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Enantiomer purification is a critical process in the pharmaceutical, agrochemical, and food
industries, where chiral compounds often exhibit distinct biological activities. Traditional chiral
chromatography is effective but costly due to the use of expensive chiral stationary phases. This
review article highlights a recent breakthrough in enantiomer purification under entirely achiral
conditions. Specifically, it focuses on the convergence of achiral simulated moving bed chroma-
tography and the phenomenon of self-disproportionation of enantiomers (SDE). Experimental
validation using scalemic methyl p-tolyl sulfoxide as a model compound enabled the isolation of
the excess enantiomer with high purity (~99% ee) and a respectable yield (~50%). This innovative
process features exceptional productivity (up to 99 grams per liter of column volume per day), re-
producibility, and reliability. This breakthrough presents the first practical example of enantiomer
purification based on SDE, offering a scalable and economically viable alternative to conventional
chiral separations. Given that SDE is an inherent property of all chiral compounds, this innovative
approach is anticipated to become the method of choice for practical enantiomer purification in
both research and industrial production.
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INTRODUCTION. Chiral compounds play
a crucial role in the pharmaceutical, agro-
chemical, and food industries [1-6]. Incor-
porating elements of chirality, particularly a
stereogenic carbon, in compounds under de-
velopment enhances the success rate of these
molecules as they progress from the discovery
phase to approval [7]. Approximately 70% of
approved drugs on the pharmaceutical market
contain at least one element of chirality [8].
Following the Thalidomide tragedy [9-11],
the FDA mandates a separate full biological
study for each enantiomer of submitted chiral
compounds. Asymmetric synthesis, whether
stoichiometric, catalytic, or enzymatic, very
rarely affords chiral compounds with the level
of enantiomeric purity required for the FDA-
mandated biological study [12]. Incredibly, the
final enantiomer purification stage can be the
most laborious and costly phase of the entire
chemical procedure [13, 14]. Therefore, the
ability to isolate pure enantiomers becomes an
absolutely essential part of successful drug de-
velopment, ensuring reasonable time and cost
structures.

Traditional enantiomer separation techni-
ques, such as chiral chromatography (CCh)
and diastereoisomeric crystallization, grapple
with challenges like high costs and the unpre-
dictably complex selection of resolving agents
and conditions [15-18]. However, a recent
study led by Professor Dorota Antos [19] has
achieved a significant breakthrough by mer-
ging two previously orthogonal innovations
in the fields of chirality and chromatographic
separations.

The first innovation is the self-dispropor-
tionation of enantiomers (SDE) [20, 21], which
allows for the separation of excess enantiom-
ers from the racemic portion under complete-
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ly achiral conditions. The second is simulated
moving bed (SMB) chromatography, current-
ly the most efficient solution for continuous
chromatographic separation [2, 23].

This newly reported approach - achiral
SMB (ACh-SMB) - undoubtedly deserves spe-
cial attention and widespread dissemination
among practitioners in the areas of chirality,
chromatography, asymmetric synthesis, and
drug development in academic and industrial
research institutions. Given the high methodo-
logical and practical potential of these results,
this brief Perspective aims to highlight the
reported methodological and technological
advances, situating them within the greater
concept of the SDE phenomenon. These recent
developments bode well for the future general
applications of ACh-SMB-SDE as an approach
of choice in enantiomer purifications.

Self-disproportionation of enantiomers
(SDE). As illustrated in Fig. 1, a scalemic mix-
ture of 6 red and 3 blue enantiomers can adopt
five general configurations based on intermo-
lecular interactions. In configuration A, where
such interactions are absent or very weak, all
nine molecules in an achiral environment will
behave congruently, requiring a chiral selector
to distinguish between red and blue enantio-
mers. However, when intermolecular interac-
tions occur, describing a scalemic compound
merely as a mixture of enantiomers becomes
conceptually incorrect and methodologically
misleading. Thus, if there is a preference for
heterochiral interactions, the sample should
be described as a collection of dimers (B) or
oligomers (E) along with the corresponding
monomers. Conversely, if homochiral inter-
molecular interactions dominate, the mole-
cular configurations will include dimers versus
monomers (C) and a mixture of oligomers (D)
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with molecular weight distributions reflecting
the ratio of the original enantiomers. These
four molecular configurations, driven by in-
termolecular interactions, are essentially mix-
tures of compounds with different molecular
weights and distinct physicochemical proper-
ties, resulting in their separation in a complete-
ly achiral environment. This spontaneous sepa-
ration of scalemic samples into fractions with
proportions of enantiomers different from the
original mixture is termed Self-Disproportio-
nation of Enantiomers (SDE) [24-26].
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Fig. 1. Scalemic mixture of 33.33% ee and four
general configurations: absence of any intermole-
cular interactions (A); intermolecular interactions
leading to the formation of heterochiral dimers
(B), homochiral dimers (C), homochiral oligomers
(D), and heterochiral oligomers (E).

Since intermolecular interactions are an in-
herent property of all chemical compounds,
one can deduce that SDE is similarly an in-
herent property of all chiral compounds. Sys-
tematic research into SDE began only about
20 years ago, generating a wealth of SDE data
for compounds of various chemical structures
and all common types of chirality, including
helical [27], axial [28-34] chirality, central
chirality on carbon [35-37], sulfur [38-41], as
well as compounds possessing multiple stereo-
genic centers and C, symmetry [42]. A simi-
lar wide generality is also reported for areas of
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SDE manifestation, particularly in crystalliza-
tion [43, 44], sublimation [45-48], distillation
[49-51], density gradient ultracentrifugation
[52] or suspension precipitation [53], and chro-
matography - including simple gravity-driven
columns [54-56], flash chromatography [38],
MPLC [57-59], HPLC [28], size-exclusion
[51], and even gas chromatography [60].
Among the wider implications of the ubi-
quitous nature of SDE is the problem of ac-
curately reporting the enantiomeric purity of
chiral compounds isolated from natural sour-
ces or prepared in the laboratory [61-63]. SDE
is highly relevant to the field of chirality and
asymmetric synthesis. Understanding SDE
is crucial for accurately reporting the stereo-
chemical outcomes of enantioselective reac-
tions. SDE presents both a challenge and an
opportunity in chemistry, requiring careful
consideration and control to avoid errors in ex-
perimental results and interpretation [64-66].
A particularly exciting implication of SDE is
related to the origin of prebiotic homochirality.
Among various theories proposed, SDE is the
only experimentally proven mechanism for the
formation and maintenance of enantiomeri-
cally pure or highly enriched samples [67-69].
SDE and enantiomer purifications. In es-
sence, the SDE phenomenon is the spontane-
ous separation of the excess enantiomer from
the racemic portion. Therefore, enantiom-
er purification is an innate property and the
way of SDE manifestation. Thus, the primary
question is how to amplify this spontaneous,
innate enantiomer purification to a practical
application level. Research conducted on nu-
merous chiral compounds has identified cer-
tain structural classes and functional groups,
known as SE-phoric groups [21, 70], that allow
for high magnitudes of SDE, reaching prac-
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tical levels. As SDE can be used as a method
to obtain enantiopure samples from scalemic
mixtures, it can lead to the development of un-
conventional and superior methods for enan-
tiopurification. Particularly exciting results

