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ABSTRACT: A series of isobenzofuran-1(3H)-ones (phthalides), analogues of the naturally occurring phytotoxin cryphonectric
acid, were designed, synthesized, and fully characterized by NMR, IR, and MS analyses. Their synthesis was achieved via
condensation, aromatization, and acetylation reactions. The measurement of the electron transport chain in spinach chloroplasts
showed that several derivatives are capable of interfering with the photosynthetic apparatus. Few of them were found to inhibit
the basal rate, but a significant inhibition was brought about only at concentrations exceeding 50 μM. Some other analogues
acted as uncouplers or energy transfer inhibitors, with a remarkably higher effectiveness. Isobenzofuranone addition to the culture
medium inhibited the growth of the cyanobacterium Synechococcus elongatus, with patterns consistent with the effects measured in
vitro upon isolated chloroplasts. The most active derivatives, being able to completely suppress algal growth at 20 μM, may
represent structures to be exploited for the design of new active ingredients for weed control.
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■ INTRODUCTION

The world population reached 7 billion people in 2010, and it is
projected to grow by 34%, exceeding 9 billion in 2050.1 One of
the challenges to be faced in the 21st century is to produce
more food and fiber to feed this increasing population, a goal
that in turn demands, among other requirements, the control of
various pests and diseases.
With regard to weeds, the use of herbicides is nowadays the

most reliable and less expensive tool for weed control. Since the
end of World War II, agrochemical companies have produced
and commercialized a myriad of herbicides helping farmers to
control a broad range of weed species.2,3 However, continuous
application of products with the same biochemical mechanism
of action has led to herbicide resistance.4−7 Starting from the
1960s, hundreds of weed biotypes have been reported to
survive herbicide application.8 As a consequence, there is a
constant need for the development of new herbicides to
overcome weed resistance. Moreover, modern herbicides
should have a favorable combination of properties such as
high levels of herbicidal activity, low application rates, crop
tolerance, and low toxicity to mammals.
One strategy that can be used in the search and development

of new compounds to control weeds is the use of natural
products.9−18 This strategy has afforded compounds that can be
used directly as herbicides.19,20 In addition, natural products
may serve as lead compounds (prototype bioactive molecules)
that can be modified by either semisynthesis or synthesis to
afford new active ingredients.21,22

Isobenzofuran-1(3H)-ones (also known as phthalides)
represent a class of compounds that have attracted researchers’
attention because of their wide range of biological activities,

including antitumoral,23 anti-HIV,24 anticonvulsant,25 antiox-
idant,26 and antiplatelet properties27 and the ability to inhibit
ATP synthesis in the chloroplast.28 Additionally, these
compounds are also valuable synthetic intermediates.29,30

Investigations conducted on a hypovirulent strain of
Cryphonectria parasitica led to the isolation of several secondary
metabolites.31 The most abundant compound in EtOAc crude
extracts was identified as (4,6-dihydroxy-3-oxo-1,3-dihydroiso-
benzofuran-1-yl)-3,5-dihydroxybenzoic acid (1), also known as
cryphonectric acid (Figure 1). A tomato seedling bioassay
showed that compound 1 is able to completely inhibit seedling
growth at 100 μM,31 but its mode of action was not
investigated further.
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Figure 1. Structure of the naturally occurring isobenzofuran-1(3H)-
one cryphonectric acid (1).
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In view of our interest in using natural products as models for
the development of new agents to control weeds,32−35 we
considered cryphonectric acid (1) as a model structure and
synthesized several analogues for which phytotoxic properties
were assessed in vitro on the photosynthetic electron transport
chain and in vivo on the growth of the cyanobacterium
Synechococcus elongatus. To the best of our knowledge, this is
the first time that synthetic analogues of compound 1 are
shown to interfere with the photosynthetic process. In addition,
the distribution of the frontier orbitals HOMO and LUMO, the
dipole moment, and the electrostatic potentials for optimized
geometries from DFT calculations were determined, and the
correlation of the interaction of the molecules with their target
sites was attempted. Other physicochemical properties of the
evaluated compounds were calculated, and the results are also
discussed.

■ MATERIALS AND METHODS
General Procedures. Analytical grade phthalaldehydic acid, 8-

diazabicyclo[5.4.0]undec-7-ene (DBU), cyclohexane-1,3-dione, 5-
methylcyclohexane-1,3-dione, 5,5-dimethylcyclohexane-1,3-dione (di-
medone), 5-isopropylcyclohexane-1,3-dione, 1,3-indandione, and
dimethylaminopyridine (DMAP) were purchased from Sigma-Aldrich
and used without further purification. Mercury(II) acetate, sodium
acetate, acetic acid, acetonitrile, and chloroform were purchased from
Vetec (Rio de Janeiro, Brazil) and used as received. 1H and 13C NMR
spectra were recorded on a Bruker AVANCE DRX 400 spectrometer
at 400 and 100 MHz, respectively, using MeOH-d4, CDCl3, and
DMSO-d6 as solvents. Infrared spectra were recorded on a Varian 660-
IR, equipped with GladiATR scanning from 4000 to 500 cm−1. HRMS
data were recorded under ESI conditions on a micrOTOF-QII Bruker
spectrometer. Melting points are uncorrected and were obtained with
an MQAPF-301 melting point apparatus (Microquimica, Campinas,
Brazil). Analytical thin layer chromatography was carried out on TLC
plates recovered with 60GF254 silica gel. Column chromatography
was performed over silica gel (60−230 mesh).
Synthesis. 3-(2-Hydroxy-6-oxocyclohexen-1-yl)-3H-isobenzofur-

