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1. Introduction and aims

In view of their unique chemical and biologicalhbgiour, p-amino acids are
currently a hot topi¢. They can act in biological systems as single moés? but their
bifunctional structure offers a good possibility tosert them into more complex
molecules’

Enantiomerically puref®amino acids, including-aryl-, p-heteroaryl- and
B-arylalkyl--amino acids (Figure 1), have numerous pharmaaduépplications, as

illustrated below.

F
1 F NH, O
2 COOH
Ji N /N\N
R NH» F K/N\{
R: aryl, heteroaryl, arylalkyl ‘HaPO, CF3

3- . .
B*-amino acids Januvia™ (sitagliptin phosphate)

Elarofiban (RWJ-53308)

Figure 1

The integrin receptow, 3 is an interesting therapeutic target in the treginof
osteoporosis, restenosis, cancer growth and msismgtamation. Derivatives ofR)-3-
amino-3-(3,5-dichlorophenyl)propanocic acid an&®)-3-amino-3-(3-pyridyl)propanoic
acid have been tested as integrin receptor antsigoni

Elarofiban (RWJ-53308) (Figure 1) is a fibrinogeateptor antagonist with an
antithrombotic effect:? It contains an $)-3-amino-3-(3-pyridyl)propanoic acid subunit.
Elarofiban has progressed successfully through hupiase Il clinical trials involving
oral or intravenous administratiét.

Derivatives of R)-3-amino-3-phenylpropanoic  acid, R)¢3-amino-3-(3-
pyridyl)propanoic acid andRj-3-amino-5-phenylpentanoic acid have been tested a
hepatitis C virus (HCV) NS5B polymerase inhibitoasyalid target for antiviral therapy
against HC\A?!

(R)-3-Amino-3-phenylpropanoic acid andR)¢3-amino-3-benzo[1,3]dioxol-5-

ylpropanoic acid have been inserted into anti-mfiaatory bradykinin Bl receptor
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antagonists?*® Another p-amino acid, R)-3-amino-3-(3-fluorophenyl)propanoic acid,
has also been used in the synthesis of anti-inflatorg agents, antagonists of chemokine
receptors’

Moreover, numerousp-aryl-, B-heteroaryl- and p-arylalkyl-3-amino acid
enantiomers have been tested as components dhacgicagents. 2!

Dipeptidyl peptidase IV is a new therapeutic tarige the treatment of type 2
diabetes. Inhibition of this peptidase resultsncreased levels of incretins (glucagon-like
peptide 1 and gastric inhibitory polypeptide), whicontrol the blood glucose
concentratiorf® Sitagliptin phosphate (Januth (Figure 1) was the first approved drug
for the inhibition of dipeptidyl peptidase IV. Sgfigptin contains anK)-3-amino-4-(2,4,5-
trifluorophenyl)butanoic acid suburfit Many further derivatives of sitagliptin have been
synthetized and tested as potential antidiabetigsff'=°

Consequently, there are numerous reasons to prgsabstituted3-amino acids
in enantiomerically pure form. One aim of my thesas the enzymatic kinetic resolution
of 4-aryl- and 4-arylalkyl-substitute@-lactams through opening of the lactam ring
(Scheme 1, route A} The second aim was to develop the enzymatic hysimlof
B-aryl-, B-heteroaryl- ang-arylalkyl-substitute-amino esters (Scheme 1, route'B).

A number of reaction conditions,g.the amounts and effects of the enzymes,
the nature of the solvent, the temperature anghitbgence of additives, were investigated
in order to achieve the best reaction rate and texsmtectivity. The optimum reaction

conditions were then extended to preparative-gesigutions.
1. lipase-catalysed enantioselective

O ring opening _ COOH HOOC
2. separation of enantiomers
route A +
NH 3. further transformations

R R” "NH,HCI HCIH,N” "R

1. lipase-catalysed enantioselective
hydrolysis COOH HOOC

v
2. separation of enantiomers
route B : +
3. further transformations
R NH»

R” NH,HCl HCIH,N™ R

Scheme 1Reactions planned for the work reported in thesth



2. Literature

In the literature section of this thesis, the nfaeimtures of hydrolases (especially
lipases, esterases and proteases) and the resulke @nzyme-catalysed hydrolyses of
a- and pB-amino esters in the past decade are surveyedpiblécations on which this
thesis is based are referred to via Roman numlsessi@erscripts, while other literature

references are given by Arabic numbers as supptscri
2.1.Main characteristics of hydrolases
2.1.1. Lipases and esterases

Hydrolases are enzymes that catalyse the formaifotwo products from a
substrate by hydrolysis with ;8. In the Enzyme Commission number (EC number)
system, the hydrolases form group 3. The main ahtate of hydrolases is the digestion
of nutrients. For example, proteases break dowrathiele bonds of proteins, producing
smaller peptides or amino acids, while lipases dlyde triglycerides to glycerol and
fatty acids. Hydrolases can be classified on theshaf the type of the bond hydrolysed.
The enzymes which are able to hydrolyse ester bbeldsig in group 3.1, and carboxylic
ester hydrolase®(g.lipases and esterases) in group 3.1.1.

Hydrolases featuring lipases (EC 3.1.1.3) andasés (EC 3.1.1.1) have several
andvantages which make them useful in organic céteyn(i) broad substrate specificity,
(i) high stereoselectivity, (iii) catalysis of rme#ons other than hydrolysise.g.
condensation and alcoholysis), (iv) commercial lawdlity, and (v) stability in organic
solvents (especially lipases and estera¥es).

Lipases and esterases améB-hydrolases (Figure 2¥. All lipases whose
structures have been solved exhibit a similar 3Dc#tire. This consists of central, mostly
parallel B-sheets, which are surrounded on both sidesi-bglices. An esterase from

Pseudomonas fluorescedisplays a similar structufg.



 m— ]
HIS’
oxyanlon

nit M“ﬁw

Figure 2 Schematic diagram of thép-hydrolase fold. Oxyanion: residues that stabilize
the oxyanion, Nu: nucleophilic residue; for lipasesterases and proteases, this is a
serine;o-helices are shown as rectangles, pustheets as arrows

(Thr) Enz-O-H 'Oxyanion hole

H-N-Enz (Thr)

(Thr) Enz-O-H
\ H-N-Enz (Thr)
H-N-Enz (Gly) (\OI -H-N-Enz (Gly)
Acyl binding site /—\RZS R &
Nucleophile R, 1 ]\b_/Rz
_O. binding site . Ser-O 7
Ser “H :0 er \|’_|
N N
His—rg His—’\rlg
/N Asp H/ Asp
H. o ~.©
\O/go o) 0] le
0:
Ry
:OH R,OH
(Thr) Enz-O-H (Thr) Enz-O-H
\ H-N-Enz (Thr) H-N-Enz (Thr)
(“o' H-N-Enz (Gly) 5. H-N-Enz (Gly)
R R 7//
1{7\4 o-H ! ‘\
ser—O~ ser-0  H-q:
L H
' N
Hls—(g His_,\(lg
/N Asp Asp
Td2 H\\ o /g
0" "0

H\e/g

|Acy| enzyme |ntermediate|
Figure 3 The serine-hydrolase mechanism




Lipases and esterases are serine hydrolases.HBveya catalytic Ser, His and
Asp triad in the active site, and an “oxyanion Rdte stabilize the transition state. The
sequence and the orientation of the catalytic taael the same in the,-hydrolase
family.3* The special arrangement of the catalytic triadseata decrease in the pK value
of the Ser hydroxy group, making it more nucleohiFigure 3). Thus, it can attack the
carbonyl group of the substrate, forming a tetraflethtermediate (J1), which is
stabilized by the amino acid side-chains of theyamon hole”. Liberation of the alcohol
results in an acyl-enzyme intermediate. In the odsehydrolytic reaction, $D acts as a
nucleophile, forming a second tetrahedral interrated{T;2). The enzyme is regenerated
after release of the product acid. If the reactsoperformed in an organic medium;®
can be replaced by another nucleophile, leadingattsformations other than hydrolysis
(Figure 4)®

O
R oR
O O

Rl)J\ OOH
perhydrolysis H202 /Q/v hydronS|s

9 NHs acyl enzyme RyOH

intermediate
1 NH, OR,

R
ammonolysis transesterlflcatmn
RoNHNH; RoNH,

Rl NHNHR, Rl NHR»
hydrazinolysis aminolysis

Figure 4 Possible reaction pathways in a hydrolase-catdlysactior®

The difference between lipases and esteraseatdipases prefer to hydrolyse
H,O-insoluble substrates, and demonstrate poor #gctivowards HO-soluble
substrated® The activities of lipases are low in true monomemlutions, but enhanced
when an aggregated form (such as an emulsion dcellan solution) is presenif.As the
hydrolysis by lipases is performed on theO=bil interface, this phenomenon is called
“interfacial activation”. In the absence of an agu&-lipid interface, the lipase is inactive;

a closed conformation appears where a lid (a Hedegment) covers the active site. The
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residues from the internal face of the lid and frottmer chains of the protein form a large
hydrophobic surface that surrounds the catalytte. sSWhen the lipase binds to a
hydrophobic interface such as aQHinsoluble aggregate, the lid opens, as a regult o
which the lid is folded back, and the catalyticivtt increases® This binding and
conformational change increases the activity of tilast not all lipases. For example,
CAL-B has a small lid, but shows no interfacialieation>’ Due to this fact, an esterase
cannot be defined as a lipase on the basis offawial activation. Lipases are rather
defined as carboxyl ester hydrolases that act og-thain acyl glycerols.

Lipases have different binding sites for the napléle and the acyl residues.
The nucleophile binding site contains a large hgtaobic pocket and a small pocket.
This region is responsible for the enantiodiscriamtion, although numerous examples are
to be found in the literature with excellent chirgcognition in the acyl part of a
substrate® 4

The binding site for the acid part of the estdfeds among the lipases. For
example, in CRL (other name: CCL) the acyl chaindbkiin a tunnel which is long
enough to admit a chain of at least 18 carbonsoittrast, in CAL-B and in BCL the acyl
moiety can be accommodated in a funnel-like bingingket. In all three structures, the
a-carbon of the acyl chain binds below the hydrophplocket of the alcohol binding site
and substituents on tlecarbon can be situated in the hydrophobic pockeiedl*

2.1.2. Proteases

Besides lipases and esterases, some proteasefteareised for the preparation
of enantiomeric compounds. The most important amtnoercially available proteases
area-CT (EC 3.4.21.1) and different types of subtilsifEC 3.4.21.62)e(g. Subtilisin
BL, Subtilisin BPN’ and Alcalase). The latter enzsnare able to tolerate 10-20%
organic co-solvente.g. MeOH, EtOH,t-BuOH, DMF, DMSO, MeCN and M€O, to
help dissolve the substrdte.

a-CT and subtilisins are serine-hydrolases. Dué¢ofact that the acyl-binding
site contains non-polar amino acid units, theygrafomatic or large non-polar residues.
In subtilisins this binding site is rather a shallgroove?® while in a-CT it is a well-
defined hydrophobic pockét.

-11 -



2.1.3. Hydrolases in organic solvents

Hydrolases are the enzymes most commonly usedibatbademic practiéa*®
and in industry”*® The most frequent substrates of hydrolases arehjsed diols or
dicarboxylic diesters, and racemic alcohols or eaybc esters. Hydrolysis, acylation
and alcoholysis (transesterification) can be egsdgformed with hydrolases. However,
to carry out transesterification, an almost anhydrmedium is needed in order to avoid
hydrolysis of the substrate, and a nucleophileratien HO must be used.

Lipases, esterases and proteases are able teofumctaqueous solution, in a
mixture of HO and an organic solvent, or in a neat organicesulfl! The use of organic
solvents has some advantages, (i) better recovery and yield of the product, (ii¢ use
of apolar substrates and compounds that are uastabbO, (iii) less side-reaction®(g.
hydrolysis), (iv) in many cases the enzyme is tlogtymamically more active, (v) the
possibility to perform reactions other than hydsisy and (vi) denaturation of the enzyme
is minimized (excpet in ethanof}.However, an appropriate amount ofC4 which can
originate from the enzyme preparation (< 5%) orgdbkent (< 0.1%), is required for the
sufficient functioning of the enzymés.

Lipases form a special group among hydrolasestduieir ability to act in
almost anhydrous medfa.They frequently exhibit higher activity in two-p&systems
or in H,O-saturated organic solvents such-8%,0, t-BuOMe, n-hexane or cyclohexane
than in aqueous buffers. It should be mentioned ttha type of the solvent can have a
drastic effect on the selectivity of the enzymej aan even invert 2

As the main topic of this thesis is the hydrolysigster and lactam moieties, the
main characteristics and some examples of the ematalysed hydrolyses of esters,

a- andB-amino esters antactams will be presented below.
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2.2.Application of hydrolasesin organic chemistry
2.2.1. Hydrolyses of aliphatic and aromatic esters

The enantioselective hydrolyses of (i) prochirahwesodiacetates of diols, (ii)
dicarboxylic diesters, (iii) racemic carboxylic est and (iv) esters of racemic alcohols
were reviewed in 2002 by Drauz and Waldm&h8ince 2002, many further papers have
reported the enantioselective kinetic resolutioranfi-inflammatory arylpropionic acid

623 and heterocyclfé®®

esters;*°® q- or B-hydroxy-substituted estet$®* carbocycli
estersp-halogenated estéPsand chiral phosphorus-containing estérSeveral dynamic
kinetic resolution§ and desymmetrizatiofi$®* have also been reported. It should be
mentioned that the chemo- and regioselectivitieseimtymes may offer a mild and

efficient route for the removal of protecting greugf carboxylic ester&:8°
2.2.2. Hydrolyses ofx-amino esters

Numerous natural and non-naturaamino esters have been resolved with
various hydrolytic enzymes. The hydrolysed\sprotected andN-unprotected, aliphatic,
aromatic and heterocyclic, and natural and nonrahtisamino esters reported before
2002 have been compiled in review artié®¥ These results indicate that subtilisin,
a-CT and different lipases are among the most deitabzymes at ambient temperature
in a buffer (pH 6-8) or in a mixture of solvents.

Here, only results reported in the past decadiebe@imentioned.

Table 1 relates to th®-selective € L-selective) resolution of different aromatic
and aliphatic a-amino esters [()}—(%)-23]. Amino esters with a hydrophobic
N-protecting group [(£)t-(%)-5] have been resolved in the presence of an orgamic
solvent (5-15%%%? As an exception, however, the racemic methyl esté-Boc-tert-
leucine [(+)6] gave better results in a buffer without an orgazn-solvent® In several
cases, the application of an organic co-solventbmexplained by enzyme inhibition at
higher substrate concentratidisSubtilisin has been applied not only in the resofuof

amino esters, but also in the synthesed\gdrotected non-symmetric aspartate and
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glutamate diesters, which are important buildingcks in peptide chemistry (data not

shown)¥

Table 1 Examples of protease-catalysed hydrolyses of afomand aliphatic
a-amino esters

COOR,
Ry
NHR3
Substrate R; R, Rs; Enzyme t (e(y%o) (eOZ’) g/(z)nv. E
(+)-1%0@ (CN),CHCH, Me Boc a-CT 2h 95 96 50 183
(+)-2%1 NH,(CO)CH. Me Cbz Alcalase 8h >99 >99 49 > 200
(+)-31 NH(CO)CH. Bn Bz 179h >99 >99 50 > 200
(+)-4°9  cyclopropyl Me Boc papain 36 h 99 99 50 092
()51 Et Me Boc Alcalase 4h 98 98 50 > 200
()-6"  t-Bu Me Boc 18 h 91 99 48 > 200
(+)-7°  Et Me H ACI 32h 92 82 53 33
(+)-8% Et H 4h 97 90 52 80
()9  Ph Me H 5h 50 54 48 5
(#¥)-10®  p-OH-Ph Me H 5h 88 69 56 15
(#-11**  n-Pr Me H protease A 170 min 39 58 40 5
(+)-12 Et H 280 min 48 72 40 10
(+)-13* nPr H 250 min 50 75 40 11
(¥)-14* i-Pr H 510 min 55 82 40 17
(+)-15™ nBu H 150 min 59 88 40 28
(+)-16™ i-Bu H 77 min 62 92 40 45
(+)-171  Et i-Bu H 225h 63 95 40 75
(+)-16""  n-Pr i-Bu H 400 min 65 97 40 129
(x)-18"  n-Bu i-Bu H 19.7h 68 98 41 > 200
(#-19"  i-Bu i-Bu H 320 min 63 94 40 62
(#¥)-20*  n-pentyl i-Bu H 280 min 44 89 33 26
(#)-21**  i-pentyl i-Bu H 145h 38 77 33 11
(#)-22*  p-Cl-Bn Me H 59 min 35 46 43 4
(#)-23*  p-Cl-Bn i-Bu H 30 min 83 98 46 > 200

[a] Containing 5% DMSO. [b] Containing 10% THF. [€ontaining 15% MgO. [d] Containing 33%
MeCN and 33% DMF. [e] Containing 508uOMe. [f] Performed at 5 °C.
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The extraordinary behaviour of AC | (EC 3.5.1.1dcatalysing the hydrolysis
of N-unprotected non-natural amino esters with modersédectivity has been
demonstrated® However, the unprotected 2-aminobutanoic acidr eitevatives [Table
1, (¥)-7 and (x)8] have been resolved with lowd& as compared with th&l-Boc-
protected derivative [(p] catalysed by Alcalase. In the case of phenylglgci
derivatives [(x)9 and (£)410], the hydroxy substitution exerted marked effemtsthe
conversion and.

Miyazawa et al. applied protease A (EC 3.4.24®7prepareN-unprotected
aliphatic and aromatie-amino acid enantiomers through hydrolysis of tseregroup’?
They found thak increased greatly on the use of 2-aminopentanait @sters with a
longer alkyl chain [Table 1, (¥)4—(%)-16]. Thus, iso-butyl aminopentanoate [(H)€]
proved to be the most suitable, givieg= 45 at room temperature aid= 129 at 5 °C.
Good to excellenE values were obtained with substrates bearing aHon atoms in the
side-chain [(¥)16-(%)-18] at 5 °C. However, longer substituents were natabie
substrates of protease A [(3B-(x)-21]. This observation was confirmed by two
Japanese group3® A similar relation betweerE and the alkyl chain length was
observed in the case of substituted phenylalaneneatives [(£)22 and (x)23]. Theiso-
butyl ester derivative [(£22] gave excellent conversion amdrelative to those for the
methyl ester derivative [(¥}3]. Further substrates have been successfully redokith
a-CT" and subtilisif®*°on a kilogramm scale.

In the cases oN-Cbz chloroethyl esters of aliphatic amino acidaldlg 2,
(¥)-24a-(x)-324], PPL directed th&selective resolutions of substrates with 3-5 carbo
atoms in the side-chain [(86a—(z)-304 with higherE values than with shorter [(24a
and (+)254 or longer chains [(+Bla and (+)324.% More recently, Kagawa et al.
confirmed these result8. They prepared Gl and Cam estersNofcbz aliphatic and
aromatic amino acids and applied them in hydrolgg@ctions catalysed by PPL at room
temperature. They used buffer/MeCN (70/30%) as estlvto help dissolve the
hydrophobic substrates. IncreasBdvalues were observed in comparison with the
previous resulf§ [(+)-24a-(+)-364. The reaction rates of (£)6b, (+)-27b and (+)29b
were much better than those of @9b and (x)31b. These results again indicate that

PPL can readily accept amino esters with straigl#-shains of 3-5 carbon atoms into its
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pocket. When aromatic amino esters were used adratés [(+)33a,b-(+)-36a,4, the
Gl esters in aqgueous MeCN displayed highénan those for the chloroethyl esters.

éOl,lOZ

Further racemic aliphati®’, aromati and cycli¢® amino esters have been

resolved with different hydrolases.

Table 2 Examples of PPL-catalysed hydrolyses of aliphatid aromatia-amino esters

COOR;
Ry
NHCbz
R, = CH,CICH,™ R, = G
(24a-363)"” (24b-36b)
R, t ee eg Conv E t ee e Conv E
(hy (%) (%) (%) (hy ) () (%)

(¥)-24 | Me 68 16 24 40 2 24 11 75 13 8
(¥)-25 | Et 21 61 88 41 29 12 40 >9929 > 200
(¥)-26 | n-Pr 23 58 94 38 58 3 81 >09945 > 200
(¥)-27 | n-Bu 66 70 97 42 13§ 3 66 >9940 > 200
(+)-28 | i-Bu 47 66 >99 40  >200| - - - - -
(¥)-29 | n-pentyl 44 67 93 42 56 3 78 >9944 > 200
(+)-30 | i-pentyl 42 63 95 40 79 - - - - -
(+)-31 | n-hexyl 160 25 68 27 7 9 37 >9927  >200
(+)-32 | n-heptyl 1 14 52 21 4 - - - - -
(+)-33| Ph 160 88 69 56 15 9 55 97 36 114
(£)-34 | Bn 90 63 95 40 739 03>99 >99 50 > 200
(+)-35 | Phenylethy] 30 39 58 40 5 9 44 97 31 101
(+)-36 | p-CI-Bn 72 48 72 40 10 0.3>99 >99 50 >200

[a] Except for (£)303a (+)-32aand (+)35a where B = CRCH,. [b] Reaction time is given in days.

DKRs and desymmetrizations allow a maximum thecakyield of 100%. DKR
combines enzyme, chemocatalyst or microbial kinetsolution with then situ enzyme,
metal or base-catalysed racemizafii'°® The acidic proton of the-carbon makes the
a-amino esters useful substrates for DKRs. Severagsses have been developed for
the DKR of a-amino esters in the presence of an aldehyde ialytiat amount-®’ %
a-CT-catalyseds-selective hydrolyses of Schiff bases of aminoredtave been studied
in aqueous MeCNY” When phenylalanine ethyl ester was applied, razation occurred

in the presence of DABCO.
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Table 3 Aldehyde-assisted DKR of sevetahmino estersS®

R COOEt Alcalase R/,,R COOEt + HOOC S\\\R
\|/ MeCN/H,0 1/1 ( w
NH- 35 C NH- NH>
(1)-12, (1)-37—(1)-40 41-45 46-50
T 3,5-dinitrosalicylaldehyde |
(2.5 mol%)

Yield (%) eg (%)

R @ uesg @650
®)-12  nPr 4 08 64
#)-37  Bn 1 95 99
(¥)-38 p-OH-Bn 2 94 95
(-39 MeS(CH), 2 96 89
()-40  i-Bu 3 99 97

Schichl and co-workers studied the propertieshef aldehyde and found that
electron-withdrawing groups on positions 3 and %hef aromatic ring, combined with a
hydroxy group at position 2, is advantageous incése of--amino esterd™ In this way,
the use of amines for the racemization can be adoifihese findings have resulted in the
efficient DKR of severab-amino esters [(£)}8, (+)-37—(x)-40] being performed with
Alcalase in 1:1 MeCN/buffer in the pH range 7-83&t °C without the use of base
(Table 3)!° At the end of the reactions, the produBtdmino acids 46-50, e = 65-
99%) were almost quantitatively (yield = 94-99%)e@pitated by the addition of
1,2-dimethoxyethane.

The proposed mechanism of the racemization isepted in Scheme 2. The
condensation of the amino ester with the aldehyu®amlces the acidity of the chiral
proton. A rapid protonation-deprotonation of thearbon through a resonance-stabilized
carbanion causes racemization. It is importantte that hydrogen-bonding between the
imine and the aromatic hydroxy group increases plossibility of protonation-

deprotonation.
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O,N NO,
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Formation of imine o Product racemate

|

H. =
N

Rl/OJ\COORZ

Resonance-stabilized carbanion

Scheme 2Proposed mechanism of aldehyde-assisted raceanizatii--amino estersS®

DKRs of tetrahydroisoquinoline-1-carboxylic acidhy esters have been
developed without additional aldehyde (Schemé& %} Hydrolyses were performed in
an organic solvent in the presence of an aminegit)or in an alkaline buffer [(£p1
and (£)-52]. In the cases of 6,7-diOMe-substituted compourttie, hydrolysis was
directed toward th&- or theSproduct by the choice of the enzyme (CAL-B to proel
54 and Alcalase to produdsb). The amino acid enantiomeis3(55) were obtained with
highee(92-98%) and in good yields (80-92%).

NH
CAL-B
COOEt  toluene/MeCN (4/1)

R Alcalase
buffer (pH 8.5) ProNH
NH or NH
R

ST CAL-B R R
COOH R buffer (pH 8.5) COOH
55, R = OMe NH 53, R=H
R : 54, R = OMe
COOEt
(#)-51, R=H
(+)-52, R = OMe

Scheme DKRs of tetrahydroisoquinoline-1-carboxylic etl@dter derivatives

In summary, methods exist to prepare aliphaticaoymatic a-amino acid

enantiomers from their ester derivatives with paees and lipases. Protection of the,NH
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group is not necessary. The chain-lengths of tihstguents, the type of the ester group
and the use of organic co-solvents can stronglyenice the reaction rate akd

2.2.3. Hydrolyses of3-amino esters

In contrast with the-amino acids, relatively few examples are to bentbin the
literature for the preparation of enantiopyyeamino acids from their racemic ester
derivatives via enzyme-catalysed hydrolysis. Soartyeaesults relate to the-CT- and
PLE-catalysed hydrolyses dbEprotected aspartaté? glutaraté'® andg-phenylalanin&™
derivatives. The few results include the hydrolysesyclic and acylid\-protected and

unprotected esters in buffers and in organic sa$/emnainly with the use of CAL-B or
BCL.

Table 4 Ammonolysis and hydrolysis of ethyl (£)-3-amino#uobate [(+)56] and
ethyl (+)N-Cbz-3-aminobutanoate [(H57]

COOEt AL COOEt  HOOC H,NOC
)i solvent i * j\R * j{
NHR NHR RHN RHN
(3)-56, R=H 58, R = H
(+)-57, R=Cbz 59, R = Cbz 60, R = Cbz 61, R=H
ee (% eg (%
Entry R Solvent t (h) & (%) % (%) Conv. (%) E
58 59 |60 61
1 H 1,4-dioxan® 8 - 71 - 36 66 4
2 Cbz 1,4-dioxarl® 8 87 - | 94 g - -
3 Cbz 1,4-dioxardd 8 21 -] 93 - 18 33
4 Cbz 1,4-dioxardd 8 67 - | 98 - M4 > 200
5 Cbz Buffer,pH7 1 77 -l 83 - 48 25

[a] For the ammonolysis process, Mjjiwas bubbled through the solvent at 0 °C for 10, mirder a
N, atmosphere. [b] Only a 3% vyield of amide proddc}t.With H,O (I equiv.). [d] With HO (1
equiv.) and EN (I equiv.).

Sanchez et al. examined the possibilities of tlesolution of racemic
3-aminobutyric acid derivatives (Table '4J.They used CAL (the type of CAL was not
given) in 1,4-dioxane and found that ammonolysishefN-unprotected derivative [(£)-
56] furnished the R)-amide produc6l (T was not given) (entry 1). However, when the
starting material was changed to &bz derivative [(x)57], the R)-hydrolytic product

60 was also isolated, and hydrolysis seemed to bentiia reaction pathway (entry 2).
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When 1 equiv. of BD was used instead of NHa lower reaction rate and were
observed (entry 3). When, besides th®H1 equiv. of EN was also added (instead of
NH3 to avoid amide formation), excelleBtwas achieved at high conversion (entry 4).
This might be due to the fact thatsEtremoved the product by formation of its
ammonium salt. Hydrolysis was attempted in an agsidauffer as well (entry 5). A
higher reaction rate, but lowErwere observed.

The first aqueous resolution of aromaticunprotectedp-amino esters was
reported by Faulconbridge et al. (Table"$)Amano lipase PS proved to be suitable for
the hydrolytic reaction in a phosphate buffer (Tswet given). The authors noted the
important role of the pH on thee of the product amino acid. In the case of
(x)-B-phenylalanine ethyl ester [(H72], the ee of amino acid enantioméid was 73% at
pH 7, but 99% at pH 8 at the same conversion. Bigrdnt B-aryl-substituted3-amino
esters [(£)62—(x)-67] have been resolved on a preparative scale, gigoagd to high
enantiomeric excesses (74-99%) for the unreactest &3-73) and product {4-79)

enantiomers.

Table 5 Amano lipase PS-catalysed hydrolyses peryl-3-
amino esters in a phosphate buffer

COOEt . COOEt HOOC
Amano lipase PS
Ji buffer (pH 8.2) { * j\s
R™ “NH, R” “NH, H.N” TR
(2)-62—(¥)-67 68-73 74-79
ee (%) eg (%) 0
R 6873 (7479 OV (%) E
(+)-62 Ph 98 99 50 > 200
(+)-63  2-Br-Ph 96 99 49 > 200
(+)-64  3-Br-Ph™ 74 77 49 17
(+)-65 4-Br-Ph 99 99 50 > 200
(+)-66  4-F-Ph 90 91 50 65
(+)-67 1-Naphthyl 99 98 50 > 200

[a] The reaction time was given only for (&2 15 h. [b] Reaction performed
on the HCI salt.

