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ABSTRACT: Racemic α-substituted α-amino esters were hydrogenated into enantio-enriched β-amino alcohols through dynamic 
kinetic resolution with chiral ruthenabicyclic complexes. The reaction was carried out with a substrate/catalyst molar ratio of 200–
1000 under 15 atm of H2 at 25 °C to afford a variety of β-substituted β-aminoethanols in up to 96% ee (24 examples). The mechanistic 
studies including deuteration experiments suggested that the reaction proceeds with 1,2-hydride migration of the α-amino acetalate 
intermediate into the α-hydroxy imine followed by the continuous reduction of the imino compound, affording the amino alcohol 
product.  

Optically active β-substituted β-aminoethanols have been fre-
quently utilized in the synthesis of a wide variety of bioactive 
compounds, including natural products, medicines, and agro-
chemicals.1 These compounds also have made significant con-
tribution to the advancement of asymmetric catalysis and syn-
thesis as optically active ligands, auxiliaries, and their precur-
sors.2 Therefore, development of reliable and facile methods for 
the synthesis of the optically active β-amino alcohols is highly 
desirable.3 Enantioselective aminohydroxylation of styrene de-
rivatives is an elegant method to prepare the β-aryl-β-aminoeth-
anols in high ee, although the products are obtained as a regioi-
someric mixture.1b,4 Regio- and setereoselective ring-opening 
reactions of enantio-enriched epoxides and aziridines are also 
applicable.5,6  

Reduction of enantiomerically enriched α-amino esters into 
β-amino alcohols with maintenance of the enantiopurity is a 
well-known method.2a Stoichiometric metal hydride reduction 
is a representative rection using this approach. In recent years 
more efficient procedures with catalytic hydrogenation have 
been reported (Scheme 1a).7 These reactions are carefully con-
ducted under a less basic condition to avoid racemization 
through the reaction. A mixed Rh/Pt oxide (Nishimura’s cata-
lyst), RuH(η1-BH4)-type complexes, (I) and (II), and a cationic 

Mn complex (III) are typical catalysts.8 However, these proce-
dures require that the enantio-enriched α-amino esters be pre-
pared in advance. 

We expected that the desired optically active β-amino alco-
hols could be obtained by asymmetric hydrogenation of the ra-
cemic α-amino esters through dynamic kinetic resolution 
(DKR) under appropriate catalytic conditions. Stereoinversion 
at the α-position could occur with the assistance of a base, in 
contrast to the hydrogenation with retention of the α-configura-
tion. Xie and coworkers reported the hydrogenation of racemic 
α-arylamino γ- and δ-lactones into the 2-amino 1,4-butanediols 
and 1,5-pentanediols in high ees with a chiral PNN ligand (Spi-
roPAP)–Ir catalyst (IV) in the presence of tBuOK (Scheme 1b).9 
However, less reactive (linear) α-amino esters were not applied 
to this reaction. Bergens and coworkers tried the reaction of a 
racemic α-phenylaminopropanamide with RuCl2[(S,S)-skew-
phos][(R,R)-dpen] (V) and a base (substrate/catalyst molar ratio 
(S/C) 20, 4 atm H2) to give the amino alcohol in 47.5% yield 
and 74% ee (Scheme 1c).10 Only one example was given. The 
result is attractive, but a more reactive, enantioselective, and 
general hydrogenation procedure to synthesize enantio-enriched 
β-amino alcohols is highly desirable. 
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Scheme 1. Hydrogenation of α-Carboxylic Acid Derivatives 

 
We previously studied asymmetric hydrogenation of a vari-

ety of ketones with optically active diphosphine/diamine–Ru 
catalysts.11,12 Among them, ruthenabicyclic complex RuCl[(S)-
daipena][(S)-xylbinap] (DAIPENA = anion of DAIPEN at the 
2-position of an anisyl group) with a base showed excellent cat-
alytic activity and enantioselectivity. The turnover frequency 
(TOF) of hydrogenation of acetophenone (S/C = 100 000, 50 
atm H2) reached about 35 000 min–1, affording (R)-1-phenyleth-
anol in >99% ee.13,14 We herein report asymmetric hydrogena-
tion of racemic α-amino esters through DKR catalyzed by a 
RuCl[(S)-daipena][(R)-dm-segphos] [(RP,SN)-3]/tPenONa sys-
tem (Scheme 1d). The reaction was carried out with an S/C of 
200–1000 under 15 atm of H2 at 25 °C to afford a variety of β-
aryl β-aminoethanols in up to 97% ee. 