an-1-one (3). To a 50 mL round-bottom flask were added
cyclohexane-1,3-dione (891 mg; 7.95 mmol), acetonitrile (10 mL),
and DBU (1.06 mL, 7.10 mmol). The resulting mixture was
magnetically stirred for 5 min, after which was added phthalaldehydic
acid (2) (1070 mg, 7.10 mmol). The reaction mixture was refluxed for
7 h, quenched with 10% HCl (5 mL), and diluted with ethyl acetate
(100 mL). The organic layer was separated, washed with water (2 × 20
mL) and brine (10 mL), dried over sodium sulfate, filtered, and
concentrated under reduced pressure. Compound 3 was obtained in
64% yield (1121 mg, 4.60 mmol) after recrystallization from ethyl
acetate: white solid; TLC Rf = 0.20 (ethyl acetate); mp 217.5−218.0
°C; IR (ATR, cm−1) ν̅max 2960, 2917, 2887, 2555 (broad band), 1758,
1565, 1380, 1281, 1056, 1025, 944; 1H NMR (400 MHz, DMSO-d6) δ
1.83−1.91 (m, 2H, H-4′), 2.26−2.45 (m, 4H, H-3′/H-5′), 6.59 (s, 1H,
H-3), 7.30 (d, 1H, J = 7.6 Hz, H-4), 7.50 (dd, 1H, J = 7.6, 7.2 Hz, H-
5), 7.65 (dd, 1H, J = 7.6, 7.2 Hz, H-6), 7.78 (d, 1H, J = 7.6 Hz, H-7);
13C NMR (100 MHz, DMSO-d6) δ 20.1 (C-3′/C-5′), 32.6 (C-4′),
74.3 (C-3), 109.1 (C-1′), 121.4 (C-4), 124.2 (C-7), 126.5 (C-8), 128.0
(C-6), 133.6 (C-5), 150.7 (C-9), 170.7 (C-1), 188.0 (C-2′/C-6′).
HREIMS m/z (M + H+) calcd for C14H13O4, 245.0814; found,
245.0840.
Compounds 4, 5, and 6 were synthesized, respectively, from 4-

methylcyclohexa-1,3-dione, 4-isopropyl cyclohexane-1,3-dione, and
1,3-indandione using a procedure similar to that described for the
preparation of compound 3. The structures of compounds 4−6 are
supported by the following spectroscopic data.
3-(2-Hydroxy-4-methyl-6-oxocyclohex-1-enyl)isobenzofuran-

1(3H)-one (4). The compound was obtained as a white solid in 68%
yield: TLC Rf = 0.50 (ethyl acetate); mp 214.6−218.3 °C; IR (ATR,
cm−1) ν̅max 2960, 2917, 2886, 2565 (broad band), 1757, 1564, 1380,
1281, 1060, 944, 787, 740, 690, 538; 1H NMR (400 MHz, MeOH-d4)

δ 1.08 (d, 3H, J = 4.8 Hz, −CH3), 2.13−2.55 (m, 5H, H-4′, H-3′/H-
5′), 6.69 (s, 1H, H-3), 7.31 (d, 1H, J = 7.6 Hz, H-4), 7.49 (dd, 1H, J =
7.6, 7.2 Hz, H-5), 7.64 (dd, 1H, J = 7.6, 7.2 Hz, H-6), 7.81 (d, 1H, J =
7.6 Hz, H-7); 13C NMR (100 MHz, MeOH-d4) δ 21.0 (−CH3), 29.5
(C-3′/C-5′), 42.2 (C-4′), 76.6 (C-3), 110.8 (C-1′), 122.7 (C-4), 125.7
(C-7), 128.2 (C-8), 129.5 (C-6), 135.2 (C-5), 152.4 (C-9), 174.2 (C-
1), 189.7 (C-2′/C-6′). HREIMS m/z (M + H+) calcd for C15H15O4,
259.0970; found, 259.0998.

3-(2-Hydroxy-4-isopropyl-6-oxocyclohex-1-enyl)isobenzofuran-
1(3H)-one (5). The compound was obtained as a white solid in 69%
yield: TLC Rf = 0.08 (hexane/ethyl acetate 1:3 v/v); mp 176.7−177.8
°C; IR (ATR, cm−1) ν ̅max 2964, 2872, 2534 (broad band), 2034, 1758,
1555, 1466, 1370, 1341, 1252, 1090, 1063, 950, 727; 1H NMR (300
MHz, MeOH-d4) δ 0.94 (d, 6H, J = 6.9 Hz, −CH(CH3)2), 1.57−1.67
(m, 1H, −CH(CH3)2), 1.83−1.96 (m, 1H, H-4′), 2.22−2.51 (m, 4H,
H-3′ and H-5′), 6.68 (s, 1H, H-3), 7.31 (dd, 1H, J = 7.5, 0.9 Hz, H-4),
7.50 (t, 1H, J = 7.5, H-5), 7.64 (td, 1H, J = 7.5, 1.2, H-6), 7.80 (d, 1H,
J = 7.5, H-7); 13C NMR (75 MHz, MeOH-d4) δ 18.7 (−CH(CH3)2),
31.7 (−CH(CH3)2), 36.8 (C-3′/C-5′), 39.5 (C-4′), 75.3 (C-3), 109.4
(C-1′), 121.4 (C-4), 124.4 (C-7), 126.8 (C-8), 128.2 (C-6), 139.9 (C-
5), 151.0 (C-9), 172.9 (C-1), 189.4 (C-2′/C-6′). HREIMS m/z (M +
H+) calcd for C17H19O4, 287.1283; found, 287.1260.

2-(3-Oxo-1,3-dihydroisobenzofuran-1-yl)-1H-indene-1,3(2H)-
dione (6). This substance was obtained as a brown solid in 69% yield:
TLC Rf = 0.10 (hexane/ethyl acetate 1:1 v/v); mp 214.0−215.3 °C; IR
(ATR, cm−1) ν ̅max 3068, 2922, 1770, 1741, 1702, 1266, 1221, 1054;

1H
NMR (400 MHz, CDCl3 + DMSO-d6) δ 4.12 (d, 1H, J = 2.4 Hz, H-
1′), 6.20 (d, 1H, J = 2.4 Hz, H-3), 7.84 (m, 8H, H-4, H-5, H-6, H-7,
H-3′, H-4′, H-5′, and H-6′); 13C NMR δ 55.0 (C-1′), 77.3 (C-3),
124.2 (C-4), 123.1 (C-3′), 123.6 (C-6′), 125.3 (C-7), 125.8 (C-6),
129.5 (C-8), 134.4 (C-4′/C-5′), 136.1 (C-5), 142.1 (C-8′), 142.5 (C-
9′), 147.4 (C-9), 169.4 (C-1), 194.9 (C-2′), 196.3 (C-7′). HREIMS
m/z (M + H+) calcd for C17H11O4, 279.0657; found, 279.0665.

