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Synthesis of chiral amine is one of the major tasks in organic chemistry since chiral 

amines play important roles in pharmaceutical and agrochemical industry. Among 

those various methods for chiral amine synthesis, transition metal-catalyzed 

asymmetric hydrogenation is one of the most efficient asymmetric catalytic 

technology both on the laboratory and the production scale in synthetic organic 

chemistry due to its high efficiency and atom economy. In this dissertation, the 

asymmetric hydrogenation of two types of cyclic imines, direct asymmetric reductive 

amination and the asymmetric hydrogenation of pyridines were explored for makingof 

chiral amines. 

 

The asymmetric reduction of cyclic imines and N-hereromatic compounds remains a 

challenge in modern synthesis due to the inhibitory effect from the amine product and 

the coordination difficulty of the imine substrates to the transition metal center. Our 
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Ir–f-Binaphane catalytic system was proved to be efficient for two types of cyclic 

imine substrates, 2-arylpyrrolines and dihydroisoquinoline. 

 

A ‘green’ method, the direct reductive amination of simple ketones was explored 

using phenylhydrazide as the nitrogen source. With help of several additives, 

excellent reactivity (up to 1000 TONs) and enantioselectivities (up to 99% ee) were 

achieved in iridium–f-Binaphane catalyzed reaction.  

 

The direct hydrogenation of pyridines is hard to achieve. The strategy we used is to 

dearomatize the pyridine ring by addition of an easy-removal protecting group, benzyl, 

on the nitrogen of pyridines. Collaborating with Merck Catalysis group, and using the 

neutral iridium–MP2-SegPhos catalytic system, various N-benzyl-2-arylpyridines 

were hydrogenated under mild condition and high enantioselectivities were achieved. 
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Chapter 1 

 

Introduction 

 

1.1 Overview 

 

The synthesis of chiral amine is one of the major tasks in organic chemistry.1 Chiral 

amines play important roles in pharmaceutical and agrochemical industry. For 

instance, 45 out of 200 top brand name drugs by US retail sales in 2010 contain one or 

more chiral amine centers.2 A number of methods are available for chiral amine 

synthesis, including stereoselective nucleophilic organometalic compounds addition 

to imino compounds, catalytic enantioselective vinylogous Mannich reactions, 

transition metal and organo molecules catalyzed hydrogenation and transfer 

hydrogenation of imines / enamides / enamines / N-hetereoaromatic compounds, 

asymmetric reductive amination, asymmetric hydroamination, enantioselective C–H 

amination, asymmetric Aza-Morita–Baylis– Hillman reaction, enzyme catalysis, and 

so on.1 Among those various methods for chiral amine synthesis, asymmetric 

hydrogenation is the most mature one on both the laboratory and the production scale 

in synthetic organic chemistry due to its high efficiency and atom economy.3 Some 

well-known large-scale processes include the production of L-DOPA by Monsanto,4 a 

key intermediate for carbapenems by Takasago,5 Metolachlor by Syngenta,6 

Sitagliptin by Merck,7 and Aliskiren8 by Novartis (Figure 1-1). 
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Figure 1-1. Examples of industrial produced chiral compounds. 

 

 

In the late 1960s Knowles9 and Horner10 initiated the development of 

homogeneous asymmetric hydrogenation. Ever since, thousands of chiral ligands 

were developed for asymmetric hydrogenation. Early milestone in chiral ligands 

design was DIOP, the first C2 symmetric bisphosphine ligand, which was used in 

Rh-catalyzed asymmetric hydrogenation (Figure 1-2).11 Another early successful 

example was DIPAMP developed by Knowles (Figure 1-2).12 In 1980 Noyori and 

co-workers made a major breakthrough for their pioneering studies on axially chiral 

BINAP (Figure 1-2).13 Noyori’s BINAP-Ru system was not only useful for 

hydrogenation of olefins, but also worked excellently for ketone reduction, which was 

a big substrates scope expansion compared with other systems. For their outstanding 

work, Knowles and Noyori were awarded the Nobel Prize in 2001. DuPhos,14 
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JosiPhos,15 PHOX16 and MonoPhos17 were also among those successful ligands and 

added new motifs for chiral ligands design (Figure 1-2). 

 

Figure 1-2. Milestones in chiral ligands design. 

 

 

Until now, with the help of efficient transition metal complexes, quite broad scope 

of various unsaturated substrates, such as cyclic and acyclic imines, iminium salts, 

functionalized and unfunctionalized olefins (including dehydro amino acids and esters, 

dehydro amino alcohols, enamines and enamides), simple and functionalized ketones, 

and heteroaromatic compounds, have been hydrogenated to yield corresponding chiral 

compounds with excellent enantioselectivity and reactivity (Figure 1-3).3,18 The 

transition metals also were expanded from precious rhodium, ruthenium and iridium 
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to cobalt, nickel and even iron.  

 

 

Figure 1-3. Chiral compounds yielded from asymmetric hydrogenation. 

. 

 

1.2 Asymmetric hydrogenation of enamines leading to chiral amines  

 

Transition metal-catalyzed asymmetric hydrogenation is one of the most efficient 

and convenient methods for the preparation of chiral amines and their derivatives. 

Enamines are one class of earliest hydrogenation substrates. And the research on 

N-acyl enamines dominates in enamines hydrogenation since the N-acyl group acting 
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as a second chelation site. The most frequently used metal is rodium. In 1972 Kagan 

and coworker reported the first example of enantioselective hydrogenation of N-acyl 

enamines using Rh-DIOP catalyst (Scheme 1-1).19 Although the enantioselectivity for  

 

 

 

Scheme 1-1. The first example of enantioselective hydrogenation of N-acyl enamines. 

 

 

  

Scheme 1-2. Ruthenium-BINAP system for enamine hydrogenation. 

 

 

 

Scheme 1-3. Rh-Me-DuPhos/Me-BPE system for enamine hydrogenation. 
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this reaction was not even high gauged by today’s standard, this study opened up a 

new door for chiral amine synthesis. The ruthenium-BINAP system was also 

successfully applied in the asymmetric hydrogenation of 

N-acyl-1-alkylidenetetrahydroisoquinolines, and the ee’s for products was up to 

99.5%. But this system only worked for (Z)-isomer of the substrates and (E)-isomer 

was recovered intact (Scheme 1-2). 20 Rodium-Me-DuPhos/Me-BPE solved this 

problem. The Z/E-mixtures of β-substituted N-acyl arylenamines were hydrogenated 

with high enantioselectivities (Scheme 1-3). 21  

 

The catalytic enantioselective hydrogenation of N-alkyl enamines also progressed 

in recent years. Zhou and co-workers reported highly enantioselective 

rhodium-catalyzed hydrogenation of 1-(1,2-diarylvinyl)pyrrolidines and iridium- 

catalyzed hydrogenation of cyclic N,N-dialkyl enamines (Scheme 1-4). 22      
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Scheme 1-4. Rh-Spiro-ligand system for enamine hydrogenation. 

 

There were some examples for N-H enamine reduction. The ferrocene-based 

chiral ligands were proved to be very efficient for this type of substrates. Using the 

rhodium-JosiPhos complexes, enamine esters and enamine amides were hydrogenated 

in high enantioselectivities (Scheme 1-5).23 And this exact catalyst was successfully 

used in the production of sitagliptin by Merck & Co., which is a type of 

enzyme-inhibiting drug for treatment of diabetes mellitus type 2 (Scheme 1-6). 24  
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Scheme 1-5. Asymmetric hydrogenation of enamine esters and enamine amides. 

 

  

 

Scheme 1-6. Hydrogenation of enamine amides for production of sitagliptin. 

 

 

Our group contributed in this research area. Chiral ligands BICP and BICPO, 

PennPhos, Binaphane, DIOP*, TangPhos, DuanPhos, ZhangPhos and f-Binaphane all 

shown excellent performance towards the enamines hydrogenation (Figure 1-4).  
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Figure 1-4. Chiral ligands developed by our group for hydrogenation of enamines. 

 

BICP25 and BICPO26 were early chiral ligands in our group used for dehydroamino 

acids hydrogenation (Scheme 1-7). PennPhos27 was very efficient for cyclic enamide 

reduction (Scheme 1-8). The rhodium-Binaphane28 catalyst worked excellently for 

both (E) and (Z)-isomers of enamines (Scheme 1-9). The DIOP analog, DIOP* along 

with rhodium catalyzed the hydrogenation of enamide with high enantioselectivities 

(Scheme 1-10).29 The p-chiral ligands family, TangPhos30 (Table 1-1), DuanPhos31 and 

ZhangPhos32 (Table 1-2), were outstanding ligands in the hydrogenation of enamines. 

The f-Binaphane ligand is quite unique in structure: a flexible ferrocene-based 

backbone allowing to accommodate a wide range of substrates to the transition metal 
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center. Its electron-donating feature can minimize the inhibition effect from the amine 

product. So it performed outstandingly for N-H enamine hydrogenation33 (Table 1-2).  

 

 

 

 

Scheme 1-7. Hydrogenation of enamines using BICP and BICPO. 

 

 

 

 

 

Scheme 1-8. Hydrogenation of enamines using Me-PennPhos. 
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Scheme 1-9. Hydrogenation of enamines using Binaphane. 

 

 

 

 

Scheme 1-10. Hydrogenation of enamines using DIOP*. 

 

 

 

 

 

 

 

 

 

 

 



12 
 

Table 1-1. Hydrogenation of enamines using TangPhos. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Rh(nbd)2]BF4 + TangPhos

H2 (20 psi), MeOH, r.t.
(R)

Ar NHAc Ar NHAc

NHAc

> 99% ee

NHAc

98% ee

NHAc

> 99% ee
F3C

NHAc

> 99% ee
Ph

NHAc

> 99% ee

NHAc

98% ee

NHAc

> 99% ee

NHAc

99% ee

Br F3C

NHAc

98% ee

NHAc

99% ee

Ph

N
MeO

MeO

Ac

97% ee

NHAc

> 99% ee

COOH

NHAc
MeO

> 99% ee

COOH

NHAc

> 99% ee

COOH

NHCOPh

> 99% ee

COOH

NHCOPhS

> 99% ee

COOMe

NHAc

> 99% ee

COOMe

NHAc

Br

> 99% ee

COOH

NHAc

99.9% ee

COOH

NHAc
F

> 99% ee

R
COOR1

NHCOR2
R

COOR1

NHCOR2

(R)

[Rh(nbd)2]BF4 + TangPhos

H2 (20 psi), MeOH, r.t.
10,000 turnovers
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Table 1-2. Hydrogenation of enamines using ZhangPhos. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NHAc

COOMe

NHAc

COOMe
NHAc

COOR1

NHAc

COOMe

NHAc

COOMe

NHAc

COOMe

NHAc

COOMe

NHAc

COOMe

NHAc

COOMe

NHCPh

COOMe

MeO

OS

F3C

Cl

Br

F

> 99 % ee > 99 % ee R1 = H, > 99 % ee
R1 = Me, > 99 % ee

> 99 % ee > 99 % ee > 99 % ee

> 99 % ee > 99 % ee > 99 % ee

NHAc

COOH

> 99 % ee

NHAc

COOH

> 99 % ee

R1 = H, > 99 % ee
R1 = Me, > 99 % ee
TON=50,000
TOF=12,500 h-1
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Table 1-3. Hydrogenation of N-H enamines using f-Binaphane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Other methods for chiral amine synthesis 

 

1.3.1 Nucleophilic addition of organometallic compounds to imines 

 

One efficient method to synthesize amine is nucleophilic addition to imines 

(Scheme 1-11).34 For some less electrophilic N-alkyl-substituted imines, very reactive 

nucleophiles, such as organolithium, Grignard, organocuprate/BF3, and organocerium  
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Scheme 1-11. Necleophilic addition to imines. 

 

 

reagents, are required. To accommodate larger nucleophile scope, an important 

strategy is to increase the electrophilicity of these imines can be increased via the 

selection of an appropriate electron-withdrawing N-substituent. Some common 

activating N-substituents include phosphinoyl, sulfonyl, sulfinyl, benzoyl, acyl and 

carbamoyl groups. And the electrophilicity and electron-withdrawing ability 

relationship was confirmed by ab initio calculations (Figure 1-5).35  

 

 

 

Figure 1-5. ab initio calculations of LUMO energy in eV. 

 

 

Chiral auxiliaries were used in the early study of the nucleophilic addition to 

imines.36 The imines substrates could be either derived from chiral aldehydes, or from  
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Scheme 1-12. Nucleophilic addition to imines derived from chiral aldehydes. 

 

Table 1-4. Diastereoselective addition to N-tert-butanesulfinyl imines. 

 

Entry R1 R2 Yield (%) Dr  

1 Et Me 96 93:7 

2 Et Ph 98 96:4 

3 iPr Me 97 98:2 

4 iPr Ph 98 89:11 

5 Bn Me 89 95:5 

6 Bn Ph 81 95:5 

7 Ph Me 96 97:3 

8 Ph Et 98 92:8 

9 Ph Vinyl 79 94:6 

 

achiral aldehydes with chiral amines. One example for the former is shown in scheme 

1-12.37 The chiral amine product was achieved in 86% yield as a single diastereomer. 
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And N-tert-butanesulfinamide is a popular N-protecting/activating group (Table 

1-4).38  

 

 

1.3.2 Enantioselective vinylogous Mannich reactions 

 

Dienolates are ambident nucleophiles. Thus imines as electrophiles could attack both 

the α- and γ-positions (Scheme 1-13). This reaction is very useful in β-amino acids 

synthesis.39 The regioselectivity highly depends on the metal species on the 

dienolate.40 For lithium dienolates, α-attack most like takes place since it has the 

larger HOMO coefficient. As for silicon dienolates, more HOMO coefficient is on 

γ-position and thus the γ-addition products will be the major products. At the same 

time, the steric factor also will affect the regioselectivity. For example, a bulky 

α-substituent will enforce the γ-addition. 

 

 

 

Scheme 1-13. Electrophilic attack on dienolate. 
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Ojima group systematically investigated the Lewis acid-catalyzed vinylogous 

Mukaiyama–Mannich reaction.41 The first catalytic enantioselective vinylogous 

Mannich reaction was reported by Martin and Lopez, and only moderate 

enantioselectivity was achieved (Scheme 1-14).42 Besides lewis acid, chiral 

phosphoric acids also catalyze this reaction quite efficiently. Schneider and coworkers 

excellent vinylogous Mannich reactions with just 1 mol% of phosphoric acid (Scheme 

1-15).43 

     

Scheme 1-14. The first catalytic enantioselective vinylogous Mannich reaction. 

 

     

Scheme 1-15. Vinylogous Mannich reaction catalyzed by phosphoric acid. 
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But silyl enolates require extra step to prepare and the silicon fragment is chopped 

off during the reaction, which makes this reaction not atom economy. So the direct 

vinylogous Mannich reactions are highly desired. In 2004 Terada group discovered 

2-methoxyfuran was a good nucleophile for Boc-imines. The corresponding 

γ-aminoalkyl-substituted furans were obtained in excellent yields and ee’s（Scheme 

1-16）.44 Since then, progress has been made in this research area, and the nucleophile 

scope was expanded from silyl enolates to other olefins, such as α,α-dicyanoalkenes 

45 and γ-butenolides 46. 

 

   

Scheme 1-16. Direct Vinylogous Mannich reaction catalyzed by phosphoric acid. 

 

 

1.3.3 Asymmetric hydroamination 

 

Hydroamination, the addition of an amine N-H bond to an unsaturated 

carbon–carbon bond, is an efficient method for amine synthesis.47 Significant 

progresses have been made for catalytic inter- and intramolecular asymmetric 

hydroamination reactions. However, for most of these catalyst systems substrate 
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scope is very limited. For example, in many cases activated C=C bonds are required. 

