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CHAPTERR 3 

ENZYMATICC RESOLUTION OF UNSATURATED cc-H-cc-AMINO ACID AMIDES 
Developmentt of an Improved Biocatalytic System Using a Genetically Modified Organism 

3.11 Introduction 

Biocatalysiss has gradually become more important in organic synthesis over the past 
twoo decades or so.1 In the beginning, the use of enzymes was restricted to the wild type 
enzymes,, that were simply screened on their ability to effect specific transformations on 
'organic'' substrates. Nevertheless, this concept has made a large impact in organic synthesis 
andd led to a large variety of useful reactions in which often the enantioselective properties of 
thee enzymes are exploited. In the past years, however, it has become clear that molecular 
biologyy techniques can be utilized to enhance the scope of enzymatic transformations even 
further.. As a first approach, identifying the gene coding for the desired activity and 
expressionn of that gene in a suitable host organism can be used to increase the catalytic 
activityy and may also result in improved selectivity because unwanted side reactions caused 
byy other enzymes present in the wild type strain are absent.2 Recently it was shown that also 
thee properties of enzymes could be improved using newly developed molecular biology 
techniques.. One of the most prominent examples was published by the group of Reetz, who 
showedd that by applying a random mutagenesis protocol, the enantioselective hydrolysis of 
ann ester by a lipase could be significantly improved by producing a modified lipase.3 This 
principlee is now generally known as 'directed evolution' and also applied onto other types of 
enzymes.. Thus, Arnold en coworkers have shown that the stereoselectivity of a hydantoinase 
couldd be reversed from D-selective into L-selective.4 Recently, an even more powerful tool has 
beenn developed, called gene shuffling.5 

Inn this Chapter we describe the application of the most simple molecular biology 
approachh to construct an improved whole cell catalyst based on the versatile aminopeptidase 
fromm Pseudomonas putida. 

Non-proteinogenicc amino acids are ideal substrates for enzymatic conversions due to 
theirr resemblance to proteinogenic amino acids, which are the natural substrates for a 
seeminglyy infinite number of enzymes. This is the reason that amino acids can be resolved in a 
varietyy of ways with enzymatic methods. Among the most widely applied enzymatic routes 
aree the acylase,6 esterase, hydantoinase and aminopeptidase based ones.7 The first industrial 
applicationn was the acylase-based resolution of N-acyl-amino acids developed by Tanabe and 
Degussa.66 In the mid 1970s, at DSM a different track was followed, utilizing aminopeptidases 
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andd amidases to resolve racemic amino acid amides. The essentials of this process are 

depictedd in Scheme 1. Subjection of a (proteinogenic or non-proteinogenic) racemic amino 

acidd amide to the amidase present in the organism Pseudomonas putida ATCC 12633 leads to a 

mixturee of the (S)-acid 3 and the (K)-amide 2 in generally high enantioselectivity.8 It is 

importantt to emphasize that permeabilized whole cells of the Pseudomonas putida strain are 

used,, so all enzymes expressed in these cells come into contact with substrates and products 

off  the amidase reaction. The (R)-amide 2 can be separated from the (S)-acid3 by adding one 

equivalentt (relative to the amide) of benzaldehyde to the reaction mixture, thus converting the 

amidee into the corresponding Schiff base 4.9 The Schiff base precipitates and can be filtered off 

orr can be extracted from the water layer with an organic solvent. At this point, racemization of 

thee Schiff base with NaOH, followed by imine hydrolysis wil l yield a racemic amide that can 

againn be subjected to the biocatalytic system.10 In this way, eventually a 100% yield of the (S)-

acidd can be obtained. Alternatively, mild acid hydrolysis of the Schiff base 4 regenerates the 

(R)-amide,, which can be converted into the corresponding (R)-acid at 90 °C in 6 N HC1. An 

elegantt alternative to this rather harsh chemical method is enzymatic hydrolysis using a non-

selectivee amidase produced by Rhodococcus erythropolis NCIMB 11540." This reaction proceeds 

underr very mild conditions (pH 8, 37 °C) and is especially useful if the side chain contains a 

reactivee functionality. 

Schemee 3.1 
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Already,, more than 100 different amino acid amides have been successfully resolved 

viaa this method.12 It has been shown that a broad structural variety of a-H-a-amino acid 

amidess (small and large groups) are accepted by the biocatalyst without losing its 

enantioselectivee properties. Aryl or alkyl side chains containing heteroatoms such as sulfur, 

nitrogenn and oxygen are also accepted. Cyclic amino acid amides can also be resolved, but in 

somee cases product inhibition is observed. 
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Althoughh the majority of examples concern amino acid amides, some other substrates 

havee been resolved as well successfully with the same enzyme system. The methoxy-

substitutedd amides 5 appeared suitable substrates that were hydrolyzed in an enantioselective 

mannerr (eq 3.1) albeit at a significantly lower rate.13 In addition, recently the amino acid-

derivedd azido amides 7 were also resolved leading to the corresponding products with good 

selectivity.144 The (S)-aminopeptidase originating form P. putida was used as the biocatalyst. 

FF H ? H P 
II  M Pseudomonas putida 1 M JL _OH n 11 

H2N"YY 0 M e ~ ^ H2N
/^N^OMe + H 2N^yU " <31> 

OO O O 
55 R = allyl, isopropyl, cyclopentyl 6 (R)-methoxyamide 3 (S)-acid 

aminopeptidasee / s* ,o o-v 

(R)-7° ° 

Thee high acceptance of a variety of substrates was a strong impetus for us and DSM to 

furtherr explore the scope and limitations of this biocatalytic system and, more importantly, 

investigatee whether its selectivity and catalytic properties could be improved. A particular 

drivee into such research were the relative poor results with methionine amide, but also with 

allylglycinee amide. In both cases, excellent ee's were obtained for the amide, whereas under 

standardd conditions the ee of the corresponding acid was significantly lower. The concern was 

raisedd that the wil d type strain contained undesired enzyme activities that would be 

responsiblee for these anomalous results. Therefore, it was our goal to identify the amidase in 

thee wil d type organism, clone the genetic information and investigate whether this sequence 

couldd be expressed in a suitable host organism, which would lack any undesirable activity. 

Inn previous studies, the purification and characterization of the most important leucine 

aminopeptidasee from the Pseudomonas putida ATCC 12633 strain has been carried out,8'15 and 

resultedd in the following insight. Divalent cations sometimes have a positive effect (Mg2+ and 

Co2++ 2- to 3-fold; Mn2+ 12-fold), but can also have a negative influence (Cu2+ and Ca2+ 70% and 

40%% inhibition, respectively) on the activity of the enzyme. Hydrolyzing activity of the (S)-

aminopeptidasee was observed between pH 7 and 11, with the highest activity at pH 9.0-9.5 

andd at 40 °C. The enzyme displayed activity on several dipeptides so that the enzyme 

eventuallyy was designated as an (S)-aminopeptidase. 

