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Abstract: Effects associated with mirror symmetry may be underlying for a number of phenomena in
chemistry and physics. Increase in the density and melting point of the 50%L/50%D collection of
enantiomers of a different sign (Wallach’s rule) is probably based on a physical effect of the mirror
image. The catalytic activity of metal complexes with racemic ligands differs from the corresponding
complexes with enantiomers as well (nonlinear effect). A similar difference in the physical properties
of enantiomers and racemate underlies L/D inversion points of linear helical macromolecules, helical
nanocrystals of magnetite and boron nitride etc., B–Z DNA transition and phenomenon of mirror
neurons may have a similar nature. Here we propose an explanation of the Wallach effect along with
some similar chemical, physical, and biological phenomena related to mirror image.

Keywords: racemate and mirror effect; C1- and C2-symmetric catalysis; Z-DNA defect; mirror
neurons; baryonic asymmetry

1. Introduction

Studies on related phenomena carried out in parallel in different fields of science may appear
fruitful. From this viewpoint, it would be interesting to analyze physical essentials of a chemical
phenomenon such as Wallach’s rule (an increase in the density and change in the other properties of the
50%/50% mixture of L and D enantiomers in comparison with enantiomers in crystal and in solution).
Asymmetric catalysis using non-enantiopure chiral ligands occurs sometimes with a deviation from
the linear relation between optical purity of the product and ligand (nonlinear effects). The mechanism
of this phenomenon should be based on a difference between the catalytic activity of complexes with
homochiral and heterochiral (racemic) ligands. Is there an internal connection between Wallach’s rule
and nonlinear effects?

The research and analysis of P/M points of helicity inversion of polymers and macrostructures
formed from achiral molecules is also of great interest. Such helicity inversion points, as present in
both the linear and surface arranged (domains) structures of macromolecules, are apparently their
common feature, which is likely to have a common basis with Wallach’s rule. Chirality inversion
points were also found in linear inorganic structures (boron nitride, hematite in magnetic field, etc.).
Similar inversion points are observed even in a very strong and highly organized “reinforced” double
helix, e.g., DNA (B–Z DNA transition).
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A change in properties similar to that by Wallach’s rule is possible even for water currents.
It could underpin a hypothetical explanation of the mysterious and unexplained accident at the
Sayano-Shushenskaya Hydro Power Plant on 17 August 2009. Assumingly, a spontaneous high-pressure
water current in the form of two intertwining fluxes of the opposite chirality sign (like braided hair)
could cause the accident. Such a structure, according to Wallach’s rule for the 50%/50% mixture of
molecules with mirror symmetry, could increase the density of the water flux supplying the turbine.

The external physical factor of the symmetry influence may also explain the origin of biological
homochirality. This assumption relies on a direct parallel in symmetry of right-handed helical structures
of the main macromolecular triad (polypeptides, DNA, and polyglucanes) and the right-handed helical
trajectory of the Moon, Earth, Sun, and Milky Way.

The search for common features and patterns of all these phenomena has not been previously
carried out. This review is an attempt to find such similarities in some chemical, physical and biological
related effects (phenomena).

2. Wallach’s Rule

Back in 1895, Wallach [1] found that a pair of enantiomers sometimes co-crystallize, giving crystals
of true racemates higher melting points than their chiral counterparts (Figure 1a). Brock et al. [2]
coined the term “Wallach’s rule” for the empirical finding that racemic crystals tend to have a higher
density than their pure enantiomeric counterparts. It is currently believed that a collection of right-
and left-handed enantiomers can have tighter packing (more than 4–6% denser) than a collection of
pure enantiomers [3–28]. Solubility experiments show that racemates tend to be slightly more stable
than their chiral counterparts [6,29,30]. Thus, the difference between enantiomers and true racemates
is preserved in solution as well.
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Figure 1. Basic types of the relationship between the melting point of enantiomer mixtures and the
composition: (a)—true (Wallach) racemates, (b)—the racemate forms a compound, (c)—the racemate is a
physical mixture (conglomerate), (d)—the racemate forms a solid solution, enantiomers are isomorphous.

However, it is not entirely true that there is a relation between crystal energy (lattice energy)
and the crystal density of racemates and enantiomers. Nevertheless, some researchers believe that
true racemates are energetically preferable [31], stable [6,29,30] or exist in a more ordered structural
form [32] than pure enantiomers. It should be noted that Wallach’s rule is probably applicable to more
phenomena than it was supposed. For example, the curve (b) (Figure 1) can, under elevated pressure,
obey Wallach’s rule (Figure 2) [33].

For more than a century, a reason for the difference in the crystal form of true racemates
and corresponding enantiomers has not been universally accepted. X-ray images of small chiral
molecules show that only homochiral dimers were detected in the unit cell of the racemate [12].
It is believed that left- and right-handed enantiomers have an additional capability of a “favorable
packing arrangement” [2]. However, it is a statement of fact rather than an explanation. The simplest
explanation of Wallach’s rule is the difference in bond energy, e.g., of hydrogen bonds. Such explanation
has many supporters [5,7,11,26–28]. However, it is also more like a statement of fact. Besides, many
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researchers are convinced that hydrogen bonds are not fundamentally different [8–10,21–28]. Therefore,
the reason for Wallach’s phenomenon is not clear so far.Symmetry 2020, 12, x FOR PEER REVIEW 3 of 39 
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Figure 2. Wallach’s rule enforced by pressure in mandelic acid.

An interrelation of enantiomers and the racemate as the subject of Wallach’s rule occurs most
frequently, but it is not the single case. For example, the (R,S)-crystal of 1,2-dicyclohexylethane-1,2-diol
is less dense than (S,S)- or (R,R)-enantiomers, but the melting point of the (R,S)-crystal is almost 10 K
higher than that of the enantiomer crystal [18] (Figure 1b). The relationship of crystals of the racemate
and enantiomers cannot be evaluated because it is impossible to obtain the racemate crystal even under
elevated pressure [34]. The contradictions in Wallach’s rule fulfilment were marked by Khrustalev [17],
Willer [15] and Podsiadlo [16].

Conformity to Wallach’s rule in terms of density was quantified by Kennedy et al. [19] “While average
densities conform to Wallach’s rule, 6 of the 13 individual pairing do not” [19]. A striking exception
to Wallach’s rule was reported by Patrik and Brock [18]: crystals of racemic 1,2-dicyclohexyletane-
1,2-diol appeared 4% less dense than those of enantiomers.

A special group of crystals forms during crystallization as a mechanical mixture of crystals of
two pure enantiomers called a conglomerate (Figure 1c). It is a case of spontaneous resolution [35].
This case is relatively less studied and it less frequently occurs in nature. Pavlov et al. [36] synthesized
trans-bis-1S,2S- and 1R,2R-(diphenylphosphino)cyclopentanenickel dibromide (Scheme 1).
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The largest prismatic single NiBr2((R,R)-dpcp)·CH2Cl2 and NiBr2((S,S)-dpcp)·CH2Cl2 crystals
were separated manually (Figure 3). A variety of crystals were observed in crystals of different.Symmetry 2020, 12, x FOR PEER REVIEW 4 of 39 
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Enantiomorphic forms. Diversity was also present in a series of crystals of the same sign of chirality.
Assumingly, the obtained well-formed crystals were not enantiomerically pure. This assumption was
tested in asymmetric cross-coupling of Grignard reagents with alkenyls (Table 1, Scheme 2) [36].

Table 1. Asymmetric cross-coupling of Grignard reagents (PhMgBr) with alkenyls (R1Y) on chiral
nickel complexes at room temperature.

R1Y (Y = OR) R1=
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Analogous reactions proceed in the presence of chiral complexes NiCl2-Chiraphos with ee = 58% [37],
68% [38] and 89% [38] depending on R1Y and ArMgBr under similar conditions. However, well-faceted
enantiomorphic crystals of NiBr2 (R,R)-dpcp and NiBr2(S,S)-dpcp complexes as catalysts are not equally
high enantioselective in reaction (2) (Table 1) [36]. Therefore, the assumption about the incomplete
enantiomeric purity of crystals in the conglomerate remains valid.

