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The 6,7-dihydroxycoumarin-5-carboxylates DHCou and 4-Me-
DHCou have been synthesized via five-step route including a pro-
pargyl-Claisen rearrangement as key step. The compounds show
antibiofilm activity against Stapylococcus aureus and Candida albi-
cans but lack the cytotoxic activity of parent 6,7-dihydroxycou-
marines such as esculetin and 4-methylesculetin.

The occurrence of resistance of microbial pathogens against
market antimicrobial drugs has been continuously rising since
1970s and nowadays we see ourselves confronted with multi-
drug-resistant microbial pathogens causing a strong need for
new drugs and concepts to counter act this threat for public
health."” In addition, microbial biofilms provide challenges
for the development of antimicrobials as bacterial®*® and
fungal pathogens'*™° tend to hide in biofilms preventing drug
penetration and leading to recurring and persistent infec-
tions." Beyond planktonic cells, biofilms are a principal form
of microbial growth on surfaces in which microbes embed
themselves in sugar, peptide and lipid containing hydrogels.
Biofilms are often critical to development of clinical infections
in human host™ and can be found for many microbial patho-
gens such as Methicillin-resistant Staphylococcus aureus
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(MRSA),**"  Pseudomonas aeruginosa and Candida
albicans'>**** causing severe infections.

In biofilms these pathogens can even co-occur during infec-
tion.”* Compounds which are able to disrupt biofilms or
inhibit their formation are of vast importance to make these
pathogens susceptible again against antimicrobial drugs.”®
The inhibition of biofilm formation can be achieved via
different modes of action of compounds: while targeting of
efflux pumps by efflux pump inhibitors disables the secretion
of building blocks for the biofilms,*® the inhibition of cell-cell
communication by quorum sensing inhibitors is another suc-
cessful strategy to avoid biofilm formation and impair viru-
lence of the pathogens.*

For several coumarins antibiofilm properties have been
demonstrated,”*° such as coumarin (1), esculetin (2),
dephnetin (3), umbelliferone (4), 4-hydroxycoumarine (5), and
scopoletin (6) (Fig. 1).>'® The biofilm inhibitory effect of
dihydroxycoumarins such as umbelliferone (4) and esculetin
(2) has been reported to be mediated by both, efflux pump
inhibition as well as impairment of quorum sensing,*"*?
making them interesting lead structures for the development
of novel biofilm inhibitors. However, both compounds show
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Fig. 1 Structures of selected coumarin derivatives showing antibiofilm
activities.
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distinct antiproliferative activities against human cells limiting
their potential application.*”*°

In this work, we aimed to design novel 6,7-dihydroxycou-
marin-5-carboxylate derivatives with reduced cytotoxic activity
bearing a molecular handle for attachment and hybridization
with further antimicrobial drugs or siderophores moieties to
enable future transfer of the antibiofilm activity of 6,7-hydroxy-
coumarins onto these entities as outlined in Scheme 1. We
hypothesized that the 5-position of the coumarin core might
be suitable for the incorporation of a carboxylate handle
allowing for the conjugation of such compounds to artificial
siderophores such as the recently published enterobactin

derivative Enti *™* or additional antimicrobial drug
moieties> while retaining the antibiofilm properties.
Furthermore, a main metabolic pathway of coumarins

mediated by cytochrome P450 monooxygenases.*** Leading
to cytotoxic intermediates and additionally to depletion of

Future applications
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cellular glutathione levels is the 3,4-epoxidation of the core.
We expected substituents in 5-position to impair this oxidative
metabolization leading to a reduced cytotoxicity of the respec-
tive 6,7-dihydroxycoumarines.

Therefore, we followed a semi-synthetic strategy to generate
the 6,7-dihydroxycoumarin-5-carboxylate (DHCou) starting
from the natural product esculetin (2) in 5 steps. First, the
selective alkylation of the 7-hydroxy function®® with benzyl
bromide at —15 °C gave access to the 7-benzyloxy coumarin
derivative 7 in 73% yield, which could be further O-alkylated at
the 6-hydroxy function in presence of propargyl bromide
obtaining the O,0-dialkylated coumarin 8 in 91% yield.
Compound 8 was submitted to a cascade-reaction consisting
of a thermal [3.3]sigmatropic propargyl-Claisen rearrangement
and subsequent CsF-mediated nucleophilic 5-exo-dig cycliza-
tion of the intermediate allenylphenolate forming the
2-methylbenzo[d]furan 9 in 71% yield upon heating to 216 °C

