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Bacterial behaviors such as virulence factor secretion and bioﬁlm formation are critical for survival, and
are effectively regulated through quorum sensing, a mechanism of intra- and interspecies communication in response to changes in cell density and species complexity. Many bacterial species colonize host
tissues and form a defensive structure called a bioﬁlm, which can be the basis of inﬂammatory diseases.
Periodontitis, a chronic inﬂammatory disease affecting the periodontium, is caused by subgingival bioﬁlms related to periodontopathogens. In particular, Fusobacterium nucleatum is a major co-aggregation
bridge organism in the formation and growth of subgingival bioﬁlms, linking the early and late colonizers in periodontal bioﬁlms. According to our previous study, the intergeneric quorum-sensing signal
molecule autoinducer-2 (AI-2) of F. nucleatum plays a key role in intra- and interspecies interactions of
periodontopathogens, and may be a good target for periodontal bioﬁlm inhibition. Recently, brominated
furanones produced by the macroalga Delisea pulchra were shown to inhibit bioﬁlm formation via AI-2,
and have been investigated toward the goal of increasing the inhibition effect. In this study, we describe
the synthesis of new bromofuranone analogs, i.e., 3-(dibromomethylene)isobenzofuran-1(3H)-one derivatives, and demonstrate their inhibitory activities against bioﬁlm formation by periodontopathogens,
including F. nucleatum, Porphyromonas gingivalis, and Tannerella forsythia.
© 2017 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Quorum sensing (QS) is the process of cell-to-cell communication in microorganisms mediated by small signaling molecules
referred to as autoinducers, which are secreted by bacteria and
fungi [1e3]. Bacteria can effectively regulate numerous phenotypes, including virulence factor expression, bioluminescence, and
bioﬁlm formation, in response to their changes in population
density through recognition of the threshold reached by autoinducers, the so-called quorum, via intracellular or intercellular
communication [4]. In particular, formation of a bioﬁlm can not
only enhance the viability of bacteria in response to antibiotics but
can also be the basis of the development of chronic inﬂammatory
diseases, including endocarditis, cystic ﬁbrosis, osteomyelitis,
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chronic urinary tract infections, chronic prostatitis, and periodontal
diseases [5].
QS molecules can be classiﬁed into three major types: oligopeptides, acyl-homoserine lactones (AHLs, autoinducer-1), and
autoinducer-2 (AI-2). Oligopeptides and AHLs are used by gramnegative and gram-positive bacteria, respectively, in intraspecies
communication [6]. AI-2 is a universal QS molecule secreted by
both gram-negative and gram-positive bacteria [7e9], and plays a
critical role in the virulence of pathogenic bacteria and in bioﬁlm
formation [10]. AI-2 mediates both intra- and interspecies
communication, and can thus be a good target for the regulation of
bacterial infection. Accordingly, AI-2 inhibitors are ideal compounds for bacterial bioﬁlm inhibition in multispecies bacterial
communities.
More than 700 species of bacteria have been found in the human
oral cavity, which establish mixed-species communities [11].
Among these oral bacteria, periodontopathogens, including
Aggregatibacter actinomycetemcomitans, Fusobacterium nucleatum,
Porphyromonas gingivalis, Tannerella forsythia, and spirochetes,
form subgingival bioﬁlms and cause periodontitis, which is a
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chronic inﬂammatory disease. Since AI-2 is an interspecies QS
molecule that controls intergeneric signaling, it may induce oral
bioﬁlm formation and increase the bacterial virulence of periodontopathogens [12e14]. Furthermore, Kolenbrander et al. [15]
suggested that, compared to commensal bacteria, periodontopathogens produce much higher levels of AI-2; such high
concentrations would enhance pathogen bioﬁlm maturation,
leading to periodontitis. In particular, F. nucleatum is known as a
major co-aggregation bridge organism that connects late pathogenic colonizers and early commensal colonizers in a periodontal
bioﬁlm [15e19]. We previously reported that the level of
F. nucleatum AI-2 was reduced by QS inhibitors (QSIs), including
(5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone and D-ribose
[20]. Because of the diversity of oral bacteria, it is hard to selectively
eliminate periodontopathogens without disturbing oral commensals. Therefore, oral bioﬁlm formation regulation using QSIs is one
of the most hopeful protective means for preserving oral health
[21].
Brominated furanones produced from the macroalga Delisea
pulchra are known to prevent microbial colonization [22,23]. In
addition, these compounds have been shown to inactivate LuxS,
which is required for AI-2 synthesis, and to inhibit the QS activity of
various bacterial species [4,24e27]. Recently, Yang et al. [28] reported a bicyclic version of brominated furanones that could
potentially reduce their toxicity while retaining their bioﬁlm
inhibitory activities. However, compared with reported monocyclic
brominated furanones, the inhibitory activities of the bicyclic furanones were relatively low [28]. These results suggest that modiﬁcation of the exocyclic vinyl position, which is an essential
structural element for the inhibition of LuxS [29], is not an appropriate strategy for the development of effective QSI's. Therefore,
discovery of new potent and safer brominated furanone candidates
is still desired. In this study, to improve the QS inhibitory activity
and bioﬁlm inhibition efﬁcacy of periodontal bacteria, we report
the synthesis and evaluation of 3-(dibromomethylene)isobenzofuran-1(3H)-one derivatives, which have different ring sites
from the existing bicyclic compound. In particular, we investigated
the structure-activity relationships of the bioﬁlm inhibition effects
of various new furanone derivatives prepared with new ring
structures and possible side chains on the new ring.
2. Results and discussion
2.1. Chemistry
We focused on the design and synthesis of new bicyclic
brominated furanone derivatives with reduced toxicity while
retaining or enhancing their bioﬁlm inhibitory activities. As shown
in Table 1, we synthesized two kinds of bicyclic brominated furanone derivatives: one through the modiﬁcation of the ring
structure and the other through introduction of a side chain onto
the benzene ring. The ring structural component of furanones has
been reported to be important for the inhibition of bioﬁlm formation by bacteria [28]. Thus, compounds with different ring structures (1e5) were designed for evaluation of the ring structure effect
on the bioﬁlm inhibitory activity. Another set of compounds possessing side chains on the benzene ring (6e9d) were designed with
the aim of investigating the inﬂuence of the side chain length on
the benzene ring, since previous reports have shown that monocyclic furanones with chain lengths of two to six atoms show good
inhibitory activities [30,31].
According to the Ramirez oleﬁnation procedure [32], brominated compounds with various ring structures (10e14) shown in
Table 1 were synthesized from the corresponding commercially
available compounds in one step. The yields of the products ranged
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from low to moderate (14e65% yields). Although the reactions
proceeded for cyclopropane- and cyclobutane-1,2-dicarboxylic
anhydrides, the oleﬁnation products decomposed rapidly at room
temperature, presumably due to the unstable nature of the anhydrides based on the angle strains of the hydrocarbon ring [33].
For the preparation of brominated furanone derivatives containing alkoxy groups on the benzene ring, such as 16ae16e and
18ae18d, starting materials containing the alkoxy derivatives
7ae7e and 9ae9d were prepared from the corresponding phenol
derivatives through the use of a reported synthetic method [34].
