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ABSTRACT 

 

Catalytic hydrogenation of organic compounds with molecular hydrogen is fast and efficient, 

but requires high gas pressures. Recently, there has been a revival in the field of catalytic transfer 

hydrogenation using formic acid or alcohols as the sacrificial hydrogen donor. These synthetic 

alternatives are operationally simple and avoid gas handling with specialized equipment. Noyori 

and co-workers
1-3

 have developed a highly active and enantioselective catalytic transfer 

hydrogenation of ketones and imines using (6
-arene)Ru(H)TsDPEN (TsDPEN = (1S,2S)- or 

(1R,2R)-N-tosyl-1,2-diphenylethylenediamine) and a hydrogen donor (HCOOH or 2-propanol). 

They found the catalysis to follow an unconventional ionic hydrogenation pathway involving the 

simultaneous transfer of a hydride from ruthenium and a proton from the amino group of the 

TsDPEN ligand. Studies have shown that this mechanism does not involve the prior coordination 

of the substrate to the metal center, nor the interaction of the product within the inner 

coordination sphere of the catalyst. Noyori has coined the term “metal-ligand bifunctional” to 

describe the cooperative participation of the metal and ligand in the bond forming process of this 

reaction. The success of Noyori’s catalyst has triggered extensive studies on this new type of 

transfer hydrogenation.  

A complete catalytic system can be regarded as being composed of three components: the 

catalyst, the substrate, and the reaction medium. In this dissertation, we examine metal-ligand 
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bifunctional hydrogenation catalysis in terms of these three components. In addition, we report 

on extensions of bifunctional hydrogenation to other reactions, including reductive amination. 

Initially, by studying structure variations on the catalytic activity of the bifunctional 

hydrogenation we gained insight into the mechanism of this reaction in various media. We 

believe our discoveries in this area allow the design of more efficient catalytic systems. For 

example, the crucial role of the ligand amino group on the reaction pathway, the “N-H effect”, 

has been recognized since the discovery of the reaction by Noyori. The orientation of the ligand 

N-H bond and its acidity are key to the proton transfer step, and therefore, to overall catalytic 

performance. We undertook a structure-activity study centered on the ligand N-H group by 

examining the kinetics of a reaction series containing para-substituted phenyl groups at the N-H 

nitrogen. Our ligand series included substituents ranging from electron donating to electron 

withdrawing groups, designed to systematically vary the chemical properties of the N-H groups, 

especially their pKa values. We observed a correlation of the ligand pKa with catalytic activity, 

which is consistent with a mechanism involving proton transfer between the N-H group and the 

substrate. The catalysis was carried out in 2-propanol and the 5:2 formic acid/triethylamine 

azeotropic mixtures and in both media lower ligand pKa’s suppressed hydrogenation rates, while 

higher pKa’s promoted catalytic activity. These findings are summarized in Hammett plots and 

are consistent with proton transfer to the ligand in the rate-determining regeneration step of the 

catalyst. In addition, we observed linear correlations for catalytic rate constants as a function of 

ligand N-H pKa in 2-propanol and the azeotropic solvent; however, the sensitivity of the rate 

constants to the pKa was different in the two media. These findings allow us the design superior 

catalysts based on modification of the N-H acidity.  
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In addition, we successfully performed hydrogenation catalysis in aqueous formate solution 

without any modification of Noyori’s hydrophobic catalyst. We studied the effect of the 

substrate/catalyst ratio on the reactivity and found that rates were attenuated under conditions of 

high substrate loading. Further, we determined that the catalyst resides primarily in the organic 

phase while the hydrogen source is located in the aqueous phase. The use of phase transfer 

catalysts was explored and in some cases resulted in rate enhancement. For example, dramatic 

improvements were observed after incorporating long alkyl chain quaternary ammonium salts. 

Other catalytic conditions, such as stirring speed, temperature, counterions, volume of the 

solution, and concentration of phase transfer catalyst, as well as sodium formate were screened to 

optimize this biphasic transfer hydrogenation.  

Noyori’s catalyst has been used to efficiently catalyze the hydrogenation of ketones, 

aldehydes, activated olefins and imines. The imine substrate scope has been limited to cyclic 

imines probably due to the ease with which linear imines decompose to the corresponding 

aldehyde and amine. We were excited to find that linear imine reduction can be readily 

performed by using Noyori’s catalyst in the azeotrope medium. More importantly, the direct 

reductive amination was successfully achieved in a one-pot catalytic process. However, this 

method was found to be limited to aromatic aldehydes since the aliphatic aldehydes undergo 

numerous side reactions in the azeotropic solvent. Further study suggested that 5:3 formic 

acid/triethylamine mixture was a better reaction medium than the traditional 5:2 azeotropic 

mixture. Even though the selectivity of direct reductive amination in the 5:3 mixture decreased 

slightly, the reactivity was dramatically enhanced and the substrate scope was expanded to 

aliphatic aldehydes. Our results also show the 5:3 mixture to be a more efficient medium for the 
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hydrogenation of ketones and aldehydes. Generally, imine formation or imine reduction 

reactions require in rigorously dried solvents since water can be detrimental to the reaction; 

however, our discovery of a direct reductive amination in aqueous sodium formate solution using 

Noyori’s catalyst challenges this assumption regarding the reactions of organic compounds in 

aqueous media.  
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Chapter 1 Introduction 

 

1.1 Background 

The addition of two hydrogen atoms to unsaturated substrates, such as olefins, imines 

and carbonyl compounds, in the presence of catalysts is called hydrogenation. 

Hydrogenation is a chemical reaction of great importance in the petrochemical, fine 

chemical, pharmaceutical and agricultural industries. Gaseous H2, the most abundant 

hydrogen source, is often employed in industry to reduce a variety of unsaturated organic 

compounds. This process is generally referred to as conventional hydrogenation (eq 1). 

Conventional hydrogenation can efficiently catalyze a large loading of substrates; 

however, the reaction usually takes place with high pressure and high temperature. To 

avoid the risk and the constraints associated with molecular hydrogen as well as the 

necessity of pressure vessels, researchers have exerted efforts to seek other alternative 

hydrogen sources.
5-8

 Unsaturated hydrocarbons such as cyclohexene, primary or 

secondary alcohols like isopropanol, and formic acid and its salts have been successfully 

used for this purpose.
9
 The process of using a hydrogen donor (DH2) rather than H2 is 

named transfer hydrogenation (eq 2).  

 

                           
        
→                      (1) 

                                             
        
→                       (2) 

 

 Compared to traditional hydrogenation, transfer hydrogenation has many advantages 

including: (1) mild reaction conditions which only require standard vessels and 
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equipment; (2) no need for H2 storage and delivery system; (3) potential chemoselectivity 

advantage, for example, alkenes normally have almost no activity while ketones and 

imines can be easily reduced through transfer hydrogenation; (4) stereoselectivity, for 

instance, compared to typical hydrogenation, transfer hydrogenation provides a new route 

for the generation of enantiomerically pure secondary alcohols in a highly efficient, 

simple and economical way. Although transfer hydrogenation has the above-mentioned 

advantages, it still can be improved for practical use in some aspects, such as low 

substrate/catalyst molar ratio (S/C) and relatively narrow scope. Extensive studies have 

been devoted to the development of new transfer hydrogenation catalysts of higher 

activity/selectivity as well as the understanding of the reaction mechanisms. 

Transfer hydrogenation originated with the Meerwein-Ponndorf-Verley (MPV) 

reaction,
10-12

 discovered in 1925, in which a ketone is reduced by an alcohol in the 

presence of aluminum alkoxide. In this reaction, both the hydrogen donor and the 

hydrogen acceptor coordinate to the metal center, and the hydride is transferred to the 

carbonyl group from alkoxide ligand via a pericyclic mechanism (Scheme 1.1). Although 

this reaction is very chemoselective for ketones and aldehydes over alkenes and alkynes, 

several drawbacks restrict the use of this method, e.g., reversibility, high catalyst loading 

up to 100~200 mol%, and limited stereochemical control. 

 

 

Scheme 1.1 MPV reduction 
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In 1981, Itsuno and coworkers reported a new type of reaction which can reduce 

prochiral ketones to the corresponding chiral alcohols with the use of chiral alkoxy-

amine-borane complexes
13

 (Scheme 1.2). This reaction is known as the Corey-Bakshi-

Shibata (CBS) reduction.
14

 It has proven to be an effective and powerful method to 

reduce a wide range of different types of ketones in both stereoselective and 

chemoselective manner. It also has been utilized in large scale production in industry. 

The drawbacks of the CBS reaction are the requirement of anhydrous conditions, 

temperature dependence on the ee values as well as side reactions due to the trace 

amounts of borohydride impurities.  

 

 

Scheme 1.2 CBS reduction 

 

During the 1990s, Noyori’s group discovered a Ru(II)-catalyzed version of MPV 

reduction, RuCl2(BINAP)(diamine) (BINAP = 2,2'-bis(diphenylphosphino)-1,1'-

binaphthyl) complex,
15,16

 which is referred to as Noyori’s “second generation” catalyst 

(Scheme 1.3). It has evolved from Noyori’s “first generation” catalyst BINAP-Ru(II) 

dicarboxylate complex,
17

 a new prototype of catalyst for the efficient asymmetric 



4 

 

hydrogenation of C=O groups. The second generation catalyst can efficiently catalyze, 

with high enantioselectivity, the hydrogenation of a wide range of ketones in 2-propanol 

containing t-BuOK or KOH. Furthermore, this catalytic system is chemoselective for a 

C=O linkage and tolerates many substituents including C=C, F, Cl, Br, I, CF3, OCH3, 

OCH2C6H5, COOR, NO2, NH2 and NHR
1
COR

2
 as well as various heterocycles.

18
  

 

 

Scheme 1.3 (S)-BINAP/(S)-diamine-Ru(II) catalyst 

 

Mechanistic studies have confirmed that the catalytic reaction using the second 

generation catalyst takes place without the direct coordination of the substrate to the 

metal center. Both experimental
2,19,20

 and theoretical studies
21-23

 have shown that this 

catalysis follows a unique metal-ligand bifunctional mechanism. This reaction involves a 

metal-hydride species possessing an NH2 ligand, whose hydridic Ru-H and protic N-H 

are simultaneously delivered to the substrate C=O via a six-membered ring transition 

state. Thus the alcohol product directly forms at the outer sphere, without formation of a 

metal alkoxide intermediate, a necessity in a conventional hydrogenation mechanism. 

The transition state structures associated with Noyori’s catalyst and traditional Ru 

catalyst are shown in Scheme 1.4. 
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Scheme 1.4 Transition states of metal-ligand bifunctional hydrogenation versus 

traditional hydrogenation 

 

 

Scheme 1.5 Interconversion between the 16 e
-
 amido complex and the 18 e

-
  

amine hydrido complex 

 

Subsequently, Noyori and Ikariya developed a new prototype of phosphine-free Ru 

catalyst, (η
6
-arene)Ru(H)TsDPEN.

2
 The ‘precatalyst’ (η

6
-arene)Ru(Cl)TsDPEN can be 

prepared almost quantitatively from the reaction of [RuCl2(η
6
-arene)]2 with TsDPEN in 2-
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propanol containing triethylamine. The precatalyst is converted into the amido complex 

by dehydrochlorination. Then the amido complex readily undergoes transfer 

hydrogenation (Scheme 1.5) with secondary alcohols including 2-propanol as well as 

formic acid to produce the amine hydrido complex, which is the active catalyst. This 

catalyst in turn reacts with carbonyl compounds to transfer the hydride and proton to the 

C=O function giving the alcoholic product. Similar to Noyori’s second generation 

catalyst, this reaction also takes place reversibly through a six-membered ring transition 

state. Throughout this dissertation, catalyst (η
6
-arene)Ru(H)TsDPEN is referred to as 

“Noyori’s catalyst” which has been predominantly used in the most projects we have 

carried out. 

The high reactivity and enantioselectivity of Ru(II) catalyzed hydrogenation can be 

explained from the well-defined structure of Noyori’s catalyst. All components play 

important roles making this catalyst a standout. First, the arene ligand affords the piano-

stool conformation to this molecule. Even though it acts as a spectator ligand, it stabilizes 

the oxidation state of the metal center
24

 and makes this complex less sensitive towards 

oxygen and moisture. In addition, Noyori’s group found that the CH/π interaction 

between arene ligand and the aryl group in the carbonyl substrate can lead to high 

enantioselectivity.
25

 Second, the TsDPEN ligand gives a chiral geometry at ruthenium of 

the five-membered chelate ring. The two phenyl groups on the backbone are oriented in 

such a way that H-Ru-N-H dihedral angle tends to be planar, facilitating the concerted 

six-membered ring transition state. Third, the tosyl group increases the acidity of the 

hydrogen that is connected to the nitrogen, making the nitrogen an anionic ligand. The 

fact that one of the coordination nitrogen is anionic is important since it electronically 
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stabilizes the ruthenium complex and keeps the complex neutral; the complexes with the 

CF3SO2, C6H5CO, and CH3CO analogues are much less reactive.
5
 All the above features 

contribute to the high performance of Noyori’s catalyst.  

Another prominent example of a metal-ligand bifunctional hydrogenation catalyst is 

Shvo’s catalyst,
26

 [Ph4(ŋ
5
-C4CO)]2HRu2(CO)4H.  The Shvo’s catalyst under heating 

generates two active species, A and B (Scheme 1.6), which are able to hydrogenate 

unsaturated substrates and dehydrogenate saturated species, respectively. Unlike Noyori’s 

catalyst, the hydroxyl group here acts as proton source. Studies by Casey, by means of 

primary deuterium isotope effects, together with DFT calculations, concluded that 

carbonyl hydrogenation is concerted without substrate coordination.
20

  

 

 

Scheme 1.6 Shvo’s catalyst 

 

Isopropanol and formic acid have been used exclusively as hydrogen sources because 

they are very cheap and readily available. 2-propanol is safe, nontoxic and 

environmentally friendly. Although hydrogenation in 2-propanol gives satisfactory 

results in terms of both reactivity and selectivity,
5,6

 an inherent problem of hydrogenation 

in this medium is the reversibility, resulting in limited conversion and the deterioration of 

the enantioselectivity.
27

 To circumvent the problem, catalysis is often performed with low 
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substrate concentrations, typically in the range of 0.1-0.2 M. The reaction using formic 

acid,
3
 on the other hand, can proceed irreversibly since the dehydrogenation product is 

CO2. It is usually used in the form of formate [HCOO
-
][NHEt3

+
], and the 5:2 formic 

acid/triethylamine azeotropic mixture has been the best option. The recent studies, 

however, showed that the catalyst can also promote the hydrogenation of CO2 to formic 

acid and its derivatives.
4
 Therefore, effective removal of CO2 from the reaction vessel is 

needed, especially in a large-scale reaction.  

 

1.2 Dissertation overview 

Since the advent of Noyori’s catalyst, the importance of the “N-H effect” has been 

recognized. The presence of N-H moiety is considered crucial to the catalytic 

performance.
1
 Substitution of the two hydrogen atoms with methyl groups leads to 

complete loss of catalytic activity, suggesting that this catalyst cannot catalyze 

hydrogenation by the conventional mechanism. The N-H unit has been shown to form a 

hydrogen bond with carbonyl oxygen atom to lower the activation energy of the 

transition state, accounting for the high efficiency of the catalyst. Recently, Wills’ group 

studied the effect of N-alkylated TsDPEN ligands on the catalysis.
28-30

 They reported that 

as the size of the alkyl groups increases, the reaction rate decreases but the ee values 

remain high. The crystal structures show that even though the alkyl groups exert steric 

hindrance to the approach of the substrate to the catalyst, it still permits the six-

membered transition state to form. This finding provides a clear vision regarding the 

steric effects of the substituted groups on N-H; however, the electronic effects which 

could shed more light on the mechanism as well as help us design better catalysts have 
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not been previously explored. Hence the first project in this dissertation is the 

investigation of the N-H acidity on the catalytic performance, described in Chapter 2. The 

N-H acidity was modulated by introducing a series of para-substituted phenyl groups to 

the nitrogen atom (Scheme 1.7). Chapter 2 discusses the results from the effects of N-H 

acidity on the catalytic performance in both 2-propanol and the 5:2 HCOOH/NEt3 media. 

In Chapter 3, we demonstrate a novel synthetic route to preparing the ligands by using 

ring opening reaction of the tosylated aziridine and the kinetic studies of the reaction. 

 

 

Scheme 1.7 Electronically modified tosylated diamine ligands in Noyori’s catalyst 

 

Besides tosylated diamine ligands, bidendate ligands such as β-amino alcohols
31-33

 and 

amino amides
34,35

 have proven to be good alternative ligands. β-Amino alcohols, in fact, 

afford more efficient catalytic performance than TsDPEN, while diols and non-

substituted diamines have shown to be inactive ligands. Both results indicate the 

importance of the N-H group and that one of the coordinating sites of the bidendate 

ligand must be anionic. Although similar in structure, amino acids
36,37

 as ligands, have 

not garnered much attention in this system. Furukawa’s group
36

 reported the use of a 

group of α-amino acids as ligands, and found they can be effective ligands. The simplest 
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α-amino acid glycine, however, was surprisingly not included in the ligand scope. In 

Chapter 4, we report the synthesis of the catalysts with glycine, N-methylglycine and 

N,N-dimethylglycine as ligands shown in Scheme 1.8, and catalysis studies on these 

complexes. Compared to Noyori’s catalyst, these complexes exhibited significantly 

diminished catalytic activities and theoretical calculations were carried out to interpret 

the poor performance of using these α-amino acids as ligands.  

 

 

Scheme 1.8 Catalysts using α-amino acids as ligands 

 

 

Figure 1.1 Proposed mechanism of biphasic transfer hydrogenation (Q
+
 = quaternary 

ammonium or phosphonium) 
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In addition to 2-propanol and the 5:2 HCOOH/NEt3 azeotrope, the unmodified 

Noyori’s catalyst has proven to be an efficient catalyst in aqueous HCOONa solution.
38,39

 

The catalysis was considered to take place on the interface between the insoluble 

substrate layer and water layer. Noyori’s catalyst, being much more soluble in the organic 

phase, resides mostly in the substrate layer. The regeneration of the catalyst, however, 

requires HCOO
-
 which is only located in the aqueous layer shown in Figure 1.1. This 

results in a sluggish catalysis especially at high substrate loading, which was observed in 

the preliminary studies. In Chapter 5, we report the results based upon combining phase 

transfer catalyst and Noyori’s catalyst in aqueous HCOONa solution. Common phase 

transfer catalysts, such as TBAB (tetra-n-butylammonium bromide), are able to transport 

HCOO
-
 to the organic phase and enhance the reaction rate. 

Imine can be reduced by Noyori’s catalyst in the 5:2 HCOOH/NEt3 azeotrope but not 

in 2-propanol. The mechanism of imine hydrogenation is different from that of ketones or 

aldehydes.  Bäckvall’s group proposed that hydrogenation of imine follows an ionic 

stepwise mechanism (protonation of the imine followed by a hydride transfer
40,41

) instead 

of a concerted mechanism. So far, the substrate scope of imine reduction using Noyori’s 

catalyst has been limited to cyclic imines.
42

 In Chapter 6, we report the results of direct 

reductive amination (Scheme 1.9), i.e., aldehyde and amine react to generate the 

intermediate imine followed by hydrogenation without any separation, in the azeotrope 

by using Noyori’s catalyst. This finding expands the application of Noyori’s catalyst to 

acyclic imines. Furthermore, the optimization of catalysis conditions has led us to a 

surprising finding that the 5:3 HCOOH/NEt3 mixture is a better hydrogen source for 
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reductive amination as well as hydrogenation of ketones and aldehydes than the 

traditional 5:2 HCOOH/NEt3 azeotrope. 

 

 

Scheme 1.9 Direct reductive amination 

 

Due to the reversibility of imine formation in the presence of water, aqueous direct 

reductive amination has been rarely studied. Surprisingly, we were delighted to find that 

aldehydes can react with amines directly in water form imines in good yields. We also 

found that linear imines can be successfully reduced with Noyori’s catalyst in aqueous 

HCOONa. These findings encouraged us to explore the aqueous direct reductive 

amination (Scheme 1.9) and the results are reported in Chapter 7. 
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Chapter 2 Effect of N-H Acidity on Metal-ligand Bifunctional Transfer 

Hydrogenation 

 

2.1 Abstract 

The effect of N-H acidity on metal-ligand bifunctional transfer hydrogenation has 

been studied based on a series of tosylated diamine ligands (TsEN-C6H4-X) with the pKa 

of the N-H groups ranging from 31 to 20. The varying ligands were complexed with 

[Ru(p-cymene)Cl2]2 to generate the catalysts in situ; their catalytic activities were studied 

in both 2-propanol and the 5:2 formic acid/triethylamine azeotrope. Initial rates obtained 

from both catalytic systems indicate that the catalyst containing the less acidic N-H group 

affords better catalytic activity. Reaction rates exhibit zero order dependence on the 

concentration of the substrate in 2-propanol, while first order in the azeotrope. Reaction 

constants ρ (-0.8 and -2.4) are derived from Hammett plots in 2-propanol and the 

azeotrope respectively, suggesting that the regeneration step is the rate determining step 

in both media. The magnitude of ρ is in agreement with the concerted mechanism in 2-

propanol and the stepwise mechanism in the azeotrope. Brønsted catalysis plots from the 

ligand series together with TsEN and TsDPEN show a linear relationship in 2-propanol 

but nonlinearity in the azeotrope. They suggest the optimum pKa value of N-H group (in 

the conjugate acid form) is around 11 in 2-propanol and within 5.5~9.5 in the azeotrope. 

