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ABSTRACT 

 Reduction of carbonyl and N-heteroaromatic compounds is a fundamental 

transformation in organic synthesis to produce valuable products in both academia 

and industry. Transfer hydrogenation using non-H2 hydrogen source is a 

convenient and safe alternative to direct hydrogenation with hazardous hydrogen 

gas. Compared with other N-heterocyclic compounds, transfer hydrogenation of 

pyridine derivatives is less developed, especially in obtaining high 

enantioselectivity. 

Chapter 1 provides a brief introduction of catalytic transfer hydrogenation 

and the use of formic acid and methanol as hydrogen sources. It also describes 

previous achievements on the TH of carbonyl and N-heteroaromatic compounds. 

Chapter 2 extends our previously reported method for the preparation of 

chiral piperidines to more valuable chiral fluorinated piperidines with excellent 

enantioselectivities. A chiral amine is incorporated into the pyridine ring via 

transamination during the reduction process and induces the chirality on the ring.  

Chapter 3 describes a simple and efficient method for the switchable 

synthesis of N-aryl piperidines and pyrrolidines from pyridinium salts, providing 

an alternative to the traditional C-N cross coupling methods. The key to the 

preparation of pyrrolidines is the introduction of a leaving group on the pyridine 

substrates, which leads to the ring contraction during the ring-closing step after 

transamination.  
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Chapter 4 demonstrates the preliminary attempts on the asymmetric 

transamination of pyridinium salts with achiral amines. Imidazoline iridacycle and 

rhodacycle have been found to be active for the reaction, although the 

enantioselectivity currently achieved still needs to be improved. 

Chapter 5 presents a highly efficient cyclometaled rhodium complex for 

the transfer hydrogenation of various aldehydes at near room temperature using 

methanol as hydrogen source. The hydroxy functionality on the imino ligand is 

shown to be crucial for this remarkable activity. 

Chapter 6 summarise all works covered in this thesis and provides an 

outlook for the future work.  
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1.1 Introduction 

In organic chemistry, hydrogenation reaction refers to the addition of pairs 

of hydrogen atoms towards double or triple bonds of unsaturated compounds, 

resulting in reduced or saturated organic compounds. It is one of the most important 

transformations in organic synthesis, and is widely carried out in both laboratory 

and industry.[1–3] Hydrogenation processes have profoundly affected the daily life 

of human society. For example, in the fats and oils industry, hydrogenation is used 

to convert liquid vegetable oils into solid or semi-solid fats products like 

shortenings, spreads and margarine, improving the oxidative stability of the oil.[4] 

In the petrochemical industry, hydrogenation is used as an essential process during 

hydrocracking to obtain lighter, valuable petroleum products, such as gasoline and 

diesel, from heavy crude with longer hydrocarbon chains.   

 Generally, hydrogenation reactions proceed in the presence of a metal 

catalyst, which is known as catalytic hydrogenation or catalytic reduction. 

Although a typical hydrogenation reaction of an alkene is thermodynamically 

favourable, it would not proceed without the addition of a catalyst, like Pd/C 

(Scheme 1.1). The catalyst lowers the activation energy required for the reactants 

to reach the transition state and thus enables the catalysis to occur. There are two 

main types of catalysts, namely homogeneous catalysts and heterogeneous 

catalysts. Homogeneous catalysts can dissolve in the solvent which also contains 

the unsaturated substrates. Noble metals are commonly used to generate highly 
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active catalysts which operate at lower pressures and temperatures, such as 

Wilkinson’s catalyst[5] and Crabtree’s catalyst.[6] However, heterogeneous catalysts 

are more common in industry. Precious metal catalysts are generally deposited on 

the support as fine powders and suspended in the solvent, such as Pd/C.  

 

Scheme 1.1: Energy diagram for hydrogenation of ethene 

 

1.2 Transfer hydrogenation 

Apart from the choice of catalysts used in catalytic hydrogenation, there are 

two main strategies to perform hydrogenation reactions: direct hydrogenation with 
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a pressure of gaseous H2, and transfer hydrogenation (TH) using other hydrogen 

donors. Molecular hydrogen is commercially available from hydrocarbons by an 

industrial process called steam reforming and stored in pressurised cylinders. 

Hydrogenation reactions are normally performed under more than 1 atm of 

hydrogen gas, which requires special equipment and safe handling, as hydrogen 

gas is highly flammable when dispersed in air.[7] Compared with direct 

hydrogenation, TH is a robust and convenient method to produce saturated 

compounds using hydrogen sources other than hazardous and pressurised H2, and 

thus no special operations are needed. The hydrogen sources for TH are usually 

inexpensive and readily available, like isopropanol and formic acid.[8,9] Therefore, 

TH has been widely investigated over the last few decades and has been extensively 

reported in organic synthesis.[9]  

1.2.1 Hydrogen donors in TH 

For transfer hydrogenation, hydrogen sources other than H2 gas are 

employed. Various compounds such as hydrocarbons, alcohols, formic acid and its 

derivatives have been used as hydrogen donors in catalytic TH reactions. In 

practice, formic acid, and isopropanol (IPA) are the most commonly used hydrogen 

donors due to their easy availability and high activity.[7,10] In the presence of a 

suitable catalyst, two hydrogen atoms are transferred from hydrogen donor to 

unsaturated compounds, in which one hydrogen is transferred to the X atom on the 

C=X multiple bond as a proton, and the second hydrogen to the carbon as a hydride. 
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A general example of catalytic TH using IPA as hydrogen donor is shown in 

Scheme 1.2.  

When isopropanol is used as hydrogen donor, a base, hydroxides or metal 

alkoxides, is usually required to extract protons from the donor. After losing two 

hydrogen atoms from isopropanol, acetone forms and accumulates in the reaction 

system. As a hydrogen acceptor, acetone competes with the unsaturated substrates 

in the TH reaction until an equilibrium is reached.[11] In order to promote the shift 

of the equilibrium in the direction of the desired product, an excessive amount of 

isopropanol is required according to Le Chatelier's principle, and thus isopropanol 

often takes the role of solvent in catalytic TH reactions.  

 

Scheme 1.2: Catalytic transfer hydrogenation using isopropanol as hydrogen donor 

1.2.2 Formic acid as hydrogen donor 

Formic acid is considered as one of the most popular materials for hydrogen 

storage in a safe and dense form with a higher hydrogen content (53.4 g/L, 4.4 wt%) 

than molecular hydrogen gas (0.089 g/L at 0 °C, 1 atm).[12] The industrial 

production of formic acid is mainly based on fossil feedstock. Recent research 

revealed a great potential of sustainable synthesis of formic acid from renewable 

sources, namely biomass[13] and CO2 hydrogenation.[14] In the presence of a 

suitable catalyst, formic acid could be readily decomposed into CO2 and H2 (ΔG° 
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= -32.8 kJ/mol), which makes it preferred as an in situ H2 source in catalytic 

reactions.[15]  

The dehydrogenation product, carbon dioxide, could easily escape from the 

reaction system, making the catalytic TH reaction irreversible. In addition, only a 

weak base like trimethylamine is sufficient to activate formic acid, and sometimes 

it could be used in an aqueous solution.[16–18] The commercially available formic 

acid/trimethylamine azeotrope (F/T) also shows a high solubility in various 

solvents at a wide range of temperatures (20 to 60 °C). However, the major 

drawback of using F/T azeotrope is that the acidity of formic acid can easily 

decompose or deactivate metal complexes, leading to the loss of their catalytic 

activities.[10] 

1.2.3 Methanol as hydrogen donor  

 Methanol, also known as methyl alcohol, is the simplest aliphatic alcohol. 

In 1661, methanol was first produced by Sir Robert Boyle through the destructive 

distillation of wood materials. Later, the composition of this new compound was 

independently determined by Justus von Liebig and J. B. A. Dumas, and the term 

“methyl” was introduced to the Chemistry Society in 1835. Since then, the so-

called “wood alcohol” or methyl alcohol was mainly obtained from the method of 

distillation until the 1920s. Nowadays, methanol is mainly produced industrially 

from syngas (H2, CO) and CO2. The conversion of syngas and CO2 into crude 

methanol is shown in the equations below. 
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                                          CO + 2H2 ⇌  CH3OH                                        (Eq. 1.1) 

                                     CO2 + 3H2 ⇌  CH3OH + H2O                               (Eq. 1.2) 

With a global production capacity of more than 110 million tons 

annually,[19] methanol is one of the most important chemical industry materials. At 

ambient conditions, methanol is a colourless, polar and volatile liquid. It is miscible 

with various organic solvents and water, making methanol a popular organic 

solvent being able to dissolve compounds with high polarity. In fact, around 85% 

of methanol produced is consumed as solvent or the starting material in the 

chemical industry for the synthesis of other commodity chemicals, such as 

formaldehyde, methyl tert-butyl ether (MTBE), acetic acid, dimethyl ether (DME), 

etc., in order of importance. The remaining share is used in the energy and fuel 

areas.[20]  

Methanol is a promising alternative to replace a large number of traditional 

petroleum-based fuels in terms of efficient combustion, low cost and abundance.[21] 

Its high hydrogen storage capacity of 12.5 wt% has resulted in increased interest in 

the development of methods for using methanol as hydrogen source. However, 

from the thermodynamic point of view, methanol, as a primary alcohol, is 

considered unfavourable to undergo dehydrogenation to generate H2 or metal 

hydride (Scheme 1.3),[22] although several studies on dehydrogenation of methanol 

at low temperature have been reported.[23–27] In contrast, isopropanol shows a great 
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advantage for conversion to acetone via dehydrogenation. Thus dehydrogenation 

of methanol generally requires a higher energy input, impeding its applications in 

catalytic TH. 

 

Scheme 1.3: Thermodynamic data for methanol and isopropanol dehydrogenation 

 Both theoretical and experimental studies have shown that it is challenging 

to achieve low temperature dehydrogenation of methanol.[22–27] Furthermore, 

secondary or primary alcohols, generated from the TH reaction of carbonyl 

compounds like ketones or aldehydes, are more easily to be dehydrogenated than 

methanol. In this thesis, we will show the TH of aldehydes using methanol as 

hydrogen source near room temperature. 

1.2.4 Mechanism of catalytic TH 

The mechanism of catalytic TH reactions depends on the choice of metal 

catalysts and substrates. Generally, the TH reactions can be classified into two main 

mechanisms: (i) the direct transfer mechanism in which the hydrogen is transferred 

directly from the hydrogen donor to the substrate (acceptor) without the 

involvement of metal hydrides (Scheme 1.4a); and (ii) the indirect or hydridic 
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transfer mechanism in which the hydride is transferred from the donor to the 

acceptor via the active metal hydride intermediate (Scheme 1.4b).[28]  

 

Scheme 1.4: General representation of the two main hydrogen transfer mechanisms 

In the direct transfer mechanism, both hydrogen donor and acceptor are 

coordinated to the metal ion, enhancing polarisation and geometric proximity of 

the substrates, thereby allowing an intramolecular transfer of hydrogen in a 

concerted process without the formation of metal hydrides. The metal catalyst plays 

a role in enhancing the electrophiles of the carbonyl group, making hydride to be 

accepted more favourable. For example, in the traditional Meerwein-Ponndorf-

Verley (MPV) reduction, the reaction is believed to undergo a catalytic cycle with 

the involvement of a six-member ring transition state caused by a hard Lewis acid 

Al(III) ion (Scheme 1.4a).[29]  
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On the other hand, the hydridic route usually occurs in the presence of 

transition metal complexes. A hydride is first transferred from the donor molecule 

to the metal catalyst, generating a metal hydride. The hydride is then transferred to 

the substrate (acceptor) molecule. Weak Lewis acids with high hydride affinity, 

like Ru, Rh and Ir, are typical examples for the hydridic transfer mechanism. The 

catalytic TH reaction using Ru, Rh and Ir metal complexes were shown to proceed 

either via a monohydride or a dihydride intermediate (Scheme 1.5).[30] In both cases, 

the hydrogen donor and acceptor interact separately with the metal species in the 

catalytic cycle. Bäckvall et al. conducted an experiment to determine whether the 

hydridic mechanism proceeds through a monohydride or a dihydride pathway.[31] 

A hydrogen donor, α-deuterated α-phenylethanol, was used to easily track the 

destination of the hydrogen transfer process to ketone substrates. In the 

monohydridic route, the α-C−D deuterium of the donor is the origin of the metal 

deuteride, which is transferred to the carbonyl carbon, whereas the O−H hydrogen 

of the donor is transferred as a proton to the carbonyl oxygen, keeping their identity 

through the catalytic reaction. On the contrary, both α-C−D deuterium and O−H 

hydrogen atoms of the donor are transferred to the metal in the dihydride pathway, 

yielding a metal dihydride species. Then, both hydrogens are transferred to the 

carbonyl functionality of the acceptor randomly. 
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Scheme 1.5: Monohydride and dihydride pathway for catalytic TH of ketones 

The catalytic TH reaction mechanisms can also be classified according to 

the condition of the substrate in the coordination sphere of the metal catalyst. Thus, 

the reaction route proceeding through the coordination of the substrate to the metal 

is called inner-sphere mechanism; whereas the route without direct coordination is 

called outer-sphere mechanism. A typical example of an inner-sphere mechanism 

for TH of ketones is shown in Scheme 1.6. The reaction between a metal precursor 

and isopropanol forms the active metal species A, which generates the metal 

hydride B via intramolecular β-hydride elimination. Acetone is formed and 

replaced with a carbonyl substrate to give complex C. The migratory insertion of 

the carbonyl to the metal-hydride bond results in intermediate D. Finally, 

protonolysis of the alkoxy group by additional isopropanol molecule generates the 

desired alcohol product and closes the catalytic cycle. The outer-sphere mechanism 

was proposed by Noyori and co-workers in their study on the monohydride 
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pathway.[32] In this case, the proton of the diamine ligand of the Ru complex played 

an important role in the catalytic mechanism. When the hydride is transferred from 

the monohydride species to the substrate, the other hydrogen is provided by the N-

H from the diamine in the ligand (Scheme 1.7); thus this mechanism is also known 

as “metal-ligand bifunctional catalysis”.[33]  

 

Scheme 1.6: Schematic illustration of the inner-sphere mechanism for TH of ketones 
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Scheme 1.7: Schematic illustration of the outer-sphere mechanism for TH of ketones  

 

1.3 TH of N-heteroaromatics 

Aromatic compounds with at least one non-carbon atom (e.g. O, N, S) in the 

ring are called heteroaromatics. The reduction of heteroaromatics leads to their 

corresponding saturated compounds. Among these, saturated nitrogen heterocycles 

are valuable and abundant in both natural products and pharmaceuticals (Scheme 

1.8).[34–39] For instance, nicotine, a chiral alkaloid, is a natural product mostly found 

in tobacco, and can be used as a stimulant or as a drug for smoking cessation. 

Conhydrine is another alkaloid found in poison hemlock and can convert into L-

coniine by reacting with hydroiodic acid and phosphorus. Helquinoline is a new 

type of antibiotic and is classified as tetrahydroquinoline. Vildagliptin, Concerta 

and Oxamniquine are all FDA-approved drugs that exhibit diverse biological 
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activities and excellent medicinal applications. Therefore, various methods have 

been developed for the synthesis of saturated N-heterocycles.[40–43] TH of N-

heteroaromatics have shown great advantages over direct hydrogenation in terms 

of safety and easy operation;[9,44–48] however it has been much less studied. 

 

Scheme 1.8: Representative examples of saturated nitrogen heterocycles 

1.3.1 TH of pyridines 

Piperidines are ubiquitous in natural products, biologically active 

compounds, and pharmaceuticals.[49] The catalytic hydrogenation of pyridines 

offers a straightforward method to access the desired piperidine products, and has 

been well-studied over the past decades.[45,50–58] The representative examples on 

asymmetric transfer hydrogenation (ATH) of pyridines are summarised in Chapter 
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4. Whilst the TH method is an attractive alternative to direct hydrogenation since 

it does not require hazardous pressurised H2 gas and special equipment, so far, only 

limited studies have demonstrated the reduction of pyridines. In this section, 

studies on TH of pyridines will be highlighted.  

In 2007, Rueping and co-workers developed the first example of metal-free 

ATH of pyridines using Hantzsch esters as hydrogen source (Scheme 1.9).[59] In 

the presence of 5 mol% of the phosphoric acid 1 and 2 equiv. of Hantzsch 

dihydropyridine 2, a variety of trisubstituted pyridines were reduced to the 

corresponding tetrahydropyridines in good yields (66-84%) and excellent 

enantioselectivities (up to 92% ee).  

 

Scheme 1.9: Organocatalytic enantioselective TH of pyridines with Hantzsch esters 
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 Frustrated Lewis pairs (FLPs) are a compound containing both a Lewis acid 

and a Lewis base, which, due to steric hindrance, cannot form the classical acid-

base adducts. FLPs have emerged as a promising class of catalysts for metal-free 

homogeneous hydrogenation of unsaturated compounds since the discovery of 

hydrogen splitting with FLPs by Stephan and co-workers in 2006.[60] In 2016, the 

Du group demonstrated a metal-free method for borane-catalysed TH of pyridines 

using ammonia borane as hydrogen donor.[61] They proposed that the FLPs formed 

from pyridine and B(C6F5)3 can split the N-H and B-H bonds of ammonia borane 

to produce zwitterion species, followed by the subsequent reduction to obtain 

piperidine products (Scheme 1.10). 

 

Scheme 1.10: Proposed pathway for the FLPs-catalysed TH of pyridines with ammonia 

borane and selected piperidine products 

Similarly, the Chang[62] and Wang[63] groups developed the B(C6F5)3 

catalysed TH of pyridines using Et2SiH2 or PhMe2SiH as reducing reagents. 
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Although various substituted pyridines can be reduced to corresponding 

piperidines with these methods (Scheme 1.11), they are limited in substrate scope, 

e.g. unsuitable for reducible functional groups due to the harsh reaction conditions 

(over 100 °C) and suffer from the use of expensive hydrogen donors.  

 

Scheme 1.11: Selected examples for the borane-catalysed TH of pyridines 

 In 2003, Olsson and co-workers reported the synthesis of 4-substituted N-

protected piperidines via CuCN·2LiBr-catalysed organozinc additions and 

subsequent TH (Scheme 1.12).[64] The N-phenoxycarbonyl group can be readily 

converted to N-Boc by addition of KOtBu, which allows for the further 

deprotection strategies. 
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Scheme 1.12: Synthesis of 4-substituted N-Boc-protected piperidines 

In 2012, our group reported iodide-promoted, simple rhodium complex 

[Cp*RhCl2]2 (Cp* = pentamethylcyclopentadiene) catalysed TH of N-

heteroaromatics such as quinolines and isoquinolines using F/T azeotrope as 

hydrogen source.[65] Later on, we successfully applied this catalytic protocol to the 

TH of pyridines.[66] Various pyridinium salts, obtained from simple quaternisation 

with benzyl halide, can be reduced to corresponding piperidines or 

tetrahydropyridines under mild reaction conditions (Scheme 1.13). 
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Scheme 1.13: Selected examples of Rh-catalysed TH of pyridinium salts 

 A plausible mechanism is shown in Scheme 1.14 to explain the effect of 

iodide during the catalysis. The substrate is possibly reduced by the active diiodo 

rhodium hydride species. The excessive amount of iodide salt takes the role of 

suppressing the dissociation of iodide ions from the hydride species.[66] The 

substrates without substituents at C4 position would undergo a 1,4-addition first, 

and then reduced to piperidines via a 1,2-addition. In the presence of C4-substituent, 

1,2-addition takes place, giving 1,2-dihydropyridines, followed by another 1,2-

addition to produce tetrahydropyridines. These unsaturated piperidines can be 

further transformed into other high value products via a number of well-established 

reactions, such as asymmetric hydrogenation, asymmetric epoxidation[67] and 

allylic substitution,[68] etc.  
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Scheme 1.14: Proposed mechanism for Rh-catalysed TH of pyridinium salts 

 Previously, our group had developed a series of cyclometalated iridium 

complexes, called iridacycles, for the TH of a wide range of carbonyl compounds 

and for the reductive amination of ketones in aqueous conditions.[69–73] The robust 

iridium complex 3 exhibited efficient catalytic activity in reduction of various N-

heterocycles, including quinolones, isoquinolines, indoles and pyridinium salts, in 

a HCO2H/HCO2Na aqueous solution (Scheme 1.15).[74] This work marks the first 

example of homogeneous catalytic TH of N-heterocycles in water. We also 

achieved ATH of pyridinium salts with iridacycles using F/T in isopropanol.[75] In 
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this thesis, the TH of pyridinium salts will be discussed in the context of a process 

called “reductive transamination”.  

 

Scheme 1.15: Selected examples of cyclometalated iridium complex catalysed TH of N-

heterocycles 
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1.4 TH of carbonyl compounds 

The carbonyl group is a functional group composed of a carbon atom and an 

oxygen atom connected by a double bond. Carbonyl compounds, like aldehydes 

and ketones, are ubiquitous in nature (Scheme 1.16).  

 

Scheme 1.16: Examples of carbonyl compounds in nature 

Both alkenes (C=C) and carbonyl groups have a double bond; but the 

physical properties and reactivity are largely different from each other. The high 

electronegativity of the oxygen draws the electron density away from the carbon, 

making the carbon atom slightly positive (Scheme 1.17). As a consequence of the 

charge separation, the dipole-dipole interaction dramatically affects the boiling 

point of carbonyl compounds. Generally, the carbonyl compounds have a higher 

boiling point than alkenes and other hydrocarbons with a similar molecular 
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weight.[76] In this thesis, we focus on the reduction reaction which happens at the 

carbonyl group. 

 

Scheme 1.17: The resonance structures of the carbonyl group 

Metal-catalysed hydrogenation of aldehydes and ketones is an efficient way 

to produce primary and secondary alcohols, respectively, which are valuable 

building blocks in fine chemicals and pharmaceutical industry.[7] Transfer 

hydrogenation of those carbonyl compounds is a safer, cheaper, and easier method 

by avoiding the use of hazardous hydrogen gas and the equipment for high-pressure 

conditions in the direct hydrogenation.[9] In 1920s, the Meerwein-Ponndorf-Verley 

(MPV) reduction demonstrated TH of ketones, which is catalysed by 

stoichiometric aluminium isopropoxide with isopropanol as hydrogen source.[77–80] 

The reduction happens through a direct hydrogen transfer route via the formation 

of a six-membered transition state (Scheme 1.18). In the late 1930s, Burg and co-

workers reported the first application of hydrides for the reduction of aldehydes 

and ketones using di-borane as a reducing agent.[77] In the 1940s, under improved 

methods, alkali metal hydrides, like sodium borohydride and lithium aluminium 

hydride, were discovered and brought a profound change in the procedures for the 

reduction of functional groups in organic molecules.[81] 
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Scheme 1.18: Mechanism of MPV reduction of ketones 

1.4.1 Ru-, Rh- and Ir-catalysed TH of carbonyl compounds 

From economic and environmental points of view, catalytic TH has a great 

advantage over stoichiometric reduction. MPV reduction requires considerable 

aluminium reagent and produces undesired by-products. The first example of 

transition metal catalysed TH of ketones was reported by Mitchell and co-workers 

in the 1960s. Cyclohexanone is reduced to cyclohexanol catalysed by an iridium 

complex in the presence of isopropanol.[82] In 1975, Sasson and Blum demonstrated 

dichlorotris(triphenylphosphine)ruthenium, [RuCl2(PPh3)3], catalysed TH of 

various saturated and α,β-unsaturated ketones.[83] Later, the reactivity of the 

ruthenium complex was significantly improved by the addition of a catalytic 

amount of a strong base, sodium hydroxide (2.4 mol% NaOH), as co-catalyst. The 

new ruthenium-based system efficiently catalysed both aliphatic and aromatic 

ketones by isopropanol with a highest turnover rate of 900 per hour.[84] In the 

presence of base, the displacement of the chloride by isopropanol takes place first 

and followed by β-elimination to give the active ruthenium dihydride species 

[RuH2(PPh3)3]. 
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In 1986, Shvo and co-workers reported the synthesis of a new ruthenium 

complex 4, now called Shvo’s catalyst, and its applications in both hydrogenation 

and TH of ketones.[85] Upon heating, the dinuclear complex 4 dissociates into an 

18-electron ruthenium hydride complex 4a and a 16-electron cyclopentadienone 

complex 4b (Scheme 1.19). The hydride from the ruthenium centre and the proton 

from the η5-hydroxycyclopentadienyl group transfer into the ketone substrate via 

an outer-sphere mechanism. The dehydrogenation of isopropanol, the hydrogen 

donor, regenerates the active ruthenium catalyst 4a to close the catalytic cycle. The 

ruthenium catalyst reported by Shvo et al. was the first example of “ligand-metal 

bifunctional catalyst”. Later in 1995, Noyori, the Nobel laureate in 2001, reported 

the unprecedented ATH of aromatic ketones using a Ru-TsDPEN catalyst 

(TsDPEN = N-tosyl-1,2-diphenylethylene-1,2-diamine).[86] 
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Scheme 1.19: TH mechanism for Shvo’s catalyst 

 The catalytic activity of a wide range of half-sandwich ruthenium 

complexes have been investigated for TH reactions (Scheme 1.20).[9] Complex 5 is 

known as Noyori’s catalyst, often in situ generated from [RuCl2(mesitylene)]2 and 

(S,S)-TsDPEN in the presence of potassium hydroxide, giving high yields of 

aromatic alcohol products with excellent enantiomeric excess (ee).[86] Except for 

Cp, Cp* and arene group, the indenyl structure is also employed as a coordinating 

ligand in ruthenium half-sandwich complexes. The Ru phenylindenyl complex 6 is 



Chapter 1 

 
 

27 
 

a highly efficient catalyst in TH of ketones and aldehydes. In most of the cases, the 

desired alcohol products were obtained with excellent yields in isopropanol at 

89 °C, exceeding the catalytic activity of Shvo’s catalyst 4.[87] The Wills group 

reported the first “tethered” Ru(II) catalyst 7 for ATH of aromatic ketones in F/T 

azeotrope. Various ketones were reduced in quantitative yields and with ee up to 

98%.[88] 

 

Scheme 1.20: Selected ruthenium complexes for TH reactions 

 The half-sandwich rhodium complexes are also the most widely used 

catalysts for TH of carbonyl compounds (Scheme 1.21). Complex 8 was the first 

example of rhodium catalyst with (S, S) and (Se, Se) ligands capable of TH in 

glycerol, a cheap, non-hazardous, biodegradable hydrogen source. Complex 8b 

with (Se, Se) ligand exhibited higher catalytic efficiency than the (S, S) analogue 

8a.[89] Tani, Ikariya and co-workers reported the synthesis of new chiral rhodium 

and iridium complexes 9 with chiral diamines and applications for efficient ATH 

of ketones inspired by the high selectivity of Noyori’s catalyst.[11,90,91] The 

Ratovelomanana-Vidal group reported the synthesis of a novel “tethered” half-

sandwich rhodium complex 10 using TsDPEN ligand and the functionalised Cp* 
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moiety, which catalysed ATH of ketones using F/T azeotrope as hydrogen source. 

Various alcohol products were obtained with excellent yields and enantiomeric 

excess at room temperature.[92] 

 

Scheme 1.21: Selected rhodium complexes for TH reactions 

 Iridium catalysts are the most active catalysts in TH reactions, and have 

attracted much attention from researchers since the pioneering work on TH of 

ketones reported by Mestroni and co-workers.[93] In particular, Ir-NHC (N-

heterocyclic carbene) type complexes are the most prominent examples of iridium-

based catalysts. The Gülcemal group reported several iridium-NHC complexes 

which were synthesised via transmetalation from in situ generated silver(I)-NHC 

derivatives (Scheme 1.22). Over 99% conversions were obtained for the TH of 

carbonyls using only 0.1 mol% of iridium (I) complex 11 as the catalyst.[94] The 

TH of carbonyls catalysed by complexes 12 and 13 was completed in 2 min, 

reaching 12000 h-1 TOF (turnover frequency).[95] This study showed the influence 

of substituents on the catalytic reactivity of the iridium-NHC complexes. 



Chapter 1 

 
 

29 
 

 

Scheme 1.22: Selected Ir-NHC complexes by the Gülcemal group 

 The iridium complexes of half-sandwich structure have been shown to be 

active in TH reactions.[71,96,97] Recent examples of half-sandwich iridium catalysts 

incorporated a wide range of coordinating ligands based on elements like N, P, and 

C, such as mono-NHC, bis-NHC, pyridyl, triazolyl and TsDPEN (Scheme 1.23). 

A monodentate iridium(III) complex 14 bearing a tunable chiral hydroxyamide 

functionalised NHC ligand was found to act as a catalyst precursor for ATH of 

acetophenone even at room temperature.[98] Iridium complexes with triazolyl 

moieties have been widely investigated due to their high activities, stabilities and 

easy modifications. The dinuclear iridium complex 15 with both a Cp* ring and a 

triazolyl fragment showed higher activity in TH of carbonyls than its mononuclear 

counterpart.[99] Our group also reported the synthesis of a family of cyclometalated 

iridium complexes, such as  3 and 16 using imino chelating ligand, and their 

applications in several TH reactions.[71,72] These complexes can be efficiently 
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employed in TH of carbonyls,[69,100] and imines[101] in aqueous medium or in 

organic solvents. Our studies showed that the pH values are critical for the TH 

reactions to be performed in high reactivity and selectivity. 

