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Abstract: Proton pump inhibitors (PPIs), drugs that are widely used for treatment of acid related diseases,
are either substituted pyridylmethylsulfinyl benzimidazole or imidazopyridine derivatives. They are all
prodrugs that inhibit the acid-secreting gastric (H*, K*)-ATPase by acid activation to reactive thiophiles
that form disulfide bonds with one or more cysteines accessible from the exoplasmic surface of the enzyme.
This unique acid-catalysis mechanism had been ascribed to the nucleophilicity of the pyridine ring. However,
the data obtained here show that their conversion to the reactive cationic thiophilic sulfenic acid or
sulfenamide depends mainly not on pyridine protonation but on a second protonation of the imidazole
component that increases the electrophilicity of the C-2 position on the imidazole. This protonation results
in reaction of the C-2 with the unprotonated fraction of the pyridine ring to form the reactive derivatives.
The relevant PPI pKy's were determined by UV spectroscopy of the benzimidazole or imidazopyridine
sulfinylmethyl moieties at different medium pH. Synthesis of a relatively acid stable analogue, N*-methyl
lansoprazole, (6b), allowed direct determination of both pK, values of this intact PPI allowing calculation of
the two pK, values for all the PPIs. These values predict their relative acid stability and thus the rate of
reaction with cysteines of the active proton pump at the pH of the secreting parietal cell. The PPl accumulates
in the secretory canaliculus of the parietal cell due to pyridine protonation then binds to the pump and is
activated by the second protonation on the surface of the protein to allow disulfide formation.

Introduction These data suggested that these weak bases were prodrugs that
Inhibition of gastric acid secretion has been the major means V€€ acid-activated and acted as proton pump inhibitors (PPIs).

of treatment of acid related diseases such as peptic ulcers and\N@lysis of their structure suggested that the active compounds
gastro-esophageal reflux disease. The first medicinal target toVere cysteine-reactive. Experiments with the isotope-labeled
be identified was the histamine-2 receptor, the major, but not glru_g§ _showed that the activation of _the I_DPIs resuIFed m_covalent
the only, activating parietal cell receptor. The second medicinal Inhibition of the enzyme solely by disulfide formation with one
target was the gastric acid pump, the gastric¢,(K™)-ATPase. or more cysteine m0|etlgs present in the pump Whlch.are
Since proton transport by the gastric {({*)-ATPase is the apcesgble from the luminal .surface qf the enzyme, since
final step in acid secretion, it was anticipated that drugs of this disulfide reducing agents abolished the isotope-labeling of the
type would be more effective inhibitors of acid secretion. pump proteirt o _
The particular properties of the gastric parietal cell allow for ~ Omeprazole was the first clinically useful compound of this
selective accumulation of weak bases withia, = 4.0, since class and was introduced in 1988s structure, 5-methoxy-2-
no other space in the body has a pH4.0. A compound was .[(4.-methox¥-3,5-dimthyI-.Z-pyridinyI)methylsulfinyl}H-benz-
developed, timoprazole, pyridyl-methylsulfinyl benzimidazole, imidazole, is shown in Figure 1, as are the structures of the
that inhibited gastric acid secretion as assessed with in vitro Other commonly used PPls, lansoprazole, pantoprazole, and
models such as rabbit gastric glands and in vivo, irrespective Fabeprazole which all have a benzimidazole and a newer PP,
of the nature of the stimulus, indicating the compound was not ténatoprazole, that has an imidazopyridine ring instead of a
a receptor antagonist (Figure 1). Théfb of the compound of benzimiplazole. The .benzimic.iaz_ole PPI§ are analogues of
~3.0 in the pyridine ring would allow selective accumulation 2-(Pyridinylmethylsulfinyl)benzimidazole, timoprazole.
in the acid space of the parietal cell. Experiments performed The PPIs consist of two heterocyclic moieties. One is a
with this compound and a subsequent derivative with substitu- Pyridine moiety, and the other is a benzimidazole or an imidazo-
tion on the pyridine (picoprazole) showed that they were able : : :
to inhibit (H, K*)-ATPase activity only under acid transporting Ef”\‘f\;‘;ﬁﬁ;aﬁ;’%‘?ﬁ’gﬁg@gfg@gﬂg&?gf L.; Blander, B.; Sjostrand, S.
conditions. Moreover, there was a lag between administration (3) Wallmark, B.; Sachs, G.; Mardh, S.; Fellenius,Bochim. Biophys. Acta

of the drugs and the appearance of inhibition of acid secréfion. 4 é%iinlzo%] 3,\};33%;n0n A.: Sachs, G.: Shin, J.VBiol. Chem1997 272,

22438-22446.
(1) Sachs, G.; Shin, J. M.; Briving, C.; Wallmark, B.; Hersey ABnu. Re. (5) Lindberg, P.; Brandstrom, A.; Wallmark, B.; Mattsson, H.; Rikner, L.;
Pharmacol. Toxicol1995 35, 277—-305. Hoffmann, K. J.Med. Res. Re 199Q 10, 1-54.
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Figure 1. Structure of proton pump inhibitors. The initial PPI described (although its mechanism was not known at that time) was timoprazole which
showed nonspecific effects. This was followed by picoprazole (not shown) then omeprazole, lansoprazole, pantoprazole, rabeprazole caatbjmaiiple.

pyridine. The two heterocyclic moieties are linked through a relatively unstable, and it was concluded that the formation of
methylenesulfinyl {CH,SO-) group. Clinically available a positive charge on the pyridine was the rate-limiting $tept
proton pump inhibitors are omeprazo&omeprazole $-enan- In contrast, our data suggest that protonation of the benzimid-
tiomer of omeprazole), lansoprazole, pantoprazole, and rabepra-azole or imidazopyridine moiety plays a decisive role in the
zole. Lansoprazole is 2-[3-methyl-4-(2,2,2-trifluoroethoxy)- activation of these compounds to reactive thiophiles. We
pyridin-2-yImethanesulfinyltH-benzimidazole. Pantoprazole is conclude that the relative amounts of the protonated benzim-
5-difluoromethoxy-2-[(3,4-dimethoxy-pyridin-2-yl)methylsulfin-  idazole or imidazopyridine, i.e., the electrophilicity of the C-2
yl]- 1H-benzimidazole. Rabeprazole is 2-[4-(3-methoxypropoxy)- carbon and the proportion of the unprotonated, thus reactive,
3-methyl-pyridine-2-yljmethylsulfinyttH-benzimidazole. The nucleophilic pyridine ring, determines the rate of activation of
other type of PPI is tenatoprazole which is 5-methoxy-2-[(4- this class of drug. The reaction rate is thus influenced by the

methoxy-3,5-dimethyl-pyridin-2-yl)methylsulfinylH-imidazo- protonation of the benzimidazole or imidazopyridine and the

[4,5-b]pyridine, and this compound is under development. nucleophilicity of the unprotonated pyridine. The rate of
There have been several studies examining the chemicalconversion may also determine access of some of these

mechanism underlying inhibition of the gastric ATPaas well compounds to cysteine 822, above their common binding region

as defining the particular cysteines that react with the different in the vicinity of cysteine 813, in the luminal vestibule of the
PPIs*7~9 Knowledge of the crystal structure of a similas P pump. With rapid conversion to the thiophilic intermediate, there
type ATPase has also allowed development of a 3D model of is rapid reaction with cysteine 813, which prevents access to
the (H",K*)-ATPase in which the reactive cysteines can be cysteine 822. With slow conversion, cysteine 822 can also be
located?® accessed by the protonated compounds prior to activation. This
It has been shown that, under acidic conditions, omeprazole hypothesis explains the relatively selective reactivity of panto-
is transformed to a spiro intermediate of dihydrobenzimidazole prazole with cysteine 822 as compared to the other clinically
as a result of acid catalysis which then undergoes aromatizationavailable PPIs.
to a sulfenic acid followed by dehydration to a tetracyclic Methods of pKy Measurement. The stability of the PPls at
sulfenamidé®. Both are permanent cations and react with thiol various pH values was determined by measuring the amounts

groups to form chemically stable disulfides. of PPI that remained at different times in the absence of thiol
The stability of the different PPIs has been measured at acompounds. In acid, the PPIs convert to active forms, a sulfenic
pH of 5.1. The stability of the PPIs measured as thgiwas acid and a cyclo-sulfenamide by acid-catalyzed rearrangement.

as follows: pantoprazole 4.7 h, lansoprazole 1.5 h, omeprazoleActive forms of the sulfenic acids and sulfenamides self-react
1.4 h, and rabeprazole 0.12hAt a pH of 1.2 which is nearer  and generate many other compounds which cannot be quanti-
to the prevailing pH of the acid space of the parietal cell, the tated!®> However, by measuring the residual PPl concentration
PPIs were activated much more rapidly: their half-lives ranged at a given pH, the conversion rate can be obtained. The rate of
from 4.6 to 1.3 min, the slowest being pantoprazole. This report disappearance of PPl was therefore measured to determine the
did not explain why PPIs were more rapidly activated at pH conversion rate.

