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Abbreviations 

FLP=Frustrated Lewis pair 

ACDC = Asymmetric counter-ion directed catalysis 

TADDOL= Tetraaryl-2,2-disubstituted 1,3-dioxolane-4,5-dimethanol 

NHC = N-heterocyclic carbene 

Mes = 2,4,6,trimethylphenyl 

TRIP = 3,3′-Bis(2,4,6-triisopropylphenyl)-1,1′-binaphthyl-2,2′-diyl hydrogen phosphate 

Binol = 1,1’-Bi-2-naphtol 

er = enantiomeric ratio, how many parts of each enantiomers are in a mixture 

ee = enantiomeric excess, (% value of one enantiomer - % value of other enantiomer), er of 9:1 

would have 80 % ee 

dr = diastereomeric ratio 

PMP = para-methoxyphenyl 

Lut = lutidine, 2,6- dimethylpyridine 

Tmp = 2,2,6,6-tetramethylpiperidine 

c-Hex = cyclo hexyl 

Carb = carbene, 1,3-Bis-tert-butylimidazol-2-ylidene 

TOF = Turn-over frequency 

THF = tetrahydrofuran 

9-[3.3.1]-BBN = 9-[3.3.1]-borabicylononane 

NMR = nuclear magnetic resonance spectroscopy 

DCM = dichloromethane 

TLC = thin layer chromatography 

Rf = retardation factor 

DMF = dimethyl formamide 

DMAP = p-dimethylaminopyridine 

NCS = N-chlorosuccimide 

MTBE = methyl tert-butyl ether 
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1. Introduction 

1.1 Asymmetric synthesis 

The goal of asymmetric synthesis, as defined by Marckwald, is to convert achiral starting material to 

a non-racemic chiral product, using a chiral reagent.1 Chirality means that the mirror image of the 

object is non-superimposable (non-identical three-dimensional configuration) to the original object. 

In the case of a chiral molecule, it and its mirror-image are enantiomers to each other, and they are to 

be considered two different compounds (Figure 1). In achiral environment, they have identical 

chemical and physical properties, except for their ability to rotate polarized light at equal, but opposite 

angles.2 Therefore, enantiomers are difficult to separate, and non-asymmetric synthesis forms them 

at 1:1 ratio, called a racemic mixture. In chiral environment (in interaction with other chiral 

compounds) enantiomers can have very different chemical properties. Biological receptors are always 

chiral, and almost always enantiomers have vastly different binding properties and cause different 

biological responses. This can range from enantiomers having different odour to a drug having either 

curing or lethal effect. Asymmetric synthesis is therefore vital in production of pharmaceutics, 

pesticides, perfumes and flavorants.3 

    

 Figure 1: Enantiomers of amino acid alanine 1 and carvone 2. (S)-alanine 1a is the natural amino acid, 

common in living systems, whereas the (R)-alanine 1b is only rarely found in nature. Enantiomers of carvone 

have distinct odour. (R)-Carvone 2a smells of spearmint and (S)-carvone 2b of caraway. Stereogenic centres 

are marked with a star. 

Chirality can be induced to a molecule by several different stereogenic elements (element that doesn’t 

have mirror plane symmetry). The most common one, point chirality, has a stereogenic centre (Figure 

1) with four different substituents in tetrahedral conformation or three to six different substituents in 

octahedral conformation. Stereogenic atom is usually carbon, phosphorus or a metal complex. Axially 

chiral molecule has a rotationally stable axis and two pairs of substituents are arranged tetrahedrally 

around the stereogenic axis (Figure 2). Each stereogenic element can be assigned with R or S 
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descriptor according to Cahn-Ingold-Prelog (CIP) priority rules, to differentiate between 

enantiomers.4  

 

Figure 2: Two common structure types with axial chirality. Stereogenic axis is shown with arrow. In allenes 

3 rotation around the axis is not possible due to geometry of p-orbitals. In biaromatics (e.g. binol 4) rotation 

is blocked by substituents in the ortho positions. Top down view of enantiomers of the allene 3 illustrates the 

difference between the enantiomers. 

If a molecule has more than one stereogenic element, there can be up to 2n different configurations. 

Molecules that differ from each other by the configuration of at least one chiral element, but not by 

all of them (this would make them enantiomers) are called diastereomers. Unlike enantiomers, 

diastereomers have different chemical and physical properties. The use of these differences is at the 

core of asymmetric synthesis. While diastereomers are used to describe a single molecule, with 

covalently bound chiral centres, it is important to realise that also weak interactions between 

stereogenic elements can form diastereomeric states, with distinct properties. This is how biological 

receptors identify between enantiomers and how most asymmetric synthesis is done. 

𝑘 = 𝐴𝑒−𝐸𝑎/(𝑅𝑇) 

Equation 1: Arrhenius equation. k is reaction rate, Δ is activation energy, R is gas constant, T is 

temperature, A is a constant.5,6  

Many methods have been created to take advantage over differences of diastereomers in effort to 

make enantiomerically pure compounds. Racemic product can be purified by formation of 

diastereomers by reacting it with enantiomerically pure chiral resolving agent (Figures 3 and 4).2 The 

diastereomers can then be separated based on their different properties, followed by removal of the 

resolving agent. Often the difference between the diastereomers is so small that the separation is 

difficult. The more popular method for purification of racemates is kinetic resolution. Racemic 

mixture is partially reacted with enantiomerically pure chiral resolving agent. The formation of the 



3 
 

different diastereomers will have different activation energies. Since relationship between the 

activation energy and the reaction rate is exponential (Equation 1), even minor differences in 

activation energy will lead to one enantiomer reacting many times faster than the other.5,6 Downside 

to these methods is that they only give maximum yield of 50% of the desired enantiomer. It would 

be better to form an enantiomerically pure compound directly, instead of purification of a racemic 

mixture.  

 

Figure 3: Enantiomers of 3-methyl-2-phenylbutanoic acid are resolved by making diastereomeric salt with 

chiral resolving agent. For this type of purification, a simple, easily reversible reaction (like salt formation in 

the figure) should be used to create the diastereomer.7 

 

Figure 4: 1-binaphtylethanol is kinetically resolved in acylation reaction. S-enantiomer is enriched in the 

reaction and is easily separated, since its chemical properties are very different from the unreacted alcohol.8 

 

This can be accomplished by formation of diastereomeric transition state in the stereodefining step 

of the reaction. The kinetic resolution in Figure 4 is an example of the use of diastereomeric transition 

states, but there the chiral centre already exists and can’t be modified. If we were to use the same idea 

to a reaction that creates a new chiral centre, then it would be possibly to convert the achiral starting 

material completely to one enantiomer of the product. 
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To illustrate how we might manage this, let’s consider (Lewis acid) catalysed nucleophilic attack on 

aldimine. The imine is the prochiral reagent (one reaction from the formation of chiral centre), where 

the imine carbon will be the new chiral centre after the nucleophilic attack. Nucleophile may approach 

from Re or Si side (from Re side CIP rules give clockwise rotation and Si side gives counter-clockwise 

rotation, these are not directly connected to whether formed chiral centre will have R or S 

designation)9. Each of the participants (imine, nucleophile or catalyst) can be chiral or achiral which 

will lead to the three reaction types shown in Figure 5. 

 

Figure 5: Three different ways to induce chirality in reaction between imine and nucleophile.* shows 

where the stereogenic element is.3 

In the first two cases, chirality of starting materials directs selectivity of stereoisomer. Using only 

natural chirality of molecule limits the scope of reaction to already chiral molecules and selectivity is 

often poorly controlled. These can be greatly improved by first reacting (achiral) starting material 

with another chiral molecule (called chiral auxiliary) to some other part of the reactant. Chiral 

auxiliary directs stereoselectivity in the reaction and can be removed afterwards. Downside of this 

strategy is the need for stoichiometric amount of chiral auxiliary and the additional steps to introduce 

and remove the directing group. In the third case, stereochemistry of product is controlled by a chiral 

coordinating group. This not only allows formation of chiral compound from achiral starting 

materials, but also makes catalytic reaction possible. Relatively weakly coordinating group can easily 

form and break interactions with reactants and products. Therefore, after the coordinating group 

attaches itself to starting material and directs the predominant formation of one stereoisomer, it can 

break off and attach to another reactant. This is the basis of most asymmetric catalysis. 
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1.2 Asymmetric catalysis 

Catalyst can be defined as substance that allows reaction to proceed via a different reaction pathway 

with lower activation energy and that is not consumed in the reaction. This accelerates the reaction 

and eliminates need for stoichiometric reagents (like the chiral auxiliary before). It generally works 

by binding to a reagent (weak, coordinating and covalent bonds are all possible)10, activating it to the 

reaction and then releasing from the product. Activation can happen for example by allowing 

completely new reaction pathway, stabilisation of a transition state or redistribution of electron 

density on reactant to assist with nucleophilic or electrophilic reaction.  

 

Figure 6: Illustration of energetics in reaction where chiral centre is formed. Blue line describes 

reaction without external chiral director, with only enantiomeric transition states with same 

activation energy. Red line shows energetics of the same reaction with a chiral catalyst, which 

catalyses formation of R-enantiomer preferentially, difference in preference is characterised by the 

difference in activation energy ΔEa. 

In asymmetric catalysis, the activation needs to lower the activation energy of one enantiomer more 

than the other, which will lead to faster formation of the enantiomer with lower activation energy 

(Figure 6). Therefore, there must be chiral element in the catalyst to form the diastereomeric transition 

states. Lower activation energy of one diastereomeric state can be attributed to the different 

geometries, which lead to different positive and negative interactions. Positive interaction can be one 

that leads the reactants together from either re or si side (example at Figure 11 page 12). On the other 

hand, negative interaction can be a bulky group on the catalyst, blocking the approach from one of 

the side of prochiral reactant (Figure 9, page 11). 
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Majority of catalysts have transition metals as their core, as they can form intermediate strength bonds 

with wide variety of molecules. Combined with the ability to go through oxidation changes and easy 

modification of coordination sphere, allowed them to act as catalyst in almost any type of reaction. 

When coordinated to chiral ligands (molecules bound to the metal with coordinating bonds), the 

catalyst can also control the stereochemistry of the product. The transition metal chemistry has 

dominated the field of catalysis and especially asymmetric catalysis since their discovery. However, 

in the past two decades metal-free organocatalysis has developed quickly and now includes wide 

variety of different reaction types, with many that can be done asymmetrically. Some of these 

asymmetric organocatalytic transformations can even outperform the competing transition metal 

catalysts. 

 

One of the most important application of asymmetric catalysis are reactions forming chiral amines. 

Amines are a common group in drugs and other biologically active compounds because they can form 

hydrogen bonds of appropriate strenght and their pKa values are near the pH of biological systems, 

which allows them to be both soluable in water (in charged form) and able to pass lipid membranes 

(in neutral form).11 Often atleast one of the carbons bound to the amine is a chiral centre. Chiral 

amines are also valuable because of their use as ligands and chiral auxiliaries. Common strategy to 

create the chiral amine is to hydrogenate imine or react it with a nucleophile. These reaction are 

traditionally catalyzed by transition metals. Chiral information is especially inmportant, when the 

molecule is interacting with cellular molecular regocnition system (eg. proteins, DNA) as a drug or a 

in vitro model compound. In these applications the product has to be pure of residual heavy metals 

as they can be toxic or affect results.12 Organocatalytic asymmetric hydrogenation of imines is 

therefore of great interest. 

 

In the past decade asymmetric counter-ion directed catalysis and asymmetric Brønsted acid catalysis 

have been shown to be a powerful metal-free way to make chiral amines. While generally their 

activity doesn’t match most powerfull transition metal catalyst, they have shown to have improved 

performance with substrates that are traditionally difficult for transition metal catalysts13-15, like 

saturated cyclic imines and small imines (Figures 12 and 14 are examples of this, for more examples 

look into reviews16-20). The same catalyst can be used in different reaction types with wide variety of 

substrates and still produce reasonable enantioselectivity. Almost every reaction type of imines can 

be made asymmetrically using these methods, but reduction has been limited to transfer 
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hydrogenation, which means that the hydrogen source comes from a larger (organic) molecule like 

Hantzsch ester or catechol borane. Ideally the reducing agent would be “waste-free” hydrogen gas. 

Frustrated Lewis pairs (FLP) have emerged as a metal-free system that can catalytically activate 

hydrogen to reduce imines. While the field has gathered significant interest, the asymmetric variants 

have only been slightly explored. Even with small amount of data, we can see that asymmetric FLP 

hydrogenation has potential to compete with existing hydrogenation systems . 