Too construct a potentially more efficient biocatalytic system, the gene coding for the 

(S)-aminopeptidasee from Pseudomonas putida ATCC 12633 was cloned and brought to 

overexpressionn in an E. coli K-12 host micro-organism. This bacterium was chosen, due to its 
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favorablee fermentation properties and the availability of a large number of specialized 

expressionn vectors. This procedure has been detailed in a recent publication and therefore wil l 

nott be subject of this chapter.15b Thus, E. coli DH5cc/pTrpLAP whole cells were obtained, 

whichh wil l be referred to as GMO (Genetically Modified Organism) cells. Resolution of some 

simplee alkyl-substituted a-H-amino acid amides by E. coli DH5a/pTrpLAP and P. putida 

ATCCC 12633 showed on average a 25-fold increase of activity by the genetically modified 

organismm (GMO). This is caused by the improved expression of the P. putida pep A gene, due to 

thee use of a strong promoter in combination with a multicopy system. The strategy used in 

thiss case for the cloning and heterologous expression of P. putida pepA, did not result in any 

mutationn on protein level. Therefore, the wil d type P. putida enzyme wil l be formed in the 

recombinantt E. coli strain. This means that all intrinsic properties of the (S)-aminopeptidase 

(e.g.. pH optimum, substrate range, enentiospecificity) are unaltered in comparison with the 

propertiess of the enzyme found in P. putida. 

Inn this chapter, an overview wil l be given from the results that were obtained by 

comparingg both biocatalytic systems in the resolution of a range of unsaturated amino acid 

amides.. The racemic amino acid amides that were described in Chapter 2 (Scheme 3.2) were 

subjectedd to the whole cells of the wild type P. putida strain and the GMO and a comparison 

wass made between the two different biocatalytic systems. 

Schemee 3.2 

HgNTT > f X H 2 N ' " Y ' H 2 N ' ^ | < X H2N'^Sf'X H j N ^ 

144 ~ 15 

a::  X = NH2, b: X = OH 

H2N N HPN N 

3.22 Resolutions 

Thee enzymatic resolutions were conducted with both systems at 40 °C and pH 9.2 in 

thee absence of Na+ and CI" ions, which are known to inhibit the aminopeptidase activity. 
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Initially ,, the experiments were run at one gram scale to determine the rate of the reaction and 

establishh the time at which 50% conversion was reached. In a later stage, batches on a 

preparativee scale (up to 30 g of the amino acid amide) were resolved. In most cases, a 10% 

solutionn (by weight) of the amide in water was treated with whole cells from Pseudomonas 

putidaputida ATCC 12633 (substrate/enzyme ratio 10:1) and from the GMO (substrate/enzyme ratio 

500:1).. During the resolution, small samples (0.5 mL) were taken from the reaction mixture, 

quenchedd with 1 M H3F04(1 mL, to stop the enzyme activity), after which the conversions and 

thee ee's of the acid and the amide were determined in a single run via chiral HPLC analysis 

(Sumichirall  OA 5000,150 mm x 4.6 mm, eluant: 2mM CuS04 in H20/MeOH). 

Inn addition to the HPLC method, the conversions were also determined via measuring 

thee concentration of liberated NH3 using an ion-selective NH4
+-electrode (Orion 95-12). Thus, 

controll  measurements were carried out in each resolution experiment. Furthermore, bianco 

experimentss were conducted in a parallel fashion to assure that basic hydrolysis did not take 

placee at pH 9.2. 

Thee results of the resolutions of the racemic amides are shown in Table 1. The ee's 

shownn in the Table for the (S)-acid and the (R)-amide were determined at the time (generally 

aroundd 21 h) that the maximum theoretical conversion (50%) was reached. However, in all 

casess the reactions were allowed to react longer (until 62 h) to get a better idea of the catalytic 

activityy of the cell's (this wil l be discussed later in this chapter). The yields were not 

determinedd in these reactions, since the goal was to find out when 50% conversion had been 

obtainedd for a given enzyme/substrate ratio. In contrast with the other substrates, the racemic 

amidess 12a and 15a were subjected to the GMO in a 2.5% weight solution (0.5 g substrate in 20 

gg water) due to the small amount of the amide that was available (entries 7 and 12). 

Inn general, the performance of both biocatalytic systems was reasonably good, in 

particularr in terms of enantioselectivity. Precipitation of the (S)-acids during the enzymatic 

reactionn of amides 11a and 17a made it more difficul t to take homogeneous samples. This 

complicationn could explain the relatively moderate ee of the (S)-acid l i b (entries 5 and 6) and 

thee longer reaction time. The solid amino acid present in the reaction mixture might hinder 

thee enzyme to reach the substrate. Precipitation of the (S)-acid 16a was also observed although 

inn a smaller degree. The difference between both biocatalysts is clear from the table: first of all, 

theree is a significant difference in reaction time in some entries (3 and 4,5 and 6,13 and 14 and 

155 and 16). The resolution with the GMO is faster, although the amount of cells is 50 times 

less.. Secondly, especially in the resolutions of amides 14a and 16a a large difference in the ee's 

off  the (S)-acids was observed (entries 10,11: 91% ee vs. 97% ee and entries 13,14: 70 ee%, vs. 

99%% ee). These latter remarkable differences in enantioselectivity encouraged us to further 

investigatee these results. 
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Tablee 3.1 

entry y 

1 1 
2 2 

3 3 
4 4 

5 5 
6 6 

7 7 

8 8 
9 9 

10 0 
11 1 

12 2 

13 3 
14 4 

15 5 
16 6 

17 7 
18 8 

amide e 

9a a 
9a a 

10a a 
10a a 

11a a 
11a a 

12a a 

13a a 
13a a 

14a a 
14a a 

15a a 

16a a 
16a a 

17a a 
17a a 

18a a 
18a a 

substratee solution3 

1 0% % 
1 0% % 

1 0% % 
10% % 

1 0% % 
1 0% % 

2.5% % 

1 0% % 
1 0% % 

10% % 
10% % 

2.55 % 

10% % 
1 0% % 

1 0% % 
1 0% % 

1 0% % 
1 0% % 

enzyme e 

P.. putida 
GMO GMO 

P.P. putida 
GMO GMO 

P.P. putida 
GMO GMO 

GMO GMO 

P.P. putida 
GMO GMO 

P.P. putida 
GMO GMO 

GMO GMO 

P.. putida 
GMO GMO 

P.P. putida 
GMO GMO 

P.P. putida 
GMO GMO 

timee (h )c 

211 h 
211 h 

211 h 
9 h h 

211 h 
9 h h 

21h h 

100 h 
100 h 

211 h 
211 h 

455 h 

455 h 
211 h 

455 h 
211 h 

211 h 
211 h 

eedd (K)-amide (S)-acid 

>> 99 % 
9 9% % 

9 7% % 
>> 99 % 

9 3% % 
9 9% % 

98% % 

>> 99 % 
>> 99 % 

>> 99 % 
>> 99 % 

9 8% % 

>> 99 % 
99% % 

>> 99 % 
99% % 

>> 99 % 
>> 99 % 

9b b 
9b b 

10b b 
10b b 

l i b b 
l i b b 

12b b 

13b b 
13b b 

14b b 
14b b 

15b b 

16b b 
16b b 

17b b 
17b b 

18b b 
18b b 

eee d (S)-a< 

9 9% % 
9 9% % 

9 7% % 
>> 99 % 

9 3% % 
9 3% % 

98% % 

9 6% % 
9 7% % 

9 1% % 
9 7% % 

9 8% % 

7 0% % 
9 9% % 

9 8% % 
9 8% % 

9 8% % 
9 9% % 

aa 10:1 mass percentage of amide in H20, benzymes were added as permeabilized whole cells in mass 
ratio:: P. putida : amide 1:10; GMO : amide 1:500, ctime after which complete conversion (50%) is reached, 
dee'ss were determined via crural HPLC. 

