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Spontaneous Appearance of Chirally Asymmetric Steady States
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A chiral symmetry-breaking reaction model was constructed based on the Oregonator model, which was proposed
to explain the oscillatory behavior of the Belousov—Zhabotinskii reaction by Field, Koros, and Noyes. Its symmetry-
breaking transition results in the dominance of one enantiomer, and the disappearance of the other. Depending on the
parameter values, an asymmetric steady state, symmetric steady state, or oscillatory behavior with either the same or
different amplitudes is exhibited. Numerous chemical oscillation systems have been previously reported, and these sys-
tems always include autocatalytic processes. Accordingly, if the autocatalyst in these experimental systems has optical
isomers and each isomer catalyzes its own production, the spontaneous appearance of a chiral symmetry-breaking state is
expected in the chemical oscillation system under the appropriate experimental conditions.

An intrinsic characteristic of living organisms is the pres-
ence of optically active and enantiomerically pure mole-
cules.'"® To date, several studies have attempted to account
for the origin of chiral molecules in nature, however, its true
origin remains unknown. Both biotic and abiotic theories for
the origin of homochirality have been proposed.* Biotic theo-
ries suggest that primitive life emerged in a racemic environ-
ment, and subsequent evolution of this life has gradually se-
lected one enantiomer. In contrast, abiotic theories suggest that
an enantiomeric excess of one isomer was present before prim-
itive life. In short, the formation and evolution of primitive
biomolecules (DNA, RNA, peptides, and biological chemicals)
would have been impossible without the establishment of an
enantiomeric imbalance.®” Abiotic theories suggest that a
small initial inhomogeneity may have occurred either by
chance®® or in a determinate way,'? and that the inhomogene-
ity could be amplified by means of an autocatalytic pro-
cess.>1% Abiotic theories are currently widely accepted, even
though no explicit experimental evidence has been found.

A number of reaction models®'® that explain chiral separa-
tion have been discussed in the context of dissipative struc-
tures far from equilibrium.!” Frank® devised a simple reaction
model with stereoselective autocatalysis and mutual inhibition,
and showed spontaneous appearance of an optically active
state under symmetric conditions. Kondepudi and Nelson
modified Frank’s reaction scheme and have investigated chiral
symmetry-breaking transitions.!3

On the other hand, Soai and co-workers have reported inter-
esting experiments on chiral amplification of a small initial
enantiomeric excess.'®2% In a recent article, they reported a
case in which one of the enantiomers was produced from achi-
ral reactants in the absence of chiral sources.?! This is thought
to be the first article reporting an absolute asymmetric synthe-
sis in the laboratory.

Previously, we reported some hypothetical reaction mod-
els'>1® that can generate and maintain a chiral asymmetric

steady state under far-from-equilibrium conditions. These in-
vestigations suggested that the reaction model of every chemi-
cal oscillation system could be easily rewritten into a reaction
model with chiral symmetry-breaking states. Thus, if the reac-
tion intermediates of a chemical oscillation system are chiral
and possess enantiomers, the spontaneous appearance of a
chiral asymmetric state is expected.

The Belousov—Zhabotinskii (BZ) reaction?> is the most
widely investigated chemical oscillation system. The reaction
has been thoroughly investigated by Field, Koros, and
Noyes.?* Furthermore, the kinetic mechanism giving rise to
the oscillation is now believed to be well-established. In these
investigations, eleven reactions were studied in order to ac-
count for the qualitative and quantitative observations in the
BZ reaction.?»?* The reaction mechanism is referred to as
the FKN mechanism. A simplified three-variable Oregonator?
has been constructed for this mechanism. This simplified
mechanism has been used for investigations of chemical insta-
bilities and oscillations. Tyson transformed the rate equations
for the Oregonator model to the dimensionless form.2* Herein,
we modify the Oregonator scheme to a reaction model for
chiral symmetry-breaking behavior.

