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AH or ATH via DKR
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1 Introduction

Enantiomerically pure alcohols and amines are struc-

Abstract Based on the ever-increasing demand for enantiomerically
pure compounds, the development of efficient, atom-economical, and
sustainable methods to produce chiral alcohols and amines is a major

tural motifs of central importance for the manufacture of
chemical products such as organic materials, agrochemi-
cals, flavors, fragrances, and pharmaceuticals. Therefore, it

concern. Homogeneous asymmetric catalysis with transition-metal is not surprising that the development of truly efficient
complexes including asymmetric hydrogenation (AH) and transfer hy- methods to prepare such structures remains a paramount
drogenation (ATH) of ketones and imines through dynamic kinetic reso- goal of practical significance in both academia and indus-

lution (DKR) allowing the construction of up to three stereogenic cen-
ters is the main focus of the present short review, emphasizing the
development of new catalytic systems combined to new classes of sub-

strates and their applications as well.
1 Introduction

2 Asymmetric Hydrogenation via Dynamic Kinetic Resolution

2.1  a-Substituted Ketones

2.2 a-Substituted B-Keto Esters and Amides
2.3 a-Substituted Esters

2.4  Imine Derivatives

try. Among the plethora of transformations available in the
organic chemistry toolbox, homogeneous late-transition-
metal-catalyzed asymmetric hydrogenation (AH)! and
asymmetric transfer hydrogenation (ATH)1"2 are undoubt-
edly regarded as two of the most efficient, environmentally
benign and straightforward approaches to build up diaste-
reomerically and enantiomerically pure alcohols and
amines in high yields and selectivities from their prochiral

3 Asymmetric Transfer Hydrogenation via Dynamic Kinetic Resolu- carbonyl and imine starting materials. In the meantime, dy-

tion
3.1 a-Substituted Ketones

3.2  a-Substituted B-Keto Esters, Amides, and Sulfonamides

3.3 a,B-Disubstituted Cyclic Ketones
3.4 B-Substituted Ketones

3.5 Imine Derivatives

4. Conclusion

namic Kinetic resolution (DKR),3 an effective alternative to
traditional kinetic resolution, has emerged as increasingly
fruitful, with many applications in asymmetric synthesis
and catalysis over the past decades. In a DKR process, the
kinetic resolution step is initiated with an in situ racemiza-
tion. As a result, the substrate can be fully converted into a

Key words asymmetric hydrogenation, asymmetric transfer hydroge-
nation, dynamic kinetic resolution, chiral alcohols, chiral amines, enan-

tioselectivity, diastereoselectivity

single product with a 100% theoretical yield. Consequently,
under DKR conditions the AH or ATH of a homochiral sub-
strate bearing a labile stereocenter allows the synthesis of a
single, enantiomerically pure diastereomer. To succeed in
obtaining an efficient DKR, the rate of racemization (k) of
the ketone or imine must be faster than the rate of the
asymmetric reduction (k1 and k2) and one enantiomer must
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react faster than the other one (k; > k; or k, > k;). Moreover,

the asymmetric transformation has to be irreversible, i.e.
the product formed during the reaction must be stable to
avoid any racemization (Figure 1).

In this regard, the first examples of homogeneous cata-
lytic AH of B-keto esters with a configurationally labile a-
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Figure 1

corresponding syn L- and D-threonine derivatives, respec-
tively, in high yields and with excellent levels of stereocon-
trol depending on the reaction conditions. In the late 1990s,
the groups of Knochel¢ and Noyori and Ikariya? published
the first reports dealing with ATH via DKR of benzil deriva-
tives using well-defined Ru(ll) arene complexes that fea-
tured either Cz2-symmetrical ferrocenyl diamines or N-tosyl-
1,2-diphenylethylenediamine (TsDPEN) as chiral ligands in
i-PrOH or in a mixture of formic acid and triethylamine as
hydrogen donors, respectively. These pioneering studies
have inspired intense work to further expand the concept of
AH and ATH combined with DKR of functionalized unsatu-
rated compounds. Since 2000, efforts in this direction have
witnessed a significant improvement in the design of new
late-transition-metal catalysts with increased performance
regarding reactivity, selectivity, and productivity.

This (update)3d review covers the period from January
2016 to May 2020 and intends to summarize the latest de-
velopments in the rapidly expanding area of late-transi-
tion-metal-catalyzed AH and ATH of substituted ketones
and imines under cooperative DKR that simultaneously cre-
ate two or more stereogenic centers in a single synthetic
step. Excellent overviews of the topics cited in sections of
this current short review have been recently pub-
lished.1lvw.2z-ac3r The structures of the ligands and complexes
reported in this review are depicted in Figure 2 and Figure
3.

2 Asymmetric Hydrogenation via Dynamic
Kinetic Resolution

2.1 a-Substituted Ketones

In 2016, Zhou and co-workers succeeded in developing
a new strategy to access chiral 2,3-cis-dimethyldihydroben-
zofurans through a scalable Ru-catalyzed AH of racemic 3-
(aryloxy)butan-2-ones employing a dynamic kinetic resolu-
tion (DKR) as the enantioselective step (Scheme 1).8 The hy-
drogenation was performed using 0.02 mol% of chiral spiro
ruthenium catalyst (Sa,R,R)-CAT1 under 50 atm of hydro-

gen in i-PrOH in the presence of t-BuOK at room tempera-
ture for 2.5 h to provide the targeted chiral alcohols in 99%
yield with a high diastereoselectivity (anti/syn 95:5) and up
to 97% ee. This protocol allowed the development of the
first total synthesis of (+)-PI-220 and (+)-3-epi-furaquino-
cin C.

Chiral amino alcohols are important structural features
that are present in numerous biologically active natural
products, drugs, and pharmaceuticals. In 2017, Zhang,
Dong, and co-workers demonstrated that the combination
of an iridium complex with the chiral f-Amphox-t-Bu ligand
(L1) in the presence of Cs2C03 could be efficiently used for
the synthesis of chiral N,N-disubstituted a-amino B-un-
functionalized alcohols (Scheme 2).° Indeed, under the co-
operative dynamic kinetic AH, a broad range of racemic a-
amino B-unfunctionalized ketones were smoothly convert-
ed into the corresponding amino alcohols in almost quanti-
tative yields and high levels of stereoselectivity. Worthy of
note is that this reaction can be performed under low cata-
lystloading (up to S/C 5000) with high TON (up to 100000)
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and more importantly, proved to be applicable for the
preparation of a key intermediate of the preclinical antitu-
mor agent (S,5)-R116010.

In 2018, Zhang, Dong, and co-workers investigated the
stereoselective hydrogenation of Ir-mediated AH of racemic

— 2 T -
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Scheme 2

benzo-fused cyclic ketones via a DKR process using a new
family of chiral ferrocene-based amino phosphine alcohol
(f-Amphol) ligands.10 The f-Amphol ligand L2 with a 3,5-di-
tert-butylphenyl group was identified as the optimal li-
gand, giving the targeted chiral benzo-fused cyclic alcohols
in 75-96% yields and consistently excellent 99% ee. Howev-
er, and as depicted in Scheme 3, the diastereomeric ratios of
the reaction proved to be highly dependent on the size of
the benzo-fused ring. The synthetic utility of the methodol-
ogy was demonstrated by preparing a key intermediate of
an anticonvulsant drug eslicarbazepine acetate (BIA 2-093,
not shown).

Kozlowski and co-workers designed, in 2018, a new se-
ries of highly modular and tunable heterophosphole di-
meric ligands that proved to be effective chiral inducers in
the first copper-catalyzed AH of racemic 2-substituted 1-
tetralones and related heteroaryl ketones through DKR that
furnished the corresponding optically enriched 2-substitut-
ed 1-tetralols (Scheme 4).11 Optimization of the reaction
parameters revealed that the catalytic system composed of
CuClz, electron-rich P(3,5-xylyl)s as ancillary phosphine,
and the electron-poor azaphosphole N-BABIPhos L3 was
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the most efficient, offering a unique combination of high
reactivities and selectivities at room temperature in t-Amy-
I0H. From a mechanistic point of view, DFT computational
methods clearly revealed that this process involves the for-
mation of a reactive heteroligated dimeric copper hydride
intermediate incorporating two Cu atoms generated in situ
where different ligands are coordinated to each Cu.

o) P(3,5-xylyl)s OH

H, (400-700 psi)
50-95% vyield
R = aryl, alkyl, OH

t-BuOK (0.25 equiv)
52-94% ee

t-AmylOH, 20 °C, 24 h
(SIC = 20)
cis/trans 76:24 to >99:1

Scheme 4

In 2019, Ohkuma and co-workers described the prepa-
ration of cis-2-substituted cycloalkan-1-ols from racemic 2-
alkylidenecycloalkan-1-ols via an isomerization/AH se-
quence through a DKR (Scheme 5). The use of [RuCL2{(S)-xy-
lyl-Segphos}{(R)-DMAPEN}] complex (Sp,Ry)-CAT2 in the
presence of a mixture of t-BuOH/Et3N and KOH under 4-20
atm of hydrogen afforded the corresponding cis-alcohols in
82-97% yields with cis/trans selectivities up to 99:1 dr and
up to 98% ee. The reaction proceeded through isomeriza-
tion of the allylic alcohol into the racemic a-substituted ke-
tone which was reduced by AH through DKR.12

IERACY

)-CAT2 OH

OH (
H, (4-20 atm)

R KOH R
)n BUOH/Et;N (4:1), 30 °C, 4-32 h )n
(SIC = 300-500)
R = Ph, 2-furyl, 2-naphthyl,
2-MeCgH,, 3,5-Me,CgHa,
4-MeOCgHy, 3,4-(OCH,0)CgHs,
4-CICgHj, 3-BrCgHa, Ph(CH,),
n=0-2

82-97% yield
16:1 to 99:1
76-98% ee

Scheme 5

In 2020, de Ruiter and co-workers reported the AH/DKR
of a-substituted ketones catalyzed by a new chiral iridium
carbene-oxazoline complex CAT3 based on an imidazo[1,5-
a]pyridine backbone (Scheme 6).13 The hydrogenation of a-
substituted cyclohexanones, acetophenones, and tetralones
and B-keto sulfonamides under 6 atm of hydrogen in the
presence of t-BuOK proceeded with up to >99:1 dr and up
to 79% ee via DKR of the in situ formed enolate.