Figuree 3.1 shows the conversion of allylglycine amide 9a and the progress 

developmentt of the ee's of the products in time with the two different organisms. As soon as 

thee reaction starts, the ee of the (S)-acid is > 98%, while the ee of the amide is increasing as the 

conversionn proceeds. It is evident that the rate is faster in case of the GMO, which is even 

moree so taken into account that a 50-fold higher amount of the P. putida cells was used. This is 

aa strong indication that the GMO cells contain more then 50 times the amount of amidase than 

thee wil d type P. putida cells. 

Thiss general trend was observed in all of these resolution experiments. In some cases, 

somewhatt different behavior was encountered. 

62 2 



EnzymaticEnzymatic resolution of amino acid amides 

Figuree 3.1 

Allylglycin ee 9, P. putida 

122 16 20 24 

timee (h) 
 ee (S)-acid 
 ee (R)-amide 
 conversion of (R,S)-amide to acid 

Allylglycin ee 9, GMO 

122 16 20 24 

timee (h) 
 ee (S)-acid 
 ee (R)-amide 

AA conversion of (R,S)-amide to acid 

Figuree 3.2 shows the conversion of propargylglycine amide 13a and the progress 

developmentt of the ee's in time with the two different organisms. At the start of the reactions, 

aa sample was taken every hour, while the last sample was taken after 48 hours. The figures 

nicelyy illustrate the difference in rate, and also why the ee of the acid does not reach values 

higherr than 96%. In the beginning of the reaction, the ee of the (S)-acid is only ca. 91%, which 

iss probably due to a small amount of racemic acid that is present in the substrate before the 

resolutionn starts. Due to this contamination, the ee of the (S)-acid can never reach 100% 

anymore. . 

Figuree 3.2 

Propargylglycinee 13, P. putida Propargylglycine 13, GMO 

100 0 

80 0 

ee e 

(%)) 6° 
40 0 

20 0 

f f L. L. r r i i 

100 0 

c c 
800 o 

n n 
600 V 

e e 
r r 

400 s 
i i 

200

n n 
(%) ) 

timee (h) 
 ee (S)-acid 
 ee (R)-amide 
 conversion of (R,S )-amide to acid 

timee (h) 
 ee (S)-acid 
 ee (R)-amide 
 conversion of (R,S)-amide to acid 

Moree drastic deviations were observed for the homopropargylglycine amide series 

(Figuree 3.3). A significantly larger decrease of the ee for the (S)-acid 14b was found. With the 
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P.P. putida cells, after 2 hours the ee was 96% and after 48 hours the ee dropped to 80% for the 

(S)-acid.. Again, in the racemic amide some acid was already present, which explains the lower 

eee of the (S)-acid in the beginning of the resolution. Inversely, the ee of the (R)-amide was 

>98%% after 48 hours and appeared stable. In contrast, with the GMO cells, no decrease in ee 

wass observed for the (S)-acid after 48 hours. The difference obviously cannot be the result of 

basicc hydrolysis, the bianco experiments - without an enzyme - did not show any 

racemization. . 

Figuree 3.3 

Homopropargylglycinee 14, P. putida 

(%)) 60 

timee (h) 

•• ee (S)-acid 
•• ee (R)-amide 
•• conversion of (R,S)-amide to acid 

Homopropargylglycinee 14, GMO 
1000 -i ** . _ _ — 100 

200 30 40 

timee (h) 

•• ee (S)-acid 
•• ee (R)-amide 
•• conversion of (R,S)-amide to acid 

AA similar pattern was observed for homoallylglycine 10 (the ee of the (S)-acid dropped 

fromm 99% to 92%) and for methylhomopropargylglycine 16b (from 95% to 57% after 69 hours). 

Duringg the resolution of amide 16a, the (S)-acid 16b partially precipitated, which made it 

moree difficult to obtain homogeneous samples of the reaction mixture. 

Methioninee amide 18, which is structurally 'related' to the homoallylglycine and 

homopropargylglycinee derivatives was also subjected to the resolution conditions.16 

Interestingly,, the same trend - excellent ee of the amide, decreasing ee of the acid with 

progressingg reaction times - was observed. Figure 4 summarizes the ee's of the structurally 

relatedd (S)-acids 10b, 14b, 16b and 18b during the resolution with the P. putida cells (left 

graphic)) and the GMO cells (right graphic). The superior properties of the GMO-whole cell 

systemm are evident: virtually no decrease in ee was observed. 

Sincee the (S)-aminopeptidase responsible for the enantioselective hydrolysis of the 

racemicc amides is identical in both systems, another enzyme, which is only present in the P. 

putidaputida ATCC 12633 cells has to be the cause of the difference in ee, This could either be an 

aminoo acid racemase or a second, non-specific amidase. Such activity is not present in the cells 
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off  the E. coli K-12 strain (E. coli DH5ce / pTrpLAP) since there is no decrease in ee when these 

cellss are used. 

Figuree 3.4 

(S)-acidss from resolution with P. putida 
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3.33 Tests with enantiomerically pure homopropargylglycine 

Too identify the type of enzyme that causes the poor results a number of experiments 

weree carried out. In order to verify the presence of an amino acid racemase, both types of cells 

weree used in combination with enantiomerically pure (>98%) (S)- homopropargylglycine 14b 

underr exactly identical conditions (10% solution, pH 9.2, 40 °C, 70 hours, enzyme: substrate; 

1:100 (P. p«ffdfl:substrate) 1:500 (GMO:substrate). 

Figuree 3.5 

O O 
(S)-14b b 

eee > 98% 

wholee cells 

pH9.2,40°CC H2N 
688 h 

Decreasee of ee of (S)-14-acid in time 
1000 1 

ee e 
(%) ) 

(S)-14b b 
P.. putida : ee 80% 

GMO:: ee 99% 100 20 30 40 50 60 

timee (h) 
•• ee (S)-14b with P. putida 
•• ee (S)-14b with GMO 

Inn the case of the P. putida cells, the ee droped from > 98% to 80% in 70 hours, which 

meanss that the (R)- acid is formed during the reaction. This does not happen with the GMO 
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cells;; the ee remained >98% during the whole experiment. Therefore, it could be concluded 

thatt there must be an amino acid racemase present in the P. putida ATCC 12633 cells, which is 

absentt in the E. coli K12 cells. 

Thee aforementioned experiment, however, cannot exclude that there is also a non-

specificc amidase in the P. putida cells. A similar experiment, with enantiomerically pure (R)-

homopropargylglycinee amide 14a was conducted and gave rather unexpected results. 

Figuree 3.6 

(R)-14aa with P. putida 

00 10 20 30 40 50 60 70 

timee (h) 
•• ee (R)-acid 
•• ee (R)-amide 

(R)-- 14a with GMO 

100 20 30 40 50 60 70 

timee (h) 
•• ee (R)-acid 
•• ee (R)-amide 

Inn both experiments the (R)-amide was slowly hydrolyzed to the (R)-acid The initially 

loww ee (t = 5 h) is probably because a small amount of the (S)-acid was already present due to 

imperfectt separation after the first resolution. In the case of the P. putida cells, the ee of the (R)-

acidd remained approximately 50% during the whole experiment, meaning that both (R)- and 

(S)-acidd were formed. The formation of (S)-acid was due to the presence of the amino acid 

racemasee in the whole cells of the P. putida. The total amount of acid increased during the 

experimentt although the exact amount could not be determined. With the GMO cells, the ee of 

thee (R)-acid clearly increased during the course of the experiment up to the value of 88%. 