Back to Wallach’s rule, it should be mentioned that the difference in the melting points of
more than 46 ◦C is very difficult to explain by the intermolecular H-bonding distinctions between
the racemate and enantiomers [11]. Additionally, there are a few cases where a true racemate is a
crystal and an enantiomer forms a gel [5,37] and vice versa [6]. Additionally, a relationship inverse
to Wallach’s rule was found [18]. Studies of crystallization thermodynamics [4] and crystal lattice
energies [38] indicate that true racemates have lower entropy, higher enthalpy or higher free energy
than enantiomers. However, these parameters do not allow an unambiguous understanding of the
physical basis of the higher packing density of racemates compared to enantiomers [2]. Therefore,
these parameters are rather a result than a reason. Some researchers believe that this structural feature
of the racemate-enantiomer phenomenon is “mutually exclusive binding” or “strong enantioselective
self-recognition” in true racemates compared to enantiomers [12,39].

A visual representation of the greater density of racemates against enantiomers may be a mutual
arrangement of two identical helices of different signs of chirality shown in Figure 4, e.g., denser
packing (tight ridges-in-grooves packing) of the left- and right-handed triple helices as compared to
the left-handed [40]. It should be noted that even mixing of left- and right-handed helices in solution
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3. Chiral Superstructures from Achiral Molecules, Chiral and Racemic Fields

One may assume that the difference between a racemic mixture and enantiomeric counterpart
also has a physical basis. It is possible that, along with a chiral field, there is a racemic field [43].
Indeed, numerous examples confirm the above, e.g., well- known building of a chiral superstructure
from achiral molecules. Achiral molecules can be involved in chiral ordering shifting relative to
each other around the central axis (π-π staking, hydrogen bonds etc.) along the left or right screw.
This synchronization occurs in smectic (lamellar) or nematic liquid crystal (LC) phases. Numerous
studies of “banana”, “hat” or crown-like nanostructures [44–51] in the LC phase indicate that a
ratio of layers with chiral superstructures of different chirality signs is roughly 50%:50%. The layers
are observed in photomicrographs between slightly uncrossed polarizers as dark or bright spots
(chiral domains). Therefore the phenomenon of “mirror symmetry breaking” [35–42] can only refer to
one individual domain or a monolayer with superstructures of the similar chirality sign. Thus, a ratio
of chiral domains (bright/dark spots) is close to racemic (50%/50%). Therefore, this crystallization
with the racemic macrostructure formation may be stimulated by a physical factor similar to the
racemic field [43].

The racemic field is not a universally accepted concept such as the chiral field. A possible reason
is that this field manifests itself against the background of a much stronger kinetic factor leading
to the racemic product. Therefore, we can assume that the racemic field exists only on the basis of
the processes in which the time factor is not determinant. Such process can result in the formation
of chiral crystals in natural deposits on Earth. The deposits are known to have been formed over
millions of years in the geological conditions of early Earth. All deposits have l- and d-crystals of
quartz [52–56], calcite (CaCO3) [57–59], and gypsum (CaSO4·2H2O) [60,61] are found in approximately
equal proportions (50%:50%). Relatively much faster (in laboratory conditions) crystallization of
sodium chlorate (NaClO3) from an oversaturated aqueous solution leads to the conglomerate of 50%
l- and 50% d-crystals (Scheme 3) [62]. Crystallization is a sluggish reaction, therefore, the racemic field
is likely to play a significant role in it. However, as seen from the Scheme, a random predominance of
l- or d-crystals reaches more than 90% during stirring. In other words,
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Stirring in a fixed direction results both in l- and in d-dominated crystallization in different runs. Thus,
even rotational energy can be sufficient to break mirror symmetry of the resulting crystallization product.
Similar crystallization was also observed for melt 1,1′-binaphthyl (ee > 80%) [63,64]. An experiment shown
in Figure 5 can give relative evidence of the energy effect of stirring as an inductor of chirality [65].

Stirring with glass beads increases the solution density and accordingly increases the energy
effect of stirring. The results are consistent with the idea that even a slight increase in the solution
density due to glass beads leads to mirror symmetry breaking. This idea is also confirmed by a
decrease in the time passed to achieve maximum enantioselectivity with an increase in the number
of glass beads and the stirring rate [65]. The stirring effect on reaction enantioselectivity can be
explained by the influence of the chiral field. There are plenty of indications of the chiral field existence
in the literature (see, e.g., [43,66,67]). We will cite two examples from the many as evidence of its
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existence and connection with stirring or the reaction space structure. The first is that antracene
monomers under the action of intensive stirring can self-assemble into a chiral twisted shape during
polymerization. The well-defined left-handed helix structure is formed under vigorous stirring during
solution evaporation (Figure 6) [68]. The diameter of the helical flow of the reaction solution and the
diameter of the polyantracene molecule are incomparable in size (a helix diameters ratio is ~5·109/1 nm).
Therefore, chirality of the reaction product could only be a result of the helical flux of solution and
chiral fields created by the flux.
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These experimental data are comparable with the results of stirring during NaClO3 crystallization
(Scheme 1). Thus, the hypothesis on the helical flow influence on mirror symmetry breaking has
been proven once again. By analogy, chirality occurs due to rotation of the reaction mixture in other
reactions. In some cases, as noted, the direction of flows affects the sign of chirality [67–71].

Another example may also illustrate the existence of the chiral field. Hydrogenation of
α-acetamidocinnamic acid (ACA) proceeded enantioselectively in the presence of the achiral complex
in cholesteric liquid crystal (ChLC) media [72,73]. (Scheme 4) ChLC (cholesteryl tridecanoate), ACA
and catalyst molecules in this solution had helical ordering at ChLC mesophase temperature ~65 ◦C
(temperature of maximal chiral ordering). This was evidenced by the fact that the CD spectra of the
substrate and catalyst molecules exhibited the induced circular dichroism maxima of the same sign
in the absorption bands of these molecules. In these conditions, a temperature–enantioselectivity
dependence (eemax = 15%) was observed in the Scheme 4 [72,73]. Meanwhile the ChLC helix pitch
(300–400 nm) was much higher than the size of ACA and Wilkinsons catalyst (RhCl(PPh3)3). Hence,
it is difficult to explain the chiral information transfer (asymmetric induction) from ChLC to the
substrate molecule (ACA) without invoking the chiral field concept. The coincidence of maximum
enantioselectivity of the Scheme 4 and maximal chiral ordering ChLC (mesophase temperature ~65 ◦C)
confirms the fact of asymmetric induction from the ChLC chiral helix. The existence of a racemic
field may be explained on the basis of the reaction mechanism in the presence of C2-ligands (Table 2,
Scheme 5). A calorimetric study of the reaction kinetics let propose a catalytic cycle (Scheme 6) [74–77].
The racemic field is stabilized by the π-π interaction in the intermediate C of the cycle. The existence of
the racemic field can explain low enantioselectivity of the reaction (Table 2).
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Table 2. Results of screening of chiral ligands 1–5.

L ee% Config. Product Ref.

1 8 S [74]
2 8 R [75]
3 26 S [74]
4 20 R [74]
5 4 S [76]
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4. Nonlinear Effects, Asymmetric Induction and Chiral Adsorption

Asymmetric catalysis using non-enantiopure ligands sometimes occurs with a deviation from a
linear relationship between optical purity of the product and ligand. The deviation called a ‘nonlinear
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effect’ (NLE) is presented formally in Figure 7 [77]. To understand the mechanism of the NLE occurrence
Kagan et al. [78–80]. and Noyori et al. [81–83] proposed two models (Scheme 7) [84]. A few years later,
Kitamura, Noyori et al. [85] proposed “simplified” NLE models (Scheme 8). All the schemes explain the
NLE appearance by a difference in catalytic and enantioselective properties of monomer-dimeric and
homochiral–heterochiral complexes. According to Schemes 7 and 8A,B, heterochiral and homochiral
complexes may have different catalytic activity (kR , kS and kRR , kSS). Thus, the difference in the
catalytic properties of such complexes is on a par with different densities or solubilities of a racemate
and enantiomers (Wallach’s rule). Additionally, of note is that the temperature influence on the
NLE [86,87] is more consistent with the catalytic parameter than with the stereochemical manifestation
of this phenomenon.

