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Abstract. A large library of pyranoside-based hydroxyamide 
and thioamide ligands has been synthesized for asymmetric 
transfer hydrogenation in an attempt to expand the scope of 
the substrates to cover a broader range of challenging 
heteroaromatic and aryl/fluoroalkyl ketones. These ligands 
have the advantage that they are prepared from commercial 
D-glucose, D-glucosamine and α-amino acids, inexpensive 
natural chiral feedstocks. By carefully selecting the ligand 
components (substituents/configurations at the 
amide/thioamide moiety, the position of amide/thioamide 
group and the configuration at C-2), we found that

pyranoside-based thioamide ligands provided excellent 
enantioselectivities (in the best cases, ees of >99% were 
achieved) in a broad range of ketones, including the less 
studied heteroaromatics and challenging aryl/fluoroalkyls. 
Note that both enantiomers of the reduction products can be 
obtained with excellent enantioselectivities by simply 
changing the absolute configuration of the thioamide 
substituent. 

Keywords: Asymmetric catalysis; Ruthenium; Rhodium; 
Carbohydrates; Transfer hydrogenation; Ketones 

Introduction 
Over the last four decades, transition-metal-based 
asymmetric catalysis has been a powerful strategy for 
accessing a wide range of optically pure 
compounds.[1] In particular, considerable effort has 
been made in the enantioselective reduction of 
prochiral ketones because the alcohols formed have 
important uses in the pharmaceutical, agrochemical, 
fragrance and flavor industries.[1] Asymmetric 
transfer hydrogenation (ATH) is an alternative, 
sustainable, efficient and mild method that is 
operationally simpler and significantly safer than 
direct hydrogenation with molecular hydrogen.[2] The 
most commonly used asymmetric transfer 
hydrogenation catalysts are based on transition metals 
(i.e. ruthenium,[3] rhodium,[4] iridium[4a-c,5] and more 
recently iron[6] and osmium[7]). In the mid 1990s, 
Noyori and coworkers disclosed that Ru-arene 
complexes modified with chiral β-aminoalcohols or 
monosulfonated diamines (i.e. TSDPEN, which 
constitutes one of the widely used ligands in this 
transformation) are efficient catalysts for reducing 
ketones and ketimines.[2f,i,3a-b] Since then the range of 
ligand classes has been expanded.[8] In this respect, 
Adolfsson's group reported that amino acid-derived 
hydroxyamides 1 and thioamides 2 (Figure 1) in 
combination with Ru or Rh half-sandwich complexes 
are excellent catalysts for the ATH of aryl alkyl 

ketones.[8h,i,9] These ligands are based on the 
combination of different N-Boc-protected α-amino 
acids and β-amino alcohols (for type 1)[8h,9a-g] or on 
thioamides (for type 2)[8i,9h-j], respectively. Both 
showed the advantage of possessing a modular ligand 
building block: the amino acid part. Despite all these 
important contributions, further improvement in 
terms of substrate scope, selectivity and turnover 
frequency was required to make the process 
competitive with conventional hydrogenations. 
Therefore, enantioselective ATH catalysts containing 
modular ligands based on simple starting materials 
needed to be developed.[10,11] In this context, in 2011 
we developed new hydroxyamide ligands 3 (Figure 1) 
in which the β-amino alcohol part was replaced by a 
readily available sugar β-amino alcohol moiety.[12] 
The introduction of a furanoside aminosugar moiety 
into the ligand design represented an important 
breakthrough. Ru-catalysts modified with 
carbohydrate hydroxyamide ligands 3 (Figure 1) 
therefore proved to efficiently catalyze the reduction 
of a wide range of aryl alkyl ketones. The secondary 
alcohols formed were obtained in excellent 
enantioselectivities (typically 99% ee) surpassing the 
enantioselectivities obtained with previous successful 
hydroxyamide ligands 1. However the latter catalytic 
systems cannot reduce industrially relevant 
heteroaromatic ketones and only one of the 
enantiomers of the product can be accessed. To 
overcome these limitations, we recently prepared a 
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second generation of the furanoside-based ligand 
library containing the thioamide functionality (4, 
Figure 1), based on previous sugar hydroxyamide 
ligands 3.[13] Although the number and type of 
substrates that can be successfully reduced with these 
systems has increased, greater effort is still needed in 
the design of ligands to discover a catalytic system 
that can efficiently reduce a broader range of 
heteroaromatic ketones and other more challenging 
substrates such as aryl/fluoroalkyl ketones.[14] 
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Figure 1. General structure of hydroxyamide ligands 1, 
thioamide ligands 2 and sugar-based hydroxyamide 3 and 
thioamide ligands 4 

To address all these points, in this study, we 
prepared and evaluated a new carbohydrate-based 
library of 24 potential hydroxyamide L1-L3a-h and 
24 potential thioamide L4-L6a-h ligands (Figure 2). 
The combination of commercially available ligand 
building blocks (D-glucose or D-glucosamine and α-
amino acids) creates a highly modular ligand library, 
in which several ligand parameters can easily be 
tuned so that catalyst performance can be maximized 
for each substrate type. With this ligand library, we 
investigated the effect of systematically varying the 
substituents/configurations at the amide/thioamide 
moiety (a-h), the replacement of the hydroxyamide 
functionality (ligands L1-L3) with thioamide (ligands 
L4-L6), the position of the amide/thioamide group at 
either C-2 (ligands L1-L2 and L4-L5) or C-3 
(ligands L3 and L6) of the pyranoside backbone and 
the configuration at C-2 (L1-L2 and L4-L5). By 
carefully selecting the ligand components we 
achieved both enantiomers of the desired alcohols in 
high-to-excellent enantioselectivities and yields for a 
wide range of substrates, including the more 
challenging aryl/fluoroalkyl and heteroaromatic 
ketones. 

Results and Discussion 
Ligand synthesis 

Pyranoside ligands L1-L6 were synthesized from the 
corresponding sugar amino alcohols 1-3, easily made 
in few steps from D-glucose (compounds 1 and 3)[15] 
and D-glucosamine (compound 2)[16], following a 
straightforward methodology in a parallel way 
(Scheme 1). Compounds 1-3 were chosen as 
intermediates for preparing ligands because the 
various elements that make it possible to study the 
position at which the amide/thioamide is coupled (at 
either C2 or C-3) and the configuration of C-2 of the 
sugar amino alcohol can be easily incorporated. We 
first synthesized the α-amino acid hydroxyamide 
ligands L1-L3 from intermediates 1-3 in a single step 
by coupling a series of N-Boc-protected amino acids 
using isobutyl chloroformate in the presence of N-
methylmorpholine (Scheme 1, step a). In this step the 
desired diversity in the substituents and configuration 
of the amino acid part was also attained (a-h). We 
next synthesized thioamide ligands L4-L6, in a two 
step procedure, from hydroxyamide compounds L1-
L3 by first protecting the free hydroxyl group with 
benzoyl chloride (Scheme 1, step b). The subsequent 
reaction with Lawesson’s reagent (Scheme 1, step c) 
provided direct access to pyranoside-based thioamide 
ligands L4-L6. 

