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The novel complex RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] was identified as a highly active catalyst for the
asymmetric reduction of a variety of prochiral ketones possessing an imidazo[1,2-a]pyridine scaffold.
The corresponding alcohols were obtained in excellent enantiomeric purities (>96% ee) and served as
valuable intermediates for the synthesis of pharmacologically active 7H-8,9-dihydropyrano[2,3-c]imi-
dazo[1,2-a]pyridines. The complexity of these multi-functional substrates required the development of
specific reaction conditions. Whereas the reduction with RuCl2[PP][NN] catalysts (Noyori catalysts) has
never been reported to occur under aqueous conditions, in the present case, the use of aqueous isopro-
panol or tert-butanol was not only tolerated, but also turned out to be beneficial, especially when the
reduction was conducted at high substrate to catalyst (S/C) ratios.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Acid related diseases, such as gastroesophageal reflux disease
(GERD) and peptic ulcer disease, have a high prevalence and repre-
sent a large economic burden.1–3 The reduction of acid secretion by
the inhibition of the gastric proton pump enzyme (H+/K+-ATPase)
constitutes an effective approach for the treatment of these medi-
cal conditions.1–3 With the introduction of proton pump inhibitors
(PPis), which inhibit the H+/K+-ATPase in an irreversible manner,
highly effective therapeutic agents became available. Despite the
clear success of PPis, such as omeprazole, esomeprazole, lansopraz-
ole, pantoprazole, rabeprazole, or tenatoprazole, several pharma-
ceutical companies are engaged in the development of
potassium-competitive acid blockers (P-CABs). Due to their new
mode of action (reversible inhibition of H+/K+-ATPase), P-CABs
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might be able to overcome some of the limitations encountered
during the treatment with PPis.4–7

Over the course of our P-CAB lead optimization program, we
identified the tricyclic imidazo[1,2-a]pyridine BYK 311319 1 as a
potent inhibitor of the H+/K+-ATPase showing promising pharma-
ceutical activity.8,9 A key step in the synthesis of the enantiopure
P-CAB 1 is the asymmetric reduction of ketone 2 and subsequent
Mitsunobu cyclization of the resulting diol 3 (Scheme 1).8–11

Out of the many methods that are available for the
asymmetric reduction of ketones, for example, enzymatic transfor-
mations,12 hydrosilylation,13,14 hydroboration,15–18 transfer hydro-
genation,19,20 and hydrogenation,21,22 we first focused on the
catalytic hydrogenation reaction described by Noyori et al.8,9 In a
typical experimental procedure for this methodology, the carbonyl
derivative is dissolved in isopropanol and hydrogenated in the
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Figure 1. Available hydrogenation catalysts for the reduction of ketone 2.

A. M. Palmer et al. / 19 (2008) 1310–1327 1311
presence of a base and a homogeneous catalyst, which might be
formed in situ from a ruthenium precursor containing an optically
active bis(diarylphosphane) ligand ([PP], e.g., [(S)-BINAP]) and an
optically active diamine ([NN], e.g., (S,S)-DPEN).23–26 In modifica-
tion of this procedure, the in situ generated catalytic system is
replaced by a pure ruthenium complex of the generic formula
RuCl2[PP][NN]. The use of a preformed catalyst complex offers
several advantages, such as increased reaction rates, higher
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Scheme 2. Reagents and conditions: (i) 1 mol % 11, 1.1 equiv KOtBu, 2-PrOH,
t-BuOH, 10 bar H2, 50 �C, 24 h, 100% conversion, >95% ee; (ii) 1 mol % 17, 1.1 equiv
KOtBu, 2-PrOH, t-BuOH, 10 bar H2, 30–50 �C, 24–30 h, 100% conversion, 59–63% ee;
(iii) 2 mol % 4, 1.1 equiv KOtBu, 2-PrOH, 40 bar H2, rt, 2 � 23 h, 25% 5, 63% 8 (39%
ee); (iv) 0.8 mol % 11, 1.2 equiv KOtBu, 2-PrOH, t-BuOH, 25 bar H2, 70 �C, 20 h, >95%
conversion, 72% 9 (73% ee); (v) 0.5 mol % 17, 1.2 equiv KOtBu, 2-PrOH, t-BuOH, H2O,
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Figure 2. Structure of the hydrogenation catalyst RuCl2[(S)-Xyl-P-P
productivity, and increased stability against air and moisture.27

Consequently, one of the most active and selective catalysts,
RuCl2[(S)-BINAP][(S)-DAIPEN] 4 (Fig. 1),23,28 was tested in the pres-
ence of potassium tert-butylate for the asymmetric hydrogenation
of 2. Under optimized conditions and using an S/C ratio of 130:1,
the chiral alcohol 3 could be prepared with an enantiomeric purity
of 85% ee.8,9 While this result was encouraging, we found complex
4 to be significantly less active in the transformation of structurally
related ketones, for example, derivatives 5 and 7. The correspond-
ing alcohols 8 and 10 were, if at all, obtained in low enantiomeric
purity (Scheme 2).29 The use of another highly active Noyori cata-
lyst RuCl2[(S)-Xyl-BINAP][(S)-DAIPEN] 11 (Fig. 1)23 allowed us to
achieve the reduction of substrate 2 with full conversion at S/C
100/1 in >95% ee but, when the same catalyst was applied to the
reduction of the more challenging analogue 6, the enantioselectiv-
ity dropped to 73% ee (Scheme 2).29

Our research in the field of ruthenium phosphino-oxazolines
led to the identification of the complex RuCl2[(PPh3)][(Sc,Sm)-
(Ph2P-Fc-oxaiPr)] 12 (Fig. 1) as an effective hydrogenation catalyst
for the reduction of the O-protected derivatives 13 and 14 of
ketone 2 (Scheme 1).10,11 In the presence of 5 mol % of 12, the
corresponding alcohols 15 and 16 were isolated in 96% yield/78%
ee and 86%/88% ee, respectively. However, this method required
two additional steps for the introduction/cleavage of the phenolic
protecting group.

We therefore decided to extend our investigations in the field of
Noyori catalysts and to focus on complexes RuCl2[PP][NN], where
the ligand [PP] does not constitute an enantiomerically pure
(substituted) BINAP derivative. The ligands that are currently avail-
able for asymmetric hydrogenation have already been covered in
several review articles.21,30 The synthesis of ligands of the P-Phos
family31 and their application for the asymmetric reduction of car-
bonyl compounds were described by Chan et al. and they appeared
to be of special interest to us.32–34 In the presence of catalyst
RuCl2[(S)-Xyl-P-Phos][(S,S)-DPEN] 17 (Fig. 2),23,31 a wide variety
of aromatic and heteroaromatic ketones were hydrogenated with
excellent enantioselectivities. While Chan had reported the highly
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Table 2
Asymmetric reduction of ketone 2 with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18:
influence of temperature, base concentration, presence of water and pressure;
reaction conditions: S/C = 1000:1, 16–20 h, substrate concentration 0.125 M

Entry Equiv
KOtBua

Solvent ratio Temp.
(�C)

Pressure
(bar)

Conv.b

(%)
eeb

(%)
2-PrOH t-BuOH H2O

1 1.1 86 14 — 70 10 39 86
2 2.2 72 28 — 70 10 70 45
3 1.1 86 14 — 80 10 27 71
4 2.2 72 28 — 80 10 34 70
5 1.1 81 14 5 70 10 87 85
6 2.2 67 28 5 70 10 80 85
7 1.1 81 14 5 80 10 55 97
8 2.2 67 28 5 80 10 75 73
9 1.1 81 14 5 70 30 96 97

10 1.1 81 14 5 60 30 96 98

a A 1 M solution of KOtBu in t-BuOH was employed.
b Conversion and enantioselectivity were determined by HPLC.
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efficient use of this complex, we found that this catalyst gave full
conversion but only moderate enantioselectivity (59–63% ee) in
the reduction of substrate 2 (R = H) under standard literature con-
ditions (Scheme 2).29 Even less encouraging results were obtained
for ketone 6 (R = CH3), where the hydrogenation in the presence of
0.5 mol % of complex 17 stalled at 64% conversion.29 This prompted
us to prepare the catalyst RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18
(Fig. 2), which has not been reported before, and to investigate
its use as hydrogenation catalyst for the asymmetric reduction of
ketone 2 and structurally related ketones, for example, the
substrates 5–7.35

2. Results and discussion

2.1. Development of a highly efficient method for the
asymmetric reduction of ketone 2

Our first experiments were aimed at the identification of suit-
able reaction solvents and the estimation of a feasible S/C-ratio.
To this end, we investigated the asymmetric reduction of ketone
2 in a Biotage Endeavour apparatus (8 � 12 ml parallel reactors
with overhead stirring and block heating). In the course of our
investigations, we used two experimental set-ups that gave identi-
cal results (see Ref. 36 and Section 4). The results are summarized
in Table 1.

When 2-propanol was used as a solvent, full conversion to the
alcohol 3 occured at S/C ratios of 100:1 and 250:1 (entries 1 and
4). Under these reaction conditions, the hydrogenation proceeded
in a homogeneous medium, that is, the potassium salt of the sub-
strate and the product were soluble in the reaction medium. At an
S/C ratio of 500:1, the conversion dropped to 67% (entry 7). When
DMF was added as a co-solvent, a significant reduction in catalyst
activity was observed (entries 2 and 6). On the other hand, the
reaction went to completion in wet 2-propanol (entry 3). This
was a rather surprising finding, since this class of hydrogenation
catalysts usually requires anhydrous conditions. We investigated
this phenomenon more systematically and found that (almost)
complete transformation of ketone 2 occurred even when 5% (en-
tries 8 and 11) or 15% (entry 5) of water was added as a co-solvent.
Moreover, the presence of water seemed to be beneficial at high S/
C ratios affording significant conversion even at 800:1 and 1000:1
(entries 11 and 12). The use of other alcoholic solvents was also
tested. Low conversion, however, was obtained with ethanol (entry
Table 1
Asymmetric reduction of ketone 2 with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18:
solvent screening and estimation of feasible S/C-ratio; reaction conditions: 10 bar
H2 pressure, 70 �C, 16 h

Entry S/C Equiv
KOtBua

Solvent ratio Concd
(M)

Conv.b

(%)
2-PrOH t-BuOH Other

1 100:1 1.1 86 14 — 0.125 100c

2 100:1 1.1 61 14 25 (DMF) 0.125 30
3 100:1 1.1 86 14 Wet (H2O) 0.125 100
4 250:1 1.1 86 14 — 0.125 100
5 250:1 1.1 71 14 15 (H2O) 0.125 96
6 250:1 1.1 61 14 25 (DMF) 0.125 <10
7 500:1 1.1 86 14 — 0.125 67
8 500:1 1.1 81 14 5 (H2O) 0.125 100
9 500:1 2.2 — 18 82 (EtOH) 0.083 26

10 500:1 2.2 — 18 82 (MeOH) 0.083 No conv.
11 800:1 1.1 81 14 5 (H2O) 0.125 98
12 1000:1 1.1 86 9 5 (H2O) 0.086 72
13 1000:1 1.65 84 11 5 (H2O) 0.086 92

a A 1 M solution of KOtBu in t-BuOH was employed.
b The conversion was determined by HPLC.
c The hydrogenation uptake curve shows that the transformation was complete

in 4–5 h.
9) while no conversion was obtained in methanol (entry 10). One
reduction (entry 13) was performed in the presence of a greater ex-
cess of base. The hydrogenation seemed to proceed faster than the
reaction described in entry 12, which was run in the presence of
1.1 equiv of base under otherwise identical conditions.

In the first instance, the optimization of the reaction conditions
at S/C = 1000:1 focused on three parameters: temperature, base
concentration, and the presence of water. Substance concentration
and pressure were kept constant (0.125 M, 10 bar H2). Based on the
data presented in Table 2, the following conclusions can be drawn:
first, the use of water as a co-solvent is highly beneficial and pro-
duces an increase in both conversion and enantioselectivity (com-
pare entries 1 and 5, 2 and 6, 3 and 7, 4 and 8). Second,
temperatures above 70 �C cause a reduction in the overall reactiv-
ity of the catalyst, presumably due to catalyst decomposition
(compare entries 2 and 4, 5 and 7). Third, the use of larger amounts
of base in the reaction possibly produces an increase in conversion
but at the expense of some erosion in enantioselectivity (compare
entries 1 and 2, 7 and 8).

The use of higher pressure was next tested using a mixture of 2-
propanol and water as solvent and 1.1–1.2 equiv of potassium tert-
butylate as base (entries 9 and 10). As expected from previous
experiences with Noyori-type catalysts,37 this was highly benefi-
Table 3
Asymmetric reduction of ketone 2 with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18:
influence of substrate concentration; reaction conditions: 20–25 bar H2 pressure,
65 �C, 16–18 h

Entry S/C Concd
(M)a

Equiv
KOtBub

Solvent ratio Time
(h)c

Conv.d

(%)
eed

(%)
2-PrOH t-BuOH H2O

1 750:1 0.25 1.1 63 27 10 n.d. 100 >98
2 750:1 0.5 1.1 35 55 10 n.d. 100 >98
3 750:1 0.5 1.1 — 90 10 �7 100 >98
4 1000:1 0.25 1.1 63 27 10 �10 100 >98
5 1000:1 0.5 1.1 35 55 10 �6 100 >98
6 1000:1 0.67 1.1 — 73 27 n.d. 38 >98
7 1000:1 0.5 1.8 — 90 10 n.d. 86 91
8 1000:1 0.67 1.1 17 73 10 �5 100 >98
9 1500:1 0.5 1.1 35 55 10 �6–8 100 >98

10 1500:1 0.5 1.1 45 55 — �16 60 48
11 2500:1 0.67 1.1 17 73 10 �6 100 >98
12 2500:1 0.67 1.1 — 90 10 �6 100 >98

a The maximum concentration of 0.67 M was determined by the use of a 1 M
solution of KOtBu in t-BuOH.

b A 1 M solution of KOtBu in t-BuOH was employed.
c The time required for complete conversion was judged from the hydrogen

uptake curve.
d Conversion and enantioselectivity were determined by HPLC.