o) OH
1 . 1
R | N R
R? _ R?
R =Me, Ph, allyl, Bn CAT3 ) /t84—92°/i ¥ield99 .
2 _ . cis/trans 3:1 to >99:
R? = CH,, OH t-BUOK S
H, (6 atm)
or or
o o) toluene or MeOH OH O
U s 0°C,6h o,
A TR (SIC = 100) N aR
RS e} R4 o
= =

R®= piperidino, pyrrolidino,
morpholino
R*=H, 4-F, 4-MeO

79-99% yield
anti/syn >99:1
5-79% ee

Scheme 6

Zhou, Yu, and co-workers reported the first efficient Pd-
catalyzed AH of 2-arylcycloalkanones through DKR under
acidic conditions.’* The reaction was performed with
Pd(OCOCF3)2 with (R)-Segphos [(R)-L4] as a ligand in the
presence of TsOH-H20 providing a facile access to chiral
trans-2-arylcycloalkan-1-ols in 28-94% yield, up to 98% ee,
and trans selectivities for cyclohexanones up to >20:1 dr,
whereas cyclopentanones and cycloheptanones gave lower
yields (Scheme 7). The role of the Brgnsted acid was essen-
tial in accelerating the racemization of the 2-arylcycloal-
kanones via the enol intermediate.

o PA(OCOCFy),/( )-L4 OH
R TSOH-H,0, H, (7 atm) WR
TFE, 30 °C, 24 h
)n (SIC = 20) )n

R = Ph, 2-MeOCgH,, 2-MeOCgH,,
2-MeCgHy, 2-F3CCgHa, 3-MeCgHa,
4-MeCgHy, 4-MeOCgH,, 4-FCgH,,
4-F3CCgHa, 4-CICgHa, 2,4-Me,CgHa,
Bn, 1-naphthyl, 2-naphthyl, 4-F-1-naphthyl
4-MeO-1-naphthyl, 4-Me-1-naphthyl
n=0-2

28-94% yield
3:1t0>20:1
9-98% ee

Scheme 7

2,2 a-Substituted pB-Keto Esters and Amides

A new class of chiral ferrocenyl P,N,N-ligands was de-
signed by Hu and Hou in 2016 for the AH of numerous a-
alkyl-substituted acyclic B-aryl-B-keto esters containing di-
versely substituted aryl groups via DKR.!5 Various ketone
substrates were reacted in the presence of 0.005 mol% of
[lr(COD)Cl]2 and 0.011 mol% of the ligand (S ,CR ,;R Q-LS un-

der 20 atm of Hz in the presence of 5 mol% of t-BuOK to de-




liver enantioenriched anti-B-hydroxy esters in 90-96%
yield with up to 95:5 dr and 63-99% ee (Scheme 8). The ef-
fectiveness of this new ligand stems from the introduction
of a second stereogenic center which increases the struc-
tural rigidity and steric hindrance.

(SeRpRo)-LE
[I(COD)CIl, o

(0] 0 0]
H, (20 atm) /'\/U\
—_—
Ar OMe Ar Y OMe

t-BuOK (5 mol%) =

R r.t., MeOH R

(SIC = 20000) 90-96% yield
63-99% ee

Ar = Ph, 2-FCgH,, 3-FCgH,, 4-FCgH,,
4-CICgHg, 4-BrCgHa, 4-MeCgH,,
4-MeOCgHy, 2-naphthyl, 2-thienyl

R = Me, Et, Bn

anti/syn 91:9 to 95:5

Scheme 8

Zhang and co-workers described the synthesis of syn-a-
amido-B-hydroxy esters through AH/DKR of the corre-
sponding a-amido-B-keto esters using the preformed com-
plex [RuCl(p-cymene)(S)-SunPhos]Cl obtained from [Ru-
Cl,(p-cymene)], and (S)-SunPhos [(S)-L6] (Scheme 9).16 This
study revealed the importance of the steric and electronic
effects of the substituents on the aryl moiety and that the
stereoselectivities were also deeply influenced by the na-
ture of the amino protecting group. The hydrogenation pro-
ceeded in 66-96% yields with high reactivity (TON up to
940), 58:42 t0 >99:1 dr, and 51 to >99% ee.

[e) [e) [RuCl,(p-cymene)],/(S)-L6 OH O

H, (50 atm) /\)]\ )

2 R
Ar R MeOH, 70 °C, 8 h AT )
NHR* (S/C = 100) NHR

Ar = Ph, 2-naphthyl, 2-thienyl, 4-MeSCgH,,
4-MeS0,C¢Ha, 4-MeOCgH,, 4-MeCgHa,
4-F3CCgHa, 2-FCgHs, 2-CICgH.,
2-BrCgHs, 3-CICqHs, 3-BrCeH,

R' = Ac, Boc, Cbz, Bz, C(O)(i-Pr),
C(O)CHCl,, CO,Me

R? = OMe, OEt, NMe,

66-96% yield
syn/anti 58:42 to >99:1
51to >99% ee

Scheme 9

Zhou, Xie, and co-workers displayed a highly enantiose-
lective preparation of chiral cyclopentanols allowing con-
trol of three contiguous stereocenters (Scheme 10).17 The
reaction was performed using (R)-Ir-SpiroPAP complex (R)-
CAT5 (0.1 mol%) and ¢t-BuOK under 10 atm of Hz in EtOH
giving enantioselectivities ranging from 92 to >99.9% ee
and 95:5 to >99:1 dr. The key feature of this reaction is a
one-pot, two-step sequential reduction of the C=C bond fol-
lowed by AH of the C=0 bond of the resulting 3-keto esters
upon DKR. The utility of this methodology was shown by
the synthesis of all stereoisomers of the antiulcer drug ro-
saprostol.

B-Hydroxy-n-lactam is a common skeleton found in nu-
merous bioactive compounds. As such, in 2016 Maguire and
co-workers developed a highly stereoselective synthesis us-

ol (R)-CATS OH
H, (10 atm)
CO,Et - > CO,Et
( n t-BuOK (1 mol%) ( n
R EtOH,r.t.,,0.5-16 h R
n=1,2 (S/C =1000) 90-98% yield

R =Me, Et, n-Pr, n-Bu, i-Bu,
(CH,),Ph, CH,CO,Et

92 t0 >99.9% ee
95:5 to >99:1 dr

HO

NN
B CO.H
=

(+)-(1R,2S,5S)-rosaprostol
(-)-(1R,2S,5R)-rosaprostol

Scheme 10

ing Ru-catalyzed AH of [-keto-n-lactams through DKR
(Scheme 11).18 Using [Ru(OAc),{(S)-TolBINAP}] complex
[with (S)-TolBINAP = (S)-L7)] and HCI/LiCl as additives to
enhance the reactivity, under 5.8-6.1 atm of Hz, a wide
range of substrates were reduced with up to >98% de and up
t0 97.4% ee.

A : fR [RUOACA(S)LTH Ho R
n H, (5.8-6.1 atm) H n
N HCI (6 mol%), LiCl (1 mol%) o
Bn 65 °C, R'OH N
(SIC = 280)
n=041 15.3-97.4% ee

R =i-Pr, t-Bu, c-Pr, Cy, Ph 88.7 t0 >98.0% de

R' = Me, Et, F3CCH,, i-Pr

Scheme 11

In 2017, Zhou, Xie, and co-workers explored the same
transformation using (R)-Ir-SpiroSAP complex (R)-CAT7
(Scheme 12). Under optimized conditions, racemic -
keto-lactams were reduced using 0.1 mol% of the Ir catalyst
with KOH as a base under 10-50 atm of Hz in methanol to
furnish chiral B-hydroxy-lactams in 87-99% yield, 97:3 to
>99:1 dr and 83-99.9% ee. Reaction conditions are tolerant

R! R
o (R)-CAT7 H

OH
H, (10-50 atm)

a NT Q0 KOH (L mol%), r.t, MeOH n N
R? (S/C = 1000) b
87-99% yield
83-99.9% ee
97:3t0>99:1dr

n=1-3

R' = Me, Et, n-Pr, Bn, Cy,
i-Bu, (CH,),CH=CMe,,
(CH,),CO,Me, Ph,
4-MeO,CCgHy,, 2-furyl, 3-CICgH,4 0 o)

R%=Bn, PMB E

OH

> . HCI:MeHN, |

- N N

MeO A

premafloxacine

Scheme 12




to different ring sizes as well as different ketone substitu-
ents (alkyl or aryl). Furthermore, the synthetic utility of
this method was successfully demonstrated by the prepara-
tion of optically pure (S)-N-methyl-1-[(R)-pyrrolidin-3-
yllethan-1-amine, a key intermediate en route to the anti-
biotic premafloxacine.

