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Abstract

The present study aims to investigate the in vitro antibacterial activities of several isophosphinoline-2-oxides that can
be perceived as combined bio isosteres of coumarins and flavonoids. More specifically, antibacterial activity was
evaluated against four bacterial strains, including the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa and the Gram-positive bacteria Staphylococcus aureus and Enterococcus faecalis by using disk diffusion
assay. Notably, isophosphinoline-2-oxide compounds showed promising and highly selective antimicrobial activity
against S. aureus
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1. Introduction

With the advent of the antibiotic era, the overuse and inappropriate consumption of antibiotics have driven the rapid
emergence of multidrug-resistant pathogens [1]. Among them, Gram-positive bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA) have become a major global healthcare problem in the 21st century. In India, for example,
MRSA prevalence among invasive S. aureus isolates, increased from 29% in 2009 to 47% in 2014 [2]. In fact, the total
deaths involving MRSA are now comparable to those caused by Human Immunodeficiency Virus (HIV). Consequently,
barring any last-minute miracle, it is estimated by the year 2050, that at least 10 million people will die annually due to
antimicrobial resistance—a death toll higher than all cancers combined [3]. At the same time, there is a reduced interest
of the pharmaceutical industry for the development of new effective antibacterial drugs. The consequence is that the
pipeline for potential new antibiotics in clinical development partially addresses the problem of critical WHO priority
pathogens [4]. Moreover, the new potential molecules are derivatives of existing classes of antibiotics. As an illustration,
among the 11 new FDA approved antibiotics from 2017 to 2019, only two represent a new class. Therefore, there is a
clear demand for the discovery and development of new antibiotic agents with an alternate mode of action and new
chemical structures to re-arming the current arsenal [5].
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Heterocyclic compounds play a determinant role in present-day living organisms and their broad occurrence underline
this significance in several fundamental biological pathways [6]. Coumarin derivatives and substituted flavonoids are
natural compounds that show numerous therapeutic applications. The coumarin scaffold constitutes several marketed
drugs. Most of them are oral anticoagulants and are used for the treatment of thromboembolic diseases [7] while others
such as novobiocin were licensed for the treatment of human infections [8]. For instance, some breakthroughs were
found for applications in photochemotherapy, antitumor and anti-HIV therapy, as central nervous system (CNS)
stimulants, anti-inflammatory, anti-coagulant, dyes and antibacterials [9]. Furthermore, hydroxycoumarins, chain-
breaking antioxidants can also prevent free radical injury by scavenging reactive oxygen species (ROS). Coumarin
derivatives are extensively used as substrates for detecting enzymatic activity in cells and substituted ones have shown
interesting antibacterial activity mostly against Gram-positive bacteria such as novobiocin (Figure 1) [10]. Phosphorus-
based antibiotics and more specifically aminophosphonic and aminophosphinic derivatives represent an interesting
group of antibacterial agents [11]. In spite of potency on one of the simplest naturally occurring phosphonate, namely
Fosfomycin has to date reached the market [12]. It can be noticed that Fosfomycin irreversibly forms a covalent linkage
with Cys 115 of the UDP-N-acetylglucosamine enolpyruvyl transferase (MurA).
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Figure 1 Antibacterial coumarin derivative Novobiocin and naturally occurring phosphonate Fosfomycin