R =H, DHCou HO o o
R = Me, 4-MeDHCou ’7
o)
_—
1
HO. 2 40O 0O HO 0.__0 /\ JL HO
7 2 - O - or . - R
g = _— NH
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1) introduction of a carboxylate handle
hypothesis: 2) reduction of cytotoxicity by impairing

oxidative and hydrolytic metabolic pathways

Enty derivative with DHCou as siderophore unit

Drug-DHCou hybrids

Scheme 1 Concept of 6,7-dihydroxcoumarin-5-carboxylates as potential antibiofilm compounds bearing a handle for conjugation to siderophores

and antimicrobial drug moieties.
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Scheme 2 Synthesis of DHCou from esculetin (2).
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in the microwave over 3 h. This methodology had been
invented by Ishii and co-workers?” and was used earlier for the
conversion of O-alkyl derivatives of scopoletin (6) (Scheme 2).*®
In order, to enable oxidative cleavage of the furan ring forming
the 5-formyl coumarin derivative 10 we explored different oxi-
dative reactions conditions. Most 2-step procedures forming
first the corresponding 3,4-epoxide and subsequently furnish-
ing the oxidative cleavage in the presence of sodium periodate
or lead tetraacetate failed to give access to the product.

While no conversion to the intermediate 3,4-epoxide was
observed in the presence of mCPBA, decomposition occurred
when DMDO was applied for epoxide formation. A first
success was achieved forming the 3,4-epoxide in the presence
of trifluoroacetic acid anhydride (TFAA) and hydrogen peroxide
at 0 °C over 5 h and subsequently cleaving the epoxide with
sodium periodate in a 1:1-mixture of MeOH and water.
However, compound 10 was only obtained impure in roughly
26% yield as the reaction occurred with several side reactions.
Similarly, 10 was obtained impure in roughly 25% yield, when
2-methylbenzofurane 9 was ozonolyzed at 78 °C in CH,Cl, fol-
lowed by reductive workup with dimethyl sulfide. Ozonolysis at

Table 1 Inhibition of biofilm formation on S. aureus and C. albicans
biofilms*9~5!
Biofilm inhibition [% + SD]
C. albicans (DSM
Compound S. aureus (DSM 1104) 11225)

Esculetin (2) 93 +2 (250 pg mL™)*

33+6 (125 ugmL™)* 58 +17 (125 ug mL™')°
(
(

)
94+1 (250 pgmL™)* 76 +7 (250 pug mL"l)
)

77 £7 (250 pg mL™)°

4-Methylesculetin

(14) 48 + 8 (125 pg mL™Y)? 48 +14 (125 pg mL~ ,)
DHCou — 62+9 (250 pg mL™)
4-MeDHCou 75+5 (250 pgmL™’ 60 +2 (250 pg mL’l)

43 +11 (125 pg mL_l)b

31+ 15 (62.5 pg mL™1)?

(=): no activity, SD: standard dev1at10n, references [%)]. “ Microporenic
acid A (MAA) 93 +0.3 (250 pg mL ™), 93 + 1 (62.5 pg mL™"), 62 + 6
(7.8 pg mL™"). ” MMA: 82 + 6 (250 ug mL™"), 81 + 8 (62 5ug mLY), 73 +
17 (7.8 pg mL™"). °Farnesol: 87 +3 (250 ug mL™Y), 79 + 14 (31.3 pg
mL™"), 67 + 11 (15.6 pg mL™"). ¥ Farnesol: 75 + 6 (250 ug mL ™), 58 + 15
(31.3 pgmL™"), 46 + 14 (15.6 pg mL™").

Table 2 Cytotoxic activity on different mammalian cell lines? 53
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78 °C in a 1:1-mixture of CH,Cl,: MeOH/1:1 and reductive
workup with triphenylphosphine gave access to impure
5-formyl coumarin derivative 10 in roughly 61% yield.
Subsequent Pinnick oxidation of the impure aldehyde 10 deli-
vered the O-protected 6,7-dihydroxycoumarin-5-carboxylate 11b
in roughly 45% and 27% over two steps from furane 9. We
then found that a similar procedure for the direct conversion
of compound 9 into compound 11a lacking the acetate was
also possible in a one-pot fashion giving 48% yield. The hydro-
genolytic cleavage of the O-benzyl moiety in the presence of
palladium on charcoal and subsequent O-acetylation with
acetic acid anhydride and pyridine gave access to the 0,0-dia-
cetate 12 in 64% yield. Furthermore, DHCou was obtained in
72% yield and an overall yield of 16% over 5 steps after hydro-
genolytic cleavage of the O-benzyl moiety and subsequent
acidic deacetylation in the presence of aqueous HCI.