Consideringg that the initial low value was a result of a small amount of (S)-acid already 

present,, it can be concluded that there is largely (R)-acid produced in this reaction and 

virtuallyy no (S)-acid. These experiments show that the (in principle) (S)-specific 

aminopeptidasee in both systems hydrolyzed the (R)-amides to some extent. Another 

possibilityy would be the presence of a non-specific enzyme in both cell systems. 

Thiss seems in contradiction with the earlier results of the racemic homopropargyl 

amidee resolution, where the formation of the (R)-acid was not observed. Eventually, we set up 

anotherr experiment to imitate the reaction conditions at the time 50% conversion was 

obtained:: a solution containing 0.5 gram of (R)-homopropargyl amide (14a) and 0.5 gram of 
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(S)-homopropragyll  acid (14b) was subjected to the resolution conditions with the GMO cells 

(Figuree 3.7) 

Figuree 3.7 

(R)-14aa + (S)-14b with GMO 
1000 i 

800 • 

e ee Rfl (%)) 6° 

400 -
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•• ee (S)-acid 
•• ee (R)-amide 

Inn this case, hardly any (R)-acid was formed and both ee's remained high (>97%) 

duringg the reaction. Only a decrease of 1 % ee was observed after 48 hours for the (S)-acid. A 

probablee explanation could be that with the 5 weight% (S)-acid present in the reaction mixture 

thee undesired hydrolysis is slowed down by competitive inhibition of the enzyme. Only 

underr "extreme conditions" (with only the unfavored (R)-amide present) this conversion has a 

chancee to take place, but under the regular resolution conditions only the (S)-amide is 

hydrolyzedd . 

Inn summary, from these control experiments it can be concluded that in the cells of P. 

putidaputida ATCC 12633 an amino acid racemase is present which is not present in the cells of the 

E.E. coli DH5cc/ pTrpLAP. This racemase seems to have a narrow substrate specificity and 

recognizess methionine and the structurally and electronically related amino acids 

homopropargylglycine,, methylhomopropargylglycine and homoallylglycine.17 

3.44 Preparative scale resolutions 

Preparativee scale experiments were carried out with the GMO cells because of its 

higherr activity and selectivity. In all resolutions, a wet cell mass:substrate ratio of 1:250 was 

usedd to ensure that the reaction would be finished in the course of a night. The reactions were 

worked-upp as follows: the cell mass was filtrated or centrifuged off the solution. The resulting 

clearr solution was treated with 0.5 equiv of benzaldehyde and stirred vigorously for a few 

hourss to convert the (R)-amide into their corresponding Schiff base. The Schiff base was 

separatedd from the water layer by filtration or by extraction with an organic solvent and (after 
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concentration)) hydrolyzed with one equiv of HC1 in acetone to give the HC1 salt of the (R)-

amidess after filtration. The (S)-acid was obtained upon lyophilization of the aqueous layer 

followedd by purification with ion exchange chromatography. 

Thee (J?)-amides were hydrolyzed to their corresponding (R)-acids with a non-specific 

amidasee from whole cells of Rhodococcus erythropolis NCEMB 11540 containing an non-specific 

amidasee in a phosphate buffer of pH 8 (dry cell mass : substrate ratio 1:2) in 3 hours. 

Tablee 3.2 

NH? ? ,NH? ? 

0 0 
9b-17b b 

GMO GMO 
 ^^Yr 

pHH 9.2,40°C, 21h O 
(R)-amidee 9b-17b 

H^V" " 
(S)-acidd 9a-17a 

,OH H 
1)) separation then, 

-- H^-^ Y 
2)) Rhodococcus erythropolis O 

pHH 8,37 °C (R)-acid 9a-17a 

entryy enzyme time (h) yield (S)-acid ee (S)-acid yieldd ee (-R)-amide yield (R)-acid 
(R)-amide.HCl l 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
10 0 

GMCf GMCf 
GMO* GMO* 
GMO GMO 

P.P. putida 
GMO GMO 
GMO GMO 
GMO GMO 
GMO GMO 
GMO GMO 

48 8 
48 8 
24 4 
60 0 
21 1 
21 1 
19 9 
21 1 
21 1 

9bb 3 1% 
10bb 4 1% 
l l b n d d 
12bb 44% 
13bb nd 
14bb 40% 
15bb 43% 
16bb 32% 
17bb nd 

>98% % 
>99% % 
>98% % 

80% % 
>99% % 
>98% % 
>99% % 

98% % 
96% % 

9aa 47% 
10aa 40% 
11aa 45% 
12aa 35% 
13aa 41% 
14aa 42% 
15aa 33% 
16aa 30% 
17aa 37% 

>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 

9bb 86% 
10bb 93% 
l i bb 89% 
12bb 88% 
13bb 80% 
14bb 99% 
15bb 92% 
16bb 86% 
17bb 63% 

"Afterr 24 h an additional amount of the GMO cells was added. 

Inn Table 3.2 the yields of the resolutions are shown. The yields of the (S)-acids in the 

tablee are the yields after purification via ion exchange chromatography. The ee's of the (S)-

acidss are > 98% unless mentioned otherwise. The yields of the (R)- amides refer to the 

correspondingg HC1 salts; the yields of the (R)-acids were obtained after hydrolysis and 

subsequentt purification by ion exchange chromatography (ee's were in all cases >99%). 

Becausee the racemic amides 9a and 10a (entries 1 and 2) reacted slower than expected 

(40%% conversion after 24 h), an additional amount of enzyme was added (eventually, the cell 

mass:substratee ratio was 1:125). After 48 hours the reaction was finished, which had no 

negativee influence on the ee's. Amide 12a was only subjected to the P. putida cells; under 

identicall  reaction conditions (cell mass:substrate ratio of 1:10) the ee of the (S)-acid was only 

80%. . 
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Thee yields of the (S)-acids l i b and 17b were not determined due to the poor water 

solubility.. During the resolution the acids precipitated in the reaction mixture, which made 

separationn of the enzyme, acid and amide more difficul t and probably some of the acid was 

lostt in the work-up. During ion exchange chromatography the (S)-acid also precipitated to 

somee extent, and was lost. 

Thee yield of (S)-13b was not determined due to the presence of H3P04 salts. After the 

resolutionn was finished the reaction mixture was neutralized with phosphoric acid (1M) 

whichh resulted in a large amount of salts which made it very difficul t to purify the amino acid 

byy ion exchange chromatography. After these problems we were more careful with adding 

acidss to the mixture, instead of phosphoric acid hydrochloric acid or sulfuric acid was used. 

Althoughh work-up and solubility caused some problems, this is a very nice method to 

obtainn enantiopure (S)-amino acids and (R)-amides in relatively large quantities (up to 30 g). 

3.55 Conclusions 

Inn this chapter, several enantiopure unsaturated amino acids and amino acid amides 

weree obtained via enzymatic resolution. For this resolution an aminopeptidase was used from 

PseudomonasPseudomonas putida ATCC 12633 both present in the wil d type cells and in E. coli K12 upon 

overexpressionn (GMO genetically modified organism). Whole cells were used for the 

enzymaticc resolution. Both biocatalytic systems could be used to hydrolyze enantioselectively 

(S)-amidess to (S)-acids. In the resolution with P. putida for some amino acid amides (10a, 14a, 

16aa and 18a) a progressive decrease in ee of the (S)-acid was observed. After several 

experimentss it was concluded that the whole cells of P. putida contained an amino acid 

racemasee with a narrow substrate specificity. In the whole cells of the GMO this racemase was 

nott observed. At preparative scale the enantiopure (S)-acids and (R)-amides were separated 

andd isolated. The (R)-amides were hydrolyzed by a non specific amidase from Rhodoccus 

erythropoliserythropolis NCIMB 11540 in high yields. 
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3.77 Experimental section 

Generall  information . 