Further methods have been developed for the ptiotuof B-phenylalanine
enantiomers, including microbfal and enzymati¢® processes, and reactions in a

biphasic systen®
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Heterocyclic B-amino ester$®*?* and alicyclic f-amino ester$? have also
proved to be suitable substrates for lipases. A efficient processE > 200) has been
developed for the Kkinetic resolution oN-Boc-protected homoproline [(:86],
homopipecolic acid [(xB1] and 3-carboxymethyl-morpholine esters [@82}; using BCL
in a buffer at room temperature (Schemé®}) ater, tetrahydroisoquinoline-1-acetic acid
esters [(+)83—(+)-85] were subjected to hydrolysis with lipase P$2bThe effects of the
solvents were examined anér,O was found to be the most appropriate in the piese
of 2-4 equiv. of HO at room temperaturée(> 200). Hydrolysis in a buffer was not
enantioselective. Among the esters studied, theexoxyethyl derivative [(£B4]

exhibited an improved reactivity relative to thhydtester.

(0]
<_>\/COOMe OV [ ]\/
N l}l COOMe N COOEt
Boc

Boc '

Boc
(4)-80 (2)-81 (+)-82
MeO
NH NH NH
: % MeO
COOMe COOCH,CH,0OMe COOMe
(+)-83 (£)-84 (£)-85

Scheme 4Structures of resolved cyclic secondfsgmino esters

The first new direct enzymatic method for the eeelective E usually > 100)
hydrolyses ofcis [(£)-86-(%)-89] and trans [(x)-90 and (x)91] carbocyclic p-amino
esters in an organic solvent was reported by Fanw Filop (Scheme 5, Table '65.
i-Pr,O proved to be the most suitable solvent at 65 h@énLipolase was used, resulting
in the producp-amino acids48-103) in highee(96-99%) and in good yields (42-48%).
The unreacted ester enantiomer32-07) were immediately hydrolysed to the
corresponding-amino acid hydrochloridesl(04-109). It should be mentioned that the
selectivity of Lipolase for the hydrolysis of cadyalic f-amino esters was opposite to

that for the Lipolase-catalysed ring opening obeasclic p-lactams-*
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COOEt H20 COOEt HOOC

T = D
. +
|-Pr20

NH, 65 C NH,» H,N
(1)-86—(1)-91 92-97 98-103
18% HCI
reflux
iCOOH
NH5'HCI
104-109
COOEt COOEt COOEt COOEt COOEt
X X, X
NH2 NHZ NH2 NH2 NHZ
cis-(+)-86,n=1 cis-(+)-88 cis-(1)-89 trans-(+)-90 trans-()-91
cis-(3)-87,n=2

Scheme FResolution of carbocyclig-amino esters

Table 6 Lipolase-catalysed hydrolyses of carbocydi@mino esters in an organic
solvent

B-Amino acid-HCI {04-109)  |B-Amino acid 98-103
Conv.
Substrate 0 . Abs - Abs
(%) Yield (%) : ee(%) |Yield (%) - ee(%)
conf. conf.
cis(+)-86 48 74 42 R,2S 94 42 B2R 96
Cis(x)-87 49 >200 46 R,2S 99 47 B2R 98
cis(x)-88 50 110 45 R,2S 98 46 B2R 98
cis(x)-89 49 133 45 R,2S 98 46 B2R 99
trans(£)-90 49 >200 46 $2S 99 48 R2R 99
trans(x)-91 50 183 44 $2S 99 45 R2R 99

2.2.4. Enantioselective ring opening di-lactams
B-Lactamases (EC 3.5.2.6) (class C) are bacterizymees which are able to

catalyse the cleavage of thig-C, bond ofp-lactams,e.g. B-lactam antibiotics, causing

bacterial resistance (Scheme'®).
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Ry ,, 0O
C : N\
Ry, 'Rj
Scheme 6TheN;-C, bond cleavage d@f-lactams byB-lactamases from class C

Until the past few years, no general method haghbavailable for the ring
opening of unactivatef-lactams through the use of commercially availabl@ated
enzymes. Since 2003, numerous papers have beeishmebbn the enantioselective ring
opening of unactivated carbocyclielactams. The results on the enzyme-catalysed ring

opening of3-lactams have been reviewed, and will not be maetidn detail heré®12°
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3. Materials and methods

3.1.Materials

The enzymes used in this work were commerciallgilable. The CAL-B
preparationsi.e. Lipolase (Sigma-Aldrich), Chyrazyme L-2 (Roche gnastics Corp.),
Novozym 435 (Novozyme) and lipase PS IM (Amano)yeveriginally immobilized.
PPL, lipases PS and lipase AK (all from Sigma-Aildyi(5 g) were dissolved in Tris-HCI
buffer (0.02 M; pH 7.8) in the presence of sucrg), followed by adsorption on Celite
(17 g)**® before use. The solvents and the chemicals wetteedfighest analytical grade.

Optical rotations were measured with a Perkin-EIB%L polarimeter'H NMR
and **C NMR spectra were recorded on a Bruker Avance DX spectrometer.
Melting points were determined on a Kofler appasaithe results of elemental analyses

(CHNS) corresponded closely (within £ 0.3%) witle ttalculated ones in all cases.
3.2.Enzymatic experiments

Each enzymatic project started with determinatbthe optimum conditions of
the reaction with the use of a model compound emall scale. As a first attempt, the
enzymes mentioned above were screened to idehgfjpést catalyst. To determine the
further reaction conditions with the best enzynte effects of solvents, temperature,
additives and the amount of the enzyme were ususfigmined. In a small-scale
experiment, the enzyme tested (10, 20, 30, 40r 5% ang mL*) was added to a racemic
compound (0.05 M solution) in an organic solveninll), followed by additive (0, 0.5, 1
or 5 equiv.). The mixture was shaken at 25, 3048050 or 60 °C.

After the preliminary experiments, preparativelsagactions were performed.
The unreacted and product enantiomers and the enzgmld be easily separated by
filtration and extraction. The resulting enantiomewere characterized by NMR,
elemental analysis, melting point and specific ttota Finally, the absolute
configurations were proved by comparing the speaifitations of the enantiomers or

their derivatives with the literature data. Whemra@fc rotations were not available, the
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analysed chromatograms or the comparative specibttions indicated the

enantiopreference of the enzyme.

3.3.Analytical methods

To follow the progress of the reactions, an appabg analytical method had to
be developed for all the compounds prepared. Thelkeafrom the enzymatic mixture
was injected directly or after derivatization inb@ chiral GC or HPLC column. From the
analysed chromatograms, tlke conversion and were calculated via the following

equations:

ees = (A2 — A)/(ArL + A)
e = (As— Ag)/(Az + As)
Conv. =eejees + eg,
E = {In[(1-eey)/(1+eefee,)}{In[(1+ ees)/(1+eefee))]},
where A, Az, Az and A are the areas of peaks angd>AA;, Az > Ay,

Theeevalues for 4-aryl-substitutgtilactamsl21a-gwere determined by GC on
a Chrompack Chiralsil-Dex CB column, and tee values for 4-arylalkyl-substituted
B-lactamsl21h,ion a Chirasil-L-Val column, the samples beingatgel directly into the
column.

The ee values forp-aryl-p-amino ester$8 and 124b-eand forp-heteroarylp-
amino esters124h,j were determined by GC on a Chirasil-L-Val columfiera
derivatization with an appropriate acid anhydridehe presence of pyridine containing
10% DMAP.

The ee values forp-arylalkyl-B-amino estersl24m-o and for -heteroarylp-
amino ested 24k were determined by HPLC on a Chiralpak IA colunmthe cases of
124m-g samples were injected directly into the colummijlev124k was pre-column
hydrolysed with aq. HCI and then derivatized wittH,. The ee values for
B-heteroarylB-amino esterd24f,g,i,| were determined by HPLC on a Chirobiotic TAG
column after hydrolysis with ag. HCI to the corresgdingp-amino acid hydrochlorides.

The ee values for B-arylf-amino acids122a-g 74 and 125b-e and for

B-heteroarylB-amino acidsl25h,j were determined by GC on a Chirasil-L-Val column
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after double derivatization with GN, and an appropriate acid anhydride in the presence
of pyridine containing 10% DMAP.

The ee values forp-heteroarylg-amino acids125f,g,i,l and for p-arylalkyl-f-
amino acidl25mwere determined by HPLC on a Chirobiotic TAG colyrthe samples
being injected directly into the column, while thevalues for3-heteroarylp-amino acid
125k and forp-arylalkyl-B-amino acidl250were determined on a Chiralpak 1A column
after derivatization with CpN,. Theeevalues forp-arylalkyl-f-amino acidsl22h,i and
125nwere determined on an APEX Octadecyl column alégivatization with §-NIFE.

The exact conditions and retention times for tli2 &hd HPLC analyses can be

found in the original papet¥.

3.4.Syntheses of racemic starting materials

(¥)-4-Phenyl-2-azetidinone 1118, (*)-4-(p-tolyl)-2-azetidinone 111D,
4-benzyl-2-azetidinone1@1h) and 4-phenylethyl-2-azetidinond (1)) were prepared
from styrene 1109, %" 4-methylstyrene1(10b),*?" allylbenzene 110h)*?® and 4-phenyl-
1-butene 110i)**° by the addition of CSI, according to literaturethoels (Scheme 7).

J 1.Csl
R 2. Nay,SO3 or NaHSO3

110a-i

cgededeiive
NegicdoOls WA

Scheme 7Syntheses of racemfclactamsl1la-i
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B-Lactams (x)-4-(2-chlorophenyl)-2-azetidinonkellg, ()-4-(3-chlorophenyl)-
2-azetidinone  X11d), (¥)-4-(4-chlorophenyl)-2-azetidinone 1119, (¥)-4-(4-
bromophenyl)-2-azetidinone 111f) and (x)-4-(4-fluorophenyl)-2-azetidinonell(19
were also prepared by CSI addition to the corredipgnalkenes 10c-g but in a slightly
modified literature proceduré’ alkenes110c-gwere added to a solution of CSI in
absolute toluene at 0 °C instead of {CH at room temperature.

(x)-3-Amino-3-phenylpropanoic acid 1139, (x)-3-amino-3-(3-
fluorophenyl)propanoic acid1{3b), (x)-3-amino-3-(3,5-dichlorophenyl)propanoic acid
(1139, ()-3-amino-3-(3,4-dimethoxyphenyl)propanoic dac(113d), (+)-3-amino-3-
benzo[1,3]dioxol-5-ylpropanoic acid113g, (x)-3-amino-3-(3-pyridyl)propanoic acid
(113f), (x)-3-amino-3-(2-furyl)propanoic acidl{3g, (*)-3-amino-3-(3-furyl)propionic
acid (13h), (%)-3-amino-3-(2-thienyl)propanoic acidli3i)) and (£)-3-amino-3-(3-
thienyl)propanoic acidl(13j) were synthetized by a modified Rodionov synthésim
the corresponding aldehyde$l1Ra-j) through condensation with malonic acid in the
presence of N¥DAc in EtOH under reflux (Scheme &Y.

Racemic B-amino ester hydrochlorides (62-HClI and 114b--HCl were
prepared by the esterification famino acidsl13a-j in the presence of SOQh EtOH.
The freep-amino ester bases (62 and 114b-j were liberated by the treatment of
(x)-62-HCI and114b-j-HCI with aqueous ¥CO:.

Ethyl (z)-3-amino-3-(2-pyridyl)propionatel{4k) and ethyl (z)-3-amino-3-(4-
pyridyl)propionate {14l were prepared by the decarboxylative Blaise reast® of 2-
cyanopyridine 115k) and 4-cyanopyridine (115)), following Pd(OH)-catalysed
reduction of enaminekl6k,| (Scheme 8).
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COOH EtO0C ZnCl,

o NH4OAc
)J\ CH,(COOH), Ji ]\ KO,CCH,COOEt /R
’ : —
R H EtOH, reflux R NH2 H2N R I-PrzEtN N -
. . CH,Cl,, reflux
112aj 113aj 116k, N,-atm. 115k,
1. SOCl,, EtOH Pd(OH),/C
2. ag. K,CO3 AcOH
EtOH E
0o F COOEt
@\M/E'L//H 1. 22% HCIEtOH NaCNBH; |
N 2. ag. K,CO3 AcOH NH,
EtOAc
111h,i 120
NH,OAc
EtOH
reflux
F F
F Meldrum's acid E COOEt
DMAP EtOH/tquene
COOH MegcCOCI reflux
i-ProEtN @)
F MecCN, 45 T F
117 119
©/ Cl MGOD/ <o:©/
; MeO o
Cl
a b c d e

sl g dedodivs
G QUL

Scheme 8Syntheses of racemficamino esters (2 and114b-o
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Ethyl (%)-3-amino-4-phenylbutanoate 114m) and ethyl (%)-3-amino-5-
phenylpentanoate1(4n were prepared by the ring opening dilh,i with 22%
HCI/EtOH, followed by treatment with aqueousGO; (Scheme 8).

Starting from 2,4,5-trifluorophenylacetic acitll{), enaminel20 was prepared
through the intermediateisi 8 and119 by a slightly modified literature methd8during
the transformation ol18 an EtOH/toluene mixture was used instead of aturexof
MeOH and toluene, affording ethyl 3-oxo-4-(2,4,Bkiprophenyl)butanoic acid1(9).
Ethyl (%)-3-amino-4-(2,4,5-trifluorophenyl)butaneat(1149 was obtained by the
reduction of enamin&20with NaCNBH; in the presence of AcCOH (Scheme 8).
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4. Results and discussion

4.1.Enzymatic ring opening of g-lactams"™""

CAL-B-catalysed kinetic resolution has been explbi previously for the
alcoholysis of (x)-7-azabicyclo[4.2.0]oct-4-en-8epn(+)-7-azabicyclo[4.2.0]oct-3-en-8-
one, (+)-4-phenyl-2-azetidinone and (+){H0lyl)-2-azetidinoné3* The preparative-
scale reactions were performed ikPr,O at 60 °C with 2-octanol as a nucleophile,
yielding the unreactefl-lactams in high enantiomeric excessesX 96%) and in high
yields (39-46%). However, the produptamino acid octyl esters were not isolated,
because they further polymerized or hydrolysedh&Btamino acids, which were isolated
with high optical purity €¢e> 96%), but in low yields (7-11%). The first direttighly
enantioselective H > 200) lipase-catalysed hydrolytic ring opening wfactivated
carbocyclicf-lactams in an organic medium was published in 260@/hen CAL-B was
used ini-Pr,O at 60 °C with HO as nucleophile, the unreactg@dactams were obtained
in high enantiomeric excessese(> 93%) and good yields (36-45%). The product
B-amino acids, cispentacin and its 6-, 7- and 8-nmesbhomologues, were also isolated
in high enantiomeric excesse=ef 95%) and good yields (43-47%). An advantage of
this method was that it was not necessary to detithee lactam ring, and the unreacted
and product enantiomers could be easily separatddoltained in good vyields. This
method was then extended to the synthesis of egimg-ethylene-bridged cispentacifs,
to the resolution of unsaturatétandtrans-° carbocyclicB-lactams and to the synthesis
of benzocispentacin and its 6- and 7-membered hognek:*°

After the successful application of the above mdtlo carbocyclig-lactams,
4-aryl- and 4-arylalkyl-substituteg-lactamsl11la-i were prepared and lipase-catalysed
ring opening was attempted (Scheme 9).

-30 -



O HOOC

R HoN™ R
O lipase 121a-g 122a-g

H,O
NH organic solvent
R T o HOOC
111a-i + j S
RL-NH .

N H,N™ "R
121h,i 122h,i

Scheme Q.ipase-catalysed ring opening bfla-i(for the meanings of letteesi, see
Scheme 7)

4.1.1. Small-scale resolutions

Our model compounds for the preliminary experimemtere 4-phenyl-2-
azetidinone 1113 and 4-phenylethyl-2-azetidinongl(1i).

Earlier result?***®on the lipase-catalysed hydrolysis of carbocypliactams
suggested preliminary experiments with an enzymeesing using-Pr,O as solvent and
0.5 or 1 equiv. of KD as nucleophile. The temperature of the reacteas 45 °C for
CAL-A, lipase AK, lipase AY and PPL, and 60 °C fbipolase, Novozym 435 and
Chyrazyme L-2 (all CAL-B preparations). CAL-A, lipa AK, lipase AY and PPL
showed very low activity and selectivity ifPr,O with H,O as nucleophile (con¥ 3%,

E < 2). Lipolase, Novozym 435 and Chyrazyme L-2 dedcthe ring opening of 4-
phenyl-2-azetidinonel(1g with excellente (> 200) at conversions of 24-28% (Table 7,
entries 1-3). 4-Phenylethyl-2-azetidinoriel i) was not a suitable substrate for CAL-B
preparations, as very lol values (~ 11) were observed at conversions of 2P@-2
(Table 8, entries 4-6). Earlier, lo& values were reported when 4-benzyl-2-azetidinone
(111h was subjected to CAL-B-catalysed alcoholysis hpdrolysis on a small scaté®
However, those authors did not attempt to optintlze reaction conditions, and the
enantiomers were prepared through the esterificatmd hydrolysis of racemic

N-hydroxymethyl- andN-alkoxymethyl-4-benzyl-2-azetidinone.
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Table 7 Conversions and enantioselectivities of the ripgrongs ofl11a, [
Enzyme t ee” e Conv.

Entry Substrate Enzyme (mg mLY) (h) (%) (%) (%) E

1 O Lipolase 50 1 31 >099 24 > 200

2 NH Novozym 435 50 1 33 >99 25 > 200
3 Chyrazyme L-2 50 1 38 >99 28 > 200
4 © Lipolase 30 2 19 81 19 11
5 N Novozym 435 30 2 22 80 22 11
6 Chyrazyme L-2 30 2 21 80 21 11

[a] 0.05 M substrate, 1 mL-Pr,O, 1 equiv. HO for 1113 0.5 equiv. HO for 111j, 60 °C.
[b] According to GC. [c] According to GC in the easf111a and to HPLC in the case d11i

It is known that the temperature can influence Ehand the reaction rate of a
lipase-catalysed reactidf”**® To achieve a higheE value in the hydrolysis of
4-phenylethyl-2-azetidinonel{li), we decreased the temperature to 50, 45, 40 and
30 °C. The reaction rate decreased, whildid not change (Table 8). Finally, 45 °C was

chosen as the optimum temperature (entry 3).

Table 8 Effect of temperature on the ring openingLaf.*

Entry T(°C) t ee (%) eg (%)? Conv. (%)E

1 60 7h 46 67 41 8
2 50 7h 24 74 24 8
3 45 7h 18 74 20 8
4 40 7h 13 71 15 7
5 30 5d 64 42 60 5

[a] 0.05 M substrate, 1 mi-Pr,0, 30 mg mL* Lipolase, 0.5 equiv. }O.
[b] According to GC. [c] According to HPLC.

As mentioned above, the nature of the solvent staongly influence theE
value® Accordingly, the effects of different solvents e reaction rate anél of the
ring opening of 4-phenyl-2-azetidinon&1(g and 4-phenylethyl-2-azetidinoné1(1i)
were examined (Table 9). Very low or no convergibi2%, after 24 h) was observed for
both the aryl- and arylalkyl-substituted substratéda,iin Me,CO, THF and CHGI
(data not shown)i-Pr,O and toluene proved to be suitable reaction méaliathe
enantioselective ring opening of 4-phenyl-2-azebdie (11§, but the conversion was
much lower in toluene than iAPr,O (entries 1 and 2). The highest reaction rataten
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Lipolase-catalysed ring opening of 4-phenylethyz&tidinone 111i) were observed in
i-Pr,O and toluene, but-BuOMe, EtO and n-hexane also proved to be acceptable
reaction media for the ring opening bfli. However, lowE values (5-8) were observed
in all the tested solvents (entries 3-7). Furthgregiments orllla,iwere performed in
i-Pr0O.

Table 9 Effects of solvents on the ring openingldfia, /!
Entry Substrate  Solvent (1 mL) T (°C) t(h) ee™ (%) eg” (%) Conv. (%) E
O

1 i-Pr,0 60 2 64 > 99 39 > 200
NH

2 toluene 60 2 22 > 99 18 > 200
3 i-Pr,O 45 24 46 67 41

4 ° t.BuOMe 45 24 24 74 24

5 ELO 45 24 18 74 20

6 n-hexane 45 24 13 71 15 7
7 toluene 45 24 64 42 60 5

[a] 0.05 M substrate, 50 mg MlChyrazyme L-2 and 1 equiv.,8 for 111g 50 mg mL* Lipolase and 0.5
equiv. HO for 111i. [b] According to GC. [c] According to GC in thase ofl11a and to HPLC in the
case oflL11i.

Certain additives are known to exert beneficiééd&t on the reaction rate and/or
the E of lipase-catalysed reactioH§*** Thus, 1 equiv. of EN, i-PLEtN or 2-octanol
was added to the reaction mixture. Unfortunatéig, tydrolysis of 4-phenyl-141g or
4-phenylethyl-substituted 1{1i) p-lactams was not affected by the additives: no
enhancement in the reaction ratebwas observed (Table 10, entries 2-4 and 6-8).
Moreover, the hydrolysis was complete even witheded HO (entries 1 and 5). This
effect was demonstrated in earlier studies on tpesé-catalysed ring opening of
B-lactamst?***® The HO present in the reaction medium (< 0.1%) or onsinéace of

the enzyme preparation (< 5% w/w®) was sufficient for the lactam ring opening.
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Table 10Effects of additives on the ring openingldfia, ?

Entry Substrate  (/00veS L) oo ol Com g

1 o 1 35 >99 26 > 200
2 I EtN 1 35 >99 26 > 200
3 i-PLEtN 1 37 >99 27 > 200
4 2-octanol 1 33 >99 25 > 200
5 o - 24 79 61 56 10
6 I, E&N 24 87 55 61 9
7 i-PLEtN 24 81 63 56 11
8 2-octanol 24 74 64 54 10

[a] 0.05 M substrate, 1 ml-Pr,0, 50 mg mL* Chyrazyme L-2 and 60 °C fdrllg
50 mg mL* Lipolase and 45 °C fot11i. [b] According to GC. [c] According to GC in
the case 01113 and to HPLC in the case b1 1i.

The reaction rate of the ring opening of 4-phe2vdzetidinone X113 clearly
increased as the amount of Lipolase was increabablg 11). The reaction rate was
lowest in the presence of 10 mg thenzyme and it needed 41 h to reach 49% conversion
(entry 1). Although the optimum enzyme quantityyed to be 75 mg mit (entry 6),
preparative-scale reactions were performed withn&) mL* Lipolase for economic
reasons (entry 3).

Comparison of Table 7 entry 4 with Table 11 er@ryeveals that the reaction
rate of the ring opening of 4-phenylethyl-2-azetatie (11 is lower (Conv. = 19%
after 2 h) than that of 4-phenyl-2-azetidinofi&Xg (Conv. = 17% after 1h).

Table 11Effect of the enzyme amount on the ring openingidfd®

Entry Lipolase (mg mL) ee (%) eg (%) Conv. (%) E

1 10 9 > 99 8 (49 after 41 h) > 200
2 20 16 > 99 14 > 200
3 30 20 > 99 17 > 200
4 40 28 > 99 22 > 200
5 50 31 > 99 24 > 200
6 75 47 > 99 32 > 200

[a] 0.05 M substrate, 1 mi-Pr,O, 1 equiv. HO, 60 °C after 1 h.

Since N-Boc-protected cyclig-lactams have been opened selectivédywe
synthetized N-Boc-4-phenylethyl-2-azetidinoneN{Boc-111)) and attempted Lipolase
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(50 mg/mL)-catalysed ring opening at 45 °C. Unfoately, we did not achieve a better
result (conv. = 94% after 24 B,= 3).

In cooperation with the Budapest University of fiealogy and Economics, the
Lipolase-catalysed ring opening of 4-phenyl-2-atinine (119 was investigated in
scCQ. Reaction kinetics, pressure and temperature teffi@ere studied in detail. The
optimum pressure and temperature for fHactam ring-opening reaction proved to be
14 MPa and 70 °C. The resultifigamino acid122a (ee = 98%) andp-lactam 121a
(ee> 99%) could be easily separated after 120 h ROs@xtraction of the-p-lactam
and subsequent washing of the enzyme with h@ kb recover the amino acid. The

results are under publicatidh.
4.1.2. Preparative-scale resolutions

Further 4-aryl-substitutefi-lactams {11b-g were also subjected to enzymatic
ring opening in-PrO as solvent in the presence of 30 mgntlipolase with 1 equiv. of
H,O as nucleophile at 60 °C. Excellénvalues (> 200) and reaction rates were observed.
Preparative-scale resolutions pfactamsllla-gwere performed. After a J@/organic
solvent extraction, the unreactddlactam (2la-g and the product3-amino acid
(122a-9 enantiomers were isolated in good yields (41-48%) with high enantiomeric
excesses>{95%) (Table 12).

Table 12Preparative-scale resolutionsﬁefactamsllla—da]

B-Lactam (21a-9 B-Amino acid (L22a-9
Conv. Yield Abs. ed” 25 Yield Abs. eéd” 25
t0) (g5 E o) cont. @) [0 (BOR) 100" cont. (@) [ (HO)

111a 40 50  >200 46 >99-137 €0.28) | 47
111b 60 49  >200 45 95-113 € 0.26) | 42

S >99 +7(0.17)
S
111c 47 50  >200 48 S 99 -271 € 0.47) | 47
S
S
S

99 +8 (0.20)
99 +30.3 € 0.43)
99 +5 (0.51)
99 +16.3 € 0.33)
98 +4 (0.10)
99 +4.9 € 0.45)

111d 60 50  >200 46 99-118 € 0.46) | 46
111e 42 50  >200 46 99-110 € 0.49) | 48
111f 67 49  >200 41 96 -73€0.16) | 47
111g 24 50  >200 49 S 99-117 €0.45) | 43

A 0V XV UV XUV OV XD

[a] 30 mg mL” Lipolase ini-Pr,0, 1 equiv. HO, 60 °C. [b] According to GC.
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The Lipolase-catalysed ring opening of 4-benzg@z2tidinone 111h) also gave
a low E value (= 11) ini-Pr,O with 0.5 equiv. of KO at 45 °C. In order to isolate the
products in good enantiomeric excesses, the pripaiscale resolutions of 4-benzyl-2-
azetidinone 111h) and 4-phenylethyl-2-azetidinonel1(l) were performed in two
consecutive steps. This method was earlier atteinptéhe case of piperidine hydroxy
esters?*’ The preparative-scale resolutions were carriecbguorking up the reactions
at about 25% conversiore¢, ~ 60%), and then continuing the reactions with the
unreacted substrates and fresh enzyme until albsut &nversion e ~ 90%). This
method resulted in the unreacfethctam (21h,) and the produdt-amino acid {22h,)
enantiomers in good to excellent enantiomeric eseest 87%) (Table 13). The
disadvantage of this procedure was the fact thatettantiomers were isolated in only
moderate yields (27-36%).

Table 13Preparative-scale resolutionspafactams111h, !

B-Lactam (21h,) B-Amino acid (22h,)

t Conv.at Yield Abs. ed” 25 Yield Abs. ed 25

(h) workup (%) @) conf. o6) 4o (CHCH) |00 cont () [0 (H:0)

13 24 27 S 89  +7£0.20)
111h

88 81 36 R >99 +38.8¢0.65)
gy 129 31 S 87 +24€0.28)

i
22 89 30 R >99 +19¢0.21)

[a] 30 mg mL” Lipolase ini-Pr,0, 0.5 equiv. KO, 45 °C. [b] According to GC. [c] According to HEL

4.1.3. Further transformations

Both the aryl- and arylalkyl-substitutgdlactam enantiomers were transformed
into the correspondin@-amino acid hydrochloridesl23a-) (Scheme 10). The ring
opening reactions were carried out under reflud8f6 aqueous HCI. Treatment of the
B-amino acid enantiomer$22a-i with 22% HCI/EtOH resulted in the corresponding
B-amino acid hydrochlorided22a-iHCI (Scheme 10). These further transformations
resulted in antipode enantiomer hydrochloride salith opposite specific rotations
(Table 14).
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o COOH ' HOOC HOOC
nd N s Jr
R R" "NHyHCI H,N™ "R HCIH,NT "R
121a-g 123a-g 122a-g 122a-g'HCI

and 1(83;"/:;5q. HCI and i and 22% HCI/EtOH and
O COOH : HOOC HOOC
R R™ "NHyHCI H,N™ "R HCIH,N™ "R
121h,i 123h,i 5 122h,i 122h,iHCI

Scheme 10rransformations of enantiomet&l1a-iand122a-i (for the meanings of
lettersa-i, see Scheme 7)

Table 14Physical data on the prepared enantiomi2Ba-iand122a-iHCI

S B-Amino acid-HCI £23a-) B-Amino acid-HCI {22a-+HCI)
Abs. confed® (%) [a]p® (H,0) | Abs. conf.eé? (%) [a]p?® (H20)
a S > 99 +3¢0.28) (R > 99 ~3¢0.30)
b S 95 +4¢0.28) |R 99 ~4.5¢ 0.36)
c S 99 ~8.6¢0.46)|R 99 +8.4¢ 0.47)
? d S 99 +3.3¢0.35)|R 99 -3.2¢0.43)
e S 99 +5.3¢0.46)|R 99 ~5.2¢ 0.46)
f S 96 +3.8¢0.45)| R 08 ~4.1¢ 0.45)
9 S 99 +1.5¢0.47)|R 99 ~1.2¢0.37)
13 b R > 99 ~8¢0.11) |S 89 +6¢0.21)
<3 R >99  -15¢0.21) |S 87  +12¢0.21)

[a] According to GC in the cases d23a-gand122a-gHCI, and to HPLC in the cases Hi#3h,i and
122h,iHCI.

4.1.4. Absolute configurations

Following the ring opening ofp-lactams 11la,b,e,g+i the absolute
configurations of the produced enantiomers werevgmoby comparing the specific
rotations of the enantiomers with literature datdyile for 111c,d,f the analysed
chromatograms indicated the same enantioprefefentégpolase.