2. Material and methods

2.1. Chemistry

All experiments were carried out under nitrogen atmosphere unless otherwise stated. Unless specified, all of the
commercially available reagents and starting materials purchased from commercial sources were used as received
without further purification. Chromatography: Thin Layer Chromatography (TLC) was performed on precoated plates
of silica gel 60 F254 Merck. Visualization was performed with UV light and sometimes with phosphomolybdic acid
solution or permanganate solution followed by heating. Flash chromatography was performed manually with silica gel
(60 A, 35-70 pm SDS). 'H, 13C and 3'P{1H} NMR spectroscopic data were recorded at 400, 100 MHz and 162 MHz
respectively. The chemical shifts are reported in ppm, and the coupling constants (/) are reported in Hz. The chemical
shift values are referenced against the residual proton in the deuterated solvents. In the 13C{1H} NMR spectra, signals
corresponding to C, CH, CHz, or CHs were assigned from the JMOD sequence. The multiplicities are given as s (singlet),
d (doublet), t (triplet), q (quadruplet), and m (multiplet). Low- and high-resolution mass spectra were recorded with a
time-of-flight mass spectrometer using electrospray ionization (ESI). Melting points were measured with an automatic
melting point apparatus SMP50 from Stuart. HRMS (Q-TOF) were performed on a JEOL JMS-DX300 spectrometer (3 keV,
xenon) in a m-nitrobenzyl alcohol matrix. Microwave reactions (MW) were performed using CEM Discover apparatus
in 10- and 35-mL sealed reactors forrespectively small- and large-scale synthesis. Reactions were performed by
maintaining the temperature to the set point. For reactions that require heating, the heat source was “heat on” systems.

2.2. Biological tests

As recommended, colonies from an overnight culture were picked and suspended in saline solution. Density of micro-
organisms was adjusted to 1-2 108 CFU/mL in saline solution. The suspension was used within 15 min of preparation.
A sterile cotton wab dipped into the suspension was used to inoculate Mueller-Hinton agar plates. 20 pL of each
preparation of phosphine oxide (10 mg dissolved in 500 pL of DCM, 0.4 mg) was applied on a sterile paper disc
(Biomerieux). After evaporation of DCM, disks were aseptically placed on the inoculated plates. Negative control was
done with 20 pL of DCM. Then, plates were incubated at 37°C for 18 to 24 h. The inhibition zones were measured in
millimeters. The average of inhibition diameters was calculated to classify the phosphine oxide compounds as follows:
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e notactive (0) for a diameter < 6 mm,
o weak activity (+) for a diameter = 6 mm and < 8 mm,
e moderate activity (++) for a diameter = 8 mm and < 10 mm,

® very active (+++) for a diameter = 10 mm.

3. Results and discussion

In medicinal chemistry, the bioisosterism concept proved to be a fruitful approach in the design of new drugs with
potent activity and reduced risks through modulation of the metabolic and/or the pharmacokinetic properties [13]. In
the quest for new biologically relevant substances, there is a significant predominance on non-classic bioisosteric
relationships [14]. Among the variety of chemical fragments that have been studied by medicinal chemists over the last
decades, the replacement of an atom, or group of atoms of a biologically active compound by a phosphorus-containing
functional group has attracted renewed interest. Phosphorus-containing drugs that bear phosphate, phosphoramide,
phosphonate group as bioisostere, have had commercial success [15]. As a contribution in phosphorus-based
bioisosteres, we recently demonstrated that phosphinolactones can be considered as a potent surrogate of lactol group
and can be used as an unprecedented scaffold for the elaboration of new anticancer and neurodegenerative candidate
drugs such as phostines [16] and 1,4,2-oxazaphosphinane derivatives [17].

In the same time, the phosphine oxide functional group represents a structural scaffold that is, still underrepresented
in today’s drug discovery projects and, only few examples can be found amongst approved drugs. More specifically,
phosphorus-based heterocycles containing a phosphine oxide functionality represent the poor sibling in the
development of new drugs [18]. Taking all these together and in continuation with our research program dedicated to
the synthesis of valuable new phosphorus based heterocycles featuring relevant biological properties, we report, herein,
the first and promising antibacterial activities of 2-phenyl H-isophosphinoline 2-oxides and their precursors, against
four bacterial species, including the Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) and the
Gram-positive bacteria (Staphylococcus aureus and Enterococcus faecalis) using disk diffusion assay. From a structural
point of view, we assumed that 2-phenyl H-isophosphinoline 2-oxides 4 can be seen as a hydrolytically stable surrogate
of phosphacoumarins 3, a combined bioisostere of both coumarin and flavonoid natural compounds, which expressed
a wide range of potent activities. Noteworthy, aryl phosphorus esters are known to be biologically reactive species,
leading to the facile cleavage of the phosphorus-oxygen bond [19]. It should be emphasized that detailed studies on
antibacterial activity of 2-phenyl H-isophosphinoline 2-oxide derivatives have to date not been reported in the
literature. In another way, covalent inhibitors received increased attention and a number of functional groups have been
now exploited to target specific amino acid residues. To the best of our knowledge, more than 50 approved covalent
inhibitors are on the market [20]. We also hypothesized that the vinylphosphine oxide moiety in isophosphinoline 4
may act as a potential covalent inhibitor scaffold. Indeed, electrophilic character of vinylphosphine oxide group was
illustrated in literature and it proved to react with a broad range of nucleophiles [21].
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Figure 2 The logical route to stable surrogates of coumarins

