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Notes 

 

The thesis is organized in independent chapters with own references and numbering of products. 

The works described in Chapters 3 – 7 are related to scientific activities conducted at the 

University of Ferrara under the supervision of Professor Olga Bortolini. All the projects are 

focused on the use of N-heterocyclic carbene organocatalysts. 

The study reported in Chapter 8 was instead conducted at the University of St Andrews (UK) 

under the supervision of Professor Andrew D. Smith. The work is based on the use of 

isothiourea Lewis base organocatalysts. The placement at the University of St Andrews 

(January 2020 – September 2020) has been supported by funding within the framework “Bando 

Giovani Ricercatori 2019” (University of Ferrara).  
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HMFCA  5-Hydroxymethyl-2-furancarboxylic acid 



III 

 

HMW   High molecular weight 

HOAt   1-Hydroxy-7-azabenzotriazole 

HPLC    High performance liquid chromatography 
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ROP   Ring opening polymerization 



IV 

 

RT    Room temperature 

s    Singlet 

s    Selectivity 

SCE    Saturated calomel electrode 

SEC   Size-exclusion chromatograph 

SET   Single electron transfer 

t    Triplet 

t    Tert 

T    Temperature 

TBD   1,5,7-Triazabicyclo[4.4.0]dec-5-ene 

td   Triplet of doublets 

TFA   Trifluoroacetic acid 

TfOH   Triflic acid 

TGA   Termogravimetric analyses 

THF    Tetrahydrofuran 

TLC    Thin layer chromatography 

TM    Tetramisole 

TMEDA  Tetramethylethylenediamine 

TMS   Trimethylsilyl 

TON   Turnover number 

TOF   Turnover frequency 

tR    Retention time 

TS   Transition state 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

V 
 

Table of contents 
 
CHAPTER 1  
Introduction          

1.1  Organocatalysis         1 

1.2 N-heterocyclic carbene: structure and reactivity     2 

1.2.1 Umpolung reactivity       4 

1.2.2 Benzoin and Stetter reactions      5 

1.2.3 Oxidative NHC-catalysis       7 

1.3 Isothiourea catalysis         14 

1.4 Heterogenization of organocatalyst and flow-mode catalysis   18 

1.4.1 Heterogeneous catalysis promoted by NHCs    20 

1.4.2 Heterogeneous catalysis promoted by isothioureas   23 

1.5 Valorisation of biomass-derived platform molecules    25 

1.5.1 Lewis base organocatalysts in biomass conversion and upgrading 26 
1.6 References          31 
 

CHAPTER 2  
Aims and objectives          34 

2.1 References          36 
 

CHAPTER 3  
Esterification of glycerol and solketal by oxidative NHC-catalysis under heterogeneous 
batch and flow conditions 

3.1 Introduction          37 

3.2  Results and discussion        38 

3.3  Conclusion          49 

3.4 Experimental section          50 

3.5 References and notes         65 
 

CHAPTER 4 
Aerobic oxidation of 5-hydroxymethylfurfural to 5-hydroxymethyl-2-furancarboxylic 
acid and derivatives by heterogeneous NHC-catalysis 

4.1 Introduction          67 

4.2  Results and discussion        69 

4.3  Conclusion          78 

4.4 Experimental section          79 

4.5 References and notes         88 

 



 

VI 
 

CHAPTER 5  
Oxidative NHC-catalysis as organocatalytic platform for the synthesis of polyester 
oligomers by step-growth polymerization 

5.1 Introduction          90 

5.2  Results and discussion        93 

5.3  Conclusion          104 

5.4 Experimental section          105 

5.5 References and notes         115 
 

CHAPTER 6  
Exploring oxidative NHC-catalysis as organocatalytic polymerization strategy towards 
polyamide oligomers 

6.1 Introduction          118 

6.2  Results and discussion        120 

6.3  Conclusion          131 

6.4 Experimental section         132 

6.5 References and notes         145 
 

CHAPTER 7 
Enantioselective N-acylation of Biginelli dihydropyrimidines by oxidative NHC-catalysis 

7.1 Introduction          148 

7.2  Results and discussion        150 

7.3  Conclusion          158 

7.4 Experimental section         158 

7.5 References and notes         177 
 

CHAPTER 8  
Sequential Kinetic Resolution of (±)-1,2- and (±)-1,3-diols using solid-supported 
Isothiourea in flow-mode conditions  

8.1 Introduction          180 

8.2  Results and discussion         183 

8.3  Conclusion          194 

8.4 Experimental section          195 

8.5 References and notes         219 
 

CHAPTER 9  
Conclusion            222 



1 
 

1. Introduction          
1.1  Organocatalysis 

Ever since their introduction, organocatalysts emerged as efficient and sophisticated 

synthetic tools for the synthesis of medicinally and biologically essential molecules from simple 

starting materials. The concept organocatalysis has been established for the first time at the 

beginning of the XXI century by MacMillan,1 underlying the use of small organic molecules as 

catalysts. Even if this relatively different way of making catalysis was pretty new, its application 

had been known for more than a century. However, only in the past decades it blossomed mainly 

thanks to the possibility to promote asymmetric transformations.  

Organocatalysts are stable small metal-free molecules, generally cheap and easy to find, that 

are able to catalyse chemical reactions in a very efficient way.2 Now, it is widely accepted that 

this “metal-free catalysis” is one of the main branches of enantioselective synthesis along with 

enzymatic catalysis and organometallic catalysis. Soon after the conceptualization of the field, 

the rapid growth of the research on organocatalysis has been promoted by the advent of generic 

modes of catalyst activation, induction, and reactivity. In fact, most of all organocatalysts can 

be broadly classified as Lewis bases, Lewis acids, Brønsted bases, and Brønsted acids according 

to the different mechanisms of action (Figure 1).3 

 
Figure 1. Mechanisms of action of organocatalysts. 

 

Therefore, Lewis base catalyst (LB) initiates the catalytic cycle via nucleophilic addition to the 

substrate (S); the resulting complex undergoes a reaction and then releases the product (P) and 
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the catalyst for the turnover. Lewis acid catalyst (A) actives the nucleophilic substrate (S) in a 

similar manner. Brønsted base and acid catalytic cycles are instead initiated via deprotonation 

or protonation, respectively.3  

Considering the work conducted during the PhD course, the next discussion will be 

focused on the role of organocatalysts as Lewis bases, in particular on N-heterocyclic carbene 

(NHC) and isothiourea-based organocatalysts. 

 

1.2  N-heterocyclic carbene: structure and reactivity 
N-heterocyclic carbenes (NHCs) represent one of the most spread class of Lewis base 

organocatalysts. Their use has been grown in the last few years thanks to their peculiar features 

to be a green and non-toxic alternative to organo-metallic species. Since the pioneering work 

conducted by Arduengo et al.4 in 1991 on the isolation of the first free NHC IAd, these 

compounds have received a huge amount of attention. As studies were conducted on their 

properties and reactivity, the full potential of NHCs in many different areas such as kinetic 

resolutions, desymmetrization strategies, polymerization reactions, and the synthesis of natural 

products and biologically active compounds were revealed. Beside these processes, as strong 

σ-donors to metal centres, NHCs were at the beginning but as well as nowadays, widely used 

as ancillary ligands in organometallic chemistry involved in industrially important catalytic 

transformations.5 

A carbene is a molecule characterized by a neutral di-coordinated carbon with a sextet 

of electrons. Two kinds of carbenes can be defined, singlets or triplets, depending upon their 

electronic structure. When the carbene displays two unshared valence electrons respectively 

placed on the sp2 and p orbital, it is called a triplet carbene (Figure 2). Whilst, if the two 

electrons are placed on the sp2 orbital (HOMO, highest occupied molecular orbital) with the 

relative p orbital empty (LUMO, lowest unoccupied molecular orbital), the carbene is called 

singlet carbene (Figure 2). This is often used as ligands for metal-based catalysis due to their 

double effect to accept and release electron density. 

 

 
Figure 2. Electronic features of singlet and triplet carbenes. 

 

Unlike classical carbenes, which most often have triplet ground states, NHCs are singlet 

carbenes. Globally, they present common structural features that play a role in stabilizing the 

https://en.wikipedia.org/wiki/Singlet_state
https://en.wikipedia.org/wiki/Triplet_state
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carbene moiety while variations in their substitution partner or structure result in different 

properties of the general NHC (Figure 3).6  

 

 
Figure 3. General structural features of NHCs. 

 

Usually, the carbene carbon is situated adjacent to at least one nitrogen atom incorporated into 

the ring structure. The third bond of the nitrogen atom is established with an aliphatic or 

aromatic group, (N-substituents) whose role is to stabilize the carbene, minimizing the 

dimerization (Wanzlick equilibrium) thanks to the steric hindrance. Moreover, chiral groups 

can also be present. The backbone of the NHCs, instead, could present some substituents that 

influence the electronic properties without having a minimal steric impact at the carbene centre.  

The most common NHCs, obtained by in situ deprotonation of the corresponding salts, are 

thiazol-, triazol-, imidazol-, and imidazolin-2-ylidenes (Figure 4). 

 
Figure 4. General types of N-heterocyclic carbenes. 

 

Apart from the aforementioned stabilization due to steric clashing between the bulky alkyl or 

aryl groups frequently present on nitrogen or other substituents situated adjacent to the carbene 

carbon, a combination of kinetic and thermodynamic factors also occurs. In fact, electronic 

aspects, depending upon the NHC structure, play a major role in stabilizing the free carbene 

structure. The lone pair on the nitrogen atom stabilizes the empty p orbital of the carbene carbon 

by resonance, while the electron-withdrawing nature of the heteroatom can remove density from 

the occupied sp2 orbital. This effect is well-known as the “push-pull effect” (Figure 5). 
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Figure 5. Stabilization of the carbene by push and pull effect. 

 

Of note, these particular electronic features diversify NHCs from common Lewis bases; the 

latter donate an electron pair while NHCs show at the same time σ basicity and π acidity. For 

these reasons they represent nowadays the most popular and used organocatalysts for umpolung 

reactivity. 

 

1.2.1 Umpolung reactivity 
The umpolung concept arises from the need to synthetize molecules that could not be 

obtained by considering their natural polarity. The explanation of normal and umpolung 

reactivity was introduced by D. Seebach and E. J. Corey7 to address the necessity of a polarity 

inversion in a retrosynthetic analysis, therefore providing more flexibility in a synthetic plan. 

Seebach defined the umpolung as “any process by which the normal alternating donor and 

acceptor reactivity pattern of a chain, which is due to the presence of O or N heteroatoms, is 

interchanged”.7 This concept was further rationalized by the identification of the nucleophilic 

or donor (d) and electrophilic or acceptor (a) sites that are typically used to make or break bonds. 

Indeed, most of the target molecules in organic synthesis contain heteroatoms such as nitrogen 

and oxygen as functional group. The presence of these heteroatoms requires an alternating 

acceptor and donor reactivity upon the carbon skeleton, but if this alternation is inverted by a 

modification of the substrate, the inversion of the reactivity occurs (Figure 6). 

 

 
Figure 6. Seebach's umpolung theory: (a) direct reactivity; (b) inverted reactivity. 

 

Therefore, it is possible to classify a direct reactivity and inverted reactivity and labelling the 

carbon atoms of the chains according to their number and reactivity. As reported in Figure 6b 

in case of the umpolung reactivity, the carbon next to the heteroatom X is called carbon d1 as 

well as for all the carbons in odd position d(2n+1). The same convention is also used for the 



5 
 

acceptor carbons, indicated as a(2n). On the other hand, synthons (the retrosynthetic 

fragmentation structure) labelled as a(2n+)1 and d(2n) show a normal reactivity (Figure 6a).  

This concept has opened new aspects in synthetic plans broadening the available synthetic 

strategies. In fact, the umpolung reactivity underlies the latest C-C bond forming methods, such 

as the benzoin condensation and the Stetter reaction promoted by NHCs catalysis. 

 

1.2.2 Benzoin and Stetter reactions 
As already mentioned, the most famous example of umpolung reactivity is the benzoin 

condensation. This process has its origins in the 1832 with report of Wöhler and Liebig8 

showing that cyanide ion may be used to promote the dimerization of two aldehydes. This 

reaction is an important approach to create new C-C bonds leading to the formation of an α-

hydroxy ketone through the coupling of two molecules of benzaldehyde. Even if the mechanism 

had been intensively studied, only at the beginning of the XX century it was rationalized 

(Scheme 1).9 The reaction starts with the addition of the cyanide ion on benzaldehyde 1 to form 

the intermediate 2 which undergoes an intramolecular proton transfer to give the species 3. This 

transient molecule is intercepted by another molecule of benzaldehyde to generate the adduct 

4. After the final proton transfer to give 5, the system releases the benzoin 6 and regenerates the 

cyanide anion which is available for another catalytic cycle.  

 

 
Scheme 1. Mechanism of the cyanide-catalysed benzoin condensation. 

 

In 1943, Ugai and co-workers10 discovered that thiazolium salts are able to promote this 

reaction, but only in 1958, upon the work of Lapwort, Breslow proposed a mechanism to explain 

this process (Scheme 2).11 
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Scheme 2. Proposed mechanism for benzoin reaction catalysed by thiazolium salts. 

 

Deprotonation of the thiazolium salt 7 generates the carbene/ylide 8. This new species is 

nucleophilic and attacks a molecule of aldehyde to generate a tetrahedral intermediate (I). 

Protonation of the alkoxide followed by a subsequent deprotonation forms a resonance-

stabilized hydroxy-enamine (III) with the resulting reversal of polarity (umpolung) on the 

former carbonyl carbon. This species known as the “Breslow intermediate” attacks another 

aldehyde molecule to form an unstable intermediate (IV), which collapses to eject the benzoin 

product and the catalyst.11  

A variety of experiments have been later conducted promoting both the NHC-catalysed homo- 

and hetero-coupling of aldehydes. Moreover, since the pioneering work conducted by Sheehan 

and Hunneman,12 a substantial effort was made to find conditions for highly enantioselective 

NHC-catalysed homo and hetero-benzoin reactions.6 

The umpolung of the aldehyde is also the key step for the Stetter reaction. This procedure 

involves a conjugated addition of an aldehyde to a Michael acceptor such as α,β-unsaturated 

carboxylic esters, ketones and nitriles (Scheme 3). 
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Scheme 3. NHC-catalysed Stetter reaction. 

 

Even if NHCs have been successfully used to promote this umpolung process, during 

recent years, there has been an increased interest in NHC-catalysed couplings between 

aldehydes and unconventional electrophiles. The development of new activation modes in 

NHCs catalysis is important as this provides a platform for developing new reactions. Only 

recently, in fact, the acyl anion equivalent (Breslow intermediate) reactivity has been 

complemented with efficient protocols that require oxidative conditions, opening to the 

investigation of the acyl azolium reactivity.  

 

1.2.3  Oxidative NHC-catalysis 
Most of the first published NHC-catalysed processes mimic the reactivity of the 

naturally occurring Breslow intermediate formed by thiamine pyrophosphate (TPP)-mediated 

enzymatic transformation of pyruvate to CoASAc (Scheme 4).13 Indeed, TPP acts as a carbene 

cofactor and once the enaminol 9 is formed an aerobic or anaerobic pathway can follow. The 

former pursues an umpolung reactivity, whilst the latter go through an oxidative carbene 

catalysis. In the disclosed example of the mechanism of pyruvate ferredoxin oxidoreductase, 

the enaminol 9 is thus oxidized by ferredoxin via an additional cofactor characterized by an 

[Fe4S4] cluster through two SET (single electron transfer) steps to afford the acyl azolium 

intermediate 10 (Scheme 4). Lastly, compound 10 could react as efficient acylation reagent with 

CoASH to yield CoAS-Ac 11, which is then used in further chemical and biological 

transformations. 

 
Scheme 4. TPP-mediated enzymatic transformation of pyruvate to CoASAc through oxidative carbene catalysis. 
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Therefore, inspired by the natural oxidative decarboxylation process described above, the 

biomimetic oxidation of the Breslow intermediate was extensively studied by chemists. This 

oxidation can be carried out either by incorporating a redox active functionality into the 

substrate (internal oxidation) or by using external reagents as oxidants (Scheme 5).14 The 

saturated NHC-bound acyl azolium intermediates obtain from the Breslow oxidation are normal 

polarity intermediates and are frequently involved in several chemical transformation such as 

transesterification, amidation, and aldehyde oxidations.  
 

 
Scheme 5. Oxidation of Breslow intermediate and reactivity of acyl azolium. 

 

The internal oxidation involves substrates that carry a leaving group or unsaturation adjacent to 

the carbonyl moiety. This process can be redirected to uncommon reaction pathways through 

two distinct catalytic intermediates: enol and acyl azolium (Scheme 6). 
 

 
Scheme 6. Enol and acyl azolium intermediates involved in the internal oxidation strategy. 

 

However, considering the purpose of the conducted work, the further discussion will focus on 

the external oxidation approach highlighting the recent developments in this field. 

To oxidize the Breslow intermediate, a range of inorganic and organic oxidants have 

been used with excellent results. Molecular oxygen was employed as oxidant as well. 

The first work involving the use of inorganic oxidants was the Corey’s report on a mild cyanide-

catalysed oxidative esterification of aldehydes based on the use of MnO2.15a Soon later, Scheidt 

recognized that this transformation is considerably more efficient if a triazolium carbene 

replaces the cyanide catalyst (Scheme 7). Mechanistically, two distinct oxidation steps can be 

identified: firstly, the alcohol oxidation to aldehyde followed by the addition of NHC in order 
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to generate the Breslow intermediate. Secondly, the enaminol oxidation into the acyl azolium 

12, which rapidly reacts with a molecule of alcohol to give the corresponding ester 13.15b 

 

 
Scheme 7. Oxidation of aldehyde promoted by NHC and MnO2. 

 

Similar conditions were also used for the desymmetrization of cis-1,2-cyclohexanediol at low 

temperature using a chiral NHC precursor affording the corresponding ester with 80% 

enantiomeric excess (ee) and 58% chemical yield. Later, the same method was also applied to 

the one step esterification of unactivated aliphatic aldehydes16 and cyclopropane aldehydes.17 

The use of dioxygen in NHC-catalysed oxidations of aldehydes was successfully 

reported by several research groups.18 Liu et al. described the oxidation of cinnamyl and aryl 

aldehydes into carboxylic esters 15 mediated by benzimidazolium pre-catalyst 14 in the 

presence of different cinnamyl or allyl bromides using air as the terminal oxidant (Scheme 8).16 

 

 
Scheme 8. Aerobic oxidation promoted by NHCs. 

 

Overall, the reactivity trend showed that electron-poor aldehydes are more prone to be oxidized. 

Soon later, Hui and co-workers extend the process using unactivated alkyl bromides in a similar 

esterification process.18b Along with the rapid growth of examples about the NHC-promoted 

aerobic oxidation of aldehydes, mechanistic studies were performed too. 

The first postulated pathway (Scheme 9) goes through the formation of the zwitterionic peroxy 

intermediate 17, obtained by oxygenation of the Breslow intermediate 16.18c The subsequent 

fragmentation allows the turnover of the carbene catalyst and the corresponding deprotonated 

peracid 18 is intercepted by a molecule of aldehyde. At this point, carboxylate 20 is generated, 
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extensively studied and in 2014 Bortolini and co-workers detected several key intermediates 

involved in the two pathways through ESI-MS analysis.19 Indeed, the common zwitterionic 

peroxy species 21 can evolve through either an oxygenative pathway or oxidative pathway. The 

former is the same reported above, while the latter is characterized by a proton transfer to form 

the species 22. The following elimination of hydrogen peroxide anion gives the acyl azolium 

intermediate 23 that reacts with a nucleophile, such as an alcohol, to afford the corresponding 

product 24 (Scheme 10). 

Nowadays, in place of inorganic oxidants and O2, organic oxidants represent the most 

employed reactants in NHC-catalysed oxidative transformations. The organic oxidants initially 

used were the aromatic nitro and nitroso derivatives20 and the following mechanism was 

suggested for the nitro compounds (Scheme 11). Intermediate 26 is generated after the 

nucleophilic addition of the Breslow intermediate 25 to the nitrogen atom of the nitro 

compound. At this point 26 is converted into 27 by intramolecular proton transfer and the 

subsequent fragmentation affords the acyl azolium intermediate which upon nucleophilic 

trapping with an alcohol or water affords the carboxylic acid derivatives.  

 

 
Scheme 11. Suggested mechanism for the NHC-catalysed oxidation of aldehydes with nitroarene as oxidant.  

 
Similarly, nitroso compounds have been used, however two mechanisms on their role as 

external oxidant have been postulated: an electron-transfer and an ionic reaction. In the redox 

process, the Breslow intermediate reacts with the nitrosoarene by consecutive double electron 

transfer from the enaminol 25 to the nitroso functional group. In the ionic pathway, the nitrogen 

of the nitroso compound undergoes a nucleophilic attack from the Breslow intermediate to form 

the hydroxy amide 28.21 Overall, it has been demonstrated that both mechanisms are possible 

depending on the substrate (Scheme 12). 
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Scheme 12. Dichotomy mechanisms with nitrosoarene as oxidant. 

 

Additionally, a wide range of substrates were converted to hydroxamic acid derivative using a 

triazolium catalyst and nitrosoarenes as external oxidants.22 

Anyway, pyruvate dehydrogenase which uses thiamine pyrophosphate (TPP) and flavin 

adenine dinucleotide (FAD) to obtain acetic acid from pyruvic acid were taken as example for 

the development of a nonenzymatic version of the process. Methyl tetra-O-acetyl riboflavin 

(MeFI) was in fact used as electron reservoir for the oxidation of the Breslow intermediate 

found to be a versatile mediator in NHC-catalysed oxidative reactions. Subsequently other 

methods were disclosed for the regeneration in situ of the mediator, such as an electrochemical 

one, that avoid the destruction of the NHC in an argon atmosphere at low voltage (−0.3 V).23 

Other organic oxidants (30−32) were further tested showing excellent results. Connon, 

for instance, used a series of organic electron acceptors as oxidants for the esterification of 

aldehydes promoted by thiazolium precatalyst (Scheme 13).24 

 

 
Scheme 13. Oxidative esterification with azobenzene as oxidant. 

 

Inspired by the pyruvate ferredoxin oxidoreductase (PFOR) catalysed processes the biomimetic 

oxidation of enaminols of type 9 by the organic single- electron transfer (SET) oxidant 2,2,6,6-

tertramethyl piperidine N-oxyl radical (TEMPO) has also been investigated. In fact, two 

oxidizing TEMPO units mimic the role of the oxidizing [Fe4S4] cluster in PFOR (Scheme 14).25 

While sluggish reactions were observed for aliphatic aldehydes, the disclosed protocol worked 

well when aromatic and heteroaromatic aldehydes are converted into the corresponding 

TEMPO esters. The proposed mechanism involves the formation of the radical cation 34 and 
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TEMPO−, as consequence of a SET of TEMPO to Breslow intermediate. Deprotonation of 34 

by TEMPO− leads to radical 35 and TEMPOH. A second SET from 35 to TEMPO gives the 

acyl azolium 36 which undergoes a nucleophilic attack to form the TEMPO-ester 37 which can 

be easily converted into any generic esters under acidic conditions. 

 
Scheme 14. Biomimetic oxidation of aldehydes with TEMPO. 

 
The further studies on the use of a performant organic oxidant were driven by the search 

of an organic SET oxidant that is able to oxidize the Breslow intermediate but, in the meantime, 

its reduced form cannot act as nucleophile. The 3,3’,5,5’-tetra-tert-butyldiphenoquinone has 

been found as one of the optimal oxidants that addresses all the former requirements. Since its 

introduction, this oxidant has been used in several NHC-oxidative processes. In 2010, Sundén 

and co-workers proposed the efficient conversion of several aromatic aldehydes into the 

corresponding esters with low catalytic loading employing cheap triazolium salts (Scheme 

15).26 As expected, the bisphenol 39 formed from 38 by consecutive double SET resulted too 

bulky to react with the acyl azolium intermediate.  
 

 
Scheme 15. Oxidative esterification of aldehydes promoted by Kharasch oxidant. 
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acylisothiouronium enolate can be formed. This intermediate presents two adjacent reactive 

sites: a nucleophilic site centred on the carbon atom in the α-position to the initial C=O bond 

while the carbon atom of the acyl group still remains an electrophilic centre. Lastly, the α,β-

unsaturated acylisothiouronium intermediate with up to three different reactive sites can be 

formed. This species is produced when the acyl group contains a conjugated double bond and 

reacts as a Michael acceptor or a dienophile. The carbon atom of the C=O bond remains an 

electrophilic centre. 

 

 
Figure 9. Main activation modes in ITUs catalysis. 

 

As already introduced, the first studied enantioselective transformation was the enantioselective 

O-acylation. Mechanistically, as well as for DMAP, four partners are involved: the alcohol, the 

acylating agent, the catalyst, and an auxiliary base (Scheme 17). The reaction proceeds through 

initial acylation of catalyst to give the acylisothiouronium intermediate. The subsequent acyl 

transfer from the catalyst to the alcohol leads to the formation of the product and the turnover 

of the catalyst. The acyl transfer step is the kinetically determining one and the reaction rate is 

related to the concentration of the acylisothiouronium species.33 Moreover, in the acyl transfer 

process the Lewis base catalysis does not apparently proceed through the energy lowering of 

the LUMO carbonyl bond but through the raising of the alcohol HOMO’s energy.34a Indeed, it 

was supposed that the carboxylate counter anion stays close to the acylammonium intermediate 

47 because of H-bond stabilization, playing an important role in a concerted process involving 

deprotonation/formation of the C-O bond.34b Finally, the auxiliary base neutralizes the 

carboxylic acid formed. 
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Scheme 17. Mechanism of acyl transfer mediated by Lewis base organocatalyst 42. 

 

The use of isothioureas in catalysis was initially explored by Birman and Okamoto29,32a and 

later it has been exploited by Smith’s group in a numerous enantioselective transformation.33 In 

their most common reactions, the N-acyl isothiouronium intermediate is considered responsible 

to dictate the stereoselectivity in subsequent bond-forming events.35 As exemplified using 

HyperBTM catalyst, a common structural feature of the activated intermediate is a 1,5-O•••S 

ascribed as a chalcogen bond (Scheme 17).36 This non-bonding interaction, ancillary to covalent 

bond, is considered to be responsible of the increasing of the electrophilicity of the carbonyl 

through the interaction with a formally Lewis acidic sulfur atom, and simultaneously it fixes 

the geometry of the acylated catalyst and proves facial discrimination in subsequent reaction 

processes. As suggested by the name, chalcogen bonds are considered as secondary interactions 

specially involving Group 16 elements (O, S, Se, etc.)36 and present several characteristics 

similar to their halogen (Group 17) and pnictogen (Group 15) bonding counterparts.37 

According to crystallographic studies, the interatomic distance O-S turned out to be 

significantly shorter than the sum of the component Van der Waals radii.35 Moreover, 

computational analyses revealed that a syn-periplanar 1,5-O•••S relationship is energetically 

favored.35 By using a model system bearing a close structural similarity to the N-acylated 

isothiourea catalysts used within Smith’s group, Cockroft et al. investigated the nature of 1,5-

Ch•••Ch interactions.38a Therefore, experimental and theoretical investigation suggest that this 

intramolecular chalcogen bond is due to orbital delocalization between a lone pair donor and an 

antibonding acceptor orbital (e.g., nO→σ*S−C).38b 
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1.4 Heterogenization of organocatalyst and flow-mode catalysis 
 In the last decades, organocatalyst applications increased in academic research 

whilst in the chemical industry remained limited. The major issues are connected to the high 

cost and, sometimes to long synthetic procedures and low stability to air and moisture of these 

catalysts. The high catalytic loading, usually 10−20 mol%, often required in the synthetic 

protocols represents a problem too. Above all, the recovery and the recyclability of a 

homogeneous catalyst are the major issue. To face these drawbacks heterogeneous 

organocatalysts have been introduced. Indeed, recently, wide range of methods have been 

investigated for the development of heterogeneous catalytic systems in order to facilitate their 

handling and separation. The immobilized compound can be easily removed from the reaction 

medium by filtration, decantation, and centrifugation, thus allowing the recycling of the 

immobilized catalyst. Moreover, studies showed that heterogenization can enhance the stability 

of the immobilized compounds and in some cases improve the reactivity and selectivity of 

catalytic reactions.39 On the other hand, the nature of the support and the immobilization process 

could impact on the performance of the heterogenized catalysts. In fact these are influenced by 

the physicochemical nature, porosity and dimensions of the support, by the nature and distance 

between the catalytic sites and the surface matrix and lastly by the density of the catalytic sites 

on the surface of the support.40 The support used should be chemically inert and 

environmentally benign and the most frequent ones are inorganic,41 and organic42 but also 

nanomaterials and magnetic nanoparticle are employed as well.41b,43 Generally, another feature 

can be considered to classify the immobilized catalyst, and it is related to the kind of 

intermolecular interactions that occur between the support and the catalytically active species. 

These interactions are covalent bond, non-covalent interactions, and encapsulation. The first 

one involves a covalent interaction between the catalyst and the support. In the second one, 

known-as physisorption, the catalyst is adsorbed on the surface of the support via weak 

intermolecular interactions such as hydrogen bonding and electrostatic or van der Waals 

interactions. Finally, the encapsulation requires the physical entrapment of the catalyst inside 

of the pores or cavities of support.40 Along with the formers, which are the most spread methods 

of heterogenization, more recently metal-organic coordination polymers have been also 

designed. In this technique, known as self-supporting approach, a coordination occurs between 

multitopic ligands and metal ions.40 

The efficiency of the process can be evaluated with the turnover number (TON), a parameter 

representing the number of moles of substrate that a mole of catalyst can convert before 
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becoming inactivated. The TON is usually associated with the turnover frequency (TOF), used 

to refer to the TON per unit time.  

As studies were conducted on the use of supported catalyst, questioning about their recyclability 

and the efficiency of their synthesis were arisen. However, the possibility to discuss of how 

efficient and recyclable a heterogenous catalyst should be to make its synthesis and use 

worthwhile are speculative. The comparison between the efficiency of a supported catalyst and 

a homogenous one which is discarded after a single use should be done for each case of study. 

Although supported catalyst presents a higher stability respect to the homogeneous analogues, 

in some case either is not possible to support the catalyst or the immobilization strategy is really 

high time-demanding thus making the whole process worthless. In principle an immobilization 

strategy is useful when the catalytic loading for a stated process is really high or to avoid the 

leaching of catalyst in the product. However, the increasing number of the reported examples 

conducted in this field represents how important is the possibility to recycle a catalyst, thus 

paving the way for a more eco-friendly organic synthesis. 

Additionally, from a sustainability point of view, the efficiency of a heterogeneous process can 

be further increased with a flow-mode approach. In fact, along with the spread of 

immobilization strategy, flow-mode processes flourished, leading to a more efficient chemistry 

at industrial level. This breakthrough is mainly due to a) large surface-to-volume ratios; b) 

efficient mass and heat transfer; c) precise mixing; d) intrinsic safety; e) reduced use of solvent 

and improved stoichiometry; f) scalability; g) reduced footprint and capital investment.44 

All these features lead to several advantages from a sustainability and safety perspectives. In 

fact, heterogeneous catalysis in flow implies high efficiency, less waste production, no 

accumulation of hazardous chemicals, continuous product formation, and easy recovery and 

reuse of the catalyst.44 Additionally, the flow-mode synthesis shows other benefits such as the 

less mechanical degradation of the catalyst, and minimum contact with air and moisture, which 

may enhance the TON and the productivity of the process. Through this system, it is also 

possible to suitably control the pressure and temperature parameters and increase the 

productivity by scaling-up the process through the parallel operation of more reactors 

(numbering-up approach).  

 Three different strategies can be applied to perform heterogeneous flow catalysis 

relying on either packed-bed reactors, monolithic columns, or wall coated flow reactors. 

Usually, supported catalysts onto an organic or inorganic matrix, with high loading, are 

preferred for the preparation of packed-bed flow reactors. Note, however, that the particle size 

checking is important because high backpressure or flow blockage may occur when too small 

particles are used. The pros on employing this kind of flow reactor involves a high catalytic 
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loading which affects the kinetics of the reaction, reducing reaction times.44 In monolithic flow 

reactors, instead, the solution of reagents flows through a regular or irregular network of 

polymeric or inorganic materials. Sometimes, this kind of flow system is preferred respect to 

the former one because the absence of interstitial spacing and the porous nature of the supported 

catalyst tolerate greater high flow rates and efficient mass transfer. However, pore clogging as 

well as non-uniformity of radial permeability, and reduced accessibility of the catalytic sites 

inside the micropores of the heterogenous catalyst could occur.44 Finally, wall-coated reactors 

present the immobilized catalyst in the inner wall of the reactor. They show a very good mass 

transfer with minimal pressure drop or clogging of microchannels. Compared to the other 

approaches, the catalyst loading is generally lower considering the small amount of catalyst 

deposited as thin film on the wall of the reactor.44 

 
1.4.1 Heterogeneous catalysis promoted by NHCs 
 As previously introduced, the immobilization of homogeneous catalysts represents 

a new booming field, thanks to the possibilities to recover and recycle them. Among all the 

organocatalysts, NHCs played an important role showing an increase of examples of 

heterogeneous catalysts in the last few years.45 It is worth emphasizing that the immobilization 

of the NHCs involves the preparation of the supported pre-catalyst (NHCs precursor) which is 

later activated in the reaction medium. The operative steps allowing the immobilization of the 

catalyst usually required the synthesis of the NHC moiety, that can be later heterogenized 

through the formation of metal-NHC complex (metalation) or through solid phase synthesis, 

covalent grafting or lastly through the formation of non-covalent interactions. The solid phase 

synthesis comprises the synthesis of the NHC moiety directly on the supporting material either 

by quaternization or cyclization, while the covalent grafting involves the formation of a covalent 

bond between a preformed NHC compound and a suitably functionalized support or self-

support.45 

The immobilization procedure requires different functionalities such as hydroxyl, carboxyl, 

alkenyl, and alkoxysilyl groups that are commonly introduced into the NHC moieties through 

the preparation of the respective imidazolium salts (Figure 10). 
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2004. Barret reported the Stetter reaction promoted by a triazolium pre-catalyst heterogenized 

through ROMP gel-support, followed by other works on benzoin condensation.50 

 Along with the greater interest and larger studies conducted on the immobilization 

of NHCs, flow-mode synthesis started to be explored as well. Based on the aforementioned 

advantages, flow processes have been implemented for numerous homogenous and 

heterogeneous reactions including asymmetric transformations using immobilized reagents or 

catalysts.51 

One of the first example on continuous flow NHCs application is reported by Monbaliu and co-

workers in 2016.52 The research group developed a system for the generation of a free 

nucleophilic carbene that was next telescoped with two benchmark NHC-catalysed reactions, 

i.e. the transesterification of vinyl acetate with benzyl alcohol and the amidation of N-Boc-

glycine methyl ester with ethanolamine.52 The NHC-mediated oxidative esterification of several 

aldehydes was instead reported by Brown and co-workers in the same period.53 The developed 

process displayed the formation of Breslow intermediates from aldehydes and a thiazolium salt, 

their anodic oxidation into the corresponding acyl azolium derivatives, and at the end the 

esterification reaction in a microreactor. Additionally, an integrated flow system for the 

synthesis of biodiesel, using polymer supported NHCs catalyst was reported by Lupton.54 

 The heterogeneous umpolung process promoted by immobilized NHCs has been 

intensively studied by Massi and co-workers.55 Thiazolium salt pre-catalysts have been 

immobilized on silica and monolithic polystyrene and their activities were tested under batch 

conditions for the benzoin condensation of benzaldehyde (Scheme 18a), the acyloin-type 

condensation of biacetyl (Scheme 18b) and the Stetter reaction of biacetyl with trans-chalcone 

(Scheme 18c). Once the higher performance of the polystyrene monolithic supported NHCs had 

been established a monolithic microreactor was prepared for the study of the reaction in flow-

mode. Overall, it was demonstrated that the polymeric matrix along with the continuous-flow 

regime leads to an increase of both the stability of the supported catalyst and productivity 

considering the long-term operativity (up to 7 days) of the system. 
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Scheme 18. a) benzoin condensation of benzaldehyde; b) acyloin-type condensation of biacetyl; c) Stetter 

reaction of biacetyl with trans-chalcone. 
 

The same group also reported the only example in the literature of supported metal-free 

enantioselective NHC. A Rovis catalyst has been immobilized onto silica and polystyrene for 

the study of asymmetric intramolecular Stetter reaction to produce chromanones (Scheme 19).56 

Respect to the silica supported catalyst, the polystyrene one proved to be superior, probably 

because it is less sensitive to moisture. Batch experiments showed a recyclability up to 10 times 

with unaltered enantioselectivity and only a slight decrease of conversion. The monolithic 

version for the flow regime study was operated for 120 hours with constant excellent 

enantiomeric excess (ee) value during the whole process while the conversion decreased in a 

slow but steady manner. A TON of 132 was reached and a similar set-up was then used to 

prepare a library of chromanones 48 (81–95% ee). 

 
Scheme 19. Polystyrene supported triazolium pre-catalyst for asymmetric intramolecular Stetter reaction. 

 

1.4.2 Heterogeneous catalysis promoted by isothioureas  
In analogy to NHCs, in the last few years isothiourea organocatalysts have been used to 

perform heterogeneous reactions.45b Pericas,57 reported the first example on the anchoring of an 

analogue of benzotetramisole (BTM) via azide-alkyne cycloaddition (Scheme 20). However, 

the immobilization strategy led to the introduction of a second stereocenter in the BTM scaffold 

49 showing a profound effect in the diastereoselectivity with respect to the homogeneous 

process. The first application of 49 involved a domino Michael addition-cyclization between in 
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situ activated arylacetic acids and α,β-unsaturated sulfonylimines, giving dihydropyridinones 

in good yields and enantioselectivities (Scheme 20a). The recyclability of the catalyst 44 was 

tested for six consecutive runs, in which conversion and ee remained essentially constant. 

Finally, a flow-mode synthesis was also carried out. The procedure including both formation of 

the mixed anhydride and subsequent asymmetric reaction in a packed bed reactor containing 

49, was carried out for 11 hours. Furthermore, the performed system was used to expand the 

scope of the reaction, preparing a library of seven analogues in gram-scale and reaching a TON 

of 51. Later, the same catalyst has been used to promote a [4+2] annulation reactions with 

alkylidene pyrazolones and thiazolones. As in the former case, this supported catalyst showed 

much better diastereoselectivity than BTM for a broad substrate scope with good 

enantioselectivities (Scheme 20b). Additionally, the catalyst could be used for nine runs with 

two hours reaction time and for two runs for 24 hours reaction time with a slight decrease of 

conversion and ee (TON of 77). As in the previous study, a flow experiment was carried out 

thanks to the preparation of a packed bed reactor. The mixed anhydride was prepared and 

circulated through the reactor along with the heterocycle for 18 hours, providing more than 3 g 

of the desired compound as a single stereoisomer.58 Later, a [8+2] process between activated 

arylacetic acids and azaheptafulvenes (Scheme 20c) has been studied. As for the previous cases, 

this cycloaddition gave the desired products with good yields and excellent diastereoselectivity 

and enantioselectivity. Likewise, the cycloadducts could be additionally derivatized by 

hydrogenation or Diels-Alder reaction.59 

 
Scheme 20. Enantioselective solid-supported isothiourea catalysis for the a) generation of dihydropyridinones; b) 

[4+2] annulation of heterocyclic compounds and c) [8+2] formal cycloaddition of azaheptafulvenes.  
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Recently, a polystyrene-supported version of the isothiourea HyperBTM has been synthetized. 

This new supported catalyst 50 has been used for the kinetic resolution of alcohols in batch and 

flow (Scheme 21). A broad range of secondary alcohols with high selectivity (s) factors have 

been produced and the robustness of the catalyst has been tested for 15 consecutive runs 

showing retained catalytic activity. Additionally, a 24 h continuous flow process has also been 

conducted and the scope of the reaction has been finally extended in flow through the 

preparation of packed bed reactor.60 

 

 
Scheme 21. Enantioselective solid-supported isothiourea catalysis for the kinetic resolution of alcohols. 

 

1.5 Valorisation of biomass-derived platform molecules 
It has been already underlined the success and the several applications of 

organocatalysts in the last two decades. However, apart from the aforementioned benefits, what 

have allowed them to gain this huge importance? Looking at the 12 principle of Green 

Chemistry61 it becomes clear that organocatalysts are in the core of green chemistry. Their use 

permits to reduce the environmental impact of chemical processes avoiding the employment of 

precious metals and reduce the amount of waste occurring when stoichiometric reagents, mainly 

inorganic, are involved in organic synthesis.62 Anyway, the high cost that often characterizes 

this kind of catalysts, along with their sensibility to air and moisture have limited their 

applications. Immobilization procedures enable to overcome these last problems, and, in most 

cases, catalytic enantioselective flow processes broaden the use of organocatalysts including 

the industrial field. The catalyst recyclability, in fact, plays an important role to overtake the 

high cost that often characterizes the use of organocatalysts. Other procedures aiming at making 

the organocatalyzed processes more sustainable focus on activation techniques such as 

microwave, mechanical activation, ultrasound, use of light or high pressure. Moreover, the use 

of greener reaction media like ionic liquids and deep eutectic solvents (DES), water, 

supercritical solvents or other green solvent alternatives represent the best choice to pursuit 

more sustainable synthesis.63 Furthermore, the possibility to switch from non-renewable fossil 
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fuels to non-depleting and inexpensive feedstocks (e.g., biomass waste) is highly attractive and 

worth following. These materials can be used not only as reagent but also as catalysts support 

or as catalysts themselves. Recently, the European Committee in Standardization (CEN) 

clarified the term biomass as the material of biological origin excluding material embedded in 

geological formations and/or fossilised.64 Moreover, the term bio-based platform molecule was 

introduced along with the former definition. Indeed, a bio-based (or bio-derived) platform 

molecule is a chemical compound whose constituent elements originated wholly from biomass, 

and that can be used as a building block for the production of other chemicals.64 Thus, this 

interpretation underlies the use of small molecules, deriving from biomass, that could be 

employed as building blocks for the synthesis of higher value chemicals and materials.65 

Nowadays, a lot of efforts have been made in order to replace the fossil fuel-derived products 

with biomass-derived ones. In 2004, the US Department of Energy (US DOE) reported the 

compounds which can be considered as bio-based platform molecules.66 Along with the first 

compounds reported, new ones have been added in the following years. Most of them become 

very important and are involved in organocatalytic processes leading to the formation of high 

added-value intermediates. Among them it is possible to count furaldehydes, glycerol and lactic 

acids.  

 

1.5.1 Lewis base organocatalysts in biomass conversion and upgrading  
Concerning the ever- growing desire to reduce to dependence on fossil fuels, Lewis base 

organocatalysts have played an emerging role in biomass conversion and upgrading. To date, 

the catalytic conversion of glucose, the valorisation of furaldehydes, and the organocatalytic 

polymerization of biomass feedstocks have been carried out through metal-free procedures.67 

The first example involving the use of NHC-catalysis is the conversion of glucose to 

formaldehyde via retro-benzoin reaction. This process relies on the glucose equilibrium 

between its cyclic form (acetal) and acyclic form (aldehyde) in solution. Thus, the C-C bonds 

of glucose can be cut in the presence of NHC catalyst.68 According to the proposed mechanism, 

the thiazolium carbene catalyst 51 attacks the aldehyde group of the glucose and forms the 

NHC-glucose complex 52. The following proton transfer step leads to the cleavage of C1-C2 

bond and hence acyclic C5 sugar is formed. Subsequently, the acyl anion 54 can be, for instance, 

utilized for a Stetter reaction with chalcone 55 to produce enone 56 (Scheme 22).  
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Scheme 22. Acyl anion formation from glucose through NHC-catalysed retro-benzoin. 

 
The C5 sugar followed the analogous iterative retro-benzoin mechanism to form other five acyl 

anion intermediates 54.  

The upgrading of furfural leads, instead, to the formation of furoin in high to quantitative yield 

in analogy to the benzoin condensation.69 As well as furfural, 5-hydroxymethylfurfural (HMF), 

which presents the -CH2OH group at the 5-position, has been subjected to umpolung to give the 

5,5’-di (hydroxymethyl)furoin (DHMF).70 The process, promoted by [EMIM]OAc NHC pre-

catalyst is reported in Scheme 23. The 1-ethyl-3-methylimidazolin-2-ylidene carbene catalyst 

57, after a nucleophilic addition to the aldehyde group of HMF, generates a zwitterionic 

tetrahedral intermediate, which is protonated to afford a 2-(5-hydroxymethyl-2-α-

hydroxyfuranyl)imidazolium acetate salt 58. This intermediate, at high temperature (80 °C) is 

deprotonated by the acetate anion to form the Breslow intermediate 59. Subsequently, this acyl 

anion equivalent attacks the aldehyde group of a second HMF molecule to form another 

tetrahedral intermediate (60), thus leading to the formation of the product and the turnover of 

the catalyst 57. Moreover, the DHMF product can be further modified through reactions such 

as etherification, esterification, and hydrogenation or to provide oxygenated biodiesel fuels.67  
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Scheme 23. Synthesis of DHMF through umpolung self-condensation of HMF. 

 

 Additionally, NHCs were also employed for the synthesis of polyurethanes. Taton and 

co-workers demonstrated that condensation polymerization of aliphatic diisocyanates and 

primary diols can be catalysed by ItBu (Scheme 24).71 According to the proposed mechanism, 

the isocyanate undergoes a nucleophilic attack by the activated alcohol 61 leading to the 

formation of the urethane bond. Anyway, the product shows a low molecular weight ranging 

from 2000 – 3000 g mol−1.  

 
Scheme 24. Suggested mechanism of polyurethane formation through condensation polymerization catalysed by 

ItBu.  
 

Furthermore, in the field of organocatalytic valorisation of biomass through polymerization 

procedure, Waymouth and Hedrick have also reported the ring open polymerization (ROP) of 

lactide into poly(lactic acid) (PLA) through NHC-catalysis.72 Generally, this polymerization 

can be labelled as a nucleophile-catalysed, alcohol-initiated reaction. The obtained linear PLA 
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2. Aims and objectives         

As stated in the Introduction, the use of organocatalysts along with their immobilization 

represents a challenging method towards the development of more sustainable synthetic 

processes. Moreover, the transition from batch to flow-mode studies increases the advantages 

derived from this new way of making synthesis. Indeed, as recently reported from the 

Government Accountability Office1 of the USA on sustainable chemistry, three categories of 

technology can make chemical production more sustainable: catalysts, solvents (derived from 

renewable and less hazardous materials), and continuous processing (rather than batch 

processing of chemicals). Consequently, the doctoral studies conducted in the last three years 

were focused on the valorisation of the organocatalytic processes promoted by Lewis base 

catalysts through the development of both new methodologies and procedures for the synthesis 

of molecules with interesting biological, pharmaceutical and material applications. 

Additionally, the parallel immobilization of catalysts and investigations conducted with a flow 

apparatus emerged as useful tool towards the valorisation of bio-based products and to enhance 

the productivities of the performed studies.  

The aims of the studies that were conducted during the PhD are summarised below. 

 

Firstly, with the purpose to synthetise a novel library of fully bio-based 

monoacylglycerols (MAGs), the monoesterification of glycerol and solketal was investigated 

(Figure 1). At the same time, the study was focused on the preparation of a heterogeneous NHCs 

pre-catalysts (immobilized onto silica and polystyrene) able to work under oxidative conditions 

due to the presence of either the Kharasch oxidant or air (Chapter 3). 

 

 
Figure 1. Novel synthetic methodology of glycerol and solketal esterification promoted by NHC-catalysis under 

oxidative conditions.  

 

At this point of the work, it was also interesting to investigate whether this oxidative 

system could be further extended to the selective conversion of the bio-based 5-

hydroxymethylfurfural (HMF) into the added-value 5-hydroxymethyl-2-furancarboxylic acid 

(Figure 2). As proof of concept, the disclosed oxidative system would also be applied for the 
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direct conversion of HMF and furfuraldehyde into their corresponding ester, amide, and 

thioester derivatives (Chapter 4). 

 

 
Figure 2. Proposed aerobic oxidation of 5-hydroxymethylfurfural and furfural into the corresponding carboxylic 

acid and derivatives through NHC-catalysis. 

 

Later, driving by the everyday increasing attractiveness towards novel synthetic 

strategies to access bio-based polymer or to find new alternative routes for the synthesis of a 

novel class of polymer, the PhD work was further aimed to the use of NHC for the synthesis of 

polyesters and polyamides (Chapters 5 and 6; Figure 3).  

 

 
Figure 3. Proposed synthetic methodologies of bio-based polyesters and polyamide synthesis promoted by 

oxidative NHC-catalysis. 

 

Guided by the studies on NHC-promoted amide formation under oxidative conditions, 

a new N-acylation procedure promoted by Lewis base organocatalysts were considered as 

additional aim (Figure 4). This investigation would be applied for the oxidative N-acylation 

reaction of 3,4-dihydropyrimidin-2-(1H)-ones (DHPMs) with enals designed to obtain 

pharmaceutically relevant N3-acylated products (Chapter 7). 

 
Figure 4. Novel strategy on N-acylation of DHPMs promoted by NHC-catalysis. 

