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Abstract:

Highly-functionalized, three-dimensional molecules have had an increasing impact in synthetic
organic chemistry and pharmaceutical research over the past decades. Their syntheses and the
development of novel synthetic approaches towards versatile, small molecules with chemical
and structural diversity have generated great interest. We have designed various selective and
stereocontrolled methodologies for the functionalization of cycloalkene-fused -lactams with a
common C-C bond, as three-dimensional, functionalized scaffolds, involving the
transformation of their ring olefin bond. The synthetic methodologies developed to access
various pharmacologically interesting derivatives with multiple chiral centers might be valuable
protocols for the preparation of other classes of organic compounds as well.

Graphical abstract:

m (o) ring olefin bond X m 0]
functionalization
Y
NR incorporation of NR
n Y n

versatile functional groups

:‘n=_01' 12’ 2 regioselectivity functionalized
- stereoselectivit .
R = H, Boc y P-lactams
1

This article is protected by copyright. All rights reserved.

10.1002/ajoc.202300526

85UB017 SUOLIWOD aAea1D) a|qealdde au Aq peusencd afe sojoie YO ‘SN Jo Sajnl o) Akeiqiauljuo A8|1M UO (SUoNIPUOD-pUe-SWLB) 0D A8 1M Ae.q 1jBuljuo//:sdny) SUoNIPUOY pue swis 1 8yl 8es *[£20z/0T/TE] uo Afeiqi auljug 3|1 ' 1oseaueD yomeesay S vH Ag 92500£202 20 /200T 0T/10p/wod"Ae [1m* Aeiq 1puljuoy/:sdny wouy pepeojumoq ‘el ‘ST8SE6TE


http://www.ttk.hun-ren.hu/

Asian Journal Of Organic Chemistry 10.1002/ajoc.202300526

Contents

1. Introduction

1.1. Importance of B-lactams

1.2. Synthesis of cycloalkene-fused B-lactams and their synthetic relevance
1.3. Synthetic access to optically pure cycloalkene-fused p-lactams

2. Functionalization of cycloalkene-fused p-lactams across their ring olefin bond
2.1 Functionalizations through ring olefin bond oxidative cleavage/ozonolysis
2.2. Functionalizations across ring-opening metathesis/cross-metathesis

2.3. Functionalizations through aziridination/aziridine ring opening

2.4. Functionalizations through oxirane formation/oxirane ring opening

3. Summary and outlook

4. Acknowledgments

5. References

1. Introduction
1.1. Importance of B-lactams

Highly-functionalized, three-dimensional molecules have had an increasing impact in
synthetic organic chemistry and pharmaceutical research over the past decades. Their syntheses
and the development of novel synthetic approaches towards versatile, small molecules with
chemical and structural diversity, among them B-lactams, have generated great interest. Some
terms such as “conformational restriction”,I* “escape from flatland”,/ or “scaffold hopping”,!
have also received high relevance in medicinal chemistry in the last 20 years. Densely-
functionalized, three-dimensional small molecules with multiple chiral centers and high
chemical diversity represent promising scaffolds in drug development. The introduction of a
three-dimensional shape into a compound library, that is, transformation of a nearly planar
molecule into a 3D scaffold leads to architectural complexity and increased structural diversity.
Accordingly, selective and controlled synthetic approaches towards such elements containing
sp3 hybridized carbon atoms are of relevant significance in synthetic organic and medicinal
chemistry.!!

B-Lactams are of outstanding interest in organic and medicinal chemistry due to their
broad range of biological and, in particular, antibacterial properties. Various antibacterial agents
possess the lactam framework in various structural forms, such as heterocycle-fused (bicyclic)

azetidin-2-ones (e.g. penicillins, cephalosporins) or functionalized azetidinones (monocyclic)
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(e.g. amino substituted monobactams) (Figure1).5%1 Some p-lactam molecular hybrids have

also been described as anticancer agents.[9

R! 1
R
o O
HN s H R2
= R2
CO,H SOsH
penicillins cephalosporins monobactams

Figure 1. The structure of some B-lactam antibiotics

The azetidine-2-one framework is the key component of the fluorine-containing

blockbuster drug Ezetimibe, which is a well-known non-statin cholesterol-lowering drug."

Ezetimibe

Figure 2. The structure of Ezetimibe, a cholesterol-lowering blockbuster drug.

The high biological relevance of B-lactams led to the design and synthesis of various
classes of B-lactam-based antibiotics, and it gave rise to a number of synthetic protocols for the
creation of the azetidin-2-one framework. The bacterial resistance with reducing efficacy of
versatile types of p-lactam derivatives makes the synthesis of novel generation of product
molecules with azetidin-2-one as structural motif a challenge in synthetic organic chemistry.
Noteworthy, that besides the construction of the four-membered heterocyclic system, in view
of drug design, emphasis on the construction of systems with a wide range of substitution
pattern is also desirable.