3-(2-Hydroxy-4,4-dimethyl-6-oxocyclohexen-1-yl)isobenzofuran-
1(3H)-one (7). To a 25 mL round-bottom flask were added dimedone
(500 mg; 3.57 mmol), chloroform (5 mL), and DBU (0.53 mL, 3.57
mmol). The resulting mixture was stirred under nitrogen atmosphere
for 5 min, after which phthalaldehydic acid (2) was added (495 mg,
3.30 mmol). The reaction mixture was stirred at room temperature for
5 h, quenched with 10% HCl (5 mL), and diluted with ethyl acetate
(100 mL). The organic layer was separated, washed with water (2 × 20
mL) and brine (10 mL), dried over sodium sulfate, filtered, and
concentrated under reduced pressure. Compound 7 was obtained in
95% yield (850 mg, 3.12 mmol) after recrystallization from ethyl
acetate: white solid; TLC Rf = 0.10 (hexane/ethyl acetate 1:1 v/v); mp
212.1−213.0 °C; IR (ATR, cm−1) ν̅max 2200−3000 (broad band, OH),
2960, 2933, 2885, 1763, 1569, 1382, 1321, 1284, 1059, 942, 789, 738,
694, 613, 574; 1H NMR (400 MHz, MeOH-d4) δ 1.09 (s, 6H, 2 ×
CH3), 2.35 (s, 4H, H-3′/H-5′), 6.70 (s, 1H, H-3), 7.31 (d, 1H, J = 7.6
Hz, H-4), 7.50 (t, 1H, J = 7.6 Hz, H-5), 7.66 (t, 1H, J = 7.6 Hz, H-6),
7.81 (d, 1H, J = 7.6 Hz, H-7); 13C NMR (100 MHz, MeOH-d4) δ 28.5
(−CH3), 33.1 (C-4′), 47.9 (C-3′/C-5′), 76.6 (C-3), 110.1 (C-1′),
122.6 (C-4), 125.8 (C-7), 128.2 (C-8), 129.5 (C-6), 135.2 (C-5),
152.4 (C-9), 174.2 (C-1), 188.9 (C-2′/C-6′). HREIMS m/z (M + H+)
calcd for C16H17O4, 273.1127; found, 273.1124.

3-(2,6-Dihydroxyphenyl)isobenzofuran-1(3H) one (8). A 50 mL
round-bottom flask was charged with compound 3 (477 mg, 1.95
mmol), acetic acid (20 mL), Hg(OAc)2 (1897 mg; 5.93 mmol), and
NaOAc (481 mg, 5.86 mmol). The resulting mixture was stirred and
refluxed for 5 h. After this time, the reaction mixture was cooled, 5 mL
of 1 mol L−1 HCl was added, and the mixture was stirred for an
additional 15 min. The mixture was filtered through a pad of Celite
and the filtrate diluted with ethyl acetate (60 mL). The organic layer
was separated, washed with saturated sodium bicarbonate aqueous
solution (2 × 10 mL), water (5 mL), brine (5 mL), and 0.200 mol L−1

sodium EDTA aqueous solution (2 × 15 mL). After that, the organic
layer was dried over sodium sulfate, filtered, and concentrated under
reduced pressure. The residue was purified by silica gel column
chromatography (hexane/ethyl acetate 1:3 v/v). This procedure
afforded compound 8 in 68% yield (320 mg; 1.32 mmol): white solid;
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TLC Rf = 0.70 (hexane/ethyl acetate 1:3 v/v); mp 238.6−239.8 °C; IR
(ATR, cm−1) ν ̅max 3470, 3296 (broad bands), 1712, 1469, 1011, 945,
715; 1H NMR (400 MHz, CDCl3 + DMSO-d6) δ 6.29 (d, 2H, J = 8.0
Hz, H-3′/H-5′), 6.92 (t, 1H, J = 8.0 Hz, H-4′), 7.02 (s, 1H, H-3), 7.31
(d, 1H, J = 7.2 Hz, H-4), 7.47 (t, 1H, J = 7.6 Hz, H-6), 7.59 (t, 1H, J =
7.2 Hz, H-5), 7.81 (d, 1H, J = 7.6 Hz, H-7); 13C NMR (100 MHz,
CDCl3 + DMSO-d6) δ 75.6 (C-3), 106.9 (C-3′/C-5′), 108.6 (C-1′),
121.8 (C-4), 124.2 (C-7), 127.2 (C-8), 127.9 (C-6), 130.2 (C-4′),
133.3 (C-5), 151.1 (C-9), 157.5 (C-2′/C-6′), 171.5 (C-1). HREIMS
m/z (M + H+): calcd for C14H11O4, 243.0657; found, 243.0658.
Isobenzofuranones 9 and 10 were obtained, respectively, from

chemicals 4 and 5 using a procedure similar to that described for the
preparation of compound 8. Structures of 9 and 10 are supported by
the following data.
3-(2,6-Dihydroxy-4-methylphenyl)isobenzofuran-1(3H)-one (9).