These precursors (7ae7e and 9ae9d) were obtained at moderate to
good yields over four steps (45e77%). Through the Ramirez oleﬁnation with anhydrides possessing side chains on the benzene ring
(6e9d), brominated compounds 15e18d were produced with
70e83% regioselectivity. Similar to a study that examined the
regioselectivity of Wittig reactions for mono-substituted phthalic
anhydrides [35], this result showed that the electronic effects of the
substituents appear to have a large inﬂuence on the regioselectivity
of the oleﬁnation. Brominated compounds 15e18d were obtained
in overall yields ranging from 16% to 22%. Although small amounts
of minor regioisomers were produced in oleﬁnation with the anhydrides 6e9d, we focused on the major product because of its
better inhibitory effect on bioﬁlm formation. All target compounds
were separated and puriﬁed through the use of column chromatography. The structures of the desired products were conﬁrmed by
spectroscopic analyses, including 1H, 13C, heteronuclear multiple
bond correlation (HMBC), and mass spectrometry (MS).
2.2. Biological evaluation
In our preliminary experiments, in order for us to evaluate the
inhibitory activities based on the ring structural component of the
inhibitors, brominated furanone compounds with different ring
structures (10e14) were screened for their inhibitory effects on the
bioﬁlm formation of F. nucleatum at 0.2 and 2 mM concentrations
(Fig. S1). Since it was conﬁrmed in previous studies that the
reference furanone compound R1, (Z)-4-bromo-5-(bromomethylene)furan-2(5H)-one, has neither bactericidal effect nor
cytotoxicity against host cells at 2 mM [20], the following experiments were performed starting at 2 mM. As shown in Fig. S1, bromofuranones containing a benzene ring (10) and a 5-membered
ring (13) showed higher inhibitory activities at 0.2 and 2 mM
compared to other compounds examined.
According to previous reports [30,31], the bioﬁlm inhibitory
activities of furanones were dependent on the side chain structure.
Therefore, we synthesized brominated furanone derivatives
(15e18d) based on compound 10, which showed good inhibitory
activity, and investigated the bioﬁlm inhibitory effects according to
the variation of the side chains. Compounds 15e18d were evaluated along with compounds 10e14 at 0.02 and 0.2 mM to investigate
the activities at lower concentrations. Compounds with 5membered ring structure (13) and a short side chain on the benzene ring (15 and 17) showed high inhibitory effects on the bioﬁlm
formation of F. nucleatum. However, as shown in Fig. S2, the
inhibitory activities of compounds except for 13, 15 and 17 were
worse than that of compound R1 as the increase of the chain length
rather decreased the inhibitory activity.
2.2.1. Inhibitory effect of new furanone compounds on AI-2 activity
To investigate whether the inhibitory effects of highly active
compounds (13, 15 and 17) on bioﬁlm formation arise from the
inhibition of AI-2 activity, these furanone compounds were evaluated for their inhibitory activities on the AI-2 activity at 2 mM. AI-2
activities were assessed using Vibrio harveyi BB170, an AI-2 reporter
strain, by measuring the AI-2-mediated bioluminescence of the
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Table 1
Synthesis of bicyclic brominated furanone derivatives.

bacteria. As shown in Fig. 1, compounds 13, 15, and 17 at 2 mM
signiﬁcantly reduced the bioluminescence of V. harveyi BB170

induced by F. nucleatum AI-2, but their inhibitory activities
appeared to be lower than that of the compound R1 (Fig. 1A).
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Fig. 1. Effect of furanone compounds on AI-2 activity and V. harveyi growth. (A) AI-2 activity was assessed by measuring bioluminescence using the AI-2 reporter strain
V. harveyi BB170. V. harveyi BB170 (1  106 bacteria/mL) was incubated for 6 h with 10% semi-puriﬁed F. nucleatum AI-2 in the absence or presence of furanone compounds (13, 15,
and 17) and the reference furanone compound (R1) at a concentration of 2 mM. The bioluminescence of V. harveyi BB170 was measured using a luminometer and the value was
converted to a percentage of the control value. *p < 0.05 compared to the value of the F. nucleatum AI-2-treated group. (B) V. harveyi BB170 was grown aerobically for 9 h in the
absence of F. nucleatum AI-2 at 30  C in the presence of the reference furanone compound (R1) or new furanone compounds (13, 15, and 17) at a concentration of 2 mM. Planktonic
bacterial growth was monitored by measuring absorbance at 600 nm using a spectrophotometer. *p < 0.05 compared to the untreated group (cont). The experiments were performed three times in triplicate and representative data are shown.

Through an additional bacterial growth test, we conﬁrmed that the
compound R1 signiﬁcantly inhibited the growth of V. harveyi BB170
(Fig. 1B), resulting in the reduction of bioluminescence. However,
the newly synthesized furanone compounds did not affect the
planktonic growth of V. harveyi BB170. This revealed that the
inhibitory effect of highly active compounds on bioﬁlm formation
was caused by inhibition of the AI-2 activity without affecting the
planktonic growth of V. harveyi BB170.
Through F. nucleatum bioﬁlm formation assay and AI-2 activity
test, it was found that 5-membered ring structure (13) and benzene
derivatives having a short side chain (15 and 17) exhibit good
inhibitory effects on bioﬁlm formation through the inhibition of AI2 activity. Therefore, three most effective compounds (13, 15 and
17) were selected.

2.2.2. Inhibitory effect of the new furanone compounds on the
bioﬁlm formation of major periodontopathogens
To evaluate the bioﬁlm formation inhibitory effect of the three
new furanone compounds (13, 15, and 17) with high inhibitory
activity on the major periodontopathogens, F. nucleatum, P. gingivalis, and T. forsythia were grown on a cover slip in the absence or
presence of the compounds, followed by observation using a
confocal laser-scanning microscope. The bioﬁlm formed by each
group was also analyzed by measuring the biomass and average
thickness. As shown in Fig. 2 and Table 2, the furanone compounds
13, 15, and 17 at a concentration of 2 mM remarkably reduced the
bioﬁlm formation of periodontopathogens induced by F. nucleatum
AI-2. The biomass of the bioﬁlm formed by F. nucleatum, P. gingivalis, and T. forsythia was quantiﬁed by dividing the value of the
total ﬂuorescence intensity by the area after culture alone or with
10% semi-puriﬁed F. nucleatum AI-2 in the absence or presence of
the compound R1 or new furanone compounds (13, 15, and 17) at
2 mM. The average depth of the bioﬁlm formed on glass cover slips
was analyzed using the Carl Zeiss LSM 700 program. The inhibitory
effects of all three compounds on the bioﬁlm formation of
F. nucleatum, P. gingivalis, and T. forsythia were comparable to those
of the compound R1.
To assess the effects of the compounds at lower concentrations,
the bioﬁlm formation was evaluated by crystal violet staining. As

shown in Fig. 3, compounds 13, 15, and 17 signiﬁcantly reduced the
bioﬁlm formation of F. nucleatum, P. gingivalis, and T. forsythia
induced by F. nucleatum AI-2. Compounds 13, 15, and 17 signiﬁcantly inhibited the bioﬁlm formation of F. nucleatum, and their
inhibitory activities were higher at all concentrations tested
(0.002e2 mM) than that of the compound R1. In the case of
P. gingivalis, compound 17 showed a higher inhibitory effect on
bioﬁlm formation than the compound R1 at all concentrations
tested, whereas compounds 13 and 15 showed higher inhibitory
activity at the concentration of 0.02 mM and 0.2 mM, respectively.
