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Transition-metal-catalyzed asymmetric transfer hydro-

genation (ATH)1 of prochiral ketones is an efficient method

to access enantiomerically pure secondary alcohols that are

key intermediates in the pharmaceutical industry and for

the manufacture of advanced materials. For this reaction,

Noyori developed a Ru(II) complex having a N-(p-toluene-

sulfonyl)-1,2-diphenylethylendiamine (TsDPEN) ligand that

was used with either isopropanol or formate salts as the

hydrogen donor.2 Related Rh(III)-TsDPEN and Ir(III)-TsDPEN

catalysts as well as modified Ru(II) and Rh(III) complexes

have also been reported. In particular, Wills disclosed the

Rh-tethered complex (R,R)-A3 containing a tethering group

between the diamino group and the cyclopentadienyl unit

providing extra stereochemical stability and hence higher

selectivities (Scheme 1). To investigate the influence of the

R substituent of the 2-benzyl tether, our group developed a

series of tethered rhodium complexes (R,R)-B–(R,R)-E hav-

ing electron-donating (methoxy and methyl) as well as

electron-withdrawing (fluorine and trifluoromethyl) sub-

stituents, respectively, on the 2-benzyl tether.4 The N-pen-

tafluorophenylsulfonyl-DPEN-based tethered Rh(III) com-

plex (R,R)-F5 was also synthesized.

Complexes (R,R)-B–(R,R)-F were prepared according to

the route disclosed for the parent complex (R,R)-A3,6

(Scheme 1). After acetal protection of the required 5-substi-

tuted 2-bromo-benzaldehyde derivatives 1 to provide com-

pounds 2, treatment of the latter with n-BuLi followed by

addition of 2,3,4,5-tetramethylcyclopent-2-enone afforded
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the corresponding alcohols that under acidic treatment un-

derwent concomitant deprotection of the aldehyde and de-

hydration of the tertiary alcohol to give the cyclopentadi-

ene derivatives 3. Subsequent reductive amination of the

latter using (R,R)-TsDPEN or (R,R)-FsDPEN followed by

treatment with RhCl3 led to (R,R)-B–(R,R)-F as single diaste-

reomers.

Complexes (R,R)-B–(R,R)-E exhibited excellent activities

for the ATH of a wide range of functionalized ketones 44 us-

ing the formic acid/triethylamine (5:2) system as the hy-

drogen source, giving the corresponding alcohols 5 with se-

lectivities comparable to those obtained with Wills’ com-

plex (R,R)-A3 or slightly higher in some instances, and with

a better catalytic activity observed in several cases (Table 1,

A).

Table 1  Applications of Complexes (R,R)-A–(R,R)-F

Scheme 1  Synthesis of complexes B–F and X-ray crystallographic 
structures of B–D, F

OHC

R
BrR

1. n-BuLi, Et2O, –90 °C,
    1 h, then 2,3,4,5-tetra-
    methylcyclopent-
    2-enone, rt, 3 h

BrR

O
O

toluene

2. RhCl3·H2O, MeOH, Δ, 24 h
    then Et3N, Δ, 24 h

1. (R,R)-TsDPEN or (R,R)-FsDPEN

HOCH2CH2OH

2. 3% HCl, acetone,
    rt, 18 h

NaBH3CN, AcOH
4 Å MS, MeOH, rt, 16 h (R,R)-A: R = H, R’ = Ts

(R,R)-B: R = MeO, R’ = Ts
(R,R)-C: R = Me, R’ = Ts
(R,R)-D: R = F, R’ = Ts
(R,R)-E: R = CF3, R’ = Ts
(R,R)-F: R = H, R’ = Fs

Rh

R’N N

Ph
Ph

Cl

H

R

1, R = MeO, Me, F, CF3 26–65% (2 steps)
84–100%

18–46% (2 steps)

PTSA

Δ, 24 hCHO

2

3

(R,R)-B (R,R)-C

(R,R)-D (R,R)-F

(A) ATH of Functionalized Ketones3,4

- Access to secondary alcohols under mild conditions
- Low catalyst loading
- High enantioselectivities
- Broad substrate scope

(B) ATH/DKR of Aromatic -Amino -Keto Ester Hydrochlorides7

- Access to anti--amino--hydroxy ester derivatives
- Fair diastereoselectivities
- High to excellent enantioinductions
- Access to syn--amino--hydroxy ester derivatives with heteroaromatic 
compounds