The compound was obtained as a pale yellow solid via aromatization
of compound 4 in 71% yield (purified by silica gel column
chromatography, using hexane/ethyl acetate 1:3 v/v as the eluting
solvent): TLC Rf = 0.82 (hexane/ethyl acetate 1:3 v/v); mp 228−231
°C; IR (ATR, cm−1) ν̅max 3579, 3201 (broad band), 2924, 2853, 1721,
1618, 1595, 1305, 1046, 952, 821, 734, 684, 535; 1H RMN (200 MHz,
CDCl3 + MeOH-d4) δ 1.94 (s, 3H, −CH3), 5.94 (s, 2H, H-3′/H-5′),
6.82 (s, 1H, H-3), 7.11 (d, 1H, J = 7.2 Hz, H-4), 7.16−7.44 (m, 2H, H-
5 and H-6), 7.62 (d, 1H, J = 7.2 Hz, H-7); 13C NMR (50 MHz, CDCl3
+ MeOH-d4) δ 22.5 (−CH3), 72.2 (C-3), 106.9 (C-1′), 109.1 (C-3′/
C-5′), 123.2 (C-4), 125.4 (C-6), 128.5 (C-8), 128.9 (C-7), 134.4 (C-
5), 141.9 (C-4′), 152.6 (C-9), 158.3 (C-2′/C-6′), 173.2 (C-1).
HREIMS m/z (M + H+): calcd for C15H13O4, 257.0814; found,
257.0880.
3-(2,6-Dihydroxy-4-isopropylphenyl)isobenzofuran-1(3H)-one

(10). The compound was obtained as a viscous orange oil via
aromatization of compound 5 in 94% yield (purified by silica gel
column chromatography, using hexane/ethyl acetate 1:1 v/v as the
eluting solvent): TLC Rf = 0.44 (hexane/ethyl acetate 1:1 v/v); IR
(ATR, cm−1) ν ̅max 3305 (broad band), 2959, 2924, 2870, 2159, 1726,
1621, 1596, 1433, 1034, 732; 1H NMR (300 MHz, MeOH-d4) δ 1.17
(d, 6H, J = 6.9 Hz, −CH(CH3)2), 2.68 (sept, 1H, J = 6.9 Hz,
−CH(CH3)2), 6.17 (s, 2H, H-3′/H-5′), 7.02 (s, 1H, H-3), 7.30 (dd,
1H, J = 7.5, J = 0.9 Hz, H-4), 7.49 (t, 1H, J = 7.2 Hz, H-5), 7.63 (td,
1H, J = 7.5, 1.2 Hz, H-6), 7.82 (d, 1H, J = 7.5 Hz, H-7); 13C NMR (75
MHz, MeOH-d4) δ 22.9 (−CH(CH3)2), 34.2 (−CH(CH3)2), 76.8 (C-
3), 104.6 (C-3/C-5′), 105.8 (C-1′), 121.8 (C-4), 124.1 (C-6), 127.0
(C-8), 128.0 (C-7), 133.7 (C-5), 151.8 (C-9), 152.3 (C-4′), 157.6 (C-
2′/C-6′), 173.4 (C-1). HREIMS m/z (M + H+): calcd for C17H17O4,
285.1127; found, 285.1116.
(3-Oxo-1,3-dihydroisobenzofuran-1-yl)-1,3-phenylene diacetate

(11). A round-bottom flask (25 mL) was charged with compound 8
(0.109 g, 0.45 mmol), chloroform (5 mL), acetic anhydride (0.16 mL,
1.62 mmol), and a catalytic amount of DMAP (0.005 g, 0.045 mmol).
The reaction mixture was stirred at room temperature for 12 h. The
solvent was removed, and compound 11 was purified by
recrystallization from ethyl acetate, affording a white solid in 44%
yield (0.064 g, 0.20 mmol). The structure of the compound is
supported by the following data: TLC Rf = 0.54 (hexane/ethyl acetate
1:1 v/v); mp 175.9−177.8 °C; IR (ATR, cm−1) ν̅max 1756, 1611, 1465,
1369, 1285, 1170, 1023, 975; 1H NMR (200 MHz, DMSO-d6) δ 2.01
(brs, 6H, 2 × −COCH3), 6.85 (s, 1H, H-3), 7.08 (d, 2H, J = 8.2 Hz,
H-3′/H-5′), 7.25 (d, 1H, J = 6.8 Hz, H-4), 7.53 (t, 1H, J = 8.2 Hz, H-
4′), 7.58−7.75 (m, 2H, H-5 and H-6), 7.95 (d, 1H, J = 7.4 Hz, H-7);
13C NMR (50 MHz, DMSO) δ 22.0 (−COCH3), 76.0 (C-3), 122.3
(C-3′/C-5′), 123.2 (C-1′), 124.4 (C-4), 126.6 (C-7), 127.3 (C-8),
131.2 (C-6), 132.5 (C-4′), 136.5 (C-5), 150.67 (C-9), 151.61 (C-2′/
C-6′), 170.5 (C-1), 172.0 (−COCH3). HREIMS m/z (M + H+): calcd
for C18H15O6, 327.0869; found, 327.0848.
Using compounds 9 and 10, respectively, as starting materials,

acetylated derivatives 12 and 13 were obtained using a procedure
similar to that described for the preparation of compound 11.
Structures of 12 and 13 are supported by the following data.
5-Methyl-2-(3-oxo-1,3-dihydroisobenzofuran-1-yl)-1,3-phenylene

diacetate (12). The compound was obtained as a pale yellow solid

from compound 9 in 93% yield (after purification by silica gel column
chromatography, using hexane/ethyl acetate 1:2 v/v as the eluting
solvent): TLC Rf = 0.8 (hexane/ethyl acetate 1:2 v/v); mp 171.5−
172.3 °C; IR (ATR, cm−1) ν ̅max 2925, 2855, 1758, 1621, 1172, 1040,
974, 692, 738; 1H NMR (200 MHz, DMSO-d6) δ 1.99 (brs, 6H, 2 ×
−COCH3), 2.31 (s, 3H, CH3), 6.78 (s, 1H, H-3), 6.94 (s, 2H, H-3′/
H-5′), 7.23 (d, 1H, J = 7.4 Hz, H-4), 7.61 (dd, 1H, J = 7.4, 7.2 Hz, H-
5), 7.73 (dd, 1H, J = 7.4, 7.2 Hz, H-6), 7.93 (d, 1H, J = 7.2 Hz, H-7);
13C NMR (50 MHz, DMSO-d6) δ 22.0 (−COCH3), 22.3 (−CH3),
76.0 (C-3), 119.3 (C-3′/C-5′), 123.6 (C-1′), 124.4 (C-4), 126.5 (C-
6), 127.3 (C-8), 131.0 (C-7), 136.4 (C-5), 142.9 (C-9′), 150.8 (C-4′),
151.4 (C-2′/C-6′), 170.5 (C-1), 171.9 (−COCH3). HREIMS m/z (M
+ H+): calcd for C19H17O6, 341.1025; found, 341.1030.

