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Introduction

Since the accidental discovery of penicillin by A. Fleming in
1928," B-lactam antibiotics belong to one of the most important
classes of antimicrobial compounds.> Apart from their cele-
brated antibacterial activities and other medical applications,
e.g. in the treatment of malaria, cancer and HIV,*’ B-lactams are
also considered to be very interesting building blocks for
further transformations due to their strained ring structure
containing a reactive amide bond, a concept known as the
‘B-lactam synthon method’.*** In this way, these scaffolds can
be deployed in the synthesis of a broad range of new nitrogen
compounds with potential bioactivity, which has become
a major incentive for the research and development of several
new classes of B-lactams.****

One of those classes, the family of 4-(cyanomethyl)azetidin-2-
ones, contains important synthons for the controlled synthesis
of a variety of new compounds including functionalized y-lac-
tams, succinimide derivatives and diamino-f-lactams in opti-
cally pure form, all being promising compounds in terms of
medicinal and synthetic applications." Besides, the synthesis of
multiple antibiotics, with the carbapenem antibiotic thiena-
mycine as one of the most prominent examples, can be dedi-
cated to the use of 4-(cyanomethyl)azetidin-2-one substrates.**"”
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Furthermore, functionalized polyalkoxypiperidines, or simply
iminosugars, can be synthesized starting from 3-alkoxy-4-cya-
nomethyl-B-lactams.”® These sugar analogues exhibit inter-
esting biological properties, such as the selective inhibition of
glycosidases and glycoprotein-processing enzymes, which
makes them convenient for the treatment of diabetes, cancer
and viral infections, including HIV.">*

A second class of B-lactams attracting a lot of attention in
both a chemical as well as a biological setting concerns the
carboxyl-containing f-lactams, which are considered to be
valuable building blocks for the preparation of antimicrobial
agents and other biologically active compounds.?*?* For
example, 4-(1-carboxyethyl)-B-lactams, the synthesis of which
has been performed by multiple methods to date,***" are
important intermediates in the preparation of carbapenem
antibiotics.*** 1-Benzyloxy-4-(2-carboxyethyl)azetidin-2-one on
the other hand, has been reported to act as an intermediate in
the synthesis of carbacephems, a class of broad-spectrum
antibiotics, closely related to the cephalosporins.®**** Further-
more, optically pure (R)-1-benzyloxy-4-(2-carboxyethyl)azetidin-
2-one can be used as a precursor for the synthesis of (15,6R)-
2-oxa-7-azabicyclo[4.2.0]octane-3,8-dione, a 3,4-fused bicyclic
B-lactam, which has been employed as precursor in the
synthetic route toward new B-lactam antibiotics or -lactamase
inhibitors.*® Besides their use for further synthetic trans-
formations, some carboxyl-containing azetidin-2-ones are also
characterized by their intrinsic biological activities. This struc-
tural moiety can for example be found in macrocyclic B-lactam-
fused enediynes.?”** Natural enediyne antibiotics are prodrugs,
endowed with potent cytotoxic and anticancer activities, due to
their capability of cleaving single- and double-stranded
DNA.*”"* Moreover, the di- and tri-organotin carboxylates
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derived from silyl-protected 4-(1-carboxyethyl)-3-(1-hydroxyethyl)
azetidin-2-one are known for their in vitro antitumor activity.*®

In the framework of the biological relevance of both classes
of compounds, as well as our synthetic interest in their
straightforward development, optically pure 4-carboxymethyl-3-
lactams are prepared via hydrolysis of the corresponding nitrile
derivatives in this work. The latter are small scaffolds, consist-
ing of a cyclic amide with a high ring tension in combination
with a reactive cyano group, turning these compounds into
attractive synthons from an organic synthesis point of view. The
two main objectives of this work thus comprise (i) the design of
an efficient synthetic route toward 4-cyanomethyl-p-lactams
and (ii) their straightforward conversion into the corresponding
4-carboxymethyl-p-lactams without affecting the sensitive four-
membered ring system.