 

Lastly, building on the ever-increasing interest on the use of supported catalyst, the 

potential of immobilized Lewis base isothiourea organocatalyst was examined (Figure 5). 

Therefore, a sequantial kinetic resolution (DoCKR) of (±)-syn-1,2-diols and (±)-anti-1,3-

diols kinetic resolution in flow-mode was chosen as benchmark reactions. This approach takes 
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advantage of an additive Horeau’s amplification2 and would provide access to highly 

enantioenriched compounds applying a highly practical protocol (Chapter 8).  

 

 
Figure 5. Sequential kinetic resolution of diols in flow-mode conditions. 

 

 

2.1 References 

1.  Government accountability Office (GAO 18-307, February 2018). 

2. J.-P. Vigneron, M. Dhaenes, A. Horeau, Tetrahedron 1973, 29, 1055−1059. 
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3. Esterification of glycerol and solketal by oxidative 

NHC-catalysis under heterogeneous batch and flow 

conditions 
 

The work described in this chapter has formed the basis of the following peer reviewed 

publication: D. Ragno, A. Brandolese, D. Urbani, G. Di Carmine, C. De Risi, O. Bortolini, P. 

P. Giovannini, A. Massi, React. Chem. Eng., 2018, 3, 816−825. 

     

3.1  Introduction 

N-heterocyclic carbene (NHCs) organocatalysts have proved to be useful for the 

upgrading of biomass-derived building blocks into added-value chemicals.1,2 As robust, 

environmentally benign, and highly selective catalysts they have been employed in different 

synthetic area from medicinal to material ones. Their applications ranging from the umpolung 

reactivity to NHC-catalysed oxidation, C-C, C-N bond forming reactions, and chain-extension 

couplings.3,4 This plethora of reactions allowed the synthesis of useful biofuels, polymeric 

materials, and pharmaceutical intermediates from the sugar-derived furfural (FF) and 5-

hydroxymethylfurfural (HMF).2,5 Likewise, the inexpensive glycerol, available in large 

amounts as by-product of biodiesel production,6 has been exploited in synthetic programs. 

However, the ones promoted by NHC-catalysis were mainly focused on the synthesis of 

glycerol carbonate.7,8 Indeed, Sundèn reported the first acylation of glycerol through oxidative 

NHC-catalysed telescoped protocol with aldehydes as the coupling substrates and air as the 

terminal oxidant.7 In a batch approach, Bruijnincx8 and co-workers developed, instead, a 

process in which glycerol carbonate has been synthetized using a silica-supported hydrogen 

carbonated-masked imidazolium pre-catalyst, which could be recycled if properly reactivated 

by anion-exchange procedure (Figure 1a).  

However, the well-known low stability of soluble NHCs to air and moisture has often limited 

their industrial application to produce new bio-based chemicals, justifying the few reported 

examples. On the other hand, the recently implemented organocatalyst immobilization 

strategies and flow-mode synthesis9,10 represent important improvements in terms of increasing 

catalyst stability, productivity scalability, and sustainability of the whole synthetic 

procedure.11,12 Yet, despite these advantages, the application of the umpolung reactivity in flow 

for the upgrading of bio-based molecules has been nowadays scarcely investigated. The 

development of new catalytic methods for the derivatization of biomass-derived building blocks 

into added-value chemicals using inexpensive reagents and simple reaction conditions therefore 
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remains an important area of research. Herein, the oxidative monoesterification of glycerol and 

its derivative solketal has been developed (Figure 1b). The procedure has been performed in 

batch and continuous-flow through the design and synthesis of a set of triazolium salt pre-

catalyst immobilized on silica and polystyrene supports. The study allowed the synthesis of 

monoacylglycerols (MAGs), interesting bio-based derivatives, used in energy, polymer, 

pharmaceutical, and cosmetic fields.13,14 In the past, heterogeneous organocatalytic approaches 

have been established for the selective synthesis of MAGs using strong supported Brønsted 

base and acid catalysts.15 The presented protocol, not only involved the use of immobilized 

NHC Lewis base catalysts, but also exploited the synthesis of fully bio-based MAGs, starting 

from the biomass-derived aldehydes FF and HMF, and from the biogenic citronellal and 

vanillin.  

 

 
Figure 1. Glycerol upgrading through NHC-catalysis. 

 

3.2  Results and discussion 

The model monoesterification of glycerol 1 with 1-napthaldehyde 2a was performed under 

oxidative homogeneous conditions to identify the optimal class of azolium salt pre-catalysts for 

their further immobilization on inert supports (Table 1). In initial investigations, the 

triazolylidene catalyst proved to be more effective in the 1/2a coupling compared to 

imidazolylidene, imidazolylidene, and thiazolylidene carbenes as observed by Sundèn and co-

workers.7 Thus, the followed experiments were conducted using triazolium salts A−C with an 

equimolar amount of the Kharasch oxidant 6 and DBU as the base (20 mol%) in THF under 

degassed conditions (entries 1−3). The degassed conditions turned out to be very important for 

limiting the formation of 1-naphtoic acid 5a. Indeed, the carboxylic acid could be produced by 

a side oxygenative pathway promoted by NHCs in the presence of residual oxygen.16−18  
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The most effective bicyclic pentafluorophenyl pre-catalyst C provided a 66:34 mixture of MAG 

3a and diacylglycerol (DAG) 4a with almost full conversion of stoichiometric reagents in one 

hour at room temperature without any evidence of formation of the by-product 5a (entry 3). 

Later, different soluble organic bases were tested (entries 4−6); NEt3 afforded the best result 

with a mono/diester ratio of 73:27 (entry 6). Additionally, this kind of base turned out to be 

suitable for the subsequent development of a flow-mode process.  

 Table 1. Screening of reaction conditions with soluble triazolium pre-catalysts A−C.a 

 

a1 (0.12 mmol), 2a (0.12 mmol), THF (1.0 mL), room temperature. bYield and selectivity detected by 1H NMR 

of the crude reaction mixture with durene as an internal standard. c1 (2 equiv., 0.24 mmol). d1 (3 equiv., 0.36 

mmol). eETM/ETM’ system: 7 (20 mol%), 8 (5 mol%). fT = 50 °C. 

 

Entry Pre-Catalyst 

(mol%) 

Base (mol%) Time (h) 3a+4a (%)b 3a:4ab 5a (%)b Oxidant  

(mol%) 

1 A (10) DBU (20) 24 22 88:12 / 6 (100) 

2   B (10) DBU (20) 24 82 71:29 / 6 (100) 

3 C (10) DBU (20) 1 >95% 66:34 / 6 (100) 

4 C (10) KHMDS (20) 1 >95% 63:37 / 6 (100) 

5 C (10) DIPEA (20) 1 >95% 67:33 / 6 (100) 

6 C (10) NEt3 (20) 1 >95% 73:27 / 6 (100) 

7 C (2.5) NEt3 (2.5) 1 >95% 71:29 / 6 (100) 

8c C (2.5) NEt3 (2.5) 1 >95% 84:16 / 6 (100) 

9d C (2.5) NEt3 (2.5) 1 >95% 91:9 / 6 (100) 

10 C (2.5) NEt3 (2.5) 4 39 >95:5 / TEMPO (150) 

11 C (2.5) NEt3 (50) 24 59 82:18 / MnO2 (500) 

12 C (2.5) NEt3 (5) 24 10 >95:5 59 O2 

13e C (2.5) NEt3 (50) 24 81 80:20 10 Air, 7/8 

14d,e C (2.5) NEt3 (50) 24 95 90:10 5 Air, 7/8 

15d,e,f C (2.5) NEt3 (50) 24 67 94:6 19 Air, 7/8 
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The high catalytic activity of the catalyst C has been confirmed by lowering the catalyst amount 

to 2.5 mol% which left almost unchanged the reaction outcome (entry 7). Increasing the quantity 

of glycerol showed a better selectivity (entries 8−9) detecting the highest value (3a:4a = 91:9) 

with 3 equivalents of 1 (entry 9). Later, alternatives to the Kharasch oxidant 6 were considered 

(entries 10−13). A lower conversion of glycerol was detected with the stable radical TEMPO 

(entry 10), while MnO2 determined a substantial increase of the reaction time (entry 11). The 

direct use of oxygen was also investigated through balloon technique (1 bar), and only a small 

amount of MAG 3a was detected due to the preferential formation of 5a (59%; entry 12). The 

formation of the carboxylic acid is due to the oxygenative pathway which is in competition with 

the oxidative one (see Scheme 7). Subsequently, an electron transfer mediator system (ETMs) 

was tested in agreement with Sundèn’s works7,19 based on Backvall’s group20 studies. Indeed, 

the inexpensive precursor 7 was used along with a catalytic amount of iron (II) phthalocyanine 

8 (ETM’) and atmospheric oxygen as the terminal oxidant. Under these conditions the reaction 

is expected to proceed through the oxidative pathway (as explained in Scheme 7) thus reducing 

the formation of the carboxylic acid 5a. Hence, equimolar 1 and 2a reacted in THF in the 

presence of C (2.5 mol%) and NEt3 (50 mol%) affording 3a and 4a in 81% yield and 80:20 

ratio after 24 hours (entry 13). By increasing the excess of glycerol (3 equiv.; entry 14), a higher 

selectivity was recorded (3a:4a = 90:10) along with the reduction of acid 5a formation (5%). 

Lastly, the effect of the temperature was investigated. However, a lower conversion was 

observed along with higher amount (19%) of acid 5a (entry 15). 

Once the optimal reaction conditions for the synthesis of MAG derivatives of type 3 in 

homogeneous phase have been defined, the further immobilization strategy of the most 

promising pre-catalysts B−C was investigated. Considering the previous studies on 

organocatalyst fixation by click reactions21−23 and the seminal works of Rovis and co-workers 

on the synthesis of soluble bicyclic triazolium pre-catalysts,4,24 the preparation of the silica-

supported version of most active triazolium salt C was attempted starting from the readily 

available 4-azidopyrrolidin-2-one 925 (Scheme 1). The crude hydrazinium tetrafluoroborate salt 

10 has been isolated with 95% overall yield after two steps composed of the standard amidate 

formation with the Meerwein’s salt, followed by treatment with pentafluorophenyl hydrazine. 

However, the later thermal ring closure in presence of triethyl orthoformate and chlorobenzene 

at 120 °C afforded a very complex reaction mixture. Thus, after a long investigation, the use of 

neat trimethyl orthoformate and microwave heating (102 °C; 3 h) turned out to be the best 

conditions to obtain the full conversion of 10 with formation of a cleaner reaction mixture. The 

azido tetrafluoroborate triazolium salt 11, recovered in 48% yield after crystallization, has been 

immobilized through the Ruthenium-catalysed Azide Alkyne Cycloaddition (RuAAC)26 of 11 
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and the alkyne-functionalized silica 12. The latter compound was readily prepared from 3-

aminopropyl-silica and 4-pentynoic acid according to a known process.27 The use of RuAAC 

strategy instead of the more common Cu-catalysed procedure22,23 was driven by the need to 

avoid a basic medium, detrimental for the triazolium salt 11 stability. Therefore, the 11/12 

coupling proceeded smoothly in DMF at 50 °C in the presence of the Cp*RuCl(COD) catalyst 

(10 mol%) affording the target silica-supported triazolium salt D with good conversion as 

determined by elemental analysis (f: 0.71 mmol g−1). 

 

 
Scheme 1. Synthesis of silica-supported triazolium pre-catalyst D. 

The silica- and polystyrene-supported analogues of the triazolium salt B were prepared by N-

alkylation of the commercially available 1-methyl-1H-1,2,4-triazole 13. Inspired by the 

preparation of an analogous homogenous catalyst,28a the heterogeneous pre-catalyst E was 

obtained with the satisfactory loading of 0.66 mmol g−1 using a 3-chloropropyl silica gel 1428b 

(CH3CN, 90 °C, 16 h; Scheme 2). Being aware of the influence of the support hydrophilicity 

on the catalytic performance (activity and selectivity) of solid promoters in glycerol 

esterifications,15 the polystyrene-supported version F was instead synthetized from the 

commercially available Merrifield resin 15 with a comparable level of efficiency (Scheme 2). 

 

 
Scheme 2. Synthesis of silica- and polystyrene-supported pre-catalysts E and F. 



42 

 

Once the heterogeneous catalysts D−F were obtained their catalytic activity and recyclability 

for the model reaction were deeply investigated (Table 2). Thus, the pre-catalyst D was initially 

tested under the conditions previously optimized for its homogeneous counterpart C (Table 1, 

entry 14), for a direct comparison. Disappointingly, the aerobic esterification of glycerol 1 (3 

equiv.) with 2a promoted by D (10 mol%) in the presence of NEt3 (50 mol%) and ETMs in 

THF resulted in a substantial decrease of reaction conversion (41% vs. 95%; entry 1). This 

behaviour was attributed to the residual acidity of the silica support. Indeed, the replacing of 

NEt3 with the stronger DBU base led to satisfactory results (3a+4a = 82%, 3a:4a = 91:9; entry 

2). Subsequently, the enantioselectivity of the process was also investigated but, the presence 

of the remote stereocenter in the pyrrolidine framework of pre-catalyst D had little effect on the 

outcome of the monoesterification process (3a: 21% ee; see the Experimental section for further 

details). Moreover, the followed brief solvent screening with DCM and toluene (entries 3, 4) 

assessed that the reaction results could not be improved. Therefore, no further investigations 

were conducted on the asymmetric process. At this point of the study, the silica-supported pre-

catalyst E was tested under different reaction conditions (entry 5, selected example) however, 

just a modest reactivity was detected. On the other hand, the polystyrene-supported analogue F 

worked properly yielding the target MAG 3a with almost the same level of efficiency as D 

(entry 6). The latter catalyst was thus chosen for the further optimization of the 

monoesterification procedure due to its simple one-step preparation. Focusing on enhanced 

sustainable process the screening of environmentally benign solvents was carried out (entries 

7−11). Successfully, the use of biomass derived 2-methyltetrahydrofuran (Me-THF)29 provided 

a substantial improvement of the reaction output in terms of both conversion (3a+4a = 92%) 

and selectivity (3a:4a > 95:5; entry 7). Ethyl lactate and γ-valerolactone were fewer effective 

solvents (entries 8−9), whereas the deep eutectic mixture of glycerol and choline chloride30 

totally inhibited the catalytic process (entry 10). Lastly, the 1:1 THF:H2O mixture was used 

with the aim to take advantage of favourable interactions between the catalytic sites and the 

polystyrene support of F.31 However, this condition turned out to be unsuccessful leading to the 

preferential formation of the carboxylic acid 5a (entry 11). 

The best performing Me-THF solvent was thus used for additional optimization studies. An 

excellent MAG/DAG selectivity was detected both at room temperature and 50 °C (> 95:5; 

entries 12−13) along with a drop of conversion when 2 equivalents of glycerol were used. A 

control experiment confirmed that no leaching of the active triazolium catalyst occurred during 

the process. Indeed, filtering F at 40% of the conversion and letting the filtrate to react under 

the optimal conditions of entry 7 led no further conversion of glycerol, thus excluding the 

activity of any soluble species in the esterification process (entry 14). Later, the catalytic activity 
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of heterogenous F was evaluated under degassed conditions in the presence of the Kharasch 

oxidant 6 detecting a bit lower conversion compared to the experiment conducted with air and 

the mediators (84%, entry 15). Lastly, catalyst recyclability performed through a simple 

filtration, washing, and drying of the resin was explored over five and ten recycles. Both 

terminal oxidants, air (entries 16−17) and 6 (entries 18−19), showed an unaltered selectivity 

(3a:4a > 95:5) with only a moderate decrease (ca. 5%) of conversion after each recycle. 

Globally, the catalyst showed an accumulated turnover number (TON) of 66 with air and of 56 

with the Kharasch oxidant 6, confirming the high stability of the catalyst F.  

 

Table 2. Screening of reaction conditions with supported triazolium pre-catalysts D−F.a 

 

Entry Pre-catalyst Solvent Base 3a+4a (%)b 3a:4ab 5a (%)b Oxidant  

1 D THF NEt3 41 >95:5 / Air, 7/8  

2 D THF DBU 82c 91:9 / Air, 7/8   

3 D DCM DBU 22 >95:5 8 Air, 7/8  

4 D Toluene DBU 33 91:8 11 Air, 7/8  

5 E THF DBU 48 >95:5 8 Air, 7/8  

6 F THF DBU 83 92:8 / Air, 7/8  

7 F Me-THF DBU 90 >95:5 / Air, 7/8 

8 F Ethyl Lactate DBU 34 >95:5 / Air, 7/8  

9 F γ-valerolactone DBU 35 >95:5 12 Air, 7/8  

10 F Ch-Cl:Glyd DBU / / / Air, 7/8  

11 F THF/H2O (1:1) DBU 16 >95:5 34 Air, 7/8  

12e F Me-THF DBU 73 >95:5 5 Air, 7/8  

13e,f F Me-THF DBU 70 >95:5 7 Air, 7/8  

14g F Me-THF DBU 40 >95:5 / Air, 7/8 

15h F Me-THF DBU 84 >95:5 / 6 (100 mol%) 

16i F Me-THF DBU 68 >95:5 / Air, 7/8 

17j F Me-THF DBU 41 >95:5 / Air, 7/8  

18h,i F Me-THF DBU 55 >95:5 / 6 (100 mol%) 

19h,j F Me-THF DBU 37 >95:5 / 6 (100 mol%) 
a1 (0.36 mmol), 2a (0.12 mmol), NHC (10 mol%), base (50 mol%), ETM/ETM’ system: 7 (20 mol%), 

8 (5 mol%), solvent (1.0 mL), reaction time 24 h. bYields and selectivity detected by 1H NMR on the 

crude reaction mixture with durene as an internal standard. c3a: 21% ee as determined by chiral HPLC 

(see the experimental section). d1:2 molar ratio eutectic mixture (Choline Cl-Glycerol). e1 (2 equiv., 0.25 

mmol). fT = 50 °C. gCatalyst F filtered off at 40% conversion; DBU (20 mol%). hDegassed conditions 

(Ar). iFifth recycle. jTenth recycle. 

 

The scope of the monoesterification of glycerol 1 with representative classes of aldehydes 2 

was later explored (Scheme 3) under the optimized heterogeneous procedure (Table 2, entry 7).  

As expected on the basis of previous observations,17 the electron poor 4-bromobenzaldehyde 

gave the corresponding ester 3b in lower isolated yield (60%) compared to 1-naphthaldehyde 
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2a due to the occurrence of the competitive homo-benzoin reaction. The α-β unsaturated 

cinnamaldehyde, instead, afforded MAG 3c in good yield (83%), but also the long chain 

aliphatic aldehydes proved to be suitable substrates giving the corresponding esters 3d−e in 

satisfactory yields. The substrate scope was similarly extended to bio-mass derived and 

biogenic aldehydes to access a new class of fully bio-based MAGs. For this purpose, citronellal 

and vanillin were used, furnishing the corresponding monoester 3f and 3g in reasonable yield 

without any evidence of formation of DAG derivatives.  

 

 
Scheme 3. Reaction scope with F and glycerol 1 under batch conditions. 

 

Furfural was also tested, proving to be the most active substrate (3h, 91% yield). Differently, 

HMF produced the notable diester 3i in almost quantitative yield. Fairly, compound 3i was 

formed by monoesterification of glycerol with a first molecule of unprotected HMF 2i, followed 

by subsequent esterification of the resulting primary alcohol intermediate (not shown) with a 

second molecule of 2i. However, the selectivity towards the formation of product 3i with two 

molecules of HMF in place of three or four has not been explored further. 

The heterogeneous batch procedure was additionally applied to the esterification of 1,2-

isopropylideneglycerol 16 known as solketal (Scheme 4). Thanks to the absence of selectivity 

issues, a lower excess (1.5 equiv.) of alcohol 16 was used, leading to the corresponding esters 
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17a−i in good yield (52−92%). Of note, the coupling of solketal 16 with HMF produced the 

solely monoester derivative 17i with 79% yield. This change in selectivity with respect to the 

use of glycerol could not be easily explained. However no further investigations have been 

conducted in this regards. 

  
Scheme 4. Reaction scope with F and solketal 16 under batch conditions. 

 

Globally, it is important to point out that the developed batch procedure considerably diminishes 

the environmental impact of the monoesterification process. Indeed, the simplicity of catalyst 

recycle compared to previously reported procedures,8,15 the use of air as the terminal oxidant, 

and the possibility of re-use the biomass-derived Me-THF and the excess of glycerol 

remarkably improve the sustainability of the approach. 

A further aim of the work was the definition of an effective flow procedure for the 

valorisation of renewable chemicals such as glycerol and solketal. Thus, a packed-bed 

microreactor R1 (Table 3) was prepared using the active polystyrene triazolium salt precatalyst 

F. Accordingly, a pressure-resistant stainless-steel column (length 10 cm, 0.46 cm internal 

diameter) was filled with the Me-THF swelled resin F by the slurry packing technique. 

Pycnometry measurements allowed to determine the hold-up (dead) volume (Vo) and the total 

porosity (εtot) of R1 for calculation of the residence time at different flow rates. 
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Scheme 6. Continuous-flow production of selected monoesters 3 and 17 with microreactor R1. 

 

A suggested mechanism explaining the role of the biomimetic system of electron 

transfer mediators has also been proposed on the basis of previous works.7,19,20 While the 

formation of the carboxylic acid is mainly associated to the oxygenative pathway17,18 (the 

presence of trace of water which act as nucleophile cannot be excluded) for the conversion of 

the Breslow intermediate (Scheme 7), the formation of the product is connected to the oxidative 

one. The role of the ETMs system lies in the in situ formation of a catalytic amount of the 

Kharasch oxidant 6 from the inexpensive precursor 7 under basic conditions. After electron 

transfer with the Breslow intermediate, the acyl azolium species is obtained along with the 

reduce alcohol 6’. The latter could be re-oxidized to 6 in the presence of catalytic iron(II) 

phthalocyanine 8 (ETM’) and atmospheric oxygen which act as the terminal oxidant (Scheme 

7).  
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3.4 Experimental section 

General procedure 

All moisture-sensitive reactions were performed under an argon atmosphere using oven-

dried glassware. Solvents were dried over a standard drying agent and freshly distilled prior to 

use. Reactions were monitored by TLC on silica gel 60 F254 with detection by charring with 

potassium permanganate and/or phosphomolybdic acid. Flash column chromatography was 

performed on silica gel 60 (230−400 mesh). 1H (300 MHz), 13C (101 MHz) and 19F (376 MHz) 

NMR spectra were recorded in CDCl3 or acetone-d6 solutions at room temperature. The 

chemical shifts in 1H and 13C NMR spectra were referenced to trimethylsilane (TMS). The 

chemical shifts in 19F NMR spectra were referenced to CFCl3. Peak assignments were aided by 

1H-1H COSY and gradient-HMQC experiments. FT-IR analyses were performed using the 

Bruker Instrument Vertex 70. Elemental analyses were performed using a FLASH 2000 Series 

CHNS/O analyser (ThermoFisher Scientific). Optical rotations were measured at 25 ± 2 °C in 

the stated solvent; [α]D values are given in 10−1deg cm2g−1 (concentration c given as g/100 mL). 

For high resolution mass spectrometry (HRMS) the compounds were analysed in positive ion 

mode using an Agilent 6520 HPLC-Chip Q/ TOF-MS (nanospray) with a quadrupole, a 

hexapole, and a time of flight unit to produce the spectra. The capillary source voltage was set 

at 1700 V; the gas temperature and drying gas were kept at 350 °C and 5 L min−1, respectively. 

The MS analyser was externally calibrated with ESI-L low concentration tuning mix from m/z 

118 to 2700 to yield accuracy below 5 ppm. Accurate mass data were collected by directly 

infusing samples in 40:60 H2O:ACN 0.1% TFA into the system at a flow rate of 0.4 μLmin−1. 

All commercially available reagents were used as received without further purification, unless 

otherwise stated. Catalyst A was synthetized according to a literature procedure.35 Aldehyde 2d 

was synthesized from the corresponding alcohol via PCC oxidation. (R)-4-Azidopyrrolidin-2-

one 9,25 the alkyne-functionalized silica 12,27 and 3-chloropropyl silica gel 1428 were prepared 

as described. Liquid aldehydes and bases (DBU, TEA) were freshly distilled before their 

utilization.  

 

Screening of reaction conditions with soluble triazolium pre-catalysts A−C (Table 1) 
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The following reaction conditions explain the operative optimization procedure. In all 

experiments, yield and selectivity were evaluated by 1H NMR analysis of the reaction mixture 

(durene as internal standard). 

Entries 1−3. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 

0.12 mmol), oxidant 6 (49 mg, 0.12 mmol), durene (16 mg, 0.12 mmol) and the stated pre-

catalyst (0.012 mmol) in anhydrous THF (1.0 mL) was degassed under vacuum and saturated 

with argon (by an Ar-filled balloon) three times. Then, DBU was added (3.6 μL, 0.024 mmol), 

and the reaction was stirred at room temperature for the stated time.  

Entries 4−6. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 

0.12 mmol), oxidant 6 (49 mg, 0.12 mmol), durene (16 mg, 0.12 mmol) and pre-catalyst C (4.4 

mg, 0.012 mmol) in anhydrous THF (1.0 mL) was degassed under vacuum and saturated with 

argon (by an Ar-filled balloon) three times. Then, the stated base was added (0.024 mmol), and 

the reaction was stirred at room temperature for 1 h.  

Entry 7. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), oxidant 6 (49 mg, 0.12 mmol), durene (16 mg, 0.12 mmol) and pre-catalyst C (1.2 mg, 

0.003 mmol) in anhydrous THF (1.0 mL) was degassed under vacuum and saturated with argon 

(by an Ar-filled balloon) three times. Then, NEt3 was added (20 μL of a 0.15 M solution in THF, 

0.003 mmol), and the reaction was stirred at room temperature for 1 h. 

Entries 8−9. A stirred mixture of glycerol 1 (stated amount), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), oxidant 6 (49 mg, 0.12 mmol), durene (16. mg, 0.12 mmol) and pre-catalyst C (1.2 mg, 

0.003 mmol) in anhydrous THF (1.0 mL) was degassed under vacuum and saturated with argon 

(by an Ar-filled balloon) three times. Then, NEt3 was added (20 μL of a 0.15 M solution in THF, 

0.003 mmol), and the reaction was stirred at room temperature for 1 h. 

Entry 10. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), TEMPO (28 mg, 0.18 mmol), durene (16. mg, 0.12 mmol) and pre-catalyst C (1.2 mg, 

0.003 mmol) in anhydrous THF (1.0 mL) was degassed under vacuum and saturated with argon 

(by an Ar-filled balloon) three times. Then, NEt3 was added (20 μL of a 0.15 M solution in THF, 

0.003 mmol), and the reaction was stirred at room temperature for 4 h. 

Entry 11. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), MnO2 (52 mg, 0.6 mmol), durene (16. mg, 0.12 mmol) and pre-catalyst C (1.2 mg, 

0.003 mmol) in anhydrous THF (1.0 mL) was degassed under vacuum and saturated with argon 

(by an Ar-filled balloon) three times. Then, NEt3 was added (8.4 μL, 0.06 mmol), and the 

reaction was stirred at room temperature for 24 h. 

Entry 12. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), durene (16 mg, 0.12 mmol) and pre-catalyst C (1.2 mg, 0.003 mmol) in anhydrous THF 
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(1.0 mL) was stirred under O2 atmosphere (by an O2-filled balloon). Then, NEt3 was added (40 

μL of a 0.15 M solution in THF, 0.006 mmol), and the reaction was stirred at room temperature 

for 24 h.  

Entries 13−14. A stirred mixture of glycerol 1 (stated amount), 1-naphtaldehyde 2a (16 μL, 

0.12 mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol) and 

pre-catalyst C (1.2 mg, 0.003 mmol) in anhydrous THF (1.0 mL) was stirred under an air 

atmosphere (by a compressed air-filled balloon). Then, NEt3 was added (8.3 μL, 0.06 mmol), 

and the reaction was stirred at room temperature for 24 h.  

Entry 15. A stirred mixture of glycerol 1 (11 mg, 0.12 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol) and pre-

catalyst C (1.2 mg, 0.003 mmol) in anhydrous THF (1.0 mL) was stirred under an air 

atmosphere (by a compressed air-filled balloon). Then, NEt3 was added (8.3 μL, 0.06 mmol), 

and the reaction was stirred at 50 °C for 24 h. 

 

Synthesis of (R)-6-Azido-2-(perfluorophenyl)-6,7-dihydro-5H-pyrrolo[2,1-

c][1,2,4]triazol-2-ium tetrafluoroborate (11) 

 

(R)-4-Azidopyrrolidin-2-one 925 (0.50 g, 3.96 mmol) was dissolved in anhydrous CH2Cl2 (40 

mL) loaded into a flame-dried 100 mL flask equipped with a magnetic stirrer. Next, the flask 

was evacuated and back-filled with Ar. Trimethyloxonium tetrafluoroborate (0.59 g, 3.96 

mmol) was added to the solution in a single portion and the reaction mixture was then stirred 

under Ar atmosphere (by means of an Ar filled balloon) at room temperature for 16 h. Later, 

pentafluorophenyl hydrazine (0.78 g, 3.96 mmol) was added and the solution was then stirred 

for additional 5 h at room temperature, providing hydrazinium tetrafluoroborate 10 in 95% 

yield. The solvent was evaporated under reduced pressure and the crude mixture was transferred 

into a 20 mL microwave vial, where trimethyl orthoformate (10 mL) and methanol (2.5 mL) 

were added; the mixture was then heated under microwave irradiation at 120 °C for 3 h. After 

that time 1H NMR analysis of the crude mixture displayed the complete conversion of the 

starting 10, so the solvent was removed under reduced pressure. Purification of the product was 

performed by crystallization (MeOH/Et2O) obtaining the triazolium salt 11 (0.77 g, 48%) as 

brown amorphous solid. [𝛼]𝐷25 −3.6 (c 0.5 in acetone). 1H NMR (300 MHz, acetone-d6) δ = 

10.45 (s, 1H, CH-3), 5.63−5.45 (m, 1H, CH-6), 5.16 (dd, J 13.4, 6.4 Hz, 1H, CH2-5), 4.81 (dd, 

J 13.4, 3.0 Hz, 1H, CH2-5), 3.98 (dd, J 18.0, 7.2 Hz, 1H, CH2-7), 3.54 (dd, J 18.0, 3.1 Hz, 1H, 
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CH2-7); 13C NMR (101 MHz, acetone-d6) δ = 161.8(C), 143.8 (CH), 141.9 (ArC), 141.5 (ArC), 

138.9 (2C, ArC), 136.4 (2C, ArC), 62.1 (CHN3), 54.0 (-NCH2CHN3-), 29.2 (-CH2CHN3-); 19F 

NMR (376 MHz, acetone-d6) δ = −147.1 (m, 2F), −149.9 (m, 1F), −152.0 (s, 4F), −162.0 (m, 

2F); HRMS (ESI/QTOF) calcd. for C11H6F5N6 ([M−BF4]
+): 317.0569; found: 317.0603. 

 

Synthesis of pre-catalyst D 

 

Triazolium salt 11 (0.30 g, 0.74 mmol) and silica 1227 (320 mg, 0.37 mmol, loading = 1.16 

mmol g−1, 230−400 mesh) were loaded into a 5 mL vial and suspended in dry DMF (3.0 mL). 

The stirred solution was degassed under vacuum and saturated with argon (by an Ar-filled 

balloon) three times and Cp*RuCl(COD) (14 mg, 0.037 mmol) was next added in one portion. 

The mixture was heated at 50 °C for 16 h and later cooled to room temperature. The crude was 

thus centrifuged with fresh portions of Et2O (2 × 8 mL) and acetone (2 × 8 mL) and the resulting 

silica-supported triazolium salt D was finally dried (0.1 mbar, 40 °C, 6 h). Elemental analysis 

(%) found: N 5.9 (loading = 0.71 mmol g−1). FT-IR (KBr): ν 3656, 2980, 1876, 1691, 1528, 

1412, 1097 cm−1. 

 

Synthesis of pre-catalyst E 

 

1-Methyl-1H-1,2,4-triazole 13 (0.18 mL, 2.40 mmol) and 3-chloropropyl silica gel 1428 (1.00 

g, 0.80 mmol, loading Cl = 0.8 mmol g−1, 230−400 mesh) were loaded into a 10 mL vial and 

dissolved in dry CH3CN (4.0 mL) under argon atmosphere. The reaction mixture was next 

heated at 90 °C for 16 h and once cooled to room temperature it was centrifuged with fresh 

portions of CH3CN (2 × 8 mL) and Et2O (2 × 8 mL). The resulting silica-supported triazolium 

salt E was finally dried (0.1 mbar, 40 °C, 6 h). Elemental analysis (%) found: N 2.8 (loading 

= 0.66 mmol g−1). FT-IR (KBr): ν 3654, 2962, 1992, 1873, 1659, 1523, 1446, 1100 cm−1. 

 

Synthesis of pre-catalyst F 
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1-Methyl-1H-1,2,4-triazole 13 (0.46 mL, 6.10 mmol) and the Merrifield resin 15 (5.0 g, 17.5 

mmol, loading Cl = 3.5 mmol g−1, 200−400 mesh) were loaded into a 20 mL vial and dissolved 

in dry CH3CN (10.0 mL) under argon atmosphere. The reaction mixture was next heated at 90 

°C for 16 h and once cooled to room temperature it was centrifuged with fresh portions of 

CH3CN (2 × 10 mL) and Et2O (2 × 10 mL). The resulting silica-supported triazolium salt F was 

finally dried (0.1 mbar, 40 °C, 6 h). Elemental analysis (%) found: N 2.5 (loading = 0.59 mmol 

g−1). FT-IR (KBr): ν 3646, 3002, 2915, 2817, 1908, 1874, 1671, 1512, 1587 cm−1. 

 

Screening of reaction conditions with supported triazolium pre-catalysts D−F (Table 2) 

 
The following reaction conditions explain the operative optimization procedure. In all 

experiments, yield and selectivity were evaluated by 1H NMR analysis of the reaction mixture 

(durene as internal standard). 

Entries 1−2. A stirred mixture of glycerol 1 (33 mg, 0.36 mmol), 1-naphtaldehyde 2a (16 μL, 

0.12 mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol), and 

pre-catalyst D (17 mg, 0.012 mmol, loading = 0.71 mmol g−1) in anhydrous THF (1.0 mL) was 

stirred under an air atmosphere (by a compressed air-filled balloon). Then, the stated base was 

added (0.06 mmol), and the reaction was stirred at room temperature for 24 h.  

Entries 3−4. A stirred mixture of glycerol 1 (33 mg, 0.36 mmol), 1-naphtaldehyde 2a (16 μL, 

0.12 mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol), and 

pre-catalyst D (17 mg, 0.012 mmol, loading = 0.71 mmol g−1) in the stated solvent (1.0 mL) 

was stirred under an air atmosphere (by a compressed air-filled balloon). Then, DBU was added 

(9 μL, 0.06 mmol), and the reaction was stirred at room temperature for 24 h.  

Entry 5. A stirred mixture of glycerol 1 (33 mg, 0.36 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol), and pre-

catalyst E (18 mg, 0.012 mmol, loading = 0.66 mmol g−1) in anhydrous THF (1.0 mL) was 

stirred under an air atmosphere (by a compressed air-filled balloon). Then, DBU was added (9 

μL, 0.06 mmol), and the reaction was stirred at room temperature for 24 h.  

Entry 6. A stirred mixture of glycerol 1 (33 mg, 0.36 mmol), 1-naphtaldehyde 2a (16 μL, 0.12 

mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol), and pre-

catalyst F (20 mg, 0.012 mmol, loading = 0.59 mmol g−1) in anhydrous THF (1.0 mL) was 
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stirred under an air atmosphere (by a compressed air-filled balloon). Then, DBU was added (9 

μL, 0.06 mmol), and the reaction was stirred at room temperature for 24 h.  

Entries 7-11. A stirred mixture of glycerol 1 (33 mg, 0.36 mmol), 1-naphtaldehyde 2a (16 μL, 

0.12 mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol), and 

pre-catalyst F (20 mg, 0.012 mmol, loading = 0.59 mmol g−1) in the stated solvent (1.0 mL) 

was stirred under an air atmosphere (by a compressed air-filled balloon). Then, DBU was added 

(9 μL, 0.06 mmol), and the reaction was stirred at room temperature for 24 h. For entry 11, the 

deep eutectic mixture (Choline Cl: Glycerol) was obtained from a vigorous stirred solution of 

glycerol (630 mg, 6.84 mmol) and Choline Cl (478 mg, 3.42 mmol) heated at 80 °C for 2 h 

under an argon atmosphere. After this period, the mixture was cooled to room temperature and 

used as the reaction solvent. 

Entries 12−13. A stirred mixture of glycerol 1 (22 mg, 0.24 mmol), 1-naphtaldehyde 2a (16 

μL, 0.12 mmol), 7 (5 mg, 0.024 mmol), 8 (3.4 mg, 0.006 mmol), durene (16 mg, 0.12 mmol), 

and pre-catalyst F (20 mg, 0.012 mmol, loading = 0.59 mmol g−1) in Me-THF (1.0 mL) was 

stirred under an air. 

 

General procedure for the synthesis of monoacylglycerols 3a−i with pre-catalyst F 

 

A stirred mixture of glycerol 1 (69 mg, 0.75 mmol), aldehyde 2a−i (0.25 mmol), 8 (6.8 mg, 

0.012 mmol), 7 (10.2 mg, 0.05 mmol), and pre-catalyst F (40 mg, 0.025 mmol, loading = 0.59 

mmol g−1) in Me-THF (2.0 mL) was stirred under an air atmosphere (by an air-filled balloon). 

Then, DBU was added (19.5 µL, 0.13 mmol), and the reaction was stirred at room temperature 

for 24 h. Filtration and washing (EtOAc) of the catalyst, concentration, and elution of the 

resulting crude mixture from a column of silica with the suitable elution system afforded the 

target product 3a−i. 

2,3-Dihydroxypropyl 1-naphthoate (3a) 

 

Column chromatography with 1:1 cyclohexane:EtOAc afforded 3a (27 mg, 90%) as a 

colourless oil. 1H NMR (300 MHz, CDCl3) δ = 8.88 (d, J 7.4 Hz, 1H, ArH), 8.19 (dd, J 7.4, 1.3 
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Hz, 1H, ArH), 8.03 (d, J 8.3 Hz, 1H, ArH), 7.88 (dd, J 8.3, 1.3 Hz, 1H, ArH), 7.64 − 7.58 (m, 

1H, ArH), 7.57 − 7.42 (m, 2H, ArH), 4.58 − 4.42 (m, 2H, CH2-1), 4.20 − 4.05 (m, 1H, CH-2), 

3.77 (m, 2H, CH2-3), 2.93 (d, J 5.0 Hz, 1H, OH-2), 2.47 (t, J 5.7 Hz, 1H, OH-3); 13C NMR 

(101 MHz, CDCl3) δ = 167.8 (CO), 133.8 (2C, ArCH), 131.3 (ArC), 130.5 (ArCH), 128.6 

(ArCH), 128.0 (ArCH), 126.3 (2C, ArCH), 125.6 (ArCH), 124.4 (ArCH), 70.4 (CH-2), 65.8 

(CH2-1), 63.5 (CH2-3); HRMS (ESI/Q-TOF) calcd. for C14H15O4 ([M + H]+): 247.0965, found: 

247.1003. 

2-Hydroxypropane-1,3-diyl bis(1-naphthoate)(4a) 

 

Column chromatography with 3:1 cyclohexane:EtOAc afforded 4a (30 mg, 59%; Table 1, entry 

12) as a colourless oil. 1H NMR (300 MHz, CDCl3) δ = 8.92 (d, J 7.6 Hz, 2H, ArH), 8.23 (dd, 

J 7.6, 1.3 Hz, 2H, ArH), 8.04 (d, J 8.3 Hz, 2H, ArH), 7.88 (dd, J 8.3, 1.3 Hz, 2H, ArH), 7.61 

(m, 3H, ArH), 7.55 − 7.34 (m, 3H, ArH), 4.77 − 4.55 (m, 4H, CH2-1 and CH2-3), 4.56 − 4.45 

(m, 1H, CH-2), 2.79 (d, J 5.2 Hz, 1H, OH-2); 13C NMR (101 MHz, CDCl3) δ = 167.5 (2C, CO), 

133.8 (4C, ArCH), 131.3 (2C, ArC), 130.5 (2C, ArCH), 128.6 (2C, ArCH), 128.0 (2C, ArCH), 

126.3 (4C, ArCH), 125.6 (2C, ArCH), 124.5 (2C, ArCH), 68.7 (CH-2), 66.0 (2C, CH2-1 and 

CH2-3); HRMS (ESI/Q-TOF) calcd. for C25H21O5 ([M + H]+): 401.1384; found: 401.1358. 

2,3-Dihydroxypropyl 4-bromobenzoate (3b) 

 

Column chromatography with 3:1 cyclohexane:EtOAc afforded 3b (41 mg, 60%) as a pale-

yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.90 (d, J 8.9 Hz, 2H, ArH), 7.59 (d, J 8.9 Hz, 2H, 

ArH), 4.56 − 4.28 (m, 2H, CH2-1), 4.07 (m, 1H, CH-2), 3.70 (m, 2H, CH2-3), 2.65 (d, J 4.6 Hz, 

1H, OH-2), 2.17 (t, J 5.7 Hz, 1H, OH-3); 13C NMR (101 MHz, CDCl3) δ = 166.3 (CO), 131.9 

(2C, ArCH), 131.3 (2C, ArCH), 128.6 (ArCH), 128.5 (ArC), 70.3 (CH-2), 66.0 (CH2-1), 63.4 

(CH2-3); HRMS (ESI/Q-TOF) calcd. for C10H12BrO4 ([M + H]+): 274.9913; found: 274.9961. 

2,3-Dihydroxypropyl cinnamate (3c) 
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Column chromatography with gradient from 1:2 cyclohexane:EtOAc to 10:1 EtOAc:MeOH 

afforded 3c (46 mg, 83%) as a colourless oil. 1H NMR (300 MHz, CDCl3) δ = 7.74 (d, J 16.1 

Hz, 1H, PhCH=CH), 7.58 − 7.49 (m, 2H, ArH), 7.46 − 7.31 (m, 3H, ArH), 6.49 (d, J 16.1 Hz, 

1H, PhCH=CH), 4.40 − 4.25 (m, 2H, CH-1), 4.07 − 3.97 (m, 1H, CH-2), 3.80 − 3.62 (m, 2H, 

CH2-3), 2.62 (bs, 1H, OH-2), 2.16 (bs, 1H, OH-3); 13C NMR (101 MHz, CDCl3) δ = 167.4 

(CO), 150.0 (PhCH=CH), 134.1 (ArC), 130.6 (ArCH), 128.9 (2C, ArCH), 128.2 (2C, ArCH), 

117.1 (PhCH=CH), 70.3 (CH-2), 65.4 (CH2-1), 63.3 (CH2-3); HRMS (ESI/Q-TOF) calcd. for 

C12H15O4 ([M + H]+): 223.0965; found: 223.0916. 

2,3-Dihydroxypropyl decanoate (3d) 

 

Column chromatography with gradient from 1:1 cyclohexane:EtOAc to EtOAc afforded 3d (35 

mg, 57%) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ = 4.27 − 4.08 (m, 2H, CH2-1), 3.98 

− 3.86 (m, 1H, CH-2), 3.76 − 3.51 (m, 2H, CH2-3), 2.58 (bs, 1H, OH-2), 2.35 (t, J 7.5 Hz, 2H, 

CH2(H-2dec)), 2.16 (bs, 1H, OH-3), 1.72 − 1.53 (m, 2H, CH2(H-3dec)), 1.35 − 17 (m, 12H, CH2(H-

dec)), 0.87 (t, J 6.7 Hz, 3H, CH3(H-10dec)); 13C NMR (101 MHz, CDCl3) δ =174.5 (CO), 70.3 (CH-

2), 65.3 (CH2-1), 63.4 (CH2-3), 34.2 (CH2(H-dec)), 31.9 (CH2(H-dec)), 29.5 (CH2(H-dec)), 29.3 (2C, 

CH2(H-dec)), 29.2 (CH2(H-dec)), 25.0 (CH2(H-dec)), 22.7 (CH2(H-dec)), 14.2 (CH3(H-10dec)); HRMS 

(ESI/Q-TOF) calcd. for C13H27O4 ([M + H]+): 247.1904; found: 247.1926. 

2,3-Dihydroxypropyl palmitate (3e)  

 

Column chromatography with gradient from 1:1 cyclohexane:EtOAc to EtOAc afforded 3e (52 

mg, 63%) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ = 4.25 − 4.10 (m, 2H, CH2-1)), 4.00 

− 3.89 (m, 1H, CH-2), 3.74 − 3.55 (m, 2H, CH2-3), 2.56 (bs, 1H, OH-2), 2.35 (t, J 7.5 Hz, 2H, 

CH2(H2-palm)), 2.13 (bs, 1H, OH-3), 1.69 − 1.55 (m, 2H, CH2(H3-palm)), 1.38 − 1.17 (m, 24H, CH2(H-

palm)), 0.87 (t, J 6.6 Hz, 3H, CH3(H16-palm)); 13C NMR (101 MHz, CDCl3) δ = 174.5 (CO), 70.3 

(CH-2), 65.2 (CH2-1), 63.4 (CH2-3), 34.2 (CH2(H-palm)), 32.0 (CH2(H-palm)), 29.8−29.5 (5C, CH2(H-

palm)), 29.7 (CH2(H-palm)), 29.5 (CH2(H-palm)), 29.4 (CH2(H-palm)), 29.3 (CH2(H-palm)), 29.2 (CH2(H-

palm)), 25.0 (CH2(H-palm)), 22.8 (CH2(H-palm)), 14.2 (CH3(H16-palm)); HRMS (ESI/Q-TOF) calcd. for 

C19H39O4 ([M + H]+): 331.2843; found: 331.2802. 

2,3-Dihydroxypropyl 3,7-dimethyloct-6-enoate (3f) 
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Column chromatography with 2:1 dichloromethane:EtOAc afforded 3f (37 mg, 61%) as a 

colorless oil. 1H NMR (300 MHz, CDCl3) δ = 5.08 (t, J 7.1Hz, 1H, CH=C(CH3)2), 4.26 − 4.09 

(m, 2H, CH2-1), 3.99 − 3.88 (m, 1H, CH-2), 3.76 − 3.53 (m, 2H, CH2-3), 2.56 (bs, 1H, OH-2), 

2.44 − 2.31 (m, 1H, CH2(H2-oct)), 2.25 − 2.07 (m, 2H, CH2(H2-oct) and OH-3), 1.98 (m, 3H, CH2(H5-

oct)+CH(H3-oct)), 1.68 (s, 3H, CH3(H8-oct)), 1.60 (s, 3H, CH3(H8-oct)), 1.44 − 1.13 (m, 2H, CH2(H4-

oct)), 0.97 (d, J 6.8, 3H, CH3(H3-oct)); 13C NMR (101 MHz, CDCl3) δ = 173.7 (CO), 131.5 

(CH=C(CH3)2), 124.1 (CH=C(CH3)2, 70.3 (CH-2), 65.1 (CH2-1), 63.3 (CH2-3), 41.6 (CH2(H2-

oct)), 36.7 (CH2(H4-oct)), 30.0 (CH2(H5-oct)), 25.7 (CH(H3-oct)), 25.3 (CH3(H8-oct)), 19.6 (CH2(H8-oct)), 

17.6 (CH3(H3-oct)); HRMS (ESI/Q-TOF) calcd. for C13H25O4 ([M + H]+) 245.1747; found: 

245.1711. 

2,3-Dihydroxypropyl 4-hydroxy-3-methoxybenzoate (3g) 

 

Column chromatography with gradient from 1:2 cyclohexane:EtOAc to 20:1 EtOAc:MeOH 

afforded 3g (38 mg, 63%) as a colourless oil. 1H NMR (300 MHz, CDCl3) δ = 7.65 (dd, J 8.3, 

1.9 Hz, 1H, ArH), 7.54 (d, J 1.9 Hz, 1H, ArH), 6.95 (d, J 8.3 Hz, 1H, ArH), 6.10 (bs, 1H, 

OHAr), 4.53 − 4.31 (m, 2H, CH2-1), 4.13 − 4.01 (m, 1H, CH-2), 3.95 (s, 3H, OCH3), 3.78 − 

3.59 (m, 2H, CH2-3), 2.62 (bs, 1H, OH2), 2.22 (bs, 1H, OH-3); 13C NMR (101 MHz, CDCl3) 

δ = 166.9 (CO), 150.4 (ArC), 146.2 (ArC), 124.4 (ArCH), 121.5 (ArC), 114.1 (ArCH), 111.8 

(ArCH), 70.4 (CH-2), 65.6 (CH2-1), 63.3 (CH2-3), 56.1 (OCH3); HRMS (ESI/Q-TOF) calcd. 

for C11H15O6 ([M + H]+): 243.0863; found: 243.0891. 