Various synthetic methods, such as transition-metal catalyzed reactions, carbonylations,
enolate—imine condensations, or Staudinger cycloaddition, which is known as a formal [2 + 2]
cycloaddition of an imine and a ketene, are the most common approaches to fabricate p-lactam

rings.!
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1.2. Synthesis of cycloalkene-fused p-lactams and their synthetic relevance

Due to their significant biological and pharmacological applications,® the synthesis of
B-lactams, starting from simple transformations to more complex synthetic protocols, is
considered to be a hot topic in the field of organic chemistry.[®]

In the current section we summarize several preparation procedures for the synthesis of

cycloalkane-fused B-lactams. Rai reported a three-component reaction method (glucose-
aldehyde, amine, and 1,3-oxazolan-5-one), where iodine was used as a catalyst using ionic
liquids as solvents.
First, a condensation between the aromatic amine (2) and glucose-aldehyde (1) was performed,
where the in situ generated imine underwent an imine-aldol addition with 1,3-oxazolan-5-one.
Then, in a subsequent diastereoselective ring-closing step, cis-p-lactams 4 were formed
(Scheme 1).]
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Scheme 1. Synthesis of B-lactam 4 from monosaccharide 1

Radical cyclization is also used as a preparation method for the synthesis of p-lactams.!
The Grainger group reported a protocol for the preparation and functionalization of f-lactams
by bond formation at the C2—-C3 position. First, carbamoyl dithiocarbamate 6 was prepared as

a precursor for the radical initiation step, then generation of carbamoyl radical 7 was performed
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upon light irradiation inducing the homolytic cleavage of the C-S bond. Intramolecular
cyclization of the alkene moiety of compound 7 is the last step of the procedure delivering -
lactam 10 (Scheme 2). Functionalization of the prepared -lactam has also been performed by

this group.r®

I?MB

N\H 1) triphosgene \ﬂ/ NEtz N /0
©/ 2) NaSC(S)NEt, >

5
PMB: 4-methoxybenzene

; 4-exo
-
“ radical "
recombination :
8

10

9 (92%)

Scheme 2. Synthesis of B-lactam 10 from cyclic amine 5 via radical cyclization

1,2-Dipolar cycloaddition of chlorosulfonyl isocyanate (CSI) to different cycloalkenes
or dienes is a well-known and efficient route for the synthesis of cycloalkane-fused f-
lactams.[*% The general reaction of CSI addition to cyclic dienes is shown on Scheme 3. Fiilop
and co-workers applied and extended this method and a number of B-lactams fused with
cycloalkenes of various ring sizes (compounds 12) have been synthesized starting from

different dienes 11 (Scheme 3).[11222829]

| 1) CSl addition 1
St 2)Nast3/KOH Te-c

1 12
n a0
PR n . B
L - @7 II‘ RNH ) ° NH
\\ | - \\-” N
o N -
n
t)-11a:n=1 o o
§+;-11b-n=2 (£)-11d: n = 1 12a: n=1 12d: n = 1
. ' t)-11e:n=2 12b:n=2 12e:n=2
(#)1c:n=4 @F1lein
- ' 12c:n=4

Scheme 3. General procedure for the synthesis of cycloalkane-fused B-lactams 12a—e
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The 1,2-dipolar cycloaddition of CSI to the dienes (11a—e) proceeds in a regioselective
manner and in accord with literature investigations, in each case, only a single product (12a—e)
is detected. The stepwise, 1,2-dipolar cycloaddition produces, in the transition state, an allyl-
type stabilized carbonium ion. Although not detailed, DFT calculations at the level of
B3LYP/6-31+g(d,p) also supported the observed regioselectivity.[*?l Thanks to the presence of
the C=C double bond in the prepared B-lactam derivatives, products 12a—e give many
opportunities for further chemical transformations. Last, but not least, ring opening of the -
lactam moiety also provides possibilities for the preparation of p-amino acid or amino ester

derivatives.

1.3. Synthetic access to optically pure cycloalkene-fused p-lactams
The Dailler group published a Pd°-catalyzed method for the preparation of B-lactam
derivatives (15 and 16). The protocol involving the Pd°-catalyzed C(sp®)-H activation gives the

possibility to prepare enantiomerically pure B-lactams by using chiral ligand 14 (Scheme 4).12%

O
TMB.
NH, , NJ\CI
H a) 2,4,6-trimethoxybenzaldehyde, NaBH(OAc); z

AcOH, 1,2-dichloroethane, 20 °C N (;O/H
b) triphosgene, benzene, 60 °C

(-)-13 14 (86%)

PdCl, PAd,(n-Bu) x HI
PivOH, C32C03
mesitylene, 120 °C, 18 h
COgen

O.\ K,S,0g, NaHPO, x 7H,0
MeCN/H,0 (2:1), 80 °C
(—)-16 (910/0) (—)-15 (820/0)

Scheme 4. Synthesis of enantiomerically pure f-lactam 16 (COgen: methylfluorene-9-carbonyl
chloride)