(C) ATH/DKR of -Benzoylamido -Keto Esters9

- Preparation of syn--benzoylamido--hydroxy esters
- Low catalyst loading
- 2 stereogenic centers controlled in a single step
- Excellent enantioselectivities

(D) ATH/DKR of -Methoxy--keto Esters5

- Synthesis of anti--methoxy--hydroxy esters
- Use of environmentally sound solvents
- Low catalyst loading
- Control of 2 stereocenters in a single step
- Excellent diastereo- and enantioselectivities

(E) ATH/DKR of 3-Substituted Chromones10

- Preparation of cis-3-hydroxymethyl chroman-4-ol derivatives
- Multiple reductions of C=O and C=C bonds with one catalyst
- New catalytic ATH cascade sequence
- Applicability of the method for large scale reactions
- 2 stereogenic centers controlled in a single step
- Excellent diastereo- and enantioselectivities

R1 R2

O

R1 R2

HO H(R,R)-A–E (0.5 mol%)
HCO2H/Et3N (5:2) (9 equiv) 53% to quant. yield

up to >99% ee
neat, rt to 30 °C, 0.5–110 h

R1 =  (het)aryl
R2 = het(aryl), alkyl

4 5

Ar

O

OMe

O

NH2.HCl

Ar

OH

OMe

O

NHCOPh

anti/syn up to 97:3
up to >99% ee

OH

OMe

O

NHCOPh

X

55% yield
syn/anti up to 88:12

up to >99% ee

1. (R,R)-B (1 mol%)
    HCO2H/Et3N (5:2) (3 equiv)
    dioxane, 30 °C, 3 h

or
2. PhCOCl (1.1 equiv)
    Et3N (3 equiv), CH2Cl2, rt, 3 h

Ar =  Ph, 4-MeC6H4, 3-MeC6H4,
2-MeC6H4, 4-MeOC6H4, 4-ClC6H4,
4-BrC6H4, 4-FC6H4, 2-naphthyl

6 7 8, X = O, S
41–84% yield

R

O

NHCOPh

O

OMe R

OH

NHCOPh

O

OMe

(R,R)-B (0.5 mol%)

CH2Cl2, 0 °C, 22–240 h

63–98% yield
up to >99:1 dr
up to >99% ee

R = aryl, heteroaryl, alkyl, alkynyl
109

HCO2H/Et3N (5:2) (2 equiv)

CTAB (0.2 equiv), H2O, 40 °C, 4–24 h

R

O

OMe

O

OMe R

OH

OMe

O

OMe
or

(R,R)-B (0.5 mol%), HCO2H/Et3N (5:2) (2 equiv)
2-MeTHF, 30 °C, 1–240 h

67–98% yield
up to >99:1 dr
up to >99% ee(R,R)-F (0.5 mol%), HCO2Na (5 equiv)

R = aryl, heteroaryl
11 12

(R,R)-B (0.5 mol%)
HCO2H/Et3N (5:2) (7 equiv)

CH2Cl2, 30 °C, 24–65 h
O

O O

O

OH OH

R R

R = H, 6-Me, 7-Me, 6-Et, 6-i-Pr, 6-Br, 6-Cl,
       6-F, 7-Cl, 7-F, 6,8-diBr, 6,8-diCl, 6-Cl-7-Me

72–92% yield
up to 98:2 dr
up to >99% ee

13 14
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In particular, complex (R,R)-B having the electron-do-

nating methoxy substituent on the 2-benzyl tether exhibit-

ed the highest catalytic performance and was used after-

wards for further ATH studies. Aromatic -amino -keto es-

ter hydrochlorides 6 underwent ATH-induced by Rh

complex (R,R)-B with good yields, fair diastereoselection,

and excellent enantioselectivities7 through a dynamic ki-

netic resolution (DKR) process.8 The corresponding anti-

amino alcohols 7 were obtained after N-benzoylation;

