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Abstract: Candida antarctica lipase B-catalyzed hydrolysis of carbocyclic 5–8-membered cis β-amino
esters was carried out in green organic media, under solvent-free and ball-milling conditions. In
accordance with the high enantioselectivity factor (E > 200) observed in organic media, the preparative-
scale resolutions of β-amino esters were performed in tBuOMe at 65 ◦C. The unreacted β-amino ester
enantiomers (1R,2S) and product β-amino acid enantiomers (1S,2R) were obtained with modest to
excellent enantiomeric excess (ee) values (ees > 62% and eep > 96%) and in good chemical yields (>25%)
in one or two steps. The enantiomers were easily separated by organic solvent/H2O extraction.

Keywords: green strategies; enzymatic resolution; enantioselective hydrolysis; β-amino acid; ball milling

1. Introduction

Interest in enantiomeric carbocyclic β-amino acids has greatly increased in recent
years due to their utility in synthetic chemistry and drug research [1,2] and their phar-
macological properties. For instance, both cispentacin and icofungipen exhibit antifungal
activity [3–9]. They can be used as building blocks for the synthesis of modified pep-
tides and self-organizing foldameric structures with increased activity and stability [8,10].
Therefore, the large number of publications about their synthesis, including those us-
ing enzymatic methods, is not surprising. As an example, an efficient direct enzymatic
method through β-lactam ring cleavage was devised [11]. CALB-catalyzed hydrolysis
of cyclopentane, cyclohexane, and cyclohexene skeletons bearing cis and trans β-amino
esters in iPr2O has also been published for the first time [12]. Among recent developments,
implementation of green approaches enables rather attractive techniques that can carry out
enantioselective reactions for the preparation of β-amino acid enantiomers. For instance,
on the principle that the best solvent is no solvent, a solvent-free enzymatic method was
developed through CALB-catalyzed hydrolysis of β-lactams at 70 ◦C to afford enantiopure
β-amino acids [13]. Furthermore, in recent years, sustainable synthetic chemistry under
novel mechanochemical conditions with the use of ball milling has proved to be an efficient
and useful method [14–20]. In particular, mechanochemistry has left its mark on the road
to green synthesis due to the reusability of catalysts [21–27]. In this regard, groundbreaking
research on the concept of sustainable biocatalysis, combined with mechanochemical forces
and enantioselective synthesis of biologically active molecules through mechanoenzymatic
kinetic resolution of racemic compounds, has been developed [28–33]. In a noteworthy
study, Perez-Venegas et al., demonstrated the employment of ball milling for liquid-assisted
grinding (LAG) enzymatic resolution of N-benzylated-β3-amino esters yielding enantioen-
riched N-benzylated-β3-amino acids [34].

Herein, due to the importance of developing green methods to access enantiopure
products, our primary aim was to synthesize carbocyclic 5–8-membered cis β-amino esters
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(Scheme 1). Our approach involves a comparative investigation of various environmentally
friendly strategies before establishing a sustainable, CALB-catalyzed hydrolysis of cis
amino esters 7–9 and 13. The transformations deliver unreacted β-amino ester enantiomers
(1R,2S)-7–9, (1R,2S)-13, and product β-amino acid enantiomers (1S,2R)-14–17 with high
enantiomeric excess (ee) (Scheme 2). Accordingly, reactions were planned to be carried out
first in a green organic solvent, and then under solvent-free conditions. In addition, as a
challenge, reactions under ball-milling conditions were planned, too.

Scheme 1. Synthesis of cis-amino esters 7–9 and 13.

Scheme 2. Enzymatic kinetic resolution of cis 7–9, 13 through a hydrolytic procedure.

2. Results and Discussion
2.1. Synthesis of cis-Amino Esters 7–9 and 13

The 1,2-dipolar cycloaddition of chlorosylfonyl isocyanate (CSI) to cyclopentene 1,
cyclohexene 2, cycloheptene 3 and 1,5-cyclooctadiene 10 takes place regioselectively, in
accordance with the Markovnikov orientation [35], resulting in racemic cis β-lactams 4, 5, 6,
and 11. The synthesis were performed according to known methods (slight modifications
for the synthesis of 6) [36–38].

Ring opening of cis lactams 4–6 with 22% ethanolic HCl furnished the desired cis cy-
clopentane, cyclohexane, cycloheptane and cyclooctane skeletons bearing amino esters 7–9
and unsaturated ethyl cis-2-aminocyclooct-5-ene carboxylate 12. Then the latter products were
reduced catalytically under H2 [39] to give saturated ethyl cis-2-aminocyclooctanecarboxylate
13 (Scheme 1).

