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International Conference on Solution Chemistry, August 20 - 25, 2005, Portoroz,
Slovenia
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peroxiddal és peroxomonoszulfationnal (Stoichiometric and catalytic reactions of the
water-soluble porphyrin Fe"'(TPPS) with hydrogen peroxide and peroxomonosulfate
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amplification of ee cannot occur. This result is noteworthy,
because it was recently shown by Lente (33) in a discrete
modeling approach that a final ee # 0 can be obtained with the
same autocatalytic model but omitting the mutunal inhibition
step. However, there is no contradiction between this result and
ours becanse this discrepancy is only apparent. In the discrete
approach, there is no amplification of ee at all because the
reproduction of a uwigue molecule is considered and, obviously,
asingle chiral molecule always is enantiopure. Our deterministic
simulations of model 1 can also generate this effect by taking
appropriate parameter values in accordance with the simulations
of Lente.l

ls = 0, [Rla = 1.66 = 10-2 0, i.e., 1/ tAvogadro’s number) for 3 unigue molecule, and
el [Adn = 10—23 Ramarkably, such avalue fits well the Lente parameater au = ki /knfialf
(W, sample wolume) in which mirer-symmetry breaking ocurs at s > 0.5, Lsing the
relationship ko [Alo = 1/ e VA, one arrives at kodio Al < 10-23
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In the absence of recycling (1 — (), there is no reason that
the final probability distribution takes the form given by the
detailed balance condition, because there is no back reaction
to balance with the production, but it is interesting to
cxamine Py in the limit A — 0. Since all the substrate
molecules turn into chiral products, Ny should be zero so
that Pg(Ny = 0, Ng, Ng) = (. Thus, the final state lies on a
fixed line » + 5 = ¢ or Ng + Ng = N. The probability (27) in
this limit takes a binomial distribution along the fixed line as

N! by
Pi(O,Ng. N —Ng) = —— | =] . 30
(0, Ng ®) NIV — Nyl (2) (30)
This result is identical with the solution obtained by
Lent, who analyzed the same system with no recyling
assuming a complete achiral state (N,0,0) as the initial
condition.?**%

In fact, for 4 —= 0, eq. (17) tells us that the final
probability is nonzero only along the fixed line Ny = 0, or
Npg + Ng = N, in the Ng—Nj phase space, and the normalized
probability is calculated explicitly as
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Activation Parameters. Standard enthalpies and entropies
of activation were computed for all of the 25 chlorination
reactions from the individual temperatuire dependence of their
rate constants in terms of the Eyring equation written in the
form of eq 5. As Lente et al 42 commented recently, A®S” values
caleulated from the best fitting parameters in eq 5 are as reliable
as the corresponding A*H® values. These aclivation parameters
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ADDITIONS AND
CORRECTIONS

The Chlorate—lodine Clock Reaction [/ Am. Chem.
Soc. 2005, 127 18022-18023). Andre P. Oliveira and
Roberto B. Faria®

Recent results on the chlorate—iodine clock reaction (Galadja,
M., Lent, G.; Fabian, 1. J. Adm. Chem. Soc. 2007, 129, 7738
7739) demonstrate that the reaction 1s imhated by UV light from
the deuterium lamp employed in the diode-array spectropho-
tometer. These authors have shown that the UV light dissociates
Iz, forming I* radicals that start the autocatalytic clock behavior.
We did not consider the effect of light in our original
mechanistic interpretation. Based on these new results, the
chlorate—iodine reaction is the first example of a clock reaction
induced by hight, and the mechanism proposed by Galadja, Lent,
and Fabian must be used to explain this clock reaction.
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10.1021/ja076895y
Published on Web 06/19/2007

8668 = J. AM. CHEM. SOC. 2007, 129, 8668



5

5. Chen, W.; Lu, W.; Yao, Y.; Xu, M. Environ. Sci. Technol., 2007, 41, 6240.

other aromatics (21, 22). Lente and Espenson summarized
different iron-based catalysts using H.0, as a sole oxidant,
which have 4 N donor atoms in a planar arrangement
surrounding the metal center (23). It should be emphasized
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Stochastic Fluctuations and Chiral Symmetry Breaking: Exact Solution of Lente Model®
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The stochastic description for the autocatalytic process has been proposed by Lente (/. Phys. Chem. .4 2004,
108, 9475) to demonstrate chiral symmetry breaking. He assumed that the number of reacting molecules is
macroscopic and that no produets are present initially. The Lente model consisting of a finite number of
molecules that may include the product molecules as chiral seeds 1s explored and the charactenistics of stochastic
distributions of the product are examined. It is shown that the presence of racemic product in the substrate
reduces the possibility of chiral symmetry breaking while a few more molecules of a specific enantiomer
added can yield chiral dominance for strong autocatalysis, Besides, small reactive volumes or dense reactant
concentrations have a preference for chiral symmetric breaking.

