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Abstract: Several families of naturally occurring C-alkylated dihydrochalcones display a broad
range of biological activities, including antimicrobial and cytotoxic properties, depending on their
alkylation sidechain. The catalytic Friedel–Crafts alkylation of the readily available aglycon moiety
of neohesperidin dihydrochalcone was performed using cinnamyl, benzyl, and isoprenyl alcohols.
This procedure provided a straightforward access to a series of derivatives that were structurally
related to natural balsacones, uvaretin, and erioschalcones, respectively. The antibacterial and
cytotoxic potential of these novel analogs was evaluated in vitro and highlighted some relations
between the structure and the pharmacological properties of alkylated dihydrochalcones.

Keywords: antibacterial; Brønsted acid catalysis; dihydrochalcone; Friedel–Crafts alkylation; hemisyn-
thesis; natural products; Staphylococcus aureus

1. Introduction

Dihydrochalcones (DHCs) are a class of natural phenylpropanoids derived from
the biosynthetic pathway of shikimic acid [1]. They are the acyclic counterparts of fla-
vanones and are found in several botanical families [2]. Their scaffold can feature various
sidechains [3] resulting from C-glycosylation [4], C-cinnamylation [5–8], C-benzylation [9–11],
or C-prenylation [12] (Figure 1). The structural diversity of DHCs translates into a broad
range of biological activities such as antibacterial, antiviral, antidiabetic, antioxidant, anti-
inflammatory, and cytotoxic properties [13]. Interestingly, DHCs may display different
pharmacological properties compared to the corresponding chalcones. For instance, some
recently described 4’-methyl DHCs were more active against S. aureus and less potent
against E. coli than the corresponding chalcones [14]. While functionalized DHCs are
commonly isolated in low yields, simpler derivatives can be found in high concentrations
in plants. One of the most abundant natural DHCs is phloridzin, a DHC O-glucoside
representing up to 14% of dry weight in apple tree leaves [15]. Some DHCs are also readily
accessible by reduction of the corresponding chalcone or flavanone. This is for example
the case of neohesperidin dihydrochalcone, a sweetener widely used in the food industry
which is obtained by hydrogenation of the citrus metabolite neohesperidin [16]. We re-
cently demonstrated that abundant DHCs can serve as precursors in the hemisynthesis of
balsacones [17], a class of cinnamylated antibacterial and anti-psoriatic [18] DHCs from the
bud of Populus balsamifera that are active against resistant strains of S. aureus (MRSA) and
did not induce resistance in treated MRSA [19]. In this context, the use of natural DHCs
advantageously saved the steps which would have been necessary for the construction
of a DHC scaffold from petrochemicals. Their conversion into balsacones was performed
in a single-step, following a metal-free and protective group-free Brønsted acid-catalyzed
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Friedel–Crafts alkylation protocol [20]. Bio-sourced cinnamyl alcohols were privileged as
the alkylation reagents as their utilization saved a harmful halogenation step, and their
conversion generated water as the lone byproduct making the process overall green [21,22].
The use of natural precursors was also profitable from a drug discovery perspective, as
these renewable polyfunctional templates constitute a valuable source of structural diver-
sity [23]. On the other hand, the scope of sidechains which could readily be incorporated
onto the framework of natural DHCs remains to be explored to access the wider sidechain
variety found in DHCs.
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Figure 1. Structure of various dihydrochalcones, including the aglycone moiety of neohesperidin
dihydrochalcone (1).

Among these structures, C-benzylated DHCs have been found in the Annonaceae fam-
ily, in particular in Uvaria species [9,10,24–26]. Uvaretin showed a considerable cytotoxicity
against various human cancer cell lines with IC50 values in the low micromolar range [27].
Other 2-hydroxybenzyl-bearing flavonoids have also been found in nature such as the C-
benzylated flavanone dichamanetin from Piper sarmentosum. Furthermore, C-prenylation is
a relatively common modification in natural flavonoids that is considered to enhance their
bioactivity by increasing lipophilicity [28,29]. C-prenylated and C-geranylated DHCs were
notably found in the genus Piper. Recently, two prenylated DHCs, named erioschalcone A
and B, were isolated in Eriosema glomerata and showed attractive antimicrobial properties
against the pathogenic Gram-negative strains Escherichia coli and Klebsiella pneumoniae [12].
It is worthy of note that erioschalcones were inactive against S. aureus, unlike balsacones,
which stressed the role of the alkylation fragment of DHCs on their antimicrobial prop-
erties. Herein, we devise the catalytic single-step C-cinnamylation, C-benzylation, and
C-prenylation of the readily accessible neohesperidin dihydrochalcone aglycon 1 as a useful
method to access derivatives that are structurally related to naturally occurring balsacones,
uvaretins, and erioschalcones, respectively. The antibacterial and cytotoxic activity of the
synthesized compound is also discussed.
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2. Results and Discussion
2.1. Chemical Synthesis
2.1.1. Cinnamylation of DHC 1

Our first objective was to transpose the method developed for the hemisynthesis of
balsacones to DHC 1 (Table 1). Briefly, the precursor 1 was treated with various cinnamyl
alcohols 2a-e in the presence of a catalytic amount of 4-toluenesulfonic acid (PTSA) in
acetonitrile. Cinnamyl alcohols were prepared from their carboxylic acid counterparts
following a straightforward esterification-reduction sequence [30]. 4-hydroxicinnamyl
alcohol (2a) reacted smoothly with DHC 1 at room temperature, providing the expected
product 3a containing the same sidechain as natural balsacones in a good 69% yield (Table 1,
entry 1). Analogues 3b and 3c were obtained from alcohols 2b and 2c in 49% and 61%
yields, respectively (Table 1, entries 2–3). Cinnamyl alcohol (2d) was less reactive and
required heating to produce 72% of the derivative 3d (Table 1, entry 4). In the case of the
chlorinated precursor 2e, the intended product 3e was obtained in a low 30% yield (Table 1,
entry 5). This result was explained by the formation of several byproducts among which
compound 3e’, resulting from the alkylation of the trisubstituted aromatic ring of the DHC,
was isolated in 9% yield (see the Materials and methods section). Nonetheless, a sufficient
quantity of product 3e was obtained for the biological assays.

