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Abstract

The stereodifferentiating ability of salen complexes of Cu(II), Ni(II), and Zn(II) ions in Ca-alkylation
reactions of amino acids as phase-transfer catalysts (PTC) has been investigated. We found that
substituents in the 3-position of the aromatic ring of the salicylidene moiety of the complexes have a
particularly strong effect on catalytic activity. The highest efficiency was observed for the 3-methoxy-
substituted salen complex of the Zn (II) — ee > 90%. DFT calculations showed that the
stereodifferentiating ability of the catalyst depends on the ratio of propeller-like and cross-like
conformational structures of dimeric binuclear salen complex molecules in the alkylation transition
state. It was demonstrated that propeller-like conformational isomers, which predominate in the
dimeric binuclear structure of 3-allyl-substituted salen complexes, correspond to the catalytically
inactive form and inhibit asymmetric catalysis. In contrast, cross-like isomers, which dominate in the
dimeric  binuclear structure of 3-methoxy-substituted salen complexes, ensure high
stereodifferentiating activity and promote asymmetric catalysis. The DFT calculation data correlates
clearly with the experimental results.
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1. Introduction

a-Amino acids are an important class of physiologically and pharmacologically active compounds.
The demand for amino acids is steadily increasing due to their wide use in biotechnology, medicine,
pharmaceutical and food industries, and other fields of science and technology, among which non-
proteinogenic a-amino acids occupy a special place [1, 2]. The synthesis of non-proteinogenic a-amino
acids is also in high demand due to their wide application in synthetic chemistry and chemistry of
materials [3-9]. The development of efficient and straightforward methods for the synthesis of
enantiomerically enriched non-proteinogenic a-amino acids is an extremely important task, since they
are successfully used as irreversible enzyme inhibitors in numerous biomedical applications [10-12].
Among non-proteinogenic amino acids, various a, a-disubstituted amino acids — both in isolated form
and as part of peptides — exhibit potential pharmacological activity [13—17]. One of the simple
methods for synthesizing non-physiological a-amino acids is a-C(sp*)-H alkylation of a-amino acids
or their derivatives. However, only a few examples have been described, including the works of Zhaon
[18], Yamamoto [19], and Yazaki and Ohshima [20, 21], which require the use of catalysts and
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additives. On the other hand, numerous methods for the catalytic asymmetric synthesis of unnatural
amino acids have been described, including hydrogenation of olefins and imines [22, 23], electrophilic
amination of enolates [24, 25], electrophilic alkylation of glycine derivatives [26], and nucleophilic
addition to a-imino esters [27]. In practice, chiral phase-transfer catalysts such as derivatives of
cinchonine, TADDOL, NOBIN, and the Maruoka and Lygo catalysts have been successfully applied
for the preparation of enantiomerically enriched non-proteinogenic amino acids [28]. Chiral salen
complexes of transition metal ions Cu(Il) and Ni(II), have also shown relatively high catalytic activity
in phase-transfer asymmetric alkylation reactions of amino acid enolates [29].

2. Results and Discussion

We investigated the influence of substituents on the salicylaldehyde moiety of the complexes and
the benzylidene amino acid substrates on the stereodifferentiating ability of the catalyst, with the aim
of developing the most efficient catalytic system for the asymmetric synthesis of a-amino acids. To
this end, numerous salen complexes of Cu(II), Ni(Il) and Zn(II) ions, derived from the Schiff Base of
chiral cyclohexyldiamine and substituted salicylaldehides, containing various substituents in different
positions of the aromatic ring of the salicylaldehyde moiety were synthesized: methyl, allyl, zert-butyl,
methoxy, ethoxy groups (Figure 1) [30]. As an analog of the O'Donnell substrate, the Schiff bases of
the iso-propyl ester of aminoacids and substituted benzaldehydes were synthesized.
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Figure 1. Schematic structure of the complexes explored in this work.

