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Our previous work showed that Pogostone exerts antibacterial effects by targeting pentaerythritol tetranitrate reductase
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(PETNR). In order to develop derivatives of Pogostone with potent antibacterial activity, we performed molecular docking
studies of Pogostone with PETNR and analyzed structure-activity relationships, which guided the structure design and the

subsequent facile organocatalytic synthesis of Pogostone derivatives under mild reaction conditions. Several of the

synthesized compounds showed antibacterial activity in vitro, including one compound (3h) that was highly effective against

methicillin-resistant Staphylococcus aureus. These results suggest that Pogostone derivatives bearing functional groups on

the side chain may be good leads for antibacterial drug development.

Introduction

While antibiotics have revolutionized the treatment of bacterial
infections, the abundant use of certain types such as B-lactams,
macrolides, and tetracyclines, has contributed to the
emergence of resistant strains and made it difficult to
determine the most effective antibiotic for a given infection.?2
This has led to an explosion of interest in designing and
synthesizing novel drugs that can treat bacteria already
resistant to existing drugs.34

Natural products have served for a long time as the
inspiration for drug design, particularly against infectious
diseases.> Natural products often feature molecular scaffolds
and pharmacophore motifs that confer desirable biological
activities.® Modification of the core structure of natural
products can improve their physical and chemical properties,
enhance their biological activity, reduce toxicity, and bypass
drug resistance pathways in the host.” Using this approach, for
example, the Hergenrother group reported a deoxynybomycin-
inspired, fragment-like lead compound with potent activity
against Staphylococcus aureus (S. aureus) and greater aqueous
solubility than the parent compound.® Our goal is therefore to
draw from natural products to guide the design of novel
antibacterials, particularly against resistant bacteria.
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We focused on Pogostone, one of the main compounds in
patchouli volatile oil, which is isolated from the Chinese herb
Pogostemon cablin and which exerts a variety of biological
activities, including regulation of gastrointestinal function,
inhibition of inflammation and inhibition of bacterial growth.?®
Pogostone inhibits growth of Candida albicans, Cryptococcus
neoformans, Rhizopus nigricans and other fungi,© as well as
Escherichia coli (E. coli) and methicillin-resistant Staphylococcus
aureus (MRSA).1! The Pogostone monomer shows a minimum
inhibitory concentration (MIC) < 0.098 pg/ml against
Chryseobacterium indologenes and Corynebacterium xerosis,'!
and pharmacokinetic studies indicate good oral absorption.12
Our previous work has identified one of the targets of
Pogostone to be pentaerythritol tetranitrate reductase (PETNR,
P71278),* an NAD(P)H- and FMN-dependent
oxidoreductase with a key role in nitrogen fixation and
therefore in bacterial growth and metabolism.14 Bacteria can be
inhibited by PETNR-targeting
bactericidal mechanisms of these chemical substances differ

Uniprot

antimicrobials, and the

from the mechanisms of traditional antibiotics. All these factors
make Pogostone highly attractive for derivatization aimed at
generating novel drug leads that may overcome host resistance
to traditional antibiotics.

Results and discussion

We performed molecular docking studies of Pogostone with
PETNR in order to analyze structure-activity relationships, which
we used to guide facile synthetic derivatization. Docking studies
suggest that the core moiety of dehydroacetic acid (DHA)
interacts with the protein via hydrogen bonding, van der Waals
forces, and electrostatic forces (Fig. 1a-b). In addition, a strong
intermolecular rt-rt interaction may form between DHA and the
FMN coenzyme of PETNR (Fig 1c). We observed a large
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Fig. 1 Molecular docking of Pogostone (ball-and-stick) and PETNR (space-filling). The
hydrophobic binding pocket in PETNR and the Pogostone moiety targeted for
derivatization are shown. (a) 3D binding mode of Pogostone with key amino acid residues
of PETNR. The binding pocket is shaped through H-bond interactions. (b) 2D contour of
the binding mode generated using the Accelrys Discovery Studio Package, including
electrostatic interactions (pink), van der Waals forces (green) and H-bond interactions
(blue arrow). (c) -1t interaction between DHA and the FMN coenzyme.
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Pogostone moderately enhances its antibacterigl activity,'®
Therefore we aimed to develop an efficieRPEmEthod to/genétate
Pogostone derivatives with diverse substitutions on the side
chain, which we would evaluate against pathogenic bacteria as
well as antibiotic-resistant bacteria. In addition to filling the
hydrophobic cavity, the substitutions on the side chain may
improve antibacterial activity through steric and electronic
effects. We envisaged that the results would help the work of
our own group and others to develop efficient and convenient
reactions to assemble synthetically important scaffolds as
potential drug leads.”

We planned to use organocatalysis® to modify the side chain
of Pogostone with an a,B-unsaturated aldehyde (Scheme 1),
which contrasts with the published “saturated aldehyde-
strategy”.® We knew that the terminal methyl group on the
Pogostone core would be much less reactive than methylene in
the planned Knoevenagel condensation, and we knew that we
could not entirely avoid the side reaction of Michael addition.
Nevertheless, we speculated that we could make the desired
Knoevenagel condensation more favorable by reducing the
LUMO energy of the unsaturated aldehyde via iminium catalysis.

