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1.1 Importance of amino acids bearing quaternary 

stereocenter  
 

The asymmetric synthesis of α,α-disubstituted amino acids has been extensively 

explored in the last four decades. Due to the biochemical and medicinal 

importance of amino acids, the reproducible synthesis of non-proteinogenic 

amino acids as a research area has gained a lot of attention in the past period.1,2 

Unnatural α,α-dialkyl amino acids play a specific role in the design of peptides.3,4 

They can be potent enzyme inhibitors and significant fragments for the synthesis 

of different biologically active compounds. Conformationally constrained and 

stereochemically stable due to the presence of quaternary carbon atoms, unusual 

α,α-disubstituted amino acids may serve as useful tool in protein research. 

Inclusion of rigid amino acids into peptides can enhance their activity, 

bioavailability, and binding selectivity.1,5 They represent relevant components of 

pharmaceuticals, agrochemicals, food additives and various natural products. 6,7  

 

Figure 1.  Selected synthetic paths for the construction of α,α-disubstituted α-amino 

acids (left)25 and α-fluoro / α-fluoroalkyl quaternary amino acids (right)40 

 

Besides, fluorinated α-amino acids are considered as a particular category of 

quaternary amino acids in modern synthetic/pharmaceutical chemistry.26 Almost 

20% of all approved pharmaceuticals bear at least one fluorine atom and many 

of them are already in phase II−III clinical trials.38,39 The most common method 

for their preparation is the Strecker synthesis. Although they are not easy to 

synthesize, due to the low reactivity of ketimines27, many research groups are still 

working on finding a safe, fast, and reproducible method for their formation.  Non-

proteinogenic amino acids containing fluorine showed very broad application in 

the development of antitumor and antibacterial drugs.26,27 

Because of high fluorine electronegativity and lipophilicity, these types of 

molecules are possessing very specific properties.28 The presence of fluorine 

atom/s may enhance metabolic stability of the drug, membrane permeability as 

well as in vivo absorption.28 Important technology progress in this field is the 

usage of imaging technique (positron emission tomography), which gives the 
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possibility to recognize 18F labelled peptides and therefore has a capacity to 

detect various human diseases.28, 38 

 

1.1.1 The aim and the scope of the project 
 

The main goal of this project is related to the development of general, 
reproducible and stereoselective, catalytic methods applicable for industrial 
production of enantiomerically pure, functionalized amino derivatives featuring a 
quaternary stereocenters, since they are very interesting and valuable building 
blocks for the synthesis of novel active molecules. Target molecules are active 
pharmaceutical ingredients or immediate precursors and nonproteinogenic amino 
acids. 
 
Accordingly, this PhD thesis covers the following topics that allowed us to achieve 
the scope of the project:   
 
1) Development of an asymmetric phase transfer benzylation in continuous 

flow for the synthesis of quaternary amino acids (chapter 3, section 3.3): 

 
 

 
 
 
2) Synthesis of novel thiourea / urea based organocatalysts (Bifunctional 

IMinoPhosphorane superbases - BIMP) for the enantioselective 
organocatalytic addition of nucleophiles to differently functionalized ketimines 
(chapter 5, section 5.1-5.3):  
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3) Synthesis of different -CF3 ketimines (most of them are new) as a valuable 

precursor for the synthesis of quaternary amino derivatives (chapter 5, 
section 5.4): 

 
 
 

 
 
 
 
4) Enantioselective synthesis of a new quaternary amino derivatives applying 

different synthetic transformations, such as Aza-Henry or Mannich reaction 
of malononitrile to various -CF3 ketimines, promoted by new 
iminophosphorane organocatalysts (chapter 5, section 5.5 and 5.6): 
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1.2 Important strategies for the synthesis of quaternary 

amino acids 

 
1.2.1 Stereoselective synthesis of acyclic quaternary amino acids 

promoted by phase-transfer catalysts 
 

Phase-transfer catalysis in batch, has been recognized as the most reliable 

method for the enantioselective synthesis of optically active α-amino acid 

derivatives using Schiff base esters.8,9 This strategy was applied in the synthesis 

of nonproteinogenic amino acids bearing stable α-quaternary carbon center, a 

significant building blocks playing a vital role in biological systems.10,11,12 

Quaternary ammonium salts derived from the Cinchona alkaloids (such as 

O’Donnell, Corey, Lygo type catalyst) as well as Maruoka type catalysts were 

mainly used as a phase-transfer catalysts to perform asymmetric alkylation / 

benzylation of amino acid derivatives.9,13 

 

How does phase transfer catalysis work? 

 

 

 

 

Figure 2.  General mechanism of asymmetric phase transfer alkylation 
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Phase transfer catalysis depends on the nature the catalyst and two immiscible 
phases. Lygo and co-workers showed that initial deprotonation of the substrate 
by base occurs fast in the absence of a PTC, whereas for the alkylation step 
phase transfer catalyst is required. Therefore, the main role of the catalyst is to 
extract the enolate into the organic phase and facilitate further reaction with the 
alkyl halide.  
As drawn in figure 2, the first step of the alkylation is the interfacial deprotonation 

of the α-proton of imine of alanine by inorganic base (in this case KOH) to give 

the corresponding enolate, which stays between the organic and water layers 

(intermediate phase).9,14,15 

Ion-exchange of the anion with the phase transfer catalyst (Q*+X-) is forming a 

chiral enolate soluble in the organic phase where it reacts with an alkyl halide 

(R1X) to yield the optically active dialkylation product.14,15 

In 1992, O’Donnell and Wu described for the first-time phase-transfer alkylation 

of the p-chlorobenzaldehyde imine of alanine tert-butyl ester with N-benzyl 
cinchona quaternary ammonium salts (catalyst 8c) and they succeeded in 

obtaining quaternary amino acid derivatives in good yields and modest 

enantioselectivity (scheme 1).16 

 

Scheme 1.  The first example of α,α-dialkyl-α-amino acids synthesis by solid-liquid 

asymmetric phase-transfer catalysis using N-benzyl cinchoninium quaternary ammonium 

salt 

 

In 1999, Lygo and co-workers have improved significantly the enantioselectivity 

of final quaternary amino esters (scheme 2), by modifying cinchona phase 

transfer catalyst, thus performing N-alkylation with 9-(chloromethyl)anthracene 

(catalyst 26l). By using more electron-rich and more rigid phase transfer catalyst 

as well as freshly prepared base (solid K2CO3/KOH) in this transformation, they 

were able to isolate the products ((S)-enantiomer) with increased 

enantioselectivity.17 
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Scheme 2.  Further progress in enantioselectivity in α,α-dialkyl-α-amino acids synthesis 

by solid-liquid asymmetric phase-transfer catalysis by introducing bulky N-

anthracenylmethyl moiety 

 

In 2012, Cook et al. reported quantum mechanical transition-state analysis for the 

precise explanation of the O’Donnell tert-butyl glycinate-benzophenone Schiff 

base stereoselectivity in chiral quaternary cinchonidinium phase-transfer 

catalyzed enolate allylation (figure 3).81  

 

Figure 3.  Transition state study in asymmetric phase transfer allylation of imine of 

glycine catalyzed by cinchona catalyst81 
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The preference for electrophilic attack of the allyl bromide on the enolate Re face 

in (S)-TS1 versus attack of the enolate Si face in (R)-TS1 can be justified by oxy-

anion-quaternary ammonium interaction. In (S)-TS1 the distance between the 

enolate O anion and the quaternary nitrogen is 3.33 Å while in (R)-TS1 this same 

distance is 3.49 Å. Also, in (S)-TS1 the O anion is on average 0.1 Å closer to the 

quaternary ammonium N-CH bonds. These shorter interaction distances imply 

that the enolate-electrophile transition state geometry fits better into the pocket of 

catalyst due to more favorable CH-π and π-π interactions in (S)-TS1 compared 

to when the enolate-electrophile is flipped in (R)-TS1.81 

In 2000, Maruoka et al. designed one of the most selective phase transfer catalyst 

for the synthesis of amino acids bearing quaternary stereocenter in α position 

(scheme 3, catalyst (S,S)-20e).  

Further evolution of phase transfer catalysts has shown that N-spiro quaternary 

ammonium salts are the most effective in this type of synthesis, with very low 

catalyst loading (1 mol%). This powerful method enabled obtaining the products 

as R-enantiomer with excellent enantioselectivity (up to 98% ee).18 

 

 

Scheme 3.  Solid-liquid asymmetric phase-transfer catalysis for the synthesis of 

quaternary amino acid derivatives by employing N-spiroammonium bromide (Maruoka 

type catalyst) 

 

According to Kamachi and Yoshizawa phase transfer benzylation of glycine imine 

occurs via the nucleophilic attack of the Re-face of the enolate ion in the vicinity 

of the cationic ammonium center (Maruoka catalyst), leading to the R-benzylated 

product, figure 4.82 
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Figure 4.  DFT-based conformational analysis of asymmetric phase transfer benzylation 

of imine of glycine catalyzed by binaphthyl Maruoka catalyst, (S,S)-20e 82 

In the most stable conformation, the 3,4,5-trifluorophenyl groups of the catalyst 

form nonclassical hydrogen bonds to the leaving Br atom and to the N atom of 
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the enolate ion. The fluorine atoms at the 3,4,5-postions of the substituent play 

an important role in the enantioselectivity due to the higher acidity of the protons 

at the 2,6-positions of the substituent caused by the presence of fluorine atoms 

which reinforces the hydrogen-bonding interactions.82 A phenyl group of the 

enolate ion experiences a significant steric interaction with the binaphthyl subunit 

of the catalyst in the transition state for the S-enantiomer, whereas the repulsion 

is not observed in the case of the R-enantiomer due to the asymmetric geometry 

of the binaphthyl subunit. To avoid the steric interaction, the enolate ion rotates 

in the conformation for the S-production, leading to the loss of some key 

interactions between the reactants and the catalyst (figure 4).82 Maruoka and his 

colleagues have shown it is also possible to perform one-pot double alkylation 

from achiral Schiff base of glycine, and generate α,α-disubstituted-α-amino acids 

by using Maruoka type phase transfer catalyst ((S,S)-20e), figure 5.18 

The alkylation of glycine or alanine enolates is the most established method under 

phase transfer conditions. Predominantly, monoalkylation of glycine systems 

requires the use of ketone imines, whereas aldehyde imines are the appropriate 

derivatives in dialkylation step due to steric reasons and different pKa values 

(figure 6 and 7).6,19, 22 

 

 

Figure 5.  General asymmetric transformation of imine of glycine/alanine with PTC 

catalyst.3,18,20,21 
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Figure 6. Acidities (pKa, DMSO) of benzophenone- and 4-chlorobenzaldehyde imines of 

glycine ethyl ester and monoalkylated amino acid esters.22 

 

 

 

Figure 7. Selective monoalkylation of the benzophenone imines of glycine ethyl ester.19 

 

The most common phase transfer catalysts used in for asymmetric synthesis of 

unnatural amino acids are shown in figure 8.10,14,18,19  
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Figure 8. Phase-transfer catalysts development retrospective (since 1984) 
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In the last 20 years, Maruoka has made a great contribution to the design of new 

and efficient catalysts in phase transfer synthesis.  

Thus, in 2012 Maruoka and collaborators have described successful asymmetric 

synthesis of α,α-dialkyl amino acids under liquid-liquid phase transfer conditions, 

using aqueous 50% KOH and conformationally fixed biphenyl quaternary 

ammonium salt ((S)-21c) at room temperature. This reaction was performed in 

excellent yields and enantioselectivities, even with very low catalyst loading 

(scheme 4).8,23 

 

 

Scheme 4. Practical liquid-liquid asymmetric phase-transfer catalysis for the synthesis of 

quaternary amino acid derivatives, under mild conditions and low catalyst loading 

(biphenyl core of the catalyst) 

 

Chinchilla et al. performed liquid-liquid phase transfer benzylation in the presence 

of Lygo type catalyst 2a, by affording the products in good yields and 

enantioselectivity. In comparison with Maruoka catalyst, higher catalyst loading 

was required in this case (scheme 5).12  
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Scheme 5. Liquid-liquid asymmetric phase-transfer benzylation of alanine imine 

derivatives catalysed by cinchona catalyst 2a  

 

In 1999, Belokon and co-workers propose the use of chiral bases (TADDOL or 

NOBIN) as phase transfer catalysts. These catalysts chelate the sodium cation 

and makes the resulting ion pair soluble in toluene which keep a rigid complex 

between the chiral ligand and the substrate in the transition state for the 

alkylation. This type of catalysis showed lower enantioselectivity of the final 

quaternary amino acids (scheme 6).13,25  

 

 

 

Scheme 6. Enantioselective synthesis of quaternary amino acid derivatives promoted by 

(R,R)-TADDOL or (R)-NOBIN 
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1.2.2 Enantioselective Strecker synthesis of acyclic α,α-

disubstituted amino acids  

 

The Strecker reaction is well-known and one of the most straightforward methods 

for amino acids synthesis.29 So far, many chiral catalysts (metal-based or metal-

free) have been developed for the asymmetric cyanation of different ketimines / 

α-iminoesters.29,30,40 

Jacobsen and co-workers have made a breakthrough in the development of 

organocatalytic Strecker synthesis.30 The first generation of chiral urea Jacobsen 

catalyst promoted enantioselective addition of HCN to ketimines and yielded 

quaternary α-aminonitriles in excellent enantioselectivity (scheme 7).31  

 

 

Scheme 7. The first organocatalytic Strecker synthesis of quaternary α-aminonitriles 

(amino acids) developed by Jacobsen and his group 

 

Jacobsen et al. also reported the transition state of thiourea-catalyzed 

asymmetric Strecker synthesis of unnatural α-amino acids (figure 9).83  

The mechanism of the hydrocyanation reaction involve initial amido-thiourea-

induced imine protonation by HCN to generate a catalyst-bound iminium/cyanide 

ion pair. Disintegration of this ion pair and C–C bond formation to form the α-

aminonitrile occurs in a post–rate-limiting step.83 

Calculation of intermediate in imine hydrocyanation mechanism were done using 

the Gaussian 03 program at the B3LYP/6-31G(d) level of density functional 

theory. The structure shown below (figure 9) is an intermediate on the potential 

energy surface leading to (R)-product that directly precedes the C–C bond 

forming step.83 
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Figure 9. Jacobsen’s transition state for the asymmetric synthesis of α-aminonitrile 
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In 2007, Rueping et al. reported BINOL phosphate-catalyzed Strecker reaction 

providing the quaternary α-aminonitriles in very good yields and moderate 

enantioselectivities (scheme 8).32 

 
 

Scheme 8. Brønsted acid-catalyzed enantioselective hydrocyanation of ketimines  

 

The first organocatalytic Strecker reaction of quaternary α-trifluoromethyl amino 

acids was described by Enders and his group twelve years ago, by using 

Takemoto catalyst, C47 (scheme 9).  Although the reaction time was very long 

(up to 27 days), the final products were isolated in high enantioselectivities.33 

 

Scheme 9. Asymmetric Strecker reaction of α-trifluoromethylated ketimines catalyzed by 

cyclohexyl diamine-derived thiourea  

 

Thereafter, Zhou et al. contributed to the development of Strecker synthesis of 

acyclic trifluoromethylated amino acids.34,35,36  
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In one of the most recent works, published in 2020, the use of dual 

organophosphine catalyst and methyl acrylate as an additive, has been described 

(scheme 10).37 The first step of the reaction is a conjugate addition of the 

phosphine moiety to methyl acrylate, which generates an enolate anion and 

activates trimethylsilyl cyanide toward the nucleophilic addition.37 The selectivity 

of the reaction is controlled by the steric hindrance of the C=N bond. It was 

determined that para-methoxyphenyl imine could link to the catalyst via the N–H 

and F–H bonding, while the N-Boc imine may interact with the catalyst via O–H 

and N–H bonding, thereby affording the products in reverse configuration 

(scheme 10).37  

 

 

 

 

Scheme 10. Asymmetric Strecker reaction of N-Boc-α-trifluoromethyl ketimines 

promoted by organophosphine catalyst 
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1.3 Enantioselective Aza-Henry reaction - versatile 

approach for the synthesis of quaternary amino 

derivatives 
 

Principally, asymmetric addition of various nucleophiles to ketimines is one of the 

most important strategies for the preparation of enantiopure quaternary amino 

derivatives (scheme 11).41  

 

 

Scheme 11. Enantioselective catalyzed synthesis of amino derivatives using N-activated 

ketimines as starting material 

The generation of quaternary amino derivatives using this approach is known to 

be very demanding work and it is required a lot of time and energy for their 

synthesis.41 Therefore, the type of protecting group attached to the nitrogen of 

ketimine play an important role.41 Ketimines are less reactive than aldimines, so 

by adjusting the nature of a starting ketimine, it is possible to increase their 

electrophilicity.41  

In this PhD thesis, most of the attention will be focused on the development of 

nitro-Mannich reaction, with novel organocatalysts.  

Approximately, more than 80% of molecules containing nitrogen are present in 

pharmaceuticals, thus many biologically active compounds (anticancer, antiviral 

drugs, enzyme inhibitors) containing C-N bond have been synthetized by 

asymmetric nitro-Mannich reaction.42 This method is very useful, since nitro group 

can be easily converted to other functional groups.42 

The first catalytic enantioselective aza-Henry reaction was developed by Feng 

and his group in 2008, using a chiral N,N’-dioxide copper complex (scheme 12, 

left).43 In 2011, Wang et al. reported the first asymmetric nitro-Mannich variety 

using cyclic trifluoromethyl ketimines, promoted by quinine thiourea catalyst 

(scheme 12, right).44 In 2013, Dixon and co-workers designed powerful organo-

superbases (Bifunctional IMinoPhosphorane organocatalysts (BIMP)), and used 

them successfully in asymmetric addition of nitromethane to unactivated 

ketimines (scheme 13).45 
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Scheme 12. The first asymmetric addition of nitro compounds to acyclic and cyclic 

ketimines to generate quaternary amino derivatives described by Feng and Wang  

 

 

Scheme 13. Enantioselective aza-Henry reaction on less active ketimines developed by 

Dixon  

 

In 2014, Zhou et al. showed an efficient organocatalytic addition of MeNO2 to 

activated N-tosyl aryl α-ketiminoesters and isatin derived N-tert-butyloxycarbonyl 

(N-Boc) ketimines catalyzed by bifunctional Brønsted base/hydrogen-bond donor 

chiral catalysts (scheme 14).46 

 

Scheme 14. Asymmetric nitro-Mannich reaction on more active ketimines developed by 

Zhou and co-workers  
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Afterwards, in 2018 Fang et al. reported very similar stereoselective addition of 

nitromethane to N-tosyl aryl α-ketiminoesters, by employing bifunctional thiourea-

tertiary amine catalyst derived from quinine. Corresponding products were 

obtained in very good yields, and enantioselectivities (scheme 15).47 The 

proposed transition state model include multiple hydrogen bonding interaction 

between the catalyst and ketimines or nitromethane, (usually thiourea hydrogen 

bonding to the nitrogen of imine and oxygen of Boc protecting group, scheme 15). 

In this transition state nitromethane attack from the Re-face and forms the 

corresponding product.47  

 

 

 

Scheme 15. Asymmetric addition of nitromethane to active ketimines promoted by chiral 

bifunctional catalyst 1c  

 

As already stated above (section 1.1), fluorine containing molecules represents 

an important component of pharmaceuticals, agrochemical products and 

materials.48 Nevertheless, synthesis of stable quaternary amino derivatives 

bearing fluorine atom or trifluoromethyl group remains a big challenge.48 

Accordingly, the development of efficient and reliable methods for the 

construction of quaternary-CF3 organic molecules is still on-going.48 Thus, Duan 
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et al. recently published an article for the asymmetric aza-Henry reaction of 

acyclic aryl trifluoromethyl ketimines with nitromethane, catalyzed by a 

bifunctional phase-transfer catalyst containing multiple hydrogen bonding donors 

(scheme 16).48  

 

 

Scheme 16. Asymmetric addition of nitromethane to open-chain trifluoromethylated 

ketimines promoted by phase-transfer catalyst 

 

Although it takes a long time for the reaction to complete, this is the first example 

of asymmetric nitro-Mannich reaction to acyclic aryl trifluoromethyl ketimines.  

All the examples shown above represent the most important synthetic pathways 

on this topic.  
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Chapter 2. Continuous flow chemistry 
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 2.1 Development (heretofore) of continuous flow 

processes  
 

In the last two decades, numerous studies illustrated utility of continuous flow 

processes in the field of synthetic chemistry.50 In many cases, continuous flow 

technology has shown an advantage over traditional batch conditions, since it 

may offer less hazardous process operating conditions, higher efficiency, better 

stirring, heat and mass transfer, easier scale-up.49,50 Flow reactors have a high 

surface/volume ratio, which provides a very accurate temperature control (fast 

heating and cooling).51,54 This technique can be especially important for industries 

because it provides higher safety (possibility of running the reactions at high/low 

temperature and high pressure, reducing manual handling), possibility of 

automation, in-line purification techniques and reaction telescoping.51 

 

 

 

Figure 10. General concept of flow chemistry using microreactors52 

 

In figure 10 is shown the example of flow process using microreactors which 

exclude the manual handling/storing of toxic, reactive, or explosive chemicals. 

Reagents can be mixed at specified points along the reactor, heated, cooled, and 

quenched minimizing safety concerns.52  

In order to develop efficient continuous flow synthesis, it is necessary to know 

how to use flow parameters (such as residence time, flow rate, reactor volume, 

space-time yield, productivity, process mass intensity). All these parameters 

depend on the reactor type, specific flow set-up and it usually requires a different 

“mindset” compared to standard batch conditions.  
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2.1.1 Flow parameters 
 

Many parameters in a continuous flow processes are dependent on each other.53 

The most important flow parameters are shown below.  

 

➢ Residence time (RT) for a homogeneous liquid system can be 

calculated according to equation 1:  
 

RT = Vr (internal reactor volume) / Qt (flow rate of the feeds flowing into the 

reactor)  eq. 153 

For a packed-bed system, the residence time represents the length of time that a 

reactant solution is in contact with a catalyst, solid-supported reagent, or 

scavenger resin (eq. 2):   

RT = Void volume of packed bed reactor / Flow rate   eq. 253 

➢ Flow rate (Qt) is proportional to the internal reactor volume and can be 

calculated based on equation 3:  

Qt (mL/min) = Vr (internal reactor volume) / RT (residence time)  eq. 353 

 

Performance Metrics. The fundamental metrics in flow chemistry are conversion 

of starting material, product selectivity (product ratio), product yield, throughput, 

and space-time yield. 

 

➢ Throughput can be described according to equation 4:  

Throughput = amount of product / operation time  eq. 453 

➢ Space-time yield (STY) can be defined according to equation 5:  

  STY = product mol / reactor volume x operation time eq. 553 

➢ Process mass intensity (PMI) can be defined according to equation 6:  

  PMI = total mass used in process / mass of the product  eq. 653 

Process mass intensity is considered as primary mass-related green chemistry 

metric in batch as well in flow.53 

➢ Productivity:  

P = nprod * %Y / tcollection* 100% 

(nprod = quantitative yield of product, %Y = isolated yield; tcollection = collection time 

of the product) 
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2.1.2 General flow equipment 

 

 

 
 

 Figure 11. The common parts used in the assembly of continuous flow 

systems50,52,53 
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Figure 12. Additional regular components for the continuous flow setup50,52,53 

 

2.2 Biphasic systems in flow  
 

Biphasic reactions have shown broad application in organic syntheses, in batch 

as well as in continuous flow mode.50,51,55 One of the most common biphasic 

systems used are liquid-liquid and liquid-solid, where the reactants have different 

solubility between the two phases. Therefore, to ensure good selectivity and high 

conversion to the product, interfacial efficient mixing is very important parameter 

in this type of reactions.50,55 In flow, micro- and milli-scale flow reactors have 

proven to be very good for biphasic systems due to the small dimensions/high 

surface of the reactor, providing homogeneous heating and mass transfer.56 

 

2.2.1 Solid-liquid reactions  
 

In the continuous flow regime, solid-liquid reactions generally take place in 

packed bed reactors.50 Generally, to build packed-bed reactor, it is possible to 

use glass or stainless-steel column (such as standard HPLC column) filled with 

inert solid material, like resistant beads.51  
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The mostly used reactor beds are shown on figure 13 (left picture).50 Packed beds 

and mixed beds are the most convenient to use, due to their simple assembly 

and usage.50 Depending on the strength of the flow, this type of set up can provide 

very efficient stirring inside the reactor. In particular, these reactors have found 

significant application in heterogeneous catalysis, as a consequence of easy 

separation and isolation of the product without performing complex work up.50  

 2.2.2 Liquid-liquid reactions  

 

Different flow regimes can be found in liquid−liquid mixtures.50 Nonetheless, 

laminar and slug flow most often occur in reactions performed in microchips and 

tube reactors (figure 13, right picture).50 Low flow rates, viscous liquids and large 

channels generally produce laminar flow (there is no disruption of phase 1 and 

phase 2).50 Slug flow can be generated when the crosswise phase 2 enter the 

tube, causing a pressure increase in contact with phase 1. Thus, high pressure 

makes breakage of droplets. Iteration of this process leads to the creation of slug 

regime.50 

In biphasic flow reactions it is very important to consider the diameter of the tubes 

and the length-to diameter ratio of the flow reactor, which determines the number 

of slugs generated and therefore the interfacial area.51 

Principally, liquid-liquid reactions in flow can be divided in two groups: reactions 

promoted by phase transfer catalysts and without phase transfer catalysts.55  

In this doctoral thesis, special attention will be devoted to the asymmetric phase-

transfer catalysis in flow.  