Compared to the compound R1, compounds 17, 13, and 15 showed
higher inhibitory activity of T. forsythia bioﬁlm formation at
0.002e0.2 mM, 0.2 mM, and 0.2 and 2 mM, respectively. The inhibitory activities of compounds 13 and 17 did not follow a dosedependent tendency, which varied according to the bacterial species. Although AI-2 is a universal signaling molecule, the structure
of the AI-2 receptor may be slightly different among bacterial
species [4,36]. The furanone compounds may act as partial agonists
or antagonists depending on the concentration in accordance with
the different structures of AI-2 receptors [37e39]. AI-2 receptors or
transporters have been reported in several species of bacteria,
including LsrB and LsrR in Escherichia coli and Salmonella Typhimurium, AgrC in Staphylococcus aureus, TlpB in Helicobacter pylori,
and LuxP/Q in Vibrio sp. [40]. However, the AI-2 receptors of
periodontopathogens have only been reported in A. actinomycetemcomitans [41,42]. To clarify the interaction between the
receptors and their ligands, the structure of an AI-2 sensor in
periodontopathogens needs to be identiﬁed. Furthermore, the inhibitors may inhibit other adhesin-related factors of periodontopathogens induced by AI-2, resulting in further inhibition of
bioﬁlm formation; this hypothesis also remains to be tested. It is
notable that the inhibitory activities of 13, 15, and 17 against
F. nucleatum bioﬁlm formation are superior to those of the reference furanone compound R1 at a concentration as low as 2 nM. As
F. nucleatum mediates the colonization of periodontopathogens,
including P. gingivalis, T. forsythia, and Treponema denticola, the
inhibition of bioﬁlm formation can hamper the development of a
pathogenic bioﬁlm, and thus prevent periodontitis [19,20,43,44].
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Fig. 2. Bioﬁlm images showing the inhibitory effects of furanone compounds on the bioﬁlm formation of F. nucleatum, P. gingivalis, and T. forsythia. (A) F. nucleatum (2  107
bacteria/mL), (B) P. gingivalis (2  108 bacteria/mL), and (C) T. forsythia (2  108 bacteria/mL) were cultured with semi-puriﬁed F. nucleatum AI-2 in the absence or presence of the
reference furanone compound (R1) or new furanone compounds (13, 15, and 17) at 2 mM under an anaerobic condition at 37  C. After 48 h incubation, each bioﬁlm formed on glass
cover slips was stained with the live/dead-BacLight bacterial viability kit followed by observation using a confocal laser-scanning microscope at 1000 magniﬁcation. The control
group was the bioﬁlm of each bacterium cultured without F. nucleatum AI-2 and inhibitors.
Table 2
Biomass and depth of periodontopathogen bioﬁlms.
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Fig. 3. Inhibitory effects of furanone compounds on the bioﬁlm formation of periodontopathogens at various concentrations. (A) F. nucleatum (2  107 bacteria/mL), (B)
P. gingivalis (2  108 bacteria/mL), and (C) T. forsythia (2  108 bacteria/mL) were cultured with 10% semi-puriﬁed F. nucleatum AI-2 in the presence of the reference furanone
compound (R1) or new furanone compounds (13, 15, and 17) at various concentrations for 48 h. Bioﬁlm formation was assessed by crystal violet staining. *p < 0.05 compared with
the non-treated value, and #p < 0.05 compared to the F. nucleatum AI-2-treated value in the absence of furanone compounds. The experiments were performed three times in
triplicate and representative data are shown.

2.2.3. Effect of the new furanone compounds on planktonic
bacterial growth
Traditional antibacterial agents aim to kill or inhibit bacterial
growth. However, QSIs generally target virulence expression
without bacterial growth inhibition. To conﬁrm whether the
inhibitory effect of the new furanone compounds on the bioﬁlm
formation of periodontopathogens is not attributed to bacterial
growth inhibition, we assessed the effects of the compounds on
planktonic bacterial growth. As shown in Fig. 4, the compounds did

not inhibit the growth of F. nucleatum, P. gingivalis, and T. forsythia at
the highest concentration tested (2 mM) in the bioﬁlm formation
assay.
2.2.4. Cytotoxicity evaluation of the new furanone compounds
To evaluate whether the new furanone compounds are toxic to
host cells, a cytotoxicity test was performed in three types of human cells: the monocytic cell line THP-1, human gingival ﬁbroblasts
(HGFs), and the human oral keratinocyte cell line HOK-16B. As
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Fig. 4. Effects of furanone compounds on bacterial growth. (A) F. nucleatum, (B) P. gingivalis, and (C) T. forsythia were grown for 48 h under anaerobic conditions at 37  C in the
presence of the reference furanone compound (R1) or new furanone compounds (13, 15, and 17) at a concentration of 2 mM. Bacterial growth was monitored by measuring
absorbance at 600 nm using a spectrophotometer.

Fig. 5. Effects of furanone compounds on host cell viability. (A) THP-1 cells (1  105 cells/well), (B) HGFs (2  104 cells/well), and (C) HOK-16B cells (5  104 cells/well) cultured in
96-well plates were treated with the reference furanone compound (R1) and new furanone compounds (13, 15, and 17) for 24 h, and the cell viability was detected using Cell
Counting Kit-8. The control was the non-treated group. The experiments were performed three times in triplicate and representative data are shown.

shown in Fig. 5, the compounds did not affect host cell viability at
2 mM.
2.2.5. Effect of furanone compounds on the host cell immune
response
To conﬁrm whether the new compounds induce an inﬂammatory response in host cells, the expression levels of proinﬂammatory cytokines, including interleukin (IL)-6 and IL-8, were
analyzed by real-time reverse transcription-polymerase chain reaction (RT-PCR) after treating THP-1 cells and HGFs with the furanone compounds. Fig. 6 shows that the new furanone compounds
(13, 15, and 17) did not induce an inﬂammatory response, whereas
the reference compound R1 or lipopolysaccharide (LPS; 1 mg/mL)
signiﬁcantly induced the gene expression of IL-6 and IL-8 in THP1 cells (Fig. 6A and B). In HGFs, the new furanone compounds (13,
15, and 17) did not induce the gene expression of IL-6 and IL-8
(Fig. 6C and D), whereas the reference compound R1 induced the
gene expression of IL-8, and LPS (1 mg/mL) induced the gene
expression of both cytokines.
3. Conclusion
We synthesized 3-(dibromomethylene)isobenzofuran-1(3H)one derivatives and tested their inhibitory effects against the AI-2mediated QS and bioﬁlm formation of periodontopathogens. Our

results demonstrate that bicyclic furanone derivatives containing a
ﬁve-membered ring (13) or methylbenzene moieties (15 and 17)
signiﬁcantly inhibited the F. nucleatum AI-2 activity and bioﬁlm
formation of F. nucleatum, P. gingivalis, and T. forsythia without a
bactericidal effect. The inhibitory activities of 13, 15, and 17 were
similar to or better than that of the reference compound R1. Our
new furanone compounds showed neither cytotoxicity nor induction of proinﬂammatory cytokine expression, whereas the reference compound R1 showed cytotoxicity and induced the
expression of proinﬂammatory cytokines such as IL-6 and IL-8 in
human cells.
