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Enantioselective extraction of unprotected amino
acids coupled with racemization

Haofei Huang"2?>, Yingji Jin%°, Mukesh E. Shirbhate?, Dayoung Kang?, Misun Choi2, Qian Chen?,
Youngmee Kim® 2, Sung-Jin Kim?2, II-Suk Byun3, Ming Wang', Jean Bouffard® 2>, Seong Kyu Kim** &
Kwan Mook Kim@ 2>

Scalable and economical methods for the production of optically pure amino acids, both
natural and unnatural, are essential for their use as synthetic building blocks. Currently,
enzymatic dynamic kinetic resolution (DKR) underpins some of the most effective processes.
Here we report the development of enantioselective extraction coupled with racemization
(EECR) for the chirality conversion of underivatized amino acids. In this process, the catalytic
racemization of amino acids in a basic aqueous solution is coupled with the selective
extraction of one enantiomer into an organic layer. Back-extraction from the organic layer to
an acidic aqueous solution then completes the deracemization of the amino acid. The
automation of the EECR process in a recycling flow reactor is also demonstrated. Continuous
EECR is made possible by the sterically hindered chiral ketone extractant 5, which prevents
the coextraction of the copper racemization catalyst because of its nonplanar geometry.
Furthermore, the extractant 5 unexpectedly forms imines with amino acids faster and with
greater enantioselectivity than less bulky derivatives, even though 5 cannot participate in
intramolecular resonance-assisted hydrogen bonding. These features may allow EECR to
challenge the preponderance of enzymatic DKR in the production of enantiomerically enri-
ched amino acids.
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ptically pure natural and unnatural amino acids (AAs)

find applications as synthetic key precursors for phar-

maceuticals, biomaterials, biosensors, and drug delivery
systems!~%. Dynamic kinetic resolution (DKR), which couples an
enantioselective irreversible reaction with a racemization step, has
been touted as an ideal approach for the preparation of optically
pure AAs using enzymatic catalysts". However, it requires
considerable optimization on a substrate-per-substrate basis to
minimize interferences between racemization and resolution
conditions, in conflict with time-to-market pressure, and, in
many cases, degradation of the enzymes ultimately limits
applicable scales. Numerous asymmetric methods have also been
put forward as alternate ways to obtain enantiomerically enriched
AAs10-19, Nevertheless, processes that are economically compe-
titive on a production scale remain forthcoming.

Enantioselective liquid-liquid extraction (ELLE) operating at
the interface of organic and aqueous layers has garnered attention
because of the comparative ease of scaling up and the recyclability
of the organic layers?0-24, A serious drawback of ELLE is that the
unwanted enantiomer is accumulated in one layer, limiting the
yield to 50%. The yield may ideally approach to 100% if ELLE can
be coupled with the racemization of the unextracted enantiomer.
Such an ideal enantioselective extraction coupled with racemi-
zation (EECR) has neither been proposed nor realized to date.
Another commonly encountered drawback of conventional
ELLEs is the low enantioselectivity of extractants that bind sub-
strates through noncovalent interactions. Our group has devel-
oped chiral carbonyls as extractants for the ELLE of underivatized
AAs that rely on the reversible formation of covalent imine
bonds, and afforded higher enantioselectivities than extractants
based on noncovalent interactions?>-27.

On the basis of these precedents, we have sought to develop the
EECR of unprotected AAs with chiral carbonyl extractants. Fig-
ure la, b compares the hydantoin process®, a representative
enzymatic DKR, and the EECR presented in this work. Among
other advantages, the EECR uses non-derivatized AAs as feed-
stock, the final products are easily separated from the reactants,
and the organic layer can be used repeatedly. Figure 1c shows the
chiral carbonyl compounds tested as extractants for EECR in this
work, which share common design elements: (i) an aldehyde or
ketone group that reversibly forms imines with the amino group
of AAs; (ii) an ~OH moiety in ortho to the carbonyl group sus-
ceptible to stabilize imine formation through an intermolecular
resonance-assisted hydrogen bond (RAHB), as proposed by Gilli
et al.28; (iii) a tethered urea that increases the affinity and selec-
tivity of the extractant for its AA substrate through secondary
hydrogen-bonding interactions with the carboxylate group.