The ligands were characterized by elemental 
analyses and 1H and 13C{1H} NMR spectra (see 
Supporting Information). The elemental analyses 
were in agreement with the assigned structures. The 
spectral assignments were based on information from 
1H-1H, and 1H-13C correlation measurements. The 
expected 1H and 13C NMR patterns for the pyranoside 
nucleus (positions 1-7) were observed (see 
experimental section). The vicinal 1H-1H couplings in 
the sugar ring were in the normal range (0-7 Hz). As 
expected, ligands L1 and L4, with an S configuration 
at C-2, displayed the anomeric proton (H-1) as a 
singlet, while for compounds L2-L3 and L5-L6, with 
an opposite configuration at C-2, the anomeric proton 
appears as a doublet due to the coupling with H-2. 
The expected signals for the different 
amide/thioamide groups were also observed. 

a  R= (S)-iPr
b  R= (S)-iBu
c  R= (S)-Ph

d  R= (S)-Bn

e  R= (S)-Me

f   R= H

g  R= (R)-iPr
h R= (R)-Ph
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Figure 2. Pyranoside-based α-amino acid hydroxyamide/thioamide ligands L1-L6a-h 



 3 

OO
O

Ph

OMe
HO

NH2

1

OO
O

Ph

OBn
HO

2

H2N

OO
O

Ph

OMeOHNH2

OO
O

Ph

OMe
HO

HN O

R NHBoc

L1a-h

OO
O

Ph

OBn
HO

L2a-h

NH

O
R

BocHN

OO
O

Ph

OMe

L3a-h

OHNHO

NHBocR

OO
O

Ph

OMe
BzO

HN S

R NHBoc

L4a-h

OO
O

Ph

OBn
BzO

L5a-h

NH

S
R

BocHN

OO
O

Ph

OMe
L6a-h

OBzNHS

NHBocR

(a)

3

D-(+)-Glucose

D-(+)-Glucose

D-(+)-Glucosamine

OO
O

Ph

OMe
BzO

HN O

R NHBoc

4a-h

OO
O

Ph

OBn
BzO

5a-h

NH

O
R

BocHN

OO
O

Ph

OMe
6a-h

OBzNHO

NHBocR

(a)

(a)

(b)

(b)

(b)

(c)

(c)

(c)

 

Scheme 1. Synthesis of pyranoside-based α-amino acid hydroxyamide/thioamide ligands L1-L6a-h. (a) N-Boc-protected 
α-amino acid / iBuOCOCl / NMM / THF / -15 °C; (b) BzCl / Py / CH2Cl2 / 0 °C to rt; (c) Lawesson’s reagent / THF 
/60 °C 

Asymmetric transfer hydrogenation of acetophenone 

 
In the initial set of experiments we evaluated 
pyranoside-based hydroxyamide/thioamide ligands 
L1-L6a-h in the asymmetric Ru- and Rh-catalyzed 
transfer hydrogenation of acetophenone S1. 
Acetophenone was chosen as a model substrate 
because the reaction was performed with a wide 
range of ligands, which enabled the efficiency of the 
various ligand systems to be compared directly.[2-9] In 
all cases, the catalysts were generated in situ from the 
corresponding ligand and either [RuCl2(p-cymene)]2 
or [RhCl2Cp*]2 in the presence of base. 

We first investigated the effect of the catalyst 
precursor using ligands L1-L6a (Table 1). In contrast 
to previously reported furanoside-based 
hydroxyamide ligands 3 (Figure 1),[12] the use of 
ligands L1-L3 led to poor catalytic activity when 
both types of catalyst precursors were used (Table 1, 
entries 1-6). Previous mechanistic studies with 
successful hydroxyamide ligands 1 showed that this 
type of ligand coordinates to the metal in a tridentate 
fashion, through both nitrogen atoms and the oxygen 
atom.[9h] The lower activity found with hydroxyamide 
ligands L1-L3 can therefore be attributed to the 
higher rigidity of the pyranoside backbone which 
hinders its coordination to the metal center in contrast 
to the less steric environment generated by the 
furanoside backbone. Note that for furanoside ligands 
3, the amido group was attached to the flexible 
primary carbon (C-6), which allows the perfect 
coordination of the three groups. The results in Table 
1 also showed that both activity and 

enantioselectivity were best when the thioamide 
ligands and [RhCl2Cp*]2 were used as the catalyst 
precursor (entries 10-12).[17] These results are in line 
with those previously observed when related 
thioamide-based ligands 4 were used.[13] Interestingly, 
these pyranoside thioamide ligands displayed higher 
activities and enantioselectivities than previously 
reported furanoside-based thioamide ligands 4. 

Table 1. Ru- and Rh-catalyzed asymmetric transfer 
hydrogenation reaction of S1 using ligands L1-L6a-h[a]  

O OHCatalyst precursor
L1-L6a-h

LiCl / NaOiPr
THF:iPrOH (1:1)S1  

Entry Ligand Catalyst precursor % Conv[b] % ee[b] 

1 L1a [RuCl2(p-cymene)]2 0 nd 
2 L2a [RuCl2(p-cymene)]2 0 nd 
3 L3a [RuCl2(p-cymene)]2 1 nd 
4 L1a [RhCl2Cp*]2 6 19 (S) 
5 L2a [RhCl2Cp*]2 5 16 (S) 
6 L3a [RhCl2Cp*]2 4 11 (S) 
7 L4a [RuCl2(p-cymene)]2 39 90 (R) 
8 L5a [RuCl2(p-cymene)]2 42 87 (R) 
9 L6a [RuCl2(p-cymene)]2 7 70 (R) 
10 L4a [RhCl2Cp*]2 88 99 (R) 
11 L5a [RhCl2Cp*]2 82 98 (R) 
12 L6a [RhCl2Cp*]2 19 84 (R) 

[a] Reaction conditions: S1 (1 equiv, 0.2 M in 2-
propanol/THF: 1/1), [RuCl2(p-cymene)]2 (0.25 mol%) or 
[RhCl2Cp*]2 (0.25 mol%), ligand (0.55 mol%), NaOiPr (5 
mol%), LiCl (10 mol%) and at room temperature, 3 h. [b] 
Conversion and enantiomeric excess were determined by 
GC (CP Chirasil DEX CB).  
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We then moved on to investigate the effect of the 
ligand parameters on the catalytic performance. For 
purposes of comparison, we evaluated the remaining 
thioamide ligands using [RhCl2Cp*]2 as the catalyst 
precursor. The results, which are summarized in 
Table 2, indicated that catalytic performance (activity 
and enantioselectivity) is mainly affected by the 
substituents/configurations at the thioamide moiety 
(a-h) and the position of the thioamide group at either 
C-2 or C-3 of the pyranoside backbone while the 
effect of the configuration of C-2 is less pronounced.  