were reported for the SDE-driven enantiomer
purification via sublimation [71-75] and achi-
ral column chromatography. Figure 2 and Ta-
ble 1 present several examples of various types
of chiral organic compounds.

Table 1. Examples of SDE-driven enantiomer purifications via achiral chromatography.

. | Type of First Last .
Entry |Cmpd. :::a[l;l]n 8 | chromato- | Eluent fraction |fraction |Aee [l;lilds
*" |graphy (%] |[%] °
c-Hex-benzene-
1 1 75.0 (S) |flash di-tert-butyl 28.0 >99 63.3 44.0
ether (1:1:0.1)
2 2 78.9 () |gravity C('fze)x/ MTBE |99 566 (433|240
3 2 71.0 (S) |MPLC ?l'_lf)eX'EtOAc >99 28 71 66.0
4 3 64.9 (R) |gravity Elhze)x/ MIBE | g9 332|667  |217
5 4 72.6 (S) |gravity Elhze)x/ MIBE g0 |00 |126 |-
6 4 69.0 (S) |MPLC ?z'?;X'EtOAC >99 52.0 47 40.0
7 5 64.2 (P) |gravity CH,CL, >99 44.6 55.3 0.7
8 5 658 (P) |MPLC  [n-Hex-EtOAc |>99 354|636 536
9 6 34.6 (R) |gravity ’Zj;’“EtOAC 8.1 >99 91.8 |43
10 7 34.6 (R) |gravity C('f;;‘/ EtOAC 199 130 |86 0.5
11 8 81.4 (S) |flash n-Hex-EtOAc 93.5 62.3 31.2 -
12 9 72.4(S) |gravity ?1 _If?f;‘"EtOAC 970  |474  |496 |-
13 10 82 (M) |gravity g?;x_EtOAC 69 89 20 -
https://ucj.org.ua 37
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Fig. 2. Examples of compounds exhibiting a high magnitude of self-disproportionation of enantiomers

(SDE) under achiral chromatography conditions.

Examples 1-10 (Fig.1) were selected to
showcase the structural variety of chiral com-
pounds demonstrating significant SDE magni-
tudes, leading to laboratory-scale enantiomer
purifications. These examples include unpro-
tected amino alcohol 1 [76], amide-protec-
ted amine 2 [55, 77, 78], a-amino acid 4 [79],
B-amino acids 3 [54, 57, 80] and 6 [37], phos-
phorus analog of B-amino acid 9 [81], unpro-
tected a-amino ester 8 [82], sulfoxide 7 [39],
compound with axial chirality 5 [83], and heli-
cine 10 [27].

For each compound (1-10), Table 1 pro-
vides data on initial enantiomeric purity, type
of achiral chromatography, eluent, enantio-
meric excess in the first and last fractions, the
difference in enantiomeric excess (Aee), and
the yields of isolated enantiomerically pure
compounds. These data overwhelmingly high-
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light the prowess of SDE via achiral chroma-
tography as a general approach for the enantio-
purification of scalemic organic compounds.
However, practical application has been se-
verely hindered by difficulties in scaling up
from gram to a practically useful level of 100 g
or more. This is why the breakthrough repor-
ted by Dorota Antos’ group [19] represents a
critically needed advancement in this field.
Simulated moving bed chromatography.
Simulated Moving Bed (SMB) chromatography
is an advanced technique used to separate and
purify different components from a mixture
[84-87]. Unlike traditional batch chromatogra-
phy, which processes samples in fixed amounts,
SMB operates continuously, making it more
efficient and cost-effective for large-scale sep-
arations. SMB chromatography consists of se-
veral interconnected columns filled with a sta-
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tionary phase that interacts uniquely with each
component of the mixture. A liquid containing
the mixture flows through the system, and the
continuous alternation of input and output po-
sitions facilitates the separation process, rep-
licating the effect of a moving solid phase. The
number of columns typically used can vary de-
pending on the specific application and scale of
the process. Generally, 8, 12, or 16 columns are
commonly employed. Simplified version of the
SMB system is illustrated in Fig. 2.

‘Feed
N

Column switching

Fig. 2. Schematic of SMB units separating a bi-
nary mixture.
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SMB consists of several connected columns
filled with a stationary material that inte-
racts differently with each component of the
mixture. A liquid carrying the mixture flows
through the system, and due to the constant
switching of input and output positions, the
separation process mimics the effect of a mo-
ving solid phase [88-90].

SMB is widely used in industries like phar-
maceuticals, food processing, and petrochem-
icals [91-95]. It offers several benefits such as
higher efficiency, better purity, and cost-effec-
tiveness. SMB is widely used in pharmaceutical
industry for large-scale isolation/purification
of drug components, especially enantiomers
in chiral drugs. In food industry for refining
sugars, amino acids, and other food additives.
More generally, in chemical industry for sepa-
ration of petrochemical products and bio-
based chemicals. Overall, while SMB chroma-
tography may seem complex, it is essentially a
smart way of continuously filtering out desired
compounds from mixtures. By improving ef-
ficiency and reducing waste, it plays a crucial
role in modern industry and scientific research.

Case of methyl p-tolyl sulfoxide. The study
under discussion [19] focused on developing
an SDE-driven Achiral Simulated Moving Bed
(SDE-ACh-SMB) process for the separation of
enantiomers of (S)-MTSO (Scheme 1).