Enantiopure a,B-unsaturated lactams were synthesized by Aydin and co-workers from

a readily available chloroalkene nitrile (17) and (S)-methylbenzylamine via substitution

reaction. Diastereomer products 18 and 19 (formed in a 1:1 ratio) were separated by
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crystallization and subsequent acidic hydrolysis of the nitrile groups furnished the
corresponding 20 and 23 amides. These provided novel lactams (21, 22, 24, and 25) through
DDC assisted carbonyl group activation and then hydrogenation (Scheme 5).04

Cl
CN

17

(S)-methylbenzylamine
TEA, CH,Cl,, RT

T
=2
-

,/Z / .
)
:'

W Ph
NH o H H o
\_C ¢
\NHZ H,SO,4, EtOH H2304, EtOH \NH2
A, 3d A 2d
(+)-23 (72%) 8 (48%) 9 (47%) 0 (67%)
DCC, CH,CI DCC, CH,Cly
e t-BuOH, RT, 8 h
t-BuOH, RT, 8 h

\ Pd/C, H, . _PdiC.Hy .\
- =
MEOH, 24 h MEOH, 24 h
(-)-22 (78%)

(+)-25 (+)-24 (62%) (-)-21 (78%)

Scheme 5. Synthesis of enantiopure a,B-unsaturated lactams (-)-21, (-)-22, (+)-24, and (+)-25.

The synthesis of tricyclic p-lactam enantiomers was developed through a three-

component Ugi reaction in water or under solvent-free conditions (Scheme 6).
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O ® ®/R2
R C=N-R; R N
NH \I| 28a: R, = t-Bu H Ry
2 0 ~H,0 N -R. = R
N 2 28b: R, = Bn NH H,0 2
R4 H o
CO,H CO,H C,O 0]
(1R,2R,3S,4R)-26  27a: Ry = Et (.). o)
27b: Ry =t-Bu
27c: Ry =Ph L _

g b g

Q Q
(2S)-(1R',2R",58",7R’)- (2R)-(1R',2R",5S" 7R))-
29a-29d (52-74%) 30a-30d (6-9%)

Scheme 6. Synthesis of tricyclic B-lactams 28 and 29 trough Ugi reaction

According to a possible mechanistic interpretation, in the first step a condensation
reaction takes place between the enantiomerically pure amino acid (26) and aldehydes 27a—c.
Then the resulting Schiff-base is transformed to the seven-membered ring intermediate leading
to the corresponding B-lactam diastereomers 29 and 30 via ring-contraction. Because of steric
effects, compound 29 was the major product in all cases. The detected diastereomeric ratios
(29/30) were found in a range of 67:33 up to 100:0, and the diastereomers were separated by
column chromatography.[*%

Numerous enzymatic protocols have been reported for the preparation of
enantiomerically pure p-lactams.*®! In an article published in 2004, the synthesis of B-lactams
12a—c and 32 as well as p-amino acids 31a,b and 33a,b was described in enantiomerically pure
form simultaneously, starting from the unsaturated racemic B-lactams (12a,b,c and 32; see
Scheme 3 for their synthesis). Lipolase was used as an enzyme catalyst for the enantioselective

ring opening of racemic B-lactams 12a,b,c and 32 (Scheme 7).[!7]
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n n
Lipolase R COxH
O L.
iPr,0, 70 °C S NH,

N
H
12a,n =1 (1R,2S)-31a, n = 1 (45%) (18,5R)-12a, n = 1, (48%)
12b, n =2 (1R,2S)-31b, n = 2 (46%) (1S,6R)-12b, n =2 (48%)
0
Lipolase { RCOZH
NH iPr,0, 70 °C S
n n NH2
(*)-12a,n =1
(*)-32, n=2 (1R,2S)-33a,n =1 (45%)  (1S,6R)-12¢, n=1 (48%)

(1R,2S)-33b, n =2 (46%)  (1S,8R)-34, n =2 (47%)

Scheme 7. Enantioselective hydrolysis of B-lactams 12a,b,c and 32

Reactions were carried out with 1 equiv of water in the presence of Lipolase (lipase B
from Candida Antarctica) in iProO at 70 °C. The enantiomeric excesses of the products are
excellent (ee 95-99%) at 50-51% conversion. The gram-scale resolution of racemic f-lactams
(12a,b,c and 32) was also accomplished.