When DHCou was evaluated by crystal violet staining assay
for its effects against formation of S. aureus biofilms no inhibi-
tory activity was observed at the highest concentration of
250 pg mL™", while esculetin (2) showed inhibition effects of
93% on the formation of S. aureus biofilms at the concen-
tration of 250 pg mL™" and of 33% at 125 pg mL~" (Table 1).
However, inhibitory effects of 62% could be observed against
C. albicans biofilms when DHCou was applied at 250 pg mL™"
in the early stage of biofilm formation (Table 1). Esculetin (2)
showed a slightly higher biofilm inhibition against C. albicans
of 77% at the same concentration but was not active against
preformed biofilms of S. aureus.

However, due to its cytotoxic effects, these values must be
taken with care (Table 2) and a conclusion on the single stand-
ing influence of the C5 substitution is not possible. Although,
a clear loss in antibiofilm activity against S. aureus was
observed, a significant portion of the initial antibiofilm activity
against C. albicans could be retained by C5 substitution.
Beyond that, validating our initial hypothesis, DHCou showed
neither cytotoxicity nor antiproliferative activity against the
tested mammalian cell lines (L929 and KB3.1) at the highest
concentration tested (1 mg mL ™" = 4.5 mM). Nevertheless, to
increase the overall biofilm inhibitory activity of the com-
pounds, we planned to increase the lipophilicity by incorpor-
ation of a methyl substituent in the 4-position of the coumarin

Cytotoxicity ICso [UM]

Cell line DHCou 4-MeDHCou Esculetin (2) 4-Methylesculatin (14)
KB3.1 (ACC158) — — 29.8 30.2
L1929 (ACC2) — — 41.5 33.8
A549 (ACC107) n.t. n.t. 18.5 21.9
A431 (ACC91) n.t. n.t. 41.5 38.5
PC-3 (ACC465) n.t. n.t. 46.0 38.0
SKOV-3 (ATCC HTB 77) n.t. n.t. 45.5 42.7
MCF-7 (A115) n.t. n.t. 19.6 27.1

“For control references epothilon B see Table S4 in the ESI; (-): no cytotoxicity or changed cells observed (max. concentration 1 mg mL™" =

4.5 mM for 4-MeDHCou and 4.2 mM for DHCou), n.t.: not tested.

4746 | Org. Biomol. Chem., 2023, 21, 4744-4749
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a) 1) Pd/C (5% Pd, 5 wt%), H, (1 atm), (MeOH), 23°C, 2.5 h; 2) Ac,0 (1.2 eq), Py (2.0 eq), (DMF), 0-23°C, 3 h, 79%. CsF (5_0 eq)

b) 1) Pd/C (5%, 5wt%), H, (1 atm), (MeOH), 23°C, 2.5 h; 2) 1M HCl aq., (MeOH), 23°C, 2.5 d, 72%. (PhNEL,)
NN?-|C|F?(§ s(agooeq)) 0, 2Uh 02a) MW 2160/0, 3h

aH,PO, eq . . 55%
2-methy-2-butene | BnO o} o) (CHZCIOZ'MeOH/S'”
a orb (12.0 eq) -78°C, 2 min BnO (0] (0]
=
(tBUOH/H,0/MeCN) | AcO . 2) F’Ph?,c (2.0 eq)
0-23°C, 5 h, -78-23°C, 15 min
R=Ac, 20 COH COH 54% over 2 steps o H

R =H, 4-MeDHCou

Scheme 3 Synthesis of 4-MeDHCou from 4-methylesculetin (2).

core. Therefore, we generated 4-methylesculetin (14) via a
Pechmann condensation of 1,2,4-trihydroxybenzene (13) with
ethylacetoacetate in TFA at 100 °C (Scheme 3). Following the
earlier strategy, selective O-benzylation of the 7-hydoxy posi-
tion and subsequent O-propargylation of the 6-hydroxy posi-
tion gave access to the O,0-dialkylated precursor for the
cascade rearrangement.

The thermal [3.3]sigmatropic propargyl-Claisen rearrange-
ment and subsequent CsF-mediated nucleophilic 5-exo-dig
cyclization proceeded with 55% yield and gave access to the
2-methylbenzofurane 17 (Scheme 3). Ozonolysis, followed by
reductive workup in the presence of triphenylphosphine and
subsequent Pinnick oxidation led to formation of the
O-protected 6,7-dihydroxycoumarin-5-carboxylate 19 in 54%.
Again, it turned out difficult to isolate the intermediate alde-
hyde 18, which could only be obtained in small amounts and
with certain impurities when the oxidative cleavage was done
via a sequence of oxidation with trifluoroperoxoacetic acid and
subsequent cleavage in the presence of sodium periodate (see
ESIt). From 19 the O,0-diacetate 20 and 4-MeDHCou were
obtained following the procedure established before.

