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Helicobacter pylori urease belongs to a family of highly conserved urea-hydrolyzing enzymes. 
A common feature of these enzymes is the presence of two Lewis acid nickel ions and a reactive 
cysteine residue in the active site. The H+/K+-ATPase inhibitor omeprazole is a prodrug of a 
sulfenamide which covalently modifies cysteine residues on the luminal side of the H+/K+-
ATPase of gastric parietal cells. Omeprazole and eight analogues were selected based on their 
chemical, electronic, and kinetic properties, and each was incubated with viable H. pylori in 
phosphate-buffered saline at pH 7.4 for 30 min, after which 100 mM urea was added and the 
amount of ammonia formed analyzed after a further 10 min. Inhibition between 0% and 100% 
at a 0.1 mM concentration was observed for the different analogues and could be expressed as 
a function of the pj£a-value of the pyridine, the pifa-value of the benzimidazole, the overall 
lipophilicity, and, most importantly, the rate of sulfenamide formation, in a quantitative 
structure-activity relationship. The inhibition was potentiated by a lower pH (favoring the 
formation of the sulfenamide) but abolished in the presence of /?-mercaptoethanol (a scavenger 
of the sulfenamide). Structural analogues incapable of yielding the sulfenamide did not inhibit 
ammonia production. Treatment of Helicobacter felis-infected mice with 230 /^mol/kg flurof-
amide b.i.d. for 4 weeks, known to potently inhibit urease activity in vivo, as a means of 
eradicating the infection, was tested and compared with the effect of 125 ^mol/kg omeprazole 
b.i.d. for 4 weeks. Neither t reatment proved efficacious. 

Introduction Chart 1. Structures of Omeprazole (1), the Active 

Helicobacter pylori plays an important role in peptic 
ulcer disease,1,2 and eradication of the bacterium in 
patients with peptic ulcers dramatically decreases the 
risk of ulcer recurrence.3-5 The obvious remedy for 
treating a bacterial infection with antimicrobials, how
ever, has often proven futile,6 and only a few combina
tion regimens have reached clinical practice.7'8 Thus, 
the need for alternative or novel treatments is evident. 
The possibility of development of resistance is another 
strong argument for identifying new drugs directed 
against H. pylori. 

H. pylori provides a unique nonmammalian target in 
its urease, EC 3.5.I.5.9 The bacterium allocates a 
considerable proportion of its anabolic activity toward 
the production of urease since it seemingly is constitu-
tively expressed10 and amounts to as much as 6% of the 
soluble protein.11 The enzyme is required during the 
colonization of gnotobiotic piglets12 and SPF mice.13 

Indeed, marmosets infected in the oropharnyx with 
ureaplasmas are successfully cured by interfering with 
the urease of the microbes, whereas treatment with 
conventional antibiotics merely leads to a stasis of the 
infection.14 

In the pioneering work on the archetype urease from 
Canavalia ensiformis (Jack bean), Zerner demonstrated 
the presence of two Lewis acid nickel ions and more 
importantly a reactive cysteine residue in the active site 
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Sulfenamide 2, the Enzyme—Inhibitor Disulfide 
Complex 3, and Flurofamide (4) 
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of the enzyme.15 Others have later reported on H. pylori 
urease having significant amino acid sequence similar
ity with other microbial ureases as well as with Jack 
bean urease,11 suggesting a common ancestral urease 
gene and thus similar active sites. 

The potent antiulcer agent omeprazole (1) is a pro
drug of the sulfenamide 2 and exerts its effect by 
covalently modifying cysteine residues 3 on the luminal 
side of the proton pump,16 i.e., the H+/K+-ATPase of the 
parietal cell in the oxyntic mucosa of the stomach. 

Omeprazole (1) is converted to the sulfenamide 2 only 
at low pH. In the (human) body this is exclusively 
achieved in the tubulovesicular and canalicular struc
tures of the parietal cell, i.e., the structures carrying 
the proton pump. Compound 1 is also a weak base 
rendering it to accumulate in these acidic compart
ments. In addition, once there, it is rapidly transformed 
to the sulfenamide 2, a charged species, which ef-
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Chart 2. Omeprazole (9) and the Structural Analogues Selected To Be Checked for Urease Inhibitiona 
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11 12 13 
0 The stability of the compounds (prodrugs) increases rowwise from the top to the bottom, whereas the lipophilicity increases columnwise 

from the left to the right. Compound 10 is lansoprazole. 

Table 1. Physicochemical Data and the Identity Number Used 
in the PLS Model of the Compounds Studied0 

compd 

5 
6 
7 
8 
9 
10 
11 
12 
13 
9 at pH 6 
37 
38 

PLS id no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

P * * 
4.7 
4.9 
4.8 
4.4 
4.0 
3.9 
4.1 
3.6 
3.8 
4.0 
5.1 
4.9 

P^b. 

8.6 
8.8 
9.1 
7.5 
8.7 
8.7 
7.6 
7.8 
8.4 
8.7 
8.9 
9.4 

log k'0 

0.18 
0.92 
1.55 
0.26 
0.83 
1.10 
0.09 
0.60 
1.16 
0.83 
1.22 
1.21 

11/2 (min) 

60 
54 
60 

1380 
1380 
780 

1920 
4140 
3000 

55 
90 
70 

° The lipophilicity is expressed as chromatographic retention, 
k'0. The half-life, tw, is a measure of the rate by which each 
compound (prodrug) is converted to the active species. 

fectively prevents it from reentering the systemic cir
culation, trapping it close to the target enzyme. This 
gives a selective and specific mode of action in the 
human body.17 

The objectives of this study were to (i) demonstrate 
that omeprazole and structural analogues (after initial 
conversion to active sulfenamides) could inhibit H. 
pylori urease in vitro by covalently modifying cysteine 
residues in the enzyme, (ii) establish a structure-
activity relationship (SAR) if possible, (iii) optimize 
potency according to the SAR, and (iv) investigate if 
urease inhibition in vivo could be a means of killing the 
bacterium. 

Chemistry 

Design Concepts. Nine omeprazole analogues, cf. 
Chart 2, were selected based on the half-life at pH 7 
and the overall lipophilicity expressed as chromato
graphic retention, cf. Table 1. Compounds with a fast 
(£i/2,PH7 < 100 min), an intermediate (13 h < *i/2,PH7 < 

25 h), and a slow (£i/2,PH7 > 35 h) conversion rate were 

chosen. Within each group a hydrophilic, an intermedi
ate, and a lipophilic compound were selected. 

The compounds are amphoteric, and charged species 
will to different extents contribute to the lipophilicity, 
cf. Scheme 1. A means of estimating the contribution 
of these charged species to the overall lipophilicity is 
chromatographic retention time, k'.18 Relating each 
retention time to a reference compound (9) has the 
advantage of compensating for variations between dif
ferent experiments as well as yielding relative19 (k'0) 
rather than absolute lipophilicities. 

The half-life reflects the rate of conversion from 
prodrug 14 to the active species, the sulfenamide 15, 
and is very dependent on the electronic properties of 
the substituents on both the pyridine and the benz-
imidazole rings.20 The electronic properties of the 
substituents R' and R" are accounted for in their 
contribution to the p2fa-values and thus to the half-life 
(ti/2), and their lipophilicity is accounted for in their 
contribution to the relative retention time (k'0). Their 
steric properties were, in this context, judged to be of 
minor importance and thus disregarded. 

The four variables (the logarithm of) k'0, $Km, plfabz, 
and ty2 were used to establish a quantitative structure-
activity relationship (QSAR) model by the partial least 
squares (PLS) method.21 This model, based on nine 
entries, was then used to make predictions of the 
activity of three additional compounds, two of which 
were synthesized and tested. 