 

 
Figure 13. The most used bed reactors (left) in solid-liquid continuous flow and different 

flow regimes in liquid-liquid flow reactions (right)50 
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2.2.3. Phase transfer catalysis in flow   

 

Scaling up of phase transfer catalysis reactions in a batch can be a challenging 

process due to various factors: reactor size and shape, stirring rate, which directly 

affects the heat and mass transfer performances, influencing the overall reaction 

rate and temperature distribution in batch reactor.56 The phase-transfer catalysis 

system is a complex system in which the catalyst constantly moves from one 

phase to another and therefore it makes the measurement of mass transfer 

problematic.59 Microreactors/packed-bed reactors and continuous flow 

technologies have shown certain advantages compared to batch conditions in 

phase transfer catalysis, in terms of better control over the process, faster mass 

and heat transfer, and shorter reaction times.59-66 The challenge in phase transfer 

catalysis is the control of drop size distribution between two phases, the size of 

the interfacial surface area, the rate of catalyst transfer, and selectivity.59 Thus, 

for the development of efficient phase-transfer catalysis in flow, many parameters 

are important, such as reactor design, aqueous and organic flow rates, the slug 

length, the diameter of the channels, residence time.59 

So far, many phase transfer reactions were described in continuous flow mode; 

nevertheless, not in a stereoselective manner. For example, in 2003 Kobayashi 

et al. illustrated very efficient phase transfer alkylation of -keto esters in a 

microchip reactor using tetrabutylammonium bromide.60 In 2006, Okamoto 

studied the influence of microchannel flow process on the reaction yield in 

alkylation of malonic ester with a phase transfer catalyst (tetrabutylammonium 

hydrogen sulfate).61 Schouten et al. demonstrated prosperous solvent-free 

continuous phase-transfer alkylation of phenylacetonitrile in a microchannel 

reactor.59  

In 2010, Buchwald and co-workers developed the usage of packed-bed reactors 

for continuous flow palladium-catalyzed C-N cross-coupling under phase transfer 

conditions (use of aqueous KOH, toluene as a reaction solvent, and 

tetrabutylammonium bromide as a phase-transfer catalyst).62 The year after, 

Šinkovec and Krajnc described phase transfer Wittig reaction in continuous flow 

using microtube reactor, carried out in slug flow regime.63 The overall reaction 

rate in microtube reactor was much higher compared to the batch reactor due to 

the higher-surface-to volume ration and faster mass transport.63   

In 2012, De Zani and Colombo reported an efficient continuous flow conditions 

for the liquid-liquid phase transfer O-alkylation of substituted phenols with alkyl 

halides, by using T-junction inlet before the reactor, to form the segmented flow. 

The target phenyl ethers were obtained in very good yields, in very short reaction 

times.64 Afterwards, Reichart, Kappe and Glasnov investigated continuous-flow 

technology for the biphasic phase transfer O- and S-alkylation of phenols and 

thiphenols.65 They tested different flow set up: a stainless-steel coil reactor, a 

packed bed reactor (filled with stainless steel beads) and a glass chip 
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microreactor. All of them showed excellent performances, showing more than 

93% conversion.65 A continuous flow process for the N-alkylation of different 

substrates based on the PTC approach has been developed by Garcia-Losada 

and colleagues.56  

However, following the aim of our project, our interest in phase transfer catalysis 

in flow is related to the asymmetric synthesis of quaternary amino acids in flow.  

As far as we know, there are scarce data in the literature about phase-transfer 

catalysis in flow for the synthesis of chiral amino acid derivatives. The only 

reported example on this topic was done by Jensen and co-workers. They have 

conducted liquid-liquid asymmetric benzylation of N-(diphenylmethylene) glycine 

tert-butyl ester by cinchonidine-derived phase-transfer catalyst in continuous 

stirred-tank reactor (CSTR), using various residence times and agitation 

intensities, to form tertiary amino acid derivatives (figure 14).57 Kobayashi et al. 

have demonstrated the use of heterogenous solid base catalyst (CsF on alumina) 

for the stereoselective continuous-flow synthesis of glutamic acid derivatives, 

however this synthesis was performed without using phase-transfer catalyst.58  

To the best of our knowledge, there is no published study for the asymmetric 

phase transfer preparation of amino acid derivatives containing a 

quaternary stereocenter under continuous flow regime.   

 

 

 

Figure 14. The first asymmetric phase transfer benzylation of glycine imine in continuous 

flow mode for the formation of chiral amino acid derivative 
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Chapter 3. Results and discussion 

Phase transfer catalysis in 

continuous flow 
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3.1 Asymmetric phase transfer benzylation - Model 

reaction 
 

As already stated in the section 2.2.3 various continuous flow technologies were 

used for the phase transfer catalysis. Many of them were tested to compare 

productivity regard to the batch conditions and syntheses were mostly performed 

without using a chiral catalyst. One of the well-known methodologies for the 

asymmetric synthesis of enantiopure amino acids featuring quaternary 

stereocenter is phase transfer catalysis (section 1.2.1).  

The use of quaternary ammonium salts (such as Corey-Lygo or Maruoka catalyst) 

for the enantioselective benzylation/allylation/Michael addition of alanine/glycine 

imine under solid-liquid or liquid-liquid phase-transfer conditions to get tertiary or 

quaternary non-proteinogenic amino acids has been developed in batch to a great 

extent in the last 3 decades (section 1.2.1). Up to know, enantioselective phase 

transfer catalysis for the synthesis of unnatural amino acids is poorly described. 

Thus, our idea was to explore this area thoroughly.  

Liquid-liquid asymmetric PT benzylation of N-(diphenylmethylene) glycine t-butyl 

ester by cinchonidine-derived phase-transfer catalyst in continuous stirred-tank 

reactor (CSTR) to obtain tertiary amino acid derivative was tested by Yiming Mo57 

and co-workers (figure 14). The same experiment was performed in our lab as 

well, to prove reproducibility. This experiment showed complete repeatability as 

it is described. In fact, following the objective of our project, we were particularly 

engaged in the development of flow processes for the synthesis of quaternary 

amino acid derivatives, using imine of alanine as model starting material (figure 

15). Herein, we are reporting two different in continuo methodologies to generate 

quaternary amino acids:     

1) Liquid-liquid phase transfer catalysis using continuous-stirred tank 

reactor (CSTR), figure 16,  

2) Solid-liquid phase transfer catalysis using CSTR (figure 17) or packed-

bed reactor figure 18.  

The most relevant experiments are presented in table 1 and 2. 
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Figure 15. Model reaction - asymmetric phase transfer benzylation of alanine imine in 

continuous flow mode for the formation of quaternary amino acid derivative 

 

3.2. Synthesis of starting material  
 

3.2.1 Synthesis of starting L-alanine imine    
 

The starting Schiff base of alanine (1) was prepared according to the procedure.94 

 

 

 

Scheme 17: Synthesis of 2-[(4-Chlorobenzyliden)amino]propanoic acid tert-butyl ester  
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3.2.2 Synthesis of phase transfer catalysts – derivatized cinchona 

alkaloids     
 

Phase-transfer cinchona catalysts (quaternary ammonium salts, 5-10) were 

synthetized according to the following procedure, starting from cinchonidine.90 

 

 

 

Scheme 18: Synthesis of different cinchonidine derived phase transfer catalysts 

 

3.3. Different continuous flow set up  
 

3.3.1 Liquid-liquid asymmetric phase transfer benzylation 
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Figure 16.  Liquid-liquid asymmetric phase transfer benzylation of L-alanine imine 
using continuous-stirred tank reactor (with the same flow rates (above) or different flow 

rates (below)) 
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3.3.2 Solid-liquid asymmetric phase transfer benzylation 
 

 
Figure 17. Solid-liquid asymmetric phase transfer benzylation of L-alanine imine using 

continuous stirred tank reactor 

 

 

 
Figure 18. Solid-liquid asymmetric phase transfer benzylation of L-alanine imine in 

packed-bed reactors (streams delivered by a syringe pump (left) or by Vapourtec flow 
system (right))  
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Miniature continuously stirred tank reactors (CSTRs) are agitated vessels with 

inlets and outlets providing intensive agitation inside the sealed miniaturized 

chamber.57,95 They are very convenient for multiphasic reactions, but also 

designed to handle reactions that involve solid precipitates.57 As already 

described, phase transfer catalysis are usually biphasic systems (liquid-liquid or 

solid-liquid), so we decided to test continuous stirred tank reactors for this 

purpose. Specially, fReactor96 (cascaded continuous stirred tank reactor) which 

contains 5 CSTR units in line, located onto a metal baseplate and placed on 

conventional laboratory hotplate-stirrer, was used for our experiments (figure 19). 

 
Figure 19. Cascaded continuous stirred tank reactor – fReactor 

 

CSTR modules are made of heat and chemical resistant materials, such as high-

performance engineering plastic PEEK (polyether ether ketone) and borosilicate 

glass cover. The total volume of the reactor is 8 mL (1.6 mL per each CSTR unit). 

To ensure efficient stirring inside the CSTR units, special PTFE cross stirrer bar 

is designed. Standard PTFE tubing (1/8" OD (outer diameter), 1/16 ID (inner 

diameter)) are used to connect CSTR modules. 
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Figure 15 (section 3.1). Model reaction - asymmetric phase transfer benzylation of 

alanine imine in continuous flow mode for the formation of quaternary amino acid 

derivative 

Asymmetric phase transfer benzylation of L-alanine imine in continuous flow for 

the formation of quaternary amino acid derivative was used as a model reaction 

(figure 15).   

The first step was performed under different reaction conditions, liquid-liquid 

(table 1), by using liquid base (50% aqueous solution of KOH) or solid-liquid (table 

2), by using solid bases such as solid KOH/K2CO3 or CsOH.H2O. In both cases 

phase transfer catalyst 4 or 10 was used to catalyze the reaction. The second 

step (figure 15), deprotection of benzylated imine to get quaternary amino ester 

3 was conducted under batch conditions.  

The reactions were monitored by 1H NMR in CDCl3, and the conversion of the 

starting material 1 into a product 2 is expressed as 1H NMR conversion.  

In the case of liquid-liquid phase transfer benzylation of L-alanine imine (figure 

16, table 1), all experiments were conducted in continuous stirred tank reactor at 

room temperature and two phases were usually separated by membrane 

separator (zaiput separation device) at the end of the process (figure 16). The 

first two volumes were usually discarded in order to achieve steady state. Due to 

the high viscosity of 50% aq. KOH solution, the suitable membrane to separate 

two immiscible phases was PTFE hydrophilic membrane (p/n: IL-2000-S10). After 
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the separation, solvents were removed, and the residue was analyzed by 1H 

NMR. In table 1, only selected number of experiments were presented, and 

different continuous flow conditions were explored (variation of residence time, 

phase transfer catalysts, flow rate of organic or water phase, ratio of solvents 

etc.). In most of the cases (entry 1-3 and 6-8, table 1), it was enough to use 1mol% 

of Maruoka catalyst 4 to promote the reaction. Application of 2 mol% Maruoka 

catalyst (entry 5, table 1) did not greatly improve the conversion to the product 2, 

but it was necessary to use bigger volume of dichloromethane to dissolve the 

catalysts, reducing the enantioselectivity of the final product 3. Due to the low 

solubility in toluene, Corey-Lygo catalyst 10 was dissolved in 4:1 mixture of 

toluene/dichloromethane (entry 4, table 1), to achieve a certain conversion to the 

product 2. Very long residence time (entry 2 and 3, table 1) showed very low 

formation of benzylated product 2, which could be explained by decomposition of 

starting imine 1 while staying in long contact with a strong base. It was observed 

that the optimal number of continuous stirred tank reactors are 3 in a row (entry 

5 or 6, table 1) or 4 in line (entry 7, table 1). Due to the instability of the product 

2, acidic hydrolysis of imine was done under batch conditions, to afford the stable 

amino ester 3 after basification (figure 15). In case of liquid-liquid phase transfer 

benzylation, determination of enantioselectivity of the final amino ester 3 was 

done for the best result obtained (entry 6, table 1).   

 

Comparison of productivity and space-time yield for liquid-liquid 

phase transfer benzylation in continuous stirred tank reactor or 

batch conditions (see section 2.1.1): 

 

 

*In-batch process was performed with 50% aq. sol. KOH to get 0.75 mmol of the product 2 (reaction 

completed in 28h) 

[a] Productivity: moles of product 2 (calculated by 1H NMR conversion, average value) divided by the 

collection time required to collect 0.75 mmol of benzylated product 2 

[b] Space-time yield: productivity divided by reactor volume 

Based on the calculation reported above, the productivity of continuous flow 

phase transfer benzylation (table 1, entry 6) was slightly better than batch 

process. However, there was no improvement in space-time yield compared to 

batch procedure due to the incomplete conversion to the product 2 (max. 40% 

conversion), as well as higher reactor volume. 



 

Table 1 (section 3.3.1).  The most relevant experiments in liquid-liquid asymmetric phase transfer benzylation of L-alanine 
imine using continuous-stirred tank reactor 

 

 

 

a flow rate of organic phase (first syringe - solution of imine, benzyl bromide and the corresponding phase transfer catalyst in toluene/dichloromethane) 

b flow rate of water phase (second syringe – 50% aqueous solution of KOH) 

c determination of ee% was done on target amino ester (3) after cleavage of imine in batch with citric acid and basification with aq. sol. of NaOH, entry 6 (20% 

yield, 91% ee) 

The experiments in table 1 are performed at ambient temperature and agitation ~1100 RPM; for the 1H NMR conversion average values of collected volumes 

(except first two to achieve steady state) are presented in table 1 



Conclusion – Liquid-liquid phase transfer benzylation in flow  
 

In summary, liquid-liquid phase transfer benzylation of L-alanine imine in flow, 

using continuous stirred-tank reactor has been performed successfully, to get 

quaternary amino acid derivative 2, in 80 min of residence time and 40% NMR 

yield (entry 6, table 1).  

 
 

In the direction of liquid-liquid flow process optimization, various flow conditions 

were applied. Herein, we summarize general observations about this continuous 

flow method: 

-As under batch conditions, low catalyst loading (1 mol% of Maruoka catalyst) 

was sufficient to run liquid-liquid phase transfer experiments in flow. 

-Higher catalyst loading (> 5 mol%) of phase transfer catalysts requires larger 

volume of dichloromethane compared to the essential solvent (toluene), leading 

to enantioselectivity decrease of target quaternary amino acid derivative 3. 

-Higher solution concentration may trigger precipitation of a catalyst and therefore 

uneven flow of organic phase through the system. 

-Longer residence time (extended up to 6h) did not improve the conversion of 

starting imine of alanine to the benzylated imine 2. 

-Liquid-liquid phase transfer process in flow showed slightly better productivity 

than batch process. Although the complete conversion of the starting material into 

the product has not been achieved (40% NMR yield), the phase transfer 

benzylation in flow was accomplished in 80 min, while in batch it was necessary 

much longer time (28h). 

-Likewise in batch syntheses, Maruoka catalyst 4 showed the best performances 

in enantioselectivity. High ee% values of the final product 3 were observed in flow 

(entry 6, table 1, 91% ee), which is in accordance with batch experiments 

described in section 1.2.1. 
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Solid-liquid phase transfer conditions imply the use of a solid base to do 

deprotonation of alanine imine. We applied two different ways:  

1) use of HPLC column to pack to solid base inside with auxiliary mixer such 

as glass beads, sand, or PTFE boiling stones (table 2),  

2) use of continuous stirred tank reactor which serves as a reactor, but also 

as a mixer.  

In the first case, standard stainless steel HPLC columns (different dimensions 

depending on the reaction scale) equipped with frit and endcaps from both sides 

are filled with solid base (grounded mixture of KOH and K2CO3 or CsOH.H2O as 

a solid) and additional inert solids (sand, PTFE boiling stones or glass beads). 

Glass beads, sand or PTFE boiling stones have dual role. This inert material may 

enhance mixing inside the reactor, but also decrease the pressure inside the 

column. Without those fillers a huge pressure can be generated inside the reactor 

due to the very small particles of solid base and it can stop the flow of the reaction. 

The organic phase (solution of imine, benzyl bromide and phase transfer catalyst 

in toluene/dichloromethane) is delivered by syringe pump (figure 18, left) or 

Vapourtec pump (figure 18, right) through the reactor (HPLC column), with certain 

flow rates. For example, from entry 9 to 15 (HPLC column, L15 cm x OD 6 mm x 

ID 4.6 mm), organic phase was delivered to the reactor by syringe pump, while in 

entry 16 and 17 (HPLC column, L 25 cm x OD 6 mm x ID 4.6 mm), as well entry 

18 (HPLC column 30 cm x 7.8 mm), organic phase was delivered to the reactor 

by Vapourtec flow system. The 1H NMR conversion to the product 2 of the 

experiments in table 2, is expressed as an average value of collected volumes 

(except first two to achieve steady state). 

The reaction occurs inside the reactor and the residence time is calculated based 

on the time contact between the solid base and the liquid organic phase. In table 

2, various packed-bed continuous flow conditions are reported (using Maruoka or 

Corey-Lygo catalyst, applying different residence times and flow rates, 

concentrations of organic phase, ratio of solvents, solid bases as well as auxiliary 

mixers). As inert solid, which can serve as a stirrer inside the packed-bed reactor 

were used PTFE boiling stones, sand, or glass beads. In some cases, additional 

devices such as ultrasonic bath (entry 11, table 2) or orbital shaker (entry 12, 

table 2) were tested with the aim to enhance mixing. Unfortunately, under these 

conditions, conversion to the product 2 was very low (up to 22%). Only using 

PTFE boiling stones gave better results in conversion (entry 13, table 2), but still 

not satisfactory considering higher amount of Maruoka catalyst (5 mol%). 

Interestingly, when using Corey-Lygo catalyst higher volume of dichloromethane 

is required due to the low solubility of the catalyst in toluene (entry 14 and 15, 

table 2). Comparable conversion to the product 2 was observed with 40 min and 

66 min of residence time. As expected, lower enantioselectivity of the target 

amino ester 3 was obtained, after cleavage of benzylated imine in batch (figure 

15). 1 mol% of Maruoka catalyst is enough to be dissolved by toluene. In 

combination with very strong solid base CsOH.H2O, relatively good conversion to 
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the benzylated imine 2 was obtained, 47% in 10 min of residence time (entry 16, 

table 2). CsOH.H2O is highly hygroscopic, thus reactor packing must be done very 

fast. As described in batch conditions, for this type of the reaction toluene is a 

solvent of choice which provide very high enantioselectivity, 93% ee. Glass beads 

proved to be much better mixers inside the packed-bed reactor than PTFE boiling 

stones (table 2). Interesting results were observed with lower amount of the solid 

base (entry 17, table 2) and very concentrated solution of reagents. 15 min of 

residence time was enough to achieve 60% conversion. Lower reaction 

temperature (-15 oC, entry 17, table 2) noticeable increased the enantioselectivity 

of amino ester 3 (72% ee). Huge excess of the solid base and very concentrated 

organic solution led almost to the complete conversion in 30 min of residence 

time (entry 18, table 2). As already stated before, for such concentrated solutions 

more polar solvent must be used to dissolve reagents and the catalyst. Therefore, 

low enantioselectivity was detected (56% ee). Phase transfer reactions 

performed in packed bed reactor showed that the more concentrated solutions 

give better conversion to the product. Nevertheless, this can cause solidification 

of the catalyst, especially the Corey-Lygo catalyst 10. To achieve good efficiency, 

catalyst 10 usually required higher loading (up to 10 mol%). Thus, higher amount 

of the catalyst leads to precipitation of the catalyst in toluene. Addition of 

dichloromethane can overcome this problem; however, decrease in 

enantioselectivity was detected at room temperature (entry 15 and 18, table 2).  

In the second case (figure 17), solid base and phase transfer catalyst were placed 

in three CSTR units uniformly. The same syringe pump was used to pump the 

solution of benzyl bromide in toluene (the first syringe) as well as the solution of 

starting imine (the second syringe) into the CSTR units filled with the solid. During 

the reaction, a lot of gas has been generated in the tube (CO2 bubbles). The solid 

inside the CSTR has blocked the holes in the reactor, so collected fractions were 

not representative. One of the accompanying problems was also emersion of 

solid outside of the tubes and CSTR units. To prevent clogging of a solid in the 

reactor, the holes in each CSTR were secured with Millipore membrane filters. 

To inhibit the formation of bubbles in the tubes, in another experiment, the mixture 

of solid base KOH/K2CO3 was replaced just with solid KOH. Unfortunately, these 

modifications did not reduce the pressure generation and solid output. 

Nevertheless, strong mixing of solid base and the catalyst also leads to the 

creation of a very fine solid and therefore causes blocking of syringe pump, 

clogging and overpressure formation. Accordingly, use of packed bed reactor was 

the right choice to deal with solids (solid-liquid phase transfer benzylation) and 

the flow set up for liquid-liquid phase transfer catalysis was more convenient in 

continuous stirred tank reactors.   
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Comparison of productivity and space-time yield for solid-liquid 

phase transfer benzylation in packed-bed reactor or batch 

conditions (see section 2.1.1): 

 

 

*In-batch process was performed with solid base 5.0 equiv. K2CO3 / 5.0 equiv. KOH to get 0.75 mmol 

of the product 2 (reaction completed in 3h) 

[a] Productivity: moles of product 2 (calculated by 1H NMR conversion, average value) divided by the 

collection time required to collect 0.75 mmol of benzylated product 2 

[b] Space-time yield: productivity divided by reactor volume 

 

Compared to batch process, solid-liquid phase transfer benzylation reveals much 

higher advantage in terms of productivity and space-time yield. Apparently, entry 

17, table 2 has shown substantial increase of productivity (x25) and space-time 

yield. Although showing lower conversion, even in case of entry 16 table 2, a 

significant increment of productivity was observed (x17) in comparison to batch 

solid-liquid phase transfer benzylation. In entry 15, slight improvement in 

productivity was measured while entry 18 showed up to 6x higher productivity 

compared to the batch conditions.  

 

 

 

 

 

 

 

 



Table 2 (section 3.3.2).  The most relevant experiments in solid-liquid asymmetric phase transfer benzylation of L-alanine 

imine using packed-bed reactor 

 

 

a flow rate of organic phase (solution of imine, benzyl bromide and the corresponding phase transfer catalyst in toluene/dichloromethane) 

b solid base (the same equivalents of KOH and K2CO3) are finely grounded and packed inside the HPLC column, which serves as packed-bed reactor 

c determination of ee% was done on target amino ester (3) after cleavage of imine in batch with citric acid and basification with aq. sol. of NaOH, entry 15 (23% 

yield, 52% ee), entry 16 (<20% yield, 93% ee), entry 17 (<15% yield, ~72% ee), entry 18 (<30% yield, 56% ee) 

d Entry 16 – reaction temperature 0 oC (the HPLC column was placed vertically in the ice bath); Entry 17 – reaction temperature -15 oC (the HPLC column was 

placed vertically in the cooling bath ice/NaCl). The other experiments were performed at ambient temperature. 



Conclusion – Solid-liquid phase transfer benzylation in flow 
  

Solid-liquid continuous flow experiments are summarized in table 2. Different 

reaction conditions were tested in flow, using various reactors to perform phase 

transfer benzylation.  

Here are reported main conclusions:  

-Solid-liquid phase transfer benzylation showed the same trend in terms of 

enantioselectivity (much better enantioselectivity was observed with Maruoka 

catalyst, entry 16, table 2). This result showed comparable enantioselectivity with 

described experiments in batch (section 1.2.1.). 

-Regarding the conversion of imine 1 to benzylated imine 2 (figure 15), much 

faster transformation was achieved under solid-liquid flow conditions, up to 47% 

NMR conversion with Maruoka catalyst 4 in 10 min of residence time (entry 16, 

table 2). 

 

-Solid-liquid phase transfer benzylation tested in continuous stirred-tank reactor 

resulted in unsuccessful outcome, due to the clogging and overpressure 

generation inside CSTR units. 

-Operating at lower temperatures (-15 oC, table 2, entry 17) can enhance 

enantioselectivity of the product, even when using a larger volume of DCM as a 

solvent. 

-As a mixer, glass beads exhibit the best mixing properties inside packed-bed 

reactor. 