Oregonator Model

The Oregonator model for the B—Z reaction in open systems

is given by the following equations:?®
A+Y 5 X 4P, (1)
A+X 50X 427, 2)
X+Y -5 2p, 3)
X X5 A 4P, )
B+7 2, (g) Y, )

Published on the web June 13, 2007; doi:10.1246/bcsj.80.1099



1100 Bull. Chem. Soc. Jpn. Vol. 80, No. 6 (2007)

where the concentrations of A and B are assumed to be con-
stant. As the oregonator is a reduced simple model from the
complicated FKN mechanism, the parameter f involves vari-
ous types of approximation in the reduction.’® The concentra-
tions of the respective chemical species are denoted in italics,
thus giving the following rate equations for the concentrations
of X, Y, and Z, respectively:

dx )

5 = FIAY +RAX — kXY = 2kX°, (©6)
W Ay —ksxy + Lispz )
dr 1 3 B 504,

dz

Here, according to Tyson’s method,? where
x:X/Xo, y:Y/Yo, Z:Z/Zo and T:I/TQ. (9)

Eqs. 6-8 can be rewritten into the following dimensionless
rate equations:

E—= +x(1 —x) (10)
g = vl -,

o ¥ +f (11)
_— = — — X 5
o q —xy+fz

dz

— =Xx—2 12

dt T (12)

where

Xo = koA /2ks, Yo = koA /ks, Zo = (kaA)?/ksksB,

To = 1/ksB, € = ksB/kA,

o = 2k4ksB/k2k3A and q= 2k]k4/k2k3 (13)
If ky = 1.28, ky = 8.0, k3 = 8.0 x 10°, ks = 2.0 x 103, ks =

1.0, A = 0.06, and B = 0.02, the parameters €, o, and g are
then20

€=4x102% 0=2x10"% and ¢g=8x107% (14

Substitution of dx/dt = dy/dt = dz/dt = 0, and x # 0O into
Eqgs. 10-12 gives

P +g—Dx—(1+fg=0 (15)

for the real steady state of the Oregonator model. The positive
solution of this equation is denoted by x, in which the sub-
script s denotes steady state (or symmetric steady state) here-
after. Then,

N
T g+

(16)

and
Ts = Xg. (17)

According to the ordinary linearized stability analysis,!” the
steady state is unstable when 0.523 < f < 2.309, over which
oscillatory behavior occurs.

Symmetry-Breaking Transition

Here, let X and Y be chiral compounds. That is, X can be
defined by its enantiomers X|, and Xp, and Y by its enantiom-
ers, Y1, and Yp. Then, reaction model 1-5 can be rewritten as

Appearance of Chirally Asymmetric States

A+Yp—s Xp+P,  (18)
A+ Xp —25 2Xp + 27, (19)

A+Y, — X, +P,
A+ X —25 20X, + 27,

X+ YL —5 2P, Xp + Yp —> 2P, (20)
2X, —5 A 4P, Xp —5 A+P,  @2I)

f

B4+7Z 2, (§>YL, B4+7Z 2, (§>YD. (22)

And the rate equations have the following forms

dx; ,
? = k1AYL + kb AX, — k3 X1 YL — 2ka X1, 23)
dXp ,
5 = hAYp + kaAXo — kiXpYp — 2KiXp’. (24)
dy. f
? = —kiAYL, — kX YL + §k5BZ, (25)
dYp f
O = —k1AYp — ks XpYp + §k5BZ, (26)
dz
T = 2k, A(Xy, + Xp) — 2ksBZ. 27
The dimensionless rate equations are?*
dx
& Pl ATt B +x (1 —xp), (28)
dxp
& ar = o oy + xp(1 — xp), (29)
dyr
0 —— = —qyL — xLyL + JZ, (30)
dt
ody—D = — — xpyp + fz 31)
dr q9YD DYD 5
dz
— =x+xp—2z (32)
dt
where

xr, = X1/Xo, xp = Xp/Xo, y. = YL/Yo, yp = Yp/Yo,
2=2Z/Zy, T=1t/Ty, Xo = koA/2ks, Yo = koA/k3,
Zy = (kyA)? JksksB, Ty = 1/ksB, € = ksB/k)A,
0 = 2ksksB/krksA, and g = 2kiky/koks. (33)
In the following calculations, the same values as those used
for Eq. 14 were used.