There are no reports on intermolecular hydroamination of nonactivated alkenes with 

unprotected amines, and until very recently the first asymmetric intermolecular 

hydroamination of terminal,nonactivated alkenes with cyclic ureas was disclosed 

(Scheme 1-17), but tremendous amount of alkene was necessary. 48 Hartwig reported 

the hydroamination of anilines with vinyl arenes (Scheme 1-18) 49 and reaction 

mechanism50 was proposed (Scheme 1-19). Besides vinyl arenes, strained polycyclic 

olefins are another class of popular substrates for hydroamination. The 

iridium-SegPhos complex worked excellently for the asymmetric hydroamination of 

norbornadiene with anilines (Scheme 1-20).51 

 

NHRN

O
+ n

2.5 mol% (L)(AuCl)2
5 mol% AgOTf

m-xylene, 100oC
NRN

O

n

76-89% yields
71-78% ee'sL:

MeO PAr2
MeO PAr2

Ar=
tBu

tBu
OMe

60 eq.

 

Scheme 1-17. Gold-catalyzed intermolecular hydroamination of inactivated alkenes. 
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Scheme 1-18. Palladium-catalyzed intermolecular hydroamination of aniline with 
styrene. 
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Scheme 1-19. Proposed mechanism for hydroamination of aniline with styrene. 

 
Scheme 1-20. Iridium-catalyzed intermolecular hydroamination of aniline with 
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norbornadiene. 

 

For the intramolecular asymmetric hydroamination reactions, rare earth metals 

were proved to be very reactive even for the nonactivated alkenes.52 The mechanism 

was proposed (Scheme 1-21).53 Alkali metal lithium54 and group 4 Metal zirconium55 

were also successfully applied in the intramolecular hydroamination.   

Ln CH(TMS)2

H2N

H2C(TMS)2

Ln
H
N

Ln
H
N

LnHN

H2N

HN

 

 

Scheme 1-21. Proposed mechanism for intramolecular hydroamination. 
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1.3.4 Asymmetric aza-Morita–Baylis–Hillman reaction 

 

The aza-Morita–Baylis–Hillman reaction, electron-deficient alkene reacting with 

acylimine in the presence of nucleophilic catalysts commonly tertiary amines and 

phosphines, is an atom economic reaction to afford α-methylene-β-aminocarbonyl 

products in good yields under mild conditions (Scheme 1-22).56 Jacobsen reported 

highly enantioselective aza-Baylis--Hillman reactions (Scheme 1-23) catalyzed by 

chiral thiourea derivatives and presented a generally accepted mechanism (Scheme 

1-24).57 The products are densely functionalized and could undergo a variety of 

transformations.57 Many chiral catalysts were used in aza-Morita– Baylis-Hillman 

reactions, such as cinchona-58 and BINOL-derived59 tertiary amines, and chiral 

phosphines60 (Figure 1-6).  

 

 

 

Scheme 1-22. Aza-Morita–Baylis–Hillman reaction. 
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Scheme 1-23. Thiourea-catalyzed aza-Morita–Baylis–Hillman reaction. 

 

 

 

Scheme 1-24. Generally accepted mechanism of the aza-Baylis-Hillman reaction. 
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Figure 1-6. Chiral catalysts used in aza-Morita-Baylis-Hillman reactions. 

 

 

1.3.5 Enantioselective C-H amination 

 

Enantioselective C-H amination is an attractive methodology for chiral amine 

synthesis due to the availability of various C-H bonds. But progress in this research 

area is not much and most are intramolecular C-H aminations.61 The challenge in this 

research area is that the chiral catalysts should be able to support a reactive oxidant, 

and meanwhile distinguish two hydrogen atoms on a prochiral carbon center. 

 

 The first asymmetric intermolecular C-H amination was reported by Muller and 

coworkers using dirhodium(II) tetrakis [(R)-binaphthylphosphate], with moderate 

ee’s.62 About 10 years later Muller group made a breakthrough in this field by 

introducing enantioenriched sulfoxamines as amine sources (Scheme 1-25).63 High 

enantioselectivities were achieved from this approach. Blakey et al. utilized a new 

RuBr2-pybox (pybox=pyridine bisoxazoline) catalyst and excellent 
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enantioselectivities were ontained under mild conditions for the C-H amination of 

sulfamate esters (Scheme 1-26).64 

 

 

Scheme 1-25. Sulfoxamines as amine source for C-H amination. 

 

 

 

Scheme 1-26. RuBr2-pybox catalyzed C-H amination. 
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1.4 Conclusion 

 

To satisfy the increasing demanding of enantiopure chiral amines, more and more 

methods have been developed. Compared with others, catalytic asymmetric 

hydrogenation offers several advantages. The first is its atom efficiency and 

environmental benignity. It minimizes the generation of by-products and waste. 

Secondly its high reactivity and enantioselectivity meets the prerequisite of practical 

large scale production. The readily availability of substrates also makes asymmetric 

hydrogenation the desired method for chiral amine synthesis. But compared with the 

extremely high turn over numbers (>1,000,000) on asymmetric hydrogenation of 

olefins and ketones, very few imine reduction examples achieved comparable results. 

So the challenge is how to improve the reactivity of the catalyst to make the 

asymmetric hydrogenation more practical towards chiral amine synthesis.  
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Chapter 2 

 

Iridium-Catalyzed Enantioselective Hydrogenation of Cyclic Imines 

 

 

2.1 Introduction and background 

 

Chiral cyclic amines are ubiquitous moieties in many natural products,1 and in 

pharmaceutical drugs and drug candidates,2 for example, nicotine,3 BMS-394136, 4 

LY-394681,
5 (+)-cryptostyline II,6 (+)-cryptostyline III,6 and solifenacin7 (Figure 2-1). 

The catalytic asymmetric hydrogenation of imines is a powerful method to afford the 

amine products enantiomerically due to its high efficiency, low catalyst loading and 

atom economy. 

 

In contrast to the significant progress made in the catalytic asymmetric 

hydrogenation of ketones and olefins over the last few decades, the highly 

enantioselective and efficient reduction of imines remains a challenge in modern 

synthesis. Some reasons are as follows: (1) Electron-rich imines are poor 

hydrogenation substrates; (2) Certain imines are not stable as they are sensitive to 

moisture and hydrolyze; (3) The E/Z isomers often lead to opposite enantiomers and 

thus reduce the enantioselectivity; (4) Unfunctionalized imines coordinate to the 

transition metal center in η1 or η2 fashion, which is configurationally unstable, thus 
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makes the enantiocontrol difficult; (5) The amine products inhibit the reactivity of 

metal center and thus lowers the turn over numbers.8  

  

 

Figure 2-1. Structures of some chiral cyclic amines. 
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Figure 2-2. Imine substrates for asymmetric hydrogenation. 
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   The common imine substrates for asymmetric hydrogenation are shown as follows 

(Figure 2-2). In 1975, Scorrano and co-workers reported the first example of catalytic 

enantioselective hydrogenation of N-(α-methylbenzylidene)benzylamine using a 

rhodium-DIOP complex, although only 22% ee was obtained.9 One of the early 

successful examples was the industrial production of herbicide (S)-Metolachlor using 

iridium-Xyliphos catalyst with turn over number of 1,000,000 (Scheme 2-1). During 

the past decades, Ti, Rh, Ru, and Ir complexes, have been investigated in the 

asymmetric hydrogenation of imines.8 Among those systems, chiral Ir complexes have 

shown more potential in the imine reduction.  

 

 

 

 

 

 

 

 

Scheme 2-1. Industrial production of herbicide (S)-Metolachlor.  

 

The iridium-TangPhos system was quite efficient for the N-aryl imine reduction 

and achieved highest turn over number at that time.10 The ferrocene-based 

diphosphines (Figure 2-3) are the most promising ligands in the enantioselective  
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Table 2-1. Asymmetric hydrogenation of N-aryl imine using iridium-TangPhos.  

0.1 mol % {Ir[(Sp,Rc)-DuanPhos](COD)}BARF

H2 (5 atm), CH2Cl2, r. t., 12h, > 99% conv.

entry R1 ee %(Conf.)product

1 C6H5 2a 93 (R)
2 4-Me-C6H4 2b 90 (+)
3 4-MeO-C6H4 2c 90 (+)
4 4-F-C6H4 2d 93 (-)
5 4-Cl-C6H4 2e 92 (+)
6 4-Br-C6H4 2f 92 (-)
7 3-Cl-C6H4 2g 93 (-)

9 2i 92 (+)
10 2j 93 (-)
11 2k 89 (-)
12 C6H5 2l 90 (+)

C6H5

R2

C6H5

4-Me-C6H4

4-MeO-C6H4

4-Cl-C6H4

4-F-C6H4

C6H5
C6H5
C6H5
C6H5
C6H5
C6H5

8 2-naphthyl 2h 98 (+)C6H5

C6H5

C6H5

R1

N
R2

R1

HN
R2

*

 

 

hydrogenation of imines. Blaser et al. developed a series of JosiPhos-type ligands.11 

From this systematic study of the electronic and steric effects of the ligands on imine 

hydrogenations they found substitutes on the ferrocene backbone of the ligands 

affected the reaction greatly. Different ligands could accommodate different imine 

substrates.  In recent years a breakthrough has been made by Zhang’s group for the 

asymmetric hydrogenation of N-H imine to directly provide the chiral amines (Table 

2-2).12   
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Figure 2-3. Ferrocene-based chiral ligands. 

 

Table 2-2. Asymmetric hydrogenation of N-H imines using iridium-f-Binaphane 
catalyst. 
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At the same time, there have been few reports on enantioselective hydrogenation 

of cyclic imines than those on acyclic imines. The chiral titanocene developed by 

Buchwald et al. showed good reactivity and high enantioselectivity13 for both cyclic 

imines and acyclic imines. Highly enantioselective cationic Rh(I) catalysts were 

applied by Xiao et al. in asymmetric hydrogenation of imines to afford 

tetrahydroisoquinolines and tetrahydro-β-carbolines.14 Catalyzed by [RuCl2((S)-MeO- 

BIPHEP)((S,S)-ANDEN)] system, the hydrogenation of 2,3,3-trimethylindolenine 

was achieved up to 88% ee.15 

 

 

2.2 Iridium-catalyzed asymmetric hydrogenation mechanism 

 

There are some mechanism for iridium-catalyzed imine reduction were proposed 

(Scheme 2-2).16 Most of them are based on the Ir(I)/Ir(III) cycle.  From the 

computation study of Hopmann and Bayer, they proposed a mechanism for 

Ir-PHOX-mediated asymmetric hydrogenation of imine in which the imine substrate 

is not binding to the metal cental when the H2 is added (Scheme 2-3).16a But generally 

accepted mechanism involves the Ir-N(of imine) coordination for the hydride addition 

step (Scheme 2-4).16d As for chiral diphosphine ligands, the mechanism is shown in 

Scheme 2-5. If oxidant additive like I2 was added, then the mechanistic cycle will 

solely be based Ir(III) transformation (Scheme 2-6).17 The formation of dimeric and 

trimeric Ir-H clusters results in the deactivation of the catalyst (Scheme 2-7).18 
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Scheme 2-2. Iridium-catalyzed imine reduction mechanism. 
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Scheme 2-3. Iridium-catalyzed imine reduction mechanism proposed by Hopmann et 

al. 

 

 

 

Scheme 2-4. Generally accepted mechanism for Ir-catalyzed hydrogenation of imine. 
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Scheme 2-5. Mechanism for Ir-diphosphine-catalyzed hydrogenation of imine. 
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Scheme 2-6. Mechanism for Ir-catalyzed hydrogenation of imine based on Ir(III). 

 

 

Scheme 2-7. Formation of the dimeric and trimeric Ir-H clusters. 
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2.3 Asymmetric hydrogenation of 2-aryl(alkyl)pyrrolines 

 

2.3.1 Background 

 

Chiral 2-aryl(alkyl)-N-cyclic amines are one class of important compound for 

pharmaceutical drugs and drug candidates exhibiting bioactivity.8 Some examples are 

showing in Figure 2-1. There were some reports on the asymmetric hydrogenation of 

the corresponding imines.13,19 But more efficient and better enantioselective catalytic 

catalysts are required for this transformation. We decided to focus on Ir catalyst 

systems based on our studies of asymmetric hydrogenation of N–H imine using 

Ir–f-Binaphane catalyst12 and other reports on Ir(I)20 and Ir(III)21 complexes with 

chiral phosphines in the asymmetric hydrogenation of cyclic imines. We envisioned 

that the ferrocene-based electron-donating bisphosphine f-Binaphane could possibly 

minimize the inhibitory effect from the amine product21 and the embedded axial 

chirality in the ligand could facilitate the enantiocontrol.  

 

2.3.2 Results and discussion 

 

With 2-phenyl-1-pyrroline 1a as the standard substrate, initially several transition 

metal precursors with chiral ligands (Figure 2-4) were explored as hydrogenation 

catalysts. Results are summarized in Table 2-3 (entries 1–3). Ir catalyst prepared in 

situ from [Ir(COD)Cl]2 precursor and f-Binaphane ligand developed by our group,22 
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gave 85% ee with good conversion (Table 2-3, entry 1). The reaction was complete 

with the addition of 10 mol% of I2, but ee dropes significantly. f-Binaphane is 

featured with high electron donation and a flexible backbone allowing to 

accommodate sterically demanding cyclic imines to the Ir center. Subsequently the  
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Figure 2-4. Structures of chiral ligands for initial screening. 
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Table 2-3. Asymmetric hydrogenation of 2-phenyl-1-pyrroline by Ir–f-Binaphane.[a] 

 

Entry Catalyst Solvent Additive 
Conv. 
[%][b,c] 

ee [%] 
(Config.)[b,c]

1 [Ir(COD)Cl]2+f-Bianaphane THF - 65 85(+) 

2 [Ir(COD)2]BARF+f-Binaphane THF 10 mol % I2 >99 61(+) 

3 [Ir(COD)2]BARF+f-Binaphane THF - 5 30(+) 

4 [RuCl2-(S)-C3*](S,S)-DPEN Toluene tBuOK 10% n.r. n.d. 

5 [RuCl2-(S)-C3*](S,S)-DACH Toluene tBuOK 10% 2 n.d. 

6 [Ir(COD)Cl]2+TangPhos THF - 1 n.d. 

7 [Ir(COD)Cl]2+DuanPhos THF - 12 5 

8 [Ir(COD)Cl]2+Binapine THF  5 44 

9 [Ir(COD)Tang]BArF THF 10 mol % I2 83 56 

10 [Ir(COD)Duan]BArF THF 10 mol % I2 78 51 

11 [Ir(COD)Cl]2+f-Bianaphane THF 10 mol % I2 >99 57(+) 

[a]  The reactions were carried out with 0.2 mmol of substrate in 2.4 mL of solvent in 
the presence of 1 mol% of in situ prepared Ir catalyst under an initial hydrogen 
pressure of 50 atm for 25 h. 

[b]  Conversions and enantiomeric excesses were determined by chiral GC after the 
amine products were converted to the corresponding trifluoroacetamides. 

[c]   n.r.= no reaction. n.d.= not determined. 
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Table 2-4. Solvent effects on asymmetric hydrogenation of 2-phenyl-1-pyrroline.[a] 

 

Entry Solvent Conv. [%][b,c] ee [%] (Config.)[b,c] 

1 THF 65 85(+) 

2 Toluene 53 85(+) 

3 EtOAc 61 85(+) 

4 MeOH 33 31(+) 

5 CH2Cl2 n.r. n.d. 

6 THF / MeOH 1:1 1 n.d. 

7 THF / EtOAc 1:1 12 5(+) 

8 CH2Cl2 / MeOH 1:3 5 44(+) 

9 EtOAc / CH2Cl2 2:1 89 88(+) 

10 EtOAc / CH2Cl2 1:2 62 87(+) 

11 EtOAc / CH2Cl2 4:1 69 87(+) 

12[d] EtOAc / CH2Cl2 2:1 >99 84(+) 

[a]  The reactions were carried out with 0.2 mmol of substrate in 2.4 mL of solvent in 
the presence of 1 mol% of in situ prepared Ir catalyst under an initial hydrogen 
pressure of 50 atm for 25 h. 

[b]  Conversions and enantiomeric excesses were determined by chiral GC after the 
amine products were converted to the corresponding trifluoroacetamides. 