OH O Organocatalysis

N + RCH=CHO ® LUMO activation A NF R
| ® CH3 Knoevenagel condensation |
fo) (o) ® Modification on the side chain (o) o

Scheme 1 Synthetic strategy.

hydrophobic cavity around the side chain of Pogostone (Fig. 1b-
c), and we reasoned that introducing a sterically hindered
hydrophobic group at the side chain may improve Pogostone
binding to the protein. Consistent with this idea, adding
functional group with saturated aldehyde to the side chain of

2 | J. Name., 2012, 00, 1-3

We began our studies by exploring the model reaction of DHA
1 (0.3 mmol) with cinnamyl aldehyde 2a (0.36 mmol) in toluene
at room temperature using pyrrolidine C1 (0.06 mmol) as
catalyst and benzoic acid as additive. To our gratification, the
reaction proceeded smoothly to afford the desired compound
3ain 52% yield, but with a double-Michael addition by-product
4a (Table 1, entry 1). The E configuration of two conjugate
alkenyl groups in the products was confirmed based on NMR
coupling constants and X-ray crystallographic data (Fig. 2).1° The
Z isomer was not observed. Encouraged by these results, we
optimized reaction conditions (Table 1). Using L-proline C2 as
catalyst led to much lower yield not only of condensation
product but also of Michael addition by-product (entry 2). Using
a,o-diphenylprolinol trimethylsilyl ether €3 as catalyst afforded
compound 3a in 68% yield with both good catalytic activity and
chemoselectivity (entry 3). We obtained higher yield when
using bulkier silyl ethers C4 and C5 (entries 4 and 5), so we
selected C5 as the optimal catalyst. Solvent affected reaction
efficiency to some extent (entries 6-9), with acetonitrile proving
to be the best choice (entry 9). Screening other acid additives
led to slightly lower yield (entries 10-11). Raising the reaction
temperature to 60 °C did not improve reaction efficiency or
yield of product 3a, since the higher temperature promoted
formation of the Michael addition by-product (entry 12). In the
end, we defined the optimal reaction conditions as room
temperature in the presence of catalyst C5 at 20 mol%, benzoic
acid as additive, and MeCN as solvent (entry 9).

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Optimization of reaction conditions®

Table 2 Synthesis of Pogostone derivatives? View Article Online

OH O - OH O
CHO Cat., additive
| SN . | solvent, rt | SN I~ Ph
Ph
(0] o 0 o
1 2a 3a, desired product

______________________________________________________ +
) & Ar P o o
PN N7 TCOOH ™y :

C3,Ar=Ph,R=TMS :

° . C4, Ar=Ph, R = TBS 07 0ps oho
N €5, Ar=35(CRICaHy R=TMS ] 4a, by-product
Entry Cat. Additive Solvent ;I::c({;:; \:::T;;
1 C1 BzOH Toluene 52 15
2 c2 BzOH Toluene 36 10
3 c BzOH Toluene 68 <5
4 c4 BzOH Toluene 72 <5
5 c5 BzOH Toluene 78 <5
6 c5 BzOH THF 74 <5
7 c5 BzOH DCM 80 <5
8 c5 BzOH Dioxane 74 <5
9 c5 BzOH MeCN 86 <5
10 c5 AcOH MeCN 80 <5
11 c5 p-F-BzOH MeCN 79 <5
129 c5 BzOH MeCN 58 19

aUnless noted otherwise, reactions were performed with 1 (0.3 mmol), 2a (0.36
mmol), Cat. (0.06 mmol) and acidic additive (0.12 mmol) in 2 mL solvent at rt.
bYield of isolated 3a. ¢ Yield of isolated 4a. 9 The reaction was performed at 60
°C for 12h. Bz = benzoyl, TBS = tert-butyldimethylsilyl, TMS = trimethylsilyl.

Fig. 2 ORTEP drawing of compound 3a.

Using these optimal conditions, we explored the generality of
this Pogostone derivatization reaction (Table 2). The reaction
tolerated various substituents on the unsaturated aldehyde 2,
smoothly affording the corresponding products in 43-85% yield
(entries 2-15). Unsaturated aromatic aldehydes 2b-2i, which
have electron-deficient substituents at the ortho, meta or para
positions, gave higher yields in the condensation reaction than
2j-21, which have electron-rich substituents (entries 2-9 vs 10-
12). The aromatic aldehyde 2c with Cl at the ortho position gave
the desired product 3c in lower yield than the aldehydes

This journal is © The Royal Society of Chemistry 20xx
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P CHO C5, BzOH M9

0" o R 0" Yo

1 2 3

Entry R Product Yield® (%) E/Z*
1 CsHs 3a 86 >20:1
2 2-FCeHa 3b 81 >20:1
3 2-ClCeH4 3c 79 >20:1
4 2-NO2CeHa 3d 80 >20:1
5 3-FCeHa 3e 82 >20:1
6 3-ClCeHa 3f 81 >20:1
7 4-FCeHa 3g 84 >20:1
8 4-CICéHa 3h 87 >20:1
9 4-BrCsHa 3i 85 >20:1
10 4-MeCeHa 3j 75 >20:1
11 2-OMeCesHa 3k 75 >20:1
12 4-OMeCeHa 3l 77 >20:1
13 2-Furyl 3m 73 >20:1
14 (CH3)2CH 3n 49 >20:1
15 CHs 30 44 2.5:1

2Unless noted otherwise, reactions were performed with 1 (0.3 mmol), 2 (0.36
mmol), €5 (0.06 mmol) and BzOH (0.12 mmol) in 2 mL acetonitrile at rt. ?Yield
of isolated 3. ¢ Determined by 'H NMR analysis.