We first investigated the effect on catalytic 
performance of the substituents/configuration of the 
thioamide moiety with ligands L4a-h (Table 2, 
entries 1-6). Systematic variation of the electronic 
and steric properties of the thioamide substituents 
indicated that enantioselectivities were mainly 
controlled by the steric properties of these 
substituents and were higher when more sterically 
demanding substituents were present (i.e. 
iPr>iBu>Bn>Ph>Me>>H; Table 2, entries 1-6). In 
addition, as observed for other thioamide ligands, the 
sense of the enantioselectivity is governed by the 
absolute configuration of the substituent in the 
thioamide moiety (Table 2, entries 1 vs 7). Both 
enantiomers of the reduction products can therefore 
be accessed in high enantioselectivity simply by 
changing the absolute configuration of the thioamide 
substituent.  

Varying the configuration of the pyranoside carbon 
in which the thioamide is coupled has little impact on 
the activity and stereochemical outcome of the 
reaction. Thus, the use of ligands L4 and L5, with 
opposite configuration at C-2 of the pyranoside 
backbone, led to similar catalytic results (i.e. Table 2, 
entry 1 vs 9). 

Finally we studied the effect of the position of the 
thioamide group at either C-2 (ligands L4-L5) or C-3 
(ligands L6) of the pyranoside backbone. Ligands L4 
and L5, which contain the thioamide group at the C-2 
position, produced better activities and 
enantioselectivities than ligands L6, with the 
thioamide group at C-3. The lower catalytic activity 
can be attributed to the higher steric congestion 
around the metal center exerted using this L6 
pyranoside backbone. This is further supported by the 
fact that the highest activity when ligands L6 are used 
is achieved with the less sterically demanding methyl 
thioamide substituent (ligand L6e; entry 15 vs 16). 
Note that in contrast to L4-L5, ligand L6e also 
afforded the highest enantioselectivity of the L6 
series. 

To sum up, the enantioselectivities (ee's up to 
99%) were highest when thioamide ligands with 
bulky isopropyl groups were used (ligands L4-L5a,g). 
Both enantiomers of the alcohol product were 
achieved in excellent enantioselectivity by simply 
changing the configuration of the thioamide 
substituent. These results clearly show the efficiency 
of using highly modular scaffolds in the ligand design. 
Activity can be improved by controlling not only the 
structural but also the reaction parameters. In this 

case, activity was further improved (up to 100% 
conversion in 2 hours) by performing the reaction at a 
higher temperature (40 °C) and, interestingly, the 
high enantioselectivities were maintained (ee's up to 
98%, entries 17 and 18). We also performed the 
reaction at low catalyst loading using ligands L4a,g. 
The excellent enantioselectivity (98% ee) and activity 
(up to 100% conversion after 4 h) were maintained. 
Interestingly, when these results are compared with 
the catalytic performance obtained with their 
corresponding furanoside-based thioamide 4 and 
hydroxyamide 1 systems, we can conclude that 
introducing a pyranoside moiety into ligands L4-
L5a,g is advantageous. We therefore obtain 
enantioselectivities as high as those reported with the 
best catalytic systems reported for this process but 
our new thioamides L4-L5a,g provided higher 
activities than previous furanoside-based analogues 4.  

Table 2. Rh-catalyzed asymmetric transfer hydrogenation 
reaction of S1 using thioamide ligands L4-L6a-h[a] 

Entry Ligand % Conv(% 
Yield) [b] 

% ee[b] 

1 L4a 88 (81)[c] 99 (R) 
2 L4b 91 (87) 97 (R) 
3 L4c 76 (72) 90 (R) 
4 L4d 92 (85) 96 (R) 
5 L4e 88 (81) 86 (R) 
6 L4f 86 (82) 33 (S) 
7 L4g 76 (69) 98 (S) 
8 L4h 72 (67) 89 (S) 
9 L5a 82 (77) 98 (R) 

10 L5e 84 (76) 86 (R) 
11 L5f 79 (74) 8 (R) 
12 L5g 72 (68) 95 (S) 
13 L5h 69 (61) 89 (S) 
14 L6a 19 (15) 84 (R) 
15 L6e 38 (34) 93 (R) 
16 L6g 18 (13) 83 (S) 

17[d] L4a 100 (91) 98 (R) 
18[d] L4g 100 (95) 98 (S) 
19[d,e] L4a 99 (94) 98 (R) 
20[d,e] L4g 100 (93) 98 (S) 

[a] Reaction conditions: S1 (1 equiv, 0.2 M in 2-
propanol/THF: 1/1), [RhCl2Cp*]2 (0.25 mol%), ligand 
(0.55 mol%), NaOiPr (5 mol%), LiCl (10 mol%), at room 
temperature, 3 h. [b] Conversion and enantiomeric excess 
were determined by GC (CP Chirasil DEX CB). Isolated 
yields are shown in parenthesis. [c] This reaction was also 
carried out at 0.1 mol scale, affording the reduced product 
in 85% yield and 98% ee. [d] Reaction carried out at 40 °C. 
[e] Reaction carried out using 0.1mol% of [RhCl2Cp*]2.  

Asymmetric transfer hydrogenation of other ketones. Scope and 
limitations 

Asymmetric transfer hydrogenation of aryl alkyl and aryl 
fluoroalkyl ketones 

To further study the potential of the readily available 
thioamide ligands, we evaluated them in the 
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asymmetric Rh-catalyzed transfer hydrogenation of 
other aryl alkyl/trifluoroalkyl ketones S2-S15 (Table 
3). The ATH results indicated that the general trends 
were the same as for the ATH of S1 (see Supporting 
Information for a full set of results). Results were 
therefore best with ligands L4-L5a,g, giving access 
to both enantiomers of the secondary alcohol 
products in high-to-excellent enantioselectivities 
(ee’s up to 99%). Again, pyranoside-based thioamide 
ligands displayed higher activities and 
enantioselectivities than previously reported 
successful furanoside-based thioamide ligands 4.  

Our results using several para-substituted aryl 
ketones (S1-S6) indicated that enantioselectivity is 
relatively insensitive to the electronic effects in the 
aryl ring (Table 3, entries 1-12). However, 
enantioselectivities (up to 99%) were highest with 
electron-rich ketones S4 and S6 (Table 3, entries 7, 8, 
11 and 12), and lowest (up to 96%) with the electron-
deficient ketone S5 (Table 3, entries 9 and 10). The 
catalytic performance of the reaction, however, was 
influenced by steric factors on the aryl substituent. 
Both activity and enantioselectivity decreased 
considerably when ortho-substituted aryl ketones 

were used (i.e. substrate S10; Table 3, entries 19 and 
20). Nevertheless, the use of several meta-substituted 
ketones (S7-S9) led to activities and 
enantioselectivities as high as those achieved using 
para-substituted substrates. Therefore, several para- 
and meta-substituted aryl ketones, including those 
containing 2-naphthyl groups, can be efficiently 
reduced using Rh-L4-L5a,g.  

