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Synthesis of biologically active peptides, alkaloids, and immunosuppresants such as FK506 requires 
enantiomerically-pure pipecolic acid (2-piperidinecarboxylic acid). We report an efficient kinetic 
resolution of pipecolic acid esters by enzyme-catalyzed hydrolysis. We screened commercially available 
hydrolases and identified crude lipase from Aspergillus niger (ANL) as the most enantioselective 
catalyst for the hydrolysis of (&)-methyl pipecolate, E = 20 f 4 in favor of the @)-enantiomer at  
pH 7. Changing of the ester group to n-pentyl or n-octyl did not increase the enantioselectivity, while 
addition of an N-acetyl group decreased the enantioselectivity. Partial purification of ANL by 
fractional precipitation with ammonium sulfate (25-45 7% saturation) increased the enantioselectivity 
to >loo. A synthetic scale resolution of (f)-n-octyl pipecolate using this partially purified ANL gave 
(5')-(-)-pipecolic acid (93 7% ee, 0.89 g) and (R)-(+)-pipecolic acid (97 % ee, 1.20g). Further purification 
of ANL confirmed that the lipase (apparent molecular weight of 32 m a ) ,  and not an impurity, was 
responsible for the enantioselective hydrolysis of octyl pipecolate. 

Pipecolic acid, 2-piperidinecarboxylic acid, is a precursor 
of numerous bioactive compounds. For example, alkaloids 
such as swainsonine (an a-mannosidase inhibitor),' thio- 
ridazine (an antipsychotic),2 pipradol (an anticonMllsant),3 
local anesthetics: a K-opioid analgesic: and a protein 
kinase C inhibitor: have all been prepared from pipecolic 
acid.' The immunosuppressants FK506 and rapamycin8 
as well as simple analogs of FK5069 contain a pipecolic 
acid moiety, as do efrapeptins, a class of peptide insec- 
ticides isolated from fungus,lOand nonapeptide inhibitors 
of HIV protease.ll Cyclic hexapeptides containing pipe- 
colic acid inhibit uterine contractions and may prevent 
premature birth.12 To maximize biological potency and 
to minimize side effects, synthesis of these compounds 
requires enantiomerically-pure pipecolic acid. 

Pipecolic acid13 is not a proteinogenic amino acid, but 
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small amounts of the Lenantiomer (5') occur naturally, 
for example, 0.1 wt !% in dried clover leaves. ($)-Pipecolic 
acid can also be prepared by oxidation of (S)-ly~ine.'~ 
Racemic pipecolic acid is readily available, so the best 
current route to the (R)-enantiomers is classical resolution 
of the racemate by fractional crystallization as the tartrate 
salt.'S A less convenient alternative is destruction of one 
enantiomer by fermentationI6 or by oxidation with amino 
acid oxidase.'3J7 

Although hydrolase-catalyzed kinetic resolution is a 
convenient route to many enantiomerically-pure amino 
acids,18 it has not yet been successful for pipecolic acid. 
Amino acid acylase from porcine kidneylo or bacterial 
aminopeptidasem can resolve many acyclic amino acids, 
but these enzymes do not accept cyclic amino acids. Two 
(5')-enantioselective proline acylases have been reported,2l 
but no acylase for pipecolic acid has been reported. Porcine 
liver esterase (PLE) catalyzed slow hydrolysis of deriva- 
tives of pipecolic acid, but with low enantioselectivity.22 

In this paper we report an efficient kinetic resolution 
of octyl pipecolate catalyzed by lipase from Aspergillus 
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Table 1. Hydrolysis of Pipecolate Esters by Crude  Lipase from A. niger 
methyl ester n-pentyl ester n-octyl ester 

pHa activity) unita/g c,” % Ewpd activity! unita/g c,C % EaWd activity) unita/g c,” % E,d t l / 2 :  h 
4 0.2 26 16*4 nd nd nd 0.g 15 20*7 nd 
5 10 nd nd nd nd nd 3 28 23*5 >2000 
6 13 34 27i4 1.4 29 12i4 2 69 17*@ 200 
7 14 46 20*@ 0.8 28 20*8 2 38 10*4h 20 
8 14 42 4h nd nd nd nd nd 9 

pH 4-7: phosphate buffer, 10 or 100 m M  pH 8; sodium pyrophosphate buffer, 100 m M  a t  pH 6 and 8 similar resulta were observed in 
triethanolamine buffer. The initial concentration of substrate was 50 mM for the methyl and n-pentyl esters; 10 mM for the n-octyl ester. * Unit = pmol of ester hydrolyzed per minute per gram of solid. The solid contained -2 wt % protein. Usually three separate reactions were 
used to measwe the enantiomeric ratio. The conversion, c, listed is a typical value. d E.pp representa the enantiomeric ratio as defiied by Sih 
(ref 24); nd = not determined. e Stability of the octyl ester to hydrolysis in the absence of enzyme. f 50 mM substrate. 8 The enantiomeric 
purities used to calculate this value were checked independently by NMR. The lower enantiomeric ratio was probably due to nonspecific 
hydrolysis of the ester. No correction was made for the competing chemical hydrolysis a t  pH 7 and 8. 

niger (ANL). The commercially available preparation 
showed moderate enantioselectivity (E -20). Partial 
purification of this enzyme by a simple ammonium sulfate 
precipitation enhanced the enantioselectivity to >loo. A 
synthetic-scale resolution using partially purified lipase 
yielded both (R)- and (SI-pipecolic acid in 193% ee. 