Accomplishing the EECR of AAs requires the tackling of
independent problems. First, the racemization should be rapid at
ambient conditions, and the racemization catalyst should be
sequestered in the aqueous layer to avoid the racemization of the
extracted AA. Second, the enantioselectivity of the extractant for
the desired enantiomer needs to be as high as that of rival
enzymatic catalysts. Carbonyl extractants previously developed in
our group have shown high enantioselectivity in the ELLE of
general AAs. However, additional upgrading processes were
nevertheless required to meet the needs of customers, sub-
stantially increasing the cost of the commercial production of
enantiomerically pure AAs. Finally, the rates of both imine for-
mation and its hydrolysis to obtain the AAs must be sufficiently
fast to enable a high-throughput EECR process. Previously
developed carbonyl extractants capable of exclusive enantios-
electivity through the formation of highly stable imine derivatives
have failed this last criterion, requiring harsh conditions for
hydrolysis?’. Despite these competing requirements, here we
report that a continuous EECR process could be developed,
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Fig. 1 Comparison of enzymatic DKR and EECR. a Hydantoin process, an
enzymatic DKR. b Enantioselective extraction coupled with racemization
(EECR). ¢ Carbonyl compounds studied for EECR in this work.

unexpectedly and paradoxically, using the highly sterically hin-
dered ketone 5 as an extractant.

Results
Exclusive enantioselectivity of 5 in the ELLE of AAs. Figure 2a
shows the result of an ELLE experiment that was carried out with
phenylalanine (Phe) by the reported method?® using (R)-5 as an
extractant. 'H NMR analysis of the organic layer after the
extraction of L-Phe for 12h at room temperature shows a signal
centered at 4.26 parts per million (p.p.m.) that corresponds to the
a-proton of Phe in the resulting imine, (R)-5-L-Phe, confirming
that its formation is involved in the extraction. By contrast, the
signal of the a-proton of the diastereomeric imine (R)-5-pD-Phe
appears at 4.13 p.p.m., allowing for the two diastereomers to be
distinguished by proton nuclear magnetic resonance (\H NMR).
Alternately, the signals of the C4-H of the imine appearing at
6.1-6.2 p.p.m. can also be a marker for the identification of the
two diastereomers. Upon the attempted extraction of p-Phe by
(R)-5 under the same conditions, the complex benzyl —CH,-
signals centered at 4.9-5.2 p.p.m. indicate the presence of both
(R)-5-p-Phe and unreacted (R)-5 in an approximate 65:35 ratio.
Thus, it can be concluded that the yield of imine formation is
much lower for the mismatched p-Phe/(R)-5 pair. Extending the
extraction to 24 h with p-Phe did not further depress the pro-
portion of the free extractant (R)-5. By contrast, imine formation
was complete within 4 h for the matched r-Phe/(R)-5 pair.
Finally, Fig. 2a gives the surprising result that the !H NMR
spectrum obtained for the organic layer after the extraction of pL-
Phe is identical to that for L-Phe, demonstrating the exclusive
selectivity of (R)-5 for the latter. The ELLE experiments for
other AAs such as isoleucine (Ile), leucine (Leu), methionine
(Met), valine (Val), alanine (Ala), tryptophan (Trp), and
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Fig. 2 The result of ELLE and the imine crystal structure. a Representative '"H NMR spectra of the organic layer in the ELLE of Phe with (R)-5: (R)-5 in the
presence of Aliquat 336 (top); after ELLE of pL-Phe and separation of the organic layer (2nd row); after ELLE of L-Phe and separation of the organic layer
(3rd row); after ELLE of p-Phe and separation of the organic layer (bottom). b The imine formation yields and enantioselectivities in the organic layers
determined by TH NMR studies after the ELLE of AAs with 1-5. General ELLE conditions: organic layer, 0.10 M extractant and 1.05 equiv. Aliquat 336 in TmL
CDCl3; aqueous layer, 1.0 M pL-AA in TmL H,O with pH 12.0 at 25 °C; 12 h stirring. *Nal stands for naphthylalanine, an unnatural amino acid. ¢ The crystal

structure of (R)-5-1-Phe. d Comparison of (R)-1-.-Phe and (R)-5-L-Phe.

naphthylalanine (Nal) gave similar results. Especially in the cases
of Val and Ala, the p-forms were not extracted at all (see the 1H
NMR and high-performance liquid chromatography (HPLC) data
in Supplementary information, Section 5.1).

Figure 2b compares the results of ELLE experiments with
extractants 1-5 for Phe, and with extractant 5 for other
representative AAs. The enantioselectivities for 1 (aldehyde), 2
(methyl ketone), and 3 (ethyl ketone) decreased with increased
bulk, before increasing dramatically for 4 (isopropyl ketone) and
5 (tert-butyl ketone). Moreover, although the yield of imine
formation decreased with steric demand in the order of 1>2>3
>4, it increased unexpectedly and abruptly for 5.

(R)-5 is highly selective for the AAs, particularly bearing
hydrophobic side chains, including the unnatural AA naphthy-
lalanine, an important pharmaceutical precursor?®. As expected,
the enantiomer (S)-5 is selective in ELLE experiments for the
extraction of D-AAs. Although most ELLE experiments were run
in chloroform to simplify NMR analyses, comparable results were
obtained using dichloromethane, 1,2-dichloroethane, and non-
halogenated solvents, such as toluene, tert-butyl methyl ether, and
2-methyltetrahydrofuran (see data in Supplementary informa-
tion, Sections 6.3.10-6.3.12).