We next studied several aryl/alkyl ketones bearing 
increasingly sterically demanding alkyl substituents 
(S11-S13). The results indicated that increasing the 
steric bulk has a negative effect on catalytic 
performance (i.e. Me≈Et>iBu>>Cy; entries 1-2 and 
21-26). It should be pointed out that the reduction of 
the more hindered cyclohexyl-containing ketone S13 
followed a different trend than previous substrates. 
The enantioselectivity was therefore highest with 
ligand L4e, which contained the smallest methyl 
thioamide substituent (Table 3, entry 25 vs 26).  

Finally, we investigated the asymmetric transfer 
hydrogenation of aryl/fluoroalkyl ketones S14 and 
S15. Enantioenriched α-trifluoromethyl alcohols are 
important   intermediates   in   the   development   of  

Table 3. Selected results for the Rh-catalyzed asymmetric transfer hydrogenation reaction of ketones S1-S15 using 
thioamide ligands L4-L6a-h[a] 

Entry Substrate Ligand % Conv (% 
Yield)[b] 

% ee[b] Entry Substrate Ligand % Conv (% 
Yield)[b] 

% ee[b] 

1 
2 

O

S1  

L4a 
L4g 

88 (81) 
76 (70) 

99 (R) 
97 (S) 

17 
18 

O

S9

F3C

 

L4a 
L4g 

99 (94) 
96 (92) 

99 (R) 
99 (S) 

3 
4 

O

S2  

L4a 
L4g 

64 (59) 
61 (54) 

98 (R) 
97 (S) 

19 
20 

O

S10

OMe

 

L4a 
L4g 

40 (35) 
34 (31) 

56 (S) 
55 (R) 

5 
6 

O

S3
Br  

L4a 
L4g 

87 (82) 
72 (67) 

98 (R) 
98 (S) 

21 
22 

O

S11  

L4a 
L4g 

82 (78) 
77 (71) 

97 (R) 
96 (S) 

7 
8 

O

S4
F  

L4a 
L4g 

92 (87) 
84 (78) 

99 (R) 
99 (S) 

23 
24 

O

S12  

L4a 
L4g 

64 (57) 

68 (59) 

91 (R) 

90 (S) 

9 
10 

O

S5
F3C  

L4a 
L4g 

99 (93) 
97 (92) 

96 (R) 
95 (S) 

25[c] 
26[c] 

O

S13  

L4e 
L4g 

18 (14) 

15 (12) 

79 (R) 

70 (S) 

11 
12 

O

MeO S6  

L4a 
L4g 

74 (67) 
68 (63) 

99 (R) 
98 (S) 

27 
28 

O

CF3

MeO S14  

L4a 
L4g 

81 (74) 
79 (71) 

89 (S) 
88 (R) 

13 
14 

O

S7  

L4a 
L4g 

92 (84) 
87 (81) 

98 (R) 
98 (S) 

29 
30 

O

CF3

S15  

L4a 
L4g 

92 (81) 
93 (82) 

87 (S) 
87 (R) 

15 
16 

O

S8

MeO

 

L4a 
L4g 

98 (94) 
92 (87) 

99 (R) 
98 (S) 

     

[a] Reaction conditions: ketone (1 equiv, 0.2M in 2-propanol/THF: 1/1), [RhCl2Cp*]2 (0.25 mol%), ligand (0.55 mol%), 
NaOiPr (5 mol%), LiCl (10 mol%), at room temperature, 3 h. [b] Conversion and enantiomeric excess were determined by 
GC (CP Chirasil DEX CB). Isolated yields are shown in parenthesis. [c] Conversion determined by 1H NMR and 
enantiomeric excess determined by HPLC (Chiralcel OD-H). 



 6 

medicines, agrochemicals, and materials owing to the 
unique properties of the fluorine atom.[18] The 
formation of optically active α-trifluoromethyl 
alcohols  relies  mainly  on  the  use  of  biocatalysts, 
metal-catalyzed asymmetric hydrogenation and 
hydroboration.[19] Few reports have been published on 
the use of asymmetric transfer hydrogenation of 
fluoroalkyl ketones.[20] Catalyst precursors Rh/L4a 
and Rh/L4g proved to be the most selective, giving 
the corresponding α-trifluoromethyl alcohols in high 
enantioselectivities (ee's up to 89%). It should be 
noted that these results compete favourably with the 
results obtained using the Ru/R2NSO2DPEN catalyst 
(38% ee), which is considered the state of art in ATH 
reactions.[14] 

In summary, the modular ligand design 
(substituents/configurations at the thioamide moiety, 
position of thioamide group at either C-3 or C-2 of 
the pyranoside backbone and the configuration at C-2 
of the pyranoside backbone) has been shown to be 
extremely successful at finding highly selective 
ligands for almost every substrate and identifying 
four general ligands L4-L5a,g with good 
performance over the entire range of substrates (ee’s 
up to 99%). The results obtained so far are among the 
best reported and, more importantly, they overcome 
one of the limitations encountered with the use of 
previously successful furanoside-based thioamide and 
hydroxyamide ligand libraries, which were unable to 
reduce aryl/fluoroalkyl ketones in high enantiomeric 
excesses.[21] 

Asymmetric transfer hydrogenation of heteroaryl alkyl ketones  

Encouraged by the excellent results obtained up to 
this point, we decided to go one step further and 
evaluate the new ligand library in the asymmetric 
transfer hydrogenation of a more challenging class of 
substrates: the heteroaromatic ketones. The 
preparation of chiral heteroaromatic alcohols is of 
great importance for the pharmaceutical and 
agrochemical industries because they are found in 
many biologically active compounds. The ATH can 
be a more efficient approach for preparing these 
compounds. Unfortunately, due to the coordination 
ability of the heteroaromatic moiety, the ATH of 
heteroaryl alkyl ketones is extremely difficult. 
Coordination to the metal-catalysts has to be avoided 
if activities and enantioselectivities are to be high. 
There are therefore very few catalytic systems that 
can reduce heteroaromatic ketones under transfer 
hydrogenation conditions in high 
enantioselectivities.[22] Table 4 shows the most 
notable results in the reduction of a wide range of 
heteroaromatic substrates S16-S22 using thioamide 
ligands L4-L6a-h (for a full set of results see 
Supporting Information). The results indicated again 
that the sense of enantioselectivity is dictated by the 
configuration at the thioamide moiety. Both 
enantiomers of the heteroaromatic alcohol products 
can therefore be obtained by simply changing the 
configuration at the thioamide group (i.e. Table 4, 

entry 1 vs 3). However, the effect of the ligand 
parameters on the catalytic performance depends on 
the substrate type. Nevertheless, we were again able 
to fine tune the ligand parameters to obtain high-to-
excellent enantioselectivities for each heteroaromatic 
substrate. 