[b]  Reaction temperature was 50 oC. 
 

 

effect of solvents was investigated (Table 2-4). The highest enantioselectivity was 

achieved from the combination of ethyl acetate / dichloromethane with a ratio of 2:1 
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(Table 2-4, entry 9). Interestingly no reaction occurred when dichloromethane itself 

was used as a solvent. When reaction temperature was increased to 50 oC, complete 

conversion was achieved with slightly lower ee (Table 2-4, entry 12). The additive 

effect was also studied (Table 2-5). 

 

Table 2-5. Additive effects on asymmetric hydrogenation of 2-phenyl-1-pyrroline.[a] 

 

Entry Additive Conv. [%][b] ee [%] (Config.)[b] 

1 - 65 85(+) 

2 2 mol % I2 >99 68(+) 

3 20 mol % AcOH 84 88(+) 

4[c] HI >99 83(+) 

5[d] HI >99 73(+) 

6[e] HI 75 72(+) 

[a]  The reactions were carried out with 0.2 mmol of substrate in 2.4 mL of solvent in 
the presence of 1 mol% of in situ prepared Ir catalyst under an initial hydrogen 
pressure of 50 atm for 25 h. 

[b]  Conversions and enantiomeric excesses were determined by chiral GC after the 
amine products were converted to the corresponding trifluoroacetamides. 

[c]  HI was used for preparation of the iodine-bridged dimeric iridium complex 
[Ir(H)[(S,S)-f-Binaphane]2(μ-I)3]+I- to enhance the catalytic reactivity according to 
reference. [Ir(H)[(S,S)-f-Binaphane]2(μ-I)3]+I- loading is 1 mol%. S / C = 100. 

[e]  [Ir(H)[(S,S)-f-Binaphane]2(μ-I)3]+I- loading is 0.1 mol%. S / C = 1000. Reaction 
temperature was 50 oC. 

[f]  [Ir(H)[(S,S)-f-Binaphane]2(μ-I)3]+I- loading is 0.01 mol%. S / C = 10000. Reaction 
temperature was 50 oC. 
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The reaction completed with a full conversion in the presence of 2 mol% of I2, but the 

enantiomeric excess dropped dramatically (Table 2-5, entry 2). Inspired by Genet and 

coworkers’ work,16c we prepared the iodine-bridged dimeric iridium complex 

[Ir(H)[(S,S)-(f)-Binaphane]2(μ-I)3]+I-. As expected, this complex was more reactive 

and yielded 83% ee (Table 2-5, entry 4); using 0.1 mol% of Ir catalyst, the reaction 

still proceeded smoothly but offered lower ee (Table 2-5, entry 5); when the catalyst 

loading was further decreased to 0.01 mol%, 75% conversion and 72% ee were 

obtained (Table 2-5, entry 6). The enhanced catalytic reactivity of this iodine-bridged 

dimeric iridium complex was assumed to be due to the cleavage of Ir–N bond of the 

hydrogenation intermediate by HI.19c 

 

  

 

Figure 2-5. Structures of chiral ligands. 
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In a control study, [Ir(COD)Cl]2 with other chiral phosphines (Figure 2-5) were 

investigated (Table 2-6). None of the ligands offered higher enantioselectivity or 

conversion compared with f-Binaphane. Two monodentate ligands (R)-MOP and 

(R)-MonoPhos were tested and yielded poor conversions and enantioselectivities  

 

Table 2-6. Screening of chiral phosphine ligands.[a] 

 

 

 

Entry Ligand Conv. [%] [b] ee [%](Config.)[b] 

1 (R)-MOP 10 4 (+) 

2 (R)-MonoPhos 13 9 (–) 

3 (R,S)-JosiPhos 20 13 (+) 

4 (R,R)-Me-DuPhos 46 2 (+) 

5 (S)-C3-TunePhos 58 69 (+) 

6 (R)-BINAP 64 74 (+) 

7 (R)-SegPhos 63 78 (+) 

8 (S,S)-f-Binaphane 89 88 (+) 

[a] The reactions were carried out with 0.2 mmol of substrate in 2.4 mL of solvent in the 
presence of 1 mol% of in situ prepared Ir catalyst under an initial hydrogen pressure 
of 50 atm for 25 h. 

[b] Conversions and enantiomeric excesses were determined by chiral GC after the 
amine products were converted to the corresponding trifluoroacetamides. 
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Table 2-7. Asymmetric hydrogenation of cyclic imines by Ir–f-Binaphane.[a] 

 

 

Entry 
Substrate 

R n Conv. [%][b] 
ee [%](Config.) 

[b] 

1 1a C6H5 1 >99 85 (+) 

2 1b 4-Me-C6H4 1 >99 84 (+) 

3 1c 4-MeO-C6H4 1 >99 84 (+) 

4 1d 4-F-C6H4 1 >99 85 (+) 

5 1e 4-Cl-C6H4 1 >99 86 (+) 

6 1f 4-Br-C6H4 1 >99 84 (+) 

7 1g 3-Cl-C6H4 1 99 80 (+) 

8 1h 3-Me-C6H4 1 98 66 (+) 

9 1i 3-MeO-C6H4 1 96 74 (+) 

10 1j 2-MeO-C6H4 1 98 50 (+) 

11 1k n-Bu 1 >99 58 (+) 

12 1l C6H5 2 99 89 (+) 

13 1m C6H5 3 99 75 (+) 

[a] The reactions were carried out with 0.2 mmol of substrate in 2.4 mL of solvent in the 
presence of 1 mol% of in situ prepared Ir catalyst under an initial hydrogen 
pressure of 50 atm for 25 h at 50 oC. 

[b] Conversions and enantiomeric excesses were determined by chiral GC after the 
products were converted to the corresponding trifluoroacetamides. 
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(Table 2-6, entries 1 and 2). Interestingly BINAP (Table 2-6, entry 6) and its 

analogues such as SegPhos (Table 2-6, entry 7) and C3-TunePhos (Table 2-6, entry 8) 

showed good ee’s. 

 

To explore the applicability of this Ir–f-Binaphane catalytic system, a range of 

substituted aryl pyrrolines, an alkyl pyrroline, 2,3,4,5-tetrahydro-6-phenylpyridine 

and 2-Phenyl-4,5,6,7-tetrahydro-3H-azepine were prepared and hydrogenated under 

the optimal conditions. The results are summarized in Table 2-7. It is evident that the 

electronicproperties of the substituents at para position of phenyl ring have no obvious 

effects on conversion and enantioselectivity (Table 2-7, entries 1–6). But when the 

substituents go to meta and ortho position, the enantioselectivity varies dramatically 

with different substituted groups (Table 2-7, entries 7–10). Increasing the ring size of 

the cyclic imine from 5-membered to 6-membered, the enantiomeric excess was 

slightly improved (Table 2-7, entries 1 and 12); when it was 7-membered, the 

enantioselectivity dropped to 75% (Table 2-7, entry 13). This catalytic system does 

not work well for alkyl substituted pyrroline and only 58% ee was achieved with one 

substrate (Table 2-7, entry 10). 
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2.3.3 Conclusion 

 

In conclusion, an Ir–(S,S)-f-Binaphane catalyst has been applied in asymmetric 

hydrogenation of a series of cyclic imines. With this system, readily prepared from 

[Ir(COD)Cl]2 and air-stable (S,S)-f-Binaphane ligand, high reactivity and good 

enantioselectivity were achieved. Using HI as additive, high turnover number (> 5000) 

was achieved. This highly reactive catalytic system provides us an efficient approach 

for the synthesis of chiral cyclic amines. 

 

 

2.4  Asymmetric hydrogenation of 1-alkyl/aryl-3,4-dihydroisoquinolines 

 

2.4.1 Background 

 

Tetrahydroisoquinolines are an important class of alkaloids dis-playing high 

bioactivities.23 They are present in numerous natural products, and in pharmaceutical 

drugs and drug candidates, for example, (+)-cryptostyline II, (+)-cryptostyline III, and 

solifenacin (Figure 2-1). Among those various synthetic methods developed in recent 

decades to afford enantiomerically pure tetrahydroisoquinolines,23,24 catalytic 

asymmetric hydrogenation of corresponding imines shows most promising as a highly 

efficient and straightforward approach.25  
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During the past two decades, a number of catalytic systems for asymmetric 

hydrogenation26 and asymmetric transfer hydrogenation27 of this class of imines have 

been invented. With the chiral titanocene developed by Buchwald et al., 

1-methyl-3,4-dihydro-6,7-dimethoxyisoquinoline was hydrogenated at 98% ee.26a 

Initiated by Noyori and co-workers, the Ru(II)-TsDPEN complex showed high 

enantioselectivity on transfer hydrogenation of 3,4-dihydroisoqui-nolines.27a Since 

then, intense research has been focused on this system and modifications have taken 

place on all components of this catalytic complex, the diamine ligand, the transition 

metal center, the coordinating-arene, and the counterion.26h,27b–27i Although these 

titanocene and Ru/Rh-DPEN systems addressed the reduction of 

1-alkyl-3,4-dihydroisoquinolines effectively, the asymmetric hydro-genation leading 

to enantiomerically pure 1-aryl-tetrahydro-isoquinolines remains a challenge, 

probably due to the relatively rigid and space demanding spatial features of these 

imines. For example, there is no report on asymmetric hydrogenation of 

1-phenyl-3,4-dihydroisoquinoline, which leads to a pharmaceutical drug, solifenacin 

(Figure 2-1), and the industrial production of this particular tetrahydroisoquinoline 

depends on optical resolution of the racemic mixture using tartaric acid (Scheme 

2-8).28  
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Scheme 2-8. Industrial production of solifenacin. 

 

 

2.4.2 Results and discussion 

 

Herein, we chose 1-phenyl-3,4-dihydroisoquinoline 3a as the standard substrate 

for asymmetric hydrogenation with the iridium-f-Binaphane system used in the 

hydrogenation of 2-phenyl-1-pyrroline (Table 2-8). Initially we tried two iridium 

precursor along with f-Binaphane. The neutral [Ir(cod)Cl]2 (cod=1,5-cycloocta-diene) 

yielded better conversion yet with a limited ee (Table 2-8, entries 1 and 2). From the 

solvents screening (Table 2-8, entries 3–7), CH2Cl2 afforded the best 

enantioselectivity and a good conversion. With the addition of 10 mol% of I2,29a 

enantiomeric excess was enhanced to 88% and a full conversion was achieved (Table 

2-8, entry 8). When the amount of I2 was reduced to 1 mol%, the ee value dropped to 

81% (Table 2-8, entry 9). Other common additives,29 such as potassium carbonate, 

triethyl amine, phthylamide and trifluoroacetic acid were also investigated and proved  



53 
 

Table 2-8. Asymmetric hydrogenation of 1-phenyl-3,4-dihydroisoquinoline by 
Ir–f-Binaphane.[a] 

 

Entry Ir precursor Ligand Solvent Additive 
Conv. 
[%][b] 

ee [%][b] 

1 Ir(COD)2BF4 f-Binaphane EtOAc/CH2Cl2 1:1 - 30 22 

2 [Ir(COD)Cl]2 f-Binaphane EtOAc/CH2Cl2 1:1 - 52 23 

3 [Ir(COD)Cl]2 f-Binaphane EtOAc - 98 32 

4 [Ir(COD)Cl]2 f-Binaphane CH2Cl2 - 86 46 

5 [Ir(COD)Cl]2 f-Binaphane THF - 99 22 

6 [Ir(COD)Cl]2 f-Binaphane toluene - 84 20 

7 [Ir(COD)Cl]2 f-Binaphane MeOH/CH2Cl2 6:1 - 11 35 

8 [Ir(COD)Cl]2 f-Binaphane CH2Cl2 10 mol % I2 >99 88 

9 [Ir(COD)Cl]2 f-Binaphane CH2Cl2 1 mol % I2 >99 81 

10 [Ir(COD)Cl]2 TangPhos CH2Cl2 10 mol % I2 70 34 

11 [Ir(COD)Cl]2 DuanPhos CH2Cl2 10 mol % I2 <5 - 

12 [Ir(COD)Cl]2 C3*-TunePhos CH2Cl2 10 mol % I2 <5 - 

13[c,d] [Ir(COD)Cl]2 f-Binaphane CH2Cl2 I2/HI >99 95 

14[c,e] [Ir(COD)Cl]2 f-Binaphane CH2Cl2 I2/HI >99 95 

15[c,f] [Ir(COD)Cl]2 f-Binaphane CH2Cl2 I2/HI 93 93 

[a] Reaction conditions: [Ir] / ligand / substrate=1:1:100, ligand / metal 1:1, 50 atm of 
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H2, rt, 24 h.  
[b] Conversions and enantiomeric excesses were determined by chiral HPLC after the 
amine products were converted to the corresponding acetamides.  
[c] HI was used for preparation of the iodine-bridged dimeric iridium complex 
[{Ir(H)[(S,S)-(f)-Binaphane]}2(μ-I)3]+I- A according to references.  
[d] Complex A loading is 0.5 mol%. [e] Complex A loading is 0.05 mol%. [f] Complex 
A loading is 0.005 mol%.  

 

 

to have no positive effect on this hydrogenation. In a control study, a brief screening 

of other diphosphines was carried out. As expected, none of these ligands yielded 

comparable results as f-Binaphane (Table 2-8, entries 10–12). The iodine-bridged 

dimeric iridium complexes, initially reported by Genet and coworkers,19b have shown 

excellent reactivity in our previous research on asymmetric hydrogenation of cyclic 

imines. So complex [{Ir(H)[(S,S)-(f)-Binaphane]}2(μ-I)3]+I- A was also applied in our 

study. To our delight, the enantiomeric excess was further improved to 95% with a 

complete conversion (Table 2-8, entry 13). Using 0.05 mol% of this Ir catalyst, the 

reaction still preceded smoothly without compromising the enantioselectivity; when 

the catalyst loading was further decreased to 0.005 mol%, a slightly lower conversion 

and ee were obtained (Table 2-8, entries 14 and 15). 
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Table 2-9. Asymmetric hydrogenation of 3,4-dihydroisoquinolines by 
Ir–f-Binaphane.[a] 

 

Entry R1&R2 R3 Product Conv. [%][b] ee [%] (Config.) [b] 

1 H (3a) C6H5 4a >99 95 (S) 

2 H (3b) iPr 4b >99 96 (–) 

3 H (3c) Cy 4c >99 95 (–) 

4 H (3d) 4-Me-C6H4 4d >99 94 (+) 

5 H (3e) 4-Cl-C6H4 4e >99 96 (S) 

6 H (3f) 4-MeO-C6H4 4f >99 95 (S) 

7 H (3g) 4-CF3-C6H4 4g >99 97 (+) 

8 H (3h) 3-Me-C6H4 4h >99 95 (+) 

9 H (3i) 3-Cl-C6H4 4i >99 98 (+) 

10[c] H (3j) 2-Me-C6H4 4j 98 79 (+) 

11[c] H (3k) 2-MeO-C6H4 4k >99 98 (–) 

12 H (3l) 2-Furoyl 4l >99 96 (+) 

13 OMe (3m) C6H5 4m >99 97 (S) 

14 OMe (3n) iPr 4n >99 95 (S) 

15 OMe (3o) 3,4-(MeO)2-C6H3 4o 99 >99 (S) 

16 OMe (3p) 3,4,5-(MeO)3-C6H2 4p 99 >99 (S) 

[a] Reaction conditions: complex A / I2 / substrate=0.05:10:100, 50 atm of H2, rt, 24 h. 
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[b] Conversions and enantiomeric excesses were determined by chiral HPLC and GC 
after the products were converted to the corresponding acetamides. The absolute 
configuration of product is assigned by comparison of rotation sign with literature data. 
[c] Complex A / substrate=0.25:100.   

 

 

To explore the scope and limitations of this Ir–f-Binaphane catalytic system, a 

range of 1-substituted 3,4-dihydroisoquinoline imines (3a–3p) were synthesized and 

hydrogenated under the optimized conditions. The results are summarized in Table 2. 