The synthetic route already described in JOC 2021 [22], for the preparation of 2-phenyl H-isophosphinoline 2-oxide
derivatives 4, is depicted in Scheme 1. The first step began with the preparation of diversely substituted
phenyl(arylmethyl)phosphinic acids 5 easily obtained in good yields from the reaction of various arylmethyl halides
and phenylphosphinic acid using hexamethyldisilazane as coreagent. The second step involved thionyl chloride
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mediated-chlorination of acids 5 to afford the corresponding phosphinic chlorides 6 which were directly engaged in an
alkynylation reaction with alkynylmagnesium bromides (R% = H, Me, Ph). Under optimized conditions, a wide range of
phenyl(arylmethyl)(alkynyl)phosphine oxides 7 were isolated in good to excellent yields. The key step was an
intramolecular hydroarylation reaction mediated by 2.5 mol% of PhsPAuCl and 3 equivalents of triflic acid in
dichloroethane at 160°C under microwave (MW) during 3 hours. 2-Phenyl H-isophosphinoline 2-oxide derivatives 4a-
j were obtained in high to quantitative yields (75%-99%), irrespective of the nature and position of the substituents
attached to both the aromatic and alkyne partners.

HO-P—Ph —» 1 ‘
f HO-P—Ph CI—P—Ph
(@) 11 1]
O O
5 6
1) a) HMDS b) ArCH,Br,105°C 4 h  1ll) A= MgBr , THF, 0°C
Il) SOCly, reflux, 1h IV) 2.5 mol% PhsPAUCI, 3 equiv TFOH, CICH,CH,CI, 160°C (MW), 3 h

Scheme 1 Synthetic pathway of Isophosphinoline 2-oxides 4

To decipher key interaction features of isophosphinoline oxides, the intracyclic alkene of 4a was reduced by
hydrogenation in the presence of 10% mol of Pd/C. The reaction afforded the trihydrophosphinoline 8 in almost
quantitative yield depicted in Scheme 2.

H (1 bar)
10 mol% Pd/C L', J

I ] .
AP EoH it 12h T
0 o)
4a

8 (>99% yield)
Scheme 2 Reduction of Isophosphinoline 2-oxides 4a into trihydrophosphinoline 8

To determine an antibacterial effect, the disk diffusion method was used [23]. All experiments were done in duplicate.
A first screening assay was performed on four strains P. aeruginosa ATCC9027, E. faecalis ATCC2921, E. coli ATCC8739
and S. aureus ATCC6538 and a selection of 16 compounds. Interestingly, only S. aureus strain was sensitive while no
inhibitory activity was detected against the other ones. This first experiment demonstrated two key strengths of this
series of compounds. Firstly, there were active on a specific gram-positive bacterium. Infections caused by Gram-
positive bacteria have gained a worldwide notoriety as they continue to pose significant treatment challenges
particularly with multi-resistant strains such as S. Aureus [24]. Second, the narrow spectrum of activity almost excluded
the behavior of the designed compounds as simple cytotoxic agents. Then, the antibacterial activity of the 24 compounds
listed in Table 2 was evaluated consecutively against the Gram-positive bacteria S. aureus using disk diffusion assay.
Isophosphinolines oxides 4a-j expressed the full range of activities and the activity cannot be associated to the simple
electrophilic character of the vinylphosphine oxide moiety. Indeed the naked isophosphinoline 4a only expressed a
weak efficacy on S. aureus. Substitution of alkene function by a 4-methyl or a 4-phenyl group generally resulted in an
increased activity (4a vs 4b and 4f) while formerly the electrophilic character of the alkene was drastically reduced due
to increased steric hindrance and conjugation. Modification of the fused-phenyl ring induced contrasted effects on the
activity. Then, substitution of a hydrogen by a 8-methyl residue resulted in equivalent inhibition on S. aureus (4a vs 4c)
while the activity was increased when replacing the phenyl ring by an extended naphthyl ring (4a vs 4h). In this series,
the best activity was observed when a bromine was introduced in position 8 (4a vs 4d). The situation was far more
complex when both modifications on alkene and fused aryl groups were combined. 4-Methyl and 4-phenyl substituted
benzoisophosphinolines 4i and 4j were less efficient than their corresponding related compounds, respectively 4b and
4f.