Thus, the absolute configurations indicakedelectivity for the ring opening of
B-aryl-B-lactamsllla-g andS-selectivity forp-arylalkyl-B-lactamsl11h,i It should be
mentioned that Lipolase did not display oppositeecwity for B-arylalkyl-p-lactams
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111h,i, but the priority of the substituents varied adiog to the Cahn-Ingold—Prelog
priority rules.

I-VI

4.2.Enzymatic hydrolyses of f-amino esters

As detailed in the Literature section, the firsiredt lipase-catalysed
enantioselectivel{ usually > 100) hydrolyses of carbocydi@amino esters were recently
reported with Lipolase in-Pr,O at 65 °C (Scheme %32 This method resulted in a new,
simple approach for the preparation of carbocyphamino acid enantiomers in high
optical purity & 94%) and good yield$(42%).

In consequence of these finding$,racemic B-aryl- [(+)-62 and 114b-4,
B-heteroaryl- {14f-) and B-arylalkyl- (114m-9 substituted p-amino esters were
synthetized and subjected to the lipase-catalygdublytic reaction (Scheme 11).

COOEt HOOC
L,k
R NH» HoN R
lipase 68 74
COOE H,O 124b-| 125b-I
organic solvent
R NH- T
COOEt HOOC
()-62
114b-0 S * R
R NH» HoN R
124m-o 125m-o0

Scheme 1lipase-catalysed hydrolyses of (2-and114b-o(for the meanings of letters

b-o0, see Scheme 8)

4.2.1. Small-scale resolutions

Our model compounds were ethyl 3-amino-3-phenyjmate [(£)62], ethyl
3-amino-3-(3-pyridyl)propionatel (41) and ethyl 3-amino-4-phenylbutanoatd 4m).

As in the cases of the ring opening of the aryld arylalkyl-substituted
B-lactams, we started our preliminary experimentthvain enzyme test (Table 15). In
contrast with the ring openings pflactams;' Lipolase did not exhibit any selectivity

towards p-amino esters (52, 114f,m (data not shown). It should be mentioned that
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carbocyclicp-lactams$® and carbocyclig-amino ester$” were resolved with Lipolase.
PPL (entries 1, 5 and 9) and lipase AK (entrie6 and 10) were insufficient enzymes in
the ring opening of aryl- and arylalkyl-substitut@dactams, but exhibited low to
moderateE (< 35) for B-aryl-, B-heteroaryl- ang-arylalkyl-substituted3-amino esters.
Lipase PS preparations proved to be suitable enzyanghe enantioselective hydrolyses
of ethyl 3-amino-3-phenylpropionate [(8f, ethyl 3-amino-3-(3-pyridyl)propionate
(1141) and ethyl 3-amino-4-phenylbutanoatd 4m) in i-Pr,O [(x)-62 and114f, entries 3
and 7] or int-BuOMe (114m entry 12) at 45 °C. However, the reaction timgureed to
reach 50% conversion was several times longer Her drylalkyl-substituted model
compound 114m, 72 h) than for the aryl- and heteroaryl-substilusubstrates [(#)2,

5 h, andl14f, 17 h]. Decreasing the temperature to 25 °C didnfluence the hydrolysis
of 3-amino-3-phenylpropionate [(H2] (entry 4), but decreased the reaction rate of the
hydrolysis of ethyl 3-amino-4-phenylbutanoaiel4m) (entry 13). In the case of ethyl
3-amino-3-(3-pyridyl)propionatel(4f), an enhancement of tHe value was observed
(entry 8). In view of these results, further expesnts were performed at 45 °C with the
B-aryl- and p-arylalkyl-substituted models [(#2 and 114m and at 25 °C with the
B-heteroaryl-substituted modedli41).

Next, the effects of the solvents on the reactate andE were investigated.
i-Pr,0, t-BuOMe, n-hexane and toluene proved to be suitable reactiedia for the
hydrolyses of thep-aryl- and B-heteroaryl-substituted substrates &2-and 114f
(Table 16, entries 1-4 and 5-8). Other solventshsas THF, 1,4-dioxane, CHCoOr
Me,CO, gave low reaction rates & values (data not shown). Whdharylalkyl-
substituted substratel4mwas hydrolysed with lipase PS IM, the highEstalues were
achieved in-Pr,O andt-BuOMe (entries 9 and 10), while mhexane and toluene tlte
value and/or the reaction rate was low (entriesadd 12). Our earlier results on the
vapour-assisted ring opening of carbocydlitactams*® prompted us to perform the
hydrolysis of ethyl 3-amino-4-phenylbutanoaldd4m) under solvent-free conditions. A
higher conversion, but a lowé&r value was observed (entry 13), demonstrating diae |
applicability of this method for this substrate. Asthe ring opening of 4-aryl- and
4-arylalkyl-substituted-lactams," ether-type solvents furnished high conversionstnd
values in the hydrolyses @tamino esters, suggesting the use-Bf,O andt-BuOMe in

the further tests.
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Tablem[1]5 Conversions and enantioselectivities of the hyded of (+)62 and
114f m®

T t ea” eg” cConv

Entry Substrate Enzyme ©C) () %) (%) (%) E
1 PPL 45 5 66 88 43 31
COOEt ]
2 lipase AK? 45 5 67 89 43 35
3 NFz lipaseP¥ 45 5 96 >99 49 > 200
4 lipase P§ 25 6 92 >99 49 > 200
5 PPL 45 17 43 74 37 10
COOEt
6 lipase A 45 17 70 8 90 2
7 U ™ lipasePd 45 17 >99 90 52 100
8 lipase P8 25 17 >99 98 50 > 200
9 PPL 25 87 2 88 2 16
10 lipase AK? 25 87 19 88 18 19
COOEt
11 @\/[ lipase PSIM 45 26 37 96 28 70
NH
12 *  lipasePSIM 45 72 99 96 51 > 200
13 lipase PSIM 25 26 14 96 13 56

[a] 0.05 M substrate, 1 ml-Pr,O for (¥)62 and 114f 1 mL t-BuOMe for 114m 50 mg mL*
enzyme for ()62 and114m 30 mg mL* enzyme forl14f, 0.5 equiv. HO. [b] According to GC
in the case of (B2, and to HPLC in the cases bf4f,m [c] Contains 20% (w/w) lipase adsorbed
on Celite in the presence of sucrose.

Table 16Effects of solvents on the hydrolyses of 68and114f,m?

Entry Substrate Solvent t(h) ee™ (%) eg (%) Conv. (%) E
1 i-Pr,O 5 96 > 99 49 > 200
COOEt
2 t-BuOMe 5 92 > 99 48 > 200
3 NH2 n-hexane 5 98 > 99 50 > 200
4 toluene 5 60 > 99 38 > 200
5 i-Pr,O 18 > 99 98 48 > 200
COOEt
6 t-BuOMe 18 > 99 98 50 > 200
N7 NH,
7 L n-hexane 18 > 99 92 52 126
8 toluene 18 66 98 40 197
9 i-Pr,O 35 60 96 38 90
10 t-BuOMe 35 50 96 34 81
COOEt
11 @\/[ nhexane 35 50 89 36 28
NH
12 *  toluene 35 5 82 6 11
13 solvent-free 35 74 66 53 11

[a] 0.05 M substrate, 1 mL solvent, 50 mg Mlipase PS for (xB2, 50 mg mL" lipase PS IM for
114m 30 mg mL* lipase PS fol14f, 0.5 equiv. HO, 45 °C for (+)62 and114m 25 °C for114f. [b]
According to GC in the case of (62 and to HPLC in the cases bf4f,m
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It should be noted that ethyl (x)-3-amino-5-ph@eyitanoate1(14n) and ethyl
(x)-3-amino-4-(2,4,5-trifluorophenyl)butanoatel14g9 were also hydrolysed with
0.5 equiv. of HO in the presence of 50 mg flipase PS IM irt-BuOMe or ini-PrO at
45 °C. Higher reaction rates and befteralues were obtained ifPr,O than int-BuOMe
for both of thesg-amino esters (Table 17). This observation confithat solvents can

have a strong influence on the reaction rate aa& tralue.

Table 17 Effects of solvents on the hydrolysesldfin,d®

Solvent t ee” eg®  Conv.
(1 mL) h)y ) () (%)

1 COOEti_pr,0 43 79 96 45 119

2 QNENHZ tBuOMe 43 54 o1 37 36
=

3 F\@\/[COOH i-Pr,O 65 85 97 47 179

4 [ "2 tBuOMe 65 61 97 39 123

[a] 0.05 M substrate, 50 mg rillipase PS IM, 0.5 equiv. 4 at 45 °C. [b] According to

HPLC.

Entry  Substrate

The presence of # in the reaction medium affects the enzymaticvigti**
Accordingly, the enzyme-catalysed hydrolyses ofyletB-amino-3-phenylpropionate
[(£)-62], ethyl 3-amino-3-(3-pyridyl)propionate 1{4f) and ethyl 3-amino-4-
phenylbutanoate1(l4m) were performed with increasing amounts ofOH(O, 1, and
5 equiv.) (Table 18). In the cases of flraryl- andp-heteroaryl-substituted compounds
(¥)-62 and114f, the reaction rate increased slightly with incheg@mount of added @
(entries 1-3 and 4-6). However, in the case of lefigmino-3-(3-pyridyl)propionate
(1141), theE value of the hydrolysis fell sharply, an effectigthwas not observed with
ethyl 3-amino-3-phenylpropionate [(£8]. The increasing amount of the addedOH
slowed down the hydrolysis @tarylalkyl-substituted compouridil4m but did not affect
the E value (entries 7-9). In this latter case, we pmesd that the poorer solubility of
114min the presence of more,@ could cause a decrease in the reraction rastolild
be mentioned that in a small-scale experiment wadcperform the hydrolysis without
any added LD (entries 1, 4 and 7). In good correlation withr ogisults on the ring
opening ofp-lactams;' the HO present in the reaction medium (< 0.1%) or on the

surface of the enzyme preparation (< 5% wA®@Hwas responsible.
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Table 18Effects of added pO on the hydrolyses of (42 and114f,n{®

Entry Substrate H,O (equiv.) t (h) ee® (%) eg™ (%) Conv. (%) E
1 COOEt 0 2 85 > 99 46 > 200
2 ©/[NH2 1 2 93 > 99 48 > 200
3 5 2 > 99 > 99 50 > 200
4 COOEt 0 7 80 98 46 > 200
N O | 7 94 83 53 38
6 o 5 7 > 99 81 55 49
7 COOE 0 25 38 96 28 71
8 @\/[ 1 25 31 96 24 66
9 R 25 22 96 19 61

[a] 0.05 M substrate, 1 mi-Pr,O for (+)-62 and114f, 1 mLt-BuOMe for114m 50 mg mL' enzyme
for (+)-62 and114m 30 mg mL* enzyme forl14f, 45 °C for (+)62 and 114m 25 °C for114f. [b]
According to GC in the case of (62 and to HPLC in the cases bf4f,m

We performed the reactions with different concatintins of enzyme. For all of
the model compounds (52, 114f,m, the reaction rate clearly increased as the gwyanti
of the lipase was increased, whitedid not change significantly (Table 19). The higihe
reaction rates were observed in the presence ah@3mL?, but in the case of ethyl
3-amino-4-phenylbutanoatd ¥4m), the reaction rate was much lower relative to the
conversions of theB-aryl- and p-heteroaryl-substituted substrates &2)-and 114f
(entry 7). The hydrolyses of tifiearyl- andp-heteroaryl-amino esters were complete in
1 day, even in the presence of only 10 mg'nebhzyme (entry 2). For economic reasons,
preparative-scale resolutions were performed wig0dfor (+)-62 and114f or 50 (for
114m) mg mL* lipase PS preparation. A similar correlation beméhe enzyme quantity

and the conversion was noted in studies on theneatiy ring opening of-lactams”"
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Table 19Effects of the enzyme quantity on the hydrolysie&p 62 and114f, m?

COOEt COOEt

COOEt
©/[NH2 N : NH, ©\/[NH2

BN mamly (0 09 b on E |y o) E
1 10 1 17 > 200 3 16 118
2 10 24 45 >200| 22 49 > 200
3 20 1 27 > 200 3 24 134
4 30 1 31 > 200 3 32 158 26 20 62
5 40 1 35 > 200 3 37 179
6 50 1 38 > 200 3 42 >200 26 28 70
7 75 1 45 > 200 3 49 >200 26 33 79

[a] 0.05 M substrate, 1 mi-Pr,O for (£)-62 and 114f 1 mL t-BuOMe for 114m lipase PS for
(x)-62and114f lipase PS IM fod14m 0.5 equiv. HO, 45 °C for (+)62and114m 25 °C forl14f.

It can be clearly seen from the above results ttiatenantioselective enzyme-
catalysed hydrolysis of ethyl 3-amino-4-phenylboi@e (14m) was much slower than
those of ethyl 3-amino-3-phenylpropionate [@G2} and ethyl 3-amino-3-(3-
pyridyl)propionate 114f). A similar, but smaller difference in the reacticates was
observed when the enzymatic ring openings of 4-ygheand 4-phenylethyl-2-
azetidinonesi(11a,) were studied"

Due to this fact, we attempted to improve the tieacrate of the hydrolysis of
ethyl 3-amino-4-phenylbutanoat&ldm) by the addition of 1 equiv. of &, i-Pr,EtN or
2-octanol (Table 20) to the reaction mixture. Utifoately, the conversions of the

reactions with these additives (entries 2-4) reéato HO (entry 1) were not better.

Table 20 Effects of additives on the hydrolysis of ethyl 3-
amino-4-phenylbutanoaté 14m) !
Entry Additive ee™ (%) eg (%) Conv. (%) E

1 H.O 44 96 31 76
2 EtN 43 96 31 75
3 i-PRLEtN 41 96 30 73
4 2-octanol 39 96 29 72

[a] 0.05 M substrate, 1 mkt-BuOMe, 50 mg mL lipase PS IM,
1 equiv. additive, 45 °C after 31 h. [b] AccorditmgHPLC.
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4.2.2. Preparative-scale resolutions

Further-aryl- (114b-9 and B-heteroaryl- {14g-) substitutedB-amino esters
were hydrolysed with excellei (> 200) under the optimum condition®. 30 mg mL*
lipase PS with 0.5 equiv. of @ in i-Pr,O at 45 °C {14b-g or 25 °C (14g-). The
optimum conditions for th-arylalkyl-substituted compounds4m-owere 50 mg mL:
lipase PS IM with 0.5 equiv. of @ in t-BuOMe @14m) or ini-Pr,O (114n,9 at 45 °C.
Preparative-scale resolutions of all 15 racefii@mino esters (2 and 114b-o were
performed. The reaction time to reach 50% convargaried between 16 and 120 h. The
lowest reaction rates were observed in the casesthgi 3-amino-4-phenylbutanoate
(124m) and ethyl 3-amino-4-(2,4,5-trifluorophenyl)butat® (249 (120 h), and the
highest one in the case of ethyl 3-amino-3-ben3ifligxol-5-ylpropanoate1(149. At
close to 50% conversion, the reactions were stoppddhe produdt-aryl-f-amino acid
(74 and125b-9, B-heteroarylp-amino acid 125f-I) andp-arylalkyl-B-amino acid {25m-
0) enantiomers were isolated with high enantiomexicesses>96%) and in good yields
(40-47%) (Table 21).

4.2.3. Further transformations

Because of the low stability of the unreacfedmino ester enantiomerg4 and
124b-9 even at low temperaturf;amino acid hydrochlorided 22a,h,iHCI and126b-
[,0) were readily prepared by hydrolysis of the unted@ster enantiomers with aqueous
HCI, and were characterized with high(> 96%) and in good yields (40-49%) (Scheme
12, Table 21) (note: compouni22a,h,tHCI were defined in Scheme 10). Treatment of
B-amino acids/4 and125b-owith 22% HCI/EtOH resulted in the correspondfzgmino
acid hydrochloride423a,h,iand125b-1,0 HCI, antipodes of hydrochloridd22a,h,iHCI
and126b-l,0(Scheme 12, Table 22) (note: compoufh@8a,h,iwere defined in Scheme
10).
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Table 21 Preparative-scale resolutionspedmino esters (52 and114b-d%
B-Amino acid-HCI {22a,h,tHCI ang

B-Amino acid {4 and125b-9

126b-1,0
t Conv. _ Yield Abs. ed” [a]p?® Yield Abs. ed” [0]p®
(h) (%) (%) conf. (%) (H,0) (%) conf. (%) (H.0)

(#)-62 2250 >20044
114b 2349 >20040
114c 7450 >20043
114d 1850 >20041
114e 1652 >20044
114f 4050 >20040
114g 6049 >20044
114h 4750 >20049
114i 6050 >20046
114j 4250 >20046
114k 6750 >20045
1141 2450 >20043

>99 -4(0.3) 44 S >99 -8(0.27)
>99 -6.5€0.31) |40 >99 -1.8€0.38)
>99 -51¢0.34) |44 >99 -55¢0.38)
>99 -7.9¢€0.32) |41 >99 +1.3 €0.51)
97 -8.4¢0.33) |46 >99 +4(0.3)
>99 +4.1¢0.33) |46 >99 -5.1¢0.41)
97 +5.4¢0.32) |46 >99 -5.8¢0.52)
>99 +53¢0.42) |44 >99 -6.7¢0.34)
>99 +4.1¢0.33) |44 >99 -3.1¢0.33)
>99 +4.0¢0.34) |43 >99 -3.2¢0.32)
98 +9.7¢0.32) |42 >99 -18.2¢0.32)
97 +3.2¢0.36) |45 98 -11.7¢0.36)
114m120 50 194 42 96 +4.6¢0.36) |45 96 -4.6¢0.30)
114n 7251 > 20047 98 +11.5¢0.40) |47 96 -12.1¢0.34)

114012050 >20044 S 96 -9.8¢0.32) |43 R 97 +15.5¢0.35)

[a] 30 mg mL" lipase PS for (+2 and 114b-, 50 mg mL” lipase PS IM forl14m-q i-Pr,O for (+)62 and
114b-1,n,q t-BuOMe for114m 0.5 equiv. HO, 45 °C for (£)62, 114b-e,m-q 25 °C for114f-I. [b] According to
GC in the cases of (#§2 and114b-e,h,j and to HPLC in the cases bf4f,g,i,k-a

Aryl

Heteroaryl

nw u|”w T ¥ IV OV OV VAWV OV UV XUV D
I 0| nu o nuo nuo nu nnu n nun

Arylalkyl

It should be mentioned that this method offer&tep choice for the preparation
of B-arylalkyl-substitute-amino acid enantiomers as compared with the rpenmg of

the corresponding lactars.
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COOEt COOH
i i
R NH, R NH,HCI
68 122a'HCI
_ 9% aq. HCI
124b-| or 126b-I
18% aq. HCI
and P and
reflux
COOEt COOH
o s
R NH, R NH,HCI
124m-o 122h,i'HCI
1260

' HOOC HOOC
ke s
; H,N” R HCIH,N™ R
; 74 123a

! 125b-1 125b-1-HCI

E and 22% HCI/EtOH and

}  HOOC HOOC
Lk Pt
! H,N” R HCIH,N™ TR
; 125m-o 123h,i

! 1250°HCI

Scheme 1Z2Transformations of enantiomes8, 124b-q 74 and125b-o(for the meanings
of lettersb-o, see Scheme 8) (note: compoud@2a,h,iHCI| and123a,h,iwere defined

on Scheme 10)

Table 22 Physical data on the prepared enantiom&234,h,i

and125b-l,0HCI)

B-Amino acid-HCI  Abs. conf. ed® (%) [a]p® (H.0)
123a S > 99 +4 (¢ 0.30)
125bHCl S > 99 +5.7 € 0.31)
? 1256HCI S > 99 +5.7 £0.34)
1250 HCl S > 99 +7.2 €0.32)
125eHCl S > 99 +8.9 € 0.33)
125f.HCI S > 99 -3.9¢0.33)
125gHCI S > 99 -4.9¢0.32)
% 125hHCl S > 99 -4.6 ¢ 0.42)
S 125iHCI S > 99 -3.1¢0.33)
£ 125j-HCI S > 99 -3.6¢0.34)
125k-HCl S > 99 -8.6¢0.31)
125-HCI S 98 -3.6¢0.35)
s 123h R 96 ~3.9¢0.35)
T 123 R 96 -10.5¢ 0.40)
5{ 1250HCI R 97 +10.6 ¢ 0.31)

[a] According to GC in the cases d23aand125b-e,h,jHCI, and to HPLC
in the cases df23h,iand125f,g,i,k,|,0 HCI.
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4.2.4. Absolute configurations

In the cases of the hydrolysesamino esters (2 and114d,e,g-j,m,n the
absolute configurations of the produced enantiomvegse proved by comparing the
specific rotations of the enantiomers with literatwata. Forll4b,c the analysed
chromatograms indicated the same enantiopreferfendpase PS, while fot14k,l, the
comparative specific rotations of the produdi®5f- negative 126f-I positive) pointed to
the same enantiopreference for lipase PS.

In the case ofL14f, the unreacted ester enantiond@4f was treated with 5%
TFA/EtOH and thed] value of124f TFA was compared with literature data.

To prove the absolute configuration of the produanantiomers in the
hydrolysis of114q N-Boc-1250was prepared’® which was known in the literature.

Thus, the absolute configurations indicatedelectivity for the hydrolyses of
B-aryl- and B-heteroaryl-amino esters (2 and 114b-l, and R-selectivity for
B-arylalkyl-B-amino estersl14m-a It should be mentioned that lipase PS IM did not
show opposite selectivity f@-arylalkyl-f-amino esterd14m-q but the priority of the

substituents varied according to the Cahn-Ingolelegrpriority rules.
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5. Summary

Racemic 4-aryl-substituted and 4-arylalkyl-sulosgitl B-lactams were prepared
by the addition of chlorosulphonyl isocyanate te ttorresponding alkenef-Aryl-
B-amino esters,B-heteroarylp-amino esters and-arylalkyl-3-amino esters were
synthetized by the modified Rodionov synthesisolelkd by esterification; or by the
reduction of enamines; or by the ring opening-dfctams with 22% HCI/EtOH under
reflux.

We found that Lipolase catalysed the ring operohgt-phenyl-2-azetidinone
(1119 with excellent enantioselectivitfg(> 200) ini-Pr,O at 60 °C with 1 equiv. of
H,O. However, in the case of 4-phenylethyl-2-azetidm (11i), a low E value (~ 11)
was observed even at 45 9EPr,O and toluene proved to be suitable solventslidrg
while the nature of the solvent did not influenbe teaction rate or thi value for the
ring opening ofL11i. Addition of EgN, i-PrEtN or 2-octanol to the reaction mixtures did
not significantly affect either the enantioseleyivor the reaction rate. The ring opening
was complete even without the addition oiCH Lipolase-catalysed ring opening Igf
Boc-4-phenylethyl-2-azetidinone gave a l&walue (3) at 45 °C. Lipolase directed the
ring opening of 4-phenyl-2-azetidinongl(lg in scCQ at 14 MPa and 70 °C in 120 h
with excellente (> 200).

The Lipolase-catalysed preparative-scale resaistioof 4-aryl-substituted
B-lactams {11a-g9 were performed in-PrO with 1 equiv. of HO at 60 °C. The
unreacted lactam and the product amino acid emagti® were isolated by B/organic
solvent extraction in 41-49% yields and waé> 95%. The preparative-scale resolutions
of 4-benzyl-2-azetidinonel( 1h) and 4-phenylethyl-2-azetidinongl(li) were performed
in two steps, ini-PrLO with 0.5 equiv. of KO using Lipolase at 45 °(B-Lactam
enantiomers were isolated wige > 99%, and3-amino acids witree> 87% in 27-36%
yields. B-Lactams were refluxed with 18% aq. HCI ghdmino acids were treated with
22% HCI/EtOH, which afforded antipodB-amino acid hydrochlorides without a
decrease iee(> 87%).

In the hydrolyses of ethyl 3-amino-3-phenylpro@itn[(+)62], ethyl 3-amino-
3-(3-pyridyl)propionate X14f) and ethyl 3-amino-4-phenylbutanoatel4m), lipase PS

(from Burkholderia cepacipgave excellenE values (> 200) in-Pr,O or t-BuOMe with
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0.5 equiv. of HO at 45 °C or 25 °C. We found thaPr,O, t-BuOMe, n-hexane and
toluene proved to be suitable reaction media fodrdlysis of the p-aryl- and
B-heteroaryl-substituted substrates ®and114f. For the hydrolysis of ethyl 3-amino-
4-phenylbutanoate 1(4m), i-PrO and t-BuOMe were suitable solvents. Increasing
amounts of added J@ slightly increased the reaction rate of the hiyg®s of 3-amino-
3-phenylpropionate [(p2] and ethyl 3-amino-3-(3-pyridyl)propionatell4f), but
decreased that @farylalkyl-substituted compouriil4m In the case of ethyl 3-amino-3-
(3-pyridyl)propionate 114f), the E value decreased with increasing amount gDHThe
hydrolysis was also complete without any addeg® Hlhe reaction rate of the hydrolysis
increased as the quantity of lipase PS was incdeagsle E did not change.

The preparative-scale resolutions éryl- [(£)-62 and 114b-¢, B-heteroaryl-
(114f-l) andp-arylalkyl- (114m-9 B-amino esters were performedii®?r,O ort-BuOMe
in the presence of lipase PS with 0.5 equiv. gD Ht 45 °C or 25 °C. Thgamino acids
produced were isolated wite> 96% and in 40-47% yields at 50% conversions. The
unreacted3-amino esters were immediately transformed to threesponding3-amino
acid hydrochloridesee> 96%, yield = 40-49%) with aq. HCI. Treatment o flramino
acids produced with 22% HCI/EtOH resulted in andip@-amino acid hydrochlorides
with ee> 96%.

The resulting 75 enantiomers (among them 40 neavg¢ wharacterized by NMR,
elemental analysis, melting point and specifictiota The absolute configurations were
proved by comparing the specific rotations of thargiomers or their derivatives with
literature data or, if this was not possible, thalgsed chromatograms or the comparative
specific rotations helped us to assume the enaefeence of the enzyme.
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Abstract: A simple and efficient direct enzymatic
method was developed for the synthesis of 4-aryl-sub-
stituted p-lactams and the corresponding B-amino
acid enantiomers through the CAL-B (lipase B from
Candida antarctica)-catalyzed enantioselective (E >
200) ring cleavage of the corresponding racemic 3-lac-
tams with 1equiv. of H,O in i-Pr,O at 60°C. The
product (R)-f-amino acids (ee>98%, yields>42%)
and unreacted (§)-p-lactams (ee>95%, yields>

41%) could be easily separated. The ring opening of
enantiomeric (-lactams with 18% HCI afforded the
corresponding enantiopure f-amino acid hydrochlor-
ides (ee >99%).

Keywords: f-aryl-substituted f-amino acids; 4-aryl-
substituted P-lactams; enantioselectivity; enzyme cat-
alysis; lipase; ring cleavage

Introduction

[-Aryl-substituted f-amino acids and the corresponding
p-lactams have been intensively investigated, due to
their unique biological activity!'! and their utility in syn-
thetic chemistry!” and drug research.””! In the free form,
they have neurological activity and are known to be re-
ceptor antagonists and enzyme inhibitors.l! They are
also components of naturally occurring cyclic peptide
astins with antitumor properties.”! A large number of
syntheses for racemic and enantiopure acyclic -amino
acids and P-lactams have already been reported.” As
an example, 3-amino-3-(4-cyanophenyl)propanoic acid
and its heteroaryl-substituted analogues have been suc-
cessfully prepared in enantiomerically pure form
through Candida antarctica lipase A-catalyzed N-acyla-
tion of the corresponding racemic esters.!! Enantiomers
of 4-phenyl- and 4-(p-tolyl)-2-azetidinones and f-aryl-
substituted [-amino acids or their derivatives have
been synthesized via lipase PS-catalyzed R-selective bu-
tyrylation (E > 57)!") of the primary hydroxy group of N-
hydroxymethylated B-lactams, or hydrolysis (E > 89) of
the corresponding ester derivatives, followed by ring
opening to the B-amino ester or acid, respectively.!
This indirect enzymatic method ensures the simultane-
ous preparation of both p-lactam enantiomers. We
have also reported a direct enzymatic method through

Adv. Synth. Catal. 2006, 348, 917-923

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim :'.?,.

Novozym 435 (lipase B from Candida antarctica)-cata-
lyzed enantioselective alcoholysis via the ring opening
of B-lactams (E >200), leading to enantiopure 3-lactams
in high yields (39-46%), with high ee (>96%), and [3-
amino acids with high ee (>96%) but in low yields (7-
11%).”) We recently developed a very simple and effi-
cient new enzymatic hydrolysis method for the enantio-
selective (£>200) ring opening of alicyclic B-lactams
(the synthesis of cispentacin, for instance).!'”? A great ad-
vantage of this method is that the lactam ring does not
necessarily need to be activated and the product 3-ami-
no acid and p-lactam are obtained in good chemical
yields (>36%). These results on the lipase-catalyzed
enantioselective hydrolysis of alicyclic B-lactams sug-
gested the possibility of the enantioselective ring cleav-
age of racemic 4-aryl-substituted [3-lactams. According-
ly, in this paper we report the lipase-catalyzed enantiose-
lective ring opening of racemic 4-aryl-substituted 3-lac-
tams, in an organic solvent. The aryl substituents were
selected with regard to the synthetic applicability of
the products, with different electronic characters and
in different positions.
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Results and Discussion
Syntheses of (£)-1-(+£)-7

The racemic (3-lactams (+)-1 and (4 )-2 were prepared
according to the literature procedure, starting from styr-
ene or 4-methylstyrene by chlorosulfonyl isocyanate
(CSI) addition” (Scheme 1). f-Lactams (+)-3—(+)-7
were prepared in a similar, but slightly modified way,
as described in the Experimental Section.

