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Introduction
Virucidal and anti-fungal agents are essential for 
the treatment of infections. Influenza is one of the 
most highly contagious forms of acute respiratory 
infection, and a new type of influenza A virus 
(H1N1) led to an influenza pandemic in 2009 [1]. 
This particular virus has subsequently acquired 
drug resistance and there is thus an urgent need 
for the development of new virucidal agents for the 
treatment of infections resulting from this virus.

Hinokitiol ( β-thujaplicin: Figure 1) is a component 
of essential oils, which was first isolated from 
Chamaecyparis taiwanensis by Nozoe in 1936 [2].

In terms of its chemical structure, hinokitiol is a 
seven-membered tropolone bearing an isopropyl 
group at its 5-position. Compounds belonging to 
this structural class have been reported to exhibit 
a broad range of interesting biological properties, 
including anti-bacterial, anti-fungal, and anti-
cancer activities [3-6]. Furthermore, hinokitiol can 
be found in a number of commercial health care 
products, including toothpaste, cosmetics, oral care 
gel, skin lotion and body soap, because of its wide 
range of biological properties [5]. The application 
of hinokitiol, however, has been limited by its poor 
aqueous solubility. The poor solubility of hinokitiol 
has been attributed in part to the isopropyl group 
at the C-5 position of its tropolone skeleton, which 
is responsible for the hydrophobic nature of the 
compound. To further evaluate the antimicrobial 
activity of hinokitiol derivatives, it would be useful to 
improve their solubility properties. In 2007, Morita 
[7] suggested that the free hydroxyl group at the C-2 
position of the tropolone skeleton was critical to the 
bactericidal activity of hinokitiol-based compounds. 
Furthermore, the pKa value of this hydroxyl group 
can be affected significantly by the nature of the 
functional group at the C-5 position. Although 
numerous studies have been reported pertaining 
to the synthesis of tropolone derivatives, studies 
focused on the virucidal activities of compounds of 
this type are scarce.

Herein, we report the synthesis of the nine different 
5-substituted tropolones and an investigation of the 
effect of the pKa of the hydroxyl group at their C-2 
position on their virucidal activity against five types 
of influenza virus.

Materials and Methods

Synthesis of 5-substituted tolopolones
The route used to synthesized the 5-substituted 
tropolones is summarized in Scheme 1. The detail 
information is available on the supplementary data.
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Abstract
In 2009, a new type of influenza A virus (H1N1) led to an influenza pandemic. This particular virus 
subsequently acquired drug resistance, and the development of new virucidal agents is therefore 
urgently required to overcome the threat of further infection in the future. Hinokitiol and its 
derivatives have been reported to exhibit a broad range of anti-bacterial and anti-fungal activities. 
Nine different 5-substituted tropolones have been synthesized in the current study and evaluated 
in terms of their virucidal activity against five kinds of influenza virus. Only 5-substituted tropolones 
bearing nitro and iodo groups showed virucidal activity. These results suggested that tropolone 
derivatives of this type required a low pKa value and hydrophilic properties to show virucidal activity.

Figure 1. Structure of hinokitiol
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Results and discussion

Synthesis and chemical properties of 5-substituted 
tropolones 
5-Nitorotropolone (1) was synthesized by the nitration of tropolone 
according to the method reported by Adachi [8]. All of the other 
5-substited tropolones were synthesized via a nitrosation reaction 
[9-10]. Briefly, catalytic reduction of the resulting nitroso group gave 
aniline 3, which was converted to the corresponding iodide 4 using a 
Sandmeyer reaction [9]. Compound 4 was converted to methyl ester 
5 [11], which was reacted with several boron acids under Suzuki–
Miyaura coupling conditions to give the corresponding 5-substituted 
product 6–8 in good yields [12]. The 5-substituted tropolones 9–11 
were synthesized by the treatment of the corresponding methoxy 
compounds 6–8 with boron tribromide. All of the newly synthesized 
compounds were fully characterized by 1H-NMR, IR, and elemental 
analyses. Table 1 shows the stretching vibrations of the carbonyl (vC=O) 
groups of selected compounds, which were taken from their IR spectra, 
as well as their pKa values and partition coefficients. 

In all cases, the stretching vibrations appeared around 1610 cm−1. 
Carbonyl compounds generally absorb in the region of 1700 cm−1, 
and the lower values observed in these compounds were attributed 
to the weakening of the double-bond character of their carbonyl 
group, because it formed an intramolecular hydrogen bond with the 
2-hydroxyl group. This intramolecular hydrogen bond was clearly 
shown in the 1H-NMR spectra of the compounds, where the hydrogen 
of the hydroxyl group had been shifted to a much lower field than 
expected to appear as two peaks in the aromatic region. These data 
therefore suggested that 5-substituted tropolones are effectively 

Measurement of pKa values
The pKa values were measured by the pH titration method or the UV 
titration method. Potassium hydroxide solution was used as the alkaline 
solution.

Measurement of the partition coefficient
The partition coefficients were measured by using an PBS buffer solution 
at pH 7.4 and 1-octanol. To a solution of the compound in 1-octanol (5 
mL) was added PBS buffer solution (5 mL). The mixture was stirred at 
600 rpm for 4h with a magnetic stirrer, and then centrifuged at 4000 
rpm for 20 min with a centrifugal separator. The concentrations of two 
solutions were determined by measuring UV-Vis spectra. The partition 
coefficient was calculated from the following equation; 

logPow = Coctanol/Cbuffer.