2.2. Enzyme-Catalyzed Hydrolysis of Carbocyclic cis β-Amino Esters 7–9 and 13
2.2.1. Preliminary Experiments

In order to determine the optimal conditions for enantioselective hydrolysis of ethyl
cis 2-aminocyclopentanecarboxylate 7, ethyl cis 2-aminocyclohexanecarboxylate 8, ethyl
cis 2-aminocycloheptanecarboxylate 9 and ethyl cis 2-aminocyclooctanecarboxylate 13
(Scheme 2), a set of preliminary experiments was performed. On the basis of earlier results
achieved on the CALB-mediated enantioselective hydrolysis of 5- and 6-membered carbo-
cyclic β-amino esters [12], the hydrolysis of the model compound ethyl
cis 2-aminocyclohexanecarboxylate 8 (Scheme 3) was performed in iPr2O without added
H2O. The reaction was completed, since the H2O present in the reaction medium (<0.1%)
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or enzyme preparation (<5%) was sufficient for the hydrolysis at 65 ◦C (Table 1, entry 1).
Several green solvents were analyzed (entries 2–6). The reaction in tBuOMe gave better
enantioselectivity than that found in iPr2O (conv. 39%, in both cases, E = 66, 133 respec-
tively, after 8 h, entries 1, 2). The results found in propylene carbonate, 2-Me-THF, and
2-methyl-2-butanol (2M-2B) were more modest in terms of conversion and E (conv. 23,
12 and 6%, and E = 73, 74, 65 respectively, after 8 h, entries 4–6), while no reaction took
place in EtOAc (entry 3). Finally, all in all, tBuOMe was chosen as the best green solvent for
further reactions.

Scheme 3. Enzymatic kinetic resolution of ethyl cis 2-aminocyclohexanecarboxylate 8.

Table 1. Green solvent screening in the hydrolysis of ethyl cis 2-aminocyclohexanecarboxylate (8) a in
organic media.

Entry Solvent (mL) ees (%) b eep (%) c Conv. (%) d E e

1 iPr2O 60 95 39 66
2 tBuOMe 63 >99 39 133
3 EtOAc - - - -
4 Propylene carbonate 30 >99 23 73
5 2-Me-THF 14 >99 12 74
6 2M-2B 6 >99 6 65

a 0.025 M substrate, 30 mg mL−1 CALB, (substrate: enzyme, 1:7), 1 mL of solvent, at 65 ◦C after 8 h. b According
to GC after derivatization. c According to GC after double derivatization [40,41]. d c = ees/(ees + eep) [42].
e E = {ln[(1 − c) × (1 + eep)]/ln[(1 − c) × (1 − eep)]} [43].

In order to explore the enzyme reusability, the hydrolysis of ethyl
cis 2-aminocyclohexanecarboxylate 8 was carried out with CALB that had already been
used in 1, 2 or 3 cycles (Table 2). The reaction rate was progressively decreased while the
enantiomeric excess of the product appeared unaffected. This observation suggests the
possibility of reusing enzyme.

Table 2. Catalytic activity of recycled enzyme in the hydrolysis of ethyl cis
2-aminocyclohexanecarboxylate (8) a in tBuOMe.

CALB (mg mL−1) ees (%) b eep (%) c Conv. (%) d E e

Once used 78 97 45 180
Twice used 58 96 37 82

3 times used 43 96 31 71
a 0.025 M substrate, 30 mg mL−1 CALB, (substrate: enzyme, 1:7), 1 mL of tBuOMe, at 65 ◦C after 12 h. b According
to GC after derivatization. c According to GC after double derivatization [40,41]. d c = ees/(ees + eep) [42].
e E = {ln[(1 − c) × (1 + eep)]/ln[(1 − c) × (1 − eep)]} [43].

In view of earlier results on β-lactam ring opening under solvent-free conditions [13],
the hydrolysis of cis 6-membered amino ester 8 was performed in the presence of 30 mg
CALB without added H2O. The reaction was completed without the addition of H2O, since
the H2O present in enzyme preparation (<5%) was sufficient for the hydrolysis at 65 ◦C
(Table 3, entry 2). When the reaction was carried out at room temperature (23 ◦C) (E = 45,
entry 1) or at higher temperatures of 70 and 80 ◦C (E = 13, 11, entries 3, 4) a significant decrease
in E was observed. On the basis of these data, 65 ◦C was selected as the optimum temperature.
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Table 3. Temperature screening in the hydrolysis of ethyl cis 2-aminocyclohexanecarboxylate (8) a

under solvent-free conditions.