To the best of our knowledge, most of these compounds were synthesized for the first time, in
particular, all zinc salen complexes, fluorine-containing substrates and others. As a model reaction for
evaluating the catalytic ability of the complexes, the alkylation of unsubstituted alanine substrate with
benzyl bromide was chosen (Scheme 1).
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Scheme 1. Asymmetric alkylation of amino acid enolates under PTC with benzyl bromide.
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The obtained results indicated that the synthesized complexes exhibit high catalytic activity, and
for some complexes the enantiomeric excess of products reaches 90%. However, it was evident that
the substituents in position 3 of the salicylaldehyde moiety have a particularly strong influence on the
catalytic activity of salen complexes. Therefore, in subsequent experiments, we focused on salen
complexes containing allylic and methoxy groups at position 3 of the salicylaldehyde moiety. For
comparison, unsubstituted salen complexes of the same ions were also investigated [31] (Figure 2).
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Figure 2. The structures of the salen complexes, amino acid substrates and alkylating agents.
As amino acid substrates, o-chlorine, p-chlorine and p-fluorine-substituted benzylidene derivatives

were investigated, as an alkylating agent, benzyl bromide, allyl bromide and propargyl bromide were
used. The results in the case of allylation reaction of alanine substrates are summarized in the Table 1.

Table 1. Conversion rates (c.r.) and enantiomeric excesses (ee) for the Ca-alkylation of substrates 10—12 with allyl bromide
using PTC.

Catalyst Substrate Substrate Substrate

0cr (%)% g opsx  1er (%) ee (%) 12 c.r. (%) ee (%)
1 80 74 55 32 85 70
2 10 <5 16 10 10 <5
3 90 87 60 34 94 38
4 10 <5 11 <5 10 <5
5 15 10 20 12 10 <5
6 95 90 75 54 95 93
7 45 56 34 22 64 58
8 10 0 10 <5 10 0
9 50 58 25 16 75 66

*- Conversion rates (c.r.) were determined by NMR spectroscopy

**. Enantiomeric excesses (ee) were determined by chiral HPLC analysis of isolated products.

The reactions were carried out using allyl bromide as the alkylating agent. Values reported as '<§' indicate enantiomeric
excess below the reliable detection limit.
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The obtained data showed that all complexes containing an allyl group at the 3-position of
salicylaldehyde moiety in all alkylation reactions provide low stereoselectivity, not more than the 10%
enantiomeric excess of the products, regardless of the nature of the alkylating agent and substrate. The
opposite picture is observed in the case of salen complexes, containing a methoxy group at position 3
of the salicylaldehyde fragment. Practically in all alkylation reactions these complexes showed high
stereo differentiation ability, regardless of the nature of the substrate and the alkylating agent. The
most effective was the 3-methoxy-substituted zinc ion complex, which provides on average 90%
enantiomeric excess of alkylated products.

The observed trends are summarized in the allylation reactions are presented in the Figure 3.
Notably in the series of unsubstituted salen complexes, the catalytic activity of metal ions decreases in
the following order: copper complexes are the most active ones, followed by nickel and then zinc
complexes. In addition, transitioning from unsubstituted salen complexes to 3-allyl-substituted
complexes leads to a significant inhibition of the catalytic activity.

In contrast, the transition from unsubstituted complexes to 3-methoxy-substituted complexes leads
to increase of the catalytic activity. In series of these complexes the catalytic activity of metal ions
decreases in the following order: zinc complexes are the most active — ee 94%, followed by copper
complexes — ee 8§7% and then nickel complexes — ee 58%. These results indicate that strong increase
in catalytic activity is observed in the case of zinc ion complexes.

In the series of substrates, efficiency decreases in the following order: ortho-chlorine, then para-
chlorine and para-fluorine-substituted substrates.
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Figure 3. The identified patterns observed in the allylation reactions.
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Summarizing the results, we can state that the introduction of an allyl group into position 3 of the
salicylaldehyde moiety inhibits the catalytic activity of the complexes, whereas the introduction of a
methoxy group at the same position, on the contrary, stimulates asymmetric catalysis.

An explanation for this phenomenon can be found based on the hypothetical model of the
alkylation reaction mechanism proposed by Y.N. Belokon and M. North. [32, 33] (Figure 4).