Lipase-Catalyzed Enantioselective Ring Cleavage of
(£)-1-(%)-7

The earlier results!® on the lipase-catalyzed enantiose-
lective hydrolysis of alicyclic f3-lactams suggested the
possibility of the enantioselective ring opening of
(£)-1-(£)-7 with H,O in an organic solvent
(Scheme 2).

We explored the ring cleavage reactions on ( £ )-1 with
1 equiv. of H,O as nucleophile and Lipolase (lipase B
from Candida antarctica) as catalyst, in i-Pr,0, at 60°C
(Table 1, entry 7), but also tested the reactions with
Chirazyme L-2 (entry2) and Novozym 435 (entry 8)
(both lipase B from Candida antarctica). High enantio-
selectivities (E>200) were observed in all cases, with
no significant differences in reactivity. Chirazyme L-5
(lipase A from Candida antarctica), lipase AY (Candida
rugosa), lipase AK (Pseudomonas fluorescens) and li-
pase PS (Pseudomonas cepacia) did not exhibit any re-
activity (no products detected after 24 h) at 45°C.
When the ring opening reaction of (£ )-1 catalyzed by
Chirazyme L-2 was performed at 3 °C, a much slower re-
action was observed (the reaction needed 336 h to reach
46% conversion), but with the same high enantioselec-
tivity (£>200).

Although the CAL-B-catalyzed ring opening of (£ )-1
with H,O (1 equiv.) at 60°C proceeded with excellent
enantioselectivity (E>200), in a relatively short time

‘ 0
1. CSI

| S 2. Na,SO;4 X NH

/ = 50 - 67% ‘ =
R ’ /-

R

()8 R=H #1R=H
()9 R=p-Me (¢)-2R = p-Me
(+)-10 R = o-Cl #)-3R=0-Cl
(#)-11 R=m-Cl (*)-4 R =m-<Cl
(#)12 R = p-Cl (*)-5R = p-Cl
()13 R =p-Br (¢)-6 R =p-Br
()14 R=p-F #)-7R=pF

Scheme 1. Syntheses of (£ )-1-(=%)-7.
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o #-1R=H
()2 R = p-Me
(£)-3 R =0-Cl
| X NH (£}4 R = m-Cl
| ()-5 R = p-Cl
/ = (£)-6 R = p-Br
R (£}7R=p-F
CAL-B
H,0
i-Pr,0
60 °C
COOH O
R + S
HN
| N NH, = ‘
/ 4 N \\
R R
(RF15R=H (S-22R=H
(R)16 R = p-Me (S)-23 R = p-Me
(R)-17 R=0o-Cl (S)-24 R = 0-Cl
(R)-18 R = m-Cl (S)-25 R = m-Cl
(R-19 R = p-Cl (S)-26 R = p-Cl
(R)-20 R = p-Br (8)-27 R = p-Br
(R}21 R =p-F (S)-28 R = p-F
22% HCI/EtOH 18% HCI
A
COOH HOOC
R S
| ~ NH, - HCI HCI-H,N = |
/- X
R R
(R-29R=H (S)-36 R=H
(R)-30 R = p-Me (S)-37 R = p-Me
(R)-31 R =0-Cl (S)-38 R = o-Cl
(R)-32 R = m-Cl (S)-39 R=m-Cl
(R)-33 R = p-Cl (S)-40 R = p-Cl
(R)-34 R = p-Br (S)-41 R = p-Br
(R)-35R =p-F (S)-42R = p-F

Scheme 2. Lipase-catalyzed enantioselective ring opening of
(£)-1-(%)-7

(conversion 24-26% after 1h), several additives
(2-OctOH, Et;N and i-Pr,EtN) were also tested in an at-
tempt to enhance the reaction rate (Table 1, entries 3—
5). Since no significant changes in enantioselectivity
(E>200) or reaction rate (conversion 25-27% after
1 h) were observed, and as the hydrolysis was complete
even without the addition of H,O (Table 1, entries 1 and
6), we concluded that the H,O in the reaction medium
(<0.1%) or present in the enzyme preparation (<5%)
was responsible for the lactam ring opening.

We next analyzed the effect of the solvent on the enan-
tiodiscrimination and the reaction rate. The CAL-B-cat-
alyzed ring opening of (£)-1 with H,O (1 equiv.) at

Adv. Synth. Catal. 2006, 348, 917-923
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Table 1. Conversion and enantioselectivity of the ring opening of (= )-1.1"

Entry Enzyme [50 mg mL™'] Additive [equivs.] Conv. [%] eel’ [%] ee, [%] E

1 Chirazyme L-2 - 26 35 >99 >200
2 Chirazyme L-2 1 equiv. H,O 28 38 >99 >200
3 Chirazyme L-2 1 equiv. Et;N 26 35 >99 >200
4 Chirazyme L-2 1 equiv. i-Pr,EtN 27 37 >99 >200
5 Chirazyme L-2 1 equiv. 2-OctOH 25 33 >99 >200
6 Lipolase - 24 31 >99 >200
7 Lipolase 1 equiv. H,O 24 31 >99 >200
8 Novozym 435 1 equiv. H,O 25 33 >99 >200

[ 0.05 M substrate in i-Pr,0, at 60°C, after 1 h.
1 According to GC.
[l According to GC after double derivatization.

60°C was very slow when i-Pr,O was replaced by ace-
tone, acetonitrile, 1,4-dioxan, tert-amyl alcohol, tetrahy-
drofuran or chloroform (1-2% conversion after 24 h;
data not shown), but the conversion was acceptable in
toluene (22% conversion after 2 h), with excellent enan-
tioselectivity (£ >200).

The reactivity for the hydrolysis of (£ )-1 clearly in-
creased as the quantity of enzyme was increased (Ta-
ble 2). In the presence of 10 mg mL ™' enzyme, the reac-
tion was relatively slow (49% conversion after 41 h; en-
try 1). In spite of the fact that the optimal enzyme quan-
tity (resulting in the shortest reaction time needed to
reach 50% conversion) proved to be 75 mg mL ™' (en-
try 6), for reasons of economy 30 mg mL ™' (entry 3)
Lipolase was chosen for the preparative-scale resolu-
tions of (£)-1-(=%)-7.

On the basis of the preliminary results, the gram-scale
resolutions of (+)-1-(4)-7 were performed with
1 equiv. of H,O in the presence of Lipolase (30 mg
mL ') in i-Pr,O at 60 °C. The products were character-
ized by an excellent enantiomeric excess at 49-50%
conversion. The results are reported in Table 3 and in
the Experimental Section.

Transformations of the Enantiomers

The transformations involving the ring opening of 3-lac-
tams 23-28 with 18% HCI resulted in the enantiomers
of the -amino acid hydrochlorides 36-42 (Scheme 2).
Treatment of amino acids 15-21 with 22% EtOH/HCI
resulted in enantiopure hydrochlorides 29-35. The
physical data on the enantiomers prepared are reported
in the Experimental Section.

The absolute configurations in the cases of 21, 22, 23,
33 and 35 were assigned by comparing the [a] values
with the literature data®'! (see Table 3 and Experimen-
tal Section), while for 17, 18 and 20 the analyzed chro-
matograms indicated the same enantiopreference for
Lipolase.

Conclusions

In conclusion, an efficient direct enzymatic method was
developed for the synthesis of optically pure -aryl-sub-
stituted B-amino acids and -lactams via the enantiose-
lective ring cleavage of the corresponding -lactams in
an organic medium. The Lipolase-catalyzed highly
enantioselective reactions (£>200) when H,O
(1 equiv.) was used as a nucleophile in i-Pr,O at 60°C
led to B-amino acid and (-lactam enantiomers (ee >

Table 2. Effect of the quantity of Lipolase on the ring opening of (= )-1.1%

Entry Lipolase [mg mL™!] Conv. [%] eel” [%] e, [%] E

1 10 8 (49 after 41 h) 9 >99 >200
2 20 14 16 >99 >200
3 30 17 20 >99 >200
4 40 22 28 >99 >200
5 50 24 31 >99 >200
6 75 32 47 >99 >200

8] 0.05 M substrate in i-Pr,O, with 1 equiv. H,O, at 60°C, after 1 h.

1 According to GC.
[l According to GC after double derivatization.

Adv. Synth. Catal. 2006, 348, 917-923
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Table 3. Lipolase-catalyzed ring opening of (4 )-1—(=£)-7.1%

Time [h] Conv. [%] E B-Amino acid (15-21) p-Lactam (22-28)
Yield [%] Isomer eel [%] [a]} Yield [%] Isomer eel[%] [a]¥
(£)1 24 50 >200 47 R >99 +714 46 S >99 — 137
(£)-2 30 49 >200 42 R 99 +81 45 S 95 — 113
(£)-3 14 50 >200 47 R 99 +30.3" 48 S 99 —2711
(£)4 11 50 >200 46 R 99 +50 46 S 99 —118W
(£)-5 15 50 >200 48 R 99 +16.3" 46 S 99 —110m™!
(£)-6 14 49 >200 47 R 98 4141 S 96 — 730!
(£)-7 13 50 >200 43 R 99 +4.90P1 49 S 99 — 1174

(2] 3 mg mL~"' enzyme in i-Pr,0, 1 equiv. H,O, 60°C.

] Determined by GC [after double derivatization (i) diazomethane; (ii) acetic anhydride in the presence of 4-dimethylami-

nopyridine and pyridine ( Experimental Section).
[l According to GC (Experimental Section).
4 ¢=0.17; H,0.
ll ¢=0.28; EtOH, lit.”! [a]5: — 139 (c=0.19; EtOH).
M ¢=0.20; H,0.
el ¢=0.26; EtOH, 1it.”! [a]F: — 121.9 (¢=0.5; EtOH).
[t ¢ =0.43; H,0.
1 ¢=0.47; EtOH.
0l ¢=0.51; H,0.
K} ¢=0.46; EtOH.
M ¢=0.33; H,0.
Iml ¢ =0.49; EtOH.
[ ¢=0.10; H,O.
ol ¢=0.16; EtOH.
Pl ¢ =0.45; H,0, lit." [a]Z: +3.9 (c=0.4; H,0).
4} ¢=0.45; EtOH.

95%) in good chemical yields (41-49%). The products
could be easily separated. Transformations through
the ring opening of f-lactams with 18% HCI resulted
in the corresponding fB-amino acid hydrochlorides
(ee >99%). Itisimportant to note that no significant cor-
relation was found between the steric and electronic na-
ture of the substituent on the aryl ring and the activation
of the ring cleavage. The present method proved to be a
very simple, inexpensive route, and could be easily
scaled up. The synthetized enantiopure (3-amino acids
and p-lactams are promising building blocks for the syn-
thesis of peptides, peptidomimetics and potential phar-
macons.

Experimental Section

Materials and Methods

Lipolase (lipase B from Candida antarctica), produced by sub-
merged fermentation of a genetically modified Aspergillus or-
yzae microorganism and adsorbed on a macroporous resin, was
from Sigma-Aldrich. Novozym 435, as an immobilized lipase
(lipase B from Candida antarctica) on a macroporous acrylic
resin, was from Novo Nordisk. Chirazyme L-2 (a carrier-fixed
lipase B from Candida antarctica) was purchased from Roche
Diagnostics Corporation. Chlorosulfonyl isocyanate, styrene
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and substituted styrenes were from Aldrich. The solvents
were of the highest analytical grade.

Optical rotations were measured with a Perkin-Elmer 341
polarimeter. 'H NMR and “C NMR spectra were recorded
on a Bruker Avance DRX 400 spectrometer. Melting points
were determined on a Kofler apparatus.

Synthesis of Racemic f§-Lactams, (£)-1 and (+)-2

The racemic p-lactams (+)-1 and (4)-2 were prepared ac-
cording to the literature,” starting from styrene 8 (2g,
19.20 mmol) or 4-methylstyrene 9 (2 g, 16.92 mmol).
(£ )-4-Phenyl-2-azetidinone [(£)-1]: yield: 2.22 g (79%);
mp 104-105°C (1it.®! mp 108-109°C).
(£)-4-(p-Tolyl)-2-azetidinone [(£)-2]: yield: 1.73 g (63%);
mp 87-88°C (lit.®) mp 85-86°C).

Synthesis of Racemic f§-Lactams (+)-3-(+)-7

B-Lactams (+)-3—(+)-7 were prepared with a slightly modi-
fied synthetic procedure: a solution of substituted styrene 10
(2g, 1443mmol) or 11 (2g, 1443 mmol) or 12 (2 g,
14.43 mmol) or 13 (2 g, 10.92 mmol) or 14 (2 g, 12.10 mmol)
in absolute toluene (10 mL) was added dropwise to a stirred
solution of CSI (1 equiv.) in absolute toluene (10 mL) at 0°C.
The reaction mixture was stirred at room temperature for 8 h
and then left to stand overnight. The solution was added drop-
wise to a vigorously stirred solution of Na,SO; (0.8 g) and
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Na,CO; (3.6 g) in H,O (30 mL). The organic layer was separat-
ed and the aqueous phase was extracted with toluene. The com-
bined organic layers were dried (Na,SO,) and, after filtration,
concentrated. The resulting crude p-lactams were recrystal-
lized from i-Pr,0.

(£)-4-(2-Chlorophenyl)-2-azetidinone [(£)-3]: yield:
1.30 g (50%); mp 123-125°C (lit."? mp 121-122°C).

(£)-4-(3-Chlorophenyl)-2-azetidinone [(£)-4]: yield:
1.75 g (67%); mp 93-95°C.

(£)-4-(4-Chlorophenyl)-2-azetidinone [(£)-5]: yield:
1.52 g (58%); mp 97-99°C (1it.'¥ mp 98-99°C).

(£)-4-(4-Bromophenyl)-2-azetidinone [(£)-6]: yield:
1.55 g (50%); mp 104-108°C (lit." mp 105°C).

(£ )-4-(4-Fluorophenyl)-2-azetidinone  [(£)-7]: yield:

1.49 g (55%); mp 58—62°C.

Typical Small-Scale Experiment

Racemic fB-lactam (0.05 M solution) in an organic solvent
(2 mL) was added to the lipase tested (10, 20, 30, 40, 50 or
75 mg mL~"). H,O or additive (0 or 1 equiv.) was added. The
mixture was shaken at 60°C. The progress of the reaction
was followed by taking samples from the reaction mixture at in-
tervals and analyzing them by gas chromatography. The ee val-
ues for the unreacted p-lactam enantiomers were determined
by gas chromatography on a Chromopack Chiralsil-Dex CB
column (25 m) [160°C for 4 min — 190°C (temperature rise
20°C min~"), 140 kPa; retention times (min); 22: 18.28 (anti-
pode: 16.85); 23: 20.48 (antipode: 19.55); 190°C isothermal,
140 kPa; 24: 41.77 (antipode: 40.10); 25: 50.75 (antipode:
47.81); 26: 53.77 (antipode: 52.01); 27: 50.76 (antipode:
47.88); 28: 23.15 (antipode: 12.28)], while the ee values for
the B-amino acids produced were determined by using a gas
chromatograph equipped with a Chirasil-L-Val column
(20 m) after double derivatization with (i) diazomethane [Cau-
tion! the derivatization with diazomethane should be per-
formed under a well-working hood]; (ii) acetic anhydride in
the presence of 4-dimethylaminopyridine and pyridine
[120°C for 2 min — 180°C (temperature rise 20°C min "),
140 kPa; retention times (min); 15: 11.74 (antipode: 11.95);
16: 16.27 (antipode: 16.67); 150°C for 30 min — 180°C (tem-
perature rise 20°Cmin~'), 100 kPa: 17: 35.91 (antipode:
36.27); 120°C for 10 min — 190°C (temperature rise 10°C
min '), 140 kPa; 18: 27.34 (antipode: 27.75); 21: 19.61 (anti-
pode: 19.78); 150°C for 15 min — 180°C (temperature rise
5°C min~'), 120 kPa: 19: 36.62 (antipode: 37.47); 180°C iso-
thermal, 140 kPa; 20: 28.68 (antipode: 29.76)].

Gram-Scale Resolution of (+)-1

Racemic (3-lactam 1 (0.5 g, 3.39 mmol) was dissolved in i-Pr,0
(70 mL). Lipolase (2.1g, 30 mgmL ') and H,O (61 uL,
3.39 mmol) were added, and the mixture was shaken in an in-
cubator shaker at 60 °C for 24 h. The reaction was stopped by
filtering off the enzyme at 50% conversion. The solvent was
evaporated off and the residue (S5)-22 crystallized; yield:
230 mg (46%); recrystallized from i-Pr,O {[a]5: — 137 (¢ 0.28;
EtOH) lit.”! [a]¥: —139 (c 0.19; EtOH); mp 116-118°C,
lit.”) mp 114°C; ee >99%}.
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The filtered-off enzyme was washed with distilled H,O (3 x
15 mL), and the H,O was evaporated off, affording the crystal-
line B-amino acid (R)-15 [yield: 263 mg (47%); recrystallized
from H,O and Me,CO; [a]F: +7 (c 0.27; H,0O); mp 242-
246°C; ee>99%)].

When 15 (100 mg) was treated with 18% HCI (3 mL), (R)-29
was obtained [yield: 98 mg (81%); [a]%: —3 (c 0.30; H,O); mp
195-198°C, ee >99%].

Gram-Scale Resolution of (+)-2

Via the procedure described above, the reaction of racemic 2
(0.5g, 3.10mmol) and H,O (56 uL, 3.10 mmol) in i-Pr,O
(70 mL) in the presence of Lipolase (2.1 g, 30 mg mL ") at
60°C afforded the unreacted (S)-23 {yield: 225 mg (45%);
[a]5: —113 (c 0.26; EtOH), lit.”) [a]F: —121.9 (¢ 0.5; EtOH);
mp 60-61°C (recrystallized from i-Pr,0), lit”) mp 56°C;
ee=95%} and p-amino acid (R)-16 {yield: 233 mg, 42%; re-
crystallized from H,O and Me,CO; [a]F: +8 (c 0.20; H,0),
(1it.”’ [a]Z: given by mistake with the opposite sign); mp
244-248°C, 1it.”" mp 241-243°C; ee =99%} in 30 h.

When 16 (100 mg) was treated with 18% HCI1 (3 mL), (R)-30
{yield: 97 mg (81%); [a]E: —4.5 (¢ 0.36; H,0); mp 197-202 °C
(recrystallized from EtOH and Et,0), ee >99%} was formed.

Gram-Scale Resolution of (+)-3

Via the procedure described above, the reaction of racemic 3
(0.5¢g, 2.75 mmol) and H,O (50 pL, 3.10 mmol) in i-Pr,O
(70 mL) in the presence of Lipolase (2.1 g, 30 mg mL ') at
60°C afforded the unreacted (S)-24 {yield: 240 mg (48%);
[a]F:= —271 (c 0.47, EtOH); mp 108-112°C (recrystallized
from i-Pr,0); ee=99%} and P-amino acid (R)-17 {yield:
258 mg (47%); recrystallized from H,O and Me,CO; [a]¥:
+30.3 (¢ 0.43; H,0); mp 235-239°C (with sublimation), ee =
99%} in 14 h.

When 17 (100 mg) was treated with 18% HCI1 (3 mL), (R)-31
{yield: 104 mg (88%); [a]¥: + 8.4 (¢ 0.47; H,0); mp 175-178°C
(recrystallized from EtOH and Et,0), ee >99%} was formed.

Gram-Scale Resolution of (+)-4

Via the procedure described above, the reaction of racemic 4
(0.5¢g, 2.75 mmol) and H,O (50 pL, 3.10 mmol) in i-Pr,O
(70 mL) in the presence of Lipolase (2.1 g, 30 mg mL ") at
60°C afforded the unreacted (S)-25 {yield: 230 mg (46%);
[a]B: —118 (¢ 0.47; EtOH); mp 95-98°C, (recrystallized
from i-Pr,0); ee=99%} and f-amino acid (R)-18 {252 mg
(46%); recrystallized from H,O and Me,CO; [a]F: +5 (c
0.43; H,0); mp 230-233°C, ee 99%} in 11 h.

When 18 (100 mg) was treated with 18% HCI (3 mL), (R)-32
{yield: 106 mg (90%); [a]5: —3.2 (¢ 0.43,H,0); mp 200-204°C
(recrystallized from EtOH and Et,0), ee =99%} was formed.

Gram-Scale Resolution of (+)-5

Via the procedure described above, the reaction of racemic 5
(0.5¢g, 2.75 mmol) and H,O (50 pL, 3.10 mmol) in i-Pr,O
(70 mL) in the presence of Lipolase (2.1 g, 30 mg mL ") at
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60 °C afforded the unreacted (S)-26 {yield: 232 mg (46%); [a]%:
—110 (c 0.49; EtOH); mp 123-127°C, (recrystallized from i-
Pr,0); ee=99%} and B-amino acid (R)-19 {yield: 263 mg
(48%); recrystallized from H,O and Me,CO; [a]EF: +16.3 (c
0.33; H,0); mp 241-244°C with sublimation, lit.'" mp 223
225°C;ee=99%} in 15 h.

When 19 (100 mg) was treated with 18% HCI (3 mL), (R)-33
{yield: 106 mg, 90%; [a]Z: —5.2 (c 0.46, H,0), lit.'"! [a]Z:
—3.33 (1.6 N HCl); mp 184-188°C (recrystallized from
EtOH and Et,0), ee =99%} was formed.

Gram-Scale Resolution of (+)-6

Via the procedure described above, the reaction of racemic 6
(0.5¢g, 2.21 mmol) and H,O (40 pL, 2.21 mmol) in i-Pr,O
(70 mL) in the presence of Lipolase (2.1 g, 30 mg mL ") at
60°C afforded the unreacted (5)-27 {220 mg (41%); [a]¥:
—173 (¢ 0.16; EtOH); mp 151-154°C, (recrystallized from i-
Pr,0); ee=96%} and f-amino acid (R)-20 {yield: 234 mg
(47%); recrystallized from H,O and Me,CO; [a]F: +4 (¢
0.45; H,0); mp 258-260°C, ee =98%} in 14 h.

When 20 (50 mg) was treated with 18% HCI (3 mL), (R)-34
{yield: 52 mg (90%); [a]E: —4.1 (c 0.45, H,0O); mp 191-193°C
with sublimation (recrystallized from EtOH and Et,0), ee=
99% } was formed.

Gram-Scale Resolution of (4)-7

Via the procedure described above, the reaction of racemic 7
(0.5¢g, 3.03 mmol) and H,O (55 puL, 3.03 mmol) in i-Pr,0O
(70 mL) in the presence of Lipolase (2.1 g, 30 mg mL ") at
60°C afforded the unreacted (S)-28 {yield: 219 mg (44%);
[a]E:= —117 (¢ 0.45; EtOH); mp 97-101°C (recrystallized
from i-Pr,0); ee=99%} and f-amino acid (R)-21 {yield:
268 mg (48%); recrystallized from H,0O and Me,CO; [a]¥:
+4.9 (¢ 0.45; H,0), 1it." [a]F: +3.9 (¢ 0.4; H,0); mp 245-
247°C,ee=99%}in 13 h.

When 21 (100 mg) was treated with 18% HCI (3 mL), (R)-35
{110 mg (91%); [a]E: —1.2 (¢ 0.37, H,0),lit." [a]F: —1.9(1.9
N HCI); mp 166—169 °C (recrystallized from EtOH and Et,0),
ee =99%} was formed.

Ring Opening of (S)-22-(S)-28 with 18% HCI

The pB-lactam enantiomer (5)-22 (50 mg, 0.34 mmol) or (5)-23
(50 mg, 0.31 mmol) or (5)-24 (100 mg, 0.55 mmol) or (S)-25
(100 mg, 0.55 mmol) or (5)-26 (100 mg, 0.55 mmol) or (S)-27
(50 mg, 0.22 mmol) or (S)-28 (100 mg, 0.60 mmol) was dis-
solved in 18% HCI (12 mL) and the solution was refluxed for
2 h. The solvent was then evaporated off, and the product
was recrystallized from EtOH and Et,0, which afforded white
crystals of the $-amino acid hydrochlorides.

(8)-36: {yield: 49 mg (72%); [a]E: +3.0 (c 0.28; H,O); mp
197-201°C}.

(8)-37: {yield: 52 mg (78%); [a]5: +4.0 (c 0.28; H,O); mp
196-201°C).

(85)-38: {yield: 104 mg (80%); [a]¥: —8.6 (c 0.46; H,O); mp
176-179°C}.

(8)-39: {yield: 111 mg (86%); [a]E: +3.3 (¢ 0.35; H,0O); mp
201-204°C}.
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-40: {yield: 109 mg (84%); [a]&: +5.3 (¢ 0.46; H,O); m
S)-40: {yield: 1 g ¥ +5 6; H,0); mp
185-188°C}.
-41: {yield: 57 m 0); [a]p: +3.8 (¢ 0.45; H,O); m
S)-41: {yield: 57 mg (91% ¥ +3.8(c 045 O p
191-193 °C with sublimation}.
-42: {yield: mg 0); [a]B: +1.5 (¢ 0.47; H,O); mp
S)-42: {yield: 108 81% ¥ +1.5(c04 O
164-168°C}.

Supporting Information

The spectroscopic and analytical data for racemates 1-7 and
enantiomers 15—42 are presented in the Supporting Informa-
tion.
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Abstract—The Lipolase-catalyzed ring opening of racemic 4-benzyl- 3 and 4-phenylethyl-2-azetidinone 4 was performed with 0.5 equiv
of H,O in diisopropyl ether at 45 °C. The resulting (S)-p-amino acid 5 or 6 (ee > 87%) and (R)-B-lactam 7 or 8 (ee >99%) enantiomers
could easily be separated. The ring opening of enantiomeric B-lactams with 18% aqueous HCI afforded the corresponding enantiopure

B-amino acid hydrochlorides 9 and 10 (ee >99%).
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, B-amino acids have aroused considerable
interest as potentially biologically active compounds.!
(S)-Homo-B-phenylalanine increases the p-type opioid
receptor affinity? and is a valuable building block for two
tripeptidomimics exhibiting angiotensin-converting enzyme
inhibitor activity® and an optically active poly(B-peptide).*
It has been tested as a catalyst in intra- and intermolecular
aldol reactions.’ (R)-Homo-B-phenylalanine derivatized
with a thiazolidine is a potent inhibitor of dipeptidyl pepti-
dase IV, which allows a novel therapeutic approach to the
treatment of diabetes type 2.° A photochemical application
is also known.” B-Phenylethyl-B-alanine has been applied
as a model compound in analytical studies® and its antisei-
zure activity has also been studied.® Valuable antiplatelet'”
and antiviral agents!' have been synthesized from the title
B-lactams.

Since their widespread investigation, over the last few years
a number of new enzymatic and asymmetric syntheses of p-
amino acids and B-lactams have been published most of
which have been reviewed.'? An important indirect enzy-
matic method for the preparation of B-amino acid enantio-
mers is the lipase-catalyzed asymmetric acylation of the
primary hydroxy group of the N-hydroxymethylated B-lac-
tams, or the lipase-catalyzed hydrolysis of the correspond-

* Corresponding author. Tel.: +36 62 544964; fax: +36 62 545705; e-mail:
forro@pharm.u-szeged.hu

0957-4166/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2007.11.016

ing ester derivatives, followed by ring opening to give the
desired B-amino acids.'®> We recently discovered a simple
and efficient direct enzymatic method for the enantioselec-
tive (E >200) ring cleavage of B-lactams.!* Later, the enan-
tioselective (E>200) ring opening of several 4-aryl-
substituted p-lactams was reported.'>

Herein, we report the lipase-catalyzed ring cleavage of 4-
benzyl- and 4-phenylethyl-2-azetidinones (+)-3 and (4)-4.

2. Results and discussion

The starting racemic B-lactams 3 and 4 were prepared by
the addition of chlorosulfonyl isocyanate to allylbenzene
1 or 4-phenyl-1-butene 2, according to a literature meth-
0d!%13d (Scheme 1).

O
| 1.CSlI
- 2.Na;SO; or NaHSO; - NH
1,n=1 (*)-3,n=1
2,n=2 (x)-4,n=2
Scheme 1.

The earlier results on the lipase-catalyzed enantioselective
hydrolysis of 4-aryl-substituted B-lactams'> suggested the
possibility of the enantioselective ring opening of (+£)-3
and (+)-4. Relatively low enantioselectivity (E = 12) was
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e} H,O

Lipolase
NH DIPE
n

=1

(i)_ s
(-4,

Scheme 2.

observed when the ring in (4)-4 was opened with H,O in
diisopropyl ether (DIPE), with Lipolase (30 mg/mL) as a
catalyst at 60 °C (Scheme 2).

To increase the enantioselectivity, several further enzymes
were tested. In addition to Lipolase (lipase B from Candida
antarctica, produced by submerged fermentation of a
genetically modified Aspergillus oryzae microorganism
and adsorbed on a macroporous resin), Chyrazyme L-2
and Novozym 435 (both lipase B from C. antarctica) also
proved to be promising catalysts, directing the hydrolysis
of (+)-4 with similar enantioselectivities (E ~ 12). Lipase
A from C. antarctica, lipase AY from Candida rugosa
and Lecitase did not show any reactivity at 45 °C (no con-
version after 24 h), while PPL (porcine pancreas lipase) and
lipase AK from Pseudomonas fluorescens catalyzed the
reaction at 45 °C, although the reaction rates and the
enantioselectivities were low (after 24 h, conv. ~ 3%,
E ~ 2). Therefore Lipolase was chosen as the enzyme for
further studies.