Symmetry 2020, 12, x FOR PEER REVIEW 8 of 39 

 

Table 2. Results of screening of chiral ligands 1–5. 

L ee% Config. Product Ref. 

1 8 S [74] 

2 8 R [75] 

3 26 S [74] 

4 20 R [74] 

5 4 S [76] 

R

R

 

Ph

R

Ph

R  
N

OH

Me

OH

Me

 

 1 R = OH (C2) 

 2 R = NMePh (C2) 

 3 R = NH2 (C2) 

 4 R = OH (C2) 

5 (C2) 

 

4. Nonlinear Effects, Asymmetric Induction and Chiral Adsorption 

Asymmetric catalysis using non-enantiopure ligands sometimes occurs with a deviation from a 

linear relationship between optical purity of the product and ligand. The deviation called a ‘nonlinear 

effect’ (NLE) is presented formally in Figure 7 [77]. To understand the mechanism of the NLE occurrence 

Kagan et al [78–80]. and Noyori et al. [81–83] proposed two models (Scheme 7) [84]. A few years later, 

Kitamura, Noyori et al. [85] proposed “simplified” NLE models (Scheme 8). All the schemes explain 

the NLE appearance by a difference in catalytic and enantioselective properties of monomer-dimeric 

and homochiral–heterochiral complexes. According to Schemes 7 and 8A,B, heterochiral and 

homochiral complexes may have different catalytic activity (kR ≠ kS and kRR ≠ kSS). Thus, the difference 

in the catalytic properties of such complexes is on a par with different densities or solubilities of a 

racemate and enantiomers (Wallach’s rule). Additionally, of note is that the temperature influence on 

the NLE [86,87] is more consistent with the catalytic parameter than with the stereochemical 

manifestation of this phenomenon. 

 

Figure 7. Examples of nonlinear effects in asymmetric catalysis. 

RS

RR SS

R-prod. S-prod.
R S

Kagan model

RS

RR SS

R-prod. S-prod.

R S

Noyori model

kcat
kcat

Khomo

kcat*kcat
*

Khetero

Khetero

Khomo Khomo

kcat*kcat*

 

Scheme 7. Kagan’s and Noyori’s NLE models [84]. 

Figure 7. Examples of nonlinear effects in asymmetric catalysis.

Symmetry 2020, 12, x FOR PEER REVIEW 8 of 39 

 

Table 2. Results of screening of chiral ligands 1–5. 

L ee% Config. Product Ref. 

1 8 S [74] 

2 8 R [75] 

3 26 S [74] 

4 20 R [74] 

5 4 S [76] 

R

R

 

Ph

R

Ph

R  
N

OH

Me

OH

Me

 

 1 R = OH (C2) 

 2 R = NMePh (C2) 

 3 R = NH2 (C2) 

 4 R = OH (C2) 

5 (C2) 

 

4. Nonlinear Effects, Asymmetric Induction and Chiral Adsorption 

Asymmetric catalysis using non-enantiopure ligands sometimes occurs with a deviation from a 

linear relationship between optical purity of the product and ligand. The deviation called a ‘nonlinear 

effect’ (NLE) is presented formally in Figure 7 [77]. To understand the mechanism of the NLE occurrence 

Kagan et al [78–80]. and Noyori et al. [81–83] proposed two models (Scheme 7) [84]. A few years later, 

Kitamura, Noyori et al. [85] proposed “simplified” NLE models (Scheme 8). All the schemes explain 

the NLE appearance by a difference in catalytic and enantioselective properties of monomer-dimeric 

and homochiral–heterochiral complexes. According to Schemes 7 and 8A,B, heterochiral and 

homochiral complexes may have different catalytic activity (kR ≠ kS and kRR ≠ kSS). Thus, the difference 

in the catalytic properties of such complexes is on a par with different densities or solubilities of a 

racemate and enantiomers (Wallach’s rule). Additionally, of note is that the temperature influence on 

the NLE [86,87] is more consistent with the catalytic parameter than with the stereochemical 

manifestation of this phenomenon. 

 

Figure 7. Examples of nonlinear effects in asymmetric catalysis. 

RS

RR SS

R-prod. S-prod.
R S

Kagan model

RS

RR SS

R-prod. S-prod.

R S

Noyori model

kcat
kcat

Khomo

kcat*kcat
*

Khetero

Khetero

Khomo Khomo

kcat*kcat*

 

Scheme 7. Kagan’s and Noyori’s NLE models [84]. Scheme 7. Kagan’s and Noyori’s NLE models [84].Symmetry 2020, 12, x FOR PEER REVIEW 9 of 39 

 

 

Scheme 8. Monomer–dimer models: (A) monomer is a catalyst, (B) dimer is a catalyst. 

The explanation for the single NLE in the form of the rate constants balance in the models is 

complex though not yet comprehensive. The proposed models do not take into account all reaction 

parameters that influence this effect. Indeed, the remarkable (–)- NLE in a reaction of diethylzinc 

addition to benzaldehyde (5) over (S)- and (R)-fenchols 6 (X=H or CH3) changes with respect to a 

linear relationship over (S)/(R) fenchols with X=SMe3 and X-t-Bu [63] (Scheme 9). 

H

O

Ph HPh HPh

+
HO Et Et HZnEt2 in hexane

5 mol.% fenchol
24 h at –30°C  

 

OH
X

O
H3C

 

OH
X

O
CH3  

6 (racemic mixture) 

Scheme 9. Diethylzinc addition to benzaldehyde over fenchol 6 rac. 

Chen et al. [88] observed a NLE dependence on the substrate in the reaction of diethylzinc 

addition over chiral auxiliaries 7 and 8. (Scheme 10). 

OH

N
O

Zn

O

Zn

O

N
R

R
N

O

O

*

*

R,R-8, S,S-8, R,S-8

7

 

Scheme 10. Diethylzinc addition to benzaldehyde in the presence of chiral monomer 7, dimer 8 and 

8rac ligands. 

Electron-donating substituents affect the positive NLE to a greater extent than electron-

withdrawing substituents in aromatic ring of aldehydes. Kagan and Noyori models do not take this 

effect in consideration. The S-shaped curves of NLE (multi-shape NLE, Figure 7) add complexity to 

the understanding of this phenomenon (e.g., [89,90]). Positive and negative NLE maxima of the 

curves correspond approximately to 25% and 75% optical purity of chiral auxiliaries. Therefore, the 

internal relationship between the maxima and corresponding minima on the curves of Wallach’s 

dependence is quite possible (Figure 1a,b). 

Scheme 8. Monomer–dimer models: (A) monomer is a catalyst, (B) dimer is a catalyst.

The explanation for the single NLE in the form of the rate constants balance in the models is
complex though not yet comprehensive. The proposed models do not take into account all reaction
parameters that influence this effect. Indeed, the remarkable (–)- NLE in a reaction of diethylzinc
addition to benzaldehyde (5) over (S)- and (R)-fenchols 6 (X=H or CH3) changes with respect to a
linear relationship over (S)/(R) fenchols with X=SMe3 and X-t-Bu [63] (Scheme 9).
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Chen et al. [88] observed a NLE dependence on the substrate in the reaction of diethylzinc addition
over chiral auxiliaries 7 and 8. (Scheme 10).
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Scheme 10. Diethylzinc addition to benzaldehyde in the presence of chiral monomer 7, dimer 8 and
8rac ligands.