©’

Cu(II) Sal Cu(ID)-3-AllylSal
a) b)

Figure 4. The proposed structure of the dimeric binuclear complex-catalyst in the transition state of alkylation: a)
unsubstituted salicylidene complex; b) 3-allylsalicylidene complex.

According to this mechanism, in the transition state of alkylation, the catalyst takes part in the form
of a dimeric binuclear derivative, which is formed due to additional coordination of oxygen atoms of
the salen part of the complexes with the sodium ion. In the formed dimeric structure, both transition
metal ions are coordinated to the ionized substrate and the alkylating agent. Their interaction occurs
on a single coordination plane of the dimeric complex (Figure 4). This represents an active catalytic
state.

To evaluate the experimental data, a conformational analysis of binuclear dimeric molecules
formed from mononuclear salen complexes in the transition state of alkylation was performed using
DFT calculations. For this purpose, changes in Gibbs free energy and Hirschfeld charges concentrated
on the transition metal ions were determined (see Table 2), as well as the distance between the central
transition metal ions during the dimerization of the complexes.

Table 2. Changes in electronic energy (AE) and Gibbs free energy (AG) during the formation of a binuclear structure from
two mononuclear molecules.

Zn(D-H  Zn(II)-OMe  Zn(ID)-Allyl Cu(l-H  Cu(I)-OMe Cu(IT)-Allyl
|

AE -129.66 -182.24 -178.47 35.82 -14.38 3.44
|

AG -56.55 -103.31 -94.94 102.05 69.02 87.86

DFT calculations showed that the Gibbs free energy of unsubstituted complexes of Cu(II), Ni(Il),
and Zn(II) ions is significantly higher than that of their 3-allyl-substituted analogs.
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To evaluate the contribution of allyl fragment coordination to the transition metal ion, a
conformational analysis of the resulting binuclear complex was performed [34].

Two dynamically stable conformers were identified: in one of them three out of four allyl
fragments are coordinated to the transition metal ions, while in the other, only one out of four possible
allyl fragments is coordinated (Figure 4b). This indicates that in solution, the conformation with
coordinated allyl fragments predominates significantly, thereby hindering further reaction progress,
which is supported by experimental data on reagent conversion.

The chemical nature of such allyl fragment coordination is also confirmed by the calculated
Hirshfeld charges concentrated on the transition metal ions [35].

For example, in zinc complexes the charge increases from +0.40 to +0.48 upon dissociation of the
allyl fragment, and in copper complexes from +0.20 to +0.24. Based on previously published studies,
asymmetric alkylation of enolates catalyzed by a salen complex proceeds via an asynchronous Sn2-
type reaction with the primary role of the catalyst being to enhance the nucleophilicity of the enolate
[36].

This explains why the enantiomeric excess decreases when moving from Cu(Il) to Zn(II)
complexes, as the overall charge of the metal ion is reduced.

However, within the series of salicylidene Zn(II) complexes, the following phenomenon is
observed. In case of the unsubstituted and 3-allyl-substituted Zn(II) complexes, the hypothesis holds
true, as the asymmetric yield is much lower than that of other complexes.

But in the case of the 3-methoxy-substituted Zn(Il) complex, the enantiomeric yield is high and
exceeds that of all other complexes. Based on some observations from the work of Kostakis, we
propose that the introduction of a methoxy group at the 3-position of the aromatic ring of the
salicylaldehyde fragment in the metal complex enhances the rigidity of the intramolecular structure of
the bimetallic derivative due to additional coordination with the sodium ion, thereby promoting
asymmetric induction [37] (Figure 5).

Figure 5. Possible intramolecular stabilization of the dimeric structure of the 3-methoxy-substituted Zn(II) salen
complex in the transition state of alkylation.

Based on the analysis of DFT calculation data, it might be concluded that during the formation of
dimeric complexes from monomeric salen complexes, the dimeric molecules are in the form of two
conformational isomeric structures, Propeller-like structure and Cross-like structure (Figure 6).
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Figure 6. DFT optimized structures of binuclear complexes: a. propeller-like structure of unsubstituted Zn(Il) complex;
b. cross-like structure of unsubstituted Cu(Il) complex; ¢. propeller-like structure of 3-allylsubstituted Cu(Il) complex; d.
cross-like structure of 3-methoxysubstituted Zn(II) complex.

