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Fatty acid hydroperoxide lyase (HPL) is a key enzyme in the 
biosynthesis of plant volatiles involved in defense responses to 
mechanical or herbivore-induced wounding. We report here the 
synthesis of imidazole derivatives and their inhibitory activities 
on the tomato 13-HPL subfamily. Among II newly synthesized 
compounds, we found that 1-[2-benzyloxy-2-(2,4-dichloro
phenyl)ethyl]-IH-imidazole (3) exhibits inhibitory activity 
against recombinant 13-HPL with an ICso value of approximately 
39,tiM. Optical difference spectroscopy analysis of compound 3 
and HPL interaction indicated that this compound induces a type 
II binding spectra with a Kd value of approximately l3.5,tiM. 
© Pesticide Science Society of Japan 

Keywords: hydroperoxide lyase inhibitors; plant volatiles; crop 
protection. 

Introduction 

Phyto-oxylipins comprise a group of bioactive compounds that 
are biosynthesized from polyunsaturated fatty acids, such as 
linoleic acid and linolenic acid. I) The initial step in the biosynthe
ses of most phyto-oxylipins is catalyzed by lipoxygenase (LOX), 
which adds molecular oxygen to either the C-9 or C-13 position 
of linolenic or linoleic acid.2) The resulting hydroperoxides are 
further metabolized by several enzymes, including the following 
three closely related members of the CYP74 family of cy
tochrome P450s: hydroperoxide lyase (HPL), allene oxide syn
thase (AOS), and divinyl ether synthase (DES).I) The products of 
these P450s are intermediates in the divergent biosynthetic path
way of acyclic or cyclic phyto-oxylipins. 
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Hydroperoxide lyases (HPL), ubiquitously found in the plant 
kingdom, catalyze the cleavage reaction offatty acid hydroperox
ides into volatile unsaturated aldehydes, alcohols and the corre
sponding oxo fatty acids.3) Based on its substrate specificity, HPL 
is divided into two subfamilies, 13-HPL (CYP74B) and 9-/13-
HPL (CYP74C).4) The 13-HPL members preferentially cleave 
(S)-13-hydroperoxylenolenic acid or (S)-13-hydroperoxylenoleic 
acid into hexanal and (Z)-3-hexenal, respectively. These phyto
oxylipins, specifically the six-carbon alcohols, aldehydes and es
ters, are known as C6-volatiles. 

C6-Volatiles are important signaling molecules regulating plant 
defense responses.3) They are present at trace levels in undam
aged healthy plants, but are emitted in large quantities within sec
onds of mechanical or herbivore-induced wounding.S

) This emis
sion occurs directly from the wounding site, but examples of in
duction and systemic release have also been reported.6

) Undam
aged plants, when exposed to C6-volatiles, respond by inducing 
defense-related genes and secondary metabolites.7

) In addition, 
C6-volatiles possess fungicidal and bactericidal activity,S) and are 
major contributors to the aroma of many fruits, vegetables, and 
green leaves.9) 

The importance of phyto-oxylipins in plant defenses has pri
marily focused on the jasmonate family of molecules generated 
by the AOS branch pathway.IO) In contrast, studies on the HPL 
branch are still scarce. Although observations clearly show that 
plants perceive and respond to C6-volatiles, little is known about 
the molecular mechanisms by which plants perceive, mediate and 
respond to these volatiles. As HPL is a key enzyme in the biosyn
thesis of C6-volatiles, a specific HPL inhibitor may be a useful 
tool for investigating the molecnlar mechanisms of C6-volatile 
action in plants. With this aim, we initiated a systemic search for 
inhibitors that target 13-HPL. 

Based on sequence homology and electron paramagnetic reso
nance spectra, 13-HPL was classified as a member of the cy
tochrome P450 family.3) The catalytic and inhibitory mechanisms 
of P450s have been extensively elucidated. The inhibition mecha
nism of many P450s inhibitors is based on the coordination of the 
inhibitor to the ferric heme that forces the enzyme to change 
from the high- to low-spin form. This spin state change makes 
P450 reduction more difficult I I) and thereby interferes with P450 
functions. Imidazole derivatives have found particularly wide
spread utility as P450s inhibitors,12) apparently due to the intrin
sic affinity of the nitrogen electron pair in heterocyclic molecules 
for the prosthetic heme iron. Thus, imidazole derivatives are po
tential candidates for 13-HPL inhibitors. 

