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Amination of several carboxylic acids by reductive fixation of molecular nitrogen was achieved by glow

discharge against aqueous solution of these carboxylic acids.

The yield of the aminated product is the highest in

the case of maleic acid among carboxylic acids used. The addition of hydrochloric acid to the reaction mixture

enhances the yields of aminated products.

This may be caused by the fact that chloride anion is oxidized by

hydroxyl radicals to chlorate ion, and the fixation of molecular nitrogen proceeds under relatively reducing

conditions.

Numerous experimental studies on the formation of
bioorganic compounds under possible prebiotic condi-
tions have been reported in the past three decades.l
Most of the studies were carried out under reducing
conditions, using hydrocarbon, ammonia, hydrogen,
and carbon monoxide etc. However, if the tempera-
ture on the primitive earth was high (1000°C), the
chemical equilibrium of the atmosphere would have
shifted to the non-reducing side as shown in Eq. 1. The
resulting hydrogen gas would have escaped from the
gravitational field of the earth, and the primitive atmo-

Hy +1/20;—> H:0

CO +1/20e—CO2

CH4+2H20—— CO2+4H:>

2NHs Nz +3H: ey

sphere would be a mixture of nitrogen, carbon dioxide
and water. This is an extreme case of the non-reducing
atmosphere of the primitive earth.

Ammonia is one of the important starting materials
for the formation of nitrogen-containing bioorganic
compounds under prebiotic conditions. If ammonia did
not exist on the primitive earth, abiotic formation of
nitrogen-containing bioorganic compounds would
strongly restricted. The formation of ammonia from
molecular nitrogen is thermodynamically favored when
hydrogen is present at relatively low temperature
(Harber-Bosch methods). However ammonia is diffi-
cult to be produced without hydrogen. And ammonia
is unstable both thermally and photochemically.

Molecular nitrogen is one of the most inert diatomic
molecules, and the reductive fixation of molecular nitro-
gen with water is thermodynamically difficult because of
the large positive AG® value as shown in Eq. 2.

4/5N2+9/5H20 ——> NHsz+ 3/5HNOg3
AG°=+86.2 kcal mol—! )

Photochemical conversion of molecular nitrogen in
the presence of catalyst2® and hydrolysis of nitrogen-

T Present address: Oyama National College of Technology,
Oyama, Tochigi 323.

metal complexes? are known as reductive fixation of
molecular nitrogen, while little study has been carried
out on the molecular fixation of notrogen in the absence
of a catalyst.56)

In our previous investigation, we reported that direct
amination of carboxylic acids in aqueous ammoniacal
solution by using glow discharge.® It was found that
the reductive fixation of molecular nitrogen with water
by using glow discharge yields ammonia and nitrate
ion.®» When aqueous acetic acid was added to this
system, it was found that aminated product (glycine)
was identified.”

In this paper, details of the experimental results of the
amination reactions of various carboxylic acids using
molecular nitrogen and water induced by glow discharge
are described. And some of the additive effects on the
reductive fixation of nitrogen gas was studied. Under
these reactions it was found that a) ammonia and nitrate
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Fig. 1. Apparatus for nitrogen fixation by CGDE.
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ions were simultaneously formed in the aqueous solu-
tion, and that b) various amino acids and aminated
degradation products were formed. Formation of
amino acid was chosen because of the ease of identifica-
tion and also as a model for the formation of the
bioorganic compounds under non-reducing conditions.

Experimental

Glow discharge was applied on the surface of water (20 mi)
containing a small amount of sulfuric acid (0.025 mmol) under
nitrogen atmosphere. The applied electric current was 20—
50 mA at 500—600 V. The reaction temperature was kept at
25—40°C by cooling the reaction mixture in an ice-water
bath. The reaction tube for the glow discharge reaction is
shown in Fig. 1. A small amount of reaction mixture was
withdrawn at intervals and each sample was analyzed with an
amino acid analyzer for amino acid and ammonia, and also by
ion chromatography for nitrate and nitrite ions.