Purificationn of the amino acids by ion exchange chromatography using a strongly acidic 

Dowexx 50Wx4 resin involved the following sequence: the resin was treated with the HC1 salt 

andd washed with water until no more HC1 was detected. Then the resin was eluted with 2 N 

NH 4OH,, the ninhydrin positive fractions were collected and concentrated to give the free 

aminoo acid. The ee's of the free amino acids were determined by HPLC on a Crownpak CR(+) 

columnn (aqueous HC104, at 0-7 °C).The ee's were determined by HPLC on a Chiralcel OD 

columnn (10-20% iPrOH in heptane). The amino acid amide HCl-salts were obtained as the free 

aminoo acids via ion exchange (Dowex 50Wx4 H+-form, 20-50 mesh, Fluka). 

Resolutionn of amino acid amides. 

Curv ee determinations. 

Thee enzymes were added as permeabilized whole cells in a HEPES Buffer (20 mM, NaOH, pH 

7.67),, which is commercially available. The amino acid amide (3.05 g) was dissolved in 

distilledd water. With KOH or H2S04 the solution was brought to pH 9.2. A solution of MnS04 

(0.388 mL of 80mM solution which is 1 mM MnS04 in total) was added. Distilled water was 

addedd (29.5 mL) to the solution to bring the end solution at 10% amide concentration in HzO. 

Thee solution was divided in 3 equal amounts. To the first reaction flask 0.5 mL HEPES was 

added.. To the second one Pseudomonas putida ATCC 12633 (0.1 g, 1:10 enzyme : substrate 

ratio)) in 0.5 mL HEPES was added. To the third one E. coli DH5a/pTrpLAP (2 mg, 1:500 

enzymee : substrate ratio) in 0.5 mL HEPES. The reaction mixtures were stirred at 40 °C for 

severall  days. Samples were taken as follows: 0.5 mL of the reaction mixtures was poured into 

11 mL 1M HP04 and the cell masses were filtrated of. The mixtures were then analyzed by 

HPLCC analysis/NH3 detection. The conversion was determined using the formula: 

__ e es 

eess + eep 

inn which ees is the enantiomeric excess of the substrate and eep the enantiomeric excess of the 

product. . 

Generall  procedure A for  preparative scale: 

AA solution of the HC1 salt of the racemic amide in distilled H20 was brought to pH 9.2 with 

KOHH or H2S04 followed by addition of a 80 mM solution of MnSO« (ImM MnS04 in the final 

solution)) With distilled H20 to solution was brought to a 10% solution of the amide. The 

enzymee was added as a solution in a HEPES buffer. The reaction was stirred at 40 °C for 24 h 

andd then brought to a pH of 6 with H2S04. The enzyme was filtered or centrifuged of the 
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solution.. Base (NaOH) was added to bring the pH at 8-9, followed by addit ion of 

benzaldehydee (0.51 equivalent), the reaction mixture was stirred for 2 hours at 20 °C. The 

reactionn mixture was extracted CH2C12 (3 x). The combined organic layers containing the 

Schifff  base of the (R)-amide were extracted with H20 (3 x), dried with MgS04 filtered and 

concentratedd in vacuo. The combined aqueous layers containing the (S)-acid were lyophilized 

andd purified by ion exchange chromatography. The Schiff base of the (R)-amide was dissolved 

inn acetone and concentrated HC1 (1 equivalent) was added. The reaction mixture was stirred 

forr 2 hours. The HCl-salt of the (R)- amide was filtered of the solvent. 

Generall  procedure B for  the conversion of (R)-amides to (R)-acids. 

Thee (R)-amino acid amides are dissolved in buffer (concentration 5%) (buffer: pH 8: 500 mL 

0.11 M NaH2P04 + 467 mL 0.1 M NaOH). Dried whole cells of Rhodoccocus erythropolis NCIMB 

115400 (0.5 equivalent in weight) were added and the reaction mixture was stirred at 37°C for 3 

hours.. The reaction could be monitored on TLC (CHC13, MeOH, NH3; ninhydrine). The 

reactionn mixture was centrifuged and the solvent was separated from the enzyme. The 

enzymee was washed with water and centrifuged again this was repeated 2 times. The 

combinedd water layers were lyophilized. After ion exchange chromatography the (R)-acids 

weree obtained salt free. 

(R)-2-Amino-pent-4-enoicc acid amide (9a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (20.0 g, 0.136 mol) in H20, KOH (pH 9.2), MnS04 (2.5 

g,, 80 mM), H20 (120 g, 10% solution) and finally GMO cells (81 mg in 1 mL Buffer) were 

added.. Work up using benzaldehyde (7.6 mL, 0.075 mol) and cone. HC1 (6.0 mL, 0.075 mol) 

affordedd the HC1 salt of 9a (9.5 g, 0.063,47% mol) as a white solid, ee >99% (HPLC), Mp 230-

232°C,, [a]D = +4.3 (c = 1, H20), 'H NMR (400 MHz, D20) S 5.87-5.76 (m, 1H, H-4), 5.36-5.32 (m, 

2H,, H-5), 4.14 (t, ƒ = 6.3 Hz, 1H, H-2), 2.77-2.63 (m, 1H, H-3), 13C NMR (100 MHz, D20) 5 

176.377 (C-l), 134.92 (C-4), 126.32 (C-5), 57.17 (C-2), 40.00 (C-3), IR (KBr) v 3250, 3450, 2733, 

2641,1981,17166 cm1, HRMS (FAB) calculated for CsH10N2O (MH+) 115.0871, found 115.0861. 

Anal.. Calcd. for C5HUC1N20: C 39.87, H 7.36, CI 23.54, N 18.60, found: C 39.88, H 7.27, CI 

23.42,, N 18.52. To a solution of 9a (1.0 g, 6.66 mmol) in buffer (20 mL) enzyme (0.2 g) was 

added.. Work up afforded 9b (0.66 g, 5.70 mol, 86%) as a white solid. [a]D = +9.6 (c = 0.5, 1M 

HC1). . 

(S)-2-Amino-pent-4-enoicc acid (9b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (4.8 g, 0.042 mol, 31%). ee >98% (HPLC), Mp 235-237°C, [a]D = -35.5 

(cc = 1, H20) lH NMR (400 MHz, D20) 8 5.82-5.72 (m, 1H, H-4), 5.29-5.25 (m, 2H, H-5), 3.80 (t, ƒ 

== 5.0 Hz, 1H, H-2), 2.70-2.56 (m, 1H, H-3), 13C NMR (100 MHz, D20) 6 176.85 (C-l), 134.13 (C-
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4),, 123.25 (C-5), 56.74 (C-2), 37.58 (C-3), IR (KBr) v 3250-2500, 2104, 1610 cm1, HRMS (EI) 

calculatedd for C5rLN02115.0633, found 115.0629. Anal. Calcd. for QPLNO,: C 52.16, H 7.88, N 

12.17,, O 27.79, found: C 52.23, H 7.76, N 12.17,0 27.64. 