-Significantly higher concentration of solution (up to 0.35 M), boost the conversion 

to the target quaternary amino acid derivative 2. 

-In the case of cinchona phase transfer catalyst 10, higher catalyst loading is 

required (up to 10 mol%), and therefore larger volume of DCM to dissolve the 

total amount of the catalyst. These experiments demonstrate the influence of the 

selected solvents on the enantioselectivity of the target product.   

Solid-liquid phase transfer benzylation in packed-bed reactor on a model reaction 

(figure 15), showed much higher productivity compared to batch synthesis (up to 

17 times more, table 2, entry 16), while preserving the high ee% of the target 

quaternary amino ester 3. There is no significant loss in ee% values of the final 

product 3. 
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Chapter 4. Chiral Organosuperbases 
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4.1 The history of the development of organosuperbases  
 

Chiral organosuperbases are defined as a chiral organic molecular entity capable 

of abstracting protons. In the first step, they can capture a proton from acidic 

pronucleophiles and generate a carbanion. Consequently, the corresponding 

protonated catalysts can interact strongly with the carbanion through hydrogen 

bonding or electrostatic interaction. Furthermore, chiral organobase catalysts 

bearing another functional group besides base site may demonstrate dual 

functionalization, activating the pronucleophiles and electrophiles 

simultaneously.66  

The use of a chiral Brønsted base to mediate the enantioselective reactions has 

a long history. In early 1912, Bredig and Fiske reported the first example of the 

hydrocyanation to aldehydes with quinine or quinidine, although generating the 

desired products in less than 10% ee.68 At that time, it was possible to 

deprotonate substrates with a low pKa. As time passed, it becomes more 

challenging for the direct deprotonation of pronucleophiles bearing a less acidic 

proton.68 Immense efforts by different research groups led to various interesting 

modifications of the cinchona alkaloid scaffold (figure 20).67 The major changes 

in the structure of the chiral catalysts occurred due to the inability to activate 

pronucleophiles with high pKa values by using conventional chiral tertiary amines 

(among them cinchona alkaloids).68 To overcome this great challenge, a novel 

chiral Brønsted superbases, including amidines, guanidines, 

cyclopropenimines, and iminophosphoranes have been developed in the last 

two decades.67 The advantage of these powerful superbases opens new 

opportunities for developing more demanding asymmetric transformations of 

weakly acidic pronucleophiles.67,68 
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Figure 20. The development of the design of chiral Brønsted bases in the last decades67 

The use of chiral organosuperbases have shown many advantages, such as: 

good solubility in organic solvents, good resistance to moisture, the possibility of 

expanding the scope of substrates with higher pKa values, decreasing the 

catalyst loading and reaction time, great chance to perform C−C and C−X (X = 

O, N, P, S, Br) bond formation reactions with high levels of stereocontrol, 

promotion of enantioselective reactions without using co-catalyst or metal ions.68 

As illustrated in figure 21, the basicity increases with the number of substituted 

nitrogen functions at the same carbon, due to the growing number of isoelectronic 

forms of the   corresponding conjugate acids.68 For example, phenyl groups on 

the imino nitrogen have a big effect to the basicity of triaryliminophosphorane. 

The incorporation of electron-donating group (such as p-OMe) into the benzene 

ring leads to a significant increase in basicity.68 
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Figure 21. The basicity of organobases (pKBH+ values in CH3CN)68 

 

 

 

Figure 22. Selected examples of pronucleophiles with high pKa values. (pKa values in 

DMSO)68 

 

4.1.1 Amidines 
 

Amidine superbase can be formed by introducing an imine function group to the 

α-carbon of amine, and guanidine carries one more nitrogen atom based on 

amidine. In 2005, Tsogoeva and co-workers synthetized a novel bifunctional 

chiral Brønsted base S1 bearing an imidazole and a thiourea group. Amidine type 

superbase showed high efficiency in promoting the Michael addition of acetone 

to trans-β-nitrostyrene with enantioselectivity up to 87% ee (figure 23).68 
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Figure 23. Enantioselective Michael addition of acetone to trans-1-nitro-2-

phenylethylene promoted by amidine superbase 

 

4.1.2 Guanidines 
  

Guanidines are a class of organosuperbases which have been screened in 

different research areas of chemistry, such as auxiliaries, organocatalysts in 

organic synthesis, ligands in coordination chemistry and homogeneous 

catalysis.70 The peculiar property of guanidine is the strong basicity coming from 

the formation of a conjugated planar guanidinium system after protonation, in 

which the positive charge could be delocalized over the three nitrogen atoms.70 

Guanidine [(NH2)2C=NH] was isolated for the first time by Strecker via the 

oxidative degradation of guanine in 1861, and pioneering studies for the 

development of guanidines and derivatives was done by Nájera and Davis groups 

in the 1990’s.69,70 From 1996 to 1999, Corey and Grogan as well as the Lipton’s 

group have contributed to the development of structurally diverse chiral 

guanidines and their use as effective chiral organocatalysts.69  

Figure 24 represents a selection of chiral guanidine organocatalysts which can 

be classified as bicyclic, monocyclic, and acyclic molecules.69 Many groups 

reported wide applications of chiral guanidines. For example, in 2001 Ishikawa 

and co-workers showed the use of monocyclic type guanidine to deprotonate 

glycine imine and catalyze asymmetric Michael addition to ethyl acrylate under 

solvent-free condition.68 It was not possible to perform this reaction by using only 

quinine, which can be explained by its low basicity. Kobayashi et al. used the 

same type of the catalysts for the catalytic asymmetric imine−imine cross-

coupling reaction based on an umpolung strategy.68 Feng, Lui and their group 

implemented   bifunctional C1-symmetric guanidine organocatalyst in an 

asymmetric vinylogous Michael reaction.68 Many other applications were reported 

but it is also documented that it is not easy to introduce chiral groups around the 

guanidine, so these compounds appear to be very difficult to isolate.69  
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Figure 24. Classification of guanidines based on their difference in the structure 
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4.1.3 Cyclopropenimines 

 

Cyclopropenimine organosuperbases possess one imino group and two amino 

groups. Based on experimentally measured pKBH+ values of superbases (figure 

21), it can be stated that cyclopropenimines have stronger basicity than amidine 

and guanidine, because its conjugated acid could be stabilized by three nitrogen 

ione pairs and aromatic cyclopropenium cation (figure 25, left).66,68  

In 2012, Bandar and Lambert reported experimental confirmation indicating that 

the basicity of cyclopropenimine is almost equal to the P1-phosphazene (pKBH+ 

(in MeCN) ~ 27).68  

A few applications of cyclopropenimines in asymmetric catalysis were 

published.66,68 Lambert and his co-authors designed chiral cyclopropenimines 

(figure 25, right) by using (S)-2-amino-3-phenylpropan-1-ol or alternative chiral 

primary amines to introduce chirality within the molecule. Afterwards, his group 

described the application of chiral cyclopropenimines bearing additional hydroxyl 

group and N-cyclohexyl groups in asymmetric Michael reaction of glycine imine 

with methyl acrylate (figure 26, above).66,68 Deprotonation of glycine imine with 

cyclopropenimine gives an ion pairing species while the hydroxyl group of the 

catalyst activates methyl acrylate via hydrogen bonding (figure 27).66 In 2016, 

Jørgensen and co-workers applied for the first time the chiral cyclopropenimine 

to the asymmetric [3+2] cycloaddition of 2-acyl cycloheptatrienes with azomethine 

ylides (figure 26, right). They proved as well that cinchona alkaloids were not 

effective enough to promote this asymmetric transformation. 

 

 
 

Figure 25. Selected chiral cyclopropenimines 
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Figure 26. Selected asymmetric organocatalytic reactions promoted by 

cyclopropenimines 

 

 
Figure 27. Transition state of cyclopropenimine catalyzed enantioselective Michael 

reaction of glycine imine with methyl acrylate 
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4.1.4 Iminophosphoranes 

 

Iminophosphoranes are part of organosuperbases family and they can be divided 

in three main groups (figure 28).67 Type 1 (chiral spiro cyclic system) and type 3 

(chiral open chain system) superbases belong to phosphazene bases which are 

characterized by the presence of P (V) atom bonded to three amines and one 

imine group.68 Schwesinger’s phosphazenes are well-established and 

commercially available N-superbases and are among the most active steric 

hindered superbases.72 Initial structure was first proposed by Schwesinger in 

1985 and the chiral phosphazenes were prepared in 2007 by Ooi and co-

workers.68 So far, type 1 organosuperbase found application in different 

asymmetric reactions such as: Henry reaction, Pudovik reaction, asymmetric 

oxidation of N-sulfonyl imines, direct aldolization of -benzyl--

hydroxyphosphonoacetate, Michael reaction of nitroalkanes with olefinic 2-

phenyl-1H-tetrazol-5-yl sulfones, asymmetric conjugate addition of azlactones to 

methyl propiolate etc.67 The type 3 superbases possess a source of chirality within 

amide moieties of the catalysts (P-N single bonds). The basicity of these systems 

was predicted to be approximately pKBH+=35–37. 

Type 2 organosuperbases were developed in 2013 by Dixon and his group.45 

They designed novel, bifunctional iminophosphorane organocatalysts which have 

dual role. They act as a Brønsted base (basic nitrogen of -N=P functional group), 

but also as a hydrogen bond donor (thiourea or urea moiety). By constructing 

such a catalyst, it is possible to perform double activation of both pronucleophile 

(via deprotonation) and electrophile (via H-bonding interactions).67  

 

 
Figure 28. Classification of iminophosphorane organocatalysts 
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4.2 Synthesis of Bifunctional IMinoPhosphoranes 
 

The great demand for new and efficient organocatalysts led the scientific 

community to search for a solution to perform challenging asymmetric syntheses. 

Thus, in 2013 Dixon and his group designed and developed novel acyclic amino 

acid derived bifunctional iminophosphorane organocatalyst, which showed great 

potential for the synthesis of many chiral compounds that were previously very 

difficult to achieve.45 That was a key stage for the further development of similar 

catalysts with enhanced properties, depending on the performed asymmetric 

synthesis. Commonly, all iminophosphorane organocatalysts developed by Dixon 

et al. are derived from the corresponding chiral natural or unnatural amino acids 

(D or L-tert-leucine, D or L-valine, D or L-phenyl glycine, D or L-phenyl alanine).  

Subsequent synthetic steps include: 1) reduction of carboxylic group to the 

corresponding alcohol; 2) protection of amino group (Boc or Fmoc); 3) conversion 

of hydroxy group to a leaving group; 4) formation of azide; 5) construction of 

thio(urea) azide from the isothiocyanate or isocyanate. The synthesis of the final 

iminophosphorane organocatalyst is performed via Staudinger reactions between 

chiral organoazide and commercially available phosphine, releasing nitrogen as 

the only byproduct (figure 29).45,73,74  

The Staudinger reaction was discovered in 1919112, and it is described as a two-

step process. The first step involves nucleophilic attack of phosphorus atom 

coming from the corresponding phosphine to the terminal nitrogen of an azide113, 

generating phosphazide intermediate. The consecutive extrusion of a nitrogen 

molecule yields the iminophosphorane (figure 29). 

In order to apply this type of bifunctional organocatalysts in different 

enantioselective reactions, the authors (Dixon and co-workers) were enforced to 

design different catalyst structures, due to the diverse activation modes in 

individual asymmetric reactions. Thus, bifunctional iminophosphorane catalyst 

can be divided in two groups: 1) catalysts bearing one stereocenter (scheme 19 

and 20)45,76,79 and 2) catalysts bearing two stereocenters (scheme 21 and 

22).74,77,78   
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Figure 29. Standard Staudinger reaction for the formation of bifunctional 

iminophosphorane organocatalysts 

 

4.3 Application of Bifunctional IMinoPhosphoranes in 

enantioselective reactions  
 

Many bifunctional Brønsted base catalysts were reported by the groups of 

Takemoto, Deng, Chen, Soós, Connon, Rawal, Hiemstra, Pedrosa, Berkessel, 

Jacobsen, and used in enantioselective addition reactions.73 Their unique 

features lie in the fact that they possess basic moiety (Brønsted base part of the 

molecule) but also H-bond donor group which is crucial for reactivity and 

stereocontrol (via transition structure stabilization).73 

However, Dixon and his co-authors pointed out some limitations of certain 

bifunctional organocatalysts. For instance, cinchona based, and Takemoto type 

bifunctional tertiary amine catalysts have proven to be air stable and easy to 

handle but the accessible pronucleophile range is quite limited.73 On the other 
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hand, guanidine and phosphazene superbases enable access to high pKa 

pronucleophiles; nevertheless, their synthesis is complex, they are difficult to 

isolate, store and handle.73 Therefore, Dixon and co-workers made a great 

progress on this topic. They designed bifunctional iminophosphorane catalysts 

(BIMP), that cover all the limitations listed above. The key properties of BIMP that 

should be emphasized are high tunability and stability, access to high pKa 

pronucleophiles, easy handling and synthesis, resistance to air and moisture.73 

The high activity of the BIMP catalysts was demonstrated in the 1,2-addition 

reactions (Mannich reaction of nitromethane to low electrophilicity N-

diphenylphosphinoyl-protected ketimines (scheme 13)45, Michael addition of 

malonates to nitro-styrene by employing catalyst immobilization on polystyrene 

support (scheme 19)79, direct aldol addition of aryl ketones to α-fluorinated 

ketones (scheme 20)76), 1,4-addition reactions (enantioselective sulfa-Michael 

to α-substituted acrylate esters (scheme 21)77), enantioselective prototropic 

shift reactions (1,3-prototropic shift of γ,β-unsaturated cyclohexenones 

(schemes 22a/b)78), and even in the total synthesis of (-)-nakadomarin A.80 

 

 

Scheme 19. 1,2 addition - enantioselective Michael addition of malonates to nitro-

styrene promoted by BIMP bearing one stereocenter 
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Scheme 20. 1,2 addition - enantioselective aldol addition of aryl ketones to α-fluorinated 

ketones catalyzed by BIMP bearing one stereocenter 

 

 
 

Scheme 21. 1,4 addition - enantioselective sulfa-Michael reaction to α-substituted 

acrylate esters promoted by BIMP bearing two stereocenters 

 

Dixon and co-workers investigated the mechanistic pathway of prototropic shift 

reactions (scheme 22a), corroborated by computational analysis. Transition 

structures of γ,β-unsaturated cyclohexenones undergo successive α-

deprotonation and γ-reprotonation by BIMP catalyst (see Gibbs energy profile 

shown in scheme 22b). The reprotonation is the rate- and enantio-determining 

step due to the higher energy.  Likewise, the bifunctional catalyst engages the 
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substrate oxygen with a dual H-bonding interaction from both thiourea N-H 

protons and the iminophosphorane, which participates as proton acceptor/donor. 

It was found that the preferred transition state is S (it has less torsional strain and 

less 1,3-allylic strain), which was consistent with experimental data.  

 

 
Scheme 22a. Prototropic shift reactions - 1,3-prototropic shift of γ,β-unsaturated 

cyclohexenones catalyzed by BIMP bearing two stereocenters 
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Scheme 22b. Prototropic shift reaction - Gibbs energy profile (kcal mol-1) showing 

deprotonation and reprotonation steps (M06-2X+D3/def2-TZVP) 
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Chapter 5. Results and discussion 

Synthesis of iminophosphorane 

catalysts and their use in 

asymmetric reactions 
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Guided by the excellent work of scientists in the field of organocatalysts 

development directed us to continue our research in that sequence and contribute 

to the field of green chemistry. The synthesis of efficient, metal-free 

organocatalysts able to promote more challenging asymmetric reactions is still 

one of the relevant issues in synthetic organic chemistry. In the last 20 years, 

great movement has been made in that area, especially in terms of stability and 

isolation of organocatalysts, as well as their applications in enantioselective 

reactions. In particular, bifunctional iminophosphorane organocatalysts have 

shown great potential in their basicity, modular design and tunability. The 

synthesis of this relatively new class of superbases was introduced by Dixon and 

his group.45,73-80 The dominance of these catalysts is reflected, among other 

things, in their easy modifications, by using available and environmentally friendly 

chiral amino acids as starting material.  

Here, in this PhD thesis we reveal a new design within the iminophosphorane 

scaffold by employing more electron-rich achiral or chiral phosphines and chiral 

amino acids (L-tert-leucine, L-phenylglycine, D-phenylglycine) for the synthesis 

of chiral organoazide moiety. 

Various iminophosphorane organocatalysts will be described, with modified parts 

of the molecule such as hydrogen bond donor moiety (urea or thiourea) or 

phosphine unit. Changing the nature of the catalyst may help to understand the 

interaction between the catalyst and the substrate in asymmetric reactions. We 

also investigated the role of electron withdrawing groups on thiourea or urea 

phenyl ring as well as the influence of very electron rich phosphines used to 

synthetize the final, target iminophosphorane organocatalysts.    

Moreover, the application of new iminophosphorane organocatalysts in 

enantioselective aza-Henry reaction and Mannich reaction of malononitrile to 

ketimines to construct quaternary amino or amino acid derivatives will be 

depicted. 
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5.1 Synthesis of Bifunctional IMinoPhosphorane 

organocatalysts (BIMP) bearing one stereogenic center 
 

5.1.1 Synthesis of BIMP derived from (R)-(−)-2-Phenylglycine 
 

Synthesis of the bifunctional iminophosphorane organocatalysts 17 and 25 

(section 5.1.2) were prepared for the first time in 2013 by Dixon and co-workers.45 

This type of catalysts, bearing one stereocenter, belong to the first class of 

iminophosphoranes and they are successfully used in asymmetric nitro-Mannich 

reaction of nitromethane with low active N-diphenyl-phosphinoyl ketimines.45 

 

 
Scheme 23. Synthesis of BIMP bearing one stereocenter derived from D-2-

Phenylglycine (11) proposed by Dixon45 

 

The synthesis of the iminophosphorane catalyst 17 or 25 is initiated using the 

corresponding chiral amino acids (11 or 18, respectively), which introduce a 

stereogenic center into the molecule. In their case (scheme 23), sodium 

borohydride/iodine reduction was used to generate the amino alcohol 12.97 In 

order to convert hydroxy group to the target azide 15, they had to perform 
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protection of amino group by using di-tert-butyl decarbonate ((Boc)2O) and 

triethylamine in tetrahydrofuran (THF) at room temperature, which is 

straightforward procedure for Boc protection of primary amines.98 N-Boc 

protected amino alcohol 13 was transformed into leaving group (tosylate 14), 

which facilitated the preparation of azide 15. The isolated azide 15, after Boc 

deprotection with trifluoroacetic acid (TFA) was coupled with 3,5-

bis(trifluoromethyl)phenyl isothiocyanate under mild conditions to get 

thioureazide 16, a stable and important intermediate for the synthesis of the final 

iminophosphorane organocatalyst.45 The formation of the target catalyst 17 was 

achieved via Staudinger reaction between compound 16 and tris(4-

methoxyphenyl) phosphine by stirring in diethyl ether at room temperature.45 

We applied the same synthetic pathway to synthetize catalyst 17, starting from 

corresponding alcohol (12). For the formation of better leaving group, we 

synthetized mesylate (14a) instead of tosylate (14) proposed by Dixon. A small 

modification was done in the synthesis of Boc-protected aminoazide (15). This 

step was performed at higher temperature (65 oC) in dimethylformamide (DMF), 

and the intermediate 15 was isolated in higher yield (86%) after 16h.   

 

5.1.2 Synthesis of BIMP derived from L-tert-leucine possessing 

thiourea moiety 
 

 

Scheme 24. Synthesis of BIMP 25 bearing one stereocenter derived from L-tert-leucine 

(18) proposed by Dixon45 
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As in the scheme 23, the same strategy of the first two synthetic steps was applied 

to obtain N-Boc protected L-tert-leucinol 20. Nevertheless, different approach 

was designed for the synthesis of azide 23. Mitsunobu amination of alcohol 20 

with phthalimide yielded phthalimidocarbamate 21 in 85% yield. Hydrazinolysis 

of the phthalimide completed the synthesis of the N-Boc protected diamine 22.45 

In the last step of azide 23 synthesis, diazotransfer reagent, imidazole-1-sulfonyl 

azide hydrochloride was applied to introduce azide group.45 The last two steps to 

get thiourea-azide 24 and catalyst 25 were performed under the same conditions, 

as previously described in scheme 23.  

 

 
Scheme 25. Proposed redesign of the synthetic pathway of catalyst 25 

 

In order to reduce the number of synthetic steps, chemical waste and the cost of 

the process, the synthesis of the iminophosphorane catalyst 25 was revised. 

According to our experience, the reduction of L-tert-leucine with lithium aluminum 

hydride provided better yield of amino alcohol 19 and cleaner reaction.98 

Synthesis of phthalimide 21, hydrazinolysis and conversion of diamine 22 to  
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N-Boc azide 23 by employing diazotransfer reagent (scheme 24) proposed by 

Dixon has been replaced by the formation of mesylate 20a followed by 

nucleophilic attack of NaN3 to obtain compound 23 (scheme 25).  

In such manner, we avoided the use of phthalimide, diethyl azodicarboxylate 

(DEAD, toxic and shock sensitive chemical), hydrazine (the National Institute for 

Occupational Safety and Health (NIOSH) lists it as a “potential occupational 

carcinogen”) and imidazole-1-sulfonyl azide hydrochloride, potentially explosive 

and sensitive reagent. Several safety issues regarding the preparation, storage 

and use of imidazole-1-sulfonyl azide hydrochloride have been indicated by 

Goddard-Borger and Stick.101  

Anyhow, synthesis of organic azides can be very risky, depending on the ratio 

between carbon, oxygen, and nitrogen atoms within the molecule. Therefore, they 

should be considered and handled as explosive materials, regardless of the 

synthetic route used. Thus, following the rule (C+O)/N<3, it is possible to predict 

whether there is a risk of decomposition for azido compounds.99 In case of azides 

15 (scheme 23) and 23 (scheme 24 and 25), this ratio is higher than 3, which tells 

us there is less chance to cause an explosion.  

When the synthesis of azide 23 (scheme 25) was carried out from the 

corresponding mesylate 20a, all safety measures were applied. This step was 

first tested in milligram scale, to determine the sensitivity of the reaction outcome. 

During the experimental setup, the screen of the fume hood was always kept 

closed and used additional blast-shield. Plastic spatulas were used instead of 

metal ones because they transfer stronger mechanical stress to the material.99 

All acid sources were eliminated before setting up the reaction due to the 

possibility of hydrazoic acid formation. During the work up, excess of sodium 

azide was deposited as basic solution (pH=8 or 9) due to the reasons mentioned 

above. In order to decrease the mechanical stress, the final product, azide 23, 

was isolated as a solid with smaller particle sizes. The last two steps of the 

synthesis (access to the molecule 24 and 25) were completed according to 

Dixon’s procedure.45 
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Figure 30. Physical appearance of certain intermediates in catalyst 25 synthesis  

 

 

 

Scheme 26. Synthesis of the catalyst 27 bearing thiourea phenyl ring without electron 

withdrawing groups 
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The synthesis of bifunctional iminophosphorane catalyst 27 was done in order to 

understand the effect of a different phenyl rings on thiourea hydrogen bond donor 

part of the molecule. The first catalyst synthetized by Dixon (25, scheme 24) 

contains trifluoromethyl groups in 3,5 positions of thiourea phenyl ring. The 

catalyst 27 was prepared in similar way by using phenyl isothiocyanate as 

electrophile in the reaction with previously synthetized N-Boc aminoazide 23. The 

last step was performed between thiourea azide 26 and tris(4-methoxyphenyl) 

phosphine to afford catalyst 27, which doesn’t have electron withdrawing groups 

on the phenyl part.  

 

 

 

5.1.3 Synthesis of BIMP derived from L-tert-leucine possessing 

urea moiety 
 

 
Scheme 27. Synthesis of the catalyst 29 bearing urea moiety without electron 

withdrawing groups on phenyl ring 

 

 

The catalyst 29 was obtained by nucleophilic attack of aminoazide 32 (after Boc 

deprotection of 23 with trifluoroacetic acid) to phenyl isocyanate to get first urea-

azide 28, which is further coupled with tris(4-methoxyphenyl) phosphine. The final 

catalyst 29 was isolated in 60% yield (scheme 27).  
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Scheme 28. Synthesis of the catalyst 34 bearing urea moiety with electron withdrawing 

groups on phenyl ring 

 

The synthesis of iminophosphorane catalyst 34 was accomplished in small scale 

due to the toxicity of triphosgene. The synthetic route started from commercially 

available 3,5-bis(trifluoromethyl)aniline 30, which was reacted with 

bis(trichloromethyl) carbonate (BTC) to form reactive 3,5-bis(trifluoromethyl) 

isocyanate 31 in situ. Without isolation, intermediates 31 and 32 were mixed and 

stirred for 18h to afford urea-azide 78 in good yield. Like in the scheme 26, the 

last step was performed with the same phosphine and the catalyst 34 was 

isolated after 24h stirring in diethyl ether, at room temperature. The yield of the 

target compound was quite lower (35%) compared to the other catalysts, due to 

the very small-scale reaction (scheme 28). 
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5.1.4 Synthesis of BIMP derived from L-tert-leucine and electron 

rich phosphines 
 

Up to now, Dixon and co-workers have mainly modified and redesigned 

organozide scaffold (for example 16, 24, 26, 28), while in the last step of the 

catalyst synthesis (Staudinger reaction) they predominantly used 

triphenylphosphine or tris(4-methoxyphenyl) phosphine. According to the 

literature research, no data has been published on the use of more electron rich 

and steric hindered phosphines to generate iminophosphorane organocatalysts.  