In addition, our results highlight the importance of the structural element of a bicyclic compound for its effective bioﬁlm inhibition activity. First, compound 13, which has a similar ring
structure form to AI-2, showed good inhibition activity. Second, we
found that the inhibitory activity was good when the compound
had a short side chain. In particular, compound 17, in which the
methyl group was introduced at a similar position to that of the
existing monocyclic brominated furanone, exhibited the highest
inhibitory activity. As the widespread use of traditional antibacterial agents such as disinfectants and antibiotics can lead to the
development of drug-resistant strains of bacteria and even kill
beneﬁcial bacteria, the new compounds 13, 15, and 17 can be good
candidates for prevention of the bioﬁlm formation of periodontopathogens. The effect of these compounds on other bacteria
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Fig. 6. Effects of furanone compounds on proinﬂammatory cytokines. THP-1 cells (1  106 cells/well, A and B) and HGFs (2  105 cells/well, C and D) cultured in 6-well plates
were treated with the reference furanone compound (R1) and new furanone compounds (13, 15, and 17) for 24 h. The expression levels of IL-6 and IL-8 mRNA were analyzed by realtime RT-PCR. The experiments were performed three times in triplicate, and representative data are shown. *p < 0.05 compared to the untreated control value.

involved in infectious diseases remains to be assessed.
4. Experimental part
4.1. Chemistry
The 1H, 13C NMR-spectra and heteronuclear multiple bond correlation (HMBC) were measured with an Agilent 400-MR DD2
Magnetic Resonance System (400 MHz) and a Varian/Oxford As500 (500 MHz) spectrophotometer. Chemical shifts were
measured as parts per million (d values) from tetramethylsilane as
an internal standard at probe temperature in CDCl3 or DMSO-D6 for
neutral compounds. Coupling constants are provided in Hz, with
the following spectral pattern designations: s, singlet; d, doublet; t,
triplet; q, quartet; quint, quintet; m, multiplet; br, broad; app,
apparent. Melting points were determined on an Electro-thermal
IA 9100 apparatus without correction. Reactions that needed
anhydrous conditions were carried out in ﬂame-dried glassware
under positive pressure of dry N2 using standard Schlenk line
techniques. Evaporation of solvents was performed at reduced
pressure using a rotary evaporator. TLC was performed using silica
gel 60F254 coated on aluminum sheet (E. Merck, Art.5554). Column
chromatography was performed on silica gel (Merck. 7734 or 9385
Kiesel gel 60), and eluent was mentioned in each procedure.
Elemental analyses were performed on a Thermo Scientiﬁc model
Flash 2000 instrument (Waltham, MA, USA) and the results are
within ±0.4% of the theoretical values. High resolution mass spectra
(HRMS) were recorded on a ThermoFinnigan LCQ™ Classic,

Quadrupole Ion-Trap Mass Spectrometer. HPLC analyses were carried out on an Agilent HP1100 system (Santa Clara, CA, USA),
composed of an auto sampler, quaternary pump, photodiode array
detector (DAD), and HP Chemstation software. The separation was
carried out on a poroshell 120 EC-C18 column 4.6  50 mm i.d.
(2.7 mm particle size) with 0.1% TFA in water (A) and acetonitrile (B)
as a mobile phase at a ﬂow rate of 1 mL/min at 20  C. Method: 100%
A and 0% B (0 min), 50% A and 50% B (5 min), 5% A and 95% B
(15 min), 5% A and 95% B (22 min), 100% A and 0% B (23 min), 100% A
and 0% B (25 min). Details are given below for one example of each
reaction type; the syntheses and characterization of analogs are
reported in the Supplementary Information. All materials were
obtained from commercial supplier and used without further puriﬁcation unless otherwise noted.
4.1.1. General procedure for the preparation of 3 or 4alkoxyphthalic anhydride (7ae7d, 9ae9d)
Following a reported procedure [34], we added H2SO4
(0.054 mL, 1.02 mmol) to a stirred solution of 3- or 4hydroxyphthalic acid (1.09 g, 6.00 mmol) in 12 mL of MeOH and
the reaction was stirred at reﬂux overnight. Solvent was removed
under reduced pressure and the solid residue obtained was dissolved in dichloromethane (40 mL) and washed with water
(20  3 mL). The combined organic layer was dried over anhydr
MgSO4, ﬁltered and concentrated under reduced pressure to provide crude dimethyl 4-hydroxyphthalate. The crude dimethyl 3- or
4-hydroxyphthalate was dissolved in 3 mL of acetone and K2CO3
(1.3 g, 9.5 mmol) was added to the solution. The mixture was stirred
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at room temperature for 1 h. Alkyl iodide (5.7 mmol) was added,
and the mixture was stirred at reﬂux overnight. K2CO3 was
removed by ﬁltration and the solvent was removed under reduced
pressure to provide dimethyl 3- or 4-alkoxyphthalate.
A solution of dimethyl 3- or 4-alkoxyphthalate in 3 mL of
acetone was treated with an aq solution of NaOH (0.34 g, 8.4 mmol)
in 2 mL water and then the resulting solution was stirred at room
temperature overnight. After evaporation of the solvent, the
mixture was acidiﬁed with 6 M HCl to pH 2 and concentrated under
reduced pressure. Then, the 3- or 4-alkoxyphthalic acid was dissolved in 4 mL of Ac2O and the solution was heated at reﬂux for
18 h. Upon cooling to room temperature, the resulting solution was
concentrated by rotary evaporation and then the residue was puriﬁed with ﬂash column chromatography. The desired products 7a7d and 9ae9d were obtained.
4.1.1.1. 4-Ethoxyphthalic anhydride (7a). Yield 0.83 g (72%). 1H NMR
(DMSO-d6, 500 MHz) d 7.96 (d, J ¼ 8.4 Hz, 1H), 7.53 (d, J ¼ 2.3 Hz,
1H), 7.45 (dd, J ¼ 8.4, 2.3 Hz, 1H), 4.25 (q, J ¼ 7.0 Hz, 2H), 1.37 (t,
J ¼ 7.0 Hz, 3H). 13C NMR (DMSO-d6, 125 MHz) d 164.92, 163.1, 162.6,
134.0, 127.2, 123.1, 122.5, 109.6, 64.9, 14.3.
4.1.1.2. 4-Propoxyphthalic anhydride (7b). Yield 0.86 g (70%). 1H
NMR (DMSO-d6, 500 MHz) d 7.97 (d, J ¼ 8.4 Hz, 1H), 7.55 (d,
J ¼ 2.2 Hz, 1H), 7.47 (dd, J ¼ 8.4, 2.3 Hz, 1H), 4.16 (t, J ¼ 6.5 Hz, 2H),
1.81e1.72 (m, 2H), 0.99 (t, J ¼ 7.4 Hz, 3H). 13C NMR (DMSO-d6,
125 MHz) d 165.1, 163.1, 162.7, 134.0, 127.2, 123.1, 122.5, 109.6, 70.5,
21.7, 10.2.
4.1.1.3. 4-Butoxyphthalic anhydride (7c). Yield 0.97 g (74%). 1H NMR
(DMSO-d6, 500 MHz) d 7.97 (d, J ¼ 8.4 Hz, 1H), 7.56 (d, J ¼ 2.3 Hz,
1H), 7.47 (dd, J ¼ 8.5, 2.2 Hz, 1H), 4.20 (t, J ¼ 6.5 Hz, 2H), 1.79e1.68
(m, 2H), 1.51e1.38 (m, 2H), 0.94 (t, J ¼ 7.4 Hz, 3H). 13C NMR (DMSOd6, 125 MHz) d 165.1, 163.1, 162.7, 134.0, 127.2, 123.2, 122.5, 109.6,
68.8, 30.3, 18.6, 13.6.
4.1.1.4. 4-Pentyloxyphthalic anhydride (7d). Yield 0.98 g (70%). 1H
NMR (DMSO-d6, 500 MHz) d 7.96 (d, J ¼ 8.4 Hz, 1H), 7.55 (d,
J ¼ 2.2 Hz, 1H), 7.46 (dd, J ¼ 8.4, 1.8 Hz, 1H), 4.19 (t, J ¼ 6.5 Hz, 2H),
1.82e1.69 (m, 2H), 1.47e1.28 (m, 4H), 0.90 (t, J ¼ 7.1 Hz, 3H).