Results and discussion

In a first section, the selective synthesis of cis-4-(cyanomethyl)
azetidin-2-ones 1la-c was performed. In that respect, (E)-N-
[(2,2-dimethyl-1,3-dioxolan-4-yl)methylidene]amines 4a,b were
prepared in 88-90% yield via condensation of primary amines
3a,b with (R)-glyceraldehyde acetonide 2, obtained via
periodate-induced oxidative cleavage of commercially available
1,2:5,6-di-O-isopropylidene-p-mannitol 1 in a quantitative way
according to a literature procedure (Scheme 1).***> The obtained
imines 4a,b were subsequently used as substrates in the Stau-
dinger synthesis of (3R,4S)-3-alkoxy/aryloxy-4-(2,2-dimethyl-1,3-
dioxolan-4-yl)-p-lactams 6a-c by using 1.3 equiv. of methoxy-,
benzyloxy- or phenoxyacetyl chloride 5a-c in the presence of an
excess of triethylamine as a base.**** The optically pure B-lac-
tams 6a-c were prepared in 85-89% yield and with high dia-
stereomeric ratios of (90/10)-(95/5), favoring the expected
relative cis-configuration as confirmed by the "H NMR (CDCl;)
spectra. Indeed, the vicinal coupling constants between the
protons on the 3- and 4-position of the B-lactam rings in
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compounds 6a-c ranged between 5.0 and 5.5 Hz (CDCl;), indi-
cating a cis-relationship according to literature values.**® Next,
B-lactams 6a-c were easily converted into the corresponding
4-hydroxymethyl-B-lactam key intermediates 7a-c in 82-96%
yield via a three-step approach, including (i) p-toluenesulphonic
acid-mediated hydrolysis in a THF/water mixture (1/1) under
reflux conditions for 4-6 hours,*>***>*’ (ii) subsequent oxidation
using sodium periodate in the presence of sodium bicarbonate
and stirring in dichloromethane for 2-16 hours at room
temperature,****” and (iii) selective reduction by means of two
molar equiv. of sodium borohydride in methanol under reflux
for 1-2 hours.*»*

In the following steps, modifications in the hydroxymethyl
side chain attached to the 4-position of novel B-lactams 7a-c
were performed in order to install the nitrile functionality. At
first, the hydroxyl group was converted into a better leaving
group in order to create a more reactive compound, sensitive to
nucleophilic substitution reactions (Scheme 2). Two options
were thus explored. For the introduction of a mesyloxy group,
B-lactams 7a,b were treated with 1.5 equiv. of mesyl chloride
and 4 equiv. of triethylamine, providing mesylated p-lactams
8a,b in high yields.** In an analogous manner, stirring of
4-hydroxymethyl-B-lactams 7a-c in the presence of tosyl chlo-
ride, triethylamine and DMAP under reflux conditions for
nearly two days, afforded 4-tosyloxymethyl-p-lactams 9a-c¢ in
60-67% yield. The expected final step in this synthetic pathway
consisted of the nucleophilic substitution of both sulfonyloxy
leaving groups by a cyanide anion to give rise to 4-cyanomethyl-
B-lactams 11a-c. However, after a thorough optimization study,
including variation of the number of equiv. of potassium
cyanide, the solvent, the temperature (incl. microwave condi-
tions), the reaction time..., no substitution of either the mesy-
loxy or the tosyloxy group by cyanide could be achieved.
Therefore, inspired by similar cases concerning 4-
(mesyloxymethyl)azetidin-2-ones described in the literature,***
an alternative approach was studied consisting of the

o n OH o 1 equiv R'NH,, 2 equiv MgSO, OJ(
#\ (s) > (R)Oj/’ 2.3 equiv NalO,, 0.5 equiv NaHCOj3 (s) u (R) o 3a,b " (s) o)
(R)Y(s)
o &u H O CH,Cly/sat. NaHCO;, (25/1), 1t, 2 h H CH,Cly, 1t, 2 h H
o] (R" = iPr, nBu) 1,N
R
1 2(99%) 4a; R"= iPr; 90%
4b; R" = nBu; 88%
1) 1-1.2 equiv pTsOH'H,O
THF/H,0 (1/1), A, 4-6 h (78-98%)
2) 2 equiv NalO, 3 equiv EtsN o
CH,Cly/sat. NaHCOg (15/1), rt, 2-16 h (78-90%) . 2’
R20 HN 3) 2 equiv NaBH, 1.3 equiv R O\)J\CI
(WOH MeOH, 0 °C - A, 12 h 5a-c
N
o] R' CH,Cly, 1t, 16 h