Table 4
Asymmetric reduction of ketone 2 with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18: scale-up

Entry Scale (mmol) S/C Concd (M)d Basee Solvent ratio p (bar) T (�C) t (h) Yield,f eeg (%)

2-PrOH t-BuOH H2O

1a 6.6 750:1 0.55 1.15 equiv KOtBu 26 63 11 25 68 23 87, 99.2
2b 68.4 1000:1 0.43 1.17 equiv KOtBu 6 84 10 80 65 22 93, 98.0
3a 11.0 3000:1 0.73 1.18 equiv KOtBu 3 87 10 25 65 67 91, >98
4c 5.0 5000:1 0.73 1.12 equiv KOtBu 7 83 10 25 75 <15 75, 97.0
5c 1.0 1000:1 0.5 3.0 equiv KOH — 85 15 25 65 <12 55, n.d.

a The hydrogenation was performed in a 50 ml Parr autoclave.
b The hydrogenation was performed in a 100-ml Premex Hastelloy autoclave.
c The hydrogenation was performed in a Biotage Endeavour.
d The maximum concentration of 0.67 M is determined by the use of a 1 M solution of KOtBu in t-BuOH.
e A 1 M solution of KOtBu in t-BuOH or a 10 M aqueous solution of KOH was employed.
f Conversion by HPLC analysis was always >95%. Isolated yields after purification are reported (Table 5).
g The enantiomeric purity was determined by CE and/or HPLC.

Table 5
Asymmetric reduction of ketone 2 with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18:
influence of the S/C ratio and the method of purification on the residual amount of
ruthenium present in diol 3

Entry from
Table 4

S/C
ratio

Ru, initial
amount
(ppm)

Method of purification Ru, residual
amount
(ppm)

1 750:1 405 Chromatography CH2Cl2/MeOH 61
2 1000:1 270 Crystallization (acetone) n.d.
3 3000:1 90 Crystallization (acetone/MTBE) 5
4 5000:1 55 Crystallization (acetone/MTBE) 3/10a

5 1000:1 270 Crystallization (acetone/MTBE) 21

a Crystallization afforded two crops of diol 3.

Table 6
Removal of residual ruthenium from crude diol 3 by treatment with Smopex fibrous
scavengers: initial ruthenium content: 270 ppm (calculated from a S/C ratio of
1000:1)

Entry Procedurea Smopex Solvent Residual Ru (ppm)

1 A 111 MeOH 170
2 A 112 MeOH 162
3 A 105 MeOH 182
4 A 110 MeOH 140
5 A 113 MeOH 187
6 A 103 MeOH 204
7 A 111 CH2Cl2 170
8 A 112 CH2Cl2 220
9 A 105 CH2Cl2 171

10 A 110 CH2Cl2 201
11 A 113 CH2Cl2 187
12 A 103 CH2Cl2 202
13 B 234 MeOH 195
14 B 202 MeOH 182
15 B 102 CH2Cl2 104
16 B 234 CH2Cl2 236
17 B 202 CH2Cl2 180
18 B 110 MeOH 179
19 B 103 MeOH 247

a Procedure A: A mixture of diol 3 (0.2 g) and Smopex (0.2 g) was heated in a
Radley carousel in 10-ml solvent (45 �C, 20 h). Procedure B: A mixture of diol 3
(0.1 g) and Smopex (0.1 g) was shaken overnight in 5-ml solvent in a ChemSpeed
multi-well reactor (45 �C, 20 h).
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cial allowing the reaction to reach almost complete conversion at a
temperature of 60 �C. In addition, the use of lower temperature as-
sured a small but significant increase in enantioselectivity that was
consistently found to reach the value of 98% ee.

Next, we analysed the dependence of the reaction rates on the
substrate concentration. It is known that asymmetric hydrogena-
tions generally proceed more smoothly at higher concentrations.37

In the experiments described in Tables 1 and 2, approximately
0.1 M solutions were employed, whereas the asymmetric reduc-
tion of the model substrate acetophenone can typically be per-
formed in 1–1.5 M solution. A comparison of the results given in
Tables 1–3 clearly indicates that an increase of the substrate con-
centration exerted a beneficial influence on the reaction rate. An
increase in the substrate concentration is equivalent to increasing
the base concentration and, when the catalyst loadings are
reduced, the base to catalyst ratio, so the effect of these parameters
cannot be judged in isolation. We think that both parameters (base
concentration and base to catalyst ratio) are certain to have an
effect on catalyst performance. In most cases, the presence of too
little base accounts for the failure of the asymmetric hydrogena-
tion. When solid potassium tert-butylate is employed, the base
might not dissolve completely and the transformation might pro-
ceed sluggishly or not go to completion. In order to avoid these
possible complications, solutions of potassium tert-butylate in
tert-butanol were used. On the other hand, as already mentioned
above, the presence of too much base seems to compromise the
enantioselectivity of the transformation (entry 7).

It was eventually demonstrated (entries 3 and 12) that the pres-
ence of 2-propanol was not required and the reaction proceeded to
full conversion, even in mixtures of tert-butanol (90%) and water
(10%). One experiment was run under the new improved condi-
tions (S/C 1500:1, 0.5 M) but without water (entry 10). The reac-
tion was remarkably slower than in the presence of 10% of water
and only produced 60% conversion and 48% ee. After 16 h under
hydrogen at 65 �C, the reaction in the absence of water appeared
as a dense gel. Conversely, a clear orange/yellow solution was
always obtained in the presence of water (e.g., entry 9). The use
of 10% of water as co-solvent seems to be optimum since reduced
hydrogenation activity was observed in the presence of larger
amounts of water (entry 6).

2.2. Upscale of the synthesis of diol 3 and removal of residual
ruthenium

The asymmetric reduction of ketone 2 was conducted on a large
scale applying the optimized reaction conditions and S/C ratios up
to 5000:1. Full conversion of the starting material was always ob-
tained (as judged by HPLC and/or 1H NMR analysis) and isolated
yields are reported in Table 4. Since potassium hydroxide is formed
in an aqueous solution of potassium-tert-butylate in 2-propanol/
tert-butanol, the direct use of potassium hydroxide as a base for
the asymmetric hydrogenation of ketone 2 was also investigated
Under the conditions described in entry 5 complete transformation
occurred to alcohol 3, although, under the conditions chosen, the
isolated yield (55%) was somehow reduced.

Various methods for the purification of the crude product were
investigated with the goal to isolate diol 3 virtually free from



1314 A. M. Palmer et al. / 19 (2008) 1310–1327
ruthenium residues (Table 5). According to a guideline published
by the European Medicines Agency, a pharmaceutical substance
should contain less than 10 ppm residual ruthenium.38 Chromato-
graphic purification was not ideal, since it did not remove all the
ruthenium-containing species and caused an unnecessary drop in
the overall yield (entry 1). Good results were achieved when the
asymmetric hydrogenation was conducted at high S/C ratios and
the crude alcohol 3 was crystallized from acetone or from a mix-
ture of acetone with a co-solvent (e.g., MTBE) that reduces the sol-
ubility of diol 3 (entries 3–5).

The crude diol 3 obtained by asymmetric hydrogenation of
ketone 2 with an S/C ratio of 1000:1 was used for Smopex screen-
ing (Table 6). Smopex fibrous scavengers are obtained by graft
co-polymerization of polyolefin fibres using functionalised mono-
mers. The metal-binding properties (chelating group) are added
onto the exterior of the fibre.39 In many cases, the open fibrous
structure of the Smopex polymer accomplished excellent metal re-
moval in short time. 40–42 All the samples of crude alcohol 3 treated
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tidine]; (vi) HCl, THF, H2O, 50–60 �C, 2–7 h (7, R78%; 28, R73%; 29, R 83%; 33, 63%);
�C, 1.5 h, 98%.
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quench the reaction affording ruthenium species that can be re-
moved more easily (e.g., by stirring of the alcohol 3 in organic sol-
vents) is favourable.

2.3. Synthesis of analogues of the prochiral ketone 2

The preparation of prochiral ketones by alkylation of suitable
imidazo[1,2-a]pyridine-building blocks (e.g., 19 and 34) with Esc-
henmoser’s salt and subsequent transformation of the resulting
intermediates (e.g., 20 and 35) with enamines (e.g., 21, 36–40)
has previously been described and is illustrated in Scheme 3.8 Ke-
tone 22 was then transformed into the acetal 23, which constitutes
a versatile intermediate for the synthesis of other prochiral ke-
tones. The prochiral ketones 7, 28 and 29 bearing different carbox-
amide residues were obtained by hydrolysis of carboxylic ester 23,
N

N

OH

O

HO

N
R

H

R = c-Pr: 7
R = Me: 28

N

N

OH

O

O

N
R

H

R = c-Pr: 10
R = Me: 43

(i)
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N

OH

O
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N
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N

N

OH

O

O

N

44

(i)

N

N

OHHO

O

33

N

N

OHO

O

45

(i)

Scheme 4. Reagents and conditions: (i) catalyst 18, KOtBu, 2-PrOH, H2O, 80 bar H2,
65 �C, 16 h, see Table 7.

Table 7
Asymmetric reduction of ketones 7, 28, 29 and 33 bearing different residues in 6-position

Entry SM Scale (mmol) S/C Concd (M) KOtBu (equiv)d

1a 7 3.0 300:1 0.30 2.30
2b 28 4.6 250:1 0.11 1.13
3b 29 2.4 125:1c 0.06 1.17
4b 33 3.3 250:1 0.09 1.48

a The hydrogenation was performed in a 50-ml Parr autoclave.
b The hydrogenation was performed in a 100-ml Premex Hastelloy autoclave.
c The catalyst was added in two portions.
d A 1 M solution of KOtBu in t-BuOH was employed.
e The enantiomeric purity was determined by CE and/or HPLC.
amide coupling of the resulting carboxylic acid 24, and cleavage of
the acetal-protecting group present in intermediates 25–27. Alter-
natively, the ester function of intermediate 23 was reduced with
lithium aluminium hydride. The resulting alcohol 30 was activated
by transformation with thionyl chloride and nucleophilic substitu-
tion was accomplished by treatment of chloride 31 with sodium
methylate. Finally, ketone 33 bearing a methoxymethyl substitu-
ent was obtained by acid-catalyzed cleavage of acetal 32. A variety
of prochiral ketones containing different aryl substituents were
prepared by the transformation of the Mannich base 35 with
enamines 36–40.

2.4. Extension of the methodology on structurally related
prochiral ketones

We then applied the hydrogenation method developed for ke-
tone 2 to the structurally related ketones 7, 28, 29 and 33 bearing
different residues at the 6-position of the imidazo[1,2-a]pyridine
scaffold (Scheme 4, Table 7). The solubility of the substrate and
its anion is the main factor in determining the efficacy of the asym-
metric hydrogenation. Substrates with NH amide functionality
show very reduced solubility and therefore, the reductions of
ketones 7 and 28, containing a cyclopropyl carboxamide/methyl
of the imidazo[1,2-a]pyridine scaffold with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18

Solvent ratio p (bar) T (�C) t (h) yield, eee (%)

2-PrOH t-BuOH H2O

20 70 10 10 55–85 72 25, 98.4
15 75 10 80 65 22 40, 98.4
10 80 10 80 65 46 51, 96.5

5 84 11 80 65 23 84, 97.2

N
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O

HO

N

R1

R2

R1 = F, R2 = H: 5
R1 = Me, R2 = H: 6
R1 = H, R2 = F: 41
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O

N
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R1 = F, R2 = H: 8
R1 = Me, R2 = H: 9
R1 = H, R2 = F: 46

Scheme 5. Reagents and conditions: (i) catalyst 18, KOtBu, 2-PrOH, H2O, 80 bar H2,
65 �C, 16 h, see Table 8.
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carboxamide moiety, respectively, were performed with low S/C
ratios (entries 1 and 2). Under these conditions, the hydrogenation
of these derivatives proceeded smoothly achieving full conversion
of the starting material; the rather low isolated yields reported in
Table 7 are mainly due to problems encountered during the isola-
tion of the sparingly soluble diols 10 and 43.

Ketone 29 containing an azetidin-1-ylcarbonyl residue exhib-
ited reduced reactivity and the reaction did not go to completion
even after addition of a second portion of hydrogenation catalyst
and an extended reaction period (Table 7, entry 3).43 On the other
hand, the enantiomeric purity of the corresponding alcohol 44 was
not compromised (96.5% ee).

At an S/C ratio of 250:1, the reduction of ketone 33 possessing a
methoxymethyl residue rather than a carboxamide residue pro-
ceeded to completion, even under dilute conditions, and afforded
the corresponding alcohol 45 in 84% isolated yield and an enantio-
meric purity of 97.2% ee.

Finally, we examined the asymmetric hydrogenation of a set of
ketones 5, 6, 41 and 42, which possess a substituted phenyl ring or
a thiophene moiety (Scheme 5, Table 8). Isolated yields of the cor-
responding diols are reported in Table 8. As expected, ketone 6
containing an ortho-methylphenyl residue reacted more sluggishly
than the parent compound 2 and complete conversion was only
obtained after the addition of three portions of hydrogenation cat-
alyst and an extended reaction period (entry 3).43 Although high
Table 8
Asymmetric reduction of ketones 5, 6, 41 and 42 bearing different substituted phenyl and

Entry SM Scale (mmol) S/C Concd (M) Based

1c 6 0.5 200:1 0.25 1.20 equiv KOtBu
2c 6 1.0 250:1 0.50 1.20 equiv KOtBu
3a 6 7.9 80:1e 0.21 2.15 equiv KOtBu
4b 6 47.4 100:1 0.27 1.22 equiv KOtBu
5a 6 15.8 250:1 0.27 1.20 equiv KOtBu
6c 5 2.0 1000:1 0.50 1.20 equiv KOtBu
7c 5 2.0 1000:1 0.50 1.20 equiv KOtBu
8c 5 2.0 1000:1 0.50 1.20 equiv KOtBu
9c 5 2.0 1000:1 0.50 1.20 equiv KOtBu

10c 5 1.0 1000:1 0.50 2.0 equiv KOH
11c 41 4.0 1000:1 0.67 1.10 equiv KOtBu
12c 41 4.0 2000:1 0.67 1.10 equiv KOtBu
13a 42 8.1 250:1 0.20 2.10 equiv KOtBu

a The hydrogenation was performed in a 100-ml Premex Hastelloy autoclave.
b The hydrogenation was performed in a 300-ml Premex Hastelloy autoclave.
c The hydrogenation was performed in a Biotage Endeavour.
d A 1 M solution of KOtBu in t-BuOH or a 5 M aqueous KOH solution was used as bas
e The catalyst was added in three portions.
f In each case, >95% conversion took place. The samples from entries 6 to 10 were co
g Actual reaction time according to hydrogen uptake curves: 10 h (entry 11), 17 h (en
h The samples from entries 11 to 12 were combined and purified affording 74% of dio
i The enantiomeric purity was determined by CE and/or HPLC.
j 74% conversion to diol 9. The crude product was not purified.