Results 

Resolution of Pipecolic Acid Esters. We screened 
commercially available hydrolases and identified lipase 
from A. niger (ANL, lipase AP-6 from Amano Enzyme 
Co.) as the most enantioselective catalyst for the hydrolysis 
of methyl pipecolate, eq 1. The enantiomeric purity of 

COOMe coo- pOMe 

the product pipecolic acid was measured by HPLC using 
ligand exchange ~hromatography,2~ and the enantio- 
selectivities of the hydrolysis reactions were compared 
using the apparent enantiomeric ratio, Eapp, as defined by 
S h 2 ‘  While ANL favored the (8)-enantiomer at  pH 7 by 
a factor of 20 f 4, lipases from Candida rugosa, Rhizo- 
mucor miehei, and Pseudomonas cepacia had enantio- 
selectivities of only 1.4-2.4, favoring the (8)-enantiomer, 
and were not further investigated. 

Modification of the substrate has often increased the 
enantioselectivity of lipase catalyzed resolutions;26 there- 
fore, in an attempt to increase the enantioselectivity of 

~~ 
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the ANL-catalyzed reaction, we first modified the ester 
group, Table 1. Unfortunately, the enantioselectivities of 
the hydrolysis of the methyl and octyl esters were similar 
(E -20) at  pH 6, while the hydrolysis of the pentyl ester 
was slightly less enantioselective. The rate of ANL- 
catalyzed hydrolysis was 6-10 times Blower for the octyl 
and pentyl esters than for the methyl ester. In spite of 
this slower rate, we chose the octyl ester for further work 
because the hydrophobic octyl group simplified separation 
of the ester and acid in the synthetic-scale reactions 
described below. 

In another attempt to increase the enantioselectivity 
by modification of the substrate, we added a larger group 
on the nitrogen. Increasing the size of a substituent has 
often increased the enantioselectivity of enzyme-catalyzed 
resolutions, especially when two of the original Substituents 
at  the stereocenter were similar in size% (cf. CH2 and 
NHz+). Addition of an acetyl group gave N-acetyl methyl 
pipecolate. Hydrolysis of this new substrate was four times 
slower and not enantioselective (Eapp = 1). This decrease 
in enantioselectivity suggested that the lipase distin- 
guished between the two enantiomers of pipecolic acid 
based on the charge of the substituents, and not by their 
size. 

Another way to increase the enantioselectivity of an 
enzyme-catalyzed resolution is to change the reaction 
conditions.26 Adding salts (1 M NaC1,lOO mM CoC12, or 
10 mM HgCl2) did not change the enantioselectivity, but 
adding an organic phase (17 vol % 1-octanol) decreased 
the enantioselectivityto - 12 (datanot shown). Increasing 
the pH to 7 also decreased the observed enantioselectivity 
for hydrolysis of octyl pipecolate, Table 1, but this decrease 
was probably due to spontaneous hydrolysis of octyl 
pipecolate. Pipecolate esters were stable in aqueous 
solution below pH 6 but hydrolyzed spontaneously above 
pH 6 (tip = 20 h for octyl pipecolate at  pH 7). We did 
not correct for this nonspecific hydrolysis; therefore, the 
lower observed enantioselectivities at  pH 7 and 8 are likely 
due to this competing hydrolysis. At pH 4, the specific 
activity of ANL dropped approximately 5-fold. Thus, the 
pH range between 5 and 6 was optimal because it 
maximized the rate of the enzymic reaction and minimized 
the chemical hydrolysis of the starting ester. 

The final way to increase the enantioselectivity was to 
purify the enzyme. Five different groups have purified 

(26) Lam, L. K.; Raymond, A.; Hui, H. G.; Jones, J. B. J. Org. Chem. 
1986,51, 2047-2050. 
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Table 2. Partial Purification of LiDaae from A. niger 
~~ ~ 

w t  of amt of activity,= total fold 
solid, mg protein, mg unita/mg protein units purification c,b % EWPC 

method 1 

method 2 

crude 10 000 200 0.059 12 1 34 26 8 
DEAE-triaacryl M 32 0.15 4.8 2.5 42 >lo0 

crude 5000 102 0.056 5.7 1 26 27 10 
(NH4)fi04d 130 2.3 0.61 1.4 11 41 >lo0 
Mono Q 0.13 2.1 0.26 37 50 >lo0 

0 Octyl pipecolate at pH 5. b Conversion. c EWp represents the enantiomeric ratio aa defied by Sih (ref 24) for the hydrolysis of octyl 
pipecolate at pH 5. d Proteins precipitated between 25 and 45% saturation. 