Syntheses. The sulfoxides 16 were obtained after 
oxidizing the corresponding sulfides 17 with m-CPBA,22 

cf. Scheme 2. The sulfides 17 were prepared by alkyl
ating the appropriate mercaptobenzimidazole 18 with 
the appropriate (chloromethyl)pyridine 19. Substituted 
2-methylpyridines 20 were oxidized with m-CPBA to 
furnish the iV-oxides 21 which could readily be activated 
in the 4-position by nitration (22a). The alkyloxy 
compounds 23 were usually obtained after treatment 
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Scheme 1. Prodrug 14 Converts to the Active Species, the Sulfenamide 15, at a Rate Dependent on the Half-Life, tm" 

1/2 7 1 HSCH2CH2OH , 

NKS • H N ^ N S - S C H ^ 0 H 

SS 

py1 bz" 
a An excellent scavenger of the sulfenamide is /3-mercaptoethanol furnishing a disulfide adduct (SS). The pi?a-values of the prodrug 

are dependent on the electronic properties of the substituents R' and R", and charged species (py+ and bz") will to different extents 
contribute to the overall lipophilicity (of the parent compound). 

of 11a with alkoxide ion, but on occasion the chloro 
compound 22b had to be prepared in order to modify 
reactivity. Reaction with acetic anhydride yielded the 
acetyl derivatives 24, which could be rearranged ac
cording to Katada,23 furnishing 2-[(acetyloxy)methyl]-
pyridines (25). These were hydrolyzed with sodium 
hydroxide, leaving hydroxymethyl compounds 26 which 
upon treatment with thionyl chloride gave the chloro 
compounds 19. 

Not all the 2-methylpyridines (20) needed were com
mercially available but had to be synthesized. 3-Hy-
droxy-2-methyl-4-pyrone (27) was alkylated to furnish 
28, treated with ammonia to yield the corresponding 
pyridone 29, chlorinated with POCI3 to leave 30, and 
treated with alkoxide ion to yield 31. The N-oxides 23 
were prepared and subjected to the Katada conditions 
as discussed above. 

The mercaptobenzimidazoles 18 were obtained by 
reacting potassium ethyl xanthogenate with phenylene-
diamines 32. The diamines were obtained by catalytic 
hydrogenation of the corresponding nitroanilines 33 
obtained by consecutive nitrations and reductions of 
properly substituted benzenes, anilines, or nitroben-
zenes. 

Pharmacology 

Bacterial Strains. The H. pylori strains used were 
CCUG 15818 and N6Km-5. N6Km-5 was a urease 
negative mutant constructed from N6, a strain origi
nating from patients with gastritis. It was formed by 
allelic exchange in the ureB gene, and it does not 
synthesize the ureB product.24 The Helicobacter felis 
strain used was CSl. 

N6Km-5 was kindly provided by Dr. Agnes Labigne 
(Institut Pasteur, Paris, France) and CSl by Professor 
Adrian Lee (University of New South Wales, Sydney, 
Australia). The CCUG strain was obtained from the 
Culture Collection, Department of Clinical Bacteriology, 
University of Goteborg, Sweden. 

Stock cultures were stored at -70 0C in Brucella broth 
with 10% fetal calf serum (Difco) supplemented with 
20% glycerol at pH 7. The serum was inactivated at 
56 0C for 30 min prior to use. Colombia blood agar was 

used as solid medium for Helicobacter specimens: 42.5 
g/L Colombia agar base II (Oxoid), 15 g/L bactoagar 
(Oxoid), 7% horse blood, and 1% IsoVitaleX (BBL 
Microbiology System), pH 7.3 +/-0.2. 

Urease Assay. The test compounds were incubated 
with intact H. pylori, intact H. felis, or purified Jack 
bean urease (Sigma) at various concentrations. Urea 
was added, and the amount of ammonia formed was 
determined after 10 min, employing a modified phenol 
hypochlorite reaction25 catalyzed by sodium nitroferri-
cyanide to form a blue indophenol.26 Color development 
of the test compounds was determined in control experi
ments without bacteria. When such effects were no
ticed, the control value was subtracted from the actual 
experimental result. The rate of urea hydrolysis was 
found to be linear in the 10 min interval studied. 

In Vivo Studies.27 The in vivo model used in this 
study has been described earlier,28 but briefly SPF mice 
were challenged with H. felis three times during a 6 day 
period, and 3 weeks after inoculation animals were 
treated orally according to different regimens for 4 
weeks. 

Six different regimens were selected as follows: an 
uninfected no treatment control, an infected no treat
ment group to check for spontaneous elimination of the 
infection, an infected group receiving vehicle only, a 
triple therapy group used as a positive eradication 
control, and, finally, the two groups to be studied, a 
high-dose omeprazole and a therapeutic dose flurof-
amide, vide infra. 

Animals were treated for 4 weeks and sacrificed 24 h 
or 5 weeks after cessation of the treatment to measure 
suppression and eradication, respectively. The assess
ment was done by checking mouse stomach specimens 
for urease activity,29 and the rate of both suppression 
and eradication for each regimen was expressed as the 
number of urease positive animals divided by the 
number of animals checked x 100%. 

Results 

In Vitro Studies. Production of ammonia by urease 
in the urease positive H. pylori strain CCUG 15818 was 
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Scheme 2. Synthetic Routes Employed toward the Desired Compounds 16a 
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° Substituents are not shown in structures 16-19, 24-26, and 32-34 for reasons of clarity. The reader is referred to Charts 2 and 3 
to check for actual substituents and compounds prepared. 

compared with ammonia production in the urease 
negative H. pylori strain N6Km-5. After 10 min no 
detectable ammonia had been formed by the urease 
deficient strain (A560 = 0.24), whereas 1.44 mM am
monia had been formed by the urease positive strain 
(result not shown). Flurofamide (4), cf. Chart I,30 the 
most potent urease inhibitor yet described, was used to 
validate the assay, and it inhibited ammonia production 
completely at 100 nM and partly even at 10 and 1 nM 
concentrations, Figure 1. 

The effects of omeprazole and analogues at 1,10, and 
100 pM concentrations along with that of flurofamide 
at 1, 10, and 100 nM concentrations on H. pylori-
associated urease activity are given in Table 2 and 
expressed as percent of control. Table 2 also shows that 
the inhibitions at 1 and 10 fiM are very low (production 
of ammonia very close to that of the controls) for most 
of the compounds. These data are thus not ideal as 
y-variables in a PLS analysis. Using the activities of 
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Figure 1. Flurofamide (4) dose dependency inhibits ammonia 
production in wild-type H. pylori strain CCUG 15818. 
the compounds corresponding to entries 1—7, 9, and 10 
at 100 /uM together with the four variables pi£apy, P^ab2, 
log k'0, and ty%, however, a PLS model could be estab
lished, Figure 2. Only the first PLS component was 
significant according to cross-validation, but the predic-
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Table 2. Urease Activities in Wild-Type H. pylori, CCUG 
15818, When Subjected to Different Concentrations of Test 
Compounds" 

compd 

5 
K 
7 
8 
8 
10 
i i 
12 
13 
9 at pH 6 
37 (calcd) 
37(obsd) 
38 (calcd I 
38(obsd) 
T + fS 
39 
40 
flurofamide (4) 

PLS id no. 

