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N-substituted-imidazoles as inhibitors of nitric oxide synthase:

a preliminary screening
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Identification of potent and selective inhibitors of inducible or neuronal nitric oxide synthase (NOS) is of great interest
because of their therapeutic potential for treatment of diseases mediated by overproduction of nitric oxide. Imidazole
derivatives are described in the literature as inhibitors of various isoforms of NOS as well as inhibitors of various oxido-
reductase enzymes. In this paper, we describe the synthesis and inhibitory activities towards neuronal rat recombinant
NOS (nNOS), inducible mouse macrophage NOS (iNOS) and endothelial human platelet NOS (eNOS) of a series of
1-substituted imidazoles i.e. N-phenacyl, N-phenethyl- and N-phenyl-hydroxyethyl-imidazoles. The results show that the
N-(4-nitrophenacyl)imidazole 2e may be an interesting molecule. In fact, this substance, although active only in the
micromolar range on nNOS, could be considered for ist selectivity for nNOS versus eNOS, in particular if compared with
the reference substances (imidazole, 1-phenyl-imidazole and nitro-arginine). Thus 2e represents a chemical structure
which can be easily modified in order to improve the observed potency and selectivity.

1. Introduction

Nitric oxide synthase (NOS), the enzyme catalyzing the
synthesis of the free radical gas nitric oxide (NO) and
L-citrulline from the substrate L-arginine, has been identi-
fied as three isoforms. The neuronal (nNOS) and endothe-
lial (eNOS) isoforms are constitutively expressed and are
regulated by Ca**/calmodulin, whereas the inducible
(AINOS) isoform is only expressed under some conditions
and is Ca**/calmodulin independent, since it contains
tightly bound calmodulin. All isoforms are protoporphyrin
IX heme enzymes and require NADPH, tetrahydrobiopter-
in (BHy), FMN and FAD as cofactors. Each isoform has
been isolated, purified, characterized and cloned. Although
NO produced by NOS is a biological messenger involved
in different physiological processes including vasodilata-
tion, platelet aggregation (eNOS), macrophage function
(iNOS), neuronal communication (nNOS) etc., overpro-
duction of NO can be detrimental. In fact, an overproduc-
tion of NO by iNOS is associated with ulcerative colitis,
tissue damage following inflammation, rheumatoid arthri-
tis and septic shock whereas an overproduction of NO by
nNOS is associated with stroke, seizures, schizophrenia,
migraine headaches, Alzheimer’s and Parkinson’s diseases
and AIDS dementia [1-5].

The pathophysiological importance of NO derived from
iNOS and nNOS suggests that inhibitors of these isoforms
may be therapeutically useful, in particular those that do
not affect the protective and physiological roles of eNOS.
To date, many compounds have been shown to inhibit
NOS with various degrees of potency and selectivity, in-
cluding mono- or di-substituted arginines, guanidines, iso-
thioureas, amidines, indazoles and imidazoles [6-8].
Many 1-substituted imidazoles are described in the litera-
ture as inhibitors of different enzymes belonging to the ex-
tensive family of cytochrome Pys5y oxido-reductase [9—12].
Since it has been demonstrated that NOS is a highly spe-
cialized cytochrome P59 monooxygenase which is sen-
sitive to an inhibition by imidazole [13], some imidazole
analogues have been studied as inhibitors [14, 15]. Among
them, 1-phenyl imidazole and 1-(2-trifluoromethyl-phe-
nyl)-imidazole (TRIM) are noteworthy with the first show-
ing selectivity for inducible isoform [16] and the second
for the neuronal isoform of NOS [17, 18].

With the aim of exploring the inhibitory activity on vari-
ous isoforms of NOS of other molecules containing the
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imidazole nucleus as a pharmacophore, we describe in this
paper the synthesis and the biological activity of a series
of 1-substituted imidazoles, N-phenacyl, N-phenethyl- or
N-phenyl-hydroxyethyl-imidazoles 2a—-n, 3a, e, i and 4a,
e, i. Some of these substances are already described in the
literature as anticonvulsant and antimycotic agents (2a—e,
2i, 2k, 4a, 4e, 4i) [19, 20] or regarding their inhibitory
effect on human placental aromatase and 17a-hydroxy-
lase/17-20 lyase (3a, 3e) [21]. In the present study newly
and previously synthesized compounds were tested in
order to evaluate their inhibitory activity towards rat re-
combinant nNOS, mouse macrophage iNOS and human
platelet eNOS.

