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Abstract

The kinetic resolution of piperazine-2-carboxylic acid was studied as its N-4- and N-1-Boc-
piperazine-2-carboxylic acid methyl esters, rac-1 and -2, respectively. Lipase A from Candida
antarctica (CAL-A) catalyzed highly enantioselective (E>200 for rac-1 and 200 for rac-2) N-
acylation of both compounds with 2,2,2-trifluoroethyl butanoate in TBME. Aldehyde-based
dynamic kinetic resolution of rac-1 with vinyl butanoate in acetonitrile gave up to 75% product
yield with S-absolute configuration in 48 hours. The present results together with literature data
suggest that CAL-A -catalyzed N-acylation is enhanced in terms of reaction rate or
enantioselectivity when an electron rich structure, such as carboxylic ester or aromatic ring, is
attached to the asymmetric center next to the secondary ring nitrogen.

Keywords: Candida antarctica lipase A, CAL-A, kinetic resolution, dynamic Kkinetic resolution,
N-acylation, piperazine-2-carboxylic acid

Introduction

Piperazine-2-carboxylic acid (A, Scheme 1) is a valuable building block and constituent of many
current and potential drug molecules. Such molecules include antagonists for N-methyl-D-
aspartic acid (NMDA) type glutamate receptors?, indinavir? used to treat HIV infections and
inhibitors for TNF-o. converting enzyme (TACE)® and farnesyl protein transferase*. Various
methods have been developed for the preparation of the enantiomers of piperazine-2-carboxylic
acid. In addition to traditional crystallization of diastereomeric salts,® kinetic resolution (KR)
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methods based on the enzymatic hydrolysis of an ester or amide functionality at the 2-position of
the piperazine ring exist (Scheme 1). Thus, hydrolyses of piperazine-2-carboxamide by L-leucine
aminopeptidase (B)® and amidases (C)’ in a bacterial whole cell system have been developed.
Moreover, (R)- and (S)-specific amidases, hydrolyzing piperazine-2-tert-butylcarboxamides (D),
have been isolated,®® and alcalase (Bacillus licheniformis protease) has been reported to
hydrolyze 4-tert-butoxycarbonylpiperazine-2-carboxylic acid methyl ester (E)!°. Both
enantiomers can be obtained by the KR of a racemate. However, dynamic kinetic resolution
(DKR) methods, usually combining KR with the in situ racemization of the less reactive
enantiomer, have been considered preferable as in the best case a racemate can be transformed
into one enantiomer with 100% vyield. Methods based on the DKR of piperazine-2-carboxylic
acid or its derivatives have not been published so far. In addition to KR and DKR methods,
deracemization is an interesting third option applied to transform D,L-a-amino acids like
piperazine-2-carboxylic acid (A) into the L-enantiomer with D-amino acid oxidase.!
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Scheme 1. Biocatalytic preparation of piperazine-2-carboxylic acid derivatives of high
enantiopurity. The more reactive enantiomer has been presented.®!!

In this paper, we have studied the possibility to resolve racemic piperazine-2-carboxylic acid
methyl ester with Candida antarctica lipase A (CAL-A) relying on the previously established N-
acylation method for proline and pipecolic acid methyl esters.!?® However, piperazine-2-
carboxylic acid methyl ester with two secondary amino groups provides two N-acylation sites,
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making the KR challenging. Accordingly, we decided to study one N-acylation in time, the other
nitrogen being Boc-protected (rac-1 and -2; Scheme 2). We have also studied the possibility to
transform the KR of rac-1 into DKR using the previously described aldehyde-based in situ
racemization of the less reactive (R)-1 (Scheme 3).1?° It is worth noting that the DKR of rac-2 by
the same method unlikely takes place since the N-acylation position is not directly attached to
the asymmetric centre. We finally consider the results obtained in this work and found in
literature to establish structural requirements for the CAL-A —catalyzed secondary N-acylations
of heterocyclic amines. Additionally, purification of CAL-A from a glycerol solution of
Novozym 735 and its immobilization as a CAL-A on Celite preparation is described.