We selected N-PMP (PMP = p-methoxyphenyl) protected 
phenylglycine methyl ester 1a as a substrate for optimization of 
catalyst structure and reaction conditions (Table 1). The race-
mic α-amino ester 1a was hydrogenated in the presence of 
(RP,SN)-3 and tBuONa with an S/C of 500 under 20 atm of H2 
in cyclopentyl methyl ether (CPME) at 40 °C in 8 h to afford 
the (R)-β-amino alcohol 2a in 89% yield and 91% ee (entry 1). 
The reaction rate using tBuOK as a base was slowed (entry 2). 
Cs2CO3 and MeONa were not useful for this reaction (entries 3, 
4). Sodium 2-methylbutoxide (tPenONa) gave an even better 
result (entry 5). CPME was the solvent of choice based on the  

Table 1. Asymmetric Hydrogenation of α-Amino Ester 1aa 

 
entry Ru cat. base solvent % yieldb % eec 
1 3 tBuONa CPME 89 91 
2d 3 tBuOK CPME 32 91 
3 3 Cs2CO3 CPME trace nd 
4 3 MeONa CPME trace nd 
5 3 tPenONa CPME 88 92 
6 3 tPenONa THF 32 93 
7 3 tPenONa dioxanee trace nd 
8 3 tPenONa toluene 70 91 
9 3 tPenONa MeOH trace nd 
10 3 tPenONa iPrOH trace nd 
11f 3 tPenONa CPME 87 92 
12f,g 3 tPenONa CPME 87 96 
13f,g 3’ tPenONa CPME 52 77 
14f,g 4 tPenONa CPME 47 95 
15f,g 5 tPenONa CPME trace nd 
16f,g,h 3i tPenONa CPME 80 94 
a S/C/B = substrate/catalyst/base molar ratio. b Isolated yield. c 

Determined by chiral HPLC analysis. d Reaction for 11 h. e 1,4-
dioxane. f Reaction under 15 atm of H2. g Reaction at 25 °C. h Re-
action for 24 h. i S/C/B = 1000:1:50. 

reactivity and enantioselectivity (entries 5–10). Notably, alco-
holic solvents that were successfully used in the hydrogenation 
of ketones13 gave almost no reaction (entries 9, 10). Hydrogen 
pressure could be reduced to 15 atm without loss of catalyst per-
formance (entry 11). An ee value of 96% was achieved in the 
reaction at 25 °C with complete conversion of the substrate (en-
try 12). The diastereomeric complex (RP,RN)-3’ showed some-
what lower activity and enantioselectivity (entry 13). The reac-
tion with RuCl[(S)-daipena][(R)-xylbinap] [(RP,SN)-4] also af-
forded 2a in high ee, but the reaction rate was slower (entry 14). 
The ruthenabicyclic structure of the complex is crucial to 
achieve high catalytic activity, so that almost no conversion was 
observed with RuCl2[(R)-dm-segphos][(S)-daipen] [(RP,SN)-5] 
(entry 15). The hydrogenation catalyzed by the (RP,SN)-
3/tPenONa system with an S/C of 1000 was completed within 
24 h to give 2a in 94% ee (entry 16). We decided to employ the 
conditions of entry 12 for further investigations. 
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Scheme 2. Asymmetric Hydrogenation of α-Amino Esters 1 

 
We next examined the scope of the reaction (Scheme 2). The 

size of the ester moiety largely affected the reactivity. The re-
action of ethyl ester 1b gave the product in only 8% yield.  