Table 9
Conversion of chiral diols into 7H-8,9-dihydropyrano[2,3-c]imidazo[1,2-a]pyridines by Mi

Entry Starting material % ee (SM) PPh3 (equiv) DIAD (equiv)

1 3 99.2 1.5 1.5
2 8 94.6 2.0 2.0
3 9 99.2 1.8 1.8
4 10 98.4 2.0 2.0
5 44 96.5 2.0 2.0
6 45 97.2 2.0 2.0
7 46 98.6 2.0 2.0
8 47 99.2 2.0 2.0

a The purity of compound 53 was increased by crystallization in the presence of fum
enantioselectivities and acceptable activities were obtained on
small scale (reactions in Biotage Enveadour) with RuCl2[(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 in the presence of water (see Table 8, entry
2), it turned out that in multi-gram scale reactions, it was more
beneficial to conduct the hydrogenation reaction in the absence
of water (entries 4 and 5). With this improved procedure, the prod-
uct 9 was isolated in good yield and excellent enantiomeric purity
after crystallization from acetone. Once again, the beneficial effect
of high substrate concentration is demonstrated in Table 8: In the
presence of catalyst 18, 74% conversion of ketone 6 was obtained at
a S/C ratio of 200:1 and a substrate concentration of 0.25 M (entry
1). On the other hand, at a concentration of 0.5 M, quantitative
transformation of ketone 6 was accomplished even at a S/C ratio
of 250:1 (entry 2).

The reduction of ketones 5 and 41, bearing a 2-fluorophenyl and
a 4-fluorophenyl moiety, respectively, proceeded smoothly, even at
high S/C ratios. Nevertheless, based on the hydrogen uptake curves,
the hydrogenation of the ortho-fluoro substrate 5 proceeded more
slowly than the reduction of the para-fluoro substrate 41.44 Alcohol
8 is much less soluble than its analogue 46 and upon cooling to
room temperature at the end of the reaction, a large amount of
product precipitated (entry 6). This suggested attempting the reac-
tions at a higher temperature and with an increased amount of
water (entries 7 and 8). Using 20% of water (entry 8) instead of
10%, however, produced a significant slowdown of the reaction.
thiophene residues with RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN]

Solvent ratio p (bar) T (�C) t (h) yield, eei (%)

2-PrOH t-BuOH H2O

60 30 10 25 65 16 n.d.j

30 60 10 25 70 16 52, >95
5 84 11 80 65 120 54, 92.2

67 33 — 80 70 96 97, 99.2
68 32 — 80 70 144 70, 98.6
30 60 10 25 70 5 49f, 95
30 60 10 25 75 5 49f, 98
20 60 20 25 70 16 49f, 98
30 60 10 25 70 5 49f, 84
40 40 20 25 70 15 49f, 94
— 90 10 25 65 22g 74h, 98
— 90 10 25 65 22g 74h, 98
10 80 10 80 65 23 63, 99.2

e.

mbined and purified affording 49% of diol 8 (94.6% ee).
try 12).
l 46 (>98% ee).

tsunobu cyclization

Solvent Time (min) Product % ee (product) Yield

THF 23 1 98.3 66
CH2Cl2 10 52 95.0 48
CH2Cl2 15 53 99.3a 56
CH2Cl2 20 48 98.2 50
CH2Cl2 15 50 96.8 48
CH2Cl2 10 51 98.6 62
THF 45 54 98.4 60
CH2Cl2 65 55 84.0 22

aric acid.
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The use of potassium hydroxide was tested in a mixture of 2-pro-
panol and tert-butanol and the reaction seemed to proceed to high
conversion, although more slowly than under the standard condi-
tions with potassium tert-butylate as a base (entry 10). The combi-
nation and purification of the crude products obtained from the
reactions described in entries 6 to 10 afforded alcohol 8 in 49%
yield and 94.6% ee. In the same manner, ketone 41 was trans-
formed at S/C ratios of 1000:1 and 2000:1 (entries 11 and 12).
Combination and purification of the corresponding crude products
furnished alcohol 46 in 74% yield and >98% enantiomeric excess.

The versatility of the described hydrogenation method could be
demonstrated by the asymmetric reduction of ketone 42, which
possesses a thiophene moiety. Under the reaction conditions given
in Table 8, entry 13, the heterocyclic alcohol 47 was isolated in 63%
yield and 99.2% ee.

In conclusion, small structural changes of the prochiral ketone
employed for the hydrogenation reaction can account for big
changes in solubility and reactivity.

2.5. Conversion of chiral diols into 7H-8,9-dihydropyrano[2,3-
c]imidazo[1,2-a]pyridines with gastroprotective properties

The transformation of the chiral diols 3, 8–10 and 43–47 into
tricyclic 7H-8,9-dihydropyrano[2,3-c]imidazo[1,2-a]pyridines was
accomplished by a Mitsunobu reaction, as described previ-
ously.8,9,35 The results are summarized in Table 9 (see Scheme 6).
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R = CONMe2: 3
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R = CON(H)Me: 43

R = CO(azetidine): 44
R = CH2OCH3: 45

R = CONMe2: 1
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R = CO(azetidine): 50
R = CH2OCH3:51

Scheme 6. Reagents and conditions: (i) PPh3, DIAD, THF or CH2Cl2, rt, see Table 9.
The data presented in Table 9 clearly demonstrates that with
the exception of thienyl derivative 55 (entry 8), the stereochemical
information was conserved during the Mitsunobu cyclization. Pre-
sumably, in analogy to examples given in the literature, the reac-
tion proceeded with complete inversion of the stereogenic
center.45,46 The biological and pharmacological evaluation of the
target compounds with respect to their activity as potassium-com-
petitive acid blocker has been published previously.8,9

3. Conclusion

The complex RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18, which has
not been reported previously, has been identified as a highly active
and enantioselective catalyst for the asymmetric reduction of
prochiral ketones possessing an imidazo[1,2-a]pyridine scaffold.
Furthermore, catalyst 18 was found to be effective for the reduc-
tion of a variety of ketones for which unsatisfactory results were
obtained in the presence of other Noyori catalysts, including
RuCl2[(S)-Xyl-BINAP][(S)-DAIPEN] 11 and RuCl2[(S)-BINAP][(S)-
DAIPEN] 4. Whereas the reduction with other catalysts of the
Noyori type has never been reported to occur under aqueous con-
ditions, in the present case, the use of aqueous isopropanol or tert-
butanol was not only tolerated but also turned out to be beneficial,
especially when the reduction was conducted at high S/C ratios.
Due to the outstanding performance of catalyst 18, the asymmetric
reduction of heterocyclic ketones was established as a key step in
the synthesis of enantiopure tricyclic potassium-competitive acid
blockers possessing a 7H-8,9-dihydropyrano[2,3-c]imidazo[1,2-
a]pyridine scaffold, like, for example, BYK 311319 (1).
4. Experimental

4.1. General

All chemicals in highest purity grade were purchased from the
major chemical suppliers and were used without any further puri-
fication. The synthesis of the prochiral ketones 2, 5, 6, 28, 41 and 42
(substrates for the asymmetric hydrogenation experiments) and of
carboxylic acid 24 (key intermediate for the synthesis of prochiral
ketones) had been described previously.8 The progress of the reac-
tion was monitored on Macherey-Nagel HPTLC plates Nano-SIL 20
UV254 (0.20 mm layer, nano Silica Gel 60 with fluorescence indica-
tor UV254) using dichloromethane/methanol as solvent system.
Column chromatography was performed with Merck Silica Gel 60
(70–230 mesh ASTM) with the solvent mixtures specified in the
corresponding experiment. Spots were visualized either by iodine
vapour or by irradiation with ultraviolet light (254 nm). Melting
points (mp) were taken in open capillaries on a Büchi B-540 melt-
ing point apparatus and were uncorrected. 1H NMR spectra were
recorded with a Bruker DRX 200 FT-NMR spectrometer at a fre-
quency of 200.1 MHz or a Bruker AV 400 FT-NMR spectrometer
at a frequency of 400.1 MHz. CDCl3 or DMSO-d6 were used as sol-
vents. Chemical shifts are reported as parts per million (d ppm)
with tetramethylsilane (TMS) as an internal standard. High-resolu-
tion mass spectra were obtained on a Bruker Daltonics MicroTOF
Focus instrument using electrospray ionization (ESI positive). Ele-
mental analysis was performed on a Carlo Erba 1106 C, H, N ana-
lyzer. The enantiomeric purity of the chiral intermediates and
target compounds was determined by capillary electrophoresis
(CE) and/or high pressure liquid chromatography (HPLC). The
experimental conditions for the separation of the enantiomers by
HPLC are given for each example in Section 4. The separation by
CE was performed using one of the following experimental set-
ups: instrument: Agilent CE-3D; capillary: Agilent bubble cell
64.5 cm � 50 lm (Method A), Agilent barefused silica bubble
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48.5 cm � 50 lm (Method B); buffer: 50 mM sodium phosphate,
pH 2.5 (Agilent); chiral selector: 40 mM heptakis(2,3,6-tri-O-
methyl)-b-cyclodextrin (Cyclolab); voltage: 30 kV; temperature:
10 �C (method A), 20 �C (method B). The number of the method
employed for the corresponding analysis is given in parentheses
in Section 4. All of the HPLC columns used for preparative and ana-
lytical purposes are commercially available: CHIRALPAK� AD-H
(DAICEL Chemical Industries Ltd, Tokyo or Chiral Technologies-
Europe SARL, Ilkirch, France); Lichrochart� 240 ChiraDex� (Merck
KgaA, Darmstadt, Germany); XTerra RP 18 (Waters Corporate, Mil-
ford, Massachusetts, USA). For selected compounds prepared by
asymmetric catalytic hydrogenation, the ruthenium content was
determined by applying the following analytical method: 100 mg
of sample was weighed into a Zirconium crucible and ashed at
600 �C in a muffle furnace to remove all carbonaceous materials.
The resultant residue was then fused with 2 g of >95% pure sodium
peroxide over a Mekker burner and allowed to cool. The melt was
leached with 10ml of analaR-grade concentrated (37%) hydrochlo-
ric acid and warmed on a hotplate for about 30 min to remove ex-
cess peroxide. The solution was cooled to ambient temperature
before making up to 100 ml with 18 Megaohm deionised water
in a previously acid-soaked volumetric flask. This was then allowed
to equilibrate in a water bath until it reached a constant tempera-
ture of 20 �C. The ruthenium analysis was performed with by an
Elan 6100 ICP-MS run in standard mode using a 20-fold dilution
of the above solution. Rhodium (50 ppb) was employed throughout
the experiment as an internal standard in all reagent blanks, stan-
dards and analytical samples.

4.2. (9S)-2,3-Dimethyl-9-phenyl-7H-8,9-dihydro-pyrano[2,3-c]-
imidazo[1,2-a]pyridine-6-carboxylic acid dimethylamide 1

In a flame-dried flask filled with argon, diol 3 (1.20 g, 3.3 mmol,
99.2% ee) was suspended in dry THF (15 ml). After the addition of
triphenylphosphine (1.30 g, 5.0 mmol) and the dropwise addition
of DIAD over a period of 8 min (0.99 g, 4.9 mmol), a dark-green
solution was obtained, which was stirred for 15 min at room
temperature. A colourless precipitate was formed, which was iso-
lated by filtration, washed with THF (6 ml) and diethyl ether
(8 ml), and dried in vacuo. The title compound was isolated in
66% yield (97.6–98.3% ee): mp 252–254 �C; determination of the
enantiomeric excess by HPLC (column: 250 � 4.6 mm CHIRALPAK�

AD-H 5 lm; mobile phase: ethanol/methanol = 1:1 (v/v) with 0.1%
of diethylamine; flow rate: 1 ml/min; 35 �C, detection at 243 nm):
RT [(9R)-enantiomer] = 4.0 min/0.8 area-%, RT [(9S)-enantio-
mer] = 4.4 min/99.1 area-%, 98.4% ee; determination of the
enantiomeric excess by CE (method A): MT [(9S)-enantio-
mer] = 19.5 min/98.8 area-%; MT [(9R)-enantiomer] = 20.3 min/
1.2 area-%; 97.6% ee; 1H NMR (DMSO-d6, 200 MHz): d = 2.14 (mc,
1H), 2.26 (s, mc, 4H), 2.35 (s, 3H), 2.47 (mc), 2.78, 2.87 (mc, s,
4H), 3.01 (s, 3H), 5.26 (dd, 1H), 7.42 (mc, 5H), 7.79 (s, 1H); HRMS
(ESI) m/z C21H24N3O2 [M+H]+ calcd: 350.1863. Found: 350.1847.
Anal. Calcd for C21H23N3O2: C, 72.18; H, 6.63; N, 12.03. Found: C,
71.62; H, 6.72; N, 11.69.

4.3. (3R)-8-Hydroxy-7-(3-hydroxy-3-phenyl-propyl)-2,3-
dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 3

4.3.1. Asymmetric catalytic hydrogenation with RuCl2[(S)-Xyl-
P-Phos][(S)-DAIPEN] 18, screen of reaction conditions

Samples of ketone 2 (cf. Tables 1–3) and catalyst 18 were
weighed in glass liners that were then placed in a Biotage Endeav-
our (eight-well pressure parallel reactor, overhead stirrers and
heating block). The vessel was sealed and the wells purged by
pressurising five times with nitrogen to 2 bar and releasing the
pressure. The base (1 M solution of potassium tert-butylate in
tert-butanol or aqueous solution of potassium hydroxide) and the
solvent were then injected. The wells were purged by pressurising
five times with hydrogen to 25 bar (under stirring) and releasing
the pressure. The reaction was then heated to the set temperature
and pressurised to the set pressure of hydrogen. After the period
specified in the table (the reaction time was judged from the
hydrogen uptake curve) the hydrogen pressure was released and
the reaction mixtures were transferred to round-bottomed flasks
with the help of methanol (10 ml). The solvent was evaporated
and the crude samples were analysed by HPLC (determination of
conversion and enantiomeric excess, cf. above). In some cases,
the conversion determined by HPLC was compared with the con-
version determined by 1H NMR. With both methods, almost iden-
tical values were obtained.