Results and Discussion

The experimental results of reductive fixation of
molecular nitrogen are summarized in Figs. 2 and 3.
As shown in Fig. 2, the amount of ammonia and nitrate
ion found in the reaction mixture increased as the
reaction proceeded and the concentrations of ammonia
and nitrate ion were 0.45 mmol/20 ml and 0.38 mmol/
20 ml, respectively, after 24 h. As a control reaction,
the glow discharge was carried out in a similar way
under argon atmosphere. Neither ammonia nor nitrate
ion was found in the reaction mixture (Fig. 3). This
whole process was also carried out without glow dis-
charge, and ammonia or nitrate ion was not detected.
Nitrite ion was not found in the reaction mixture,
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Fig. 2. Formation of NHs and NOz~ from Ng and
H20 by CGDE.
Reaction conditions: 520—600 V, 50 mA, 35—45°C.
Substrate: HoSO4 0.025 mmol/ 20 ml HoO-No.
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Fig. 3. Ammonia found in the reaction mixture of

H20-Ar system by CGDE.

Reaction conditions: 720—800 V, 50—60 mA, 40—
50°C.

Substrate: H2SO4 0.1 mmol/20 ml HoO-Ar.

probably because of the rapid oxidation to nitrate ion.
A possible pathway for the formation of ammonia and
nitrate ion could be shown as follows:

N;——2N

H0— OH+H

N+HO0—— N+ H+OH
N+nH—>NH-—NH:— NH;
N+OH——NO;-——>NOs~

N2+ HsO—— NHz; + NOs— 3)

The nitrogen atom generated under high energy con-
ditions is reduced with hydrogen to form NH and NH;
radicals, and finally NHs. Therefore, if some suitable
organic amino acceptor is present in the reaction mix-
ture, the glow discharge reaction could result in the
formation of several amino compounds. In this study,
several aliphatic carboxylic acids were used and the time
course of the resulting amino compounds was shown in
Figs. 4—9. Carboxylic acids used were acetic acid,
propionic acid, succinic acid, acrylic acid and maleic
acid in the glow discharge reaction using molecular
nitrogen and water. The effect of added sodium chlo-
ride and hydrochloric acid on the reductive amination of
molecular nitrogen was also studied (Figs. 10—12).

Figure 4 shows the time course of the amination
reaction of aqueous acetic acid (10%, 20 ml) by glow
discharge under nitrogen atmosphere. The aminated
product, glycine, and the aminated degradation prod-
uct, methylamine, were confirmed. The yields of these
aminated products are smaller than those from the
reaction of other carboxylic acids.

Figure 5 shows the time course of the amination
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Fig. 4. The amination of acetic acid by CGDE.
Reaction conditions: 540—640 V, 40—50 mA, 30—
40°C.

Substrate: acetic acid 33 mmol/ HaO(total 20 ml) —Ns.
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Fig. 5. The amination of propionic acid by CGDE.
Reaction conditions: 560—680 V, 40—60 mA, 35—
45°C.
Substrate: propionic acid 27 mmol/ H2O(total 20 ml)
—Na.

reaction of propionic acid (10%, 20 ml). B-Alanine and
alanine were confirmed as aminated products. The
ratio of B-ala: ala after 1 h was roughly 1.5:1. Methyl-
amine and glycine, which are the aminated degradation
products, were also confirmed. This indicates that the
C-C bond could easily be cleaved under the conditions
used.
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Fig. 6. The amination of succinic acid by CGDE.
Reaction conditions: 560—620 V, 50 mA, 35—45°C.
Substrate: succinic acid 10 mmol/ HzO(total 20 ml)
—Na.
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Fig. 7. The amination of acrylic acid by CGDE.
Reaction conditions: 560-—600 V, 40--60 mA, 35—
45°C.

Substrate: acrylic acid 8.3 mmol, H2O(total 20 ml)
~Na.

