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The First Direct Enzymatic Hydrolysis of Alicyclic f-Amino Esters:
A Route to Enantiopure cis and trans -Amino Acids

Eniko Forré and Ferenc Fiilop*'™

Abstract: The first direct enzymatic method is reported for the synthesis of cis and

trans [-amino acid enantiomers through the lipase-catalyzed enantioselective hy-
drolysis of alicyclic 3-amino esters in organic media. High enantioselectivities (E
usually > 100) were observed when the Candida antarctica lipase B catalyzed reac-
tions were performed with H,O (0.5 equivalents) in iPr,0O at 65°C. The resolved
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products, obtained in good yields (>42 %), could be easily separated.

Introduction

Alicyclic -amino acids are important compounds from both
pharmacological (for example, cispentacin)!! and chemical
aspects.”! They can serve as building blocks for the synthesis
of modified peptides with increased activity and stability”
and with well-defined three-dimensional structures (for ex-
ample, B-peptides with possible antibiotic activity) similar to
those of natural peptides. They can also be used in hetero-
cyclic,” combinatorial®® chemistry and in drug research.”

In the past few years, several enzymatic syntheses have
been developed for enantiopure alicyclic f-amino acid deriv-
atives. As an example, the indirect enzymatic method
through the lipase-catalyzed asymmetric acylation of the pri-
mary hydroxy group of N-hydroxymethylated p-lactams or
the lipase-catalyzed hydrolysis of the corresponding ester
derivatives, followed by ring opening to the 3-amino ester
or acid, respectively, are not too efficient and relatively long
procedures.® Kanerva etal. described the enzymatic N-
acylation of cis and trans alicyclic f-amino esters, but hy-
drolysis of the N-acylated products to the corresponding [3-
amino acids was not performed.!'”)

We have recently discovered a simple and efficient direct
enzymatic route to alicyclic B-amino acid enantiomers
through lipase-catalyzed enantioselective (E >200) ring
cleavage of B-lactams in an organic medium (for example,
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the synthesis of cispentacin).'”) The great advantages of this
method are that the lactam ring need not necessarily be acti-
vated and the product cis B-amino acids are obtained in
good yields.

Few articles have dealt with the enzymatic hydrolysis of
amino esters. For example, Katayama et al. described the
enzyme-catalyzed hydrolysis of methyl 1,2,3,4-tetrahydroqui-
noline-1-acetate through enantioselective hydrolysis (E=94)
of the ester function." The substrate contains one stereo-
genic centre and the ring nitrogen is a secondary one. The
reaction was performed in an organic solvent, with Novo-
zym 435 as the enzyme and 5% H,O as the nucleophile. It
is also important to mention that Lloyd et al. prepared alicy-
clic N-Boc-protected y-amino acids through lipase-type VII
(Candida rugosa)-catalyzed methyl ester hydrolysis with
KH,PO, (pH 7) at 26°C.¥

In this paper, we report a new direct enzymatic method
for the enantioselective hydrolysis of both cis f-amino esters
(£)-1-(£)-4 (Scheme 1) and trans (3-amino esters (+)-5 and
(£)-6 (Scheme 2), yielding the B-amino acids 7-12 and un-
reacted -amino esters 13-18.

Results and Discussion

Our preliminary experiments were started with enzyme
screening, including lipase PS (Pseudomonas cepacia), lipase
AK (Pseudomonas fluorescens), lipase AY (Candida
rugosa), Chirazyme L-2 (a carrier-fixed lipase B from Candi-
da antarctica), Novozym 435 (lipase B from Candida antarc-
tica immobilized on a macroporous polyacrylic resin), Chira-
zyme L-5 (lipase A from Candida antarctica), Lipolase
(lipase B from Candida antarctica, produced by submerged
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Scheme 1. Enantioselective hydrolysis of alicyclic cis-B-amino esters (+)-
1-(+)-4.
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Scheme 2. Enantioselective hydrolysis of alicyclic trans-f-amino esters
(£)-5 and (+)-6.