 

Scheme 1.23: Selected half-sandwich iridium complexes as TH catalysts  
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1.5 Conclusion and aims of the thesis 

 Hydrogenation is one of the most fundamental reactions in organic 

synthesis. Its valuable products span from laboratory research to industrial 

applications, like pharmaceuticals and agrochemicals. Compared with direct 

hydrogenation using high-pressure H2, transfer hydrogenation employs non-H2 

hydrogen donors, avoiding the use of special equipment, which is safer and easier 

to handle. Therefore TH provides a green, safe and environmentally friendly 

solution and has become a rapidly growing research hotspot in the context of high 

demand for sustainable and green chemistry. Lots of ligands and metal complexes 

have been synthesised and investigated to find the suitable catalytic system where 

various carbonyl compounds, imines and N-heterocycles can be reduced to desired 

hydrogenated products. 

 As summarised in previous sections, there are limited catalysts and methods 

for the efficient ATH of N-heterocyclic compounds, particularly, pyridines. Chiral 

piperidines are one of the most important cyclic amines, which are ubiquitous in 

natural products, bioactive molecules, and pharmaceutical compounds. The need 

for high catalyst loading and harsh reaction conditions limits the potential for 

industrial applications. In addition, the use of excessive amount of reducing agents, 

like Et2SiH2 or PhMe2SiH, leads to abundant waste by-products and economic 

costs (£13/mL for Et2SiH2, £25.40/500mL for formic acid and £25.2/L for 

methanol, results obtained from Sigma-Aldrich, as of Sep 2021). However, the use 
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of cheaper and greener hydrogen source like formic acid and methanol are less 

explored. 

The main aim of this thesis is to develop more efficient and greener methods 

for TH of N-heterocycles and carbonyls. Chapter 2 extends the previous study on 

reductive transamination of mono-substituted pyridines to di-substituted pyridines, 

more specifically, fluorinated pyridines, generating highly valuable fluorinated 

piperidines with high yields and excellent enantioselectivities. Chapter 3 reports a 

new protocol for the TH of pyridines with (hetero) arylamines to access N-arylated 

piperidines, bypassing the limitation of traditional C-N cross couplings. The 

reaction can be switched to producing five-membered pyrrolidines by introducing 

a leaving group at the pyridine structure. Chapter 4 demonstrates the preliminary 

attempts on the asymmetric transamination of pyridinium salts with achiral amines. 

Chapter 5 presents the rhodium-catalysed TH of saturated and α,β-unsaturated 

aldehydes with methanol as hydrogen source near room temperature. 
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2.1 Introduction 

 Reduction of N-heteroaromatics is a fundamental strategy in synthetic 

chemistry because of their broad applications in the synthesis of natural products, 

biologically active compounds and pharmaceuticals.[1] In fact, around 60% of 

FDA-approved drugs contain at least one N-heterocyclic compound, of which 

piperidine accounts for the majority.[2] Although progress has been made in the 

area of asymmetric hydrogenation of N-heterocycles like quinolines and 

isoquinolines,[3–9] studies on the asymmetric reduction of pyridine and derivatives 

remain rare.[10–13] There are a few reasons that make hydrogenation of pyridines a 

challenge: 1) high aromatic stabilisation energies; 2) the tendency to poison and/or 

deactivate catalysts by the strong coordination between the metal centres and the 

heteroatoms. Significant advances in this field over the past decade have relied on 

the employment of efficient catalysts and the applications of substrate activation 

strategies.[14] 

Fluorine, as a small atom with high electronegativity, can dramatically 

affect the bioavailability and pharmacokinetic properties of a drug candidate.[15,16] 

A recent analysis revealed that 20% of all commercially available medicines 

contain fluorine atoms.[17] Therefore, the incorporation of fluorine into the 

piperidine scaffold provides an attractive opportunity for easier access to potential 

drug molecules (Scheme 2.1).[15,18,19]  
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Scheme 2.1: Incorporation of fluorine into piperidine derivatives, and an example of 

fluorinated piperidine 

Despite the importance of both fluorine and piperidine in pharmaceuticals, 

methods for the synthesis of simple monofluorinated piperidines are mainly based 

on either electrophilic fluorination[20] or nucleophilic fluorination[21,22] (Scheme 

2.2). Both methods require elaborate predefined precursors, leading to chirally-

enriched fluoropiperidines being limited in variety and expensive. For example, an 

online search shows that the retail price of a simple fluoropiperidine, (R)-3-

fluoropiperidine hydrochloride (CAS No. 787564-37-8), is £995.5/g (as of Sep 

2021, Sigma-Aldrich). Currently, the only stereoselective synthesis of 

fluoropiperidines via the hydrogenation of pyridines is seen in two recent reports 

from Glorius and co-workers, which discloses Rh- and Pd-catalysed hydrogenation 

reactions to access all cis-(multi)fluoropiperidines. However, the reaction cannot 

be used for the enantioselective hydrogenation of fluoropyridines.[23,24]  
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Scheme 2.2: Commonly used synthetic approaches to access fluorinated piperidines 

 

Scheme 2.3: ART approach to access a) chiral piperidines and b) fluorinated ones 

Our group has previously developed a new approach to access chiral 

piperidines via asymmetric reductive transamination (ART).[25] The key to this 

novel reduction of pyridine derivatives is the introduction of a chiral secondary 

amine under reducing conditions. The amine undergoes transamination and 

replaces the original nitrogen moiety, inducing chirality on ring (Scheme 2.3a). 

Although ethyl amine is more nucleophilic than (R)-PEA, based on their pKa 

values (10.7 vs 9.7), (R)-PEA has ten equivalents relative to ethylamine and is 

therefore more likely for condensation with the ring-opened intermediate. The 

result was also verified by a 6.1:1 ratio of the transamination product to N-ethyl 
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piperidine, ca. 14% of N-ethyl piperidine was observed in the crude sample (Figure 

2.1). 

 

Figure 2.1: 1H NMR spectrum of crude reaction mixture resulting from the reaction of 

N-ethyl-2-phenylpyrdinium iodide with (R)-PEA under the standard conditions. 

 Various 2-substituted pyridinium salts were reduced to their corresponding 

chiral piperidines with the exchange of ethylimido fragment by (R)-1-

phenylethylimido.  We hypothesised that the chiral amine could be used to induce 

chirality for an additionally substituted pyridines. The reaction could provide a 

straightforward catalytic route to access chiral fluorinated piperidine from its 

pyridine precursor (Scheme 2.3b). 
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2.2 Results and discussion 

2.2.1 Structural identification of fluorinated piperidines 

 Our investigations began by synthesising 3-fluorinated pyridinium salts as 

starting materials from cheap and commercially available 2-bromo-3-fluoro 

pyridine via efficient Suzuki-Miyaura coupling reactions, followed by 

quaternisation with ethyl iodide to afford the crystalline solids (Scheme 2.4). All 

substrates were satisfactorily characterised by 1H NMR spectra. 

 

Scheme 2.4: General procedures for the preparation of pyridinium salts 

The initial attempt to produce chiral piperidines were conducted using 

formic acid as hydrogen donor, [Cp*RhCl2]2 as the catalyst for the ART of 2-

phenyl-3-fluoropyridinium salt in CH2Cl2/H2O mixture at 40 °C. These are the 

conditions that have been developed for the ART of 2-arylpyridinium salts.[25] The 

desired piperidine 17a was obtained in a high yield of 80%. As shown in the 19F{1H} 

spectra, this compound exists as two equilibrating conformational isomers 

observable in solution (Scheme 2.5). The spectra show two singlets with a ratio 

varied with deuterated solutions, 1:23 in CDCl3, 1:52 in acetone-d6 and 1:61 in 

MeOD-d4. The formation of two conformers can be verified by conducting 
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variable-temperature NMR analysis. At elevated temperatures, interconversion 

among conformers is accelerated, resulting in an averaged signal from equivalent 

peaks, whilst the integration of peaks from different diastereomers would be 

unaffected. 

 

 

Scheme 2.5: ART to form piperidine 17a and its conformational isomers revealed by 

19F{1H} NMR spectrum 
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The X-ray spectroscopy shows that compound 17a has a cis configuration 

between the phenyl and fluorine substituents. The orientation of the fluorine in the 

major isomer is assigned as axial due to the large value of 3JH-F in the 1H NMR 

spectrum,[23,24] and this is also supported by a 2D-FH-HOESY analysis and is 

consistent with the solid-state X-ray structure (Figure 2.2). When 99% ee of (R)-

PEA was used, the debenzylation of 17a yielded (2R,3R)-3-fluoro-2-

phenylpiperidine in 98% ee, showing the ART to be highly diastereoselective.

 

Figure 2.2: 2D FH-HOESY spectrum and X-ray structure of compound 17a 
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2.2.2 Substrate scope 

 Under the standard conditions, the reaction proceeded smoothly with 

functionalised pyridinium salts bearing fluorine substituent, affording the 

corresponding fluorinated piperidines in good yields. The results are shown in 

Table 2.1. A series of potentially reducible functional groups were well-tolerated 

in the reduction process, such as halide, cyano (17e), nitro (17g), ketone (17m), 

ester (17n) and alkene (17o). Heterocyclic substituents like furan (17v) and 

thiophene (17w) also gave good yields. Furthermore, 5-fluorinated piperidines 

(17x, y) also could be obtained, albeit in diminished yields, from their pyridinium 

salts under the standard conditions. The addition of Mg(OMe)2 as an additive to 

the reaction system has been found beneficial for the production of the desired 

products. The similar effect has also been recorded by Donohoe and co-workers 

when they conducted reductive C3 functionalisation of pyridinium salts.[26] The 

diastereomers of the fluorinated piperidines can be distinguished from 19F{1H} 

NMR spectra as they only show singlets for products studied, which can be 

unambiguously assigned and integrated with high accuracy. All the 3-

fluoropiperidines show two observable singlets between -170 and -200 ppm in the 

19F{1H} NMR spectra, one small and one significantly bigger. This has been 

assigned to equilibrating conformational isomers (see Scheme 2.5). The absence of 

other peaks in this region is also a good indication of the high diastereoselectivity 

of the reaction.  
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However, the reaction was less stereoselective for 5-fluorinated piperidines, 

affording mixtures of several isomeric products with over 70% yields. The major 

isomers 17x and 17y were isolated in ca. 40% yield. Taking 17x as an example, the 

crude NMR spectra show three possible diastereomers with ratios of 4:2.2:1 in the 

19F{1H} NMR and 3.6:2.4:1 in the 1H NMR (proton at C5 position). The singlet 

peak at -188 ppm in the 19F{1H} NMR spectrum represents the major cis (2S,5S) 

piperidine (Figure 2.3, right). This assignment is supported by NMR analysis after 

isolation and is consistent with the solid-state X-ray structure (see appendix 

section). The minor product at -178 ppm, which was isolated in 18% yield, could 

be assigned to the trans (2S,5R) piperidine based on NMR analysis. The 3J(H-H) 

couplings at around 10 Hz indicate the axial orientations for both H2a and H5a. 

Therefore, both fluorine and phenyl substituents are in the equatorial positions 

(Figure 2.3, left). The third product could not be isolated due to its low yield (< 

10%). The similar splitting and chemical shifts from the crude 1H and 19F{1H} 

NMR spectra between the major and this unknown product suggest an axial 

orientation of fluorine and an equatorial orientation of the phenyl substituent in the 

latter, meaning the formation of a cis (2R,5R) product (Figure 2.3, middle). The 

formation of this possible minor product is disfavoured by the 1,3-allylic strain in 

the transition state, which may explain the low yield. A possible fourth 

diastereomer, trans (2R,5S) piperidine, was not observed, possibly due to an even 

less favourable transition state (Scheme 2.6). Compounds 17y showed similar 

results to 17x by NMR analysis. 
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Figure 2.3: Structural analysis of diastereomers of 17x 

 

Scheme 2.6: The possible transition states of the disfavoured trans (2R,5S) diastereomer 
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Overall, the ART reaction provides an novel and effective approach of 

introducing fluorine into piperidine core, including drug candidates or analogues 

of current medicines, such as MK-0731,[27] Bradykinin B1 antagonist (Merck),[28] 

NK1 receptor antagonist[29] and PARP-1/-2 inhibitor (Abbott).[30]  

Table 2.1: Asymmetric reductive transamination to access fluorinated piperidines[a] 

 

        Entry                   Substrate                      Product                    Yield (%)[b] 
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        Entry                   Substrate                      Product                    Yield (%)[b] 
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        Entry                   Substrate                      Product                    Yield (%)[b] 
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        Entry                   Substrate                      Product                    Yield (%)[b] 
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        Entry                   Substrate                      Product                    Yield (%)[b] 

 

[a] All reactions were carried out under the standard conditions: substrate (0.5 mmol), 

[Cp*RhCl2]2 (1 mol%), HCO2H (12 mmol), (R)-PEA (5 mmol), CH2Cl2/H2O = 15:1 (4.0 

mL), 40 °C, 22 h, in air. [b] Isolated yields. [c] Reaction performed for 12 h. [d] 1 equiv. 

of Mg(OMe)2 added. [e] The d.r. values were determined by the integration of peaks from 

different diastereomers in the 19F{1H} NMR spectra. 

2.2.3 Mechanistic investigations 

 Based on the previous study [31] and earlier mechanistic investigations,[32,33] 

the TH of pyridinium salts catalysed by [Cp*RhCl2]2 is likely to start with a 1,4-
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addition of a rhodium hydride to produce 1,4-dihydropyridinium, followed by 

enamine isomerisation to an iminium species which is then reduced via a 1,2-

addition to generate piperidines (Scheme 2.7).  

 

Scheme 2.7: Rhodium catalysed TH of pyridinium salts with the hydride derived from 

formate 

 The retention of chirality from (R)-PEA and the experiment on the 

incorporation of 15N-benzylamine to the hydrogenated piperidine ring clearly point 

out that the mechanism must involve a transamination process in which the imido 

fragment is exchanged with the new amine source (Scheme 2.8).  

 

Scheme 2.8: The incorporation of 15N into piperidine during reductive transamination 

(prepared by Dr. Xiaofeng Wu) 
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A control reaction also demonstrates the significance of water during the 

catalysis. The key step for the transamination mechanism involves the interception 

of the dihydropyridinium ion by water, which leads to ring opening of the 

dihydropyridine and then subsequent amine exchange. In addition, under the 

reducing conditions, the NMR analysis shows that a possible intermediate 18 

(prepared by Dr. Jianjun Wu) is in equilibrium with its ring-opening form 19 in the 

presence of adventitious water in the solvent. Mass spectrum also supports the 

existence of compound 19 with a mass peak as m/z 206.18 (Figure 2.4). 

Experiments showed that 18 can be reduced but cannot undergo ART. Thus, the 

amine exchange must occur in a previous step (dihydropyridinium). The formation 

of 19 shows that water can ring-open the six-membered ring. 

 

Figure 2.4: Mass spectrum of intermediate 18 and its ring-opening form 19 
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Figure 2.5: MS spectra of reaction intermediate under standard conditions (above) and 

18O-labeled water (below). 
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Under the ART conditions, two further experiments were performed, one 

using normal water and the other using 18O-labeled water, and the reactions were 

stopped in 45 min. Both reaction mixtures were analysed with GC-MS. The MS 

spectra are shown in Figure 2.5, which support the formation of the suggested 

amino ketone intermediate. In the case of H2
18O, the peak at m/z 281.1 results 

mostly likely from H2O in the system. 

In the light of the above observations, a mechanism for the ART of 

fluorinated pyridinium salts is proposed (Scheme 2.9). Under the reducing 

conditions, the substrate undergoes 1,4-addition by the Rh-H hydride species, and 

the resulting enamine isomerises to an iminium species. In the presence of water, 

dihydropyridine becomes its ring-opened form and extrudes the ethylamine 

fragment via acid-assisted hydrolysis. Condensation of the new amine (R)-PEA 

with the ring-opened compound occurs, and following the ring closure, reduction 

give the desired piperidine products. A dynamic kinetic resolution process via fast 

iminium-enamine isomerisation is proposed to occur at the final stage, providing 

access to both the (R)-3-F and (S)-3-F isomers. Out of the possible modes of 

hydride addition to the two equilibrating iminium diastereomers, the transition state 

suggested in Scheme 2.8 is of lowest energy barrier, which involves a minimal 1,3-

allylic strain while provides maximal coulombic attraction.[34,35] As is clear, the 

metal hydride attacks opposite the axial fluorine, yielding the cis 

(2R,3R)diastereomer. 
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Scheme 2.9: Proposed mechanism for Rh-catalysed ART of fluorinated pyridinium salts 

 

2.3 Conclusion 

 We have extended our new approach, ART reaction, to the synthesis of 

chiral fluorinated piperidines from easily available pyridinium salts. The reaction 

tolerates a wide range of substituents, even potentially reducible functionalities, 

and is operationally simple by using an air- and moisture-stable catalyst, affording 

valuable chiral fluorinated piperidines with excellent enantiomeric excess. The 

mild reaction conditions provide a great opportunity for the synthesis of potential 

fluoro- and piperidine-containing drug candidates or the late-stage modification of 

existing pharmaceuticals. 
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2.4 Experimental 

2.4.1 General information 

Unless otherwise specified, the chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Alfa Aesar, Fluorochem, Apollo Scientific and TCI) and 

used without further purification. Dichloromethane was used as purchased. Silica 

gel plates (GF254) were used for TLC monitoring and silica gel (230-400 mesh) 

was used for running column chromatography. NMR spectra were recorded on a 

Bruker 400 MHz NMR spectrometer with TMS as the internal standard. The mass 

spectra were obtained by chemical ionization (CI). The mass spectra were obtained 

using a Thermo Finnigan Trio-1000 Mass spectrometer. HPLC analysis was 

performed on Gilson UV/VIS-151 or Shimadzu LC-20A UV/VIS equipped with 

an OJ-H or AD-H or OX-H column purchased from Daicel Chemical Industries. 

The configurations of selected products were assigned by X-ray diffraction and/or 

NMR analysis and those of the rest by analogy. 
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2.4.2 Preparation of fluorinated pyridinium salts 

 

Suzuki-Miyaura coupling procedure: To a two-necked flask containing 2-

bromo-3-fluoropyridine (4.0 mmol) was added arylboronic acid (5.0 mmol) 

followed by addition of (PdPPh3)4 (3 mol%) and K2CO3 (12 mmol). The resulting 

mixture was dissolved in toluene (7 mL), water (7 mL) and EtOH (1.5 mL) under 

N2 atmosphere, and refluxed overnight. After completion, the reaction mixture was 

cooled to room temperature, and NH4Cl aqueous solution was added to the flask. 

The reaction mixture was extracted with EtOAc for three times, and dried over 

Na2SO4. The solvent was removed under reduced pressure, and purified by flash 

chromatography on silica gel with hexane/EtOAc. 

Pyridinium salts preparation procedure: To a carousel reaction tube 

containing a substituted pyridine (3.0 mmol) was added ethyl iodide (6.0 mmol) 

followed by introducing acetonitrile (4.0 mL). The mixture was stirred at 85 °C in 

the dark for 18-24 h. After completion, the solvent was removed under reduced 

pressure, followed by addition of ethyl acetate. The resulting suspension was 

filtered, and the solid was washed with diethyl ether and dried under vacuum to 

give the N-ethyl pyridinium iodide salt as crystalline solid. 
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2.4.3 General procedure for ART of fluorinated pyridiniums 

To a carousel reaction tube containing a magnetic stirring bar and (R)-1-

phenylethylamine (615 mg, 5 mmol) was added formic acid (564 mg, 12 mmol) 

dropwise at room temperature. After stirring the amine/acid mixture for 10 min, a 

pyridinium salt, N-ethyl-2-phenyl-3-fluoropyridinium iodide (157 mg, 0.5 mmol), 

[Cp*RhCl2]2 (3.1 mg, 5 µmol), 3.75 mL of CH2Cl2 and 0.25 mL of distilled H2O 

were introduced into the mixture. The reaction system was placed in a carousel 

reactor. The mixture was stirred at 40 °C for 22 h, cooled to room temperature and 

then basified with an aqueous solution of KOH. The resulting mixture was 

extracted with ethyl acetate (3×10 mL) and dried over Na2SO4. The solvent was 

removed under reduced pressure, and the residue was purified by column 

chromatography (EtOAc/hexane) to give the desired product. 

 

2.5 Analytic data of isolated products 

 

(2R,3R)-3-Fluoro-2-phenyl-1-((R)-1-phenylethyl)piperidine (17a): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (113.3 mg, 80%) after column 
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chromatography (silica gel, eluent: n-hexane/EtOAc 40:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha).
[23,24] 

[3J(3-F, 2-Ha) = 29.8 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.57 (d, J = 7.5 Hz, 2H), 7.51 (d, J = 7.8 

Hz, 2H), 7.42-7.28 (m, 5H), 7.25-7.17 (m, 1H), 4.61 (d, J = 47.5 Hz, 1H), 3.92 (q, 

J = 6.8 Hz, 1H), 3.66 (d, J = 29.8 Hz, 1H), 2.66 (dm, J = 10.6 Hz, 1H), 2.38-2.26 

(m, 1H), 2.26-2.14 (m, 1H), 1.95 (dm, J = 12.8 Hz, 1H), 1.77-1.54 (m, 1H), 1.50 

(dm, J = 12.4 Hz, 1H), 1.16 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) 

δ (ppm): -194.95; 13C NMR (101 MHz, CDCl3) δ (ppm): 144.16, 139.81, 129.17 

(d, J = 2.3 Hz), 128.28, 127.90, 127.61, 127.46, 126.22, 90.44 (d, J = 180.5 Hz), 

68.30 (d, J = 16.4 Hz), 54.72, 44.71, 30.39 (d, J = 22.3 Hz), 20.33, 7.78; HRMS 

for C19H23FN [M+H]+: m/z calcd 284.1809, found 284.1808. 

Debenzylation of 17a 

A mixture of 17a (141.6 mg, 0.5 mmol), Pd/C (14.2 mg, 10 wt%), EtOH (5 mL) 

and 6N HCl aq. (0.2 mL) was stirred at 60 °C under H2 balloon (1 atm) for 

overnight. After carefully releasing the hydrogen, the reaction mixture was filtered 

over celite and the filtrate was concentrated in vacuum. The residue was basified 

with an aqueous solution of KOH, extracted with DCM, washed with brine and 
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dried over Na2SO4. The solvent was removed in vacuum to afford the debenzylated 

product. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.48 – 7.31 (m, 5H), 4.81 (d, J = 47.5 Hz, 

1H), 3.87 (d, J = 30.7 Hz, 1H), 3.33 (dm, J = 12.7 Hz, 1H), 2.91 (tm, J = 11.8 Hz, 

1H), 2.38 – 2.11 (m, 2H), 1.97 – 1.69 (m, 2H), 1.66 – 1.53 (m, 1H); 19F{1H} NMR 

(376 MHz, CDCl3) δ (ppm): -200.71; 13C NMR (101 MHz, CDCl3) δ (ppm): 

139.94, 128.54, 127.77, 127.39 (d, J = 1.5 Hz), 89.14 (d, J = 177.6 Hz), 63.14 (d, 

J = 18.4 Hz), 46.35, 29.93 (d, J = 21.9 Hz), 20.02; HRMS for C11H15FN [M+H]+: 

m/z calcd 180.1183, found 180.1186. 

 

The enantiomeric excess, 98% ee (99% ee PEA used), was determined by HPLC 

analysis: Chiralpak OJ-H column, n-hexane/i-propanol = 95:5, flow rate = 1.0 

mL/min, 220 nm UV detector, t = 17.47 min (minor), t = 20.39 min (major). 
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(2R,3R)-3-Fluoro-2-(4-fluorophenyl)-1-((R)-1-phenylethyl)piperidine (17b): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (124.9 mg, 83%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.6 Hz] 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.59-7.52 (m, 2H), 7.49 (d, J = 7.7 Hz, 2H), 

7.36-7.29 (m, 2H), 7.26-7.20 (m, 1H), 7.09-6.99 (m, 2H), 4.58 (d, J = 47.5 Hz, 1H), 

3.87 (q, J = 6.9 Hz, 1H), 3.66 (d, J = 29.6 Hz, 1H), 2.69-2.58 (m, 1H), 2.35-2.24 

(m, 1H), 2.24-2.11 (m, 1H), 2.00-1.84 (m, 1H), 1.74-1.53 (m, 1H), 1.47 (dm, J = 

13.2 Hz, 1H), 1.17 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): 

-114.96, -195.16; 13C NMR (101 MHz, CDCl3) δ (ppm): 162.28 (d, J = 245.6 Hz), 

143.95, 135.50 (d, J = 3.2 Hz), 130.61 (dd, J = 8.0, 2.6 Hz), 127.97, 127.40, 126.32, 

115.15 (d, J = 21.2 Hz), 90.42 (d, J = 180.4 Hz), 67.41 (d, J = 16.5 Hz), 54.68, 

44.68, 30.31 (d, J = 22.3 Hz), 20.26, 7.79; HRMS for C19H22F2N [M+H]+: m/z 

calcd 302.1715, found 302.1717. 

 

(2R,3R)-2-(4-Chlorophenyl)-3-fluoro-1-((R)-1-phenylethyl)piperidine (17c): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (106.2 mg, 67%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.4 Hz] 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.51 (d, J = 8.1 Hz, 2H), 7.48 (d, J = 7.7 

Hz, 2H), 7.37-7.29 (m, 4H), 7.27-7.18 (m, 1H), 4.57 (d, J = 46.8 Hz, 1H), 3.86 (q, 

J = 6.8 Hz, 1H), 3.65 (d, J = 29.4 Hz, 1H), 2.63 (dm, J = 11.2 Hz, 1H), 2.34-2.23 

(m, 1H), 2.23-2.10 (m, 1H), 1.91 (dm, J = 12.8 Hz, 1H), 1.73-1.51 (m, 1H), 1.47 

(dm, J = 12.9 Hz, 1H), 1.16 (d, J = 6.9 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) 

δ (ppm): -195.08; 13C NMR (101 MHz, CDCl3) δ (ppm): 143.81, 138.32, 133.30, 

130.45 (d, J = 2.7 Hz), 128.50, 127.98, 127.38, 126.35, 90.24 (d, J = 180.7 Hz), 

67.53 (d, J = 16.3 Hz), 54.80, 44.61, 30.26 (d, J = 22.3 Hz), 20.21, 7.83; HRMS 

for C19H22
35ClFN [M+H]+: m/z calcd 318.1419, found 318.1418. 

 

(2R,3R)-2-(4-Bromophenyl)-3-fluoro-1-((R)-1-phenylethyl)piperidine (17d): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (144.4 mg, 80%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

[3J(3-F, 2-Ha) = 29.4 Hz] 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.52-7.43 (m, 6H), 7.36-7.29 (m, 2H), 7.25-

7.19 (m, 1H), 4.57 (d, J = 47.5 Hz, 1H), 3.86 (q, J = 6.9 Hz, 1H), 3.64 (d, J = 29.4 

Hz, 1H), 2.70-2.57 (m, 1H), 2.32-2.23 (m, 1H), 2.23-2.10 (m, 1H), 1.91 (dm, J = 

12.7 Hz, 1H), 1.76-1.51 (m, 1H), 1.50-1.39 (m, 1H), 1.16 (d, J = 6.8 Hz, 3H); 

19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -195.07; 13C NMR (101 MHz, CDCl3) 

δ (ppm): 144.22, 139.30, 131.90, 131.27 (d, J = 2.6 Hz), 128.43, 127.82, 126.80, 

121.89, 90.60 (d, J = 180.8 Hz), 68.04 (d, J = 16.5 Hz), 55.27, 45.04, 30.68 (d, J = 

22.1 Hz), 20.64, 8.28; HRMS for C19H22BrFN [M+H]+: m/z calcd 362.0914 and 

364.0894, found 362.0913 and 364.0897. 

 

4-((2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)piperidin-2-yl)benzonitrile (17e): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (52.4 mg, 34%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 30:1).The orientation of the 

fluorine atom is assigned as axial due to the large value of 3J(F, Ha). 

[3J(3-F, 2-Ha) = 25.2 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.74-7.59 (m, 4H), 7.46 (d, J = 7.7 Hz, 2H), 

7.37-7.30 (m, 2H), 7.25-7.20 (m, 1H), 4.57 (d, J = 47.5 Hz, 1H), 3.78 (q, J = 6.8 

Hz, 1H), 3.73 (d, J = 25.2 Hz, 1H), 2.72-2.57 (m, 1H), 2.34-2.25 (m, 1H), 2.23-
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2.13 (m, 1H), 1.92 (dm, J = 12.8 Hz, 1H), 1.75-1.53 (m, 1H), 1.52-1.45 (m, 1H), 

1.17 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -194.87; 13C 

NMR (101 MHz, CDCl3) δ (ppm): 145.42, 143.31, 132.14, 129.87 (d, J = 2.4 Hz), 

128.09, 127.27, 126.55, 118.83, 111.54, 89.79 (d, J = 181.6 Hz), 67.91 (d, J = 16.5 

Hz), 55.16, 44.43, 30.09 (d, J = 22.2 Hz), 20.01, 7.98; HRMS for C20H22FN2 

[M+H]+: m/z calcd 309.1762, found 309.1761. 