4.1.1.5. 3-Ethoxyphthalic anhydride (9a). Yield 0.61 g (53%). 1H NMR
(DMSO-d6, 500 MHz) d 7.92 (dd, J ¼ 8.5, 7.4 Hz, 1H), 7.58 (dd,
J ¼ 16.4, 7.9 Hz, 2H), 4.31 (q, J ¼ 7.0 Hz, 2H), 1.40 (t, J ¼ 7.0 Hz, 3H).
13
C NMR (DMSO-d6, 125 MHz) d 163.2, 160.6, 156.9, 138.7, 133.0,
120.2, 116.8, 116.4, 65.0, 14.3.
4.1.1.6. 3-Propoxyphthalic anhydride (9b). Yield 0.58 g (47%). 1H
NMR (DMSO-d6, 500 MHz) d 7.92 (dd, J ¼ 8.4, 7.4 Hz, 1H), 7.60 (d,
J ¼ 8.5 Hz, 1H), 7.56 (d, J ¼ 7.4 Hz, 1H), 4.20 (t, J ¼ 6.4 Hz, 2H),
1.85e1.75 (m, 2H), 1.02 (t, J ¼ 7.4 Hz, 3H). 13C NMR (DMSO-d6,
125 MHz) d 163.2, 160.6, 157.1, 138.7, 133.0, 120.3, 116.8, 116.4, 70.5,
21.7, 10.1.
4.1.1.7. 3-Butoxyphthalic anhydride (9c). Yield 0.59 g (45%). 1H NMR
(DMSO-d6, 500 MHz) d 7.91 (dd, J ¼ 8.4, 7.4 Hz, 1H), 7.60 (d,
J ¼ 8.5 Hz, 1H), 7.56 (d, J ¼ 7.3 Hz, 1H), 4.24 (t, J ¼ 6.4 Hz, 2H),
1.82e1.71 (m, 2H), 1.54e1.42 (m, 2H), 0.95 (t, J ¼ 7.4 Hz, 3H). 13C
NMR (DMSO-d6, 125 MHz) d 163.2, 160.5, 157.1, 138.7, 133.0, 120.2,
116.8, 116.4, 68.8, 30.3, 18.5, 13.6.
4.1.1.8. 3-Pentyloxyphthalic anhydride (9d). Yield 0.64 g (46%). 1H
NMR (DMSO-d6, 500 MHz) d 7.91 (dd, J ¼ 8.4, 7.4 Hz, 1H), 7.60 (d,
J ¼ 8.5 Hz, 1H), 7.55 (d, J ¼ 7.4 Hz, 1H), 4.23 (t, J ¼ 6.5 Hz, 2H), 1.79
(dd, J ¼ 14.1, 7.3 Hz, 2H), 1.52e1.30 (m, 4H), 0.90 (t, J ¼ 7.2 Hz, 3H).
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C NMR (DMSO-d6, 125 MHz) d 163.2, 160.5, 157.1, 138.7, 133.0,
120.2, 116.8, 116.4, 69.1, 28.0, 27.4, 21.8, 13.9.

4.1.2. General procedure for the preparation of bicyclic brominated
furanone derivatives (10e18d)
Triphenylphosphine (1.60 g, 6.00 mmol) was dissolved in 6 mL
of THF and the solution was cooled to 0  C under N2. A solution of
CBr4 (1.00 g, 3.00 mmol) in THF (1.00 mL per mmol PPh3) was
added to the THF (6 mL) solution of PPh3 and the reaction was
stirred until the color changed to yellow. Triethylamine (TEA)
(1.1 mL, 6.0 mmol) was added dropwise to the mixture over 5 min,
after which a solution of an anhydride compound (1e9d,
1.00 mmol) in THF (1.0 mL per mmol phthalic anhydride) was
incrementally added. The reaction was stirred for 1 h at 0  C, after
which it was allowed to warm to room temperature and stirred
overnight. The reaction was quenched by addition of sat aq NH4Cl
solution (30 mL). The phases were then separated, and the crude
product was extracted with hexane from the aqueous layer
(30  3 mL). The combined organic layers were concentrated under
reduced pressure. The residue was dissolved in Et2O (25 mL) and
ﬁltered over a Celite pad (7.0  3.0 cm). The resulting ﬁltrate was
concentrated by rotary evaporation and the crude products were
puriﬁed through the use of silica gel column chromatography
(5e15% EtOAc in hexane). The desired products were obtained.
4.1.2.1. 3-(Dibromomethylene)isobenzofuran-1(3H)-one
(10).
White solid, yield 0.091 g (30%). m.p. 136e138  C; 1H NMR (DMSOd6, 500 MHz) d 8.32 (d, J ¼ 8.0 Hz, 1H, H-4), 7.95 (d, J ¼ 7.6 Hz, 1H, H7), 7.90 (t, J ¼ 7.7 Hz, 1H, H-5), 7.75 (t, J ¼ 7.5 Hz, 1H, H-6); 13C NMR
(DMSO-d6,125 MHz) d 164.0 (C-1), 145.5 (C-3), 135.8 (C-3a), 135.6
(C-5), 131.4 (C-6), 126.0 (C-7), 125.3 (C-7a), 123.7 (C-4), 77.3 (¼CBr2).
Anal. Calcd. for C9H4Br2O2: C, 35.57; H, 1.33. Found: C, 35.62; H, 1.34.
HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ C9H4Br2NaO2þ:
324.8470; found 324.8471. HPLC purity: 99.9%.
4.1.2.2. 3-(Dibromomethylene)hexahydroisobenzofuran-1(3H)-one
(11). Colorless oil, yield 0.12 g (40%). 1H NMR (CDCl3, 500 MHz)
d 3.31e3.19 (m, 1H), 2.98 (t, J ¼ 6.8 Hz, 1H), 2.22 (t, J ¼ 14.3 Hz, 2H),
1.72 (d, J ¼ 15.0 Hz, 2H), 1.35e1.05 (m, 4H). 13C NMR (CDCl3,
125 MHz) d 174.1, 158.2, 68.9, 40.7, 40.0, 26.5, 23.0, 22.3. Anal. Calcd.
for C9H10Br2O2: C, 34.87; H, 3.25. Found: C, 34.89; H, 3.24. HRMS
(ESI) m/z: Anal. calcd. for [MþNa]þ C9H10Br2NaO2þ: 330.8940;
found 330.8942. HPLC purity: 97.8%.
4.1.2.3. 3-(Dibromomethylene)-4,5,6,7-tetrahydroisobenzofuran1(3H)-one (12). White solid, yield 0.20 g (65%). m.p. 128e130  C;1H
NMR (DMSO-d6, 500 MHz) d 2.74e2.69 (m, 2H), 2.16e2.11 (m, 2H),
1.72e1.68 (m, 2H), 1.63e1.59 (m, 2H). 13C NMR (DMSO-d6, 125 MHz)
d 166.5, 149.7, 148.6, 131.2, 78.4, 25.0, 21.3, 20.5, 20.1. Anal. Calcd. for
C9H8Br2O2: C, 35.10; H, 2.62. Found: C, 35.19; H, 2.60. HRMS (ESI) m/
z: Anal. calcd. for [MþNa]þ C9H8Br2NaO2þ: 328.8783; found
328.8786. HPLC purity: 99.0%.
4.1.2.4. 3-(Dibromomethylene)hexahydro-1H-cyclopenta[c]furan-1one (13). Yellowish oil, yield 0.071 g (24%). 1H NMR (DMSO-d6,
500 MHz) d 3.50e3.48 (m, 2H), 2.04e1.82 (m, 4H), 1.73e1.66 (m,
1H), 1.39e1.30 (m, 1H). 13C NMR (DMSO-d6, 125 MHz) d 176.5, 155.4,
68.0, 45.8, 43.8, 32.2, 30.8, 25.6. Anal. Calcd. for C8H8Br2O2: C, 32.47;
H, 2.72. Found: C, 32.50; H, 2.80. HRMS (ESI) m/z: Anal. calcd. for
[MþNa]þ C8H8Br2NaO2þ: 316.8783; found 316.8780. HPLC purity:
99.5%.