Entry Temp (◦C) ees (%) b eep (%) c Conv. (%) d E e

1 23 11 95 11 45
2 65 66 94 41 70
3 70 72 72 50 13
4 80 91 57 62 11

a 5 mg substrate, 30 mg CALB, (substrate: enzyme, 1:6) after 8 h. b According to GC after derivatization.
c According to GC after double derivatization [40,41]. d c = ees/(ees + eep) [42]. e E = {ln[(1 − c) × (1 + eep)]/
ln[(1 − c) × (1 − eep)]} [43].

When the enzyme quantity was increased from 30 mg (conv. 41% after 8 h, E = 70,
Table 3, entry 2) to 50 mg (conv. 48% after 8 h, E = 177, data not shown) and 70 mg (conv.
50% after 8 h, E = 73, data not shown), a positive response in E, especially with 50 mg
enzyme (substrate: enzyme ratio of 1:10), was observed. Therefore, the substrate: enzyme
ratio of 1:10 was chosen for the preparative-scale, solvent-free reaction.

Inspired by results on the enzymatic hydrolysis of N-benzylated-β3-amino esters using
ball milling [34], ethyl cis 2-aminocyclohexanecarboxylate (8) was hydrolyzed by using an
agate jar (10 mL volume) with three agate balls (5 mm of diameter), 0.5 equiv. of added
H2O, tBuOMe as a LAG (η = V (liquid; µL)/m (reagents; mg) [44], η = 2.4) at 25 Hz (Table 4,
entry 1). Unfortunately, very low conversion and enantioselectivity values were observed
(conv. 3% after 6 h, E = 6). Therefore, we started to optimize the operating frequency and
found that, with decreasing frequencies, enantioselectivities increased (conv. 3, 5, 5 and
14%, and E = 19, 16, 21, 147, respectively after 6 h, entries 2–5). The best combination of
conversion and E was observed at 3 Hz. When the reaction was performed with no added
water at the optimized frequency with (substrate: enzyme, 1:2) and tBuOMe as a LAG, the
catalytic activity of enzyme was not affected and enantioselectivity remained high. (E = 89,
entry 6).

Table 4. Frequency screening in the hydrolysis of ethyl cis 2-aminocyclohexanecarboxylate (8) a

throughout milling.

Entry Frequency (Hz) ees (%) c eep (%) d Conv. (%) e E f

1 25 2 69 3 6
2 15 3 90 3 19
3 10 5 87 5 16
4 8 5 91 5 21
5 3 15 98 14 147

6 b 3 16 97 14 89
a 10 mg substrate, 20 mg CALB, (substrate: enzyme, 1:2), 0.5 equiv H2O, 24 µL of LAG, after 6 h using
ball mills. b without added H2O. c According to GC after derivatization. d According to GC after double
derivatization [40,41]. e c = ees/(ees + eep) [42]. f E = {ln[(1 − c) × (1 + eep)]/ln[(1 − c) × (1 − eep)]} [43].

When increasing the amount of enzyme from 20 to 30 mg, both the conversion and
enantioselectivity increased considerably, while reducing to 10 mg was accompanied by a
drop in both conversion and E (Table 5, entries 1, 2 vs. Table 4, entry 5).

Table 5. Enzyme quantity screening in the hydrolysis of ethyl cis 2-aminocyclohexanecarboxylate (8) a

throughout milling.

Entry CALB (mg) ees (%) b eep (%) c Conv. (%) d E e

1 30 24 >99 20 >200
2 10 13 81 14 11

a 10 mg substrate, 0.5 equiv H2O, 24 µL of LAG, at 3 Hz after 6 h using ball mills. b According to GC after
derivatization. c According to GC after double derivatization [40,41]. d c = ees/(ees + eep) [42]. e E = {ln[(1 − c) ×
(1 + eep)]/ln[(1 − c) × (1 − eep)]} [43].
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2.2.2. Preparative-Scale Resolutions of cis 7–9, and 13