Table 1. Catalytic Cinnamylation of Dihydrochalcone 1.
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2.1.2. Benzylation of DHC 1

The next step of the study was the hemisynthesis of benzylated DHCs that would
be structural analogs of uvaretin and other naturally occurring DHCs and flavanones.
The total synthesis of uvaretin was reported in 1985 by Malterud et al. [31] and consid-
erably improved very recently by Dallman et al. [27]. The seven-step route involved the
construction of a protected chalcone framework, followed by a Friedel–Crafts alkylation
using a protected 2-hydroxybenzyl precursor prior to the removal of all the protective-
groups, providing uvaretin in a 15% overall yield. In this multistep strategy, the use of
protective groups resulted in a 72% carbon economy (CE) in the final deprotection alone.
In sharp contrast, our goal was to perform the direct alkylation of unprotected DHC 1 with
2-hydroxybenzyl alcohol 4a, providing a C-benzylated DCH in a single step and with a
100% CE (Table 2). Pleasingly, DHC 1 and benzyl alcohol 4a reacted cleanly in acetonitrile
with a catalytic amount of PTSA, affording the alkylation product 5a featuring the same
2-hydroxybenzyl fragment as uvaretin in a good 61% yield (Table 2, entry 1). It is worthy of
note that the solvent did not seem to interfere with the reaction, as no traces of acetamide
that would result from a Ritter reaction were observed [32]. The benzylation of DHC 1 was
further extended to various substituted precursors, providing several analogues 5b–d in
yields ranging from 36% to 74% (Table 2, entries 2–4).
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Table 2. Catalytic benzylation of dihydrochalcone 1.
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2.1.3. Prenylation of DHC 1

Finally, we envisioned the preparation of a C-prenylated derivative from DHC 1. The sin-
gle synthesis of a prenylated DHC that we were able to retrieve was a chemoenzymatic
transformation of phloretin involving dimethylallyltryptophan synthase that afforded
a C-prenylated counterpart in a modest 14.5% yield [33]. On the other hand, several
syntheses of various C-prenylated flavonoids and phloroglucinol derivatives have been
reported. They mainly relied on the alkylation of acylphloroglucinol scaffolds using allyl-
bromides [34,35], and only a few studies involved prenol (6a) or 2-methyl-3-buten-2-ol (6b)
as the alkylating agent. A representative example was xanthohumol. In the total synthe-
sis [36] of this C-prenylated chalcone from hops (Humulus lupulus L.), prenol (6a) reacted
with a protected acetophloroglucinol derivative under Mitsunobu conditions to provide
an ether. A Claisen rearrangement then occurred upon heating to yield a C-prenylated
intermediate. The chalcone scaffold was then constructed following a Claisen–Schmidt
condensation with a protected aldehyde prior to a final deprotection. Overall, the total
synthesis of xanthohumol required six steps from acetophloroglucinol with an 11% overall
yield. Once again, an alternative method based on the direct prenylation of a natural DHC
would be highly desirable in both terms of step- and atom-economy.

The reaction between DHC (1) and 1 equivalent of 3-methyl-2-buten-1-ol (6a) in the
presence of a catalytic amount of PTSA afforded a mixture of the expected C-alkylation prod-
uct 7a, featuring the same alkylation motif as erioschalcones, along with an O-alkylation
byproduct 7b with a 40% yield (Table 3, entry 1). This moderate yield was slightly im-
proved to 48% when 0.50 equivalent of alcohol 6a was used (Table 3, entry 2). Pleasingly,
replacing the prenol 6a with its isomer 2-methyl-3-buten-2-ol 6b increased the yield to 58%
(Table 3, entry 4). These results were considered as satisfactory as our single-step proto-
col was the first hemisynthesis of a C-prenylated DHC and provided a better yield than
the conventional multistep procedures reported for the synthesis of related C-prenylated
phenylpropanoids. Careful separation by reverse-phase chromatography provided pure
samples of the two prenylation products 7a and 7b for biological assays. As O-prenylation
is a modification found in antimicrobial natural flavonoids and acetophloroglucinols [37],
the O-prenylated DHC 7b was also subjected to biological assays.

Extension of these experimental conditions to geraniol 6c (Scheme 1) led to a mixture
of the C-geranylated DHC 8a with a byproduct 8b in a modest 31% yield. Yet, careful
separation of the C-geranylated DHC 8a by reverse-phase chromatography enabled its
isolation in sufficient quantity to carry out the evaluation of its biological properties.
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Table 3. Catalytic Prenylation of Dihydrochalcone 1.
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of 7a and 7b.
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2.2. Biological Evaluation of Alkylated DHCs 3a–e, 5a–d, 7a–b, and 8a

The antibacterial and cytotoxic activities of derivatives 3a–e, 5a–d, 7a–b, and 8a were
evaluated in vitro and compiled in Table 4. The results of antibacterial assays, performed
against Gram-negative Escherichia coli (ATCC 25922) and Gram-positive Staphylococcus au-
reus (ATCC 25923), were expressed as the minimal concentration inhibiting 90% of bacterial
growth (MIC90) using gentamicin and balsacone A as positive controls. The cytotoxic-
ity against two malignant (A-549 and DLD-1) and one healthy (WS-1) human cell lines
was reported as the half maximal inhibitory concentration (IC50) using etoposide as a
positive control.