This iridium complex reduced both 1-alkyl- (entries 2, 3 and 14) and 

1-aryl-3,4-dihydroisoquinolines effectively with excellent enantioselectivities. As for 

1-aryl-3,4-dihydroisoquinoline imines, whether the substituents are at para (3d–3g) or 

meta (3h–3i) position of the phenyl ring, all substrates afforded corresponding 

tetrahydroisoquinoline alkaloids with high enantioselectivities (ee values range from 

94% to 99%), regardless of the electronic properties of the substituents; interestingly, 

when the imines bear a 1-ortho substituted phenyl ring (3j and 3k), the hydrogenation 

results vary dramatically, and a higher catalyst loading was required (Table 2-9, 

entries 10 and 11). The high ee value for 1-(2’-OMe-C6H4) imine is probably 

attributed to the coordination effect of the oxygen to the transition metal center, while 

the poor result for 1-(2’-Me-C6H4) imine stems from its steric hindrance. This 

catalytic system also worked quite well for 1-heteroaromatic imine 3l, yielding 96% 

ee with a full conversion (Table 2-9, entry 12). It is worth to mention that both 

enantiomerically pure (S)-(–)-norcryptostyline II 4o and (S)-(–)-norcryptostyline III 

4p were obtained with more than 99% of ee (Table 2-9, entries 15 and 16).  
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2.4.3 Conclusion 

 

In summary, the highly effective iodine-bridged dimeric 

[{Ir(H)[(S,S)-(f)-Binaphane]}2(μ-I)3]+I- complex has been applied in asymmetric 

hydrogenation of a wide range of 3,4-dihydro-isoquinolines with excellent 

enantioselectivities and high turnover numbers (up to 10,000). The using of I2 as 

additive enhanced the performance of this catalyst. This catalytic system offers an 

efficient access to various enantiomerically pure tetrahydroisoquinoline alkaloids, 

including the substructure of the pharmaceutical drug of solifenacin. Further 

applications of this complex on asymmetric hydrogenation of 3,4-dihydroquinolines 

and other cyclic imines are in progress. 
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2.5 Experimental Section 

 

2.5.1 General Remarks. 

 

All reactions were performed in the nitrogen-filled glovebox or under nitrogen using 

standard Schlenk techniques unless otherwise noted. Column chromatography was 

performed using Sorbent silica gel 60 (230 – 450 mesh). 1H NMR, and 13C NMR 

spectral data were obtaineded from Bruker 400 MHz spectrometers. Chemical shifts 

are reported in ppm. Enantiomeric excess values were determined by chiral HPLC on 

an Agilent 1200 Series instrument or chiral GC on Agilent 7890 GC equipment. All 

new products were further characterized by HRMS. A positive ion mass spectrum of 

sample was acquired on a Micromass 70-VSE mass spectrometer with an electron 

ionization source. 

 

 

2.5.2 General procedure for synthesis of cyclic imines 1. 

 

Cyclic imines were synthesized according to modified literature method.30 To a 

solution of 2.80 g of 1-(trimethylsilyl)-2-pyrrolidinone or 1-(trimethylsilyl)-2- 

piperidinone (0.018 mol) in anhydrous THF (15 mL) was added arylmagnesium 

bromide or alkyl lithium reagents (0.022 mol in THF). Then the reaction was heated 

to reflux for 3 h, quenched with aq. NH4Cl solution and extracted with EtOAc. The 

combined organic layers were washed with brine, dried over MgSO4, and 
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concentrated under vacuum. The crude product was purified with column 

chromatography (EtOAc / Hex) or distillation to yield desired product (yield: 25 – 

92%).    

 

2-phenyl-1-pyrroline (1a):32 light yellow solid, 48% Yield. 1H NMR (400 MHz, 

CDCl3) δ 7.77 (m, 2H), 7.34 (m, 2H), 7.19 (s, 1H), 4.00(m, 2H), 2.88 (m, 2H), 1.97 

(m, 2H). 

 

2-(4’-Me-phenyl)-1-pyrroline (1b):32 light yellow solid, 55% Yield. 1H NMR (400 

MHz, CDCl3) δ 7.72 (m, 2H), 7.18 (m, 2H), 4.04 (m, 2H), 2.90 (m, 2H), 2.36(s, 3H), 

2.00 (m, 2H). 

 

2-(4’-OMe-phenyl)-1-pyrroline (1c):32 light yellow solid, 60% Yield. 1H NMR (400 

MHz, CDCl3) δ 7.79 (d, J=8 Hz, 2H), 6.92 (m, J=8 Hz, 2H), 4.05 (m, 2H), 3.82 (s, 

3H), 2.90 (m, 2H), 2.00 (m, 2H). 

 

2-(4’-F-phenyl)-1-pyrroline (1d):34 white solid, 25% Yield. 1H NMR (400 MHz, 

CDCl3) δ 7.84 (m, 2H), 7.10 (m, 2H), 4.06 (m, 2H), 2.94 (m, 2H), 2.05 (m, 2H). 

 

2-(4’-Cl-phenyl)-1-pyrroline (1e):32 light yellow solid, 30% Yield. 1H NMR (400 

MHz, CDCl3) δ 7.65 (t, J=4 Hz, 2H), 7.25 (t, J=4 Hz, 2H), 3.94 (m, 2H), 2.80 (m, 2H), 

1.93 (m, 2H). 
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2-(4’-Brphenyl)-1-pyrroline (1f):33 light yellow solid, 38% Yield. 1H NMR (400 

MHz, CDCl3) δ 7.84 (m, 1H), 7.71 (m, 1H), 7.55 (m, 1H), 7.41 (m, 1H), 4.05 (m, 2H), 

2.91 (m, 2H), 2.04 (m, 2H). 

 

2-(3’-Cl-phenyl)-1-pyrroline (1g):33 yellow oil, 26% Yield. 1H NMR (400 MHz, 

CDCl3) δ 7.89 (s, 1H), 7.57 (m, 1H), 7.32 (m, 2H), 3.92 (m, 2H), 2.76 (m, 2H), 1.90 

(m, 2H). 

 

2-(3’-Me-phenyl)-1-pyrroline (1h):35 yellow oil, 45% Yield. 1H NMR (400 MHz, 

CDCl3) δ 7.50 (s, 1H), 7.46 (m,1H), 7.11 (m, 2H), 3.91 (m, 2H), 2.78 (m, 2H), 2.20 (s, 

3H), 1.89 (m, 2H). 

 

2-(3’-OMe-phenyl)-1-pyrroline (1i):36 yellow oil, 53% Yield. 1H NMR (400 MHz, 

CDCl3) δ 7.17 (m, 1H), 7.14 (m, 2H), 6.83 (m, 1H), 3.94 (m, 2H), 3.60 (s, 3H), 2.78 

(m, 2H), 1.88 (m, 2H). 

 

2-butyl-1-pyrroline (1j):31 light yellow oil, 92% Yield. 1H NMR (400 MHz, CDCl3) 

δ 3.73 (m, 2H), 2.39 (m, 2H), 2.27 (m, 2H), 1.80 (m, 2H), 1.51 (m, 2H), 1.29 (m, 2H), 

0.86 (t, J=7.2 Hz, 3H). 

 

2,3,4,5-tetrahydro-6-phenylpyridine (1k):37 yellow solid, 42% Yield. 1H NMR (400 
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MHz, CDCl3) δ 7.68 (m, 2H), 7.30 (m, 3H), 3.77 (m, 2H), 2.56 (m, 2H), 1.76 (m, 2H), 

1.61 (m, 2H). 

 

2-(2’-OMe-phenyl)-1-pyrroline (1l):38 yellow oil, 58% Yield. 1H NMR (400 MHz, 

CDCl3) δ 7.74 (m, 1H), 7.36 (m, 1H), 6.96 (m, 2H), 3.98 (m, 2H), 3.85 (s, 3H), 3.00 

(m, 2H), 1.97 (m, 2H). 

 

2-Phenyl-4,5,6,7- tetrahydro-3H-azepine (1m):37 yellow oil, 32% Yield. 1H NMR 

(400 MHz, CDCl3) δ 7.69 (m, 2H), 7.36 (m, 3H), 3.84 (m, 2H), 2.86 (m, 2H), 1.88 (m, 

2H), 1.61 (m, 4H). 

 

 

2.5.3 General procedure for asymmetric hydrogenation of cyclic imines 1. 

 

In the nitrogen-filled glovebox, [Ir(COD)Cl]2 (5.4 mg, 0.008 mmol) and 

(S,S)-f-Binaphane (12.8 mg, 0.016 mmol) was dissolved in anhydrous CH2Cl2 (6.4 

mL) and equally divided into 8 vials charged with imine substrates (0.2 mmol) in 

anhydrous ethyl acetate solution (1.6 mL). The resulting solution was transferred to an 

autoclave, which was charged with 50 atm of H2. The hydrogenation was performed 

at 50 oC for 25 h and the hydrogen was released carefully. The solvent was then 

evaporated and the residue was purified by column chromatography to give the 

corresponding hydrogenation product, which reacted with trifluoroacetic anhydride to 
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yield the corresponding trifluoroacetamides, and then analyzed by chiral GC (Gamma 

Dex 225 or Beta Dex 390) to determine the enantiomeric excesses. 

 

   [Ir(H)[(S,S)-(f)-Binaphane]　2(μ−I)3]+I- was prepared according to literature 

report.19b To a mixture of [Ir (cod)2Cl]2 (20.2 mg, 30 mol) and (S,S)-f-Binaphane 

(53.3 mg, 66.0 mol) in toluene (5 mL) was added aqueous HI (45%, 33 μL) via a 

syringe at room temperature. Then the reaction mixture was stirred overnight. Solvent 

was removed under reduced pressure. The residue was dissolved in dichloromethane 

Upon addition of hexane, product precipitated as an airstable pale yellow powder 

(53.6 mg, 75% yield), 31P NMR (162 MHz, CDCl3) δ -0.42 (d, J=8.1 Hz), -2.88 (d, 

J=8.1 Hz). HRMALDI: Calculated for C108H82Fe2I4Ir2P4 (M+): 2507.9509, found 

2507.9484. 

 

2-phenylpyrrolidine (2a):39 colorless oil, [α]20
D  +29.6(c = 0.25 in CH2Cl2); 1H 

NMR (400 MHz, CDCl3) δ 6.99-7.38 (m, 5H), 4.05-4.09 (t, J=8 Hz, 1H), 3.10-3.28 

(m, 1H), 2.88-3.00 (m, 1H), 2.08-2.18 (m, 1H), 1.68-1.90 (m, 2H), 1.54-1.68 (m, 1H). 

 

2-(4’-Me-Phenyl)-1-pyrrolidine (2b):39 colorless oil, [α]20
D  +59.5(c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3) δ 7.26-7.28 (d, J=8 Hz, 2H), 7.11-7.13 (d, J=8 

Hz, 2H), 4.02-4.18 (m, 2H), 3.16-3.24 (m, 1H), 2.96-3.06 (m, 1H), 2.34 (s, 3H), 

2.14-2.22 (m, 1H), 1.68-2.00 (m, 3H). 
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2-(4’-OMe-Phenyl)-1- pyrrolidine (2c): 39 colorless oil, [α]20
D  +45.4 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.30-7.38 (m, 2H), 6.80-6.88 (m, 2H), 

4.12-4.20 (m, 1H), 3.78 (s, 3H), 3.18-3.24 (m, 1H), 2.98-3.08 (m, 1H), 2.14-2.22 (m, 

1H),1.68-2.08 (m, 3H). 

 

2-(4’-F-Phenyl)-1-pyrrolidine (2d): 39 colorless oil, [α]20
D  +46.5 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.30-7.44 (m, 2H), 6.97-7.01 (m, 2H), 

4.09-4.13 (t, J=8 Hz,1H), 3.18-3.26 (m, 1H), 2.98-3.10 (m, 2H), 2.14-2.26 (m, 1H), 

1.80-2.00 (m, 2H), 1.66-1.72 (m, 1H). 

 

2-(4’-Cl-Phenyl)-1-pyrrolidine (2e): 40 colorless oil, [α]20
D  +49.8 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.20-7.38 (m, 4H), 4.08-4.11 (t, J=8 Hz,1H), 

3.00-3.32 (m, 3H), 2.14-2.26 (m, 1H), 1.80-2.00 (m, 2H), 1.60-1.70 (m, 1H). 

 

2-(4’-Br-Phenyl)-1-pyrrolidine (2f): 39 colorless oil, [α]20
D  +56.4 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.41-7.43 (m, 2H), 7.23-7.25 (m, 2H), 

4.06-4.09 (m, 1H), 3.14-3.22 (m, 1H), 2.14-2.22 (m, 1H), 1.82-2.01 (m, 2H), 

1.52-1.68 (m, 1H). 

 

2-(3’-Cl-Phenyl)-1-pyrrolidine (2g): 39 colorless oil, [α]20
D  +45.6 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.37 (s, 1H), 7.19-7.23 (m, 3H), 4.08-4.18 (m, 

1H), 3.16-3.28 (m, 1H), 3.00-3.12 (m, 1H), 2.78 (s, 1H), 2.16-2.24 (m, 1H), 1.78-2.00 
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(m, 2H), 1.60-1.74 (m, 1H). 

 

2-(3’-Me-Phenyl)-1-pyrrolidine (2h): 39 colorless oil, [α]20
D  +26.8 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.19-7.23 (m, 3H), 7.06-7.12 (m, 1H), 4.84 (s, 

1H), 4.14-4.18 (m, 1H), 3.22-3.32 (m, 1H), 3.00-3.12 (m, 1H), 3.34 (s, 3H), 2.18-2.26 

(m, 1H), 1.76-2.04 (m, 3H) 

 

2-(3’-OMe-Phenyl)-1- pyrrolidine (2i): 41 colorless oil, [α]20
D  +36.5 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.18-7.30 (m, 1H), 6.74-7.00 (m, 3H), 

4.08-4.18 (m, 1H), 3.62-3.82 (m, 4H), 3.18-3.26 (m, 1H), 2.98-3.06 (m, 1H), 

2.16-2.26 (m, 1H), 1.68-2.00 (m, 3H). 

 

2-butyl-1-pyrrolidine (2j): 32 colorless oil, [α]20
D  +0.7 (c = 0.25 in CH2Cl2); 1H 

NMR (400 MHz, CDCl3)δ 2.48-3.56 (m, 3H), 1.52-2.16 (m, 14H). 

 

2-phenyl-1-piperidine(2k): 37 colorless oil, [α]20
D  +31.2 (c = 0.25 in CH2Cl2); 1H 

NMR (400 MHz, CDCl3)δ 7.14-7.40 (m, 5H), 3.50-3.64 (m, 1H), 3.08-3.20 (m, 1H), 

2.60-2.82 (m, 2H), 1.72-1.90 (m, 2H), 1.40-1.70 (m, 4H). 

 

2-(2’-OMe-Phenyl)-1- pyrrolidine (2l): 38 colorless oil, [α]20
D  +29.5 (c = 0.25 in 

CH2Cl2); 1H NMR (400 MHz, CDCl3)δ 7.39 (m, 1H), 7.20 (m, 1H), 6.93 (m, 1H), 

6.86 (m, 1H), 4.36 (m, 1H), 3.82 (s, 3H), 3.18 (m, 1H), 2.97 (m, 1H), 2.38 (b, 1H), 
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2.18 (m, 1H), 1.84 (m, 2H), 1.68 (m, 1H). 

 

2-phenylazepane(2m): 37 colorless oil, [α]20
D  +24.8 (c = 0.25 in CH2Cl2); 1H NMR 

(400 MHz, CDCl3)δ 7.18-7.36 (m, 5H), 3.75 (m, 1H), 3.14 (m, 1H), 2.86 (m, 1H), 

1.98 (m, 1H), 1.46-1.88 (m, 8H). 