1.2 than at pH 5.1! Generally, it was well accepted that the The actual gzl (pyridine protonation) of the PPIs was
substituents on the pyridine ring influence the rate constants of measured by a UV spectroscopic meti&dlV scanning was
conversion to the active form. A high<gof the pyridine appears  done within 25 s with fresh sample preparations at a given pH

(6) Lindberg, P.; Nordberg, P.; Alminger, T.; Brandstrom, A.; Wallmark, B.  (12) Ife, R. J.; Dyke, C. A.; Keeling, D. J.; Meenan, E.; Meeson, M. L.; Parsons,

J. Med. Chem1986 29, 1327-1329. M. E.; Price, C. A.; Theobald, C. J.; Underwood, A.Med. Chem1989
(7) Besancon, M.; Shin, J. M.; Mercier, F.; Munson, K.; Miller, M.; Hersey, 32, 1970-1977.
S.; Sachs, GBiochemistry1l993 32, 2345-2355. (13) Brandstrom, A.; Bergman, N.-A.; Lindberg, P.; Grundevik, I.; Johansson,
(8) Shin, J. M.; Besancon, M.; Prinz, C.; Simon, A.; Sachs, ABment. S.; Tekenbergs-Hjelte, L.; Ohlson, Kcta Chem. Scand.989 43, 549
Pharmacol. Ther1994 8, 11—-23. 568.
(9) Shin, J. M.; Besancon, M.; Simon, A.; Sachs,Btochim. Biophys. Acta (14) Brandstrom, A.; Bergman, N.-A.; Grundevik, |.; Johansson, S.; Tekenbergs-
1993 1148 223-233. Hjelte, L.; Ohlson, K.Acta Chem. Scand.989 43, 569-576.
(10) Munson, K.; Vagin, O.; Sachs, G.; Karlish,n. N.Y. Acad. ScR003 (15) Brandstorm, A.; Lindberg, P.; Bergman, N.-A.; Tekenbergs-Hjelte, L.;
986, 106-110. Ohlson, K.Acta Chem. Scand.989 43, 577—586.
(11) Kromer, W.; Kruger, U.; Huber, R.; Hartmann, M.; Steinijans, V. W.  (16) Adrien Albert, E. P. Slonization Constants of Acids and Baséshn Wiley
Pharmacology1998 56, 57—70. & Sons Inc: New York, 1962.
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Scheme 1. Synthesis of 2-Methylsulfinyl Benzimidazoles (Compounds 3 and 4) and N*-Methyl Proton Pump Inhibitors (Compounds 6)
R X R X R X X
1\(;\[’\1\>_SH Vel 1 | B N\>_S mCPBA 1UN\>—S”O Me,SO, R1i<KIN\>_S//O
= N NaOH = N \CH3 = N \CH3 DBU = N \CH3
H H E:H
3
1 2 3 4
3a: Ry=H, X=CH; 4a: Ry=H, X=CH;

3b: R4=0OCHj, X=CH;
3c: Ry=OCHF,, X=CH,;
3d: R4=0OCHjs, X=N

4b: R{=0OCHjs, X=CH;
4c: R4=OCHF,, X=CH;
4d: R{=0OCHjs, X=N

R4 | XS N\>_S//O R, Rs Me,SO, R1\./X\ N\>_S”o R, Rs
A ~N TN R DBU LA~ -
H \ 4 \ N/ R4
N CHj

5 6

R1=R3=OCH3, R2=R4=CH3, X=CH;

R1=R4=H, R3=OCH20F3, R2=CH3, X=CH;
R1=R4=H, R3=OCH2CH20H200H3, R2=CH3, X=CH;
R1=OCHF2, R3=OCH3, R2=OCH3, R4=H, X=CH;

5a:
5b:
5c:
5d:

5e: R1=R3=OCH3, R2=R4=CH3, X=N;
6a: R1=5 and 6-OCH3, R3=OCH3, R2=R4=CH3, X=CH;
6b: R1=R4=H, R3=OCH2CF3, R2=CH3, X=CH;
6¢; Ri=R4=H, R3=OCH,CH,CH,0CHj;, R,=CH3, X=CH ;
6d: Ry=5 and 6-OCHF,, R;=OCH3, R,=OCHg, Rs=H, X=CH ;
6e: R1=5 and 6-OCH3, R3=OCHj3, R,=R4=CH3, X=N ;
Table 1. Half-Lives (min) of Proton Pump Inhibitors at 25 °C 0.6
pH omeprazole lansoprazole pantoprazole tenatoprazole $=‘ 05
-0.301 2.9 2.2 4.6 1.6 E
0 3.6 1.4 3.4 2.0 2
0.301 45 1.4 4.7 3.0 g 04 —OPZ
0.602 3.2 15 5.8 47 3 —LPZ
=
0.824 3.8 1.9 6.9 8.2 g 03+ —PNZ
1.3 4.7 3.2 9.3 13 2
2.3 73 5.3 13 26 € 4o —1TPZ
3.1 9.0 5.9 15.5 30 S
4.1 13 11 41 52 € 01
5.1 68 54 265 128 g
6.1 462 385 1947 223 8
7.1 2310 1619 6477 346 0 T T ' ' " ! ' !
7.4 ndt nd nd 533 10 1 2 3 4 5 8 7 8
8.0 nd nd nd 1386 pH

Figure 2. Conversion rate constants of proton pump inhibitors at different
medium pH values. OPZ, LPZ, PNZ, and TPZ represent omeprazole,
lansoprazole, pantoprazole, and tenatoprazole, respectively. The increase
as a function of acidic pH and then the decrease at highly acidic pH should
be noted. The first phase is due to imidazole protonation and reaction with
the unprotonated pyridine, and the second phase is due to a decrease of the
unprotonated pyridine at highly acidic pH.

and indicates that the half-life was not determined at some pH values.

in order to minimize the production of “active forms” generated
by acid at pH= 2.5. This provided the ko, of the protonation

of the pyridine moiety (K,1). There were characteristic changes
of absorbance at different wavelengths, and the stabilization of

these changes at the different pH values allowed calculation of Synthesis of the CompoundsThe various steps of synthesis
the [Ka's of the pyridine moieties. The wavelength chosen for gre jjlystrated in Scheme 1. The first three reactions allow
measurement of the pyridinégl was 250.5 or 281.5 nm, and  formation of the relevant benzimidazoles or imidazopyridines
301 nm gave essentially identical results. Characteristically the (X=N). Methylation of compound$ provides the more acid
spectral changes were observed only over the pH range closesigple NL-methyl PPIsg). These methods are generally ap-
to the appropriate 1. plicable to all of the known PPI derivatives and produce virtually
To allow measurement of theKgl and K.2 of the PPIs quantitative levels of the final desired products as analyzed by
themselves, the relevant acid stable 2-methylsulfinyl benzim- NMR and high-resolution mass spectroscopy. UV spectroscopy

idazoles Ba—3c) or 2-methylsulfinyl imidazo[4,%]pyridine
(3d) without the pyridine linked via a methylsulfinyl bridge were

synthesized and thein{ values were measured. To measure

both K, values in a single entity, the more acid stable
methyl PPIs were synthesized. The measuriggl mnd K2
for Nl-methyl lansoprazole6p) allowed calculation of the
relevant [Xy's of the other PPIs by providing a correction factor
for the benzimidazole or imidazo-pyridine sulfinylmethy{4s
when the pyridine was attached.

7802 J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004

of the products of compound8 and compoundss were
important in the final estimation of theKg's.