2. Investigations, results and discussion
2.1. Chemistry

Synthetic pathways for the synthesis of title compounds
are illustrated in the Scheme and are in agreement with
standard protocols. In brief, N-phenacylimidazoles 2a—n
were prepared by reaction of the corresponding phenacyl
bromide with imidazole (1) in dimethylformamide [19].
N-(phenyl)ethyl-imidazoles 3a, e, i were obtained by alky-
lation of imidazole with appropriate phenyl-ethyl-bromides
carried out in tetrahydrofurane solution using potassium
carbonate as base [21] or by catalytic reduction of the
corresponding N-phenacyl-imidazole in the case of 3i. The
sodium borohydride reduction of derivatives 2a, e, i gave
the enantiomeric mixture of the corresponding alcohols
4a, e, i [20]. Purification of all the synthesized compounds
was performed with flash chromatography. Physical prop-
erties are listed in Table 1. The proposed structures for all
new synthesized compounds (2g, 2h, 2j, 21-n, 3i) were
confirmed by elemental analyses, IR and 'H NMR data.
"H NMR and IR spectra are also reported for previously
synthesized compounds, where no spectroscopic data were
available.

2.2. Pharmacological screening

The ability of the 1-substituted imidazoles 2a—n, 3a, e, i
and 4a, e, i to inhibit nNOS, iNOS and eNOS was deter-
mined by monitoring the conversion of oxyhemoglobin in
methemoglobin, according to Hevel et al. [22]. The results
reported in Table 2 represent the percentages of inhibition
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Scheme

4a,e,i

2a,3a,4aR=H

2b R = pCH3

2¢ R=pBr

2d R = pOCH3

2e, 3e, 4e R =pNO2
2f R = pCF3

2g R = pOC3H7

2h R = pCOOC2H5
2i, 3i, 4i R = pCgH5
2j R = pCOCgH5

2k R = pNH2
21 R = oNO2
2m R = mNO2

2n see Table 1

(a) Br-CH2COCEH4R, DMF. (b) [H2], Pd/C, CH3COOH. (c) BrCH2CH2CEH4R, KoCO3, THF. (d) NaBH4, CH30H.

of NOS activity obtained at a dose of 500 uM; for com-
pounds that showed a high degree of inhibition, results are
also expressed as K;. Inhibition towards eNOS was deter-
mined only for the most promising compounds. Selectivity
for nNOS compared with iNOS and eNOS is defined as
the ratio of K; iNOS or K; eNOS to K; nNOS. Imidazole,
1-phenyl-imidazole and nitroarginine were always used as
reference substances.

Starting from literature data [13—18] reporting that imida-
zole and 1-phenyl-imidazole possess inhibitory activity
against various isoforms of NOS, we synthesized and
tested a series of N-phenacyl-imidazoles 2a—n i.e. deriva-
tives in which an ethanonic chain was interposed between
imidazole and variously substituted benzene rings.
Evaluation of the obtained results showed that some of
the compounds under study, compared with imidazole
and 1-phenyl-imidazole, were more potent against nNOS
and less potent towards iNOS (K; nNOS =175 and
430 uM and K; iNOS =60 and 35uM for imidazole
and 1-phenyl-imidazole, respectively); all the tested com-
pounds proved to be less active than the known unselec-
tive NOS inhibitor nitro arginine [23], which, as con-
firmed in this study, possesses the same potency towards
all isoforms (Kj =0.5, 7.6, 0.5 uM for nNOS, iNOS and
eNOS, respectively). We thus focused our attention on
neuronal NOS as a biological target; in fact, identifica-
tion of potent and selective inhibitors of this isoform is
clearly a very worthwhile goal in terms of providing
tools for investigating various biological functions of
NO in the nervous system; in addition, they could be

686

therapeutically useful in clinical conditions associated
with an excessive production of NO in the CNS
[24, 25].