Scheme 3. Gram-scale Reaction and Synthetic Application 

 
Several N-aryl groups could be introduced on the substrates. 
Bulky o-methoxyphenyl (OMP) (1c) slowed the reaction rate. 
Simple phenyl (1d) and electron-deficient p-chlorophenyl (1e) 
gave results comparable to the case with the electron-rich PMP 
(1a). Substitution of a strongly electron-attractive CN group at 
the para position (1f) significantly reduced the reactivity, alt-
hough the high enantioselectivity was maintained. An indole 
structure could be employed without N-protection (1g). N-Aryl 
substitution was crucial for this reaction. In fact, no reaction 
was observed in the hydrogenation of N-benzyl ester (1h). The 
hydrogenation of o-, m-, and p-tolylglycine methylesters, 1i–1k, 
under the typical conditions afforded the amino alcohols in high 
ee, although the rate for sterically hindered 1i was slower. Hal-
ogen-substitution on the α-phenyl ring (1l–1o) even at the ortho 
position was suitable for this reaction, providing the products in 
94%–96% ee. An amino ester with a strongly electron-with-
drawing CF3 at the para position (1p) was successfully hydro-
genated. The methyl benzoate substructure was left intact 
through the amino ester hydrogenation with maintenance of the 
catalyst efficiency (1q). The high chemoselectivity was a bene-
fit for this catalytic system. Introduction of a MeO group at the 
para position (1s) slowed the reaction rate, but the meta-substi-
tuted one (1r) reacted regularly. The hydrogenation of 2-naph-
thylglycine (1t) afforded a result comparable to that of 1a. Het-
eroaryl rings were also left intact. Amino alcohols with a thienyl 
(2u) or pyridine (2v) ring were obtained in high yield with 91% 
ee and 96% ee, respectively. The reaction of alkyl-substituted 
amino esters, 1w and 1x, gave the products with only moderate 
enantioselectivity. 

The reaction was readily applied to the gram-scale reaction 
(Scheme 3a). A 5.00 g aliquot of 1a was hydrogenated under  

 
Figure 1. Proposed Reaction Scheme and Molecular Structures for the Stereodetermining Step 
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Scheme 4. Experiments for Mechanistic Considerations 

 
the regular conditions, affording 2a (4.16 g, 93% yield) in 96% 
ee. 

The (R)-N-(5-quinolyl)amino alcohol 7 [(R)-PEO] functions 
as a fluorescent pH probe,15 and was prepared by hydrogenation 
with the (RP,SN)-3/tPenONa system from the corresponding 
amino ester 6 in 85% yield and 93% ee (Scheme 3b). The struc-
ture of 7 was determined by a single crystal X-ray analysis. 

Asymmetric hydrogenation of 1a through DKR is generally 
thought to proceed as shown in Figure 1a. The α-stereocenter of 
1a is reversibly invertible in the presence of a base. The (RP,SN)-
3/tPenONa system selectively hydrogenates (R)-1a into 2a, and 
then the leaving (S)-1a is reduced after epimerization to the R 
one under the DKR conditions. The (R)-1a-selective hydro-
genation could occur as illustrated in Figure 1b. (R)-1a fits well 
with the chiral pocket of the active (RP,SN)-[Ru]H complex.12a 
The outer sphere [Ru]Hδ—–Cδ+=Oδ—–Hax

δ+N interaction fixes the 
position and direction of the C=O group of 1a (TS1 and TS2). 
The smaller ester OMe group locates in close proximity to the 
axially oriented P-3,5-dimethylphenyl group of the catalyst. 
The bulkier α-PMP-NH moiety preferably locates at the far side 
of the catalyst to avoid steric repulsion (TS1 vs. TS2). Therefore, 
(R)-1a is selectively reacted with the catalyst system through 
TS1.  

We then conducted some experiments to confirm our hypoth-
esis (Scheme 4). The deuteration of 1a under the regular condi-
tions gave the deuterated amino alcohol 2ad3. The deuterium 
contents at the α position were only 65% (D1) and 51% (D2), 
whereas 70% deuterium content was observed at the β position 
(D3) (eq 1). When the α-deuterated amino ester 1ad116 was  

