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Abstract Isothiocyanates (ITCs) are one of the many
classes of breakdown products of glucosinolates found in
plants and exhibit biologic activity against various patho-
gens. In this work, aliphatic isothiocyanates were prepared
and the antimicrobial activities against plant pathogenic
fungi and bacteria were tested to understand the structure—
activity relationships. The results indicated that longer-
chain derivatives exert a steric inhibition on toxicity of
ITCs against Rhizoctonia solani because of steric hin-
drance and the order of the eight aliphatic ITCs was
ethyl > n-propyl > methyl > n-hexyl > n-octyl > n-butyl >
n-heptyl > n-pentyl. Because the hydrophobicity of ITCs
was enhanced by increasing alkyl chain length, the anti-
bacterial activity of ITCs against Erwinia carotovora was
moderately intense with an increase in hydrophobicity and
the order was n-octyl > n-pentyl > n-heptyl > n-hex-
yl > n-propyl > n-butyl > methyl > ethyl. The present
study revealed that some of the compounds exhibited
promising antimicrobial activity and could be used as an
acceptable alternative to the traditional synthetic fungicides
for controlling R. solani and E. carotovora.
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Introduction

In recent years, as a result of the usage of antimicrobial
agents at high concentrations, the risk of developing path-
ogenic microorganism resistance to antimicrobial agents
has increased in many countries (Mueller et al., 2002;
Ma et al., 2009). Studies have focused on the development
of new antimicrobial agents from various natural sources
including medicinal plant extracts, herb oils, and spices
(Mohn et al., 2007; Wu et al., 2009). Isothiocyanates (ITCs)
are one of the many classes of breakdown products of
glucosinolates found in plants such as broccoli, brussels
sprouts, cabbage, canola, cauliflower, kale, radish, turnip,
watercress, and various mustards (Cinciripini et al., 1997,
Drewnowski and Gomez-Carneros, 2000; Fahey et al.,
2001; Chuanphongpanich et al., 2006). ITCs exhibit bio-
logic activity against various pathogens including bacteria
(Jang et al., 2010), viruses (Mochida and Ogawa, 2008),
fungi (Smolinska and Horbowicz, 1999), insects, and other
pests (Bennett and Wallgrove, 1994; Gamage et al., 2009).
Kurt et al. (2011) determined the toxicity of individual pure
aliphatic and aromatic ITCs to different fungal growth
parameters, such as mycelial growth, sclerotial viability,
and carpogenic germination of Sclerotinia sclerotiorum.
The result showed that methyl, allyl, and benzyl ITC were
the most fungitoxic of the tested compounds in bioassays
(Kurt et al., 2011). Troncoso-Rojas et al. (2005) tested the
efficacy of benzyl isothiocyanate (BITC) against Alternaria
alternata growth. The results showed that the minimal
inhibitory concentration of BITC in vitro was 0.1 mg/mL
and suggested that BITC can be used as a post-harvest
treatment to control Alternaria rot in tomato fruit without
detrimental effects on the tomato post-harvest quality
(Troncoso-Rojas et al., 2005). Kim and Lee (2009) tested
the growth-inhibiting activities of phenethyl isothiocyanate
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(PITC) and its derivatives against intestinal bacteria. The
study displayed that PITC strongly inhibited the growth
of Clostridium difficile and Clostridium perfringens at
1 mg/disk and moderately inhibited the growth of Esche-
richia coli at a dose of 2 mg/disk (Kim and Lee, 2009).
Tajima et al. (2007) examined the efficacy of hydroxyl
isothiocyanates against a bacterial virus. The test demon-
strated that ITCs with a hydroxyl-substituted phenyl struc-
ture exhibited remarkable antiviral activities (Tajima et al.,
2007). Liblikas et al. (2003) compared the activity of nine
ITC compounds to the beetle genera Phyllotreta species.
The results illustrated that butenyl isothiocyanate and butenyl
thiocyanate were the most effective at controlling Phyllotreta
spp (Liblikas et al., 2003).