2f or 2h with Cl at the meta or para position (entry 3 vs 6 and 8).
These results suggest that the electron-donating conjugative
effect may render substrate 2c less electrophilic. The reaction
tolerated heteroaromatic and aliphatic enals, such as 3-furanyl
acrylaldehyde, butenal or 4-methyl-2-pentenal, generating the
corresponding products in respective yields of 71%, 48%, and
43% (entries 13-15). In contrast to the high selectivity for the Z
configuration in products 3a-3n (>20:1), product 30 showed
more modest Z selectivity of 2.5:1 based on IH-NMR (entry 15).

With Pogostone derivatives 3a-30 in hand, we screened them
in vitro for antibacterial activity against six strains: E. coli, ATCC
25922 and CMCC 44102; S. aureus, ATCC 25923 and CMCC
26003; and MRSA, ATCC 43300 and 33591. Most derivatives
proved inactive against Gram-negative E. coli (Table 3). In
contrast, several Pogostone derivatives displayed promising
antibacterial activity against Gram-positive S. aureus and MRSA.
Compound 3h showed the strongest activity against MRSA with
a MIC of 8 ug/mL, comparable to the MIC of 4 and 1 pg/mL for
the positive control antibiotics levofloxacin hydrochloride and
vancomycin.2® The screening results indicated that, in most
cases, Pogostone derivatives bearing electron-deficient
substituents showed stronger antibacterial activity (3b-3i) than
derivatives bearing electron-rich substituents (3j-3l; MICs >256

J. Name., 2013, 00, 1-3 | 3
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to 512 pg/mL), heteroaromatic groups (3m; MICs >256 pg/mL)
or alkyl groups (3n and 30; MICs 128 and 64 pg/mL). Among
electron-deficient substituents, halogens were associated with
more potent activity than nitro groups, with chlorine
substituents giving optimal results. The position of the Cl
substituent influenced antibacterial activity: para-Cl was
associated with lower MIC (8 pug/mL) than ortho-Cl (128 pg/mL)
or meta-Cl (128 pg/mL). These results identify compound 3h as

b T:fR
(b) A66 TRP
A A:100
LEU
A:26 I',
'
|
'
TYR
THR \ .
A n o.--7 A:184
ARG
A:140 ' AHllgz
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Fig. 3 Molecular docking of optimized derivative 3h (ball-and-stick) and PETNR (space-
filling). (a) 3D binding mode of compound 3h and PETNR with m-it interaction. (b) 2D
contour of the binding mode generated using the Accelrys Discovery Studio Package,
including electrostatic interactions (pink), van der Waals forces (green) and H-bond
interactions (blue arrow). (c) 3D binding mode of both Pogostone (yellow skeleton) and
optimized compound 3h (blue skeleton) with key amino acid residues of PETNR.
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potently inhibiting Gram-positive bacterial strairs,, especially
MRSA, at relatively low concentrations. TRi3 cOHPEURPRYAHE
a promising lead for developing novel antibacterial agents that
can bypass resistance.

Next, we performed molecular docking studies to generate
the bioactive binding poses of Pogostone derivatives in the
active site of PETNR by using the LibDock module in DS software.
The LibDock scores were presented in the Table 3. The trend of
the LibDock scores were basically consentient with the
antibacterial activities.

The derivative 3h with the highest docking score and
antibacterial activity was selected for further investigation, and
its interaction pattern with the binding site are shown in Figure
3a. A 2D diagram (Figure 3b) showing various interactions, such
as hydrogen bonds, van der Waals forces, electrostatic forces,
and -1t interaction between compound 3h and the FMN
coenzyme of PETNR was also presented. We also parallelly
compared the docked binding modes (Figure 3c) of both
Pogostone (yellow skeleton) and optimized compound 3h (blue
skeleton). Importantly, the large hydrophobic cavity previously
observed around the side chain of Pogostone core has been
occupied by the conjugate functional group (Figure 3a-c), and
the newly introduced double bond and para-Cl substituent on
the aromatic ring played an important role in the ligand-protein
interaction.

Moreover, the pharmacokinetic properties of the lead
compound 3h, including aqueous solubility, blood-brain barrier
penetration, CYP2D6 binding, hepatotoxicity, intestinal
absorption, and plasma-protein binding, were calculated and
predicted. The results of ADME analysis are presented in Figure
4. The biplot figure showed two analogous 95% and 99%
confidence ellipses for the blood-brain barrier penetration and
human intestinal absorption models, respectively. The detailed
results of pharmacokinetic properties for derivative 3h are
shown in Table 4.