 

2. Scope 

The focus of this thesis is the metal-free asymmetric hydrogenations of imines, enamines and N-

heterocycles with FLPs using molecular hydrogen. Complete review of this topic is provided up till 

8/2017. For comprehension, general overview of how FLPs can activate hydrogen and reduce imines 

is given. Some interesting exceptions to these general ideas exist, but they are not covered, since they 

are not related to the asymmetric hydrogenations. Brief introduction to the organocatalytic 

asymmetric Brønsted acid catalysis and asymmetric counter-ion directed catalysis is also included 

with focus on imines, because this is the core idea behind the experimental part of the thesis, which 

attempts to combine asymmetric Brønsted acid catalysis and FLPs. 
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3. Literature 

 

3.1 Asymmetric organocatalysis of imines 

In catalysis research, one of the main objectives is to create catalysts or ligands with a large substrate 

scope, so that the catalyst can be used in general synthesis, without the need to develop a new catalyst 

for each substrate. In asymmetric catalysis, this has resulted that most catalysts get their activation 

energy differences of diastereomeric states from negative interactions by bulky non-polar blocking 

groups. Also, this has led to great interest towards non-specific activation types, which can not only 

activate wide variety of substrate but also completely different reactions. These consists of activation 

by Lewis acid-base, hydrogen bonding, Brønsted acid-base and electrostatic interactions (Figure 

7).17,21 

 

Figure 7: General modes of asymmetric activation for carbonyls and imines17 

Lewis acidic activation is often seen in transition metal catalysts, but there are also many examples 

of organocatalytic Lewis acid activation based on silyls, phosphoniums, boranes or carbocations.22 

Using hydrogen bonding interactions to coordinate molecules is utilized commonly in nature and has 

been successfully adopted in asymmetric organocatalysis using such structural motives such as urea, 

thiourea23 and TADDOL (tetraaryl-2,2-disubstituted 1,3-dioxolane-4,5-dimethanol, hydrogen 
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bonding from hydroxide groups)24,25.26-28 These structures are only weakly acidic29, but they can form 

multiple hydrogen bonds to the substrate providing electrophilic activation and locking it in 

stereodefined environment.  

Another interaction that has been used is electrostatic interaction rising from permanent chiral ions. 

In many type of reactions stereodefining intermediate becomes charged or can be made charged30 and 

chiral ion pair can control stereoselectivity.17,19,31-34 Using this interaction in catalysis has been termed 

asymmetric counterion-directed catalysis (ACDC). 

A special case of ACDC is chiral Brønsted acid catalysis.16,18,35,36 The catalysts are greatly more 

acidic than hydrogen bonding catalysts, therefore the proton can move to the substrate forming an ion 

pair.37 How complete the proton donation is, depends on catalyst, substrate, temperature and solvent, 

and it is very hard to study. However, careful studies have shown that electrostatic interactions have 

important effect on the enantioselectivity and chiral Brønsted acidic catalysis can be considered part 

of ACDC. 

Reactions of imines is a major focus of these approaches, not only because they have suitably binding 

properties to the catalysts, but also because the chiral amines are an important pharmacological target. 

Furthermore, several reactions of imines have shown to be troublesome for transition metal catalysts, 

for example asymmetric hydrogenations of N-alkyl imines and certain substitution patterns of N-

heteroarenes.13,38 Product amines tend to also poison the transition metal catalyst, by Lewis acid-base 

adduct formation, which results in lower activity.14,15 

 

3.1.1 Chiral Brønsted acid catalysis  

Early uses of asymmetric ion-pairing were in chiral separations (Figure 3, page 4) and 

enantioselective phase-transfer catalysis, where chiral ion binds to a charged reagent in aqueous phase 

and transfers it to organic phase, where the reaction can proceed.  Expanding this idea beyond phase-

transfer catalysis leads to concept of asymmetric counterion-directed catalysis. Breakthrough was 

achieved in 2004 when groups of Akiyama and Terada examined the use of chiral binol based 

phosphoric acids with different substituents at 3,3’ as catalysts in Mannich reactions (Figures 8 and 

10).39,40 For high enantioselectivity, large substituents were required. Phenyl group only gave 56% 

ee, while biphenyl or phenylnaphtyl groups gave over 90% ee with increased activity for various 

aromatic aldimines. This is logical as the phosphoric acid group protrudes quite far away from the 

binaphtyl core, and the substituents need to reach further away to block the approach of the 
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nucleophile from one of the sides.  At this point it wasn’t clear whether electrostatic interactions or 

hydrogen bonding was the major factor to control enantioselectivity, since oxygens on phosphor can 

form strong hydrogen bonds. Nevertheless, success in these reactions inspired to use the binol-based 

phosphoric acid/phosphate in other reactions that have cationic intermediates. As it turned out this 

method can be used in vast variety of reactions and substrates with excellent stereoselectivity.  

The phosphoric acid can simultaneously act as a hydrogen bond donor and acceptor.16 These strong, 

directional interactions induce both the activation and selectivity. As a hydrogen bond donor, it can 

draw electron density to activate electrophile for nucleophilic attack (e.g. Imine or ketone). Reaction 

conditions must be chosen so that the reaction doesn’t proceed without the activation. Molecules that 

react without the influence of the chiral phosphonate, would give racemic product. As a hydrogen 

bond acceptor, it can also activate the nucleophile (e.g. Amide or alcohol). The acceptor bond can 

also be connected to a pendant structure on the electrophile, which then forms a closed ring between 

it and the acid(Figure 10, the second type of dual activation). This stops the rotation of the electrophile 

around the hydrogen bond, which leads to higher enantioselectivity especially with smaller 3,3’ 

substituents. Based on these potential interactions, Rueping et al.16 have grouped the reactions 

catalysed by chiral binol based phosphoric acid to three types: mono-activation, dual-activation, and 

bifunctional activation. 

 

Figure 8: Terada group’s asymmetric Brønsted acid catalysed direct Mannich reaction. The chiral binaphtyl 

phosphate can induce chirality through both electronic and hydrogen-bonding interactions. The latter is an 

example of monoactivation type of  Brønsted acid catalysis. 39 Ar on 11a is 4-(β-naphthyl)-phenyl   
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Figure 9: Simplified image how chiral phosphoric acid can induce enantioselectivity. Large black 

ellipsis are the 3,3’ substituents on binaphtyls pointing upwards. The binaphthyls are omitted (they 

would be behind the phosphate). Nitrogen is pointing towards the activating phosphoric acid and the 

large Boc and aromatic groups on imine are pointing to less hindered side. 3,3’ substituents block 

the approach to Si side no matter on which side of the catalyst the imine is located. 

 

In monoactivation, hydrogen bond is only formed between the phosphoric acid and the electrophile 

(nitrogen on imine, oxygen on carbonyl/carboxyl, examples in Figures 8 and 9 would be 

monoactivation). The proton maybe more strongly bonded to either the phosphoric acid or the 

electrophile, depending on Bronsted acidity, electron density of imines/carbonyl and solvent. If the 

proton is mainly transferred to the electrophile, the catalyst-electrophile species becomes an ion pair, 

and the electronic force is the major interaction (Figure 8). 

  

Figure 10: Dual-activation types.16The example is from the seminal work by Akiyama in 200440, chiral 

phosphine catalyst 11b has p-NO2Ph  aromatic substituent at 3,3’. 
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In dual activation, the phosphoric acid forms two hydrogen bonds to the electrophile. One of the 

bonds is analogous to the monoactivation bond (Figure 10). The other interaction can be to the same 

donated proton, by a Lewis basic group near the electrophile. It can also be formed by the phosphoric 

acid acting as a hydrogen bond acceptor to a close proximity Lewis acidic group. This interaction 

locks the molecule to its place, which improves the enantioselectivities, but is limited to substrates 

where these interactions can take place. 

 

Figure 11: Asymmetric bifunctional activation of imines. Asymmetric transfer hydrogenation is a 

common reaction of this type.16,41 In addition to reductive amination with carbonyls, also various 

imines, enamines and N-heterocycles can be reduced. Also other hydrogen sources than Hantzsch 

ester can be used, such as catecholborane or benzothioazoline.  11c of the example has SiPh3 as it’s 

3,3’ substituent. 

In bifunctional activation, the phosphoric acid interacts with both the electrophile and the nucleophile 

in the stereodifining transition state (Figure 11). The interaction with the nucleophile both activates 

the reaction and directs the nucleophiles approach improving the selectivity. The proton is usually 

transferred from the catalyst to the electrophile and the catalyst is regenerated by proton donation 

from the nucleophile. 

 

Figure 12:Transfer hydrogenation of quinolines. First example of high enantioselective reduction of 3- and 4-

substituted quinolines.42,43 
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For chiral phosphoric acids, the bifunctional activation seems to be the most common type of 

activation. Phosphoric acids have been the most used type in chiral Brønsted acid catalysis. Other 

motives such as BINOL-based N-triflylphosphoramide and disulphonamides have also been 

successfully used. They have basically the same mechanisms, but the acidity, strength of interactions 

and spatial geometry are different, which lead to different reaction scope and selectivity (Figure 13). 

The binaphtyl disulphonamides have been of special interest. Because of their high acidity and deeper 

chiral pocket, they can be used with more difficult substrates of lower basicity (carbonyls) or smaller 

substituents (Figure 14). 

 

Figure 13:Rough acidities of the common structures used in asymmetric Brønsted acid and counter-

ion catalysis in acetonitrile (MeCN)16 and dimethyl sulfoxide (DMSO)37. 

 

Figure 14: Catalytic reduction of N-alkyl imines with chiral disulfonimide catalyst. Improved activity 

can be achieved by in-situ protection by Boc2O.38 N-alkyl imines are very difficult substrates for 

catalytic reductions. 

The strategy has been expanded to other reactions with imine electrophile, such as friedel crafts, diels 

alder and cyanations (stetter reaction). Basically any acid catalysed imine reaction could be done with 
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satisfactory results, as long as the imine was bulky enough. Later, reactions with carbonyls and α,β 

saturated imines (1,4 addition usually) could also be done. More indepth review has been done on the 

use of chiral Brønsted acids in asymmetric organocatalysis and won’t be further covered here.16,18,20 

3.2.2 Asymmetric counter-ion directed catalysis (ACDC) 

Afterwards, there have been studies with the same chiral phosphate catalyst in different type of 

reactions, where only possible hydrogen bonding interaction is between P=O---H-C (Figure 15). 

These are extremely weak interactions and can’t therefore be responsible of high enantioselectivity. 

As an example 1,4-hydrogenation of α,β unsaturated ketone, where secondary amine is used to form 

tertiary iminium cation.44 Possible interactions beyond electrostatic are very weak C-H—O and π 

stacking, which can’t alone explain the 99:1 ratio of enantiomers. It should be noted that in this type 

of reaction the primary amine acts as the catalyst whereas the chiral counterion has only a directing 

role. This can be seen by comparing this with the original asymmetric variant of the reaction (only 

very small differences in activity with different anions).45 

 

Figure 15: Transfer hydrogenation of α, β saturated aldehyde with morpholinium salt of R-TRIP 11d 

(Ar = 2,4,6-triisopropylphenyl) using Hantzsch ester as terminal reductant. This is the first example 

of reaction controlled purely by electronic and dispersive forces. 19 

 

The same method has been used to direct the enantioselectivity of non-protonated cations using 

conjugate base of chiral Brønsted acids or permanent non-basic anions. This field has been termed 

asymmetric counter-ion directed catalysis (ACDC).The line between chiral Brønsted acid catalysis 
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and ACDC is quite hazy, especially when basic anions are used, since they usually do significant 

hydrogen bonding and often act as proton shuttle. The most commonly used distinction is that in 

ACDC in the stereodefining step, the formally cationic atom doesn’t have acidic proton. Another 

distinction relies on which form the phosphonate/phosphoric acid was added to the reaction. The 

former distinction wouldn’t include the epoxidation of α,β unsaturated ketones by List and Wang46 

as it has neutral stereodefining step . This work is still considered to be on of the fundamental pieces 

of ACDC (Figure 16). The latter definition would be somewhat arbitrary as it doesn’t at all define 

what interactions induce enantioselectivity. For example at Figure 17 chiral phosphoric acid is used 

as catalyst, since acid catalysis is needed in non-stereodefining step, but in the stereodefining step 

only ion-pair or other dispesive interactions can exist. Theoretically achiral acid could be used with 

non-basic anion to achieve same results. Therefore these type of reactions need to be also included in 

ACDC. 

 

Figure 16: Epoxidation of α,β-unsaturated aldehyde. While the enantiodetermining step is not 

controlled purely by electronic interactions, it is still considered part of ACDC, due to analogy to the 

reaction at Figure 14. Also, if the β-C would be a chiral centre, the formation of that would be purely 

electronically controlled.46  
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Figure 17: Analogous reactios with azaridium and episulfonium cations in the enantiodetermining step. 

Former uses anion form of the catalyst with basic conditions, while other has acid form of the catalyst. 