Scheme 5. Plausible Reaction Pathway under a D2 Atmos-
phere 

 
exposed to the deuteration conditions, the deuterium contents 
of D1–D3 were all increased compared to those in the reaction 
of 1a (eq 2). These results suggest that the reaction is not a sim-
ple ester hydrogenation, but includes the dehydrogenative pro-
cess of the amino group yielding the imino moiety. Interestingly, 
hydrogenation of the corresponding imino ester 8, a candidate 
for the reaction intermediate, under the regular conditions was 
much slower than that of 1a, affording 2a in only 28% ee (eq 
3). The hydrogenation of a 1:1 mixture of imino ester 8 and 
amino ester 1d afforded the products 2a (29% ee) and 2d (93% 
ee), respectively (eq 4). The enantiomeric purity of each prod-
uct was the same as that in the corresponding individual reac-
tion. Both hydrogenations occurred separately with no crosso-
ver at all. We therefore surmised that the reaction includes 1,2-
hydride migration from the α carbon (Cα) of 1a onto the car-
bonyl carbon (CCO) with transformation of the amino group to 
the imino moiety. Then the resulting imine is hydrogenated into 
the amine. The deuterium contents of D1–D3 shown in equations 
1 and 2 are consistent with this hypothesis. H–D exchange with 
the amino proton (NH) of 1a exists during the reaction, and a 
part of H is incorporated in the product 2a. The probable inter-
mediates, α-hydroxy imine and α-amino aldehyde were so labile, 
therefore we could not prepare them as pure compounds. 

Scheme 5 shows a plausible reaction pathway under a D2 at-
mosphere based on the mechanistic experiments and reference 
studies.17 The catalyst precursor 3 and a base give the amide 
complex A(NH) with removal of HCl. A [Ru]D complex 
B(D/D2) formed by H–D exchange is employed among several 
hydride species B. Amino ester 1a reversibly interacts with B 
in an outer sphere fashion (C), forming the [Ru]Dδ—–Cδ+=Oδ—–
Dδ+N partial structure. The MeOδ—–Dδ+N interaction may be in-
corporated in the intermediate. Migration of D– from the [Ru] 
center onto the C=O makes the acetal-oxide structure D, in 
which O– is stabilized by the hydrogen bonding with ArNH and 
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ND.17b The acetal OMe can coordinate to the Lewis acidic [Ru] 
center (E). The enantiomer selection of 1a is performed at the 
step of ester reduction (B to D/E through C) through TS1 as 
depicted in Figure 1b.  Species D or E is the possible resting 
site. The irreversible 1,2-hydride shift of amine α-H with a leav-
ing OMe group forms the highly reactive α-hydroxy imine on 
the [Ru]-OMe species F. The [Ru]D complex interacted by the 
hydroxy imine with the outer sphere mode (I) is obtained 
through the Ru amide species coordinated by MeOD (G) or D2 
(H). The HOδ—–Dδ+N interaction may assist formation of the 
structure. Reduction of the imino group is performed on the Ru 
species J. The transformation from D/E to J is very rapid, and 
the series of hydrogenative/dehydrogenative processes occur at 
the same side of the substrate face. Therefore, the initially se-
lected enantiomer of 1a is reflected in the product configuration. 
The deuterated amino alcohol 2a is replaced by D2, followed by 
heterolytic cleavage of D2, regenerating B(D/D2). The deuter-
ium contents in the product depend on the rate of the H–D ex-
change occurring through the reaction pathway.  

In conclusion, asymmetric hydrogenation of racemic α-
amino esters through DKR was achieved by using a RuCl[(S)-
daipena][(R)-dm-segphos]/tPenONa catalyst system. A small 
amount of the catalyst (typical S/C = 500) promoted the reaction 
(15 atm H2, 25 °C) even under a 5 g-scale condition. A variety 
of β-aryl- and β-heteroaryl-substituted β-aminoethanols was 
obtained in high ee (up to 96%). The R amino alcohol with an 
N-(5-quinolyl) moiety [(R)-PEO], a fluorescent pH probe, was 
obtained by the reaction. The mechanistic studies including 
deuteration experiments suggested that the reaction was not a 
simple ester hydrogenation, but contained a 1,2-hydride shift of 
the α-amino acetalate intermediate into the α-hydroxy imine. 
Then the reduction of the imino compound occurred continu-
ously to afford the β-amino alcohol. The enantiomer-discrimi-
nation of the racemic amino ester was suggested to occur at the 
initial hydride migration from the [Ru]H species to the ester 
carbonyl group of the substrate.  

ASSOCIATED CONTENT  
Data Availability Statement 
The data underlying this study are available in the published article 
and its online Supporting Information. 