Studies have shown that the structural identities of ITCs
appear to play an important role in the degree of eliciting
antimicrobial properties. Minor changes in ITC structure
have been shown to impact in vitro bioactivities signifi-
cantly (Saksena, 1985; Schultz er al., 2007). However,
limited study regarding to the growth-inhibiting activities
of aliphatic ITCs analogous against plant pathogenic
microorganisms has been reported. In this study, to
understand the structure—activity relationships and deter-
mine the optimal chain length for maximal antimicrobial
activity of aliphatic ITCs, we prepared eight aliphatic ITCs
and evaluated the antimicrobial activity against Rhizocto-
nia solani and Erwinia carotovora.

Results and discussion
Synthesis and characterization of ITCs

A series of ITCs were synthesized as per the route outlined
in Fig. 1. The method for the preparation of ITCs involved
reaction of amines with carbon disulfide in the presence of
triethylamine and then treated the salts with hydrogen per-
oxide. Excess carbon disulfide was generally required. The
factors of reaction (temperature, time, and solvent) were
investigated and optimized to establish the optimum reac-
tion conditions. The parameters were evaluated by com-
puting the yields of the compounds. The values ranging
from 20 to 80 °C were performed to find the best reaction
temperature during the dropwise addition of hydrogen
peroxide. The result showed that the yields of the target

NEt;
R—NH, + CS, —>
THF R

compounds were lower when the reaction temperatures
exceeded 50 °C. In order to eliminate the possibility of ITCs
directly reacting with amines, the reaction temperature
should not exceed 50 °C. In this work, the effect of mixing
time followed by dropwise addition of hydrogen peroxide
on the yields of the compounds was also studied over a
period of 10-60 min. It was found that the yields of the
compounds increased quickly as time went on and reached a
plateau at 30 min. Therefore, a reaction time of 30 min was
chosen. The various solvents (MeOH, EtOH, DMF, and
THEF) were tested. The best results were obtained when the
reaction took place in THF. The study found that the yields
of the compounds were falling with the increase in chain
length under the same conditions. It may be an increase in
chain length led to the increase in steric hindrance and to
reduction of the compounds’ reactivity. In the present study,
the yields of the compounds were the mean values of at least
three experiments. The compounds were characterized by
elemental analyses, mass spectra, IR, and NMR (Table 1).
Mass spectra of all of the compounds showed the molecular
ion peaks. Elemental analyses were found within 0.4 % of
the theoretic values.

ITCs efficacy against mycelial growth of R. solani

The efficacies of five concentrations of each ITC against
mycelial growth of R. solani are shown in Table 2. The results
showed that ethyl ITC was the most active against R. solani.
The percentage inhibitions of mycelial growth were 58.82 and
91.83 % at a concentration of 5.0 and 100.0 pg/mL, respec-
tively. At the highest concentrations, all ITCs exhibited sig-
nificant fungistatic effects and the percentage inhibition of
mycelial growth ranged from 84.25 to 97.90 %.

In the present study, an examination of toxic potency in
relationship to the number of carbon atoms for the straight-
chain derivatives was done to compare analog ECs, values.
ECs5 values determined for the reduction in mycelial growth
of R. solani are given in Table 3. For the mycelial growth,
ethyl ITC illustrated the lowest ECsq value (3.52 pg/mL),
which means the most activity to the R. solani. The ECsq
values of other ITCs against R. solani were higher than
10.0 pg/mL. Compared with the toxic potency of the longer-
chain derivatives (C4, C5, C6, C7, C8) against R. solani,
the shorter-chain derivatives (C1, C2, C3) exhibited potent
fungistatic effects. The order of eight aliphatic ITCs