fermentation of a genetically modified Aspergillus oryzae
microorganism and adsorbed on a macroporous resin) and
PPL (porcine pancreatic lipase). The reactions were per-
formed on model compound 2 with 0.5 equivalents of H,O

Abstract in Hungarian: Hatékony enzimes modszert dolgoz-
tunk ki elsokként cisz- és transz [(-aminosav enantiomerek
elodllitdasara aliciklusos f-aminosav észterek lipdz-katalizdlta
enantioszelektiv hidrolizisén keresztiil. Nagy enantioszelekti-
vitas (E dltalaban >100) volt elérheto, amikor a reakcidkat
Candida antarctica B lipdz-katalizissel, viz (0.5 ekv.) hoz-
zdaddsa mellett, diizopropil-éterben, 65°C-on végeztiik. A jo
termeléssel kapott (>42 %) enantiomerek elvilasztisa egy-
szeriien, szerves-vizes extrakcioval tortént.

6398

www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in iPr,0 at 65°C (Scheme 1). Lipases PS, AK and AY did
not exhibit any activity at 45°C (no conversion after 48 h),
while PPL even catalyzed the hydrolysis of 2 at 45°C, but
the reaction rate was low (Table 1, entry 17). The Chirazyme
L-5-catalyzed hydrolysis of 2 was slower and much less
enantioselective (entry 3). Chirazyme L-2 (entry 1), Novo-
zym 435 (entry 2) and Lipolase (entry 4) were all promising
catalysts, directing the hydrolysis with slight differences in
enantioselectivities. Lipolase was chosen as the enzyme for
further studies.

Several solvents were tested to study the solvent effect in
the Lipolase-catalyzed hydrolysis of (4)-2 at 65°C. The re-
action proceeded somewhat more slowly in n-hexane and in
toluene (Table 1, entries 10 and 11) and much more slowly
in dioxane, (CH;),CO and THF (entries 5-7) than those in
ether-type solvents (entries 4, 8 and 9), which all afforded
high enantioselectivities (£ > 100).

Next, we analyzed the effects of temperature on the enan-
tioselectivity and reaction rate. The Lipolase-catalyzed hy-
drolysis of (+)-2 with 0.5 equivalents of H,O in iPr,O at
25°C proved to be a very slow reaction, although the enan-
tioselectivity was high (Table 1, entry 12). When the reaction
was performed at 45 or at 60°C (entries 13 and 14), the reac-
tion rate increased and the enantioselectivity remained high.
A further increase in the temperature (70°C) did not affect
the enantioselectivity, and the reaction did not become
faster (entry 15). Indeed, the reaction even slowed down
when the reaction temperature was increased to 80°C
(entry 16).

The catalytic activity of the tested Lipolase was not affect-
ed when the reaction was performed without the addition of
H,O (Table 2, entry3): the H,O present in the reaction
medium (<0.1%) or in the enzyme preparation (<5%) was
sufficient for the hydrolysis.

The reaction rate for the hydrolysis in the case of (+)-2
increased slightly on increase of the amount of enzyme
(Table 2, entries 1, 2 and 7-9).

Finally, we analyzed the reusability of the enzyme: the hy-
drolysis of (£)-2 was tested with Lipolase that had already
been used in 1, 2 or 3 cycles (Table 2, entries 4-6). The cata-
lytic activities of the tested Lipolase were progressively
slightly lowered, though the enantiomneric excess of the
product was apparently not affected.

Hydrolysis of the other cis ((+)-1, (£)-3, and (£)-4) and
trans P-amino acid esters (Scheme 2, (+£)-5 and (£)-6) like-
wise exhibited excellent enantioselectivities under these con-
ditions.

On the basis of the preliminary results, the gram-scale res-
olutions of (4)-1-(£)-6 were performed with 0.5 equiva-
lents of H,O in the presence of Lipolase in iPr,O at 65°C.
The products were characterized by a relatively good enan-
tiomeric excess next to 50 % conversion. The results are re-
ported in Table 3 and the Experimental Section.