Supporting Information 
The Supporting Information is available free of charge on the ACS 
Publications website. 
Full experimental procedures and analytical data (1H, 13C and 19 F 
NMR spectral data; HPLC data; optical rotation data; HRMS and 
X-ray crystallographic data) (PDF and CIF) 

Accession Codes 
CCDC 2215616 and 2215626 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of 
charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 
1EZ, UK; fax: +44 1223 336033. 

AUTHOR INFORMATION 
Corresponding Author 
Takeshi Ohkuma – Division of Applied Chemistry and Frontier 
Chemistry Center, Faculty of Engineering, Hokkaido University, 
Sapporo, Hokkaido, 060-8628, Japan 

orcid.org/0000-0002-5467-3169; Email: ohkuma@eng.ho-
kudai.ac.jp 

Authors 
Hiroki Ishikawa – Takasago International Corporation, Corporate 
Research & Development Division, 1-4-11 Nishi-yawata, 
Hiratsuka City, Kanagawa 254-0073, Japan 
orcid.org/0000-0002-6489-8644 
 
Taiga Yurino – Division of Applied Chemistry and Frontier 
Chemistry Center, Faculty of Engineering, Hokkaido University, 
Sapporo, Hokkaido, 060-8628, Japan 
orcid.org/0000-0002-4158-3463 

Ryo Komatsu – Graduate School of Chemical Sciences and Engi-
neering, Hokkaido University, Sapporo, Hokkaido 060-8628, Ja-
pan 
 
Ming-Yuan Gao – Graduate School of Chemical Sciences and En-
gineering, Hokkaido University, Sapporo, Hokkaido 060-8628, 
Japan 
 
Noriyoshi Arai – Division of Applied Chemistry, Faculty of Engi-
neering, Hokkaido University, Sapporo, Hokkaido, 060-8628, Ja-
pan 
 
Taichiro Touge – Takasago International Corporation, Corporate 
Research & Development Division, 1-4-11 Nishi-yawata, 
Hiratsuka City, Kanagawa 254-0073, Japan 
orcid.org/0000-0002-8783-0335 
 
Kazuhiko Matsumura – Takasago International Corporation, Cor-
porate Research & Development Division, 1-4-11 Nishi-yawata, 
Hiratsuka City, Kanagawa 254-0073, Japan 
 
Notes 
The authors declare no competing financial interest.  
 

ACKNOWLEDGMENTS  
This work was supported by Grants-in-Aid from the Japan Society 
for the Promotion of Science (JSPS) (Nos. 19H02706, 16K17900, 
and 19K15548). We also thank the Instrumental Analysis Support 
Office of the Frontier Chemistry Center for allowing us to conduct 
the NMR analysis. We thank Yoshihiro Yaguchi, Satoru Moriya, 
Akihiro Kawaraya, Kazuhiko Sakaguchi, Yumi Kusano, Ariaki 
Murata, Noriko Yamamoto, Toshiyuki Ohno, and Nao Tamaki at 
Takasago International Corporation for conducting the NMR meas-
urements and the mass spectra, optical rotation and X-ray structural 
analyses, and for their assistance with the experiments. 
 

REFERENCES 
(1) See for example: (a) Okano, A.; Isley, N. A.; Boger, D. L. Total 

Syntheses of Vancomycin-Related Glycopeptide Antibiotics and Key 
Analogues. Chem. Rev. 2017, 117, 11952–11993. (b) Heravi, M. M.; 
Lashaki, T. B.; Fattahi, B.; Zadsirjan, V. Application of Asymmetric 
Sharpless Aminohydroxylation in Total Synthesis of Natural Products 
and Some Synthetic Complex Bio-Active Molecules. RSC Adv. 2018, 
8, 6634–6659. 

(2) (a) Ager, D. J.; Prakash, I.; Schaad, D. R. 1,2-Amino Alcohols 
and Their Heterocyclic Derivatives as Chiral Auxiliaries in Asymmet-
ric Synthesis. Chem. Rev. 1996, 96, 835–875. (b) Fache, F.; Schulz, E.; 
Tommasino, M. L.; Lemaire, M. Nitrogen-Containing Ligands for 
Asymmetric Homogeneous and Heterogeneous Catalysis. Chem. Rev. 
2000, 100, 2159–2231.  