Induction periods were observed for all catalytic tests in the azeotrope and they became 

longer as N-H acidity increased. All these findings allow us to better understand the 

mechanistic aspects of the bifunctional hydrogenation, and help us to design more 

efficient catalysts via modification of the N-H acidity. 
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2.2 Introduction 

The beauty of metal-ligand bifunctional catalysis lies in the direct involvement of the 

ligand as an active site. In comparison, ligands in classical catalysis act merely as 

spectators or weak donors. (1S,2S)- or (1R,2R)-N-tosyl-1,2-diphenylethylenediamine 

(TsDPEN), the prototype ligand in Noyori’s catalyst, has received enormous attention
43-49

 

since the discovery of Noyori’s catalyst. It affords high catalytic activity and excellent 

stereoselectivity in both 2-propanol and the 5:2 formic acid/triethylamine azeotrope. The 

high efficiency originates from the Ru-H/N-H bifunctional synergetic effect, i.e., N-H 

group acts as a proton donor that cooperatively works with the ruthenium hydride to 

catalyze the substrate, shown in Scheme 2.1. Alternative ligands, such as amino 

alcohols,
31-33,50-52

 amino amides
34,35,53

 and amino acids,
36,37,54-56

 have also shown 

satisfactory results. All these ligands share one common structural feature which is the 

presence of the N-H moiety. 

 

 

Scheme 2.1 Ru-H/N-H bifunctional synergetic effect 
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The presence of the N-H moiety in the TsDPEN ligand is crucial for high catalytic 

activity; the N(CH3)2 analogues are totally inactive, and NH(CH3) analogues give 

reduced reactivity.
5
 This phenomenon has been termed as the “N-H effect” which is 

closely related to the appropriate chemical property of N-H group. Upon complexation 

with a lewis acidic metal Ru, the N-H unit exhibits sufficient acidic character to activate 

ketones by forming hydrogen bonding with the carbonyl oxygen atom to stabilize the 

transition state. This hydrogen bonding dramatically lowers the activation barrier in the 

hydrogenation step. Computational studies
57

 calculated a stabilization energy of 6.2 

kcal/mol attributed to this hydrogen bonding, using formaldehyde as substrate. This is 

much stronger than the regular N-H...O hydrogen bonding. It also has been shown that H-

Ru-N-H acts as a 1,4-dipole that fits well with the C=O dipole which utilizes the π face 

instead of the σ plane.
57

 The regeneration step in 2-propanol also adopts a concerted 

mechanism as the N-H bond and the Ru-H bond are formed simultaneously. The 

regeneration step in the azeotrope, however, is much more complicated than in 2-

propanol. It is suspected that this process follows a stepwise mechanism in which a Ru 

formato complex [(p-cymene)Ru(TsDPEN)OCHO] is formed followed by 

decarboxylation to give the catalyst.
4
 The Ikariya group has found that the assistance of 

the N-H bond is needed to form the Ru formato complex by inserting CO2 into Noyori’s 

catalyst.
4
 All the above evidence shows clearly that the presence of N-H group is 

essential to achieve the excellent catalytic performance.  

Wills group introduced a series of alkyl groups into the N-H moiety and studied their 

steric effects,
28-30

 depicted in Scheme 2.2. Their results suggest that the N-alkylated 

complexes can still reduce ketones through the concerted mechanism as Noyori’s catalyst 
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does. The catalyst with N-methylated TsDPEN ligand demonstrates an even higher 

reactivity, while those with bulky alkyl substituents show lower reactivities. Crystal 

structures show that the bulky alkyl groups exert steric hindrance to the approaching the 

substrate, but they still permit the formation of pericyclic transition state. Therefore, 

enantioselectivities remain high despite of lower reactivities. 

 

 

Scheme 2.2 Catalysts containing N-alkylated TsDPEN 

 

A complete catalytic cycle is composed of both the hydrogenation and the 

regeneration step. Accordingly, the catalytic performance can be affected by both steps 

even though the hydrogenation step generally attracts more attention. Identifying the rate 

limiting step is not only important to help understand the catalysis better at the molecular 

level, but also allows us to design more efficient catalysts. So far, few scientists have 

focused on this aspect. The Noyori group reported the regeneration step as the rate 

determining step in 2-propanol.
2
 The rate determining step in the azeotrope has not been 

identified. 

Other than the study of the steric effect, there has been no report so far concerning the 

electronic effect of substituents on the N-H group. We believe it is important to explore 

the electronic effect since the N-H group is directly involved in the bond-breaking/bond-
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forming process. The N-H bond strength is crucial in determining the activation energy of 

the catalytic steps. Electronically modifying the N-H acidity by replacing one of the 

hydrogen atoms with other functional groups could shed light on the mechanism of the 

bifunctional hydrogenation and assist in designing more efficient catalysts. In the 

hydrogenation step, N-H acts as Brønsted acid catalyst. It lowers the activation barrier by 

forming a hydrogen bond to the substrate oxygen. After delivering the proton to the 

substrate, the nitrogen switches its coordination pattern to ionic and it has a lone pair 

available to act as Brønsted base catalyst. Therefore, a more acidic N-H could form a 

stronger hydrogen bond with the carbonyl oxygen which can reduce the activation barrier 

of the hydrogenation process. The regeneration step, however, is disfavored due to the 

weaker basicity of the amine. On the other hand, a less acidic N-H group might not 

facilitate the hydrogenation step, but it can lower the activation barrier of the regeneration 

step. Therefore, controlling the acidity of N-H can tune the catalyst to the best 

performance. A good catalyst should have an appropriate N-H acidity which is in favor of 

both the hydrogenation and regeneration steps. Herein we report our results regarding the 

N-H acidity effect on the catalytic performance, from which we can also draw a 

conclusion on which step is the rate determining step. In this study, the pKa of N-H was 

varied by introducing 9 different para-substituted phenyl groups; kinetics studies of 

transfer hydrogenation were carried out in both 2-propanol and the 5:2 HCOOH/NEt3 

azeotrope with acetophenone as the substrate.  
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2.3 Results and discussion 

2.3.1 Synthesis of the tosylated diamine ligands (TsEN-C6H4-X) 

A series of tosylated diamine ligands (TsEN-C6H4-X) were synthesized from the ring 

opening reaction of N-tosylaziridine with para-substituted aniline derivatives in water. 

While lacking two phenyl groups on the C-C backbone, TsEN still exhibits similar 

catalytic efficiency as TsDPEN. Considering the synthetic difficulty, TsEN was chosen 

as the parent ligand upon which modifications were applied. A phenyl group was used as 

a linker to modify the pKa of the N-H by introducing different functional groups on the 

para position, allowing us to systematically investigate the mechanism with minimum 

influence from the structural variation. The substituents range from electron donating 

groups to electron withdrawing groups, resulting in a relatively large pKa range of the N-

H from 31 to 20. Upon coordination to Ru, the acidity of N-H sharply increases and is 

comparable to the acidity of its conjugate acid. The pKa of the N-H in this ligand series 

as well as in their conjugate acids are listed in Table 2.1. 

 

Table 2.1 pKa of the designed ligands TsEN-C6H4-X 

 

pKa of the N-H
a
 

pKa of the N-H in its 

conjugate acid
b
 

σ
c
 

X=OCH3 

X=OCH2CH3 

X=CH3 

X=H 

X=F 

30.5 

~30.5 

30.8 

30.6 

~30.0 

5.34 

5.34 

5.08 

4.63 

4.65 

-0.27 

-0.25 

-0.17 

0 

0.06 
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X=Cl 

X= COCH3 

X= CF3 

X=NO2 

29.4 

25.3 

27.0 

20.9 

4.15 

2.9 

2.75 

1.0 

0.23 

0.50 

0.54 

0.78 

 

a
From Bordwell pKa table (Acidity in DMSO)

58
  

b
Predicted from ALOGPS 2.1 program

59
 

c
Substituent constant 

 

2.3.2 Initial rates study in 2-propanol and 5:2 HCOOH/NEt3 azeotrope 

Initial rates studies were carried out in both 2-propanol and the 5:2 HCOOH/NEt3 

azeotrope. Precatalysts (p-cymene)Ru(Cl)TsEN-Ph-X were prepared in situ by 

combining 0.5 equivalents Ru(II) dimer [RuCl2(p-cymene)]2 and 1.2 equivalents 

tosylated diamine ligands for a period time before the substrate (acetophenone) was 

loaded. The precatalyst needed to be transformed to active catalyst in order to get into the 

catalytic cycle. Therefore in 2-propanol, KOH was added to eliminate HCl to generate 

the 16 e
-
 Ru amido complex, which is then followed by the delivery of two hydrogen 

atoms from 2-propanol to give the true catalyst. In the azeotrope, the Ru amido complex 

was prepared with KOH in CH2Cl2 first, and the solvent was vaporized before the 

azeotrope was loaded in. In fact, previous studies
3
 suggested the catalyst can be formed 

directly in the azeotrope without any base.  

Reaction rates derived from initial rates studies in 2-propanol and the azeotrope are 

listed in Table 2.2. They are defined as the change in the concentration of acetophenone 
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over time at the initial stage of the catalysis tests. The data show that the reaction rate 

declines consistently as the substituents become more electron withdrawing in both 

reaction media. Catalysis in azeotrope is much slower than that in 2-propanol, and 

catalysts in the last 3 entries almost exhibit no reactivity in the azeotrope.    

 

Table 2.2 Reaction rates in 2-propanol and the azeotrope 

Entry 

 

Reaction rate (M.h
-1

) 

2-propanol
a
 azeotrope

b
 

1 

2 

3 

4 

5 

6 

7 

8 

9 

X=OCH3 

X=OCH2CH3 

X=CH3 

X=H 

X=F 

X=Cl 

X= COCH3 

X= CF3 

X=NO2 

9.3 x 10
-2 

(R
2
=0.98) 

8.9 x 10
-2 

(R
2
=0.97) 

8.8 x 10
-2 

(R
2
=0.98) 

7.3 x 10
-2 

(R
2
=0.98) 

6.0 x 10
-2 

(R
2
=0.96) 

4.0 x 10
-2 

(R
2
=0.98) 

2.4 x 10
-2 

(R
2
=0.99) 

2.2 x 10
-2 

(R
2
=0.99) 

7.2 x 10
-3 

(R
2
=0.97) 

9.4 x 10
-3 

(R
2
=0.99)

 

1.1 x 10
-2 

(R
2
=0.99)

 

5.0 x 10
-3 

(R
2
=0.99)

 

1.0 x 10
-3 

(R
2
=0.99)

 

2.7 x 10
-3 

(R
2
=0.99)

 

6.0 x 10
-4 

(R
2
=0.98)

 

0 

0 

0 

 

Conditions: 
a
Ru(II) catalyst:KOH:acetophenone=1:2:25, [acetophenone]=0.25 M, RT 

        
b
Ru(II) catalyst:KOH:acetophenone=1:2:100, [acetophenone]=1.0 M, RT 

 

All aliquots taken in 2-propanol during the first hour show relatively straight lines 

(Figure 2.1). Reaction rates are directly correlated to the electron withdrawing or 
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donating ability of the substituents.  Catalysts with the ligands containing electron 

donating groups work more efficiently than those bearing electron withdrawing groups. 

For instance, the ligand with OCH3 gives the highest rate 9.3 x 10
-2

 M h
-1

 while the one 

with NO2 gives the lowest rate 7.2 x 10
-3

 M h
-1

. It is observed that all the reaction 

solutions are deep purple except entry 7 is deep green. This deep purple or green color 

matches the color of the Ru amido complex of Noyori’s catalyst, suggesting the Ru 

amido complex is the resting state through the catalytic cycle. This also informs us that 

the regeneration step is the rate-determining step, otherwise the solution would be orange 

(the Ru hydrido species) if the hydrogenation step is the rate-determining step. 

 

 

Figure 2.1 Initial rates study in 2-propanol 
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Catalysis in the azeotrope (Figure 2.2) was fairly slow compared to that in 2-propanol, 

however, same trend was observed. The ligands with electron donating substituents gave 

higher reaction rates than those with electron withdrawing substituents. For instance, the 

ligand with OCH3 gave the fastest reaction rate among all ligands, even though it only 

afforded about 35% conversion after 2 days. It was noted that an induction period was 

observed in all the catalysis sets, and it became longer going down the series. Reaction 

rates were derived from the linear part of the profile after the induction period. The color 

of these 9 catalysis sets appeared consistently from dark brown to yellow, as shown in 

Figure 2.3. This is because the color of the reaction solution becomes darker as the 

catalysis progresses. All the observations suggest a clear trend that less acidic N-H group 

affords better catalytic activity. 

 

 

Figure 2.2 Initial rates study in the 5:2 HCOOH/NEt3 azeotrope 
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Figure 2.3 Color of the catalysis solutions (1~9) in the azeotrope (taken after 1 day) 

 

2.3.3 Dependence on the concentration of acetophenone 

 

 

Figure 2.4 Dependence on [acetophenone] in 2-propanol 

 

In 2-propanol, entry 4 was chosen to identify the reaction order with respect to the 

substrate by varying the concentration of acetophenone.  Figure 2.4 shows the initial rate 
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points corresponding to 0.5 M, 1.0 M and 1.5 M [acetophenone] respectively. Clearly, the 

reaction rates remain the same regardless of the concentration of substrate, indicating that 

the reaction has zero order dependence on the substrate. This is consistent with our 

previous observation that the regeneration step is the rate-determining step because the 

concentration of acetophenone is not included in the overall reaction rate equation. 

 

 

Figure 2.5 Dependence on [acetophenone] in the azeotrope 

 

In azeotrope, entry 2 was chosen for the study of the reaction order on the substrate. A 

plot of log rate versus log [acetophenone] shows a straight line with a slope of 0.86 

(Figure 2.5). Within acceptable experimental error, the reaction is considered to exhibit a 

1
st
 order dependence upon the substrate. This result indicates that the hydrogenation step 

might be the rate-limiting step, which is in conflict with our preliminary conclusion. It is 
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in agreement, however, with the color associated with the reaction. Since an orange color 

of the reaction solution indicates that the Ru hydrido active complex is at the resting 

state, therefore the hydrogenation step is the rate determining step in the azeotrope. 

 

2.3.4 Hammett Plots 

Hammett plots have been constructed based on the kinetic studies in both 2-propanol 

and the azeotrope. Presumably all 9 catalytic systems share the same rate law equation 

except different rate constant. Furthermore, all the catalysis reactions were conducted 

under the same conditions, i.e., same concentration of substrate and catalyst. Therefore, 

log (kX/kH) can be derived from log (rateX/rateH).  

 

 

Figure 2.6 Hammett plot in 2-propanol 
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A linear relationship of log (kX/kH) versus the substituent constant σ is obtained for the 

Hammett plot in 2-propanol (Figure 2.6). A reaction constant ρ of -0.79 is obtained from 

the slope, suggesting the development of positive charge at the reaction center during the 

transition state of the rate-limiting step. The reaction center here specifically refers to the 

N atom onto which the para-substituted phenyl groups directly attach. If the 

hydrogenation step is the rate-limiting step, the nitrogen would build up negative charge 

after transferring a proton to the substrate; in contrast, if the regeneration step is the rate-

limiting step, positive charge would accumulate on the N atom due to the protonation. 

Thus the regeneration step is the rate determining step in 2-propanol.  The linearity of the 

Hammett plot indicates that the entire catalysis sets follow the same mechanism. The 

magnitude of ρ value reflects how sensitive a particular reaction is to the electronic 

effects of the substituents. A ρ value of -0.79 is relatively small, which is consistent with 

the concerted mechanism. It is noted that the catalysis involving the -NO2 substituent lay 

underneath the line, and this is because -NO2 substituent makes the N-H group a stronger 

acid than would have predicted by the Hammett correlation due to the resonance 

stabilization.  

The Hammett plot in the azeotrope (Figure 2.7) is not as linear as the one in 2-

propanol. Despite of the scattered data points, a ρ value of -2.4 can be roughly estimated. 

This also suggests that the development of positive charge at the reaction center in the 

transition state, indicating that the regeneration step is the rate determining step. The 

relatively large magnitude of ρ value might suggest that the regeneration step in the 

azeotrope follows a stepwise mechanism. The Ikariya group
4
 had found that regeneration 

of Noyori’s catalyst from the HCOOH medium proceeds in a stepwise manner via a 
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deprotonation of HCOOH followed by formation of an ion pair intermediate, leading to 

the kinetically favorable Ru formato complex. This Ru formato complex then yields to 

the active catalyst through the decarboxylation step. 

 

 

Figure 2.7 Hammett plot in the azeotrope 

 

2.3.5 Brønsted catalysis plot 

Besides the Hammett plot, a Brønsted catalysis plot
60

 can also be a useful tool to 

interpret our kinetic study results. The Brønsted catalysis law equation is: logkcat = α 

logKa + C or  logkcat = -α pKa + C. This equation gives the linear free energy relationship 

between the acid strength and the catalytic activity. Since the N-H group in the Ru 

hydrido complex acts like a Brønsted acid catalyst, thus a revised Brønsted catalysis plot 

can be drawn using log(kX/kH) as a function of the [pKa(H) – pKa(X)] of NH (in the 
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conjugate acid form) in Figure 2.8. All the data from the nine catalysis sets fall on a 

straight line with a Brønsted slope of -0.25, indicating the reaction is a general base 

catalysis and the proton is partially transferred at the transition state. This finding is fully 

consistent with that the regeneration step is rate determining step and reaction follows a 

concerted mechanism.  

 

 

Figure 2.8 Brønsted catalysis plot in 2-propanol 

 

Reaction rates derived from the catalysts containing TsEN and TsDPEN, in which N-

H group is not substituted, cannot fit into Figure 2.8 because of the structural difference. 

A qualitative correlation between the reaction rate and the N-H acidity, however, can still 

be established in Figure 2.9 because all the catalysis sets were conducted under the same 

conditions. Interestingly, a linear relationship is obtained, meaning that the catalytic 

performance is directly proportional to the pKa of the N-H group. Compared to TsEN and 
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TsDPEN which have no substituents on the nitrogen atom, our ligand series might suffer 

steric hindrance from the para-substituted phenyl groups. Nevertheless, all the data fit 

perfectly onto the straight line. In addition, the Wills group
30

 found that N-methylated 

TsDPEN acted more efficiently than TsDPEN in the transfer hydrogenation, and their 

finding supports our conclusion because a methyl group can increase the pKa of the N-H 

group. The catalytic solutions for TsEN and TsDPEN were orange and red respectively, 

which are attributed to the Ru hydrido complex. This observation combined with the 

higher catalytic activities of both ligands is consistent with our rationalization that 

decreasing the N-H acidity facilitates the formation of the Ru hydrido species. Therefore, 

it would reduce the reaction barrier in the rate determining step.  

 

 

Figure 2.9 Correlation of reaction rate with pKa of the N-H group in 2-propanol (black 

dots are from the 9 catalysis sets) 
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The Brønsted catalysis plot in the azeotrope (Figure 2.10) gives a reasonably straight 

line with a slope of -1.06. This indicates that the proton is fully transferred at the 

transition state, suggesting that the regeneration step in the azeotrope follows a stepwise 

mechanism.  

 

 

Figure 2.10 Brønsted catalysis plot in the azeotrope 

 

A qualitative correlation between the reaction rate and the N-H acidity is also 

constructed (Figure 2.11), and neither the catalysis set with ligand TsDPEN nor TsEN fits 

in the linear line derived from the catalysis sets with ligand TsEN-Ph-X. The nonlinearity 

suggests that catalysts with different pKa values of the N-H groups might follow different 

mechanisms. In the high pKa region, a less acidic N-H group gives a higher reaction rate, 

meaning that the regeneration step is the rate determining step; in the low pKa region, a 

more acidic N-H group gives higher reaction rate, meaning that the hydrogenation step is 
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the rate determining step. Even though a specific optimized pKa value cannot be 

determined from the plot, the pKa of the N-H group for a more efficient catalyst should 

fall into the range from 5.5 to 9.5. 

 

 

Figure 2.11 Correlation of the reaction rate with pKa of the N-H group in the azeotrope 

(black dots are from the 6 catalysis sets) 

 

The pKa difference between the hydrogen sources and the N-H group might be useful 

to understand the linear and non-linear Brønsted catalysis plots in 2-propanol and the 

azeotrope respectively. The pKa of 2-propanol is around 15 which is larger than the pKa 

values of all the N-H groups. In comparison, the pKa of HCOOH is around 4, which is 

similar to the pKa of those para-substituted N-H groups while smaller than those non-

substituted N-H groups.  
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2.3.6 Induction period in azeotrope 

Induction period in azeotrope has been reported previously,
38

 though a conclusive 

explanation has not been given. It was suspected to be attributed to the transformation 

from precatalyst to the active catalyst. Table 2.3 lists the induction periods associated 

with 6 catalysis sets as well as the catalysis involving TsEN and TsDPEN. Clearly, the 

induction period is proportional to the pKa of the N-H group. The N-H group with a 

lower pKa value corresponds to longer induction period and interestingly the N-H groups 

with the same pKa values also give the same induction periods. These observations 

suggest that N-H group is directly involved in the transformation process associated with 

the induction period.  

