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ABSTRACT: Two novel chiral ionic liquids are synthesized as the chiral selector. Racemates of amines, amino alcohols, and
amino acids could generate enantioselective precipitate with multicomponent self-assemblies under mild conditions. The
approach allows for enantioseparation with good yields (79—94%) and excellent ee’s (>95%).

As highly valuable products, optically pure primary amines
play an important role in many fields." Diverse methods
have been developed to obtain pure amines such as
chromatography,2 enzymatic catalysis,3 and kinetic resolution.”
Meantime, these methods have some disadvantages and remain
challenging.5 As an alternative, enantioselective precipitate has
been exploited for a long time. The whole process is convenient
and direct even on a large scale. In general, reversible covalent
bonds, coordination effects, or hydrogen bonds are necessary
for chiral selectors to form stable products with target
enantiomers (Scheme 1) However, enantioselective precip-
itates for racemic amines, amino alcohols, and amino acids with
the same selector are rarely reported.”

Scheme 1. Reported Chiral Selectors ((R)-1 and (R)-2) for
Enantioselective Precipitate

Chiral ionic liquids (CILs) receive much interest ow1ng to
their potentlal apphcatlon in asymmetric synthesis,” chroma-
tography,” spectroscopy,'® and liquid—liquid extraction.'’ In
contrast with common chiral reagents, CILs show strong
interactions between the counterions. For example, the
hydrogen bond and ionic eftect have been found to play a
key role in asymmetric synthesis and chiral resolution for
products with high excess enantiomer values.'> Consistent with
our interest in the development of chiral resolution, some CILs
were synthesized and successfully applied in the enantiosepara-
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tion of amino alcohols and amino acids."” However, only four
racemates could be resolved and the method is lacking in
generality. It may be due to inadequate stereochemical effect of
the chiral ligand.

For the above reasons, we decided to reconstruct the
chemical structure of the chiral ionic liquid and develop a novel
strategy with multicomponent self-assemblies. In the past, some
chiral selectors have been designed and synthesized consisting
of aldehyde or carbonyl group, which could react with an amine
group through Schiff base reaction.'* In contrast with the
approach, our assumption is that chiral primary amines react
with neutral aldehydes to form Schiff base product, which could
afford stronger multi-interactions with the chiral ligand."”

Herein, as shown in Figure 1, we present new-style CILs as
the chiral selector. Derived from (R)-phenylglycinol and (R)-
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R)-CIL-3 R)-CIL-4
Figure 1. Chemical structures of the new chiral selectors ((R)-CIL-3
and (R)-CIL-4) for enantioselective precipitate.

phenylalaninol, two novel chiral ionic liquids ((R)-CIL-3 and
(R)-CIL-4) composed of a carbamido group and chloridion are
synthesized with relatively high yields (Figure S1). The —OH
and carbamido group form the strong hydrogen bond with
chloridion, which can afford good stereochemical performance.
Moreover, these groups are easy to coordinate with the metal
ion.

The whole procedure contained two steps: a simple reaction
between amines and aldehydes, then the formation of
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coordination complex between the chiral ionic liquid and the
Schiff base product. As an illustrative example to demonstrate
the whole process of enantioselective precipitate, we selected
(rac)-8, (rac)-7 and (rac)-9 as the typical example, respectively
(Figure 2).
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Figure 2. (A) Structures of amines, amino alcohols, and amino acids.
(B) Photographs of (R)-CIL-3 treated with (R)-serine and (S)-serine
via multicomponent self-assemblies.

For 1-phenylethylamine, as we can see from Table SI,
different parameters including aldehydes, reaction temperature,
and metal salts were systematically studied. Namely, as shown
in Figure 3, (R)-CIL-3 (0.1 mmol) + CoCl, (0.1 mmol) could
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Figure 3. Multicomponent reaction of (rac)-S,3-hydrobenzaldehyde,
(R)-CIL-3 and CoCl,.

form a coordinated complex with the Schiff base derived from
(R)-5 (0.1 mmol) and 3-hydroxybenzaldehyde (0.105 mmol)
in CH;OH. The results indicated that the aldehyde played a
vital role in the whole process. Only the hydroxyl group in the
3-position of benzaldehyde was successfully examined with this
method. The whole reaction completed in nearly 2 h at 20 °C,
which could obtain the yield of 79% with 95% ee. On the other
hand, the separation efficiency for amines obtained by using
(R)-CIL-4 was lower than that of (R)-CIL-3. Besides that, it
should be noted that (S)-S would form precipitate when the
temperature raised to 40 °C. It showed that the whole process
was thermodynamic controlled. Thus, 20 °C was selected as the
optimized temperature for amines.

For serine and 2-phenylglycinol, similar to chiral resolution
of amines, optimization of reaction parameters was discussed in
detail (Table S2). As shown in Figure 4, (R)-9 (0.1 mmol)
could easily react with 3-formylindole (0.10S mmol) to produce
the Schiff base in CH;OH/H,0 (v/v = 4/1). Then, the
product generated the coordinated complex with (R)-CIL-3
(0.1 mmol) and CuCl, (0.1 mmol). The whole reaction
completed in nearly 24 h with excellent yield (94%) (Figure
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Figure 4. Multicomponent reaction of (rac)-7 ((rac)-9), 3-
formylindole, (R)-CIL-3, and CuCl,.

2B). When the temperature gave rise from 20 to 40 °C, the
reaction time did not show much difference. Moreover, (R)-9
could not react with the ligand even at 40 °C in 24 h. It
indicated that the process was not thermodynamically
controlled.