7a; R' = jPr, R2= Me; 82%
7b; R' = iPr, R?= Bn; 96%
7c; R' = nBu, R2= Ph; 91%

(R? = Me, Bn, Ph)
6a; R'= jPr, R?= Me; 85%; dr = 93/7
6b; R'= jPr, R2= Bn; 85%; dr = 95/5
6c; R'= nBu, R2= Ph; 89%; dr = 90/10

Scheme 1
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Scheme 2

preliminary conversion toward more reactive 4-iodomethyl-p-
lactams 10a-c as versatile intermediates,”®>* as iodide is
considered to be a very good leaving group combined with the
expected decrease in steric hindrance during the substitution
reactions as compared to sulfonyloxy leaving groups.** Both 4-
mesyloxymethyl- and 4-tosyloxymethyl-p-lactams 8a,b and 9a-c
were therefore converted into the corresponding iodides 10a-c
by means of an excess of sodium iodide in acetone under reflux
(69-97%). Eventually, the premised new (3R,4S5)-3-alkoxy/ary-
loxy-4-cyanomethyl-B-lactams 11a-c could be obtained selec-
tively in 51-62% yield after treatment with 2.5 equiv. of sodium
cyanide in DMF.** It must be mentioned that the KCN-mediated
direct displacement of 3-non-substituted 4-(tosyloxymethyl)
azetidin-2-ones has been performed only once before, using
18-crown-6 as an additive, whereas sulfonyloxy displacements
by cyanide in 3-substituted B-lactams have not been reported
so far.*

In the next stage, the selective hydrolysis of the nitrile
function within the synthesized (3R,4S5)-3-alkoxy/aryloxy-4-cya-
nomethyl-B-lactams 11a-c was studied. Whereas the hydrolysis
of nitriles containing a p-lactam moiety toward the

This journal is © The Royal Society of Chemistry 2016

corresponding amides has been reported a few times, both in
a chemical*****” and in an enzymatic way,*>*® reports describing
the conversion of the latter nitriles toward carboxylic acids are
rather scarce. In one of these examples, 4-(cyanomethyl)
azetidin-2-one was chemically converted to the corresponding
methyl ester first, after which alkaline hydrolysis gave rise to the
acid.”® Similarly, a two-step chemical hydrolysis of silyl-
protected 4-cyano-3-(1-hydroxyethyl)azetidin-2-one via the
intermediate amide has been studied.”” Otherwise, enzymatic
hydrolysis of nitriles is typically performed via two different
pathways, leading to either amides or carboxylic acids,
depending on the application of nitrile hydratases or nitrilases
(nitrilhydrolases), respectively.”>** If necessary, the amides
formed by nitrile hydratases can be further hydrolyzed toward
the acids using amidase enzymes.”**> Only two reports,
however, describe the biocatalytic conversion of B-lactam-
containing nitriles.*>*® In these studies, catalyzed by Rhodo-
coccus erythropolis AJ270 cells containing nitrile hydratases and
amidases, the first set of enantiomers of racemic 3-non-
substituted 4-cyano- and 4-cyanomethyl-B-lactams was con-
verted toward the amides, while the others were fully hydrolyzed

RSC Adv., 2016, 6, 54573-54579 | 54575
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toward the carboxylic acids, which can be attributed to the high
enantioselectivity exhibited by the amidases, in contrast to the
lack of this stereocontrol in the case of nitrile hydratases.® In
neither of these studies, however, the carboxylic acids were
isolated. Instead, the corresponding methyl esters were formed
by means of diazomethane immediately after the biocatalytic
transformations. In other words, the selective and one-step
hydrolysis of nitriles containing a B-lactam moiety toward the
corresponding carboxylic acids, representing valuable building
blocks in organic and medicinal chemistry, has not been
described in the literature before and thus remains a challenge
to be addressed.