It should be mentioned that an attempt was made to im-
prove the enzyme/substrate mass ratio (from 1.8:1 to 1:1) in
the case of (+)-2 (Experimental Section), and similarly
good results (E >200) were obtained; however, a longer re-
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Table 1. Conversion and enantioselectivity of hydrolysis of (4 )-2.1
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chloride salts 7-HCI-12-HCI.

Entry Enzyme 30mgmL ") T[°C] Solvent  Reactiont[h] Conv.[%] ee[”[%] eel?[%] E The absolute configurations
1 Chirazyme L-2 65 iPr,0 26 48 89 96 147 were proved by comparing the
2 Novozym 435 65 iPr,0 26 47 87 97 187 [a] values with the literature
3 Chirazyme L-51 65 iPr,0 48 15 10 58 4 data (Experimental Section),
4 Lipolase 65 iPr,0 25 48 90 98 307 .

except in the case of 12, for
5 Lipolase 65 dioxane 28 19 23 99 249 R p T
6  Lipolase 65  (CH),CO 28 6 6 99 211 which the unsaturated B-amino
7 Lipolase 65 THF 28 12 14 99 228 acid enantiomer was reduced
8 Lipolase 65 Et,0 28 45 80 98 245 catalytically to (1R2R)-11 by
9 L%polase 65 tBuOMe 28 49 92 96 161 transfer hydrogenation in the
10 Lipolase 65 toluene 28 29 40 99 295 £ loh
11 Lipolase 65  n-hexane 28 38 61 98 185 presence ol cyclohexene as a
12 Lipolase 25 iPr,O 20 (5 d) 1147) 12(87) 99(97) 223(187) hydrogen donor. Thus, the abso-
13 Lipolase 45 iPr,0 20 21 26 99 256 Iute configurations indicated
14 Lipolase 60 iPr,0 19 36 55 99 346 Lipolase-catalyzed — S-selective
15 Lipolase 70 iPr,0 19 36 55 98 172 hvd . .

rolysis for the cis com-

16 Lipolase 80 iPr,0 19 29 40 98 146 y y .
17 PPL 45 iPr,0 48 6 6 99 21 pounds, while for the trans com-

[a] 0.05M substrate, 0.5 equiv H,O. [b] According to GC. [c] According to GC after double derivatisation.
[d] Contains 20 % (w/w) of lipase adsorbed on Celite in the presence of sucrose.

Table 2. Conversion and enantioselectivity for the hydrolysis of (4)-2.1%

Entry Lipolase H,0 Reaction Conv. eel” ee E
[mgmL™'] [equiv] ¢ [h] [%] [%]  [%]

1 10 0.5 25 42 70 98 208
2 20 0.5 25 45 79 98 239
3 30 - 29 43 75 98 224
4 301 - 24 43 74 98 244
5 30l - 24 38 59 97 120
6 30! - 24 32 46 97 103
7 40 0.5 25 48 91 97 209
8 50 0.5 22 50 95 96 183
9 75 0.5 22 51 99 94 174
[a] 0.05m substrate, iPr,O, 65°C. [b] According to GC. [c] According to

GC after double derivatisation. [d] Already used once. [e] Already used
twice. [f] Already used three times.

action time was necessary (the conversion was 42% after
45 h).

The transformations involving the hydrolysis of -amino
esters 13-18 with 18 % aqueous HCI resulted in the enantio-
mers of the f-amino acid hydrochlorides 19-24 (Schemes 1
and 2, Table 3). Compound 19 is the well-known natural
cyclic B-amino acid cispentacin.'"¥) Treatment of amino acids
7-12 with 22% HCIEtOH resulted in enantiopure hydro-

Table 3. Lipolase-catalyzed preparative-scale hydrolysis of (& )-1-(+ )-6[*.

pounds the opposite R selectivi-
ty was observed.