Miconazole, an imidazole type antifungal agent,13) is widely 

used clinically and experimentally as a cytochrome P450 in
hib'itor. It is known that miconazole inhibits several steps that are 
catalyzed by an unspecific monooxygenase (EC:1.l4.14.I) in 
arachidonic acid metabolism,14) implying that miconazole may 
inhibit P450 enzymes in lenolenic acid metabolism, including 
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13-HPL. In order to verify this possibility, we tested the in
hibitory activity ofmiconazo1e on 13-HPL. As a result, we found 
that miconazole inhibited HPL in our assay system with an ICso 
of approximately 65 ,uM. Consequently, we used miconazole as a 
lead compound and searched for more potent HPL inhibitors. We 
report herein the synthesis and biological evaluation of micona
zole derivatives as inhibitors of 13-HPL. 

Materials and Methods 

1. General 
Chemicals for synthesis were purchased from Acros Organic 
BVBA (Geel, Belgium), Kanto Chemicals Co. Ltd. (Tokyo, 
Japan) and Tokyo Kasei Co. Ltd. (Tokyo, Japan). Miconazole 
was obtained from Wako Pure Chemical Industries, Ltd. (Tokyo, 
Japan). lH-NMR spectra were recorded with a JEOL ECP-400 
spectrometer, chemical shifts being expressed in ppm downfield 
from TMS as an internal standard. Electrospray ionization mass 

spectra (ESI-MS) were recorded on a PE Sciex API-2000 LC/MS 
System under the conditions described previously. 15) 

2. Chemical synthesis of imidazole derivatives 
1-[2-Benzyloxy-2-(2,4-dichlorophenyl)ethyl]-I-H-imidazole (3). 
Compounds were prepared by a method described previously.15) 

To a stirred solution of 1-(2,4-dichlorophenyl)- 2-imidazol-1-yl

ethanol (Acros Organic BVBA (Geel, Belgium» (1), (1.3 g 5.0 
mmol) in DMF (5.0ml), sodium hydride (0.2g, 5.0mmol, 60% 
suspension in oil) was gradually added at room temperature. The 
reaction mixture was stirred at 40°C for 30 min. After cooling to 

15 °C, benzylbromide (0.85 g, 5.0mmol) in DMF was added to 
the reaction mixture with continuous stirring for a further 60 min 
at room temperature. After evaporation of the solvent under re
duced pressure, the residue was diluted with chloroform. The 
chloroform layer was washed with water and dried over anhy

drous sodium sulfate .. Separation of the concentrate by column 
chromatography on silica gel (chloroform: methanol = 10 : 1; v: 
v) gave 0.66 g (38%) of 3, light yellow oil. lH NMR (CDCI3) 0; 
4.02 (dd, J=7.5, 14.7 Hz, lH), 4.15-4.25 (m, 2H), 4.45 (eI, 
J= 11.7 Hz, IH), 4.97 (del, J=2.7, 6.6 Hz, IH), 6.89 (s, IH), 7.00 
(s, lH), 7.14-7.16 (m, 2H), 7.27-7.34 (m, 5H), 7.41-7.43 (m, 
2H). ESI-MS mlz (%): 347 (100, [M+Ht), 349 (75), 351(35). 

Anal. calcd for CIsHI6CI2NzO: C, 62.26; H, 4.64; N, 8.07; CI, 
20.42. Found: C, 62.29; H, 4.61; N, 8.12; CI, 20.38. Other com
pounds (4-12) were prepared in a similar way by reaction 1 with 
corresponding halides. 

CI 

CI 0+ 
~ llAcl 

c,N (ij 
N 

Miconazole 3 

Fig. 1. Chemical structure of miconazole and the HPL inhibitor, 
compound 3. 