Virucidal activity
The four kinds of influenza virus, A/PR8, A/USSR/92/97/ A/FM/1/47, 
and A.pdm.2009No.18, and MDCK cell were used for the evaluation 
of the virucidal activity. One hundred μL of viral preparation was 
added to 900 μL of test solution containing 5-substituted tropolone 
dissolved in DMSO (1 mM), and the viral quantification assay was 
performed after 1 and 5 min. DMSO served as a control. The mixture 
of the viral preparation and test solution was dispended to each well 
with corresponding susceptible cells in a 96-well microplate. The 
concentration of FBS in the viral preparation was kept at 1% during 
viral culture. After 1 hour incubation for infection at 37˚C, 100 
μL of medium was added and further incubated in 5% CO2 until 
quantification. Virucidal activity was determined after four to six days.

Scheme 1. Reagents and conditions: (a) HNO3, H2O; (b) NaNO2, H2O, glacial AcOH; (c) 6 M HCl; (d) H2, 10% Pd/C, MeOH; (e) NaNO2, HCl, KI, H2O; 
(f ) (Me)2SO4, K2CO3, acetone, H2O; (g) (OH)2B-R, (PPh3)4Pd, 2 M Na2CO3; (h) 1 M BBr3, CH2Cl2.
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Compound R VC=O 
(cm-1)

pKa logPO/W

1 NO2 1613 3.8 -∞
4 I 1610 5.7 -0.62
2 NO 1613 5.9 -∞
10 p-CH3-phenyl 1612 5.9 +∞
11 Thienyl 1613 6.0 1.09
9 Phenyl 1618 6.2 0.54
3 NH2 1662 8.1 -∞

Table 1. Wavenumber of the stretching vibration of the carbonyl group in the of synthesized 5-substituted tropolones by IR spectroscopy, as 
well as their pKa values and partition coefficients.

Figure 2. Effect of 5-substituted tropolones on the virucidal activity. The activity shows the logTCID50-Se/TCID50- C values. The contact times 
were 1min (white bar) and 5 min (black bar).
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symmetrical compounds because of the hydrogen bond between these 
two groups. The π electron of the carbonyl group would be delocalized, 
and the chemical shifts of the protons at C-4 and C-6 of the tropolone 
ring tended to be shifted to a lower field following the incorporation 
of an electron-withdrawing group at C-5 of the tropolone ring, which 
resulted in a decrease in the electron density at these positions.

The electron donating ability of the functional group at C-5 had a 
significant impact on the pKa value of the 2-hydroxyl group as shown 
in Table 1. For example, the introduction of an electron-withdrawing 
nitro group at C-5 (i.e., compound 1) gave a pKa value of 3.8 for 
the 2-hydroxyl group. This result indicated that compound 1 was 
effectively 1,000- and 10,000-fold more acidic than tropolone and 
hinokitiol, whose pKa values have been reported to be 6.7 and 7.2, 
respectively [13]. In contrast, the introduction of an electron-donating 
amino group at C-5 (i.e., compound 3) gave a pKa value of 8.1. The 
lower pKa of the hydroxyl group in nitro-containing compound 1 was 
attributed to the inductive withdrawal of electron density from the 
O atom of the hydroxyl group, which would effectively stabilize the 
anion formed by deprotonation. This anion would also be stabilized 
by the delocalization of its charge over the tropolone ring through 
a resonance effect. Based on these considerations, compound 1 
could readily undergo a deprotonation reaction, as exemplified by 
its low pKa value. In contrast, the electron donating amino group in 
compound 3 would lead to the localization of the negative charge of 
the hydroxyl group on the O atom, which would effectively inhibit the 
deprotonation of the 2-hydroxyl group, leading to its observed higher 
pKa value.

Virucidal activities of 5-substituted tropolones
The virucidal activities of our newly synthesized 5-substituted 
tropolones were evaluated using a tissue culture infection doses 
50 (TICD50) assay. The activities of the samples were reported as 
TCID50/10 μL (TCID50-S) divided by the value for control (TCID50-C). 
The results for five different types of influenza virus, including A/
PR8, A/USSR/92/97, A/FM/1/47, AH1pdm/18 and A/Tokyo/2/75, are 
shown in Figure 2. Only compounds 1 and 4, bearing nitro and iodo 
groups at their C-5 positions, respectively, showed virucidal activities. 
Hinokitiol did not show virucidal activity towards any of the influenza 
viruses tested in the current study. The activity of compound 1 was 
higher than that of compound 4, and compound 1 showed its highest 
activity towards A/USSR/92/97. It is noteworthy that compounds 1 and 
4 showed the lowest pKa values of the nine compounds tested in the 
current study. These results therefore suggest that the pKa value of the 
2-hydroyl group, that is, the proton donating ability of the hydroxyl 
group, is an important factor in terms of defining the virucidal activity 
of tropolone compounds towards the influenza virus. A comparison of 
the 5-substituted compounds tested in the current study with a pKa of 
approximately 6 revealed that compound 4 was the only one of these 
compounds to show any virucidal activity. It had a halogen at its C-5 
position and was the only one of the 2-hydroxyl-containing tropolone 
compounds tested in the current study with a pKa of approximately 6 
to show any virucidal activity, suggesting that the presence of a halogen 
is important to the activity of these compounds. A comparison of 
compound 4 and 5, both of which have iodo group at its C-5 position, 
compound 5 did not show the virucidal activity. From these results, it 

was suggested that both of 2-hydroxyl and 5-iodo groups are necessary 
to show the activity. 

In summary, nine 5-substituted tropolones have been synthesized 
and evaluated in terms of their virucidal activity towards five different 
types of influenza virus. Only 5-substituted tropolones bearing a nitro 
or iodo group exhibited any virucidal activity. These results suggest 
that the pKa value of the 2-hydroxyl group is an important factor in 
determining the virucidal activity of the tropolone derivatives, as well 
as the hydrophilic properties of the compounds.
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