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Abstract

4-Acetoxy-azetidin-2-one is an extremely useful intermediate widely applied for the synthesis of
several biologically active B-lactam compounds. However, it is available as a racemic mixture that
could limit its application in the synthesis of enantiopure products. Herein we evaluated the use of
lipases in a kinetic resolution (KR) process to finally obtain 4-acetoxy-zetidin-2-one as separated
pure enantiomers. From a preliminary screening on a set of commercial enzymes, Pseudomonas
fluorescens emerged as the most suitable lipase that allowed to obtain good conversions and
excellent enantiomeric excesses. On the enantiomerically pure 4-acetoxy-azetidin-2-ones some
nucleophilic substitutions and N-thio-alkylation reactions were tested in order to evaluate the
stereochemical integrity at the C-4 position.

Keywords:

Biocatalysis, Kinetic resolution, Lactams, Azetidinones, Lipases, 4-acetoxy-azetidinone, Single-
enantiomer drugs.
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Introduction

B-Lactam compounds have been generating an increasing interest in medicinal chemistry thanks to
their varied biological activities and versatility as intermediates for the synthesis of other biologically
active compounds [1-3]. B-Lactams are widely known and exploited as antibiotics and inhibitors of
B-lactamases [4]. As a structure-based classification, they fall into two main groups: bicyclic
compounds such as penicillins, cephalosporins, carbapenems or clavams, and monocyclic
compounds, such as Aztreonam, the only clinically available monobactam antibiotic [5].

Monocyclic B-lactams are considered unique structures because of different substituents on the
ring that could address different biological activities [6, 7]. Accordingly, over the last 20 years great
interest has been focused on the synthesis of properly substituted monocyclic derivatives that
showed various pharmacological properties as anticancer, antidiabetic, anti-tubercular, anti-
inflammatory, antiparkinsonian and anti-HIV activities [8-10]. Moreover, azetidinones were found
promising as cholesterol absorption inhibitors, as thrombin, chymase Cathepsin K inhibitors, as
human tryptase vasopressin V1a antagonists [9, 10], and as ligands of integrin receptors able to
modulate cell adhesion and signalling [11, 12]. As a contribution in the development of new
antimicrobial agents against resistant bacteria, we synthesized 4-alkylidene-azetidinones, a new
group of monocyclic B-lactams that were functionalized with phytochemical polyphenolics and
explored as dual-target antibacterial- and antioxidant compounds [13-15]. Moreover, the
introduction of the so-called B-lactam synthon method by Ojima [16], has further contributed to a
greatly increased interest in the synthesis of monocyclic B-lactams as useful intermediates in organic
synthesis [17, 18].

As useful B-lactam intermediates, (3R,4R)-4-acetoxy-3-[(1R)-1-(tert-butyldimethylsilyloxy)-ethyl]-
azetidin-2-one (A) and 4-acetoxy azetidin-2-one (rac-1) are commercially available and have been
widely used as starting materials for the synthesis of important bioactive compounds [19] (Figure
1). Intermediate A is available as enantiopure compound, rac-1 instead is purchased only as a
racemic mixture. Although the great usefulness of rac-1 as starting material in the synthesis of new
bioactive B-lactam compounds [20-27], this reactant could only provide racemic derivatives
(selected examples in Figure 1). Since it has been well attested that two enantiomeric drugs could
give different pharmacologic responses and diverse pharmacokinetic, pharmacodynamic and
therapeutic profiles, or could even reveal adverse effects [28, 29], the possibility to gain access to
the enantiopure form of 4-acetoxy-azetidinone rac-1 would be of utmost importance in the
synthesis of stereo-chemically defined bioactive B-lactams [30]. To the best of our knowledge, only
(+)4-acetoxy-azetidinone has been reported and obtained by chiral recognition process upon
separation of chiral host-guest inclusion complexes [31].
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Figure 1. 4-acetoxy-azetidinones A, rac-1, and some selected racemic bioactive
B-lactam compounds obtained from rac-1.

Enzymatic kinetic resolution (KR) is a leading approach among the biocatalytic methods for the
conversion of racemates into single enantiomers, and lipases proved to be a powerful tool for the
obtainment of enantiopure fine chemicals and pharmaceutical compounds [32, 33].

The aim of the present work is to establish a chemoenzymatic route starting from the commercially
available rac-1 to obtain the two enantiomers of 4-acetoxyazetidin-2-one from the racemic rac-2 by
means of a kinetic resolution by lipases, and to preliminary test the single enantiomers in some
typical reactions as C4 substitutions and N-thioalkylation in order to evaluate the stereochemical
integrity of the corresponding products (Figure 2).

(R LOAC
\ C4-nucleophilic
substitutions
LJpases N-thioalkylation
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Figure 2. Enzymatic kinetic resolution on functionalized 4-acetoxy-azetidinone and
evaluation of the stereochemical outcome in C4 and N-functionalization.

We thus chose to take advantage of the N-hydroxymethyl functionalization of the beta-lactam
which has been already explored in the asymmetric acylation of the primary alcohol. Nagai et al.
first reported the application of this functionalization in the kinetic resolution of some N-
hydroxymethyl-4-aryl-azetidinones by Burkholderia cepacia and Candida antarctica B lipases in
transesterification with vinylacetate or vinylbutyrate obtaining good results in term of yields of
single enantiomers and enantiomeric excesses [34, 35]; the same process was then further exploited
by Fll6p, Kanerva and coworkers. [36-40]. This strategy was also applied on other N-hydroxymethyl-
azetidinones bridged in bicyclic systems on the C3 and C4 of the B-lactam ring by means of Lipase,
among which also Lipase AK (Pseudomonas sp.), with trifluoroethyl butyrate or vinyl butyrate in
various solvents with good enantioselectivities [41-44].

From these studies, it appeared a certain narrowness in the C4 substituents of the N-hydroxymethyl
azetidinones that are mainly 4-aryl or bicyclic groups. However, the challenge of our project is to
face the resolution of rac-1 which presents the 4-acetoxy moiety, well known for its reactivity as
excellent leaving group and widely used in substitution reactions on the C-4 position of azetidinones
[19] as above mentioned. Exploiting also our previous experience in the kinetic resolution by lipases
of racemic N-hydroxymethyl azetidinones with a carboxymethyl group on the C4 [45], we were able
to find the best conditions and to successfully obtain the two separated enantiomers of 4-acetoxy-
azetidinone.

Results and discussion

To approach the resolution of rac-1, the possibility to directly perform a lipase-mediated hydrolytic
kinetic resolution on the 4-acetoxy ester group was excluded because of an alleged low stability of
the corresponding 4-hydroxy-azetidinone which could undergo a ring-opening reaction via
breakdown of the N-C4 bond [46]. In a previous work, we took advantage of an N-hydroxymethyl-
functionalization to successfully develop a KR on a racemic B-lactam intermediate for the synthesis
of enantiopure integrin ligands (Scheme 1) [45].

