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Abstract Natural-abundance isotopic substitution in isotopically prochiral groups of
otherwise achiral molecules can provide stochastically formed enantiomeric excesses
which exceed the sensitivity threshold of sensitive asymmetric autocatalytic (Soai-type)
reactions. This kind of induction of chirality should be taken into consideration in in vitro
model experiments and offer a new kind of entry into primary prebiotic or early biotic
enantioselection in the earliest stages of molecular evolution.
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Introduction

Chirality due to different isotopes of an element, bound to the same stereocenter, which
becomes chiral only through the difference between these isotopes (Scheme 1) was studied
primarily with the H/D pair (Arigoni and Eliel 1969; Barth and Djerassi 1981; Pracejus
1966; Galimov 1985; Griffith 1998; Schmidt 2003; Tcherkez and Farquhar 2005). These
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studies were mostly aimed at the exploration of reaction mechanisms. To the best of our
knowledge, the aspect of chirality in the context of biological isotope fractionation
phenomena was not investigated (Galimov 1985, 2004, 2006a, b; Galimov and Polyakov
1990; Nakashima et al. 2001; Pizzarello et al. 2004; Schidlowski 2002; Schmidt 2003;
Schmidt et al. 2003; Verbit 1970). In the present paper we point out another neglected
aspect of this field: the chirality due to isotopes, by the spontaneous (stochastic) formation
of enantiomeric excesses from natural-abundance quantities of stable isotopes. Some
consequences of this phenomenon will also be discussed, with particular attention to the not
yet resolved problem(s) of the origin of biological chirality (Avalos et al. 1998; Avetisov
2002; Avetisov and Goldanskii 1996; Berger et al. 2005; Blackmond and Matar 2008;
Bushman et al. 2000; Caglioti et al. 2006a, b; Cline 1996; Compton and Pagni 2002; Fujii
and Saito 2004; Keszthelyi 1995; Kondepudi and Asakura 2001; Pályi et al. 1999, 2003,
2004).

Natural Abundance Isotope Chirality

Several molecules contain achiral groups, which constitute a potentially chirogenic center
with two atoms of the same isotope of an element bounded to this central atom. Such
groups could be regarded as prochiral in the sense, that these groups become
configurationally chiral by substitution of one of the two equal isotopic atoms by another
isotope of the same element (Scheme 1). Compounds of this type can be prepared by
routine preparative techniques from isotopically enriched reagents. A neglected aspect of
this chemistry is, however, the spontaneous formation of such centers of configurational
chirality in substances which are usually regarded as achiral or in achiral groups of
otherwise chiral compounds. This phenomenon does not lead to effects which could be
observed by conventional instrumentation or reactivity, and thus can be classified justly as a
case of “cryptochirality”, using the denomination ingeniously coined by Mislow (Mislow
2003; Mislow and Bickart 1976/1977). Because of the absence of observable effects,
natural abundance isotope chirality is not considered in common chemical thinking. The
discovery of asymmetric autocatalysis (Soai 2002; Soai and Sato 2001, 2002; Soai et al.
1995, 2004) and its extremely sensitive variant, which can be used (Caglioti et al. 2006a, b;
Kawasaki et al. 2006a; Singleton and Vo 2002, 2003; Soai et al. 2003) for “absolute
enantioselective synthesis” (AES) in the most rigorous sense of the word (Avalos et al.
1998; Bredig et al. 1923; Feringa and van Delden 1999; Frank 1953; Mislow 2003; Pályi et
al. 2005) fundamentally changed this picture. It has been shown (Micskei et al. 2006a, b;
Sato et al. 2003), that the AES by the Soai-autocatalysis is the consequence of the chiral
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induction of a very low number of molecules (in the order of e.e. 10–10–10–12%). Even
more important, such calculations indicate that macroscopically observable chirality could
be achieved in the Soai system by the induction of an enantiomeric excess of only one
molecule (Caglioti et al. 2005, 2007). The Soai-autocatalysis was documented for the C-
alkylation of N-heterocyclic carboxaldehydes by dialkylzinc reagents (Scheme 2)
(Soai 2002; Soai and Sato 2001, 2002; Soai et al. 2004). Even if generalizations of this
particularly important discovery have not yet been reported, its existence proves that such
sensitive autocatalytic reactions are an experimental reality. The sensitivity of this reaction
was proved not only by the realization of AES, but also by its responsiveness to very low
amounts of chiral additives (Kawasaki et al. 2006b; Lutz et al. 2004, 2005; Sato et al. 2003,
2007). Thus it has been reported that chiral induction can be initiated by low amounts of an
isotopically chiral (deuterated) additive (Sato et al. 2000).