1-[2-(2-Chlorobenzyloxy )-2-(2,4-dich10rophenyl)ethyl]-I-H
imidazole (4), colorless oil. lH NMR (CDCI3) 0; 4.08 (del, J=7.3, 
14.6 Hz, lH), 4.23 (del, J=2.5, 14.6 Hz, lH), 4.40 (eI, J= 12.6 Hz, 
lH), 4.54 (eI, J= 12.5 Hz, lH), 5.04 (del, J=2.6, 7.3 Hz, lH), 6.90 
(s, lH), 7.00 (s, IH), 7.23-7.45 (m, 8H). ESI-MS mlz (%): 381 

(75, [M + Ht), 383 (100), 385 (50), 387 (20). Anal. calcd for 

ClsHlSCl3NzO: C, 56.64; H, 3.96; N, 7.34; CI, 27.87. Found: C, 
56.68; H, 3.90; N, 7.38; CI, 27.80. 

1-[2-(3 -Chlorobenzy I oxy)-2-(2, 4-dichl oropheny I )ethy 1]-1-H
imidazole (5), colorless oil. lH NMR (CDCI3) 0; 4.05-4.24 (m, 

4H), 4.97 (del, J=2.6, 7.7 Hz, lH), 6.90 (5, lH), 7.00-7.03 (m, 
3H), 7.16 (5, lH), 7.27-7.34 (m, 3H), 7.44 (t, J=5.1 Hz, 2H). 
ESI-MS mlz (%): 381 (70, [M +Hf), 383 (100), 385 (45), 387 

(20). Anal. calcd for ClsH15CI3NzO: C, 56.64; H, 3.96; N, 7.34; 
Cl, 27.87. Found: C, 56.60; H, 3.88; N, 7.34; Cl, 27.82. 

2-Chloro-5-[ 1-(2,4-dichlorophenyl)-2-1-H-imidazol-I-yl
ethoxymethyl]-pyridine (6), colorless oil. IH NMR (CDCI3) 0; 
4.11-4.26 (m, 3H), 4.47(d, J= 12.5 Hz, lH), 5.00 (del, J=2.6, 7.3 
Hz, lH), 6.82 (s, lH), 7.01 (s, lH), 7.24-7.58 (m, 5H), 7.77 (s, 
lH), 8.06 (s,IH). ESI-MS mlz (%): 383 (100, [M+Ht), 385 
(75), 387 (25) 389 (8). Anal. calcd for C17HI4CI3NP: C, 53.36; 
H, 3.69; N, 10.98; CI, 27.79. Found: C, 53.42; H, 3.68; N, 10.68; 

CI,27.80. 
1-[2-(2,3-Dichlorobenzyloxy)-2-(2,4-dichlorophenyl)ethyl]-I

H-imidazole (7), light yellow oil. IH NMR (CDCI3) 0; 4.09 (del, 
J=7.2, 14.6 Hz, IH), 4.25 (dd, J=2.9, 14.6 Hz, lH), 4.40 (d, 
J=12.7Hz, IH), 4.54 (eI, J=12.8Hz, lH), 5.04 (del, J=2.5, 9.3 
Hz, lH), 6.91 (s, lH), 7.02 (s, lH), 7.19-7.45 (m, 7H). ESI-MS 
//lIz (%): 415 (80, [M+H]+), 417 (100),419 (75), 421 (50),423 

(25). Anal. calcd for CIsHI4CI4N20: C, 51.95; H, 3.39; N, 6.73; 
Cl, 34.08. Found: C, 51.92; H, 3.35; N, 6.70; CI, 34.12. 

1-[2-(2,6-Dichlorobenzyloxy )-2-(2,4-dichlorophenyl)ethyl]-I
H-imidazole (8), light yellow oil. IH NMR (CDCI3) 0; 4.02 (del, 

J=7.3, 14.6Hz, lH), 4.16 (del, J=2.6, 14.6Hz, lH), 4.57 (d, 
J=10.7Hz, IH), 4.73 (eI, J=10.7Hz, lH), 5.06 (del, J=2.6, 7.3 
Hz, lH), 6.86 (s, lH), 6.95 (s, lH), 7.17-7.45 (m, 7H). ESI-MS 
mlz (%): 415 (100, [M+Ht), 417 (85),419 (90), 421 (50),423 

(50). Anal. calcd for CIsHI4CI4NzO: C, 51.95; H, 3.39; N, 6.73; 
CI, 34.08. Found: C, 51.96; H, 3.35; N, 6.65; CI, 34.15. 