Results

Stability of Proton Pump Inhibitors. The conversion rates
of PPIs by acid catalysis in the absence of thiol compounds
occurred according to first-order kinetics. The half-lives of PPIs
are summarized in Table 1, and the conversion rate constants
are shown in Figure 2. The conversion rate of rabeprazole was
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—pH6.98
pH 5.60
—pH5.02
— pH453
— pH432
——pH4.03
——pH3.83
——pH3.54
pH 3.24
pH2.96
pH2.53
pH2.30
pH2.00

absorbance

0 . . . .
230 250 270 290 310
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Figure 3. UV spectra of omeprazole in media of different pH. Omeprazole was scanned at different fixed medium pH values. The spectrum obtained at pH
6.98 reflects the nonionized species of omeprazole. The spectrum changes maximally at 250.5, 281.5, and 301 nm as the pH~¥ali8. toheHspectra

obtained at lower pH values remain identical which suggests that the changes observed are due only to formation of the monoprotonated speareseof omepr

and no effect is seen due to the second protonation. The spectrum obtained at pH 2 shows initial effects of the diprotonated species of omepgazole but do
not allow calculation of Ka2. However, the optical density of mono-ionized species can be calculated as described in the Experimental Section. Based on
these spectra, analysis at 250.5 nm giveKgalpf 4.058, and the calculatedgl values were 4.08 and 4.07 at 281.5 and 301 nm, respectively. Since the
absorbances at 281.5 and 301 nm were somewhat influenced by the second protonation, absorbances of monoprotonated species at these wavelengths woul
need to be adjusted by subtracting the effect of diprotonated species from observed absorbance. Hence 250.5 nm was chosen as the best fdidhe determina

of the Ks1 of omeprazole.

. ... Table 2. pKjy's of 2-Methylsulfinyl-1H-benzimidazoles (3) and
measured at only two pH values because of a greater 'nStab'“ty1—Methyl—2—rr$ethylsuIfinylbenzimidazoles as Determined by UV

at near neutral pH and is not included in Table 1. The range Spectroscopy at Different pH Values (4)

examined is in general between pH 7.1 and.3 which oK, of benzimidazole
encompasses bottKp values. compounds (analytical wavelength)

As can be seen, omeprazole, lansoprazole, and pantoprazole 3a 1.35- 0.03 (255 or 281 nm)
were relatively stable until the external pH fell to 5.1 (Table 1 3b 1.52+ 0.07 (260 nm)
and Figure 2). Below that pH, conversion accelerated until the gg 8'2‘1‘1 8-8; ggg ‘;:112)87 nm)
pH reached~1.0. Pantoprazole showed a slower conversion 4a 1.43+ 0.24 (281 nm)
rate at all pH values. Tenatoprazole, however, showed a five- 42 1.624+ 0.10 (259.5 nm)
to six-fold decrease in stability at pH 7.1 compared to the other 4c 0.87+0.12(289.5 nm)

PPIs, but its conversion at acidic pH was even slower than that
of pantoprazole and its conversion rate accelerated below pH
0.6. All the PPIs showed a biphasic rate, slowing at highly acidic Table 3. Half-Lives (min) of N*-methyl PPIs at Acidic pH Values?

a1:1 mixture of 5- and 6-geometric isomers.

pH values due to the depletion of the unprotonated pyridine PH N-Me OPZ N-Me LPZ N-Me PNZ N-Me TPZ
species that can react with the electrophilic C-2 carbon of 2 80 1441 266.5 4331
benzimidazole ring. 1.6 23.6 67.5 231 408
The UV spectrum obtained by fast scanning between pH 2 1.3 16.8 42.6 47.8 56.8
to pH 7 was stable enough to calculate tiglp A typical UV 8:2 1%.2 ig:i igé ?g:g
spectrum of omeprazole at various levels of pH is shown in 0.3 16.3 28.5 17.5 9.5
Figure 3. With this method theKal values are 4.06 for 0 48.5 114.4 211 9.6
omeprazole, 3.83 for lansoprazole, and 3.83 for pantoprazole. —03 231 140.4 9.7 16.5
pKa Values for Benzimidazoles or Imidazo[4,3s]pyridine. aN-Me OPZ, N-methyl omeprazole (1:1 mixture of 5-methoxy and

Rapid formation of the reactive forms of the PPIs could not be 6-methoxy isomers); N-Me LPZy*-methyl lansoprazole; N-Me PNZ'-
avoided when UV scanning was carried ot below pH 2, a pH ety pantoprezole (11 mudure of Sdifueronetriony and 6o
which is essential for determination of the relevant benzimid- 5.methoxy and 6-methoxy isomers).

azole Kz2. Since direct measurement of protonation of the

benzimidazole ring a2 of the PPIs is prevented by their acid benzimidazole. When an electron-donating substituent, such as
instability, we synthesized acid-stable derivatives of 2-methyl- a methoxy group, is attached, théqwas increased by 0.1 units.

sulfinyl benzimidazoles3a—3c) or imidazo[4,5b]pyridine (3d), In the presence of an electron-withdrawing substituent such as
which are the structures where a pyridine moiety of the PPIs difluoromethoxy group, a small rise of 0.03 units was obtained
was removed. Also, we synthesizemethyl-2-methylsulfinyl after N-methylation.

benzimidazoles4) in order to define the effect df-methylation Stability of N*-Methyl Proton Pump Inhibitors. To attempt

on the (X, of these structures. These derivatives are more stablea more accurate determination of both th€,p of the PPIs,

at acidic pH, so we could determine theKK4s (Table 2). we synthesizedN!-methyl derivatives of the PPIs which were

N-Methylation of 2-methylsulfinyl benzimidazole increased stable below pH 2, as summarized in Table 3. At pH 2, the
the K, by 0.08 units from the I, of 2-methylsulfinyl acid stabilities ofN-methyl pantoprazole and'-methyl ten-

J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004 7803
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0.09

0.08 -

0.07

0.06 - ——N-Me OPZ
——N-Me LPZ
0.05 1 ——N-Me PNZ
0.04 - — N-Me TPZ

0.03

0.02

conversion rate constant (k/ min-')

0.01

0 T T T T
-0.5 V] 0.5 1 15 2 25

pH

Figure 4. Conversion rate constants bf-methyl PPIs at different pH values. N-Me OPZ, N-Me LPZ, N-Me PNZ, and N-Me TPZ reprégemiethyl
omeprazoleN!-methyl lansoprazole\!-methyl pantoprazole, and'-methyl tenatoprazole, respectively. It is noteworthy that at highly acidic pH the rate
constant of conversion for these compounds decreases due to the persistence of the nonreacting diprotonated species as might happen inethe fully acti
parietal cell.

0l — pH5.60
| . — pH5.02

: pH 453

— pH4.03
— pH3.83
—pH3.24
—pH253
—pH2.30
pH 2.00

pH 1.60

pH 1.30

pH 1.00

pH 0.60
-pH0.30
pH 0.00
pH-0.30

absorbance

230 240 250 260 270 280 290 300 310 320 330 340 350
wavelength (nm})

Figure 5. UV spectra ofN!-methyl lansoprazolesp). The spectrum obtained at pH 7 was identical with the spectrum obtained at pH 5.6, which is that of
the nonionized species. The spectra obtained between pH 2.53 and pH 2 were very similar, which suggests that this is the spectrum of the monoprotonated
species, with protonation at the pyridine d¥methyl lansoprazole and this absorbance changes as a function of pH allowing calculation of thigfirst p

atoprazole was greater than those of the same derivatives ofno change with a second protonation occurring between pH 1.6
omeprazole and lansoprazole. HoweWrmethyl lansoprazole ~ and pH—0.3, but a large shift with the first protonation was
was more stable between pH 0.6 and 0, which enabled found between pH 4.5 to pH 2.53. Hence thK;p was

measurement of theKa2. The conversion rate dfi*-methyl calculated by measurement of change of absorbance at this 246
lansoprazole was slower as compared to the unmodified PPIsnm wavelength. Since the absorbance at-288L nm showed
(Figure 4). a very small change until the pH was less than 2.3, but a large
pKy's of N1-Methyl Lansoprazole. N*-Methyl lansoprazole change below that pH due to the second protonation, ih2 p
(6b) is expected to have twokKg values. Kyl is the K, of was measured by absorbance changes at 291 nm (Figures 5 and
monoprotonated species, mainly, the pyriditg,@nd K2 is 6B). Hence these two wavelengths, 246 and 291 nm, were
the [Kj of diprotonated species, mainly, N-3 of benzimidazole chosen to measure absorbance over the full range of pH. From
pKa. these analyses at the two wavelengths, tkglpf N-methyl

The spectrum obb over the pH range used here showed lansoprazole was calculated to be 3#4.06 and the §,2 of
two different absorption peaks (Figure 5). One absorption peak N-methyl lansoprazole was approximately 0.7.
was largely dependent on the first protonation, that of the  This method allowed measurement of thi€,p of the N-
pyridine moiety (Figure 6A), and the other was dependent on methyl PPIs §) but the absorbance of the othii*-methyl
the second protonation, that of the benzimidazole ring (Figure derivatives, except for that dfi'-methyl lansoprazole at 291
6B). The absorbance 6b measured at 246 nm showed almost nm, was too broad to allow accurate measurementkaR p

7804 J. AM. CHEM. SOC. = VOL. 126, NO. 25, 2004
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A B

—pH5.60
——pHS.02 —pH2.30
pH4.53 — pH2.00
g —pH403| § pH 1.60
g —pH383| § —pH1.30
f: —pH324| § —pH 1.00
s — pH253| ® —pHO.60
—pH2.30 —pH0.30
—pH2.00 —pH0.00
0 . . | | i . . pH 1.60 . . . : .
220 230 240 250 260 270 280 290 280 280 300 310 320 330 340
wavelength (nm} wavelength (nm)

Figure 6. UV spectra near thekal (A) and near the 9.2 (B) of N-methyl lansoprazolesp). (A) The optical density at 246 nm was changed significantly
depending on the amounts of mono-ionized species, which could then be used for determinikgltioé @il the PPIs. (B) Optical density at 291 nm
changed significantly depending on the amounts of diprotonated species, which could then be used for determii2gothiis compound.