Lipase A from Candida antarctica (CAL-A) has proven to own many interesting and
exceptional properties usable in synthetic applications.*® Related to the present study, CAL-A
catalyzes highly enantioselective N-acylations of various a- and $-amino esters and, atypically
to most lipases, N-acylations of several secondary amines.*? This can be explained by the wide
nucleophile binding site of the enzyme. According to the crystal structure of CAL-A and
molecular modeling, CAL-A has been proposed to undergo a conformational change upon
substrate binding, where the active-site “flap” (Gly426-Gly440) moves around the active site,
widening the available space large for the nucleophile to be bound.** On the other hand, the acyl
binding pocket is long and narrow, making the enzyme to prefer long-chain carboxylic acid
derivatives as acyl donors.

Results and Discussion

Kinetic resolution
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Scheme 2. Enantioselective N-acylation of rac-1 and -2 with CAL-A.
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The kinetic resolution of 4- and 1-N-Boc-protected rac-1 and -2 was studied with 2,2,2-
trifluoroethyl, vinyl and ethyl esters in diisopropyl ether (DIPE) and tert-butyl methyl ether
(TBME) in the presence of CAL-A (Scheme 2). The KR studies were performed using Novozym
735 —based CAL-A on Celite preparation prepared as described in the Experimental Section.

Table 1. CAL-A? —catalyzed (25 mg mL™) N-acylation of rac-1 and -2 (0.050 M) with various
acyl donors (0.100 M; t=60 min)

Entry  Substrate Acyl donor Solvent c(%) ees(%) eep(w) E
1 rac-1 2,2,2-trifluoro- DIPE 6 6 >99 >200
ethyl acetate
2 rac-1 2,2,2-trifluoro- DIPE 50 >99 >99 >200
ethyl butanoate
3 rac-1 2,2,2-trifluoro- TBME 47 88 >99 >200
ethyl butanoate
4 rac-1 ethyl butanoate TBME 6 6 >99 >200
5 rac-l  vinyl butanoate ~ TBME 48 93 >99 b
6 rac-1 vinyl acetate TBME 2 2 >99 b
7 rac-2 2,2,2-trifluoro- DIPE 6 6 >99 45
ethyl acetate
8 rac-2 2,2,2-trifluoro- DIPE 23 30 >99 140
ethyl butanoate
9 rac-2 2,2,2-trifluoro- TBME 16 18 >99 200
ethyl butanoate
10 rac-2 ethyl butanoate TBME <1 <1 >99 -

& CAL-A isolated by dialysis from Novozym 735 and immobilized on Celite in the presence of
sucrose as described in the Experimental Section.  not calculated; racemization of (R)-1 is
possible due to released acetaldehyde. © not detected.

As expected on the basis of our previous studies for the N-acylations of proline and
pipecolic acid esters,'?*" the KR of rac-1 (an a-amino ester) with all acyl donors tested took
place with exquisite enantioselectivity (E>200), the S-enantiomer being the reactive one (Table
1; entries 1-6). On the other hand, N-acylations proceeded efficiently only when alkyl-activated
(trifluoroethyl or vinyl) esters were used as acyl donors (compare entries 2, 3 and 5 to 4).
Additionally, despite activated alkyl part, corresponding reactions with acyl donors based on
acetate as a short-chain carboxylic acid took place slowly (compare entries 1 to 2 and 5 to 6). It
is worth noting that vinyl esters give vinyl alcohol as another product of enzymatic N-acylation,
leading to acetaldehyde as a spontaneous decomposition product. This causes a risk for imine
(Schiff base) formation between 1 and acetaldehyde and, accordingly, a risk for reduced
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enantiomeric excess values (ees) of the unreacted substrate enantiomer. For this reason E values
are not given when vinyl esters have been used as acyl donors (entries 5 and 6).