Electron-donating substituents affect the positive NLE to a greater extent than electron-
withdrawing substituents in aromatic ring of aldehydes. Kagan and Noyori models do not take this
effect in consideration. The S-shaped curves of NLE (multi-shape NLE, Figure 7) add complexity to the
understanding of this phenomenon (e.g., [89,90]). Positive and negative NLE maxima of the curves
correspond approximately to 25% and 75% optical purity of chiral auxiliaries. Therefore, the internal
relationship between the maxima and corresponding minima on the curves of Wallach’s dependence is
quite possible (Figure 1a,b).

Kitamura, Noyori et al. [81,82] observed an extremely marked (+)- NLE in the reaction of
diethylzinc addition over the catalyst derived from amino alcohol DAIB (9) (see Scheme 11).
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Scheme 11. Diethylzinc addition over ligand 9.

Only the Soai reaction exceeds many catalytic reactions in terms of the enantioenrichment of
the product relative to the catalyst during one reaction. Diisopropylzinc addition to pyrimidine)
carbaldehydes (Soai reaction) is a well-studied cryptochiral reaction [91–96] (Scheme 12).
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The expected ee% of the product is four orders of magnitude less than in the experiment [96].
The Soai reaction mechanism (asymmetric autocatalysis, asymmetric autoamplification, and asymmetric
autoinduction) is discussed [91–98].

The well-known term “asymmetric induction” is sometimes, though rarely, replaced by “chiral
induction”, which is not correct. There are many examples to prove that reactions of monofunctional
substrates (e.g., hydrogenation of acetophenone, benzaldehyde, etc.) in the presence of C2-symmetric
chiral catalysts do not proceed enantioselectively [99–106]. It is a result of the single-point coordination
of the substrate with the C2-symmetric chiral catalyst (chiral induction). Where the substrate is
coordinated by two or three groups (three-point coordination, e.g., in hydrogenation of amino
acid precursors), catalyst’s C2-symmetry is lost at the stage of the catalyst-substrate intermediate
complex; high enantioselectivity is provided. The reaction of deracemization (Scheme 13) exemplifies
a possible presence both of asymmetric and of chiral (not leading to enantioselectivity) induction in
one reaction [107].Symmetry 2020, 12, x FOR PEER REVIEW 11 of 39 

 

CH2CH2 / H2O, 23°C

10 AAL, Phl(OAc)2

OH OH

+

O

 

NN

OO

Mn

Cl
t-Bu

t-Bu

t-Bu

t-Bu  

AAL ee(%) 

KBr > 99 

KCl < 2 

10   

Mn
OO

N N

*

Cl  

Mn
OO

N N

*

Cl

Cl
Cl-

C2

+

 

Mn
OO

N N

*

Cl

Br
Br-

C1  
10 11 12 

Scheme 13. Catalytic reaction of deracemization. AAL—achiral addition ligand. 

In heterogeneous catalysis, asymmetric reactions occur not in the catalyst volume but on its 

surface (Scheme 14) [108–124]. Therefore, asymmetric induction is determined by chiral adsorption 

of prochiral substrates. Chiral adsorption, in turn, depends on chiral compounds (including C2-

symmetric) adsorbed on the surface prior to the asymmetric reaction (modifiers). 

HO
H

* (S)
OH

H

*(R)

O O

pro-(S) pro-(R)

HH




 

Scheme 14. Mirror symmetry of planar molecules on a surface. 

Chiral structures on the surface can be created by adsorption of achiral molecules [108–111]. 

However, asymmetric reactions (e.g., hydrogenation of prochiral substrates on metals) occur on the 

surface of the catalyst in the presence of adsorbed chiral compounds (modifiers) [112–114]. In this case, 

the chiral adsorption of the prochiral substrate proceeds with the formation of an intermediate 

complex (substrate—metal atom (or a cluster of atoms)-modifier) [112–114]. 

Two approaches to study the mechanism of asymmetric heterogeneous catalysis are possible; 

insight from modifier’s chiral structures on catalyst surface [112–124] and insight from asymmetric 

induction mechanism in intermediate complex on the surface [99–106]. 

According to the first approach, a chiral modifier creates a hierarchical cascade of phases on the 

metal surface (Scheme 15) [115–119]. 

Scheme 13. Catalytic reaction of deracemization. AAL—achiral addition ligand.

In heterogeneous catalysis, asymmetric reactions occur not in the catalyst volume but on its surface
(Scheme 14) [108–124]. Therefore, asymmetric induction is determined by chiral adsorption of prochiral
substrates. Chiral adsorption, in turn, depends on chiral compounds (including C2-symmetric)
adsorbed on the surface prior to the asymmetric reaction (modifiers).

Chiral structures on the surface can be created by adsorption of achiral molecules [108–111].
However, asymmetric reactions (e.g., hydrogenation of prochiral substrates on metals) occur on the
surface of the catalyst in the presence of adsorbed chiral compounds (modifiers) [112–114]. In this
case, the chiral adsorption of the prochiral substrate proceeds with the formation of an intermediate
complex (substrate—metal atom (or a cluster of atoms)-modifier) [112–114].
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Two approaches to study the mechanism of asymmetric heterogeneous catalysis are possible;
insight from modifier’s chiral structures on catalyst surface [112–124] and insight from asymmetric
induction mechanism in intermediate complex on the surface [99–106].

According to the first approach, a chiral modifier creates a hierarchical cascade of phases on the
metal surface (Scheme 15) [115–119].Symmetry 2020, 12, x FOR PEER REVIEW 12 of 39 
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This scheme indicates the diversity of adsorption forms of modifier on the surface of the catalyst.
Raney nickel-(R,R)-tartrate complex as catalyst in prochiral ketones hydrogenation is the most

enantioselective catalytic system [90]. Therefore, this system was studied as (R,R)-tartrate on Ni surface
at different temperatures (Figure 8) [115–119].
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The Figure 8 illustrates the variety of forms of (R,R)-tartrate adsorption on the surface of Ni
catalyst at various temperatures. This data corresponds to the difference in enantioselectivity of this
catalyst at different temperatures [115–119]. It is possible that the diversity of modifier adsorption
forms (Scheme 15 and Figure 8) leads to a variety of asymmetric induction mechanisms. These data
apparently explain the lower average enantioselectivity of heterogeneous catalysts [112–114] compared
to homogeneous.

However, the surface of the metal catalyst is not perfectly flat. Moreover, the most catalytically
active zones of the catalyst are surface defects (peaks, edges, pits, etc.) [112–114]. They are apparently the
most enantioselective zones of the catalyst modified with chiral compounds. Therefore, a second approach
to the study of heterogeneous asymmetric catalysis can also be fruitful. For example, conformation of
diketone in homogeneous heteroligand complex (acetylacetone–metal–chiral amino acid) can imitate
the conformation of this substrate on the surface of the modified catalyst (Figure 8) [99–106]. Aromatic
amino acids (tryptophane, phenylalanine and tyrosine) are a simple and convenient modifier to create
chelate complexes and to imitate intermediate complexes on the metal surface. The planar arrangement
on surface of this modifier can be provided by→ * bond of aromatic ring of the amino acid. As it can
be seen from the Figure 9 the preferred λ or δ conformation of diketone (known from CD-spectra) leads
to a preferred attack 2H from metal surface.
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Figure 9. (a) The plausible structure of intermediate complex; (b) the mechanism of enantioselective
hydrogenation of acetylacetone and ethyl acetoacetate (AA and EAA) over Cu, Ni and Co catalysts
modified by (S)- and (R)-amino acids (AmA).

It can be seen from schematic structure of intermediate complex, conformation λof AA (EAA)
correspond to (S)- product whereas conformation δ teads to (R)- product [99–106]. Therefore, it is
possible that asymmetric induction occurs in such asymmetric intermediate complex.