whereas the syn compounds 8 were formed starting from

heteroaromatic ketones 6 (Table 1, B).7 On the other hand,

an access to syn--benzoylamido--hydroxy esters 10 was

developed through ATH/DKR of -benzoylamido -keto es-

ters 9 with high yields (up to 98%) and diastereomeric ratios

(up to >99:1 dr) as well as excellent enantioselectivities (up

to >99% ee, Table 1, C).9 The asymmetric reduction of -me-

thoxy -keto esters 11 through transfer hydrogenation us-

ing rhodium(III) complexes (R,R)-B and (R,R)-F, respectively,

was performed in 2-MeTHF with formic acid/triethylamine

or in water with sodium formate in the presence of cetyl-

trimethylammonium bromide (CTAB) as a surfactant. The

corresponding syn--methoxy--hydroxy esters 12 were

obtained with high diastereoselectivities and excellent lev-

els of enantioselectivity via a DKR process under environ-

mentally sustainable conditions (Table 1, D).5 Enantioen-

riched cis-3-hydroxymethyl chroman-4-ol derivatives 14

were conveniently prepared by ATH/DKR of 3-formyl chro-

mones 13 using complex (R,R)-B and HCO2H/Et3N (5:2) as

the hydrogen source, delivering the reduced compounds in

diastereomeric ratios up to 98:2 and enantioselectivities up

to >99% ee through a new catalytic ATH cascade sequence

that provided multiple reductions of C=O and C=C bonds

with one catalyst (Table 1, E).10 The ATH of -keto--acetal

enamides 15 has been studied with complex (R,R)-B and

the HCO2H/Et3N (5:2) azeotropic mixture delivering a wide

range of enantioenriched -hydroxy--acetal enamides 16

with a high chemoselectivity observed toward the reduc-

tion of the carbonyl group over the C=C bond, yields up to

quantitative and enantioselectivities up to 99% (Table 1,

F).11 The same catalytic system was used to access 1,2,3,4-

tetrahydroquinolin-4-ols 18 conveniently through ATH of

4-quinolone derivatives 17 with excellent enantioselectivi-

(F) ATH of -keto--acetal enamides11

- Access to -hydroxy--acetal enamides
- Mild conditions
- Low catalyst loading
- Excellent chemo- and enantioselectivities

(G) ATH of Quinolone Derivatives12

- Efficient and practical access to 1,2,3,4-tetrahydroquinolin-4-ols
- Catalytic ATH cascade reaction
- Mild conditions
- Excellent enantiofacial discrimination

(H) ATH/DKR of 3-Benzylidene Chromanones13

- One-pot ATH cascade protocol to access cis-benzyl-chromanols
- Low catalyst loading
- 2 stereogenic centers controlled in a single step
- Excellent diastereo- and enantioselectivities

(I) ATH/KR of 2-Aryl-2,3-dihydroquinolin-4(1H)-ones14

- Synthesis of 2-aryl-2,3-dihydroquinolin-4(1H)-ones and 2-aryl tetrahydro-4-
quinolols
- Efficient kinetic resolution
- Excellent enantioselectivities

(J) ATH of -Aminoalkyl ′-Chloromethyl Ketones15

- Access to both diastereomers of 3-amino-1-chloro-2-hydroxy-4-phenylbu-
tanes
- Low catalyst loading
- Excellent yields and high diastereoselectivities
- Key building blocks for pharmaceutical intermediates
- Broad scope

(K) ATH/DKR of -Substituted -Keto Carbonitriles16

- Efficient access to -substituted -hydroxy carbonitriles
- Building blocks for biologically active pharmaceuticals
- Excellent yields
- High diastereoselectivities and excellent enantioselectivities
- Rationalization of the diastereoselectivity by DFT calculations
- Wide substrate scope

R1 OR2

OR2

OAcHN (R,R)-B (1 mol%)
HCO2H/Et3N (5:2) (2.5 equiv)

R1 OR2

OR2

OHAcHN

R1 = aryl; R2 = Et, (CH2)2, (CH2)3

73–100% yield
up to 99% ee

CH2Cl2, rt, 0.5–1 h
15 16

N

O

Boc

N

OH

Boc

 (R,R)-B (1 mol%)
HCO2H/Et3N (5:2) (4 equiv)

CH2Cl2, 30 °C, 16 h

23–83% yield
up to >99% eeR R

R = H, 6-Me, 6-OMe, 6-F, 6-Cl, 6-Br, 6-I,
       6-CF3, 7-OMe, 7-Cl, 7-Br, 7-CF3, 6,7-diOMe

17 18

O

O

R
(R,R)-B (0.5 mol%)

HCO2H/DABCO (2:1) (5 equiv)