8 Il ADMET_AlogP98
I Absorption-95
[0 Absorption-99
- I BBB-95
6 7~ . [ BBB-99
3
o 4
<4
o
<I
2
=
a
<
0
-2
-50 -25 0 25 50 75 100 125

ADMET_PSA_2D

Fig. 4 Plot of PSA versus AlogP for compound 3h showing the 95% and 99% confidence
limit ellipses corresponding to the blood-brain barrier and intestinal absorption models.
Abbreviations: ADMET, absorption, distribution, metabolism, excretion and toxicity;
AlogP, the logarithm of the partition coefficient between n-octanol and water; BBB,
blood-brain barrier; PSA, polar surface area; 2D, two-dimensional.
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Table 3 Antibacterial activities in vitro [MIC (ug/mL)], and LibDock score of the Pogostone derivatives

PD E. coli ATCC E. coli CMCC S. aureus ATCC S. aureus CMCC MRSA ATCC MRSA ATCC LibDock
25922 44102 25923 26003 43300 33591 Score?
3a >256 >256 64 128 64 64 105.082
3b >512 >512 128 128 128 128 95.366
3c >256 >256 128 128 128 128 97.340
3d >512 >512 512 512 512 512 95.645
3e >256 >256 256 256 256 256 95.481
3f >256 >256 128 128 128 128 95.829
3g >256 >265 64 64 64 64 108.725
3h >256 >256 16 16 8 8 116.710
3i >256 >265 64 64 64 64 105.408
3j >512 >512 512 512 512 512 97.569
3k >256 >256 >256 >256 >256 >256 94.404
3l >256 >256 >256 >256 >256 >256 94.975
3m >256 >256 >256 >256 >256 >256 94.889
3n >256 >256 64 64 128 128 110.125
30 >256 >256 64 64 64 64 101.992
Lev. 16 16 2 2 4 4 -
Van. NT NT 1 1 1 1 -

2 Molecular docking studies were performed to generate the LibDock scores by using the LibDock module in DS software. Abbreviations: NT, not test; ATCC, American
Type Culture Collection; CMCC, Center for Medical Culture Collection in China; PD, Pogostone Derivative; Lev., Levofloxacin; Van., Vancomycin

Table 4 ADMET prediction and pharmacokinetic properties of compound 3h

Compound Agueous BBB CYP2D6 Hepatotoxicity Intestinal Plasma PSA AlogP9
name solubility penetration binding prediction absorption protein 8
level level prediction level binding
3h 0 (insoluble) 2 (medium) False False 0 (good) True (highly  64.347 3.254
(non-inhibitor) (nontoxic) bounded)

Abbreviations: AlogP, the logarithm of the partition coefficient between n-octanol and water; PSA, polar surface area; ADMET, absorption, distribution,

metabolism, excretion and toxicity.

Conclusions

Pogostone is a key antibacterial ingredient in the traditional
Chinese medicine Pogostemon cabli. Here we generate a
pharmacologically interesting library of Pogostone derivatives
with diverse electronic and steric modifications based on
rational design involving molecular docking and analysis of
structure-activity relationships. The derivatives were prepared
using a custom-designed, efficient, green organocatalytic
reaction involving Knoevenagel condensation of the Pogostone
core with o,B-unsaturated aldehyde. Several derivatives,
especially 3h, show promising antibacterial activity in vitro
against S. aureus and MRSA. Further work is underway in our
laboratory to modify the lead compound 3h and to explore
medicinal applications of this and other Pogostone derivatives.

Conflicts of interest

This journal is © The Royal Society of Chemistry 20xx

There are no conflicts of interest to declare.

Acknowledgements

We are grateful for financial support from the National Natural
Science Foundation of China (81573588 and 81630101), the
Science & Technology Department of Sichuan Province
(2017JQ0002), the Foundation for the Author of National
Excellent Doctoral Dissertation of PR China (201487) and the
China Postdoctoral Science Foundation.

Experimental section
Molecular docking

Molecular docking was performed using the CDOCKER program
embedded in the Accelrys Discovery Studio 3.5 package (DS 3.5).
The Pogostone structure was generated by DS 3.5, and then
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minimized using the CHARMMZ27 force field. The crystal
structure of PETNR (scPDB: P71278) was used for docking. The
binding site was defined to be the interaction residues Thr24,
Leu26, Tyr66, Trpl100, His182, Tyr184 and Tyr349; the radius
was 10 A. Automated molecular docking was performed using
the “partial flexibility” CDOCKER tool in DS 3.5 in the presence
of zinc cofactor. The best molecular docking results were
identified based on docking scores and binding free energy. DS
3.5 was used to identify and visualize hydrogen bonds as well as
hydrophobic, hydrophilic and coordination interactions with
amino acid residues in the enzyme active site.

