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Overall Goals  

 

 

In order to develop the present thesis, our main goal was focused on the design 

of different approaches for the immobilization of chiral units to create new 

catalytic materials for applications in enantioselective transformations.  

Our interest for the synthesis of supported chiral homogeneous catalysts is due 

to the fact that they are easily recoverable, which makes them easily reusable. 

These features convert these catalysts in perfect candidates to be applied in 

continuous flow applications.  

In order to reach these goals, the guidelines to follow are: (i) explored different 

routes for the functionalization of the related homogeneous counterpart 

catalysts (ii) immobilize onto polystyrene of the desired chiral organocatalysts, 

(iii) explore their potential in asymmetric catalysis and (iv) implement 

enantioselective continuous flow processes with the supported organocatalysts 

prepared.      

With this aim in mind, different aspects will be taken into consideration for an 

improvement on sustainability. The efficiency of the resulting polymers will be 

elucidated in terms of activity, selectivity as well as the possibility to recover and 

reuse them.  

In particular, we will focus on Brønsted acids and Lewis bases catalysts.  

 

 

	

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



	

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	
	
	
	
	
	
	
	
	
	
	
	
	

CHAPTER I 

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



	
	
	

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



	 21 

Chapter I 

General Introduction: Organocatalysis 

 

 

Chemistry plays a central role in the technological development of society to 

move forward towards the creation of a better standard of life. In this task, it is 

the role of chemists to produce new materials or compounds, which requires 

the development of new methods and reactions in order to achieve the target 

compound in an efficient way. Catalysis, which is the discipline of science that 

deals with the acceleration of chemical reactions by species not consumed in 

the processes, holds a great potential to contribute to the improvement of 

quality of life. A catalyst is the material that can convert the reagents into the 

final compound under milder conditions than without its participation. This is 

possible providing an alternative reaction pathway of less energy. However, 

this is not always trivial and, since its discovery, researchers always try to find 

the answer to the question “how does the catalyst act?’’.  

In particular, asymmetric catalysis[1] is the branch of science that studies the 

preferential formation of one enantiomer over the other, aiming for the highest 

level of selectivity in chemical reactions.[2] Consequently, it introduces the 

possibility of controlling the three-dimensional structure of the molecular 

architecture. The importance of this strategy lies in the fact that, while one 

enantiomer may be responsible for the activity of interest, its mirror image can 

be either inactive, an antagonist or have a separate activity that may be 

desirable or undesirable. 

Louis Pasteur introduced the concept of chemical chirality dissymmetry after 

he resolved in 1848 the racemic sodium ammonium(±)-tartrate. The term 
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chirality originates from the word Kheir, which means ‘hand’ in Greek. It is the 

property of an object that exits in two distinguishable forms, which are mirror 

images but they are not superimposable; the most representative example of 

chirality in life is given by the human hands, hence the name.[3] Chirality is 

present in the central molecules of life as DNA, RNA, amino acids, peptides, 

proteins, carbohydrates and enzymes, among others. We are in contact with 

chiral molecules daily, for instance, the limonene enantiomers, both are natural 

products and smells differently. While the enantiomer (S)-limonene smells of 

lemon, its mirror image (R)-limonene smells of orange. The fact that our nasal 

receptors are also made up of chiral molecules, allows us to recognize the 

different smells (Figure 1.1).  

 

  

 

      

 

 Figure 1.1: Smell of limonene enantiomers.  

 

The direct production of enantiomerically pure compounds has had a high 

impact in industry, as it avoids the tedious process to separate the desired 

enantiomer and simplifying the treatment for wasteful undesirable products. 

Every year, new concepts and methods emerge with an increased selectivity 

profile, economically more appealing and environmentally friendlier. 

Nevertheless, asymmetric catalysis represents still one of the major challenges 

in modern organic chemistry, due to the inherent difficulty in distinguishing 

between two species as similar as enantiomers.[4]   

Until recently, enantioselective catalysis was dominated by two general 

categories: namely enzymatic methods and metal catalysis. The importance of 

H

(S)-(-)-limonene

H

(R)-(+)-limonene
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transition metal complexes in asymmetric catalysis was made evident in 2001, 

when the Nobel Prize in Chemistry was awarded to William R. Knowles, Ryoji 

Noyori and K. Barry Sharpless for the development of metal-catalyzed 

enantioselective transformations. On the other hand, enzymatic methods 

represent a more limited strategy due to the high specificity shown between 

enzymes and substrates. Thus, asymmetric organocatalysis has risen in 

popularity as it complements the gap left by these fields. 

 

1.1. Historical Evolution  

Nature has been a source of inspiration for synthetic chemists, a clear example 

being enzymatic catalysis.[5] The efficient manner to engage the enzymes with 

the substrate has often been the inspiration for the evolution of 

organocatalysis, paving the way for the design of new small molecule catalysts. 

Chemists are continually trying to emulate the enzyme’s behaviour. This is 

how the field ‘biomimetic chemistry’ emerged, as Ronald Breslow[6] said: "In 

biomimetic chemistry, we take what we have observed in nature and apply its principles to 

the invention of novel synthetic compounds that can achieve the same goals... as an 

analogy, we did not simply make larger versions of birds when we invented airplanes, but 

we did�take the idea of the wing from nature, and then used the aerodynamic principles in 

our own way to build a jumbo jet.’’  

Indeed, early stage of organocatalysis can be traced back to much earlier, but 

usually the origins of this is located in 1998-2000.[7] Nowadays, it has become 

one of the major branches of catalysis. Organocatalysis[7a, 8] implies the use of 

catalytically active molecules consisting mostly of carbon, hydrogen, and other 

nonmetallic elements, nitrogen being the most common. In the same way that 

metal complexes and enzymes, this strategy significantly accelerates chemical 

reactions. However, the main feature of organocatalysts is the use of organic 
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molecules without the aid of metallic elements to mediate organic 

transformations. Despite the widespread availability of organic chemicals in 

enantiopure form and the economic benefits that this approach entails for 

academy and industry, it has not been since last decade that chemists have 

started to appreciate the value of organocatalysis. Organometallic complexes 

have been the center of attention in the vast majority of reactions in 

asymmetric catalysis. This may be due to the fact that, in the beginning, 

asymmetric organocatalysis was considered to be inefficient and limited in 

scope.  

Organocatalysts present some distinctive advantages when compared to the 

organometallic compounds in terms of simple processes involving non-

anhydrous or inert conditions, and use of starting materials that are often 

inexpensive and readily available. This emerging field led to many nearly 

simultaneous publications by various research groups who wanted to be the 

first in discovering new enantioselective organocatalyzed versions of classical 

reactions.  

Organocatalysts present inherent benefits:[9] in the first place, the small organic 

molecules used as catalyst are generally very stable since they tend to be 

insensitive to moisture and air as well as oxidation and hydrolysis, which 

greatly simplifies their design and synthesis, making them generally 

inexpensive. Moreover, on many occasions, they are derivatives of biological 

compounds, such as carbohydrates, peptides or amino acids, or can even be 

found readily available from nature, such as proline and quinine acetate which 

are inexpensive and bio-renewable. Finally, the most important characteristic, 

they are generally non-toxic and they do not contain traces of heavy metals, 

which often represent a real challenge in the production process in the 

chemical and pharmaceutical industry. Avoiding the high cost of purchase and 

disposal of metal derivatives is an appealing feature for chemists.[10]  
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The origins of organocatalysis can be attributed to Justus von Liebig’s work, 

who accidentally found in 1860 that dicyan is transformed into oxamide in the 

presence of an aqueous solution of acetaldehyde (Scheme 1.1). 

 

 
Scheme 1.1: Justus von Liebig’s oxamide synthesis. 

 

The early use of organic catalysis in enantioselective synthesis dates back in 

1971, two industrial research groups independently at Hoffmann-La Roche and 

Schering reported the first enantioselective intramolecular aldol reaction of 

meso-diones catalyzed by chiral (S)-proline (Scheme 2.2). The triketone starting 

material requires just 3 mol% of catalyst to furnish the product in 93% 

enantiomeric excess. These landmark works showed that a metal-free system 

could give rise to very high enantioselectivities and represents the dawn of a 

new era in asymmetric catalysis.[11] This transformation, known as the Hajos-

Parrish-Eder-Sauer-Wiechert reaction,[12] will be discussed in more detail in 

chapter IV. 

 

 
Scheme 2.2: Hajos-Parrish ketone synthesis. 
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1.2. Classes of Organocatalysts 

Today, the field organocatalysis encompasses a wide range of complex catalytic 

systems, which have been designed to target new natural products and with 

the purpose of achieving chemical efficiency.[13] One way of achieving this is 

through the multiple formation of new bonds and stereocenters in one-pot 

procedures, which has a direct impact in speeding up time-consuming 

processes and avoiding purifications of intermediate. [14]    

It is difficult to establish one rigorous criteria of classification. However, in 

order to give a logical understanding, List categorized the organocatalysts 

according to their acid/base reactivity in four main groups. In his work, we can 

distinguish the following groups: Lewis base, Lewis acid, Brønsted base and 

Brønsted acid.[15]  

 

 
Scheme 2.3: The four categories of organocatalysts according to their acid-base properties.  

 

In this sense, while Lewis bases and Lewis acids initiate the catalytic cycle via 

electrophilic or nucleophilic addition to substrates (S), Brønsted base and acid 

catalytic cycles are initiated via a (partial) deprotonation or protonation, 

respectively, as illustrated in Scheme 2.3.  
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Another distinction can be formulated if we pay attention to the strength of the 

interaction between the catalyst and the substrates: the ones that involve the 

formation of covalent interactions between the catalyst and the substrate in the 

catalytic cycle, and those which rely on non-covalent interactions (Scheme 

2.4).[16]  

 

 
Scheme 2.4: Classification of catalyst by covalent or non-covalent catalysis and the 
corresponding reactive intermediate.  

 

1.2.1. Covalent Catalysis 

Aminocatalysts represent the most classical example of organocatalysts able to 

form covalent bonds with the substrate;[8a, 17] this group includes chiral amine-

based species as peptides, alkaloids and synthetic nitrogen-containing 

molecules. The well-stablished strategy of aminocatalysis involve condensation 
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of the organic catalyst with the substrate to generate enamine, iminium and 

radical-iminium cation intermediates, which are considerably more reactive 

than the starting material.[18] Another example of covalent catalysis, but not 

less important, are N-heterocyclic carbenes,[19] where the reaction pathway 

entail the formation of an enaminol-like structure (Breslow intermediate) that 

leads to umpolung transformations. Finally, we also find catalysts as tertiary 

amines, thioethers, chiral DMAP derivatives, etc. In these cases, the most 

common intermediates are the corresponding ylides and N-acylammonium 

salts. The strong nature of the covalent bond formed in substrate-catalyst 

interaction allows an efficient spatial arrangement of the molecules in the 

stereodetermining event. 

 

• Proline 

We can say that proline is one of the most remarkable molecules in asymmetric 

catalysis,[20] the historical development of which is ligated to this amino acid. 

Proline is considered a universal asymmetric catalyst for several reasons;[21] 

firstly, it is an abundant chiral molecule that is inexpensive and available in 

both enantiomeric forms. Its unique structure, containing a carboxylic acid 

moiety (that can act as a Brønsted acid cocatalyst) and a secondary amine, 

makes them an ideal bifunctional catalyst for a broad range of applications, 

simulating enzymatic catalysis. It is worth stressing that proline can act as a 

bidentate ligand in asymmetric transition-metal catalysis, but it can also be an 

organocatalyst in several reactions owing to the ease of formation of enamine 

intermediates.[22] These transformations include aldol, Mannich, and Michael 

reactions, among many others (Figure 2.2).[22-23] Moreover, its cyclic, 

conformationally rigid structure has a beneficial effect in the process of 

chirality transfer and it is also displays increased pKa values compared with 

primary amino acids.   
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Figure 2.2: Possible intermediates in proline catalysis. 

 

• N-Heterocyclic Carbenes 

A significant contribution to the organocatalysis field is related to the use of 

stable N-heterocyclic carbenes (NHCs) in catalysis. Its roots can be traced back 

to the beginning of organic synthesis.[24] NHCs are heterocyclic rings that 

contain a carbene carbon and at least one nitrogen atom. Initially, due to the 

incomplete electron octet and coordinative unsaturation, they were considered 

just as highly reactive intermediates. Later, in 1988, Bertrand and co-workers 

isolated the first stabilized carbene.[25] The success of NHCs as ligands is 

associated to strong s-electron withdrawing and p-electron-donating nitrogen 

ability, their high nucleophilicity,[26] which allow for a highly covalent 

contribution in metal complex formation. The stability arises from p-electron-

donation by the ion pairs of the N atoms into the empty pp orbital of the 

carbene. These properties make NHCs suitable to perform the role of 

organocatalyst or transition metal ligand by coordinating with low valent and 

high valent transition metals, alkaline earth metals, and lanthanides (Yt and 

Sc) for organometallic reactions.[27] 

NHC organocatalysts have been extensively used to activate aldehydes; the 

reaction proceeds through nucleophilic attack followed by a proton transfer 

from the former carbonyl carbon to oxygen atom bonded to it, to generate an 

enamine-like ‘Breslow intermediate’ (Figure 2.3). During the course of the 

reaction, the nature of the aldehyde is indeed inverted; this means that the 

N
H

CO2H

Proline: Bifunctional
Acid/Base Catalysis

N O

O

Metal Catalysis

H

H

M

N

R

CO2-

Iminium Catalysis

N
R

CO2H

Enamine Catalysis

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



 

	 30 

usually electrophilic carbonyl carbon is acting as a nucleophile, which is called 

umpolung.[28] NHCs have proven very versatile, promoting several reactions, 

such as cyclization, polymerization, Stetter reaction, kinetic resolution, 

transesterification, Diels-Alder reaction, etc.  

 

 

Figure 2.3: Modes of action from N-heterocyclic carbenes. 
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• Hydrogen-Bonded Complexes  

Despite their importance in modern enantioselective organic chemistry, it was 

in the field of biocatalysis where reactions accelerated by hydrogen bonding 

interactions gained importance.[29] In the early days, it was considered that H-

bonds were not strong enough for the assembly of complex molecules in an 

enantioselective manner.  

Pioneering study by Hine and co-workers disclosed the use of 1,8-

biphenylenediol to promote epoxide-opening reaction.[30] Representative H-

bond catalysts as Brønsted acids, ureas and thioureas are depicted in Figure 

1.4. These classes of catalysts operate via simultaneous donation of two H-

bonds in order to facilitate the attack of nucleophiles.[31]  

Consequently, electrophiles that are likely to be activated include aldehydes, 

ketones, esters, b-dicarbonylic compounds, a variety of imine derivatives, N-

acyliminium ions and nitro compounds.[32] 

 

 
Figure 1.4: Representative H-bond complexes. 

 

• Phase-Transfer Catalysts 

Since Starks, together with Makosza, coined the term “phase transfer catalysis 

(PTC)”[33] this field has gained tremendous progress.[34] The most distinctive 

catalysts of this family are the quaternary chiral ammonium catalysts,[35] the 

most common of which are depicted in Figure 1.5.  
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Figure 1.5: Chiral ammonium phase-transfer catalysts. 

 

Toste and co-workers[36] reported a new concept of chiral anionic PTC. The 

conjugate base of chiral phosphoric 1 acts as chiral anionic phase-trasnfer 

catalyst for the enantioselective fluorination of enamides using Selectfluor in 

non-polar solvents. Catalyst 1 underges anion exchange with Selectfluor, which 

presents low solubility in non-polar solvents, in order to bring this into the 

solution and facilitate the fluorination of alkenes.  

 

 
Scheme 1.5: Enamide fluorination reaction catalyzed by anionic chiral phase-transfer catalyst.  
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been developed with only a few activation modes, but this is what makes 

organocatalysis so versatile. In addition, it is much easier to develop new 

reactions with a known activation mode than to invent a new one. 

 

• Enamine Catalysis 

The referent work of enamine catalysis was reported by two industrial groups 

independently: on the one hand Zoltan Hajos and David Parrish,[12b] and on the 

other Rudolf Weichert, Gerhard Sauer and Ulrich Eder.[12a] They reported the 

proline-mediated enantioselective version of the Robinson annulation in 1971 

(Scheme 2.2). However, the underlying activation mode was not understood 

and exploited until almost 30 years later than the first report. Thus, it was not 

until the year 2000 that Barbas, Lerner and List published the ingenious work 

dealing with the proline-catalyzed direct enantioselective intermolecular aldol 

reaction (Scheme 1.6),[38] where they proposed that the mechanism takes place 

via a transient enamine intermediate.[39]  

 

 
Scheme 1.6: Asymmetric proline-catalyzed intermolecular aldol reaction. 
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interaction between proline and electrophile was rationalized in the work of 

List, Houk et al.[41] using quantum mechanical predictions.   

 

 
Figure 1.6: Houk-List model for the transition state of enamine catalysis. 

 

Examples of reactions that procced via enamine catalysis are the aldehyde-

aldehyde cross aldol coupling, intramolecular a-alkylation, Mannich reaction or 

Michael reaction.  

 

• Hydrogen-Bonding Catalysis 

In the early 1980s, some studies demonstrated that the catalyst could interact 

with the substrate via hydrogen-bonding interaction, even though these 

examples were considered to be exceptions to the idea that this kind of 

interaction alone was insufficient to be generally applied in catalysis.[34a, 42] This 

conception was superseded with the work of Jacobsen[43] and Corey,[44] who 

reported an asymmetric variant of the Strecker reaction catalysed by Schiff base 

and guanidine respectively, that used well-defined hydrogen bonding catalysts 

to activate imine electrophiles. Hydrogen bonding catalysis activates the 

counterpart electrophile via noncovalent interactions.[45] Rate acceleration 

results from the decrease in energy of the electrophile’s lowest unoccupied 

molecular orbital (LUMO), making it more susceptible to the attack of a  

nucleophile (Figure 1.7, 3).[31] The list of enantioselective reactions that can be 

promoted by hydrogen-bonding catalysts includes the Strecker, Mannich or 

Pictet-Spengler reactions, among many others.       

N
R
X Y

O
O

H
R

HOMO activation

Bifunctional activation

Intermediate 2

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



 

	 35 

 
Figure 1.7: Proposed mode of action in hydrogen-bonding catalysis. 

 

• Iminium catalysis 

Nowadays, it is considered that the earliest report in iminium catalysis is the 

Knoevenagel condensation introduced in 1894,[46] but the real mechanism 

associated to this activation mode was not rationalized and applied to 

asymmetric catalysis until much later.[47] MacMillan and co-workers[48] were the 

first to do so and give a name to this concept and to the entire organocatalysis 

field. In 2000, they published the first highly enantioselective organocatalytic 

Diels-Alder reaction between cinnamaldehyde and cyclopentadiene,[48] paving 

the road for a general strategy for asymmetric catalysis (Scheme 1.7).  

 

 
Scheme 1.7:  Asymmetric Diels-Alder cycloadditon via iminium catalysis. 
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equilibrium between an electron-deficient and an electron-rich state (iminium-

enamine equilibrium). This is an example of the so-called “LUMO-lowering 

catalysis”, where the electrophilicity is enhanced by formation of a covalent 

intermediate (4). Iminium ion catalysis has been successfully applied in 

cycloadditions, conjugate additions, Friedel-Crafts alkylations, Mukaiyama-

Michael additions, transfer hydrogenations, and enantioselective 

organocatalytic cascade reactions, to name the most significant. 

 

 

 

 

 

Figure 1.8: Comparative LUMO-lowering via Lewis acid and amine catalyst and iminium 

intermediate 4.  

 

• SOMO catalysis 

The activation via SOMO catalysis, is one of the most recently discovered 

activation modes and it was introduced by the MacMillan group.[49] However, 

its use has been quickly spread to include: a-allylation, a-enolation, a-

vinylation and a-heteroarylation in an efficient manner. This activation mode 

increases the electrophilicity by generating a singly occupied molecular orbital 

(SOMO)[50] upon single-electron oxidation of an electron-rich enamine. [51] The 

intermediate produced in this manner is a very reactive radical cation with 

three p-electrons (Figure 1.9, 5). 
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Figure 1.9: Radical cation intermediate of SOMO catalysis. 

 

• Counterion-Directed Catalysis 

Counterion-directed catalysis includes all chemical reactions involving chiral 

ionic species as catalysts.[52] We can appreciate four different classes, which can 

be encompassed in two big groups: (1) interaction via ion-pairing of charged 

catalysts with ionic species and (2) chiral neutral catalysts that interact via 

noncovalent binding to the intermediate ion pair (Figure 1.10).[53] Jacobsen et 

al. described this concept in their work on the enantioselective Pictet-Spengler-

type cyclization.[54] They proposed evidences of the formation of a chiral N-

acyliminium chloride-thiourea complex (Intermediate 6) proving the well-

established anion-binding properties of ureas and thioureas.  

 

 

 

 

 

 

 

 

Figure 1.10: Types of asymmetric ion-pairing catalysis and an example of counterion-directed 

catalysis. 
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1.4. Recoverable Catalytic Systems 

Synthetic organic chemistry evolves continuously for the development of 

improved catalytic processes. The global awareness of the limits of natural 

resources and the environmental impact of waste materials puts chemical 

industries under pressure to discover, develop and utilise more efficient 

protocols.[55] The most affected areas in industry are pharmaceuticals and 

agrochemicals due to the fact that traditional approaches are both expensive 

and time consuming. Therefore, the challenge is to find more efficient and 

cost-effective methods for the synthesis of valuable compounds. A possible 

solution proposed has been the use of supported catalysts, which combine both 

homogeneous and heterogeneous characteristics, as the catalysts are dispersed 

on a second material.[56] As a consequence, they possess the advantages of solid 

phase chemistry (the recyclability and their use in flow processes), as well as 

the versatility of the synthetic homogeneous processes known so far. Thereby, 

new families of immobilized catalysts have been developed during the past 

years.[57] 

A significant breakthrough dates back to 1963, with the seminal work of 

Robert Bruce Merrifield where he pioneered the synthesis of polypeptides in 

solid phase.[58] Twenty years later, he received the Nobel Prize "for his 

development of methodology for chemical synthesis on a solid matrix". This important 

application for peptides was later adapted for the immobilization of reagents 

and catalysts. This opened a new branch of research in catalysis and remains an 

active field in modern chemistry and chemical industries. The immobilization 

of homogeneous chiral catalysts onto different solid supports has spread in 

recent years due to an increase in environmental concerns in the practice of 

organic synthesis.[59] 
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1.4.1. Homogeneous vs Heterogeneous Catalysis  

Over the years, polymer supported catalysts have been an attractive field for 

chemists due to their inherent advantages over their homogeneous 

counterparts. In general, supported catalysts are simple to handle and store 

but, as can be expected, every synthetic methodology has associated drawbacks 

(Table 1.1).[60]  

The main problem related to homogeneous catalysts is that in some cases their 

synthesis is not precisely simple; indeed, it can require multi-step sequences or 

problems can arise in the scale-up. If the catalyst cannot be reused, the 

synthesis becomes very expensive, which emphasizes the necessity to recover 

the catalyst. A simple way to perform this catalyst recovery is the 

immobilization of the homogeneous catalyst onto a proper support. 

Sometimes, more complex catalysts have high molecular weight, which entails 

using a higher mass of catalyst, even when working in a small scale. Although 

with heterogeneous catalysts the increase of catalyst mass also occurs, in the 

ideal cases this can be recovered and reused several times. Furthermore, the 

commercially available resins that are used to anchor the catalytic monomer 

tend to be expensive. This effect can be less relevant if the catalytic material 

generated turns out to be highly recyclable.[59-60]    

In homogeneous catalysis, the fact of working in the same phase facilitates the 

mechanistic understanding, which ultimately lead to fine-tuning of the steric 

and electronic properties of the catalyst. Moreover, the improved diffusivity 

under proper stirring ensures good mass transfer. Conversely, in 

heterogeneous catalysis the fine-tuning may be influenced by the steric 

hindrance imparted by the solid matrix and the heterogeneous phase can affect 

the diffusivity.[61]   
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On the other hand, working in biphasic systems drastically improves the 

separation of the catalyst, providing a straightforward way for recycling of the 

catalyst, even though sometimes requires further treatment.  

One of the most important applications of immobilized catalysts is their use in 

continuous flow processes, which present remarkable advantages over batch 

processes, as it is discuss in the next section. 

Table 1.1: Advantages and drawbacks of homogeneous and heterogeneous catalysis.  

 Homogeneous Heterogeneous 

Advantages 

Preparation 

High diffusion 

Easier fine-tuning 

Separation 

Recovery 

Recycling 

Stability 

Drawbacks 

Handling stability 

Separation 

Expensive recycling  

Characterization 

Synthesis 

Resin cost 

Diffusivity can be an 

issue 

Fine-tuning 

 

Since the first examples of reagent and catalyst immobilization on a polymeric 

matrix,[62][63] different methods and materials have been used to generate more 

active catalysts. The appropriate choice of the support material, the linker and 

the anchoring strategy might have an impact on the catalytic activity.[64] The 

appropriate scaffold to anchor should be chemically inert, cost-effective, and 
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display favorable swelling properties or the perfect pore size or permeability to 

ensure that reagent reach the active site of the catalyst. Examples of reported 

inorganic supports are silica,[65] zeolite, alumina, mesoporous materials,[64a, 66] 

among others. On the other hand, representative organic supports are 

polystyrene (PS),[67] poly(ethylene glycol) (PEG), polymethacrylate, 

polysaccharides, dendrimers or monolith.[68] More recently, researchers turned 

their attention to magnetic nanoparticles,[69] in this case the catalyst is 

recovered by an external magnetic field. 

In general, in order to prepare a polymer-supported catalyst, in general, 

chemical modification of the homogeneous catalyst is developed to allow for 

subsequent anchoring on the resin.  

 

 
Figure 1.11: Representation of covalently supported catalyst. 

 

To this end, several approaches can be formulated. For instance, the 

interactions between catalyst and support can be either covalent or non-

covalent.[70] The linker is the functional unit that covalently connects the resin 

with the catalytically active moiety. In some cases, the activity is not as good as 

expected, which can be attributed to the proximity between the active site of 

the catalyst and the polymeric matrix. A possible solution involves the use of a 

spacer,[71] that can be a functional group, or a carbon chain (Figure 1.11). In 

our group, a long standing interest in the design of new families of solid 

supported catalysts[72] has led to a new catalytic materials which, in some cases, 

can be applied to asymmetric continuous flow systems (Figure 2.12).  

 

SUPPORT

LINKER ACTIVE
SITESPACER
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Figure 2.12: Previous supported organocatalysts developed in our group.[73] 

 

 

1.4.2. Continuous Flow Systems 

The traditional setup of organic reactions, which entails using round-bottom 

flasks, test tubes, or closed vessels has been lately complemented with 

continuous flow methodologies. Such flow processes have enhanced efficiency, 

cost and reaction optimization, among others features, in comparison with 

batch transformations.[74]  

In some processes, batch reactions require harsh conditions, as high 

temperatures, high concentrations, use of hazardous or unstable intermediates, 

etc. In these cases, the implementation of continuous flow techniques has 

proven to be a safer alternative on both laboratory and production scale, thus 

facilitating the scale up processes.[75] This is undoubtedly one of the driving 

forces behind the adaptation from batch to flow conditions. There are principal 

differences that need to be considered between batch and flow processes. 
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Production reaction time under batch conditions is calculated by how long a 

vessel is held at a given temperature. In contrast, in continuous processes the 

reactor volume and the flow rate determine the production rate.[74b] Important 

points to consider are the facile automation, work up, reproducibility and 

process reliability due to the constant, easy to control parameters, efficient 

mixing, temperature, time, amount of reagent and solvents (pump).[76]  

Multistep reaction sequences can also be conducted in a completely different 

fashion in flow,[77] by designing a system with different flow reactors coupled in 

line, an approach that decreases the production time and greatly simplifies 

work up. Reagents can be added into the stream of reactants anywhere in the 

flow system at any precise time that is required for the reaction.[78] 

In the last years, the development and applications of continuous flow 

processing have arisen as efficient methods in several research areas.[74c, 79] We 

could say that flow systems are going to acquire more relevance in industrial 

environment, in particular for pharmaceutical[78b] and agrochemical compounds 

synthesis, etc.[80] The benefits of the implementation of flow processes has 

motivated investigation in new designs, techniques and concepts, which has 

generated a range of tools to be applied in flow.[81] For instance, we can find in 

the market from inexpensive syringe pumps to complex HPLC pumps, that are 

connected to some appropriate reactor which can be a simple coil made of inert 

material. If hazardous substances are employed, sealed systems that provide 

safer handling are the most convenient choice, as the parameters can be 

accurately controlled via computer.[73, 82]   
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Chapter II 

Immobilization of Chiral Phosphoric Acids (CPA) 

 

 

2.1. Introduction 

Within the field of organocatalysis, chiral Brønsted acids (BA) have gained 

increasing significance due to their application in many asymmetric 

transformations involving carbonyl and imine activation, a field traditionally 

restricted to metal-based Lewis acid catalysts. Lewis acid catalysis relies in the 

activation of C=X bond (X = O, NR, CR2) by coordination, which decrease the 

energy of the LUMO, thus promoting nucleophilic addition to C=X.[1] Chiral 

Lewis acid catalysts are achieved by the combination of a metal-centered Lewis 

acid and a chiral ligand.[2] Later, Brønsted acid catalysts attracted much 

attention due to their for its ability to activate substrates through hydrogen 

bonding.[3] Initially, they were mainly employed to cleave C-O bonds, such as 

in hydrolysis reactions and formation of esters, acetals, etc. Afterwards, it was 

found that they are able to activate carbonyl, imine, alkene, alkyne and 

hydroxyl groups, This is due to the fact that Brønsted acids activate the 

electrophiles via protonation, which lowers the energy of the LUMO.[4] From 

that moment on, the use of Brønsted acids has experienced a tremendous 

growth, expanding the list of synthetic transformations mediated by 

organocatalysts. Brønsted acids are easy to handle, since given that they are 

usually stable toward oxygen and moisture, environmentally friendly and can 

be stored for a long period of time. All these combined features make them a 

very convenient choice for enantioselective catalysis.[5]    
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The term Brønsted acids actually encompasses very different species. In 

addition to the common achiral Brønsted acids[6] as HCl, H2SO4, acetic acid, 

and trifluoromethanesulfonic acid (TfOH),[7] more appealing hydrogen-bond 

donor chiral organic molecules such as chiral thiourea, TADDOL and 

squaramide derivatives have been reported so far. Furthermore, a range of 

BINOL-derivatives are also included in this group, for instance, binaphtols, 

dicarboxylic acids, disulfonic acids, and disulfonimides.      

  

Table 2.1: Brønsted acid derivatives and their acidities. 

 

 

 

PhOH

pKa: 18.0 (DMSO)

PhCO2H

pKa: 11.1 (DMSO)

CF3CO2H

pKa: 3.45 (DMSO)

O HSF3C
O

O

TfOH
pKa: 4.2 (AcOH)

F3C S
NH

SF3C

O O

O O

Tf2NH
pKa: 7.8 (AcOH)

F3C S
C

SF3C

O O

O O

H

H

Tf2CH2
pKa: 2.1 (DMSO)

H
N

H
N

S

NMe2

CF3

F3C

Thiourea
pKa: 13.8 (DMSO)

O O

N
H

N
H N

CF3

F3C

Squaramide
pKa: 11.9 (DMSO)

O

O OH

OH
Ph Ph

Ph Ph

TADDOL
pKa: 10.8 (DMSO)

OH
OH

BINOL
pKa: 9.0 (H2O)

H

CO2H
CO2H

H

pKa: 4.0 (DMSO)

Ph

Ph

O
O

P
O

OH

pKa: 3.4 (DMSO)

Ph

Ph

O
O

P
O

N
H

Tf

pKa: -3.4 (DMSO)

H

O
O

H

S
S

N H

O O

O O

pKa: 0.2 (DMSO)

H

CO2H
CO2H

H

pKa: -9.1 (DMSO)

W
ea

ke
r 

B
rø

ns
te

d 
A

ci
ds

S
tr

on
ge

r 
B

rø
ns

te
d 

A
ci

ds

Achiral Brønsted Acids Chiral Brønsted Acids

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chiral Phosphoric Acids 
 

 53 

Chiral Brønsted acids can be divided in two main groups according to the 

strength of interaction with the substrate (Table 2.1):[6a, 8]  

(I) Neutral Brønsted acids, herein we can include BINOL,[9] thiourea and 

TADDOL derivatives.[10]  

(II) Stronger, readily ionizing, Brønsted acids, where we can find BINOL 

derivatives including the phosphoric acids. The latter group will be 

discussed in more detail.[11]  

Nowadays, the field of enantioselective Brønsted acid catalysis is dominated by 

BINOL-derived chiral phosphoric acids, whose potential started to unravel with 

the pioneering works of Akiyama[12] and Terada[13] in 2004, who independently 

introduced their use in asymmetric catalysis. In particular, they reported that 

N-protected imines could be activated by phosphoric acids, demonstrating this 

premise in highly enantioselective Mannich-reactions. Akiyama et al. reported 

the reaction of silyl enol ethers with aldimines to give chiral b-amino carbonyl 

compounds (Scheme 2.1). The methodology provided excellent yields and high 

diastereo- and enantioselectivity for all the substrates. They observed that the 

3,3’-groups directly influence the asymmetric induction. Catalyst 7, bearing a 

4-nitrophenyl group, turned out to be the best in terms of both reactivity and 

enantioselectivity. Even though the mechanism of action was not elucidated, 

Akiyama postulated the importance of the 2-hydroxy group in the imine to 

carry out this transformation.[14] Later, in 2007[14] he published a theoretical 

study with calculations involving the mechanism, where he concluded that 

double activation of the catalyst was operative: On the one hand, the acidic 

proton activates the imine by protonation whereas on the other hand, an 

additional interaction takes place between the phenolic proton and the 

phosphoryl Lewis basic site.  
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Scheme 2.1: Enantioselective Mannich-type reaction and the proposed dual activation mode. 