The signal of the -OH group of (R)-5-1-Phe, as shown in
Fig. 2a, appears at 12.1 p.p.m, which is shifted upfield compared
to those of (R)-1-L-Phe, (R)-2-1-Phe, and (R)-3-L-Phe that appear
between 16 and 18 p.p.m. (see Supplementary Fig. 10). This
indicates that the imine of 5 has a different structure than the

imines of 1, 2, and 3. Indeed, the crystal structure of (R)-5-L-Phe
displayed in Fig. 2c demonstrates that RAHB is broken; the -OH
group of (R)-5 is not hydrogen bonded to the imine nitrogen, but
instead to the carboxylate group of L-Phe. The imine group is also
twisted out of plane with respect to the naphthol ring, contrasting
with the previously reported coplanar RAHB imine (R)-1-1-Phe
as shown in Fig. 2d.

Figure 3a compares the energies of two possible conformers of
1-5, proposed by density functional theory (DFT) calculations with
the BLYP functional and the 6-311G* basis set supplemented with
D3 dispersion®0-33. In conformer I, the carbonyl oxygen is
hydrogen bonded to the hydroxy group, which is known as RAHB.
In conformer II, the carbonyl group is involved in hydrogen
bonding with the two uryl NH protons, that is, RAHB is broken,
and the carbonyl plane is perpendicular to the binaphthol ring.

For compound 1, conformer I is more stable than conformer II
by 0.74 kcal/mol, which is consistent with the generally accepted
idea that RAHB stabilizes this preferred conformation. By
contrast, for 5, the same calculation suggests that conformer I
with RAHB interaction is less stable than conformer II by
1.90 kcal/mol, illustrating that bulkier carbonyl substituents raise
the energy of the coplanar conformer. Figure 3b compares
energy-minimized structures of 1 and 5. A remarkable finding is
that conformer II is favored only for 5. The !H NMR chemical
shift of the phenolic hydrogens provides experimental validation
for these DFT results: only for 5 is the OH signal consistent with a
broken RAHB.
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Fig. 3 Calculated structures of (R)-1 and -5. a Conformers with RAHB (1)
or broken RAHB (I1), their calculated relative energies, and experimental H
NMR chemical shift of the -OH resonances. b Energy-minimized structures
showing a RAHB for (R)-1 and a broken RAHB with perpendicular carbonyl
for (R)-5.

Energy calculations based on the crystal structure predicts that
(R)-5-1-Phe is more stable than (R)-5-p-Phe by 5.77 kcal/mol,
which rationalizes the exceptionally high stereoselectivity
obtained in ELLE experiments (see details in Section 8.3 of
the Supplementary information).

Pyridoxal-5’-phosphate (PLP) derivatives described by Breslow
as artificial enzymes>* have been widely studied as receptors for
amines3>3%, The RAHB is a key feature of PLP-derived receptors,
where it is generally considered to contribute to the stability of
the resulting imines and to provide greater stereoselectivity in the
recognition of chiral amines. It is thus paradoxical that the
bulkiest carbonyl extractant 5 was found to rapidly form imines
with exquisite enantioselectivity using AAs, even in the absence of
RAHB. The experimental results for 5 demonstrate that RAHB
assistance is not an indispensable element, and that even bulky
carbonyl compounds do not have to be excluded in the design of
receptors for AAs.

Racemization of AAs, Cu(II) sequestration, and successful
EECR. It has been reported that AAs were racemized by the
catalytic mixture of Cu?* (10 mol%)/pyridoxal (1 equiv.) or Cu?*
(10 mol%)/PLP (10 mol%) at a pH of ~93738, In an effort to find
better conditions compatible with EECR, we, fortunately,
observed that just 1mol% of PLP and 1.0 mol% of Cu?t were
sufficient to completely racemize AAs, such as Ala, Phe, Leu, Trp,
and Met within a few hours at room temperatures and at a pH of
~12. Under these conditions, the racemization of Phe occurred
with a half-life of ca. 30 min, and neither catalyst deactivation nor
the formation of undesired side products derived from the AAs
was observed over extended periods (Supplementary Figs. 21, 22,
and 38(c)). Higher temperatures are required to complete the
racemization of bulkier AAs, such as Ile (40 °C) and Val (60 °C)

on a comparable timescale (see Supplementary Table 2 in Sup-
plementary information, Section 6.1).