Correspondingly, our hypothesis of using different series of monophosphorus 

ligands such as oxaphosphole-based phosphine (BIDIME) or acyclic biphenyl 

phosphine (SPhos) to generate novel iminophosphoranes has resulted in 

obtaining the new catalysts 35 and 36, respectively (scheme 29).  

 

 
 Scheme 29. Synthesis of the catalysts 35a/b and 36a derived from L-tert-leucine 

organoazide and more electron rich phosphines (BIDIME and SPhos) 
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Initially, the first attempt to synthetize these two catalysts (scheme 29) was done 

under standard Dixon’s conditions (stirring of organoazide and the corresponding 

phosphine in diethyl ether at room temperature). It is important to emphasize that 

the synthesis of the catalyst 36 shown peculiar performance, depending on the 

solvent and temperature used for their synthesis. According to the published 

calculations done by Rzepa et al.113 as well our analysis (see experimental part), 

we found out that experiment performed at room temperature led to the formation 

of phosphazide intermediate 36b. Although these species usually are not stable, 

due to the very fast conversion to iminophosphoranes, some phosphazide have 

been isolated. The stability of the phosphazide depends on their nature. 

Accordingly, the presence of electron donating and bulky substituents on 

phosphorus atom as well possible hydrogen bonding within the molecule makes 

them more stable.113,114 For the formation of N=P bond via nitrogen loss, based 

on the reported X-ray data, s-cis configuration of phosphazide central N-N bond 

is required (figure 29). These structural data explain easier ring closure to 4-

membered transition state necessary for nitrogen elimination, which is difficult to 

perform in s-trans configuration.114 Our analysis also confirmed the same 

behavior of SPhos (more electron rich and steric hindered phosphine) in the 

reaction with organoazide 24. It is assumed that the phosphazide intermediate 

36b exists in s-trans configuration, which can be additionally stabilized by 

thiourea hydrogen bonding. Phosphazide intermediate 36b has been isolated and 

characterized by HMR and HR-MS. Also, it was tested in asymmetric Aza-Henry 

reaction (see section 5.5) and, as expected, very low reactivity of this intermediate 

was observed. As well, the solubility in nitromethane, diethyl ether or even 

methanol was very poor.  

Unlike, preparing the catalyst 36a at 70 oC in tetrahydrofuran (scheme 29) allowed 

the formation of “active iminophosphorane catalyst form” which was confirmed by 

NMR and high-resolution mass spectra analysis (see experimental part). The 

activity of the catalysts 36a in asymmetric Aza-Henry reaction synthetized in this 

way was much higher. Likewise, the solubility of this catalyst (scheme 29) in 

nitromethane and methanol was much better.     

The catalyst 35a or 35b (scheme 29) showed comparable enantioselectivity 

results in asymmetric aza-Henry reaction (table 4, entry 29 and 30) regardless of 

the method of preparation. However, significant difference in yield was observed.  
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5.2 Synthesis of Bifunctional IMinoPhosphorane 

organocatalysts (BIMP) bearing two stereogenic centers 
 

5.2.1 Synthesis of BIMP bearing two stereogenic centers and 

thiourea moiety 
 

 
Scheme 30. Synthesis of two iminophosphorane diastereomers 42a and 42b    

Introduction of two stereocenters within iminophosphorane molecules is well-

known concept previously explored by Dixon and his group.74 The same pattern 

was used to obtain two new diastereomers 42a and 42b (scheme 30). The 

synthesis was initiated by standard amide coupling of commercially available R 

or S phenylglycine isomer and diethylamine. The corresponding diethylamide 

38a/38b was converted to hydrochloride salt 39a/39b, which reacted further with 

thiophosgene to get the correlative isothiocyanate 40a/40b. The second 

stereogenic center was inserted from typical aminoazide 32 (used in 

aforementioned syntheses) by formation of thiourea azide 41a/41b. Staudinger 

reaction yielded two different iminophosphorane organocatalysts as R,S and S,S 

diastereomers, 42a/42b. These new catalysts (42a/42b) were tested in 

asymmetric aza-Henry reaction (section 5.5).  
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5.2.2 Synthesis of BIMP bearing two stereogenic centers and urea 

moiety 

 

 
Scheme 31. Synthesis of the iminophosphorane catalyst 45 with -OH hydrogen bond 

donor group    

 

The role of hydrogen bond donor groups in asymmetric organocatalytic reactions 

is well described in many articles. Knowing that hydrogen bonding of 

iminophosphorane catalysts with the substrates has an important outcome in 

enantioselectivity, we came up with an idea to introduce additional hydrogen bond 

donor. This proposition was implemented using different approach. Condensation 

of well-established aminoazide 32 with 1,1′-carbonyldiimidazole (CDI) enabled 

the formation of intermediate 43, followed by second nucleophilic attack with (R)-

2-phenylglycinol (scheme 31). The organoazide 44 was isolated in low yield 

(20%) due to the competition reaction (self-condensation of starting aminoazide 

32 to form symmetric urea). The new target catalyst 45, possessing urea and 

hydroxy hydrogen bond donor groups was collected as 70% pure solid by NMR 

analysis. The main impurities are coming from the starting phosphine (used to 

generate iminophosphorane in the last step). Purification of the catalyst 45 was 

very difficult due to instability on silica gel chromatography. The new catalyst 45 

was tested in asymmetric nitro-Mannich reaction (section 5.5).  
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5.3 Synthesis of Bifunctional IMinoPhosphorane 

organocatalysts (BIMP) bearing one stereocenter on 

organoazide scaffold and stereogenic phosphorus 
 

 
Scheme 32. Synthesis of the iminophosphorane catalysts bearing P-stereogenic center    

 

Application of chiral phosphines (bis-phosphines) in the synthesis of 

iminophosphoranes represents a novel system to obtain these types of catalysts 

with stereogenic phosphorus incorporated. To our knowledge, there is no 

published study on this specific topic. Nowadays, broad array of chiral phosphines 

can be found on the market, so this led us to link them with suitable organoazide. 

In our case, we decided to use C2-symmetric diphosphines such as enantiomers 

(R,R) or (S,S)-DIPAMP (catalyst 46 and 47, respectively). The standard 

Staudinger reaction was done between thiourea-azide 24 and diphosphines 

(scheme 32). Notably, (S,S) enantiomer has reacted much faster. In both cases, 

new diiminophosphoranes 46 and 47 were isolated in a satisfactory yield. 

All iminophosphoranes described in section 5.1, 5.2 and 5.3 were applied in 

asymmetric Aza-Henry reaction (see section 5.5) and Mannich reaction of 

malononitrile (see section 5.6) to N-Boc CF3 ketimines (see the synthesis if imines 
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in section 5.4.1). The new iminophosphorane organocatalysts (cat. 35 and 

36a, section 5.1.4; cat. 46 and 47, section 5.3) are of special importance showing 

high ee% value for aza-Henry product (section 5.5, table 4).  

 

5.4 Synthesis of starting ketimines for asymmetric 

syntheses 

 
5.4.1 Synthesis of N-Boc aryl trifluoromethyl ketimines 
 

With the aim of introducing the CF3 group within the quaternary stereocenter, one 

of the convenient approaches is the synthesis of ketimines bearing trifluoromethyl 

group. Up to this point, many different ketimines were described as a starting 

material (electrophiles) suitable for enantioselective transformations. For the 

synthesis of ketimines applicable in asymmetric aza-Henry reaction or Mannich 

reaction, two criteria were taken into consideration: 1) to contain a protective 

group that can potentially be coordinated by the iminophosphorane 

organocatalyst and 2) to remove easily protecting group of imines, without using 

extreme reaction conditions. Therefore, the construction of N-Boc trifluoromethyl 

ketimines was the synthesis of choices, having CF3 group and C=O bond which 

could be coordinated by urea/thiourea group of iminophosphoranes.  

N-Boc aryl trifluoromethyl ketimines 48-60 (scheme 33 / figure 32) were 

synthesized according to procedure.37 

 

 

Scheme 33. General procedure for the synthesis of N-Boc trifluoromethyl ketimines    
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Figure 31. Proposed mechanism for the formation of N-Boc trifluoromethyl ketimines    

 

 

The creation of N-Boc trifluoromethyl ketimines primarily occurs through [2+2] 

cycloaddition of iminophosphorane reagent (N-Boc-imino-(triphenyl)-

phosphorane) and trifluoromethyl ketones, forming four membered heterocyclic 

intermediate which easily undergoes reverse [2+2] cycloaddition to afford the 

target ketimine and triphenylphosphine oxide as byproduct (figure 31). It is easy 

to separate triphenylphosphine oxide from the imine just by trituration and 

filtration in n-hexane/ethyl acetate 9:1, due to the different solubility in this eluent. 

The reaction time depends on the nature of ketone (having electron donating 

groups on phenyl ring prolongs the reaction time).  
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Figure 32. Small library of various N-Boc trifluoromethyl ketimines (the ketimines marked 

in blue color are new compounds)  

 

The attempts to synthetize ketimines 61 and 62 under the same reaction 

conditions37 were unsuccessful. Even after 4 days running the reaction at 115 oC, 

only traces of target ketimines were formed (figure 33).  
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Figure 33.  The attempts to synthesize ketimines 61 and 62 from 4-(dimethylamino)-

2,2,2-trifluoroacetophenone and 2-OMe-2,2,2-trifluoroacetophenone  

 

5.4.2 Synthesis of N-Boc alkyl trifluoromethyl ketimines 
 

One of the ideas to expand the scope of N-Boc CF3 ketimines was to introduce 

an alkyl group instead of aryl group. The same reaction conditions were applied.37 

Interestingly, employing alkyl trifluoromethyl ketones to synthetize N-Boc CF3 

ketimines led to the formation of the corresponding enamine 63, as a more stable 

species (figure 34). The enamine 63 was isolated by silica gel column 

chromatography with eluent n-hexane/ethyl acetate 95:5, as a white solid in 82% 

yield, as a byproduct of the reaction. 

 

 
 

Figure 34. The attempt to synthesize alkyl CF3 ketimine from 1,1,1-trifluoro-3-phenyl-

propanone 

 

tert-butyl-(3,3,3-trifluoro-1-phenylprop-1-en-2-yl) carbamate (63)89 is known in the 

literature and experimental data are in accordance with this article. 

Mass (ESI+) for the compound 25: m/z = calc. for C14H16F3NO2 = 287.28, found 

310.4 [M + Na]. 
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5.4.3 Computational studies on N-Boc CF3-Ketimines 
 

 

CYLview visualization and analysis software for computational chemistry was 

used to determine the minimum of energy of the most stable ketimine isomers, 

using the level of theory M062X-631G (d,p), figure 35.  

 

 
Figure 35. Computational calculations of minimum energy for the ketimines 58 and 59 

 

 

Calculations were done for the N-Boc CF3-ketimines 58 and 59. In both cases it 

was observed that the most stable configuration of C=N double bond was (Z) 

isomer (Go=0).  

According to the 3D models, (E)-configuration is not favorable due to the steric 

hindrance caused by Boc (tert-butoxycarbonyl) protection group.   

Based on these calculations, it can be stated that other N-Boc CF3-ketimines 

would have the same configuration.  

As well, these data are in agreement with 1H NMR spectra (only one major isomer 

was observed).  
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5.5 Asymmetric Aza-Henry reaction of N-Boc CF3 

ketimines 

 
Enantioenriched β-nitroamines synthetized by aza-Henry or nitro-Mannich 

reaction are one of the most significant molecules in asymmetric synthesis. 

Enantioselective addition of nitromethane to aldimines or ketimines has been 

described by different groups.44,46,47,48,102,103 An easy accessibility to different 

functional groups in a few steps makes these molecular units perfect as a building 

blocks or chiral auxiliaries. In particular, we were interested in asymmetric 

synthesis of quaternary amino derivatives containing CF3 group. The relevance 

of organofluorine molecules in pharmaceutical and agrochemical industry is well 

recognized.104 To our knowledge, asymmetric addition of nitromethane to acyclic 

N-Boc protected trifluoromethylated ketimines was described only using phase 

transfer catalyst as a source of chirality.48 Wang et al. performed this reaction by 

using excess of strong inorganic base, more specifically LiOH.H2O, with the 

reaction time up to 7 days (scheme 16). Our goal was to find simpler and milder 

synthetic method applicable for industrial production. It also involves careful 

selection of the ketimine protecting group, which can be easily removed to give 

the final amines. So far, this type of transformation is not described by 

iminophosphoranes. In 2013, Dixon et al. demonstrated the use of BIMP in nitro-

Mannich reaction of nitromethane with N-diphenyl-phosphinoyl ketimines45 and 

that gave us the impetus to continue exploring molecules bearing CF3 group.  

Application of new bifunctional iminophosphorane organocatalysts in asymmetric 

aza-Henry reaction of N-Boc CF3 ketimines will be described in this section.  

 

 
 

Scheme 34. General synthesis of trifluoromethylated quaternary N-Boc protected -

nitroamines catalyzed by Bifunctional IMinoPhosphorane organocatalysts 
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Unless otherwise indicated, it was used 0.1 equiv. of selected iminophosphorane 

organocatalyst, 20 equiv. of nitromethane (which serves as a pronucleophile and 

solvent) and 1.0 equiv. of the corresponding ketimine at specified temperature.  

 

 
 

Figure 36. Proposed mechanism for enantioselective aza-Henry reaction catalyzed by 

Bifunctional IMinoPhosphorane organocatalysts 

 

The design of this mechanism (figure 36) was inspired by Dixon's previous work.77 

In the first step the deprotonation of nitromethane occurs and simultaneously 

protonation of iminophosphorane organocatalyst. The second step is related to 

nucleophilic attack of nitromethane anion to CF3 ketimine. In the third step comes 

to the protonation and recovering of the catalyst that can be further used. 
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Figure 37. List of the Bifunctional IMinoPhosphorane organocatalysts which showed 

lower enantioselectivity in asymmetric aza-Henry reaction (table 3) 
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Table 3. Asymmetric aza-Henry experiments (scheme 34) promoted by BIMP 

shown in figure 37 

 

 
Unless otherwise noted, all experiments were performed with 1.0 equiv. of ketimine, 0.1 equiv. of 
BIMP catalyst and 20 equiv. of CH3NO2 
a 

Entry 3 - experiment done with 10 equiv. of nitromethane and toluene as the second solvent (0.2 M) 
b 

Entry 20 - experiment done with 0.2 equiv. of BIMP catalyst  

 

The first catalytic trials in enantioselective aza-Henry reaction of N-Boc 

trifluoromethyl ketimines were done with the Dixon catalyst 25 (figure 37), for 

which he already proved it can be successfully used in nitro-Mannich reaction of 

nitromethane with N-diphenyl-phosphinoyl ketimines.45  
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Trifluoromethyl -nitroamines were obtained in good yields but lower 

enantioselectivity, up to 72% ee (entry 1-9, table 3). Even at lower temperatures 

(-20 oC or -30 oC), the enantioselectivity has not been improved. Only in one case 

mixture of toluene (0.2 M) and nitromethane was used as a solvent (entry 3, table 

3). Unfortunately, the reaction time was too long, the yield was low without 

improving the enantioselectivity. In order to improve the outcome of aza-Henry 

reaction, a library of diverse bifunctional iminophosphorane organocatalysts were 

synthetized (section 5.1-5.3) and tested. In table 3 are shown aza-Henry 

experiments done with the catalysts which contain the same phosphine moiety 

(tris(4-methoxyphenyl) phosphine) with modified properties of organozides (figure 

37). The BIMP catalysts with two stereogenic centers (cat. 42a, 42b and 45, figure 

37) and L-tert-leucine derived catalyst bearing urea moiety with no electron 

withdrawing groups on phenyl ring (cat. 29, figure 37) showed complete absence 

of enantioselectivity in aza-Henry reaction (scheme 34, entry 15, 16, 18 and 20, 

table 3). Moving from urea (cat. 29) to thiourea structure of the catalyst 27, a slight 

progress in enantioselectivity was observed (entry 19, table 3). All catalysts 

containing thiourea hydrogen bond donor with CF3 groups in 3,5-positions on the 

phenyl ring exhibit dominance in enantioselectivity compared to the urea based 

iminophosphoranes (with or without electron withdrawing groups on phenyl ring). 

This is giving clear evidence that the thiourea is a stronger H-bond donor, with 

the possibility to enhance these properties if the phenyl ring has attached 

electron-withdrawing groups, such as CF3 (catalyst 17 and 25). Due to the higher 

acidity of thiourea -NH protons, superior hydrogen bonding preferences to the 

substrate can be expected. After examining the selectivity of the catalysts having 

different nature of organoazide scaffold, we understood which characteristics of 

the organoazide moiety are crucial for the substrate coordination. The second 

part of BIMP study is related to the evaluation of phosphine part used in the last 

step synthesis. Application of electron rich phosphines such as BIDIME (cat. 35a 

and 35b, figure 38) or SPhos (cat. 36a, figure 38) in the synthesis of 

iminophosphoranes showed much better results in enantioselectivity of nitro-

Mannich reaction (up to 95% ee in case of the catalyst 36a, table 4, entry 21). 

The bifunctional iminophosphorane organocatalysts bearing stereogenic 

phosphorus (cat. 46 and 47, figure 38) showed as well quite good ee% (entry 31-

34, table 4).  
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Figure 38. List of the Bifunctional IMinoPhosphorane organocatalysts which showed 

higher enantioselectivity in asymmetric aza-Henry reaction (table 4) 
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Table 4. Asymmetric aza-Henry experiments (scheme 34) promoted by BIMP 

shown in figure 38 

 

 
All experiments in table 4 were performed with 1.0 equiv. of ketimine, 0.1 equiv. of BIMP catalyst 

and 20 equiv. of CH3NO2 

a Entry 25 and 26 – in these trials phosphazide intermediate was used to promote the aza-Henry 

reaction 

After the catalysts screening, our next goal was to extend the scope of the 

asymmetric aza-Henry reaction with the most effective iminophosphorane 

organocatalyst 36a. To our surprise, most of the N-Boc CF3 ketimines 

demonstrated excellent enantioselectivity under mild reaction conditions (0 oC, 10 

mol% of the catalyst 36a and 20 equiv. of nitromethane). However, it is known 

that electron donating groups on aromatic ring increase the electron density in 

the molecule of ketimines, which makes them more prone to be coordinated by 

acidic protons of thiourea group (higher values of ee% were recorded, figure 39). 
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The imines possessing electron-withdrawing groups on aromatic ring expressed 

destabilization effect and therefore lower enantioselectivity (compounds 68, 69 

and 70, figure 39). Absolute configuration of the compounds 66 (αD
25 = -15.9 

(C=0.052 g/mL, CHCl3)) and 72 (αD
25 = -7.7 (C=0.038 g/mL, CHCl3)) in figure 39, 

was determined by polarimeter, in a glass polarimeter cell with a length of 1 dm 

(S enantiomer). Based on these values, the other -nitroamines shown in figure 

39 are considered to have the same absolute configuration. 

 
Figure 39. The scope of the asymmetric aza-Henry reaction performed with catalyst 36a 

(blue color-new compounds) 
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In conclusion, this study aims to clarify interaction between the catalysts and 

substrate as well as to identify the factors which control enantioselectivity. 

The iminophosphorane organocatalyst derived from L-tert-leucine, bearing 

thiourea moiety with electron-withdrawing groups (CF3) on phenyl ring and 

electron rich, steric hindered phosphine (36a) proved to be a privileged catalyst 

for the asymmetric aza-Henry reaction of N-Boc CF3 ketimines. Based on 

performed experiments and available information, the outcome of this reaction 

can be explained by simultaneous activation of both the nucleophile and the 

electrophile. Iminophosphorane organocatalysts most likely activate electrophile 

(imine) and nucleophile (nitromethane) by keeping nitromethane close to the 

reactive center of the catalyst pocket, as well close to the imine to ensure facile 

nucleophilic attack. Strong and specific coordination of the catalyst 36a to the 

substrates yielded new -nitroamines (68-76, figure 39) in excellent 

enantioselectivity.  

The control experiment of aza-Henry reaction carried out without the 

iminophosphorane organocatalyst (CF3 ketimines dissolved in 20 equiv. of 

nitromethane) did not yield the target CF3 -nitroamines. This is additional proof 

of the essentiality of BIMP catalysts in the synthesis of quaternary amino 

derivatives. 

Scaling up of nitro-Mannich reaction described in this section with the catalyst 

36a (up to 1g) at 0 oC, afforded the product 66 in 65% yield and 92% ee. 

Increasing the scale of the reaction did not diminish the outcome of the reaction. 

An attempt to recover the catalyst 36a by column chromatography on silica gel, 

unfortunately did not gave any results. The decomposition of the catalyst occurred 

on silica gel, which gives us clear evidence about iminophosphoranes instability 

in the presence of acidic materials.   
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Reduction of Aza-Henry product 

-diamines are important subunits of building blocks in organic chemistry.105.106,107 

This class of compounds shown broad utility in various fields of organic chemistry 

(pharmaceutical compounds, natural products, ligands in stereoselective organic 

synthesis). 105.106,107 

Therefore, we demonstrated conversion of trifluoromethyl -nitroamine to 

trifluoromethyl -diamine following the known procedure.48 The product 78 

(scheme 35) was isolated in 80% yield using mild reduction agent, sodium 

borohydride.  

 

 
Scheme 35. General synthesis of trifluoromethylated quaternary diamine  

 

5.6 Asymmetric Mannich reaction of malononitrile and 

oxidative decyanation 
 

Another asymmetric reaction explored with bifunctional iminophosphorane 

organocatalysts is nitro-Mannich reaction of malononitrile to N-Boc aryl 

trifluoromethyl ketimines followed by oxidative decyanation, which is particularly 

interesting as a source of CF3 quaternary amino acids. One of the straightforward 

methods for the synthesis of quaternary amino acids is Strecker synthesis. 

Usually, generation of quaternary stereocenter is quite challenging and it requires 

long reaction times (days). The catalytic asymmetric Mannich-type reaction of 

malononitrile with N-Boc α-ketiminoesters for the synthesis of α,α-disubstituted 

α-amino esters was described by Kuwano.108 Our strategy relies on use of 

malononitrile as pronucleophile which can be easily deprotonated by strong base 

iminophosphorane. So far, nucleophilic addition of malononitrile to N-Boc 

protected trifluoromethyl ketimines to get quaternary trifluoromethyl amino acid 

derivatives has not been described. In this specific case, addition of malononitrile 



Milena Krstić - PhD thesis, 2022 

98 
 

to N-Boc ketimines has been successfully promoted by iminophosphoranes, 

significantly reducing the reaction time. The intermediate 79 was isolated as white 

solid in very good yield (table 5). Using higher excess of malononitrile shortens 

the effective reaction time (table 5, entry 3). However, formation of dicyanomethyl 

compound 79 is feasible even with 2.0 equiv. of malononitrile. With the aim of 

obtaining an amino acid derivative in the form of an ester (compound 81, scheme 

36), oxidative decyanation with magnesium monoperoxyphthalate hexahydrate 

as oxidant was carried out. Proposed oxidative decyanation starts with 

deprotonation of intermediate 79 by lithium carbonate forming nitrile carbanion 

(scheme 37).109 Peroxyanion is easily generated between nitrile carbanion and 

oxidative reagent (magnesium monoperoxyphthalate hexahydrate), which further 

undergoes cyclization and generate 4-membered peroxide. By decomposition of 

peroxide 1.0 equiv. of cyanate is liberated. In the last step, methanol enables 

formation of final compound, amino ester 81 (scheme 36).  

 
 

Scheme 36. Synthesis of trifluoromethylated amino ester promoted by selected 

iminophosphoranes  

 

 
Scheme 37. Plausible mechanism of oxidative decyanation109  

 

Based on the bifunctional iminophosphorane (BIMP) catalyst performance, some 

of them were selected (cat. 35b and 36a, section 5.1.4; cat. 25, section 5.1.2) 

and used in asymmetric Mannich reaction of malononitrile (table 5). Changing of 

iminophosphorane organocatalysts nature did not improve drastically the 

enantioselectivity of the final product 81 (table 5).  
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Table 5. Catalyst screening in asymmetric Mannich reaction promoted by BIMP 

followed by oxidative decyanation (scheme 36)  

 

 
 

 

 

Considering that the change of phosphine part of iminophosphoranes did not 

have any influence in enantioselectivity of Mannich reaction, this clarifies the role 

of thiourea organoazide moiety in substrates coordination. Finally, using 

bifunctional iminophosphoranes in similar asymmetric reactions can manifest 

different outcome of the reaction. Even changing one parameter, such as catalyst 

structure change, imine modification and nucleophile/solvent variation can 

remarkably diminish enantioselectivity of the target compound. By comparing 

asymmetric aza-Henry reaction (section 5.5) with asymmetric Mannich reaction 

of malononitrile of N-Boc CF3 ketimines (section 5.6) using the same catalyst 36a, 

much lower enantioselectivity was observed when malononitrile was used as a 

nucleophile. 