5-Isopropyl-2-(3-oxo-1,3-dihydroisobenzofuran-1-yl)-1,3-phenyl-
ene diacetate (13). This compound was obtained as a solid in 78%
yield (after purification by recrystallization from ethyl acetate) from
compound 10: TLC Rf = 0.81 (hexane/ethyl acetate 1:1 v/v); mp
157.5−158.1 °C; IR (ATR, cm−1) ν ̅max 2963, 2930, 2870, 1756, 1620,
1366, 1288, 1179, 1030, 973, 739, 562; 1H NMR (200 MHz, DMSO-
d6) δ 1.16 (d, 1H, J = 7.0 Hz, −CH(CH3)2), 1.98 (brs, 6H, 2 ×
−COCH3), 2.89 (sept, 1H, J = 7.0 Hz, −CH(CH3)2, 6.78 (S, 1H, H-
3), 7.00 (s, 2H, H-3′/H-5′), 7.26 (d, 1H, J = 7.2 Hz, H-4), 7.54−7.78
(m, 2H, H-5 and H-6), 7.93 (d, 1H, J = 7.2 Hz, H-7); 13C NMR (50
MHz, DMSO-d6) δ 22.0 (−COCH3), 25.0 (−CH(CH3)2), 34.8
(−CH(CH3)2), 76.0 (C-3), 119.6 (C-3′/C-5′), 121.0 (C-1′), 124.5
(C-4), 126.5 (C-6), 127.3 (C-8), 131.1 (C-7), 136.4 (C-5), 150.7 (C-
9), 151.5 (C-2′/C-6′), 153.9 (C-4′) 170.5 (C-1), 171.9 (−COCH3).
HREIMS m/z (M + H+): calcd for C21H21O6, 369.1338; found,
369.1418.

Biological Assays. Photosynthetically active thylakoid membranes
were isolated from market spinach (Spinacia oleracea L.) leaves, as
previously described.36 Briefly, 20 g of deveined plant material was
resuspended in 100 mL of ice-cold 20 mM Tricine/NaOH buffer (pH
8.0), containing 10 mM NaCl, 5 mM MgCl2, and 0.4 M sucrose, and
homogenized for 30 s in a blender at maximal speed. The homogenate
was filtered through surgical gauze, and the filtrate was centrifuged at 4
°C for 1 min at 500g; the supernatant was further centrifuged for 10
min at 1500g. Pelleted chloroplasts were osmotically swollen by
resuspension in sucrose-lacking buffer, immediately diluted 1:1 with
sucrose-containing buffer, and kept on ice in the dark until used.
Following dilution with 80% (v/v) acetone, the chlorophyll content
was calculated on the basis of Arnon’s formula. The basal rate of
photosynthetic electron transport was measured following light-driven
ferricyanide reduction. Aliquots of membrane preparations corre-
sponding to 15 μg of chlorophyll were incubated at 24 °C in 1 mL
cuvettes containing 20 mM Tricine/NaOH buffer (pH 8.0), 10 mM
NaCl, 5 mM MgCl2, 0.2 M sucrose/ and 1 mM K3[Fe(CN)6]. The
assay was initiated by exposure to saturating light (800 μmol m−2 s−1),
and the rate of ferricyanide reduction was measured at 1 min intervals
for 20 min in a GE Healthcare Novaspec Plus spectrophotometer at
420 nm against an exact blank. Activity was calculated over the linear
portion of the curve from a molar extinction coefficient of 1000 M−1

cm−1. Isobenzofuranones 3−13 were dissolved in DMSO so as to
obtain 20 mM solutions that were then water diluted, as appropriate.
Their effect upon the photosynthetic electron transport was evaluated
in parallel assays in which the compounds were added to the reaction
mixture to a final concentration ranging from 0.1 to 200 μM. For each
dose, the assay was carried out at least in triplicate, and results were
expressed as percentage of untreated controls. Reported values are
means ± SE over replicates. The concentrations causing 50%
inhibition (IC50) and their confidence limits were estimated by
nonlinear regression analysis using Prism 5 for Windows, version 5.01
(GraphPad Software).

S. elongatus, strain PCC 6301, was grown at 24 ± 1 °C under 14 h
days (150 μmol m−2 s−1 PAR) and 10 h nights in 250 mL Erlenmeyer
flasks containing 60 mL of ATCC minimal medium 616 (Bg11;
http://www.lgcstandards-atcc.org/Attachments/3868.pdf). Subcul-
tures were made every 4 weeks by transferring 10 mL aliquots to 50
mL of fresh medium. Growth was followed by measuring chlorophyll
concentration. Culture aliquots (0.5−1.0 mL) were withdrawn, and
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cells were sedimented by centrifugation for 3 min at 14000g. Pellets
were resuspended with 1.0 mL of methanol, and solubilization was
allowed to proceed for 30 min in the dark, with occasional mixing.
Samples were then centrifuged again, and total chlorophyll content in
the supernatant was estimated spectrophotometrically, as described.37

Following logarithmic transformation of data, growth constants and
generation times were calculated from the linear portion of each curve.
Late log-grown cells were sedimented by centrifugation 5 min at

4000g and used to inoculate 25-well squared Petri dishes, 4.0 mL per
well, to an initial density of 2.0 mg L−1 chlorophyll. Suitable dilutions
in Bg11 medium of a 20 mM stock solution of a given compound in
DMSO were added so as to obtain concentrations ranging from 5 to
100 μM. A complete randomized design with four replications was
adopted. Cell growth in each well was followed for 1 week by daily

destructive harvest, as indicated. Following logarithmic transformation
of data, growth constants were calculated and expressed as percent of
the mean value for untreated controls. Means ± SE over replicates are
reported.