Scheme 1 
O~O-rmCtYl  ova- OQ-rroctyl @= PH 5 e.+ G". 

lipase from A. r ~ i g e r . ~ ~  Hiifelmann et al.27c showed that 
the crude material is only 2 wt % protein and contains, 
in addition to lipase, several proteases, numerous gly- 
cosidases, and an esterase. We hypothesized that non- 
specific hydrolase or a hydrolase with reverse enantio- 
selectivity lowered the overall enantioselectivity. To test 
this hypothesis, we partially purified ANL as described 
by Hiifelmann e t  al.27c The anion exchange chromatog- 
raphy (DEAE-Trisacryl M) increased the specific activity 
1.8-fold with p-nitrophenyl acetate as the substrate and 
2.5-fold with octyl pipecolate as the substrate, Table 2. 
This degree of purification was similar to the 4.3-fold 
increase with tributyrin as the substrate that Hiifelmann 
e t  al. reported. More significantly, this purification step 
raised the enantiomeric ratio to >lo0 for octyl pipecolate. 
This increase suggests that the crude enzyme did con- 
tain other hydrolases that lowered the overall enantio- 
selectivity. 

We examined two precipitation methods for partial 
purification of ANL as simpler alternatives to anion 
exchange. Fractional precipitation of crude ANL with 
2-propano1(30-66 vol %)Z7e did not change the enantio- 
selectivity, but fractional precipitation with ammonium 
sulfate (25-45 % sa t~ ra t ion )~7~9~  raised the enantioselec- 
tivity to >100. This precipitation with ammonium sulfate 
was not only simpler than the DEAE-Trisacryl M column, 
but was also a more effective purification, Table 2. The 
specific activity of the crude lipase increased ll-fold with 
octyl pipecolate as the substrate, a factor of 4.4 more than 
with anion exchange. 

To demonstrate the synthetic usefulness of partially 
purified ANL, we resolved 10 g of (*)-octyl pipecolate 
using lipase partially purified by ammonium sulfate 
precipitation, Schemes 1 and 2. Starting with 200 g of 
crude ANL, approximately 19 000 units @-nitrophenyl 
acetate assay), we purified it by precipitation with 
ammonium sulfate 25-48% saturation and desalted the 
enzyme on a size-exclusion column yielding 1950 units of 
activity (10% yield). A small scale reaction (100 mg of 

(27) (a) Fukumoto, J.; Iwai, M.; Tsujisaka, Y. J.  Gen. Appl. Microbiol. 
1963,9,353-361. (b) Chang, S.-M. Bull. Znt. Chem. Acad. Sin. 1973,22, 
17-24. (c) Ht~felmann, M.; Hartmann, J.; Zink, A.; Schreier, P. J. Food 
Sei. 1986,50, 1721-1725. (d) Sugihara, A,; Shimada, Y.; Tominaga, Y. 
Agric. Biol. Chem. 1988, 52, 1591-1592. (e) Torwian, K.; Bell, A. W .  
Biotechnol. Appl. Biochem. 1991,13, 205-211. 

1 NaOH 
EtOH 

0 + 0- y 
{H2 

\I 
(R) 

97% e0 
1.20 g, 28% yield 

octyl pipecolate in 20 mL, 16 units of ANL, 3 h) gave 
product (5)-pipecolic acid in 98% ee and recovered (R)- 
octyl pipecolate in 29 '5% ee, corresponding to an enantio- 
meric ratio of >100. A larger scale resolution using the 
same enzyme preparation (10 g of octyl pipecolate in 1.5 
L, 1400 units of ANL, 24 h) gave product (5)-pipecolic 
acid with 93% ee (0.89 g, >95% chemical purity, 19% 
yield; 50% is the maximum yield possible). The recovered 
octyl pipcolate had 73 % ee corresponding to an enantio- 
meric ratio of 60 for this resolution. Further hydrolysis 
of the octyl pipecolate (4 d) increased ita enantiomeric 
purity to >95% ee. Upon hydrolysis we isolated (R)- 
pipecolic acid with 97% ee (1.20g, >95% chemical purity, 
26% yield). We cannot explain why the same enzyme 
preparation was less enantioselective in the large-scale 
than in the small-scale reaction. We also observed a similar 
difference in another sample of purified enzyme. 

Biochemical characterization of our catalyst by elec- 
trophoresis showed that this partially purified material 
still contained many proteins, including a t  least two 
hydrolases. Electrophoresis under denaturing conditions 
(SDS-PAGE) followed by Coomassie Blue dye to stain all 
proteins, Figure la, showed numerous bands for both the 
crude and the partially purified enzyme. One difference 
between the two preparations was a protein with an 
apparent molecular weight of 32 kDa. This protein was 
visible in the partially purified enzyme, but not in the 
crude material. Previous workers showed that pure ANL 
isolated from the crude Amano preparation had an 
apparent molecular weight of 35-37 kDa.mIe Thus, the 
increased amount of the 32-kDa protein in the partially 
purified enzyme is consistent with the notion that ANL 
was the enzyme that catalyzes the enantioselective hy- 
drolysis of octyl pipecolate. 
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Figure 1. Gel electrophoresis of lipase from A. niger. (A) Denaturing gel (SDS-PAGE) stained with Coomassie Blue to show all 
proteins. The band marked with an arrow corresponds to an apparent molecular weight of 32 kDa. Lane 1: molecular weight standards. 
Lane 2: crude lipase as received from Amano. Lane 3: lipase partially purified by precipation with 25-45 % saturation of ammonium 
sulfate. Lane 4: after additional purification by anion-exchange chromatography (Mono Q).  (B) Nondenaturing gel stained with 
l-naphthyl acetate/Fast Blue RR to show the hydrolases. Lane 5: crude lipase as received from Amano. Lane 6: lipase partially purified 
by precipation with 25-45 % saturation of ammonium sulfate. Lane 7: after additional purification by anion exchange chromatography 
(Mono Q).  