As mentioned in a previous section (section 1.2), 1,2-dipolar cycloaddition of CSI to
different cycloalkenes (35) is a convenient approach to get cycloalkane-fused p-lactams (36).
Treatment of enantiomerically pure alkenes 35 (using the same reaction conditions as for the
racemic derivatives, see Scheme 3) under CSI addition conditions allows the synthesis of fused
B-lactams 36 with ee values >99%. Then subsequent lactam ring-opening leads to various types

of enantiomeric alicyclic f-amino acids (Scheme 8).1l

” 1) CSl addition QH
oo 2)NapSO4KOH TN
36
(-)-35a and (+)-35b  (+)-35¢ (-)-36a and (+)- 36b (82%)  (+)-36c, (82%)
(+)-35d (-)35e 7§ I

(+)-36d (76%) (-)-36e, (82%)

Scheme 8. Synthesis of optically pure p-lactams 36a—e
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2. Functionalization of cycloalkene-fused p-lactams across the ring olefin bond
Cycloalkene-fused B-lactams are important starting materials in organic chemistry for
the preparation of highly substituted alicyclic derivatives (e.g. p-amino acids, f-amino esters,
B-amino ketones or y-amino alcohols). Thanks to the presence of the C=C double bond in the
molecule several chemical transformations can be feasible, such as oxidative cleavage of the
double bond, ring-opening- and cross-metathesis, epoxidation followed by oxirane opening, as
well as aziridination then opening of the aziridine ring. In addition, functionalized cyclic -

amino acids can also be prepared by the ring opening of the azetidinone ring (Scheme 9).

oxidative
ring cleavag

ring-opening \

metathesis/cross-metathesis ‘@. - azetidinone

/ ring opening
epoxidation/

oxirane opening aziridination

Scheme 9. Diversity of cycloalkane-fused B-lactams. Possible reactions of cycloalkene-fused

B-lactams involving the C=C double bond

The functionalization opportunities due to the presence of the C=C bond in the
cycloalkene-fused B-lactams were explored and various transformations were performed in
recent years. Some relevant examples of these methods are collected and summarized in the

current review.

2.1 Functionalizations through the oxidative cleavage/ozonolysis of ring olefin bond

A stereocontrolled synthetic method was elaborated for the preparation of
conformationally restricted B-lactam and B-amino acid derivatives with a piperidine or azepane
core. The synthetic protocol was based on the oxidative ring cleavage of dihydroxylated -
lactam derivative 37, followed by ring closing with double reductive amination, which
furnished some azaheterocyclic fB-lactam derivatives (39, 40, and 41) (Scheme 10). The
dihydroxylated B-lactam 38 was prepared diastereoselectively by using OsOs as the oxidizing

agent in the presence of N-morpholine-N-oxide (NMO). Then oxidative ring cleavage of vicinal

10
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diol with NalOs as the oxidizing agent was performed. The formed dialdehyde I-1 was
immediately reacted with various amines (fluorinated amine and benzylamine). The oxidative
ring cleavage/reductive ring closing step was found to be dependent on reaction conditions.
When dihydroxylated compound 38 was reacted with NalO4 (oxidative ring opening step),
followed by treatment with trifluoroethylamine HCI salt and NaCNBHs, cyclization into

piperidine derivatives 40 took place.[*%

O ) Boc,0, TEA, DMAP ‘
NBoeZ CH,Cly 20°C, 12h \
12a

37 (83%)
0s0,4, NMO
acetone, H,O
20°C, 14 h
H H
N O N O
0™ NalO,4, THF, 1 h o=
L \Boc H,0, 20 °C 7= NBoc
o/ H o H
1-1 1-1
CF3CH,NH,eHCl PhCH,NH,
NaHCO4/H,0 | AcOH NalO,, H,0 CHCl3, 20 °C| NaBH4CN
CH,Cly, NaBH,CN | 20 °C. 3 h 20°C, 1h 3h AcOH

CO,H
L " o
FaC N NHBoc O=
B NBoc

39 (28%, two steps from 3) 4

CF3CH,NH,eHCI
NaHCO3, CHQC|2

NaBH3CN, AcOH
20°C,3h

41 (27%, two steps)

Scheme 10. Functionalization of cyclic B-lactam 37 through ring olefin bond oxidative cleavage

A new, sustainable, one-pot strategy for the synthesis of piperidine derivatives described
above (see Scheme 10) was reported recently. The synthetic strategy was not a simple task to
carry out. The work-up was tedious and the storage of the dialdehyde intermediates was very
difficult, because of their instability. In a simpler approach, the toxic reagents such as OsOa,
NMO, and NalO4 were not used. Furthermore, only small quantities of the organic solvents
were applied, and the number of steps could be reduced. The procedure was based on the
oxidation of the C=C double bond into the corresponding dialdehydes by ozonolysis (Scheme
11).120

11
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1. O3, MeOH, -78 °C, 0.5-1 h;

@)
O then Me,S, -78 °C to RT, 1 h AP \
‘( > \J * MeNBoG
| 2. CF3CH,NH,eHCI, NaHCO; )
NaBH3;CN, AcOH, MeOH
RT, overnight 41 (31%) 42 (20%)