Figure 6 shows the amination of succinic acid (10
mmol/20 ml). The directly aminated product, aspartic
acid, formed first, and the aminated degradation prod-
ucts, glycine and methylamine,. increased with time.
The yields were similar to the case of propionic acid.

Figure 7 shows the time course of amination of acrylic
acid (3%, 20 ml) with nitrogen. In this case the concen-
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tration of acrylic acid was reduced in order to avoid
radical polymerization of the unsaturated carboxylic
acid. The direct amination product, 8-alanine and ala-
nine, were formed first and the yields of aminated
degradation products, glycine and methylamine,
increased with the reaction time. The yield of alanine
reached almost zero after 6 h in the reaction, while the
yield of B-alanine remained at the higher level at that

110 [ ®®Asp
100 | A-ACH3NH)
90 L D'DB'A].G

YieldX10-3/%

®
2

4 6 8 10 12 14 16 18 20
Time/h

Fig. 8. The amination of maleic acid by CGDE.
Reaction conditions: 460—500 V, 20 mA, 10—20°C.
Substrate: maleic acid 10 mmol/ H2O(total 20 ml)
—No.
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Fig. 9. The amination of acetic acid by CGDE.
Reaction conditions: 540—640 V, 40—60 mA, 35—
45°C.

Substrate: ammonia 17 mmol+acetic acid 33 mmol/
H:O(total 20 ml) —Na.
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time. This suggests that B-alanine might be formed
from the degradation products, for example, by the
coupling of methylamine and acetic acid.

Figure 8 shows the amination of maleic acid by glow
discharge under nitrogen atmosphere. Direct amina-
tion product, aspartic acid, was synthesized first, and
the aminated degradation products, glycine, methyl-
amine, and B-alanine, were formed with the reaction
proceeded. The yields of aminated products in this
reaction were much higher (>>50X) than those of the
other carboxylic acids.

As was described earlier, the direct amination of
aliphatic carboxylic acids by using electric discharge was
possible in relatively high concentration of aqueous
ammonia.® In this reductive fixation of nitrogen by
using electric discharge, a small amount of ammonia
was formed in aqueous solution. Therefore, it is
worthwhile to investigate whether the direct amination
of carboxylic acid in such a low ammonia concentration
proceeds or not under the high energy conditions.
When glow discharge was applied to the No-H20 system
for 24 h, 450 mol/20 ml of ammonia was produced.
The concentration of ammonia is equivalent to about
0.03% aqueous ammonia. Therefore, glow discharge
was applied to 10% acetic acid (20 ml) containing 0.03%
ammonia. The time course of the reaction is shown in
Fig. 9. The highest yield of glycine and methylamine
reach 3X10-3 and 2X10-3%, and the formation of B-
alanine and aspartic acid was confirmed. The yields
are higher than those obtained by using molecular
nitrogen.

In the following investigation, the effect of additives
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Fig. 10. The amination of acetic acid by CGDE in the
presence of NaCl.
Reaction conditions: 520—560 V, 20—40 mA, 20—
30°C.
Substrate: acetic acid 33 mmol,
H2O(total 20 ml) —No.
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(NaCl and HC]) in the reductive amination of carbox-
ylic acids is described. Because chloride anion could be
oxidized under the reaction conditions, this might
enhance the yields in the reductive amination of nitro-
gen molecule. The effect of sodium chloride in the
amination reaction of acetic acid is shown in Fig. 10.
The yield of glycine increased about three times com-
pared with that of reactions without sodium chloride.
The yields of other aminated secondary products, meth-
ylamine, glycine, B-alanine, and aspartic acid, were also
higher than the case without sodium chloride.