In a typical EECR experiment, a solution of the chiral
extractant 5 in an organic solvent immiscible with water was
stirred with the above aqueous AA solution containing the
racemization catalyst. Under these conditions, the EECR
experiments could be performed with concentrations of AAs
in the aqueous layer as high as 1-2 M. For Phe, proton NMR
monitoring of the organic layers show that the formation of the
imine is rapid (ca. 60% reached within 30 min), but that
extending the mixing for an additional 2-6 h is beneficial to
reach a steady state with an exclusive thermodynamic selectivity
for the desired diastereomeric imine (see Supplementary
Fig. 26).

Following phase separation, the organic layers were back-
extracted with aqueous HCI to hydrolyze the imine, providing the
liberated 5 and the enantioenriched (=98:2 enantiomeric ratio
(e.r.) by HPLC) AA as its hydrochloride salt. Hydrolysis is rapid,
reaching completion within 1h at room temperature in the
presence of 2equiv. of 2N HCI (see Supplementary Fig. 20).
NMR analysis of the organic layer following the hydrolysis shows
the pristine 5, which could be recycled over a minimum of 20
EECR cycles without showing any sign of degradation (see
Supplementary Fig. 19). Neutralization of the aqueous layer
allowed for the isolation of the AAs by precipitation. Isolated AA
yields over four EECR cycles starting from the racemic AA could
reach 76% (up to 305% with respect to 5), demonstrating the
superiority of the EECR over the theoretical limit of 50% imposed
by the ELLE approach (Table 1 and Supplementary Figs. 27-33).
More moderate isolated yields were obtained with hydrophilic
AAs due to their greater solubility; however, the performance of
the EECR process itself was not diminished. Comparable yields
and selectivities were obtained using either halogenated solvents,
toluene, 2-methyltetrahydrofuran, or tert-butyl methyl ether.
Finally, it should be noted that the EECR was equally as effective
in the deracemization of AAs (e.g., DL-to-1) as in the conversion
of one enantiomer into another (e.g., D-to-L; see Supplementary
information, Section 6.3).

The transfer of Cu?* ions from the aqueous layer to the
organic layer was a serious problem that previously impeded the

Table 1 Isolated yields and enantiopurity obtained over four
EECR cycles with (R)-5 (see details in Supplementary
information, Sections 6.3.3-6.3.12).

AAs? Isolated yield (%)P Isolated AA enantiopurity®
Phe 73.2 (293) >98
Phed 75.3 (301 >98
Phe® 76.3 (305) >98
Phef 73.2 (293) >98
Met 70.9 (278) >98
Nalg 73.4 (293) >9gh
lle 72.1 (288) >98
Leu 75.8 (303) >98
Val 75.1 (300) >98
Trp 74.5 (298) >98

3General EECR conditions: organic layer: (R)-5 (0.90 g, 1.5 mmol) and 1.2 equiv. of Aliquat 336 in
CDCl3 (10 mL); aqueous layer: AAs (6.0 mmol), NaOH (0.26 g, 6.6 mmol), PLP (0.016 g, 0.060
mmol), and CuSO,4 (0.010 g, 0.060 mmol) in H,O (5 ml) at pH 12.0 and 25 °C; 6 h stirring
per cycle.

blsolated yields of the AAs after four extraction/hydrolysis cycles based on the racemic AA, or
based on (R)-5 in parentheses.

CEnantiomeric purity (%) of the isolated AAs after four extraction cycles (HPLC).

dEECR conducted in PhMe.

€EECR conducted in t-BuOMe.

fEECR conducted in 2-MeTHF.

8Naphthylalanine, an unnatural amino acid.

hAssessed by TH NMR integration.
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Fig. 4 Cu2* sequestration and EECR in continuous flow. a \WWhen (R)-1 was used as the extractant, a striking color change indicating the transfer of Cu(ll)
from the aqueous to the organic layer was observed. b When (R)-5 was used as the extractant, the color did not change over five EECR cycles. € Schematic
design of continuous reaction system (CRS) that carries out EECR and hydrolysis reactions repeatedly. d Photographs of CRS in operation on the lab bench.
The apparatus was manufactured to accommodate a total solution volume of 100 mL.

successful implementation of EECR. The use of 5 as an extractant
also solved this problem. Figure 4a, b compares the color changes
of the solutions of 1 and 5 during EECR trials for Phe. In the case
of 1, the transfer of Cu? ion to the organic layer resulted in the
darkening of the biphasic mixture within 3 h of stirring. The same
features were observed during EECR attempts using 2 and 3.
Thus, EECR could not be run using 1, 2, or 3 as extractants. The
coplanarity of the imine and adjacent phenol group probably
favors the binding of Cu?* ions.