Mechanistically they both are ACDC. 47 

These examples show that non-directional electronic interactions can be used very effectively in 

asymmetric transformations.  Reaction scope includes the same reactions as with chiral Brønsted acid 

catalysis, but activation is achieved with different methods. α,β unsaturated carbonyl can be activated 

by formation of iminium cation in reaction with secondary amine (Figure 14 and 16); non-enolizable 

ketones can be activated by silylation to form oxonium cation; imines can be activated for example 

by acylation. Activation reaction can be catalytic, but since covalent bond formation or breaking is 

always required, these reactions tend to require a lot of catalyst and long reaction times. This field 

has been extensively covered in recent review articles.19,20,38 
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3.2 Frustrated Lewis pairs 

Electron acceptors and donators are often called Lewis acids and bases based on work by Gilbert N. 

Lewis in 1923.48 Lewis base is defined as a molecule that can donate its non-bonding pair of electrons. 

Lewis acid is then a molecule that can receive the electron pair on its unoccupied molecular orbital. 

When brought together in solution, they react to form Lewis adduct, where the former Lewis acid and 

base are connected by a dative bond (Figure 18). Reaction is analogous to the neutralization of 

Brønsted acid and base. Strenght of this new bond depends on the electron accepting and donating 

properties of constituent acid and base, but is usually similar to a covalent bond. The adduct is a new 

molecule of its own right with distinct propertes. Classical example of Lewis acid/base chemistry is 

reaction between ammonia NH3 and borane BH3 (in diborane form). Ammonia has a lone pair of 

electrons on its sp3 -orbital, whereas the borane has an empty p-orbital. Together the gaseous reactants 

form a solid ammoniaborane adduct, with increased acidity on N-H protons and reduced reactivity 

on B-H hydrides. 

 

  

Figure 18: Classically Lewis acid is an electron acceptor and Lewis base is an electron donor. 

Together they react to form a strongly bound Lewis adduct in very exothermic reaction (above). If 

they are sterically hindered enough, the adduct formation is blocked, which leaves large amount of 

energy. 

 

 After the introduction of the concept of Lewis acid and bases, there have been cases where the adduct 

didn’t form or the bonding was significantly weaker than expected based on the Lewis basicity and 

acidity.  

For example Brown et al.49 found that when size of the groups on 2,6-substituted pyridine were 

increased from H > Me > Et > i-Pr > t-Bu there was steady decline in binding strenght between it and 

Lewis acids H+, BH3, BMe3 and BF3, until the biggest t-butyl group. Then the binding strenght to all 
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the boron Lewis acids had a massive drop and the H+ had almost no difference. They concluded that 

the increased steric strain blocked the formation of the bond, but they didn’t investigate it further. 

Wittig and Tochtermann were able take advantage of another Lewis acid/base system that didn’t form 

adducts Ph3C-/Ph3P and Ph3B. Solution of the Ph3P and Ph3B wouldn’t react together, but when 

benzyne was generated in the solution the reactivity was able to be released across the strained triple 

bond forming o-phenyl phosphinium borate.50 Ph3C- and Ph3B were also able to be used for the same 

reactivity across a double bond in butadiene. 51 

In 2006 while studying anionic phosphine ligands Stephan et al. reported finding a zwitterionic 

molecule [(C6H2Me3)2P(H)(C6F4)B(H)(C6F5)2] 45-H2 that was remarkably air and moisture stable 

despite containing proton and hydride species (Figure 19).52,53 It was expected that H2 would be easily 

cleaved and oligomeric Lewis adduct chain would form. Surprisingly it took 150 °C to remove H2 

and the resulting product was a stable monomer in solution. Hydrogen stability and inability to form 

adducts was attributed to bulky substituents of B and P, which is also why 45 won’t react with itself. 

Even more remarkable was that the reverse reaction proceeded rabidly in 25 °C upon addition of H2 

in solution. This finding marked the first non-transition metal system that could both release and 

uptake dihydrogen, without forcing conditions. The ability to activate hydrogen was attributed to the 

unreleased reactivity of Lewis acid and base in combination with steric constraints that prevent 

formation of classical Lewis adduct. These systems were termed as frustrated Lewis pairs “FLPs”. 

FLPs has been then adapted to also activate other small such as alkynes, olefines and CO2.54-56 

 

Figure 19: Dihydrogen can be reversibly added to the frustrated Lewis pair. Hydride species (on boron)  is 

usually very reactive with any acidic protons (on phosphour) in the system, but due to steric strain this reaction 

can’t easily take place.52,53  

Successive to the breakthrough discovery by Stephan, hydrogen activation was expanded to 

intermolecular systems and great number of potential hydrogen activation systems were explored. 

Succesful systems were based primarily on B(C6F5)3 or R-B(C6F5)2 Lewis acids.57,58 Lewis bases on 

the other hand had great variety and consisted of phosphine, nitrogen and carbene bases. In these 

studies it was noticed that not all Lewis pairs that show unquenched reactivity, can activate hydrogen. 

Both steric constraints and strenght of Lewis acid/base contribute to which FLPs activate hydrogen.59 
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Significant effort was therefore placed to understand the mechanisms of FLP hydrogen activation and 

how it can be improved. 

 

3.2.1 Hydrogen activation 

 

In general hydrogen activation requires interaction of electron donor with antibonding LUMO 

(Lowest Unoccupied Molecular Orbital) (H2)σ* and interaction of electron acceptor with the bonding 

HOMO (Highest Occupied Molucular Orbital) (H2)σ of dihydrogen. Donation of electron density to 

antibonding (H2)σ*, weakens the H-H bond. Same time the withdrawal of electron density from the 

bonding (H2)σ orbital, also weakens the bond.57  This is the case for all chemical hydrogen activation 

systems: In transition metals, electron donors and acceptors are the filled (HOMO of transition metal) 

and empty (LUMO of the transition metal) d orbitals of the same atom; in carbenes, these are the 

empty p orbital and filled sp2 orbital; and in the FLPs these are the Lewis acid(p-orbital of 

boron/aluminium) and base (lone pair of electrons) (Figure 19).60 

Most unsaturated compounds can thermodynamically activate hydrogen, but their energy barriers are 

too high. High energy barriers are caused by unfavorable interactions between HOMO-HOMO and 

LUMO-LUMO of hydrogen and donor/acceptor. To reduce the energy barrier HOMO of the acceptor 

and the LUMO of the donor has to be small and/or directed away from the H2 LUMO or HOMO 

respectively For example ethene can’t react directly with H2 due to unfavorable interaction of ethene 

HOMO and H2 LUMO (Figure 20). In transition metals direction of LUMO and HOMO orbitals are 

favorable to the H2 HOMO and LUMO. In FLPs direction of HOMO and LUMO is the same in 

donors and acceptors, but borons have small HOMO and amines/phophines have small LUMO. The 

sized of orbitals can be influenced with substituents, where electron withdrawing substituents further 

reduce the size of HOMO and increase the size of LUMO. Effect is opposite for electron donating 

substituents. 
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Figure 20: Molecular orbital theory explanation for hydrogen activation, interactions are between 

the HOMO and LUMO of different molecules. Blue arrows show positive interactions and red are 

negative. In FLPs there are electron withdrawing groups (EWG) on boron to increase the size of its 

LUMO and reduce the size of its HOMO.60 Electron donating groups on nitrogen do the opposite. 

Ethene has small positive interaction to its LUMO due to low directionality, but large negative 

interactions to its HOMO and is therefore unable to react directly with hydrogen. 

 

It has proven to be difficult to study the mechanisms of FLPs experimentally, because the reactions 

take place faster than the diffusion of hydrogen. Computational studies have therefore been invaluable 

in development of new and better FLPs.57,59 For small systems, thermodynamic properties can be 

determined reliably and with high accuracy, but even from larger systems can be computed to gain 

useful knowledge. The calculated free energy diagrams can then be used to investigate different 

reaction pathways and identify important reaction intermediates and transition states. Computated 

systems can also be easily modified to find out which properties of the system are crucial for the 

reaction, and very complex systems can be trialed before attempting difficult synthesis. 
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In early work of Stephan group, it was suggested that unquenchable, cumulative high Lewis acidity 

and basicity are needed to split the hydrogen.52,61 This is indeed important, highlighted by typical 

hydrogen splitting pairs having electron donating alkyl or aryl substituents on Lewis base and electron 

withdrawing fluorinated substituents on Lewis acid. Since then, less acidic62 and basic FLPs have 

been created and it was discovered that interactions, not based on Lewis pair formation, can also have 

role in the thermodynamics of hydrogen splitting. For example in intramolecular FLPs positive 

electronic interactions within the zwitterion can contribute to the energetics.63 

It has also been demonstrated that in many FLPs, there exist some classical Lewis reactivity, as in 

they can form dative bonds. These bonds are considerably weaker than in classical cases due to steric 

and bond angle strain. While weak, these bonds can have significant to the feasibility and the rate of 

hydrogen splitting, since the dative bond has to be broken before the FLP can react with hydrogen. 

 

Figure 21: Thermodynamic steps of heterolytic dihydrogen splitting.57 

  

To analyze thermodynamics of hydrogen splitting by FLPs, Pápai group considered the following 

steps: Preparation (dative bond breaking), heterolytic hydrogen bond breaking, proton binding to 

base, hydride binding to acid and stabilizing interactions (for example electronic) (Figure 21).57,59 To 

split hydrogen the combined free energy of these steps has to be negative. First two contribute against 
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hydrogen splitting. Calculated in toluene, hydrogen splitting has free energy of +128.8 kcal/mol and 

dative bond breaking has free energy of +0-12 kcal/mol for most FLPs, both of which need to be 

counteracted by the latter three.  

 

Attachment of proton and hydride to the Lewis acid and base are the major contributors for the 

negative free energy change (energy released in bond formation), representing the lower energy state 

(LA-H and LB-H respectivily). Computational methods allows determination of individual values, 

which is difficult to do experimentally, especially for intramolecular FLPs. These values represent 

the affinity to accept (Lewis acid) and donate (Lewis base) electron density and have wide range from 

-5 to -80 kcal/mol. Trend of the substituent effect is that electron-donating substituents increase 

strenght of Lewis base and electron-withdrawing substituents decrease it, the effect is opposite for 

Lewis acids. This of course makes sense intuitively, but the numerical data from computations enable 

rationally combine Lewis acids and bases to balance with the positive Gibbs energy changes. 

For intermolecular system, final step of stabilizing interactions, is caused mainly by ion pair 

formation between LA-H+ and LB-H-. Contributions are made by enthalpy of ionic bond formation 

(negative Gibbs energy change) and lowered entropy of one molecule compared to initial three 

(positive Gibbs energy change). For intramolecular systems stabilization effect is caused by hydride 

attachment increasing basicity and proton attachement increasing acidity (LB—LA + H- vs H-LB+--

LA + H-). In addition entropy has less of an effect on intramolecular systems. 
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Figure 22: FLP systems modeled by Papai et al. where the graph shows calculated Gibbs energy for 

each Lewis acid (right) and base (left), and wether they can activate hydrogen experimentally.57 

Graphs are ofset by -110 kcal/mol, roughly the amount needed to split hydrogen with stabilization 

effects.57 Therefore those with roughly linear or downward connecting lines are expected to activate 

hydrogen. Computational methods are powerfull when trying out different combinations of Lewis 

acids and bases.  Lut is lutidine (2,6 dimethyl pyridine) 46, Am is t-Bu-CH2Ph 47, naph is 1,8 

bis(diphenylphosphine) naphatalene 48, Tmp is tetramethylpiperidine 49, Carb is 1,3-Bis-tert-

butylimidazol-2-ylidene 50 B is B(C6F5)3 51, B’ is B(C6F5)2, 
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Stabilization effect is plotted against reciprocal of distance between donor and acceptor centers. 

Intermolecular systems have stabilizing interactions of around -10 to -25 kcal/mol. There is only weak 

correlation between 1/d and G, due to narrow distrubution of distances and domination of other weak 

interaction at low energy.  Intramolecular systems have larger stabilization interactions due to less 

entropy change and cooperative attachement of proton and hydride. When plotted against 1/d, the 

slope corresponds to electronic interaction of ±0.6 elementary charge. This suggests that the acid/base 

cooperation is distance dependent and has stronger effect than ion-pair interactions of intermolecular 

systems. This also shows that for intramolecular systems, weaker Lewis pairs can be used, which can 

allow for more flexibility on the structure. This knowledge has been used to develop intramolecular 

FLPs without fluorinated groups.62,64 

  

Figure 23: Calculated stabilization Gibbs free energies for hydrogen splitting, plotted as a function 

of reciprocal of distance between Lewis acid and base centres.  Blue squares are intramolecular, 

yellow diamonds are intermolecular. Intramolecular FLPs have clear correlation that the closer the 

donor and acceptor atoms are, the higher the stabilization energy.57 

 

Thermodynamics only tells us if the reaction is possible, but we will also need to look at the kinetics 

to see if the reaction will happen at reasonable timescale. Afterall, reaction between any unsaturated 
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compound and hydrogen is almost always thermodynamically feasible, but they are kinetically 

blocked. Each reaction has an energy barrier, described by activation energy EA. This is the minimum 

energy required to bring reactants to the high energy conformation required for the reaction to 

proceed. The energy comes from increased bond angle, bond stretch and steric strain, weakening of 

bonds and the loss of entropy. Boltzmann distribution describes the change that the reagents will 

reach this energy in certain temperature. Less change of this correlates to reduced reaction rate 

(Equation 1, page 2). Increased EA will make it exponentially less likely. Activation energy depends 

on the mechanism (catalysts changes the mechanism, which can lower the activation energy). 