 

 

2.5.4 General procedure for synthesis of cyclic imines 3. 

 

1-substituted 3,4-dihydroisoquinoline imines (3a–3p) were synthesized from 

corresponding 2-arylethyl amine and alkyl- or arylcarbonyl chloride in two steps 

according to modified literature methods.42,43 This procedure was carried out in air 

atmosphere. Carbonyl chloride (10.0 mmol) was slowly added to a solution of 

2-arylethylamine 7 (10.0 mmol) and triethylamine (15 mmol) in CH2Cl2 (60 mL) at 

0 °C. After stirring at room temperature for 12 h, the mixture was concentrated by 

rotary evaporation. The residue was dissolved in EtOAc (40 mL) and washed with 1 

N HCl solution (40 mL). The aqueous layer was further extracted with EtOAc (2×40 

mL). The combined organic extracts were washed with brine (80 mL) and dried over 

Na2SO4. Solvent was evaporated to give the corresponding amide, which was used in 

the next step without further purification. 

 

   To a solution of the resulting amide (10.0 mmol) and 2-chloropyridine (12.0 mmol) 
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in CH2Cl2 (60 mL) was added trifluoromethanesulfonic anhydride (11.0 mmol, 1.1 

equiv) via syringe dropwise at -78 oC. Then the reaction was stirred at this 

temperature for 15 min and slowly warm to room temperature overnight. The reaction 

was quenched with aq. NaHCO3 solution and extracted with CH2Cl2 (3×50 mL). The 

combined organic layers were washed with brine, dried over MgSO4, and 

concentrated under vacuum. The crude product was purified with column 

chromatography (EtOAc / Hex) to yield desired product (yield: 75 – 96%).    

 

1-phenyl-3,4-dihydroisoquinoline (3a): 42 light yellow liqhid, 93% Yield. 1H NMR 

(400 MHz, CDCl3) δ 7.60 (m, 2H), 7.30-7.50 (m, 4H), 7.18-7.32 (m, 3H), 3.84 (m, 

2H), 2.78 (m, 2H). 

 

1-isopropyl-3,4-dihydroisoquinoline (3b): 44 light yellow liquid, 95% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.52 (m, 1H), 7.28-7.40 (m, 2H), 7.18 (m,1H), 4.68 (m, 

2H), 3.26 (m, 1H), 2.66(m, 2H), 1.20 (d, 6H). 

 

1-cyclohexyl-3,4-dihydroisoquinoline (3c): 44 clear liquid, 85% Yield. 1H NMR (400 

MHz, CDCl3) δ 7.50 (m, 1H), 7.22-7.34 (m, 2H), 7.18 (m, 1H), 3.66 (m, 2H), 2.90 (m, 

1H), 2.64 (m, 2H), 1.70-1.96 (m, 5H), 1.20-1.50 (m, 5H). 

 

1-(4’-Methylphenyl)-3,4-dihydroisoquinoline (3d): 45 white solid, 96% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.50 (m, 2H), 7.38 (m, 1H), 7.24 (m, 5H), 4.84 (m, 2H), 

2.80 (m, 2H), 2.41 (s, 3H). 
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1-(4’-Chlorophenyl)-3,4-dihydroisoquinoline (3e): 45 white solid, 95% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.56 (m, 2H), 7.38 (m, 3H), 7.26 (m, 3H), 3.86 (m, 2H), 

2.80 (m, 2H). 

 

1-(4’-methoxylphenyl)-3,4-dihydroisoquinoline (3f): 45 light yellow solid, 90% 

Yield. 1H NMR (400 MHz, CDCl3) δ 7.58 (m, 2H), 7.40 (m, 1H), 7.38 (m, 3H), 6.96 

(m, 2H), 3.98 (s, 3H), 3.82 (m, 2H), 2.80 (m, 2H). 

 

1-(4’-trifluoromethylphenyl)-3,4-dihydroisoquinoline (3g): 46 white solid, 94% 

Yield. 1H NMR (400 MHz, CDCl3) δ 7.70(m, 4H), 7.40 (m, 1H), 7.26 (m, 2H), 7.20 

(m, 1H), 3.88 (m, 2H), 2.82 (m, 2H). 

 

1-(3’-Methylphenyl)-3,4-dihydroisoquinoline (3h): light yellow oil, 92% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.44 (s, 1H), 7.36 (m,2H), 7.26 (m, 5H), 3.84 (m, 2H), 

2.80 (m, 2H), 2.40 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 167.4, 139.0, 138.8, 137.9, 

130.6, 130.1, 129.3, 128.9, 128.0, 127.3, 126.5, 125.9, 47.6, 26.4, 21.4. ESI-HRMS: 

Calculated for C16H16N+([M+H]+): 222.1283, found 222.1280. 

 

1-(3’-Chlorophenyl)-3,4-dihydroisoquinoline (3i): 47 light yellow oil, 90% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.60 (s, 1H), 7.48 (m, 2H), 7.46 (m, 2H), 7.22 (m, 3H), 

3.84 (m, 2H), 2.80 (m, 2H). 

1-(2’-Methylphenyl)-3,4-dihydroisoquinoline (3j): 48 white solid, 75% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.06-7.32 (m, 7H), 6.84 (m,1H), 3.84 (m, 2H), 2.80 (m, 

2H), 2.06 (s, 3H). 
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1-(2’-methoxylphenyl)-3,4-dihydroisoquinoline (3k): 49 yellow solid, 80% Yield. 1H 

NMR (400 MHz, CDCl3) δ 7.28-7.42 (m, 3H), 7.10-7.24 (m, 2H), 7.02 (m, 1H), 6.94 

(m, 2H), 3.90 (b, 2H), 3.68 (s, 3H), 2.86 (m, 2H). 

 

1-(2-furoyl)-3,4-dihydroisoquinoline (3l): 50 yellow oil, 82% Yield. 1H NMR (400 

MHz, CDCl3) δ 7.72 (m, 1H), 7.58 (s, 1H), 7.26-7.44 (m, 3H), 6.88 (d, J=4Hz, 1H), 

6.52 (d, J=4Hz, 1H), 3.84 (m, 2H), 2.76 (m, 2H). 

 

1-phenyl-3,4-dihydro-6,7-dimethoxyisoquinoline (3m): 51 white solid, 94% Yield. 

1H NMR (400 MHz, CDCl3) δ 7.60 (m, 2H), 7.44 (m, 3H), 6.80 (m, 2H), 3.96 (s, 3H), 

3.82 (m, 2H), 3.74 (s, 3H), 2.74 (m, 2H). 

 

1-phenyl-3,4-dihydro-6,7-dimethoxyisoquinoline (3n): 44 light yellow oil, 94% 

Yield. 1H NMR (400 MHz, CDCl3) δ 7.05 (s, 1H), 6.70 (s, 1H), 3.92 (m, 6H), 3.64 (m, 

2H), 3.20 (m, 1H), 2.60 (m, 2H), 1.22 (m, 6H). 

 

1-(3,4-dimethoxylphenyl)-3,4-dihydro-6,7-dimethoxyisoquinoline (3o): 51 white 

solid, 94% Yield. 1H NMR (400 MHz, CDCl3) δ 7.24 (s, 1H), 7.16 (d, J=4Hz, 1H), 

6.88 (m, 2H), 6.78 (s, 1H), 3.94 (m, 9H), 3.74-3.84 (m, 5H), 2.72 (m, 2H). 

 

1-(3,4,5-trimethoxylphenyl)-3,4-dihydro-6,7-dimethoxyisoquinoline (3p): 52 white 

solid, 92% Yield. 1H NMR (400 MHz, CDCl3) δ 6.88 (s, 1H), 6.85 (s, 2H), 6.79 (s, 

1H), 3.96 (s, 3H), 3.92 (s, 3H), 3.90 (s, 6H), 3.80 (m, 2H), 3.76 (s, 3H), 2.74 (m, 2H). 
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2.5.5 General Procedure for Asymmetric Hydrogenation of 

3,4-dihydroisoquinoline 3.  

 

In a nitrogen-filled glovebox, complex A (2.5 mg, 0.001 mmol) was dissolved in 

anhydrous CH2Cl2 (1.0 mL) and equally divided into 10 vials charged with imine 

substrates 3 (0.2 mmol) in anhydrous CH2Cl2 solution (1.0 mL). Then I2 (5.1 mg, 0.02 

mmol) was added and the total solution was made to 2.0 mL for each vial. The 

resulting vials were transferred to an autoclave, which was charged with 50 atm of H2, 

and stirred at room temperature for 24 h. The hydrogen gas was released slowly and 

the solution was concentrated and passed through a short column of silica gel to 

remove the metal complex. The chiral amine products reacted with acetic anhydride to 

yield the corresponding acetamides, which were then analyzed by chiral HPLC & GC 

to determine the enantiomeric excesses. 

 

(S)-1-phenyl-1,2,3,4-tetrahydroisoquinoline (4a): 42 white solid. 1H NMR (400 

MHz, CDCl3) δ 7.14-7.40 (m, 7H), 7.08 (m, 1H), 6.76 (d, J=8 Hz, 1H), 5.30 (s, 1H), 

3.30 (m, 1H), 3.02-3.20 (m, 2H), 2.92 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 142.2, 

136.0, 134.4, 129.3, 129.0, 128.6, 128.2, 128.1, 128.0, 126.9, 126.1, 60.7, 40.7, 28.3. 

Enantiomeric excess was determined by HPLC for the the corresponding acetamide, 

Chiralpak OD-H column, Hex/IPA=99:1, 1 mL/min. 

 

(–)-1-isopropyl-1,2,3,4-tetrahydroisoquinoline (4b): 44 yellow oil. 1H NMR (400 

MHz, CDCl3) δ 7.08-7.24 (m, 4H), 4.16 (d, J=4 Hz, 1H), 3.46 (m, 1H), 2.90-3.08 (m, 
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2H), 2.78 (m, 1H), 2.40 (m, 1H), 1.18 (d, J=8 Hz, 3H), 0.80 (d, J=8 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 136.3, 135.1, 129.1, 126.3, 126.2, 126.1, 60.5, 41.5, 32.4, 

28.9, 19.8, 15.9. Enantiomer ratio was determine by GC for the the corresponding 

acetamide using a Beta Dex 390 column (30 m×0.25 mm×0.25 μm; carrier gas, He 

(flow rate 1 mL/min); column temperature, 150 °C. 

 

 (–)-1-cyclohexyl-1,2,3,4-tetrahydroisoquinoline (4c): 44 light yellow oil. 1H NMR 

(400 MHz, CDCl3)δ 7.04-7.20 (m, 4H), 4.00 (d, J=4 Hz, 1H), 3.28-3.40 (m, 1H), 

2.82-3.04 (m, 2H), 2.68-2.76 (m, 1H), 1.90 (m, 2H), 1.82 (m, 1H), 1.60-1.78 (m, 3H), 

1.26-1.48 (m, 3H), 1.04-1.26 (m, 3H). 13C NMR (100 MHz, CDCl3) δ 137.2, 135.6, 

129.1, 126.3, 125.9, 125.8, 60.4, 43.0, 41.7, 30.7, 29.5, 27.0, 26.6, 26.6, 26.5. 

Enantiomeric excess was determined by HPLC for the the corresponding acetamide, 

Chiralpak AD-H column, Hex/IPA=96:4, 1 mL/min. 

 

 (+)-1-(4’-Methylphenyl)-1,2,3,4-tetrahydroisoquinoline (4d): 54 white solid. 1H 

NMR (400 MHz, CDCl3)δ 6.88-7.06 (m, 7H), 6.68 (d, J=8 Hz,1H), 5.00 (s, 1H), 

3.12-3.24 (m, 1H), 2.88-3.06 (m, 2H), 2.68-2.80 (m, 1H), 2.26 (s, 3H). 13C NMR (100 

MHz, CDCl3) δ 140.3, 136.9, 136.1, 134.2, 128.1, 128.0, 127.9, 127.1, 125.3, 124.7, 

60.4, 40.8, 28.4, 20.1. Enantiomeric excess was determined by HPLC for the the 

corresponding acetamide, Chiralpak OD-H column, Hex/IPA=99:1, 1 mL/min. 

 

 (S)-1-(4’-chlorophenyl)-1,2,3,4-dihydroisoquinoline (4e): 54 white solid. 1H NMR 

(400 MHz, CDCl3)δ 7.28 (d, J=8 Hz, 2H), 7.20 (d, J=8 Hz, 2H), 7.14 (d, J=4 Hz, 2H), 
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7.04 (m, 1H), 6.70 (d, J=8 Hz, 1H), 5.08 (s,1H), 3.20-3.30 (m, 1H), 2.96-3.16 (m, 2H), 

2.78-2.88 (m, 1H), 2.56 (b, 1H). 13C NMR (100 MHz, CDCl3) δ 143.2, 137.6, 135.4, 

133.2, 130.9, 128.8, 128. 2, 127.8, 126.4, 125.7, 61.3, 42.1, 29.6. Enantiomeric excess 

was determined by HPLC for the the corresponding acetamide, Chiralpak OD-H 

column, Hex/IPA=99:1, 1 mL/min. 

 

 (S)-1-(4’-methoxylphenyl)-1,2,3,4-dihydroisoquinoline (4f): 54 yellow oil. 1H 

NMR (400 MHz, CDCl3)δ 7.06-7.20 (m, 4H), 7.00 (m, 1H), 6.76 (d, J=8 Hz, 2H), 

6.70 (d, J=8 Hz, 1H), 5.21 (s, 1H), 3.70 (s, 3H), 3.16-3.26 (m, 1H), 2.94-3.12 (m, 2H), 

2.78-2.90 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 159.6, 135.4, 133.9, 133.1, 130.7, 

128.9, 128.2, 127.1, 126.2, 114.0, 59.6, 55.3, 40.1, 27.6. Enantiomeric excess was 

determined by HPLC for the the corresponding acetamide, Chiralpak OD-H column, 

Hex/IPA=98:2, 1 mL/min. 

 

 (+)-1-(4’-trifluoromethylphenyl)-1,2,3,4-dihydroisoquinoline (4g): 54 white solid. 

1H NMR (400 MHz, CDCl3)δ  7.57 (d, J=8 Hz, 2H), 7.39 (d, J=8 Hz, 2H), 7.16 ((d, 

J=8 Hz, 2H), 7.04 (m, 1H), 6.70 (d, J=8 Hz, 1H), 5.15 (s, 1H), 3.20-3.30 (m, 1H), 

2.96-3.14 (m, 2H), 2.76-2.90 (m, 1H), 1.96 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 

148.9, 137.3, 135.5, 129.4, 129.3, 127.9, 126.6, 125.8, 125.4, 125.3, 61.6, 42.1, 29.7. 

Enantiomeric excess was determined by HPLC for the the corresponding acetamide, 

Chiralpak OD-H column, Hex/IPA=100:0→99:1, 1 mL/min. 

 

 (+)-1-(3’-methylphenyl)-1,2,3,4-dihydroisoquinoline (4h): 55 white solid. 1H NMR 
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(400 MHz, CDCl3)δ 7.16-7.26 (m, 1H), 7.14 (d, J=4 Hz, 2H), 7.09 (s, 2H), 7.04 (d, 

J=4 Hz, 2H), 6.76 (d, J=8 Hz, 1H), 5.08 (s, 1H), 3.37 (s, 1H), 3.20-3.34 (m, 1H), 

2.98-3.16 (m, 2H), 2.31 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 144.3, 138.1, 135.2, 

129.7, 129.4, 129.0, 128.3, 128.2, 126.3, 126.2, 126.0, 125.7, 61.9, 42.0, 29.7, 21.4. 

Enantiomeric excess was determined by HPLC for the the corresponding acetamide, 

Chiralpak AS column, Hex/IPA=95:5, 1 mL/min. 

 

 (+)-1-(3’-chlorophenyl)-1,2,3,4-dihydroisoquinoline (4i):54 white solid. 1H NMR 

(400 MHz, CDCl3)δ 7.22-7.30 (m, 3H), 7.16 (m, 3H), 7.04 (m, 1H), 6.73 (d, J=8 Hz, 

1H), 5.07 (s, 1H), 3.20-3.30 (m, 1H), 2.96-3.14 (m, 2H), 2.76-2.88 (m, 1H), 2.00 (s, 

1H). 13C NMR (100 MHz, CDCl3) δ 147.0, 137.5, 135.4, 134.3, 129.6, 129.2, 129.1, 

128.0, 127.6, 127.2, 126.5, 125.8, 61.6, 42.1, 29.7. Enantiomeric excess was 

determined by HPLC for the the corresponding acetamide, Chiralpak AS column, 

Hex/IPA=94:6, 1 mL/min. 