When 5 was used as an extractant, however, both the organic
and aqueous layers conserved their initial colors, even after
several repeated cycles of imine formation and hydrolysis,
indicating the sequestration of Cu?* ions in the aqueous layer.
Further analysis by atomic absorption spectrometry confirmed,
remarkably, that leaching of Cu(II) ions in the organic layer did
not occur ([Cu] < 1 p.p.m.), even after 40 h stirring under EECR
conditions with 5. The orthogonality of the imine plane to that of
the naphthol ring in 5 likely prevents the formation of tight
salicylaldimine-type Cu?t complexes.

EECR in a continuous flow reactor. Continuous EECR in flow
was developed following the encouraging results of the above EECR
experiments. The designed apparatus, shown in Fig. 4c, is composed
of three stages that, respectively, perform the EECR, hydrolysis, and
residual acid scavenging. EECR is performed in consecutive stirred
reactor chambers R1-R3, which flow into the U-tube Ul to allow
for the separation of the reaction mixture into organic and aqueous
layers. A peristaltic pump P1 transfers the separated organic layer
from Ul to the consecutive stirred reactor chambers R4-R6 that
carry the hydrolysis of the imine. The following separation of the
layers in U-tube U2 provides the organic layer containing 5 and the
aqueous layer containing enantiomerically pure AA as its HCI salt.
The acidic organic layer flowing from U2 is transferred to U-tube
U3 for residual acid scavenging before it is recycled into R1, where a
new EECR cycle start. During the process, the starting AA is also
fed into the reactor R1 in discrete additions to compensate for its
depletion. This system is an expanded variant of the well-known U-
tube design to perform a continuous transfer of material from one
side to the other39-41,

NATURE COMMUNICATIONS | (2021)12:125 | https://doi.org/10.1038/541467-020-20402-x | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Using the apparatus shown in Fig. 4d, EECR in flow enabled
the continuous conversion of common L-Phe to the more valuable
D-Phe. The apparatus was charged with a solution of the chiral
extractant (S)-5 (4.5g, 7.6 mmol) in dichloromethane (40 mL),
and 1-Phe (5.0 g, 30 mmol) alongside the racemization catalyst in
the aqueous layer (20 mL). The reactor was operated continuously
for 40 h. During this period, two additional equivalents of L-Phe
(2.5g, 15.2mmol) were fed in. From the hydrolyzed aqueous
layer was isolated 4.9g (29.7 mmol) of the solid p-Phe with
enantiopurity of >98:2 er., corresponding to 3.9 equiv. of the
extractant, or 65% based on the total L-Phe used. No sign of
degradation of the chiral extractant 5 was detected after 40 h of
continuous operation, demonstrating the appeal of the EECR of
AAs relying on 5 for further process intensification and
commercial-scale production.

In conclusion, we have demonstrated the EECR as a DKR
process for the deracemization of unprotected AAs using only
extractive processes. The success of EECR relied on the highly
sterically hindered pivaloylated extractant 5, and the identifica-
tion of a compatible catalyst system for the racemization of AAs
under ambient conditions. The orthogonal arrangement of the
pivaloyl group and the naphthol ring in 5 prevents the co-
extraction of Cu?t ions. The extractant 5 shattered the widely
accepted view that the RAHB found in vitamin Bg cofactor
mimics is required for the formation of stable imines, which may
open new perspectives in imine chemistry and its applications. A
great advantage of EECR compared to other processes like
enzymatic DKR and asymmetric chemical syntheses are the
potential for the development of automated continuous processes
as shown in the flow reactor designed and operated in this work.
Although the 100-mL continuous reactor was so far only operated
up to multigram reaction scales, this work foreshadows practical
and cost-effective extensions far beyond this scale for the
deracemization of underivatized AAs.

Methods

Materials. NaH (60%), tert-butyllithium (1.6 M in hexane), and other conven-
tional reagents were obtained from Sigma-Aldrich, Alfa-Aesar, or TCI, and used as
received without further purification. Enantiomerically pure 2,2"-binol-3-carboxylic
acid was provided by Aminologics (Seoul, Korea). Compound (R)-1 and (R)-2 were
prepared following literature procedures2>26, The syntheses and characterization
data for (R)-3-(R)-5 are described in Supplementary information, Section 1.

Instruments and analyses. !H NMR spectra were recorded on a Bruker AVANCE
300 spectrometer (300 MHz) at the National Research Facilities and Equipment
Center (NanoBio-Energy Materials Center) at Ewha Woman’s University. Che-
mical shifts were quoted in p.p.m. referenced to 0.0 p.p.m. for tetramethylsilane.
Carbon-13 NMR spectra were recorded on Bruker AVANCE 300 spectrometer
(75 MHz), and were fully decoupled by broadband proton decoupling. Chemical
shifts were reported in p.p.m. referenced to the centerline of a triplet at 77.0 p.p.m.
of chloroform-d. High-resolution mass spectra were recorded on an Agilent Mass
spectrometer on EI or FAB mode. Agilent 1260 HPLC system using Sumichiral
OA-5000 or OA-6100 column was used for determination of the enantiopurities of
AA solutions.