 

More or less at the same time, the group of Terada described the synthesis of 

b-aminoketones arising from the reaction of N-Boc-protected imines with 

acetylacetone (Scheme 2.2).[15] The tendency they appreciated was that yield 

and enantioselectivity were proportional to the bulk of the substituents in the 

3,3’-positions of the BINOL scaffold. The mechanism was corroborated with 

the work of Goodman, who claims that the catalyst plays a bifunctional role, 

activating both the imine and the nucleophile through its tautomeric enol 

form.  

 

Scheme 2.2: Mannich reaction catalyzed by CPA and the proposed dual activation mode. 
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These were the first examples of enantioselective Mannich-type reaction in 

which the carbon–nitrogen double bond is activated by a strong, metal-free, 

chiral Brønsted acid. After these findings, chiral phosphoric acids (CPAs) were 

acknowledged as novel chiral catalysts and attracted the attention of synthetic 

organic chemists.[16] These methods can potentially be extended to a variety of 

enantioselective nucleophilic addition reactions to carbon–nitrogen double 

bonds. 

Inspired by these pioneering works, novel chiral phosphoric acids have been 

designed according to the following points.[17] The core scaffold is usually 

derived from BINOL, which has been chosen as a readily available chiral 

source, as it guarantees high rigidity and presents a C2 symmetry axis. Later, in 

order to achieve the suitable acidity to promote the reaction, Akiyama relied in 

the acid (EtO)2P(O)OH because of its high acidity with a pKa = 1.3. Finally, 

the introduction of substituents in the 3,3’-positions allowed to create a perfect 

cavity for the substrates. These catalysts are considered as bifunctional 

activators, because they bear both a Brønsted-acid and a Lewis-base. The 

appropriate choice of substituents at 3,3’-positions is crucial to induce high 

stereoselectivity (Figure 2.1).  

 

 
Figure 2.1: Chiral Brønsted acid. 

 

The versatile nature of these species is due to the fact that they are quite acidic 

and therefore able to activate a broad range of substrates. Most of the reactions 

initially developed were in the fields of transfer hydrogenation and nucleophilic 
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Thereby, the modification of the catalytic site with the idea of increasing 

acidity was carried out by different research groups.[19] Rueping et al. reported a 

study about the correlation between the pKa and the reactivity, with the aim of 

choosing the best phosphoric acid for each reaction. They measured the pKa in 

acetonitrile of different derivatives of the following three types of Brønsted 

acids: phosphoric acids (PA), N-triflylphosphoramides (NTPA) and 

bis(sulfuryl)imides (JINGLE).[20] According to their results, the strongest 

influence is mainly exerted by the nature of the acidic center. Consequently, 

the less acidic type is PA, which pKa value oscillates approximately around 14-

12, followed by NTPA (assigned 6-7), and finally JINGLE, which has a reported 

pKa value of around 5. Factors such as the electronic properties of substituents 

on the 3,3’-positions and the aromatic or aliphatic nature of the outer 

binaphtalene ring have less influence on the pKa value (Figure 2.2). Later, they 

calculated the rate constant of the reaction in the Nazarov cyclization, 

observing that a higher acidity correlated with a higher ability to activate and 

accelerate the reaction, whereas the enantioselectivity was determined by the 

architecture of the catalyst.   

 

 

Figure 2.2: pKa of selected BINOL-derived Brønsted acids. 
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2.1.1. General Outlook of BINOL-Derived Catalysts 

Solid evidences show how alterations in the structural scaffold of the catalytic 

center, the acidity of the catalysts, or the influence of different substituents 

have a direct impact on the enantiomeric excess and yield of a given 

transformation. Since a common solution has been, so far, elusive, research has 

focused on determining the best catalyst structure for a particular reaction.[20-21] 

In this section, we have tried to summarize the most remarkable catalysts 

developed so far (Figure 2.3). Among all chiral phosphoric acid derivatives 

synthesized to date, the most popular scaffold is still the BINOL backbone. The 

simplest phosphoric acid employed in asymmetric catalysis is 9 bearing 

hydrogen as the R groups in 3,3’-positions. Then, more complex compounds, 

containing bulkier substituents such as adamantyl, or phenanthryl have also 

been prepared and tested in asymmetric transformations.[22] The most frequent 

alternative to the use of BINOL is the related [H8]-BINOL scaffold,[23] which 

possesses the same key features of its fully aromatic counterpart but different 

solubility and acidity. Silicon-based groups are less common, but in some 

cases, they have improved the results obtained with aryl substituents 10 

(R=Ph3; or (4-t-BuC6H4)3).[24] The presence of a trisubstituted aryl ring 11 in 

3,3’-position increases dramatically the steric hindrance, and thus catalysts as 

12, bearing 4-substituents or 13, with 3,5-substituents, are also seen in the 

literature. Substituents on the backbone are introduced to control other 

parameters of the catalyst such as electronic properties or solubility 14.[25] 

Other particular catalysts, which have been employed in specific reactions, are 

derivatives of biphenyl core as 15 or the relatively new class of chiral 

phosphoric acids derived from spiro-diols (R)–VANOL 16, (R)–VAPOL 17 or 

(S)–SPINOL 18.[26] The use of ammonium salts 19 and 20 has allowed to 

develop asymmetric counteranion-directed catalysis.[27] This strategy has been 
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widely used for reactions involving iminium ion-catalysis and ring-opening of 

epoxides.  

 

Figure 2.3: Overview of the most relevant CPAs reported in the literature. 
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As mentioned in the previous section, modification of the phosphate group has 

also been studied in order to enhance the Brønsted acidity of BINOL-based 

catalysts; N-phosphoramide catalysts 21 and 22[28] are a good example of this 

class. Another subclass within this category are N-thiophosphoramide catalysts 

(NTA) 23,[29] which are stronger Brønsted acids, albeit they have been applied 

just in a few transformations. Finally, an under-developed area would cover the 

category of catalysts containing multiple chiral axes as 24,[30] 25,[31] and 26. 

The acidity of these latter catalysts can be increased upon intramolecular 

hydrogen bonding between two acidic functionalities. Furthermore, it is worth 

mentioning that a novel chiral scaffold has been created having extra axial 

chirality.  

 

2.1.2. Modes of Activation and their Applications 

Given the versatility of chiral phosphoric acids, which have shown high activity 

in numerous transformations (Figure 2.4),[25a, 32] showing high activity, their 

mechanism of action has caught the eye of many research groups.  

 

 

Figure 2.4: Versatility of chiral phosphoric acid catalysts.[32a, 33] 
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However, it is hard to establish a general model for all substrates, due to the 

fact that the activation mode depends on many factors,[34] mainly, the nature of 

the substrates and how the catalysts will interact with the corresponding 

functional groups present in the different starting materials. In this section, we 

have tried to summarize the main approaches that have been postulated.[17a]  

 

• Single Activation  

Understanding the interaction between the catalyst and the substrate has been 

key to explore the versatility of chiral phosphoric acids.[35] At the beginning, it 

was assumed that full protonation of the imine resulted in the formation of an 

ion pair. However, it was later corroborated through NMR spectroscopy that a 

large number of possible interactions can happen and ascertaining exactly how 

the catalyst acts is not a trivial issue. Rueping and Gschwind carried out NMR 

experiments to determine the activation mode in imines. They concluded that 

the actual mechanism depends on the sum of many factors as the imine 

structure, the temperature, the concentration, the solvent and the nature of the 

Brønsted acid. But above all, the electronic properties of substituents are 

ultimately responsible to determine if the interaction is considered a H-bond or 

an ion pair. While electron-rich imines usually work via ion-pair activation 

mode, electron-deficient imines tend to form H-bonds (Figure 2.5). However, 

in the case of carbonyl activation, the interaction between the catalyst and the 

carbonyl group becomes more challenging due to its low basicity. For this 

reason, H-bonding is more probable in carbonyl activation than ion-pairing. 

Nevertheless, the difference of pKa between the Brønsted-acid catalysts and the 

carbonyl compound will influence if hydrogen bonding or contact ion pair are 

operative in the mechanism. 
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Figure 2.5: Monoactivation of carbonyl (1) and imines (2) with Brønsted acids. 

 

• Dual Activation:  

This activation mode takes place when a substrate is able to coordinate to the 

catalyst by making two specific contacts. Two different possibilities for this are 

depicted in Figure 2.6. On the one hand, bidentate hydrogen bonding 

interaction is generated in the case that another hydrogen bonding acceptor is 

close to the carbonyl group, in a manner that the substrate can chelate the 

acidic Brønsted acid proton during the activation. On the other hand, double 

H-bonding interaction is possible when besides the acidic proton on the 

catalyst, the phosphoryl oxygen also interacts with a second H-bond donor, 

thus forming a double hydrogen bonding motif. Dual activation has a major 

impact on carbonyl activation because the activation of the carbon-oxygen 

double bond via one hydrogen bond may be not enough to engage them in a 

reaction. These bonding modes have improved the nucleophilic attack to 

carbonyl compounds. 

 

 
Figure 2.6: Main activation mode features under dual-activation. 
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• Bifunctional Activation: 

The Rueping and Hoffman groups have reported in their respective works in 

transfer hydrogenation, the possibility of a stepwise mechanism. This would 

consist of the activation of imines by protonation with the acid catalyst, which 

is later regenerated by recovering the proton from the protonated 

nucleophile.[33e, 33f, 36] However, chiral phosphoric acids can act simultaneously 

as Brønsted acids and Lewis bases, enabling them to activate the substrates 

simultaneously.[33a, 37] Bifunctional activation covers most of the reaction 

catalyzed by CPAs. Although, Akiyama and other groups had already reported a 

concerted mechanism,[38] it was Goodman in his publication in 2011, who 

conducted a comprehensive mechanistic study in the reduction of imines by 

DFT calculations.[39] Goodman explained that the stereochemical outcome of 

many reactions in based on two transition states named Type I and Type II 

(Figure 2.7). In the proposed Type I and Type II transition state the phosphoric 

acid oxygens are on different side from the bulky substituents. They predicted 

for both models that nucleophiles containing an acidic proton will be 

interacting by H-bonding to the catalyst. The difference between the two 

prototypes remains in the steric impact of R2 and R3. The calculated energy 

transition state resulted to be lower in the case of Type I, when R3 is larger 

than R2 and consequently, R3 is placed in the empty space. On the other hand, 

higher energy was shown in the case of R2 is larger than R3, where R2 is 

positioned in the empty space.  

 

 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chiral Phosphoric Acids 
 

 63 

 

Figure 2.7: Models proposed from Goodman to explain the stereochemical outcome.  

 

• Counterion Catalysis 

This section can be considered the least explored, and involve the use of 

catalyst such as 19 and 20 depicted in Figure 2.3.[40] The conjugate bases of 

chiral phosphoric acids can be used as chiral anion in asymmetric 

transfomations.[41] This transformation involves the use of charged 

intermediates, where the proton is covalently linked between both the catalyst 

and the substrate (Figure 2.8).   

 

 

Figure 2.8: Representation of chiral phosphate catalysis. 
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2.1.3. TRIP: The Ideal Chiral Environment  

In the asymmetric transformations catalyzed by CPAs the stereocontrol relies 

in the proper choice of sterically demanding substituents in the 3,3’-positions, 

in order to create a perfect chiral environment. This fact has led to the study of 

different scaffolds in search for the highest ee (Figure 2.9); among them, it is 

worth highlighting the work of Benjamin List et al. who were the first in 

describing phosphoric acid 33, which they initially applied to the asymmetric 

hydrogenation of imines with a Hantzsch ester (Scheme 2.3). The CPA 

protonates the imines forming an iminium ion that subsequently reacts with 

the Hantzsch ester to provide enantioenriched amines.[33e, 42] List made an 

exhaustive analysis of the synthesis of 35 due to the fact that differences in the 

reactivity were observed between different batches,[42] even if the signals from 
1H NMR showed to be desired TRIP catalyst, the signals corresponding to 

isopropyl groups in 1H NMR were shifted depending on the batch. They treated 

the different batches of catalyst with bases and acids and these experiments 

revealed that the catalyst contained inorganic salts impurities. Then, analysis 

by ICP-OES confirmed the presence of silicon mostly although other metals 

impurities were also found. The presence of these metals can be attributed to 

the purification process by column chromatography.[43] After solving this 

synthetic issue, the CPA bearing 2,4,6-iPr-phenyl substituents, namely TRIP, 

has been present in numerous works giving rise to higher ee in comparison 

with other scaffolds. Some examples are illustrated in Scheme 2.3.[42, 44]  

 

 

Figure 2.9: Brief summary of BINOL-derived CPAs. 
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Scheme 2.3: Representative asymmetric transformations catalyzed by TRIP. 
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resulting catalysts immobilized on polymeric support are expected to be easily 

recoverable, allowing separation and isolation by filtration. Furthermore, their 

use can be extended to flow applications. However, one must bear in mind that 

in order to compensate the increase in cost, they will have to prove robust 

enough to allow recycling.[45]    

With this idea in mind, several research groups, including our own, have 

studied the immobilization of CPAs to assess the impact of this approach on 

the activity and recyclability of the resulting catalytic materials.[46] 

The Beller and Köckritz groups were the first in developing a supported CPA in 

2008.[47] In an attempt to recover the catalyst, they incorporated a vinyl group 

in 3,3’-position for further polymerization. In such a way, they obtained a solid 

material which was insoluble in organic solvents (Scheme 2.4).   

 

 

Scheme 2.4: Heterogeneous CPA via polymerization of vinyl group in 3,3’-position.   

 

Nevertheless, it was not until 2010 when Rueping et al. showed significant 

advances in supported CPAs applying them to asymmetric transfer 
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styrene, DVB as cross-linker and AIBN as radical initiator. Contrary to the 

typical heterogeneous catalysts, which tend to be microporous or macroporous 
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gratifyingly was used over 10 reaction cycles in the asymmetric transfer 

hydrogenation of quinolone obtaining from 60% up to 67% ee of 38 in the 

recyclability test (Scheme 2.5). Afterwards, they decided to introduced a 9-

phenantryl group in 3,3’-position to fine tune the steric hindrance. In this 

approach, they carried out the cross-linking copolymerization by introducing a 

styrene group in the 6,6’-positions thus giving catalyst 37. Next, catalyst 37 

was used in the asymmetric hydrogenation, providing 39 in 97% yield and 96% 

ee. This catalyst was reused for 12 runs maintaining high yields and the ee 

remained 94% in all these experiments.[48]        

 

 

Scheme 2.5: Asymmetric transfer hydrogenation of quinolone 38 and benzoxazines 39. 
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More recently, the Blechert group followed a strategy based on a microporous 

polymer network to obtain immobilized CPAs.[49] They reported the novel 

BINOL derivatives as a new structure-directing monomer for the generation of 

micropores in polymer networks. This strategy established that the polymer is 

built up through the repetition of monomers of the CPA which contain a 

polymerizable group (Scheme 2.6). With this idea in mind, they incorporated 

in the BINOL scaffold thiophene groups as reactive sites for a further oxidative 

coupling reaction. In doing so, they achieved cross-linking between BINOLs, 

making them at the same time insoluble networked structures while increasing 

the steric hindrance, which was expected to have a positive influence in the 

selectivity of the catalyst.  

 

 
Scheme 2.6: Microporous polymer network via oxidative coupling between thiophenes. 
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catalyst was re-used three more times showing even higher ee (entry 3-5). This 

may be due to the presence of traces of acid remaining from the acidic work-up 

carried ou after polymerization. 

 

Tableb 2.2: Catalytic asymmetric transfer hydrogenation of benzoxazines. 

 

Entry Catalyst Cycle Conv. [%]a  ee [%]b 
1 40   99 34 c 

2  41    99 47 

3 41 2nd run 99 54 

4 41 3rd run 99 55 

5 41 4th run 97 56 
aDetermined by 1H NMR analysis. bDetermined by HPLC 
analysis. cOpposite stereochemistry.  

 

It is worth noting that Kobayashi et al. reported on a very similar co-

polymerization based immobilization strategy very similar to ours, which gave 

rise to a hybrid material that combined supported TRIP and Au/Pd 

nanoparticles (42).[50] The bifunctional catalyst was constructed through a 

pseudo-suspension co-polymerization method, from a TRIP derivative bearing 

two moieties of styrene in 6,6’-position. The chiral bifunctional heterogeneous 

material was able to facilitate a sequential aerobic oxidation-asymmetric aza-

Friedel-Crafts (FC) reaction (Scheme 2.7). Chiral piperazines were furnished 

after sequential oxidation of benzyl alcohol and asymmetric aza-Friedel-Crafts 

reaction with N-aminoethylpyrrole.  
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Scheme 2.7: (a) Synthesis of bifunctional supported material and (b) sequential aerobic 

oxidation and aza-Friedel-Crafts reactions.  

 

Previously, in our group, Laura Osorio studied the synthesis of supported 

CPAs. In catalyst 43 the presence of CF3 groups in the aromatic rings facilitates 

the determination of the functionalization of the resin by elemental analysis of 

fluorine. After preparing catalyst 43, it was applied in the enantioselective 

Friedel-Crafts reaction of indoles and sulfonylimines (Scheme 2.8).[51]  

 
Scheme 2.8: Enantioselective Friedel-Crafts reaction of indoles and sulfonylimines. 
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considering the high activity, the supported catalyst was studied in continuous 

flow processes giving high productivities (4.3 – 5.0 mmol h-1 gresin-1). 
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2.2. Aims 

Chiral phosphoric acids have proven to be versatile catalysts in a wide array of 

asymmetric reactions. Nevertheless, the main drawback associated to CPAs is 

the long and tedious sequences requires for their preparation.    

For this reason, we became interested in the immobilization of CPAs. 

Furthermore, after the successful results obtained previously in our group for 

the supported CPA-catalyzed Friedel-Crafts alkylation of indoles (Scheme 2.8), 

we were encouraged to design a new synthetic route that could be applicable to 

the immobilization of the vast majority of CPA derivatives.  

The TRIP catalyst, introduced by List et al., has usually proven to be the best 

alternative among CPAs in terms of activity and enantioselectivity. For this 

reason, it was important to go a step further and find a new synthetic design 

for the supported TRIP catalyst (Figure 2.10). Even if it might entail a longer 

reaction sequence, a reduction in the cost can take place upon would be 

appreciated due to the recovery and reuse of the catalyst. Moreover, 

chromatographic purification would no longer be necessary.  

 

 

 
Figure 2.10: Immobilization of CPA. 
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Our main aim in this research was to anchor the resin via a linker containing a 

nitrogen atom, which was expected to facilitate the characterization of the 

resin. In contrast, our previous supported CPA 43, had been anchored via 

nucleophilic substitution giving an ether. Our goal was then to find a synthetic 

sequence that introduced a nitrogen in the linker and that was able to include 

any BINOL derivative to facilitate the characterization of the material by 

elemental analysis. 
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2.3. Results and Discussion 

With this aim in mind, we designed several synthetic alternatives. Thus, we 

thought about what would be the ideal resin to anchor the homogenous 

catalyst, and we postulated that the amine group could be introduced by 

nucleophilic addition to a commercially available sulfonyl chloride polystyrene 

resin.  

From the outset, our first thought was trying to functionalize the BINOL 

structure in the 6-position with bromine, a versatile atom which is involved in 

many reactions. From a practical point of view, we deemed necessary to 

transform the bromine into an amine precursor before the introduction of the 

corresponding bulky substituents in 3,3’-positions. In Scheme 2.9 is depicted 

the general strategy devised to obtain the supported CPA via 6-amination in 

order to have a sulfonamide as a linker, starting from (R)-BINOL as a 

commercially available chiral precursor.  

 

 
Scheme 2.9: Strategy to anchor the homogeneous catalyst to the resin via sulfonamide 

formation. 
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methyl ethers was carried out, bearing in mind the introduction of substituents 

in the 3,3’-position to be performed later. 

 

 
Scheme 2.10: Synthesis of brominated BINOL 47. 

 

The next step was the cyanation of BINOL-derived bromide 48, which took 

place with CuCN. However, functionalization in the 3,3’-positions proved 

unsuccessful; even if we tried both bromination and iodination, we could not 

obtain the desired product. Two different conditions were tested for the 

bromination, and in both cases starting material was recovered. In the case of 

iodination, traces of mono-iodination product were found (Scheme 2.11).  

 

 

Scheme 2.11:  Conditions attempted in the bromination and iodination of 48. 
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After these results, we decided to reduce first the cyano group to the amine 

and then carry out the bromination step (Scheme 2.12). Unfortunately, it was 

not possible to identify the desired product 52 in the NMR spectra of the 

reaction crude the resulting aromatic signals being inconclusive.  

 

 
Scheme 2.12: Strategy for 3,3’-bromination via reduction of the cyano group. 
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Scheme 2.13: Attempted amination of bromide 47. 
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Scheme 2.14: Nitration in BINOL’s 6-position. 
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The steps followed for the target (R)-BINOL TRIP 63, are summarized in 

Scheme 2.16. This approach began with the commercially available (R)-BINOL, 

that was protected by methylation with MeI to obtain 64 in 96% yield. 

Bromination of 64 afforded 65 brominated in the 3,3’-positions, in moderate 

yield. In order to install the desired bulky substituents, Kumada cross-coupling 

between 65 and the corresponding Grignard reagent (generated in situ) 

followed by deprotection of the hydroxy groups with BBr3 was carried out to 

afford 63. This sequence is the same previously described by List et al. for the 

preparation of homogeneous TRIP.[42]  

 

 
Scheme 2.16: Synthesis of (R)-BINOL TRIP. 
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material, however, we could appreciate traces of the final product. Then, we 

decided to increase the scale in order to facilitate purification of the desired 

product by recrystallization. Even if the starting material could be identified by 

NMR, another unidentified product was also present. We purified the product 

by column chromatography, and the NMR of the isolated product was unclear. 

Analysis by MS and IR showed that the desired product was not formed. Then, 

we moved to an alternative reduction procedure using Ni-Raney/H2 in MeOH. 

Unfortunately, the NMR was quite complex showing mostly recovered 65, 

whereas no peak related with the desired methylene groups was detected.       

 

 
Scheme 2.17: Double aminomethylation of the BINOL 63 via dicyanide. 
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undergo cross-coupling with alkynes, alkyl groups or aryl amines. The 

conditions tested along these lines are summarized in Table 2.3. We firstly 

considered the Sonogashira coupling of 64 with a propargylic amine, but this 

resulted in recovery of starting material (Table 2.3, entry 1). We postulated 

that benzylamines might also be interesting substrates, so different conditions 

based on Cu catalysis were tried (Table 2.3, entry 2-4). While under copper at 
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100 ºC (Table 2.3, entry 2) we observed mostly starting material, more 

reactivity was observed using CuI and CuO under the conditions in entries 3 

and 4 of Table 2.3. In both cases, we could isolate a product in which the 

integration of NMR spectra seemed to match our desired product, but the 

product isolated for each reaction was not the same.  

 

Table 2.3: Cross-coupling between 64 and alkyl or aryl amines. 

Starting 
Material Entry Substrate Conditions Expected Compound 

 

1  

 
CuI, Et3N 
PdCl2(PPh3)2 
50 ºC, 24 h 
 

 

 

2 
 Cu, 100 ºC  

 

3 
 

proline, 
Cs2CO3, 
CuI, MeCN, 
reflux, 24 h 
 

 

4 
 

Cu2O, NMP, 
80 ºC, 24 h 

 

5  
Cu2O, NMP, 
200 ºC, 24 h 

 

 

6  

proline, 
Cs2CO3, 
CuI, MeCN, 
reflux, 24 h 
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In both cases, MS analysis was carried out and the results corroborated that the 

final compound had not been obtained. Next, using the same conditions with 

which we had obtained reactivity, we tested more nucleophilic aliphatic amines 

(Table 2.3, entry 5-6), but starting material was recovered in all cases.  

Given our previous success in the nitration of BINOL (Scheme 2.14), we were 

encouraged to pursue another nitration-based strategy (Scheme 2.18, 1st 

strategy). Therefore, we proceeded with the mono-protection of 63 with 

pivaloyl chloride. Treatment of 67 with HNO3 and H2SO4, resulted in nitration 

at the BINOL 6-position but, unexpectedly, the deprotection of 68 in strong 

basic media (KOH, MeLi, or t-BuOK) was not achieved.  

 

 
Scheme 2.18: Sequence of reactions for 6-nitration employing pivalate ester as mono 

protecting group.  

 

At this point, in an attempt to employ a less hindered protecting group, we 

decided to introduce an acetate group (Scheme 2.19, 2nd strategy). Compound 

70 was obtained in 80% yield. Subsequently, nitration of 70, followed by 

deprotection under basic media resulted in the desired 62 bearing a nitro 

group in C6. After a survey of conditions for the reduction of the nitro to 
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amine, we found that SnCl2·H2O gave the final product with a 60% yield. 

Previous experiments involved attempts to reduce the nitro with: Pd/C, H2, 3.5 

bar 5 h; Pd/C with formic acid; Mg with formic acid and hydrazine; Zn with 

formic acid and finally we also tested NaBH4, in MeOH or EtOH. With 62 in 

hand, we proceeded to anchor the monomer onto the resin via nucleophilic 

substitution of 62 with commercially available sulfonyl chloride cross-linked 

polystyrene resin. In order to ensure maximum functionalization of the final 

resin, we treated the resin with 2 equivalents of monomer and the reaction was 

kept for 24 h. Then, the resin was washed with HCl, water and CH2Cl2. Finally, 

the resulting supported catalyst was analysed by IR (paying special attention to 

the characteristic absorption of the S=O bond from sulfonamide formation) as 

well as elemental analysis. Regarding the IR, we could appreciate the 

appearance of peaks at 1362 and 1153 cm-1. On the other hand, elemental 

analysis of nitrogen displayed the maximum functionalization: while the 

calculated f(Max) had a value of nitrogen equal to 0.8 mmol/gresin we found that 

the values obtained from elemental analysis were f(N): 0.76 mmol/gresin. 

However, we also analyzed the presence of remaining chlorine by elemental 

analysis. Unexpectedly, the results showed 0.7% of Cl. On the basis of these 

results, we concluded that the connection between resin and monomer had 

taken place. To complete the synthesis, we proceeded to phosphorylate 73 

using the same conditions than homogeneous CPA to generate the desired 

resin 74. The result from elemental analysis of nitrogen of catalyst 74 was f(N): 

0.78 mmol/gresin, being the same than precursor 73. However, the 

functionalization of P was considerably low (f(P): 0.48 mmol/gresin). Even if 

longer reaction times (24 h or 48 h) and an increase of the amounts of POCl3 

equivalent (3 or 10 equivalents) were evaluated, we could not obtain a better 

functionalization. This fact was also observed in the previous supported CPA 

developed in our group,[51] so we decided to test in catalysis.    
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Scheme 2.19: Strategy for PS-TRIP synthesis via sulfonamide linker toward 6-amino 
functionalization from compound 63 and employing acetate ester as mono protecting group. 
 

After searching the literature, we found the semipinacol rearrangement, 

reported by the group of Tu in 2009,[44g] an ideal transformation to test our 

supported TRIP due to the spiroethers generated. The homogeneous TRIP 

reported in the literature showed high activity and selectivity. Furthermore, the 

intermediates generated are versatile structural motifs present in a variety of 

biologically significant natural products. In the Scheme 2.20, we compared the 

results of heterogeneous catalyst (R)-PS-74 with its counterpart homogeneous 

catalyst (R)-33. Unfortunately, despite achieving full conversion of the desired 

product in the semipinacol rearrangement catalyzed by our PS-TRIP 74, the 

reaction was not enantioselective, thus giving the product in a racemic manner. 
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Scheme 2.20: Semipinacol rearrangement catalyzed by homogeneous TRIP and supported 

TRIP via sulfonamide linker. 

 

After these disappointing results, we considered that the synthesis via 

sulfonamide was not a viable strategy. The fact that not even low ee was 

identified led us to abandon this strategy. At this moment, we decided to turn 

our attention to an alternative strategy for immobilization of CPAs. Previously 

in our group, appealing strategies have been described where homogeneous 

organocatalysts were immobilized via co-polymerization from styrene moieties 

providing excellent results.[52] In this perspective, compound 64 (Scheme 2.21) 

can undergo Suzuki coupling to introduce a styrene moiety in the BINOL 

scaffold. Indeed, precursor 77, containing two styrene groups, was isolated in 

70% yield. Then, it was submitted to the conditions optimized in our group for 

the co-polymerization[52b] (Scheme 2.21, 1st Strategy). Gratifyingly, the 

established conditions also worked with this BINOL derivative, thus forming 

78. Finally, we phosphorylated the supported BINOL to build the target 79. 

However, we encountered some reproducibility issues that led to poor ee when 

(R)-PS-TRIP 79 catalyzed the semipinacol rearrangement (Scheme 2.22).  
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Scheme 2.21: Synthetic strategy: 1) co-polymerization of styrene moiety in 6,6’-position and 

2) phosphorylation. 

 

 
Scheme 2.22: Semipinacol rearrangement catalyzed by (R)-PS-TRIP. 

 

We decided to carry out further exploration in the conditions for 
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binaphtyl. In order to develop their catalyst, they polymerized our common 

precursor 77 using benzoyl peroxide as radical initiator and styrene and DVB 

as cross linker, but in comparison, the hydroxy groups were protected as 

methyl ethers. We thought it would be interesting to avoid post-
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would allow to control the complete formation of the phosphoric acid and not 

have the hydroxy groups free. To our satisfaction, target 80 was isolated in 

75% yield and this proceeded to the final supported (R)-PS-TRIP 79. The 

heterogeneous catalyst (R)-PS-TRIP 79 obtained following the second 

strategy was tested in catalysis. 

 

 

Scheme 2.23: Synthetic strategy: 1) phosphorylation of 77 and 2) co-polymerization of styrene 

moiety in 6,6’-position. 
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Then, we postulated that maybe we can test the activity of our supported 

catalysts from both batches 1st strategy and 2nd strategy (Scheme 2.22 and 2.3), 

in alternative reactions. Therefore, we decided to test (R)-PS-79 in the 

allylation of aldehydes reported by Antilla et al.[54] We achieved to apply our 

(R)-PS-79 in this asymmetric transformation giving excellent results and 

proving high activity (Scheme 2.24). This transformation will be discussed in 

more detail in the next Chapter III.  

 

Scheme 2.24: Allylation of benzaldehyde catalyzed by (R)-PS-79. 
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2.4. Conclusions 

To sum up, in this chapter, we have described a method for the immobilization 

onto polystyrene of the widely applicable TRIP phosphoric acid catalyst using a 

copolymerization-based strategy. 

Note that the described synthetic route, which involves the copolymerization 

of a vinylated analogue of the TRIP diol, only requires three more steps than 

that of the homogeneous counterpart. We have developed a simple and 

effective strategy without compromising the excellent catalytic activity and 

enantioselectivity displayed by the monomer. Furthermore, it can be scaled up 

to multigram production.  

Despite our initial interest in the incorporation of a nitrogen atom to 

determine the functionalization, the current strategy is even more effective, as 

it involves less steps, and the polymerization process increases considerable 

the mass in the last step (Scheme 2.25). Finally, the polymer-supported 

phosphoric acid has been applied to the enantioselective allylation of 

aldehydes.  

 

 

Scheme 2.25: Final strategy for immobilization of TRIP derivative. 
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2.5. Experimental Procedures and Characterization of 

Compounds 

2.5.1. General Remarks 

Thin layer chromatography was performed on Merck TLC Silicagel 60 F254 

aluminum sheets. Components were visualized by UV light (λ = 254 nm) and 

stained with p-anisaldehyde or phosphomolybdic dip. Flash column 

chromatography was carried out using Sigma-Aldrich 60 mesh silica gel and 

dry-packed columns. 1H NMR and 13C NMR spectra were recorded at 298 K on 

a Bruker Avance 500 or 400 Ultrashield apparatus. 1H NMR spectroscopy 

chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). CDCl3 

was used as internal standard for 13C NMR spectra. Chemical shifts are given in 

δ and coupling constants in Hz. IR spectra were recorded on a Bruker Tensor 

27 FT-IR spectrometer and are reported in wavenumbers (cm-1). Elemental 

analyses were performed by MEDAC Ltd. (Surrey, UK) on a LECO CHNS 932 

micro-analyzer. High performance liquid chromatography (HPLC) was 

performed on Agilent Technologies chromatographs (1100 and 1200 Series). 

High resolution mass spectrometry analyses were performed in a Waters LCD 

PremierTM instrument operating in ESI (Electro-Spray Ionization) mode or 

APCI (Atmospheric-Pressure Chemical Ionization) mode. Specific optical 

rotation measurements were carried out on a Jasco P-1030 polarimeter.  
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2.5.2. Characterization of the Intermediates Generated for the 

Synthesis of PS-CPA 

6-Bromo-[1,1'-binaphthalene]-2,2'-diol (46)[55] 

 

 
 

A 500 mL round-bottom flask was charged with a solution of (R)-BINOL (25 g, 

87 mmol) in THF (218 mL). The solution was cooled to 0 ºC, and 

trimethylamine (17.04 mL, 122 mmol), pyridine (0.176 mL, 2.183 mmol) and 

pivaloyl chloride (11.83 mL, 96 mmol) were added dropwise. The solution was 

allowed to warm to rt and stirred for 5 hours. The resulting mixture was 

diluted with ether and washed with aqueous 1 N HCl, sat. NaHCO3 and brine. 

The organic layer was dried over Na2SO4 and concentrated under reduced 

pressure. BINOL derivative 45 was used without further purification.  