In these two cases, this is a clear indication of different nucleophile activation by 

iminophosphorane organocatalyst 36a.  
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Conclusion – BIMP catalysts and their application  
 

Chapter 5 of this dissertation reveals the most important results achieved in the 

synthesis of bifunctional iminophosphorane organocatalysts and their use in 

asymmetric synthesis of amino derivatives. This study helped us to better 

understand the properties of new iminophosphoranes and their role in the 

synthesis of quaternary amino derivatives.  

 Herein, we briefly describe the key results:   

-Synthesis of new iminophosphorane organocatalysts derived from L-tert-leucine 

organoazide scaffold and diphosphines bearing stereogenic phosphorus 

(catalyst 46 and 47), as well the catalysts synthetized from more electron-rich 

phosphines (SPhos, catalyst 36a) or (BIDIME, catalyst 35b) has been achieved. 

-Synthesis of new diastereomeric iminophosphoranes derived from L-tert-leucine 

and R or S-phenylglycine possessing aliphatic amide group (catalyst 42a and 

42b) and BIMP catalyst having additional -OH hydrogen bond donor group with 

two stereocenters (catalyst 45) has been accomplished.  

-All BIMP catalysts reported in the sections 5.1-5.3 have been successfully used 

in predominantly in asymmetric aza-Henry reaction (and some of them in 

asymmetric Mannich reaction of malononitrile), which gave us valuable 

information about catalyst mode of action and coordination. 

-Several new CF3 N-Boc ketimines (with electron-withdrawing and electron-

donating groups on aromatic ring) have been synthetized, as a precious precursor 

for the synthesis of quaternary CF3 amino derivatives / amino acids.  

-BIMP catalysts 35b, 36a, 46 and 47, isolated for the first time, showed great 

performances in asymmetric nitro-Mannich reaction, giving remarkable yields and 

enantioselectivities of aza-Henry products. 

-The scope of the asymmetric aza-Henry reaction (section 5.5) has been 

extended with the best BIMP catalyst 36a, affording new quaternary amino 

derivatives in very good yields and excellent ee%. 

-Some of the new BIMP catalysts have been applied in asymmetric Mannich 

reaction of malononitrile to N-Boc aryl trifluoromethyl ketimines followed by 

oxidative decyanation, to get quaternary amino acid 81 in good yields and 

moderate ee%.  

 

Noteworthy results were obtained with chiral iminophosphorane organocatalysts 

in the synthesis of enantioenriched amino derivatives, providing a new 

perspective in the development of future asymmetric syntheses.   
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5.7 DFT calculations: Nitro-Mannich reaction of 

nitromethane with N-diphenyl-phosphinoyl ketimine 

 

So far, many asymmetric reactions promoted by very complex bifunctional 

thiourea based organocatalysts are published. This involves various interactions 

between the organocatalysts and the substrates, which is usually not easy to 

predict. Therefore, nowadays computational studies are inevitable tool to clarify 

non-covalent interactions in enantioselective organocatalysis. The identification 

of reaction’s transition states has several important advantages, such as easier 

comprehension of the reaction mechanism, confirmation of obtained 

experimental results or prediction of possible catalysts applications. 

Herein, as a starting point in computational studies, developing a computational 

model for enantioselective addition of nitromethane to acetophenone-derived N-

diphenyphosphinoyl (DPP) ketimines published by Dixon and co-workers45 in 

2013 (scheme 38), will be explained. The aim of density functional theory (DFT) 

is to understand which is the iminophosphorane catalyst (scheme 25, catalyst 25, 

section 5.1.2) mode of operation in nitro-Mannich reaction.  

 

 

 

Scheme 38. Nitro-Mannich addition to N-DPP ketimines promoted by catalyst 25 
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5.7.1 Density Functional Theory (DFT) optimization 
 

The optimizations were performed all in vacuum with level of theory M062X and 

with basis set 6-31G (d,p). The choice of this function was dictated by the fact 

that is the top performer in the study of non-covalent interactions, which are the 

interactions principally involved in BIMPs’ catalysis. Two interesting results 

emerged from this DFT-optimization. Primarily, the energy of the complex 

between the catalyst 25 and the imine 82 was lower (figure 40, left) than the 

energy of the complex between catalyst 25 and the pronucleophile nitromethane 

(figure 40, right). This is important evidence that the coordination of the 

acetophenone derived N-DPP-ketimine to the iminophosphorane is favored.  

 

Level of theory M062X/6-31G (d,p), in vacuum 

 

Figure 40. Optimized BIMP 25-imine 82 complex (left) and BIMP 25-nitromethane 

complex (right) *Compared to the free species 

 

Secondly, the DFT optimization of the complexes between catalyst 25 and both 

the (R) and (S) enantiomers of product 83 highlighted how these complexes’ 

energies are identical (table 6). If there is no energy difference in the two 

optimized complexes, it means that the reaction of choice is not under 

thermodynamic control, thus the two possible enantiomeric products have the 

same stability. Therefore, this is confirmation that the cause of the enantiomeric 

excess observed in product 83 must be found in the kinetic control exerted by the 

iminophosphorane catalyst 25. 
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Table 6. Energy difference of complexes between BIMP 25 and products (R)- 

and (S)-83 

*Compared to the free species 

 

 

 

5.7.2 Transition states search and optimization 
 

The final aim of the computational studies was the identification of the transition 

states involved in the asymmetric aza-Henry reaction described by Dixon. 

Transition states were obtained starting from already optimized structures of the 

imine 82, the nitromethane and the catalyst 25. In a first moment, DFT 

optimizations were completed considering three different dual activation modes 

approaches to find the optimal TSs: the Takemoto-like110, the Papai-like110 and 

the Benaglia-Rossi-like approach (figure 41). In all of them it was supposed a 

coordination of the imine 82 with the P=O moiety, and of the nitromethane 

molecule with the two oxygens atoms. However, these approaches completely 

failed to assemble the correct transition states. 

 

Figure 41. Possible dual activation modes of bifunctional iminophosphorane 

organocatalysts 

 

Complex with cat. 25 Product 83 ΔEf /(kcal/mol)* 

1 (R) -32.845 

2 (S) -32.845 
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So, it was decided to change the hypothetical coordination of the reaction 

substrates. In particular, it was considered a Takemoto-like approach were the 

imine 82 was kept coordinated to the thiourea’s hydrogens with its P=O moiety, 

while the nitromethane coordination was completely inverted considering a non-

bonding interaction between the deprotonated CH2
- moiety of CH3NO2 and the 

protonated nitrogen atom of the iminophosphorane functional group. 

The new substrate’s coordination mode enabled to run new DFT optimizations in vacuum 

at M062X/3-21G level of theory, finally achieving the two different transition states 

leading to the opposite product’s enantiomers, the (R-major) and the (S-minor). The 

transition state energies found are reported in table 7. 

 

Table 7. Transition state energies at M062X/3-21G level of theory, in vacuum 

 

 

 

 

It can be seen how the favored TS is the one leading to the R-product, confirming 

what was experimentally observed by Dixon.45 However, the energy barrier 

between the two transition states is way too high to be a plausible one. Because 

of this, the level of theory of the DFT optimizations was increased to M062X/6-

31G (d,p) and the transition state energies obtained are reported in table 8. 

 

Table 8. Transition state energies at M062X/6-31G (d,p) level level of theory, in 

vacuum 

 

 

 

Improving the level of theory to M062X/6-31G (d,p) has led to significantly more 

reliable results. In this case, it is noticed how the favored enantiomer is still the 

(R)-product observed by Dixon, but the TSs energy difference is reduced to 3.35 

kcal/mol. This energy barrier should determine > 99% enantiomeric excess in the 

studied reaction, still higher with respect to the 95% ee achieved by Dixon’s 

group. Nevertheless, it is important to emphasize that all the optimizations were 

Transition state Erel /(kcal/mol) 

TS-Rmajor 0 

TS-Sminor +9.70 

Transition state Erel /(kcal/mol) ee (%) 

TS-Rmajor 0 
 > 99% 

TS-Sminor +3.35 
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done in vacuum, while the experimental reaction was performed in neat 

nitromethane. 

 

 
 

Figure 42. Asymmetric aza-Henry reaction transition states using higher level of theory 

 

Observing the achieved transition states (figure 42), some hypotheses could be 

done on the reaction mechanism. Probably, the first species that is formed, is the 

complex between the catalyst 25 and the N-diphenyphosphinoyl (DPP) ketimine 

82, which underlined the lower energy of this complex with respect to the one 

between the BIMP and nitromethane. 

The CH3NO2 molecule arrives at the reaction site only in a second moment, 

pointing it’s CH3 group towards the superbasic N=P functionality of the catalyst. 

Upon the deprotonation, the nitromethane immediately attacks the exposed imine 

face while leaving the catalyst’s chiral pocket, affording the desired product 83. 

Considering the enantiomeric excess, this can be justified analyzing the different 

geometries of the two TSs. In the Pro-R transition state, the imine directs its 

methyl group toward the catalyst while the phenyl ring is away from it. On the 

contrary, in the Pro-S transition state the situation is the opposite, with the phenyl 

ring which is directed to the already steric hindered part of the catalyst. 

Moreover, in the Pro-R transition state is also present -stacking interaction 

between one phenyl ring of imine’s phosphorus atom and the CF3-substituted 

phenyl ring of the catalyst. This interaction is completely absent in the Pro-S 

transition state, and thus further destabilizes it. 
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5.7.3 Possible activation modes in aza-Henry reaction of N-Boc 

CF3 ketimines promoted by iminophosphorane oranocatalysts 

 

Based on literature search, asymmetric aza-Henry reaction of N-Boc CF3 

ketimines (section 5.4.1, figure 32) catalyzed by iminophosphorane type 

organocatalysts has not been described yet. Before we started detailed research 

on N-Boc CF3 ketimines, we used Dixon catalyst 25 (section 5.1.2, scheme 25) 

as a model iminophosphorane catalyst to promote asymmetric addition of 

nitromethane to CF3 ketimines. As it is already reported in section 5.5 (table 3, 

entry 1-9), the catalyst 25 may provide up to 70% ee of aza-Henry product in case 

of N-Boc CF3 ketimines. Apparently, lower enantioselectivities were observed 

compared to N-diphenyphosphinoyl (DPP) ketimines used in Dixon’s experiments 

(section 5.7.2, scheme 38). 

This can be explained by the different ketimine nature. N-Boc CF3 ketimines are 

less basic in comparison with N-diphenyphosphinoyl ketimines due to the 

presence of electron-withdrawing CF3 group within the imine, thus more 

coordination patterns are possible. In case of N-diphenyphosphinoyl ketimines, 

P=O moiety is strongly bonded by thiourea H-bonds of the catalyst 25, indicating 

that this complex is stronger than the one with nitromethane (section 5.7.1). N-

Boc CF3 ketimines showed peculiar behavior, expressing difficulties to locate a 

transition structure leading to the products, due to the flat potential energy 

surface. 

By modifying the structures of the BIMP catalyst we found out that 

iminophosphorane organocatalyst derived from L-tert-leucine, bearing thiourea 

moiety with electron-withdrawing groups (CF3) on phenyl ring and electron rich, 

steric hindered phosphine (catalyst 36a, table 4, entry 21) proved to be a 

privileged catalyst for the asymmetric aza-Henry reaction of N-Boc CF3 ketimines. 

Based on performed experiments and available information, the outcome of this 

reaction can be explained by simultaneous activation of both the nucleophile and 

the electrophile. Iminophosphorane organocatalysts most likely activate 

electrophile (imine) and nucleophile (nitromethane) by keeping nitromethane 

close to the reactive center of the catalyst pocket, as well close to the imine to 

ensure facile nucleophilic attack. Strong and specific coordination of the catalyst 

36a to the substrates yielded new -nitroamines (68-76, figure 39) in excellent 

enantioselectivity.  
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Chapter 6. Experimental part 
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6.1 General methods 
 

Dry solvents were purchased and stored under nitrogen over molecular sieves 

(bottles with crown caps). Reactions were monitored by analytical thin-layer 

chromatography (TLC) using silica gel glass plates (0.25 mm thickness) and 

visualized using UV light. Flash chromatography was carried out on silica gel 

(230-400 mesh). Proton NMR spectra were recorded on spectrometers operating 

at 300 MHz (Bruker Avance 300). Proton chemical shifts are reported in ppm (δ) 

with the solvent reference relative to tetramethylsilane (TMS) employed as the 

internal standard (CDCl3 δ = 7.26 ppm). 13C NMR spectra were recorded on 300 

MHz spectrometers (Bruker Avance 300) operating at 75 MHz, with complete 

proton decoupling. Carbon chemical shifts are reported in ppm (δ) relative to TMS 

with the respective solvent resonance as the internal standard (CDCl3, δ = 77.0 

ppm).  

19F NMR spectra were recorded on 300 MHz spectrometers (Bruker Avance 300) 

operating at 282.1 MHz; fluorine chemical shifts are reported in ppm (δ) relative 

to CFCl3 with the respective solvent resonance as the internal standard (CFCl3: 

δ = 77.0 ppm). 31P NMR spectra were recorded on a 300 MHz spectrometer 

(Bruker Avance 300) operating at 121.2 MHz, with complete proton decoupling. 

Phosphorous chemical shifts are reported in ppm (δ) relative to H3PO4 as internal 

standard. 1H NMR, 31P NMR and 19F NMR of iminophosphorane organocatalysts 

were recorded in CDCl3, toluene_d8 or acetone_d6 as solvents at room 

temperature and 50 oC. The following abbreviations are used to indicate the 

multiplicity in NMR spectra: s - singlet; d - doublet; t - triplet; q - quartet; pq – 

pseudo quartet; dd - double doublet; tt – triplet of triplets, sext – sextuplet; sept – 

septuplet; bs - broad signal; m - multiplet. Enantiomeric excess determinations 

were performed under the conditions reported below with Agilent 1100 series 

HPLC. The corresponding chiral stationary phase is indicated in the experimental 

part. 

High-resolution mass spectrometry analysis was performed on a Q-TOF Synapt 

G2-Si instrument available at the MS facility of the Unitech COSPECT at the 

University of Milan.  

Preparative HPLC-MS was conducted on a Agilent 1260 Infinity Series 

(Autosampler, Fraction Collector, DAD, Pumps, Check valves, all while coupled 

to a Agilent 6120 LC-MS Quadrupole mass-spectrometer.  

Gas chromatography-mass spectrometry (GC-MS) was performed on GC Agilent 

6890N, inlet: EPC split-splitless; column: Agilent 19091S-433 HP-5MS 5% phenyl 

methyl siloxane; MS: quadrupole G2589A EI; Autosampler: Agilent 7683; gas 

carrier: helium. 
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CYLview visualization and analysis software for computational chemistry was 

used to determine the minimum of energy of CF3 ketimines, using the level of 

theory M062X-631G(d,p).  

For the reagents pumping in continuous flow, it was used Vapourtec’s E-Series 

systems with two reactor positions, up to three pumps, using the revolutionary V-

3 pump, in Taros Chemicals, Dortmund. At the University of Milan for this purpose 

it was used syringe pump by Chemyx, the Fusion 200 dual syringe infusion and 

withdrawal pump. 

(11bS) - 4,4-Dibutyl-2,6-bis (3,4,5-trifluorophenyl) - 4,5-dihydro-3H-dinaphtho 

[2,1-c:1',2'-e] azepinium bromide or Maruoka catalyst (4) was purchased from 

Strem Chemicals and was used without further purification. 

Compounds marked with an asterisk (*) refer to new compounds.   

 

6.2 Phase transfer catalysis in flow  
 

6.2.1 Synthesis of starting imine for phase transfer catalysis in flow 
 

Compound 1 was synthesized according to a literature procedure94, and its 

spectroscopic data are in agreement to this report.94 

 

 

 

Scheme 38. General procedure for the synthesis of L-alanine imine 194 
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6.2.2 Synthesis of cinchona alkaloids (phase transfer catalysis in 

flow) 
 

Phase-transfer cinchona catalysts (quaternary ammonium salts, 5-10) were 

synthetized according to the following procedure, starting from cinchonidine.90 

 

 
 

Scheme 39. General procedure for the synthesis of cinchonidine derived phase transfer 

catalysts90 

 
N-(4-Fluorobenzyl)cinchonidinium bromide (5)92,93:  

  

The synthesis was performed according to the procedure 

(first step)90. The product was isolated as light rose solid, 

90% yield.                                                             

Mass (LC-MS): m/z = calc. for C26H28FN2O+ = 403.52, 

found 404.4 [M + H]. 

 

O-Allyl-N-(4-Fluorobenzyl)cinchonidinium bromide (6*):  

The synthesis was performed according to the procedure 

(second step)90. The product was isolated as brown solid, 

94% yield.                                                                            

Mass (LC-MS): m/z = calc. for C29H32FN2O+ = 443.59, 

found 444 [M + H].  
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N-(2-Naphthylmethyl)cinchonidinium bromide (7): 

 The synthesis was performed according to the 

procedure (first step)90. The product was isolated as 

white solid, 94% yield.                                                                       

Spectral data are in agreement with the protocol.91 

 

O-Allyl-N-(2-Naphthylmethyl)cinchonidinium bromide (8):  

 

 The synthesis was performed according to the procedure 

(second step)90. The product was isolated as brown solid, 

89% yield.        

Spectral data are in agreement with the protocol.91 
 

N-(9-Anthracenylmethyl)cinchonidinium bromide (9): 

  

The synthesis was performed according to the procedure 

(first step)90. The product was isolated as light-yellow solid, 

89% yield.                                                                            

Spectral data are in agreement with the protocol.90 
 

O-Allyl-N-(9-Anthracenylmethyl)cinchonidinium bromide (10):  

 

The synthesis was performed according to the 

procedure (first step)90. The product was isolated as light 

brown solid, 57% yield.                                                                      

Spectral data are in agreement with the protocol.90 
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6.2.3 Liquid-liquid phase transfer benzylation in flow 
 

Experimental procedure for entry 6, table 1, section 3.3.1: 0.18 mmol (1.0 

equiv., 50 mg) of the starting imine 1, 0.25 mmol (1.4 equiv., 44.5 mg, 0.03 mL) 

of benzyl bromide and 1.35 mg (1 mol%) of the Maruoka catalyst 4 (figure 15, 

section 3.1) were dissolved in 7.5 mL of toluene/dichloromethane 14:1 and placed 

in a 10 mL SGA gas tight syringe. 50% aq. sol. of KOH (15 mL) was placed in 

another SGA gas tight syringe (25 mL). Both syringes are connected to the 

different syringe pumps. The flowrate of the 50% aq. sol. of KOH was 0.05 mL/min 

and the flow rate of the organic phase was 0.025 mL/min. 

Three CSTR units were used in line. The residence time was calculated for 3 

CSTR units + tubing between them and between the third CSTR and membrane 

separator. Calculated residence time is 80 min. Zaiput membrane separator was 

connected to the last CSTR unit. The organic and water phase were directly 

separated inside the membrane separator using PTFE hydrophobic membrane 

(pore size 0.5 µm).    

The volume of 3 CSTR units is 5.4 mL. The volume of the tube which connects 3 

CSTRs is 2x0.2 mL (7.5 cm length, od=1.58 mm, r=0.58 mm). The volume of the 

tube at the output is 0.2 mL (the same length like between two CSTR units).  

After separation of water/organic phases inside membrane separator, organic 

phase was collected, solvent was removed under reduced pressure and 

conversion to the benzylated product 2 was analyzed by 1H NMR in CDCl3 (figure 

40), showing ~35-41% conversion to the product 2 (figure 42). 

Collected volumes (average value showing ~40% conversion to the product 2) 

were dissolved in 2 mL of THF and 4 mL of 0.5 M aq. sol. of citric acid was added 

to the solution. The reaction mixture was stirred at room temperature 8h. After 8h, 

the reaction was stopped and THF was removed under reduced pressure. The 

water phase was washed with cyclohexane (2x10 mL). Phases were separated 

in separatory funnel and water phase was basified using solid K2CO3 until pH=10. 

Basified water layer was extracted with Et2O (3x15 mL). Organic phases were 

combined, washed with brine (30 mL), dried over Na2SO4, filtered, and removed 

on rotary evaporator. Compound 3 (figure 41) was isolated in 20% yield as a pale-

yellow oil.  

Compounds 2 and 3 are known and spectral data are in accordance with the 

literature.11,94 Absolute configuration of the amino acid derivative 3 is also 

known.94 

(11bS) - 4,4-Dibutyl-2,6-bis (3,4,5-trifluorophenyl) - 4,5-dihydro-3H-dinaphtho 

[2,1-c:1',2'-e] azepinium bromide or Maruoka catalyst (4) was purchased from 

Strem Chemicals and was used without further purification. 
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The enantioselectivity of the compound 3 was determined by chiral HPLC 

(Chiralpak AD column, eluent: n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major)=6.06 min, t(minor)= 8.7 min, 91% ee), figure 44.  

The other peaks visible are residues of catalyst or benzyl bromide. 

Other experiments in table 1 were performed in the same manner, with specified 

parameters (solvent, concentration, flow rate, residence time, number of CSTR 

units, equivalents of benzyl bromide).  

 

 

 

Figure 40. 1H NMR in CDCl3 of liquid-liquid phase transfer benzylation in continuo (entry 

6, table 1) 
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Figure 41. 1H NMR in CDCl3 of deprotected compound 2 done in batch (entry 6, table 1) 

 

 

Figure 42. Conversion of the alanine imine 1 to the benzylated product 2 under liquid-

liquid phase transfer continuous flow conditions, after each 80 min (entry 6, table 1, 

section 3.3.1) 
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Figure 43. Racemic aminoester 3 (Chiralpak IA, n-hexane/isopropanol 95:5, left 

chromatogram) and (Chiralpak AD, n-hexane/isopropanol 95:5, right chromatogram) 

 

 

 

Figure 44. Determination of enantioselectivity of aminoester 3 (entry 6, table 1) 
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6.2.4 Solid-liquid phase transfer benzylation in flow 
 

Experimental procedure for entry 15, table 2, section 3.3.2: 

In a 25 mL round bottom flask, 0.746 mmol (1.0 equiv., 200 mg) of the starting 

alanine imine 1, 1.5 mmol (2.0 equiv., 0.18 mL) of benzyl bromide and 45 mg (10 

mol%) of the cinchona catalyst 10 was dissolved in 6.8 mL of 

toluene/dichloromethane 1:2.4. The reaction mixture was stirred for 15 min at 

room temperature, and it was placed in the glass SGA syringe (10 mL). 

The empty HPLC metal column equipped with endcaps and porous metal frits (L 

15 cm x OD 6 mm x ID 4.6 mm) was filled with the mixture of solid bases (420 mg 

of KOH (10 equiv.), 1g of K2CO3 (10 equiv.) and 2 g of sand (~3.4 g of solid inside 

the column). The reaction mixture inside SGA syringe was delivered by syringe 

pump into the reactor (HPLC column filled with solid base and sand).   

The total volume of the packed-bed reactor was 1.05 mL and the corresponding 

residence time for the flow rate of 0.015 mL/min was 66 min. The column was 

positioned vertically, and the solution goes from the bottom up through the 

column. Each volume of the reaction mixture was collected at the reactor output, 

solvent was removed under reduced pressure and conversion to the benzylated 

product 2 was analyzed by 1H NMR in CDCl3 (figure 45), showing ~83-64% 

conversion to the product 2 (figure 46). The cleavage of benzylated imine 2 was 

performed according to the section 6.2.3. Additional purification on silica gel 

column chromatography (eluent n-hexane/ethyl acetate 1:1) was necessary to 

afford aminoester 3 in 23% yield. The enantioselectivity of the compound 3 was 

determined by chiral HPLC (Chiralpak AD column, eluent: n-hexane/isopropanol 

95:5, flow rate 1 mL/min, t(major)=8.15 min, t(minor)= 5.84 min, 52% ee, figure 

47).  
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Figure 45. 1H NMR in CDCl3 of solid-liquid phase transfer benzylation in continuo (entry 

15, table 2, section 3.3.2) 

 

Figure 46. Conversion of the alanine imine 1 to the benzylated product 2 under solid-

liquid phase transfer continuous flow conditions, after each 66 min (entry 15, table 2, 

section 3.3.2) 
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Figure 47. Determination of enantioselectivity of aminoester 3 (entry 15, table 2, 

section 3.3.2) 

 

Experimental procedure for entry 16, table 2, section 3.3.2: 

25 mL flask with a nitrogen inlet, was charged with 400 mg (1.5 mmol, 1.0 equiv.) 

of imine 1, 10 mg (0.015 mmol, 0.01 equiv.) of Maruoka catalyst 4 and 383 mg 

(2.2 mmol, 1.5 equiv.) of benzyl bromide dissolved in 7.5 mL of toluene dried over 

molecular sieves (0.2 M). 