 

Table 2.3 Induction periods associated with catalysis in the azeotrope 

Ligand Induction period (h) pKa of the N-H
a
 

TsEN 

TsDPEN 

TsEN-C6H4-OCH3 

TsEN-C6H4-OC2H5 

TsEN-C6H4-CH3 

TsEN-Ph 

TsEN-C6H4-F 

TsEN-C6H4-Cl 

1~2 

1~2 

3~4 

3~4 

5~6 

12~18 

12~18 

18~24 

10.6 

9.5 

5.34 

5.34 

5.08 

4.63 

4.65 

4.15 
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a
pKa of N-H in the conjugate acid form, either obtained from Bordwell pKa table

58
 or 

predicted from ALOGPS 2.1 program.
59

 

 

The following experimental observations also provide some clues towards interpreting 

the induction period. In the catalysis test, Ru(II) dimer ([RuCl2(p-cymene)]2) and ligands 

(TsEN-C6H4-X) together with 2 equivalents of base (KOH) reacted in CH2Cl2, forming a 

deep purple solution which was indicative of the formation of a Ru amido complex. The 

addition of azeotrope turned the deep purple color to yellow immediately, and the yellow 

species has been shown to be the Ru formato complex previously.
4
 Then decarboxylation 

of Ru formato complex by releasing CO2 creates the active catalyst, a Ru hydrido 

complex, which is usually orange or brown color. It was noted that no bubbles were 

formed visibly throughout the induction period but bubbles started evolving when the 

catalysis started taking effect. This is indicative that releasing CO2 from the Ru formato 

complex might be the transformation step associated with the induction period. We also 

attempted to carry out the catalysis by directly loading the Ru dimer and ligands into 

azeotrope without using any base, however, same induction periods were observed for all 

the catalysis sets. In this experiment, all the catalysis solutions were yellowish until the 

catalysis started taking effect. All the above observations indicate that the induction 

period is attributed to the transformation of the Ru formato complex to the Ru hydrido 

complex. 

In our experiment the induction period was prolonged as more acidic N-H ligands 

were used, which can be rationalized very well using the decarboxylation step proposed 

by Ikariya group (Scheme 2.3). They found that the N-H group can assist the 
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decarboxylation step by forming a hydrogen bond with the carbonyl oxygen of the 

formate. A more acidic N-H group forms a stronger hydrogen bond, therefore disfavoring 

the release of CO2. This hydrogen bonding motif rationally explains that a more acidic N-

H group leads to longer induction period. 

 

 

Scheme 2.3 Decarboxylation step proposed by Ikariya group
4
 

 

The Xiao group
38

 found that using the azeotrope in water led to a longer induction 

period than using the neat azeotrope. The reaction in aqueous formate solution, however, 

does not involve any induction period. Both of these two aqueous hydrogen sources use 

formate as the hydride donor except they have different pH values. The pH in azeotrope 

is around 4.5, while the pH in the aqueous formate solution is at 8. Therefore an 

induction period only occurs in acidic conditions, which is further confirmed by the 

transfer hydrogenation study in 5:3 HCOOH/NEt3 mixture in Chapter 6. No induction 

period was observed in 5:3 HCOOH/NEt3 mixture in which pH is around 7. It is clear 

that the acidic condition inhibits the transformation of Ru formato complex to Ru hydrido 

complex. Furthermore, we also observed that the induction period was independent of the 

substrate concentration. 
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2.3.7 Rate determining step 

Our observations of the catalytic results in 2-propanol, including reaction rates, color 

of the solution, reaction order with respect to [acetophenone] as well as Hammett plot 

and Brønsted catalysis plot are completely consistent and straightforward. Kinetic studies 

show that a less acidic N-H group gives better catalytic performance, indicating the 

regeneration step is the rate-limiting step, which is in agreement with existing theoretical 

and experimental studies; the purple color also indicates that the Ru amido intermediate 

is the resting state; reaction rate is also independent on the concentration of the substrate. 

All these findings confirm that the regeneration step is the rate-limiting step. 

Results derived from the catalysis in the azeotrope, unfortunately, are quite 

complicated and probably not sufficient enough to clarify the mechanism. The initial 

rates studies and Hammett plot suggest that the regeneration step is the rate determining 

step, however, catalysis in the azeotrope exhibits first order dependence on 

[acetophenone] which indicates that acetophenone is involved in the rate determining 

step. Also the orange and brown colord solutions imply that the Ru hydrido complex is 

the resting state, meaning hydrogenation is the rate limiting step. Further study is needed 

in order to elucidate the mechanism of the catalysis in azeotrope. 

 

2.4 Conclusions 

In conclusion, kinetic studies were performed for the transfer hydrogenation of 

acetophenone using Noyori’s type catalysts by employing a series of tosylated diamine 

ligands with different N-H pKas. In both 2-propanol and the azeotrope, less acidic N-H 

groups give rise to better catalytic activities. Brønsted relations show linearity in 2-
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propanol while nonlinearity in the azeotrope. These findings could assist in designing 

better catalysts by altering the N-H acidity. The reaction mechanism in 2-propanol is 

clear and consistent, however, the reaction mechanism in the azeotrope still needs further 

study to be clarified. 

 

2.5 Experimental 

    All catalysis experiments were carried out in a dry nitrogen atmosphere using a 

VAC glovebox and/or standard Schlenk techniques. Commercial anhydrous 2-propanol 

was used as received without further distillation. A 5:2 formic acid/triethylamine 

azeotrope was made freshly before use. All solvents were degassed with three cycles of 

freeze-pump-thaw operation. 
1
H NMR spectra were recorded on a Varian 400 MHz 

spectrometer at 25°C unless otherwise noted. GC-MS was performed on a Varian Saturn 

2100 instrument in the electron ionization (EI) mode. 

A general procedure for catalytic reactions in 2-propanol: [RuCl2(p-cymene)]2 (3.1 

mg, 0.0050 mmol), tosylated diamine ligand (0.012 mmol) and a 0.5’’ stir bar in a 7 mL 

glass vial (O.D. x H: 17 mm x 54 mm) were transferred into the glove box. A solution of 

1.0 mL 2-propanol containing 0.024 mmol KOH was added to the vial and the mixture 

was stirred for 1 hour. The solution turned deep purple or green color. Then 29.3 ± 0.1 μL 

of acetophenone was added to start the catalysis. An aliquot of 5.0 μL reaction solution 

was mixed with 0.7 mL CDCl3 to prepare the NMR sample. The conversion was 

determined by taking the ratio of the integration of the signal for the methyl group of 

acetophenone (s, 2.6 ppm) and that of 1-phenylethanol (d, 1.5 ppm). GC-MS confirmed 

that no side product was formed. 
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A general procedure for catalytic reactions in the 5:2 formic acid/triethylamine 

azeotrope: [RuCl2(p-cymene)]2 (3.1 mg, 0.0050 mmol), tosylated diamine ligand (0.012 

mmol) and a 0.5’’ stir bar in a 7 mL glass vial (O.D. x H: 17 mm x 54 mm) were 

transferred into the glove box. Dichloromethane (0.5 mL) and KOH (0.024 mmol) were 

added to the vial and the mixture was stirred for 30 minutes. After the solvent was 

vaporized, the azeotrope solution (1.0 mL) was added and the mixture was stirred for 1 

hour. Afterwards acetophenone (117.0 ± 0.1 μL) was added to start the catalysis. An 

aliquot of 5.0 μL reaction solution was mixed with 0.7 mL CDCl3 to prepare the NMR 

sample. The conversion was determined by taking the ratio of the integration of the signal 

for the methyl group of acetophenone (s, 2.6 ppm) and that of 1-phenylethanol (d, 1.5 

ppm). GC-MS confirmed that no side product was formed. 
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Chapter 3 Synthesis of the Monotosylated Diamine Ligands by Aqueous Ring 

Opening of N-tosylaziridine with Aniline Derivatives 

 

3.1 Abstract 

A series of monotosylated diamine ligands TsNH(CH2)2NHC6H4X were synthesized 

via ring opening reaction between N-tosylaziridine and para-substituted aniline 

derivatives in water at 70 °C. Surprisingly, aniline derivatives containing electron 

withdrawing substituents affords higher isolated yields than those with electron donating 

substituents. Kinetic studies were carried out at 50 °C and reaction rates were found to be 

dependent on the electronic properties of the substituents. Although aniline derivatives 

with more electron donating substituents give rise to faster reactions, they tend to yield 

more side products ([TsNH(CH2)2]2NC6H4X) which result from a subsequent ring 

opening of desired products with tosylated aziridine. No solvolysis products from N-

tosylaziridine were observed throughout all the reactions. The Hammett ρ-constant was 

found to be -1.98, which is consistent with an SN2 mechanism. 

 

3.2 Introduction 

Aziridine functionality is well recognized as an important building block for 

synthesizing many useful compounds.
61-66

 For example, ring opening reactions of 

aziridines with nitrogen nucleophiles, such as amines, can give rise to 1,2-diamine 

derivatives which are synthetically important in organic and medicinal chemistry. The 

reactivity of this strained heterocyclic ring system is dependent on the substituent on the 

aziridine nitrogen. Without substitution, a lewis acid or strong base is necessary for the 
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reaction to take place.
67-71

 However, the reactivity can be greatly enhanced by introducing 

electron withdrawing groups which can stabilize the partial negative charge formed on 

the aziridine nitrogen in the transition state. Among the various activating groups, the 

tosyl group is the one most widely-employed
72,73

 due to its strong electronic effect and 

the ease of preparation of aziridine derivatives. Our interest in this class of reaction 

stemmed from the desire to prepare the ligand series TsNH(CH2)2NHC6H4X for the of 

study the electronic effects on the rate of (ŋ
6
-arene)Ru(H)TsN(CH2)2NHC6H4X-catalyzed 

transfer hydrogenation of ketones. 

Organic reactions in water have received much attention recently. Water is not only 

amenable to many types of reactions, but also offers economic benefits and cleaner 

chemical production routes. Qu and co-workers
74

 have demonstrated that the uncatalyzed 

ring opening of epoxides and aziridines with water (solvolysis) or external nucleophiles 

proceeded well in water at 60 °C.  Interestingly, the solvolysis product was completely 

suppressed with external nucleophiles.  The amine nucleophiles employed by Qu were 

aniline, benzylamine and sodium azide.  Based on these results we suspected that the ring 

opening reaction of N-tosylaziridine would be effective with activated nitrogen 

nucleophiles, but that weaker nucleophiles would not be able to compete with hydrolysis.  

To our surprise, the reaction in water is not only effective for electron releasing anilines 

but also for electron withdrawing ones.  Thus, we synthesized the complete ligand series 

by the uncatalyzed reaction of the para-substituted anilines with N-tosylaziridine in water 

at 70 °C. In addition to the synthesis, we also report the kinetic studies of this ring 

opening reaction by performing each reaction at 50 °C. A low temperature can allow us 

to investigate the reaction mechanism more thoroughly.  



40 

 

 

3.3 Results and discussion 

Eleven para-substituted aniline derivatives were chosen to react with N-tosylaziridine 

to make the desired ligands. Depending on their electronic properties, these substituents 

can modify the pKa values of the N-H in a wide range from 20 to 31. For instance, the 

most electronic withdrawing group nitro results in the most acidic N-H group. This 

relatively large range allows us to study the effect of N-H acidity systematically and 

reliably. A mixture of N-tosylaziridine (1 mmol) and aniline derivative (2 mmol) in 

distilled water (6 mL) was stirred at 70 °C for 1 hour (Scheme 3.1). Reaction completion 

was verified by TLC under these conditions. NMR and MS characterizations verified that 

all these reactions gave rise to the desired products and their isolate yields are listed in 

Table 3.1. Anilines containing electron withdrawing substituents, except nitro group, 

result in higher yields than those bearing electron donating substituents. These results are 

not in agreement with previous reports that stronger nucleophiles lead to more effective 

ring opening reactions. Since electron withdrawing groups make the aniline less 

nucleophilic, the nucleophilic attack on N-tosylaziridine is expected to be sluggish. The 

unusual results from this ring opening reaction prompted us to perform selectivity and 

kinetic studies on this reaction.  

 

 
 

Scheme 3.1 Ring opening reactions of N-tosylaziridine with aniline derivatives 
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Table 3.1 Isolated yield of ring opening reaction after 1 hour at 70 °C 

 

            Entry X Isolated yield (%) 

1 -N(CH3)2 <10 

 

2 -OCH3 23 

3 -OCH2CH3 25 

4 -CH3 31 

5 -H 24 

6 -F 62 

7 -Cl   43 

 

8 -CF3 59 

9 

 

10 

 

11 

-COCH3 

-CN 

-NO2 

52 

40 

25 

 

 

All the reactions were repeated at 50 °C within appropriate periods. The conversions 

and selectivities were determined based on NMR spectra using 1,4-dioxane as an internal 

standard. It was found (Table 3.2) that the ring opening reactions were complete within 1 

hour for the anilines with electron donating substituents, while incomplete for the anilines 

with electron withdrawing substituents.  Reaction rates decrease consistently in the 

sequence of the increasing electron withdrawing properties of the substituents. These 

results confirm that the reaction is consistent with the SN2 mechanism of nucleophilic 

ring opening reaction.  
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There is a trade-off between conversion and selectivity along with the electronic 

character of the substituents.  For strongly electron donating groups the reaction is 

complete in 30 min with moderate yields.  Mild electron withdrawing substituents 

diminish the one hour conversion but increase selectivity.  Strongly electron withdrawing 

substituents suppress the conversion but maintain reasonable selectivity.  We would 

expect better yields at longer reaction times.  

 

Table 3.2 Conversion and selectivity of ring opening reaction at 50 °C 

Entry  X Time (h) Conversion
a
 (%) Selectivity

b
 (%) # of side products 

1 -N(CH3)2 0.5 100 ~ 5
c
 

2 -OCH3 0.5 100 54 1
d
 

3 -OCH2CH3 0.5 100 66 1
d
 

4 

5 

6 

7 

8 

9 

10 

11 

-CH3 

-H 

-F 

-Cl 

-CF3 

-COCH3 

-CN 

-NO2 

0.5 

1 

1 

1 

6 

6 

6 

16 

100 

100 

89 

84 

96 

83 

71 

61 

67 

65 

85 

91 

86 

77 

90 

65 

1
d
 

1
d
 

1
d
 

1
d
 

1
d
 

1
d
 

1
d
 

1
d
 

 

a
Based on N-tosylaziridine. 

b
With respect to the desired diamine products. 
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c
TsNH(CH2)2[NTs(CH2)2](1~5)NHC6H4X. 

d
TsNH(CH2)2N(C6H4X)(CH2)2NHTs. 

The identification of side products was confirmed by mass spectrometry. It showed 

that besides the major 1,2-diamine product, a double ring opening product which was the 

triamine formed as side product (Scheme 3.2). More side products are generated in the 

reaction with electron releasing anilines, which is also consistent with SN2 mechanism. 

 

 

Scheme 3.2 Side reaction between N-tosylaziridine and the desired product 

 

On the other extreme, the reaction of 4-(dimethylamino)aniline with N-tosylaziridine 

at 50 °C resulted in 100% conversion in 30 min and produced at least five different 

oligomers from multiple ring opening reactions, confirmed by mass spectroscopy shown 

in Figure 3.1. The signal at m/z = 334.2 corresponds to mass of monomer, 

TsNH(CH2)2NHC6H4N(CH3)2. Each subsequent peak is m/z +197.0, corresponding to the 

mass of N-tosylaziridine unit. Nevertheless, selectivities for these anilines with electron 

donating substituents were less than those with electron withdrawing substituents, which 

explained why the isolated yields from the former were lower than the latter. 
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Figure 3.1 Mass spectrum of oligomer products from the reaction of N-tosylaziridine 

with 4-(dimethylamino)aniline 

 

Kinetic studies on each individual reaction were also conducted to better understand 

the mechanism, and a Hammett plot (Figure 3.2) was constructed from the data. As 

shown in the Hammett plot, the reactivity of N-tosylaziridine toward the para-substituted 

anilines is decreased by the introduction of electron withdrawing substituents. A ρ-

constant of -1.67 is obtained for this reaction under the indicated conditions, suggesting 

the reactions proceeds through a bimolecular displacement. In comparison, Ham
75

 

reported a ρ-constant of -1.47 for the reaction of aniline with N-acylaziridine in ethanol at 

50 °C. It is reasonable that the tosyl group is a stronger electron withdrawing group than 

the acyl group. Therefore, it can better stabilize the negative charge built up in the 

reactive site of transition state. 
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Figure 3.2 Hammett plot of ring opening reaction at 50 °C 

 

3.4 Conclusions 

In summary, we have synthesized a series of TsNH(CH2)2NHC6H4X ligands by the 

unassisted ring opening reaction of N-tosylaziridine with anilines in water at 70 °C.  This 

is a practical synthesis that works well for both electron donating and electron 

withdrawing substituents.   The work-up of the reaction is simple and the procedure is 

amenable to large-scale synthesis.  The use of water as a solvent makes this a green 

chemical synthesis alternative to traditional methods.  In addition to its environmental 

benefits, we believe that the reaction is in fact accelerated by water. 
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3.5 Experimental 

NMR data were recorded on a Varian spectrometer at 400 MHz for 
1
H spectra and 

100.4 MHz for 
13

C spectra. Mass data were acquired from a Varian 500 LC-MS using 

direct injection in the positive ESI mode. Tosylated aziridine was prepared according to a 

reported procedure.
76

 

A typical procedure of the ring opening reactions of tosylated aziridine by aniline and 

its derivatives: To a stirred suspension of tosylated aziridine (197 mg, 1.00 mmol) in 6 

mL distilled water was added the aniline derivative (2.00 mmol) in a 15 mL flask with a 

condenser; the resulting mixture was stirred at 70 °C for 1 hour. After completion, the 

reaction flask was cooled down to room temperature. EtOAc (12 mL) was added to 

extract the product and the organic layer was washed with brine (6 mL x 3 times), dried 

over MgSO4. The solvent was removed in vacuo to give the crude product. 

Recrystalization from EtOAc and hexane afforded the pure product. Isolated yields are 

listed in Table 3.1. 

1. TsNH(CH2)2NHC6H4OCH3. White solid. Mp: 100-101 °C.  

1
H NMR (CDCl3): δ 2.42 (s, 3H), 3.12-3.16 (m, 2H), 3.19-3.23 (m, 2H), 3.73 (s, 3H), 

4.93 (t, J=5.6 Hz, 1H), 6.50 (d, J=8.8 Hz, 2H), 6.74 (d, J=8.8 Hz, 2H), 7.28 (d, J=8.4 

Hz, 2H), 7.73 (d, J=8.4 Hz, 2H) 

13
C NMR: δ 21.68, 42.59, 44.63, 55.92, 114.83, 115.07, 127.25, 129.93, 141.47, 

143.74 

MS (m/z): 321.2 [M+H
+
], 343.2 [M+Na

+
] 

2. TsNH(CH2)2NHC6H4OCH2CH3. Light yellow solid. Mp: 81-83 °C. 
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1
H NMR (CDCl3): δ 1.37 (t, J=6.9, 3H), 2.42 (s, 3H), 3. 14-3.17 (m, 2H), 3.19-3.23 

(m, 2H), 3.95 (q, J=6.9, 2H), 4.92 (t, J=6.4 Hz, 1H), 6.50 (d, J=8.8 Hz, 2H), 6.74 (d, 

J=8.8 Hz, 2H), 7.29 (d, J=8.0 Hz, 2H), 7.73 (d, J=8.0 Hz, 2H) 

13
C NMR: δ 15.1, 21.66, 42.55, 44.68, 64.22, 114.88, 115.91, 127.24, 129.92, 136.88, 

141.33, 143.72, 152.18 

MS (m/z): 335.2 [M+H
+
], 357.2 [M+Na

+
] 

3. TsNH(CH2)2NHC6H4CH3. Light yellow solid. Mp: 69-71 °C. 

1
H NMR (CDCl3): δ 2.22 (s, 3H), 2.42 (s, 3H), 3.12-3.16 (m, 2H), 3.21-3.24 (m, 2H), 

4.92 (t, J=6.0 Hz, 1H), 6.45 (d, J=8.4 Hz, 2H), 6.95 (d, J=8.0 Hz, 2H), 7.27 (d, J=8.0 

Hz, 2H), 7.73 (d, J=8.4 Hz, 2H) 

13
C NMR: δ 20.51, 21.68, 42.56, 43.98, 113.45, 127.25, 129.93, 129.98, 136.92, 

143.73, 145.26 

MS (m/z): 305.2 [M+H
+
], 327.2 [M+Na

+
] 

4. TsNH(CH2)2NHC6H5. White solid. Mp: 65-67 °C. 

1
H NMR (CDCl3): δ 2.43 (s, 3H), 3.15-3.20 (m, 2H), 3.26-3.29 (m, 2H), 4.72 (t, 

J=6.0 Hz, 1H), 6.55 (d, J=7.6 Hz, 2H), 6.73 (t, J=7.6 Hz, 1H), 7.15 (t, J=7.6 Hz, 2H), 

7.29 (d, J=8.0 Hz, 2H), 7.74 (d, J=8.0 Hz, 2H) 

13
C NMR: δ 21.68, 42.49, 43.74, 113.30, 118.42, 127.25, 129.50, 129.96, 136.90 

MS (m/z): 291.1 [M+H
+
], 313.1 [M+Na

+
] 

5. TsNH(CH2)2NHC6H4F. White solid. Mp: 126-127 °C. 

1
H NMR (CDCl3): δ 2.41 (s, 3H), 3.08-3.11 (m, 2H), 3.16-3.19 (m, 2H), 6.51-6.54 

(m, 2H), 6.83-6.87 (m, 2H), 7.29 (d, J=7.6 Hz, 2H), 7.71 (d, J=8.0 Hz, 2H) 
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13
C NMR: δ 21.29, 41.75, 44.19, 114.28, 114.35, 115.43, 115.66, 126.84, 129.68, 