(R)-2-Amino-hex-5-enoicc acid amide (10a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (19.9 g, 0.12 mol) in H20, KOH (pH 9.2), MnS04 (2.49 

g,, 80 mM), H 20 (199 g, 10% solution) and finally GMO cells (80 mg in 1 mL buffer) were 

added.. After 18 h an additional amount of enzyme (320 mg) was added. Work up using 

benzaldehydee (6.80 mL, 0.067) and cone. HC1 (5.39 mL, 0.067 mol) afforded the HC1 salt of the 

10aa (7.95 g, 0.048, 40% mol) as a white solid, ee >99% (HPLC), Dec 256-258°C, [a]D = -17.2 (c = 

1,, H20), *H NMR (400 MHz, D20) 8 5.95-5.85 (m, 1H, H-5), 5.21-5.21 (m, 2H, H-6), 4.06 (t, ƒ = 

6.55 Hz, 1H, H-2), 2.25-2.20 (m, 2H, H-4), 2.08-1.98 (m, 2H, H-3), 13C NMR (100 MHz, D20) 8 

174.944 (C-l), 139.34 (C-5), 119.22 (C-6), 55.52 (C-2), 32.81 (C-4), 31.08 (C-3), IR (KBr) v 3224, 

2828,, 2759,2350,1981,1668 cm"1, HRMS (EI) calculated for C5H10N2O 128.0950, found 128.0957. 

Anal.. Calcd. for QH13C1N20 C 43.77, H 7.96, CI 21.53, N 17.02, O 9.72, found: C 43.86, H 7.87, 

CII  21.49, N 17.13, O 9.77. To a solution of 10a (1.0 g, 6.10 mmol) in buffer (20 mL) enzyme (0.2 

g)) was added. Work up afforded 10b (073 g, 5.67 mmol, 93%) as a white solid. [oc]D = -28.8 (c = 

0.5,, 2M HC1). 

(S)-2-Amino-hex-5-enoicc acid (10b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (6.44 g, 0.05 mol, 41%). ee >99% (HPLC), Dec >270°C, [cc]D = +8.0 (c 

== 1, H20), ]H NMR (400 MHz, D20) 8 5.93-5.86 (m, 1H, H-5), 5.18-5.08 (m, 2H, H-6), 3.76 (t, J = 

6.100 Hz, 1H, H-2), 2.18 (dd, ƒ = 7.5,15 Hz, 2H H-4), 2.04-1.91 (m, 2H, H-3), 13C NMR (100 MHz, 

D20)) 8 177.50 (C-l), 139.88 (C-5), 118.71 (C-6), 57.15 (C-2), 32.50 (C-4), 31.42 (C-3), IR (KBr) v 

3200,, 3250-2500, 2357, 2125, 1640 cm1, HRMS (EI) calculated for C6HuN02 129.0790, found 

129.0793.. Anal. Calcd. for C6HnN02 C 55.80, H 8.58, N 10.84, O 24.78, found: C 55.88, H 8.57, N 

10.95,00 24.68. 

(JR)-2-Amino-hept-5-enoicc acid amide (11a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (19.2 g, 0.12 mol) in H20, KOH (pH 9.2), MnS04 (2.49 

g,, 80 mM), H 20 (191 g, 10% solution) and finally GMO cells (80 mg in 1 mL buffer) were 

added.. Work up using benzaldehyde (6.03 mL, 0. 06 mol) and cone. HC1 (5.0 mL, 0.06 mol) 

affordedd the HC1 salt of the 11a (8.66 g, 0.053 mol, 45%) as a white solid, ee >99% (HPLC), Dec 

>245°CC (HC1 salt), [a]D = -14.3 (c = 1, H20), XH NMR (400 MHz, D20) 8 5.96-5.86 (m, 1H, H-6), 

5.18-5.022 (m, 2H, H-7), 3.43 (t, ƒ = 6.6 Hz, 1H, H-2), 2.14-2.08 (m, 2H, H-5), 1.73-1.58 (m, 2H, H-

4),, 1.52-1.42 (m, 2H, H-3), 13C NMR (100 MHz, D20) 6 182.44 (C-l), 141.13 (C-6), 116.68 (C-7), 

56.044 (C-2), 35.66 (C-5), 34.55 (C-4), 26.02 (C-3), IR (KBr) v 3434, 3307, 2999,1686 cm1, HRMS 
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(FAB)) calculated for C7H15N20 (MH+) 143.1184, found 143.1189. To a solution of 11a (1.0 g, 5.61 

mmol)) in buffer (20 mL) enzyme (0.2 g) was added. Work up afforded l i b (0.71g, 4.99 mmol, 

89%)) as a white solid. [a]D = -24.9 (c = 1,2M HC1). 

(R)-2-Amino-hept-5-enoicc acid (l ib) , ee >98% (HPLC), Dec >248 Mp °C, [ct]D = -24.9 (c = 1, 

2MM  HC1), *H NMR (400 MHz, D20) 5 5.92-5.84 (m, 1H, H-6), 5.07 (ddd, ƒ = 17.3,1.6,10.2 Hz, 

2H,, H-7), 3.74 (t, ƒ = 6.10 Hz, 1H, H-2), 2.12 (dd, ƒ = 7.1,14.1 Hz, 2H, H-5), 1.91-1.83 (m, 2H, H-

4),, 1.53-1.43 (m, 2H, H-3), 13C NMR (100 MHz, 0,0) 5 177.65 (C-l), 141.38 (C-6), 117.80 (-7), 

57.500 (C-2), 35.24 (C-5), 32.62 (C-4), 26.29 (C-3), IR (KBr) v 3250-2500 (b), 1833,1581,1516 cm1, 

HRMSS (FAB) calculated for C7H14N02 (MH+) 144.1025, found 144.1025. Anal. Calcd. for 

QHuN02 :CC 58.72, H 9.15, N 9.78,0 22.35, found: C 58.62, H 9.02, N 9.85,0 22.40. 

(R)-2-Amino-4,5-hexadienoicc acid amide (12a). Following the general procedure for 

preparativee scale: to a solution of the racemic amide (3.60 g, 0.02 mol) in H20, KOH (pH 8.5), 

MnS044 (0.36 g, 80 mM), H20 (36 g, 10% solution) and finally P. putida cells (1.0 g) were added. 

Workk up using benzaldehyde (1.30 mL, 0. 01 mol) and cone. HC1 (0.8 mL, 0.01 mol) afforded 

thee HC1 salt of the 12a (1.12 g, 6.89 mmol, 35% mol) as a white solid, ee >99% (HPLC), Mp 210-

211°C,, [a]D = +9.3 (c = 1, H20), aH NMR (400 MHz, CD3OD) 5 5.13 (q, J = 7.0 Hz, 1H, H-4), 4.86-

4.844 (m, 2H, H-6), 3.94 (dd, ƒ = 5.2, 7.4 Hz, 1H, H-2), 2.64-2.61 (m, 1H, H-3), 2.57-2.53 (m, 1H, 

H-3),, 13C NMR (100 MHz, CD3OD) 8 211.35 (C-5), 171.63 (C-l), 84.08 (C-4), 76.38 (C-6), 53.88 

(C-2),, 32.18 (C-3), IR (KBr) v 3431, 3282, 3200, 2750, 1661 cm1, HRMS (FAB) calculated for 

C6HUC1N200 (MH+) 163.0638, found 163.0629,127.0882 (MH+ -CI). To a solution of 12a (1.0 g, 

5.611 mmol) in buffer (20 mL) enzyme (0.2 g) was added. Work up afforded 12b (0.78 g, 6.06 

mmol,, 88%) as a white solid. [a]D = +48.0 (c = 0.5 in H20). 