The cinnamylated DHCs 3a-e displayed significant inhibitory properties against S.
aureus, with MIC90 values ranging from 2.6 to 11.6 µM (Table 4, entries 1–5). They were
inactive against E. coli, which was consistent with the recorded antibacterial potential of
the naturally occurring cinnamylated DHC balsacone A [5] (Table 4, entry 12). They also
confirmed our previous hypothesis that the substitution of the DHC scaffold had a limited
impact on the antibacterial potential of cinnamylated DHCs [17]. Notably, the derivative
3a (Table 4, entry 1), featuring the same 4-hydroxycinnamyl fragment as balsacone A, was
the least active among the five new compounds 3a-e. On the other hand, the chlorinated
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counterpart 3e (Table 4, entry 5) was slightly more active than balsacone A, which suggested
that modulating the nature of the alkylation motif was a relevant approach to modulate
the antibacterial properties of cinnamylated DHCs. The novel benzylated DHCs devised
here were not cytotoxic against the three tested lines. These results contrasted with the
reported activity of the natural C-benzylated DHC uvaretin that inhibited the growth
of A549 cells with a 2.2 µM IC50 [27]. Therefore, the substitution pattern of benzylated
DHCs played a pivotal role towards their cytotoxic activity. On the other hand, benzylated
compounds 5a–d were active against S. aureus (Table 4, entries 6–9). Once again, the
chlorinated derivative was the most active of the array (Table 4, entry 9) and surpassed
balsacone A. Strikingly, the C-prenylated DHC 7a showed a marginal inhibition of E. coli
(Table 4, entry 10), which did not match the reported activity of natural erioschalcones [12].
While the substitution of the DHC scaffold had a limited impact on the antimicrobial
properties of cinnamylated DHCs, this result suggested that the substitution pattern of
prenylated DHCs was an important feature towards their activity against E. coli. On the
other hand, the geranylated DHC 8a was slightly more active than balsacone A against S.
aureus (Table 4, entry 12). Further efforts towards the direct prenylation and geranylation of
other naturally occurring DHCs could therefore highlight the structural features responsible
for the antibacterial properties of this class of natural products.

Table 4. Antibacterial and Cytotoxic Activity of Compounds 3a–e, 5a–d, 7a–b, and 8a.

Entry Product
MIC90 (µM) 1 IC50 (µM) 1,6

E. coli S. aureus A-549 DLD-1 WS-1

1 3a >100 11.6 ± 0.2 36 ± 3 28 ± 5 57 ± 4
2 3b >100 5.7 ± 0.1 47 ± 6 26 ± 8 56 ± 5
3 3c >100 6.0 ± 0.1 30 ± 3 36 ± 4 57 ± 6
4 3d >100 5 ± 0.9 43 ± 4 35 ± 6 58 ± 3
5 3e >100 2.6 ± 0.4 44 ± 3 44 ± 7 59 ± 5
6 5a >100 12 ± 1 >100 >100 >100
7 5b >100 20 ± 1 52 ± 9 64 ± 5 60 ± 5
8 5c >100 4.2 ± 0.5 25 ± 2 29 ± 3 39 ± 4
9 5d >100 2.3 ± 0.1 38 ± 2 46 ± 3 44 ± 4
10 7a >100 80 ± 3 >100 >100 >100
11 7b >100 98 ± 1 >100 >100 >100
12 8a >100 2.5 ± 0.3 28 ± 2 21 ± 3 35 ± 4
13 Balsacone A 2 >100 3.3 ± 0.2 44 ± 4 31 ± 5 56 ± 4
14 Gentamicin 2 0.083 ± 0.007 3 0.12 ± 0.01 3 n. d. 4 n. d. n. d.
15 Etoposide 5 n. d. n. d. 0.56 ± 0.04 0.96 ± 0.08 10 ± 5

1 MIC90 and IC50 values ± SD (n = 3) are representative of two different experiments. 2 Used as a positive control
for antibacterial assays. 3 Expressed in µg/mL. 4 N. d.: not determined. 5 Used as a positive control for cytotoxic
assays. 6 Values > 20 µM were considered as non-toxic.

3. Materials and Methods
3.1. General Information
3.1.1. Chemistry

Unless otherwise noted, all starting materials and solvents were purchased from
commercial sources (Sigma-Aldrich, Acros Organics) and used as received without further
purification. Reactions were conducted under argon atmosphere, using anhydrous solvent,
unless otherwise noted. All reactions were monitored by thin-layer chromatography (TLC)
using normal phase silica gel 60 F254 0.25 mm or reverse phase silica gel 60 RP-18 F254s
0.25 mm precoated aluminum foil plates (Silicycle). Normal phase TLC were visualized
under UV (254 nm) or revealed using H2SO4 under UV (365 nm), as for reverse phase
TLC. Flash chromatographic purifications were performed using normal phase silica gel 60
(15–40 µm) or C-18 reverse-phase silica gel (17%) (40–63 µm) columns. NMR spectra were
recorded with a Bruker Avance 400 spectrometer at 400 MHz for 1H nuclei and 101 MHz
for 13C nuclei, using deuterated acetonitrile or methanol as the solvent. Chemical shifts δ
were reported in ppm relative to the solvent residual peak (CD3OD δH/C 3.31/49.00 ppm;
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CD3CN δH/C 1.94/118.26 ppm; CDCl3 δH/C 7.26/77.16 ppm) [38] and coupling constants
J in Hertz (Hz). Copies of 1H and 13C NMR spectra of new compounds are given in the
Supplementary Materials. HRMS spectra were recorded on an Agilent 6224 MS-TOF mass
spectrometer equipped with an electrospray source.