Chemistry

General information

NMR data were obtained for *H at 400 MHz and for 13C at 100
MHz, or for 'H at 600 MHz and for 13C at 150 MHz. Chemical
shifts were reported in parts per million (ppm) using
tetramethylsilane as internal standard with solvent resonance
in CDCls. Mass spectra were recorded using electrospray
ionization on a Q-TOF instrument. Column chromatography was
performed on a silica gel (200-300 mesh) using an eluent of
ethyl acetate and petroleum ether. TLC was performed on glass-
backed silica plates; products were visualized using UV light.
Melting points were determined on a Mel-Temp apparatus.

General procedure for the synthesis of Pogostone derivatives 3

To dehydroacetic acid 1 (50.4 mg, 0.3 mmol), amine catalyst C5
(35.9 mg, 0.06 mmol), benzoic acid (14.7 mg, 0.12 mmol) and
MeCN (1.5 mL) in a standard glass vial with stir bar was added
a,B-unsaturated aldehyde 2 (0.36 mmol in 0.5 mL MeCN). The
reaction mixture was stirred at room temperature until the
reaction was complete based on TLC. The reaction mixture was
concentrated, and the residue was purified by flash
chromatography on a silica gel (Petroleum ether / Ethyl Acetate
= 7:1) to give the Pogostone derivatives 3, which were dried
under vacuum and further analyzed by 'H NMR, 13C NMR and
high-resolution mass spectrometry.

4-hydroxy-6-methyl-3-((2E,4E)-5-phenylpenta-2,4-dieno-yl)-
2H-pyran-2-one (3a): yellow solid, 72.6 mg, 84% yield, m.p. 168-
172 °C. 'H NMR (600 MHz, CDCl3): 6 = 7.84 (d, J = 15.0 Hz, 1H),
7.77 (dd, J = 15.0, 10.2 Hz, 1H), 7.51 (d, J = 7.2 Hz, 2H), 7.38 (t, J
=7.2 Hz, 2H), 7.34 (t, J = 6.6 Hz, 1H), 7.11 (dd, J = 15.6, 10.2 Hz,
1H), 7.05 (d, J = 15.6 Hz, 1H), 5.95 (s, 1H), 2.27 (s, 3H) ppm . 13C
NMR (100 MHz, CDCls): 6 = 192.3, 183.4, 168.4, 161.2, 146.7,
143.4,135.9,129.6,128.9,127.6,127.4,126.3,102.6,99.3, 20.6
ppm. HRMS (ESI): m/z calculated for Ci7H1404+Na: 305.0790,
found: 305.0792.

(1'S,2'S,3'S)-2'-(4-hydroxy-6-methyl-2-oxo-2H-pyran-3-
carbonyl)-1',2',3',6'-tetrahydro-[1,1':3',1"-terphenyl]-4'-
carbaldehyde (4a): white solid, 11.2 mg, 19% yield, m.p. 121-
124 °C, 'H NMR (400 MHz, CDCls): & = 9.52 (s, 1H), 7.41 (d, J =
7.2 Hz, 2H), 7.30 (t, /= 7.6 Hz, 2H), 7.18 (dd, J = 15.2, 7.2 Hz, 4H),
7.08 (d, J = 7.2 Hz, 2H), 5.86 (s, 1H), 4.79 (s, 1H), 4.26 (s, 1H),
3.37-3.31 (m, 2H), 3.01-2.95 (m, 1H), 2.22 (s, 3H) ppm. 13C NMR

6 | J. Name., 2012, 00, 1-3

(100 MHz, CDCl3): 6 = 207.6, 192.7, 181.7, 169.1, 160,8,.152.8,
141.5, 141.3, 139.9, 128.6, 128.4, 128.30QR20E03J678B9Y6F
101.7, 99.7, 53.0, 40.0, 36.7, 31.1, 20.6 ppm. HRMS (ESI): m/z
calculated for Ca6H2,0s5+Na: 437.1365, found: 437.1364.

3-((2E,4E)-5-(2-fluoro-phenyl)penta-2,4-dieno-yl)-4-hydroxy-
6-methyl-2H-pyran-2-one (3b): yellow solid, 72.9 mg, 79% yield,
m.p. 189-192 °C. 'H NMR (400 MHz, CDCl3): 6 =7.86 (d, J=15.2
Hz, 1H), 7.75 (dd, J = 14.8, 9.2 Hz, 1H), 7.57 (t, J = 7.6 Hz, 1H),
7.34-7.28 (m, 1H), 7.19-7.06 (m, 4H), 5.95 (s, 1H), 2.27 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): 6 = 192.4, 183.3, 168.5, 161.2,
160.9 (d, Jcr = 251.3 Hz), 146.5, 135.3 (d, Jcr = 3.3 Hz), 130.9 (d,
Jer = 8.6 Hz), 129.6 (d, Jcr = 5.6 Hz), 127.9 (d, Jcr = 3.0 Hz), 127.1,
124.4 (d, Jcr = 3.5 Hz), 124.0 (d, Jer = 11.7 Hz), 116.1 (d, Jer = 21.9
Hz), 102.5, 99.4, 20.6 ppm. HRMS (ESI): m/z calculated for
Ci17H13FO4+Na: 323.0696, found: 323.0700.