The preparative-scale resolution of ethyl cis 2-aminocyclohexanecarboxylate 8 under
the optimized conditions of the investigated strategies was performed (Table 6). The
resolution in tBuOMe was carried out in one step. However, when attempting this at larger
scale, for reasons of economy, a low (substrate: enzyme 1: 4.5) ratio was employed, which
maintained excellent enantioselectivity and achieved reasonable reaction time. The reaction
was stopped at 50% conversion by filtering off the enzyme (entry 1). The filtered enzyme
was washed with EtOAc. The solvent was evaporated to yield unreacted β-amino ester
(1R,2S)-8. The filtered enzyme was washed with hot distilled H2O, then evaporation of
the filtrate yielded the crystalline product β-amino acid (1S,2R)-15. The resolutions under
solvent-free conditions (entry 2) and using ball milling (entry 3) were performed in two
steps The reactions were stopped when eep > 96% (conv. < 50% under-run step) by adding
tBuOMe to the reaction mixtures and filtering off the enzyme. The filtered enzyme was
washed with hot distilled H2O. Evaporation of the filtrate yielded the crystalline product
β-amino acid (1S,2R)-15. The repeated enzymatic reactions were stopped when ees > 98%
(conv. > 50% over-run step). The filtered enzyme was washed with EtOAc. Evaporation of
the filtrate yielded the unreacted β-amino ester (1R,2S)-8.

Table 6. Prep-scale resolution of ethyl cis 2-aminocyclohexanecarboxylate (8) a in tBuOMe, b under
solvent-free and c ball milling conditions.

Entry Rt (hours) ees (%) d eep (%) e Conv. (%) f E g

1 a 23 96 >99 50 >200
2 b 2 (22) 35 (>99) 96 (69) 27 (59) 58 (27)
3 c 8 (67) 20 (98) >99 (48) 14 (67) 163 (11)

a 100 mg substrate, 30 mg mL−1 CALB, (substrate: enzyme, 1:4.5), 15 mL tBuOMe, at 65 ◦C, in organic media
(one-step resolution). b 100 mg substrate, 1000 mg CALB, (substrate: enzyme, 1:10), at 65 ◦C, under solvent-free
conditions (two-step resolution). c 100 mg substrate, 300 mg CALB, (substrate: enzyme, 1:3), 0.5 equiv H2O,
244 µL of tBuOMe, at 3 Hz, throughout milling (two-step resolution). d According to GC after derivatization.
e According to GC after double derivatization [40,41]. f c = ees/(ees + eep) [42]. g E = {ln[(1 − c) × (1 + eep)]/
ln[(1 − c) × (1 − eep)]} [43].

The best combination of conversion and enantioselectivity was observed in the re-
action carried out in tBuOMe (conv. 50%, E > 200, after 23 h, entry 1). Therefore,
preparative-scale hydrolysis of ethyl cis 2-aminocyclopentaneecarboxylate 7, ethyl cis
2-aminocycloheptanecarboxylate 9, and ethyl cis 2-aminocyclooctanecarboxylate 13 was
performed in tBuOMe in the presence of CALB at 65 ◦C (Table 7). It is noteworthy that the
same substrate: enzyme ratio (1: 4.5) was applicable in the large-scale hydrolysis of 7 but,
due to the slow reaction rate observed in small-scale reactions, resolution of substrates
with bigger cycles 9 and 13 necessitated a higher ratio of substrate: enzyme (1: 7.5). As the
reactions progressed, the eep values of product amino acid enantiomers 14–17 started to
decrease, while the ees values of unreacted esters 7–9 and 13 increased (data not shown).
In order to obtain enantiopure amino acid products, the hydrolysis was performed in
two steps, namely, once under-run (conv. < 50%) then over-run (conv. > 50%) conditions
(Experimental Section).

2.2.3. Determination of Absolute Configurations

The absolute configurations of ethyl (1R,2S)-2-aminocyclopentanecarboxylate 7

linebreak [α]
25
D

= −6.94 (c 0.20 EtOH)}, ethyl (1R,2S)-2-aminocyclohexanecarboxylate 8

textls[15] [α]
25
D

= −11.13 (c 0.20 EtOH)}, ethyl (1R,2S)-2-aminocycloheptanecarboxylate 9

mbox[α]
25
D

= −4.09 (c 0.23 EtOH)}, ethyl (1R,2S)-2-aminocyclooctanecarboxylate 13
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{[α]
25
D

= +20.32 (c 0.2 EtOH)}, (1S,2R)-2-aminocyclopentanecarboxylic acid 14 {[α]
25
D

= +9.41

(c 0.20 H2O), lit.[12] [α]
25
D

= +8 (c 0.23 H2O)}, (1S,2R)-2-aminocyclohexanecarboxylic

acid 15 {[α]
25
D

= +19.84 (c 0.25 H2O), lit [12] [α]
25
D

= +21 (c 0.28 H2O)}, (1S,2R)-

2-aminocycloheptanecarboxylic acid 16 [α]
25
D

= +6.54 (c 0.25 H2O)}, and (1S,2R)-2-

aminocyclooctanecarboxylic acid 17 {[α]
25
D

= −19.15 (c 0.22 H2O) lit. [45] [α]
25
D

= −19

(c 0.33 H2O)}, were assigned by comparing the [α] values with literature data. Taking into
consideration that CALB displays S-selective hydrolysis for the cis compounds and the
analysis of GC chromatograms, the same enantio-preference for 16 was indicated.