Table 4. Selected results for the Rh-catalyzed asymmetric 
transfer hydrogenation reaction of several heteroaromatic 
ketones using thioamide ligands L4-L6a-h[a] 

Entry Substrate Ligand % Conv  
(% Yield)[b] 

% ee[c] 

1 
2 
3 
4 
5 

O

N S16  

L4a 
L4e 
L4g 
L5a 
L6a 

100 (92)[e] 
100 (94) 
100 (93) 
79 (71) 
21 (15) 

>99 (R)[d] 

93 (R)[d] 

98 (S)[d] 

98 (R)[d] 

51 (R)[d] 

6 
7 
8 
9 
10 

O

N
S17

 

L4a 
L4e 
L4g 
L5a 
L6a 

100 (91) 
100 (91) 
100 (90) 
86 (74) 
41 (36) 

99 (S) 
94 (S) 
97 (R) 
98 (S) 
99 (S) 

11 
12 
13 
14 

O

N
S18

 

L4a 
L4g 
L5a 
L6a 

99 (90) 
100 (93) 
96 (89) 
73 (62) 

99 (S) 
98 (R) 
97 (S) 
98 (S) 

15 
16 
17 
18 
19 
20 

O

N S19  

L4a 
L4d 
L4e 
L4g 
L5e 
L6e 

100 (90) 
97 (91) 
86 (80) 
100 (92) 
100 (93) 
92 (84) 

28 (S) 
46 (S) 
86 (S) 
29 (R) 
84 (S) 
34 (S) 

21 
22 
23 
24 

O

S20O  

L4a 
L4c 
L5a 
L6a 

90 (81) 
100 (93) 
93 (85) 
36 (21) 

42 (R) 
88 (R) 
21 (R) 
54 (R) 

25 
26 
27 
28 
29 

O

S21S  

L4a 
L5a 
L6a 
L6e 
L6h 

89 (81) 
74 (64) 
84 (76) 
64 (59) 
80 (72) 

94 (R) 
86 (R) 
>99 (R) 
>99 (R) 
97 (S) 

30 
31 
32 
33 
34 

O

S22S  

L4a 
L5a 
L6a 
L6e 
L6h 

98 (93) 
86 (81) 
49 (42) 
30 (17) 
43 (39) 

93 (S) 
84 (S) 
>99 (S) 
>99 (S) 
95 (R) 

[a] Reaction conditions: ketone (1 equiv, 0.2M in 2-
propanol/THF: 1/1), [RhCl2Cp*]2 (1 mol%), ligand (2.2 
mol%), NaOiPr (10 mol%), LiCl (10 mol%), at room 
temperature, 3 h. [b] Conversion measured by 1H-NMR. 
Isolated yields are shown in parenthesis. [c] Enantiomeric 
excess was determined by chiral HPLC. [d] Enantiomeric 
excess was determined by chiral GC. [e] This reaction was 
also carried out at 0.1 mol scale, affording the reduced 
product in almost enantiopure form (99% ee) in 98% yield. 

For pyridine-based substrates, we found that the 
reduction of 4-acetylpyridine S16 (Table 4, entries 1-
5) follows the same trend as for aryl/alkyl ketones 
S1-S12. Thus, full conversions and excellent 
enantioselectivities (in the best cases, ees of >99% 
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were achieved) were obtained with ligand L4a,g 
(Table 4, entries 1 and 3). On the other hand, the 
ATH of 3-acetylpyridine S17 and 3-
propionylpyridine S18 behaves slightly differently 
regarding the ligand backbone (Table 4, entries 6-14). 
Excellent enantioselectivities are therefore achieved 
using ligands L4-L6a,g regardless of the ligand 
backbone (ee's up to 99%; Table 4, entries 6, 9, 10, 
11, 13 and 14). As observed for acetophenone, the 
use of the more sterically demanding pyranoside 
ligand backbone L6 led to low activity. The results 
achieved in the reduction of 2-acetylpyridine S19 
indicated that the thioamide substituent had a 
different effect on enantioselectivity than S16-S18. 
Enantioselectivity was therefore best with ligand L4e, 
with a methyl thioamide substituent (ee's up to 86%; 
Table 4, entry 17). Similarly, the effect on 
enantioselectivity of the thioamide substituent is also 
different in the reduction of 2-acetylfuran S20. 
Enantioselectivity was therefore best using ligand 
L4c, containing a phenyl thioamide substituent (entry 
22). Finally, for acetylthiophenes S21-S22, 
enantioselectivities were excellent with ligands L6 
regardless of the nature of the thioamide substituent 
(Table 4, entries 27-29 and 32-34). These excellent 
results again showed that the presence of a 
pyranoside backbone in the ligand design of these 
thioamide ligands is highly advantageous. Our new 
Rh/pyranoside-based thioamide systems can therefore 
expand the scope to a broad range of heteroaromatic 
ketones. Again, the modular ligand design has been 
shown to be crucial in finding highly selective 
catalytic systems for each substrate. 

Conclusions 
A large library of pyranoside-based hydroxyamide 
and thioamide ligands L1-L6a-h has been 
synthesized for ATH in an attempt to expand the 
scope of the substrates to cover a broader range of 
challenging heteroaromatic and aryl/fluoroalkyl 
ketones. These ligands have the advantage that they 
are prepared from commercial D-glucose, D-
glucosamine and α-amino acids, inexpensive natural 
chiral feedstocks. Moreover, the modular nature of 
the ligand library enables the 
substituents/configurations at the amide/thioamide 
moiety, the position of amide/thioamide group and 
the configuration at C-2 of the pyranoside backbone 
to be easily and systematically varied, so activities 
and enantioselectivities can be maximized for each 
substrate as required. By carefully selecting the 
ligand components, we found that pyranoside-based 
thioamide ligands provided excellent 
enantioselectivities (in the best cases, ees of >99% 
were achieved) in a broad range of ketones, including 
the less studied heteroaromatics and challenging 
aryl/fluoroalkyls. Note that both enantiomers of the 
reduction products can be obtained with excellent 
enantioselectivities by simply changing the absolute 
configuration of the thioamide substituent. In addition, 

the efficiency of this ligand design is also 
corroborated by the fact that these Rh-pyranoside-
based thioamide catalysts provided higher activity 
and enantioselectivity and a broader substrate scope 
than their furanoside-based thioamide analogues. The 
results of our pyranoside-based thioamide catalyst 
library compare very well with the ones achieved 
using the furanoside-based thioamide and 
hydroxyamide ligands which have recently emerged 
as some of the most successful catalysts developed 
for this process, with the added advantage that our 
Rh/pyranoside-thioamide systems are able to expand 
the scope to a broad range of heteroaromatic 
substrates and to the successful reduction of 
aryl/fluoroalkyl ketones. These findings represent an 
improvement on the previously reported furanoside-
derived hydroxyamide and thioamide ligands and 
open up a new type of ligand for the highly 
enantioselective reduction of industrially relevant 
heteroaromatic and aryl/fluoroalkyl ketones. 

