The problems on the factors
which cause the induction periods in reaction time-course will be discussed in
the succeeding paper.
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