H,0,

H S
N S H,0 I I
v T NHE;® L»[RNHCSSCNH% —— > R-N=C=$
S

R: CH3, CH3CH,, CH3(CH>)2, CH3(CHz)3, CH3(CHy)4, CH3(CHy)s, CH3(CHz)g, CH3(CH2)y

Fig. 1 Synthetic route of the compounds
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Table 3 The ECs, values of ITCs against Rhizoctonia solani and g
Erwinia carotovora and hydrophobicity of ITCs g § % i § §
ITCs log P ECso (g/mL) fEs|easeg
Rhizoctonia solani Erwinia carotovora = 3
Methyl 113 12336 38.24d 3| g gg En223
Ethyl .64 3.52a 41.65d S1e= -
n-Propyl  2.15 11.97b 20.65¢ g e s o
n-Butyl 2.66 42.83¢ 26.15¢ £ 88283
n-Pentyl  3.17 89.95¢ 2.03a ET(EEF I &
n-Hexyl 3.68 22.76¢ 8.73b = 5
n-Heptyl ~ 4.19 54.47f 7.51b ol I
n-Octyl 4.70 34.70d 1.17a LSS 8RR
ECso (ng/mL) for ITCs causing 50 % inhibition of mycelial growth §
or the number of bacteria 5 _ § § § ﬁ g _
* Hydrophobicity EN Bl §
® Mean values followed by different letters within the same column V.
were significantly different according to the LSD test (P < 0.05) E‘ ) g )
HEEIEREEE
for fungicidal activity was ethyl > n-propyl > methyl > =10 Z I PN
n-hexyl > n-octyl > n-butyl > n-heptyl > n-pentyl. g i
In general, toxicity for a group of chemicals is related to g _ igqioyd 2
a steric term, a hydrophobicity term and an electronic term E8[cddggd i
(Etzenhouser et al., 2001). We hypothesize that all the ITCs _ _ £
are Michael-type acceptors, which can set off Michael z o.g S
addition reaction with the cellular thiols as the molecular &5 28 awn oo §
mechanism of action. For that matter, the longer-chain E A I g
derivatives should be less reactive and toxic than shorter- g é 5 s o o o %
chain derivatives because of steric hindrance. By compar- 2 2 - ST 85 8 z
ing molecular structure, it is obvious that a longer-chain g EE|IYESSS §
exerts a steric inhibition on thiol reactivity with aliphatic g _ = Eﬂ
ITCs. This suggests that the differences of toxicity of the ERR) SE|l2 oo o|?
candidate aliphatic ITCs against R. solani are mainly due to 2 ‘:2 SZ|SwvSg|E
the differences of steric hindrance at the reaction center, Sy = 5
possibly leading to alteration in entropy of activation. The 2 % 32823 i
interpretation of steric hindrance focuses on the ability of % £S E § E g § E
the alkyl groups to adopt conformations, which may be § B §
adverse to the attacking thiol nucleophile. To a great extent, 3 z| Lg =
those obstructive conformations are likely. The alkyl can 3 Q% :‘é Bl E ;; ; % E
obstruct the electrophile from reaching the reactive centers ol B A
with the alkyl group increasing and the reduction of chain é § £
length will be beneficial to nucleophilic attack. In the case %D 2 _ ér: @ E @ E ;
of shorter-chain ITCs, there is less steric hindrance to 8 E Rl =23 %
nucleophilic attack. The results suggest that longer-chain :5 = g
derivatives exert a steric inhibition on toxicity of ITCs 2= o‘é S
against R. solani because of steric hindrance. 3 = § s ; § E E ; 2z
= 3
8 = 3
Antibacterial activity of ITCs against Envinia ‘LE 2 T e 03y ‘—_;
carotovora é % slgaczac }‘)
é — — AN O >~ © 'C—':é
The efficacies of five concentrations of each ITC on the « | _ 5 z
growth—inhibition activity of E. carotovora are shown in = % ) g,) cooc §
Table 4. Among eight screened compounds, n-octyl ITC eIzl 888 =]
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showed the highest activity, and the percentage inhibitions
against E. carotovora were 83.06 % at a concentration of
10.0 pg/mL. At their highest concentration, all the tested
compounds exhibited significant antibacterial activity and
the percentage inhibition ranged from 72.34 to 97.04 %.