Stainless steel HPLC column (packed-bed reactor) with endcaps and frits (L 25 

cm x OD 6 mm x ID 4.6 mm) was filled with the solid base CsOH.H2O (2.5-2.6 g, 

~0.015 mol, ~10 equiv.) and glass (soda-lime) beads (4.5 g). Glass beads were 

used to reduce high pressure in the system. 

HPLC metal column was placed vertically in plastic graduated cylinder and cooled 

down to 0 °C in ice/water cooling bath. The reaction mixture from the flask was 

delivered into packed-bed reactor by pump A of Vapourtec flow system through 
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PTFE tubing. The volume of the PTFE tubes was not considered because the 

reaction occurs inside the packed-bed reactor.  

All fractions were collected after every 10 min (one volume 0.7 mL) with the flow 

rate of reaction mixture 0.1 mL/min. The reaction was monitored by 1H NMR in 

CDCl3. Toluene was removed from each fraction; residue was dissolved in CDCl3 

and analyzed by 1H NMR. 

After the completion of the flow process, the last fraction showing the best 

conversion (volume 9, see figure 48) was used for the acidic cleavage of imine 2 

in batch conditions to afford aminoester 3.  

90 mg of the last volume 9 residue (after toluene removal) was dissolved in 2 mL 

of THF and 4 mL of 15% sol. of citric acid monohydrate (pH=2). Reaction mixture 

was stirred at room temperature for 5h. The reaction mixture was stopped, THF 

was removed, and the residue was washed with cyclohexane (15 mL). Phases 

were separated in separatory funnel and after that water phase was basified using 

solid of Na2CO3 until pH=9. After that basic water layer was extracted with 

dichloromethane (3x15 mL). Organic phases were combined, washed with brine 

(30 mL), dried over MgSO4, filtered, and removed on rotary evaporator. 40 mg of 

aminoester 3 was isolated as a light-yellow oil (<20% yield).   

The enantioselectivity of the compound 3 was determined by chiral HPLC 

(Chiralpak AD column, eluent: n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major)=6.03 min, t(minor)= 8.7 min, 93% ee), figure 49.  

 

 

Figure 48. Conversion of the alanine imine 1 to the benzylated product 2 under solid-

liquid phase transfer continuous flow conditions, after each 10 min (entry 16, table 2, 

section 3.3.2) 
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Figure 49. Determination of enantioselectivity of aminoester 3 (entry 16, table 2, 

section 3.3.2) 

 

Experimental procedure for entry 17, table 2, section 3.3.2: 

25 mL round bottom flask with a nitrogen inlet, was charged with 700 mg (2.6 

mmol, 1.0 equiv.) of alanine imine 1, 79 mg (0.13 mmol, 0.05 equiv.) of cinchona 

catalyst 10 and 537 mg (0.89 mmol, 0.37 mL, 1.2 equiv.) of benzyl bromide 

dissolved in 5.2 mL of toluene and 3.3 mL of dichloromethane 

(toluene/dichloromethane 1.6:1). The flask with reaction mixture was cooled 

down in the cooling bath ice/NaCl (-15 °C) and connected to the Vapourtec 

continuous flow system. 

HPLC metal column (250 mm x 4.6 mm) was filled with the mixture of base 

KOH/K2CO3 1:1 (2.9 g in total (2.06 g of K2CO3 and 0.84 g of KOH), ~6 equiv. 

each) and glass (soda-lime) beads (3.77 g). HPLC metal column was cooled 

down in the cooling bath ice/NaCl (0 °C up to -15 °C) and attached through PTFE 

tube (0.8mm x 1.6 mm) and corresponding fittings with the pump A of Vapourtec 

machine. Fractions were collected after each 15 min (residence time for flow rate 

0.1 mL/min) and the total volume of the reactor is 0.8 mL. 
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The reaction was monitored by 1H NMR in CDCl3, showing 48-76% conversion to 

the product 2 (figure 50). Toluene was removed from each fraction; residue was 

dissolved in CDCl3 and analyzed by 1H NMR. After the completion of the flow 

process, the last fraction (volume 9, see figure 50) was used for the acidic 

cleavage of imine 2 in batch conditions to afford amino ester 3.  

80 mg of the last volume 9 residue (after toluene removal) was dissolved in 1 mL 

of THF and 3 mL of 15% sol. of citric acid monohydrate (pH=3). Reaction mixture 

was stirred at room temperature for 5h. The reaction mixture was stopped, THF 

was removed, and the residue was washed with cyclohexane (15 mL). Phases 

were separated in separatory funnel and after that water phase was basified with 

saturated solution of K2CO3 until pH=9, followed by stirring for 1h. After that basic 

water layer was extracted with diethyl ether (3x15 mL). Organic phases were 

combined, washed with brine, dried over MgSO4, filtered, and removed on rotary 

evaporator. 25 mg of the aminoester 3 was isolated as dark orange oil (<15% 

yield). The enantioselectivity of the compound 3 was determined by chiral HPLC 

(Chiralpack IA column, eluent: n-hexane/isopropanol 9:1, flow rate 1 mL/min, 

t(major)=8.33 min, t(minor)= 5.63 min, 72% ee), figure 51. 

 

Figure 50. Conversion of the alanine imine 1 to the benzylated product 2 under solid-

liquid phase transfer continuous flow conditions, after each 15 min (entry 17, table 2, 

section 3.3.2) 
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Figure 51. Determination of enantioselectivity of aminoester 3 (entry 17, table 2, 

section 3.3.2) 

 

Experimental procedure for entry 18, table 2, section 3.3.2: 

50 mL round bottom flask with a nitrogen inlet, was charged with 200 mg (0.7 

mmol, 1.0 equiv.) of alanine imine 1, 45 mg (0.07 mmol, 0.1 equiv.) of O-Allyl-N-

(9-anthracenylmethyl) cinchonidinium bromide PTC catalyst 10, 153 mg (0.89 

mmol, 0.1 mL, 1.2 equiv.) of benzyl bromide and 2 mL of dichloromethane (DCM). 

The flask with reaction mixture was connected to the continuous flow Vapourtec 

system. 

HPLC metal column (L 30 cm x 7.8 mm) was filled with the mixture of base 

KOH/K2CO3 1:1 (6.55 g in total, 45 equiv. each) and glass (soda-lime) beads (13 

g). HPLC metal column was attached through PTFE tube (0.8mm x 1.6 mm), 1m 

and corresponding fittings with the pump A of Vapourtec machine. Fractions were 

collected after each 30 min (residence time for flow rate 0.1 mL/min, reactor 

volume 1mL). The reaction was monitored by benchtop 1H NMR (Spinsolve 60 

ultra-carbon NMR spectrometer) in reaction solvent, dichloromethane. Four 

volumes were collected and all of them showed complete conversion of alanine 

imine 1 to the product 2 (see figure 52). All four fractions were collected, solvent 

was evaporated, and 94 mg of yellow oil was isolated (product 2). 94 mg was 

dissolved in 1 mL of THF and 1 mL of 5% citric acid was added. Reaction mixture 

was stirred at room temperature for 4h. Solution was diluted with diethyl ether (10 

mL) and extracted with water (10 mL). The acid extract (pH=4) was than basified 
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(sat. aq. sol. K2CO3) and extracted with ethyl acetate (3x20 mL). The ethyl acetate 

extracts were then washed with brine, dried over MgSO4, and concentrated under 

reduced pressure. 34 mg of aminoester 3 was isolated as a pink oil (<30% yield). 

The enantioselectivity of the compound 3 was determined by chiral HPLC 

(RegisPack 25 cm X 4.6 mm 5 Micron column, eluent: n-hexane/isopropanol 9:1, 

flow rate 1 mL/min, t(major)=4.7 min, t(minor)= 4.09 min, 56% ee), figure 53. 

Peaks at rt=3-3.6 min originate from impurities (aromatic compounds). 

 

 

Figure 52. Comparison of the solid-liquid phase transfer benzylation of alanine imine 1 

after 1h of reaction in packed-bed reactor with the reaction mixture before starting the 

reaction (entry 18, table 2, section 3.3.2) 
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Figure 53. Determination of enantioselectivity of aminoester 3 (entry 18, table 2, 

section 3.3.2) 

 

Calculation of productivity and space-time yield (see section 3.3): 

 

[a] Productivity: moles of product 2 (calculated by 1H NMR conversion, average value) divided by the 

collection time required to collect 0.75 mmol of benzylated product 2 

[b] Space-time yield: productivity divided by reactor volume 
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6.3 Synthesis of BIMP bearing one stereogenic center 
 

6.3.1 Synthesis of BIMP derived from (R)-(−)-2-Phenylglycinol 
 

N-Boc protected amino alcohol 13 was prepared following the procedure98 and 

all spectral date are in accordance with the published article.   

Mesylate 14a was synthetized according to the following procedure111 and NMR 

spectra agreed with this article.  

General procedure for the synthesis of mesylate 14a:  

 

 

An oven-dried, two-necked, round-bottomed flask is equipped with a nitrogen inlet 

adapter, a rubber septum, a pressure equalizing dropping funnel fitted with a 

rubber septum and magnetic stirring bar. The flask is flushed with nitrogen and 

charged with N-Boc protected amino alcohol 13 (700 mg, 2.94 mmol, 1.0 equiv.), 

7 mL of dry dichloromethane and triethylamine (0.62 mL, 4.41 mmol, 1.5 equiv.), 

then is cooled in an ice bath at 0 °C. The solution of methanesulfonyl chloride 

(0.24 mL, 3.08 mmol, 1.05 equiv.) in 3.5 mL of dry dichloromethane is then added 

to the flask dropwise over 10 min. The reaction mixture was stirred at 0 °C for 4h 

and until the reaction completion at room temperature. The reaction mixture was 

monitored by TLC (eluent n-hexane/ethyl acetate 1:1) and 1H NMR in CDCl3. 

After 11h, the reaction was stopped and in the mixture was added 7 mL of 

saturated solution NaHCO3 followed by stirring for 20 min. The reaction mixture 

was transferred to the separatory funnel and extracted with DCM (3 x 15 mL). 

Combined organic phases were washed with brine (2x15 mL), dried over Na2SO4, 

filtered, and concentrated in vacuo to afford 822 mg crude product 14a as a light 

beige solid, with 88% yield.  

1H-NMR of mesylate 14a (300 MHz, CDCl3)  ppm: 1.44 (s, 9H), 2.88 (s, 3H), 

4.37-4.50 (m, 2H), 5.01 (bs, 1H), 5.12 (bs, 1H), 7.29-7.41 (m, 5H)  
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General procedure for the synthesis of N-Boc protected aminoazide 15: 

 

The azide 15 was prepared according to Dixon’s procedure45, with modification 

of reaction temperature.  Spectral data are in agreement with the literature.45  

  

 

In a two-necked round bottom flask (50 mL) equipped with magnetic stirrer, reflux 

condenser and nitrogen line, 790 mg (2.5 mmol, 1.0 equiv.) of 14a was dissolved 

in 8 mL of dimethylformamide dried over molecular sieves (DMF), (0.3 M solution) 

and 814 mg (12.5 mmol, 5.0 equiv.) of sodium azide (NaN3) was added in the 

flask. After that, reaction mixture was heated at 65 °C, overnight. The reaction 

mixture was monitored by TLC (eluent n-hexane/ethyl acetate 1:1) and 1H NMR 

in CDCl3. 

After 16h, the reaction mixture was diluted with 100 mL of water and 30 mL of 

diethyl ether (Et2O). Aqueous layer was extracted three times more with 30 mL of 

Et2O. Organic layers were combined and washed 3 times more with 50 mL of 

brine. Organic phase was then dried over Na2SO4, filtered and solvent was 

removed under reduced pressure. The azide 15 was isolated as light-yellow solid, 

with the yield of 86%, 565 mg. 

1H NMR of N-Boc protected aminoazide 15 (300 MHz, CDCl3)  ppm: 1.44 (s, 

9H), 3.63-3.64 (m, 2H), 4.87-5.03 (2 x bs, 2H), 7.29-7.40 (m, 5H)  

The thioureazide 16 and the final iminophosphorane organocatalyst 17 were also 

synthetized following the Dixon’ procedure45. All relevant spectra can be found in 

this article.45  
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6.3.2 Synthesis of BIMP derived from L-tert-leucine possessing 

thiourea moiety 
 

Compounds 19 and 20 were prepared according to the following article.98 

General procedure for the synthesis of L-tert-leucinol 19: 

 

 
 

Three-necked round bottom flask (500 mL) under the flow of nitrogen was 

charged with 5.71 g (150 mmol, 2.0 equiv.) of lithium aluminum hydride (LiAlH4), 

and 230 mL of dry tetrahydrofuran (THF), at 0 °C. After that, 10 g (76 mmol, 1.0 

equiv.) of commercially available L-tert-Leucine 18 was added slowly portionwise 

in an ice cooled solution of LiAlH4 in dry THF. The mixture was allowed to react 

at 0 ° for 1h followed by reflux overnight (around 70 oC). 

The reaction mixture was checked by 1H NMR in CDCl3 (aliquot was taken, LiAlH4 

was quenched with 2 M aq. NaOH and the suspension was filtered through pad 

of cotton; THF was removed under reduced pressure and residue was dissolved 

in CDCl3) and TLC (eluent dichloromethane/methanol 19:1, stained by ninhydrin). 

After the reaction is complete, the solution was cooled to 0 °C, and diluted with 

100 mL of Et2O. The excess of LiAlH4 was quenched with 2 M aq. solution of 

NaOH (50 mL). After quenching, the reaction mixture was stirred for 15 min, 

MgSO4 was added, solid was filtered and washed 6 times with 50 mL of THF. 

THF was concentrated affording 8.57 g of L-tert-leucinol 19 as a light-yellow oil 

(96% yield). 

1H NMR of L-tert-leucinol 19 (300 MHz, CDCl3)  ppm: 0.88 (s, 9H), 1.9 (3H, 

broad singlet (protons from NH2 and OH group)), 2.47-2.51 (dd, 1H), 3.16-3.22 (t, 

1H), 3.67-3.72 (dd, 1H). 
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General procedure for the synthesis of N-Boc protected L-tert-leucinol 20: 

 

 
 

8.5 g (0.0725 mol, 1.0 equiv.) of L-tert-leucinol 19 and 8.67 g (0.0857 mol, 1.2 
equiv., 11.94 mL) of triethylamine (TEA) in 200 mL of dichloromethane (DCM) 
was added in the three-necked round bottom flask (500 mL). The flask was cooled 
down to 0 °C in ice bath, and after that in the mixture was added 18.7 g (0.0857 
mol, 1.2 equiv.) of di-tert-butyl decarbonate (Boc2O) dissolved in 55 mL of DCM. 
Reaction mixture was stirred at 0 °C for 1h, and overnight at room temperature. 
The reaction mixture was checked by 1H NMR in CDCl3. After 18h, the reaction 
mixture was washed with brine 2x250 mL, organic phase was dried over MgSO4, 
filtered and concentrated. White to light yellow solid was obtained. Trituration of 
this solid was done with 120 mL of n-pentane, 30 min. 
After that, solid was filtered (filtrate was light yellow from impurities) on Büchner 

funnel, washed with n-pentane (70 mL) and dried under vacuo at 45 °C. After 

trituration, 10.8 g of the product 20 was obtained as a white solid (69% yield).  

1H NMR of compound 20 (300 MHz, CDCl3)  ppm: 0.93 (s, 9H), 1.45 (s, 9H), 

1.80 (bs, 2H), 3.45-3.52 (dd, 2H), 3.80-3.88 (dd, 1H), 4.62 (bs, 1H) 

 

General procedure for the synthesis of mesylate 20a: 

For the preparation of mesylate 20a, the same synthesis of mesylate 14a was 

applied.111  

 

 

In a two-necked round bottom flask (250 mL), to a stirred solution of 10.8 g (0.049 

mol, 1.0 equiv.) of amino alcohol 20 in 125 mL of DCM at 0 °C was added 10 g 

(0.099 mol, 2.0 equiv., 13.8 mL) of triethylamine, under the flow of nitrogen. After 

10 min of stirring, 6.26 g (0.055 mmol, 1.2 equiv., 4.2 mL) methanesulfonyl 

chloride was added dropwise. After addition of the first 2.5 mL of methanesulfonyl 

chloride colorless reaction mixture became white suspension, and after addition 

the whole amount of methanesulfonyl chloride, white suspension changed color 
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to yellow suspension. Stirring was maintained at 0 °C. Starting material was 

consumed after 4h and it was confirmed by 1H NMR. Reaction mixture was 

stopped and diluted with 120 mL of brine and was washed 2 times (2x120 mL). 

In order to remove excess of methanesulfonic acid, organic phase was washed 

2x120 mL with sat. aq. sol. NaHCO3, dried over MgSO4, filtered, and concentrated 

on rotary evaporator. 14.03 g of mesylate 20a was obtained as a thick orange oil 

with 96% yield (figure 30).  

1H NMR of mesylate 20a (300 MHz, CDCl3)  ppm: 0.97 (s, 9H), 1.44 (s, 9H), 3 

(s, 3H), 3.03 (s, 1H), 3.68-3.75 (m, 1H), 4.15-4.21 (dd, 1H), 4.35-4.40 (dd, 1H), 

4.62-4.65 (d, 1H) 

 

General procedure for the synthesis of N-Boc protected aminoazide 23:  

The azide 23 was prepared according to the following procedure100 and spectral 

characterization can be found in Dixon’s article.45  

 

 
 

5.82 g (89.5 mmol, 5.0 equiv.) of sodium azide and 20 mL of dry DMF was 
added in the two-necked round bottom flask (250 mL) under the flow of nitrogen. 

The suspension was stirred at room temperature.  5.309 g (17.9 mol, 1.0 equiv.) 

of mesylate 20a was dissolved in another 35 mL of DMF dried over molecular 

sieves and added slowly in the suspension of NaN3 in DMF at room temperature. 

The reaction mixture was heated at 50 °C overnight. The reaction mixture was 

checked by TLC in n-hexane/ethyl acetate 1:1, staining by ninhydrin. After the 

consumption of starting mesylate, the reaction mixture was diluted with 50 mL of 

water and 50 mL of Et2O. Water layer was extracted two times more with 100 mL 

of Et2O. Organic layers were combined and washed 2 times more with 250 mL of 

brine. Organic phase was then dried over Na2SO4, filtered and solvent was 

removed under reduced pressure. The residue was purified by silica gel column 

chromatography using eluent n-hexane/ethyl acetate 9:1. In total, 1.73 g of the 

product 23 was isolated as a white solid, 40% yield.   
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General procedure for the synthesis of thiourea-azide 24:  

The synthesis and spectral characterization of compound 24 can be found in 

Dixon’s article.45 

 

 

 

An ice-cooled two-necked round bottom flask containing 1.98 g (0.0082 mol, 1.02 

equiv.) of azide 23 under nitrogen was added dropwise 11.78 g (0.103 mol, 12.6 

equiv., 7.9 mL) of trifluoroacetic acid (TFA) behind a blast-shield. The resulting 

solution was stirred at room temperature for 3h. TFA was concentrated under 

reduced pressure carefully (behind a blast-shield!), the residue was diluted with 

Et2O (30 mL) and washed with 2 M NaOH (20 mL). The aqueous layer was 

extracted with Et2O (20 mL), and the combined organic layers were washed with 

brine (10 mL) with some drops of 2 M NaOH, dried over MgSO4 and concentrated 

to dryness under reduced pressure. The intermediate 32 (for the structure see 

scheme 28 or 31) was isolated as light-yellow oil in 77% yield.  

PRECAUTION: at high vacuum the deprotected aminoazide 32 distills out! 

The obtained amine 32 (0.9 g, 6.3 mmol) was dissolved in 20 mL THF and 1.7 g 

(6.3 mmol) 3,5-bis(trifluoromethyl)phenyl isothiocyanate was added dropwise. 

The mixture was stirred at room temperature overnight. After the reaction 

completion (check by TLC (cyclohexane/ethyl acetate 9:1), THF was removed 

and in the residue was added 10 mL of n-pentane in order the remove excess of 

3,5-bis(trifluoromethyl)phenyl isothiocyanate. The residue was stirred 1h at room 

temperature. After 1h, solid was filtered and washed with 20 mL of n-pentane. 

The second wash was done with mixture of solvents n-pentane/diethyl ether 5:1. 

Solid was collected and dried on rotary evaporator for 2h.  

1.96 g of product 24 was isolated as white solid, 58% yield.  
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General procedure for the synthesis of iminophosphorane catalyst 25:  

The synthesis and spectral characterization of the catalyst 25 can be found in 

Dixon’s article.45 

 

In the three-necked flask was added 300 mg (0.72 mmol, 1.0 equiv.) of thiourea-

azide 24 and 255 mg 0.72 mmol, 1.0 equiv. of tris(4-methoxyphenyl) phosphine 

in 2 mL of dry Et2O. The reaction mixture was stirred at room temperature, under 

the flow of nitrogen. After 2 days reaction running, the reaction mixture was left 

one day more under the flow of nitrogen to remove the solvent completely. The 

third day, white solid was checked by TLC and 1H NMR/31P NMR/19F NMR in 

CDCl3. All analytics showed complete conversion of starting material to the 

product, without washing, without any purification. 470 mg of the catalyst 25 was 

isolated as a white solid (88% yield).  

1H NMR of BIMP catalyst 25 (300 MHz, CDCl3)  ppm:  0.95 (s, 9H), 2.85-2.95 

(pq, 1H), 3.19-3.25 (m, 1H), 3.84 (s, 9H), 4.07 (bs, 1H), 6.96-7 (dd, 6H), 7.24 (1H) 

and 7.27 (2H (overlapped with CDCl3), 7.48-7.55 (m, 7H)  

19F NMR of BIMP catalyst 25 (282.1 MHz, CDCl3)  ppm: -62.65 

31P NMR of BIMP catalyst 25 (121.2 MHz, CDCl3)  ppm: 27 

 

Synthesis of thiourea-azide 26:  

The synthesis and spectral characterization of the precursor 26 can be found in 

Dixon’s article.45 

 

Boc deprotection of azide 23 (200 mg) to get intermediate 32 was done in the 

same manner like for the synthesis of thiourea-azide 24.  
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In a two-necked flask 86 mg (0.604 mmol, 1.0 equiv. of intermediate 32) was 

dissolved in 2 mL of dry THF. Further, 90 mg (0.66 mmol, 1.1 equiv.) of phenyl 

isothiocyanate was dissolved in 2 mL of dry THF and was added to a solution of 

azide 32 under a nitrogen flow. The reaction mixture was stirred at 800 rpm for 

2.5 h at room temperature (TLC check in n-hexane/ethyl acetate 1:1).  

After evaporation of the volatiles, the crude reaction mixture was purified by flash 

column chromatography (n- hexane/ethyl acetate 95:5 to 9:1) to obtain 26 (130 

mg, 78%) as a yellow solid. 

 

 

Synthesis of iminophosphorane organocatalyst 27:  

The synthesis and spectral characterization of the catalyst 27 can be found in 

Dixon’s article.45 

 

In the 10 mL two-necked flask was added 128 mg (0.461 mmol, 1.0 equiv.) of 

thiourea-azide 26 and 163 mg (0.461 mmol, 1.0 equiv.) of tris(4-methoxyphenyl) 

phosphine in 2.5 mL of dry Et2O. The reaction mixture was stirred at room 

temperature for 24 h, under the flow of nitrogen. After reaction completion, the 

solvent was removed under N2 flow, and the residue was washed with a mixture 

n-pentane/diethyl ether 4:1 (2x10 mL) to remove the traces of unreacted tris(4-

methoxyphenyl) phosphine. 136 mg of the product 27 was obtained as a white 

solid (85% pure, ~40% yield) and it was used as such in asymmetric aza-Henry 

reaction (section 5.5).  
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6.3.3 Synthesis of BIMP derived from L-tert-leucine possessing 

urea moiety 
 

Synthesis of the iminophosphorane catalyst 29*:  

 

Synthesis of urea-azide 28 was performed according to the previously described 

procedure (like thiourea-azide 24 or thiourea-azide 26).  

In a two-necked flask cooled to 0 °C was added 28 mg (0.19 mmol, 1.2 equiv.) of 

intermediate 32 (after Boc deprotection) and 19 mg (1.0 equiv.) phenyl isocyanate 

dissolved in 1.5 mL of dry DCM. The reaction mixture was then warmed to room 

temperature and stirred overnight. After the starting material consumption (TLC 

check in n-hexane/ethyl acetate 1:1), DCM was removed, and the crude was 

purified by silica gel column chromatography using eluent n- hexane/ethyl acetate 

85:15.  