The N-acylation of rac-2 (a p-amino ester) proceeded considerably slower (Table 1; entries
7-10), and the reaction in DIPE displayed clearly lower enantioselectivity (entries 7 and 8) than
the reaction of rac-1 under the same conditions (entries 1 and 2). Excellent enantioselectivity for
rac-2 (E=200) was detected only in the reaction with 2,2,2-trifluoroethyl butanoate in TBME
(entry 9). However, with extended reaction time signs of the formation of the other enantiomer
appeared in the HPLC chromatogram (eep 98% at 42% conversion after 6 h), whereas ee, >99%
was detected with rac-1 even after 24 h, indicating higher enantioselectivity in the latter case.
Interestingly, opposite enantiomers reacted with CAL-A in the N-acylations of rac-1 and -2. The
determination of the reactive enantiomer (S)-3 is based on the optical rotation as described in the
Experimental Section. The S-enantiopreference of CAL-A is also in accordance with the N-
acylations of proline and pipecolic acid methyl esters.?*® Commercial (R)-2 as a reference
compound indicated (R)-2 to be the reactive enantiomer.

In order to show the synthetic value of the kinetic resolution method, rac-1 was subjected to
gram-scale KR with 2,2,2-trifluoroethyl butanoate in TBME. When the reaction was stopped at
50% conversion, (R)-1 (ee=99%) and (S)-3 (ee>99%) were successfully isolated by column
chromatography. In the same way, the enantiomers of rac-2 can be separated in a preparative
scale. However, it is not possible obtain both (R)-4 (eep=98% at 42% conversion) and (S)-2
(ees=97% at 52% conversion) at high enantiopurities in a single resolution step. Accordingly, the
gram-scale resolution of rac-2 was not performed here.

Dynamic kinetic resolution

Dynamic kinetic resolution of amines can be achieved by using aldehydes, metals,® radical
initiators'’ or enzymes!8 as racemization catalysts in an enzymatic kinetic resolution mixture. As
the kinetic resolution of rac-1 with vinyl butanoate proceeded with excellent enantioselectivity,
producing the corresponding (S)-3 with high efficiency (Table 1, entry 5), we found it interesting
to subject rac-1 to the previous simple and inexpensive DKR conditions*?®. According to this
method, vinyl butanoate is used as an acyl donor for the N-acylation of the secondary amino
group of an N-heterocyclic a-amino ester. Hence, no added aldehyde is needed for the
racemization of the unreacted enantiomer, because in the formation of the N-acylated product
(S)-3 or -6 the vinyl alcohol released from the acyl donor (vinyl butanoate) is isomerized in situ
into the racemization agent acetaldehyde (Scheme 3). Acetaldehyde can be also formed by
enzymatic hydrolysis of vinyl butanoate by enzyme-bound water. Hydrolysis also yields
butanoic acid which may further form salt 10 with the starting material.

It is astonishing that with N-heterocyclic a-amino esters like rac-1 (or rac-5) the formation
of the intermediate Schiff base 8 is reversible under the mild enzymatic reaction conditions,
since generally the hydrolysis of a Schiff base requires acidic conditions at elevated
temperatures.’® Although the exact racemization mechanism is not established, we propose that
the acidic a-hydrogen at the asymmetric centre is involved in the racemization through the

12b,15
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formation of 8. As a support to this, the calculated pKa values of the a-protons of rac-1, 7 (Y=N-
Boc) and 8 (Y=N-Boc) decrease in the order of 23.2, 21.9 and 17.9, respectively, while the
corresponding pKa values for rac-5, 7 (Y=CH,) and 8 (Y=CHy) are 24.8, 23.5 and 19.4.% As a
support to the calculated descending trend, the iminium ion formation has been experimentally
shown to correspond to the effect of 7 pKa units when the a-proton of glycine methyl ester is
compared to that of the iminium ion.?
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Scheme 3. DKR of rac-1 and rac-5.