To a solution of 45 (32 g, 87 mmol) in MeCN (174 mL) and toluene (174 mL) 

was added bromine at 0 ºC dropwise via addition funnel. Then the reaction 

mixture was allowed to warm to rt. After 6 hours under stirring, NaHSO3 and 

NaOH (150 mL, 6 N) was added to the solution and left under stirring for a 

further 16 hours. The reaction mixture was acidified with 3 N HCl until pH = 

1, then extracted with EtOAc. The organic layer was washed with brine, 

separated and concentrated under reduced pressure. The crude was dissolved 

in DCM and washed with Na2CO3 (×3). The combined organic layers were 

dried over anhydrous MgSO4 and concentrated under reduced pressure. The 

crude product was purified by flash column chromatography on silica gel using 

cyclohexane/EtOAc (70:30) as the eluent to give the diol 46 (29 g, 0.79 mmol) 
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in 91% overall yield as a slightly yellow solid. 1H NMR (500 MHz, CDCl3) δ 

8.05 (d, J = 2.0 Hz, 1H), 7.98 (d, J = 8.9 Hz, 1H), 7.89 (t, J = 8.5 Hz, 2H), 

7.42 – 7.35 (m, 4H), 7.32 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 7.10 (d, J = 8.3 Hz, 

1H), 7.02 (d, J = 8.8 Hz, 1H), 5.09 (s, 1H), 4.99 (s, 1H). 13C NMR (126 MHz, 

CDCl3) δ 153.2, 152.9, 133.4, 132.2, 131.9, 130.8, 130.7, 130.6, 130.5, 129.6, 

128.6, 127.8, 126.3, 124.3, 124.2, 119.1, 118.0, 117.9, 111.4, 110.4. 

 

6-Bromo-2,2'-dimethoxy-1,1'-binaphthalene (47)[56] 

A three-necked round-bottom flask containing 46 (12.6 g, 34.4 

mmol) was equipped with a magnetic stirring bar, an addition 

funnel, a reflux condenser and a glass stopper. The system was 

evacuated and flushed with argon. Subsequently, the vessel was charged with 

dry acetonitrile (316 mL) and potassium carbonate (15.68 g, 113 mmol). Then 

iodomethane (8.56 mL, 138 mmol) was added dropwise. The resulting mixture 

was heated to reflux in an oil bath for 24 h. After that time, the reaction was 

cooled to rt and the volatile compounds were removed under reduced pressure. 

The resulting slurry was re-dissolved in water and stirred for a further 2 h. The 

resulting solid was collected on a funnel, washed with water and dried under 

vacuum. The crude was subjected to flash column chromatography with 

hexane/CH2Cl2 (3:2) to isolate 47 in 87% yield. 1H NMR (500 MHz, CDCl3) δ 

8.02 (d, J = 2.0 Hz, 1H), 7.98 (dd, J = 9.1, 0.8 Hz, 1H), 7.90 – 7.85 (m, 2H), 

7.46 (m, 2H), 7.32 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 7.28 – 7.20 (m, 2H), 7.06 

(d, J = 8.5 Hz, 1H), 6.98 (d, J = 9.1 Hz, 1H), 3.76 (d, J = 2.7 Hz, 6H). 13C 

NMR (126 MHz, CDCl3) δ 155.4, 155.1, 134.0, 132.7, 130.4, 130.0, 129.8, 

129.7, 129.3, 128.6, 128.2, 127.3, 126.6, 125.1, 123.8, 120.0, 119.0, 117.5, 

115.3, 114.2, 57.0, 57.0. [a]D: +38.2. 
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2,2’-Dimethoxy-[1,1’-binaphthalene]-6-carbonitrile (48) 

A mixture of 47 (500 mg, 1.27 mmol), CuCN (148 mg, 1.65 

mmol), and NMP (1271 µL) as solvent was subjected to 

microwave irradiation (200 W). After 30 min. of irradiation, 

the mixture was cooled to room temperature and diluted with water. The 

precipitates were collected by filtration and treated with aqueous ammonia. 

After removal of the solvents, the product was further purified by 

recrystallization from aqueous ethanol to obtain 48 in 62% yield. 1H NMR 

(300 MHz, CDCl3) δ 8.26 (d, J = 1.7 Hz, 1H), 8.07 – 7.98 (m, 2H), 7.88 (d, J = 

8.2 Hz, 1H), 7.56 (d, J = 9.1 Hz, 1H), 7.46 (d, J = 9.1 Hz, 1H), 7.38 – 7.29 (m, 

2H), 7.25 – 7.20 (m, 1H), 7.20 – 7.14 (m, 1H), 7.05 – 6.98 (m, 1H), 3.81 (s, 

3H), 3.77 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 157.5, 155.0, 135.7, 134.5, 

133.8, 130.3, 130.1, 129.3, 128.3, 128.0, 126.8, 126.8, 126.6, 124.8, 123.8, 

120.0, 119.8, 118.1, 115.4, 114.0, 106.8, 56.8, 56.7. IR (ATR): ν 2932, 2224, 

1739, 1617, 1590, 1462, 1347, 1250, 1094, 1060, 1044, 805, 780. cm−1. HRMS 

(ESI+): m/z calcd. for C23H17NNaO2 [M+Na]+: 362.1151, found: 362.1166. 

mp: 220 – 225 °C. [a]D: +53.0 (c 1.00, CH2Cl2). 

 

1-(2,2'-Dimethoxy-[1,1'-binaphthalen]-6-yl)-3-methylimidazolidin-2-one 

(54) 

A Schlenk tube was charged with 48 (300 mg, 0.76 mmol), 1-

methylimidazolidin-2-one[57] (99 mg, 0.99 mmol), K2CO3 

(211 mg, 1.53 mmol) and CuI (14.53 mg, 0.08 mmol). To the 

mixture was added toluene (509 µL) and N,N'-

dimethylethylenediamine (16.0 µL, 0.15 mmol). The mixture was sealed and 

heated at 110 ºC for 24 h. After cooling to room temperature, the mixture was 

diluted with EtOAc and washed with water and brine. The organic fraction was 
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dried over Na2SO4 and concentrated under reduced pressure. The crude was 

subjected to flash column chromatography with hexane/CH2Cl2 (60:40) to 

afford 54 in 60% yield. 1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 9.0 Hz, 1H), 

7.89 (d, J = 9.1 Hz, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.77 (d, J = 2.3 Hz, 1H), 

7.69 (dd, J = 9.3, 2.3 Hz, 1H), 7.44 (dd, J = 12.1, 9.0 Hz, 2H), 7.31 (ddd, J = 

8.1, 6.7, 1.2 Hz, 1H), 7.21 (ddd, J = 8.2, 6.7, 1.3 Hz, 1H), 7.13 – 7.10 (m, 1H), 

7.08 (d, J = 9.3 Hz, 1H), 3.85 (t, J = 8.0 Hz, 2H), 3.76 (s, 3H), 3.73 (s, 3H), 

3.45 (t, J = 7.3 Hz, 2H), 2.89 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 158.5, 

155.1, 154.2, 136.7, 134.2, 130.3, 129.7, 129.5, 129.3, 128.8, 128.0, 126.4, 

126.1, 125.4, 123.6, 119.8, 119.7, 119.2, 115.2, 114.4, 113.8, 57.2, 57.0, 44.4, 

42.8, 31.4. HRMS (ESI+): m/z calcd. for C26H25N2O3 [M+H]+: 413.1860, 

found: 413.1855. mp : > 200 °C decompose. 

 

2'-Hydroxy-6'-nitro-[1,1'-binaphthalen]-2-yl pivalate (58)[58] 

A solution of 45 (12 g, 32.4 mmol) in MTBE (45 ml) was 

added dropwise to a mixture of conc. HNO3 (25 mL, 40 

mmol), MTBE (45 mL) and conc. H2SO4 (10 mL, 40 mmol) at 

0 ºC. The color of the reaction mixture turned yellow and then green. The 

reaction mixture was warmed to rt and stirred for 5 h at rt. Once the reaction 

was finished, diethyl ether was added and the organic phase was washed with 

100 ml of water (×4). The crude was purified by recrystallization in 

cyclohexane to obtain 85% yield of 58. 1H NMR (400 MHz, CDCl3) δ 8.81 (d, J 

= 2.4 Hz, 1H), 8.13 (d, J = 8.6 Hz, 1H), 8.08 (d, J = 8.8 Hz, 1H), 8.04 – 7.99 

(m, 2H), 7.55 (ddd, J = 8.2, 6.8, 1.2 Hz, 1H), 7.47 (d, J = 9.0 Hz, 1H), 7.43 – 

7.35 (m, 2H), 7.25 – 7.21 (m, 1H), 7.17 (dt, J = 9.3, 0.7 Hz, 1H), 5.52 (s, 1H), 

0.81 (s, 9H). 
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2,2'-Dimethoxy-6-nitro-1,1'-binaphthalene (57)[59] 

A two-necked round-bottom flask with a magnetic stirring 

bar, an addition funnel and a reflux condenser with argon inlet 

and a glass stopper was charged with 59 (10.4 g, 31.4 mmol) 

and dry acetone (288 mL). Subsequently, upon complete solution of the prior 

compound, K2CO3 (14.3 g, 104 mmol) was added, followed by MeI (7.82 mL, 

126 mmol). The resulting mixture was heated to reflux in an oil bath 

overnight. After that time, the volatile compounds were removed under 

reduced pressure. The resulting slurry was redissolved in water and stirred for 

2 h. The resulting solid was collected on a funnel, washed with water and dried 

in vacuum. The crude was purified by recrystallization in cyclohexane to obtain 

57 as a brownish solid in 79% yield. 1H NMR (500 MHz, CDCl3) δ 8.85 (d, J 

= 2.4 Hz, 1H), 8.17 (d, J = 8.8 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 7.96 (dd, J = 

9.3, 2.4 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.59 (d, J = 9.1 Hz, 1H), 7.47 (d, J 

= 9.0 Hz, 1H), 7.35 (ddd, J = 8.1, 6.7, 1.2 Hz, 1H), 7.26 – 7.18 (m, 2H), 7.06 – 

7.01 (m, 1H), 3.83 (s, 3H), 3.78 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 158.2, 

155.0, 143.8, 137.0, 133.8, 132.0, 130.2, 129.3, 128.3, 127.3, 126.9 (×2), 

126.8 (×2), 125.3, 124.7, 123.8, 119.8, 115.6, 114.0, 56.8, 56.7. 

 

2,2'-Dimethoxy-1,1'-binaphthalene (64)[42] 

A two-necked round-bottom flask containing (R)-BINOL (15 g, 

52.4 mmol) is equipped with a magnetic stirring bar, an addition 

funnel, and a reflux condenser with argon inlet and a glass 

stopper. The flask was evacuated and flushed with argon three times. 

Subsequently, the vessel was charged with dry acetone (481 mL). Upon 

complete dissolution of the prior compound, K2CO3 (23.9 g, 173 mmol) was 

added followed by MeI (13.1 mL, 210 mmol). The resulting mixture was 

OMe
OMe

O2N

OMe
OMe

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chapter II 

 96 

heated to reflux in an oil bath overnight. After that time, the volatile 

compounds were removed under reduced pressure. The resulting slurry was 

redissolved in water and stirred for a further 2 h. The resulting solid was 

collected on a funnel, washed with water and dried in vacuum (95 ºC, 3.0·10-2 

mbar) furnishing 64 in 96% yield as a slight yellow solid. 1H NMR (400 MHz, 

CDCl3) δ 7.99 – 7.96 (m, 1H), 7.90 – 7.83 (m, 2H), 7.46 (d, J = 9.0 Hz, 2H), 

7.31 (ddd, J = 8.1, 6.7, 1.3 Hz, 2H), 7.21 (ddd, J = 8.2, 6.7, 1.4 Hz, 2H), 7.11 

(ddt, J = 8.5, 1.4, 0.8 Hz, 2H), 3.77 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 

155.1 (×2), 134.2 (×2), 129.5 (×2), 129.4 (×2), 128.1 (×2), 126.4 (×2), 

125.4 (×2), 123.7 (×2), 119.8 (×2), 114.4 (×2), 57.1 (×2). 

 

3,3'-Dibromo-2,2'-dimethoxy-1,1'-binaphthalene (65)[42] 

A two-necked round-bottom flask equipped with a magnetic 

stirring bar, an addition funnel, an argon inlet and a glass stopper 

was evacuated and flushed with argon. Subsequently, diethyl 

ether (350 mL) was added, followed by TMEDA (7.39 mL, 49.0 mmol). To the 

resulting solution, n-BuLi (31.2 mL, 78 mmol) was added slowly at rt via 

syringe and the mixture was allowed to stir 1 h. Then, 64 (7 g, 22.27 mmol) 

was added as a solid at rt and the resulting solution was stirred for a further 

3.5 h. After this time, the reaction was cooled to –78 ºC and Br2 (5.73 mL, 111 

mmol) was added dropwise via the addition funnel. After addition was 

completed, the cooling bath was removed and the yellowish-brown reaction 

mixture was allowed to stir for 20 h at rt. The reaction was quenched with 

NaSO3 sat. and stirred for 1 h. The mixture was extracted with Et2O (×3), the 

organic phases were combined, washed with brine and dried over MgSO4. After 

filtration, the solvents were removed in vacuum and the crude mixture was 

subjected to column chromatography eluting with hexane/EtOAc (99:1). 

Compound 65 was obtained in 53% yield as a slightly yellow solid. 
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 1H NMR (400 MHz, CDCl3) δ 8.27 (s, 2H), 7.86 – 7.80 (m, 2H), 7.42 (ddd, J 

= 8.2, 6.8, 1.2 Hz, 2H), 7.31 – 7.23 (m, 2H), 7.12 – 7.04 (m, 2H), 3.51 (s, 6H). 
13C NMR (101 MHz, CDCl3) δ 152.7 (×2), 133.3 (×2), 133.2 (×2), 131.6 

(×2), 127.3 (×2), 127.0 (×2), 126.7 (×2), 126.0 (×2), 125.9 (×2), 117.7 

(×2), 61.3 (×2). 

 

(3S)-3,3'-Bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalene]-2,2'-diol 

(63)[42] 

In a two-necked flask with magnetic stirrer, Ar-inlet and an 

addition funel, was added 65 (4 g, 5.56 mmol) and dry 

CH2Cl2 (132 mL). Subsequently, the solution was cooled 

with an ice bath to add slowly BBr3 (1.0 M in methylene 

chloride, 38.9 mL, 38.9 mmol). After complete addition, the 

resulting solution was allowed to stir for 24 h at rt. After that, water was 

carefully added to quench the reaction. The aqueous layer was extracted with 

CH2Cl2 (×3). Then, the combined organic layers were dried over MgSO4 and 

the solvent was evaporated under reduced pressure. The crude mixture was 

subjected to column chromatography eluting with hexane/EtOAc (99:1). 

BINOL derivative 63 was obtained in 51% yield as a slightly yellow solid. 1H 

NMR (400 MHz, CDCl3) δ 7.90 – 7.86 (m, 2H), 7.79 (s, 2H), 7.40 (s, 2H), 

7.37 – 7.29 (m, 4H), 7.18 – 7.12 (m, 4H), 3.03 – 2.94 (m, 2H), 2.92 – 2.82 (m, 

2H), 2.76 – 2.66 (m, 2H), 1.34 (d, J = 6.9 Hz, 12H), 1.22 (d, J = 6.8 Hz, 6H), 

1.12 (dd, J = 9.5, 6.9 Hz, 12H), 1.05 (d, J = 6.9 Hz, 6H). 13C NMR (101 MHz, 

CDCl3) δ 150.8 (×2), 149.3 (×2), 148.0 (×2), 147.9 (×2), 133.6 (×2), 130.8 

(×2), 130.5 (×2), 129.3 (×2), 129.2 (×2), 128.4 (×2), 126.8 (×2), 124.7 

(×2), 123.9 (×2), 121.4 (×2), 121.3 (×2), 113.3 (×2), 34.5, 31.0 (×2), 31.0 

(×2), 27.1 (×2), 24.5 (×2), 24.4 (×2), 24.2 (×2), 24.2 (×2), 24.1 (×2), 23.9. 
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(R)-6,6'-Dibromo-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalene]-

2,2'-diol (64) 

A solution of (R)-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-

binaphthalene]-2,2'-diol (63) (2.60 g, 3.76 mmol) in CH2Cl2 

(19 mL) was cooled to –78 ̊C and a solution of Br2 (1.32 g, 

8.28 mmol) in CH2Cl2 (19 mL) was added dropwise. After 

being stirred at –78 ºC for 2.5 h the reaction mixture was warmed to room 

temperature and stirred for a further 2.5 h. The reaction mixture was quenched 

by addition of sat. aqueous solution of Na2SO3. The biphasic system was 

extracted with CH2Cl2, and the combined organic layers were washed with 

Na2SO3, brine, dried over MgSO4 and concentrated in vacuo. The crude product 

was purified by flash column chromatography on silica gel using 

cyclohexane/CH2Cl2 (90:10) as the eluent to give dibrominated compound 64 

(1.9 g, 2.26 mmol) in 60% yield as a slightly yellow solid. 1H NMR (500 MHz, 

CDCl3) δ 8.04 (d, J = 2.0 Hz, 2H), 7.7 (s, 2H), 7.14 (dd, J = 9.0, 2.0 Hz, 2H), 

7.17 – 7.11 (m, 6H), 4.92 (s, 2H), 3.0 (sept, J = 6.8 Hz, 2H), 2.81 (sept, J = 

6.8 Hz, 2H), 2.66 (sept, J = 6.8 Hz, 2H), 1.35 (d, J = 6.9 Hz, 12H), 1.23 (d, J 

= 6.8 Hz, 6H), 1.14 (d, J = 6.9 Hz, 6H), 1.11 (d, J = 6.9 Hz, 6H), 1.06 (d, J = 

6.8 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 150.7 (×2), 149.7 (×2), 148.0 

(×2), 147.8 (×2), 132.0 (×2), 130.2 (×2), 130.1 (×2), 130.1 (×2), 129.9 

(×2), 129.4 (×2), 129.2 (×2), 126.2 (×2), 121.5 (×2), 121.4 (×2), 117.6 

(×2), 113.5 (×2), 34.4 (×2), 30.9 (×2), 30.8 (×2), 24.3 (×2), 24.3 (×2), 24.0 

(×2), 234.0 (×2), 23.9 (×2), 23.7 (×2). IR (ATR): ν 3518, 2958, 2926, 2868, 

1593, 1433, 1258, 1226, 933, 899 cm−1. HRMS (ESI-): m/z calcd. for 

C50H55Br2O2 [M-H]-: 845.2574, found: 845.2556. mp: 165–172 °C. [a]D: +75.2 

(c 1.00, CH2Cl2). 
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(3S)-2,2'-Dihydroxy-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-

binaphthalene]-6,6'-dicarbonitrile (65) 

A mixture of 64 (1 g, 1.18 mmol), CuCN (0.42 g, 4.71 

mmol), and NMP (1.70 ml) as solvent was subjected to 

microwave irradiation (200 W) for 1 h. After 

irradiation, the mixture was cooled to room 

temperature and diluted with water. The precipitate 

was collected by filtration and treated with aqueous ammonia. After removal of 

the solvents, the product was further purified by recrystallization from aqueous 

ethanol. Dinitrile 65 was obtained in 20% yield as a yellow solid. 1H NMR 

(300 MHz, CDCl3) δ 8.25 (d, J = 1.6 Hz, 2H), 7.81 (s, 2H), 7.45 (dd, J = 8.8, 

1.7 Hz, 2H), 7.31 (d, J = 8.8 Hz, 2H), 7.20 – 7.14 (m, 4H), 5.11 (br s, 2H), 

3.06 – 2.88 (m, 2H), 2.80 – 2.66 (m, 2H), 2.66 – 2.51 (m, 2H), 1.31 (d, J = 6.9 

Hz, 12H), 1.22 (d, J = 6.8 Hz, 6H), 1.10 (t, J = 7.3 Hz, 12H), 1.02 (d, J = 6.8 

Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 153.0 (×2), 150.6 (×2), 148.4 (×2), 

148.2 (×2), 135.4 (×2), 134.6 (×2), 131.1 (×2), 130.8 (×2), 128.0 (×2), 

127.4 (×2), 125.6 (×2), 122.0 (×2), 121.9 (×2), 121.0 (×2), 119.6 (×2), 

114.1 (×2), 107.3 (×2), 43.6, 34.6, 32.2, 31.2, 31.0, 30.3, 29.8, 27.7, 27.0, 

24.4 (×2), 24.1, 24.1, 24.1, 23.8, 23.7, 22.5, 20.9. IR (ATR): ν 3506, 3421, 

2958, 2926, 2867, 2225, 2170, 1617, 1459, 1171, 1151, 999, 978, 957 cm−1. 

HRMS (ESI-): m/z calcd. for C52H55O2 [M-H]-: 739.4269, found: 739.4271. mp: 

215–221 °C. [a]D: +63.8 (c 1.00, CH2Cl2). 
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(3S)-2'-Hydroxy-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalen]-2-

yl pivalate (67) 

To a solution of (R)-BINOL (128 mg, 0.19 mmol) in THF 

(0.5 mL) at 0 ºC was added Et3N (36.1 µL, 0.26 mmol) and 

pyridine (4 µL, 0.5 mmol), followed by PivCl (25.1 mL, 0.2 

mmol). The solution was allowed to warm to rt and stirred 

for 5 hours. The resulting mixture was quenched with water 

and conc. HCl and extracted with diethyl ether (×3). The combined organic 

layers were washed with brine, dried over MgSO4 and concentrated under 

reduced pressure. The crude was subjected to column chromatography eluting 

with hexane/CH2Cl2 (95:5). Monoprotected BINOL derivative 67 was obtained 

in 90% yield as a slightly yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.00 – 

7.92 (m, 2H), 7.84 – 7.80 (m, 1H), 7.74 (s, 1H), 7.55 – 7.47 (m, 2H), 7.40 – 

7.29 (m, 4H), 7.15 (s, 2H), 7.12 – 7.05 (m, 42), 5.43 – 5.35 (br s, 1H), 3.03 – 

2.91 (m, 2H), 2.90 – 2.79 (m, 2H), 2.77 – 2.65 (m, 2H), 1.34 (d, J = 6.9 Hz, 

10H), 1.29 (d, J = 6.7 Hz, 8H), 1.22 (d, J = 6.8 Hz, 6H), 1.20 (d, J = 6.8 Hz, 

6H), 1.13 (d, J = 6.9 Hz, 6H), 0.38 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 

175.6, 148.9 (×2), 147.5 (×2), 133.8, 133.1, 132.1 (×2), 131.5 (×2), 131.0, 

130.8, 128.9 (×2), 128.4 (×2), 128.0 (×2), 126.7 (×2), 126.2 (×2), 125.7, 

125.0, 124.5 (×2), 123.6 (×2), 121.0 (×2), 120.6, 115.2, 38.2, 34.6 (×2), 34.5 

(×2), 31.3, 31.0, 30.9, 30.7, 27.1 (×2), 25.9 (×2), 25.1, 24.4 (×2), 24.3, 24.3, 

24.2, 23.9, 23.5, 23.0. HRMS (ESI-): m/z calcd. for C55H65O3 [M-H]-: 773.4939, 

found: 773.4947. mp: 118–122 °C. [a]D: +120.1 (c 1.00, CH2Cl2). 
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(3S)-2'-Hydroxy-6'-nitro-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-

binaphthalen]-2-yl pivalate (68) 

To a mixture of conc. HNO3 (564 µL, 0.90 mmol), conc. 

H2SO4 (226 µL, 0.90 mmol), and MTBE (0.90 mL) in a 

25 mL round-bottom flask was added dropwise at 0 ºC a 

solution of 67 (700 mg, 0.90 mmol) in MTBE (0.9 mL). 

The yellow color of the reaction mixture turned green. 

The solution was warmed to rt and stirred overnight. Once the reaction was 

completed, EtOAc was added and washed (×4) with water. The crude was 

subjected to column chromatography eluting with cyclohexane/EtOAc (80:20). 

Nitro derivative 68 was obtained in 72% yield as a slightly yellow solid. 1H 

NMR (500 MHz, CDCl3) δ 8.77 (s, 1H), 8.07 (d, J = 9.3, 1.9 Hz, 1H), 7.99 – 

7.95 (m, 2H), 7.91 (s, 1H), 7.55 (t, J = 7.7 Hz, 1H), 7.44 – 7.32 (m, 3H), 7.15 

(s, 2H), 7.11 – 7.05 (m, 2H), 3.02 – 2.88 (m, 2H), 2.83 – 2.69 (m, 2H), 2.67 – 

2.55 (m, 2H), 1.33 (dd, J = 6.9, 1.2 Hz, 9H), 1.27 (d, J = 6.8 Hz, 9H), 1.23 – 

1.15 (m, 13H), 1.11 (d, J = 5.6 Hz, 5H), 0.37 (s, 9H). 13C NMR (126 MHz, 

CDCl3) δ 175.6, 149.2, 147.4, 143.9, 136.1, 134.0, 132.1, 131.7, 131.0, 128.7, 

128.4, 127.2, 127.1, 126.6, 125.0, 123.6, 121.3, 121.0, 120.8, 119.7, 115.9, 

38.3, 34.6, 34.5, 31.2, 31.1, 30.8, 25.9, 25.0, 24.3, 24.2, 24.2, 24.2, 23.9, 23.5, 

22.9. HRMS (ESI-): m/z calcd. for C55H64O5 [M-H]-: 818.4790, found: 

818.4782. mp: 152–159 °C. [a]D: +178.8 (c 1.00, CH2Cl2). 
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 (3S)-2'-Hydroxy-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalen]-2-

yl acetate (70) 

In a test tube containing a solution of 63 (515 mg, 0.75 

mmol), DMAP (2.73 mg, 0.02 mmol) and Et3N (312 µL, 

2.24 mmol) in CH2Cl2 (2.50 mL) was added Ac2O (77 µL, 

2.24 mmol) dropwise at 0 ºC. The solution was allowed to 

warm to rt and stirred for 6 houfrs. Once the reaction was 

completed, the resulting mixture was diluted with CH2Cl2 and washed with 

water, followed by aqueous 1 N HCl, saturated NaHCO3 and brine 

successively. The organic phase was dried over Na2SO4 and the solvent was 

evaporated. The crude was subjected to column chromatography eluting with 

hexane/CH2Cl2 (95:5). Monoacetylated BINOL derivative 70 was obtained in 

80% yield as a slightly yellow solid. 1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 

8.2 Hz, 1H), 7.91 (s, 1H), 7.86 – 7.83 (m, 1H), 7.75 (s, 1H), 7.53 (ddd, J = 

8.1, 6.4, 1.7 Hz, 1H), 7.39 – 7.34 (m, 3H), 7.33 – 7.28 (m, 1H), 7.15 – 7.12 (m, 

2H), 7.09 (dd, J = 7.2, 1.9 Hz, 2H), 3.00 – 2.92 (m, 2H), 2.89 – 2.79 (m, 2H), 

2.72 – 2.63 (m, 2H), 1.38 (s, 3H), 1.35 – 1.30 (m, 13H) 1.25 – 1.19 (m, 8H), 

1.15 – 1.10 (m, 12H), 1.07 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 

169.1, 148.8, 147.7, 147.6, 147.4, 133.6, 133.4 (×2), 133.1 (×2), 132.1, 131.5, 

131.3, 131.1, 130.8, 128.9, 128.4 (×2), 128.0, 127.8, 126.9, 126.3 (×2), 126.0, 

125.8, 125.1, 123.7 (×2), 122.0, 121.0 (×2), 120.6, 115.1, 34.5 (×2), 31.3, 

31.1, 30.9, 30.8, 27.9, 24.6, 24.4, 24.3 (×2), 24.2, 24.2, 24.1, 23.9, 23.7, 23.6, 

23.4, 19.6. HRMS (ESI-): m/z calcd. for C52H59O3 [M-H]-: 731.4470, found: 

731.4479. mp: 120–125 °C. [a]D: +107.0 (c 1.00, CH2Cl2). 
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(3S)-2'-Hydroxy-6'-nitro-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-

binaphthalen]-2-yl acetate (71) 

To a mixture of conc. HNO3 (419 µL, 0.67 mmol), conc. 

H2SO4 (168 µL, 0.67 mmol), and MTBE (0.6 mL) in a 25 

mL round-bottom flask was added dropwise at 0 ºC a 

solution of 70 (492 mg, 0.967 mmol) in MTBE (0.6 mL). 

The yellow color of the reaction mixture turned green. The solution was 

warmed to rt and stirred overnight. Once the reaction was completed, EtOAc 

was added and washed (×4) with water. The crude was subjected to column 

chromatography eluting with hexane/EtOAc (90:10). Compound 71 was 

obtained in 50% yield as a slightly yellow solid. 1H NMR (500 MHz, CDCl3) δ 

8.79 (d, J = 2.3 Hz, 1H), 8.05 (dd, J = 9.3, 2.4 Hz, 1H), 7.97 (d, J = 8.4 Hz, 

1H), 7.94 (s, 1H), 7.91 (s, 1H), 7.55 (ddd, J = 8.1, 6.8, 1.2 Hz, 1H), 7.39 (ddd, 

J = 8.3, 6.8, 1.3 Hz, 1H), 7.33 – 7.27 (m, 1H), 7.25 – 7.22 (m, 1H), 7.15 – 7.12 

(m, 2H), 7.09 – 7.05 (m, 2H), 3.01 – 2.90 (m, 2H), 2.78 – 2.70 (m, 2H), 2.64 – 

2.53 (m, 2H), 1.32 (d, J = 6.9 Hz 8H), 1.29 (d, J = 6.9 Hz, 8H), 1.20 (dd, J = 

6.9, 2.2 Hz, 8H), 1.13 – 1.08 (m, 12H). 13C NMR (126 MHz, CDCl3) δ 168.8, 

149.1, 147.7 (×2), 147.6, 147.5, 144.1 (×2), 139.8, 136.4, 133.8, 132.7, 132.6 

(×2), 132.2, 131.9, 130.7, 128.7 (×2), 127.3 (×2), 127.2, 126.6, 125.2, 125.0, 

123.7, 122.0, 121.3 (×2), 121.0, 120.8, 119.9 (×2), 115.7, 34.5, 34.5, 31.3, 

31.3, 31.1, 30.9, 24.6, 24.4, 24.3(×2), 24.2 (×3), 24.1, 24.0, 23.8, 23.7, 23.4, 

19.5. mp: 212–216 °C. HRMS (ESI-): m/z calcd. for C52H58O5 [M-H]-: 

776.4320, found: 776.4326. [a]D: +110.0 (c 1.00, CH2Cl2). 
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(3'S)-6-Nitro-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalene]-2,2'-

diol (69) 

A 50 mL round-bottom flask was charged with 71, KOH 

(2.5 mg, 3.21 mmol), THF (34.4 mL), and water (11.5 

mL) and the reaction mixture was refluxed for 12 h. 

After that time, it was cooled to room temperature. 

Then, the mixture was acidified with 1 N HCl and 

extracted with EtOAc (×3). The combined organic phases were washed with 

aqueous NaHCO3, brine and dried over Na2SO4. The crude obtained after 

evaporation was subjected to column chromatography eluting with 

hexane/CH2Cl2 (90:10). BINOL derivative 69 was obtained in 70% yield as a 

slightly yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.83 (d, J = 2.3 Hz, 1H), 

8.06 (dd, J = 9.3, 2.3 Hz, 1H), 7.93 (s, 1H), 7.81 (s, 1H), 7.45 – 7.32 (m, 5H), 

7.20 – 7.17 (m, 2H), 7.16 (s, 2H), 7.11 – 7.05 (m, 1H), 5.24 (s, 1H), 4.89 (s, 

1H), 3.02 – 2.91 (m, 2H), 2.87 – 2.74 (m, 2H), 2.71 – 2.60 (s, 2H), 1.33 (dd, J 

= 7.0, 3.4 Hz, 12H), 1.23 (dd, J = 6.9, 2.0 Hz, 6H), 1.15 – 1.09 (m, 12H), 1.04 

(dd, J = 6.9, 4.1 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 153.8, 150.7, 150.2, 

149.9, 148.5, 148.4, 147.9, 147.7, 144.1, 136.8, 133.5, 132.2, 131.7, 131.0, 

129.3, 129.2, 129.1, 128.9, 128.6, 127.5, 127.2, 126.2, 125.3, 124.2, 124.2, 

121.8, 121.6, 121.5, 119.9, 115.6, 112.2, 34.6, 34.5, 34.5, 31.2, 31.1, 31.0, 

31.0, 24.5, 24.4, 24.3, 24.2, 24.2, 24.1, 24.0, 23.9, 23.8, 23.6, 22.9. HRMS 

(ESI-): m/z calcd. for C50H56O4 [M-H]-: 734.4215, found: 734.4213. mp: 135–

141 °C. [a]D: +36.8 (c 1.00, CH2Cl2). 
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(3'S)-6-Amino-3,3'-bis(2,4,6-triisopropylphenyl)-[1,1'-binaphthalene]-

2,2'-diol (72) 

A solution containing 69 (400 mg, 0.54 mmol) and 

SnCl2·H2O (491 mg, 2.17 mmol) in EtOH (1359 µL) 

was stirred at 70 ºC during 3 h. After that time, the 

reaction mixture was diluted with water and 

neutralized with sat. aq. NaHCO3. After that, it was 

extracted with EtOAc and washed with brine. The combined organic layers 

were dried over MgSO4 anhydrous and the solvent was evaporated to furnish 

the desired amino derivative. The crude was subjected to column 

chromatography eluting with hexane/EtOAc (90:10). Compound 72 was 

obtained in 60% yield as a red-brownish solid. 1H NMR (400 MHz, CDCl3) δ 

7.88 (d, J = 8.4 Hz, 1H), 7.77 (s, 1H), 7.55 (s, 1H), 7.42 – 7.31 (m, 3H), 7.18 – 

7.05 (m, 6H), 6.83 (dd, J = 8.9, 2.4 Hz, 1H), 4.98 (s, 1H), 4.70 (s, 1H), 3.78 

(br s, 2H), 3.03 – 2.92 (m, 2H), 2.92 – 2.80 (m, 2H), 2.78 – 2.65 (m, 2H), 1.33 

(dd, J = 6.9, 2.9 Hz, 12H), 1.22 (dd, J = 6.8, 1.5 Hz, 6H), 1.12 (dd, J = , 6.9, 

1.4 Hz, 12H), 1.05 (dd, J = 6.9, 0.8 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 

150.7, 149.1, 149.0, 148.4, 147.8 (×2), 147.8, 147.7, 142.7, 133.6, 131.0, 

130.9, 130.7, 130.5, 129.7, 129.3, 129.1, 128.8, 128.3, 127.7, 126.7, 125.9, 

124.8, 123.8, 121.3, 121.3 (×2), 121.2, 119.2, 113.6, 113.0, 109.6, 34.5, 34.4, 

31.0, 31.0, 24.6, 24.5, 24.4, 24.4, 24.3, 24.2, 24.1, 24.1, 24.1, 23.9, 23.9, 23.7, 

23.4, 19.6. HRMS (ESI-): m/z calcd. for C50H58O2 [M-H]-: 704.4473, found: 

704.4474. mp: 168–175 °C. [a]D: +81.5 (c 1.00, CH2Cl2). 
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Polystyrene Sulfonamide Supported (R)-BINOL (73) 

To a suspension of sulfonyl chloride polystyrene (f(N) 

= 1.73 mmol g-1, 241 mg, 0.42 mmol) in anhydrous 

CH2Cl2 (11 mL) were added pyridine (0.09 mL, 1.06 

mmol) and monomer 72 (500 mg, 0.71 mmol) 

subsequently. Then, the reaction mixture was stirred 

in a stirrer Shaker Orbital under nitrogen at rt during 24 h. After that time, the 

resin was filtered and washed with 1 M HCl, water and DCM. Then, the resin 

was dried overnight in a 40 °C vacuum oven to afford a red-dark resin (418 

mg). IR (ATR): ν 571, 697, 748, 1095, 1153, 1362, 1382, 1602, 2869, 2927, 

2959, 3515 cm−1. N elemental analysis (%): 1.06. f(Max. N): 0.8 mmol/gresin. f(N): 

0.76 mmol/gresin. 