“coopn Lipase coosn Co0Bn
P fluorescens
N._-OH N._©O

o vinylacetate
rac-B TMBE, rt (+)a|coho| ( )ester

Scheme 1. Kinetic enzymatic resolution on the B-lactam intermediate rac-B previously reported.
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Thus, we applied the same strategy on the racemic 4-acetoxy-azetidinone rac-1, which was
accordingly treated with paraformaldehyde and catalytic potassium carbonate under microwave
irradiation to obtain the N-methylene-hydroxy derivative rac-2 in excellent yields (Scheme 2).

OAc i OAc OAc
OAc (CH,0), , K,CO5 Lipases " >
+
/I/:NH /I/:N N N
o} THF, H,O 0] \—OH vinylacetate O N~OH ¢ -0
rac-1 MW, 40 min rac-2 TBME, rt 3 4 o

95%

Scheme 2. Synthesis of N-methylene-hydroxy-azetidinone rac-2 and its enzymatic KR by
transesterification reaction.

In order to perform a KR on rac-2, some lipases were tested in the transesterification reaction with
vinyl acetate in t-butylmethylether (TBME) at room temperature. After filtration of the enzymes,
the crude reaction mixtures were monitored by chiral HPLC analysis for evaluating conversions and
enantiomeric excesses (Table 1).

Table 1. Screening of lipases in KR on rac-2.?

Entry Lipases Solvent Enzyme Time Conv. 3 ee%" 4 ee%"

(activity)® (V) (h) (%)°

1 Burkholderia cepacia TBME 300 20 35 6 >99
(30 U/mg)

2 Burkholderia cepacia TBME 300 72 13 24 >99
(30 U/mg)

CALB TBME

3 75 16 >99 - 0
(10 U/mg)

4 CALB TBME 75 6 84 >99 22
(10 U/mg)

5 CALB TBME 75 2 65 >99 65
(10 U/mg)

6 CALB TBME 75 1 54 78 60
(10 U/mg)

7¢ Pseudomonas fluorescens dry THF 223 72 39 >99 70
(20 U/mg)

8 Pseudomonas fluorescens THF 223 72 44 >99 82
(20 U/mg)

9 Pseudomonas fluorescens CHsCN 223 72 44 >99 81
(20 U/mg)

10 Pseudomonas fluorescens Toluene 223 72 46 >99 79
(20 U/mg)
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11 Pseudomonas fluorescens TBME 223 72 51 >99 91
(20 U/mg)
12¢ Pseudomonas fluorescens TBME 223 24 53 84 >99
(20 U/mg)
13 Pseudomonas fluorescens TBME 48 48 55 89 96
(36 U/mg)
14 Pseudomonas fluorescens TBME 150 23 55 >99 90
(309 U/mg)
15 Pseudomonas fluorescens TBME 117 8 52 >99 90
(309 U/mg)
2@ Reaction conditions: rac-2 (0.063 mmol), vinyl acetate (0.38 mmol), TBME (1.5 mL), enzyme (U in table), rt.
b Activity of the commercial enzymes.
¢Determined by chiral HPLC analysis on the crude.
9Reaction conducted under N2 atmosphere.
€ T=40°C

Lipase from Burkholderia cepacia or Candida antarctica B (CAL B) which achieved very good results
with other N-hydroxymethyl-azetidinones [38-39], behaved differently on rac-2: Burkholderia
cepacia gave low conversions with poor ee % of the unreacted alcohol 3, even after 72 h (Table 1,
entries 1 and 2); on the contrary, CAL B showed high conversions, but null or poor
enantioselectivities in the ester 4 even at lower conversions (Table 1, entries 3-6). The best results
were obtained with Pseudomonas fluorescens lipase and some conditions were then studied (Table
1, entries 7-15). Three Pseudomonas fluorescens lipase preparations with different activities (20, 36,
and 309 U/mg) were tested, and on changing activity, units and reaction time, satisfactory
conversions (45-55%) and good to excellent ee% for both 3 and 4 were obtained (Table 1, entries
11-13-15). On changing the reaction solvent, THF, acetonitrile and toluene gave good results for the
obtainment of 3 with high enantiomeric excess, but low ee% were detected for 4 (Table 1 entries 7-
10). TBME was confirmed as the best solvent to obtain good ee% for both 3 and 4 (Table 1, entry
11). When we tested the resolution in anhydrous THF under N, atmosphere to check an eventual
influence of moisture or water, the reaction was slower and with lower ee% for compound 4 (Table
1, entry 7 vs 8). Also in a tentative exploration at 40 °C the process was faster but with lower ee% of
the unreacted enantiomer 3 (Table 1, entry 12), thus confirming the room temperature as the best
condition.

The conditions of Table 1 entry 11 were then applied in a preparative KR in order to isolate discrete
amounts of 3 and 4.
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Scheme 3. Kinetic resolution of P-lactam rac-2; isolated yields % after column
chromatography, ee% and specific optical rotations for compounds 3 and 4 are reported. The
enzymatic selectivity E was calculated by the ENANTIO tool of the Elk group Graz University.

The reaction was stopped at a 52% conversion: the two products were isolated and separated by
flash-chromatography, characterized and analysed by chiral HPLC analysis and polarimetry; their
specific optical rotations and enantiomeric excesses resulted as (+)3 (99 % ee) and (-)4 (90 % ee)
with an excellent enzymatic selectivity (E) of 116 (Scheme 3).

Concerning the absolute configuration of the two enantiomers, it can be only tentatively attributed
according to the enantio-preference of lipases on some C-3 unsubstituted 3-lactam compounds
bearing primary alcohols with a B-stereocenter [45, 38]. As above mentioned for the kinetic
resolution on the racemic B-lactam rac-B [45], P. fluorescens gave (S)-ester as the preferred
enantiomer (Scheme 1). In that case the absolute configuration was assigned by comparison with
an already known chiral azetidinone obtained from (S)-aspartic acid [47]. On assuming the same (S)-
enantio-preference by P. fluorescens for the C4 substituent, it could be tentatively assigned a (S)
configuration to the (-)4 ester as the preferred enantiomer also in this KR.

Alcohol (+)3 and ester (-)4 were then further elaborated in order to eliminate the substituents on
the B-lactam nitrogen atom and to obtain the final separated enantiomers (+)5 and (-)5 (Scheme 4).