4.1.2.5. 3-(Dibromomethylene)-3,4,5,6-tetrahydro-1H-cyclopenta[c]
furan-1-one (14). Brown solid, yield 0.080 g (27%). m.p.
120e122  C; 1H NMR (DMSO-d6, 500 MHz) d 2.96e2.91 (m, 2H),
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2.48e2.39 (m, 4H). 13C NMR (DMSO-d6, 125 MHz) d 162.5, 162.2,
146.5, 140.9, 79.4, 29.5, 28.1, 25.1. Anal. Calcd. for C8H6Br2O2: C,
32.69; H, 2.06. Found: C, 32.71; H, 2.06. HRMS (ESI) m/z: Anal. calcd.
for [MþNa]þ C8H6Br2NaO2þ: 314.8627; found 314.8625. HPLC
purity: 97.3%.
4.1.2.6. 3-(Dibromomethylene)-5-methylisobenzofuran-1(3H)-one
(15). White solid, yield 0.076 g (24%). m.p. 128e130  C; 1H NMR
(DMSO-d6, 500 MHz) d 8.18 (s, 1H, H-4), 7.87 (d, J ¼ 7.9 Hz, 1H, H-7),
7.60 (d, J ¼ 7.8 Hz, 1H, H-6), 2.52 (s, 3H, -CH3). 13C NMR (DMSO-d6,
125 MHz) d 164.0 (C-1), 146.9 (C-5), 145.5 (C-3), 136.3 (C-3a), 132.6
(C-6), 126.0 (C-7), 124.0 (C-4), 122.9 (C-7a), 77.0 (¼CBr2), 22.0
(-CH3). Anal. Calcd. for C10H6Br2O2: C, 37.77; H, 1.90. Found: C,
37.78; H, 2.03. HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ
C10H6Br2NaO2þ: 338.8627; found 338.8629. HPLC purity: 98.9%.
4.1.2.7. 3-(Dibromomethylene)-5-ethoxyisobenzofuran-1(3H)-one
(16a). White solid, yield 0.70 g (20%). m.p. 156e158  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.90 (d, J ¼ 8.5 Hz, 1H, H-7), 7.76 (s, 1H, H-4),
7.31 (d, J ¼ 7.0 Hz, 1H, H-6), 4.20 (q, J ¼ 6.8 Hz, 2H, -OCH2), 1.39 (t,
J ¼ 6.9 Hz, 3H, -CH3). 13C NMR (DMSO-d6, 125 MHz) d 164.3 (C-5),
163.6 (C-1), 145.2 (C-3), 138.2 (C-3a), 128.0 (C-7), 118.4 (C-6), 117.3
(C-7a), 108.7 (C-4), 77.4 (¼CBr2), 64.6 (-OCH2), 14.3 (-CH3). Anal.
Calcd. for C11H8Br2O3: C, 37.97; H, 2.32. Found: C, 37.97; H, 2.39.
HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ C11H8Br2NaO3þ:
368.8732; found 368.8731. HPLC purity: > 99.9%.
4.1.2.8. 3-(Dibromomethylene)-5-propoxyisobenzofuran-1(3H)-one
(16b). White solid, yield 0.69 g (19%). m.p. 121e123  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.89 (d, J ¼ 8.5 Hz, 1H, H-7), 7.75 (s, 1H, H-4),
7.31 (d, J ¼ 8.5 Hz, 1H, H-6), 4.09 (t, J ¼ 6.4 Hz, 2H, -OCH2), 1.84e1.75
(m, 2H, -CH2), 1.00 (t, J ¼ 7.4 Hz, 3H, -CH3). 13C NMR (DMSO-d6,
125 MHz) d 164.4 (C-5), 163.5 (C-1), 145.1 (C-3), 138.1 (C-3a), 127.9
(C-7), 118.5 (C-6), 117.3 (C-7a), 108.7 (C-4), 77.4 (¼CBr2), 70.2
(-OCH2), 21.8(-CH2), 10.3(-CH3). Anal. Calcd. for C12H10Br2O3: C,
39.81; H, 2.78. Found: C, 39.85; H, 2.88. HRMS (ESI) m/z: Anal. calcd.
for [MþNa]þ C12H10Br2NaO3þ: 382.8889; found 382.8887. HPLC
purity: 97.6%.
4.1.2.9. 3-(Dibromomethylene)-5-butoxyisobenzofuran-1(3H)-one
(16c). White solid, yield 0.79 g (21%). m.p. 127e129  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.90 (d, J ¼ 8.5 Hz, 1H, H-7), 7.76 (s, 1H, H-4),
7.31 (d, J ¼ 8.5 Hz, 1H, H-6), 4.14 (t, J ¼ 6.4 Hz, 2H, -OCH2), 1.80e1.68
(m, 2H, -CH2), 1.50e1.39 (m, 2H, -CH2), 0.94 (t, J ¼ 7.4 Hz, 3H, -CH3).
13
C NMR (DMSO-d6, 125 MHz) d 164.4 (C-5), 163.5 (C-1), 145.2 (C-3),
138.2 (C-3a), 128.0 (C-7), 118.4 (C-6), 117.3 (C-7a), 108.7 (C-4), 77.4
(¼CBr2), 68.4 (-OCH2), 39.5 (-CH2), 30.4 (-CH2), 18.6 (-CH2), 13.6
(-CH3). Anal. Calcd. for C13H12Br2O3: C, 41.52; H, 3.22. Found: C,
41.62; H, 3.32. HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ
C13H12Br2NaO3þ: 396.9045; found 396.9047. HPLC purity: 98.6%.
4.1.2.10. 3-(Dibromomethylene)-5-(pentyloxy)isobenzofuran-1(3H)one (16d). White solid, yield 0.74 g (19%). m.p. 100e102  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.88 (d, J ¼ 8.5 Hz, 1H, H-7), 7.74 (s, 1H, H-4),
7.30 (d, J ¼ 8.6 Hz, 1H, H-6), 4.12 (t, J ¼ 6.4 Hz, 2H, -OCH2), 1.81e1.72
(m, 2H, -CH2), 1.46e1.29 (m, 4H, -CH2), 0.90 (t, J ¼ 7.1 Hz, 3H, -CH3).
13
C NMR (DMSO-d6, 125 MHz) d 164.4 (C-5), 163.5 (C-1), 145.1 (C-3),
138.1 (C-3a), 127.9 (C-7), 118.4 (C-6), 117.3 (C-7a), 108.7 (C-4), 77.4
(¼CBr2), 68.7 (-CH2), 28.1 (-CH2), 27.5 (-CH2), 21.8 (-CH2), 13.9(CH3). Anal. Calcd. for C14H14Br2O3: C, 43.11; H, 3.62. Found: C, 43.18;
H, 3.70. HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ C14H14Br2NaO3þ:
410.9202; found 410.9203. HPLC purity: 99.2%.