Continuing a long-established interest in transition-
metal-catalyzed asymmetric reductions,3f20 our group pre-
pared several key fragments of the cytotoxic macrolide mi-
rabalin through a flexible strategy based on either Ru-cata-
lyzed AH or Rh-promoted ATH (Scheme 13).21 The syn-iso-
mer of the C1-C36 subunit and two isomers of the C44-C65
side chain of mirabalin were thus prepared by using an
AH/DKR approach with either the ruthenium complex [Ru-
Brz2{(S)-Synphos}] {i.e. [RuBr2(S)-L9] bearing the in-house
developed L9 ligand}?2 or catalyst CAT823 which afforded
good levels of diastereo- and enantioselectivities. On the
other hand, the anti-isomer of the C1-C36 fragment was
obtained by performing an ATH reaction with the rhodium
complex (R,R)-CAT9.24

[RuBrz{(S)-L9}l OH O
H, (50 atm)
36 1
CH,Cl,, 50 °C, 4 d Tt OMe
o o (SIC = 200) PMBO NHBoc
syn-C1-C36, 73% yield
OMe 86:14 dr, 80% ee
PMBO NHBoc
OH O
(R,R)-CAT9 H
HCO,H/Et;N (5:2) OMe
CH,Cl, r.t., 45min  pvBO NHBoc
(SIC = 50)

anti-C1-C36, 74% yield
78:22 dr, 94% ee

H oTBS OH
H H T

Isomers of the C44-C65 fragment of mirabalin prepared through
Ru-catalyzed AH/DKR with [RuBr,{(S)-L9}] or (S,S)-CAT8

Scheme 13

Cheung and co-workers reported a synthesis of the
monobactam antibiotic LYS228 based on an AH/DKR of a
racemic a@-amino-B-keto ester to introduce the anti-B-ami-
no alcohol moiety (Scheme 14). The hydrogenation was
carried out with Noyori’s catalyst [RuClz((S)-BINAP)] [with
BINAP = (S)-L8] under 21 atm and delivered the anti-a-ami-
no-B-hydroxy ester with 97% de and 99% ee.25

In 2019, Briickner and Baumann developed a novel
route to atropisomerically pure biindolyldiphosphane li-
gands that did not rely on the resolution of a racemic mix-
ture (Scheme 15).26 The new ligands (R,RM)-L10 and
(R,RP)-L10 were remarkably efficient in the Ru(II)-cata-

[RUCly( )-BINAP]
H, (21 atm)

OH b
CH2Cly, 40 °C, 24 h B”O

(SIC = 100) NH,-HCI

OH 77% yield
97%
o) 99%

L e

NH,-HCI

N-O
HN N /

° X
HN
;EKU
d N\soaH

LYS228

Scheme 14

lyzed AH of ethyl 1-oxo-,2,3,4-tetrahydronaphthalene-2-
carboxylate, affording the corresponding reduced com-
pound with perfect trans selectivity and excellent enantio-
induction, outperforming BINAP (L8) in this case in terms
of enantioselectivity.

[RuCl,(benzene)],

o o OH O
L (.. )10 L
Ot Ha (5 atm) ot
EtOH, 22 °C, 120 h
(SIC = 100)
82%
/1000

98%

Scheme 15

Considering the importance of exploring alternative
synthetic methods using non-precious metal complexes for
long-term sustainability and because a-substituted B-hy-
droxy amides are useful building blocks to access bioactive
molecules and chiral drugs, Ding and co-workers succeeded
in developing, in 2020, the first application of Mn catalysts
in the AH of racemic a-substituted B-keto amides through
DKR (Scheme 16).27 A screening of the reaction parameters
demonstrated that the reaction proceeded smoothly in
MeOH at room temperature for 16 h in the presence of t-
BuOK under 10 atm of hydrogen by using 1 mol% of the
complex (R,R)-CAT10 incorporating a lutidine-based chiral
P,N,N-ligand. The reaction tolerated a broad scope of sub-
strates and the anti-a-alkyl- or -a-aryl-substituted B-hy-
droxy amides were produced in 91-99% yield and TON up
to 10000, with up to >99% dr and up to >99% ee. The origin
of high stereoselectivities has been detailed by DFT calcula-
tion study. The synthetic utility of the method was show-
cased in the enantioselective formal synthesis of the opioid
drug tapentadol. The hydrogenation was efficiently scaled
on 10 mmol in the presence of 0.01 mol% of (R,R)-CAT10
and t-BuOK under 50 atm of hydrogen at 70 °C for 48 h in
MeOH to provide the key intermediate to access the chiral
drug tapentadol in 99% yield with 97:3 dr and 90% ee.
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2.3 a-Substituted Esters

In 2019, Bergens and co-workers outlined the first high-
ly active and enantioselective hydrogenation of a-substitut-
ed acyclic esters through a DKR process by using an in situ
prepared ruthenium complex obtained from [Ru(1-3:5,6-
né-CgH,;)(N¢-anthracene)]BF, and (R,R)-L11 under 4 atm of
hydrogen in the presence of NaOEt or i-PrONa as a base
(Scheme 17).28 In this case, the ATH/DKR reaction led to [3-
chiral primary alcohols, with only one stereocenter present
in the reduced compound. Under the optimized conditions,
the reaction proceeded with up to 100% conversion, up to
95% ee, and 1000 turnovers to afford the corresponding al-
cohols.

Oy OR® OH
[Ru(1-3:5,6-n5-CqHs1)(n%-anthracene)|BF,
o7 R? S v < R2
H, (4 atm) o
= NaOEt, DME or PrONa, THF =z
7 I rt,1h N |
& (SIC = 50) R{

R'=H, MeO, F, Cl, Br, |
R?=Me, Et, Pr,Ph
R®=Et, Pr, -Bu

32-99% yield
52-95%

Scheme 17

In 2019, Xie and co-workers reported the first Ir-cata-
lyzed enantioselective hydrogenation of racemic a-(aryl-
amino) &- and n-lactones through DKR pattern to provide a
novel route to chiral 2-(arylamino)alkane-1,4- and -1,5-di-
ols, respectively (Scheme 18).2° A wide range of a-(arylami-
no)-n-butyrolactones and a-(arylamino)-0-valerolactones
were hydrogenated under mild conditions in the presence
of 0.2 mol% of site-specifically modified chiral spiro iridium
complex (R)-CAT6 in n-PrOH at 25-30 °C in the presence of
t-BuOK to deliver the corresponding chiral 2-(arylami-
no)butane-1,4-diols in up to 97% yields with 88-98% ee as
well as 2-(arylamino)pentane-1,5-diols in 85-96% yields
with 90-97% ee. This AH reaction could be performed on a

gram scale using a lower catalyst loading: hydrogenation of
racemic a-(arylamino)-n-butyrolactone was conducted in
the presence of 0.05 mol% of (R)-CAT6 (S/C = 2000) produc-
ing the useful building block (S)-2-(arylamino)butane-1,4-
diol in 90% yield with 97% ee allowing access to chiral 3-
(arylamino)-1-aza/oxocycloalkane derivatives present in
numerous pharmaceuticals.

()-CAT6 OH

H, (10 atm)
RHN,
__ BUOK - OH
PrOH, 25-30 °C, 6 24h In
(S/C = 500)

R = Ph, 4-MeCgH,, 4-MeOCqH,,
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3-FCgHs, 3-CICgH,, 2-MeOCgH,,
2-MeCigHj, 2,4-(MeO),CeHs,
2-EtCgHa, 2-( Pr)CsHa, 2-FCoH,,

1-naphthyl, 6-Me-2-pyridyl, Ts, Boc H
n=0,1 N,
— Co
MeO

Scheme 18

64-97% yield
88-98%

2.4 Imine Derivatives

In 2018, Lefort and co-workers developed an efficient
catalytic asymmetric reductive amination under DKR con-
ditions for the preparation of a key intermediate in the total
synthesis of tofacitinib, a drug used for the treatment of
arthritis.30 A high-throughput screening
showed that the best catalytic system for this transforma-
tion was the combination of an iridium complex with (S)-
BiPheP [(S)-L12] as a ligand (Scheme 19). The use of acidic
conditions for the imine formation and the racemization

rheumatoid

was found to be essential for the success of this protocol.

[I(COD)Cl,],
()-L12 NHMe

H, (50 atm)
N MeNHzlAcOH
Bn 70°C, 18 h

(S/C = 1000) 86% yleld

as bis-HCl salt CN
! 97.5:2.5 .
79% tofacitinib

Scheme 19

Zhang, Zhang, and co-workers described the AH of aldi-
mines through DKR catalyzed by the rhodium complex (R)-
CAT11 of P-stereogenic diphosphine ligand trichickenfoot-
phos (Scheme 20).31 When subjected to the optimized reac-
tion conditions using 2 mol% of the Rh complex in i-
PrOH/TFE atroom temperature for 24 h, a series of enantio-
enriched arylglycines were prepared in 15-83% yield and
up to 87% ee. The proposed mechanism involved a racem-
ization of the substrate via an unstable intermediate in
acidic medium. One of the enantiomers is reduced at a fast-
er rate to deliver the main product in the preferred configu-
ration.
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3 Asymmetric Transfer Hydrogenation via
Dynamic Kinetic Resolution

In 1950, Doering and Young32 reported the pioneer ex-
ample of a catalytic ATH highlighting an asymmetric ver-
sion of the Meerwein-Ponndorf-Verley (MPV) reduction of
ketone derivatives catalyzed with rac-aluminum alkoxides
using (S)-butan-2-ol as the hydrogen source to produce chi-
ral alcohols with enantioselectivities ranging from 5.9 to
22%. In 1995, Noyori, Ikariya, and co-workers33 designed
novel Ru(ll)-arene catalysts combined with N-sulfonylated
1,2-diamines or amino alcohols as chiral ligands which
were successfully used in the ATH of ketones and imines
and represented a major breakthrough in the field. After
this discovery, intense efforts have been devoted to the de-
velopment of novel efficient catalysts in both academia and
industry. Consequently, ATH is now recognized as one of
the most effective and practical methods to access enantio-
merically pure compounds because of its practicality, broad
substrate scope, and high stereoselectivities. Of particular
interest is the application of ATH through DKR conditions
that offers a challenging route for the enantioselective
preparation of enantioenriched alcohols and amines and
whose pioneer examples were reported by the groups of
Knochel¢ and Noyori and Ikariya.” In this section, we will fo-
cus our attention on the ATH of carbonyl compounds and
imines.

3.1 a-Substituted Ketones

Because the mGIuR5 receptor has attracted interest for a
few therapeutic indications, in 2016 Gonzalez-Bobes and
co-workers reported the enantioselective preparation of a
pharmaceutical candidate mGluR5 modulator via the ATH
of an a-amino ketone derivative (Scheme 21).34 The key re-
actions to access the chiral core of the targeted molecule in-
volved an aza-benzoin condensation and a transfer hydro-
genation through a DKR process. The ATH was performed at
room temperature in THF using 1.5 mol% of (S,S)-Ts-DENEB
[(S5,5)-CAT12] with HCO2H/DABCO (3:5) as the hydrogen

donor for 24 h to provide the corresponding anti-B-amino
alcohol intermediate in 80% yield with >200:1 dr and 98.5%
ee. Considering the relatively low catalyst turnovers of the
ketoreductases (80% yield, 41 h, 30 °C), this transition-met-
al-catalyzed process compared favorably with the biocata-
lytic method.