5. Possible Physical Background of Wallach’s Rule and Similar Phenomena

Apart from the capability to change physical properties (density, melting point, solubility),
the racemate has a special property that can be interpreted as “chiral recognition” [125]. This original
term reflects an impression that an enantiomer of one sign selects an enantiomer of another sign from
the mixture of both enantiomers. It is formally completely analogous to mirror reflection. From this
viewpoint, the mirror performs an action, i.e., reflection, which is similar to “recognition” of one
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enantiomer by enantiomer of another chirality sign. Does this action have a physical entity or physical
essentials? In other words, does a similar action occur in nature as an artifact? Examples found in
nature may help verify the hypothesis on the physical significance of mirror reflection. First of all,
these are encountered as defects in linear helical macromolecules. The formation of a helical structure
of one sign of chirality can sometimes be accompanied by a change in the chirality sign of the helix
without bond breaking.

G. Singh et al. [126] observed that dipoles of nanocrystals of magnetite Fe3O4 self-assembled
into helical superstructures in the magnetic field. In accordance with the theoretical concepts of
P. Curie et al. [127,128], it can be assumed that only a combination of the magnetic field with another
field (electrical [98] or gravitational can be an asymmetric inductor of these chiral superstructures
formation. Among a variety of Fe3O4 superstructures with SEM images (Figure 10; of special attention
is Figure 10c,d). As seen, the linear right-handed helical structure of the nanocrystal superstructure in
the “defective” area is replaced by the left-handed helix.Symmetry 2020, 12, x FOR PEER REVIEW 14 of 39 
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Figure 10. The array of Fe3O4 nanocrystal superstructures: (a) single handedness helix, (b) triple helix
and (c,d) “defects”.

Mirror symmetry points (“defects”) are shown by arrows. The “defects” and the angle between
linear macrostructure fragments of opposite chirality signs (~130◦) in the mirror symmetry points
strikingly resemble theoretical points calculated for other chiral macrostructures (Figure 11) [129,130].
Indeed, the calculated data show that the inversion of the right-handed helical conformation into the
left-handed one in polyisocyanates during polymerization occurs with a change in the linear direction
of the polymer chain at the angle of 130◦ [129,130].
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Similar data are available for other nanostructures. Studying boron nitride (BN), Celik-Aktas
watched regular dark and bright spots on the side walls of a BN nanotube (transmission electron
microscopy). Basing on that, the authors [131–133] suggested a double-helix structural model. A kink
at a 130◦ angle of one of the threads of the BN nanotubes in the TEM image can be explained by a
similar effect. The possible right-handed helix structure changed into a structure with the opposite
chirality sign (Figure 10c,d) (indicated by an arrow) with the angle of ~130◦ as well.

Of great interest is a difference in the physics of crystallization according to Wallach and
crystallization of a mixture of well-faceted enantiomorphic crystals (conglomerate), in particular l- and
d-crystals of NiBr2((R,R)–dpcp)·CH2Cl2 and NiBr2((S,S)–dpcp)·CH2Cl2 [29]. Indeed, there is an obvious
difference between these crystallizations. Wallach’s rule is fulfilled on the basis of mutual attraction of
enantiomers having different chirality signs which crystallize as a racemate, while a conglomerate
is formed during co-crystallization of enantiomers of the same sign (attraction of enantiomers of the
same sign) and repulsion of enantiomers of different signs.

A widely used physical phenomenon that combines attraction and repulsion is the interaction of
magnetic S/N poles. In contrast to natural crystallization of molecules, S/S- and N/N- repulsion of the
magnetic poles (magnetic levitation) requires a certain orientation of magnetic fields.

A chiral molecule is sometimes compared to a turn of a helix twisted to the right (P) or left (M).
We tried to compare the chiral molecule with the right-handed or left-handed coil of the helix through
which electric current passes. If the coil structure simulates a chiral molecule, the current direction
models the polarizability direction of the chiral molecule (Figure 12).
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Figure 12. The direction of impulse (I) of the interaction of magnetic fields of two individual coils
(P—right-handed, M—left-handed) depending on the direction of current: A,B—attraction; C–F—repulsion.

Figure 12 shows combinations of two coils of a different chirality sign and different direction of
current. A and B pairs (represent attraction) model crystallization that proceeds in compliance with
Wallach’s rule, while two pairs of C and D coils representing repulsion simulate separate crystallization
of l- and d-crystals. The pairs of C and D coils differ in both the sign of chirality and the direction of
current. Given that a comparison of chiral coils magnetism and crystallization of chiral molecules is
valid, these pairs could simulate crystallization of l- and d-crystals (Figure 3). Postulating the equal
contribution of all pairs to the total balance, the A and B pairs (racemates) account for one-third (33.3%),
whereas the portion of C,D,E,F pairs is two-thirds (~66.7%). Thus, four pairs of coils C–F represent
the contribution of repulsion of enantiomers with different chirality signs, that is they represent
crystallization of the conglomerate of l- and d-crystals. Therefore, maximum optical purity should not
exceed 66–67%. This forecast is in good agreement with the experiment (Table 1).
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It should be noted that such comparison is rather formal. It is currently considered that the
magnetic field has only the axial structure. Preservation of the helical structure of the coil with current
in the magnetic field generated by it is not discussed in theoretical physics. However, the experimental
detection of the helical structure of the Fe3O4 [126] nanocrystals array (Figure 10) after crystallization
in the magnetic field brings about doubts regarding the categorical exclusion of the helical structure of
the magnetic field or one of its field levels.

Similar views can also be found in explaining the physical basis of asymmetric catalysis.
For example, a new theory of asymmetric catalysis has been developed by Wang [134–137]. He suggests
that chirality (helical asymmetry, chiral molecular recognition and induction) depends on electronic
repulsion of substituents (Scheme 16). The theory assumes that molecular helicity on the base of
electronic repulsion in asymmetric catalyst must be matched to molecular helicity of catalyst–substrate
intermediate state (Scheme 17) [138,139].
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Therefore, the right-handed catalyst in the hydrogenation reaction will lead to a more enantiopure
product, with substrates forming right-handed transition states (homohelical interaction). In the case
of Sharpless asymmetric dihydroxylation (AD) reactions (Scheme 18a) the row of polarizability 13–17
(Scheme 18b) take place [140].
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Thus, the virtual coils with current symbolizing attraction and repulsion (Figure 12) and the helical
structures of virtual coil of polarizability sequence (a > b >> d) in catalyst and substrate (Schemes 17
and 18) may have some common basis related to polarizability.

6. B–Z DNA Transition

The B–Z DNA transition is of great interest for the elucidation of a physical basis or physical
sense of mirror reflection (with the replacement of the right by the left and alternatively). The junction
point of the right-handed double helix of canonical B-DNA with the opposite left-handed double
helix of Z-DNA is biologically important and relatively well researched as a reversal point of helical
symmetry. Despite its seemingly stable structure, the double helix of DNA molecule is a rather unstable
structure for external impact. Indeed, more than one hundred oxidative breakdowns of DNA are
known. Conformational damage of the DNA molecule (Table 3) [141,142] leads to genetic instability
and genetic diseases [141–148]. The B-Z DNA transition is among the most severe damage kinds.
Such conversion with two inversion points is shown in Table 3 as a linear segment of the DNA molecule
(B–Z junction) [141,142].

Nucleobase pairs in the Z DNA fragment are directed opposite from those in the B-DNA
fragment [149]. Crystalline B- and Z-DNA fragments are connected linearly (at the junction points)
only with one base pair breaking and extrusion of base ends (Figure 13). So linear binding of B- and Z-
DNA fragments in the DNA molecule in the genome should occur with great steric hindrances [149].
It is difficult to explain the linear combination of B- and Z- DNA fragments which is even “highly
improbable from a physicochemical viewpoint” [149–154].
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Table 3. Non-B DNA conformation.

Name Conformation Name Conformation

Cruciform
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It should also be noted that the Z-DNA segment in the genome is loaded with a large number
of B-DNA fragments of opposite configuration. Therefore, the B–Z DNA transition does not occur
spontaneously (as in the case of the phenomena discussed above Figure 10). The B–Z DNA reversal
demands energy to create the B/Z junction [150–153]. A free energy difference is about 0.9 kcal/mol per
dinucleotide unit to induce the B–Z DNA transition [155,156]. Some researchers [157] believe that this
process needs an intermediate stage (hypotetic S-DNA with the right-handed double helix structure).
Thus, it can be assumed that the B/Z DNA junction emerges under the influence of an external chiral
inductor or chiral doping.