/ L] L]

IS\’”’.' . "'S /O . /"'S /O
'\Q\(\D + 7 \©\+ - \©\
/S'\©\

(R)-1 (R)-1

(SIR)-2
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Higher retention time

Pure enationers;
Lower retention times

Scheme 1. SDE-driven enantiopurification of scalemic S-MTSO.
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Due to identical Henry constants for enan-
tiomers in an achiral environment, conven-
tional design methods like triangle theory were
inapplicable [96-98]. Instead, the approach
involved three steps, including batch-column
separation for model calibration, model-aided
selection of operational variables, and experi-
mental adjustment.

Elution experiments helped determine key
parameters such as total column porosity (et),
apparent dispersion coefficient (Da), and iso-
therm coefficients (qm, KI, KII). The porosi-
ty (et) averaged 0.70 with minimal deviations
between columns. The number of theoretical
plates (N = 1000) was used to calculate Da,
and the isotherm coefficients were estimated
using peak fitting techniques. These parame-
ters ensured accurate predictions of migration
velocities for the enantiomers’ fronts during
the separation process.

Initial experiments in batch columns
demonstrated the SDE phenomenon, allowing
the formation of homochiral and heterochiral
associates with different retention properties.

Optimal conditions for batchwise achiral
separation were determined, providing a base-
line for further SMB experiments.

A series of SMB runs were conducted with
varying zone flowrates, switching times, and
feed conditions. The initial scouting run failed
due to incorrect predictions of enantiomer
migration velocities.

Subsequent runs adjusted flowrates and
switching times, achieving high-purity sepa-
ration of S-MTSO enantiomer with improved
productivity and yield. Specifically, run 3
reached approximately 100% purity with a
productivity of 28 grams of (S)-MTSO per liter
of column volume per day.

Variations in feed concentration and enan-
tiomeric excess were investigated. Higher ee

40

improved product purity and productivity by
enhancing the migration velocity difference
between enantiomers. Increased feed concent-
ration intensified the SDE effect, beneficial for
separation performance, but also made main-
taining product purity more challenging due
to the sharper concentration fronts of enan-
tiomers.

The dynamic model was verified against
experimental data, confirming its accuracy
and reliability in predicting SMB separation
performance. The model parameters were ad-
justed based on experimental results to ensure
precise predictions.

The ACh-SMB system used for the enantio-
purification was equipped with four Smartline
Pumps (model 100 V.5010), a pair of UV de-
tectors (K-2501), an SMB-Control unit, and a
multifunctional valve (CSEP C9 Series Simu-
lated Moving Bed and Chromatography Sys-
tems V0499, 12/2000). All components were
sourced from Knauer.

In showcase experiments the enantiomeric
excess (ee) of the enantioenriched MTSO stream
was maintained at 50%. The yield of the target
enantiomer (S-MTSO) was approximately 26%.
The productivity was 28 grams of S-MTSO per
liter of total column volume per day. These ex-
periments clearly highlighted the key benefits
and effectiveness of the method, providing clear
and compelling evidence of its capabilities. The
reproducibility of the ACh-SMB process was
confirmed through repeated runs, yielding con-
sistent performance indicators.

The developed ACh-SMB process offers a
cost-effective alternative for separating non-
racemic mixtures with high ee, common in
asymmetric synthesis. This method can reduce
reliance on expensive chiral chromatography.
For mixtures with low ee, a tandem configura-
tion with chiral chromatography can improve
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process economy by recycling the waste frac-
tion.

CONCLUSIONS. A novel SDE-ACh-SMB
process was developed and verified for the
continuous separation of enantiomers from
nonracemic mixtures [19]. The process is fea-
sible, reproducible, and predictable, demon-
strating high potential for industrial applica-
tions. Optimal conditions achieved product
purity of 96-100% and productivity up to
99 grams per liter of column volume per day.
The only drawback of this method is the re-
maining racemic compound, which must be
discarded or resolved using an external chiral
selector. In this regard, one can envision an ad-
vanced methodology presented in Fig. 3. The
process starts with a racemic compound. Using
low-cost chiral chromatography, the racemate
is transformed into two fractions of scalemic
compounds, enantiomerically enriched in
(R)- and (S)-enantiomers, respectively. Next,
the SDE-SMB approach is used to separate the
target enantiomers, and the remaining portion
is fed back to the racemate injector port. Pro-
perly designed and working continuously, such
a process will revolutionize the separation of
enantiomers.

pure (S)

enantiomer
SDE-SMB

(S)-scalemate

low cost
chiral SMB

racemate

(R)-scalemate

pure (R) SDE-SMB

enantiomer

Fig. 3. Proposed advanced process for resolu-
tion of racemates using low-cost chiral chromatog-
raphy and the SDE-SMBCh.
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Since SDE is an inherent property of all chi-
ral compounds, the SDE-ACh-SMB process is
expected to have the broadest possible applica-
bility in the field of enantiomer purifications.
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OunileHHs eHaHTIOMepiB € BaXIUBUM
npornecoM y apMaleBTUYHIN, arpoximiu-
Hill Ta Xap4oBill IPOMUCIIOBOCTI, [ie XipanabHi
CIIOJTYKM 4aCTO BUABJAIOTH pi3HY 6ionoriuny
akTMBHIicTb. Tpaguiiiina XipasbHa XpoMmaTo-
rpadia e epeKTMBHOW, aje NOPOrol Yepes
BUKOPUCTAHHA [OPOIUX XipaJlbHMUX CTaljio-
HapHMX ¢as3. LIa orramoBa cTaTTsa BUCBITIIOE
OCTaHHI IPOPUB y OYMIIEHHI eHAHTIOMEDIB B
YMOBaXx IOBHICTIO aXipa/JbHMX yMOB. 30KpeMa,
aKI[eHT 3po0/IeHO Ha IIO€[HAHHI axipanbHOI
CUMY/IbOBaHOI PYXOMOI IIapOBOI XpOMaTOrpa-
¢ii Ta peHOMeHa cCaMOAVICIIPONIOPIIIOHYBAHHA
enanriomepiB (SDE). ExcnepumenrtanpHa me-
peBipKa 3 BUKOPUCTAHHAM CKaJIEMi4YHOTO Me-
TYI-P-TONYINCYIb(OKCHUY SIK MOZIE/IbHOI CIIO-
JAYKM JO3BOMM/IA 130/II0BATY HaJIMIIKOBUIA
eHaHTiOMep i3 BUCOKOI0 YnCTOTOI0 (~99% ee)
Ta MOBAXKHUM BuxomoM (~50%). Lleit inHOBa-
LiIHAI IIPOLeC XapaKTePU3YETbCA BUHATKO-
BOIO IIPOAYKTUBHICTIO (10 99 rpamiB Ha miTp
00’e€My KOJIOHU Ha JIeHb), BiITBOPIOBAHICTIO Ta
HafiiHicTIo. Lleit mpopuB siB/Isie cob60M0 TEp-
LIMI TPAKTUYHUI IPUKIIAJ, OYMIEeHHs €HaH-
TiomepiB Ha ocHOBi SDE, mpomnonyo4n macui-
TabOBaHY Ta €KOHOMIYHO JOLIi/IbHY aJIbTepHa-
TUBY TPAAUIIIHUM XipaZbHUM PO3[i/IEHHAM.
BpaxoByroun, mo SDE € BmactuBicTIO BCix
Xipa/ZIbHUX CIIONYK, Lieil IHHOBALIIVIHNI MigXi]
OYiKyBaHO MA€ CTaTU PiOPUTETHUM METOLOM
I TPAKTUYHOIO OYMIEHHA €HaHTiOMepiB
AK Yy JOCTI/DKEHHAX, TaK 1 B IIPOMMCIOBOMY
BUPOOHMI[TBI.