The observations and considerations described above prompted us to devote attention to
quantitative aspects of isotopically chiral compounds, where the chirality is derived from
natural abundance of isotopes. We considered mostly organic compounds, where usually
the natural abundance isotope chirality derives from 1H-to-2D or 12C-to-13C or 14N-to-15N
or 16O-to-17O+18O substitution, but evidently also other stable natural isotope pairs as e.g.
35Cl/37Cl could lead to similar stereochemical consequences.

The calculations were based on the standard list of natural isotope abundances (Weast
1989/1990) and elementary principles of probability theory and combinatorics (Reimann
1989; Rényi 1970). Calculated e.e. (%) values, which can be expected with at least 50%
probability, were obtained for 1 mol quantities by the Pars–Mills formula (Mills 1932)
(Scheme 3 and Appendix I.). The results are listed in Table 1 for some common organic
compounds, including a few molecules with eminent biological importance. It should be
noted that the expected e.e. values increase with decreasing sample size. (Some examples of
this effect are also shown in Table 1).

The e.e. values reported in Table 1 are relatively high, with respect to the sensitivity
threshold of the Soai-autocatalysis. This has a practical consequence, that is: in AES
experiments it appears to be recommendable to avoid molecules as solvents (or any other
kind of additives) which could lead to isotope chirality by natural abundance. To the best of
our knowledge natural-abundance isotope-free solvents or other chemical reagents are not
commercially available and if such substances could be reliably prepared, the costs would
be extremely high.

A general and important consequence of the above, is that this effect could have been
one of the influences which ultimately triggered the evolution of biological (or
prebiological) enantioselection (Fujii and Saito 2004; Pályi et al. 1999, 2003, 2004).

Scheme 2 Example of Soai-autocatalysis
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One should note at this point, that due to the mathematical structure of the Pars–Mills
formula, the expected stochastic enantiomeric excesses (e.e.1/2) in isotope substituted
species (for example in natural abundance chiral molecules derived from H-to-D
substitution) are higher than enantiomeric excesses obtained by stochastic fluctuations in
achiral-to-chiral reactions conducted in the same sample size (for the apha-methylene group
in CH3CH2R, for example, by a factor of ∼60). On the other hand, the stochastic
fluctuations in the latter example yield higher absolute enantiomeric excess quantities. The
difference of the absolute quantities decreases considerably by decreasing sample size. (An
example is shown in Appendix II.)

A very important biologically active molecule which is included in Table 1 is glycine
(Gly), which is generally regarded as the only natural (proteinogenic) alpha-amino acid
which is achiral. The possibility of natural abundance isotope chirality in Gly could lead to
speculations as to whether the isotope-chiral forms of Gly were also involved in events of
the “primary enantioselection”. This possibility is important also in the light of suggestions
that Gly is one of the most “archaic” amino acids (Wong and Xue 2002).

The above considerations relate to 1H/2D substitutions in H-containing molecules. Such
molecules are important because of the large (relative) mass difference (100%) between
hydrogen isotopes, on the other hand the natural abundance of deuterium is fairly low
(0.0156 atom %). The stable isotopes of carbon (12C and 13C) show different features. Here
the natural (“inorganic”) abundance of the heavy isotope is much higher (1.10 atom %), but
the relative mass difference is much lower (8.3%). Relative abundances of the pairs 14N/15N
or 16O/17O+18O are intermediate, while the mass differences are similar to that at carbon:
7.1, 6.3 and 12.5% respectively. Strangely, biological systems show more important isotope
effects with carbon than with deuterium. The non-chiral aspects of biological isotope effects
have been abundantly documented, especially in the light of identification of archaic
carbon-containing materials of suspected biological origin (Galimov 1985, 2004, 2006a, b;
Galimov and Polyakov 1990; Schidlowski 2002; Schmidt 2003).