ECs, values determined for the reduction in the con-
centration of E. carotovora are given in Table 3. For the
E. carotovora, n-octyl ITC had the lowest ECs, value with
a concentration of 1.17 pg/mL. However, the ECsq values
of n-pentyl, n-hexyl, n-heptyl, and n-octyl ITC against
E. carotovora were less than 10.0 pg/mL. The order of eight
aliphatic ITCs for antibacterial activity was n-octyl >
n-pentyl > n-heptyl > n-hexyl > n-propyl > n-butyl >
methyl > ethyl. Compared with the toxic potency of the
different length of the straight-chain derivatives against
E. carotovora, the longer-chain derivatives (C5, C6, C7,
C8) exhibited a significant antibacterial effect. The anti-
microbial activity of the compounds depended critically on
their hydrophobic content, which is typically quantified by
the 1-octanol/water partition coefficient (Kuroda er al,
2009). The hydrophobicity (log P) of ITCs was measured
by an octanol-aqueous shake-flask method (Screnci et al.,
2000). Log P values of eight screened ITCs ranged from
1.13 to 4.70, and are shown in Table 3. The results showed
that the hydrophobicity of ITCs was enhanced by increasing
alkyl chain length. In the present study, the activity of ITCs
against E. carotovora was moderately intense with an
increase in hydrophobicity. These findings indicated that
hydrophobicity favored the antibacterium activity of ITCs
against E. carotovora, and suggested that the transport of
ITCs to the target sites of E. carotovora might involve
hydrophobicity transport mechanisms.

The present study indicated that the activity of ITCs
against R. solani in general reduced with increasing chain
length. However, the activity of ITCs against E. carotovora
was general intensive when the chain length was increased.
These differences were not only related to steric hindrance
and hydrophobicity of ITCs but also related to the differ-
ences in the biochemistry and physiology of the fungi and
bacteria. For this reason, the results suggested that more
studies should be taken to investigate the possible roles of
differences in the biochemistry and physiology of fungi
and bacteria in their differential sensitivity to ITCs.

Experimental methods

Chemicals and microorganisms

Methylamine, ethylamine, n-propylamine, n-butylamine,
n-pentylamine, n-hexylamine, n-heptylamine, n-octylamine,

carbon disulfide, hydrogen peroxide, triethylamine, agar
powder, proteose peptone, and yeast extract were purchased

from Sigma. HPLC grade methanol was supplied by J.T.
Baker. Ultrapure water from a Milli-Q system (Millipore,
Billerica, MA, USA). All other chemicals used in this study
were of reagent grade. The fungus R. solani and bacteria
E. carotovora were supplied by the Laboratory of Seed
Pathology and Fungicide Pharmacology at China Agricul-
tural University.

Instruments

All reactions were monitored using a HPLC system, which
comprised two LC-10ATvp pumps, a SPD-10Avp ultravi-
olet detector (Shimadzu, Japan) and a reversed-phase
kromasil ODS C,;g column (AkzoNobel, Amsterdam, ZZ,
Netherlands, 250 x 4.6 mm, 5 pm, 100 A). The mass
spectra were performed on a JEOL JMS-AX500 mass
spectrometer and elemental analyses were conducted using
a LECO-183 CHNS analyzer. Infrared (IR) spectra were
recorded on a Jasco FT-IR 5300 spectrophotometer. NMR
spectra were acquired on Varian Unity Inova 300 MHz
spectrometers with TMS as an internal standard. The
numbers of the bacteria E. carotovora were determined
using an Agilent 8453 UV-Visible spectrophotometer.