Table 7. CALB-catalyzed prep-scale hydrolysis of carbocyclic cis β-amino esters 7–9 and 13 in
tBuOMe.

β-Amino Esters: (1R,2S)-7–9, 13 β-Amino Acids: (1S,2R)-14–17

(±) Time
(hours)

Conv.
(%)

Yield
(%) Isomer ees

e

(%)
[α]

25
D

(EtOH)

Yield
(%) Isomer eep

f

(%)
[α]

25
D

(H2O)

7 a 4 (24) 36 (75) 31 (1R,2S)-7 98 −6.94 g 25 (1S,2R)-14 96 +9.41 g

8 b 23 50 27 (1R,2S)-8 96 −11.13 g 33 (1S,2R)-15 98 +19.84 h

9 c 23 (3d) 20 (69) 30 (1R,2S)-9 91 −4.09 i 32 (1S,2R)-16 98 +6.54 h

13 d 23 (20d) 20 (62) 27 (1R,2S)-13 62 +20.92 j 28 (1S,2R)-17 >99 −19.15 k

a 100 mg substrate, 30 mg mL−1 enzyme, (substrate: enzyme, 1:4.5), in 15 mL tBuOMe, at 65 ◦C. b 100 mg
substrate, 30 mg mL−1 enzyme, (substrate: enzyme, 1:4.5), in 15 mL tBuOMe, at 65 ◦C. c 100 mg substrate,
50 mg mL−1 enzyme, (substrate: enzyme, 1:7.5), in 15 mL tBuOMe, at 65 ◦C. d 100 mg substrate, 50 mg mL−1

enzyme, (substrate: enzyme, 1:7.5), in 15 mL tBuOMe, at 65 ◦C. e According to GC after derivatization. f According
to GC after double derivatization [40,41] g c = 0.20. h c = 0.25. i c = 0.23. j c = 0.19. k c = 0.22.

3. Materials and Methods

CALB (Lipase B from Candida antarctica), immobilized on acrylic resin such as CSI,
cycloalkenes and most of the solvents of the highest analytical grade, and sodium sulfate,
anhydrous (a.r.) used as drying agent, were purchased from Sigma Aldrich (Merck KGaA
Darmstadt, Germany). 2-Methyl-2-butanol (98%) was from TCI (Tokyo Chemical Industry
Co., Portland, OR, USA), whereas ethyl acetate, chloroform, and acetone (a.r.) were from
Novochem (Budapest, Hungary). Diethyl ether (a.r.) was from Molar Chemicals Kft
(Halásztelek, Hungary). The ball-milling apparatus was Retsch 400. (Retsch GmbH, Haar,
Germany). Melting points were determined with Hinotek X-4 apparatus (Hinotek, Ningbo,
China) and are uncorrected. The ee values for the unreacted β-amino carboxylic esters
and the β-amino acid enantiomers produced were determined by GC equipped with a
Chirasil-L-Val column after double derivatization [40,41], with (i) diazomethane [Caution!
the derivatization with diazomethane should be performed under a well-ventilated hood]
and (ii) acetic anhydride in the presence of 4-dimethylaminopyridine and pyridine [80 ◦C
for 5 min→150 ◦C (temperature rise 15 ◦C min−1), 15 psi]. Retention times (min) for
7: (1R,2S) 13.887 (antipode: 14.331); for 14: (1S,2R) 12.963 (antipode: 12.674); for 8: (1R,2S)
16.058 (antipode: 16.316); for 15: (1S,2R) 14.563 (antipode: 14.292); [50 ◦C for 5 min→140 ◦C
(temperature rise 10 ◦C min−1), 10 psi]. For 9: (1R,2S) 40.975 (antipode: 41.865); for
16: (1S,2R) 35.641 (antipode: 34.869); for 13: (1R,2S) 57.405 (antipode: 59.240); for 17: (1S,2R)
49.309 (antipode: 48.819). Optical rotations were measured with a Jasco P 2000 Polarimeter.
1H- and 13C-NMR spectra were recorded on a Bruker Avance (Bruker Biospin, Karlsruhe,
Germany) DRX 500 and 125 MHz spectrometer. The HRMS flow injection analysis was
performed with Thermo Scientific Q Exactive Plus hybrid quadrupole-Orbitrap (Thermo
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Fisher Scientific, Waltham, MA, USA) mass spectrometer coupled to a Waters Acquity
I-Class UPLCTM (Waters, Manchester, UK). (See Supplementary Materials).