The B–Z DNA transition is facilitated by changing the salt environment [158]. Therefore, a mixture
of ions (particularly of cations) greatly affects this transition. This effect can be largely explained
by a decrease in the interaction between oppositely positioned phosphate groups in B- and Z-DNA.
Indeed, these groups get closer to each other in Z-DNA compared with B-DNA (7.7 in Z-DNA and
11.7 Å in B-DNA) [159–161]. Therefore, negatively charged phosphate groups of B- and Z-DNA
fragments interact with surrounding ions in a different manner. It is interesting that solvents changing
the dielectric constant of water stabilize Z-DNA to a greater extent [162–169]. Additionally, metal
complexes differently affect the B-Z DNA transition [170–173]. However, compounds with very strong
chiral induction have the highest effect. Given that, helicene helix molecule exerts the most significant
impact on the B-Z DNA transition. Chiral hexahelicene is known to have huge “rotational power”
(immense chiral field) in circular dichroism (CD) spectra. Xu et al. first reported structural selectivity
of helicene 1 in the action on DNA [174].

The CD spectra of the (P) –helicene/Z-DNA mixture (d(CGCm8GCG)2 as a model of Z-DNA)
shows the 70% intensity decrease. Whereas no change occurs in the (P)-1/B-DNA mixture (d(CGCGCG)
as a model of B-DNA). No discrimination is observed in the CD spectra of the (M)-helicene/B-DNA
and (M)-helicene/Z-DNA mixture. The decrease in intensity here is as low as 20%.
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This observation brings us to a fundamentally important conclusion about the possibility of an
external chiral effect on DNA. This influence on the chiral DNA conformation may be ascribed to a
greater degree of the helicene chiral field. Can a physical factor (field or radiation) affect the chiral
conformation of DNA?

An analysis of impact of electromagnetic fields on DNA shows that stable magnetic or electric
fields do not affect DNA. Apparently, this can be explained by the fact that these stable fields exist on
Earth. DNA has been evolving for billion years in the presence of stable magnetic or electric fields.
Therefore, the DNA molecule as the most important molecule in the genome probably has protection
mechanisms against damage from stable electromagnetic fields. There are certain repair mechanisms
in a living cell such as “nucleotide excision on repair”, “mismatch repair” and so on [175]. It is possible
that the analogous protection mechanism exists to counteract stable electromagnetic fields and that the
DNA molecule is not sensitive to stable electromagnetic fields.

However, the situation is completely different in the presence of high or low frequency electromagnetic
fields. These exert a genotoxic effect [176,177], along with DNA double-strand breaks [178–182], and some
other similar effects [183–189]. Indeed, variable electromagnetic fields, including those of low frequency,
do not exist on Earth. Perhaps, this is why the DNA molecule has no protection against them and is
vulnerable in their presence.

Thus, hypothetical breaking of the energy barrier of the B/Z DNA junction can take place in two
stages. An external chiral inductor, acting as a trigger, can send the first impulse to clear the barrier [43].
At the second stage, the B/Z DNA junction receives an energy advantage by analogy with Wallach’s
rule (a denser arrangement of phosphate groups [161] in the “racemic” structure of B–Z DNA).

Similar inversion points also occur in simpler linear structures. Areas of change in the sign
of helicity M/P (or P/M) may occur also between superstructures from achiral molecules in chiral
domains [43]. Tomsett et al. [190] showed that a screw-sense reversal (inversion points) was noticed in
oligomere molecules. This “tendril perversion” was “trapped within a fragment of a helical oligoamide
foldamer of the achiral quaternary amino acid 2-aminoisobutyric acid”. These chirality inversion
points (M/P-point) were monitored by NMR, CD-spectra, X-ray crystallography, Raman spectroscopy,
and modelled computationally.

Hence, there is probably an energetic advantage of 50%:50% (L/D) structures in the LC phase and
(L/D) chirality inversion points within the oligomer molecule boundaries or just in the double helix of
the DNA molecule. A similar trend exists in spontaneous reactions (Figure 10). Therefore, “racemic”
composites, chirality inversion points within the limits of a linear structure and Wallach’s rule have
much in common. Is it possible that they have a common physical basis?

The Dzhanibekov effect may also be responsible for the external chiral inductor’s influence on the
appearance of inversion points.

7. Chirality Inversion Points or Mirror Image Effect of Moving Objects

Astronaut Dzhanibekov [191] was the first to view changing of the uniform motion of an object in
zero gravity. He observed that a hex nut (jumped off the thread), as it moved in zero gravity (after about
20 rotations around the axis), made a somersault and continued to move with rotation. The sense of
rotation of this object before and after the somersault was actually mirrored.

It is known that the Earth’s magnetic field changes its polarity every half million years on
average [192,193]. The last change took place about 750 thousand years ago. Assumingly, the movement
of rotating ions in solution may have similar effects (Figure 14).

A conglomerate (50%/50%) of NaClO3 crystals (see Scheme 1) is a possible consequence of this
effect in the absence of stirring. Taking into account the weight of the discussed objects, the somersault
frequency will be inversely proportional to the object mass. Thus, the inversion of the object moving
with mirror-symmetric tumbling occurs also in the case of linear rotational motion. It is expressed in the
periodic change of axial rotation of the object (with a somersault). What makes a moving and rotating
object fulfill a roll/inversion with the helical trajectory change to the mirror opposite? Whether a cause
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Figure 14. Possible influence of the Dzhanibekov effect on mirror symmetry of moving objects.

8. Chiral Trajectories of Moving Objects as an External Chiral Inductor

The origin of life was actually determined by the nature’s choice of the configuration series:
L-amino acids and D-sugars. This configuration relationship of amino acids and monosaccharides was
selected from the four possible (D–D, L–L, D–L, and L–D). A reason for the choice has been still under
discussion [194–205]. “A possible basis for such a row of configurations can be right-handed helix
conformations (P) of important biomacromolecules” (Scheme 19) [66,192,193].
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Scheme 19. Important biomacromolecules.

All these vital P-macromolecules only consist of L-amino acids and D-sugars. The choice of
the P-macromolecule configuration depends on the external chiral inductor. Electromagnetic fields,
circularly polarized light, plasma torch of meteorite impact, solar irradiation, parity violation energy
difference, and similar factors can act as an external chiral inductor [66,67]. Hypothetical gravity impact
can be a possible physical inductor acting as a chirality trigger [66,67]. A basis for this assumption is
Barron’s concept [206] of true and false chirality. The combined gravitational field of moving space
bodies surrounding Earth creates a chiral gravitational environment on Earth (Figure 15).
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Figure 15. Helical trajectories of the joint movement (orbital and spin rotation) (a,c) Sun-Earth,
(b) Earth–Moon, and (d) Sun–Venus. Pitches (P) of the helices: PEspin = 1 day, PEorbit = 1 year, PMspin

= PMorbit = 1 lunar (sunderic) month, PSun
spin(N) = PSun

spin(S) = ~38 Earth’s days (near the polar caps
of Sun). Rotation of Sun around the axis tilted 82◦45’ to the plane of the Earth’s orbit occurs in the same
direction as spin rotation of Earth (counterclockwise).

A striking resemblance is observed between the Earth’s right-handed rotation (spin) near the
Moon, the right-handed Earth’s orbital trajectory moving around the Sun, and the right-handed helix
symmetry of molecules of life such as polypeptides, DNA, and polyglucanes (Scheme 19). He et al.
were the first to note this relation [207–210]. The Solar system moves also along the right-handed
trajectory in the Milky Way galaxy [211–215]. However, the Galaxy itself has a more symmetrical
structure similar to a “top-bottom” double snail [211–215]. There is a similarity between the Galaxy
structure and a meso-structure (inner racemate).