Conclusion

The first, simple and efficient direct enzymatic method that
is equally applicable for the synthesis of cis and trans -
amino acids has been developed. The Lipolase (lipase B
from Candida antarctica) catalyzed highly enantioselective
hydrolysis of both cis (1-4) and trans [3-amino esters (5 and
6) (E usually >100), when H,O (0.5 equivalents) is used in
iPr,0 at 65°C, results in cis (15,2R)-7-10 and trans -amino
acids (1R,2R)-11 and 12, unreacted cis [-amino esters
(1R,25)-13-16 and trans -amino esters (15,25)-17 and 18 in
good yields (42-48 % ). The products could be easily separat-
ed. Transformations of esters 13-18 with 18 % aqueous HCl
resulted in the enantiomers of -amino acid hydrochlorides
19-24 (>94% ee, ee=enantiomeric excess). The present
method was successfully used for the synthesis of cispenta-
cin.

Experimental Section

Materials and methods: Lipolase (lipase B from Candida antarctica) pro-
duced by submerged fermentation of a genetically modified Aspergillus
oryzae microorganism and adsorbed on a macroporous resin was ob-
tained from Sigma-Aldrich. Lipase PS and lipase AK were obtained from

t [h] Conv. [%] E

B-Amino acid-HCI (19-24)

B-Amino acid (7-12)

Yield [%]  Isomer ee™ [%]  [a]? (H,0) Yield [%] Isomer ee[%]  [a]3 (H,0)
(1)1 87 48 74 42 1R2S 94 —5l 42 1S2R 96 +8
(£)-2 31 49 >200 46 1R2S 99 —8.40 47 15,2R 98 42110
(£)-3 72 50 110 45 1R2S 98 —2glel 46 1S2R 98 +34M0
()4 66 49 133 45 1R2S 98 +1219 46 1S2R 99 —1200
(£)-5 68 49 >200 46 1528 99 +5114 48 1R2R 99 —65lh
(£)-6 58 50 183 44 1528 99 +1231 45 1R2R 99 —15210

[a] 30 mgmL™" enzyme in iPr,0, 0.5 equiv H,0, 65°C. [b] According to GC after double derivatisation. [c] c=0.21. [d] ¢=0.23. [e] c=0.5. [f] c=0.28.

[g] ¢=0.11. [h] ¢=0.26. [i] c=0.27.
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Amano Pharmaceuticals, PPL (type II) was obtained from Sigma and
Chirazyme L-5 (lipase A from Candida antarctica) and Novozym 435 as
an immobilized lipase (lipase B from Candida antarctica) on a macropo-
rous acrylic resin from Novo Nordisk. Chirazyme L-2 (a carrier-fixed
lipase B from Candida antarctica) was purchased from Roche Diagnostics
Corporation. Before use, lipase PS, lipase AK and CAL-A (5 g) were dis-
solved in Tris-HCI buffer (0.02m; pH 7.8) in the presence of sucrose
(3 g), followed by adsorption on Celite (17 g) (Sigma). The lipase prepa-
rations thus obtained contained 20% (w/w) of lipase. The alicyclic cis
and trans B-amino esters were prepared according to the literature.!'* ¥
The solvents were of the highest analytical grade.