 

(2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)-2-(4(trifluoromethyl)phenyl) 

piperidine (17f): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a brown solid (115.9 mg, 66%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.5 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.61 (d, J = 8.1 Hz, 2H), 7.53 (d, J = 8.2 

Hz, 2H), 7.40 (d, J = 7.7 Hz, 2H), 7.28-7.21 (m, 2H), 7.17-7.11 (m, 1H), 4.50 (d, J 

= 47.9 Hz, 1H), 3.74 (q, J = 6.9 Hz, 1H), 3.67 (d, J = 29.5 Hz, 1H), 2.63-2.52 (m, 
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1H), 2.27-2.17 (m, 1H), 2.15-2.05 (m, 1H), 1.84 (dm, J = 12.7 Hz, 1H), 1.67-1.45 

(m, 1H), 1.44-1.32 (m, 1H), 1.09 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, 

CDCl3) δ (ppm): -62.48, -194.95; 13C NMR (101 MHz, CDCl3) δ (ppm): 143.94, 

143.59, 129.87 (q, J = 32.3 Hz), 129.46 (d, J = 2.5 Hz), 128.03, 127.34, 126.45, 

125.25 (q, J = 3.8 Hz), 124.19 (q, J = 271.8 Hz), 90.00 (d, J = 181.2 Hz), 67.86 (d, 

J = 16.5 Hz), 54.98, 44.53, 30.19 (d, J = 22.2 Hz), 20.13, 7.87; HRMS for 

C20H22F4N [M+H]+: m/z calcd 352.1683, found 352.1696. 

 

(2R,3R)-3-Fluoro-2-(4-nitrophenyl)-1-((R)-1-phenylethyl)piperidine (17g): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (49.2 mg, 30%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 28.3 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.14 (d, J = 8.5 Hz, 2H), 7.67 (d, J = 7.9 

Hz, 2H), 7.39 (d, J = 7.7 Hz, 2H), 7.31-7.22 (m, 2H), 7.18-7.10 (m, 1H), 4.50 (d, J 

= 47.8 Hz, 1H), 3.73 (d, J = 28.3 Hz, 1H), 3.69 (q, J = 6.9 Hz, 1H), 2.64-2.53 (m, 
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1H), 2.30-2.17 (m, 1H), 2.17-2.06 (m, 1H), 1.85 (dm, J = 12.8 Hz, 1H), 1.68-1.49 

(m, 1H), 1.47-1.37 (m, 1H), 1.10 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, 

CDCl3) δ (ppm): -194.74; 13C NMR (101 MHz, CDCl3) δ (ppm): 147.51, 143.21, 

142.99, 129.95 (d, J = 2.6 Hz), 128.12, 127.27, 126.60, 123.55, 89.72 (d, J = 181.6 

Hz), 67.63 (d, J = 16.5 Hz), 55.27, 44.41, 30.07 (d, J = 22.1 Hz), 19.99, 8.01; 

HRMS for C19H22FN2O2 [M+H]+: m/z calcd 329.1660, found 329.1670. 

 

(2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)-2-(p-tolyl)piperidine (17h): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (123.3 mg, 83%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 30.0 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.52 (d, J = 7.4 Hz, 2H), 7.48 (d, J = 7.6 

Hz, 2H), 7.38-7.29 (m, 2H), 7.23 (d, J = 7.3 Hz, 1H), 7.19 (d, J = 7.8 Hz, 2H), 4.61 

(d, J = 47.5 Hz, 1H), 3.95 (q, J = 6.8 Hz, 1H), 3.65 (d, J = 30.0 Hz, 1H), 2.73-2.60 
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(m, 1H), 2.36 (s, 3H), 2.34-2.25 (m, 1H), 2.24-2.12 (m, 1H), 1.93 (dm, J = 12.8 Hz, 

1H), 1.75-1.52 (m, 1H), 1.50-1.43 (m, 1H), 1.17 (d, J = 6.8 Hz, 3H); 19F{1H} NMR 

(376 MHz, CDCl3) δ (ppm): -194.85; 13C NMR (101 MHz, CDCl3) δ (ppm): 

144.27, 137.24, 136.81, 129.06 (d, J = 2.3 Hz), 129.01, 127.90, 127.49, 126.20, 

90.63 (d, J = 180.2 Hz), 67.97 (d, J = 16.5 Hz), 54.68, 44.76, 30.44 (d, J = 22.4 

Hz), 21.18, 20.39, 7.80; HRMS for C20H25FN [M+H]+: m/z calcd 298.1966, found 

298.1974. 

 

(2R,3R)-3-Fluoro-2-(4-isopropylphenyl)-1-((R)-1-phenylethyl)piperidine (17i): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (160.9 mg, 99%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.8 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.53 (d, J = 7.7 Hz, 2H), 7.48 (d, J = 7.7 

Hz, 2H), 7.37-7.30 (m, 2H), 7.24-7.18 (m, 3H), 4.61 (d, J = 47.5 Hz, 1H), 3.94 (q, 
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J = 6.8 Hz, 1H), 3.64 (d, J = 29.8 Hz, 1H), 2.90 (hept, J = 7.0 Hz, 1H), 2.68-2.55 

(m, 1H), 2.35-2.23 (m, 1H), 2.23-2.11 (m, 1H), 1.93 (dm, J = 12.7 Hz, 1H), 1.74-

1.51 (m, 1H), 1.50-1.41 (m, 1H), 1.25 (d, J = 6.9 Hz, 6H), 1.17 (d, J = 6.8 Hz, 3H); 

19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -194.77; 13C NMR (101 MHz, CDCl3) 

δ (ppm): 148.07, 144.38, 137.05, 129.01 (d, J = 2.3 Hz), 127.89, 127.49, 126.32, 

126.18, 90.60 (d, J = 180.2 Hz), 68.00 (d, J = 16.4 Hz), 54.61, 44.80, 33.79, 30.45 

(d, J = 22.3 Hz), 24.00 (d, J = 4.3 Hz), 20.39, 7.79; HRMS for C22H29FN [M+H]+: 

m/z calcd: 326.2279, found 326.2278. 

 

(2R,3R)-3-Fluoro-2-(4-methoxyphenyl)-1-((R)-1-phenylethyl)piperidine (17j): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a brown solid (134.7 mg, 86%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 30:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

[3J(3-F, 2-Ha) = 30.0 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.49 (d, J = 7.2 Hz, 4H), 7.36-7.29 (m, 2H), 

7.25-7.16 (m, 1H), 6.93-6.86 (m, 2H), 4.58 (d, J = 47.5 Hz, 1H), 3.91 (q, J = 6.8 
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Hz, 1H), 3.79 (s, 3H), 3.61 (d, J = 30.0 Hz, 1H), 2.72-2.53 (m, 1H), 2.34-2.22 (m, 

1H), 2.21-2.11 (m, 1H), 1.97-1.83 (m, 1H), 1.73-1.53 (m, 1H), 1.49-1.41 (m, 1H), 

1.15 (d, J = 6.8 Hz, 3H). 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -195.01; 13C 

NMR (101 MHz, CDCl3) δ (ppm): 159.04, 144.29, 131.88, 130.15 (d, J = 2.5 Hz), 

127.89, 127.45, 126.18, 113.68, 90.74 (d, J = 179.9 Hz), 67.50 (d, J = 16.4 Hz), 

55.22, 54.58, 44.79, 30.42 (d, J = 22.3 Hz), 20.38, 7.78; HRMS for C20H25FNO 

[M+H]+: m/z calcd 314.1915, found 314.1920. 

 

4-((2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)piperidin-2-yl)phenol (17k): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (146.6 mg, 98%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 30.1 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.48 (d, J = 7.7 Hz, 2H), 7.41 (d, J = 8.1 

Hz, 2H), 7.35-7.25 (m, 2H), 7.23-7.15 (m, 1H), 6.79 (d, J = 8.1 Hz, 2H), 4.57 (d, J 

= 47.4 Hz, 1H), 3.91 (q, J = 6.9 Hz, 1H), 3.57 (d, J = 30.1 Hz, 1H), 2.67-2.56 (m, 
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1H), 2.33-2.20 (m, 1H), 2.20-2.09 (m, 1H), 1.99-1.80 (m, 1H), 1.68-1.49 (m, 1H), 

1.47-1.39 (m, 1H), 1.13 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ 

(ppm): -194.74; 13C NMR (101 MHz, CDCl3) δ (ppm): 155.12, 144.25, 131.87, 

130.36 (d, J = 2.4 Hz), 127.92, 127.50, 126.23, 115.21, 90.88 (d, J = 179.6 Hz), 

67.50 (d, J = 16.3 Hz), 54.61, 44.79, 30.40 (d, J = 22.3 Hz), 20.37, 7.82; HRMS 

for C19H23FNO [M+H]+: m/z calcd 300.1758, found 300.1760. 

 

(2R,3R)-2-([1,1'-Biphenyl]-4-yl)-3-fluoro-1-((R)-1-phenylethyl)piperidine 

(17l): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (136.5 mg, 76%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 40:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

[3J(3-F, 2-Ha) = 29.7 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.65 (d, J = 8.2 Hz, 2H), 7.62-7.56 (m, 4H), 

7.54 (d, J = 7.7 Hz, 2H), 7.47-7.40 (m, 2H), 7.36-7.31 (m, 3H), 7.25-7.20 (m, 1H), 

4.66 (d, J = 47.5 Hz, 1H), 3.99 (d, J = 6.8 Hz, 1H), 3.72 (d, J = 29.7 Hz, 1H), 2.74-
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2.59 (m, 1H), 2.37-2.27 (m, 1H), 2.25-2.14 (m, 1H), 1.95 (dm, J = 12.8 Hz, 1H), 

1.79-1.54 (m, 1H), 1.53-1.42 (m, 1H), 1.20 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 

MHz, CDCl3) δ (ppm): -194.72; 13C NMR (101 MHz, CDCl3) δ (ppm): 144.15, 

140.95, 140.51, 138.91, 129.55 (d, J = 2.3 Hz), 128.71, 127.94, 127.48, 127.16, 

127.08, 127.04, 126.26, 90.52 (d, J = 180.5 Hz), 67.97 (d, J = 16.4 Hz), 54.82, 

44.74, 30.40 (d, J = 22.3 Hz), 20.34, 7.87; HRMS for C25H27FN [M+H]+: m/z 

calcd 360.2122, found 360.2129. 

 

1-(4-((2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)piperidin-2-yl)phenyl)ethan-1-

one (17m): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (56.9 mg, 35%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 25:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.2 Hz] 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.95 (d, J = 8.0 Hz, 2H), 7.68 (d, J = 7.9 

Hz, 2H), 7.49 (d, J = 7.7 Hz, 2H), 7.36-7.29 (m, 2H), 7.25-7.17 (m, 1H), 4.59 (d, J 

= 47.4 Hz, 1H), 3.84 (q, J = 6.9 Hz, 1H), 3.75 (d, J = 29.2 Hz, 1H), 2.71-2.61 (m, 

1H), 2.59 (s, 3H), 2.36-2.25 (m, 1H), 2.24-2.12 (m, 1H), 1.99-1.85 (m, 1H), 1.77-

1.55 (m, 1H), 1.54-1.40 (m, 1H), 1.17 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 

MHz, CDCl3) δ (ppm): -194.76; 13C NMR (101 MHz, CDCl3) δ (ppm): 197.84, 

145.41, 143.65, 136.60, 129.36 (d, J = 2.4 Hz), 128.40, 128.01, 127.36, 126.42, 

90.01 (d, J = 181.5 Hz), 67.99 (d, J = 16.3 Hz), 55.04, 44.52, 30.21 (d, J = 22.2 

Hz), 26.64, 20.14, 7.90; HRMS for C21H25FNO [M+H]+: m/z calcd 326.1915, 

found 326.1922. 

 

Methyl 4-((2R,3R)-3-fluoro-1-((R)-1-phenylethyl)piperidin-2-yl)benzoate 

(17n): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a brown oil (68.2 mg, 40%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 
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 [3J(3-F, 2-Ha) = 29.3 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.03 (d, J = 8.0 Hz, 2H), 7.65 (d, J = 7.9 

Hz, 2H), 7.48 (d, J = 7.7 Hz, 2H), 7.37-7.29 (m, 2H), 7.24-7.17 (m, 1H), 4.59 (d, J 

= 47.5 Hz, 1H), 3.90 (s, 3H), 3.83 (q, J = 6.9 Hz, 1H), 3.73 (d, J = 29.3 Hz, 1H), 

2.71-2.58 (m, 1H), 2.36-2.24 (m, 1H), 2.24-2.09 (m, 1H), 1.92 (dm, J = 12.8 Hz, 

1H), 1.75-1.56 (m, 1H), 1.54-1.40 (m, 1H), 1.16 (d, J = 6.8 Hz, 3H); 19F{1H} NMR 

(376 MHz, CDCl3) δ (ppm): -194.82; 13C NMR (101 MHz, CDCl3) δ (ppm): 

166.97, 145.16, 143.67, 129.61, 129.54, 129.18 (d, J = 2.4 Hz), 127.98, 127.39, 

126.39, 90.00 (d, J = 181.2 Hz), 68.04 (d, J = 16.5 Hz), 55.01, 52.05, 44.52, 30.23 

(d, J = 22.2 Hz), 20.16, 7.85; HRMS for C21H25FNO2 [M+H]+: m/z calcd 

342.1864, found 342.1879. 

 

(2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)-2-(4-vinylphenyl)piperidine (17o): 

The titled compound was synthesised according to modified general procedure at 

0.5 mmol scale, the reaction was performed for 12 h. The product was isolated as 

a brown oil (115.9 mg, 75%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 35:1). The compound exists as two conformational isomers, as 

indicated by the 19F{1H} spectrum. The orientation of the fluorine atom in the 

major isomer (left) is assigned as axial due to the large value of 3J(F, Ha). 
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 [3J(3-F, 2-Ha) = 29.8 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.59-7.47 (m, 4H), 7.41 (d, J = 8.0 Hz, 2H), 

7.36-7.29 (m, 2H), 7.24-7.15 (m, 1H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.75 (d, J 

= 17.6 Hz, 1H), 5.23 (d, J = 10.9 Hz, 1H), 4.61 (d, J = 47.8 Hz, 1H), 3.93 (q, J = 

6.9 Hz, 1H), 3.66 (d, J = 29.8 Hz, 1H), 2.73-2.57 (m, 1H), 2.35-2.24 (m, 1H), 2.23-

2.09 (m, 1H), 1.92 (dm, J = 12.8 Hz, 1H), 1.74-1.55 (m, 1H), 1.51-1.39 (m, 1H), 

1.17 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -194.83; 13C 

NMR (101 MHz, CDCl3) δ (ppm): 144.10, 139.51, 136.99, 136.59, 129.33 (d, J 

= 2.3 Hz), 127.92, 127.45, 126.25, 126.16, 113.66, 90.45 (d, J = 180.6 Hz), 67.99 

(d, J = 16.5 Hz), 54.79, 44.69, 30.37 (d, J = 22.3 Hz), 20.32, 7.83; HRMS for 

C21H25FN [M+H]+: m/z calcd 310.1966, found 310.1972. 

 

(2R,3R)-3-Fluoro-1-((R)-1-phenylethyl)-2-(4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2 yl)phenyl) piperidine (17p): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (104.4 mg, 51%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 30:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 
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orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 30.0 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.83 (d, J = 7.9 Hz, 2H), 7.60 (d, J = 7.6 

Hz, 2H), 7.49 (d, J = 7.7 Hz, 2H), 7.36-7.28 (m, 2H), 7.24-7.15 (m, 1H), 4.61 (d, J 

= 47.6 Hz, 1H), 3.89 (q, J = 6.8 Hz, 1H), 3.68 (d, J = 30.0 Hz, 1H)), 2.69-2.60 (m, 

1H), 2.35-2.23 (m, 1H), 2.23-2.10 (m, 1H), 1.92 (dm, J = 12.7 Hz, 1H), 1.74-1.54 

(m, 1H), 1.52-1.43 (m, 1H), 1.34 (s, 12H), 1.15 (d, J = 6.8 Hz, 3H); 19F{1H} NMR 

(376 MHz, CDCl3) δ (ppm): -194.77; 13C NMR (101 MHz, CDCl3) δ (ppm): 

144.08, 143.22, 134.88, 128.78, 128.76, 128.00, 127.60, 126.36, 90.34 (d, J = 180.8 

Hz), 83.84, 68.51 (d, J = 16.4 Hz), 55.00, 44.71, 30.47 (d, J = 22.2 Hz), 24.99 (d, 

J = 3.3 Hz), 20.42, 7.87; HRMS for C25H34[10B]FNO2 [M+H]+: m/z calcd 

409.2697, found 409.2704. 

 

(2R,3R)-3-Fluoro-2-(2-fluorophenyl)-1-((R)-1-phenylethyl)piperidine (17q): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (93.4 mg, 62%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 
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orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.8 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.97-7.84 (m, 1H), 7.52 (d, J = 7.7 Hz, 2H), 

7.38-7.13 (m, 5H), 7.13-7.01 (m, 1H), 4.65 (d, J = 47.6 Hz, 1H), 4.22 (d, J = 29.8 

Hz, 1H), 3.91 (q, J = 6.9 Hz, 1H), 2.74-2.58 (m, 1H), 2.40-2.26 (m, 1H), 2.25-2.13 

(m, 1H), 2.02-1.84 (m, 1H), 1.78-1.57 (m, 1H), 1.55-1.42 (m, 1H), 1.22 (d, J = 6.8 

Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -120.00, -194.82; 13C NMR 

(101 MHz, CDCl3) δ (ppm): 160.50 (d, J = 244.2 Hz), 143.92, 131.74 (t, J = 4.4 

Hz), 128.70 (d, J = 8.4 Hz), 127.96, 127.91, 127.43, 126.31, 123.98 (d, J = 3.4 Hz), 

115.27 (d, J = 22.9 Hz), 89.54 (d, J = 180.4 Hz), 54.97, 58.34 (d, J = 16.0 Hz), 

44.77, 30.28 (d, J = 22.3 Hz), 20.22, 8.12; HRMS for C19H22F2N [M+H]+: m/z 

calcd 302.1715, found 302.1724. 

 

(2R,3R)-3-Fluoro-2-(3-methoxyphenyl)-1-((R)-1-phenylethyl)piperidine (17r): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a brown solid (142.5 mg, 91%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 40:1 to 30:1). The compound 

exists as two conformational isomers, as indicated by the 19F{1H} spectrum. The 
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orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 29.6 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.43 (d, J = 7.6 Hz, 2H), 7.29-7.00 (m, 6H), 

6.78-6.70 (m, 1H), 4.53 (d, J = 47.6 Hz, 1H), 3.87 (q, J = 6.8 Hz, 1H), 3.72 (s, 3H), 

3.55 (d, J = 29.6 Hz, 1H), 2.62-2.46 (m, 1H), 2.27-2.15 (m, 1H), 2.14-2.02 (m, 1H), 

1.84 (dm, J = 12.7 Hz, 1H), 1.66-1.29 (m, 2H), 1.09 (d, J = 6.8 Hz, 3H); 19F{1H} 

NMR (376 MHz, CDCl3) δ (ppm): -194.36; 13C NMR (101 MHz, CDCl3) δ 

(ppm): 159.52, 144.20, 141.46, 129.15, 127.91, 127.41, 126.22, 121.47 (d, J = 2.1 

Hz), 114.62 (d, J = 2.8 Hz), 113.23, 90.38 (d, J = 180.7 Hz), 68.22 (d, J = 16.4 Hz), 

55.19, 54.76, 44.69, 30.38 (d, J = 22.2 Hz), 20.29, 7.94; HRMS for C20H25FNO 

[M+H]+: m/z calcd 314.1915, found 314.1915. 

 

(2R,3R)-2-(3,5-Dimethylphenyl)-3-fluoro-1-((R)-1-phenylethyl)piperidine 

(17s): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (129.1 mg, 83%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 
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as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 30.1 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.53 (d, J = 7.7 Hz, 2H), 7.40-7.31 (m, 2H), 

7.30-7.17 (m, 3H), 6.95 (s, 1H), 4.61 (d, J = 47.6 Hz, 1H), 3.99 (q, J = 6.9 Hz, 1H), 

3.60 (d, J = 30.1 Hz, 1H), 2.70-2.59 (m, 1H), 2.35 (s, 6H), 2.33-2.24 (m, 1H), 2.22-

2.10 (m, 1H), 1.92 (dm, J = 12.7 Hz, 1H), 1.75-1.41 (m, 2H), 1.18 (d, J = 6.8 Hz, 

3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -194.43; 13C NMR (101 MHz, 

CDCl3) δ (ppm): 144.34, 139.70, 137.60, 129.30, 127.89, 127.55, 126.97 (d, J = 

2.1 Hz), 126.18, 90.57 (d, J = 180.5 Hz), 68.31 (d, J = 16.4 Hz), 54.73, 44.73, 30.47 

(d, J = 22.4 Hz), 21.44, 20.39, 7.76; HRMS for C21H27FN [M+H]+: m/z calcd 

312.2122, found 312.2134. 

 

(2R,3R)-2-(3,5-Difluorophenyl)-3-fluoro-1-((R)-1-phenylethyl)piperidine (17): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (81.4 mg, 51%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The compound exists 
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as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 28.5 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.48 (d, J = 7.7 Hz, 2H), 7.39-7.29 (m, 2H), 

7.27-7.20 (m, 1H), 7.13 (d, J = 8.4 Hz, 2H), 6.80-6.70 (m, 1H), 4.59 (d, J = 47.3 

Hz, 1H), 3.87 (q, J = 6.9 Hz, 1H), 3.65 (d, J = 28.5 Hz, 1H), 2.70-2.58 (m, 1H), 

2.35-2.12 (m, 2H), 1.90 (dm, J = 12.6 Hz, 1H), 1.73-1.39 (m, 2H), 1.19 (d, J = 6.8 

Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -110.12, -194.52; 13C NMR 

(101 MHz, CDCl3) δ (ppm): 162.89 (dd, J = 247.9, 12.6 Hz), 143.84 (t, J = 8.9 

Hz), 143.47, 128.07, 127.37, 126.50, 111.95 (d, J = 22.3 Hz), 103.13 (t, J = 25.4 

Hz), 89.75 (d, J = 181.6 Hz), 67.62 (d, J = 16.3 Hz), 55.03, 44.43, 30.11 (d, J = 

22.1 Hz), 20.03, 7.94; HRMS for C19H21F3N [M+H]+: m/z calcd 320.1621, found 

320.1612. 

 

(2R,3R)-2-(3,5-Dichlorophenyl)-3-fluoro-1-((R)-1-phenylethyl)piperidine 

(17u): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (56.2 mg, 32%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 30:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 28.6 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.50-7.27 (m, 7H), 7.25-7.20 (m, 1H), 4.57 

(d, J = 47.5 Hz, 1H), 3.84 (q, J = 6.9 Hz, 1H), 3.62 (d, J = 28.6 Hz, 1H), 2.68-2.58 

(m, 1H), 2.34-2.11 (m, 2H), 1.96-1.82 (m, 1H), 1.72-1.40 (m, 2H), 1.18 (d, J = 6.8 

Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -194.63; 13C NMR (101 

MHz, CDCl3) δ (ppm): 143.33, 134.79, 128.08, 127.94, 127.91, 127.61 (d, J = 2.6 

Hz), 127.42, 126.54, 89.73 (d, J = 181.7 Hz), 67.44 (d, J = 16.6 Hz), 55.11, 44.38, 

30.07 (d, J = 22.1 Hz), 20.00, 7.87; HRMS for C19H21
35Cl2FN [M+H]+: m/z calcd 

352.1030, found 352.1043. 

 

(2R,3R)-3-Fluoro-2-(furan-2-yl)-1-((R)-1-phenylethyl)piperidine (17v): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (91.5 mg, 67%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 40:1). 

The compound exists as two conformational isomers, as indicated by the 19F{1H} 

spectrum. The orientation of the fluorine atom in the major isomer (right) is 

assigned as equatorial due to the small value of 3J(F, Ha). 

[3J(3-F, 2-Ha) = 14.3 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.36 (s, 1H), 7.28 (d, J = 7.6 Hz, 2H), 7.24-

7.18 (m, 2H), 7.16-7.08 (m, 1H), 6.40-6.26 (m, 2H), 4.74 (d, J = 48.1 Hz, 1H), 4.32 

(d, J = 14.3 Hz, 1H), 3.47 (q, J = 6.7 Hz, 1H), 2.53-2.37 (m, 1H), 2.31-2.17 (m, 

1H), 2.03-1.86 (m, 1H), 1.81-1.58 (m, 2H), 1.49-1.33 (m, 1H), 1.22 (d, J = 6.7 Hz, 

3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -176.59, -183.58; 13C NMR (101 

MHz, CDCl3) δ (ppm): 152.49, 145.38, 141.78, 128.13, 127.26, 126.57, 110.17, 

109.85 (d, J = 2.5 Hz), 90.15 (d, J = 178.7 Hz), 59.29, 57.80 (d, J = 20.8 Hz), 44.74, 

27.93 (d, J = 19.4 Hz), 22.04 (d, J = 7.0 Hz), 16.34; HRMS for C17H21FNO 

[M+H]+: m/z calcd 274.1602, found 274.1609. 

 

(2S,3R)-3-Fluoro-1-((R)-1-phenylethyl)-2-(thiophen-2-yl)piperidine (17w): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a brown solid (109.8 mg, 76%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 40:1). The compound exists 

as two conformational isomers, as indicated by the 19F{1H} spectrum. The 

orientation of the fluorine atom in the major isomer (left) is assigned as axial due 

to the large value of 3J(F, Ha). 

 [3J(3-F, 2-Ha) = 24.2 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.47 (d, J = 7.6 Hz, 2H), 7.35-7.27 (m, 3H), 

7.24-7.17 (m, 1H), 7.15-7.08 (m, 1H), 7.03-6.96 (m, 1H), 4.71 (d, J = 47.7 Hz, 1H), 

4.22 (d, J = 24.2 Hz, 1H), 3.85 (q, J = 6.8 Hz, 1H), 2.68-2.55 (m, 1H), 2.38-2.25 

(m, 1H), 2.22-2.09 (m, 1H), 1.93-1.55 (m, 2H), 1.53-1.42 (m, 1H), 1.23 (d, J = 6.8 

Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -189.13; 13C NMR (101 

MHz, CDCl3) δ (ppm): 144.37, 141.69, 127.93, 127.45, 126.82, 126.37, 125.88, 

125.75, 90.16 (d, J = 180.3 Hz), 62.29 (d, J = 18.1 Hz), 55.85, 44.57, 29.37 (d, J = 

21.5 Hz), 20.67 (d, J = 2.6 Hz), 10.29; HRMS for C17H21FNS [M+H]+: m/z calcd 

290.1373, found 290.1378. 

 

(2S,5S)-5-fluoro-2-phenyl-1-((R)-1-phenylethyl)piperidine (17x): 
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Following the modified procedure, 1 equiv. of Mg(OMe)2 was added as an additive. 

The reaction was conducted at 0.5 mmol scale, giving a mixture of diastereomers 

(d.r. 4:2.2:1). The major cis product was isolated as a yellow solid (53.8 mg, 38%) 

after column chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). The 

orientation of the fluorine atom is assigned as axial due to the large value of 3J(F, 

Ha). 

[3J(5-F, 6-Ha) = 39.4 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.50 (d, J = 7.7 Hz, 4H), 7.37-7.15 (m, 6H), 

4.73 (d, J = 48.1 Hz, 1H), 3.91 (q, J = 6.8 Hz, 1H), 3.59 (d, J = 10.7 Hz, 1H), 2.96-

2.82 (m, 1H), 2.41 (dd, J = 39.4, 13.1 Hz, 1H), 2.20-2.03 (m, 2H), 1.76-1.49 (m, 

2H), 1.18 (d, J = 6.8 Hz, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -188.05; 

13C NMR (101 MHz, CDCl3) δ (ppm): 144.09, 143.71, 128.63, 127.92, 127.53, 

127.39, 127.21, 126.24, 87.06 (d, J = 173.9 Hz), 64.65, 54.30, 48.18 (d, J = 19.0 

Hz), 30.97, 29.66 (d, J = 21.5 Hz), 8.17; HRMS for C19H23FN [M+H]+: m/z calcd 

284.1809, found 284.1815. 

 

(2S,5S)-2-(4-chlorophenyl)-5-fluoro-1-((R)-1-phenylethyl)piperidine (17y): 
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Following the modified procedure, 1 equiv. of Mg(OMe)2 was added as an additive. 

The reaction was conducted at 0.5 mmol scale, giving a mixture of diastereomers 

(d.r. 4:2:1). The major cis product was isolated as a yellow solid (66.5 mg, 42%) 

after column chromatography (silica gel, eluent: n-hexane/EtOAc 35:1). Due to the 

peak overlapping in the NMR spectrum we could not determine the orientation of 

the fluorine atom via 3J(F,H) values. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.35-7.09 (m, 9H), 4.44 (dm, J = 49.4 Hz, 

1H), 3.70 (q, J = 6.8 Hz, 1H), 3.39 (dm, J = 10.5 Hz, 1H), 2.90-2.73 (m, 1H), 2.23-

2.05 (m, 2H), 1.89-1.70 (m, 1H), 1.67-1.43 (m, 2H), 1.13 (d, J = 6.8 Hz, 3H); 

19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -178.43; 13C NMR (101 MHz, CDCl3) 

δ (ppm): 143.29, 141.86, 132.93, 128.93, 128.88, 128.01, 127.33, 126.59, 89.04 

(d, J = 171.8 Hz), 63.56, 55.08, 49.35 (d, J = 26.9 Hz), 33.71 (d, J = 11.5 Hz), 

31.87 (d, J = 18.5 Hz), 8.24; HRMS for C19H22
35ClFN [M+H]+: m/z calcd 

318.1419, found 318.1423. 