With regard to the influence of the para-substituents pre-
sent at the phenylic rings of derivatives 2a—k on the bio-
logical activity, it appears evident that the presence of a
substituent in this position is critical; in fact, the unsubsti-
tuted derivative 2a was devoid of activity at 500 uM. Re-
garding the introduced substituents, the results show that
electron-releasing groups (-OCHj3, -OC3H7, -NH;) gener-
ally gave a poor contribution to activity, whereas electron-
withdrawing groups (-Br, -NO,, -CF3, -COCgHs), gener-
ally gave a good contribution to inhibitory potency. In-
deed, derivative 2e (p-NO,) proved to be the most interest-
ing compound of this series (K; nNOS = 105 uM).
Hydrophobic effects of the para-substituents were not
clear since the most interesting compounds, 2e and 2i (%
of inhibition of nNOS at 50 uM = 48), present hydrophi-
lic (p-NO,) and hydrophobic (p-C¢Hs) substituents, re-
spectively. These data need further analyses in order to
understand the structural requirement for inhibition of
nNOS. However, among the derivatives 2a—k, compound 2e
is interesting because it is active against nNOS in the micro-
molar range (K; nNOS = 105 uM) but not against iNOS
(K;iNOS = 1100 uM) or eNOS (K;eNOS = >5000 uM).
The other compounds are not or only slightly active, with
the exception for derivative 2i, although it shows the same
potency towards all the three isoforms (% of inhibition of
nNOS, iNOS and eNOS at 50 uM =45, 48 and 30, re-
spectively).
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Table 1: Physical properties of compounds 2a—n, 3a, e, i, 4a, e, i

N—CH,-X
Compd. X R M.p. (°C) Yield  Molecular IR (KBrcm™) 'H NMR data®
(%) formula®
2a¢ CO H 116—-117 65 C11H10N20
2b° CO  p-CH; 135-136 75 CpHpN,O 1690 (C=0)  2.45 (s, 3H, CH;); 5.37 (s, 2H, CHa): 6.94 (br

s, 1 H, imidazole H?); 7.13 (br s, 1 H, imidazole
H*); 7.30-7.34 (m, 2H, arom.); 7.51 (br's, 1 H,
imidazole H?); 7.85-7.89 (m, 2 H, arom.).

2c¢ CO p-Br 165-167 80 C;1Hy9BrN,O 1700 (C=0) 5.37 (s, 2H, CHy); 6.93-6.94 (m, 1H, imida-
zole H5); 7.13-7.16 (m, 1H, imidazole H4);
7.50 (br s, 1H, imidazole H?); 7.65-7.71 (m,
2H, arom.); 7.80-7.87 (m, 2 H, arom.).

2d¢ CO p-OCHj; 170-171 70 CpHipN,O 1691 (C=0) 3.90 (s, 3H, CHs); 5.35 (s, 2H, CHy); 6.94—
7.01 (m, 3H, arom. and imidazole H>); 7.13 (br
s, 1 H, imidazole H*); 7.51 (br s, 1 H, imidazole
H?); 7.93-7.97 (m, 2 H, arom.).

2¢° CO p-NO, 165-168 60 C1HoN3;05 1714 (C=0), 5.46 (s, 2H, CH,); 6.95-6.96 (m, 1H, imida-
dec. 1526, 1354 zole H5); 7.16-7.20 (m, 1H, imidazole H4);
(NO») 7.53 (br s, 1H, imidazole H?); 8.12-8.17 (m,
2H, arom.); 8.36-8.41 (m, 2 H, arom.).
2ff CO p-CF3 140-141 50 C,HoF3N,0O 1700 (C=0) 5.45 (s, 2H, CHy); 6.96 (br s, 1H, imidazole

HY); 7.16 (br s, 1H, imidazole H*); 7.54 (br s,
1 H, imidazole H?); 7.79-7.83 (m, 2H, arom.);
8.07-8.12 (m, 2 H, arom.).