Cinnamyl alcohols were prepared from the corresponding acids following a known
procedure [30]. DHC 1 was prepared from neohesperidin dihydrochalcone according to a
known procedure [39].

3.1.2. Antibacterial Assays

Gram-negative Escherichia coli (ATCC 25922) and Gram-positive Staphylococcus au-
reus (ATCC 25923) were obtained from the American Type Culture Collection (ATCC).
Antibacterial assays were performed following a modified microdilution method [40].
Briefly, exponentially growing bacteria (density of 5 × 103 E. coli or 3.5 × 104 S. aureus)
were plated in 96-well round-bottom microplates per well in 100 µL of nutrient broth.
The tested compounds were solubilized in DMSO and then diluted in nutrient broth or
Sabouraud dextrose so that the final concentration of DMSO was maintained below 0.1%
(v/v) to avoid solvent toxicity. Bacteria were treated using increasing concentrations of
tested compounds and incubated for 24 h at 37 ◦C. Absorbance was read using a Varioskan
Ascent plate reader (Thermo Electron) at 600 nm and the results were expressed as the
concentration inhibiting 90% of bacterial growth (MIC90).

3.1.3. Cytotoxicity Assays

A-549 (lung cancer, ATCC # CCL-185), DLD-1 (colon cancer, ATCC # CCL-221) and
WS-1 (skin fibroblasts, ATCC # CRL-1502) cell lines were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Cell lines were grown. Cells were cultured
at 37 ◦C in a humidified atmosphere containing 5% CO2 in minimum essential medium
containing Earle’s salt (Mediatech Cellgro, Herndon, VA, USA), supplemented with 10%
fetal calf serum (Hyclone, Logan, UT, USA), 1× solution of vitamins, 1 × sodium pyruvate,
1 × non-essential amino acids, 60 µg/mL of penicillin sodium, and 100 µg/mL of strepto-
mycin (Mediatech Cellgro). Exponentially growing cells were plated at a density of 5 × 103

cells per well in 96-well microplates (BD Falcon) in culture medium (100 µL). Cells were
allowed to adhere for 16 h before treatment. The tested compounds were solubilized in
DMSO and then diluted in cell culture medium so that the final concentration of DMSO
was maintained below 0.5% (v/v) to avoid solvent toxicity. Cells were treated using in-
creasing concentrations of tested compounds and incubated for 48 h at 37 ◦C. Cytotoxicity
was assessed using Hoechst 33342 (bisbenzimide) fluorometric assay [41]. Briefly, after
removal of the supernatant, cells were incubated at room temperature during 1 h with
sodium dodecyl sulfate (100 µL of 0.02% solution in sterile distilled water) and then frozen
overnight. After thawing, a solution of Hoechst 33342 dye in TNE 2x (10 mM tris-HCl,
pH 7.4, 1 mM EDTA, 4 M NaCl) was added to reach a final concentration of 30 µg/mL.
The plates were incubated at room temperature during 2 h in the dark and fluorescence was
measured at 355/460 nm (excitation/emission) using a microplate fluorescence reader. The
results were expressed as the concentration of drug inhibiting cell growth by 50% (IC50).

3.2. Synthesis of Compounds 3a–e
3.2.1. General Procedure for the Cinnamylation of DHC 1

A solution of 4-toluenesulfonic acid monohydrate (catalytic loading indicated in
Table 1) in acetonitrile (0.1 mL) was added to a solution of DHC 1 (0.40 mmol) and cinnamyl
alcohol 2 (0.10 mmol) in acetonitrile (1.9 mL or 2.9 mL). The mixture was stirred at the
temperature and for the time indicated in Table 1. After dilution with 5 mL ethyl acetate,
the mixture was quenched with a saturated aqueous solution of NaHCO3 (20 mL) and
extracted with ethyl acetate (3 × 20 mL). The organic layers were combined, dried over
Na2SO4, filtered, and the solvent was rotary evaporated. The expected cinnamylation
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product 3 was finally obtained after flash chromatography on reverse-phase (C18) silica gel
using a gradient from 50% to 90% of methanol in water as the eluent.

3.2.2. Compound 3a

(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy-3-(3-(4-hydroxyphenyl)allyl)
phenyl)propan-1-one. Following the general procedure above, a mixture of DHC 1 (0.120 g,
0.395 mmol) and 4-hydroxycinnamic alcohol (2a) (0.0147 g, 0.0979 mmol) afforded the
title compound 3a as a pale orange powder (29.5 mg, 69%). Rf = 0.60 (CHCl3/MeOH
9:1); HRMS (ESI) m/z calcd for C25H24O7 [M − H]– 437.1595, found 437.1594; 1H NMR
(400 MHz, CD3OD): δ 7,13 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 1.7 Hz,
1H), 6.69 – 6.62 (m, 3H), 6.26 (d, J = 15.8 Hz, 1H), 6.11 (dt, J = 6.4, 15.5 Hz, 1H), 5.95 (s, 1H),
3.79 (s, 3H), 3.36 (d, J = 6.2 Hz, 2H), 3.28 (t, J = 8.2 Hz, 2H), 2.83 (t, J = 8.1 Hz, 2H); 13C NMR
(101 MHz, CD3OD): δ 206.4, 165.1, 163.9, 161.7, 157.3, 147.3, 147.2, 136.2, 131.3, 130.1, 128.0,
126.8, 120.5, 116.5, 116.1, 112.8, 106.6, 105.2, 94.9, 56.5, 47.2, 31.7, 26.4.