4.3.2. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 (S/C = 750:1), purification by column
chromatography

Ketone 2 (2.40 g, 6.6 mmol) and catalyst 18 (11 mg, 8.8 lmol,
S/C = 750:1) were weighed in a glass liner and placed in a hydro-
genation vessel that was sealed and flushed with nitrogen. A
solution of potassium tert-butylate in tert-butanol (1 M, 7.60 ml,
7.6 mmol), water (1.3 ml) and isopropanol (3.2 ml) were added
and the reaction solution was degassed by pressurising to
20 bar hydrogen and releasing the pressure five times. The reac-
tion was placed in an oil bath set at 68 �C (the internal temper-
ature was estimated to be 63–65 �C) and stirred under 25 bar
hydrogen for 23 h. The hydrogen uptake ceased after 6–7 h. The
solvent was evaporated and the yellow solid residue (full conver-
sion and >98% ee by HPLC) was dissolved in dichloromethane
(100 ml). A saturated solution of ammonium chloride was added
(100 ml) and 2 N hydrochloric acid was added dropwise to reach
neutral pH. The organic layer was separated and dried over
sodium sulfate, filtered and evaporated to give a brown solid
residue (2.5 g, >98% ee by HPLC) that was purified by column
chromatography [silica gel, eluant: dichloromethane/metha-
nol = 9.1 (v/v), then 4:1 (v/v)]. Upon evaporation of the solvent,
a pale green solid (2.1 g, 87% yield) was isolated; the pure title
compound as confirmed by 1H NMR spectroscopy and CE
(99.2% ee): mp 136 �C; residual Ru: 61 ppm; determination of
the enantiomeric excess by HPLC (column: Merck Lichrocart
240 Chiradex; mobile phase: methanol/water = 2:8 (v/v)
[35 min], 7:3 (v/v) [5 min], 2:8 (v/v) [5 min]; flow rate: 1 ml/
min; room temperature; detection at 210 nm): RT [(3S)-enantio-
mer] = 13.5 min, RT [(3R)-enantiomer] = 15.5 min; determination
of the enantiomeric excess by CE (method A): MT [(3S)-enantio-
mer] = 17.7 min/0.4 area-%, MT [(3R)-enantiomer] = 18.0 min/99.6
area-%; 99.2% ee.

4.3.3. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 (S/C = 1000:1), purification by
crystallization from acetone

In a flask filled with argon, ketone 2 (25.00 g, 68.4 mmol) was
suspended in tert-butanol (55 ml) and water (15 ml). Potassium
tert-butylate (80.0 ml of a 1 M solution in tert-butanol, 80 mmol)
was slowly added. The yellow suspension was stirred for 20 min
at room temperature, diluted with isopropanol (10 ml), and gently
heated. A brown solution was obtained, which was treated with
catalyst 18 (85 mg, 68 lmol, S/C = 1000:1) and stirred for 10 min.
Under inert conditions, the reaction mixture was transferred into
a 300-ml autoclave, purged with hydrogen (3�), subjected to a
hydrogen pressure of 80 bar, and heated to 65 �C for 22 h. The
mixture was cooled to room temperature and the hydrogen
pressure was released. The yellow solution was poured on a
mixture of saturated ammonium chloride solution (300 ml) and
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dichloromethane (600 ml), neutralized by addition of 6-M hydro-
chloric acid, and the phases were separated. The aqueous phase
was extracted with dichloromethane (3 � 40 ml). The combined
organic phases were washed with water (100 ml), dried over so-
dium sulfate, and concentrated under reduced pressure. A yellow
foamy solid (30 g) remained, which was dried in vacuo and dis-
solved in warm acetone (200 ml). Upon cooling to room tempera-
ture, a slurry was obtained, which was stirred for 2 h at room
temperature. The precipitate was isolated by filtration, washed
with acetone (30 ml) and diethyl ether (80 ml), and dried in vacuo.
The title compound was obtained in 93% yield (23.2 g of a colour-
less solid, enantiomeric excess: 98.0% ee): mp 185–186 �C; deter-
mination of the enantiomeric excess enantiomeric excess by CE
(method B): MT [(3S)-enantiomer] = 14.5 min/1.0 area-%; MT
[(3R)-enantiomer] = 14.7 min/98.1 area-%; 98.0% ee.

4.3.4. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 (S/C = 3000:1), purification by
crystallization from acetone/MTBE

Ketone 2 (4.02 g, 11.0 mmol) and the catalyst 18 (4.5 mg,
4 lmol, S/C = 3000:1) were weighed in a glass vial which was
placed in a 50-ml Parr hydrogenation reactor with a magnetic stir-
rer. The reactor was purged with nitrogen and the solvents and base
were added via the injection port: 13 ml of a 1 M solution of potas-
sium tert-butylate in tert-butanol, water (1.5 ml), and isopropanol
(0.5 ml). The reactor was purged with hydrogen by pressurising
to 10 bar and releasing the pressure several times, then it was
placed in an oil bath heated at 90 �C. The internal temperature
was maintained between 55 and 65 �C and the hydrogen pressure
was maintained at 25 bar. The reaction was left under stirring for
67 h. The crude product was analysed by HPLC (conversion:
97.5%, >98% ee). The dense reaction mixture was diluted to 70 ml
by adding isopropanol. Concentrated hydrochloric acid was added
dropwise until reaching a pH value of 7. Inorganic salts were precip-
itated and then removed by filtration through Celite. The Celite pad
was washed with more isopropanol (30 ml) and the solvent was
evaporated to give 4.2 g of crude title compound. The crude mate-
rial was taken up in acetone (20 ml) and methyl tert-butyl ether
(40 ml), heated and allowed to cool. The product was collected as
an off-white solid and dried under vacuum (3.7 g, 91% yield, >98%
ee). mp 223–225 �C; residual Ru: 5 ppm; determination of the
enantiomeric excess by CE (method B): MT [(3S)-enantio-
mer] = 17.6 min/1.3 area-%; MT [(3R)-enantiomer] = 17.8 min/95.9
area-%; 97.4% ee.

4.3.5. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 (S/C = 5000:1), purification by
crystallization from acetone/MTBE

Samples of ketone 2 (1.83 g, 5.0 mmol) and catalyst 18 (1.2 mg,
1 lmol, S/C = 5000:1) were weighed in a glass liner that was then
placed in a Biotage Endeavour. The vessel was sealed and the well
purged by pressurising five times with nitrogen to 2 bar and releas-
ing the pressure. Potassium tert-butylate (5.60 ml of a 1 M solution
in tert-butanol, 5.6 mmol) and the solvent (0.5 ml of 2-propanol
and 0.7 ml of water) were then injected. The wells were purged
by pressurising five times with hydrogen to 25 bar (under stirring)
and releasing the pressure. The reaction was then heated to 75 �C
and a hydrogen pressure of 25 bar was applied. After 15 h (the
reaction time was judged from the hydrogen uptake curve) the
hydrogen pressure was released and the reaction mixture diluted
to 40 ml by addition of 2-propanol. Concentrated hydrochloric acid
was added to reach pH 7 (measured on wet pH paper). The salts
were filtered off, the residue on the filter was washed with more
2-propanol (40 ml) and the solvent was evaporated. The solid res-
idue was taken up in acetone (10 ml) and MTBE (10 ml) and the
resulting off-white solid was collected (0.82 g, 45% yield). The
mother liquor was evaporated and then taken up in acetone
(5 ml) and MTBE (25 ml). The resulting off-white solid was col-
lected and dried (0.55 g, 30% yield): residual Ru: 3 ppm (batch
1)/10 ppm (batch 2); determination of the enantiomeric excess
by HPLC (column: Merck Lichrocart 240 Chiradex; mobile phase:
methanol/water = 2:8 (v/v) [35 min], 7:3 (v/v) [5 min], 2:8 (v/v)
[5 min]; flow rate: 1 ml/min; room temperature; detection at
210 nm): RT [(3S)-enantiomer] = 13.5 min, RT [(3R)-enantiomer] =
15.5 min, 97% ee.

4.3.6. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 (S/C = 1000:1) in the presence of KOH,
purification by crystallization from acetone/MTBE

Samples of ketone 2 (0.36 g, 1.0 mmol) and catalyst 18 (1.2 mg,
1 lmol, S/C = 1000:1) were weighed in a glass liner that was then
placed in a Biotage Endeavour. The vessel was sealed and the well
purged by pressurising five times with nitrogen to 2 bar and releas-
ing the pressure. Potassium hydroxide (0.30 ml of a 10 M aqueous
solution, 3.0 mmol) and tert-butanol were then injected. The wells
were purged by pressurising five times with hydrogen to 25 bar
(under stirring) and releasing the pressure. The reaction was then
heated to 65 �C and a hydrogen pressure of 25 bar was applied.
After 12 h (the reaction time was judged from the hydrogen uptake
curve) the hydrogen pressure was released. The reaction mixture
was concentrated in vacuo and the residue was dissolved in dichlo-
romethane (10 ml). A saturated solution of ammonium chloride
(10 ml) was added and 2 M hydrochloric acid was added to reach
pH 7. The organic layer was separated, washed with more ammo-
nium chloride solution, dried over sodium sulfate and evaporated
to give 0.25 g of an off-white solid (68% mass recovery). The mate-
rial was slurried in acetone (1 ml) and MTBE (10 ml) and the
resulting white solid was collected and dried (0.2 g, 55% yield):
residual Ru: 21 ppm.

4.3.7. Smopex screening
Procedure A: Samples of 0.2 g of alcohol 3 were dissolved in

methanol or dichloromethane (10 ml) and Smopex (0.2 g) was
added. The reactions were heated overnight in a Radley carousel
(magnetic stirring) and filtered to remove the resin. The solvent
was evaporated and the residual amount of ruthenium deter-
mined. Procedure B: Samples of 0.1 g of alcohol 3 were dissolved
in dichloromethane or methanol (5 ml) and Smopex (0.1 g) was
added. The reactions were shaken overnight in a ChemSpeed mul-
ti-well reactor, filtered, and the solvent evaporated. A mixture of
dichloromethane (1 ml) and MTBE (1 ml) was added and the sol-
vent evaporated again. The residual amount of ruthenium present
in the solid residues was determined. 1H NMR (DMSO-d6,
200 MHz): d = 1.81 (mc, 2H), 2.30, 2.33 (2s, 6H), 2.50 (br mc),
2.78, 2.91 (2s, 6H), 4.49 (t, 1H), 5.69 (br s), 7.25 (mc, 5H), 7.59 (s,
1H); HRMS (ESI) m/z C21H26N3O3 [M+H]+ calcd: 368.1969. Found:
368.1961.
4.4. 8-Hydroxy-2,3-dimethyl-7-(3-oxo-3-phenyl-propyl)-
imidazo[1,2-a]pyridine-6-carboxylic acid cyclopropylamide 7

A suspension of acetal 25 (1.55 g, 4.0 mmol) in THF (30 ml) was
treated with 2 M hydrochloric acid (10 ml). Gradually, a yellow
solution was obtained which was heated to 50 �C for 2 h. The reac-
tion mixture was concentrated under reduced pressure. The resi-
due was dissolved in water (30 ml), 2 M sodium hydroxide
solution was added to the stirred solution until a neutral pH value
was obtained, and stirring was continued for 2 h at room temper-
ature. Formation of a precipitate occurred, which was isolated by
filtration, washed with water (10 ml) and dried in vacuo (50 �C,
17 h). The pure title compound (1.3 g, 78% overall yield) was iso-
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lated in the form of a colourless solid: mp 279–281 �C; 1H NMR
(DMSO-d6, 200 MHz): d = 0.55 (mc, 2H), 0.67 (mc, 2H), 2.34 (s,
3H), 2.40 (s, 3H), 2.80 (mc, 1H), 3.05 (t, 2H), 3.27 (t, 2H), 6.43 (br
s, 1H), 7.57 (mc, 3H), 7.89 (s, 1H), 7.98 (mc, 2H), 8.54 (d, 1H); HRMS
(ESI) m/z C22H24N3O3 [M+H]+ calcd: 378.1812. Found: 378.180.
Anal. Calcd for C22H23N3O3: C, 70.01; H, 6.14; N, 11.13. Found: C,
70.17; H, 6.16; N, 10.96.
4.5. (3R)-7-[3-(2-Fluorophenyl)-3-hydroxy-propyl]-8-hydroxy-
2,3-dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 8

Five samples of ketone 5 (total amount: 3.46 g, 9.0 mmol) and
catalyst 18 (each reaction was conducted with S/C 1000:1, total
amount: 11 mg, 9 lmol) were weighed in glass liners that were
then placed in a Biotage Endeavour. The vessel was sealed and
the wells purged by pressurising five times with nitrogen to
2 bar and releasing the pressure. The base (1 M solution of potas-
sium tert-butylate in tert-butanol or 5 M aqueous solution of
potassium hydroxide, cf. Table 10) and the solvent (cf. Table 10)
were then injected. The wells were purged by pressurising five
times with hydrogen to 25 bar (under stirring) and releasing the
pressure. The reaction was then heated to 70–75 �C and pressur-
ised to 25 bar hydrogen. After 5–16 h, the hydrogen pressure was
released and the reaction mixtures were transferred to round bot-
tomed flasks with the help of methanol (10 ml). The solvent was
evaporated and the crude samples were analysed by 1H NMR
(>95% conversion) and HPLC.

