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Abstract A library of novel 2-substituted derivatives of the antibiotic
natural product pentenomycin | is presented. The new collection of an-
alogues is divided in two main classes, 2-alkynyl- and 2-aryl- derivatives,
which are accessed by the appropriate type of palladium-catalyzed
cross-coupling reaction of the 2-iodo-protected pentenomycin | with
suitable nucleophiles. The new derivatives were tested for their activity
against certain types of bacteria and one of them, compound 8h, was
found to exhibit significant inhibitory activity against several Gram-pos-
itive bacteria but also displayed cytotoxic activity against eukaryotic cell
lines.

Key words (-)-pentenomycin, Sonogashira, Suzuki, antimicrobial
agents, Gram-positive bacteria

(-)-Pentenomycin I (1a) was first isolated from the cul-
ture broth of Streptomyces eurythermus MCRL 0738, by
Umino and co-workers in 1973 (Figure 1).! The said com-
pound is a principal member of a broader family of cyclo-
pentenoid antibiotics, which possess moderate activity
against Gram-positive and Gram-negative bacteria.'*? Over
the past few years, we? and others* have demonstrated the
potential of 2-halogenated pentenomycin as suitable pre-

cursor for derivatization, thus leading to new cyclopen-
tenones with potentially improved biological profile.
Herein, we report a systematic effort to synthesize a se-
ries of analogues of the natural antibiotic, covering a broad
range of stereochemical demand and introducing a variety
of functional groups. In the context of our research on the
development of new methodologies to access chiral cyclo-
pentenones from sugar-derived synthons, we have de-
scribed the synthesis of (-)-pentenomycin I through an oxi-
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Figure 1 Representatives of the pentenomycin family
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dative elimination process on suitable ammonium salts
(Scheme 1, sequence 5 — 6 — 1a).” Unexpectedly, we ob-
served that when iodide was used as the counterion in the
ammonium salt 5, the respective 2-iodo-protected pen-
tenomycin 7 was afforded. This ‘undesirable’ side product
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perfectly served the purposes of our synthetic plan to pre-
pare a library of derivatives of the natural antibiotic in or-
der to improve its moderate biological activity. In doing so,
palladium-catalyzed cross-coupling reactions were thought
to be the most suitable means, a fact supported by the work
of Negishi and Johnson on related cross-coupling reactions
of 2-iodo-cycloalkenones.*
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Scheme 1 Precursor and general scheme of derivatization

The first class of derivatives we envisaged was the 2-
alkynyl-substituted pentenomycins accessible via the well-
established Sonogashira reaction.® Indeed, under typical re-
action conditions,” the coupling of 2-iodopentenomycin 7
with various terminal alkynes 9a-i (see general reaction
scheme in Table 1), in the presence of Cul and catalytic
amounts of [Pd(PPh;),Cl,], delivered the desired products in
good to excellent yield. After removal of both protecting
groups, in one operation, under strongly acidic conditions
the final 2-alkynyl-pentenomycins 8a-i were obtained.

Table 1 Coupling Reactions of 2-lodopentenomycin 7 with Alkynes 9a-i® and Subsequent Deprotection to Pentenomycin Derivatives 8a-i°
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Table 1 (continued)

Entry Alkyne 9

Yield of 10 (%) Yield of 8 (%)
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2T0 7 (0.18 mmol) in THF (3.5 mL) were added successively the corresponding alkyne (0.36 mmol), Cul (10 mg, 0.05 mmol), Pr,NH (0.13 mL, 0.91 mmol), and
[Pd(PPh;),Cl,] (8 mg, 0.01 mmol). The reaction proceeded at 25 °C for 1-2 h.

b90% aqueous TFA at 0-25 °C.

In the light of the tabulated results, it is easily deduced ucts 10 in excellent yields (72-90%) under the described re-
that our iodo-cyclopentenone precursor 7 operated as a action conditions. A variety of substituted aryl alkynes (Ta-
perfect coupling partner, leading to the anticipated prod- ble 1, entries 1-6) was incorporated as the alkyne compo-
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nent bearing a range of functional groups of various
stereochemical and electronical profiles. In every case, the
desired coupling product was efficiently delivered and iso-
lated by column chromatography. In the same vein, alkyl-
substituted terminal alkynes were coupled effectively with
protected iodo-pentenomycin 7 in yields ranging from 72—
85%, under the same reaction conditions (Table 1, entries 7-9).