 

Polystyrene Sulfonamide Supported (R)-BINOL (74) 

In a flame dried Schlenk tube, PS-Sulfonamide (R)-

BINOL (73) (400 mg, 0.3 mmol) was suspended in 

pyridine (1 mL) under Ar. Then, POCl3 (0.1 mL, 0.95 

mmol) was added and the reaction mixture was heated 

in the closed Schlenk tube at 120 ºC. After 24 h, it was 

cooled to rt and 4 mL of water were added. Then, the system was closed again 

and heated at 100 ºC overnight. The resin was filtered and washed with water, 

THF/water, THF, 2 M HCl/EtOAc, EtOAC/DCM, and DCM and dried 

overnight in a 40 °C vacuum oven to afford a yellow resin (390 mg). P 

elemental analysis (%): 1.48. N elemental analysis (%): 1.10. f(P): 0.48 

mmol/gresin. f(N): 0.78 mmol/gresin. 
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(R)-3,3'-Bis(2,4,6-triisopropylphenyl)-6,6'-bis(4-vinylphenyl)-[1,1'-

binaphthalene]- 2,2'-diol (77)  

A flame-dried 50 mL round-bottom flask with Ar-

inlet, magnetic stirring bar and reflux condenser 

was charged with dibromide 64 (1.20 g, 1.41 

mmol), 4-vinylphenylboronic acid (0.46 g, 3.11 

mmol) and K2CO3 (0.59 g, 4.24 mmol) and purged with Ar. Then, it was 

dissolved with THF (10 mL) and a solution of Pd(PPh3)4 (82 mg, 0.07 mmol, 5 

mol%) in THF (5 mL) was added, followed by water (15 mL). The mixture was 

vigorously stirred at 85 °C overnight, and then it was cooled to room 

temperature and extracted with CH2Cl2 (×3). The combined organic layers 

were dried over MgSO4 and concentrated under reduced pressure. The crude 

product was purified by flash column chromatography on silica gel using 

cyclohexane/CH2Cl2 (90:10) as the eluent to give compound 77 (0.88 g, 0.98 

mmol) in 70% yield as a slightly yellow solid. 1H NMR (500 MHz, CDCl3) δ 

8.12 (s, 2H), 7.87 (s, 2H), 7.71(d, J = 8.2 Hz, 4H), 7.67 – 7.63 (m, 2H), 7.54 

(d, J = 7.9 Hz, 4H), 7.45 (d, J = 8.8 Hz, 2H), 7.22 – 7.17 (m, 4H), 6.80 (dd,  J 

= 11.0, 17.6 Hz,  2H), 5.83 (d, J = 17.6 Hz,  2H), 5.30 (d, J = 10.9 Hz,  2H), 

5.01 (s, 2H), 3.01 (sept, J = 6.8 Hz, 2H), 2.94 (sept, J = 6.8 Hz, 2H), 2.78 

(sept, J = 6.8 Hz, 2H), 1.36 (d, J = 6.9 Hz, 12H), 1.27 (d, J = 6.9 Hz, 6H), 

1.19 (d, J = 6.9 Hz, 6H), 1.15 (d, J = 6.8 Hz, 6H), 1.10 (d, J = 6.9 Hz, 6H). 13C 

NMR (126 MHz, CDCl3) δ 150.9 (×2), 149.5 (×2), 148.0 (×2), 148.0 (×2), 

140.6 (×2), 136.6 (×2), 136.6 (×2), 136.3 (×2), 132.9 (×2), 131.0 (×2), 

130.2 (×2), 129.8 (×2), 129.4 (×2), 127.5 (×4), 126.9 (×4), 126.3 (×2), 

126.2 (×2), 125.3 (×2), 121.5 (×2), 121.4 (×2), 114.0 (×2), 113.4 (×2), 34.5 

(×2), 31.1 (×2), 31.0 (×2), 24.5 (×2), 24.5 (×2), 24.2 (×2), 24.2 (×2), 24.1 

(×2), 23.9 (×2). IR (ATR): ν 3519, 2958, 2926, 2867, 1604, 1437, 1254, 820 
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cm−1. HRMS (ESI-): m/z calcd. for C66H69O2
 [M-H]-: 893.5310, found: 

893.5303. mp: 195–210 °C. [a]D: +61.3 (c 1.00, CH2Cl2). 

 

Polystyrene Supported (R)-TRIP BINOL (78) 

A 100 mL reactor was charged with a suspension of 

polyvinyl alcohol (PV-OH) (52 mg, 0.50 µmol, 0.002 

equiv.) in 37 mL of deionized and degassed water. The 

solution was heated at 90 ºC until PV-OH was 

dissolved. Then, it was cooled to rt and a solution of boric acid (235 mg, 3.8 

mmol) in 10 mL of deionized and degassed water was transferred to the 

reactor. Later, a degassed solution containing divinylbenzene (DVB, filtered on 

a short pad o silica immediately before use, 80%, 62 µL, 0.36 mmol, 1.3 

equiv.), diol 77 (250 mg, 0.279 mmol), styrene (1.5 mL, 13.33 mmol, 47.75 

equiv.) and AIBN (16.05 mg, 0.09 mmol, 0.35 equiv.) in toluene (1.27 mL) 

was transferred to the reactor. After that, the system was heated at 80 ºC and 

mechanically stirred at 440 rpm. After two days, the aqueous solution was 

decanted off and the resin was washed with water (50 °C) several times, 

followed by MeOH and CH2Cl2. Finally, it was dried overnight in a 40 °C 

vacuum oven to afford a yellow resin (630 mg). 

 

Polystyrene Supported (R)-TRIP (79) 

In a flame dried Schlenk tube, PS-(R)-TRIP BINOL 78 

(779 mg, 0.13 mmol) was suspended in pyridine (4 

mL) under Ar. Then, POCl3 (35 mL, 0.37 mmol) was 

added and the reaction mixture was heated in the 

closed Schlenk tube at 120 ºC. After 2 days, it was 

cooled to rt and 5 mL of water were added. Then, the system was closed again 
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and heated at 100 ºC overnight. The resin was filtered and washed with water, 

THF/water, THF, 2 M HCl/EtOAc, EtOAC/DCM, and DCM and dried 

overnight in a 40 °C vacuum oven to afford a yellow resin (754 mg). P 

elemental analysis (%): 0.69. f(P): 0.22 mmol/gresin. 

 

(R)-TRIP Phosphoric acid (80)[50]  

A flame-dried Schlenk tube was charged with a 

solution of BINOL derivative 77 (1 g, 1.12 mmol) in 

pyridine (2.3 mL) under Ar. Then, POCl3 (0.31 mL, 

3.35 mmol) was added and the reaction mixture was 

heated in the closed Schlenk tube for 14 h at 120 ºC. After this time, the 

reaction was allowed to reach rt, followed by addition of water (2.3 mL). The 

resulting brownish slurry was heated to reflux for 3 h. Once the reaction was 

completed, the solution was cooled to rt, 10 mL of CH2Cl2 were added and the 

resulting organic phase was thoroughly washed with 1 M HCl (3×5 mL). The 

resulting organic layers were dried over MgSO4 and recrystallized from MeCN 

to give compound 80 in 70% yield as a slightly yellow solid. The aqueous 

solution should have a pH = 1 – 2 to ensure the compound in its free acid 

from. 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 1.9 Hz, 2H), 7.87 (s, 2H), 

7.70 (d, J = 8.3 Hz, 4H), 7.62 (dd, J = 8.9, 1.9 Hz, 2H), 7.54 (d, J = 8.3 Hz, 

4H), 7.45 (d, J = 8.9 Hz, 2H), 6.95 (s, 4H), 6.78 (dd, J = 17.6, 10.9 Hz, 2H), 

5.82 (dd, J = 17.6, 0.9 Hz, 2H), 5.30 (dd, J = 10.9, 0.9 Hz, 2H), 2.91 – 2.78 

(m, 2H), 2.67 – 2.54 (m, 4H), 1.23 (dd, J = 6.9, 4.8 Hz, 12H), 1.08 (d, J = 6.7 

Hz, 6H), 1.01 (d, J = 6.8 Hz, 6H), 0.93 (d, J = 6.8 Hz, 6H), 0.80 (d, J = 6.7 

Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 148.6 (×2), 148.1 (×2), 147.6 (×2), 

140.1 (×2), 138.2 (×2), 137.1 (×2), 136.5 (×2), 133.0 (×2), 132.9 (×2), 

131.7 (×2), 131.5 (×2), 131.4 (×2), 128.1 (×2), 127.6 (×4), 127.0 (×4), 

126.0 (×2), 125.8 (×2), 122.1 (×2), 122.1 (×2), 121.3 (×2), 120.4 (×2), 
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114.3 (×2), 34.4 (×2), 31.1 (×2), 30.8 (×2), 26.5 (×2), 25.2 (×2), 24.3 (×2), 

24.0 (×2), 23.4 (×2), 22.9 (×2). [a]D: –1.4 (c 1.00, CH2Cl2). 

 

Polystyrene Supported (R)-TRIP (79) 

A 100 mL reactor was charged with a suspension of 

polyvinyl alcohol (PV-OH) (38 mg, 0.37 µmol) in 38 mL of 

deionized and degassed water. The solution was heated at 

90 ºC until PV-OH was dissolved. Then, it was cooled to rt 

and a solution under N2, containing divinylbenzene (DVB; 80%, 111 µL, 0.62 

mmol) filtered on a short pad of silica immediately before use, phosphoric acid 

80 (350 mg, 0.37 mmol), styrene (3.0 mL, 25.9 mmol) and benzoyl peroxide 

(75%, 39 mg, 0.12 mmol) in toluene (1.27 mL) was transferred to the reactor. 

After that, the system was heated at 80 ºC and mechanically stirred at 440 

rpm. After two days, the aqueous solution was decanted off and the resin was 

washed with water (50 °C) several times, followed by THF, EtOAc, 2 M 

HCl/EtOAc, and CH2Cl2. Finally, it was dried overnight in a vacuum oven at 40 

°C to afford a brownish resin (1.0 g). P elemental analysis (%): 0.39. f(P): 0.13 

mmol/gresin. 

 

(R)-6-Oxaspiro[4.5]decan-1-one (76)[44g] 

 A vial was charged with 4 Å (200 mg) molecular sieves, catalyst (10 

mol%) and CCl4 (1 mL). The mixture was stirred for 10 min. at rt. 

Then, a solution of 75[44g] in CCl4 (1 mL) was added to the reaction mixture. 

After 24 h, the crude reaction mixture was directly purified by flash column 

chromatography on silica gel using penatne/Et2O (5:1) as the eluent to give 

compound 76 as a colourless oil. 1H NMR (400 MHz, Chloroform-d) δ 3.94 – 

3.83 (m, 1H), 3.70 – 3.58 (m, 1H), 2.43 – 2.18 (m, 2H), 2.09 – 1.87 (m, 4H), 
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1.83 – 1.69 (m, 1H), 1.69 – 1.46 (m, 5H). 13C NMR (101 MHz, CDCl3) δ 

217.15, 79.26, 63.99, 36.12, 35.04, 29.07, 25.61, 19.12, 17.64. HPLC (Daicel 

Chiralpak AD-H column, hexane/i-PrOH  99:1, flow rate 1.0 mL/min, λ = 210 

nm): tmajor = 7.9 min; tminor = 6.9 min. 
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2.7. 1H and 13C NMR Spectra 
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Chapter III 

Catalytic Enantioselective Allylation 

 of Aldehydes with PS-TRIP 

 

 

3.1. Background on Asymmetric Allylation of Aldehydes 

The discovery of new synthetic routes for the synthesis of natural and 

unnatural products or bioactive compounds remains a challenge in organic 

chemistry.[1] The asymmetric allylation of carbonyl compounds has proven to 

be one of the most straightforward ways for the construction of C-C bonds 

forming valuable chiral substances.[2] Allylation of carbonyls is a well-known 

reaction that gives rise to optically active homoallylic alcohols,[3] which are 

simple but versatile intermediates employed in the synthesis of optically active 

complex molecules of great importance (Figure 3.1).[4]  

 

 
Figure 3.1: The synthesis of these natural products includes an allylation of aldehydes step. 
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Remarkable progress has been achieved since the pioneering work of Hoffman 

in the diastereoselective synthesis of homoallylic alcohols employing (E)- and 

(Z)-crotylboronates.[5] Over the years, different alternative pathways for the 

asymmetric allylation of aldehydes have been developed.[6] Within this area, 

Brown[7] (scheme 3.1, eq. 1) and Roush[8] (scheme 3.1, eq. 2) made the most 

significant breakthroughs. Initial studies from Brown reported the formation of 

chiral homoallylic alcohols from allylboranes and aldehydes. Brown described 

that the boron coordination to the oxygen of the aldehyde followed a 

Zimmerman-Traxler transition state model, where the allylic double bond 

attacks the electrophilic carbon of the aldehyde forming a new C-C bond.  In 

the case of starting with crotyl reagents, the chiral transition state blocks the 

stereochemistry, thus the Z-isomer gives the syn adduct, and the E-isomer gives 

the anti. Later, Roush[9] studied the use of more stable allylboronates,[10] which 

are advantageous because they can stabilize the transition state through 

interaction between the tartrate ester carbonyl group and the aldehyde 

carbonyl. However, under these conditions there is a decrease in ee and yield.  

 

 

Scheme 3.1: Brown and Roush allylation of aldehydes with boron reagents. 
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Alternatives methodologies for the production of chiral homoallylic alcohols 

based on stoichiometric chiral allylating reagents[3e, 11] involve the works by 

Masamune,[12] Corey,[13] Riediker,[14] Leighton,[15] Chong,[16] Soderquist,[17] and 

Aggarwal[18] (Figure 3.2).  

 

 
Figure 3.2: Representative chiral allylating reagents. 
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use of masked allylic zinc reagents,[27] which can be generated in situ in two 

sequential steps.[22d, 28] Allylic zinc bromides are obtained after treatment of the 

corresponding tertiary homoallylic alcohol with n-Buli, aldehyde and ZnCl2. 

 

 
Scheme 3.3: Transition state proposed to account for the stereochemical outcome. 
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Scheme 3.4: Addition of allylsilanes to aldehydes catalyzed by Lewis acid. 

 

Despite the wide range of synthetic methods for the preparation of homoallylic 
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Figure 3.5: General transformation for allyboration of aldehydes catalyzed by LA.  
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coordination of the boron center with the aldehyde. Here, the Lewis acid can 

be coordinated to one oxygen of the boronate or also form a double 

complexation on the aldehyde and (II) allylstannane[34] and allylsilane 

analogues[35] (M’Ln = SiR3, SnR3) involve an “open” transition structure, where 

the Lewis acid activates the carbonyl, which generally results in lower 

diastereoselectivity levels.    

 

 
Scheme 3.6: Proposed mechanisms for the allylation of aldehydes catalyzed by Lewis acid. 
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from (R)-BINOL and SnCl4, proved to be robust in the enantioselective 
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Scheme 3.7: LBA for enantioselective protonation of silyl enol ether. 
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noticed that after 4-5 h slow background (uncatalyzed) reaction took place. In 

order to avoid this background reaction, they employed a highly acidic diol 

(82) bearing electron-withdrawing substituents in the aromatic scaffold. This 

catalyst accelerated the catalyzed reaction, which achieved high levels of 

activity. In contrast, the scope remains limited and just a few examples of 

aldehydes were reported (Scheme 3.8).  

 

 
Figure 3.8: Allylboration of aldehydes catalyzed by LBA. 
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Scheme 3.9: Allylation of aldehydes catalyzed by CPA. 
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system via H-bond with the proton from the aldehyde (Figure 3.4).   

 

Figure 3.4: Transition state involving double two hydrogen-bonding interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B O

H
O

O

H
O O
P

O O
*

Goodman’s Model

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chapter III 

	

	 148 

3.2. Aims 

In the previous chapter, we optimized the synthesis of a polystyrene-

immobilized chiral phosphoric acid catalyst. Now, we want to set our sights in 

finding a benchmark reaction to put the new catalytic resin PS-TRIP to the test. 

Our main goal is exploring the potential in catalysis of these supported CPAs, 

as well as their recyclability.  

We envisaged that the asymmetric allylboration of aldehydes reported by 

Antilla et al. (Scheme 3.9)[40] might be an interesting choice, given the 

versatility of chiral homoallylic alcohols as building blocks in synthesis and the 

simplicity of the reaction protocol (Scheme 3.10). 

If the catalytic material succeeds in displaying in promising results, the long-

term goal involves the implementation of continuous flow applications for 

extended periods of times.  

 

 
Scheme 3.10: Allylboration of aldehydes catalyzed by PS-TRIP.  
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3.3. Results and Discussion 

Nowadays, the catalytic enantioselective allylation of aldehydes remains an 

open field of research considering that previous stereoselective methods 

present some drawbacks. These limitations are related with the use of 

stoichiometric chiral inductors, the difficulty in preparing the allyl reagent, 

their air/moisture-sensitivity, and the presence of undesirable metal species as 

tin.[41]   

Herein, we present our results by virtue of searching a more sustainable 

pathway for the catalytic allylboration of aldehydes, using non-toxic reagents, 

that are stable and commercially available, as allylboronic acid pinacol ester, 

and a reusable polystyrene-supported chiral phosphoric acid catalyst.  

 

3.3.1 Optimization and Scope of the Allylation of Aldehydes 

We started our investigation regarding the allylation of aldehydes, using 

commercially available benzaldehyde and allylboronic acid pinacol ester as the 

allylating agent. To our delight, working with 10 mol% PS-TRIP (with a f(P) = 

0.22 mmol/gresin) in toluene at 0 ºC, the reaction between these gave 85a in 

excellent yield and enantioselectivity (Table 3.1, entry 1). Lowering the catalyst 

loading to 5 mol% did not have a significant impact (entry 2). Next, we moved 

to evaluate the influence of solvents to more polar ones, which are still able to 

swell the resin, but this resulted in lower ee’s (entries 3-5). When the reaction 

was cooled to −30 °C, the result with benzaldehyde was affected minimally 

(entry 6), but more electrophilic aldehydes gave better ee’s. We attribute this 

to a non-catalyzed background reaction, and thus, in order to minimize this 

unwanted process, we decided to carry out the rest of the scope at −30 °C. 

Lastly, when concentration was increased to 0.1 M, the reaction turned out to 
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be much faster while maintaining yield and ee (entry 7). However, increasing 

the concentration up 0.2 M the yield and ee decreased considerably (entry 8).  

 

Table 3.1: Screening of reaction conditions.a 

 
Entry Solvent T [ºC] t [h] yield [%]e ee [%]f 

1b toluene 0 16 89 96 

2 toluene 0 16 92 94 

3 THF 0 48 Traces n.d. 

4 DCM 0 16 90 88 

5 EtOAc 0 48 67 52 

6 toluene –30 16 97 95 

7c toluene –30 6 96 95 

8d toluene –30 7 90 90 

aReactions carried out at a concentration of 0.06 M with 5 
mol% (R)-PS-79 and 1.2 equiv. of 84a. bUsing 10 mol% PS-
TRIP. cConcentration: 0.1 M. dConcentration: 0.2 M. eYield of 
isolated product after column chromatography. fDetermined by 
HPLC analysis.  
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However, o-tolualaldehyde, which contains a methyl in ortho position gave rise 

to product 85 in 95% ee, which seems to indicate that electronic factors are 

responsible for the low ee’s recorded with o-halobenzaldehydes. Even though 

3-pyridine (85k) gave high yield, the product resulted to be completely 

racemic. This effect can be attributed to the basicity of pyridine moiety which 

presumably interacts with the phosphoric acid. In fact, the supported CPA was 

not active in the next run. However, the catalytic activity of the catalyst could 

be regenerated by washing the catalyst in acidic media. On the other hand, we 

decided to test other heteroaromatic rings like 3-furyl (product 85l) which 

gave very good results. Further interesting substrates besides benzaldehydes 

were also tested such as an a,b-unsaturated aldehyde (product 85p), that 

reached 84% ee. Aliphatic aldehydes resulted in a decrease in yield and ee 

(product 85q), whereas isophthalaldehyde, could undergo double allylation, 

providing the C2-symmetric product 85r.  
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Table 3.2: Scope of the reaction for the allylboration of aldehydes (and concomitant 
recyclability study)a.  

 aAll reactions were carried out with the same sample of PS-
TRIP (recycled after each run). Reactions carried out at a 
concentration of 0.1 M with 5 mol% PS-TRIP 79 and 1.2 equiv. 
of 84a.  
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solution of 2 M HCl in EtOAc. Moreover, we verified the catalytic activity at 

the end of the scope for further experiments. To this end, benzaldehyde was 

allylated again and the results replicated those obtained at the beginning. 

Consequently, an accumulated TON was quantified giving rise to a value of 

321, which shows the inherent robustness of PS-TRIP.  

To develop a more appealing and general method, we moved to study the 

allylating partner scope. The use of trans- and cis-crotylboronates made possible 

the creation of a new stereogenic center (products 85s and 85t, Table 3.3) 

giving excellent results. However, longer reaction times were necessary for 85t, 

which was isolated in a moderate 83% ee, perhaps due to a competitive 

background reaction. Finally, dimethylallylation of benzaldehyde to provide 

85u was successfully achieved.  

 

Table 3.3: Scope of the allylating partner a. 

 
aReactions carried out at a concentration of 0.1 M with 
5 mol% PS-TRIP 79 and 1.2 equiv. of 84a.  
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3.3.2. Implementation of a Continuous Flow Asymmetric 

Allylation 

Encouraged by the high robustness displayed by the PS-TRIP in the 

asymmetric allylation of aldehydes, we set our sights on the study of the 

related flow process.  

Our initial thoughts were to reproduce in flow the previously optimized 

conditions in batch; however, we decided to carry out this flow experiment at 

25 °C instead of –30 ºC for the sake of simplicity due to the similar behavior of 

benzaldehyde at rt and –30 ºC, as shown in the preliminary batch tests using 

85a. Thus, parameters as the flow rate and the amount of catalyst packed in 

the column were studied (Table 3.4). Preliminary attempts in a two-pump 

system, with a packed bed reactor containing 400 mg of resin did not show full 

conversion by HPLC, whereas the ee was of 93% (entry 1). In seek of full 

conversion, the flow rate was decreased to 0.1 mL/min (entry 2) but 

benzaldehyde was still observed by NMR and the ee was even lower. Later, we 

decided to study the activity using more resin instead of decreasing the flow. In 

that case, higher ee (up to 94%) was recorded, but full conversion was still not 

achieved. In an effort to reach full conversion, we decided to use more 

equivalents of allylboronic acid. Unfortunately, even if full conversion of the 

aldehyde was observed, the ee decreased to 88% (entry 4) presumably because 

the excess allylboronate accelerated the background reaction. Note that, to 

study the parameters for the flow process, an aliquot after 1 h of circulating the 

reagents was taken. 
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 Table 3.4: Screening for flow conditions.   

Entry Flow 
[mL/min.] Cat. Loading [mg] Equiv.84a ee [%] 

1 0.20 400 1.2 93 

2 0.10 400 1.2 92 

3 0.20 500 1.2 94 
4 0.20 500 1.4 88 

aFlow experiments were carried out at a concentration of 0.1 M, and at 
room temperature.  

 

After these results, we proceeded to purify the product collected from the 

experiment in entry 3 (Table 3.4) which showed somewhat diminished ee’s 

when comparing the aliquot with the isolated product. This observation was 

attributed to a background reaction which can take place in the collecting flask 

between the excess allylboronic ester and the small amounts of aldehyde 

remaining in the outstream. In order to rule out this undesired process, a 

work-up after the column would be required to remove any unreacted 

aldehyde. Determined to find a solution to this problem, we proceeded to treat 

a solution with the desired homoallylic alcohol (4 equiv.), aldehyde 83a (1 

equiv.) and allylboronic acid pinacol ester (2 equiv.) in toluene (0.02 M) with 

20 mL of a 0.5 M sodium hydrogen sulfite aqueous solution (Scheme 3.11). 

Gratifyingly, we observed the consumption of the aldehyde without the 

appearance of any precipitate, which could complicate the flow process in the 

case of obstructing the channels. The homoallylic alcohol was totally recovered 

after washing the aqueous phase with dichloromethane.  

 

 
Scheme 3.11: Addition of sodium hydrogen sulphite to aldehydes. 

 

 

 

R H

O
C
OH
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H

NaHSO3

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chapter III 

	

	 156 

Finally, we proceeded to set up our flow system. As depicted in Figure 3.5, a 

three-pump system was assembled: two pumps to circulate each solution of 

starting material (aldehyde and allylboronic ester) separately, in order to avoid 

background reaction. The reaction took place in a packed bed reactor 

containing 500 mg of PS-TRIP. Finally, downstream of the column, an aqueous 

solution of NaHSO3 was pumped to scavenge any unreacted aldehyde. Under 

these conditions, the flow experiment was operated for 28 h leading to the 

isolation of 4.60 g of 85a (92% yield) in 91% ee. An overall TON of 282 was 

achieved, which corresponds to a productivity of 2.22 mmol h-1 gresin
-1. It is 

worth noting that the ee was constant during the 28 h experiment, as no 

detectable decrease in the catalytic selectivity of the resin was observed. The 

easy-to-assemble flow set-up can indeed be regarded as a micropilot plant 

which, due to the robustness of the catalyst can function for extended periods 

of time with reduced costs due to the lack of cooling material.   

 

 
Figure 3.5: Experimental setup for the continuous flow catalytic enantioselective allylation. 

 

 

 

 

 

NaHSO3
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3-way valve

T junction

pump

pump
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check valve

PS-TRIP
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O
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(0.20 M in toluene)

(0.24 M in toluene)

OH

(biphasic mixture)

Combined flow rate: 0.2 mL min-1
Total operation time: 28 h

83a

84a

85a
92% yield, 91% ee
TON: 282 
Productivity: 2.22 mmol h-1 gresin-1
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3.4. Conclusions 

In summary, the polystyrene-supported TRIP catalyst prepared by co-

polymerization has proven to be highly active and enantioselective in the 

asymmetric allylboration of aldehydes.  

The reaction protocol tolerates aryl, heteroaryl, unsaturated and aliphatic 

aldehydes, which are transformed, in mild conditions, into a broad range of 

homoallylic alcohols in a highly enantioenriched manner. Further experiments 

have also shown that the reaction is effective for the catalytic enantioselective 

cis and trans crotylation of aldehydes.  

The high recyclability of PS-TRIP has been demonstrated in the scope, which 

has reached accumulated TONs in batch of 321. Remarkably, the catalyst was 

still active after 18 runs. These results exceedingly compensate the slightly 

longer synthesis shown in Chapter II. 

Lastly, we have been able to further test the catalytic resin by means of a 

continuous flow experiment spanning 28 h, in which 4.60 g of allylated 

product were obtained (TON of 282, productivity of 2.22 mmol h-1 gresin-1) 

without decrease in activity. We conclude that the recyclability and robustness 

of PS-TRIP make it an interesting alternative to the already successful 

homogeneous version.  
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3.5. Experimental Procedures and Characterization of 

Compounds 

3.5.1. General Remarks 

Unless otherwise noted, all reactions were performed in oven-dried screw-cap 

test tubes and were allowed to proceed under a dry argon atmosphere. All 

solvents used in the reactions were dried using an SPS (Solvent Purification 

System) unless otherwise stated. All reagents were purchased from commercial 

sources and used as received except the liquid aldehydes that were distilled 

prior to use. Thin layer chromatography was performed on Merck TLC Silicagel 

60 F254 aluminum sheets. Components were visualized by UV light (λ = 254 

nm) and stained with p-anisaldehyde or phosphomolybdic dip. Flash column 

chromatography was carried out using Sigma-Aldrich 60 mesh silica gel and 

dry-packed columns. 1H NMR and 13C NMR spectra were recorded at 298 K on 

a Bruker Avance 500 or 400 Ultrashield apparatus. 1H NMR spectroscopy 

chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). CDCl3 

was used as internal standard for 13C NMR spectra. Chemical shifts are given in 

δ and coupling constants in Hz. IR spectra were recorded on a Bruker Tensor 

27 FT-IR spectrometer and are reported in wavenumbers (cm-1). Elemental 

analyses were performed by MEDAC Ltd. (Surrey, UK) on a LECO CHNS 932 

micro-analyzer. High performance liquid chromatography (HPLC) was 

performed on Agilent Technologies chromatographs (1100 and 1200 Series), 

using Chiralcel or Chiralpak columns and guard column. UltraPerformance 

Convergence Chromatography was performed on Aquity UPC2 of Waters, PDA 

detector. Racemic standard products were prepared according to the reported 

procedure.1 The column employed in each case is indicated. High resolution 

mass spectrometry analyses were performed in a Waters LCD PremierTM 

instrument operating in ESI (Electro-Spray Ionization) mode or APCI 
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(Atmospheric-Pressure Chemical Ionization) mode. Specific optical rotation 

measurements were carried out on a Jasco P-1030 polarimeter.  

 
 
3.5.2. General Procedure for the Allylation/Crotylation of 

Aldehydes 

 

 

A screw-cap reaction tube containing the supported (R)-PS-79 (5 mol%) was 

evacuated and flushed with Argon. Subsequently, the tube was charged with 

toluene (4.4 mL) and the freshly distilled aldehyde (0.44 mmol). The reaction 

mixture was then cooled to –30 °C followed by the addition of allylboronic acid 

pinacol ester (0.52 mmol, 1.2 equiv.) or crotyl derivative, dropwise over 30 

seconds. The mixture was stirred for 6 h (unless otherwise noted) at this 

temperature and then the resin was filtered and rinsed with toluene. The 

filtrate was directly loaded on a silica gel column and the crude product was 

purified by flash chromatography using cyclohexane/EtOAc (90:10). 
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3.5.3. Characterization of the Allyl- and Crotylboration 

Products 

(R)-1-Phenylbut-3-en-1-ol (85a)[42] 

Compound 85a was obtained in 96% yield and 95% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.43-7.32 (m, 4H), 

7.33-7.23 (m, 1H), 5.90-5.72 (m, 1H), 5.22-5.10 (m, 2H), 4.74 (dd, J = 5.4, 

7.6 Hz, 1H), 2.61-2.41 (m, 2H), 2.01 (br s, 1H). 13C NMR (126 MHz, CDCl3): 

δ 144.0, 134.6, 128.6 (×2), 127.7, 126.0 (×2), 118.6, 73.4, 44.0. HPLC 

(Daicel Chiralpak IB column, hexane/i-PrOH  98:2, flow rate 1.0 mL/min, λ = 

210 nm): tmajor = 12.1 min; tminor = 12.8 min. 

 

(R)-1-(4-Nitrophenyl)but-3-en-1-ol (85b)[42] 

Compound 85b was obtained in 93% yield and 93% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.28 (d, J = 8,9 

Hz, 2H), 6.89 (d, J = 8.7, 2H), 5.82-5.69 (m, 1H), 5.19-5.10 (m, 2H), 4.68 (t, J 

= 6.5, Hz 1H), 3.81 (s, 3H), 2.50 (tt, J = 1.3, 6.8 Hz, 2H), 2.15 (br s, 1H). 13C 

NMR (126 MHz, CDCl3): δ 151.3, 147.2, 133.3, 126.6 (×2), 123.6 (×2), 

119.5, 72.2, 43.8. HPLC (Daicel Chiralpak AS-H column, hexane/i-PrOH  97:3, 

flow rate 1.0 mL/min, λ = 210 nm): tmajor = 44.8 min; tminor = 48.4 min. 