We also took the benefit to evaluate the activity of alkyne intermediates 7a-m as potential covalent inhibitors. Indeed,
nonactivated terminal alkynes are prone to react irreversibly as latent electrophiles with endogenous thiols and are
considered as a golden standard to develop cysteine-reactive warheads [25]. Surprisingly electron-deficient alkynes
were less cited while the electrophilic character persisted in such compounds. Antibacterial activity remained high for
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the unsubstituted alkynes 7a-e. Then, compounds 7a-7e showed to be very active while naphthyl derivatives 7f and 7g
presented moderate to weak activity. This observation could be attributed to the poor aqueous solubility of such

derivatives. By contrast, with the isophosphinolines 4, alkynyl substituted phosphine oxides 7h-71 were mostly inactive
or weakly active.

Table 1 Arylmethyl(phenyl)phosphinic
Isophosphinoline 2-oxides 4a-j

acids 5, (Arylmethyl)(alkynyl)phenylphosphine oxides 7a-m and

[-"':::\I . Me B cl []
HO-F—Fh HO-P—Ph HO-P—Ph HO—-P—Ph HO-P—Ph M
o ! ) 3 4 HO~P—Ph
Q
>a (76%) 5b (49%) 5¢ (95%) 5d (26%) Se (73%) 5 (61%)
A oy -Me Me. Cl- o \J
- W - . " - - \']
H— I‘:I'*Ph H——=——P—Ph H———pP-Ph H P—Ph H—=p-Ph -
o 6 o 5 8 H E—Ph
7a (91%) 7b (53%) 7c (95%) 7d (60%) 7e (76%) 7F (30%)
[" \‘i R o, Me Me .~ cl . P
F 2 “1 | P d 1 | l | ' :J\.
LA 1 NE—N . . ~ S“| = W
| Me—=—P-Ph  ph—= IL—I’h Ph——= I'-l’—l’h Ph—==—P-Ph Ph—=—P-Ph
H——= I;-;—ph Io) il C“) " y
7g (58%) 7h (72%) 7i (>99%) 7k (>99%) 71 (70%)
:—,,. 1 S A BT BT
U_. .:::-]f,-’ [\'\EZ:A"" [\\j;:;'/n“_] I“'\ N “ ;1:lx
TN | ‘
. P—Pr A P=Ph - -
Ph F"—IJh = (") ! Me: =~ L\ ﬂ Ph Ph'l\/g Ph
0
7m (77%) 4a (>99%) 4b (75%) 4c (>99%) 4e (98%)
[‘,":::_\ Cl \._Uz' =N ’,: :‘l ’J‘ ‘
.\I:::m.‘ - J\.‘_I \_L P L|\_~__:;_\[_\
A5 BPh Az P—Ph 1
) ¥ A [Q}/E_Ph rvle”J\"('F;_Ph
4f (>99%)f 4g (>99%) 4h (91%) 4i (80%)

To validate the nature of the pharmacophore, activity of the saturated trihydroisophosphinoline 8 was also determined

in the same conditions. As expected, the lack of the alkene resulted in the disappearance of any effect on S. Aureus strain
(Table 2 compound 8).