Natural product analogues 8a-i were obtained after
acidic treatment in 90% aqueous TFA, ensuring removal of
both the triphenylmethyl ether and the acetal protecting
groups. Due to the enhanced lipophilic character of the pro-
duced derivatives, a simple purification by column chroma-
tography was enough to provide a material of appropriate
purity (>95%) for biological testing.

Next, we proceeded with the 2-aryl-sustituted penteno-
mycin derivatives 13a-h that we intended to access via a
Suzuki reaction between 7 and the corresponding arylbo-
ronic acids 11a-h (see general reaction scheme in Table 2),8
followed by global deprotection.

Table 2 Coupling Reactions of 2-lodopentenomycin 7 with Arylboron-
ic Acids 11a-h? and Subsequent Deprotection to Pentenomycin Deriva-

Table 2 (continued)

Entry Boronic acid 11 Yield of 12 (%) Yield of 13 (%)

o]
11e

6 HO\B

Ol
11f

7 HO.

11g

s HO\?I ]
g
o
B
|

=
.
o

HO.
tives 13a-h® °
O
11h
| R R
0 11a-| 0 °
a—h, [Pd(PhsP),Cl,] 90% aq. TFA o
- / —_— - ! —_— F Z |
TG 60  AwOPhAs  Tid 6 5  59-99% HOp N
THF/H;0, 25 °C > HOHO o 9 "op 2 NK
7 82-99% 12a-h 13a-h 1 OH F 11j on
I
Entry Boronic acid 11 Yield of 12 (%) Yield of 13 (%) 2To 7 (0.18 mmol) in THF (2.25 mL) and H,0 (0.75 mL) were added succes-

sively the corresponding boronic acid (0.27 mmol), Ag,0 (67 mg, 0.29
mmol), Ph;As (12 mg, 0.04 mmol), and [Pd(PPhs),Cl,] (7 mg, 0.018 mmol).
The reaction proceeded at 25 °C for 1-2 h.

b90% aqueous TFA 0 to 25 °C.

¢NR: no reaction.

After screening several catalytic systems, we found that
the combination of [Pd(PPh;),Cl,] and Ph;As as the ligand
was the optimum one for a clean conversion into the cou-
pling product.® In the presence of the said catalyst and
Ag,0, as the base, in a solvent system THF/H,0 (3:1), the
coupling of 2-iodo-enone 7 with various aryl boronic acids
11a-h was successfully accomplished. The reaction with
moderately to electron-rich nucleophiles (Table 2, entries 1,
2, and 4-8) was realized in excellent yields (82-99%). Even
rather deactivated boronic acids reacted smoothly under
the described reaction conditions (Table 2, entry 3). In con-
trast, electron-deficient boronic acids such as 2,6-difluoro-
phenyl boronic acid (11i) and 3-pyridylboronic acid (11j)
gave no reaction with any of the screened catalytic systems.
Global deprotection of the coupling products 12a-h afford-
ed, after typical purification, the unprotected 2-aryl-pen-
tenomycins 13a-h in 59-99% yield.
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The antimicrobial activity of the new compounds was
tested against three representative strains, one Gram-posi-
tive and two Gram-negatives, namely Staphylococcus au-
reus strain Newman, Escherichia coli K12, and Pseudomonas
aeruginosa PA14 (Table 3). Due to solubility limits, the com-
pounds were tested at the maximum soluble concentration.
The designed derivatives 8a-i and 13a-h were found not to
exhibit any antimicrobial effect against E. coli and P. aerugi-
nosa, indicating that Gram-negative strains are not sensi-
tive to the action of the aforementioned compounds. In
contrast, derivatives 8a, 8d, 8f, and 8h exhibited moderate
to good inhibition of the growth of S. aureus, which was su-
perior of the one exerted by the natural product 1a (Table
3). The observed difference in activity among the two class-
es of bacteria may be attributed to the difference in their
type of cell wall and the ability of the compounds to pene-
trate them, as well as the reduction of the intracellular con-
centration of the compounds by efflux pumps.