Next, we tested the ring-cleavage reactions of (+)-4 at dif-
ferent temperatures: 60, 50, 45, 40 and 30 °C. Decreasing
the reaction temperature also caused the reaction rate to
decrease as well, but without an increase in enantioselectiv-
ity (after 7 h, conv. =41% at 60 °C; 24% at 50 °C; 20% at
45°C; and 15% at 40 °C; after 5 days, conv.=61% at
30 °C). Thus, 45 °C was chosen as the optimal temperature.

Several solvents were also tested. No reaction was observed

after 24 h when the Lipolase (50 mg/mL)-catalyzed ring
cleavage of (4)-4 was performed in chloroform, tetrahy-

Table 1. Lipolase-catalyzed ring opening of (£)-3 and (+)-4

COOH 0}
Ok,
n NH2 HN n

S,n=1 7,n=1
6,n=2 8 n=2

drofuran or acetone. The reaction proceeded more slowly
in toluene (conv. = 19% after 24 h) and much more slowly
in 1,4-dioxane (conv.=4% after 24 h) than in DIPE
(conv. =58% after 24h), tert-butyl methyl ether
(conv. = 60% after 24 h), diethyl ether (conv. = 49% after
24 h) or n-hexane (conv. = 69% after 24 h). So we chose
to continue our studies in DIPE.

Certain additives can have a beneficial influence by increas-
ing the enantioselectivity and/or the reaction rate.'® As an
attempt, 1 equiv of triethylamine, 2-octanol and N,N-diiso-
propylethylamine were added to the reaction mixture.
However, no significant changes in the reaction rate or
enantioselectivity were observed (conv. ~ 57% after 24 h,
E ~ 10).

Since the enantioselective ring cleavage of some N-Boc-
protected cyclic B-lactams has been described,!” we synthe-
sized N-Boc-protected-(+)-4. Unfortunately, the Lipolase
(50 mg/mL)-catalyzed ring opening of N-Boc-(£)-4 at
45 °C did not give a better result (conv. = 94% after 24 h,
E=3).

On the basis of the preliminary results, we decided to per-
form the gram-scale resolutions of (+)-3 and (+)-4 in DIPE
with Lipolase as catalyst and H,O (0.5 equiv) as the nucleo-
phile at 45 °C. We planned to stop the reactions at about
25% conversion [ee(B-amino acids) ~60%], and then per-
form the reactions until about 85% conversion [ee(p-lac-
tams) ~90%], following recrystallization of the crude B-
amino acid and [-lactam enantiomers. The results are
shown in Table 1 and in Section 4.

Time (h) Conv. at workup (%) Enantiomer Yield (%) Isomer ee” (%) [oc]zD5
(£)-3 13 24 B-Amino acid 5 27 (S) 89°¢ 470
88 81 B-Lactam 7 36 (R) >99¢ +38.85f
(£)-4 11 29 B-Amino acid 6 31 (S) 87° 42402
22 89 B-Lactam 8 30 (R) >99d +19%0

@ After recrystallization.
® Specific rotations were measured with a Perkin—Elmer 341 polarimeter.

¢ According to HPLC [APEX Octadecyl 5 u column (0.04 cm X 25 cm); precolumn derivatization with (S)-NIFE according to the literature;'® the mobile
phases were H,O (A) and MeCN (B), both of which contained 0.1% TFA; the gradient slopes were 95% A + 5% B at 0 min, increased to 25% A + 75% B
within 60 min.; flow rate: 0.8 mL/min; room temperature; detection at 205 nm; retention times (min): 5, 38.69 (antipode: 39.67); 6, 40.00 (antipode:

40.90)].

4 According to GC [Chrompack Chirasil-L-Val column (25 m x 0.25 mm); 90 °C for 20 min (3) and 10 min (4) — 140 °C; temperature rise 5 °C/min;
140 kPa; retention times (min): 7, 35.77 (antipode: 36.66); 8, 38.52 (antipode: 39.27)].

¢ 0.2; HyO lit."” [o)5 = —8.5 (¢ 0.2, H,0) for (R)-5, ee = 95%.
¢ 0.65; CHCI, 1it."*® [4]% = +30.1 (¢ 0.65, CHCl3), ee = 98%.
0028 1t [a]h = —28.4 (¢ 0.56, H,0) for (R)-6, ee >99%; H,0.
b 0.21; CHClL,.
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The transformations involving the ring opening of B-lac-
tams 7 and 8 with 18% aqueous HCI afforded B-amino acid
hydrochlorides 9 and 10 (Scheme 3), while treatment of
amino acids 5 and 6 with 18% aqueous HCI resulted in
the corresponding B-amino acid hydrochlorides 5-HCI
and 6-HCIL.

0] COOH
E'// 18% HCI
©\<\‘)\ﬁ NH reflux In NH,: HCI
7, n=1 9, n=1
8, n=2 10,n=2
Scheme 3.

The absolute configurations were proven by comparing the
specific rotations with the literature data'3%1%-2° (Table 1).
Thus, the absolute configuration for 5 and 6 is (S), and for
7 and 8 it is (R).

3. Conclusion

In conclusion, 4-benzyl- and 4-phenylethyl-2-azetidinones
(£)-3 and (+£)-4 were resolved via opening of the B-lactam
ring in an organic medium. The Lipolase-catalyzed reac-
tions when H,O (0.5 equiv) was used as nucleophile in
DIPE at 45°C led to (S)-B-amino acids 5 and 6
(ee = 87%) and (R)-B-lactams 7 and 8 (ee >99%). The
products could be separated with ease. Transformations
of B-lactams 7 and 8 by ring opening with 18% aqueous
HCI gave the corresponding enantiomers of the B-amino
acid hydrochlorides 9 and 10 (ee >99%).

4. Experimental
4.1. Small-scale resolutions

In a small-scale experiment, (+)-4 (0.05M solution) in
DIPE (1 mL) was added to Lipolase (30 or 50 mg/mL).
H,O (0.5 equiv) was added. The mixture was shaken at
30, 40, 45, 50 or 60 °C. The progress of the reaction was
followed by taking samples from the mixture at intervals
and analyzing them by gas chromatography and HPLC
(Table 1).

4.2. Gram-scale resolution of racemic 4-benzyl-2-azetidinone
#*)-3

Racemic 3 (1.2 g, 7.44 mmol) was dissolved in DIPE
(40 mL). Lipolase (1.2 g, 30 mg/mL) and H,O (67 uL,
3.72 mmol) were added. The mixture was stirred at 45 °C
for 13 h. The reaction was stopped by filtering off the en-
zyme at 24% conversion. The solvent was evaporated off,
affording the unreacted B-lactam 7 (0.85g, 5.27 mmol,
ee = 18%). The filtered enzyme was washed with distilled
H,0 (3 x 20 mL), and the H,O was evaporated off, ¥ielding
the crystalline (S)-B-amino acid 5 {0.36 g, 27%; [o]5, = +7
(c 0.2; H,0); mp = 207-210 °C (recrystallized from H,O/

acetone); ee = 89%; lit.'° [o]> = —8.5 (¢ 0.2, H,0) for
(R)-5; mp = 222225 °C: ee — 95%).

To obtain B-lactam 7 with high ee, the above unreacted lac-
tam (0.85g) was dissolved in DIPE (30 mL). Lipolase
(0.8 g, 27mg/mL) and H,O (47 uL, 2.64 mmol) were
added. The mixture was stirred at 45 °C for 88 h. The reac-
tion was stopped by filtering off the enzyme at 81% conver-
sion. The solvent was evafl)orated off, affording (R)-f-
lactam 7 {0.43 g, 36%; [oc}DS = +38.8 (¢ 0.65; CHCI;);
mp = 67-69 °C (recrystallized from DIPE); ee >99%; lit.13d
[oc]D5 = +30.1 (¢ 0.65, CHCl;); ee = 98%}. When 5 (36 mg)
was treated with 18% HCI (5 mL), 5-HCI was obtained {38
mg, 88%; [u]> =46 (¢ 0.21; H,0); mp = 172-175 °C;
ee = 89%; lit.!*4 mp = 176-178 °C}.

'H NMR (D,0, 400 MHz) 6 (ppm) for 5: 2.40-2.46 (dd,
J=168, 82Hz, 1H, CH,CO,H), 2.52-2.57 (dd, J=
16.8, 4.9 Hz, 1H, CH,CO,H), 2.91-3.04 (m, 2H, CH,Ph),
3.73-3.76 (m, 1H, CH), 7.30-7.43 (m, SH, Ph).

'"H NMR (D0, 400 MHz) 6 (ppm) for 5-HCI: 2.66-2.82
(m, 2H, CH,CO), 3.03-3.05 (m, 2H, CH,Ph), 3.90-3.93
(m, 1H, CH), 7.32-7.45 (m, 5H, Ph).

'H NMR (CDCls, 400 MHz) § (ppm) for 7: 2.68-2.72 (d,
J=14.8 Hz, 1H), 2.82-2.87 (dd, J=13.6, 8.0 Hz, 1H),
2.95-3.00 (dd, J=13.7, 5.7Hz, 1H), 3.05-3.10 (m, 1H),
3.83-3.86 (m, 1H), 5.83 (br s, 1H), 7.17-7.35 (m, SH).

4.3. Gram-scale resolution of racemic 4-phenylethyl-2-aze-
tidinone (*)-4

With the procedure described above, the ring cleavage of
racemic 4 (0.8 g, 4.57 mmol) in DIPE (30 mL) in the pres-
ence of Lipolase (0.8 g, 27 mg/mL) and H,O (41 pL,
2.29 mmol) afforded (S)-B-amino acid 6 [0.27 g, 31%;
[a]2D5 = +24 (¢ 0.28; H,0); mp = 215-219 °C (recrystallized
from H,O/acetone); ee = 87%; lit.2° o] = —28.4 (¢ 0.56,
H,0) for (R)-6; mp =215-217 °C; ee >99%] in 11 h and
(R)-B-lactam 8 [0.24 g, 30%; [oc}]zj = +19 (¢ 0.21; CHCl;);
mp = 46-48 °C (recrystallized from DIPE); ee >99%)] in
22 h. When 6 (30 mg) was treated with 18% HCI (5 mL),
6:HCl was obtained [33mg, 92%; [o] = +12 (c 0.21;
H,0); mp = 150-152 °C; ee = 87%].

'"H NMR (D,0, 400 MHz) 6 (ppm) for 6: 1.96-2.02 (m,
2H), 2.45-2.52 (dd, J=16.8, 8.4 Hz, 1H), 2.61-2.67 (dd,
J=16.8, 4.6 Hz, 1H), 2.72-2.79 (m, 2H), 3.48-3.53 (m,
1H), 7.29-7.42 (m, 5H).

'H NMR (D,0, 400 MHz) § (ppm) for 6HCI: 2.00-2.05
(m, 2H), 2.69-2.86 (m, 4H), 3.62 (m, 1H), 7.28-7.41 (m,
SH).

'"H NMR (CDCl;, 400 MHz) § (ppm) for 8: 1.94-2.00 (dd,
J=14.5, 7.5 Hz, 2H, CH,Ph), 2.55-2.59 (d, J = 14.8 Hz,
1H, CHH), 2.64-2.73 (m, 2H, CH,), 3.02-3.08 (m, 1H,
CHH), 3.61-3.65 (m, 1H, CH), 5.67 (br s, 1H, NH),
7.16-7.32 (m, 5H, Ph).
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4.4. Ring opening of B-lactam enantiomers 7 and 8

Compounds 7 (50 mg) or 8 (25 mg) were refluxed in 18%
HCI (10 mL) for 3 h. The solvent was evaporated off to af-
ford 9 [60 mg, 90%; [1]12)5 = —8 (¢ 0.11; H,O); mp = 182-
185 °C; ee >99%] or 10 {26 mg, 79%; [oc},zq =—15(c 0.21;
H,0); mp = 146-148 °C; ee >99%}. The "H NMR (H,O0,
400 MHz) 6 (ppm) data for 9 and 10 are similar to those
for S-HCI and 6-HCL.
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good yields of >40%.

An efficient synthesis of B-aryl-p-amino acid enantiomers has been developed via the lipase-catalysed
enantioselective hydrolysis of the corresponding racemic ethyl esters in an organic solvent. High enantio-
selectivities (E >100) were observed when the lipase PS-catalysed reactions were performed with H,O
(0.5 equiv) in diisopropyl ether at 45 °C. The products could be easily separated and were obtained in

© 2008 Published by Elsevier Ltd.

1. Introduction

B-Amino acids, including p-aryl-substituted p-amino acids, are
widely used in drug research, and their pharmacological signifi-
cance has been described.! There are several methods for the syn-
thesis of enantiopure B-aryl-p-amino acids, such as (i) the
enantioselective reduction of a p-enamino ester;? (ii) the addition
of a chiral sulfoxide to a substituted N-sulfonylimine;> (iii) an
asymmetric catalytic Mannich reaction;* (iv) the conjugate addi-
tion of a chiral lithium amide to a p-aryl o,p-unsaturated ester;>
(v) the reaction of a Reformatsky reagent with an imine;® or (vi)
the preparation of a diastereomeric salt.” In addition to asymmetric
synthetic routes,>~” enzyme-catalysed processes have been devel-
oped through (i) the transesterification of an N-protected ester in
isobutanol;® (ii) stereoselective degradation of a racemic amino
acid;® (iii) hydrolysis of a racemic p-amino ester;° (iv) hydrolysis
of a racemic N-acetylated B-amino acid;!" or (v) an aminomutase-
catalysed o,p-rearrangement'? in aqueous medium.

We recently reported some direct and indirect enzymatic meth-
ods for the preparation of enantiomers of B-phenylalanine or its
derivatives from racemic p-lactams.!® Previously, we devised the
first direct enzymatic highly enantioselective (E >100) hydrolysis
of carbocyclic p-amino esters in i-Pr,0 with Lipolase at 60 °C.'*

Herein, our goal was to extend this method to B-aryl-substi-
tuted B-amino esters, hydrolysing them to enantiopure B-aryl-p-
amino acids. B-Phenylalanine was chosen as the model compound.
There are complex structures which include an (R)- or (S)-B-phen-
ylalanine 6a or 7a moiety. For example, 6a has been inserted into

* Corresponding authors. Tel.: +36 62 545564; fax: +36 62 545705 (F.F.).
E-mail addresses: Forro.Eniko@pharm.u-szeged.hu (E. Forrd), fulop@pharm.
u-szeged.hu (F. Fulop).

0957-4166/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.tetasy.2008.08.009

NS5B polymerase inhibitors against the hepatitis C virus,'” anti-
inflammatory bradykinin B1 receptor antagonists,'® anticancer
matrix metalloproteinase (MMP-12) inhibitors'” or analgesic
endomorphin-1 analogue tetrapeptides.'® (S)-p-Phenylalanine 7a
has been applied in the synthesis of novel antibiotics.'® In addition
to B-phenylalanine, we set out to prepare B-amino acid enantio-
mers with pharmaceutical potential. (S)-3-Amino-3-(3-fluoro-
phenyl)propanoic acid 7b was used to obtain chemokine receptor
(CCR5) antagonists with anti-inflammatory and anti-HIV effects.?’
The (R)-isomer of 3-amino-3-(3,5-dichlorophenyl)propanoic acid
6¢ was investigated as part of an integrin receptor o,B; antago-
nist.! This receptor is an interesting therapeutic target in the
treatment of osteoporosis, restenosis, cancer growth and metasta-
sis formation. Several VLA-4 integrin receptor antagonists have
been synthetized, including the (S)-3-amino-3-(3,4-dimethoxy-
phenyl)propanoic acid 7d unit, and used against inflammatory
and autoimmune diseases.?? One non-peptide bradykinin B1
receptor antagonist with anti-inflammatory and analgesic effects
contains an (R)-3-amino-3-benzo[1,3]dioxol-5-ylpropanoic acid
6e moiety.?

2. Results and discussion
2.1. Syntheses of ethyl 3-amino-3-arylpropanoates 3a-e

The racemic compounds 2a-e were first synthesized by a mod-
ified Rodionov synthesis from the corresponding 1a-e through
condensation with malonic acid and in the presence of NH,OAc,
the mixture was heated at reflux in EtOH (Scheme 1).''¢ Com-
pounds 3a-e-HCl were prepared by the esterification of 2a-e in
the presence of SOCI,. The free bases 3a-e were then liberated
by treatment of 3a-e-HCl with aqueous KOH.
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COOH COOEt
[¢] NH4OAc
)j\ CH,(COOH), 1. SOCl,, EtOH
Ar H  EtOH, reflux Ar NH, 2.aq. KOH Ar NH,
la-e 2a-e 3a-e

©/ Cl MeoD/ <o :
MeO o
Cl
a b [ d e

Scheme 1. Synthesis of 3a-e.

2.2. Lipase-catalysed enantioselective ring cleavage of 3a-e

Previous results'* on the lipase-catalysed enantioselective
hydrolysis of carbocyclic B-amino esters suggested the possibility
of the enantioselective hydrolysis of 3a-e with 0.5 equiv of H,0O
in the presence of Lipolase (CAL-B) in i-Pr,0 at 60 °C. Since Lipolase
did not exhibit any selectivity towards 3a, further enzymes were
screened, including lipase PS (Pseudomonas cepacia), PPL (porcine
pancreatic lipase), lipase AK (Pseudomonas fluorescens), lipase AY
(Candida rugosa) and Chirazyme L-5 (lipase A from Candida antarc-
tica) (Table 1).

Table 1
Conversion and enantioselectivity of the hydrolysis of 3a®
Entry  Enzyme H,0 T(°C) t(h) Conv. eed ee,S E
(50mgmL™")  (equiv) (%) (%) (%)

1 PPL 0.5 45 5 43 66 88 31
2 lipase AK? 0.5 45 5 43 67 89 35
3 Lipase PS¢ 0.5 25 6 49 92  >99  >200
4 Lipase PS¢ 0.5 45 5 49 96 >99  >200
5 Lipase PS¢ - 45 2 46 85 >99  >200
6 Lipase PS¢ 1 45 2 48 93 >99  >200
7 Lipase PS¢ 2 45 2 50 99 >99  >200
8 Lipase PS¢ 5 45 2 50 >99  >99  >200

2 0.05 M substrate, 1 mL i-Pr,0.

b According to GC after derivatization (Section 4).

¢ According to GC after double derivatization (Section 4).

d

Contains 20% (w/w) lipase adsorbed on Celite in the presence of sucrose.

A key issue was to develop a simple analytical method allowing
the progress of the reactions to be followed. The unreacted amino
ester and the product amino acid were detected in the same run by
GC on a chiral column, where the hydrolysed amino acid was
derivatized (Section 4).

All enzymes were active in the presence of 0.5 equiv of H,O in i-
Pr,0 at 45 °C, but lipase AY and Chirazyme L-5 did not exhibit any
selectivity towards 3a, while PPL and lipase AK catalysed the reac-
tion with moderate enantioselectivities (entries 1 and 2). Lipase PS
directed the hydrolysis with excellent enantioselectivity (E >200)
(entry 4). When the lipase PS-catalysed hydrolysis of 3a was per-
formed at 25 °C, a slight decrease in the reaction rate was observed
(entry 3).

Next, we analysed the effects of the amount of added H,O on
the enantioselectivity and the reaction rate. The added H,O
amount (1-5 equiv) apparently did not affect the enantioselectivi-
ty (E >200) or the reaction rate (Table 1, entries 6, 7 and 8), but
when an i-Pr,0/H,0 1/1 (v/v) mixture was used, a dramatic de-
crease in the enantioselectivity was observed (E = 30). In a small-
scale experiment, the hydrolysis of 3a was complete, even without
the addition of H,O (entry 5). In this case, the H,O originated from
the reaction medium (<0.1%) or from the enzyme preparation
(<5%).

Next, we analysed the effect of the solvent (Table 2). All the sol-
vents tested proved to be suitable for the enantioselective (E >200)
hydrolysis of 3a, with significant differences in the reaction rate.
The highest reaction rates were observed in i-Pr,0, t-BuOMe and
n-hexane (entries 1, 2 and 4), while the hydrolysis was slowest
in CHCl3 (entry 7). We chose to continue our experiments with i-
Pr20.

Table 2

Effect of solvents on the hydrolysis of 3a®

Entry Solvent (1 mL) Conwv. (%) ee,” (%) eey” (%) E

1 i-Pr20 49 96 >99 >200
2 t-BuOMe 48 92 >99 >200
3 Et,0 39 63 >99 >200
4 n-Hexane 50 98 >99 >200
5 Toluene 38 60 >99 >200
6 1,4-Dioxane 26 34 >99 >200
7 CHCl5 4 4 >99 >200
8 THF 14 16 >99 >200
9 Me,CO 13 15 >99 >200

0.05 M substrate, 0.5 equiv. of H,0, 50 mg mL~" lipase PSY, after 5 h.
According to GC after derivatization.

According to GC after double derivatization.

Contains 20% (w/w) lipase adsorbed on Celite in the presence of sucrose.

The reaction rate for the hydrolysis of 3a clearly increased as
the amount of enzyme was increased (Table 3). The highest reac-
tion rate was observed in the presence of 75 mg mL™! lipase PS
(entry 6). However, for economic reasons, 30 mg mL™' lipase PS
was chosen for the preparative-scale resolutions of 3a-e.

Table 3
Effect of the quantity of lipase PS on the hydrolysis of 3a*

Entry Lipase PSY (mgmL~')  Conv. (%) ee’ (%)  eey (%) E
1 10 17 (45 after 24 h) 20 >99 >200
2 20 27 36 >99 >200
3 30 31 45 >99 >200
4 40 35 54 >99 >200
5 50 38 60 >99 >200
6 75 45 82 >99 >200

4 0.05 M substrate, 0.5 equiv of H,0, 1 mL i-Pr,0, after 1 h.

b According to GC after derivatization.

¢ According to GC after double derivatization.

d

Contains 20% (w/w) lipase adsorbed on Celite in the presence of sucrose.

In view of the results of the preliminary experiments, the
preparative-scale resolutions of 3a-e were performed with
0.5 equiv of H,0 in the presence of lipase PS in i-Pr,0 at 45 °C.
The products were characterized by a good enantiomeric excess
at close to 50% conversion. The results are reported in Table 4
and in Section 4.

2.3. Transformations of the enantiomers

The transformations involving the hydrolysis of 4a-e with
aqueous HCl afforded 6a—e-HCI (ee > 97%) (Scheme 2). Treatment
of 5a-e with 22% HCI/EtOH resulted in the corresponding enantio-
pure 7a-e-HCl (ee >99%).

The absolute configurations in the cases of 5a, 5d and 5¢ were
proved by comparing the [o] values with literature data (Section
4), while for 5b and 5c¢ the chromatograms analysed indicated
the same enantiopreference for all the enzymes applied. Thus,
the absolute configurations indicated the (S)-selective hydrolysis
of 3a-e. Although the enantiomers 5b'° and the ethyl ester of
5¢?4 have been prepared, physical data for them (specific rotations
and melting points) have not been described. It should be
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Table 4
Lipase PS-catalysed hydrolysis of 3a-e*

Asymmetry 19 (2008) 2072-2077

Time (h) Conv. (%) E B-Amino acid-HCI (6a-e) B-Amino acid (5a-e)
Yield (%) Isomer eeP (%) []% (H,0) Yield (%) Isomer eeC (%) (4% (H,0)
3a 22 50 >200 44 (R) >99 —44 44 (S) >99 —ge
3b 23 49 >200 40 (R) >99 —6.5 40 (S) >99 -1.8%
3c 74 50 139 43 (R) >99 -5.1" 44 S) >99 —5.5¢
3d 18 50 >200 41 (R) >99 -7.9' 41 (S) >99 +1.30
3e 16 52 110 44 (R) 97 —8.4% 46 (S) >99 +44
3 30 mg mL~! enzyme in i-Pr,0, 0.5 equiv H,0, 45 °C.
> According to GC after derivatization.
¢ According to GC after double derivatization.
d¢c=03.
€ c=027.
fc=031.
8 c=0.38.
" c=034.
' c=032.
Jc=0.51.
K c=033.
0 fermentation of a genetically modified Aspergillus oryzae microor-
COOEL e PS COOEt  HOOC ganism and adsorbed on a macroporous resin) and PPL (type II)
Ji T (Rji . j\(s) were from Sigma, and Chirazyme L-5 (lipase B from C. antarctica)
Ar NH, 45 2C Ar NH, HN Ar was from Novo Nordisk. Before use, lipase PS, lipase AK and CAL-
3a-e dace Sa-e A (5 g) were dissolved in Tris-HCI buffer (0.02 M; pH 7.8) in the
presence of sucrose (3 g), followed by adsorption on Celite (17 g)
\ 18% aq. HCI \ 22% HCI/EtOH (Sigma). Substituted benzaldehydes were from Aldrich, except for
A 3,5-dichlorobenzaldehyde, which was from Fluorochem. The sol-
vents were of the highest analytical grade.
COOE HOOC Optical rotations were measured with a Perkin—-Elmer 341
polarimeter. 'H NMR and >C NMR spectra were recorded on a
(R) (S) Bruker Avance DRX 400 spectrometer. Melting points were
Ar NH,-HCI HCI-H,N 'Ar determined on a Kofler apparatus. Elemental analyses (CHN)
face Tace corresponded closely (within £3%) with the calculated ones in all

Scheme 2. Lipase PS-catalysed enantioselective hydrolysis of 3a-e (for the
meanings of a-e, see Scheme 1).

mentioned that lipase PS demonstrated the opposite selectivity in
the hydrolysis of 3a-e as compared with the CAL-B-catalysed
enantioselective ring-opening of 4-aryl-substituted B-lactams,
which was R-selective.!>¢

3. Conclusions

A simple and efficient direct enzymatic method has been devel-
oped for the synthesis of pharmacologically valuable, optically
active B-aryl-substituted pB-amino acids via the enantioselective
hydrolysis of the corresponding racemic B-amino esters in an
organic medium. The lipase PS-catalysed (S)-selective hydrolysis
of 3a-e with H,O (0.5 equiv) as a nucleophile in i-Pr,0 at 45 °C
led to enantiomers of 4a-e (ee > 97%) and 5a-e (ee >99%) with
high enantioselectivities (E >100) in good chemical yields
(40-46%). The products could be easily separated. Transformations
of 4a-e with 18% aqueous HCI resulted in the enantiomers of
6a-e-HCl (ee > 97%).

4. Experimental
4.1. Materials and methods

Lipase PS and lipase AK were from Amano Pharmaceuticals,
Lipolase (lipase B from C. antarctica was produced by submerged

cases.

The ee values for the unreacted B-amino ester and the p-amino
acid enantiomers produced were determined by GC on a Chirasil-L-
Val column (20 m) after double derivatization with (i) CH,N, [Cau-
tion! derivatization with CH,N; should be performed under a well-
working hood]; (ii) Ac;0 in the presence of 4-dimethylaminopyri-
dine and pyridine [100 °C for 10 min—150 °C (temperature rise
10 °C min~"), 140 kPa; retention times (min); 4a: 23.16 (antipode:
23.65); 5a: 21.11 (antipode: 20.80); 120 °C for 10 min—190 °C
(temperature rise 10°Cmin~'), 140 kPa; 4b: 16.32 (antipode:
16.45); 5b: 15.81 (antipode: 15.69); 130°C for 10 min—160 °C
(temperature rise 10°Cmin~'), 140 kPa; 4c: 40.59 (antipode:
42.29); 5c: 37.60 (antipode: 36.06); 4d: 56.58 (antipode: 58.20);
5d: 48.42 (antipode: 47.39); 4e: 43.33 (antipode: 45.00); 5e:
38.17 (antipode: 37.06)].

4.2. General procedure for the syntheses of racemic g-amino
acids 2a-e

Compounds 2a-e were prepared by a slightly modified litera-
ture method''® based on the modified Rodionov synthesis from
the corresponding 1a-e (5 mmol) through condensation with
malonic acid (2 equiv) in the presence of NH4Ac (2 equiv) in EtOH
at reflux for 6 h. The resulting precipitated crystals were filtered
off, washed with Me,CO and recrystallized from H,O and Me,CO.

4.2.1. (*)-3-Amino-3-phenylpropanoic acid 2a

Yield: 0.46 g (56%); mp 235-235 °C (lit.2> mp 220-222 °C). The
'H NMR and '3C NMR data are in accordance with those reported in
the literature.?
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4.2.2. (*)-3-Amino-3-(3-fluorophenyl)propanoic acid 2b
Yield: 0.52 g (57%); mp 237-239 °C. The '"H NMR and *C NMR
data are in accordance with those reported in the literature.!®

4.2.3. (*)-3-Amino-3-(3,5-dichlorophenyl)propanoic acid 2c

Yield: 0.51 g (44%); mp 225-228 °C. "H NMR (400 MHz, DMSO-
ds) 6 (ppm): 2.74-2.88 (2H, m, CH,), 4.59-4.63 (1H, m, CH), 7.41
(2H, m, Ar), 7.53 (1H, m, Ar). '*C NMR (100.62 MHz, DMSO-dg) 6
(ppm): 40.2, 51.7, 125.6, 129.0, 134.9, 139.5, 176.7.