Quantum Chemical and Physicochemical Parameter Calcu-
lations. Physicochemical parameters were calculated using the
software provided by Molinspiration Cheminformatics (Bratislava,
Slovak Republic, www.molinspiration.com). Molecular attributes
analyzed were n-octanol/water partition coefficient (cLogP), the
amount of hydrogen bond donors (HBD), the amount of hydrogen
bond acceptor (HBA), the molecular weight of the compounds (MW),
the number of rotatable bonds (nRotb), and polar surface area (PSA).
The numbers of hydrogen bond donors and hydrogen bond acceptors
were calculated as described by Lipinski and co-workers.38 The

Figure 2. Synthesis of compounds 3−13.

Figure 3. Proposed mechanism for the formation of compound 3.
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calculation of the molecule’s PSA was performed by the aforemen-
tioned software using the method of Ertl and coauthors.39

Molecular modeling and DFT calculations for compounds 3−13
were performed using Spartan 10 and Gaussian 09 programs.40,41

Semiempirical computational geometry optimizations were carried out
with the Spartan 10 software package employing the semiempirical
PM6 method. Next, the optimization was held for the lowest energy
conformation identified in each case. The outputs obtained with the
Spartan 10 program (reported in the Supporting Information) were
utilized to generate inputs for the calculations with the Gaussian 09
program. Lowest energy conformers were optimized in the gas phase
at the B3LYP/6-311++G(2d,p) level of theory, where B3LYP is the
Becke’s three-parameter hybrid functional using the Lee−Yang−Parr
correlation functional.42 The DFT/B3LYP method is recommended
for the estimation of molecular properties related to reactivity of
molecules, such as the energy of the highest occupied molecular orbital
(EHOMO) and the energy of the lowest unoccupied molecular orbital
(ELUMO).

43 DFT energy calculations (B3LYP/6-311++G(2d,p))
afforded predictions of the HOMO−LUMO energies and dipole
moment. In this case, considerations in terms of solvent effects on
geometries and relative conformational stabilities have been taken
using the SMD solvation model and water as solvent.44 Electrostatic
potentials and HOMO/LUMO maps (Supporting Information Figure
S1) were calculated for the geometries that resulted from DFT
calculations using Gaussian 09 and GaussView 5 at B3LYP/6-311+
+G(2d,p).

■ RESULTS AND DISCUSSION

Synthesis of Isobenzofuran-1(3H)-ones. The isobenzo-
furan-1(3H)-ones, structurally similar to the secondary
metabolite 1 (Figure 1), were prepared as outlined in Figure 2.
DBU-promoted condensation reactions between the com-

mercially available phthalaldehydic acid (2) and appropriate
cyclic 1,3-diketones gave the compounds 3−7 in yields ranging
from 64 to 95%.45,46 With compound 3 as an example,
formation of isobenzofuranones mediated by DBU can be
envisioned as proposed in Figure 3.
Aromatization of phtalides 3−7 promoted by Hg(OAc)2/

NaOAc gave the phenol derivatives 8−10 (Figure 3).47 Finally,
straightforward acetylation of chemicals 8−10 in the presence
of DMAP afforded substances 11−13. All of the compounds
were fully characterized by IR and NMR spectroscopy, as well
as mass spectrometry. HSQC and HMBC experiments allowed
establishment of the hydrogen and carbon assignments.
Biological Activity of Isobenzofuran-1(3H)-ones. Pre-

vious studies showing that some isobenzofuran-1(3H)-ones are
capable of interfering with ATP synthesis in the chloroplast28

prompted us to investigate the effect of compounds 3−13 on
the chloroplastic electron transport chain, measured as the
light-driven reduction of potassium ferricyanide by isolated
thylakoid membranes. The results are summarized in Table 1.
Indeed, several compounds were found to affect the Hill
reaction. Three cryphonectric acid analogues mildly to
moderately inhibited ferricyanide reduction, with a 50%
reduction of the electron transport rate in the range from 0.1
to 1 mM (IC50 of 170 ± 7, 219 ± 31, and 750 ± 360 μM for
compounds 7, 8, and 13, respectively). On the contrary, four
other compounds (9, 10, 11, and 12) caused an apparent
stimulation of the electron transport chain.
The latter effect was more pronounced and was still evident

in the 10−6−10−5 M range (Figure 4). An increase in the rate of
ferricyanide reduction by isolated thylakoids may depend upon
a partial dissipation of the proton gradient across the
membrane, which in turn can be caused by the presence of
uncouplers. Substances such as ammonia, some organic acids,

and phenols are able to act as proton shuttles: because it
requires the creation and the maintenance of a proton gradient
between the lumen and the stroma of the chloroplast,
photosynthesis is affected by any compound that makes the
membrane permeable to protons. As a consequence, ATP
synthesis is impaired. Alternatively, the same effect can result
from the inhibition of the energy transfer through an
interaction with the coupling factor, CF0−CF1. A similar
mode of action has been reported, for instance, in the case of
natural phytotoxins, such as euparin, a phytotoxic substance
isolated from Helianthella quinquenervis,48 and chalepensin, a
coumarin isolated from Stauranthus perforatus,49 and synthetic
analogues of natural compounds.50 To support this hypothesis,
the effect of the most active compound, 11, was evaluated also
under uncoupling conditions. Indeed, results (Figure 4) clearly
showed that it influences the basal electron flow without