In the case of the Propeller-like structure, a relatively small change in the Gibbs free energy during
dimerization and a relatively large distance between the metal ions are fixed. Such data indicate a low
catalytic ability of these salen complexes. In contrast, in the case of the Cross-like structure, the
difference in Gibbs free energy between the dimeric and monomeric molecules is relatively large, and
the distance between the metal ions is comparatively low. This arrangement of groups in the dimeric
structure indicates high catalytic activity of salen complexes.

DFT calculations have shown that in the dimeric structure of 3-allyl-substituted salen complex
three out of four molecules have Propeller-like structure. In the dimeric structure of 3-methoxy-
substituted salen complex of Zn(II) ion, all particles have Cross-like structure. Cross-like structure was
also found in the dimeric structure of the unsubstituted salen complex of Cu(Il) ion, but the
unsubstituted salen complex of Zn(Il) ion predominantly contains Propeller-like structures. Both
Propeller-like and Cross-like structural isomers were found in the dimeric structure of other salen
complexes, and depending on their ratio, these complexes can be active or passive catalysts.

Thus, the analysis of the DFT-calculation data indicates that Cross-like conformational structures
of dimeric salen complexes promote enantioselective catalysis, while Propeller-like structures, on the
contrary, inhibit the catalytic ability of the complexes. These data clearly correlate with the
experimental data.

Summarizing the obtained data on salen catalysis, it might be stated that indeed in the transition
state of alkylation the complex-catalyst takes part in the form of an ionically bound dimeric molecule.
Based on these arguments, covalently bound dimeric binuclear salen Cu(Il) complexes were
synthesized and tested in reaction of alkylation of unsubstituted alanine substrate with benzylbromide,
as phase transfer catalyst (ee>80%) [31] (Figure 7).
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Figure 7. The structure of covalently bound dimeric binuclear salen complexs of Cu(II) ion.

At present, the most promising synthesized salen complexes of Cu(Il) and Zn(II) ions are being
studied in the alkylation reaction of valine substrates - Schiff bases of isopropyl ester of D,L-valine
and substituted benzaldehydes. Importantly, that all previous attempts to alkylate the valine moiety
using both stoichiometric and catalytic methods, including phase-transfer salen catalysis, have been
unsuccessful [29]. The newly synthesized, the most promising salen complex catalysts are also being
investigated in Michael nucleophilic addition reactions to the C=C bond of dehydroalanine analog of
O’Donnell’s substrate. Research on the synthesis and modification of salen complexes and amino acid
substrates, as well as the optimization of phase-transfer catalysis methods is ongoing.

3. Conclusions

The stereodifferentiating ability of salen complexes of Cu(II), Ni(II) and Zn(II) ions, derived from
Schiff bases of chiral 1,2-cyclohexyldiamine and substituted salicylaldehydes (PTC), was studied in
Ca-alkylation reactions of amino acid substrates — specifically, Schiff bases of the iso-propyl ester of
D,L-alanine and substituted benzaldehydes.

The chosen alkylating agents were Mel, BnBr, AllylBr and PropargylBr. We found that
substituents at the 3-position of the aromatic ring in the salicylidene fragment of the complexes have
a particularly strong influence on the stereodifferentiating ability of the catalyst. These findings
contribute to a deeper understanding of structure—activity relationships in salen-mediated asymmetric
catalysis.

Specifically, it was shown that the allyl substituent strongly inhibits catalytic activity, whereas the
methoxy group significantly enhances it. The most efficient catalyst was identified as the 3-methoxy-
substituted Zn(II) salen complex, achieving ee>90%. DFT calculations demonstrated that the
stereodifferentiating ability of the catalyst depends on the ratio of Propeller-like and Cross-like
conformational isomers in the dimeric binuclear structure of the salen complex-catalysts in the
transition state of the alkylation reaction.