Representative ELLE experiment for an AA with (R)-5 as the extractant. The
organic layer was prepared by dissolution of (R)-5 (0.60 g, 1 mmol) and Aliquat

336 (0.43 g, 1.05 mmol) into CHCl; (2 mL). The aqueous layer was prepared by the
addition of pL-AAs (4.0 mmol) to a solution of NaOH (0.16 g, 4.0 mmol) in water
(2mL). The two solutions were mixed and stirred vigorously at room temperature
(20-25°C). The stirring was continued until the imine formation was completed.

Representative EECR experiment for an AA with (R)-5 as the extractant. The
organic layer was prepared by dissolution of (R)-5 (0.60 g, 1.0 mmol) and Aliquat
336 (0.43 g, 1.05 mmol) in CDCl; (1.0 mL). The aqueous layer was prepared by the
addition of p-AA (4.0 mmol), NaOH (0.16 g, 4.4 mmol) in water (2.0 mL), and
both PLP (0.011 g, 0.04 mmol) and CuSO, (0.0064 g, 0.04 mmol) were added to the
aqueous solution. The two solutions were mixed and stirred vigorously in a sealed
glass vial at room temperature (20-25 °C) for 3-6 h, until the imine formation was
completed.

Hydrolysis of the imine in the organic layer (back-extraction). After the
extraction in the experiment of ELLE or EECR, the organic layer was separated and
stirred with 2.0 mL of 2.0 N HCl solution for 2 h at room temperature, which led to
the clean recovery of the extractant (R)-5 and Aliquat 336 in the organic layer and
the enantiomerically pure AA in the aqueous layer. This process was monitored by
'H NMR and HPLC analysis.

Continuous EECR using the specially designed apparatus shown in Fig. 4d.
The aqueous layer in the EECR part was prepared from L-Phe (6.0 g, 38 mmol),
PLP (0.03 g, 0.12 mmol), and CuSO4(0.0096 g, 0.06 mmol) dissolved in 20 mL
water, and the pH was adjusted to 12.0 by the addition of NaOH. The organic layer
was prepared by dissolving (S)-5 (4.5 g, 7.6 mmol) and Aliquat 336 (4.3 g, 8.5
mmol) in 40 mL of CH,Cl,. The hydrolysis chambers R4-R6 used a 2.0 N aqueous
HCl layer. The residual acid scavenging chamber U3 used a 1.0 M aqueous Na,CO3
layer to neutralize residual HCI in the organic layer. Transfer rates of the pumps
were controlled to be ~0.15 mL/min.

Data availability

All experimental data are available in the main text or the Supplementary information.
The X-ray crystallographic coordinates for structures reported in this study have been
deposited at the Cambridge Crystallographic Data Centre (CCDC), under deposition
number 1948381 [https://doi.org/10.5517/ccdc.csd.cc23dg00]. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif. Data are also available from the corresponding author on
request.

Received: 6 April 2020; Accepted: 23 November 2020;
Published online: 05 January 2021

References

1. Blaskovich, M. A. Unusual amino acids in medicinal chemistry. J. Med. Chem.
59, 10807-10836 (2016).

2. Yang, M. & Song, W. J. Diverse protein assembly driven by metal and
chelating amino acids with selectivity and tenability. Nat. Commun. 10, 5545
(2019).

3. Tao, K, Makam, P., Aizen, R. & Gazit, E. Self-assembling peptide
semiconductors. Science 358, eaam9756 (2017).

4. Wiedman, G., Kim, S. Y., Zapata-Mercado, E., Wimley, W. C. & Hristova, K.
pH-triggered, macromolecule-sized poration of lipid bilayers by synthetically
evolved peptides. J. Am. Chem. Soc. 139, 937-945 (2017).

5. Musa, M. M. Enzymatic racemization of alcohols and amines: an approach for
bi-enzymatic dynamic kinetic resolution. Chirality 32, 147-157 (2020).

6. Bhat, V., Welin, E. R, Guo, X. & Stoltz, B. M. Advances in stereoconvergent
catalysis from 2005 to 2015: Transition-metal-mediated stereoablative
reactions, dynamic kinetic resolutions, and dynamic kinetic asymmetric
transformations. Chem. Rev. 117, 4528-4561 (2017).

7. Rudroff, F. et al. Opportunities and challenges for combining chemo- and
biocatalysis. Nat. Cat. 1, 12-22 (2018).

8. Turner, N. J. Enzyme catalysed deracemisation and dynamic kinetic resolution
reactions. Curr. Opin. Chem. Biol. 8, 114-119 (2004).