Experimental Section 
General considerations 

All reactions were carried out using standard Schlenk 
techniques under an atmosphere of argon. Solvents 
were purified and dried by standard procedures. 
Compound 2 was prepared as previously 
described.[15] 1H and 13C{1H} NMR spectra were 
recorded using a 400 MHz spectrometer. Chemical 
shifts were relative to SiMe4 as internal standard. 1H 
and 13C assignments were made on the basis of 1H-1H 
gCOSY and 1H-13C gHSQC experiments. 

Typical procedure for the preparation of hydroxyamide ligands 
L1-L3a-h 

To a cooled solution (-15 °C) of the desired N-Boc-
protected amino acid (2 mmol) in THF (4 mL), N-
methylmorpholine (NMM, 2.3 mmol, 252 µL) and 
isobutylchloroformate (2.3 mmol, 300 µL) were 
slowly added. After 45 minutes, a solution of the 
desired aminoalcohol (2 mmol, 379.4 mg), previously 
azeotropically dried with toluene, in THF (4 mL) was 
added and the resulting mixture was stirred at room 
temperature for 2 h. The crude mixture was purified 
by flash chromatography to produce the 
corresponding ligands as white solids.  

Typical procedure for the benzoylation of L1-L3a-h 

A solution of benzoyl chloride (1.1 mmol, 130 µL) in 
dichloromethane (0.4 mL) was slowly added to a 
cooled solution (0 °C) of the desired pseudo-
dipeptide (1 mmol) in pyridine (1 mL). The reaction 
was stirred overnight. Then ice was added and the 
product was extracted with dichloromethane (3 x 20 
mL), dried over MgSO4, evaporated to dryness and 
purified by flash chromatography (pentane/ethyl 
acetate: 2/1) to produce the corresponding 
benzoylated product as white solids.  
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Typical procedure for the preparation of thioamide ligands L4-
L6a-h 

To a cooled solution of the desired benzoylated 
product (0.5 mmol) in THF (2 mL) Lawesson’s 
reagent (0.4 mmol, 158 mg) was added. The reaction 
was stirred overnight at 60 °C. Then, the reaction 
mixture was evaporated and chromatographed 
(pentane/ethyl acetate: 3/1) to produce the 
corresponding thioamides as white solids. 

Typical procedure for the ATH of ketones 

The desired ligand (0.0055 mmol), catalyst precursor 
([RuCl2(p-cymene)]2 or [RhCl2Cp*]2) (0.0025 mmol), 
and LiCl (4.2 mg, 0.1 mmol) were treated under 
vacuum for 10 min. Under argon, substrate (1 mmol), 
propan-2-ol (2 mL) and THF (2.5 mmol) were 
sequentially added. The reaction was initiated by 
adding iPrONa (0.1M, 0.5 mL, 0.05 mmol) to the 
solution. After completion of the reaction the reaction 
mixture was evaporated and the product was purified 
by column chromatography (SiO2). For substrates S1-
S12,[9b,9d,9k] S14 and S15,[14] the alcohol products were 
analyzed by GC (CP Chirasil DEX CB). For substrate 
S16, the alcohol products were analyzed by GC 
(Chiraldex β-DM).[6d] For substrates S13[23] and 
S19[6d], conversions were measured by 1H-NMR and 
enantioselectivity by HPLC (Chiralcel OD-H). For 
substrates S17-S18 and S20-S22, conversions were 
measured by 1H-NMR and enantioselectivity by 
HPLC (Chiralcel OJ-H).[6d]  

Acknowledgements 
We would like to thank Spanish Government for 
providing grant CTQ2010-15835, the Catalan 
Government for grant 2009SGR116, and the ICREA 
Foundation for providing M. Diéguez and O. Pàmies 
with financial support through the ICREA Academia 
awards. 

References 
[1] See for example: a) Asymmetric Catalysis in Industrial 

Scale: Challenges, Approaches and Solutions; 2nd Ed.; 
Eds. H. U. Blaser, H.-J. Federsel, Wiley: Weinheim, 
Germany, 2010. b) in Catalytic Asymmetric Synthesis; 
3rd Ed.; Ed. I. Ojima, John Wiley & Sons, Inc.: 
Hoboken, 2000. c) Comprehensive Asymmetric 
Catalysis; Eds.; E. N. Jacobsen, A. Pfaltz, H. 
Yamamoto, Springer-Verlag: Berlin, 1999. d) 
Asymmetric Catalysis in Organic Synthesis; Ed. R. 
Noyori, Wiley: New York, 1994. e) Applied 
Homogeneous Catalysis with Organometallic 
Compounds, 2nd edition, Eds.: B. Cornils, W. A. 
Herrmann, Wiley-VCH, Weinheim, 2002. 

[2]  a) Modern Reduction Methods; Eds: P. G. Andersson, 
I. J. Munslow, Wiley-VCH, Weinheim, 2008. b) X. Wu, 
C. Wang, J. Xiao, Platinum Met. Rev. 2010, 54, 3. c) C. 

Wang, X. Wu, J. Xiao, Chem. Asian J. 2008, 3, 1750. 
d) T. Ikariya, A. J. Blacker, Acc. Chem. Rec. 2007, 40, 
1300. e) S. Gladiali, E. Alberico, Chem. Soc. Rev. 2006, 
35, 226. f) K. Everaere, A. Mortreux, J.-F. Carpentier, 
Adv. Synth. Catal. 2003, 345, 67. g) T. Ohkuma, R. 
Noyori in Comprehensive Asymmetric Catalysis I–III, 
Vol. 1. Eds.: E. N. Jacobsen, A. Pfaltz, H. Yamamoto. 
Springer, Berlin, 1999, p. 199. h) M. J. Palmer, M. 
Wills, M. Tetrahedron: Asymmetry 1999, 10, 2045. i) R. 
Noyori, S. Hashiguchi, Acc. Chem. Res. 1997, 30, 97. i) 
G. Zassinovich, G. Mestroni, S. Gladiali, Chem. Rev. 
1992, 92, 1051. 