1 
2 
3 
•1 

5 
ii 

7 
S 
9 

10 

11 

12 
13 
l-l 
15 

1 

72 
76 
105 
93 
109 
105 
106 
ND 
104 
115 

86 

36 
105 
109 
97 

concentration ( 

80 ( InM) 

10 

38 
38 
•12 
95 
96 
103 
SiI 
XI) 
94 
88 

35 

36 
96 
101 
105 
10(1OnM) 

uU) 

100 

32 
8 
1 
58 
64 
29 
80 
Nl) 
8.1 
28 
0 
0 
0 
0 
106 
99 
164 
0(10OnM) 

° The results are expressed as percent of control. The PLS 
model predicted two compounds, 37 and 38, to be potent inhibitors. 
The calculated values (calcd) are given along with the observed 
ones (obsd). The symbol fi denotes /J-mercaptoethanol. ND, not 
determined. 

Calculated/predicted urease activity (% of control) 
Figure 2. PLS model showing observed versus calculated/ 
predicted urease activities expressed as percent of control for 
some omeprazole analogues. The PLS model is based on 
entries 1-7, 9, and 10 (•). Entries 11 and 12 are predicted 
(O) and confirmed experimentally. 

Chart 3. Structures of the Two Compounds Predicted 
by the PLS Model To Be Potent Urease Inhibitors (Top 
row) and Structural Analogues Incapable of Yielding a 
Sulfenamide Structure (Bottom row) 

A 
Gc-Hxr & 

37 38 
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39 40 

tive power of this simple model was good (Q2 = 0.85). 
Examination of the PLS regression coefficients showed 
that , in order to maximize urease inhibition, tm should 
attain the lowest possible numerical value, whereas 
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Figure 3. Comparison of the effects of omeprazole (9) on the 
urease activity in wild-type H. pylori strain CCUG 15818 (n 
= 4) and purified Jack bean urease (n = 3) at pH 7.5. 

HD H. pylori 

1nM 10nM 100nM 
Concentration of flurofamide (4). 

Figure 4. Comparison of the effects of flurofamide (4) on the 
urease activity in wild-type H. pylori strain CCUG 15818 (n 
= 2) and purified Jack bean urease (n = 3) at pH 7.5. 

P^apy> pKab,. a n d ' °g k'0 should at tain as big numerical 
values as possible. The single most important variable 
proved to be tm and the least important one log k'a. 

The PLS model was used to predict, and improve, the 
activities of new compounds, cf. Chart 3. Thus com
pounds 37 and 38 (entries 11 and 12, respectively), with 
<i/2 < 100 min, pKBpy ** 5, p#ab, ^ 9, and log k'0 > 1, were 
synthesized and tested. For both compounds the pre
dicted values accorded very well with the experimentally 
determined ones, cf. Table 2 and Figure 2. Compound 
12 (entry 8) was predicted to have poor activity. For 
reasons given in the Discussion section, this compound 
was never tested. 

The inhibition was potentiated by a lower pH (entry 
10), favoring the formation of the sulfenamide 15,20 but 
entirely abolished in the presence of 100 pM /?-mercap-
toethanol (entry 13), a known scavenger of the sulfen
amide,20 cf. Scheme 1. Structural analogues incapable 
of yielding the sulfenamide 15, e.g., the sulfide 39 (entry 
14) and the 6-methyl derivative 4031 (entry 15), did not 
inhibit ammonia production, cf. Chart 3 for structures. 

To verify that omeprazole and analogues inhibit H. 
pylori ammonia production by an interaction with the 
urease rather than by nonspecific cell-wall interaction, 
the inhibition was (i) checked on purified Jack bean 
urease and (ii) compared with that of flurofamide (an 
active site blocker), Figures 3 and 4. Omeprazole 
significantly inhibited purified Jack bean urease more 
than H. pyZori-associated urease, Figure 3. Flurofamide 
too, was a more potent inhibitor of Jack bean urease 
than H. pyZori-associated urease at a 1 nM concentration 
but a less potent inhibitor at a 100 nM concentration, 
Figure 4. 

Regarding the optimized compound 38, it inhibited 
purified Jack bean urease to about the same extent as 
omeprazole but was indeed a more potent inhibitor of 
H. pyfori-associated urease, cf. Figures 3 and 5. 
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CD H. pylori 

WB Jack Bean 

1 u M 1OuM 10OuM 
Concentration of compound 38. 

Figure 5. Comparison of the effects of compound 38 on the 
urease activity in wild-type H. pylori strain CCUG 15818 in 
= 3) and purified jack bean urease (n = 3) at pH 7.5. 
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Figure 6. Comparison of the effects of omeprazole (9) on the 
urease activity in wild-type H. pylori strain CCUG 15818 and 
wild-type H. felis strain CSl at pH 6.0 and 7.5; n = 3 with the 
exception of entry H. pylori, pH 7.5, where n = 4. 

£. 120 i 

? 100-

o 2 0 -

uninfected infected infected triple omeprazole flurofamlde 
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Therapy 

Figure 7. H. felis (CSl) status in various control and treated 
SPF mice 24 h and 5 weeks after stopping treatment. The 
suppression and eradication rates in each group are expressed 
as the number of urease positive animals divided by the 
number of animals checked x 100% (at least 10 in each 
instancel. 

Although our aim was never to determine any IC50-
values for omeprazole, inspection of Figure 3 and Table 
2 (entry 5) suggests ICso-values of close to 10 //M and 
slightly in excess of 100 //M for inhibition of purified 
(Jack bean) urease and H. pylori -associated urease, 
respectively. 

In Vivo Studies. For the in vivo studies, the effect 
of omeprazole (9) on H. pylori ammonia production was 
compared with the effect on H. felis ammonia production 
at both pH 7.5 and pH 6.0 and found to be about the 
same, Figure 6. The experiments were performed with 
the same optical density, at which there was more H. 
felis than H. pylori, however. 

Not a single animal in the H. /eZ/s-infected control 
group spontaneously eliminated the infection nor did 
uninfected controls become infected, Figure 7. Treat
ment with vehicle alone did not affect the H. felis status 
of the animals, whereas triple therapy was 100% 
efficacious in both suppression and eradication. Neither 

omeprazole, flurofamide, nor the combination of the two 
(result not shown) caused any suppression or eradica
tion of the infection. 

Discuss ion 

Omeprazole inhibits isolated H+/K+-ATPase, under 
neutral conditions when only very little active sulfen-
amide is formed, with an IC50 of 2 /(M,17 which is in the 
same order of magnitude as our tentative ICso-value of 
about 10 //M for inhibition of purified Jack bean urease 
(also studied under neutral conditions). However, when 
omeprazole is studied in gastric gland preparations (acid 
conditions, IC50 = 0.6 //M)32 and compared with the 
effect on urease associated with competent bacteria 
(neutral conditions, tentative IC50 ^ 100 //M), the need 
for a low pH for activation of the prodrug, and thus the 
selectivity of omeprazole, is nicely illustrated. Another 
enzyme also carrying essential cysteine residues such 
as the Na4/K*-ATPase is not at all inhibited by ome
prazole unless studied under acid conditions when 
conversion to the active sulfenamide is promoted, again 
demonstrating the need for a low pH for activation of 
the drug. 

Preincubation of omeprazole for 30 min with partly 
purified H. pylori urease has been reported to give a 
reduction in urease activity of 87% at 150//M and 75% 
a t 75 //M.33 These values compare well with ours 
observed on H. pylori-associated urease, 64% at 100 /<M. 
However, we do not agree with the conclusion that 
omeprazole competitively inhibits urease. On the con
trary, our data strongly suggest a covalent modification 
of essential cysteine residues (SH groups) in the urease 
and thus a noncompetitive inhibition, e.g., (i) the more 
sulfenamide formed (i.e., shorter tin and/or a lowered 
pH) the better the inhibition, (ii) coincubation with 
/?-mercaptoethanol effectively scavenges the sulfen
amide and preserves urease activity, and (iii) structural 
analogues incapable of yielding a sulfenamide lack 
inhibitory effect. This suggestion is corroborated by 
Nagata et ol.3* who studied the effects of omeprazole 
and lanzoprazole (compound 10 in this study) on urease. 
They similarly demonstrated tha t inhibition was po
tentiated at a lower pH but abolished in the presence 
of SH-containing compounds such as glutathione or 
dithiothreitol. Indeed, recently Jabri et al. published 
the X-ray structure of Klebsiella aerogenes urease35 and 
showed the presence of a cysteine residue close to the 
putative urea-binding pocket at a position where chemi
cal modification, eg., disulfide formation with sulfen-
amides, would lead to steric blockage of the active site. 