Table 1. In Vitro Effects of Compounds 3−13 on
Ferricyanide Reduction by Chloroplasts Isolated from S.
oleracea Leavesa

compd 50 μmol L−1 100 μmol L−1 200 μmol L−1

3 99.2 ± 1.6 114.1 ± 1.5 104.7 ± 1.3
4 102.7 ± 0.3 96.5 ± 2.0 93.8 ± 3.2
5 93.2 ± 0.5 92.0 ± 2.8 97.5 ± 2.8
6 108.6 ± 0.5 105.0 ± 3.4 78.2 ± 4.3
7 86.1 ± 0.0 68.0 ± 1.4 44.2 ± 0.2
8 90.2 ± 0.1 92.4 ± 1.3 55.7 ± 3.0
9 133.5 ± 2.0 125.6 ± 0.8 116.1 ± 4.5
10 185.7 ± 2.4 156.7 ± 4.9 87.1 ± 2.5
11 218.3 ± 4.0 222.5 ± 1.1 189.9 ± 0.9
12 201.9 ± 3.7 192.4 ± 5.9 161.1 ± 6.5
13 92.0 ± 1.5 83.1 ± 1.3 75.9 ± 1.6

aBasal activity was measured either in the absence or in the presence
of a given compound at increasing concentration, as indicated. Values
were expressed as percentage of untreated controls (46.9 ± 3.0 nmol
ferricyanide reduced s−1 mg−1 chlorophyll) and are means ± SE over
at least three replicates.

Figure 4. Effects of compound 11 on the Hill reaction under basal and
uncoupling conditions. Ferricyanide reduction by isolated spinach
chloroplasts was measured in the presence of increasing concen-
trations of the analogue. Results were expressed as percentage values
with respect to untreated controls and are means ± SE over at least
three replicates. Uncoupling conditions were obtained by adding 2
mM NH4Cl to the reaction mixture. Activity levels for untreated
controls were 48.2 ± 2.7 and 150.8 ± 4.1 nmol ferricyanide reduced
s−1 mg−1 chlorophyll under basal and uncoupled conditions,
respectively.
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affecting the uncoupled rate. On the contrary, the inhibition
exerted by compounds 7 and 8 was evident under both
conditions (data not shown).
Regardless of the mechanism, substances able to interfere

with the photosynthetic electron transport chain are potentially
susceptible to be endowed with biological activity against
photosynthetic organisms. However, this is not obvious,
because several factors, including differential membrane
permeability/solubility, subcellular compartmentalization, and
the occurrence of metabolization/detoxification reactions, can
completely abolish inside the cell the inhibitory potential found
in vitro for a given compound. To verify such a possibility,
some of the analogues that had previously shown efficacy in
vitro were characterized with respect to their ability to inhibit
the photoautotrophic growth of a model strain of the blue-
green alga Synechococcus. Results, summarized in Figure 5,
showed that compounds 10, 11, 12, and 13 were actually able
to significantly reduce cell proliferation at micromolar levels.

Interestingly, the relative effectiveness of these compounds
strictly reflected that found in vitro against the electron
transport chain, since the three analogues acting as uncouplers
(10, 11, and 12) were significantly more effective than those (7
and 13) affecting both the basal and the uncoupled rate. In the
case of compounds 10 and 11, cyanobacterial growth was
completely abolished at a concentration as low as 20 μM.
Although indirect, such evidence seems thus to support the
possibility that these cryphonectric acid analogues may be able
to interfere with the photosynthetic electron transport chain in
vivo, therefore exerting phytotoxic effects.
Structure−Activity Relationship Analysis. Bioactive

compounds have to cross several barriers to reach their target
sites. Their availability in a biological system (bioavailability)
depends upon several parameters, such as solubility, membrane
permeability, and active uptake and transport within the
organism.51

Lipinski and colleagues defined properties and molecular
features that are typically associated with orally active drugs in

humans and summarized them in the “rule-of-five”.38 Veber and
co-workers added a few more related criteria.52 However, these
parameters do not apply to compounds that are used as
pesticides.
Bioavailability of compounds in plants is an important

parameter in chemical genetics.53 Tice analyzed the molecular
properties of herbicides, resulting in “Tice’s rule-of-five”, which
is strikingly similar to Lipinski’s rule (Table 2).54 Tice’s rule can
be used to predict the bioavailability of small molecules in
plants.

Considering the results of in vivo and in vitro biological
assays described above, a computational study was carried out
to predict the physicochemical parameters of compounds 3−13
and verify if the substances can fullfill Tice’s rule-of-five for
herbicides. These parameters (Table 3) were calculated by
using Molinspiration (http://www.molinspiration.com/cgi-
bin/properties), a free computational tool that helps to predict
properties of compounds.55,56

Tice’s rule-of-five used Ghose and Crippen’s aLogP to
describe the bioavailability of herbicides.57 However, aLogP
values are comparable to Lipinski’s calculated LogP (cLogP)
values presented in Table 3 (aLogP ≈ cLogP). As can be seen,
none of the compounds violates Tice’s rule concerning LogP
criteria. We could not find any plain correlation between cLogP
values and the investigated biological activities of compounds
3−13. For the most active inhibitors of S. elongatus cell
proliferation, cLogP values were within the range of 2.183−
4.480.
With the exception of PSA, all compounds exhibited

physicochemical parameter values within the limits proposed
by Tice (Table 3). In his study, it was found that the average
molecular weight for commercial herbicides is 329. The three
most active compounds inhibiting S. elongatus growth, 10−12,
have values close to this average. With respect to the PSA, all
compounds violate Tice’s rules. Whereas chemicals 3−10
exhibit PSA values slightly higher compared to Tice’s range,
PSA values for compounds 11−13 are completely outside it.
However, several examples of commercial herbicides that
violate this criteria are known.54

Hydrogen-bonding capacity (the number of HBA) was
estimated by considering the number of nitrogen and oxygen
atoms in the chemical structure.58 The number of HBD atoms
corresponds to the sum of hydrogen atoms bound to oxygen
and to nitrogen atoms. Among the herbicides currently in use,
93% have been shown to have two or fewer hydrogen-bond
donors.54 This feature is presented by the most active
compounds 10−12, which have two hydrogen-bond donors.
It is worth mentioning that considering the proposed limits by
Tice for HBA and HBD (Table 3), none of the evaluated
compounds violate them.

