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Abstract The transition-metal-catalyzed asymmetric transfer hydro-

genation (ATH) and asymmetric hydrogenation (AH) of a- and B-substi-

tuted ketone or imine derivatives are efficient methods for accessing

chiral alcohols or amines bearing up to three stereogenic centers

through a dynamic kinetic resolution (DKR) process. This review pro-

vides a summary of recent work in this field, focusing on the develop-

ment of new catalytic systems and on the extension of these asymmet-

ric reductions to new classes of substrates.
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1 Introduction

Because chirality is present in many natural products,
the importance of asymmetric synthesis is now indubitable,
Moreover, this concept of chirality is directly linked to the
biological activity of drugs. Therefore, discovering and de-
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veloping new asymmetric reactions is of critical impor-
tance to organic synthesis.!

Amongst stereoselective reactions, the asymmetric re-
duction of unsaturated compounds is the most fundamen-
tal means of introducing chirality in organic compounds.?
Two of these transformations, transition-metal-catalyzed
asymmetric hydrogenation (AH)? and asymmetric transfer
hydrogenation (ATH),* are powerful methods of producing
optically enriched compounds, and have been shown to be
useful in large-scale applications for the synthesis of fine
chemicals and pharmaceuticals.” Furthermore, the combi-
nation of both methods with a dynamic kinetic resolution
(DKR) process allows a highly efficient route to chiral com-
pounds bearing two or more stereogenic centers.

In a DKR process, the kinetic resolution step proceeds
with an in situ racemization and consequently the sub-
strate can be totally converted into a single product with a
100% theoretical yield. Therefore, under DKR conditions,
the AH or ATH of a substrate possessing a labile stereocen-
ter allows the enantioselective synthesis of one diastereo-
mer. To achieve efficient DKR, Curtin-Hammett Kinetic
conditions must be fulfilled: the rate of racemization (ki)
of the starting material has to be faster than the rate of the
asymmetric transformation (k; and k,) and one enantiomer
must react faster than the other one (k; > k, or k, > k;). Fur-
thermore, the asymmetric reaction has to be irreversible,
i.e., the product formed during the reaction has to be stable
to avoid any racemization (Scheme 1).

This review updates major advances from 2011 to Feb-
ruary 2016 in the field of transition-metal-catalyzed DKR
using AH and ATH applied to ketones and imines. Several
comprehensive reviews covering this topic have been previ-
ously published.® The structures of the ligands and com-
plexes described in this review are shown in Figure 1 and
Figure 2, respectively.
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2 Asymmetric Hydrogenation via Dynamic
Kinetic Resolution

The first example of asymmetric reduction coupled
with a DKR was reported by Tai in 1979 with the heteroge-
neous hydrogenation of a-substituted-p-keto esters, cata-
lyzed by Raney-Nickel modified by (R,R)-tartaric acid, yield-
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Figure 1

ing the reduced product as a 78:22 syn/anti mixture with a
57% ee for the syn isomer.” In 1989, the pioneering work of
Noyori® and that of Genét and co-workers® led to the first
examples of homogeneous enantioselective ruthenium-
promoted hydrogenations of racemic a-acetamido B-keto
esters via dynamic kinetic resolution using, respectively,
BINAP-Ru(Il) and CHIRAPHOSRu(II) catalysts (Scheme 2).
The hydrogenation reaction of racemic 2-acylamino-3-
oxobutyrate provided the corresponding syn L- and D-thre-
onine derivatives with high levels of enantioselectivity (up
to 98% ee) and diastereoselectivity (syn/anti up to 99:1).
Thereafter, Noyori and co-workers published extensive-
ly on asymmetric hydrogenation via DKR of a-substituted
B-keto esters, including stereochemical models®® and a
mathematical analysis of the kinetics of the DKR, marking
an important breakthrough in this area.’®!! Numerous au-
thors have subsequently made important contributions to
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this field of research and they include, but are not limited
to, asymmetric hydrogenation via DKR of non-activated ke-
tones,'? organocatalyzed DKR!? and enzymatic DKR.4

2.1 o-Substituted Ketones
In 2011, Ohkuma and co-workers reported the asym-

metric hydrogenation of various aryl heterocycloalkyl ke-
tones through DKR using [RuCl,((S)-Binap)((R)-DMAPEN)]

as the catalyst (Scheme 3).'> Under optimized reaction con-
ditions, the corresponding alcohols were efficiently pro-
duced in 95-100% yields with good to excellent diastereose-
lectivities (>99:1) and ee values ranging from 94-99%. The
authors noted that the diastereoselectivity of the reaction
was essentially controlled by the nature of the X group
present on the heterocyclic rings. Specifically, high syn se-
lectivities were obtained for the hydrogenation of ketones
with X = O or X = CH,, whereas high anti selectivities were
observed for substrates having a bulkier NBz or NBoc sub-
stituent. The authors also showed that such a reaction
could be performed with a very low catalyst loading (S/C =
20000) without affecting the catalytic efficiency. This
method was successfully applied to the synthesis of (S,S)-
reboxetine succinate, a selective norepinephrine uptake in-
hibitor.

0 Ho (40 atm) OH
X [RUClx((S)-Binay -DMAPEN)] X :
n(o\, R (( P)(A) ) n«( Y\R
y t-BUOK (20 mol%) —
n=1z2 i-PrOH, 25 °C, 20 h
X =0, CHy (S/C = 200-20000) 95-100% yield
Y = NBz, NBoc, CH, syn/anti > 99:1
R = Ph, 3-CICgHj, 2-thienyl 99% o6
X = NBz, NBoc 95-100% yield

Y =CH, EtO syn/anti > 2:98
R=Ph 94-97% ee
O, OH
o

(S,S)-reboxetine succinate

Scheme 3

In the course of the synthesis of a new glucagon recep-
tor antagonist drug candidate for the treatment of type 2
diabetes, scientists from Merck Research Laboratories de-
veloped, in 2012, a robust and highly efficient route using
an asymmetric hydrogenation reaction combined with DKR
as a key step to install the two adjacent tertiary stereogenic
centers (Scheme 4).'° After intensive experiments, the
RuCl,(S)-xyl-Segphos/(S)-DIAPEN complex was identified as
the optimum catalyst for this transformation giving the tar-
geted reduced alcohol in 94% yield with excellent diastereo-
selectivity (anti/[syn >99:1) and high enantioselectivity
(>98.5%). Furthermore, this reaction was performed effi-
ciently on a multikilogram scale with a relatively low cata-
lyst loading (S/C = 5000).

In 2012, Zhou and co-workers described a highly enan-
tio- and diastereoselective ruthenium-catalyzed hydroge-
nation of racemic a-arylcyclohexanones through DKR by
using a chiral (diamine)(spirodiphosphine)ruthenium(II)
chloride complex as the catalyst (Scheme 5).!7 Under opti-
mized reaction conditions, a series of enantiomerically en-
riched a-arylcyclohexanols was obtained in 68-98% yield
with excellent cis selectivities (cis/trans >99:1) and enan-
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tioselectivities ranging from 57% to 99% by employing
(S,R,R)-CAT1 as a precatalyst. It must be noted, however,
that substrates bearing ortho-substituents afforded prod-
ucts in lower yields and ee values. As shown in Scheme 5,
the usefulness of these enantiopure a-arylcyclohexanols
was also demonstrated by the synthesis of several biologi-
cally active molecules such as (-)-a-lycorane, (-)-CP 55940
and tetrahydrocannabinol derivatives.

O/> Hz (100 atm) />
o (SaR,R)-CAT1
IBuOK
Rt = i PrOH/tquene R-1
' o o} 25-30°C,8h !
(S/C = 1000)

R = 3,4-O(CH,)0, H, 4-Me, 68-98% yield
4-MeO, 4-CF3, 3-Me, 3-MeO, cis/trans > 99:1
2-Me, 2-MeO, 3,4-(MeO),,
3,4-O(CH2)0-5-MeO

p G

57-99% ee

— )-o-lycorane
CeHi1s Me :
Me; (6} CsH11
HO (-)-CP 55940 (-)-AB-THC or (-)-A%-THC
Scheme 5

The same group further extended the above-mentioned
method for the enantioselective synthesis of (-)-galanth-
amine and (-)-lycoramine, two alkaloids that have been
used clinically as selective acetylcholinesterase inhibitors
for the treatment of Alzheimer’s disease (Scheme 6).1% In
this case, the synthetic route featured ruthenium-catalyzed
asymmetric hydrogenation via DKR of a racemic a-aryloxy
cyclic ketone, producing the key chiral B-aryloxy cyclohexa-
nol intermediate in 99% yield with up to 97% ee and >99:1
cis/trans selectivity.

o) H, (100 atm) OH
(Sa,R,R)-CAT1
o o | +BuOK o o |
—_—
E D i-PrOH/toluene E @
o] 25-50°C, 8 h (0]
MeO (S/C = 1000) MeO
99% yield
cis/trans > 99:1
OMe 97% ee
—
—
(-)-galanthamine (-)-lycoramine
Scheme 6

Neolignans are the most abundant natural products
found in several families of plants. These molecules exhibit
a wide range of biological properties and feature a common
2-aryl-2,3-dihydrobenzofuran skeleton. In 2013, Chen and
co-worker developed a concise and straightforward access
to this family of compounds based on the asymmetric hy-
drogenation of racemic ketones under DKR conditions
(Scheme 7).'° A screening of reaction parameters revealed
that the use of 0.1 mol% of [RuCl,((S)-xyl-Segphos)((S)-DIA-
PEN)] as the catalyst in the presence of t-BuOK facilitated
epimerization, resulting in the formation of the chiral car-
binol key intermediate with nearly perfect selectivity
(99.1% ee, >50:1 dr) and excellent yield (95%). This protocol
has been applied to the synthesis of (+)-conocarpan as well
as other members of the neolignan family.