In a typical small-scale experiment, racemic 3-amino ester (0.05M solu-
tion) in an organic solvent (2 mL) was added to the lipase tested (10, 20,
30, 40, 50 or 75 mgmL™"). H,O (0 or 0.5 equiv) was added. The mixture
was shaken at 25°C, 45°C, 60°C, 65°C, 70°C or 80°C. The progress of
the reaction was followed by taking samples from the reaction mixture at
intervals and analyzing them by gas chromatography. The ee values for
the unreacted -amino ester and the -amino acid enantiomers produced
were determined by gas chromatography on a Chromopak Chiralsil-Dex
CB column (25 m) or Chrompack L-Val (25 m) column after double deri-
vatisation with 1) diazomethane (Caution! The derivatisation with di-
chloromethane should be carried out under a well-working fume hood)
and 2) acetic anhydride in the presence of 4-dimethylaminopyridine and
pyridine (Chirasil-L-Val column, 120°C for 5 min—190°C, rate of tem-
perature rise: 20°C min~', 140 kPa, retention times [min]: 13: 9.20 (anti-
pode 9.40), 7: 8.64 (antipode 8.62), 14: 10.28 (antipode 10.42), 8: 9.74 (an-
tipode 9.65), 9: 9.29 (antipode 9.21), 10: 8.95 (antipode 8.79); CP-Chira-
sil-Dex CB column, 120°C for 2 min—190°C, rate of temperature rise
20°C min ™, 140 kPa, retention times [min]: 15: 10.68 (antipode 10.77),
16: 9.89 (antipode 10.51), 17: 10.81 (antipode 10.93), 11: 8.86 (antipode
8.78)). The ee values for 12 and 18 were determined as in the case of 11
and 17, after catalytic reduction to the corresponding saturated com-
pounds.*!

Optical rotations were measured with a Perkin—Elmer 341 polarimeter.
"H NMR spectra were recorded on a Bruker Avance DRX 400 spectrom-
eter. Melting points were determined on a Kofler apparatus.

Preparative-scale resolution of ethyl cis-2-aminocyclopentane-1-carboxyl-
ate (+)-1: Lipolase (450 mg, 30 mgmL™') and H,O (9.0 uL, 0.50 mmol)
were added to the racemic 1 (157 mg, 1.00 mmol) in iPr,O (15 mL), and
the mixture was shaken in an incubator shaker at 65°C for 87 h. The re-
action was stopped by filtering off the enzyme at 48% conversion (13:
93 % ee). The solvent was evaporated off and the residue (1R,25)-13 was
immediately hydrolyzed by refluxing (4 h) with 18 % aqueous HCI solu-
tion (7 mL) into -amino acid hydrochloride (1R,25)-19. Yield: 69.4 mg,
2%; [a]5=-5 (c=021 in H,0), it [a]5=-5.1 (c=0.5 in H,0);
m.p. 164-166°C (recrystallised from EtOH and Et,0); 94 % ee.

The filtered enzyme was washed with distilled H,O (3x15mL), and the
H,O was evaporated off, yielding the crystalline -amino acid (15,2R)-7.
Yield: 54.1 mg, 42%; [a]5=+8 (c=0.23 in H,0); m.p. 218-219°C with
sublimation (recrystallised from H,O and (CH,),CO); 96 % ee.

When 7 (30 mg) was treated with 22 % HCI/EtOH (3 mL), (15,2R)-7-HCl
was obtained. Yield: 28 mg, 73%; [a]5=+5 (¢=0.22 in H,0), lit.'"
[a]5=+52 (c=0.5 in H,0); m.p. 162-166°C (recrystallised from EtOH
and Et,0); 96 % ee.

Data for 7: '"HNMR (400 MHz, D,0, 25°C, TMS): 6 =1.70-2.12 (m, 6 H;
3xCH,), 2.84-2.89 (m, 1H; H-1), 3.72-3.73 ppm (m, 1 H; H-2); elemental
analysis caled (%) for CH;;NO, (129.08): C 55.80, H 8.58, N 10.84;
found: C 55.69, H 8.50, N 10.96.

The '"HNMR (400 MHz, D,0, 25°C, TMS) spectroscopic data are similar
for 7-.HClI and 19: 6=1.75-2.17 (m, 6H; 3x CH,), 3.10-3.16 (m, 1H; H-
1), 3.84-3.85ppm (m, 1H; H-2); elemental analysis caled (%) for
C¢H;;NO,-HCI (165.62): C 43.51, H 7.30, N 8.46; found for 7-HCI: C
43.41, H 6.97, N 8.46; found for 19: C 43.28, H 7.11, N 8.61.