Table 4. pKy's of Nt-methyl Proton Pump Inhibitors requires a much lower concentration of substance measured
pKal enabling avoidance of the use of methanol. TKglpvalues of
compounds (analytical wavelength) pKa2 omeprazole, lansoprazole, and pantoprazole, obtained with this
N'-methyl omeprazolesg)  3.76+ 0.17 (251 nm) technique were similar to values reported in the literature.
Ni-methyl lansoprazolesp) ~ 3.74+0.06 (246 nm)  ~0.7 (291 nm) However, rabeprazole was not stable enough to allow the
ml:m:gg: g’rﬁg;ar‘;%ﬁé) SRS ggg:g m; measurement of the absorbance of the unchanged structure.
NLmethyl tenatoprazolese)  3.74+ 0.12 (251 nm) Therefore the 51 of rabeprazole could not be measured either

by a fast titration method or by UV spectroscopy.
The Kyl of the Nl-methyl derivatives of PPI, which are

Hence this approach allowed only botk4s of the N'-methy| relatively stable under acidic condition, were measured, and then
lansoprazole to be determined. The othEg}s of N'-methyl the Kal of the actual PPIs was deduced by determining the
PPIs were determined and summarized in Table 4. effect of N-methylation. The stability oN'-methyl PPIs 6)

below pH 2 increased significantly as shown in Table 3, and
we could measure theKgl of N*-methyl PPIs as shown in

Stability and pKj, of Proton Pump Inhibitors. Proton pump Table 4. ) o )

inhibitors are easily activated under acidic pH conditions, ~ TheN'-methyl group is far from the pyridine moiety, so the
converting into the thiol-reactive sulfenic acid or cyclo- effect of aN‘-methyl group on pyridine g was expected to
sulfenamide through intramolecular rearrangeniéhté The be very small. As a result, the pyridinég’s of aN'-methyl
conversion rates of PPIs by acid catalysis occurred accordingPP! and an unmodified PPI are expected to be very similar. As
to first-order kinetic€2 It is difficult to perform a precise acid ~ €xpected, there were small differences betwsemethyl PPIs
titration curve to determine the twokgs of the PPIs, since  and the PPIs. The effect of tmé-mt_ethyl group on the pyridine
PPIs are rapidly converted into their “active form” under acidic PKal can 1be deduced by comparing th€,p of PPIs with the
condition. Therefore, fast pH titration in acid had been carried PKal of N'-methyl PPIs, when theiyl of PPIs and thel.1
out previously to reduce the amounts of “active form” to of NI-methyl PPIs are available. Hence, we could calculate the
measure K. Also, due to poor solubility of PPIs in aqueous pKall of pyridine of tTe acid-labile PPIs from the measuréglp
solution, addition of methanol was necessary to improve the of N'-methyl PPISN -Methyl rgb_eprazole(ic) is stable enough
PPI solubilityX* The methanol solvent effect on th&phad to allow UV scanning to obtain itsy1. We could observe the

! ; , N
also to be taken into accouftt.The reported K.l values of difference of the al's between Iansopra;oléhi) andN
the PPIs were as follows: omeprazole, 3884 or 4.1320 methyl lansoprazole6p), so we can approximate th&. of
pantoprazole, 3.928 or 3.962° and lansoprazole, 4.62.The rabeprazolegc) from the (KoL of N'-methyl rabeprazole&f),
second [ wzlls not measuréd but calculaféd? ' since the benzimidazole ring moiety is identical for rabeprazole

a .

: and lansoprazole, so tiemethylation effect will be the same
Here, UV spectral analysis was used to measure kit jof

. X ) for both lansoprazole and rabeprazole.
the different compounds. The advantages of this method is that

. . o N'-methylation of the unsubstituted benzimidazole ring
UV scanning can be done more rapidly than pH titration and reduced the i1 of the pyridine by—0.09 unit, which was

— - derived from the measuredKgl data ofN*-methyl lansoprazole
(17) Sturm, E.; Kruger, U.; Senn-Bilfinger, J.; Figala, V.; Klemm, K.; Kohl,

B.: Blake. T. J.; Darkin, D. W.. Ife, R. J.. Leach, C. A.: Mitchell. R. ..  (6b) and lansoprazolesp). The Kal of N-methyl rabeprazole

Pepper, E. S.; Salter, C. J.; Viney, N. J.; Huttner, G.; Zsolnal. lOrg.
Chor 1087 £5. ABTS- 4581 was measured as 4.44. Therefore, we could calculate the

(18) Kohl, B.; Sturm, E.; Senn-Bilfinger, J.; Alexander Simon, W.; Kruger, U.; rabeprazole 8.1 to be 4.53 by subtracting tidmethyl group

Discussion

Sehaefer, H.i Rainer, G.; Fiagala, V.; Klemm, X Med. Chemi992 35 effect, i.e.,—0.09. The pyridine moiety of rabeprazole has the
(19) Avdeef, A.; Box, K. J.; Comer, J. E.; Gilges, M.; Hadley, M.; Hibbert, C.;  electron-donating'dmethoxypropoxy substituent, which seems
Patterson, W.; Tam, K. YJ. Pharm. Biomed. Anall999 20, 631—-641. ; _
(20) Stedman, C. A.; Barclay, M. lAliment. Pharmacol. The200Q 14, 963 to increase the 1 compared to other PPIs. Ti¢-methyl
978. tenatoprazole 6e) pKsl was measured as being 3.74. The
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pyridine moiety of tenatoprazoles§) is identical to that of Table 5. pKa's of Proton Pump Inhibitors

omeprazolega), and theN-methyl omeprazolet@) pK,l was pKo1 estimated
3.76. Therefore, the imidazopyridine ring effect on the.p compounds (analytical wavelength) PKa2

will decrease the I§; by —0.02 units as compared to the omeprazole 4.06+ 0.25 (250.5 nmj 0.79
benzimidazole ring of omeprazole. So, the tenatoprazkig p lansoprazole 3.83+0.15 (240.5 nmj) 0-62;
can be calculated by subtracting the imidazopyridine effect from f;gggf;%ge Sf‘;c 0.24 (247.5 nmj g:fléj
the omeprazole .1, 4.06. After 0.02 was subtracted due to tenatoprazole 4.04 -0.12

the imidazopyridine effect from omeprazol&4i, the tenato-
. a
prazole K.l was predicted to be 4.04, very close to that of __°Bold shows actual measurements, and others are calculqiiég2 was
. . estimated by adding the “protonated pyridinylmethylsulfinyl effee©.73
omeprazole. Tenatoprazole has another pyrido moiety at theto the 2-methylsulfinyl-H-benzimidazole .. ¢ The K.l was calculated
imidazopyridine ring, and the effect of the two nitrogens in this by dsul\blltracg?% Thﬂ-methyllatlglglfffect (fﬁlcﬁllate%r?m E\nSODrﬁZEb
i . e and N-methyl lansoprazole rom theN!-methyl rabeprazole 1.

region '_S to decrea_se _thEKEQ at t.he essential C-2 position, d The K4l of tenatoprazole was calculated by subtracting imidazopyridine
accounting for the finding that this compound has the lowest effect from omeprazole 1. The imidazopyridine effect onka was
activating fKa. calculated fronNI-methyl omeprazole and'-methyl tenatoprazoleé. The

a o . pKa of the imidazo moiety of tenatoprazole was estimated by adding the

The PPIs have very similar substituents (alkoxy and alkyl “protonated” pyridinylmethylsulfinyt-0.73 to the |, of 2-methylsulfinyl-

group) on the pyridine moiety with theifal ranging between ~ 5-methoxy-H-imidazo[4,5b]pyridine.