 

(2R,3R)-3-Fluoro-2-methyl-1-((R)-1-phenylethyl)piperidine (17z): 

Following the general procedure, the reaction was conducted at 0.5 mmol scale, 

giving the titled compound in 64% yield (70.7 mg). 



Chapter 2 

 
 

93 
 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (70.7 mg, 64%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 30:1). Due to the peak 

overlapping in the NMR spectrum we could not determine the orientation of the 

fluorine atom via 3J(F,H) values. 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.29 (d, J = 7.6 Hz, 2H), 7.25-7.18 (m, 2H), 

7.17-7.09 (m, 1H), 4.60 (dm, J = 48.5 Hz, 1H), 3.67 (q, J = 6.7 Hz, 1H), 3.36 (dm, 

J = 11.5 Hz, 1H), 2.23-2.06 (m, 2H), 1.72-1.58 (m, 2H), 1.56-1.42 (m, 1H), 1.36-

1.22 (m, 1H), 1.19 (d, J = 6.6 Hz, 3H), 1.01 (d, J = 6.6 Hz, 3H); 19F{1H} NMR 

(376 MHz, CDCl3) δ (ppm): -176.65; 13C NMR (101 MHz, CDCl3) δ (ppm): 

146.26, 128.22, 127.20, 126.58, 91.95 (d, J = 176.2 Hz), 59.00, 52.85 (d, J = 21.8 

Hz), 43.19, 26.66 (d, J = 19.1 Hz), 22.74 (d, J = 8.3 Hz), 18.07, 6.79; HRMS for 

C14H21FN [M+H]+: m/z calcd 222.1653, found 222.1647. 
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Piperidines and Pyrrolidines 
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3.1 Introduction 

Saturated nitrogen heterocycles, such as piperidines and pyrrolidines, and 

their N-arylated derivatives, are significant structural motifs in natural products and 

pharmaceuticals (Scheme 3.1).[1–5] Modern synthetic methods for the Csp2-N bond 

construction are based on two major strategies: (1) base-promoted nucleophilic 

aromatic substitution (SNAr) reactions that depend on electron deficiency of 

aromatics electrophiles like fluoroarenes[6–8] and bromoarenes[9] and (2) transition 

metal-catalysed C-N cross-coupling reactions using palladium or copper catalysts 

developed by Hartwig, Buchwald and other groups.[10–15] Although these strategies 

have achieved great success, they are limited in substrate scope due to the necessary 

electron deficiency of electrophiles in general, resulting in a lack of electron-rich 

aromatics. Furthermore, the reaction could be hindered by the introduction of bulky 

substituents on either coupling partners (Scheme 3.2a).[16]  

 

Scheme 3.1: Examples of piperidine and pyrrolidine containing FDA approved drugs  
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Scheme 3.2: Synthetic approaches to N-aryl piperidines through a) SNAr or C-N cross 

coupling, b) reductive amination/cyclisation, and c) borrowing hydrogen 

In 2011, the Fu group reported the first example of conversion of levulinic 

acid to pyrrolidines via reductive amination.[17] Later, the reductive 

amination/cyclisation sequence has been applied for the preparation of N-aryl 

pyrrolidines and piperidines from 1,4- or 1,5-dicarbonyl compounds with aryl 

amines in the presence of reducing agents (Scheme 3.2b).[18–24] The production of 

cyclic amines also can be achieved by the alkylation of amines with diols through 

the process known as “borrowing hydrogen” (Scheme 3.2c).[25–28] However, the 

main drawback of using dicarbonyl compounds and diols as starting materials is 

their scarce variety in terms of functionality, which restricts their applications in 

complicated heterocycle synthesis.  
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In Chapter 2, we reported a novel reaction, dubbed asymmetric reductive 

transamination (ART), for the synthesis of chiral piperidines from pyridinium salts. 

In this chapter, we present a synthetic approach for the efficient preparation of 

functionalised N-aryl piperidines and pyrrolidines from easily available pyridines 

via reductive transamination (Scheme 3.3).  

 

Scheme 3.3: A new approach for the preparation of N-aryl heterocycles 

 

3.2 Results and discussion 

3.2.1 Optimisation of reaction conditions 

In the previous study, we obtained chiral piperidines using a mixture of a 

aliphatic amine (10 eq.)/formic acid (24 eq.) as the hydrogen source, and a catalyst 

in situ generated from [Cp*RhCl2]2. However, this condition only gives a low yield 

for the target N-aryl piperidines when using aryl amines. Therefore, an optimisation 

was necessary. The reaction started with the same conditions except using p-

anisidine as the arylamine source for the model reaction (Table 3.1). The formation 

of the desired N-aryl piperidine 20a was observed under the standard reaction 

conditions, but in a poor yield (entry 1). We next investigated the effects of solvent 
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and temperature on the efficiency of the reductive transamination reaction. Heating 

the reaction mixture at 40 °C in polar protic solvents significantly increased the 

yields comparing with CH2Cl2. The highest yield (86 %) was obtained when the 

reaction was performed in a mixture of MeOH/H2O (15:1) as solvent (entry 4). The 

yield plunged to 30 % when stirring at room temperature, whilst almost no changes 

were noted when the temperature was increased to 60 °C (entry 7-8). All the 

reagents, including the Rh(III) catalyst, are stable to air and moisture in solution, 

leading to reproducible results under both air and N2 atmospheres (entry 9). Finally, 

an addition of 5 equiv. of trimethylamine (NEt3) could be used to maintain the 

basicity of the reaction system when cutting the amount of aryl amine by half, and 

no deterioration in yield was observed (entry 10).  

The conformation of the desired piperidine 20a was characterised by 1H 

NMR spectrum. The axial position of the C2 proton was determined based on the 

3JHH coupling constant, 9.5 Hz, between HC2 and HaC3.  

 

Scheme 3.4: Conformation of N-aryl piperidine 20a 
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Table 3.1: Optimisation of reaction conditionsa 

 

Entry 
Variation from  

standard conditions 
Yield (%)b 

1  None  11 

2 THF/H2O  38 

3 MeCN/H2O 74 

4 MeOH/H2O 86 

5 EtOH/H2O 71 

6 iPrOH/H2O 59 

7 MeOH/H2O, 25 °C  30 

8 MeOH/H2O, 60 °C  82 

9 MeOH/H2O, N2 85 

10 p-anisidine (5 eq.) + NEt3 (5 eq.) 84 

[a] Reaction conditions: 0.5 mmol pyridinium salt, 10 eq. of p-anisidine, 24 eq. of HCO2H, 

CH2Cl2/H2O = 15 : 1 (4.0 mL), 1 mol% [Cp*RhCl2]2, 40 °C, 16 h, in air. [b] Isolated yields.  

3.2.2 Substrate scope for N-arylated piperidines 

With the optimised reaction conditions in hand, we next explored the scope 

of functionalised pyridinium salts in the reaction with p-anisidine (Table 3.2). The 
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substrates were readily prepared from bromopyridines via Suzuki coupling 

followed by quaternisation, which makes pyridines more easily attacked by a metal 

hydride.[29–31] The reduction of pyridine rings along with the exchange of the imido 

groups underwent smoothly in the presence of other potentially reducible 

functional groups, like halides (20b, c, o, s), nitro (20e) and ketone (20k). 

Substrates bearing electron-withdrawing groups afforded slightly lower yields, 

compared with those bearing electron-donating ones, e.g. 20d-f vs 20g-j. In order 

to avoid the nucleophilic addition of excessive amine to the nitrile group in product 

20f, the amount of p-anisidine was reduced to 1.2 equiv., albeit with lower product 

yield being observed. Of particular note is that multi-functionalised pyridinium 

salts were well tolerated under the same conditions (20r-v).  

 

Scheme 3.5: Conformation of N-aryl piperidine 20r 

As mentioned in Chapter 2, around 20% of all approved medicines contain 

fluorine atoms;[32,33] however, the direct synthetic methods via hydrogenation of 

fluoropyridine precursors remain rare due to the possible hydrodefluorination side 

reaction.[34] Our new method thus provides an effective transfer hydrogenation 

approach to access N-aryl fluorinated piperidines (20r-u). These compounds are 
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isolated in a mixture of diastereomers, with the cis configuration as the major 

products. It has been shown that the vicinal 3J(F,H) coupling constant provide a 

useful method to determine conformational orientation, as large values indicate 

axial orientation and small values indicate equatorial orientation.[35,36] For product 

20r, the orientation of the fluorine atom was assigned as axial due to the large value 

of 3J(3-F,2-Ha = 26.9 Hz) (Scheme 3.5).  

Table 3.2: Scope of the substituted pyridinium salts[a] 

 

         Entry                Substrate                     Product                      Yield (%)[b] 
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         Entry                Substrate                     Product                      Yield (%)[b] 
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         Entry                Substrate                     Product                      Yield (%)[b] 
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         Entry                Substrate                     Product                      Yield (%)[b] 
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         Entry                Substrate                     Product                      Yield (%)[b] 

 

[a] Reaction conditions: 0.5 mmol pyridinium salt, 5 equiv. of p-anisidine, 5 equiv. of NEt3, 

24 equiv. of HCO2H, MeOH/H2O = 15 : 1 (4.0 mL), 1 mol% [Cp*RhCl2]2, 40 °C, 16 h, in 

air. Analysis by 1H NMR spectroscopy was conducted to determine the d.r. (cis/trans). [b] 

Isolated yield. [c] 1.2 eq. of p-anisidine was used. 

We also extended this approach to aniline derivatives for the synthesis of 

other N-aryl piperidines from their pyridinium precursors (Table 3.3). Methods for 

obtaining similar products via C-N couplings are largely limited to electron-

deficient aryl halides coupling partners. Aryl halides without electron-withdrawing 

groups are usually inactive or give low yields.[37–39] Various electron-rich amines 

can be applied in the reductive transamination approach to access N-aryl 

piperidines in good yields. The low yield of product 21b, which bears a p-bromine 

substituent, may be due to the lower nucleophilicity of the aniline. The good yield 

of product 21f shows the steric tolerance of transamination in the reaction systems. 
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The heterocyclic amine (21j) was obtained only in 18% yield under the standard 

conditions (24 equiv. of formic acid), the yield was then increased to 45% when 12 

equiv. of formic acid was used, although other heterocyclic amines are not well-

tolerated in the reaction system. 

Table 3.3: Scope of the aryl amines for N-aryl piperidines[a] 

 

        Entry                  Amine                          Product                    Yield (%)[b] 
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        Entry                  Amine                          Product                    Yield (%)[b] 

 

[a] Reaction conditions were the same as the Table 3.2. [b] Isolated yields. [c] 12 equiv. 

of HCO2H was used. 



Chapter 3 

 
 

111 
 

3.2.3 Substrate scope for N-arylated pyrrolidines 

We next planned to extend the substrate scope of multi-functionalised 

pyridinium salts beyond the fluorine substituent. An experiment was conducted 

using 3-bromo-1-ethyl-2-phenylpyridinium iodide as substrate under the same 

conditions (Scheme 3.4). Product 21a was isolated from the reaction mixture, 

presumably due to a hydrodebromination process. Surprisingly, the second product 

22a was identified as an N-aryl pyrrolidine, most likely as a result of amine 

attacking the C3-Br position during the ring-closing step and bromide acting as a 

leaving group. The product 22a was characterised by NMR spectra, which are 

consistent with the structure previously reported in the literature.[40] A peak with 

the chemical shift at δ 200.39 ppm in the 13C NMR spectrum confirmed the 

carbonyl group in 22a. A distinct dd peak at δ 5.12 ppm in the 1H NMR spectrum 

was observed and assigned to the proton attached to C2, which is adjacent to the 

nitrogen and carbonyl.  

 

Scheme 3.4: Reductive transamination leads to an N-aryl pyrrolidine 

Saturated pyrrolidines are widely found in biologically active natural 

products and are one of the most common ring systems in small molecule drugs.[1-
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5]  Compound 22a is also classified as α-amino aryl ketone, a type of structural 

motif widely available in natural products, pharmaceuticals and clinical drugs.[41–

44] However, the reports on the synthesis of cyclic α-amino aryl ketone remain rare, 

which impedes the biological research on such structures.[40,45]  

The yield of the N-aryl pyrrolidine is largely affected by the choice of 

leaving groups at the C3 position on the pyridinium salt. A similar yield (48%) was 

recorded when bromine was replaced with chlorine, whilst a higher yield (65%) 

was obtained with the substrate bearing the tosylate group (-OTs). Considering the 

convenience of the substrate synthesis and the yield of the desired product, we 

chose 3-tosylate as an optimising leaving group on pyridinium salts to test the 

functional group and arylamine tolerance. The reactions performed smoothly under 

the same conditions as for piperidines synthesis. Various pyridinium salts were 

transformed to the saturated and ring-contracted products, pyrrolidines, in good 

yields (Table 3.4).  

Following our investigation of functional groups on pyridinium salts (22a-

h), we next explored the scope of a wide range of arylamines in the same reaction 

system. Taking 3-tosylate-1-ethyl-2-phenylpyridinium iodide as standard substrate, 

various arylamines were successfully incorporated into the pyrrolidine structures 

(22i-s). In the presence of a lower amount of formic acid (12 equiv.), we observed 

the incopration of several heteroaryl amines into the pyrrolidine rings (22p-s). 

Hindered five-membered heterocyclic amine gave a low yield of pyrrolidine (22r). 
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The coupling of pyrrolidines with heteroaromatics remains extremely challenging 

for current C-N coupling methodologies,[46] and the drawbacks are exacerbated 

when either coupling partner contains steric bulky functionalities.[47–49]  

Table 3.4: Scope for synthesis of N-aryl pyrrolidines[a] 

 

   Entry                   Substrate                      Product                    Yield (%)[b] 
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   Entry                   Substrate                      Product                    Yield (%)[b] 
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    Entry                   Amine                         Product                    Yield (%)[b] 
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          Entry                   Amine                         Product                    Yield (%)[b] 

 

[a] Reaction conditions were the same as Table 3.2. [b] Isolated yields. [c] 12 equiv. of 

HCO2H was used. 
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3.2.4 Proposed mechanism 

Based on previous mechanistic studies on asymmetric hydrogenation of 

pyridinium salts[50–52] and our research on ART, a plausible mechanism is proposed. 

The formation of N-aryl piperidines would follow the same mechanism as 

explained in Chapter 2, which is shown in Scheme 3.5. As suggested before, in the 

presence of water, the interception of dihydropyridinium by water leads to the ring 

opening of the dihydropyridine, which is followed by the exchange of amino 

groups via hydrolysis at acidic conditions. After condensation of the arylamine 

with the ring-opened compound, the ring closes and reduction of the 

tetrahydropyridinium ion gives the N-aryl piperidine. For substrates bearing a good 

leaving group, like tosylate, at the C3 position, the intermediate 23 undergoes a 

SN2 nucleophilic substitution reaction, preferentially affording a five-membered 

pyrrolidine.  
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Scheme 3.5: Proposed mechanism for the formation of N-aryl piperidines and pyrrolidines 

via reductive transamination 

 

3.3 Conclusion 

In conclusion, we have developed an efficient catalytic approach for the 

preparation of N-aryl piperidines from easily available pyridinium salts and 

arylamines via reductive transamination using formic acid as reducing agent. This 

methodology tolerates a wide range of substrates, even those bearing reducible 
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functional groups, and operates under a mild reaction condition. Notably, 

introduction of a leaving group on pyridinium salts leads to a ring contracted 

product, N-aryl pyrrolidine. This work thus provides an efficient methodology to 

access valuable N-aryl heterocyclic amines, alternative to the traditional C-N cross 

couplings. Further applications of chiral rhodium complexes for the ART of 

pyridinium salts for the synthesis of chiral N-aryl heterocyclic amines are under 

investigation. 

 

3.4 Experimental 

3.4.1 General information 

Unless otherwise specified, the chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Alfa Aesar, Fluorochem, Apollo Scientific and TCI) and 

used without further purification. DCM was used as purchased and water was 

distilled. Silica gel plates (GF254) were used for TLC monitoring and silica gel 

(230-400 mesh) was used for running column chromatography. NMR spectra were 

recorded on a Bruker 400 MHz NMR spectrometer with TMS as the internal 

standard. The mass spectra were obtained by chemical ionization (CI). The mass 

spectra were obtained using a Thermo Finnigan Trio-1000 Mass spectrometer.  
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3.4.2 Preparation of pyridinium salts 

 The pyridinium salts were prepared using the same method as described in 

Chapter 2. 

3.4.3 General procedure for synthesis of N-arylated heterocycles 

To a carousel reaction tube containing a magnetic stirring bar and p-

anisidine (308 mg, 2.5 mmol) was added formic acid (564 mg, 12 mmol) and NEt3 

(253 mg, 2.5 mmol) dropwise at room temperature. After stirring the amine/acid 

mixture for 10 min, a pyridinium salt, N-ethyl-2-phenylpyridinium iodide (156 mg, 

0.5 mmol), [Cp*RhCl2]2 (3.1 mg, 5 µmol), 3.75 mL of MeOH and 0.25 mL of 

distilled H2O were introduced into the mixture. The reaction system was placed in 

a carousel reactor. The mixture was stirred at 40 °C for 16 h, cooled to room 

temperature and then basified with an aqueous solution of KOH. The resulting 

mixture was extracted with ethyl acetate (3×10 mL) and dried over Na2SO4. The 

solvent was removed under reduced pressure, and the residue was purified by 

column chromatography (EtOAc/hexane) to give the desired product. 
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3.5 Analytic data of isolated products 

 

1-(4-Methoxyphenyl)-2-phenylpiperidine (20a):[53]  

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a colourless oil (112.2 mg, 84%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.30 (d, J = 8.0 Hz, 2H), 7.26 – 7.17 (m, 

2H), 7.16 – 7.04 (m, 1H), 6.95 (d, J = 8.5 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 4.08 

(dd, J = 9.5, 3.2 Hz, 1H), 3.71 (s, 3H), 3.48 – 3.36 (m, 1H), 2.93 (ddd, J = 11.6, 

11.2, 3.2 Hz, 1H), 2.03 – 1.71 (m, 5H), 1.64 – 1.47 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ (ppm): 154.73, 146.40, 144.80, 128.14, 127.55, 126.28, 123.89, 113.89, 

64.58, 56.54, 55.36, 36.29, 26.61, 24.29; HRMS for C18H22NO [M+H]+: m/z 

calcd 268.1696, found 268.1700. 
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2-(4-Fluorophenyl)-1-(4-methoxyphenyl)piperidine (20b): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a pale yellow oil (108.3 mg, 76%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 9:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.20 (dd, J = 8.3, 5.6 Hz, 2H), 6.96 – 6.77 

(m, 4H), 6.67 (d, J = 8.5 Hz, 2H), 3.98 (dd, J = 9.9, 3.0 Hz, 1H), 3.69 (s, 3H), 3.42 

– 3.28 (m, 1H), 2.91 – 2.77 (m, 1H), 1.97 – 1.61 (m, 5H), 1.59 – 1.40 (m, 1H); 

19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -116.92; 13C NMR (101 MHz, CDCl3) 

δ (ppm): 161.30 (d, J = 243.8 Hz), 155.04, 146.22, 140.54 (d, J = 3.1 Hz), 128.94 

(d, J = 7.8 Hz), 124.40, 114.92 (d, J = 21.0 Hz), 113.91, 64.19, 56.96, 55.37, 36.56, 

26.64, 24.43; HRMS for C18H21FNO [M+H]+: m/z calcd 286.1602, found 

286.1613. 
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2-(4-Chlorophenyl)-1-(4-methoxyphenyl)piperidine (20c): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a pale yellow oil (121.9 mg, 81%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 9:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.18 (d, J = 8.3 Hz, 2H), 7.12 (d, J = 8.4 

Hz, 2H), 6.88 (d, J = 8.6 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 3.97 (dd, J = 9.9, 3.0 

Hz, 1H), 3.69 (s, 3H), 3.40 – 3.28 (m, 1H), 2.89 – 2.76 (m, 1H), 1.94 – 1.39 (m, 

6H); 13C NMR (101 MHz, CDCl3) δ (ppm): 155.07, 146.13, 143.50, 131.71, 

128.90, 128.33, 124.32, 113.97, 64.19, 57.01, 55.39, 36.52, 26.61, 24.39; HRMS 

for C18H21
35ClNO [M+H]+: m/z calcd 302.1306, found 302.1296. 

 

1-(4-Methoxyphenyl)-2-(4-(trifluoromethyl)phenyl)piperidine (20d): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (125.7 mg, 75%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.49 – 7.30 (m, 4H), 6.89 (d, J = 8.5 Hz, 

2H), 6.67 (d, J = 8.8 Hz, 2H), 4.07 (dd, J = 9.9, 3.1 Hz, 1H), 3.69 (t, J = 1.4 Hz, 
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3H), 3.44 – 3.30 (m, 1H), 2.94 – 2.75 (m, 1H), 2.00 – 1.42 (m, 6H); 19F{1H} NMR 

(376 MHz, CDCl3) δ (ppm): -62.30; 13C NMR (101 MHz, CDCl3) δ (ppm): 

155.15, 149.19, 146.02, 128.50 (q, J = 32.0 Hz), 127.79, 125.19 (q, J = 3.8 Hz), 

124.40 (q, J = 273.7 Hz), 124.24, 114.06, 64.42, 57.09, 55.39, 36.55, 26.56, 24.35; 

HRMS for C19H21F3NO [M+H]+: m/z calcd 336.1570, found 336.1571. 

 

1-(4-Methoxyphenyl)-2-(4-nitrophenyl)piperidine (20e): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (121.7 mg, 78%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 8:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.01 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.7 

Hz, 2H), 6.88 (d, J = 8.9 Hz, 2H), 6.65 (d, J = 9.0 Hz, 2H), 4.09 (dd, J = 10.2, 2.9 

Hz, 1H), 3.67 (s, 3H), 3.42 – 3.30 (m, 1H), 2.80 (ddd, J = 12.0, 10.4, 3.8 Hz, 1H), 

1.97 – 1.73 (m, 4H), 1.71 – 1.39 (m, 2H); 13C NMR (101 MHz, CDCl3) δ (ppm): 

155.47, 153.00, 146.53, 145.73, 128.28, 124.64, 123.60, 114.10, 64.56, 57.49, 

55.36, 36.62, 26.53, 24.44; HRMS for C18H21N2O3 [M+H]+: m/z calcd 313.1547, 

found 313.1542. 
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4-(1-(4-Methoxyphenyl)piperidin-2-yl)benzonitrile (20f): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (84.7 mg, 58%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.44 (d, J = 8.3 Hz, 2H), 7.35 (d, J = 8.3 

Hz, 2H), 6.86 (d, J = 8.9 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H), 4.03 (dd, J = 10.1, 3.0 

Hz, 1H), 3.68 (s, 3H), 3.40 – 3.29 (m, 1H), 2.80 (ddd, J = 12.0, 10.1, 3.9 Hz, 1H), 

1.95 – 1.72 (m, 4H), 1.70 – 1.41 (m, 2H); 13C NMR (101 MHz, CDCl3) δ (ppm): 

155.36, 150.76, 145.77, 132.14, 128.27, 124.49, 119.17, 114.07, 110.10, 64.68, 

57.27, 55.38, 36.49, 26.51, 24.38; HRMS for C19H21N2O [M+H]+: m/z calcd 

293.1648, found 293.1640. 

 



Chapter 3 

 
 

126 
 

1-(4-Methoxyphenyl)-2-(p-tolyl)piperidine (20g): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (119.5 mg, 85%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.14 (d, J = 7.8 Hz, 2H), 6.99 (d, J = 7.8 

Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.68 (d, J = 8.9 Hz, 2H), 4.02 (dd, J = 9.4, 3.3 

Hz, 1H), 3.69 (s, 3H), 3.44 – 3.32 (m, 1H), 2.88 (ddd, J = 12.2, 10.1, 3.2 Hz, 1H), 

2.25 (s, 3H), 1.98 – 1.68 (m, 5H), 1.61 – 1.42 (m, 1H); 13C NMR (101 MHz, 

CDCl3) δ (ppm): 154.65, 146.51, 141.76, 135.66, 128.88, 127.41, 123.78, 113.89, 

64.18, 56.46, 55.38, 36.30, 26.62, 24.26, 21.14; HRMS for C19H24NO [M+H]+: 

m/z calcd 282.1852, found 282.1850. 

 

2-([1,1'-Biphenyl]-4-yl)-1-(4-methoxyphenyl)piperidine (20h): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (151.0 mg, 88%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.58 – 7.49 (m, 2H), 7.45 – 7.34 (m, 4H), 

7.34 – 7.27 (m, 3H), 6.96 – 6.89 (m, 2H), 6.71 – 6.64 (m, 2H), 4.09 (dd, J = 9.4, 

3.3 Hz, 1H), 3.68 (s, 3H), 3.43 – 3.33 (m, 1H), 2.96 – 2.83 (m, 1H), 2.03 – 1.69 (m, 

5H), 1.62 – 1.46 (m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 154.61, 146.29, 

143.84, 140.95, 138.87, 128.61, 127.82, 126.92, 126.90, 126.74, 123.67, 113.85, 

64.06, 56.29, 55.29, 36.09, 26.47, 24.11; HRMS for C24H26NO [M+H]+: m/z 

calcd 344.2009, found 344.2006. 

 

2-(4-Isopropylphenyl)-1-(4-methoxyphenyl)piperidine (20i): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (131.4 mg, 85%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.16 (d, J = 8.1 Hz, 2H), 7.07 – 7.00 (m, 

2H), 6.94 – 6.87 (m, 2H), 6.73 – 6.64 (m, 2H), 4.08 (dd, J = 8.9, 3.5 Hz, 1H), 3.69 

(s, 3H), 3.45 – 3.30 (m, 1H), 2.93 (ddd, J = 12.5, 9.4, 3.4 Hz, 1H), 2.82 (hept, J = 

6.9 Hz, 1H), 2.01 – 1.88 (m, 1H), 1.88 – 1.67 (m, 4H), 1.60 – 1.43 (m, 1H), 1.20 

(d, J = 7.2 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ (ppm): 154.42, 146.57, 146.50, 
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141.83, 127.35, 126.17, 123.26, 113.93, 63.89, 55.74, 55.42, 35.88, 33.67, 26.52, 

24.09, 24.03; HRMS for C21H28NO [M+H]+: m/z calcd 310.2165, found 310.2172. 

 

1,2-Bis(4-methoxyphenyl)piperidine (20j): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (127.7 mg, 86%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.16 (d, J = 8.2 Hz, 2H), 6.91 (d, J = 8.4 

Hz, 2H), 6.76 – 6.61 (m, 4H), 3.99 (dd, J = 9.6, 3.2 Hz, 1H), 3.72 (s, 3H), 3.69 (s, 

3H), 3.42 – 3.28 (m, 1H), 2.96 – 2.79 (m, 1H), 2.00 – 1.65 (m, 5H), 1.61 – 1.41 (m, 

1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 157.92, 154.75, 146.45, 136.86, 

128.51, 124.02, 113.86, 113.50, 64.02, 56.55, 55.36, 55.15, 36.30, 26.62, 24.33; 

HRMS for C19H24NO2 [M+H]+: m/z calcd 298.1802, found 298.1799. 
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1-(4-(1-(4-Methoxyphenyl)piperidin-2-yl)phenyl)ethan-1-one (20k): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (58.7 mg, 38%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.76 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.2 

Hz, 2H), 6.89 (d, J = 8.9 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H), 4.06 (dd, J = 9.9, 3.2 

Hz, 1H), 3.67 (s, 3H), 3.43 – 3.29 (m, 1H), 2.82 (ddd, J = 11.9, 10.5, 3.5 Hz, 1H), 

2.50 (s, 3H), 1.96 – 1.38 (m, 6H); 13C NMR (101 MHz, CDCl3) δ (ppm): 197.97, 

155.11, 150.82, 146.09, 135.49, 128.46, 127.69, 124.28, 114.00, 64.62, 57.16, 

55.37, 36.43, 26.63, 26.58, 24.39; HRMS for C20H24NO2 [M+H]+: m/z calcd 

310.1802, found 310.1796. 
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2-(3-Methoxyphenyl)-1-(4-methoxyphenyl)piperidine (20l): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (121.8 mg, 82%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.08 (t, J = 8.0 Hz, 1H), 6.94 – 6.87 (m, 

2H), 6.86 – 6.79 (m, 2H), 6.70 – 6.63 (m, 2H), 6.63 – 6.56 (m, 1H), 4.01 (dd, J = 

9.4, 3.3 Hz, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 3.40 – 3.30 (m, 1H), 2.85 (ddd, J = 

12.0, 10.1, 3.5 Hz, 1H), 1.97 – 1.65 (m, 5H), 1.55 – 1.41 (m, 1H); 13C NMR (101 

MHz, CDCl3) δ (ppm): 159.53, 154.75, 146.62, 146.47, 129.05, 123.77, 120.06, 

113.96, 113.20, 111.72, 64.47, 56.51, 55.43, 55.23, 36.20, 26.58, 24.25; HRMS 

for C19H24NO2 [M+H]+: m/z calcd 298.1802, found 298.1795. 