KnrodoBi cnoBa: xipa/nbHicTb, €HaHTiOMe-
pY, OUNILEHHS, CaMOAVICIIPONIOPI[iOHYBAaHHS
eHanTiomepiB (SDE), axipanbHa XpoMaTorpa-
¢is, cuMynpOBaHA pyXoMa IIapoBa XpPOMAaTo-

rpadis.

42

REFERENCES

[1] Hutt A. J,, Tan S. C. Drug Chirality and its
Clinical Significance. Drugs. 1996. 52 (Suppl 5):
1-12.
doi.org/10.2165/00003495-199600525-00003.

[2] Lin G. Q,, You Q. D, Cheng J. E. Chiral drugs. In
Chemistry and Biological Action. Wiley. 2011.
doi:10.1002/9781118075647.

[3] Brooks W. H., Guida W. C,, Daniel K. G. The
significance of chirality in drug design and de-
velopment. Curr. Top. Med. Chem.2011. 11(7):
760-770.
doi: 10.2174/156802611795165098.

[4] Ceramella]., Iacopetta D., Franchini A. et al. A
look at the importance of chirality in drug ac-
tivity: Some significative examples. Appl. Sci.
2022.12(21): 10909.
doi.org/10.3390/app122110909.

[5] Crossley R.]. Chirality and biological activity of
drugs. CRC Press. 1995.

[6] Jianlin Han, Alicja Wzorek, Gagan Dhawan,
Wei Zhang, Alexander E. Sorochinsky, Daniel
Baecker, Taizo Ono, Karel D. Klika Vadim A.
Soloshonok. Chiral fluorine-containing phar-
maceuticals. Ukr. Chim. J. 2024. 91(2): 55-90.

[7] Lovering E, Bikker J., Humblet C. Escape from
Flatland: Increasing Saturation as an Approach
to Improving Clinical Success. J. Med. Chem.
2009. 52(21): 6752-6756.
doi.org/10.1021/jm901241e.

[8] Calcaterra A., D’Acquarica I. The market of
chiral drugs: Chiral switches versus de novo
enantiomerically pure compounds. J. Pharma-
ceut. Biomed. Anal. 2018. 147: 323-340.
doi.org/10.1016/j.jpba.2017.07.008.

[9] Kim J.H, Scialli A.R. Thalidomide: the trage-
dy of birth defects and the effective treatment
of disease. Toxicological sciences. 2011. 122(1):
1-6.
https://doi.org/10.1093/toxsci/kfr088.

[10] Annas G.]., Elias S. Thalidomide and the Ti-
tanic: reconstructing the technology tragedies
of the twentieth century. American journal of
public health. 1999. 89(1): 98-101.
https://doi.org/10.2105/AJPH.89.1.98.

ISSN 2708-129X. YKp. XiM. XypH., 2025



Alicja Wzorek, Karel D. Klika, Jianlin Han, Alexander E. Sorochinsky, Taizo Ono, Vadim A. Soloshonok

UCJ Nz 3 / Vol. 91

[11] Yamada T., Okada T., Sakaguchi K. et al. Effi-
cient asymmetric synthesis of novel 4-substi-
tuted and configurationally stable analogues
of thalidomide. Org. Lett. 2006. 8(24): 5625-
5628.
doi: 10.1021/010623668.

[12] De Camp W.H. Chiral drugs: the FDA per-
spective on manufacturing and control. Jour-
nal of pharmaceutical and biomedical analysis.
1993. 11(11-12): 1167-1172.
https://doi.org/10.1016/0731-7085(93)80100-F.

[13] Rekoske J.E. Chiral separations. Ameri-
can Institute of Chemical Engineers. AIChE
Journal. 2001. 47(1): 2. 7327e0c2d7bbd609¢
9557102213¢3¢60.

[14] SuiJ., Wang N., Wang J. et al. Strategies for chi-
ral separation: from racemate to enantiomer.
Chemical Science. 2023. 14(43): 11955-2003.
DOI: 10.1039/D3SC01630G.

[15] Wu D., Pan E, Tan W. et al. Recent progress
of enantioseparation under scale production
(2014-2019). Journal of separation science.
2020. 43(1): 337-347.
https://doi.org/10.1002/jssc.201900682.

[16] Leek H., Thunberg L., Jonson A.C. et al. Stra-
tegy for large-scale isolation of enantiomers in
drug discovery. Drug Discovery Today. 2017.
22(1): 133-139.
https://doi.org/10.1016/j.drudis.2016.09.018.

[17] Francotte E.R. Enantioselective chromatogra-
phy as a powerful alternative for the prepara-
tion of drug enantiomers. Journal of Chroma-
tography A.2001. 906(1-2): 379-397.
https://doi.org/10.1016/S0021-9673(00)
00951-1.

[18] Lorenz H., Seidel-Morgenstern A. Processes
to separate enantiomers. Angewandte Chemie
International Edition. 2014. 53(5): 1218-1250.
https://doi.org/10.1002/anie.201302823.