The effects of flurofamide, omeprazole, and the more 
potent compound 38 on ammonia production by H. 
pylori and purified Jack bean urease were compared. 
The inhibitory effects differed but were within 1 order 
of magnitude roughly the same for the different com
pounds on both the bacterium (H. pylori) and the 
purified protein (urease). This lends support to the 
notion that omeprazole and structural analogues inhibit 
H. pylori ammonia production by interfering with the 
bacterial urease, at the active site as discussed above, 
rather than by an unspecific modification of bacterial 
surface proteins. In accord with this, the number of 
available SH groups in water-extracted H. pylori urease 
decreases upon treatment with lansoprazole.3"4 

Since the in vivo studies were to be done on H. felis 
rather than on H. pylori-infected animals, the effect of 
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omeprazole was checked in both species and established 
to be identical. Further, the potent urease inhibitor 
flurofamide had been shown to inhibit urease activity 
in ferrets infected with Helicobacter mustele by some 
95-100% for 24 h after a single oral dose of 23 /umol/ 
kg36 and was thus considered valid as a control treat
ment. 

In addition to urease inhibition, omeprazole does 
affect (bacterial) cell viability in vitro.37 The bactericidal 
effect, however, is not urease mediated since there is 
no difference in the susceptibility of the wild-type H. 
pylori (N6) or the corresponding urease deficient mutant 
(N6Km-5) to omeprazole.37 Yet, despite the possibility 
of a double pressure, i.e., bactericidal activity and urease 
inhibition, a course of omeprazole did not clear, let alone 
eradicate, the Helicobacter infection in mice. This result 
does not differ from that obtained with flurofamide 
which potently inhibits urease both in vitro and in vivo36 

(but does not affect cell viability of either the wild-type 
H. pylori strain or the urease deficient mutant in 
vitro31). 

Although we have not established if omeprazole 
indeed does inhibit urease activity in the in vivo 
situation, or excerts an antibacterial effect in vivo for 
that matter, the work on preparing even more potent 
urease inhibitors extrapolating from the dataset on 
which the PLS model was built could not be justified 
any more. Also, with the in vivo results at hand, the 
work on bringing up enough material of compound 12 
to be tested was discontinued. Besides, the PLS model 
had proven to have enough predictive power even 
without the data for this compound. 

Regarding the initial statement, that the steric bulk 
of the substituents R' and R" could be disregarded, we 
feel it proved valid, since the PLS model became 
predictive with a Q2-value of 0.85. The significance of 
the findings that the most important variable was the 
half-life and that the lipophilicity was of only minor 
importance, though it should be as high as possible, can 
merely be hypothesized on. A lipophilic compound may 
penetrate cell membranes or diffuse deep into protein 
cavities. A sulfenamide, however, is a charged species 
and is not thought to penetrate cell membranes. Our 
division of both the half-life and the lipophilicity into 
only three coarse groups does not allow us to tell if there 
is an optimal relationship between the two variables. 
Nevertheless, our data are in accordance with the 
finding that a significant portion of the urease of 
bacteria cultured in vitro is found extracellularly and/ 
or superficially in the periplasmic space. 

With respect to our objectives we have (i) demon
strated that omeprazole and structural analogues (after 
initial conversion to active sulfonamides) indeed inhibit 
H. pylori urease in vitro by covalently modifying es
sential cysteine residues in the enzyme, (ii) established 
a QSAR, (iii) used the QSAR to predict and, to some 
extent also, optimize potency according to it, and (iv) 
checked our biological hypothesis that urease inhibition 
could be a means of killing the bacterium in vivo and 
proven that this is not the case. 

Experimental Section 

Chemicals, reagents, solvents, and drugs were purchased 
from any of the major vendors if nothing else is stated or 
referenced. 

NMR spectra were recorded on 300 or 500 MHz instruments 
manufactured by Bruker, Switzerland. Absorbance was de
termined with a Tmax microtiter plate reader from Molecular 
Devices Co., Menlo Park, CA. 

Chemistry. The following standard preparative procedures 
were used. 

Method I: Compounds 19 from Compounds 23. This 
reaction sequence was performed on a 5-30 mmol scale. The 
appropriate pyridine Af-oxide 23 (x mmol) was dissolved in 2x 
mL of acetic anhydride and heated to 100 °C for 4 h. The 
excess acetic anhydride was evaporated, after which the 
residue was dissolved in absolute EtOH and evaporated to 
remove remaining traces of acetic acid. The latter procedure 
was repeated twice leaving a nearly quantitative amount of 
25 as a brownish oil reasonably pure as judged by TLC. 

The oil was dissolved in 1.5A: mL of 2 M NaOH and heated 
to 100 0C for 1 h. After cooling, the aqueous reaction mixture 
was extracted twice with 50 mL of CH2CI2, dried over MgSO-t, 
and evaporated leaving some 90% of the theoretical amount 
of 26 as a yellow oil which on occasion spontaneously crystal
lized. 

Compound 26 (y mmol) was dissolved in 3y mL of CH2CI2 
and treated with 1.3y mmol of SOCI2 for 2 h. The solvent and 
the reagent were evaporated leaving a quantitative yield of 
19 as the hydrochloride. 

Method II: Compounds 18 from Compounds 36. The 
appropriately substituted aniline 36 was acetylated with acetic 
anhydride at 110 0C for 2 h (about 0.5 mol/200 mL of acetic 
anhydride). After cooling, the reaction mixture was poured 
onto ice-water and the precipitated product collected. The 
filter cake was washed twice with water and dried in vacuo to 
leave some 70-80% of the theoretical amount of 35. 

The acetanilide 35 was added to a 4x molar excess of fuming 
nitric acid cooled to 0 0C, at such a rate that the temperature 
could be kept below 5 0C.38 After completion of the addition, 
the reaction mixture was poured onto ice-water and the 
precipitated product collected. The moist solid material could 
usually be crystallized from EtOH furnishing 34 in varying 
yields. 

Compound 34 (z mmol) was hydrolyzed with z mL of 9 M 
HCl at reflux for 30 min. After cooling, the slurry was treated 
with saturated NaOH until pH 11. The precipitate was 
collected, washed with water, and dried in vacuo to furnish 
an almost quantitative yield of 33. 

A suspension of 33 (k mmol) in 2k mL of EtOH was 
hydrogenated over Pd/C at ambient temperature. After 
completion of the reaction, a few spatula spoons of Celite was 
added and the solid material filtered off.39 The filtrate was 
diluted with * mL of EtOH, and a solution of K+-SCSOEt 
(1.25& mmol) in 0.5& mL of H2O was added and allowed to 
react at reflux for 12 h. The reaction mixture was diluted with 
water and the pH adjusted to ca. 7. Evaporation of most of 
the EtOH caused the product to precipitate, which was 
collected, washed with water, and dried in vacuo leaving 
varying yields of 18 pure enough to be used without further 
purification. 