OMe

78\ Ha (100 psi)
(S)-DIAPEN

[RuCly((S)-xyl-Segphos)]

o) t-BuOK (20 mol%)
iPrOH, 25 °C, 8 h
(S/C=1000) Br

= 95% yield
E anti/syn > 50:1
= N7 99.1% ee
— | OH
"0

(+)-conocarpan

Scheme 7

2.2 o-Substituted B-Keto Esters and Amides

Continuing a long-established interest in metal-cata-
lyzed reductions/DKR,%2° our group used the key step of
asymmetric hydrogenation to achieve a short and efficient
total synthesis of the naturally occurring bioactive cera-
mide symbioramide starting from readily accessible race-
mic a-amino and a-amido pB-keto esters (Scheme 8). Appli-
cation of the Ru(II)-SYNPHOS-catalyzed asymmetric hydro-
genation reaction to both racemic a-amino and a-amido -
keto ester derivatives enabled, through a dynamic kinetic
resolution process, the preparation of the corresponding
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anti and syn amino alcohols in high enantio- and diastereo-
selectivities (up to 98% de and 98% ee). This flexible strate-
gy also provided an efficient access to structural isomers of
symbioramide, which were prepared with high asymmetric
inductions.?!

o o [Ru((R)-SYNPHOS)Br,] OH O
H, (60 bar), CH,Cl,
CisHaq OMe CisHay OMe
NHCOPh 80°C, 96 NHCOPh
(8/C=50) 88% yield
synlanti = 99:1
98% ee
o o 1. [Ru((R)-SYNPHOS)Br>] OH O
H, (12 bar), CH,Cl,/MeOH /y\/u\
C1sHaq OMe 50 °C, 24 h (S/C = 50) CisHai . OMe
NHoHCl 2. EtyN, Et,O/MeOH, r.t. NH,
66% yield (2 steps)
OH O antilsyn = 97.5:2.5

J\/U\ 96% ee
C1sHa
oH I oM pa—
NH
C14H29/\/\l(
(0]

symbioramide

Scheme 8

Pioneering work on the hydrogenation of a-amino -
keto ester hydrochlorides associated with a DKR process
was reported in 2004 by Hamada?? and our group.?%dg In
2014, we accomplished the AH/DKR transformation of a-
amino B-keto ester hydrochlorides using a cationic dinucle-
ar iridium(Ill) complex incorporating an in-house-devel-
oped SYNPHOS ligand (Scheme 9).%23 The reaction allowed
for the synthesis of a wide range of enantioenriched anti a-
amino B-hydroxy ester hydrochloride derivatives contain-
ing alkyl, and electron-rich and electron-poor aryl groups.
When subjected to the optimized hydrogenation conditions
using 1.5 mol% of the cationic dinuclear iridium(III) catalyst
[(Ir(H)[(S)-SYNPHOS]),(u-1)5]1 (CAT16)** and NaOAc in ace-
tic acid under 100 bar of hydrogen pressure at 40 °C, excel-
lent anti diastereoselectivities (anti/syn up to 99:1) and en-
antioselectivities (up to 90% ee) were achieved.>

o) 0 H, (100 bar) OH O
[(IF(H)[(S)-SYNPHOS))(u-1)3]l CAT16
R OMe R OMe
NaOAc, AcOH, 40 °C, 24 h
NH2HCI  phcocl, EtgN, CHyCly, 0 °C to Tt NHCOPh
(8/C =66) 58-87% yield
R = Ph, 2-MeCeHq, 3-MeCeHa, antilsyn = 8(;:1y7 to 99:1
4-MeCgHy, 4-MeOCgHy, 4-BrCgHy, 62-90% ee

4-ClICgHy, 4-FCgHy4, 2-thienyl,
cyclohexyl, C1sH34

Scheme 9

We successfully used the ruthenium-catalyzed dynamic
kinetic resolution of racemic o-amino p-keto ester hydro-
chlorides to access the C44-C65 fragment of mirabalin, a
cytotoxic macrolide isolated in 2008 from the marine
sponge, Siliquariaspongia mirabilis (Scheme 10).26 The hy-
drogenation reaction was carried out efficiently under mild

conditions at 50 °C in CH,Cl,/MeOH using 13 bar of hydro-
gen pressure and 1 mol% of the Ru-SYNPHOS catalyst (R)-
CAT17 developed in our group.2*¢ This operationally facile
process, scaled to 25 g, provided a ready access to the N-
protected anti amino alcohol in 92% yield and with high
levels of diastereo- and enantioinduction (97% de, 98% ee).

1. Hp (13 bar), (R)-CAT17

NHz-HCI CH,Cly/MeOH, 50 °C, 24 h NHBoc
OEt (S/C = 200) OEt
2. Boc,0O, NaHCO3

© © EtOH, ))), r.t., 4 h OH ©
92% yield
97% de, 98% ee

¢
QR

H oTBS
H H :

\

COzMe
OTBSO o

C44-C65 fragment of mirabalin

Scheme 10

Because serotonin norepinephrine reuptake inhibitors
(SNRIs) have demonstrated efficiency in the treatment of
pain, researchers from Eli Lilly established a stereoselective
route to access pyrrolidine ether SNRIs based on enantio-
and diastereoselective DKR/hydrogenation of a B-keto-y-
lactam derivative (Scheme 11).27 A catalyst structure evalu-
ation showed that high stereoinductions (96% ee, 94% de)
were obtained using the [Ru(OAc),((S)-tol-BINAP)] complex
in isopropanol compared to ethanol or methanol with cata-
lytic amounts of HCI (6 mol%) and LiCl (1 mol%) to increase
the reactivity of the catalytic system. Interestingly, studies
using online NMR and HPLC revealed that one enantiomer
of the racemic B-keto-y-lactam was hydrogenating faster
than the interconversion between the enantiomers.

o H, (70-85 psi) HO
[Ru(OAc),((S)-Ar-BINAP)] H
Ar = CgHs, 4-MeCgHy, 3,5-MexCgH3
0 MeOH, EtOH or -PrOH, 65 °C, 16 h 0
gn no additive, HCI or LiCl B

(S/C =280) conv = 0-97.5%

8.8 10 98.4% de
OMe 4.5-98.4% ee
N
7\

— o

e
N o pyrrolidinyl ether serotonin
H

norepinephrine reuptake inhibitor
(SNRI)

Scheme 11

Zhang and co-workers described the enantio- and dia-
stereoselective synthesis of B’~-hydroxy-B-amino acids using
in situ generated [RuCl,(p-cymene)],—(S)-SunPhos as the
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catalyst for the asymmetric hydrogenation of fB’-keto-f-
amino esters through DKR (Scheme 12).28 The highest levels
of diastereo- (up to 98% de) and enantioinduction (up to
99.9% ee) were obtained using dichloromethane/2,2,2-tri-
fluoroethanol (TFE) or 1,2-dichloroethane/TFE combina-
tions as solvents. The authors showed that the use of
[RuCl,(p-cymene)],—(S)-SunPhos in these solvent mixtures
was more efficient than [Rul,(p-cymene)], associated with
common diphosphine ligands in CH,Cl,/MeOH or
CH,Cl,/EtOH.