3.1. Procedure for the Synthesis of 7–9 and 13

The synthesis of racemic ethyl-2-aminocycloalkanecarboxylates 7–9 and 13 was carried
out according to methods reported previously (the only exception is the synthesis of
β-lactam 6), starting from 50 mmol cycloalkane [35–38]. 1H- and 13C-NMR as well as
HRMS data on the enantiomeric derivatives were found to be similar to those for the
racemates [12,35–39,46,47]. Seven-membered β-lactam 6 was synthesized with a slightly
modified literature procedure used for the synthesis of 4, 5, and 11 [38], as follows. CSI
(4.42 g, 31 mmol, 1.0 equiv) was added dropwise over 60 min to neat cycloheptene (3.0 g,
31 mmol, 1.06 equiv) at 78 ◦C (keeping the reaction temperature as close to 78 ◦C as
possible). After the addition was complete, the mixture was cooled to room temperature
over a period of 60 min and then stirred at that temperature for 18 h. The reaction mixture
was added dropwise to a stirred suspension of ice water (170 mL), Na2SO3 (17 g), and
NaHCO3 (51 g) over a period of 20 min. The mixture was warmed to 23 ◦C and stirred
at this temperature for 20 min followed by adding CH2Cl2 (50 mL) and stirring for an
additional 5 min. The solids were collected by vacuum filtration, rinsed sequentially with
water (2 × 10 mL) and CH2Cl2 (2 × 100 mL), and then discarded. The organic layer was
separated from the filtrate and the aqueous layer was extracted with CH2Cl2 (3 × 25 mL).
The combined organic phases were dried over Na2SO4, filtered, and were concentrated
under reduced pressure to afford 6 (3.33 g, 84% yield) as a pale solid.

3.2. Derivatization Process

Double derivatization of β-amino acids was performed by adding a saturated solution
of CH2N2 in Et2O dropwise to the MeOH (20 µL) aliquot until a yellow color persisted [Cau-
tion! the derivatization with diazomethane should be performed under a well-ventilated
hood]. The next acylation step was carried out with Ac2O (15 µL) and a mixture of DMAP
and pyridine (15 µL) in the same test tube, where the color immediately disappeared. Then
the double-derivatized samples were analyzed by GC [40,41]. Derivatization of β-amino
esters were performed in a single step by adding Ac2O and a mixture of DMAP/pyridine
to the sample solution.

3.3. Procedure for the Preparative-Scale Hydrolysis of (±) cis-5–8-Membered Amino Esters

Racemic β-amino esters cis-7–9 and cis-13 (100 mg) were dissolved in tBuOMe (15 mL).
Lipase CALB (30 mg mL−1 for cis-7, 8, 50 mg mL−1 for cis-9, 13) was added and the
mixture was shaken in an incubator shaker at 65 ◦C (Table 7). The reaction for ethyl cis
2-aminocyclohexanecarboxylate 8 was stopped by filtering off the enzyme at 50% conver-
sion. The filtered enzyme was washed with EtOAc (3 × 15 mL). The solvent was evap-
orated to yield unreacted β-amino ester (1R,2S)-8 The filtered enzyme was washed with
hot distilled H2O (3 × 15 mL). Evaporation of the filtrate yielded the crystalline product
β-amino acid (1S,2R)-2-aminocyclohexanecarboxylic acid 15, which was recrystallized from
H2O/acetone. Reactions for cyclopentane, cycloheptane and cyclooctane skeletons bearing
2-amino esters cis-7, 9 and 13 were performed in two steps. When the eep value was >96%,
the under-run reactions (conv. < 50%) were stopped by filtering off the enzyme. The
filtered enzyme was washed with hot distilled H2O (3 × 15 mL). Evaporation of the filtrate
yielded the crystalline product β-amino acids (1S,2R)-2-aminocylopentanecarboxylic acid 14,
(1S,2R)-2-aminocycloheptanecarboxylic acid 16 and (1S,2R)-2-aminocyclooctanecarboxylic
acid 17, which were recrystallized from H2O/acetone. In order to obtain the unreacted
β-amino ester enantiomers with high ee, the repeated enzymatic reactions were over-run
(conv. > 50%) and stopped when ees > 98%. The filtered enzyme was washed with EtOAc
(3 × 15 mL). Evaporation of the filtrates yielded the unreacted β-amino esters (1R,2S)-7, 9
and (1R,2S)-13.
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3.3.1. (1R,2S)-Ethyl 2-Aminocyclopentanecarboxylate (7)