 

(R)-1-(4-Chlorophenyl)but-3-en-1-ol (85c)[42] 

Compound 85c was obtained in 97% yield and 95% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.39-7.19 (m, 

4H), 5.92-5.64 (m, 1H), 5.2-5.08 (m, 2H), 4.71 (dd, J = 5.1, 7.7 Hz, 1H), 2.60-

2.34 (m, 2H), 2.16 (br s, 1H). 13C NMR (126 MHz, CDCl3): δ 142.4, 134.1, 

133.3, 128.7 (×2), 127.3 (×2), 119.0, 72.7, 44.0. HPLC (Daicel Chiralpak AD-

OH

OH

O2N

OH

Cl
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H column, hexane/i-PrOH  99:1, flow rate 1.0 mL/min, λ = 210 nm): tmajor = 

26.4 min; tminor = 27.9 min. 

 

(R)-1-(3-Chlorophenyl)but-3-en-1-ol (85d)[24] 

Compound 85d was obtained in 84% yield and 96% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.35 (s, 1H), 7.28-

7.18 (m, 3H), 5.93-5.56 (m, 1H), 5.26-5.06 (m, 2H), 4.68 (dd, J = 5.1, 7.7 Hz, 

1H), 2.57-2.38 (m, 2H), 2.32 (br s, 1H). 13C NMR (126 MHz, CDCl3): δ 146.0, 

134.4, 134.0, 129.8, 127.7, 126.1, 124.1, 119.0, 72.7, 43.9. HPLC (Daicel 

Chiralpak AD-H column, hexane/i-PrOH  98:2, flow rate 1.0 mL/min, λ = 210 

nm): tmajor = 17.7 min; tminor = 19.1 min. 

 

(R)-1-(2-Chlorophenyl)but-3-en-1-ol (85e)[24] 

Compound 85e was obtained in 96% yield and 72% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.56 (dd, J = 1.8, 

7.7 Hz, 1H), 7.39-6.96 (m, 3H), 5.95-5.75 (m, 1H), 5.30-4.97 (m, 3H), 2.72-

2.55 (m, 1H), 2.48-2.34 (m, 1H), 2.31 (br s, 1H). 13C NMR (126 MHz, 

CDCl3): δ 141.3, 134.4, 131.8, 129.5, 128.6, 127.2, 127.2, 118.9, 69.8, 42.2. 

HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  98:2, flow rate 1.0 

mL/min, λ = 210 nm): tmajor = 16.0 min; tminor = 17.3 min. 

 

(R)-1-(4-(Trifluoromethyl)phenyl)but-3-en-1-ol (85f)[16] 
 

Compound 85f was obtained in 93% yield and 94% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.60 (d, J = 8.1 

Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 5.88-5.65 (m, 1H), 5.22-

5.07 (m, 1H), 4.77 (t, J = 4.9, 1H), 2.56-2.46 (m, 2H), 2.44 (s, 1H). 13C NMR 

(126 MHz, CDCl3): δ 147.9 (q, J = 1.5 Hz), 133.8, 129.8 (q, J = 32.3 Hz), 

126.2 (×2), 125.4 (q, J = 3.8 Hz, ×2), 124.3 (q, J = 271.1 Hz), 119.2, 72.7, 

OH
Cl

OHCl

F3C

OH
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44.0. HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH 99:1, flow rate 

1.0 mL/min, λ = 210 nm): tmajor = 21.4 min; tminor = 22.8 min. 

 

(R)-4-(1-Hydroxybut-3-en-1-yl)benzonitrile (85g)[24] 

Compound 85g was obtained in 71% yield and 90% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.61 (d, J = 8.2 

Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 5.84-5.68 (m, 1H), 5.19-5.10 (m, 1H), 4.78 

(dd, J = 4.8, 8.0, 1H), 2.57-2.33 (m, 3H). 13C NMR (126 MHz, CDCl3): δ 

149.3, 133.5, 132.3 (×2), 126.6 (×2), 119.4, 118.9, 111.1, 72.5, 43.9. HPLC 

(Daicel Chiralpak AD-H column, hexane/i-PrOH 97:3, flow rate 1.0 mL/min, λ 

= 210 nm): tmajor = 34.1 min; tminor = 36.4 min. 

 

(R)-1-(4-Bromophenyl)but-3-en-1-ol (85h)[42] 

Compound 85h was obtained in 95% yield and 96% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.46 (d, J = 8.4 

Hz, 2H), 7.21 (d, J = 8.4 Hz, 2H), 5.84-5.68 (m, 1H), 5.22-5.08 (m, 2H), 4.67 

(dd, J = 5.1, 7.7 Hz, 1H), 2.56-2.35 (m, 2H), 2.26 (br s, 1H). 13C NMR (126 

MHz, CDCl3): δ 142.9, 134.0, 131.6 (×2), 127.7 (×2), 121.4, 118.9, 72.7, 

43.9. HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  99:1, flow rate 

1.0 mL/min, λ = 210 nm): tmajor = 29.8 min; tminor = 31.4 min. 

 

(R)-1-(4-Fluorophenyl)but-3-en-1-ol (85i)[20c] 

Compound 85i was obtained in 98% yield and 92% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.39-7.27 (m, 2H), 

7.12-7.96 (m, 2H), 5.94-5.67 (m, 1H), 5.24-5.06 (m, 2H), 4.72 (dd, J = 5.3, 

7.67 Hz, 1H), 2.65-2.35 (m, 2H), 2.09 (br s, 1H). 13C NMR (126 MHz, 

CDCl3): δ 162.2 (d, J = 245.2 Hz), 139.7 (d, J = 3.1 Hz), 134.3, 127.6 (d, J = 

8.1 Hz, ×2), 118.7, 115.3 (d, J = 21.4 Hz, ×2), 72.8, 44.0. HPLC (Daicel 

NC

OH

OH

Br

OH

F
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Chiralpak AD-H column, hexane/i-PrOH  98:2, flow rate 1.0 mL/min, λ = 210 

nm): tmajor = 22.9 min; tminor = 24.1 min. 

 

(R)-1-(2-Fluorophenyl)but-3-en-1-ol (85j)[31] 

Compound 85j was obtained in 70% yield and 75% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.47 (td, J = 1.9, 7.6 

Hz, 1H), 7.33-7.21 (m, 1H), 7.15 (td, J = 1.4, 7.5 Hz, 1H), 7.06-6.97 (m, 1H), 

5.97-5.69 (m, 1H), 5.23-4.98 (m, 2H), 5.06 (dd, J = 4.8, 7.9 Hz, 1H), 2.63-

2.39 (m, 2H), 2.14 (br s, 1H). 13C NMR (126 MHz, CDCl3): δ 159.8 (d, J = 

245.4 Hz), 134.2, 130.9 (d, J = 13.2 Hz), 128.9 (d, J = 8.3 Hz), 127.3 (d, J = 

4.6 Hz), 124.3 (d, J = 3.5 Hz), 118.8, 115.3 (d, J = 21.8 Hz), 67.4, 42.7. HPLC 

(Daicel Chiralpak AD-H column, hexane/i-PrOH  98:2, flow rate 1.0 mL/min, λ 

= 210 nm): tmajor = 17.7 min; tminor = 19.1 min. 

 

(R)-1-(Pyridin-3-yl)but-3-en-1-ol (85k)[43] 

Compound 85k was obtained in racemic form in 92% yield as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 8.55-8.40 (m, 2H), 

7.73 (dt, J = 7.8, 2.0 Hz, 1H), 7.30-7.24 (m, 1H), 5.86-5.74 (m, 1H), 5.19-5.16 

(m, 1H), 5.16-5.11 (m, 1H), 4.78 (t, J = 6.3 Hz, 1H), 3.75-3.35 (br s, 1H), 2.53 

(t, J = 6.7 Hz, 2H). 13C NMR (126 MHz, CDCl3): δ 148.6, 147.7, 139.5, 133.8, 

133.7, 123.4, 118.9, 70.9, 43.7.  

 

(R)-1-(Furan-3-yl)but-3-en-1-ol (85l)[24] 

Compound 85l was obtained in 84% yield and 90% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.40-3.37 (m, 2H), 

6.40 (dd, J = 1.0, 1.8 Hz, 1H), 5.94-5.63 (m, 1H), 5.26-5.08 (m, 2H), 4.71 (dd, 

J = 5.4, 7.4, 1H), 2.26-2.40 (m, 2H), 1.95 (br s, 1H). 13C NMR (126 MHz, 

CDCl3): δ 143.5, 139.2, 134.2, 128.6, 118.8, 108.7, 66.3, 42.6. HPLC (Daicel 

F OH

N

OH

O

HO
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Chiralpak AD-H column, hexane/i-PrOH 95:5, flow rate 1.0 mL/min, λ = 210 

nm): tmajor = 10.4 min; tminor = 11.7 min. 

 

(R)-1-(4-Methoxyphenyl)but-3-en-1-ol (85m)[42] 

Compound 85m was obtained in 94% yield and 88% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 8.15 (d, J = 8,7 

Hz, 2H), 7.50 (d, J = 8.6, 2H), 5.91-5.72 (m, 1H), 5.25-5.06 (m, 2H), 4.84 (dd, 

J = 4.6, 7.9 Hz, 1H), 2.55 (br s, 1H), 2.56-2.44 (m, 2H). 13C NMR (126 MHz, 

CDCl3): δ 159.2, 136.2, 134.7, 127.2 (×2), 118.3, 114.0 (×2), 73.1, 55.4, 43.9. 

HPLC (Daicel Chiralpak IC column, hexane/i-PrOH  98:8, flow rate 1.0 

mL/min, λ = 230 nm): tmajor = 24.2 min; tminor = 26.4 min. 

 

(R)-1-(p-Tolyl)but-3-en-1-ol (85n)[20c] 

Compound 85n was obtained in 97% yield and 95% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.28-7.13 (m, 4H), 

5.94-5.67 (m, 1H), 5.25-5.09 (m, 2H), 4.71 (dd, J = 5.9, 7.0 Hz, 1H), 2.51 (tt, 

J = 1.0, 6.4 Hz, 2H), 2.35 (s, 3H), 1.97 (br s, 1H). 13C NMR (126 MHz, 

CDCl3): δ 141.0, 137.2, 134.7, 129.2 (×2), 125.9 (×2), 118.2, 73.3, 43.8, 21.2. 

HPLC (Daicel Chiralpak AD-H column, Hexane/i-PrOH  95:5, flow rate 1.0 

mL/min, λ = 210 nm): tmajor = 9.5 min; tminor = 10.6 min. 

 

 (R)-1-(o-Tolyl)but-3-en-1-ol (85o)[42] 

Compound 85o was obtained in 98% yield and 95% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.57-7.48 (m, 1H), 

7.25 (td, J = 1.7, 7.4 Hz, 1H), 7.19 (td, J = 1.4, 7.4 Hz, 1H), 7.19-7.15 (m, 

1H), 5.96-5.82 (m, 1H), 5.27-5.16 (m, 2H), 4.97 (dd, J = 4.5, 8.3 Hz, 1H), 

2.59-2.43 (m, 2H), 2.35 (s, 3H), 2.07 (br s, 1H). 13C NMR (126 MHz, CDCl3): 

δ 142.0, 134.8, 134.4, 130.4, 127.2, 126.3, 125.2, 118.2, 69.7, 42.6, 19.1. 

OH

O

OH

OH
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HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  98:2, flow rate 1.0 

mL/min, λ = 210 nm): tmajor = 14.0 min; tminor = 17.0 min. 

 

(R,E)-1-Phenylhexa-1,5-dien-3-ol (85p)[16] 

Compound 85p was obtained in 93% yield and 84% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.53-7.15 (m, 

5H), 6.61 (dd, J = 1.4, 16.0 Hz, 1H), 5.90-5.74 (m, 1H), 5.25-5.10 (m, 2H), 

4.36 (tdd, J = 1.3, 5.6, 6.9, 1H), 2.14-2.10 (m, 2H), 2.1 (br s, 1H). 13C NMR 

(126 MHz, CDCl3): δ 136.8, 134.2, 132.4, 131.7, 130.5, 128.7, 127.8, 126.6 

(×2), 118.7, 71.9, 42.2. HPLC (Daicel Chiralpak AS-H column, hexane/i-PrOH 

95:5, flow rate 1.0 mL/min, λ = 210 nm): tmajor = 9.3 min; tminor = 10.4 min. 

 

(S)-Undec-1-en-4-ol (85q)[44] 

Compound 85q was obtained in 70% yield and 55% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 5.90-5.76 (m, 1H), 5.21-5.06 (m, 

2H), 3.68-3.59 (m, 1H), 2.35-2.23 (m, 1H), 2.13 (dtt, J = 13.9, 7.9, 1.1 Hz, 

1H), 1.65 (br s, 1H), 1.53-1.36 (m, 2H), 1.37-1.18 (m, 9H), 0.91-0.82 (m, 3H). 
13C NMR (126 MHz, CDCl3): δ 13C NMR (126 MHz, CDCl3) δ 135.1, 118.2, 

70.8, 42.1, 37.0, 32.0, 29.8, 29.43, 25.8, 22.8, 14.2. Chiral GC (β-DEXTM 120 

[30 m length x 0.25 mm internal diameter x 0.25 µm film], isotherm 100 °C): 

tmajor = 41.9 min; tminor = 43.1 min. 

 

(1R,1'R)-1,1'-(1,3-Phenylene)bis(but-3-en-1-ol) (85r) 

Compound 85r was obtained in 86% yield, 55% ee and 4:1 

dr as a colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.38-

7.19 (m, 4H), 5.92-5.67 (m, 2H), 5.28-5.03 (m, 4H), 4.81-4.64 (m, 2H), 2.61-

2.37 (m, 4H), 2.16 (br s, 2H). 13C NMR (126 MHz, CDCl3): δ 144.2, 134.5 

(×2), 128.6, 125.1 (×2), 123.4 (×2), 118.6 (×2), 73.4 (×2), 44.0 (×2). SFC 

OH

OH

OHOH
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(ID column, isocratic CO2/ACN 80:20, λ = 210 nm): tmajor = 1.7 min; tminor = 

2.7 min. [α]D: +36.8 (c 1.00, CH2Cl2). 

 

(1R,2R)-2-Methyl-1-phenylbut-3-en-1-ol (85s)[19b] 

Compound 85s was obtained in quantitative yield, 95:5 dr and 

98% ee as a colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.37-

7.27 (m, 5H), 5.82 (ddd, J = 17.2, 10.3, 8.2 Hz, 1H), 5.21 (ddd, J = 13.7, 1.8, 

1.0 Hz, 1H), 5.18 (ddd, J = 6.7, 1.8, 0.9 Hz, 1H), 4.37 (d, J = 7.9 Hz, 1H), 2.49 

(sext, J = 6.9 Hz, 1H), 2.15 (br s, 1H), 0.88 (d, J = 6.8 Hz, 3H). 13C NMR (126 

MHz, CDCl3): δ 142.6, 140.8, 128.4 (×2), 127.8, 127.0 (×2), 117.0, 78.0, 

46.4, 16.7. SFC (Daicel IC column, CO2/MTBE 95:5, flow rate 1.0 mL/min, λ 

= 210 nm): tmajor = 2.68 min; tminor = 2.51 min. 

 

(1R,2S)-2-Methyl-1-phenylbut-3-en-1-ol (85t)[19b] 

Compound 85t was obtained in 95% yield dr > 99:1 and 83% ee 

as colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.37-7.23 (m, 

5H), 5.83-5.70 (m, 1H), 5.10-5.06 (m, 1H), 5.05-5.01 (m, 1H), 4.62 (d, J = 5.5 

Hz, 1H) 2.59 (tdt, J = 6.9, 5.5, 1.2 Hz, 1H), 1.85 (br s, 1H), 1.02 (d, J = 6.8 

Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 142.7, 140.5, 128.2 (×2), 127.5, 

126.7 (×2), 115.7, 77.4, 44.8, 14.1. HPLC (OD-H column, hexane/i-PrOH 

99:1, flow rate 1.0 mL/min, λ = 210 nm): tmajor = 19.3 min; tminor = 16.8 min. 

 

(R)-2,2-Dimethyl-1-phenylbut-3-en-1-ol (85u)[45] 

Compound 85u was obtained in 88% yield and 93% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 7.34-7.26 (m, 5H), 

5.92 (dd, J = 17.5, 10.8 Hz, 1H), 5.15 (dd, J = 10.8, 1.3 Hz, 1H), 5.08 (dd, J = 

17.5, 1.3 Hz, 1H), 4.44 (br s, 1H), 2.00 (br s, 1H), 1.02 (s, 3H), 0.97 (s, 3H). 
13C NMR (126 MHz, CDCl3): δ 145.3, 140.9, 128.0 (×2), 127.7 (×2), 127.6, 

OH

Me

OH

Me

OH
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114.0, 80.8, 42.4, 24.6, 21.2. HPLC (Daicel IB column, hexane/i-PrOH 98:2, 

flow rate 1.0 mL/min, λ = 210 nm): tmajor = 10.9 min; tminor = 8.3 min. 
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3.5.4. Description of the Continuous Flow Experiment 
 

 

A cylindrical glass column (1 cm diameter) was filled with 500 mg of PS-TRIP 

(79) and the resin was swollen by circulating toluene at 200 µL min–1. After 

that, the feed was changed for a combination of two streams (a 0.20 M solution 

of benzaldehyde in toluene and a 0.24 M solution of 83a in the same solvent), 

each with its own pump (100 µL min–1), that were combined right before the 

column (combined flow rate: 200 µL min–1). 

Downstream of the column was placed a check valve and the outstream was 

combined with a stream of NaHSO3 (at 400 µL min–1) to scavenge unreacted 

aldehyde and avoid a background reaction that would otherwise lower the ee. 

The biphasic mixture thus obtained was collected in an open flask at room 

temperature and maintained under vigorous stirring.  

The flow experiment was running for 28 h, and afterwards toluene was 

circulated through the system at 200 µL min–1 to rinse away all the organic 

materials.  

At the end, the collected mixture was poured into an extraction funnel and the 

two phases were separated. The aqueous layer was washed with EtOAc and the 

combined organic extracts were dried over MgSO4 and concentrated in vacuo. 

The resulting residue was purified by flash column chromatography to give 

4.60 g of 85a as a colourless oil (91% ee). 

TON: 282.; Productivity: 2.22 mmol h–1 gresin
–1. 

NaHSO3
(2.0 M)

3-way valve

T junction

pump

pump

packed bed reactor

check valve

PS-TRIP
(500 mg, 0.11 mmol)

O

Bpin

(0.20 M in toluene)

(0.24 M in toluene)

OH

(biphasic mixture)

Combined flow rate: 0.2 mL min-1
Total operation time: 28 h

83a

84a

85a
92% yield, 91% ee
TON: 282 
Productivity: 2.22 mmol h-1 gresin-1
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Chapter IV 

Desymmetrization of meso-Diones 

 

 

4.1. Introduction to Synthesis of Cyclohexenone Compounds 

Cyclohexenone derivatives are versatile building blocks for the synthesis of 

natural products.[1] One of the most powerful synthetic strategies for their 

synthesis is the Robinson annulation[2] (Scheme 4.1), which involves a 

sequence of Michael addition followed by cyclization through aldol 

condensation.[3] The promising Michael products 86 and 88 intermediates 

obtained contain a prochiral center that allows the preparation of optically pure 

bicyclic 87 and 88 in the presence of the right chiral catalyst. 

 

 
Scheme 4.1: Robinson annulation reaction. 

 

The two major breakthroughs considered nowadays as the early stages of 

asymmetric organocatalysis, date back to 1971. Two industrial research groups, 

Hajos and Parrish (working at Hoffmann-La Roche)[4][5] and Eder, Sauer and 

Weichert (from Schering AG),[6][7] independently discovered an asymmetric 
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variant of the Robinson annulation; they reported that proline mediated an 

enantioselective aldol reaction that gives rise to chiral cyclic aldol products that 

are called Wieland-Miescher (WMK) and Hajos-Parrish ketones (HPK) 

(Scheme 4.2). 

 

 
Scheme 4.2: Robinson annulation catalyzed by (S)-proline. 

 

This transformation, commonly known as the Hajos-Parrish-Eder-Sauer-

Wiechert reaction, has become a reference in asymmetric organocatalysis. In 

this process, proline fulfills the basic requirements of the ideal catalyst: it is 

inexpensive and readily available, low catalyst loading is used, and the products 

are obtained in a highly enantioselective manner.[8] In addition, the synthetic 

intermediates generated are powerful precursors for the total synthesis of 

natural products[4c, 9] and bioactive compounds,[10] the most remarkable being 

steroids, sesquiterpenoids,[11] terpene[12] and terpenoids,[13] which stand out for 

their antimicrobial, antiviral, anticancer and antineurodegenerative effects 

(Figure 4.1).[14]  
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Figure 4.1: Natural products prepared using Wieland-Miescher and Hajos-Parrish ketones as 

intermediates. 

 

4.1.1. Mechanistic Aspects to Prepare Wieland-Miescher and 

Hajos-Parrish ketones 

Over the years, several mechanistic studies for the general understanding of 

Hajos-Parrish ketone formation have been carried out (Figure 4.2).[15][16][17] 

Initially, Hajos and Parrish[4a] tried to propose a reasonable mechanism that 

involve enamine formation. However, experiments with isotope-labeled water 
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product. Then, they proposed a pathway that involves the addition of (S)-

proline to one of the carbonyl groups present in the cyclopentanedione ring, 

thus forming a carbinolamine intermediate. Later in 1986, Agami[18] claimed 

the possibility that two proline subunits were involved in the mechanistic 

pathway. In this manner, the first proline reacted via an enamine formation 

and the second acted as proton-transfer mediator. Finally, the mechanism is 
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involves an enamine intermediate and the establishment of a hydrogen bond 
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between the carboxylic acid and the acceptor carbonyl group.[15b, 15c, 19] However, 

this rationalization is relatively recent, and is precisely the lack of 

understanding of the mechanism which explains why this methodology 

remained in the shadow during the first 30 years.[20]  

 

 
Figure 4.2: Activation modes proposed for the Hajos-Parrish-Eder-Sauer-Wiechert reaction. 

 

4.1.2. Catalysts Able to Promote Cyclohexenone Formation 

Remarkably, both industrial groups already observed that the reaction with the 

five-membered diketone gave moderate yield and ee; to date, it continues to be 

a challenge. Most of the strategies developed so far for the Hajos-Parrish-Eder-
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synthesis of WMK.[22] In fact, the most common procedure for the scale-up of 

the Robinson annulation was reported by Gutzwiller et al.[23] However, from a 

practical point of view, some issues need to be figured out in that process. For 

instance, the purification process, which involves difficult separation in the 

work-up due to the bad visualization because of the emulsion present, 

distillation and consecutive recrystallization in order to achieve enantiopure 

product. Furthermore, the use of high boiling points solvents (DMSO), time 

consuming synthesis, generation of waste and low yield have stressed the need 
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to improve the process by identifying an alternative organocatalyst able to 

promote the asymmetric Robinson annulation.  

The first in developing an alternative to proline were Lerner, Barbas and 

Danishefsky in 1997. They proved that aldolase antibody Ab38C2 (90) could 

promote the Robinson annulation transformation to achieve WMK in 96% ee 

in 10 days.[24] This procedure involves expensive catalyst that has a high 

molecular weight. Later, the group of Davis proposed the use of b-amino acids 

instead of a-amino acids (91), because the additional carbon between the 

amino and carboxyl acid group can lead to greater conformational flexibility, 

but the long reaction times remained (5 d) and the ee’s were slightly lower.[25] 

In 2007, Landais et al. found that a benzimidazole-pyrrolidine (92) in the 

presence of Brønsted acid catalyzed the aldol reaction and they decided to apply 

it to the Robinson annulation. The aldol reaction and the elimination process 

took place in one step thus giving the dehydrated product in less time.[26] 

Inomata,[27] in 2007, also developed a similar strategy; a pyrrolidine derived 

catalyst (93) was used for the WMK and the dehydration was accelerated by 

the addition of a Brønsted acid. Note that the presence of a Brønsted acid is 

required taking into account that Barbas previously also tried to apply these 

catalysts to the Robinson annulation, but the dehydration was too slow in 

basic media for the reaction to proceed.[28] Later, in 2008, Nájera and co-

workers, studied in depth alternative families of catalysts which were able to 

increase considerably the yield and ee. They selected bifunctional a BINAM-L-

prolinamide-derived catalyst (94) for solvent-free aldol reactions[29] and the 

same year also reported the use of prolinethioamdie (95).[30] Remarkably, 

prolinamide derivatives have shown to be one of the most efficient catalysts for 

aldol reactions.[31][32] In fact, Zhang[33] surveyed a broad number of simple 

prolinamide catalysts, differing in the commercially available prolinamide (94), 

which proceeded in moderate yield but good ee. Finally, more recently, Morán 
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published in 2010[34] a promising class of diamide derivatives (97), but their 

synthesis required 12 steps, which represents a major disadvantage (Figure 

4.3).           

 

 
Figure 4.3: Overview of amino catalysts for the Wieland-Miescher ketone synthesis. 

 

However, despite all the developments reported for the synthesis of 
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stereoselectivity using CPAs, unlike in the aminocatalytic processes,[38] was 

controlled via non-covalent interactions and the catalyst in charge of the 

desymmetrization also promoted the final dehydration. In this manner, both 

reactions take place in the same conditions (Scheme 4.3). The desired chiral 

cyclohexenones were obtained in up to 94% yield and 94% ee.  

 

 
Scheme 4.3: CPA catalysis in contrast to proline strategy for cyclohexenone synthesis.  
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More recently, in our group, Luo’s diamine catalyst[43] has been supported onto 

polystyrene, proving to be recyclable and allowing to carry out the asymmetric 

Robinson annulation in continuous flow systems. The chiral vicinal diamide 

showed high activity for enantioenriched bicyclic enones in very short reaction 

times (1-2 h).   

 

Figure 4.4: Previous supported catalysts for the desymmetrization of diketones. 
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4.2. Aims 

Considering the results summarized in Chapter III, where we successfully 

applied our PS-TRIP catalyst in the allylation of aldehydes reaching up to 98% 

yield and 98% ee, we were encouraged to test our supported CPA in other 

reactions.  

It is surprising that, although the acidic nature of the catalyst allows both 

processes (the aldol reaction and the dehydration) to take place in the same 

conditions, (without having to use any additive or modifying the temperature), 

the acid-catalyzed desymmetrization of meso-diones has not been sufficiently 

studied.  

In view of these previous aspects, we decided to tackle the applicability of our 

PS-TRIP catalyst on the desymmetrization of meso-1,3-diones to produce chiral 

cyclohexenones.  

Our main goal was to generate the cychlohexenone product in an efficient 

manner, by accelerating the dehydration of the intermediate aldol product. 

(Scheme 4.4) Furthermore, we have particular interest in the easy separation of 

the final product from the catalyst due to the heterogeneous nature of the 

supported catalyst. Finally, as we have proved in the previous chapter, our 

catalyst is easily recovered and recyclable, making it a convenient alternative 

for this transformation.  

 

Scheme 4.4: Desymmetrization of meso-1,3-diones. 
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4.3. Results and Discussion 

Akiyama et al. proved in 2009 the efficiency of CPAs for the synthesis of a 

broad range of cyclohexenones.[44] A possible way to improve this process 

would be to recover the catalyst, so we proceeded to examine our PS-TRIP in 

this powerful transformation. A detailed evaluation of our initial investigation 

is summarized in Table 4.1. Our first attempts at desymmetrization with PS-

TRIP were carried out with triketone 98a bearing a fused benzene ring as a 

model substrate. No reactivity was recorded at room temperature in different 

solvents (entries 1-5), with the exception of toluene, in which traces of the 

desired product were observed, and hexane. Even if the yield was low (35%) 

the high ee (90% ee) revealed the high selectivity of the catalyst. After that, a 

beneficial effect in yield was observed when heating up the reaction mixture to 

70 ºC; to our delight , the high enantioselectivities were maintained (entry 6). 

Furthermore, increasing the catalyst loading to 10 mol% resulted in higher 

yields (entry 7). After these preliminary results, we decided to re-screen the 

solvent at 70 ºC (entries 8-9), however, both toluene and DCE did not provide 

further improvement. Finally, we increased the catalyst loading and extended 

the reaction time (entries 10-12), thus finding the optimal conditions under 20 

mol% catalyst, 70 °C and 48 h (98% yield, 90% ee) to obtain the 

cyclohexenone product. 
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Table 4.1: Screening of reaction conditions for the desymmetrization of meso-diones a. 

 
 

aReactions were carried out with 0.2 mmol of 98a in 2 mL of solvent. bYield of isolated 
product. cDetermined by HPLC on a chiral stationary phase.       

 

With the optimized conditions in hand, we moved to explore the reaction 

scope. We first studied the generality of this method to benzo-fused meso-

diones (Table 4.2). The methyl-substituted analogue 99b was obtained in 

excellent yield and enantioselectivity (94%, 88% ee). For the analog bearing a 

phenyl group the yield was lower than 50%, which we attributed to the low 

solubility of the starting material. Indeed, when the reaction was carried out in 

toluene at 90 °C, 99c was obtained in good yield. The related benzyl-

substituted compound delivered cyclohexenone 99d in considerably higher 

yields. Notably, the propargylic substrate displayed an excellent behavior, 

furnishing 99e (which is an intermediate used in the synthesis of a gibbane 

framework[45]) in 96% yield and 92% ee, This kind of substrates generally 

O
P
O O

OH

i-Pr

i-Pr

i-Pr

i-Pr

i-Pr
i-Pr

(R)-PS-79

O

O

O
(R)-PS-79

O

O

98a 99a

Entry Solvent Temp. [ºC] Cat. loading [%] Time [h] Yield [%]b ee [%]c 

1 Hexane rt 5 32 35 90 
2 EtOAc rt 5 32 0 - 
3 CH2Cl2 rt 5 32 0 - 
4 THF rt 5 32 0 - 
5 Toluene rt 5 32 traces - 
6 Hexane 70 5 48 50 91 
7 Hexane 70 10 24 80 89 
8 DCE 70 10 24 64 90 
9 Toluene 70 10 24 75 88 

10 Hexane 70 15 24 64 88 
11 Hexane 70 20 24 69 88 
12 Hexane 70 20 48 98 89 

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chapter IV 

	 228 

afford the desired cyclohexenones in very good yields and enantioselectivities, 

despite the somewhat elevated reaction temperatures employed. 

 

Table 4.2: Scope of the desymmetrization reaction with benzene-fused meso-diones. 

 
aUnless otherwise noted, the conditions are: starting 
material (0.12 mmol), PS-TRIP (79) (20 mol%), n-
hexane (1.2 mL), reflux during 48 h. bIn toluene at 90 
ºC for 48 h. cAll reactions were carried out with the 
same sample of PS-TRIP. 
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enantioselectivity. Pleasingly, the Wieland-Miescher ketone derivative having a 

dimethylallyl group (101d) could be isolated in high yield.  

 

Table 4.3: Scope of the desymmetrization reaction with cyclic meso-diones.a 

 
aReaction conditions: starting material (0.12 
mmol), PS-TRIP (20 mol%), hexane (1.2 mL), 
reflux during 48 h. bAll reactions were carried 
out with the same sample of PS-TRIP. 
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several times. This has an associated advantage in terms of overall greenness of 

the process, as it saves huge amounts of solvent and reduces the production of 

chemical waste.  
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4.4. Conclusions 

To sum up, we have established an alternative straightforward strategy for the 

desymmetrization of meso-1,3-diones catalyzed by a supported chiral TRIP 

phosphoric acid. This approach has been applied to a broad range of starting 

meso-diones, providing the corresponding cyclized products in up to 98% yield 

and 90% enantiomeric excess. In this work, we have also demonstrated that 

the catalyst can be easily recovered by simple filtration of the reaction mixture, 

thus facilitating the isolation of the final product. In contrast to the 

homogeneous version, our immobilized version of this CPA can be reused at 

least nine times. Once again, we can reaffirm that solid-supported CPAs turned 

out to be very active and robust.  
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4.5. Experimental Procedures and Characterization of 

Compounds 

4.5.1. General Remarks 

All reactions utilizing air- and moisture-sensitive reagents were carried out 

under a dry Argon atmosphere in oven-dried material. All solvents used in the 

reactions were dried using an SPS (Solvent Purification System) unless 

otherwise stated. Thin layer chromatography was performed on Merck TLC 

Silicagel 60 F254 aluminium sheets. Components were visualized by UV light 

(λ = 254 nm) and stained with p-anisaldehyde or phosphomolybdic dip. Flash 

column chromatography was carried out using Sigma-Aldrich 60 mesh silica 

gel and dry-packed columns. 1H NMR and 13C NMR spectra were recorded at 

298 K on a Bruker Avance 500 or 400 Ultrashield apparatus. 1H NMR 

spectroscopy chemical shifts are quoted in ppm relative to tetramethylsilane 

(TMS). CDCl3 was used as internal standard for 13C NMR spectra. Chemical 

shifts are given in δ and coupling constants in Hz. IR spectra were recorded on 

a Bruker Tensor 27 FT-IR spectrometer and are reported in wavenumbers (cm-

1). Elemental analyses were performed by MEDAC Ltd. (Surrey, UK) on a 

LECO CHNS 932 micro-analyzer. High performance liquid chromatography 

(HPLC) was performed on Agilent Technologies chromatographs (1100 and 

1200 Series), using Chiralcel or Chiralpak columns and guard column. The 

column employed in each case is indicated. Racemic standard products were 

prepared according to the reported procedure using DL-Proline as catalyst[25b]. 

High resolution mass spectrometry analyses were performed in a Waters LCD 

PremierTM instrument operating in ESI (Electro-Spray Ionization) mode or 

APCI (Atmospheric-Pressure Chemical Ionization) mode. Specific optical 

rotation measurements were carried out on a Jasco P-1030 polarimeter.  
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4.5.2. General Procedure for desymmetrization of meso-1,3-

dione. 