The chemical hydrolysis of 4-cyanomethyl-B-lactams 11a-c
was explored first (Scheme 3). To that end, (3R,4S)-1-butyl-4-
cyanomethyl-3-phenoxyazetidin-2-one 11c¢ as a representative
example was dissolved in water, after which HCl and HOAc were
added (Method A). Unfortunately, no traces of the correspond-
ing carboxylic acid 12c could be observed after multiple
attempts, as either no reaction occurred at low temperatures, or
reflux conditions gave rise to complex mixtures resulting from
decomposition of the reactants. Subsequently, KOH-induced
alkaline hydrolysis was studied applying various reaction
conditions (Method B), though leading to the same conclu-
sions. These observations point to the precarious combination
of a cyano group and a sensitive four-membered azaheterocycle,
making a classical one-step acid- or base-catalyzed nitrile
hydrolysis critical.
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As the bottleneck of this reaction, i.e. the instability of the
reactive four-membered ring under the above-mentioned
conditions, required more mild - but still effective - proce-
dures, we reverted to biocatalytic protocols for the hydrolysis of
nitriles to carboxylic acids using isolated nitrilase enzymes as
the hydrolyzing tools, as already applied successfully in
previous work.**** The repertoire of classical organic synthesis
can indeed be significantly enriched by including biochemical
methods, and the interface between organic chemistry and
biocatalysis is offering new strategies and perspectives as valu-
able alternatives. This can be attributed to the enantio-, stereo—
and regioselective, efficient and environmentally friendly
catalysis applied by enzymes under mild reaction conditions,
which fits perfectly in the framework of the integration of bio-
catalysis into the organic chemistry sector as an answer to the
increasing demand for sustainable processes.®*®”

To that end, 4-oxoazetidin-2-yl nitriles 11a-c were dissolved
in a mixture of methanol and a K;PO,-dithiothreitol-
ethylenediaminetetra-acetic acid-based buffer (5/95), after
which various nitrilases were added. The resulting reaction
mixtures were incubated at 30 °C and 200 rpm (Scheme 4). After
an extensive cluster screening, investigating 30 different nitri-
lases®® at a small reaction scale using various solvents and
enzyme and substrate concentrations, nitrilase-P1-121 seemed
to be the only enzyme catalyzing the conversion of 4-cyano-
methyl-B-lactams 11la-c quantitatively toward novel (3R,4S)-3-
alkoxy/aryloxy-4-carboxymethyl-B-lactams 12a-c¢, as confirmed
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NS Ny
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Table 1 Conversion, yields and purification efficiencies of the hydrolysis of 4-cyanomethyl-B-lactams 11a—c toward 4-carboxymethyl-B-lac-

tams 12a-c

Conversion after 4 weeks of Yield Method Purification Yield Purification
Compound R' R? incubation® (%) A” (%) efficiency (%) Method B° (%) efficiency (%)
11a iPr Me 60 16 27 43 72
11b iPr Bn 93 — — 74 80
11c nBu Ph 70 12 17 — —

“ Conversion rate determined via LC-MS analysis. > Method A: removal of inactivated enzymes and buffer salts, followed by preparative HPLC of the

crude reaction mixture. © Method B: removal of inactivated enzymes and
aqueous phase and another extraction with ethyl acetate.