1-[2-(3,4-Dichlorobenzyloxy )-2-(2,4-dichlorophenyl)ethyl]-I
H-imidazole (9), light yellow oil. IH NMR (CDCI3) 0; 4.03 (del, 
J=7.3, 14.6Hz, IH), 4.21 (del, J=2.6, 14.6 Hz, lH), 4.57 (d, 
J= 11.3 Hz, lH), 4.74 (eI, J= 11.3 Hz, IH), 5.03 (del, J=2.6, 7.3 
Hz, lH), 6.86-6.96 (m, 2H), 7.15-7.46 (m, 7H). ESI-MS //lIz 
(%): 415 (75, [M+Ht), 417 (100), 419 (75), 421 (50),423 (25). 

Anal. calcd for CIsHI4CI4NP: C, 51.95; H, 3.39; N, 6.73; CI, 
34.08. Found: C, 51.92; H, 3.34; N, 6.68; CI, 34.16. 

1-[2-(2,4-Difluorobenzyloxy)-2-(2,4-dichlorophenyl)ethyl]-1-
H-imidazole (10), light yellow oil. IH NMR (CDC]3) 0; 4.08 (del, 
J=7.4, 14.2Hz lH), 4.51-4.68 (m, 3H), 5.09 (del,J=2.6, 7.7Hz, 
lH), 6.68-6.88 (m, 3H), 7.05-7.41 (m, 6H). ESI-MS mlz (%): 

383 (100, [M+Ht), 385 (60), 387 (12). Anal. ca1cd for 

CIsH14CI2F2NP: C, 56.42; H, 3.68; N, 7.31; Cl, 18.50; F, 9.92. 
Found: C, 56.38; H, 3.70; N, 7.35; CI, 18.550; F, 9.97. 

1-[2-(2,5-Difluorobenzyloxy)-2-(2,4-dichlorophenyl)ethyIJ-l-
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H-imidazole (11), colorless oil. IH NMR (CDCl3) 0; 4.06 (dd, 
J=7.4, 14.5 Hz lH), 4.24 (del, J=2.6, 14.5 Hz IH), 4.31 (eI, 
J= 12.3 Hz IH), 4.46 (eI, J= 12.3 Hz IH), 5.02 (del, J=2.6, 7.3 Hz, 
lH), 6.93-7.98 (m, 3H), 7.02-7.03 (m, 3H), 7.31-7.44 (m, 3H). 

ESI-MS m/z (%): 383 (100, [M+Hn, 385 (75), 387 (12). Anal. 

calcd for ClsH14C12F2N20: C, 56.42; H, 3.68; N, 7.31; Cl, 18.50; 
F, 9.92. Found: C, 56.40; H, 3.66; N, 7.29; Cl, 18.46; F,9.88. 

1-[2-(3 ,4-Difluorobenzy loxy )-2-(2,4-dichlorophenyl)ethyl]-I
H-imidazole (12), colorless oil. lH NMR (CDCI3) 0; 4.04 (del, 

J=7.7, 14.6 Hz IH), 4.19-4.42 (m, 3H), 4.95 (del, J=2.8, 7.7 Hz, 
lH), 6.88-7.02 (m, 3H), 7.13-7.33 (m, 4H) 7.45-7.46 (m, 2H). 
ESI-MS m/z (%): 383 (100, [M+Hr), 385 (75),387 (15). Anal. 

calcd for ClsH14C12F2N20: C, 56.42; H, 3.68; N, 7.31; Cl, 18.50; 
F, 9.92. Found: C, 56.38; H, 3.71; N, 7.30; Cl, 18.48; F,9.90. 

1-[2-(3 ,5-Difluorobenzyloxy )-2-(2,4-dichlorophenyl)ethyl]-I
H-imidazole (13), light yellow oil. IH NMR (CDCI3) 0; 4.04 (del, 
J=7.8, 14.5Hz IH), 4.16-4.21 (m,2H), 4.41 (eI,J=12.1Hz IH), 
4.96 (dd, J=2.7, 7.8 Hz, lH), 6.68-6.82 (m, 4H), 7.05-7.41 (m, 

5H). ESI-MS m/z (%): 383 (100, [M+Hr), 385 (75), 387 (I5). 

Anal. calcd for ClsHI4CI2F2NP: C, 56.42; H, 3.68; N, 7.31; Cl, 
18.50; F, 9.92. Found: C, 56.36; H, 3.72; N, 7.36; Cl, 18.55; F, 
9.96. 