 

2-(3,5-Dimethylphenyl)-1-(4-methoxyphenyl)piperidine (20m): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (112.1 mg, 76%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 6.95 – 6.88 (m, 2H), 6.86 (s, 2H), 6.72 (s, 

1H), 6.71 – 6.63 (m, 2H), 3.98 (dd, J = 9.4, 3.4 Hz, 1H), 3.69 (s, 3H), 3.43 – 3.30 

(m, 1H), 2.87 (ddd, J = 12.4, 9.8, 3.4 Hz, 1H), 2.21 (s, 6H), 1.97 – 1.63 (m, 5H), 

1.57 – 1.40 (m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 154.58, 146.56, 

144.69, 137.42, 127.99, 125.34, 123.52, 113.94, 64.38, 56.27, 55.42, 36.11, 26.53, 

24.18, 21.46; HRMS for C20H26NO [M+H]+: m/z calcd 296.2009, found 296.2022. 

 

2-(Benzo[d][1,3]dioxol-5-yl)-1-(4-methoxyphenyl)piperidine (20n): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (136.9 mg, 88%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 6.96 – 6.84 (m, 2H), 6.78 (s, 1H), 6.72 – 

6.63 (m, 3H), 6.64 – 6.55 (m, 1H), 5.84 (s, 2H), 3.91 (dd, J = 9.9, 3.1 Hz, 1H), 3.70 

(s, 3H), 3.40 – 3.25 (m, 1H), 2.88 – 2.72 (m, 1H), 1.96 – 1.55 (m, 5H), 1.55 – 1.36 

(m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 154.93, 147.45, 146.41, 145.79, 

139.07, 124.26, 120.61, 113.91, 107.97, 107.87, 100.75, 64.45, 56.95, 55.40, 36.60, 
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26.63, 24.40; HRMS for C19H22NO3 [M+H]+: m/z calcd 312.1594, found 

312.1585. 

 

2-(3,5-Dichlorophenyl)-1-(4-methoxyphenyl)piperidine (20o): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (113.9 mg, 68%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.18 – 7.11 (m, 2H), 7.09 – 7.02 (m, 1H), 

6.94 – 6.84 (m, 2H), 6.73 – 6.66 (m, 2H), 3.95 (dd, J = 9.9, 3.2 Hz, 1H), 3.70 (s, 

3H), 3.38 – 3.27 (m, 1H), 2.80 (ddd, J = 12.1, 9.7, 4.0 Hz, 1H), 1.97 – 1.55 (m, 

5H), 1.55 – 1.39 (m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm):  155.34, 148.70, 

145.71, 134.58, 126.61, 126.09, 124.31, 114.18, 64.08, 56.92, 55.41, 36.35, 26.41, 

24.21; HRMS for C18H20
35Cl2NO [M+H]+: m/z calcd 336.0916, found 336.0904. 
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2-(Furan-2-yl)-1-(4-methoxyphenyl)piperidine (20p): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (91.3 mg, 71%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.32 – 7.20 (m, 1H), 6.95 – 6.86 (m, 2H), 

6.82 – 6.72 (m, 2H), 6.24 – 6.15 (m, 1H), 5.95 – 5.86 (m, 1H), 4.62 – 4.54 (m, 1H), 

3.75 (s, 3H), 3.24 – 3.12 (m, 2H), 2.22 – 2.09 (m, 1H), 2.06 – 1.93 (m, 1H), 1.88 – 

1.51 (m, 4H); 13C NMR (101 MHz, CDCl3) δ (ppm): 155.41, 153.92, 145.66, 

140.89, 120.17, 114.23, 109.96, 107.26, 56.94, 55.57, 49.14, 30.58, 26.04, 21.70; 

HRMS for C16H20NO2 [M+H]+: m/z calcd 258.1489, found 258.1495. 

 

1-(4-Methoxyphenyl)-2-(thiophen-2-yl)piperidine (20q): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (95.5 mg, 70%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.11 – 7.04 (m, 1H), 6.98 – 6.90 (m, 2H), 

6.84 – 6.78 (m, 1H), 6.79 – 6.71 (m, 3H), 4.71 (dd, J = 6.5, 4.2 Hz, 1H), 3.73 (s, 



Chapter 3 

 
 

134 
 

3H), 3.25 (ddd, J = 11.4, 7.2, 3.9 Hz, 1H), 3.10 (ddd, J = 12.2, 6.8, 3.9 Hz, 1H), 

2.17 – 1.91 (m, 2H), 1.89 – 1.68 (m, 3H), 1.68 – 1.50 (m, 1H); 13C NMR (101 

MHz, CDCl3) δ (ppm): 154.26, 147.35, 145.69, 126.12, 124.76, 123.79, 121.49, 

114.20, 59.10, 55.52, 51.11, 34.44, 25.96, 22.31; HRMS for C16H20NOS [M+H]+: 

m/z calcd 274.1260, found 274.1269. 

 

3-Fluoro-1-(4-methoxyphenyl)-2-phenylpiperidine (20r): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated in a mixture of diastereomers (d.r. 5:1 cis/trans) as 

a yellow oil (102.6 mg, 72%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 20:1). The compound exists as two conformational isomers, as 

indicated by the 19F{1H} spectrum. The orientation of the fluorine atom in the 

major isomer (left) is assigned as axial due to the large value of 3J(F, Ha).
[35,36]  

[3J(3-F, 2-Ha) = 26.9 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.35 – 7.26 (m, 2H), 7.23 – 7.06 (m, 3H), 

6.98 – 6.85 (m, 2H), 6.72 – 6.59 (m, 2H), 4.77 (dm, J = 47.4 Hz, 1H), 4.16 (dm, J 

= 26.9 Hz, 1H), 3.68 (s, 3H), 3.48 – 3.37 (m, 1H), 2.91 – 2.77 (m, 1H), 2.32 – 2.13 



Chapter 3 

 
 

135 
 

(m, 2H), 1.98 – 1.60 (m, 2H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -193.78; 

13C NMR (101 MHz, CDCl3) δ (ppm): 155.25, 145.53, 139.81, 128.98, 127.98, 

127.03, 124.43, 114.00, 90.65 (d, J = 181.0 Hz), 67.19 (d, J = 17.6 Hz), 56.87, 

55.38, 29.39 (d, J = 21.7 Hz), 21.20; HRMS for C18H21FNO [M+H]+: m/z calcd 

286.1602, found 286.1602. 

 

2-(4-Chlorophenyl)-3-fluoro-1-(4-methoxyphenyl)piperidine (20s): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated in a mixture of diastereomers (d.r. 6:1 cis/trans) as 

a yellow oil (118.1 mg, 74%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 20:1). The compound exists as two conformational isomers, as 

indicated by the 19F{1H} spectrum. The orientation of the fluorine atom in the 

major isomer (left) is assigned as axial due to the large value of 3J(F, Ha).
[35,36]  

[3J(3-F, 2-Ha) = 26.9 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.32 – 7.23 (m, 2H), 7.22 – 7.12 (m, 2H), 

6.96 – 6.88 (m, 2H), 6.73 – 6.64 (m, 2H), 4.74 (dm, J = 47.3 Hz, 1H), 4.14 (dm, J 

= 26.9 Hz, 1H), 3.71 (s, 3H), 3.48 – 3.36 (m, 1H), 2.91 – 2.77 (m, 1H), 2.32 – 2.16 
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(m, 2H), 1.90 – 1.63 (m, 2H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -194.36;  

13C NMR (101 MHz, CDCl3) δ (ppm): 155.52, 145.20, 138.42, 132.63, 130.32, 

128.19, 124.69, 114.09, 90.40 (d, J = 181.0 Hz), 66.67 (d, J = 17.4 Hz), 57.07, 

55.39, 29.36 (d, J = 21.7 Hz), 21.09 (d, J = 2.0 Hz); HRMS for C18H20
35ClFNO 

[M+H]+: m/z calcd 320.1212, found 320.1204. 

 

3-Fluoro-1-(4-methoxyphenyl)-2-(p-tolyl)piperidine (20t): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated in a mixture of diastereomers (d.r. 6:1 cis/trans) as 

a yellow solid (89.7 mg, 60%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 20:1). The compound exists as two conformational isomers, as 

indicated by the 19F{1H} spectrum. The orientation of the fluorine atom in the 

major isomer (left) is assigned as axial due to the large value of 3J(F, Ha).
[35,36]  

[3J(3-F, 2-Ha) = 26.8 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.23 – 7.17 (m, 2H), 7.03 – 6.97 (m, 2H), 

6.96 – 6.90 (m, 2H), 6.71 – 6.63 (m, 2H), 4.75 (dm, J = 47.2 Hz, 1H), 4.14 (dm, J 

= 26.8 Hz, 1H), 3.68 (s, 3H), 3.49 – 3.37 (m, 1H), 2.89 – 2.78 (m, 1H), 2.24 (s, 3H), 
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2.28 – 2.18 (m, 2H), 1.97 – 1.62 (m, 2H); 19F{1H} NMR (376 MHz, CDCl3) δ 

(ppm): -193.53;  13C NMR (101 MHz, CDCl3) δ (ppm): 155.17, 145.63, 136.74, 

136.47, 128.77 (d, J = 1.6 Hz), 128.73, 124.34, 113.97, 90.80 (d, J = 180.6 Hz), 

66.81 (d, J = 17.6 Hz), 56.81, 55.36, 29.35 (d, J = 21.7 Hz), 21.24 (d, J = 2.1 Hz), 

21.19; HRMS for C19H23FNO [M+H]+: m/z calcd 300.1758, found 300.1752. 

 

3-Fluoro-1,2-bis(4-methoxyphenyl)piperidine (20u): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated in a mixture of diastereomers (d.r. 6:1 cis/trans) as 

a yellow solid (102.4 mg, 65%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 20:1). The compound exists as two conformational isomers, as 

indicated by the 19F{1H} spectrum. The orientation of the fluorine atom in the 

major isomer (left) is assigned as axial due to the large value of 3J(F, Ha).
[35,36]  

[3J(3-F, 2-Ha) = 26.7 Hz] 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.25 – 7.19 (m, 2H), 6.96 – 6.88 (m, 2H), 

6.76 – 6.70 (m, 2H), 6.70 – 6.63 (m, 2H), 4.74 (dm, J = 48.7 Hz, 1H), 4.11 (dm, J 

= 26.7 Hz, 1H), 3.72 (s, 3H), 3.68 (s, 3H), 3.47 – 3.36 (m, 1H), 2.91 – 2.77 (m, 1H), 
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2.30 – 2.12 (m, 2H), 1.96 – 1.58 (m, 2H); 19F{1H} NMR (376 MHz, CDCl3) δ 

(ppm): -193.72; 13C NMR (101 MHz, CDCl3) δ (ppm): 158.33, 155.11, 145.47, 

131.74, 129.83, 124.40, 113.84, 113.27, 90.73 (d, J = 180.3 Hz), 66.41 (d, J = 17.5 

Hz), 56.71, 55.25, 55.05, 29.26 (d, J = 21.7 Hz), 21.13 (d, J = 2.1 Hz); HRMS for 

C19H23FNO2 [M+H]+: m/z calcd 316.1707, found 316.1704. 

  

1-(4-Methoxyphenyl)-2-methyl-3-phenylpiperidine (20v): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated in a mixture of diastereomers (d.r. 5:1) as a yellow 

oil (43.6 mg, 31%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.38 – 7.20 (m, 5H), 6.97 – 6.89 (m, 2H), 

6.88 – 6.81 (m, 2H), 4.17 – 4.02 (m, 1H), 3.79 (s, 3H), 3.38 – 3.20 (m, 2H), 3.07 – 

2.93 (m, 1H), 2.11 – 1.92 (m, 2H), 1.90 – 1.75 (m, 2H), 0.68 (d, J = 6.7 Hz, 3H); 

13C NMR (101 MHz, CDCl3) δ (ppm): 153.00, 145.32, 143.98, 128.40, 127.89, 

126.33, 118.48, 114.57, 58.62, 55.72, 45.99, 42.19, 26.03, 22.61, 6.53; HRMS for 

C19H24NO [M+H]+: m/z calcd 282.1852, found 282.1843. 
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1,2-Diphenylpiperidine (21a):[21] 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (56.9 mg, 48%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.39 – 7.22 (m, 4H), 7.23 – 7.11 (m, 3H), 

6.94 (d, J = 8.1 Hz, 2H), 6.80 (t, J = 7.3 Hz, 1H), 4.55 (dd, J = 6.7, 4.6 Hz, 1H), 

3.54 – 3.38 (m, 1H), 3.37 – 3.21 (m, 1H), 2.11 – 1.92 (m, 2H), 1.89 – 1.66 (m, 3H), 

1.66 – 1.53 (m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 151.94, 143.70, 

128.90, 128.36, 127.33, 126.32, 119.67, 118.86, 61.13, 50.63, 33.57, 25.75, 22.15; 

HRMS for C17H20N [M+H]+: m/z calcd 238.1590, found 238.1593. 

 

1-(4-Bromophenyl)-2-phenylpiperidine (21b): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (58.2 mg, 37%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 8:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.25 – 7.18 (m, 6H), 7.18 – 7.10 (m, 1H), 

6.75 (d, J = 8.9 Hz, 2H), 4.44 (dd, J = 6.8, 4.5 Hz, 1H), 3.46 – 3.30 (m, 1H), 3.28 

– 3.14 (m, 1H), 2.10 – 1.85 (m, 2H), 1.83 – 1.61 (m, 3H), 1.61 – 1.43 (m, 1H); 13C 

NMR (101 MHz, CDCl3) δ (ppm): 150.97, 143.26, 131.72, 128.50, 127.24, 

126.53, 120.48, 111.89, 61.12, 50.66, 33.64, 25.65, 21.94; HRMS for C17H19BrN 

[M+H]+: m/z calcd 316.0695 and 318.0675, found 316.0694 and 318.0681. 

 

2-Phenyl-1-(p-tolyl)piperidine (21c): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (80.3 mg, 64%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.32 (d, J = 7.7 Hz, 2H), 7.29 – 7.21 (m, 

2H), 7.21 – 7.12 (m, 1H), 6.99 (d, J = 8.1 Hz, 2H), 6.88 (d, J = 8.1 Hz, 2H), 4.36 

(dd, J = 8.1, 3.9 Hz, 1H), 3.52 – 3.39 (m, 1H), 3.20 – 3.07 (m, 1H), 2.24 (s, 3H), 
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2.09 – 1.97 (m, 1H), 1.97 – 1.71 (m, 4H), 1.67 – 1.49 (m, 1H); 13C NMR (101 

MHz, CDCl3) δ (ppm): 150.02, 144.35, 129.82, 129.38, 128.27, 127.39, 126.25, 

120.44, 62.42, 53.24, 34.80, 26.14, 23.10, 20.65; HRMS for C18H22N [M+H]+: 

m/z calcd 252.1747, found 252.1742. 

 

2-Phenyl-1-(m-tolyl)piperidine (21d): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (71.5 mg, 57%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.39 – 7.24 (m, 4H), 7.24 – 7.13 (m, 1H), 

7.12 – 7.01 (m, 1H), 6.79 (s, 1H), 6.77 – 6.70 (m, 1H), 6.67 – 6.59 (m, 1H), 4.64 – 

4.51 (m, 1H), 3.51 – 3.38 (m, 1H), 3.38 – 3.25 (m, 1H), 2.29 (s, 3H), 2.11 – 1.94 

(m, 2H), 1.91 – 1.52 (m, 4H); 13C NMR (101 MHz, CDCl3) δ (ppm): 151.93, 

143.67, 138.51, 128.72, 128.36, 127.32, 126.28, 120.43, 119.45, 115.55, 60.94, 

50.22, 33.25, 25.72, 22.07, 21.83; HRMS for C18H22N [M+H]+: m/z calcd 

252.1747, found 252.1749. 
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1-(3,5-Dimethylphenyl)-2-phenylpiperidine (21e): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (67.6 mg, 51%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.36 – 7.27 (m, 4H), 7.22 – 7.12 (m, 1H), 

6.56 (s, 2H), 6.45 (s, 1H), 4.65 – 4.54 (m, 1H), 3.45 – 3.26 (m, 2H), 2.23 (s, 6H), 

2.09 – 1.95 (m, 2H), 1.85 – 1.48 (m, 4H); 13C NMR (101 MHz, CDCl3) δ (ppm): 

151.91, 143.59, 138.36, 128.37, 127.32, 126.25, 121.27, 116.06, 60.67, 49.62, 

32.80, 25.66, 21.93, 21.73; HRMS for C19H24N [M+H]+: m/z calcd 266.1903, 

found 266.1905. 

  

1-(2,3-Dimethylphenyl)-2-phenylpiperidine (21f): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow solid (72.9 mg, 55%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 10:1). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.22 – 7.14 (m, 2H), 7.14 – 7.06 (m, 2H), 

7.04 – 6.95 (m, 1H), 6.84 – 6.76 (m, 2H), 6.76 – 6.64 (m, 1H), 4.09 – 3.96 (m, 1H), 

3.14 – 2.99 (m, 1H), 2.58 – 2.44 (m, 1H), 2.33 (s, 3H), 2.19 (s, 3H), 2.00 – 1.47 (m, 

6H); 13C NMR (101 MHz, CDCl3) δ (ppm): 150.97, 145.33, 137.30, 133.07, 

127.91, 127.12, 126.10, 125.01, 124.92, 120.02, 65.41, 56.88, 37.82, 26.67, 25.38, 

20.62, 13.37; HRMS for C19H24N [M+H]+: m/z calcd 266.1903, found 266.1902. 

  

4-(2-Phenylpiperidin-1-yl)phenol (21g): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a white solid (97.4 mg, 77%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.28 – 7.20 (m, 2H), 7.20 – 7.12 (m, 2H), 

7.11 – 7.02 (m, 1H), 6.94 – 6.72 (m, 2H), 6.67 – 6.40 (m, 2H), 4.86 (brs, 1H), 4.11 

– 3.80 (m, 1H), 3.49 – 3.18 (m, 1H), 3.06 – 2.64 (m, 1H), 2.01 – 1.65 (m, 5H), 1.61 

– 1.38 (m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 150.76, 146.38, 144.65, 

128.14, 127.65, 126.35, 124.36, 115.48, 65.07, 56.72, 36.18, 26.53, 24.37; HRMS 

for C17H20NO [M+H]+: m/z calcd 254.1539, found 254.1532. 
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1-(3,5-Dimethoxyphenyl)-2-phenylpiperidine (21h): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (74.3 mg, 50%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.34 – 7.24 (m, 4H), 7.23 – 7.11 (m, 1H), 

6.09 (d, J = 2.2 Hz, 2H), 5.95 (t, J = 2.2 Hz, 1H), 4.68 – 4.55 (m, 1H), 3.71 (s, 6H), 

3.42 – 3.33 (m, 2H), 2.07 – 1.99 (m, 2H), 1.83 – 1.72 (m, 2H), 1.71 – 1.52 (m, 2H); 

13C NMR (101 MHz, CDCl3) δ (ppm): 161.34, 153.64, 143.30, 128.46, 127.18, 

126.36, 96.62, 91.31, 60.53, 55.26, 48.84, 32.50, 25.45, 21.43; HRMS for 

C19H24NO2 [M+H]+: m/z calcd 298.1802, found 298.1804. 

 

2-Phenyl-1-(3,4,5-trimethoxyphenyl)piperidine (21i): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale. The product was isolated as a yellow oil (104.7 mg, 64%) after column 

chromatography (silica gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.32 – 7.18 (m, 4H), 7.18 – 7.06 (m, 1H), 

6.16 (s, 2H), 4.20 (dd, J = 8.5, 3.7 Hz, 1H), 3.75 (s, 3H), 3.72 (s, 6H), 3.52 – 3.41 

(m, 1H), 3.13 – 3.00 (m, 1H), 2.04 – 1.94 (m, 1H), 1.92 – 1.72 (m, 4H), 1.63 – 1.45 

(m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 153.08, 148.75, 144.34, 132.52, 

128.34, 127.23, 126.43, 98.92, 63.54, 60.99, 56.02, 53.98, 34.99, 26.22, 23.33; 

HRMS for C20H26NO3 [M+H]+: m/z calcd 328.1907, found 328.1917. 

 

2-Methoxy-5-(2-phenylpiperidin-1-yl)pyridine (21j): 

The titled compound was synthesised according to modified general procedure at 

0.5 mmol scale using 12 equiv. of formic acid. The product was isolated as a yellow 

oil (60.3 mg, 45%) after column chromatography (silica gel, eluent: n-

hexane/EtOAc 12:1). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 7.82 (d, J = 2.8 Hz, 1H), 7.31 – 7.23 (m, 

3H), 7.21 – 7.14 (m, 2H), 7.13 – 7.05 (m, 1H), 6.52 (d, J = 8.8 Hz, 1H), 3.99 (dd, 

J = 9.9, 3.2 Hz, 1H), 3.82 (s, 3H), 3.42 – 3.28 (m, 1H), 2.94 – 2.79 (m, 1H), 2.00 – 

1.67 (m, 5H), 1.62 – 1.43 (m, 1H); 13C NMR (101 MHz, CDCl3) δ (ppm): 159.73, 

144.12, 143.04, 142.03, 134.43, 128.35, 127.60, 126.64, 110.27, 64.96, 57.15, 

53.37, 36.47, 26.57, 24.42; HRMS for C17H21N2O [M+H]+: m/z calcd 269.1648, 

found 269.1655. 

  

(1-(4-Methoxyphenyl)pyrrolidin-2-yl)(phenyl)methanone (22a):[40] 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a dark yellow oil (91.3 mg, 65%) after column chromatography (silica 

gel, eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm):  8.06 (d, J = 7.1 Hz, 2H), 7.61 (t, J = 7.4 

Hz, 1H), 7.51 (t, J = 7.6 Hz, 2H), 6.83 – 6.70 (m, 2H), 6.46 – 6.34 (m, 2H), 5.12 

(dd, J = 9.5, 2.4 Hz, 1H), 3.71 (s, 3H), 3.70 – 3.67 (m, 1H), 3.42 (dd, J = 15.6, 7.6 

Hz, 1H), 2.55 – 2.37 (m, 1H), 2.16 – 1.96 (m, 3H); 13C NMR (101 MHz, CDCl3) 

δ (ppm): 200.39, 151.35, 141.61, 135.22, 133.47, 128.93, 128.51, 115.17, 112.96, 
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64.23, 56.02, 49.23, 31.12, 23.95; HRMS for C18H20NO2 [M+H]+: m/z calcd 

282.1489, found 282.1493. 

  

(4-Fluorophenyl)(1-(4-methoxyphenyl)pyrrolidin-2-yl)methanone (22b): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (77.8 mg, 52%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.09 (dd, J = 8.7, 5.5 Hz, 2H), 7.17 (t, J = 

8.6 Hz, 2H), 6.77 (d, J = 9.0 Hz, 2H), 6.39 (d, J = 9.0 Hz, 2H), 5.05 (dd, J = 9.5, 

2.5 Hz, 1H), 3.71 (s, 3H), 3.70 – 3.67 (m, 1H), 3.47 – 3.38 (m, 1H), 2.53 – 2.37 (m, 

1H), 2.17 – 2.00 (m, 3H); 19F{1H} NMR (376 MHz, CDCl3) δ (ppm): -104.59; 

13C NMR (101 MHz, CDCl3) δ (ppm): 199.02, 165.99 (d, J = 255.5 Hz), 151.45, 

141.54, 131.61 (d, J = 3.1 Hz), 131.21 (d, J = 9.3 Hz), 116.07 (d, J = 21.9 Hz), 

115.18, 113.00, 64.36, 56.00, 49.27, 31.15, 23.99; HRMS for C18H19FNO2 

[M+H]+: m/z calcd 300.1394, found 300.1405. 
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(4-Chlorophenyl)(1-(4-methoxyphenyl)pyrrolidin-2-yl)methanone (22c): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a dark yellow solid (91.4 mg, 58%) after column chromatography (silica 

gel, eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.99 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 

Hz, 2H), 6.77 (d, J = 9.0 Hz, 2H), 6.39 (d, J = 9.0 Hz, 2H), 5.04 (dd, J = 9.5, 2.6 

Hz, 1H), 3.71 (s, 3H), 3.70 – 3.66 (m, 1H),  3.46 – 3.35 (m, 1H), 2.52 – 2.36 (m, 

1H), 2.13 – 2.01 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 199.53, 151.48, 

141.49, 139.97, 133.47, 129.96, 129.27, 115.18, 113.01, 64.44, 56.00, 49.28, 31.10, 

23.98; HRMS for C18H19
35ClNO2 [M+H]+: m/z calcd 316.1099, found 316.1101. 
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(1-(4-Methoxyphenyl)pyrrolidin-2-yl)(p-tolyl)methanone (22d): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (103.3 mg, 70%) after column chromatography (silica 

gel, eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.98 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.0 

Hz, 2H), 6.82 – 6.74 (m, 2H), 6.47 – 6.37 (m, 2H), 5.12 (dd, J = 9.4, 2.4 Hz, 1H), 

3.73 (s, 3H), 3.72 – 3.68 (m, 1H), 3.51 – 3.36 (m, 1H), 2.49 – 2.41 (m, 1H), 2.46 

(s, 3H), 2.18 – 2.02 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 200.01, 

151.28, 144.34, 141.67, 132.67, 129.59, 128.62, 115.14, 112.94, 64.09, 56.00, 

49.22, 31.20, 23.96, 21.82; HRMS for C19H22NO2 [M+H]+: m/z calcd 296.1645, 

found 296.1650. 

  

(4-Isopropylphenyl)(1-(4-methoxyphenyl)pyrrolidin-2-yl)methanone (22e): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 
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isolated as a yellow solid (117.9 mg, 73%) after column chromatography (silica 

gel, eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.01 (d, J = 8.1 Hz, 2H), 7.36 (d, J = 8.1 

Hz, 2H), 6.77 (d, J = 9.0 Hz, 2H), 6.41 (d, J = 9.0 Hz, 2H), 5.12 (dd, J = 9.4, 2.3 

Hz, 1H), 3.71 (s, 3H), 3.70 – 3.67 (m, 1H),  3.48 – 3.36 (m, 1H), 3.00 (hept, J = 7.0 

Hz, 1H), 2.53 – 2.36 (m, 1H), 2.18 – 2.00 (m, 3H), 1.30 (d, J = 6.9 Hz, 6H); 13C 

NMR (101 MHz, CDCl3) δ (ppm): 199.89, 154.99, 151.25, 141.66, 132.98, 

128.76, 126.99, 115.12, 112.93, 64.07, 55.99, 49.21, 34.42, 31.17, 23.94, 23.78; 

HRMS for C21H26NO2 [M+H]+: m/z calcd 324.1958, found 324.1953. 

  

(4-Methoxyphenyl)(1-(4-methoxyphenyl)pyrrolidin-2-yl)methanone (22f): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (116.6 mg, 75%) after column chromatography (silica 

gel, eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.05 (d, J = 8.9 Hz, 2H), 6.98 (d, J = 8.7 

Hz, 2H), 6.76 (d, J = 8.9 Hz, 2H), 6.40 (d, J = 9.0 Hz, 2H), 5.07 (dd, J = 9.4, 2.4 
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Hz, 1H), 3.89 (s, 3H), 3.71 (s, 3H), 3.70 – 3.67 (m, 1H), 3.46 – 3.35 (m, 1H), 2.51 

– 2.35 (m, 1H), 2.18 – 1.97 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 

198.94, 163.78, 151.27, 141.72, 130.81, 128.18, 115.14, 114.07, 112.94, 63.98, 

56.02, 55.64, 49.25, 31.32, 24.00; HRMS for C19H22NO3 [M+H]+: m/z calcd 

312.1594, found 312.1604. 