KMnO4 OAc
J;( MeCN 0-4°C NH [a]p?® = +70 (c = 1.3, MeOH)
\—~OH 18 h o
(+)3 5% (+)5
99 ee% 95 ee%
OAc OAc OAc
‘ CalB /,;\ KMnO,4 :
;N ’ — /I/:NH
o0 0 H,O-MeCN @ N\_OH MeCN, 0-4°C o
- i, 18 h 18 h
(-)4 o 80% ()3 70% (-)5
90 ee% 99 ee% 94 ee%

[a]p?® = -33 (¢ = 1.3, MeOH) [0]p2® = -68 (c = 1.0, MeOH)
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Scheme 4. Synthesis of B-lactam enantiomers (+)5 and (-)5. Isolated yields, ee%, and
specific optical rotation powers are reported.

For this purpose, it was necessary to eliminate the N-hydroxymethyl group on (+)3 and different
conditions were tested: NH4OH (25%)/MeOH, KMnQas/acetone-H,0, and KMnOs/MeCN [48]. Only
oxidative conditions were effective, and the use of KMnOs in acetonitrile allowed to isolate
compound (+)5 in satisfactory yields. As mentioned in the introduction, the (+)4-acetoxy-
azetidinone (+)5 has been already reported in the literature, as an enantiopure compound obtained
by means of host-guest inclusion complexes [29]. However, we observed a higher specific rotation
for (+)5 [a]p?® = +70 (c = 1.3, MeOH) than that reported in the literature [31]: [a]p?> = +6.5 (c = 0.68,
MeOH), but the latter has a lower concentration and its enantiomeric purity as ee% by chiral
chromatography was not reported.

The (-)5 enantiomer was obtained from (-)4 with a two steps procedure: ester hydrolysis to get
intermediate (-)3 followed by oxidative cleavage of the oxymethylene group. Concerning the
hydrolysis, biocatalysis fulfilled the requirement of a high regioselectivity among the two acetates
present on (-)5. The effectiveness of lipases to satisfy this requirement was preliminary evaluated
on the racemic ester rac-4 (Table 2), easily obtained from rac-2 with acetic anhydride and
triethylamine, and used as racemic standard for chiral HPLC analyses (see Supplementary Material).

Table 2. Screening of lipases for enzymatic hydrolysis on rac-4.?
OAc

/,;'ﬁ Llpase
N
g \/07]/ MeCN HZO milliQ /I/: “_OH /I/: \/O
rac-4 0 (+)4
i Enzyme .
Entry Lipases Time T Conv.
b amount . o (-)3 ee%" (+)4 ee%*
(U/mg) U) (h) (°C) (%)
Burkholderia cepacia
1 180 144 rt 30 >99 40
(30 U/mg)
Pseudomonas fluorescens
2 326 21 rt 25 >99 24
(309 U/mg)
CALB
3d 100 3 rt 55 >99 66
(10 U/mg)
CALB
44 100 24 rt 99 >99 -
(10 U/mg)
CALB
5¢ 35 24 rt 95 96 99f
(10 U/mg)
CALB .
6%e 100 3 60 95 >99 99
(10 U/mg)
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) CALB
7 100 1 60 58 >99 30
(10 U/mg)

2 Reaction conditions: rac-4 (0.06 mmol), H20/MeCN 11:1 (2.5 mL), enzyme (U in table), rt.
b Activity of the commercial enzymes.

¢Determined by chiral HPLC analysis on the crude.

4Reaction conditions: rac-4 (0.174 mmol), H.0/MeCN 11:1 (3 mL), enzyme (U in table), rt.
¢ The recovery of the organic fraction is around 60%.

fThe ester (+)4 was detected only in traces in the chiral HPLC analysis

In this ester hydrolysis, Burkholderia cepacia and Pseudomonas fluorescens lipases gave
unsatisfactory results with low conversions even for longer reaction time (Table 2, entries 1 and 2).
CAL B was instead successful and furnished a 55% conversion and excellent enantiomeric excess
(>99 %) for the alcohol 3 in only 3 hours (Table 2, entry 3). This result is quite interesting: the
excellent ee for the product (-)3 >99% at a conversion exceeding the 50% (i.e. 55 %) and a lower ee
(66%) for the ester (+)4 catches a glimpse of a possible racemization of the reactant at the C-4
position that could be temporarily ascribed to the tentative formation of a C-4 cation (see for
instance Scheme 5), thus revealing the possibility of a prospective dynamic kinetic resolution under
controlled conditions. On extending the hydrolysis for 24 h with CAL B, the conversion was
guantitative, only the alcohol 3 was isolated as single enantiomer with ee >99 %, but no traces of
the ester 4 were isolated in the organic fraction (Table 2, entry 4). This could probably due to a
hydrolysis of the B-lactam ring in the ester (+)4 and its further degradation in the aqueous phase
due to a longer reaction time. The hydrolysis with CAL B was further examined at 60 °C at short
reaction time, 1 and 3 h (Table 2, entries 6 and 7) obtaining 95% and 58% conversion, respectively.
The product 3 was isolated with high ee%, but with a poor recovery in the organic extract (60%) with
traces (entry 6) or low amounts (entry 7) of the ester. This result confirms that harsher reaction
conditions could give significant amounts of hydrolysis of the B-lactam ring [49-52] leading to a yield
drop.

The hydrolysis was repeated with CAL B on the enantiomerically enriched ester (-)4 (Scheme 4). The
process was carried out in MilliQ water with a small amount of acetonitrile necessary to dissolve (-
)4 (H20/CH3CN = 11:1). Alcohol (-3) was obtained in an 80% vyield with a 99% optical purity;
remarkably, its enantiomeric excess was greatly enriched if compared to that of the starting ester (-
)4 (90% ee). The final oxidation of (-)3 with KMnOas in acetonitrile afforded chiral (-)4-acetoxy-
azetidinone (-)5 in good yields (Scheme 4). Careful attention should be paid for a cold aqueous work-
up of the crude because lowering of the enantiomeric excess was otherwise observed, and an ee =
88% was reached instead of 94% (see supplementary information for HPLC analyses).

Introduction or transformation of functional groups on C4 position of azetidinones is a common step
in the synthesis of -lactam-based compounds [19]. Once obtained the enantiomerically pure 4-
acetoxy-azetidinones (+)5 and (-)5, some nucleophilic substitution reactions were tested on these
substrates. We then examined the stereochemical outcome in two C4 substitution reactions
(Scheme 5) on enantiomer (+)5, with potassium thioacetate and with Reformatsky reagent

10
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BrZnCH,COOBN, previously applied for the synthesis of integrin ligands with a 3-lactam scaffold [10,
11].

CH3;COSK
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45°C, 45 min
J;'/ 55% |
0% ee /I;NH /I/:NH
NH / g @

(+)5

99% ee  \_ BrznCH,COOBn ;ﬁ COO0Bn

THF, 0°-rt
67%
0% ee

Scheme 5. Nucleophilic substitution reactions at C4 position of the enantiomerically
pure 4-acetoxy-azetidinone (+)5.