136.62, 143.53, 155.00, 157.35 

MS (m/z): 309.2 [M+H
+
], 331.2 [M+Na

+
] 

6. TsNH(CH2)2NHC6H4Cl. White solid. Mp: 140-142 °C. 

1
H NMR (CDCl3): δ 2.42 (s, 3H), 3.14-3.17 (m, 2H), 3.21-3.23 (m, 2H), 4.81 (s, 1H), 

6.45 (d, J=8.8 Hz, 2H), 7.08 (d, J=8.8 Hz, 2H), 7.28 (d, J=7.6 Hz, 2H), 7.72 (d, J=8.4 

Hz, 2H) 

13
C NMR: δ 21.68, 42.27, 43.69, 114.24, 122.79, 127.21, 129.27, 129.97, 136.75, 

143.91, 146.05 

MS (m/z): 325.1 [M+H
+
], 247.1 [M+Na

+
] 

7. TsNH(CH2)2NHC6H4CF3. White solid. Mp: 116-118 °C. 

1
H NMR (CDCl3): δ 2.41 (s, 3H), 3.09 (t, J=6.0 Hz, 2H), 3.24 (t, J=6.0 Hz, 2H), 6.55 

(d, J=8.0 Hz, 2H), 7.30 (d, J=8.4 Hz, 2H), 7.33 (d, J=8.4 Hz, 2H), 7.72 (d, J=8.0 Hz, 

2H) 

13
C NMR: δ 21.35, 41.74, 42.36, 111.66, 126.95, 130.06, 137.78, 143.11, 151.59 

MS (m/z): 359.2 [M+H
+
], 281.1 [M+Na

+
] 

8. TsNH(CH2)2NHC6H4COCH3. White solid. Mp: 124-126 °C. 

1
H NMR (CDCl3): δ 2.43 (s, 3H), 2.50 (s, 3H), 3.18-3.22 (m, 2H), 3.32-3.37 (m, 2H), 

4.50 (t, J=6.0 Hz, 1H), 4.73 (t, J=6.0 Hz, 1H), 6.51 (d, J=8.8 Hz, 2H), 7.30 (d, J=8.4 

Hz, 2H), 7.40 (d, J=8.4 Hz, 2H), 7.80(d, J=9.2 Hz, 2H) 

13
C NMR: δ 21.37, 26.31, 41.82, 42.34, 111.16, 125.53, 126.95, 130.08, 130.87, 

137.78, 143.14, 152.74, 195.43 

9. TsNH(CH2)2NHC6H4CN. Light yellow solid. Mp: 59-61 °C. 
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1
H NMR (CDCl3): δ 2.43 (s, 3H), 3.16-3.21 (m, 2H), 3.29-3.32 (m, 2H), 4.85 (t, 

J=6.0 Hz, 1H), 6.51 (d, J=8.0 Hz, 2H), 7.30 (d, J=8.0 Hz, 2H), 7.39 (d, J=8.0 Hz, 2H), 

7.73(d, J=8.0 Hz, 2H) 

13
C NMR: δ 21.51, 41.76, 42.64, 98.97, 112.30, 120.31, 126.96, 129.85, 133.63, 

136.32, 143.93, 150.73 

10. TsNH(CH2)2NHC6H4NO2. Yellow solid. Mp: 154-156 °C. 

1
H NMR (CDCl3): δ 2.43 (s, 3H), 3.20-3.24 (m, 2H), 3.34-3.39 (m, 2H), 4.79 (t, 

J=6.0 Hz, 1H), 4.94 (t, J=6.0 Hz, 1H), 6.50 (d, J= 9.2 Hz, 2H), 7.31 (d, J=8.0 Hz, 2H), 

7.74 (d, J=8.4 Hz, 2H), 8.06 (d, J=9.2 Hz, 2H) 

13
C NMR: δ 21.35, 41.73, 42.42, 126.59, 126.96, 130.08, 136.29, 137.69, 143.16, 

154.53 

11. TsNH(CH2)2N(C6H5)(CH2)2NHTs 

1H NMR (CDCl3): δ 2.45 (s, 6H), 3.05 (q, J=6.0 Hz, 4H), 3.38 (t, J=6.0 Hz, 4H), 

5.00 (t, J=6.0 Hz, 1H), 6.50-7.70 (m, 13H) 

MS (m/z): 488.1 [M+H
+
], 510.2 [M+Na

+
] 

A typical procedure of the kinetics study on the ring opening reaction: Aniline (9.1 

μL, 0.10 mmol) was added to a suspension of N-tosylaziridine (9.9 mg, 0.050 mmol) in 1 

mL of distilled H2O in a 7 mL glass vial (O.D. x H: 17 mm x 54 mm) and stirred at 50 

°C.  After an appropriate period, the reaction was stopped and the vial was cooled down 

to room temperature. EtOAc (2 mL) was added and the mixture was vigorously shaken.  

Then the organic layer was dried over anhydrous MgSO4 and solvent was removed in 

vacuo. To the residue, CDCl3 solvent (0.7 mL) was added together with 1,4-dioxane (4.3 
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μL, 0.050 mmol) as an NMR internal standard. The conversion and selectivity values 

were determined based on the integrations of the signal for the methylene groups.   
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Chapter 4 Transfer Hydrogenation Using Ru(II) Catalysts with Glycine and Its 

Derivatives as Ligands 

 

4.1 Abstract 

A small series of half sandwich ruthenium complexes with glycine and its N-alkylated 

derivatives as ligands have been synthesized and characterized. Catalysis studies in both 

2-propanol and aqueous sodium formate solution showed that the complexes with glycine 

and N-methylglycine as ligands exhibited very low activities towards the hydrogenation 

of acetophenone in comparison with Noyori’s catalyst; the complex bearing N,N-

dimethylglycine was totally inactive. DFT calculation showed that the optimized 

structure of the complex with glycine as ligand had a relatively large dihedral angle (H-

Ru-N-H) (60.9°) compared to Noyori’s type catalyst (15.6°). This finding indicates that a 

small dihedral angle is a prerequisite for a high catalytic performance, which is consistent 

with the concerted six-membered ring mechanism. 

 

4.2 Introduction 

Besides monotosylated diamine ligands, a variety of bidendate ligands such as β-

amino alcohols and amino amides have been prepared and their effectiveness in Ru(II) 

catalyzed asymmetric transfer hydrogenation (ATH) have been evaluated. One of the 

highest catalytic activities so far has been observed in Ru(II)-catalyzed transfer 

hydrogenation with β-amino alcohols as ligands. For instance, a combination of (1S,2S)-

N-methyl-1,2-diphenylethanol and [RuCl2(ŋ
6
-hexamethylbenzene)]2 formed a catalyst, 

which afforded (S)-1-phenylethanol in 94% yield and 92% ee after 1 h at 28 °C.
33

 Amino 
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amides, on the other hand, also serve as efficient ligands. Chung
34

 reported the use of 

amino amides derived from proline as chiral ligands which catalyzed the reduction of 

acetophenone in 97% conversion with an 80% ee in 7 h at 30 °C.  

Even though β-amino alcohols and amino amides are good ligands for this application, 

they are expensive or scarcely available. In comparison, α-amino acids are inexpensive 

and easily accessible, but they have only received little attention. The Furukawa’s 

group
36,37

 first reported their results by employing a group of α-amino acids as ligands 

which were found to be effective ligands for asymmetric transfer hydrogenation of 

ketones from 2-propanol in the presence of KOH, and enantiomeric excesses of the 

products reached up to 92%. The complex containing proline as ligand gave the best 

enantioselectivity among the α-amino acidate-Ru complexes used, and this is because the 

five-membered ring in proline makes rigid transition state structure on the ruthenium 

center.  

Glycine, being the simplest α-amino acid, was not included in the ligand scope 

probably because it lacks chiral center. Without any modification on the C-C backbone, 

however, glycine as ligand can allow us to carefully investigate the role of the α-amino 

acid itself on the catalytic activity. In this chapter, we report the synthesis of the Ru(II) 

complexes with glycine, N-methylglycine and N,N-dimethylglycine as ligands, followed 

by catalysis tests on each complex in both 2-propanol and aqueous sodium formate 

solution. Theoretical calculations were carried out to investigate the poor performance of 

using α-amino acid as ligand. Compared to TsDPEN, glycine affords the Ru complex a 

relatively large dihedral angle (H-Ru-N-H), explaining the low activity of using α-amino 

acid as ligand. 
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4.3 Results and discussion 

 

 

Scheme 4.1 Synthesis of half sandwich Ru complexes bearing glycine and its derivatives 

 

Complexes 2A, 2B, 2C were synthesized by the reaction of glycine, N-methylglycine, 

N,N-dimethylglycine with [RuCl2(p-cymene)]2 dimer 1 in MeOH in the presence of an 

equimolar amount of KOH (Scheme 4.1). Due to the chirality on the metal center, 

complex 2A and 2C exist as a pair of enantiomers respectively which cannot be 

distinguished by NMR spectroscopy. Complex 2B, in contrast, exists as two pairs of 

enantiomers (SRu, SN), (RRu, RN), (SRu, RN) and (RRu, SN), which can be verified by 

analysis of 
1
H NMR chemical shifts of the methyl group on the nitrogen. The 

enantiomeric pair where N-CH3 group points toward the chloride, have a chemical shift at 

δ 3.1; whereas, the enantiomeric pair where N-CH3 group is directed toward the cymene, 

have a chemical shift at δ 2.7. The ratio of these two enantiomeric pairs is 24:76 based on 

the integration of the N-CH3 signals. Since these two enantiomeric pairs give rise to the 

same catalytic activities of hydrogenation, the diastereomeric mixture of the complexes 

was used without separation in this study.
37

 



54 

 

It was reported
34

 that 2-propanol can be used as hydrogen source when amino acids or 

their derivatives are used as ligands, while the HCOOH/NEt3 azeotrope cannot serve as 

hydrogen source. Therefore, the catalysis tests were carried out in 2-propanol. Aqueous 

sodium formate solution was also tested to check its feasibility as hydrogen source. In 

each medium, two approaches of catalysis tests were carried out, i.e., catalysis in situ and 

catalysis based on using precatalyst.  

 

Table 4.1 Transfer hydrogenation of acetophenone in 2-propanol or HCOONa/H2O 

catalyzed by ruthenium (II) complexes bearing α-amino acidate ligand 

Catalyst 

Conversion
a
 (%) 

2-Propanol HCOONa/H2O 

In situ
b
 Precatalyst

c
 In situ Precatalyst 

2A 13 30 3 2 

2B 10 34 1 3 

2C 0 0 0 0 

Noyori Catalyst 60 / 100 / 

 

Conditions: S/C = 100, N2, RT, 24 h. 

a
Based on acetophenone. 

b
Ru dimer and ligand react first before the substrate is loaded in. 

c
2A, 2B, 2C are used as precatalysts. 
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Table 4.1 shows the results of catalysis with complexes 2A, 2B, 2C. These three 

complexes exhibited substantially diminished catalytic activities compared to Noyori’s 

catalyst in 2-propanol, and much lower activities in HCOONa solution. Complex 2A and 

2B gave almost the same performance; however, complex 2C did not show any activity. 

This confirms that the N-H moiety is necessary for an efficient reduction. It was observed 

that the catalytic performance of 2A and 2B in 2-propanol ceased after 24 h, while the 

catalysis still continued in HCOONa/H2O even after 6 days. This observation verified the 

drawback of using 2-propanol as the hydrogen source, which is the reversibility of the 

reaction. Another drawback is the catalytic reaction in 2-propanol is air sensitive because 

the reaction solution became darker after certain periods. 

Careful examination of the catalysis with complex 2C leads to further investigation. 

Although complex 2C does not have N-H functionality and the catalysis reaction cannot 

follow a bifunctional mechanism, it is still possible to adopt the conventional insertion 

mechanism. The key step of using complex 2C as catalyst is the transformation of Ru-Cl 

complex (2C) to Ru-H complex. The absence of an N-H moiety, however, prevents the 

entrance into the catalytic cycle by dehydrohalogenation. To form the Ru hydride species, 

AgBF4 was used to extract chloride to form a Ru hydrate intermediate; then HCOONa 

was added to react with the Ru hydrate species to generate the Ru hydride complex 

(Scheme 4.2). Catalysis using complex 2C together with AgBF4, however, failed again. 

This leads us to conclude that complex 2C could not catalyze the substrate by following 

either the conventional or the bifunctional mechanism.  
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Scheme 4.2 Formation of Ru hydride species 

 

Complexes 2A and 2B show much slower reaction rates in aqueous sodium formate 

solution than that in 2-propanol. This is in contrast to the Ru catalysts with 

monotosylated diamines or amino alcohols as ligands, which generally accelerate the 

transfer hydrogenation by 4 or 5 times in water (Table 4.2). Ru catalysts with amino 

amide as ligands, however, also show significantly diminished activities in aqueous 

solution.  

 

Table 4.2 Reaction rate ratio of Noyori’s type catalysts in aqueous and organic solvents 

Catalyst 

 
 

 
 

Rateaqua. 

/Rateorg. 
~5

2,38
 ~4

33,77
 ~1/20

34,35
 ~1/10 

  

 

These observations intrigued us to correlate their performances with their aqueous 

solubilities. Complexes containing monotosylated diamine ligands and amino alcohol 

ligands are usually insoluble in water, in comparison, complexes with amino amide 
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ligands and amino acid ligands have enhanced aqueous solubilities due to the 

introduction of carbonyl groups into the ligands.  This comparison tells us that low 

solubility of the catalyst in water is a prerequisite for high catalytic activity in water. This 

unusual finding encourages us to further explore the role of water as catalysis medium, 

which will be reported in Chapter 5. 

The poor catalytic activities of complex 2A and 2B in 2-propanol were unexpected. 

Similar to the monotosylated diamine ligand and amino alcohol ligand, α-amino acid 

ligand coordinates unto ruthenium to form a five-membered ring and most importantly it 

also has two N-H groups which have been considered as the key components for 

bifunctional hydrogenation. The structures of two complexes, (arene)Ru(H)glycine and 

(arene)Ru(H)TsEN, were optimized based on DFT calculation (Figure 4.1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Optimized structures of (arene)Ru(H)glycine and (arene)Ru(H)TsEN 

Ru-H2:1.584

N-H9:1.021

Ru-N:2.155

Ru-O:2.069

H2-Ru-N-H9:60.9o

+0.039

+0.427

Ru-H2:1.585

N6-H25:1.022

Ru-N6:2.163

Ru-N7:2.075

H2-Ru-N6-H25:15.6o

+0.025

+0.422
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Both complexes adopt the piano stool conformation, however, a distinct difference lies 

in the dihedral angle (H-Ru-N-H). The complex with glycine as ligand bears a relatively 

large dihedral angle (60.9°), in contrast, the complex with the monotosylated diamine 

ligand has a quite small dihedral angle (15.6°). This difference could well explain why 

the catalyst containing glycine gives poor reactivity. A planar dihedral angle tends to 

facilitate the concerted six-membered ring transition state, lowering the activation barrier 

and dramatically enhancing the reaction rates. 

 

4.4 Conclusions 

Half-sandwich Ru(II) complexes with glycine and its N-alkylated derivatives as 

ligands were synthesized and characterized by NMR spectroscopy. These complexes 

exhibited dramatically diminished catalytic activities on the hydrogenation of 

acetophenone compared to Noyori’s catalyst. DFT calculations suggest that the large 

dihedral angles (H-Ru-N-H) are responsible for their poor performances. 

 

4.5 Experimental 

All reagents were purchased from Sigma-Aldrich and used without any further 

purification. All complexes were synthesized using the standard Schlenk techniques and 

fully characterized through 
1
H NMR experiments recorded on a Varian 300 spectrometer 

using TMS as an internal standard. Ru complexes were prepared by following the 

reported procedure with minor modification.
78

 All catalysis experiments were carried out 

under nitrogen. 
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A. Synthesis of Complexes 2A, 2B, 2C  

[RuCl2(p-cymene)]2 (0.100 g, 0.163 mmol), amino acid (0.326 mmol), and potassium 

hydroxide (0.0180 g, 0.326 mmol) were dissolved in 5 mL methanol and stirred for 1 

hour. The resulting red solution was concentrated in vacuo, and dichloromethane was 

added. Potassium chloride precipitated and was filtered off. Addition of diethyl ether to 

the red solution caused the precipitation of the desired product. The latter was filtered and 

dried under vacuum to give an orange solid product. Yield: 70%~80%.  

1
H NMR of complex 2A (methanol-d4, 298 K, 300 MHz) 

 

δ 6.30 (m, 1H, NH), 5.70-5.30 (m, 4H, aromatic H), 4.20 (m, 1H, NH), 3.05 (m, 2H, 

H8), 2.82(sept, 1H, 
3
J=7.1 Hz, H6), 2.18 (s, 3H, H1), 1.35 (m, 6H, 

3
J=7.1 Hz, H7). 

1
H NMR of complex 2B (methanol-d4, 298 K, 300 MHz) 

 

δ 6.90 (m, 1H, NH), 5.70-5.45 (m, 4H, aromatic H), 3.10 (d, 0.7H, 
3
J=5.5 Hz, CH3-N), 

3.0-2.8 (m, 3H, H8+H6), 2.75 (d, 2.3H, 
3
J=5.5 Hz, CH3-N), 2.18 (s, 3H, H1), 1.32 (m, 

6H, 
3
J=6.3 Hz, H7). 

1
H NMR of complex 2C (CDCl3, 298 K, 300 MHz) 
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δ 5.40-5.30 (m, 4H, aromatic H), 3.55 (d, 1H, 
2
J=15.6 Hz, H8), 3.10 (s, 3H, NCH3), 

2.95 (sept, 1H, 
3
J=6.2 Hz, H6), 2.88 (s, 3H, NCH3), 2.40 (d, 1H, 

2
J=15.6 Hz, H8), 2.22 (s, 

3H, H1) 1.33 (d, 6H, 
3
J=6.2 Hz, H7). 

B.1 In situ catalysis experiment: (in H2O) 

A suspension of [RuCl2(p-cymene)]2 (3.0 mg, 0.0050 mmol) and amino acid (0.010 

mmol) as well as potassium hydroxide (0.56 mg, 0.010 mmol) in H2O (2 mL) was 

degassed three times and stirred at 40 °C for 1 hour. HCOONa (680 mg, 10.0 mmol) and 

acetophenone (117 µL, 1.0 mmol) were then introduced. The mixture was degassed three 

times and stirred for 24 hours at room temperature. Afterwards, the organic compounds 

were extracted with Et2O, dried over MgSO4. The solvent was removed in vacuo and a 

sample of the clear liquid product was mixed with CDCl3 for 
1
H NMR. The conversion 

was determined by taking the ratio of the integration of the signal for the methyl group of 

acetophenone (s, 2.6 ppm) and that of 1-phenylethanol (d, 1.5 ppm).  

B.2 In situ catalysis experiment: (in 2-propanol) 

A mixture of [RuCl2(p-cymene)]2 (3.0 mg, 0.0050 mmol) and amino acid (0.010 

mmol) as well as potassium hydroxide (0.56 mg, 0.010 mmol) in freshly distilled and 

degassed 2-propanol (5 mL) was stirred for 1 hour. Then acetophenone (1.0 mmol) and 

potassium hydroxide (0.56 mg, 0.010 mmol) in 10 mL 2-propanol was introduced and the 

whole mixture was stirred for 24 hours. 2-propanol was removed under vacuum and 
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water-Et2O extraction was carried out to separate the organic compounds. Similar to the 

procedure in B.1, the conversion was determined by NMR analysis. 

C.1 Precatalyst catalysis experiment: (in H2O) 

Ruthenium complex (0.010 mmol) in 4 mL H2O was degassed three times. HCOONa 

(680 mg, 10.0 mmol) and acetophenone (1.0 mmol) were then introduced. The mixture 

was degassed three times and stirred for 24 hours at room temperature. Afterwards, the 

organic compounds were extracted with Et2O. Similar to the procedure in B.1, the 

conversion was determined by NMR analysis. 

C.2 Precatalyst catalysis experiment: (in 2-propanol) 

A solution of acetophenone (0.60 g, 5.0 mmol) in 2-propanol (49.5 mL) and a solution 

of ruthenium complex (0.05 mmol) with KOH (0.05 mmol) in 2-propanol (0.5 mL) were 

mixed and degassed three times. The resulting mixture was stirred for 24 hours at room 

temperature. This solution was neutralized by adding 0.1 M hydrochloric acid and solvent 

was removed under reduced pressure. The residue was extracted with water and ethyl 

acetate. Similar to the procedure in B.1, the conversion was determined by NMR 

analysis. 

D. Computational details: 

Geometry optimization was performed on Gaussian 03.
79

 The DFT functional,
80

 

specifically with the Becke’s three-parameter hybrid exchange functional
81

 and the Lee-

Yang-Parr correlation functional (B3LYP),
82

 was utilized for the geometry optimizations. 

The standard LANL2DZ basis set
83-86

 was used.  
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Chapter 5 Integration of Phase Transfer Catalysis into Aqueous Transfer 

Hydrogenation 

 

5.1 Abstract 

  Aqueous transfer hydrogenation using Noyori’s catalyst was found to be dependent 

on the substrate/catalyst ratio. The reaction was suppressed when a large amount of 

substrate was used. To relieve this substrate inhibition problem, common phase transfer 

catalysts were applied to transfer the formate anion from aqueous layer to organic layer. 