Indeed, “the mirror symmetry plane divides the right-handed (P-snail) field and the left-handed
(M-snail) field of the Galaxy” [211–215]. Because the Solar system is located in the P-snail field, the Sun,
Earth and other planets move identically (clockwise), with the exception of Venus.

The effect of gravity on a chemical reaction is rather strange and unusual for a chemist. Indeed,
experimental verification of gravity impact on chemical reactions is feasible only in a space flight.
In addition, a possible gravity effect on unstable chemical reactions becomes obvious after the discovery
of gravitational waves [216]. However, gravity research in chemistry began with the most stable
reactions such as nuclear decay. Indeed, many scientists believe that nuclear decay is generally not
applicable to external physical inductors. Fischbach et al. [217–221] watched Cs decay on board the
Messenger during its flight to Mercury. Additionally, the authors observed Mn decay during the Solar
flare on 13 December 2006 [67].

The idea was to demonstrate the limits of a possible correlation between 54Mn, 32Si, 36Cl, and 226Ra
nuclear decay rates and the Messenger–Sun distance. The positive interpretation of these data on the
effect of gravity on the nuclear decay rate has opponents [222,223]. No doubt, the gravity effect on
reactions less stable than nuclear decay will be great. We should also take into account the doubtlessly
chiral gradient of gravity and millions of years of its stable engagement in the formation of biologically
active molecules.
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Additional data on asymmetry of the gravitational field as a result of right-handed trajectories
(see Figure 15) are obtained from the observation of North-South solar asymmetry and anisotropy of
cosmic rays over the solar polar caps [224–226].

The conclusion on the influence of chiral gravity on chemical reactions leads to another very
important finding [43]. The chiral gravity effect depending on moon tides on Earth initiates a stable
level of the B–Z DNA transition. B↔ Z DNA equilibrium may appear damaged in the other gravity
conditions. Therefore, extensively publicized intentions of some politicians to set up lunar settlements
in the future will only become realistic unless robots are used. Life in lunar settlements in the conditions
of stable gravity (exported from Earth on Moon) and zero magnetic field on Moon (PMoonorbit = 1 lunar
(sunderic) month, in other words, Moon faces Earth with only one side) can be dangerous [43] for
biologic objects (as well as space flights in zero gravity)

9. External or Internal Chiral Inductors. Chiral or Racemic Water Flows

An accident at the Sayano-Shushenskaya HPP (Russia) on 17 August 2009 is the most mysterious
event in the history of hydropower plants [227]. The fact of breaking dowels of the turbine top plate
and pushing the multi-ton structure upwards contradicts all principles of turbine operation. There is
an opposite expert opinion. The cause of the accident according to the official version was a violation of
the turbine operation rules. All responsibility was passed on the HPP personnel—the so-called “human
factor”. However, it is known that the vibrations of the hydroturbine unit at the Sayano-Shushenskaya
HPP slightly differed from the known vibrations. It is unlikely that these could damage two-thirds of
80 dowels that fixed the generating unit. Now there is every reason to suppose that it was not the
human factor that was responsible for the accident. Indeed, the inspection reported the breakage of
some of those 80 dowels due to 35% fatigue, which was admitted as the main cause of the accident.
By evaluation, the force that broke loose almost a third of the 80 dowels had to be about 6700 tons.
If added to the weight of the pushed-out part of the unit (the turbine wheel, turbine cover and generator
rotor, total weight 1687 tons), remarkably, the total force is 8400 tons. Here you need to add the
force that led to damage of two-thirds 80 dowels. Therefore, the total force that caused the accident
(Figure 16) had to exceed 10,000 ton.
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Figure 16. Pushing the multi-ton turbine assembly up during the Sayano-Shushenskaya HPP accident
on August 17 2009.

The maximum turbine unit vibration amplitude before the accident is known to be 1500 µm.
Under such conditions, an unfixed 8000-ton unit would not budge [227]. So, all attempts to explain
this accident stemming conventional concepts were failing [227–230].

Let us assume that the dynamic conditions for the accident could have been created because of the
increased water flux density in the water conduit (Figure 17). A possible cause of the accident could be
a sudden abnormal increase in pressure of water entering the turbine through the conduit. It is known
that helical movement of water leads to an increase in pressure and range of the water stream when
fighting fires. To create a spiral flow of water, such designs are a special additional turn of the pipe.
However, helical movement in the HPP could be created spontaneously. This motion could be created
and amplified by resonance with an external inductor (for example the Earth’s rotation).
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Figure 17. Schematic image of the water conduct at the Sayano-Shushenskaya HPP.

It is also possible, that the casual structure of the water conduit created an angle of the direction
of water flow close to 130◦ (Figure 17, shown by arrows). The sequence of this change in flow direction
could be a change in helix chirality similar to the phenomena that are reflected in the Figures 13–15 with
inversion points 130◦. This change could further increase water pressure according to the Wallach’s
rule. The inversion point could also stabilize helical configuration of the water flow coming to the
turbine If. this helix configuration does not match the helix configuration of turbine (Figure 18),
this could have fatal consequences.
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Figure 18. Hydroturbine structure.

It should be emphasized that proposed hypothesis is based on a possible increase in the density
of water in conduit of hydroelectric power plant.

It is based only on external similarity of possible chiral water flows and chiral macromolecules.
A group of technical experts questioning the official explanation of the causes of the accident suggests
a hypothetical external factor. Chiral water flows can be initiated by external chiral factors including
stochastic factors that are difficult to model.

The above mentioned group of experts emphasized that accidents of this kind (not as tragic as in
the Sayano-Shshenskaya hydroelectric power station) occurred at other high-pressure stations around
the world. Therefore, the reason may be similar as well.

10. Mirror Symmetry Effect in Biology

It is known that two organelles are located near each ear of a human (Figure 19). Apart from other
functions, this paired organ performs acts as the vestibular apparatus. These symmetrically located
organelles have snail-shaped fragments with the right- and left–handed structure. In fact, these snails
are an object and its mirror image. Such an arrangement should have its internal sense for orientation.

Orientation with the help of the vestibular apparatus is possible when information from left-handed
and right-handed snails is detected. Most likely, a chiral or asymmetric detector of the human body
can implement this control correctly. Apparently this function can be performed by the human brain.
The human brain is characterized by bilateral symmetry of two hemispheres which are interconnect
white matter tissue. The left and right hemispheres differ between themselves in size and weight
within small limits. The differences from person to person are in different symmetry of the brain cortex
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of two hemispheres with each other. The brain cortex topography of two hemispheres changes from
mirror symmetric to completely asymmetric (Figure 20) [231–236].
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Figure 20. Structure of brain cortex hemispheres: (a) symmetric (plane of symmetry), (b) asymmetric.

However, the brain with a plane of symmetry between hemispheres does not allow to estimate
mirror symmetry of object. The symmetry of the right and left is result of option involving C2 axis of
symmetry. A symmetrical brain would consider the left and right as symmetrical. Indeed, we belong to
the bilateral group of species whose body plan is essentially symmetrical. Therefore, we need a chiral
or asymmetric organ that can evaluate the right and left surroundings [237]. For example, a person
looking at himself in mirror can understand that the ring is on his right hand, although in a mirror
image this ring is on his left hand.

It is interesting that some correlation between the symmetry–asymmetry of the cerebral cortex
and illiteracy/literacy of the observed person was popular in the late 19th century.

Modern tomographic studies show that a decision making process involves various brain areas.
These areas may even compete for decisions. However, it is believed that the frontal lateral cortex
plays a major role in decision-making. Therefore, symmetry of the cortex, probably, also impacts the
information evaluation and final decision making. Figure 21, demonstrates how nature strives to avoid
brain mirror symmetry even in its functions [231–236]. Mirror symmetry is retained only in cognitive
analysis (see, for example, mirror neurons phenomenon).
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Therefore, brain performs this function as an asymmetric body. The left hemisphere is leading in
the intellectual function, while the right hemisphere is responsible for mental and emotional functions.
Moreover, motor functions are distributed in the hemispheres from the left hemisphere to the right side
of the body and alternatively. Thus, the sensory response of the brain is devoid of symmetry elements,
i.e., it is asymmetric.