To identify the hydrolases in this mixture, we separated 
the proteins by electrophoresis under nondenaturing 
conditions and stained with l-naphthyl acetate/Fast Blue 
RR. The l-naphthol released by hydrolysis reacted with 
the diazo compound Fast Blue RR to give a dark brown 
color. This technique has been used previously to stain 
ANL24" as well as lipase from C. rugosa2* The hydrolase 
stain showed that both the crude and the partially purified 
enzyme contained two major hydrolases, Figure lb. 
Because the partially purified material was highly enan- 
tioselective, we concluded that one or both hydrolases 
catalyzed the hydrolysis of (S)-octyl pipecolate, while 
neither hydrolase catalyzed the hydrolysis of (R)-octyl 
pipecolate. 

Another fraction from the ammonium sulfate precipita- 
tion (60-80 % saturation) contained small amounts of other 
hydrolases as shown by activity staining on nondenaturing 
gels. Resolution of octyl pipecolate with this fraction 
showed lower enantioselectivity, E = 16 f 3. We believe 
that these were the hydrolases responsible for the lower 
enantioselectivity of the crude material. 

To identify ANL as the enzyme responsible for the 
enantioselective hydrolysis of octyl pipecolate, we further 
purified the enzyme by anion exchange chromatography 
(Mono Q column). This additional step gave material 
containing three major proteins with apparent molecular 
weights of 58,40, and 32 kDa, Figure 1A. Activity staining 
of a nondenaturing gel showed a single hydrolase, Figure 
1B. Kinetic resolution of octyl pipecolate with this 
material showed an enantioselectivity of > 100, indicating 
that one of these three proteins was the enantioselective 
hydrolase. Further purification by gel filtration confirmed 
that the hydrolase was the 32 kDa protein. Thus, the 

(28) Baillargeon, M. W.; Sonnet, P. E. JAOCS 1988,65, 1812-1815. 

enzyme responsible for the enantioselective hydrolysis of 
octyl pipecolate was a hydrolase with an apparent mo- 
lecular weight of 32 kDa. 

Previous workers isolated the lipase from the crude 
Amano enzyme by a similar procedure2M and found an 
apparent molecular weight of 35-37 kDa. The slight 
difference in apparent molecular weight between our work 
and that of previous workers is probably due to the new 
formulation for the molecular weight standards after 1990. 
Using the old molecular weight standards, we measured 
an apparent molecular weight of 35 kDa for our enzyme. 

Discussion 

Screening identified crude lipase from A. niger as an 
enantioselective catalyst for the hydrolysis of pipecolic 
acid esters. The enantioselectivity of the hydrolysis was 
not high enough for efficient synthetic use so we examined 
several approaches to increase the enantioselectivity. 
Neither substrate modification, nor modification of reac- 
tion conditions increased the enantioselectivity of the crude 
enzyme. However, a partial purification increased the 
enantioselectivity by at  least a factor of five to >loo. This 
result suggested that the crude enzyme contained non- 
specific hydrolases or hydrolases of opposite enan- 
tioselectivity. Complete purification was not necessary 
since the partially purified enzyme was highly enantio- 
selective even though it still contained at  least two 

(29) (a) Kitazume, T.; Sato, T.; Ishikawa, N. Chem. Lett. 1984,1811- 
1814. (b) Gu, Q. M.; Reddy, D. R.; Sih, C. J. Tetrahedron Lett. 1986,27, 
5203-5206. (c) Miyazawa, T.; Takitani, T.; Ueji, S.; Yamada, T.; Kuwata, 
S. J. Chem. SOC., Chem. Commun. 1988, 1214-1215. (d) Sonnet, P. E.; 
Baillargeon, M. W. Lipids 1989,24,434-437. (e) Ngooi, T. K.; Guo, Z.-W.; 
Sih, C. J. Biocatalysis 1990,3, 119-128. (0 Gu, R. L.; Lee, I. S.; Sih, C. 
J. Tetrahedron Lett. 1992, 33, 1953-1956. (g) Chiou, A.-J.; Wu, S.-H.; 
Wang, K.-T. Biotechnol. Lett. 1992,14,461-464. 
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hydrolases. The enantioselectivity of previously reported 
resolutions of carboxylic acids with crude ANLm might 
also increase with partially purified ANL. 

Using the same enzyme, Itoh e t  al. reached a different 
conclusion for the resolution of secondary alcohols.30 They 
found that purification of ANL did not increase the 
enantioselectivity and concluded that all hydrolases in 
the crude enzyme had a similar enantioselectivity for 
secondary alcohols. Both this increase in enantioselectivity 
toward carboxylic acids upon purification and the lack of 
any change in enantioselectivity toward secondary alcohols 
upon purification is consistent with our proposed binding 
sites for these stereocenters in lipasese31 On the basis of 
X-ray crystal structures of phosphonate inhibitors bound 
to C. rugosa lipase, we proposed that the alcohol binding 
site is similar in all lipases because it is formed by conserved 
structural elements; thus, purification has little effect on 
enantioselectivity. On the other hand, the acid binding 
site is formed by nonessential amino acid residues and 
likely differs among lipases. Purification can therefore 
strongly influence enantioselectivity toward carboxylic 
acids. 