Quaternary ammonium salts with long alkyl chains were shown to enhance the reactivity 

by 4 to 5 times. The catalysis conditions, including catalyst concentration, temperature, 

stirring rate, counterions and so on, were optimized to give the best results. 

 

5.2 Introduction 

  The application of water as a solvent in organic and organometallic reactions has 

gained increasing attention during the last couple of decades.
87,88

 In comparison with 

traditional organic solvents, water bears a number of attractive physicochemical features: 

it is non-flammable, non-toxic, non-explosive and non-carcinogenic. Besides, water is the 

least expensive and most easily accessible solvent. All these properties have led to the 

extensive application of water as a solvent in the development of environmentally benign 

chemical processes.  

  Enabling catalysis in water, especially transition metal catalyzed processes, also 

received widespread interest.
89-93

 The activity of the catalyst and simplicity of the 

catalytic procedure depend on the solubility of the catalysts, substrates and products in 
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water. Catalysis in water can be homogeneous or biphasic. In homogeneous catalysis, all 

the reactants, products and catalysts are water soluble, hence the separation of products 

from catalysts is challenging. In biphasic catalysis, the substrate has limited solubility in 

water and two layers form if a large loading of substrate is present. The catalysis is 

presumed to take place in the interface.
94,95

 This offers an easy separation of the aqueous 

catalyst phase from the product phase provided that the products have limited solubility 

in water. Disadvantages of the catalysis in water are the need for water soluble catalysts 

and the reduced catalytic activity when going from organic solvents to water.   

  As mentioned in previous chapters, 2-propanol and the azeotropic HCOOH/NEt3 

mixture are the most popular solvents for transfer hydrogenation. Transfer hydrogenation 

in water was relatively unstudied until a few years ago.
38,39,96-100

 Joo and co-workers
101

 

first reported aldehydes in aqueous conditions can be reduced to alcohols by HCOONa 

with Ru(II), Rh(I) and Ir(I) catalysts bearing water-soluble ligand (monosulphonated 

triphenylphosphine). Subsequently, both the Ogo group
102

 and the Suss-Fink group
103,104

 

reported results on the transfer hydrogenation of using water-soluble half-sandwich Ru 

catalysts in aqueous HCOONa or HCOOH solutions. These half-sandwich Ru catalysts 

do not fall into the category of metal-ligand bifunctional catalysis since they lack the NH 

moiety. In 2001, Williams, Blacker and co-workers
105

 first investigated the transfer 

hydrogenation with water-soluble, Noyori type catalysts. The catalyst was generated in 

situ by reacting sulfonated TsDPEN ligand with [RuCl2(p-cymene)]2 dimer. In the same 

year, Chung’s group
106

 also reported a water-soluble arene Ru catalyst containing (S)-

proline amide ligand. Both of these two bifunctional catalysts introduce hydrophilic 

ligands to enhance water solubility. The catalysis is biphasic when hydrophobic organic 
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substrates are present, and the catalysts reside in the aqueous phase, thus promoting the 

solubility of the substrates by using surfactants is needed in most cases. In 2004, Xiao’s 

group
38

 discovered that the unmodified Noyori’s catalyst can efficiently perform transfer 

hydrogenation in aqueous HCOONa solution. Within 1 hour, acetophenone can be fully 

converted to products with 1 mol% loading of Noyori’s catalyst. In contrast, same 

reaction in HCOOH/NEt3 azeotrope requires more than 10 hours. Even though Noyori’s 

catalyst has limited solubility in water, it is easily dissolved in warm water (45 °C) at the 

catalyst loading (~1 mol%) while insoluble in non-polar solvents such as diethyl ether at 

the catalytic loading. Thus separation of catalysts and products is easily achieved by 

simple extraction. Besides the high activity and easy workup operation, Xiao’s 

group
107,108

 also found the catalysis can be modulated by pH and the reaction can be 

carried out in air without degassing. The remarkable performance of Noyori’s catalyst in 

aqueous sodium formate solution intrigues researchers to clarify the mechanism and the 

role of water. Due to the much higher solubility of the catalysts in the substrate ketones 

and products alcohols, the catalysis is considered to take place “on water” rather than in 

water, i. e., the interface between organic layer and aqueous layer.  

  Although highly efficient hydrogenation can be achieved in this biphasic system, 

some concerns need to be addressed. The catalyst is partitioned between the organic 

substrate phase and the aqueous phase, and it resides mostly in the organic phase. This 

accelerates the hydrogenation due to the high concentration of catalyst. The regeneration 

of the catalyst, however, may become problematic since the hydrogen source formate 

only resides in aqueous layer. In addition the biphasic reactions generally are inhibited by 

an excess of the substrate. To obtain a satisfactory result, the substrate concentration is 
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usually maintained at a low level which limits the scale-up production by using this 

method. Therefore, it is necessary to find solutions to alleviate these problems. 

  We propose that using phase transfer catalyst can enhance the catalytic performance 

of Noyori’s catalyst at high substrate concentration. Phase transfer catalysis has proven to 

be extremely powerful in organic synthesis.
109-112

 Organic-soluble quaternary ammonium 

or phosphonium cations have been found to be excellent agents for the transport of anions 

from aqueous phase to an organic phase. Catalysis of the cyanide displacement on 1-

bromooctane (RBr) by quaternary salt (QBr) (Q
+
: quaternary ammonium or 

phosphonium) is represented in eq 1.
110

 In this way a little organic soluble quaternary salt 

dramatically increases the displacement reaction rate. 

 

 

 

It was shown the transfer hydrogenation of aromatic aldehydes with RuCl2(PPh3)3 in 

aqueous sodium formate was enhanced by using catalytic amounts of quaternary 

ammonium salts
96

. We propose that using those phase transfer agents can essentially 

solve the substrate inhibition problem and probably shed light on the mechanism of the 

biphasic transfer hydrogenation. Herein we report the results of applying different phase 

transfer catalysts into aqueous transfer hydrogenation as well as the optimization of 

reaction conditions. 
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5.3 Results and Discussion 

5.3.1 Observation of substrate inhibition 

Acetophenone was used as the substrate throughout all the experiments.  Figure 5.1 

shows the relationship between TOF (turnover frequency) and the concentration of 

acetophenone. The concentration of acetophenone is denoted as S/C (substrate/catalyst) 

ratio (10~2000) since the same amount of catalyst is maintained. All TOF values are 

derived from the first hour reactions at different substrate concentrations, i.e., TOF = 

(%conversion) x (S/C ratio) / (time). 

 

 

Figure 5.1 Dependence of TOF on the ratio of substrate (S) to catalyst (C) (the upper 

insert shows the expanded S/C region between 0 and 200) 

Conditions: 0.01 mmol Ru(II) catalyst, 10 mmol HCOONa, VolumeH2O  = 10 mL, 45 °C. 
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A sharp peak is observed around S/C = 200 with the highest TOF (~140 h
-1

). Below 

S/C of 200, TOF shows a good linear relationship against S/C, suggesting a first order 

dependence on the concentration of acetophenone, however, TOF dramatically declines 

at S/C = 200. Beyond S/C of 300, TOF gradually slows down to 20 h
-1

 (S/C = 2000). The 

sluggish reaction rates at high S/C ratios suggest the substrate inhibition effect.   

The sharp peak intrigued us to explore the mechanism of catalysis. Since a small 

amount of acetophenone is soluble in water and a large amount of acetophenone separate 

out from the aqueous phase, we suspected originally that phase separation occurred at 

S/C = 200. The reaction mixture is homogeneous below this point while becomes 

heterogeneous beyond this point. This hypothesis, however, was neither in agreement 

with the solubility of acetophenone nor with the experimental observation. The solubility 

of acetophenone in water is 5.5 g/L at 25 °C and 12.2 g/L at 80 °C, therefore the 

solubility at 45 °C is estimated as 7.6 g/L, which corresponds to 76 mg (0.63 mmol) 

acetophenone in 10 mL water, so this boundary point should be at S/C = 63. This is also 

consistent with the observation that a homogeneous mixture was formed when S/C = 50, 

while tiny organic droplets started forming when S/C = 100.  

It is believed that the reaction takes place on the interface between organic substrate 

and water in biphasic catalysis. Below S/C = 63, catalysis occurs everywhere in the 

solution because of no phase separation; above this point, organic substrate starts forming 

its own layer, however, this layer is dispersed to tiny droplets due to the high stirring rate. 

Catalyst has higher solubility in organic substrate than in water, therefore these organic 

droplets start absorbing the catalyst. The reaction surface is considerably large on these 
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tiny but numerous droplets, thus the reaction rate continues to increase. However, these 

small droplets tend to converge together to form big droplets at the higher concentration 

of acetophenone. Under these conditions, reaction surface dramatically decreases, 

explaining the sharp decrease of TOF. As the organic bulk continues to grow bigger, the 

concentration of catalyst in organic layer slowly decreases, explaining the decrease of 

reaction rates in a slow pace.  

 

 

Figure 5.2 Proposed diagram of biphasic transfer hydrogenation 

 

At high S/C ratio, the organic layer appears brown while the water layer appears light 

yellow, indicating most of the catalyst is located in the organic layer since the catalyst is 

the only colored species in the reaction mixture. Figure 5.2 illustrates the location of each 

species in the aqueous solution. The accumulation of the catalyst in the organic layer 

obviously enhances the hydrogenation step, but it also brings up a severe problem which 

is the inhibition of the regeneration step. After catalyzing the substrate, catalyst becomes 

the Ru amido intermediate which needs the hydrogen source formate to regenerate the 

active catalyst, however, the formate only resides in aqueous layer which inhibits the 
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regeneration step. To alleviate this problem, we propose that by using phase transfer 

catalyst, the formate could be transferred to the organic phase to speed up the 

regeneration step, therefore the catalytic performance can be enhanced.  

 

5.3.2 Screening phase transfer catalyst 

 

 

Figure 5.3 Screening of different phase transfer catalysts 

Conditions: 0.01 mmol Ru(II) catalyst, 50 mmol HCOONa, VolumeH2O  = 10 mL, 45 °C, 

S/C = 2000, phase transfer catalyst loading = 1 mmol, stirring rate = 700 rpm. 

TBAB: tetrabutylammonium bromide 

THAHS: tetrahexylammonium hydrogensulfate 

THAB: tetraheptylammonium bromide 

Ph4PBr: tetraphenylphosphonium bromide 

TMSI: trimethylsulfonium iodide 

TMAB: tetramethylammonium bromide 
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A high S/C ratio (2000) was applied to screen for the best phase transfer catalyst. 

Excess amount of HCOONa (50 mmol) was loaded to insure its sufficiency to regenerate 

the catalyst.  Six phase transfer catalysts were screened to study the structural effects on 

the reaction rates; the results are shown in Figure 5.3. The data reveal the reaction rates 

can be enhanced by 4 or 5 times by using quaternary ammonium or phosphonium salts 

with longer alkyl or aromatic chains. In comparison, the salts with short chains such as 

methyl group have almost no effect on the reaction rates. It is well known that longer 

alkyl chains afford the catalyst more lipophilicity, therefore imparting better ability to the 

salts for transporting the formate to the organic phase. This finding supports our 

hypothesis that the formate can be delivered to the organic layer to regenerate the 

catalysts, therefore alleviating the substrate inhibition problem.  

An inverse phase transfer catalyst, β-cyclodextrin, was tested with the aim of 

increasing the solubility of ketone in water. β-Cyclodextrin has been shown to increase 

the solubility in water of hydrophobic compounds by forming inclusion complexes.  Our 

result shows only a slight increase on the reaction rate, indicating the mass transportation 

of acetophenone by using β-cyclodextrin is inefficient or β-cyclodextrin does not 

contribute to accelerate the regeneration step. 

 

5.3.3 Effect of the [HCOONa] 

The amount of HCOONa , the key species in phase transfer process, was found to be 

crucial in determining the catalytic performance. Figure 5.4 shows the dependence of the 

reaction rates on the loading of sodium formate in the aqueous layer. An increase in the 
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reaction rate is observed when [HCOONa] is lower than 3 M; at higher concentrations the 

rate levels off. Since [TBAB] = 0.1 M, it can be concluded that 3-4 mol% loading of the 

phase transfer catalyst relative to the amount of formate can afford the best catalytic 

performance. 

 

         

Figure 5.4 Dependence of TOF on the concentration of HCOONa 

Conditions: 0.01 mmol Ru(II) catalyst, 1 mmol TBAB, VolumeH2O = 10 mL, 45 °C, S/C = 

2000, stirring rate = 700 rpm. 

 

5.3.4 Effect of the temperature 

The effect of temperature on the reaction rate shown in Figure 5.5 clearly indicates 

that the hydrogenation can be dramatically accelerated with an increase in temperature. 

Presumably the reaction rate is first order on the substrate, a rate law equation can be 

written as: rate = kobs[S].   An Eyring plot of ln(kobs/T) versus 1/T  is drawn (Figure 5.6) 

and an activation enthalpy of 8.1 kcal/mol was derived. Xiao’s group
97

 also investigated 

the temperature dependence of transfer hydrogenation of acetophenone in the DMF/H2O 
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mixture, which gave an activation enthalpy of 12.8 kcal/mol. A smaller activation energy 

in our study is consistent with the rate acceleration from the phase transfer catalysis.  

 

 

Figure 5.5 Dependence of TOF on the temperature 

Conditions: 0.01 mmol Ru(II) catalyst, 1 mmol TBAB, VolumeH2O = 10 mL, 5 M 

HCOONa, S/C = 2000, stirring rate = 700 rpm. 

 

 

Figure 5.6 Eyring plot of ln(kobs/T) versus 1/T 
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5.3.5 Effect of the volume of water 

 

 

Figure 5.7 Dependence of TOF on the volume of water 

Conditions: 0.01 mmol Ru(II) catalyst, 1 mmol TBAB, 50 mmol HCOONa, 45 °C, S/C = 

2000, stirring rate = 700 rpm. 

 

The effect of water volume on the reaction rate is depicted in Figure 5.7. Below 6 mL 

of water, TOF is shown to slightly increase to a peak point. This is because 2 mL of water 

is insufficient to dissolve 50 mmol HCOONa, resulting in a cloudy mixture. The phase 

transfer catalysis under this condition cannot be fully functioned. Above 6 mL of water, 

the reaction rate gradually decreases and the TOF drops from 474 h
-1

 to 296 h
-1

 as going 

from 6 mL water to 18 mL water. This is because the concentration of formate as well as 

other species decreases when more water is used.  This observation reveals that an 

appropriate amount of water should be adjusted to obtain the optimum performance.  
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5.3.6 Effect of the stirring speed 

 

 

Figure 5.8 Dependence of TOF on the stirring speed 

Conditions: 0.01 mmol Ru(II) catalyst, 1 mmol TBAB, 5 M HCOONa, VolumeH2O = 10 

mL, 45 °C, S/C = 2000. 

 

The reaction rate was shown to depend strongly on the stirring rate (Figure 5.8). A 

>500 rpm stirring rate is needed to reach the maximum reaction rate. This can be 

explained in two scenarios: first, the transportation of formate form the aqueous to the 

organic phase depends on how well these two layers are mixed, in other words, a higher 

stirring speed optimizes the condition of phase transfer catalysis; second, higher stirring 

of these two layers can increase the interfacial area which might be the active site of the 

hydrogenation, leading to a higher performance.    
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5.3.7 Effect of the concentration of TBAB 

 

 

Figure 5.9 Dependence of TOF on the concentration of TBAB 

Conditions: 0.01 mmol Ru(II) catalyst, 5 M HCOONa, VolumeH2O = 10 mL, 45 °C, S/C = 

2000, stirring rate = 700 rpm. 

 

The amount of the phase transfer agent was varied to study its effect on the reaction 

rate. As shown in Figure 5.9, it is clear that as low as 0.5 mol% loading of TBAB can 

efficiently catalyze the reaction. The high activity of the phase transfer catalyst makes it 

more promising when it comes to applying PTC towards large-scale production. It is also 

noted that a higher loading of TBAB shows a negative effect on the catalysis.  
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5.3.8 Screening the counterion 

 

 

Figure 5.10 Dependence of TOF on the counterion 

Conditions: 0.01 mmol Ru(II) catalyst, 5 M HCOONa, 1 mmol TBAB, VolumeH2O = 10 

mL, 45 °C, S/C = 2000, stirring rate = 700 rpm. 

 

The regeneration step needs both a hydride and a proton source. Upon using the phase 

transfer catalyst, the reaction rate was raised by 4 to 5 times due to the transportation of 

the formate, the hydride donor, from the aqueous to the organic layer. The proton source 

in the organic layer, however, was not abundant. So a series of counterion compounds 

containing a proton source were chosen to deliver more protons to the organic layer 

(Figure 5.10). It shows that those counterions deteriorate the catalytic activity or totally 

poison the catalyst. Table 5.1 shows the pKa values of the selected counterions. It is 

noted that overall, the counterions with low pKa values give a worse performance than 
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those with high pKa value. This suggests that the pH is a crucial factor in aqueous 

transfer hydrogenation to determine the catalytic activity.  

 

Table 5.1 pKa values of the selected counterions 

Counterion pKa 

KHSO4 2.0 

NaHCO3 10.3 

NaHSO3 6.9 

NaH2PO4 6.8 

DSHC 6.4 

Octanoic acid 4.9 

Phenol 9.9 

CF3CH2OH 12.3 

 

 

5.4 Conclusions 

The integration of the phase transfer catalysis into the aqueous transfer hydrogenation 

can enhance the catalytic activities by 4 to 5 times. This method dramatically alleviates 

the substrate inhibition problem when a large amount of substrate is loaded. It provides a 

new route for the large-scale production based on the aqueous transfer hydrogenation.  

 

5.5 Experimental 

Catalysis was carried out under a nitrogen atmosphere. Conversions were monitored 

by 
1
H NMR spectroscopy. The 

1
H NMR spectra were recorded with TMS as an internal 

standard on a Varian 400 spectrometer.  
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A typical catalytic reaction was carried out in the following manner: [RuCl2(p-

cymene)]2 (3.1 mg, 0.0050 mmol) was combined with (S,S)-TsDPEN (4.4 mg, 0.012 

mmol) in a 50 mL round-bottomed flask equipped with a stir bar and a water cooler 

condenser. Next, distilled water (10 mL) was added and the reaction mixture was stirred 

at 45 °C for 30 minutes until a homogeneous yellowish solution formed. The condenser 

was removed for a short time while HCOONa (3.4 g, 50 mmol), the phase transfer 

catalyst and acetophenone (2.34 mL, 20.0 mmol) were added to the reaction vessel. The 

reaction was continued for one hour, and then the reaction flask was cooled down in cold 

water bath. Ethyl acetate (20 mL) was added to extract the organic compounds. The 

organic layer was dried over MgSO4 and filtered. The solvent was removed in vacuo and 

a sample of the clear liquid product was mixed with CDCl3 for 
1
H NMR. The conversion 

was determined by taking the ratio of the integration of the signal for the methyl group of 

acetophenone (s, 2.6 ppm) and that of 1-phenylethanol (d, 1.5 ppm).  
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Chapter 6 A Mild and Highly Efficient Direct Reductive Amination  

in Neat HCOOH/NEt3 Mixture 

 

6.1 Abstract 

An efficient and mild method for direct reductive amination of aldehydes with primary 

and secondary amines using Ru(II) catalyst in the HCOOH/NEt3 mixture has been 

developed. The catalytic system formed in situ allows full conversion of aldehydes with 

high selectivities towards the desired amine products within hours or even minutes at 

room temperature. This method overcomes the inherent drawbacks from using formic 

acid as a reducing agent, such as the requirement of high temperature and the formation 

of N-formylated side products. A 5:3 HCOOH/NEt3 mixture has been shown to be a more 

efficient medium than the 5:2 HCOOH/NEt3 azeotrope in terms of reducing aldehydes, 

ketones, as well as imines, with only a slight loss on the selectivity of reductive 

amination. 

 

6.2 Introduction 

Direct reductive amination
113-115

 of carbonyl compounds provides an attractive method 

for preparing amines, a family of molecules of great interest in pharmaceutical
116

 and 

agrochemical industry.
117

 The term ‘direct reductive amination’ refers to a reaction in 

which a mixture of a carbonyl compound and an amine compound is treated with a 

suitable reducing agent in a one-pot operation to produce an alkylated amine. The two 

commonly used direct reductive amination processes are based on either hydride 

reducing agents or metal-based catalytic hydrogenation.  
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Among the hydride reducing agents, sodium cyanoborohydride (NaBH3CN)
118,119

 and 

sodium triacetoxyborohydride (NaBH(OAc)3)
120

 are the ones most commonly used. The 

successful use of NaBH3CN is due to its stability in relatively strong acidic solutions 

(~pH 3), its solubility in hydroxylic solvents such as methanol, and its different 

selectivities at different pH values.
121

 Limitations of this method are the requirement of 

up to fivefold excess of amine,
121

 possible contamination of the product with cyanide,
122

 

and the high toxicity of the reagents. The other hydride reagent, NaBH(OAc)3, has not 

been successful for aromatic and unsaturated ketones.
123

 Furthermore, NaBH(OAc)3 is 

flammable, water-reactive, and poorly soluble in most of the commonly used organic 

solvents.  