The samples were then combined and the solvent evaporated.
The resulting solid was taken up in dichloromethane and saturated
ammonium chloride solution. Hydrochloric acid (2 M) was added
to reach neutral pH. The organic layer was separated, dried over so-
dium sulfate, and evaporated. A solid residue (2.76 g) was isolated.
Half of the sample was purified by column chromatography [silica
gel, eluant: dichloromethane/methanol = 9:1 (v/v)]. The title com-
pound (0.79 g) was isolated as a pale green solid. The other half of
the crude product was suspended in methyl tert-butyl ether. The
suspension was heated, allowed to cool to room temperature,
and filtered. The title compound (1.21 g) was obtained as a pale
yellow solid. The two samples were combined and purified further
by trituration with methyl tert-butyl ether to yield alcohol 8
(1.70 g of a pale yellow solid, 49% yield, 94.6% ee): mp 234–
236 �C; determination of the enantiomeric excess by HPLC (col-
umn: Merck Lichrocart 240 Chiradex; mobile phase: methanol/
water = 17:83 (v/v); flow rate: 1 ml/min; room temperature;
detection at 210 nm): RT [(3S)-enantiomer] = 20.1 min, RT [(3R)-
enantiomer] = 22.4 min; determination of the enantiomeric excess
by CE (method B): MT [(3S)-enantiomer] = 18.0 min/2.7 area-%; MT
[(3R)-enantiomer] = 18.3 min/96.6 area-%; 94.6% ee; 1H NMR
(DMSO-d6 + 1 drop of MeOD, 200 MHz): d = 1.80 (mc, 2H), 2.31,
2.33 (2s, 6H), 2.55 (mc), 2.79, 2.91 (2s, 6H), 4.82 (t, 1H), 7.17 (mc,
3H), 7.51 (dt, 1H), 7.59 (s, 1H); HRMS (ESI) m/z C21H25FN3O3

[M+H]+ calcd: 386.1874. Found: 386.1877.
Table 10
Experimental details for the reduction of ketone 5

Starting
material

Base

0.77 g (2.0 mmol) t-BuOK (2.40 ml, 2.4 mmol)
0.77 g (2.0 mmol) t-BuOK (2.40 ml, 2.4 mmol)
0.77 g (2.0 mmol) t-BuOK (2.40 ml, 2.4 mmol)
0.77 g (2.0 mmol) t-BuOK (2.40 ml, 2.4 mmol)
0.38 g (1.0 mmol) KOH (0.40 ml, 2.0 mmol)
4.6. (3R)-8-Hydroxy-7-[3-hydroxy-3-(2-methylphenyl)-propyl]-
2,3-dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 9

4.6.1. Asymmetric catalytic hydrogenation with RuCl2[(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 in the presence of water

In a flask filled with argon, ketone 6 (3.00 g, 7.9 mmol) was
suspended in tert-butanol (15 ml). Water (4 ml) and potassium
tert-butylate (17.0 ml of a 1 M solution in tert-butanol, 17 mmol)
were added and the yellow suspension was stirred for 15 min at
room temperature. After addition of isopropanol (2 ml) a clear
solution was obtained. The hydrogenation catalyst 18 (39 mg,
31 lmol, S/C = 250:1) was added and stirring was continued for
10 min. Under inert conditions, the solution was transferred into
a 100-ml autoclave, purged with hydrogen (3�) and a hydrogen
pressure of 80 bar was applied. The reaction mixture was heated
to 65 �C for 23 h, cooled to room temperature (1H NMR: 33% turn-
over) and more hydrogenation catalyst 18 (40 mg, 31 lmol) was
added. The hydrogenation was continued for 3 days (80 bar,
65 �C). The autoclave was cooled to room temperature (1H
NMR: 79% turnover), another portion of hydrogenation catalyst
(40 mg, 31 lmol) added, and the reaction was continued for an-
other 23 h (80 bar, 65 �C). The reaction mixture was cooled to
room temperature (dark-brown solution) and poured on a stirred
mixture of saturated ammonium chloride solution (50 ml) and
dichloromethane (120 ml). A pH value of 7 was adjusted by the
addition of 2 M hydrochloric acid. The phases were separated
and the aqueous phase was extracted with dichloromethane
(3 � 10 ml). The combined organic phases were washed with
water (20 ml), dried over sodium sulfate, and evaporated to dry-
ness. The dark-brown residue [1H NMR: mixture of starting mate-
rial (10%) and title compound (90%)] was purified by column
chromatography [80 g of silica gel, eluant: dichloromethane/
methanol = 100:2 (v/v)]. Concentration of the corresponding frac-
tions afforded pure samples of the starting material (210 mg, 7%
yield) and of the title compound (2.10 g, 70% yield). A suspension
of the title compound (2.10 g) in isopropyl acetate (20 ml) was
heated to 50 �C and allowed to cool to room temperature. Stirring
was continued for 2 h at room temperature. The precipitate was
isolated by filtration, washed with isopropyl acetate (5 ml) and
dried in vacuo. A slightly green solid (1.8 g, 54% yield) was iso-
lated, which was characterized as a mixture of the title compound
(90 wt %, 92.2% ee) and isopropyl acetate (10 wt %): determination
of the enantiomeric excess by CE (method B): MT [(3S)-enantio-
mer] = 15.2 min/3.9 area-%; MT [(3R)-enantiomer] = 15.7 min/
95.2 area-%; 92.2% ee.

4.6.2. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 in the absence of water (S/C = 100:1)

In a flask filled with argon, ketone 6 (18.00 g, 47.4 mmol) was
suspended in dry isopropanol (120 ml), which had been degassed
with argon. Potassium tert-butylate (58.0 ml of a 1 M solution in
tert-butanol, 58 mmol) was added and a yellow solution was
obtained. The hydrogenation catalyst 18 (590 mg, 0.47 mmol,
Solvent Conditions

i-PrOH (1.2 ml), H2O (0.4 ml) 70 �C, 5 h
i-PrOH (1.2 ml), H2O (0.4 ml) 75 �C, 5 h
i-PrOH (0.8 ml), H2O (0.8 ml) 70 �C, 16 h
i-PrOH (1.2 ml), H2O (0.4 ml) 70 �C, 5 h
i-PrOH (0.8 ml), t-BuOH (0.8 ml) 70 �C, 15 h
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S/C = 100:1) was added and stirring was continued for several min-
utes. Under inert conditions, the solution was transferred into a
300-ml autoclave, purged with hydrogen (3�) and a hydrogen
pressure of 80 bar was applied. The reaction mixture was heated
to 70 �C for 4 days, cooled to room temperature and poured on a
stirred mixture of saturated ammonium chloride solution
(250 ml) and dichloromethane (400 ml). The phases were sepa-
rated and the aqueous phase extracted with dichloromethane
(2 � 50 ml). The combined organic phases were washed with
water (2 � 80 ml), dried over sodium sulfate and evaporated to
dryness. The yellow foamy residue (22 g) was dissolved in hot ace-
tone (85 ml). Upon cooling, crystallization occurred. The slurry was
stirred for 17 h at room temperature and for 2 h at 0 �C. The precip-
itate was isolated by filtration, washed with acetone (15 ml) and
diethyl ether (30 ml) and dried in vacuo. The title compound was
isolated in the form of a colourless solid (17.5 g, 97% yield,: 99.2%
ee), which contained 10 wt % of acetone and 4 wt % of water: deter-
mination of the enantiomeric excess by CE (method A): MT [(3S)-
enantiomer] = 18.1 min/0.4 area-%; MT [(3R)-enantiomer] =
18.5 min/98.3 area-%; 99.2% ee.

4.6.3. Asymmetric catalytic hydrogenation with RuCl2 [(S)-Xyl-
P-Phos][(S)-DAIPEN] 18 in the absence of water (S/C = 250:1)

In a flask filled with argon, ketone 6 (6.00 g, 15.8 mmol) was
suspended in dry isopropanol (40 ml), which had been degassed
with argon. Potassium tert-butylate (19.0 ml of a 1 M solution in
tert-butanol, 19 mmol) was added and a yellow solution was ob-
tained. The hydrogenation catalyst 18 (80 mg, 64.3 lmol, S/
C = 250:1) was added and stirring was continued for several min-
utes. Under inert conditions, the solution was transferred into a
100-ml autoclave, purged with hydrogen (3�) and a hydrogen
pressure of 80 bar was applied. The reaction mixture was heated
to 70 �C for 1 day, cooled to room temperature and examined by
TLC-analysis (presence of starting material). The hydrogenation
was continued for 5 days (80 bar, 70 �C). The autoclave was cooled
to room temperature and the reaction mixture was poured on a
stirred mixture of saturated ammonium chloride solution
(120 ml) and dichloromethane (150 ml). The phases were sepa-
rated and the aqueous phase was extracted with dichloromethane
(2 � 30 ml). The combined organic phases were washed with
water (2 � 30 ml), dried over sodium sulfate and evaporated to
dryness. The yellow foamy residue (4.9 g) was dissolved in hot ace-
tone (30 ml). Upon cooling, crystallization occurred. The slurry was
stirred for 17 h at room temperature and for 2 h at 0 �C. The precip-
itate was isolated by filtration, washed with acetone (5 ml) and
diethyl ether (10 ml) and dried in vacuo. The alcohol 9 was isolated
in the form of a grey solid (4.2 g, 70% yield, 98.6% ee): determina-
tion of the enantiomeric excess by CE (method A): MT [(3S)-enan-
tiomer] = 19.0 min/0.7 area-%; MT [(3R)-enantiomer] = 19.5 min/
96.7 area-%; 98.6% ee (A). 1H NMR (DMSO-d6, 200 MHz): d = 1.73
(mc, 2H), 2.23, 2.31, 2.33 (3 s, 9H), 2.50 (mc), 2.70, 2.79 (mc, s,
4H), 2.93 (s, 3H), 4.71 (t, 1H), 5.56 (br s), 7.14 (mc, 3H), 7.41 (d,
1H), 7.60 (s, 1H), isopropyl acetate: 1.17 (d), 1.96 (s), 4.86 (septet);
HRMS (ESI) m/z C22H28N3O3 [M+H]+ calcd: 382.2125. Found:
382.2114.

4.7. (3R)-8-Hydroxy-7-(3-hydroxy-3-phenyl-propyl)-2,3-
dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
cyclopropylamide 10

Ketone 7 (1.13 g, 3.0 mmol) and catalyst 18 (12.4 mg, 10 lmol,
S/C = 300:1) were weighed in a glass vial that was placed in a
50 ml Parr hydrogenation reactor with a magnetic stirrer. The
reactor was purged with nitrogen and the solvents and base were
added via the injection port: 7.0 ml of a 1 M solution of potas-
sium tert-butylate in tert-butanol, water (1 ml) and isopropanol
(2 ml). The reactor was purged with hydrogen by pressurising
to 10 bar and releasing the pressure several times, after which
it was placed in an oil bath heated at 90 �C. The internal temper-
ature was maintained between 55 and 85 �C and the hydrogen
pressure maintained at 10 bar. The reaction was left under stir-
ring for 3 days. The crude product was analyzed by HPLC (con-
version: >95%, >95% ee). The reaction mixture was evaporated
to give a pale yellow solid. This was suspended in methanol
(100 ml) and a saturated solution of ammonium chloride
(100 ml) and concentrated hydrochloric acid was added to obtain
pH 7. The resulting pale green cloudy solution was evaporated.
Dichloromethane (150 ml) and water (150 ml) were added and
the resulting suspension was allowed to filter overnight to yield
an off-white solid that was dried under vacuum (�1 g) and fur-
ther purified by column chromatography [silica gel, eluant:
dichloromethane/methanol = 1:1 (v/v)]. Upon evaporation of the
corresponding fractions, 0.94 g of a colourless solid was obtained,
which consisted of the title compound in the form of its hydro-
chloride salt and ammonium chloride (as indicated by 1H NMR
spectroscopy and elemental analysis). In order to remove the
inorganic salts, the sample was dissolved in saturated sodium
bicarbonate solution (5 ml), water (10 ml) and methanol
(50 ml). The suspension was heated at reflux, at which point
the solid dissolved almost completely. The obtained green solu-
tion was filtered and a pH value of 8 was adjusted by addition
of saturated ammonium chloride solution (2 ml). After evapora-
tion of the methanol, a white suspension was formed which
was stirred for 30 min at room temperature. The solid was iso-
lated by filtration, washed with water (10 ml), methanol (5 ml),
and acetone (10 ml), and dried in vacuo (55 �C, 6 h). This fur-
nished the pure title compound (280 mg of a grey solid, 25%
yield, 98.4% ee): mp 283–285 �C; determination of the enantio-
meric excess by CE (method B): MT [(3S)-enantiomer] =
20.01 min/0.77 area-%; MT [(3R)-enantiomer] = 20.49 min/94.20
area-%; 98.4% ee; 1H NMR (DMSO-d6 + traces of MeOH,
200 MHz): d = 0.53 (mc, 2H), 0.69 (mc, 2H), 1.79 (mc, 2H), 2.30,
2.35 (2s, 6H), 2.72 (mc, 3H), 4.47 (t, 1H), 5.26 (br s), 7.26 (mc,
5H), 7.68 (s), 8.39 (d, 1H); HRMS (ESI) m/z C22H26N3O3 [M+H]+

calcd: 380.1969. Found: 380.1962.

4.8. RuCl2[(S)-Xyl-P-Phos][(S)-DAIPEN] 18

4.8.1. Small-scale preparation
(Benzene)dichlororuthenium dimer (CAS 37366-09-9, 1 equiv)

and (S)-Xyl-P-Phos (CAS 443347-10-2, commercially available
from Strem Chemicals and Alfa Aesar, 1.03 equiv) were placed
in a Schlenk flask that was evacuated and filled with argon. Anhy-
drous, degassed DMF (2 ml per mmol) was added and the flask
was placed in an oil bath pre-heated to 105 �C. The reaction
was stirred at 105 �C for 1.5 h. (S)-DAIPEN (CAS 148369-91-9,
commercially available from Strem Chemicals, 1.1 equiv) was
added and the reaction was stirred at room temperature for 3 h.
At this stage, a sample of the reaction mixture was diluted in
chloroform-D+ and analysed by 31P NMR spectroscopy. Only the
two doublets of the desired complex and the small excess of free
ligand were visible. The DMF was evaporated under vacuum
(heating necessary) and the residue was dissolved in anhydrous
degassed dichloromethane (5–10 ml per mmol) and placed on
top of a silica gel column in a Schlenk filter under argon. The
product was eluted with dichloromethane/methyl tert-butyl
ether = 1:1 (v/v). The clear yellow solution was collected in a
Schlenk flask and the solvent was evaporated to give a yellow/
green solid that was further dried under vacuum overnight. The
isolated yield was 90% (adaptation of a general procedure de-
scribed by Noyori et al.27 in). The complexes 4, 11 and 17 can
be prepared in an analogous manner.
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4.8.2. Preparation up to 30 g scale
(Benzene)dichlororuthenium dimer (CAS 37366-09-9, 1 equiv)

and (S)-Xyl-P-Phos (CAS 443347-10-2, commercially available
from Strem Chemicals and Alfa Aesar, 1.02 equiv) were placed in
a flask under inert atmosphere (nitrogen). Anhydrous, degassed
DMF (�1 ml per mmol) and toluene (2 ml per mmol) were added,
and the reaction mixture was heated to 105 �C (external tempera-
ture) and stirred for 2 h. The brown suspension became a red solu-
tion. (S)-DAIPEN (CAS 148369-91-9, commercially available from
Strem Chemicals, 1.04 equiv) was added as a solid or as a DMF/tol-
uene solution (0.5 ml per mmol). The reaction mixture was stirred
at 105 �C for 1–2 h, then allowed to cool to 70 �C. The reaction mix-
ture became a yellow solution. The solvent was evaporated under
high vacuum while the reaction mixture was kept at 70 �C. Toluene
(2 ml per mmol) was added and removed again under reduced
pressure. The procedure was repeated until a powder was ob-
tained. 2-Propanol (2.5 ml per mmol) was added to the solid resi-
due and the mixture was heated at reflux until a clear dark
solution was obtained. The reaction mixture was allowed to cool
to room temperature and then further stirred at 0 �C (ice bath)
for 30 min. The resulting yellow solid was collected and cold 2-pro-
panol was used to rinse the flask and wash the cake. The solid was
allowed to dry in the air before it was dried under vacuum over-
night (60–78% isolated yield of 18 on the first crop). 1H NMR
(CDCl3, 400 MHz): d = �0.01 (d, 3H, –CH–CH3), 0.67 (d, 3H, –CH–
CH3), 1.86 (br mc, 1H, CH), 2.14 (s, 6H, ArCH3), 2.24 (s, 6H, ArCH3),
2.27 (s, 6H, ArCH3), 2.37 (s, 6H, ArCH3), 2.40 (br d, 1H, NH), 2.99 (br
t, 1H, CH), 3.46 (s, 3H, Ar-OCH3), 3.65 (s, 3H, Ar-OCH3), 3.87 (s, 3H,
Py-OCH3), 3.88 (s, 3H, Py-OCH3), 3.95 (s, 6H, Py-OCH3), 4.10 (br d,
1H, NH), 4.42 (br d, 1H, NH), 4.68 (br d, 1H, NH), 6.42 (d, 1H, Ar-H),
6.90 (mc, 8H, Ar-H), 7.10 (mc, 3H, Ar-H), 7.36 (mc, 2H, Ar-H), 7.50–
7.65 (m, 8H, Ar-H). 31P NMR (CDCl3, 400 MHz): 46.0 (distorted dd).