Br Br
N7 N
| |
OBn (. )-CAT12 OBn
HCO,H/DABCO (3:5)
O, NAO —_— HO,, . N o
H THF, 1.t 24h H
F (SIC = 67) E
F F
80% yield
/ >200:1

98.5%

F
F
mGIuR5 modulator

Scheme 21

In 2016, Fang and co-workers achieved a practical ac-
cess to a series of cis-benzoannulated compounds using
ATH, via DKR.35 This novel, mild and general synthetic route
allowed access to a novel structural class of significance in
medicinal chemistry, including daldinins A, B, and C natural
products (10.1%, 7.6%, 6.8% overall yields, respectively).
Transfer hydrogenation of the racemic lactone derivative
was conducted at 25 °C for 6 h using [RuCl(p-cy-
mene)((R,R)-TsDPEN)] [(R,R)-CAT13], HCO:Na as the hydro-
gen source, and cetyltrimethylammonium bromide (CTAB)
as a phase-transfer agent in H,0/CH,Cl, delivering the ex-
pected cis-dihydrobenzofuran motif in 68% yield with 91:9
dr and 99% ee (Scheme 22). The absolute configuration was
assigned by X-ray diffraction analysis. Based on previous re-

HO, HO,
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/919
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daldinin A daldinin B daldinin C

Scheme 22




ports, it was proposed that the racemization might occur
through retro-oxo-Michael/oxo-Michael reaction and keto-
enol tautomerism.

In 2017, Fang and co-workers reported the Ru-catalyzed
synthesis of cis-2,3-dihydrobenzofuran-3-ols by aqueous
transfer hydrogenation via DKR by using complex (R,R)-
CAT13, HCOz2Na as a hydrogen source, and CTAB as a phase-
transfer catalyst in a CH,Cl,/H,0 (1:1) mixture at room
temperature (Scheme 23).36 A variety of 2-alkylbenzofuran-
3(2H)-ones were thus converted under mild conditions into
cis-2-alkyl-2,3-dihydrobenzofuran-3-ols  with 97:3 to
>99:1 dr and 80 to >99% ee.

e ( )-CAT13

RL : R2 HCO,Na le: o R2
/ CTAB (20 mol%) =
o) CH,Cl/H,0 (1:1), r.t., 12 h OH
. (SIC = 200) _
R*=H, F, Cl, Br, OMe 35-87% yield
R?= PrOH, Me, Pr, Bn, / 97:3t0 >99:1

CH(OH)Me, 2-furylCH, 8010 >99%

Scheme 23

In 2016, McErlean and co-workers accomplished the
first total synthesis of the natural marine product (+)-pana-
cene in 17% overall yield (Scheme 24).37 The racemic 3-oxo-
2,3-dihydrobenzofuran-2-acetate = was  subjected to
ATH/DKR using (S,5)-CAT13 in DMF in the presence of
HCO:H as the hydrogen source and i-Pr2NEt as a base to fur-
nish the desired enantioenriched tricyclic lactone in 78%
yield with 73% ee, which could be upgraded to 96% after re-
crystallization. This spontaneous lactonization enabled effi-
cient generation of the tricyclic core of (+)-panacene.

N o
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CO,Et HCO3H, -Pr,NEt
_—
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then PPTS

J
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Scheme 24

In 2018, Fang and co-workers succeeded in developing a
DKR of racemic benzofuran-3(2H)-one derivatives through
Ru-promoted ATH (Scheme 25).38 The optimized conditions
established for this reaction employed 0.5 mol% of [RuCl(p-
cymene)((R,R)-TsDPEN)] [(R,R)-CAT13] as catalyst in MeOH
at 65 °C in combination with HCO:Na as the hydrogen
source and CTAB as phase-transfer catalyst. Accordingly,
and even if the scope of this transformation is rather limit-
ed, a number of benzofuran-3(2H)-ones were efficiently re-
duced to give the corresponding cis-2,3-dihydrobenzofura-
nols in 31-90% yield with up to >99:1 dr and 85-99% ee.

(  )-CAT13
HCO;Na (5 equiv)
_—

CTBA (20 mol%)
MeOH, 65 °C, 5 h

oo oo

0 (SIC = 200) OH
R = alkyl, CH,Ar, CH,Het 31-90% yield
85-99%
/ 98:2t0 >99:1

Scheme 25

An efficient synthetic route for the construction of bio-
logically cis-2-(azaheteroaryl)cycloalkan-1-ols
based on the DKR of racemic 2-substituted cycloalkan-1-
ones via ATH was reported by Bhanage and Vyas in 2016.39
The reaction, performed in dichloromethane at 27 °C, was
best catalyzed by a Ru-(R,R)-TsDPEN tethered complex
(R,R)-CAT14 as a catalyst in combination with a
HCO:2H/Et3N (5:2) mixture as the hydrogen source to afford
B-(azaheteroaryl)cycloalkanols containing two adjacent
stereocenters. The reaction tolerated a broad substrate
scope and gave 59-96% yield, up to 99:1 dr, and 25-99.9%
ee depending on the substitution pattern on the azahet-
eroaryl groups as well as the cycloalkanone ring size
(Scheme 26). Interestingly, the usefulness of the method
was demonstrated through the efficient asymmetric syn-
thesis of an antileishmanial agent and the preparation of a
chiral ionic liquid (not shown).
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Scheme 26

In 2018, Bhanage and Vyas reported the efficient Ru-
prolinamide-catalyzed ATH of 2-(azaheteroaryl)- and 2-
(phenylsulfonyl)cycloalkan-1-ones through a DKR process
(Scheme 27).40 The reaction was performed in aqueous me-
dium as a surfactant by using [Ru(p-cymene)Clz]> and a
prolinamide ligand L13 with bulky ortho-isopropyl substit-
uents in the presence of HCO2Na as a hydrogen source, de-

9 [Ru( -cymene)Cl],/L13 oH
Y HCO,Na Xy
N —_— . IN
\;\J H,0, 50 °C, 24 h f \;\’J
" R (SIC = 25) R
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X =N, CH

Y=N,CH

n=1-3

85-97% yield
97:3t0 99:1
35-99.1%

Scheme 27




livering cis-2-(azaheteroaryl)cycloalkan-1-ols and cis-2-
(phenylsulfonyl)cycloalkan-1-ols in up to 99:1 dr and 99%
ee.

Zhang, Guo, and co-workers devised a synthetic ap-
proach that allows an efficient access to valuable chiral car-
bocyclic nucleosides through Ru-catalyzed ATH relying
upon the kinetic conversion of stereolabile 2-(purin-9-
yl)cyclopentones (Scheme 28).41 Under the best operating
conditions, which used N-(pentafluorophenylsulfonyl)-
(R,R)-DPEN and [RuClz(p-cymene)]: as the catalytic system
[affording complex (R,R)-CAT15] and a 1:1 azeotropic
HCOzH/EtsN mixture as the hydrogen donor in dioxane at
room temperature, a wide variety of enantioenriched cis-2-
(purin-9-yl)cyclopentanols were isolated in 78-97% yield,

>20:1 cis/trans dr, and 70-99% ee.
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Scheme 28

Zhang, Guo, and co-workers extended their work to the
ATH/DKR of 2-(purin-3-yl)cyclopentanones catalyzed by
(R,R)-CAT15 to access a wide range of N3-purine nucleo-
sides in 75-96% yield, >20:1 dr and 94-99.9% ee (Scheme
29).42 Moreover, the catalytic system was suitable for 2-(py-
rimidinyl)cyclopentanones, cyclohexanones and cyclohep-

tanones as well.
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Touge, Kayaki, and co-workers developed a straightfor-
ward and versatile methodology for the asymmetric syn-
thesis of chiral fused n- and &-lactones containing multiple

contiguous stereocenters in a single step from racemic 1- or
2-tetralone derivatives through a DKR-ATH/lactonization
sequence (Scheme 30). They used oxo-tethered Ru(Il) com-
plex (R,R)-CAT12 with HCO2H/EtsN (5:2) as the hydrogen
source to perform the asymmetric tandem lactone synthe-
sis which proceeded in 65-95% yield with up to >99:1 dr for
the cis products and excellent enantioselectivities (93 to
>99% ee).*3 Notably, this approach features an ATH/DKR
transformation catalyzed by oxo-tethered Ru(Il) complex
(R,R)-CAT12 and the subsequent syn-selective lactoniza-
tion. These efficient methods were successfully used in the
enantioselective synthesis of chiral fused lactones including
natural wine lactone (not shown).
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In a similar fashion, in 2020 Lv and co-workers devel-
oped the Ru-catalyzed ATH/DKR of benzo-fused n-keto car-
boxylic acids that led to spontaneous lactonization (Scheme
31).4* A series of chiral tricyclic n-lactones were thus pre-
pared in 70-92% yield, >20:1 dr, and 96-99% ee, by using
the tethered Ru(Ill) complex (S,5)-CAT14 with the
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Scheme 31




HCO:zH/EtsN (5:2) azeotrope as both the hydrogen donor
and the solvent.