 

 (–)-1-(2’-methylphenyl)-1,2,3,4-dihydroisoquinoline (4j): 55 colorless oil. 1H NMR 

(400 MHz, CDCl3)δ 6.96-7.20 (m, 7H), 6.68 (d, J=8 Hz, 1H), 5.46 (s, 1H), 3.28-3.38 

(m, 1H), 3.04-3.20 (m, 2H), 2.82-2.92 (m, 1H), 2.42 (s, 3H). 13C NMR (100 MHz, 

CDCl3) δ 142.3, 138.4, 136.7, 135.4, 130.8, 129.6, 129.0, 127.6, 127.3, 126.2, 125.9, 

125.8, 58.9, 42.4, 29.7, 19.5. Enantiomeric excess was determined by HPLC for the 

the corresponding acetamide, Chiralpak OD-H column, Hex/IPA=99:1, 1 mL/min. 

 

(–)-1-(2’-methoxylphenyl)-1,2,3,4-dihydroisoquinoline (4k): 49 light yellow oil. 1H 
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NMR (400 MHz, CDCl3)δ 7.12-7.18 (m, 1H), 7.07 (m, 2H), 6.92-7.00 (m, 1H), 6.86 

(d, J=8 Hz, 1H), 6.70-6.78 (m, 3H), 5.48 (s, 1H), 3.78 (s, 3H), 3.06-3.24 (m, 2H), 

2.78-2.86 (m, 2H), 1.87 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 157.3, 136.1, 135.0, 

130.7, 130.6, 129.0, 128.9, 128.0, 126.5, 125.9, 120.4, 110.8, 55.5, 54.9, 40.2, 28.6. 

Enantiomeric excess was determined by HPLC for the the corresponding acetamide, 

Chiralpak OD-H column, Hex/IPA=99:1, 1 mL/min. 

 

 (+)-1-(2-furoyl)-1,2,3,4-tetrahydroisoquinoline (4l): 50 yellow oil. 1H NMR (400 

MHz, CDCl3)δ 7.39 (s, 1H), 7.08-7.30 (m, 3H), 7.02 (d, J=8 Hz, 1H), 6.28 (d, J=4 Hz, 

1H), 5.98 (d, J=4 Hz, 1H), 5.21 (s, 1H), 3.01-3.28 (m, 2H), 2.80-2.98 (m, 2H), 2.12 (b, 

1H). 13C NMR (100 MHz, CDCl3) δ 156.6, 142.1, 135.3, 134.9, 129.3, 127.8, 126.8, 

125.6, 109.9, 108.4, 54.3, 40.3, 29.2. Enantiomeric excess was determined by HPLC 

for the the corresponding acetamide, Chiralpak AD-H column, Hex/IPA=97:3, 1 

mL/min. 

 

(S)-1-phenyl-1,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline (4m): 56 white solid. 1H 

NMR (400 MHz, CDCl3)δ 7.22-7.36 (m, 5H), 6.63 (s, 1H), 6.26 (s, 1H), 5.25 (s, 1H), 

3.88 (s, 3H), 3.64 (s, 3H), 3.18-3.26 (m, 1H), 3.00-3.10 (m, 1H), 2.86-2.98 (m, 1H), 

2.70-2.80 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 148.0, 147.4, 143.1, 129.1, 128.5, 

128.3, 127.8, 127.0, 111.4, 111.0, 60.5, 55.9, 55.8, 40.7, 28.3. Enantiomeric excess 

was determined by HPLC for the the corresponding acetamide, Chiralpak AD-H 

column, Hex/IPA=93:7, 1 mL/min. 
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 (S)-1-isopropyl-1,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline (4n): 44 white solid. 

1H NMR (400 MHz, CDCl3)δ 6.63 (s, 1H), 6.58 (s, 1H), 4.04 (d, J=4 Hz, 1H), 3.85 (d, 

J=4 Hz, 6H), 3.36-3.44 (m, 1H), 2.80-3.00 (m, 2H), 2.60-2.70 (m, 1H), 2.28-2.40 (m, 

1H),1.25 (d, J=8 Hz, 3H), 0.80 (d, J=8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 147.5, 

147.5, 128.7, 127.6, 111.7, 109.3, 60.2, 56.1, 55.8, 41.8, 32.5, 28.7, 19.9, 15.9. 

Enantiomeric excess was determined by HPLC for the the corresponding acetamide, 

Chiralpak AD-H column, Hex/IPA=90:10, 1 mL/min. 

 

(S)-1-1-(3’,4’-bimethoxylphenyl)-1,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline 

(4o): 56 white solid. 1H NMR (400 MHz, CDCl3)δ 6.90 (s, 1H), 6.80 (m, 2H), 6.63 (s, 

1H), 6.28 (s, 1H), 5.20 (s, 1H), 3.87 (s, 3H), 3.86 (s, 3H), 3.82 (s, 3H), 3.66 (s, 3H), 

3.20-3.30 (m, 1H), 2.96-3.18 (m, 2H), 2.80-2.92 (m, 1H). 13C NMR (100 MHz, CDCl3) 

δ 149.1, 149.0, 148.4, 147.6, 133.2, 126.7, 126.1, 122.1, 112.5, 111.3, 110.9, 110.8, 

59.6, 55.9, 55.8, 40.1, 27.0. Enantiomeric excess was determined by HPLC for the the 

corresponding acetamide, Chiralpak AS column, Hex/IPA=92:8, 1 mL/min. 

 

(S)-1-(3’,4’,5’-trimethoxylphenyl)-1,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline 

(4p): 52 white solid. 1H NMR (400 MHz, CDCl3)δ 6.56 (s, 1H), 6.45 (s, 2H), 6.23 (s, 

1H), 5.06 (s, 1H), 3.80 (s, 3H), 3.79 (s, 3H), 3.77 (s, 6H), 3.61 (s, 3H), 3.14-3.22 (m, 

1H), 2.86-3.08 (m, 2H), 2.68-2.80 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 153.3, 

148.3, 147.5, 137.9, 137.4, 127.3, 126.6, 122.1, 111.4, 111.0, 106.6, 60.8, 60.6, 56.2, 

56.0, 55.8, 40.8, 27.7. Enantiomeric excess was determined by HPLC for the the 

corresponding acetamide, Chiralpak AD-H column, Hex/IPA=80:20, 1 mL/min. 
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Chapter 3 

 

Direct Catalytic Asymmetric Reductive Amination of Simple Aromatic 

Ketones  

 

 

3.1 Introduction and background 

 

The direct catalytic asymmetric reductive amination is a more efficient and 

operational simpler method compared with asymmetric hydrogenation of imines. 

However, it was rarely studied.1 Successful asymmetric reductive amination systems 

are sparse, and the substrate scope is very limited.2 Several major problems stands as 

obstacle to the advance in this research area: 1) The starting ketones can be reduced 

before the reductive amination takes place; 2) The E/Z isomers resulting from the 

acyclic imine intermediate make stereoselective reduction difficult; 3) The amine used 

as nitrogen source inhibits the reactivity of the transition metal. 3,2b 

 

In 1999, Blaser et al. explored the first asymmetric reductive amination in the 

synthesis of (S)-metolachlor with a turn over number of 10,000 (Scheme 3-1).2c Then 

Kadyrov reported highly enantioselective hydrogen-transfer reductive amination 

using ammonium formate, and this system created a large amount of side products 

(Scheme 3-2).2d Ammonium salts were proved to be a good nitrogen source for the 



80 
 

 

 

Scheme 3-1. First reductive amination reported by Blaser et al. 

 

 

 

Scheme 3-2. HCOONH4 as nitrogen source. 

 

 

 

 

Scheme 3-3. Reductivee amination for synthesis of β-amino ester. 
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synthesis of β-amino ester or 　β-amino amide (Scheme 3-3).2e-2g Chiral amine 

1-methyl-1,2,3,4-tetrahydro-6,7-dimethoxyisoquinoline was synthesized  by Wills 

and coworker via intramolecular reductive amination (Scheme 3-4).2h Our group  

 

 

 

Scheme 3-4. Intramolecular reductive amination. 

 

 

 

Scheme 3-5. Reductive amination using aniline as nitrogen source. 

 

 

contributed efficient reductive amination of simple aryl ketones using aniline in the 

presence of titanium(IV) isopropoxide and iodine with excellent enantioselectivity in 

high yields (Scheme 3-5).2i Since then, several papers published using anilines as 
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nitrogen source.2j-2l Although in some systems2j,2l the anilines offer excellent 

enantioselectivity (Scheme 3-6), the removal of anilines as protecting group is not 

easy.4 So it is still a challenge to find out suitable nitrogen sources that can be used 

and removed for asymmetric reductive amination of simple ketones.  

 

 

 

Scheme 3-6. Ir-chiral diamine/phosphorus acid-catalyzed reductive amination. 
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The chiral hydrazide productc 3 (Scheme 3-7) were made in high 

enantioselectivity by Burk and Feaster in 1992 from the asymmetric hydrogenation of 

N-benzoylhydrazone of aromatic and aliphatic ketones.5a However, the direct 

reductive amination was not realized in this system.5b Phenylhydrazide is a desired 

nitrogen source due to its carbonyl group acting as a chelation group and formation of 

E-imine structure in Burk’s system to ensure high enantioselectivity, and the easiness 

to cleave the N–N or N–C(O) bond to form chiral hydrazine 4 and chiral amine 5 

(Scheme 3-7).5b Chiral hydrazines are substructures of many clinically relevant 

pharmaceutical compounds.6 Arylhydrazide itself is common moiety in nature 

products and drug candidates displaying high bioactivities (Figure 3-1).7 Its 

derivatives, pyrazolidines are of great importance in biological and medicinal 

chemistry (Figure 3-1).8 At the same time, pyrazolidines are also important synthetic 

intermediates for making useful 1,3-diamines.9 

 

R1 R2

HN
H
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*
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Scheme 3-7. The Cleavage of N–N and N–(C=O) bond. 
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Figure 3-1. Structures of arydrazide and pyrazolidine. 

 

 

3.2 Reductive amination using benzylamine as nitrogen source 

 

In early study, benzylamine was used for the reductive amination of acetophenone. 

The reaction conditions were adopted from previous reductive amination reported by 

our group. From the initial experiment, the [Ir(COD)Cl]2 and f-Binaphane system 

yielded 73% ee using I2 as additive and 1.5 eq of Ti(OiPr)4 (Table 3-1, entry 1). 

Among the various precious metal precursors, Rh(COD)2BF4 gave the best ee value 

(Table 3-1, entry 1). From the solvents screening, weakly coordinated solvents such as 

THF, toluene and dichloromethane shown good enantioselectivity with the ee range 

between 70% and 80%. The highest ee was obtained from ethyl acetate (Table 3-1, 

entry 11).  

 

 



85 
 

Table 3-1. Reductive amination of acetophenone using benzylamine.[a]   

 

 

Entry Metal Solvent Conversion(%)[b] Ee(%) [b] 

1 [Ir(COD)Cl]2 CH2Cl2 98 73 

2 Pd(OAc)2 CH2Cl2 <5 - 

3 [RuCl(benzene)]2 CH2Cl2 <1 - 

4 Ir(COD)2BF4 CH2Cl2 97 68 

5 Ir(COD)2Barf CH2Cl2 97 69 

6 Rh(COD)2BF4 CH2Cl2 94 74 

7 [Rh(COD)Cl]2 CH2Cl2 99 66 

8 Rh(COD)2BF4 CH2Cl2 97 71 

9 Rh(COD)2BF4 CH2ClCH2Cl 37 60 

10 Rh(COD)2BF4 MeOH 58 41 

11 Rh(COD)2BF4 EtOAc 94 81 

12 Rh(COD)2BF4 THF 98 78 

13 Rh(COD)2BF4 Toluene 87 79 

14 Rh(COD)2BF4 DMF 98 -71 

[a] Reaction conditions: [M] / ligand / ketone / benzylamine / I2 / Ti(OiPr)4  
=1:1:100:120:10:150, 50 atm of H2, 55oC, 24 h. 
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[b] Conversions of acetophenone and enantiomeric excesses were were determined 
by chiral GC on Agilent 7890 GC equipment after converted the amine products into 
the corresponding trifluoroacetamides.  

Table 3-2. Anion effect on reductive amination of acetophenone using benzylamine.[a]   

 

 

 

Entry Metal precursor Conversion(%)[b] Ee(%) [b] 

1 Rh(COD)2BF4 94 81 

2 [Rh(COD)Cl]2 99 75 

3 Rh(COD)2PF6 93 78 

4 Rh(COD)2SbF6 93 80 

5 Rh(COD)2OTf 96 78 

6 Rh(COD)2OTs 92 84 

7 [Ir(COD)Cl]2 99 74 

8 Ir(COD)2BF4 99 82 

9 Ir(COD)2Barf 98 70 

10 Ir(COD)2PF6 95 57 

11 Ir(COD)2OTf 94 72 

[a] Reaction conditions: [M] / ligand / ketone / benzylamine / I2 / Ti(OiPr)4  
=1:1:100:120:10:150, 50 atm of H2, 55oC, 24 h.  
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[b] Conversions of acetophenone and enantiomeric excesses were determined by 
chiral GC on Agilent 7890 GC equipment after converted the amine products into the 
corresponding trifluoroacetamides.   

 

From further study, we found the anion of metal precursors also have effects on 

the enantioselectivity (Table 3-2). The highest ee was achieved when Rh(COD)2OTs 

was used as metal precursor. 

 

 

3.3 Reductive amination of simple ketones using phenylhydrazide 

 

In our experiment, we explored phenylhydrazide as nitrogen source for reductive 

amination using acetophenone as a standard ketone, and results are summarized in 

table 1. We selected a iridium–f-Binaphane complex as the catalyst because it does 

not reduce a ketone under a neutral condition, and it has an excellent performance on 

asymmetric hydrogenation imines and reductive amination.10  

 

Additives are the key for the success of this reaction. Without any additive, there 

was no reaction at all (Table 3-3, entry 1). With the addition of 10 mol% 

p-toluenesulfonic acid, the major product was N-benzoylhydrazone intermediate 6a 

and some alcohol product 7; with the addition of iodine along with p-toluenesulfonic 

acid, some product 3a started to appear; and when molecular sieves（4Ǻ） , 

p-toluenesulfonic acid and iodine were added at the same time, the desired product 3a 
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was obtained as the major product with 88% ee, and the alcohol side product 7 

disappeared (Table 3-3, entries 2-5). From the data in table 1 addition of molecular 

sieves and p-toluenesulfonic acid facilitated the formation of intermediate imine 6a, 

and addition of I2 benefited the yield of the desired product 3a. After screening 

solvents, the highest enantioselectivity and reactivity were achieved from the 

combination of methanol and dichloromethane (Table 3-3, entry 8). When the catalyst 

loading was 0.1 mol%, full conversion was still achieved (Table 3-3, entry 10). Under 

the same reaction condition, other chiral diphosphine ligands were tested (Figure 3-2). 

DuanPhos, JosiPhos, Et-DuPhos and BINAP all yielded predominately the hydrozone 

intermediate 6a.  