When rac-1 was subjected to acylation with vinyl butanoate by Novozym 735-based CAL-A
on Celite under the previous DKR conditions*? disappointing results were observed (the results
not shown herein). Thus, the aldehyde-based racemization step seemed to be slow compared to
the KR step, and the enzymatic N-acylation had virtually stopped while slightly racemized
starting material 1 was still present. In the previous work, lyophilized Chirazyme L5 powder
(former SP 526 from Novo Nordisk) rather than aqueous glycerol solution (Novozym 735)
needing dialysis before adsorption on Celite was used. Possibly the Novozym 735 —based CAL-
A on Celite (although perfectly worked in the KR, Table 1) was not in the same stable stage as
the earlier Chirazyme L5 —based preparation had been. For this reason, the DKR of pipecolic
acid methyl ester rac-5 was reinvestigated with different CAL-A preparations in TBME (Table
2, entries 1-5 and 7). Indeed, the previously observed 61% product yield with Chirazyme L5-
based preparation'?® and the disappearance of the substrate at this stage (entry 6) were not
achieved with the Novozym 735-based CAL-A preparation (entry 3), confirming different
behaviors of the two enzyme preparations. The DKR results of rac-5 with other CAL-A-
preparations, CLEA (cross-linked enzyme aggregate) and covalently immobilized CAL-A-T2-
150 (entries 1 and 2), did not give better results either, and the reactions stopped at early
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conversions. Interestingly, the DKR of rac-5 with Novozym 735 —based CAL-A on Celite in
acetonitrile allowed the preparation of (S)-6 at 60% yield (entry 7), although even then still 10%
of slightly enantiomerically enriched 5 was present in the reaction mixture. The difference
between the reactions in TBME (entry 3) and acetonitrile (entry 7) may reflect for instance
solubility differences of the ammonium salt 10 between the amino ester substrate and butanoic
acid into these solvents.

Finally, the N-acylation of rac-1 in acetonitrile was studied with three different CAL-A-
immobilizates (Novozym 735-, Chirazyme L5- and lyophilized Cat#ICR-112-based) on Celite
(entries 8-10). As with rac-5 (entry 7), the product yields reached the levels of 59-75%.
Moreover, rac-1 was transformed into (S)-3 with excellent enantiopurity (ee>99%). However,
also for the reaction in acetonitrile considerable amount of the unreacted substrate (24%, ees 7%,
entry 8) stayed in the reaction mixture with Novozym 735 —based CAL-A on Celite, indicating
that this preparation is less stable than the other commercial enzyme powders under the DKR
conditions (entries 9 and 10).

Table 2. Acylation of rac-1 (0.050 M) and rac-5 (0.100 M) with vinyl butanoate (4 equiv.) by
CAL-A preparations (50 mg mL? for rac-1; 75 mg mL*? for rac-5) in the presence of
triethylamine (1 eq.) at 48 °C (t=48 h)

Entry  Substrate CAL-A solvent Substrate Product
preparation ees (%) Yield eep (%)  Yield
(%) (%)
1 rac-5 CAL-A-T2-150 TBME 3 10 98 43
2 rac-5 CAL-A-CLEA TBME 3 34 95 19
3 rac-5  CAL-Aon Celite® TBME 7 13 98 48
4 rac-5  CAL-Aon Celite® TBME+3A 62 42 97 45
mol. sieves
5 rac-5  CAL-Aon Celite® TBME+4A 70 14 97 26
mol. sieves
6 rac-5 CAL-A on Celite® TBME - - 97 61
7 rac-5  CAL-Aon Celite® CHs;CN 6 10 98 60
8 rac-1 CAL-A on Celite® CHsCN 7 24 >99 59
9 rac-1  CAL-Aon Celite? CHsCN - traces >99 69
10 rac-1 CAL-A on Celite®* CH3CN - traces >99 75