 

(3) Bergmeier, S. C. The Synthesis of Vicinal Amino Alcohols. Tet-
rahedron 2000, 56. 2561–2676. 

(4) Reddy, K. L.; Sharpless, K. B. From Styrene to Enantiopure α-
Arylglycines in Two Steps. J. Am. Chem. Soc. 1998, 120, 1207–1217.  

(5) (a) Hu, X. E. Nucleophilic Ring Opening of Aziridines. Tetrahe-
dron 2004, 60, 2701–2743. (b) Schneider, C. Synthesis of 1,2-Difunc-
tionalized Fine Chemicals through Catalytic, Enantioselective Ring-
Opening Reactions of Epoxide. Synthesis 2006, 3919–3944. (c) Padwa, 
A.; Murphree, S. S. Epoxides and Aziridines-A Mini Review. 
ARKIVOC 2006 (iii), 6–33. (d) Weng, C.; Zhang, H.; Xiong, X.; Lu, 
X.; Zhou, Y. Evolution of Epoxides to Synthesize β-Amino Alcohols. 
Asian J. Chem. 2014, 26, 3761–3768.  

(6) Recent other examples, see: (a) Kano, T.; Shirozu, F.; Maruoka, 
K. Metal-Free Enantioselective Hydroxyamination of Aldehydes with 
Nitrosocarbonyl Compounds Catalyzed by an Axially Chiral Amine. J. 
Am. Chem. Soc. 2013, 135, 18036–18039. (b) Maji, B.; Yamamoto, H. 
Proline-Tetrazole-Catalyzed Enantioselective N-Nitroso Aldol Reac-
tion of Aldehydes with In Situ Generated Nitrosocarbonyl Compounds. 
Angew. Chem. Int. Ed. 2014, 53, 8714–8717. (c) Kavouris, J. A.; Ka-
vouris, K. E.; Wambua, V.; Demerzhan, R.; Moquist, P. N.; Vetticatt, 
M. J.; Schaus, S. E. Chiral amino alcohols via catalytic enantioselective 
Petasis borono-Mannich reactions. ChemRxiv reprint 2020,   
DOI:10.26434/chemrxiv.12479654.v1. 

(7) General review: Werkmeister,	S.;	Junge,	K.;	Beller M. Catalytic 
Hydrogenation of Carboxylic Acid Esters, Amides, and Nitriles with 
Homogeneous Catalysts. Org. Process Res. Dev. 2014, 18, 289−302. 

(8) (a) Studer, M.; Burkhardt, S.; Blaser, H.-U. Catalytic Hydrogena-
tion of Chiral α-Amino and α-Hydroxy Esters at Room Temperature 
with Nishimura Catalyst without Racemization. Adv. Synth. Catal. 
2001, 343, 802–808. (b) Kuriyama, W.; Ino, Y.; Ogata, O.; Sayo, N.; 
Saito, T. A Homogeneous Catalyst for Reduction of Optically Active 
Esters to the Corresponding Chiral Alcohols without Loss of Optical 
Purities. Adv. Synth. Catal. 2010, 352, 92–96. (c) Kuriyama, W.; 
Matsumoto, T.; Ino, Y.; Ogata, O. Novel Ruthenium Carbonyl Com-
plex Having a Tridentate Ligand and Manufacturing Method and Usage 
Therefor. WO2011048727. (d) Widegren, M. B.; Clarke, M. L. Man-
ganese Catalyzed Hydrogenation of Enantiomerically Pure Esters. Org. 
Lett. 2018, 20, 2654–2658.  

(9) Gu, X.-S.; Yu, N.; Yang, X.-H.; Zhu, A.-T.; Xie, J.-H.; Zhou, Q.-
L. Enantioselective Hydrogenation of Racemic α-Arylamino Lactones 
to Chiral Amino Diols with Site-Specificity Modified Chiral Spiro Irid-
ium Catalysts. Org. Lett. 2019, 21, 4111–4115.  

(10) Rasu, L.; John, J. M.; Stephenson, E.; Endean, R.; Kalapugama, 
S.; Clément, R.; Bergens, S. H. Highly Enantioselective Hydrogenation 
of Amides via Dynamic Kinetic Resolution under Low Pressure and 
Room Temperature. J. Am. Chem. Soc. 2017, 139, 3065–3071. 