37

Scheme 11. Functionalization of cyclic B-lactam 37 through ozonolysis/double reductive

amination

In a previous work,[*%! the dihydroxylation/diol cleavage/reductive amination protocol
of the N-Boc-protected B-lactam (37) showed low reactivity under the conditions used (Scheme
10). In contrast, applying the ozonolysis/reductive amination procedure the reaction was more
successful. The reaction was carried out at low temperature (—78 °C) in MeOH. First, the 1,3-
dipolar cycloaddition between ozone and the alkene occurs. After reduction of the ozonide, the
methanolic dialdehyde solution could be used immediately in the reductive amination
procedure. In this process the chromatographic purification was only necessary in the final
step.?®)  The ozonolysis/reductive amination method was performed with 2,2,2-
trifluoroethylamine (Scheme 11). In contrast with the earlier work,™% this reaction gave only
two products: the known monocyclic diamino lactam 41 and piperidine-fused lactam 42
(Scheme 11). The products were separated by column chromatography.?%

The reaction was extended with the use of other amines as well. The reaction protocol
was identical with the method described in Scheme 11. When using 2,2-difluoroethylamine
only the desired piperidine-fused lactam 43 was formed. In contrast, the reaction with 2-
fluoroethylamine and benzylamine, owing to reductive cyclization and lactam methanolysis, -
amino methyl esters 44 and 45 were detected and isolated (Scheme 12).12°1

O CO,Me
[\ \l ‘ COzMe
) NHBoc \
NHBoc
43 (27%) 44 (22%) 45 (29%)

Scheme 12. Synthesis of cyclic B-lactam 43 and amino esters 44 and 45 through

ozonolysis/double reductive amination protocol

2.2. Functionalizations across ring-opening metathesis/cross-metathesis

12
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Metathesis is a very useful and efficient method for the transformation of C=C double
bonds and it is effective for the preparation of highly functionalized structures. Various
sophisticated molecular scaffolds could be prepared by means of these types of procedures
(ring-opening, ring-closing, cross-metathesis or ring rearrangement metathesis).[?!!

A stereocontrolled metathesis strategy was applied for the preparation of functionalized
B-lactams and B?3-amino acid derivatives without epimerization. The method was based on the
transformation of the ring C=C double bond of cycloalkene-fused azetidinones by ring-opening

metathesis applying various Ru-based catalysts (Figure 3, Scheme 13).[2%

— PC

NN Fle“g

PCy; Y ar or R

roSl Cl ‘ |

avr o o 0
pCy; Ph PCy, Ph \< \<
Grubbs 1st generation (G-1) Grubbs 2nd Hoveyda-Grubbs Hoveyda-Grubbs

generation (G-2) 1st generation (HG-1) 2nd generation (HG-2)

Cy = cyclohexyl

Figure 3. Structures of used Ru-based catalysts and their abbreviations

COzMe

HG-2, solvent
A, 8h

h catalyst, ethylene _
V1[N CH,Cl,, 20 °C, 3 h

48 (5-80%)

HG-2, solvent
A, 8h

50 (18-53%)
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Scheme 13. Functionalization of B-lactam 47 across ring-opening metathesis (ROM)/cross-
metathesis (CM)

B-Lactam 47 derived from norbornadiene was reacted with ethylene under ring-opening
metathesis conditions in the presence of commercially available ruthenium-based catalysts
[Grubbs-1 (G-1), Grubbs-2 (G-2), Hoveyda-Grubbs-1 (HG-1), and Hoveyda-Grubbs-2 (HG-2)]
forming divinyl-substituted bicyclic f-lactam 48. Further transformation of compound 48 was
performed under the conditions of cross-metathesis, using HG-2 as the catalyst. Note that only
this catalyst proved to be suitable for this transformation. Treatment of 3-butenone (an a,f3-
unsaturated ketone) and methyl acrylate (an a,p-unsaturated ester) in CH2Cl, resulted in the
formation of the desired products 49 and 50 isolated from low to good yields (Scheme 13). The
metathesis protocols (ring-opening and cross-metathesis) described above were extended to
bicyclic B-lactams 12c,e. Likewise, the reaction conditions shown in Scheme 13 allowed the

synthesis of the desired, functionalized B-lactam derivatives (51-56) (Scheme 14).122

ring-opening
and
12e cross-metathesis

() s(
o &5
rt

12¢
54 (25-67%) 55 (63-73%) 56 (56-70%)
Scheme 14. Functionalization of B-lactam 12c,e across ring-opening metathesis/cross-

metathesis

Then the prepared B-lactam derivatives (48-50 and 51-56) were transformed to the
corresponding B>® amino acids via lactam ring-opening reaction in aqueous or ethanolic
solution of HCI. These azetidinones containing multiple C=C double bonds, which are difficult
to access by alternative routes, may be applicable for further functionalizations.!??