Method III: Compounds 16 from Compounds 18 and 
19. These reactions were usually carried out on a maximum 
5 mmol scale. Thus, 18 (1.1m mmol) was suspended in Im 
mL of MeOH and treated with NaOH (2.0m mmol dissolved 
in a minimum volume of water) to furnish a solution. The 
mixture was treated with 19 (1.0m mmol) and allowed to react 
until completion as judged by TLC (95/5 CH2Cl2ZMeOH) at 
ambient temperature or reflux.40 The solvents were evapo
rated, and the residue was taken up in 30 mL of 2.5% NaOH. 
The aqueous layer was extracted with 50 + 25 mL CH2Cl2; 
the organic layers were combined, dried over MgS04, and 
evaporated, leaving a good yield of 17 as a tanned foam.41 

A stirred solution of 17 (n mmol) in IQn mL of CH2CI2 
layered with 5n mL of H2O containing NaHCOs (2ra mmol) was 
cooled to 0 0C and treated with m-CPBA (n mmol) dissolved 
in a few milliliters of CH2CI2. The reaction was allowed to 
proceed for 10 min, after which the organic layer was collected 
and extracted with alkaline water.(2n mmol of NaOH/lOrc mL 
of H2O). The alkaline extract was depressurized for a few 
minutes on a Rotavapor (to remove remaining traces of 
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CH2CI2) and then treated with MeOOCH (2n mmol) for some 
20 min. At most instances the desired product 16 would start 
to precipitate as a white solid.42 The solid was collected, 
washed with water, and dried in vacuo leaving varying 
amounts of pure 16. 

5-(HydroxymethyI)-2-[[(4-methoxy-3-methyl-2-pyr-
idyl)methyl]sulfinyl]-LH-benzimidazole (5). Step 1. The 
synthesis of the title compound required access to 4-methoxy-
2,3-dimethylpyridine Af-oxide which was carried through the 
procedure described in method I to yield 2-(chloromethyl)-4-
methoxy-3-methylpyridine. 

Thus, 2,3-dimethylpyridine (45 g, 0.45 mmol) was dissolved 
in 150 mL of concentrated acetic acid, mixed with 25 mL of 
30% H2O2, and gently heated to 95 0C for 3 h. A second lot of 
11 mL of 30% H2O2 was added and allowed to react for an 
additional 12 h. The solvent was evaporated43 and the residue 
recrystallized from isopropyl ether leaving 44 g (80%) of 2,3-
dimethylpyridine Af-oxide. 

The AT-oxide (44 g, 0.36 mmol) was dissolved in 90 mL of 
concentrated H2SO4 and treated with a mixture of 130 mL of 
concentrated H2S04 and 150 mL of 65% HNO3. The mixture 
was heated to 95 0C for 20 h. The mixture was cooled and 
treated with 10 M NaOH until pH 3. The precipitate was 
collected and crystallized from EtOH yielding 32 g (53%) of 
2,3-dimethyl-4-nitropyridine N-oxide.44 

The nitro compound (36 g, 0.21 mol) was dissolved in 450 
mL of MeOH and treated with 33 g OfK2CO3 at reflux for 2 h. 
After cooling and filtration, the solvent was evaporated. The 
residue was taken up in CH3CN, filtered, and reevaporated 
leaving 32 g (99%) of 4-methoxy-2,3-dimethylpyridine N-oxide. 

Step 2. The synthesis of the title compound also required 
access to 4-(hydroxymethyl)-2-nitroacetanilide (corresponding 
to structure 34 in Scheme 2) which was hydrolyzed, hydrogen-
ated, and ring-closed as described in method II to yield 
5-(hydroxymethyl)-2-mercapto-l.ff-benzimidazole. 

Thus, a mixture of 4-acetamidobenzoic acid (72 g, 0.4 mol), 
QHSO4 (136 g, 0.4 mol), CH3I (27 mL, 0.44 mol), and NaOH 
(32 g, 0.8 mol) in 500 mL of H2O and 500 mL of CHCl3 was 
allowed to react for 22 h at room temperature. The organic 
layer was collected, washed with 250 mL of 2.5% NaOH, dried 
over MgS04, and evaporated. The product was taken up in 1 
L of diethyl ether and filtered to remove remaining Q salts. 
Evaporation of the solvent left 29 g (38%) of pure 4-acet
amidobenzoic acid methyl ester. 

The methyl ester (34 g, 0.18 mol) was added to 81 mL of 
fuming nitric acid at such a rate that the temperature could 
be kept below 5 0C. After completion of the addition, the 
mixture was poured onto ice—water. The precipitate was 
collected and dried in vacuo leaving 30 g (73%) of 4-acetamido-
3-nitrobenzoic acid methyl ester. 

The nitro methyl ester (13 g, 53 mmol), dissolved in 250 
mL of diethyl ether and 250 mL of THF, was treated with 
LiAlH4 (2.6 g, 69 mmol) and allowed to react for 2 h at ambient 
temperature. The mixture was treated with consecutive 
additions of 2.6 mL OfH2O, 6.9 mL of 5% NaOH, and 2.6 mL 
OfH2O. The solid material was filtered off and washed twice 
with diethyl ether. The combined organic layers were dried 
over MgSO4, evaporated, and chromatographed on silica gel 
(CH2Cl2ZMeOH, 96/4) leaving 4.6 g (41%) of fairly pure 4-(hy-
droxymethyl)-2-nitroacetanilide. 

Step 3. Finally, reacting 5-(hydroxymethyl)-2-mercapto-
lif-benzimidazole with 2-(chloromethyl)-4-methoxy-3-meth-
ylpyridine according to method III furnished the title com
pound 5: 1H-NMR (MeOH-d4) d 2.23 (s, 3H), 3.96 (s, 3H), 4.8 
(2d, partly obscured by residual protons in MeOH-c?4, 2H), 7.01 
(d, IH), 7.43 (d, IH), 7.71 (m, 2H), 8.23 (d, IH). Anal. 
(C16Hi7N3O3S-V2H2O) C, H, N. 

2-[[(4-Ethoxy-3-methyl-2-pyridyl)methyl]suffinyl]-LH-
benzimidazole (6). Step 1. The synthesis of the title 
compound required access to 4-ethoxy-2,3-dimethylpyridine 
iV-oxide which was carried through the procedure described 
in method I to yield 2-(chloromethyl)-4-ethoxy-3-methylpyri-
dine. 

Thus, 2,3-dimethylpyridine (45 g, 0.45 mol) was dissolved 
in 150 mL of concentrated acetic acid, mixed with 25 mL of 
30% H2O2, and gently heated to 95 °C for 3 h. A second lot of 

11 mL of 30% H2O2 was added and allowed to react for an 
additional 12 h. The solvent was evaporated43 and the residue 
recrystallized from isopropyl ether leaving 44 g (80%) of 2,3-
dimethylpyridine AT-oxide. 

The Af-oxide (44 g, 0.36 mol) was dissolved in 90 mL of 
concentrated H2SO4 and treated with a mixture of 130 mL of 
concentrated H2SO4 and 150 mL of 65% HNO3. The mixture 
was heated to 95 CC for 20 h. The mixture was cooled and 
treated with 10 M NaOH until pH 3. The precipitate was 
collected and crystallized from EtOH yielding 32 g (53%) 2,3-
dimethyl-4-nitropyridine Af-oxide.44 

The nitro compound (8.8 g, 47 mmol) was dissolved in 120 
mL of absolute EtOH and heated to 70 0C. NaOEt (6.4 g, 0.94 
mol) was added over the next 24 h. The solvent was evapo
rated leaving a black tar which was used without further 
purification in method I. 