2g CO p-OC;H; 105-106 35 Ci4HgN,O, 1691 (C=0) 1.06 (t, ] = 7.4Hz, 3H, CH3); 1.85 (m, 2H,
CH,CH,CH3); 4.01 (t, J] = 64Hz, 2H,
CH,CH,CH3); 5.35 (s, 2H, CHy); 6.96-7.01
(m, 3H, imidazole H®> and arom.); 7.14 (br s,
1 H, imidazole H*); 7.53 (br s, 1H, imidazole
H?); 7.9-7.97 (m, 2 H, arom.).

2h CO p-COOC,Hs 89-90 50 C4H14N,O3 1710, 1690 1.43 (t, J = 72 Hz, 3H, CH;); 443 (q, J =
(C=0) 7.2 Hz, 2H, CH,CH3); 5.45 (s, 2H, CH,); 6.96
(br s, 1H, imidazole H>); 7.15 (br s, 1 H, imida-
zole H*); 7.54 (br s, 1H, imidazole H?); 8.01—
8.21 (m, 4 H, arom.).

2i¢ CO p-C¢Hs 194-196 70 C17HisN,O 1694 (C=0) 5.43 (s, 2H, CH,); 6.97-6.98 (m, 1 H, imida-
zole H%); 7.15-7.19 (m, 1H, imidazole H*);
7.42-7.77 (m, 8H, arom and imidazole H?);
8.02-8.07 (m, 2 H, arom.).

2j CO p-COCgHs  141-143 50 CgH14N,0O5 1705, 1649 5.47 (s, 2H, CH,); 6.98 (br s, 1H, imidazole
(C=0) H’); 7.17 (br 1H, imidazole H*); 7.47-8.11 (m,

10H, arom. and imidazole H?).
2k CO p-NH; 200-205 55 C;1H; N3O 3567, 3400, 5.5 (s, 2H, CHy); 6.20 (br s, 2H, NH,); 6.58—
dec. 3317 (NHy), 6.62 (m, 2H, arom.); 6.88 br s, 1 H, imidazole

1660 (C=0) H>); 7.06—7.07 (m, 1 H, imidazole H*); 7.55 (s,
1 H, imidazole H?); 7.71-7.75 (m, 2 H, arom.).

21 CO 0-NO, 142-143 45 C11HgN305 1729 (C=0), 5.11 (s, 2H, CHy); 6.96 (br s, 1H, imidazole
1519, 1333 H>); 7.07 (br s, 1H, imidazole H*); 7.39 (dd, Jo
(NOy) =9 and Jm = 1.5 Hz, 1 H, arom. H%); 7.49 (br

s, 1 H, imidazole H?); 7.63-7.82 (m, 2 H, arom.
H’ and H°); 8.24 (dd, Jo = 9 and Jm = 1.4 Hz,

1 H, arom. H3).
2m CO m-NO, 120-121 60 C1HgN3;O5 1711 (C=0), 5.50 (s, 1H, CHy); 6.97 (br s, 1H, imidazole
1524, 1537 HY); 7.17 (br s, 1H, imidazole H*); 7.55 (br s,
(NO») 1H, imidazole H?); 7.90 (t, Jo = 8 Hz, arom.

H>); 8.3 (d, Jo = 7.8 Hz, 1H, arom. H®; 8.51
(d, Jo = 7.8 Hz, 1 H, arom. H*); 8.79-8.80 (m,
1 H, arom. H?).
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Compd. X R M.p. (°C) Yield  Molecular IR (KBr cm™') 'H NMR data”
(%) formula®
2n¢ CO 163-164 55 CioHyN3;O 1717 (C=0) 5.42 (s, 2H, CHy); 6.94-6.96 (m, 1H, imida-
zole HS); 7.16-7.17 (m, 1H, imidazole H4);
7.53 (br s, 1H, imidazole H?); 7.74-7.77 (m,
2 H, arom); 8.89-8.92 (m, 2 H, arom.).
33h CH2 H wax 40 Cl 1HpNy
3e" CH, p-NO, 102-104 60 C11H11N30,
3i CH, p-CeHs 122-123 35 C11Hi6N2 2924 (C—H) 3.08 (t, J = 7.2 Hz, 2H, CH,Cg¢Hs); 4.19 (t,
J=7.2Hz, 2H, NCH,); 6.86 (br s, 1 H, imida-
zole H’); 7.04-7.59 (m, 11 H, arom. and imida-
zole H* and H?).
4a° CHOH H 155-157 60 C1H1N,O
4e° CHOH p-NO, 187-189 65 C11H;iIN3O3 3116 (OH), 4.03-4.26 (m, 2H, CH,); 4.97-5.02 (m, 1H,
1517, 1346 CH); 6.03-6.06 (m, 1H, OH); 6.82 (s, 1H,
(NOy) imidazole H); 7.10 (s, 1 H, imidazole H*); 7.48
(s, 1H, imidazole H2); 7.58-7.63 (m, 2H,
arom.); 8.17-8.23 (m, 2 H, arom.).
4i¢ CHOH p-CgHs 182183 80 C7H16N,O 3188 (OH) 4.00-4.23 (m, 2H, CH,); 4.85-4.88 (m, 1H,