Efforts by Mohar and co-workers established DKR/ATH
as an efficient process to access valuable trans-B-amido al-
cohols. They introduced a new enantiomerically pure ansa-
RuCl[syn-ULTAM-(CHz2)sPh] (R,S)-CAT17 complex to suc-
cessfully deliver the targeted products in 94 to >99% ee and
77:23 to >99:1 dr, using HCO2H/Et3N (3:2) mixture at 60 °C
in chlorobenzene (Scheme 32).45 In addition, a reversal of
diastereoselectivity (from trans to cis) was observed by
changing the protecting group on the nitrogen atom from
acetyl to phthalimide. More interestingly, they showed by
DFT calculations that the trans-diastereoselectivity was fa-
vored due to the existence of two attractive stabilizations:

classical CH/n electrostatic interaction and atypical
0=S=0---H-NAc H-bond.
2 (. )-CAT17 oH
S L HCO,H/Et:N (3:2) X
R NHAc ——— > Rl3 NHAC
NFo PhCI, 60 °C, 3 h Z
R? (SIC = 500) R?
n=1-2 94 to >99%
R'=H, 5-Me, 5-Br, 3-Me, 3-F, 4-MeO | 77:23t0 >99:1 (R? = H)
R®=H, Ph dr = 81:3:4:12 (R? = Ph)
Scheme 32

In 2018, Cheng, Liu, and co-workers described a tandem
procedure involving a substitution reaction and subsequent
DKR/ATH for the synthesis of enantiopure cis-B-hydroxy
sulfones starting from racemic 2-bromoindan-1-ones.*¢
Bromide substitution with sodium arylsulfinate led to race-
mic 2-(arylsulfonyl)indan-1-ones that underwent in situ
ATH via DKR using Noyori-type catalyst [RuCl(mesity-
lene)((S,S)-TsDPEN)] [(S,5)-CAT18] and HCO:Na as a hydro-
gen source in a mixture of H20/i-PrOH (1:3) at 60 °C
(Scheme 33). Under the best operating conditions, several
2-bromoindan-1-ones or 2-bromo-1-tetralones bearing dif-
ferent groups on the aryl ring were converted into the cor-
responding B-hydroxy sulfones in 89-97% yield, 92-99% ee,
and 91:9-99:1 dr.

o) ArSO,Na H
Br (, )-CAT18 Q\S/ Ar
7N HCO,Na (10 equivz A N\
R—+ ) R—+ ) o
Z n H,0/ -PrOH (1:3) Z n
60°C,5h 89-97% yield
n=1,2 (S/IC =20) 92-99%
R = H, 5-Br, 5-Cl, 6-MeO / 91:9t0 99:1
Ar = Ph, 4-MeCgHy, 4-( -Bu)CeHa,

2,4,6-MesCqH,, 4-FCgHy, 4-CICeH,,
4-BrCgHj, 4-F3CCgHa, 2-FCgH,, 2-naphthyl

Scheme 33

In 2019, our group achieved, under mild reaction condi-
tions, the Rh(III)-mediated enantioselective transfer hydro-
genation of diversely substituted 3-formyl-4H-chromen-4-
one derivatives, providing a range of enantioenriched cis-3-

(hydroxymethyl)chroman-4-ols under DKR process
(Scheme 34).47 The optimal reaction conditions used 0.5
mol% of TsDPEN-based tethered Rh(III) complex (R,R)-CAT9
as the catalyst and a HCOzH/Et3N (5:2) mixture as the hy-
drogen source in CHzClz at 30 °C. This ATH/DKR reaction de-
livered the corresponding 3-(hydroxymethyl)chroman-4-
ols in 72-92% yield with up to 98:2 dr (cis/trans) and up to
>99% ee, irrespective of the nature and position of the sub-

stituents on the aryl group.

o O OH OH
R | (. )-CAT9 R : |
X HCO,H/Et;N (5:2) m
—_—
| | CH.Cl,, 30 °C, 24-65 h |
2o (SIC = 200) Ao
R =H, Me, Et, Pr,Br,Cl,F 72-92% yield
97 to >99%
92:8 to 98:2

Scheme 34

In 2017, Metz and Quin studied the Ru-catalyzed
ATH/DKR of racemic isoflavanones using complex (R,R)-
CAT12 and HCOzH/Et3N (3:1) to access enantioenriched iso-
flavanols with cis diastereoselectivities and enantioselectiv-
ities >99% ee. Oxidation of the resulting isoflavanols en-
abled an efficient synthesis of the cardioprotective isoflava-
none (R)-dihydrodaidzein (Scheme 35) and a formal
synthesis of the bioactive isoflavan (R)-equol (not shown).48

RZ
R1
(, )-CAT12 O
HCO,H/Et;N (3:1) o
—_—
o EtOAc, 45 °C, 3-72 h HO
(SIC =20)
RS
R'=H 90-95% yield as a single isomer
R® = OAc, OMe, OMOM >99%
R®=H, OAc, OMe, OMOM  HO o
C
el
O
OH
( )-dihydrodaidzein
97%
Scheme 35

Following their report on the therapeutic potential of
anti-angiogenic homoisoflavanone derivatives in retinal
and choroidal neovascularization models, Seo, Corson, and
co-workers described an enantioselective synthesis of cre-
mastranone and its homoisoflavanone derivatives through
Ru-catalyzed ATH/DKR of 5,6,7-substituted homoisoflava-
nones (Scheme 36).49 The reaction was performed with
[RuCl(p-cymene)((R,R)-TsDPEN)] [(R,R)-CAT13] in acetoni-
trile in the presence of HCO:zH as the hydrogen source and




DBU as a base. The reaction yielded the corresponding 3-
benzylchroman-4-ols in 87-96% yield, >20:1 dr, and 93-
98% ee.

OMe OMe
R?O
(, )-CAT13 OMe OH
HCO,H/DBU (1:3) MeO .
_— .
MeCN, 50 °C, 24 h
(SIC=333)  Rio o

R'=Me, Bn 87-96% yield
R?=H, Bn / >20:1
93-98%
Scheme 36

Chiral 2-substituted quinuclidin-3-ols represent key
synthetic intermediates of numerous biologically active
compounds. In 2020, Zhang, Wang, and co-workers report-
ed the Ru-catalyzed ATH through DKR for the enantioselec-
tive synthesis of cis-2-[(het)arylmethyl]quinuclidin-3-ols
(Scheme 37).50 After an extensive screening of the reaction

arameters, the reaction proceeded in the presence of 1
mol% of (R,R)-CAT15 with I-ICO2 NI—I4 as the hydrogen source
in i-PrOH/CH2Clz at 50 °C for 72 h providing the correspond-
ing cis-2-[(het)arylmethyl]quinuclidin-3-ols in 92-99%
yield with diastereoselectivities up to >99:1 dr and 95 to
>99% ee. The position of the substitution on the aryl ring or
the electronic properties of the quinuclidin-3-ones did not
have a significant influence on the reactivity and stereose-
lectivity of the ATH transformation. Compounds having
electron-withdrawing substituents displayed
lower enantioselectivities compared to those bearing elec-
tron-donating groups at the aryl ring. This operationally
simple protocol offered an alternative route to cis-2-
[(het)arylmethyl]quinuclidin-3-ols and enlarged the scope
for the ATH of bicyclic ketones. Moreover, the practicality of
this method was confirmed by the gram-scale experiment
leading to perfect enantioinduction using a simple recrys-

tallization.
o ( )-CAT15 \OH
HCO,NH,4 @
N PrOH/CH,Cl, (1:1), 50 °C, 72 h

relatively

(SIC = 100) N
R R
R = Ph, 4-MeOCgHa, 4-PhCqHa, 4-FCeHa, 92-999% yield
4-F4CCgHa, 3-MeCoHy, 3,4-Me,CoHa, / 98:1to>99:1
95 0 >99%

3-AcNHCgH,, 3-FCgHy, 2,3-F,CgHa,
3,5-(Me0),C¢Hs, 3-HO-4-MeOC¢Hs,
2-FCgH,, 2-HOCgH,,1-naphthyl, 2-furyl,
5-Me-2-thienyl, benzodioxol-5-yl

Scheme 37

In 2016, Mohar and co-workers published a divergent
and efficient stereoselective approach for the preparation of
varied carbinols that possess either two of three contiguous
stereogenic centers depending on the operating conditions

through Ru-catalyzed ATH of a-trifluoroacetyl-substituted
benzofused five- to seven-membered cyclic ketones cou-
pled with either one or two consecutive DKR processes.5!
As outlined in Scheme 38, when the reaction was carried
out in chlorobenzene at 40 °C using the ansa-Ru(Il) complex
(5,5)-CAT4 ligated with the enantiopure piperidino-
SO,DPEN(CH;),(n¢-Ph) ligand and HCO,H/Et;N (5:2) azeo-
tropic mixture as the hydrogen source, under DKR, diverse
carbinols with two adjacent stereocenters were isolated in
51-92% yield, >99% de, and up to >99.9% ee. Interestingly,
when the reaction was performed with the same catalytic
system at 60 °C and with a higher catalyst loading with
HCO2H/Et3N (3:2), an unprecedented double DKR process
occurred, providing various a-CF3-substituted 1,3-diols that
bear three contiguous stereocenters with similar results in
terms of reactivity and selectivity.

o OH
(. )-CAT4 R
HCOHIELN (5:2) ¥ | ~CF,
—————————- by
o o PhCI, 40°C,15-34h (AN K),
R (S/C = 1000-2000)
% I§ 51-92% yield
Z | CF3 64 to >99.9%
| 99,10
NNy ), 0
R = H, 5-Br, 6-OH, OH OH
7-OH, 7-NHAc (. ycAT4 R :
X= SH; 0.8 HCOMIEGN (32) (X | CFs
n=0- e
PhCI, 60°C,25-24h oy )y
(SIC = 100-1000) 86-97% yield
73 10 >99.9%
>99.9%
Scheme 38

3.2 a-Substituted B-Keto Esters, Amides, and Sul-
fonamides

In 2018, our group reported an unprecedented Rh-cata-
lyzed ATH of a-benzamido-B-keto esters via DKR to pro-
duce the corresponding syn-a-benzamido-B-hydroxy es-
ters, which had not previously been directly attained
through ATH (Scheme 39).52 The reaction proceeded using
0.5 mol% of tethered Rh(III) complex (R,R)-CAT9 in the pres-
ence of HCO2H/EtsN (5:2) azeotropic mixture as the hydro-
gen donor in CHzClz at 0 °C. Compounds bearing substituted
aryl groups (R) on the ketone functional group delivered the
corresponding reduced syn-products in 63-98% yield irre-
spective of the electron-donating or electron-withdrawing
character of the substituents. Thus, a series of a-benzami-
do-B-keto esters were efficiently converted under mild con-
ditions into the corresponding syn-a-benzamido-B-hy-
droxy esters with up to >99:1 dr (syn/anti) and >99% ee for
a broad range of substrates with tolerance for a diverse set
of functional groups. Furthermore, this method can be
scaled to gram-scale. Of note, preliminary ATH experiments
were conducted in CHzClz at 30 °C employing tethered and
untethered Ru-complexes with HCOz:H/Et3N (5:2) as the hy-
drogen source, producing the corresponding anti-1,2-ami-




no alcohols as the major isomers albeit with low enantiose-
lectivities. To our knowledge, this reversal of diastereoselec-
tivity from anti to syn provided by switching from Ru
complexes to the use of a Rh catalyst had not previously
been observed for the ATH of N-monoprotected a-amino-f3-
keto esters.