3. Preparation of (9Z, 11 E, 13S, 15Z)-13-hydroperoxyoctadeca-
9,11, 15-trienoic acid ((13S)-HPOT) 
(I3S)-HPOT was prepared from linolenic acid as described previ
ously.15) (13S)-HPOT was dissolved in methanol and stored at 
-80°C. 

4. Expression and purification of recombinant tomato HPL 
A region of the LeHPL cDNA from the EcoRI site just down
stream of the initiation codon to the HindIII site 30 bp down
stream of the stop codon was inserted into the corresponding site 
of the E. coli expression vector, pQE31 (QIAGEN), and used to 
transform competent MI5 bacteria. Expression and purification 
of HPL was carried out as described previously. 16) 

5. Measurement of HPL activity 
HPL activity was recorded with a Shimadzu UV-3100 spec
trophotometer (Kyoto, Japan) essentially as previously de
scribed. 16) Briefly, stock solutions of test compounds in DMSO 
(100mM to lO,uM) were stored at -20°C before use. In a I-cm 

path cuvette, 3 ml of 50 mM sodium phosphate buffer (pH =7 .0) 
containing 0.1 % Tween 20 (Aldrich) was mixed with (13S)

HPOT substrate (6,uM). The stock solution of test compounds 
was added (less than 0.1 %) to make a given concentration of test 
compounds at 25°C. The reaction was started by adding I pmol 

purified HPL. Activity was measured by following the decrease 
in absorption at 235 nm. The initial velocity of the decrease was 
followed for I min. Metabolism of (I3S)-HPOT was calculated 
according to Lambert Beer's Law (10=24315).17) 

6. Binding of compound 3 to recombinant HPL 
Binding of compound 3 to HPL was measured by optical differ

ence spectroscopy of purified recombinant HPL using a Shi-
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madzu UV3100 spectrophotometer as described previously. 16) 

Purified recombinant HPL was diluted in 50 mM sodium phos
phate buffer (pH =7.0) with 0.1 % Tween 20 to a final concentra

tion of 1.5,uM together with 20% glycerol and split into two 
matched black-walled quartz cuvettes (l ml). After running a 

baseline, l,uL of compound 3 (5 mM dissolved in DMSO) was 
added to the sample cuvette, and an equal volume of DMSO was 
added to the reference cuvette. The samples were equilibrated for 
2 min, and the difference spectrum was then run between 380 and 
500 nm. The final addition volume was kept to < I % of the total 
volume. Changes in absorbance as a function of compound 3 
concentration (5, 8, 10, 20, 30, 40, 50,uM), at wavelengths se
lected on the basis of the spectral characteristics of the individual 

sample, were used to calculate binding constants based on linear 
regression analysis. Spectral determinations were performed at 
least twice for each experiment and were found to be repro
ducible with respect to the spectral profile and the positions of 

Amax and A min· 

Results and Discussion 

Chemical modification of miconazole was carried out using 
commercially available 1-(2,4-dichlorophenyl)-2-imidazol-l
ylethanol (1) as a starting material (scheme I). All compounds 
showed a single spot by thin-layer chromatography and an appro
priate IH NMR spectrum and elementary analysis. Table I shows 

the inhibitory activity of synthesized compounds to 13-HPL. We 
used miconazole as a standard for structure-activity relationship 
studies. Introduction of a benzyl substitution to the 1-(2, 4-
dichlorophenyl)-2-imidazol-l-ylethanol (3) enhanced 13-HPL in
hibition with an ICso of approximately 39,uM. Introduction of 
mono-substitution of chlorine to the phenyl or pyridine ring (4-6) 

significantly reduced the potency of 13-HPL inhibition. Introduc

tion of two chlorines to the phenyl ring at position 2 and 6 (8) 
and at positions 3 and 4 (9) also reduced inhibitory activity 
against 13-HPL, while compound 7 with two chlorines at posi
tions 2 and 3 exhibited inhibitory activity against 13-HPL with 
an ICso value of approximately 46 ,uM. Introduction of two strong 
electron withdraw groups of fluorine to the phenyl ring also re
duced 13-HPL inhibitory activity (10-13). 