Some biologically important molecules however can generate new centers of chirality
through 12C-to-13C substitution. A simple example of this is iso-propanol (or its esters)
(Table 1), where 13C substitution in one of the methyl groups generates a new center of
chirality on 2-C. An example of exchange of either carbon or oxygen isotopes, leading to a
chiral derivative is represented by the simplest “achiral” carbohydrate glycerol. Chirality by
N isotope exchange was exemplified by derivatives of methylmalonic acid in Table 1.

Some achiral biologically important molecules, as citric acid (Table 1) can show both
effects, either exchanging one of its 1H atoms on one of the methylene groups for
deuterium, or exchanging one 12C either in one methylene group or in one of its terminal
carboxyl groups for 13C.

At almost all proteinogenic amino acids (except Gly, Ala and Thr) the isotope exchange
at certain points of the molecule results in diastereomers. There are various possibilities for
this: a deuterium atom in methylene groups yield one (Leu, Ile, Ser, Cys, Phe, Tyr, Trp, His,
Asp, Asn), two (Met, Glu, Gln), three (Pro, Arg) or even four (Lys) new centers of chirality,

P = q • px P • N = n (%)
5.67

.. 2/1 n
ee =

Scheme 3 Scheme of calculation. P Probability of the formation of an isotope chiral isomer, p,q natural
abundances, x atoms of the more abundant isotope in the molecule in prochiral groups, N Avogadro number
(6.022×1023), n number of isotope chiral molecules, e.e. enantiomeric excess expected with ≥50%
probability (Mills 1932) [%], e.e. 100|R−S|/(R+S), R,S molar quantities of the R or S enantiomers of a chiral
molecule
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Table 1 Expected enantiomeric excesses (e.e.%) from natural abundance isotopic chirality by one isotope
substitution

Compounda 
Sample 

size 

Expected 

e.e.(%)b 
Isotopes, abundance (%) 

CH3-CH2-OH 1 mol 4.927×10-9
 

NH2-CH2-COOH 1 mol 4.927×10-9 

1 mol 3.483×10-9 

1 mmol 1.102×10-7 

1 µmol 3.483×10-6 

1 nmol 1.102×10-4 

1 pmol 3.483×10-3 

CH3-CH2-O-CH2-CH3 

1 fmol 1.102×10-1 

H2C
H2
C

H2C C
H2

O

αβ

αβ  

1 mol 

α: 3.483×10-9 

β: 3.483×10-9 

Σ: 6.966×10-9 

H2
C

H2
C

C
H2

C
H2

OO

α α

αα  

1 mol 6.966×10-9 

1H 99.9844 

2D 0.0156 

CH3-CH(OH)-CH3 1 mol 5.897×10-10 12C 98.9 13C 1.10 

CH3-CH(CN)2 

CH3-CH[C(O)NH2]2 
1 mol 1.013×10-9 14N 99.63 15N 0.37 

 

CH2

CH

CH2

OH

OH

OH

 

1 mol 3.999×10-19 16O 99.763 17O+18O 0.237 

PhCHCl2 1 mol 1.436×10-10 35Cl 75.77 37Cl 24.23 

a Possible sites of substitution by boldface letters
b Expected e.e. with ≥50% probability, according to the Pars–Mills equation
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introduction of 13C into terminal methyl groups of branched chain structures yield
diastereomers at two amino acids, Val and Leu. Leu is the only one where both effects can
develop. The importance of the formation of such diastereomeric compounds derives from
the fact that in this manner mono-chiral molecules can “escape” the thermodynamic
limitation of equal energies of enantiomeric pairs. Whether these effects can also have an
enantioselective influence on oligo- and polymerization (Green et al. 1999) and other
reactions of these amino acids is not yet documented experimentally, but it appears to be
certainly an attractive research goal.