o o ( )-CATY OH O
HCO,H/ELNH (5:2) /\)J\
R OMe CH,Cl,, 0 °C RO Y Ome
NHBz (S/C = 200) NHBz

63-98% yield
75:25t0 >99:1
>99%

R = Ph, 2-naphthyl, 2-thienyl, 2-furyl, 2-quinolyl,
4-MeOCgH,, 4-MeCgHy,, 4-CICeH,, 4-FCgH,,
4-BrCgHa, 3-MeCgHg, 3-BrCgHa,
2-pyridyl, 3-pyridyl, CsHi1, (CH,),Ph

Scheme 39

In 2017, Wang and co-workers described the ATH/DKR
of B-aryl-a-dibenzylamino-f-keto esters using (R,R)-CAT12
to access syn-B-aryl-a-dibenzylamino-f3-hydroxy esters in
up to 98% yield with >20:1 (syn/anti) dr and 94-99% ee
(Scheme 40).53 This reaction was used in a gram-scale syn-
thesis of droxidopa.

o o (, )-CAT12 OH O
HCO,H/Et;N (3:1)

RMOB —_— OEt
CH,Cl,, reflux

Py~ N\pg (SIC = 10-20) Py” “Pg
R = (Het)Ar 78-98% yield
Pg=Bn, allyl OH O / >20:1
94-99%
HO
R OH
—
NH,
HO'
droxidopa
Scheme 40

In 2019, Zhang, Wang, and co-workers developed an ef-
ficient and scalable synthesis of eliglustat, a specific and po-
tent inhibitor of glucosylceramide synthase, via a Ru-cata-
lyzed ATH/DKR approach (Scheme 41).5¢ The required two
contiguous stereocenters were installed by ATH in the pres-
ence of the [RuCl(p-cymene)((R,R)-TfDPEN)] complex
[(R,R)-CAT16], generated from (R,R)-TfDPEN and [Ru(p-cy-
mene)ClZ]Z, and the HCO 2H/Et3N (5:2) azeotrope as the hy-
drogen source. Slow addition of HCOz2H was crucial to en-
sure high conversion and selectivity. The desired syn-prod-
uct was obtained on a 100-g scale in 90% yield and an
excellent >99% ee.

Paraconic acid natural products exhibit antimicrobial,
antibiotic, and anti-HIV-1 biological properties and repre-
sent an important class of compound in medicinal chemis-
try. In 2019, Appayee and co-workers accomplished the
first ATH/DKR of 3-acylsuccinimides and developed a ster-
eodivergent method to successfully access the synthesis of
several bioactive paraconic acid derivatives such as (-)-
methylenolactocin, (+)-nephrosterinic acid, and (+)-protoli-
chestirinic acid, as well as (-)-phaseolinic acid, (-)-nephro-

o) OEt O, OEt

NBn, ( )-CATI6 NBn;

HCO,H/Et,NH (5:2

toluene, 50 °C, 40 h
(SIC = 20)
100 g scale

(o)
o
90% vyield

/ >99:1
OH{_N >99%

eliglustat

Scheme 41

mopsinic acid, (+)-nephrosteranic acid, and (+)-roccellaric
acid (not shown) (Scheme 42).55 Under the optimized reac-
tion conditions, the ATH was realized using (R,R)- or (S.5)-
[RuCl(p-cymene)(TsDPEN)] complexes [(R,R)- or (S,5)-
CAT13] with HCO2H/EtsN (5:2) in DMF at room tempera-
ture for 18 h in yields up to 82% with up to 9:1 dr and up to
97% ee.

HCO,H/EtN (5:2)

DMF, r.t., 18 h
(S/C = 50)
Bn Bn
oMo O N\ 0
HO HO
78-80% yield

81-82% yield
/ 9:1, 97% / 9:1, 95-97%
Y Y

HO Ho\\
o) o~ "‘CsHun o) o R
R= -Cy1H,3, (+)-nephrosterinic acid

(-)-methylenolactocin
R= -Cy3H,7, (+)-protolichesterinic acid

\ (. )-CAT13o0r( , )-CAT13

Scheme 42

Smith and co-workers reported the development of an
effective enantioselective process scale synthesis of the
HIV-1 inhibitor BNM-III-170 using an ATH/DKR approach to
set the two stereocenters of the molecule.’¢ They used
[RuCl(p-cymene)((S,S)-TsDPEN)] [(S5,5)-CAT13] and
HCO:H/EtsN (5:2) as the catalytic system and managed to
produce the desired product in 92% yield and >98% ee




(Scheme 43). The overall efficiency of their new synthesis
of BNM-III-170 was significantly improved compared to
their first-generation synthesis and required only a single
chromatographic purification for the 16 steps.

E

ca
CO,Et
HN

C CO,Et HO.
(S,9)-CAT13 o
HCO,H/EtN (5:2)
AELN ) — NH -
CH,Cly 1t 64h - =NH,
(SIC = 200) HN
Br Br 2
92% yield 2 CF4,C0O,0
>98% ee
®
N
H, BNM-I1I-170

Scheme 43

Chen, Wu, and co-workers devised an efficient method
for the stereoselective synthesis of florfenicol, an antibiotic
with broad spectrum of activity which is a 3’-fluorinated
derivative of thiamphenicol.57 The key step of the synthesis
relied on ATH via DKR of an a-Boc-amino-B-keto ester using
in situ generated Ru catalyst bearing a chloramphenicol-
based ligand L14 in the presence of the polysorbate-type
nonionic surfactant Tween 20 and HCO2Na as the hydrogen
source (Scheme 44). The reaction proceeded smoothly at 25
°C in water to provide the anti-(2S5,35)-a-Boc-amino-3-hy-
droxy ester in 85% yield, 96:4 dr, and 78% ee; the latter
could be improved to 85% ee after one recrystallization
from ethyl acetate. The chloramphenicol-based ligand L14
was recovered in 94% yield after addition of 20% citric acid
followed by neutralization with saturated NaHCO3 and back
extraction with dichloromethane.

fo) 0o [RUCly(p-cymene)],/L14 OH O
HCO,Na (5 equiv) H
R OEt > R OEt
NHBoc Tween 20 (0.2 equiv) NHBoc
H,0, 25 °C, 48 h -
R = 4-MeSO,CgH, (SIC =5) 85% yield
78% ee
OH 96:4 dr
. /@/\‘/\F
HN CHCI
MeO,S \ﬂ/ ?
. O
florfenicol

Scheme 44

In 2019, Touge and co-workers reported a robust and ef-
ficient synthesis of ceramide D-erythro-CER[NDS], a drug
used for the treatment of skin disease, employing ATH com-
bined with DKR process as a pivotal step (Scheme 45).58 The
reaction was performed on 80.0 kg scale of methyl 2-acet-
amido-3-oxooctadecanoate using 0.1 mol% of the oxo-teth-
ered Ru(Il) complex (R,R)-CAT12 as a catalyst under 9.5 atm
N2 at 85 °C in the presence of 2 equiv of HCO2H and 0.3

equiv of EtsN affording 77.4 kg of the corresponding anti-a-
acetamido-B-hydroxy ester with an excellent yield (96.2%)
and 85:15 dr. This optimal process was carried out using
vertical 100-L pipes-in-series reactor and a residence time
of 6 h. After 3 chemical steps, 58.0 kg of the targeted cera-
mide were obtained in optically pure form (>99.5:0.5 dr,
>99% ee).

n A (RR)-CAT12
HCO,H (2.0 equiv) yrov
CisHas: OMe Et:N (0.3 equiv) 015H31/k,/u\OMe
NHAc THF, 85°C, 6 h NHAc
80.0 kg N, (9.5 atm) 77.4 kg
(S/C =1000) 96% yielc
OH OH 85:15 dr
T CisHa ;
l:\lHCOC17H35

D-erythro-CER[NDS], 58.0 kg
47% yield (4 steps)
>99.5:0.5 dr, >99% ee

Scheme 45

A sustainable enantioselective route to access syn-B-hy-
droxy-a-methoxy esters was developed in 2019 by our
group. The key step relied on using tethered Rh(III) complex
(R,R)-CAT19 to perform ATH through DKR of racemic (3-
keto-a-methoxy esters (Scheme 46).5° The reaction was
carried out in an open flask in 2-MeTHF with an azeotropic
mixture of HCOzH/EtsN (5:2) at 30 °C or in water with
HCO2Na (5.0 equiv) and CTBA (0.2 equiv) as surfactant at 40
°C. These optimized reaction conditions were applied to the
preparation of a wide variety of B-hydroxy-a-methoxy es-
ter derivatives adorned with either electron-donating or
electron-withdrawing groups on the aromatic ring in up to
98% yield, syn diastereoselectivity up to >99:1 dr, and up to
>99% ee.

(R,R)-CAT19
HCO,H/EN (5:2)
[¢] O 2-MeTHF, 30 °C OH O
(S/C = 200) /\)I\
i i o (R,R)-CAT19 AT Ome
Lvie HCO,Na (5 equiv) Ome
CTBA (0.2 equiv) 68-98% yield
Ar = Ph, 4-MeC¢H,, H,0, 40 °C 88 t0 >99% ee
3-MeOCgHs, 4-MeOCgH,, (S/C = 200) syn/anti 95:5 to >99:1

4-BnOCgHy, 3,5-(MeO),CgHs,
4-FCgHa, 4-F3CCgHy, 4-BrCgHa,
3-BrCgHa, 2-MeOCgH,, 2-furyl, 2-thienyl

Scheme 46

In 2019, Somfai and Yu reported ATH combined with
DKR of n,0-unsaturated a-amido-B-keto esters, and ex-
plored the ability of Ru complexes to perform preferentially
a chemoselective 1,2-reduction of the carbonyl function
(Scheme 47).60 The ATH/DKR protocol catalyzed with [Ru-
Clz(mesitylene)]2 combined with (S,5)-DPAE [(S,S)-L15] was
performed in dioxane at room temperature using
HCO:2H/EtsN (1.5:3) as the hydrogen source to access the




corresponding n,0-unsaturated anti-a-amido-B-hydroxy es-
ters in 43-91% yield, 74:26 to 97:3 (anti/syn) dr, and 63—
97% ee. The scope of the reaction demonstrated that the
substitution of the alkene moiety as well as the N-protect-
ing groups played a crucial role on the outcome of the re-
duction. The method was applied to the asymmetric total
synthesis of the polyhydroxylated pyrrolizidine alkaloid
(+)-alexine.