[19] Marek WK, Lee J.W.,, Seidel-Morgenstern A.,
Antos D. Separation of nonracemic mixtures
of enantiomers by achiral simulated moving
bed chromatography. Separation and Purifica-
tion Technology. 2025. 361: 131497.
doi.org/10.1016/j.seppur.2025.131497.

https://ucj.org.ua

[20] Han J., Kitagawa O., Wzorek, A. et al. The
self-disproportionation of enantiomers (SDE):
a menace or an opportunity? Chem. Sci. 2018.
9:1718-1739,

DOI: 10.1039/C7SC05138G.

[21] Soloshonok V. A., Klika K. D. Terminology
Related to the Phenomenon ‘Self-Dispropor-
tionation of Enantiomers’ (SDE), Helv. Chem
Acta, 2014. 97: 1583-1589.

DOI: 10.1002/hlca.201400122.

[22] Juza M., Mazzotti M., Morbidelli M. Simulated
moving-bed chromatography and its applica-
tion to chirotechnology. Trends in biotechno-
logy. 2000. 18(3): 108-18.

DOI: 10.1016/S0167-7799(99)01419-5.

[23] Seidel-Morgenstern A., Kessler L.C., Kaspe-
reit M. New developments in simulated mov-
ing bed chromatography. Chemical Engi-
neering & Technology: Industrial Chemistry-
Plant Equipment-Process Engineering-Bio-
technology. 2008. 31(6): 826-37.
https://doi.org/10.1002/ceat.200800081.

[24] Soloshonok V.A. Remarkable amplification of
the self-disproportionation of enantiomers on
achiral-phase chromatography columns. An-
gewandte Chemie International Edition. 2006.
45(5): 766-769.
doi.org/10.1002/anie.200503373.

[25] Soloshonok V.A., Berbasov D.O. Self-dispro-
portionation of enantiomers on achiral phase
chromatography. One more example of fluo-
rine’s magic powers. Chim. Oggi Chem. Today.
2006. 24: 44-47.

[26] Soloshonok V.A., Roussel C., Kitagawa O.,
Sorochinsky A.E. Self-Disproportionation of
Enantiomers via Achiral Chromatography:
a Warning and Extra Dimension in Optical
Purifications, Chem. Soc. Rev. 2012. 41: 4180-
4188.

DOI:10.1039/C2CS35006H.

[27] Tanaka K., Osuga H., Suzuki H. et al. J. Chem.
Soc., Perkin Trans. 1. 1998. 935-940.

DOI: 10.1039/A707196E.

[28] Matusch R., Coors C. Chromatographic sepa-
ration of the excess enantiomer under achiral

43




ORGANIC CHEMISTRY

ENANTIOMER PURIFICATION THROUGH ACHIRAL CHROMATOGRAPHY: INTEGRATING SIMULATED MOVING BED

AND SELF-DISPROPORTIONATION OF ENANTIOMERS.

conditions. Angewandte Chemie International
Edition in English. 1989. 28(5): 626-627.
doi.org/10.1002/anie.198906261.

[29] Nicoud R.M., Jaubert J.N., Rupprecht I., Kin-
kel J. Enantiomeric enrichment of non-race-
mic mixtures of binaphthol with non-chiral
packings. Chirality. 1996. 8(3): 234-243.
doi.org/10.1002/(SICI)1520-636X(1996)
8:3<234::AID-CHIR2>3.0.CO;2-H.

[30] Baciocchi R., Zenoni G., Mazzotti M., Mor-
bidelli M. Separation of binaphthol enantiom-
ers through achiral chromatography. Journal of
Chromatography A. 2002. 944(1-2): 225-240.
doi.org/10.1016/50021-9673(01)01366-8.

[31] Baciocchi R., Mazzotti M., Morbidelli M. Ge-
neral model for the achiral chromatography
of enantiomers forming dimers: application
to binaphthol. Journal of Chromatography A.
2004. 1024(1-2): 15-20.
doi.org/10.1016/j.chroma.2003.10.071.

[32] Nakajima M., Kanayama K., Miyoshi I., Ha-
shimoto S.I. Catalytic asymmetric synthesis
of binaphthol derivatives by aerobic oxidative
coupling of 3-hydroxy-2-naphthoates with
chiral diamine-copper complex. Tetrahedron
letters. 1995. 36(52): 9519-9520.
doi.org/10.1016/0040-4039(95)02063-2.

[33] Nakajima M., Miyoshi I., Kanayama K. et
al. Enantioselective Synthesis of Binaphthol
Derivatives by Oxidative Coupling of Naph-
thol Derivatives Catalyzed by Chiral Di-
amine-Copper Complexes. J. Org. Chem. 1999.
64(7): 2264-71.
doi.org/10.1021/j0981808t.

[34] Takahashi M., Tanabe H., Nakamura T. et al.
Atropisomeric lactam chemistry: catalytic
enantioselective synthesis, application to asy-
mmetric enolate chemistry and synthesis of
key intermediates for NET inhibitors. Tetrahe-
dron. 2010. 66(1): 288-96.
doi.org/10.1016/j.tet.2009.10.095.

[35] Cundy K.C., Crooks P.A. Unexpected phe-
nomenon in the high-performance liquid
chromatographic analysis of racemic 14C-la-
belled nicotine: Separation of enantiomers

44

in a totally achiral system. Journal of Chro-
matography A. 1983. 281: 17-33. https://doi.
0rg/10.1016/S0021-9673(01)87863-8.

[36] Charles R., Gil-Av E. Self-amplification of op-
tical activity by chromatography on an achi-
ral adsorbent. Journal of Chromatography A.
1984. 298: 516-20.
doi.org/10.1016/S0021-9673(01)92750-5.

[37] Soloshonok V.A., Berbasov D.O. Self-dis-
proportionation of enantiomers of (R)-ethyl
3-(3, 5-dinitrobenzamido)-4, 4, 4-trifluorobu-
tanoate on achiral silica gel stationary phase. J.
Fluor. Chem. 2006. 127(4-5): 597-603.
doi.org/10.1016/j.jfluchem.2005.11.004.

[38] Diter P, Taudien S., Samuel O., Kagan H.B.
Enantiomeric enrichment of sulfoxides by
preparative flash chromatography on an achi-
ral phase. J. Org. Chem. 1994. 59(2): 370-373.
doi.org/10.1021/jo00081a015.

[39] Wzorek A., Klika K.D., Drabowicz J. et al. The
self-disproportionation of the enantiomers
(SDE) of methyl n-pentyl sulfoxide via achi-
ral, gravity-driven column chromatography: a
case study, Org. Biomol. Chem. 2014. 12: 4738-
4746,

DOI: 10.1039/c40b0083 1f.