3.8 and 4.5. Below pH 2, most of the pyridine moiety of PPIs o o ) .

will be protonated. This protonated pyridine moiety is linked & C(2)~N(pyridine) bond to form the thiophilic sulfenic acid

to benzimidazole through a methylenesulfinyl groupCHs- and after dehydration the cyclo-sulfenamide, both of which are
SO-). Different substituents on the pyridine ring would not permanent cations and membrang |mpermeimt.+These can then
result in any significant differential effect on th&® of the bind the luminally exposed cysteines of the'(K™)-ATPase

benzimidazoles or imidazopyridines of the PPIs, since these and do not cross the membrane of the secretory canaliculus,

substituents are far from the benzimidazole ring and becausethe location of th_ef gctlvated ATP§§e )
The nucleophilicity of the pyridine ring depends on the

the effect must be delivered through the covalent methylene-

sulfinyl bridge between the pyridine and the benzimidazole or €l€ctronic effect of substituents on thiéqof the pyridine ring.
imidazo-pyridine. When electron-donating substituents are attached to the pyridine

Assuming that the benzimidazol&gs of N-methyl lanso- molety, .the a of pyrldme Increases, thus Increasing .|ts
le 60y 2-methvisulfinvl-H-benzimidazol d protonation at any given pH. Protonation of the pyridine ring
i)raZ(ihe |62 ) t-hmle h}'/ Sl: t;ny B Tdenzlgnl azooe7$i1),35an d then obviously decreases its nucleophilic reactivity due to the
1'2136 yl-2-(me Iy sulfinyl) enzm:jl azo_d_@ ?re Fvisul ’?n b occupation of the lone pair of electrons of the pyridine N by
L resgectwey ' :; n;eafgrgs, pynidiny met )(;su ';2’( SUB” the proton. However, the nucleophilic reactivity of the unpro-
stituents ecrease_t Py —U. units compare _tOt R tonated form is increased. Substituents on the benzimidazole
of the 2-methylsulfinyl substlt.ue.nt ardrmethylation increases influence the electron density at the C-2 position. Although
the K, by +0.08 on benzimidazole. Hence, th& 2 of

i . electron-donating substituents will decrease the electrophilicity
lansoprazole will be approximately 0.62, calculated by subtract- ¢ he c.2 position of benzimidazole, they will raise it<.8

ing the N-methylation effect from\"-methyl lansoprazole or  ance increasing protonation on N-3 position of benzimidazole
by adding pyridinylmethylsulfinyl effect to 2-methylsulfinyl- 5t 5 given pH. The converse is true of electron-withdrawing
1H-benzimidazole. With the hypothesis that the effect of the g pstituents where protonation on the N-3 position of benzim-
protonated pyridinylmethylsulfinyl group is the same among jgazole will be decreased at a given pH. Protonation of the

the different PPIs for thefa.2's, then the omeprazolé<g2 can benzimidazole N-3 position increases the electrophilicity of the
be calculated by adding the pyridinylmethylsulfinyl effect to .2 carbon, since protonation of the vicinal nitrogen will
5-methoxy-2-methylsulfinyl-#-benzimidazole which had &g withdraw electrons from the C-2 position. This will dramatically
of 1.52. ForN'-methyl lansoprazole6p) and 1-methyl-2-  increase the rate of reaction with the fraction of the pyridine N

(methylsulfinyl)benzimidazole4@), the Ka2's measured are  that is not protonated.

0.7 and 1.43, respectively, which shows that the pyridinylmeth-  The steps of the major reaction pathway for activation of the
ylsulfinyl substituent decreasepKa by 0.73 unit. So, we can  ppjs are illustrated in Figure 7. First the pyridine ring is
calculate the .2 of omeprazole Ja) as being 0.79 after  protonated with a ki, of ~4.0 allowing selective accumulation
subtracting the pyridylmethylsulfinyl effedpKa —0.73 from i the acid space of the secreting parietal cell. Next, the
the 5-methoxy-2-methylsulfinyl+1-benzimidazole K, 1.52. benzimidazole or imidazo-pyridine is protonated withk, g
Similarly, the Kz2 of pantoprazole and rabeprazole and the 1 0; this occurs at a rapid rate in the acidic space of the parietal
pKa2' of the imidazole moiety of tenatoprazole can be estimated. cell or on the surface of the ATPase (pH).8). The fraction of
These data are summarized in Table 5. the unprotonated pyridine that is present at any given pH then
Conversion Rates and [Ky's. The PPls are composed of a forms the sulfenic acid by reaction with the electrophilic C-2
benzimidazole or imidazopyridine ring linked via a methylene- carbon of the protonated imidazole moiety to form the sulfenic
sulfinyl bridge to a substituted pyridine moiety. The conversion acid. Dehydration forms the sulfenamide. Either species can
rate of PPIs to the active sulfenic acid or cyclo-sulfenamide is react with the luminally accessible cysteines of the gastric
determined by both electrophilicity of C-2 of the benzimidazole (H*,K*)-ATPase bordering on the acid space of the parietal
ring and nucleophilicity of the pyridine moiety. The electrophilic ~ cell, to form chemically stable enzyme disulfide derivatives.
attack by the C-2 of the protonated imidazole on the nucleophilic  Justification of Major Pathway. We propose three forms
pyridine N enables an intramolecular rearrangement generatingof the PPIs after protonation, which are-BRyH", BzH"—Py,
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Figure 7. Mechanism of acid activation of proton pump inhibitors. The first step is protonation of the pyridine nitrogen in all the PPIs. This accounts for
the accumulation in the parietal cell. The second protonation is the activation step. In all the PPIs, the activating protonation occurs arthécirigbg

to the C-2 position of the imidazole ring. In the particular case of tenatoprazole where X is N instead of C as in all other PPIs, the second protonation is
spread throughout the imidazopyridine. This second protonation results in a fraction of the species being present with an activated C-2 pasition and
unprotonated pyridine, which can then proceed to form the sulfenic acid via a transition statelfifsijlution, this proceeds to form the sulfenamide by
dehydration. In the presence of thiols the sulfenic acid reacts to form the disulfide, hence accelerating the reaction. Either the sulfenecsadfdrartiide

can react with the luminally accessible cysteines of the gastrickH-ATPase.

and BzH —PyH" as shown in Figure 7. It is not easy to measure PPrH* Kt PRI+ H*

the individual concentrations of [BZPyH'], [BzH™—Py],

[BzH"—PyH'], and [Bz—Py] at a given pH, since the intramo- [PPI[H!]

lecular reaction of the free pyridine with the electrophilic C-2 a m

position will be very fast once the C-2 position becomes - . - .
sufficiently electrophilic following N-protonation on benzim- PPl has a ben2|m|da_zole moiety and a pyridine moiety; Bz
idazole. Therefore, the formation rate of BzHPy or [BzH"— Py. So, we may rewrite as follows.

Py] will be the dominant factor determining the conversion rate [Bz—Py][H"]
under physiological pH ranges, the highly acidic secretory N ——
canaliculus of the active parietal cell. [(Bz—Py)yH']
The amounts of Bz-Py™ at given pH can be calculated from (Bz—Py)H* is composed of two forms, BzPy-H* and
measured ;1 as follows. Bz-H*—Py. However, [BzH"—Py] is very small, since Bz
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H* is related with ;2 which is 3 K, units lower than Kal.
So, we may ignore [BH*—Py] and can rewrite as follows.

1— [Bz—Pyl[H"]
" [Bz—PyH"]
[Bz—Py-H'] = [Bz—Py] x 1gP*+PH

This equation shows that protonation of the pyridine moiety is
strongly determined by thekpl of PPI.

Amounts of [BzH —Py] at a given pH can be determined
by measured i.2.

K,2
PPF2H" — PPFH" + HT
b [PPEHTIH ]

* [PPF2HT]

Since (Bz-Py)-H" is composed of two forms, BzPy-H™
and BzH*—Py, we may rewrite the equation as follows.

2(BzH"—Py-H") = (Bz—Py-H") + (BzH"—Py) + 2H"
The protonation between Bz and Py is different, so we may
separate the reaction usikg andK; as follows.

K
(BzH"—Py-H") —(Bz-H'—Py)+ H"

K
(Bz-H™—Py-H") — (Bz—Py-H") + H"

When the pH is nearky2, most of the pyridine moiety will
be protonated, since thé&gl of the pyridine moiety of PPl is
3 pKa units larger than 8.2, which means tha{; is similar to
Ka2. So, we may simplify the calculation of [Bd*—Py-H™]
in terms of K2 instead of using Ig, as follows.