The kinetic resolution of octyl pipecolate is a simple 
and efficient route to both enantiomers of pipecolic acid. 
The partial purification of ANL by precipitation with 
ammonium sulfate is simple and accessible to synthetic 
organic chemists. It may be possible to extend this method 
toother cyclic amino acids, as well as derivatives of proline 
and pipecolic acid that are used as chiral a u x i l i a r i e ~ ~ ~  and 
for the construction of g€ycoside inhibitors. A pipecolic 
acid specific enzyme may also be useful for the synthesis 
of peptides containing pipecolic acid. Unpurified ANL 
also catalyzes the enantioselective hydrolysis of related 
substrates-piperidine-containing esters of primary al- 

Further purification confirmed that the lipase from A. 
niger (apparent molecular weight of 32 kDa) waa the 
enzyme responsible for the enantioselective hydrolysis of 
octyl pipecolate. Even though this lipase has been 
previously purified, little is known about the pure lipase's 
substrate specificity or enantioselectivity. The mechanism 
of discrimination between enantiomers appears to involve 
the charge on the substituents (CH2 vs NH2+), while other 
lipases often discriminate between enantiomers based on 
the size of the substituents. 

Experimental Section 
General. Lipase from C. rugosa (L-1754,0.16 units/mg solid 

using olive oil, also known as C. cylindracea" ) was purchased 
from Sigma Chemical Co., St. Louis, MO. Lipase from 

~0hols.33 
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Pseudomonas cepacia (lipase P-30, 0.05 units/mg solid using 
olive oil), lipase from Rhizomucor miehei (MAP-10,0.05 units/ 
mg solid using olive oil, synonym Mucor m . 9 ,  and lipase from 
A. niger (AP-6, 2 units/g solid using ethyl butyrate) were 
purchased from Amano International Enzyme Co., Troy, VI. 
Enzyme purification was done at 4 O C .  Protein concentrations 
were measured by binding of Coomassie Blue dye (Bio-Rad 
Laboratories, M i h u g a ,  ON). Denaturing (SDS-PAGE) elm 
trophoresis was done on a 12% polyacrylamide gel using Mmi- 
Protean I1 apparatus (Bio-Rad) following the Laemmli protocol." 
Prestained proteins (Bio-Rad) were wed as apparent molecular 
weight standards: phosphorylase B (106 ma),  bovine serum 
albumin (80 ma),  ovalbumin (49.5 ma) ,  carbonic anhydrase 
(32.5 ma) ,  soybean trypsin inhibitor (27.5 ma),  and lysozyme 
(18.5 ma).  Chemicals were purchased from Aldrich Chemical 
Co. unless otherwise noted. Tris-HC1 (tria(hydroxymethy1)- 
aminomethane hydrochloride) was purchased from Sigma Chemi- 
cal Co. The size exclusion gel, Bio-Gel P6 (BioRad) was used to 
desalt protein solutions. Ultrafiltration membranes (YM10 and 
PM10, cutoff at 10 kD) were purchased from Amicon Canada 
(Oakville, ON). (*)-Methyl pipecolate hydrochloride,= (+)-n- 
octyl2-pipecolate hydrochloride,= and (*)-methyl N-acetyl-2- 
pipecolate" were prepared by acid-catalyzed esterification 
according to literature procedures. 

(f)-Pentyl-2-pipecolate hydrochloride was prepared by 
acid catalyzed esterification as for the octyl ester." mp 88-89 
O C  (methanoYethy1 acetate); Rf = 0.81 (3:2 ethyl acetate/ 
methanol/l% NKOH); 'H-NMR (DzO, 200 MHz) 6 0.66-0.76 
(m, 3), 1.1-1.7 (m, ll), 2.14 (m, 1, H3), 2.87 (ddd, 1, *JHs, = 13 
Hz, VI.I&-- = 13 Hz, s J ~ ~ - ~ h  = 3 Hz), 3.29 (m, l), 3.86 (dd, 
1, 3 J ~ a - ~ a ,  = 13 Hz, '&&-H&q = 3.5 Hz), 4.06-4.12 (m, 2); "C- 
NMR (CDsOD, 75.4 MHz) 6 14.3, 22.76, 22.82, 23.3, 27.2, 29.0, 
29.2, 45.2, 57.9,67.6, 170. 

Spontaneous Hydrolysis of Octyl Pipecolate. The eater 
(28 mg) was suspended in buffer (100 mM, phosphate for pH 6, 
7, or 8; acetate for pH 5). The solution was stirred at room 
temperature, and the initial rate of hydrolysis (510% conversion) 
was monitored with a pH stat which controlled the addition of 
0.1 N NaOH. 