CH); 5.74-5.76 (m, 1H, OH); 6.84 (s, 1H,
imidazole HY); 7.16 (s, 1H, imidazole H%);
7.31-7.69 (m, 10 H, arom. and imidazole H?).

Elemental analyses were within +0.4% of the theoretical values.

According to literature [31].
According to literature [20].
According to literature [32].

- 06 ao o=

We thus selected the p-NO, phenacyl derivative 2e for
further chemical modifications. To investigate the impor-
tance of the position of the substituent, we synthesized the
ortho- and meta-NO, derivatives 21 and 2m. The data ob-
tained confirmed that the para-substitution was better for
activity although the ortho-derivative remained interesting
for st selectivity (K; iINOS=1750puM and K;
eNOS = >5000 uM) but showed a decrease in its potency
towards nNOS (K; nNOS = 375 uM). The bioisosteric re-
placement of the p-NO,-phenyl moiety with a 4-pyridyl
ring results in a significant decrease in nNOS inhibition as
shown by the analogue 2n (% of inhibition of nNOS at
500 uM = 0) confirming the importance of this substitu-
tion.

Finally, in order to investigate the influence of the ethano-
nic chain, we selected derivatives 2a, e, i (carrying H,
NO; or C¢Hs moiety at the para position of the phenyl
ring) as substrates for total or partial reduction of the keto
group, for synthesizing analogues 3a, e, i and 4a, e, i.

The unsubstituted analogues 3a and 4a were slightly more
active than the corresponding ketonic 2a (% of inhibition
at 500 uM = 32.16, 12.4 and O, respectively), the p-NO,
analogues 3e and 4e showed a decrease in inhibitory
activity of nNOS (% of inhibition at 500 uM of 2e, 3e
and 4e = 100, 50 and 29.8, respectively) and the biphe-
nyl-derivatives 3i and 4i, althought active against nNOS
(KinNOS = 175 and 125 uM, respectively), were less in-
teresting due to their nonselectivity (% of inhibition of
iNOS at 500 uM = 25 for 3i and K; iNOS = 1350 uM for
4i, K; eNOS =150 and 110 uM for 3i and 4i, respec-
tively). Then, in relation to the various chains, the contri-
bution to the inhibitory activity of the para-substituents
was different since the potency increased in the order
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g
For compounds 2k, 4a, 4e and 4i spectra were recorded in DMSO-dg, for the other compounds in CDCl3. Né\ (|)|
According to literature [19]. N—C H2_C @N
</

" According to literature [21].

H < NO, < C¢Hs for derivatives 3 and 4 and in the order
H < C¢Hs < NO, for derivatives 2.

Thus, among the synthesized and tested compounds, deri-
vatives 2e and 4i showed the highest potency of these
series, 2e being the most promising because ist selectivity
for nNOS vs eNOS as shown by their ratios of K; eNOS
to K; nNOS (> 47 for 2e and 0.88 for 4i).

In conclusion, although the examined compounds are not
very potent inhibitors of NOS, this preliminary screening
allowed us to state that N-(4-nitrophenacyl)imidazole (2e)
may be an interesting molecule. In fact, this substance,
although active only in the micromolar range on nNOS,
could be considered for its selectivity for nNOS vs eNOS,
in particular if compared with the reference substances
imidazole, 1-phenyl-imidazole and nitro-arginine. Thus, 2e
represents a chemical structure which can be easily modi-
fied in order to improve the observed potency and selec-
tivity.