4.24. (*)-3-Amino-3-(3,4-dimethoxyphenyl)propanoic acid 2d

Yield: 0.52 g (46%); mp 238-240 °C (lit.26 mp 248-249 °C). The
'H NMR and 3C NMR data are in accordance with those reported in
the literature.?’

4.2.5. (*)-3-Amino-3-benzo[1,3]dioxol-5-ylpropanoic acid 2e
Yield: 0.54 g (52%); mp 230-233 °C. The 'H NMR and '>C NMR
data are in accordance with those reported in the literature.””

4.3. General procedure for the syntheses of racemic p-amino
esters 3a-e

To 40 mL of EtOH was added dropwise 0.55 mL of SOCl,, with
the temperature being kept under —-10 °C with saline ice. To this
solution, 2a-e (5 mmol) were added. The mixture was stirred at
0 °C for 30 min, and then at room temperature for 3 h, and finally
heated at reflux for 1 h. The solvent was evaporated off and the
resulting 3a-e-HCl were recrystallized from EtOH and Et,0. Treat-
ment of 3a-e-HCl with aqueous KOH resulted in the free 3a-e as
pale-yellow oils.

4.3.1. Hydrochloride salt of ethyl (*)-3-amino-3-phenyl-
propanoate 3a-HCl

Yield: 1.05 g (91%); mp 141-144 °C (lit.2> mp 138-141 °C). The
'H NMR and 3C NMR data are in accordance with those reported in
the literature.?

4.3.2. Hydrochloride salt of ethyl (*)-3-amino-3-(3-fluoro-
phenyl)propanoate hydrochloride 3b-HCI

Yield: 1.14 g (92%); mp 148-151°C. The 'H NMR data are in
accordance with those reported in the literature.?® >C NMR
(100.62 MHz, D,0) ¢ (ppm): 13.6, 38.4, 51.5, 62.9, 114.5, 114.7,
116.9, 117.1, 131.8, 131.8, 137.2, 161.5, 164.0, 171.3.

4.3.3. Hydrochloride salt of ethyl (*)-3-amino-3-(3,5-
dichlorophenyl)propanoate hydrochloride 3c-HCl

Yield: 1.22 g (82%); mp 180-185 °C. '"H NMR (400 MHz, D,0) &
(ppm): 1.13-1.17 (3H, t, J=7.16 Hz, CH3), 3.06-3.21 (2H, m,
CH,CO), 4.08-4.15 (2H, m, CH,CH3), 4.77-4.81 (1H, t, J=7.27 Hz,
CH), 7.44-7.45 (2H, m, Ar), 7.54 (1H, m, Ar). 3C NMR
(100.62 MHz, D,0) ¢ (ppm): 13.6, 38.2, 51.0, 62.9, 126.4, 130.1,
135.8, 138.7, 171.5.

4.3.4. Hydrochloride salt of ethyl (*)-3-amino-3-(3,4-
dimethoxyphenyl)propanoate hydrochloride 3d-HCI1

Yield: 1.27 g (88%); mp 218-221 °C (lit.2° mp 206-208 °C). 'H
NMR (400 MHz, D,0) § (ppm): 1.10-1.14 (3H, t, J = 7.15 Hz, CHs),
3.05-3.21 (2H, m, CH,CO), 3.84 (1H, s, OCH;), 3.86 (1H, s, OCHs),
4.07-4.12 (2H, m, CH,CH3), 4.73-4.76 (1H, t, J=7.44Hz, CH),
7.04-7.09 (3H, m, Ar). '3C NMR (100.62 MHz, D,0) é (ppm): 13.1,
37.9, 51.1, 55.8, 62.2, 110.5, 112.2, 120.5, 128.1, 148.6, 171.4.

4.3.5. Hydrochloride salt of ethyl (*)-3-amino-3-
benzo[1,3]dioxol-5-ylpropanoate hydrochloride 3e-HCl

Yield: 1.26 g (92%); mp 189-191 °C. 'H NMR (400 MHz, D,0) §
(ppm): 1.10-1.13 (3H, t, J=7.15Hz, CH3), 3.00-3.15 (2H, m,

CH,CO), 4.05-4.11 (2H, m, CH,CH3), 4.68-4.70 (1H, t, J = 7.48 Hz,
CH), 596 (2H, s, OCH,0), 6.88-6.94 (3H, m, Ar). '°C NMR
(100.62 MHz, D,0) & (ppm): 13.2, 37.9, 51.5, 62.5, 101.6, 107.3,
121.5, 128.6, 148.2, 171.6.

4.4. Typical small-scale enzyme tests

Racemic 3a (0.05M solution) in an organic solvent or H,0
(1 mL) was added to the enzyme tested (10, 20, 30, 40, 50 or
75 mg mL™ 1), followed by H,0 (0, 0.5, 1, 2 or 15 equiv). The mix-
ture was shaken at either 3, 25, 45 or 60 °C. The progress of the
reaction was followed by taking samples from the reaction mixture
at intervals and analysing them by GC.

4.5. General procedure for the preparative-scale resolutions of
3a-e

Racemic compounds 3a-e (3 mmol) were dissolved in i-Pr,0
(25 mL). Lipase PS (0.75 g, 30 mg mL~') and H,0 (27 puL, 1.5 mmol)
were added and the mixture was shaken in an incubator shaker at
45 °C for 16-74 h (Table 4). The reaction was stopped by filtering
off the enzyme at 50% conversion. The solvent was evaporated
off and the residues (R)-4a-e were immediately hydrolysed by
refluxing (5 h) with 18% aqueous HCI solution (6 mL) to give (R)-
6a-e-HCl (in the case of 3e, the unreacted 4e was hydrolysed by
shaking at room temperature for 12 h with 3.6% aqueous HCl solu-
tion). The filtered off enzyme was washed with distilled H,0
(3 x 15 mL), and the H,0 was evaporated off, yielding the crystal-
line (S)-5a-e.

When (S)-5a-e (50 mg) were treated with 22% HCI/EtOH (5 mL),
(S)-7a-e-HCI were obtained.

4.5.1. Hydrochloride salt of (R)-3-amino-3-phenylpropanoic
acid 6a

Yield: 266 mg (44%); recrystallized from EtOH and Et,0;
[)%3 = —4 (c 0.3, H,0) {lit."*¢ [o]® = =3 (c 0.3, H,0)}; mp 195-
198 °C (lit.">¢ mp 195-198 °C); ee >99%. The 'H NMR data for 6a
are in accordance with those reported in the literature.!>¢ 13C
NMR (100.62 MHz, D,0) § (ppm): 38.3, 52.0, 127.5, 129.8, 130.1,
135.6, 174.1.

4.5.2. (S)-3-Amino-3-phenylpropanoic acid 5a

Yield: 218 mg (44%); recrystallized from H,O and Me,CO;
[ = —8 (c 0.27; Hy0) {lit.">¢ [&)® = +7 (c 0.27, H,0) for (R)-
5a); mp 251-253°C (lit.'* mp 242-246 °C); ee >99%. The 'H
NMR (400 MHz, D,0) and '>C NMR (100.62 MHz, D,0) é (ppm)
data for 5a are similar to those for 2a.

4.5.3. Hydrochloride salt of (S)-3-amino-3-phenylpropanoic
acid 7a

Quantitative yield; [¢]2 = +4 (c 0.3, H,0) {lit."*° [0)3 = +3 (c
0.28; H,0)}; mp 197-200°C (lit."*¢ mp 197-201 °C); ee >99%.
The 'H NMR (400 MHz, D,0) and '>C NMR (100.62 MHz, D,0) &
(ppm) data for 7a are similar to those for 6a.

4.5.4. Hydrochloride salt of (R)-3-amino-3-(3-fluoro-
phenyl)propanoic acid 6b

Yield: 264 mg (40%); recrystallized from EtOH and Et,O;
[)5 = —6.5 (c 0.31, H,0); mp 181-190°C (slow melting); ee
>99%. The 'H NMR data for 6b are in accordance with those re-
ported in the literature3® >C NMR (100.62 MHz, D,0) ¢ (ppm):
38.1, 51.5, 114.4, 114.7, 116.8, 117.1, 1234, 131.7, 131.8, 137.9,
164.3, 173.9.
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4.5.5. (S)-3-Amino-3-(3-fluorophenyl)propanoic acid 5b

Yield: 220 mg (40%); recrystallized from H,O and Me,CO;
[#)3 = —1.8 (c 0.38, H,0); mp 226-229 °C; ee >99%. The 'H NMR
(400 MHz, D,0) and *C NMR (100.62 MHz, D,0) é (ppm) data
for 5b are similar to those for 2b.

4.5.6. Hydrochloride salt of (S)-3-amino-3-(3-fluoro-
phenyl)propanoic acid 7b

Quantitative yield; [oc]f)5 =+5.7 (c 0.31, H,0); mp 185-194 °C
(slow melting); ee >99%. The 'H NMR (400 MHz, D,0) and *C
NMR (100.62 MHz, D,0) ¢ (ppm) data for 7b are similar to those
for 6b.

4.5.7. Hydrochloride salt of (R)-3-amino-3-(3,5-dichloro-
phenyl)propanoic acid 6c

Yield: 349 mg (43%); recrystallized from EtOH and Et,0;
[#)3 = —5.1 (c 0.34, H,0); mp 208-210°C; ee=97% 'H NMR
(400 MHz, D,0) § (ppm): 3.07-3.13 (2H, m, CH,), 4.74-4.78 (1H,
t, J=7.04 Hz, CH), 7.45 (2H, m, Ar), 7.56 (1H, m, Ar). '>*C NMR
(100.62 MHz, D,0) ¢ (ppm): 37.7, 50.8, 125.8, 129.7, 135.2, 138.5,
173.4.

4.5.8. (S)-3-Amino-3-(3,5-dichlorophenyl)propanoic acid 5c¢

Yield: 309 mg (44%); recrystallized from H,O and Me,CO;
[rx]ff = —5.5 (¢ 0.38, H,0); mp 219-221 °C; ee >99%. The 'H NMR
(400 MHz, D,0) and >C NMR (100.62 MHz, D,0) ¢ (ppm) data
for 5c¢ are similar to those for 2c.

4.5.9. Hydrochloride salt of (S)-3-amino-3-(3,5-
dichlorophenyl)propanoic acid 7c

Quantitative yield; [«]3 = +5.7 (c 0.34, H,0); mp 212-214°C;
ee >99%. The 'H NMR (400 MHz, D,0) and *C NMR (100.62 MHz,
D,0) 6 (ppm) data for 7c are similar to those for 6c.

4.5.10. Hydrochloride salt of (R)-3-amino-3-(3,4-
dimethoxyphenyl)propanoic acid 6d

Yield: 322 mg (41%); recrystallized from EtOH and Et;0;
[0)5 = =79 (c 0.32, Hy0); mp 178-181°C; ee >99%. 'H NMR
(400 MHz, D,0) 6 (ppm): 2.98-3.14 (2H, m, CH;), 3.79-3.80 (3H,
d, J=3.3 Hz, OCH3), 3.81-3.82 (3H, d, J = 2.1 Hz, OCH3), 4.68-4.70
(1H, m, CH), 7.02-7.04 (3H, m, Ar). '3C NMR (100.62 MHz, D,0) ¢
(ppm): 38.3, 51.8, 56.2, 56.3, 111.0, 112.6, 120.7, 128.6, 148.9,
149.4, 174.1.

4.5.11. (S)-3-Amino-3-(3,4-dimethoxyphenyl)propanoic acid 5d

Yield: 277 mg (41%); recrystallized from H,O and Me,CO;
[0 = +1.3 (c 051, H,0) {lit.>® [¢)3 = +0.9 (c 0.7, H,0)}; mp
224-229°C (lit>® mp 216-219°C); ee >99%. The 'H NMR
(400 MHz, D,0) and 3C NMR (100.62 MHz, D,0) ¢ (ppm) data
for 5d are similar to those for 2d.

4.5.12. Hydrochloride salt of (S)-3-amino-3-(3,4-
dimethoxyphenyl)propanoic acid 7d

Quantitative yield; [¢]2’ = +7.2 (c 0.315, H,0); mp 177-181 °C;
ee >99%. The 'H NMR (400 MHz, D,0) and '>C NMR (100.62 MHz,
D,0) 6 (ppm) data for 7d are similar to those for 6d.

4.5.13. Hydrochloride salt of (R)-3-amino-3-benzo[1,3]dioxol-
5-ylpropanoic acid 6e

Yield: 324 mg (44%); recrystallized from EtOH and Et,0;
[#)3 = —8.4 (c 0.33, H,0); mp 203-207 °C; ee = 97%. The '"H NMR
data for 6e are in accordance with those reported in the litera-
ture3! 13C NMR (100.62 MHz, D,0) ¢ (ppm): 38.0, 51.5, 101.9,
107.5,109.2, 121.7, 129.4, 148.4, 173.8.

4.5.14. (S)-3-Amino-3-benzo[1,3]dioxol-5-ylpropanoic acid 5e

Yield: 289 mg (46%); recrystallized from H,O and Me,CO;
[0)3 = +4 (c 0.3, H,0) {1it.>® [¢)3 = +42.4 (c 0.3, H,0)}; mp 231-
234 °C (lit.>® mp 219-220°C); ee >99%. The 'H NMR (400 MHz,
D,0) and '*C NMR (100.62 MHz, D-0) 5 (ppm) data for 5e are sim-
ilar to those for 2e.

4.5.15. Hydrochloride salt of (S)-3-amino-3-benzo[1,3]dioxol-5-
ylpropanoic acid 7e

Quantitative yield; o] = +8.9 (c 0.33, H,0); mp 204-208 °C;
ee >99%. The 'H NMR (400 MHz, D,0) and '>C NMR (100.62 MHz,
D,0) ¢ (ppm) data for 7e are similar to those for 6e.
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The enantioselective (E >200) lipase PS-catalysed hydrolysis of B-heteroaryl--amino esters is described.
The reactions were performed with H,0 (0.5 equiv) in either diisopropyl ether or tert-butyl methyl ether
at 25 °C. The resulting B-heteroaryl-substituted B-amino acid enantiomers were formed in high enantio-
meric excess (ee > 97%) and in good yield (>40%).

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In view of their successful applications in peptidomimetics and
as valuable building blocks, p-amino acids are currently a focus of
pharmaceutical research.! p-Heteroaryl-substituted p-amino acids
have wide-ranging potential applications as indicated by the follow-
ing examples. A substituted (R)-3-amino-3-(2-pyridyl)propionic
acid 6f moiety has been identified as the p-amino acid component
of kedarcidin, a potent antitumour antibiotic.> Additionally, the
synthetic 1-azatyrosine analogue methyl (R)-3-amino-3-(5-hydro-
xy-2-pyridyl)propanoate is an important compound in anticancer
research. Several promising antithrombotic fibrinogen receptor
antagonists contain a B-heteroaryl-p-amino acid unit. A valuable
member of this family is elarofiban (RWJ-53308), which contains
(S)-3-amino-3-(3-pyridyl)propionic acid 7a.* Elarofiban has pro-
gressed successfully through human phase Il clinical trials involving
oral or intravenous administration.*® Compound 7a has also been
used in the synthesis of a peptidomimetic o, B3-receptor antagonist
which could be a valuable agent in the treatment of osteoporosis.’
(R)-3-Amino-3-(3-pyridyl)propionic acid 6a has been tested as a
component of an inhibitor of hepatitis C virus (HCV) NS5B polymer-
ase, a valid target for antiviral therapy against HCV.® Acylated (R)-3-
amino-3-(4-methoxy-3-pyridyl)propionic acid has been described
as a potent, specific and orally bioavailable antagonist of VLA-4.
Therapeutic targets for this receptor include asthma, rheumatoid
arthritis, multiple sclerosis and inflammatory bowel disease. More-
over, several heteroaromatic taxanes have been prepared and dis-
play good to excellent activity in a microtubule assembly assay in
comparison with paclitaxel.?

The development of new enantioselective approaches for the
preparation of heteroaryl-substituted B-amino acid enantiomers
is of high priority, even if numerous asymmetric strategies have

* Corresponding authors. Tel.: +36 62 545564; fax: +36 62 545705 (F.F.).
E-mail addresses: Forro.Eniko@pharm.u-szeged.hu (E. Forré), fulop@pharm.u-sz
eged.hu (F. Fulop).

0957-4166/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetasy.2009.06.019

been described, for example, (i) asymmetric Mannich reactions;®
(ii) stereoselective reductions of an enamine;'° (iii) preparation
of a diastereomeric salt with (1R,2S)-ephedrine or quinine;!! (iv)
enolate additions to a chiral imine;'? (v) addition of a Reformatsky
reagent to a chiral imine;'? (vi) Michael addition to an o,B-unsatu-
rated ester;'* or (vii) ozonolysis of a chiral N-acylated allylamine.'®

In addition to the asymmetric methods,®~!> a number of enzy-
matic studies have been reported for the preparation of B-aryl- and
B-heteroaryl-B-amino acid enantiomers. As an example, we initially
performed the indirect enantioselective resolution of acyclic p-lac-
tams through the acylation of N-hydroxymethyl-p-lactams and
hydrolysis of the corresponding N-hydroxymethyl esters,'® fol-
lowed by ring opening of the enantiomeric lactams with aqueous
HCL. Next, we devised a direct enzymatic method for the enantiose-
lective ring cleavage of p-lactams.!”? Later, we extended the method
to 4-aryl- and 4-arylalkyl-substituted B-lactams.!”> Recently, on
the basis of a newly patented direct enzymatic method,'® we re-
ported the synthesis of carbocyclic cis- and trans-p-amino acid enan-
tiomers through enantioselective hydrolysis of B-amino esters in
organic media, enantioselective hydrolysis of B-aryl-substituted p-
amino esters resulting in biologically valuable enantiomers has also
been achieved.!® Some other methods relate to (i) hydrolysis of N-
acylated p-amino esters,**?° (ii) N-acylation of p-amino esters,?!
(iii) hydrolysis of p-amino esters in an aqueous medium?? or (iv)
B-aminotransferase-catalysed amination of p-keto esters.?>

Herein, we turned our attention to pB-heteroaryl-substituted B-
amino esters and planned to carry out the lipase-catalysed hydro-
lysis of the pharmaceutically important substrates 3a-g.

2. Results and discussion
2.1. Syntheses of ethyl 3-amino-3-heteroaryl-propanoates 3a-g

Racemic compounds 2a-e were synthesized by a modified
Rodionov synthesis'® through the reactions of 1a-e with malonic


http://dx.doi.org/10.1016/j.tetasy.2009.06.019
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Scheme 1. Synthesis of 3a-e.

acid in the presence of NH4OAc in EtOH at reflux (Scheme 1). Com-
pounds 3a-e-HCl were prepared by the esterification of 2a-e in the

Table 1
Conversion and enantioselectivity of the hydrolysis of 3a®

presence of SOCI, in EtOH. The free bases 3a-e were liberated by Entry  Enzyme® T(°C) t(h) Conv.(%) eel(%) eeL(%) E
treatment of 3a-e-HCl with aqueous K,CO3 (Scheme 1). _ . 1 PPL 45 17 37 43 74 10
Racemic 3f and 3g were prepared by the decarboxylative Blaise 2 Lipase AK 45 17 90 70 8 2
reaction®® of 1f and 1g following Pd(OH),-catalysed reduction of 3 Lipase PS 45 17 52 >99 90 99
enamines 2f and 2g (Scheme 2). 4 Lipase PS 25 7 50 > o8 20y
5 Lipase PS 3 72 50 >99 98 >200

2.2. Lipase-catalysed enantioselective hydrolysis of 3a-g

The preliminary experiments were started with enzyme screen-
ing, using 3a as the model compound (Scheme 3). Among the li-
pases tested (Table 1), Chyrazyme L-5 (lipase A from Candida
antarctica) and Lipolase (lipase B from C. antarctica) did not exhibit
any selectivity towards 3a at 45 °C in i-Pr,0 with 0.5 equiv of H,0,
while PPL (porcine pancreas lipase) and lipase AK (Pseudomonas
fluorescens) catalysed the reaction with moderate enantioselectivi-
ty (E < 6) (entries 1 and 2). As lipase PS (Burkholderia cepacia) affor-
ded high enantioselectivity (E = 99) (entry 3), we chose this lipase
for further investigation.

When we decreased the temperature, the enantioselectivity in-
creased to an excellent value (E >200) (Table 1, entries 4 and 5).

3 0.05 M substrate, 1 mL i-Pr,0, 30 mg mL~! enzyme, 0.5 equiv of H,0.
> According to HPLC (Section 4).
¢ Contains 20% (w/w) lipase adsorbed on Celite in the presence of sucrose.

When we increased the amount of added water (1-5 equiv), the
enantioselectivities decreased, while the reaction rates slightly in-
creased (Table 3). We observed that the enantioselectivities were
low (E < 3) in a 1/1 (v/v) mixture of H,O and i-Pr,0, and also in
neat H,O. In a small-scale experiment, we could perform the

Table 2
Effects of solvents on the hydrolysis of 3a®

Mgreover. as tge r_t:ﬁc;;o?cdld tnot3510w dovzp atd2? °(tih(entry 4)  Enty Solvent (1 mL) Conv. (%) ee.” (%) ee,” (%) E
when comparoe wi (entry 3), we continued further exper- p Pr,0 ) 599 o8 -
iments at 25 °C. . 2 t-BuOMe 50 >99 98 >200
Next, we analysed the effects of solvents (Table 2). The reaction 3 n-hexane 52 >99 92 126
rates were highest in i-Pr,0, t-BuOMe and n-hexane (entries 1, 2 4 Toluene 40 66 98 197
and 3) and lowest in Me,CO (entry 9). The enantioselectivities 5 t-amy] alcohol 31 38 83 16
. . . 6 THF 17 20 98 120
were high (E >100) in all cases except in tert-amyl alcohol (entry 7 1 4-dioxane 13 14 o8 114
5). On the basis of our previous results,”> we developed a fully 3 CHCl, 6 6 o3 105
green method for the resolution of 3a in a solvent-free system: 9 Me,CO 2 2 98 101
10 = 14 16 98 116

we achieved high enantioselectivity (E = 116), but a low reaction
rate (entry 10), when the reaction was performed with 0.5 equiv
of H,0 using 30 mg mL ! of lipase PS at 25 °C. Further experiments
were carried out in i-Pr,0.

3 0.05 M substrate, 30 mg mL~! lipase PS, 0.5 equiv of H,0 at 25 °C after 18 h.
b According to HPLC (Section 4).
¢ Without solvent.

ZnCl, COOEt COOEt
Ar \\\ KOOCCH,COOEt _ JI Pd(OH),/C Ji
N o1 equiv. Hiinig's base Ar NH,  2equiv. AcOH Ar NH;
CH,Cl,, reflux, Ny-atm.
1f and 1g 2f and 2g 3f and 3g
N
X X
Ar: |
= N =~
f g

Scheme 2. Syntheses of 3f and 3g.
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Table 3

Effect of added water on the hydrolysis of 3a®

Entry H,0 (equiv) Conv. (%) ees? (%) ee,” (%) E

1 0 46 80 98 >200
2 0.5 48 90 98 >200
3 1 53 94 83 38
4 5 55 >99 81 49

3 0.05 M substrate, 1 mL i-Pr,0, 30 mg mL~" lipase PS at 25 °C after 7 h.
b According to HPLC (Section 4).

hydrolysis without the addition of any added H,O with excellent
enantioselectivity (entry 1). As a conclusion, H,O in the reaction
medium (<0.1%) or at the surface of the enzyme preparation (<5%
w/w H,0) was responsible for the hydrolysis of 3a.

When more enzyme was added to the reaction mixture, higher
reaction rates were observed (Table 4). 75 mg mL™' of lipase PS re-
sulted in the highest rates with excellent enantioselectivity (entry
6). For economic reasons, preparative-scale resolutions were per-
formed with 30 mg mL~! of enzyme.

Table 4

Effect of the quantity of lipase PS on the hydrolysis of 3a®

Entry Lipase PS° (mgmL~"')  Conv. (%) ee (%) eel (%) E

1 10 16 (49% after 22h) 18 98 118
2 20 24 31 98 134
3 30 32 47 98 158
4 40 37 58 98 179
5 50 42 72 98 >200
6 75 49 93 98 >200

2 0.05 M substrate, 1 mL i-Pr,0, 0.5 equiv of H,0 at 25 °C after 3 h.
> According to HPLC (Section 4).
¢ Contains 20% (w/w) lipase adsorbed on Celite in the presence of sucrose.

Racemic compounds 3b-g were also hydrolysed with excellent
enantioselectivities (E >200) under the optimum conditions, that
is, with 0.5 equiv of H,0 in the presence of 30 mg mL™! lipase PS
in i-Pr,0 at 25 °C. The preparative-scale resolutions of 3a-g were
performed. The products were characterized by good enantiomeric
excess (ee > 97%) at close to 50% conversion. The results are re-
ported in Table 5 and in Section 4.

2.3. Transformations of the enantiomers

The transformations involving the hydrolysis of 4a-g with
aqueous HCI afforded 6a-g (ee > 97%) (Scheme 4). Treatment of

Table 5
Lipase PS-catalysed hydrolysis of 3a-g*

1773

5a-g with 22% HCI/EtOH resulted in the corresponding enantio-
pure 7a-g (ee > 98%).

2.4. Absolute configurations

The absolute configurations and selectivities were proven by
comparing the specific rotation values with the literature data
(Section 4). The absolute configurations of 3f and 3g were given
on the basis of comparative specific rotations (5a-g negative, 6a-
g positive), assuming the same selectivity of lipase PS towards
3a-g. Thus, the absolute configurations indicated the (S)-selective
hydrolysis of 3a-g.

3. Conclusions

An efficient, direct enzymatic hydrolysis of the desired pharma-
cologically valuable B-heteroaryl-substituted f-amino acid enanti-
omers has been devised. The lipase PS-catalysed (S)-selective
hydrolysis of 3a-g with H,O (0.5 equiv) as a nucleophile in i-
Pr,0 or in t-BuOMe at 25 °C (E >200) resulted in the enantiomers
of 4a-g (ee > 97%) and 5a-g (ee > 98%) in good yields (=>40%).
The products could be easily separated. Ester enantiomers 4a-g
were readily hydrolysed with 18% aqueous HCI, resulting in acids
6a-g (ee > 97%).

4. Experimental
4.1. Materials and methods

Lipase PS and lipase AK were from Amano Pharmaceuticals,
Lipolase (lipase B from C. antarctica, produced by submerged fer-
mentation of a genetically modified Aspergillus oryzae microorgan-
ism and adsorbed on a macroporous resin) and PPL (type II) were
from Sigma, and Chyrazyme L-5 was from Novo Nordisk. Before
use, lipase PS, lipase AK, CAL-A and PPL (5 g) were dissolved in
Tris-HCl buffer (0.02 M; pH 7.8) in the presence of sucrose (3 g),
followed by adsorption on Celite (17 g) (Sigma). Heteroaromatic
aldehydes were from Aldrich. 2-Cyanopyridine and 4-cyanopyri-
dine were from Fluka. Diethylamine (DEA), triethylamine (TEA)
and glacial acetic acid (AcOH) were from Aldrich. Triethylammo-
nium acetate buffer (TEAA) was prepared by adding AcOH to a
0.1% aqueous solution of TEA to give pH 4.1. The solvents were of
the highest analytical grade.

Optical rotations were measured with a Perkin-Elmer 341
polarimeter. 'H NMR and 3>C NMR spectra were recorded on a

Time (h) Conv. (%) E B-Amino acid-HCI (6a-g) B-Amino acid (5a-g)
Yield (%) Isomer ee (%) ()% (H,0) Yield (%) Isomer ee (%) (% (H,0)
3a 40 50 >200 40 (R) >99P +4.19 46 (S) >99P -5.1¢
3b 60 49 >200 44 (R) 97° +5.4f 46 (S) >99° —5.8¢
3c 47 50 >200 49 (R) >99¢ +5.30 44 (S) >99¢ -6.71
3d 60 50 >200 46 (R) >99P +4.1¢ 44 (S) >99P -3.14
3e 42 50 >200 46 (R) >99°¢ +4.0! 43 (S) >99°¢ —-3.2f
3f 67 50 >200 45 (R) 98P +9.7° 42 (S) >99° —18.2f
3g 24 50 >200 43 (R) 97> +3.2) 45 (S) 98> -11.7

2 30 mg mL~! lipase PS in i-Pr,0, 0.5 equiv of H,0 at 25 °C.
5 According to HPLC.

¢ According to GC.

4 ¢0.33.

€ c041.

fco32.

& ¢0.52.

b c0.42.

i c034.

i ¢c0.36.
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COOEt HOOC

e

NH, HoN Ar

Sa-g

Scheme 3. Lipase PS-catalysed enantioselective hydrolysis of 3a-g (for the meanings of letters a-g, see Schemes 1 and 2).

COOEt 18% aq. HCI reflux COOH
(R) — e (R)
9% aq. HCI, 25 °C
Ar NH, Ar NH,HCI
4a-g 6a-g
COOH COOH
22% HCI/EtOH
8 — =)
At TNH, A NHyHCI
5a-g Ta-g

Scheme 4. Transformation of 4a-g to 6a-g and 5a-g to 7a-g (for the meanings of
letters a-g, see Schemes 1 and 2).

Bruker Avance DRX 400 spectrometer. Melting points were deter-
mined on a Kofler apparatus. Elemental analyses (CHNS) corre-
sponded closely (within +3%) with the calculated ones in all cases.