3.2.3. Compound 3b

(E)-3-(3-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy-3-(3-(4-methoxyphenyl)allyl)
phenyl)propan-1-one. Following the general procedure above, a mixture of DHC 1 (0.130 g,
0.432 mmol) and 4-methoxycinnamic alcohol (2b) (0.0178 g, 0.108 mmol) afforded the title
compound 3b as a yellow powder (23.8 mg, 49%). Rf = 0.46 (CHCl3/MeOH 9:1); HRMS
(ESI) m/z calcd for C26H26O7 [M − H]– 451.1751, found 451.1753; 1H NMR (400 MHz,
CD3OD): δ 7.20 (d, J = 8.7 Hz, 2H), 6.83 – 6.75 (m, 3H), 6.71 (d, J = 1.8 Hz, 1H), 6.65 (dd,
J = 1.8, 8.1 Hz, 1H), 6.28 (d, J = 15.8 Hz, 1H), 6.16 (dt, J = 6.4, 15.9 Hz, 1H), 5.95 (s, 1H), 3.79
(s, 3H), 3.73 (s, 3H), 3.37 (d, J = 6.0 Hz, 2H), 3.28 (t, J = 8.2 Hz, 2H), 2.83 (t, J = 7.5 Hz, 2H);
13C NMR (101 MHz, CD3OD): δ 206.4, 165.1, 163.9, 161.8, 160.0, 147.3, 147.2, 136.2, 132.3,
129.9, 128.0, 127.6, 120.5, 116.5, 114.8, 112.9, 106.5, 105.2, 94.9, 56.5, 55.6, 47.2, 31.7, 26.4.

3.2.4. Compound 3c

(E)-1-(3-(3-(3,4-dimethoxyphenyl)allyl)-2,4,6-trihydroxyphenyl)-3-(3-hydroxy-4-methoxy
phenyl)propan-1-one. Following the general procedure above, a mixture of DHC 1 (0.125 g,
0.412 mmol) and 3,4-dimethoxycinnamic alcohol (2c) (0.0201 g, 0.104 mmol) afforded the
title compound 3c as a white powder (30.6 mg, 61%). Rf = 0.50 (CHCl3/MeOH 9:1); HRMS
(ESI) m/z calcd for C27H28O8 [M − H]– 481.1857, found 481.1859; 1H NMR (400 MHz,
CD3OD): δ 13.81 (br s, 1H), 8.04 (br s, 1H), 6.92 (s, 1H), 6.86 – 6.78 (m, 3H), 6.72 (d, J = 1.9 Hz,
1H), 6.67 (dd, J = 1.9, 8.2 Hz, 1H), 6.26 (d, J = 15.9 Hz, 1H), 6.19 (dt, J = 5.8, 15.8 Hz, 1H),
5.98 (s, 1H), 3.80 (s, 3H), 3.77 (s, 3H), 3.75 (s, 3H), 3.36 (d, J = 5.7 Hz, 2H), 3.28 (t, J = 8.2 Hz,
2H), 2.82 (t, J = 7.5 Hz, 2H); 13C NMR (101 MHz, CD3OD): δ 206.0, 164.9, 162.4, 160.6, 150.1,
149.3, 146.8, 146.4, 135.9, 131.8, 130.0, 127.2, 120.4, 119.6, 115.9, 112.6, 112.5, 109.6, 106.2,
105.1, 94.9, 56.6, 56.2, 56.1, 46.7, 30.6, 26.0.

3.2.5. Compound 3d

1-(3-cinnamyl-2,4,6-trihydroxyphenyl)-3-(3-hydroxy-4-methoxyphenyl)propan-1-one.
Following the general procedure above, a mixture of DHC 1 (0.122 g, 0.40 mmol) and cin-
namic alcohol (2d) (0.0134 g, 0.10 mmol) afforded the title compound 3d as a white powder
(30.1 mg, 72%). Rf = 0.63 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd for C25H24O6

[M − H]– 421.1646, found 421.1653; 1H NMR (400 MHz, CD3OD): δ 7.28 (d, J = 7.5 Hz, 2H),
7.21 (t, J = 7.2 Hz, 2H), 7.11 (t, J = 7.2 Hz, 1H), 6.79 (d, J = 8.1 Hz, 1H), 6.71 (s, 1H), 6.65 (d,
J = 8.1 Hz, 1H), 6.40 – 6.24 (m, 2H), 5.96 (s, 1H), 3.79 (s, 3H), 3.40 (d, J = 3.4 Hz, 2H), 3.29 (t,
J = 8.1 Hz, 2H), 2.83 (t, J = 7.9 Hz, 2H); 13C NMR (101 MHz, CD3OD): δ 206.4, 165.2, 163.9,
161.8, 147.3, 147.2, 139.5, 136.2, 130.4, 129.8, 129.4, 127.5, 126.9, 120.5, 116.5, 112.8, 106.2,
105.2, 94.9, 56.5, 47.2, 31.7, 26.5.
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3.2.6. Compound 3e

(E)-1-(3-(3-(4-chlorophenyl)allyl)-2,4,6-trihydroxyphenyl)-3-(3-hydroxy-4-methoxy
phenyl)propan-1-one. Following the general procedure above, a mixture of DHC 1 (0.0656 g,
0.216 mmol) and 4-chlorocinnamic alcohol (2e) (0.0184 g, 0.108 mmol) afforded the title com-
pound 3e as a white powder (13.1 mg, 30%) and compound 3e’ as a white powder (4.2 mg,
9%). Rf = 0.40 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd for C25H23ClO6 [M − H]–

455.1255, found 455.1256; 1H NMR (400 MHz, CD3OD): δ 7.26 (d, J = 8.6 Hz, 2H), 7.22 (s,
1H), 7.19 (d, J = 7.0 Hz, 1H), 6.79 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 1.8 Hz, 1H), 6.65 (dd, J = 1.9,
8.2 Hz, 1H), 6.39 – 6.25 (m, 2H), 5.96 (s, 1H), 3.79 (s, 3H), 3.39 (d, J = 4.2 Hz, 2H), 3.28 (t, J
= 8.2 Hz, 2H), 2.82 (t, J = 8.1 Hz, 2H); 13C NMR (101 MHz, CD3OD): δ 206.5, 164.0, 162.0,
147.2, 138.3, 136.2, 133.0, 130.9, 130.1, 129.4, 129.1, 128.6, 128.3, 120.6, 116.5, 112.9, 106.0,
105.2, 95.0, 56.5, 47.1, 31.7, 26.4.

