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Asymmetric oxidation of heterocyclic sulfides, including
imidazole, benzimidazole, indole and pyrimidine derivatives,
were studied using a tartrate/Ti(OPr), catalyst system.

The esomeprazole process of AstraZeneca is one of the less than
two dozens of cases when asymmetric catalysis has been used for
manufacturing of pharmaceuticals or other important chemi-
cals.!““ Consequently there is a strong inherent interest for
understanding the basic principles of this chemistry and to assess
the synthetic scope of related selective oxidation reactions.> The
original process involves asymmetric oxidation (Scheme 1) of
pyrmetazole (1a) using cumene hydroperoxide (2) together with
Hiinig’s base (‘Pr,NEt) as a crucial component in the presence of
catalytic amounts of Ti(OPr), (3) and diethyl D-tartrate (4)
affording esomeprazole (5a), the active ingredient in AstraZeneca’s
antiulcer drug Nexium® (Table 1, entry 1) at >90% ee.'*
Although, a number of excellent asymmetric sulfoxidation systems
have been developed in recent years***> the highly efficient and
operationally simple Ti(OPr), (3)/tartrate (4) system employed in
the esomerazole process still has a number of unexplored attractive
features. For example, the asymmetric sulfoxidation of 1a can be
achieved with a high enantiomeric excess, in spite of the fact that
the substituents of the sulfur atom are of similar size.'®

We have now found that the high enantioselectivity of the
esomeprazole process arises from the electronic effects of
the imidazole motif in 1a, and that the beneficial features of the
oxidation reaction can be extended to a large variety of imidazole
derivatives obeying a certain substituent pattern. These recent
findings are based on catalytic oxidation of a wide range of
heteroaromatic/aromatic sulfides la—k using the reaction condi-
tions of the esomeprazole process. In addition, we were able to
asses some previous hints concerning the reactivity and selectivity
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Scheme 1 Asymmetric sulfoxidation of nitrogen containing heterocycles.
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of the sulfoxidation of heterocyclic substrates that were published
in connection with the asymmetric synthesis of esomeprazole.' In
a typical sulfoxidation reaction we have employed'® a modified
Orsay procedure.® Accordingly, the corresponding sulfide 1,
catalytic amounts of 4 and water (1.0/0.6/0.2 equiv.) were heated
to 50 °C for 15 min followed by addition of 3 (0.3 equiv.) and this
mixture was kept at 50 °C for 45 min. Subsequently, ‘Pr,NEt and
cumene hydroperoxide (CHP) 2 (0.3/1.0 equiv.) were added, and
the obtained reaction mixture was stirred at the allotted
temperatures and times (Table 1).

The reactivity of the various sulfides is highly dependent on the
heterocyclic motifs. Oxidation of the benzimidazole containing
substrates 1a-b and 1d (entries 1, 2, 4) required higher reaction
temperature for completion than the imidazole derivatives le, 1f
and 1g (entries 5-7). In fact, competitive experiments involving
imidazole derivative 1e and benzimidazole derivative 1b shows that
under the same reaction conditions 1e can be completely converted
to 5e, while 1b could be recovered unchanged (Scheme 2(a)).
Methoxy substitution of 1b (1c) leads to increased reactivity (cf.
entries 2 and 3), which is in line with Kagan’s observation® that
the oxidation reaction electrophilic  process.
Interestingly, oxidation of indole derivative 1i can also be carried
out at lower temperature (entry 9) than oxidation of benzimidazole
1b (entry 2). Similarly to 1e indole derivative 1i can be oxidized to
5i without affecting 1b (Scheme 2(b)).

The sulfoxidation reactions proceed with very high enantio-
selectivity for benzimidazole derivatives la—c (entries 1-3). The
other functionality on the sulfur atom (cf. entries 1 and 2) or
substitution of the fused phenyl ring (¢f. entries 2 and 3) do not or
only marginally affect the chiral induction. On the other hand,
methyl substitution of one of the nitrogens of benzimidazole
derivative 1b (1d) leads to formation of a racemic product (entry 4).
Our studies clearly demonstrate that the fused phenyl ring or other
substituents are not necessary for the high level of enantioselec-
tion. Thus, imidazole derivative le (entry 5) reacts with as high an
enantioselectivity as 1b (entry 2). Furthermore, according to X-ray
structure determination (see ESIT)I the absolute configuration of
the sulfur atom in product Se (Fig. 1) and in esomeprazole 5a is
identical (i.e. S-configuration). Thus, the bulky pyridyl moiety in
1a and/or the fused phenyl ring in 1b—¢ does not affect significantly
the enantioselection process using the Ti(OPr), (3)/diethyl
D-tartrate (4) catalytic system. Surprisingly, the high enantio-
selectivity of the reaction is maintained, even if the methyl group of
1e is replaced by a benzyl substituent (1f). Accordingly, oxidation
of 1f can be accomplished with a high enantioselectivity (95% ee),
despite of the fact that the benzyl substituent on the sulfur atom is
sterically more demanding than the heterocyclic imidazole ring
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Table 1 Asymmetric oxidation of imidazole derived sulfides into
corresponding sulfoxides”
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“ The reactions were conducted in toluene using 2 as oxidizing reagent
1n the presence of 30 mol% of 3 and 60 mol% of 4 as catalyst.

b Reaction conditions [°C/h]. ¢ Unless stated otherwise isolated yield
[%)]. ¥ Enantiomeric excess [%] determined by HPLC. For 5h and 5j the
ee values were determined by using shift reagent.® The yield
determined by 'H NMR.