Preparative-scale resolution of ethyl cis-2-aminocyclohexane-1-carboxyl-
ate (£)-2: Following the procedure described above, the reaction of race-
mic 2 (1 g, 5.83 mmol) and H,O (52.5 pL, 2.91 mmol) in iPr,O (60 mL) in
the presence of Lipolase (1.8 g, 30 mgmL™") at 65°C afforded (1R,25)-20
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and (152R)-8 in 31h. Compound (1R25)-20: Yield: 482 mg, 46%;
[a]E=-84 (c=0.5 in H,0) (lit!"" [a]5=-84 (c=04 in H,0); m.p.
229-231°C (recrystallised from EtOH and Et,0)); 99 % ee. Compound
(1S2R)-8: Yield: 393 mg, 47%; [a]5=+22 (¢=0.28 in H,0); m.p. 264—
266°C (recrystallised from H,O and (CH;),CO); 98 % ee.

The hydrolysis of (+)-2 with a reduced amount of Lipolase (1g,
16.6 mgmL™") under the same conditions afforded (1R,25)-20 and
(1S,2R)-8 in 66 h. Compound (1R,25)-20: Yield: 492 mg, 47%; [a]f =
—8.1 (¢=0.35 in H,0); m.p. 229-233°C; 99 % ee. Compound (1S,2R)-8:
Yield: 390 mg, 47%; [a]53=+21.1 (c=0.3 in H,0); m.p. 260-261°C;
99 % ee.

When 8 (100 mg) was treated with 22% HCI/EtOH (5 mL), (1S2R)-
8-HCI was obtained. Yield: 110 mg, 88%; [a]3 =+8.3 (¢=0.33 in H,0)
(lit.'" [a]5 =+8.8 (¢=0.3 in H,0); m.p. 230-233°C (recrystallised from
EtOH and Et,0)); 99 % ee.

Data for 8: "H NMR (400 MHz, D,0, 25°C, TMS): 6 =1.46-2.02 (m, 8H;
4xCH,), 2.63-2.67 (m, 1H; H-1), 3.45-3.49 ppm (m, 1 H; H-2); elemental
analysis calcd (%) for C;H;;NO, (143.18): C 58.72, H 9.15, N 9.78; found:
C 58.66, H9.21, N 9.72.

The 'HNMR (400 MHz, D,0, 25°C, TMS) data are similar for 8-HCI
and 20: 0=1.43-2.02 (m, 8H; 4xCH,), 2.98-3.02 (m, 1H; H-1), 3.55-
3.59 ppm (m, 1H; H-2); elemental analysis calcd (%) for C;H;sNO,-HCI
(179.64): C 46.80, H 7.86, N 7.80; found for 8-HCI: C 46.57, H 7.69, N
7.75; found for 20: C 46.59, H 7.88, N 7.91.

Preparative-scale resolution of ethyl cis-(2-aminocyclohex-4-ene)-1-car-
boxylate (+)-3: Following the procedure described above, the reaction of
racemic 3 (1g, 5.90 mmol) and H,O (53.2 uL, 2.95 mmol) in iPr,0
(60 mL) in the presence of Lipolase (1.8 g, 30 mgmL™") at 65°C afforded
(1R,25)-21 and (1S,2R)-9 in 72 h. Compound (1R,25)-21: Yield: 472 mg,
45%; [a]5=-28 (¢=0.11 in H,0), lit."? [a]5=-26 (c=0.25 in H,0);
m.p. 205-210°C (recrystallised from EtOH and Et,0); 98 % ee. Com-
pound (185,2R)-9: Yield: 383 mg, 46 %; [a]h =+34 (¢=0.26 in H,0); m.p.
234-239°C (recrystallised from H,O and (CH;),CO); 98 % ee.

When 9 (100 mg) was treated with 22% HCI/EtOH (5mL), (1S.2R)-
9-HCl was obtained. Yield: 110 mg, 88%; [a]5+28 (c=0.24 in H,0);
lit." [a]5 = +25.8 (c=0.4 in H,0); m.p. 205-209°C (recrystallised from
EtOH and Et,0), 99 % ee.