On the other hand, metal-based catalytic hydrogenation, especially heterogeneous 

hydrogenation,
124

 has long been practiced. Even though the use of molecular hydrogen is 

economically and ecologically attractive, this method involves use of high pressure and 

temperature which poses significant safety hazards. The application is also limited by its 

relatively poor chemoselectivity, for example, reduction of C=O, C=C, and NO2 over 

C=N.
124

 Literature has a plenty of heterogeneous hydrogenation processes, but little 

attention has been paid to homogeneous catalysis on direct reductive amination.
125-128

  

Transfer hydrogenation using Noyori’s catalyst has achieved great success in the 

reduction of ketones and aldehydes, as mentioned in previous chapters. Its application in 

the reductions of imines, the key intermediate in direct reductive amination, is less 

developed. In 1996, Noyori et al. reported imine reduction by arene-Ru(II)-TsDPEN 

system in 5:2 formic acid/triethylamine azeotrope with various aprotic solvents, such as 

acetonitrile, DMF, acetone, DMSO and dichloromethane
129

 (Scheme 6.1). 
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Scheme 6.1 Asymmetric transfer hydrogenation of imine with Noyori’s catalyst 

 

This reaction is particularly useful for asymmetric reduction of cyclic imines with high 

efficiency and enantioselectivity, towards the synthesis of natural and unnatural 

isoquinoline alkaloids. In 2003, the Wills group
130

 discovered a one-pot process (Scheme 

6.2) for the enantioselective synthesis of cyclic amines via a sequence of deprotection 

followed by intramolecular reductive amination of t-Boc-protected amino ketones under 

asymmetric transfer hydrogenation conditions.  

 

 

Scheme 6.2 One-pot synthesis of cyclic amine with Noyori’s catalyst 

 

So far, Noyori’s catalyst has been mainly applied to the reduction of cyclic imine, and 

there are few studies on the reduction of acyclic imine
41

 by other catalysts. Therefore, it 

would be very beneficial if we can expand the application of Noyori’s catalyst into 

acyclic imine reduction. This reaction, however, is not as straightforward as expected. 
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The challenge of the direct reductive amination by using Ru(II) catalyst can be explained 

in Scheme 6.3. 

 

 

Scheme 6.3 Possible pathways of direct reductive amination upon using Ru(II) catalyst 

(benzaldehyde and aniline are used as substrate examples) 

 

Although imine formation is usually a fast reaction, it is also reversible. In the 

presence of water, equilibrium can be shifted to the left. Other factors, such as 

temperature and pH, can also be detrimental to this imine formation process. Thus 

minimal decomposition of imine is a prerequisite for a successful direct reductive 

amination. This might be the reason why direct reductive amination so far has been 

mainly focused on cyclic imines. Although the cyclic imine can be decomposed to 

aldehyde and amine, however, these two reacting components are still located on a same 
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molecule. Therefore, they can still react with each other to form the imine followed by 

hydrogenation if the amine product is thermodynamically favorable. In contrast, besides 

imine, aldehyde can also be reduced under the same conditions by using a Ru(II) catalyst. 

Therefore, the reduction of imine must be significantly faster than the reduction of 

aldehyde in order to achieve a high selectivity.  

We report herein a mild, highly efficient, one-pot direct reductive amination by using 

Ru(II) based catalyst in the formic acid and triethylamine mixture. We carried out the 

direct reductive amination with in situ formed Ru catalyst at room temperature, and we 

were delighted to discover this method working extremely well under such mild 

conditions. The substrate aldehydes were converted to amine products within minutes 

without forming N-formylated side products. The only side product was the alcohol 

resulted from the reduction of aldehyde itself. The pH was found to be a key factor 

affecting the selectivity of the direct reductive amination. Based on the screening 

experiments of varying the ratio of formic acid and triethylamine, we found the 5:3 

HCOOH/NEt3 mixture was the most efficient albeit with a slightly lower selectivity. 
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6.3 Results and discussion 

6.3.1 Preliminary Test 

 

 

Scheme 6.4 Reduction of N-benzylideneaniline in the HCOOH/NEt3 mixture 

 

Table 6.1 Preliminary study of reduction of N-benzylideneaniline in the HCOOH/NEt3 

mixture as shown in Scheme 6.4 

Entry HCOOH:NEt3 Ru catalyst 

Time 

(h) 

Conversion
a
 

(%) 

Selectivity 

of A
b
 (%) 

Yield
c
 

(%) 

1 

2 

3 

4 

5 

6 

1:0 

5:2 

2:1 

1:1 

1:2 

0:1 

NO 

NO 

NO 

NO 

NO 

NO 

24 

24 

24 

24 

24 

24 

100 

73 

36 

11 

12 

0 

0 

63 

44 

28 

18 

0 

0 

46 

16 

3 

2 

0 

7 

8 

9 

5:2 

5:2 

5:2 

Ru dimer
d
 

YES 

YES 

24 

24 

1 

87 

100 

51 

76 

92
e
 

36 

66 

92 

18 
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Conditions: 1 mmol N-benzylideneaniline, 0.01 mmol Ru(II) catalyst, 1 mL HCOOH/ 

NEt3 mixture.  

a
Based on N-benzylideneaniline. 

b
Selectivity of A = A/(A + B) x 100% 

c
Yield = (conversion)x(selectivity). 

d
[RuCl2(p-cymene)]2.  

e
The decomposition product benzaldehyde was completely reduced to benzyl alcohol. 

 

Our first attempt was to test the stability of N-benzylideneaniline in the HCOOH/NEt3 

mixture with different ratios. These solvents always contain a certain amount of water 

which promotes the decomposition of imine, and the presence of HCOOH also facilitates 

this decomposition process. A proper ratio of formic acid and triethylamine has to be 

defined to ensure that imine can tolerate the reaction medium. Thus, we tested it in six 

different mixtures including pure formic acid as well as pure triethylamine in the absence 

of Ru(II) catalyst. As shown in Table 6.1, imine decomposition occurred in all these 

media to different extents except pure triethylamine. Aside from the decomposition 

products benzaldehyde and aniline, surprisingly N-benzylideneaniline was found reduced 

to the N-benzylaniline without Ru(II) catalyst. Among the six mixtures, the 5:2 azeotrope 

gave the best result after 24 hours, i.e., 73% conversion with 63% selectivity towards the 

reduction product while 37% selectivity towards the decomposition product. In pure 

formic acid, N-benzylideneaniline was totally decomposed and no reduction product was 

detected. On the other hand, in pure triethylamine, no reaction occurred after 24 hours. 

These results from pure formic acid and pure triethylamine show that coexistence of 
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formic acid and triethylamine is required for the reduction of N-benzylideneaniline. From 

the other four mixtures, a clear trend was observed that both conversion and selectivity 

declined with the increase in triethylamine proportion. Therefore, 5:2 ratio of formic acid 

and triethylamine was chosen as a benchmark solvent. In the presence of only the Ru 

dimer (entry 7), i.e., [RuCl2(p-cymene)]2, both conversion and selectivity were slightly 

enhanced but the reaction still could not reach complete conversion. With the Ru(II) 

catalyst (entry 8), N-benzylideneaniline was almost completely transformed to the N-

benzylaniline with only 8% benzyl alcohol as a side product after 24 hours. An hour 

reaction (entry 9) was performed to gain more insight into the catalytic process. It was 

found that 51% of N-benzylideneaniline was converted to N-benzylaniline (36%) and 

benzaldehyde (64%), and no benzyl alcohol was detected. This suggests that reduction of 

benzaldehyde under these conditions is much slower than the reduction of N-

benzylideneaniline. Comparison of the 1 hour reaction and 24 hour reaction clearly 

indicates that reduction of N-benzylideneaniline is thermodynamically controlled and 

decomposition of imine is reversible. It is also noted that our attempt at performing 

hydrogenation of benzaldehyde in the azeotrope in the absence of Ru(II) catalyst failed at 

both room temperature and 45 °C. This indicates that the hydrogenation of imine might 

follow a different mechanism or it is significantly easier to be reduced. 
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Scheme 6.5 Direct reductive amination of benzaldehyde, acetophenone and 

benzophenone with aniline 

 

Table 6.2 Direct reductive amination of benzaldehyde, acetophenone and benzophenone 

with aniline as shown in Scheme 6.5  

R Conversion
a
 (%) 

Selectivity (%) 

A B 

H 

CH3 

Ph 

100 

26 

0 

90 

0 

0 

10 

100 

0 

 
a
Based on the carbonyl substrate. 

 

Knowing that the 5:2 HCOOH/NEt3 azeotrope can catalyze the imine reduction with 

satisfactory efficiency and high chemoselectivity, we tested direct reductive amination of 

three different carbonyl compounds which were benzaldehyde, acetophenone and 

benzophenone under the same conditions, as summarized in Table 6.2. Benzaldehyde and 

aniline successfully reacted to give the N-benzylaniline product via direct reductive 

amination. The selectivity was only slightly lower than reductive amination using N-
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benzylideneaniline as the substrate. Compared to benzaldehyde, both acetophenone and 

benzophenone failed to react with aniline due to their lower reactivity. It was found that 

26% acetophenone was converted to 1-phenylethanol with no reductive amination 

product detected. Benzophenone was even more inert since neither alcohol product nor 

amine product was observed. This test suggests direct reductive amination in the 5:2 

HCOOH/NEt3 azeotrope might be limited to aldehydes.  

 

6.3.2 Catalysis test 

 

 

Scheme 6.6 Substrate screening of direct reductive amination  

 

Table 6.3 Substrate screening of direct reductive amination as shown in Scheme 6.6 

R’ R’’ 

Time 

(h) 

Conversion
a
 

(%) 

A : B
b
 

Chemical shift
c
 

of –CH2- in A 

-Ph -C6H4OCH3 6 100 100:0 4.29 

 - C6H4OC2H5 5 100 100:0 4.28 

 -C6H4CH3 6 100 97:3 4.32 

 -Ph 6 100 94:6 4.33 

 -C6H4F 6 100 95:5 4.29 
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 -C6H4Cl 6 100 89:11 4.31 

 -C6H4CF3 9 100 52:48 4.37 

 -C6H4COCH3 9 100 51:49 4.41 

 -C6H4CN 18 100 32:68 4.38 

-C6H4NO2 35 100 17:83 4.43 

-CH2Ph 5 100 93:7 3.97 

 -(CH2)3CH3 3 100 84:16 4.05 

 -C(CH3)3 6 100 13:87 4.04 

 -(CH2)5- 2 100 33:67 4.13 

 -CH(CH3)Ph 16 100 13:87 4.53 

 -CH(Ph)Ph 72 80 0:100 / 

-CH2Ph -Ph 1 100 9:0
d
 / 

 -(CH2)3CH3 -Ph 1 100 11:0
d
 / 

 
a
Based on the aldehyde substrate. 

b
Ratio of the selectivities towards A and B. 

c
Unit in ppm. 

d
Conversions and selectivities were monitored by GC-MS and N,N-dimethylbenzylamine 

was used as GC-MS internal standard. 

 

A variety of substrates were chosen to investigate the applicability of this direct 

reductive amination method in the 5:2 HCOOH/NEt3 azeotrope. The aldehyde scope 

involved one aromatic aldehyde (benzaldehyde) and two aliphatic aldehydes 

(phenylacetaldehyde and valeraldehyde). On the other hand, the amine scope was much 



90 

 

wider including ten para-substituted aniline derivatives and six aliphatic amines. 

Substituents on the aniline ranged from electron donating groups to electron withdrawing 

groups, allowing us to gain more insight about the reaction mechanism. Table 6.3 lists the 

results in which the conversions and selectivities were determined mostly based on 
1
H 

NMR spectrum, and the characteristic chemical shifts of the CH2 group in the amine 

product were listed in the last column. Overall, aldehydes in all the catalytic sets were 

completely converted to the desired amine products as well as alcohol side products in a 

certain amount of time. All the NMR spectra shows no other side product besides 

alcohols. A closer look at the data shows some interesting patterns.  

First, reactions of benzaldehyde with aniline derivatives follow a distinct trend 

showing that time needed for a complete conversion is directly proportional to the 

electron withdrawing properties of the substituents, and selectivities diminish gradually 

as well. Reaction between benzaldehyde and 4-methoxy aniline affords the best result 

which gives only the desired product within 5 hours. Not surprisingly, 4-nitroaniline is 

the most difficult substrate which gives only 17% selectivity after 35 hours. Secondly, 

aliphatic amines also successfully react with benzaldehyde to give reductive amination 

products along with benzyl alcohol, but no clear pattern can be drawn except secondary 

amines generally give more benzyl alcohol side products than primary amines. The worst 

case is the reaction involving diphenylamine which does not react with benzaldehyde, 

resulting in only benzyl alcohol product. This is most likely attributed to the bulkiness of 

the two phenyl groups surrounding the amine group. Third, both aliphatic aldehydes 

under this condition produce too many side products with only around 10% selectivity 

towards the desired product. Their NMR spectra indicate all the aliphatic aldehydes have 
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been consumed within 1 hour but no information regarding conversion and selectivity can 

be drawn due to the formation of numerous side products. Luckily, GC-MS is able to 

separate and identify the product and quantify the selectivity by using N,N-

dimethylbenzylamine as internal standard. The low selectivity might be due to the acid 

catalyzed aldol condensation of aliphatic aldehyde under this condition (pH = 4.60). 

Nevertheless, further investigation indicates the reaction involving aliphatic aldehyde is 

more complicated which is discussed in section 6.3.3.  

 

6.3.3 Study on the reactions involving aliphatic aldehydes 

 

Table 6.4 Study on the reactivity of phenylacetaldehyde in azeotrope 

Aldehyde Aniline Solvent Ru Catalyst Observation
a
 

 

NO Azeotrope NO No change 

NO Azeotrope YES 20% alcohol product 

YES Azeotrope NO Aldol condensation 

YES Azeotrope YES Aldol condensation 

YES CH2Cl2 NO Imine as major product 

YES CH2Cl2/Azeotrope
b
 YES Aldol condensation 

 

Conditions: 1 hour, phenylacetaldehyde:aniline:Ru(II) catalyst = 100:100:1, [Ru(II) 

catalyst] = 0.01 M.  

a
Results were obtained from both 

1
H NMR and GC-MS analysis. 

b
Imine formation in CH2Cl2 first, then the solution was mixed with Ru(II) catalyst in the 

azeotrope. 
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Phenylacetaldehyde was chosen to investigate the reactions involving aliphatic 

aldehydes. Table 6.4 shows that phenylacetaldehyde itself in the azeotrope was not 

subject to aldol condensation. No reaction occurred in the absence of the Ru(II) catalyst, 

while 20% of phenylacetaldehyde was converted to the alcohol product with Ru(II) 

catalyst present. Aldol condensation unfortunately took place when aniline was added to 

the azeotrope with or without a presence of the Ru(II) catalyst. This indicates the aldol 

condensation is promoted in the presence of aniline. Aniline acts as a proton acceptor 

which can capture the proton on the α-carbon of phenylacetaldehyde, which is the first 

step of aldol condensation. Even though triethylamine also carries a lone pair on the 

nitrogen, the three ethyl groups make it too bulky to be an effective proton acceptor. 

Based upon these findings, we determined that imine formation without aldol 

condensation is the key to successful reductive aminations involving aliphatic aldehydes. 

Imine formation in dichloromethane was tested and this reaction gave a predominantly 

imine product. Subsequently, this solution was mixed with the azeotrope in which the 

Ru(II) catalyst was already formed, unfortunately the imine was rapidly decomposed to 

aldehyde and aldol condensation occurred again. These observations suggest aldol 

condensation takes place rapidly when aliphatic aldehydes, aniline and the azeotrope 

coexist.  
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6.3.4 Dependence of temperature on the direct reductive amination 

 

Table 6.5 Dependence of temperature on the reaction between benzaldehyde and aniline 

Temperature Time (h) Conversion
a
 (%) 

Selectivity (%) 

N-benzylaniline Benzyl alcohol 

RT 

60 °C 

6 

1 

100 

100 

94 

87 

6 

13 

 

Conditions: benzaldehyde:aniline:Ru(II) catalyst = 100:100:1, [Ru(II) catalyst] = 0.01 M. 

a
Based on benzaldehyde. 

 

Even though most of the direct reductive aminations in Table 6.3 go to completion 

within hours, they are still not efficient enough to reach the industrial application 

standard. Increasing the temperature is a method to enhance the efficiency with the 

sacrifice on the selectivity. Therefore, direct reductive amination between benzaldehyde 

and aniline was also carried out at 60 °C to study the temperature effect (Table 6.5). It 

shows that a higher temperature can increase the reaction rate dramatically while slightly 

decreasing the selectivity. This indicates that increasing temperature can accelerate both 

imine and aldehyde reduction, with the latter being more influenced. 

 

6.3.5 Organocatalysis study 

Reactions of benzaldehyde with t-butylamine and piperidine in table 6.3 appear more 

intriguing than the other reactions. It was noted that only 24% benzaldehyde was 

converted to benzyl alcohol in the absence of amine substrate after 24 hours under the 
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same conditions. In comparison, 87% benzaldehyde was converted to benzyl alcohol 

within 5 hours when reacting with t-butylamine; 67% benzaldehyde was converted to 

benzyl alcohol within 2 hours when reacting with piperidine. The dramatic acceleration 

of hydrogenation might be attributed to that both t-butylamine and piperidine serve as 

organocatalysts to reduce benzaldehyde. The bulkiness of these two compounds might 

hamper their condensation with benzaldehyde but they can hydrogen bond with the 

oxygen atom on benzaldehyde, therefore reducing the reaction barrier and accelerate the 

reaction. With this hypothesis, we tested the hydrogenation of benzaldehyde and 

acetophenone in the presence of five common organocatalysts: urea, thiourea, binol, 

diisopropylamine and formamide. 

 

Table 6.6 Organocatalysis on the hydrogenation of benzaldehyde and acetophenone 

Organocatalyst Time (h) 

Conversion (%) 

pH 

  

None 3 22 7 4.60 

Urea 3 39 5 4.65 

Thiourea 3 0 0 4.32 

Binol 3 20 4 4.56 

Diisopropylamine 3 94 18 5.57 

Formamide 1 23 0 4.62 
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Conditions: substrate:organocatalyst:Ru(II) catalyst = 100:100:1 except 0.1 equivalents 

binol was used, [Ru(II) catalyst] = 0.01 M. 

 

Among these five catalysts, urea and formamide moderately accelerated the reduction 

of benzaldehyde but almost had no effect on acetophenone; Binol was not active at all 

while thiourea completely deactivated the Ru catalyst since no hydrogenation product 

was detected. Diisopropylamine was the best organocatalyst for both substrates. Its 

presence produced four-fold increase on the hydrogenation of benzaldehyde and three-

fold increase on the hydrogenation of acetophenone. This suggests that our hypothesis on 

the concept of organocatalysis was verified, while further pH test on those reaction 

mixtures led us to draw another conclusion. Table 6.6 shows that urea, binol and 

formamide almost had no effect on the pH of the azeotrope, while thiourea decreased the 

pH by 0.3 units and diisopropylamine raised the pH by 1.0 unit. This data showed that a 

lower pH would shut down hydrogenation completely, and a higher pH would promote 

hydrogenation. This finding led us to discard the hypothesis on organocatalysis, and 

focus more on pH as a key factor to determine the performance of hydrogenation. 

 

6.3.6 pH dependence on hydrogenation 

The key finding from section 6.3.5 also suggests that the 5:2 ratio might not be the 

optimum hydrogenation medium. Thus, we investigated the role of pH by screening a 

series of formic acid and triethylamine mixtures with different ratios, and the results are 

summarized in Table 6.7. Benzaldehyde, acetophenone and N-benzylideneaniline served 

as substrates. It shows that higher pH dramatically enhances the reaction rate for the 
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reduction of all three substrates, with only a slight loss on the selectivity of imine 

reduction. The 5:1 HCOOH/NEt3 mixture which has a pH of 1.80 cannot be used as a 

hydrogen source since no catalytic activity was observed for benzaldehyde and 

acetophenone, while complete decomposition was observed for N-benzylideneaniline. In 

the 5:2 HCOOH/NEt3 azeotrope, typically the hydrogen source for Noyori’s catalyst, 

exhibited very poor performance in terms of the efficiency. The 5:3 HCOOH/NEt3 

mixture gave almost neutral pH, serving as the most efficient hydrogen source. The 5:4 

HCOOH/NEt3 mixture was expected to give the best results according to the trend, 

however, it started forming two layers which can no longer be used. Considering all these 

aspects, we conclude that the 5:3 HCOOH/NEt3 mixture is the optimal medum for 

reduction of aldehydes, ketones, and imines with Ru(II) catalyst. 

 

Table 6.7 pH dependence on the hydrogenation of aldehyde, ketone and imine 

HCOOH:NEt3 pH 

Substrate 

  

 

Conversion Conversion Conversion selectivity 

5:1 1.80 0 0 decomposed 

5:2 4.60 23% (1h)
a
 0 (1h) 29% (1h) 94% 

5:2.5 5.85 100% (1h) 19% (1h) 100% (1h) 83% 

5:3 6.90 100% (30min) 29% (1h) 100% (1h) 76% 
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5:3.5 8.08 100% (30min) 19% (1h) 100% (1h) 73% 

5:4 2 layers / / / / 

 

Conditions: substrate:Ru(II) catalyst = 100:1, [Ru(II) catalyst] = 0.01 M. 

a
Percentage number is the conversion and number in parenthesis is the reaction time. 

 

Since the 5:3 HCOOH/NEt3 mixture was shown to be the most efficient hydrogen 

source for imine reduction, a test of pH dependence on imine formation was needed to 

investigate the possibility of carrying out direct reductive amination in this medium. 