Table 2 Activity on disk diffusion assay against S. aureus

Activity Activity
Compound structure againstS. Compound structure against
aureus! S. aureus!
7a : ] +++ 4a { ﬁ +
H——=—P—Ph ~xP~-Ph
o o
Me ‘ X
7b +++ 4b © +++
H ﬁ/Ph Me N ﬁ*Ph
o [}

287



GSC Biological and Pharmaceutical Sciences, 2021, 16(02), 283-296
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Inot active (0) for a diameter < 6 mm, weak activity (+) for a diameter = 6 mm and < 8 mm, moderate activity (++) for a diameter 2 8 mm and < 10
mm, very active (+++) for a diameter = 10 mm.

Targeted covalent inhibitor mechanism of action involves the formation of covalent bonding with protein nucleophilic
residues, mostly cysteines [26]. Consequently, formation of such covalent linkage was simulated through a model
reaction. Benzyl(ethynyl)phenylphosphine oxide 7a and dihydrophosphinoline 4a were reacted with thiophenol in
dioxane using catalytic amounts of a base (20 mol% tBuOK) (Scheme 3). The alkene bond of isophosphinoline 4a
appeared not reactive enough and no nucleophilic addition was observed even at 80°C heating. By contrast,
ethynylphosphine oxide 7a afforded smoothly the corresponding adduct 10 isolated in 75% yield as a mixture of Z/E
30/70. If alkenes bearing electron-withdrawing groups were classically considered as good Michael acceptor,
conjugation with fused-phenyl ring in association with poor orbital overlap between carbon and phosphorus atoms in
isophosphinoline could explain this non-reactivity. It is therefore possible that, although structurally related, the mode
of action of isophosphinolines 4 and alkynylphosphines 7 are different. These results also help to explain the selectivity
observed between the different bacterial strains.
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PhSH, 20 mol% tBuOK

-

. P—Ph A P—Ph
§  dioxane, 80°C, 17h PhS 5
4a no reaction 9

@ PhSH, 20 mol% tBuOK

P-Ph 30 P—Ph
dioxane, 80i%°C, 17h -
A6 acilieg

H™ 7a 9a (75% yield)
ratio Z/E 30/70

Scheme 3 Model of thiolation between ethynylphosphine oxide 7a or dihydrophosphinoline 4a and thiophenol

4. Experimental Section

4.1. General procedure

4.1.1. 2-Phenyl-1,3,4-trihydroisophosphinoline 2-oxide 8.

In a Schlenk tube were successively introduced 2-phenyl-1H-isophosphinoline 2-oxide (0.1 g, 0.4 mmol, 1 eq) 4a,
palladium on carbon 10% (20 mg, 0.05 mol%) and ethanol (2 mL). Vacuum (until solvent bubbling) then hydrogen, at
atmosphere pressure, was introduce on the system. After 12 h of stirring, the reaction mixture was filtered on celite and
solvent was removed under vacuum to give colorless yellow 0il 8, 0.1 g (>99% yield).

1H NMR (400 MHz, Chloroform-d) 6 7.59 - 7.33 (m, 6H), 7.31 - 7.18 (m, 3H), 7.12 (d, / = 7.2 Hz, 1H), 3.51 - 3.25 (m, 2H),
3.09 (ddt, J = 29.6, 15.0, 5.3 Hz, 1H), 2.40 (ddt, J = 17.2, 15.0, 5.1 Hz, 1H), 2.29 - 2.06 (m, 1H). 13C NMR (101 MHz,
Chloroform-d) 6 138.6 (d, J = 9.1 Hz), 134.1 (d, ] = 95.6 Hz), 131.8 (d, J = 3.0 Hz), 131.6 (d, ] = 6.4 Hz), 130.4 (d, = 8.9
Hz),130.2 (d,/=9.1 Hz), 128.6 (d,J = 11.6 Hz), 128.4 (d,] = 2.7 Hz), 127.7 (d, ] = 1.8 Hz), 127.7, 34.8 (d, ] = 62.4 Hz), 28.4
(d,J =72.4 Hz), 28.2 (d, ] = 5.9 Hz). 31P NMR (162 MHz, CDCIz) & 35.48 (s). HRMS: m/z calcd for C1sH160P 243.0939 [M
+ HJ*, Found 243.0949.