[3] For example, see: a) S. Hashiguchi, A. Fujii, J. 
Takehara, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 
1995, 117, 7562. b) A. Fujii, S. Hashiguchi, N. 
Uematsu, T. Ikariya, R. Noyori, J. Am. Chem. Soc. 
1996, 118, 2521. c) D. A. Alonso, D. Guijarro, P. Pinho, 
O. Temme, P. G. Andersson, J. Org. Chem. 1998, 63, 
2749.; d) J. Hannedouche, G. J. Clarkson, M. Wills, J. 
Am. Chem. Soc. 2004, 126, 986. e) W. Baratta, G. 
Chelucci, E. Herdtweck, S. Magnolia, K. Siega, P. Rigo, 
Angew. Chem. 2007, 119, 7795; Angew. Chem. Int. Ed. 
2007, 46, 7651. f) T. C. Johnson, W. G. Totty, M. Wills, 
Organic Lett. 2012, 14, 5230. g) W. Baratta, F. 
Benedetti, A. Del Zotto,L. Fanfoni, F. Felluga, S. 
Magnolia, E. Putignano, P. Rigo, Organometallics 
2010, 29, 3563. h) W. Ye, M. Zhao, Z. Yu, Chem. Eur. 
J. 2012, 18, 10843. 

[4]See, for example: a) K. Murata, T. Ikariya, R. Noyori, J. 
Org. Chem. 1999, 64, 2186. b) T. Thorpe, J. Blacker, S. 
M. Brown, C. Bubert, J. Crosby, S. Fitzjohn, J. P. 
Muxworthy, J. M. J. Williams, Tetrahedron Lett. 2001, 
42, 4041. c) G. Dyson, J.-C. Frison, A. C. Whitwood, R. 
E. Douthwaite, Dalton Trans. 2009, 7141. d) A. 
Aupoix, C. Bournaud, G. Vo-Thanh, Eur. J. Org. Chem. 
2011, 2772.  

[5] See also: a) Z.-R. Dong, Y.-Y. Li, J.-S. Chen, B.-Z. Li, 
Y. Xing, J.-X. Gao, Org. Lett. 2005, 7, 1043. b) D. G. I. 
Petra, P. C. J. Kamer, A. L. Spek, H. E. Schoemaker, P. 
W. N. M. van Leeuwen, J. Org. Chem. 2000, 65, 3010. 

[6] For examples of iron-based catalysts, see: a) C. P. 
Casey, H. Guan, J. Am. Chem. Soc. 2007, 129, 5816. b) 
S. Zhou, S. Fleischer, K. Junge, S. Das, D. Addis, M. 
Beller, Angew. Chem. 2010, 122, 8298; Angew. Chem. 
Int. Ed. 2010, 49, 8121. c) A. A. Mikhailine, R. H. 
Morris, Inorg. Chem. 2010, 49, 11039. d) A. Naik, T. 
Maji, O. Reiser, Chem. Commun. 2010, 46, 4475. e) A. 
Mikhailine, A. L. Lough, R. H. Morris, J. Am. Chem. 
Soc. 2009, 131, 1394. 

[7] See for example: a) J. W. Faller, A. R. Lavoie, Org. 
Lett. 2001, 3, 3703; b) W. Baratta, M. Ballico, A. Del 
Zotto, K. Siega, S. Magnolia, P. Rigo, Chem. Eur. J. 
2008, 14, 2557. 

[8] See, for example: a) S. J. Nordin, P. Roth, T. Tarnai, D. 
A. Alonso, P. Brandt, P. G. Andersson, Chem. Eur. J. 
2001, 7, 1431. b) D. A. Alonso, S. J. Nordin, P. Roth, T. 
Tarnai, P. G. Andersson, M. Thommen, U. Pittelkow, J. 
Org. Chem. 2000, 65, 3116. c) A. Schlatter, W.-D. 
Woggon, Adv. Synth. Catal. 2008, 350, 995. d) A. 



 9 

Schlatter, M. K. Kundu, W.-D. Woggon, Angew. Chem. 
2004, 116, 6899; Angew. Chem., Int. Ed. 2004, 43, 
6731. e) M. T. Reetz, X. Li, J. Am. Chem. Soc. 2006, 
128, 1044. f) Y. Jiang, Q. Jiang, X. Zhang, J. Am. 
Chem. Soc. 1998, 120, 3817. g) D. S. Matharu, D. J. 
Morris, A. M. Kawamoto, G. J. Clarkson, M. Wills, 
Org. Lett. 2005, 7, 5489. h) I. M. Pastor, P. Västilä, H. 
Adolfsson, Chem. Commun. 2002, 2046. i) A. B. 
Zaitsev, H. Adolfsson, Org. Lett. 2006, 8, 5129. j) F. K. 
Cheung, C. Lin, F. Minissi, A. L. Crivillé, M. A. 
Graham, D. J. Fox, M. Wills, Org. Lett. 2007, 9, 4659. 
k) V. Parekh, J. A. Ramsden, M. Wills, Catal. Sci. Tech. 
2012, 2, 406. 

[9] a) I. M. Pastor, P. Västilä, H. Adolfsson, Chem. Eur. J. 
2003, 9, 4031. b) A. Bøgevig, I. M. Pastor, H. 
Adolfsson, Chem. Eur. J. 2004, 10, 294. c) P. Västilä, J. 
Wettergren, H. Adolfsson, Chem. Commun. 2005, 4039. 
d) J. Wettergren, A. Bøgevig, M. Portier, H. Adolfsson, 
Adv. Synth. Catal. 2006, 348, 1277. e) P. Västilä, A. B. 
Zaitsev, J. Wettergren, T. Privalov, H. Adolfsson, 
Chem. Eur. J. 2006, 12, 3218. f) J. Wettergren, A. B. 
Zaitsev, H. Adolfsson, Adv. Synth. Catal. 2007, 349, 
2556. g) J. Wettergren, E. Buitrago, P. Ryberg, H. 
Adolfsson, Chem. Eur. J. 2009, 15, 5709. h) K. Ahlford, 
J. Ekström, A. B. Zaitsev, P. Ryberg, L. Eriksson, H. 
Adolfsson, Chem. Eur. J. 2009, 15, 11197. i) F. Tinnis, 
H. Adolfsson, Org. Biomol. Chem. 2010, 8, 4536. j) K. 
Ahlford, M. Livendahl, H. Adolfsson, Tetrahedron Let. 
2009, 50, 6321. k) M. Coll, K. Ahlford, O. Pàmies, H. 
Adolfsson, M. Diéguez, Adv. Synth. Catal. 2012, 354, 
415. 

[10] Sugar-based ligands have been successfully used in 
several metal-catalyzed transformations, For reviews, 
see: a) a) M. Diéguez, O. Pàmies, C. Claver, Chem. Rev. 
2004, 104, 3189. b) M. Diéguez, C. Claver, O. Pàmies, 
Eur. J. Org. Chem. 2007, 4621. c) M. M. K. Boysen, 
Chem. Eur. J. 2007, 13, 8648. d) V. Benessere, A. De 
Roma, R. Del Litto, F. Ruffo, Coord. Chem. Rev. 2010, 
254, 390. e) S. Woodward, M. Diéguez, O. Pàmies, 
Coord. Chem. Rev. 2010, 254, 2007. f) Carbohydrates - 
Tools for Stereoselective Synthesis; Ed: M. M. K. 
Boysen, Wiley-VCH, Weinheim, 2013. 