2,3-Dihydroxypropyl furan-2-carboxylate (3h) 

 

Column chromatography with 1:5 cyclohexane:EtOAc afforded 3h (42 mg, 91%) as a pale-

yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.60 (dd, J 1.7, 0.7 Hz, 1H, ArH), 7.23 (dd, J 3.5, 

0.7 Hz, 1H, ArH), 6.53 (dd, J 3.5, 1.7 Hz, 1H, ArH), 4.48 − 4.32 (m, 2H, CH2-1), 4.11 − 3.99 

(m, 1H, CH-2), 3.83 − 3.63 (m, 2H, CH2-3), 2.74 (d, J 3.5 Hz, 1H, OH-2), 2.25 (bs, 1H, OH-

3); 13C NMR (101 MHz, CDCl3) δ = 159.0 (CO), 146.8 (ArCH), 144.1 (ArC), 118.9 (ArCH), 

112.1 (ArCH), 70.2 (CH-2), 65.8 (CH2-1), 63.3 (CH2-3); HRMS (ESI/Q-TOF) calcd. for 

C8H11O5 ([M + H]+): 187.0601; found: 187.0615. 



59 

 

(5-((2,3-Dihydroxypropoxy)carbonyl)furan-2-yl)methyl 5-(hydroxymethyl)furan-2-

carboxylate (3i) 

 

Column chromatography with gradient from EtOAc to 20:1 EtOAc:MeOH afforded 3i (81 mg, 

95%) as a pale yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.23 − 7.08 (m, 2H, ArH), 6.67 − 

6.52 (m, 1H, ArH), 6.52 − 6.38 (m, 1H, ArH), 5.31 (m, 2H, CH2(OCO)), 4.68 (m, 2H, CH2OH), 

4.57 − 4.31 (m, 2H, CH2-1), 4.14 − 3.99 (m, 1H, CH-2), 3.80 − 3.60 (m, 2H, CH2-3), 2.62 (bs, 

1H, OH-2), 2.17 (bs, 2H, OH-3 and OHfuran); 13C NMR (101 MHz, CDCl3) δ = 158.8 (CO), 

158.6 (CO), 158.0 (ArC), 153.4 (ArC), 144.3 (ArC), 143.3 (ArC), 119.8 (ArCH), 119.4 (ArCH), 

112.9 (ArCH), 109.6 (ArCH), 70.1 (CH-2), 65.9 (CH2-1), 63.3 (CH2-3), 57.9 (CH2(OCO)), 57.5 

(CH2OH); HRMS (ESI/Q-TOF) calcd. for C15H17O9 ([M + H]+): 341.0867; found: 341.0814. 

 

General procedure for the synthesis of solketal derivatives 17a−i with pre-catalyst F 

 

A stirred mixture of solketal 16 (34 mg, 0.38 mmol), aldehyde 2a−i (0.25 mmol), 8 (6.8 mg, 

0.012 mmol) ,7 (10.2 mg, 0.05 mmol), and pre-catalyst F (40 mg, 0.025 mmol, loading = 0.59 

mmol g−1) in Me-THF (2.0 mL) was stirred under an air atmosphere (by an air-filled balloon). 

Then, DBU was added (19.5 μL, 0.13 mmol), and the reaction was stirred at room temperature 

for 24 h. Filtration and washing (EtOAc) of the catalyst, concentration, and elution of the 

resulting crude mixture from a column of silica with the suitable elution system afforded the 

target product 17a−i. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 1-naphthoate (17a) 

 
Column chromatography with 10:1 cyclohexane:EtOAc afforded 17a (66 mg, 92%) as a 

colorless oil. 1H NMR (300 MHz, CDCl3) δ = 8.92 (d, J 7.4 Hz, 1H, ArH), 8.23 (dd, J 7.4, 1.3 

Hz, 1H, ArH), 8.04 (d, J 8.3 Hz, 1H, ArH), 7.89 (dd, J 8.3, 1.3 Hz, 1H, ArH), 7.66 − 7.58 (m, 

1H, ArH), 7.58 − 7.46 (m, 2H, ArH), 4.58 − 4.40 (m, 3H, CH-4 and CH2(OCO)), 4.19 (dd, J 

8.5, 6.1 Hz, 1H, CH2-5), 3.93 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 1.48 (s, 3H, CH3-3), 1.41 (s, 3H, 

CH3-3); 13C NMR (101 MHz, CDCl3) δ = 167.5 (CO), 134.2 (ArCH), 134.0 (ArCH), 131.7 
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(ArC), 130.8 (ArCH), 128.9 (ArCH), 128.2 (ArCH), 127.0 (ArCH), 126.6 (ArCH), 126.1 

(ArCH), 124.8 (ArCH), 110.2 (C-2), 74.1 (CH-4), 66.8 (CH2(OCO)), 65.4 (CH2-5), 27.1 (CH3-

2), 25.7 (CH3-2); HRMS (ESI/QTOF) calcd. for C17H18NaO4 ([M + Na]+): 309.1097; found: 

309.1126. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 4-bromobenzoate (17b) 

 

Column chromatography with 8:1 cyclohexane:EtOAc afforded 17b (56 mg, 71%) as a pale-

yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.91 (d, J 8.9 Hz, 2H, ArH), 7.58 (d, J 8.9 Hz, 2H, 

ArH), 4.50 − 4.41 (m, 1H, CH-4), 4.41 − 4.28 (m, 2H, CH2(OCO)), 4.14 (dd, J 8.5, 6.1 Hz, 1H, 

CH2-5), 3.86 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 1.45 (s, 3H, CH3-2), 1.38 (s, 3H, CH3-2); 13C NMR 

(101 MHz, CDCl3) δ = 165.6 (CO), 131.8 (2C, ArCH), 131.2 (2C, ArCH), 128.6 (ArC), 128.3 

(ArC), 109.9 (C-2), 73.6 (CH-4), 66.3 (CH2(OCO)), 65.3 (CH2-5), 26.7 (CH3-2), 25.3 (CH3-2); 

HRMS (ESI/Q-TOF) calcd. for C13H15BrNaO4 ([M + Na]+): 337.0046; found: 337.0011. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl cinnamate (17c) 

 

Column chromatography with 6:1 cyclohexane:EtOAc afforded 17c (36 mg, 55%) as a pale-

yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.73 (d, J 16.1 Hz, 1H, CH-3), 7.57 − 7.47 (m, 2H, 

ArH), 7.44 − 7.35 (m, 3H, ArH), 6.48 (d, J 16.1 Hz, 1H, CH-2), 4.46 − 4.36 (m, 1H, CH-4), 

4.36 − 4.17 (m, 2H, CH2(OCO)), 4.13 (dd, J 8.5, 6.1 Hz, 1H, CH2-5), 3.81 (dd, J 8.5, 5.6 Hz, 

1H, CH2-5), 1.47 (s, 3H, CH3-2), 1.39 (s, 3H, CH3-2); 13C NMR (101 MHz, CDCl3) δ = 166.7 

(CO), 145.5 (PhCH=CH), 134.2 (ArC), 130.4 (ArCH), 128.9 (2C, ArCH), 128.1 (2C, ArCH), 

117.4 (PhCH=CH), 109.9 (C-2), 73.7 (CH-4), 66.4 (CH2(OCO)), 64.9 (CH2-5), 26.7 (CH3-2), 

25.4 (CH3-2); HRMS (ESI/Q-TOF) calcd. for C15H18NaO4 ([M + Na]+): 285.1097; found: 

285.1146. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl decanoate (17d) 

 

Column chromatography with 9:1 cyclohexane:EtOAc afforded 17d (49 mg, 68%) as a 

colourless oil. 1H NMR (300 MHz, CDCl3) δ = 4.36−4.26 (m, 1H, CH-4), 4.20 − 4.10 (m, 2H, 

CH2(OCO)), 4.07 (dd, J 8.5, 6.1 Hz, 1H, CH2-5), 3.73 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 2.34 (t, J 
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7.6 Hz, 2H, CH2-2), 1.67 − 1.58 (m, 2H, CH2-3), 1.43 (s, 3H, CH3-2), 1.37 (s, 3H, CH3-2), 1.34 

− 1.19 (m, 12H, CH2(H-dec)), 0.87 (t, J 6.7 Hz, 3H, CH3(H-10dec)); 13C NMR (101 MHz, CDCl3) δ 

= 173.7 (CO), 109.8 (C-2), 73.6 (CH-4), 66.3 (CH2(OCO)), 64.5 (CH2-5), 34.1 (CH2(H-dec)), 31.8 

(CH2(H-dec)), 29.4 (CH2(H-dec)), 29.2 (2C, CH2(H-dec)), 29.1 (CH2(H-dec)), 26.7 (CH3-2), 25.4 (CH3-

2), 24.9 (CH2(H-dec)), 22.7 (CH2(H-dec)), 14.1 (CH3(H10-dec)); HRMS (ESI/Q-TOF) calcd. for 

C16H30NaO4 ([M + Na]+): 309.2036; found: 309.2076. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl palmitate (17e) 

 

Column chromatography with 10:1 cyclohexane:EtOAc afforded 17e (48 mg, 52%) as a 

colourless oil. 1H NMR (300 MHz, CDCl3) δ = 4.37 − 4.26 (m, 1H, CH-4), 4.20 − 4.10 (m, 2H, 

CH2(OCO)), 4.08 (dd, J 8.5, 6.1 Hz, 1H, CH2-5), 3.74 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 2.34 (t, J 

7.6 Hz, 2H, CH2-2), 1.68 − 1.58 (m, 2H, CH2(H3-palm)), 1.43 (s, 3H, CH3-2), 1.37 (s, 3H, CH3-2), 

1.34 − 1.18 (m, 24H, CH2(H-palm)), 0.87 (t, J 6.7 Hz, 3H, CH3(H16-palm)); 13C NMR (101 MHz, 

CDCl3) δ = 173.7 (CO), 109.9 (C-2), 73.7 (CH-4), 66.4 (CH2(OCO)), 64.6 (CH2-5), 34.2 

(CH2(H-dec)), 32.0 (CH2(H-dec)), 31.0 (CH2(H-dec)), 29.7 − 29.5 (5C, CH2(H-dec)), 29.5 (CH2(H-dec)), 

29.4 (CH2(H-dec)), 29.3 (CH2(H-dec)), 29.2 (CH2(H-dec)), 26.8 (CH3-2), 25.5 (CH3-2), 25.0 (CH2(H-

dec)), 22.8 (CH2(H-palm)), 14.2 (CH3(H16-palm)); HRMS (ESI/Q-TOF) calcd. for C22H42NaO4 ([M + 

Na]+): 393.2975, found: 393.2949. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 3,7-dimethyloct-6-enoate (17f) 

 

Column chromatography with 10:1 cyclohexane:EtOAc afforded 17f (65 mg, 91%) as a 

colourless oil. 1H NMR (300 MHz, CDCl3) δ = 5.08 (t, J 7.7, 6.2 Hz, 1H, CH=C(CH3)2), 4.38 

− 4.25 (m, 1H, CH-4), 4.22 − 4.10 (m, 2H, CH2(OCO)), 4.07 (dd, J 8.5, 6.1 Hz, 1H, CH2-5), 

3.73 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 2.36 (dd, J 15.3, 5.9 Hz, 1H, CH2(H2-oct)), 2.16 (dd, J 15.3, 

7.9 Hz, 1H, CH2(H2-oct)), 2.08 − 1.88 (m, 3H, CH2(H5-oct) and CH(H3-oct)), 1.67 (s, 3H, CH3(H8-oct)), 

1.59 (s, 3H, CH3(H8-oct)), 1.42 (s, 3H, CH3-2), 1.37 (s, 3H, CH3-2), 1.31 − 1.14 (m, 2H, CH2(H4-

oct)), 0.94 (d, J 6.8 Hz, 3H, CH3(H3-oct)); 13C NMR (101 MHz, CDCl3) δ = 173.0 (CO), 131.6 

(CH=C(CH3)2), 124.2 (CH=C(CH3)2), 109.8 (C-2), 73.6 (CH-4), 66.4 (CH2(OCO)), 64.4 (CH2-

5), 41.5 (CH2(H2-oct)), 36.7 (CH2(H4-oct)), 29.9 (CH2(H5-oct)), 26.9 (CH3-2), 26.7 (CH(H3-oct)), 25.7 

(CH3-2), 25.4 (CH3(H8-oct)), 19.6 (CH3(H8-oct)), 17.6 (CH3(H3-oct)); HRMS (ESI/Q-TOF) calcd. for 

C16H28NaO4 ([M + Na]+): 307.1880; found: 307.1845. 
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(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 4-hydroxy-3-methoxybenzoate (17g) 

 

Column chromatography with 2:1 diethyl ether:cyclohexane afforded 17g (56 mg, 80%) as a 

colourless oil. 1H NMR (300 MHz, CDCl3) δ = 7.66 (dd, J 8.3, 1.9 Hz, 1H, Ar), 7.56 (d, J = 

1.9 Hz, 1H, Ar), 6.94 (d, J 8.3 Hz, 1H, Ar), 6.05 (bs, 1H, OHAr), 4.50 − 4.39 (m, 1H CH(4)), 

4.38 − 4.32 (m, 2H, CH2(OCO)), 4.14 (dd, J 8.5, 6.1 Hz, 1H, CH2(5)), 3.94 (s, 3H, OCH3), 3.87 

(dd, J 8.5, 5.6 Hz, 1H, CH2(5)), 1.46 (s, 3H, CH3(2)), 1.39 (s, 3H, CH3(2)); 13C NMR (101 

MHz, CDCl3) δ = 166.2 (CO), 150.2 (ArC), 146.1 (ArC), 124.4 (ArCH), 121.81 (ArC), 114.1 

(ArCH), 111.8 (ArCH), 109.8 (C-2), 73.7 (CH-4), 66.4 (CH2(OCO)), 64.9 (CH2-5), 56.1 

(OCH3), 26.7 (CH3-2), 25.4 (CH3-2); HRMS (ESI/Q-TOF) calcd. for C14H18NaO6 ([M + Na]+): 

305.0996; found: 305.1014. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl furan-2-carboxylate (17h) 

 

Column chromatography with dichloromethane afforded 17h (50 mg, 89%) as a pale-yellow 

oil. 1H NMR (300 MHz, CDCl3) δ = 7.59 (dd, J 1.7, 0.7 Hz, 1H, ArH), 7.22 (dd, J 3.5, 0.7 Hz, 

1H, ArH), 6.51 (dd, J 3.5, 1.7 Hz, 1H, ArH), 4.48 − 4.38 (m, 1H, CH-4), 4.38 − 4.30 (m, 2H, 

CH2(OCO)), 4.13 (dd, J 8.5, 6.1 Hz, 1H, CH2-5), 3.84 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 1.45 (s, 

3H, CH3-2), 1.38 (s, 3H, CH3-2); 13C NMR (101 MHz, CDCl3) δ = 158.4 (CO), 146.6 (ArCH), 

144.2 (ArC), 118.4 (ArCH), 111.9 (ArCH), 109.9 (C-2), 73.5 (CH-4), 66.3 (CH2(OCO)), 64.9 

(CH2-5), 26.7 (CH3-2), 25.4 (CH3-2); HRMS (ESI/QTOF) calcd. for C11H14NaO5 ([M + Na]+): 

249.0733; found: 249.0760. 

(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 5-(hydroxymethyl)furan-2-carboxylate (17i) 

 

Column chromatography with 4:1 dichloromethane:EtOAc afforded 17i (51 mg, 79%) as a pale-

yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.17 (d, J 3.5 Hz, 1H, ArH), 6.42 (d, J 3.5 Hz, 1H, 

ArH), 4.68 (d, J 6.4 Hz, 2H, CH2OH), 4.47 − 4.37 (m, 1H CH-4), 4.37 − 4.31 (m, 2H, 

CH2(OCO)), 4.13 (dd, J 8.5, 6.1 Hz, 1H, CH2-5), 3.84 (dd, J 8.5, 5.6 Hz, 1H, CH2-5), 1.99 (t, J 

6.4 Hz, 1H, OH), 1.45 (s, 3H, CH3-2), 1.38 (s, 3H, CH3-2); 13C NMR (101 MHz, CDCl3) δ = 

158.9 (CO), 158.7 (ArC), 144.1 (ArC), 119.6 (ArCH), 110.3 (ArCH), 109.8 (C-2), 73.9 (CH-
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The quantitative oxidation of 6’ to the Kharasch oxidant 6 was performed with air (1 atm, 

balloon) and catalytic phthalocyanine 8 (10 mol%, THF, RT). 

 

Long-term stability study 

The long-term stability experiment was performed with the same flow setup above described, 

using aldehyde 2a (0.25 M) and the microreactor R1 which was operated at 25 °C with a flow 

rate of 35 μLmin−1 for ca. 200 h. After the achievement of the steady-state regime (ca. 1 h), 

>95% conversion of 2a was maintained for 120 h, while a progressive loss of catalytic activity 

was observed after that time (TON = 71). 
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4. Aerobic oxidation of 5-hydroxymethylfurfural to 5-

hydroxymethyl-2-furancarboxylic acid and 

derivatives by heterogeneous NHC-catalysis 

 

The work described in this chapter has formed the basis of the following peer reviewed 

publication: A. Brandolese, D. Ragno, G. Di Carmine, T. Bernardi, O. Bortolini, P. P. 

Giovannini, O. G. Pandoli, A. Altomare, A. Massi, Org. Biomol. Chem., 2018, 16, 8955−8964. 

    

4.1  Introduction 

The limited availability of fossil fuels destined to run out along with the desire to move 

towards more sustainable resources have recently led to a deep change in the chemical industry. 

Added-value products, polymers, fuels, and syngas could, in fact, alternatively be obtained from 

renewable carbon sources (agro-industrial waste and carbon dioxide).1−4 Among them, an 

attracting role is played by furfural (FF) and 5-hydroxymethylfurfural (HMF) accessible from 

the dehydration of lignocellulosic sugars at the industrial scale.5,6 Indeed, HMF belongs to the 

list of “Top 10+4” bio-based chemicals from the U.S. Department of Energy (DOE)7 and its 

role as platform molecule is widely recognized. It can be upgraded into a variety of useful 

compounds by elaboration of the hydroxyl and formyl functionalities as well as of the furan 

ring.8 In particular, oxidation reactions of HMF have led to the synthesis of new interesting 

products for polymer, pharmaceutical, and agrochemical industries. The full oxidation of HMF 

produces the 2,5-furandicarboxylic acid (FDCA), also included in the list of platform chemicals 

indicated by DOE.7 FDCA has been mainly employed as a replacement of terephthalic, 

isophthalic, and adipic acids in manufacturing polyesters, polyamides, and polyurethanes.9−11 

The selective oxidation of the hydroxyl group instead leads to the formation of 2,5-

diformylfuran (DFF), a valuable intermediate for the synthesis of fungicides,12 furan-urea 

resins,13,14 and functional materials.15 Lastly, the synthesis of the corresponding carboxylic acid, 

5-hydroxymethyl-2-furancarboxylic acid (HMFCA), has taken on importance due to the 

possibility to use this molecule as a novel monomer for the production of various polyesters,16 

and as a precursor of FDCA.17 Moreover, HMFCA has proven to display anti-tumour activity18 

and it is also an intermediate in the synthesis of an interleukin inhibitor.19 These potential 

industrial applications of HMFCA pushed several groups to propose new selective oxidizing 

procedures of the formyl functionality of HMF both in homogeneous and heterogeneous 

conditions (Scheme 1).20 Overall, most of the developed researches focused on metal-catalysed 

HMFCA synthesis.5,8,21−24 For instance, the ability of dioxomolybdenum (VI) complexes 
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immobilized on K-10 clay to activate molecular oxygen and to promote the formation of 

HMFCA has been investigated by Zhang, Deng and their co-workers.25 Thanks to this 

procedure HMFCA could be obtained in good yield and complete selectivity in toluene at 

elevated temperature.25 Mild oxidation conditions and inexpensive metal precursor have been 

instead employed by De La Rosa’s group through a study on the catalytic activity of supported 

salen complexes of Fe(III) and Cu(II) for the production of HMFCA in aqueous medium with 

hydrogen peroxide as the oxidizing agent.26 Lipases,27 xanthine oxidases,28 and whole-cell 

system,29,30 have been similarly investigated as more environmental benign biocatalytic 

methods, showing high levels of selectivity and high loadings of HMF. A photocatalytic 

approach has been also described by the group of Son and Han, using Au nanocatalysts 

supported on TiO2, and atmospheric air under UV and visible light irradiation in basic aqueous 

solution.31 Lastly, an organocatalytic method using a soluble imidazolylidene N-heterocyclic 

carbene (NHC) catalyst and oxygen in DMSO32 has been developed for the synthesis of 

HMFCA. However, as the procedure was optimized for furfural oxidation, the presence of the 

hydroxyl group in HMF induced a side reaction (the HMF oxidative esterification) that 

diminished the selectivity and the yield of HMFCA. Even if all these above reported methods 

globally displayed a high selectivity and yield towards HMFCA synthesis, they present some 

limitations as well. Thus, the search for highly selective, but also eco-friendly, and operationally 

simple synthesis of HMFCA still remains an interesting challenge. For this reason, a new 

organocatalyzed procedure has been developed, relying on the formation of HMF-based 

oligomers through oxidative esterifications, followed by oligomer hydrolysis with a basic resin 

in a one-pot two-step fashion (Scheme 2). 

 

 
Scheme 1. Previously reported catalytic approaches to the synthesis of HMFCA. 

 

The process, promoted by a heterogeneous NHC catalyst (triazolylidene), used air as the 

terminal oxidant. The purification of HMFCA was facilitated by the so called “catch and 

release” technique. The same supported NHC catalyst was applied to the synthesis of ester, 
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thioester, and amide derivatives of HMFCA under batch and continuous-flow conditions as well 

as to furfural oxidation to produce furoic acid and its derivatives.  

 
Scheme 2. Aerobic oxidation of 5-hydroxymethylfurfural (HMF) to 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA) and derivatives by heterogeneous NHC-catalysis. 

 

4.2  Results and discussion 

Starting from the previous results obtained on glycerol monoesterification33 (see 

Chapter 3), a preliminary investigation on HMFCA synthesis by oxidative NHC-catalysis 

focused on the use of the polystyrene-supported triazolium pre-catalyst A (Table 1). 

Accordingly, the heterogeneous organocatalyst A (20 mol%) was tested using DBU (50 mol%) 

as the optimal base and air as the terminal oxidant in anhydrous THF (Table 1, entry 1). 

However, along with HMFCA (35%) that was the expected product of the oxygenative 

pathway34−36 of HMF oxidation (see Scheme 4 for further details), other two products were 

detected, contributing to the almost complete conversion of HMF. These were an α-diketone 

compound, 5,5’-bihydroxymethyl furil (BHMF), formed by NHC-catalysed self-condensation 

of HMF followed by selective based-promoted oxidation of the hydroxyketone functionality of 

the benzoin intermediate37 and a HMF-based polyester oligomers (poly-HMFCA) attributed to 

the sequential oxidative esterification involving the primary hydroxyl group of HMF as the 

nucleophile (NuH, see Scheme 4 for further details). Unfortunately, the addition of water in the 

reaction medium (2:1 THF:H2O) with the aim to increase the formation of the target carboxylic 

acid did not lead to the desired outcome (entry 2). On the contrary, the use of the Kharasch 

oxidant 1 (1 equiv.) under degassed (Argon) anhydrous conditions yielded poly-HMFCA, 

underlying the occurrence of the sole oxidative pathway (entry 3). Thus, attempts to increase 

the yield of HMFCA under degassed environment by adding an excess of water in the reaction 

medium (which act as the nucleophile) did not provide the selective formation of target 

carboxylic acid (50%), which was instead detected along with poly-HMFCA (42%, entry 4). 
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As the side polycondensation of HMF could not be suppressed, the further investigations 

relayed on the use of poly-HMFCA as precursor of HMFCA by subsequent polyester 

hydrolysis.  

 

Table 1. Screening of reaction conditions with supported triazolium pre-catalyst A.a 

 
Entry Oxidant (mol%) HMFCA (%)b BHMF (%)b poly-HMFCA (%)b 

1 Air 35 28 29 

2c Air 38 25 10 

3d 1 (100) / / 95 

4c,d 1 (100) 50 / 42 

5 Air, 2 (20)/3 (5) 5 / 92 

6 Air, 3 (5) 5 / 92 

7 Air, FeCl3 (20) 8 35 5 

8e Air, 3 (5) 5 / 93 

9e,f Air, 3 (5) 5 / 91 
aHMF (1 mmol), THF (4.0 mL), atmospheric air (balloon technique). bYield detected by 1H 

NMR of the crude reaction mixture after aqueous work-up with 1 M HCl (durene as an 

internal standard). c 2:1 THF:H2O as the solvent. dDegassed conditions (Ar). eAnhydrous 

Me-THF as the solvent. fReaction performed with recycled A. 

 

An electron transfer mediator system was additionally tested using the inexpensive alcohol 

precursor 2 (20 mol%) in the presence of iron(II)phthalocyanine 3 (5 mol%) and with 

atmospheric oxygen as the terminal oxidant. Gratifyingly, these conditions led to the target 

poly-HMFCA with a 92% yield and only a slight formation of HMFCA (entry 5). Moreover, 

this outcome was kept unaltered even in the absence of the alcohol 2 (entry 6), indicating that 
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phthalocyanine 3 (E = +0.74 V vs. SCE)38 is able to mediate the aerobic oxidative esterification 

of HMF with a low energy barrier and it reacts faster than oxygen with the Breslow intermediate 

(suppression of the oxygenative pathway; see Scheme 4 fur further details). On the other hand, 

the use of the previously reported catalytic oxidant FeCl3
39 turned out to be less effective and 

selective in HMF oxidation (entry 7). Lastly, the process sustainability was further enhanced 

with the use of the biomass-derived methyltetrahydrofuran (Me-THF)40 as solvent (entry 8), 

showing an unaltered selectivity. 

With the optimal conditions defined (Table 1, entry 8), the collected reaction mixture 

was filtered, acidified with 1 M HCl solution, and extracted with ethyl acetate. Subsequently, 

the concentrated organic phase was dissolved in dichloromethane and diluted with cold 

methanol to give the poly-HMFCA species as a precipitate. The newly poly-HMFCA 

compound was therefore properly characterized by NMR and MS analyses. According to 1H 

NMR analyses, a linear polyester oligomer was formed. The integration of signals at 5.30 ppm 

and 4.67 ppm corresponding to the internal and terminal methylene resonance, respectively, 

allowed to identify an average of repeated units (n) equal to 7.8 (Figure 1a). While the carbonyl 

carbon of the ester linkages was easily recognized at 158.1 ppm in the 13C NMR spectrum, the 

carboxylic acid end-groups, instead, were not clearly identified from the background noise 

(Figure 1b). Anyway, the structure was confirmed through derivatization with diazomethane, 

observing the appearance of the diagnostic resonance of the methyl ester group at 3.80 ppm and 

52.1 ppm in the 1H NMR and 13C NMR spectra, respectively (Figure 2).  

 

 

Figure 1. a) 1H NMR spectra of poly-HMFCA in CDCl3. 



72 

 

 

 
Figure 1 (continued). b) 13C NMR spectra of poly-HMFCA in CDCl3. 

 

Figure 2. a) 1H NMR spectra (CDCl3) of poly-HMFCA-Me-ester. 

 

a) 
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Figure 2 (continued). b) 13C NMR spectra (CDCl3) of poly-HMFCA-Me-ester. 

 

The structure of the poly-HMFCA with the recurrence of methylfuran-2-carboxylate repeat unit 

was further confirmed by negative-ion mode ESI mass spectrum of poly-HMFCA (Figure 3a). 

Accordingly, a main series of ions, corresponding to deprotonated polyester oligomers (n= 1−8) 

with peak-to-peak mass increment of 124 Da were detected. Moreover, the calculated spectrum 

of poly-HMFCA (Figure 3b) and MS/MS analysis of the selected ionic species at m/z 885 

(Figure 3c) further supported the proposed interpretation.  

 

 

 

 

 

 

 

 

 

Figure 3. a) Experimental ESI-MS spectra (negative ion mode) of poly-HMFCA.  

 

b) 
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Figure 3 (continued). b) ESI-MS spectra (negative ion mode) of poly-HMFCA. c) poly-HMFCA MS/MS mass 

spectrum of selected ion at m/z 885. 

 

At this point, the poly-HMFCA oligomers were subjected to derivatization for accessing 

different carboxylic acid derivatives (Scheme 3). A preliminary investigation under 

homogeneous conditions on the basic hydrolysis of the polyester for HMFCA synthesis was 

conducted (Scheme 3, path a) using an aqueous KOH solution. Subsequently, a set of ionic 

supported based (Amberlite IRN78, Amberlyst A26 OH form, Ambersep 900 OH) were 

screened with the aim to selectively catch the carboxylate ion of HMFCA on support for 

impurities removal and subsequently release the acid in solution by protonation. Therefore, 

through a “catch and release” technique, the target HMFCA was obtained in 87% overall yield 

(one-gram scale). Once the precatalyst A was recovered through filtration, the crude mixture of 

the oxidative esterification was diluted with water (20:1 Me-THF:H2O) and treated at room 

temperature with Ambersep 900 OH. After filtration, the resin was suspended in acetic acid for 

one hour affording the target carboxylic acid.  

c) 
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The synthetic relevance of poly-HMFCA was additionally highlighted with the preparation of 

ester and amide derivatives of HMFCA. The target HMFCA methyl ester 4 was obtained in 

90% overall yield, after column chromatography, when crude poly-HMFCA was treated with 

catalytic sodium methoxide (MeOH, 65 °C) (Scheme 3, path b). A similar one-pot two-step 

procedure was also investigated for the production of secondary amide 5 (88% yield) with 

butylamine as the nucleophile (2 equiv.) and catalytic DMAP (Me-THF, 70 °C; path c). 

 

 
Scheme 3. One-pot two-step synthesis of ester 4 (path a), amide 5 (path b), and HMFCA through a “catch and 

release” technique (path c). 

  

With the aim to compare the obtained results with the direct conversion of HMF into the 

corresponding ester, amide, and thioester derivatives, a parallel study with A/3/air system was 

also conducted (Table 2). To limit the side poly-condensation of HMFCA, an excess (5 equiv.) 

of nucleophile was used. The HMFCA methyl ester 4 and its higher homologue 6 were obtained 

in good yields; on the contrary, the synthesis of the secondary amide 5 (8%) produced 

unsatisfactory results, furnishing no strong evidences to clarify a probable NHC-catalysed 

aldehyde oxidative amidation mechanism.41 Indeed, the preferential formation of HMF imine 

was instead observed. However, the use of the pyrrolidine secondary ammine reestablished the 

efficiency of the oxidative process generating the amide 7 in 61% isolated yield. The synthesis 

of a thioester derivative was also investigated and the target compound 8 was isolated in 48% 

yield despite the occurrence of competitive ethanethiol oxidation.42 

The scope of the disclosed methodology was also extended to the synthesis of furoic acid and 

its derivatives. Indeed, the carboxylic acid 9, which is a promising precursor of FDCA,43 was 

obtained in 90% yield, a comparable result to that obtained with a soluble imidaziolium 
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promoter,32 thus confirming the high catalytic activity of the supported pre-catalyst A. The 

carboxylic acid derivatives, ester 10, amide 11, and thioester 12, were all obtained with higher 

efficiency compared to the HMF-based analogous thanks to the lack of polycondensation side 

reaction. 

 

Table 2. Reaction scope of HMF and FF with pre-catalyst A/3/air oxidation system. 

 
 

Lastly, the set-up of a flow procedure for the continuous production of selected HMF 

and FF oxidation products was investigated (Table 3). As reported in Chapter 3, a stainless-

steel column (length 10 cm, 0.46 cm internal diameter) fixed-bed microreactor R1 was 

fabricated by slurry packing the pre-catalyst A. The microreactor R1 was fully characterized 

and, as formerly observed,33 the use of the A/3/air system was hampered by the low 

concentration of oxygen within the reactor. Hence, the Kharasch oxidant 1 was instead used 

and after a brief optimization procedure in flow, the scope of the reaction was explored. 

According to the information reported in Table 3, the flow experiments were conducted by 

independently pumping inside the pre-activated reactor degassed (Ar) solutions of 

aldehyde/NuH and DBU/1. Flow rates were adjusted to achieve high conversions (≥ 90%) for 

an easier downstream purification of the target products and for the recovery of alcohol 1’ for 

subsequent regeneration and recycle of the oxidant 1 (as explained in Chapter 3). 
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Table 3. Continuous-flow production of selected HMF and FF oxidation products. 

 
 

A mechanism which clarifies the formation of the carboxylic acid and its derivatives has 

also been proposed on the basis of previous works (see also Chapter 3, Scheme 7).33,44,45 Indeed, 

catalytic Kharasch oxidant 1 could be generated in situ from the inexpensive precursor alcohol 

2 in the presence of iron(II) phthalocyanine 3 and atmospheric oxygen as the terminal oxidant. 

After electron transfer from the Breslow intermediate to 1, the acyl azolium species is formed 

along with the reduced alcohol 1’, which in turn is re-oxidized to 1 by phthalocyanine 3 and 

oxygen (Scheme 4, red route). As already mentioned, the target carboxylic acids, HMFCA and 

9, are the expected products of the oxygenative pathway35−37 of HMF and FF oxidation, 

respectively. The carboxylic acid derivatives as well as poly-HMFCA are instead the expected 

products of the oxidative pathway which is favored in the presence of an external oxidant. 
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4.4 Experimental section 

General experimental procedure 

Reactions were monitored by TLC on silica gel 60 F254 with detection by charring with 

potassium permanganate and/or phosphomolybdic acid. Flash column chromatography was 

performed on silica gel 60 (230−400 mesh). 1H NMR (300 MHz) and 13C NMR (101 MHz) 

spectra were recorded in CDCl3 or acetone-d6 solutions at room temperature. The chemical 

shifts in 1H NMR and 13C NMR spectra were referenced to trimethylsilane (TMS). Peak 

assignments were aided by 1H-1H COSY and gradient-HMQC experiments. For high resolution 

mass spectrometry (HRMS) the compounds were analysed using the LTQ-Orbitrap XL mass 

spectrometer (Thermo Scientific Inc., Milan, Italy) equipped with an electrospray ion source 

(Thermo Scientific Inc., Milan, Italy) set as follows: positive ion mode, spray voltage 5.5 kV, 

capillary temperature 275 °C, capillary voltage 16 V, tube lens offset 120 V. The MS analyser 

was externally calibrated with the LTQ ESI Positive Ion Calibration Solution (Thermo Fisher, 

Milan, Italy) to yield accuracy below 5 ppm. Accurate mass data were collected by directly 

infusing samples in 80:20 H2O:ACN 0.1% Formic Acid into the system at a flow rate of 20 μL 

min−1. Solvents were dried over a standard drying agent and freshly distilled prior to use. Pre-

catalyst A was synthetized according to a literature procedure.33 Kharasch oxidant 1, 2,6-di-

tert-butylphenol 2, iron(II) phthalocyanine 3, 5-hydroxymethylfurfural (HMF), furfural (FF), 

AMBERSEP 900 OH were commercially available and used as received. DBU was freshly 

distilled before its utilization. 5,5’-bihydroxymethyl furil (BHMF),46 5-hydroxymethyl-2-

furancarboxylic acid (HMFCA),47 4,48 9,49 10,50 and 1141 are known compounds.  

 

Screening of reaction conditions with pre-catalyst A (Table 1) 

The following reaction conditions explain the operative optimization procedure. In all 

experiments, yield and selectivity were evaluated by 1H NMR analysis of the reaction mixture 

(durene as internal standard). 

Entries 1,2. A stirred mixture of HMF (98 μL, 1.00 mmol), durene (134 mg, 1.00 mmol) and 

pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in the stated solvent (4.0 mL) 

was stirred under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 

0.50 mmol) and the reaction was stirred at room temperature for 16 h. Filtration, washing 

(MeOH) of the resin and concentration of the solution afforded the crude reaction mixture. 

Subsequently, the residue was dissolved in EtOAc (5.0 mL), acidified with 1 M HCl (5.0 mL), 

extracted with EtOAc (3 × 20 mL). The combined organic phases were dried over Na2SO4 and 

concentrated. 
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Entries 3,4. A stirred mixture of HMF (98 μL, 1.00 mmol), 1 (408 mg, 1.00 mmol), durene (134 

mg, 1.00 mmol) and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in the stated 

solvent (4.0 mL) was degassed under vacuum and saturated with argon (by an Ar-filled balloon) 

three times. Then, DBU was added (75 μL, 0.50 mmol) and the reaction was stirred at room 

temperature for 16 h. Filtration, washing (MeOH) of the resin and concentration of the solution 

afforded the crude mixture of the reaction. Subsequently, the residue was dissolved in EtOAc 

(5.0 mL), acidified with 1 M HCl (5.0 mL), extracted with EtOAc (3 × 20 mL). The combined 

organic phases were dried over Na2SO4 and concentrated. 

Entry 5. A stirred mixture of HMF (98 μL, 1.00 mmol), 2 (41 mg, 0.20 mmol), 3 (28 mg, 0.05 

mmol), durene (134 mg, 1.00 mmol) and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 

mmol g−1) in THF (4.0 mL) was stirred under an air atmosphere (by an air-filled balloon). Then, 

DBU was added (75 μL, 0.50 mmol) and the reaction was stirred at room temperature for 16 h. 

Filtration, washing (MeOH) of the resin and concentration of the solution afforded the crude 

mixture of the reaction. Subsequently, the residue was dissolved in EtOAc (5.0 mL), acidified 

with 1 M HCl (5.0 mL), extracted with EtOAc (3 × 20 mL). The combined organic phases were 

dried over Na2SO4, and concentrated. 

Entry 6. A stirred mixture of HMF (98 μL, 1.00 mmol), 3 (28 mg, 0.05 mmol), durene (134 mg, 

1.00 mmol) and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in THF (4.0 mL) 

was stirred under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 

0.50 mmol) and the reaction was stirred at room temperature for 16 h. Filtration, washing 

(MeOH) of the resin and concentration of the solution afforded the crude mixture of the 

reaction. Subsequently, the residue was dissolved in EtOAc (5 mL), acidified with 1 M HCl (5 

mL), extracted with EtOAc (3 × 20 mL). The combined organic phases were dried over Na2SO4 

and concentrated.  

Entry 7. A stirred mixture of HMF (98 μL, 1.00 mmol), FeCl3 (32 mg, 0.20 mmol), durene (134 

mg, 1.00 mmol) and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in THF (4.0 

mL) was stirred under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 

μL, 0.50 mmol), and the reaction was stirred at room temperature for 16 h. Filtration, washing 

(MeOH) of the resin and concentration of the solution afforded the crude mixture of the 

reaction. Subsequently, the residue was dissolved in EtOAc (5.0 mL), acidified with 1 M HCl 

(5.0 mL), extracted with EtOAc (3 × 20 mL). The combined organic phases were dried over 

Na2SO4 and concentrated. 

Entry 8. A stirred mixture of HMF (98 μL, 1.00 mmol), 3 (28 mg, 0.05 mmol), durene (134 mg, 

1.00 mmol) and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in Me-THF (4.0 
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mL) was stirred under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 

μL, 0.50 mmol) and the reaction was stirred at room temperature for 16 h. Filtration, washing 

(MeOH) of the resin and concentration of the solution afforded the crude mixture of the 

reaction. Subsequently, the residue was dissolved in EtOAc (5.0 mL), acidified with 1 M HCl 

(5.0 mL), extracted with EtOAc (3 × 20 mL). The combined organic phases were dried over 

Na2SO4 and concentrated. 

Entry 9. Recycle of the pre-catalyst A was performed by simple filtration, washing (MeOH), 

and drying of the resin. The recycled A was used as described in entry 8. 

 

DBU recycle 

The aqueous phase collected from the work-up of the reaction mixture, was concentrated under 

vacuum and the resulting residue diluted with Me-THF (12 mL) and 1 M NaOH until alkaline 

pH. The resulting mixture was stirred for 2 h, partially concentrated, and extracted with EtOAc 

(3 × 20 mL). The combined organic phases were dried over Na2SO4 and concentrated to give 

DBU (195 mg, 1.29 mmol) at least 90% pure as judged by 1H NMR analysis. 

 

Poly-HMFCA 

 

A stirred mixture of HMF (294 μL, 3.00 mmol), 3 (84 mg, 0.15 mmol) and pre-catalyst A (468 

mg, 0.60 mmol, loading = 1.28 mmol g−1) in Me-THF (12 mL) was stirred under an air 

atmosphere (by an air-filled balloon). Then, DBU was added (225 μL, 1.50 mmol) and the 

reaction was stirred at room temperature for 6 h. Filtration, washing (MeOH) of the resin and 

concentration of the solution afforded crude poly-HMFCA. Subsequently, the residue was 

dissolved in EtOAc (10 mL), acidified with 1 M HCl (10 mL), extracted with EtOAc (3 × 30 

mL). The combined organic phases were dried over Na2SO4 and concentrated. Finally, the 

mixture was dissolved in dichloromethane (8 mL) and diluted with cold methanol (80 mL) to 

give poly-HMFCA (351 mg, 93%) as a precipitate. 1H NMR (300 MHz, CDCl3) δ = 7.17 (s, 

8H, Ar), 6.58 (s, 8H, Ar), 5.30 (s, 16H, COOCH2), 4.67 (s, 2H, CH2); 13C NMR (101 MHz, 

CDCl3) δ = 158.1 (CO), 153.8 (ArC, Furandimethylene), 144.4 (ArC, Furandicarboxylate), 

119.9 (ArCH, Furandicarboxylate), 113.3 (ArCH, Furandimethylene), 58.4 (COOCH2). ESI-

MS ([M − H]−) found: 884.9, requires: 886.1 for n = 5.  
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Poly-HMFCA Me- ester 

 

A stirred solution of poly-HMFCA (25 mg) in dichloromethane (1.0 mL) was cooled down at 

0 °C. Thus, an ethereal solution of diazomethane was added dropwise and let the mixture stirred 

an additional 30 min. Then, it was warmed to room temperature, and evaporated to afford poly-

HMFCA Me- ester. 1H NMR (300 MHz, CDCl3) δ = 7.17 (s, 8H, Ar), 6.58 (s, 8H, Ar), 5.30 (s, 

16H, COOCH2), 4.67 (s, 2H, CH2), 3.90 (s, 3H, COOCH3); 13C NMR (101 MHz, CDCl3) δ = 

157.8 (CO), 153.4 (ArC, Furandimethylene), 144.1 (ArC, Furandicarboxylate), 119.6 (ArCH, 

Furandicarboxylate), 112.9 (ArCH, Furandimethylene), 58.0 (COOCH2), 52.1 (OCH3). 

 

5-(Hydroxymethyl)furan-2-carboxylic acid (HMFCA) 

 

A mixture of HMF (784 μL, 8.00 mmol), 3 (224 mg, 0.40 mmol) and pre-catalyst A (1.25 g, 

1.60 mmol, loading = 1.28 mmol g−1) in Me-THF (30 mL) was stirred under an air atmosphere 

(by an air-filled balloon). Then, DBU was added (600 μL, 4.00 mmol) and the reaction was 

stirred at room temperature for 6 h. Filtration, washing (MeOH) of the resin and concentration 

of the solution afforded crude poly-HMFCA (1.45 g). The above crude poly-HMFCA (1.45 g) 

was dissolved in a Me-THF:H2O mixture (20 mL Me-THF, 1.0 mL H2O) and stirred in the 

presence of Ambersep 900 OH resin (4.00 g) at room temperature for 4 h. The resin was filtered 

off, thoroughly washed with EtOAc and suspended in acetic acid (10 mL) for 1 h. Subsequently, 

filtration, washing (EtOAc) of the resin and concentration of the solution afforded crude 

HMFCA. Purification by crystallization (EtOAc) afforded HMFCA (0.98 g, 87%) as a 

colourless solid with spectroscopic data in accordance with the literature.47 mp 159−161 °C 

(EtOAc) {Lit.51 163−164 °C}; 1H NMR (300 MHz, acetone-d6) δ = 7.14 (d, J 3.4 Hz, 1H, Ar), 

6.46 (d, J 3.4 Hz, 1H, Ar), 4.58 (s, 2H, CH2), 3.92 (bs, 1H, OH); 13C NMR (101 MHz, acetone-

d6) δ = 160.2 (CO), 159.1 (ArC-2), 144.8 (ArC-5), 118.7 (ArCH-3), 108.9 (ArCH-4), 56.8 

(COOCH2). HRMS (ESI/Q-TOF) calcd. for C6H7O4 ([M + H]+): 143.0339; found: 143.0336. 

 

Methyl 5-(hydroxymethyl)furan-2-carboxylate (4) 
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Procedure A: one-pot two step technique. 

A stirred mixture of HMF (98 μL, 1.00 mmol), 3 (28 mg, 0.05 mmol) and pre-catalyst A (156 

mg, 0.20 mmol, loading = 1.28 mmol g−1) in Me-THF (4.0 mL) was stirred under an air 

atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 0.50 mmol) and the 

reaction was stirred at room temperature for 6 h. Filtration, washing (MeOH) of the resin and 

concentration of the solution afforded crude poly-HMFCA (190 mg). Later, a mixture of the 

above crude poly-HMFCA (190 mg), MeOH (5 mL) and a catalytic amount of sodium 

methoxide (6 mg, 5% wt) was stirred at 65 °C for 6 h. Subsequently, the reaction was cooled to 

room temperature, concentrated, and eluted from a column of silica gel with 1:1 

cyclohexane:EtOAc to afford 4 (140 mg, 90%) as a colourless liquid with spectroscopic data in 

accordance with the literature.48  

Procedure B: direct synthesis. 

A mixture of HMF (98 μL, 1.00 mmol), MeOH (202 μL, 5.00 mmol), 3 (28 mg, 0.05 mmol) 

and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in Me-THF (4.0 mL) was 

stirred under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 0.50 

mmol), and the reaction mixture was stirred at room temperature for 16 h. Subsequently, the 

reaction was filtrated, and the resin was washed with EtOAc and MeOH. Concentration of the 

solution, and elution from a column of silica gel with 1:1 cyclohexane:EtOAc afforded 4 (100 

mg, 64%) as a colourless liquid with spectroscopic data in accordance with the literature.48 

1H NMR (300 MHz, CDCl3) δ = 7.14 (d, J 3.4 Hz, 1H, Ar), 6.42 (d, J 3.4 Hz, 1H, Ar), 4.68 (d, 

J 3.4 Hz, 2H, CH2), 3.89 (s, 3H, OCH3), 2.02 (t, J 3.4 Hz, 1H, OH); 13C NMR (101 MHz, 

CDCl3) δ = 159.5 (CO), 158.6 (ArC-2), 144.5 (ArC-5), 119.2 (ArCH-3), 109.8 (ArCH-4), 57.9 

(CH2OH), 52.3 (OCH3). HRMS (ESI/QTOF) calcd. for C7H9O4 ([M + H]+): 157.0495; found: 

157.0491. 

 

N-Butyl-5-(hydroxymethyl)furan-2-carboxamide (5) 

 

Procedure A: one-pot two step technique. 

A stirred mixture of HMF (98 μL, 1.00 mmol), 3 (28 mg, 0.05 mmol) and pre-catalyst A (156 

mg, 0.20 mmol, loading = 1.28 mmol g−1) in Me-THF (4.0 mL) was stirred under an air 

atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 0.50 mmol) and the 

reaction was stirred at room temperature for 6 h. Filtration, washing (MeOH) of the resin and 

concentration of the solution afforded crude poly-HMFCA (190 mg). A mixture of the above 
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crude poly-HMFCA (190 mg), BuNH2 (200 μL, 2.00 mmol) and DMAP (12 mg, 0.10 mmol) 

in Me-THF (4.0 mL) was stirred at 70 °C for 24 h. Subsequently, the reaction was cooled to 

room temperature, concentrated, and eluted from a column of silica gel with 1:2 

cyclohexane:EtOAc to afford 5 (173 mg, 88%) as a colourless oil.  

Procedure B: direct synthesis. 

A mixture of HMF (98 μL, 1.00 mmol), BuNH2 (500 μL, 5.00 mmol), 3 (28 mg, 0.05 mmol) 

and pre-catalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) in Me-THF (4.0 mL) was 

stirred under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 0.50 

mmol), and the reaction mixture was stirred at room temperature for 16 h. Subsequently, the 

reaction was filtrated, and the resin was washed with EtOAc and MeOH. Concentration of the 

solution, and elution from a column of silica gel with 1:2 cyclohexane:EtOAc afforded 5 (16 

mg, 8%) as a colourless oil. 

1H NMR (300 MHz, CDCl3) δ = 7.02 (d, J 3.4 Hz, 1H, Ar), 6.37 (d, J 3.4 Hz, 1H, Ar + bs, 1H, 

NH), 4.63 (s, 2H, OCH2), 3.45 − 3.37 (m, 2H, CH2(H-1butyl)), 1.81 (bs, 1H, OH), 1.63 − 1.52 (m, 

2H, CH2(H-2butyl)), 1.45 − 1.34 (m, 2H, CH2(H-3butyl)), 0.95 (t, J 7.3 Hz, 3H, CH3(butyl)); 13C NMR 

(101 MHz, CDCl3) δ = 158.4 (CO), 155.5 (ArC-2), 147.8 (ArC-5), 114.6 (ArCH-3), 110.0 

(ArCH-4), 57.4 (CH2OH), 38.9 (CH2(H-1butyl)), 31.7 (CH2(H-2butyl)), 20.0 (CH2(H-3butyl)), 13.7 

CH3(butyl)). HRMS (ESI/Q-TOF) calcd. for C10H16NO3 ([M + H]+): 198.1125; found: 198.1121. 