K
(BzH"—Py-H" )~ (Bz—Py-H") + H*
_[Bz—PyHIH]
[Bz-H"—Py-H"]

[Bz-H"—Py-H"] = [Bz—Py-H"] x 10 PH) =
[BZ—Py] % 10(pKal+pK3272pH)

K2

a

When the BzH™— part is ignored, thé; that is related to
protonation of the pyridine moiety will be same HEgl. The
protonation of pyridine is expressed usingap.

(Bz:H —Py-H") K—"’1»(|3z.H+—F>y) +H*
[Bz-H*—Py][H"]
[Bz-H*—Py-H ]xK,1

[H]
After [Bz-HT—Py-H*] was substituted with [BzPy],

K1

a

[Bz:H —Py]=

[Bz:H"—Py] = [Bz—Py] x 10P* P

the amounts of BzH-Py or [BzH'—Py] can be expressed
approximately by a2 at a given pH.
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In the case of the imidazopyridine of tenatoprazole, the three
nitrogens of tenatoprazole can be expressed as PyPynThe
pyridine moiety of the pyridinylmethylsulfinyl group is th&gd,
and the net protonation of the imidazo-pyridine is also tg2p
of tenatoprazole. Again, this shows that the population of
BzH™—Py is more closely related to thé&g2 (benzimidazole
pKa) or pKa2' (imidazole K, of tenatoprazole) than theKpl
(pyridine K5). These concepts will be illustrated by a com-
parison of lansoprazole and pantoprazole to illustrate the effect
of different Ks2's and then lansoprazole and rabeprazole to
illustrate the effect of differenti,ls.

Given that the K, of the pyridine ring is similar for
lansoprazole (8.1 3.83) and pantoprazole Kgl 3.83), the
relative amounts of free pyridine moiety of lansoprazole and
pantoprazole will be similar at a given pH. Since th& pf the
benzimidazole ring of lansoprazoleK2 0.62) is higher than
the K42 of pantoprazole (g, 0.11) to the electron-withdrawing
properties of the difluoromethoxy substituent, the concentration,
[BzHT—Py ], of lansoprazole will be 3.24 (28Y times higher
than that of pantoprazole at a given pH. Since the unprotonated
pyridine population of lansoprazole is similar to that of
pantoprazole, we can expect a faster conversion of lansoprazole
as compared to pantoprazole, since the proportion of the
activated (protonated) benzimidazole moiety population of
lansoprazole is higher than that of pantoprazole. Overall, the
activation rate must be strongly affected by the second pro-
tonation related to the imidazole ring of benzimidazole.d
of all the PPIs. When the second protonatioliad) is similar,
then differences of conversion rates of PPIs will be dependent
on the relative nucleophilicity of pyridine and itsgl.

When the substituents of the pyridine moiety are different,
the nucleophilicity of the unprotonated pyridine is different. The
more nucleophilic pyridines will react faster than weaker
nucleophilic pyridines. In the particular case of rabeprazole and
lansoprazole, their benzimidazole moiety is identical; thus the
pKa of the second protonation on the benzimidazole ring and
electrophilicity of C-2 of the benzimidazole ring will be very
similar. So the difference of the conversion rate to active
compounds must depend on differences in tik@lpof the
pyridine moiety. The pyridinelg,1 is 3.83 for lansoprazole and
4.53 for rabeprazole. Thus the free pyridine amounts will be
higher in lansoprazole at a given pH as compared to rabeprazole.
However, the nucleophilicity increase due to the methoxypro-
poxy substituent of rabeprazole will be greater than that of
lansoprazole, since the trifluoroethoxy substituent of lansopra-
zole is a weaker electron-donating group compared to the
methoxypropoxy group of rabeprazole. This increased nucleo-
philicity by the methoxypropoxy substitution will drive a faster
conversion of rabeprazole at acidic pH thereby overcoming the
smaller proportion of unprotonated pyridine. Under identical
condition, when half-lives of lansoprazole and rabeprazole were
compared at pH 5.1, the lansoprazole half-life was 1.5 h while
that of rabeprazole was 0.12'hThe conversion rate of rabe-
prazole was more than 10 times faster than that of lansoprazole
due to the increased pyridine N nucleophilicity of this com-
pound.

At pH 5.1, the unprotonated pyridine population of lanso-
prazole is about 94.8% and the unprotonated pyridine population
of rabeprazole is about 78.8%. The protonated benzimidazole
population of lansoprazole and rabeprazole will be below 0.01%
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at their (Ka2 of 0.62. The difference of unprotonated pyridine transport by the pump, this protonated species is activated to
population between lansoprazole and rabeprazole (about 16%the sulfenic acid. With fast activation, reaction occurs rapidly
higher in lansoprazole) is not significant when compared to the at cysteine 813 as has been shown for omeprazole, and further
difference of nucleophilicity of the pyridine moiety between entrance into the membrane domain of the pump is prevented.
lansoprazole and rabeprazole. This shows that the nucleophilicityWith slow activation, such as found for pantoprazole or
of pyridine is the main factor in determining the conversion tenatoprazole, the protonated species can access cysteine 822
rate when the population of activated benzimidazole by pro- prior to activation and bind at both cysteines in the M5/M6
tonation is small. membrane domaih? This hypothesis would account for the

In general, when the derivatives of the PPI structure sharing known different cysteine reactivities of omeprazole and lanso-
the same benzimidazole moiety but different substituents on theprazole on one hand and for pantoprazole or tenatoprazole on
pyridine moiety were compared, the derivatives having higher the other.
pKal showed a shorter half-life compared to the derivatives
having lower fK,1.121318 Since higher K1 values suggest
higher nucleophilicity together with higher basicity, the popula- ~ General. Chemicals, reagents, and solvents were purchased from
tion of free pyridine will be decreased at a given pH, which Sigma-Aldrich (St. Louis, USA). 2-(Methylthio)benzimidazole pur-
will decrease the conversion rate, but increased nucleophilicity chased from Sigma Aldrich was crystallized from aqueous methanol.
of the unprotonated fraction of the pyridine will increase the >-MethoxylH-imidazo[4,5b]pyridine-2-thiol was a gift from Negma-
conversion rate, which overcomes the effect from the decreased-r2ds (Les Hameaux, France). NMR spectra were recorded on a 400

. L . Hz instrument (ARX400) manufactured by Bruker. UV spectra were

population of unprotonated pyridine. The actual conversion rate

ill be d ined by th | hilicity of f idi h obtained by Shimadzu UWvisible spectrophotometer model UV-1601.
will be determined by the nucleophilicity of free pyridine when 1o p) ¢ system was the Waters Breeze HPLC system (Waters,

the benzimidazole .2 is the same for different PPIs. At pH  wjiiford, MA) with a UV detector, Waters 2487 Dual Absorbance
1.2, the lansoprazole half-life was 2 min while that of rabepra- detector.

zole was 1.3 mirt! At pH 1.2, the conversion rate seems to Chromatography. Analytical HPLC was run on a Nucleosil,&
become equal. Compared to their half-lives at pH 5.1, conversion (250 mm x 4.6 mm, 5xm) column using a mobile phase of 36%
rates increased more than 40-fold for lansoprazole but only acetonitrile-20 mM sodium phosphate, pH 7.7, at a flow rate of 1
5-fold for rabeprazole at pH 1.2. At pH 1.2, the protonated mL/min, and detection at 302 nm for omeprazole aidmethyl
benzimidazole population of lansoprazole and rabeprazole was®meprazole. Other proton pump inhibitors were measured as follows.
calculated to be about 21% with &2 of 0.62, which is now Lansoprazole aan-m_et_hyI Iansoprazple were measured using a mobile
the dominant factor in determining the conversion rate. At pH Pnase of 38% acetonitrite20 mM sodium phosphate, pH 7.7, at a flow
1.2, the free pyridine population is about 0.23% for lansoprazole rate of 1 mL/min, and detection at 284 nm for lansoprazole and 285

d4.0.05% f b le. Si b 21% of b imid | nm for N*-methyl lansoprazole. Pantoprazole, rabeprazole, tenatopra-
anauv. o for rabeprazole. Since about o OF benzimidazole ;¢ N'-methyl tenatoprazole, and*-pantoprazole were measured at

is now protonated at pH 1.2, 21% of the C-2 position of 291 284, 311, 311, and 289 nm, respectively, using a mobile phase
benzimidazole as an electrophile is ready to react with the free 359 acetonitrile in 20 mM sodium phosphate, pH 7.7.