(entry 6). Thus, for the first time we could demonstrate that the
high selectivity in the presence of two similarly large substituents
(observed in the esomeprazole process'®) is not restricted to
oxidation of 1a but it is an inherent property of the oxidation of
imidazole sulfide derivatives, such as 1f.
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Scheme 2 Competitive sulfoxidation of benzimidazole derivative 1b with
imidazole (le) and indole (1i) based substrates.
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Fig. 1 X-Ray structure of Se displaying S-configuration for the sulfur
atom, which is the same absolute configuration as in esomeprazole 5a.
Displacement ellipsoids are drawn at the 50% probability level.

Furthermore, the high level of enantioselectivity in oxidation of 1f
isinsharp contrast to the selectivity in the corresponding process for
the closely isosteric phenyl benzyl sulfide (1k). Thus, replacement of
the imidazole moiety of 1f with the isosteric phenyl group (1k) leads
to drop of the enantiomeric excess from 97% to 10% (entries 6 and
11). Phenyl substitution (1g) of the carbon atoms of the imidazole
ring (entry 7) leads to a slight decrease of the enantioselectivity
(80% ee). Similarly to the benzimidazole substrate (1d) methylation
of the imidazole ring nitrogen (1h) leads to a complete loss of the
enantioselectivity affording racemic product Sh (entry 8).

The fact that both (unsubstituted) nitrogen atoms are required
for the high level of enantioselection can be illustrated by oxidation
of indole derivative 1i. This sulfoxidation (entry 9) proceeds with a
significantly lower enantiomeric excess (69% ee) than the
corresponding process (entry 2) with 1b (98% ee). The relevance
of the five membered ring imidazole architecture for the
enantioselection can be illuminated by comparison of the efficiency
of the oxidation of pyrimidine derivative 1j with 1e (entries 5 and
10). While le is oxidized with an excellent enantioselectivity,
sulfoxidation of 1j proceeds with only moderate (40%) ee.
Application of base (Pr,NEt) is necessary to obtain a high
selectivity in oxidation of imidazole derivative le, as the ee was
decreased from 97 to 77%, when the base was omitted. On the
contrary, the enantioselectivity is practically invariant with respect
to application of base for other substrates, such as indole
derivative 1i (69 — 61%) or phenyl sulfide 5k (10 — 7%).*

The above results clearly show that the smallest subunit required
for an efficient 3/4 catalyzed asymmetric sulfoxidation of pyrmet-
azole 1a and related heterocyclic systems 1b—1h is the presence of
an imidazole ring with unsubstituted nitrogen atoms. Although,
the exact role of the heterocyclic systems is not completely known
in the presented reactions (Scheme 1), it can be concluded that the
imidazole ring is more efficient in directing the enantioselection
process than the isosteric phenyl group. Previous reports™®*
indicate that by using the Orsay reagent the sulfoxidation process
involves a monomeric titanium complex and in the transition state
structure of the enantioselectivity determining step the sulfur atom
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Scheme 4 Possible ligand substrate interactions in the assumed TS of the
oxidation.

is not coordinated to titanium. Based on these assumptions**** a

plausible catalytic cycle was constructed (Scheme 3). Accordingly,
the catalytic cycle is supposed to start with complex 6a, in which
the tartrate is coordinated to titanium in a bidentate fashion. The
empty coordination site of the metal atom probably interacts with
the carbonyl group of the tartrate.*>* The next step of the catalytic
cycle is formation of complex 6b from 6a by an n’-coordination of
peroxide 2.° Subsequently, complex 6b oxidizes the corresponding
sulfide, such as 1le, to give 6d, in which the sulfoxide product is
probably coordinated™ to titanium. Kagan’s assumption that the
substrate is not coordinated to titanium is based on the conclusion
that the oxidation of sulfur is an electrophilic process.* As we
came to the same conclusion comparing the reactivity of 1b and 1c
(vide supra), the imidazole based substrate probably does not
coordinate to titanium either under the oxidation process.
Considering the electrophilic nature of the oxidation the increased
reactivity of the indole derivative 1i compared to the isosteric
benzimidazole derivative 1b (Scheme 2(b)) can easily be rationa-
lized, as the indole moiety (comprising one nitrogen) is a better
electron donor than benzimidazole (with two nitrogens).
Furthermore, the steric effects are also expected to influence the
reactivity. Thus the bulkier benzimidazole sulfide 1b is oxidized
much more slowly than le (Scheme 2(a)). The final step of the
catalytic cycle is decomplexation of the product (e.g. Se), which
also leads to regeneration of the catalyst (6a).

The most important step of the catalytic cycle is oxidation of le
(6b — 6d) via TS structure 6¢, which determines the enantioselec-
tivity of the reaction. The high levels of enantioselectivity obtained
for functionalized imidazole sulfides la—c and le-1f can be
explained by stabilizing electronic interactions between the
substrate and ligand in 6¢. For example, the protonated nitrogen
of the imidazole ring may be involved in hydrogen bonding with
the carbonyl group of the tartrate and/or one of the oxygens of
the peroxy ligand (Scheme 4). However, methyl substitution of the
imidazole nitrogen (e.g. 1d and 1h) results in weakening of the

interactions between the chiral complex and the heterocyclic
substrate, which leads to a decrease in enantioselectivity.
Application of base is required for improvement of the enantio-
selectivity by about 20-25%. This modulation effect is probably
exerted by association of 'Pr,NEt to the substrate or to the
titanium complex.

In summary, we have shown that imidazole substituents in
heterocyclic sulfides exert important effects on the enantioselection
of the oxidation reaction, when titanium tartrate complexes are
employed as catalysts. Substitution of the carbon atoms of the
imidazole ring and application of sterically similar substituents on
sulfur does not influence the high enantioselectivity of the
sulfoxidation.
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