 

General procedure for the oxidative esterification, thioesterification, and amidation of 

HMF or FF (Table 2) 

A mixture of HMF (98 μL, 1.00 mmol) or FF (83 μL, 1.00 mmol), the stated nucleophile (5 

equiv.), 3 (28 mg, 0.05 mmol) and precatalyst A (156 mg, 0.20 mmol, loading = 1.28 mmol g−1) 

in Me-THF (4.0 mL) was stirred under an air atmosphere (by an airfilled balloon). Then, DBU 

was added (75 μL, 0.50 mmol), and the reaction was stirred at room temperature for 16 h. 

Filtration and washing (EtOAc and MeOH) of the resin, concentration, and elution of the 

resulting residue from a column of silica with the suitable elution system afforded the desired 

product. 

 

Butyl 5-(hydroxymethyl)furan-2-carboxylate (6) 

 

Column chromatography with 2:1 cyclohexane:EtOAc afforded 6 (123 mg, 62%) as a colorless 

liquid. 1H NMR (300 MHz, CDCl3) δ = 7.12 (d, J 3.4 Hz, 1H, Ar), 6.41 (d, J 3.4 Hz, 1H, Ar), 
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4.68 (d, J 3.4 Hz, 2H, OCH2), 4.30 (t, J 6.7 Hz, 2H, CH2(H-1butyl)), 1.98 (t, J 3.4 Hz, 1H, OH), 

1.78 − 1.66 (m, 2H, CH2(H-2butyl)), 1.51 − 1.38 (m, 2H, CH2(H-3butyl)), 0.96 (t, J 7.4 Hz, 3H, 

CH3(butyl)); 13C NMR (101 MHz, CDCl3) δ = 159.2 (CO), 158.5 (ArC-2), 144.8 (ArC-5), 118.9 

(ArCH-3), 109.7 (ArCH-4), 65.2 (CH2(H-1butyl)), 58.0 (CH2OH), 31.1 (CH2(H-2butyl)), 19.5 (CH2(H-

3butyl)), 14.0 (CH3(butyl)). HRMS (ESI/Q-TOF) calcd. for C10H15O4 ([M + H]+): 199.0965; found: 

199.0961. 

 

(5-(Hydroxymethyl)furan-2-yl)(pyrrolidin-1-yl)methanone (7) 

 

Column chromatography with 2:1 DCM:acetone afforded 7 (119 mg, 61%) as a colorless oil. 

1H NMR (300 MHz, CDCl3) δ = 6.96 (d, J 3.4 Hz, 1H, Ar), 6.37 (d, J 3.4 Hz, 1H, Ar), 4.65 (s, 

2H, CH2), 3.81 (t, J 6.7 Hz, 2H, CH2(H-2pyrrolidin)), 3.64 (t, J 6.7 Hz, 2H, CH2(H-5pyrrolidin)), 2.05 − 

1.95 (m, 2H, CH2(H-3pyrrolidin)), 1.95 − 1.84 (m, 2H, CH2(H-4pyrrolidin) + bs, 1H, OH); 13C NMR 

(101 MHz, CDCl3) δ = 158.5 (CO), 156.3 (ArC-2), 148.6 (ArC-5), 116.7 (ArCH-3), 109.4 

(ArCH-4), 58.0 (CH2OH), 48.1 (CH2(H-2pyrrolidin)), 47.3 (CH2(H-5pyrrolidin)), 26.9 (CH2(H-3pyrrolidin)), 

24.1 (CH2(H-4pyrrolidin)). HRMS (ESI/Q-TOF) calcd. for C10H14NO3 ([M + H]+): 196.0968; found: 

196.0964. 

 

S-Ethyl 5-(hydroxymethyl)furan-2-carbothioate (8) 

 

The reaction was conducted in the dark.42 Column chromatography with DCM +2% acetone 

afforded 8 (89 mg, 48%) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ = 7.14 (d, J 3.5 Hz, 

1H, Ar), 6.44 (d, J 3.5 Hz, 1H, Ar), 4.69 (s, 2H, OCH2), 3.06 (q, J 7.4 Hz, 2H, CH2(ethyl)), 1.98 

(bs, 1H, OH), 1.34 (t, J 7.4 Hz, 3H, CH3(ethyl)); 13C NMR (101 MHz, CDCl3) δ = 180.9 (CO), 

158.4 (ArC-2), 150.9 (ArC-5), 116.7 (ArCH-3), 110.1 (ArCH-4), 58.0 (CH2OH), 23.0 

(CH2(ethyl)), 15.2 (CH3(ethyl)). HRMS (ESI/Q-TOF) calcd. for C8H11O3S ([M + H]+): 187.0423; 

found: 187.0420. 

 

Butyl furan-2-carboxylate (10) 
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Column chromatography with 13:1 cyclohexane:EtOAc afforded 10 (152 mg, 90%) as a 

colorless oil with spectroscopic data in accordance with the literature.50 1H NMR (300 MHz, 

CDCl3) δ = 7.57 (dd, J 1.7, 0.8 Hz, 1H, Ar), 7.17 (dd, J 3.5, 0.8 Hz, 1H, Ar), 6.50 (dd, J 3.5, 

1.7 Hz, 1H, Ar), 4.31 (t, J 6.7 Hz, 2H, CH2(H-1butyl)), 1.78 – 1.68 (m, 2H, CH2(H-2butyl)), 1.51–1.39 

(m, 2H, CH2(H-3butyl)), 0.97 (t, J 7.4 Hz, 3H, CH3(H- 4butyl)); 13C NMR (101 MHz, CDCl3) δ = 

158.9 (CO), 146.1 (ArC-2), 144.9 (ArCH-5), 117.6 (ArCH-3), 111.7 (ArCH-4), 64.8 (CH2(H-

1butyl)), 30.7 (CH2(H-2butyl)), 19.1 (CH2(H-3butyl)), 13.7 (CH3(H- 4butyl)). HRMS (ESI/Q-TOF) calcd. 

for C9H13O3 ([M + H]+): 169.0859; found: 169.0855. 

 

Furan-2-yl(pyrrolidin-1-yl)methanone (11) 

 

Column chromatography with 8:1 cyclohexane:EtOAc afforded 11 (132 mg, 79%) as a yellow 

oil with spectroscopic data in accordance with the literature.41 1H NMR (300 MHz, CDCl3) δ 

= 7.49 (dd, J 1.7, 0.8 Hz, 1H, Ar), 7.05 (dd, J 3.4, 0.8 Hz, 1H, Ar), 6.48 (dd, J 3.4, 1.7 Hz, 1H, 

Ar), 3.83 (t, J 6.7 Hz, 2H, CH2(H-2pyrrolidin)), 3.65 (t, J 6.7 Hz, 2H, CH2(H-5pyrrolidin)), 2.05 – 1.93 

(m, 2H, CH2(H-3pyrrolidin)), 1.93 – 1.86 (m, 2H, CH2(H-4pyrrolidin)); 13C NMR (101 MHz, CDCl3) δ 

= 158.1 (CO), 148.8 (ArC-2), 143.9 (ArCH-5), 115.7 (ArCH-3), 111.3 (ArCH-4), 47.8 (CH2(H-

2pyrrolidin)), 47.0 (CH2(H-5pyrrolidin)), 26.6 (CH2(H-3pyrrolidin)), 23.7 (CH2(H-4pyrrolidin)). HRMS (ESI/Q-

TOF) calcd. for C9H12NO2 ([M + H]+): 166.0863; found: 166.0857. 

 

S-Ethyl furan-2-carbothioate (12) 

 

The reaction was conducted in the dark.43 Column chromatography with 3:1 cyclohexane:DCM 

afforded 12 (82 mg, 52%) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ = 7.56 (dd, J 1.7, 

0.7 Hz, 1H, Ar), 7.17 (dd, J 3.5, 0.7 Hz, 1H, Ar), 6.52 (dd, J 3.5, 1.7 Hz, 1H, Ar), 3.05 (q, J 7.3 

Hz, 2H, CH2(H-1ethyl)), 1.34 (t, J 7.3 Hz, 3H, CH3(H-2ethyl)); 13C NMR (101 MHz, CDCl3) δ = 

180.7 (CO), 151.0 (ArC-2), 145.9 (ArCH-5), 115.2 (ArCH-3), 112.1 (ArCH-4), 22.6 (CH2(ethyl)), 

14.8 (CH3(ethyl)). HRMS (ESI/Q-TOF) calcd. for C7H9O2S ([M + H]+): 157.0318; 

found:157.0312. 
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Furoic acid (9) 

 

A mixture of FF (83 μL, 1.00 mmol), 3 (28 mg, 0.05 mmol) and pre-catalyst A (156 mg, 0.20 

mmol, loading = 1.28 mmol g−1) in 2:1 THF:H2O (2.7 mL THF + 1.3 mL H2O) was stirred 

under an air atmosphere (by an air-filled balloon). Then, DBU was added (75 μL, 0.50 mmol), 

and the reaction was stirred at room temperature for 16 h. Filtration, washing (EtOAc) of the 

resin and concentration of the solution afforded a residue that was diluted with EtOAc (5.0 mL) 

and 1 M HCl (5.0 mL). The aqueous phase was extracted with fresh portions of EtOAc (2 × 10 

mL). The collected organic phases were washed with saturated NaHCO3 solution (5.0 mL). 

Subsequently, the aqueous phase was acidified with 1 M HCl and extracted with EtOAc (2 × 10 

mL). The combined organic phases were dried over Na2SO4 and concentrated to give furoic 

acid 9 (101 mg, 90%) at least 95% pure as judged by 1H NMR analysis. Purification by 

crystallization (EtOH) afforded 9 as a gray solid with spectroscopic data in accordance with the 

literature.49 mp 129−130 °C (EtOH) {Lit.52 130−132 °C}; 1H NMR (300 MHz, CDCl3) δ = 

10.22 (bs, 1H, OH), 7.64 (d, J 1.6 Hz, 1H, Ar), 7.33 (d, J 3.4 Hz, 1H, Ar), 6.55 (dd, J 3.4, 1.6 

Hz, 1H, Ar); 13C NMR (101 MHz, CDCl3) δ = 163.4 (CO), 147.4 (ArC-2), 143.9 (ArCH-5), 

120.0 (ArCH-3), 112.2 (ArCH-4). HRMS (ESI/Q-TOF) calcd. for C5H5O3 ([M + H]+): 

113.0233; found: 113.0229. 

 

Continuous-flow production of selected HMF and FF oxidation products (Table 3) 

The continuous flow apparatus setup was made of two binary pumps (Agilent 1100 and Agilent 

1100 micro series) and the microreactor R1 was fabricated by using a 10 × 0.46 cm stainless-

steel column as described in reference 33. Channel-A was used to deliver a continuously 

degassed solution of HMF (0.25 M) [or FF (0.25 M)] and the nucleophile (0.75 M) dissolved in 

Me-THF. Channel-B, instead, delivered a continuously degassed solution of DBU (0.12 M) and 

1 (0.25 M) in Me-THF. The feed solutions were pumped at the stated flow rate (reported in 

Table 3) through the 3-way valve. Microreactor R1 was initially activated by pumping (channel 

B, 50 μL min−1 for 20 min) a degassed solution of DBU (0.75 M). The microreactor operated 

for 6 h under steady-state conditions. Later, the collected solution was concentrated, and eluted 

from a column of silica gel with the suitable elution system to recover first the alcohol 1’ and 

then give the products 4, 7, 10, 11. The quantitative oxidation of 1’ to the Kharasch oxidant 1 

was performed with air (1 atm, balloon) and catalytic phthalocyanine 3 (10 mol%, THF, RT).33 
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5. Oxidative NHC-catalysis as organocatalytic 
platform for the synthesis of polyester oligomers by 
step-growth polymerization 
 
The work described in this chapter has formed the basis of the following peer reviewed 

publication: D. Ragno, G. Di Carmine, A. Brandolese, O. Bortolini, P. P. Giovannini, G. 

Fantin, M. Bertoldo, A. Massi, Chem. Eur. J., 2019, 25(64), 14701−14710. 

    

5.1  Introduction 
In the past decade, organocatalyst applications have been hugely increased, including 

the macromolecular synthesis for polymer material productions. These new strategies, 

complementary to metal-catalysed approaches, avoid the presence of any metallic residues in 

the products and show to be useful in high-value applications in the areas of microelectronic 

and biomedical devices or food packaging.1 Numerous organic activators, including 

Brønsted/Lewis acids or bases have been used as catalysts, both for chain-growth 

polymerizations and step-growth, and for depolymerization reactions as well. However, 

whereas organocatalytic chain-growth polymerizations have been deeply explored,2 the use of 

organocatalysts for the synthesis of polyesters (PEs), polyurethanes (PUs), and polycarbonates 

(PCs) by step-growth polymerization is more restricted. Among all the types of polymers, 

polyester materials cover almost the 18% of the world plastic production, finding applications 

in food packaging, clothing, biomedical, and electronic devices.3 These compounds can be 

easily accessed through three main strategies, which include ring-opening polymerization 

(ROP) of cyclic esters (chain-growth process), self-polycondensation of hydroxy acids and 

step-growth polymerization of diols and diacids or their derivatives (Figure 1).4  

 
Figure 1. Main synthetic strategies for the synthesis of polyesters. 
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The latter, as already mentioned, has not been largely investigated yet, although the modularity 

and compatibility with functionalized monomers to access a wide range of polymers for 

diversified applications is easily feasible by this method.5 On the contrary, the polycondensation 

of diols and activated carboxylic derivatives represents the favourite synthetic route for 

industry, although the ROP promises an accurate control of dispersity and molecular weight.3,4 

In this research field, N-heterocyclic carbenes (NHCs)6 turned out to be interesting 

organocatalysts thanks to their peculiar features (Figure 2).  
 

 
Figure 2. Scope of NHC-mediated polymerization reactions. 
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Indeed, they show ambiphilicity (-basicity and -acidity), moderate nucleophilicity, and 

strong basicity6 and for these reasons, all types of catalytic activation modes by NHCs have 

been conveniently exploited for the preparation of polymers. Numerous monomers such as 

lactones, anhydrides, carbonates, epoxides, lactams, siloxanes, acrylates, and aldehydes, have 

been employed under mainly ring opening and step-growth polymerization processes (Figure 

2).7,8However, the applications in the step-growth polymerization to polyesters through NHCs 

catalysis remain scarcely explored, in fact, the sole poly-condensation of ethyl glycolate and 

the synthesis of polyethylene terephthalate (PET) by two-step strategy has been reported.9 In 

particular, the ambiphilic character of NHCs has been used for the polybenzoin condensation 

of terephthalaldehyde10 and the iterative Stetter reaction of dialdehydes and enones affording 

polymeric 1,4-diketones (Scheme 1a).11 As well known, these procedures rely on the formation 

of the nucleophilic Breslow intermediate,12 while oxidative protocols have not been reported 

yet. The formation of the acyl azolium intermediate, in fact, emerged as useful tools for the 

direct conversion of aldehydes into esters,13,14 thus inspiring the rationalization of a new atom-

economical synthetic route to polyester by step-growth polymerization technique (Scheme 1b). 

 
Scheme 1. NHC umpolung and oxidative catalysis in polymer chemistry. 

 

This unprecedented polycondensation of dialdehydes and diols was initially applied for the 

synthesis of PET and subsequently for polyethylene isophthalate (PEI) oligomers. Furthermore, 

the potential of the revealed methodology for engineering polymers has been validated by the 

polycondensation of bio-based furanic monomers, glycerol, and isosorbide in order to access 

interesting polyester oligomers for the development of environmentally benign macromolecular 
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materials. Indeed, the union of environmental concerns and the desire to reduce the dependence 

on fossil fuels encouraged the investigation on the polymerization of monomers derived from 

renewable feedstocks.12,15,16 Worth to note, oligoesters can be used not only to prepare 

thermoplastic polyesters through subsequent polycondensations but also as components in 

thermosetting resins and formulations along with isocyanates (polyurethane), urea (polyester-

urea) or anhydrides (alkydic resins) to obtain high performance composites, adhesives, coatings 

or inks. 

 

5.2  Results and discussion 
Preliminary investigation on oxidative NHC-catalysed step-grow polymerization 

focused on the polycondensation of ethylene glycol 1a and terephthalaldehyde 2a in the 

presence of the inexpensive triazolium salt A and DBU as the base. According to the results 

reported in the Chapter 4, this precatalyst/base couple proved to be effective in the NHC-

promoted esterification of aldehydes under different oxidative conditions.17 Moreover, a slight 

excess of diol 1a (1.1 equiv.) showed to be necessary in order to promote the formation of bis-

hydroxyl-terminated polymers. To increase the process sustainability, initially the biomimetic 

system of electron transfer mediators (ETMs; 4/5) was employed to verify the use of air as the 

terminal oxidant (Table 1, entry 1). Unfortunately, a low conversion of aldehyde was observed 

(20−22%) in anhydrous THF after 16 hours and the increase of the temperature to 60 °C did not 

improve the reaction outcome (entry 2). On the other hand, the use of stoichiometric amount of 

the Kharasch oxidant 6 turned out to be crucial both for the increase of the conversion (75%, 2 

hours reaction time) and for the isolation of 3aa (precipitation into excess of methanol) with a 

number-average molecular weight (Mn) as determined by 1H NMR analysis of 4.2 kg mol−1 

(entry 3). By extending the reaction time, an increasing of oligomer length (Mn = 6.5 kg mol−1) 

was observed (entry 4). Further attempts to reduce the competitive nucleophilic attack by water 

through the addition of 4Å molecular sieves (MS) did not produce the desired outcome (entry 

5). Neither heating of the reaction mixture (60 °C) nor the replacement of THF with anhydrous 

DCM or with the biomass-derived Me-THF showed enhancement of the polymer growth 

(entries 6−8). Lastly, the replacement of Kharasch oxidant 6 with azobenzene 7 (entry 9) or 

phenazine 8 (entry 10) produced unsatisfactory results as well. As no further increasing in the 

number-average molecular weight could be obtained, the gram-scale synthesis of 3aa (1.69 g, 

88% isolated yield) starting from 10 mmol of aldehyde 2a (entry 11) was carried out. 
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Table 1. Optimization of the reaction conditions for the synthesis of PET oligomers 3aa.a 

 
Entry Oxidant  Time (h) Conv. (%)b 3aa (%)c Mn (kg mol−1)d 

1 Air, 4 (10 mol%)/5 (2.5 mol%) 16 20 10 n.d. 

2e Air, 4 (10 mol%)/5 (2.5 mol%) 16 22 11 n.d. 

3 6 (100 mol%) 2 75 61 4.2 

4 6 (100 mol%) 16 >95 82 6.5 

5f 6 (100 mol%) 16 >95 80 6.5 

6e 6 (100 mol%) 16 >95 71 6.2 

7g 6 (100 mol%) 16 >95 80 6.3 

8h 6 (100 mol%) 16 >95 78 5.8 

9 7 (100 mol%) 2 - - - 

10 8 (100 mol%) 2 61 44 1.9 

11i
 6 (100 mol%) 16 >95 88 6.5 

aConditions: 1a (0.88 mmol), 2a (0.80 mmol), A (0.08 mmol), DBU (0.20 mmol), THF (6.0 mL). bDetected by 1H 
NMR of the crude reaction mixture (durene as internal standard). cIsolated yield via precipitation into excess 
methanol (see the Experimental section). dCalculated by 1H NMR after precipitation of the polymer. eT = 60 °C. 
fReaction run in presence of 4Å MS. gAnhydrous DCM as solvent. hMe-THF as solvent. iConditions: 1a (11.0 
mmol), 2a (10.0 mmol), A (1.00 mmol), 6 (20 mmol), DBU (2.5 mmol), THF (60 mL). 

 
The synthesis of high molecular weight PET was further achieved through an NHC-promoted 

two-step procedure in analogy with the studies of Waymouth,9 Hedrick,9 Sardon,18 and their co-

workers (Scheme 2 and Table 2, entry 2). Therefore, isolated 3aa (Mn = 6.5 kg mol−1) was 

heated at 250 °C for 2 hours under vacuum in the presence of triazolium pre-catalyst A (5 mol%) 

and DBU (5 mol%) affording PET 3aa’ with high molecular weight, as evidenced by the 

disappearance of the end group signals in the 1H NMR spectrum (it was not possible to 

determine the Mn through 1H NMR analysis). 
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Scheme 2. NHC-promoted two-step procedure for the synthesis of high molecular weight PET 3aa’. 

 

The scope of this methodology was additionally proved with the preparation of isophthalate 

oligomers 3ab (Mn = 6.5 kg mol−1; 77% yield), readily obtained from diol 1a and isomeric 

isophthalaldehyde 2b (Table 2, entry 3). Extending the utility of the methodology was targeted 

through the use of renewable monomers, including the abundant and inexpensive glycerol for 

the synthesis of bio-based polymers. Indeed, polyesters derived from glycerol find important 

applications in pharmaceutical and biomedical fields as drug delivery agents,19 surgical 

adhesives,20 and tissue engineering scaffolds.21 However, a controlled degree of acylation of 

glycerol PEs is highly desiderable22,23 as the physical properties of polyglycerol esters strongly 

depend on the linear or branched microstructure of the glycerol unit.24 The use of the optimized 

reaction conditions with terephthalaldehyde 2a and glycerol 1b, however, led to a rapid and 

quantitative formation of poly(glycerol terephthalate) (PGT) 3ba’ as a gel-like material, which 

was insoluble in common organic solvents (DCM, THF, DMSO, DMF) likely because of the 

high content of triacylglycerol units (Scheme 3a and Table 2, entry 4). Bearing in mind the 

challenge to propose an alternative metal-free procedure able to control the acylation of glycerol 

monomers, a screening of the reaction conditions conducted to the synthesis of linear PGT. 

Indeed, pre-catalyst B in combination with triethylamine in dilute solution emerged to be 

suitable to produce linear PGT oligomers 3ba (Mn = 1.5 kg mol−1) in 71% yield after 

precipitation (Scheme 3b and Table 2, entry 5). The catalyst screening suggested that the 

structural variation of NHC catalyst might allow the regioselective activation of the polyol 

substrate to produce polyesters with a well-defined architecture. Although the presented 

strategy did not permit to achieve high molecular weight linear PGT 3ba, the maintenance of 

polyester microstructure was still observed, thanks to the mild reaction conditions that 

precluded acyl group migration during the polycondensation. Moreover, the detailed study by 

Slawko and Taylor on the characterization of glycerol-based PEs,23 indicated that the formation 

of triacyl and 1,2-diacylglycerol motifs in 3ba could be excluded by quantitative 13C NMR 

analysis (DMSO-d6) using chromium(III) acetylacetonate as relaxation agent. 
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Scheme 3. Optimized conditions for the synthesis of (a) cross-linked 3ba’and (b) linear 3ba polyglycerol esters. 

 
 Table 2. Scope of the oxidative polycondensation of diols 1 and dialdehydes 2. 
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To expand the product diversity accessible through this method, the oxidative polycondensation 

protocol with other bio-based dialdehydes was investigated by the utilization of furan aldehydes 

derived from 5-hydroxymethyl furfural (HMF), namely 2,5-diformylfuran (DFF) 2c and 5,5′-

oxybis(methylene)bis-2-furaldehyde (OBFA) 2d (Table 2). These two compounds have been 

recently used as monomers to prepare furan-urea resins and imine-based polymers,25,26 and also 

as suitable precursors of the corresponding diacids, 2,5-furandicarboxylic acid (FDCA)27 and 

5,5′-oxybis(methylene)bis-2-furancarboxylic acid (OBFC).28 In fact, the former is nowadays 

more and more used in place of terephthalic acid for the synthesis of PEs from renewable 

resources. The interesting mechanical and barrier properties showed by poly(ethylene 

furanoate)29 has driven companies to create new building plants for industrial scale production. 

Likewise, the difuranic-diacid OBFC is under investigation for the synthesis of novel polyester-

ether materials, including the promising poly(ethylene 5,5'-(oxybis(methylene)bis(2-

furancarboxylate) (PEOBF).28 Thus, using the optimized reaction conditions, PEF and PEOBF 

oligomers 3ac (Mn = 1.5 kg mol−1) and 3ad (Mn = 3.5 kg mol−1) were readily prepared starting 

from DFF and OBFA dialdehydes 2c and 2d in place of the corresponding acids FDCA and 

OBFC (Table 2, entries 6 and 7). The presence of a furan moiety was also studied by considering 

the use of 2,5-bis(hydroxymethyl)furan (BHMF) 1c,30 an HMF-derived diol widely employed 

to prepare PEs and PUs.31 BHMF 1c along with terephthalaldehyde 2a produced poly(2,5-

furandimethylene terephthalate)32 (PBHMT) oligomers 3ca (Mn = 3.1 kg mol−1) with good 

efficiency (81% yield; Table 2, entry 8). The production of fully furan-based polyester was 

addressed through the replacement of 2a with 2,5-diformylfuran 2c yielding the poly(2,5-

furandimethylene 2,5-furandicarboxylate) (PBHMF)31 3cc with the highest molecular weight 

registered in this study (Mn = 7.8 kg mol−1; Table 2, entry 9). It is worth noting that this mild 

polycondensation is compatible with the use of BHMF diol which showed low thermal stability 

in solution polymerizations.31a Variation of the diol was achieved through the use of isosorbide 

(IS) 1d, which is a renewable compound (1,4:3,6-dianhydro-D-glucitol) available from glucose 

and cellulose. This secondary alcohol has recently gained a lot of attention in polymer chemistry 

in virtue of its rigid structure, chirality, and non-toxicity.33 The polymers 

poly(isosorbide)terephthalate31a,34 (PIT) and poly(isosorbide 2,5-furandicarboxylate)35,36 (PIF) 

obtained with terephthalaldehyde and HMF, respectively, find applications as packaging 

materials owing to their excellent thermal and structural properties. Under the optimized 

oxidative conditions, PIT oligomers 3da (Mn = 2.8 kg mol−1) and PIF oligomers 3dc (Mn = 2.7 

kg mol−1) were prepared in good yields (71−72%; entries 10, 11) even though the recorded Mn 

was too low for industrial applications. In these oligomers, the terminal isosorbide units were 

enchained through the more nucleophilic C5 hydroxyl group, as confirmed by 1H NMR analysis 
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and through comparison with authentic samples of C2 and C5 benzoylated isosorbide 

derivatives (see the Experimental section for further details). 
 

Table 2 (continued). Scope of the oxidative polycondensation of diols 1 and dialdehydes 2. 

 
 

Scope and limitation of the disclosed procedure were further investigated by the screening of 

ortho-difunctionalized or trifunctionalized aromatic monomers as well as aromatic alcohols, 

which are known to be poorly reactive substrates in NHC promoted esterifications (Scheme 

4).13 As proved by NMR analysis, the polymerization of o-phthaldialdehyde 2e with ethylene 
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glycol 1a produced a complex mixture of compounds with no evidence of ester linkage 

formation (Scheme 4a). The target polyester 3af was instead obtained in 79% yield after 

purification (Schema 4b) for the reaction of 1,3,5-tricarboxaldehyde 2f with 1a. However, due 

to the highly cross-linked structure, this polymer was insoluble in all common organic solvents. 

Gratefully, hydroquinone 1e reacted efficiently with terephthalaldehyde 2a furnishing the fully 

aromatic 3ea in 88% yield but with low molecular weight (Mn = 0.4 kg mol−1, Scheme 4c).37 

Lastly, aromatic triol 1,3,5-trihydroxybenzene (phloroglucinol) 1f resulted to be unreactive in 

the polycondensation with 2a under the disclosed polymerization conditions (Scheme 4d). The 

behaviour of aliphatic aldehydes was not explored as the basic reaction conditions would have 

led to competitive aldol reactions with a low conversion into the desired oligomers.  

 

 
Scheme 4. Scope and limitation of the procedure with o-difunctionalized or trifunctionalized aromatic monomers 

and aromatic alcohols.  
 

Furthermore, in parallel with the scope and optimisation studies, the recycling of both 

DBU and oxidant 6 was investigated for the development of a more sustainable polymerization 

procedure. Using the benchmark reaction for the preparation of polyester 3aa, an operative 

protocol has been optimized. Accordingly, the reaction mixture containing 3aa was 

concentrated and the resulting solid residue was triturated several times with Et2O for the 

solubilization of DBU and alcohol 6’, which was formed quantitatively at complete reaction 
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conversions. After washing with acidic aqueous solution, the protonated DBU and 6’ could be 

separated and alcohol 6’ quantitatively re-oxidized to quinone 6 with air in the presence of 

catalytic phthalocyanine 5 as depicted in the Experimental section. 
 

Thermogravimetric analyses (TGA) were finally carried out (analyses conducted at 

ISOF-CNR, Bologna), recording the onset of thermal degradation (Tdi), the temperature of 

maximum degradation rate (Td), and the residuum after degradation at 850 °C (Table 3). The 

degradation plot of the PET oligomer 3aa reported in Figure 3 proved to be comparable to those 

reported for a commercial PET and for the same polymer prepared under different 

conditions.37,38 The thermal stability of 3aa was high with a Tdi value of the main degradation 

process at 410 °C. The weight loss in between room temperature and 300 °C was minimum 

(3.1%) and mainly due to a step with onset temperature at 100 °C, which was attributed to the 

loss of moisture and to the dehydration of terminal hydroxyl groups.37 This hypothesis was thus 

confirmed by the TGA analyses of 3aa, which, after chain-elongation, does not show any 

dehydration reaction in agreement with its 1H NMR spectrum displaying no detectable CH2-

OH groups. The DSC analysis instead displayed melting and crystallization peaks in the heating 

and cooling steps (Figures 4 and 5) for polyesters 3aa and 3aa’. 
 

Table 3. Onset of thermal degradation (Tdi), temperature of maximum degradation rate (Td), and residuum after 
degradation (residuum) from TGA analyses; glass transition temperature (Tg), melting temperature (Tm), 
crystallization temperature (Tc), and melting enthalpy (Hm) from DSC analyses of polyesters 3. 

  TGA    DSC  

 Tdi (°C) Td
a (°C) Res.b (%) Tg

c (°C) Tm
d (°C) Tc (°C) Hm (J/g) 

3aa 410 444 5.3 65 242 209 53 

3aa’ 419 447 7.3 83 244 214 42 

3ab 404 442 4.1 53 - - - 

3ac 327 354 10.2 52 186 139 48 

3ad <200 342/392 25.6     

3af <200 442 13.4 - - - - 

3ca 247 258/364 7.3 60 181 142 39 

3ba 205 407 29.0 91 - - - 

3ba’ 212 422 1.1 176 - - - 

3da 399 421 1.9 136 - - - 

3cc <200 333 6.9     

3dc 373 409 3.3 140 - - - 

3ea 224 540 18.9 389 445[e] - 84.6 
aTemperature of the peak minimum in the DTGA plots. bResiduum at 850 °C. cValues at the 
midpoint. dValues at the peak maximum. e Maximum of the observed endothermic peak. 
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The presence of residuals or additives and the macromolecular features such as the molecular 

weight or the existence of defects, and the cooling protocol of a common PET influence the 

melting temperature.39 Usually these values are between 245 °C and 265 °C when solid-state 

PET with regular sequence is analysed, confirming its semicrystalline nature. For the 

synthetized samples of 3aa and 3aa’, the melting peaks were observed at the minimum of the 

above-mentioned range (in accordance with the adopted measurement protocol). In particular, 

the melting peak of 3aa’ is shifted at little higher temperature as justified by a lower number of 

chain-ends and a higher molecular weight respect to 3aa that on the contrary showed a shoulder 

toward low temperatures (Figure 4). The influence of more chain-ends on the melting point can 

be due to the occurrence of defect in polymer crystallization, affecting the kinetics and the 

thermodynamics of the process.40 In fact, the glass transition temperature (Tg) of the low 

molecular weight oligomers 3aa (65 °C) indicated a plasticization effect owing to the high 

number of chain-ends presented. On the contrary, 3aa’ showed a higher Tg (80 °C) in good 

agreement with the expected value for this polymer in the semi-crystalline form.41 A lower 

ability to crystallize respect to PET is, instead, showed by poly(ethylene isophthalate) (PEI).42 

Indeed, PEI oligomers 3ab displayed a Tg at 53 °C and thermal stability under nitrogen 

atmosphere similar to that of 3aa (Figure 3) while no melting and crystallization peaks was 

detected by DSC analysis (Figures 4 and 5). These results are comparable with those reported 

by Lee and co-workers, who measured a Tg of 56 °C for a PEI with a molecular weight of 21000 

kg mol−1 and residual crystallinity of only 2%.43 TGA curve of the insoluble polymer 3af, 
obtained from the polycondensation of ethylene glycol and the tricarboxaldehyde 2f, displayed 

a thermal stability comparable to PET and PEI with the onset of the main degradation at 419 

Figure 3. Comparison among the TGA curves of 
polyesters prepared from terephthalaldehyde/ 
isophthalaldehyde/benzene-1,3,5-tricarbaldehyde 
and ethylene glycol/glycerol (3aa, 3aa’, 3ab, 3ba, 
3ba’, 3af). 

Figure 4. Second heating step in the DSC 
thermograms of polyesters 3 indicated in the 
legend. (Plots have been arbitrary shifted 
vertically for clarity and few significant 
transitions have been indicated as example.) 
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°C (Figure 3). The likely occurrence of impurities, which could not be efficiently removed from 

the rigid cross-linked structure, are identified in the additional weight loss step observed at low 

temperature ought to the degradation of the low molecular weight branches. In fact, the DSC 

analysis did not present any thermal transitions in the analysed range (up to 280 °C) suggesting 

a higher value of the glass transition due to the rigidity of the aromatic cross-linker (Figure 5). 

The introduction of glycerol as alcoholic moiety, along with terephthalaldehyde afforded the 

linear oligomer 3ba which displayed lower thermal stability (Figure 3) compared to 3aa in the 

region where the dehydration of hydroxyl groups is expected to occur (150 − 400 °C). 

Moreover, the analysis showed that this functional oligomer did not degrade completely in 

nitrogen atmosphere leaving a quite high residuum even at 900 °C (ca. 30%; Table 3), while 

the Tdi of 3ba was found at 205 °C.  
 

 

 

 

 

 

 

 

  

 

 

 

 

Moving to the insoluble cross-linked analogue 3ba’ a plot more comparable to those of PET 

and PEI above 400 °C, with negligible residuum at 900 °C, was recorded, while a similar 

behaviour to 3ba was displayed before 400 °C. Therefore, the occurrence of secondary free 

hydroxy groups in each repeating unit of the regular 3ba could affect its degradation mechanism 

but additional investigation is needed to better explain this behaviour. Moreover, accordingly 

to a previous work,23 cross-linked and linear poly(glycerol esters) 3ba’ and 3ba were found to 

be amorphous exhibiting only a heat capacity jump while crossing the Tg during DSC analysis 

and no peaks in heating-cooling scan (Figures 4 and 6). The observed glass transition 

temperature of 3ba was in fact lower by 85 °C respect to 3ba’, thus disclosing a higher chain 

mobility in the oligomer 3ab due to the presence of negligible number of crosslinks. The 

thermal stability of the oligoester 3da from terephthalaldehyde and isosorbide was close to that 

of PET oligomer 3aa, shifted of only 10 °C toward lower temperature (Figure 7). Accordingly, 

3da occurred also as amorphous solid with high Tg and good thermal stability, as previously 

Figure 5. Cooling and second heating steps in the DSC thermograms of the cross-linked polyester 3af. 
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reported for the corresponding polymer prepared by polycondensation of isosorbide and 

terephthaloyl dichloride.34a Moreover, TGA plots indicate a lower thermal stability of the 

diformylfuran-based oligoesters 3ac and 3dc respect to those of terephthalaldehyde-based ones 

3aa and 3da (Figure 7). This behavior is due to the higher instability of the furan moiety,44 

which can be overtaken using isosorbide instead of ethylene glycol. Indeed, the former led to 

the preparation of isosorbide-based oligoesters 3da and 3dc which showed higher thermal 

stability compared to ethylene glycol-derived oligoesters 3aa and 3ac. The different 

degradation mechanism is considered responsible for this behavior in place of chemical-

physical differences. Note, moreover, that both isosorbide-based oligoesters 3da and 3dc are 

amorphous materials with very similar glass transition temperature values (Table 3) and both 

ethylene glycol-based oligoesters 3aa and 3ac are semicrystalline. Furthermore, the low 

molecular weight PEF 3ac exhibited both melting and crystallization peaks in DSC analysis 

(Figures 4 and 6). In the literature, PEF has been described as a semicrystalline material with 

Tg = 70 − 90 °C, Tm = 200 − 215 °C, and Tc = 150 − 165 °C;31a,35c, 44,45 however, the detected 

values for the synthetized oligoesters 3ac and 3dc were just below than those reported. 

Nevertheless, this decreasing trend with the reduction of molecular weight has been already 

observed for other polymers.46 

 

 

 

 

 

 

Oligoesters presenting a 5-substituted furan-2-yl-moiety as a repeating unit, as 3cc, 3ad and 

3ca, displayed a lower thermal stability respect to PEF 3ac (Figure 8). Among all, the oligoester 

3ca, derived from terephthalaldehyde, proved to be more stable and was found to be a 

semicrystalline polymer with Tg higher than room temperature (60 °C) and Tm of ca. 180 °C, 

Figure 6. Cooling step in the DSC thermograms 
of polyesters 3 indicated in the legend. (Plots 
have been arbitrary shifted vertically for clarity. 
Two crystallization peaks have been indicated as 
examples.) 

Figure 7. Comparison among the TGA curves of 
oligoesters prepared from diformylfuran/ 
terephthalaldehyde and ethylene glycol/isosorbide 
(3aa, 3da, 3ac, 3dc).  
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thus indicating this oligoester as a promising candidate to prepare transparent thermoplastic 

films. Despite its low molecular weight, the fully aromatic polyester 3ae can be considered to 

show a good thermal stability, as the degradation process at low temperature can be ascribed to 

the loss of the chain-end groups. However, globally it showed a fairly complex process of 

degradation, composed by several steps, the largest one having onset temperature at 515 °C and 

the lowest at 225 °C (Figure 8). The DSC analysis of 3ea showed a heat capacity jump at 390 

°C and an endothermic peak with a maximum at 455 °C (Figure 9). This last peak can be 

attributed to a melting process even if the corresponding crystallization was not observed on 

cooling, while the first peak indicated a glass transition process. Note, however, that in this 

sample the first heating step was carried out up to 400 °C in order to remove any process 

responsible of the observed weight loss step in TGA, which occurred before this temperature. 

For this reason, the identification of the above-mentioned peak to any degradation process is 

unlikely since no weight loss processes were detected by TGA in this range. Finally, a little 

discrepancy of the measured characteristic temperature (Tg and Tm) of 3ea with those reported 

in literature has been observed;47 however, this can be explained by the difference of molecular 

weight and chain-end groups. 

 

 

5.3 Conclusion 
To sum up, a new strategy for the synthesis of polyester (PEs) has been reported. The 

disclosed protocol focused on the polycondensation of diols and dialdehydes promoted by an 

N-heterocyclic carbene (NHC) catalyst in the presence of an external oxidant. This mild 

procedure was applied to the preparation of a series of synthetically relevant bio-based 

Figure 8. Comparison among the TGA curves of 
PEF oligomer 3ac, oligoesters displaying the 5-
substituted furan-2-yl-moity (3cc, 3ad, 3ca) and 
the fully aromatic oligoester 3ea. 

Figure 9. Second heating steps in the DSC 
thermogram of oligoester 3ea. 
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polyesters from furanic monomers, glycerol, and isosorbide, though PEs of low molecular 

weight (Mn = 1.5 − 7.8 kg mol−1) were obtained. Even if the relatively low molecular weight of 

these PEs hampers their industrial application these oligoester turned out to be compatible with 

subsequent NHC-catalysed chain-elongation step. Thus, PEs with higher molecular weight 

could be prepared by the latter strategy as exemplified by products 3aa’. Lastly, the possibility 

of controlling the microstructure (linear or cross-linked) of polyglycerol esters by modulation 

of the steric hindrance of the NHC catalyst has been investigated as well.  

 

5.4 Experimental section 

General experimental procedure 

All moisture-sensitive reactions were performed under an argon atmosphere using oven-dried 

glassware. Solvents were dried over a standard drying agent and freshly distilled prior to use. 

Reactions were monitored by TLC on silica gel 60 F254 with detection by UV lamp operating at 

254 nm and 365 nm. Flash column chromatography was performed on silica gel 60 (230−400 

mesh). 1H (300 MHz) and 13C (101 MHz) NMR spectra were recorded in CDCl3, DMSO-d6 

solutions or CDCl3:TFA mixtures at room temperature. The chemical shifts in 1H and 13C NMR 

spectra were referenced to trimethylsilane (TMS). Peak assignments were aided by 1H-1H 

COSY and gradient-HMQC experiments. FT-IR analyses were performed using the Bruker 

Instrument Vertex 70. For high resolution mass spectrometry (HRMS) the compounds were 

analysed in positive ion mode using an Agilent 6520 HPLC-Chip Q/ TOF-MS (nanospray) with 

a quadrupole, a hexapole, and a time of flight unit to produce the spectra. The capillary source 

voltage was set at 1700 V; the gas temperature and drying gas were kept at 350 °C and 5 L 

min−1, respectively. The MS analyser was externally calibrated with ESI-L low concentration 

tuning mix from m/z 118 to 2700 to yield accuracy below 5 ppm. Accurate mass data were 

collected by directly infusing samples in 40:60 H2O:ACN 0.1% TFA into the system at a flow 

rate of 0.4 μL min−1. Thermogravimetric analysis (TGA) was performed from 30 to 900 °C 

under nitrogen atmosphere (30 mL min−1) on a TGA 4000, PerkinElmer Inc., USA, instrument 

with Pyris software for data acquisition and analysis. Samples (5–10 mg) were analysed in an 

alumina pan at a heating rate of 10 °C min−1. Differential scanning calorimetric analysis was 

performed on a DSC 8000, PerkinElmer Inc. USA instrument equipped with IntraCooler II 

cooling device and Pyris software for instrument control, data acquisition and analysis. 

Calorimetric measurements were performed using a PerkinElmer, USA DSC 8000 differential 

scanning calorimeter equipped with an Intracooler II as refrigeration system. The instrument 

was calibrated in temperature and energy with high-purity indium and zinc as standards. 3−10 
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mg of sample were analysed in aluminum pans under dry nitrogen atmosphere (30 mL min−1). 

Samples were at first heated up to 200 °C (3ac, 3ca, 3ba) or 250 °C (3da, 3dc, 3ba’) or 260 °C 

(3aa, 3aa’, 3ab, 3af) or 400 °C (3ea) to erase the thermal history and to remove any trapped 

volatile substance such as solvent residual from the synthesis, which are known to be frequently 

strongly trapped into furan-based polymers. Thus, samples were cooled down to 0 °C or below 

(cooling step) and finally heated up again (second heating step). Heating and cooling steps were 

all performed at 10 °C min−1 as scanning rate. Catalyst A was purchased from TCI, catalyst B 

was purchased from Sigma-Aldrich. Compounds 4−8 where purchased from TCI and used as 

received without further purification. All polyols and aldehydes are commercially available 

except for aldehyde 2d, which was prepared by following a literature procedure.48 Liquid 

aldehydes and bases (DBU, Et3N) were freshly distilled before their utilization. 

 
General procedure for the synthesis of polyesters 3 

A mixture of diol 1 (0.88 mmol), aldehyde 2 (0.80 mmol), oxidant 6 (1.60 mmol) and pre-

catalyst A (0.08 mmol) in anhydrous THF (6.0 mL) was degassed under vacuum and saturated 

with argon (by an Ar-filled balloon) three times. Then, DBU was added (0.20 mmol), and the 

reaction was stirred at room temperature for 16 h. The mixture was concentrated, and the 

resulting residue triturated with fresh portions of Et2O or DCM (3 × 10 mL) and centrifugated. 

The organic solutions were collected for the recovery of DBU and oxidant 6; the solid residue 

was dissolved in the minimum amount of appropriate solvent, and precipitated by dropwise 

addition into a poor solvent at 0 °C. 

 

Poly(ethylene terephthalate) (3aa, PET) 

 
The reaction mixture was dissolved in a minimum amount of DCM and trifluoroacetic acid 

(TFA) (4:1, v/v) and precipitated from MeOH (10 volumes) at 0 °C. Filtration followed by 

washing with cold MeOH and drying under vacuum afforded the product 3aa (126 mg, 82%, 

Mn = 6.5 kg mol−1) as a pale yellow solid. 
1H NMR (300 MHz, 4:1 CDCl3:TFA) δ = 8.15 (s, 4H, Ar), 4.80 (s, 4H, COOCH2), 4.61 (bs, 

4H, terminal COOCH2), 4.20 (bs, 4H, terminal CH2OH); 13C NMR (101 MHz, 4:1 CDCl3:TFA) 

δ = 167.7 (CO), 133.4 (C, Ar), 130.1 (CH, Ar), 65.2 (terminal COOCH2), 64.0 (COOCH2), 63.2 

(terminal CH2OH); FT-IR (KBr) ν: 1714, 1243, 1095, 720 cm–1. 
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Poly(ethylene isophthalate) (3ab, PEI) 

 
The reaction mixture was dissolved in a minimum amount of DCM and TFA (4:1, v/v) and 

precipitated from MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH 

and drying under vacuum afforded the product 3ab (118 mg, 77%, Mn = 6.4 kg mol−1) as a pale 

yellow solid. 
1H NMR (300 MHz, 4:1 CDCl3:TFA) δ = 8.71 (s, 1H, Ar), 8.31−8.19 (m, 2H, Ar), 7.63−7.50 

(m, 1H, Ar), 4.80 (s, 4H, COOCH2), 4.59 (bs, 4H, terminal COOCH2), 4.17 (bs, 4H, terminal 

CH2OH); 13C NMR (101 MHz, 4:1 CDCl3:TFA) δ = 167.9 (CO), 135.3 (CH, Ar), 131.6 (C, 

Ar), 129.7 (CH, Ar), 129.6 (CH, Ar), 65.35 (terminal COOCH2),64.1 (COOCH2), 63.4 

(terminal CH2OH); FT-IR (KBr) ν: 1714, 1241, 1094, 724 cm–1. 

 

Poly(ethylene 2,5-furandicarboxylate) (3ac, PEF) 

 
The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (10:1, v/v) and precipitated from MeOH (10 volumes) at 0 °C. Filtration followed by 

washing with cold MeOH and drying under vacuum afforded the product 3ac (99 mg, 68%, Mn 

= 1.4 kg mol−1) as a pale yellow solid. 
1H NMR (300 MHz, DMSO-d6) δ = 7.40 (s, 2H, Furan), 4.59 (s, 4H, COOCH2), 4.27 (bs, 4H, 

terminal COOCH2), 3.64 (bs, 4H, terminal CH2OH); 13C NMR (101 MHz, DMSO-d6) δ = 157.6 

(CO), 146.4 (C, Furan), 119.9 (CH, Furan), 67.4 (terminal COOCH2), 63.5 (COOCH2), 59.2 

(terminal CH2OH); FT-IR (KBr) ν: 1714, 1239, 1095, 1017, 724 cm–1. 

 

Poly(ethylene 5,5'-(oxybis(methylene))bis(2-furancarboxylate)) (3ad, PEOBF) 

 
The mixture was dissolved in a minimum amount of DCM and TFA (4:1, v/v) and precipitated 

from MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH and drying 

under vacuum afforded the product 3ad (170 mg, 73% Mn = 3.5 kg mol−1) as a brown solid. 
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1H NMR (300 MHz, 4:1 CDCl3:TFA) δ = 7.44 − 7.27 (m, 2H, H-3 Furan), 6.61 − 6.48 (m, 2H, 

H-4 Furan), 4.80−4.60 (m, 8H, Furan-CH2O + COOCH2), 4.54 (bs, 4H, terminal COOCH2), 

4.13 (bs, 4H, terminal CH2OH), 4.00 (bs, 2H, OH); 13C NMR (101 MHz, 4:1 CDCl3:TFA) δ = 

161.3, 155.7 (C-5, Furan), 143.7 (C-2, Furan), 122.8 (terminal C-3, Furan), 121.4 (C-3, Furan), 

113.3 (terminal C-4, Furan), 113.2 (C-4, Furan), 65.35 (terminal COOCH2), 64.1 (COOCH2), 

63.8 (Furan-CH2O), 63.2 (terminal CH2OH); FT-IR (KBr) ν: 1714, 1240, 1095, 1017, 724  

cm–1. 

 

Poly(2,5-furandimethylene terephthalate) (3ca, PBHMT) 

 
The reaction mixture was dissolved in a minimum amount of DCM and precipitated from 

MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH and drying under 

vacuum afforded the product 3ca (167 mg, 81%, Mn = 3.1 kg mol−1) as a pale yellow solid. 
1H NMR (300 MHz, CDCl3) δ = 8.08 (s, 4H, Ar), 6.50 (s, 2H, Furan), 6.45 (d, JH3-H4 3.1 Hz, 

2H, terminal H-3 Furan), 6.29 (d, JH4-H3 3.1 Hz, 2H, terminal H-4 Furan), 5.36 − 5.26 (m, 4H, 

COOCH2 and 4H, terminal COOCH2), 4.62 (s, 4H, terminal CH2OH); 13C NMR (101 MHz, 

CDCl3) δ = 165.3 (CO), 150.0 (C, Furan), 133.7 (C, Ar), 129.7 (CH, Ar), 112.1 (CH, Furan), 

58.9 (Furan-CH2O); FT-IR (KBr) ν: 1715, 1243, 1091, 1016, 723 cm–1. 
 