3-((2E,4E)-5-(2-chloro-phenyl)penta-2,4-dieno-yl)-4-hydroxy-
6-methyl-2H-pyran-2-one (3c): yellow solid, 74.6 mg, 77% yield,
m.p. 154-156 °C. 'H NMR (400 MHz, CDCl3): 6 =7.87 (d,J=14.8
Hz, 1H), 7.79 (dd, J = 15.2, 10.8 Hz, 1H), 7.68 (dd, J = 7.6, 2.4 Hz,
1H), 7.47 (d, J = 15.6 Hz, 1H), 7.40 (dd, J = 7.6, 2.0 Hz, 1H), 7.31-
7.24 (m, 2H), 7.08 (dd, J = 15.6, 10.4Hz, 1H), 5.95 (s, 1H), 2.27 (s,
3H) ppm. 13C NMR (100 MHz, CDCl3): 6 = 192.3, 183.3, 168.6,
161.2, 146.1, 138.5, 134.4, 133.9, 130.3, 130.1, 129.5, 127.4,
127.1,127.0, 102.5, 99.4, 20.6 ppm. HRMS (ESI): m/z calculated
for C17H13Cl04+Na: 339.0400, found: 339.0397.

4-hydroxy-6-methyl-3-((2E,4E)-5-(2-nitrophenyl)penta-2,4-
dienoyl)-2H-pyran-2-one (3d): yellow solid, 78.4 mg, 78% yield,
m.p. 193-196 °C. H NMR (400 MHz, CDCl3): 6 =8.00 (d, J = 8.0
Hz, 1H), 7.90 (d, J = 14.8 Hz, 1H), 7.78-7.71 (m, 2H), 7.64 (t, J =
7.6 Hz, 1H), 7.55-7.47 (m, 2H), 7.06 (dd, J = 15.6, 11.2 Hz, 1H),
5.97 (s, 1H), 2.29 (s, 3H) ppm. 13C NMR (100 MHz, CDCls): & =
192.4, 183.1, 168.8, 161.2, 148.1, 145.0, 136.8, 133.3, 132.0,
131.5,129.5, 128.8, 128.4, 125.0, 102.4, 99.5, 20.7 ppm. HRMS
(ESI): m/z calculated for C;7H;3NOe+Na: 350.0641, found:
350.0638.

3-((2E,4E)-5-(3-fluorophenyl)penta-2,4-dienoyl)-4-hydroxy-6-
methyl-2H-pyran-2-one (3f): yellow solid, 73.8 mg, 80% vyield,
m.p. 199-202 °C. 'H NMR (400 MHz, CDCl3): 6 = 7.86 (d, J = 15.2
Hz, 1H), 7.73 (dd, J = 15.2, 10.4 Hz, 1H), 7.37-7.27 (m, 2H), 7.20
(d, J = 10.0 Hz, 1H), 7.09 (dd, J = 15.6, 10.4 Hz, 1H), 7.04 (d, J =
8.4 Hz, 1H), 7.00 (d, J = 15.6 Hz, 1H), 5.96 (s, 1H), 2.28 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): 6 = 192.4, 183.3, 168.6, 163.1
(d, Jer = 245.0 Hz), 161.2, 145.8, 141.6 (d, Jer = 2.8 Hz), 138.2 (d,
Jer = 7.6 Hz), 130.4 (d, Jor = 8.3 Hz), 128.6, 127.3, 123.4 (d, Jr =
2.8 Hz), 116.3 (d, Jcr = 21.3 Hz), 113.8 (d, Jcr = 21.9 Hz), 102.5,
99.4, 20.7 ppm. HRMS (ESI): m/z calculated for C17H13FO4+Na:
323.0696, found: 323.0698.

3-((2E,4E)-5-(3-chlorophenyl)penta-2,4-dienoyl)-4-hydroxy-6-
methyl-2H-pyran-2-one (3f): yellow solid, 76.8 mg, 79% vyield,
m.p. 165-168 °C. 1H NMR (400 MHz, CDCl3): 6 = 7.86 (d, J = 14.8
Hz, 1H), 7.71 (dd, J = 14.8, 10.8 Hz, 1H), 7.48 (s, 1H), 7.38-7.29
(m, 3H), 7.09 (dd, J = 15.2, 10.8 Hz, 1H), 6.96 (d, J = 15.6 Hz, 1H),
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5.95 (s, 1H), 2.27 (s, 3H) ppm. 13C NMR (100 MHz, CDCls): & =
192.3, 183.3, 168.6, 161.2, 145.7, 141.3, 137.8, 134.9, 130.1,
129.3,128.7,127.4,127.4, 125.6, 102.5, 99.4, 20.6 ppm. HRMS
(ESI): m/z calculated for Ci7H13ClO4+Na: 339.0400, found:
339.0401.