[11] The use of sugar-based ligands in the ATH has 
provided low-to-moderate enantioselectivities, See: a) 
S. Guillarme, T. X. Mai Nguyen, C. Saluzzo, 
Tetrahedron: Asymmetry 2008, 19, 1450; b) K.-D. 
Huynh, H. Ibrahim, M. Toffano, G. Vo-Thanh, 
Tetrahedron: Asymmetry 2010, 21, 1542; c) K.-D. 
Huynh, H. Ibrahim, E. Kolodziej, M. Toffano, G. Vo-
Thanh, New J. Chem. 2011, 35, 2622. Water soluble 
cyclic sugar oligomers, cyclodextrines, have been 
successfully used to support chiral Ru-amino-alcohol 
catalysts, favoring their use in aqueous media. See for 
instance ref 8d. 

[12] M. Coll, O. Pàmies, H. Adolfsson, M. Diéguez, Chem. 
Commun. 2011, 47, 12188. 

 [13] M. Coll, O. Pàmies, H. Adolfsson, M. Diéguez 
ChemCatChem 2013, 5, 3821. 

[14] To the best of our knowledge all the efforts to reduce 
this substrate class using transfer hydrogenation have 
led to poor enantioselectivities. For recent example, 
see: D. Šterk, M. Stephan, B. Mohar Org. Lett. 2006, 8, 
5935 (ee's up to 38% ee for S15). 

[15] a) S. Knapp, P. J. Kukkola, S. Sharma, T. G. M. Dhar, 
A. B. J. Naughton, J. Org. Chem. 1990, 55, 5700. b) I. 
R. McKinley, H. Weigel, C. B. Barlow, R. D. Guthrie, 
Carbohydrate Res. 1974, 32, 187. 

[16] P. Gross, R. W. Jeanloz, J. Org. Chem. 1967, 32, 
2759. 

[17] The use of other rhodium precursors (i.e. [[Rh(µ-
Cl)(cod)]2, [Rh(cod)2]BF4 and [Rh(nbd)2]BArF) led to 
very low catalytic activity (< 5%). 

 [18] a) K. Mikami, in Asymmetric Fluoroorganic 
Chemistry: Synthesis, Application and Future 
Directions; Ed. P. V. Ramachandran, American 
Chemical Society: Washington, DC, 2000; pp 255-269. 
b) K. Mikami, Y. Itoh, M. Yamanaka, Chem. Rev. 2004, 
104, 1. c) J. Ma, D. Cahard, Chem. Rev. 2004, 104, 
6119. 

[19] See for instance: a) T. Fujisawa, Y. Onogawa, A. 
Sato, T. Mitsuya, M. Shimizu, Tetrahedron 1998, 54, 
4267. b) T. Matsuda, T. Harada, N. Nakajima, T. Itoh, 
K. Nakamura, J. Org. Chem. 2000, 65, 157. c) T. 
Ohkuma, M. Koizumi, H. Doucet, T. Pham, M. 
Kozawa, K. Murata, E. Katayama, T. Yokozawa, T. 
Ikariya, R. Noyori, J. Am. Chem. Soc. 1998, 120, 13529. 
d) S. Jeulin, S. D. de Paule, V. Ratovelomanana-Vidal, 
J.-P. Gênet, N. Champion, P. Dellis, Angew. Chem. 
2004, 116, 324; Angew. Chem., Int. Ed. 2004, 43, 320. 
e) P. V. Ramachandran, A. V.; Teodorović, H. C. 
Brown, Tetrahedron 1993, 49, 1725. 

[20] See for instance: a) A. Chevalley, M. Salmain, Chem. 
Commun. 2012, 48, 11984 (ee's up to 26% ee for S15). 
b) E. Mejía, R. Aardoom, A. Togni, Eur. J. Inorg. 
Chem. 2012, 5021 (ee's up to 19% ee for S15). c) L. 
Tang, Q. Wang, J. Wang, Z. Lin, X. Wang, L. Cun, W. 
Yuan, J. Zhu, J. Liao, J. Deng, Tetrahedron Lett. 2012, 
53, 3839 (ee's up to 10% ee for S15). d) ref. 14. 

[21] Unpublished results. In all cases, enantioselectivities 
were below 50% ee using either Ru or Rh/3-4 catalyst 
precursors. 

[22] For other successful applications in the ATH of 
heteroaromatic ketones, see: a) K. Everaere, A. 
Mortreux, M. Bulliard, J. Brussee, A. van der Gen, G. 
Nowogrocki, J.-F. Carpentier, Eur. J. Org. Chem. 2001, 
275 (ee's up to 89% for S19); b) C. Letondor, A. 
Pordea, N. Humbert, A. Ivanova, S. Mazurek, M. 
Novic, T. R. Ward, J. Am. Chem. Soc. 2006, 128, 8320 
(ee's up to 76% for S19); c) ref. 8j (ee's up to 91% for 
S19); d) D. S. Matharu, J. E. D. Martins, M. Wills, 
Chem. Asian J. 2008, 3, 1374 (ee's up to 98% and 97% 
for S20 and S21, respectively); e) X. Wu, X. Li, A. 
Zanotti-Gerosa, A. Pettman, J. Liu, A. J. Mills, J. Xiao, 
Chem. Eur. J. 2008, 14, 2209 (ee's up to 98%, 78%, 
98%, 99% and 99% for S16, S17, S19, S20 and S21, 
respectively); f) W. Baratta, G. Chelucci, S. Magnolia, 



 10 

K. Siega, P. Rigo, Chem. Eur. J. 2009, 15, 726 (ee's up 
to 93% for S19); g) ref. 6d. (ee's up to 55%, 61%, 41%, 
30%, 53% and 62% for S16, S17, S19, S20, S21 and 
S22, respectively); h) M. Ito, A. Watanabe, Y. Shibata, 
T. Ikariya, Organometallics 2010, 29, 4584 (ee's up to 
94% for S20 and S21); i) ref. 19c (ee's up to 56% and 
62% for S20 and S21, respectively); j) C. Li, L. Zhang, 
Y. Du, X.-L. Zheng, H.-Y. Fu, H. Chen, R.-X. Li, Cat. 
Commun. 2012, 28, 5 (ee's up to 46% and 78% for S19 

and S21, respectively); k) ref. 3f (ee's up to 67% for 
S19); l) E. Buitrago, H. Lundberg, H. Andersson, P. 
Ryberg, H. Adolfsson, ChemCatChem 2012, 4, 2082 
(ee's up to 99%, 86% and 88% for S17, S20 and S21, 
respectively); m) ref. 13 (ee's up to 99%, 97% and 99% 
for S17, S19 and S21). 

[23] D. Glynn, J. Shannon, S. Woodward Chem. Eur. J. 
2010, 16, 1053. 



 11 

FULL PAPER    

Modular hydroxyamide and thioamide pyranoside-
based ligand library from the sugar pool: new class 
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