2 Yield at the conversion where the reaction has stopped. ® CAL-A dialyzed from Novozym 735
solution before immobilized on Celite. See Experimental Section. ¢ Chirazyme L5 (20%) in the
presence of sucrose (12%) and Celite (68%). See ref. 12b. ¢ Chirazyme L5 (20%) in the presence
of sucrose (12%) and Celite (68%). ¢ Cat#ICR-112 (20%) in the presence of sucrose (12%) and
Celite (68%).
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At least three reasons can be addressed to cause problems in the present DKR with CAL-A:
(i) acetaldehyde or its condensation products which tend to form adducts with basic amino acid
residues of the enzyme, (ii) stability of the Schiff base 8 or some of its adduct and (iii) ion pair
formation of the substrate with an acid obtained when an acyl donor is enzymatically hydrolyzed
by the residual water of the seemingly dry enzyme preparation. As to alternatives (i) and (ii), the
previous results with five microbial lipases suggest that acetaldehyde forms Schiff bases with
basic amino acid residues of the enzymes and reacts into o,B-unsaturated polyenals which may
subsequently form stable Michael-adducts with the enzymes.?? Even though CAL-A was not
included in the study, these results are evidently general to lipases. Indeed, small amounts of
unidentified products were detected in the GC- or HPLC-chromatograms of the present DKRs
with CAL-A. However, stopping of the acylations of rac-1 or -5 after 48 h with the Novozym
735 —based CAL-A on Celite cannot be attributed to acetaldehyde alone as in the previous
work!?® Chirazyme L5 —based CAL-A on Celite effectively catalyzed especially the DKR of
proline methyl ester (eep = 97%, 86% vyield after 1 h, 25 °C) under the otherwise same
conditions.

On the other hand, it is apparent that the residual water may cause significant background
hydrolysis of ester substrates and products. The ester functionalities in 1 and 5 are unlikely
substrates to enzymatic hydrolysis as the narrow acyl binding pocket of CAL-A hardly
accommodates the acyl part of the substrates.!* In the present work, the residual water
hydrolyzed vinyl butanoate producing butanoic acid. The acid can form salt 10, precipitating the
amine substrate out of the reaction mixture, and the salt pair with the amino groups of basic
amino acid residues in the protein structure itself. The latter effect, affecting conformational
changes, can cause differences in the CAL-A preparations obtained from Chirazyme L5 and
Novozym 735. To minimize the salt pair formation one equivalent of triethylamine was added
into the reaction mixture to capture the acid. On the other hand, to minimize the hydrolysis of
vinyl butanoate and accordingly to better control the amount of releasing acetaldehyde, the DKR
was performed in the presence of molecular sieves (3 A). Considerably less substrate now
disappeared (the sum 87% of the substrate and product yields compared to the sum 61%, entries
3 and 4) while the product outcome otherwise was unchanged. When the reaction was repeated
in the presence of larger pore size molecular sieves (4 A) both the substrate and product yields
stayed low (entry 5).

As a conclusion, the exceptional property of CAL-A to catalyze N-acylations of secondary
amino groups in N-heterocyclic a-amino acids connected to aldehyde-based racemization
affords a potential DKR method. The method allows the transformations of racemic proline,
pipecolic acid and 4-N-Boc-piperazine-2-carboxylic acid methyl esters into the N-acylated S-
enantiomers at 86-88'%, 60-61'%" and 60-75% vyields, respectively. The present results address
the importance of immobilization for the successful DKR. On the other hand, the history of the
CAL-A is evidently important, even if the preparations are finally immobilized on Celite by the
same method as in the present work.
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Substrate requirements for CAL-A
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Scheme 4. KR of of N-heterocyclic amines with 2,2,2-trifluoroethyl butanoate (unless otherwise
stated) in TBME. Faster reacting enantiomers have been presented. 129

Since the first papers on the CAL-A-catalyzed secondary N-acylation of proline methyl ester
11 and pipecolic acid methyl ester 5,'2® many studies have widened the knowledge of the
substrate scope of the enzyme related to the KR of compounds with heterocyclic secondary ring
nitrogen (Scheme 4).129 These substrates include o-amino esters 1, 5, 11 and 15-17, B-amino
esters 2, 12 and 13 as well as other secondary amines 14 and 18-20. The substrate of the present
paper, 4-N-Boc-piperazine-2-carboxylic acid methyl ester 1, together with structurally similar o-
amino esters 5, 11, 15 and 16 with the S-configuration are effectively accepted by CAL-A. The
results also show that bicyclic indoline 15 and octahydroindole 161% rings are allowed but not
bicyclic 17, methyl 1,2,3,4-tetrahydroisoquinoline-1-carboxylate (TIC-1)}%4, When piperidine-
ring contains —CH,OH 14 either in 2- or 3-positions, secondary N-acylation does not take
place.’? Although the N-acylated product was observed, it was formed through O—N acyl
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migration after the enzymatic O-acylation. When carboxylic group is one carbon away from the
amine nitrogen in p—amino esters 12 and 13, the N-acylation does not take place.?" Therefore,
the enantioselective N-acylation of rac-2 observed in this work was not expected. Evidently the
presence of the Boc protected a-amino group with possibilities to participate in hydrogen
bonding or hydrophobic interactions with CAL-A makes the compound a good substrate. It is
interesting to note that the R-enantiomer of rac-2 is reactive, whereas in all other cases of
Scheme 4 the opposite stereostructure reacts.