  

(3-Methoxyphenyl)(1-(4-methoxyphenyl)pyrrolidin-2-yl)methanone (22g): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (96.4 mg, 62%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.65 (d, J = 7.7 Hz, 1H), 7.60 – 7.54 (m, 

1H), 7.41 (t, J = 7.9 Hz, 1H), 7.19 – 7.12 (m, 1H), 6.80 – 6.73 (m, 2H), 6.43 – 6.37 

(m, 2H), 5.11 (dd, J = 9.5, 2.4 Hz, 1H), 3.86 (s, 3H), 3.71 (s, 3H), 3.69 – 3.66 (m, 

1H), 3.48 – 3.35 (m, 1H), 2.51 – 2.36 (m, 1H), 2.17 – 1.99 (m, 3H); 13C NMR (101 

MHz, CDCl3) δ (ppm):  200.31, 160.09, 151.35, 141.60, 136.54, 129.89, 120.94, 

119.95, 115.18, 112.96, 112.92, 64.27, 56.03, 55.60, 49.22, 31.18, 23.95; HRMS 

for C19H22NO3 [M+H]+: m/z calcd 312.1594, found 312.1592. 
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(3,5-Dimethylphenyl)(1-(4-methoxyphenyl)pyrrolidin-2-yl)methanone (22h): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (111.3 mg, 72%) after column chromatography (silica 

gel, eluent: n-hexane/EtOAc 15:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.68 (s, 2H), 7.27 (d, J = 2.6 Hz, 1H), 6.78 

(d, J = 8.9 Hz, 2H), 6.42 (d, J = 9.0 Hz, 2H), 5.13 (dd, J = 9.4, 2.3 Hz, 1H), 3.73 

(s, 3H), 3.72 – 3.68 (m, 1H), 3.50 – 3.34 (m, 1H), 2.52 – 2.43 (m, 1H), 2.42 (s, 6H), 

2.15 – 1.95 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 200.63, 151.26, 

141.66, 138.56, 135.30, 135.13, 126.24, 115.13, 112.94, 64.06, 56.01, 49.21, 31.19, 

23.92, 21.44; HRMS for C20H24NO2 [M+H]+: m/z calcd 310.1802, found 

310.1800. 
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Phenyl(1-phenylpyrrolidin-2-yl)methanone (22i):[40] 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (66.5 mg, 53%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.08 (d, J = 7.3 Hz, 2H), 7.63 (t, J = 7.4 

Hz, 1H), 7.53 (t, J = 7.6 Hz, 2H), 7.21 – 7.11 (m, 2H), 6.67 (t, J = 7.3 Hz, 1H), 6.46 

(d, J = 8.1 Hz, 2H), 5.21 (dd, J = 9.6, 2.3 Hz, 1H), 3.78 – 3.67 (m, 1H), 3.54 – 3.42 

(m, 1H), 2.56 – 2.37 (m, 1H), 2.22 – 2.00 (m, 3H); 13C NMR (101 MHz, CDCl3) 

δ (ppm): 199.91, 146.65, 135.10, 133.51, 129.30, 128.95, 128.49, 116.46, 112.15, 

63.61, 48.68, 31.00, 23.78; HRMS for C17H18NO [M+H]+: m/z calcd 252.1383, 

found 252.1376. 

  

(1-(4-Chlorophenyl)pyrrolidin-2-yl)(phenyl)methanone (22j):[40] 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 
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isolated as a yellow solid (69.8 mg, 49%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.05 (d, J = 6.7 Hz, 2H), 7.63 (t, J = 7.5 

Hz, 1H), 7.52 (t, J = 7.6 Hz, 2H), 7.09 (d, J = 8.9 Hz, 2H), 6.35 (d, J = 8.8 Hz, 2H), 

5.18 (dd, J = 9.5, 2.4 Hz, 1H), 3.73 – 3.59 (m, 1H), 3.53 – 3.35 (m, 1H), 2.57 – 

2.37 (m, 1H), 2.24 – 1.98 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 199.41, 

145.24, 134.88, 133.70, 129.07, 129.02, 128.48, 121.17, 113.19, 63.62, 48.82, 

31.05, 23.75; HRMS for C17H17
35ClNO [M+H]+: m/z calcd 286.0993, found 

286.1001. 

  

(1-(4-Bromophenyl)pyrrolidin-2-yl)(phenyl)methanone (22k):[40] 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (82.3 mg, 50%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.05 (d, J = 7.2 Hz, 2H), 7.63 (t, J = 7.5 

Hz, 1H), 7.52 (t, J = 7.6 Hz, 2H), 7.21 (d, J = 8.8 Hz, 2H), 6.30 (d, J = 8.9 Hz, 2H), 

5.17 (dd, J = 9.5, 2.5 Hz, 1H), 3.65 (ddd, J = 8.7, 6.3, 4.6 Hz, 1H), 3.51 – 3.33 (m, 
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1H), 2.56 – 2.35 (m, 1H), 2.22 – 1.97 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 

(ppm): 199.33, 145.61, 134.85, 133.71, 131.91, 129.03, 128.47, 113.74, 108.25, 

63.54, 48.76, 31.03, 23.72; HRMS for C17H17BrNO [M+H]+: m/z calcd 330.0488 

and 332.0468, found 330.0482 and 332.0472. 

  

Phenyl(1-(p-tolyl)pyrrolidin-2-yl)methanone (22l):[40] 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (83.5 mg, 63%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.07 (d, J = 6.8 Hz, 2H), 7.67 – 7.58 (m, 

1H), 7.51 (t, J = 7.6 Hz, 2H), 6.97 (d, J = 8.2 Hz, 2H), 6.38 (d, J = 8.4 Hz, 2H), 

5.16 (dd, J = 9.5, 2.4 Hz, 1H), 3.78 – 3.65 (m, 1H), 3.51 – 3.37 (m, 1H), 2.51 – 

2.38 (m, 1H), 2.21 (s, 3H), 2.17 – 2.01 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 

(ppm): 200.23, 144.65, 135.21, 133.43, 129.83, 128.92, 128.49, 125.48, 112.18, 

63.86, 48.87, 31.03, 23.84, 20.38; HRMS for C18H20NO [M+H]+: m/z calcd 

266.1539, found 266.1537. 
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(1-(4-Hydroxyphenyl)pyrrolidin-2-yl)(phenyl)methanone (22m): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (68.1 mg, 51%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 10:1). 

1H NMR (400 MHz, DMSO-d6) δ (ppm): 8.42 (s, 1H), 8.08 (d, J = 7.0 Hz, 2H), 

7.73 – 7.63 (m, 1H), 7.62 – 7.51 (m, 2H), 6.61 – 6.50 (m, 2H), 6.27 – 6.17 (m, 2H), 

5.29 (dd, J = 9.5, 2.3 Hz, 1H), 3.47 (td, J = 8.1, 3.3 Hz, 1H), 3.33 – 3.27 (m, 1H), 

2.48 – 2.34 (m, 1H), 2.07 – 1.94 (m, 1H), 1.94 – 1.77 (m, 2H); 13C NMR (101 

MHz, DMSO-d6) δ (ppm): 200.51, 147.98, 140.05, 134.72, 133.50, 128.96, 

128.16, 115.76, 112.53, 62.93, 48.52, 30.36, 23.27; HRMS for C17H18NO2 

[M+H]+: m/z calcd 268.1332, found 268.1336. 

  

Phenyl(1-(m-tolyl)pyrrolidin-2-yl)methanone (22n): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (72.9 mg, 55%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 20:1). 

1H NMR (400 MHz, CDCl3) δ (ppm):8.07 (d, J = 7.0 Hz, 2H), 7.67 – 7.59 (m, 

1H), 7.52 (t, J = 7.7 Hz, 2H), 7.04 (t, J = 7.8 Hz, 1H), 6.50 (d, J = 7.4 Hz, 1H), 6.31 

(s, 1H), 6.29 – 6.21 (m, 1H), 5.19 (dd, J = 9.6, 2.3 Hz, 1H), 3.77 – 3.66 (m, 1H), 

3.54 – 3.40 (m, 1H), 2.52 – 2.36 (m, 1H), 2.25 (s, 3H), 2.18 – 2.01 (m, 3H); 13C 

NMR (101 MHz, CDCl3) δ (ppm): 200.08, 146.74, 138.98, 135.19, 133.45, 

129.15, 128.93, 128.49, 117.51, 112.89, 109.41, 63.70, 48.72, 31.01, 23.77, 21.97; 

HRMS for C18H20NO [M+H]+: m/z calcd 266.1539, found 266.1532. 

  

Phenyl(1-(3,4,5-trimethoxyphenyl)pyrrolidin-2-yl)methanone (22o): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (97.2 mg, 57%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 25:1). 
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1H NMR (400 MHz, CDCl3) δ (ppm): 8.05 (d, J = 7.3 Hz, 2H), 7.61 (t, J = 7.4 

Hz, 1H), 7.51 (t, J = 7.6 Hz, 2H), 5.64 (s, 2H), 5.17 (dd, J = 9.2, 2.5 Hz, 1H), 3.71 

(s, 3H), 3.70 – 3.67 (m ,1H), 3.68 (s, 6H), 3.52 – 3.42 (m, 1H), 2.52 – 2.38 (m, 1H), 

2.21 – 2.00 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 200.88, 153.90, 

143.58, 135.31, 133.60, 129.65, 129.01, 128.20, 90.00, 63.76, 61.12, 55.88, 49.05, 

31.05, 23.95; HRMS for C20H24NO4 [M+H]+: m/z calcd 342.1700, found 

342.1700. 

  

(1-(6-Methoxypyridin-3-yl)pyrrolidin-2-yl)(phenyl)methanone (22p): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (91.7 mg, 65%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 5:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.03 (d, J = 7.0 Hz, 2H), 7.60 (t, J = 7.4 

Hz, 1H), 7.49 (t, J = 7.6 Hz, 2H), 7.37 (d, J = 3.1 Hz, 1H), 6.81 (dd, J = 8.9, 3.1 

Hz, 1H), 6.59 (d, J = 8.9 Hz, 1H), 5.13 (dd, J = 9.6, 2.5 Hz, 1H), 3.81 (s, 3H), 3.71 

– 3.62 (m, 1H), 3.47 – 3.35 (m, 1H), 2.53 – 2.38 (m, 1H), 2.17 – 1.99 (m, 3H); 13C 

NMR (101 MHz, CDCl3) δ (ppm): 199.60, 156.46, 138.34, 134.89, 133.67, 



Chapter 3 

 
 

159 
 

129.26, 128.96, 128.47, 124.04, 110.71, 63.71, 53.32, 48.97, 31.03, 23.76; HRMS 

for C17H19N2O2 [M+H]+: m/z calcd 283.1441, found 283.1444. 

  

(1-(1-Methyl-1H-pyrazol-3-yl)pyrrolidin-2-yl)(phenyl)methanone (22q): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (39.5 mg, 31%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 2:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.04 (d, J = 7.0 Hz, 2H), 7.56 (t, J = 7.4 

Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.05 (d, J = 2.2 Hz, 1H), 5.36 (d, J = 2.2 Hz, 1H), 

5.15 (dd, J = 9.3, 3.1 Hz, 1H), 3.75 – 3.68 (m, 1H), 3.64 (s, 3H), 3.50 – 3.42 (m, 

1H), 2.46 – 2.34 (m, 1H), 2.14 – 1.96 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 

(ppm): 200.80, 156.72, 135.78, 133.06, 131.06, 128.67, 128.61, 90.26, 64.44, 

49.45, 38.63, 30.90, 24.11; HRMS for C15H18N3O [M+H]+: m/z calcd 256.1444, 

found 256.1438. 
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Phenyl(1-(1,3,5-trimethyl-1H-pyrazol-4-yl)pyrrolidin-2-yl)methanone (22r): 

The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (32.5 mg, 23%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 2:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.82 (d, J = 6.7 Hz, 2H), 7.48 (t, J = 7.5 

Hz, 1H), 7.36 (t, J = 7.6 Hz, 2H), 4.75 (dd, J = 8.9, 4.6 Hz, 1H), 3.58 (s, 3H), 3.43 

– 3.34 (m, 1H), 3.22 – 3.10 (m, 1H), 2.39 – 2.26 (m, 1H), 2.23 – 2.16 (m, 1H), 2.20 

(s, 3H), 2.12 – 2.00 (m, 2H), 1.97 (s, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 

200.35, 143.57, 136.88, 136.51, 132.72, 128.71, 128.33, 126.72, 67.10, 54.98, 

36.22, 30.60, 25.84, 12.92, 9.12; HRMS for C17H22N3O [M+H]+: m/z calcd 

284.1757, found 284.1753. 

  

(1-(1-Methyl-1H-indazol-3-yl)pyrrolidin-2-yl)(phenyl)methanone (22s): 
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The titled compound was synthesised according to general procedure at 0.5 mmol 

scale with the substrate bearing the tosylate group at C3 position. The product was 

isolated as a yellow solid (83.9 mg, 55%) after column chromatography (silica gel, 

eluent: n-hexane/EtOAc 5:1). 

1H NMR (400 MHz, CDCl3) δ (ppm): 8.10 (d, J = 7.2 Hz, 2H), 7.67 (d, J = 8.2 

Hz, 1H), 7.59 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.6 Hz, 2H), 7.25 (t, J = 7.5 Hz, 1H), 

7.11 (d, J = 8.4 Hz, 1H), 6.86 (t, J = 7.5 Hz, 1H), 5.60 (dd, J = 9.2, 3.3 Hz, 1H), 

4.23 – 4.09 (m, 1H), 3.94 – 3.81 (m, 1H), 3.78 – 3.64 (m, 3H), 2.52 – 2.37 (m, 1H), 

2.23 – 2.01 (m, 3H); 13C NMR (101 MHz, CDCl3) δ (ppm): 200.55, 148.71, 

142.24, 135.86, 133.06, 128.70, 128.58, 126.39, 121.76, 117.72, 114.31, 108.52, 

64.44, 49.97, 34.86, 30.42, 24.25; HRMS for C19H20N3O [M+H]+: m/z calcd 

306.1601, found 306.1590. 
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4.1 Introduction 

 As mentioned in the previous chapters, enantiometrically pure heterocyclic 

moieties are very common in nature products and pharmaceuticals. Catalytic 

asymmetric hydrogenation of N-heteroaromatics is one of the most direct and 

atom-economic methods to access chiral heterocyclic compounds.[1] The 

asymmetric hydrogenation of pyridines is of particular interest to industry because 

chiral piperidines are prevalent structural motifs in bioactive compounds.[2] The 

challenges to overcome the high aromatic resonance stability and the propensity to 

poison and/or deactivate the catalyst via coordination make the AH of pyridines 

more difficult to achieve good enantioselectivies. This chapter will briefly 

summarise the key achievements on AH of pyridines and present the preliminary 

studies in this area with our novel catalytic protocol. 

 In 1999, Studer and co-workers reported the first approach for the synthesis 

of chiral piperidine in a two-steps reaction (Scheme 4.1).[3] In the first step, the 

starting material, ethyl nicotinate, was hydrogenated to 1,4,5,6-tetrahydropyridine 

with Pd/C. Then, under harsh conditions using Pd/TiO2 as catalyst and 10,11-

dihydrocinchonidine as chiral modifier, the intermediate was converted to chiral 

ethyl nipecotinate with 10% conversion and 24% ee. In 2006, Zhang and co-

workers improved this method by using a chiral rhodium catalyst for the second 

step (Schme 4.1).[4] Until 2000, Johnson and co-workers reported the first example 
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for the synthesis of chiral ethyl nicotinate with 17% ee via AH in one step using a 

supported Pd-diphenylphosphino-ferrocene catalyst.[5] 

 

Scheme 4.1: AH of ethyl nicotinate with a two-step strategy  

 In 2004, the Glorius group reported a novel and efficient synthesis of chiral 

piperidines from oxazolidinone-substituted pyridines. With the chiral auxiliary 

installed, piperidines with multiple sterocentres can be obtained in good yields and 

excellent enantiometric excess (up to 98% ee).[6] Studer et al. presented the first 

case of homogeneous AH of monosubstituted pyridines using a Rh-diphosphine 

complex, although the best enantioselectivities achieved was 27% ee (Scheme 

4.2).[7] 
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Scheme 4.2: Pioneering attempts on asymmetric heterogeneous and homogeneous 

hydrogenation of pyridines  

 In 2008, Zhou and co-workers reported iridium-catalysed partial AH of 

pyridine derivatives 7,8-dihydro-quinolin-5(6H)-ones (Scheme 4.3). The 

[Ir(COD)Cl]2/(S)-MeO-Biphep catalyst system has been successfully applied in the 

AH of the 2-substituted pyridine derivatives with ee`s up to 97%.[8] Later, similar 

results were obtained by the Chan group using the same reaction conditions, 

differing only in the phosphine ligands.[9,10] 
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Scheme 4.3: Partial AH of 7,8-dihydro-quinolin-5(6H)-ones 

Since these early developments, almost all new methodologies have relied 

on the activation of the pyridines by quaternisation to generate corresponding 

pyridinium derivatives, including but not limited to acylation, alkoxycarbonylation 

and alkylation.[1,11,12] The alkylation of the nitrogen atom creates a positive charge 

in the nitrogen that increases the reactivity of pyridine towards hydrogenation. 

Additionally, the quaternisation also eliminates the possibility of coordination 



Chapter 4 

 
 

172 
 

between nitrogen and metal centre from the catalyst. In 2005, Charette and co-

workers developed an activation protocol for the enantioselective hydrogenation of 

pyridines with an Ir-phosphinooxazoline complex, in which the pyridines were 

converted to N-iminopyridinium ylides.[13] In 2013, Andersson and co-workers 

reported similar products with different phosphine ligand (Scheme 4.4).[14] 

 

Scheme 4.4: AH of N-iminopyridinium ylides 

 In 2012, Zhou and co-workers reported the synthesis of chiral 2-substituted 

piperidines from N-benzyl-pyridinium salts with up to 93% ee (Scheme 4.5).[15] 

The simple benzyl substituent was used as activating group, and when a isopropyl 

ester was introduced to the 2-position of the benzyl, excellent ee’s were achieved 

due to the increased steric hindrance and possible directing effect caused by the 

coordinating group. Two years later, the Zhang group demonstrated the AH of N-
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alkyl-2-arylpyridinium salts with excellent reactivity and enantioselectivity 

(Scheme 4.6).[15] With a chiral phosphole-based ligand, excellent ee’s were 

obtained without the need for a directing group in the N-benzyl substituent 

compared with the results from Zhou. 

 

Scheme 4.5: AH of N-benzyl-pyridinium salts 

 

Scheme 4.6: AH of N-substituted pyridinium salts 

 In 2014, Mashima and co-workers developed an AH of multisubstituted 

pyridinium salts to corresponding piperidines using iodide-bridged iridium 
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dinuclear complex.[16] Various 2,3- and 2,6-disubstituted pyridinium salts were 

converted to piperidines in good yields, high diasteroselectivites (dr > 95:5) and 

modest to good enantioselectivities (28-82% ee) (Scheme 4.7).  

 

Scheme 4.7: AH of disubstituted pyridinium salts 

The most recent study was published by Zhou and co-workers in 2017. 

They developed an efficient AH of trisubstituted pyridinium salts with excellent 

enantioselectivities.[17] The study showed that hydrogen halide generated in situ 

from TCCA (trichloroisocyanuric acid) acts as a traceless activator of pyridine 

during hydrogenation, avoiding the removal of the activating groups afterwards 

(Scheme 4.8). 
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Scheme 4.8: AH of trisubstituted pyridines 

 As summarised above, transition metal catalysed AH is currently the most 

common strategy to reduce pyridines enantioselectively. However, other reduction 

methods, such as catalytic ATH, are yet to be well-developed. Chapter 2 reports a 

novel ART approach to effectively reduce pyridinium salts to chiral piperidines 

while inducing chirality on the ring from the chiral secondary amine. Chapter 3 

shows the expansion of the protocol to non-enantioselective reduction of pyridines 

with aryl amines. The ART of pyridines with achiral amines could provide a new 

pathway to access chiral piperidines without using a chiral amine. This would 

greatly expand the utility of the ART. In this chapter, we present our attempts to 

find a chiral catalyst for ART with achiral amines. 

 

4.2 Results and discussion 

 To enable ART reactions with achiral amines, we attempted the use of 

chiral catalysts to induce asymmetry during the reduction. Of the various chiral 

catalysts reported, the most attractive one is the Ru-TsDPEN (TsDPEN = N-(p-

toluenesulfonyl)-1,2-diphenylethylenediamine) complex developed by Noyori, 
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Ikariya and co-workers.[18] Based on this complex and related variants, a number 

of reports on the asymmetric reduction of ketones and imines have appeared.[19–25] 

The analogous Rh-TsDPEN complex has also been shown to be highly effective in 

the reduction of such compounds.[26,27] Taking the model reaction from Chapter 3 

as a starting point, we attempted the ART of N-ethyl-2-phenylpyridinium iodide 

with formic acid as hydrogen source (Scheme 4.9). The previously used 

[Cp*RhCl2]2 was replaced with Ru-TsDPEN, other conditions being unchanged. 

However, the Noyori’s catalyst was found unreactive for the transamination 

reaction. Using Cp*Rh-TsDPEN, then the reaction gave the desired piperidine 

product in 34% yield; however, no enantioselectivity was obtained. Similarly, by 

employing Cp*Rh-TsDACH (DACH = 1,2-diaminocyclohexane), a lower yield 

(19%) was recorded and no enantioselectivity was observed (Scheme 4.6). We also 

carried out the reactions using in situ formed catalyst from [Cp*RhCl2]2 and the 

chiral ligand under the same conditions. In both cases, high and same yields (86%) 

were achieved; but no enantioselectivity was obtained with either (R,R)-TsDPEN 

or (R,R)-TsDACH ligands, indicating the high efficiency of [Cp*RhCl2]2 in the 

reduction reaction, but no formation of the rhodium complexes. 
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Scheme 4.9: Chiral Rh complexes catalysed ART of a pyridinium salt 

 Our group have reported iridium complexes bearing chiral oxazoline and 

imidazoline ligands for direct asymmetric reductive amination of ketones and ATH 

of pyridiniums.[28] Inspired by the previous works, we investigated the potential of 

cyclometalated iridium and rhodium complexes in ART of pyridinium salts. The 

imidazoline ligands and cyclometalated complexes were synthesised according to 

the literature (Scheme 4.10).[28]  
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Scheme 4.10: Synthesis of a) chiral imidazoline ligand, and b) cyclometalated 

complexes 

 We first reproduced the ATH of N-benzyl-2-phenylpyridinium bromide salt 

using iridacycle 24. The desired piperidine was isolated in 89% yield and 51% ee, 

which are similar to the literature report.[28] Under the same conditions, the 

rhodacycle 25 exhibited lower effectiveness in terms of both yields (53%) and 

enantioselectivity (7% ee) (Scheme 4.11). 

 

Scheme 4.11: ATH of pyridinium salt with 24 and 25 

Then we examined the ART of the pyridine model substrate with both 

cyclometalated complexes. The results show that the rhodium complex 25 is more 
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active than the iridium analogue in terms of yield; however, still no 

enantioselectivity was achieved (Scheme 4.12).  

 

Scheme 4.12: ART of a pyridinium salt to access chiral N-aryl piperidines 

 Considering the differences of aryl amine and benzyl amine, we replaced 

aniline with benzyl amine and repeated the ART reactions using chiral imidazoline 

catalysts. According to our mechanistic investigation of ART in Chapter 2, the 

formation of the chiral N-benzyl piperidines involves the hydrogenation of iminium 

species in the final step of ART, which should be identical to the process in ATH 

of N-benzyl pyridinium salts (Scheme 4.13). The iridacycle 24 was shown to be 

active for the ART of pyridinium salt with benzyl amine, affording the 

corresponding piperidine in 75% yield and 10% ee (Scheme 4.14). However, the 

analogue rhodacycle 25, while active, could not induce chirality into the piperidine 

ring. The difference in the enantioselectivity induced by 24 in the ART (Scheme 

4.14) vs the ATH (Scheme 4.11) may be due to difference in reaction conditions 

and/or mechanism. 
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Scheme 4.13: Formation of piperidines via ATH and ART through a common intermediate 

 

Scheme 4.14: ART of a pyridinium salt to access chiral N-benzyl piperidines 

 

4.3 Conclusion 

 A few chiral metal catalysts were examined for the ART of pyridinium salts 

with achiral amines. An iridium imidazoline complex currently gave the highest 

enantioselectivity, 10% ee. This complex and analogues can be easily synthesised 

via cyclometalation reaction of [Cp*IrCl2]2 with a chiral imidazoline ligand that 

undergoes C-H activation. The preliminary investigation demonstrates the 

potential of chiral metal catalysts for the ART of pyridines. A wider variety of 
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substituents can be introduced into the ligands synthesis, with the potential to afford 

a higher reactivity and enantioselectivity in the ART reactions. 

 

4.4 Experimental 

4.4.1 General information 

Unless otherwise specified, the chemicals were purchased from commercial 

suppliers (Sigma-Aldrich, Alfa Aesar, Fluorochem) and used without further 

purification. Silica gel plates (GF254) were used for TLC monitoring and silica gel 

(230-400 mesh) was used for running column chromatography. NMR spectra were 

recorded on a Bruker 400 MHz NMR spectrometer with TMS as the internal 

standard. The mass spectra were obtained by chemical ionization (CI). The mass 

spectra were obtained using a Thermo Finnigan Trio-1000 Mass spectrometer. 

HPLC analysis was performed on Gilson UV/VIS-151 or Shimadzu LC-20A 

UV/VIS equipped with an OJ-H or AD-H or OX-H column purchased from Daicel 

Chemical Industries. 

4.4.2 Preparation of chiral imidazoline ligand 
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 A round botton flask was charged with (1R,2R)-1,2-diphenylethane-1,2-

diamine (1 equiv.), aldehyde (1 equiv, 1 mmol) and a magnetic stirring bar. tBuOH 

(5 mL) was then added and the resulting mixture was stirred at room temperature 

for 16 h. Then, K2CO3 (3 equiv.) and I2 (1.25 equiv.) were added and the resulting 

solution was heated to 70 °C for 3 h. After completion, the reaction was cooled to 

room temperature and quenched by addition of saturated Na2S2O4 aqueous solution 

(10 mL). The organic layer was extracted with EtOAc and washed with water (10 

mL x 3) and dried over MgSO4. The solvent was then removed under reduced 

pressure and the residue purified by column chromatography (n-hexane/EtOAc). 

The NMR spectrum of the chiral imidazoline ligand can be found in the previous 

literature.[28] 

 

4.4.3 Preparation of cyclometalated complexes 

 

 A reaction tube was charged with [Cp*MCl2]2 (1 equiv.), imidazoline 

ligand (2 equiv.), NaOAc (10 equiv.) and a magnetic stirring bar. Dichloromethane 

was added and the resulting solution was stirred at room temperature for 16 h. The 

reaction mixture was filtered through Celite and the solvent was removed under 
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reduced pressure. The complex was recrystallised from DCM/hexane to afford 

iridium and rhodium complexes. The 1H NMR spectra of the chiral cyclometalated 

complexes can be found in the previous literature.[28] 

4.4.4 General procedure for ATH of pyridinium salts 

To a carousel reaction tube containing a magnetic stirring bar and p-

anisidine (308 mg, 2.5 mmol) was added formic acid (564 mg, 12 mmol) dropwise 

at room temperature. After stirring the amine/acid mixture for 10 min, a pyridinium 

salt, N-ethyl-2-phenylpyridinium iodide (156 mg, 0.5 mmol), metal complex (1 

mol%), 3.75 mL of MeOH and 0.25 mL of distilled H2O were introduced into the 

mixture. The reaction system was placed in a carousel reactor. The mixture was 

stirred at 40 °C for 16 h, cooled to room temperature and then basified with an 

aqueous solution of KOH. The resulting mixture was extracted with ethyl acetate 

(3×10 mL) and dried over Na2SO4. The solvent was removed under reduced 

pressure, and the residue was purified by column chromatography (EtOAc/hexane) 

to give the desired product. 

 

4.5 Analytic data 
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(4R,5R)-2-(6-Bromobenzo[d][1,3]dioxol-5-yl)-4,5-diphenyl-4,5-dihydro-1H-

imidazole:[28] 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.38 – 7.27 (m, 11H), 7.08 (s, 1H), 6.04 (s, 

2H), 5.61 (s, 1H), 5.01 (s, 1H), 4.81 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 

163.03, 150.19, 147.63, 142.81, 128.86, 127.80, 126.81, 124.95, 113.49, 112.63, 

111.31, 102.53, 77.36; HRMS for C22H18BrN2O2 [M+H]+: m/z calcd 421.0547 

and 423.0526; found 421.0549 and 423.0532. 

 

Complex 24: A mixture of two isomers (2:1 ratio); 1H NMR (CDCl3, 400 MHz) 

δ (ppm): 7.50 – 7.37 (m, 7H), 7.36 – 7.27 (m, 6.5H), 7.11 (s, 1H), 6.88 (s, 0.5H), 

6.79 (s, 0.5H), 6.76 (s, 1H), 6.12 (s, 1H), 6.01 (s, 1H), 5.98 (s, 1H), 5.02 (d, J = 5.6 

Hz, 0.5H), 4.93-4.86 (m, 2H), 4.69 (d, J = 5.6 Hz, 0.5H), 1.51 (s, 15H), 1.47 (s, 

7.5H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 175.75, 175.04, 151.30, 150.89, 

148.68, 148.08, 144.11, 143.75, 142.50, 141.77, 140.44, 139.39, 128.97, 128.90, 

128.50, 128.42, 128.37, 128.19, 128.10, 128.04, 127.60, 127.27, 127.18, 126.62, 

113.64, 113.40, 108.83, 108.66, 100.14, 99.87, 88.89, 88.23, 79.04, 78.14, 72.05, 

71.18, 9.80, 9.45 (due to the overlapping of 13C signals, 38 out of 40 peaks of the 
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two diastereomers can be observed); HRMS for C32H31BrIrN2O2 [M-Cl]+: m/z 

calcd 747.1193 and 747.1173; found: 747.1196 and 747.1175. 