Several kinetic models were suggested for chiral symmetry
breaking i crystallization and Soai reaction,™” but the proposed
mechanisms are far from conclusive. Recognizing the particulate
feature of molecules, Lente put forward a stochastic model to
explain the chiral symmetry breaking in autocatalytic reactions '
He considered the case where no chiral product exsts at the
beginning of the reaction and used the cumulative distribution
function as the quantity for experimental verification. In faet,
when the number of molecules becomes small, the deterministic
theory of chemical kinetics is no longer valid, and the stochastic
theory characterizing the indeterministic behavior for the
individual molecules should be used to describe the dynamical
processes. An extreme example is a prochiral reaction with one
reactant molecule in the container. Without any chiral influences,
the very one molecule produced must randomly choose a
specific configuration between its two enantiomers. One may
think that as the number of molecules becomes macroscopic,
the racemic product is most dominant. This, as shown in ref 10
is only true when the antocatalysis is very weak and asymmetric
outcomes are the most probable for sufficiently strong autoca-
talysis,

The stochastic model needs to be further explored. In
particular, because it is the particulate feature of molecules that
makes the chemical reactions intrinsically stochastic, to reveal
the interplay between the number of molecules the presence of
clural product and the symmetry breaking, which has not been
examined in ref 10, is desired. To this end, we define direct
statistical measures for experiments and analyze how the initial
product molecules control the chiral vields. We start with the
prochiral reaction with autocatalysis, which is well described
by the following steps'®

k

1 1
/J*EBR+EBS (la)
¥y
A+ B, 2B, (1b)
i
A+ By—>2B, (e

To summarize, we have studied the Lente model in a general
case and have derived the exact expression for the mean and
standard deviation of the ee value for the chiral product. It 1s
observed that racemic product added in the reaction is detri-
mental to chiral symmetry breaking while the presence of chiral
seeds helps enantioselectivity. The relationship between the

(10} Lente, G, J Phys, Chem. 4 2004, [0S, 5475, 2005, 109, 11058,
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carbon) removal rate was constant over 5.5 mM Oxone [29,30].

These trends are similar to the pattern observed in our study. The

reason could be the radical scavenging effect which competes

with PCP and reduce the reaction rates. In a previous study on the

degradation of 2.4,6-trichlorophenol by H20> and Oxone using

complex iron activators based on ligands of nitrogen. Lente et al.

[33] reported the formation of C17 in the primary reaction and

Oxone oxidizing it to chlorine gas under catalytic conditions.

132] R.A. Sheldon, J.K. Kochi (Eds.), Metal Catalyzed Oxidations of Organic 1 Nis reaction is not desirable as it consumes oxidizing agent
Compounds, Academic Press, New York, 1981. and generates a toxic gas. The consumption of oxidant could be

[33] G. Lente, I.H. Espenson, Green Chem. 7 (2004) 28-34. the possible reason for the reduced rates with Oxone and UV in
[34] R.J. Watts, M.D. Udell, S. Kong, S.W. Leung. Environ. Eng. Sci. 16 (1999) . .
9103 our study.
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The UV/Vis measurements carried out on the futriafol
warking solution showed change in the absorbance spectra
of flutriafol during contact with ZVL lHowever, this abser-
vation is perceptible just at the beginning of the experiment
(7= 15 min) hefore the formation of a high concentration
of iren phosphate complex (7 15 min) masking the
absarbance of all by-products. This complex presents two
broad absorption bands cxtending from 280 ta 240 nm
and from 240 to 194 nm, respectively with a maximum at
275 nm. The iron phosphate complex is attributed to the
formation of Fell.POSY and FePO, summarized as fol-
lows (Lente ot al., 2000):

et 4+ 15, PO; = bel1,PO" n
tett 1L, PO; = BePO, + 211+ 2
e’ + 011 = be (011 3
2he + 20107 = ke 0113 4)
20,018 + P(V) = be,BY (3)

All the above-mentioned cquations most probably occur in
our cxperimental conditions but at different rates. bor
example, the metal cations (be*™) hydrolysis reactions
(Lqgs. (3} (3]} should take place at a very high rate if the
solution was free of phosphate; however, in the presenee
of phosphate anions, the hydrolysis reaction decreascs
while iron phosphate complex formation increases (Ligs.
(1) and (2]). As the reaction progresses, ferric cations are
produced at the same time as their complexation with
phosphate anions to form bePY, a tetranuclear iron phos.
phate complex (Lente ot al., 2000,

)

Lente. G, Mugalhies, MEA_, Fibidn, L %00, Kincties und meehanism
of eomplex formation reactions in the irom11Th phosphate ion system
s iront111) excess. Formation of 4 wtrunudleur complex. Inory.