3.2.7. Compound 3e’

(E)-3-(2-(3-(4-chlorophenyl)allyl)-5-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy
phenyl)propan-1-one.
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Rf = 0,40 (CHCl3/MeOH 9/1); 1H NMR (400 MHz, CD3OD): δ 7.27 (d, J = 8.5 Hz, 2H), 7.20
(d, J = 8.6 Hz, 2H), 6.74 (s, 1H), 6.70 (s, 1H), 6.44 – 6.29 (m, 2H), 5.79 (s, 2H), 3.81 (s, 3H),
3.50 (d, J = 5.4 Hz, 2H), 3.25 (t, J = 8.3 Hz, 2H), 2.87 (t, J = 8.1 Hz, 2H); 13C NMR (101 MHz,
CD3OD): δ 206.2, 166.3, 165.8, 147.3, 146.0, 137.8, 133.9, 133.4, 132.0, 130.3, 129.9, 129.5,
128.4, 117.5, 114.7, 105.3, 95.8, 56.5, 46.6, 37.0, 28.5.

3.3. Synthesis of Compounds 5a–d
3.3.1. General Procedure for the Benzylation of DHC 1

A solution of 4-toluenesulfonic acid monohydrate (catalytic loading indicated in
Table 2) in acetonitrile (0.1 mL) was added to a solution of DHC 1 (0.20 mmol) and benzyl
alcohol 4 (0.10 mmol) in acetonitrile (1.9 mL or 2.9 mL). The mixture was stirred at room
temperature (unless otherwise noted in Table 1) for 2 or 3 h. The mixture was then diluted
with ethyl acetate (5 mL), quenched with a saturated aqueous solution of NaHCO3 (20 mL)
and extracted three times with ethyl acetate (3 × 20 mL). The organic layers were pooled
together, dried over Na2SO4, filtered, and the solvent was rotary evaporated. The crude
residue was chromatographed over reverse-phase (C-18) silica gel using a gradient of
methanol in water (from 50% to 90%) as the mobile phase to afford the expected benzylation
product 5.

3.3.2. Compound 5a

3-(3-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy-3-(2-hydroxybenzyl)phenyl)pro
pan-1-one. Following the general procedure above, a mixture of DHC 1 (0.0602 g, 0.20 mmol)
and 2-hydroxybenzyl alcohol (4a) (0.0125 g, 0.10 mmol) afforded the title compound 5a as
a yellow powder (25.0 mg, 61%). Rf = 0.40 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd
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for C23H22O7 [M − H]– 411.1435, found 411.1438; 1H NMR (400 MHz, CD3OD): δ 7.21 (d,
J = 7.5 Hz, 1H), 7.03 (t, J = 7.0 Hz, 1H), 6.84 – 6.75 (m, 3H), 6.72 (d, J = 1.7 Hz, 1H), 6.66
(dd, J = 1.5, 8.1 Hz, 1H), 5.99 (s, 1H), 3.80 (s, 3H), 3.76 (s, 2H), 3.28 (t, J = 7.9 Hz, 2H), 2.81
(t, J = 7.6 Hz, 2H); 13C NMR (101 MHz, CD3OD): δ 206.3, 163.9, 162.4, 161.2, 154.6, 146.8,
146.3, 135.8, 131.5, 128.2, 127.8, 121.1, 120.4, 116.1, 115.8, 112.5, 107.0, 105.1, 95.5, 56.6, 46.6,
30.6, 22.8.

3.3.3. Compound 5b

3-(3-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy-3-(4-hydroxybenzyl)phenyl)pro
pan-1-one. Following the general procedure above, a mixture of DHC 1 (0.0608 g, 0.20 mmol)
and 4-hydroxybenzyl alcohol (4b) (0.0125 g, 0.10 mmol) afforded the title compound 5b
as a yellow powder (30.3 mg, 74%). Rf = 0.30 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd
for C23H22O7 [M − H]– 411.1437, found 411.1438; 1H NMR (400 MHz, CD3OD): δ 7.07 (d,
J = 8.4 Hz, 2H), 6.79 (d, J = 8.2 Hz, 1H); 6.71 (d, J = 1.8 Hz, 1H), 6.68 – 6.57 (m, 3H), 5.94
(s, 1H), 3.80 (s, 3H), 3.73, (s, 2H), 3.28 (t, J = 8.3 Hz, 2H), 2.82 (t, J = 7.7 Hz, 2H); 13C NMR
(101 MHz, CD3OD): δ 206.4, 165.2, 163.9, 161.7, 155.8, 147.3, 147.2, 136.2, 134.4, 130.4, 120.5,
116.5, 115.6, 112.9, 108.5, 105.2, 94.9, 56.5, 47.2, 31.8, 27.8.