O

OH

R

CH3CN, 50 °C, 24 h

69–98% yield
up to >99:1 dr
up to >99% ee

R = aryl, heteroaryl, alkenyl
19 20

 HCO2H/DABCO (2:1) (2 equiv)

(R,R)-B (0.1–0.2 mol%)

N

O

Ar N

O

Ar

44–50% yield
up to >99% ee

Ac Ac

CH3CN, rt, 7–48 h
R

N

OH

Ar

41–50% yield
up to >99% ee

Ac

+R

R = H, 6-Me, 6-F, 6-Br, 6,7-diOMe

R

21 22 23

BzHN Cl

O

R

BzHN Cl

OH

R

BzHN Cl

OH

or

R = alkyl, (het)aryl

(R,R)-B or (S,S)-B (0.1 mol%) 
HCO2H/Et3N (5:2) (4.7 equiv)

CH2Cl2, 25 °C, 1 h

93–99% yield
up to 99:1 dr

R24 25 26

O

CN

n

OH

CN

n

R1 CN

O

R2

(R,R)-B (1 mol%) 
HCO2H/Et3N (5:2)

(3 equiv)

toluene, 25 °C, 12 h

R1 CN

OH

R2

or or

R1 = aryl, alkyl
R2 = aryl, alkyl

94–99% yield
up to >99:1 dr
up to >99% ee

n = 1,2
27 28 29 30
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ties under mild conditions (Table 1, G).12 A straightforward

access to enantiomerically enriched cis-3-benzylchroma-

nols 20 was developed through ATH of (E)-3-benzylidene-

chromanones 19 using complex (R,R)-B. This one-pot ATH

cascade protocol allowed the reduction of the C=C and C=O

bonds and the formation of two stereocenters in high yields

with diastereo- and enantioselectivities up to >99:1 dr and

>99% ee through a DKR process using a low catalyst loading

and HCO2H/DABCO as the hydrogen source (Table 1, H).13

The kinetic resolution (KR) of 2-aryl tetrahydro-4-quino-

lone derivatives 21 was efficiently achieved through ATH

using the previous catalytic system. The reaction afforded

the enantiomerically enriched 2-aryl-2,3-dihydroquinolin-

4(1H)-ones 23 with excellent levels of enantioselectivity

(up to >99% ee) as well as the corresponding synthetically

useful enantiomerically enriched 2-aryl tetrahydro-4-quin-

olols 22 in high isolated yields and up to >99% enantioselec-

tivity (Table 1, I).14 The ATH of -aminoalkyl ′-chlorometh-

yl ketones 24 using (R,R)-B or (S,S)-B afforded a series of

chiral 3-amino-1-chloro-2-hydroxy-4-phenylbutanes 25 or

26 in excellent yields and diastereoselectivities, with both

diastereomers of the reduced products available (up to 99%

yield, up to 99:1 dr, Table 1, J).15 -Substituted -keto carbo-

nitriles 27 and 28 were efficiently reduced with (R,R)-B and

HCO2H/Et3N (5:2) to the corresponding -substituted -hy-

droxy carbonitriles 29 and 30 in excellent enantio- and dia-

stereoselectivities (up to >99% ee, up to >99:1 dr) through a

DKR process offering rapid access to key intermediates of

biologically active pharmaceuticals (Table 1, K).16

Rh-tethered complexes (R,R)-B–(R,R)-E have been devel-

oped and used in the ATH of a wide range of functionalized

ketones exhibiting excellent activities and selectivities.

Among them, complex (R,R)-B was particularly efficient to

produce a series of enantioenriched alcohols including oxy-

gen- and nitrogen-containing heterocycles such as cis 3-hy-

droxymethyl chroman-4-ols, cis-3-benzyl-chromanols,

1,2,3,4-tetrahydroquinolin-4-ols, and 2-aryl tetrahydro-4-

quinolol derivatives as well as carbocycles such as -substi-

tuted -hydroxy carbonitriles. Additional examples of cata-

lytic applications involved the preparation of syn--benzo-

ylamido and -methoxy -hydroxy esters, 3-amino-1-

chloro-2-hydroxy-4-phenylbutanes, and -hydroxy--ace-

tal enamides. The selective transformations promoted by

the Rh(III) catalysts, developed in our group, proceeded un-

der mild conditions at low catalyst loading, and can occur in

a one-pot fashion through ATH cascade reactions that

demonstrated the practical applicability of these promising

complexes for future applications.
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