3-((2E,4E)-5-(4-fluorophenyl)penta-2,4-dienoyl)-4-hydroxy-6-
methyl-2H-pyran-2-one (3g): yellow solid, 75.6 mg, 82% vyield,
m.p. 189-192 °C. 'H NMR (400 MHz, CDCl3): 6§ = 7.85-7.70 (m,
2H), 7.50-7.47 (m, 2H), 7.08-7.00 (m, 4H), 5.94 (s, 1H), 2.27 (s,
3H) ppm. 13C NMR (100 MHz, CDCls): 6 = 192.3, 183.3, 168.5,
163.4 (d, Jcr = 249.3 Hz), 161.2, 146.4, 141.9 (d, Jcr = 0.9 Hz),
132.2 (d, Jer = 3.4 Hz), 129.3 (d, Jor = 8.2 Hz), 127.2 (d, Jir = 2.4
Hz), 126.4 (d, Jor = 0.8 Hz), 116.0 (d, Jor = 21.8 Hz), 102.6, 99.3,
20.6 ppm. HRMS (ESI): m/z calculated for Ci7H13FO4+Na:
323.0696, found: 323.0701.

3-((2E,4E)-5-(4-chlorophenyl)penta-2,4-dienoyl)-4-hydroxy-6-

methyl-2H-pyran-2-one (3h): yellow solid, 82.8 mg, 85% vyield,
m.p. 174-176 °C. 'H NMR (400 MHz, CDCl3): 6 =7.84 (d, J=15.2
Hz, 1H), 7.72 (dd, J = 15.2, 10.4 Hz, 1H), 7.43 (d, J = 8.4 Hz, 2H),
7.34 (d, J = 8.4 Hz, 2H), 7.06 (dd, J = 15.6, 10.4 Hz, 1H), 6.98 (d, J
=15.2 Hz, 1H), 5.95 (s, 1H), 2.27 (s, 3H) ppm. 3C NMR (100 MHz,
CDCls): 6 =192.3, 183.3, 168.5, 161.2, 146.1, 141.6, 135.3, 134.5,
129.2, 128.7, 127.9, 126.9, 102.5, 99.4, 20.6 ppm. HRMS (ESI):
m/z calculated for C17H13ClO4+Na: 339.0400, found: 339.0399.

3-((2E,4E)-5-(4-bromophenyl)penta-2,4-dienoyl)-4-hydroxy-6-

methyl-2H-pyran-2-one (3i): yellow solid, 92.1 mg, 83% vyield,
m.p. 179-182 °C. 'H NMR (400 MHz, CDCl3): 6 =7.84 (d, J=15.2
Hz, 1H), 7.71 (dd, J = 15.2, 10.2 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H),
7.36 (d, J = 8.4 Hz, 2H), 7.07 (dd, J = 15.6, 10.8 Hz, 1H), 6.96 (d, J
=15.2 Hz, 1H), 5.94 (s, 1H), 2.27 (s, 3H) ppm. 3C NMR (100 MHz,
CDCl3): 6 =192.3,183.3,168.5,161.2,146.1, 141.7,134.9, 132.1,
128.9, 128.0, 127.0, 123.6, 102.5, 99.4, 20.6 ppm. HRMS (ESI):
m/z calculated for C17H13BrO4+Na: 382.9895, found: 382.9893.

4-hydroxy-6-methyl-3-((2E,4E)-5-(p-tolyl)penta-2,4-dienoyl)-
2H-pyran-2-one (3j): yellow solid, 66.4 mg, 72% yield, m.p. 180-
182 °C. 1H NMR (400 MHz, CDCl3): 6 = 7.81 (d, J = 14.4 Hz, 1H),
7.75 (dd, J = 14.4, 8.8 Hz, 1H), 7.40 (d, J = 8.0 Hz, 2H), 7.18 (d, J
= 7.6 Hz, 2H), 7.09-6.99 (m, 2H), 5.92 (s, 1H), 2.36 (s, 3H), 2.25
(s, 3H) ppm. 3C NMR (100 MHz, CDCl3): & = 192.2, 183.4, 168.3,
161.2, 147.2, 143.7, 140.0, 133.3, 129.7, 127.6, 126.5, 125.7,
102.6, 99.3, 21.3, 20.6 ppm. HRMS (ESI): m/z calculated for
Ci1gH1604+Na: 319.0946, found: 319.0941.

4-hydroxy-3-((2E,4E)-5-(2-methoxyphenyl)penta-2,4-dienoyl)-
6-methyl-2H-pyran-2-one (3k): yellow solid, 70.1 mg, 73% yield,
m.p. 153-155 °C. 'H NMR (400 MHz, CDCls): 6 = 7.80 (d, J = 2.0
Hz, 1H), 7.79 (s, 1H), 7.53 (dd, J = 8.0, 1.6 Hz, 1H), 7.40 (d, J =
15.6 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 7.20-7.13 (m, 1H), 6.96 (t, J
=7.6 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.92 (s, 1H), 3.89 (s, 3H),
2.25 (s, 3H) ppm. 13C NMR (100 MHz, CDCl3): 6 = 192.2, 183.5,
168.2, 161.3, 157.8, 148.2, 139.0, 130.9, 128.1, 128.0, 125.4,
124.9, 120.8, 111.1, 102.7, 99.3, 55.5, 20.6 ppm. HRMS (ESI):
m/z calculated for C1gH1605+Na: 335.0895, found: 335.0897.
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4-hydroxy-3-((2E,4E)-5-(4-methoxyphenyl}penta-2/A-dieAbyl=
6-methyl-2H-pyran-2-one (3l): yellow solid, 71.7 mg, 75% yield,
m.p. 152-155 °C. 1H NMR (400 MHz, CDCls): & = 7.80-7.72 (m,
2H), 7.45 (d, J = 8.8 Hz, 2H), 7.03-6.93 (m, 2H), 6.90 (d, J = 8.8 Hz,
2H), 5.92 (s, 1H), 3.84 (s, 3H), 2.25 (s, 3H) ppm. 13C NMR (100
MHz, CDCls): 6 =192.0, 183.5, 168.1, 161.3, 161.0, 147.5, 143.5,
129.3,128.8,125.4,125.0, 114.4, 114.4, 102.7,99.2, 55.4, 20.6
ppm. HRMS (ESI): m/z calculated for CigH160s+Na: 335.0895,
found: 335.0894.