Yield: 31%, 0.20 mmol, brown oil, {[α]
25
D

= −6.94 (c 0.20 EtOH)}, the 1H-NMR

spectroscopic data were similar to those in the lit. [35]. 1H-NMR (CDCl3, 500 MHz):
δ = 4.16 (q, J = 7.1 Hz, 2H, CH2CH3), 3.60 (q, J = 5.9 Hz, 1H, H-2), 2.77 (m, 1H, H-1),
1.75–2.11 (m, 4H, 2 × CH2), 1.50–1.62 (m, 2H, CH2), 1.27 (t, J = 7.1 Hz, 3H, CH2CH3),
13C-NMR (CDCl3, 125 MHz): δ = 14.3, 22.4, 26.3, 35.0, 50.2, 54.9, 60.0, 174.0

HRMS (ESI): m/z [M + H]+ calcd for C8H15NO2: 158.11756; found: 158.11753.

3.3.2. (1R,2S)-Ethyl 2-Aminocyclohexanecarboxylate (8)

Yield: 27%, 0.16 mmol, light yellow oil, {[α]
25
D

= −11.13 (c 0.20 EtOH)}, the 1H-NMR

spectroscopic data were similar to those in the lit. [45]. 1H-NMR (CDCl3, 500 MHz): δ = 4.14
(q, J = 7.1 Hz, 2H, CH2CH3), 3.24–3.32 (m, 1H, H-2), 2.48–2.58 (m, 1H, H-1), 1.30–1.84 (m, 8H,
4 × CH2), 1.27 (t, J = 7.1 Hz, 3H, CH2CH3), 13C-NMR (CDCl3, 125 MHz): δ = 14.2, 20.9,
23.7, 24.2, 33.0, 47.4, 48.4, 59.9, 174.4.

HRMS (ESI): m/z [M + H]+ calcd for C9H17NO2: 172,13321; found: 172.13313.

3.3.3. (1R,2S)-Ethyl 2-Aminocycloheptanecarboxylate (9)

Yield: 30%, 0.16 mmol, light brown oil, {[α]
25
D

= −4.09 (c 0.23 EtOH)}, the 1H-NMR

(CDCl3, 500 MHz): δ = 4.15 (q, J = 7.1 Hz, 2H, CH2CH3), 3.35–3.42 (m, 1H, H-2), 2.58–2.67
(m, 1H, H-1), 1.43–1.89 (m, 12H, 6 × CH2), 1.27 (t, J = 7.1 Hz, 3H, CH2CH3), 13C-NMR
(CDCl3, 125 MHz): δ = 14.21, 23.58, 24.58, 26.76, 28.41, 36.06, 50.56, 51.87, 60.06, 174.34.

HRMS (ESI): m/z [M + H]+ calcd for C10H19NO2: 186.14886; found: 186.14882.

3.3.4. (1R,2S)-Ethyl 2-Aminocyclooctanecarboxylate (13)

Yield: 27%, 0.14 mmol, light brown oil, {[α]
25
D

= +20.32 (c 0.2 EtOH)}, the 1H-NMR

spectroscopic data were similar to those in the lit. [38]. 1H-NMR (CDCl3, 500 MHz): δ = 4.15
(q, J = 7.1 Hz, 2H, CH2CH3), 3.29–3.36 (m, 1H, H-2), 2.70–2.79 (m, 1H, H-1), 1.30–1.87 (m,
14H, 7 × CH2), 1.27 (t, J = 7.1 Hz, 3H, CH2CH3), 13C-NMR (CDCl3, 125 MHz): δ =14.2, 23.3,
23.7, 25.8, 26.6, 28.1, 34.0, 47.0, 51.4, 60.2.

HRMS (ESI): m/z [M + H]+ calcd for C11H21NO2: 200.16451; found: 200.16458.