Therefore, it is important to understand the mechanism to understand kinetics. 

 

In mechanistic study for the hydrogen splitting intermolecular FLP t-Bu3P/ B(C6F5)3, potential 

transition states and intermediates were calculated.57 Of interest was wether interactions between 

hydrogen and Lewis acid and base happen simultaneously or stepwise and how they approach each 

other. Every calculation that had hydrogen coordinating to only one part of the FLP showed huge 

repulsive interactions. Therefore hydrogen splitting has to proceed by simultaneous interaction by 

both acid and base.  

Transition state between three discrete molecules is very unlikely, since for the reaction to proceed 

the particles would have to collide in just the right angle. For three molecules this is number of 

magnitudes less likely than for two molecules. Experimentally, hydrogen activation by FLPs is so 

fast that this can’t be the case. Calculations identified that t-Bu3P and B(C6F5)3 could be loosely bound 

together mainly by C-H—F and other dispersive interactions to form a pre-association complex.57 

These interactions had total energy of around 12-15 kcal/mol. Weak, long range interactions make 

the complex flexible, which allows hydrogen to approach and interact with both the donor and 

acceptor centres. The transition state is then two molecule system between hydrogen and the pre-

association complex. While the dispersive interactions seem to be the most important interaction, 

there is still some residual classical dative bonding which also contributes to the formation of the pre-

association complex.65  
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Figure 24: Transition state of hydrogen splitting for t-Bu3P/ B(C6F5)3, the hydrogen is at an angle, 

with the boron centre roughly pointing to the middle of the H-H bond and the phosphorus is pointing 

towards the end of the hydrogen.66 

Transition state calculations show that the hydrogen interacts simultaneously with phosphorus (or 

nitrogen) and boron and its bond is elongated and polarized.57 The dihydrogen molecule is slightly 

angled to the donor and acceptor centres, D-H-H-A angle for t-Bu3P/ B(C6F5)3 is 141° (as shown in 

Figure 24).66 This allows better interactions between orbitals, as the H2 HOMO is mainly at the middle 

of the molecule and LUMO is at the ends.67,68 Activation energy barrier rises mainly from distortions 

in bond angles and decreased entropy. Electron transfer happens by phosphine interaction with (H2)σ* 

and boron by (H2)σ. This mechanistic model can be applied to most other intermolecular FLPs, with 

only few exceptions69-71. In most cases differences are only the interactions forming the encounter 

complex and angle of D-H-H-A. If weak dative bond forms on the FLP, mechanism is the same except 

thermal activation is first required to break the dative bond.  

As the pre-association complex formation seems to be an essential step in hydrogen activation, this 

insight was used to design intramolecular FLPs, where the donor and acceptor atoms are covalently 

bound to the distance they would optimally be at. These systems show significant reaction rate 

increase compared to intermolecular FLPs and also intramolecular FLPs that have large distance 

between donor and acceptor atoms.57 

Distance between the donor and acceptor centres affect the energy barrier of hydrogen activation and 

it can be tuned with steric effects. If the distance is too short dative bond forms. Thermal activation 

is required to break it, which slows the reaction (example at Figure 25). If the distance is too long, 
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cooperative electron transfer from donor to (H2)σ* and from (H2)σ to acceptor is less effective, which 

also slows the reaction. 

 

Figure 25: Distance between donor and acceptor centres can be influenced by how sterically crowded 

is the Lewis base. With smaller bases there can be even some weak dative bonding (52).57 

 

3.2.2 Catalytic hydrogenation of imines and enamines 

Frustrated Lewis pairs ability to heterolytically split dihydrogen rapidly in mild conditions prompted 

interest to develop a catalytic hydrogenation system to reduce organic substrates. Using their initial 

hydrogen activating compound as the catalyst at 2007 Stephan et al.53 reported hydregenations of 

encumbered imines, aziridines and nitrile B(C6F5)3 adducts in high yields. Catalyst loading (5%), 

temperature (80 - 120 °C), increased pressure (5 atm) and reaction duration (1-48 h) were high 

(compared to transition metal catalysts),  and only selected few substrates could be reduced (needs to 

be very bulky. For t-BuN=CHPh (best substrate) the turn-over frequency (TOF, number of catalytic 

cycles in unit of time) was 19.6 h-1 at 80 °C (temperature dependancy compared to 20 °  of FLPs TOF 

at 23 kcal/mol Ea is roughly 150x at 65 °C, 600x at 80 °C, 15000x at 120 °C, per equation 1) . The 

success demostrated great promise of using FLPs as hydrogenation catalysts.  
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Mechanism of the reaction was devised as hydrogen activation followed by protonation of substrate 

and subsequent hydride transfer from boron (Figure 26). This was confirmed by inactivity of a form 

of catalyst containing the hydride but no proton, which means that non-protonated substrate can’t 

accept the hydride. After the hydride transfer, the newly formed amine can bind to the boron. Strenght 

of this bond depends on the steric bulk of the amine and affects the rate of hydrogen splitting. Less 

bulky amines formed stronger adducts that reduced the reaction rate or blocked the catalytic cycle 

entirely.  

 

Figure 26: Catalytic cycle for 45. For most other FLPs, the catalytic cycle is identical. 72  

Imines and benzopyridines are Lewis bases on their own right and could therefore be used in 

hydrogen activation, resulting the iminium/pyridium – borohydride salt. This is the same species as 

in previous catalytic cycle and can be subsequently reduced by the hydride transfer forming amine 

and regenerating the Lewis acid borane. This was demonstrated by using only B(C6F5)3 to 

catalytically hydrogenate broad variety of imines and N-heterocyles.73 The B(C6F5)3 catalyst had 

lower activity compared to the 45 (TOF up to 9 h-1 at 80 °C) . While the Lewis basic substrates could 
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be reduced without additional Lewis base, addition of Mes3P significantly increased the reaction rate, 

especially of the less Lewis basic substrates. 

Application of FLP as hydrogenation catalysts puts additional restraints to the catalyst in addition to 

those of the hydrogen splitting. For Lewis pair to be succesful hydrogenation catalyst, it needs to 

avoid side reactions with itself (dimerization, dative bonding), adduct formation with substrate (ie. 

imine is a Lewis base) or solvent. Also the hydrogen activation and transfer steps have to be 

thermodynamically and kinetically feasible. For catalytic activity the total ΔG of the cycle has to be 

near zero (around -15 to 15 kcal/mol), rather than just negative as was in hydrogen splitting.57 Finally 

the formed product (eg. amine) needs to be easily released. The energy values for each of these 

reactions can be calculated and they form a good basis for computational design of FLP 

hydrogenation catalysts.68 

The side reactions and adduct formation can be blocked by adding steric bulk to the catalyst, but this 

also reduces the activity of hydrogen splitting and transfer. Also the substrate has to be bulky, which 

limits the scope. The substrates also can’t have adduct forming Lewis bases anywhere else in the 

structure. Functionalities like alcohols, sulfides, carbonyls, primary amines and ethers can block the 

catalyst if they are not bulky enough.74 For this reason, expanding the catalytic hydrogenation to 

carbonyls hasn’t been succesful since the reduced carbonyl forms strong B-O bond. To expand the 

scope some developments has been made. To reduce less hindered imines (such as N-methyl), the 

catalytic site has to be extremely hindered. With intramolecular FLPs, a small pocket can be created 

that can only fit the hydrogen, which allows hydrogenation of small imines. 

For hydrogenation catalysis, the free energy of hydrogen activation needs to be close to zero. The 

idea of a hydrogenation catalyst is to activate the hydrogen by splitting or polarizing the H-H bond 

and the transfer it to the substrate. If the free energy of activation is too positive there, will be too low 

concentrations of activated hydrogen. And if the energy is too negative, the catalyst is unlikely to 

transfer the hydrogen to the substrate. All of the five thermodynamic steps are large enough that they 

need to be considered when designing a catalyst. To achieve ΔG=0, the free energies for attachment 

of proton and hydride are easiest to modify, without affecting too much of the other properties. For 

example strong bases such as tetramethyl piperidine or carbenes, weaker acids than B(C6F5)3 should 

be used. Intramolecular systems have stronger stabilizing effects, which means that weaker acid 

and/or base should be used, or if strong acid and base are used they should be long distance away 

from eachother.  
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Free energies for catalytic cycle proposed by Stephan for the hydrogenation of imine (t-BuN=CHPh) 

by B(C6F5)3 were calculated, which corresponded to the experimental data (Figure 27 and 28).57 Rate 

limiting step is the splitting of hydrogen, with energy barrier of around 16.5 kcal/mol. However, the 

product amine could form dative bond with the borane, which requires some energy to break, bringing 

the total energy barrier to 24.5 kcal/mol. Since the amine can also act as Lewis base, free energies for 

another cycle were calculated, where amine and the borane split the hydrogen and the proton is 

transferred from amine to imine. The cycle has almost identical activation energy. Therefore the 

hydrogenation is initiated by the first cycle and then the two cycles compete. For other substrates one 

of the cycles may of course dominate. The amine-borane adduct formation is observed experimentally 

as the less hindered imines have lesser reactivity. Most FLPs, both intramolecular and intermolecular, 

have this reaction pathway. This means that the understanding of the mechanics of hydrogen splitting 

and reduction of adduct formation are the key factors for the development of a good FLP 

hydrogenation catalyst.75 

  

 

Figure 27: Hydrogenation of t-BuN=CHPh (im) to the corresponding amine t-BuN-CH2Ph (am) by B(C6F5)3 

(B). 57 Total activation energy for the cycle is 24.6 kcal/mol and the hydrogen splitting is the rate limiting step. 
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Figure 28: Hydrogenation of t-BuN=CHPh (im) to the corresponding amine t-BuN-CH2Ph (am) by B(C6F5)3 

(B). 57The Figure 27 shows hydrogen splitting with imine and this shows one with the product amine. Activation 

energies are the same for both cycles and same rate limiting step. Functional FLPs have roughly similar 

energy profiles, with few exceptions. With more basic Lewis bases, the proton transfer step may become 

limiting step.76 

To reduce the energy barrier for hydrogenation, and thus increase the reaction rate, the barrier for 

hydrogen activation can be reduced or the adduct formation (low energy resting state) can be reduced. 

Barrier for the hydrogen activation rises from the close contact of the bulky groups that block the 

Lewis adduct formation, which causes bond angle strain. According to Grimme et al. the hydrogen 

splitting would be otherwise nearly barrierless with sufficiently strong Lewis acid and base.66,77,78 

The barrier could be reduced by using less bulky groups near the donor and acceptor atoms, but on 

the other hand also the dative bonds of adduct would become stronger. And weakening of dative 

bonds by adding bulk would increase the hydrogen splitting barrier. These interactions need to be 

balanced for the optimal catalyst, but this optimization would need to be done for each substrate. The 

dative bond could also be weakened by using weaker Lewis acids. 
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3.2.2.1 Intramolecular FLPs 

Previously we saw that intramolecular FLPs have distinctive thermodynamic advantage in hydrogen 

splitting over intermolecular FLPs due to stabilization effects. This would allow reduced acidity in 

the FLP, which could weaken the dative bonding to the product amine. To gain most of this effect the 

donor and acceptor centres should be close to each other, but not close enough for strong dative 

bonding. 

Earliest example of this idea is by Erker et al. with the ethylene linked Mes2PCH2CH2B(C6F5)2, which 

is able to catalytically hydrogenate bulky imines and enamines in room temperature with 2.5 atm of 

pressure (Figure 29).79,80 For tBuN=CHPh (am) had TOF of 5.6 h-1 at room temperature. Higher 

catalytic activity is attributed to the “closed” resting state of the catalyst where there is weak 

intramolecular dative bonding. This state has higher energy than the amine adduct, which reduces the 

total energy barrier of the catalytic cycle. Amine adduct formation is likely reduced by the lowered 

acidity on boron and kinetically blocked in the intramolecular dative bond configuration.80  

 

Figure 29: Hydrogenation of imines and enamines with intramolecular FLP. The resting state of the catalyst 

is closed by dative bonding. 79,80 

Another example of this idea in practice are “molecular tweezers” developed by Rieger and Repo 

(Figure 30).63,76 Features of the catalyst are rigid backbone (reduces intramolecular dative bonding), 

quite weak Lewis base (faster proton transfer, allowed by intramolecular stabilization enrgy) and 

sterically crowded catalytic site (reduced adduct formation with product amine). These features 

allowed hydrogenation of smaller (N-alkyl) and less basic (α-carbonyl) imines, while maintaining 

high activity with N-aryl imines (TOF of 97 h-1 at 50 °C). Compared to 56, 61 isn’t protected from 

adduct formation with amine by weak dative bonding, but rather the rigid backbone forces the 

conformation to be closed.  
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Figure 30: The catalyst has high activity and scope. It can hydrogenate bulky, small and weakly basic imines.81 

Small imines are especially difficult substrates for all types of catalysts, α-imino esters are difficult for FLPs, 

but easy for transition metal catalysis and organocatalysis. 