3-((2E,4E)-5-(furan-2-yl)penta-2,4-dienoyl)-4-hydroxy-6-
methyl-2H-pyran-2-one (3m): yellow solid, 59.5 mg, 71% vyield,
m.p. 178-181 °C. 'H NMR (400 MHz, CDCl3): 6 =7.82(d,J=14.8
Hz, 1H), 7.70 (dd, J = 15.2, 11.2 Hz, 1H), 7.48 (d, J = 1.2 Hz, 1H),
6.98 (dd, J=15.2, 11.2 Hz, 1H), 6.81 (d, J = 15.6 Hz, 1H), 6.54 (d,
J=3.2 Hz, 1H), 6.47 (q, J = 1.6 Hz, 1H), 5.93 (s, 1H), 2.26 (s, 3H)
ppm. 13C NMR (100 MHz, CDCl3): 6 =192.0, 183.4, 168.3, 161.2,
152.3, 146.3, 144.4, 129.5, 126.1, 125.8, 113.2, 112.5, 102.6,
99.3, 20.6 ppm. HRMS (ESI): m/z calculated for C;sH1,0s+Na:
295.0582, found: 295.0580.

4-hydroxy-6-methyl-3-((2E,4E)-6-methylhepta-2,4-dieno-yl)-
2H-pyran-2-one (30): pale yellow, 36.7 mg, 48% yield, m.p. 79-
81 °C. 'H NMR (400 MHz, CDCls): 6 = 5.91 (s, 1H), 5.47 (dd, J =
15.6,6.8 Hz, 1H), 5.29 (dd, /= 15.6, 8.8 Hz, 1H), 4.36 (dd, J= 10.4,
6.8 Hz, 1H), 4.19 (dd, J = 17.6, 8.4 Hz, 1H), 2.25 (s, 3H), 2.11 (dq,
J=13.6,6.8 Hz, 1H), 0.79 (dd, J=12.4, 6.8 Hz, 6H) ppm. 13C NMR
(100 MHz, CDCls): 6 = 205.5, 180.6, 168.9, 160.4, 140.9, 124.4,
101.3,100.2,51.1, 37.3,30.8, 22.4, 22.3, 20.7 ppm. HRMS (ESI):
m/z calculated for C14H1604+Na: 271.0946, found: 271.0948.

3-((2E,4E)-hexa-2,4-dienoyl)-4-hydroxy-6-methyl-2H-pyran-2-
one (30): yellow solid, 29.3 mg, 43% yield, Z/E ratio 2.5:1, m.p.
85-87 °C. H NMR (400 MHz, CDCls): 6 = 7.72-7.53 (m, 2H), 6.51-
6.29 (m, 2H), 5.92 (s, 1H), 2.26 (s, 3H), 1.92 (d, J = 6.0 Hz, 2H),
1.84 (d, J = 6.8 Hz, 1H). 13C NMR (100 MHz, CDCl3): 6 = 192.9,
183.3,168.3,161.2,147.2,143.1,131.2,124.2,102.5,99.2, 20.6,
19.1 ppm. HRMS (ESI): m/z calculated for Ci;H1,04+Na:
243.0633, found: 243.0634.

Biological investigations
Bacteria
E. coli ATCC 25922, E. coli CMCC 44101, S. aureus ATCC 25923,

S. aureus CMCC 26003, MRSA ATCC 43300 and MRSA ATCC
33591 were cultured in trypticase soy broth at 37 °C.

In vitro MIC assay

The MIC of each compound was determined using a standard
broth microdilution assay?! consistent with the guidelines of the
Clinical Laboratory Standards Institute. Stock solutions of test
compounds were diluted in a 2-fold series to achieve the
desired concentrations. The MIC was defined as the lowest
concentration of the chemical that inhibited the development
of visible bacterial growth after incubation at 37 °C for 18-24 h.
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on the side chain

We performed molecular docking studies of Pogostone with PETNR and analyzed
structure-activity relationships, which guided the structure design and the subsequent facile
organocatalytic synthesis of Pogostone derivatives. Several of the synthesized compounds
showed antibacterial activity in vitro, including one compound (3h) that was highly effective
against MRSA.
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