Enzyme Assay. Activity is given in units/wt where 1 unit 
equals 1 pmol of ester hydrolyzed per minute. Typical activity 
of crude ANL was 3 unita/g, measured by pH stat at pH 5 with 
octyl pipecolate as the substrate. Activity was also assayed using 
p-nitrophenyl acetate (PNPA) as a substrate. An aliquot (5 pL) 
of enzyme solution followed by an aliquot of PNPA (5 pL, 50 mM 
solution in acetonitrile) were added to phosphate buffer (1.0 mL, 
pH 7.5, 10 mM) at 25 O C .  The initial rate of formation of 
p-nitrophenolate was monitored at 404 nm for 30 8. Activity was 
calculated using an extinction coefficient of 11 600 M-1 cm-1. 
This value accounts for the incomplete ionization of p-nitro- 
phenolate at pH 7.5. Typical activity of crude ANL was 95 f 
15 unita/g with this assay. 

Enantiomeric Purity. The enantiomeric purity of pipecolic 
acid was determined directly using ligand-exchange chromatog- 
raphy% on either a Whatman Partiail5 ODs-3 reversed-phase 
column eluted with water containing aspartame (7.4 mg/L) and 
CuSOd (103 mg/L) with the detector set at 270 nm or a ChiralPak 
WH (Daicel Chemical Industries, Fort Lee, NJ) column eluted 
at 50 O C  with water containing CUSOI (62 mg/L) with the detector 
set at 254 nm. Samples were dissolved in the eluting buffer and 
adjusted to pH 7 (pH paper) for chromatography. The measured 
values of enantiomeric excess for repeated injections typically 
varied by *2%. The enantiomeric purity of esters of pipecolic 
acid was determined by lH-NMFt of either the N-acetyl deriva- 
tive" in the presence of chiral shift reagent (1.5 equiv of Eu(hfc)s 
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in CDCb) or the (R)-a-methoxy-a-(trifluoromethy1)phenylacetic 
acid amide (Mosher's acid amide). The Mosher's acid amides 
were synthesized using Ward and Rhee's procedure,m with 
additional washings in the workup to obtain purer product. Once 
the reaction (10-20 mg of octyl pipecolate) was complete (TLC 
on silica gel, 1:l chloroform/methanok ninhydrin stain) the 
mixture was diluted with chloroform (10 mL), washed with 
saturated NaHCOa solution (5 mL), 10% HC1 solution (5 mL), 
and saturated NaCl solution (5 mL), dried over MgSO,, and 
concentrated by rotary evaporation followed by a vacuum pump: 
Rf = 0.75 (silica gel eluted with 41 heurnes/ethyl acetate). 
Integration of the 'H-NM'R resonances for the proton a to the 
carbonyl gave the relative amount of the two diastereomers: 6 
5.55 (d, J = 4 Hz), 5.38 (d, J= 4 Hz). To measure the enantiomeric 
purity of pipecolic acid with the Mosher's amide, pipecolic acid 
was first converted to the ethyl ester. Pipecolic acid (16 mg, 0.12 
mmol) was dissolved in dry ethanol (10 mL) saturated with HCl 
gas. The reaction mixture was stirred for 24 h, and then the 
solvent was removed by rotary evaporation. Excess HC1 was 
removed by dissolving the residue in chloroform (5 mL) and 
concentrating by rotary evaporation three times. The amide 
was prepared as described above. The completion of the reaction 
was determined also as described above. 

Small-scale Resolutions. Ester (50 mg) was added to a 
rapidly stirred solution of enzyme (typically 50 mg of crude 
powder) in buffer (5 mL). The course of the reaction was followed 
with a pH stat which regulated the addition of 0.1 N NaOH. At 
aconvenient percent conversion, an aliquot (1 mL) was extracted 
with chloroform (5 X 5 mL) to remove the unreacted ester, and 
the combined extracts were dried over magnesium sulfate and 
concentrated by rotary evaporation. Small amounts of organic 
solvent were removed from the aqueous phase by rotary 
evaporation followed by ultrafiltration (PM-10 membrane) to 
remove enzyme. The enantiomeric purity of the pipecolic acid 
in the aqueous phase was determined by ligand-exchange 
chromatography. The enantiomeric purity of the ester was 
determined by 1H-NMR as the Mosher amide or by ligand- 
exchange chromatography after hydrolysis to pipecolic acid. 
Hydrolysis procedure: aqueous NaOH (2.5 N, 100 rL) was added 
to a sample of ester (-10 mg) dissolved in ethanol (-5 mL). 
After 1.5 h, aTLC analysis (1:l chloroform: methanokninhydrin 
stain) indicated that hydrolysis was complete. The reaction 
mixture was concentrated by rotary evaporation, and the residue 
was analyzed by ligandexchange Chromatography. The apparent 
enantiomeric ratiou for the resolution was calculated from the 
measured ee of the starting material (eq) and of the product 
(ee,)usingc = eeJ(ee.+e%)andE.,,= (ln[(l-c)(l-eeAI)/(ln(l 
- c)(l + ee,)l} or E,pp = (In11 - c(1 + eep)l}/(lnll- c(1- ee,)l}. 
Alternately, E, was calculated from the measured percent 
conversion and either ee. or eep using the above equations. Both 
methods agreed with each other. The error h i t s  represent the 
standard deviation of nine measurements (three ee measurements 
for pipecolic acid isolated from three separate reactions). For 
some reactions, the pipecolic acid was further purified by cation- 
exchange chromatography. Crude pipecolic acid was dissolved 
in aqueous H&04 (0.25 N, 5 mL). Cation exchange resin (Dowex 
50W H+, -1 g) was added, and the mixture was stirred for 1 h. 
The resin was transferred to a column (0.5-cm diameter) and 
washed with water until the eluent contained no more chloride 
(AgNOa test) and then with 5% NbOH (-20 mL) to elute 
pipecolic acid. The fractions containing pipecolic acid were 
concentrated by rotary evaporation and analyzed by ligand- 
exchange chromatography. 