(11) For the original report, see: Ohkuma, T.; Ooka, H.; Hashiguchi, 
S.; Ikariya, T.; Noyori, R. Practical Enantioselective Hydrogenation of 
Aromatic Ketones. J. Am. Chem. Soc. 1995, 117, 2675–2676.  

(12) Accounts: (a) Noyori, R.; Ohkuma, T. Asymmetric Catalysis by 
Architectural and Functional Molecular Engineering: Practical Chemo- 
and Stereoselective Hydrogenation of Ketones. Angew. Chem. Int. Ed. 
2001, 40, 40–73. (b) Ohkuma, T.; Kurono, N.; Arai, N. Development 
of Asymmetric Reactions Catalyzed by Ruthenium Complexes with 
Two Kinds of Ligands. Bull. Chem. Soc. Jpn. 2019, 92, 475–504. 

(13) (a) Matsumura, K.; Arai, N.; Hori, K.; Saito, T.; Sayo, N.; 
Ohkuma, T. Chiral Ruthenabicyclic Complexes: Precatalysts for Rapid, 
Enantioselective, and Wide-Scope Hydrogenation of Ketones. J. Am. 
Chem. Soc. 2011, 133, 10696–10699. See also: (b) Smith, A. G.; Bio, 
M. M.; Colyer, J. T.; Diker, K.; Gorins, G.; Jones, S. C.; Elipe, M. S.; 
Tedrow, J. S. Walker, S. D.; Caille S. Development of a Robust and 
Highly Selective Ru(II)-Catalyzed Dynamic Kinetic Resolution Used 
to Manufacture AMG 232. Org. Process. Res. Dev. 2020, 24, 1164–
1174. (c) Zippel, C.; Hassan, Z.; Parsa, A. Q.; Hohmann, J.; Bräse, S. 
Multigram-Scale Kinetic Resolution of 4-Acetyl[2.2]Paracyclo-
phane via Ru-Catalyzed Enantioselective Hydrogenation: Accessing 
[2.2]Paracyclophanes with Planar and Central Chirality. Adv. Synth. 
Catal. 2021, 363, 2861–2865. 

(14) Arai, N.; Saruwatari, Y.; Isobe, K.; Ohkuma, T. Asymmetric 
Hydrogenation of Quinoxalines, Benzoxazines, and a Benzothiazine 
Catalyzed by Chiral Ruthenabicyclic Complexes. Adv. Synth. Catal. 
2013, 355, 2769–2774.  

(15) Xie, Y.-S.; Zhang, X.-L.; Xie, K.; Zhao, Y.; Wu, H.; Yang, J. 
Chiral-Aminoquinoline-Based Fluorescent pH Probe with Large 
Stokes Shift for Bioimaging. Spectrochim. Acta A: Mol. Biomol. Spec-
troscopy 2017, 179, 51–57.  

(16) Shen, G.; Liu, H.; Chen, J.; He, Z.; Zhou, Y.; Wang, L.; Luo, 
Y.; Su, Z.; Fan, B. Zinc Salt-catalyzed Reduction of α-Aryl Imino Es-
ters, Dikeones and Phenylacetylenes with Water as Hydrogen Source. 
Org. Biomol. Chem. 2021, 19, 3601–3610.  

(17) (a) Takebayashi, S.; Bergens, S. H. Facile Bifunctional Addi-
tion of Lactones and Esters at Low Temperatures. The First Intermedi-
ates in Lactone/Ester Hydrogenations. Organometallics 2009, 28, 
2349–2351. (b) Otsuka, T.; Ishii, A. Dub, P. A.; Ikariya, T. Practical 
Selective Hydrogenation of α-Fluorinated Esters with Bifunctional Pin-
cer-Type Ruthenium(II) Catalysts Leading to Fluorinated Alcohols or 
Fluoral Hemiacetals. J. Am. Chem. Soc. 2013, 135, 9600–9603. (c) Dub, 
P. A.; Gordon, J. C. The Mechanism of Enantioselective Ketone Re-
duction with Noyori–Ikariya Bifunctional Catalysts. Dalton Trans. 
2016, 45, 6756–6781.  

 