 

Supported (R)-TRIP 79 (20 mol%) was added at room temperature to a screw-

cap reaction tube containing the triketone (0.12 mmol) in hexane (1.2 mL). 

Then, the reaction was heated at 70 ºC, and monitored by TLC. After 48 h, the 

resin was filtered and rinsed with CH2Cl2. The filtrate was directly loaded on a 

silica gel column and the crude product was purified by flash chromatography 

using cyclohexane/EtOAc. 

 

4.5.3. Characterization of the Chiral Cyclohexenone Products 
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CDCl3): δ 203.9, 198.8, 162.4, 145.3, 137.0, 135.5, 132.6, 124.3, 123.0, 118.6, 

52.0, 33.6, 29.1, 25.6, 9.6. HPLC (Daicel Chiralpak IB column, hexane/i-PrOH  

80:20, flow rate 1.0 mL/min, λ = 250 nm): tmajor = 16.0 min.; tminor = 15.1 min. 
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Compound 99b was obtained in 94% yield and 88% ee as white 

solid. 1H NMR (400 MHz, CDCl3): δ 7.87 (dt, J = 7.6, 1.1 Hz, 1H), 

7.81 (dt, J = 7.7, 1.0 Hz, 1H), 7.75 (ddd, J = 7.8, 7.1, 1.1 Hz, 1H), 

7.64 (td, J = 7.4, 1.1 Hz, 1H), 6.36 (s, 1H), 2.79 – 2.68 (m, 1H), 2.66 – 2.56 

(m, 1H), 2.30 (ddd, J = 13.2, 5.3, 1.8 Hz, 1H), 2.01 (td, J = 13.4, 5.6 Hz, 1H), 

1.42 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 204.2, 198.7, 162.3, 144.6, 135.9, 

135.6, 132.6, 124.9, 123.5, 118.7, 48.4, 33.8, 27.7, 22.4. HPLC (Daicel 

Chiralpak OD-H column, hexane/i-PrOH  83:17, flow rate 0.5 mL/min, λ = 

300 nm): tmajor = 22.7 min.; tminor = 20.3 min. 

 

(S)-9a-Phenyl-1,9a-dihydro-3H-fluorene-3,9(2H)-dione (99c)[44] 

Compound 99c was obtained in 60% yield and 87% ee as a white 

solid. 1H NMR (500 MHz, CDCl3): δ 7.93 (dt, J = 7.7, 0.9 Hz, 1H), 

7.83 – 7.72 (m, 2H), 7.61 (td, J = 7.5, 1.0 Hz, 1H), 7.55 – 7.47 (m, 

2H), 7.35 – 7.22 (m, 3H), 6.67 (s, 1H), 2.82 (ddd, J = 12.7, 4.5, 2.2 Hz, 1H), 

2.49 (m, 1H), 2.37 – 2.16 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 200.7, 

199.2, 159.7, 145.5, 136.9, 136.2, 135.8, 132.9, 129.1 (×2), 128.2, 127.5 (×2), 

125.2, 123.1, 120.9, 57.5, 34.4, 30.9. HPLC (Daicel Chiralpak AD-H column, 

hexane/i-PrOH  90:10, flow rate 0.6 mL/min, λ = 240 nm): tmajor = 28.6 min.; 

tminor = 27.3 min. 

 

(S)-9a-Benzyl-1,9a-dihydro-3H-fluorene-3,9(2H)-dione (99d)[44] 

Compound 99d was obtained in 91% yield and 84% ee as a slightly 

yellow solid. 1H NMR (400 MHz, CDCl3): δ 7.63 (dt, J = 7.6, 1.0 

Hz, 1H), 7.59 – 7.51 (m, 2H), 7.49 – 7.38 (m, 1H), 6.99 (dd, J = 

5.0, 1.9 Hz, 3H), 6.92 – 6.82 (m, 2H), 6.43 (s, 1H), 3.20 (d, J = 13.0 Hz, 1H), 

3.14 (d, J = 13.1 Hz, 1H), 2.83 (ddd, J = 19.1, 13.5, 5.7 Hz, 1H), 2.71 – 2.56 
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(m, 1H), 2.44 (ddd, J = 13.5, 5.8, 1.6 Hz, 1H), 2.05 (td, J = 13.6, 5.9 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ 203.7, 198.6, 161.3, 145.7, 137.3, 135.2, 135.2, 

132.2, 129.7 (×2), 128.0 (×2), 127.0, 123.8, 122.6, 119.3, 53.7, 42.8, 33.8, 

27.2. HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  90:10, flow rate 

0.5 mL/min, λ = 300 nm): tmajor = 28.4 min.; tminor = 25.4 min. 

 

(S)-9a-(Prop-2-yn-1-yl)-1,9a-dihydro-3H-fluorene-3,9(2H)-dione (99e)[44] 

Compound 99e was obtained in 96% yield and 92% ee as a 

slightly yellow solid. 1H NMR (500 MHz, CDCl3): δ 7.88 (dt, J = 

7.7, 1.0 Hz, 1H), 7.81 (dt, J = 7.7, 1.0 Hz, 1H), 7.75 (td, J = 7.5, 

1.2 Hz, 1H), 7.64 (td, J = 7.4, 1.1 Hz, 1H), 6.42 (s, 1H), 2.82 – 2.74 (m, 1H), 

2.72 (d, J = 2.8 Hz, 1H), 2.69 (d, J = 2.7 Hz, 1H), 2.67 – 2.62 (m, 1H), 2.61 – 

2.53 (m, 1H), 2.03 (td, J = 13.6, 5.8 Hz, 1H), 1.96 (t, J = 2.7 Hz, 1H). 13C 

NMR (126 MHz, CDCl3): δ 201.8, 198.1, 159.7, 145.2, 136.4, 135.8, 132.7, 

124.7, 123.1, 119.6, 78.4, 73.5, 50.5, 33.6, 26.3, 25.9.  

HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  90:10, flow rate 1.0 

mL/min, λ = 300 nm): tmajor = 20.2 min.; tminor = 18.9 min. 

 

(R)-7a-Methyl-2,3,7,7a-tetrahydro-1H-indene-1,5(6H)-dione (101a)[44] 

Compound 101a was obtained in 54% yield and 56% ee as a slightly 

yellow oil. 1H NMR (500 MHz, CDCl3): δ 5.97 (br d, J = 2.5 Hz, 1H), 

3.06 – 2.90 (m, 1H), 2.84 – 2.70 (m, 2H), 2.58 – 2.38 (m, 3H), 2.11 

(ddd, J = 13.6, 5.2, 2.2 Hz, 1H), 1.91 – 1.80 (m, 1H), 1.32 (s, 3H). 13C NMR 

(126 MHz, CDCl3): δ 216.6, 198.3, 169.8, 124.1, 48.9, 36.0, 33.1, 29.4, 27.0, 

20.7. HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  95:5, flow rate 

1.0 mL/min, λ = 240 nm): tmajor = 18.2 min.; tminor = 17.2 min. 

O

O

O

O

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



Chapter IV 

	 236 

(R)-4,7a-Dimethyl-2,3,7,7a-tetrahydro-1H-indene-1,5(6H)-dione 

(101b)[43] 

Compound 101b was obtained in 68% yield and 47% ee as a pale 

yellow oil. 1H NMR (500 MHz, CDCl3): δ 2.94 – 2.86 (m, 1H), 2.83 – 

2.72 (m, 2H), 2.58 – 2.37 (m, 3H), 2.05 (ddd, J = 13.4, 5.3, 2.1 Hz, 

1H), 1.83 (td, J = 13.7, 5.8 Hz, 1H), 1.76 (d, J = 1.5 Hz, 3H), 1.27 (s, 3H). 13C 

NMR (126 MHz, CDCl3): δ 217.7, 197.9, 162.5, 129.8, 48.9, 35.5, 32.8, 28.9, 

24.5, 21.3, 10.8. HPLC (Daicel Chiralpak AS-H column, hexane/i-PrOH  90:10, 

flow rate 1.0 mL/min, λ = 250 nm): tmajor = 17.9 min.; tminor = 23.5 min. 

 

(R)-8a-Methyl-3,4,8,8a-tetrahydronaphthalene-1,6(2H,7H)-dione 

(101c)[44] 

Compound 101c was obtained in 60% yield and 73% ee as a 

colourless oil. 1H NMR (400 MHz, CDCl3): δ 5.86 (d, J = 1.9 Hz, 

1H), 2.78 – 2.66 (m, 2H), 2.54 – 2.37 (m, 4H), 2.20 – 2.07 (m, 3H), 

1.78 – 1.68 (m, 1H), 1.45 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 126.0, 50.8, 

37.8, 33.8, 31.9, 29.9 (×2), 23.4, 23.1, 1.2 (×2). HPLC (Daicel Chiralpak IC 

column, hexane/i-PrOH 80:20, flow rate 1.0 mL/min, λ = 250 nm): tmajor = 

29.0 min.; tminor = 33.5 min. 

 

(S)-8a-(3-Methylbut-2-en-1-yl)-3,4,8,8a-tetrahydronaphthalene-

1,6(2H,7H)-dione (101d)[43] 

Compound 101d was obtained in 79% yield and 69% ee as a 

colourless oil. 1H NMR (500 MHz, CDCl3): δ 5.89 (d, J = 1.8 Hz, 

1H), 4.93 – 4.88 (m, 1H), 2.83 – 2.75 (m, 1H), 2.71 – 2.59 (m, 

2H), 2.54 – 2.45 (m, 3H), 2.41 – 2.37 (m, 2H), 2.19 – 2.12 (m, 2H), 2.08 – 

2.00 (m, 1H), 1.69 (s, 3H), 1.75 – 1.64 (m, 1H), 1.61 (s, 3H). 13C NMR (126 
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MHz, CDCl3): δ 210.1, 198.6, 165.7, 136.4, 126.6, 117.4, 55.3, 38.5, 34.6, 

33.8, 32.3, 26.6, 26.1, 23.6, 18.2. HPLC (Daicel Chiralpak IC column, 

hexane/i-PrOH  80:20, flow rate 0.7 mL/min, λ = 254 nm): tmajor = 35.9 min.; 

tminor = 48.8 min. 
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=====================================================================
Acq.  Oper at or    :  SYSTEM                         Seq.  Li ne :    2
Acq.  I nst r ument  :  LCMS                            Locat i on :    22
I nj ect i on Dat e  :  8/ 29/ 2017 2: 50: 20 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Met hod          :  C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 518 2017- 08- 29 14- 23- 01\ Col umn1_80_20_18mi n. M (
                  Sequence Met hod)
Last  changed    :  8/ 29/ 2017 2: 23: 01 PM by SYSTEM
Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min2.5 5 7.5 10 12.5 15 17.5 20 22.5

mAU

0

50

100

150

200

250

300

350

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 518 2017-08-29 14-23-01\LCA 518 FF1.D)

15
.1

61

16
.0

27

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  15. 161 BB    0. 2818 7112. 54199  388. 14499  49. 8096
   2  16. 027 BB    0. 2960 7166. 90527  373. 32489  50. 1904

Tot al s :                   1. 42794e4   761. 46988

=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 518 2017- 08- 29 14- 23- 01\ LCA 518 FF1. D
Sampl e Name:  LCA 518 FF1

LCMS 8/ 29/ 2017 3: 45: 36 PM SYSTEM Page 1 of 1

=====================================================================
Acq.  Oper at or    :  SYSTEM                         Seq.  Li ne :    2
Acq.  I nst r ument  :  LCMS                            Locat i on :    22
I nj ect i on Dat e  :  8/ 29/ 2017 2: 50: 20 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Met hod          :  C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 518 2017- 08- 29 14- 23- 01\ Col umn1_80_20_18mi n. M (
                  Sequence Met hod)
Last  changed    :  8/ 29/ 2017 2: 23: 01 PM by SYSTEM
Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min2.5 5 7.5 10 12.5 15 17.5 20 22.5

mAU

0

50

100

150

200

250

300

350

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 518 2017-08-29 14-23-01\LCA 518 FF1.D)

15
.1

61

16
.0

27

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  15. 161 BB    0. 2818 7112. 54199  388. 14499  49. 8096
   2  16. 027 BB    0. 2960 7166. 90527  373. 32489  50. 1904

Tot al s :                   1. 42794e4   761. 46988

=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 518 2017- 08- 29 14- 23- 01\ LCA 518 FF1. D
Sampl e Name:  LCA 518 FF1

LCMS 8/ 29/ 2017 3: 45: 36 PM SYSTEM Page 1 of 1

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    81
I nj ect i on Dat e  :  7/ 10/ 2017 4: 27: 28 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ LI DI A\ Col umn1_80_20_18mi n. M
Last  changed    :  6/ 5/ 2017 11: 49: 58 AM by SYSTEM
Anal ysi s Met hod :  C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 518 2017- 08- 29 14- 23- 01\ Col umn1_80_20_18mi n. M (
                  Sequence Met hod)
Last  changed    :  8/ 29/ 2017 2: 23: 01 PM by SYSTEM
Sampl e I nf o     :  I B   80: 20  0. 5

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min2 4 6 8 10 12 14 16

mAU

0

200

400

600

800

1000

1200

1400

 DAD1 A, Sig=250,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 637 F1.D)

15
.1

17

16
.0

00

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  15. 117 BB    0. 2758 2008. 65942  110. 65137   6. 2453
   2  16. 000 BB    0. 3059 3. 01543e4  1491. 04443  93. 7547

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 637 F1. D
Sampl e Name:  LCA 637 F1

LCMS 8/ 29/ 2017 3: 44: 44 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    81
I nj ect i on Dat e  :  7/ 10/ 2017 4: 27: 28 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ LI DI A\ Col umn1_80_20_18mi n. M
Last  changed    :  6/ 5/ 2017 11: 49: 58 AM by SYSTEM
Anal ysi s Met hod :  C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 518 2017- 08- 29 14- 23- 01\ Col umn1_80_20_18mi n. M (
                  Sequence Met hod)
Last  changed    :  8/ 29/ 2017 2: 23: 01 PM by SYSTEM
Sampl e I nf o     :  I B   80: 20  0. 5

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min2 4 6 8 10 12 14 16

mAU

0

200

400

600

800

1000

1200

1400

 DAD1 A, Sig=250,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 637 F1.D)

15
.1

17

16
.0

00

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  15. 117 BB    0. 2758 2008. 65942  110. 65137   6. 2453
   2  16. 000 BB    0. 3059 3. 01543e4  1491. 04443  93. 7547

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 637 F1. D
Sampl e Name:  LCA 637 F1

LCMS 8/ 29/ 2017 3: 44: 44 PM SYSTEM Page 1 of 2

4.8. HPLC, GC and SFC Chromatograms 
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    1
I nj ect i on Dat e  :  7/ 25/ 2017 3: 16: 46 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  7/ 25/ 2017 2: 23: 21 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 26/ 2017 1: 13: 10 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OD- H  80/ 20 hexane/  I PA 0. 5 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min0 5 10 15 20 25 30 35

mAU

0

100

200

300

400

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 644 rac.D)

20
.1

34

22
.6

82
=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  20. 134 BB    0. 5327 1. 58197e4   460. 61551  50. 0556
   2  22. 682 BB    0. 5912 1. 57846e4   413. 63757  49. 9444

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 644 r ac. D
Sampl e Name:  LCA 644 r ac

LCMS 7/ 26/ 2017 1: 14: 28 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    1
I nj ect i on Dat e  :  7/ 25/ 2017 3: 16: 46 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  7/ 25/ 2017 2: 23: 21 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 26/ 2017 1: 13: 10 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OD- H  80/ 20 hexane/  I PA 0. 5 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min0 5 10 15 20 25 30 35

mAU

0

100

200

300

400

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 644 rac.D)

20
.1

34

22
.6

82

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  20. 134 BB    0. 5327 1. 58197e4   460. 61551  50. 0556
   2  22. 682 BB    0. 5912 1. 57846e4   413. 63757  49. 9444

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 644 r ac. D
Sampl e Name:  LCA 644 r ac

LCMS 7/ 26/ 2017 1: 14: 28 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    2
I nj ect i on Dat e  :  7/ 25/ 2017 2: 43: 47 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  7/ 25/ 2017 2: 23: 21 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 26/ 2017 1: 13: 10 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OD- H  80/ 20 hexane/  I PA 0. 5 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

100

200

300

400

500

600

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 644 F1.D)

Are
a:

17
16.3

9

20
.2

64

Are
a:

26
260

.7

22
.7

22

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  20. 264 MM    0. 5270 1716. 38916   54. 28528   6. 1350
   2  22. 722 MM    0. 6441 2. 62607e4   679. 49506  93. 8650

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 644 F1. D
Sampl e Name:  LCA 644 F1

LCMS 7/ 26/ 2017 1: 13: 14 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    2
I nj ect i on Dat e  :  7/ 25/ 2017 2: 43: 47 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  7/ 25/ 2017 2: 23: 21 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 26/ 2017 1: 13: 10 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  OD- H  80/ 20 hexane/  I PA 0. 5 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

100

200

300

400

500

600

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 644 F1.D)

Are
a:

17
16.3

9

20
.2

64

Are
a:

26
260

.7

22
.7

22

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  20. 264 MM    0. 5270 1716. 38916   54. 28528   6. 1350
   2  22. 722 MM    0. 6441 2. 62607e4   679. 49506  93. 8650

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 644 F1. D
Sampl e Name:  LCA 644 F1

LCMS 7/ 26/ 2017 1: 13: 14 PM SYSTEM Page 1 of 2

O

O

O

O

rac-99b	

99b	
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    3
I nj ect i on Dat e  :  8/ 22/ 2017 6: 30: 21 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 5: 03: 34 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 4: 30: 12 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA 0. 6  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35 40

mAU

0

100

200

300

400

500

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 652 ff1 C5.D)

25
.2

39

26
.5

72

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  25. 239 BB    0. 4475 1. 42008e4   499. 79587  49. 8195
   2  26. 572 BB    0. 4726 1. 43037e4   470. 60620  50. 1805

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 652 f f 1 C5. D
Sampl e Name:  LCA 652 f f 1 C5

LCMS 8/ 22/ 2017 7: 28: 20 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    3
I nj ect i on Dat e  :  8/ 22/ 2017 6: 30: 21 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 5: 03: 34 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 4: 30: 12 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA 0. 6  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35 40

mAU

0

100

200

300

400

500

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 652 ff1 C5.D)

25
.2

39

26
.5

72

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  25. 239 BB    0. 4475 1. 42008e4   499. 79587  49. 8195
   2  26. 572 BB    0. 4726 1. 43037e4   470. 60620  50. 1805

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 652 f f 1 C5. D
Sampl e Name:  LCA 652 f f 1 C5

LCMS 8/ 22/ 2017 7: 28: 20 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    2
I nj ect i on Dat e  :  8/ 22/ 2017 5: 10: 35 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 5: 03: 34 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 7: 30: 19 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA 0. 6  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

100

200

300

400

500

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 663 f1  1.D)

27
.3

38

28
.6

01

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  27. 338 BB    0. 4087 1103. 87598   39. 91023   6. 3822
   2  28. 601 BB    0. 5035 1. 61924e4   503. 04770  93. 6178

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 663 f 1  1. D
Sampl e Name:  LCA 663 f 1  1

LCMS 8/ 22/ 2017 7: 30: 26 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    2
I nj ect i on Dat e  :  8/ 22/ 2017 5: 10: 35 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 5: 03: 34 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  8/ 22/ 2017 7: 30: 19 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA 0. 6  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

100

200

300

400

500

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 663 f1  1.D)

27
.3

38

28
.6

01

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  27. 338 BB    0. 4087 1103. 87598   39. 91023   6. 3822
   2  28. 601 BB    0. 5035 1. 61924e4   503. 04770  93. 6178

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 663 f 1  1. D
Sampl e Name:  LCA 663 f 1  1

LCMS 8/ 22/ 2017 7: 30: 26 PM SYSTEM Page 1 of 2

O

O

Ph

O

O

Ph

rac-99c	

99c	
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    33
I nj ect i on Dat e  :  8/ 7/ 2017 7: 40: 28 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 7/ 2017 6: 29: 39 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ AD H 90 10 40MI N 1ML MI N. M
Last  changed    :  8/ 3/ 2017 7: 06: 55 PM by SYSTEM
Sampl e I nf o     :  AD- H 90: 0  hexane/ I PA 0. 5  mL/ mi n
                  r epeat  LCA 659

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35

mAU

0

100

200

300

400

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 659 c2.D)

25
.4

41

28
.3

90

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  25. 441 BB    0. 4513 1. 38929e4   466. 70422  50. 1218
   2  28. 390 BB    0. 5029 1. 38253e4   421. 21667  49. 8782

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 659 c2. D
Sampl e Name:  LCA 659 c2

LCMS 8/ 8/ 2017 9: 18: 42 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    33
I nj ect i on Dat e  :  8/ 7/ 2017 7: 40: 28 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 7/ 2017 6: 29: 39 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ AD H 90 10 40MI N 1ML MI N. M
Last  changed    :  8/ 3/ 2017 7: 06: 55 PM by SYSTEM
Sampl e I nf o     :  AD- H 90: 0  hexane/ I PA 0. 5  mL/ mi n
                  r epeat  LCA 659

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35

mAU

0

100

200

300

400

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 659 c2.D)

25
.4

41

28
.3

90

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  25. 441 BB    0. 4513 1. 38929e4   466. 70422  50. 1218
   2  28. 390 BB    0. 5029 1. 38253e4   421. 21667  49. 8782

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 659 c2. D
Sampl e Name:  LCA 659 c2

LCMS 8/ 8/ 2017 9: 18: 42 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM                         Seq.  Li ne :    1
Acq.  I nst r ument  :  LCMS                            Locat i on :    32
I nj ect i on Dat e  :  8/ 7/ 2017 8: 27: 13 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Met hod          :  C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 658 F1 2017- 08- 07 20- 26- 03\ Col umn3_90_10_40mi n. M
                  ( Sequence Met hod)
Last  changed    :  8/ 7/ 2017 8: 26: 04 PM by SYSTEM
Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35

mAU

0

200

400

600

800

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 658 F1 2017-08-07 20-26-03\LCA 658 F1  2.D)

Are
a:

28
16.7

5

25
.4

21

Are
a:

32
884

.4

28
.3

58

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  25. 421 MM    0. 4892 2816. 75000   95. 96868   7. 8898
   2  28. 358 MM    0. 5551 3. 28844e4   987. 41382  92. 1102

Tot al s :                   3. 57011e4  1083. 38250

=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 658 F1 2017- 08- 07 20- 26- 03\ LCA 658 F1  2. D
Sampl e Name:  LCA 658 F1  2

LCMS 8/ 8/ 2017 9: 17: 52 AM SYSTEM Page 1 of 1

=====================================================================
Acq.  Oper at or    :  SYSTEM                         Seq.  Li ne :    1
Acq.  I nst r ument  :  LCMS                            Locat i on :    32
I nj ect i on Dat e  :  8/ 7/ 2017 8: 27: 13 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Met hod          :  C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 658 F1 2017- 08- 07 20- 26- 03\ Col umn3_90_10_40mi n. M
                  ( Sequence Met hod)
Last  changed    :  8/ 7/ 2017 8: 26: 04 PM by SYSTEM
Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35

mAU

0

200

400

600

800

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 658 F1 2017-08-07 20-26-03\LCA 658 F1  2.D)

Are
a:

28
16.7

5

25
.4

21

Are
a:

32
884

.4

28
.3

58

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  25. 421 MM    0. 4892 2816. 75000   95. 96868   7. 8898
   2  28. 358 MM    0. 5551 3. 28844e4   987. 41382  92. 1102

Tot al s :                   3. 57011e4  1083. 38250

=====================================================================
                          * * *  End of  Repor t  * * *

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 658 F1 2017- 08- 07 20- 26- 03\ LCA 658 F1  2. D
Sampl e Name:  LCA 658 F1  2

LCMS 8/ 8/ 2017 9: 17: 52 AM SYSTEM Page 1 of 1

O

O
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O

O

Ph

rac-99d	
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    11
I nj ect i on Dat e  :  9/ 13/ 2017 10: 42: 28 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ LI DI A\ Col umn3_90_10_40mi n. M
Last  changed    :  9/ 13/ 2017 10: 21: 04 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ Chem32\ 1\ Met hods\ Col umn2_st andar d_90_10. M
Last  changed    :  9/ 13/ 2017 11: 50: 49 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA  1. 0  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

mAU

0

20

40

60

80

 DAD1 E, Sig=300,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 668 f1.D)

19
.1

53

20
.4

92

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  19. 153 BB    0. 3948 2365. 06958   91. 71776  51. 4605
   2  20. 492 BB    0. 3940 2230. 82324   86. 75027  48. 5395

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 668 f 1. D
Sampl e Name:  LCA 668 f 1

LCMS 9/ 13/ 2017 11: 50: 51 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    11
I nj ect i on Dat e  :  9/ 13/ 2017 10: 42: 28 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ LI DI A\ Col umn3_90_10_40mi n. M
Last  changed    :  9/ 13/ 2017 10: 21: 04 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ Chem32\ 1\ Met hods\ Col umn2_st andar d_90_10. M
Last  changed    :  9/ 13/ 2017 11: 50: 49 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA  1. 0  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

mAU

0

20

40

60

80

 DAD1 E, Sig=300,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 668 f1.D)

19
.1

53

20
.4

92

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  19. 153 BB    0. 3948 2365. 06958   91. 71776  51. 4605
   2  20. 492 BB    0. 3940 2230. 82324   86. 75027  48. 5395

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 668 f 1. D
Sampl e Name:  LCA 668 f 1

LCMS 9/ 13/ 2017 11: 50: 51 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    12
I nj ect i on Dat e  :  9/ 13/ 2017 11: 12: 39 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ LI DI A\ Col umn3_90_10_40mi n. M
Last  changed    :  9/ 13/ 2017 10: 21: 04 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ Chem32\ 1\ Met hods\ Col umn2_st andar d_90_10. M
Last  changed    :  9/ 13/ 2017 11: 50: 49 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA  1. 0  mL/ mi n

min0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

mAU

0

100

200

300

400

500

600

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 667 f1.D)
18

.9
53

20
.2

32

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  18. 953 BB    0. 3649  706. 74945   30. 21742   3. 9985
   2  20. 232 BB    0. 3947 1. 69686e4   662. 71729  96. 0015

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 667 f 1. D
Sampl e Name:  LCA 667 f 1

LCMS 9/ 13/ 2017 11: 54: 34 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    12
I nj ect i on Dat e  :  9/ 13/ 2017 11: 12: 39 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ LI DI A\ Col umn3_90_10_40mi n. M
Last  changed    :  9/ 13/ 2017 10: 21: 04 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ Chem32\ 1\ Met hods\ Col umn2_st andar d_90_10. M
Last  changed    :  9/ 13/ 2017 11: 50: 49 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AD- H 90: 10  hexane/ I PA  1. 0  mL/ mi n

min0 2.5 5 7.5 10 12.5 15 17.5 20 22.5

mAU

0

100

200

300

400

500

600

 DAD1 E, Sig=300,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 667 f1.D)

18
.9

53

20
.2

32
=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 E,  Si g=300, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  18. 953 BB    0. 3649  706. 74945   30. 21742   3. 9985
   2  20. 232 BB    0. 3947 1. 69686e4   662. 71729  96. 0015

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 667 f 1. D
Sampl e Name:  LCA 667 f 1

LCMS 9/ 13/ 2017 11: 54: 34 AM SYSTEM Page 1 of 2
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    5
I nj ect i on Dat e  :  8/ 23/ 2017 10: 59: 50 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 23/ 2017 9: 42: 57 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  4/ 26/ 2016 3: 21: 32 PM by SYSTEM
Sampl e I nf o     :  AD- H 95: 5  hexane/ I PA 1. 0  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

25

50

75

100

125

150

175

200

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 649 f1  1.D)

17
.2

17

18
.2

07

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  17. 217 BB    0. 3074 4442. 87939  220. 18291  50. 0327
   2  18. 207 BB    0. 3304 4437. 07813  208. 39751  49. 9673

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 649 f 1  1. D
Sampl e Name:  LCA 649 f 1  1

LCMS 8/ 23/ 2017 12: 15: 52 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    5
I nj ect i on Dat e  :  8/ 23/ 2017 10: 59: 50 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 23/ 2017 9: 42: 57 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  4/ 26/ 2016 3: 21: 32 PM by SYSTEM
Sampl e I nf o     :  AD- H 95: 5  hexane/ I PA 1. 0  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

25

50

75

100

125

150

175

200

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 649 f1  1.D)

17
.2

17

18
.2

07

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  17. 217 BB    0. 3074 4442. 87939  220. 18291  50. 0327
   2  18. 207 BB    0. 3304 4437. 07813  208. 39751  49. 9673

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 649 f 1  1. D
Sampl e Name:  LCA 649 f 1  1

LCMS 8/ 23/ 2017 12: 15: 52 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    4
I nj ect i on Dat e  :  8/ 23/ 2017 10: 05: 26 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 23/ 2017 9: 42: 57 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  4/ 26/ 2016 3: 21: 32 PM by SYSTEM
Sampl e I nf o     :  AD- H 95: 5  hexane/ I PA 1. 0  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

50

100

150

200

250

300

350

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 664 ff1.D)

17
.2

36

18
.2

23

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  17. 236 BB    0. 3059 1973. 06824   97. 57182  20. 4902
   2  18. 223 BB    0. 3331 7656. 27148  352. 92709  79. 5098

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 664 f f 1. D
Sampl e Name:  LCA 664 f f 1

LCMS 8/ 23/ 2017 12: 15: 15 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    4
I nj ect i on Dat e  :  8/ 23/ 2017 10: 05: 26 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  8/ 23/ 2017 9: 42: 57 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn3_st andar d_90_10. M
Last  changed    :  4/ 26/ 2016 3: 21: 32 PM by SYSTEM
Sampl e I nf o     :  AD- H 95: 5  hexane/ I PA 1. 0  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

50

100

150

200

250

300

350

 DAD1 D, Sig=240,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 664 ff1.D)

17
.2

36

18
.2

23

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 D,  Si g=240, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  17. 236 BB    0. 3059 1973. 06824   97. 57182  20. 4902
   2  18. 223 BB    0. 3331 7656. 27148  352. 92709  79. 5098

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 664 f f 1. D
Sampl e Name:  LCA 664 f f 1

LCMS 8/ 23/ 2017 12: 15: 15 PM SYSTEM Page 1 of 2
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    84
I nj ect i on Dat e  :  7/ 21/ 2017 5: 44: 38 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn2_st andar d_90_10. M
Last  changed    :  7/ 21/ 2017 5: 42: 23 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 25/ 2017 5: 21: 59 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AS- H 90/ 10 hexane/  I PA 1 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35 40

mAU

0

50

100

150

200

250

300

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 646 cr.D)

18
.2

04

23
.8

60

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  18. 204 BB    0. 4599 9879. 79688  331. 32367  49. 9872
   2  23. 860 BB    0. 6086 9884. 86523  243. 00079  50. 0128

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 646 cr . D
Sampl e Name:  LCA 646 cr

LCMS 7/ 25/ 2017 7: 15: 21 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    84
I nj ect i on Dat e  :  7/ 21/ 2017 5: 44: 38 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn2_st andar d_90_10. M
Last  changed    :  7/ 21/ 2017 5: 42: 23 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 25/ 2017 5: 21: 59 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AS- H 90/ 10 hexane/  I PA 1 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35 40

mAU

0

50

100

150

200

250

300

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 646 cr.D)

18
.2

04

23
.8

60

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  18. 204 BB    0. 4599 9879. 79688  331. 32367  49. 9872
   2  23. 860 BB    0. 6086 9884. 86523  243. 00079  50. 0128

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 646 cr . D
Sampl e Name:  LCA 646 cr

LCMS 7/ 25/ 2017 7: 15: 21 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    11
I nj ect i on Dat e  :  7/ 24/ 2017 4: 22: 25 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn2_st andar d_90_10. M
Last  changed    :  7/ 24/ 2017 3: 47: 09 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 25/ 2017 5: 21: 59 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AS- H 90/ 10 hexane/  I PA 1 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

50

100

150

200

250

300

350

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 645 F1.D)

Are
a:

10
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a:
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7
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32

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  17. 889 MM    0. 4996 1. 09376e4   364. 88327  73. 4389
   2  23. 532 MM    0. 6503 3955. 86987  101. 38622  26. 5611

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 645 F1. D
Sampl e Name:  LCA 645 F1

LCMS 7/ 25/ 2017 7: 16: 49 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    11
I nj ect i on Dat e  :  7/ 24/ 2017 4: 22: 25 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn2_st andar d_90_10. M
Last  changed    :  7/ 24/ 2017 3: 47: 09 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 25/ 2017 5: 21: 59 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  AS- H 90/ 10 hexane/  I PA 1 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30

mAU

0

50

100

150

200

250

300

350

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 645 F1.D)

Are
a:

10
937

.6

17
.8

89
Are

a:
39

55.8
7

23
.5

32

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  17. 889 MM    0. 4996 1. 09376e4   364. 88327  73. 4389
   2  23. 532 MM    0. 6503 3955. 86987  101. 38622  26. 5611

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 645 F1. D
Sampl e Name:  LCA 645 F1

LCMS 7/ 25/ 2017 7: 16: 49 PM SYSTEM Page 1 of 2

O

O

O

O

rac-101b	

101b	
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    22
I nj ect i on Dat e  :  9/ 5/ 2017 7: 23: 39 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 5/ 2017 6: 56: 35 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 6/ 2017 10: 07: 08 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  I C  80/ 201  hexane/ I PA  1  mL/ mi n

min5 10 15 20 25 30 35

mAU

0

10

20

30

40

50

60

70

 DAD1 A, Sig=250,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 672.D)