Partial Purification of ANL by Anion-Exchange Chro- 
matography. Crude lipase from A. niger (Amano AP-6,lO g) 
was stirred in Tris-HC1 buffer (0.06 M, pH 7,85 mL) for 60 min, 
and the mixture was centrifuged at 12000g for 15 min. The 
supernatant (82 mL) was loaded on a DEAE-Trisacryl M Ion 
exchange column (2.6 X 55 cm) equilibrated in Tris-HC1 buffer 
(0.06 M, pH 7). After the column was washed with the above 
buffer (1300 mL) at a flow rate of 85 mL/h, proteins were eluted 
with a linear gradient from 0.06 to 0.23 M Tris-HC1 buffer (1600 
mL). Fractions (10 mL) were collected at a flow rate of 70 mL/h. 
After the gradient, the column was washed with Tris-HCl(O.5 
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M, pH 7,600 mL). The active fractions (45-94) were pooled and 
concentrated to 8 mL using a YM-10 membrane. 

Partial Purification of ANL by Precipitation with Am- 
monium Sulfate (Small Scale). Crude lipase from A. niger 
(AmanoAP-6,5.0 g, 5.7 unita with octyl pipecolate) was diesolved 
in Tris-HC1 buffer (75 mL, 25 mM, pH 7.5) and centrifuged 
(10 OOO rpm, 30 min) to remove a small amount of insoluble 
material. Solid ammonium sulfate (10.8 g) was added to the 
supernatant in small portions over 4 h to give 25 % saturation. 
(Slow addition was important.) The suspension was cen-ed 
(1OOOO rpm, 30 min), the pellet discarded, and additional 
ammonium sulfate (8.6 g) added to the supernatant in small 
portions over 4 h to give 45% saturation. The suspension was 
centrifuged (10 OOO rpm, 30 min), and the pellet was dissolved 
in sodium acetate buffer (3 mL, 100 mM, pH 5), dialyzed twice 
against acetate buffer (2 L, 100 mM, pH 5), and lyophilized to 
give a brown solid (130 mg, 1.4 unita, 25% yield). 

Partial Purification of ANL by Precipitation with,Am- 
monium Sulfate (Large Scale). Crude lipase from A. niger 
(Amano AP-6,200 g, 20 OOO units by PNPA aesay) was added all 
at once to Tris-HC1 buffer (1 L, 25 mM, pH 7.5) and stirred at 
4 OC until all the powder dissolved (-8 h). More buffer was 
added to give a total volume of 1.5 L followed by ammonium 
sulfate (216 g) added in small portions over 4 h to give 25% 
saturation. The solution was stirred overnight at 4 OC then 
centrifuged (20 min, 10 000 rpm, 4 O C )  to remove a small amount 
of precipitate. More (NH&S04 (218 g) was added in small 
portions to the supernatant over 4 h to give 48% saturation. The 
suspension was stirred overnight at 4 OC and centrifuged (20 
min, 10 OOO rpm, 4 "C). The pellet was collected and dissolved 
in phosphate buffer (350 mL, 10 mM, pH 5.0). This solution 
contained 2000 units of activity (PNPA away). The solution 
was concentrated by ultrafiltration (Amicon PMlO membrane, 
9-cm diameter) to 245 mL and desalted on a BioGel-P6 column 
(500 mL) yielding 500 mL containing 1950 units by PNPA assay 
(10 % yield). In other purifications, the enantioselectivity toward 
octyl pipecolate was >lo0 using a 2550% saturation of am- 
monium sulfate (4400 units, 22% yield). However, a 2555% 
saturation showed a lower enantioselectivity of 71 (6OOO units, 
25% yield). 