R 0 O [RuCly(mesitylene)l,/L15  R2  oH O
HCO,H/Et;N (1.5:3) T
R X OR! —MmM8M8M8M8Mm > Rl N OR*
R? RHP dioxane,r.t., 3.5-7d 3
] (SIC = 20) R NHPg

R! =H, Me, Ph, 4-BrCgH.,

¢ 0, i
(E)-MeCH=CH, CO,Me 43-91% yield

anti/syn 74:26 to 97:3

R’ =H, Me; R® = H, Me; R* = Me, Et, Bn, Cy 63-97% ee
Pg = Cbz, Boc, Bz, Ac o OH
OH © - H
X OFt =, “OH
NHChbz

(+)-alexine

Scheme 47

In 2019, Stachulski and co-workers accomplished the
ATH of B-keto anilides catalyzed by the Ru-tethered com-
plex (R,R)-CAT14 at 20 °C for 40 h with HCOzNa as the hy-
drogen donor and TBAI in H,0/CH,Cl, mixture (Scheme
48).61 Under these reaction conditions, the reaction led to
the syn-products in 48-75% yield, diastereoselectivities up
to >95:5 (syn/anti) dr, and 26-98% ee. This method allowed
the scope of the ATH/DKR leading to relevant n-alkyl-B-hy-
droxy-N-Me-amino acids to be expanded. This strategy was
used to access a convergent synthesis of the unusual a-ami-
no-B-hydroxy acid MeBmt.

o O (RR)-CAT14 OH O
HCO,Na, TBAI
R NHPh ~—————————————— R NHPh
N H20/CH,Clz, 20 °C, 40 h :
-~ chz (s/C = 10) - ~chz

48-75% yield
syn/anti 86:14 to >95:5
26-98% ee

R =i-Pr, c-Pr, c-Bu,
e Y it

Scheme 48

In 2016, Chen and co-workers described the Ru-cata-
lyzed synthesis of anti-a-Boc-amino-B-hydroxy esters us-
ing transfer hydrogenation of racemic a-Boc-amino-f-keto
esters via DKR process employing a series of readily avail-
able and cost-effective Ru-chloramphenicol L14 complexes
as catalysts (Scheme 49).62 The results demonstrated that
the stereochemical outcome of the transformation was af-
fected by the nature of the chiral ligands. Several phase-
transfer catalysts (PTC) were investigated for this transfor-

mation and the pH values of the solution showed a crucial
role on the reaction rate. Consequently, the ATH was carried
out under mild conditions at 25 °C with 10% of Ru catalyst
in the presence of HCO:Na/HCOzH buffer (pH 6.0) and
Tween 20 for 12 h. This method showed good functional
group tolerance toward a range of aryl- and alkyl-substitut-
ed a-Boc-amino-B-keto esters, although hetaryl-substitut-
ed compounds led to lower diastereoselectivities; 79-92%
yield, up to 96% de, and up to 87% ee were achieved. This
method was applied to the stereoselective synthesis of a
key intermediate for the preparation of the antiobiotic van-
comycin.

[¢] [¢] [RuCly(p-cymene)],/L14 OH O
HCO,Na/HCO,H :
R OFt pH 6.0 aqueous buffer R OEt
NHBoc Tween 20, 25°C, 12 h NHBoc

(S/C = 10)
R = Ph, Cy, 2-furyl, 2-thienyl, 4-MeCgH,,
3-MeCgHg, 2-MeCgHa, 4-(t-Bu)CeHa,

79-92% yield
anti/syn 82:18 to 98:2

4-MeO-CgH,, 4-MeSCgH,, 4-BrCeH,, 43-87% ee
4-0,NCgHj, 3,4-(OCH,0)CeHs
OH O
cl : . !
OEt . Vancomycin
NH,
BnO
Scheme 49

Our group reported a mild catalytic ATH of a range of a-
amino-B-aryl-B-keto ester hydrochlorides catalyzed by a
Rh(III) complex (R,R)-CAT9 (Scheme 50).63 The reduction
was carried out using HCOzH/Et3N (5:2) as the hydrogen
donor source to provide the corresponding anti-a-amino-f3-
aryl-B-hydroxy esters in good yields, up to 97:3 dr, and up
to >99% ee. An interesting reversal of the diastereoselection
was observed for a-amino-f-hetaryl-B-keto ester hydro-
chlorides, which under the standard reaction conditions
gave the unexpected syn products. This transformation
served as an atom-economical and stereoselective method
to access anti- and syn-a-amino-f-hydroxy ester deriva-
tives found in natural products and bioactive molecules
with a high level of enantioinduction (up to >99% ee).

o o (R,R)-CAT9 OH O
HCO,H/EtN (5:2)
A Y OMe
R OMe ioxane, 30 °C, 3 h R~ :
= NH,-HCI (S/C = 100) NHCOPh
then BzCl, EtzN 4184% vield
= H,Cl,, 1.t,, 3 h 41-84% yiel
R (l;il ll\glle, OMe, F, CHxCly, r.t., 3 antisyn 63:37 to 75:25
- 94 to >99% ee
o Q (RR)-CAT9 OH ©O
X HCO,H/Et;N (5:2) X
OMe ———— >
N dioxane, 30°C,3h | OMe
NH-HCl (SIC = 100) NHCOPh
then BzCl, EtzN )
X=0,S CH.Cl,, rt.,3h 55% yield

syn/anti 86:14 to 87:13
99 to >99% ee

Scheme 50




In 2018, Lv, Zhang, and co-workers described an effi-
cient ATH/DKR of a-aryl-B-keto sulfonamides by using 2
mol% of the Ru(Il) complex (S,5)-CAT14 with HCO2H/EtsN
(5:2) as the hydrogen donor in DMF at 60 °C to produce the
corresponding a-aryl-B-hydroxy sulfonamides in high
yields (90-97%) with up to 20:1 dr and up to 99% ee
(Scheme 51).6* The electronic properties and the position of
the substituent groups on the aryl ring had no significant
influence on the ATH. When the aryl group was replaced by
a polycyclic aromatic or a hetaryl group, such as 2-naphthyl
or 2-thienyl, the B-keto sulfonamides were still hydrogenat-
ed efficiently. Switching from the piperidino group (X =
CHz, n = 1) of the sulfonamide to a pyrrolidino (X = CHz, n =
0), morpholino (X = O, n = 1), or dimethylamino group did
not affect the stereochemical course of the transformation.
Additionally, this practical operationally simple method ac-
commodated a broad substrate scope and the reduction
proceeded smoothly on a gram scale as well at 60 °C in the
presence of 0.5 mol% of the Ru complex delivering the a-
substituted B-hydroxy sulfonamide core in 95% yield with
the same diastereo- and enantioinduction (up to 20:1 dr,
99% ee).

o o (S,9)-CAT14
I HCO,H/EtN (5:2) oH O
SN _— > S
11N n Rl SN
o) DMF, 60 °C, 12 h I n
R2 X

(SIC = 50) R? K/ X
R' = Ph, 4-MeOCgH.,

4-FCgHa, 4-CICgHa,
4-BrCgH,, 4-FsCCgHa,
3-CICgHa, 2-naphthyl, 2-thienyl
R? = Me, Br, Cl
X=CH,, O
n=0,1

Scheme 51

Rl

90-97% yield
syn/anti 10:1 to 20:1
97-99% ee

3.3 a,B-Disubstituted Cyclic Ketones

Ashley, Sherer, and co-workers disclosed in 2017, an ef-
ficient Ru-catalyzed ATH under DKR of substituted chro-
man-4-ones possessing [-stereolabile centers (Scheme
52).65 Under strongly basic conditions, a wide range of valu-
able chroman-4-ols were produced in 71-96% yield with up
to >99% ee and up to >50:1 dr using 2 mol% of either (S,5)-
CAT12 or [RuCl(mesitylene)((S,S)-TsDPEN)] [(S,S)-CAT18] in
combination with HCOzH as a hydrogen source and either
EtsN or DBU as a base at 40 °C in acetonitrile. From a mech-
anistic point of view, this cooperative DKR/ATH transforma-

o o (S.5)}-CAT120r (S9)-CATI8 OH
X R® HCO,H/EtsN (5:2) or X R3
| DBUHCOM 3310 12:4) ]

—_—
PN g2 MeCN, 40 °C, 24 h P g2
(SIC = 50)

X =0, NTs
R'=H, MeO, Br, CI, CN
R? = alkyl, Ph; R®=H R*-
R®=-(CHy)s-, -(CH)sr

71-96% yield
93 to > 99% ee
2.3:1to>50:1dr

Scheme 52

tion occurs via racemization of the stereocenter distal to
the activating ketone group through a B-elimination pro-
cess to deliver the corresponding achiral enone, which
could then be converted back into either enantiomer of the
starting B-substituted chromanone by conjugate addition.