4.1.2.11. 3-(Dibromomethylene)-7-methylisobenzofuran-1(3H)-one
(17). White solid, yield 0.83 g (26%). m.p. 138e140  C; 1H NMR
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(DMSO-d6, 500 MHz) d 8.18 (d, J ¼ 7.9 Hz, 1H, H-4), 7.77 (t, J ¼ 7.7 Hz,
1H, H-5), 7.55 (d, J ¼ 7.5 Hz, 1H, H-6), 2.61 (s, 3H). 13C NMR (DMSOd6, 125 MHz) d 164.0 (C-1), 145.2 (C-3), 139.8 (C-7), 136.1 (C-3a),
135.2 (C-5), 132.9 (C-6), 122.8 (C-7a), 121.3 (C-4), 76.5 (¼CBr2), 16.9
(-CH3). Anal. Calcd. for C10H6Br2O2: C, 37.77; H, 1.90. Found: C,
37.78; H, 1.86. HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ
C10H6Br2NaO2þ: 338.8627; found 338.8628. HPLC purity: 99.8%.
4.1.2.12. 3-(Dibromomethylene)-7-ethoxyisobenzofuran-1(3H)-one
(18a). White solid, yield 0.66 g (19%). m.p. 141e143  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.87 (d, J ¼ 7.8 Hz, 1H, H-4), 7.82 (t,
J ¼ 8.0 Hz, 1H, H-5), 7.32 (d, J ¼ 8.2 Hz, 1H, H-6), 4.24 (q, J ¼ 6.9 Hz,
2H, -OCH2), 1.38 (t, J ¼ 7.0 Hz, 3H, -CH3). 13C NMR (DMSO-d6,
125 MHz) d 161.4 (C-1), 157.8 (C-7), 145.1 (C-3), 137.8 (C-5), 137.7 (C3a), 115.3 (C-4), 114.7 (C-6), 111.8 (C-7a), 76.7 (¼CBr2), 64.6 (-OCH2),
14.3 (-CH3). Anal. Calcd. for C11H8Br2O3: C, 37.97; H, 2.32. Found: C,
37.91; H, 2.42. HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ
C11H8Br2NaO3þ: 368.8732; found 368.8733. HPLC purity: 99.8%.
4.1.2.13. 3-(Dibromomethylene)-7-propoxyisobenzofuran-1(3H)-one
(18b). White solid, yield 0.65 g (18%). m.p. 101e103  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.87 (d, J ¼ 7.8 Hz, 1H, H-4), 7.82 (t,
J ¼ 8.0 Hz, 1H, H-5), 7.32 (d, J ¼ 8.3 Hz, 1H, H-6), 4.13 (t, J ¼ 6.4 Hz,
2H, -OCH2), 1.85e1.73 (m, 2H, -CH2), 1.01 (t, J ¼ 7.4 Hz, 3H, -CH3). 13C
NMR (DMSO-d6, 125 MHz) d 161.4 (C-1), 157.9 (C-7), 145.1 (C-3),
137.8 (C-5), 137.7 (C-3a), 115.4 (C-4), 114.8 (C-6), 111.9 (C-7a), 76.7
(¼CBr2), 70.1 (-OCH2), 21.8 (-CH2), 10.2 (-CH3). Anal. Calcd. for
C12H10Br2O3: C, 39.81; H, 2.78. Found: C, 39.79; H, 2.78. HRMS (ESI)
m/z: Anal. calcd. for [MþNa]þ C12H10Br2NaO3þ: 382.8889; found
382.8891. HPLC purity: 96.2%.
4.1.2.14. 3-(Dibromomethylene)- 7-butoxyisobenzofuran-1(3H)-one
(18c). White solid, yield 0.68 g (18%). m.p. 86e88  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.88 (d, J ¼ 7.8 Hz, 1H, H-4), 7.82 (t,
J ¼ 8.0 Hz, 1H, H-5), 7.33 (d, J ¼ 8.3 Hz, 1H, H-6), 4.18 (t, J ¼ 6.4 Hz,
2H, -OCH2), 1.80e1.66 (m, 2H, -CH2), 1.53e1.37 (m, 2H, -CH2), 0.94
(t, J ¼ 7.4 Hz, 3H, -CH3). 13C NMR (DMSO-d6, 125 MHz) d 161.4 (C-1),
157.9 (C-7), 145.1 (C-3), 137.9 (C-5), 137.7 (C-3a), 115.4 (C-4), 114.8
(C-6), 111.9 (C-7a), 76.7 (¼CBr2), 68.5 (-CH2), 30.4 (-CH2), 18.6
(-CH2), 13.7 (-CH3). Anal. Calcd. for C13H12Br2O3: C, 41.52; H, 3.22.
Found: C, 41.57; H, 3.23. HRMS (ESI) m/z: Anal. calcd. for [MþNa]þ
C13H12Br2NaO3þ: 396.9045; found 396.9047. HPLC purity: 97.7%.
4.1.2.15. 3-(Dibromomethylene)-7-(pentyloxy)isobenzofuran-1(3H)one (18d). White solid, yield 0.62 g (16%). m.p. 72e74  C; 1H NMR
(DMSO-d6, 500 MHz) d 7.89 (d, J ¼ 7.8 Hz, 1H, H-4), 7.83 (t,
J ¼ 8.0 Hz, 1H, H-5), 7.34 (d, J ¼ 8.3 Hz, 1H, H-6), 4.18 (t, J ¼ 6.5 Hz,
2H, -OCH2), 1.84e1.70 (m, 2H, -CH2), 1.50e1.28 (m, 4H, -CH2CH2),
0.89 (t, J ¼ 7.2 Hz, 3H, -CH3). 13C NMR (DMSO-d6, 125 MHz) d 161.4
(C-1), 157.9 (C-7), 145.1 (C-3), 137.9 (C-5), 137.7 (C-3a), 115.4 (C-4),
114.8 (C-6), 111.9 (C-7a), 76.6 (¼CBr2), 68.8 (-CH2), 28.0 (-CH2), 27.5
(-CH2), 21.8 (-CH2), 13.9 (-CH3). Anal. Calcd. for C14H14Br2O3: C,
43.11; H, 3.62. Found: C, 43.14; H, 3.62. HRMS (ESI) m/z: Anal. calcd.
for [MþNa]þ C14H14Br2NaO3þ: 410.9202; found 410.9201. HPLC
purity: 99.2%.
4.2. Biological assay
4.2.1. Bacteria culture
AI-2 reporter strain, Vibrio harveyi BB170 (ATCC BAA-1117) was
cultured aerobically at 30  C in autoinducer bioassay (AB) medium
consisting of 0.30 M sodium chloride, 0.050 M magnesium sulfate,
0.2% casamino acids, 10 mM potassium phosphate (pH 7.0), 1.0 mM
L-arginine and 2% glycerol with shaking. F. nucleatum (ATCC 25586)
and P. gingivalis (ATCC 33277) were cultured anaerobically (10% H2,
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10% CO2, 80% N2) in brain heart infusion broth supplemented with
vitamin K (0.2 mg/mL) and hemin (10 mg/mL) at 37  C. T. forsythia
(ATCC 43037) was cultured anaerobically in new oral spirochete
(NOS) broth (ATCC medium 1494) supplemented with N-acetylmuramic acid (0.01 mg/mL) and vitamin K (0.2 mg/mL) at 37  C.