[40] DrabowiczJ., Jasiak A., Wzorek A. et al. Self-dis-
proportionation of enantiomers (SDE) of chiral
sulfoxides, amides and thioamides via achiral
chromatography, Arkivoc 2017. 557-578.

DOI: 10.3998/ark.5550190.0018.200.

[41] Han J., Soloshonok V.A., Klika K. D. et al. Chi-
ral sulfoxides: advances in asymmetric synthe-
sis and problems with the accurate determi-
nation of the stereochemical outcome, Chem.
Soc. Rev. 2018. 47: 1307-1350.

DOI: 10.1039/c6¢s00703a.

[42] Takahata H., Takahashi S., Kouno S.I., Mo-
mose T. Symmetry-Assisted Synthesis of C
2-Symmetric trans-a, a *-Bis (hydroxymethyl)
pyrrolidine and-piperidine Derivatives via
Double Sharpless Asymmetric Dihydroxy-
lation of a, w-Terminal Dienes. J. Org. Chem.
1998. 63(7): 2224-31.
doi.org/10.1021/j0971995f.

ISSN 2708-129X. YKp. XiM. XypH., 2025



Alicja Wzorek, Karel D. Klika, Jianlin Han, Alexander E. Sorochinsky, Taizo Ono, Vadim A. Soloshonok

UCJ Nz 3 / Vol. 91

[43] Secor R.M. Resolution of Optical Isomers by
Crystallization Procedures. Chem. Rev. 1963.
63(3): 297-309.
doi.org/10.1021/cr60223a006.

[44] Fogassy E., Nogradi M., Kozma D. et al. Op-
tical resolution methods. Org. Biomol. Chem.
2006. 4(16): 3011-30.
doi.org/10.1039/B603058K.

[45] Soloshonok V.A., Ueki H., Yasumoto M. et al.
Phenomenon of optical self-purification of
chiral non-racemic compounds. J. Am. Chem.
Soc. 2007. 129(40): 12112-12113.
doi.org/10.1021/ja065603a.

[46] Pracejus G. Optical Activation of N-Phtha-
lyl-a-Amino Acid Derivatives by Tertiary Base
Catalysis. Lieb. Ann. Chem. 1959. 622(1): 10-
22.
doi.org/10.1002/jlac.19596220104.

[47] Kwart H., Hoster D.P. Separation of an enan-
tiomorph and its racemate by sublimation. J.
Org. Chem. 1967. 32(6): 1867-70.
doi.org/10.1021/jo01281a037.

[48] Garin D.L., Greco D.]., Kelley L. Enhancement
of optical activity by fractional sublimation.
An alternative to fractional crystallization and
a warning. J. Org. Chem. 1977. 42(7): 1249-
1251.
doi.org/10.1021/j000427a033.

[49] Katagiri T., Yoda C., Furuhashi K. et al. Sepa-
ration of an enantiomorph and its racemate by
distillation: strong chiral recognizing ability
of trifluorolactates. Chem. Lett. 1996. 25(2):
115-116.
doi.org/10.1246/c1.1996.115.

[50] Katagiri T., Takahashi S., Tsuboi A. et al. Dis-
crimination of enantiomeric excess of optically
active trifluorolactate by distillation: Evidence
for a multi-center hydrogen bonding network
in the liquid state. J. Fluor. Chem. 2010. 131(4):
517-520.
doi.org/10.1016/j.jfluchem.2009.12.007.

[51] Acena J.L., Sorochinsky A.E., Katagiri T., So-
loshonok V.A. Unconventional preparation of
racemic crystals of isopropyl 3,3,3-trifluoro-
2-hydroxypropanoate and their unusual crys-

https://ucj.org.ua

tallographic structure: the ultimate preference
for homochiral intermolecular interactions,
Chem. Commun., 2013. 49: 373-375;

DOI: 10.1039/c2cc37491a.

[52] Mastai Y., Volkel A., Colfen H. Separation of
racemate from excess enantiomer of chiral
nonracemic compounds via density gradient
ultracentrifugation. J. Am. Chem. Soc. 2008.
130(8): 2426-2427.
doi.org/10.1021/ja067905i.

[53] Kozma D., Kassai C., Fogassy E. Enantiomeric
enrichment by the use of density differences
between racemic compounds and optically
active enantiomers. Tetrahedron Lett. 1995.
36(18): 3245-3246.
doi.org/10.1016/0040-4039(95)00454-K

[54] Suzuki Y., Han J., Kitagawa O. et al. A compre-
hensive examination of the self-disproportio-
nation of enantiomers (SDE) of chiral amides
via achiral, laboratory-routine, gravity-driven
column chromatography. RSC Adv. 2015. 5(4):
2988-2993.
doi: 10.1039/C4RA13928C.

[55] Wzorek A., Sato A., Drabowicz J. et al. Enan-
tiomeric enrichments via the self-dispropor-
tionation of enantiomers (SDE) by achiral,
gravity-driven column chromatography: a
case study using N-acetyl-1-(phenyl)ethyl-
amine for optimizing the enantiopure yield
and magnitude of the SDE, Helv. Chem Acta,
2015.98: 1147-1159.

DOI: 10.1002/hlca.201500041.

[56] Wzorek A., Sato A., Drabowicz J., Soloshonok
V. A. Self-Disproportionation of Enantiomers
via achiral gravity-driven column chromato-
graphy: a case study of N-Acyl-a-Phenylethyl-
amines, J. Chromatog. A. 2016. 1467: 270-278.
DOI: 10.1016/j.chroma.2016.05.044.

[57] Nakamura T., Tateishi K., Tsukagoshi S. et
al. Self-disproportionation of enantiomers of
non-racemic chiral amine derivatives through
achiral chromatography. Tetrahedron. 2012.
68(21): 4013-4017.
doi:10.1016/j.tet.2012.03.054.

[58] Tateishi K., Tsukagoshi S., Nakamura T. et al.

45




ORGANIC CHEMISTRY

ENANTIOMER PURIFICATION THROUGH ACHIRAL CHROMATOGRAPHY: INTEGRATING SIMULATED MOVING BED

AND SELF-DISPROPORTIONATION OF ENANTIOMERS.