In 2018, Mohar and co-workers described the synthesis
of indanol derivatives using the tethered Ru(Il) complex
(5,S)-CAT4 via a DKR/ATH process (Scheme 53).¢¢ This
reaction was conducted at 60 °C with a low catalyst loading
(S/C=1000) in the presence of HCOzH/Et3N (3:2) mixture as
a hydrogen donor to furnish 2,3-disubstituted indan-1-ols
in 42-97% yield, >99:1 dr, and up to 99.9% ee.

o (S,S)-CAT4 OH
R2 HCO,H/Et:N (3:2) R2
R1L o R N
L PhCI, 60 °C, 1.5-170 h L
Z (SIC = 1000) z

Z=CO,Me, CN, C(O)R

R'=H, Me, Cl

R? = Me, i-Pr, Cy, Ph, CO,Me,
CH,Ph, 2-MeCgHy, 4-CICeH,

Scheme 53

42-97% yield
up to 99.9% ee
>99:1 dr

3.4 pB-Substituted Ketones

An enantioselective synthesis of syn-1,3-amino alcohols
was reported in 2018 by our group based on Ru-catalyzed
ATH of ring-substituted -amino ketones via DKR.67 The key
feature of this approach relied on epimerization of the B-
stereocenter by an intermolecular elimination (retro-Man-
nich)/addition sequence. This transformation was carried
out using [RuCl(S,S)-TsDPEN(benzene)] [(S,S)-CAT20] in di-
chloromethane in the presence of HCO2H/Et3N (5:2) as the
hydrogen source at 30 °C (Scheme 54). With these reaction
conditions, various syn-1,3-amino alcohols were obtained
in 60-85% yield, up to 71:29 dr, and 81-99% ee.

(S.8)-CAT20
| ,  HCOM/ELN (5:2)
N —_———
CH,Cl,, 30 °C, 24 h

0 (SIC = 83)

Rl

60-85% yield
81-99% ee
51:49 to 71:29 dr

R' = Ph, 4-MeCgH,, 4-FCgHa, 4-BrCeH.,
4-MeOCgH,, 2-naphthyl, Me

R? = Ph, 4-CICgHa, 3-CIC¢Ha, 2-CICcH,,
4-BrCgHg, 4-MeOCgH,, 3-MeOCgH,,
4-MeCgH,, 2-thienyl, 2-naphthyl

Scheme 54

Wang, Liu, and co-workers developed a DKR/ATH meth-
odology for the asymmetric reduction of racemic n-aryl-n-
keto malononitriles leading to convenient 2-aryl-3,4-dihy-
dro-2H-pyran-5-carbonitrile intermediates in a one-pot
operation (Scheme 55).68 Under optimized conditions em-
ploying [RuCl(mesitylene)(S,S)-TsDPEN] [(S,S)-CAT18] in
combination with HCO2Na in i-PrOH/H20 (3:1) at 60 °C,
several 2-aryl-3,4-dihydro-2H-pyran-5-carbonitriles were




synthesized in 71-99% yield with 90-99% ee and 80:20 to
98:2 dr. A striking feature of this reaction was a complex re-
action sequence involving retro-Michael addition, followed
by an ATH upon DKR and a subsequent spontaneous diaste-
reoselective cyclization reaction.

(S,5)-CAT18
HCO,Na (10 equiv) NH,
EtsN (1 equiv)

3 07X CN
H,O/i-PrOH (1:3)
60 °C, 5-12 h
(SIC = 50)

NC CN
R R? Rl g2
71-99% yield

90-99% ee

R' = Ph, 4-FCgHy, 3-FCeH, 2-FCoHy, 4-CICeH,,  80:20 to 98:2 dr

2-CICgH4, 3-BrCgHy, 4-ICgH,, 4-O;NCeHa,
4-NCCgHs, 4-MeCgH,, 3-MeOCgH,, 2-naphthyl

R? = H, Et, Ph, 4-FCgHj, 4-CICgH,, 3-CICgH,
4-NCCgHg, 4-MeCgHg, 3-MeCgHg, 4-MeOCqH,,
3-MeOCqH,

Scheme 55

In 2018, Strotman and co-workers developed efficient
asymmetric routes to n-secretase modulator BMS-932481,
as a potential candidate for the treatment of Alzheimer’s
disease (Scheme 56).6°. The first strategy involved a chal-
lenging enantioselective hydrogenation of an unfunctional-
ized trisubstituted alkene to install the benzylic stereocen-
ter through a combination of high throughput experimen-
tation and process optimization. The second route showed
a unique vinylogous dynamic kinetic resolution (VDKR) ke-
tone reduction, with a racemizable stereocenter conjugated
with a pyrimidine ring. The ATH was carried out in the
presence of 0.5 mol% of [RuCl(mesitylene)((S,S)-TsDPEN)]
[(S,S)-CAT18] which was selected for further development,
in HCO2H/EtsN (2:1) as the hydrogen source in DMA at 40
°C for 5 h providing the expected (55,75)-cis-alcohol in high
yield with excellent diastereo- and enantioselectivities.
Moreover, the ATH was scaled-up to 400 g with 146:1 dr
and 99.4% ee observed for the reduction. After work-up and
isolation, the (5S5,75)-cis-alcohol was obtained in 84% yield
with >200:1 dr and 99.7% ee. This transformation required

NHMe o NHMe

(S,S)-CAT18 N
HCO,H/Et;N (2:1)
)'\ ~
DMA, 40 °C,5h
(S/C = 200)
84% yield
cis/trans >200:1
99.7% ee

NHMe

\
NaN
—
el
BMS-932481

Scheme 56

catalyst and substrate control and the non-adjacent benzyl-
ic center of the ketone substrate to be more acidic than that
of the alcohol product. DFT computations allowed predic-
tion of the relative acidities of the intermediates involved in
the transformation. These results enabled the development
of a sustainable and scalable route toward n-secretase mod-
ulator BMS-932481.

3.5 Imine Derivatives

Mohar and co-workers showed that the chiral ansa-
Ru(II) complex (S,5)-CAT4 was an effective catalyst for the
ATH of a-(sulfonylimino) and a-(sulfonylamino) aryl ke-
tones under DKR conditions (Scheme 57).70 Notably, this
protocol was performed at 60 °C in a HCO IZ-I/Et g\l (3:2) bi-
nary mixture under a low catalyst loading of S/C = 10000,
giving optically active 4-hydroxy-1,2,3,4-tetrahydro-1,2-
benzothiazine S,S-dioxides with two contiguous stereogen-
ic centers in 97-100% isolated yield with up to >99.9% ee
and consistently high levels of cis diastereofacial selectivity.

o OH
(S,9)-CAT4
R HCO,H/Et;N (3:2) R
B
_—
U 60 °C, 18-36 h _NH
S (S/C = 1000-10000) s
7\

O/ \O o
R =H, aryl, Ac 97-100% yield
99 to >99.9% ee

cis/trans 97:3 to 99:1
Scheme 57

In 2018, Lee and co-workers reported a convenient and
highly stereoselective ATH to access cyclic sulfamidates, cis-
4-aryl-5-alkyl-1,2,3-oxathiazolidine S,S-dioxides (Scheme
58).71 Attempts to increase the stereoselectivity of ATH re-
actions of 5-alkyl-substituted cyclic sulfamidates showed
that stronger bases than EtsN, such as DBU, facilitated rapid
racemization of the configurationally labile cyclic imine
substrates and led to better stereoselectivities. Consequent-
ly, the Rh-catalyzed ATH/DKR was conducted in combina-
tion with HCO2H/DBU (1:1) as the hydrogen source employ-
ing (S,S)-or (RR)-[RhCICp*(TsDPEN)] [(S,S)-or (RR)-CAT21]
in acetonitrile within 1 h at room temperature in 90-99%
yield, cis diastereoselectivities of >25:1 dr, and 53-99.9% ee.

A S/,O (5.5)-CAT21 QAL
N HCO,H/DBU (1:1) o
)\_{ MeCN, 25 °C, 1 h
RL R2 (S/C = 200) RI R2

R* = n-Bu, Ph, 4-MeOCgH., 4-CICsH,
4-FCgH,, 4-NCCgH,4, 4-F5CCgHy,
4-MeCgH,, 3-MeCgHy, 3-CICgH,,
2-MeCgHy, 2-CICgH,, 2-naphthyl, 2-thienyl

R? = Me, Et, n-Pr, i-Pr, allyl, n-octyl, Bn,
CH,0Bn, CH,OMe

90-99% yield
cis/trans >25:1
53-99.9% ee

Scheme 58




The reduced products are potentially valuable intermedi-
ates for the preparation of chiral 1,2-functionalized amines
and 1,2-amino alcohols.

Wang and co-workers described the Ru-catalyzed re-
ductive amination of 2-formyl-2’-hydroxybiphenyls with
arylamines to access chiral 2-(arylamino)-2’-hydroxybiphe-
nyls under mild conditions and with a wide substrate scope
(Scheme 59).72 The enantiomerically enriched 2-(arylami-
no)-2’-hydroxybiphenyls were obtained in 60-94% yield by
using (S,S)-CAT15 and HCO2H/EtsN (5:2) as the hydrogen
donor at room temperature, with 91-99% ee through a DKR
process.

(S,9)-CAT15

HCO,H/EtN (5:2) OO
4 AMS
l OH

o]
Z R
+ HN — 0
H CH,Cl,, rt., 14 h
60-94% yield
91-99% ee

O (SIC = 20)

R = Ph, 2-FCqHs, 3-FCoHa, 4-FCoHe,
2-MeCeHa, 3-MeCeHa, 4-MeCqH,
3,4-Me,CgH3, 3-CICgH4, naphthyl,

benzothiazolyl, benzoxazolyl,
quinolinyl, pyridyl

3-fluoroaniline ©/
(S,5)-CAT15
HCOZH/Eth (5:2)
/ OH 4 AMS OH
\ | CH2CI2 rt 14h Rz— O
R R1

=H, Me, Br 73-92% yield
R?=H, Me, Br, CN, MeO 82-91% ee
Scheme 59

4 Conclusion

Undoubtedly, transition-metal-catalyzed asymmetric
reduction reactions (AH and ATH) are still widely used and
considered as cornerstone reactions in the toolbox of me-
dicinal and process chemists endowed with a powerful ret-
rosynthetic disconnection strategy.”3 Furthermore, by in-
troducing chirality and resolution processes (such as DKR),
it allows the control of several stereocenters starting from
racemic substrates. As highlighted in this review, the devel-
opment of more stereodiscriminant ligands and catalysts as
well as the use of continuous chemistry partake to the con-
struction of complex reaction sequences with high stereo-
selectivities granting rapid access to biological active mole-
cules.
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