 

Complex 25: A mixture of two isomers (3:1 ratio); 1H NMR (CDCl3, 400 MHz) 

δ (ppm): 7.55 – 7.28 (m, 12H), 7.14 (s, 1H), 6.82 (s, 0.33H), 6.80 (s, 0.33H), 6.78 

(s, 1H), 6.15 (s, 1H), 6.04 (s, 0.33H), 6.04 (s, 0.33H), 6.00 (s, 1H), 5.07 (d, J = 5.4 

Hz, 0.33H), 5.02 (d, J = 11.3 Hz, 1H), 4.78 (d, J = 11.2 Hz, 1H), 4.66 (d, J = 5.9 

Hz, 0.33H), 1.46 (s, 15H), 1.43 (s, 5H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 

151.60, 147.96, 147.90, 144.33, 144.27, 140.52, 139.54, 139.30, 128.95, 128.90, 

128.45, 128.37, 128.29, 128.12, 127.56, 127.26, 112.88, 109.27, 100.44, 96.24, 

96.17, 95.75, 95.68, 78.09, 77.22, 70.99, 9.80, 9.47, 9.41 (due to the overlapping 

and the low intensity of 13C signals, 29 out of 40 peaks from the two diastereomers 

can be observed); HRMS for C32H31BrRhN2O2 [M-Cl]+: m/z calcd 657.0619 and 

659.0598; found: 657.0624 and 659.0610. 
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The enantiopurity of compound 26 was determined by HPLC analysis on a 

Chiralpak OJ-H column, n-hexane/i-PrOH = 90:10, flow rate = 0.5 mL/min., 

wavelength = 250 nm, t = 8.0 min (minor), t = 9.4 min (major).  
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Chapter 5: Rhodium-catalysed Transfer Hydrogenation 

of Aldehydes Using Methanol as Hydrogen Source 
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5.1 Introduction 

Reduction of unsaturated compounds is an important class of reactions in 

organic synthesis to produce valuable saturated products. In this chapter, we turn 

attention to the reduction of carbonyl compounds with rhodium catalysts. The 

reduction of carbonyl compounds is a fundamental synthetic method for alcohol 

production, and is extensively used in both laboratory and industry.[1] Traditionally, 

these type of transformations were performed using stoichiometric or excess 

amount of metal hydride reagents like sodium borohydride (NaBH4) or lithium 

aluminium hydride (LiAlH4). However, the use of such highly reactive reducing 

agents requires special care and generates stoichiometric wastes as by-products. 

Their almost universal reducing properties lead to difficulties in controlling 

regioselectivity during reduction. Catalytic hydrogenation with a pressure of 

molecular hydrogen (H2) is also an employed strategy for reduction. TH has 

emerged as an alternative method in the past few decades for the preparation of 

saturated compounds like alcohols from carbonyls. Compared to the use of  

stoichiometric amount of hydride reagents or the hazardous hydrogen gas, TH has 

certain advantages in terms of safety, simplicity and low cost.[2–6] Various 

complexes based on transition metals such as Ru, Rh, Ir, Pd, Pt, Au, Fe, Co and Ni 

have been developed and applied in TH reactions.[7] Safe and easily available 

isopropanol and formic acid are commonly used hydrogen donors in TH.[7–17] In 
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contrast, the simplest and cheapest alcohol, methanol, has been less studied in TH 

reactions as hydrogen donor. 

As a renewable energy source, methanol can be easily produced from oil, 

biomass and syngas with an annual global production capacity of over 110 million 

tons.[18] Methanol is the simplest aliphatic alcohol with a high hydrogen storage 

capacity of 12.6 wt% compared to other liquid fuels.[19] Thus, methanol is 

considered as one of the most significant chemical industrial materials especially 

when the global economy is shifting to carbon-neutral energy. Despite the 

importance of methanol as a future energy source, hydrogenation reactions using 

methanol as hydrogen donor are less studied. The main reason is that methanol is 

generally considered thermodynamically unfavourable to undergo 

dehydrogenation process for the generation of necessary metal hydride species (see 

Chapter 1.2.3).[20] Furthermore, the catalyst can be poisoned or deactivated by the 

dehydrogenation product aldehydes or decarbonylation product carbon monoxide 

(CO).[1]  

So far, only limited reports have demonstrated the use of methanol as 

hydrogen donor in catalytic TH; however, none of the thermal catalytic reactions 

could be performed near room temperature. In 1985, Maitlis and co-workers 

reported homogeneous hydrogenation of ketones by ruthenium and rhodium 

complexes with methanol at 150 °C. Methanol was oxidised to methyl formate, and 

carbon dioxide was also detected.[21] The Chen group showed selective TH of 
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biomass-based furfural and 5-hydroxymethylfurfural over hydrotalcite-derived 

copper catalysts with methanol at over 200 °C (Scheme 5.1).[22] The García group 

demonstrated alkylation and TH of α,β-unsaturated enones by nickel catalyst with 

methanol at 180 °C.[23] The Crabtree group reported TH of aromatic ketones and 

imines with methanol by iridium N-heterocyclic carbine (NHC) complexes under 

microwave irradiation.[24] Very recently, lower temperature TH of ketones with 

methanol at 66 °C was reported by the Li group using an anionic iridium complex 

under base-free conditions (Scheme 5.2).[25] To the best of our knowledge, there 

are only two examples of TH with methanol at room temperature. In one report, 

the TH reaction is driven by light with Pd-Pt alloy,[26] while the other reaction is 

catalysed by an enzyme.[27] 

 

Scheme 5.1: TH of biomass-based carbonyls using methanol as hydrogen donor 
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Scheme 5.2: Selected examples for TH of ketones using methanol as hydrogen donor 

Both the thermodynamics and the literature results showed that it is 

challenging to perform TH using methanol as hydrogen donor at low temperature. 

In our previous study of TH reactions, we have reported the synthesis of various 

efficient cyclometalated iridium complexes and their applications in the reduction 

of carbonyls and imines.[28–30] Based on those studies, we found that a 

cyclometalated rhodium complex (rhodacycle) analogue is capable of reducing 

carbonyl compounds with methanol at 90 °C.[31,32] Further studies showed that the 

rhodium complex could dehydrogenate methanol at near room temperature for TH 

reactions. In this chapter, the rhodacycle-catalysed TH of aldehydes with methanol 

as hydrogen donor will be presented. 

 

5.2 Results and discussion 
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5.2.1 Optimisation of reaction conditions 

 We chose 4-bromobenzaldehyde as the model substrate to conduct the 

rhodacycle-catalysed TH using methanol as both hydrogen donor and solvent. 

Surprisingly, an excellent yield (97%) was obtained in the presence of catalyst 27 

and sodium carbonate (Na2CO3) at 30 °C for 1 h (Table 5.1, entry 1). A slightly 

lower yield (83%) was recorded when the reaction was performed at 25 °C (entry 

2). A similar yield (91%) of alcohol product was obtained when methanol was 

replaced by ethanol (entry 3). Unexpectedly, the commonly used hydrogen donor, 

isopropanol, gave no conversion in this catalytic system (entry 4). 

In order to select the most efficient catalyst, various rhodacycles were 

synthesised and tested in the methanol system within a shorter reaction time. The 

reactions were stopped at 20 min, and the catalyst 27 bearing a hydroxy group at 

the para position to the imino moiety of the ligand gave the highest yield (entry 5). 

Replacing the hydroxy group with hydrogen (28) or methoxy group (29) gave 

lower or no activity (entry 6-7). To our surprise, moving the hydroxyl group closer 

to the rhodium centre also led to decreased yield (entry 8). Pyridinyl ligands 

bearing a hydroxyl group at the ortho position to the metal centre have been shown 

to be effective for TH of ketones and imines by several research groups.[25,33–40] 

Complex 31 with an additional methoxy group showed a similar yield (entry 9), 

whilst only a trace amount of product was detected when two methyl groups were 

introduced to the complex 32 (entry 10). 
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Table 5.1: Optimisation of reaction conditions with cyclometalated rhodium 

complexes[a] 

 

Entry Catalyst  Solvent Time Yield %[b] 

1 27 MeOH 1 h 97 

2 27 MeOH 1 h 83[c] 

3 27 EtOH 1 h 91 

4 27 i-PrOH 1 h N. R. 

5 27 MeOH 20 min 87 

6 28 MeOH 20 min 44 

7 29 MeOH 20 min N. R. 

8 30 MeOH 20 min 43 

9 31 MeOH 20 min 86 

10 32 MeOH 20 min < 5 

[a] Reaction condition: 4-bromobenzaldehyde (0.3 mmol), Rh catalyst (1 mol%), K2CO3 (0.075 

mmol) and MeOH (1.5 mL), stirred at 30 ºC. [b] Yields were determined by 1H NMR using 1,3,5-

trimethoxybenzene as internal standard. [c] Reaction run at 25 °C.  
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5.2.2 Substrate scope for TH of aldehydes with methanol 

 With the optimised reaction conditions in hand, we expanded the substrate 

scope of this protocol to various aromatic and aliphatic aldehydes to show the 

broader utility of the rhodium catalyst. Various aldehydes were transformed into 

the desired alcohol products in good to excellent yields (Table 5.2). Generally, 

substrates bearing electron-withdrawing groups, like nitro (33c), halide (33d-g) 

and trifluoromethyl (33h), gave slightly lower yields, compared with those bearing 

electron-donating groups (33b, k-m). Aldehydes with sterically bulky group at the 

ortho position, like (33g, h, k, l), had no effect on the high reduction yields. In 

addition, the potentially reducible functionalities, such as ester (33j), aldimine (33n) 

and ketones (33i, z), remained intact during the reduction process, demonstrating 

the high chemoselectivity of the reaction system. Heterocyclic aldehydes (33q-u) 

and aliphatic aldehydes (33v-z) were also well-tolerated to give their corresponding 

alcohols. 
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Table 5.2: Substrate scope for the reduction of aryl and aliphatic aldehydes with 

methanol [a] 

 

            Entry               Substrate                        Product                     Yield (%)[b] 
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            Entry               Substrate                        Product                     Yield (%)[b] 
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            Entry               Substrate                        Product                     Yield (%)[b] 
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            Entry               Substrate                        Product                     Yield (%)[b] 

 

[a] Reaction condition: aldehyde (0.3 mmol), Rh catalyst 27 (1.0 mmol%), K2CO3 (0.25 

eq.) and MeOH (1.5 mL), stirred at 30 ºC for 1 h. [b] Isolated Yields, values in parentheses 

are determined by GC. 

 Next, the reaction system was successfully extended to a series of 

unsaturated aldehydes (Table 5.3). Under the standard conditions, reduction of α,β-

unsaturated aldehydes, such as cinnamaldehyde 35a, afforded saturated alcohol 

product with both C=O and C=C double bonds being reduced. Cinnamaldehydes 

bearing substituents at either ortho or para position gave excellent yields (35c-e). 

High yields were achieved even with the introduction of methyl or phenyl groups 

on the α carbon of cinnamaldehyde (35f, g). Aliphatic unsaturated aldehydes were 

also well-tolerated, including natural products, like terpene, citral, perillaldehyde 

and steroids. However, the nonconjugated C=C double bonds in these substrates 

remained intact during the reduction process. Surprisingly, ketone in the saturated 

cyclic steroid 35n and 35o derived from steroids like deoxycholic acid and 

lithocholic acid, respectively, were reduced along with aldehyde groups in fair 
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yields. It is noteworthy that in substrate 35n, only the ketone moiety most remote 

from the aldehyde functionality was reduced, whilst the nearer one remained intact, 

possibly due to the difference in steric hindrance between the two ketone groups 

located at the two ends of one compound. The results indicate the potential for 

selective reduction of carbonyl groups in complex substrates due to steric effects. 

Table 5.3: Substrate scope for the reduction of unsaturated aldehydes with 

methanol [a] 

 

   Entry                   Substrate                           Product                     Yield (%)[b] 
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   Entry                   Substrate                           Product                     Yield (%)[b] 
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   Entry                   Substrate                           Product                     Yield (%)[b] 

 

[a] Reaction condition: aldehyde (0.3 mmol), Rh catalyst 27 (1.0 mmol%), K2CO3 (0.25 

eq.) and MeOH (1.5 mL), stirred at 30 ºC for 1 h. [b] Isolated Yields, values in parentheses 

are determined by GC. 

5.2.3 Mechanistic investigations 

 The reduction of aldehydes in deuterated methanol (CD3OD) was 

conducted to verify that methanol was the hydrogen source during the TH reactions. 

The 1H NMR spectra confirmed the incorporation of deuterium at each aliphatic 

carbon of products (Scheme 5.3). The result is consistent with the normal transfer 

hydrogenation mechanism, in which β-hydride elimination from methanol occurs 

at rhodium to form a rhodium hydride. Then the hydride is transferred to the 

carbonyl carbon of a benzaldehyde or the β carbon of a cinnamaldehyde followed 

by proton and hydride transfer to generate the saturated alcohol products.[30–32,35] 
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Scheme 5.3: TH of benzaldehyde and cinnamaldehyde with deuterated methanol.  

 Further investigations with 1H NMR were conducted to elucidate the 

mechanism of the TH reaction (Figure 5.1). No hydride resonance was observed 

on dissolution of catalyst 27 in CD2Cl2 or upon introducing a few drops of methanol 

to the NMR tube. After addition of 1 equivalent of sodium carbonate, the resulting 

solution turned from yellow to dark brown. The immediate change in colour may 

be caused by either the deprotonation of hydroxyl group from the ligand or the 

formation of the rhodium hydride species. At the same time, a triplet at -13.2 ppm 

(JRh-H = 30.3 Hz) appeared in the hydride region of 1H NMR spectrum, indicating 

the formation of a hydride-bridged dimeric rhodium species.[41] As the reaction 

proceeded, a monomeric hydride, characterised by a doublet peak at -12.02 ppm, 

grew and then disappeared. A new triplet peak formed and replaced the previous 

one, suggesting the formation of a more stable dimeric rhodium species. When a 

benzaldehyde substrate was added to the resulting mixture in the NMR tube, this 
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new hydride peak showed no observable changes in the 1H NMR spectrum, 

implying the hydride species is catalytically inactive for the TH reaction. 

 

 

 

 

 

 

 

 

Figure 5.1：Stacked 1H NMR spectra of the hydride region from the catalyst 27 

In contrast, when complex 28 was treated under the same conditions, no 

hydride was observed.  This observation emphasises the key role of the para-

hydroxy functionality of the ligand in facilitating the dehydrogenation of methanol. 

The low activity of complex 32 further highlights the importance of the p-OH group, 

as it introduces a methyl group between the rhodium centre and the hydroxy group, 

which may hinder the methanol dehydrogenation process that we assumed to be 

achieved via hydrogen bonding. 
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 Based on the experimental results and previous studies on rhodium-

catalysed TH of carbonyl compounds,[30–32,35] we have proposed a plausible 

mechanism (Scheme 5.4). At first, methanol reacts with the chloride-dissociated 

form of catalyst 27 to generate a rhodium methoxide complex 27A. Then, β-

hydride elimination occurs via the possible transition state 27B, producing the 

active rhodium hydride species 27C and releasing formaldehyde.[31,42,43] The 

hydride migrates from 27C to the aldehyde substrate to give the alkoxide complex 

27D. Finally, the saturated alcohol product is formed with the regeneration of 

methoxide complex 27A to close the catalytic cycle.  

The base required in the reaction system may facilitate the generation of the 

methoxide complex 27A or deprotonate the para-OH moiety. Although we cannot 

exclude the possibility of deprotonation during the reduction, the loss of catalytic 

activity in 32, in which the para-OH is sterically inaccessible for a transition state 

like 27B, suggests that deprotonation of the imino ligand, if it occurs, may be less 

relevant to the catalysis. Similarly, the low activity of catalyst 30, where the OH is 

closer to the rhodium centre, also emphasises that the position of hydroxy 

functionality is most important for the effective TH reaction to proceed. Therefore, 

we suggest that the para-OH provides a hydrogen bonding network including a 

solvent methanol molecule in a transition state 27B. This network may lower the 

energy barrier for the transfer of β-hydride from MeOH to rhodium, thus making 

the low-temperature dehydrogenation possible. This hydrogen bonding network 

may also facilitate the hydride transfer from 27C to the aldehyde substrate. The 
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hydride may yield a catalytically inactive dimeric species, as indicated by the 

dominant triplet in Figure 5.1; however, the structure of the species is unclear so 

far.  

 

Scheme 5.4: Proposed mechanism for rhodium-catalysed TH of aldehydes with methanol 

 

5.3 Conclusion 

 This chapter shows that a cyclometalated rhodium complex enables the 

dehydrogenation of methanol at room temperature. The catalytic protocol 
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developed allows for the TH of various aldehydes with methanol as both hydrogen 

donor and solvent. Few molecular catalysts are known of being able to 

dehydrogenate methanol under such mild conditions. The key to the ability of the 

identified catalyst is the introduction of a hydroxy functionality and its appropriate 

positioning in the ligand. 

 

5.4 Experimental 

5.4.1 General information 

Chemicals were purchased from Sigma-Aldrich, Alfa Aesar or Fluorochem 

and used without further purification. Silica gel plates (GF254) were used for TLC 

monitoring and silica gel (230- 400 mesh) was used for running column 

chromatography. Methanol was purchased from Sigma-Aldrich. NMR spectra 

were recorded on a Bruker 400 MHz NMR spectrometer with TMS as the internal 

standard. The mass spectra were obtained by chemical ionization (CI). 

5.4.2 General procedure for the imine ligands preparation 

Imine ligands were prepared based on our previous work. In a 250 mL 

round bottomed flask, ketone (5.0 mmol), amine (5.5 mmol) and NaHCO3 (420 mg, 

5 mmol) were dissolved in toluene (80 mL), and 4Å molecular sieves (1.2 g) were 

introduced. The resulting mixture was fitted with a Dean-Stark condenser and 

heated to reflux for 24 h. After completion, solid residues were removed, followed 
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by removal of solvent in vacuo. The imine ligand was obtained from crystallization 

by using DCM/hexane. 

5.4.3 General procedure for the rhodium complexes preparation 

In a 50 mL round bottomed flask, [Cp*RhCl2]2 dimer (100 mg, 0.16 mmol) 

(Cp* = pentamethylcyclopentadiene), imine ligand (2.2 eq.) and sodium acetate 

(10 eq.) were dissolved in DCM (10 mL). Then the reaction was stirred overnight 

under a nitrogen atmosphere at room temperature. The resulting mixture was then 

filtered to remove insoluble materials, dried over MgSO4, and filtered, and the 

solvent was removed in vacuo. The crude solid product was then washed with 

diethyl ether/hexane to afford an air and moisture stable pure compound.[44] 

5.4.4 General procedures for TH of aldehydes 

A Schlenk tube containing a magnetic stirring bar, the rhodium catalyst (1.5 

mg, 0.003 mmol), aldehyde substrate (0.3 mmol) and potassium carbonate (10 mg, 

0.075 mmol) in 1.5 mL of methanol was sealed and placed in a carousel reactor. 

The reaction mixture was stirred at 30 °C for 1 h, after which it was cooled to room 

temperature, and washed with H2O. The resulting mixture was extracted with ethyl 

acetate and dried over Na2SO4. The solvent was removed under reduced pressure, 

and the product was purified by flash column chromatography using hexane/ethyl 

acetate as eluent. 
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5.5 Analytical data 

5.5.1 Data of imine compounds 

  

4-(1-((4-Methoxyphenyl)imino)ethyl)phenol: 

The titled compound was synthesised according to general procedure for the imine 

ligands preparation. The product was obtained from crystallization by using 

DCM/hexane. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.82 (d, J = 8.8 Hz, 2H), 6.90 (d, J = 8.8 

Hz, 2H), 6.80 (d, J = 8.8 Hz, 2H), 6.75 (d, J = 8.8 Hz, 2H), 3.81 (s, 3H), 2.22 (s, 

3H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 166.03, 158.20, 155.98, 144.44, 

132.02, 129.00, 121.09, 115.21, 114.29, 55.50, 17.47; HRMS for C15H16NO2 [M 

+ H]+: m/z calcd 242.1176; found 242.1173. 

  

N-(4-methoxyphenyl)-1-phenylethan-1-imine:  
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The titled compound was synthesised according to general procedure for the imine 

ligands preparation. The product was obtained from crystallization by using 

DCM/hexane. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 8.03 – 7.91 (m, 2H), 7.50 – 7.38 (m, 3H), 

6.96 – 6.87 (m, 2H), 6.81 – 6.71 (m, 2H), 3.82 (s, 3H), 2.26 (s, 3H); 13C NMR 

(CDCl3, 100 MHz) δ (ppm): 165.79, 155.91, 144.78, 139.73, 130.34, 128.35, 

127.10, 120.75, 114.21, 55.49, 17.36; HRMS for C15H16NO [M + H]+: m/z calcd 

226.1226; found 226.1236. 

  

4-(1-((4-Methoxyphenyl)imino)ethyl)-2,6-dimethylphenol:  

The titled compound was synthesised according to general procedure for the imine 

ligands preparation. The product was obtained from crystallization by using 

DCM/hexane. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.64 – 7.58 (m, 2H), 6.93 – 6.86 (m, 2H), 

6.77 – 6.69 (m, 2H), 3.81 (s, 3H), 2.29 (d, J = 0.7 Hz, 6H), 2.19 (s, 3H); 13C NMR 

(CDCl3, 100 MHz) δ (ppm): 165.47, 155.74, 154.38, 145.09, 131.85, 127.79, 
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122.76, 120.89, 114.21, 55.49, 17.19, 15.98; HRMS for C17H20NO2 [M + H]+: 

m/z calcd 270.1489; found 270.1494. 

  

2-Methoxy-4-(1-((4-methoxyphenyl)imino)ethyl)phenol:  

The titled compound was synthesised according to general procedure for the imine 

ligands preparation. The product was obtained from crystallization by using 

DCM/hexane. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.71 (d, J = 2.0 Hz, 1H), 7.38 (dd, J = 8.3, 

2.0 Hz, 1H), 6.94 (d, J = 8.3 Hz, 1H), 6.92 – 6.87 (m, 2H), 6.77 – 6.71 (m, 2H), 

3.97 (s, 3H), 3.82 (s, 3H), 2.21 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 

164.96, 155.81, 148.04, 146.58, 144.97, 132.27, 121.42, 120.84, 114.26, 113.58, 

108.95, 56.07, 55.50, 17.10; HRMS for C16H18NO2 [M + H]+: m/z calcd 272.1281; 

found 272.1277. 
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3-(1-((4-Methoxyphenyl)imino)ethyl)phenol:  

The titled compound was synthesised according to general procedure for the imine 

ligands preparation. The product was obtained from crystallization by using 

DCM/hexane. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.46 (d, J = 2.2 Hz, 1H), 7.42 (d, J = 7.8 

Hz, 1H), 7.33 – 7.25 (m, 1H), 6.93 (td, J = 5.1, 4.5, 2.8 Hz, 3H), 6.80 (d, J = 8.4 

Hz, 2H), 3.84 (d, J = 1.1 Hz, 3H), 2.23 (d, J = 1.1 Hz, 3H); 13C NMR (CDCl3, 100 

MHz) δ (ppm): 166.87, 156.17, 156.07, 144.13, 141.16, 129.57, 120.99, 119.48, 

117.82, 116.68, 114.85, 114.33, 113.94, 55.50, 17.82. HRMS for C15H16NO2 [M 

+ H]+: m/z calcd 242.1176; found 242.1181. 

5.5.2 Data of cyclometalated rhodium complexes 

 

Rhodium complex (27):[31]  

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.26 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 2.3 

Hz, 1H), 6.94 (d, J = 8.4 Hz, 2H), 6.42 (dd, J = 8.4, 2.4 Hz, 1H), 3.85 (s, 3H), 2.24 

(s, 3H), 1.38 (s, 15H); 1H NMR at low temperature (213 K) could be found in our 

previous study.[31] 13C NMR (CDCl3, 100 MHz) δ (ppm): 185.32, 178.25, 157.97, 

157.43, 143.66, 140.19, 129.11, 124.36, 122.98, 110.53, 99.99, 96.08, 96.01, 55.52, 
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17.02, 8.76; HRMS for C25H29RhNO2 [M-Cl]+: m/z calcd 478.1248; found 

478.1255.  

 

Rhodium complex (28):  

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.83 (dd, J = 7.7, 1.1 Hz, 1H), 7.46 (dd, J 

= 7.6, 1.4 Hz, 1H), 7.31 – 7.23 (m, 2H), 7.05 (td, J = 7.4, 1.2 Hz, 1H), 6.99 – 6.89 

(m, 2H), 3.85 (s, 3H), 2.32 (s, 3H), 1.39 (s, 15H);  13C NMR (CDCl3, 100 MHz) 

δ (ppm): 183.96, 183.64, 179.28, 157.66, 147.29, 143.54, 136.28, 131.15, 127.75, 

124.02, 122.19, 113.85, 96.24, 96.18, 55.53, 17.06, 8.77; HRMS for 

C25H29
35ClRhNONa [M + Na]+: m/z calcd 520.0885; found 520.0891. 

 

Rhodium complex (29):[31] 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.41 (d, J = 8.5 Hz, 1H), 7.37 (d, J = 2.3 

Hz, 1H), 6.93 (d, J = 8.8 Hz, 2H), 6.58 (dd, J = 8.5, 2.3 Hz, 1H), 3.91 (s, 3H), 3.85 

(s, 3H), 2.27 (s, 3H), 1.39 (s, 15H); Due to the fluxionality, two of the aromatic 



Chapter 5 

 
 

216 
 

hydrogens appeared very broad and featureless at rt. 1H NMR at low temperature 

(213 K) could be found in our previous study.[31]   13C NMR (CDCl3, 100 MHz) δ 

(ppm): 182.38, 182.06, 178.06, 157.38, 156.64, 143.75, 140.18, 130.39, 124.45, 

122.37, 118.21, 95.91, 95.85, 55.54, 53.42, 17.03, 15.69, 8.79; HRMS for 

C26H31
35ClRhNO2Na [M + Na]+: m/z calcd 550.0996; found 550.0988. 

 

Rhodium complex (30):  

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.41 (d, J = 8.3 Hz, 2H), 7.14 (d, J = 7.5 

Hz, 1H), 7.05 – 6.99 (m, 1H), 6.94 (d, J = 8.6 Hz, 2H), 6.91 (d, J = 7.7 Hz, 1H), 

3.86 (s, 3H), 2.38 (s, 3H), 1.40 (s, 15H); HRMS for C25H29
35ClRhNO2Na [M + 

Na]+: m/z calcd 536.0834; found 536.0834. 

 

Rhodium complex (31):  

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.37 (s, 1H), 7.00 (s, 1H), 6.93 (d, J = 8.4 

Hz, 2H), 5.90 (s, 1H), 3.86 (s, 3H), 3.85 (s, 3H), 2.27 (s, 3H), 1.39 (s, 15H); 13C 
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NMR (CDCl3, 100 MHz) δ (ppm): 157.45, 148.19, 143.78, 142.80, 138.72, 

128.98, 124.08, 121.31, 110.44, 95.99, 95.93, 77.33, 56.22, 55.54, 17.19, 8.77; 

HRMS for C26H31
35ClRhNO3Na [M + Na]+: m/z calcd 566.0940; found 566.0937. 

 

Rhodium complex (32):  

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.50 (d, J = 8.3 Hz, 2H), 7.17 (s, 1H), 6.94 

– 6.87 (m, 2H), 3.84 (s, 3H), 2.58 (s, 3H), 2.33 (s, 3H), 2.22 (d, J = 0.8 Hz, 3H), 

1.32 (s, 15H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 157.55, 154.70, 143.32, 

140.17, 138.57, 137.78, 129.14, 127.38, 125.42, 117.71, 113.39, 96.42, 96.36, 

55.51, 19.55, 15.86, 8.88; HRMS for C27H33
35ClRhNO2Na [M + Na]+: m/z calcd 

564.1147; found 564.1143. 

5.5.3 Data of starting materials and alcohol products 

 

(S,E)-N-(4-formylbenzylidene)-2-methylpropane-2-sulfinamide:[45] 
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1H NMR (CDCl3, 400 MHz) δ (ppm): 10.10 (s, 1H), 8.66 (s, 1H), 8.11 – 7.88 (m, 

4H), 1.29 (s, 9H).  

 

(E)-2,3-Diphenylacrylaldehyde:[46] 

1H NMR (CDCl3, 400 MHz) δ (ppm): 9.68 (s, 1H), 7.36 – 7.27 (m, 4H), 7.23 – 

7.17 (m, 1H), 7.17 – 7.08 (m, 6H).  

 

(S)-6-Oxo-3-(prop-1-en-2-yl)heptanal:[47] 

1H NMR (CDCl3, 400 MHz) δ (ppm): 9.67 (t, J = 2.3 Hz, 1H), 4.83 (t, J = 1.7 Hz, 

1H), 4.78 (dt, J = 1.8, 0.9 Hz, 1H), 2.68 (dtd, J = 9.8, 7.3, 4.9 Hz, 1H), 2.54 – 2.36 

(m, 4H), 2.13 (s, 3H), 1.82 – 1.55 (m, 5H). 