Step 2. Finally, reacting commercially available 2-mer-
capto-Lff-benzimidazole with 2-(chloromethyl)-4-ethoxy-3-
methylpyridine according to method III furnished the title 
compound 6: 1H-NMR (CHCl3-Ci3) <51.42 (t, 3H), 2.16 (s, 3H), 
4.04 (quartet, 2H), 4.72 (d, IH), 4.82 (d, IH), 6.69 (d, IH), 7.30 
(m, 2H), 7.63 (b, 2H), 8.29 (d, IH). Anal. (Ci6H17N3O2S-V4H2O) 
C, H, N. 

5-terf-Butyl-2-[[(4-methoxy-3-methyl-2-pyridyI)methyl]-
sulfinyl]-lif-benzimidazole (7). Step 1. The synthesis of 
the title compound required access to 2-(chloromethyl)-4-
methoxy-3-methylpyridine, cf. the synthesis of 5. 

Step 2. The synthesis of the title compound also required 
access to 4-tert-butylaniline which was carried through the 
procedure described in method II to yield 5-ter£-butyl-2-
mercapto-lH-benzimidazole. 

Thus, a mixture of 36 mL of concentrated HNO3 and 54 mL 
of concentrated H2SO4 was added to fert-butylbenzene (56 g, 
0.42 mol) at such a rate that the temperature could be kept 
below 5 0C. After stirring for an additional hour, the mixture 
was poured onto ice-water. The product was extracted with 
diethyl ether. The organic layer was washed with water, dried 
over MgSO4, and evaporated. The residue was distilled at 0.09 
Torr and the fraction coming off between 80 and 90 °C was 
collected: yield 54 g (72%). 

The nitro compound (54 g, 0.3 mol) was dissolved in 540 
mL of EtOH and hydrogenated over Pd/C. After completion 
of the reaction, the mixture was filtered and the solvent 
evaporated leaving a nearly quantitative yield of 4-tert-
butylaniline as an oil. 

Step 3. Finally, reacting 5-fert-butyl-2-mercapto-li/-benz-
imidazole with 2-(chloromethyl)-4-methoxy-3-methylpyridine 
according to method III furnished the title compound 7: 1H-
NMR (DMSO-Ci6) 6 1.34 (s, 9H), 2.14 (s, 3H), 3.84 (s, 3H), 4.70 
(d, IH), 4.78 (d, IH), 6.96 (d, IH), 7.39 (dd, IH), 7.57 (d, 2H), 
8.36 (d, IH). Anal. (C19H23N3O2S-V2CH3OH)46 C, H; N: calcd, 
11.25; found, 10.8. 

4-Fluoro-2-[ [ (4-methoxy-2-pyridyl)methyl] sulfinyl] -
Iff-benzimidazole (8). The title compound was prepared 
according to the procedure reported in ref 46. 

2-[[(4-Methoxy-3,5-dimethyl-2-pyridyl)methyl]sulfinyl]-
5-methoxy-LH-benzimidazole (9). The title compound was 
prepared according to the procedure reported in ref 47. 

2-[[[4-(2,2,2-Trifluoroethoxy)-3-methyl-2-pyridyl]meth-
yl]sulfinyl]-liZ-benzimidazole (10). The title compound 
was prepared according to the procedure reported in ref 48. 

4,6-Difluoro-2-[[(4-methoxy-2-pyridyl)methyl]sulfinyl]-
Lff-benzimidazole (11). Step 1. The synthesis of the title 
compound required access to 4-methoxy-2-methylpyridine 
N-oxide which was carried through the procedure described 
in method I to yield 2-(chloromethyl)-4-methoxypyridine. 

Thus, 2-methylpyridine (486 g, 5.22 mol) was dissolved in 
1500 mL of concentrated acetic acid, mixed with 242 mL of 
30% H2O2, and gently heated to 85 0C for 3 h. A second lot of 
180 mL of 30% H2O2 was added (at ambient temperature) and 
allowed to react for an additional 12 h (at 85 0C). The reaction 
mixture was cooled and treated with Pd/C to destroy residual 
H2O2. After reacting for 15 min, the catalyst was filtered off 
and the filtrate evaporated. Toluene was used to furnish an 
azeotrope with residual acetic acid upon reevaporation of 
solvents. The residue was distilled at 18 mmHg and the 
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fraction coming off between 130 and 135 °C collected: yield 
381 g (67%). 

The 2V-oxide (44 g, 0.4 mol) was dissolved in 78 mL of 
concentrated H2SO4 and treated with a mixture of 113 mL of 
concentrated H2SO4 and 139 mL of 65% HNO3 at 0 °C. The 
mixture was heated to 95 0C for 22 h. The mixture was cooled, 
poured onto 600 mL of ice—water, and treated with concen
trated ammonia until pH 3. The aqueous layer was extracted 
three times with 300 mL of CH2Cl2. The organic layers were 
combined, dried over MgSO4, and evaporated leaving 60 g 
(98%) of 2-methyl-4-nitropyridine JV-oxide44 as yellow crystals. 

The nitro compound (116 g, 0.78 mol) was dissolved in 1700 
mL of MeOH and treated with 122 g OfK2CO3 at reflux for 12 
h. After cooling and filtration, the solvent was evaporated. 
The residue was taken up in CH3CN, filtered, and reevapo-
rated leaving a quantitative yield of 4-methoxy-2-methyl-
pyridine iV-oxide. 

Step 2. The other building block in the synthesis of the 
title compound started from 4,6-difluoro-2-nitroaniline (cor
responding to structure 33 in Scheme 2) which was hydrogen-
ated and ring-closed as described in method II to yield 4,6-
difluoro-2-mercapto-l.H-benzimidazole. 

Step 3. Finally, reacting 4,6-difluoro-2-mercapto-L?J-benz-
imidazole with 2-(chloromethyl)-4-methoxypyridine according 
to method III furnished the title compound 11: 1H-NMR 
(CHCW3) 6 3.73 (s, 3H), 4.51 (d, IH), 4.75 (d, IH), 6.71 (d, 
IH), 6.76 (dd, IH), 6.86 (dt, IH), 7.08 (bd, IH), 8.34 (d, IH). 
Anal. (Ci4HIiF2N3O2S-V4H2O) C, H, N. 

5,6-Difluoro-2-[[(3,4-dimethoxy-2-pyridyl)methyl]-
sulfinyll-Lff-benzimidazole (12). Step 1. The synthesis of 
the title compound required access to 3,4-dimethoxy-2-methyl-
pyridine 2V-oxide which was carried through the procedure 
described in method I to yield 2-(chloromethyl)-3,4-dimethoxy-
pyridine. 

Thus, 3-hydroxy-2-methyl-4-pyrone (13 g, 0.1 mol) and CH3I 
(62 mL, 1.0 mol) were reacted over K2CO3 (55 g, 0.4 mol) in 
500 mL of acetone for 19 h at reflux. The solvent and excess 
CH3I were evaporated, and the residue was taken up in 250 
mL of H2O. The aqueous layer was extracted with 500 + 100 
mL of CH2CI2. The organic layer was washed with 5% Na2CO3, 
dried over MgSO4, and evaporated leaving 10 g (68%) of 
3-methoxy-2-methyl-4-pyrone as a brown oil. 

The pyrone (8.4 g, 60 mmol) was treated with 26 mL of 
concentrated ammonia in a steel autoclave at 110 0C for 3 h. 
After cooling, the ammonia was evaporated leaving a brownish 
oil which partly crystallized. Trituration with acetone, filtra
tion, and drying furnished 6.6 g (77%) of pure pyridone as beige 
crystals. 