 

 

Figure 3-2. Structures of chiral phosphine ligands. 
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Table 3-3. Direct asymmetric reductive amination of acetophenone with 
phenylhydrazide using iridium–f-Binaphane.[a]  

 

Entry Solvent Additives[b] 
Conversio
n[c] 

Ratio 
(3a:6a:7) [c] 

Ee(%) of 
3[c] 

1 CH2Cl2 none N. R. - - 

2 CH2Cl2 TsOH  >95 0:75:25 - 

3 CH2Cl2 TsOH, I2 >95 14:81:5 - 

4 CH2Cl2 MS, I2 65 9:48:43 - 

5 CH2Cl2 TsOH, MS, I2 >99 85:15:0 88 

6 EtOAc TsOH, MS, I2 <5 - - 

7 MeOH TsOH, MS, I2 >99 3:97:0 - 

8 MeOH / CH2Cl2 1:1 TsOH, MS, I2 >99 100:0:0 92 

9[d] MeOH / CH2Cl2 1:1 TsOH, MS, I2 >99 100:0:0 94 

10[d,e] MeOH / CH2Cl2 1:1 TsOH, MS, I2 >99 100:0:0 94 

[a] Reaction conditions: [Ir] / ligand / ketone / phenylhydrazide =1:1:110:100, ligand / 
metal 1:1, 50 atm of H2, 60oC, 24 h.                                           
[b] TsOH = p-toluenesulfonic acid, 10 mol%; MS = 4Ǻ molecular sieves, 0.2 gram; I2  

= iodine, 10 mol%.                                                          
[c] Conversions, product ratios and enantiomeric excesses were determined by chiral 
HPLC.                                                                    

O
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[d] Reaction temperature was room temperature.                               
[e] Catalyst loading was 0.1 mol%.  

 

To gain better understanding of the functions of additives, asymmetric 

hydrogenation of corresponding imine 6a was carried out (Table 3-4). Surprisingly, 

4Ǻ molecular sieves facilitated this reaction. This result is interesting since molecular 

sieves were commonly believed to only promote imine formation in reductive 

amination.[15] Based on the experiment results, a reaction pathway was proposed 

(Scheme 3-8).  

 

 

Table 3-4. Asymmetric hydrogenation of N-benzoylhydrazone 6a.[a] 

 

 
 

Entry Additives[b] Yield[c] Ee(%) of 3[c] 

1 I2 18 92 

2 I2, TsOH  16 92 

3 I2, MS >99 94 

4 I2, MS, TsOH >99 94 

[a] Reaction conditions: [Ir] / ligand / 6a=1:1:110:100, ligand / metal 1:1, 50 atm of H2, 
room temperature, 24 h.  
[b] TsOH = p-toluenesulfonic acid 10 mol%, MS = 4Ǻ molecular sieves 0.2 gram, I2  = 
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iodine 10 mol%.  
[c] yields and enantiomeric excesses were determined by chiral HPLC. 

 

 

Scheme 3-8. Proposed mechanism. 

 

 

After established the optimized reaction conditions, a range of commercial 

available aromatic ketones were reductive animated using this Ir–f-Binaphane catalyst. 

Results are summarized in Table 3-5. As we can see, for all chosen para- (1a-1f) and 

meta-substituted (1g-1i) aromatic ketones, the chiral hydrazide products3 were all 

obtained in excellent yields and ee's (ee ranged from 94% to 99%), regardless their 

electronic properties. For ortho-substituted aromatic ketone (1j), the reactivity and 

enantio-selectivity decreased slightly, maybe due to its sterical hindrance. This 
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catalytic system also worked quite well for heteroaromatic ketone (1l) and 

2-naphthalene ketone (1k).  

Table 3-5. Direct asymmetric reductive amination of simple aromatic ketones using 
iridium–f-Binaphane.[a] 

 

[a] Reaction conditions: [Ir] / ligand / TsOH / I2 / ketone / phenylhydrazide 
=1:1:10:10:110:100, ligand / metal 1:1, 50 atm of H2, rt, 24 h. TsOH = 
p-toluenesulfonic acid, MS = 4 Å molecular sieves 0.2 gram, I2 = iodine. Yields are 
isolated yields. Enantiomeric excesses were determined by chiral HPLC. The 
absolute configuration of product is assigned by comparison of rotation sign with 
literature data.[9b]                                                            
[b] Reaction temperature was 60 oC. 
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In summary, we have demonstrated highly enantioseletive direct reductive 

amination of aromatic ketones. With phenyl-hydrazide as the nitrogen source, various 

chiral hydrazides were synthesized in excellent enationseletivities and yields. The 

success of this reaction results from several factors: a) H+ facilitated the formation of 

imine intermediates; b) 4Å molecular sieves not only helped to remove H2O to form 

imines, but also promoted reduction of imines; c) With the addition of I2, 

Ir(III)I2Cl(f-Binaphane) was formed,[14a] which is an effective catalytic precursor for 

hydrogenation of imines; d) Phenyl-hydrazide and the amine products have weak 

coordination ability to Ir, so catalytic reaction can proceed smoothly; e) f-Binaphane 

is a unique electron-donating ligand with a big bite angle (P*-Ir-P*).[16] It minimizes 

the inhibition effect from amines and can coordinate with sterically demanding imines, 

thus leads to smooth reaction. The superb performance of the methodology offers an 

attractive route for chiral amine and chiral hydrazine derived heterocyclic compounds 

synthesis. We are currently examining the extension of this methodology to other 

substrates. 

 

 

3.4 Experimental section 

 

3.4.1 General remarks 

 

All reactions were performed in the nitrogen-filled glovebox or under nitrogen 
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using standard Schlenk techniques unless otherwise noted. Column chromatography 

was performed using Sorbent silica gel 60 (230 – 450 mesh). 1H NMR, and 13C NMR 

spectral data were obtaineded from Bruker 400 MHz spectrometers. Chemical shifts 

are reported in ppm. Enantiomeric excess values were determined by chiral GC on an 

Agilent 6890 Series instrument or chiral HPLC on an Agilent 1200 Series instrument. 

All new products were further characterized by HRMS. A positive ion mass spectrum 

of sample was acquired on a Micromass 70-VSE mass spectrometer with an electron 

ionization source.. 

 

 

3.4.2 General Procedure for reductive amination of acetophenone with 

benzylamine.  

 

Typical reductive amination procedure: In a nitrogen-filled glovebox, 

acetophenone (0.2 mmol) and benzylamine (0.24 mmol) were stired in anhydrous 

solvent (0.5 mL) 10 min in a vial. Then Ti(OiPr)4 (0.3 mmol) was added and the 

resulting solution was stirred for 10 more min. [Ir(COD)f-Binaphane]Cl (0.002 mmol) 

in situ generated from [Ir(COD)Cl]2 and f-Binaphane in solvent was added to this vial, 

followed by I2 (5.1 mg, 0.02 mmol). The total solution was made to 2.0 mL. The 

resulting vial was transferred to an autoclave, which was charged with 50 atm of H2, 

and stirred at 55 oC for 24 h. The hydrogen gas was released slowly and the solution 

was concentrated and passed through a short column of silica gel to remove the metal 



95 
 

complex and Ti(OiPr)4. The product was converted into the corresponding 

trifluoroacetamides and then analyzed by chiral GC to determine the enantiomeric 

excesses. 

 

N-benzyl-1-phenylethanamine:13 1H NMR (CDCl3) δ 7.37-7.20 (m, 10H), 3.80 (q, 

1H, J = 6.6 Hz), 3.64 (1H, J = 13.3 Hz), 3.59 (1H, J = 13.3 Hz), 1.63 (broad s, 1H), 

1.36 (d, 3H, J = 6.6 Hz). 13C NMR (CDCl3) δ 145.3, 140.4, 128.3, 128.2, 127.9 126.7, 

126.6, 126.5, 57.3, 51.4 (t), 24.3. 

 

 

3.4.3 General Procedure for reductive amination of ketone with 

phenylhydrazide. 

 

In a nitrogen-filled glovebox, ketone (0.22 mmol), 4Ǻ molecular sieves (0.2 g), 

p-toluenesulfonic acid (0.02 mmol) and phenylhydrazide (0.20 mmol) were stired in 

anhydrous CH2Cl2 (0.5 mL) and MeOH (0.5 mL) for 10 min in a vial. Then 

[Ir(COD)f-Binaphane]Cl (0.002 mmol) in situ generated from [Ir(COD)Cl]2 and 

f-Binaphane in CH2Cl2 was added to this vial, followed by I2 (5.1 mg, 0.02 mmol). 

The total solution was made to 2.0 mL at a MeOH / CH2Cl2 ratio of 1:1. The resulting 

vial was transferred to an autoclave, which was charged with 50 atm of H2, and stirred 

at room temperature for 24 h. The hydrogen gas was released slowly and the solution 

was concentrated and passed through a short column of silica gel to remove the metal 
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complex and molecular sieves. The product was then analyzed by chiral HPLC to 

determine the enantiomeric excesses. 

 

(R)- N'-(1-phenylethyl)benzohydrazide (3a): 5 white solid. [α]20
D  +167.2 (c = 1 in 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.22-7.76 (m, 11H), 4.22 (q, J=6.6 Hz, 1H), 

1.41 (d, J=6.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 167.3, 143.1, 133.0, 131.8, 

128.6, 127.6, 127.3, 126.8, 60.1, 22.7. Enantiomeric excess was determined by 

HPLCusing Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min. 

 

 

(+)- N'-(1-(p-tolyl)ethyl)benzohydrazide (3b): white solid. [α]20
D  +164.6 (c = 0.25 

in CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J=7.2 Hz, 2H), 7.38-7.53 (m, 4H), 

7.28 (d, J=8 Hz, 2H), 7.10 (d, J=7.2 Hz, 2H), 4.18 (q, J=6.6 Hz, 1H), 2.33 (s, 3H), 

1.41 (d, J=6.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 167.2, 140.1, 137.2, 133.0, 

131.7, 129.3,128.6, 127.1, 126.8, 59.8, 21.2, 21.1. EI-HRMS: 255.1499 (Calculated 

for C16H19N2O+([M+H]+): 255.1497). Enantiomer ratio was determine by HPLC using 

a Chiralcel OJ-H column, Hex/IPA=90:10, 1 mL/min. 

 

 

(R)- N'-(1-(4-methoxyphenyl)ethyl)benzohydrazide (3c): 5 light yellow oil. [α]20
D  

+148.3 (c = 1 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.61 (d, J=7.2 Hz, 2H), 7.40 

(m, 1H), 7.32 (m, 2H), 7.28 (d, J=7.2 Hz, 2H), 6.82 (d, J=7.2 Hz, 2H), 4.18 (q, J=6.6 
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Hz, 1H), 3.79 (s, 3H), 1.40 (d, J=6.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 166.2, 

158.1, 134.0, 132.0, 130.7, 128.0, 127.8, 125.8, 113.0, 58.4, 54.3, 20.2. Enantiomer 

ratio was determine by HPLC using a Chiralcel OJ-H column, Hex/IPA=90:10, 1 

mL/min. 

 

 

(+)-N'-(1-(4-fluorophenyl)ethyl)benzohydrazide (3d): white solid. [α]20
D  +177.6 

(c = 0.5 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.72 (m, 2H), 7.54 (m, 2H), 7.32 (m, 

4H), 6.98 (m, 2H), 5.02 (s, br,1H), 4.24 (q, J=6.6 Hz,1H), 1.30 (d, J=6.6 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ167.4, 163.5, 161.0, 138.9, 132.8, 131.9, 128.8, 128.7, 

126.8, 115.5, 115.3, 59.3, 29.7, 21.3. EI-HRMS: 259.1253 (Calculated for 

C15H16N2OF+([M+H]+): 259.1247). Enantiomer ratio was determine by HPLC using a 

Chiralcel OJ-H column, Hex/IPA=94:6, 1 mL/min. 

 

 

(+)-N'-(1-(4-chlorophenyl)ethyl)benzohydrazide (3e): white solid. [α]20
D  +159.3 

(c = 0.5 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.62 (d, J=7.2 Hz, 2H), 7.48 (m, 

1H), 7.28-7.44 (m, 7H), 4.24 (q, J=6.6 Hz, 1H), 1.42 (d, J=6.6 Hz, 1H). 13C NMR 

(100 MHz, CDCl3) δ167.4, 141.8, 133.3, 132.7, 131.9, 128.8, 128.7, 128.6, 126.8, 

59.4, 21.3. EI-HRMS: 275.0946 (Calculated for C15H16N2OCl+([M+H]+): 275.0951). 

Enantiomer ratio was determine by HPLC using a Chiralcel OJ-H column, 

Hex/IPA=94:6, 1 mL/min. 
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(R)-N'-(1-(4-bromophenyl)ethyl)benzohydrazide (3f):5 white solid. [α]20
D  +144.3 

(c = 1 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.68 (d, J=7.2 Hz, 2H), 7.20-7.50 (m, 

8H), 4.24 (q, J=6.6 Hz, 1H), 1.42 (d, J=6.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) 

δ167.4, 142.3, 132.7, 131.9, 131.7, 129.0, 128.7, 126.8, 121.4, 59.5, 21.3. Enantiomer 

ratio was determine by HPLC using a Chiralcel OJ-H column, Hex/IPA=94:6, 1 

mL/min. 

 

 

 (+)-N'-(1-(3,4-dimethoxyphenyl)ethyl)benzohydrazide (3g): white solid. [α]20
D  

+143.9 (c = 1 in CHCl3); 1H NMR (400 MHz, CDCl3)δ  7.64 (d, J=7.2 Hz, 2H), 7.50 

(m, 1H), 7.40 (m, 2H), 7.04 (m, 1H), 6.88-7.00 (m, 2H), 6.84 (d, J=7.2 Hz,1H), 4.26 

(q, J=6.6 Hz, 1H), 3.90 (m, 2H), 1.46 (d, J=6.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) 

δ167.2, 149.2, 148.6, 135.0, 132.7, 131.9, 128.7, 126.9, 119.6, 111.2, 110.2, 60.0, 

55.9, 20.9. EI-HRMS: 301.1560 (Calculated for C17H21N2O3
+([M+H]+): 301.1552). 

Enantiomer ratio was determine by HPLC using a Chiralcel OJ-H column, 

Hex/IPA=90:10, 1 mL/min. 

 

 

 (+)-N'-(1-(3-methoxyphenyl)ethyl)benzohydrazide (3h):  white solid. [α]20
D  

+176.5 (c = 0.25 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.62 (d, J=7.2 Hz, 2H), 

7.24-7.52 (m, 5H), 7.00 (m, 2H), 6.82 (m, 1H), 6.76 (d, J=6.6 Hz, 1H), 4.24 (q, J=6.6 

Hz, 1H), 3.80 (s, 3H), 1.42 (d, J=6.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ167.3, 
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159.9, 144.9, 132.9, 131.8, 129.6, 128.7, 126.8, 119.6, 113.0, 112.6, 60.1, 55.2, 21.4. 

EI-HRMS: 271.1457 (Calculated for C16H19N2O2
+([M+H]+): 271.1447). Enantiomeric 

excess was determined by HPLC using Chiralcel OJ-H column, Hex/IPA=90:10, 1 

mL/min. 

 

 

 (+)-N'-(1-(m-tolyl)ethyl)benzohydrazide (3i): colorless liquid. [α]20
D  +156.6 (c = 

1 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.60 (m, 3H), 7.40 (m, 1H), 7.30 (m, 2H), 

7.16 (m, 3H), 7.00 (d, J=7.2 Hz,1H), 4.12 (q, J=6.6 Hz, 1H), 1.32 (q, J=6.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 167.3, 143.0, 138.2, 133.0, 131.7, 131.5, 128.6, 128.5, 

128.4, 128.0, 126.9, 124.3. EI-HRMS: 255.1503 (Calculated for 

C16H19N2O+([M+H]+): 255.1497). Enantiomeric excess was determined by HPLC 

using Chiralpak AD-H column, Hex/IPA=96:4, 1 mL/min. 