3.3.5. (1R,2S)-2-Aminocyclopentanecarboxylic Acid (14)

Yield: 25%, 0.19 mmol, beige crystal, mp 218–222 ◦C, {[α]
25
D

= +9.41 (c 0.20 H2O),

lit. [12] [α]
25
D

= +8 (c 0.23 H2O)}, the 1H-NMR spectroscopic data were similar to those in

the lit. [6]. 1H-NMR (D2O, 500 MHz): δ = 3.77–3.87 (m, 1H, H-2), 2.90–3.01 (m, 1H, H-1),
2.10–2.26 (m, 2H, CH2), 1.73–1.99 (m, 4H, 2 × CH2), 13C-NMR (D2O, 125 MHz): δ = 21.3,
28.1, 29.6, 47.7, 53.1, 180.9.

HRMS (ESI): m/z [M + H]+ calcd for C6H11NO2: 130.08626; found: 130.08638.

3.3.6. (1R,2S)-2-Aminocyclohexanecarboxylic Acid (15)

Yield: 33%, 0.23 mmol, light beige crystal, mp. 240–246 ◦C, {[α]
25
D

= +19.84 (c 0.25

H2O), lit. [12] [α]
25
D

= +21 (c 0.28 H2O)}, the 1H NMR spectroscopic data were similar to

those in the lit. [12]. 1H-NMR (D2O, 500 MHz): δ = 3.50–3.61 (m, 1H, H-2), 2.67–2.79 (m,
1H, H-1), 1.40–2.09 (m, 8H, 4 × CH2), 13C-NMR (D2O, 125 MHz): δ = 22.1, 22.6, 26.5, 27.4,
43.6, 50.4, 180.9.
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HRMS (ESI): m/z [M + H]+ calcd for C7H13NO2: 144.10191; found: 144.10197.

3.3.7. (1R,2S)-2-Aminocycloheptanecarboxylic Acid (16)

Yield: 32%, 0.20 mmol, light beige crystal, mp. 212–216 ◦C, {[α]
25
D

= +6.54 (c 0.25 H2O)},

the 1H-NMR (500 MHz, D2O): δ = 3.72–3.80 (m, 1H, H-2), 3.15–3.24 (m, 1H, H-1), 1.52–2.18
(m, 10H, 5 × CH2), 13C-NMR (D2O, 125 MHz): δ = 23.2, 24.7, 26.2, 26.4, 30.1, 44.9, 52.8, 177.1.

HRMS (ESI): m/z [M + H]+ calcd for C8H15NO2: 158.11757; found: 158.11756.

3.3.8. (1R,2S)-2-Aminocyclooctanecarboxylic Acid (17)

Yield: 28%, 0.16 mmol, light brown crystal, mp 210–216 ◦C, {[α]
25
D

=−19.15 (c 0.22 H2O)

lit. [45] [α]
25
D

= −19 (c 0.33 H2O)}, the 1H-NMR (500 MHz, D2O): δ = 3.83–3.93 (m, 1H,

H-2), 3.12–3.21 (m, 1H, H-1), 1.57–2.34 (m, 12H, 6 × CH2), 13C-NMR (D2O, 125 MHz):
δ = 23.1, 24.6, 25.2, 25.9, 26.6, 28.8, 43.1, 51, 3, 178.0.

HRMS (ESI): m/z [M + H]+ calcd for C9H17NO2: 172.13321; found: 172.13324.

4. Conclusions

Efficient enzymatic strategies have been developed for the enzymatic resolution of
5–8-membered carbocyclic β-amino esters through hydrolysis in green organic media,
under solvent-free conditions and using ball milling. In view of the best E, preparative-
scale resolutions were performed in tBuOMe at 65 ◦C, resulting in the desired enantiomeric
unreacted β-amino esters (1R,2S)-7–9, 13, and product β-amino acids (1S,2R)-14–17 with
high eep values (>96%). Easy separation of the enantiomers could be achieved since the
unreacted β-amino esters were soluble in organic solvent and the product β-amino acids in
H2O. To the best of our knowledge, the lipase-catalyzed hydrolysis of 7- and 8-membered
carbocyclic β-amino esters was described for the first time.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27082600/s1, 1H-NMR and 13C-NMR spectra of
(1R,2S)-7–9, 13, and (1S,2R)-14–17, GC chromatograms of (1R,2S)-7–9, 13, and (1S,2R)-14–17, HRMS
(ESI) spectra of (1R,2S)-7–9, 13, and (1S,2R)-14–17 can be found in supporting file.
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