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Abstract

Enantiomers have a different energy due to the parity violation effects. Up to now, these effects are
difficult to calculate and their final effect on the choice of one enantiomer in the homochirality issue is
still a matter of debate. Nevertheless, many scientists support the role of this tiny energy difference in the
triggering of homochirality. In this work, we studied the energy difference in atropisomers, a class of
stereoisomers in which the chirality is given by the block of rotation around one bond. Atropisomers
might have a low energy barrier for the interconversion and this is interesting for the equilibration of the
two enantiomers and the choice of the most stable enantiomer. Moreover, structures might be extended
like in the case of polymers or crystals having helical framework and thus giving an additive effect on the
parity violation energy of the whole structure. The parity violation energy difference here is discussed with
the correlation on the general structure of the final molecule giving a qualitative model to predict the sign
of local contributions of atoms.

Introduction

Life consists of macromolecules such as proteins, sugars, DNAs, RNAs and other biopolymers.
Surprisingly, the presence of only one enantiomer is almost quantitative (Fujii N 2002). As if it is known
that in order to have a useful polymer for the sustaining of life the chirality of its components should be
controlled (Green et al. 1999, Wu et al. 2012, Bonner 2000, Klabunovskii 2012), the reason for the
preference of one enantiomer with respect to the other is still a matter of debate. Yamagata, in 1966,
(Yamagata 1966) was the first scientist that proposed PVED may have determinately selected life's use of
the natural L-amino acids rather than their D mirror images. Obviously, some mechanisms of chiral
amplification (Green et al. 1999, Hawbaker and Blackmond 2019, Bonner 1996, Blackmond 2006) should
have arisen in the past, but still scientists are divided in an initial random choice of chirality (statistical or
for some external sources like circularly polarized light (Meierhenrich 2002) or for some other physics
laws like parity violation (Macdermott 1995, Hawbaker and Blackmond 2019, Klabunovskii 2012). Parity
violation gives a small energy difference between enantiomers and it is caused by the weak neutral
current mediated by the Z boson. This total effect gives a Parity Violation Energy Difference (PVED).
PVED depends on the atomic masses of elements involved, scaling approximately like Z"(where n is
about 5, where Z is the nuclear charge of the atom). (Laerdahl and Schwerdtfeger 1999, Schwerdtfeger et
al. 2003). Furthermore, in accordance with the single-center theorem of Hegstrom (Hegstrom et al. 1980),
the substance should contain more than one heavy element (either as ligands or chiral centers).

PVED, for common organic molecules having lighter elements, is in the range of femto- to pico- J/mol
(Quack 2002). Even if there are some theoretical works showing that the actual enantiomers present in
biomolecules are the most stable, like D-glyceraldehyde in gas-phase (Kikuchi et al. 2002) and in solution
(Kitayama et al. 2002) for amino acids it is less evident (Laerdahl 2000, Bergerd and Quack 2000,
MacDermott et al. 2009, Lee and Shin 2004, Kitayama et al. 2002B) a complete cause-effect is not clear
(Avalos et al. 2000). Our own research group demonstrated that natural alpha amino acids showing
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higher thermodynamical stability compared to their structural isomers of the rest by investigation on over
100'000 isomers (Crespi et al. 2021).

The same confusion appears when PVED of partial biomolecules are calculated like polypeptides
(Faglioni et al. 2005), DNA (Faglioni et al. 2005b), RNA (Faglioni et al. 2006) and proteins secondary
structures (Faglioni and Cuesta 2011). This is also due to the fact that the direct measurement of PVED
on molecules is still lacking, even if intriguing, for the high-level science involved (Darquié et al.
2010,Tokunaga et al. 2013, Blanchard et al. 2020, Eills et al. 2017). This is true also with indirect
measurement of PVED differences, that up to now they were refuted (Viedma 2007, Avalos et al. 2000).

The aim of this work is to put the basis for a theoretical PVED calculation of rigid chiral compounds that
are already known in literature and thus their practical synthesis is feasible and the theoretically
investigated properties might be experimentally verified. In fact, a reasonable prediction of the effects is
lacking (Mason and Tranter 1984), since for complex molecules the PVED effect on atoms might be
additive or subtractive. The results may be of general interest for prebiotic chemistry because this allows
for a rapid screening of possible structures (e.g. minerals) that may have led to a selection of chirality.
The results can in fact be extended based on the shape of the molecule which leads to effects of the
same sign.

Experimental section

Geometry optimizations were made with Gaussian 09 by using the B3LYP functional with 6-31G(d) basis
set. All the minima are characterized to have no imaginary frequencies. PVED calculations were
performed by using a customized version of the Dirac08 program
(http://wiki.chem.vu.nl/dirac/index.php/Dirac_Program). A Single point energy was calculated starting
from the optimized geometries. Different basis sets were used for PVED calculations. For the case with
heavy atoms, zeroth and fourth order relativistic approximation (ZORA) was used. For mercury, Dyall
CV2Z (core valence double zeta) basis set (Dyall and Gomes 2009) was used and cc-pVDZ (Dunning
1989) for other atoms.

Results and Discussion

Atropisomers with no heavy elements

The Parity Violation Energy Difference (PVED) depends on the fourth power of Z. In the first part of our
work we considered chiral molecules known in literature showing atropisomerism but containing instead
no heavy elements. This should facilitate the screening of molecules having the most interesting (larger
PVED) backbone structures and in second instance our findings could be applied in the search of similar
molecular architectures with heavy elements. Our search starts from helicenes, organic compounds
having an exceptionally high optical rotatory power.
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Atoms are colored by the PVED contribution of single atoms. Red and green color indicate, respectively, a
positive and a negative effect (Figure 1). The total PVED effect is given by the summation of the atomic
contributions (Table 1).