Chem. W, 1950 1954
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EXAMPLE OF A DETERMINISTIC MECHANISM:
PARITY VIOLATION

It has been argued that a parity-violating force such as
interaction of the valence and core electrons with the
atomic nuclei by the weak force can cause a small energy
difference Ak, between two enantiomers. This energy dif-
ference has been calculated for amino acids and sugars
(see e.g. the discussion in'®). Values range around AE,,
107 J mol ™1, ¥¥1424%6 which is 4 x 10~ kgT for T near
room temperature. In equilibrium, the relative concentra-
tions (probabilities p and ¢) of the two isomers will then
deviate from (0.5 by +¢, with

& = AFyy /4kpT = 10717 (3)

as derived by Lente,”” for example. To judge whether & is
statistically significant, Lente?” derives and calculates a
function R(N), the excess probability for formation of the
more stable enantiomer; it is illustrated in Figure 1. He
finds that R reaches a sufficiently high level (0.2-0.5) only,
if the total ensemble comprises N = 10%-10°* molecules.
‘This seems an unreasonably large number of initial mole-
cules (amino acids are assumed in®’; see, however, Sec-
tion Homochirality probably originates from RNA-like
oligomers, not from small molecules), from which life

would have emerged. Lente concludes that even if AE,,

27, Lemie G, Sinchastic analysis of the parityiclating energy difforence
Tetween enantionsers and its implications for the origin of bickgical
chirality. J Phys Chem A 2006:110:12711-12713,

28 Kuhn H. Modell des Selbstonganisation und Pribiatischen Evolution,
In: Hoppe W, Lohmann W, Markl H, Ziegler H. cditors. Biophysik, ein
Lehirbuch. Berkn: Speirger, 1978; clapler 18,11, p G62-688

29, Kuhn H, Kulm L Diversified world: drive to liie's origin? Angew
Chem Int E 5.

30, Cintas P, El symanetry and bochirslity: no leager twinned.
Chem Hl,’\ Cheen 2001: 2405410,

31. Hochstim AR. Nonknear mathematical models for the erigin of ssym-

metry in bokogical molecules. Orig Life 197553 17-366.
2. Lente G, The effect of parity vioktion on kinetic models of enantiose-
lective sutocatalysis. Plys Chem Chem Pliys 2007 2:6134-5141.

33, Buchardt 0. Photochemisiry with droubwrly polarized light Angew

Clyer Int Ed 1974;13:179-185.

B

were 34 orders of magnitude largcr, parity violation could
not have caused homachirality.

I would like to use a more direct argument, which leads
to the same conclusion without much calculation: An enan-
tiomer excess e¢ predicted by parity violation as small as
ee =26 =2 % 10”7 is smaller than the standard deviation
expected due to the statistics of an ensemble of upto N <
0.25 % 10* molecules (eq. 2), the discrepancy becoming
larger for smaller N. Generally, one deduces from eq. 2 the
minimum number of molecules Ny, which is required
for any deterministic mechanism to be competitive with
the chance mechanism in producing a relative enantio-
meric excess ee

Npin = (€772 or Ny = 025672 (4)

K N < Ny, the ee expected from the chance mecha-
nism (ee = 2a/N) will be larger than the deterministic ee
(ee = 2e), and any detected ee must in this case be considered
accidental. In this case, the envisaged deterministic effect
is not statistically significant. The cases N < Ny, and N =
N are shown in Figs. 1a and 1b.

It may be helpful to illustrate these statements further.
The number Ny, = 2.5 % 10% given above for the parity-
wolatlon mechanism would correspond to about (2.5-6) =
10t kg of a selfreplicating molecule, if this is assumed to
be a shortchain RNA with about 20-50 bases. This can be
compared with the contents of a pore, which is discussed
as the probable location of the emergence of self-replicat-
ing systems ."*#**¥ Sp_ even if the magnitude of AE is as
large as calculated (for doubts, in particular also caused
by the conformer dependence, see”'**#3 and also the
discussion in'®) or several orders of magnitude larger, one
showld not consider the parify-violafing force a cause of
binlagical homochirality. Fluctuations of a different kind (in
subsequent chirality-amplification reactions) have already
in 1975 been invoked against an importance of parity viola-
tion.*! Very recently, Lente extended his statistical treat-
ment, cons:dcnng now also such subsequent autocatalytic
reactions.”” He finds that then N;, becomes even much
more unrealistic.
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Lente proposed a discrete-state stochastic modeling approach in which
chiral amplification could be described by a quadratic autocatalytic model
without considering cross-inhibition [67, 68]. However, the discrepancy be-
tween the usually employed deterministic kinetic approach, which reinforces
the need for cross-inhibition, and the discrete-state stochastic approach is
only apparent. The discrete approach considers the repetitive reproduction
of single melecules which, in the case of a chiral system, obviously are in-
dividually all enantiomerically pure, Hence, basically ne amplification of the
ee occurs at all during the discrete scenario. It has been indicated that deter-
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