8.
79

2

29
.4

02

33
.8

67

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   8. 792 BB    0. 2838  211. 11017   11. 00668   3. 4913
   2  29. 402 BB    0. 6061 2917. 20947   73. 97626  48. 2444
   3  33. 867 BB    0. 6964 2918. 41724   64. 67725  48. 2643

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 672. D
Sampl e Name:  LCA 672

LCMS 9/ 6/ 2017 10: 07: 13 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    22
I nj ect i on Dat e  :  9/ 5/ 2017 7: 23: 39 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 5/ 2017 6: 56: 35 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 6/ 2017 10: 07: 08 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  I C  80/ 201  hexane/ I PA  1  mL/ mi n

min5 10 15 20 25 30 35

mAU

0

10

20

30

40

50

60

70

 DAD1 A, Sig=250,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 672.D)

8.
79

2

29
.4

02

33
.8

67

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1   8. 792 BB    0. 2838  211. 11017   11. 00668   3. 4913
   2  29. 402 BB    0. 6061 2917. 20947   73. 97626  48. 2444
   3  33. 867 BB    0. 6964 2918. 41724   64. 67725  48. 2643

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 672. D
Sampl e Name:  LCA 672

LCMS 9/ 6/ 2017 10: 07: 13 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    23
I nj ect i on Dat e  :  9/ 5/ 2017 8: 05: 45 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 5/ 2017 6: 56: 35 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 6/ 2017 10: 05: 43 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  I C  80/ 201  hexane/ I PA  1  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35

mAU

0

20

40

60

80

100

120

 DAD1 A, Sig=250,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 638 FF1.D)

28
.9

94

Area:
85

2.72
4

33
.5

10

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  28. 994 BB    0. 6037 5438. 40967  138. 01724  86. 4456
   2  33. 510 MM    0. 6994  852. 72363   20. 31983  13. 5544

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 638 FF1. D
Sampl e Name:  LCA 638 FF1

LCMS 9/ 6/ 2017 10: 05: 49 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    23
I nj ect i on Dat e  :  9/ 5/ 2017 8: 05: 45 PM                  I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 5/ 2017 6: 56: 35 PM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  9/ 6/ 2017 10: 05: 43 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Sampl e I nf o     :  I C  80/ 201  hexane/ I PA  1  mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min5 10 15 20 25 30 35

mAU

0

20

40

60

80

100

120

 DAD1 A, Sig=250,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 638 FF1.D)

28
.9

94

Area:
85

2.72
4

33
.5

10
=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  28. 994 BB    0. 6037 5438. 40967  138. 01724  86. 4456
   2  33. 510 MM    0. 6994  852. 72363   20. 31983  13. 5544

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 638 FF1. D
Sampl e Name:  LCA 638 FF1

LCMS 9/ 6/ 2017 10: 05: 49 AM SYSTEM Page 1 of 2

O

O

O

O

rac-101c	

101c	
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=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    81
I nj ect i on Dat e  :  7/ 17/ 2017 10: 17: 01 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  7/ 17/ 2017 9: 43: 24 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 24/ 2017 7: 06: 01 PM by SYSTEM
Sampl e I nf o     :  I C   80. 20   0. 7

min10 20 30 40 50

mAU

0

20

40

60

80

100

120

140

160

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 641 rac.D)

38
.1

94

51
.0

37

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  38. 194 BB    0. 7513 8271. 92578  164. 88728  49. 8589
   2  51. 037 BB    0. 8747 8318. 74512  122. 74912  50. 1411

Tot al s :                   1. 65907e4   287. 63641

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 641 r ac. D
Sampl e Name:  LCA 641 r ac

LCMS 7/ 27/ 2017 10: 00: 40 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    81
I nj ect i on Dat e  :  7/ 17/ 2017 10: 17: 01 AM                I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ CHEM32\ 1\ METHODS\ Col umn1_st andar d_90_10. M
Last  changed    :  7/ 17/ 2017 9: 43: 24 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ 2 Nap AS H 99 1. M
Last  changed    :  7/ 24/ 2017 7: 06: 01 PM by SYSTEM
Sampl e I nf o     :  I C   80. 20   0. 7

min10 20 30 40 50

mAU

0

20

40

60

80

100

120

140

160

 DAD1 A, Sig=250,4 Ref=off (C:\Chem32\2\Data\lidia\LCA 641 rac.D)

38
.1

94

51
.0

37

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 A,  Si g=250, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  38. 194 BB    0. 7513 8271. 92578  164. 88728  49. 8589
   2  51. 037 BB    0. 8747 8318. 74512  122. 74912  50. 1411

Tot al s :                   1. 65907e4   287. 63641

Dat a Fi l e C: \ Chem32\ 2\ Dat a\ l i di a\ LCA 641 r ac. D
Sampl e Name:  LCA 641 r ac

LCMS 7/ 27/ 2017 10: 00: 40 AM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    1
I nj ect i on Dat e  :  7/ 28/ 2017 1: 39: 41 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ Chem32\ 1\ Met hods\ Col umn1_st andar d_90_10. M
Last  changed    :  7/ 28/ 2017 11: 56: 23 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ AD H 90 10 40MI N 1ML MI N. M
Last  changed    :  8/ 3/ 2017 7: 06: 55 PM by SYSTEM
Sampl e I nf o     :  I C 80: 20  hexane/  I PA   0. 7 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min20 40 60 80 100 120

mAU

0

20

40

60

80

100

120

140

160

 DAD1 B, Sig=254,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 641 F1   1.D)

Area:
81

16.8
4

35
.9

03

48
.7

52

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 B,  Si g=254, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  35. 903 MM    0. 7780 8116. 84424  173. 88992  85. 3737
   2  48. 752 BB    0. 7335 1390. 58728   22. 42321  14. 6263

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 641 F1   1. D
Sampl e Name:  LCA 641 F1   1

LCMS 8/ 8/ 2017 6: 45: 51 PM SYSTEM Page 1 of 2

=====================================================================
Acq.  Oper at or    :  SYSTEM
Sampl e Oper at or  :  SYSTEM
Acq.  I nst r ument  :  LCMS                            Locat i on :    1
I nj ect i on Dat e  :  7/ 28/ 2017 1: 39: 41 PM                 I nj  :    1
                                                I nj  Vol ume :  5. 000 µl
Acq.  Met hod     :  C: \ Chem32\ 1\ Met hods\ Col umn1_st andar d_90_10. M
Last  changed    :  7/ 28/ 2017 11: 56: 23 AM by SYSTEM
                  ( modi f i ed af t er  l oadi ng)
Anal ysi s Met hod :  C: \ CHEM32\ 2\ METHODS\ RI FA\ AD H 90 10 40MI N 1ML MI N. M
Last  changed    :  8/ 3/ 2017 7: 06: 55 PM by SYSTEM
Sampl e I nf o     :  I C 80: 20  hexane/  I PA   0. 7 mL/ mi n

Addi t i onal  I nf o :  Peak( s)  manual l y i nt egr at ed

min20 40 60 80 100 120

mAU

0

20

40

60

80

100

120

140

160

 DAD1 B, Sig=254,4 Ref=off (C:\CHEM32\2\DATA\LIDIA\LCA 641 F1   1.D)

Area:
81

16.8
4

35
.9

03

48
.7

52

=====================================================================
                         Ar ea Per cent  Repor t
=====================================================================

Sor t ed By             :       Si gnal
Mul t i pl i er             :       1. 0000
Di l ut i on              :       1. 0000
Sampl e Amount :                :       5. 00000  [ ng/ ul ]    ( not  used i n cal c. )
Use Mul t i pl i er  & Di l ut i on Fact or  wi t h I STDs

Si gnal  1:  DAD1 B,  Si g=254, 4 Ref =of f

Peak Ret Ti me Type  Wi dt h     Ar ea      Hei ght      Ar ea
  #   [ mi n]         [ mi n]    [ mAU* s]      [ mAU]         %
- - - - | - - - - - - - | - - - - | - - - - - - - | - - - - - - - - - - | - - - - - - - - - - | - - - - - - - - |
   1  35. 903 MM    0. 7780 8116. 84424  173. 88992  85. 3737
   2  48. 752 BB    0. 7335 1390. 58728   22. 42321  14. 6263

Dat a Fi l e C: \ CHEM32\ 2\ DATA\ LI DI A\ LCA 641 F1   1. D
Sampl e Name:  LCA 641 F1   1

LCMS 8/ 8/ 2017 6: 45: 51 PM SYSTEM Page 1 of 2

O

O

O

O

rac-101d	

101d	
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Chapter V 

Chiral N,N’-Dioxide Amides: Ligands or Organocatalysts 

 

 

5.1. Introduction to the use of N,N’-Dioxide Diamide 

Derivatives in Catalysis 

One of the major challenges that chemists have to deal with is the design of 

the ideal catalyst able to induce chirality, which should be inexpensive, easy to 

synthesize, stable under moisture and air, and show high activity and 

selectivity.[1]  

Catalysts or ligands that display C2-symmetry are widespread in asymmetric 

transformations,[2][3] and constitute some of the most successful privileged 

chiral ligands: bis(phosphine) compounds (BINAP, DuPHOS, etc.),[4] 

spirobiindane based ligands[5] and bis(oxazolines).[6]   

Early investigation documented that N-heteroaromatic N-oxides presented a 

powerful capacity as electron-pair donor catalysts, but this resulted in limited 

applications.[7] However, in the last decade, homochiral[8] C2-symmetric N-

oxide catalysts have had a remarkable impact in asymmetric catalysis.[9] The 

early synthesis of homochiral proline N-oxides dates back to 1993,[10] by the 

group of Ian A. O’Neil. They proved that the oxidation of the pyrrolidine in 

prolinamide derivatives using m-CPBA provided the desired N-oxide. 

Remarkably, the nitrogen becomes a stereocentre after quaternization, but the 

diastereoselectivity of the process is very high. Later on, the same group 

reported the synthesis of proline-derived homochiral amine oxides, which were 

stabilized by an intramolecular hydrogen bond. They attributed the complete 
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diastereoselectivity to hydrogen bond interaction between the peracid oxidant 

and the secondary amide. In order to examine the potential of these new 

catalysts, they were applied to the asymmetric Pauson-Khand reaction 

affording relatively high yields (Scheme 5.1).[11]  

 

 
Scheme 5.1: Prolinamide-derived N-oxide proline derivative catalyzed Pauson-Khand reaction. 

 

However, N-oxides display such a particular reactivity that they can even 

promote reactions in metal-free conditions. For instance, groundbreaking 

studies have been carried out with pyridine N-oxides, basically involving the 

formation of hypervalent silicate intermediates in the enantioselective 

allylation of aldehydes. N-Oxides display promising reactivity in the activation 

of organosilicon compounds[12] due to the highly nucleophilic character of the 

N-O bond toward silicon atoms,[13] similarly to what enables the formation of 

metal complexes.[14] Different precedents in the allylation of aldehydes 

catalyzed by Lewis bases have been reported.[15][16] For instance, Nakajima et al. 

showed the effectiveness of bisquinoline N,N′-dioxide ((S)-102) catalyst in the 

asymmetric addition of allyltrichlorosilanes to benzaldehydes (Scheme 5.2).[17]   

 
Scheme 5.2: Asymmetric allylation of aldehyde using allyltrichlorosilanes catalyzed by 

bisquinoline N,N’-dioxide.  
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The group of Xiaoming Feng has explored the synthesis of a homochiral ligand 

library based on N,N’-dioxide diamides. Feng designed this new family of 

ligands in an attempt to combine the benefits of the C2-symmetry of the 

bisquinoline N,N’-dioxide framework[18] and the early success of O’Neil’s L-

prolinol-derived mono N-oxide as a bifunctional catalyst.[19] In this manner, 

they obtained multidentate N,N’-dioxide ligands for enantioselective catalysis 

as depicted in Figure 5.1.      

 

 
Figure 5.1: Feng’s design of C2-symmetric bifunctional N,N’-dioxide amide ligands. 

 

These dimeric species are characterized for being very polar molecules, the 

catalytic center consists in a chiral quaternary nitrogen, with a stronger dipole 

in the N-oxide compared to common oxo-donors like alcohols, ethers or 

amides.[20] The electron-pair donor ability of the oxygen atoms promotes the 

coordination with protons, alcohols or Lewis acids.[21]  

The ideal design of these catalysts opens up new possibilities to carry out 

asymmetric transformations. The application of chiral N-oxides can be divided 

in two groups. Firstly, they can be applied in metal-free catalytic reactions, as 

organocatalysts, because of the N-O affinity to silicon. On the other hand, they 

contain multiple O-donors with a certain electronic environment that allows 

them to act as tetradentate ligands for the coordination with a broad range of 
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In(III), Sc(III), La(III), Y(III) and Nd(III), among others. This new family, 

emerged in the last decade, has been applied in several asymmetric reactions 

successfully (Scheme 5.3).[22] 

 

 
Scheme 5.3: Representative transformations catalyzed by N,N’-dioxide amides. 
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and applied in catalysis. However, in the present thesis we will be more 
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5.2).    

 

 
Figure 5.2: Framework of prolinamide dimer-derived N,N’-dioxides. 
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These compounds are characterized for being conformationally flexible ligands. 

The chirality is provided by tertiary amino oxide-amide backbone, whereas an 

achiral alkyl spacer connects the two amides units. They can be easily 

synthesized from cheap, optically pure amino acids.    

 

5.1.1. Design and Synthesis of N,N’-Oxide Amides 

N,N’-Dioxides can be divided in two main groups: (I) pyridine N-oxides,[23] and 

(II) tertiary amine-dimeric N-oxides (Figure 5.3). Within this second group we 

can distinguish two kinds of catalysts depending on the linker between the two 

catalytic subunits containing the N-O bond.[20, 24] This can either be more rigid, 

having the diamide as connector, usually involving an aryl chain (Figure 5.3, 

eq. 1) or a conformationally flexible alkyl chain formed through the nitrogen 

atom (Figure 5.3, eq. 2). In the first group, the N-heteroaromatic N-oxides, the 

2pπ electrons of the oxygen are conjugated with the p-aromatic system. On the 

other hand, the amine-oxide of the second group presents a new stereocenter 

at nitrogen, which display a tetrahedral configuration.    
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Figure 5.3: Most common N-oxide ligands and catalysts. 
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In Scheme 5.4 is depicted the straightforward and cost-effective synthesis of 

C2-symmetric N,N’-dioxides. Following this route, it is possible to achieve a 

broad range of derivatives starting from chiral secondary amines derived from 

L-proline, L-pipecolic acid or L-ramipril. Firstly, formation of the amide takes 

place, followed by the deprotection of the amino group. Then, the 

corresponding linker is formed by double nucleophilic substitution using 

dibromo compounds. Finally, the desired N,N’-dioxide is generated as a single 

enantiomer after treatment of the corresponding pyridine or tertiary amines 

with peracids such as m-CPBA or hydrogen peroxides. This last step oxidizes 

the nitrogen, which becomes a stereocentre in a highly diastereoselective 

manner. 

 

 
Scheme 5.4: General pathway for the synthesis of C2-symmetric N,N’-dioxides. 
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H-bond ring is disrupted (Scheme 5.5, b).[25]  
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Scheme 5.5: Conformation of N,N’-dioxides and their metal complexes. 
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which and it is activated by anionic or neutral Lewis bases, N,N’-dioxide 

catalysts facilitate this transformation because of a dual interaction: as Lewis 

bases to coordinate with TMSCN and as hydrogen bond donors with carbonyls 

or imines. 

Xiaiming Feng et al. have demonstrated the efficiency of N,N’-dioxide diamides 

as organocatalysis for the activation of TMSCN in order to develop 

cyanosilylation of aldehydes, ketones and imines (Scheme 5.6). Remarkably, 

variation of the substituents in the amide has an impact over the ee and yield. 

After optimization, 108 showed to be optimal for cyanosilylation of 

aldehydes.[29] Later, they performed the 109-catalyzed addition of TMSCN to 

more promising substrates as a,a-dialkoxy ketones.[30] Through NMR studies, 

they concluded that the mechanism proceeds through formation of a 

hypervalent silicon intermediate with TMSCN after this is attracted due to 

coordination with the oxygens of the N-O bonds. Afterwards, the carbonyl is 

activated via H-bonding with the N-H of the amide, which allows 

stereoselectice attack of the cyano group to the carbonyl to generate the 

desired compound. In order to improve the stereoselectivity, other bulky 

groups in the amide moiety were also designed (see 110, Scheme 5.6), which 

promoted the Strecker reaction in highe enantioselectivity.[31]      
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Scheme 5.6: Asymmetric silylcyanation reactions catalyzed by N,N’-dioxides.  
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applications for these species. Catalyst 111 enables asymmetric halogenation 
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Scheme 5.7: Organocatalytic chlorination of b-ketoesters. 
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5.1.3. Application of N,N’-Dioxides as Chiral Metal–Ligand 

Complexes 

Initially, N,N’-dioxides were employed basically as organocatalysts for Lewis 

base and H-bond assisted reactions. More recently, these catalysts have shown 

an enormous potential as ligands in asymmetric transformations, after their 

applicability is being extended to metal-catalyzed transformations.[33]   

The bidentate nature of N,N’-dioxides allows a chelating effect in the presence 

of Lewis acids, in such a way that the metal center coordinates to the four 

oxygen atoms. In fact, Feng et al. who have explored the potential of these 

catalysts in depth, have found more applications where the N,N’-dioxides act as 

ligands than an organocatalysis. For instance, they have reported tandem 

Michael/ring-closure for the synthesis of a serotonin inhibitor((–)-

Paroxetine),[34] Diels-Alder,[35] Friedel-Crafts alkylation,[36] Michael reactions,[37] 

1,3-dipolar cycloaddition,[38] Mukaiyama aldol reaction,[39] Mannich reaction,[40] 

among others.[41]       

The efficiency of N,N’-dioxides in challenging reactions can be demonstrated in 

the next example. A nickel/N,N’-dioxide complex has been used to promote 

the reaction of azaheptafulvene, an excellent 8π component, with alkylidene 

malonates to afford cycloheptatriene-fused pyrrole derivatives, an structural 

motif present in biologically active molecules. 

Asymmetric [8+2] cycloadditions are a challenging class of reactions for the 

synthesis of important molecules. The higher-order cycloadditions afford 

medium-sized systems. The catalytic N,N’-dioxide nickel complex has shown to 

be versatile with a broad scope of substrates, bearing electron-donating or 

electron-withdrawing substituents on the N-aryl group. The mechanism of this 

process is proposed to start with the coordination of tetradenate N,N’-dioxide 

112  (Scheme 5.8) and the bidentate alkylidene malonate to NiII to form an 
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octahedral geometry. The attack of azaheptafulvene is favored on the Si face 

due to the steric hindrance by the neighboring 2,6-diisopropylphenyl group on 

the ligand. Finally the ring closure occurs giving rise to the fused rings of the 

desired product.[42] 

 

Scheme 5.8: [8+2] Cycloaddition between azaheptafulvene and alkylidene malonates. 
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5.2. Aims 

The success of N,N’-dioxide amides, attributed to their structure that allows 

forming chiral ligand-metal complexes as well as being organocatalysts, makes 

them a perfect candidate to be immobilized onto a solid support.   

Our main goal in this field, is to design an efficient and easy route to 

immobilize chiral N,N’-dioxides onto a polystyrene resin. According to the 

selected immobilization strategy (see Figure 5.4), we will focus on a dimeric 

structure that bears a linker between the two pyrrolidine nitrogen. The 

synthesis of C2-symmetric N,N’-dioxides can be accomplished from readily 

available chiral amino acids; in this case we will use N-Boc-L-proline to build 

the chiral backbone, and we will employ 2,6-diisopropylanilinamides as bulky 

substituents that induce steric hindrance in order to create a perfect cavity. We 

chose this basic structure as a model because of the amount of applications 

reported with this scaffold in particular,[43] and the commercially availability of 

the starting materials. In addition, our goal is to create a general route that 

could be extended to all the supported derivatives.  

 

 
Figure 5.4: From homogeneous N,N’-dioxides to supported N,N’-dioxides.    
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5.3. Results and Discussion 

The homogeneous N,N’-dioxide synthesis reported by Feng et al., which is 

depicted in Scheme 5.9, began with the amide formation between the 

commercially available N-Boc-L-proline and 2,6-diisopropylaniline to obtain 

113. Subsequently, deprotection of the Boc group in acidic media afforded 114, 

where two subunits of amide are joined via nucleophilic substitution with the 

appropriate 1,3-dibromopropane linker. In the last step, chiral compound 115 

was oxidized using m-CPBA, giving rise to 116. After analyzing the synthesis, 

we considered that an appropriate approach for the immobilization of this 

catalyst onto a solid support could be the use of a functionalized linker instead 

of 1,3-dibromopropane.[25a, 44] 

 

 
Scheme 5.9: General synthesis of homogeneous N,N’-dioxide 116 according to Feng. 
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Scheme 5.10: Retrosynthetic analysis for the preparation of immobilized of amine N,N’-

dioxides. 
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via column chromatography resulted in an unidentified product by NMR and 

exhibited low yield.  

 
Scheme 5.11: Strategies for alkene functionalization and subsequent immobilization. 
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dibromopropan-2-ol was selected as the starting material (126, Scheme 5.12). 
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between the linker and the resin, in order to separate the polystyrene resin 

from the catalytic center. In Scheme 5.12 the two possible strategies that we 

devised to immobilize the catalyst are depicted.  

Thereby, we first proceeded with the double nucleophilic substitution to form 

diamide 127, which was obtained in rather low yield (40%) in comparison of 

the route using 1,3-dibromopropane. Then, we moved to Path 1), we tried the 

introduction of 1,8-dichloro-3,6-dioxaoctane (128) in basic conditions, as a 

straightforward integration of the linker, even though double functionalization 

in the linker could be an issue. However, no reactivity was observed in strong 

basic conditions. 

Next, in view of the difficulty of incorporating a proper functional group for 

anchoring the monomer to a readily available polymer, we postulated a co-

polymerization based strategy analogous to the one followed in Chapter II for 

the immobilization of CPA. In this perspective, we planned Path 2), which 

involves the incorporation of a styrene motif in the linker promote the co-

polymerization, but also acting as a spacer. Unfortunately, when diamide 127 

was subjected to nucleophilic substitution in basic conditions with 4-

vinylbenzyl chloride, once again, no reactivity was observed. 
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Scheme 5.12: Diamide formation using 1,3-dibromopropan-2-ol as linker. 
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the ester group giving rise to the diacid, which should be soluble in the 

aqueous phase during the work-up.   

 
Scheme 5.13: Strategy for the incorporation of a styrene unit to be used in co-polymerization. 

 

As a continuation of our efforts to establish a synthetic pathway involving co-
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Scheme 5.14: O-Benzylation via trichloroacetimidate in acid media. 
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with triflic acid in order to form the corresponding benzyl cation, which allows 

the formation of benzyl ether via SN1 with the corresponding alcohol. This 

process can be repeated up to three times for each molecule of TriBOT. As a 

result of the absence of base, formation of the elimination product the epoxide 

or other side reactions, are not expected to take place.      

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.15: Mechanism for O-benzylation using TriBOT. 
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the same conditions optimized in our group for the heterogenization of 140. 

To this end, use of DVB, styrene and AIBN as radical initiator provided a 

polystyrene resin that was transformed in the supported N,N’-dioxide by 

oxidation of the tertiary amines of 141 using m-CPBA. 

 

 
Scheme 5.16: TriBOT derivative for incorporation of a styrene moiety. 
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Once we achieved the immobilization of the desired N,N’-dioxide diamide 

(142), we proceeded to test it in catalysis. As a model reaction, we found a 

suitable choice could be the asymmetric aza-Friedel-Crafts reaction of sesamol 

with aldimines catalyzed by N,N’-dioxide-Sc(III), reported by the Feng 

group.[33f] This reaction was interesting due to the scarcity of reports dealing 

with the synthesis of enantioenriched a-amino-sesamol, which are present in a 

number of biologically active molecules. Unfortunately, no reactivity was 

observed, thus recovering starting material (Scheme 5.17). Based on the 

hypothesis that the problem could arise from the coordination of the metal, we 

decided to test the behaviour of our supported material as organocatalyst. To 

this end, we moved to the asymmetric domino Michael-alkylation reaction 

between (Z)-bromonitrostyrenes and dimedones reported by the same 

group.[43e] This strategy has been extensively applied for the synthesis of 

dihydrofurans; even 5-monosubstituted cyclohexane-1,3-diones have been 

examined, giving rise to bicyclic dihydrofurans with three stereocenters. 

Despite the increase in catalytic activity appreciated (up to 28% of yield of the 

desired product 144). our endeavour was not successful in the formation of an 

optically active compound.  
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Scheme 5.17: Study of supported N,N’-dioxide 142 in the aza-Friedel-Crafts and Michael 

reactions.  
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that case, we found convenient to employ benzylamine polystyrene resin 

(147), which can be easily synthesized by nucleophilic substitution of a 

Merrifield resin with commercially available 4-aminobenzoic acid.[46] 

Functional dilution in the polymer will ensure that only one of the two acids of 

the molecule reacts to give the amide, thus leaving one free carboxylic acid. 

Consequently, further treatments of the resin with 2,6-diisopropylphenyl 

group was required to get 148. On the other hand, we speculated that an 

attractive route could involve the introduction of a spacer between the 

catalytically active unit and the resin. Thus, as shown in Scheme 5.18, Eq. 2, 

the first stage is the diamide formation using 146 which is smoothly prepared 

by bromination of 2,6-diisopropylphenyl with n-Bu4NBr3.[47] This latter path 

would allow us to install both 2,6-diisopropyl groups, which are known to be 

beneficial in terms of chirality induction, whereas the bromoarene could be 

used for anchoring via cross-coupling.         

 

 
Scheme 5.18: Strategies for the immobilization onto polystyrene-supported aniline.  
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Our endeavour to implement this strategy started with the esterification of L-

proline to furnish 153 in 92% yield as depicted in Scheme 5.19. Two molecules 

of benzyl prolinate were joined via nucleophilic substitution with 1,3-

dibromopropane to generate 154 in moderate yield. This would later undergo 

hydrogenolysis of the benzyl ester using Pd/C. At this point, before anchoring 

to the resin, we decided to test the amide formation in homogeneous phase. 

Unexpectedly, under the typical conditions (Scheme 5.19, Cond. 1)[44] no 

reactivity was observed. Therefore, alterantive conditions were tested, but the 

target compound 156 was not obtained in any case.[48]   

 

 

Scheme 5.19:  Approach for formation of diamide 156. 
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intermediate 158 was established after two consecutive reactions, amide 

formation and deprotection of Boc group, without the need to purify.  

 

 
Scheme 5.20: Supported N,N’-dioxide amide synthesis via Suzuki coupling strategy. 
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mmol/gresin. This results encouraged us to oxidize the amine groups in 160 in 

order to achieve the final supported catalyst 161.   

  

Table 5.1: Screening of conditions for the Suzuki coupling between diamide 159 
and boronic acid resin.a  

Entry Catalyst Reactants Solvent f(N) f(Br) 

1 Pd(OAc)2 (n-Bu)4NBr 
K2CO3 

H2O <LOQ n.d. 

2 Pd(PPh3)4 
(n-Bu)4NBr 

2 M aq. Na2CO3 
toluene 0.39 n.d. 

3 Pd(PPh3)4 0.5 M aq. Na2CO3 MeCN 0.18 n.d. 

4 Pd(PPh3)4 0.5 M aq. Na2CO3 DMF 0.11 n.d. 

5 Pd(PPh3)4 
(n-Bu)4NBr 

2 M aq. Na2CO3 
toluene 0.15 0.21 

6b Pd(PPh3)4 2 M aq. Na2CO3 toluene/EtOH 0.73 0.38 

aReaction conditions: diamide (1.3 eq.), boronic acid resin (f(N) = 1.1 mmol/gresin; 1 
eq.), f(max., 160) = 0.65 mmol/gresin, reaction time: 24 h. bboronic acid resin (f(N) = 1.9 
mmol/gresin; 1 eq.) f(max., 160) = 0.87 mmol/gresin. n.d. = not determined. LOQ = 
Limit of quantification 

 

Assuming that complete oxidation of the tertiary amines to N-O oxides, with 

the desired supported PS-N,N’-dioxides diamides (161), we decided to test 161 

as organocatalyst in the same Michael reaction mentioned before (Scheme 

5.17). Even if the final product was obtained, 144 was isolated in a completely 

racemic manner (Scheme 5.21). Note that in the case of using PS-161 catalyst 

the yield is much higher in comparison with PS-142. Further studies will be 

carried out in order to determine the best strategy for the immobilization or 

finding the suitable application for our immobilized Lewis base. 
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Scheme 5.21: Michael reaction catalyzed by N,N’-dioxides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

O

O
Cl

Br

NO2

toluene/THF
  –50 ºC, 72 h OO2N

Cl O

Cat. 161: 70% yield; 0% ee
Cat. 116: 98% yield; 94% ee

116

N N

NH
O O

HN
i-Pr i-Pr

i-Pri-Pr

O– –O

Domino Michael-Alkylation Reaction:

Cat. (10 mol%)
K2HPO4·3H2O

144

N N

NH
O O

HN
i-Pr i-Pr

i-Pri-Pr

Br

–OO–

161

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



   N,N’-Dioxide Amides 

	 291 

5.4. Conclusions 

To sum up, concurrent with these studies, a proper modification of the 

precursor for a later immobilization of N,N’-dioxide has been designed, and we 

have been able to accomplish two synthetic pathways for the immobilization of 

C2-symmetric N,N’-dioxide ligands onto polystyrene.  

Unfortunately, both supported catalysts have proven inactive in the Michael 

reaction, showing low yield and giving rise to a racemic Michael product.  

We have confidence that further studies to explore alternative immobilization 

strategies can lead to the identification of the appropriate supported catalysts.  

  

 

 

 

 

Figure 5.5: Immobilization of N,N’-dioxide diamides via two different strategies: PS-142 via 

co-polymerization of styrene in the linker and PS-161 via Suzuki cross coupling  with the aryl 

halide of the amide.  
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5.5. Experimental Procedures and Characterization of 

Compounds 

5.5.1. General Remarks 

Thin layer chromatography was performed on Merck TLC Silicagel 60 F254 

aluminum sheets. Components were visualized by UV light (λ = 254 nm) and 

stained with p-anisaldehyde or phosphomolybdic dip. Flash column 

chromatography was carried out using Sigma-Aldrich 60 mesh silica gel and 

dry-packed columns. 1H NMR and 13C NMR spectra were recorded at 298 K on 

a Bruker Avance 500 or 400 Ultrashield apparatus. 1H NMR spectroscopy 

chemical shifts are quoted in ppm relative to tetramethylsilane (TMS). CDCl3 

was used as internal standard for 13C NMR spectra. Chemical shifts are given in 

δ and coupling constants in Hz. IR spectra were recorded on a Bruker Tensor 

27 FT-IR spectrometer and are reported in wavenumbers (cm-1). Elemental 

analyses were performed by MEDAC Ltd. (Surrey, UK) on a LECO CHNS 932 

micro-analyzer. High resolution mass spectrometry analyses were performed in 

a Waters LCD PremierTM instrument operating in ESI (Electro-Spray 

Ionization) mode or APCI (Atmospheric-Pressure Chemical Ionization) mode. 

Specific optical rotation measurements were carried out on a Jasco P-1030 

polarimeter.  
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5.5.2. Characterization of the Intermediates Generated for the 

Synthesis of N,N’-Dioxide Diamides.  

tert-Butyl (S)-2-((2,6-diisopropylphenyl)carbamoyl)pyrrolidine-1-

carboxylate (113)[44] 

 To a solution of Boc-Pro-OH (4 g, 18.60 mmol) in CH2Cl2 (37 

mL) were added Et3N (2.9 mL, 20.44 mmol) and isobutyl 

chloroformate (2.65 mL, 20.44 mmol) at 0 ºC under stirring. 

After 55 min., 2,6-diisopropylaniline (4.4 mL, 23.23 mmol) was added. The 

reaction mixture was allowed to warm to rt and monitored by TLC. After 24 h, 

the mixture was washed with 1 M KHSO4, saturated NaHCO3, brine, dried over 

anhydrous MgSO4 and concentrated. The product 113 was used without 

further purification. 1H NMR (400 MHz, CDCl3) δ 8.31 (br s, 1H), 7.31 – 7.27 

(m, 1H), 7.16 (d, J = 7.7 Hz, 2H), 4.61 – 4.47 (m, 1H), 3.67 – 3.34 (m, 2H), 

3.13 – 2.97 (m, 2H), 2.61 – 2.38 (m, 1H), 2.07 – 1.89 (m, 3H), 1.51 (s, 9H), 

1.19 (dd, J = 11.8, 6.9 Hz, 12H). 

 

(S)-N-(2,6-Diisopropylphenyl)pyrrolidine-2-carboxamide (114)[44] 

To a solution of 113 (3.3 g, 8.9 mmol) in CH2Cl2 (11.55 mL) was 

added trifluoroacetic acid (2.87 mL, 8.9 mmol) and the mixture was 

stirred for a further 10 h. Then, the solvent was evaporated and H2O was 

added. The pH value of the mixture was brought into the range of 10 – 12 by 

addition of 2 M NaOH. The aqueous phase was extracted with CH2Cl2 (×5). 

The combined organic phase was washed with brine, dried over MgSO4 and 

evaporated in vacuo. The residue was directly used in the next step without 

further purification. 1H NMR (500 MHz, CDCl3) δ 9.17 (s, 1H), 7.29 – 7.24 

(m, 1H), 7.16 (d, J = 7.7 Hz, 2H), 4.03 (dd, J = 9.2, 5.1 Hz, 1H), 3.20 – 3.11 

N
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(m, 1H), 3.11 – 2.95 (m, 3H), 2.32 – 2.20 (m, 1H), 2.17 – 2.06 (m, 1H), 1.92 – 

1.77 (m, 2H), 1.20 (t, J = 6.7 Hz, 12H). 