Table 1 Total PVED calculated with the different basis set. *:for the compound 3 it was calculated the
opposite enantiomer

Molecule PVED (Ha)
STO-6G ccpVvDZ

Hexahelicene (1) -4.5x1020 /

Heptahelicene (2) 6.4x1020  -4.8x1020
Diazahelicene (3)* 2 6x1020  1.7x1020
Paracyclophane (4) / -9 1x1021

Twisted pentacene (5) 2 41079 -2.2x1079

The modulus of PVED effect of helicenes 1-3 is inversely proportional to the distance from the center of
the molecule. However, the sign changes alternatively leading ultimately to a low value of PVED. Values
are almost insensitive by the substitution of carbon with nitrogen (see 3 vs. 1). For diazahelicene, the
lower PVED value was due to the conformation change with respect to 1. In fact, as it is visible in figure
XC, carbon atoms of the terminal benzene rings give a low effect on PVED. PVED slightly increases with
the increase of atoms in the structure (2 vs. 1).

The effect of the basis set was explored with compound 3. Total PVED calculated with STO-6G, 6-31G(d)
and cc-pVDZ are, respectively: -6.4x10720, -4.2x102° and -4.8x1072% Ha. Unfortunately calculations did not
converge on all basis sets. Paracyclophane 4 (figure 2) has a scarcely predictable behavior that depends
on the low symmetry. The best molecular structure from the point of view of cooperative PVED effect is
the twisted pentacene 5 (Figure 2). This reflects on the highest PVED calculated among molecules 1-5
(see table 1).

The PVED effect of molecules having a phenylene repeating unit (Figure 3) was then investigated.
Phenylenes have a low rotation barrier for the conversion between R and S. Usually at ambient
temperature the rotation is free. However, ring substitutions might increase the rotational barrier. PVED of
phenylenes shows a cooperative effect for atoms lying on the main axis, while the contribution of other
atoms is almost negligible (figure 4).

Table 2 Calculated PVED for phenylenes and total value of PVED divided by the number of repeating
units (See text)
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Molecule PVED (Ha)  pvED/n (Ha x102")
Biphenyl (n=2) 1.7x1072 0.85
Triphenyl (n=3) 3 4x102 1.13
Tetraphenyl (n=4) 5 14102 1.28

Pentaphenyl (n=5) ¢ gx102" 1.36

The PVED of (poly)phenylenes is proportional to the number of phenylene repeating units (table 2). As it
is visible from the last column of table 2, the total PVED divided by the number of repeating units shows
an increment with a value that tends to 1.4.

Cinnabar crystals

Cinnabar (HgS) is a good candidate for the investigation of PVED since it can crystallize giving a helical
structure (see figure 5). Calculations were effectuated on portions of HgS chains containing from 1 to 3
mercury atoms. Chains are capped with hydrogen atoms, however, the contribution of hydrogen to the

total PVED is negligible. The highest calculated PVED is about 107'° Ha for the HgS,H, fragment.
However, the PVED does not increase with the number of mercury atoms (See table 3).

Table 3 Total PVED calculated for cinnabar chains

Formula  Total PVED (Ha)

HgS,H,  2.09x1078

Hg,S3H,  7.91x1076

HgsS4H,  4.92x10716

Table 4 PVED contribution of single mercury atoms for the cinnabar-like structures calculated

Structure  Contribution of mercury atom(s) on total PVED (Ha)
HgS;H,  2.00x107°
Hg2S3H,  -3.93x1076 -3.93x10°76

HgsS4H,  3.57x1076 2.32x10716 -3.57x10716

Analyzing more in detail the structures (Fig. 6), it is visible how in the structure having three mercury
atoms, one mercury atom has a PVED of a different sign. In table 4 are listed all the values of PVED
effect on mercury atoms for the different structures considered.
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It seems reasonable to think that the PVED of atoms in these structures might depend on the position of
the main inertia axis of the molecule. In fact, for the cinnabar analogue having one mercury atom, the
value is high for the mercury (being close to the center of mass of the molecule). For the case with two
atoms, the inertia axis runs parallel to the segment connecting the two Hg centers but is shifted towards
the SH ends. In this case, the effect is lower since the axis is not close to the atomic centers. In the last
case, with 3 mercury atoms, the inertia axis is parallel to the Hg atoms closer to SH ends, but it is shifted
toward the central mercury atom. The sign of PVED might change with respect to the distance, as already
mentioned by Lazzeretti (Faglioni and Lazzeretti 2001).

Conclusion

In the screw-like molecules considered, it seems to emerge that the PVED absolute value of atoms
depends on the distance between atoms and axis of inertia of the molecule. However, the sign of PVED is
difficult to predict. Heteroatoms in the structures calculated show less effect on the total value.

Complex molecules containing no heavy elements could provide a useful benchmark for the rapid
screening of promising backbone structures. PVED can be calculated for larger systems containing more
than one heavy atom.

Chiral crystals of achiral molecules could be promising for detecting PVED effects since their additive
effect depends on the number of atoms present in the structure.
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Figures

Figure 1

Calculated PVED of atoms shown in color (see text). 1: Hexahelicene, 2:Heptahelicene, 3:Diazahelicene
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Figure 2

Calculated PVED of atoms shown in color (see text). 4: chiral paracyclophane, 5:twisted pentacene

n=2-5

Figure 3

Formula representation of phenylenes objects of this work

Page 10/12



Figure 4

Calculated PVED of pentaphenylene. Atoms color by their PVED contribution (see text)
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Figure 5

Representation of the cinnabar crystal structure
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Figure 6

Representation of HgxSyH2molecules calculated. Atom color (red and green) depends on the PVED sign
and the intensity of the color is proportional to the absolute value
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