In the dimeric binuclear structure of 3-allyl-substituted salen complexes, the Propeller-like
conformational isomers dominate (3/4), which, according to DFT calculations, correspond to a
catalytically less active form. In contrast, the dimeric binuclear structures of 3-methoxy-substituted
salen complexes that contain only Cross-like conformational isomers according to DFT calculation are
catalytically active forms. Depending on the ratio of Propeller-like and Cross-like conformational
isomers of the dimeric binuclear structures, a salen complex may act as an active or inactive phase-
transfer catalyst. The DFT calculation results correlate clearly with the experimental data. Analysis of
the obtained data confirms that the salen complex catalyst participates in the transition state of the
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alkylation reaction in the form of ionically bound dimeric binuclear molecules, which served as a basis
for the synthesis of covalently linked dimeric binuclear salen complexes with a more rigid
intramolecular structure.

4. Experimental and note
4.1. Materials

All reagents were obtained from commercial sources and used without further purification. Thin-
layer chromatography (TLC) was carried out on aluminum foil backed sheets precoated with 0.2 mm
Kielselgel 60 F254 (Merck, Darmstadt, Germany). The spots were visualized by UV irradiation (A=254
nm). Column chromatography was performed on Fluka silica gel 60 (0.063—0.200 mm, 70—-320 mesh)
on a glass column.

4.2. Instrumentation

Melting points (mp) were determined by digital melting point instrument Stuart SMP30 Melting
Point (Bibby Scientific Limited, Staffordshire England, UK). NMR spectra were recorded in
deuterated solvents using Varian Mercury Vx 300 MHz (USA, Palo-Alto) and BRUKER AVANCE
NEO 400 in the case of the 15 compound. Chemical shifts (8) are reported in parts per million (ppm)
relative to tetramethyl silane. Signals were referenced to the residual solvent peak 7.26 (CDCI3), 3.31
(CD30D), 4.79 (D20), 2.50 ((CD3)2S0) for 1H and 77.10 (CDCI3), 49.15 (CD30OD), 39.52
((CD3)2S0) for 13C NMR spectra. The 13C NMR spectra were measured with proton decoupling.
Coupling constants are reported in Hertz (Hz). Abbreviations for splitting patterns are as follows: s,
singlet; d, doublet; t, triplet; q, quartet; qt, quintet; sext, sextet; hept, heptet; m, multiplet; br., broad.
The optical rotation was measured on a Perkin Elmer-341 polarimeter (Waltham, Massachusetts,
USA). Elemental analysis was performed by “Euro EA3000” elemental analyzer (Eurovector, Pavia,
Italy). For the cation exchange a Dowex-50 (H+ form) column was used. The chromatographic system
used to determine the enantiomeric purity of the amino acids was a Waters Alliance 2695¢ Separation
Module HPLC system equipped with PDA detector (Waters Corporation, Milford, Massachusetts,
USA). The separation was accomplished in isocratic mode on a Nautilus-E 5p” 4.0 x 250 mm column
(BioChimMac ST Company, Moscow, Russia) at 30 °C. The mobile phase consisted of methanol and
monosodium phosphate buffer (25 mmol/L). The compounds enantiomeric yield was proved by chiral
HPLC analysis of the isolated amino acids. The RAMAN analysis was done by Senterra II Raman
Microscope (Bruker, Germany). The IR analysis was done by IR Tracer-100, equipped with GladiATR
10, Shimadzu corporation, Japan and NICOLET AVATAR 330 FT-IR. The asymmetric yield is
calculated as the value of three measurements.

4.3. Theoretical calculation methodology

All theoretical calculations were performed in the framework of density functional theory (DFT)
using the hybrid functional B3LYP [38] in the ORCA 5.0.3 program [39]. The effect of the solvent
was designed using the dielectric polarizable continuum model CPCM [40] with the dielectric constant
corresponding to CH2CI2 solvent, as implemented in ORCA 5.0.3. The optimized geometries were
obtained using the def2-TZVP basis set of the Alrich’s def2 family [41] with the def2/] auxiliary set.
To calculate the vibrational energy of the resulting def2-TZVP geometries, the basis was retained only
for the atoms included in the core of the transition metal complex, i.e. for Cu/Zn, O, N, Na, and for the
rest of the hydrocarbon core the lighter def2-SVP was used. The dispersion correction to the electronic
energy D3BJ was also taken into account according to Grimme, et al. [42]. Computations were
performed on the NVIDIA DGX A100 cluster which was acquired by the RA MES State Committee
of Science grant project N°10-3/22Eq-10.