Table 3 Minimum Inhibitory Concentration (MIC) Values of Compounds
8a-i and 13a-h against S. aureus, E. coli, and P. aeruginosa (in uM)

Compound S. aureus str. Newman E. coli K12 P. aeruginosa PA14

8a 500 >500 >500
8b >500 >500 >500
8c >250 >250 >250
8d 231 >250 >250
8e >250 >250 >250
8f 222 >250 >250
8g >250 >250 >250
8h 98 >250 >250
8i >250 >250 >250
13a >500 >500 >500
13b >500 >500 >500
13c >500 >500 >500
13d >500 >500 >500
13e >500 >500 >500
13f >500 >500 >500
13g >250 >250 >250
13h >500 >500 >500
1a >500 - -

Based on a recent literature report,'? the antimicrobial
activity of 2-phenyl-pentenomycin (analogue 13a, Table 2)
against several strains, including S. aureus, Enterococcus fae-
cium, and P. aeruginosa, was attenuated compared to the
original natural product. By analogy, we observed that
when an aromatic group was introduced at the a-position
(compounds 13a-h), the antimicrobial activity was com-
pletely abolished (Table 3). However, the activity was re-
stored when an intermediate linker or a long chain was in-
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corporated, such as in 8a, 8d, 8f, and 8h. More specifically,
compound 8h, which bears a long aliphatic chain of ten car-
bon atoms, proved to be the most potent antimicrobial
agent. The certain length and the flexibility of this chain is
suspected to be the reason for its activity, while 8i, a deriva-
tive with a shorter chain by three carbon atoms, is inactive.
Finally, derivatives 8d and 8f, which have an aromatic ring
connected to the triple bond and bear a halogen at meta or
para position, are active but less potent.

In order to test the activity of the designed analogues
against additional Gram-positive strains, the most potent
inhibitor 8h was screened against the pathogens indicated
in Table 4. The compound does not show any antimicrobial
activity against Enterococcus faecium and Enterococci faeca-
lis, as well as against Mycobacterium smegmatis at concen-
trations below 35 pg/mL. Noteworthy, 8h exhibits a mini-
mum inhibitory concentration (MIC) of 9 pug/mL against
Streptococcus pneumoniae, making it one of the most active
derivatives of pentenomycin I reported in the literature so
far. Interestingly, it shows the same MIC value against a
penicillin-resistant strain of S. pneumoniae (PRSP), thus ex-
cluding possible cross-resistance.

Table 4 MIC of 8h against Several Pathogenic Gram-Positive Bacteria.

Indicator strains MIC (pg/mL)
S. pneumoniae DSM-20566 9
S. pneumoniae DSM-118652 9
E. faecalis DSM-12956 >35
E. faecium DSM-17050° >35
E. faecalis DSM-20478 >35
E. faecalis DSM-2570 >35
E. faecium DSM-20477 >35
M. smegmatis mc?155 >35

3 PRSP: penicillin-resistant S. pneumoniae.
b VRE: vancomycin-resistant Enterococcus faecium.

Finally, we tested the viability of three human cell lines
(A549, HEK293, and HepG2) after treatment with com-
pound 8h. The compound shows cytotoxic effects against
the selected cell lines at 25 UM (Table 5), indicating that fur-
ther structural optimization is required to tackle this draw-
back. On the other hand, a deeper exploration of the poten-
tial of compound 8h to act as an anticancer agent is worthy
of being undertaken.

In summary, we successfully synthesized a small library
of 2-alkynyl, and 2-aryl-derivatized pentenomycins based
on typical palladium-catalyzed coupling reactions.!' The
novel analogues of the natural antibiotic were tested for
their antimicrobial activity against both, Gram-positive and
Gram-negative bacteria. 2-Aryl-modified pentenomycins
show no special activity against both types of bacteria,
while from the 2-alkynylated derivatives, the one bearing a
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Table 5 Viability against Compound 8h and Reference Compounds of
Three Human Cell Lines Expressed as (% Viability).

Viability of cells (%)

Compound A549 HEK293 HepG2
8h (25 uM) 20+3 61 28+13
doxorubicin (1 uM) 55+2 58+ 1 79 £1
rifampicin (100 uM) 97 £1 59+1 83+3

long aliphatic chain of ten carbon atoms, 8h, proved to be a
strong inhibitor of Gram-positive S. aureus and S. pneumo-
niae strains. The length of the aliphatic chain was demon-
strated to be crucial as the corresponding analogue with a
shorter chain by three carbon atoms, 8i, showed no activity.
In addition, compound 8h shows cytotoxic effect against
certain cell lines, some of them being cancer cells, indicat-
ing potential anticancer action.
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thereof are provided in the Supporting Information section.
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