Hy (50 bar)

(0] (0] OH O
[RuCly(p-cymene)]o—(S)-SunPhos
OR! OR!
R CHClo/TFE (3/1) Re
\N \/ 70°C,20 h N (
H o (S/C = 100) H o

syn/anti up to >99:1
up t0 99.9% ee

R' = Et, CH,CFa, i-Pr
R? = OBn, p-Tol

Scheme 12

2.3 o-Substituted B-Keto Phosphonates and Sul-
fones

Because of their prevalence in bioorganic and medicinal
chemistry, and owing to their unique biological activities as
well as their potential uses as peptide mimics, chiral B-hy-
droxy a-amino phosphonates have received considerable
attention in recent years. In 2013, Zhang and co-workers re-
ported a convenient and general protocol for the synthesis
of these compounds through Ru-catalyzed hydrogenation
of a-amido B-keto phosphonates via DKR (Scheme 13).2° By
using [RuCl(benzene)(S)-SunPhos]Cl as the catalyst, excel-
lent levels of stereoselectivity were observed for the corre-
sponding syn-a-amido B-hydroxy phosphonates (up to 99:1
syn/anti, up to 99.8% ee). The authors demonstrated the
crucial role of additives in the stereochemical outcome of
the reaction, because a dramatic increase of both dr and ee
was observed after the addition of CeCl;-7H,0.

Ho (10 bar)
0 ICI) [RuCl(benzene)(S)-SunPhos]ClI OH ICI)
CeClz-7H,0 :
R P(OMe), RSN P(OMe),
NHR2 MeOH, 50 °C, 24 h NHR2

(S/C =100)
R' = Ph, 2-MeCgHy, 3-MeCgHa,
4-MeCgHy4, 4-MeOCgH4, 4-FCgH4,
4-ClCgH4, 4-BrCegHg, 4-CF3CgH4,
2-furyl, Me, Et, i-Pr, Bn
R? = Ac, Cbz, PhCO

68-85% yield
syn/anti = 55:45 to 99:1
91.7-99.8% ee

Scheme 13

The same group disclosed the asymmetric hydrogena-
tion of a-substituted B-keto phosphonates in the presence
of [RuCl(benzene)(S)-SunPhos]Cl as the catalyst (Scheme
14).3° The corresponding syn-B-hydroxy phosphonates

were obtained with excellent diastereo- and enantioselec-
tivities (up to 96:4 syn/anti, up to >99.8% ee) under opti-
mized reaction conditions.

0 o Hy (10 bar) OH O
1] > [RuCl(benzene)(S)-SunPhos]ClI B 1] 5
P(OR?), _~_P(OR%),
MeOH, 50 °C,19 h H
R! R
(S/C = 200)
R' = Me, Et, Br > 99% conv.
R? = Me, Et syn/anti = 94:6 to 96:4

98.6-99.8% ee

Scheme 14

In 2013, Wang and co-workers depicted a cascade
asymmetric hydrogenation/DKR of racemic cyclic B-keto
sulfonamides and -keto sulfones derived from a-indanone
or a-tetralone (Scheme 15).3! The reaction was performed
using 0.4 mol% of the cationic complex [Ru(OTf)(p-cy-
mene)((R,R)-TsDPEN)] [(R,R)-CAT3] in methanol at room
temperature under 40 atmospheres of hydrogen pressure to
deliver the corresponding cis-B-hydroxy sulfonamides and
B-hydroxy sulfones in high yields (92-97%), with excellent
enantioselectivities (98%) and very high diastereoselectivi-
ties (cis/trans >99:1).

) H, (40 atm) OH
X Q (R.R)-CAT3 R
| _ PR MeoH, 24h 1t ©;> R
n O (S/C = 250) n O
n=1,2 92-97% yield

cis/trans > 99:1

R = Ph, 4-CICgH,-NH 98% o6

Scheme 15
2.4 o,u'-Disubstituted Cyclic Ketones

Zhou, Xie and co-workers developed a strategy for the
highly enantioselective ruthenium-catalyzed hydrogena-
tion of racemic a,o’-disubstituted cyclic ketones through
DKR for the synthesis of chiral diols bearing three contigu-
ous stereocenters (Scheme 16).32 The reduction of a-
ethoxycarbonyl-alkyl-a’-arylcyclic ketones catalyzed by
(S,,R,R)-CAT1 at room temperature under 50 atmospheres
of hydrogen pressure delivered the corresponding chiral di-
ols in high yields with excellent cis,cis selectivities
(cis,cis/cis,trans >99:1) and enantioselectivities (up to 99.9%
ee), with the ester group being hydrogenated in the pro-
cess. The size of the cyclic ketone strongly affected the en-
antioselectivity of the reaction, because only moderate en-
antioselectivity (75% ee) was observed with a five-mem-
bered ring, whereas six- and seven-membered rings
afforded high ee values. The authors showed that both the
aryl and ester groups were necessary to achieve high enan-
tioselectivity. In addition, this highly efficient strategy was
used for the enantioselective total synthesis of (+)-y-lycor-
ane.
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o Ho (50 atm) OH OH

COzEt  (S,R R)-CAT1
0 LN
t-BUOK, i-PrOH
hn 25-30 °C, 50 h hn

n=1-3;m=1-2 (S/C = 1000) 86-98% yield

Ar = Ph, 4-MeCgH,4, 4-MeOCgHy,, cis,cis/cis, trans >99:1
4-CICgH4, 3-MeCgHy, 2-MeCgHy, 75-99.9% ee
3,4-(MeO),CeHg

OEt  H, (50 atm), (S,,R,R)-CAT1

t-BuOK, i-PrOH, 25-30 °C, 50 h

(S/C = 500)
OH
o oH 0 N
—
< —=
O o)
93% yield (+)-y-lycorane

99.9% ee
cis,cis/cis,trans >99:1

Scheme 16
2.5 «a,B-Disubstituted Cyclic Ketones

In 2016, Zhou, Xie and co-workers reported the enantio-
selective total synthesis of (-)-hamigeran B and (-)-4-bro-
mohamigeran B.33 The key feature of this approach relied on
the construction of the chiral cyclopentanol moiety having
three contiguous stereocenters by using a highly efficient
iridium-catalyzed asymmetric hydrogenation of a racemic
ketone via DKR (Scheme 17). Optimization of the reaction
conditions revealed that the chiral iridium complex (R)-
CAT2, bearing a spiropyridine-aminophosphine ligand, was
the catalyst of choice for the asymmetric hydrogenation of
racemic trans-2-(3-methoxy-2,5-dimethylphenyl)-3-
(ethoxycarbonyl)cyclopentanone, providing the targeted
cyclopentanol in excellent yield (97%), and with high enan-
tioselectivity (99% ee) and nearly perfect trans selectivity
(trans/cis >99:1).

Me Me
Ho (8 atm)
(R)-CAT2
OMe > OMe
Q tBuok, EtoH  HQ
rt.,20h \
Me (S/C = 1000) O\ Me
COOEt

97% yield
trans/cis > 99:1
99% ee

(-)-hamigeran B (R = H)
(-)-4-bromohamigeran B (R = Br)

Scheme 17

2.6 Imine Derivatives

The reduction of heteroarenes* is still a long-standing
challenge in the field of asymmetric reduction and several
examples involving DKR can be found in the literature.

In 2012, Zhou and co-workers disclosed the enantiose-
lective hydrogenation of 3,4-disubstituted isoquinolines us-
ing [Ir(cod)Cl],/(R)-SYNPHOS as the catalyst and 1-bromo-
3-chloro-5,5-dimethylhydantoin (BCDMH) as an additive
(Scheme 18).3> This method afforded chiral 3,4-disubstitut-
ed tetrahydroisoquinolines with excellent diastereoselec-
tivities (dr >20:1) and enantioselectivities up to 96%. Differ-
ent control experiments showed that the reaction proceed-
ed via a DKR process involving an imine-enamine
tautomerization.