4.1.2. Typical procedure for the thiolation of benzyl(ethynyl)(phenyl) phosphine oxide 9a (Z and E).

Z/E-benzyl(phenyl)(2-(phenylthio)vinyl)phosphine oxide 9a

Under Nz, in a Schlenk tube, were successively introduced 7a (0.1 g, 0.416 mmol, 1 eq), thiophenol (47 pL, 0.45 mmol,
1.1 eq), t-BuOK (9 mg, 20%) and 1,2 dioane (3 mL). The reaction was heating at 80°C for 17h. Then, at room temperature,
after addition of MeOH (1mL), 5 mL HClaq (1N) extraction with DCM, and concentration under vacuum, the solid was
purified by flash column chromatography eluting with EtOAC (110 mg, mixture of Z/E 30/70, 72% yield).

1H NMR (400 MHz, Chloroform-d) &§ 8.01 - 6.85 (m, 15H), 5.98 (dd, | = 21.0, 12.3 Hz, 0.3H), 5.87 (dd, ] = 22.5, 16.5 Hz,

0.7H), 3.51 (dd, ] = 15.3, 3.7 Hz, 0.6H), 3.43 - 3.24 (m, 1.3H). 3P NMR (162 MHz, Chloroform-d) § 26.82 (30%), 26.41
(70%). HRMS: m/z calcd for C21H200PS 351.0971 [M + H], found 351.0967.
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4.1.3. 1H, 13C, 31P NMR spectra and HRMS of compound 8
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Figure 4 13C NMR spectra of compound 8
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Figure 5 31P NMR spectra of compound 8
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Figure 6 HRMS of compound 8
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4.1.4. 1H, 13C, 31P NMR spectra and HRMS of compound 9a (Z and E)
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Figure 7 'H NMR spectra of compound 9a

Ll

i e e e Y W | S

OO [T
: L°‘1 I L
I
—_— T gt 134 4y —_—TTT
II- II-- 05 .I--'I.:!--I:d'. 19¢

!' 144 ’ v

| | 4 A 1
LA P e e o e s e e P S S A T MR e e e s e -

I

Figure 8 13C NMR spectra of compound 9a
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/

Figure 9 31P NMR spectra of compound 9a
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Figure 11 HRMS of compound 9a

5. Conclusion

In conclusion, hydrolytically stable surrogates of coumarins, 2-phenyl H-isophosphinoline 2-oxides 4 were easily
obtained from a gold-mediated cyclization of P-arylmethyl alkynylphosphine oxides 5. This intramolecular
hydroarylation is highly selective and led to isophosphinoline oxides 4 generally in high yields. Consecutively,
isophosphinoline oxides 4a-j and alkynylphosphine oxides 5a-5m were screened in vitro for their potential
antibacterial activity against four Gram-negative and Gram-positive bacterial strains. Interestingly, antibacterial activity
was only observed on Gram-positive S. aureus strain whereas Gram-negative bacteria and gram-positive E. faecalis were
not sensitive. Isophosphinolines 4b, 4d and 4f which shared the common heterocyclic core, showed the best activity.
Alkynes intermediates 5a-e also demonstrated potency in such antibacterial tests. On the contrary to isophosphinolines
4, the best activity of alkynylphosphine oxides 7a-e was observed for terminal alkyne derivatives which can be directly
associated to the electrophilic character of such compounds. Structure activity relationship (SAR) for isophosphinolines
is more complex. If the presence of the intracyclic alkene appeared essential for activity, a correct balanced electrophilic
character was required. Finally, our results highlighted the effectiveness of alkenyl and alkynylphosphine oxides as
potent motifs for the inhibition of bacterial growth. Future work will focus on understanding the mode of action of these
compounds and identifying their respective biological target.
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