Data for 9: 'H NMR (400 MHz, D0, 25°C, TMS): 6 =2.25-2.51 (m, 4H;
2x CH,), 2.75-2.77 (m, 1H; H-1), 3.78-3.79 (m, 1H; H-2), 5.64-5.84 ppm
(m, 2H; CHCH); elemental analysis calcd (%) for C;H;;NO, (141.17): C
59.56, H 7.85, N 9.92; found: C 59.76, H 7.68, N 9.89.

The '"H NMR (400 MHz, D,0, 25°C, TMS) spectroscopic data are similar
for 9-HCI and 21: 6 =2.32-2.55 (m, 4H, 2x CH,), 3.07-3.12 (m, 1H; H-1),
3.90-3.91 (m, 1H; H-2), 5.66-5.82 ppm (m, 2H; CHCH); elemental anal-
ysis caled (% ) for C;H;;NO,-HCl (177.63): C 47.33, H 6.81, N 7.89; found
for 8:HCl: C 47.33, H 6.81, N 7.89; found for 21: C 47.45, H 6.77, N 7.99.

Preparative-scale resolution of ethyl cis-(2-aminocyclohex-3-ene)-1-car-
boxylate (+)-4: Following the procedure described above, the reaction of
racemic 4 (1g, 5.90 mmol) and H,O (53.2 uL, 2.95 mmol) in iPr,0
(60 mL) in the presence of Lipolase (1.8 g, 30 mgmL ™) at 65°C afforded
(1R,25)-22 and (15,2R)-10 in 66 h. Compound (1R,25)-22: Yield: 472 mg,
45%; [a3=+121 (c=021 in H,0) (lit"? [a]3=+121.7 (c=04 in
H,0)); m.p. 204-210°C (recrystallised from EtOH and Et,0); 98 % ee.
Compound (1S,2R)-10: Yield: 383 mg, 46%; [a]5=-120 (c=0.25 in
H,0); m.p. 234-236°C (recrystallised from H,O and (CH;),CO); 99 % ee.
When 10 (100 mg) was treated with 22% HCVEtOH (5mL), (1S52R)-
10-HCI was obtained. Yield: 98 mg, 78%; [a]5 =—120 (¢=0.24 in H,0)
(lit." [a]¥=—-1214 (c=04 in H,0)); m.p. 205-211°C (recrystallised
from EtOH and Et,0); 99 % ee.

Data for 10: '"HNMR (400 MHz, D,O, 25°C, TMS): 6=1.85-2.18 (m,
4H; 2xCH,), 2.74-2.78 (m, 1H; H-1), 3.97-3.99 (m, 1H; H-2), 5.74-
6.15 ppm (m, 2H; CHCH); elemental analysis calcd (%) for C;H;;NO,
(141.17): C 59.56, H 7.85, N 9.92; found: C 59.65, H 7.70, N 10.07.

The 'H NMR (400 MHz, D,0, 25°C, TMS) data are similar for 10-HCI
and 22: 0=1.92-2.21 (m, 4H; 2x CH,), 3.04-3.08 (m, 1H; H-1), 4.08-4.09
(m, 1H; H-2), 5.73-6.16 ppm (m, 2H; CHCH); elemental analysis calcd
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(%) for C;H;;NO,-HCl (177.63): C 47.33, H 6.81, N 7.89; found for
8:HCI: C 47.22, H 6.97, N 7.81; found for 21: C 47.33, H 6.82, N 7.69.