However, starting from enantiopure compound (+)5, the C4 substitution products 6 and 7 were
obtained as racemic mixtures (chiral HPLC analyses in Supplementary information), confirming the
mechanism of this substitution as an addition-elimination pathway via the short-living intermediate
1-azetin-2-one (Scheme 5), as determined by Gavina et al. [53].

As a further stereochemical investigation, the (+)5 and (-)5 enantiomers were considered for a
functionalization on the nitrogen atom of the B-lactam ring (Scheme 6). For this purpose, we
selected a N-thioalkylation reaction, since N-alkyl-thio-4-acetoxy-azetidinones demonstrated to
have interesting antibacterial activities [24, 26] and were also successfully applied in the
development of new antibacterial functional materials [25]. Enantiomers (+)5 and (-)5 were
separately subjected to a N-thiolation reaction using dimethyl disulfide in the presence of sulfuryl
chloride and triethylamine (TEA) in DCM (Scheme 6), according to a previously reported procedure
[25].

11
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Scheme 6. N-thiomethylation on enantiopure 4-acetoxy-azetidinone (-)5.

Compounds (-)8 and (+)8 were isolated by flash chromatography and then analysed by chiral HPLC
(see Supplementary Material). The chromatographic analysis showed the preservation of the ee at
95% and 88%, as that of the precursors (+)5 and (-)5, respectively, thus confirming that the N-
thioalkylation reaction did not affect the configuration at C4 of the B-lactam. The optical rotations
of the N-methylthio derivatives (-)8 and (+)8 have opposite signs compared to the starting
compounds (+)5 and (-)5, however, optical power is an inherent property of a molecule, and a
change in sign between different molecules does not entail an inversion of the configuration [54,
55].

Conclusion

The syntheses of several biologically active B-lactam-based compounds share as starting material
the 4-acetoxy-azetidin-2-one, a cheap and readily available compound, but marketed as a racemic
mixture. Given the effect of chirality on biological activity and the need to synthesize enantiopure
-lactams for pharmacological use it would be advisable to obtain 4-acetoxy-azetidin-2-one in its
separated single enantiomers. Biocatalysis is becoming a valid and an increasingly employed
technique for achieving enantiomerically pure products. Among a series of lipases, Pseudomonas
fluorescens was selected as the most suitable enzyme for performing a kinetic resolution by
transesterification on the N-hydroxymethyl B-lactam rac-2, giving the corresponding ester (-)4 and
the residual starting alcohol (+)3 with excellent enantiomeric excesses. The successful ester
hydrolysis of (-)4 was obtained with Candida antarctica lipase B (CAL B) with a significant
enrichment of the enantiomeric excess of the N-hydroxymethyl-azetidinone (-)3. The potential
dynamic kinetic resolution of the B-lactam rac-4 by CAL B is currently under investigation. Following
the optimized deprotection steps, 4-acetoxy-azetidin-2-ones (+)5 and (-)5 were thus obtained as
single enantiomers with excellent optical purities. Nucleophilic substitution reactions were then
studied on the pure enantiomers in order to evaluate their stereochemical outcome. The C4
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substitution on the enantiomer (+)5 with potassium thioacetate or BrZnCH,COOBn gave the
corresponding products 6 and 7 as racemic mixtures, confirming the propensity of 4-acetoxy-
azetidinones to undergo a Sn1 mechanism. On the contrary, the C4 configuration is not affected by
functionalization of the B-lactam nitrogen atom upon sulfenylation reaction, and optically active N-
methylthio-4-acetoxy-B-lactams were successfully obtained. With this result we report for the first
time the synthesis of an enantiopure N-alkylthio-4-acetoxy-azetidinone, hence paving the way to
the development of novel chiral B-lactams that could be employed in medicinal chemistry as
antimicrobial agents as pure enantiomers instead of racemic mixtures.

Experimental

Solvents and reagents were obtained commercially and used as received. Deionized water was
obtained from a Millipore analytical deionization system (MilliQ). For TLC monitoring Merck 60 F254
plates were used and for liquid chromatography Merck silica gel 200300 mesh was used. *H and
13C NMR spectra were recorded with an INOVA 400 instrument with a 5 mm probe. All chemical
shifts are quoted relative to deuterated solvent signals (& in ppm and J in Hz). FTIR spectra were
recorded with Alpha FT IR Bruker spectrometer. Polarimetric analyses were conducted on Unipol L
1000 Polarimeter at 598 nm. The purities of the target compounds were assessed as being > 95%
using HPLC-MS. HPLC-MS: Agilent Technologies HP1100 instrument, equipped with a ZORBAX-
Eclipse XDB-C8 Agilent Technologies column; mobile phase: HO/CHsCN, 0.4 mL/min, gradient from
30 to 80% of CH3CN in 8 min, 80% of CH3CN until 25 min, coupled with an Agilent Technologies
MSD1100 single-quadrupole mass spectrometer, full scan mode from m/z = 50 to 2600, in positive
ion mode, ESI spray voltage 4500 V, nitrogen gas 35psi, drying gas flow 11.5 mL/min, fragmentor
voltage 20 V. Enantiomeric excesses were determined by chiral-HPLC: Agilent Technologies 1200
instrument equipped with a diode array UV detector on Daicel Chiralcel column IA (25 cm, I.D. 0.46
cm, 5 um) with HPLC grade isopropanol and n-hexane as eluting solvents. Racemic compounds were
used for comparison (see supplementary material). The commercially available enzymes used in this
work are: Burkholderia cepacia lipase (BCL) powder, >30 U/mg by Sigma Aldrich; Lipase from
Pseudomonas fluorescens, powder, 309 U/mg by Fluka; Lipase from Pseudomonas fluorescens,
powder, 20-36 U/mg by Sigma Aldrich; Lipase from Candida antarctica B, immobilized on acrylic
resin, 10 U/mg, by Sigma Aldrich; Lipase B from Candida antarctica, immobilized on Immobead 150,
4.4 U/mg, by Sigma Aldrich.

Synthesis of racemic 8-lactams

Preparation of racemic esters rac-4 for the optimization of an analytic method by chiral HPLC is
reported in the Supplementary Material.

13




327

328
329
330
331
332
333
334
335
336
337

338

339

340
341
342
343
344
345
346
347

348

349

350
351
352
353
354
355
356
357
358

359

360

1-(hydroxymethyl)-4-oxoazetidin-2-yl acetate (rac-2).