The KR of 2-methylpyrrolidine 18 and its analog 2-methylindoline 19a with 2,2,2-
trifluoroethyl butanoate in TBME was investigated in the current study using both Novozym 735
and Chirazyme L5 —based CAL-A on Celite as catalysts to compare the behavior of the
secondary amines to a-amino esters 11 and 15. When the ester functionality of 11 was replaced
by methyl 18, both enantioselectivity and the reaction rate drastically dropped (E=2, c=31% in 5
days) while the aromatic ring in 19a contributed to the high enantioselectivity of the reaction.
This indicates the importance of an electron rich structure (carbonyl group or benzene ring fused
with pyrrolidine) in the substrate structure. The group of Gotor managed to enhance the reaction
rate of 19a-d by using various carbonates as acyl donors.’?¢ The shift of the asymmetric centre
one carbon away from the ring nitrogen 20 causes a marked decrease on enantioselectivity (E =
6).129

Conclusions

The present study describes an efficient CAL-A-catalyzed kinetic resolution of N-4-Boc-
piperazine-2-carboxylic acid methyl ester (rac-1) where highly S-enantioselective N-acylation of
the secondary amino group with trifluoroethyl butanoate yielded both the substrate and the
product enantiomers with >99% ee. Similarly, the N-acylation of N-1-Boc-2-
piperazinecarboxylic acid methyl ester (rac-2) took place with high enantioselectivity (E=200)
under the same conditions in spite of the opposite enantiopreference observed. The
transformation of the kinetic resolution of rac-1 into the aldehyde-based dynamic one showed
some potential, forming the amide product (S)-3 (ee>99%) at 75% vyield from rac-1 in
acetonitrile. By-product formation due to the use of acetaldehyde as a racemization catalyst
lowered the yield from the theoretical 100% yield. However, potential of the method comes from
the fact that acetaldehyde, the racemization catalyst, is formed in situ in the reaction mixture
from the acyl donor. Thus, mostly used expensive chemical racemization catalysts which often
need extremely dry and air-free reaction conditions can be avoided.

The obtained results with the literature data aid conceptualizing the substrate requirements for
the secondary N-acylation by CAL-A. The structures so far studied encompass a pyrrolidine,
piperidine or piperazine ring. Systematic studies with smaller or larger heterocyclic ring
structures or with alicyclic secondary amines have not yet been reported. However, according to
the present understanding, reaction rate and enantioselectivity of N-acylation is clearly enhanced
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when carboxylic ester is attached to the asymmetric center next to the secondary nitrogen of the
heterocyclic ring. Also the aromatic ring attached to the pyrrolidine ring may aid improving the
enantioselectivity. As a conclusion, CAL-A is an appealing catalyst when resolutions based on
the N-acylation of the secondary ring nitrogens should be carried out.

Experimental Section

General. N-4- and N-1-Boc-piperazine-2-carboxylic acid methyl esters (rac-1 and -2) and
enantiopure (R)-2 were obtained from Fluorochem. Vinyl butanoate and diisopropyl ether were
purchased from Fluka and J. T. Baker, respectively. Celite (filter agent, high-purity analytical
grade, 167436), (R)- and rac-2-methylpyrrolidine 18, 2-methylindoline 19a, methyl pipecolinate
hydrochloride, ethyl butanoate, acetonitrile, vinyl acetate and tert-butyl methyl ether were
products of Aldrich. CAL-A solution (Novozym® 735) was obtained from Novozymes A/S.
Lyophilized CAL-A preparations Chirazyme L5 and Cat#ICR-112 were products of Roche and
Biocatalytics, respectively. BCA solution, copper(ll) sulfate perhydrate solution (4%) and bovine
serum albumin used for the determination of the protein content of Novozym 735 solution were
products of Sigma. 2,2,2-Trifluoroethyl butanoate and acetate were synthesized from 2,2,2-
trifluoroethanol and the corresponding acid chloride or anhydride by the usual procedures.