2

Hs (40 psi) R?
Rr'  [Ir(cod)Cll, (R)-Synphos R!
ot ST BCDMH s X
AN toluene, 70 °C, 24 h K/ NH
(S/C = 100)

R' = Me, Et, nPr, nBu, iPr, Ph
R? = CO;Me, CO,Bn, CO,Bu,
COLEt, Me, Et

R3 = 4-F, 3,4-dioxole

> 95% conv
syn/anti > 20:1
64-96% ee

Scheme 18

3 Asymmetric Transfer Hydrogenation via
Dynamic Kinetic Resolution

Historically, the first example of a catalytic ATH was re-
ported in 1950 by Doering,?¢ who described an asymmetric
version of the Meerwein-Ponndorf-Verley (MPV) reduction
of ketones catalyzed by rac-aluminum alkoxides in the
presence of (S)-2-butanol as a hydrogen donor to give the
corresponding chiral alcohols with ee values of 5.9-22%.
However, a major breakthrough occurred in 1995, when
Noyori, Ikariya and co-workers®” designed a conceptually
new Ru(ll)-arene catalyst bearing N-sulfonylated 1,2-di-
amines or amino alcohols as chiral ligands for highly effi-
cient ATH of ketones and imines. After this milestone dis-
covery, intense efforts were devoted by the synthetic com-
munity for the development of new highly efficient catalyst
systems in both academia and industry. ATH is now recog-
nized as one of the most powerful and versatile tools for
synthesizing chiral alcohols and amines, because of its op-
erational simplicity, wide substrate scope and high selectiv-
ity. Of particular interest is the application of ATHs under
DKR conditions that allow highly enantioselective synthe-
ses of chiral alcohols and amines containing two or more
stereogenic centers, the first examples of which were re-
ported by the groups of Knochel®® and Noyori.>®
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3.1 a-Substituted B-Diketones and Ketones

In 2011, Zhang and co-workers achieved a practical and
highly stereoselective synthesis of 2-aroyl-1-tetralones us-
ing [RuCly(p-cymene)], in combination with (1§,25)-Ts-
DPEN and HCO,H/Et;N as the hydrogen source (Scheme
19).40 The ATH/DKR reaction using the (S,5)-CAT4 complex
was applied to a series of diversely substituted 2-aroyl-1-
tetralones to provide the corresponding alcohols in good
yields (up to 85%) and asymmetric inductions (up to 99% ee,
>99:1 dr). No conversion was observed with ortho-substi-
tuted phenyl groups. The authors showed that the steric ef-
fect and the rigidity of the fused ring system played a cru-
cial role in the stereochemical outcome of the reaction be-
cause significantly lower stereoselectivities (50% ee, 72:28
dr) were obtained with a cyclohexyl diketone derivative.

6 0 S5,5)-CAT4 OH O

(S.5)
HCO,H/Et3N (5:2)
Ar > Ar
dioxane, 50 °C
(S/C = 40)

Ar = Ph, 4-MeCgHy, 3-MeCgHa, 4-MeOCgHy4, 67-85% yield
3-MeOCgHy, 4-CICgHa, 4-BrCgHa, 4-ICgHy, syn/anti = 92:8 to >99:1
4-FCgHj, 2-thienyl, 2-naphthyl 93-99% ee

Scheme 19

Omarigliptin is a long-acting DPP-4 inhibitor for the
treatment of type 2 diabetes. In 2015, scientists from Merck
Research Laboratories developed a synthetic route to this
important pharmaceutical drug that was amenable to mul-
tikilogram-scale production. One of the reactions featured
in this process relied on the use of a Ru-catalyzed DKR re-
duction of a racemic N-Boc-a-substituted ketone to provide
the desired anti-1,2-amino alcohol bearing two of the three
stereogenic centers (Scheme 20).4' The best results were
obtained with 0.1 mol% of the oxo-tethered [RuCI((R,R)-Ts-
DENEB)] complex [(R,R)-CAT10] as the catalyst, five equiva-
lents of an azeotropic mixture of formic acid/triethylamine
(5:2) as the hydrogen source, and three equivalents of
DABCO. Under these optimized reaction conditions, the key
chiral 1,2-amino alcohol intermediate was obtained in 93%
yield with high anti selectivity (anti/syn = 96:4) and nearly
perfect enantioselectivity (99% ee). In this transformation,
it was found that removal of generated CO, (by purging
with N,) during the course of the reaction was essential for
achieving high catalytic efficiency.

3.2 o-Substituted B-Keto Esters, Amides and Phos-
phonates

Chiral B-hydroxy-a-amino acid derivatives with an anti
configuration are important structural motifs found in a
wide variety of biologically active and natural products.
Many stereoselective approaches to prepare such building
blocks have been reported in the literature,? from which

BocHN BocHN
(R,R)-CAT10
HCO,H/EtsN (5:2)
DABCO (3 equiv) :
THF, 50 °C 24h

(S/C = 1000)
93% yleld
anti'syn = 96:4
99% ee
e I
omarigliptin

Scheme 20

AH and ATH of a-substituted-pB-keto esters, amides and
phosphonates are undoubtedly among the most elegant
and powerful methods.

In 2011, Liu, Shultz and co-workers from Merck Re-
search Laboratories succeeded in developing a practical and
highly stereoselective synthesis of anti aryl B-hydroxy a-
amino esters using [RuCl(p-cymene)((R,R)-CgFsSO,DPEN)]
complex [(R,R)-CAT7] and HCO,H/Et;N (5:2) as the hydro-
gen source, with slow addition of formic acid (42:1 dr, 91%
ee) in dichloromethane for 13-17 hours (Scheme 21).43
Careful investigations demonstrated that the combination
of an electron-deficient perfluorinated ligand with slow ad-
dition of formic acid over five hours was critical to control
the stereochemical outcome of the reaction because a sig-
nificantly lower enantioselectivity (73% ee) was obtained
by using directly the HCO,H/Et;N (5:2) azeotropic mixture.
These optimized DKR transfer reaction conditions were ap-
plied to a series of diversely substituted aryl B-keto a-ami-
no esters bearing both electron-donating and electron-
withdrawing substituents on the aromatic ring. A variety of
functional groups were tolerated, and the corresponding
anti alcohols were obtained in good yields (up to 99%) and
high stereoselectivities (up to >97% ee, >99:1 dr). The abso-
lute stereochemistry of the desired anti products was as-
signed unambiguously by chemical derivatization and vi-
brational circular dichroism spectroscopy.

o o0 (R,R)-CAT7 OH O

HCO,H/EtsN (5:2) :
R! OR3® R! OR3
CHaClp, 35 °C, 13-17 h
NHR?

2
NHR (S/C = 66)
R' = Ph, 3-MeOCgHa, 3-MeCgHa, 2-furyl 1780—99;/"13/:9"’99 .
anti/syn = 6:1 10 >99:
3-CF3CgHa, 4-CICgH4, 3,4-(MeO),CeHa, }7’2_97% o
R? = Boc, Cbz; R® = Me, Et

Scheme 21

Somfai and co-workers later described a procedure al-
lowing access to the anti diastereomers using complex
(5,5)-CAT11 obtained from [RuCly(benzene)], and (S,S)-
BnDPAE L5 as the ligand, in the presence of HCO,H/Et;N as
the hydrogen source. The reaction proceeded mainly in ex-
cellent diastereoselectivities (anti/syn >99:1) and enantio-
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selectivities (up to 98% ee) for aryl ketone derivatives in 5-7
days using 10 mol% of the ruthenium catalyst in isopropa-
nol (Scheme 22).4

o 9 OH O
(5,9-CAT11 =
e ort HOOHEWN®2 A\ or?
\ NHBoc FPIOH, r.t, 5-7d {2 NHBoc
(S/C=10)

R = H, 2-OMe, 2-Br, 4-F,
4-Br, 3-Br, 3-Cl, 3,4-(OMe),
R? = Me, Et

69-95% yield
anti'syn > 99:1
32-98% ee

Scheme 22

The same group disclosed a water-CH,Cl, emulsion-
based method for the construction of anti-B-hydroxy o-
amido esters through ATH/DKR (Scheme 23).4 In the pres-
ence of the preformed catalyst, (S,5)-CAT9, sodium formate
as the reducing agent and tetrabutylammonium iodide, the
reduction of a-amido B-keto esters proceeded with high
diastereo- and enantioselectivities (anti/syn up to 95:5, up
to 98% ee) using a lower catalyst loading (S/C = 33) than
previously, and within shorter reaction times (3-5 days).
Moreover, the emulsion conditions provided a significantly
broader reaction scope, including aryl-, heteroaryl-, alke-
nyl-, and even alkyl-substituted a-amido B-keto esters.

o 9 (S,5)-CAT9, HCO,Na, TBAI OH @
R’ OR®  H,0, CHxClp, -5°Ctort,3-5d R OR®
fHR2 (SIC = 33) NHR?