To a solution of compound rac-1 (200 mg, 1.55 mmol, 1 equiv) in THF (3.4 mL), paraformaldehyde
(72 mg, 2.48 mmol, 1.6 equiv), K2CO3 (2 mg, 0.05 mmol, 0.03 equiv) and water (140 pL) were added.
The system was subjected to microwave irradiation at 180 W for 40 minutes. At completion, the
reaction mixture was diluted with EtOAc (2.5 mL), dried on anhydrous Na,SOs, filtered and
concentrated to yield compound rac-2 as a colorless oil (240 mg, 95%) without further purifications.
IH NMR (400 MHz, CDCl3) & (ppm) 6.01 (dd, J = 4.2, 1.2 Hz, 1H), 4.78 (d, J = 11.5 Hz, 1H), 4.49 (d, J =
11.5 Hz, 1H), 3.23 (dd, J = 15.3, 4.2 Hz, 1H), 2.96 (dd, J = 15.3, 1.2 Hz, 1H), 2.10 (s, 3H).23C NMR (100
MHz, CDCls) 6 (ppm) 171.6, 165.3, 74.5, 64.1, 44.3, 20.7. IR (film, cm™) = 3425, 2950, 1752, 1649,
1378, 1241, 1120, 1043. HPLC-MS (ESI*) t-=2.9 min, m/z=100 [M-OAc]*, 160 [M+H]*, 177 [M+H,0]*,
182 [M+Na]*.

Procedure for lipases screening in enzymatic kinetic resolution on rac-2 (see Table 1).

In a glass vial with a screw cap, to a solution of alcohol rac-2 (10 mg, 0.063 mmol, 1 equiv) and vinyl
acetate (45 uL, 0.38 mmol, 6 equiv) in TBME (1.5 mL), the selected enzyme (see Units in Table 1)
was added. The mixture was stirred at room temperature. At set time intervals, the substrate
conversion and the enantiomeric excesses of unreacted alcohol (+)3 and ester product (-)4 were
monitored by chiral HPLC. Chiral HPLC samples were prepared as follows: 0.5 mL of mixture was
filtered through regenerated cellulose syringe filters (diameter = 25 mm, pore diameter = 0.45 um);
the filtrate was then concentrated, re-suspended in a solution of n-hexane/isopropanol 1:1 and
directly analysed.

Preparative enzymatic KR of compound rac-2.

In a glass vial with a screw cap, to a solution of alcohol rac-2 (164 mg, 1.03 mmol, 1 equiv) and vinyl
acetate (0.57 mL, 6.18 mmol, 6 equiv) in TBME (24.5 mL), Amano Lipase from Pseudomonas
luorescens (20 U/mg, 1640 U, 82 mg) was added. The mixture was then kept under magnetic stirring
at room temperature and monitored by chiral HPLC. At 52% conversion, after 64 h, the mixture was
filtered through regenerated cellulose syringe filters and the organic solvent was removed under
reduced pressure. Compounds (+)3 and (-)4 were separated by flash chromatography
(Cyclohexane/EtOAc 1:1 then 35:65); target ester (-)4 was obtained as a colorless oil (46%, ee = 90%,
[a]p®® = -17 (c = 1.0, MeOH)) and residual alcohol (+)3 was isolated as a colorless oil (37%, ee = 99%,
[a]p?> = +35 (c = 1.3, MeOH)).

Procedure for lipases screening in the enzymatic hydrolysis on rac-4 (see Table 2).
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In a glass vial with a screw cap, to a solution of rac-4 (12 mg, 0.06 mmol) in CH3CN and Milli Q H.O
(1:11 ratio, total volume 2.5 mL), the selected enzyme (see Units in Table 2) was added. The mixture
was stirred at room temperature under orbital shaking (450 rpm). The conversion and the
enantiomeric excesses of (-)3 and (+)4 were monitored by chiral HPLC at set time intervals. Chiral
HPLC samples were prepared as follows: 200 uL of the mixture were extracted with 0.5 mL EtOAc,
organic solvent was dried, re-suspended in a solution of n-hexane/isopropanol 1:1 and directly
analysed.

Preparative enzymatic hydrolysis of compound (-)4.

In a glass vial with a screw cap, to a solution of ester (-)4 (102 mg, 0.51 mmol, 1 equiv) in CH3CN and
Milli Q H20 (1:11 ratio, total volume 17 mL), Lipase B from Candida Antarctica immobilized on
Immobead 150 (4.4 U/mg, 224 U, 51 mg) was added. The mixture was stirred at room temperature
under orbital shaking (450 rpm) overnight and monitored by chiral HPLC. At reaction completion (18
h), the enzyme was filtered and the aqueous mixture was saturated with brine and extracted with
EtOAc (3x10 mL). The collected organic phases were dried over anhydrous Na,SOg, filtered and
concentrated under vacuum. The target alcohol (-)3 was obtained without further purification as a
colorless oil (65 mg, Y =80%, ee = 99%, [a]p?> = -33 (c = 1.3, MeOH)). Spectroscopic data of (-)3 were
in fully accordance with those reported for its corresponding racemic analogue rac-2.

Oxidation with KMnO4 to give (+)5 and (-)5.

To a solution of the alcohol (+)3 or ()3 (1 equiv) in CH3CN (30 mL/mmol), KMnO4 (6 equiv) was
added portionwise at 0°C. The reaction flask was maintained at 4°C overnight (refrigerator). The
reaction mixture was quenched at 0°C with a saturated solution of NayS;0s until complete
decoloring. The mixture was then filtered and acetonitrile evaporated under reduced pressure. The
residual aqueous solution was then extracted with DCM (3x10 mL). The collected organic phases
were dried over anhydrous NaSO, filtered and concentrated. The desired products (+)5 and (-)5
were obtained without further purification as sticky solid. (+)5: Y = 75%, ee = 99%, [a]p?®> = +70 (c =
1.3, MeOH); (-)5: 70%, ee = 99%, [a]p?® = -68 (c = 1.0, MeOH). Spectroscopic data of (+)5 and (-)5
were in fully accordance with those reported for their corresponding racemic analogue rac-1.

Synthesis of S-(4-oxoazetidin-2-yl) ethanethioate (6).

To a solution of CH3COSK (27 mg, 0.24 mmol, 1.2 equiv) in H20 (1.5 mL) warmed at 45°C, compound
(+)5 (25 mg, 0.2 mmol, 1 equiv) dissolved in acetone (0.5 mL) was added dropwise. At completion
(50 min, TLC monitoring), acetone was evaporated under reduced pressure and the residual
aqueous solution was then extracted with EtOAc (5x10 mL). The collected organic phases were dried
over anhydrous Na;SO, filtered and concentrated. Compound 6 was yielded as a yellow oil (16 mg,
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55%) without further purification. Spectroscopic data were in fully accordance with those reported
in literature [24].

Synthesis of benzyl 2-(4-oxo-azetidin-2-yl) acetate (7).