Table 6.8 shows imine formation between benzaldehyde and t-butyl amine in the 

HCOOH/NEt3 mixture at different ratios. The pH value was also found to have great 

impact on imine formation. There was no imine formed in the 5:1, 5:2, and 5:2.5 

HCOOH/NEt3 mixtures, indicating the imine was easily decomposed at low pH. 11% and 

17% of benzaldehyde was converted to the imine intermediate respectively in the 5:3 and 

5:3.5 HCOOH/NEt3 mixture.  Conclusively, imine formation was favored at high pH.  

 

 

Scheme 6.7 Imine formation between benzaldehyde and t-butylamine 
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Table 6.8 pH dependence on the imine formation between benzaldehyde and 

t-butylamine as shown in Scheme 6.7 

HCOOH:NEt3 pH 

Imine formed 

after 1
st
 hour 

Imine formed 

after 2
nd

 hour 

5:1 

5:2 

5:2.5 

5:3 

5:3.5 

1.80 

4.60 

5.85 

6.90 

8.08 

/ 

/ 

/ 

11% 

17% 

/ 

/ 

/ 

7% 

15% 

 

Conditions: benzaldehyde:t-butylamine = 1:1, [benzaldehyde] = 1 M. 

 

Another observation is a longer reaction time leads to the decomposition of imine back 

to benzaldehyde and t-butyl amine probably because of the existence of water. 

Nevertheless, the 5:3 HCOOH/NEt3 mixture was shown to be a preferred medium for 

imine formation. Therefore, the above findings suggest the 5:3 HCOOH/NEt3 mixture as 

a promising medium for direct reductive amination. 
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6.3.7 Direct reductive amination in the 5:3 HCOOH/NEt3 mixture 

 

Table 6.9 Direct reductive amination as shown in Scheme 6.6 except in the 5:3 

HCOOH/NEt3 mixture 

R’CHO R’’NH2 

Time 

(min) 

Conversion
a
 

(%) 

A : B 

-Ph -C6H4OCH3 10 100 77:23 

-Ph -C6H4OC2H5 10 100 89:11 

-Ph -C6H4CH3 10 100 77:23 

-Ph -Ph 15 100 60:40 

-Ph -C6H4F 30 100 55:45 

-Ph -C6H4Cl 30 100 42:58 

-Ph -C6H4CF3 30 100 11:89 

-Ph -C6H4COCH3 30 100 11:89 

-Ph 

-Ph 

-C6H4CN 30 100 4:96 

-C6H4NO2 30 100 0:100 

-Ph 

-Ph 

-Ph 

-Ph 

-Ph 

-CH2Ph 

-(CH2)3CH3 

-C(CH3)3 

-(CH2)5 

-(CH3)Ph 

30 

30 

30 

30 

30 

100 

100 

100 

100 

100 

80:20 

68:32 

2:98 

13:87 

0:100 
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-CH2Ph 

-(CH2)3CH3 

-Ph 

-Ph 

60 

60 

100 

100 

62:38 

43:57 

 

Conditions: aldehyde:amine:Ru(II) catalyst = 100:100:1, [Ru(II) catalyst] = 0.01 M. 

a
Based on the aldehyde substrate. 

 

Using the 5:3 HCOOH/NEt3 mixture, we repeated the direct reductive amination with 

the same substrates in Table 5.3. The results are summarized in Table 6.9. Compared to 

the reaction in the azeotrope, reactions in the 5:3 HCOOH/NEt3 mixture were much 

faster. All the reactions can be completed within 30 minutes. A similar trend that electron 

donating groups on aniline can make the reaction go faster can still be observed. The 

efficiency was indeed enhanced, however, decreased selectivity towards the desired 

amine products was observed. The selectivity from each entry was decreased compared 

to that in the azeotrope. The reaction involving 4-nitroaniline gave only benzyl alcohol 

side product. One major improvement was found in the reaction involving aliphatic 

aldehydes. It was noted that 62% selectivity was obtained for the reaction between 

phenylacetaldehyde and aniline, while 43% selectivity was obtained for the reaction 

between valeraldehyde and aniline. This indicates that aliphatic aldehydes were much 

less susceptible to aldol condensation under those conditions. 

Considering the high cost of the TsDPEN ligand, we also attempted to use the TsEN 

ligand to achieve the same purpose. Table 6.10 tabulates all the direct reductive 

amination results in different media upon using different ligands. Overall, TsEN was also 

a durable ligand, however, most of the reaction required longer time to reach completion. 

Another disadvantage was the loss of selectivity for most of the reactions. 
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Table 6.10 Comparison of direct reductive amination upon using different ligands  

R’CHO R’’NH2 

Completion time (selectivity) 

5:2 HCOOH/NEt3 5:3 HCOOH/NEt3 

TsDPEN TsDPEN TsEN 

Ph- -C6H4OCH3 5h (100%) 

5h (100%) 

6h (97%) 

6h (94%) 

6h (95%) 

6h (89%) 

9h (52%) 

9h (51%) 

18h (32%) 

35h (17%) 

5h (93%) 

3h (84%) 

6h (13%) 

2h (33%) 

16h (13%) 

0.2h (77%) 

0.2h (89%) 

0.2h (77%) 

0.5h (66%) 

0.5h (55%) 

0.5h (42%) 

0.5h (11%) 

0.5h (11%) 

0.5h (4%) 

0.5h (0%) 

0.5h (80%) 

0.5h (68%) 

0.5h (2%) 

0.5h (14%) 

0.5h (0%) 

0.7h (77%) 

0.7h (82%) 

1h (64%) 

1h (43%) 

2h (42%) 

1.5h (22%) 

1.5h (4%) 

1.5h (4%) 

1.5h (0%) 

1.5h (0%) 

1.5h (74%) 

1h (66%) 

1h (3%) 

1h (19%) 

1h (0%) 

 -C6H4OC2H5 

 -C6H4CH3 

 -Ph 

 -C6H4F 

 -C6H4Cl 

 -C6H4CF3 

 -C6H4COCH3 

 

-C6H4CN 

-C6H4NO2 

-CH2Ph 

-(CH2)3CH3 

-C(CH3)3 

-(CH2)5 

-(CH3)Ph 

PhCH2- -Ph  1h (9%)  1h (62%) 1h (60%) 

 -CH2Ph    1h (61%) 1h (47%) 

CH3(CH2)3- -Ph  1h (11%)  1h (43%) 1h (30%) 
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 -CH2Ph    1h (25%) 1h (27%) 

 

Conditions: aldehyde:amine:Ru(II) catalyst = 100:100:1, [Ru(II) catalyst] = 0.01 M. 

 

6.3.8 Transfer hydrogenation in the 5:3 HCOOH/NEt3 mixture 

Results of transfer hydrogenation of aldehydes and ketones in the 5:3 HCOOH/NEt3 

mixture are listed in Table 6.11. Compared to the azeotrope, a 5:3 mixture gave superior 

results in terms of efficiency on all substrates. By using the TsDPEN ligand, all the 

aldehydes can be completely converted to products within 0.5 hours while the ketones are 

reduced within 10 hours. Replacing TsDPEN with TsEN gave slower reaction rates but 

most of the aldehydes can still be reduced within 2 hours and ketones can also be 

converted completely within 1 or 2 days. An open air catalysis was also conducted for the 

TsEN ligand, and the catalytic performance was still comparable with that under nitrogen, 

indicating that the reaction in the HCOOH/triethylamine mixture does not require a strict 

oxygen free environment. 

 

 

Table 6.11 Transfer hydrogenation of aldehydes and ketones in the 5:2 and 5:3  

HCOOH/ NEt3 mixture upon using TsDPEN and TsEN ligands 

       

5:2 HCOOH/NEt3 5:3 HCOOH/NEt3 

TsDPEN TsDPEN TsEN TsEN
a
 

Ph- H- 19h (52%)
b
 

 

 

0.5h (100%) 2h (100%) 2h (100%) 

CH3(CH2)3- H- 0.5h (100%) 2h (100%) 2.5h (100%) 

PhCH2- H- 0.5h (100%) 2h (100%) 2.5h (100%) 
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Ph(CH2)2- H-  

 

 

19h (93%) 

0.5h (100%) 2h (100%) 2h (100%) 

Ph(CH3)CH- H- 0.5h (100%) 2.5h (100%) 5h (100%) 

 2-(OH)C6H4- H- 0.5h (100%) 2h (100%) 2h (100%) 

Ph- CH3- 6h (100%) 14h (100%) 46h (50%) 

CH3(CH2)5- CH3-   9h (100%) 42h (100%) 46h (16%) 

 

Conditions: substrate:Ru(II) catalyst = 100:1, [Ru(II) catalyst] = 0.01 M. 

a
open air reaction  

b
The number in parenthesis is the conversion. 

 

 

6.3.9 Concentration profile of direct reductive amination 

Reaction between benzaldehyde and 4-methoxyaniline was the most successful direct 

reductive amination upon using Ru catalyst in the azeotrope, resulting in only the desired 

amine product. This reaction was picked as an example to illustrate the ideal direct 

reductive amination process. The concentration profile of reactants, intermediates and 

products versus time is shown in Figure 6.1. The two substrates immediately reacted with 

each other to give the intermediate imine, which is then slowly transformed to the 

product amine. It is noted benzaldehyde was not fully converted to imine because this 

step is reversible, but it gradually diminished as the imine was converted to amine 

product. No alcohol product was detected since under these conditions the hydrogenation 

of imine is >1000 times faster than that of ketone,
129

 so the formation of an alcohol 

product is hard to take place unless excess aldehyde substrate was used. 

 



104 

 

 

Figure 6.1 Concentration profile for direct reductive amination of benzaldehyde and  

4-methoxy aniline in the 5:2 HCOOH/NEt3 azeotrope 

 

Concentration profile for the reaction between benzaldehyde and 4-fluoro aniline 

(Figure 6.2) is similar, however, side product benzyl alcohol starts forming in small 

amounts. This is because the intermediate imine is slightly more susceptible to the 

decomposition, resulting in a slightly higher concentration of benzaldehyde compared to 

the reaction involving 4-methoxy aniline. Thus the reduction of benzaldehyde has a 

higher possibility of occurring. This explanation, however, still cannot clearly rationalize 

that no benzyl alcohol was observed in the reaction involving 4-methoxy aniline since 

benzaldehyde indeed exists even in a very low concentration. 
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Figure 6.2 Concentration profile for direct reductive amination of benzaldehyde and  

4-fluoro aniline in the 5:2 HCOOH/NEt3 azeotrope 

 

The reaction between benzaldehyde and t-butylamine has a distinct percentage profile. 

Surprisingly, no imine was detected throughout the whole catalytic process, however, an 

amine product was slowly formed. Figure 6.3 shows that benzaldehyde gradually 

diminishes while both the benzyl alcohol and the amine products gradually form with the 

former at a higher rate. This result clearly indicates that imine reduction under these 

conditions takes place very rapidly. Meanwhile, the equilibrium position of the imine 

formation process dwells far towards the reactants. Therefore, even though imine 

reduction is thermodynamically controlled, the imine formation is kinetically controlled. 

This is fully supported in conjunction with the study of pH dependence on the imine 

formation between benzaldehyde and t-butyl amine. In the 5:2 azeotrope, imine is hardly 

being formed, but once formed even at low concentrations, it is immediately subjected to 
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the hydrogenation reaction. This also matches the very shallow slope in the concentration 

profile. 

 

 

Figure 6.3 Concentration profile for direct reductive amination of benzaldehyde and 

 t-butylamine in the 5:2 HCOOH/NEt3 azeotrope 

 

The reaction between benzaldehyde and piperidine follows the same pattern as the 

reaction between benzaldehyde and t-butylamine, as shown in Figure 6.4. Benzyl alcohol 

is still the major product in this reaction, however, the proportion of amine product 

reaches 33% which is higher than the reaction involving t-butylamine. Since the 

intermediate in this reaction is iminium instead of imine, a higher selectivity of amine 

product might suggest that reduction of iminium is faster than that of imine since there is 

no need for a protonation step.  
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Figure 6.4 Concentration profile for direct reductive amination of benzaldehyde and 

piperidine in the 5:2 HCOOH/NEt3 azeotrope 

 

6.3.10 Rationalization of direct reductive amination in HCOOH/NEt3 mixture 

 

 

Scheme 6.8 Optimum condition for a successful direct reductive amination 
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Direct reductive amination using the Ru catalyst can be rationalized by Scheme 6.8. 

Imine formation, imine reduction and aldehyde reduction have been shown to take place 

faster at higher pH, and this is consistent with the much shorter reaction times in the 5:3 

HCOOH/NEt3 mixture. The increase in pH, however, has a greater influence on the 

reduction of the aldehyde, which explains why the selectivity in the 5:3 HCOOH/NEt3 

mixture decreases. Increasing temperature can accelerate both aldehyde reduction and 

imine reduction but this shifts the imine formation to the left, therefore, room temperature 

is a safe choice to achieve a higher selectivity. In the 5:2 azeotrope, the rate determining 

step in most cases is imine reduction since the imine intermediate is present until the 

reaction completes. It is also noted that no imine intermediate was detected from the 

reaction between benzaldehyde with t-butylamine, piperidine, N-methylaniline and N,N-

diphenylamine, indicating that imine formation is the rate limiting step in these reactions.  

 

6.4 Conclusions 

In this chapter, we reported the first study of direct reductive amination by using 

Noyori’s catalyst. Compared to the commonly used 5:2 HCOOH/NEt3 azeotrope, the 5:3 

HCOOH/NEt3 mixture was shown to be a more efficient transfer hydrogenation medium 

in terms of reduction of aldehydes, ketones as well as imines, with a slight loss on the 

selectivity of reductive amination. TsEN can be used as an alternative to TsDPEN when 

cost is considered. No N-formylated side products were observed in any of the reactions. 

This mild and efficient method has great potential to be applied in industry since it 

bypasses the requirement of high temperature and high pressure upon using traditional 

hydrogenation. 



109 

 

 

6.5 Experimental 

Catalysis was carried out in a glove box under a nitrogen atmosphere. All reagents and 

solvents were degassed before being transferred into glove box. Conversions and 

selectivities were monitored by 
1
H NMR spectroscopy or GC-MS. The 

1
H NMR spectra 

were recorded with TMS as an internal standard on a Varian 400 spectrometer. GC-MS 

was performed on a Varian Saturn 2100 instrument in the electron ionization (EI) mode. 

N,N-dimethylbenzylamine was used as a GC-MS internal standard if needed. 

Typical procedure of direct reductive amination by using Noyori’s catalyst in formic 

acid/triethylamine mixture: [RuCl2(p-cymene)]2 (3.1 mg, 0.0050 mmol) and (S,S)-

TsDPEN (4.4 mg, 0.012 mmol) were stirred in 1 mL formic acid-triethylamine mixture in 

a 7 mL glass vial (O.D. x H: 17 mm x 54 mm) for 1 hour, and a homogeneous yellow 

solution was formed. To the solution, aldehyde (1 mmol) and amine substrate (1 mmol) 

were added to start the reaction. After an appropriate period, an aliquot (5 µL) was 

withdrawn and mixed with 0.6 mL CDCl3 to prepare the NMR sample. The conversion 

and selectivity were determined by taking the ratio of the integration of the signal for the 

hydrogen atoms directly attached to C=O, C=N, C-O and C-N. A more dilute sample was 

prepared for GC-MS.   

An example of the scale-up direct reductive amination between benzaldehyde and 4’-

aminoacetophenone: [RuCl2(p-cymene)]2 (16 mg, 0.025 mmol) and (S,S)-TsDPEN (22 

mg, 0.060 mmol) were stirred in 5 mL 5:2 formic acid-triethylamine azeotrope for 1 

hour, and a homogeneous yellow solution was formed. To the solution, benzaldehyde 

(510 µL, 5 mmol) and 4’-aminoacetophenone (675 mg, 5 mmol) were added, the 
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resulting mixture were stirred for 9 hours. The reaction mixture was mixed with 10 mL 

distilled water and extracted with CH2Cl2 (3 x 10 mL). The combined extract was dried 

over anhydrous MgSO4 and concentrated. The crude product obtained was further 

purified by a flash chromatography on silica-gel using 1:1 EtOAc/hexane solvent mixture 

as eluent. Light yellow powder (400 mg) was obtained as the pure product which was 

verified by 
1
H NMR spectra. Yield: 36%. 

1
H NMR (CDCl3): δ 2.49 (s, 3H), 4.41 (s, 2H), 

6.60 (d, J=8.0 Hz, 2H), 7.26-7.35 (m, 5H), 7.82 (d, J=8.0 Hz, 2H). 
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Chapter 7 Aqueous Direct Reductive Amination 

 

7.1 Abstract 

Direct reductive amination has been successfully accomplished for the first time in 

aqueous sodium formate solution by using Noyori’s catalyst. The addition of an 

appropriate amount of formic acid into the aqueous sodium formate solution was found to 

be extremely important to ensure the high selectivity. Benzaldehyde and aniline were 

chosen to optimize the best conditions for the reaction between aromatic aldehydes and 

aromatic amines. This reaction afforded complete conversion with 82% selectivity 

towards the desired product in the presence of 20 equivalents formic acid within 2 hours 

at 60 °C. Most of the reactions between benzaldehyde and aliphatic amines only gave 

benzyl alcohol, the reduction product of benzaldehyde. Reactions involving aliphatic 

aldehydes gave mostly side products upon addition of formic acid; however, selectivity 

can be dramatically enhanced by replacing formic acid with NaH2PO4. This is the first 

application of Noyori’s catalyst in aqueous direct reductive amination. This mild and 

efficient methodology adds great value to the area of green chemistry. 

 

7.2 Introduction 

Generally, direct reductive amination is performed under anhydrous conditions in 

order to avoid the decomposition of the intermediate imines or iminium ions. Removing 

water from the system and using drying agents are the common approaches to enhance 

the imine formation. Therefore, water is usually not considered as reaction medium for 

direct reductive amination. With the rise of the green chemistry concept, however, 
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several research teams have explored the possibilities of using water as an 

environmentally friendly solvent for such a process. Surprisingly, the imine formation 

process was found to be compatible with aqueous conditions.
131

 This was an interesting 

finding since imines easily decompose in the presence of water in organic solvents. 

Fortunately, imines can tolerate a completely aqueous environment without 

decomposition. This finding has paved the way for successful direct reductive amination 

in aqueous solution.  

Aqueous direct reductive amination was not developed until the beginning of the last 

decade. In 2002, the Beller group
126

 reported for the first time that direct reductive 

amination of aldehydes with aqueous ammonia can be performed using water-soluble 

catalysts such as [Rh(COD)Cl]2. This method provides an efficient and environmentally 

friendly route to the synthesis of primary amines with high selectivity. Unfortunately, the 

use of high temperatures (up to 135 °C) and high pressure (65 bar H2) require an 

autoclave. In 2004, the Kikugawa group
132

 discovered a one-pot reductive amination 

process of carbonyl compounds with amines using α-picoline-borane as a reducing agent 

in a mixture of water and acetic acid (10:1). Even though α-picoline-borane is a superior 

alternative to the common borohydride reducing agents such as NaBH3CN and pyr-BH3 

since it is more stable and has a longer shelf life, it is being used stoichiometrically rather 

than catalytically. In 2006, the Nait Ajjou group
133

 reported the first example of direct 

reductive amination of aldehydes with primary and secondary amines by using water-

soluble Pd(PhCN)2Cl2 catalyst. This finding makes it possible to synthesize secondary 

and tertiary amines through aqueous direct reductive amination, but it has some 

drawbacks such as the limited substrate scope as well as high pressure of using H2. In 
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2008, the Bhanage group
134

 reported a direct reductive amination method with water-

soluble Fe
II
/EDTA complex as a catalyst using molecular hydrogen in a biphasic 

medium. Although this method can be applied to a wide substrate scope including 

aliphatic, aromatic and heterocyclic carbonyl compounds with primary/secondary amines, 

again it still bears the drawback associated with using molecular hydrogen. In the same 

year, the Liu group
135

 developed a combination catalyst system including hydrio-iridium 

(III) complex and sodium tetrakis[3,5-di(trifluoromethyl)phenyl]borate [NaBAr
F

4] using 

silane as the reducing agent. This catalytic system can work under mild conditions such 

as 0.1 mol% catalyst loading at 50 °C, but its extensive application is limited by its high 

cost. In 2010, the Tashiro group
136

 reported a convenient direct reductive amination 

process in a completely aqueous media. This reaction employed 5% Pt/C and Al powder 

as catalysts and water as the hydrogen donor. Even though this process is very 

environmentally friendly, it is required to be carried out in a sealed tube and heated at 

120 °C. In 2011, the Palmisano group
137

 reported a new direct reductive amination 

method by using zinc powder in aqueous alkaline media at room temperature. The 

drawbacks are that the reaction time is long (24 hours) and minor amounts of 

hydrodimerization byproducts are formed. 

All the above methods are based on using either hydride reagents or hydrogenation 

methods using molecular hydrogen. So far, there is no literature on applying transfer 

hydrogenation into direct reductive amination. Encouraged by the outstanding 

performance of unmodified Noyori’s catalyst in aqueous transfer hydrogenation, we 

explored the possibility of applying the same method to aqueous direct reductive 

amination. We were delighted to see that this reaction can be accomplished efficiently 
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under mild conditions. In this chapter, we report our findings upon using Noyori’s 

catalyst to successfully achieve aqueous direct reductive amination with a relatively wide 

substrate scope.  