(S)-2-Amino-4,5-hexadienoicc acid (12b). The (S)-acid was obtained after lyophilization and 

ionn exchange chromatography (1.13 g, 8.80 mmol, 44%). ee, 80%, (HPLC), Mp 231-235°C, [<x]D 

== -36.4. (c = 0.5 in H20), 'H NMR (400 MHz, CD3OD) 8 = 5.13 (q, ƒ = 7.0 Hz, 1H, H-4), 4.82-4.79 

(m,, 2H, H-6), 3.58 (dd, ƒ = 4.2, 7.8 Hz, 1H, H-2), 2.64-2.62 (m, 1H, H-3), 2.52-2.47 (m, 1H, H-3), 
13CC NMR (100 MHz,, CD3OD) 5 211.39 (C-5), 175.82 (C-l), 85.50 (C-4), 77.85 (C-6), 56.04 (C-2), 

31.722 (C-3), IR (KBr) v 3850-2600, 1651 cm1, HRMS (FAB) calculated for C6H10NO2 (MH+) 

128.0712,, found 128.0703. 

(R)-2-Amino-pent-4-ynoicc acid amide (13a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (8.25 g, 0.07 mol) in H20, KOH (pH 9.2), MnS04 (1,03 

g,, 80 mM MnS04), H20 (81.53 g, 10% solution) and finally GMO cells (16.5 mg in 1 mL buffer) 

weree added. Work up using benzaldehyde (3.89 mL, 0.037 mol) and cone. HC1 (2.95 mL, 0.037 
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mol)) afforded the HC1 salt of 13a (4.29 g, 0.029 mol, 41%) as a white solid, ee 99% (HPLC), Mp 

237-2399 °C, [a]D= -0.4 (c = 1, H20), *H NMR (400 MHz, D20) 8 4.37 (t, J = 5.75 Hz, 1H, H-2), 

3.06-3.055 (m, 2H, H-3), 2.75 (d, ƒ =2.09 Hz, 1H H-5), 13C NMR (100 MHz, D20) S 173.18 (C-l), 

79.588 (C-4), 77.67 (C-5), 54.20 (C-2), 24.14 (C-3), IR (KBr) v 3430 ,3282, 3200, 2750, 1677 cm1. 

Anal.. Calcd. for QH^CINP: C 40.42, H 6.11, CI 23.86, N 18.85, O 10.77, found: C 40.31, H 5.90, 

CII  23.81, N 18.93,0 10.82. Following the general procedure B: To a solution of 13a (5.0 g, 0.034 

mol)) in buffer (100 mL) enzyme (2.0 g) was added. Work up afforded 13b ( 3.1 g, 0.027 mol, 

80%)) as a white solid. [a]D= +29.6 (c = 0.5, H20). 

(S)-2-Amino-4-pentynoicc acid (13b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography, ee >99% (HPLC), Dec >216 °C, [a]D = -25.3 (c = 0.5, D20), JH NMR 

(4000 MHz, D20) 5 3.90 (t, ƒ = 5.5 Hz, 1H, H-2), 2.85-2.84 (m, 2H, H-3), 2.52 (t, ƒ = 4.0 Hz, 1H, H-

5),, 13C NMR (100 MHz, D20) Ö 175.51 (C-l), 77.07 (C-4), 76.30 (C-5), 55.67 (C-2), 23.29 (C-3), IR 

(KBr)) v 3286, 3250-2600, 2091,1651 cm1. Anal. Calcd. for C5H7N02: C 53.09, H 6.24, N 12.38, O 

28.29,, found: C 52.92, H 6.21, N 12.47, 028.37. 

(R)-2-Amino-hex-5-ynoicc acid amide (14a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (15.5 g, 0.122 mol) in H20, KOH (pH 9.2), MnS04 (1.94 

g,, 80 mM MnSOJ, H20 (155 g, 10% solution) and finally GMO cells (62 mg in 1 mL buffer) 

weree added. Work-up with benzaldehyde (6.81 mL, 0.067 mol) and cone. HC1 (5.4 mL, 0.067 

mol)) followed by purification afforded the HC1 salt of 14a (8.23 g, 0.051 mol, 42%) a white 

solid,, ee >99% (HPLC), Mp (HC1 salt) 241-242°C, Mp (free amine) 55-57 °C, [a]D= -50.3 (c = 1, 

D20),, *H NMR (400 MHz, D20) 5 4.21 (t, ƒ = 6.6 Hz, 1H, H-2), 2.52-2.51 (m, 1H, H-6), 2.46 (dt, ƒ 

== 7.0, 2.6 Hz, 2H, H-4), 2.17-2.15 (m, 2H, H-3), 13C NMR (100 MHz, L\0) 8 174.44 (C-l), 89.37 

(C-5),, 74.26 (C-6), 55.14 (C-2), 32.30 (C-3), 16.87 (C-4), IR (KBr) v 3416, 3270, 3013, 2125,1677 

cm1.. Anal. Calcd. for C6H10N2O: C 57.12, H 7.99, N 22.21, found: C 56.97, H 8.10, N 22.10. To a 

solutionn of 14a (1.0 g, 6.17 mmol) in buffer (20 mL) enzyme (0.5 g) was added. Work up 

affordedd 14b (0.78 g, 6.14 mmol, 99%) as a white solid. [a]D= -23.6 (c = 1.1,2 M HC1). 

(S)-2-Amino-hex-5-ynoicc acid (14b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (6.2 g, 0.049 mol, 40%). ee >98% (HPLC), Dec >214 °C, [a]D= +26.6 

(cc = 1,1 M HC1), [a]D= + 73.0 (c = 0.5,2M HC1), 'H NMR (400 MHz, L^O) 8 3.88-3.86 (m, 1H, H-

2),, 2.46-2.36 (m, 3H, H-4, H-6), 2.20-2.13 (m, 1H, H-3), 2.11-2.03 (m, 1H, H-3), 13C NMR (100 

MHz,, D20) 8 176.94 (C-l), 85.00 (C-5), 73.62 (C-6), 56.76 (C-2), 32.01 (C-3), 17.18 (C-4), IR (KBr) 

vv 3288, 3100-2500, 2749, 2591, 2100, 1611 cm1. Anal. Calcd. for QFLNO,: C 56.68, H 7.13, N 

11.02,, found C 56.53, H 7.02, N 11.09. 

74 4 



EnzymaticEnzymatic resolution of amino acid amides 

(R)-2-Amino-hex-4-ynoicc acid amide (15a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (12 g, 0.073 mol) in H20, KOH (pH 9.2), MnS04 (1.5 g, 

800 mM MnS04), H20 (119 g, 10% solution) and finally GMO cells (48 mg in 1 mL buffer) were 

added.. Work up using benzaldehyde (4.09 mL, 0.036 mol) and cone. HC1 (2.8 mL, 0.036 mol) 

affordedd the HC1 salt of 15a (4.01 g, 0.024 mol, 33%) as a white solid, ee >99% (HPLC), Dec 

(HC11 salt) > 243 °C, [oc]D = +10.5 (c = 1, H20), *H NMR (400 MHz, D20) 8 3.55 (t, ƒ = 5.8 Hz, 1H, 

H-2),, 2.55-2.53 (m, 2H, H-3), 1.79 (t, ƒ = 2.5 Hz, 3H, H-6), 13C NMR (100 MHz, D20) 5 173.55 (C-

1),, 85.38 (C-4), 73.71 (C-5), 54.49 (C-2), 24.32 (C-3), 5.42 (C-6), IR (KBr) v 3321,3246,2986,2360, 

17011 cm"1, HRMS (EI) calculated for C6H uN 20 126.0793, found 126.0793. Anal. Calcd. for 

C6HJ2C1N200 C 44.32, H 6.82, CI 21.80, N 17.23,0 9.84, found: C 44.10, H 6.77, CI 21.87, N 17.13, 

OO 9.99. To a solution of 15a (2.0 g, 0.024 mol) in buffer (40 mL) enzyme (0.4 g) was added. 