In a 25 mL 3-neck flask under inert atmosphere (N;), Zn powder (203 mg, 3.12 mmol, 8 equiv) and
THF (1 mL) were introduced followed by TMSCI (20 pL, 0.155 mmol, 0.39 equiv). After 30 min of
stirring the temperature was raised to 30-32 °C and a solution of benzylbromoacetate (247 pL, 1.56
mmol, 4 equiv) in THF (2 mL) was slowly added dropwise. After 30 min of stirring the mixture was
cooled to rt and decanted. The limpid grey supernatant was slowly added dropwise into a 25 mL
flask under nitrogen containing a solution of (+)5 (50 mg, 0.39 mmol, 1 equiv) in anhydrous THF (2.2
mL) at 0°C. The mixture was stirred at rt for 3 h, quenched with a saturated Seignette salt (potassium
sodium tartrate) solution and extracted with EtOAc (3x10 mL). The organic layers were dried on
Na,SOg, filtered and concentrated in vacuum. The crude was purified by flash chromatography
(Cyclohexane/AcOEt = 1:1) yielding 7 as a white solid (57 mg, 67%). Spectroscopic data were in fully
accordance with those reported in literature. [11]

Synthesis of compounds (+) 8 and (-8).

In a round bottom flask under inert atmosphere (N2), to a solution of dimethyl disulfide (10 uL, 0.11
mmol, 1 equiv) in dry DCM (1 mL), SO,Cl, (13 pL, 0.16 mmol, 1.5 equiv) was slowly added at 0°C.
After 10 minutes, (+) 5 or (-) 5 (14 mg, 0.11 mmol, 1 equiv) dissolved in DCM (1 mL) was added,
followed by dropwise addiction of TEA (28 pL, 0.22 mmol, 2 equiv). After 10 minutes at 0°C, the
reaction mixture was warmed to rt and then refluxed for 4 h. At completion (TLC monitoring), the
reaction was quenched with saturated aqueous solution of NH4Cl and the mixture extracted with
DCM (3x5 mL). The collected organic phases were dried over anhydrous Na,SO, filtered and
concentrated under vacuum. The desired product was obtained as a yellow oil after purification by
flash chromatography on silica gel (Cyclohexane/EtOAc = 7:3). (+)8: 13 mg, Y=68%, ee = 88%, [a]p?°
=+10 (c = 0.6, MeOH); (-)8: 12.5 mg, Y=65%, ee = 95%, [a]p?®> = -11.5 (c = 0.8, MeOH). Spectroscopic
data were in fully accordance with those reported in literature [24, 25].

Acknowledgements

This work was supported by University of Bologna (RFO 2020) and MIUR PRIN project 2017
(SURSUMCAT), and CIRI Scienze della vita e della salute, POR-FESR Emilia Romagna 2014-2020
(Mat2Rep project) for V.G. grant. D.G. would like to thank Mr. Pierre Carlana and Mr. Giovanni
Centonze for technical assistance

16




432

433

434
435

436
437

438
439
440

441
442
443

444
445
446

447
448

449
450
451

452
453
454

455
456

457
458

459
460
461
462

463
464
465

References

[1] J. O. Ombito, G. S. Singh. Recent progress in chemistry of B-lactams. Mini-Rev. Org. Chem. 16
(2019) 544-567; doi: 10.2174/1570193X15666180914165303.

[2] R. Kaur, R. Singh, P. Ahlawat, P. Kaushik, K. Singh. Contemporary advances in therapeutic
portfolio of 2-azetidinones. Chem. Biol. Lett. 7 (2020) 13-26

[3] A.R. A. S. Deshmukh, B. M. Bhawal, D. Krishnaswamy, V. Govande Vidyesh, A. Shinkre Bidhan, A.
Jayanthi. Azetidin-2-ones, synthon for biologically important compounds. Curr. Med. Chem. 11
(2004) 1889-1920; d0i:10.2174/0929867043364874.

[4] L. M. Lima, B.N.M.D. Silva, G. Barbosa, E.J. Barreiro. B-Lactam antibiotics: an overview from a
medicinal chemistry perspective. Eur. J. Med. Chem. 15 (2020) 208: 112829; doi:
10.1016/j.ejmech.2020.112829.

[5] L. Decuyper, M. Juki¢, I. Sosi¢, A. Zula, M. D'hooghe, S. Gobec. Antibacterial and B-lactamase
inhibitory activity of monocyclic B-lactams. Med. Res. Rev. 38 (2018) 426-503; doi:
10.1002/med.21443.

[6] K. Grabrijan, N. Strasek, S. Gobec. Monocyclic beta—lactams for therapeutic uses: a patent
overview (2010-2020). Expert Opin. Ther. Pat. (2021) doi: 10.1080/13543776.2021.1865919

[7] T. H. O. Leite, M. F. Saraiva, A. C. Pinheiro, M. V. N. de Souza. Monocyclic B-lactam: a review on
synthesis and potential biological activities of a multitarget core. Mini Rev. Med. Chem. 20 (2020)
1653-1682; doi: 10.2174/1389557520666200619114820.

[8] D. J. Fu, Y. F. Zhang, A. Q. Chang, J. Li. B-Lactams as promising anticancer agents: molecular
hybrids, structure activity relationships and potential targets. Eur. J. Med. Chem. 201 (2020) 11251;
doi: 10.1016/j.ejmech.2020.112510

[9] P. Galletti, D. Giacomini. Monocyclic B-lactams: new structures for new biological activities. Curr
Med Chem. 18 (2011) 4265-4283; doi: 10.2174/092986711797200480

[10] P.D. Mehta, N. P. Sengar, A. K. Pathak. 2-Azetidinone--a new profile of various pharmacological
activities. Eur. J. Med. Chem. 45 (2010) 5541-5560; doi: 10.1016/j.ejmech.2010.09.035

[11] M. Baiula, P. Galletti, G. Martelli, R. Soldati, L. Belvisi, M. Civera, S.D. Dattoli, S.M. Spampinato,
D. Giacomini. New B-lactam derivatives modulate cell adhesion and signaling mediated by RGD-
Binding and leukocyte integrins. J. Med. Chem. 59 (2016) 9721-9742; doi:
10.1021/acs.jmedchem.6b00576

[12] G. Martelli, M. Baiula, A. Caligiana, P. Galletti, L. Gentilucci, R. Artali, S. Spampinato, D.
Giacomini. Could dissecting the molecular framework of B-lactam integrin ligands enhance
selectivity? J. Med. Chem. 62 (2019) 10156-10166; doi: 10.1021/acs.jmedchem.9b01000

17




466
467

468
469
470
471

472
473
474

475
476

477
478

479
480
481

482
483

484
485
486

487
488
489

490
491
492
493

494
495
496
497

498
499
500

[13] G. Martelli, D. Giacomini. Antibacterial and antioxidant activities for natural and synthetic dual-
active compounds. Eur. J. Med. Chem. 158 (2018) 91-105; doi: 10.1016/j.ejmech.2018.09.009

[14] D. Giacomini, R. Musumeci, P. Galletti, G. Martelli, L. Assennato, G. Sacchetti, A. Guerrini, E.
Calaresu, M. Martinelli, C. Cocuzza. 4-Alkyliden-azetidinones modified with plant derived
polyphenols: antibacterial and antioxidant properties. Eur. J. Med. Chem. 140 (2017) 604-614; doi:
10.1016/j.ejmech.2017.09.048.