The formation of diastereomers through natural abundance isotope substitution is
obviously possible for a very large number of biologically active chiral molecules. Here we
would like to point out only one highly interesting example: 2-desoxy-D-ribose is one of the
fundamental components of the genetic information carrier DNA. If the 2-methylene group
in this molecule gets mono-deuterated the 2-C atom becomes chiral. If the structure of
D-ribose was already (enantioselectively) synthesized, the “rest” of the molecule (three
chiral C atoms) may certainly accomplish a certain degree of chiral induction. Neglecting
eventual inductive effects, by pure stochastic formalism e.e.1/2∼7.1×10–2% can be
calculated for one molecule of human DNA (3×109 base) where 9.36×105 nucleotides
are expected to bear mono-D substitution in their 2-methylene groups. Whether the
concentration of these “new” stereocenters have any effect on the genetic behaviour of
DNA is still to be cleared up. It should be added, that if one of the two non-esterified
oxygens is substituted by one of the heavier isotopes of oxygen, the phosphorous atom also
becomes chiral, which yields similar quantities of P-chirality in DNA (or RNA) with
consequences not yet fully explored (Potter et al. 1983).

There have been very few studies on isotope-generated chirality in biochemistry
(Battersby 1985; Stevens et al. 2005). The above results indicate that such studies would be
highly interesting both from theoretical and practical viewpoints.

It should be noted that the calculations reported above were made considering average
(“inorganic”) isotope abundance values (Weast 1989/1990). These data could be refined by
taking into consideration isotope fractionation effects due to thermodynamic (Bottinga
1969; Galimov 1985, 2006a, b; Urey 1947) or kinetic (Schmidt 2003) factors. Biological
fractionation appears to be controlled by thermodynamics (Galimov 1985, 2006a, b). Here
the equations deduced by Urey (1947) and Galimov (1971, 1985, 2006a, b) can be used
(Appendix III). These calculations have shown that the symmetry combinations do not
influence substantially the fractionation of isotopes (therefore also not the chirality), but do
affect the strengths of the corresponding bonds (considered in the β-factor values in these
equations). These differences are highly important for biochemical (e.g. metabolic) studies
but do not influence the orders of magnitude of the e.e.1/2 values shown in Table 1.

Conclusions

The spontaneous emergence of enantiomeric chiral excesses as a result of the effects of
natural abundance isotope chirality was analyzed quantitatively for stable hydrogen and
carbon isotopes in simple organic and biologically active molecules. The expected excesses
are in the range of sensitivity of the only experimentally documented example of
asymmetric autocatalysis and its absolute enantioselective synthesis variant. Several
biologically important molecules, for example 17 from the 20 proteinogenic natural amino
acids or 2-desoxy-D-ribose, yield diastereomers by the same mechanism. The results prompt
us to speculate that this kind of spontaneous chirality could have had a role in the initial
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phase of the development of chirality in prebiotic or early biological evolution. The
possibility of testing experimentally these suggestions should also be considered.
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Appendix

I. The Pars–Mills equation (Mills 1932; Mislow 2003; Pályi et al. 2005) was published
only in its final form. Here we describe its mathematical deduction.

The problem is analogous to that of the well-known ‘coin tossing’ experiment.
Let us define u as the number of outcomes by one enantiomer exceeding the 1:1 ratio

and let us calculate the probability (P) of the outcomes u≥0, that is:

P R >
1þ u

2
n

� �
¼ ?

where R (or analogously S) is the total number of R (or S) outcomes (number of molecules)
in the experiment and n = R+S.