Synthesis of ITCs

General procedure for the preparation of ITCs was followed
the literature method (Li et al., 1997). Carbon disulfide
(0.02 mol) was added dropwise to a stirred mixture of ali-
phatic amine (0.02 mol), triethylamine (0.02 mol), and THF
solution (100 mL) at 2-5 °C over a period of 30 min.
Agitation was continued for 30 min, followed by the drop-
wise addition of hydrogen peroxide (30 %, 0.03 mol) with a
controlled reaction temperature of 0—40 °C. Then, hydro-
chloric acid was added to the mixture to neutralize the
reaction solution. The reaction mixture was evaporated
under reduced pressure and extracted with ethyl acetate.
Then, the ester was removed by evaporation under reduced
pressure. The remaining residue was a yellowish oily liquid.
Compounds were purified by silica gel column chroma-
tography.

Characterization of ITCs

For HPLC characterization, methanol solutions of the
compounds were injected into a HPLC using a SPD-10Avp
ultraviolet detector at 225 nm. Compounds were further
characterized by mass spectra, elemental analyses, NMR,
and IR spectra. NMR spectra were acquired with TMS as
internal reference; the chemical shifts were reported in
ppm. IR spectra were obtained as KBr pellets. Mass spectra
(70 eV electron impact [EI]) were obtained using mass
spectrometer.
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Evaluation of ITC analogs against R. solani

In this experiment, the efficacy of ITCs against R. solani was
determined by growth rate method. On the basis of the
preparation experiment, appropriate concentrations ([Lg/mL)
of ITCs were determined, and the blank flat and the flat with
the only solvent were used as the control. After rejuvenation
re-identification, fungus cake of R. solani (diameter 5 mm)
was vaccinated in the toxic flat, and cultured in a constant
temperature incubator at 24-28 °C. The percentage of rela-
tive inhibition of ITCs against fungus was determined by the
comparing colonial diameter after the culture.

Evaluation of ITC analogs against Envinia carotovora

The synthesized compounds were tested for antimicrobial
activity against E. carotovora by the turbidimetric method.
An aliquot (0.1 mL) of the bacterial suspension (10° CFU/
mL) was incorporated into a conical flask (35 mL) con-
taining 10 mL of lysogeny broth (LB), which contained
with ITCs at different concentrations (pg/mL) using
DMSO as solvent. DMSO concentrations in both control
and assay were below 0.1 % (v/v). The mixtures were
inoculated at 30 °C for 12 h. The turbidity of the bacteria
solution was examined with the turbidimetric method using
an Agilent 8453 UV—Visible spectrophotometer. A sample
(1 mL) was taken from each conical flask, and the optical
density (OD) value of the growth of the bacteria was
measured through spectrophotometric colorimetry (the
wave length was 600 nm). The relation of the OD value to
number of viable bacteria was predetermined, and the
actual concentration of the microorganism with the dif-
ferent concentrations of ITCs was determined. All growth
inhibition assays were repeated three times. Finally, the
percent inhibition of bacterial growth was calculated in
comparison with controls that did not have ITCs.

Data analysis

The half maximal effective concentration (ECsy) values
were calculated by the linear regression of the probit % of
inhibition of mycelial growth or the number of bacteria as a
function of the log of inhibitor concentrations. All data
were subjected to one-way ANOVA by SPSS 17.0 statis-
tical analysis software (SPSS, Chicago, IL, USA). The
confidence limits used in this study were based on 95 %
(P < 0.05).

Conclusions

A series of aliphatic ITCs were prepared by reacting ali-
phatic amines with carbon disulfide resulting in precipitation
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of dithiocarbamate derivatives, which were then treated with
hydrogen peroxide to yield corresponding ITC derivatives.
Structure—activity relationships for the newly synthesized
compounds against plant pathogenic fungi and bacteria were
evaluated and discussed. The results indicated that the
activity of ITCs against R. solani, in general, reduced when
the chain length was increased, while the activity of ITCs
against E. carotovora was generally intensive with
increasing chain length. The present study revealed that
some of the compounds exhibited promising antimicrobial
activity and could be used as an acceptable alternative to the
traditional synthetic fungicides for controlling R. solani and
E. carotovora.
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