[15] D. Giacomini, G. Martelli, M. Picciche, E. Calaresu, C. E. Cocuzza, R. Musumeci. Design and
synthesis of 4-alkylidene-B-lactams: benzyl- and phenethyl-carbamates as key fragments to switch
on antibacterial activity. ChemMedChem. 12 (2017) 1525-1533; doi: 10.1002/cmdc.201700307.

[16] I. Ojima. Recent advances in the beta-lactam synthon method. Acc. Chem. Res. 28 (1995) 383-
389; doi: 10.1021/ar00057a004

[17] A. Kamath, I. Ojima. Advances in the chemistry of B-lactam and its medicinal applications.
Tetrahedron 68 (2012) 10640-10664; doi: 10.1016/j.tet.2012.07.090.

[18] B. Alcaide, P. Almendros, C. Aragoncillo. Beta-lactams: versatile building blocks for the
stereoselective synthesis of non-beta-lactam products. Chem. Rev. 107 (2007) 4437-4492; doi:
10.1021/cr0307300.

[19] H. Wild, in The Organic Chemistry of B-Lactams; Georg, G. ., Ed.; VCH Publishers, Inc.: New York,
1993; Chapter 2, p 49.

[20] D. G. Tew, H. F. Boyd, S. Ashman, C. Theobald, C. A. Leach. Mechanism of inhibition of LDL
phospholipase A2 by monocyclic-beta-lactams. Burst kinetics and the effect of stereochemistry.
Biochemistry 37 (1998) 10087-10093. doi: 10.1021/bi9801412.

[21] J. Mulchande, L. Martins, R. Moreira, M. Archer, T. F. Oliveira, J. lley. The efficiency of C-4
substituents in activating the beta-lactam scaffold towards serine proteases and hydroxide ion. Org.
Biomol. Chem. 5 (2007) 2617-2626. doi: 10.1039/b706622h.

[22] T. N. Beck, D. Lloyd, R. Kuskovsky, J. Minah, K. Arora, B. J. Plotkin, J. M. Green, H. I. Boshoff, C.
Barry 3rd, J. Deschamps, M. |. Konaklieva. Non-transpeptidase binding arylthioether B-lactams
active against Mycobacterium tuberculosis and Moraxella catarrhalis. Bioorg. Med. Chem. 23 (2015)
632-647. doi: 10.1016/j.bmc.2014.11.025.

[23] M. B. Kostova, C. J. Myers, T. N. Beck, B. J. Plotkin, J. M. Green, H. |. Boshoff, C. E. Barry 3rd, J.
R. Deschamps, M. I. Konaklieva. C4-alkylthiols with activity against Moraxella catarrhalis and
Mycobacterium  tuberculosis. Bioorg Med Chem. 19 (2011) 6842-6852. doi:
10.1016/j.bmc.2011.09.030.

[24] P. Galletti, C. E. A. Cocuzza, M. Pori, A. Quintavalla, R. Musumeci, D. Giacomini, Antibacterial
agents and cystic fibrosis: synthesis and antimicrobial evaluation of a series of n-
thiomethylazetidinones. ChemMedChem 6 (2011) 1919-1927; doi: 10.1002/cmdc.201100282

18



https://doi.org/10.1016/j.ejmech.2017.09.048
https://doi.org/10.1016/j.ejmech.2017.09.048

501
502
503
504

505
506
507
508

509
510
511
512

513
514

515
516
517

518
519
520

521
522

523
524

525
526

527
528
529
530

531
532
533

[25] D. Giacomini, P. Torricelli, G. A. Gentilomi, E. Boanini, M. Gazzano, F. Bonvicini, E. Benetti, R.
Soldati, G. Martelli, K. Rubini, A. Bigi. Monocyclic B-lactams loaded on hydroxyapatite: new
biomaterials with enhanced antibacterial activity against resistant strains. Sci Rep. 7 (2017) 2712;
doi: 10.1038/s41598-017-02943-2.

[26] G. Martelli, T. B. Pessatti, E. M. Steiner, M. Cirillo, C. Caso, F. Bisognin, M. Landreh, P. Dal Monte,
D. Giacomini, R. Schnell. N-Thio-B-lactams targeting L,D-transpeptidase-2, with activity against drug-
resistant strains of Mycobacterium tuberculosis. Cell Chem. Biol. 28 (2021) 1-12; doi:
org/10.1016/j.chembiol.2021.03.008.

[27] M. W. Majewski, K. D. Watson, S. Cho, P. A. Miller, S. G. Franzblau, M. J. Miller. Syntheses and
biological evaluations of highly functionalized hydroxamate containing and n-methylthio
monobactams as anti-tuberculosis and B-lactamase inhibitory agents. Med. Chem. Comm. 7 (2016)
141-147; doi: 10.1039/C5MD00340G

[28] S. W. Smith. Chiral toxicology: it’s the same thing only different. Toxicol. Sci. 110 (2009) 4-30;
doi: 10.1093/toxsci/kfp097

[29] A. Calcaterra, |I. D'Acquarica. The market of chiral drugs: Chiral switches versus de novo
enantiomerically pure compounds. J. Pharm. Biomed. Anal. 147 (2018) 323-340. doi:
10.1016/j.jpba.2017.07.008.

[30] R. Kuskovsky, D. Lloyd, K. Arora, B. J. Plotkin, J. M. Green, H. I. Boshoff, C. Barry 3™, J.
Deschamps, M. I. Konaklieva. C4-Phenylthio B-lactams: effect of the chirality of the B-lactam ring on
antimicrobial activity. Bioorg. Med. Chem. 27 (2019) 115050. doi: 10.1016/j.bmc.2019.115050.

[31] F. Toda, K. Tanaka, M. Yagi, Z. Stein, |. Goldberg. New preparative and optical resolution method
for B-lactams. J. Chem. Soc. Perkin Transactions | 4 (1990) 1215-1216; doi: 10.1039/P19900001215.

[32] A. S. de Miranda, L. S. Miranda, R. O. de Souza. Lipases: valuable catalysts for dynamic kinetic
resolutions. Biotechnol. Adv. 33 (2015) 372-393; doi: 10.1016/j.biotechadv.2015.02.015.

[33] A. Ghanem, H. Y. Aboul-Enein. Application of lipases in kinetic resolution of racemates. Chirality
17 (2005) 1-15; doi: 10.1002/chir.20089.