pyridine moiety that is nucleophilic. So, population of free  Synthesis of 2-Methylsulfinyl-1H-benzimidazoles. A. General
pyridine at this pH (near K.2) is very important for the Method of Synthesis.To a solution of 2-methylthio+i-benzimidazole
maximum conversion rate. Therefore, the lansoprazole conver-(20 mmol) in 100 mL of dichloromethane and 10 mL of methanol at

sion rate increases dramatically in acid in contrast to rabeprazole.—30 °C was added mCPBA (6 g in 100 mL of dichloromethane, 60%
purity). The reaction mixture was stirred &80 °C for 1 h and then

Experimental Section

Conclusion twice washed with 200 mL of saturated NaHEOhe methylene
Generally, the conversion rates of the PPIs in acid are strongly chloride layer was separated, washed with saturated NaCl solution, and

pressure. The residue was crystallized from benzéesane to give

azoles (or the 2’ for the imidazopyridine of tenatoprazole), ! ! !
d 2.7 g of 2-methylsulfinylitH-benzimidazole (75% yield).

which induces electrophilicity on the C-2 of benzimidazole an B. 2-Methylsulfinyl-1 H-benzimidazole (3a) (75%)H NMR (400
alsc_) by substituent effects on th(_a nucleoph|I|C|t_y of pyridine MHz, CDCh) 6 3.21 (s, 3 H), 7.33 (m, 2 H), 7.70 (m, 2 H). HRMS
mo!ety, a1 However, the maximum co_nver5|on rates_ar_e (El): calculated for @HgN.OS [M*] mV/z 180.0357 was found to be
mainly dependent on the second protonation of the benzimid- ;g4 9350.

azole ring that is reflected by thé&(g2. The effect of the second C. 5-Methoxy-2-methylsulfinyl-1H-benzimidazole (3b) (73.7%
protonation determined by the<g2 on the conversion rate is  vield). H NMR (400 MHz, CDC}) 6 3.18 (s, 3 H), 3.84 (s, 3 H),
very significant under acidic conditions:pH 4) and the effect ~ 6.96 (d, 1 H), 7.08 (s, 1 H), 7.58 (d, 1 H). HRMS (El): calcd for
of pyridine nucleophilicity is significant at pit 4, since the CoH10N20,S [M*] m/z 210.0463, found 210.0466.

C-2 position of the benzimidazole ring cannot behave as an C. 5-Difluoromethoxy-2-methylsulfinyl-1H-benzimidazole (3c)
electrophile at this pH. Thekal of PPI shows why PPl is  (75.1% Yield). 'H NMR (400 MHz, CDC}) 6 3.21 (s, 3 H), 6.54 (t,

selectively accumulated in the parietal cell where the secretoryJ = 74.0 Hz, 1 H), 7.14 (d, 1 H), 7.45 (s, 1 H), 7.65 (d, 1 H). HRMS
canaliculus is the only membrane enclosed space with a(F): calcd for GHsFaN:0;S [M'] mz 246.0275, found 246.0279.

pH < 4.0, and the K2 of PPI shows why PPIs become D. 2-Methanesulfinyl-5-methoxy-H-imidazo[4,5-b]pyridine (3d)

activated on the proton pump in the canaliculus when acid (80.5% Yield). *H NMR (400 MHz, CDCH) 0 3.23 (s, 3 H), 3.99 s,
p pump 3 H), 6.76 (d, 1 H), 7.88 (d, 1 H). HRMS (El): calcd foslN:0,S

secretion is §timulated tg genlerate a hithy aciFiic pH. Bpth [M*] miz 211.0415, found 211.0414.
factors combine to result in a highly specific reaction only with Synthesis of 1-Methyl-2-methylsulfinylbenzimidazoles (4). A.
the active gastric (M K*)-ATPase in the body. General Method of SynthesisTo a solution of 2-methylsulfinyl-i-

The binding of the protonated PPI occurs in to the vestibule benzimidazole and DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene, 1.2 equiv)
of the pump close to cysteine 813. In the presence of proton in CH,Cl, was added a solution of dimethyl sulfate (2.0 equiv) in,€H
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Cl, at room temperature, and then the mixture was stirred fer680
min until completion of the reaction. After water was added, the mixture
was stirred vigorously for 30 min. Then the mixture was purified,
without further treatment, by short silica gel column chromatography
(CH,CI; to 2% MeOH in CHCI,) to give 1-methyl-2-methylsulfinyl-
benzimidazole as colorless oil.

N-Methylation of 5-methoxy-2-(methylsulfinyl)benzimidazole and
5-difluoromethoxy-2-(methylsulfinyl)benzimidazole gave an inseparable
mixture of 5- and 6-methoxy isomers of 1-methyl 2-(methylsulfinyl)-
benzimidazole and a mixture of 5- and 6-difluoromethoxy isomers of
1-methyl 2-(methylsulfinyl)benzimidazole, respectively.

B. 1-Methyl-2-methylsulfinylbenzimidazole (4a), Yield 89%.H
NMR (400 MHz, CDC}) 6 3.26 (s, 3 H), 4.13 (s, 3 H), 7.35.45 (m,

2 H), 7.82 (d, 1 H). HRMS (EI): calculated forg810N,OS [M*] m/z
194.0514, found 194.0512.

C. 5- and 6-Methoxy-1-methyl-2-methylsulfinylbenzimidazole
(4b) (a Mixture of 5-MeO- and 6-MeO-derivatives; Ratio ~ 1:1),
Yield 85%. 'H NMR (400 MHz, CDC}) 6 3.22 and 3.23 (s, 3 H),

7.91 (d, 1 H), 8.10 (m, 1 H), 8.11 (m, 1 H); HRMS (FAB): calculated
for C17/H20N403SNa [M + Na'] nv/z 383.1151, found 383.1148.

Determination of pKa. A. UV Spectroscopy Method.The com-
pounds at a concentration of 6:0.12 mM were dissolved in a buffer
composed of 10 mM Tris/HCI buffer (pH 8 to pH 6), 10 mM sodium
citrate buffer (pH 2.53 to pH 5.6), and HCI solution (5 mM to 5 M)
and scanned at room temperature (Z5) within 25 s using the
Shimadzu UV-1601 UVvisible spectrophotometer.

B. Titration Method. The compounds (5 to 10 mM) in-5.0%
aqueous methanol solution were titrated with HCI.

C. Calculation of pK, from Spectral Data. Generally, the K, of
PPI can be calculated as follows.

K1
PPHH" — PPI+ H"

3.85 and 3.88 (s, 3 H), 4.06 and 4.08 (s, 3 H), 6.56 (m), 6.79 (m), 7.00 S

(dd), 7.25 (m), 7.66 (d). HRMS (El): calculated forgH1.N,0,S [M*]
m/z 224.0620, found 224.0622.

D. 5- and 6-Difluoromethoxy-1-methyl-2-methylsulfinylbenzim-
idazole (4c) (a Mixture of 5-CHR,O- and 6-CHF,O-derivatives;
Ratio ~ 1:1), Yield 92%. *H NMR (400 MHz, CDC}) 6 3.26 (s, 3
H), 4.12 and 4.14 (s, 3 H; N-Me), 6.54 and 6.56](t 74.0 Hz, 1 H),
7.15-7.26 (m), 7.41 (d), 7.58 (s), 7.79 (d). HRMS (EI): calculated
for CigH10F2N2O-SNa [M + Na'] m/z 283.0320, found 283.0323.

Synthesis ofN*-Methyl Proton Pump Inhibitors (6). A. General
Method of Synthesis.To a solution of PPl and DBU (1,8-diazabicyclo-
[5.4.0lundec-7-ene, 1.2 equiv) in GEl, was added a solution of
dimethyl sulfate (2.0 equiv) in Ci€l, at room temperature, and then
the mixture was stirred with monitoring the reaction by thin-layer

chromatography. After the reaction finished, water was added to the

reaction mixture, which was stirred vigorously for 30 min. Then the
mixture was extracted with Gi€l,, and the organic layer was washed
with 1 N NaHCQ and water, dried over anhydrous Mg&sGnd

concentrated on a rotary evaporator. The resulting oil was purified by

short silica gel column chromatography (&2 to 2% MeOH in CH-
Cl,) to give N-methyl PPI as a white solid.