3. Experimental

Melting points were determined using a Biichi 510 apparatus and are un-
corrected. IR spectra were recorded on a Perkin-Elmer Model 281 spectro-
meter with KBr disk. 'H NMR spectra were recorded on a Varian
200 MHz instrument in CDCl3; or DMSO-dg solution. Chemical shifts are
given in ppm () relative to tetramethylsilane as internal standard and sig-
nals were characterized as s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), or br (broad signals). Elemental analyses were performed on a
C. Erba Model 1106 elemental analyzer and the data of C, H, N, are with-
in +0.4% of calculated values. TLC separations were performed on Merck
silica gel 60-F,s4 precoated aluminum plates. Preparative chromatographic
separations were conducted by means of flash chromatography using
Merck Silica gel 60 0.040—0.063 mm. Imidazole and a number of bromo-
derivatives are commercially available and were used without further puri-
fication. The remaining phenacyl bromides were newly prepared following
common methods [26—29] and used directly in the next step.

Pharmazie 54 (1999) 9
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Table 2: Inhibitory activities on NOS of compounds 2a-n, 3a, e, i and 4a, e, i

Compd. % of inhibition % of inhibition % of inhibition Selectivity®

of nNOS at 500 uM (KipM)®  of iNOS at 500 uM (KiuM)®  of eNOS at 500 uM (KijuM)®
iNOS/nNOS eNOS/nNOS

2a 0 0

2b 40 13

2c 20 12

2d 9.1 16

2e 100 31.62 0 10.47 >47.61
(105) (1100) (>5000)

2f 36.7 27.3

2g 7.8 24

2h 13 0

2i 45¢ 48° 30¢ 1.06¢ 0.66¢

2j 28.79 0

2k 0 2.4

21 87 11.7 0 4.66 >13.33
(375) (1750) (>5000)

2m 19 4

2n 0 3

3a 36.26 32.8

3e 50 0

3i 70.15 25 100 0.85
(175) ©) (150)

4a 12.4 30.6

4e 29.8 21.8

4 80.6 24 100 10.08 0.88
(125) (1350) (110)

Imidazole 80 100 90 0.34 1.05
(175) (60) (185)

1-Phenylimidazole 60 100 40 0.08 1.43
(430) (35) (615)

Nitroarginine 100 100 100 15.2 1
0.5) (7.6) 0.5)

S

Defined as the ratio of K; iNOS or K; eNOS to K; nNOS

-

<10% (n > 3)

a o

Defined as the ratio of % of inhibition of iNOS or eNOS to nNOS at 50 uM
K was not calculated because it is insoluble at concentrations higher than 500 uM

o

3.1. Chemistry

3.1.1. General procedure for the preparation of the N-phenacyl-imidazoles
2a-n

A mixture of the appropriate phenacyl-bromide (5 mmol), imidazole
(25 mmol) and 1.5 ml of DMF was stirred at 5—-10 °C for 3 h then sus-
pended in H,O and the resulting precipitate was collected (or extracted)
and washed with H,O. The crude product was then purified from an
excess of imidazole and from the corresponding  1-3-
bis(phenacyl)imidazolium bromide, by flash chromatography eluting with
mixtures of ethyl acetate/methanol. Melting points, yields, analytical and
spectroscopic data for both previously [19] and newly synthesized com-
pounds are given in Table 1.

3.1.2. General procedure for the preparation of the N-phenethyl-imida-
zoles 3a, e

Imidazole (23 mmol) was added to a mixture of anh. K,CO3; (11.5 mmol)
and dry THF (5 ml). The mixture was stirred at room temperature for
10 min before bromo-derivatives (23 mmol) were added, then stirred for
additional 5 h. After filtration, THF was evaporated in vacuo and the resi-
due was purified by flash chromatography performed with a mixture of
ethyl acetate/methanol 8:2 v/v as eluent. Yields, melting points, analytical
and spectroscopic data are reported in Table 1 and are in agreement with
literature data [21].