9. Altenbuchner, J., Siemann-Herzberg, M. & Syldatk, C. Hydantoinases and
related enzymes as biocatalysts for the synthesis of unnatural chiral amino
acids. Curr. Opin. Biotechnol. 12, 559-563 (2001).

10. Wang, Y. et al. Recent approaches for asymmetric synthesis of a-amino acids
via homologation of Ni(II) complexes. Amino Acids 49, 1487-1520 (2017).

11. Wang, ], Liu, X. & Feng, X. Asymmetric Strecker reactions. Chem. Rev. 111,
6947-6983 (2011).

12. Fu, R, So, S. M,, Lough, A. J. & Chin, J. Hydrogen bond assisted L to D
conversion of a-amino acids. Angew. Chem. Int. Ed. 59, 4335-4339 (2020).

13. Leonard, D. J., Ward, J. W. & Clayden, J. Asymmetric a-arylation of amino
acids. Nature 562, 105-109 (2018).

14. He, J. et al. Ligand-controlled C(sp3)-H arylation and olefination in synthesis
of unnatural chiral a-amino acids. Science 343, 1216-1220 (2014).

15. Shirakawa, S. & Maruoka, K. Recent developments in asymmetric phase-
transfer reactions. Angew. Chem. Int. Ed. 52, 4312-4348 (2013).

16. Zuend, S. J., Coughlin, M. P., Lalonde, M. P. & Jacobsen, E. N. Scalable
catalytic asymmetric Strecker syntheses of unnatural a-amino acids. Nature
461, 968-970 (2009).

17. Chin, J., Lee, S. S., Lee, K. J., Park, S. & Kim, D. H. A metal complex that binds
a-amino acids with high and predictable stereospecificity. Nature 401,
254-257 (1999).

18. Bhattacharya, A., Araullo-Mcadams, C. & Meier, M. B. Crystallization induced
asymmetric transformation: synthesis of D-p-hydroxyphenylglycine. Synth.
Commun. 24, 2449-2459 (1994).

6 | (2021)12:125 | https://doi.org/10.1038/s41467-020-20402-x | www.nature.com/naturecommunications


https://doi.org/10.5517/ccdc.csd.cc23dg00
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
www.nature.com/naturecommunications

ARTICLE

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Shiraiwa, T., Shinjo, K., Masui, Y., Ohta, A. & Natsuyama, H. Facile
production of D-histidine by asymmetric transformation of L-histidine. Bull.
Chem. Soc. Jpn 64, 3741-3742 (1991).

Liu, X., Ma, Y., Xu, L. & Liu, Q. Enantioselective liquid-liquid extraction of 3-
chloro-phenyl glycine enantiomers using (S,S)-DIOP as extractant. Chirality
31, 750-758 (2019).

Pinxterhuis, E. B. et al. Highly efficient enantioselective liquid-liquid
extraction of 1,2-amino-alcohols using SPINOL based phosphoric acid hosts.
Chem. Sci. 8, 6409-6418 (2017).

Tang, K., Fu, T. & Zhang, P. Enantioselective liquid-liquid extraction of (D,
L)-valine using metal-BINAP complex as chiral extractant. J. Chem. Technol.
Biotechnol. 88, 1920-1929 (2013).

Schuur, B. et al. Chiral separation by enantioselective liquid-liquid extraction.
Org. Biomol. Chem. 9, 36-51 (2011).

Steensma, M., Kuipers, N. J. M., de Haan, A. B. & Kwant, G. Identification of
enantioselective extractants for chiral separation of amines and
aminoalcohols. Chirality 18, 314-318 (2006).

Park, H. et al. Bioinspired chemical inversion of L-amino acids to D-amino
acids. J. Am. Chem. Soc. 129, 1518-1519 (2007).

Huang, H., Nandhakumar, R., Choi, M., Su, Z. & Kim, K. M. Enantioselective
liquid-liquid extractions of underivatized general amino acids with a chiral
ketone extractant. J. Am. Chem. Soc. 135, 2653-2658 (2013).

Huang, H. et al. Highly enantioselective extraction of underivatized amino
acids by the uryl-pendant hydroxyphenyl-binol ketone. Chem. Eur. J. 20,
2895-2900 (2014).

Gilli, G., Bellucci, F., Ferretti, V. & Berto, V. Evidence for resonance-assisted
hydrogen bonding from crystal-structure correlations on the enol form of the
B-diketone fragment. J. Am. Chem. Soc. 111, 1023-1028 (1989).