Poly(2,5-furandimethylene 2,5-furandicarboxylate) (3cc, PBHMF) 

 
The reaction mixture was dissolved in a minimum amount of DCM and TFA (4:1, v/v) and 

precipitated from MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH 

and drying under vacuum afforded the product 3cc (154 mg, 78%, Mn = 7.8 kg mol−1) as a pale 

brown solid. 
1H NMR (300 MHz, DMSO-d6) δ = 7.42 (s, 2H, Furandicarboxylate), 6.65 (s, 2H, 

Furandimethylene), 6.52 (d, JH3-H4  3.1 Hz, 2H, terminal H-3 Furandimethylene), 6.27 (d, JH4-

H3 3.1 Hz, 2H, terminal H-4 Furandimethylene), 5.39 (s, 4H, terminal COOCH2), 5.31 (s, 4H, 

COOCH2), 4.35 (s, 4H, terminal CH2OH); 13C NMR (101 MHz, DMSO-d6) δ = 157.3 (CO), 

150.0 (C, Furandimethylene), 146.2 (C, Furandicarboxylate), 120.0 (CH, Furandicarboxylate), 
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113.2 (CH, Furandimethylene), 59.0 (COOCH2). FT-IR (KBr): n 1717, 1581, 1270, 1120, 957, 

769 cm–1. 

 

Poly(isosorbide terephthalate) (3da, PIT) 

 
The reaction mixture was dissolved in a minimum amount of DCM and precipitated from 

MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH and drying under 

vacuum afforded the product 3da (157 mg, 71%, Mn = 2.8 kg mol−1) as a white solid. 
1H NMR (300 MHz, CDCl3) δ = 8.22 − 8.03 (m, 4H, Ar), 5.51 (s, 1H, H-2), 5.45 (m, 1H, H-5 

and 2H, terminal H-5), 5.09 (m, 1H, H-4), 5.00 (m, 2H, terminal H-4), 4.70 (m, 1H, H-3), 4.46 

(m, 2H, terminal H-3), 4.37 (bs, 2H; terminal H-2), 4.09 (m, 4H, H-1 and H-6), 4.00 (m, 4H, 

terminal H-6), 3.90 (m, 4H, terminal H-1); 13C NMR (101 MHz, CDCl3) δ = 165.0 (CO), 164.6 

(CO), 133.5 (C, Ar), 129.8 (CH, Ar), 88.4 (terminal C-3), 86.1 (C-3), 81.1 (C-4), 80.6 (terminal 

C-4), 78.8 (C-2), 76.2 (terminal C-2), 75.6 (terminal C-1), 74.9 (C-5), 73.4 (C-1 and terminal 

C-5), 70.8 (C-6 and terminal C-6); FT-IR (KBr) ν: 1716, 1409, 1246, 1093, 1017, 873, 724  

cm–1. 

 

Poly(isosorbide 2,5-furandicarboxylate) (3dc, PIF) 

 
The mixture was dissolved in a minimum amount of DCM and TFA (4:1, v/v) and precipitated 

from MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH and drying 

under vacuum afforded the product 3dc (153 mg, 72%, Mn = 2.7 kg mol−1) as a yellow solid. 
1H NMR (300 MHz, 4:1 CDCl3:TFA) δ = 7.52−7.29 (m, 2H, Furan), 5.60 (bs, (2H, H-2 and H-

5) and (2H, terminal H-5)), 5.28 (bs, 1H, H-4), 4.95 (bs, 2H, terminal H-4), 4.86 (bs, 1H, H-3), 

4.77 (bs, 2H, terminal H-3), 4.70 (bs, 2H, terminal H-2), 4.27 (m, (4H, H-1 and H-6) + (4H, 

terminal H-6)), 3.88 (bs, 4H, terminal H-1); 13C NMR (101 MHz, 4:1 CDCl3:TFA) δ = 158.9 

(CO), 158.6 (CO), 146.3 (C, Furan), 120.8 (CH, Furan), 87.6 (terminal C-3), 85.9 (C-3), 81.5 

(C-4), 81.0 (terminal C-4), 79.1 (C-2), 75.9 (terminal C-2), 75.5 (C-5), 75.3 (terminal C-1), 73.5 
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(C-1 and terminal C-5), 72.6 (terminal C-6), 70.9 (C-6); FT-IR (KBr) ν: 1716, 1580, 1384, 

1269, 1222, 1117, 957, 873, 766 cm–1. 

 

Poly(1,4-phenylene terephthalate) (3ea) 

 
The mixture was dissolved in a minimum amount of DCM and TFA (4:1, v/v) and precipitated 

from MeOH (10 volumes) at 0 °C. Filtration followed by washing with cold MeOH and drying 

under vacuum afforded the product 3ea (169 mg, 88%, Mn = 0.4 kg mol−1) as a pale yellow 

solid.  
1H NMR (300 MHz, 4:1 CDCl3:TFA) δ = 10.13 (s, 1H, terminal aldehyde), 8.52−8.38 (m, 4H, 

Ar), 8.38 − 8.28 (m, 2H, terminal ArothoCOOR), 8.18 (d, J 8.0 Hz, 2H, terminal ArothoCOH), 7.37 

(s, 4H, Hydroquinone), 7.16 (d, J 8.5 Hz, 2H, terminal HydroquinoneorthoOCOR), 7.01 (d, J 8.5 

Hz, 2H, terminal HydroquinoneorthoOH); 13C NMR (101 MHz, 4:1 CDCl3:TFA) δ = 196.7 

(COH), 166.9 (CO), 166.6 (terminal CO), 152.3 (C, terminal HydroquinoneOH), 148.6 (C, 

Hydroquinone), 144.8 (C, terminal HydroquinoneOCOR), 139.1 (C, terminal ArCOH), 134.8 (C, 

terminal ArCOOR), 133.5 (C, Ar), (131.3, 131.0, 130.9 (CH, terminal ArCOH and CH, terminal 

ArCOOR and CH, Ar )), 123.1 (CH, Hydroquinone), 122.8 (CH, terminal 

HydroquinoneorthoOCOR), 116.8 (CH, terminal HydroquinoneorthoOH); FT-IR (KBr) ν: 1726, 

1500, 1384, 1244, 1174, 1075, 1017, 872, 723 cm–1. 

 

Synthesis of high molecular weight PET 3aa’ 

 
Isolated 3aa (126 mg, 0.66 mmol of repeating unit, Mn = 6.5 kg mol−1) was heated at 250 °C 

for 2 hours under vacuum along with triazolium pre-catalyst A (7.5 mg, 0.03 mmol) and DBU 

(4.5 μL, 0.03 mmol). After this period, the flask was cooled, the reaction mixture was triturated 

with DCM and centrifugated (3 × 10 mL). Final drying under vacuum afforded 3aa’ (120 mg, 

88%) as a creamy solid with high molecular weight as confirmed by 1H NMR analysis. 
1H NMR (300 MHz, 4:1 CDCl3:TFA) δ = 8.15 (s, 4H, Ar), 4.80 (s, 4H, COOCH2); 13C NMR 

(101 MHz, 4:1 CDCl3:TFA) δ = 167.7 (CO), 133.4 (C, Ar), 130.1 (CH, Ar), 64.0 (COOCH2); 

FT-IR (KBr) ν: 1716, 1245, 1096, 725 cm–1. 
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Synthesis of cross-linked PGT 3ba’ 

 
A mixture of glycerol 1b (65 μL, 0.88 mmol), terephthalaldehyde 2a (107 mg, 0.80 mmol), 

oxidant 6 (654 mg, 1.60 mmol) and pre-catalyst A (18 mg, 0.08 mmol) in anhydrous THF (6.0 

mL) was degassed under vacuum and saturated with argon (by an Ar-filled balloon) three times. 

Then, DBU was added (30 μL, 0.20 mmol), and the reaction was stirred at room temperature 

for 16 h. Solvent removal under reduced pressure, trituration of the reaction mixture with DCM 

and subsequent centrifugation (3 × 10 mL) followed by drying under vacuum afforded 3ba’ 
(160 mg, 90%) as an off-white solid. The complete characterization was hampered as 3ba’ was 

insoluble in common organic solvents.  

FT-IR (KBr) ν: 3128, 1716, 1274, 1117, 957, 764 cm–1. 

 

Synthesis of linear PGT 3ba 

 
A mixture of glycerol 1b (65 μL, 0.88 mmol), terephthalaldehyde 2a (107 mg, 0.80 mmol), 

oxidant 6 (654 mg, 1.60 mmol) and pre-catalyst B (29 mg, 0.08 mmol) in anhydrous THF (60 

mL) was degassed under vacuum and saturated with argon (by an Ar-filled balloon) three times. 

Then, Et3N was added (28 μL, 0.20 mmol), and the reaction was stirred at room temperature 

for 1 h. After solvent removal under reduced pressure, trituration with DCM and subsequent 

centrifugation (3 × 10 mL), the resulting solid was dissolved in a minimum amount of DCM 

and MeOH (4:1, v/v) and precipitated from 2-propanol (10 volumes) at 0 °C. Filtration followed 

by washing with cold 2-propanol and drying under vacuum afforded 3ba (126 mg, 71% Mn = 

1.5 kg mol−1) as an off white solid. 
1H NMR (300 MHz, DMSO-d6) δ = 8.06 (m, 4H, Ar), 4.38 (bs, 4H, CH2 and 4H, terminal 

COOCH2), 4.21 (bs, 1H, CH + 2H, terminal CH)), 3.76 (bs, 4H, terminal CH2OH); 13C NMR 

(101 MHz, DMSO-d6) δ = 166.4 (terminal CO), 164.8 (CO), 133.4 (C, Ar), 133.0 (terminal C, 

Ar), 129.4 (CH, Ar + terminal CH,Ar), 69.1 (terminal CH), 66.7 (terminal COOCH2), 66.1 (CH 

+ COOCH2), 62.4 (terminal CH2OH); FT-IR (KBr) ν: 2964, 1714, 1244,1092, 1017, 872, 724 

cm–1. 
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Synthesis of polyester Poly(ethylene 1,3,5-benzenetricarboxylate) 3af 

 
A mixture of diol 1a (74 μL, 1.32 mmol), trialdehyde 2f (130 mg, 0.80 mmol), oxidant 6 (981 

mg, 2.40 mmol) and pre-catalyst A (18 mg, 0.08 mmol) in anhydrous THF (6.0 mL) was 

degassed under vacuum and saturated with argon (by an Ar-filled balloon) three times. Then, 

DBU was added (30 μL, 0.20 mmol), and the reaction was stirred at room temperature for 16 

h. Solvent removal under reduced pressure, trituration of the reaction mixture with DCM and 

subsequent centrifugation (3 × 10 mL) followed by drying under vacuum afforded 3af (158 mg, 

79%) as a pale yellow solid. The complete characterization was hampered as 3af was insoluble 

in common organic solvents.  

FT-IR (KBr) ν: 3616, 2958, 1731, 1595, 1361, 1237,1090, 1041, 898 cm–1. 

 
Gram-scale synthesis of 3aa 

A mixture of ethylene glycol 1a (0.68 mL, 11.0 mmol), terephthalaldehyde 2a (1.34 g, 10.0 

mmol), oxidant 6 (8.17 g, 20.0 mmol) and pre-catalyst A (225 mg, 1.0 mmol) in anhydrous 

THF (60.0 mL) was degassed under vacuum and saturated with argon (by an Ar-filled balloon) 

three times. Then, DBU was added (374 μL, 2.5 mmol), and the reaction was stirred at room 

temperature for 16 h. The mixture was concentrated, and the resulting residue triturated with 

fresh portions of DCM (3 × 100 mL) and centrifugated. The organic solutions were collected 

for the recovery of DBU and oxidant 6 while the solid residue was dissolved in 50 mL of DCM 

and trifluoroacetic acid (TFA) (4:1, v/v) and precipitated from MeOH (500 mL) at 0 °C. 

Filtration followed by washing with cold MeOH and drying under vacuum afforded the product 

3aa (1.69 g, 88%, Mn = 6.5 kg mol−1) as a pale yellow solid. 

 

Procedure for DBU and oxidant 6 recycle 

After trituration of the crude polycondensation mixture with DCM or Et2O, the collected 

organic solutions (30 mL) were washed with 0.5 M HCl (2 × 10 mL).  

Oxidant 6 recycle: the organic phase containing the alcohol 6’ was dried (Na2SO4), 

concentrated, and eluted from a short column of silica gel (4:1 cyclohexane:DCM) to give 6’ 

(578 mg) as a white amorphous solid. The quantitative oxidation to quinone 6 was performed 

stirring 6’ (578 mg, 1.41 mmol) with 6 (80 mg, 0.14 mmol) in THF (10 mL) under air 
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atmosphere (1 atm, balloon) for 16 h. Filtration over a celite pad and subsequent concentration 

under reduced pressure afforded 6 as a dark red amorphous solid (572 mg, 88%). 

DBU recycle: the above aqueous phase was diluted with 2 M NaOH until alkaline pH and 

extracted with EtOAc (2 × 15 mL). The combined organic phases were dried (Na2SO4) and 

concentrated to give DBU (27 mg, 90%), at least 90% pure as determined by 1H NMR analysis. 

 
Synthesis of model benzoylated isosorbide derivatives 

A mixture of isosorbide 1d (146 mg, 1.00 mmol), benzaldehyde (102 μL, 1.00 mmol), oxidant 

6 (408 mg, 1.0 mmol) and pre-catalyst B (36 mg, 0.10 mmol) in anhydrous THF (8.0 mL) was 

degassed under vacuum and saturated with argon (by an Ar-filled balloon) three times. Then, 

Et3N was added (32 μL, 0.25 mmol) and the reaction was stirred at room temperature for 2 h. 

After solvent removal, DCM (10 mL) was added and the resulting organic solution was washed 

with water (3 × 3 mL). The organic layer was dried (Na2SO4), concentrated, and eluted from a 

column of silica gel (4:1 cyclohexane:EtOAc to 1:1 cyclohexane:EtOAc) to give, in order of 

elution, isosorbide dibenzoate, isosorbide 2-O-benzoate and isosorbide 5-O-benzoate. 

 

Isosorbide dibenzoate 

 
Column chromatography afforded the diester (63 mg, 18%) as a white solid with spectroscopic 

data in accordance with the literature.49 

1H NMR (300 MHz, CDCl3) δ = 8.14 − 8.06 (m, 2H, Arortho), 8.06−7.97 (m, 2H, Arortho), 7.64 

− 7.51 (m, 2H, Arpara), 7.51 − 7.38 (m, 4H, Armeta), 5.49 (d, JH2-H1a  3.1 Hz, 1H, H-2), 5.43 (ddd, 

JH5-H4 ≈ JH5-H6a ≈ JH5-H6b ≈ 5.3 Hz, 1H, H-5), 5.07 (dd, JH4-H3 ≈ JH4- H5 ≈ 5.0 Hz, 1H, H-4), 4.69 

(d, JH3-H4 4.9 Hz, 1H, H-3), 4.17 − 4.00 (m, 4H, H-1 and H-6); 13C NMR (101 MHz, CDCl3) δ 

= 165.9 (CO), 165.6 (CO), 133.4 (CH, Arpara), 133.3 (CH, Arpara), 129.8 (CH, Arortho), 129.7 

(CH, Arortho), 129.5 (C, Ar), 129.4 (C, Ar), 128.5 (CH, Armeta), 128.4 (CH, Armeta), 86.2 (C-3), 

81.1 (C-4), 78.5 (C-2), 74.5 (C-5), 73.5 (C-1), 70.7 (C-6); HRMS (ESI/Q-TOF) calcd. for 

C20H18NaO6 ([M + Na]+): 377.0996; found 377.0977. 

 

Isosorbide 2-O-benzoate 
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Column chromatography afforded the monoester (57 mg, 24%) as a white solid with 

spectroscopic data in accordance with the literature.50  
1H NMR (300 MHz, CDCl3) δ = 8.07 − 7.98 (m, 2H, Arortho), 7.63 − 7.54 (m, 1H, Arpara), 7.50 

− 7.40 (m, 2H, Armeta), 5.48 (d, JH2-H1a 3.4 Hz, 1H, H-2), 4.73 (dd, JH4-H3 ≈ JH4-H5 ≈ 4.9 Hz, 1H, 

H-4), 4.64 (d, JH3-H4 4.9 Hz, 1H, H-3), 4.36 (ddd, JH5-H4 ≈ JH5-H6a ≈ JH5-H6b ≈ 5.5 Hz, 1H, H-5), 

4.23 − 4.07 (m, 2H, H-1), 3.94 (dd, JH6a-H6b 9.5 Hz, JH6a-H5 6.0 Hz, 1H, H-6a), 3.62 (dd, JH6b- H6a 

9.5 Hz, JH6b-H5 6.0 Hz, 1H, H-6b), 2.19 (bs, 1H, OH); 13C NMR (101 MHz, CDCl3) δ = 165.6 

(CO), 133.5 (CH, Arpara), 129.8 (CH, Arortho), 129.5 (C, Ar), 128.6 (CH, Armeta), 85.8 (C-3), 82.2 

(C-4), 78.9 (C-2), 73.8 (C-1), 73.7 (C-6), 72.4 (C-5); HRMS (ESI/Q-TOF) calcd. for 

C13H14NaO5 ([M + Na]+): 273.0733; found 273.0716. 

 

Isosorbide 5-O-benzoate 

 
Column chromatography afforded the monoester (116 mg, 48%) as a white amorphous solid. 
1H NMR (300 MHz, CDCl3) δ = 8.11 − 8.03 (m, 2H, Arortho), 7.62 − 7.53 (m, 1H, Arpara), 7.50 

− 7.40 (m, 2H, Armeta), 5.40 (ddd, JH5-H4 ≈ JH5-H6a ≈ JH5-H6b ≈ 5.3 Hz, 1H, H-5), 4.99 (dd, JH4-H3 

≈ JH4-H5 ≈ 5.1 Hz, 1H, H-4), 4.46 (d, JH3-H4 5.1 Hz, 1H, H-3), 4.40 − 4.34 (m, 1H, H-2), 4.05 − 

3.85 (m, 4H, H-1 and H-6), 1.76 (bs, OH); 13C NMR (101 MHz, CDCl3) δ = 165.9 (CO), 133.2 

(CH, Arpara), 129.7 (CH, Arortho), 129.5 (C, Ar), 128.4 (CH, Armeta), 88.4 (C-3), 80.7 (C-4), 76.3 

(C-2), 75.6 (C-1), 74.5 (C-5), 70.8 (C-6); HRMS (ESI/Q-TOF) calcd. for C13H14NaO5 ([M + 

Na]+): 273.0733; found 273.0756. 
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6. Exploring oxidative NHC-catalysis as 
organocatalytic polymerization strategy towards 
polyamide oligomers 
 
The work described in this chapter has formed the basis of the following peer reviewed 

publication: D. Ragno, A. Brandolese, G. Di Carmine, S. Buoso, G. Belletti, C. Leonardi, O. 

Bortolini, M. Bertoldo, A. Massi, Chem. Eur. J. 2020, 26, 1–11. 

   
6.1  Introduction 

As discussed in the Chapter 5 for polyesters, polyamides (PAs) find a wide range of 

applications as fibers, films, and high-performance specialty materials in several industrial 

sectors,1 becoming one of the most useful class of polymers. The possibility to form 

intermolecular hydrogen bonding interactions between the amide portions of polymeric chains, 

in fact, gives high chemical and heat resistance. The main strategies for the synthesis of PAs 

(Figure 1) include the polycondensation of diamines with diacids or their derivatives (acyl 

chlorides and esters), the self-polycondensation of -amino acid esters, and the ring-opening 

polymerization (ROP) of lactams or N-carboxyamino acid anhydrides through standard 

techniques (melt, interfacial, and solution polymerization).2 Moreover, a catalytic 

polyamidation of diols and diamines through iterative dehydrogenation promoted by the Ru-

based Milstein catalyst has also been reported.3  

 

 
Figure 1. Main strategies for the synthesis of polyamides (PAs). 

 
However, despite the benefits arising from the implementation of metal-free approaches, 

organocatalytic synthesis of PAs has seldom been investigated. This kind of procedure has 

already proved to be complementary to metal-catalysis methods in the production of polyesters 

(PEs), polyurethanes (PUs) and polycarbonates (PCs). Indeed, the catalyst stability and 

avoidance of contamination are among the advantages of this type of catalysis, thus playing an 
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important role for applications in the electronic and biomedical fields.4 To date, the few reported 

examples focused on organocatalytic processes are limited to the use of guanidine (TBD) and 

phosphazene (t-BuP4) Brønsted bases in the ROP of lactams.5 Additionally, N-heterocyclic 

carbene (NHC) catalysts have been studied by DuPont in 2006 for the polymerization of -

caprolactam6 and later by Buchmeiser’s group for the preparation of PA12 and PA6,12,7 

investigating their strong Brønsted base behaviour. As reported in the previous chapter, NHCs 

have been recently involved in the polymerization of different monomers such as epoxides, 

lactones, anhydrides, carbonates, acrylates, siloxanes, and also aldehydes.9,10 Therefore, the 

unprecedent polycondensation of dialdehydes and diols promoted by NHCs under oxidative 

conditions to access PEs by the step-growth polymerization technique (Chapter 5)11 driven the 

development of an analogous procedure for the synthesis of PAs (Scheme 1).  

 

 
Scheme 1. NHC-based strategy to polyesters (PEs) and polyamides (PAs). 

 
The definition of an NHC organocatalysed strategy to access PAs represents a challenging 

alternative route based on iterative NHC-catalysed aldehyde-to-amide conversion occurring 

under mild reaction conditions from readily available monomers. The previously reported 

methods, in fact, are characterized by some disadvantages such as elevated polycondensation 

temperatures and the need of reduced pressures in order to remove the condensate, along with 

the use of hazardous halogenating reagents (e.g., thionyl chloride) in case of more reactive 

diacyl chloride monomers. Moreover, the ROP procedure might require the multi-step synthesis 

of starting lactams, that is a time-consuming process especially if functional PAs are targeted.5b,c 

Additionally, the environmental sustainability of this new organocatalytic procedure has been 

further increased through the use bio-based aldehyde monomers in place of the fossil ones. 

There is, in fact, an ever-increasing interest in the use of renewable resources for the 

development of sustainable PAs due to their impact as high-performance materials involved, 

for instance, in the biomedical sector.12,13 
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6.2  Results and discussion 
Preliminary investigation on the formation of PAs oligomers started choosing the 

polycondensation of ethylenediamine (EDA) 1a with terephthalaldehyde 2a as the benchmark 

reaction. A slight excess of diamine 1a (1.1 equiv.) was used to promote the formation of the 

oligomeric poly(p-ethylene terephthalamide) (PETA)14 3aa with terminal amine groups (Table 

1). However, the direct application of the reaction condition previously optimized for the 

synthesis of PEs11 (see Chapter 5 for further details) resulted in no formation of the target 

oligomer 3aa, alternatively leading to a complex reaction mixture containing low molecular 

weight mixed aldehyde and imine derivatives of 2a (mainly monomers and dimers), as judged 

by ESI-MS analysis (entry 1). These former conditions contemplated the use of the triazolium 

salt C1 (5 mol%) as the pre-catalyst, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 12.5 mol%) as 

the base and quinone 4 (1 equiv.) as the external oxidant in anhydrous THF. Replacing the 

oxidant with phenazine 5 resulted in no change on the reaction outcome, producing the same 

results as the quinone 4 (entry 2). However, the application of direct oxidative N-acylation with 

aldehydes and primary amine,15 as already reported in literature, might be precluded by the 

competing imine formation. The addition of nucleophiles as additives15a,b,c,f or the 

implementation of a two-step procedure with activated ester intermediates15d,g could overtake 

this issue. Consequently, driven by these previous investigations and in agreement with the 

studies conducted by Connon and co-workers15m, the addition of the co-catalyst 1,2,4-triazole 

6 (20 mol%) was explored. Accordingly, the formation of imine could be suppressed in an 

amidation of primary amines process; however, the presence of the co-catalyst, along with the 

couple C1/5, produced a mixture of mono- and bis-amide derivatives of 2a without evidence of 

oligomeric species (detected through 1H NMR and ESI-MS analyses; entry 3). Similarly, 

unsatisfactory results on the production of oligomers were obtained applying the oxidative 

amidation procedure of primary amines developed by the groups of Rovis15b and Bode.15a 

Indeed, the former method involved the use of C2 (20 mol%) in combination with 1-hydroxy-

7-azabenzotriazole (HOAt) 7 (20 mol%; entry 4), and of C3 (20 mol%) with imidazole 8 (1.1 

equiv.; entry 5), respectively. However in both cases oligomer 3aa was no detected. Moving to 

the one-pot two-step amidation strategy via hexafluoroisopropyl esters, as reported by Studer 

and co-workers,15d encouraging results were instead recorded. Consequently, the mixture of 

aldehyde 2a, C1 (5 mol%), DBU (12.5 mol%), 4 (1 equiv.), and hexafluoro-2-propanol (HFIP) 

9 (1.5 equiv.) in anhydrous THF was reacted for two hours. Afterwards, diamine 1a (1.1 equiv.) 

was added and the mixture stirred under inert atmosphere (argon) for an additional 16 hours 

(entry 6). This procedure allowed the isolation of 3aa (precipitation technique) in 90% yield 
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with a number-average molecular weight (Mn) of 1.9 kg mol−1 based on 1H NMR spectroscopic 

analysis. Extending the reaction time (24 hours) did not increase the oligomer length (entry 7), 

while a shorter time (8 hours) afforded 3aa with lower yield (70%) and Mn (1.2 kg mol−1; entry 

8). Regrettably, the addition of molecular sieves to avoid water nucleophilic attack onto acyl 

azolium (entry 9) or heating the reaction mixture to 50 °C (entry 10) did not allow to enhance 

the polymer growth.  
 

Table 1. Optimization process for the synthesis of PETA oligomers 3aa.a 

 
Entry NHC HX Oxidant Additive Conv. (%)b 3aa (%)c Mn (kg mol−1)d 

1 C1 4 - >95 - - 

2 C1 5 - 88 - - 

3 C1 5 6 >95 - - 

4 C2 4 7 >95 - - 

5e C3 4 8 >95 - - 

6f C1 4 9 >95 90 1.9 

7f,g C1 4 9 >95 91 1.9 

8f,h C1 4 9 80 71 1.2 

9f,i C1 4 9 >95 86 1.9 

10f,j C1 4 9 >95 76 1.5 

11f,k C1 4 9 >95 82 1.1 

12l
 C1 4 9 >95 92 1.9 

aConditions: 1a (0.88 mmol), 2a (0.80 mmol), NHC.HX (0.08 mmol), DBU (0.20 mmol), oxidant (1.60 mmol), 
additive (0.32 mmol), THF (6.0 mL). bDetected by 1H NMR of the crude reaction mixture (durene as internal 
standard). cIsolated yield via precipitation technique (see the Experimental section). dCalculated by 1H NMR after 
precipitation of the polymer. eImidazole 8: 1.76 mmol. fHFIP 9: 2.40 mmol. gReaction time 24 h. hReaction time 8 
h. iReaction run in the presence of 4Å molecular sieves. jTemperature: 50 °C. kAnhydrous DCM as solvent. 
lConditions: 1a (11.0 mmol), 2a (10.0 mmol), C1 (1.00 mmol), 4 (20 mmol), DBU (2.5 mmol), 9 (30.0 mmol), 
THF (60 mL). 
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Finally, the replacement of THF with anhydrous DCM showed no improvement likely because 

of the lower solubility of the growing polymer chain in this halogenated solvent (entry 11). With 

the optimized conditions in hand (entry 6), the gram-scale synthesis of 3aa (1.75 g, 92% yield) 

was conducted using 10 mmol of 2a (entry 12). As already mentioned in the previous chapters 

(see the Experimental section for further details), the disclosed procedure allowed the recycle 

of the quinone 4 (90% isolated yield) and HFIP 9 (up to 85% through evaporation).  

The scope and limitations of the unveiled iterative N-acylation of diamines 1 with dialdehyde 

monomers 2 were further investigated focusing on the synthesis of other semi-aromatic and 

fully-aromatic PAs 3 of synthetic relevance (Table 2). For instance, oligomeric PETA 3aa 

presents thermal stability and flame retardancy and it is often used as charring agent for the 

synthesis of halogen-free flame retardant polypropylene-based composites.14c,d This oligomer 

are commonly prepared by polycondensation of terephthaloyl acid or chloride with 

ethylenediamine. Similarly, it is possible to have access to the high molecular weight (HMW) 

poly(decamethylene terephthalamide, PA10T), which exhibits heat and mechanical resistance 

together with low water adsorption and good dimensional stability. Thanks to the highly 

attractive features of this polymer, its synthesis with the disclosed process was performed.  
 

Table 2. Scope of the oxidative polyamidation of diamines 1 with dialdehydes 2. 

 

Therefore, the 1,10-decanediamine (1,10-DDA) 1b, easily accessible from renewable castor oil, 

reacted with terephthalaldehyde 2a affording PA10T oligomers 3ba in good yield (80%) and 
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satisfactory molecular weight (Mn = 2.6 kg mol−1; Table 2, entry 2). Later, the oligomer 3ba 

was employed as the prepolymer for the synthesis of HMW PA10T 3ba’ (Scheme 2 and Table 

2, entry 3), mirroring the two-step polycondensation methodology used for the production of 

HMW PAs.16a,c,d,17 Consequently, terephthaloyl chloride 10 was added to a mixture of isolated 

oligomers 3ba, N,N-diisopropylethylamine (DIPEA) and LiCl in N,N-dimethylacetamide 

(DMA) at 0 °C and let it polymerize at room temperature for 48 hours affording 3ba’ (85%) 

with increased molecular weight (Mn = 62.8 kg mol−1). This outcome was confirmed by the 1H 

NMR analysis, which showed a fewer integral value of the end group signals at 3.04 ppm (1:1 

CDCl3: HFIP; Figure 2).  

 
Scheme 2. Two-step procedure for the synthesis of high molecular weight (HMW) PA10T 3ba’. 

 

 

 

Figure 2. 1H NMR spectra of oligomeric prepolymer PAT10 3ba and HMW PA10T 3ba’ 
(1:1 CDCl3:HFIP). 
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Generally, the most common used method for the determination of Mn is the size exclusion 

chromatography (SEC). However, the use of this technique for semi-aromatic PAs is 

complicated due to their low solubility in common organic solvents and thus required 

sophisticated equipment compatible with pure HFIP as eluent. Therefore, validation of the 

method for Mn determination by NMR analysis was performed for HMW PA10T by 

viscometry. In fact, viscometry is widely recognized as a reliable method for the determination 

of molecular weight for this class of polymers.16e,18 In particular, Mathias and co-workers found 

a correlation between the number-average molecular weight estimated by NMR and the intrinsic 

viscosity ([η]) of a series of PAs18a with Mn in the range of ca. 2 − 25.2 kg mol−1.18 Based upon 

this correlation, the study started with the synthesis of an authentic sample of PA10T with a 

molecular weight to fall in the calibration range (3ba’’, Mn = 20.2 kg mol−1; see the 

Experimental section for further details). Then, 3ba’’ was fully solubilized in sulfuric acid 

(96%) at a concentration of 0.5 g dL−1 (12 hours mixing). Single point intrinsic viscosity 

measurements were performed by means of an Ubbelohde viscometer in a 25 °C controlled 

water bath. Specific viscosity (ηsp) and relative viscosity (ηrel) were obtained from flow time 

data of sulfuric acid and 3ba’’ (average of four values, ±0.2 s). Single point intrinsic viscosity 

([η]) was then determined using the Solomon-Ciutǎ equation 119 ([η] = 1.93). The number-

average molecular weight of 3ba’’ was estimated with the Mark-Houwink equation 2 

considering K = 5.58 • 10−4 dL g−1 and α = 0.81. These constants were initially calculated for 

PA12T18a and subsequently adopted for PA10T due to the similar molecular structures of these 

polymers.16e,18b The resulting Mn for 3ba’’ was 22.3 kg mol−1, a value which was in good 

agreement with that determined by NMR analysis (Mn = 20.2 kg mol−1). 

[𝜂] = √2[𝜂𝑠𝑝−ln(𝜂𝑟𝑒𝑙)]𝐶    (equation 1) 𝑀𝑛 = √[𝜂]𝐾𝑎      (equation 2) 

The scope of the reaction was further extended to the use of 1,6-hexanediamine (1,6-HDA) 

which allowed the isolation of the oligomeric poly(hexamethylene terephthalamide) (PA6T)16d 

3ca (84% yield, Mn = 2.5 kg mol−1) and poly(hexamethylene isophthalamide) (PA6I)20 3cb 

(78% yield, Mn = 1.7 kg mol−1) with terephthalaldehyde 2a and isophthalaldehyde 2b, 

respectively (Table 2, entries 4 and 5). The introduction of a furan-based moiety led to a special 

class of PAs characterized by higher solubility and processability respect to the 

polyphthalamides ones.21,22 As matter of fact, these furan-based polyamides can be obtained by 

chemical and enzymatic methods using diamines and 2,5-furandicarboxylic acid (FDCA)23 

monomers (the effective equivalent of terephthalic acid). Thus, the synthesis of this PAs was 
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addressed using 2,5-diformylfuran (DFF)24 2c as the dialdehyde monomer produced from the 

platform chemical 5-hydroxylmethyl furfural (HMF). Recently, DFF has found applications in 

the preparation of furan-urea resins,25 imine-based polymers,26 and polyesters.11 Gratifyingly, 

the oligomeric polyamides, poly(decamethylene furanamide) (PA10F)17,21 3bc and 

poly(hexamethylene furanamide) (PA6F)17,21c,d,22 3cc, were obtained in good yield (3bc with 

81% yield and Mn = 1.6 kg mol−1; 3cc with 72% yield and Mn = 1.6 kg mol−1) through the 

unveiled complementary oxidative strategy using DFF 2c as an alternative for the 

corresponding acid FDCA (Table 2, entries 6 and 7). In analogy with the synthesis of HMW 

PA10T 3ba’, oligomeric 3bc was utilized as the prepolymer to prepare chain-extended CE-

PA10F 3bc’ (Table 2, entry 8). Accordingly, 2,5-furandicarbonyl dichloride 11 was added at 0 

°C to a mixture of 3bc, DIPEA and LiCl in DMA, and the polymerization let to proceed at room 

temperature for 48 hours affording 3bc’ (76%) with increased molecular weight (Mn = 6.5 kg 

mol−1) as determined by NMR analysis (Scheme 3). 

 
Scheme 3. Two-step procedure for the synthesis of CE-PA10F 3bc’. 

 
Unfortunately, Mn evaluation of 3bc’ by viscosity measurements was not possible due to the 

absence of known Mark-Houwink coefficients for PA10F and the degradation of the sample in 

concentrated sulfuric acid, likely because of instability of the furan ring under strong acidic 

conditions for the prolonged time necessary for viscosity analysis.  

Additionally, the unprecedent polycondensation of 5,5’-[oxybis(methylene)]bis[2-furaldehyde] 

(OBFA)27 2d with diamines 1b and 1c was also investigated, yielding the oligomers 3bd 

(PA10FF; Mn = 3.2 kg mol−1) and 3cd (PA6FF; Mn = 3.6 kg mol−1), which displayed the unusual 

polyamide-ether repeating unit (Table 2, entries 9 and 10). Lastly, the fully aromatic polyamide 

3da (86%; Mn = 1.9 kg mol−1) with a potential enhanced thermal property, due to the stiffer 

backbone structure,28 was addressed through the polyamidation of 2,5-bis(aminomethyl)furan 

(BAF)29 1d with terephthalaldehyde 2a (entry 11). 
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Table 2 (continued). Scope of the oxidative polyamidation of diamines 1 with dialdehydes 2. 

 

At this point of the study, thermogravimetric analysis was carried out to assess the thermal 

stability of the prepared PAs (Table 3; analyses conducted at ISOF-CNR, Bologna).  
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Table 3. Decomposition temperature at 5% weight loss (Td,5%), temperature of maximum degradation rate (Td) and 
residuum after degradation (Res.) from TGA analyses; glass transition temperature (Tg), melting temperature (Tm), 
crystallization temperature (Tc) and melting enthalpy (ΔHm) from DSC analyses of polyamides 3. 

 Td,5% 
(°C) 

Tda 
(°C) 

Res.b 
(%) 

Tgc 
(°C) 

Tmd 

(°C) 
Tc 

(°C) 
Hm (J 

g−1) 
Mn (kg 
mol−1) ref. 

PETA (3aa) 264 431 31.00.5 n.d. n.d. n.d. n.d. 1.9.  

PETA (lit.) 
250 450 n.a. n.a. n.a n.a n.a 4.2 31 
420 450 20-30 n.d. n.d. n.d. n.d >10 32 

PA10T (3ba) 377 486 2.50.5 106 220 185 19 2.6  
PA10T (3ba’’) 364 482 1.80.5 117 235 198 15.3 20.2  

HMW PA10T 
(3ba’) 291 465 2.50.5 117 200, 287, 

296 
177, 
273 

3.2, 
43.4e 62.8  

PA10T (lit.) 

n.a. n.a. n.a. n.a. 304, 317 n.a. 90 4.2 16ef 
436 491 n.a. 132.3 302, 313 287.7 100 11 30b 
n.a n.a n.a.  279 n.a. n.a. 14 33 

420−440 479 < 5 132.6 313 276 n.a. 21 30a 
426 482 n.a. 113 290 n.a. n.a. 26 33 

PA6T (3ca) 355 472 6.50.5 146 277 217 16 2.5  

PA6T (lit.) 
>380 480−484 2.4−5.2 n.a. 374−379f n.a. 108−146 3.8−3.9 34 
245 471 n.a. 170 270 n.d.. n.d. 15.6 22a 
428 450 5 n.a. 368 n.d n.d. >10 32 

PA6I (3cb) 176 475 3.60.5 105 n.d. n.d. n.d. 1.7  
PA6I (lit.) 409 455 n.a. 132 n.d. n.d. n.d. 15.7 22b 

PA10F (3bc) 159 462 11.50.5 90 n.d. n.d. n.d. 1.6  

CE-PA10F 
(3bc’) 

310 455 21.80.5 132 n.d. n.d. n.d. 6.5  

PA10F (lit.) 
n.a 350-450 n.a. 71 n.d. n.d. n.d. 5.3 21d 
366 473 n.a 98 135 n.a. n.a.. 13.4 21d 

PA6F (3cc) 171 404 34.50.5 90−110 n.d. n.d. n.d. 1.7  

PA6F (lit.) 

380   95    2.4 22b 
n.a 350−410 n.a. 110 n.d n.d. n.d. 5.2 21b 
322 460 n.a. 119 162 n.a n.a 13.4 21d 

287−309 355−408 n.a. 86−64 n.d. n.d. n.d. 30−62 22a 
PA10FF (3bd) 292 456 21.00.5 69 n.d. n.d. n.d. 3.2  
PA6FF (3cd) 225 357 28.00.5 73 n.d. n.d. n.d. 3.6  
PAFAT (3da) 157 349 19.50.5 n.d. n.d. n.d. n.d. 1.9  

aTemperature of the peak minimum in the DTGA plots. bResiduum at 850 °C. cValues at the midpoint. dValues at 
the peak maximum. eTotal area of the peaks with maximum at 287 °C and 296 °C; n.d. = not detected; n.a. = not 
available. fData collected at 20 °C min−1 as scan rate. 
 

Under standard conditions in nitrogen atmosphere, the PA10T oligomer 3ba displayed a very 

good thermal stability, exhibiting a main degradation process with Td at 486 °C (Figure 3). 

Surprisingly, samples of higher Mn (3ba’ and 3ba’’), obtained by subsequent chain extension 

with terephthaloyl chloride, showed a lower value, and the stability decrease is highest for the 

polymer with the highest Mn. In any case, the values are comparable to those of PA10T obtained 

by other polymerization methods (Table 3 and references therein) and the differences lie within 
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the range often observed among similar samples prepared in different batches.34 Moreover, the 

differences among the temperature at the maximum degradation rate reflect the differences 

among the temperature of 5% mass loss. The mass loss at low temperature is instead associated 

to the chain ends. The shift of the temperature which characterized polymers with high 

molecular weight can be ascribed to the increase of the polydispersity (PDI) in the second step 

process. Indeed, step growth polymerization is known to give polymers with PDI ≥ 2, depending 

on the reagent ratio. However, for a laboratory scale preparation the control over the reagent 

ratio can be difficult, while it can be usually overcome by scaling to industrial production where 

appropriate measure to reduce reagent volatilization can be implemented. The oligomer 3ca 

presented a degradation temperature value between those detected for HMW PA10T 3ba’ and 

the oligomer 3ba with an onset degradation temperature at 445 °C (Table 3). The detected 

values are comparable with those reported for PA6T obtained by solid-state polycondensation 

from salt precursors16a or by interfacial polycondensation.30 

Later, DSC analysis (Table 3) was conducted showing high thermal stability for both PA6T 3ca 

and PA10T 3ba thus indicating a semicrystalline structure. Moreover, the temperature for the 

melting and crystallization peaks for PA6T turned out to be higher respect to those of PA10T 

as expected by the different length of the alkyl chain in agreement with literature.35 As indicated 

in Figure 4, HMW PA10T 3ba’ exhibited a higher melting temperature and enthalpy than its 

precursor 3ba. The melting and crystallization peaks observed in the extended chain polymer 

3ba’ are also present in oligomer 3ba, whereas the extra peak at higher temperature in HMW 

PA10T can be ascribed to crystals made of HMW chains (Figure 4). Low molecular weight 

(LMW) sample fractions or crystals including chain ends can instead be considered responsible 

for the low temperature peak. Indeed, as already mentioned polymers obtained by step-growth 

polymerization are known to have polydispersity index larger than 2 and the value is as much 

high as the reagent ratio in the feed differs from 1. This event may also occur if the two reagents 

have different volatility, therefore during the polymerization under vacuum the reagent ratio 

may change as in the case of the PA10T oligomeric precursor and terephthaloyl chloride. Lastly, 

the observed difference between the characteristic temperatures of the polymer prepared by the 

herein proposed method and by salt condensation supported the high polydispersity of the 

sample. Indeed, in the latter mentioned case, the characteristic temperature values are a little bit 

higher, thus supporting the lower polydispersity. The consistency of the presented data is 

corroborated by the intermediate characteristic temperatures observed for PA10T 3ba’’ having 

intermediate molecular weight with respect to 3ba and 3ba’.  
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Additionally, chain extended PA10Ts showed glass transition temperature larger than the 

oligomer precursor, as expected, and the value is comparable to the one of PA10T exhibiting a 

similar melting value.33 This last value is a little bit lower with respect to the other reported 

values, but this is strongly affected by the conditions adopted for sample isolation, as well as 

by the analysis conditions, such as heating rate, and isothermal steps.16c All others synthesized 

polymers 3 did not show any melting peaks in the analysed temperature range. This result is in 

accordance with the literature in the case of PA10F and PA6F as for both polymers, melting 

peaks were observed only for samples with molecular weight larger than the ones described in 

the present chapter (Table 3). In the case of PA10FF, PA6FF and PAFAT no data on the thermal 

behavior have been previously reported. 

All the analysed polymers showed glass transition processes with temperature values ranging 

in between 69 °C and 146 °C, except for PETA 3aa and PAFAT 3da (Table 3). These values 

are in good accordance with previous reported data in the case of terephthalate polymers, when 

polymers with comparable molecular weight are considered (Table 3). Indeed, these polymers 

are made up of very rigid main-chain structure and their transitions temperature cannot be 

properly identified either because these transitions can be present at temperatures above the 

investigated range, or because they occur with a very low change in specific heats cp. A further 

comparison among the thermal stability of terephthalaldehyde- and isophthalaldehyde-derived 

polyamides showed large differences between semicrystalline and amorphous PAs (Figure 3). 

 

  

 

Indeed, a two-step process was observed for both PETA 3aa and PA6I 3cb with the first having 

onset temperature in the 200 − 300 °C temperature range, and the second at around 400 °C. The 

first step corresponded to the loss of low molecular weight fractions of the polymers.32 

Figure 3. Comparison among the TGA curves 
of terephthalaldehyde- and isophthalaldehyde-
derived polyamides. 

Figure 4. DSC analysis at 10 °C min−1 of PA10T 
oligomer (red lines), 3ba’ (black lines) and 3ba’’ 
(blue lines). Dashed lines are cooling steps 
performed after pre-heating. Solid lines are 2nd 
heating steps accomplished after the cooling ones. 
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Additionally, degradation plots of PAs showed different residuum after thermal degradation, 

which is highest for PETA, medium for both PA6T and PA6I, and lowest for PA10T (Figure 3 

and Table 3) in agreement with previous literature finding (Table 3 and references therein). As 

this difference depends on the N/C ratio, usually, the higher the ratio, the more this parameter 

increases. Apart from the oligomer of PA10F 3bc’ and PA10FF 3bd, which is stable up to 

310 °C, all the synthesised furan-based PAs displayed a general low thermal stability (Figure 

5), starting to degrade in between 130 °C and 206 °C (Table 3). Although 3bd did not show any 

crystallization and melting peaks during cooling and the subsequent heating (up to 250 °C) its 

higher thermal stability can be ascribed to the presence of some crystallinity phase with melting 

temperature above the degradation. However, at the present, this hypothesis cannot be 

confirmed without any additional investigation. For the same reason, the former hypothesis 

cannot support the data for PA10F 3dc’, which is much more stable than the precursor 3bc’ at 

lower molecular weight. In fact, this polymer was previously reported to give crystallization 

with melting temperature at 138 °C, which is close to the glass transition. In any case, the still 

scarce data on these polymers do not allow to unambiguously explain the observed thermal 

behavior. 
 

 

 

 

 

 
 

 

Lastly, a possible mechanism hypothesised for the NHC-promoted polyamidation relies 

on an ionic pathway in agreement with Studer proposal15d and the general mechanism of 

oxidative NHC-catalysis,36 is reported in Scheme 4. Accordingly, the NHC I generated by 

deprotonation of triazolium salt C1 reacts with aldehyde 2 to give the Breslow intermediate II, 

which in turn is oxidized to the acyl azolium III by the external oxidant 4. Subsequently, the 

nucleophilic attack by HFIP 9 generates the hexafluoroisopropyl monoester IV along with the 

turnover of NHC catalyst. Later, the aldehyde functionality of monoester IV is then involved 

in a second catalytic cycle affording the hexafluoroisopropyl diester V (the concurrent oxidative 

Figure 5. Comparison among the TGA curves of furan-based polyamides. 
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esterification of both aldehyde functionalities of 2 seems to be unlikely but it cannot be 

excluded). Diester V is, however, the key substrate of the subsequent amidation step as 

confirmed by NMR and IR analyses (see the Experimental section for details). At this point, 

substitution reaction with the amine 1 affords the amide 3 and release HFIP in an iterative 

manner yielding PAs 3. 

 
Scheme 4. Proposed catalytic cycles for NHC-catalysed amide bond formation. 

 
6.3 Conclusion 

In summary, a new strategy for the synthesis of oligomeric polyamides (PAs) has been 

developed. This methodology relied on the step-growth polycondensation of diamines and 

dialdehydes promoted by N-heterocyclic carbene (NHC) catalyst in oxidative conditions. The 

optimized procedure emerged as an eco-friendly alternative thanks to the mild conditions and 

the use of bio-based monomers, along with the possibility to recycle both the external oxidant 

4 (90% isolated yield) and the hexafluoro-2-proponal (HFIP, up to 85% through evaporation). 

Indeed, the addition of HFIP as a nucleophilic additive proved to be essential to guarantee the 

oligomer growth, leading to PAs (Mn = 1.7 − 3.6 kg mol−1) which are well-suited with a further 

chain-elongation step. A high molecular weight polyamide can thus be obtained as 

demonstrated by the synthesis of industrially relevant PA10T (with a Mn = 62.8 kg mol−1) and 

PA10F (Mn = 6.5 kg mol−1). Lastly, newly bio-based PAs have been synthetized as a further 

step for the development of environmentally benign macromolecular materials. 
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6.4 Experimental section 
General experimental procedure 

All moisture-sensitive reactions were performed under an argon atmosphere using oven-dried 

glassware. Solvents were dried over a standard drying agent and freshly distilled prior to use. 

Reactions were monitored by TLC on silica gel 60 F254 with detection by UV lamp operating at 

254 nm and 365 nm. FT-IR analyses were performed using the Bruker Instrument Vertex 70. 