Figure 5. Effects of selected isobenzofuran-1(3H)-ones on the growth
of the cyanobacterium Synechococcus elongatus. Its growth constant
under photoautotrophic conditions was measured in Bg11 medium
and in media containing increasing concentrations of cryphonectric
acid analogues. Results were expressed as percent of untreated controls
and are means ± SE over four independent replicates. Data were
subjected to analysis of variance: with the only exception of compound
7, all tested isobenzofuran-1(3H)-ones significantly (P < 0.001)
lowered algal growth rate at 20 μM.

Table 2. Reference Values of the Rules of Lipinski, Veber,
and Tice

compd cLogP MW PSA HBD HBA nRotB

Lipinskia ≤5 ≤500 ≤5 ≤10
Veberb ≤140 ≤10
Ticec ≤5 150−500 50−60 ≤3 2−12 ≤12

aLipinski’s rule-of-five for pharmaceuticals. bVeber added more criteria
to Lipinski’s rule-of-five. cTice’s modified rule-of-five for postemer-
gence herbicides.
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The number of rotatable bonds is a simple topological
parameter of molecular flexibility. Chemicals 3−13 do not
violate Tice’s rules concerning this parameter. Once again, no
plain correlation was observed between this parameter and
biological activity, 11, 12, and 13 being the compounds with
higher flexibility among the evaluated substances with nRotB
equal to 3, 3, and 4, respectively (Table 3).
The molecular volume can be used as a measurement of

molecular similarity and can help in understanding the steric
requirements of a receptor. Looking at Table 3, it can be noted
that the calculated molecular volumes for compounds 5, 6, and
10−12 are similar. Compounds 5 and 6 are completely inactive
on the photosynthetic apparatus and have alicyclic groups
attached to the C-3 position of the isobenzofuranone unit.
Substances 10−12 act as uncouplers and present an aromatic
ring attached to the C-3 position. These facts suggest that the
presence of an aromatic ring has a beneficial effect in terms of
uncoupler activity of the isobenzofuranones herein investigated.
The effect of the most active compounds on the growth of the
blue-green alga could be correlated with molecular volume.
These data fitted a second-order polynomial function, in which
the variation of the phytotoxic effect with molecular volume is
clearly shown (Figure 6).
We also investigated possible correlations between biological

activity, energies of LUMO−HOMO, and dipole moments.
The energy gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital

(LUMO) (εLUMO − εHOMO) is related to the chemical
stability of a compound. A large value of this descriptor is
considered to be an indicator of a higher stability of the
compound toward chemical reactions.59 A clear correlation of
biological activity with the measures of nucleophilicity and
electrophilicity (HOMO and LUMO, respectively) was not
evident (Table 4).

The dipole moment is an important molecular descriptor
that gives the measure of bond polarity and charge separation
throughout the molecule (Table 4). The biological activity of
the compounds able to interfere with the basal rate of the
electron transport chain could be correlated with the calculated
dipole moment values (Figure 7).

Table 3. Predicted Physicochemical Properties of Compounds 3−13

compd cLogPa MWb PSAc HBDd HBAe nRotB volume

3 1.741 244.0 63.604 1 4 1 211.979
4 1.982 258.0 63.604 1 4 1 228.566
5 3.483 286.0 63.604 1 4 2 261.955
6 2.394 272.0 63.604 1 4 1 244.803
7 0.652 278.0 60.447 0 4 1 195.554
8 3.016 242.0 66.761 2 4 1 205.442
9 3.416 256.0 66.761 2 4 1 222.003
10 4.480 284.0 66.761 2 4 2 255.392
11 2.183 326.0 100.903 2 6 3 243.409
12 2.584 340.0 100.903 2 6 3 259.970
13 3.647 368.0 100.903 2 6 4 293.359

acLogP, calculated lipophilicity. bMW, molecular weight. cPSA, polar surface area. dHBD, number of hydrogen bond donor. eHBA, number of
hydrogen bond acceptor.

Figure 6. Phytotoxicity against the blue-green alga Synechococcus
versus molecular volume for compounds 7 and 10−13. The shaded
region corresponds to a confidence interval of 95%.

Table 4. Quantum-Chemical Descriptors

compd HOMO LUMO GAP(HOMO−LUMO) dipole moment

3 −6.79 −1.81 4.98 5.11
4 −6.75 −1.81 4.94 5.32
5 −6.72 −1.81 4.91 5.10
6 −6.77 −1.81 4.96 5.11
7 −7.21 −2.54 4.67 6.35
8 −6.23 −1.80 4.43 5.10
9 −6.18 −1.80 4.38 9.23
10 −6.16 −1.79 4.37 9.25
11 −7.07 −1.73 5.34 7.69
12 −7.02 −1.72 5.30 8.39
13 −6.99 −1.72 5.27 8.53

Figure 7. Phytotoxicity (in vitro effects on ferricyanide reduction by
functionally intact chloroplasts) versus dipole moment for compounds
10−12.
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The electrostatic potential surfaces of phtalides 3−13 are
shown in Figure 8. Comparison of these surfaces did not show
any significant difference in charge distribution that could be
correlated with the biological profile of the compounds
considering either in vitro or in vivo assays.
In summary, experimental evidence showed that 7 of 11

compounds are able to interfere with the Hill reaction catalyzed
by isolated spinach chloroplasts. Three of them at high
concentrations inhibited both the basal and the uncoupled
rate, suggesting an interaction with the photosynthetic
apparatus at the level of the electron transport chain. On the
contrary, another four substances acted as uncouplers, showing
a much higher effectiveness. Consistent with previous results on
other synthetic analogues of natural phytotoxins, the
nostoclides,43 these data suggest that even small changes in
the chemical structure of a scaffold can lead to significant
changes in the mode of interaction with the chloroplastic
machinery. Although less effective than some commercial
herbicides targeting photosynthesis,36 micromolar levels of the
most active cryphonectric acid derivatives were able to
completely suppress the photoautotrophic growth of a model
cyanobacterial strain. They may thus represent a novel scaffold
to be exploited aiming at the development of new active
ingredients for weed control.
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