An interesting investigation regarding the selectivity of cross metathesis was presented
in the framework of the synthesis of new mono- and difunctionalized azetidin-2-ones through

stereocontrolled ring-opening metathesis reactions with ethylene, using different Ru-based

14
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catalysts (G-1, G-2, HG-1, HG-2). Besides dimetathesis products, monocoupled p-lactams were
also formed and the chemical behavior of the C=C double bonds involved in these
transformations was investigated (Scheme 15).[2%1

HG-2,
X COMe
60a: R = Me (60%)
dry CH,Cl, 60b: R = Et (77%)
20 °C, 4 h
PhCOCI
57, 539
53% NaHCOs
PhMe/H,0

0°C,1h
XCO2R HCI/EtOH

dry CH,Cl, w 0°C.3h

20°C,4h

58a: R = Me (51%) 59a: R = Me (58%)
58b: R = Et (41%) 59b: R = Et (89%)

Scheme 15. Chemodifferentiation of the olefin bonds trough cross-metathesis reactions

Selectivity of the cross-metathesis reaction of divinyl-substituted azetidinone 48 derived
from lactam 47 was studied (see Scheme 13). During the optimization of the reaction, cross-
metathesis products (57 and 58a,b) were detected only in the presence of catalyst HG-2 in
moderate yields. The selectivity of the cross-metathesis reactions was explained by
stereochemical factors (chelate-ring, stability) and hydrogen-bonding directing effect.
Specifically, because of the hydrogen bonding interaction between the chlorine atom of the
catalyst and the amide N—H group as a hydrogen-bond donor group, the distance between the
N-H group and the C=C double bond becomes shorter, thereby facilitating the coupling
reaction. By opening the lactam ring of compounds 58a,b followed by benzoylation of 59a,b,
functionalized cispentacin derivatives (60a,b) were prepared (Scheme 15).1]

According to the above-mentioned hypothesis it was interesting to investigate the
hydrogen-bond directing effect. N-Boc-protected p-lactam 61 was used as a starting model
derivative in the cross-metathesis reaction (Scheme 16). In this case starting material 61 cannot
function as a hydrogen-bond donor and there is no directing effect. Consequently, a mixture of
isomers 63 and 64 was detected (Scheme 16). Unfortunately, separation of the two products
failed, but the NMR spectra of the crude reaction mixture indicated the exclusive presence of

the two products. These experimental results supported the above-mentioned hypothesis.?®!

15
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NBoc
, G 1, ethylene = Xy COzEt m
NBoc : .
dry CHQC|2 dry CH20|2,

62, 63% 20°C,6h 63 64
ratio 2:1 (24%)

Scheme 16. Cross-metathesis reaction of compound 61

Stereocontrolled synthesis of fluorine-containing B-lactam derivatives through cross-
metathesis was readily achieved. The ring opening reaction of substrate 12e and 65 with
ethylene in the presence of G-1 catalyst furnished products 51 and 66 (Scheme 17). Then these
were subjected to cross-metathesis with 1,1,2,3,3,3-hexafluoropropyl ether in the presence of
HG-2 to afford fluorinated B-lactams 67 and 68 (Scheme 17).

HG-2,
ﬂ ethylene, G-1 'A CF3CHFCF,OCH,CH=CH,
CHQCIz 20 °C ' CH,Cl,, A, 6 h

12e:R=H

65: R = Boc
51:R=H, 75%

66: R = Boc, 76%

67:R=H, 26%
68: R = Boc, 34%

Scheme 17. Functionalization of B-lactam 12e and 65 via cross-metathesis with fluorinated

alkene

B-Lactam derivatives 12c and 69 were reacted with ethylene under ring-opening metathesis
conditions similar to the reaction of compounds 12e and 65. By functionalization of product 54
with allyl 1,1,2,3,3,3-hexafluoropropyl ether in the presence of catalyst HG-2, only a single
dicoupled product (72a) was detected and isolated. Cross-metathesis reactions of compound 70
with allyl 1,1,2,3,3,3-hexafluoropropyl ether resulted in not only dicoupled product 72b, but

the formation of monocoupled product 71b was also observed (Scheme 18).

16

This article is protected by copyright. All rights reserved.

85UB017 SUOLIWOD aAea1D) a|qealdde au Aq peusencd afe sojoie YO ‘SN Jo Sajnl o) Akeiqiauljuo A8|1M UO (SUoNIPUOD-pUe-SWLB) 0D A8 1M Ae.q 1jBuljuo//:sdny) SUoNIPUOY pue swis 1 8yl 8es *[£20z/0T/TE] uo Afeiqi auljug 3|1 ' 1oseaueD yomeesay S vH Ag 92500£202 20 /200T 0T/10p/wod"Ae [1m* Aeiq 1puljuoy/:sdny wouy pepeojumoq ‘el ‘ST8SE6TE



Asian Journal Of Organic Chemistry 10.1002/ajoc.202300526

' ethylene, G-1
CH,Cl,, 20 °C, 3 h

12c:R=H

54: R =H, 60%
69: R = Boc 70: R = Boc, 91%
HG-2
CF3CHFCF,OCH,CH=CH,
CH,Cl,, A, 6 h
. + )
| *
71a: R =H, 0%