Flash column chromatography was performed on silica gel 60 (230−400 mesh). 1H (300 MHz) 

and 13C (101 MHz) NMR spectra were recorded in CDCl3:HFIP mixtures or DMSO-d6 

solutions at room temperature. The chemical shifts in 1H and 13C NMR spectra were referenced 

to trimethylsilane (TMS). Peak assignments were aided by 1H-1H COSY and gradient-HMQC 

experiments. Bases (DBU, DIPEA) were freshly distilled before their utilization. All diamines 

and dialdehydes are commercially available except for aldehyde 2d, which was prepared by 

following a literature procedure.37 Catalyst C1 was purchased from TCI, catalyst C2 was 

purchased from ABCR and catalyst C3 was purchased from Sigma-Aldrich. Compounds 4−11, 

LiCl and iron(II) phthalocyanine were purchased from TCI and used as received without further 

purification. Thermogravimetric (TG) analysis was performed on a TGA 4000, PerkinElmer 

Inc., USA, instrument equipped with Pyris software for data acquisition and analysis. Samples 

(5–10 mg) in an alumina pans were analysed from 30 °C to 900 °C under nitrogen atmosphere 

(30 mL min−1) at a heating rate of 10 °C min−1. Calorimetric measurements (DSC) were 

performed using a PerkinElmer, USA DSC 8000 differential scanning calorimeter equipped 

with an Intracooler II as refrigeration system. The instrument was calibrated in temperature and 

energy with high-purity indium and zinc as standards. 5−10 mg of each sample was analysed 

in aluminum pans under dry nitrogen atmosphere (30 mL min−1). Samples were at first heated 

up to a temperature T (see table below) to erase the thermal history and to remove any trapped 

volatile substance such as solvent residual from the synthesis. Then, they were cooled down to 

−10 °C and finally heated up again (2nd heating step) up to at the temperature T (Table 4). 

Temperatures T was selected above the degradation temperature of polymers as determined by 

TGA. Heating and cooling steps were all performed at 10 °C min−1 as scanning rate.  
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Table 4. Maximum heating temperature in DSC analysis for the different samples. 

Sample Temperature T (°C) 

PETA (3aa) 190 

PA10T (3ba) 400 

PA10T (3ba’ and 3ba’’) 340 

PA6T (3ca) 350 

PA6I (3cb) 140 

PA10F (3bc) 140 

CE-PA10F (3bc’) 300 

PA6F (3cc) 140 

PA10FF (3bd) 250 

PA6FF (3cd) 140 

PAFAT (3da) 140 

 

General procedure for the synthesis of polyamides 3 
A mixture of pre-catalyst C1 (0.08 mmol) and hexafluoro-2-propanol (HFIP) (2.40 mmol) in 

anhydrous THF (6.0 mL) was degassed under vacuum and saturated with argon (by an Ar-filled 

balloon) three times. Then, DBU was added (0.20 mmol), and the reaction was stirred at room 

temperature for 5 minutes. Later, oxidant 4 (1.60 mmol) and aldehyde 2 (0.80 mmol) were 

added, and the reaction mixture was stirred at room temperature for 2 h. After complete 

consumption of aldehyde (verified by 1H NMR analysis), diamine 1 (0.88 mmol) was added 

and the reaction was stirred for 16 h at the same temperature. After this period, the mixture was 

concentrated, and the resulting residue triturated with fresh portions of Et2O (3  10 mL) and 

centrifuged. The organic solutions were collected for the recovery of DBU and oxidant 4 while 

the solid precipitate was dissolved in the minimum amount of appropriate solvent, and 

precipitated by dropwise addition into a poor solvent at 0 °C. 

 

Poly(ethylene terephthalamide) (3aa, PETA) 

 
The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3aa (137 mg, 

90%, Mn = 1.9 kg mol−1) as a pale yellow solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ = 7.74 

(s, 4H, Ar), 7.47 − 7.29 (m, 2H, -CONH-), 3.70 (s, 4H, -CH2NHCOR), 3.24 (s, 4H, terminal  



134 
 

-CH2NH2); 13C NMR (101 MHz, 1:1 CDCl3:HFIP) δ = 170.6 (CO), 136.6 (C, Ar), 129.6 

(periferic CH, Ar), 127.6 (CH, Ar), 41.2 (terminal -CH2NH2), 40.3 (-CH2NHCOR); FT-IR 

(KBr) : 3289, 3060, 2920, 1630, 1536, 1284 cm–1. 

 

Poly(decamethylene terephthalamide) (3ba, PA10T) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3ba (213 mg, 

88%, Mn = 2.6 kg mol−1) as a pale yellow solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ = 7.70 

(s, 4H, Ar), 6.59 (s, 2H, -CONH-), 3.43 (s, 4H, -CH2NHCOR), 3.04 (s, 4H, terminal -CH2NH2), 

1.64 (s, 4H, -CH2CH2NHCOR), 1.34 (s, 12H, -CH2CH2CH2CH2CH2NHCOR); 13C NMR (101 

MHz, 1:1 CDCl3:HFIP) δ = 169.8 (CO), 136.8 (C, Ar), 127.1 (CH, Ar), 41.2 (terminal -

CH2NH2), 40.8 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 28.8 (-CH2CH2CH2NHCOR), 28.6 

(-CH2CH2CH2CH2NHCOR), 26.4 (-CH2CH2CH2CH2CH2NHCOR); FT-IR (KBr) : 3312, 

2922, 2852, 1626, 1538, 1291 cm–1. 

 

Poly(hexamethylene terephthalamide) (3ca, PA6T) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3ca (165 mg, 

84%, Mn = 2.5 kg mol−1) as a pale yellow solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ = 7.72 

(s, 4H, Ar), 6.64 (s, 2H, -CONH-), 3.46 (s, 4H, -CH2NHCOR), 3.03 (s, 4H, terminal -CH2NH2), 

1.66 (s, 4H, -CH2CH2NH COR), 1.44 (s, 4H, -CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1 

CDCl3:HFIP) δ = 170.3 (CO), 137.3 (C, Ar), 127.6 (CH, Ar), 41.1 (-CH2NHCOR), 29.0 (-

CH2CH2NHCOR), 26.5 (-CH2CH2CH2NHCOR); FT-IR (KBr) : 3304, 2937, 2866, 1626, 

1539, 1287 cm–1. 
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Poly(hexamethylene isophthalamide) (3cb, PA6I) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3cb (153 mg, 

78%, Mn = 1.7 kg mol−1) as an off-white solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ = 7.95 

(s, 1H, Ar), 7.88 − 7.76 (m, 2H, Ar), 7.69 − 7.47 (m, 1H, Ar), 6.92 − 6.59 (m, 2H, -CONH-), 

3.44 (s, 4H, -CH2NHCOR), 3.11 (s, 4H, terminal -CH2NH2), 1.67 (s, 4H, -CH2CH2NH COR), 

1.45 (s, 4H, -CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1 CDCl3:HFIP) δ = 170.0 (CO), 

134.1 (CH, Ar), 132.1(C, Ar), 130.0 (CH, Ar), 129.7 (CH, Ar), 41.1 (terminal -CH2NH2), 40.6 

(-CH2NHCOR), 40.0 (terminal -CH2NHCOR), 28.4 (-CH2CH2NHCOR), 28.2 (terminal -

CH2CH2NHCOR), 26.8 (terminal -CH2CH2NH2), 26.0 (-CH2CH2CH2NHCOR), 25.2 (terminal 

-CH2 CH2CH2NHCOR), 24.7 (terminal -CH2CH2CH2NH2); FT-IR (KBr) : 3277, 2932, 2855, 

1737, 1635, 1532, 1373, 1282 cm–1. 

 

Poly(decamethylene 2,5-furandicarboxylamide) (3bc, PA10F) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:4, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3bc (189 mg, 

81%, Mn = 1.6 kg mol−1) as a creamy solid. 1H NMR (300 MHz, 1:4 CDCl3:HFIP) δ = 7.18 (s, 

2H, Furan), 3.46 (s, 4H, -CH2NHCOR), 3.12 (s, 4H, terminal -CH2NH2), 1.66 (s, 4H,  

-CH2CH2NHCOR), 1.40 (s, 12H, -CH2CH2CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:4 

CDCl3:HFIP) δ = 159.5 (CO), 147.6 (C, Furan), 115.4 (CH, Furan), 41.1 (terminal -CH2NH2), 

40.1 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 28.8 (-CH2CH2CH2NHCOR), 28.7  

(-CH2CH2CH2CH2NHCOR), 26.4 (-CH2CH2CH2CH2CH2NHCOR); FT-IR (KBr) : 3272, 

2925, 2854, 1737, 1642, 1575, 1365, 1283, 1178 cm–1. 
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Poly(hexamethylene 2,5-furandicarboxylamide) (3cc, PA6F) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3cc (136 mg, 

72%, Mn = 1.7 kg mol−1) as a creamy solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ = 7.07 (s, 

2H, Furan), 3.41 (s, 4H, -CH2NHCOR), 3.08 (s, 4H, terminal -CH2NH2), 1.63 (s, 4H,  

-CH2CH2NHCOR), 1.40 (s, 4H, -CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1 

CDCl3:HFIP) δ = 159.9 (CO), 147.9 (C, Furan), 115.9 (CH, Furan), 41.4 (terminal -CH2NH2), 

40.1 (-CH2NHCOR), 28.8 (-CH2CH2NHCOR), 26.1 (-CH2CH2CH2NHCOR); FT-IR (KBr) : 

3277, 2931, 2861, 1738, 1642, 1575, 1365, 1283, 1177 cm–1. 

 

Poly(decamethylene 5,5'-(oxybis(methylene))bis(2-furancarboxylamide)) (3bd, PA10FF) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3bd (306 mg, 

95%, Mn = 3.2 kg mol−1) as a pale yellow solid solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ 

= 7.06 (d, J 3.3 Hz, 2H, H-3, Furan), 6.87 (s, 2H, -CONH-), 6.52 (d, J 3.3 Hz, 2H, H-4, Furan), 

4.53 (s, 4H, Furan-CH2OR), 3.44−3.28 (m, 4H, -CH2NHCOR), 3.09−2.91 (m, 4H, terminal -

CH2NH2), 1.62 (s, 4H, -CH2CH2NHCOR), 1.33 (s, 12H,  

-CH2CH2CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1 CDCl3:HFIP) δ = 160.2 (CO), 152.4 

(C-5, Furan), 146.8 (C-2, Furan), 116.0 (C-3, Furan), 113.0 (C-4, Furan), 63.4 (Furan-CH2OR), 

39.8 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 28.8 (-CH2CH2CH2NHCOR), 28.7  

(-CH2CH2CH2CH2NHCOR), 26.4 (-CH2CH2CH2CH2CH2NHCOR); FT-IR (KBr) : 3287, 

2920, 2850, 1737, 1634, 1554, 1310, 1216 cm–1. 
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Poly(hexamethylene 5,5'-(oxybis(methylene))bis(2-furancarboxylamide)) (3cd, PA6FF) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3cd (249 mg, 

90%, Mn = 3.6 kg mol−1) as a pale yellow solid solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ 

= 7.08 (s, 2H, H-3, Furan), 6.94 (s, 2H, , -CONH-), 6.49 (s, 2H, H-4, Furan), 4.52 (s, 4H, Furan-

CH2OR), 3.41 (s, 4H, -CH2NHCOR), 3.04 (s, 4H, terminal -CH2NH2), 1.70 (s, 4H,  

-CH2CH2NHCOR), 1.46 (m, 4H, -CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1 

CDCl3:HFIP) δ = 160.6 (CO), 152.8 (C-5, Furan), 147.1 (C-2, Furan), 116.4 (C-3, Furan), 113.3 

(C-4, Furan), 63.8 (Furan-CH2OR), 40.0 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 26.3  

(-CH2CH2CH2NHCOR); FT-IR (KBr) : 3283, 2930, 2861, 1738, 1639, 1552, 1365, 1301, 

1216 cm–1. 

 

Poly(2,5-furandimethylene terephthalamide) (3da, PAFAT) 

 

The reaction mixture was dissolved in a minimum amount of DCM and hexafluoroisopropanol 

(HFIP) (1:1, v/v) and precipitated from Et2O (10 volumes) at 0 °C. Filtration followed by 

washing with cold Et2O and drying under vacuum at 100 °C afforded the product 3da (176 mg, 

86%, Mn = 1.9 kg mol−1) as a pale yellow solid. 1H NMR (300 MHz, DMSO-d6) δ = 9.08 (s, 

2H, -CONH-), 7.99 (s, 4H, Ar), 6.22 (s, 2H, Furan), 4.41 (s, 4H, Furan-CH2NHCOR), 3.57 (s, 

4H, terminal Furan-CH2NH2); 13C NMR (101 MHz, DMSO-d6) δ = 166.0 (CO), 151.7 (C, 

Furan), 136.8 (C, Ar), 127.7 (CH, Ar), 108.3 (CH, Furan), 36.6 (-CH2NHCOR); FT-IR (KBr) 

: 3284, 3040, 2940, 1737, 1640, 1538, 1376, 1287, 1191 cm–1. 

 

Synthesis of high molecular weight (HMW) PA10T 3ba’ 
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Oligomer 3ba (200 mg, 0.077 mmol, Mn = 2.6 kg mol−1), anhydrous N,N-dimethylacetamide 

(1 mL), lithium chloride (16 mg, 0.38 mmol) and N,N-diisopropylethylamine (40 µl, 0.23 

mmol) were added in a 10 mL round bottom flask under Ar atmosphere. The resulting mixture 

was stirred at room temperature until most of the prepolymer was dissolved, then the mixture 

was cooled to 0 °C. In a different flask, terephthaloyl chloride 10 (15 mg, 0.073 mmol) was 

dissolved in 0.5 mL of anhydrous N,N-dimethylacetamide. The solution was transferred in an 

airtight syringe and injected in the prepolymer solution at 0 °C. After 10 minutes, the ice bath 

was removed, and the mixture was stirred at room temperature for 48 h. After this period, the 

solution was slowly added to water (15 mL). The resulting solid precipitate was filtered and 

washed with methanol (15 mL) and diethyl ether (15 mL). Finally, the polymer was dried in 

vacuum at 100 °C for 4 h to yield 3ba’ (183 mg, 85%, Mn = 62.8 kg mol−1) as a pale yellow 

solid. 1H NMR (300 MHz, 1:1 CDCl3:HFIP) δ = 7.72 (s, 4H, Ar), 6.59 (s, 2H, -CONH-), 3.44 

(s, 4H, -CH2NHCOR), 3.04 (s, 4H, terminal -CH2NH2), 1.64 (s, 4H, -CH2CH2NHCOR), 1.36 

(s, 12H, -CH2CH2CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1 CDCl3:HFIP) δ = 169.8 

(CO), 136.8 (C, Ar), 127.1 (CH, Ar), 40.8 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 28.8 (-

CH2CH2CH2NHCOR), 28.6 (-CH2CH2CH2CH2NHCOR), 26.4  

(-CH2CH2CH2CH2CH2NHCOR); FT-IR (KBr) : 3312, 2920, 2850, 1625, 1538, 1291 cm–1. 

 

Poly(decamethylene terephthalamide) (3ba’’, PA10T) 

 

The prodcuct was obtained as pale yellow solid (172 mg, 80% yield, NMR calculated Mn = 

20.2 kg mol−1, viscosimetry calculated Mn = 22.3 kg mol−1). 1H NMR (300 MHz, 1:1 

CDCl3:HFIP) δ = 7.74 (s, 4H, Ar), 6.60 (s, 2H, -CONH-), 3.45 (s, 4H, -CH2NHCOR), 3.07 (s, 

4H, terminal -CH2NH2), 1.66 (s, 4H, -CH2CH2NHCOR), 1.37 (s, 12H, -

CH2CH2CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:1CDCl3:HFIP) δ = 169.8 (CO), 136.8 

(C, Ar), 127.1 (CH, Ar), 40.8 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 28.8 (-

CH2CH2CH2NHCOR), 28.6 (-CH2CH2CH2CH2NHCOR), 26.4 (-

CH2CH2CH2CH2CH2NHCOR). FT-IR (KBr):  3312, 2921, 2852, 1625, 1538, 1290 cm–1. 
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Synthesis of chain-extended CE-PA10F 3bc’ 

 

Oligomer 3bc (200 mg, 0.068 mmol, Mn = 1.6 kg mol−1), anhydrous N,N-dimethylacetamide 

(1 mL), lithium chloride (14 mg, 0.34 mmol) and N,N-diisopropylethylamine (36 µl, 0.20 

mmol) were added in 10 mL round bottom flask under Ar atmosphere. The resulting mixture 

was stirred at room temperature until most of the prepolymer was dissolved, then the mixture 

was cooled to 0 °C. In a different flask, 2,5-furandicarbonyl dichloride 11 (13 mg, 0.065 mmol) 

was dissolved in 0.5 mL of anhydrous N,N-dimethylacetamide. The solution was transferred in 

an air tight syringe and injected in the prepolymer solution at 0 °C. After 10 minutes, the ice 

bath was removed, and the mixture was stirred at room temperature for 48 h. After this period, 

the solution was slowly added to water (15 mL). The resulting solid precipitate was filtered and 

washed with methanol (15 mL) and diethyl ether (15 mL). Lastly, the polymer was dried in 

vacuum at 100 °C for 4 h to yield 3bc’ (162 mg, 76% yield, Mn = 6.5 kg mol−1) as a creamy 

solid.  
1H NMR (300 MHz, 1:4 CDCl3:HFIP) δ = 7.12 (s, 2H, Furan), 3.43 (s, 4H, -CH2NHCOR), 

3.10 (s, 4H, terminal -CH2NH2), 1.66 (s, 4H, -CH2CH2NHCOR), 1.38 (s, 12H, -

CH2CH2CH2CH2CH2NHCOR); 13C NMR (101 MHz, 1:4 CDCl3:HFIP) δ = 159.6 (CO), 147.6 

(C, Furan), 115.5 (CH, Furan), 40.1 (-CH2NHCOR), 29.0 (-CH2CH2NHCOR), 28.7 (-

CH2CH2CH2NHCOR), 28.6 (-CH2CH2CH2CH2NHCOR), 26.4 (-

CH2CH2CH2CH2CH2NHCOR); FT-IR (KBr) : 3272, 2924, 2854, 1735, 1640, 1575, 1363, 

1282, 1178 cm–1. 

 

Gram-scale synthesis of PETA 3aa  
A mixture of pre-catalyst C1 (225 mg, 1.0 mmol) and HFIP (3.16 mL, 30.0 mmol) in anhydrous 

THF (60.0 mL) was degassed under vacuum and saturated with argon (by an Ar-filled balloon) 

three times. Then, DBU was added (374 µL, 2.5 mmol), and the reaction was stirred at room 

temperature for 5 minutes. Later, oxidant 4 (8.17 g, 20.0 mmol) and terephthalaldehyde 2a (1.34 

g, 10.0 mmol) were added, and the reaction mixture was stirred at room temperature for 2 h. 

After complete consumption of aldehyde (verified by 1H NMR analysis), diamine 1 (0.74 mL, 

11.0 mmol) was added and reaction was stirred for 16 h at the same temperature. Thus, the 

mixture was transferred into a distillation unit to recover HFIP (bp 58 °C, up to 85% isolated 
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yield through evaporation) and remove THF. The resulting residue was triturated with fresh 

portions of Et2O (3  100 mL) and centrifuged. The organic solutions were collected for the 

recovery of the oxidant 4 (90% isolated yield), while the solid residue was dissolved in 50 mL 

of DCM and HFIP (1:1, v/v) and precipitated from Et2O (500 mL) at 0 °C. Filtration followed 

by washing with cold Et2O and drying under vacuum at 100 °C afforded PETA 3aa (1.75 g, 

92%, Mn = 1.9 kg mol−1) as a pale yellow solid.  

 

Procedure for HFIP, DBU and oxidant 4 recycle 
HFIP used for 3aa purification was recovered by distillation as described before. 

After trituration of the crude polycondensation mixture with Et2O, the collected organic 

solutions (300 mL) were washed with 0.5 M HCl (2  50 mL).  

Oxidant 4 recycle: the organic phase containing the corresponding reduced product o,o′-di-tert-

butyl-p-bisphenol was dried (Na2SO4), concentrated, and eluted from a short column of silica 

gel (4:1 cyclohexane:DCM) to give o,o′-di-tert-butyl-p-bisphenol (7.98 g) as a white 

amorphous solid. The quantitative oxidation to quinone 4 was performed stirring the bisphenol 

(578 mg, 1.41 mmol) with iron(II) phthalocyanine (1.06 g, 1.87 mmol) in THF (80 mL) under 

air atmosphere (1 atm, balloon) for 16 h. Filtration over a pad of celite followed by 

concentration under reduced pressure afforded 4 as a dark red amorphous solid (7.61 g, 88%).  

DBU recycle: 2 M NaOH was added to the above aqueous phase until alkaline pH. The resulting 

aqueous solution was then extracted with EtOAc (2  40 mL). The combined organic phases 

were dried (Na2SO4) and concentrated to give DBU (280 mg, 90%), at least 90% pure as 

determined by 1H NMR analysis.  

 
Synthesis of PA10T 3ba’’ 
 

 
 

Oligomer 3ba (200 mg, 0.077 mmol, Mn = 2.6 kg mol−1), anhydrous N,N-dimethylacetamide 

(1 mL), lithium chloride (16 mg, 0.38 mmol) and N,N-diisopropylethylamine (40 µl, 0.23 

mmol) were added to a 10 mL round bottom flask, under Ar atmosphere. The resulting mixture 

was stirred at room temperature until most of the prepolymer was dissolved, then the mixture 

was cooled to 0 °C. In a different round bottom flask, terephthaloyl chloride 10 (15 mg, 0.073 
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mmol) was dissolved in 0.5 mL of anhydrous N,N-dimethylacetamide. Thus, the solution was 

transferred in an airtight syringe and injected in the prepolymer solution at 0 °C. After 10 

minutes, the ice bath was removed, and the mixture was stirred at room temperature for 24 h. 

After this period, the solution was slowly added to water (15 mL). The resulting solid precipitate 

was filtered and washed with methanol (15 mL) and diethyl ether (15 mL). Lastly, the polymer 

3ba’’ was dried in vacuum at 100 °C for 4 h (172 mg, 80% yield, NMR calculated Mn = 20.2 

kg mol−1). Molecular weight increase was confirmed by the diminished integral values of the 

end group signals at 3.04 ppm in the 1H NMR spectrum (1:1 CDCl3:HFIP, Figure 6). 

 

 
Figure 6. 1H NMR spectra of oligomeric PA10T 3ba and PA10T 3ba’’ (1:1 CDCl3:HFIP). 

 

Viscosity analysis 

A solution containing 0.5 g dL−1 of polymer in concentrated sulphuric acid (96%) was prepared 

as follows: 100 mg of 3ba’’ were added to 20 mL of concentrated sulfuric acid into a 20 mL 

flask and stirred for 12 h. Later, the solution was filtered through a sintered glass filter and used 



142 
 

for analysis. Single-point intrinsic viscosity measurements were performed using an Ubbelohde 

viscometer in a 25 °C controlled water bath. Flow times were an average of four values that 

agreed within 0.2 s. Specific (ηsp) and relative (ηrel) viscosities were calculated from flow times 

data of sulphuric acid and polymer. Single point intrinsic viscosities were then determined using 

the Solomon-Ciutǎ19 equation, affording an intrinsic viscosity value [η] = 1.93. Number-

average molecular weight for PA10T 3ba’’ was estimated from Mark-Houwink equation 

considering K = 5.58 • 10-4 dL g−1 and α = 0.81, previously calculated for PA12T38 and adapted 

for PA10T affording Mn = 22.3 kg mol−1. 

 

Mechanistic studies 
With the aim to understand the reaction mechanism, NMR and FT-IR investigations were 

performed. 
NMR study: A mixture of pre-catalyst C1 (10 µL, 0.03 mmol), hexafluoro-2-propanol 9 

(HFIP) (85 µL, 0.80 mmol), oxidant 4 (221 mg, 0.53 mmol) and aldehyde 2a (36 mg, 0.26 

mmol) in anhydrous THF (2.0 mL) was degassed under vacuum and saturated with argon (by 

an Ar-filled balloon) three times. At this stage, 50 µL of the reaction mixture were withdrawn 

and added to CDCl3 (0.8 mL) in a NMR tube. 1HNMR spectra was recorded (Figure 7), showing 

the clear presence of the dialdehyde 2a signals: 10.1 ppm (s, 2H, COH), 8.04 ppm (s, 4H, Ar). 

Then, DBU was added to the reaction mixture (10 µL, 0.67 mmol), and the reaction was stirred 

at room temperature for 2 h. After this period, 50 µL of the reaction mixture were withdrawn 

and added to CDCl3 (0.8 mL) in a NMR tube. 1HNMR spectra clearly (Figure 8), showed the 

complete disappearance of aldehyde 2a, accompanied by the appearance of the signals related 

to the hexafluoroisopropyl diester: 8.22 ppm (s, 4H, Ar), 6.02 ppm (hept, 2H, CH). The 

comparison between the two spectra confirmed after 2 h the quantitative transformation of the 

starting aldehyde 2a in the corresponding hexafluoroisopropyl diester, which represents the key 

highly reactive intermediate of the subsequent amidation step. 

FT-IR study: FT-IR spectra of the starting aldehyde 2a was recorded (Figure 9), showing a 

strong diagnostic band at 1683 cm−1, corresponding to the C=O stretching. Next, a mixture of 

pre-catalyst C1 (10 µL, 0.03 mmol), hexafluoro-2-propanol 9 (HFIP) (85 µL, 0.80 mmol), 

oxidant 4 (221 mg, 0.53 mmol) and aldehyde 2a (36 mg, 0.26 mmol) in anhydrous THF (2.0 

mL) was degassed under vacuum and saturated with argon (by an Ar-filled balloon) three times. 

At this stage, DBU was added to the reaction mixture (10 µL, 0.67 mmol), and the reaction was 

stirred at room temperature for 2 h. After this period, the reaction mixture was concentrated 

under reduced pressure. FT-IR measurement of the crude mixture was performed (Figure 10), 

showing the complete disappearance of the diagnostic aldehyde 2a peak at 1683 cm−1 
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accompanied by the appearance of a strong band at 1755 cm−1, corresponding to the 

hexafluoroisopropyl diester C=O stretching. The superposition of the spectra clearly shows this 

behavior (Figure 11). 

Figure 7. 1H (300 MHz, CDCl3) of the reaction mixture before DBU addition. 

Figure 8. 1H (300 MHz, CDCl3) of the reaction mixture after DBU addition and 2 h stirring at room temperature. 
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Figure 9. FT-IR spectra of terephthalaldehyde 2a. 

 

 
Figure 10. FT-IR spectra of the crude reaction mixture after 2 h stirring at room temperature. 

 

 
Figure 11. FT-IR spectra overlap of terephthalaldehyde 2a (purple) and the crude reaction mixture after 2 h 

stirring at room temperature (green).  
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7. Enantioselective N-acylation of Biginelli 
dihydropyrimidines by oxidative NHC-catalysis 
 
The work described in this chapter has formed the basis of the following peer reviewed 

publication: A. Brandolese; D. Ragno; C. Leonardi; C. De Risi; O. Bortolini; A. Massi, Eur. J. 

Org. Chem. 2020, 2439–2447. 

     

7.1  Introduction 
 Biginelli dihydropyrimidines (3,4-dihydropyrimidin-2-(1H)-ones, DHPMs)1 are defined 

as “privileged” structures in medicinal chemistry displaying a plethora of pharmacological 

properties.2  However, as it often occurs with molecules showing a pharmaceutical activity, 

optically active DHPMs typically exhibit different or even opposite biological action. 

Enantioenriched DHPMs have been addressed by chemical resolution, chromatography on 

chiral stationary phases, and by asymmetric multicomponent reaction through 

metal/organo/bio-catalytic approaches.3 However, starting from racemic DHPM a facile access 

to optically active derivatives could also follow a kinetic resolution (KR) or a dynamic kinetic 

resolution (DKR) processes. The former is ‘the achievement of partial or complete resolution 

by virtue of unequal rates of reaction of the enantiomers in a racemate with a chiral agent 

(reagent, catalyst, solvent, etc.)’ as established by IUPAC.4 Therefore, KR relies upon 

differences in reactivity between enantiomers or enantiomeric complexes and it expected to 

provide no more than 50% yield. The efficiency of the process is assessed by the selectivity 

factor (s) which has been shown to be related to several parameters, such as the relative reaction 

rates of the two enantiomers, the reaction conversion (Conv.) and the enantiomeric excess (ee) 

of either the reaction product or the recovered starting material.4 DKR processes instead are 

distinguished by the equilibration of a mixture of stereoisomers (enantiomers or diastereomers) 

through an in situ epimerization occurring prior to or during the KR.4 Hence, DKR could 

theoretically convert 100% of the starting material into a single stereoisomer of the target 

product. While a previous example of enzymatic kinetic resolution has been employed through 

hydrolysis of activated ester derivatives of racemic DHPMs,5 organocatalysed kinetic resolution 

processes have not been reported in literature yet. 

The Biginelli compounds display a common functional group, the ureido moiety, often present 

in molecules with relevant synthetic and biological activity.6 In fact, among all the several 

derivatizations on the DHPM core, of particular relevance is the N3-acylation, which leads to 

the synthesis of close structural analogues of pharmaceutically active Hantzsch 1,4-

dihydropyridines. Noteworthy are the potent calcium channel blockers SQ-329266 and SQ-
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325477 or the α1a receptor antagonist agent L-771688 (Figure 1).8 The substitution of DHPMs 

with carbonyl groups at the N3 position, in fact, often leads to an increase of their biological 

activity and stability.9 

 

 
Figure 1. Biologically active N3-acylated DHPMs. 

 
Generally, optically active N3-acylated DHPMs are obtained from the corresponding 

enantioenriched substrates by treatment with stoichiometric, highly reactive acid chlorides or 

anhydrides at elevated temperatures in the presence of a base.9 Differently, the use of aldehyde 

agents, as in the reaction promoted by N-heterocyclic carbene (NHCs), to perform N-acylation 

reactions in place of carboxylic acids/derivatives has not been proposed yet. This strategy, in 

fact, shows some practical advantages such as mild reaction conditions, chemoselectivity and 

no need of coupling reagents. Moreover, synthetic routes are additionally expanded by the use 

of oxidative strategies (internal and external oxidation protocols)10 leading to the formation of 

the acyl azolium intermediate. Consequently, acylation of oxygen-, sulfur-, and nitrogen-

nucleophiles in challenging kinetic resolution (KR),11 macrolactonization,12 

desymmetrization,11,13 and polymerization14 processes have been performed. This strategy has 

been applied for the functionalization of alkylamines,15 anilines,16 amides,17 sulfoximines,18 

azomethine imines,19 and several nitrogen-containing heterocycles (Scheme 1).15c,15e,15i–21  

However, the direct oxidative N-acylation with aldehydes has been often hampered by the 

competing imine formation,15 thus requiring the addition of oxygen nucleophiles as 

additives15a,15b or the execution of a two-step procedure with activated ester intermediates.15d,15g 

Herein, considering the valuable biological application of N3-acylated DHPMs, a challenging 

direct asymmetric N-acylation of racemic DHPMs promoted by oxidative NHC-catalysis has 

been developed. The reported method used aldehydes and substitutional variation around the 

DHPM scaffold has been investigated through catalytically generated acyl azolium 

intermediates (Scheme 1). 
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Scheme 1. NHC-catalysed N-acylation of nitrogen nucleophiles and kinetic resolutions; this work: 

enantioselective N-acylation of Biginelli DHPMs. 
 

7.2  Results and discussion 
Preliminary investigations on N-acylation of DHPM 1a (Table 1) with the achiral 

triazolium pre-catalyst C1 (10 mol%) started with the evaluation of the influence of the 

aldehyde reaction partner under oxidative condition due to the presence of quinone 8 (1 equiv.). 

Disappointingly, the use of equimolar cinnamaldehyde 2a and DBU (2 equiv.) in anhydrous 

THF with 4Å molecular sieves, at room temperature resulted in no formation of the 

corresponding N3-acylated DHPM (±)-5aa (entry 1). This result can be justified as the DBU is 

not strong enough to activate the weak nucleophile (1a). However, the replacement of DBU 

with the stronger base NaH (2 equiv.) gave (±)-5aa in 41% yield after one hour, along with 

unreacted 1a (48%; entry 2) and a detectable amount (15%) of cinnamic acid. Therefore, the 

use of a strong base which deprotonate the starting DHPM 1a turned out to be fundamental for 

the positive outcome of the reaction. Only a moderate increase of yield (47−50%) was detected 

extending the reaction time to 24 h and along with the use of an excess of aldehyde 2a (2 equiv.). 

In the last condition, in fact, the consumption of 2a into the corresponding acid (entries 3 and 

4) was instead observed. Replacing the α,β-unsaturated aldehyde 2a with the aromatic 4-

chlorobenzaldehyde 3a resulted in marked decrease of reaction efficiency affording the acyl 

derivative (±)-6aa in poor yield (10%, entry 5). Finally, the use of the aliphatic n-butyraldehyde 

4a delivered a complex reaction mixture due to the competing aldol reaction with no evidence 

of product (±)-7aa formation (entry 6). At this point of the study, the use of 2 equivalents of 

DHPM 1a turned out to promote the formation of the N3-acylated DHPM 5a which was isolated 

in 74% yield (the yield of the process was calculated with respect to the cinnamaldehyde 2a 

which was present as the limiting reagent; entry 7).  
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Table 1. Preliminary study on the achiral N-acylation of DHPM 1a with model unsaturated, aromatic, and 
aliphatic aldehydes 2a−4a.a 

 

Entry Aldehyde Base Time (h) Product (%)b 

1 2a DBU 24 (±)-5aa (-) 

2   2a NaH 1 (±)-5aa (41) 

3   2a NaH 24 (±)-5aa (47) 

4c   2a NaH 24 (±)-5aa (50) 

5 3a NaH 24 (±)-6aa (10) 

6 4a NaH 24 (±)-7aa (-) 

7d 2a NaH 16 (±)-5aa (74) 
aConditions: 1a (0.2 mmol), aldehyde (0.2 mmol), C1 (10 mol%), base (0.4 mmol), 
8 (0.2 mmol), anhydrous THF (2.0 mL), 4Å MS, RT. bIsolated yield. cReaction run 
with 0.4 mmol of 2a. dReaction run with 0.4 mmol of 1a and 0.46 mmol of NaH. 
 

At this point, the screening of a set of chiral pre-catalysts C2−C7 was carried out to perform 

the asymmetric version of the model N-acylation of DHPM 1a in the presence of 

cinnamaldehyde 2a as the limiting reagent (Table 2). Under the condition of the disclosed 

racemic process (Table 1, entry 7) the amino-indanol-derived triazolium salts C2−C4 proved 

to be low effective even using a higher catalytic loading (20 mol%; Table 2, entries 1–3). 

However, the chiral catalyst C3 promoted the formation of 5aa in very low yield (8%) but with 

an encouraging enantiomeric ratio (er = 78:22; Table 2, entry 2). The pyrrole-derived triazolium 

pre-catalyst C5 provided unsatisfactory results (Table 2, entry 4), while the analogue C6 gave 

5aa in 50% isolated yield and 80:20 er after 16 h (entry 5). The lower efficiency observed with 

chiral catalyst could be attributed to the higher steric hindrance of the chiral pre-catalysts 

C5−C6 compared to the achiral C1. A comparable yield of 5aa (55%) accompanied, however, 

by a lower value of er (60:40) was detected with the morpholine-based triazolium salt C7 (Table 

2, entry 6).  
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Table 2. Screening of chiral triazolium salts.a 

 
Entry NHC.HX Solvent 5aa (%)b erc 

1 C2 THF - - 
2   C3 THF 8 78:22 
3   C4 THF - - 
4 C5 THF - - 
5 C6 THF 50 80:20 
6 C7 THF 55 60:40 

aConditions: 1a (0.4 mmol), aldehyde (0.2 mmol), NHC.HX (0.04 
mmol), base (0.46 mmol), oxidant (0.2 mmol), anhydrous THF (4.0 
mL), 4Å MS, RT, 16 h. bIsolated yield. cDetermined by chiral HPLC. 

 

Later, the solvent screening with the optimal catalyst C6 indicated THF as the optimal reaction 

medium (Table 3, entries 1−3). Therefore, further investigations were targeted through variation 

of the base employed (Table 3). However, the use of DIPEA and DBU produced unsatisfactory 

results (Table 3, entries 4 and 5); while the use of stronger organic and inorganic bases (Table 

3, entries 6−9) indicating n-BuLi (2.3 equiv.) as the selected base, allowing to increase the yield 

(55%) and the enantioselectivity of the process (er = 83:17; Table 3, entry 9). At this point of 

the optimization step a further solvent screening with the optimal base n-BuLi was conducted, 

leading to disappointing values of both the reaction yield and enantioselectivity (Table 3, entries 

10−13). The low yield detected for the reaction in DMF could be attributed to side reaction 

between DMF and the strong base n-BuLi, however no further investigations have been 

conducted in this regard.22 The increasing of the temperature to 45 °C had a little effect on the 

reaction outcome, with a small improvement of the reaction yield (60%) together with a partial 

loss of enantioselectivity (er = 75:25; Table 3, entry 14). On the other hand, cooling the reaction 

mixture to 0 °C produced a drastic reduction of yield (25%) and only a little enhancement of er 

(85:15; Table 3, entry 15). According to the results obtained from the racemic process, the use 

of an excess (2 equiv.) of aldehyde 2a resulted in a lower efficiency of the acylation procedure 

(Table 3, entry 16).   
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Table 3. Optimization study.a 

 
Entry Solvent Base 5aa (%)b erc 

1 THF NaH 55 60:40 
2 DCM NaH 21 64:36 
3 DMF NaH 16 62:38 
4 THF DIPEA - - 
5 THF DBU - - 
6 THF KHMDS 20 61:39 
7 THF t-BuOK 18 63:37 
8 THF Cs2CO3 15 64:36 
9 THF n-BuLi 55 83:17 

10 DCM n-BuLi 20 63:37 
11 Toluene n-BuLi - - 
12 DMF n-BuLi 18 65:35 
13 NMP n-BuLi 16 60:40 
14d THF n-BuLi 60 75:25 
15e THF n-BuLi 25 85:15 
16f THF n-BuLi 32 82:18 

aConditions: 1a (0.4 mmol), aldehyde (0.2 mmol), C6 (0.04 mmol), 
base (0.46 mmol), 8 (0.2 mmol), anhydrous THF (4.0 mL), 4Å MS, RT, 
16 h. bIsolated yield. cDetermined by chiral HPLC. dTemperature: 45 
°C. eTemperature: 0 °C, 32 h. fConditions: 1a (0.2 mmol), 2a (0.4 
mmol), C6 (0.08 mmol), n-BuLi (0.25 mmol), 8 (0.4 mmol), 24 h. 

 

During the optimization step no dedicated experiments were conducted with the aim to 

determine whether the DHPM 1a goes through a KR or DKR process, differently the attention 

was focus on the use of the reaction conditions which allowed to obtain products with high 

enantioenrichment. Hence, the effect of a cooperative Lewis catalyst23 was additionally 

explored; unfortunately, the addition of LiCl or LiBF4 (25 mol%) left the enantiomeric ratio of 

5aa almost unchanged (Table 4, entries 1 and 2). Replacing the Kharasch oxidant 8 with 

different oxidants such as phenazine 9 and azobenzene 10 had a little effect both for the reaction 

yield (45−48%) and enantiomeric ratio (er = 80:20; Table 4, entries 3 and 4). Moreover, the 

possibility to use air as the terminal oxidant via biomimetic system of electron-transfer 

mediators (ETMs) developed by Bäckvall24 and Sundeń20,25 groups was also examined. Indeed, 

a catalytic amount (25 mol%) of quinone 8 (ETM') was employed in combination with iron(II) 

phthalocyanine 11 (5 mol%, ETM'') under air atmosphere affording 5aa in poor yield (20%) 

and comparable enantioselectivity (er = 78:22; Table 4, entry 5). Lastly, control experiment to 

establish the possible racemization at C4 position of DHPM 5aa confirmed that in presence of 

an excess of n-BuLi the stereochemical integrity of enantioenriched 5aa is kept unaltered. 
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Promisingly, the configurational stability of the product was also tested under the full reaction 

conditions (in the presence of the oxidant and the base) detecting no relevant changes. 

 
Table 4. Optimization study: additives and use of different oxidation systems.a 

 

Entry Oxidant 5aa (%)b erc 
1d 8 30 72:18 
2e 8 42 80:20 
3 9 45 80:20 
4 10 48 80:20 
5f air 20 78:22 

aConditions: 1a (0.4 mmol), aldehyde (0.2 mmol), C6 (0.04 
mmol), base (0.46 mmol), oxidant (0.2 mmol), anhydrous THF 
(4 mL), 4Å MS, RT, 16 h. bIsolated yield. cDetermined by 
chiral HPLC. dAddition of LiCl (0.05 mmol). eAddition of 
LiBF4 (0.05 mmol). fAddition of 8 (0.05 mmol) and 11 (0.01 
mmol). 
 

At this point, a further attempt aimed to enhance the enantioselectivity of the model N-acylation 

reaction was conducted. Inspired by the NHC/hydroxamic acid co-catalysis approach developed 

by Bode and co-workers for the KR of cyclic secondary amines,15e the achiral triazolium pre-

catalyst C1 (10 mol%) and the chiral hydroxamic acid co-catalyst A (10 mol%) were used for 

the benchmark reaction. Thus, equimolar ratio of DHPM 1a, cinnamaldehyde 2a and Kharasch 

oxidant 8 were employed in THF as the optimal solvent along with n-BuLi (1.5 equiv.) as the 

base. This synergistic catalysis relied on the generation of the key acylating agent I which is 

susceptible to nucleophilic attack by the deprotonated DHPM 1a (Scheme 2). Unfortunately, 

the experimental outcome indicated that the likely competitive achiral pathway directly 

promoted by C1 is predominant as the product 5aa was obtained in higher yield (69%) but 

almost in racemic form (er = 53:47). 

With optimized conditions in hand, the generality of this N-acylation protocol was investigated 

through variation of DHPMs scaffold (Table 5). Initially, the stereoelectronic properties of 

substituent in C4 position were tested through reaction with aldehyde 2a under the developed 
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conditions (Table 3, entry 9). Notably, electron-withdrawing groups in meta- and para-position 

led to an increase of reactivity (5ba, 68%; 5ca, 72%) with little effect on enantioselectivity 

compared to the model 5aa. The ortho-chloro substituent, instead, determined a decrease of 

reactivity probably because of the steric hindrance around the C4 stereocenter affording the 

product 5da with 41% yield without reducing the enantiomeric enrichment (er = 81:19). 

Differently, the presence of an electron-donating group in para-position of the C4 aromatic ring 

produced a little improvement in terms of er which was registered in DHPM 5ea equal to 84:16. 

A much lower enantiomeric ratio was instead detected in the furyl-functionalized compound 

5fa (er = 62:38). Additional variations of the C5 ester group (5ga) and N1-substituent (5ha, 

5ia) in the DHPM core showed no appreciable modifications of reaction efficiency in 

comparison with model 5aa, apart from the marked drop of enantiomeric ratio displayed by 5ha 

(er = 57:43) bearing an aromatic N1 group. Furthermore, the introduction of an aliphatic chain 

at the C4 position resulted in a diminished enantioselectivity (5ja; er = 71:29) compared to 5ia 
with the same substitution pattern (er = 78:22). The introduction of electron-withdrawing and 

electron-donating groups on cinnamaldehyde furnished the corresponding N3-acylated DHPMs 

5ab and 5ac with low enantioselectivities, being 5ab almost a racemic product (er = 53:47). 

Moving from the model DHPM 1a to the thio-analogue 12 as the substrate led to a lack of 

enantiocontrol exerted by C6 yielding the corresponding N3-acylated product 13 in good yield 

(79%) but negligible enantioselectivity (er = 58:42). This result suggests that this group might 

be important for stabilising the acylation transition state and thus dictating 

enantiodiscrimination. 

To assign the absolute configuration of product 5, a dedicated experiment was conducted, 

involving the known DHPM 1g along with equimolar (in place of 2 equivalent as for the 

reaction scope) cinnamaldehyde 2a (30% conversion). The recovered DHPM 1g (er = 60:40) 

showed to be with (4S)-configuration (optical rotation analysis)26 thus allowing to deduce the 

opposite (4R)-configuration for the acylated counterpart 5ga (er = 77:23). This assignment was 

then extended to all DHPMs 5 by analogy.  
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Table 5. Reaction scope of the enantioselective N-acylation of DHPMs. 

  

 

Finally, synthetic elaboration of the α,β-unsaturated functionality of the products 5 was 

investigated for the introduction of additional elements of diversity on the DHPM scaffold. As 

a proof of concept study, enantioenriched 5aa (er = 83:17) was subjected to alkene 

hydroarylation27 with benzene and triflic acid (TfOH) affording the diaryl derivative 14 in 

satisfactory yield (55%) and almost unchanged enantiomeric purity (er = 80:20; Scheme 3). 
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Noteworthy, the stoichiometric oxidant 8 could be easily regenerated with air and re-used in 

different runs (see previous Chapters and the Experimental section for further details). 

 

 
Scheme 3. Synthetic elaboration of enantioenriched DHPM 5aa. 

 
Lastly, a suggested mechanism for the disclosed asymmetric N-acylation of DHPMs is 

reported in Scheme 4. Accordingly, the deprotonation of triazolium salt C6 generates the NHC 

II which reacts with aldehyde 2 to give the homoenolate intermediate III. Subsequent oxidation 

by the external oxidant 8 leads to the acyl azolium IV which is intercepted by the deprotonated 

DHPM 1'. Later, the product 5 is obtained along with catalyst turnover through the intermediate 

V.  

 
Scheme 4. Proposed reaction mechanism. 

 

A suggested acylation transition state has been hypothesised as well (Figure 2). Building upon 

previous studies,28 DHPMs display a boat-like conformation in which the aryl ring (at the C4 

position) is positioned axially (in the (R)-enantiomer) and orthogonal to the dihydropyridine 

ring. An interaction among the C=O group and the positively charged acyl azolium intermediate 
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could be postulated as the responsible for the stabilization of the (R)-substrate. The (S)-substrate 

instead turned out to be more hindered thus limiting its reactivity. At this point of the study, 

more hypotheses could not be proposed as the collected data and the information already present 

in literature are not sufficient to explain the selectivity of the process. Indeed, although these 

models account for the sense of asymmetric induction in these kinetic resolutions, they are 

currently speculative as further investigations are ongoing to better understand the mechanism 

and the structure of the transition state. 

 

 
Figure 2. Suggested acylation TSs for the fast and slow reacting enantiomers.  

 

7.3  Conclusion 
To conclude, an asymmetric N-acylation strategy of DHPMs based on oxidative NHC-

catalysis has been developed. The disclosed procedure allows access to a class of new 

pharmaceutically relevant N3-acylated DHPMs in enantioenriched form. The use of aldehydes 

as mild acylating agents globally emerged well suited for the (stereo)chemical decoration of 

molecules containing the ureido functionality. Scope and limitations of the direct N-acylation 

of DHPM nucleus were investigated and even though the process enantioselectivity was 

moderate, this work could be considered as a starting point for the development of further 

studies on the KR and DKR of amide-like substrates.  

 

7.4 Experimental section 
General procedure 
1H and 13C NMR spectra were recorded on 300 and 400 MHz spectrometers in CDCl3 at room 

temperature. 13C NMR spectra were acquired with the 1H broad-band decoupled mode, and 

chemical shifts (δ) are reported in ppm relative to residual solvents signals. Reactions were 

monitored by TLC on silica gel 60 F254 with detection by UV lamp operating at 254 nm and by 

spraying with vanillin-sulfuric acid reagent (6% vanillin [w/v] and 1% H2SO4 [v/v] in ethanol) 
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followed by a short, gentle heating. Flash column chromatography was performed on silica gel 

60 (230–400 mesh). All reactions were performed in oven-dried (100 °C) glassware under an 

atmosphere of argon. Optical rotations were measured at 25 ± 2 °C in the stated solvent; [𝜶]𝐷25 

are given in 10–1 deg cm2 g–1 (concentration c given as g/ 100 mL). The enantiomeric ratios 

were determined by chiral stationary phase HPLC (Daicel Chiralpak IA), using an UV detector 

operating at 254 nm. All HPLC traces of enantiomerically-enriched compounds were compared 

with authentic racemic spectra. Melting points were measured on an Electrothermal 9100 

apparatus and are uncorrected. All commercially available reagents and compounds 3a, 8–11 
were purchased from TCI and used as received without further purification. Solvents were 

distilled from appropriate drying agents. Liquid aldehydes 2a, 4a and DBU base were freshly 

distilled before their utilization. Catalysts C4,29a C5,29b and C629c were prepared by following 

literature procedure. Catalysts A, C1, C2, C3 and C7 were purchased from Sigma-Aldrich. 

Compounds 1 were prepared following a slightly modified literature procedure.30 DHPMs 1e,31a 

1g,31b 1i31c are known compounds. 

For the kinetic resolution, selectivity factors (s) was calculated according to Kagan’s equation: 

s = ln((1-Conv.)(1-eersm))/ln((1-Conv.)(1+eersm)) = ln(1-Conv.(1+eeprod))/ln(1-Conv.(1-eeprod)), 

wherein Conv. is conversion of the reaction, eeprod is the enantiomeric excess of diester product 

and eersm is the enantiomeric excess of the recovered monoester. Conversions (Conv.) were 

calculated by the following equation: Conv. = eersm/(eeprod+eersm).4 

 

General Procedure for the synthesis of 3,4-dihydropyrimidin-2(1H)-ones 1 and 12 
A mixture of aldehyde (4 mmol), dicarbonyl compound (4 mmol), N-substituted urea/thiourea 

(6 mmol) and p-toluenesulfonic acid (100 mg) was refluxed in 5 mL of methanol for 16 h. 