4.2.2. Puriﬁcation of AI-2
AI-2 of F. nucleatum was partially puriﬁed as described previously [20]. In brief, F. nucleatum which was cultured overnight was
diluted 1:20 with fresh culture medium. After incubating the culture mixture until the late logarithmic phase (OD660 nm ¼ 0.7), the
culture supernatants were collected by centrifugation at 10,000g
at 4  C. The culture supernatants were passed through 0.2 mm poresize membrane ﬁlters (Sartorius Stedium Biotech, Goettingen,
Germany) and the ﬁltrates were subsequently passed through a
Centricon YM-3 3-kDa exclusion ﬁlter (Millipore, Bedford, MA).
Then the ﬁltrates were chromatographed on a C18 Sep-Pak reversephase column (Waters Co., Milford, MA) according to the manufacturer's instructions.
4.2.3. AI-2 activity test
As QS molecules stimulates the luciferase operon (lux gene) to
express luciferase of V. harveyi BB170, bioluminescence of V. harveyi BB170 was determined as AI-2 activity. V. harveyi BB170 was
diluted to a concentration of 1  106 bacteria/ml in fresh AB medium. Then the bacterial suspension was mixed with 10% (vol/vol)
of partially puriﬁed AI-2 of F. nucleatum in the presence or absence
of the furanone compounds (the reference compound R1 and new
synthesized furanone analogs) of various concentrations, and
incubated for 1e6 h at 30  C under aerobic condition with shaking.
The reference compound R1 was (5Z)-4-bromo-5-(bromomethylene)-2(5H)-furanone. The bioluminescence was measured
using a luminometer (GloMax-Multi detection system, Promega,
Madison, WI, USA) and the value was converted into a percentage
out of untreated control value.
4.2.4. Bioﬁlm formation assay
Bioﬁlm formation assay was performed by crystal violet staining
and confocal laser scanning microscopy. Bacterial suspensions were
added to 24-well plates with round glass slips (12 mm radius) in
the presence of F. nucleatum AI-2 (10% vol/vol) and the furanone
compounds (the reference furanone compound and new synthesized furanone analogs)at various concentrations. The initial
number of F. nucleatum, P. gingivalis, and T. forsythia was 2  107
bacteria/mL, 2  108 bacteria/mL, and 2  108 bacteria/mL,
respectively and incubated for 48 h under anaerobic condition (10%
H2, 10% CO2, 80% N2). After 48 h, bioﬁlms formed on the glass slips
were washed with phosphate buffered saline three times and
stained with 1% crystal violet for 10 min and destained with 1 mL of
acetoneealcohol (20:80, vol/vol). The absorbance at 595 nm of the
destaining solution containing crystal violet was measured using a
microplate reader (Wallac Victor3 microtiter, PerkinElmer Life
Sciences, Waltham, MA).
Bioﬁlm which was formed on the glass slips was stained by the
Live/Dead-BacLight bacterial viability kit (Invitrogen, Grand Island,
NY) and then observed using a confocal scanning laser microscope
(Carl Zeiss LSM 700, Germany) at a magniﬁcation of 1000 and
quantiﬁed by measuring ﬂuorescence intensity and average thickness of the bioﬁlm using Carl Zeiss LSM 700 program. Biomass was
determined by dividing total intensity by the area where the ﬂuorescence was obtained.
4.2.5. Planktonic bacterial growth test
F. nucleatum, P. gingivalis, and T. forsythia were grown anaerobically at 37  C in the presence or absence of the furanone

compounds (the reference furanone compound and new synthesized furanone analogs) without addition of F. nucleatum AI-2.
V. harveyi BB170 was incubated aerobically at 30  C in the presence or absence of the QSIs without addition of AI-2. Bacterial
growth was monitored by measuring absorbance at 600 nm using a
spectrophotometer.
4.2.6. Cytotoxicity test
Human monocytic cell line (THP-1), human gingival ﬁbroblasts
(HGFs) and Human oral keratinocyte cell line (HOK-16B) were used
to evaluate the cytotoxicity of the compounds on host cells. THP1 cells were cultured in RPMI 1640 media (Hyclone, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (Hyclone, Waltham, MA, USA), 2.05 mM L-glutamate and antibiotics (100 units/
mL penicillin, 100 mg/mL streptomycin). HGFs were cultured in
DMEM media (Hyclone, Waltham, MA, USA) supplemented with
4.0 mM L-glutamine, 4500 mg/L Glucose, sodium pyruvate, antibiotics (100 units/mL penicillin, 100 mg/mL streptomycin) and 10%
fetal bovine serum. HOK-16B cells were cultured in Keratinocyte
Basal Medium (Lonza, Walkersville, MD, USA) supplemented with
insulin, epidermal growth factor, bovine pituitary extract, hydrocortisone and gentamicin sulfate amphotericin. Cultured THP1 cells (1  105 cells/well) were seeded in 96 well microtiter plate
and incubated in the presence of the compounds for 24 h. HGFs
(2  104 cells/well) and HOK-16B (5  104 cells/well) were seeded
in 96 well plates and grown until the conﬂuence of 85%. The cells
were then treated with the compounds and incubated for 24 h. The
cell viability was evaluated using the Cell Counting Kit-8 (CCK-8,
DOJINDO, Kumamoto, Japan) according to the manufacturer's
protocol.
4.2.7. Evaluation the effect on host immune response
Effects of the compounds on host immune response was evaluated using real-time PCR. THP-1 cells (1  106 cells/well) and HGFs
(2  105 cells/well) in 6 well plates were incubated at 37  C for 24 h
in the presence or absence of the compounds or lipopolysaccharides (LPS, 1 mg/mL) known as endotoxin of gram-negative bacteria
that elicits strong immune responses in host cells. After 24 h incubation, RNA from THP-1 cell and HGFs cells was extracted using
Easy-Blue total RNA extraction kit (iNtRON Biotechnology, Seongnam, Korea) according to the manufacturer's protocol. cDNA samples (2 mL) synthesized from the extracted RNA (1 mg) using a MMLV Reverse Transcription kit (Promega, Madison, WI) were mixed
with each primer pairs (10 pM) and Power SYBR Green Master Mix
(Applied Biosystems, Warrington, UK) in a 20 ml reaction volume.
The mixtures were subjected to ABI PRISM 7500 Fast Real-Time PCR
system (Applied Biosystems, Foster City, CA, USA) using the
following thermocycling: ampliﬁcation for 40 cycles composed of a
denaturation step at 95  C for 15 s, an annealing and extension step
at 60  C for 1 min. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) gene, the housekeeping gene, was used as a reference
gene for normalization of gene expression level of inﬂammatory
cytokines including interleukin 6 (IL-6) and interleukin 8 (IL-8). The
sequences of the primers used in this study were as follows: 50 -GTG
GCC AGC CGA GCC-30 and 50 -TGA AGG GGT TGA TGG CA-30 for
GAPDH; 50 -GAT TCA ATG AGG AGA CTT GCC TGG-30 , 50 -GCA GAA
CTG GAT CAG GAC TTT-30 for IL-6; 50 -CTG TGT GAA GGT GCA GTT
TTG C-30 and 50 - AAC TTC TCC ACA ACC CTC TGC-30 for IL-8.
4.2.8. Statistical analysis
Statistical analysis was performed using Student's t-test. Statistically signiﬁcant differences between the control and AI-2 or
between AI-2 and furanone compound-treated groups were
analyzed. A p value of <0.05 was considered statistically signiﬁcant.
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