Some effort has been made to take thermodynamic and kinetic advantages from intramolecular FLPs, 

to reduce the acidity of the boron. Though for now these are limited to computational studies with 

limited experimental proof. Groups of Wang67,68,82 and Lammertsma62 have calculated that sp2 or sp3 

linked V-shaped intramolecular FLPs would be functional even without fluorinated groups, due to 

optimal orbital shape and distance. Lammertsma suggested quite simple t-Bu2P-CH2-BPh2, and Wang 

has designed various different complex carbon frameworks. Repo et al. have created a FLP with 

reduced Lewis acidity, that can activate hydrogen reversibly, but the boron is too open for catalytic 

hydrogenations.64 This system is structurally similar to the ones theorized by Wang.  

After early developments, it became clear that main areas of development are catalyst activity, 

functional group, improving substrate scope (small imines, carbonyls) and finding non-perfluorinated 

boron substituents. The developments in the latter showed to be most important, because having more 

control on boron substituents allows better control on the overall reaction. 
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Figure 31: Some less acidic FLPs that have been theorized (65-68). Less Lewis acidity can reduce the strenght 

of dative bonding between product amine and the FLP, which should increase rates of hydrogenation.64,67,68,82 

Carbon frameworks by Wang (66-68) are so quite complex and therefore haven’t been synthesized yet. FLP 

69 has similar structure to 67 and it can activate hydrogen, which should encourage attempts to synthesize 

these structures. 

 

3.2.2.2 Intermolecular FLPs 

In the intermolecular FLPs, for a long time development focused on trials with different combinations 

of Lewis bases and acids. In the early FLPs, only the base had significant variety and the borane was 

constricted to having perfluorinated aryl groups. Since the imine itself can act as Lewis base in 

hydrogenations, these studies didn’t provide huge improvements.83 Usually the adduct formation 

between boron and a substrate or product limits the usefullness of the catalyst. The boron therefore 

needs to be modified. The C6F5 group also has a downside of being quite expensive and with 

phosphines it reacts to form zwitterion R3P(p-C6F4)+ BF(C6F5)2
-. 

At first the borane substituents were expanded to other fluorinated aryls, such as p-C6F4H or tris or 

bis (trifluoromethyl)phenyl, which eliminated the side reaction, but didn’t give other major 

improvements. It was also noticed that one of the fluorated groups could be substituted for alkyl or 

aryl group with only minor decrease in acidity, which can be easily balanced with stronger base. 

Substitution for bulky mesitylene group improved the hydrogenation of less bulky amines. Without 

more structural variability, no further improvements could be made for intermolecular FLPs.  
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Quite recently a new group of FLPs was discovered, that can be used in hydrogenation catalysis. This 

group consists of borenium cations, molecules with trivalent boron centre, that has substituent with a 

formal positive Lewis charge. The positive charge rises usually from tetravalent amine or phosphine 

or NHC-derived cation. Since the boron is usually the least electronegative atom in the molecule, it 

will have the bulk of the postive charge, which makes it very electrophilic or Lewis acidic. NHC-

boranes had been previously shown to be potent hydride donors in the reduction of imines and 

ketones. Farrelt et al.84 looked to combine this idea with hydrogen activating potential of FLPs. A 

NHC-borenium 72 could activate hydrogen with t-Bu3P and catalytically hydrogenate various imines 

and enamines with moderate activity (up to TOF of 50 h-1 in room temperature). This system was 

further improved by increasing electrophilicity by adding chlorines and removing unnesseary steric 

strain.85 This made an massive increase in activity (to an unprecetended TOF of up to 1000 h-1)  and 

allowed reduction of benzopyridines. Eisenberger et al. expanded to other types of NHC-boreniums 

and were able to developed catalyst that can hydrogenate benzopyridines at 1 bar in room temperature 

and bulky pyridines in elevated pressures.  

 

 

Figure 32: NHC-borenium catalyst for hydrogenation of imines has very high activity, due to electron 

deficient structure, with electron withdrawing nitrogens and chlorines.84,85 
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While it was only slightly explored in these early experiments, the NHC-boreniums have 

unprecedented potential for modifications compared to other FLP Lewis acid sources. Different core 

structure has already been studied by Crudden.86 Modifications to the NHC part have already 

been extensively explored in transition metal and organocatalysis, from which insights can be quickly 

adopted. This should bring improvements to reaction scope and allow new strategies for 

enantioselective catalysis. 9-BBN was used for the borane in both of these studies (due to easy 

availability and use), but since its basically just a bulky alkyl group, it can also be replaced to adjust 

the properties or develop intramolecular FLP variant.  

 

3.3.3 Asymmetric hydrogenation of unsaturated nitrogen compounds 

 

Asymmetric hydrogenation of imines is important field as chiral amines are common 

pharmacological motive. Transition metal catalysts are traditionally used for these transformations. 

These have been extensively studied for decades, but there still exist multiple substrate types that 

can’t be routinely hydrogenated with high selectivity and activity. These include N-alkyl imines, N,N-

R1R2 enamines (non-symmetrical, E/Z stereochemistry) and certain substitution patterns.13-15 Amine 

products also tend to form adducts with the Lewis acidic transition metals, which reduce it’s stability 

and activity. Their TOF is usually 1000-2000 h-1 for optimal substrates (electron withdrawing aryl 

groups) and even less than 1 for harder substrates (compared to olefins which can have >10000 h-

1).15,86 Asymmetric organocatalysts in chapters 3.1 and 3.2 has shown to be capable of transfer 

hydrogenation of substrates difficult to transition metal catalysts, but activity is even lower. Limited 

studies on asymmetric hydrogenations with FLPs have shown them to be effective catalyst for the 

more difficult substrates, with reasonable activity. 

 

To achieve asymmetric catalysis, a chiral catalyst is needed. In the case of FLPs, chirality could be 

in either Lewis acid or base, or in both of them. There is already a number of different phosphine and 

amine Lewis bases, developed for asymmetric transition metal catalysis and organocatalysis. 

Unfortunately, there are several major disadvantages for using chiral Lewis bases over acids in imine 

hydrogenation. 1. The imines can act as Lewis bases on their own, which would lead to non-

stereocontrolled mechanism. 2. Proton transfer from chiral Lewis base to imine, is not a 

stereodefining step. For Lewis base to be good chiral director, it needs to activate hydrogen more 
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rapidly than the substrate and also stay coordinated to the substrate after the proton transfer. In 

literature there is only one example of this strategy by Stephan et al. in 2011. They used B(C6F5)3 

with chiral phosphines that have been succesfully used in transition metal catalysis, (R)-binap, (S,S)-

chiraphos and (S,S)-diop.74 Only (S,S)-diop could induce any enantioselectivity, but only reaching 

25 % ee for acetophenone phenyl imine. 

 

 

Figure 33: Only know attempt at using chiral Lewis base as a chiral director in FLP hydrogenation of imines.74 

Lewis acidic borane on the other hand is directly involved in the stereodefining step of hydride 

transfer, which would in theory make it better suited for chiral control. But the boranes are limited by 

their trivalent geometry and the need for enough Lewis acidity. Before hydrogen splitting, the boron 

centre is trigonal planar with an empty p orbital. Therefore, unlike in phosphines, boron can’t be the 

chiral centre. Chirality has to rise from the substituents. For long time Lewis acids, that could activate 

hydrogen and have potential chiral substituents, were limited to type R-B(C6F5)2, due to the 

requirement of steric bulk and electron withdrawing groups. This has likely limited the development 

of asymmetric variants of FLP catalysis.  

The most common method to induce enantionselectivity has been the use of chiral motive linked to 

borane. This concept was first attempted by Klankermeyer group in 2008.87 After the success in using 

B(C6F5)3 as imine hydrogenation catalyst, using the substrate imine as base, they explored the 

possibility of asymmetric catalysis. One of the pentafluoro benzyl groups was replaced by (+)-α-

pinene derivative. Catalyst maintained its activity even with the less electron withdrawing substituent 

and could achieve quantitative conversion at 65 °C and 20 bar H2 after 22h (TOF of 0.4 h-1 at 65 °C), 

but the enantioselectivity was low. 
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Figure 34: The first attempt at asymmetric hydrogenation with FLPs, with α-pinene based intermolecular FLP 

81. 87 

While enantioselectivities were low, the system proved the concept of asymmetric hydrogenation 

with FLPs. Inspired by this work, new chiral borane was derived from camphor. The new borane 82 

had higher catalytic activity than the α-pinene based borane, producing quantitative conversion for 

acetophenone phenyl imine at 65 ֯C and 25 bar H2 after 15h (TOF of 1.0 h-1 at 65 °C) , and the 

stereoselectivity was greatly improved to 79% ee . For more bulky imines up to 83 % ee could be 

achieved. No mechanistic studies or calculations were done, but the crystal structure suggest that the 

phenyl group is the key component for high enantioselectivity. It seems to control the orientation of 

C6F5 groups by steric constraints and π stacking. 

  

 

Figure 35: Hydrogenation with camphor based FLP 82 was a great improvement to the 81.88 

While quite high enantioselectivity was achieved, activity of catalyst was very low (TOF of 1.3 h-1 at 

65 °C), requiring long reaction times and high temperatures. In asymmetric synthesis high reaction 

temperature is usually undesired, because when molecules have more energy, higher energy transition 

states with less stereoselectivity become more likely.  

In 2011 groups of Rieger and Repo developed intramolecular ansa-ammonium borane FLPs and used 

it to catalytically hydrogenate imines and N-heterocycles.63,81 This catalyst has high activity (up to 
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97 h-1 TOF at 20 °C) and in the hydrogenated zwitterionic form, it is remarkably air and moisture 

stable. As the catalyst has a chiral centre in its structure, it was studied in asymmetric catalysis 

yielding 35% ee for acetophenone benzyl imine and 37% ee for 2-phenylbenzopyridine. The low 

stereoselectivity could attributed to chiral centre being far away from Lewis acid/base part of the 

molecule and low amount of potential weak interactions to direct the substrate. Based on this another 

chiral ansa-ammonium borane was made, that had chiral centre closer to Lewis base and connected 

to phenyl able to create π-stacking interactions with substrate. These modifications also increased  the 

basicity of the amine, which resulted in lower activity, which required the need for higher temperature 

leading, which reduced the enantioselectivity (up to 17% ee). 

  

Figure 36: Hydrogenation with intramolecular catalyst 83. Activity of the catalyst is higher than 82, but the 

enantioselectivity was lower.81 This was also the first example of asymmetric hydrogenation of heteroarenes 

with FLP. While the results were modest, it shows that FLPs can be used to hydrogenation of heteroarenes 

with roughly the same activity and selectivity of imines. 

High stability of intramolecular catalyst was of great interest for the Klankenmeyer group since the 

low stability of their chiral camphor based catalyst caused problems in its purification. Inspired by 

the ansa-ammonium borane catalyst, they made an intramolecular version of their chiral catalyst. It 

was significantly more stable (recyclable 4 times at 2.5 % loading), but there was no improvements 

to the enantioselectivity.89 Activity was also not improved, because the donor and acceptor centres 

are too far away to interact with the hydrogen molecule simultaneously (TOF of 1.0 at 65 °C). Perhaps 

if the phosphine was on meta- or ortho-phenyl, also activity would be improved. 
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Figure 37: 88 is an intramolecular modification to 82. Hydrogen splitting is still bimolecular and therefore 

reaction rate is not improved, but stability is greatly improved. 

Based on earlier succes in asymmetric catalysis and early FLP synthesis from alkenes by Erker group, 

Du et al. envisioned new chiral Lewis acid made from hydroborating binaphtyl dienes. Hydroboration 

of dienes with bis(pentafluorophenyl)borohydride could be done in situ eliminating the need for 

tedious purification. Powerfull binaphtyl chiral motive and large substituents at 3,3’ created large, 

well-defined chiral pocket. For acetophenone phenyl imine ee of 78% could be achieved at room 

temperature, 20 bar, 15 h, 2.5% catalyst and up to 89% ee for more bulky imines. Compared to the 

camphor based catalysts with similar enantioselectivity, this one had slightly higher activity (TOF of 

2.6 at 65 °C). Reason for this wasn’t explored in the paper, but it could be that the boranes can interact 

cooperatively in the hydrogen splitting. 
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Figure 38: Catalyst 90 showed small improvements to activity and selectivity compared to previous catalyst 

in the hydrogenation of imines. It is exceptionally good at hydrogenation of substituted quinidines and 

quinolines, but quite poor with benzoxazines. The hydrogenation of 2,4-substituted quinolines (like 95) is the 

first example of chiral hydrogenation with any catalyst. 