The synthesis of (1S,2S5)-diaminocyclohexane was performed following a previously reported
method [43]. The synthesis of salen complexes of Cu(II), Ni(II) and Zn(II) ions, as well as amino acid
substrates, was carried out according to previously developed methods [29, 32-33].
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o-Udhtwppntutph Co-wjjhjugdwut dkjuwmthquh wmupptp wuytlnukph
niunidtwuppnipiniup vhedwquyhtt phpwy vwjkiwghtt junwjhquunpubph
wuydwubbpnd
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* Zunnprulgnipjul hudwp anna.tovmasyanl@edu.isec.am

Ulgmuuwjhtt owpph Ukwnwnbph  Cu(Il), Ni(I) b Zn(Il) phpwy uwjkiwghb
Yndwkputikph unbkpbinnhdbpkugnn hwwnlnipiniutbpp niunidbwupplly) B
wihtwppuihtt untpunpunitph Coa-wjhjugdwt wuhdtnphl phwlghwibpnid npubu
phpwjuyhtt juwnwihquuinpubp: Unwgwé wpyniupubpp gnyg kb gk, np vwktwght
YndyEputibph Juwwihwnhl b unbkpbinphdbptugnn wijnhynipiniup qquhnpkt jupoqus L
uuhghpuyythhnughtt hwngwsnid” wpndwnhly oqulh 3-py nhppnd quingnn nknuljughsh
punyphg:  ZEnwgnumppul  ndjujibph  hwdwdwyt wewl]  pupdp  Junwghwnhl
wpynitbwybnnipinit gnigupbpt £ Zn(II)-h vwkuwght Yndwy Epup, nph uvwhghjhnttwht
onuljh 3-pn nhppnid mbnujuuws k dkpopuh funtdp: Uju Ynduy kpup gnigupkpky E dhtsh
90% Juwwnwhnhy winhympnit: Lhpwy vwjktughtt Yndykputbnh unbpinphdtpkugnn
wljnhynipjut dkjpwtthquh puguunpnipjuit hwdwp hpwwbwgyk] Eut DFT (Density
Functional Theory) hwpupljutip: Cutn hwoywplbph junughquunnpbph wjnhynipiniup
yuydwbwynpdws E nhubphly tpldhentl junnigdwspny Yndwy bputibinh ypny b kpudwt
(propeller-like) b nwswali (cross-like) Ynudnpumghntt hqnubphbph hupupbpuljgnipyudp
wjjhjugdutt  wbgnidughtt Jhdwlnid: Nwpqdtp L np wpnybpbpuwbdub
ynubnpdwughwutpp, npnup ghpwlopnid tu wpndwwnhly onwlh 3-py nhppnid wihjwght
hunudp wupnibwlnn vwktwht §ndwyputbpnud, hwdwywnwupwtinud b juwnwhnhly
ny wlwhy 4bht b wpghjuymd Gu wuhdbwnphl] Juwwuwhqp: Pull juwswdl
Ynudnpdwughwtpp, npnup ghpwlyopnid tu 3-py ghppnid dbkpopuh junidp wwpnitwlnn
wbwnqubpnid, wywhnynid tu pupdp vnbpknnhdbptugnn wjnhynipnit b byuwunnid
ki wpnynibwybn wuhdbwnphl juwnwihghti: DFT hwpwplubpny uvnwugdwsd wpyniupubpp
hwudptuljunud Eu thnpdwpupuljut nfjujubph hbtwn:

Pulih punkp ny uyhnwyniguhtt wihtwppnibtp, phpwyuyhtt Jwwnwjhquunpibp,
wuhubnnphly juwnwihg, vwkuwght Yndyiputip, unbkptnubEjnhynipniu
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