Although limited compounds were synthesized and tested for 
13-HPL inhibition in the present work, comparing the biological 
activities of 13-HPL inhibition and antifungal activity of these 
compounds suggested further investigations. First, miconazole 
and its derivatives are potent antifungal agents l4) and the struc

ture-activity relationship (SAR) studies indicated that the elec-

1 2 

NaH 
)Do 

RBr 

Scheme 1. Synthesis of compounds of general structure. 
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Table 1. Effect of R substitution on the inhibitory activity of 

synthesized compounds against l3-HPL 

No. R ICso,,uM a
) 

Miconazole 2,4-Dichlorobenzyl 6S±S.0 

3 Benzyl 39±2.l 

4 2-Chlorobenzyl >100 

5 3-Chlorobenzyl >100 

6 6-Chloropyridin-3-ylmethyl >100 

7 2,3-Dichlorobenzyl 46±3.2 

8 2,6-Dichlorobenzyl >100 

9 3,4-Dichlorobenzyl >100 

10 2,4-Difluorobenzyl >100 

11 2,S-Difluorobenzyl >100 

12 3,4-Difluorobenzyl >100 

13 3,S-Difluorobenzyl >100 

a) All the data shown were determined independently three 

times. 

tron withdrawing substituents on the phenyl ring of benzyloxy 

group are effective. In contrast, data obtained in the present work 

indicate that fluorine substituents derivatives (10-13) did not en

hance the potency of 13-HPL inhibition, implying that structure 

requirements for these two activities may be different. Secondly, 

SAR studies on the effect of electron-donating substituents of 

this synthetic series should be determined further. Nevertheless, 

the compounds reported in this study are the first example of syn

thetic chemicals that inhibit 13-HPL, and compound 3 is the 

most potent inhibitor of 13-HPL reported to date. 

In order to further determine the binding of imidazoles to 13-

HPL, we measured the optical difference spectra upon addition of 

compound 3 to recombinant 13-HPL by a method described pre

viously.IS) The addition of compound 3 to the 13-HPL protein in

duced a type II absorbance shift of the heme Soret band from 419 

to 423 nm, characteristic of the change from a low to high spin 

state of the ferric iron that is usually associated with direct coor

dination of the imidazole group of compound 3 to the heme iron 

of 13-HPL (Fig. 2A). The dissociation constant Kd was deter

mined by titrating the observed spectral absorbance difference 

,6.A (428-391 nm) versus the concentration of the inhibitor (Fig. 

2B). The Kd of compound 3 was approximately 13.S ,uM. These 

results indicate that the inhibition of 13-HPL activity by com

pound 3 is based on the coordination of the inhibitor to the ferric 

heme. 

It has been reported that HPL is significantly inhibited by the 

lipophilic antioxidant, nordihydroguaiaretic acid (NDGA), with 

an ICso of approximately SO )1M. IS) NDGA is known as a radical 

A 0.004 

0.003 

Q.I 0.002 (j 

I: 
~ 

.t::I .. 
Q 
~ 

0.001 
.t::I 
~ 

0 

-0.001 

-0.002 
Wavelenth (nm) 

B 

800 

700 
5' 
= 600 
;: 
'? 500 QO 

~ 
~ 400 
<I ---

l/compound 3 (11M-I) 

Fig. 2. Binding of compound 3 to 13-HPL. A) Spectrophotometric 

titration of 13-HPL with compound 3, which induced spectral 

changes in 13-HPL. Compound 3 was added to13-HPL (O.S ,uM) at 

various final concentrations (a, S; b, 8; c, 10; d, 20; e, 30; f, 40; g, SO 

,uM). B) The spectral dissociation constant was calculated from a 

double reciprocal plot of absorbance differences, /:,.A (428-391 nm) 

versus compound 3 concentrations gave 13.5 ,uM. 

scavenger, and is thought to inhibit HPL by its ability to trap 

alkoxyl radicals, which are intermediates in the catalytic action of 

HPL. In contrast, the mechanism of imidazole in P4S0 inhibition 

is based on the coordination of the inhibitor to the ferric heme. It 

appears, therefore, that these two classes of inhibitors have differ

ent modes of action in HPL inhibition. 

We have identified the lead compound for HPL inhibitors, and 

the methodology for the preparation of imidazole derivatives has 

been studied in considerable detail. 19
) We therefore expect that 

further development of imidazole derivatives will lead to the dis

covery of potent specific inhibitors of HPL. 
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