Chiral initiator-induces self-disproportiona-
tion of enantiomers via achiral chromatogra-
phy: application to enantiomer separation of
racemate, Tetrahedron Lett. 2013. 54: 5220-
5223.

DOI: 10.1016/j.tetlet.2013.07.061.

[59] Goto M., Tateishi K., Ebine K. et al. Chiral
additive induced self-disproportionation of
enantiomers under MPLC conditions: Prepa-
ration of enantiomerically pure samples of
1-(aryl)ethylamines from racemates, Tetrahe-
dron: Asymmetry, 2016. 27: 317-321.

DOI: 10.1016/j.tetasy.2016.03.004.

[60] Wzorek A., Soloshonok V.A., Klika K.D. The
Self-Disproportionation =~ of  Enantiomers
(SDE) of a-Pinene via Evaporation off Silica
Gel and Foam Fractionation — Validation of
the Plausibility of SDE via Gas Chromatogra-
phy (GC) for a-Pinene, Separations 2023. 10:
382.
doi.org/10.3390/ separations10070382.

[61]Han J., Wzorek A., Soloshonok V.A., Klika
K.D. The self-disproportionation of enantio-
mers (SDE): the effect of scaling down, poten-
tial problems versus prospective applications,
possible new occurrences, and unrealized op-
portunities? Electrophoresis, 2019. 40: 1869-
1880.

DOI: 10.1002/elps.201800414.

[62] Kwiatkowska M., Wzorek A., Kolbus A. et al.
Flurbiprofen: A Study of the Behavior of the
Scalemate by Chromatography, Sublimation,
and NMR, Symmetry 2021. 13: 543.
doi.org/ 10.3390/sym13040543.

[63] Soloshonok V.A., Wzorek A., Klika K.D. A
question of policy: should tests for the self-dis-
proportionation of enantiomers (SDE) be
mandatory for reports involving scalemates?
Tetrahedron: Asymmetry. 2017. 28(10): 1430-
1434.
doi: 10.1016/j.tetasy.2017.08.020.

[64] Han J., Dembinski R., Soloshonok V. A., Klika
K. D. A call for a change in policy regarding the
necessity for SDE tests to validate the veracity
of the outcome of enantioselective syntheses,

46

the inherent chiral state of natural products,
and other cases involving enantioenriched
samples. Molecules. 2021. 26(13): 3994.
doi.org/10.3390/molecules26133994.

[65]Han J., Wzorek A., Klika K. D., Soloshonok
V. A. Recommended tests for the self-dispro-
portionation of enantiomers (SDE) to ensure
accurate reporting of the stereochemical out-
come of enantioselective reactions. Molecules.
2021. 26(9): 2757.
doi.org/10.3390/molecules26092757

[66] Han J., Wzorek A., Kwiatkowska M. et al. The
self-disproportionation of enantiomers (SDE)
of amino acids and their derivatives, Amino
Acids, 2019. 51: 865-889.

DOI: 10.1007/500726-019-02729-y.

[67] Yun Y., Gellman A.]. Adsorption-induced auto-
amplification of enantiomeric excess on an
achiral surface. Nature Chem. 2015.7(6): 520-5.
doi.org/10.1038/nchem.2250.

[68] Soai K., Kawasaki T., Matsumoto A. Role of
asymmetric autocatalysis in the elucidation
of origins of homochirality of organic com-
pounds. Symmetry. 2019. 11(5): 694.
doi.org/10.3390/sym11050694.

[69] Cintas P., Viedma C. On the physical basis of
asymmetry and homochirality. Chirality. 2012.
24(11): 894-908.
doi.org/10.1002/chir.22028.

[70] Sorochinsky A.E., Acefia J.L. Soloshonok V.A.
Self-Disproportionation of Enantiomers of
Chiral, Non-Racemic Fluoroorganic Com-
pounds: Role of Fluorine as Enabling Element,
Synthesis 2013. 45: 141-152.

DOI: 10.1055/5-0032-1316812.

[71] Yasumoto M., Ueki H., Soloshonok V.A.
Self-Disproportionation of Enantiomers of
Trifluoro Lactic Acid Amides via Sublimation,
J. Fluor. Chem. 2010. 131: 266-269.
doi.org/10.1016/j.jfluchem.2009.10.002.

[72] Yasumoto M., Ueki H., Ono T. et al. Self-Dis-
proportionation of Enantiomers via Sublima-
tion: Isopropyl 3,3,3-(Trifluoro)-Lactate, J.
Fluor. Chem. 2010. 131: 535-539.
doi.org/10.1016/j.jfluchem.2009.11.026.

ISSN 2708-129X. YKp. XiM. XypH., 2025



Alicja Wzorek, Karel D. Klika, Jianlin Han, Alexander E. Sorochinsky, Taizo Ono, Vadim A. Soloshonok

UCJ Nz 3 / Vol. 91

[73] Yasumoto M., Ueki H., Soloshonok V.A.
Self-disproportionation of enantiomers of
a-trifluoromethyl lactic acid amides via subli-
mation. Journal of Fluorine Chemistry. 2010.
131(4): 540-544.
doi.org/10.1016/j.jfluchem.2009.11.010.

[74] Ueki H., Yasumoto M., Soloshonok V.A. Ra-
tional application of self-disproportionation
of enantiomers via sublimation—a novel
methodological dimension for enantiomeric
purifications. Tetrahedron: Asymmetry. 2010.
21(11-12): 1396-1400.
doi.org/10.1016/j.tetasy.2010.04.040.

[75] Han J., Nelson D.J., Sorochinsky A.E., Solo-
shonok V.A. Self-Disproportionation of Enan-
tiomers via Sublimation; New and Truly Green
Dimension in Optical Purification, Curr. Org.
Synthesis 2011. 8: 310-317.
doi.org/10.2174/157017911794697303.

[76] Sorochinsky A.E., Katagiri T., Ono T. et al. Op-
tical purifications via Self-Disproportionation
of Enantiomers by achiral chromatography;
Case study of a series of a-CF3-containing se-
condary alcohols, Chirality 2013. 25: 365-368.
DOI: 10.1002/chir.22180.

[77] Wzorek A., Sato A., Drabowicz J., Soloshonok
V.A. Self-disproportionation of enantiomers
(SDE) of chiral non-racemic amides via achi-
ral chromatography, Israel J. Chem. 2016. 56:
977-989.

DOI: 10.1002/ijch.201600077.