In a typical small-scale enzyme test, racemic 3a (0.05 M solu-
tion) in an organic solvent or in a 1/1 (v/v) mixture of i-Pr,0 and
H,0 or in neat H,0 (1 mL) was added to the enzyme tested (10,
20, 30, 40, 50 or 75 mgmL™!), followed by H,O (0, 0.5, 1 or
5 equiv). The mixture was shaken at 3, 25 or 45 °C.

The ee values for the unreacted p-amino ester and the f-amino
acid enantiomers produced were determined by HPLC or GC as
follows:

Compounds 4a, 4b, 4d and 5a, 5b, 5d: HPLC [4a, 4b, 4d were
pre-column hydrolysed with aq HCl to 6a, 6b, 6d]; Chirobiotic
TAG column (4.6 mm x 250 mm); eluent: MeOH/AcOH/TEA (100/
0.1/0.1); flow rate: 0.8 mL min~! for 5a, 5b, 0.3 mL min~! for 5d;
detection at 205 nm; retention times (min) for 5a: 33.70, 6a:
26.95; 5b: 12.98, 6b: 14.25; 5d: 39.62, 6d: 36.86.

Compounds 4c, 4e and 5c¢, 5e: GC [5¢, 5e were pre-column
derivatized?® with (i) CH,N, (Caution! derivatization with CH,N,
should be performed under a well-working hood) and (ii) 5¢ with
(PrC0),0, 5e with (EtCO),0 in the presence of 4-dimethylamino-
pyridine; 4c with (PrC0),0; and 4e with (EtCO),0]; Chirasil-L-Val
column (20 m), 130 °C for 4c and 5c¢, 140 °C for 4e and 5e; column
flow: 0.7 mL min~!; retention times (min) for 4c: 43.78 (antipode:
44.58); 5c¢: 33.98 (antipode: 32.09); 4e: 43.13 (antipode: 44.55);
5e: 34.44 (antipode: 33.20).

Compounds 4f and 5f: HPLC, [5f was pre-column derivatized?®
with CH,N,, and 4f was pre-column hydrolysed with aq HCI to 6f,
then derivatized with CH;N,|; Chiralpak IA column (4.6 mm x
250 mm); eluent: n-hexane (0.1% DEA)/EtOH (80/20); flow rate:
0.5 mL min~!; detection at 250 nm; retention times (min) for 5f:
30.11, 6f: 25.88.

Compounds 4g and 5g: HPLC [4g was pre-column hydrolysed
with aq HCl to 6g]; Chirobiotic TAG column (4.6 mm x 250 mm);
eluent: TEAA/MeOH (20/80); flow rate: 0.15 mL min~'; detection
at 250 nm; retention times (min) for 5g: 67.80, 6g: 70.85.

4.2. General procedure for the synthesis of racemic g-amino
acids 2a-e

The synthesis was based on a modified Rodionov synthesis.!® To
a solution of the corresponding 1a-e (5 mmol) in EtOH (40 mL)

were added malonic acid (1 equiv) and NH40Ac (2 equiv). The mix-
ture was refluxed for 6 h. The resulting precipitated crystals were
filtered off, washed with Me,CO and recrystallized.

4.2.1. (*)-3-Amino-3-(3-pyridyl)propanoic acid 2a

Yield: 0.39 g (44%), white crystals; mp 225-228 °C (recrystal-
lized from H,0/Me,CO) lit.2” mp 224-228 °C. The 'H NMR data
are in accordance with those reported in the literature.?” 13C
NMR (100.62 MHz, D,0) é (ppm): 40.5, 51.2, 125.7, 133.5, 1374,
148.0, 149.9, 177.3.

4.2.2. (*)-3-Amino-3-(2-furyl)propanoic acid 2b

Yield: 0.34 g (44%), brown crystals; mp 222-225 °C (decomp.)
(recrystallized from H,0/Me,CO) lit.!” mp 219-221°C). The 'H
NMR data are in accordance with those reported in the literature.!”
13C NMR (100.62 MHz, D,0) ¢ (ppm): 38.1, 46.6, 109.7, 111.3,
144.6, 149.3, 177 4.

4.2.3. (*)-3-Amino-3-(3-furyl)propanoic acid 2c

Yield: 0.18 g (23%), dark-brown crystals; mp 232-235 °C (de-
comp.) (recrystallized from H,0/Me,CO) lit.2! mp >250 °C. The 'H
NMR data are in accordance with those reported in the literature.?!
13C NMR (100.62 MHz, D,0) & (ppm): 39.5, 45.0, 108.2, 121.4,
141.2, 144.7, 177.5.

4.2.4. (*)-3-Amino-3-(2-thienyl)propanoic acid 2d

Yield: 0.36 g (42%), white crystals; mp 225-228 °C (recrystal-
lized from H,0/Me,CO) lit.2! mp 225-228 °C. The 'H NMR data
are in accordance with those reported in the literature.?! 13C
NMR (100.62 MHz, D,0) § (ppm): 41.6, 48.9, 108.2, 127.9, 128.3,
128.4, 177.6.

4.2.5. (*)-3-Amino-3-(3-thienyl)propanoic acid 2e

Yield: 035g (41%), pale-brown crystals; mp 237-239°C
(recrystallized from H,0/Me,CO) lit.2! mp 239-242 °C. The 'H
NMR data are in accordance with those reported in the literature.?!
13C NMR (100.62 MHz, D,0) & (ppm): 40.6, 48.8, 124.7, 126.3,
128.2, 136.9, 177.3.

4.3. General procedure for the syntheses of racemic p-amino
esters 3a-e

To 40 mL of EtOH were added dropwise 0.47 mL (1.3 equiv) of
SOCl,, with the temperature being kept under —10 °C with saline
ice. To this solution, 2a-e (5 mmol) was added. The mixture was
stirred at 0 °C for 30 min, and then at room temperature for 3 h,
and then finally heated at reflux for 1 h. The solvent was evapo-
rated off and the resulting 3a-f-HCl were recrystallized from EtOH
and Et,0. Treatment of 3a-e-HCl with aqueous K,COs resulted in
the 3a-e as oils.

4.3.1. Ethyl (+)-3-amino-3-(3-pyridyl)propanoate
hydrochloride 3a-HCl

Yield: 0.83 g (82%), white crystals; mp 168-171 °C (recrystal-
lized from EtOH). The 'H NMR and '*C NMR data are in accordance
with those reported in the literature.?®
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4.3.2. Ethyl (t)-3-amino-3-(2-furyl)propanoate hydrochloride
3b-HCl

Yield: 1.01 g (92%), brown crystals; mp 95-97 °C. The 'H NMR
data are in accordance with those reported in the literature.?! 3C
NMR (100.62 MHz, D,0) ¢ (ppm): 13.7, 36.2, 45.5, 63.1, 110.4,
111.4, 145.0, 148.2, 171.9.

4.3.3. Ethyl (*)-3-amino-3-(3-furyl)propanoate hydrochloride
3c-HCl

Yield: 0.93 g (85%), brown crystals; mp 118-120°C. The 'H
NMR data are in accordance with those reported in the literature.?!
13C NMR (100.62 MHz, D,0) § (ppm): 13.7, 38.0, 44.2, 63.0, 108.8,
1204, 141.4, 144.8, 171.8.

4.3.4. Ethyl (t)-3-amino-3-(2-thienyl)propanoate
hydrochloride 3d-HCl

Yield: 1.07 g (91%), off-white crystals; mp 109-111 °C. The 'H
NMR data are in accordance with those reported in the literature.!
13C NMR (100.62 MHz, D-0)  (ppm): 14.0, 39.5, 47.7, 63.4, 128.4,
128.5, 128.8, 137.8, 172.1.

4.3.5. Ethyl (*)-3-amino-3-(3-thienyl)propanoate
hydrochloride 3e-HCI

Yield: 1.04 g (88%), brown crystals; mp 88-90 °C. The 'H NMR
data are in accordance with those reported in the literature.?! 13C
NMR (100.62 MHz, D,0) 6 (ppm): 13.7, 38.5, 47.5, 63.0, 1254,
126.2, 128.6, 136.2, 172.2.

4.4. Synthesis of g-enamino esters 2f and 2g

Compounds 2f and 2g were synthesized by a decarboxylative
Blaise reaction according to a literature method.?* To the solution
of the corresponding 1f and 1g (5 mmol) in CH,Cl, (5 mL) were
added KOOCCH,COOEt (1.5equiv), dry ZnCl, (0.5equiv) and
Hiinig’s base (0.1 equiv). After refluxing for 7 h under a nitrogen
atmosphere, the mixture was cooled to room temperature and sat-
urated NH4CI solution (5 mL) was added. The organic layer was
separated, dried over Na,SO,4 and concentrated in vacuo, resulting
in the crude solid.

4.4.1. Ethyl 3-amino-3-(2-pyridyl)propenoate 2f

Yield: 0.82 g (85%), pale-yellow crystals; mp 58-59 °C (recrys-
tallized from n-hexane). The 'H NMR and '3C NMR data are in
accordance with those reported in the literature.?*

4.4.2. Ethyl 3-amino-3-(4-pyridyl)propenoate 2g

Yield: 0.80 g (83%), yellow crystals; mp 109-111 °C (recrystal-
lized from n-hexane/EtOAc 2/1). 'H NMR (400 MHz, DMSO-dg) ¢
(ppm): 1.19-1.22 (3H, t, J=7.10 Hz, CH,CH3), 4.05-4.10 (2H, m,
CH,CHs), 4.90 (1H, s, CH), 7.57-7.59 (2H, m, Ar), 8.65-8.66 (2H,
m, Ar). 3C NMR (100.62 MHz, DMSO-d) & (ppm): 14.9, 59.2,
83.4, 121.7, 143.4, 151.0, 158.5, 169.7 (the signals of C2,C6 and
C3,C5 are overlapping).

4.5. Synthesis of racemic g-amino esters 3f and 3g

To a solution of 2f or 2g (5 mmol) in EtOH (30 mL) were added
0.96 g (10 wt %) of Pd(OH), (20% on carbon) and AcOH (2 equiv).
The mixture was hydrogenated at atmospheric pressure at room
temperature for 24 h. The reaction was stopped by filtering the cat-
alyst off. The solvent was evaporated off, resulting in the acetate
salt of 3f or 3g as a brown oil. Treatment of 3f-AcOH and 3g-AcOH
with aqueous K,COs resulted in the formation of free 3f and 3g as
yellow oils.

4.5.1. Ethyl (+)-3-amino-3-(2-pyridyl)propanoate 3f

Yield: 0.80 g (82%). 'TH NMR (400 MHz, CDCl3) 6 (ppm): 1.23-
1.27 (3H, t, J=7.14 Hz, CH,CH3), 2.69-2.91 (2H, m, CH,CO), 4.13-
4.18 (2H, m, CH,CH3), 4.44-4.48 (1H, m, CH), 7.18-7.19 (1H, m,
Ar), 7.36-7.38 (1H, m, Ar), 7.67-7.68 (1H, m Ar), 8.57-8.58 (1H,
m, Ar). '3C NMR (100.62 MHz, CDCl;) & (ppm): 14.6, 43.4, 54.2,
60.9, 121.4, 122.6, 137.1, 149.7, 172.3.

4.5.2. Ethyl (*)-3-amino-3-(4-pyridyl)propanoate 3g

Yield: 0.72 g (74%); 'H NMR (400 MHz, CDCl5) § (ppm): 1.19-
1.22 (3H, t, J = 7.15 Hz, CH,CHs), 2.63-2.71 (2H, m, CH,CO), 4.13-
4.19 (2H, m, CH,CHs), 4.41-4.44 (1H, m, CH), 7.30-7.33 (2H, m,
Ar), 8.57-8.59 (2H, m, Ar). '3C NMR (100.62 MHz, CDCl;) §
(ppm): 14.6, 44.0, 52.1, 61.2, 121.8, 150.5, 153.7, 171.7.

4.6. General procedure for the preparative-scale resolutions of
3a-g

Racemic compounds 3a-g (3 mmol) were dissolved in i-Pr,0
(25 mL). Lipase PS (0.75 g, 30 mg mL~!) and H,0 (27 pL, 1.5 mmol)
were added and the mixture was shaken in an incubator shaker at
25 °C for 24-67 h (Table 4). The reaction was stopped by filtering
off the enzyme at 50% conversion. The solvent was evaporated
off and the residues (R)-4a-g were immediately hydrolysed either
by refluxing with 6 mL of 18% aqueous HClI solution for 5 h (4a, 4f
and 4g) or by shaking with 6 mL of 9% aqueous HCl at 25 °C (4b-e)
for 12 h to give (R)-6a-g-HCl. The filtered-off enzyme was washed
with distilled H,O (3 x 15 mL), and the H,O was evaporated off,
yielding the crystalline (S)-5a-g. When (S)-5a-g (50 mg) were
treated with 22% HCI/EtOH (5 mL), (S)-7a-g were obtained.

4.6.1. Hydrochloride salt of (R)-3-amino-3-(3-pyridyl)propanoic
acid 6a

Yield: 243 mg (40%), white crystals; recrystallized from MeOH
and Et,0; [¢)2 = +4.1 (c 0.33, H,0); mp 220-223 °C (with de-
comp.); ee >99%. 'H NMR (400 MHz, D,0) 6 (ppm): 3.26-3.41
(2H, m, CH;), 5.18-5.22 (1H, t, ] = 6.98 Hz, CH), 8.24-8.28 (1H, m,
Ar), 8.83-8.85 (1H, m, Ar), 8.95-8.97 (1H, m, Ar), 9.07 (1H, m,
Ar). 13C NMR (100.62 MHz, D,0) & (ppm): 37.6, 49.1, 128.6,
136.2, 141.8, 143.2, 146.0, 172.6. When 4a was treated with 5%
TFA/EtOH (5 mL), 4a-TFA was obtained {yellow oil, [oc}zDS =-23(c
4, DMF) lit.'* [¢)2° = +3.3 (c 10, DMF) for the (S) enantiomer}.

4.6.2. (S)-3-Amino-3-(3-pyridyl)propanoic acid 5a

Yield: 230 mg (46%), white crystals; recrystallized from H,0
and Me,CO; [#)Z = —5.1 (c 0.41, H,0); mp 212-215 °C (with de-
comp.); ee >99%. The 'H NMR (400 MHz, D,0) and '3C NMR
(100.62 MHz, D,0) ¢ (ppm) data for 5a are similar to those for 2a.

4.6.3. Hydrochloride salt of (S)-3-amino-3-(3-pyridyl)propanoic
acid 7a

Quantitative yield, white crystals; [ac]zDs = -3.9 (c 0.33; H,0);
mp 218-220 °C (with decomp.); ee >99%. The 'H NMR (400 MHz,
D,0) and '>C NMR (100.62 MHz, D,0) 6 (ppm) data for 7a are sim-
ilar to those for 6a.

4.6.4. Hydrochloride salt of (R)-3-amino-3-(2-furyl)propanoic
acid 6b

Yield: 253 mg (44%), off-white crystals; recrystallized from
EtOH and Ety0; [rx}ff:+5.4 (c 0.32; H,0); mp 170-173 °C;
ee=97% 'H NMR (400 MHz, D,0) 6 (ppm): 3.17-3.20 (2H, m,
CH;), 4.94-4.98 (1H, m, CH), 6.56-6.58 (1H, m, Ar), 6.64-6.65
(1H, m, Ar), 7.65-7.66 (1H, m, Ar). '3C NMR (100.62 MHz, D,0) ¢
(ppm): 35.9, 45.5, 110.2, 111.4, 144.9, 148.3, 173.9. When 4b
(20 mg) was treated with 22% HCI/EtOH (5 mL), 4b-HCl was
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obtained {brown oil, [¢]%’ = +9.3 (c 0.97, MeOH) lit.! [¢]%’ = +9.5
(c 1.00, MeOH)}.

4.6.5. (S)-3-Amino-3-(2-furyl)propanoic acid 5b

Yield: 213 mg (46%), white crystals; recrystallized from H,0
and Me,CO; [o)% = —5.8 (¢ 0.52, H,0) lit.!"® [¢)2° = +12.9 (c 1.00,
H,0) for (+)-3-amino-3-(2-furyl)propanoic acid, which could be as-
signed to the L series,!'" but the absolute configuration was not gi-
ven; mp 208-211 °C (with decomp.) lit.'"® mp 205-207 °C (with
decomp.); ee >99%. The 'H NMR (400 MHz, D,0) and *C NMR
(100.62 MHz, D,0) 6 (ppm) data for 5b are similar to those for 2b.

4.6.6. Hydrochloride salt of (S)-3-amino-3-(2-furyl)propanoic
acid 7b

Quantitative yield, off-white crystals; [#]3 = —4.9 (c 0.32, H,0);
mp 197-200 °C; ee >99%. The 'H NMR (400 MHz, D,0) and '3C
NMR (100.62 MHz, D,0) § (ppm) data for 7b are similar to those
for 6b.

4.6.7. Hydrochloride salt of (R)-3-amino-3-(3-furyl)propanoic
acid 6¢

Yield: 282 mg (49%), off-white crystals; recrystallized from
EtOH and Et,0; [¢]2 = +5.3 (c 0.42, H,0); mp >145 °C (with de-
comp.); ee >99%. 'H NMR (400 MHz, D,0) § (ppm): 3.11-3.24
(2H, m, CH,), 4.87-4.91 (1H, m, CH), 6.68 (1H, m, Ar), 7.66 (1H,
m, Ar), 7.78 (1H, m, Ar). '*C NMR (100.62 MHz, D,0) § (ppm):
37.6, 44.3, 108.8, 121.0, 142.0, 145.3, 174.0. When 4c (20 mg)
was treated with 22% HCI/EtOH (5 mL), 4c-HCl was obtained
{brown oil, [«]% = +6.4 (c 1.30, MeOH) lit.' [¢]3’ = +7.25 (c 1.00,
MeOH)}.

4.6.8. (S)-3-Amino-3-(3-furyl)propanoic acid 5c¢

Yield: 203 mg (44%), white crystals; recrystallized from H,O
and Me,CO; [oc]és = —6.7(c 0.34, H,0); mp >219 °C (with decomp.);
ee >99%. The 'H NMR (400 MHz, D,0) and '*C NMR (100.62 MHz,
D,0) 6 (ppm) data for 5c¢ are similar to those for 2c.

4.6.9. Hydrochloride salt of (S)-3-amino-3-(3-furyl)propanoic
acid 7c¢

Quantitative yield, off-white crystals; [#]3 = —4.6 (c 0.42, H,0);
mp >142 °C (with decomp.); ee >99%. The 'H NMR (400 MHz, D,0)
and 3C NMR (100.62 MHz, D,0) § (ppm) data for 7c are similar to
those for 6c¢.

4.6.10. Hydrochloride salt of (R)-3-amino-3-(2-thienyl)propanoic
acid 6d

Yield: 287 mg (46%), off-white crystals; recrystallized from
EtOH and Et,0; [(x}és =+4.1 (c 0.33, H,0); mp 183-186°C; ee
>99%. '"H NMR (400 MHz, D,0) & (ppm): 3.20-3.25 (2H, m, CH,),
5.15-5.18 (1H, t, J=7.00 Hz, CH), 7.18-7.21 (1H, m, Ar), 7.35-
7.36 (1H, m, Ar), 7.61-7.62 (1H, m, Ar). '3C NMR (100.62 MHz,
D,0) § (ppm): 38.9, 47.4, 128.1, 128.2, 128.4, 137.6, 173.2. When
4d (20 mg) was treated with 22% HCI/EtOH (5 mL), 4d-HCl was ob-
tained {yellow oil, [¢]%’ = +6.8 (c 1.07, MeOH) lit.2! [o]** = +4.6 (c
1.00, MeOH)}.

4.6.11. (S)-3-Amino-3-(2-thienyl)propanoic acid 5d

Yield: 228 mg (44%), white crystals; recrystallized from H,0
and Me,CO; [a]% = —9.9 (c 0.41, H,0) lit.""? [o]2° = +15.3 (¢ 1.00,
H,0) for (+)-3-amino-3-(2-thienyl)propanoic acid, which could
be assigned to the L series,''® but the absolute configuration was
not given; mp 212-215 °C (with decomp.) lit."'® mp 206-208 °C
(with decomp.); ee >99%. The 'H NMR (400 MHz, D,0) and '3C
NMR (100.62 MHz, D,0) 6 (ppm) data for 5d are similar to those
for 2d.

4.6.12. Hydrochloride salt of (S)-3-amino-3-(2-thienyl)propanoic
acid 7d

Quantitative yield, off-white crystals; [#]3 = —3.1 (c 0.33, H,0);
mp 184-187 °C; ee >99%. The 'H NMR (400 MHz, D,0) and '3C
NMR (100.62 MHz, D,0) § (ppm) data for 7d are similar to those
for 6d.

4.6.13. Hydrochloride salt of (R)-3-amino-3-(3-thienyl)propanoic
acid 6e

Yield: 274 mg (44%), brown crystals; recrystallized from EtOH
and Et,0; [¢]% = +4.0 (c 0.34, H,0); mp >150 °C (with decomp.);
ee >99%. '"H NMR (400 MHz, D,0) § (ppm): 3.20-3.25 (2H, m,
CH,), 5.15-5.18 (1H, t, ] =7.00 Hz, CH), 7.18-7.21 (1H, m, Ar),
7.35-7.36 (1H, m, Ar), 7.61-7.62 (1H, m, Ar). 'C NMR
(100.62 MHz, D,0) 5 (ppm): 38.9, 47.4, 128.1, 128.2, 128.4, 145.3,
174.0. When 4e (20 mg) was treated with 22% HCI/EtOH (5 mL),
4e-HCl was obtained {brown oil, [o> = +2.3 (c 1.00, MeOH) lit.?!
[0)3 = +1.00 (c 1.00, MeOH)).

4.6.14. (S)-3-Amino-3-(3-thienyl)propanoic acid 5e

Yield: 221 mg (43%), white crystals; recrystallized from H,0
and Me,CO; [¢) = —3.2 (c 0.32, H,0); mp 220-222 °C (with de-
comp.); ee >99%. The 'H NMR (400 MHz, D,0) and '*C NMR
(100.62 MHz, D,0) 6 (ppm) data for 5e are similar to those for 2e.

4.6.15. Hydrochloride salt of (S)-3-amino-3-(3-thienyl)propanoic
acid 7e

Quantitative yield, pale-brown crystals; [o]>> = —3.6 (¢ 0.34,
H,0); mp >140°C (with decomp.); ee >99%. The 'H NMR
(400 MHz, D,0) and '3C NMR (100.62 MHz, D,0) & (ppm) data
for 7e are similar to those for 6e.

4.6.16. Hydrochloride salt of (R)-3-amino-3-(2-pyridyl)propanoic
acid 6f

Yield: 262 mg (45%), white crystals; recrystallized from MeOH
and Et,0; [% = +9.7 (c 0.32, H,0); mp 155-158 °C; ee = 98%. 'H
NMR (400 MHz, D,0) & (ppm): 3.24-3.30 (2H, m, CH,), 5.00-5.05
(1H, m, CH), 7.61-7.67 (2H, m, Ar), 8.07-8.12 (1H, m, Ar), 8.69-
8.72 (1H, m, Ar). '3C NMR (100.62 MHz, D,0) § (ppm): 37.1, 51.1,
125.2,127.4, 145.5, 145.7, 172.8.

4.6.17. (S)-3-Amino-3-(2-pyridyl)propanoic acid 5f

Yield: 209 mg (42%), white crystals; recrystallized from H,O
and Me,CO; [¢]2 = —18.2 (c 0.32; H,0); mp 208-210°C; ee
>99%. 'TH NMR (400 MHz, D,0) é (ppm): 3.25-3.28 (2H, m, CH,),
5.02-5.05 (1H, t, J=6.82 Hz, CH), 7.65-7.77 (2H, m, Ar), 8.13-
8.19 (1H, m, Ar), 8.70-8.71 (1H, m, Ar). 13C NMR (100.62 MHz,
D,0) ¢ (ppm): 40.2, 53.3, 122.7, 124.7, 138.9, 148.2, 153.7, 176.8.

4.6.18. Hydrochloride salt of (S)-3-amino-3-(2-pyridyl)propanoic
acid 7f

Quantitative yield, white crystals; [¢]> = —8.6 (c 0.31; H,0);
mp 159-162 °C; ee >99%. The 'H NMR (400 MHz, D,0) and *C
NMR (100.62 MHz, D,0) ¢ (ppm) data for 7f are similar to those
for 6f.

4.6.19. Hydrochloride salt of (R)-3-amino-3-(4-pyridyl)propanoic
acid 6g

Yield: 251 mg (43%), white crystals; recrystallized from MeOH
and Et,0; [0 = +3.2 (c 0.36, H,0); mp >195 °C (with decomp.);
ee=97%. 'H NMR (400 MHz, D,0) § (ppm): 3.29-3.39 (2H, m,
CH,), 5.20-5.24 (1H, m, CH), 8.25-8.28 (2H, m, Ar), 8.95-8.98
(2H, m, Ar). '*C NMR (100.62 MHz, D,0) & (ppm): 37.5, 50.8,
126.5, 142.8, 155.9, 173.1.
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4.6.20. (S)-3-Amino-3-(4-pyridyl)propanoic acid 5g

Yield: 224 mg (45%), white crystals; recrystallized from H,O
and Me,CO; [«]®®> = —11.7 (c 0.36, H,0); mp 220-223 °C (with de-
comp.); ee = 98%. 'H NMR (400 MHz, D,0) & (ppm): 2.92-2.95 (2H,
m, CH,), 4.77-4.78 (1H, t, J = 7.09 Hz, CH), 7.56-7.58 (2H, m, Ar),
8.66-8.67 (2H, m, Ar). '>C NMR (100.62 MHz, D,0) § (ppm): 40.5,
55.0, 122.8, 146.1, 150.0, 176.4.

4.6.21. Hydrochloride salt of (S)-3-amino-3-(4-pyridyl)propanoic
acid 7g

Quantitative yield, white crystals; [#)3 = —3.6 (c 0.35, H,0); mp
>191 °C (with decomp.); ee = 98%. The 'H NMR (400 MHz, D,0) and
13C NMR (100.62 MHz, D,0) & (ppm) data for 7g are similar to
those for 6g.
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The enantioselective (E ~ 200) Burkholderia cepacia-catalysed hydrolyses of B-amino esters with H,O
(0.5 equiv.) in z-BuOMe or in i-Pr,O at 45 °C are described. The enantiomers of biologically relevant
B-arylalkyl-substituted B-amino acids, and especially (R)-3-amino-3-(2,4,5-trifluorophenyl)butanoic

acid, the intermediate of the new antidiabetic drug sitagliptine, were prepared with high enantiomeric

excesses (ee 296%) and in good yields (=42%).

Introduction

In recent years, extensive investigations have been carried out on
the chemistry of B-amino acids, in particular because of their im-
portance in pharmaceutical research.! Optically pure B-arylalkyl-
substituted B-amino acids have wide-ranging applications, e.g.
B-peptides containing an (S)-homo-B-phenylalanine unit (5c),
such as a matrix metalloproteinase-2 inhibitor B-tetrapeptide,
utilized for the diagnosis of cancer and atherosclerosis,> or
B-dipeptides, used for studying the conformational behaviour of
foldamers.* Moreover, various heterocyclic compounds have been
tested as modulators of protein kinase B, a potential therapeutic
target for diseases associated with abnormal cell growth, can-
cer, inflammation or metabolic disorders.* (.S)-B-Phenylethyl--
alanine (6¢) has been built into a heat shock protein 70 (Hsp70)
modulator.® Hsp70 probably contributes to a number of diseases,
including cancer and neurodegeneration. 6c¢ has also been applied
in an o-helical peptide mimetic compound,® while a derivative of
the (R) enantiomer (6d) has been tested as a hepatitis C virus
inhibitor.” Type 2 diabetes is a major health problem in the
21st century. Unfortunately, the current modes of therapy are
associated with undesirable side-effects, such as hypoglycaemia
or cardiovascular abnormalities. Dipeptidyl peptidase IV is a
new therapeutic target for the treatment of this form of diabetes.
Inhibition of this peptidase results in increased levels of incretins
(glucagon-like peptide 1 and gastric inhibitory polypeptide), which
control the blood glucose concentration.® Januvia™ (sitagliptin
phosphate) (Fig. 1), the first approved drug for the inhibition
of dipeptidyl peptidase IV, contains a B-amino acid subunit,
(R)-3-amino-4-(2,4,5-trifluorophenyl)butanoic acid (11b).° Be-
sides Januvia™, numerous derivatives of 11b have been synthesized
and tested as potential antidiabetic drugs.’®

Since B-arylalkyl-B-amino acids are of considerable importance,
many asymmetric synthetic routes have been developed for
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Fig. 1 Januvia™ (sitagliptin phosphate).

their preparation, e.g. (i) enantioselective hydrogenation of an
enamine," (ii) cross-coupling of an enantiomeric organozinc
reagent with aryl iodides,' (iii) homologation of an optically pure
o-amino acid by the Arndt-Eistert method,**" (iv) homologation
of an optically pure o-amino acid by the formation of a f-
amino alcohol following substitution of the OH group with a
CN group,>™ (v) conversion of L- or D-aspartic acid to a lactone,
followed by reduction and substitution,' (vi) conjugate addition
of an amine to an o.,B-unsaturated carbonyl compound,* (vii) Sy2
ring opening of an enantiopure B-lactone with a nitrogen-based
nucleophile," or (viii) ring opening of an enantiopure B-lactam.'®

Enzymatic methods have also been used for the preparation
of enantiopure B-amino acids. Indirect methods are based on
acylation of the corresponding N-hydroxymethyl-B-lactam or
hydrolysis of the N-acyloxymethyl-B-lactam.” However, indirect
methods have some disadvantages, such as the addition and elimi-
nation of the hydroxymethyl group or the separation of the product
enantiomers by column chromatography.? These additional steps
can cause relatively low yields. We recently developed an efficient
direct enzymatic method for the synthesis of carbocyclic and
aryl-substituted B-amino acid enantiomers through the selective
(E > 200) ring opening of racemic B-lactams.”® On extension
of this method to 4-arylalkyl-substituted B-lactams, surprisingly,
low E values (<12) were observed.? Preparative-scale resolutions
were carried out in two steps, which led to relatively low yields
(<36%). Later, we devised a highly selective direct enzymatic
method (E usually >100) through the lipase-catalysed hydrolysis
of carbocyclic-,2¢ aryl-* and heteroaryl®**-substituted B-amino
esters.

