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Penicillin G acylase mediated synthesis of the enantiopure (S)-3-
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Abstract: A detailed study of the influence of temperature, pH and enzyme amount on
the enantiomeric excess in the enzymatic resolution of N-1 protected 3-amino-azetidin-
2-ones with supported PGA is presented. Both enantiomers could be obtained in good
enantiomeric excess. © 1997 Elsevier Science Ltd

The (S)-3-amino-azetidin-2-one unit is the core of the molecular structure of most important B-
lactam antibiotics such as penicillins, cephalosporins and monobactams and could be used as a common
intermediate for their synthesis.! As part of an ongoing project on the total synthesis of new B-lactam
antibiotics, we became interested in the enantioselective synthesis of the (5)-3-amino-azetidin-2-one.
We thought that an interesting alternative to its classical preparation through biosynthetic penicillin
and cephalosporin degradation,? could be a facile racemic process using inexpensive starting materials
followed by kinetic resolution by Penicillin G Acylase.> PGA is an enzyme produced by E. coli
capable of transferring phenylacetyl groups from esters, amides or acids to acceptor molecules such
as alcohols, amines or water; it is used on an industrial scale for the production of 6-APA and 7-
ADCA, in peptide protective group chemistry and for the resolution of alcohols.* A recent important
application of PGA in the field of B-lactams is represented by the kinetic enantioselective acylation of
an intermediate in the synthesis of the new carbacephalosporin antibiotic Loracarbef, an analogue of
the well known Cefaclor.® In our synthetic project, PGA should accomplish the kinetic enantioselective
hydrolysis of the phenylacetamide bond in a racemic 3-amino-azetidin-2-one.® In this way the (S)
enantiomer could be obtained as an amino group while the (R) enantiomer remains as such and the two
species can be separated through a simple acid-base extraction. The (S) enantiomer is then recovered
as a free amine or a suitable derivative ready for subsequent transformations (Scheme 1).
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Scheme 1.

Screening for PGA activity was performed with 3-N-(phenylacetyloxy)-amino-azetidin-2-ones
differently substituted on the N-1 position (Table 1).
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Table 1. Enzymatic hydrolysis of B-lactams la-d catalysed by PGA

compound R pH conversion product (oo
(%) (c, solvent)
1a H 74 40 3a -14.3 (147, CH,OH)
1b CH;Ph 7.3 45 3b -37.8 (1.03, CH;OH)
1c CH=CHCH; | 7.5 45 3c -20 (1.5, CH;0H)
1d PMP 7.3 - - -

S0

4 100

40 90 + * . o
- ) 80 +
®B % 704
5 30 o 60T
g > wl .

40 + + + + +

22 2 4 & B 10 12 14
§ 15 enzyme (%w/w)

10

e.e.% versus enzyme amount (10%w/w= 2.5

IU) at the 40% conversion. l remaining
substrate fraction; @ product Sc fraction

0 50 100 150 200 250 300
t (min)

Figure 1. Effect of variation of enzyme loading (% w/w) on conversion and e.e. in the hydrolysis of (+)-1c.

The experiments were carried out by incubating substrates (+) 1la—d (1 mmol) in phosphate buffer
and CH3;CN as a cosolvent (10%) at room temperature with PGA immobilised on Eupergit C beads
(25 IU, 100 mg). As the pH of the reaction decreases during the hydrolysis, the rate of reaction and
conversion were monitored by the consumption of 0.1 N NaOH added to maintain the initial value.’
The crude reaction mixture was extracted at pH 4.5 with ethyl acetate, and the (S)-3-amino-azetidin-
2-one separated in the aqueous phase and directly derivatized as (S)-3-carbobenzyloxy-3-amino-B-
lactams. In that way the absolute configuration of 1a was determined by comparison of the specific
rotation.® Results in Table 1 reveal that PGA has a good tolerance with respect to the N-1 protective
group because all tested azetidinones are accepted by this enzyme with the exception of 1d, probably
due to the insolubility of this substrate in the aqueous—organic reaction phase.

Time course studies using PGA and compound 1c in acetone as a cosolvent show that the hydrolysis
rate is strongly dependent on the enzyme loading (Figure 1).° As expected, the reaction took longer
to reach 40% conversion at the lower enzyme amount, therefore the e.e. at 40% conversion did not
undergo substantial variation.