[34] H. Nagai, T. Shiozawa, K. Achiwa, Y. Terao. Facile enzymatic preparation for enantiomeric B-
lactams. Chem. Pharm. Bull. 40 (1992) 2227 — 2229; doi: 10.1248/cpb.40.2227.[35] . H. Nagai, T.
Shiozawa, K. Achiwa, Y. Terao. Convenient Syntheses of Optically Active B-Lactams by Enzymatic
Resolution Chem. Pharm. Bull. , 41 (1993) 1933 — 1938; doi: 10.1248/cpb.41.1933.

[36].X.-G. Li, L. T. Kanerva,, Chemoenzymatic preparation of fluorine-substituted B-lactam
enantiomers exploiting Burkholderia cepacia lipase. Tetrahedron: Asymmetry 18 (2007) 2468-2472;
doi: 10.1016/j.tetasy.2007.10.003

19




534
535
536

537
538
539

540
541
542

543
544
545

546
547
548

549
550

551
552
553

554
555
556

557
558
559

560
561
562
563

564
565
566

567
568

[37] E. Forro, F. Fll6p. Synthesis of 4-aryl-substituted B-lactam enantiomers by enzyme-catalyzed
kinetic resolution. Tetrahedron: Asymmetry 12 (2001) 2351 - 2358; doi: 10.1016/S0957-
4166(01)00388-3.

[38] X. G. Li, L. T. Kanerva. Lipase-involved strategy to the enantiomers of 4-benzyl-B-lactam as a
key intermediate in the preparation of B-phenylalanine derivatives. Advanced Synthesis and
Catalysis 348 (2006) 197 — 205; doi: 10.1002/adsc.200505253.

[39] X.-G. Li, L. T. Kanerva. Chemoenzymatic preparation of fluorine-substituted B-lactam
enantiomers exploiting Burkholderia cepacia lipase. Tetrahedron: Asymmetry 18, (2007) 2468 —
2472; doi :10.1016/j.tetasy.2007.10.003.

[40] E. Forro, G. Tasnadi, F. FUl6p. Enzymatic preparation of (S)-3-amino-3-(o-tolyl)propanoic acid, a
key intermediate for the construction of Cathepsin inhibitorslournal of Molecular Catalysis B:
Enzymatic 93 (2013) 8 — 14; doi: 10.1016/j.molcatb.2013.04.001.

[41] P. Csomds, L. T. Kanerva, G. Bernath, F. Flilop. Biocatalysis for the preparation of optically active
B-lactam precursors of amino acids Tetrahedron: Asymmetry 7 (1996) 1789- 1796; doi:
10.1016/0957-4166(96)00214-5.

[42] J. Kaman, E. Forrd, F. Fllop. Enzymatic resolution of alicyclic B-lactams. Tetrahedron:
Asymmetry 1 (2000) 1593-1600; doi: 10.1016/S0957- 4166(00)00070-7.

[43] E. Forrd, Z. Galla, F. Fllop. The N-Hydroxymethyl group as a traceless activating group for the
CAL-B-catalysed ring cleavage of B-lactams: a type of two-step cascade reaction. Eur. J. Org. Chem.
2647-2652; doi: 10.1002/ejoc.201600234.

[44] F. Fulop, M. Palko, J. Kdman, L. Lazar, R. Sillanpaa. Synthesis of all four enantiomers of 1-
aminoindane-2-carboxylic acid, a new cispentacin benzologue. Tetrahedron: Asymmetry, 11 (2000),
4179; doi: 10.1016/S0957-4166(00)00375-X

[45] G. Martelli, P. Galletti, M. Baiula, L. Calcinari, G. Boschi, D. Giacomini. Chiral B-lactam-based
integrin ligands through Lipase-catalysed kinetic resolution and their enantioselective receptor
response. Bioorg. Chem. 88 (2019) 102975. doi: 10.1016/j.bioorg.2019

[46] W. J. Tenn 3rd, J. L. Murphy, J. K. Bim-Merle, J. A. Brown, A. J. Junia, M. A. Price, R. W. Nagorski.
Amidates as leaving groups: structure/reactivity correlation of the hydroxide-dependent E1cB-like
breakdown of carbinolamides in aqueous solution. J Org Chem. 72 (2007) 6075-6083. doi:
10.1021/jo070603u.

[47] N. lkota, H. Shibata, K. Koga, Stereoselective reactions. IX. Synthetic studies on optically active
B-lactams. I. Chiral synthesis of carbapenam and carbapenem ring systems starting from (S)-aspartic
acid. Chem. Pharm. Bull. 33 (1985) 3299-3306.

[48] A. Shaabani, F. Tavasoli-Rad, D.G. Lee. Potassium permanganate oxidation of organic
compounds. Synth. Commun. 35 (2005) 571; doi: 10.1081/SCC-200049792.

20



https://doi.org/10.1081/SCC-200049792

569
570
571

572
573
574

575
576
577

578
579

580
581
582

583
584

585
586

587

[49] E. Forrd, F. Fulop. New Enzymatic Two-Step Cascade Reaction for the Preparation of a Key
Intermediate for the Taxol Side-Chain. Eur. J. Org. Chem. 16 (2010) 3074-3079; doi:
10.1002/ejoc.201000262.

[50] M. Naruse, S. Aoyagi, C. Kibayashi. New Chiral Route to (-)-Swainsonine via an Aqueous
Acylnitroso Cycloaddition Approach. Org. Lett. 5 (2003) 1209-1212;
https://doi.org/10.1021/jo00085a026.

[51] S. Park, E. Forrd, H. Grewal, F. Fllop, R. J. Kazlauskas. Molecular Basis for the Enantioselective
Ring Opening of B-Lactams Catalyzed by Candida antarctica Lipase B. Adv. Synth. Catal. 345 (2003)
986-995; doi: 10.1002/adsc.200303069.

[52] E. Forro, F. Fulop. An Efficient Enzymatic Synthesis of Benzocispentacin and Its New Six- and
Seven-Membered Homologues. Chem. Eur. J. 12 (2006) 2587-2592; doi: 10.1002/chem.200501286.

[53] F. Gavina, A. M. Costero, M. R. Andreu. Reaction of 4-substituted 2-azetidinone with
nucleophiles. existence and reactivity of |-azetin-4-one. J. Org. Chem. 55 (1990) 434-437, doi:
10.1021/jo00289a011.

[54] E. L. Eliel, S. H. Wilen. Stereochemistry of organic compounds. New York: John Wiley & Sons;
1994. Chapter 1.

[55] A. Mandi, T. Kurtan. Applications of OR/ECD/VCD to the structure elucidation of natural
products. Nat. Prod. Rep. 36 (2019) 889-918. doi: 10.1039/c9np00002;.

21



https://doi-org/10.1021/jo00289a011
https://doi-org/10.1021/jo00289a011