3.1.3. N-[2-(Biphenyl)ethyl Jimidazole (3i)

A mixture of the corresponding N-phenacyl derivative 2i (0.4 g, 1.5 mmol),
0.1 g of 10% Pd/C as catalyst and 10 ml of glacial acetic acid was stirred
under hydrogen at 70 °C for 10 h. After chilling, the mixture was filtered
from the catalyst and neutralized with Na,COs; the solid obtained was
filtered, washed with H,O and dried. The crude product was purified by

Pharmazie 54 (1999) 9

Inhibition constants were obtained by measuring % of inhibition with at least three concentrations of inhibitor as described in literature [33]. Values had a standard deviation of

% of inhibition is expressed at 50 uM owing to the very low solubility at higher concentrations

flash chromatography eluting with a mixture of CH,Cl,/MeOH 9.75:0.25
to obtain pure 3i. Meeting point, yield, analytical and spectroscopic data
are reported in Table 1.

3.1.4. General procedure for the preparation of N-(phenyl-hydroxyethyl)-
imidazoles 4a, e, i

A mixture of the appropriate N-phenacyl imidazole 2a, e, i (1.9 mmol),
1.9 mol of NaBH,4 and 5 ml of MeOH was refluxed for 2 h. After 5 ml of
H,O were added, the mixture was neutralized with dilute HCI and then re-
fluxed for 30 min. After cooling, the solution was alkalinized with aqueous
5% NaOH and the precipitate was collected and crystallized by EtOH. Melt-
ing points, yields, analytical and spectroscopic data (Table 1) are in agree-
ment with literature data [20].

3.2. Enzymatic assay

NOS isoenzymes: inducible nitric oxide synthase isolated from immuno-
stimulated mouse macrophage (RAW 264.7) cells and neuronal rat recom-
binant nitric oxide synthase isolated from a Baculovirus overexpression
system in SF9 cells, were purchased from Alexis. Endothelial NOS was
prepared from washed platelets as described by Radomski et al. [30]. The
assay for NO synthase activities was carried out measuring the rate of
conversion of oxyhemoglobin to methemoglobin using a Hitachi UV 2000
spectrophotometer. A reference cuvette was charged with 5 uM oxyhemo-
globin (human A, ferrous purchased from Sigma) in 100 mM HEPES
(pH 7.4) in a final volume of 500 ul. A typical sample contained 50 uM
L-arginine, | mM Mg*™* (required only for iNOS), 170 uM Dithiothreitol
(DTT), 100 uM NADPH, 12uM BH4, I mM Ca*™ (required only for
nNOS and eNOS), 20 U/ml Calmodulin (required only for nNOS and
eNOS), 10 ul of DMSO (or the same volume of DMSO solution of test
compounds to a final concentration of 500, 100 and 50 uM), enzymatic
extract (1.2 U/ml for nNOS and iNOS, cytosol derived from 1.1 x 10'!
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platelets for eNOS) and 5 uM oxyhemoglobin in 100 uM HEPES pH 7.4
in a final volume of 500 ul. The HEPES buffer was pre-heated prior to
use. NO formed reacts with oxyhemoglobin to yield methemoglobin which
can be measured at 401 nm.

All assays were the mean of at least three values with a standard deviation
of <10%.

References

1
2

3

4

O 003N W

11

12

13

14

16
17

Marletta, M. A.: J. Biol. Chem. 268, 12231 (1993)

Kerwin, J. F. Jr.; Lancaster, J. R. Jr.; Feldman, P. L.: J. Med. Chem. 38,
4343 (1995)

Feldman, P.L.; Griffit, O. W.; Stuehr, D. J.: Chem. Eng. News 20, 26
(1993)

Moncada, S.; Palmer, R. H. J.; Higgs, E. A.: Pharmacol. Rev. 43, 109
(1991)

Kerwin, J. E;; Heller, M.: Med. Res. Rev. 14, 23 (1994)

Marletta, M. A.: J. Med. Chem. 37, 1899 (1994)

Southan, G. J.; Szabd, C.: Biochem. Pharmacol. 51, 383 (1996)
Macdonald, J. E.: Annu. Rep. Med. Chem. 31, 221 (1996)