As dx;/dT = dxp/dT = dyL/dT = dyp/dT = dz/dT =0 at
the steady states, we get

gyL —xLyL +x(l —x) =0, (34)
gyp — xpyp + xp(1 —xp) =0, (35)
—gyu—xyL+fz2=0, (36)
—qyp —xpyp + f2=0, (37
XL +xp —2z=0. (38)

In order to obtain the asymmetric solution (xp # xp) to

Egs. 34-38, o = xp. +xp and B = x_xp were substituted into
Egs. 34-38, and the following equations were derived.
20° + (4g + f — Ha® + 2 +2¢° + 2fq — 6 — fa

+29(1—g) =0, (39)

B=—"—lo+(q+f—Da—gl (40)
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Fig. 1. Symmetric and asymmetric steady-state loci of the

chiral symmetry-breaking chemical system. The locus x
represents the symmetric steady state, which is calculated
from Eq. 15, where € =4 x 1072, 0 =2 x 107%, and
g=8x107%

In the range 0 < f < 3, Egs. 39 and 40 give two positive
solutions &) and &, (&} > ), and the corresponding values
for B, and B,. These give x;, and xp, which are plotted in
Fig. 1. When 0 < f < 0.502, ) and f3; give positive real val-
ues for x;, and xp, and imaginary values in the range f >
0.502. On the other hand, o, and B, give positive real values
for xp and xp in the range 0 < f < 2.406, beyond which xi,
and xp become imaginary. These are compiled in Fig. 1.

The symmetric steady states for the reaction model 18—
22 are also determined by setting x, = xp and yp = yp in
Eqgs. 34-38, giving the same equations as shown in 15-17.
The symmetric steady states are also shown in Fig. 1. The lo-
cal stability of each steady state was determined according to
the ordinary linearized stability analysis.!” The stable and un-
stable steady states are shown by solid and dotted lines respec-
tively. The symmetric steady states are unstable in the range
0.502 < f < 2.406, in which either an asymmetric steady state
or oscillatory behavior occurs.

In the range 0 < f <0.501, there are two asymmetric
steady states and one symmetric steady state. As one of the
asymmetric steady states is unstable, either a symmetric or
asymmetric steady state emerges, depending on the initial
state. On the other hand, as the asymmetric steady state only
is stable when 0.502 < f < 1.083, it appears independently
of the initial state. This suggests that the asymmetric steady
state appears eventually, even if the initial state is in the vicin-
ity of the symmetric steady state. An example is shown in
Fig. 2.

When 1.084 < f < 2.382, both the symmetric and asym-
metric steady states are unstable and, therefore, the system
falls into an oscillatory state. In the range 1.084 < f < 2.188,
xr, and xp oscillate simultaneously with the same amplitude
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Fig. 2. Time evolution of xi, and xp starting from a vicinity
of the symmetric steady state (x, = x, + 1072, xp = x,,
YL = Ys, YD = Vs, 2 = Zs)- Xs, Vs, and zg are calculated from
Egs. 15-17. f=1.0, €=4 x 1072, 0 =2 x 10~*, and
qg=8x107%
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Fig. 3. Time evolution of x; and xp starting from the vicin-
ity of the symmetric steady state (xp = x, + 10712, xp =
Xss YL = Vs YD = Vs, 2 = Zs)- Xs, Vs, and zg are calculated
from Eqs. 15-17. f =2.39, &€ =4 x 1072, 0 =2 x 1074,
and ¢ = 8 x 107%.

and phase, but oscillate with different amplitudes when
2.189 < f < 2.382. The change in the oscillation mode occurs
suddenly and distinctly at f = 2.188.

The asymmetric steady states stabilize again when
2.383 < f < 2.406, which occurs independently of the initial
state. Figure 3 shows the case in which f = 2.39. When
f > 2.407, only the symmetric steady state appears.

The BZ reaction is an oxidation reaction of malonic acid by
acid bromate ion, and is catalyzed by a cerium(IIl) and (IV)
couple. Though the mechanism of the BZ reaction is extremely
complicated, and includes more than 20 steps,?’ the key reac-
tions giving rise to oscillation are summarized in the Oregona-
tor model, in which the following reagents are essential.

X = HBrO,, Y = Br—, Z = Ce"V.

As X and Y are achiral chemical reagents, we cannot expect
the construction of an experimental chiral symmetry-breaking
system from the BZ reaction. However, if an experimental
chemical oscillation system whose intermediates are chiral
and self-reproducing is identified sometime in the future, then
spontaneous appearance of a chirally asymmetric state may be
realized in the laboratory. This may be feasible, because chem-
ical oscillation systems are not unusual,?® and various different
systems are expected to be identified in the future.
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