by '"H NMR, IR and MS analysis. However, these reactions pro-
ceeded very slowly, probably due to the rigid structure of nitriles
11 which might impede an optimal positioning into the cata-
lytic center of the enzyme. For this reason, relatively high
enzyme concentrations (up till 4 mg mL ') were used when
scaling up these reactions, with the nitrilase added gradually to
the reaction mixture during the course of the weeks. The latter
approach yielded reasonably constant reaction rates, leading to
varying conversions of the substrates (60% for 11a, 93% for 11b
and 70% for 11c after 4 weeks, as determined via LC-MS anal-
ysis). It should however be mentioned that, when performing all
reactions at a higher enzyme concentration and a longer incu-
bation time, complete conversion of the substrate should be
achievable, as was observed at a smaller reaction scale. In our
case, however, we opted to make a compromise between
acceptable substrate conversions and a time-efficient reaction
protocol. Since no side products were formed during the
hydrolysis, the conversion seemed completely selective toward
the carboxylic acids 12a-c. Finally, after inactivation and
removal of the enzymes and filtration of the buffer salts, the
isolation of the target compounds was performed using
preparative HPLC (Method A). However, 4-carboxymethyl-p-
lactams 12a and 12c¢ could only be obtained in 12 and 16% yield
respectively, implying a purification efficiency of only 17-27%
taking the incomplete conversion rate into account (Table 1).
Therefore, an alternative procedure was investigated (Method B).
After extraction of the NaCl-saturated crude reaction mixtures
with ethyl acetate, thus removing unreacted starting materials,
the aqueous phases were acidified to pH 4 by means of HCI,
turning the carboxylate ions into the organic solvent-soluble
carboxylic acids 12a,b, which could be recuperated in 43 and
74% yield, respectively. This elegant solution, based on a selec-
tive extraction method of the reaction mixture, is characterized
by high purification efficiencies of 72-80% (Table 1).

Many efforts were devoted to the optimization of the enzy-
matic hydrolysis step in terms of reaction time and efficiency,
and the reaction conditions presented here should thus be
considered as an optimized procedure for this transformation.

Mechanistically, the formation of 4-carboxymethyl-B-lactams
12 can be explained as follows (Scheme 4). Nitrilase enzymes
consist of an essential amino acid sequence in their active site:
the Glu-Lys-Cys catalytic triade.®>”° While glutamate and lysine
are orienting the substrate in the correct position via non-

This journal is © The Royal Society of Chemistry 2016

buffer salts, followed by NaCl-mediated extraction, acidification of the

covalent interactions, the catalytic cysteine thiol group
(“Enz-SH”) is capable of forming a covalent bond with the nitrile
functional group in substrates 11, thus giving rise to thio-
imidates 13. Water then hydrolyzes these intermediates toward
thioesters 15, which are finally converted to the corresponding
carboxylic acids 12 with concomitant expulsion of ammonia,
after which the enzymes are released in their active form to
enter a subsequent catalytic cycle.*®

Conclusion

In this work, chiral cis-3-alkoxy/aryloxy-4-(2,2-dimethyl-1,3-
dioxolan-4-yl)-B-lactams were employed successfully for the
synthesis of cis-4-cyanomethyl-B-lactams in nine consecutive
reaction steps via 4-hydroxymethyl-p-lactams as key intermedi-
ates, starting from the commercially available and enantio-
merically pure 1,2:5,6-di-O-isopropylidene-p-mannitol. Next, the
obtained cis-4-cyanomethyl-B-lactams were converted into the
intended corresponding 4-carboxymethyl-f-lactams using
nitrilase-P1-121 as the most active enzyme without affecting the
sensitive four-membered ring, providing a useful substitute for
the in this case inadequate classical chemical hydrolysis
approach. In addition, a straightforward pH-based extraction
protocol was designed for the efficient isolation of the carbox-
ylic acids thus formed. In this way, the one-step selective
hydrolysis of 3-alkoxy/aryloxy-4-cyanomethyl-B-lactams toward
the corresponding carboxylic acids using isolated nitrilase
enzymes, has been described for the first time, integrating
biocatalytical processes into organic synthesis as a positive
evolution fitting in the current trends of sustainability and
responsible entrepreneurship. The thus obtained new 4-car-
boxymethyl-B-lactams can be considered as polyvalent and
versatile building blocks for further deployment in organic
synthesis.
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