Workk up afford 15b (1.44 g, 0.01 mol, 92%) as a white solid. [oc]D = +48.8 (c = 1, H20), 

(S)-2-Amino-hex-4-ynoicc acid (15b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (4.0 g, 0.032 mol, 43%). ee >99% (HPLC), Mp 238-240 °C, [cc]D = -

29.33 (c = 1, H20), 'H NMR (400 MHz, D20) 8 3.85-3.83 (m, 1H, C-2), 2.77-2.76 (m, 2H, H-3), 1.77 

(t,, ƒ = 2.34 Hz, 3H, H-6), 13C NMR (100 MHz, D20) 8175.92 (C-l), 84.37 (C-4), 74.76 (C-5), 56.12 

(C-2),, 23.63 (C-3), 5.25 (C-6), IR (KBr) v 3100-2600 (b), 2359, 2048, 1608 cm"1. Anal. Calcd. for 

C6H,N022 C 56.68, H 7.13, N 11.02, found: 56.33, H 6.95, N 10.77. 

(R)-2-Amino-hept-5-ynoicc acid amide (16a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (10.6 g, 0.06 mol) in H20, KOH (pH 9.2), MnS04 (1.32 

g,, 80 mM), H20 (106 g, 10% solution) and finally GMO cells (106 mg in 1 mL buffer) were. 

Workk up using benzaldehyde (7.28 mL, 0.068 mol) cone. HC1 (5.48 mL, 0.068 mol) afforded the 

HC11 salt of 16a (3.19 g, 0.018 mol, 30% mol) as a white solid, ee 99% (HPLC), Dec (HC1 salt) 

>2566 °C, [a]D = -31.6 (c = 1, H20), *H NMR (400 MHz, D20) 5 4.16 (t, ƒ = 6.5 Hz, 1H, H-2), 2.39-

2.355 (m, 2H, H-4), 2.14-2.03 (m, 2H, H-3), 1.78 (t, ƒ = 2.5 Hz, 3H, H-7), 13C NMR (100 MHz, D20) 

55 176.00 (C-l), 82.03 (C-5), 79.53 (C-6), 55.13 (C-2), 32.63 (C-3), 17.00 (C-4), 5.18 (C-7), IR (KBr) v 

3433,, 3307, 2999, 2467, 1995, 1685, 1582, 1485 cm1, HRMS (EI) calculated for C7H12N20 

140.0950,, found 140.0947. Anal. Calcd. for C7H13N20HC1: C 47.60, H 7.42, N 15.86, found: C 

47.51,, H 7.36, N 15.72. To a solution of 16a (1.0 g, 5.68 mmol) in buffer (20 mL) enzyme (0.2 g) 

wass added. Work up afforded 16b (0.69 g, 4.88 mmol, 86%) as a white solid. [a]D = -30.5 (c = 

0.55,1MHC1). . 

(S)-2-Amino-hept-5-ynoicc acid (16b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (2.67 g, 0.019 mol, 31 %). ee 98% (HPLC) Mp 223-227 °C, [a]D = 

+27.00 (c = 0.5,1 M HC1), ]H NMR (400 MHz, D20) 8 3.84 (dd, ƒ = 5.2,7.4 Hz, 1H, H-2), 2.40-2.22 
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(m,, 2H, H-4), 2.19-2.07 (m, 1H, H-3), 2.05-1.94 (m, 1H, H-3), 1.77 (t, ƒ = 2.32 Hz, 3H, H-7), 13C 
NMRR (100 MHz, Dp) 8 177.14 (C-l), 81.57 (C-5), 80.22 (C-6), 56.92 (C-2), 32.39 (C-3), 17.37 (C-
4),, 5.15 (C-7), IR (KBr) v 3200-2700, 2744, 2097, 1650, 1585, 1415, 1342 cm"1, HRMS (EI) 
calculatedd for C7Hl2N02142.0868 found 142.0610. Anal. Calcd. for C7H„N02: C 59.56, H 7.85, 
NN 9.94, found: C 59.46, H 7.77, N 9.96. 

(R)-2-Amino-oct-6-ynoicc acid amide (17a). Following the general procedure for preparative 
scale:: to a solution of the racemic amide (37 g, 0.195 mol) in H20, KOH (pH 9.2), MnS04 (4.62 
mL,, 80 mM), H20 (370 g, 10% solution) and finally (370 mg GMO in buffer) were added. Work 
upp using benzaldehyde (22.8 mL, 0.21 mol) and cone. HC1 (15.7 mL, 0.21 mol) afforded the 
HC11 salt of 17a (13.7 g, 0.072 mol, 37%) as a white solid, ee >99% (HPLC), Dec (HC1 salt) >251 
°C,, [a]D= -18.0 (c = 1, H.O), ]H NMR (400 MHz, D20) 8 4.07 (t, ƒ = 6.5 Hz, 1H, H-2), 2.26-2.23 
(m,, 2H, H-5), 2.03-1.98 (m, 2H, H-4), 1,77 (t, ƒ = 2.5 Hz, 3H, H-8), 1.62-1.57 (m, 2H, H-3), 13C 
NMRR (100 MHz, D20) 8 174.87 (C-l), 81.73 (C-6), 80.79 (C-7), 55.53 (C-2), 32.72 (C-3), 26.27 (C-
4),, 20.31 (C-5), 5.12 (C-8), IR (KBr) v 3427, 3304, 3006,1996,1687,1584,1480 cm1. Anal. Calcd. 
forr C8H15N20: C 50.39, H 7.93, N 14.69, found: C 50.41, H 7.87, N 14.58. To a solution of 17a (1.0 
g,, 5.23 mmol) in buffer (20 mL) enzyme (0.2 g) was added. Work up afforded 17b (0.52 g, 3.30 
mmol,, 63%) as a white solid. [oc]D = -38.4 (c = 0.53, 2M HC1) 

(S)-2-Amino-oct-6-ynoicc acid (17b). The (S)-acid was obtained after lyophilization. During the 
reactionn the acid precipitated, so that during the work up some of the acid was lost. Ion 
exchangee chromatography failed due to the insolubility of the acid. The (S)-acid was not 
purifiedd on large scale, ee 96% (HPLC), Mp 240-244 °C, [cc]D = +11.2 (c = 0.25, 2M HC1), 'H 
NMRR (100 MHz, D20) 8 = 3.76 (t, ƒ = 6.1 Hz, 1H, H-2), 2.25-2.21 (m, 2H, H-5), 2.11-1.88 (m, 2H, 
H-4),, 1.77 (t, ƒ = 2.5 Hz, 3H, H-8), 1.68-1.48 (m, 2H, H-3), 13C NMR (100 MHz, DzO) 8 177.43 (C-
1),, 82.00 (C-6), 80.60 (C-7), 57.29 (C-2), 32.46 (C-3), 26.64 (C-4), 20.38 (C-5), 5.10 (C-8), IR (KBr) v 
3250-2600,2740,2093,1655,1581,1415,13344 cm1, HRMS (FAB) calculated for C8H14N02 (MH+) 
156.10255 found 156.0609. Anal. Calcd. for C8H„N02: C 61.91, H 8.44, N 9.03, found: C 61.55, H 
8.39,, N 9.12. 
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