 

 

 (+)- N'-(1-(2-methoxyphenyl)ethyl)benzohydrazide (3j): white solid. [α]20
D  

+87.2 (c = 1 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.62 (m, 2H), 7.32-7.48 (m, 

5H), 7.22 (m, 1H), 6.94 (m, 1H), 6.82 (d, J=7.2 Hz,1H), 4.58 (q, J=6.6 Hz, 1H), 3.73 

(s, 3H),1.36 (q, J=6.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 166.9, 157.4, 133.2, 

131.6, 131.1, 128.6, 128.3, 126.9, 126.8, 120.7, 110.7, 55.4, 53.9, 19.6. EI-HRMS: 

269.1292 (Calculated for C16H17N2O2
+([M+H]+): 269.1290). Enantiomeric excess was 

determined by HPLC using Chiralpak AS-H column, Hex/IPA=75:25, 1 mL/min. 
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 (R)- N'-(1-(naphthalen-2-yl)ethyl)benzohydrazide (3k):5 white solid. [α]20
D  

+195.9 (c = 1 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.76 (m, 4H), 7.54 (m, 4H), 

7.40 (m, 3H), 7.30 (m, 2H), 6.70-6.78 (m, 3H), 4.40 (q, J=6.6 Hz, 1H), 1.42 (q, J=6.6 

Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 167.4,140.6, 133.5, 133.1, 132.9, 131.8, 

128.6, 128.4, 127.9, 127.7, 127.2, 126.9, 126.1, 126.1, 125.8, 125.2, 60.2, 21.3. 

Enantiomeric excess was determined by HPLC using Chiralcel OJ-H column, 

Hex/IPA=85:15, 1 mL/min. 

 

(+)-N'-(1-(furan-2-yl)ethyl)benzohydrazide (3l): yellow oil. [α]20
D  +105.1 (c = 

0.25 in CHCl3); 1H NMR (400 MHz, CDCl3)δ 7.70 (m, 2H), 7.62 (s, 1H), 7.50 (m, 

1H), 7.42 (m, 3H), 6.32 (m, 1H), 6.20 (m, 1H), 4.32 (q, J=6.6 Hz, 1H), 1.48 (q, J=6.6 

Hz, 3H).. 13C NMR (100 MHz, CDCl3) δ 167.3, 155.5, 142.1, 132.9, 131.9, 128.7, 

126.9, 110.1, 106.7, 53.6, 17.6. EI-HRMS: 231.1138 (Calculated for 

C13H15N2O2
+([M+H]+): 231.1134). Enantiomeric excess was determined by HPLC 

using Chiralcel OJ-H column, Hex/IPA=85:15, 1 mL/min. 
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Chapter 4 

 

Iridium-catalyzed Asymmetric Hydrogenation of Pyridinium Salts  

 

 

4.1 Introduction and background 

 

During the last decade progress has been made for the asymmetric hydrogenation 

of N-heteroarenes leading to chiral piperidines. Piperidine derivatives are an 

important class of amines displaying bioactivity.1 Examples are ropivacaine,2 

dexmethylphenidate,3 paroxtine,4 and alogliptin5 (Figure 4-1). Bicyclic aromatic 

compounds, such as quinolines and isoquinolines, are relatively easy to hydrogenate 

due to the relatively low aromaticity, while hydrogenation of single-ring aromatic 

compounds is much more difficult.6 

 

In 2003 Zhou and coworkers reported the first highly enantioselective 

hydrogenation of quinolines example utilizing iridium catalyst generated in situ from 

[Ir(COD)Cl]2 and axially chiral bisphosphine ligand MeO-BiPhep (Scheme 4-1) with 

iodine as additive.7 A plausible mechanism was proposed (Scheme 4-2).8 Chan et al. 

developed the C3-TunePhos in 2006 and applied in the asymmetric hydrogenation of 

quinoline using the same reaction conditions as Zhou’s.9 Later on Chan and Xiao 

respectively developed phosphorus free Ru/Rh-diamine catalytic hydrogenatin and  
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Figure 4-1. Structures of ropivacaine, dexmethylphenidate, paroxtine, and alogliptin. 
 
 
 
 

 

 

Scheme 4-1.First highly enantioselective asymmetric hydrogenation of quinolines. 
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   In contrast, the asymmetric hydrogenation of pyridines remains as a challenge. 

The examples for direct homogeneous transition-metal-catalyzed asymmetric 

hydrogenation of pyridines are very limited. Only a few papers conducted direct 

hydrogenation of pyridines and the substrate scope was confined to only several 

compounds. The major challenge is to break the aromaticity of the pyridine ring. It is 

much harder to achieve compared with that of the fused N-aromatic rings like 

quinolines. Another reason is that the pyridines themselves are good ligand for the 

transition metal center of the catalytic system, thus they will inhibit the activity of the 

catalyst. 

 

In 2000 Struder and coworkers reported the first example of pyridine reduction.14 

2- and 3-pyridinecarboxylic acid ethyl esters were hydrogenated using Rh(NBD)2BF4 

/ diphosphine as the catalyst, although only 25% ee was achieved (Scheme 4-3). 

Zhou’s [Ir(COD)Cl]2 / (S)-MeO-Biphep system partially reduced 

7,8-dihydro-quinolin-5(6H)-ones with excellent enantioselectivities, but it was not 

efficient for other types of pyridines (Scheme 4-4).15 For indirect asymmetric 

hydrogenation of pyridines, several strategies were applied to address this problem: (1) 

Chiral auxiliary was introduced to the 2 position of pyridine to induce chirality, and 

then chopped off after hydrogenation (Scheme 4-5);16 (2) Step-wise reduction of the 

pyridine ring (Scheme 4-6);17 (3) Pyridinium salts derived from pyridines were 

instead as the hydrogenation substrates (Scheme 4-7). In 2005 Charette et al. 

examined the asymmetric hydrogenation of N-iminopyridinium ylides and excellent 
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Scheme 4-3. The first example for asymmetric hydrogenation of pyridines. 

 

 

 
 
Scheme 4-4. Direct asymmetric hydrogenation of pyridines. 
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Scheme 4-5. Utility of chiral auxiliary on the 2 position of pyridine to induce 
chirality. 

 

 

 
 
Scheme 4-6. Step-wise hydrogenation of pyridine. 

 

 

P N

O

F
F

tBu
N+

-NBz

[Ir(COD)L]Barf 2%

I2 2%, H2 28 bar
toluene, rt, 6 h

N
NHBz

L

R R

 

 
Scheme 4-7. Asymmetric hydrogenation of N-iminopyridinium ylides. 
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Scheme 4-8. Asymmetric hydrogenation of pyridinium salts. 

 

 

enantioselectivities were achieved (Scheme 4-7).18a Recently Zhou and coworkers 

made a breakthrough in pyridine reduction (Scheme 4-8).18b They derived the 

pyridines into pyridinium salts for hydrogenation and superb yields and ee’s were 

obtained. But two steps were required for the products to remove the benzyl 

protecting group. 

 

 

4.2 Results and discussion 

 

4.2.1 Direct asymmetric hydrogenation of methyl nicotinate 
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Initially we tried the direct hydrogenation of pyridines. No surprise it did not work. 

As we know bronsted acid could dearomatize the pyridines in some degree by 

protonating the nitrogen and thus reducing the electron density of the aromatic ring. 

So trifluoroacetic acid salt of methyl nicotinate was tested using 5 mol% of 

[Ir(COD)Cl]2-f-Binaphane (Table 4-1). In CH2Cl2, the reaction performed the best, 

with 90% conversion and 23% ee (Table 4-1, entry 1). I2 could increase the catalyst 

reactivity but reduce the enantioselectivity (Table 4-1, entry 2). 

 

Table 4-1. Asymmetric hydrogenation of methyl nicotinate·TFA.[a]   

 

 

Entry Solvent Additive Conversion(%)[b] Ee(%) [b] 

1 CH2Cl2 none 90 23 

2 CH2Cl2 I2 10 mol% 98 4.5 

3 CH2Cl2 
I2 10 mol% 
PPh3 5 mol% 

81 5.5 

4 CH2Cl2 
morphaline·HCl 
20 mol% 

>99 7 

5 Acetone none <10 -6 

6 iPrOH none 90 -6 

7 MeOH/THF none 37 -6 

11 CF3CH2OH none 78 19 
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   Other Bronsted acids were also screened (Table 4-2). Pyridines combined with 

HCl or CCl3COOH did not react at all. MeSO3H and CF3SO3H helped on the conversion 

of the pyridine substrate to desired product, but led to lower ee’s compared with trifluoro 

acetic acid. With the change of the methyl of the nicotinate to larger groups like ethyl or 

isopropyl, the ee’s indeed increased, but the reactivity of those substrates dropped 

dramatically.  

 

 

Table 4-2. Asymmetric hydrogenation of methyl nicotinate·HA.[a]   

 

 

Entry Acid HA R Conversion(%)[b] Ee(%) [b] 

1 CF3COOH Me 90 23 

2 HCl Me <5 - 

3 CCl3COOH Me <10 - 

4 MeSO3H Me >90 -3 

5 CF3SO3H Me >90 12 

6 HBF4 Me 23 1 

7 CF3COOH Et 13 33 

8 CF3COOH iPr 7 33 
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4.2.2 Asymmetric hydrogenation of N-benzylpyridinium salts 

 

   Benzyl group is a one of the mostly used N-protecting groups in organic synthesis 

due to the easiness for removal. In our study, the simple benzyl group was chosen to 

alleviate the aromaticity of the pyridines thus making them suitable for asymmetric 

hydrogenation. This pyridium salt was studied but the enantioselectivity for this 

reaction was not satisfied. In the initial chiral ligands screening (Table 4-3),  

 

 

 

Scheme 4-8. Chiral ligands structures. 

 



113 
 

atropisomeric C2-symmetric bisphosphine ligands (Scheme 4-9), such as BINAP, 

SegaPhos and GarPhos, along with [Ir(COD)Cl]2 metal precursor showed good 

enantioselectivity towards the asymmetric hydrogenation of the standard 

N-benzyl-2-phenylpyridium bromide subastrate. From further ligands study, the 

MP2-SegaPhos yielded excellent ee.  

 

The structure for MP2-SegPhos is quite unique. Unlike the original SegPhos, ‘two’ 

substituents on phosphorus of MP2-SegPhos are actually one piece. Its structural 

module is more like that of DuPhos. This diphosphine ligand is quite rigid and thus 

could define the steric environment around phosphorus very well. At the same time 

MP2-SegPhos is axial chiral thus gain some flexibility to accommodate various 

substrates with different size. This ligand was reported by Takasago as early as in 

2004 but found no application ever since.19   

  

   From the solvent screening (Table 4-4), polar protic alcohol solvents did not yield 

good results. Excellent enantioselectivities were obtained from weakly coordinated 

solvents such as dichloromethane, dioxane, toluene and acetone. Even though many 

of the solvents yielded similar results, we chose the environmentally benign acetone 

to do further study.  Several of the mixed solvents performed greatly in this reaction 

(Table 4-5). When the catalyst loading was reduced to 0.1 mol%, the ee was slightly 

lower with 96% conversion. 
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Table 4-4. Solvent screening for asymmetric hydrogenation of 
N-benzyl-2-phenylpyridium bromide.[a]   

 

 

Entry Solvent Conversion(%)[b] Ee(%) [b] 

1 CH2ClCH2Cl 99 94.1 

2 EtOAc 57 93.6 

3 CH2Cl2 53 93.3 

4 Acetone 100 93.1 

5 Dioxane 62 92.8 

6 Toluene 22 89.1 

7 Anisole 81 89.5 

8 DMF 100 89.4 

9 MeOH 32 63.1 

10 MeCN 95 57 

11 CF3CH2OH 0 0 

[a] Reaction conditions: [Ir(COD)Cl]2 / MP2-Segphos 1 mol%, 600 psi of H2, 30oC, 24 
h. [b] Conversions of acetophenone and enantiomeric excesses were determined by 
chiral SFC on Waters 200 equipment.   
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Table 4-5. Solvents and catalyst loading screening for asymmetric hydrogenation of 
N-benzyl-2-phenylpyridium bromide.[a]   

 

 

 

Entry Solvent 
Catalyst loading 
(mol%) 

Conversion(%)[b] Ee(%) [b] 

1 CH2Cl2/Toluene 1:1 0.5 85 96.2 

2 EtOAc/CH2Cl2 1:1 0.5 97 96.1 

3 CH2Cl2/THF 1:1 0.5 98 96.0 

4 CH2Cl2/Acetone 1:1 0.5 98 95.6 

5 Acetone 0.5 100 94.6 

4 Acetone/tolene 1:1 0.5 99 95.5 

5 Acetone/THF 1:1 0.5 100 93.6 

6 Acetone 0.25 92 96 

7 Acetone 0.1 97 92 

[a] Reaction conditions: [Ir(COD)Cl]2 / MP2-Segphos 1 mol%, 600 psi of H2, 30oC, 24 
h. [b] Conversions of acetophenone and enantiomeric excesses were determined by 
chiral SFC on Waters 200 equipment.   
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   In comparison, different benzyl groups were tested (Scheme 4-9). All of them 

yielded excellent ee’s using [Ir(COD)Cl]2-MP2-SegPhos catalytic system. The 

advantage for using para-methoxylbenzyl group is that the conditions for the removal 

of this protecting group is very mild and no need of the commonly used Pd/C, which 

will add versatility and accommodation to different functional group to this method. 

 

 
 
Scheme 4-9. Asymmetric hydrogenation of pyridinium salts with different benzyl 
substitutes. 

 

 

   To evaluate the practical utility of our method, various N-benzyl-(2-aryl)- 

pyridinium bromide substrates were prepared and hydrogenated (Table 4-6). For most 

para- and meta-substituted substrates, excellent ee’s were achieved. For 

ortho-substituted compounds, the ee’s were slightly lower. 
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Table 4-6. Substrate scope for asymmetric hydrogenation of N-Benzylpyridinium 
salts. 
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  Deprotection of the benzyl group after asymmetric hydrogenation was in very mild 

conditions. For the removal of the simple benzyl group, one-pot reaction could be 

utilized (Eq. 1). As for para-methoxylbenzyl protecting group, various methods are 

available (Eq. 2). Compared with two-steps removal of 2’-COOiPr-benzyl group in 

Zhou’s paper, out method is much simpler and more versatile, if taking the functional 

group tolerance in to consideration.  

 

 

 

 

 

 

4.3 Experimental section 

 

4.3.1 General procedure for synthesis of N-benzylpyridinium salts. 

 

Most of the substrates were synthesized iin two steps according to literature.  
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Step 1:  

 

In glove box in a 40 ml vial was added 2-chloropyridine (or 2-bromopyridine) 

(5mmol) and dppf (0.5mmol), Pd (II) acetate (0.5 mmol), arylboronic acid (5 

mmol) ,Cs2CO3 (10 mmol) in 5ml H2O (degassed for 15min) and 20ml 1,4-dioxane. 

The suspension was stirred and heated to 70 oC for 20 hours. After cooled, removed 

from the glove box and then diluted with EtOAc, filtered through ceilite. Removed 

solvent. The resulting residue was purified by chromatography (0-100% 

Hexane/EtOAc) to obtain colorless oil. NMR confirmed as desired product. 

 

Step 2:  

 

The solution of 2-arylpyridine (4 mmol) and benzyl bromide (4.4 mmol) in 

acetone was refluxed overnight. In most cases product will precipitate out. Then 

product was collected from filtration and further purified by recrystallization. In case 

there was no precipitate, silica column chromatography was required to purify the raw 

product.   
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N-benzyl-2-phenylpyridium bromide (3a): White solid. 1H NMR (400 MHz, CDCl3) δ 

9.80 (d, 1H), 8.54 (m, 1H), 8.20 (m, 1H), 7.86 (m, 1H), 7.50-7.78 (m, 5H), 7.30 (m, 

4H), 7.10 (m, 2H), 6.20 (s, 2H).  

 

 

4.3.2 General procedure for asymmetric hydrogenation of N-benzylpyridinium 

salts. 

 

In a nitrogen-filled glovebox, [Ir(COD)Cl]2 (0.5 μmol) and f-Binaphane (1 μmol) 

was dissolved in acetone and stirred for 0.5 h. Then this solution was added to a vial 

charged with N-benzylpyridiniun salt (0.2 mmol). The resulting vial was transferred to 

an autoclave, which was charged with 600 psi of H2, and stirred at30 oC for 24 h. The 

hydrogen gas was released slowly and the solution was concentrated to yield the raw 

product, which was then analyzed by chiral SFC to determine the enantiomeric 

excesses. 
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