3.3.4. Compound 5c

3-(3-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy-3-(4-methoxybenzyl)phenyl)pro
pan-1-one. Following the general procedure above, a mixture of DHC 1 (0.129 g, 0.426 mmol)
and 4-methoxybenzyl alcohol (4c) (0.0147 g, 0.106 mmol) afforded the title compound 5c
as a white powder (16.4 mg, 36%). Rf = 0.46 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd
for C24H24O7 [M − H]– 425.1595, found 425.1586; 1H NMR (400 MHz, CD3OD): δ 7.12 (d,
J = 8.5 Hz, 2H), 6.74 (d, J = 8.2 Hz, 1H), 6.69 (d, J = 8.6 Hz, 2H), 6.67 (d, J = 1.8 Hz, 1H), 6.61
(dd, J = 1.6, 8.3 Hz, 1H), 5.90 (s, 1H), 3.75 (s, 3H), 3.73 (s, 2H), 3.67 (s, 3H), 3.24 (t, J = 8.2 Hz,
2H), 2.78 (t, J = 7.6 Hz, 2H); 13C NMR (101 MHz, CD3OD): δ 206.4, 165.2, 163.9, 161.7, 158.9,
147.3, 147.2, 136.2, 135.5, 130.4, 120.5, 116.5, 114.2, 112.8, 108.3, 105.2, 94.8, 56.5, 55.6, 47.2,
31.7, 27.8.

3.3.5. Compound 5d

1-(3-(4-chlorobenzyl)-2,4,6-trihydroxyphenyl)-3-(3-hydroxy-4-methoxyphenyl)propan-
1-one. Following the general procedure above, a mixture of DHC 1 (0.0618 g, 0.20 mmol)
and 4-chlorobenzyl alcohol (4d) (0.0143 g, 0.10 mmol) afforded the title compound 5d as a
white powder (12.8 mg, 30%). Rf = 0.57; 1H NMR (400 MHz, CD3OD): δ 7.31 (d, J = 8.3 Hz,
2H), 7.17 (d, J = 8.3 Hz, 2H), 6.79 (d, J = 8.2 Hz, 1H), 6.70 (d, J = 1.7 Hz, 1H), 6.65 (dd, J = 1.6,
8.1 Hz, 1H), 5.95 (s, 1H), 3.81 (s, 3H), 3.79 (s, 2H), 3.28 (t, J = 8.1 Hz, 2H), 2.82 (t, J = 8.1 Hz,
2H); 13C NMR (101 MHz, CD3OD): δ 206.4, 163.9, 162.0, 147.3, 147.2, 142.8, 136.2, 131.8,
131.6, 120.5, 119.8, 116.5, 112.9, 111.4, 107.3, 105.2, 94.8, 56.5, 47.2, 31.7, 28.2.

3.4. Synthesis of Compounds 7a–b and 8a–b
3.4.1. Prenylation of DHC 1

A solution of 4-toluenesulfonic acid monohydrate (catalytic loading indicated in
Table 3) in acetonitrile (0.1 mL) was added to a solution of DHC 1 (0.121 g, 0.40 mmol) and
prenol 6a (10.2 µL, 0.10 mmol) in acetonitrile (1.9 mL). The mixture was stirred at room
temperature for 2 h. The mixture was then diluted with ethyl acetate (5 mL), quenched
with a saturated aqueous solution of NaHCO3 (20 mL) and extracted three times with ethyl
acetate (3 × 20 mL). The organic layers were pooled together, dried over Na2SO4, filtered,
and the solvent was rotary evaporated. The crude residue was chromatographed over
reverse-phase (C-18) silica gel using a gradient of methanol in water (from 50% to 90%) as
the mobile phase to afford a mixture of compounds 7a and 7b as a yellow powder (16.5 mg,
48%) with a ratio of 1.3:1 (7a:7b). Pure samples of 7a and 7b were obtained by thorough
separation by chromatography over reverse-phase (C-18) silica gel.
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3.4.2. Compound 7a

3-(3-hydroxy-4-methoxyphenyl)-1-(2,4,6-trihydroxy-3-(3-methylbut-2-en-1-yl)phenyl)
propan-1-one. Rf = 0.50 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd for C21H24O6 [M − H]–

373.1639, found 373.1646; 1H NMR (400 MHz, CD3OD): δ 6.80 (d, J = 8.2 Hz, 1H), 6.71 (d,
J = 1.8 Hz, 1H), 6.65 (dd, J = 2.0, 8.3 Hz, 1H), 5.90 (s, 1H), 5.17 (t, J = 6.9 Hz, 1H), 3.80 (s,
3H), 3.27 (t, J = 8.2 Hz, 2H), 3.18 (d, J = 6.7 Hz, 2H), 2.82 (t, J = 8.1 Hz, 2H), 1.74 (s, 3H), 1.64
(s, 3H); 13C NMR (101 MHz, CD3OD): δ 205.1, 161.0, 145.4, 144.9, 135.7, 135.1, 121.8, 120.1,
114.8, 114.6, 110.8, 105.9, 104.9, 95.3, 56.1, 46.0, 30.3, 25.9, 21.7, 18.0.

3.4.3. Compound 7b

3-(4-methoxy-3-((3-methylbut-2-en-1-yl)oxy)phenyl)-1-(2,4,6-trihydroxyphenyl)propan-
1-one. Rf = 0.50 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd for C21H24O6 [M − H]–

373.1640, found 373.1646; 1H NMR (400 MHz, CD3OD): δ 6.81 (d, J = 8.1 Hz, 1H), 6.71
(s, 1H), 6.66 (d, J = 8.2 Hz, 1H), 5.81 (s, 2H), 5.19 (t, J = 6.5 Hz, 1H), 3.81 (s, 3H), 3.74 (d,
J = 6.9 Hz, 2H), 3.27 (t, J = 8.0 Hz, 2H), 2.82 (t, J = 8.0 Hz, 2H), 1.72 (s, 3H), 1.68 (s, 3H); 13C
NMR (101 MHz, CD3OD): δ 206.2, 166.4, 165.9, 147.3, 147.2, 136.7, 136.2, 121.3, 120.5, 116.5,
112.9, 111.4, 105.2, 95.8, 56.5, 47.1, 38.4, 31.6, 25.8, 22.4, 17.8.