 

7.3 Results and discussion 

7.3.1 Preliminary test 

 

 

Scheme 7.1 Imine formation between benzaldehyde (1 M) and the aniline derivatives  

(1 M) in water 

 

To test our hypothesis, we conducted preliminary studies including imine formation 

(Scheme 7.1) and imine reduction (Scheme 7.2) in water separately. Benzaldehyde and 

three para-substituted aniline derivatives were chosen to test the possibility of imine 

formation in water. To our surprise, all three reactions turned cloudy immediately after 

the reagents were mixed in water. NMR spectra verified these cloudy compounds were 

the imine products and no other side products were detected. Reactions involving aniline 

and 4-methoxyaniline gave > 90% conversion while the one with 4-nitroaniline gave 48% 

conversion within 5 minutes. Those conversion values stayed constant after 1 hour, 
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suggesting that imine formation reached equilibrium very rapidly after the two reagents 

were mixed. Based on the results, we believe that water as the solvent favors imine 

formation rather than imine decomposition. Water probably acts as organocatalyst to 

activate benzaldehyde, facilitating the nucleophilic attack of aniline derivatives.  

N-benzylideneaniline was chosen as a substrate to test the imine reduction with 1 mol% 

loading of the Ru catalyst in aqueous sodium formate. This reaction failed at room 

temperature since N-benzylideneaniline was in the solid form and insoluble in water. 

Since the melting point of this compound is 52~54 °C, the reaction was repeated at 50 °C 

(Scheme 7.2). The white solid quickly became a liquid layer floating in the aqueous 

solution, which resembled the aqueous transfer hydrogenation of acetophenone described 

in Chapter 5. This reaction, however, was not satisfactory since only 3% of imine was 

converted to amine product. Further investigation indicated that addition of formic acid 

was needed to complete this reaction and the amount of formic acid was crucially 

important to influence the outcome of this reaction (Table 7.1). One equivalent of formic 

acid was found to be the optimum choice. Under this condition, N-benzylideneaniline 

was completely converted with 84% selectivity towards the desired product N-

benzylaniline and 16% towards benzyl alcohol, which was the only side product resulting 

from the decomposition of N-benzylideneaniline. Excess of formic acid led to less 

efficiency and more decomposition. The optimum condition with 1 equivalent formic 

acid suggests that protonation of imine is required for a successful imine reduction, which 

is different from the hydrogenation of ketones. These positive results from preliminary 

studies inform us the high possibility of performing direct reductive amination in water.   
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Scheme 7.2 Aqueous transfer hydrogenation of N-benzylideneaniline 

 

Table 7.1 Dependence of HCOOH on the transfer hydrogenation of N-benzylideneaniline 

HCOOH 

(equiv.)
a
 

Conversion
b
 

(%) 

Product distribution (%) 

 
 

 
 

0 

0.5 

1 

2 

10 

3 

55 

100 

67 

50 

0 

0 

0 

0 

16 

97 

45 

0 

33 

50 

0 

4 

16 

10 

1 

3 

51 

84 

57 

33 

   
Conditions: HCOONa:N-benzylideneaniline:Ru(II) catalyst = 1000:100:1, 1 mmol N-

benzylideneaniline, 50 °C, time = 1 hour, volume = 3 mL, stirring rate = 750 rpm.  

a
Relative to N-benzylideneaniline. 

b
Based on N-benzylideneaniline. 
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7.3.2 Screening the optimum condition of aqueous direct reductive amination 

Benzaldehyde and aniline were chosen again to attempt the aqueous direct reductive 

amination. Scheme 7.3 illustrates all the possible reaction routes of these two reagents in 

aqueous HCOONa solution at 50 °C. Slightly different from the reaction routes in the 

HCOOH/NEt3 mixture at room temperature, a higher temperature and existence of 

HCOOH make the N-formylation of aniline possible. To minimize the possibility of this 

side reaction, imine formation and in situ catalyst formation were carried out separately, 

and catalysis took place when these two aqueous solutions were combined along with the 

addition of HCOONa and HCOOH. 

 

 

Scheme 7.3 Possible reaction routes of the direct reductive amination in water at 50 °C 
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Table 7.2 Screening the optimum condition for aqueous direct reductive amination 

between benzaldehyde and aniline 

Entry 

HCOOH 

(equiv.) 

T 

(°C) 

Time 

(h) 

Conversion
a
 

(%) 

Product distribution (%) 

III IV VI V 

1 

2 

3 

4 

5 

6 

7
b
 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

0 

0.25 

0.5 

0.5 

0.5 

0.5 

0.5 

0.7 

0.9 

1 

2 

3 

5 

10 

20 

20 

50 

20 

20 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

50 

60 

60 

0.3 

1 

1 

2 

3 

4 

1 

1 

1 

1 

1.2 

1 

1 

1 

1 

4 

1 

1 

1.5 

100 

97 

100 

100 

100 

100 

96 

95 

97 

94 

95 

92 

89 

82 

54 

98 

33 

83 

88 

94 

76 

41 

20 

37 

32 

84 

80 

63 

85 

74 

87 

72 

73 

54 

46 

42 

10 

5 

6 

10 

19 

23 

15 

4 

8 

6 

10 

3 

7 

1 

2 

2 

0 

2 

0 

2 

2 

0 

14 

40 

57 

48 

64 

8 

14 

27 

12 

19 

12 

26 

25 

46 

52 

58 

74 

78 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

14 

15 
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20 20 60 2 100 5 82 13 

 

Conditions: HCOONa:aniline:benzaldehyde: Ru(II) catalyst = 1000:100:100:1, 1 mmol 

substrate, 50 °C, volume = 5 mL, stirring rate = 750 rpm. 

a
Based on benzaldehyde. 

b
Stirring rate = 350 rpm. 

 

Even though one equivalent of HCOOH was the optimum condition for the imine 

reduction in aqueous sodium formate solution, it was no longer the optimum condition 

for direct reductive amination. Under this condition, although the majority of 

benzaldehyde and aniline were condensed to imine intermediately, only around 10% 

imine was converted to amine product. Therefore, searching for the appropriate amount 

of HCOOH was needed again to find the optimum conditions for direct reductive 

amination.  

Without formic acid, no imine was converted to amine and 6% of benzyl alcohol was 

formed. Then different amounts of formic acid ranging from 0.25 to 50 equivalents were 

tested and results are summarized in Table 7.2. Comparing all the one hour reactions, 

higher formic acid loading gave rise to less conversion based on the consumption of 

benzaldehyde. Above one equivalent formic acid, higher selectivity towards the desired 

product VI was observed, while below one equivalent formic acid, no clear trend can be 

drawn but 0.5 equivalents formic acid gave the highest selectivity towards the desired 

product VI (entry 3). Extension of this reaction (entry 4 to 6) shows us that complete 

conversion is unattainable and the yield of VI fluctuates around 50%. This finding again 
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confirms that full protonation of imine is necessary to ensure complete imine reduction 

and at least 1 equivalent formic acid is needed for this process. 

  

 

*Conversions based on III (imine) were calculated from (IV+VI)/(III+IV+VI)x100%  

while selectivities were calculated from IV/(IV+VI)x100%) 

Figure 7.1 Dependence of the amount of HCOOH on conversions and selectivities 

at 50 °C 

 

To better clarify the effect of formic acid, a conversion and selectivity profile versus 

formic acid loading is plotted in Figure 7.1 for all the one hour reactions at 50 °C. Two 

conversion lines are derived from the consumption of benzaldehyde and imine 

intermediate respectively, while the selectivity line refers to the desired amine product 
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relative to benzyl alcohol. A compromise between efficiency and selectivity can be 

obtained in the presence of 20 equivalents HCOOH. Under this condition, although the 

conversions were moderate, no side product benzyl alcohol was detected. Extension of 

this reaction to four hours gave 98% conversion with very high selectivity towards the 

desired product VI; nevertheless, there was still 46% intermediate imine left. This 

efficiency is still considered quite low from the perspective of practicality. Elevation of 

temperature from 50 °C to 60 °C made the catalysis more practical with a small loss on 

selectivity (entry 18-20). At 60 °C, full conversion was achieved within two hours with 

82% selectivity of the product. The disadvantage of this method is a new side product 

was derived from the formylation of aniline. Overall, this method provides a more 

practical route of aqueous direct reductive amination. It is worth pointing out that a high 

stirring speed is needed for the high catalytic performance. Decreasing the speed from 

750 to 350 rpm decreases both efficiency and selectivity (entry 7). This observation is 

similar to the finding in aqueous transfer hydrogenation of acetophenone, suggesting it 

might also be a biphasic reaction. Replacement of benzaldehyde with acetophenone under 

the optimized conditions gave no imine or alcohol product, and acetophenone stayed 

intact after two hours, suggesting aqueous direct reductive amination under these 

conditions using Noyori’s catalyst is limited to aldehydes. 

 

 

 

 

 



122 

 

7.3.3 Aqueous direct reductive amination of benzaldehyde and para-substituted 

aniline derivatives 

 

 

Scheme 7.4 Aqueous direct reductive amination of benzaldehyde with aniline derivatives 

 

Table 7.3 Aqueous direct reductive amination of benzaldehyde with aniline derivatives 

as shown in Scheme 7.4 

X 

Time 

(h) 

Conversion
a
 

(%) 

Product distribution (%) 

 

 

 

 

-OCH3 

-OC2H5 

-CH3 

-H 

-F 

-Cl 

-COCH3 

2 

2 

2 

2 

2 

3 

2 

100 

100 

100 

100 

100 

100 

100 

0 

0 

2 

5 

5 

7 

23 

80 

85 

84 

82 

80 

80 

55 

10 

7 

2 

0 

0 

0 

0 

10 

8 

12 

13 

15 

13 

22 
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-CN 

-NO2 

3 

3 

100 

100 

21 

78 

45 

22 

0 

0 

34 

0 

 

Conditions: HCOOH:HCOONa:aniline derivative:benzaldehyde:Ru(II) catalyst = 

2000:1000:100:100:1, 1 mmol substrate, 60 °C, volume = 5 mL, stirring rate = 750 rpm. 

a
Based on benzaldehyde. 

 

Under the optimum conditions (20 equivalents formic acid and 60 °C), aqueous direct 

reductive amination between benzaldehyde and a series of para-substituted aniline 

derivatives were carried out (Scheme 7.4) and results are summarized in Table 7.3. All 

the reactions went to completion within 2 or 3 hours, indicating reaction rates are 

independent on the electronic properties of the substituents; however, selectivities 

towards the desired products decrease through the series (from electron withdrawing to 

electron donating) while selectivities towards benzyl alcohol increase. N-formylated side 

products derived from aniline derivatives were detected for the entire series except 4-

nitroaniline, and the proportion of the side products raised along the series. A new kind of 

side product which was from N-formylation of the desired products was observed for the 

first three substrates.  
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7.3.4 Aqueous direct reductive amination of benzaldehyde and aliphatic amines 

 

 

Scheme 7.5 Aqueous direct reductive amination of benzaldehyde with benzylamine 

 

Table 7.4 Aqueous direct reductive amination of benzaldehyde with benzylamine as 

shown in Scheme 7.5 

Entry 

HCOOH 

(equiv.) 

T 

(°C) 

Time 

(h) 

Conv.
a
 

(%) 

Product distribution (%) 

 

 

 

 

1 

2 

3 

4 

5 

6 

7 

20 

0 

1 

2 

5 

10 

2 

60 

50 

50 

50 

50 

50 

50 

2 

1 

1 

1 

1 

1 

1.5 

31 

100 

67 

88 

64 

37 

100 

69 

0 

33 

12 

36 

63 

0 

0 

95 

31 

52 

0 

0 

0 

31 

4 

27 

27 

51 

27 

78 

0 

1 

9 

9 

13 

9 

22 

 

Conditions: HCOONa:benzaldehyde:benzylamine:Ru(II) catalyst = 1000:100:100:1,  

1 mmol substrate, volume = 5 mL, stirring rate = 750 rpm. 
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a
Based on benzaldehyde. 

 

We attempted to react benzaldehyde and benzylamine (Scheme 7.5) under the 

optimized conditions as above, however, it resulted in only the benzyl alcohol side 

product after 2 hours (entry 1 in Table 7.4). Neither the imine nor the amine product was 

detected even when the reaction time was extended to 24 hours. Careful investigation 

indicated that the intermediate imine formed from this reaction stood no chance at this 

low pH condition. Table 7.5 shows how the equilibrium position of imine formation 

process is dependent on the amount of HCOOH at room temperature. Compared to the 

reaction of benzaldehyde and aniline, reaction between benzaldehyde and benzylamine is 

more susceptible to the addition of HCOOH to the reaction medium. With 10 equivalents 

HCOOH, the intermediate imine completely decomposes back to the reactants. This 

explains why the catalysis failed when 20 equivalents HCOOH were used. Under these 

conditions, no imine can be formed and the reduction of benzaldehyde itself is also 

inefficient. It is also noted that imine formation between aliphatic aldehyde 

(valeraldehyde) and aniline is even less tolerant to the addition of HCOOH.  

 

 

Scheme 7.6 Imine formation in aqueous HCOOH/HCOONa solution 
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Table 7.5 Dependence of HCOOH on the imine formation as shown in Scheme 7.6 

R1  R2  

Conversion
a
 (%) at different equivalents HCOOH 

0  0.5  2  10  

Phenyl  Phenyl  100  94  86  70  

Phenyl  Benzyl  92  85  65  0  

Butyl  Phenyl  59  50  46  0  

 

Conditions: HCOONa: aldehyde:amine = 1000:100:100, 1 mmol aldehyde, RT, volume = 

1 mL, stirring rate = 750 rpm. 

a
Based on aldehyde substrate. 

 

To fix the problem caused by large loading of HCOOH, we had to search for the 

optimum condition by varying the amount of HCOOH again. Table 7.4 lists the results of 

the reaction between benzaldehyde and benzylamine with different formic acid loading. It 

shows that total conversions decrease with higher HCOOH loading, while selectivity 

between amine product and benzyl alcohol is not affected and almost maintains as 1:3. 

Therefore, 2 equivalents formic acid is considered as the optimum condition because the 

highest conversion can be obtained. A complete conversion with 78% selectivity towards 

benzyl alcohol and 22% selectivity towards the amine product was obtained within 2 

hours (entry 7). Even though the selectivity is very low, however, this is the best result 

obtained presently. 
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Table 7.6 Aqueous direct reductive amination of benzaldehyde and aliphatic amines 

 

Conversion
a
 (%) 

Product distribution (%) 

R1 R2 

  

 

butyl 

t-butyl 

piperidine
b
 

phenyl 

phenyl 

none
c
 

H 

H 

piperidine
b
 

methyl 

phenyl 

none
c
 

100 

100 

100 

60 

27 

86 

0 

0 

0 

40 

73 

14 

100 

100 

100 

60 

27 

86 

0 

0 

0 

0 

0 

0 

 

Conditions: 1 mmol substrate, HCOOH:HCOONa:amine:benzaldehyde:Ru(II) catalyst = 

200:1000:100:100:1, 50 °C, volume = 5 mL, time = 1 hour, stirring rate = 750 rpm.  

a
Based on benzaldehyde. 

b
Piperidine serves as the amine substrate. 

c
Only benzaldehyde serves as the substrate. 

 

With 2 equivalents formic acid at 50 °C, reactions between benzaldehyde and some 

selected primary/secondary aliphatic amines were carried out and results are listed in 

Table 7.6. To our surprise, none of them gave the desired product but only benzyl 

alcohol. With benzyl amine, butyl amine, t-butyl amine and piperidine, benzaldehyde was 

completely reduced within one hour; with N-methyl aniline and diphenylamine, reduction 

of benzaldehyde was incomplete but there was still no reductive amination product 
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formed. These unexpected results can be explained in two aspects. First, even though data 

from Table 7.5 shows 65% of benzaldehyde and benzylamine are condensed to 

intermediate imine, the data was collected at room temperature. Catalysis was carried out 

at 50 °C which could accelerate imine decomposition, therefore, little imine was left for 

the consequential reduction step. Second, benzaldehyde can be reduced faster in the 

presence of aliphatic amine. Under the same conditions, 86% conversion was observed 

for hydrogenation of benzaldehyde itself, however, complete conversions were found in 

the presence of butylamine, t-butylamine and piperidine respectively. This is consistent 

with the fact that the addition of aliphatic amines can increase the pH under which 

hydrogenation occurs faster. 

 

7.3.5 Aqueous direct reductive amination of aliphatic aldehydes with amines 

 

 

Scheme 7.7 Aqueous direct reductive amination of valeraldehyde and aniline 
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Table 7.7 Screening of the acid in reaction between valeraldehyde and aniline 

Acid Equiv.
a
 

Time 

(h) 

Conv.
b
 

(%) 

Product distribution (%) 

 

 

 

Others 

HCOOH 

HCOOH 

HCOOH 

CH3COOH 

NaH2PO4 

NaH2PO4 

0 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

4 

100 

100 

100 

100 

100 

100 

100 

10 

10 

13 

49 

6 

0 

0 

0 

0 

0 

0 

0 

27 

21 

30 

33 

59 

0 

63 

69 

57 

18 

35 

 

Conditions: HCOONa:aniline:valeraldehyde:Ru(II) catalyst = 1000:100:100:1, 1 mmol 

substrate, 50 °C, volume = 5 mL, stirring rate = 750 rpm. 

a
Relative to valeraldehyde. 

b
Based on valeraldehyde. 

 

Similar to the direct reductive amination involving aliphatic aldehydes in 

HCOOH/NEt3 mixture, pH is crucially important for the aqueous direct reductive 

amination involving aliphatic aldehydes. Valeraldehyde and aniline (Scheme 7.7) were 

chosen to screen the optimum condition. Table 7.7 shows that formic acid can no longer 

be the proper acid additive. It gave a majority of the side products and only around 20% 

of the desired product. Replacement of formic acid with acetic acid showed little 

improvement. To our surprise an alternative acid, NaH2PO4, dramatically suppressed the 
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side reactions even though the overall reaction rate became slower. Reaction time was 

extended to four hours, and a high selectivity of up to 60% desired product was obtained. 

Thus, NaH2PO4 can be used as an acid additive to expand the aliphatic substrate scope. 

Applying NaH2PO4 to other aliphatic aldehydes, however, was not as effective as 

expected. As shown in Table 7.8, selectivities towards the desired amine product were 

very low, and majority of the outcome were side products. 

 

Table 7.8 Aqueous direct reductive amination of aliphatic aldehydes and amines 

 

 

Time 

(h) 

Conv.
a
 

(%) 

Product distribution (%) 

 

 

 

Others 

Butyl 

Benzyl 

Octyl 

t-Butyl 

Butyl 

Butyl 

Butyl 

Butyl 

Phenyl/H 

Phenyl/H 

Phenyl/H 

Phenyl/H 

Benzyl/H 

Butyl/H 

Piperidine 

Diphenyl 

4 

4 

4 

4 

3 

3 

3 

3 

100 

86 

100 

100 

100 

100 

100 

100 

6 

0 

0 

0 

22 

0 

0 

0 

0 

46 

0 

0 

0 

0 

0 

0 

59 

29 

23 

0 

11 

0 

0 

0 

35 

11 

77 

100 

67 

100 

100 

100 

 

Conditions: NaH2PO4:HCOONa:amine:aldehyde:Ru(II) catalyst = 100:1000:100:100:1,  

1 mmol substrate, 50 °C, volume = 5 mL, stirring rate = 750 rpm. 

a
Based on aldehyde substrate. 
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7.4 Conclusions 

In conclusion, we report for the first time a successful direct reductive amination using 

Noyori’s catalyst in an aqueous environment. The merits of this reductive amination are 

short reaction times, mild conditions, and the use of water as solvent. The reactions are 

carried out under nitrogen but do not require degassing or high pressure gas handling. 

This reaction can be conducted on the bench top without specialized equipment, and does 

not generate waste. The active catalyst is used in 1 mol% and is generated in situ from 

commercially available reagents. This reaction is particularly suitable for rapid library 

synthesis, for modification of biological molecules, or for synthesis on a large scale. 

 

7.5 Experimental 

Catalysis was carried out under a nitrogen atmosphere. Conversions and selectivities 

were monitored by 
1
H NMR spectroscopy or GC-MS. The 

1
H NMR spectra were 

recorded with TMS as an internal standard on a Varian 400 spectrometer. GC-MS was 

performed on a Varian Saturn 2100 instrument in the electron ionization (EI) mode. N,N-

dimethylbenzylamine was used as a GC-MS internal standard if needed. 

General procedure for aqueous direct reductive amination: [RuCl2(p-cymene)]2 (3.1 

mg, 0.0050 mmol) was combined with (S,S)-TsDPEN (4.4 mg, 0.012 mmol) in a 22 mL 

glass vial (O.D. x H: 28 mm x 70 mm) equipped with a septum and nitrogen flow. Then 

distilled water 3 mL was added and the mixture was stirred at 50 °C for 15 minutes until 

a homogeneous yellow solution was formed. Meanwhile, aniline (91 μL, 1.0 mmol) was 

slowly added to 1 mL water solution containing benzaldehyde (102 μL, 1.0 mmol) in 
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another 22 mL vial at room temperature, and immediately a cloudy white mixture was 

formed. Next, an aqueous solution (1 mL) containing HCOONa (680 mg, 10.0 mmol) 

and HCOOH (760 μL, 20.0 mmol) were added to the substrate vial. Then the catalyst vial 

was replaced with the substrate vial, and the yellowish catalyst solution was transferred to 

the substrate/formate/formic acid mixture via syringe. After a given time interval, 

catalysis was quenched by cooling the reaction vial to room temperature. Around 3 mL of 

methylene chloride was added to the reaction vial and mixed thoroughly. Approximately 

10 drops of the organic layer were removed and diluted in CDCl3 to make NMR samples. 

The conversion was determined by NMR spectroscopy and/or GC-MS.  
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