The solution state *H and *3C nuclear magnetic resonance (NMR) spectra were recorded using
Bruker Avance 500 MHz spectrometers. HRMS was measured in ESI™ mode with a Bruker
micrOTOF-Q quadrupole-TOF spectrometer. Optical rotations were determined by Perkin Elmer
Polarimeter 341. The protein concentrations were determined by Perkin Elmer Lambda 650
UV/VIS spectrometer.

Purification and immobilization of CAL-A

The CAL-A solution (Novozym 735; 25 mL) containing 40% of glycerol was diluted with
phosphate buffer (20 mM, pH 7, 1:1) and dialyzed against it (1 x 15 L and 1 x 7.5 L) and tris
buffer (20 mM, pH 7.8, 1 x 7.5 L). The volume of the obtained glycerol-free solution was 110
mL. For the determination of the protein content, the BCA reagent solution (one volume of
copper(1l) sulfate solution and 50 volumes of BCA solution) and the lipase sample were mixed
with vortex and incubated for 30 minutes at 35 °C.% After cooling to room temperature (23 °C)
the absorbance at 562 nm was measured using bovine serum albumin (0-100 pg/assay) as a
standard. The protein content 0.0229 mg ml* corresponded to 2.52 mg of protein for the total
volume of 110 ml. Thus, Novozym 735 contained 10% of protein (2.52 mg protein/25 mL).
However, all commercial CAL-A formulations contain protein impurities, which hampers
determination of the real CAL-A content.’* Therefore, the amounts of Celite and sucrose were
calculated based on the lyophilization of 5 mL of glycerol-free lipase solution which gave 0.228
g of solid. To adsorb the lipase, Celite (3.88 g; 68%) and sucrose (0.684 g; 12%) were
subsequently added into 110 mL of purified Novozym 735 solution containing 1.14 g (20%) of
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solid, and water was let to evaporate. Thus, 20% proportion of CAL-A used in our preparations
contains contaminant proteins, buffer salts and possible stabilizers.

Chirazyme L5 and Cat#ICR-112 were immobilized by dissolving 3.374 g of lyophilized CAL-A
(20%), 2.025 of sucrose (12%) and 11.473 g of Celite (68%) into 100 mL of tris buffer (0.014 M;
pH 7.8). The slurry was poured into a pot with large area followed by evaporation to dryness (3
days).

Enzymatic reactions

Typical reaction volume for enzymatic reactions was 1-3 mL. Substrate (0.050 M) and an acyl
donor (0.10-0.40 M) were dissolved in a solvent. In DKR studies, triethylamine (0.050 M) was
added as well. The addition of CAL-A preparation (25-75 mg mL™) started the reaction.
Quantitative analysis of the DKR reactions was performed by using hexadecane as an internal
standard (0.010 M). The progress of the reactions was followed by GC with Varian CP-Chirasil-
DEX CB (rac-5 and -19a) or J&W Scientific Cyclosil-B (rac-18) columns, or by HPLC with
Daicel Chiralcel OD-H column (rac-1 and -2). The samples (0.1 ml) were taken at intervals and
derivatized with acetic or trifluoroacetic anhydride (butanoate as an acyl donor) or butanoic
anhydride (acetate as an acyl donor).

The determination of E was based on the equation E = In[(1-c)(1-ees)]/In[(1-c)(1+ees)].2* Using
linear regression E was achieved as the slope of a line. Unless otherwise stated, the calculation of
KR conversion was based on the equation ¢ = ees/(ees+eep).