The pyridone (7.0 g, 50 mmol) was suspended in 62 mL of 
POCl3 and refluxed for 10 h. The excess reagent was evapo
rated and the residue partitioned between 200 mL of CHCl3 
and 200 mL of H2O. The aqueous layer was treated with 
K2CO3 until pH 10 and extracted with 200 mL of CHCl3. The 
organic layers were combined, passed through phase separa
tion papers,49 and evaporated leaving 6.7 g (85%) of pure 
4-chloro-3-methoxy-2-methylpyridine as a tan oil. 

The chloropyridine (6.7 g, 43 mmol) was dissolved in 10 mL 
of MeOH and treated with 40 mL of 30% NaOMe (in MeOH) 
for 10 h at reflux. After cooling, the mixture was evaporated 
to dryness, treated with 50 mL of ice-water, and extracted 
with 200 + 100 mL of CHCl3. The organic layers were 
combined, dried over MgSO4, and evaporated yielding 5.7 g 
(88%) of 3,4-dimethoxy-2-methylpyridine as a brown oil. 

The pyridine (3.5 g, 23 mmol) was dissolved in 140 mL of 
CH2Cl2 and treated with 84% m-CPBA (5.2 g, 25 mmol) at 0 
0C. After reacting for 4 h at ambient temperature, the organic 
layer was washed with 250 mL of 5% Na2CO3, dried over 
MgSO4, and evaporated leaving 3.8 g (98%) of the desired 3,4-
dimethoxy-2-methylpyridine Af-oxide. 

Step 2. The other building block in the synthesis of the 
title compound started from 4,5-difluoro-2-nitroaniline (cor
responding to 33 in Scheme 2) which was carried through the 
procedure described in method II (with the exception of the 
hydrogenation having been done over Raney Ni rather than 
Pd/C) furnishing 5,6-difluoro-2-mercapto-li/-benzimidazole. 

Step 3. Finally, reacting 5,6-difluoro-2-mercapto-li/-benz-
imidazole with 2-(chloromethyl)-3,4-dimethoxypyridine ac
cording to method III furnished the title compound 12: 1H-
NMR (CHCl3-Ci3 containing 3 drops of DMSO-^6) <5 3.86 (s, 3H), 
3.92 (s, 3H), 4.68 (d, IH), 4.76 (d, IH), 6.84 (d, IH), 7.46 (b, 
2H), 8.19 (d, IH). Anal. (Ci6Hi3F2N3O3S) C, H, N. 

2-[[[4-[(Cyclopropylmethyl)oxy]-3-methoxy-2-pyridyl]» 
methyl]sulflnyl]-5-fluoro-Iff-benzimidazole (13). Step 1. 
The synthesis of the title compound required access to 4-[(cy-
clopropylmethyl)oxy]-3-methoxy-2-methylpyridine N-oxide which 
was carried through the procedure described in method I to 
yield 2-(chloromethyl)-4-[(cyclopropylmethyl)oxy]-3-methoxy-
pyridine. 

Thus, 3-hydroxy-2-methyl-4-pyrone (13 g, 0.1 mol) and CH3I 
(62 mL, 1.0 mol) were reacted over K2CO3 (55 g, 0.4 mol) in 
500 mL of acetone for 19 h at reflux. The solvent and excess 
CH3I were evaporated, and the residue was taken up in 250 
mL OfH2O. The aqueous layer was extracted with 500 + 100 
mL OfCH2Cl2. The organic layer was washed with 5% Na2CO3, 
dried over MgSO4, and evaporated leaving 10 g (68%) of 
3-methoxy-2-methyl-4-pyrone as a brown oil. 

The pyrone (8.4 g, 60 mmol) was treated with 26 mL of 
concentrated ammonia in a steel autoclave at 110 0C for 3 h. 
After cooling, the ammonia was evaporated leaving a brownish 
oil which partly crystallized. Trituration with acetone, filtra
tion, and drying furnished 6.6 g (77%) of pure pyridone as beige 
crystals. 

The pyridone (7.0 g, 50 mmol) was suspended in 62 mL of 
POCl3 and refluxed for 10 h. The excess reagent was evapo
rated and the residue partitioned between 200 mL of CHCl3 
and extracted with 200 mL of CHCl3. The organic layers were 
combined, passed through phase separation papers,49 and 
evaporated leaving 6.7 g (85%) of pure 4-chloro-3-methoxy-2-
methylpyridine as a tan oil. 

The chloropyridine (1.58 g, 10 mmol) was added to a 
suspension of 55% NaH in oil (1.09 g, 25 mmol) in 10 mL of 
cyclopropylmethyl alcohol and allowed to react for 10 h. The 
solvent was evaporated and the residue taken up in 100 mL 
of 1 M HCl. The aqueous layer was washed with 100 mL of 
CH2Cl2, treated with Na2CO3 until pH 10, and extracted with 
100 + 50 mL of CH2Cl2. The latter two organic layers were 
combined, dried over MgSO4, and evaporated. The residue was 
chromatographed on silica gel (EtOAc) furnishing 1.25 g (65%) 
of pure pyridine as a colorless oil. 

The pyridine (1.25 g, 7 mmol) was dissolved in 40 mL of 
CH2Cl2 and treated with 48% m-CPBA (2.56 g, 7 mmol) at 0 
0C. After reacting for 15 h at ambient temperature, the 
organic layer was washed with 30 mL of 5% Na2CO3, dried 
over MgSO4, and evaporated leaving a quantitative yield of 
the desired 4-[(cyclopropylmethyl)oxy]-3-methoxy-2-methyl-
pyridine N-oxide. 

Step 2. The other building block in the synthesis of the 
title compound started from 4-fluoroaniline which was carried 
through the procedure described in method II (with the 
exception of the hydrogenation having been done over Raney 
Ni rather than PdVC) yielding 5-fluoro-2-mercapto-lff-benz-
imidazole. 

Step 3. Finally, reacting 5-fluoro-2-mercapto-lH-benzimid-
azole with 2-(chloromethyl)-4-[(cyclopropylmethyl)oxy]-3-meth-
oxypyridine according to method III furnished the title com
pound 13: 1H-NMR (CHCW3) <5 0.37 (m, 2H), 0.67 (m, 2H), 
1.29 (m, IH), 3.87 (d, 2H), 3.89 (s, 3H), 4.69 (d, IH), 4.86 (d, 
IH), 6.77 (d, IH), 7.06 (m, IH), 7.25 (b, IH), 7.60 (b, IH), 8.13 
(d, IH). Anal. (C18Hi8FN3O3S) C, H, N. 

5-Methoxy-2-[[[3-methyl-4-(isopropyloxy)-2-pyridyl]-
methyl]sulflnyl]-LH-benzimidazole (37). Step 1. The 
synthesis of the title compound required access to 2,3-di-
methyl-4-(isopropyloxy)pyridine A^-oxide which was carried 
through the procedure described in method I to yield 2-(chlo-
romethyl)-3-methyl-4-(isopropyloxy)pyridine. 

Thus, a steel autoclave charged with a solution of 2,3-
dimethyl-4-nitropyridine N-oxide (9 g, 54 mmol), cf. the 
synthesis of 5, in 55 mL of concentrated HCl was heated to 
170 °C for 12 h. After cooling, the mixture was poured onto 
250 mL of ice and neutralized with K2CO3. The aqueous layer 
was extracted three times with 100 mL of CH2Cl2. The 
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combined organic layers were dried over Na2S04, evaporated 
and chromatographed on silica gel (CH2CyMeOH, 92/8) 
leaving 4.5 g (53%) of 4-chloro-2,3-dimethylpyridine 2V-oxide44 

as a yellow crystalline material. 
The chloro compound (2.9 g, 19 mmol) was dissolved in 40 

mL of isopropyl alcohol and treated with 55% NaH in oil (0.96 
g, 22 mmol) for 12 h at 80 0C.50 After cooling, the solvent was 
evaporated and the residue chromatographed on silica gel 
(CH2CyMeOH, 92/8) leaving 1.6 g (73%) of 2,3-dimethyl-4-
(isopropyloxy)pyridine Af-oxide. 