3.4.4. Geranylation of DHC 1

A solution of 4-toluenesulfonic acid monohydrate (catalytic loading indicated in
Table 3) in acetonitrile (0.1 mL) was added to a solution of DHC 1 (0.1123 g, 0.37 mmol)
and geraniol 6c (16.7 µL, 0.092 mmol) in acetonitrile (1.9 mL) was added. The mixture was
stirred at room temperature for 2 h. The mixture was then diluted with ethyl acetate (5 mL),
quenched with a saturated aqueous solution of NaHCO3 (20 mL) and extracted three times
with ethyl acetate (3× 20 mL). The organic layers were pooled together, dried over Na2SO4,
filtered, and the solvent was rotary evaporated. The crude residue was chromatographed
over reverse-phase (C-18) silica gel using a gradient of methanol in water (from 50% to
90%) as the mobile phase to afford a mixture of compounds 8a and 8b as a white powder
(13.3 mg, 31%) with a ratio of 1.4:1 (8a:8b). Pure samples of 8a and 8b were obtained by
thorough separation by chromatography over reverse-phase (C-18) silica gel.

3.4.5. Compound 8a

(E)-1-(3-(3,7-dimethylocta-2,6-dien-1-yl)-2,4,6-trihydroxyphenyl)-3-(3-hydroxy-4-methoxy
phenyl)propan-1-one. Rf = 0.56 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd for C26H32O6

[M − H]– 441.2271, found 441.2272; 1H NMR (400 MHz, CD3OD): δ 8.16 (br s, 1H), 7.61 (br
s, 1H), 6.82 (d, J = 8.1 Hz, 1H), 6.71 (s, 1H), 6.67 (d, J = 7.6 Hz, 1H), 6.41 (br s, 1H), 5.95 (s,
1H), 5.13 (t, J = 6.5 Hz, 1H), 5.05 (t, J = 5.4 Hz, 1H), 3.80 (s, 3H), 3.26 (t, J = 7.8 Hz, 2H), 3.17
(d, J = 6.5 Hz, 2H), 2.81 (t, J = 7.4 Hz, 2H), 2.30 (br s, 1H), 2.23 – 1.90 (m, 3H), 1.72 (s, 3H),
1.61 (s, 3H), 1.55 (s, 3H); 13C NMR (101 MHz, CD3OD): δ 205.9, 164.7, 162.2, 160.2, 146.8,
146.4, 135.9, 135.6, 132.1, 125.2, 123.7, 120.5, 115.9, 112.6, 108.0, 105.1, 95.0, 56.7, 46.7, 40.3,
30.7, 27.3, 25.7, 21.8, 17.7, 16.2.

3.4.6. Compound 8b

(E)-1-(3-(3,7-dimethylocta-2,6-dien-1-yl)-2,4,6-trihydroxyphenyl)-3-(3-hydroxy-4-methoxy
phenyl)propan-1-one. Rf = 0.56 (CHCl3/MeOH 9:1); HRMS (ESI) m/z calcd for C26H32O6

[M−H]– 441.2269, found 441.2272; 1H NMR (400 MHz, CD3OD): δ 10.90 (br s, 2H), 7.71 (br
s, 1H), 6.73 (s, 1H), 6.64 (s, 1H), 6.25 (br s, 1H), 5.85 (s, 2H), 5.19 (t, J = 7.0 Hz, 1H), 5.07 (t, J
= 6.8 Hz, 1H), 3.80 (s, 3H), 3.26 (d, J = 6.9 Hz, 2H), 3.19 (t, J = 8.2 Hz, 2H), 2.80 (t, J = 8.2 Hz,
2H), 2.04 (t, J = 7.4 Hz, 2H), 1.98 (d, J = 7.6 Hz, 2H) 1.68 (s, 3H), 1.62 (s, 3H), 1.55 (s, 3H); 13C
NMR (101 MHz, CD3OD): δ 205.9, 165.1, 164.7, 146.3, 145.1, 136.2, 133.2, 132.2, 131.8, 125.1,
124.7, 116.6, 114.0, 110.9, 105.2, 95.8, 56.7, 46.2, 40.3, 31.9, 27.5, 27.3, 25.7, 17.7, 16.3.
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4. Conclusions

In summary, we devised the single-step hemisynthesis of C-cinnamylated, C-benzylated,
and C-prenylated DHCs from the readily accessible aglycon moiety of neohesperidin
dihydrochalcone 1. This protective group-free approach stood out from conventional
multistep approaches and provided an efficient route towards several original derivatives
that were structural analogs of naturally occurring balsacones, uvaretin, and erioschalcones.
This study disclosed the influence of the C-alkylation pattern of the DHC 1 towards
antimicrobial activity against S. aureus. Furthermore, it suggested that the substitution of
the DHC had a critical impact on the anti-Gram-negative properties of C-prenylated DHCs
and on the cytotoxicity of C-benzylated DHCs. The strategy reported here gave a better
insight towards the bioactivity of C-alkylated DHCs and its extension to other naturally
occurring precursors could pave the way to the discovery of novel analogs with improved
antibacterial and cytotoxic properties.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10060620/s1, Figures S1–S12: NMR spectra of compounds 3a–e’; Figures S13–S20:
NMR spectra of compounds 5a–d; Figures S21–S24: NMR spectra of compounds 7a–b; Figures S25–S28:
NMR spectra of compounds 8a–b.
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