(6')-(-)-Pipecolic Acid. Racemic n-octyl pipecolate hydro- 
chloride (10.0 g, 36.1 mmol) was dissolved in NaOAc buffer (1 
L, pH 5.0,100 mM) at -40 "C and the solution was cooled to 
room temperature. Partially-purified lipase from A. niger (1400 
unib, PNPA assay) dissolved in NaOAc buffer (500 mL, pH 5.0, 
10 mM) was added, and the mixture was stirred at room 
temperature for 24 h. The reaction mixture was extracted with 
chloroform (6 X 500 mL), and the chloroform extra& were pooled, 
concentrated to 400 mL by rotary evaporation, and saved for 
further enzymic hydrolysis described below. The aqueous phase 
was filtered through Celite, concentrated by rotary evaporation 
to 500 mL without heating the solution over 40 O C ,  and 
ultrafiitered (Amicon PMlO membrane, 9 cm) to separate the 
pipecolic acid from the protein. The recovered ANL (1250 units 
by PNPA assay, 89% recovery) was stored in phosphate buffer 
(130 mL, 10 mM, pH 5.0, 0.02% NaNs). The filtrate was 
concentrated by rotary evaporation to a brown residue (15 g) 
which was purified by cation exchange chromatography. The 
residue was dissolved in H a 0 4  (0.25 N, 400 mL), and cation- 
exchange resin (Dowex 50W H+, 250 g) was added to the solution 
and stirred Overnight. The resin was transferred to a column 
and eluted fiist with water until the eluent contained no more 
chloride (AgNOa test) and then with 5 % NKOH. The fractions 
containing pipecolic acid were pooled, concentrated by rotary 
evaporation, and freeze-dried to give a tan powder: 2.2 g, 86 % 
pure by 'H-NMR using a weighed amount of dioxane as an 
internal standard. Another cation-exchange column on 20 g of 
the same resin gave a tan powder (1.0 g) which was recrystallized 
from methanovethyl ether to give a powder (0.89 g, 6.9 mmol, 
19% yield (50% is the maximum possible yield), 93% ee by 
Mosher amide derivative, >95% chemical purity by 'H-NMR 
(D20,200MHz)61.3-1.8(m,5),2.03(m,1),2.80(ddd,l,d~-~ 

(dd, 1, SJm-- = 13 Hz, 3 J - - m  = 3.5 Hz). A "Na NMR 
spectrum showed <1 wt % sodium as NaCl. 

(R)-(-)-Pipecolic Acid. The recovered octyl pipecolate from 

= 13 HZ, 'JH--- = 13 HZ, 'JH&-H&q = 3 HZ), 3.20 (m, I), 3.40 

(37) Ward, D. E.; Rhee, C .  K. Tetrahedron Lett. 1991,32,7166-7166. 



Kinetic Resolution of Pipecolic Acid 

the reaction above (73% ee) was concentrated by rotary 
evaporation and then dissolved in NaOAc buffer (750 mL, 100 
mM, pH 5.01, the recovered A. niger lipase (1250 units by PNPA 
assay) was added, and the reaction mixture was stirred at room 
temperature. The enantiomeric purity of the remaining octyl 
pipecolate was measured by the Mosher amide method every 24 
h. After 4 d, the enantiomeric purity of the remaining octyl 
pipecolate was >95% so the reaction was stopped by extraction 
with CHCla (5 x 500 mL). The combined organic extracts were 
dried over MgSO, and concentrated by rotary evaporation to an 
oil, 4.7 g. This oil was dissolved in methanol (100 mL) containing 
aqueous NaOH (1.0 N, 20 mL) and stirred for 1.5 h when TLC 
analysis indicated that the ester was completely hydrolyzed. The 
solution was neutralized by the addition of aqueous HBO, (0.25 
N) and concentrated by rotary evaporation. The residue was 
dissolved in water (50 mL) and extracted with CHCls (2 X 50 
mL) to remove octanol. The combined organic extracts were 
reextracted with water (7 X 25 mL). All aqueous phases were 
pooled and concentrated by rotary evaporation to a tan residue, 
6.0 g, which was purified by cation exchange chromatography as 
described above (100 g resin). Recrystallization from methanol/ 
ethyl ether afforded a white powder (1.20 g, 9.30 mmol, 26% 
(50 % is the maximum possible yield), 97 % ee by Mosher amide, 
>95% chemical purity by 'H-NMR. A 28Na NMR spectrum 
showed <1 w t  % sodium as NaC1. 

Identification of ANL as the Enzyme Responsible for 
Resolution. Lipase partially purified by precipitation with 
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ammonium sulfate (26 mg of protein) was desalted with a Bio- 
Gel P-6 column, dissolved in Tris-HC1 buffer (2 mL, 25 mM, pH 
7.41, and injected onto an anion-exchange column (Mono Q HR 
5/5 column, Pharmacia, Baie d'Urf6, Qdbec) equilibrated in the 
same buffer using a Pharmacia FPLC system. The column was 
eluted at a flow rate of 0.50 mL/min with the same buffer (15 
mL) followed by a linear gradient of 0 . 5 0  M NaCl over 55 mL. 
Fractions (2 mL) were collected and assayed with p-nitrophenyl 
acetate. Fractions 17 and 18 contained hydrolase activity. Figure 
1 shows the SDS-PAGE stained with Coomassie Blue and 
nondenaturing gel stained with 1-naphthyl. acetate/Fast Blue 
RR for this sample. To identify the 32 kDa protein as the active 
hydrolase, the active fractions from an anion exchange column 
were concentrated to by filtration (PM-10 membrane) to 1 mL 
and applied to a gel filtration column (Superdex 75 HiLoad 16/ 
60, Pharmacia) equilibrated with Tris buffer (25 mM, pH 7.3 
containing 0.15 M NaCl). The column was eluted with the same 
buffer at a flow rate of 1 mL/min (30 cm/h) while fractions (3 
mL) were collected. Fraction 23 contained the 32-kDa protein 
(>80% pure by SDS-PAGE) and showed the highest hydrolase 
activity. 
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