B. N*-Methyl Omeprazole (6a) (a Mixture of 5-MeO- and 6-MeO-
derivatives; Ratio ~ 1:1). *H NMR (400 MHz, CDC}) 6 2.20 (s, 3
H), 2.28 (s, 3 H), 3.69 and 3.70 (s, 3 H), 3.85 and 3.86 (s, 3 H), 3.93
and 3.94 (s, 3 H), 4.93 (s, 2 H), 6.77 (s), 6.95 (dd), 7.02 (dd), 7.25
(m), 7.66 (d), 8.11 (s). HRMS (FAB): calculated forgl2,N30sS
[MH*] m/z 360.1382, found 360.1391.

C. N*-Methyl Lansoprazole (6b).*H NMR (400 MHz, CDC}) 6
2.31 (s, 3H),4.03 (s, 3H), 4.37 (q, 2 H), 5.00 (dd, 2 H), 6.64 (d, 1 H),
7.35 (m, 3 H), 7.80 (d, 1 H), 8.23 (d, 1 H). HRMS (FAB): calculated
for Ci7H17F3N30.S [MH*] m/z 384.0994, found 384.1008.

D. N*-Methyl Rabeprazole (6¢).*H NMR (400 MHz, CDC}) 6
2.06 (q, 2 H), 2.26 (s, 3 H), 3.34 (s, 3 H), 3.53 (t, 2 H), 4.02 (s, 3 H),
4.09 (t, 2 H), 4.96 (s, 2 H), 6.70 (d, 1 H), 7.33 (m, 1 H), 7.38 (m, 1 H),
7.82(d, 1 H),8.17 (d, 1 H). HRMS (FAB): calculated fors8,4N30:S
[MH*] m/z 374.1538, found 374.1531.

E. N*-Methyl Pantoprazole (6d) (a Mixture of 5-CHF,0O- and
6-CHF,O-derivatives; Ratio ~ 1:1). *H NMR (400 MHz, CDC}) 6
3.90 (s, 3 H), 3.91 (s, 3 H), 4.01 and 4.04 (s, 3 H), 4880 (m, 2
H), 6.52 and 6.56 (t) = 74.0 Hz, 1 H), 6.79 (d), 7.20 (m), 7.38 (d),
7.55 (s), 7.76 (d), 8.09 (m). HRMS (FAB): calculated farkdig-,NsOsS
[MH*] m/z 398.0986, found 398.0974.

F. N-Methyl Tenatoprazole (6e) (a Mixture of 5-MeO- and
6-MeO-derivatives, Ratio~ 1:1).*H NMR (400 MHz, CDC}) 6 2.20
(s, 3H),2.21(s,3H),2.27(s,3H),2.31 (s, 3H),3.70 (s, 3H), 3.74
(s, 3 H),3.96 (s, 3 H), 3.99 (s, 3H), 4.02 (s, 3 H), 4.05 (s, 3H), 4.91
(dd, 2 H), 5.02 (dd, 2 H), 6.71 (d, 1 H), 6.80 (d, 1 H), 7.64 (d, 1 H),
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_[PPIHTT _ 4 (di—d)
al = [PPFH] B a—am
pK,1=pH+ log((?:im——_di

where dm is pure nonionic absorbance (Abs) at a given analytical
wavelength andi is pure monocationic absorbance at a given analytical
wavelength.
Ka2
PPF2H" — PPFH" + H*

_ [PPFHTHT]

K2 [PPI-2H"]
oyt (d—di)
K2 =11 (i —a)

0,

_ d—di
pK2 = pH+ Iog(—dii — d)

where di is the pure monocationic absorbance atidis the pure
dicationic absorbance at given analytical wavelength.
In this experimentdmis easily measured where Abs is of nonionic
species (in this example, Abs was mostly obtained at pH 5.6).
The absorbance at an analytical wavelengthcan be rewritten as
follows.

d(observedy Abs by amounts of di- Abs by amounts of dii

If there is a big difference betweerKgl and .2, di anddii will be
easily measured by observed Aldsat a given pH.

In this experiment, the absolute values of di and dii are not known;
however we can measure absorbance mdiaend dii, since the
approximate .1 and K.2 showed greater thea 3 K, unit difference,
which suggests that observddor dii would contain less than 0.1% of
mono- or di-ionic species contamination at a given pH nd&i pr
pKa2.

However, we calculatéli from measured Abs]. For exampledi
can be calculated by two absorbancé$a and d1b, measured at a
given pHa and phb at the analytical wavelengtil nm.

_[PPH"] oty (di—d)
= [PPFH] AT = dm
Therefore,
. (di—dla) .,  (di—dib)
Kl =l —am ™ 7 1P (G = dm)
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wheredmis pure nonionic Abs andi is pure monocationic Abs at a
given wavelengthD1, anddla is measured Abs at given pHand d1b
is measured Abs at a given pH

pK, 1= pHa+ IOQ(H) =pHb+ Iog(%))
pK,1-pHa= |OQ(H) (2)
pK, 1-pHb= Iog(%’) (2)
s oo S og B0 g

Let a = pHb — pHa, b = dm — dla, c = dm — dib, k =
10QPHo-PHA) = 1 (R,

K= dm— dla o dib —di) _ b o dlb —di @)
(dla— di) (dm— dlb) (dla— di) ( c )
%:-dla— dib
e, ©
b

Now, di is determined by observed Abs at@knd pHb and K,1 can
be calculated.

Whendla anddlb are measured at @Hand pHb where pHa and
pHb are far from .2, observed Abs, optical densitgila and d1b

After eliminatingdii, eq 6 can be rearranged as follows.
(d2a — di)xK 2 (d2b — di)xK 2
[H7a  [H']b
_ (d2b — d2a)
a (d2a — di)/[H"]a — (d2b — di)/[H']b
pK,2 = —log(K,2)

—d2b—d2a (7

(8)

al

At given pHa and phb, absorbancel2a andd2b provide theK.2.

Stability of Proton Pump Inhibitors. PPI stability was measured
at various pH values in the absence of thiol compounds as follows.
The compounds were dissolved in methanol at a concentration-of 20
50 mM as stock solution. An aliquot was taken from the stock solution
and added to a buffer solution (pH 1.3 to 8.0) with a final concentration
of the compounds of 0-10.25 mM. The final methanol concentration
was 0.5%.

The buffer solutions between pH 1.3 and 8.0 were made as follows:
pH 1.3, 20 mM KCI by HCI adding up to pH 1.3; pH 2.3, 20 mM
Glycine; pH 3.1; 10 mM citric acid, 5 mM N&lPOy; pH 4.1, 10 mM
citric acid, 12 mM NaHPO,; pH 5.1, 10 mM citric acid, 20 mM Na
HPQ;; pH 6.1, 10 mM citric acid, 35 mM N&PQ;; pH 7.1, 10 mM
citric acid, 90 mM NaHPO,; pH 7.4, 10 mM citric acid, 180 mM
NaHPO;; pH 8.0, 100 mM sodium phosphate buffer.

The buffer solution containing 0-10.25 mM of the compounds was
incubated at 25°C in the absence of thiol compounds. At timed
intervals, an aliquot (100L) was taken and added to 2.5 mL of 0.2 M
NaHPQO, buffer, pH 8.8, to stop the conversion. An aliquot was taken
and analyzed by HPLC.

The conversion rate under acidic pH was measured using HCI

show only the absorbance of the amounts of monocationic species atspolutions: 20 mM, 50 mM, 0.1 M, 0.2 M, 0.3 M, 0.5 M, 1.0 M, 2.0

given pHa and phb.

Instead of obtaining pure dicationic absorbarmtie at strong acidity,
we can determinea2 by measuring two different absorbanced2a
andd2b, at pHa and pHb as follows.

(dii — d2)

— +
K="=

wheredi is pure monocationic Ab¥,2 can be calculated as follows.

Optical densityd2a was observed at pidandd2b was observed at
pHb.

o (di—d2a) o (dii — d2b)
Ka2—[H ]aXm—[H ]me (6)
) (d2a — di)xK,2
di —d2a=————
[H]a
) (d2b — di)xK.2
di —d2b=——+—+—
[H']b

M, 4.0 M, and 5 M.

The compound was made at a concentration of 0.5 mM in a given
HCI solution, and an aliquot (50L) was taken and added to 5 mL of
0.2 M NaHPQ, buffer, pH 8.8, and immediately analyzed by HPLC.
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Note Added after ASAP Posting

After this paper was posted ASAP on 06/04/2004, Figures 2
and 4, and their respective captions, were corrected to indicate
that the y-axis in each figure shows the conversion rate con-
stant. The corrected version was posted 06/10/2004.

Supporting Information Available: Experimental details of
synthesis and UV-spectra of PPIs. This material is available
free of charge via the Internet at http://pubs.acs.org.
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