R = Ph, 2-MeOCgHg4, 4-FCgHa,
3-ClICgH4, naphthyl, 2-thienyl, +-Bu,
1-cyclohexenyl, cyclohexyl, Et

R?2 = Boc, Cbz

RS = Me, Et

79-97% vyield
anti/syn up to >95:5
76-98% ee

Scheme 23

Somfai and co-workers then investigated the same reac-
tion in water, obviating the need for an organic solvent, by
employing a neutral surfactant, Tween 20 [polyoxyethylene
(20) sorbitan monolaurate] to overcome solubility issues.
The procedure gave generally high yields (68-85%), diaste-
reoselectivities (anti/syn up to 23:1) and enantioselectivi-
ties (up to 96% ee) for a broad range of substrates (Scheme
24)46

o o (5,5)-CAT9 oH O
Tween 20, HCOyNa :
R' oOR®R ——————> R OR®
) Hs0, ., 72 h |
NHR (S/C = 33)

R = Ph, 4-FCgHg4, 4-BrCgH,, 3-BrCgHy,
2-MeOCgHyg, 3,4-(MeO),CgHgz, 2-thienyl,
t-Bu, 1-cyclohexenyl, cyclohexyl

R? = Boc, Cbz; R® = Me, Et

68-85% yield
antil'syn = 7:1 to 23:1
78-96% ee

Scheme 24

In 2015, our group developed an efficient, flexible and
atom-economical synthesis of the four stereoisomers of (+)-
(1R,2R)-thiamphenicol, used for its antibacterial activities
against several Gram-positive and Gram-negative microor-
ganisms, through both AH/DKR and ATH/DKR processes us-
ing a racemic a-amido B-keto ester (Scheme 25).#’ The ru-
thenium-catalyzed asymmetric hydrogenation reaction
was carried out under 120 bar of hydrogen pressure at
50 °C using in-house in situ generated Ru(Il)-SYNPHOS?3¢ as
the best catalyst, furnished the corresponding (2S,3R)- and
(2R,3S)-syn-alcohols in high yields and stereoselectivities
(syn/anti >99/1, 90% ee). Alternatively, asymmetric transfer
hydrogenation employing the [RuCl(r®-mesitylene)((S,S)-
TsDPEN)] complex, (S,S)- or (R,R)-CAT9 and HCO,H/Et;N
(5:2) as the hydrogen source provided, at 50 °C, the anti-
(2R,3R)- and (2S,3S)-isomers, respectively, in 77% and 95%
isolated yields and in high diastereo- and enantioselectivi-
ties (anti/syn = 97:3, up to 94% ee). The complementarity of
these reduction methods was demonstrated through the
practical access to all the syn and anti stereoisomers of thi-

amphenicol.
o o
OEt
NHCOCHCI,
eS

Hy (120 bar)
[Ru(cod)(n3-methylallyl)]
(R)- or (5)-L10, aq HBr
CHaCly/EtOH, 50 °C, 48 h

(R.A)- or (S,5)-CAT9
HCOLH/EtsN (5:2)
Et,0, 50 °C, 1.5-3 h

(S/C = 100)
(S/C =33)
OH O
| = Y~ TOEt
NHCOCHCIQ = NHCOCHCI,
(25,3R) (2R,39) (2R 3R) (25,39)
69% yield or 75% yield 77% yield or 95% yield

syn/anti > 99:1 syn/anti > 99:1 antilsyn = 97:3 antil'syn = 97:3
90% ee 90% ee 92% ee 94% ee

I NHCOCHCI2
MeO,S

(+)-(1R,2R)-thiamphenicol

Scheme 25

We also focused our attention on the first asymmetric
transfer hydrogenation of racemic a-amino B-keto ester hy-
drochlorides (Scheme 26).#® The ruthenium-tethered com-
plex (S,5)-CAT12, combined with ammonium formate as
the hydrogen source, delivered the corresponding anti alco-
hols in good yields (up to 90%), diastereo- and enantioselec-
tivities (anti/syn up to 83:17, up to 99% ee) through a DKR
process. The operational utility of this ATH was applied to
various a-amino B-keto ester hydrochlorides containing
both electron-rich and electron-poor aryl groups on the ke-
tone functional group. Interestingly, heteroaromatic com-
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pounds underwent the desired reduction in good yields (up
to 79%) affording predominantly the syn isomers with ex-
cellent enantioselectivities (>98% ee), albeit with moderate
diastereoselectivities (syn/anti up to 68:32).

0 0 (S5,5)-CAT12 OH O
HCO,NH, :
R M > R M
OMe \1ecN, 40°C, 4 h OMe
NH-HCI PhCOCI, EtsN, CH,Cl, NHCOPh

(S/C = 50)

R = Ph, 4-MeCgHj, 3-MeCgHy,
4-MeOCgHg, 4-BrCgHy, 4-CICgH4,
4-FCgHy, 2-thienyl, 2-furyl, 2-naphthyl

66-90% yield
anti/'syn = 41:59 to 83:17
86-99% ee

Scheme 26

Enantiomerically enriched 2-chloro-3-hydroxy esters
are key intermediates of several products of medicinal in-
terest. Zhang and co-workers outlined a new stereoselec-
tive route to syn-2-chloro-3-hydroxy esters using ATH com-
bined with a DKR process (Scheme 27).4° A range of 2-
chloro-3-oxo esters was smoothly reduced at room tem-
perature using (S,S)-CAT4 complex and HCO,H/Et;N in di-
chloromethane. Moderate to good yields (up to 85%) were
observed with good diastereo- and enantioselectivities
(syn/anti up to 88:12, 59-98% ee).

o o (5,5)-CAT4 OH O
Jk{[k HCO,H/EtsN (5:2)
R! OR? - . > R! OR?
CHyClp, rt., 12h
cl (S/C = 80) cl

50-85% yield
syn/anti = 51:49 to 88:12
59-98% ee

R' = Ph, 4-MeOCgH,, 4-FCgH4, 4-BrC¢Hy,
2-MeCgHy4, 3-MeCgHy4, 1-naphthyl,
2,4-Cl,CgHg, 2-thienyl, 2-furyl

R? = Me, Et

Scheme 27

In their investigation of the ATH of functionalized acety-
lenic ketones and diketones using the azeotropic mixture of
HCO,H/Et;N in combination with complexes (R,R)-CAT4 or
(R,R)-CAT12, Wills and Fang observed an efficient dynamic
kinetic resolution with the o-methylated derivatives
(Scheme 28).°% In all cases, the syn product was favored, and
the reduction proceeded in high yields (76-99%) with high
diastereo- and enantioselectivities (syn/anti up to 31:1, 98-
99% ee).

(RR)-CAT4
o o or (R,R)-CAT12 OH O
HCOLH/ELN (5:2) :
o) Be——— - “OEt
A CHClp,rt, 480 Z H
R Me (S/C = 30-200) e

R = Ph, n-Bu, (CH,),0Bn,
C(Me),0Bn

76-99% yield
syn/anti=11:1 to 31:1
98-99% ee

Scheme 28

Differentiated syn-1,2-diol derivatives are very useful
building blocks in organic synthesis and important syn-
thons in natural product synthesis. Our group documented
the first direct enantio- and diastereoselective Rh(IIl)->! and
Ru(Il)-promoted asymmetric hydrogen transfer of racemic
a-alkoxy B-keto esters in dichloromethane at 30 °C using
HCO,H/Et;N (5:2).>2 This novel strategy had a broad scope
and accommodated a wide range of electronically diverse
a-alkoxy B-keto esters containing aryl-, alkenyl-, alkynyl-
and alkyl-substituted ketones under mild reaction condi-
tions, providing the corresponding a-alkoxy B-hydroxy es-
ters with excellent levels of efficiency and stereocontrol
(syn/anti up to 99:1, up to 99% ee) (Scheme 29). To high-
light the value of this new ATH/DKR transformation, a short
synthetic route to a key intermediate of AZ-242 Tesaglita-
zar, which exhibits type II antidiabetic properties, was de-
veloped.

o) o) (S,S5)-CAT9 or (S,5)-CAT14 OH O
HCO,H/NEt; (5:2)
R‘MOMe R‘J\HJ\OMe
Sre CHCl,, 30 °C, 20 h OR?
(S/C = 200)

80-100% conv

R' = alkyl, aryl, (hetero)aryl, alkenyl, alkynyl
v, an, ¢ Jary y yny syn/anti = 70:30 to 99:1

R? = Me, Et, Bn, PMB

OMs 74-99% ee
o
0]
OEt
OFt - OH
HO ( OEt
20

key intermediate AZ-242 Tesaglitazar

Scheme 29

In 2016, Mohar and co-workers achieved the synthesis
of several new enantiopure 3-(a-aminobenzyl)-benzo-y-
sultam ligands, which are five-membered cyclic Ts-DPEN
analogues. The authors demonstrated that their compounds
were excellent ligands in Ru-mediated asymmetric transfer
hydrogenation of ketones using triethylammonium formate
as a hydride donor (Scheme 30).>3 In particular, it was found
that the use of the in situ generated catalyst (R,R)-CAT5, ob-
tained from [RuCl,(p-cymene)], as the ruthenium source,
and (3R,1'S)-L4 as the chiral diamine ligand, in dichlo-
roethane at 40 °C, smoothly converted racemic 2- or 3-
methoxycarbonyl-1-indanones into the corresponding chi-
ral alcohols with near-perfect enantioselectivities (up to
>99% ee) and good to excellent cis diastereoselectivities
(cis/trans ranging from 95:5 to 97:3). Similar results were
obtained with 2-methoxycarbonyl-a-tetralone (99% ee,
cis/trans = 98:2), whereas no diastereoselectivity was ob-
served for the reduction of 3- and 4-methoxycarbonyl-a-te-
tralones (cis/trans = 50:50), while maintaining excellent en-
antioselectivities (>99% ee).