 

2-Allylpropane-1,3-diol (120)[49] 

A 250 mL round-bottom flask flushed with argon was charged 

with a solution of LiAlH4 1.0 M in THF (36.7 mL, 36.7 mmol) and 

anhydrous THF (27 mL). Then, to the mixture was added via a cannula a 

solution of diethyl allylmalonate (3.45 ml, 17.48 mmol) in anhydrous THF (27 

mL) at 0 ºC. The reaction was allowed to warm up to rt and stirred for 12 h. 

TLC analysis indicated the disappearance of the starting material and the 

reaction was quenched by adding dropwise water in an ice bath. The 

precipitated white aluminum salt was filtered off and washed thoroughly with 

ether (×3). The filtrate was washed with sat. aq. NaCl, dried over Na2SO4, and 

concentrated in vacuo. The crude product was purified by flash column 

chromatography eluting with cyclohexane/EtOAc (80:20) to afford the desired 

120 as a colourless oil in 59% yield. 1H NMR (500 MHz, CDCl3) δ 5.79 (ddt, J 

= 17.2, 10.1, 7.1 Hz, 1H), 5.10 – 5.00 (m, 2H), 3.80 (dd, J = 10.7, 4.0 Hz, 

2H), 3.67 (dd, J = 10.7, 7.2 Hz, 2H), 2.45 (br s, 2H), 2.06 (tt, J = 7.1, 1.3 Hz, 

2H), 1.92 – 1.81 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 136.4, 116.8, 65.9 

(×2), 41.9, 32.7. 

 

2-Allylpropane-1,3-diyl dimethanesulfonate (121)[50] 

 To a chilled solution of 120 (150 mg, 1.29 mmol), Et3N (396 µL, 

2.84 mmol) in dry DCM (4 mL) was added dropwise MsCl (220 

µL, 2.84 mmol). The resulting suspension was stirred at 0 ºC for two hours. 

Then, it was quenched with water, acidified with 2 M HCl and extracted with 

DCM (×3). The combined organic phases were dried over Na2SO4 and 

HO OH

MsO OMs

UNIVERSITAT ROVIRA I VIRGILI 
IMMOBILIZATION OF CHIRAL BRØNSTED ACIDS AND LEWIS BASES FOR BATCH AND FLOW ENANTIOSELECTIVE CATALYSIS 
Lidia Clot Almenara 
 



   N,N’-Dioxide Amides 

	 295 

concentrated in vacuo. The crude product was purified using flash column 

chromatography with CH2Cl2/EtOAc (90:10) to afford the desired 121 as a 

colourless oil in 59% yield. 1H NMR (400 MHz, CDCl3) δ 5.83 – 5.65 (m, 1H), 

5.21 – 5.10 (m, 2H), 4.28 (dd, J = 10.1, 4.2 Hz, 2H), 4.19 (dd, J = 10.1, 6.0 

Hz, 2H), 3.03 (s, 6H), 2.32 – 2.15 (m, 3H). 

 

(2S,2'S)-1,1'-(2-Allylpropane-1,3-diyl)bis(N-(2,6-diisopropylphenyl) 

pyrrolidine-2-carboxamide) (118) 

To a solution of the carboxamide 114 (242 mg, 0.881 

mmol) in MeCN (1.3 µL) was added K2CO3 (268 mg, 

1.94 mmol) and 121 (120 mg, 0,441 mmol) under 

stirring. The reaction mixture was kept at 80 ºC 

overnight. Then, K2CO3 was removed by filtration and washed with 

CH2Cl2. The crude product was purified by flash column chromatography on 

silica gel using CH2Cl2/EtOAc (70:30) as the eluent to give compound 118 in 

30% yield. 1H NMR (400 MHz, CDCl3) δ 7.33 – 7.22 (m, 2H), 7.21 – 7.10 (m, 

4H), 5.89 – 5.70 (m, 1H), 5.19 – 4.92 (m, 2H), 4.70 – 4.42 (m, 1H), 4.41 – 

4.17 (m, 1H), 3.66 – 3.14 (m, 4H), 3.13 – 2.92 (m, 5H), 2.90 – 2.72 (m, 1H), 

2.69 – 2.58 (m, 1H), 2.58 – 2.46 (m, 1H), 2.46 – 2.18 (m, 4H), 2.16 – 2.06 (m, 

2H), 2.02 – 1.83 (m, 4H), 1.79 – 1.62 (m, 1H), 1.33 – 1.07 (m, 24H). 13C NMR 

(126 MHz, CDCl3) δ 174.0 (×2), 146.1 (×2), 145.9 (×2), 135.8, 131.1 (×2), 

128.2 (×2), 123.5 (×4), 117.2, 69.0 (×2), 60.9 (×2), 59.0 (×2), 54.3 (×2), 

37.6, 30.7, 28.9 (×2), 28.8 (×2), 24.9 (×2), 23.8 (×4), 23.7 (×4). HRMS 

(ESI+): m/z calcd. for C40H61N4O2 [M+H]+: 629.4789, found: 629.4760. mp: 

88 – 92 °C. [a]D: +97.8 (c 1.00, CH2Cl2). 

 

 

N N

NH
O O

HN
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(2S,2'S)-1,1'-(2-Hydroxypropane-1,3-diyl)bis(N-(2,6-

diisopropylphenyl)pyrrolidine -2-carboxamide) (117) 

To a solution of carboxamide 114 (150 mg, 0.7 mmol) 

in MeCN (2 mL) was added K2CO3 (419 mg, 3.0 

mmol) and 1,3-dibromopropan-2-ol (150 mg, 0.69 

mmol) under stirring. The reaction mixture was kept at 80 ºC overnight. Then, 

K2CO3 was removed by filtration and washed with CH2Cl2. The crude product 

was purified by flash column chromatography on silica gel using 

CH2Cl2/EtOAc (90:10) as the eluent to give compound 117 in 40% yield. 1H 

NMR (400 MHz, CDCl3) δ 8.70 (br s, 2H), 7.33 – 7.22 (m, 2H), 7.19 – 7.12 

(m, 4H), 4.05 – 3.94 (m, 1H), 3.47 – 3.26 (m, 4H), 3.12 – 2.94 (m, 4H), 2.88 – 

2.77 (m, 2H), 2.68 – 2.54 (m, 4H), 2.45 – 2.19 (m, 2H), 2.15 – 2.05 (m, 2H), 

1.99 – 1.80 (m, 4H), 1.68 (br s, 1H), 1.23 – 1.17 (m, 24H). 13C NMR (126 

MHz, CDCl3) δ 174.2, 173.5, 146.1, 145.8, 145.8, 131.4, 131.2, 128.3, 128.2, 

128.0, 123.5 (×2), 123.4 (×2), 68.9, 68.8, 68.5, 61.5, 60.9, 60.4, 56.4, 53.6, 

47.6, 31.0, 30.9, 30.5, 29.0, 29.0, 28.9, 28.8, 26.5, 25.3, 24.6, 23.9, 23.7, 23.6, 

23.6. HRMS (ESI-): m/z calcd. for C37H55N4O3 [M-H]-: 603.4280, found: 

603.4268. mp: 95–100 °C. [a]D: –77.9 (c 1.00, CH2Cl2). 

 

Ethyl L-prolinate (131)[51] 

 To a solution of L-proline (2 g, 17.4 mmol) in dry EtOH (39.9 mL) 

was added dropwise SOCl2 (2.5 ml, 34.7 mmol) at rt. Then, the 

reaction mixture was refluxed for 4 h. After that time, the reaction mixture was 

concentrated under reduced pressure, neutralized with 4 N NaOH at 0 ºC and 

then successively extracted with CH2Cl2. The combined organic phases were 

washed with brine and dried over MgSO4. The product was further purified by 

recrystallization using Et2O to obtain 131 in 70% yield as a colourless oil. 1H 

N N
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NMR (400 MHz, CDCl3) δ 4.10 – 3.91 (m, 2H), 3.68 – 3.50 (m, 1H), 2.97 – 

2.82 (m, 1H), 2.81 – 2.65 (m, 1H), 2.39 (s, 1H), 2.08 – 1.88 (m, 1H), 1.74 – 

1.63 (m, 1H), 1.64 – 1.53 (m, 2H), 1.17 – 1.05 (m, 3H). 13C NMR (126 MHz, 

CDCl3) δ 175.5, 61.1, 59.7, 47.0, 30.4, 25.5, 14.3. 

 

Diethyl (2-hydroxypropane-1,3-diyl)(S)-di-L-prolinate (132) 

To a solution of ethyl L-prolinate  (79 mg, 0.55 mmol) in 

MeCN (834 µl) was added K2CO3 (167 mg, 1.2 mmol) and 

1,3-dibromopropan-2-ol (28.1 µL, 0,28 mmol) under stirring. The reaction 

mixture was kept at 80 ºC and monitored by TLC. Then, K2CO3 was removed 

by filtration and washed with CH2Cl2. The crude product was purified by flash 

column chromatography on silica gel using CH2Cl2/EtOAc (90:10) as the 

eluent to give compound 132 in 20% yield as a slightly yellow solid. 1H NMR 

(500 MHz, CDCl3) δ 4.13 (qt, J = 7.1, 1.5 Hz, 4H), 3.83 (br s, 1H), 3.76 – 3.67 

(m, 1H), 3.35 – 3.24 (m, 1H), 3.24 – 3.11 (m, 3H), 2.67 – 2.47 (m, 5H), 2.44 – 

2.36 (m, 1H), 2.17 – 2.03 (m, 2H), 1.94 – 1.72 (m, 6H), 1.23 (t, J = 7.1 Hz, 

6H). 13C NMR (126 MHz, CDCl3) δ 174.7, 174.7, 67.7, 66.3, 66.0, 60.7, 60.6, 

59.4, 59.2, 54.5, 54.0, 29.7, 29.6, 23.8, 23.6, 14.3 (×2). HRMS (ESI+): m/z 

calcd. for C17H31N2O5 [M+H]+: 343.2227, found: 343.2222. mp: 115 – 117 °C. 

 

(4-Vinylphenyl)metanol (134)[52] 

 To a solution of NaOH (5.24 mg, 0.31 mmol) and 

tetrabutylammonium bromide (422 mg, 1.31 mmol) in water (6 mL) 

was added 4-vinylbenzyl chloride (185 µL, 1.31 mmol). The mixture 

was heated at 125 ºC for 20 min. and subsequently cooled in an ice bath. Upon 

cooling, the mixture was extracted with EtOAc (×3), the combined organic 

layers were dried over MgSO4 and the solvent was evaporated under reduced 

N O
EtO
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O
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pressure. The cude mixture was subjected to column chromatography eluting 

with cyclohexane/EtOAc (80:20). Compound 134 was obtained in 60% yield 

as a colourless oil. 1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 8.2 Hz, 2H), 7.31 

(d, J = 8.0 Hz, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (dd, J = 17.6, 0.9 

Hz, 1H), 5.25 (dd, J = 10.9, 0.9 Hz, 1H), 4.65 (s, 2H), 2.03 (br s, 1H). 13C 

NMR (126 MHz, CDCl3) δ 140.5, 137.1, 136.6, 127.3 (×2), 126.5 (×2), 114.0, 

65.1. 

 

4-Vinylbenzyl 2,2,2-trichloroacetimidate (135) 

 Into a mixed solution of 134 (1.0 g, 7.45 mmol) and CH2Cl2 (8 

mL) was added a solution of 50% aq. KOH (8.10 mL, 7.45 

mmol) and tetrabutylammonium hydrogensulfate (1.3 mg, 3.7 

µmol). Then, the resulting mixture was vigorously stirred at –10 °C for 5 min 

and consequently 2,2,2-trichloroacetonitrile (0.9 mL, 8.94 mmol) was added 

dropwise. Finally, the reaction mixture was stirred for a further 30 min. and 

then allowed to warm to rt for 30 min. The organic layer was separated, and 

the aqueous layer was further extracted with CH2Cl2 (×3). Finally, the 

collected organic layers were dried with anhydrous Na2SO4. The concentrated 

residue was purified via column chromatography eluting with 

cyclohexane/CH2Cl2 (7:1). Compound 135 was obtained in 53% yield as a 

colourless oil. 1H NMR (300 MHz, CDCl3) δ 8.40 (s, 1H), 7.50 – 7.33 (m, 4H), 

6.73 (dd, J = 17.6, 10.9 Hz, 1H), 5.77 (dd, J = 17.6, 1.0 Hz, 1H), 5.34 (s, 2H), 

5.28 (dd, J = 10.9, 0.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 162.0, 138.5, 

136.3, 133.2, 128.8 (×2), 126.7 (×2), 115.1, 70.6. [a]D: –3.1 (c 1.00, CH2Cl2). 

 

 

 

OHN

CCl3
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2,4,6-tris((4-Vinylbenzyl)oxy)-1,3,5-triazine (139) 

To a suspension of powdered sodium hydroxide (0.08 

g, 2.0 mmol) in 134 (0.73 g, 5.46 mmol) was added 

cyanuric chloride (0.11 g, 0.6 mmol) portionwise at 0 

°C. After stirring for 30 min, the reaction mixture was 

heated at 50 °C and stirred for additional 2 h. Then, the 

reaction mixture was cooled to rt, and the precipitate was filtered off through a 

silica pad. Excess benzyl alcohol was evaporated under reduced pressure, and 

the residue was purified by flash column chromatography eluting with 

cyclohexane/EtOAc (95:5) to give triazine 139 in 40% yield as a slightly yellow 

solid. 1H NMR (400 MHz, CDCl3) δ 7.48 – 7.35 (m, 12H), 6.72 (dd, J = 17.6, 

10.9 Hz, 3H), 5.76 (dd, J = 17.6, 0.9 Hz, 3H), 5.43 (s, 6H), 5.27 (dd, J = 10.8, 

0.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.1 (×3), 137.8 (×3), 136.4 

(×3), 134.9 (×3), 128.6 (×6), 126.5 (×6), 114.5 (×3), 69.7 (×3). HRMS 

(ESI+): m/z calcd. for C30H28N3O3 [M+H]+: 478.2125, found: 478.2112. mp: 

95 – 97 °C. 

 

1-(((1,3-Dibromopropan-2-yl)oxy)methyl)-4-vinylbenzene (136) 

To a mixture of 139 (1.27 g, 2,66 mmol),1,3-dibromopropan-2-ol 

(0.68 mL, 6.65 mmol) and 5 Å MS (1.7 g, 25 mg/mL) in 1,4-dioxane 

(67 mL) was added triflic acid (0.12 mL, 1.33 mmol) at rt under N2 

atmosphere. The reaction mixture was stirred for 4 hours. After that 

time, the reaction mixture was neutralized with solid NaHCO3, filtered 

through silica gel and concentrated under reduced pressure. The residue was 

purified by flash column chromatography on silica gel using 

cyclohexane/CH2Cl2 (90:10) as eluent to afford the dibromoalkene 136 as a 

pale oil in 42% yield. 1H NMR (400 MHz, CDCl3) δ 7.42 (d, J = 8.1 Hz, 2H), 
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7.34 (d, J = 8.1 Hz, 2H), 6.72 (dd, J = 17.6, 10.9 Hz, 1H), 5.76 (dd, J = 17.6, 

0.9 Hz, 1H), 5.27 (dd, J = 10.9, 0.9 Hz, 1H), 4.65 (s, 2H), 3.93 – 3.70 (m, 1H), 

3.57 (d, J = 5.2 Hz, 4H). 13C NMR (101 MHz, CDCl3) δ 137.7, 136.9, 136.5, 

128.3 (×2), 126.5 (×2), 114.3, 77.2, 72.2, 32.7 (×2). HRMS (ESI+): m/z 

calcd. for C12H14Br2NaO [M+Na]+: 354.9304, found: 354.9308. 

 

(2S,2'S)-1,1'-(2-((4-Vinylbenzyl)oxy)propane-1,3-diyl)bis(N-(2,6-

diisopropylphenyl)pyrrolidine-2-carboxamide) (140) 

To a solution of 114 (232 mg, 0.84 mmol) in MeCN 

(1.3 mL) was added K2CO3 (257 mg, 1.86 mmol) and 

136 (141 mg, 0,42 mmol) under stirring. The 

reaction mixture was kept at 80 ºC overnight. Then, 

K2CO3 was removed by filtration and washed with 

CH2Cl2. The crude was subjected to flash column 

chromatography on silicagel with 2.5% Et3N, eluting with cyclohexane/EtOAc 

(80:20) to give diamide 140 in 53% yield as a slightly yellow solid. 1H NMR 

(400 MHz, CDCl3) δ 9.11 (br s, 1H), 8.58 (br s, 1H), 7.33 – 7.24 (m, 3H), 7.21 

– 7.10 (m, 4H), 7.03 (s, 3H), 6.57 (dd, J = 17.6, 10.9 Hz, 1H), 5.61 (dd, J = 

17.6, 1.0 Hz, 1H), 5.20 (dd, J = 10.9, 0.9 Hz, 1H), 4.72 – 4.52 (m, 2H), 3.85 – 

3.73 (m, 1H), 3.39 – 3.22 (m, 3H), 3.19 – 2.79 (m, 9H), 2.57 – 2.41 (m, 1H), 

2.40 – 2.17 (m, 3H), 2.12 – 2.05 (m, 1H), 2.00 – 1.75 (m, 4H), 1.63 (s, 1H), 

1.25 – 1.04 (m, 24H). 13C NMR (101 MHz, CDCl3) δ 173.7, 173.7, 145.8 (×4), 

137.2, 137.1, 136.4, 131.7, 131.0, 128.4, 128.1, 127.6 (×2), 126.2 (×2), 123.7 

(×2), 123.4 (×2), 114.1, 75.7, 72.1, 69.6, 68.0, 59.7, 58.8, 54.9, 54.1, 30.6, 

30.5, 29.0 (×2), 28.8 (×2), 25.2, 24.9, 23.8 (×4), 23.6 (×4). HRMS (ESI+): 

m/z calcd. for C46H65N4O3 [M+H]+: 721.5051, found: 721.5077. mp: 70–77 °C. 

[a]D: +76.4 (c 1.00, CH2Cl2). 
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Polystyrene supported diamide (141) 

A 100 mL reactor was charged with a suspension of 

polyvinyl alcohol (PV-OH) (54.3 mg, 0.52 µmol) in 51 

mL of deionized and degassed water. The solution was 

heated at 90 ºC until PV-OH was dissolved. Then, it 

was cooled to rt and a solution under N2, containing 

divinylbenzene (DVB; 80%, 620 µL, 3.56 mmol; filtered 

on a short pad of silica immediately before use), diamide 140 (250 mg, 0.35 

mmol), styrene (1.6 mL, 14.25 mmol), boric acid (251 mg, 4.06 mmol) and 

AIBN (16.4 mg, 0.1 mmol) in toluene (1.47 mL) was transferred to the reactor. 

After that, the system was heated at 80 ºC and mechanically stirred at 440 

rpm. After two days, the aqueous solution was decanted off and the resin was 

washed with water (50 °C) several times, followed by MeOH and CH2Cl2. 

Finally, it was dried overnight in a vacuum oven at 40 °C to afford a colourless 

to pale yellow resin (1.22 g). N elemental analysis (%): 1.26. f(N): 0.225 

mmol/gresin. 

 

Polystyrene supported N,N’-dioxide diamide (142) 

To a solution of diamide 141 (400 mg, 0.09 mmol) in 

CH2Cl2 (0.45 mL) was added m-CPBA (0.04 g, 0.18 

mmol) at 0 ºC. The reaction mixture was stirred for 24 

h at 0 °C. After that time, the resin was filtered and 

washed with MeOH and CH2Cl2. Finally, it was dried 

overnight in a vacuum oven at 40 °C to afford a 

colourless to pale yellow resin (400 mg). 
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Benzyl L-prolinate (153)[53] 

A 250 mL round bottom flask was charged with benzyl alcohol (67 

ml, 651 mmol) and a magnetic stiring bar under nitrogen 

atmosphere. Then, it was cooled to 0 °C and SOCl2 (6.7 mL, 91 mmol) was 

added slowly followed by L-proline (5.0 g, 87 mmol). The reaction mixture was 

stirred at 0 °C under nitrogen for 2 h. After that time, the solution was warmed 

to room temperature and stirring was maintained for a further 48 h. The 

solution was poured into 300 mL Et2O and stored at –26 °C for one week. The 

precipitate was collected by vacuum filtration, rinsed with diethyl ether, and 

dried in vacuo to afford a white solid in 93% yield. The product obtained was 

treated in basic media. A solution of saturated bicarbonate (36 mL) was added 

dropwise over 20 min. at rt to a suspension of benzyl L-prolinate·HCl (4.65 g, 

19.2 mmol) in CH2Cl2 (45 mL) under vigorous stirring. After stirring for 1 h 

the organic phase was extracted and dried over MgSO4, filtered and 

concentrated in vacuo. 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.30 (m, 5H), 5.15 

(s, 2H), 3.79 (dd, J = 8.7, 5.7 Hz, 1H), 3.10 – 3.02 (m, 1H), 2.95 – 2.83 (m, 

1H), 2.44 (br s, 1H), 2.18 – 2.06 (m, 1H), 1.90 – 1.81 (m, 1H), 1.81 – 1.67 (m, 

2H). 13C NMR (126 MHz, CDCl3) δ 175.4, 135.9, 128.7, 128.5, 128.4, 128.2, 

126.9, 66.7, 59.8, 47.1, 30.3, 25.5.  

 

Dibenzyl propane-1,3-diyl(S)-di-L-prolinate (154)[48] 

To a solution 153 (8.4 g, 41.1 mmol) in MeCN (51.4 ml) 

were added K2CO3 (13.4 g, 97 mmol) and 1,3-

dibromopropane (2.1 mL, 20.6 mmol) under stirring. Then, the reaction was 

kept at 80 ºC, and monitored by TLC. Once the reaction was completed, K2CO3 

was removed by filtration and washed with CH2Cl2. The crude product was 

purified by flash column chromatography on silica gel using CH2Cl2/EtOAc 

N
H

O
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N N
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(90:10) as the eluent to give compound 154 in 70% yield as a slightly yellow 

oil with some impurities. 1H NMR (300 MHz, CDCl3) δ 7.35 – 7.26 (m, 10H), 

5.21 – 5.04 (m, 4H), 3.20 – 3.07 (m, 4H), 2.72 – 2.59 (m, 2H), 2.45 – 2.23 (m, 

4H), 2.16 – 2.03 (m, 2H), 1.97 – 1.73 (m, 6H), 1.73 – 1.59 (m, 2H). 13C NMR 

(126 MHz, CDCl3) δ 173.9, 141.2, 136.0, 128.6, 128.5, 128.3, 128.2, 127.5, 

127.0, 66.3, 66.0, 65.1, 53.4, 53.1, 29.3, 23.1. 

 

(2'S)-Propane-1,3-diyldi-L-proline (155)[48] 

A 100 mL round bottom flask was charged with 10% Pd/C 

(1.05 g, 9.9 mmol) and degassed EtOH (35 mL) under H2. To 

the suspension, 154 (5.1 g, 11.3 mmol) was added and the mixture was stirred 

at rt for 2 h. Once the reaction was completed, the solution was filtered 

through Celite to remove the Pd/C and the filtrate was evaporated to afford a 

white solid. This crude product was used in the next step without further 

purification. 1H NMR (500 MHz, D2O) δ 4.00 (dd, J = 9.5, 6.5 Hz, 2H), 3.85 – 

3.77 (m, 2H), 3.43 – 3.34 (m, 2H), 3.34 – 3.26 (m, 2H), 3.25 – 3.16 (m, 2H), 

2.53 – 2.44 (m, 2H), 2.23 – 2.08 (m, 6H), 2.05 – 1.93 (m, 2H). 13C NMR (126 

MHz, D2O) δ 173.7 (×2), 69.3 (×2), 55.3 (×2), 51.0 (×2), 28.9 (×2), 23.0 

(×2), 22.3. 

 

4-Bromo-2,6-diisopropylaniline (149)[47, 54] 

To a solution of 2,6-diisopropylaniline (0.23 mL, 2.5 mmol) in 

CH2Cl2 (24 mL) was rapidly added a solution of n-Bu4NBr3 (1.21 g, 

2,5 mmol) in CH2Cl2 (24 mL). The reaction was stirred at rt for 1 h. After 

completion of the reaction, the solvent was evaporated to dryness and Et2O 

(100 mL) was added to the residue. The organic layer was extracted with an aq. 

solution of 0.5 M�NaOH and H2O (×2), then dried with MgSO4 and 

N N
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concentrated in vacuo. The brominated compound 149 was obtained as a 

colourless oil (60%) and was used without further purification. 1H NMR (400 

MHz, CDCl3) δ 7.13 (s, 2H), 2.95 (hept, J = 6.7 Hz, 2H), 1.26 (d, J = 6.8 Hz, 

12H). 13C NMR (126 MHz, CDCl3) δ 139.4, 134.7 (×2), 125.9 (×2), 111.26, 

28.15 (×2), 22.37 (×4). 

 

tert-Butyl (S)-2-((4-bromo-2,6-diisopropylphenyl)carbamoyl)pyrrolidine-

1-carboxylate (157) 

 To a solution of Boc-Pro-OH (1 g, 4.65 mmol) in CH2Cl2 (7.37 

mL) were added Et3N (0.71 mL, 5.1 mmol) and isobutyl 

chloroformate (0.66 mL, 5.1 mmol) at 0ºC under stirring. After 

55 min. 4-bromo-2,6-diisopropylaniline (1.5 g, 5.8 mmol) was added to the 

reaction mixture. Then, it was allowed to warm to rt and monitored by TLC. 

After 16 h, the mixture was washed with 1 M KHSO4, saturated NaHCO3, 

brine, dried over anhydrous MgSO4 and concentrated under reduced pressure. 

The crude product 157 was obtained as a slightly yellow solid and it was used 

without further purification. 1H NMR (300 MHz, CDCl3) δ 4.53 (d, J = 6.5 Hz, 

1H), 3.46 (br s, 2H), 3.11 – 2.87 (m, 2H), 2.47 (br s, 1H), 2.14 – 1.82 (m, 3H), 

1.50 (s, 9H), 1.16 (dd, J = 9.6, 6.8 Hz, 12H). 

 

(S)-N-(4-Bromo-2,6-diisopropylphenyl)pyrrolidine-2-carboxamide (158) 

In a 25 mL round bottom flask containing a solution of 157 

(2.1 g, 4.64 mmol) in CH2Cl2 (6 mL) was added dropwise at 0 

ºC TFA (2.5 mL, 32.6 mmol). Then, the solution was warmed to rt and stirred 

until the reaction was finished (16 h). After that, the solvent was evaporated 

and H2O was added. The pH value of the mixture was brought into the range of 

10–12 by addition of aq. NaOH (2 M). The aqueous phase was extracted with 
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DCM (×5) and the combined organic phase were washed with brine and dried 

over MgSO4 and evaporated in vacuo. The residue was directly used in the next 

step. 1H NMR (300 MHz, CDCl3) δ 9.11 (br s, 1H), 7.26 (d, J = 0.9 Hz, 2H), 

3.94 (dd, J = 9.2, 5.0 Hz, 1H), 3.20 – 2.89 (m, 4H), 2.31 – 2.14 (m, 1H), 2.14 – 

1.97 (m, 1H), 1.89 – 1.74 (m, 2H), 1.18 (dd, J = 6.9, 3.7 Hz, 12H). 13C NMR 

(101 MHz, CDCl3) δ 174.5, 148.1 (×2), 130.8, 126.8 (×2), 122.0, 60.8, 47.6, 

30.9, 29.0 (×2), 26.4, 23.4 (×2), 23.3 (×2).  

 

(2S,2'S)-1,1'-(Propane-1,3-diyl)bis(N-(4-bromo-2,6-diisopropylphenyl) 

pyrrolidine-2-carboxamide) (159) 

To a solution of 158 (600 mg, 1.7 mmol) in MeCN 

(2.7 mL) were added K2CO3 (517 mg, 3.74 mmol) and 

1,3-dibromopropane (86 µL, 0.85 mmol) under stirring 

and it was stirred at 80 ºC overnight. Then, K2CO3 was 

removed by filtration and washed with DCM. The crude product was purified 

by flash column chromatography on silica gel using cyclohexane/EtOAc 

(50:50) as the eluent to give compound 159 in 80% yield as a slightly yellow 

solid. 1H NMR (400 MHz, CDCl3) δ 8.72 (s, 1H), 7.28 (s, 4H), 3.35 – 3.22 (m, 

4H), 2.97 (hept, J = 6.8 Hz, 4H), 2.86 – 2.74 (m, 2H), 2.67 – 2.57 (m, 2H), 

2.44 – 2.36 (m, 2H), 2.34 – 2.22 (m, 2H), 2.10 – 1.98 (m, 2H), 1.99 – 1.76 (m, 

6H), 1.19 (dd, J = 8.1, 6.9 Hz, 24H). 13C NMR (101 MHz, CDCl3) δ 174.1 

(×2), 148.2 (×4), 130.5 (×2), 127.0 (×4), 122.5 (×2), 68.3 (×2), 54.6 (×2), 

54.4 (×2), 30.8 (×2), 29.9 (×2), 29.1 (×2), 25.0 (×2), 23.6 (×4), 23.5(×4). 

HRMS (ESI+): m/z calcd. for C37H55Br2N4O2 [M+H]+: 745.2686, found: 

745.2706. mp: >200 ºC decompose. [a]D: +70.1 (c 1.00, CH2Cl2). 
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Polystyrene supported diamide (160) 

In a round bottom flask, 159 (0.18 g, 0,25 mmol) was 

suspended in degassed toluene (3.5 mL) and EtOH 

(0.7 mL). Then, Pd(PPh3)4 (0.02 g, 0.02 mmol) was 

added and the mixture was stirred for 10 min. After 

that time, 2 M Na2CO3 aqueous solution (0.57 mL, 1.14 mmol) and boronic 

acid polymer-bound (0.10 g, 0.19 mmol) were added, the mixture was 

degassed under Ar for 1 min and subsequently shaken for 24 h at 90 ºC. 

Finally, the resin was filtered, washed with DMF, DCM, and MeOH, and it was 

dried overnight in a vacuum oven at 40 °C to afford a brownish resin (140 mg).  

N elemental analysis (%): 4.06. f(P): 0.73 mmol/gresin. Br elemental analysis 

(%): 3.02. f(P): 0.38 mmol/gresin. 

 

Polystyrene supported N,N’-dioxide diamide (161) 

 To a solution of diamide 160 (88 mg, 0.08 mmol) in 

CH2Cl2 (0.8 mL) was added m-CPBA (0.044 g, 0.20 

mmol) at 0 ºC. The reaction mixture was stirred for a 

further 24 h at 0 °C. After that time, the resin was 

filtered and washed with MeOH and CH2Cl2. Finally, it was dried overnight in a 

vacuum oven at 40 °C to afford a pale yellow resin (93 mg). 

 

3-(4-Chlorophenyl)-6,6-dimethyl-2-nitro-3,5,6,7-tetrahydrobenzofuran-

4(2H)-one (144)[43e]  

 (Z)-1-(2-Bromo-2-nitrovinyl)-4-chlorobenzene (31 mg, 0.12 

mmol), 5,5-dimethylcyclohexane-1,3-dione (14 mg, 0.1 mmol), 

catalyst (10.0 µmol; 142 f(N): 0.225 mmol/gresin., 44 mg,) or 161 
OO2N

Cl O

N N
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f(N): 0.73 mmol/gresin., 14 mg, 10.0 µmol), and K2HPO4·3H2O (27 mg, 0.12 

mmol) were dissolved in THF (0.2 mL) and toluene (0.8 mL) at –50 ºC. The 

mixture was stirred for 72 hours in a test tube under air. Then, the crude 

product was purified directly by column chromatography on silica gel 

(cyclohexane/ethyl acetate = 10:1 to 5:1) to afford 144 (28% using 142 and 

70% using 161). 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.31 (m, 2H), 7.20 – 

7.10 (m, 2H), 5.92 (d, J = 2.1 Hz, 1H), 4.65 – 4.52 (m, 1H), 2.77 – 2.50 (m, 

2H), 2.41 – 2.20 (m, 2H), 1.20 (s, 6H). 13C NMR (101 MHz, CDCl3) δ 193.0, 

175.4, 135.6, 134.6, 129.7 (×2), 128.5 (×2), 115.0, 111.1, 52.7, 51.4, 37.4, 

34.8, 28.9, 28.7. HPLC (Daicel Chiralpak AD-H column, hexane/i-PrOH  

90:10, flow rate 1.0 mL/min, λ = 254 nm): tmajor = 11.0 min; tminor = 23.0 min. 
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Concluding Remarks 

 
 

In the present work we have explored the heterogenization of homogenous 

organocatalysts for batch and flow applications.  

From the results summarized in this thesis, we can conclude that catalyst 

immobilization is an attractive strategy to improve some drawbacks inherent to 

homogenous catalysts. From the perspective of a practical use, reduction of 

chemical waste, mild conditions usually employed and extended life of the 

catalytic system of polymer-supported CPA has been corroborated by recycling 

them, running all the substrates from the scope with a single sample of 

catalyst.  

We have satisfactorily achieved the resulting polystyrene-supported CPA and 

N,N’-dioxide, which were evaluated in enantioselective transformations. 

As for the CPAs work, the concluding remarks shown that supported Brønsted 

acids performed both the allylation of aldehydes and the desymmetrization of 

meso-1,3-diones in high yields and enantioselectivities. PS-TRIP has been 

adapted to continuous flow operation. Furthermore, in case the catalyst is 

deactivated, it can be regenerated by washing with HCl/EtOAc. 

Although we have designed a simple route to supported N,N’-dioxides 

diamides, unfortunately  the behaviour of this material in the Michael reaction 

has not been as we expected, and further experiments need to be carried out.  
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