The effect of hydrogen chloride addition was investi-
gated in the reaction with acetic acid. The time course
of the formation of aminated products using 0.1 M HCl
(1 M=1 moldm™3) is shown in Fig. 11. In addition to
the direct amination product, glycine, aminated secon-
dary products, methylamine, B-alanine, and aspartic
acid, were synthesized in higher yields. The yield of
glycine is much higher (X30) compared with the yields
without hydrogen chloride. 'When the concentration of
hydrogen chloride was reduced to 0.01 M, the yield of
glycine decreased, but, the yield was still four times
higher than that without hydrogen chloride (Fig. 12).
Therefore, the effect of hydrogen chloride in the reduc-
tive amination by glow discharge in aqueous solution is
significant. Similarly, the effect of hydrogen chloride
in the reductive amination of maleic acid is shown in
Fig. 13. When the concentration of hydrochloric acid
was 0.01 M, the yield of aspartic acid is similar to that
obtained without hydrochloric acid. However, when
the concentration of HCl was increased to 0.1 M, the
yields of aspartic acid and glycine increased roughly
twice. The formation of chlorate ion (ClOs™) was con-
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Fig. 11. The amination of acetic acid by CGDE in the
presence of HCL.
Reaction conditions: 480—500 V, 20 mA, 10—20°C.
Substrate: acetic acid 33 mmol, 0.09M-HCl/
H20O(total 20 ml) —No.

Kaoru Harapa, Shun-ichiro Icari, Toratane Munecumi, Michiaki Taxasaki, and Akira SHIMoyama

[Vol. 64, No. 6

firmed in the reaction mixture by ion chromatography.
This indicates that chloride ion (Cl7) was oxidized to
chlorate ion by hydroxyl radicals (CI~—[ClO™]
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Fig. 12. The amination of acetic acid by CGDE in the
presence of HCL
Reaction conditions: O—O 480—500 V, 20 mA, 10—
20°C. A—A 520—600V, 40 mA, 30—40°C. O—
O 540—640 V, 40—50 mA, 35—45°C.
Substrate: O—O acetic acid 33 mmol, 0.09 M-
HCl(total 20 ml)-Ng; A—A acetic acid 33 mmol,
0.009 M-HCl(total 20 ml)-Ng; [0—0 acetic acid,
H2O(total 20 ml)-Na.
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Fig. 13. The amination of maleic acid by CGDE in the
presence of HCL
Reaction conditions: 440—460 V, 20 mA, 10—20°C.
Substrate: A—A, O—O maleic acid 10 mmol/
0.01M-HCl(total 20 ml)-Ny; H—H, @—@® maleic
acid 10 mmol/0.1M-HCl(total 20 ml)-Na.
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— ClO37). When the Cl™ concentration decreased to
55% of the initial concentration of hydrogen chloride
(0.1 M), the yield of ClO3™ reached 45% after glow
discharge for 12 h. This suggests that Cl~ serves as a
scavenger for hydroxyl radicals, therefore forming rela-
tively reducing reaction conditions, and increasing the
yields of reductive amination products.

The formation of ammonia and nitrate ion from
molecular nitrogen and water is a new type of chemical
reaction that could be regarded as a disproportionation
reaction under high energy conditions. The reaction is
not controlled thermodynamically. The simultaneous
formation of reduced (ammonia) and oxidized (nitrate
ion) compounds could be explained by the decomposi-
tion of nitrogen and water molecules under high energy
conditions and the recombination of the resulting radi-
cals. The active species in the ammination reaction
could be NH or NH: radicals formed by the coupling
reaction of nitrogen and hydrogen atoms generated by
glow discharge. The ratio of ala: 8-ala produced from
propionic acid (1:1.5) was similar to that obtained in
NH radical reaction to propionic acid (1:1.6).%® This
indicates that the amination of carboxylic acid by reduc-
tive fixation of molecular nitrogen under high energy
conditions may proceed via a radical mechanism.

The reductive fixation reaction of molecular nitrogen
with water is not only interesting chemically, but also
interesting from the point of view of chemical evolution.
This type of reaction could be regarded as a model
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experiment to examine the effect of lightning struck on
the hydrosphere in a non-reducing atmosphere (com-
posed mainly of HsO, N2, and COs) on the primitive
earth. The lightning may induce various chemical
reactions under aqueous conditions, which could pro-
duce various bioorganic compounds that cannot arise
thermodynamically.
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