In contrast, under the same conditions, (S)-7 could form the
coordinated complex with (R)-CIL-3 in 2 h. Compared to
amino acids, the chemical bonding between the chiral ligand
and amino alcohols was similar. The —OH side group of serine
was also involved in binding, which led to different
configurations of the complex. The chemical yield for (S)-7
was 91%.

Having obtained optimized reaction conditions, we probed
the generality of other racemates by enantioselective precipitate
in the next step. Four amines and amino alcohols (Table 1,

Table 1. Investigation of the Substrate Scope”

entry CIL racemates  ee (%)  yield (%)  time (h)
1 (R)-CIL-3/ (rac)-5 >95 79 29
2 (R)-CIL-3/ (rac)-6 >9s 88 29
3 (R)-CIL-3¢ (rac)-7 >95¢ 91 24
4 (R)-CIL-3¢ (rac)-8 >95¢ 86 24
5 (R)-CIL-3¢ (rac)-9 >95" 94 247
6 (R)-CIL-3¢ (rac)-10 >9s" 91 5
7 (R)-CIL-3¢ (rac)-11 >95¢ 91 2¢

“Reaction conditions: 0.1 mmol scale of (R)-CIL-3, 0.1 mmol scale of
substrate, 0.1 mmol of metal salt, 0.10S mmol aldehyde, and 1 mL of
CH;0H except amino acids in CH;OH/H,0 (v/v = 4/1). ee’s are
determined by the weight ratio of the precipitate. (C(RR) — Cs))/
(Cwr) + Cirs))- (Crs) = Criy)/ (Crrs 73) + Crp)- “The reaction was
at 20 °C. “The reaction was at 40 °C.7/CoCl,. #CuCl,.

entries 1—4) in this series were successfully isolated with one
configuration in the range of 79—91% yields. As shown in
entries 5—7, the f-position chain of amino acids with proton
groups such as —OH, —SH, and —COOH gave products with
high yields in the 91—94% range and ee’s >0.95. Besides that,
we found an interesting outcome for aspartic acid (rac-11). (S)-
11 was apt to produce precipitate with (R)-CIL-3 within 2 h in
40 °C, which was isolated in 91% yield. Meantime, (R)-11
could also afford the product with (R)-CIL-3 under 24 h. These
results indicated that the enantioselective formation of the
coordinative complex was a competitive reaction.

Considering the C=N group is sensitive to acidic medium,
the disassembly procedure presented in Figure S is also
convenient under mild conditions. Furthermore, the chiral ionic
liquid dissolved in water or methanol only was recycled
conveniently through extraction. According to these character-
istics, chiral ionic liquids could be recycled in quantitative yield.
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Figure S. Disassembly of (Rgy, R,)-12 and the recycle of (R)-CIL-3.

Due to the insolubility of the precipitate in solvents, FTIR
spectra, DFT calculations (at the B3LYP/3 21G* level using
the Gaussian 03 program package'®), and 'H NMR spectra are
used to establish possible structures of the coordination
complex. From the FTIR spectrum of (R¢y,R,)-13, CIL-3,
and rac-9 (Figure S2), the stretching vibration of the carbamido
group red shifts from 1667 to 1558 cm™'. The stretching
vibration of C=N also red shifts. The stretching vibration of
C—O blue shifts from 1132 to 1205 cm™. It indicates the
coordination bond among —OH and ureido of (R)-CIL-3 and
C=N and —COOH of serine.

As shown in Figure 6, we display energy-optimized structures
of (Rei,R,)-13—H,0* and (Rey,S,)-13—H,0*. In (Rep,R,)-
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Figure 6. Energy-optimized structures of (a) (Rcy,R,)-13—H,0* and
(b) (Rerw,S.)-13—H,0* obtained by DFT calculations. Dotted lines
indicate hydrogen bonds.

13—H,0%*, multiple hydrogen bonds around the hydrone and
—OH belonging to (R)-CIL-3 and serine promote stability of
the coordinative complex. In contrast, the intermolecular
hydrogen bond between —NH of ureido and —OH of Schiff
base product restricts the freedom of the C=N bond. It could
bring enhanced steric hindrance between the indole ring and
pyridinium cation, especially in (R¢y;,S,)-13—H,0%*. As a result,
the bond distance of coordination bonds formed with Cu(II)
and C=N bond is much different (1.322 vs 1.554 A).
Calculations predict that the coordination bond of (R¢y,R,)-
13—H,0* is more stable than that of (R¢y,S,)-13—H,0* by
7.3 kcal/mol. Furthermore, optimized structures of (R¢y;,S,)-14
and (Rc,R,)-14 are also obtained by DFT calculations (Figure
S3). Unfortunately, DFT calculations do not perform
reasonable energy-optimized structure of (Rcy,R,)-12. Alter-
natively, as shown in Figure S4B, partial 'H NMR signals of the
pyridinium cation moiety up-shift 0.18 ppm once the the
product is formed. It verified the electrostatic interaction
between pyridinium cation and chloridion, which contributed
to the improvement of enantioselectivity.

To conclude, this work demonstrates an approach to an
enantioselective precipitate via multicomponent self-assemblies.
Namely, the product of Schiff base coordinated with the novel
chiral ionic liquid in the presence of metal ions. (R)-CIL-3
shows high enantioselectivities and a wide scope toward
amines, amino alcohols, and amino acids. The whole process
could be realized even on a large scale (S g). Above all, we

believe that this work may open the way for the use of chiral
ionic liquids in enantioseparation.
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