Lee and co-worker showed that ATH/DKR of 2-benzo-
ylmorpholinones proceeded efficiently to give the corre-
sponding (2R,3S)- or (2S,3R)-2-(hydroxyphenylmeth-
yl)morpholin-3-ones with an excellent level of diastereo-
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O (R,R)-CAT5 OH
HCOLH/EtN (5:2) :
) — )
& " (CH,Cl)p, 40 °C, 3-6 h (:Q n
COOMe COOMe

(S/C = 100-200)
n=1 cis/trans = 95:5 to 97:3
> 99% ee, 100% conv.

n=2 cis/trans = 50:50 to 98:2

> 99% ee, > 99% conv.

Scheme 30

and enantioselectivity (anti/syn up to 99:1, 95-99% ee) us-
ing 0.5 mol% of the ruthenium complex (R,R)-CAT9 and
HCO,H/Et;N (5:2) azeotropic mixture as the hydrogen
source (Scheme 31).>* In addition, this process was em-
ployed to prepare all four stereoisomers of the antidepres-
sant, reboxetine.

0
o (R.R)-CAT9
[ | N HCOLH/EtsN (1:5) [
—_—
NN NNy CHiCl, 35°C,3h
Bn (S/C = 200)

X =H, Me, Cl, OMe 90-98% yield

anti/'syn = 96:4 to 99:1
95-99% ee

Bn
(S,S)-reboxetine

Scheme 31

In 2015, Kumaraswamy and co-workers used a Ru(Il)-
promoted asymmetric transfer hydrogenation of an a-
methylated B-keto Weinreb amide coupled with a DKR pro-
cess in their approach to the potent antifungal and cytotox-
ic agent (+)-crocacin C. This process provided the key syn
configuration of the stereotetrad motif (Scheme 32).> Ini-
tially, the reaction was performed at 50 °C in dichlorometh-
ane using the 18-electron complex [RuCl(p-cymene)((R,R)-
TsDPEN)] [(R,R)-CAT4] with a substrate to catalyst ratio of
33 in the presence of HCO,H/Et;N (5:2) azeotropic mixture
as the hydrogen source. Under these conditions, the enan-
tioenriched acetylenic a-methylated B-hydroxy Weinreb
amide was obtained in 60% yield, 92% ee, and good diaste-
reoselectivity (syn/anti = 92:8). Interestingly, it was found
that a better catalytic activity (94% yield, 98% ee and
syn/anti = 94:6) could be obtained at a lower catalyst load-
ing (S/C =100) by using the isolated 16-electron Ru-TsDPEN
amido complex (R,R)-CATS.

The same group exploited the ATH/DKR reaction for the
synthesis of a range of §/y-alkoxy-B-hydroxy-a-alkyl-sub-
stituted Weinreb amides (Scheme 33).°5 Careful examina-
tions demonstrated that the presence of 8- or y-benzyloxy
or alkoxy substituents was essential for the reaction to pro-
ceed. The reduction was performed employing 1 mol% of

o] 0] l (R,R)-CAT8 OH O [
HCOLH/EtsN (5:2) -
N/O T N/O
on a | CHyCly, 50 °C, 24 h = |
_ Ph -
(8/C =100) 94% yield
syn/anti = 94:6
OH OH o) 98% ee
= Y : Y NN NHy
crocacin C

Scheme 32

the preformed complex, [Ru(p-cymene)((R,R)-TsDPEN)]
[(R,R)-CATS8], in 2-propanol at 55 °C with 10 mol% of K,CO,
delivering the expected syn alcohols with high stereoinduc-
tions (syn/anti up to 95:5, up to 98% ee). This key transfor-
mation could be scaled to 10 g and was applied to the
preparation of an advanced intermediate of (-)-brevis-
amide.

o o
u o (FRAI-CATS, PrOH OH O
e —— > OMe

1 - /

R N K2COs, 55 °C, 24 h R‘J\fu\hll
R2 (S/C = 100) R2
' = CH,OBn, (CH),0Bhn, 75-95% yield
CH,CH=CH, OCH,CH=CH syn/anti = 70:30 to 95:5

R2 = Me, CH,CH=CH 65-98% ee

“, OH
— o N
— AV X o \n/
H H
o]

(-)-brevisamide

Scheme 33

Lee and co-worker described a general protocol for the
ATH of a wide range of racemic 2-substituted a-alkoxy B-
keto phosphonates employing a HCO,H/Et;N (1:5) azeo-
tropic mixture as the hydrogen source and solvent, along
with the well-defined chiral catalyst (R,R)-CAT9 (Scheme
34)57 The corresponding syn monohydroxy-protected 2-
aryl-, 2-heteroaryl-, 2-alkyl-, and 2-alkenyl-substituted 1,2-
dihydroxy phosphonates were produced in high yields (95—
99%) and mainly excellent diastereo- and enantioselectivi-
ties (syn/anti up to 99:1, up to 99% ee).

(R,R)-CAT9
I HCOZH/EtsN (1:5 H Il
o PRy, ~_HCOMELN(S) i~ PIORY)
0.3M,35°C,2-6h H

OR? (SIC = 200) OR?
R' = alkyl, (hetero)aryl, alkenyl 95-99% vyield
R2 = Me, Bn synl/anti = 60:40 to 99:1
R3 = Me, Et 44-99% ee

Scheme 34

Zhang and co-workers related the DKR of cyclic o-te-
tralone and a-indanone derivatives (Scheme 35). The ATH
of the corresponding B-ketosulfonamides proceeded under
mild reaction conditions in dioxane at room temperature
with high ee (98%) and dr values (>99:1 dr) using (S,5)-CAT4
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as the catalyst and HCO,H/Et;N (5:2) as the hydrogen do-
nor.>8

o o (S,5)-CAT4 OH o
N HCO,H/EtsN (5:2) X, T
©j:§7ﬁ—NHAr d4> (ﬂS—NHAr
n o ioxane, r.t., 24 h = n 8
(S/C =100)

n =1, 88% yield, dr > 99:1, 98% ee
n =2, 91% yield, dr > 99:1, 99% ee

Ar = 4-CICgH,

Scheme 35

The ATH of N-benzyl-5-acetyluracil was investigated by
Wills and co-workers with the ruthenium catalysts (R,R)-
CAT12 and (S,S)-CAT12 in HCO,H/Et;N (5:2) (Scheme 36).5°
Interestingly, the use of catalyst (R,R)-CAT12 resulted in the
formation of the reduced compound in a 4:1 diastereomeric
ratio (the relative configuration of the diastereomers was
not determined) in 92% and 33% ee, respectively, whilst cat-
alyst (S,S)-CAT12 gave similar results in terms of stereose-
lectivity delivering the same major diastereomer. These re-
sults suggest that conjugate addition occurred first, result-
ing in the formation of an enol intermediate, which would
tautomerize to give a racemic ketone whose reduction may
then proceed via a (dynamic)kinetic resolution.

o
(R.R)- or (S,5)-CAT12
O _HOOMEWN (52) o
o}

BnN.__ _NH rt, 17 T BnN
\ﬂ/ (S/C = 125)
o O
100% conv.
dr = 4:1
92% ee (major
diastereomer)

Scheme 36

3.3 B-Substituted a-Keto Esters and Phosphonates

The first highly enantioselective ATH/DKR of B-aryl o-
keto esters was reported by Johnson and co-workers using a
new a-naphthyl/diphenylbenzene sulfonamide catalyst,
(5,5)-CAT6, obtained from [RuCl,(p-cymene)], and the
DPEN-based ligand (S,5)-L6 (Scheme 37).50 Because sponta-
neous diastereoselective lactonization occurred in the pro-
cess, this transformation allowed direct access to trisubsti-
tuted y-butyrolactones in high yields (up to 94%), establish-
ing three contiguous stereogenic centers with complete
diastereocontrol (diastereoselection >20:1) and high enan-
tioselectivities (up to 93% ee).