23 mg of the urea-azide 28 was obtained as a white solid, 56% yield.  

In the 5 mL glass vial with the septum was added 22 mg (0.084 mmol, 1.0 equiv.) 

of urea-azide 28 and 30 mg (0.084 mmol, 1.0 equiv.) of tris(4-methoxyphenyl) 

phosphine in 1 mL of dry Et2O. The reaction mixture was stirred at room 

temperature overnight. After 20h, the reaction was stopped, and the solvent was 

removed under high vacuum. Further manipulation/trituration was not possible to 

perform due to a very small reaction scale. 30 mg of the catalyst 29 was obtained 

as a pale-yellow solid (~90% pure, 60% yield) and it was used as such in 

asymmetric aza-Henry reaction (section 5.5). 

1H NMR of urea-azide 28 (300 MHz, CDCl3)  ppm: 0.95 (s, 9H), 3.25-3.33 (dd, 

1H), 3.54-3.60 (dd, 1H), 3.88 (bs, 1H), 4.67 (bs, 1H), 6.27 (bs,1H), 7.14-7.35 (m, 

5H) 

1H NMR of BIMP catalyst 29* (300 MHz, (CD3)2CO)  ppm:  0.91(s, 9H), 2.41 

(dd, 1H), 2.84 (dd, 1H), 3.15 (q, 1H), 3.25 (dd, 1H), 3.52 (m, 1H), 3.86 (s, 9H), 

6.85 (m, 2H), 7.06 (m, 6H), 7.43 (m, 3H), 7.60 (m, 6H) 

31P NMR of BIMP catalyst 29* (121.2 MHz, (CD3)2CO)  ppm: 25.77 
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Synthesis of the urea-azide 33:  

Spectral characterization of the precursor 33 can be found in Dixon’s article.45 

 

 

A 5 mL glass vial connected with nitrogen inlet, was charged with 3,5-

Bis(trifluoromethyl)aniline (50 mg, 0.22 mmol, 1.0 equiv.) and TEA (2.0 equiv., 

0.44 mmol, 0.06 mL) dissolved in 1.5 mL of DCM. The solution of triphosgene 

(BTC) (78 mg, 0.26 mmol, 1.2 equiv.) in 1.5 mL was added to a solution at 0 °C. 

The mixture was then stirred at 0 °C for 2 h. Afterwards, free aminoazide 32 (1.1 

equiv., 35 mg) was dissolved in 1.5 mL of dry DCM and added to the reaction 

mixture. Stirring was continued at room temperature overnight. After the 

consumption of starting material (TLC check in n-hexane/ethyl acetate 5:1), the 

reaction was stopped, and column chromatography was done. The crude was 

purified by silica gel column chromatography using eluent n-hexane/ethyl acetate 

8:2. The product 33 was obtained as white solid (67 mg, 78% yield).  

1H NMR of urea-azide 33 (300 MHz, CDCl3)  ppm: 1.02 (s, 9H), 3.39 (dd, 1H), 

3.66 (dd, 1H), 3.87 (m, 1H), 4.75 (d, 1H), 6.80 (s, 1H), 7.54 (s, 1H), 7.91 (s, 2H) 

19F NMR of urea-azide 33 (282.1 MHz, CDCl3)  ppm: -63.07 

 

Synthesis of the BIMP catalyst 34:  

The synthesis of the catalyst 34 was prepared according to the previous synthesis 

(for example catalyst 27), following Dixon’s article.45 
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In the 5 mL glass vial with the septum was added 65 mg (0.16 mmol, 1.0 equiv.) 

of urea-azide 33 and 56.3 mg (0.16 mmol, 1.0 equiv.) of tris(4-methoxyphenyl) 

phosphine in 1 mL of dry Et2O. After the reaction completion, the solvent was 

removed under the flow of nitrogen. The residue was triturated with n-

pentane/diethyl ether 5:1 (2x1 mL) and filtered off. The residual solid was washed 

the second time with 10 mL n-pentane/diethyl ether 4:1 on fritted Büchner filter 

funnel, the solid was collected and dried on high vacuum. The catalyst 34 was 

isolated as a white solid (40 mg, 35% yield).  

1H NMR of BIMP catalyst 34 (300 MHz, CDCl3)  ppm: 0.88 (s, 9H), 3.10 (bs, 

1H), 3.49 (bs, 2H), 3.79 (s, 9H), 6.88-6.93 (m, 7H), 7.24-7.27 (dd, 2H), 7.49-7.56 

(dd, 6H)  

19F NMR of BIMP catalyst 34 (282.1 MHz, CDCl3)  ppm: -62.92  

31P NMR of BIMP catalyst 34 (121.2 MHz, CDCl3)  ppm: 25.75  

 

6.3.4 Synthesis of BIMP derived from L-tert-leucine and electron 

rich phosphines 
 

The catalysts 35 and 36 are new compounds and the synthesis was performed 

between previously synthetized thiourea-azide 24 and electron rich phosphines 

(rac-BIDIME or SPhos).  

 

Synthesis of the BIMP catalysts 35a* and 35b*:  
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Synthesis of the BIMP catalyst 35a* (50-70 oC in THF):  

In a high-pressure vial (10 mL) was added 50 mg (0.12 mmol, 1.0 equiv.) of 

thiourea-azide 24 and 39.6 mg (0.12 mmol, 1.0 equiv.) of rac-BIDIME in 2 mL of 

dry THF. The reaction mixture was stirred at 50 °C overnight, under N2 conditions. 

The reaction was checked the day after by TLC in n-hexane/ethyl acetate 1:1 (the 

starting material was still visible). The reaction mixture was further heated at 70 
oC for 5h and checked by NMR. By 19F NMR and 31P NMR starting azide and 

phosphine were consumed, so the reaction was stopped and THF was removed 

under the flow of nitrogen. The crude (residue after removing the solvent) was 

triturated with 1 mL of dry n-pentane for 15 min. Solvent was filtered off and the 

sample was dried under the flow of nitrogen. 66 mg of the catalyst 35a was 

isolated as yellow solid (~76% yield).  

By ESI positive, molecular ion of the catalyst is visible, while 1H NMR is showing 

more complex spectra, indicating that the molecule probably exists as a mixture 

of rotamers (t-Bu groups (0.85-1 ppm), -OMe groups (3.62-3.79 ppm)). Due to 

the complexity of the signals by 19F NMR and 31P NMR, further analysis is required 

for elucidation. 

1H NMR of BIMP catalyst 35a* (300 MHz, CDCl3) 
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31P NMR of BIMP catalyst 35a* (121.2 MHz, CDCl3) 

 

19F NMR of BIMP catalyst 35a* (282.1 MHz, CDCl3) 

 



Milena Krstić - PhD thesis, 2022 

138 
 

 

ESI positive of BIMP catalyst 35a* 

 

 

Synthesis of BIMP catalyst 35b* (room temperature in Et2O):  

In the two-necked flask was added 50 mg (0.12 mmol, 1.0 equiv.) of thiourea-

azide 24 and 39.6 mg (0.12 mmol, 1.0 equiv.) of rac-BIDIME in 2 mL of dry Et2O. 

The reaction mixture was stirred at room temperature for 5 days. The reaction 

was monitored by TLC and 1H NMR, 19F NMR and 31P NMR. After 5 days, solvent 

was removed under the flow of nitrogen. 60 mg of the residue (catalyst 35b) was 

obtained as a pale-yellow solid (~70% yield).  

By ESI positive, molecular ion of the catalyst is the most intensive, showing 

cleaner mass spectra compared to the catalyst prepared on higher temperature. 

Nevertheless, 31P NMR showed the presence of unreacted phosphine, while 19F 

NMR unreacted organoazide.  
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1H NMR of BIMP catalyst 35b* (300 MHz, CDCl3) 

 

 

31P NMR of BIMP catalyst 35b* (121.2 MHz, CDCl3) 
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19F NMR of BIMP catalyst 35b* (282.1 MHz, CDCl3) 

 

 

ESI positive of BIMP catalyst 35b* 
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Synthesis of the BIMP catalysts 36a* or intermediate 36b*:  

 

 
 

Synthesis of the BIMP catalyst 36a* (70 oC in THF): 

In a high-pressure vial (10 mL) was added 100 mg (0.24 mmol, 1.0 equiv.) of 

azide 24 and 98.5 mg (0.24 mmol, 1.0 equiv.) of phosphine SPhos in 4 mL of dry 

THF. The reaction mixture was stirred at 70 °C overnight, under N2 conditions. 

After 17h, the reaction mixture was checked by 31P NMR (providing the best 

indication about conversion to the product). The starting material was consumed, 

THF was removed under the flow of nitrogen and dried additionally on high-

vacuum pump. 170 mg of the catalyst 36a was obtained, as a shiny light-yellow 

solid (~89% yield).  
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1H NMR of BIMP catalyst 36a* (300 MHz, C6D5CD3) 

 

19F NMR of BIMP catalyst 36a* (282.1 MHz, C6D5CD3) 
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31P NMR of BIMP catalyst 36a* (121.2 MHz, C6D5CD3) 

 

 

13C NMR of BIMP catalyst 36a* (75 MHz, CDCl3) 
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HR-MS of BIMP catalyst 36a* 

 

 

Elemental composition analysis of BIMP catalyst 36a* 
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Synthesis of the BIMP phosphazide intermediate 36b* (room temperature 

in Et2O):  

In a two-necked flask was added 195 mg (0.47 mmol, 1.0 equiv.) of azide 24 and 

193 mg (0.47 mmol, 1.0 equiv) of phosphine SPhos in 6 mL of dry Et2O. The 

reaction mixture was monitored by TLC (n-hexane/ethyl acetate 7:3), 1H NMR 

and 31P NMR. Starting material disappeared after 66h stirring at room 

temperature.  

Interestingly, although the consumption of the starting material was observed, the 

precatalyst 36b showed very poor solubility in Et2O and even in more polar 

solvents such as methanol. Physical appearance as well as spectral data was 

different from the catalyst 36a (prepared at higher temperatures in THF). 400 mg 

of the product 36b was isolated as amorphous milky solid (~79% yield).  

In order to understand the behavior of s-cis / s-trans – phosphazide isomers and 

see if it is possible to convert one isomer to another, 1H NMR, 19F NMR and 31P 

NMR analysis were performed on room temperature in deuterated chloroform as 

well at 50 oC in deuterated toluene. As expected, (see spectra below) at room 

temperature both isomers were visible by 19F NMR and 31P NMR (most likely s-

trans isomer as a major, due to the high steric hindrance on phosphorus), while 
19F NMR and 31P NMR spectra carried out at 50 oC showed the interconversion 

of the isomers and signals merging.  
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1H NMR of phosphazide 36b* at room temperature (300 MHz, CDCl3) 

 

 

31P NMR of phosphazide 36b* at room temperature (121.2 MHz, CDCl3) 
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19F NMR of phosphazide 36b* at room temperature (282.1 MHz, CDCl3) 

 

 

1H NMR of phosphazide 36b* at 50 oC (300 MHz, C6D5CD3) 
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31P NMR of phosphazide 36b* at 50 oC (121.2 MHz, C6D5CD3) 

 

 

19F NMR of phosphazide 36b* at 50 oC (282.1 MHz, C6D5CD3) 
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HR-MS of phosphazide 36b* 

 

 

 

Elemental composition analysis of phosphazide 36b* 
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6.3.5 Synthesis of BIMP bearing two stereogenic centers and 

thiourea moiety 
 

The synthesis of intermediates 37-41 as well as the catalyst 42 were prepared 

according to the Dixon’s procedure.74 The catalysts 42a and 42b are new 

compounds.  

 

General procedure for the synthesis of intermediates 38a/38b:  

 

 

 

To a stirred solution of coupling reagent EDC hydrochloride (253 mg, 1.32 mmol, 

1.1 equiv.) and 1- hydroxybenzotriazole hydrate, HOBt (178 mg, 1.32 mmol, 1.1 

equiv.) in dry DCM (10 mL) under nitrogen atmosphere at room temperature was 

added N, N-diisopropylethylamine-DIPEA (0.3 mL, 1.8 mmol, 1.5 equiv.) and 

diethylamine-DEA (0.135 mL, 1.32 mmol, 1.1 equiv.) sequentially.  

N-Boc-D-α-phenylglycine 37a / N-Boc-L-α-phenylglycine 37b (300 mg, 1.2 mmol, 

1.0 equiv.) was added in one portion and the reaction mixture was stirred for 20 

h. After the consumption of starting material (check by TLC in n-hexane/ethyl 

acetate 1:1), stained by KMnO4), the reaction was diluted with Et2O (20 mL), 

washed with 0.5 M HCl (2 x 20 mL) and the aqueous phase extracted with Et2O 

(10 mL). The combined organic phases were washed with sat. aq. NaHCO3 (20 

mL) and brine (20 mL), dried (Na2SO4), filtered and concentrated in vacuo to 

afford the products 38a (R) or 38b (S) enantiomer as yellow solids in ~85% yield, 

which were used without further purification. 

1H NMR of 38a/38b (300 MHz, CDCl3) d ppm: 0.92-0.97 (t, 3H), 1.08-1.13 (t, 3H), 

1.41 (s, 9H), 3.07-3.19 (1H), 3.22-3.34 (2H), 3.44-3.54 (1H), 5.5-5.53 (d, 1H), 

6.02-6.04 (d, 1H), 7.28-7.39 (m, 5H) 

13C NMR of 38a/38b (75 MHz, CDCl3) d ppm: 12.63, 13.66, 28.37, 40.4, 41.6, 

55.1, 79.53, 127.7, 128.1, 128.92, 138.64, 155.04, 169.09 

Mass (ESI+) of 38a/38b:  m/z=329 [M (306) + 23], fragment without Boc 

protecting group (m/z=207 [206+H]) 
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General procedure for the synthesis of intermediates 39a/39b:  

 

 

 

To a vigorously stirred solution of the 38a (R enantiomer) or 38b (S enantiomer) 

(300 mg, 0.97 mmol) in DCM (5 mL) under N2 atmosphere at 0 °C was added 4 

N HCl in 1,4-dioxane (2.33 mL, 9.3 mmol, 9.6 equiv.) over 10 min. The reaction 

mixture was stirred for 11h (in case of R enantiomer) or 24h (in case of S 

enantiomer) at 0 °C. The reactions were monitored by 1H NMR in CDCl3 (tracking 

the disappearance of Boc group). After the conversion of 38a/38b to 

hydrochloride salt, the crudes were concentrated in vacuo to afford the product 

39a as light brown solid (230 mg, 97% yield) and product 39b as light green solid 

(220 mg, 86% yield).  The isolated salts were used without further purification.  

1H NMR of 39a/39b (300 MHz, CDCl3) d ppm: 0.85-0.90 (t, 3H), 1.05.1.10 (t, 3H), 

3.18 and 3.45 (m, 4H), 5.61 (d, 1H), 7.40 (m, 3H), 7.61 (m, 2H), 8.84 (bs, 2H)  

13C NMR of 39a/39b (75 MHz, CDCl3) d ppm: 12.46, 13.25, 40.63, 41.81, 55.22, 

129.14, 129.32, 129.69, 132.37, 166.49 

Mass (ESI+) of 39a/39b:  m/z=207 (R-NH3
+ ion), m/z=229 [R-NH2 + 23] 

 

General procedure for the synthesis of isothiocyanates 40a/40b:  
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To a vigorously stirred solution of the hydrochloride salt 39a/39b (0.816 mmol, 

198 mg, 1.0 equiv.) in DCM (12 mL) under nitrogen atmosphere at 0 °C was 

added sat. aq. solution NaHCO3 (12 mL), and the biphasic mixture was stirred for 

20 min. Stirring was stopped and thiophosgene (0.09 mL, 1.22 mmol, 1.5 equiv.) 

was added to the organic layer. Immediately, vigorous stirring was restored, and 

the mixture allowed to warm to room temperature for 1h. The reaction mixture 

was monitored by TLC (n-hexane/ethyl acetate 1:1). After reaction completion, 

the organic phase was extracted with DCM (2 x 10 mL), washed with brine (10 

mL), dried over Na2SO4, filtered, and concentrated in vacuo to afford the crude 

product 40a as an orange solid (~84% yield, purity by 1H NMR ~80%) or 40b as 

a dark green oil (~86% yield, purity by 1H NMR ~93%). The corresponding 

isothiocyanate 40a/40b was used without further purification.  

 

1H NMR of 40a/40b (300 MHz, CDCl3) d ppm: 0.96 (t, 3H), 1.13 (t, 3H), 3.08-3.53 

(m, 4H), 5.38 (s, 1H), 7.39-7.41 (m, 5H) 

 

General procedure for the synthesis of azides 41a/41b:  

 

 

 

In a two necked flask connected with nitrogen line and cooled to 0 °C, the 

corresponding isothiocyanate 40a or 40b (114 mg, 0.46 mmol, 1.0 equiv.) was 

dissolved in 3 mL of dry DCM (0.18 M). Aminoazide 32 (80 mg, 0.56 mmol, 1.2 

equiv.) was subsequently added in the solution of isothiocyanate, the reaction 

mixture was then warmed to room temperature and stirred overnight. The reaction 

mixture was monitored by TLC in n-hexane/ethyl acetate 1:1. After 24h, solvent 

was removed under reduced pressure and the crude was purified by silica gel 

column chromatography.  

The products 41a/41b were isolated with n-hexane/ethyl acetate 8:2 by column 

chromatography. 41a and 41b were obtained as dark red oils, (150 mg, 84% 

yield) and (154 mg, 86% yield), respectively.  
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1H NMR of thiourea-azide 41 (300 MHz, CDCl3) 

 

13C NMR of thiourea-azide 41 (75 MHz, CDCl3) 

 

Mass (ESI+) of 41a/41b: visible ion m/z=414 [M+23] 
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General procedure for the synthesis of the catalysts 42a*/42b*:  

 

 
 

In the 5 mL glass vial with the septum (purged with nitrogen) was added 33 mg 

(0.084 mmol, 1.0 equiv.) of azide 41a or 42b and 30 mg (0.084 mmol, 1.0 equiv.) 

of tris(4-methoxyphenyl) phosphine in 0.4 mL of dry Et2O. The reaction mixtures 

were stirred at room temperature for 48h. The reaction mixture was monitored by 
1H NMR and 31P NMR, until the disappearance of starting material. After 48h, the 

residue of solvent was removed under the flow of nitrogen. The catalyst 42a (R,S 

diastereomer) was isolated as a light-yellow solid (27 mg, 45% yield), while 

catalyst 42b (S,S diastereomer) was obtained as a light orange solid (30 mg, 50% 

yield).  

 

1H NMR of BIMP catalyst 42* (300 MHz, C6D5CD3) 
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31P NMR of BIMP catalyst 42* (121.2 MHz, C6D5CD3) 

 

 

6.3.6 Synthesis of BIMP bearing two stereogenic centers and urea 

moiety 
 

The intermediate urea-azide 44 is a new compound. 

 

General procedure for the synthesis of urea-azide 44*:  
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In a 25 mL two-necked flask 135 mg (1.0 equiv.) of carbonyldiimidazole (CDI) 

under the flow of nitrogen was dissolved in 3 mL of dry DCM. Aminoazide 32 (91 

mg, 1.0 equiv.) was dissolved in another 2 mL of dry DCM and added dropwise 

in the solution of carbonyldiimidazole. The reaction mixture was stirred at room 

temperature for 4h. After the formation of intermediate 43 (check by TLC), 175 

mg, 2.0 equiv. of (R)-2-phenylglycinol and 0.18 mL (2.0 equiv.) of freshly distilled 

TEA was added in the solution and stirred further at room temperature overnight. 

The intermediate 43 was consumed after 16h, solvent was removed, and the 

residue was dissolved in 20 mL of ethyl acetate. Organic layer was washed 5 

times with water (5x20 mL), dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure. In the residue was added 3 mL of dry Et2O and 

stirred for 5 min, to remove impurities. The suspension was filtrated under 

vacuum and the product 44 was isolated as white solid (45 mg, ~20% yield, 80% 

pure by 1H NMR). The product 44 contained around 20% of side product (formed 

symmetric urea of aminoazide 32 with CDI, see 13C NMR spectra below).  

 

1H NMR of urea-azide 44* (300 MHz, CDCl3) 
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13C NMR of urea-azide 44* (75 MHz, CDCl3) 

 

 

Mass (ESI+) of urea-azide 44*: visible molecular ion m/z=304.6 

 

General procedure for the synthesis of BIMP 45*:  

The bifunctional iminophosphorane organocatalyst 45 is a new compound. 

 

 

In a two-necked flask connected with nitrogen line was added 45 mg (0.147 mmol, 

~1.0 equiv.) of azide 44 and 52 mg (0.147 mmol, 1.0 equiv.) of tris(4-

methoxyphenyl) phosphine in 4 mL of dry Et2O. The reaction mixture was stirred 
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at room temperature overnight. The consumption of starting material was followed 

by TLC (n-hexane/ethyl acetate 1:1), 1H NMR and 31P NMR. When the reaction 

is completed (disappearance of azide 44), solvent was removed under the flow 

of nitrogen and the catalyst 45 was isolated as white solid containing around 30% 

unreacted phosphine (67 mg, ~70% yield). The BIMP catalyst 45 was used 

without further purification.  

 

1H NMR of BIMP catalyst 45* (300 MHz, CDCl3) 
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31P NMR of BIMP catalyst 45* (121.2 MHz, CDCl3) 

 

 

 

6.3.7 Synthesis of BIMP bearing one stereocenter on organoazide 

scaffold and stereogenic phosphorus 
 

General procedure for the synthesis of BIMP catalysts 46* and 47*:  

The bifunctional iminophosphorane organocatalysts 46 and 47 bearing 

stereogenic phosphorus are new compounds. 
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To perform the last step (formation of iminophosphorane via Staudinger reaction) 

for the catalysts 46/47 synthesis, in both cases the same thiourea-azide 24 was 

used. The synthesis of 24 was previously described in section 6.3.2.  

In the two-necked flask was added 90.1 mg (0.218 mmol, 2.0 equiv.) of azide 24 

and 50 mg (0.109 mmol, 1.0 equiv.) of (S,S)-DIPAMP or (R,R)-DIPAMP in 2 mL 

of dry Et2O. The reaction mixture was stirred at room temperature, under N2 

conditions. Both reactions were followed by TLC (n-hexane/ethyl acetate 1:1) and 
31P NMR. In case of the catalyst 46, starting material was consumed after 20h, 

and in case of catalyst 47 the reaction was done after 7h.  

After removal of Et2O, the residue was triturated with n-pentane (3x3 mL), filtered, 

the solid was collected and dried in vacuo additionally. The 

bisiminophosphoranes 46 and 47 were obtained as white solids in 95% and 67% 

yield, respectively. They were used without further purification.  
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1H NMR of BIMP catalyst 46* at room temperature (300 MHz, C6D5CD3) 

 

 

31P NMR of BIMP catalyst 46* at room temperature (121.2 MHz, C6D5CD3) 
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19F NMR of BIMP catalyst 46* at room temperature (282.1 MHz, C6D5CD3) 

 

 

1H NMR of BIMP catalyst 46* at 50 oC (300 MHz, C6D5CD3) 
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31P NMR of BIMP catalyst 46* at 50 oC (121.2 MHz, C6D5CD3) 

 

19F NMR of BIMP catalyst 46* at 50 oC (282.1 MHz, C6D5CD3) 
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HR-MS of BIMP catalyst 46* 

 

 

Elemental composition analysis of BIMP catalyst 46* 
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HR-MS of BIMP catalyst 47* 
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Elemental composition analysis of BIMP catalyst 47* 

 

 

6.4 Synthesis of N-Boc aryl trifluoromethyl ketimines 
 

General procedure: N-Boc aryl trifluoromethyl ketimines 48-60 were synthesized 

according to procedure.37 

 
 

To a solution of 300 mg (1.0 equiv.) of the corresponding commercially available 

trifluoroacetophenone in toluene dried over molecular sieves (5 mL) was added 

2.0 equiv. N-Boc-imino-(triphenyl)-phosphorane. The reaction mixture was 

heated and stirred usually overnight (or longer time depending on starting ketone) 

at 110 oC. It was monitored by TLC and/or 1H NMR in CDCl3. After the 

consumption of starting ketone, the reaction was stopped, cooled down to room 

temperature and toluene was removed on rotary evaporator. The residue was 

purified by silica gel column chromatography (eluent from n-hexane/ethyl acetate 
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98:2 to n-hexane/ethyl acetate 9:1, depending on the starting material) or it is 

washed with the eluent and filtered through a glass Büchner filtering funnel filled 

with a layer of silica. Fractions are collected, solvents were removed on rotary 

evaporator and ketimines are obtained with yield from 47% to 87%. 