72a:R = H, 35%
71b: R Boc, 25% 72b: R = Boc, 16%
Scheme 18. Functionalization of B-lactams 12c and 69 via cross-metathesis with fluorinated

alkene

The selectivity of cross-metathesis was explained as follows. i) Chelation of the
metallacycle intermediate with carbonyl oxygens hinders further reactions by stabilizing the
metallacycle. ii) Reactivity of the C=C double bond decreases, since the vinyl group attached
directly to the lactam ring of 70 may form a six-membered chelate ring with the oxo group of
Boc. iii) Finally, there is a steric hindrance between the vinyl group and the other alkene chain
in the molecule and, accordingly, the possibility of the reaction with the Ru-alkylidene catalyst
decreases (Figure 3, see structures T1, T2 and T3).124

=
2
Ru.
an 9

\ = \
— ﬂ G:‘\\OEt
—
IR < “NHCOPh
Ph~ . 3
cr -
T2
™ "cis" "trans"
stable six-membered less stable six-membered
chelate ring chelate ring
17

This article is protected by copyright. All rights reserved.

85UB0 1T SUOWWOD A0 8|qed|dde au Aq pauienob ae sappiife YO ‘8sn JO S|l 10} ArIqIT 8UIUO A8]IM UO (SUORIPUOD-PUR-SWIB) D" AB| 1M ARe1q 1 |BUI UO//SdNY) SUORIPUOD PUR SWB | 8U38eS *[€20Z/0T/TE] Uo Ariqi8uljuO A3|IA) ' 10§811U8D UoIeesaY S VH Ad 925006202 90fe/200T 0T/10p/LLi0d A3 | 1m Areiq1ut|uoj/sdny woly pepeojumoq el ‘ST8SE6TE



Asian Journal Of Organic Chemistry 10.1002/ajoc.202300526

Figure 3. Hydrogen-bonding and chelate ring formation

Lactams 73a,b were also investigated in metathesis reactions (ROM and CM). Cross
metathesis reaction of 48 and 62 with allyl 1,1,2,3,3,3-hexafluoropropyl ether appeared to be
temperature-dependent. At higher temperature (under reflux conditions) the corresponding
dicoupled products 74a,b were formed. At room temperature, in turn, a mixture of two
monocoupled derivatives 75a,b and 76a,b in a ratio of 1.5:1 was isolated. Unfortunately,

separation of the products failed (Scheme 19).12°!

ethylene G-1 CF3CHFCF,0OCH,CH=CH, @
CHZCIz 20 C HG-2, CH,Cl, A, 6h M

74a: R =H, 40%
48: R = H, 80% ,
62: R = Boc 603% 74b: R = Boc, 37%

73a:R=H
73b: R =Boc

CF3CHFCF,0CH,CH=CH,
HG-2, CH,Cl,, 20 °C, 6 h

d-

75a:R=H 25% 76a: R=H
75b: R = Boc 42% 76b: R = Boc
1.5:1 mixture

Scheme 19. Functionalization of B-lactam 73a,b via cross-metathesis with fluorinated alkene

2.3. Functionalizations through aziridination/aziridine ring opening

Functionalization of a C=C double bond with aziridination is a very effective and useful
technique in organic and medicinal chemistry in view of the creation of varied moieties by
nucleophilic opening of the three-membered N-heterocycle including N-containing functional
groups (amides, amines, etc). Furthermore, the aziridine ring is present in a number of natural
products and alkaloids.?]

The aziridination of bicyclic B-lactam 37 was accomplished in a diastereoselective
manner. The functionalization reaction was based on the transformation of the C=C double
bond with chloramine-T in the presence of PTAB (phenyltrimethylammonium tribromide) used
in catalytic amount. Due to steric factors, the attack of the bromonium ion (from PTAB) occurs

from the opposite side of the lactam ring, whereas the attack of the chloramine-T takes place

18
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selectively from the opposite side of the non-classical bromonium ion intermediate. As a result,
only a single product (compound 77) was detected and isolated in good yield with the
azetidinone and the aziridine ring having a cis relative arrangement (Scheme 20).12"]

'/ 0 chloramine-T, PTAB R @\' 0
NBo MeCN, 0 °C to 20 °C, 12 h WNBog
37 77, 72%

Scheme 20. Functionalization of bicyclic B-lactam 37 with aziridination

The synthesis of highly functionalized cyclic B-amino acid derivatives was achieved
through the ring opening of aziridine-fused lactam derivative 77. Various nucleophiles were
used in order to perform the opening of the three-membered nitrogen ring. Namely, either an
azide or a hydride was applied for the opening of the aziridine ring, thus forming

multifunctionalized alicyclic derivatives 80-83 (Scheme 21).1"]

mCOEL  \a0Et, EtOH 0\ NaOEt, EtOH COLEt
TsN @ [ . TsN
N HBoG 20°C,5h NBo 0°C,1h NHBoc
79, 82% 78, 69%
NaNg, NH,CI NaCNBH,, AcOH
EtOH/H,0 10:1 EtOH, 70 °C, 6 h
70°C. 1 h
\'/ COzE NaOE, EtOH_
T20°C.12h

81, 92% 80, 86% 82,33%

Scheme 21. Ring opening reaction of aziridine-fused cyclic B-lactam 77 with nucleophiles