The chemoselective ATH/DKR of o,8-diketo esters was
also investigated by these authors using the same catalytic
system, (S,5)-CAT6 (Scheme 38).5! The selective reduction
of the a-keto ester in the presence of an aryl ketone allowed
the exclusive formation of the corresponding 8-keto a-hy-

(S,5)-CAT6 R
g R HCO,H/Et:N (5:2)
COopMe ——m——— > CO,Me
Et0 DMF,75°C,16h |10
o CO;Me (S/C =50) OH CO.Me

R = Ph, 2-MeCgHj, 4-MeCgH.,

4-MeOCgHy, 4-CICHs, 4-CNCoHa, RO,

2-furyl, 3,4-(OCH20)CgHg,

N-Ts-indol-3-yl, N-Boc-indol-3-yl 0 "1COMe
(0]

82-94% yield
diastereoselection > 20:1
78-93% ee

Scheme 37

droxy ester as a single diastereomer. High yields (70-97%)
and enantioselectivities (up to 98% ee) were obtained for
substrates incorporating electron-rich, electron-poor, and
heteroaryl substituents at the B-position. Additionally, the
ATH/DKR of B-chloro a-keto esters was developed wherein
a remarkable ligand-controlled inversion of the preference
for the syn selectivity to provide anti-chlorohydrins was ob-
served. The reaction proceeded with high levels of diaste-
reo- and enantioselectivity for a range of aliphatic and aro-
matic substrates (anti/syn up to >20:1, up to 99% ee).

o] R'" O (5,5)-CAT6 0 R" O
w HCOLH/EtsN (5:2) )]\‘/y\)j\
2 _— 2
EtO R DMSO,rt,<2h 1O R
o (S/C = 50) OH

R! = Ph, 2-MeCgH,, 3-MeCgHa,
4-MeCgHy, 4-MeOCgH,, 4-CICgH4,
3,4-(OCH,0)CgHa, CO,E,
N-Boc-indol-3-yl

R2 = Ph, 4-ICgH4, 4-MeOCgH4, Me,
(E)-CH=CHPh, 3,4-(OCH,0)C¢H4

70-97% yield
diastereoselection > 20:1
66-98% ee

Scheme 38

Johnson and co-workers also developed an approach to
enantioenriched anti-a-hydroxy-B-amino acid derivatives
by enantioconvergent reduction of racemic a-keto esters
through Ru(Il)-catalyzed ATH. The latter were readily pre-
pared from the corresponding a-diazo esters by oxidation
with Oxone (Scheme 39).52 With the exception of aliphatic
B-substituted substrates, high levels of diastereo- and enan-
tioselectivity were attained with heteroaromatic as well as
electron-rich and electron-poor aromatic systems (anti/syn
up to >20:1, up to 98% ee) using (S,S)-CAT6 as the catalyst.

Somfai and co-worker disclosed the ATH/DKR of B-ami-
do a-keto esters to give the corresponding anti-B-amido a-
hydroxy esters using commercially available or simply pre-
pared chiral ruthenium catalysts (Scheme 40).5% By employ-
ing [RuCl(p-cymene)((R,R)-FsDPEN)] [(R,R)-CAT7] as the
catalyst and HCO,H/Et;N as the reducing agent, the transfer
hydrogenation proceeded much faster than on the regioiso-
meric a-amido B-keto esters and delivered the anti aromat-
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2 2
NHR"O (5,5)-CAT6, HCO,H/NEt3 (5:2) NHRZQ

R’ OEt R ™ TOEt

DMF, r.t,,18 h :
X OH
X=0
j Oxone
X =Ny

(S/C = 50) .
40-87% yield
anti'syn =1.5:1 to > 20:1
18-98% ee
R' = Ph, 2-MeCgHy, 4-MeCgHa,
3-MeCgHy, 4-MeOCgHy, 4-CICgH4,
4-pinacolBCgHy, 3,4-(OCH,0)CgHy, naphthyl,
2-thienyl, 2-furyl, N-Boc-indol-3-yl, PhCH,CH,
R? = Boc, Cbz

Scheme 39

ic and heteroaromatic compounds as the only detectable di-
astereomers in good yields and usually with high enanti-
oselectivities (up to 98% ee).

BocHN O (R,R)-CAT7, HCOH/EtN (5:2) ~ BocHN O
R OEt DMF, r.t,, 1-2h R” 7 TOEt
(¢} (S/C = 20) OH

R = Ph, 4-MeCgHs,
4-MeOCgHj, 4-FCgHa,
2-BrCgHy, 3-BrCqHj, 3-thienyl

68-96% yield
antilsyn > 20:1
24-98% ee

Scheme 40

Johnson and Corbett related the first highly selective dy-
namic kinetic resolution of acyl phosphonates through ru-
thenium-mediated ATH with an unexpected reversal in fa-
cial selectivity as compared to the analogous reduction of
o-keto esters (Scheme 41).5% The highest diastereoselectivi-
ties (dr up to >20:1) were observed using [RuCl,(p-cy-
mene)], associated with the bulky a-naphthyl ethylenedi-
amine-derived ligand (S,S)-L6 to generate the correspond-
ing complex (S,S)-CAT6. A variety of electron-donating and
electron-withdrawing groups were tolerated, including het-
eroaromatic substituents as well as linear and cyclic ali-
phatic substituents, and the ATH of these substrates provid-
ed the reduced products in high yields and enantioselectivi-
ties (up to 99% ee).

R2 O (5,5)-CAT6 RZ O
] HCO,H/Et;N (5:2) i 1
R1 P\\OMe —_— > R1/YF§\OMG
OMe DMSO, r.t., 10 h OMe
o OH

(S/C =50)

R' = Et, allyl, propargyl, Bn, cyclopropyl

R? = Ph, 4-MeCgH4, 4-MeOCgHy,
2-MeOCgHg, 4-BrCgHy4, 4-NO,CgHy,
3,4-(OCH20)CgH4, N-Ts-indol-3-yl, 2-naphthyl

84-94% yield
dr=5:1to > 20:1
97-99% ee

Scheme 41

3.4 B-Substituted y-Keto Esters

In 2014, a short enantioselective synthesis of the syn-
thetic strigolactone (+)-GR24 was described by McErlean
and co-workers (Scheme 42).5 One of the key steps in this

approach relied on the DKR of a racemic indanone via
asymmetric transfer hydrogenation. The reaction was per-
formed in the presence of a HCO,H/i-Pr,NEt mixture as
the hydrogen source, using 4 mol% of Noyori’s (S,5)-CAT4 as
the catalyst to afford exclusively, after acid-mediated epi-
merization, the desired chiral lactone intermediate in 80%
yield and 92% ee. This could be improved to >99% ee after a
single recrystallization. Interestingly, the use of the (R,R)-
CAT4 enantiomer as the catalyst delivered the correspond-
ing (-)-GR24 strigolactone with similar efficiency.

(5,5)-CAT4 o
Qo Q HCOH, i-ProNEt O
>—OEt AN
i-PrOH, 40 °C, overnight |
then PPTS, reflux overnight =
(8/C=25) 80% yield
o syn/anti > 99:1
92% ee (99% ee
= after recrystallization)
— on._O<_o
(+)-GR24 (—f

Scheme 42

3.5 pB-Alkoxy Ketones

Phthalide frameworks are structural subunits that can
be found in a large number of natural products, many of
which demonstrate a wide range of biological activity. In
2015, Chen and co-workers showed that by using 0.2 mol%
of Noyori’'s [RuCl(mesitylene)((S,S)-TsDPEN)] complex
[(5,5)-CAT9] as the catalyst and HCO,H/Et;N as the hydro-
gen source in dichloromethane at 40 °C, a variety of 3-(2-
oxo-arylethyl)isobenzofuran-1(3H)-ones could be efficient-
ly reduced to the corresponding optically active phthalide
derivatives bearing 1,3-diastereocenters (Scheme 43).56 The
yield (90-97%) and enantioselectivity (up to 99% ee) of the
reaction seemed to be insensitive to both the position and
the electronic and steric properties of the substituents on
the aryl ring. However, only poor to good diastereomeric ra-
tios ranging from 69:31 to 90:10 were achieved under these
conditions.

o)
(S,5)-CAT9
(\ o HCOLH/EtsN (5:2)
—_—
& o CH,Cly, 40 °C, 3 h
(S/C = 500)

R
R = Ph, 4-FCgHs, 4-CICgH4, 4-CNCgHa,
4-MeCgHy, 4-i-PrCgHy, 4-MeOCgH,,

90-97% yield
syn/anti= 69:31 to 90:10
3-FCgHj, 3-CICgH4, 3-BrCgHa, 99% ee
3-MeOCgH,, 2-MeOCgH,, 2,4-MexCgHa,
2-naphthyl, 2-thienyl, 2-furyl

Scheme 43
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3.6 Imine Derivatives*™67

The first report on the ATH of imines associated with a
DKR process was published in 2005 by Fernandez and co-
workers.®® The reduction of 2-substituted bicyclic and
monocyclic ketimines using a HCO,H/Et;N azeotropic mix-
ture as the hydrogen source and [RuCl(p-cymene)(R,R)-Ts-
DPEN] [(R,R)-CAT4] or [IrCICp*((S,S)-TsDPEN)] [(S,S)-CAT13]
as the catalyst afforded the corresponding cycloalkylamines
with excellent cis selectivities in all cases (Scheme 44). For
the bicyclic substrates, the Ru(Il) catalyst (R,R)-CAT4 afford-
ed moderate to good yields with enantioselectivities up to
97%, after extended reaction times (5 to 6 days, Scheme 44,
a). On the other hand, the less bulky monocyclic substrates
gave better results in Ir(Ill)-mediated reactions, with high
cis selectivities and enantioselectivities of up to 72% being
observed with (S,5)-CAT13 (Scheme 44, b). Moreover, to
overcome the difficulties encountered in some imine syn-
theses, the authors also described a one-pot procedure
starting from the corresponding ketones, with similar over-
all yields and selectivities. They showed that imines reacted
faster than ketones under ATH conditions, as previously re-
ported by the group of Noyori.5?