Kato, K.; Ohkawa, S.; Terao, S.; Terashita, Z.; Nishikawa, K.: J. Med.
Chem. 28, 287 (1985)

Cross, P; Dickinson, R.; Parry, M.; Randall, M.: J. Med. Chem. 28,
1427 (1985)

Furet, P.; Batzl, C.; Bhatnagar, A.; Francotte, E.; Rihs, G.; Lang, M.: J.
Med. Chem. 36, 1393 (1993)

Rogerson, T.; Wilkinson, C.; Hetarsky, K.: Biochem. Pharmacol. 26,
1039 (1976)

Wolff, D. J.; Datto, G. A.; Samatovicz, R. A.; Tempsick, R. A.: J. Biol.
Chem. 268, 9425 (1993)

Wolff, D. J.; Datto, G. A.; Samatovicz, R. A.: J. Biol. Chem. 268, 9430
(1993)

Chabin, R. M.; Mc Cauley, E.; Calaycay, J. R.; Kelly, T. M.; Mac Nau,
K. L.; Wolfe, G. C.; Hutchinson, N. I.; Madhusudanaraja, S.; Schmidt,
J. A.; Kozarich, J. W.; Wong, K. K.: Biochemistry 35, 9567 (1996)
Wolff, D. J.; Gribin, B. J.: Arch. Biochem. Biophys. 311, 293 (1994)
Handy, R. L. C.; Harb, H. L.; Wallace, P.; Gaffen, Z.; Whitehead, K. J.;
Moore, P. K.: Br. J. Pharmacol. 119, 423 (1996)

690

18
19

20

2

—_

Received November 9, 1998
Accepted February 10, 1999

Handy, L. C.; Moore, P. K.: Life Sciences 60, 389 (1997)

Porretta, G. C.; Fioravanti, R.; Biava, M.; Cirilli, R.; Simonetti, N.;
Villa, A.; Bello, U.; Faccendini, P.; Tita, B.: Eur. J. Med. Chem. 28,
749 (1993)

Nardi, D.; Tajana, A.; Leonardi, A.; Pennini, R.; Portioli, F.; Magistret-
ti, M. J.; Subissi, A.: J. Med. Chem. 24, 727 (1981)

Ahmed, S.; Smith, J. H.; Nicholls, P.J.; Whomsley, R.; Carink, P.:
Drug Des. Discovery 13, 27 (1995)

Hevel, J. M.; Marletta, M. A.; in: Packer, L. (Ed.): Methods in Enzy-
mology, vol. 233, p. 250, Academic Press, San Diego, 1994

Furfine, E. S.; Harmon, M. E; Paith, J. E.; Garvey, E. P.: Biochemistry
32, 8512 (1993)

Odgen, J. E.; Moore, P. K.: Trends Biotechnol. 13, 70 (1995)

Moore, P. K.; Handy, L. C.: Trends Pharmacol. Sci. 18, 204 (1997)
Long, L. M.; Troutman, H. D.: J. Am. Chem. Soc. 73, 542 (1951)
Herms, B.: J. Prakt. Chem. 74, 133 (1906)

Zelinski, R. P;; Turnquest, B. W.; Martin, E. C.: J. Am. Chem. Soc. 73,
5521 (1951)

Kunckell, J.: Chem. Ber. 30, 1715 (1897)

Radomski, M. W.; Palmer, R. M. J.; Moncada, S.: Proc. Natl. Acad.
Sci. 87, 5193 (1990)

Godefroi, E. F.; Heeres, J.; Cutsem, J.; Janssen, P. A. J.: J. Med. Chem.
12, 784 (1969)

Heeres, J.: Eur. Pat. Appl. EP 142, 190 (C1.CO7D233/56), 22 May
1985, US Appl. 549, 127, 07 Nov 1983

Dixon, M.: Biochem. J. 55, 170 (1953)

Dott.ssa Loredana Salerno
Dipartimento di Scienze Farmaceutiche
Universita di Catania

Viale Andrea Doria, 6

95125 Catania

Italy

siracusa@mbox.unict.it

Pharmazie 54 (1999) 9