If R > 1þu
2 n then S < 1�u

2 n and R�S
RþS � u consequently

P R >
1þ u

2
n

� �
¼ P

R� S

Rþ S
� u

� �

The distribution of R (or S) is a binomial distribution with n, p=0.5 parameters. This
could be approximated, if n is ‘sufficiently large’ with a normal distribution, characterized
by m = np and s ¼

ffiffi
n

p
2 parameters, and one obtains

P R >
1þ u

2
n

� �
¼ 1� Φ u

ffiffiffi
n

p� �

where Φ is the distribution function of the standard normal distribution. Consequently:

P
R� S

Rþ S

����
���� > u

� �
¼ 2 1� Φ u

ffiffiffi
n

p� �� �

which is equivalent to:

P
R� S

Rþ S

����
���� < u

� �
¼ 2Φ u

ffiffiffi
n

p� �� 1

The values of Φ can be obtained from tables (e.g. Reimann 1989 or Microsoft Excel).
Thus for the case where the probability (P) is expected to be ≥50% confidence one obtains

�(0.675)=3/4 and thus P R�S
RþS

�� �� > 0:675ffiffi
n

p
	 


¼ 1
2 which is equivalent to the Pars–Mills formula

e:e:1=2 ¼ 0:675ffiffi
n

p or ¼ 67:5ffiffi
n

p %ð Þ. Narrowing the confidence range to 5%, one obtains Φ(1.96)=

0.975 thus: P R�S
RþS

�� �� > 1:96ffiffi
n

p
	 


¼ 0:05 which yields an analogous formula:

e:e:5% ¼ 1:96ffiffiffi
n

p or ¼ 196ffiffiffi
n

p %ð Þ
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This latter operation shows qualitatively that if the confidence range is lowered from
50% to 5% one obtains approximately three-fold higher e.e. values, or in other words, to
obtain three-fold higher e.e. than e.e.1/2 the confidence decreases by a factor of 10.

II. Comparison of the expected relative and absolute enantiomeric excesses yielded in a
stoichiometric achiral-to-chiral chemical reaction (neglecting the effect of isotopic
substitution) and in a natural-abundance isotopically chiral molecule (Table 2).

III. Urey–Galimov equations for calculation of the thermodynamic isotope fractionation
(Urey 1947; Galimov 2006b). The equilibrium constant (K) of an isotope exchange
reaction between compounds A and B is:

K ¼ *Q=Qð ÞA
*Q=Qð ÞB

¼ s=*sð ÞAβA

s=*sð ÞBβB

Where

Q partition function
* denotes the less abundant isotope
s symmetry number
β so called β-factor.

The β-factor can be related to the bond stretching vibrational frequencies (νi) of the
isotopic species:

β ¼
Y3N�6

i

*νi exp h*νi=2kT½ � 1� exp h νi=kT½ �ð Þ
νi exp h νi=2kT½ � 1� exp h* νi=kT½ �ð Þ

where

h Plank constant
k Boltzmann constant
T temperature (K)

Table 2 Comparison of the expected relative and absolute enantiomeric excesses

M N NCH e.e.1/2,Isotope NI e.e.1/2,S NS

1 mol 6.022E+23 1.87857E+20 4.92482E−11 9.25162E+09 8.69828E−13 5.24E+11
1 mmol 6.022E+20 1.87857E+17 1.55736E−09 2.92562E+08 2.75064E−11 1.66E+10
1 μmol 6.022E+17 1.87857E+14 4.92482E−08 9.25162E+06 8.69828E−10 5.24E+08
1 nmol 6.022E+14 1.87857E+11 1.55736E−06 2.92562E+05 2.75064E−08 1.66E+07
1 pmol 6.022E+11 1.87857E+08 4.92482E−05 9.25162E+03 8.69828E−07 5.24E+05
1 fmol 6.022E+08 1.87857E+05 1.55736E−03 2.92562E+02 2.75064E−05 1.66E+04
1 amol 6.022E+05 1.87857E+02 4.92482E−02 9.25162E+00 8.69828E−04 5.24E+02
1 zmol 6.022E+02 1.87857E−01 – – 2.75064E−02 1.66E+01

M Sample size, N number of molecules in the sample, NCH number of chiral molecules by natural abundance
isotopic substitution in CH3CH2R molecules (R any group except H), e.e.1/2,Isotope expected (by >50%
probability) enantiomeric excess in NCH, NI number of molecules corresponding to e.e.1/2,Isotope, e.e.1/2,S
expected (by >50% probability) enantiomeric excess in an achiral-to-chiral chemical reaction, due to stochastic
fluctuation of the numbers of enantiomeric molecules, NS number of molecules corresponding to e.e.1/2,S
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