Reaction progress was followed by TLC and after the completion, the reaction mixture was 

cooled down to 0 °C. In some cases, the products precipitated readily, otherwise nucleation was 

promoted by scratching the surface of the flask with a spatula. The solids were collected by 

filtration, washed with water and ice-cold methanol. In other cases, the organic mixture was 

concentrated and eluted from a column of silica gel with the suitable elution system to give the 

3,4-dihydropyrimidin-2(1H)-one 1. 

 

Methyl 1,6-Dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (1a) 
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The product readily precipitated from MeOH cooled to 0 °C. Filtration, washing with cold 

MeOH and drying under vacuum afforded the product 1a (0.93 g, 90%) as a white powder.  

mp 190–191 °C {Lit.32 190–192 °C}; 1H NMR (300 MHz, CDCl3) δ = 7.40–7.14 (m, 5H, ArH), 

5.44 (s, 1H, NH), 5.38 (d, J 3.3 Hz, 1H, H-4), 3.65 (s, 3H, CO2CH3), 3.23 (s, 3H, NCH3-1), 

2.52 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.6 (CO2CH3), 153.9 (-NCH3CONH-

), 149.7 (C-6), 143.3 (ArC), 128.8 (2C, ArCH), 127.9 (ArCH), 126.2 (2C, ArCH), 104.1 (C-5), 

54.0 (CH-4), 51.4 (OCH3), 30.4 (NCH3-1), 16.7 (CH3-6); HRMS(ESI): calcd. for C14H17N2O3
+ 

([M + H]+): 261.1234; found: 261.1244. 

 

Methyl 4-(3-Bromophenyl)-1,6-dimethyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (1b) 

 
The product readily precipitated from MeOH cooled to 0 °C. Filtration, washing with cold 

MeOH and drying under vacuum afforded the product 1b (1.08 g, 80%) as a yellowish powder. 

mp 138–140 °C; 1H NMR (300 MHz, CDCl3) δ = 7.38 (s, 2H, ArH), 7.18 (d, J 5.0 Hz, 2H, 

ArH), 5.47 (s, 1H, NH), 5.36 (s, 1H, H-4), 3.67 (s, 3H, CO2CH3), 3.24 (s, 3H, NCH3-1), 2.54 

(s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.3 (CO2CH3), 153.6 (-NCH3CONH-), 

150.2 (ArC), 145.5 (C-6), 131.1 (ArCH), 130.5 (ArCH), 129.4 (ArCH), 124.8 (ArCH), 122.9 

(ArC), 103.3 (C-5), 53.6 (CH-4), 51.5 (OCH3), 30.5 (NCH3-1), 16.7 (CH3-6); HRMS(ESI): 

calcd. for C14H16BrN2O3
+ ([M + H]+): 339.0339; found: 339.0352. 

 

Methyl 4-(4-Chlorophenyl)-1,6-dimethyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (1c) 

 
The product readily precipitated from MeOH cooled to 0 °C. Filtration, washing with cold 

MeOH and drying under vacuum afforded the product 1c (1.00 g, 85%) as a yellow powder. 

mp 118–120 °C {Lit.33 117–119 °C}; 1H NMR (300 MHz, CDCl3) δ = 7.28 (d, J 8.5 Hz, 2H, 

ArH), 7.18 (d, J 8.5 Hz, 2H, ArH), 5.45 (s, 1H, NH), 5.36 (s, 1H, H-4), 3.66 (s, 3H, CO2CH3), 
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3.24 (s, 3H, NCH3-1), 2.52 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.4 (CO2CH3), 

153.7 (-NCH3CONH-), 149.9 (C-6), 141.8 (ArC), 133.7 (ArC), 129.0 (2C, ArCH), 127.6 (2C, 

ArCH), 103.7 (C-5), 53.4 (CH-4), 51.5 (OCH3), 30.5 (NCH3-1), 16.7 (CH3-6); HRMS(ESI): 

calcd. for C14H16ClN2O3
+ ([M + H]+): 295.0844; found: 295.0854. 

 

Methyl 4-(2-Chlorophenyl)-1,6-dimethyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (1d) 

 
The product readily precipitated from MeOH cooled to 0 °C. Filtration, washing with cold 

MeOH and drying under vacuum afforded the product 1d (0.95 g, 80%) as a yellowish powder. 

mp 115–117 °C; 1H NMR (300 MHz, CDCl3) δ = 7.38 (dt, J 5.1, 2.8 Hz, 1H, ArH), 7.25 – 7.08 

(m, 3H, ArH), 5.76 (s, 1H, NH), 5.72 (s, 1H, H-4), 3.58 (s, 3H, CO2CH3), 3.22 (s, 3H, NCH3-

1), 2.65 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.1 (CO2CH3), 153.3 (-

NCH3CONH-), 151.7 (C-6), 138.7 (ArC), 132.9 (ArC), 130.0 (ArCH), 129.3 (ArCH) , 127.4 

(2C, ArCH), 101.2 (C-5), 51.5 (CH-4), 50.7 (OCH3), 30.3 (NCH3-1), 16.5 (CH3-6); 

HRMS(ESI): calcd. for C14H16ClN2O3
+ ([M + H]+): 295.0844; found: 295.0856. 

 

Methyl 4-(4-Methoxyphenyl)-1,6-dimethyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (1e) 

 
Column chromatography on silica gel with 1:1 cyclohexane:EtOAc afforded 1e (0.81 g, 70%) 

as a yellowish powder with spectroscopic data in accordance with the literature.30a  

mp 148–150 °C {Lit.30a 149–151 °C}; 1H NMR (300 MHz, CDCl3) δ = 7.22–7.09 (m, 2H, 

ArH), 6.87 – 6.76 (m, 2H, ArH), 5.59 (s, 1H, NH), 5.32 (d, J 3.2 Hz, 1H, H-4), 3.78 (s, 3H, 

CO2CH3), 3.65 (s, 3H, ArOCH3), 3.23 (s, 3H, NCH3-1), 2.51 (s, 3H, CH3-6); 13C NMR (101 

MHz, CDCl3) δ = 166.5 (CO2CH3), 159.1 (ArC), 153.9 (-NCH3CONH-), 149.2 (C-6), 135.5 

(ArC), 127.3 (2C, ArCH), 114.0 (2C, ArCH), 104.2 (C-5), 55.2 (ArOCH3), 53.3 (CH-4), 51.3 
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(OCH3), 30.3 (NCH3-1), 16.6 (CH3-6); HRMS(ESI): calcd. for C15H19N2O4
+ ([M + H]+): 

291.1339; found: 291.1328. 

 

Methyl 4-(Furan-2-yl)-1,6-dimethyl-2-oxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate 
(1f) 

 
Column chromatography on silica gel with 1:1.5 cyclohexane:EtOAc afforded 1f (0.70 g, 70%) 

as a white powder.  

mp 155–157 °C; 1H NMR (300 MHz, CDCl3) δ = 7.34 – 7.26 (m, 1H, ArH), 6.24 (dd, J 3.1, 

1.8 Hz, 1H, ArH), 6.10 – 6.01 (m, 1H, ArH), 5.85 (s, 1H, NH), 5.41 (d, J 3.4 Hz, 1H, H-4), 3.68 

(s, 3H, CO2CH3), 3.19 (s, 3H, NCH3-1), 2.52 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 

166.1 (CO2CH3), 154.6 (-NCH3CONH-), 154.3 (ArC), 151.2 (C-6), 142.3 (ArCH), 110.1 

(ArCH), 105.6 (ArCH), 101.2 (C-5), 51.4 (OCH3), 47.5 (CH-4), 30.4 (NCH3-1), 16.5 (CH3-6); 

HRMS(ESI): calcd. for C12H15N2O4
+ ([M + H]+): 251.1026; found: 251.1034. 

 

Ethyl 1,6-Dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (1g) 

 
The product readily precipitated from MeOH cooled to 0 °C. Filtration, washing with cold 

MeOH and drying under vacuum afforded the product 1g (0.98 g, 90%) as a white powder with 

spectroscopic data in accordance with the literature.30b  

mp 181–183 °C {Lit.30b 180–182 °C}; 1H NMR (300 MHz, CDCl3) δ = 7.42–7.21 (m, 5H, 

ArH), 5.66 (s, 1H, NH), 5.40 (s, 1H, H-4), 4.11 (q, J 7.1 Hz, 2H, CO2CH2CH3), 3.24 (s, 3H, 

NCH3-1), 2.52 (s, 3H, CH3-6), 1.18 (t, J 7.1 Hz, 3H, CO2CH2CH3); 13C NMR (101 MHz, 

CDCl3) δ = 166.0 (CO2CH3), 154.0 (-NCH3CONH-), 149.1 (C-6), 143.2 (ArC), 128.8 (2C, 

ArCH), 128.0 (ArCH), 126.3 (2C, ArCH), 104.5 (C-5), 60.3 (CO2CH2CH3), 54.1 (CH-4), 30.4 

(NCH3-1), 16.6 (CH3-6), 14.2 (CO2CH2CH3); HRMS(ESI): calcd. for C15H19N2O3
+ ([M + H]+): 

275.1390; found: 275.1379. 
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Methyl 6-Methyl-2-oxo-1,4-diphenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (1h) 

 
Column chromatography on silica gel with 2:1 cyclohexane:EtOAc afforded 1h (0.97 g, 75%) 

as a white powder.  

mp 140–142 °C; 1H NMR (300 MHz, CDCl3) δ = 7.57–7.27 (m, 8H, NArH-1 and ArH-4), 7.24 

(d, J 11.9 Hz, 2H, ArH-4), 5.54 (s, 1H, NH), 5.49 (d, J 3.0 Hz, 1H, H-4), 3.68 (s, 3H, CO2CH3), 

2.11 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.5 (CO2CH3), 153.1 (-NPhCONH-), 

149.1 (C-6), 143.3 (ArC), 137.6 (ArC), 129.4 (2C, ArCH), 129.0 (2C, ArCH), 128.6 (2C, 

ArCH), 128.1 (2C, ArCH), 126.3 (2C, ArCH), 104.8 (C-5), 54.5 (CH-4), 51.5(OCH3), 18.7 

(CH3-6); HRMS(ESI): calcd. for C19H19N2O3
+([M + H]+): 323.1390; found: 323.1403. 

 

Methyl 1-Benzyl-6-methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate 

(1i) 

 
Column chromatography on silica gel with 2:1 cyclohexane:EtOAc afforded 1i (0.99 g, 74%) 

as a white powder with spectroscopic data in accordance with the literature.30c 

mp 139–140 °C {Lit.30c 136–137 °C}; 1H NMR (300 MHz, CDCl3) δ = 7.33–7.15 (m, 8H, Ar-

4 and NCH2ArH-1), 7.10 (d, J 7.7 Hz, 2H, NCH2ArH-1), 6.27 (s, 1H, NH), 5.44 (d, J 3.2 Hz, 

1H, H-4), 5.21 (d, J 16.6 Hz, 1H, NCH2Ar-1), 4.86 (d, J 16.6 Hz, 1H, NCH2Ar-1), 3.63 (s, 3H, 

CO2CH3), 2.44 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.5 (CO2CH3), 154.1 (-

NArCONH-), 149.4 (C-6), 143.0 (ArC), 137.9 (ArC), 128.7 (4C, ArCH), 127.8 (ArCH), 127.2 

(ArCH), 126.4 (2C, ArCH), 126.3 (2C, ArCH), 104.6 (C-5), 53.7 (CH-4), 51.4 (OCH3), 45.9 

(CH2Ph), 16.5 (CH3-6); HRMS(ESI): calcd. for C20H21N2O3
+ ([M + H]+): 337.1547; found: 

337.1559. 

 
 

 
 

 



164 
 

Methyl 1-Benzyl-6-methyl-2-oxo-4-propyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate 

(1j) 

 
Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded 1j (0.43 g, 35%) 

as a white powder.  

mp 131–133 °C; 1H NMR (300 MHz, CDCl3) δ = 7.42 – 7.12 (m, 5H, ArH), 5.75 (s, 1H, NH), 

5.14 (d, J 16.7 Hz, 1H, NCH2Ar-1), 4.85 (d, J 16.6 Hz, 1H, NCH2Ar-1), 4.28 (s, 1H, H-4), 3.72 

(s, 3H, CO2CH3), 2.36 (s, 3H, CH3-6), 1.59 – 1.23 (m, 4H, CH2CH2CH3), 0.91 (t, J 7.1 Hz, 3H, 

CH2CH2CH3); 13C NMR (101 MHz, CDCl3) δ = 166.7 (CO2CH3), 154.8 (-NArCONH-), 149.2 

(C-6), 138.3 (ArC), 128.7 (2C, ArCH), 127.1 (ArCH), 126.3 (2C, ArCH), 105.2 (C-5), 51.29 

(CH-4), 50.1 (OCH3), 45.9 (CH2Ph), 39.2 (CH2CH2CH3), 17.9 (CH2CH2CH3), 16.4 (CH3-6), 

13.8 (CH2CH3); HRMS(ESI): calcd. for C17H23N2O3
+ ([M + H]+): 303.1703; found: 303.1716. 

 

Methyl 1,6-Dimethyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-5-carboxylate (12) 

 
The product readily precipitated from MeOH cooled to 0 °C. Filtration, washing with cold 

MeOH and drying under vacuum afforded the product 12 (0.98 g, 89%) as a white powder. 

mp 117–118 °C; 1H NMR (300 MHz, CDCl3) δ = 7.54 – 6.95 (m, 6H, ArH and NH), 5.41 (s, 

1H, H-4), 3.72 (s, 3H, CO2CH3), 3.62 (s, 3H, NCH3-1), 2.52 (s, 3H, CH3-6); 13C NMR (101 

MHz, CDCl3) δ = 179.7 (-NArCSNH-), 166.0 (CO2CH3), 146.9 (C-6), 141.5 (ArC), 128.9 (2C, 

ArCH), 128.2 (ArCH), 126.0 (2C, ArCH), 107.4 (C-5), 53.7 (CH-4), 51.7 (OCH3), 37.1 (NCH3-

1), 16.9 (CH3-6); HRMS(ESI): calcd. for C14H17N2O2S+ ([M + H]+): 277.1005; found: 

277.1014. 

 

General procedure for the synthesis of racemic N3-Acylated DHPMs ((rac)-5,6)  
A stirred mixture of 1a (stated amount) and anhydrous THF (2.0 mL) was degassed under 

vacuum and saturated with argon (by an Ar-filled balloon) three times. Then the reaction 

mixture was cooled to 0 °C with an ice bath and NaH (stated amount) was added slowly. After 

15 min at 0 °C, the ice bath was removed allowing the reaction to warm up till room temperature 

and the reaction mixture was stirred for an additional 15 min. Then, oxidant 8 (82 mg, 0.20 
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mmol), catalyst C1 (6 mg, 0.02 mmol) and 4Å MS were added under an argon environment. 

Aldehyde 2–4 (0.20 mmol) was finally added, and the reaction was stirred at room temperature 

for the stated time (Table 1). The resulting solution was quenched with 0.5 M HCl (3.0 mL), 

partially concentrated under vacuum to reduce the amount of THF, extracted with DCM (3 × 

15 mL), dried (anhydrous Na2SO4), and concentrated. Elution of the resulting residue from a 

column of silica with the suitable elution system afforded (rac)-5,6. 

 

Methyl (E)-3-Cinnamoyl-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-
carboxylate ((rac)-5aa) 

Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded (rac)-5aa (58 mg, 

74%) as a pale yellow oil. See below for full characterization. 

 
Methyl (E)-3-(4-Chlorobenzoyl)-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate ((rac)-6aa) 

 
Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded (rac)-6aa (8 mg, 

10%) as a pale yellow oil. 1H NMR (300 MHz, CDCl3) δ = 7.48 (d, J 8.4 Hz, 2H, COArH), 

7.40–7.30 (m, 7H, COArH and ArH-4), 6.46 (s, 1H, H-4), 3.79 (s, 3H, CO2CH3), 3.15 (s, 3H, 

NCH3-1), 2.63 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 170.2 (NCOAr), 165.7 

(CO2CH3), 152.4 (-NCH3CONH-), 149.2 (C-6), 138.5 (ArC), 137.7 (ArC), 134.1 (ArC), 129.2 

(2C, ArCH), 128.7 (2C, ArCH), 128.5 (2C, ArCH), 128.1 (ArCH), 126.4 (2C, ArCH), 109.6 

(C-5), 53.4 (CH-4), 51.9 (OCH3), 31.2 (NCH3-1), 16.3 (CH3-6); HRMS(ESI): calcd. for 

C21H20ClN2O4
+ ([M + H]+): 399.1106; found: 399.1121. 

 
General procedure for the synthesis of N3-Acylated DHPMs (5) and Thione (13) 

A stirred mixture of 1 or 12 (0.40 mmol) and anhydrous THF (4.0 mL) was degassed under 

vacuum and saturated with argon (by an Ar-filled balloon) three times. Then the reaction 

mixture was cooled to 0 °C with an ice bath and n-BuLi (230 μL of a 2.0 M solution in n-hexane, 

0.46 mmol) was added slowly. After 15 min at 0 °C, the ice bath was removed allowing the 

reaction to warm up till room temperature for another 15 min. Then, oxidant 8 (82 mg, 0.20 

mmol), catalyst C6 (22 mg, 0.04 mmol) and 4Å MS were added under an argon environment. 

Aldehyde 2 (0.2 mmol) was finally added, and the reaction was stirred for 16 h at room 
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temperature. The resulting solution was quenched with 0.5 M HCl (5 mL) and partially 

concentrated under vacuum to reduce the amount of THF. The crude of the reaction was 

extracted with DCM (3 × 15 mL), dried (anhydrous Na2SO4), and concentrated. Elution of the 

resulting residue from a column of silica with the suitable elution system afforded 5 or 13. 

 

Methyl (R,E)-3-Cinnamoyl-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (5aa) 

 
Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded 5aa (42 mg, 55%) 

as a pale yellow oil. [𝛼]𝐷25 +49.7 (c 0.3 in CH3OH); Chiral HPLC analysis Chiralpak IA (95:5 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR (S): 26.0, tR (R): 29.6 min, 17:83 er; 
1H NMR (300 MHz, CDCl3) δ = 7.84 (d, J 15.6 Hz, 1H, C=CH), 7.62 – 7.54 (m, 2H, 

ArHCH=C), 7.48 – 7.35 (m, 4H, ArHCH=C and C=CH), 7.32 – 7.26 (m, 5H, ArH-4), 6.76 (s, 

1H, H-4), 3.77 (s, 3H, CO2CH3), 3.22 (s, 3H, NCH3-1), 2.59 (s, 3H, CH3-6); 13C NMR (101 

MHz, CDCl3) δ = 167.1 (NCO-3), 165.8 (CO2CH3), 149.3 (-NCH3CONH-), 144.6 (PhCH=CH), 

142.8 (C-6), 138.9 (ArC), 134.9 (ArC), 130.1 (ArCH), 128.8 (2C, ArCH), 128.6 (2C, ArCH), 

128.3 (2C, ArCH), 127.9 (ArCH), 126.3 (2C, ArCH), 120.2 (PhCH=CH), 109.1 (C-5), 51.8 

(OCH3), 51.4 (CH-4), 31.3 (NCH3-1), 16.2 (CH3-6); HRMS(ESI): calcd. for C23H23N2O4
+ ([M 

+ H]+): 391.1652; found: 391.1638. 

 

Methyl (R,E)-4-(3-Bromophenyl)-3-cinnamoyl-1,6-dimethyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (5ba) 

 
Column chromatography on silica gel with 3.5:1 cyclohexane:EtOAc afforded 5ba (63 mg, 

68%) as a pale yellow oil. [𝛼]𝐷25 +35.6 (c 0.5 in CH3OH); Chiral HPLC analysis Chiralpak IA 

(95:5 n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 22.6, tR(R): 25.8 min, 28:72 

er; 1H NMR (300 MHz, CDCl3) δ = 7.84 (d, J 15.6 Hz, 1H, C=CH), 7.63 – 7.53 (m, 2H, 

ArHCH=C), 7.49 – 7.27 (m, 6H, ArHCH=C, Ar-4 and C=CH), 7.25 – 7.07 (m, 2H, ArH-4), 
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6.72 (s, 1H, H-4), 3.77 (s, 3H, CO2CH3), 3.22 (s, 3H, NCH3-1), 2.60 (s, 3H, CH3-6); 13C NMR 

(101 MHz, CDCl3) δ = 167.0 (NCO-3), 165.5 (CO2CH3), 152.3 (-NCH3CONH-), 149.8 (C-6), 

145.0 (PhCH=CH), 141.2 (ArC), 134.8 (ArC), 131.1 (ArCH), 130.2 (2C, ArCH), 129.6 (ArCH), 

128.8 (2C, ArCH), 128.4 (2C, ArCH), 125.1 (ArCH), 122.8 (ArC), 119.9 (PhCH=CH), 108.3 

(C-5), 51.9 (OCH3), 51.0 (CH-4), 31.4 (NCH3-1), 16.2 (CH3-6); HRMS(ESI): calcd. for 

C23H22BrN2O4
+ ([M + H]+): 469.0757; found: 469.0774. 

 

Methyl (R,E)-4-(4-Chlorophenyl)-3-cinnamoyl-1,6-dimethyl-2-oxo-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5ca) 

 
Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded 5ca (61 mg, 72%) 

as a pale yellow oil. [𝛼]𝐷25 +10.3 (c 0.3 in CH3OH); Chiral HPLC analysis Chiralpak IA (80:20 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(R): 12.3, tR(S): 13.8 min, 73:27 er; 
1H NMR (300 MHz, CDCl3) δ = 7.84 (d, J 15.6 Hz, 1H, C=CH), 7.62 – 7.52 (m, 2H, 

ArHCH=C), 7.45 – 7.34 (m, 4H, ArHCH=C and C=CH), 7.30 – 7.26 (m, 1H, ArH-4), 7.25 – 

7.18 (m, 3H, ArH-4), 6.69 (s, 1H, H-4), 3.76 (s, 3H, CO2CH3), 3.22 (s, 3H, NCH3-1), 2.59 (s, 

3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 167.2 (NCO-3), 165.7 (CO2CH3), 152.4 (-

NCH3CONH-), 149.7 (C-6), 145.0 (PhCH=CH), 137.5 (ArC), 134.9 (ArC), 133.9 (ArC), 130.3 

(ArCH), 128.9 (4C, ArCH), 128.5 (2C, ArCH), 128.0 (2C, ArCH), 120.1 (PhCH=CH), 108.7 

(C-5), 52.0 (OCH3), 51.1 (CH-4), 31.4 (NCH3-1), 16.3 (CH3-6); HRMS(ESI): calcd. for 

C23H22ClN2O4
+ ([M + H]+): 425.1263; found: 425.1244. 

 

Methyl (S,E)-4-(2-Chlorophenyl)-3-cinnamoyl-1,6-dimethyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (5da) 

 
Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded 5da (34 mg, 41%) 

as a pale yellow oil. [𝛼]𝐷25 +12.5 (c 0.4 in CH3OH); Chiral HPLC analysis Chiralpak IA (85:15 
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n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(R): 13.2, tR(S): 17.2 min, 19:81 er; 
1H NMR (300 MHz, CDCl3) δ = 7.78 (d, J 15.6 Hz, 1H, C=CH), 7.59 – 7.51 (m, 2H, 

ArHCH=C), 7.45 (d, J 15.6 Hz, 1H, C=CH), 7.40 – 7.31 (m, 4H, ArHCH=C and Ar-4), 7.23 – 

7.14 (m, 3H, ArH-4), 6.89 (s, 1H, H-4), 3.74 (s, 3H, CO2CH3), 3.33 (s, 3H, NCH3-1), 2.52 (s, 

3H, CH3-6); 13C NMR (75 MHz, CDCl3) δ = 167.2 (NCO-3), 166.0 (CO2CH3), 152.9 (-

NCH3CONH-), 147.9 (C-6), 145.0 (PhCH=CH), 137.6 (ArC), 135.3 (ArC), 133.8 (ArC), 131.0 

(ArCH), 130.4 (ArCH), 129.6 (ArCH), 129.1 (2C, ArCH), 128.7 (2C, ArCH), 128.5 (ArCH), 

127.5 (ArCH), 120.6 (PhCH=CH), 109.3 (C-5), 52.0 (OCH3), 51.5 (CH-4), 31.6 (NCH3-1), 16.6 

(CH3-6); HRMS(ESI): calcd. for C23H22ClN2O4
+ ([M + H]+): 425.1263; found: 425.1246. 

 

Methyl (R,E)-3-Cinnamoyl-4-(4-methoxyphenyl)-1,6-dimethyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (5ea) 

 
Column chromatography on silica gel with 2.5:1 cyclohexane:EtOAc afforded 5ea (42 mg, 

50%) as a pale yellow oil. [𝛼]𝐷25 +67.5 (c 0.2 in CH3OH); Chiral HPLC analysis Chiralpak IA 

(90:10 n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 23.5, tR(R): 28.2 min, 16:84 

er; 1H NMR (300 MHz, CDCl3) δ = 7.83 (d, J 15.6 Hz, 1H, C=CH), 7.64 – 7.52 (m, 3H, 

ArHCH=C), 7.44 – 7.36 (m, 3H, ArHCH=C and C=CH), 7.20 (d, J 8.6 Hz, 2H, ArH-4), 6.82 

(d, J 8.6 Hz, 2H, ArH-4), 6.70 (s, 1H, H-4), 3.77 (s, 3H, CO2CH3), 3.75 (s, 3H, ArOCH3), 3.23 

(s, 3H, NCH3-1), 2.59 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 167.1 (NCO-3), 165.8 

(CO2CH3), 159.2 (ArC), 144.8 (-NCH3CONH-), 144.5 (C-6), 134.9 (PhCH=CH), 132.8 (ArC), 

130.8 (ArC), 130.1 (ArCH), 128.9 (ArCH), 128.7 (ArCH), 128.6 (ArCH), 128.5 (ArCH), 128.4 

(ArCH), 128.3 (ArCH), 127.8 (ArCH), 122.1 (ArCH), 120.3 (PhCH=CH), 114.0 (C-5), 55.2 

(ArOCH3), 51.8 (OCH3), 51.1 (CH-4), 31.3 (NCH3-1), 16.1 (CH3-6); HRMS(ESI): calcd. for 

C24H25N2O5
+ ([M + H]+): 421.1758; found: 421.1739. 
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Methyl (S,E)-3-Cinnamoyl-4-(furan-2-yl)-1,6-dimethyl-2-oxo-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (5fa) 

 
Column chromatography on silica gel with 4:1 cyclohexane:EtOAc afforded 5fa (39 mg, 52%) 

as a pale yellow oil. [𝛼]𝐷25 +12.5 (c 0.2 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 19.1, tR(R): 22.6 min, 62:38 er; 
1H NMR (300 MHz, CDCl3) δ = 7.82 (d, J 15.6 Hz, 1H, C=CH), 7.60 – 7.53 (m, 2H, 

ArHCH=C), 7.45 – 7.33 (m, 4H, ArHCH=C and C=CH), 7.32 – 7.27 (m, 1H, ArH-4), 6.74 (s, 

1H, H-4), 6.29 – 6.24 (m, 1H, ArH-4), 6.20 (d, J 3.3 Hz, 1H, ArH-4), 3.76 (s, 3H, CO2CH3), 

3.29 (s, 3H, NCH3-1), 2.58 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 166.9 (NCO-3), 

165.5 (CO2CH3), 152.5 (-NCH3CONH-), 151.7 (ArC), 150.2 (C-6), 144.9 (PhCH=CH), 142.9 

(ArC), 135.2 (ArCH), 130.4 (ArCH), 129.0 (2C, ArCH), 128.6 (2C, ArCH), 120.5 (PhCH=CH), 

110.4 (ArCH), 107.6 (ArCH), 106.7 (C-5), 52.0 (OCH3), 46.9 (CH-4), 31.6 (NCH3-1), 16.4 

(CH3-6); HRMS(ESI): calcd. for C21H21N2O5
+ ([M +H]+): 381.1445; found: 381.1429. 

 

Ethyl (R,E)-3-Cinnamoyl-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (5ga) 

 
Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded 5ga (46 mg, 57%) 

as a pale yellow oil. [𝛼]𝐷25 +33.9 (c 0.13 in CH3OH); Chiral HPLC analysis Chiralpak IA 

(90:10 n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 13.6, tR(R): 15.9 min, 23:77 

er; 1H NMR (300 MHz, CDCl3) δ = 7.83 (d, J 15.6 Hz, 1H, C=CH), 7.62 – 7.55 (m, 2H, 

ArHCH=C), 7.48 – 7.32 (m, 4H, ArHCH=C and C=CH ), 7.30 – 7.26 (m, 5H, ArH-4), 6.74 (s, 

1H, H-4), 4.35 – 4.14 (m, 2H, CO2CH2CH3), 3.22 (s, 3H, NCH3-1), 2.58 (s, 3H, CH3-6), 1.29 

(t, J 7.1 Hz, 3H, CO2CH2CH3);13C NMR (101 MHz, CDCl3) δ = 167.3 (NCO-3), 165.4 

(CO2CH3), 150.0 (-NCH3CONH-), 144.7 (PhCH=CH), 139.1 (C-6), 135.0 (ArC), 130.2 (2C, 

ArCH), 128.9 (2C, ArCH), 128.7 (ArCH), 128.6 (ArCH), 128.4 (2C, ArCH), 127.9 (ArCH), 

126.4 (2C, ArCH), 120.4 (PhCH=CH), 109.7 (C-5), 60.9 (CO2CH2CH3), 51.8 (CH-4), 31.4 
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(NCH3-1), 16.3 (CH3-6), 14.3 (CO2CH2CH3); HRMS(ESI): calcd. for C24H25N2O4
+ ([M + H]+): 

405.1809; found: 405.1827. 

 

Methyl (R,E)-3-Cinnamoyl-6-methyl-2-oxo-1,4-diphenyl-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (5ha) 

 
Column chromatography on silica gel with 5:1 cyclohexane:EtOAc afforded 5ha (52 mg, 58%) 

as a pale yellow oil. [𝛼]𝐷25 –8.2 (c 0.6 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(R): 11.4, tR(S): 15.9 min, 57:43 er; 
1H NMR (300 MHz, CDCl3) δ = 7.88 (d, J 15.6 Hz, 1H, C=CH), 7.62 – 7.55 (m, 2H, ArCH=C), 

7.51 (d, J 15.6 Hz, 1H, C=CH), 7.48 – 7.26 (m, 12H, NAr-1 and Ar-4), 7.07 (bs, 1H, NAr-1), 

6.90 (s, 1H, H-4), 3.81 (s, 3H, CO2CH3), 2.19 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ 

= 167.2 (NCO-3), 165.8 (CO2CH3), 151.9 (-NPhCONH-), 149.5 (C-6), 145.0 (PhCH=CH), 

139.4 (ArC), 136.9 (ArC), 134.9 (ArC), 130.2 (ArCH), 129.4 (2C, ArCH), 129.2 (ArCH), 128.9 

(4C, ArCH), 128.7 (2C, ArCH), 128.4 (2C, ArCH), 128.0 (ArCH), 126.4 (2C, ArCH), 120.1 

(PhCH=CH), 109.7 (C-5), 51.9 (OCH3), 51.8 (CH-4), 17.9 (CH3-6); HRMS(ESI): calcd. for 

C28H25N2O4
+ ([M + H]+): 453.1809; found: 453.1789. 

 

Methyl (R,E)-1-Benzyl-3-cinnamoyl-6-methyl-2-oxo-4-phenyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5ia) 

 
Column chromatography on silica gel with 6:1 cyclohexane:EtOAc afforded 5ia (57 mg, 62%) 

as a pale yellow oil. [𝛼]𝐷25 +22.5 (c 0.6 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 17.3, tR(R): 19.4 min, 22:77 er; 
1H NMR (300 MHz, CDCl3) δ = 7.89 (d, J 15.5 Hz, 1H, C=CH), 7.63–7.56 (m, 2H, ArHCH=C), 

7.44 (d, J 15.6 Hz, 1H, C=CH), 7.40–7.34 (m, 3H, ArHCH=C), 7.29–7.08 (m, 8H, ArH-4 and 

NCH2ArH-1), 6.80 (s, 1H, H-4), 6.71 (d, J 7.3 Hz, 2H, NCH2ArH-1), 5.43 (d, J 16.5 Hz, 1H, 

NCH2Ar-1), 4.61 (d, J 16.4 Hz, 1H, NCH2Ar-1), 3.77 (s, 3H, CO2CH3), 2.50 (s, 3H, CH3-6); 
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13C NMR (101 MHz, CDCl3) δ = 167.3 (NCO-3), 166.0 (CO2CH3), 149.3 (-NArCONH-), 144.9 

(PhCH=CH), 139.0 (C-6), 136.4 (ArC), 135.0 (2C, ArC), 130.3 (ArCH), 128.9 (2C, ArCH), 

128.8 (2C, ArCH), 128.7 (2C, ArCH), 128.5 (2C, ArCH), 127.9 (ArCH), 127.5 (ArCH), 126.8 

(2C, ArCH), 126.5 (2C, ArCH), 120.2 (PhCH=CH), 107.6 (C-5), 52.0 (CH-4), 51.4 (OCH3), 

46.7 (CH2Ph), 16.3 (CH3-6); HRMS(ESI): calcd. for C29H27N2O4
+ ([M + H]+): 467.1965; 

found: 467.1946. 

 

Methyl (R,E)-1-Benzyl-3-cinnamoyl-6-methyl-2-oxo-4-propyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5ja) 

 
Column chromatography on silica gel with 6:1 cyclohexane:EtOAc afforded 5ja (50 mg, 58%) 

as a pale yellow oil. [𝛼]𝐷25+5.5 (c 0.2 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 14.1, tR(R): 17.8 min, 29:71 er; 
1H NMR (300 MHz, CDCl3) δ = 7.78 (d, J 15.6 Hz, 1H, C=CH), 7.58 – 7.51 (m, 2H, 

ArHC=CH), 7.40 – 7.27 (m, 9H, ArHC=CH, NCH2ArH-1 and C=CH), 5.59 (t, J 7.0 Hz, 1H, H-

4), 5.30 (d, J 16.3 Hz, 1H, NCH2Ar-1), 4.85 (d, J 16.0 Hz, 1H, NCH2Ar-1), 3.75 (s, 3H, 

CO2CH3), 2.47 (s, 3H, CH3-6), 1.45–1.36 (m, 4H, CH2CH2CH3), 0.84 (t, J 7.2 Hz, 3H, 

CH2CH2CH3); 13C NMR (101 MHz, CDCl3) δ = 167.0 (NCO-3), 165.9 (CO2CH3), 152.9 (-

NArCONH-), 147.4 (C-6), 144.1 (PhCH=CH), 136.8 (ArC), 135.0 (ArC), 130.0 (ArCH), 128.8 

(2C, ArCH), 128.7 (2C, ArCH), 128.3 (2C, ArCH), 127.7 (ArCH), 127.1 (2C, ArCH), 120.3 

PhCH=CH), 111.1 (C-5), 51.6 (OCH3), 49.3 (CH-4), 46.9 (CH2Ph), 36.1 (CH2CH2CH3), 18.4 

(CH2CH2CH3), 16.2 (CH3-6), 13.9 (CH2CH3); HRMS(ESI): calcd. for C26H29N2O4
+ ([M +H]+): 

433.2122; found: 433.2139. 

 

Methyl (R,E)-3-(3-(4-Methoxyphenyl)acryloyl)-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5ab) 
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Column chromatography on silica gel with 3:1 cyclohexane:EtOAc afforded 5ab (50 mg, 60%) 

as a pale yellow oil. [𝛼]𝐷25 +10.1 (c 0.2 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(R): 31.3, tR(S): 33.1 min, 53:47 er; 
1H NMR (300 MHz, CDCl3) δ = 7.82 (d, J 15.6 Hz, 1H, C= CH), 7.53 (d, J 8.7 Hz, 2H, 

ArHCH=C), 7.37 – 7.26 (m, 6H, C=CH and ArH-4), 6.89 (d, J 8.8 Hz, 2H, ArHCH=C), 6.77 

(s, 1H, H-4), 3.84 (s, 3H, CO2CH3), 3.77 (s, 3H, ArOCH3), 3.21 (s, 3H, NCH3-1), 2.58 (s, 3H, 

CH3-6); 13C NMR (101 MHz, CDCl3) δ = 167.2 (NCO-3), 165.8 (CO2CH3), 161.3 (ArC), 149.4 

(-NCH3CONH-), 144.6 (PhCH=CH), 139.0 (C-6), 130.1 (2C, ArCH), 128.6 (2C, ArCH), 127.8 

(ArCH), 127.7 (2C, ArC), 126.3 (2C, ArCH), 117.7 (PhCH=CH), 114.2 (2C, ArCH), 109.0 (C-

5), 55.3 (PhOCH3), 51.8 (OCH3), 51.3 (CH-4), 31.3 (NCH3-1), 16.1 (CH3-6); HRMS(ESI): 

calcd. for C24H25N2O5
+ ([M + H]+): 421.1758; found: 421.1741. 

 

Methyl (R,E)-3-(3-(4-Chlorophenyl)acryloyl)-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-
tetrahydropyrimidine-5-carboxylate (5ac)  

 
Column chromatography on silica gel with 4:1 cyclohexane:EtOAc afforded 5ac (46 mg, 55%) 

as a yellowish oil. [𝛼]𝐷25 +24.2 (c 0.2 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 22.9, tR(R): 24.9 min, 37:63 er; 
1H NMR (300 MHz, CDCl3) δ = 7.77 (d, J 15.6 Hz, 1H, C=CH), 7.50 (d, J 8.5 Hz, 2H, 

ArHCH=C), 7.44 – 7.26 (m, 7H, C=CH, ArHCH=C and ArH- 4), 7.25 – 7.18 (m, 1H, ArH-4), 

6.75 (s, 1H, H-4), 3.77 (s, 3H, CO2CH3), 3.21 (s, 3H, NCH3-1), 2.58 (s, 3H, CH3-6); 13C NMR 

(101 MHz, CDCl3) δ = 166.9 (NCO-3), 165.8 (CO2CH3), 152.7 (-NCH3CONH-), 149.4 (C-6), 

143.1 (PhCH=CH), 138.86 (ArC), 136.1 (ArC), 133.5 (ArC), 129.6 (2C, ArCH), 129.1 (2C, 

ArCH), 128.7 (2C, ArCH), 128.0 (ArCH), 126.4 (2C, ArCH), 120.9 (PhCH=CH), 109.2 (C-5), 

51.9 (CH-4), 51.6 (OCH3), 31.4 (NCH3-1), 16.3 (CH3-6); HRMS(ESI): calcd. for 

C23H22ClN2O4
+ ([M + H]+): 425.1263; found: 425.1246. 
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Methyl (R)-3-Cinnamoyl-1,6-dimethyl-4-phenyl-2-thioxo-1,2,3,4-tetrahydropyrimidine-

5-carboxylate (13) 

 
Column chromatography on silica gel with 5:1 cyclohexane:EtOAc afforded 13 (64 mg, 79%) 

as a pale yellow oil. [𝛼]𝐷25 +12.2 (c 0.6 in CH3OH); Chiral HPLC analysis Chiralpak IA (95:5 

n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(R): 17.8, tR(S): 18.7 min, 58:42 er; 
1H NMR (300 MHz, CDCl3) δ = 7.70 (d, J 15.5 Hz, 1H, C=CH), 7.57 – 7.49 (m, 2H, ArHCH= 

C), 7.44 – 7.35 (m, 4H, ArHCH=C and C=CH), 7.33 – 7.26 (m, 5H, ArH-4), 6.64 (s, 1H, H-4), 

3.79 (s, 3H, CO2CH3), 3.50 (s, 3H, NCH3-1), 2.62 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) 

δ = 178.8 (-NArCSNH-), 169.1 (NCO-3), 165.5 (CO2CH3), 147.8 (C-6), 141.3 (PhCH=CH), 

137.9 (ArC), 135.2 (ArC), 130.0 (ArCH), 128.9 (2C, ArCH), 128.6 (2C, ArCH), 128.4 (2C, 

ArCH), 128.1 (ArCH), 126.4 (2C, ArCH), 121.8 (PhCH=CH), 113.8 (C-5), 52.8 (CH-4), 52.2 

(OCH3), 37.8 (NCH3-1), 16.9 (CH3-6); HRMS(ESI): calcd. for C23H23N2O3S+ ([M + H]+): 

407.1424; found: 407.1409. 

 
Methyl (R)-3-(3,3-Diphenylpropanoyl)-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-

tetrahydropyrimidine-5-carboxylate (14) 

 
A mixture of DHPM 5aa (39 mg, 0.1 mmol), TfOH (50 μL, 0.56 mmol), benzene (22 μL, 0.24 

mmol) and DCM (0.5 mL) was stirred at room temperature for 2 h. The mixture was poured 

into ice water (3 mL) and extracted with DCM (3 x 10 mL). The combined extracts were washed 

with water (5 mL), saturated aqueous solution of NaHCO3 (5 mL), water again (5 mL), dried 

(anhydrous Na2SO4), concentrated, and eluted from a column of silica gel with 3:1 

cyclohexane:EtOAc to afford 14 as a white amorphous solid (25 mg, 55%). [𝛼]𝐷25 +45.2 (c 0.2 

in CH3OH); Chiral HPLC analysis Chiralpak IA (80:20 n-Hexane:IPA, flow rate 1.0 

mLmin−1, 254 nm, 25 °C) tR(S): 15.9, tR(R): 17.2 min, 20:80 er; 1H NMR (300 MHz, CDCl3) δ 

= 7.31 – 7.26 (m, 5H, ArH), 7.23 – 7.21 (m, 5H, ArH), 7.18 – 7.03 (m, 5H, ArH), 6.55 (s, 1H, 

H-4), 4.64 (t, J 7.8 Hz, 1H, Ar2CH-), 3.76 (d, J 8.4 Hz, 2H, Ar2CHCH2-), 3.70 (s, 3H, CO2CH3), 
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3.12 (s, 3H, NCH3-1), 2.49 (s, 3H, CH3-6); 13C NMR (101 MHz, CDCl3) δ = 173.1 (NCO-3), 

165.6 (CO2CH3), 152.4 (-NCH3CONH-), 149.0 (C-6), 143.8 (ArC), 143.6 (ArC), 138.7 (ArC), 

128.5 (2C, ArCH), 128.4 (2C, ArCH), 128.3 (2C, ArCH), 127.9 (2C, ArCH), 127.8 (2C, ArCH), 

127.7 (2C, ArCH), 126.4 (ArCH), 126.3 (ArCH), 126.2 (ArCH), 108.6 (C-5), 51.7 (OCH3), 

50.8 (CH-4), 47.7 (Ar2CHCH2-), 43.0 (Ar2CH-), 31.2 (NCH3-1), 16.1 (CH3-6); HRMS(ESI): 

calcd. for C29H29N2O4
+ ([M + H]+): 469.2122; found: 469.2102. 

 

Recycle of Oxidant 8 
The alcohol resulting from oxidant 8 reduction (3,3′,5,5′-tetra-tert-butyl-[1,1′-biphenyl]-4,4′-

diol) was recovered by column chromatography after each run of Table 3. The subsequent 

oxidation to 8 was performed stirring the 3,3′,5,5′-tetra-tertbutyl-[1,1′-biphenyl]-4,4′-diol (578 

mg, 1.41 mmol) with 11 (80 mg, 0.14 mmol) in THF (10 mL) under air atmosphere (1 atm, 

balloon) for 16 h. Filtration over a pad of Celite and subsequent concentration under reduced 

pressure afforded 8 as a dark red amorphous solid (572 mg, 88%).13,14 

 

Procedure for the synthesis of N3-acylated DHPM 5aa with ETMs system  

A stirred mixture of 1aa (104 mg, 0.40 mmol) and anhydrous THF (4.0 mL) was degassed 

under vacuum and saturated with argon (by an Ar-filled balloon) three times. Then the reaction 

mixture was cooled at 0 °C with an ice bath and n-BuLi (230 μL of a 2.0 M solution in n-hexane, 

0.46 mmol) was added slowly. After 15 min at 0 °C, the ice bath was removed allowing the 

reaction to warm up till room temperature for another 15 min. Then, oxidant 8 (20 mg, 0.05 

mmol), iron(II) phthalocyanine 11 (11 mg, 0.02 mmol), catalyst C6 (22 mg, 0.04 mmol) and 

4Å MS were added under an argon environment. Aldehyde 2a (25 μL, 0.20 mmol) was finally 

added and the reaction was stirred for 16 h at room temperature. The resulting solution was 

quenched with 0.5 M HCl (5.0 mL) and partially concentrated under vacuum to reduce the 

amount of THF. The crude of the reaction was extracted with DCM (3 x 15 mL), dried 

(anhydrous Na2SO4), and concentrated. Elution of the resulting crude mixture from a column 

of silica gel with 3:1 cyclohexane:EtOAc afforded 5aa as a pale yellow oil (31 mg, 20%). 

Chiral HPLC analysis Chiralpak IA (95:5 n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 

°C) tR(S): 26.0, tR(R): 29.6 min, 22:78 er. 

 

Racemization test of N3-acylated DHPM 5aa  

N-3 acylated DHPM 5aa (76 mg, 0.2 mmol, 1.0 equiv.) and n-BuLi (1.0 mmol, 5.0 equiv.) were 

dissolved in anhydrous THF (2.0 mL, 0.1 M) in presence of 4Å MS and the mixture was 

degassed under vacuum and saturated with argon (by an Ar-filled balloon) three times. The 
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reaction solution was stirred for 16 h at room temperature after which time the resulting solution 

was cooled down to 0 °C and quenched with HCl 0.5 M (5.0 mL). Reaction product was 

extracted with DCM (5.0 x 10 mL), dried over Na2SO4 and concentrated under reduced 

pressure. The product 5aa was re-isolated via column chromatography on silica gel with 3:1 

cyclohexane:EtOAc (68 mg, 90%). Chiral HPLC analysis Chiralpak IA (95:5 n-Hexane:IPA, 

flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 26.0, tR(R): 29.6 min, 17:83 er. Original sample: 

83:17 er; re-isolated sample: 83:17 er.  

 
Procedure for the synthesis of N3-acylated DHPM 5aa with NHC/hydroxamic acid co-

catalysis approach  
A stirred mixture of 1aa (52 mg, 0.2 mmol) and anhydrous THF (2.0 mL) was degassed under 

vacuum and saturated with argon (by an Ar-filled balloon) three times. Then the reaction 

mixture was cooled at 0 °C with an ice bath and n-BuLi (125 μL of a 2.0 M solution in n-hexane, 

0.25 mmol) was added slowly. After 15 min at 0 °C, the ice bath was removed allowing the 

reaction to warm up till room temperature for another 15 min. Then, oxidant 8 (82 mg, 0.2 

mmol), catalyst C1 (6 mg, 0.02 mmol), hydroxamic acid co-catalyst A (6 mg, 0.02 mmol) and 

4Å MS were added under an argon environment. Aldehyde 2a (25 μL, 0.2 mmol) was finally 

added and the reaction was stirred for 16 h at room temperature. The resulting solution was 

quenched with 0.5 M HCl (3.0 mL) and partially concentrated under vacuum to reduce the 

amount of THF. The crude of the reaction was extracted with DCM (3 x 15 mL), dried 

(anhydrous Na2SO4), and concentrated. The product 5aa was isolated via column 

chromatography on silica gel with 3:1 cyclohexane:EtOAc (53 mg, 69%). Chiral HPLC 

analysis Chiralpak IA (95:5 n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 26.0, 

tR(R): 29.6 min, 47:53 er. 

 

Procedure for the assignment of the absolute configuration of DHPMs  

A stirred mixture of 1g (55 mg, 0.20 mmol) and anhydrous THF (2.0 mL) was degassed under 

vacuum and saturated with argon (by an Ar-filled balloon) three times. Then the reaction 

mixture was cooled at 0 °C with an ice bath and n-BuLi (125 μL of a 2.0 M solution in n-hexane, 

0.25 mmol) was added slowly. After 15 min at 0 °C, the ice bath was removed allowing the 

reaction to warm up till room temperature for another 15 min. Then, oxidant 8 (82 mg, 0.20 

mmol), catalyst C6 (22 mg, 0.04 mmol) and 4Å MS were added under an argon environment. 

Aldehyde 2a (25 μL, 0.20 mmol) was finally added and the reaction was stirred for 16 h at room 

temperature. The resulting solution was quenched with 0.5 M HCl (5 mL) and partially 

concentrated under vacuum to reduce the amount of THF. The crude of the reaction was 
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extracted with DCM (3 x 15 mL), dried (anhydrous Na2SO4), and concentrated. Elution of the 

resulting crude mixture from a column of silica gel with 3:1 cyclohexane:EtOAc afforded first 

5ga as a pale yellow oil (23 mg, 29%) and then with 1:1 cyclohexane:EtOAc compound 1g (36 

mg, 65%).  

Ethyl 1,6-Dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-carboxylate (1g) [𝛼]𝐷25 −8.0 (c 0.2 in CH3OH) {Lit.25 (>99:1 er) [𝛼]𝐷20  −40 (c 0.2 in CH3OH)}; Chiral HPLC 

analysis Chiralpak IA (90:10 n-Hexane:IPA, flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 16.1, 

tR(R): 20.5 min, 40:60 er. 