4.9. 9-Methoxy-2,3-dimethyl-9-phenyl-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridine-6-carboxylic acid
cyclopropylamide 25

In a flask filled with argon, a suspension of carboxylic acid 24
(1.55 g, 4.4 mmol) in dry dichloromethane (30 ml) was treated with
TBTU (1.55 g, 4.8 mmol). The reaction mixture was refluxed for 2 h
and then allowed to cool to room temperature. After the addition of
cyclopropylamine (0.28 g, 0.34 ml, 4.9 mmol) a yellow solution was
obtained, and it was stirred for 1.5 h at room temperature. The reac-
tion mixture was poured on a mixture of ice water (20 ml), satu-
rated sodium bicarbonate solution (10 ml), and dichloromethane
(10 ml). The phases were separated and the aqueous phase was ex-
tracted with dichloromethane (3 � 10 ml). The combined organic
phases were washed with water (20 ml), extracted with 2 M so-
dium hydroxide solution (10 ml), washed with another portion of
water (20 ml) and dried over sodium sulfate. Evaporation of the sol-
vent afforded the title compound (1.6 g of a colourless solid, 85%
yield): mp 297–299 �C; 1H NMR (DMSO-d6, 200 MHz): d = 0.58
(mc, 2H), 0.71 (mc, 2H), 1.87 (mc, 1H), 2.31, 2.36, 2.40 (s, mc, s,
7H), 2.73 (mc), 3.0 (mc, s, 4H), 7.48 (mc, 3H), 7.62 (mc, 2H), 7.94
(s, 1H), 8.45 (d, 1H); HRMS (ESI) m/z C23H26N3O3 [M+H]+ calcd:
392.1969. Found: 392.1960. Anal. Calcd for C23H25N3O3: C, 70.57;
H, 6.44; N, 10.73. Found: C, 70.53; H, 6.47; N, 10.74.

4.10. (9-Methoxy-2,3-dimethyl-9-phenyl-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridin-6-yl)-azetidin-1-yl
methanone 27

In a flask filled with argon, a suspension of carboxylic acid 24
(2.20 g, 6.2 mmol) in dry dichloromethane (40 ml) was treated
with TBTU (2.20 g, 6.9 mmol). The reaction mixture was refluxed
for 2 h and then allowed to cool to room temperature. After the
addition of azetidine (0.38 g, 0.45 ml, 6.7 mmol) a yellow-brown
solution was obtained, and it was stirred for 2 h at room tempera-
ture. The reaction mixture was poured on ice water (40 ml) and
dichloromethane (20 ml). The stirred biphasic mixture was neu-
tralized (pH 8) by addition of 2 M sodium hydroxide solution. Stir-
ring was continued for several min and the phases were separated.
The organic phase was washed with water (20 ml), dried over
sodium sulfate and concentrated under reduced pressure. The
residue (3.6 g of a red oil) was purified by column chromatography
[80 g of silica gel, eluant: dichloromethane, then dichloromethane/
methanol = 20:1 (v/v)]. A colourless solid (2.5 g, 89% yield) was iso-
lated, which was a mixture of the title compound (87 wt %) and
tetramethyl urea (13 wt %) [as judged from the 1H NMR spectrum]:
1H NMR (DMSO-d6, 200 MHz): d = 1.90 (mc, 1H), 2.27, 2.32, 2.39
(mc, 2 s, 9H), 2.61 (mc), 2.69 (tetramethyl urea), 2.95, 3.00 (mc, s,
4H), 4.05 (mc, 4H), 7.47 (mc, 3H), 7.62 (mc, 2H), 7.94 (s, 1H); HRMS
(ESI) m/z C23H26N3O3 [M+H]+ calcd: 392.1969. Found: 392.1958.

4.11. (8-Hydroxy-2,3-dimethyl-7-(3-oxo-3-phenyl-propyl)-
imidazo[1,2-a]pyridin-6-yl)-azetidin-1-yl methanone 29

A suspension of crude acetal 27 (2.40 g) in THF (100 ml) was trea-
ted with 2 M hydrochloric acid (15 ml). Gradually, a clear solution
was obtained which was heated to 60 �C for 1 h. The reaction mix-
ture was concentrated under reduced pressure. The residue was dis-
solved in water (80 ml) and 2 M sodium hydroxide solution was
added to the stirred solution until a neutral pH value was obtained.
Stirring was continued for 2 h at room temperature and a further 2 h
at 0 �C. Formation of a precipitate then occurred, which was isolated
by filtration, washed with water (50 ml) and isopropanol (20 ml)
and dried in vacuo (60 �C, 17 h). The pure title compound (1.95 g,
83% overall yield) was isolated in the form of a colourless solid:
mp 279–281 �C; 1H NMR (DMSO-d6, 200 MHz): d = 2.21 (mc, 2H),
2.32 (s, 3H), 2.37 (s, 3H), 2.98 (t, 2H), 3.26 (t, 2H), 4.03 (mc, 4H),
5.68 (br s), 7.59 (mc, 3H), 7.77 (s, 1H), 7.99 (mc, 2H); HRMS (ESI)
m/z C22H24N3O3 [M+H]+ calcd: 378.1812. Found: 378.1814.

4.12. (9-Methoxy-2,3-dimethyl-9-phenyl-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridin-6-yl)-methanol 30

In a flame-dried flask filled with argon, carboxylic ester 23
(3.80 g, 10.0 mmol) was suspended in dry THF (70 ml). At room
temperature, lithium aluminium hydride (1.0 g, 26 mmol) was
added in small portions over a period of 30 min. Stirring was con-
tinued for 30 min at room temperature and the reaction mixture
was poured slowly on a mixture of saturated ammonium chloride
solution (30 ml) and dichloromethane (150 ml). The phases were
separated and the aqueous phase was extracted with dichloro-
methane (4 � 15 ml). The combined organic phases were washed
with water (2 � 20 ml), dried over sodium sulfate and concen-
trated under reduced pressure. The residue, 2.9 g of a yellow solid,
was dried in vacuo and characterized as the pure title compound
(86% yield): mp 257–258 �C; 1H NMR (DMSO-d6, 200 MHz):
d = 1.91 (mc, 1H), 2.31, 2.35, 2.37 (s, mc, s, 7H), 2.70 (mc, 1H),
2.86 (mc, 1H), 2.98 (s, 3H), 4.53 (s, 2H), 5.19 (br s, 1H), 7.48 (mc,
3H), 7.63 (mc, 2H), 7.75 (s, 1H); HRMS (ESI) m/z C20H23N2O3

[M+H]+ calcd: 339.1703. Found: 339.1695.

4.13. 6-Chloromethyl-9-methoxy-2,3-dimethyl-9-phenyl-7H-
8,9-dihydro-pyrano[2,3-c]-imidazo[1,2-a] pyridine 31

A suspension of alcohol 30 (2.20 g, 6.5 mmol) in dry dichloro-
methane (80 ml) was cooled to 0 �C and thionyl chloride
(0.59 ml, 0.96 g, 8.1 mmol) was added slowly. A yellow solution
was obtained which was stirred for 1 h at 0 �C and then poured
on saturated sodium bicarbonate solution (20 ml). The biphasic
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mixture was stirred until gas evolution had ceased and the phases
were separated. The aqueous phase was extracted with dichloro-
methane (2 � 10 ml). The combined organic phases were washed
with saturated ammonium chloride solution (20 ml) and water
(30 ml), dried over sodium sulfate and the solvent was evaporated
under reduced pressure. A colourless, foamy solid was isolated
which was dried in vacuo. The title compound (2.3 g, 99% yield)
was used for the next step without further purification. 1H NMR
(DMSO-d6, 200 MHz): d = 1.93 (mc, 1H), 2.31, 2.38, 2.41 (2s, mc,
7H), 2.82 (mc, 1H), 2.99, 3.02 (s, mc, 4H), 4.89 (dd, 2H), 7.47 (mc,
3H), 7.63 (mc, 2H), 8.10 (s, 1H); HRMS (ESI) m/z C20H22ClN2O2

[M+H]+ calcd: 357.1364. Found: 357.1351.

4.14. 9-Methoxy-6-methoxymethyl-2,3-dimethyl-9-phenyl-7H-
8,9-dihydro-pyrano[2,3-c]-imidazo[1,2-a]pyridine 32

The crude 6-chloromethyl-derivative 31 (2.20 g, 6.2 mmol) was
dissolved in dry methanol (20 ml). After addition of sodium meth-
ylate (solution: 30 wt % in methanol, 3.0 ml, 17 mmol) a yellow sus-
pension was obtained which was heated to 50 �C. Within a period of
90 min a yellow solution was formed which was concentrated to a
volume of 10 ml and poured on a mixture of saturated ammonium
chloride solution (15 ml) and dichloromethane (20 ml). A pH-value
of 7 was adjusted by the addition of 2 M hydrochloric acid and the
phases were separated. The aqueous phase was extracted with
dichloromethane (2 � 8 ml). The combined organic phases were
washed with water (20 ml), dried over sodium sulfate and concen-
trated under reduced pressure. An oily residue was isolated which
was dried in vacuo. The title compound (2.1 g of a foamy solid,
98% yield) was used for the next step without further purification:
1H NMR (DMSO-d6, 400 MHz): d = 1.92 (mc, 1H), 2.30, 2.37, 2.37 (2s,
mc, 7H), 2.70 (mc, 1H), 2.90 (mc, 1H), 2.98 (s, 3H), 3.33 (s), 4.43 (s,
2H), 7.46 (mc, 3H), 7.62 (mc, 2H), 7.82 (s, 1H); HRMS (ESI) m/z
C21H25N2O3 [M+H]+ calcd: 353.1860. Found: 353.1852.

4.15. 3-(8-Hydroxy-6-methoxymethyl-2,3-dimethyl-
imidazo[1,2-a]pyridin-7-yl)-1-phenyl-propan-1-one 33

A solution of the crude acetal 32 (2.00 g, 5.7 mmol) in THF
(40 ml) was treated with 2 M hydrochloric acid (15 ml). The yellow
solution was stirred at room temperature for 19 h, heated to 50 �C
for 2 h and poured on a mixture of water (50 ml) and dichloro-
methane (100 ml). A neutral pH-value was adjusted by addition
of 2 M sodium hydroxide solution and the phases were separated.
The aqueous phase was extracted with dichloromethane
(2 � 15 ml). The combined organic phases were washed with
water (30 ml), dried over sodium sulfate and evaporated to dry-
ness. The solid residue (1.9 g) was suspended in acetone (2 ml).
After a period of 30 min, the precipitate was isolated by filtration,
washed with cold acetone (2 ml) and diethyl ether (10 ml) and
dried in vacuo. The pure title compound was isolated in 63% yield
(1.20 g of a slightly yellow solid): mp 167–168 �C; 1H NMR (DMSO-
d6, 200 MHz): d = 2.30, 2.35 (2s, 6H), 2.97 (t, 2H), 3.25, 3.28 (mc, s,
5H), 4.47 (s, 2H), 7.11 (br s), 7.58 (mc, 3H), 7.71 (s, 1H), 7.98 (mc,
2H); HRMS (ESI) m/z C20H23N2O3 [M+H]+ calcd: 339.1703. Found:
339.1695.

4.16. (3R)-8-Hydroxy-7-(3-hydroxy-3-phenyl-propyl)-2,3-
dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
methylamide 43

In a flask filled with argon, ketone 28 (1.60 g, 4.6 mmol) was
suspended in tert-butanol (26 ml) and water (4 ml). Potassium
tert-butylate (5.20 ml of a 1 M solution in tert-butanol, 5.2 mmol)
was slowly added. The yellow suspension was diluted with isopro-
panol (5 ml) and gently heated. The hydrogenation catalyst 18
(23 mg, 18 lmol, S/C = 250:1) was added to the warm mixture
and stirring was continued for 5 min. Under inert conditions, the
suspension was transferred into a 100-ml autoclave and the flask
was washed with isopropanol (3 ml). The reactor was purged with
hydrogen (3�), subjected to a hydrogen pressure of 80 bar and
heated to 65 �C for 22 h. The mixture was cooled to room temper-
ature and the hydrogen pressure was released. The thick suspen-
sion was poured on a mixture of saturated ammonium chloride
solution (40 ml) and dichloromethane (180 ml) and a neutral pH
value was adjusted by the addition of 2 M hydrochloric acid. The
biphasic mixture was stirred for 30 min. The phases were sepa-
rated and the aqueous phase was extracted with dichloromethane
(4 � 15 ml). The combined organic phases were concentrated in
vacuo and coevaporated in the presence of dichloromethane
(3�). In order to remove inorganic salts, the residue (3.3 g) was dis-
solved at 50 �C in a mixture of water (150 ml), dichloromethane
(350 ml), methanol (70 ml) and chloroform (150 ml). The phases
were separated and the aqueous phase was extracted with dichlo-
romethane (4 � 30 ml). The combined organic phases were
washed with water (40 ml), dried over sodium sulfate and concen-
trated under reduced pressure. A colourless solid (0.93 g) remained
which was crystallized from methanol (55 ml). After a period of
17 h, the precipitate was isolated by filtration, washed with meth-
anol (2 ml) and diethyl ether (8 ml) and dried in vacuo. Alcohol 43
was obtained in 40% yield (0.65 g of a colourless solid, 98.4% ee):
mp 250–252 �C; determination of the enantiomeric excess by CE
(method B): MT [(3S)-enantiomer] = 18.0 min/0.8 area-%; MT
[(3R)-enantiomer] = 18.4 min/99.2 area-%; 98.4% ee; 1H NMR
(DMSO-d6, 200 MHz): d = 1.81 (mc, 2H), 2.30, 2.35 (2s, 6H), 2.72,
2.73 (mc, d, 5H), 4.47 (t, 1H), 5.66 (br s), 7.33 (mc, 5H), 7.71 (s,
1H), 8.26 (bq, 1H); HRMS (ESI) m/z C20H24N3O3 [M+H]+ calcd:
354.1812. Found: 354.1811.