(R,R)-CAT4 N
(a) RAHF = n HCOH/ELN (5:2)  Rell )
& R ¥ -
CHyCly, r.t., 5-6 d
NBn (S/C =200) NHBn

n= 0,1 45-82% yield

R! = Me, allyl cis/trans > 99:1
5= : :

R®=H, 3-Me 50-97% ee

(5,5-CAT13 R
(I HCOZH/EtsN 5:2)
CHgC|g rt,1-6d NHBn
(S/C = 500) .
55-75% yield

cis/trans = 93:7 to > 99:1
50-72% ee

R = Ph, allyl, (CH,),CN

Scheme 44

In 2010, Lee and co-workers published the first example
of the ATH of racemic 4,5-disubstituted cyclic sulfamidates
via DKR, using [RhCICp*((R,R)-(TsDPEN))] [(R,R)-CAT14] as
the catalyst and HCO,H/Et;N azeotropic mixture as the hy-
drogen source (Scheme 45).7° The reduced compound was
obtained in excellent yield, perfect cis diastereoselectivity
and an enantioselectivity of 75%.

AL (R,R)-CAT14 QL0
S HCOZH/EtN (5:2) S
N° O _— > HN™ ¢
H EtOAc, r.t., 30 min I
PH Me (S/C =200) PH Me
99% yield

only cis product
75% ee

Scheme 45

The same authors found that replacing the methyl sub-
stituent at the 5-position by an aryl group resulted in a con-
siderable increase in enantioselectivity, from 75% to 99%
(Scheme 46).7”! This might be explained by a more rapid ra-
cemization at the stereocenter owing to enhancement of
the lability of the related hydrogen. A broad scope of aryl
substituents showed excellent yields and high stereoselec-
tivities (cis/trans >20:1, up to 99% ee). Notably, substrates
bearing electron-withdrawing groups at the ortho-position
displayed low enantioselectivities (22%). Surprisingly, when
a cyclic sulfamidate imine possessing an electron-donating
group at the para-position was subjected to the optimized
ATH reaction conditions, only the starting material was re-
covered.

Q.0 [RhCICp*((R,R)-TsDPEN)] 0. 0

\Y/ W\ 7
N/\S\O HCO,H/EtsN (5:2) HN/\S/\ .
)\ 4 EtOAc, r.t., 30 min s
R! R2 (S/C = 200) R’ 'R2

94-99% yield
cis/trans > 20:1
22-99% ee

R = Ph, 2-CICgH4, 3-CICgH4, 4-CICgH,
4-FCgHa, 4-CF3CgHg, 3-MeOCgHy, 4-MeOCgH4,
3-MeCgHg, 4-MeCgHy

R? = Ph, 2-CICgH4, 3-CICgH4, 4-CICgH,
4-FCgH, 4-CF3CgHg, 3-MeOCgHy, 4-MeOCgH,,
3-MeCgHg, 4-MeCgHy

Scheme 46

The same group reported the use of this method for a
straightforward route to both enantiomers of norpseudo-
ephedrine, an alkaloid possessing psychostimulant activi-
ties and showing numerous uses as a ligand in asymmetric
synthesis.”? Commercially available 1-hydroxy-1-phenyl-
propan-2-one was easily converted into the cyclic sulfami-
date imine, which was subjected to the ATH reaction using
0.3 mol% of the Rh catalyst (R,R)-CAT14 in combination
with HCO,H/Et;N as the hydrogen source to afford only the
cis product with excellent yield (93%) and enantioselectivi-
ty (96%, improved to 99% after recrystallization). The prod-
uct was then easily transformed into the desired (1S5,2S)-
norpseudoephedrine after four steps including the inver-
sion of configuration at C-1 without loss of optical purity
(Scheme 47).

o O
(.) NH,S0,Cl, DMA 7
(ii) PTSA, toluene HN/S\ HZN__ P
> < - = N0 — 23/—<13
2. (R,R)-CAT14 — Me Ph
HCO,H/Et3N (5:2) Me Ph
EtOAc, r.t.,, 15 min 93% yield (15,28)-nor-
(S/C =333) cis/trans > 25:1 pseudoephedrine

96% ee (99% ee after
recrystallization)

Scheme 47

To extend the scope of the reaction and to demonstrate
the utility of this transformation, Lee and co-workers ap-
plied the Rh-catalyzed ATH/DKR procedure to substrates
bearing a carboxylate group at the acidic stereogenic posi-
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tion. Several substituted sulfamidates have been reduced
under these conditions with excellent yields (54-99%) and
stereoselectivity (only cis product, up to 99% ee) (Scheme
48).73 It should be pointed out that several substrates bear-
ing alkyl substituents have also been reduced with moder-
ate to high levels of stereoselectivity. The authors observed
that changing the HCO,H/Et;N ratio from 5:2 to 1:1 had a
significant positive effect on both the reactivity and the ste-
reochemical outcome of the reaction.’# Moreover, using the
aforementioned ATH/DKR process as a key step, convenient
and highly stereoselective syntheses of (-)-epi-cytoxazone
and of the taxotere side-chain were achieved.

QL0 o (Fj,F{)-C?TM ) QL
HCO,H/EtsN (5:2 or 1:1 S
N\/ \O HN/ \Q
EtOAc, r.t,, 0.5-48 h j—
R COLR? (S/C = 200~1000) R \C02R2

R' = CgHs, 2-MeCgH,, 3-MeCgHy,
4-MeCgHy, 3-CICgH4, 4-CICgH, 4-MeOCgH,, only cis product
4-FCgHy, 4-CF4CeHy, 4-CNCgHy, 47% t0 >99% ee
4-Me0,CCgHy, 2-naphthyl, 2-furanyl, ¢
2-thiophenyl, n-Pr, Ph(CH,),, cyclohexyl ¢

R? = Me, i-Pr, Bn, t-Bu o]

)l\ BocHN  OH

HN 6]

;—Q—_ and
4-MeOCgHy OH

(-)-epi-cytoxazone

54-99% yield

Ph CO.H
taxotere side-chain

Scheme 48

Finally, reduction by ATH/DKR of cyclic sulfamidates
bearing a phosphonate group was reported in 2015 by Lee
and co-workers using the chiral [RhCICp*((R,R)-TsDPEN)]
[(R,R)-CAT14] catalyst and HCO,H/Et;N as the hydrogen
source (Scheme 49).7> Compounds with electron-with-
drawing and electron-donating groups as well as heteroaryl
and alkyl-bearing substrates have been reduced with high
yields (up to 99%) and stereoselectivities (only the cis prod-
uct was obtained, up to >99% ee).

Y CoMIERN (52 p4
Hi H/Et3N (5:2 or 1:1
N( \o 2! 3! ( ) HN/ \Q
EtOAc, r.t., 0.5-30 h —
R //p(oRQ)Z (S/C = 200) R! //P(ORZ)Q
o o)

R' = CgHs, 2-MeCgHa, 4-MeCgHy,

3-CICgHj4, 4-CICgHa4, 4-MeOCgHj,

4-FCgH4, 2-FCgHy4, 4-CNCgHa,

4-Me0O,CCgHy4, 2-naphthyl, 2-furanyl,
2-thiophenyl, Ph(CHy),, cyclohexyl, i-Pr, t-Bu, i-Bu
R2 = Me, Et

50-99% yield
only cis product
42% to >99% ee

Scheme 49

4 Conclusion

Asymmetric reduction of ketone and imine derivatives
to access chiral alcohols and amines is a major synthetic or-
ganic transformation. In this context, asymmetric hydroge-

nation and transfer hydrogenation reactions based on dy-
namic kinetic resolution processes using organometallic
catalysts enable the transformation of inexpensive, prochi-
ral starting materials into high-value building blocks. These
methods allow efficient access to pharmaceutical agents
and natural products via a simple one-step procedure, with
high diastereo- and enantiocontrol of the target structures.
This review demonstrates the utility of such homogeneous
catalytic processes, which can be used for the production of
high-profile medicinal targets in operationally simple and
broadly general protocols.
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