Similar to DHCou, 4-MeDHCou showed no cytotoxic activity
against the mammalian cervic carcinoma cell line KB3.1 and
the mouse fibroblasts cell line L929 when applied at the
! (4.2 mM).

In contrast to that and in accordance with the observed
cytotoxicity of esculetin (2), 4-methylesculetin (14) exhibited
cytotoxic activity against all tested mammalian cell lines

highest concentration of 1 mg mL

(Table 2). Furthermore, while the inhibitory effects against
C. albicans biofilms were comparable to that of DHCou, 4-
MeDHCou inhibited the formation by 60% at 250 pg mL™"
(Table 1), we could also observe activity against S. aureus bio-
films. Thus, 4-MeDHCou showed inhibition effects of 75% on
the formation of S. aureus biofilms at the concentration of
250 pg mL™' and of 43% at 125 pg mL™'. The antibiofilm
activity of 4-methylesculetin (14) was observed to be higher
compared to 4-MeDHCou with 76% inhibition at 250 ug mL™"

This journal is © The Royal Society of Chemistry 2023

and 48% at 125 pg mL™' against C. albicans and 94% inhi-
bition at 250 pg mL™' and 48% at 125 pg mL™"' against
S. aureus. Furthermore, no dispersal effects against preformed
biofilms of S. aureus were observed for 4-MeDHCou and
4-methylesculetin (14).

UV-Vis Absorbance
0,685
——4-MeDHCou

19
0585 17

-=16
-—=ss 15
0,485

0,385
0,285

0,185

L /. i \
0,085 \ bas Sl TN
e \

Wavelength [nm]

Absorbance (normalized at 2.12544*10° mol/L)

Fluorescence Emission

/ \ =—4-Me-DHCou

/ \ 17
T
=745

Fluorescence intensity (normalized at 2.12544*10°5 mol/L)

440 490 540 590 640 690
Wavelength [nm]

Fig. 2 UV/Vis absorption and fluorescence emission of 4-MeDHCou
and its precursors 15, 16, 17 and 19 at normalized concentration 2.125 x
10~ mol L™
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However, considering a potential contribution of the
observed cytotoxicity of 4-methylesculetin (14) to its antibio-
film activity, a significant portion of the antibiofilm activity
could be retained by C5 carboxylate substitution in 4-
MeDHCou.

In addition, none of the compounds (DHCou, 4-MeDHCou,
esculetin (2) or 4-methylesculetin (14)) showed antimicrobial
activity (see Table S1 in the ESI}) against a panel of Gram-posi-
tive and Gram-negative bacteria (B. subtilis, S. aureus, M.
Smegmatis, A. baumanni, C. violaceum, E. coli, and
P. aeruginosa) and different fungi (M. hiemalis, P. anomala,
R. glutinis, C. albicans and S. pombe) up to a concentration of
66.7 ug mL™".

Besides their antibiofilm activity, coumarins are known for
their UV fluorescence and use as dyes in chemical biology. In
line with that also 4-MeDHCou and its coumarin precursors
15, 16, 17 and 19 showed fluorescence with maximal emission
wavelengths between 400-450 nm (Fig. 2). Interestingly 4-
MeDHCou was the most bathochromic shifted compound of
this series, although fluorescence intensity at normalized con-
centration decreased along the synthesis route.

Currently different approaches to further optimize the
structure for higher antibiofilm activity and incorporate 4-
MeDHCou to artificial siderophores and antimicrobial drug
hybrids are under investigation to explore its potential to serve
as mediator for antibiofilm activity (as outlined in Scheme 1).

Conclusions

We synthesized two novel 6,7-dihydroxycoumarin-5-carboxy-
lates, namely DHCou and 4-MeDHCou. In contrast, to their
non-carboxylated parent 6,7-dihydroxycoumarins esculetin (2)
and 4-methylesculetin (14), these compounds lack any cyto-
toxic activity towards different mammalian cell lines, while
retaining an antibiofilm activity. DHCou displayed inhibitory
effects against the early stage of C. albicans biofilm formation
but showed no activity against S. aureus biofilms. Furthermore,
4-MeDHCou exhibited antibiofilm activity against both, the
formation of S. aureus and C. albicans biofilms. Although the
structure activity relationships need to be further investigated
to fully understand the observed effects and improve the anti-
biofilm activity of the compounds, a proof-of-principle for the
design of non-cytotoxic hydroxycoumarins retaining antibio-
film activity has been made, holding potential to overcome a
major limitation for the application of coumarins as biofilm
disruptors. In addition, these moieties might be able to trans-
fer their antibiofilm activity by conjugation to other entities
such as antimicrobials drugs or siderophores. Further investi-
gations are ongoing to explore their potential.
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