Step 2. Reacting 2-mercapto-5-methoxy-li:/-benzimid-
azole47 with 2-(chloromethyl)-3-methyl-4-(isopropyloxy)pyri-
dine according to method III furnished the title compound 
37: 1H-NMR (CHCl3-d3) <51.35 (quartet, 6H), 2.15 (s, 3H), 3.85 
(s, 3H), 4.58 (m, IH), 4.65 (d, IH), 4.78 (d, IH), 6.68 (d, IH), 
6.93 (dd, IH), 6.99 (b, IH), 7.56 (b, IH), 8.26 (d, IH). Anal. 
(C18H2IN3O3S) C, H, N. 

2-[[(4-Methoxy-3-methyl-2-pyridyl)methyl]sulfinyl]-
cyclopentano[l,2-/]benzimidazole (38). Step 1. The syn
thesis of the title compound required access to 2-(chloro-
methyl)-4-methoxy-3-methylpyridine, cf. the synthesis of 5. 

Step 2. The other building block in the synthesis of the 
title compound started from 5-aminoindane which was carried 
through the procedure described in method II (with the 
exception that the acidic hydrolysis of the acetanilide corre
sponding to 34 in Scheme 2 was exchanged to a basic 
hydrolysis with 10 M NaOH) to yield 2-mercaptocyclopentano-
[l,2-/]benzimidazole. 

Step 3. Finally, reacting 2-mercaptocyclopentano[l,2-/]-
benzimidazole with 2-(chloromethyl)-4-methoxy-3-methyl-
pyridine according to method III furnished the title compound 
38: 1H-NMR (CHCl3-Ci3) <5 2.15 (m, 2H), 2.16 (s, 3H), 3.00 (m, 
4H), 3.85 (s, 3H), 4.61 (d, IH), 4.80 (d, IH), 6.71 (d, IH), 7.26 
(b, IH), 7.54 (b, IH), 8.31 (d, IH). Anal. (Ci8H19N3O2S-3Z2H2O) 
C, H, N. 

2-[[(4-Methoxy-3,5-dimethyl-2-pyridyl)methyl]thio]-5-
methoxy-lfl-benzimidazole (39). The title compound was 
prepared according to the procedure reported in ref 47. 

2-[[(3,5,6-Trimethyl-2-pyridyl)methyl]sulfinyl]-5-chloro-
1/f-benzimidazole (40). Step 1. The synthesis of the title 
compound required access to 2-(chloromethyl)-3,5,6-trimeth-
ylpyridine which was prepared as follows. A solution of 2,3,5-
trimethylpyridine (100 g, 0.83 mol) dissolved in 520 mL of 
MeOH was added to a round-bottomed flask charged with 31 
mL of concentrated H2SO4 and 100 mL of ice. The mixture 
was heated to reflux, and (NH4^S2Os (475 g, 2.1 mol) dissolved 
in 885 mL of H2O and 10 M NaOH were added in such 
proportions that the pH was kept close to 2.5. The mixture 
was allowed to react for a further 2 h, after which 870 mL of 
MeOH was added. Solid material was filtered off and the 
MeOH evaporated. The remaining aqueous layer was treated 
with 10 M NaOH until pH 11 and extracted three times with 
350 mL of CH2Cl2. The combined organic layers were dried 
over MgS04 and evaporated. The residue was distilled at 0.2 
mmHg and the material coming off between 94 and 98 0C 
collected leaving 11 g (8%) of 2-(hydroxymethyl)-3,5,6-tri-
methylpyridine. 

The corresponding chloro compound was prepared employ
ing SOCl2 as described in method I. 

Step 2. Finally, reacting commercially available 5-chloro-
2-mercapto-Lff-benzimidazole with 2-(chloromethyl)-3,5,6-tri-
methylpyridine according to method III furnished the title 
compound 40: 1H-NMR (CHCl3-d3) 6 2.22 (s, 3H), 2.26 (s, 3H), 
2.30 (s, 3H), 4.60 (d, IH), 4.78 (d, IH), 7.21 (s, IH), 7.28 (dd, 
IH), 7.52 (b, 2H). Anal. (Ci6Hi6ClN3OS-V2H2O) C, H, N. 

Chromatography. The retention times needed to calculate 
k' were determined on a Waters Novapak C18 column (4 fim 
spherical beads, 3.9 mm x 150 mm) at a flow rate of 0.7 mL/ 
min employing a mobile phase of 27% CH3CN in dilute 
phosphate buffer at pH 7.4. The void volume was determined 
by injecting sodium dichromate. 

In Vitro Methods. Bacteria incubated for 3 days at 37 0C 
under microaerophilic conditions (85% N2, 10% CO2, and 5% 
O2) were gently scraped off from the Columbia blood agar 
plates and washed with PBS (137 mM NaCl, 5.1 mM Na2-
HPO4, 2.7 mM KCl, and 0.88 mM KH2PO4) adjusted to the 

pH which was to be used in the assay. The suspension was 
centrifuged at 2773g for 10 min at ambient temperature, and 
the bacteria were collected. After two additional washings, 
the suspension was adjusted to A560 = 0.3. The concentration 
of purified Jack bean urease used (18 /<g/mL, 1.28 LVmL) gave 
the same urease activity as the bacterial suspension. 

Compounds were dissolved in MeOH or DMSO and when 
necessary sonicated for some minutes. Aliquots were added 
to the test solutions to final concentrations of 1, 10, and 100 
fM (with the exception of flurofamide where the concentrations 
used were 1, 10, and 100 nM), and the organic solvent 
component amounted to <1%. The samples were incubated 
for 30 min at 37 0C in a water bath with gentle shaking. The 
reaction was started by adding 1 part 200 mM urea solution 
to 1 part test solution and stopped 10 min later by adding 25 
parts reagent A (10 g of phenol and 50 mg OfNa2Fe(CN)5NO 
dissolved in 1 L of water) and 25 parts reagent B (5 g of NaOH 
and 8.4 mL of NaOCl (Aldrich) dissolved in 1 L of water). The 
samples were incubated for a further 15 min to allow color 
development, after which 200 /uh aliquots were transferred to 
96-well microtiter plates. The absorbance at 650 nm was 
determined at ambient temperature using (NHj)2SO4 as 
standard. 

In Vivo Methods. The details of the in vivo experiments 
have been described elsewhere.28,29 In this study Methocel 
vehicle (0.1 mL) adjusted to pH 6 with citric acid was used 
and given twice daily. Drugs were given either dissolved or 
suspended in the vehicle, and the amounts stated are per 
mouse, mean body weight of 30 g, and day. Stock solutions 
or suspensions were stored frozen. 

Triple therapy was made up by 0.185 mg of bismuth, 0.675 
mg of metronidazole, and 1.500 mg of tetracycline and was 
administered once daily for 2 weeks followed by bismuth alone 
once daily for another 2 weeks. In this group of animals, 
vehicle alone was administered at the second daily dosing 
occasion. Omeprazole (1.295 mg, corresponding to 125 /<mol/ 
kg) and flurofamide (1.250 mg, corresponding to 230 /<mol/kg) 
were each dosed twice daily for 4 weeks. 

The number of animals used in the different groups was 
20, 20, 30, 30, 30, and 24 in the uninfected no treatment 
control, the infected no treatment control, the infected vehicle 
control, the triple therapy group, the omeprazole group, and 
the flurofamide group, respectively. The suppression data are 
based on 10 animals each. The eradication data are based on 
the number of remaining animals in each group (always > 10). 
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