4.17. (3R)-[8-Hydroxy-7-(3-hydroxy-3-phenyl-propyl)-2,3-
dimethyl-imidazo[1,2-a]pyridin-6-yl]-azetidin-1-yl methanone
44

In a flask filled with argon, ketone 29 (0.90 g, 2.4 mmol) was
suspended in tert-butanol (28 ml) and water (4 ml). Potassium
tert-butylate (2.75 ml of a 1 M solution in tert-butanol, 2.8 mmol)
was slowly added. The yellow suspension was diluted with isopro-
panol (4 ml) and gently heated. The hydrogenation catalyst 18
(12 mg, 10 lmol, S/C = 250:1) was added to the warm mixture
and stirring was continued for several minutes. Under inert condi-
tions, the yellow solution was transferred into a 100-ml autoclave.
The reactor was purged with hydrogen (3�) subjected to a hydro-
gen pressure of 80 bar and heated to 65 �C for 22 h. The reaction
mixture was cooled to room temperature and the hydrogen pres-
sure was released. The crude product was analysed by 1H NMR
spectroscopy (50% conversion). More hydrogenation catalyst
(12 mg, 10 lmol) was added and the hydrogenation was continued
for 24 h (80 bar, 65 �C). After cooling to room temperature and
release of the hydrogen pressure, the solution was poured on a
mixture of saturated ammonium chloride solution (40 ml) and
dichloromethane (120 ml) and a neutral pH value was adjusted
by the addition of 2 M hydrochloric acid. The phases were sepa-
rated and the aqueous phase was extracted with dichloromethane
(3 � 10 ml). The combined organic phases were washed with
water (20 ml), dried over sodium sulfate and concentrated in
vacuo. The residue was analysed by 1H NMR spectroscopy (40%
of starting material, 60% of title compound) and purified by column
chromatography [40 g of silica gel, eluant: dichloromethane/meth-
anol = 100:3 (v/v)]. After evaporation of the corresponding frac-
tions, 280 mg (31%) of starting material was recovered. The title
compound was isolated in the form of a slightly green solid
(550 mg, 61% yield), which was further purified by treatment with
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acetone (8 ml). The resulting slurry was stirred for 30 min at room
temperature. The precipitate was isolated by filtration and washed
with acetone (2 ml) and diethyl ether (10 ml). The pure title com-
pound was obtained in 35% yield (0.32 g of a beige solid, 51% cor-
rected yield, 96.5% ee): mp 242–244 �C; determination of the
enantiomeric excess by CE (method A): MT [(3S)-enantio-
mer] = 18.4 min/1.7 area-%; MT [(3R)-enantiomer] = 18.6 min/
95.8 area-%; 96.5% ee; 1H NMR (DMSO-d6, 200 MHz): d = 1.82
(mc, 2H), 2.17 (mc, 2H), 2.30, 2.35 (2s, 6H), 2.66 (mc, 2H), 3.95
(mc, 4H), 4.50 (t, 1H), 5.18 (br s), 7.28 (mc, 5H), 7.68 (s, 1H); HRMS
(ESI) m/z C22H25N3O3 [M+H]+ calcd: 380.1969. Found: 380.1957.

4.18. (3R)-7-(3-Hydroxy-3-phenyl-propyl)-6-methoxymethyl-
2,3-dimethyl-imidazo[1,2-a]pyridin-8-ol 45

In a flask filled with argon, ketone 33 (1.10 g, 3.3 mmol) was
suspended in tert-butanol (26 ml) and water (4 ml). Potassium
tert-butylate (4.90 ml of a 1 M solution in tert-butanol, 4.9 mmol)
was added slowly. The yellow suspension was diluted with isopro-
panol (2 ml) and warmed gently (40 �C). A clear solution was ob-
tained, which was treated with the hydrogenation catalyst 18
(16 mg, 13 lmol, S/C = 250:1) and stirring was continued for sev-
eral minutes. Under inert conditions, the solution was transferred
into a 100 ml autoclave, purged with hydrogen (3�) and a hydro-
gen pressure of 80 bar was applied. After a period of 23 h at
65 �C, the reaction mixture was cooled to room temperature and
the hydrogen pressure was released. The yellow solution was
poured on a mixture of saturated ammonium chloride solution
(40 ml) and dichloromethane (120 ml). A pH value of 7 was ad-
justed by addition of 2 M hydrochloric acid and the phases were
separated. The aqueous phase was extracted with dichloromethane
(3 � 8 ml). The combined organic phases were washed with water
(25 ml), dried over sodium sulfate and concentrated in vacuo. A
green solid residue (1.05 g) remained which was treated with ace-
tone (4 ml). The slurry was stirred for 30 min at 0 �C. The precipi-
tate was isolated by filtration, washed with acetone (1 ml) and
diethyl ether (5 ml) and dried in vacuo. The title compound
(0.93 g of a colourless solid) was obtained in 84% yield (97.2%
ee): mp 198–200 �C; determination of the enantiomeric excess
by CE (method A): MT [(3S)-enantiomer] = 21.8 min/1.4 area-%;
MT [(3R)-enantiomer] = 22.7 min/98.6 area-%; 97.2% ee; 1H NMR
(DMSO-d6, 200 MHz): d = 1.81 (mc, 2H), 2.29, 2.33 (2s, 6H), 2.68
(mc, 2H), 3.21 (s, 3H), 4.31 (s, 2H), 4.56 (t, 1H), 5.23 (br s), 7.27
(mc, 5H), 7.61 (s, 1H); HRMS (ESI) m/z C20H25N2O3 [M+H]+ calcd:
341.1860. Found: 341.1843.

4.19. (3R)-7-[3-(4-Fluorophenyl)-3-hydroxy-propyl]-8-
hydroxy-2,3-dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 46

Two samples of ketone 41 (1.54 g, 4.0 mmol each) and catalyst
18 (5 mg, 4 lmol for S/C 1000:1 and 2.5 mg, 2 lmol for S/C 2000:1)
were weighed in glass liners that were then placed in a Biotage
Endeavour (eight-well pressure parallel reactor, overhead stirrers
and heating block). The vessel was sealed and the wells were
purged by pressurising five times with nitrogen to 2 bar and releas-
ing the pressure. The base (4.40 ml of a 1 M solution of potassium
tert-butylate in tert-butanol, 4.4 mmol) and the solvent (0.6 ml of
water and 1.0 ml of tert-butanol) were then injected. The wells
were purged by pressurising five times with hydrogen to 25 bar
(under stirring) and releasing the pressure. The reaction was then
heated to 65 �C and pressurised to 25 bar hydrogen. The hydrogen
uptake was monitored and the pressure was kept constant at
25 bar. After 22 h the hydrogen was released and the reaction mix-
tures (clear red solutions) were transferred to round-bottomed
flasks with the help of methanol (10 ml). The solvent was evapo-
rated and the crude samples were analysed by 1H NMR (full con-
version) and HPLC (>98% ee of (R)-enantiomer). The samples
were then combined and dissolved in dichloromethane (100 ml).
Aqueous saturated ammonium chloride solution (100 ml) was
added and the pH changed to neutral by the addition of 2 M hydro-
chloric acid. The organic layer was separated, dried over sodium
sulfate and evaporated to give 3.03 g of the crude title compound
(97% mass recovery). The crude material was purified by chromato-
graphy [silica gel, eluant: dichloromethane/methanol = 95:5,
9:1, 8:2 (v/v)]. The title compound was co-eluted with a green
compound. The corresponding fractions were combined and evap-
orated (2.3 g, 74% yield, >98% ee): mp 115–117 �C; determination
of the enantiomeric excess by HPLC (column: Merck Lichrocart
240 Chiradex; mobile phase: methanol/water = 2:8 (v/v); flow
rate: 1 ml/min; room temperature; detection at 210 nm): RT
[(3S)-enantiomer] = 11.9 min (0.6 area-%), RT [(3R)-enantio-
mer] = 14.1 min (99.4 area-%), 98.8% ee; determination of the
enantiomeric excess by CE (method A): MT [(3S)-enantio-
mer] = 18.9 min/0.7 area-%; MT [(3R)-enantiomer] = 19.1 min/
98.7 area-%; 98.6% ee; 1H NMR (DMSO-d6, 200 MHz): d = 1.80
(mc, 2H), 2.30, 2.33 (2s, 6H), 2.43 (mc), 2.79, 2.91 (2s, 6H), 4.51
(t, 1H), 4.93 (br s), 7.13 (t, 2H), 7.33 (dd, 2H), 7.59 (s, 1H); HRMS
(ESI) m/z C21H25FN3O3 [M+H]+ calcd: 386.1874. Found: 386.1860.

4.20. (3R)-8-Hydroxy-7-[3-hydroxy-3-thiophen-2-yl-propyl]-
2,3-dimethyl-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 47

In a flask filled with argon, ketone 42 (3.00 g, 8.1 mmol) was
suspended in tert-butanol (15 ml). Water (4 ml) and potassium
tert-butylate (17.0 ml of a 1 M solution in tert-butanol, 17 mmol)
was added and the yellow suspension was warmed gently
(40 �C). After the addition of isopropanol (4 ml), a clear solution
was obtained within a period of 10 min. The hydrogenation cata-
lyst 18 (40 mg, 32 lmol, S/C = 250:1) was added and stirring was
continued for 5 min at 40 �C. Under inert conditions, the warm
solution was transferred into a 100 ml autoclave, purged with
hydrogen (3�), and a hydrogen pressure of 80 bar was applied.
After a period of 23 h at 65 �C, the reaction mixture was cooled
to room temperature and the hydrogen pressure was released.
The dark yellow solution was poured on a mixture of saturated
ammonium chloride solution (50 ml) and dichloromethane
(130 ml). A pH value of 7 was adjusted by the addition of 2 M
hydrochloric acid and the phases were separated. The aqueous
phase was extracted with dichloromethane (3 � 15 ml). The com-
bined organic phases were washed with water (20 ml), dried over
sodium sulfate and concentrated in vacuo. A dark-brown solid res-
idue (3.2 g) remained, which was treated with acetone (12 ml). The
slurry was stirred for 1 h. The precipitate was isolated by filtration,
washed with acetone (3 ml) and diethyl ether (8 ml) and dried in
vacuo. The title compound (1.9 g of a colourless solid) was ob-
tained in 63% yield (99.2% ee): mp 158–160 �C; determination of
the enantiomeric excess by CE (method A): MT [(3S)-enantio-
mer] = 17.4 min/0.4 area-%; MT [(3R)-enantiomer] = 17.7 min/
99.2 area-%; 99.2% ee; 1H NMR (DMSO-d6, 200 MHz): d = 1.85
(mc, 2H), 2.31, 2.33 (2s, 6H), 2.55 (mc), 2.81, 2.96 (2s, 6H), 4.74
(t, 1H), 4.96 (br s), 6.95 (mc, 2H), 7.37 (dd, 1H), 7.60 (s, 1H); HRMS
(ESI) m/z C19H24N3O3S [M+H]+ calcd: 374.1533. Found: 374.1523.

4.21. (9S)-2,3-Dimethyl-9-phenyl-7H-8,9-dihydro-pyrano[2,3-
c]-imidazo[1,2-a]pyridine-6-carboxylic acid cyclopropylamide
48

In a flame-dried flask filled with argon, diol 10 (1.30 g,
3.4 mmol, 98.4% ee) was suspended in dry dichloromethane
(50 ml). After the addition of triphenylphosphine (1.80 g,
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6.9 mmol) and the dropwise addition of DIAD (1.40 g, 6.9 mmol) a
red-brown suspension was obtained which was stirred for 20 min
at room temperature. The thin suspension was filtrated [recovery
of starting material (70 mg, 5% yield)]. The filtrate was concen-
trated under reduced pressure to a volume of 15 ml and loaded
on a column packed with 50 g of silica gel. The title compound
was eluted with dichloromethane/methanol [100:3 (v/v)]. Evapo-
ration of the corresponding fractions afforded a solid residue
(850 mg), which was crystallized from hot acetone (8 ml). A sus-
pension was formed which was stirred for 1 h at room tempera-
ture. The title compound was isolated by filtration, washed with
acetone (2 ml) and diethyl ether (5 ml) and dried in vacuo
(610 mg of a colourless solid, 50% yield, 98.2% ee): mp 280–
282 �C; determination of the enantiomeric excess by HPLC (col-
umn: 250 � 4.6 mm CHIRALPAK� AD-H 5 lm; mobile phase: etha-
nol/methanol = 1:1 (v/v) with 0.1% of diethylamine; flow rate:
1 ml/min; 35 �C, detection at 243 nm): RT [(9R)-enantiomer] =
3.3 min/0.9 area-%, RT [(9S)-enantiomer] = 3.5 min/99.1 area-%,
98.2% ee; 1H NMR (DMSO-d6, 200 MHz): d = 0.58 (mc, 2H), 0.71
(mc, 2H), 2.02 (mc, 1H), 2.26 (s, mc, 4H), 2.37 (s, 3H), 2.66–3.08
(m, 3H), 5.23 (dd, 1H), 7.42 (mc, 5H), 7.86 (s, 1H), 8.42 (d, 1H);
HRMS (ESI) m/z C22H24N3O2 [M+H]+ calcd: 362.1863. Found:
362.1852.