Preparative scale KR

2,2,2-Trifluoroethyl butanoate (618 uL; 4.09 mmol) and rac-1 (0.5005 g; 2.05 mmol) were
dissolved in TBME (19.4 mL). Addition of CAL-A (0.5010 g; 25 mg mL™) started the reaction.
The enzyme was filtered off after 3 hours at 50% conversion. Purification by silicagel column
chromatography (hexane/EtOAc 1:1 as an eluent) yielded (R)-1 (0.20 g; 0.82 mmol; ee 99%;
[a]o® —39.6° (c 1.0, CHCIs)) and (S)-3 (0.32 g; 1.02 mmol; ee > 99%; [a]p?® —22.4° (c 1.0,
CHCly)).

(R)-4-tert-butyloxypiperazine-2-carboxylic acid methyl ester [(R)-1]. *H NMR (500.13 MHz,
CDCls, 25 °C): 0 = 3.75 (s, 3 H, OCHa), 3.72 (dd, J3a-3p = —4.0 Hz, Jza> = 3.5 Hz, 1 H, H-3a),
3.69 (dd, Jsp2 = 2.9 Hz, 1 H, H-3b), 3.46 (m, 1 H, H-2), 3.08 (m, 1 H, H-6a), 3.04 (dd, Jsa.5b = —
4.0 Hz, Jsa.6 = 3.5 Hz, 1 H, H-5a), 3.01 (dd, Jsps = 3.5 Hz, 1 H, H-5b), 2.75 (m, 1 H, H-6b), 2.15
(s, 1 H, NH), 1.47 (s, 9 H, C(CHs)3) ppm. *C NMR (500.13 MHz, CDCls, 25 °C): § = 187.4
(C=Oester), 154.6 (C=Ocarbamate), 80.0 (C(CHs3)3), 56.8 (C-2), 52.2 (OCHz), 51.5 (C-5), 44.2 (C-3),
43.2 (C-6), 28.4 (C(CHs3)3) ppm.

(S)-1-Butanoyl-4-tert-butyloxypiperazine-2-carboxylic acid methyl ester [(S)-3]. *H NMR
(500.13 MHz, CDCls, 25 °C): 6 = 5.20 (d, J2.3 = 3.5 Hz, 1 H, H-2), 4.58 (dd, J3a3o = —14.0 Hz, 1
H, H-3a), 4.43 (m, 1 H, H-6a), 3.73 (s, 3 H, OCHg), 3.67 (m, 1 H, H-6b), 3.50 (m, 1 H, H-5a),
3.05 (dd, 1 H, H-3b), 2.85 (m, 1 H, H-5b), 2.37 (dd, JcH2-cHacHz = 7.5 Hz, 2 H, CH2CH2CHj3),
1.68 (m, 2 H, CHCH>CHs), 0.98 (m, 3 H, CH2CH2CH3) ppm. **C NMR (500.13 MHz, CDCls,
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25 °C): 0 = 173.5 (C=Oester), 171.2 (C=Oamide), 154.1 (C=Ocarbamate), 80.4 (C(CH3)3), 55.9 (C-2),
52.8 (C-5), 52.4 (OCHs), 51.9 (C-3), 42.6 (C-6), 35.3 (CH2CH2CHs3), 28.3 (C(CHs)s), 18.4
(CH2CH2CHs), 13.9 (CH2CH2CHs) ppm. HRMS: calcd. for CisH2sN20OsNa® = [M + Na]*
337.1734; found 337.1734.

Absolute configurations

For the determination of absolute configuration of 1, (R)-1 (0.19 g; 0.78 mmol; ee 99%) obtained
from the KR was dissolved in the mixture of water (15 mL) and 37% HCI (3.2 mL). The reaction
took place overnight at room temperature and was thereafter refluxed for 4 hours. The product
amino acid was filtered off, dried in a desiccator and characterized (42.4 mg; 0.21 mmol; [o]o®
+4.6° (c 1.0, H20)). The corresponding literature value has been reported ([a]n?® +4.74° (c 1.2,
H,0); ee 99.2%).”

In the KR of rac-2, enantiopreference was based on the chiral GC chromatograms observed
compared to that of the commercial reference compound, (R)-2.
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