The temperature effects on conversion and enantiomeric excess are reported in Figure 2. The range
explored has been lower-limited to 10°C due to solubility problems. The enzymatic hydrolysis rate
increases until 30°C and the e.e. values have no variation in the same T range. At 40°C there is a
fall in the enantiomeric excess and in the rate'? so that this temperature represents the upper working
limit for the hydrolysis.

The pH value in the range 7.76-8.75 does not affect the conversion and the enantiomeric excess,
while at pH 6.75 the reaction rate was lowered so that a conversion of more than 25% could not be
reached (Figure 3).

A detailed study of the resolution of (+) 1le was performed by monitoring the course of the e.e. in
relation to the proceeding conversion at pH=7.8 and T=25°C with 10% w/w of enzyme. During the
initial phase of the reaction, enantiomerically pure (S)-5¢ was found to be the product of the hydrolysis
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Figure 2. Effect of variation of reaction temperature on conversion and e.e. in the hydrolysis of (*)-1c.
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Figure 3. Effect of variation of pH on conversion and e.e. in the hydrolysis of (+)-1c.
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Figure 4. Dependance of e.e. of product and substrate on the percentage conversion.

and a good kinetic resolution (e.e.>94%) was achieved until a conversion of 30%. Figure 4 shows that
at a conversion of 40% or more, the decrease in e.e. seems to be significant. At 60% conversion, the
remaining substrate fraction resulted in an 89% e.e., so that both enantiomers can be obtained with a
good enantiomeric excess depending on the rate of conversion.

At various intervals, the values of the enantiomeric excess of the remaining substrate fraction (e.e.s)
and of the product (e.e.p) were determined. The parameter describing the efficiency of the resolution
was introduced as the dimensionless enantiomeric ratio E which remains constant throughout the
reaction.!"!2 From the experimental values of e.e.; and e.e.p at 42% of conversion the enantiomeric
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ratio has been calculated as E=25. This is generally considered a good value for a reliable industrial
application.

In conclusion, we obtained the enantiopure (S)-3-amino-azetidin-2-one via a biocatalytic process
by means of Penicillin G Acylase. The enzyme tolerates different N-1 substituents. A more detailed
study on pH, temperature and conversion was performed on N-1-propenyl derivative obtaining a good
enantiomeric ratio on both enantiomers depending on the conversion achieved.

Experimental
General

Penicillin G Amidase (PGA) was kindly furnished by Recordati (Italy). Starting materials were
prepared according to the procedure reported by Cainelli ez al.% During hydrolysis, the temperature was
set and maintained at a constant value using a thermostatically controlled oil bath while the pH was kept
constant with an automatic titrator (Metrohm 718 STAT Titrino). Quantitative analysis and conversions
were determined by HPLC on a HP1900 instrument, inverse phase, column Aquapore RP300, 7
micron, H;O/CH;CN as mobile phase, A=254nm. The enantiomeric excess was performed in HPLC:
HP1900, direct phase, chiral column S,S-DACH.DNB Lichosorb si.100, 5 micron, 25 cmX4 mm,
kindly furnished by Prof. Gasparrini, University of Rome (Italy), mobile phase: hexane/CH,Cl,/iPrOH
54/44/2, A=254nm.

The proton magnetic resonance ('"H NMR) and carbon magnetic resonance (13C NMR) were
recorded on a Gemini 300-VARIAN Spectrometer. IR spectra were obtained on a Nicolet 205 FT IR.
Optical rotations were measured on a Perkin—Elmer Polarimeter 343. Melting points are uncorrected.
Enzymatic hydrolysis of 1-N-(propen-1-yl)-3-N-(phenylacetyloxy)-amino-azetidin-2-one (+) Ic

Compound 1¢ (100 mg, 0.41 mmol) was dissolved in acetone (2 mL) and diluted with 4 mL of 0.1
M phosphate buffer for pH 7.8 and for pH 6.8 or a mixture HCI/Na;BO; for pH 8.8. The enzyme
(40 1U, 10% w/w or the chosen amount) was added and the mixture stirred at 1000 rpm. pH was
maintained at its initial value with the automatic addition of 0.1 N NaOH. At the desired conversion,
the supported enzyme was filtered off, acetone was eliminated in vacuo, the pH of the aqueous phase
was adjusted to 4.5 with diluted HCl and extracted with EtOAc (3X10 mL). In the organic phase
(R)-4¢ was collected while the aqueous phase containing (S)-2¢ was treated with Na,COj3 (till pH 8)
and phenylacetylchloride (1.5 eq) in acetone (10 mL) to obtain, after removing acetone in vacuo and
extracting with AcOEt (3x10 mL), compound (5)-5c.