Our aim was to develop a direct enzymatic method for
the resolution of racemic B-arylalkyl-substituted B-amino esters
under non-aqueous conditions, resulting in valuable B-amino acid
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enantiomers, e.g. (R)-3-amino-4-(2,4,5-trifluorophenyl)butanoic
acid (11b), an intermediate of sitagliptin.

Results and discussion
Syntheses of (1)-5, (+)-6 and (+)-11

B-Lactams (+)-3 and (+)-4 were prepared from alkenes 1 and
2 by the addition of chlorosulfonyl isocyanate (CSI), according
to known literature methods."*** B-Amino esters ()-5 and (1)-
6 were synthesized by the ring opening of (+)-3 and (+)-4 with
22% HCI/EtOH, followed by treatment with aqueous K,CO;
(Scheme 1).

Starting from acid 7, enamine 10 was prepared by a slightly
modified literature method.'™ B-Amino ester (+)-11 was obtained
by the reduction of enamine 10 with NaCNBH; in the presence of
AcOH (Scheme 2).

Enzymatic hydrolysis of (£)-5, (+)-6 and (+)-11

Preliminary experiments. Preliminary experiments were per-
formed on the hydrolysis of model compound (+)-5 (Scheme 3).

QM‘

1. CSlI
2. Na,;SO3 or NaHSO3

0o
w 2. K,CO3
n

First, a number of lipases were tested in z-BuOMe at 25 °C with
0.5 equiv. of H,O (the quantity of the racemic compound is
considered as 1 molar equivalent). The use of organic solvents
in enzymatic reactions has numerous advantages, and lipases
are able to hydrolyse ester and amide bonds in organic solvents
with high enantioselectivity.” CAL-A (Candida antarctica lipase
A) and Lipolase (Candida antarctica lipase B) catalysed the
reaction with low E values (Table 1, entries 1 and 2), while PPL
(porcine pancreas lipase) and lipase AK (Pseudomonas fluorescens)
displayed moderate E values (entries 3 and 4). Lipase PS IM
(Burkholderia cepacia) proved to be the best enzyme for the
hydrolysis of (£)-5 (entry 5), therefore it was chosen for further
experiments and for the preparative-scale resolutions.

When the temperature was increased from 25 to 45 °C, the
conversion increased considerably (Table 1, entries 5 and 6), but
a further increase of the reaction temperature did not exert any
additional beneficial effect on the reaction rate (entry 10), though
E remained high (=56). The enantioselective (E > 200) hydrolysis
of (£)-5 was complete in 72 h, even at 45 °C (entry 7); accordingly,
subsequent experiments were planned at 45 °C.

When the amount of enzyme was increased from 30 to 50 and
then 75 mg mL™, the reaction rates clearly increased, while the E

COOEt
%NHZ

1. 22% HCI/EtOH

1,n=1 (#)-3,n=1 (#)-5,n=1
2n=2 (¥)-4,n=2 (¥)-6,n=2
Scheme 1 Syntheses of (+)-5 and (£)-6.
F F F
F Meldrum's acid (1.1 equiv.) F E
DMAP (0.08 equiv.) OH © EtOH/toluene 1/4 o)
COOH  i-PryEtN (2.25 equiv.) o reflux COOEt
MeCN, 45 °C
F F F
O (6]
7 9
NH4OAc (5 equiv.)
EtOH
reflux
F F
F NH F
2 NaCNBH; (3 equiv.) NH,
COOBt =7 "OH (3 equiv.) . _COOEt
EtOAC
F F
(¥)-11 10
Scheme 2 Synthesis of (£)-11.
Rs Rs Rs
Ry COOEt R, COOEt HOOC R,
enzyme, H,O
solvent, T S * R
n NH; h NH; HoN n
R1 R1 R1
(¥)-5,n=1,R{=R;=R3z=H 5a 5b
(#)-6,n=2,R{=R,=Rz=H 6a 6b
(¥)-11,n=1,R;=R,=R3=F 11a 11b

Scheme 3 Enzyme-catalysed hydrolyses of (1)-5, (£)-6 and (£)-11.
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Table 1 Conversion, enantiomeric excesses (ee) and enantioselectivities (£) of the hydrolysis of (+)-5*

Entry Enzyme Enzyme/mg mL™! t/h T/°C ee, (%)" ee, (%) Conv. (%) E
1 CAL-A¢ 50 87 25 7 37 16 2
2 Lipolase 50 87 25 88 15 85 3
3 PPL* 50 87 25 2 88 2 16
4 Lipase AK¢ 50 87 25 19 88 18 19
5 Lipase PS IM 50 26 25 14 96 13 56
6 Lipase PS IM 50 26 45 37 96 28 70
7 Lipase PS IM 50 72 45 99 96 51 >200
8 Lipase PS IM 30 26 45 24 96 20 62
9 Lipase PS IM 75 26 45 43 96 33 79
10 Lipase PS IM 50 26 60 39 96 29 72

20.05 M substrate, 1 mL of --BuOMe, 0.5 equiv. of H,0. ® According to HPLC (Experimental section). ¢ Contains 20% (w/w) lipase adsorbed on Celite

in the presence of sucrose.

values were apparently not affected (Table 1, entries 6, 8§ and 9).
For economic reasons, preparative-scale resolutions were carried
out with 50 mg mL™ enzyme.

We next analysed the effects of solvents on the reaction rate and
FE (Table 2). The highest E values and conversions were observed
in i-Pr,O and in --BuOMe (entries 1 and 2). None of the other
solvents tested were suitable for the hydrolysis of (£)-5 (entries
3-5). In view of our earlier results on the vapour-assisted ring
opening of carbocyclic cis-B-lactams,? the hydrolysis of (£)-5 was
attempted under solvent-free conditions (entry 6): the reaction rate
increased considerably, while E decreased.

Certain additives can influence the enantioselectivity or the
reaction rate of lipase-catalysed reactions (Table 3).”” However,
no enhancement relative to H,O was achieved by the addition of
i-Pr, EtN, Et;N or 2-octanol.

We then attempted to increase the reaction rate by increasing
the amount of H,O (1-10 equiv.) (Table 4). In contrast with our
previous experience, "¢ the reaction rate decreased on increasing
the amount of H,O; moreover, the degree of hydrolysis was
complete and the reaction was fastest without the addition of any
H,O (entry 1). We presume that the poorer solubility of (£)-5 in the

Table 2 Effects of solvents on the hydrolysis of (£)-5*

Entry  Solvent (1 mL) ee, (%)° ee, (%) Conv. (%) E
1 i-Pr,0 60 96 38 90
2 t-BuOMe 50 96 34 81
3 Et,O 8 74 10 7

4 n-Hexane 50 89 36 28
5 Toluene 5 82 6 11
6 Solvent-free 74 66 53 11

“0.05 M substrate, 50 mg mL™" lipase PS IM, 0.5 equiv. of H,O at 45 °C
after 35 h. ® According to HPLC (Experimental section).

Table 3 Effects of additives on the hydrolysis of (+)-5

Entry  Additive (1 equiv.)  ee, (%) ee, (%) Conv. (%) E
1 H,O 44 96 31 76
2 i-Pr,EtN 41 96 30 73
3 Et;N 43 96 31 75
4 2-Octanol 39 96 29 72

“0.05 M substrate, 1 mL of +-BuOMe, 50 mg mL™" lipase PS IM at 45 °C
after 31 h. * According to HPLC (Experimental section).

Table 4 Effects of added H,O on the hydrolysis of (£)-5*

Entry H,O (equiv.) ee, (%) ee, (%) Conv. (%) E
1 0 38 96 28 71
2 0.5 35 96 27 69
3 1 31 96 24 66
4 22 96 19 61
5 10 8 96 8 53

“0.05 M substrate, 1 mL of --BuOMe, 50 mg mL™ lipase PS IM at 45 °C
after 25 h. ® According to HPLC (Experimental section).

presence of more H,O can cause a decrease in the reaction rate. In
good correlation with our earlier observation,? the H,O present
in the reaction medium (<0.1%) or at the surface of the enzyme
preparation (<5% w/w H,0) was responsible for the hydrolysis of
()-5.

Racemic 6 and 11 were hydrolysed under the optimized condi-
tions for (£)-5: with 0.5 equiv. of H,O in the presence of 50 mg mL™"
lipase PS IM in /-BuOMe or in i-Pr,O at 45 °C. When the reaction
was performed in i-Pr, O instead of z-BuOMe, higher reaction rates
and better E values were observed (Table 5).

With regard to the results of the preliminary experiments,
preparative-scale resolutions were performed with lipase PS IM
in -BuOMe or in i-Pr,O with 0.5 equiv. of H,O at 45 °C. The
reactions were stopped at close to 50% conversion, and the
products were obtained in good yields (242%) and with good ee
values (296%).

Enantiomeric 5a, 6a and 11a were hydrolysed with aqueous
HC, affording 5¢, 6¢ and 11¢ (ee 296%) (Scheme 4). Treatment of
5b, 6b and 11b with 22% HCI/EtOH resulted in the corresponding
enantiopure 5d, 6d and 11d (ee 296%) (Scheme 5).

Rs Rs
Ry COOEt COOH
18% ag. HCI
S reflux S
n NHy h  NHzHCI
R4 Ry
5a,n=1,R{=R,=R3=H 5c
6a,n=2 R;{=R,=R3=H 6c
1Ma,n=1R{=R,=R3=F 11c

Scheme 4 Syntheses of 5¢, 6¢ and 11c.
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Table 5 Effects of solvents on the hydrolyses of (+)-6 and (+)-11*

Entry Substrate t/h Solvent (1 mL) ee, (%o)® ee, (%) Conv. (%) E

1 (1)-6 43 i-Pr,O 79 96 45 119
2 (1)-6 43 -BuOMe 54 91 37 36
3 (H)-11 65 i-Pr,0 85 97 47 179
4 (1)-11 65 t-BuOMe 61 97 39 123

“0.05 M substrate, 50 mg mL™" lipase PS IM, 0.5 equiv. of H,O at 45 °C. * According to HPLC (Experimental section).

Rs
R, COOH COOH
2% HCVEtOH
R[ “evaporated Q [
Jh NH, NHyHCI
R4
5b,n=1,R1=R2=R3=H 5d
6b,n=2,R1=R2=R3=H 6d
1b,n=1,R;=Ry=Ry=F 11d

Scheme 5 Syntheses of 5d, 6d and 11d.

The absolute configurations and E values were proved by
comparing the [a] values with literature data (Experimental
section).

Conclusions

A simple and efficient direct enzymatic method has been developed
for the synthesis of pharmacologically valuable optically active
B-arylalkyl-substituted f-amino acids via enantioselective hydrol-
ysis of the corresponding racemic B-amino esters in an organic
medium. The R-selective hydrolyses of (£)-5, (+)-6 and (£)-11 were
performed with H,O (0.5 equiv.) as a nucleophile, using Burkholde-
ria cepacia lipase (lipase PS IM) as an enzyme in --BuOMe or in
i-Pr,O at 45 °C (E ~ 200). The enantiomers of 5a, 6a and 11a
(ee 296%), and 5b, 6b and 11b (ee 296%) were isolated in good
yields (=42%) and could be easily separated. Ester enantiomers
5a, 6a and 11a were readily hydrolysed with 18% aqueous HCI,
resulting in acids 5¢, 6¢ and 11¢ (ee 296%).

This method offers a better choice for the preparation of
B-arylalkyl-substituted B-amino acid enantiomers as compared
with the ring opening of the corresponding lactam.?? It should be
mentioned that, although derivatives of 11b have been prepared
by asymmetric routes (see ref. 10a, 11 and 18), to the best of
our knowledge they have not yet been obtained by enzymatic
procedures.

Experimental section
Materials and methods

Lipase PS IM (Burkholderia cepacia, immobilized on diatoma-
ceous earth) was a gift of Amano Enzyme Europe Ltd. Lipase
AK (Pseudomonas fluorescens) was from Amano Pharmaceuti-
cals, Lipolase (lipase B from Candida antarctica, produced by
submerged fermentation of a genetically modified Aspergillus
oryzae microorganism and adsorbed on a macroporous resin)
and PPL (porcine pancreas lipase type II) were from Sigma,
and Chyrazyme L-5 (lipase A from Candida antarctica) was
from Novo Nordisk. Before use, lipase AK, CAL-A and PPL

(5 g) were dissolved in Tris-HCI buffer (0.02 M; pH 7.8) in the
presence of sucrose (3 g), followed by adsorption on Celite (17 g)
(Sigma). Allylbenzene, 4-phenylbut-1-ene and Meldrum’s acid
were from Aldrich. (2,4,5-Trifluorophenyl)acetic acid was from
Matrix Scientific. The solvents were of the highest analytical grade.

Optical rotations were measured with a Perkin-Elmer 341
polarimeter. '"H NMR and “*C NMR spectra were recorded on
a Bruker Avance DRX 400 spectrometer. Melting points were
determined on a Kofler apparatus. Elemental analyses (CHNS)
corresponded closely (within £0.3%) with the calculated ones in
all cases.

In a typical small-scale enzyme test, (£)-5, (+)-6 or (£)-11 (0.05M
solution) in an organic solvent (1 mL) was added to the enzyme
tested (30, 50 or 75 mg mL™), followed by H,O, i-Pr,EtN, Et;N
or 2-octanol (0, 0.5, 1, 5 or 10 equiv.). The mixture was shaken at
25,45 or 60 °C.

The ee values for the unreacted B-amino ester and the B-amino
acid enantiomers produced were determined by HPLC as follows:

5a, 6a, 11a, 11b: [11b was pre-column derivatized with CH,N,*
(Caution! derivatization with CH,N, should be performed under
a well-working hood)]: a Chiralpak TA column (4.6 mm Xx
250 mm); eluent: n-hexane (0.1% DEA)-i-PrOH (95 5); flow rate:
0.3 mL min™; detection at 276 nm; retention times (min) for 5a:
35.2 (antipode: 33.9); for 6a: 37.5 (antipode: 36.6); for 11a: 48.5
(antipode: 39.6); for 11b: 44.4 (antipode: 50.0).

5b: a Chirobiotic TAG column (4.6 mm X 250 mm); eluent:
MeOH-AcOH-TEA (100:0.1:0.1); flow rate: 0.8 mL min™;
detection at 205 nm; retention times (min): 17.2 (antipode: 19.2).

6b: an APEX Octadecyl 5 p column (0.04 cm x 25 cm); pre-
column derivatization with (S)-NTFE according to the literature;*
the mobile phases were H,O (A) and MeCN (B), both of which
contained 0.1% TFA; the gradient slopes were: 95% A + 5% B
at 0 min, increased to 25% A + 75% B within 60 min; flow
rate: 0.8 mL min™; room temperature; detection at 205 nm;
retention times (min): 42.7 (antipode: 41.9).

Syntheses of f-amino esters (£)-5 and (£)-6

Racemic B-lactams (+)-3 and (+)-4 were prepared by the addition
of chlorosulfonyl isocyanate to allylbenzene (1) or 4-phenylbut-1-
ene (2), respectively, according to known literature methods.'***
(3)-3 and (+)-4 (6.0 mmol) were then refluxed with 22% HCI/EtOH
(15 mL) for 8 h, after which the solvent was evaporated off,
resulting in the corresponding B-amino ester hydrochlorides
(3)-5-HCI and (£)-6-HCI, which were immediately treated with
aqueous K,CO; to afford (£)-5 and (£)-6, as oils.

Ethyl (1)-3-amino-4-phenylbutanoate [(+)-5]. Yield: 1.07 g
(86%), a pale-yellow oil; §,(400 MHz; CDCl;; Me,Si) 1.27-1.31
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(3 H, t, J 7.1, CH,CH,), 2.32-2.38 (1 H, dd, J 8.7 and 15.9,
CH,COOH), 2.49-2.54 (1 H, dd, J 4.2 and 15.9, CH,COOH),
2.62-2.68 (1 H, dd, J 8.1 and 13.4, CH,Ar), 2.78-2.82 (1 H, dd, J
5.6 and 13.4, CH,Ar), 3.49-3.52 (1 H, m, CH), 4.15-4.20 2 H, q,
J7.1and 14.3, CH,CH,), 7.22-7.36 (5 H, m, Ar); §-(100.62 MHz;
CDCL,; Me,Si) 14.6, 42.4, 44.4, 50.1, 60.8, 126.9, 129.0, 129.7,
139.0, 172.8.

Ethyl (%)-3-amino-5-phenylpentanoate [(£)-6]. Yield: 1.10 g
(83%), a pale-yellow oil. The '"H NMR and *C NMR data are
in accordance with those reported in the literature.®

Syntheses of f-amino ester (+)-11

To a mixture of 2,4,5-trifluorophenylacetic acid 7 (2.28 g,
12.0 mmol), 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s acid)
(1.90 g, 13.2 mmol), N,N-dimethylaminopyridine (0.12 g,
0.96 mmol) and N,N-diisopropylethylamine (4.7 mL, 27.0 mmol)
in MeCN (8 mL), trimethylacetylchloride (1.6 mL, 13.2 mmol)
was added at 40 °C. The reaction mixture was stirred at
45 °C for 3 h, cooled to 0 °C, and 1 M HCI (20 mL)
was then slowly added to the reaction mixture to form a
solid. The resulting solid was washed with 20% CH;CN-H,O
(50 mL) to give 5-(1-hydroxy-2-(2,4,5-trifluorophenyl)ethylidene)-
2,2-dimethyl-1,3-dioxane-4,6-dione (8): 3.37 g (85%), white crys-
tals; mp 99-101 °C (from MeCN) [lit.,** 117 °C (decomp.)]. The 'H
NMR and “C NMR data are in accordance with those reported
in the literature.

In the next step, 8 (3.30 g, 10.0 mmol) was refluxed in
EtOH-toluene 1:4 (80 mL) for 3 h. The reaction mixture was
subsequently diluted with EtOAc (35 mL), and washed with brine
(2 x 50 mL). The organic layer was dried with Na,SO, and
evaporated to give ethyl 3-oxo-4-(2,4,5-trifluorophenyl)butanoate
(9): 2.45 g (94%), white crystals; mp 29-30 °C (from n-hexane).
0u(400 MHz; CDCl;; Me,Si) 1.30-1.34 (3 H, t, J 6.9, CH,CH,),
3.55(2 H, s, CH,COOCH,CH,), 3.88 (2 H, s, CH,Ar), 4.22-4.27
(2H, q,J 7.1 and 14.3, CH,CH;), 6.94-7.01 (1 H, m, Ar), 7.04-
7.11 (1 H, m, Ar); 6.(100.62 MHz; CDCl;; Me,Si) 14.6,42.4,49.1,
62.1,106.1, 119.9, 145.8, 147.8, 155.1, 157.1, 167.1, 198.5.

A mixture of 9 (2.60 g, 10.0 mmol) and NH,OAc (3.85 g,
50.0 mmol) in EtOH (40 mL) was refluxed for 7 h. The reaction
mixture was evaporated, diluted with EtOAc (50 mL) and washed
with H,O (2 x 50 mL). The organic layer was dried with Na,SO,
and evaporated to give ethyl 3-amino-4-(2,4,5-trifluorophenyl)but-
2-enoate (10): 2.31 g (89%), white crystals; mp 115-117 °C (from
n-hexane and EtOAc). 6,;(400 MHz; CDCl;; Me,Si) 1.27-1.31 (3
H,t,J 7.2, CH,CH;), 3.44 2 H, s, CH,Ar), 4.12-4.17(2H, q, J
7.1 and 14.2, CH,CH,), 4.59 (1 H, s, CH), 6.94-7.01 (1 H, m, Ar),

Table 6 Lipase PS IM-catalysed hydrolyses of (+)-5, (£)-6 and (£)-11¢

7.09-7.15 (1 H, m, Ar); 6.(100.62 MHz; CDCl;; Me,Si) 14.9, 35.1,
59.3, 85.8,105.6, 119.2, 145.7, 147.9, 154.4, 158.8, 169.8.

10 (1.56 g, 6.0 mmol) was dissolved in EtOAc (15 mL), the
mixture was cooled to 0 °C, and NaCNBH; (1.13 g, 18.0 mmol)
and glacial AcOH (1.0 mL, 18.0 mmol) were added. After 6 h,
the mixture was extracted with 10% Na,CO; (3 X 15 mL), and the
organic phase was dried with Na,SO, and evaporated, resulting in
crude (£)-11. This was then dissolved in 22% HCI/EtOH (10 mL),
and the solution was evaporated, resulting in (3)-11-HCI, which
was immediately treated with aqueous K,CO; to afford (+)-11:
0.85 g (54%), a pale-yellow oil; 6,;(400 MHz; CDCl;; Me,Si) 1.28-
1.32(3H,t,J 7.1, CH,CH;), 2.32-2.39 (1 H, dd, J 8.5 and 15.9,
CH,COOH), 2.48-2.54 (1 H, dd, J 4.2 and 15.9, CH,COOH),
2.65-2.71 (1 H, dd, J 7.7 and 13.7, CH,Ar), 2.76-2.81 (1 H, dd,
J 5.8 and 13.7, CH,Ar), 3.46-3.52 (1 H, m, CH), 4.16.4.21 2 H,
q,J 7.1 and 14.2, CH,CHj;), 6.93-6.96 (1 H, m, Ar), 7.08-7.11 (1
H, m, Ar); 6.(100.62 MHz; CDCl;; Me,Si) 14.6, 36.8, 42.1, 49.1,
61.0, 105.6, 120.3, 145.3, 147.7, 155.0, 157.0, 172.0.

General procedure for the preparative-scale resolutions of (1)-5,
(1)-6 and (¥)-11

Racemic (£)-5, (+)-6 and (£)-11 (3 mmol) were dissolved in ¢-
BuOMe [(¥)-5] or in i-Pr,O [()-6 and (£)-11] (15 mL). Lipase PS
IM (0.75 g, 50 mg mL™") and H,O (27 uL, 1.5 mmol) were added
and the mixture was shaken in an incubator shaker at 45 °C for 3-5
d (Table 6). The reaction was stopped by filtering off the enzyme
at close to 50% conversion. The solvent was evaporated and the
residues (S)-5a, (S)-6a and (S)-11a were immediately hydrolysed
by refluxing with 6 mL of 18% aqueous HCI solution for 7 h to
give (S)-5c¢, (S)-6¢ and (S)-11c. The filtered-off enzyme was washed
with distilled H,O (3 x 15 mL), and the H,O was evaporated off,
yielding crystalline (R)-5b, (R)-6b and (R)-11b. When (R)-5b, (R)-
6b or (R)-11b (50 mg) was treated with 22% HCI/EtOH (5 mL),
then evaporated, (R)-5d, (R)-6d or (R)-11d was obtained.

(R)-3-Amino-4-phenylbutanoic acid (5b).  Yield: 242 mg (45%),
white crystals; ee = 96%; [o]5 —4.6 (¢ 0.30 in H,O) [lit.,”> +7
(¢ 0.20 in H,0) for the (S) enantiomer]; mp 209-211 °C (from
H,0 and Me,CO) (lit.,? 207-210 °C) The '"H NMR data are in
accordance with those reported in the literature.” 6.(100.62 MHz;
D,0; Me,Si) 38.5, 38.6, 51.2, 128.1, 129.6, 130.0, 136.2, 178.3.

Hydrochloride salt of (S)-3-amino-4-phenylbutanoic acid (5c).
Yield: 272 mg (42%), off-white crystals; ee = 96%; [a]% +4.6 (¢ 0.36
in H,0) [lit.,2 +6 (¢ 0.21 in H,0)]; mp 174-176 °C (from EtOH
and Et,0) (lit.,?* 172-175 °C). The '"H NMR and *C NMR data
are in accordance with those reported in the literature.'*

B-Amino acid-HCI (5¢, 6c¢, 11c¢)

B-Amino acid (5b, 6b, 11b)

t/d Conv. (%) E Yield (%) Isomer ee (Yo) [o]E Yield (%) Isomer ee (%) [o]E
*)-5 5 50 194 42 S 96 +4.6° 45 R 96 —4.61
(%)-6 3 51 >200 47 S 98 +11.5¢ 47 R 96 -12.11
(H)-11 5 50 >200 44 S 96 —9.8¢ 43 R 97 +15.5"

450 mg mL™" lipase PS IM in i-Pr,0, 0.5 equiv. of H,O at 45 °C. * According to HPLC (Experimental section). “ ¢ 0.36. 9 ¢ 0.30. ¢ ¢ 0.40. /¢ 0.34. ¢ ¢ 0.32.

"¢ 0.35.
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Hydrochloride salt of (R)-3-amino-4-phenylbutanoic acid (5d).
Quantitative yield; off-white crystals; ee = 96%; [a]% —3.9 (¢ 0.35
in H,0) [lit.,> =8 (¢ 0.11 in H,0)]; mp 169-172 °C (lit.,** 182-
185 °C). The '"H NMR and “C NMR data for 5d are similar to
those for Sc.

(R)-3-Amino-5-phenylpentanoic acid (6b). Yield: 272 mg
(47%), white crystals; ee = 96%; [o]5 —12.1 (¢ 0.34 in H,O0) [lit.,”
+24 (¢ 0.28 in H,0) for the (S) enantiomer]; mp 214-216 °C (from
H,0 and Me,CO) (lit.,>* 215-219 °C). The '"H NMR data are in
accordance with those reported in the literature.” 6(100.62 MHz;
D,0; Me,Si) 31.3,34.4,38.7,49.6,127.0, 129.0, 129.4, 141.4, 178.6.

Hydrochloride salt of (S)-3-amino-5-phenylpentanoic acid (6¢).
Yield: 324 mg (47%), off-white crystals; ee = 98%; [a]Z +11.5
(¢ 0.40 in H,0) [lit.,2 +12 (¢ 0.21 in H,0)]; mp 144-146 °C (from
EtOH and Et,0) (lit.,>* 150-152 °C). The '"H NMR data are in
accordance with those reported in the literature.”* 6.(100.62 MHz;
D,0;Me,Si)31.1,34.1,36.3,48.5,127.1,129.0, 129.4,141.0, 174.8.

Hydrochloride salt of (R)-3-amino-5-phenylpentanoic acid (6d).
Quantitative yield; off-white crystals; ee = 96%; [a]% —10.5 (¢ 0.40
in H,0) [lit.,>* =15 (¢ 0.21 in H,0)]; mp 147-149 °C (lit.,* 146-
148 °C). The 'H NMR and “C NMR data for 6d are similar to
those for 6c.

(R)-3-Amino-4-phenyl(2,4,5-trifluorophenyl)butanoic acid (11b).
Yield: 301 mg (43%), white crystals; ee = 97%; [a]% +15.5 (¢ 0.35
in H,0); mp 217-219 °C (from H,0 and Me,CO). 6,(400 MHz;
D,0; Me,Si) 2.48-2.54 (1 H, dd, J 7.9 and 16.5, CH,COOH),
2.59-2.65 (1 H, dd, J 5.0 and 16.9, CH,COOH), 3.08-3.09 (2 H,
d,J 6.9, CH,Ar), 3.81-3.88 (1 H, m, CH), 7.22-7.27 (1 H, m, Ar),
7.31-7.37 (1 H, m, Ar); 6.(100.62 MHz; D,O; Me,Si) 31.1, 38.0,
49.1, 105.8, 118.9, 145.6, 148.0, 155.1, 157.5, 177.3. To prove the
absolute configuration, N-Boc-11b was prepared by a literature
method'? {white crystals; [e]Z +24.6 (¢ 0.46 in CHCL,) [lit.,'"*
+32.3 (¢ 1.0 in CHCL,)]; mp 112-114 °C (from n-hexane) (lit.,'**
124-125 °C)}.

Hydrochloride salt of (S)-3-amino-4-(2,4,5-trifluorophenyl)-
butanoic acid (11¢). Yield: 356 mg (44%), off-white crystals; ee =
96%; [a]Z —9.8 (¢ 0.32 in H,0); mp 177-179 °C (from EtOH and
Et,0). 6,(400 MHz; D,0; Me,Si) 2.75-2.89 (2 H, m, CH,COOH),
3.08-3.19 (2 H, m, CH,Ar), 3.96-4.05 (1 H, m, CH), 7.21-7.28 (1
H, m, Ar), 7.32-7.38 (1 H, m, Ar); 8-(100.62 MHz; D,O; Me,Si)
31.5, 36.1, 48.8, 106.5, 119.4, 146.0, 148.1, 155.4, 156.6, 174.0.

Hydrochloride salt of (R)-3-amino-4-(2,4,5-trifluorophenyl)-
butanoic acid (11d). Quantitative yield; off-white crystals; ee =
97%; [o]5 +10.6 (¢ 0.31 in H,0); mp 179-181 °C. The 'H NMR
and “"C NMR data for 11d are similar to those for 11c.
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