Preparative-scale resolution of ethyl trans-2-aminocyclohexane-1-carbox-
ylate ((£)-5): Following the procedure described above, the reaction of
racemic 5 (1g, 5.83mmol) and H,0 (52.5pL, 2.91 mmol) in iPr,0
(60 mL) in the presence of Lipolase (1.8 g, 30 mgmL™) at 65°C afforded
(18,25)-23 and (1R,2R)-11 in 68 h. Compound (1S,25)-23: Yield: 482 mg,
46%; [a]p =+51 (¢=0.21 in H,0); m.p. 198-201°C (recrystallised from
EtOH and Et,0); 99 % ee. Compound (1R,2R)-11: Yield: 404 mg, 48 %;
[a]3=-65 (c=0.26 in H,0), lit."™! [a]5=-57.8 (c=0.5 in H,0); m.p.
263-265°C (recrystallised from H,0 and (CH;),CO); 99 % ee.

When 11 (100 mg) was treated with 22% HCIEtOH (5 mL), (1R,2R)-
11-HCI was obtained. Yield: 111 mg, 89%; [a]5=—51 (¢=0.21 in H,0);
m.p. 194-197°C (recrystallised from EtOH and Et,0); 99 % ee.

Data for 11: '"HNMR (400 MHz, D,0, 25°C, TMS): 6=1.29-2.11 (m,
8H; 4xCH,), 2.14-2.23 (m, 1H; H-1), 3.20-3.27 ppm (m, 1H; H-2); ele-
mental analysis calcd (%) for C;H;;NO, (143.18): C 58.72, H 9.15, N
9.78; found: C 58.84, H 9.16, N 9.60.

The '"H NMR (400 MHz, D,0, 25°C, TMS) spectroscopic data are similar
for 11-HCI and 23: 6=1.27-2.18 (m, 8H, 4 xCH,), 2.49-2.54 (m, 1H; H-
1), 3.35-342ppm (m, 1H; H-2); elemental analysis calcd (%) for
C;H3NO,-HCI (179.64): C 46.80, H 7.86, N 7.80; found for 11-HCI: C
46.57, H 7.69, N 7.75; found for 23: C 46.77, H 7.91, N 7.82.

Preparative-scale resolution of ethyl trans-(2-aminocyclohex-4-ene)-1-
carboxylate (+)-6: Following the procedure described above, the reaction
of racemic 6 (1g, 5.90 mmol) and H,O (53.2 pL, 2.95 mmol) in iPr,0
(60 mL) in the presence of Lipolase (1.8 g, 30 mgmL ™) at 65°C afforded
(15,25)-24 and (1R,2R)-12 in 58 h. Compound (1S,25)-24: Yield: 461 mg,
44%; [a]5=+123 (c=0.27 in H,0); m.p. 182-184°C (recrystallised from
EtOH and Et,0); 99 % ee. Compound (1R,2R)-12: Yield: 375 mg, 45 %;
[a]l5=-152 (¢=0.29 in H,0); m.p. 268-270°C (recrystallised from H,O
and (CH;),CO); 99 % ee.

When 12 (100 mg) was treated with 22% HCIVEtOH (5mL), (1R2R)-
12-HCI was obtained. Yield: 105 mg, 84 %; [a]; =—121 (¢=0.25 in H,0);
m.p. 182-185°C (recrystallised from EtOH and Et,0); 99 % ee.

Data for 12: '"HNMR (400 MHz, D,0O, 25°C, TMS): 6=1.17-2.61 (m,
SH; 2xCH, and H-1), 3.52-3.58 (m, 1H; H-2), 5.64-6.81 ppm (m, 2H;
CHCH); elemental analysis calcd (%) for C;H;;NO, (141.17): C 59.56, H
7.85,N 9.92; found: C 59.70, H 7.82, N 9.91.

The '"H NMR (400 MHz, D,0, 25°C, TMS) spectroscopic data are similar
for 12-HCI and 24: =2.22-2.57 (m, 4H, 2x CH,), 2.85-2.89 (m, 1H; H-
1), 3.70-3.72 (m, 1H; H-2), 5.67-5.77 ppm (m, 2H; CHCH); elemental
analysis caled (%) for C;H;;NO,-HCl (177.63): C 47.33, H 6.81, N 7.89;
found for 8-HCI: C 47.28, H 6.97, N 7.77; found for 21: C 47.15, H 6.79,
N 7.66.
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