5¢: [a]lp=—30 (c=0.9, CHCl3). e.e. 94%. m.p. 102°C. IR (CHCIl3, cm™!): 3300, 1752, 1655. 'H
NMR (300 MHz, CDCls): 1.68 (dd, 3H, J,=6.6 Hz, J,=1.6 Hz, CH3CH=CH); 3.25 (dd, 1H, J,=2.6
Hz, Jap=6.1 Hz, CHCH,Hg;); 3.56 (s, 2H, PhCH,CO); 3.65 (dd, 1H, J;=6.5 Hz, Jop=6.5 Hz,
CHCH4sHg); 49 (m, 1H, CH); 5.06 (m, 1H, CH3CH=CH); 6.42 (dd, 1H, J,=1.6 Hz, J,=14.22,
CH;CH=CH); 7.08 (d, 1H, J=7.41 Hz, NH); 7.2-7.4 (m, 5H, arom). 1*C NMR (300 MHz, CDCl;):
171.4; 162.8; 134.3: 128.2; 126.7; 121.8; 108.5; 55.2; 47.4; 43.0; 14.5.

Compounds (S)-3a—c were obtained with the same procedure reported above for 1¢, using CH;CN
(10%) as a cosolvent and 25 IU (100 mg) of enzyme for 1 mmol of substrate at pH 7.3-7.5 (see
Table 1), at room temperature. Final derivatization of products (S)-2a—c was accomplished with
benzylchloroformate (1.5 eq) instead of phenylacetylchloride.

(5)-3a: [at]p=—14.3 (c=1.47, CH30H). 0.p. 80%. m.p. 48°C. IR (nujol, cm~?): 3300, 1730, 1690. 'H
NMR (300 MHz, CDCl3): 3.39 (dd, 1H, CHH, Hg, Jop=5.0Hz, J,=2.0 Hz); 3.65 (dd, 1H, CHCHA Hpg,
Jas=5.0 Hz, J,=5.0 Hz); 4.88 (m, 1H, CHCH,Hj5) 5.14 (s, 2H, PhCH;0); 5.34 (bs, 1H, NH); 5.72
(bs, 1H, NH); 7.37 (m, 5H, Ph). '*C NMR (300 MHz, CD;0D): 171.7; 158.2; 138.3; 129.8; 129.4;
129.2; 68.1; 59.8; 45.1.

(5)-3b: [at]p=—37.8C (c=1.03, CH30H). m.p. 103°C. LR. (CHCl3, cm™!): 3300, 1752, 1722. 'H
NMR (200 MHz, CDCl3): 3.18 (dd, 1H, CHCHA Hg, JAs=5.2 Hz, J;=2 Hz); 3.47 (dd, 1H, CHCHAHB,
Jas=5.2 Hz, J1=5.4 Hz); 4.42 (s, 2H, NCH,Ph) 4.83 (m, 1H, CHCHsHg) 5.11 (s, 2H, PhCH;0);
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5.47 (d, 1H, NH, J=5.8 Hz). 1*C NMR (200 MHz, CDCl;): 166.3; 155.5; 135.9; 135.0; 128.8; 128.5;
128.2; 128.1; 127.8; 67.2; 57.6; 48.3; 46.0.

(8)-3c: [a]p=—20 (c=1.5, CH30H). m.p. 85°C. LR. (CHCl3, cm™!): 3300, 1750, 1691. 'H NMR
(200 MHz, CDCl3): 1.68 (d, 3H, J=6.6 Hz, CH;CH=CH); 3.38 (dd, 1H, J,=2.4 Hz, J,5=5.8 Hz,
CHCHaHg); 3.7 (dd, 1H, J,=5.5 Hz; JAp=5.8 Hz, CHCH,Hp); 4.84 (m, 1H, CH); 5.12 (m, 3H,
PhCH,0CO, CH3;CH=CH); 6.5 (d, 1H, J=14.2, CH;CH=CH); 6.5 (d, 1H, J=6.8 Hz, NH); 7.36 (m,
5H, arom). 3C NMR (200 MHz, CDCl3): 162.5; 155.5; 135.9; 128.4; 128.1; 127.9; 122.0; 108.5;
67.2; 56.7; 47.6; 14.5.
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