It is interesting that there is a problem of righties and lefties. We are almost all right-handed [238–240],
which is often a source of prejudice against about 12% left-handed. Fossil sources suggest that
even Neanderthals were righties, perhaps in the same proportion as modern humans [240]. Modern
right-handed people perceive left-handed people not as defective but as an interesting difference from
“their beloved ones”. However, there is a physical base of difference between left and right that causes
emotional reaction of human. This reaction is associated with the participation of “mirror neurons” in
the brain (Figure 22).. When we see manifestation of a positive emotion, such as smile, we also feel a
similar emotion. It was discovered that the reproduction of these emotions is controlled by neurons
with new structure [241–244].
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Synchronous perception of this emotion is maximal when we are strictly vis-à-vis another person.
Therefore, these neurons we called “mirror neurons” in full accordance with their functions. Indeed,
it is entirely possible that this synchronism estimated by the brain when it evaluates the right and left.
In this case, the right and left are evaluated by the same “mirror neurons” while the motor function of
the right and left sides of the body are controlled by ordinary neurons of different hemispheres of the
brain. The brain choice of special neurons for the analysis of the right and left in the emotional plane.
These neurons connected with abstract thinking. This assumption is based on the observation that
these same “mirror neurons” are involved in the learning process.

Another scenario involves the participation of mirror symmetry effect to act on the mirror neurons.
The effect of mirror symmetry is based on the assumption that there are not only structural but also
physical difference between the right, left, and their mixture. The examples discussed in this review
testify also to this. The physical basis of the right and left (between vis-à-vis exposed persons) as
similar effect can act like a trigger for operation on the same “mirror” neurons.

11. Mirror Symmetry Effect in Physics

An experiment conducted by the Baryon Antibaryon Symmetry Experiment group of the European
Centre for Nuclear Research (CERN) has demonstrated that magnetic moments of proton and
anti-proton differ only in signs, while they are the same with record accuracy [245–247] in the numerical
expression. Basically, they are equal. This confirms that the “material” proton and “anti-material”
anti-proton are symmetric particles or mirror images of each other. A similar situation is possible for
“material” elementary particles—neutrons, protons, electrons, etc.—and anti-neutrons, anti-protons
(as it was observed experimentally), anti-electrons, etc. However, this scientific viewpoint includes
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a striking paradox. Indeed, matter and anti-matter have no advantage over each other. Therefore,
at the time when the Big Bang gave birth to the Universe, matter and anti-matter would have to be
formed in equal amounts. But in this case they had to immediately annihilate. Since this did not
happen, there had to be a mechanism to separate matter and anti-matter. The origin of this paradox
or “baryonic asymmetry” is unclear. A solution to the paradox could be possible chirality of moving
charged elementary particles. An interesting idea in favor of the existence of chirality of all moving
charged elementary particles was proposed by Davankov [248,249]. He assumed that a moving
electron (in metal wire or in vacuum) is accompanied by the appearance of a circular magnetic field
of one particular direction. Thus, a system consisting of a moving electron and the resulting circular
magnetic field is a chiral system. This idea leads to a conclusion that every charged elementary particle
is inherently chiral. According to this idea, particles of the opposite charge (e.g., an electron and a
positron) have opposite chirality (as enantiomers). Since each elementary particle has a symmetric
pair—an anti-particle with the opposite charge, their chirality may be of a different sign. That is, they
had an object-and-mirror image relation during the Big Bang.

A possible explanation of the paradox of “baryonic asymmetry” may be based on the assumption
that in the Big Band there was a separation of material and anti-material particles as “enantiomers”
(according Davankov’s idea [248,249]). In accordance with Kozyrev’s [250–254] concept of mirror
reflection, they should diverge in the opposite time.

Kozyrev observed small difference in the weight of a spinning gyroscope clockwise and
counterclockwise. Kozyrev suggested that the dependence of the gyroscope weight on the direction of
rotation may be due to a violation of the casual relationship with respect to some external standard.
Such a standard may be the physical field of time. He argued the concept that time is energy that
can concentrate, contract or stretch in small degree (maximum with coefficient 0.5). Kozyrev also
established that time is reflected (as a flow of energy) by a mirror or smooth metal or stone surface.
This hypothesis has been discussed and has its supporters [250–254].

Let’s say that enantiomers being a mirror image of each other differ in the physical effects of time
(“flow of time”). This difference is expressed in a change in the properties of the racemic mixture
compared to enantiomers. However, the racemate and enantiomer remain in the “flow of time” of our
Universe. In the absence of this flow (at the Big Bang) opposite material and anti-material enantiomers
will be at different times after Big Bang. This idea explains the mystery of “baryon asymmetry”.

A good confirmation of the aforementioned Kozyrev’s experiment is the Dzhanibekov effect or
tennis racket theorem. (Chapter 7). Indeed, a spherical object rotating in space can be considered as
two hemispheres connected by bottoms. One hemisphere, which is set upward by the pole, rotates
clockwise, another hemisphere setting upward by pole rotates counterclockwise (Figure 23), similar
to” top” and “bottom” of our Galaxy [43]. A change in the weight of the hemispheres can lead to a
periodic somersault of a spherical object (Dzhanibekov’s effect). A possible difference in hemispheres
is also distinction in meteorological (Earth [255–258] in the corresponding seasons) and irradiation
(Sun asymmetry [224–226]) conditions of the northern and southern hemispheres.
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Long ago it was noticed by sailors that crossing the equator changes the direction of the screw-sense
of whirlpool of flowing water in the sink. This observation also supports the consideration of the
equator as the plane of mirror symmetry (or the function associated with it) of a rotating spherical
object as the globe.

According the abovementioned idea, our Universe is racemic mixture of matter and anti-matter
(may be as “dark matter”) universes. The annihilation of matter and anti-matter does not occur since
both universes are in different times.

12. Conclusions

We endeavored to discuss all known facts concerning mirror symmetry and mirror reflection effects
in chemistry and physics. The interpretation and analysis of these facts is based mainly on chemical
thinking. However, we also proposed the analysis of these facts made by a physicist. Therefore,
the joint interpretation of the facts is comprised of both molecular chemical and purely physical effects
and theories:

1. An equal (50%:50%) mixture of molecules of a different chirality sign often changes physical
properties both in crystal and in solution in comparison with pure enantiomers (Wallach’s rule).
The catalytic activity of metal complexes with racemic ligands also differs from the corresponding
complexes with enantiomers (nonlinear effects). Moreover, there is an internal connection between
Wallach’s rule and nonlinear effects.

2. Helical polymers from achiral monomers form a mixture (50%:50%) of domains of molecules
with a chirality sign which is different between the domains. This case resembles a conglomerate
(mixture) of chiral crystals (Figure 1c) because a pool of helical molecules of one sign of chirality
occupies the entire domain, while approximately the same area of the domain with chiral molecules of
another sign occupies the adjacent area. Domains of molecules of different chirality signs are similar to
crystals of the Pasteur’s crystal mixture (conglomerate).

3. Helical chains of polymers of achiral molecules (including inorganic salts or ferromagnetic salts
in magnetic fields) often contain helical fragments of inversed chirality.

4. Even structurally stable double helix of DNA reinforced with internal straps (nucleotide bases)
comprise such sites (B–Z DNA transition). However, only triads of right-handed single, double and
triple helices act properly in life processes, whereas the left-handed sites may cause damage (e.g., in the
presence of sites with the B–Z DNA transition, the living organisms respond to it by genetic diseases).

5. The mirror symmetry effect is also inherent in other physical objects and phenomena (various
moving objects, organs of living beings, water flows, material and anti-material particles, etc.).
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