Asano, A., Minoura, K., Yamada, T. & Doi, M. Conformational
transformation of ascidiacyclamide analogs induced by incorporating
enantiomers of phenylalanine, 1-naphthylalanine or 2-naphthylalanine. J.
Pept. Sci. 22, 156-165 (2016).

Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A. A consistent and accurate ab
initio parametrization of density functional dispersion correction (DFT-D) for
the 94 elements H-Pu. J. Chem. Phys. 132, 154104 (2010).

Becke, A. D. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 38, 3098-3101 (1988).

Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 37,
785-789 (1988).

Elstner, M. et al. Self-consistent-charge density-functional tight-binding
method for simulations of complex materials properties. Phys. Rev. B 58,
7260-7268 (1998).

Breslow, R. Biomimetic chemistry and artificial enzymes: catalysis by design.
Acc. Chem. Res. 28, 146-153 (1995).

Sharif, S., Schagen, D., Toney, M. D. & Limbach, H.-H. Coupling of functional
hydrogen bonds in pyridoxal-5'-phosphate—enzyme model systems observed
by solid-state NMR spectroscopy. J. Am. Chem. Soc. 129, 4440-4455 (2007).
Song, S. M., Kimia, M., Lough, A. J. & Chin, J. Highly stereoselective
recognition and deracemization of amino acids by supramolecular self-
assembly. Angew. Chem. Int. Ed. Engl. 53, 829-832 (2014).

Olivard, J., Metzler, D. E. & Snell, E. E. Catalytic racemization of amino acids
by pyridoxal and metal salts. J. Biol. Chem. 199, 669-674 (1952).

Liu, L. & Breslow, R. Selective racemization in preference to transamination
catalyzed by pyridoxal enzyme analogs. Tetrahedron Lett. 42, 2775-2777
(2001).

Newcomb, M., Toner, J. L., Helgeson, R. C. & Cram, D. J. Host-guest
complexation. 20. Chiral recognition in transport as a molecular basis for a
catalytic resolving machine. J. Am. Chem. Soc. 101, 4941-4947 (1979).
Breccia, P. et al. Guanidinium receptors as enantioselective amino acid
membrane carriers. J. Am. Chem. Soc. 125, 8270-8284 (2003).

41. Kharel, S. et al. Homeomorphic isomerization as a design element in container
molecules; binding, displacement, and selective transport of MCI2 species (M
= Pt, Pd, Ni). J. Am. Chem. Soc. 139, 2172-2175 (2017).

Acknowledgements

This work was supported by National Research Foundation of Korea (NRF) grants
funded by the Korea government (2020R1F1A107483 to KM.K. and
2018R1D1A1B07043568 to J.B.). H.H. acknowledges the National Natural Science
Foundation of China (21306107) and the National Natural Science Foundation of
Shandong Province, China (ZR2019MB038).

Author contributions

H.H. designed and first synthesized 5 and obtained initial data; Y.J. set up the continuous
reactor, performed EECR experiments, and optimized operational conditions; M.E.S.
assisted in the synthesis of compounds; D.K. developed the method for the large-scale
synthesis of 5; M.C. developed the facile racemization of amino acids; Q.C. assisted in the
synthesis of intermediate compounds; Y.K. solved the crystal structure; S.-J.K. supervised
the solution of crystal structure; I.-S.B. carried out experiments for industrial applica-
tions; M.W. performed quantitative EECR experiments; J.B. provided important ideas
especially on the continuous reactor and contributed to the writing and editing; S.K.K.
carried out model calculation jobs; KM.K. supervised the entire project.

Competing interests

K.M.K. and H.H. are inventors on a patent (US Patent No. 9,845,288 B2, PCT Pub. No.
W02015/126150) based on the extractant 5, the EECR process, and their use in the
production of enantiomerically enriched amino acids. I.-S.B. is employed by the com-
pany Aminologics, which has licensed this patent. All other authors declare no com-
peting interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20402-x.

Correspondence and requests for materials should be addressed to J.B., S.K.K. or KM.K.

Peer review information Nature Communications thanks Anthonius Engwerda, Kewen
Tang, and Johannes de Vries for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:125 | https://doi.org/10.1038/s41467-020-20402-x | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-020-20402-x
https://doi.org/10.1038/s41467-020-20402-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Enantioselective extraction of unprotected amino acids coupled with racemization
	Results
	Exclusive enantioselectivity of 5 in the ELLE of AAs
	Racemization of AAs, Cu(II) sequestration, and successful EECR
	EECR in a continuous flow reactor

	Methods
	Materials
	Instruments and analyses
	Representative ELLE experiment for an AA with (R)-5 as the extractant
	Representative EECR experiment for an AA with (R)-5 as the extractant
	Hydrolysis of the imine in the organic layer (back-extraction)
	Continuous EECR using the specially designed apparatus shown in Fig. 4d

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