Ketimines 48, 49, 50, 51 are known compounds in the literature and they are in 

accordance with the published paper.48 The ketimines 54 and 56 are mentioned 

in the article37, with no spectra described.  

 

 

 
tert-butyl (Z)-(2,2,2-trifluoro-1-(4-(trifluoromethyl)phenyl)ethylidene) carbamate 

(52*):  

 

Reaction performed in high pressure tube (due to the 

volatility of starting ketone). Reaction time was 41h 

at 90 oC. The crude was purified by silica gel column 

chromatography (n-hexane/ethyl acetate 9:1), to 

afford imine in 85% yield, as colorless oil.    

1H NMR (300 MHz, CDCl3)  ppm: 1.40 (bs, 9H), 7.75 

(bs, 4H)  

19F NMR (282.1 MHz, CDCl3)  ppm: -63.32 (major peak), -62.88 (minor peak) 
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tert-butyl (Z)-(1-(3,5-dichlorophenyl)-2,2,2-trifluoroethylidene) carbamate (53*): 

Reaction time was 32h at 110 oC. The crude was 

purified by trituration with n-hexane/ethyl acetate 95:5 

(5x20 mL). White solid (triphenylphosphine oxide) was 

precipitated by stirring and it was filtered under the 

vacuum on glass frit filled with short layer of silica. The 

filtrates were combined and concentrated to afford 

imine in 80% yield, as colorless oil. 

 

1H NMR (300 MHz, CDCl3)  ppm: 1.46 (s, 9H), 7.55 (m, 2.5H) 

19F NMR (282.1 MHz, CDCl3)  ppm: -69.84 (major, the product), -69.03  (minor) 

13C NMR (75 MHz, CDCl3)  ppm:  27.97, 85.24, 126.57/126.70, 132.26, 135.98, 

157.56 (CF3 carbon and C=N carbon are not reported)                                     

GC-MS: m/z = calc. for C13H12Cl2F3NO2 = 341.02, found 241.1 [M - 100] 

(McLafferty rearrangement of the t-butyloxycarbonyl group) 

 

tert-butyl (Z)-(1-(3,5-difluorophenyl)-2,2,2-trifluoroethylidene) carbamate (54): 

  

Reaction time was 32h at 110 oC. The crude was 

purified by trituration with n-hexane/ethyl acetate 95:5 

(5x20 mL). White solid (triphenylphosphine oxide) was 

precipitated by stirring and it was filtered under the 

vacuum on glass frit filled with short layer of silica. The 

filtrates were combined and concentrated to afford 

imine in 78% yield, as colorless oil. 

 

1H NMR (300 MHz, CDCl3)  ppm: 1.46 (s, 9H), 7.02 (tt) and 7.21 (bs), <3H.  

19F NMR (282.1 MHz, CDCl3)  ppm: -70 (CF3), -108.32, -108.57 (F) 

 13C NMR (75 MHz, CDCl3)  ppm: 27.90, 85.03, 107.8, 111.55 and 111.91 

(aromatic C in orto position), 118.54 (CF3), 132.63, 157.58 (C=O), 161.33 and 

164.7 (aromatic C in meta position, bonded to F, as doublets).  

GC-MS: m/z = calc. for C13H12F5NO2 = 309.08, found 209.1 [M - 100] (McLafferty 

rearrangement of the t-butyloxycarbonyl group) 
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tert-butyl (Z)-(1-(3-chloro-5-fluorophenyl)-2,2,2-trifluoroethylidene) carbamate 

(55*):  

Reaction time was 24h at 110 oC. The crude was 

purified by trituration with n-hexane/ethyl acetate 95:5 

(5x20 mL). White solid (triphenylphosphine oxide) was 

precipitated by stirring and it was filtered under the 

vacuum on glass frit filled with short layer of silica. The 

filtrates were combined and concentrated to afford 

imine in 62% yield, as pale-yellow oil. 

 

1H NMR (300 MHz, CDCl3)  ppm: 1.47 (s, 9H), 7.28 (t, 1H), 7.31 (t, 1H), 7.46 (bs, 

1H) 

19F NMR (282.1 MHz, CDCl3)  ppm: -69.87 (CF3), -109.34 (F) 

 

tert-butyl (Z)-(1-(3-bromophenyl)-2,2,2-trifluoroethylidene) carbamate (56):  

 

Reaction time was 32h at 110 oC. The crude was purified 

by silica gel column chromatography (n-hexane/ethyl 

acetate 9:1), to afford imine in 87% yield, as colorless oil.    

1H NMR (300 MHz, CDCl3)  ppm: 1.44 (s, 9H), 7.35 (t, 1H), 

7.54 (bs, 1H), 7.68 (bs, 1H), 7.77 (bs, 1H) 

19F NMR (282.1 MHz, CDCl3)  ppm: -69.74  

 

13C NMR (75 MHz, CDCl3)  ppm: 27.95, 84.80, 122.8 (q, CF3), 122.98, 126.67, 

130.41, 131.05, 131.75, 132.99, 135.20, 157.94 (C=N carbon is not reported)                                    

GC-MS: m/z = calc. for C13H13BrF3NO2= 351.01, found 251.4 [M - 100] 

(McLafferty rearrangement of the t-butyloxycarbonyl group) 
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tert-butyl (Z)-(2,2,2-trifluoro-1-(m-tolyl)ethylidene) carbamate (57*):  

 

Reaction time was 16h at 110 oC. The crude was purified 

by silica gel column chromatography (n-hexane/ethyl 

acetate 9:1), to afford imine in 50% yield, as pale-yellow oil.    

1H NMR (300 MHz, CDCl3)  ppm: 1.40 (s, 9H), 2.39 (s, 3H), 

7.33-7.53 (m, 4H) 

19F NMR (282.1 MHz, CDCl3)  ppm: -71.32  

 

GC-MS: m/z = calc. for C14H16F3NO2 = 287.11, found 187.2 [M - 100] (McLafferty 

rearrangement of the t-butyloxycarbonyl group) 

 

tert-butyl (Z)-(2,2,2-trifluoro-1-(4-propylphenyl)ethylidene) carbamate (58*):  

 

Reaction time was 52h at 110 oC. The crude was 

purified by silica gel column chromatography (n-

hexane/ethyl acetate 98:2), to afford imine in 47% 

yield, as colorless oil.    

 
1H NMR (300 MHz, CDCl3)  ppm: 0.94 (t, 3H), 1.41 ppm (s, 9H), 1.66 (sext, 2H), 

2.64 (t, 2H), 7.24 (s, 1H), 7.27 (s, 1H), 7.54 (d, 2H) 

19F NMR (282.1 MHz, CDCl3)  ppm: -71.36  

13C NMR (75 MHz, CDCl3)  ppm: 13.71, 24.25, 27.88, 37.99, 83.93, 127.50, 

128.15, 128.88, 147.55, 158.60  

GC-MS: m/z = calc. for C16H20F3NO2 = 315.14, found 215.25 [M - 100] 

(McLafferty rearrangement of the t-butyloxycarbonyl group) 
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tert-butyl (Z)-(2,2,2-trifluoro-1-(3-isopropylphenyl)ethylidene) carbamate (59*): 

 

Reaction time was 3 days at 110 oC. The crude was 

purified by trituration with n-hexane/ethyl acetate 9:1 

(5x20 mL). White solid (triphenylphosphine oxide) 

was precipitated by stirring and it was filtered under 

the vacuum on glass frit filled with short layer of silica. 

The filtrates were combined and concentrated to 

afford imine in 62% yield, as colorless oil. 
1H NMR (300 MHz, CDCl3)  ppm: 1.25 (s, 3H), 1.27 (s, 3H), 1.38 (s, 9H),  2.93 

(sept, 1H), 7.39 (m, 4H) 

19F NMR (282.1 MHz, CDCl3)  ppm: -71.28  

13C NMR (75 MHz, CDCl3)  ppm: 23.73, 27.76, 34.10, 83.87, 125.35, 126.08, 

128.61, 130.04 (as a doublet), 149.53, 158.38           

GC-MS: m/z = calc. for C16H20F3NO2 = 315.14, found 215.25 [M - 100] 

(McLafferty rearrangement of the t-butyloxycarbonyl group) 

 

tert-butyl (Z)-(1-(4-(tert-butyl)phenyl)-2,2,2-trifluoroethylidene) carbamate (60*):  

 

Reaction time was 3 days at 110 oC. The crude was 

purified by silica gel column chromatography (n-

hexane/ethyl acetate 98:2), to afford imine in 47% 

yield, as colorless oil.    

1H NMR (300 MHz, CDCl3)  ppm: 1.33 (s, 9H), 1.41 

(s, 9H), 7.46 (d, 2H), 7.56 (d, 2H)  

19F NMR (282.1 MHz, CDCl3)  ppm: -71.39 

13C NMR (75 MHz, CDCl3)  ppm: 27.89, 31.13, 35.14, 83.96, 124 (CF3), 125.74, 

127.26, 128.07, 155.92, 158.60        

GC-MS: m/z = calc. for C17H22F3NO2 = 329.16, found 229.21 [M - 100] (McLafferty 

rearrangement of the t-butyloxycarbonyl group). 
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6.5 Asymmetric Aza-Henry reaction of N-Boc CF3 

ketimines promoted by Bifunctional IMinophosPhorane 

organocatalysts 
 

6.5.1 Asymmetric addition of nitromethane to N-Boc CF3 ketimines 

promoted by catalyst 36a 
 

General procedure for the synthesis of quaternary -nitroamines - reaction 

scope with catalyst 36a:  

 
A 1.5 mL vial with septum connected with nitrogen inlet, was charged with 0.1 

equiv. of iminophosphorane catalyst 36a and 1.0 equiv. (50 mg) of N-Boc CF3 

ketimine (48-60). The reaction mixture was cooled down at 0 oC. After that, 20 

equiv. of nitromethane was added, and the reaction mixture was stirred until the 

completion of the reaction. The reactions were monitored by TLC and 1H NMR. 

After the reaction is done, nitromethane was removed under reduced pressure 

and the residue was purified by column chromatography on silica gel with n-

hexane/ethyl acetate to afford the desired products 64-76. Determination of ee% 

was done on chiral HPLC (Chiralpak AD column, eluent: n-hexane/isopropanol 

95:5, flow rate 1 mL/min or Chiralcel OD-H, n-hexane/isopropanol 95:5, 0.8 

mL/min). 

Aza-Henry products 64, 65, 66, 67 are known compounds in the literature and 

spectral data can be found in the acticle.48 Quaternary -nitroamines 68-76 are 

new compounds.   
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t-butyl (S)-(2-(4-chlorophenyl)-1,1,1-trifluoro-3-nitropropan-2-yl) carbamate, 64: 

Reaction time was 24h at 0 oC. The product was isolated 

by silica gel column chromatography with n-hexane/ethyl 

acetate 95:5, as a pale-yellow oil, 78% yield. Determination 

of ee% was done on HPLC (Chiralpak AD column, eluent: 

n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major)=8.41 min, t(minor)=11.12 min, ~90% ee. 

 

 

Determination of ee% for compound 64 
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t-butyl (S)-(1,1,1-trifluoro-2-(4-fluorophenyl)-3-nitropropan-2-yl) carbamate, 65: 

Reaction time was 48h at 0 oC. The product was isolated by 

silica gel column chromatography with n-hexane/ethyl 

acetate 9:1, as a colorless oil, 85% yield. Determination of 

ee% was done on HPLC (Chiralpak AD column, eluent: n-

hexane/isopropanol 95:5, flow rate 1 mL/min, t(major)=8.95 

min, t(minor)= 12.83 min, ~82% ee. 

 

Determination of ee% for the compound 65 

 

 

 

 



Milena Krstić - PhD thesis, 2022 

175 
 

t-butyl (S)-(1,1,1-trifluoro-3-nitro-2-phenylpropan-2-yl) carbamate, 66:  

Reaction time was 26h at 0 oC. The product was isolated by 

silica gel column chromatography with n-hexane/ethyl acetate 

95:5, as a colorless oil, 82% yield. Determination of ee% was 

done on HPLC (Chiralpak AD column, eluent: n-

hexane/isopropanol 95:5, flow rate 1 mL/min, t(major)=9.57 

min, t(minor)= 11.9 min, ~95% ee.  

 

Determination of ee% for the compound 66 
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t-butyl (S)-(1,1,1-trifluoro-2-(4-methoxyphenyl)-3-nitropropan-2-yl) carbamate, 

67: 

Reaction time was 48h at 0 oC. The product was isolated 

by silica gel column chromatography with n-hexane/ethyl 

acetate 98:2, as a colorless oil, 38% yield. Determination 

of ee% was done on HPLC (Chiralpak AD column, eluent: 

n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major)=10.95 min, t(minor)= 12.98 min, ~92% ee. 

 

Determination of ee% for the compound 67 
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t-butyl (S)-(2-(3,5-dichlorophenyl)-1,1,1-trifluoro-3-nitropropan-2-yl) carbamate, 

68*: 

Reaction time was 48h at 0 oC. The product was isolated 

by silica gel column chromatography with n-

hexane/ethyl acetate 98:2, as a colorless oil, 43% yield. 

Determination of ee% was done on HPLC (Chiralpak 

AD column, eluent: n-hexane/isopropanol 95:5, flow 

rate 1 mL/min, t(major)=6.72 min, t(minor)= 7.79 min, 

~76% ee.  

 

 

1H NMR of compound 68* (300 MHz, CDCl3) 
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13C NMR of compound 68* (75 MHz, CDCl3) 

 
19F NMR of compound 68* (282.1 MHz, CDCl3) 
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HR-MS of compound 68* 

 
 

Elemental composition analysis of compound 68* 
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Determination of ee% for compound 68* 
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t-butyl (S)-(2-(3,5-difluorophenyl)-1,1,1-trifluoro-3-nitropropan-2-yl) carbamate, 

69*: 

Reaction time was 48h at 0 oC. The product was isolated 

by silica gel column chromatography with n-hexane/ethyl 

acetate 98:2, as a colorless oil, 46% yield. Determination 

of ee% was done on chiral HPLC (Chiralpak AD column, 

eluent: n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major) = 6.56 min, t(minor) = 8.74 min, ~70% ee  

 
 

1H NMR of compound 69* (300 MHz, CDCl3) 
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13C NMR of compound 69* (75 MHz, CDCl3) 

 
19F NMR of compound 69* (282.1 MHz, CDCl3) 
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HR-MS of compound 69* 

 

 
Elemental composition analysis of compound 69* 
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Determination of ee% for compound 69* 

 
 

 

 

 



Milena Krstić - PhD thesis, 2022 

185 
 

t-butyl (S)-(2-(3-chloro-5-fluorophenyl)-1,1,1-trifluoro-3-nitropropan-2-yl) 

carbamate, 70*: 

Reaction time was 48h at 0 oC. The product was isolated 

by silica gel column chromatography with n-hexane/ethyl 

acetate 98:2, as a colorless oil, 53% yield. Determination 

of ee% was done on chiral HPLC (Chiralpak AD column, 

eluent: n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major)=6.86 min, t(minor)= 8.59 min, ~80% ee. 

 
 

1H NMR of compound 70* (300 MHz, CDCl3) 
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13C NMR of compound 70* (75 MHz, CDCl3) 

 
19F NMR of compound 70* (282.1 MHz, CDCl3) 
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HR-MS of compound 70* 

 

 
 

Elemental composition analysis of compound 70* 
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Determination of ee% for compound 70* 
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t-butyl (S)-(1,1,1-trifluoro-3-nitro-2-(m-tolyl)propan-2-yl) carbamate, 71*: 

Reaction time was 48h at 0 oC. The product was isolated by 

silica gel column chromatography with n-hexane/ethyl acetate 

98:2, as a colorless oil, 30% yield. Determination of ee% was 

done on chiral HPLC (Chiralpak AD column, eluent: n-

hexane/isopropanol 95:5, flow rate 1 mL/min, t(major)=8.05 

min, t(minor)= 8.91 min, 90% ee.  

 

 

1H NMR of compound 71* (300 MHz, CDCl3) 
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13C NMR of compound 71* (75 MHz, CDCl3) 

 
19F NMR of compound 71* (282.1 MHz, CDCl3) 
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HR-MS of compound 71* 

 
 

Elemental composition analysis of compound 71* 
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Determination of ee% for compound 71* 
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t-butyl (S)-(2-(3-bromophenyl)-1,1,1-trifluoro-3-nitropropan-2-yl) carbamate, 72*: 

Reaction time was 48h at 0 oC. The product was isolated by 

silica gel column chromatography with n-hexane/ethyl acetate 

95:5, as a colorless oil, 50% yield. Determination of ee% was 

done on chiral HPLC (Chiralpak AD column, eluent: n-

hexane/isopropanol 95:5, flow rate 1 mL/min, t(minor)=12.94 

min, t(major)= 13.99 min, ~88% ee. 

 
 

1H NMR of compound 72* (300 MHz, CDCl3) 
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13C NMR of compound 72* (75 MHz, CDCl3) 

 
19F NMR of compound 72* (282.1 MHz, CDCl3) 
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HR-MS of compound 72* 

 

 
Elemental composition analysis of compound 72* 
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Determination of ee% for compound 72* 

 

 
t-butyl (S)-(1,1,1-trifluoro-3-nitro-2-(4-(trifluoromethyl)phenyl)propan-2-yl) 

carbamate, 73*: 

Reaction time was 48h at 0 oC. The product was isolated 

by silica gel column chromatography with n-hexane/ethyl 

acetate 95:5, as a pale-yellow oil, 35% yield. 

Determination of ee% was done on chiral HPLC 

(Chiralpak AD column, eluent: n-hexane/isopropanol 

95:5, flow rate 1 mL/min, t(major)=6.90 min, t(minor)= 

9.89 min, ~86% ee. 
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1H NMR of compound 73* (300 MHz, CDCl3) 

 
13C NMR of compound 73* (75 MHz, CDCl3) 
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19F NMR of compound 73* (282.1 MHz, CDCl3) 

 
HR-MS of compound 73* 
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Elemental composition analysis of compound 73* 

 
Determination of ee% for compound 73* 
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t-butyl (S)-(2-(4-(tert-butyl)phenyl)-1,1,1-trifluoro-3-nitropropan-2-yl) carbamate, 

74*:  

Reaction time was 63h at 0 oC. The product was 

isolated by silica gel column chromatography with n-

hexane/ethyl acetate 98:2, as a colorless oil, 75% yield. 

Determination of ee% was done on chiral HPLC 

(Chiralcel OD-H, n-hexane/isopropanol 95:5, flow rate 

0.8 mL/min), t(minor)=5.82 min, t(major)= 6.91 min, 

92% ee. 

 
 

1H NMR of compound 74* (300 MHz, CDCl3) 
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13C NMR of compound 74* (75 MHz, CDCl3) 

 
19F NMR of compound 74* (282.1 MHz, CDCl3) 
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HR-MS of compound 74* 

 
 

Elemental composition analysis of compound 74* 
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Determination of ee% for compound 74* 
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t-butyl (S)-(1,1,1-trifluoro-3-nitro-2-(4-propylphenyl)propan-2-yl) carbamate, 75*: 

Reaction time was 48h at 0 oC. The product was isolated 

by silica gel column chromatography with n-hexane/ethyl 

acetate 98:2, as a colorless oil, 75% yield. Determination 

of ee% was done on chiral HPLC (Chiralcel OD-H, n-

hexane/isopropanol 95:5, flow rate 0.8 mL/min), 

t(minor)=6.05 min, t(major)= 6.54 min, 95% ee. 

 

1H NMR of compound 75* (300 MHz, CDCl3) 
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13C NMR of compound 75* (75 MHz, CDCl3) 

 
19F NMR of compound 75* (282.1 MHz, CDCl3) 
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HR-MS of compound 75* 

 
 

Elemental composition analysis of compound 75* 
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Determination of ee% for compound 75* 
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t-butyl (S)-(1,1,1-trifluoro-2-(3-isopropylphenyl)-3-nitropropan-2-yl) carbamate, 

76*: 

Reaction time was 48h at 0 oC. The product was 

isolated by silica gel column chromatography with 

n-hexane/ethyl acetate 98:2, as a colorless oil, 

51% yield. Determination of ee% was done on 

chiral HPLC (Chiralcel OD-H, n-

hexane/isopropanol 95:5, flow rate 0.8 mL/min), 

t(minor)=5.8 min, t(major)= 6.3 min, 95% ee. 

 

1H NMR of compound 76* (300 MHz, CDCl3) 
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13C NMR of compound 76* (75 MHz, CDCl3) 

 
19F NMR of compound 76* (282.1 MHz, CDCl3) 
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HR-MS of compound 76* 

 
 

Elemental composition analysis of compound 76* 
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Determination of ee% for compound 76* 
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6.5.2 Screening of BIMPs in aza-Henry reaction with model 

ketimines 48 or 50 - general procedure:  
 

 

A 1.5 mL vial with septum connected with nitrogen inlet, was charged with 0.1 

equiv. (table 3 and table 4) or 0.2 equiv. of BIMP catalyst (table 3, entry 20) and 

1 equiv. (50 mg) of ketimine 48 or 50. 20 equiv. of nitromethane (table 3 and 4) 

or mixture of nitromethane/toluene (table 3, entry 3) was added, and the reaction 

mixture was stirred at indicated temperature until the completion of the reaction. 

The reactions were monitored by TLC and 1H NMR. After the reaction is done, 

nitromethane (MeNO2) or nitromethane/toluene was removed under reduced 

pressure and the residue was purified by column chromatography on silica gel 

with n-hexane/ethyl acetate to afford the desired -nitroamines. Determination of 

ee% was done on chiral HPLC (Chiralpak AD column, eluent: n-

hexane/isopropanol 95:5, flow rate 1 mL/min). The detail about reaction 

conditions, yields and ee% values are reported in table 3 and 4, section 5.5. 

Determination of ee% for aza-Henry products 48 and 50 with different 

BIMPs: 
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6.6. Asymmetric Mannich reaction of malononitrile and 

oxidative decyanation 
 

Mannich product 79* is a new compound.   

General procedure for asymmetric Mannich reaction of malononitrile:  

 

A 1.5 mL vial with septum connected with nitrogen inlet, was charged with 60 mg 

(1 equiv.) of ketimine 50 and 0.1 equiv. of iminophosphorane catalyst 25, 36a or 

35b. The reaction mixture was cooled down to indicated temperature (table 5, 

section 5.6), and 2 equiv. (table 5, entry 1 and 2) or 10 equiv. (table 5, entry 3) of 

malononitrile in 0.8 mL of dry toluene was added. The reaction mixture was 

monitored by TLC (n-hexane/ethyl acetate 5:1) and 1H NMR. After starting 

material consumption, toluene was removed under reduced pressure and the 

crude was purified by silica gel column chromatography, eluent n-hexane/ethyl 

acetate 9:1, to afford the product 79 as a white solid, in 72-77% yield (table 5).  

1H NMR of compound 79* (300 MHz, CDCl3) 
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13C NMR of compound 79* (75 MHz, CDCl3) 

 

19F NMR of compound 79* (282.1 MHz, CDCl3) 

 

Mass (ESI+) for the compound 79*: m/z = calc. for C16H16F3N3O2 = 339, found 

362 [M + Na]. 
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General procedure for oxidative decyanation of dicyano compound 79*:  

 

A 10 mL two-necked flask vial with nitrogen inlet, was charged with 50 mg (1 

equiv., 0.147 mmol) dicyano compound 79 dissolved in 1.5 mL of MeOH at 0 °C. 

In the solution was added magnesium monoperoxyphthalate hexahydrate 80 

(0.75 equiv., 0.110 mmol) and Li2CO3 (1.5 equiv., 0.22 mmol). The reaction 

mixture was stirred for 2 h at 0 °C. The reaction was stopped and quenched by 

water and extracted with DCM three times. The combined organic layers were 

dried over Na2SO4. After removal of Na2SO4 by filtration, solvent was removed 

under reduced pressure to afford quaternary amino ester 81 as a white solid (32 

mg, 65% yield, entry 2, table 5). Determination of ee% was done on HPLC 

(Chiralpak AD column, eluent: n-hexane/isopropanol 95:5, flow rate 1 mL/min, 

t(major)=6.79 min, t(minor)= 9.48 min.  

 

1H NMR of 81 (300 MHz, CDCl3)  ppm: 1.41 (s, 9H), 3.83 (s, 3H), 5.62 (s, -NH), 

7.43 (m, 5H) 

13C NMR of 81 (75 MHz, CDCl3)  ppm:  28.18, 53.51, 81.58 ppm, 126.75 ppm, 

127.1 (CF3, low intensity quartet), 128.39 (quaternary), 128.96, 129.56, 131.64 

(quaternary aromatic), 153.66, 166.87. 

19F NMR of 81 (282.1 MHz, CDCl3)  ppm:  -76.29 (major peak) 

Mass (ESI+) of 81: m/z = calc. for C15H18F3NO4 = 333,3, found 356,4 [M + Na]. 
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Determination of ee% for compound 81: 
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