 

While there was no significant improvements with aryl imines, the catalyst 90 could be used to 

hydrogenate wide variety N-heterocycles and heteroarenes.90-94 2,3 quinoxalines, 2,3 quinolines, 2,4 

quinolines and 2,3,4 quinolines could be reduced in high yields and enantioselectivities (70-98% ee), 

while 1,4 benzoxazines could be reduced with only low enantioselectivity (up to 42 % ee). Especially 

the 2,4 and 2,3,4 quinolines are very difficult substrates for transition metal catalysts. 
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Figure 39: Hydrogenations of imines and enamines with intramolecular FLP 101. This catalyst has a very 

different substrate scope to previous catalysts, preferring smaller substrates. This is the only example of 

asymmetric hydrogenation to 31 with molecular hydrogen. Symmetric enamines can be quickly hydrogenated 

(to 103 and 104) with high enantioselectivity. Modest results were also obtained for 102, which is traditionally 

a difficult substrate due to E/Z – isomerism. 

Another development in the field came from Repo et al. in 2015, when they looked to combine the 

powerful chiral structure of binaphtyl, with high activity and stability of intramolecular FLP (Figure 

39) .95 The catalyst had both Lewis acid and base near the chiral axis for high chiral induction and 

also near each other for rapid H2 activation. Upon hydrogen addition, catalyst was converted 

quantitavily to the zwitterionic form in 1 minute, and dehydrogenation occurred after 15 minutes in 

80 °C. In imine hydrogenation, the catalyst had the high activity expected from intramolecular FLP, 

and is able to hydrogenate imines at room tempereature. Interestingly the catalyst had reverse 

substrate scope to most other FLPs. Acetophenone (N-benzyl) imine gave 94 % yield and 83 % 

(similar to previous, but in room temperature), while bulkier and more electron-withdrawing 

acetophenone N-(methoxyphenyl) imine gave only 53 % yield and 36 % ee, when the camphor and 

binaphtyl diene based catalysts had 99% yield and over 80 % ee. Exceptionally the small 

acetophenone N-methylimine, was hydrogenated with very high activity and acceptable 

enantioselectivity. No other direct hydrogenation catalyst has been can do this, although some transfer 

hydrogenation catalysts can.38 
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This catalyst was also particalarly good at hydrogenation of enamines yielding up to 99% yield 99% 

ee with TOF of up to 80 h-1 at room temperature. Previous chiral FLP catalysts were not studied with 

enamines and can’t therefore be compared.  

 

Recently new types of hydrogen activating Lewis acids without perflouroaromatics have been 

developed, based on cationic N-heterocycles.84,85,96 These allow additional chiral motives to be used, 

since the NHC-borane have the type of R2B(NHC), R being a bulky alkyl. This idea was proped by 

Stephan et al. by creating chiral NHC-boranes that have similar structures to those used succesfully 

in transition metal chemistry.97 These trials had very dissapointing results with the best result as 20 

% ee at -30 °C. This shouldn’t be taken as representative of this strategy as the catalyst design is quite 

poor on all of these. All the R groups are small alkyls, where as it is generally accepted that the chiral 

directing groups should be either large or able to form positive interactions such as π-stacking 

(aromatics) or weak hydrogen bonding (halogens etc.). This was also the problem with the pinene 

and qcatH2 catalysts. 

 

Figure 40: Chiral NHC borane types that were tried in hydrogenations.97 

Another method, that only has been used computationally, is to create carbon framework around the 

boron, which can be strained from one side to make the boron centre less planar, which induces 

chirality to the boron centre. These carbon frameworks are extremely difficult to make so no 

experimental proof is expected for this theory in foreseeable future. 
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Figure 41: Some frameworks designed by Wang et al. which can be easily modified to chiral 

versions.67,68,82 

 

 

4 Conclusions 

Frustrated Lewis pairs can be used to catalytically activate small molecules. Hydrogen activation has 

been of special interest, because FLPs are the only metal-free systems to do so in non-forcing 

conditions. Metal-free hydrogenation catalysts would be especially usefull for nutrion and 

pharmaceutical industry due to low tolerance for metals. For these applications also asymmetric 

catalysis is important. Several chiral FLP hydrogenation catalysts have been developed, but high 

enantioselectivities are obtained only for few substrates. Interestingly some of the substrates that the 

chiral FLPs work well, are substrates that work poorly in transition-metal catalysis. This is an area 

where FLPs might find some practical use. 

Activity is one of the major things holding back asymmetric FLP hydrogenation. With higher activity, 

lower temperatures could be used, which would translate to higher enantioselectivities. 

Computational modelling has proven to be important tool to optimize the structure for the highest 

activity. Important aspects are reducing the dative bonding and lowering the hydrogen splitting 

transition state energy, which can be done by modifying acid and base strenght and by forcing the 

donor and acceptor centres to optimal distance from each other. With the latter idea in mind, several 

intramolecular FLPs have been designed that show increased activity. These intramolecular FLPs 

also have additional benefit of higher stability, easier pre-equilibrium formation (pre-assosiation 

complex) and thermodynamic aid from stabilization energy. 

Untill recently, activity has been tied to the flourinated aryls on boron to make it Lewis acidic enough. 

Two out of the three boron substituents would need to be these aryls to make the hydrogen splitting 

possible, which allows only little room for modifications. Lack of structural options makes it harder 

to optimize to structure and to induce high enantioselectivity. Recently discovered NHC-boranes 

show increased activity ( over 10x TOF to previous FLPs), with only occupying one out of three 
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substituent slots allowing more modifications. These might allow improved chiral FLP systems in the 

future, though the early trials have been underwhelming. 

Chiral Brønsted acid catalysis and asymmetric counter-ion catalysis have shown to be powerfull 

method to induce chirality in reactions of imines. They work by binding the imine inside a chiral 

pockect by hydrogen bonding and electronic interactions. Bulky groups then block the approach of 

the other reagent from one of the sides. The interactions are non-spesific to a reaction or substrate 

and therefore these catalysts have a massive scope.  

FLP hydrogenations have imine substrate that is postively charged (protonated) in 

enantiodetermining step. Therefore the reaction type is theoretically suitable for Chiral Brønsted acid 

catalysis. This idea is explored in the experimental section of the thesis. 

 

5 Experimental 

5.1 Introduction 

It was discovered by Stephan group84,85 and Crudden group96 that trivalent borenium cations derived 

from heterocycles are very effective in hydrogen activation and subsequent hydrogenation of 

enamines and imines and modarately effective in hydrogenation of substituated pyridines. These 

boranium cations are simple and relatively cheap to make as they do not have fluorinated aromatics 

as boron substituent. The net positive charge on the N-heterocycle combined with the electronegative 

nitrogens make the boron atom electron deficient and therefore strongly Lewis acidic. The other 

substituents on boron can then be just bulky alkyls (1,5-cyclooctane in both cases), and boron is still 

Lewis acidic enough to activate hydrogen.  

While the NHC-borane allows more modification to the boron substituents, it also completely 

changes the ion-pairing interactions in the catalytic cycle. 

In neutral frustrated Lewis-pairs, when hydrogen is activated Lewis acidic borane becomes anionic 

and Lewis base becomes cationic. In imine and enamine hydrogenations the first step of 

hydrogenation is protonation of the substrate. In these reactions the substrate can also act as the Lewis 

base, which means that no additional Lewis base is needed. This also means that using external chiral 

Lewis base would likely at best only give modest enantioselectivity.  



46 
 

 

Figure 42: Catalytic cycles proposed for imine hydrogenation with NHC-borane and chiral Brønsted 

acid. 

In borenium cations, when hydrogen is activated, hydride binds to the cationic NHC-borane and it 

becomes formally neutral zwitterion. The proton would go to either the anion of the NHC-borane and 

then transferred to the imine/enamine substrate or the substrate would be directly involved in the 
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hydrogen splitting. The counterion of borenium would be the only anion in the solution, and would 

form strong ion pair with the iminium in low polarity solvents. If this ion is chiral, it would be 

excpected to induce chirality in the prochiral imine. Previous work on asymmetric counterion directed 

catalysis and chiral Brønsted acid catalysis give merit to this approach with potential to very high 

enantioselectivity and large scope of imines. The enantiodetermining step would be analogous to 

already working ACDC systems with imine reacting with nucleophiles (especially reductions with 

Hantzsch esters). 

The borenium cations can be formed as the neutral zwitterion with one step reaction from N-

heterocycle and 9-Borabicyclo[3.3.1]nonane dimer. Using chiral Brønsted acid instead of permanent 

anion would allow catalyst formation from two neutral species by mixing while also being sure there 

is no unwanted achiral counterions in the reaction. The Brønsted acid should be significantly stronger 

than the imines used. Very acidic binaphtyl disulfonimide was selected as a core structure as it has 

been shown to work well in ACDC, and because it is also very weakly coordinating. The even more 

popular binaphtyl phosphonates would more likely form strong adducts with the borane. Permanent 

ion like borate would completely negate any dative bonding between it and the NHC-borane, but the 

preparation of the catalyst would be more difficult. 

5.1.1 Potential problems 

The borane part of the system is already known for imine, enamine and heteroarene hydrogenations, 

so any potential problems in activity rise from interactions with the chiral ion and the borane or 

substrate. Low activity could be caused by substrate coordinating to chiral counterion in a way that 

blocks the approach of the borohydride. Reducing steric strain would in this case improve activity. 

Low activity may also be caused by borenium-counterion ion-pair blocking the approach of hydrogen. 

In this case simply reducing steric strain may not be enough and completely different design of chiral 

counterion may be needed.  

If catalytic activity is good, but the enantioselectivity is low this would be caused by too small 

interactions between substrate and chiral counterion. This may be improved by reducing temperature, 

changing the solvent to destabilize free ions or changing the chiral pocket.  
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5.2 Experiments 

Whenever required, the experiments were performed on double-manifold argon/vacuum lines or in 

an argon glovebox. Glasswere was dried by heating it to over 300 °C while purging in vacuum for 5 

minutes. Dichloromethane, tetrahydrofuran and toluene were dried by a VAC solvent purification 

system (MB SPS-800). Methyl tert-butyl ether, pentane and deuterated solvents were dried with 4 Å 

molecular sieves. NMR experiments were performed with either Bruker ARX-300  or Varian Unity 

Inova 500 spectrometer. NMR-spectra for all experiments are available at the appendix. 

 

5.2.1 Synthesis of catalyst 

2-(9-[3.3.1]-borobicyclononane)-1,3-diisopropylimadazolium from in situ carbene84,85,98 

 

In an argon filled glovebox 312 mg of 1,3 diisopropylimadazolium chloride 110, 203 mg of 9-[3.3.1]-

BBN 111 and 350 mg of KN(SiMe3) were added to a Schlenk flask bearing a magnetic stirrer bar. 

The flask was cooled to -78°C and 50 ml of dried THF (tetrahydrofuran) cooled to -78°C was added 

to it. The reaction was warmed to room temperature and stirred for 16 hours. Volatiles were removed 

in vacuo and the residue was extracted with dried pentane (3x10 ml). The extracts were filtered under 

inert atmosphere using Schlenk techniques. Solution was concentrated to 10 ml in vacuo and product 

was crystallized at -35°C. 11B and 1H NMR revealed that no product had formed. 

The procedure was adapted from a dimethyl variant of the imidazole, which is the probable cause for 

failure. Procedure where the carbene is produced beforehand was selected for next attempt, since the 

1,3-diisopropylimidazolium ylidine seems to be relatively stable in inert atmosphere 
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2-(9-[3.3.1]-borobicyclononane)-1,3-diisopropylimadazolium stepwise84,85,99 

 

In an argon filled glovebox, 655 mg of 1,3-diisopropylimidazolium chloride 110 and 498 mg of t-

BuOK were added to a dried Schlenk flask bearing a magnetic stirrer bar and closed with a septum. 

The flask was cooled to -78°C and 10 ml of dried THF, cooled to -78°C, was added through septum. 

The mixture was stirred for 1 hour at -78°C. The mixture was allowed to warm to room temperature 

and volatiles were removed in vacuo. The resulting oily residue was re-dissolved in dried toluene (15 

mL), filtered through glass frit with porosity of 4 under argon and the volatiles were removed. Hexane 

(20 mL) was added, the mixture was filtered again, and the solvent removed in vacuo producing 362 

mg of 1,3-diisopropylimidazolium ylidine 113 as a yellow oil. 1H NMR-spectra. 