2.4. Functionalizations through oxirane formation/oxirane ring opening

Functionalization of the C=C double bond with epoxidation was also performed. The
epoxidation reaction was performed in the presence of m-chloroperbenzoic acid (MCPBA) and
resulted in oxirane derivative 84 as a single product in a total diastereoselective manner. In the
product molecule the azetidinone and the oxirane rings are in a trans relative steric arrangement
(Scheme 22).128]

19
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' O ) MCPBA, CH,Cl, " @
0°C,5h TNBo
84, 68%

Scheme 22. Functionalization of B-lactam 37 with epoxidation

The epoxidation strategy was efficiently extended for the preparation of highly
functionalized cyclic f-amino acid derivatives containing multiple stereogenic centers. Thus,
the prepared oxirane-containing cyclic B-lactam 84 was transformed by lactam ring opening
and then oxirane ring opening with azide nucleophile led to the corresponding highly
functionalized scaffolds 85 and 86 (Scheme 23).[%¢1

GCO2EL) 1. NaOE, EtOH, RT, 24 h ‘ O\ 1.NaOEt, EtOH, 0 °C, 1 h \' COEt
2. NaN3, NH,CI @ YNBo 2. NaN3, NH,CI HEo
EtOH/ H,0, A, 4 h 84 EtOH/ H,0, A, 4 h

86, 66% 85, 63%

Scheme 23. Ring opening reactions of epoxy-fused cyclic B-lactam 84

Analogously, the above-mentioned epoxidation protocol was extended for cyclohexene-
fused B-lactam 87 (Scheme 24). When the reaction was performed at 0 °C, only product 88 was
formed because of the presence of the bulky Boc group. Interestingly, when the reaction was
performed at room temperature, a mixture of trans- and cis-epoxide 88 and 89 were formed
(Scheme 24).[%°]

O
__MCPBA, CH,Cl, , MCPBA, CH20|2 ',
NBog 0 C 5h ‘ NBoc RT 12 h NBo NBog

88 67% 87 89, 30%
ratio 1:2

Scheme 24. Epoxidation of compound 87

The epoxidation/oxirane opening strategy allowed the preparation of hydroxylated f-
amino acid derivatives. Accordingly, the prepared B-lactam 88 containing the oxirane ring was
first treated with NaBH,4 in EtOH and hydroxylated product 90 was isolated. In order to prepare
the other regioisomer of 90, the lactam ring-opening of compound 88 with NaOEt was assayed.
The reaction led to the isomerization at C-1 and then subsequent oxirane ring opening with
NaBHs; gave hydroxylated cyclic f-amino acid derivative 91 (Scheme 25). To avoid the

20
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isomerization reaction at C-1 the lactam ring-opening reaction was performed at 0 °C in the
presence of NaOEt followed by treatment with NaBHa. This approach resulted in the formation
of hydroxylated amino acid derivative 92. The main product in this reaction was oxazinone

derivative 93, whose formation involves the attack of the carbonyl oxygen at C-4 of the oxirane

ring.[?]
O\ 1.NaOEt, EtOH,
@ / CO2Et | NaBH, EtOH RT, 16 h
‘ RT, 19 h ~<NBo
- 2. NaBH,, EtOH
83 RT, 7 h
0,
90, 18% 1. NaOEt, EtOH 72%

0°C,5h
2. NaBH,, EtOH

i @ COLEt
SHECe:
NHBo

92, 14%
93, 65%

Scheme 25. Regioselective oxirane ring opening of 88 with NaBHa

3. Summary and outlook

The B-lactam ring system, as a key element of numerous antibiotics, antibacterial or
anticancer agents, is unequivocally of high relevance in medicinal chemistry and
pharmaceutical design, whose importance is continuously expanding in recent years. Moreover,
because of the increasing importance in drug design of three-dimensional small molecules
containing sp? carbon atoms, functionalized cycloalkane-fused B-lactams might raise high
interest in medicinal chemistry and in pharmaceutical applications. Therefore, the synthesis of
such type of subclass of B-lactams might be of high utility in organic chemistry. The synthetic
methodologies presented in the current account in view of the access of various highly-
substituted compounds, across olefin bond functionalization of some cycloalkene-fused f-
lactams, gave rise to interesting molecular entities, whose further application might be of
interest among synthetic organic and medicinal chemists. Among the stereo- and
regiocontrolled synthetic methods, economically acceptable, safe, simple, and scalable

processes, leading to highly functionalized [-lactam derivatives as three-dimensional
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structures, might receive importance and applicability in preparative organic chemistry as well

as in the pharmaceutical industry.
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Frontispiece picture

The frontispiece picture shows the structure of some pharmaceuticals possessing a beta-lactam
framework as well as some highly functionalized bicyclic beta-lactam derivatives as three-
dimensional small molecular entities. Synthetic functionalization methods provided versatile,
functionalized beta-lactams with multiple stereocenters.

Details are discussed in the account by L. Kiss et al.
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