[78] Wzorek A., Kamizela A., Sato A., Soloshonok,
V.A. Self-Disproportionation of Enantiomers
(SDE) via achiral gravity-driven column chro-
matography of N-fluoroacyl-1-phenylethyl-
amines, J. Fluor. Chem. 2017. 196: 37-43.
DOI: 10.1016/j.jfluchem.2016.07.016.

[79] Hosaka T., Imai T., Wzorek A. et al. The
self-disproportionation of enantiomers (SDE)
of a-amino acid derivatives; facets of steric
and electronic properties, Amino Acids, 2019.
51:283-294.
doi.org/10.1007/s00726-018-2664-x.

[80] Wzorek A., Sato A., Drabowicz J. et al. Remar-
kable magnitude of the self-disproportiona-

https://ucj.org.ua

tion of enantiomers (SDE) via achiral chro-
matography; application to the practical-scale
enantiopurification of B-amino acid esters,
Amino Acids, 2016. 48: 605-613.

DOI: 10.1007/s00726-015-2152-5

[81] Kwiatkowska M., Marcinkowska M., Wzo-
rek A. et al. The self-disproportionation of
enantiomers (SDE) via column chromatogra-
phy of p-amino-a,a-difluorophosphonic acid
derivatives, Amino Acids, 2019. 51: 1377-1385.
DOI: 10.1007/s00726-019-02774-7.

[82] Abas S., Arréniz C., Molins E., Escolano C.
Access to the enantiopure pyrrolobenzodi-
azepine (PBD) dilactam nucleus via self-dis-
proportionation of enantiomers. Tetrahedron,
2018. 74: 867-871.
doi.org/10.1016/j.tet.2018.01.006.

[83] Terada S., Hirai M., Honzawa A. et al. Possi-
ble case of halogen bond-driven self-dispro-
portionation of enantiomers (SDE) via achi-
ral chromatography, Chem. Eur. ]. 2017. 23:
14631-14638.

DOI: 10.1002/chem.201703308.

[84] S& Gomes P, Rodrigues A.E. Simulated mov-
ing bed chromatography: from concept to
proof-of-concept. Chem. Eng. Tech. 2012.
35(1): 17-34.
doi.org/10.1002/ceat.201100281.

[85] Mazzotti M., Storti G., Morbidelli M. Opti-
mal operation of simulated moving bed units
for nonlinear chromatographic separations. J.
Chrom. A. 1997.769(1): 3-24.
doi.org/10.1016/S0021-9673(97)00048-4.

[86] Rajendran A., Paredes G., Mazzotti M. Simu-
lated moving bed chromatography for the
separation of enantiomers. J. Chrom. A. 20009.
1216(4): 709-738.
doi.org/10.1016/j.chroma.2008.10.075.

[87] Hur J.S., Wankat P.C. New design of simula-
ted moving bed (SMB) for ternary separations.
Ind. Eng. Chem. Res. 2005. 44(6): 1906-1913.
https://doi.org/10.1021/ie040164e.

[88] Kim K.M., Lee J.W,, Kim S. et al. Advanced
operating strategies to extend the applications
of simulated moving bed chromatography.

47




ORGANIC CHEMISTRY

ENANTIOMER PURIFICATION THROUGH ACHIRAL CHROMATOGRAPHY: INTEGRATING SIMULATED MOVING BED

AND SELF-DISPROPORTIONATION OF ENANTIOMERS.

Chem. Eng. Tech. 2017.40(12) :2163-2178.
https://doi.org/10.1002/ceat.201700206.

[89] Toumi A., Engell S., Diehl M, et al. ]. Efficient
optimization of simulated moving bed pro-
cesses. Chem. Eng. Process.ing: Process Inten-
sification. 2007. 46(11): 1067-1084.
doi.org/10.1016/j.cep.2006.06.026.

[90] Faria R.P., Rodrigues A.E. Instrumental as-
pects of simulated moving bed chromatogra-
phy. J. Chrom. A. 2015. 1421: 82-102.
doi.org/10.1016/j.chroma.2015.08.045.

[91] Wu D.J., Xie Y., Ma Z., Wang N.H. Design of
simulated moving bed chromatography for
amino acid separations. Ind. Eng. Chem. Res.
1998. 37(10): 4023-4035.
doi.org/10.1021/ie9801711.

[92] Guest D.W. Evaluation of simulated moving
bed chromatography for pharmaceutical pro-
cess development. J. Chrom. A. 1997. 760(1):
159-162.
doi.org/10.1016/S0021-9673(96)00903-X.

[93] Azevedo D.C., Rodrigues A.E. Design me-
thodology and operation of a simulated mo-
ving bed reactor for the inversion of sucrose
and glucose-fructose separation. Chem. Eng. J.
2001. 82(1-3): 95-107.
doi.org/10.1016/S1385-8947(00)00359-4.

[94] Do T.X,, Lim Y.I,, Lee J., Lee W. Techno-eco-

48

nomic analysis of petrochemical complex ret-
rofitted with simulated moving-bed for olefins
and aromatics production. Chem. Eng. Res.
Design. 2016. 106: 222-241.
doi.org/10.1016/j.cherd.2015.12.020.

[95] Shi Q., Gongalves J.C., Ferreira A.F, Rodrigues
AE. Simulated moving bed reactor for p-xy-
lene production: Modeling, simulation, and
optimization. Chem. Eng. Scien. 2020. 225:
115802.
doi.org/10.1016/j.ces.2020.115802.

[96] Mruc P, Olbrycht M., Korbetskyy M., An-
tos D. Altering the mobile phase composition
to enhance self-disproportionation of enantio-
mers in achiral chromatography. J. Chrom. A.
2024. 1715: 464603.
doi.org/10.1016/j.chroma.2023.464603.

[97] Olbrycht M., Gumieniak J., Mruc P. et al. An-
tos, Separation of non-racemic mixtures of
enantiomers by achiral chromatography, J.
Chrom. A. 2023. 1693: 463877.
doi.org/10.1016/j.chroma.2023.463877.

[98] Ziomek G., Antos D., Tobiska L., Seidel-Mor-
genstern A. Comparison of possible arrange-
ments of five identical columns in preparative
chromatography. J. Chrom. A. 2006. 1116(1-
2):179-188.
doi.org/10.1016/j.chroma.2006.03.065.

CrarTa Haginra 04.02.2025.

ISSN 2708-129X. YKp. XiM. XypH., 2025