In an argon atmosphere glovebox, 355 mg of 1,3-diisopropylimidazolium ylidine 113 was dissolved 

in 5 mL toluene and added dropwise to solution of 283.9 mg 9- borabicyclo[3.3.1]nonane 111 dimer 

in 5 mL toluene at room temperature. The reaction was stirred for 16 hours, concentrated in vacuo 

and extracted with 3 x 2mL pentane. The combined extracts were filtered through 4 porosity glass 

frit and cooled to -35ºC to give slightly yellow crystals. The supernatant was decanted, and the 

crystals were washed with cold pentane (3 × 1 mL) and dried in vacuo to give 1,3-

diisopropylimidazoliumH-9BBN as off-white crystals. Slow evaporation of the filtrate to a quarter 

volume gave larger clear crystals. Yield 427 mg (82 %). 1H and 11B spectra were measured. 
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1,1’-Binaphthalene-2,2’-diyl O,O-bis(N,N-dimethylthiocarbamate)100,101 

 

To an ice-cooled solution of 1,1’-bi-2-naphthol 114 (19.752 g, 69 mmol) in 200 mL of dry 

dimethylformamide (DMF) was added 6.65g (166 mmol) NaH (60% oil dispersion) in small portions 

under argon. The resulting mixture was a foamy suspension which was stirred until gas generation 

ended. To the suspended mixture was added N, N-dimethylthiocarbamoyl chloride 115 in one portion. 

The mixture was stirred at 85 °C for 1 hour. 

The mixture was cooled to room temperature and slowly poured into 1% aqueous KOH solution (300 

mL) with vigorous stirring. The white precipitate was filtered, washed with water and dissolved in 

DCM (dichloromethane). The DCM solution was washed with brine and dried over Na2SO4. After 

filtration and evaporation, the crude product was recrystallized from DCM/petroleum ether (100/80 

ml) to give 23.5855 g (74.3%) as colorless crystals. Mp=211 

From recrystallization supernatant, solvent was removed by evaporation. Formed solid was filtrated 

and washed with petroleum ether. Solid was recrystallized from DCM/petroleum ether (20/40ml) to 

give 4.3405 g (13.7%) slightly yellow crystals. Mp=207 

According to 1H NMR, the first fraction is very pure, and the second fraction has only minor 

impurities. 

Other batches: 

1. 1,1’-bi-2-naphthol (25.38 g) was dissolved in 200 ml of dried DMF in 500 ml three-neck flask 

equipped with thermos meter, stirrer bar and connected to argon line. Under inert atmosphere, 

the solution was cooled with ice bath and NaH (8.46g in 60% oil suspension) was added in 

small portions. Yellow foamy suspension is formed. Too quick addition thickens the 

suspension and stirrer will become stuck, which will reduce the rate of reaction and hydrogen 

release. After gas generation has ended, N,N-dimethylthiocarbamoyl chloride (25.73 g) is 

added in one portion and the mixture is heated to 85 °C for 1h. Reaction completion is 
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confirmed with TLC. Work-up and purification is done as previously, with 4 

recrystallizations, yielding 23.07 g + 11.42 g + 3.11 g + 1.19 g = 38.79g (95%). 

 

 

 

 

1,1’-Binaphthalene-2,2’-diyl S,S-bis(N,N-dimethylthiocarbamate)100,101 

 

27.48 g of 1,1’-Binaphthalene-2,2’-diyl O,O-bis(N,N-dimethylthiocarbamate) 116 was added to a dry 

50 ml 2-necked flask equipped with an air condenser, a temperature meter and a metallic stirring bar 

. Under argon atmosphere, the flask was immersed to a sand bath and heated to 270-285 °C for 30 

minutes. During heating colourless liquid started to reflux. This also caused the temperature to stay 

at 260 °C for the last 10 minutes. 

The flask was cooled to room temperature. NMR spectra and TLC (thin layer chromatography) were 

run on the sample. This revealed there was no starting material left but there was a side product in 

roughly 1:1 ratio to product. The formed brown solid was recrystallised from chloroform. The formed 

colourless crystals were washed with cold chloroform to give 7.48 g of pure product 117 

The remaining filtrate was recrystallized from DCM/petroleum ether 60:100, cooled to -80 °C and 

filtered to give 7.9 g of side product 118. 

The remaining filtrate was recrystallized from DCM/petroleum ether 20:100 and cooled to -80 °C to 

give mixture of 177 and 118. Filtrate contained barely any aromatics and only dimethylthiocarbamate 

derivatives. 
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Closer look to the literature showed that the side product formation is a frequent problem in this 

reaction. Conversion to side product ranges from 20 % to 60 % and controlling factors are poorly 

understood. It was showed by Ralf et al.100 that the rearrangement reaction works also in lower 

temperature (200 °C with microwave irradiation), but there is still significant side product formation 

(3:2). In the original article102 from 1994, some mechanistic studies were done and they could 

reproducibly obtain full conversions with only 20 % side product formation. It was suggested in the 

article that mechanism to form the side product goes through the desired product. Since only 20 % 

side product was formed during the reaction, it would suggest that the side product forming reaction 

is slower than the rearrangement reaction. Therefore, milder conditions should give higher yield. 

Also, thermal homogeneity is likely also important and the likely reason for poor results in the 

microwave irradiated reaction. This could be improved by using better stirring and smaller scale. 

 

Reaction was repeated at lower temperatures (240 - 250 °C) and smaller scale (5g). With lower 

temperature there was also no visible refluxing. After 30 minutes TLC showed full conversion and 

no side products. This was confirmed by 1H NMR which showed < 2 % of the thiophene side product 

118. Scale was increased to 10 g of starting material and same results were obtained. The product 117 

was used without purification for subsequent reactions. 

When less pure starting material was used (from the second recrystallisation of filtrate (95 % pure)), 

side product generation was greatly increased, giving 10-40 % of the thiophene. Careful purification 

of the starting material is therefore very important. When side product generation was significant, the 

crude product was recrystallized from chloroform. 

Other batches: 

1. 8.18 g (>99% pure) 30 min 245-250 °C, >99% yield 

2. 8.14 g (99% pure) 40 min 240-250, >95 % pure 

3. 9.29 g (>95 % pure) 30 min 245-260, recrystallised 6.3 g (67 %) 

4. 12.29 g (90-95 % pure) 30 min 245-250, recrystallised 9.79 g (79 %) 
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Chlorination of   1,1’-Binaphthalene-2,2’-diyl S,S-bis(N,N-dimethylthiocarbamate)100 

 

To a 2-neck 250 ml flask equipped with a thermometer and a stirrer bar, was added 7.663g of 1,1’-

Binaphthalene-2,2’-diyl S,S-bis(N,N-dimethylthiocarbamate) 117 followed by 55 ml of 1:5 2M 

HCl/MeCN. The mixture was stirred for 20 minutes, but the starting material was only partially 

dissolved. Mixture was cooled to +1 °C in salt-ice bath. 

17.875 g of N-chlorosuccimide (NCS) 119 was slowly added and the temperature stayed at 1-2 °C 

during addition. Afterwards temperature of the mixture was raised to 10-20 °C for 30 minutes. TLC 

sample was made and only product had the same Rf as starting material, but 1H NMR revealed no 

significant amount of starting material remained, but the signals did not match assumed product 

either. 

Product was slightly soluable in diethyl ether, EtOAc, DCM, CHCl3 and acetone, and very poorly/ 

not soluable to water or hexane. 700 ml of EtOAc was used to extract the product, which gave bright 

yellow solid and brown/yellow solution which were separated by filtration. (3rdProduct-CrudeSolid, 

-CrudeDissF). Filtrate solvent was evaporated. Solid is almost pure aromatic compound (with solvent 

residues), that is over chlorinated, likely at positions 4 and 4’. Filtrate has the same signals as the 

solid but also other aromatic signal and aliphatic signal matching succiimide. 

 

The reaction has been used successfully by other groups as well, so the side product formation is 

likely related to scaling up to reaction. The side product formation seems to be an overreaction with 

N-chlorosuccimide. This could be reduced by lowering the temperature, slower addition of the N-

chlorosuccimide or reducing the N-chlorosuccimide to stoichiometric amount. Due to high 

conversion to the side product, the latter option would likely only give mixture of side product and 

starting material. 
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Lower temperature reaction was first attempted in 1.4 g scale. During the addition of N-

chlorosuccimide, temperature was kept between -10 °C and -5 °C and after the addition, reaction was 

kept between 5 °C and 10 °C for 30 min. After 30 min half of the reaction mixture was taken and 

extracted with diethyl ether. Organic phase was washed with brine, dried with Na2SO4, filtered and 

evaporated to give orange solid. Rest of the reaction mixture was kept between 5 °C and 10 °C for 

additional 90 min and worked-up the same way. 

NMR shows no aromatic impurities, but there is still a lot of succimide remaining, which could be 

removed by dissolving the solid in diethyl ether and washing it with water. Some of the product seems 

to react with water which is seen by formation of precipitate, therefore the washing should be done 

quickly. Organic phase was dried with Na2SO4, filtered and evaporated to give orange solid 121. 

Flushing the product through silica with 2:1 DCM:hexane gives colourless solid, but it can also be 

used without further purification. 

Other batches 

 

Binaphtyl thiocarbamate 

(g) 

NCS 

(g) 

2M HCl 

(ml) 

MeCN 

(ml) 

yield 

(g) 

Yield 

(%) 

1 7.299 16.82 8.7 160 4.908 68.7 % 

2 7.493 17.4 9 170 6.203 84.6 % 

3 7.851 18.5 8.5 180 6.375 82.9 % 
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(R,S)-(+)-1,1’-Binaphthalene-2,2’-(N-methylbenzyl)sulfonimide (+) and (S,S)-(–)-1,1’-

Binaphthalene-2,2’-(N-methylbenzyl)sulfonimide (–)101 

 

To a 1L round-bottom flask was added 1,1’-Binaphthalene-2,2’-disulfonyl chloride ((±)) 121 (4.908 

g) and 500 mL of dried DCM, and the mixture was stirred until dissolved. To the solution was added 

Et3N (3.32 ml) and p-dimethylaminopyridine (DMAP) (140 mg). (S)-(–)-α-methylbenzylamine 

(1.462 ml) was diluted with 20 ml of CH2Cl2 and added dropwise to the flask. 

After 2 hours, the solvent was removed by evaporation. TLC and NMR showed full conversion with 

some additional impurities. Original article suggested purification by column chromatography using 

petroleum ether/ethyl acetate 10:1 (which seems to be okay on TLC), but with 200g of silica (1:100 

to expected yield) only 76.5 mg of pure product 123a could be obtained. Also, the product showed 

slow degradation in this eluent on silica. Eluent was changed to 1:1:20 (Et3N: EtOAc: hexane) which 

eliminated the degradation and improved the resolution to give 641 mg of pure diastereomer 123b 

per 200g of silica. Other eluent combinations were also investigated with TLC and on a smaller scale 

column with no further improvements. 

Purification of enough material in this fashion was deemed too cumbersome and it would be faster 

and cheaper to start over with enantiopure bisnaphtol. 

 

 

(R)-(+)-1,1’-Binaphthalene-2,2’disulfonimide100 
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In a test tube, 211 mg of a single enantiomer of 123 was dissolved in 20 ml of MeOH/ethyl acetate 

and 54 mg of Pd/C (10%) was added. Test tube was placed in a pressure reactor and 20 bars of H2 

gas was introduced. Mixture was stirred overnight. TLC (1:1:20 (Et3N: EtOAc: hexane)) showed full 

conversion. 

The suspension was passed through silica with 5:1 Hexane:EtOAc eluent followed by 10:1 EtOAc : 

MeOH. The latter contains the product 124 (161 mg 92 %). 

 

(R)-(+)-1,1’-Binaphthalene-2,2’disulfonimide100 

 

To obtain (R)-1,1’-Binaphthalene-2,2’sulfonyl chloride 121, the previous reactions were repeated 

with (R)-binaphtol. Et2O·HCl was made by washing Et2O two times with fifth the amount of 

concentrated HCl in a separation funnel. Et2O·HCl was then dried with Na2SO4. 

To an 25 ml 2-neck flask was added 0.182 g of (R)-1,1’-Binaphthalene-2,2’sulfonyl chloride 121 

(0.41 mmol) and dissolved it in 10 ml of dry toluene. Ammonia was slowly bubbled through the 

solution over 3 hours. TLC (from Et2O·HCl) showed no starting material remained. Solution was 

evaporated in vacuo and product was purified by passing it through silica (1:10 by mass). First eluated 

with 1:2 MeCN:dcm until first impurity comes out, and then with Et2O·HCl. Evaporation gave 113 

mg of slighty orange solid product 124 (0,29 mmol, 71 %) 

Larger scale reactions. 

10.48 g (23,2 mmol) of (R)-1,1’-Binaphthalene-2,2’sulfonyl chloride to yield 7.533 g of product 

(19.05 mmol, 82 %). 

8.40 g (18.6 mmol) of (R)-1,1’-Binaphthalene-2,2’sulfonyl chloride to yield 6.58 g of product (16.5 

mmol 88.8 %) 
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(R)-(+)-3,3’-diiodo-1,1’-Binaphthalene-2,2’disulfonimide101 

 

All the glassware was dried by heating them to 300 °C in vacuum for 5 minutes. Dry THF was taken 

from solvent purification system. 