 

Corresponding aldehyde obtained from deoxycholic acid:[48] 
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1H NMR (CDCl3, 400 MHz) δ (ppm): 9.76 (t, J = 1.8 Hz, 1H), 2.58 (q, J = 14.6, 

13.3 Hz, 2H), 2.51 – 2.25 (m, 3H), 2.22 – 2.12 (m, 1H), 2.12 – 1.98 (m, 3H), 1.96 

– 1.71 (m, 8H), 1.65 – 1.55 (m, 1H), 1.48 – 1.20 (m, 8H), 1.09 (s, 3H), 1.04 (s, 3H), 

0.84 (d, J = 6.4 Hz, 3H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 214.04, 212.01, 

202.92,  58.52, 57.54, 46.50, 44.25, 43.68, 42.11, 41.15, 38.35, 36.90, 36.78, 35.59, 

35.55, 35.42, 27.55, 27.43, 26.58, 25.45, 24.30, 22.13, 18.68, 11.72; HRMS for 

C24H36NO3Na [M + Na]+: m/z calcd 395.2557; found 395.2556 

 

Corresponding aldehyde obtained from lithocholic acid:[48]  

1H NMR (CDCl3, 400 MHz) δ (ppm): 9.75 (s, 1H), 2.63 – 2.51 (m, 1H), 2.45 – 

2.36 (m, 1H), 2.35 – 2.25 (m, 2H), 2.20 – 2.01 (m, 3H), 1.92 – 1.76 (m, 2H), 1.76 

– 1.56 (m, 5H), 1.56 – 1.12 (m, 10H), 1.04 (s, 3H), 1.03 – 0.96 (m, 2H), 0.94 (d, J 

= 6.8 Hz, 3H), 0.82 (s, 3H), 0.81 – 0.74 (m, 2H); 13C NMR (CDCl3, 100 MHz) δ 

(ppm): 213.29, 203.08, 56.41, 55.99, 44.30, 42.79, 42.35, 40.91, 40.71, 40.03, 

37.20, 37.00, 35.51, 35.30, 34.88, 28.21, 27.92, 26.61, 25.76, 24.15, 22.65, 21.18, 

18.38, 12.08.; HRMS for C24H38NO2Na [M + Na]+: m/z calcd 381.2764; found 

381.2760. 
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Benzyl alcohol (34a):[49]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (27.6 mg, 85%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.30 – 7.24 (m, 5H), 4.53 (d, J = 5.7 Hz, 

2H), 2.92 (t, J = 5.8 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 140.87, 

128.56, 127.65, 127.00, 65.31. 

 

4-Methoxybenzyl alcohol (34b):[49] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (38.1 mg, 92%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.28 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 

Hz, 2H), 4.61 (s, 2H), 3.81 (s, 3H), 1.62 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ 

(ppm): 159.21, 133.12, 128.65, 113.96, 65.04, 55.31. 

 

4-Nitrobenzyl alcohol (34c):[50] 
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The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (30.8 mg, 67%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 8.19 (d, J = 8.3 Hz, 2H), 7.52 (d, J = 8.3 

Hz, 2H), 4.83 (s, 2H), 2.16 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 147.18, 

146.24, 125.97, 122.70, 62.97. 

 

4-Fluorobenzyl alcohol (34d):[50] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (32.9 mg, 87%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.31 (m, 2H), 7.03 (m, 2H), 4.62 (s, 2H), 

2.09 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 162.29 (d, JC-F = 245.6 Hz), 

136.57 (d, JC-F = 3.2 Hz), 128.75 (d, JC-F = 8.1 Hz), 115.36 (d, JC-F = 21.4 Hz), 

64.56. 

 

4-Chlorobenzyl alcohol (34e):[50] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (38.3 mg, 85%). 
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1H NMR (CDCl3, 400 MHz) δ (ppm): 7.37 – 7.27 (m, 4H), 4.67 (d, J = 5.1 Hz, 

2H), 1.73 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 139.24, 133.36, 128.67, 

128.27, 64.55. 

 

4-Bromobenzyl alcohol (34f):[50] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (51.9 mg, 93%). 

1H NMR (CDCl3, 400 MHz) δ (ppm):  7.48 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.3 

Hz, 2H), 4.64 (s, 2H), 1.82 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 139.75, 

131.62, 128.58, 121.45, 64.56. 

 

(2-Bromo-4-fluorophenyl)methanol (34g):[51] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (55.0 mg, 90%). 

1H NMR (CDCl3, 400 MHz) δ (ppm):  7.43 (dd, J = 8.5, 6.0 Hz, 1H), 7.28 (dd, J 

= 8.2, 2.6 Hz, 1H), 7.03 (td, J = 8.3, 2.6 Hz, 1H), 4.68 (d, J = 5.4 Hz, 2H), 2.37 (t, 

J = 5.9 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 161.76 (d, JC-F = 250.2 
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Hz), 135.66 (d, JC-F = 3.4 Hz), 129.86 (d, JC-F = 8.5 Hz), 122.46 (d, JC-F = 9.6 Hz), 

119.86 (d, JC-F = 24.6 Hz), 114.63 (d, JC-F = 20.8 Hz),  64.29. 

 

(2-(Trifluoromethyl)phenyl)methanol (34h):[52] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (42.8 mg, 81%). 

1H NMR (CDCl3, 400 MHz) δ (ppm):  7.70 (d, J = 7.7 Hz, 1H), 7.64 (d, J = 7.8 

Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.38 (t, J = 7.7 Hz, 1H), 4.87 (s, 2H), 2.17 (s, 

1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 139.1, 132.1, 128.7, 128.4, 127.2 (q, 

JC-F = 31 Hz), 125.7 (q, JC-F = 31 Hz), 124.4 (q, JC-F = 272.2 Hz), 61.2 (q, JC-F =2.6 

Hz).  

 

4-Acetyl phenylmethanol (34i):[53] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (37.8 mg, 84%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.93 (d, J = 8.3 Hz, 2H), 7.44 (d, J = 8.3 

Hz, 2H), 4.76 (s, 2H), 2.59 (s, 3H), 2.22 (brs, 1H); 13C NMR (CDCl3, 100 MHz) 

δ (ppm): 198.14, 146.41, 136.40, 128.74, 126.73, 64.69, 26.78. 
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Methyl 4-(hydroxymethyl)benzoate (34j):[53] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (44.3 mg, 89%). 

1H NMR (CDCl3, 400 MHz) δ (ppm):  7.98 (d, J = 8.3 Hz, 2H), 7.45 – 7.32 (m, 

2H), 4.72 (s, 2H), 3.89 (s, 3H), 2.45 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 

167.06, 146.10, 129.79, 129.18, 126.44, 64.57, 52.12. 

 

(2,6-Dimethoxyphenyl)methanol (34k):[52] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (42.8 mg, 85%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.21 (t, J = 8.3 Hz, 1H), 6.56 (d, J = 8.4 

Hz, 2H), 4.79 (s, 1H), 3.83 (s, 6H), 2.50 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ 

(ppm): 158.41, 129.15, 117.04, 103.82, 55.75, 54.72. 

 

(2,5-Dimethoxyphenyl)methanol (34l):[54] 
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The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (46.9 mg, 93%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 6.88 (d, J = 2.5 Hz, 1H), 6.84 – 6.73 (m, 

2H), 4.65 (s, 2H), 3.81 (s, 3H), 3.77 (s, 3H), 2.44 (s, 1H); 13C NMR (CDCl3, 100 

MHz) δ (ppm): 153.61, 151.50, 130.11, 114.78, 112.99, 111.14, 62.01, 56.25, 

55.77. 

 

(3,4,5-Trimethoxyphenyl)methanol (34m):[54] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (54.6 mg, 92%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 6.51 (s, 2H), 4.53 (s, 2H), 3.77 (s, 6H), 

3.75 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 153.28, 137.17, 136.75, 

103.76, 65.36, 60.83, 56.05. 

 

(R,E)-N-(4-(hydroxymethyl)benzylidene)-2-methylpropane-2-sulfinamide 

(34n): 
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The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (56.7 mg, 84%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 8.43 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.46 

(d, J = 8.0 Hz, 2H), δ 4.74 (s, 2H), 2.79 (s, 1H), 1.24 (s, 9H); 13C NMR (CDCl3, 

100 MHz) δ (ppm): 162.40, 145.99, 133.16, 129.58, 127.09, 64.59, 57.84, 22.59. 

 

4,4'-Biphenyldiyldimethanol (34o):[56]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (55.8 mg, 87%). 

1H NMR (DMSO-d6, 400 MHz) δ (ppm): 7.61 (d, J = 8.2 Hz, 4H), 7.40 (d, J = 

8.0 Hz, 4H), 5.22 (t, J = 5.7 Hz, 2H), 4.54 (d, J = 5.6 Hz, 4H); 13C NMR (DMSO-

d6, 100 MHz) δ (ppm): 142.05, 138.93, 127.48, 126.69, 63.09. 

 

2-Naphthalenemethanol (34p):[52] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (46.9 mg, 99%). 
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1H NMR (CDCl3, 400 MHz) δ (ppm): 7.93 – 7.72 (m, 4H), 7.56 – 7.38 (m, 3H), 

4.84 (d, J = 3.2 Hz, 2H), 2.04 (d, J = 4.9 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ 

(ppm): 138.32, 133.38, 132.95, 128.34, 127.90, 127.73, 126.20, 125.91, 125.44, 

125.18, 65.45. 

  

(6-Bromopyridin-2-yl)methanol (34q):[57] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (41.5 mg, 74%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.55 (t, J = 7.7 Hz, 1H), 7.39 (dd, J = 7.8, 

0.9 Hz, 1H), 7.28 (dd, J = 7.6, 0.9 Hz, 1H), 4.74 (s, 2H), 3.14 (brs, 1H); 13C NMR 

(CDCl3, 100 MHz) δ (ppm): 161.19, 141.40, 139.06, 126.67, 119.30, 64.20. 

 

Furan-2-ylmethanol (34r):[52] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow oil (25.0 mg, 85%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.40 (dd, J = 1.9, 0.8 Hz, 1H), 6.35 (dd, J 

= 3.2, 1.8 Hz, 1H), 6.30 (dd, J = 3.2, 0.7 Hz, 1H), 4.62 (d, J = 5.7 Hz, 2H), 1.70 (t, 
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J = 6.0 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 153.97, 142.59, 110.36, 

107.77, 57.48. 

 

Thiophen-2-ylmethanol (34s):[52] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow oil (24.9 mg, 73%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.27 (dd, J = 5.0, 1.4 Hz, 1H), 7.05 – 6.92 

(m, 2H), 4.80 (s, 2H), 2.12 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 143.98, 

126.88, 125.60, 125.49, 59.96. 

 

2,3-Dihydrobenzo[b][1,4]dioxin-6-methanol (34t):[58]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a white solid (46.3 mg, 93%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 6.93 – 6.73 (m, 3H), 4.54 (s, 2H), 4.24 (s, 

4H), 1.94 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 143.48, 143.06, 134.36, 

120.29, 117.30, 116.21, 64.91, 64.36, 64.22. 
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Ferrocenemethanol (34u):[59]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (64.1 mg, 99%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 4.33 (s, 2H), 4.24 (t, J = 1.8 Hz, 2H), 4.18 

(d, J = 2.1 Hz, 7H), 1.66 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 88.38, 

68.31, 68.29, 67.90, 60.77. 

 

1-Octanol (34v):  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (32.0 mg, 82%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 3.61 (t, J = 6.7 Hz, 2H), 1.71 (s, 1H), 1.61 

– 1.46 (m, 2H), 1.39 – 1.15 (m, 10H), 0.96 – 0.76 (m, 3H); 13C NMR (CDCl3, 100 

MHz) δ (ppm): 62.98, 32.77, 31.81, 29.39, 29.27, 25.74, 22.64, 14.06. 

 

1-Pentanol (34w):  

Following the general procedure, the reaction was conducted at 0.3 mmol scale, 

giving the titled compound in 76% GC yield as a colourless oil. 
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1H NMR (CDCl3, 400 MHz) δ (ppm): 3.63 (d, J = 2.7 Hz, 2H), 1.77 (d, J = 4.3 

Hz, 1H), 1.57 (ddt, J = 9.5, 7.6, 4.6 Hz, 2H), 1.34 (tdd, J = 7.2, 4.6, 3.1 Hz, 4H), 

1.01 – 0.81 (m, 3H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 62.95, 32.44, 27.90, 

22.47, 14.01. 

 

Cyclopropylmethanol (34x):[60] 

Following the general procedure, the reaction was conducted at 0.3 mmol scale, 

giving the titled compound in 83% GC yield as a colourless oil. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 3.24 (d, J = 7.0 Hz, 2H), 0.90 (ddt, J = 10.3, 

7.6, 3.8 Hz, 1H), 0.32 (dt, J = 7.9, 3.0 Hz, 2H), 0.01 (d, J = 5.0 Hz, 2H); 13C NMR 

(CDCl3, 100 MHz) δ (ppm): 67.71, 13.54, 2.69. 

 

2,2-Dimethylpropan-1-ol (34y):[61]  

Following the general procedure, the reaction was conducted at 0.3 mmol scale, 

giving the titled compound in 80% GC yield as a colourless solid. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 3.30 (s, 2H), 0.91 (d, J = 1.0 Hz, 9H); 13C 

NMR (CDCl3, 100 MHz) δ (ppm): 73.52, 32.62, 26.00. 
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(S)-5-(2-Hydroxyethyl)-6-methylhept-6-en-2-one (34z):[55] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (42.3 mg, 83%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 4.84 – 4.75 (m, 1H), 4.72 (d, J = 2.2 Hz, 

1H), 3.59 (qt, J = 10.8, 6.5 Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 2.24 – 2.14 (m, 1H), 

2.11 (s, 3H), 1.75 – 1.61 (m, 3H), 1.60 – 1.59 (m, 3H), 1.58 – 1.50 (m, 1H), 1.24 

(d, J = 1.6 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 209.09, 146.61, 112.84, 

61.16, 43.56, 41.35, 36.10, 30.08, 26.59, 17.55. 

 

3-Phenylpropan-1-ol (36a):[62]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (32.2 mg, 79%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.32 – 7.14 (m, 5H), 3.65 (t, J = 6.4 Hz, 

2H), 2.70 (t, J = 7.6 Hz, 2H), 1.94 – 1.83 (m, 2H), 1.68 (s, 1H); 13C NMR (CDCl3, 

100 MHz) δ (ppm): 141.85, 128.44, 128.41, 125.88, 62.24, 34.23, 32.10. 
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3-(2-Methoxyphenyl)propan-1-ol (36c):[63] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (48.3 mg, 97%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.24 – 7.11 (m, 2H), 6.98 – 6.81 (m, 2H), 

3.84 (s, 3H), 3.61 (t, J = 6.3 Hz, 2H), 2.73 (t, J = 7.3 Hz, 2H), 2.01 (s, 1H), 1.91 – 

1.80 (m, 2H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 157.40, 130.12, 129.99, 

127.19, 120.72, 110.33, 61.96, 55.36, 32.93, 25.95. 

 

3-(4-Methoxyphenyl)propan-1-ol (36d):[64]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (47.3 mg, 95%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.12 (d, J = 8.3 Hz, 2H), 6.84 (d, J = 8.5 

Hz, 2H), 3.79 (s, 3H), 3.66 (t, J = 6.4 Hz, 2H), 2.65 (t, J = 7.7 Hz, 2H), 1.92 – 1.81 

(m, 2H), 1.43 (s, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 157.80, 133.86, 

129.30, 113.83, 62.27, 55.27, 34.45, 31.15. 

 

3-(4-(Dimethylamino)phenyl)propan-1-ol (36e):[65]  
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The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow oil (51.6 mg, 96%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.10 (d, J = 8.2 Hz, 2H), 6.73 (d, J = 8.2 

Hz, 2H), 3.67 (t, J = 6.5 Hz, 2H), 2.93 (s, 6H), 2.63 (t, J = 7.7 Hz, 2H), 1.94 – 1.78 

(m, 3H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 149.13, 130.10, 129.02, 113.19, 

62.39, 40.99, 34.54, 31.07. 

 

2-Methyl-3-phenylpropan-1-ol (36f):[66] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (38.7 mg, 86%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 7.33 – 7.24 (m, 2H), 7.22 – 7.12 (m, 3H), 

3.59 – 3.38 (m, 2H), 2.75 (dd, J = 13.4, 6.3 Hz, 1H), 2.41 (dd, J = 13.4, 8.1 Hz, 

1H), 2.03 – 1.84 (m, 1H), 1.65 (s, 1H), 0.91 (d, J = 6.7 Hz, 3H); 13C NMR (CDCl3, 

100 MHz) δ (ppm): 140.74, 129.25, 128.36, 125.97, 67.72, 39.81, 37.89, 16.57. 

 

2,3-Diphenylpropan-1-ol (36g):[67] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless solid (61.1 mg, 96%). 
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1H NMR (CDCl3, 400 MHz) δ (ppm): 7.36 – 7.03 (m, 10H), 3.78 (ddd, J = 6.8, 

5.5, 1.4 Hz, 2H), 3.15 – 2.97 (m, 2H), 2.90 (dd, J = 13.3, 7.3 Hz, 1H), 1.33 (t, J = 

6.1 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ (ppm): 141.92, 139.92, 129.06, 

128.65, 128.26, 128.10, 126.86, 126.04, 66.38, 50.20, 38.72. 

 

1-Butanol (36h): 

Following the general procedure, the reaction was conducted at 0.3 mmol scale, 

giving the titled compound in 72% GC yield as a colourless oil. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 3.64 (t, J = 6.7 Hz, 2H), 1.84 (s, 1H), 1.62 

– 1.47 (m, 2H), 1.47 – 1.30 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H); 13C NMR (CDCl3, 

100 MHz) δ (ppm): 62.60, 34.82, 18.87, 13.82. 

 

Cyclohexylmethanol (36i):[68]  

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a colourless oil (29.4 mg, 86%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 3.43 (d, J = 6.4 Hz, 2H), 1.87 – 1.58 (m, 

5H), 1.54 – 1.38 (m, 2H), 1.32 – 1.06 (m, 3H), 1.02 – 0.82 (m, 2H); 13C NMR 

(CDCl3, 100 MHz) δ (ppm): 68.76, 40.49, 29.56, 26.59, 25.84. 
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3,7-Dimethyloct-6-en-1-ol (36j):[69] 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a pale yellow oil (43.1 mg, 92%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 5.09 (t, J = 7.2 Hz, 1H), 3.66 (q, J = 7.6, 

7.0 Hz, 2H), 1.98 (td, J = 17.1, 16.1, 7.5 Hz, 2H), 1.67 (s, 3H), 1.59 (s, 3H), 1.63 – 

1.53 (m, 3H), 1.43 – 1.28 (m, 2H), 1.23 – 1.10 (m, 1H), 0.89 (d, J = 6.4 Hz, 3H); 

13C NMR (CDCl3, 100 MHz) δ (ppm): 131.23, 124.70, 61.13, 39.89, 37.21, 29.17, 

25.70, 25.45, 19.51, 17.62. 

 

4-(1-Methylethenyl)-cyclohexanemethanol (36l):[70]  

Following the general procedure, the reaction was conducted at 0.3 mmol scale, a 

mixture of diastereomers were isolated in 83% yield (38.3 mg) with the cis 

diastereomer as the major product (d.r. 15:1). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 4.67 (d, J = 1.4 Hz, 2H), 3.46 (d, J = 6.3 

Hz, 2H), 1.83 (tdd, J = 10.8, 4.3, 2.2 Hz, 5H), 1.72 (d, J = 1.2 Hz, 3H), 1.47 (dt, J 

= 5.8, 2.8 Hz, 1H), 1.29 – 1.14 (m, 3H), 1.02 (td, J = 12.2, 3.2 Hz, 2H); 13C NMR 



Chapter 5 

 
 

236 
 

(CDCl3, 100 MHz) δ (ppm): 150.74, 108.11, 68.69, 45.46, 40.33, 31.15, 29.54, 

20.98. 

 

((1S,5S)-6,6-dimethylbicyclo[3.1.1]heptan-2-yl)methanol (36m):[71] 

Following the general procedure, the reaction was conducted at 0.3 mmol scale, 

giving the titled compound in 98% yield (45.3 mg) with d.r. 7:1. 

1H NMR (CDCl3, 400 MHz) δ (ppm): 3.47 – 3.33 (m, 2H), 2.22 – 2.10 (m, 1H), 

2.04 (tdd, J = 5.8, 3.6, 1.2 Hz, 1H), 1.96 – 1.69 (m, 5H), 1.69 – 1.54 (m, 1H), 1.31 

(d, J = 10.0 Hz, 1H), 1.22 (s, 3H), 0.85 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 

(ppm): (major trans product) 66.74, 42.18, 40.99, 37.64, 26.65, 24.11, 23.42, 23.32, 

20.15, 18.18. (minor cis product) 67.72, 44.41, 42.88, 41.47, 39.17, 38.62, 33.14, 

27.96, 25.99, 18.78. 

 

(5R,8R,9S,10S,13R,14S,17R)-3-hydroxy-17-((R)-5-hydroxypentan-2-yl)-10,13 

dimethylhexadecahydro-12H-cyclopenta[a]phenanthren-12-one (36n): 
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The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (58.7 mg, 52%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 4.14 – 4.04 (m, 1H), 3.61 (t, J = 6.5 Hz, 

2H), 2.50 (t, J = 12.4 Hz, 1H), 2.09 – 1.97 (m, 2H), 1.97 – 1.60 (m, 8H), 1.56 – 

1.11 (m, 17H), 1.04 (s, 3H), 1.02 (s, 3H), 0.85 (d, J = 6.7 Hz, 3H); 13C NMR 

(CDCl3, 100 MHz) δ (ppm): 215.28, 66.71, 63.52, 58.91, 57.59, 46.68, 43.62, 

38.45, 36.08, 35.94, 35.54, 33.38, 31.41, 30.17, 29.86, 29.83, 27.69, 27.66, 26.58, 

25.99, 24.38, 23.28, 18.98, 11.73; HRMS for C24H40O3Na [M +Na+]: m/z calcd 

399.2875; found 399.2870. 

 

(8R,9S,10S,13R,14S)-17-((R)-5-hydroxypentan-2-yl)-10,13-

dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-3-ol (36o): 

The titled compound was synthesised according to general procedure at 0.3 mmol 

scale. The product was isolated as a yellow solid (52.2 mg, 48%). 

1H NMR (CDCl3, 400 MHz) δ (ppm): 4.03 (t, J = 3.0 Hz, 1H), 3.54 (td, J = 6.6, 

3.1 Hz, 2H), 2.06 – 1.70 (m, 4H), 1.70 – 1.17 (m, 19H), 1.13 – 0.92 (m, 7H), 0.89 

(s, 3H), 0.85 (d, J = 6.5 Hz, 3H), 0.58 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ 

(ppm): 67.17, 63.58, 56.65, 56.22, 42.75, 40.26, 39.75, 36.58, 35.65, 35.57, 35.13, 
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33.53, 31.85, 29.94, 29.39, 28.32, 27.84, 26.67, 26.29, 24.21, 23.92, 21.11, 18.66, 

12.08; HRMS for C24H42O2Na [M + Na+]: m/z calcd 385.3083; found 385.3077. 
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 This thesis describes the investigations on rhodium-catalysed transfer 

hydrogenation and transamination. In Chapter 1, we summarised the current status 

on the reduction of N-heteroaromatics and carbonyls. Although these types of 

reactions have been extensively studied by many research groups, a number of 

limitations and challenges still remain, such as the limited examples in the 

reduction of N-heterocycles via TH, especially with high enantioselectivity, and 

the reduction with the use of inexpensive and safe hydrogen sources that could 

perform under milder reaction conditions. 

 A novel and efficient reaction protocol, ART, was developed for the 

preparation of a wide range of chiral piperidines from pyridinium salts with 

excellent diastero- and enantioselectivities. Key to this reaction is the introduction 

of a chiral amine which undergoes transamination with the original nitrogen moiety 

under reducing conditions, while induing the chirality on the ring. By introducing 

fluorine into the pyridine substrate, we have overcome the challenges of accessing 

chiral fluorinated piperidines, compounds of importance in pharmaceuticals. 

 By employing (hetero)aryl amines in the modified ART reaction system, 

we have extended its application to the synthesis of N-aryl piperidines, bypassing 

the limitations of traditional C-N cross-coupling reactions (Scheme 6.1). 

Surprisingly, the introduction of a leaving group into the pyridine substrate led to 

the formation of pyrrolidines, allowing for a switchable synthesis of two classes of 

high-value N-heterocyclic compounds from one parent substrate. Currently, AH of 
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pyridines is the most efficient pathway to access chiral piperidines, whilst 

methodologies like ATH is still underexploited. Our preliminary studies have 

shown that the desired chiral piperidine products can be obtained by using chiral 

catalysts via reductive transamination. Although the yields and enantioselectivities 

are relatively low compared with commonly used AH protocols, it is a method of 

great promise considering the ease availability and diversity of various chiral 

ligands in AH and ATH reactions. 

 

Scheme 6.1: Summary of rhodium catalysed transamination in this thesis with the ART 

with achiral amines yet to be fully established (LG = leaving group) 

 A cyclometalated rhodium complex has been found to be highly efficient 

on the TH of carbonyl compounds at room temperature using methanol as hydrogen 

source. Few molecular catalysts are capable of dehydrogenating methanol under 
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such mild conditions. Further studies showed the importance of the hydroxy 

functionality in the imino ligand. 

 

Scheme 6.2: Summary of rhodium catalysed TH of aldehydes using methanol in this 

thesis 

 Given the fact that the rhodium catalyst shows high reactivity in the 

reductive transamination of pyridines, future work may aim at developing more 

efficient chiral rhodium catalysts to fulfil the current industrial technical need for 

chiral piperidine via ATH of pyridine derivatives. By understanding the 

mechanism of the reductive transamination process, we may also obtain amino 

ketone or alcohol products before the ring-closing step (Scheme 6.3). 
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Scheme 6.3: Envisioned ring-opening amine product via reductive transamination 

 Cyclometalated rhodium complexes have shown great potential towards the 

TH of imines and N-heteroaromatics (Chapter 2, 3 and 4).[1,2] In the field of 

hydrogen borrowing reactions, the advantage of this complex in methanol 

dehydrogenation may allow it to be used for methylation reactions. Preliminary 

studies in our group have shown complex 25 to be active for the monomethylation 

of aniline compounds. 

 In the field of catalytic hydrogenation, catalysts based on non-noble metals, 

such as manganese[3–5], iron[6,7], cobalt[8–10], nickle[11,12], etc, have continued to be 

investigated over the last decade.[13] The search for more efficient metal catalysts 

could be a future direction of more environmentally friendly transfer hydrogenation 

and transamination processes. 
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APPENDIX 

X-ray crystallographic data 

Crystal structure of compound 17a from Table 2.1 

CCDC number: 2073098 
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Bond precision: C-C = 0.0023 Å                                Wavelength=1.54178 

Cell:                   a=7.9010(3)        b=10.2650(4)         c=18.8453(7) 

                           alpha=90             beta=90                 gamma=90 

Temperature:     150 K 

                           Calculated                                         Reported 

Volume              1528.43(10)                                      1528.42(10) 

Space group       P 21 21 21                                           P 21 21 21 

Hall group          P 2ac 2ab                                          P 2ac 2ab 

Moiety formula  C19 H22 F N                                       C19 H22 F N 

Sum formula      C19 H22 F N                                       C19 H22 F N 

Mr                      283.38                                               283.37 

Dx,g cm-3           1.232                                                 1.231 

Z                         4                                                       4 

Mu (mm-1)         0.626                                                 0.626 

F000                   608.0                                                608.0 

F000’                  609.70 

h,k,lmax             9, 12, 22                                           9, 12, 22 

Nref                    2730[1592]                                     2655 

Tmin,Tmax        0.882, 0.975                                     0.691, 0.753 

Tmin’                 0.882 

Correction method= EMPIRICAL 

Data completeness= 1.67/0.97                                   Theta(max)= 66.908 

R(reflections)= 0.0286( 2616)                                   wR2(reflections)= 0.0758( 2655) 

S = 1.085                                                                    Npar= 191 



Chapter 6 

 
 

254 
 

Crystal structure of compound 17x from Table 2.1. 

CCDC number: 2073099 

 

 

 

 



Chapter 6 

 
 

255 
 

Bond precision: C-C = 0.0046 Å                                Wavelength=1.54178 

Cell:                   a=7.8287(2)        b=10.3685(3)         c=19.0249(5) 

                           alpha=90             beta=90                  gamma=90 

Temperature:     150 K 

                           Calculated                                         Reported 

Volume              1544.293(7)                                      1544.29(7) 

Space group       P 21 21 21                                           P 21 21 21 

Hall group          P 2ac 2ab                                          P 2ac 2ab 

Moiety formula  C19 H22 F N                                       C19 H22 F N 

Sum formula      C19 H22 F N                                       C19 H22 F N 

Mr                      283.38                                               283.37 

Dx,g cm-3           1.219                                                 1.219 

Z                         4                                                       4 

Mu (mm-1)         0.620                                                 0.620 

F000                   608.0                                                608.0 

F000’                  609.70 

h,k,lmax             9, 12, 22                                           9, 12, 22 

Nref                    2755[1606]                                     2727 

Tmin,Tmax        0.949, 0.989                                     0.658, 0.753 

Tmin’                 0.872 

Correction method= EMPIRICAL 

Data completeness= 1.70/0.99                                   Theta(max)= 66.710 

R(reflections)= 0.0488( 2518)                                   wR2(reflections)= 0.1014( 2727) 

S = 1.113                                                                    Npar= 192 

 

 