4.22. (9S)-(2,3-Dimethyl-9-phenyl-7H-8,9-dihydro-pyrano[2,3-
c]-imidazo[1,2-a]pyridin-6-yl)-azetidin-1-yl methanone 50

In a flame-dried flask filled with argon, diol 44 (280 mg,
0.77 mmol, 96.5% ee) was suspended in dry dichloromethane
(15 ml). After the addition of triphenylphosphine (0.39 g, 1.5 mmol)
and the dropwise addition of DIAD (0.31 g, 1.5 mmol) a brown solu-
tion was obtained which was stirred for 15 min at room tempera-
ture. The reaction mixture was concentrated under reduced
pressure to a volume of 5 ml and loaded on a column packed with
20 g of silica gel. The title compound was eluted with dichloro-
methane/methanol [100:1 (v/v), then 20:1 (v/v)]. Evaporation of
the corresponding fractions afforded the pure title compound,
which was dried in vacuo (130 mg of a colourless solid, 48% yield,
96.8% ee): mp 256–258 �C; determination of the enantiomeric ex-
cess by HPLC (column: 250 � 4.6 mm CHIRALPAK� AD-H 5 lm;
mobile phase: ethanol/methanol = 1:1 (v/v) with 0.1% of diethyl-
amine; flow rate: 1 ml/min; 35 �C, detection at 243 nm): RT [(9R)-
enantiomer] = 4.1 min/1.6 area-%, RT [(9S)-enantiomer] = 4.6 min/
98.1 area-%, 96.8% ee; 1H NMR (DMSO-d6, 200 MHz): d = 2.20,
2.25 (mc, s, 7H), 2.37 (s, 3H), 2.67 (mc, 1H), 2.90 (mc, 1H), 4.04
(mc, 4H), 5.25 (dd, 1H), 7.43 (mc, 5H), 7.87 (s, 1H); HRMS (ESI)
m/z C22H24N3O2 [M+H]+ calcd: 362.1863. Found: 362.1860.

4.23. (9S)-6-Methoxymethyl-2,3-dimethyl-9-phenyl-7H-8,9-
dihydro-pyrano[2,3-c]-imidazo[1,2-a]pyridine 51

In a flame-dried flask filled with argon, diol 45 (0.90 g,
2.6 mmol, 97.2% ee) was suspended in dry dichloromethane
(12 ml). After the addition of triphenylphosphine (1.40 g,
5.3 mmol) and the dropwise addition of DIAD (1.07 g, 5.3 mmol),
a green solution was obtained which was stirred for 10 min at
room temperature. The reaction mixture was concentrated under
reduced pressure to a volume of 6 ml and loaded on a column
packed with silica gel (25 g). The by-products were eluted with
dichloromethane/methanol = 100:1 (v/v) and the polarity of the
eluant was increased to 100:2 (v/v). Evaporation of the corre-
sponding fractions furnished a yellow oil (1.1 g), which was dis-
solved in diethyl ether (15 ml). After a period of 4 days, a
precipitate had formed, which was isolated by filtration, washed
with diethyl ether (5 ml) and dried in vacuo. The title compound
was isolated in 62% yield (0.52 g of a colourless solid, 98.6% ee):
mp 146–148 �C; determination of the enantiomeric excess by HPLC
(column: 250 � 4.6 mm CHIRALPAK� AD-H 5 lm; mobile phase:
isopropanol/n-hexane = 1:9 (v/v) with 0.1% of diethylamine; flow
rate: 1 ml/min; 35 �C, detection at 237 nm): RT [(9R)-enantio-
mer] = 12.9 min/0.7 area-%, RT [(9S)-enantiomer] = 19.3 min/99.3
area-%, 98.6% ee; 1H NMR (DMSO-d6, 200 MHz): d = 2.15, 2.25,
2.35 (mc, 2s, 8H), 2.83 (mc, 2H), 3.30 (s), 4.42 (s, 2H), 5.20 (dd,
1H), 7.43 (mc, 5H), 7.76 (s, 1H); HRMS (ESI) m/z C20H23N2O2

[M+H]+ calcd: 323.1754. Found: 323.1736. Anal. Calcd for
C20H22N2O2: C, 74.51; H, 6.88; N, 8.69. Found: C, 74.67; H, 6.77;
N, 7.73.

4.24. (9S)-9-(2-Fluorophenyl)-2,3-dimethyl-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 52

In a flame-dried flask filled with argon, diol 8 (1.00 g, 2.6 mmol,
94.6% ee) was suspended in dry dichloromethane (20 ml). After the
addition of triphenylphosphine (1.40 g, 5.3 mmol) and the drop-
wise addition of DIAD (1.10 g, 5.4 mmol) a brown solution was ob-
tained which was stirred for 10 min at room temperature. The
reaction solution was concentrated under reduced pressure to a
volume of 8 ml and loaded on a column packed with 30 g of silica
gel. The title compound was eluted with dichloromethane/metha-
nol 100:1 (v/v). Evaporation of the corresponding fractions fur-
nished a yellow foamy solid (1 g), which was dissolved in hot
acetone (3 ml). Upon cooling to room temperature a suspension
was obtained, which was stirred for 1 h at room temperature and
for 1 h at 0 �C. The precipitate was removed by filtration, washed
with cold acetone (1 ml) and diethyl ether (5 ml) and dried in va-
cuo. The title compound was isolated in 48% yield (0.46 g of a col-
ourless solid, 95.0% ee): mp 190–192 �C; determination of the
enantiomeric excess by HPLC (column: 250 � 4.6 mm CHIRALPAK�

AD-H 5 lm; mobile phase: ethanol/methanol = 1:1 (v/v) with 0.1%
of diethylamine; flow rate: 1 ml/min; 35 �C, detection at 243 nm):
RT [(9R)-enantiomer] = 3.84 min/2.5 area-%, RT [(9S)-enantiomer] =
4.30 min/97.5 area-%, 95.0% ee; 1H NMR (DMSO-d6, 200 MHz):
d = 2.18, 2.25 (mc, s, 5H), 2.35 (s, 3H), 2.55 (mc), 2.83, 2.90 (mc, s,
4H), 3.02 (s, 3H), 5.48 (dd, 1H), 7.29 (mc, 2H), 7.43 (mc, 1H), 7.54
(mc, 1H), 7.81 (s, 1H); HRMS (ESI) m/z C21H23FN3O2 [M+H]+ calcd:
368.1769. Found: 368.1752. Anal. Calcd for C21H22FN3O2: C, 68.65;
H, 6.04; N, 11.44. Found: C, 68.46; H, 6.05; N, 11.28.

4.25. (9S)-2,3-Dimethyl-9-(2-methylphenyl)-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 53

In a flame-dried flask filled with argon, diol 9 (17.30 g,
45.3 mmol, containing 14 wt % of solvent, 99.2% ee) was suspended
in dry dichloromethane (220 ml). After the addition of triphenyl-
phosphine (21.00 g, 80.1 mmol) and the dropwise addition of DIAD
(16.50 g, 81.6 mmol) over a period of 10 min, a dark-green solution
was obtained which was stirred for 5 min at room temperature.
The reaction solution was concentrated under reduced pressure
and loaded on a column packed with 300 g of silica gel. The title
compound was eluted with ethyl acetate/methanol [100:3 (v/v)].
Evaporation of the corresponding fractions furnished a foamy,
slightly green solid (11.8 g), which was treated with a solution of
fumaric acid (6.7 g, 57.8 mmol) in hot acetone (350 ml). The result-
ing green solution was stirred for 30 min at 50 �C, at which point
crystallization occurred. Stirring was continued for 17 h at room
temperature and for 30 min at 0 �C. The salt of the title compound
with fumaric acid was isolated by filtration, washed with acetone
(10 ml) and diethyl ether (20 ml) and dried in vacuo (14.5 g of a
colourless solid, molar ratio of title compound to fumaric
acid = 1:2, 54% yield, 65% corrected yield): mp 205–206 �C; 1H
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NMR (DMSO-d6, 200 MHz): d = 2.03 (mc, 1H), 2.24, 2.26 (mc, s, 4H),
2.36, 2.39 (2s, 6H), 2.55 (mc), 2.86, 2.92 (mc, s, 4H), 3.03 (s, 3H),
5.39 (dd, 1H), 6.63 (s, 4H), 7.26 (mc, 3H), 7.47 (mc, 1H), 7.86 (s,
1H). The salt of the title compound with fumaric acid was added
portionwise to a stirred mixture of sodium bicarbonate (10.5 g,
125 mmol), water (120 ml) and dichloromethane (200 ml). Stirring
was continued until a clear biphasic mixture was obtained. The
phases were separated and the aqueous phase was extracted with
dichloromethane (2 � 30 ml). The combined organic phases were
washed with water (2 � 30 ml), dried over sodium sulfate and con-
centrated under reduced pressure. The residue was dried in vacuo.
A foamy solid (8.8 g) was obtained which was treated with diethyl
ether (80 ml). The emulsion was warmed to 50 �C and, gradually,
crystallization of the title compound occurred. The slurry was stir-
red for 1 h at room temperature. The crystals were isolated by fil-
tration, washed with diethyl ether (15 ml) and dried in vacuo. The
title compound was isolated in the form of a colourless solid (7.8 g,
48% yield, 56% corrected yield, 99.3% ee): mp 178–180 �C (diethyl
ether); determination of the enantiomeric excess by HPLC (col-
umn: 250 � 4.6 mm CHIRALPAK� AD-H 5 lm; mobile phase: etha-
nol/methanol = 1:1 (v/v) with 0.1% of diethylamine; flow rate:
1 ml/min; 35 �C, detection at 243 nm): RT [(9R)-enantiomer] =
3.7 min/0.3 area-%, RT [(9S)-enantiomer] = 4.4 min/98.1 area-%,
99.3% ee; 1H NMR (DMSO-d6, 200 MHz): d = 2.04 (mc, 1H), 2.25,
2.30, 2.35, 2.39 (s, mc, 2s, 10H) 2.56 (mc), 2.85, 2.91, 3.02 (mc, 2s,
7H), 5.37 (d, 1H), 7.28 (mc, 3H), 7.47 (mc, 1H), 7.79 (s, 1H); HRMS
(ESI) m/z C22H26N3O2 [M+H]+ calcd: 364.2020. Found: 364.2009.
Anal. Calcd for C22H25N3O2: C, 72.70; H, 6.93; N, 11.56. Found: C,
72.39; H, 7.16; N, 11.05.

4.26. (9S)-9-(4-Fluorophenyl)-2,3-dimethyl-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 54

In a flame-dried flask filled with argon, diol 46 (1.20 g,
3.1 mmol, 98.6% ee) was suspended in dry THF (18 ml). After the
addition of triphenylphosphine (1.22 g, 4.7 mmol) and the drop-
wise addition of DIAD (0.95 g, 4.7 mmol) a dark-green solution
was obtained which was stirred for 30 min at room temperature.
More triphenylphosphine (0.39 g, 1.5 mmol) and DIAD (0.30 g,
1.5 mmol) were added and stirring was continued for 15 min.
The reaction solution was concentrated under reduced pressure
and the crude product (5 g) was purified by column chromatogra-
phy [70 g of silica gel, eluant: dichloromethane/methanol = 100:1
(v/v)]. Evaporation of the corresponding fractions furnished a green
solid (1 g), which was suspended in acetone (1 ml) and diethyl
ether (15 ml). The precipitate was removed by filtration, washed
with diethyl ether and dried in vacuo. The title compound was iso-
lated in 48% yield (0.55 g of a colourless solid). The mother liquor
was concentrated and the obtained residue (400 mg) was purified
by column chromatography [15 g of silica gel, eluant: ethyl acetate,
then ethyl acetate/methanol = 10:1 (v/v)] and subsequent washing
with diethyl ether (5 ml). This yielded another 130 mg of the title
compound (60% overall yield, 98.2–98.4% ee). mp 258–260 �C;
determination of the enantiomeric excess by HPLC (column:
250 � 4.6 mm CHIRALPAK� AD-H 5 lm; mobile phase: ethanol/
methanol = 1:1 (v/v) with 0.1% of diethylamine; flow rate: 1 ml/
min; 35 �C, detection at 243 nm): RT [(9R)-enantiomer] = 4.1 min/
0.8 area-%, RT [(9S)-enantiomer] = 4.9 min/98.8 area-%, 98.4% ee;
determination of the enantiomeric excess by CE (method A): MT
[(9S)-enantiomer] = 17.6 min/99.1 area-%; MT [(9R)-enantio-
mer] = 18.0 min/0.9 area-%; 98.2% ee; 1H NMR (DMSO-d6,
200 MHz): d = 2.12 (mc, 1H), 2.26 (mc, s, 4H), 2.35 (s, 3H), 2.42
(mc), 2.81, 2.88 (mc, s, 4H), 3.01 (s, 3H), 5.27 (dd, 1H), 7.26 (t,
2H), 7.53 (dd, 2H), 7.79 (s, 1H); HRMS (ESI) m/z C21H23FN3O2

[M+H]+ calcd: 368.1769. Found: 368.1758.
4.27. (9S)-2,3-Dimethyl-9-thiophen-2-yl-7H-8,9-dihydro-
pyrano[2,3-c]-imidazo[1,2-a]pyridine-6-carboxylic acid
dimethylamide 55

In a flame-dried flask filled with argon, diol 47 (1.80 g, 4.8 mmol,
99.2% ee) was suspended in dry dichloromethane (30 ml). After the
addition of triphenylphosphine (1.90 g, 7.2 mmol) and the drop-
wise addition of DIAD (1.50 g, 7.4 mmol), a green solution was
obtained which was stirred for 45 min at room temperature. More
triphenylphosphine (0.60 g, 2.3 mmol) and DIAD (0.30 g, 2.5 mmol)
were added and stirring was continued for 20 min. The reaction
mixture was concentrated under reduced pressure to a volume of
15 ml and loaded on a column packed with silica gel (50 g). The
by-products were eluted with dichloromethane/methanol = 100:1
(v/v) and the polarity of the eluant was increased to 20:1 (v/v).
Evaporation of the corresponding fractions furnished a yellow-
brown solid (0.62 g), which was suspended in acetone (2 ml). After
a period of 1 h, the precipitate was isolated by filtration, washed
with acetone (0.5 ml) and diethyl ether (8 ml) and dried in vacuo.
The title compound was isolated in 22% yield (0.37 g of a colourless
solid, 84.0% ee): mp 237–238 �C; determination of the enantiomeric
excess by CE (method A): MT [(9R)-enantiomer] = 15.7 min/8.0
area-%; MT [(9S)-enantiomer] = 16.1 min/92.0 area-%; 84.0% ee;
1H NMR (DMSO-d6, 200 MHz): d = 2.25, 2.26, 2.34 (s, mc, s, 8H),
2.53 (mc), 2.73, 2.87 (mc, s, 4H), 3.01 (s, 3H), 5.56 (dd, 1H), 7.08
(dd, 1H), 7.23 (br d, 1H), 7.57 (dd, 1H), 7.79 (s, 1H); HRMS (ESI)
m/z C19H22N3O2S [M+H]+ calcd: 356.1427. Found: 356.1415. Anal.
Calcd for C19H21N3O2: C, 64.20; H, 5.95; N, 11.82; S, 9.02. Found:
C, 64.04; H, 6.02; N, 11.70; S, 8.93.
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