(R)-(+)-1,1’-Binaphthalene-2,2’disulfonimide 124 (1.0252 g, 2.6 mmol) was dissolved to 30 ml of 

dry THF in a 120 ml schlenk flask. The solution was cooled to -40 °C. 6.5 ml of BuLi (2.5 M in 

hexane, 16,25 mmol) was added dropwise to the solution and stirred for further 2 hours at -40 °C, to 

give green mixture. 

The reaction mixture was cooled to -78 °C. 3.95 g (15.6 mmol) of iodine was dissolved in 18 ml of 

dry THF and added to the mixture over 30 minutes using syringe pump. After addition, the mixture 

was left stirring overnight to slowly warm to room temperature. 

The mixture was quenched with 0.5 ml of saturated NH4Cl and 4 M HCl was added to acidify the 

mixture (pH < 0). The mixture was extracted three times with CHCl3. Organic phase was washed 

with saturated NaHSO3 solution to remove most of the unreacted iodine and 4 M HCl was added to 

acidify the mixture. Organic phase was dried with Na2SO4, filtered and evaporated. 

Product was purified with column chromatography. 1:25 Silica with 30:1 EtOAc : MeOH gives 0.994 

g (56 % yield) of pure diiodo 125 fraction and 0.392 g of mixed (monoiodo impurity) fraction. Mixed 

fraction was run through another column to give 0,24 g of diiodo product 126 for total yield of 1.23 

g (1.90 mmol, 73 %). 

Larger batch: 6.49 g (16.41 mmol) of (R)-(+)-1,1’-Binaphthalene-2,2’disulfonimide 124 to yield 

6.193 g (9.6 mmol, 58%) 
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(R)-(+)-3,3’-di(3,5-di(trifluoromethyl)phenyl)-1,1’-Binaphthalene-2,2’disulfonimide101 

 

To a 250 ml two-neck flask, connected to a reflux condenser and argon line, was added 500 mg (0.77 

mmol) of (R)-(+)-3,3’-diiodo-1,1’-Binaphthalene-2,2’disulfonimide and 600 mg (2.3 mmol) of 3.5 

di(trifluoromethyl)phenylboric acid 126. 60 ml of THF mixed with 5 ml of 2 M K2CO3(aq) was added 

to the flask and stirred until the solids dissolved. Argon was bubbled through the solution to reduce 

phosphine oxidation. 10 mg of Pd(OAc)2 was added and stirred for 5 minutes before adding 16 mg 

of (t-Bu)3P in one portion. The mixture was heated to 85 °C and stirred for 24 hours. 

The mixture was cooled and 3 M HCl was added to it until pH < 1. Mixture was extracted with 

chloroform and the organic phase was dried with Na2SO4, filtered and evaporated. Product was 

purified with column chromatography using 2:1 hexane: ethyl acetate eluent. 324 mg (0.40 mmol, 

51%) of solid off-white product was obtained. 

This product is at anionic form (likely with potassium counterion). To get the acidic product, it was 

dissolved in DCM and washed with concentrated HCl (aq). DCM layer was dried with Na2SO4, 

filtered and evaporated to yield 95 % (by mass) of off-white solid (greenish). 

Larger batch: 1.435 g of (R)-(+)-3,3’-diiodo-1,1’-Binaphthalene-2,2’disulfonimide to yield 1.289 g 

(70% yield) of product. 
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4,5-dichloro-1,3-(N,N)-dimethylimidazolium iodide 

 

4,5-dichloroimidazolium (2.00 g, 14.6 mmol) and 3.9 g of potassium hydroxide were weighed to a 

250 ml Erlenmeyer flask. 100 ml of acetonitrile was added to the flask and stirred for 2 hours in room 

temperature. Excess potassium hydroxide was filtered off. 0.92 ml of methyl iodide (14.8 mmol) was 

added dropwise to the solution and stirred for 24 hours. Afterwards, solvent was removed in vacuum. 

The remaining sticky solid was extracted with dichloromethane and filtered. Solvent was removed in 

vacuum to yield red crystals (Monomethylated, 2.32 g with solvent residues). 

The monomethylated product was used without further purification in the next step. It was dissolved 

in 60 ml of acetonitrile and 3.3 ml of methyl iodide (45 mmol) was added dropwise to the mixture. 

The mixture was heated to reflux overnight. 

4,5-dichloro-1,3-(N,N)-dimethylimidazolium-9-BBN 

 

This reaction was also attempted as a 2-step reaction and 1-step with KN(SiMe3)2 like with 112, but 

both were unsuccessful. 

600 mg of 4,5-dichloro-2,3-(N,N)-dimethylimidazolium iodide and 395 mg of NaN(SiMe3)2 were 

added to a dried Schlenk flask under argon. 50 ml of dried THF cooled to -78 °C was added to the 

flask and stirred at -78 °C for one hour. Mixture was allowed to warm up to room temperature. 253 

mg of 9-BBN 111 was added, and the mixture was stirred for three days in room temperature. 
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Volatiles were removed in vacuo and remaining solid were extracted with pentane. The pentane was 

reduced to around 10 ml and cooled to -40 °C to form colourless crystals. 

 

5.2.2 Catalyst performance 

Stoichiometric reductions were done in a NMR tube by adding 1.1 equivalents of binaphtyl 

disulfonimide 127, 1 equivalent of imine/enamine and dried solvent to the NMR tube in argon filled 

glovebox and the tube was shaken to mix the reagents. 1.1-1.2 equivalents of the borane 112-H or 

130-H was added to the NMR tube, which caused slow gas (presumably H2) formation in some cases 

and no formation in others. 

To study the catalytic activity, the reaction mixture was transferred in glovebox to a larger 20 ml test 

tube containing magnetic stirrer bar. More imine/enamine and solvent was added to the mixture so 

that the catalyst loading is now 5-10 %. Test tube was placed inside autoclave and it was pressurised 

to 50 bars of hydrogen and left stirring overnight. 

 

3H-3,3,5-trimethyl-2-phenylindole 

 

Reaction was done using the general method described above. For the stoichiometric reaction 8.6 mg 

of the indole 131, 29.8 mg of the disulfonimide 127, 10.7 mg of NHC-borane 112-H and 0.7 ml of 

toluene were mixed. The product signal should be at around 4.5 ppm for the α-N methine bridge, 

which should be singlet, but could also be a douplet if it couples with the N-H proton. There is a very 

small singlet at 4.61 ppm, but even if this is a product signal it would correspond to less than 1% 

conversion. 

141.2 mg of the indole was added to the reaction to study catalytic hydrogenation. Mixture was stirred 

at 50 bar of H2 at room temperature for 22 hours. Starting material shows as the major compound in 

1H NMR. There is now a new singlet at 4.81 which would correspond to 2 % conversion if it is a 

product signal. 
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Though the reaction happening seems unlikely, it was decided to continue hydrogenation at 80 °C, 

50 bars. The signal at 4.81 ppm has now disappeared and there is no sign that hydrogenation has taken 

place. 

In 19F NMR there is no changes, there is two signals at -62.5 ppm and -63.0 ppm (large signal at 

middle is an artefact). 11B shows the excess NHC-borane as sharp douplet at -17.8 ppm and the non-

hydridic boron as broad signal at 56.7 ppm. 

In conclusion, no significant reaction has taken place. 

 

 

1-(1-phenylethenyl)-pyrrolidine 

 

3.9 mg of the enamine 132, 18.5 mg of disulfonimide 127 and 0.7 ml of d2-dcm was added to an 

NMR tube, and 1H and 19F NMR were measured. Protonation of enamine is complete as shown by 

split signal at 4.00 and 3.95 ppm characteristic to protonated enamines. In 19F there are two signals at 

-61.1 and -61.3 ppm. 

6.3 mg of NHC-borane 112-H was added, and the mixture was vigorously shaken. Few gas bubbles 

slowly formed. Characteristic signals for product is a quartet at 3.27 ppm and for non-protonated 

starting material singlets at 4.05 and 4.13 ppm (methylene protons). The product signal has 10 times 

the intensity of the starting material signals, which would give very rough estimation of 90 % 

conversion. The fluorine signals have now shifted to -62.85 and -62.75 ppm, which would indicate 

different kind of bonding from disulfonimide anion to 1-(1-phenylethenyl)-pyrrolidinium cation or to 

NHC-boronium cation. Hydrogen bonding between the disulfonimide anion and 1-(1-phenylethenyl)-

pyrrolidinium cation can explain this, which would mean that they are in close contact, which is 

desirable for enantioselective induction. 

63.7 mg of the enamine was added to the mixture and was hydrogenated at room temperature, 50 bars 

of H2 for 70 hours. Proton NMR shows rough conversion of 55 %, which indicates catalytic activity. 

11B NMR shows several different signals, which means that the catalyst has likely broken down. 
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Product was passed through silica to remove the catalyst and chiral liquid chromatography was ran, 

but it showed no enantioselectivity. 

The same reaction was done in toluene, but no conversion of less than 5 % was observed, which 

means no catalytic activity. 

N-(1-phenylethylylidine)-benzamine 

 

6.8 mg of imine, 29.3 mg of disulfonimide 127, 0.7 ml of dry THF and 10.1 mg of NHC were mixed 

in NMR tube, which showed roughly 60 % conversion. 2.48 and 6.87 ppm are starting material and 

4.02 and 6.73 ppm are the reduced product. Catalytic trial failed due to vial break. 

 

N-(1-phenylethylylidine)-cyclohexane 

 

31.5 mg of disulfonimide 127, 7.7 mg the imine 133 and 0.5 ml of d2-DCM were mixed in NMR 

tube. 11.7 mg of NHC-borane was added to the mixture, no gas evolution was visible. 

In 1H NMR multiplet at 3.5 ppm is the starting material, quartet at 3.9 ppm is likely the reduced form, 

multiplet at 4.2 is maybe the protonated imine or amine and 4.5 ppm signal is of unknown side 

product. 11B NMR shows that there is still plenty of unreacted NHC-borane. 

In case reaction is slow, mixture was heated to 50 °C for 72 hours. 1H NMR shows that starting 

material (3.5 ppm) is almost gone (as is the 4.2 signal), but this conversion has been to the unknown 

side product at 4.5 instead of the product. 11B NMR file is missing, but the notes say that there are 

three different signals between 60 and 30 ppm. 
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Trials with 4,5-dichloro-2,3-(N,N)-dimethylimidazolium 9-borabicyclononane 

 

Inside an argon filled glovebox, 22 mg of chiral acid 127 was added to a test tube, followed by 10 

equivalents of imine or enamine (either 133 or 134). 2 ml of dry MTBE was added and the mixture 

was stirred until reagents dissolved. 1.1 equivalent of 4,5-dichloro-2,3-(N,N)-dimethylimidazolium 

9-borabicyclononane 130-H was added to the mixture. Tubes were placed in autoclave, and charged 

with 50 bars of hydrogen. The mixtures were stirred for 24 hours at 80 °C. 

Afterwards pressure was released, and the mixtures were evaporated in vacuum. 1H NMR spectrum 

was measured from d6-acetone. No product was visible in any of the 1H NMRs. 

 

 

5.3 Conclusions 

The literature procedure for the synthesis of the disulfonimide 127 gave poor results when reactions 

were scaled to multigram scale (original articles have 10-200 mg scale). Main problems were with 

synthesis of 117 (thermal rearrangment) and 121 (chlorination). Procedures could be modified to  

improve the yield. In synthesis of 116 yield was increased from 78 % to 95 % with improved work-

up. In synthesis of 117 yield was raised from 40 - 80 % to 80 – 95 % by lowering temperature. In 

synthesis of 121 original procedure failed completely, which was fixed by using lower temperature. 

Protonation of 127 is nowhere near strong enough in the procedure. With the improved procedures, 

synthesis of the disulfonimide 127 is quite efficient.  

NHC-boranes can be made in one or two steps from imidazoles. Since the borohydride can be added 

last, established procedures can be used for imidazolium synthesis. Linking of borane and NHC 

required some experimenting to find the correct conditions. 
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Combination of 127 and 112-H is catalytically active in hydrogenations, but the only solvent it 

worked was DCM. 1-(1-phenylethenyl)-pyrrolidine was the only substrate that could be catalytically 

hydroganated. With N-(1-phenylethylylidine)-benzamine and N-(1-phenylethylylidine)-cyclohexane 

only stoichimetric reduction could be detected. But since they are quite bulky (unlikely dative 

bonding with the catalyst), also catalytic hydrogenation should be expected to work with correct 

solvent. 

With DCM solvent no enantioselectivity was detected. DCM is generally quite poor solvent for chiral 

induction, therefore considerable effort was place toward investigating other solvents (toluene, THF, 

MTBE), but the catalyst wasn’t active in those conditions.  

When hydrogenation was studied, wether the catalyst worked or not, the sharp doublet at -17 ppm on 

boron NMR disappeared and several broad signals appeared at around 60, 50 and 30 ppm. This would 

indicate that the NHC-borane is somewhat unstable in solution. This would also explain why 1-(1-

phenylethenyl)-pyrrolidine wasn’t completely reduced. 
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