Ethyl (R,E)-3-Cinnamoyl-1,6-dimethyl-2-oxo-4-phenyl-1,2,3,4-tetrahydropyrimidine-5-
carboxylate (5ga) [𝜶]𝐷25+33.9 (c 0.13 in CH3OH); Chiral HPLC analysis Chiralpak IA (90:10 n-Hexane:IPA, 

flow rate 1.0 mLmin−1, 254 nm, 25 °C) tR(S): 13.6, tR(R): 15.9 min, 23:77 er. 
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8. Sequential Kinetic Resolution of (±)-1,2- and (±)-
1,3-diols using solid-supported Isothiourea in flow-
mode conditions 
 

The research activity presented in this chapter is the result of a placement at the University of 

St Andrews (UK) completed under the supervision of Professor Andrew D. Smith. 

    

8.1  Introduction 
The ever-increasing necessity to synthesise highly enantioenriched compounds has 

brought chemists to a deep rational design of catalysts structure joined by a fine-tuning research 

of all the reaction parameters. However, this process could be not only time consuming but also 

limits the applicability of the performed procedure. Therefore, the use of other approaches could 

turn out to be an alternative option to laborious and expensive catalyst fine-tuning. In this 

regard, the Horeau’s principle,1 which is responsible for the improvement of enantioselectivity 

in some reactions which rely on polyfunctionalized substrates, could play a basic role. 

Accordingly, this phenomenon easily find application in natural product synthesis and 

asymmetric catalysis.2 Nowadays, although many research groups are exploiting Horeau’s 

principle in the context of enantioselective catalysis involving poly-functional substrates,3 

others still consider it as an anecdotal phenomenon. Indeed, the possibility to detect this 

principle could help to understand and interpretate some experimental results, opening a 

window on novel synthetic opportunities. A representative example on the application of this 

powerful amplification involves a synergistic sequential kinetic resolution (SKR) of (±)-syn-

1,2-diols4 and (±)-anti-1,3-diols.5 In 2017, Bressy’s group developed a SKR process to access 

both enantiomers of (±)-anti-1,3-diol with high yields and enantioselectivities.5 The protocol 

uses the commercially available Isothiourea Lewis base catalyst, HyperBTM,6 and it is based 

on two enantioselective acylation reactions (Scheme 1).5 Later, in 2019, Smith’s group 

proposed a similar process aimed to obtain highly enantioenriched 1,2-diols.4 In particular, 

optimal selectivities were obtained using a readily prepared and commercially available 

HyperBTM6 organocatalyst and reagents (isobutyric anhydride, Hünig’s base) at 0 °C, making 

this KR process operationally simple to perform (Scheme 1).  
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Scheme 1. Previous works on Synergistic Sequential Kinetic Resolution (SKR) of (±)-syn-1,2-diols and (±)-anti-

1,3-diols under homogeneous batch conditions. 

 

According to the collected results of the above reported SKR processes, these substrates have 

proved to appear well-suited to exploit Horeau’s principle by applying two subsequent 

enantioselective acylation transformation. Chiral 1,2-diols are attractive compounds which have 

found applications as organocatalysts, ligands and chiral auxiliaries.7 Additionally, they are 

present in a range of bioactive compounds and are also used as intermediates in organic 

synthesis.7,8 The most common powerful methods to synthetize chiral 1,2-diols are pinacol 

coupling of aldehydes,7,9 reduction of ketones7,10 hydrolysis of epoxides7,11 and enantioselective 

Sharpless dihydroxylation of alkenes.7,12 However, these methods generally use toxic and 

expensive transition metals as stoichiometric reagents or catalysts. In analogy, chiral 1,3-diols 

are usually obtained through the preparation of an enantioenriched β-hydroxyketone followed 

by its anti-diastereoselective reduction.13 However, the synthesis of chiral 1,3-diols is limited 

to few methods, rarely catalytic.14 Hence, the definition of a Kinetic Resolution (KR) process, 

which provides access to enantioenriched compounds, represents a potentially attractive 

alternative, requiring only a simply modulation of the reaction conversion.7,8,15 Indeed, both 

developed processes which take advantage of the additive Horeau’s amplification represented 

a valid option to access highly enantioenriched compounds. Due to the bis-alcohol functionality 

presented in both (±)-syn-1,2-diols and (±)-anti-1,3-diols, two KR processes can be in 

operation. Hence, four rate constants could be identified, k1 and k2 for the first KR, and k3 and 

k4 for the second KR. If k1 > k2 and k3 > k4, the enantiomer of monoester preferentially generated 

in the 1st KR is also preferentially acylated in the 2nd KR. In principle, this allows the generation 

of both the diester (from two successive KRs) and diol in high enantiopurity and with opposite 
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absolute configuration (Figure 1). Both the enantiopurity and the absolute configuration of the 

monoester product has found to be highly dependent upon reaction conversion. Indeed, its 

configuration will match that of the diester at low conversion, and the diol at high conversion, 

while at the inflection point between these two extremes, the monoester is racemic. Moreover, 

the relative yields of diester, diol and monoester will be dependent upon the relative magnitude 

of the combined rate constants for the 1st KR process relative to the 2nd KR process. If both KR 

processes are reasonably selective, then this can be simplified as the relationship between the 

largest rate constant for each KR step (k1 vs k3). In relation to the two reported examples which 

involves (±)-syn-1,2-diols and (±)-anti-1,3-diols, assumptions on the relative rates of each KR 

process could be made based on the product distribution. For the sequential KR of (±)-1,2-syn-

diol it can be estimated the relative rates of the two KR steps were significantly different, with 

the 1st KR being ~8 times that of the 2nd KR.4 Indeed, the increased steric hindrance associated 

with the α-ester substituent introduced following the first acylation event might be considered 

responsible for this difference in the acylation step. Therefore, diol and diester can be isolated 

in both high yield and enantiopurity, and necessitates the sequential KR being driven to higher 

conversion to access highly enantiomerically enriched material. The KR of (±)-anti -1,3-diols 

instead is characterized by two KR steps which displayed the same sense of 

enantiodiscrimination.5 Based on the product distribution, it can be estimated that the relative 

rates of each KR process are close to parity (i.e. k1 ≈ k3). 

 
Figure 1. Horeau amplification in the sequential double acylative KR of C2-symmetric (±)-diols. 

 
Although incredibly powerful, organocatalysed processes usually require relatively high 

loadings of the catalyst, which is typically discarded at the end of the reaction. Therefore, the 

immobilization of the organocatalyst on a heterogeneous support could represent an alternative 

way to overtake the former drawback, leading to unaltered catalyst activity and high 

stability.16,17 Moreover, if the process is conducted under continuous-flow conditions the 

benefits arising from the new reaction set-up could be remarkable. Indeed, in the context of 

flow chemistry, organocatalysis18 has caught attention of numerous chemists and offers 
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enantiopurity (entry 1). Encouraged by this first results, further experiments were conducted 

with the aim to increase the selectivity of the process driving the reaction to higher conversion. 

Differently with respect to works reported in literature, in the present case the calculation of the 

selectivity represents an effortful process. Indeed, as two KR processes are in operation, is not 

possible to calculate, using Kagan's equation, an s value that represents the whole process. 

Indeed, the s value should be calculated for each kinetic resolution step, i.e. for the kinetic 

resolution of the racemic (±)-syn-1,2-diols which lead to the formation of the monoester and 

the selectivity of the process which involves the KR of a racemic monoester 3. In some cases, 

this laborious process has been simplified considering only the conversion and the enantiomeric 

purity of the final product for the calculation of the s value, however, this does not represent a 

meaningful metric as, in the present situation case, the selectivity is strictly dependent on the 

reaction conversion (as two KR processes are in operation). For this reason, the s value12a of all 

the processes is not reported while the optimization study was focused on the conversion into 

the diester and on the comparison of the products enantioselectivity. According to the study 

previously conducted on this sequential KR,4 the reaction optimization was therefore evaluated 

by aiming for ~50% conversion to diester. Lowering the flow rate to 0.05 mL min−1 led to an 

increase of enantioselectivity of both the monoester 3a and the diester 4a (entry 2), while with 

an even slower flow rate (0.04 mL min−1, entry 3) the conversion of the diol turned out to be 

too high though accompanied by high enantioselectivity of both products 3a and 4a. Later, the 

influence of the concentration was investigated too. However, the use of a concentrated solution 

was hampered by the low solubility of the diols in chloroform at concentration higher than 0.2 

M whereas halving the concentration of all the three reagents (entry 4), led to an increase of the 

yield towards the monoester 3a. Further studies were thus focused on the increasing of the 

amount of anhydride and base leading to almost full conversion of diol 2a into the diester 4a 

and monoester 3a (entry 5), while a slightly increase gave an improved selectivity (entry 6) 

compared to the first experiment. Lastly, different flow set-ups were also investigated to 

understand if the simultaneous presence in the same syringe of the anhydride and base with 

possibly traces of water could lead to the formation of carboxylic acid, reducing the available 

amount of anhydride (entries 7 − 9). Globally, no change upon varying the flow-mode set-up 

were detected. To note, a control experiment in batch conditions without the presence of the 

catalyst, showed that when the diol, the anhydride and the base are put together for about two 

hours a small quantity of monoester is formed, thus preventing the use of this flow set-up for 

the experiment. Finally, the optimized reaction conditions reported in entry 6 have been applied 

to a 2 mmol scale to verify the yield of the process (entry 10). Overall, this process allowed 

isolation of (1R,2R)-4a in 47% yield and 94:6 er and the (1S,2S) enantiomer of both diol 2a and 
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of acyclic anti-1,3-diols, relying on an additive Horeau’s amplification, was performed with the 

homogeneous HyperBTM with excellent results.5 However, the use of the same reaction 

conditions already optimized for the (±)-syn-1,2-diols was hampered due to the non-complete 

solubility of the substrate 5a in CHCl3. For this reason, a preliminary investigation with 

homogeneous organocatalyst HyperBTM has been conducted to understand the outcome of the 

process, influenced by variation of the solvent and the reaction temperature. In fact, the reaction 

in homogeneous phase was performed at −20 °C in CH2Cl2 as the optimal solvent. Therefore, 

firstly the influence of the temperature over the selectivity of the process was explored. Indeed, 

perform a reaction at room temperature represent a more sustainable and easy way to conduct 

a reaction mainly under flow-mode conditions. Pleasantly the diester 7a has been obtained with 

a comparable yield and er (Table 3, entry 1) respect to the reaction conducted at −20°C. 

However, the starting (±)-5a was not totally soluble in CH2Cl2 while the use of CHCl3:THF 1:1 

mixture led to a homogeneous solution which is essential when a reaction is conducted with a 

flow-mode apparatus. The change in the solvent system did not hugely affect the outcome of 

the reaction, therefore the reaction conditions reported in entry 2 were chosen for the following 

studies in flow.  
 

Table 3. Optimization study for SKR of (±)-5a with homogeneous HyperBTM. 

 

Entry Solvent Product Ratio 
(5a:6a:7a)b 

5a er 
(R,R):(S,S)c 

7a er 
(S,S):(R,R)c 

1 CH2Cl2 40:8:42 99:1 90:10 

2 CHCl3:THF (1:1) 36:6:46 >99:1 87:13 
aConditions: (±)-5a (0.2 M), (EtCO)2O (1.05 equiv.), i-Pr2NEt (1.05 equiv), RT 
2 h. bIsolated Yield. cDetermined by CSP-HPLC analysis. 

 

At this point, an optimization procedure on 0.5 mmol scale in flow-mode conditions has been 

performed using the former optimized solvent system and targeted through variation of the 

operative conditions such as flow rate, concentration of the substrate and different flow set-ups 

(Table 4). For the sake of simplicity, in this part of the work, only the starting diol 5a and the 
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Scheme 8. Double organocatalytic Kinetic Resolution of C1-symmetric (±)-anti-1,3-diols. 

Lastly, a suggested acylation transition state (TS) for the fast and slow reacting enantiomers, 

for simple (±)-syn-1,2- and (±)-anti-1,3- diols, have been proposed to explain the 

enantioselectivity of these KRs. For the sake of simplicity in the following figures only one of 

the two reactive carbinol center has been considered for the purpose of the representation.  

Building upon former studies,22 interactions which govern enantiodiscrimination have been 

hypothesized. Firstly, the formation of a S•••O interaction (chalcogen bond) is considered 

responsible to stabilize the conformation of acylated HyperBTM exhibiting syn coplanarity of 

the 1,5-O and S atom. Secondly, the benzene ring of the catalyst supplies π- π and cation-π 

stabilizing interactions with the aromatic part of the (±)-syn-1,2-diol 2a favoring the (R,R)-

substrate. The (S,S)-enantiomer is considered to be less reactive due to steric repulsion among 

the i-Pr group and the R substituent of the secondary alcohol (Figure 2).  

 
Figure 2. Suggested acylation TSs for the fast and slow reacting enantiomers of (±)-syn-1,2-diols. 
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Similarly, a supplies π- π and π-cation stabilizing interactions can also be found in the suggested 

transition state which involve the (±)-anti-1,3-diol 5a. However, in this case, the presence of 

steric repulsion, which occur in the (R,R)-substrate among the phenyl group of the catalyst and 

the R group of the secondary alcohol, could decrease the stabilization of this TS, thus favouring 

the reactivity of the enantiomer (Figure 3). 

 

Figure 3. Suggested acylation TSs for the fast and slow reacting enantiomers of (±)-anti-1,3-diols. 
 

Although these models account for the sense of asymmetric induction in these kinetic 

resolutions, they are currently speculative as further investigations are needed to better 

understand the geometry of the transition state. 
 

8.3  Conclusion 
In conclusion, a double organocatalytic kinetic resolution of (±)-syn-1,2-diols and (±)-

anti-1,3-diols under flow-mode conditions has been presented. Excellent results in terms of 

isolated yield and enantioselectivity have been obtained for both processes. It worth to note that 

the developed procedure has been conducted at room temperature, in place of low temperature 

as for the reaction performed with the homogeneous catalyst.4,5 The use of room temperature 

makes the process operationally simple to perform and the use of a flow-mode system makes 

the overall method more environmentally sustainable. Moreover, the flow-mode conditions led 

to an increase of the productivity, accompanied by an easily scale-up thanks to the use of a 

packed bed reactor which has proved to work for more than 100 h without loss of efficiency.24 
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8.4 Experimental section 
General procedure 

Reactions involving moisture sensitive reagents were carried out in flame-dried glassware under 

an argon or nitrogen atmosphere using standard vacuum line techniques and using anhydrous 

solvents. Anhydrous solvents (THF) were obtained from an anhydrous solvent system (purified 

using an alumina column, Mbraun SPS-800). All other reactions were performed in standard 

glassware with no precautions to exclude air or moisture. Solvents and commercial reagents 

were used as supplied without further purification unless otherwise stated.  

‘in vacuo’ refers to the use of either a Büchi Rotavapor R-200 with a Büchi V-491 heating bath 

and Büchi V-800 vacuum controller, a Büchi Rotavapor R-210 with a Büchi V-491 heating bath 

and Büchi V-850 vacuum controller, a Heidolph Laborota 4001 with vacuum controller, an IKA 

RV10 rotary evaporator with a IKA HB10 heating bath and ILMVAC vacuum controller, or an 

IKA RV10 rotary evaporator with a IKA HB10 heating bath and Vacuubrand CVC3000 

vacuum controller. Rotary evaporator condensers are fitted to Julabo FL601 Recirculating 

Coolers filled with ethylene glycol and set to –5 °C. Analytical thin layer chromatography was 

performed on pre-coated aluminium plates (Kieselgel 60 F254 silica). TLC visualisation was 

carried out with ultraviolet light (254 nm), followed by staining with a 1% aqueous KMnO4 

solution. Manual column chromatography was performed in glass columns fitted with porosity 

3 sintered discs over Kieselgel 60 silica using the solvent system stated. HPLC analyses were 

obtained using either a Shimadzu HPLC consisting of a DGU-20A5 degassing unit, LC-20AT 

liquid chromatography pump, SIL-20AHT autosampler, CMB-20A communications bus 

module, SPD-M20A diode array detector and a CTO-20A column oven; or a Shimadzu HPLC 

consisting of a DGU-20A5R degassing unit, LC-20AD liquid chromatography pump, SIL-

20AHT autosampler, SPD-20A UV/Vis detector and a CTO-20A column oven. Separation was 

achieved using DAICEL CHIRALCEL OD-H and OJ-H columns or DAICEL CHIRALPAK 

ID, IC and AS-H columns. All HPLC traces of enantiomerically-enriched compounds were 

compared with authentic racemic spectra. 1H, 13C, and 19F nuclear magnetic resonance (NMR) 

spectra were acquired on either a Bruker Avance II 400 (1H 400 MHz; 13C 101 MHz; 19F 377 

MHz, 19F 377 MHz) or a Bruker Avance II 500 (1H 500 MHz; 13C 126 MHz; 19F 470 MHz) 

spectrometer at ambient temperature in the deuterated solvent stated. All chemical shifts are 

quoted in parts per million (ppm) and referenced to the residual solvent peak. All coupling 

constants, J, are quoted in Hz. NMR peak assignments of monoester 6 were confirmed using 

2D 1H−13C heteronuclear single quantum coherence (HSQC) and 2D 1H−13C heteronuclear 

multiple-bond correlation spectroscopy (HMBC). Absolute configuration of monoester 6 were 
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determined following hydrolysis to the corresponding diol and through CSP-HPLC analysis. 

Melting points were recorded on an Electrothermal 9100 melting point apparatus and are 

uncorrected. Optical rotations were measured on a Perkin Elmer Precisly/Model-341 

polarimeter operating at the sodium D line with a 100 mm path cell at 20 °C.  

Infrared spectra were recorded on a Shimadzu IRAffinity-1 Fourier transform IR 

spectrophotometer fitted with a Specac Quest ATR accessory (diamond puck). Spectra were 

recorded of either thin films or solids, with characteristic absorption wave numbers (vmax) 

reported in cm−1. Continuous flow experiments: the catalyst resin was packed into an Omnifit 

column [borosilicate glass; length = 100 mm (70 mm adjustable bed height); internal diameter 

= 10 mm; maximum bed volume 5.6 mL]. A Gilson 305 HPLC pump was used to pump solvent 

for column equilibration and regeneration. A Legato 200 series syringe pump (World Precision 

Instruments) was used to deliver solutions of reagents. 

For the kinetic resolution, selectivity factors (s) were calculated according to Kagan’s equation: 

s = ln((1−Conv.)(1−eersm))/ln((1−Conv.)(1+eersm)) = ln(1−Conv.(1+eeprod))/ 

ln(1−Conv.(1−eeprod)), wherein Conv. is conversion of the reaction, eeprod is the enantiomeric 

excess of diester product and eersm is the enantiomeric excess of the recovered monoester. 

Conversions (Conv.) were calculated by the following equation: Conv. = eersm/(eeprod+eersm).12a 

 

Synthesis of (±)-1,2-Diol, monoesters (±)-3, and diesters (±)-4 

(±)-1,2-Diols 2a-2g, monoesters (±)-3 and diesters (±)-4 were synthesized following a 

literature procedure.4 Spectral data were in accordance with the literature.25,26 

 
Synthesis of (±)-1,3-Diols and monoester (±)-6a 

(±)-1,3-Diols 5 and monoester (±)-6a were synthesised following a literature procedure.5 

Spectral data were in accordance with the literature.5 

 
General procedure of Kinetic Resolution (±)-1,2-Diols 2 in flow-mode conditions 

A packed bed reactor consisting of a vertically-mounted Omnifit glass chromatography column 

[borosilicate glass; length = 100 mm (70 mm adjustable bed height); internal diameter = 10 

mm; maximum bed volume 5.6 mL], with a glass cooling jacket was loaded with PS-

HyperBTM resin (600 mg; ƒ = 0.89 mmol g−1). The resin was allowed to swell to its maximum 

volume by pumping CHCl3 at 1 mL min−1 for 30 min at room temperature using a Gilson 305 

HPLC pump. Two syringes were used to inject reagents using a Legato 200 series syringe pump 

by World Precision Instruments. The first syringe was filled with a solution of the appropriate 

diol (2.0 mmol, 1.0 equiv.) and (i-PrCO)2O (3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total 
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volume) and the second syringe with i-Pr2NEt (3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total 

volume). Both solutions were injected at 50 μL min−1, mixed in a T-type mixing chamber, and 

passed through the reactor at a combined flow rate of 100 μL min−1. After complete addition of 

the reagents from the syringes, a Gilson 305 HPLC pump was connected, and CHCl3 was 

pumped at 100 μL min−1 for 30 min to ensure elution of the products. A solution of 10% MeOH 

in CHCl3 was then pumped at 200 μL min−1 for 30 min to wash the column and avoid cross 

contamination. The column was then prepared for the next KR by pumping CHCl3 at 200 μL 

min−1 for 30 min. The mixture was diluted with CH2Cl2 and washed sequentially with HCl (1 

M), saturated NaHCO3 and brine. The organic layer was dried (Na2SO4), filtered and 

concentrated to give the crude products which were purified by column chromatography.  

Hydrolysis of diesters and monoesters 

In some instances it was difficult to find conditions to separate the enantiomers of diesters or 

monoesters by HPLC using a chiral support, and therefore these products were hydrolysed to 

the diol prior to HPLC analysis: LiOH•H2O (3 equiv.) was added to a solution of the diester or 

monoester (1 equiv.) in MeOH (0.3 M) and allowed to stir at 50 °C until completion, based on 

TLC analysis. The mixture was diluted with EtOAc and washed sequentially with HCl (1 M), 

saturated NaHCO3 and brine. The organic layer was dried (Na2SO4), filtered and concentrated 

to give the diol product.  

 

Kinetic Resolution of (±)-1,2-diphenylethane-1,2-diol ((±)-2a) 

According to the General Procedure, (±)-1,2-diphenylethane-1,2-diol (428 mg, 2.0 mmol) and 

(i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume), and i-Pr2NEt (610 

µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) gave crude products that were 

purified by column chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1S,2S)-1,2-Diphenylethane-1,2-diol (2a) 

 
(13 mg, 3%) as a colourless solid with spectroscopic data in accordance with the literature.4,25 

mp 118−119 °C {Lit.4 121 °C}; [𝛼]𝐷20 −87.1 (c 0.55 in CHCl3) {Lit.4 (ent, >99:1 er) [𝛼]𝐷20  
+88.0 (c 0.15 in CHCl3)}; Chiral HPLC analysis Chiralpak ID (90:10 Hexane:IPA, flow rate 

1.0 mL min−1, 211 nm, 30 °C) tR(1R,2R): 11.6 min, tR(1S,2S): 14.9 min, 0.63:99.37 er; 1H NMR 

(400 MHz, CDCl3) δ = 7.28 – 7.20 (m, 6H, ArH), 7.20 – 7.10 (m, 4H, ArH), 4.74 (s, 2H, 

CHOH), 2.97 – 2.74 (brs, 2H, OH). 
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(1S,2S)-2-Hydroxy-1,2-diphenylethyl isobutyrate (3a) 

 
(200 mg, 35%) as a colourless solid with spectroscopic data in accordance with the literature.26 

mp 80−82 °C; [𝛼]𝐷20  −6.2 (c 0.50 in CHCl3) {Lit.4 (ent, >99:1 er) [𝛼]𝐷20  +2.6 (c 0.50 in 

CHCl3)}; Chiral HPLC analysis Chiralcel OD-H (95:5 Hexane:IPA, flow rate 1 mL min−1, 

211 nm, 30 °C) tR (1S,2S): 11.9 min, tR (1R,2R): 17.5 min, 97.90:2.10 er; 1H NMR (400 MHz, 

CDCl3) δ = 7.28 – 7.22 (m, 6H, ArH), 7.22 – 7.07 (m, 4H, ArH), 5.88 (d, J 7.1 Hz, 1H, 

CHOC(O)i-Pr), 4.96 (dd, J 7.1, 3.3 Hz, 1H, CHOH), 2.66 (hept, J 7.0 Hz, 1H, CHCH3), 2.53 

(d, J 3.6 Hz, 1H, OH), 1.19 (d, J 7.0 Hz, 3H, CH3), 1.18 (d, J 7.0 Hz, 3H, CH3). 

(1R,2R)-1,2-Diphenylethane-1,2-diyl bis(2-methylpropanoate) (4a) 

 
(340 mg, 48%) as a colourless solid with spectroscopic data in accordance with the literature.26 

mp 71−72 °C {Lit.26 73−74 °C}; [𝛼]𝐷20 −22.9 (c 1.0 in CHCl3) {Lit.4 (ent, 97:3 er) [𝛼]𝐷20  +20.2 

(c 1.0 in CHCl3)}; following hydrolysis to 1,2-diphenylethane-1,2-diol: Chiral HPLC analysis 
Chiralpak ID (90:10 Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(1R,2R): 12.7 min, 

tR(1S,2S): 15.4 min, 94.45:5.55 er; 1H NMR (400 MHz, CDCl3) δ = 7.27 – 7.17 (m, 6H, ArH), 

7.18 – 7.07 (m, 4H, ArH), 6.07 (s, 2H, CHOC(O)i-Pr), 2.60 (hept, J 7.0 Hz, 2H, CHCH3), 1.17 

(d, J 7.0 Hz, 6H, CH3), 1.16 (d, J 7.0 Hz, 6H, CH3). 
 

Kinetic Resolution of (±)-1,2-bis(4-chlorophenyl)ethane-1,2-diol ((±)-2b) 

According to the General Procedure, (±)-1,2-bis(4-chlorophenyl)ethane-1,2-diol (567 mg, 2.0 

mmol) and (i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) and i-

Pr2NEt (610 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) gave crude products 

that were purified by column chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1S,2S)-1,2-bis(4-chlorophenyl)ethane-1,2-diol (2b) 
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(45 mg, 8%) as a colourless solid with spectroscopic data in accordance with the literature.27 

mp 131−133 °C {Lit.28 126−128 °C}; [𝛼]𝐷20 −183.0 (c 0.25 in CHCl3) {Lit.4 (ent, >99:1 er) [𝛼]𝐷20  +112 (c 0.25 in CHCl3)}; Chiral HPLC analysis Chiralpak AS-H (98:2 Hexane:IPA, 

flow rate 1 mL min−1, 220 nm, 30 °C) tR (1S,2S): 41.5 min, 0:100 er; 1H NMR (500 MHz, 

CDCl3) δ = 7.27 – 7.18 (m, 4H, ArH), 7.09 – 7.00 (m, 4H, ArH), 4.65 (t, J 1.2 Hz, 2H, CHOH), 

2.91 (q, J 1.2 Hz, 2H, OH). 

(1S,2S)-1,2-bis(4-chlorophenyl)-2-hydroxyethyl isobutyrate (3b) 

 

(240 mg, 34%) as a colourless solid with spectroscopic data in accordance with the literature.4 

mp 141−142 °C {Lit.4 143 °C}; [𝛼]𝐷20 −34.5 (c 1.0 in CHCl3) {Lit.4 (ent, 99:1 er) [𝛼]𝐷20  +35.0 

(c 1.0 in CHCl3)}; Chiral HPLC analysis Chiralpak AS-H (99.5:0.5 Hexane:IPA, flow rate 

0.7 mL min−1, 220 nm, 30 °C) tR (1S,2S): 35.9 min, tR (1R,2R): 46.7 min, 95.53:4.47 er; 1H 

NMR (400 MHz, CDCl3) δ = 7.28 – 7.19 (m, 4H, ArH), 7.13 – 6.98 (m, 4H, ArH), 5.76 (d, J 

7.3 Hz, 1H, CHOC(O)i-Pr), 4.91 (dd, J 7.3, 3.3 Hz, 1H, CHOH), 2.65 (hept, J 7.0 Hz, 1H, 

CHCH3), 2.54 (d, J 3.4 Hz, 1H, OH), 1.20 (d, J 7.0 Hz, 3H, CH3), 1.18 (d, J 7.0 Hz, 3H, CH3),. 

(1R,2R)-1,2-bis(4-chlorophenyl)ethane-1,2-diyl bis(2-methylpropanoate) (4b) 

 

(381 mg, 45%) as a colourless oil with spectroscopic data in accordance with the literature.4 [𝛼]𝐷20  −5.3 (c 1.0 in CHCl3) {Lit.4 (ent, 95:5 er)[𝛼]𝐷20  +4.8 (c 0.5 in CHCl3)}; following 

hydrolysis to 1,2-bis(4-chlorophenyl)ethane-1,2-diol: Chiral HPLC analysis Chiralpak AS-H 

(98:2 Hexane:IPA, flow rate 1 mL min−1, 220 nm, 30 °C) tR (1R,2R): 31.0 min, tR (1S,2S): 43.8 

min, 93.62:6.38 er; 1H NMR (400 MHz, CDCl3) δ = 7.27 – 7.17 (m, 4H, ArH), 7.12 – 7.02 (m, 

4H, ArH), 5.99 (s, 2H, CHOC(O)i-Pr), 2.59 (hept, J 7.0 Hz, 2H, CHCH3), 1.17 (d, J 7.0 Hz, 

6H, CH3), 1.15 (d, J 7.0 Hz, 6H, CH3),. 
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Kinetic Resolution of (±)-1,2-bis(4-chlorophenyl)ethane-1,2-diol ((±)-2c) 

According to the General Procedure, (±)-1,2-bis(4-(trifluoromethyl)phenyl)ethane-1,2-diol 
(700 mg, 2.0 mmol) and (i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total 

volume) and i-Pr2NEt (610 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) gave 

crude products that were purified by column chromatography (80:20 to 60:40 Hexane:EtOAc) 

to give: 

(1S,2S)-1,2-bis(4-(trifluoromethyl)phenyl)ethane-1,2-diol (2c) 

 

(8 mg, 1%) as a colourless solid with spectroscopic data in accordance with the literature.26 mp 

135−137 °C {Lit.29 128−130 °C}; [𝛼]𝐷20 −10.7 (c 0.7 in CHCl3) {Lit.4 (ent, >99:1 er) [𝛼]𝐷20  
+41.1 (c 1.0 in CHCl3)}; Chiral HPLC analysis Chiralpak AS-H (97:3 Hexane:IPA, flow rate 

1 mL min−1, 220 nm, 30 °C) tR (1R,2R): 11.3 min, tR (1S,2S): 15.6 min, 0.27:99.73 er; 1H NMR 

(500 MHz, CDCl3) δ = 7.54 (d, J 8.1 Hz, 4H, ArH), 7.26 (d, J 8.0 Hz, 4H, ArH), 4.81 – 4.73 

(m, 2H, CHOH), 2.98 (t, J 1.4 Hz, 2H, OH); 19F NMR (377 MHz, CDCl3) δ = −62.58. 

(1S,2S)-2-hydroxy-1,2-bis(4-(trifluoromethyl)phenyl)ethyl isobutyrate (3c) 

 

(285 mg, 34%) as a colourless solid with spectroscopic data in accordance with the literature.26 

mp 147−148 °C {Lit.26 148 °C}; [𝛼]𝐷20 −4.4 (c 1.0 in CHCl3) {Lit.26 (96:4 er) [𝛼]𝐷23  −1.06 (c 

1.01 in CHCl3)}; Chiral HPLC analysis Chiralcel OJ-H (95:5 Hexane:IPA, flow rate 1 mL 

min−1, 220 nm, 30 °C) tR (1S,2S): 7.7 min, 100:0 er; 1H NMR (400 MHz, CDCl3) δ = 7.55 (dd, 

J 8.3, 2.1 Hz, 4H, ArH), 7.34 – 7.23 (m, 4H, ArH), 5.91 (d, J 6.6 Hz, 1H, CHOC(O)i-Pr), 5.05 

(dd, J 6.7, 3.7 Hz, 1H, CHOH), 2.67 (hept, J 7.0 Hz, 1H, CHCH3), 2.58 (d, J 3.7 Hz, 1H, OH), 

1.19 (d, J 7.1 Hz, 6H, CH3); 19F NMR (377 MHz, CDCl3) δ = −62.61, −62.68. 

(1R,2R)-1,2-bis(4-(trifluoromethyl)phenyl)ethane-1,2-diyl bis(2-methylpropanoate) (4c) 
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(520 mg, 53%) as a colourless solid with spectroscopic data in accordance with the literature.26 

mp 109−110 °C {Lit.26 108 °C}; [𝛼]𝐷20 −9.0 (c 1.0 in CHCl3) {Lit.4 (ent, 97:3 er) [𝛼]𝐷20  +11.0 

(c 0.10 in CHCl3)}; following hydrolysis to 1,2-bis(4-(trifluoromethyl)phenyl)ethane-1,2-diol: 

Chiral HPLC analysis Chiralpak AS-H (97:3 Hexane:IPA, flow rate 1 mL min−1, 211 nm, 30 

°C) tR (1R,2R): 11.5 min, tR (1S,2S): 15.8 min, 81.67:18.33 er; 1H NMR (400 MHz, CDCl3) δ 

= 7.62 – 7.46 (m, 4H, ArH), 7.22 – 7.34 (m, 4H, ArH), 6.12 (s, 2H, CHOC(O)i-Pr ), 2.69 – 2.55 

(m, J 6.9 Hz, 2H, CHCH3), 1.16 (d, J 7.0 Hz, 12H, CH3); 19F NMR (377 MHz, CDCl3) δ = 

−62.72. 

 

Kinetic Resolution of (±)-1,2-bis(4-methoxyphenyl)ethane-1,2-diol ((±)-2d) 
According to the General Procedure, (±)-1,2-diphenylethane-1,2-diol (548 mg, 2.0 mmol) and 

(i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.), in CHCl3 (10 mL total volume), and i-Pr2NEt (610 

µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) gave crude products that were 

purified by column chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1S,2S)-1,2-bis(4-methoxyphenyl)ethane-1,2-diol (2d) 

 

(33 mg, 6%) as a colourless solid with spectroscopic data in accordance with the literature.30 

mp 106−107 °C {Lit.28 118−119 °C}; [𝛼]𝐷20 −102 (c 0.25 in CHCl3) {Lit.4 (ent, >99:1 er) [𝛼]𝐷20  
+126 (c 0.25 in CHCl3)}; Chiral HPLC analysis Chiralpak ID (80:20 Hexane:IPA, flow rate 

1 mL min−1, 211 nm, 30 °C) tR (1S,2S): 24.09 min, 0:100 er; 1H NMR (400 MHz, CDCl3) δ = 

7.11 – 7.02 (m, 4H, ArH), 6.84 – 6.74 (m, 4H, ArH), 4.66 (s, 2H, CHOH), 3.79 (s, 6H, OCH3), 

2.89 (s, 2H, OH). 

(1S,2S)-2-hydroxy-1,2-bis(4-methoxyphenyl)ethyl isobutyrate (3d) 

 

(254 mg, 37%) as a colourless solid with spectroscopic data in accordance with the literature.4 

mp 88−89 °C {Lit.4 88 °C}; [𝛼]𝐷20 −26.7 (c 0.5 in CHCl3) {Lit.4 [𝛼]𝐷20  (ent, 99:1 er) +23.6 (c 

0.5 in CHCl3)}; following hydrolysis to 1,2-bis(4-methoxyphenyl)ethane-1,2-diol: Chiral 
HPLC analysis Chiralpak ID (85:15 Hexane:IPA, flow rate 1 mL min−1, 211 nm, 30 °C) tR 

(1R,2R): 21.91 min, tR (1S,2S): 36.53 min, 1.56:98.44 er; 1H NMR (400 MHz, CDCl3) δ = 7.13 



202 
 

– 6.98 (m, 4H, ArH), 6.84 – 6.71 (m, 4H, ArH), 5.78 (d, J 7.7 Hz, 1H, CHOC(O)i-Pr), 4.89 (d, 

J 7.8 Hz, 1H, CHOH), 3.78 (d, J 3.8 Hz, 6H, OCH3), 2.65 (hept, J 7.0 Hz, 1H, CHCH3), 1.20 

(d, J 7.0 Hz, 3H, CH3), 1.18 (d, J 7.0 Hz, 3H, CH3). 

(1R,2R)-1,2-bis(4-methoxyphenyl)ethane-1,2-diyl bis(2-methylpropanoate) (4d) 

 

(380 mg, 45%) as a colourless oil with spectroscopic data in accordance with the literature.26 

mp 122−124 °C {Lit.4 126−128 °C}; [𝛼]𝐷20 −25.0 (c 1.0 in CHCl3) {Lit.4 [𝛼]𝐷20  (ent, 98:2 er) 

+19.3 (c 1.0 in CHCl3)}; following hydrolysis to 1,2-bis(4-methoxyphenyl)ethane-1,2-diol: 

Chiral HPLC analysis Chiralpak ID (85:15 Hexane:IPA, flow rate 1 mL min−1, 211 nm, 30 

°C) tR (1R,2R): 21.81 min, tR (1S,2S): 38.61 min, 94.66:5.34 er; 1H NMR (400 MHz, CDCl3) δ 

= 7.11 – 7.00 (m, 4H, ArH), 6.83 – 6.68 (m, 4H, ArH), 6.00 (s, 2H, CHOC(O)i-Pr), 3.76 (s, 6H, 

OCH3), 2.58 (hept, J 7.0 Hz, 2H, CHCH3), 1.18 (d, J 7.0 Hz, 6H, CH3), 1.15 (d, J 7.0 Hz, 6H, 

CH3). 

 

Kinetic Resolution of (±)-1,2-di(naphthalen-1-yl)ethane-1,2-diol ((±)-2e) 
According to the General Procedure, (±)-1,2-di(naphthalen-1-yl)ethane-1,2-diol (628 mg, 2.0 

mmol) and (i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.), in 1:1 CHCl3:THF mixture (10 mL 

total volume), and i-Pr2NEt (610 µL, 3.5 mmol, 1.75 equiv.) in 1:1 CHCl3:THF mixture (10 mL 

total volume) gave crude products that by column chromatography (80:20 to 60:40 

Hexane:EtOAc) to give: 

(1S,2S)-1,2-di(naphthalen-1-yl)ethane-1,2-diol (2e) 

 
(125 mg, 20%) as a colourless solid with spectroscopic data in accordance with the literature.26 

mp 128−130 °C {Lit.31 122−124 °C}; [𝛼]𝐷20 −28.6 (c 0.25 in CHCl3) {Lit.4 [𝛼]𝐷24 (ent, 88:12 

er) +40.7 (c 0.99 in THF)}; Chiral HPLC Chiralpak OJ-H (80:20 Hexane:IPA, flow rate 1 mL 

min−1, 220 nm, 30 °C) tR (1S,2S): 22.6 min, tR (1R,2R): 33.7 min, 97.49:2.51 er; 1H NMR (500 

MHz, CDCl3) δ = 7.90 (dd, J 8.6, 1.2 Hz, 2H, ArH); 7.87 – 7.65 (m, 6H, ArH), 7.47 – 7.35 (m, 

4H, ArH), 7.31 (ddd, J 8.3, 6.8, 1.4 Hz, 2H, ArH), 5.86 – 5.76 (m, 2H, CHOH), 3.00 (dd, J 2.1, 

1.1 Hz, 2H, OH). 
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(1S,2S)-2-hydroxy-1,2-di(naphthalen-1-yl)ethyl isobutyrate (3e) 

 
(177 mg, 23%) as a colourless oil with spectroscopic data in accordance with the literature.4 mp 

102−104 °C {Lit.4 110−111 °C}; [𝛼]𝐷20 −49.4 (c 1.2 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, >99:1 er) +57.2 

(c 1.0 in CHCl3)}; following hydrolysis to 1,2-di(naphthalen-1-yl)ethane-1,2-diol Chiral 

HPLC Chiralpak OJ-H (80:20 Hexane:IPA, flow rate 1 mL min−1, 220 nm, 30 °C) tR (1S,2S): 

23.1 min, tR (1R,2R): 33.5 min, 70.30:29.70 er; 1H NMR (400 MHz, CDCl3) δ = 8.14 – 8.01 

(m, 2H, ArH), 7.80 – 7.66 (m, 4H, ArH), 7.63 – 7.48 (m, 2H, ArH), 7.47 – 7.31 (m, 6H, ArH), 

6.94 (d, J 6.5 Hz, 1H, CHOC(O)i-Pr), 5.95 (d, J 6.5 Hz, 1H, CHOH), 2.66 (dp, J 31.8, 7.0 Hz, 

1H, CHCH3), 1.20 (d, J 7.0 Hz, 3H, CH3), 1.18 (d, J 7.0 Hz, 3H, CH3). 

 
(1R,2R)-1,2-di(naphthalen-1-yl)ethane-1,2-diyl bis(2-methylpropanoate) (4e) 

 

(372 mg, 41%) as a colourless solid with spectroscopic data in accordance with the literature.26 

mp 115−117 °C {Lit.26 113−114 °C}; [𝛼]𝐷20 +71.2 (c 1.0 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, 95:5 er) 

−67.5 (c 1.0 in CHCl3)}; following hydrolysis to 1,2-di(naphthalen-1-yl)ethane-1,2-diol Chiral 

HPLC analysis Chiralpak OJ-H (80:20 Hexane:IPA, flow rate 1 mL min−1, 220 nm, 30 °C) tR 

(1S,2S): 23.9 min, tR (1R,2R): 32.4 min, 6.41:93.59 er; 1H NMR (400 MHz, CDCl3) δ = 8.31 – 

8.11 (m, 2H, ArH), 7.77 – 7.60 (m, 4H, ArH), 7.39 (td, J 6.8, 5.9, 2.9 Hz, 6H, ArH), 7.24 (t, J 

7.7 Hz, 2H, ArH), 7.11 (s, 2H, CHOC(O)i-Pr), 2.75 – 2.55 (m, 2H, CHCH3), 1.22 (d, J 7.0 Hz, 

6H, CH3), 1.17 (d, J 7.0 Hz, 6H, CH3). 

 

Kinetic Resolution of (±)-(1E,5E)-1,6-diphenylhexa-1,5-diene-3,4-diol ((±)-2f)  

According to the General Procedure, (±)-(1E,5E)-1,6-diphenylhexa-1,5-diene-3,4-diol (532 

mg, 2.0 mmol) and (i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.), in CHCl3 (10 mL total 

volume), and i-Pr2NEt (610 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) gave 

crude products that were purified by column chromatography (80:20 to 60:40 Hexane:EtOAc) 

to give: 
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(1E,3S,4S,5E)-4-hydroxy-1,6-diphenylhexa-1,5-dien-3-yl isobutyrate (3f) 

 

(208 mg, 31%) as a colourless solid with spectroscopic data in accordance with the literature.4 

mp 102−103 °C {Lit.4 95−96 °C}; [𝛼]𝐷20 −0.6 (c 0.4 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, 77:23 er) +0.9 

(c 1.0 in CHCl3)}; Chiral HPLC analysis Chiralpak IC (95:5 Hexane:IPA, flow rate 1 mL 

min−1, 254 nm, 30 °C) tR (3S,4S): 18.0 min, tR (3R,4R): 22.7 min, 80.96:19.04 er; 1H NMR 

(400 MHz, CDCl3) δ = 7.53 – 7.32 (m, 10H, ArH), 6.75 (dt, J 16.0, 1.5 Hz, 2H, PhCH=CH), 

6.26 (ddd, J 16.0, 6.5, 5.2 Hz, 2H, PhCH=CH), 5.54 (ddd, J 7.0, 5.6, 1.1 Hz, 1H, CHOC(O)i-

Pr), 4.53 (td, J 5.7, 1.5 Hz, 1H, CHOH), 2.66 (hept, J 6.8 Hz, 1H, CHCH3), 1.23 (d, J 7.1 Hz, 

3H, CH3), 1.21 (d, J 7.1 Hz, 3H, CH3). 

 
(1E,3R,4R,5E)-1,6-diphenylhexa-1,5-diene-3,4-diyl bis(2-methylpropanoate) (4f) 

 

(422 mg, 52%) as a colourless solid with spectroscopic data in accordance with the literature.4 

mp 78−80 °C {Lit.4 84−85 °C}; [𝛼]𝐷20 −4.57 (c 0.35 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, 79:21 er) +10.8 

(c 1.0 in CHCl3)}; following hydrolysis to (1E,5E)-1,6-diphenylhexa-1,5-diene-3,4-diol: 

Chiral HPLC analysis Chiralpak ID (85:15 Hexane:IPA, flow rate 1 mL min−1, 254 nm, 30 

°C) tR (1S,2S): 13.0 min, tR (1R,2R): 14.7 min, 35.00:65.00 er; 1H NMR (400 MHz, CDCl3) δ 

= 7.43 – 7.23 (m, 10H, ArH), 6.72 (d, J 15.9 Hz, 2H, PhCH=CH), 6.23 – 6.08 (m, 2H, 

PhCH=CH), 5.75 – 5.62 (m, 2H, CHOC(O)i-Pr), 2.71 – 2.56 (m, J 7.0 Hz, 2H, CHCH3), 1.17 

(d, J 7.1 Hz, 12H, CH3). 

 

Kinetic Resolution of (±)-1,6-diphenylhexa-1,5-diyne-3,4-diol ((±)-2g) 
According to the General Procedure, (±)-1,6-diphenylhexa-1,5-diyne-3,4-diol (525 mg, 2.0 

mmol) and (i-PrCO)2O (580 µL, 3.5 mmol, 1.75 equiv.), in CHCl3 (10 mL total volume), and 

i-Pr2NEt (610 µL, 3.5 mmol, 1.75 equiv.) in CHCl3 (10 mL total volume) gave crude products 

that were purified by by column chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 
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(3S,4S)-1,6-diphenylhexa-1,5-diyne-3,4-diol (2g) 

 

(10 mg, 2%) as a colourless solid with spectroscopic data in accordance with the literature.4 mp 

74−77 °C {Lit.4 78−79 °C}; [𝛼]𝐷20 −101 (c 0.1 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, >99:1 er) +97.2 (c 

0.25 in CHCl3)}; Chiral HPLC analysis Chiralcel OJ-H (80:20 Hexane:IPA, flow rate 1 mL 

min−1, 211 nm, 30 °C) tR (3S,4S): 13.6 min, tR (3R,4R): 19.1 min, 77.37:22.63 er; 1H NMR 

(400 MHz, CDCl3) δ = 7.53 – 7.46 (m, 4H, ArH), 7.40 – 7.31 (m, 6H, ArH), 4.77 (s, 2H, 

CHOH). 

(3S,4S)-4-hydroxy-1,6-diphenylhexa-1,5-diyn-3-yl isobutyrate (3g) 

 

(99 mg, 15%) as a colourless solid with spectroscopic data in accordance with the literature.4 

mp 71−72 °C {Lit.4 71 °C}; [𝛼]𝐷20 +12.8 (c 1.0 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, 85:15 er) −12.2 (c 

1.0 in CHCl3)}; following hydrolysis to 1,6-diphenylhexa-1,5-diyne-3,4-diol: Chiral HPLC 

analysis Chiralcel OJ-H (80:20 Hexane:IPA, flow rate 1 mL min−1, 211 nm, 30 °C) tR (3S,4S): 

12.6 min, tR (3R,4R): 18.1 min, 88.34:11.66 er; 1H NMR (500 MHz, CDCl3) δ = 7.55 – 7.43 

(m, 4H, ArH), 7.40 – 7.30 (m, 6H, ArH), 5.86 (d, J 5.7 Hz, 1H, CHOC(O)i-Pr), 4.87 (d, J 5.7 

Hz, 1H, CHOH), 2.72 (hept, J 7.0 Hz, 1H, CHCH3), 1.27 (d, J 7.0 Hz, 3H, CH3), 1.26 (d, J 7.0 

Hz, 3H, CH3). 

(3R,4R)-1,6-diphenylhexa-1,5-diyne-3,4-diyl bis(2-methylpropanoate) (4g) 

 

(569 mg, 70%) as a colourless oil with spectroscopic data in accordance with the literature.4 [𝛼]𝐷20 −10.4 (c 1.0 in CHCl3) {Lit.4 [𝛼]𝐷20 (ent, 83:17 er) +39.8 (c 0.5 in CHCl3)}; following 

hydrolysis to 1,6-diphenylhexa-1,5-diyne-3,4-diol: Chiral HPLC analysis Chiralcel OJ-H 

(80:20 Hexane:IPA, flow rate 1 mL min−1, 211 nm, 30 °C) tR (3S,4S): 12.6 min, tR (3R,4R): 

18.1 min, 41.64:58.36 er; 1H NMR (500 MHz, CDCl3) δ = 7.50 – 7.43 (m, 4H, ArH), 7.40 – 
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7.30 (m, 6H, ArH), 6.00 (s, 2H, CHOC(O)i-Pr), 2.68 (hept, J 7.0 Hz, 2H, CHCH3), 1.25 (d, J 

7.0 Hz, 6H, CH3), 1.24 (d, J 7.0 Hz, 6H, CH3). 

 

Procedure of Kinetic Resolution (±)-3a in Flow-mode conditions 
A packed bed reactor consisting of a vertically-mounted Omnifit glass chromatography column 

[borosilicate glass; length = 100 mm (70 mm adjustable bed height); internal diameter = 10 

mm; maximum bed volume 5.6 mL], with a glass cooling jacket was loaded with PS-

HyperBTM resin (600 mg; ƒ = 0.89 mmol g−1). The resin was allowed to swell to its maximum 

volume by pumping CHCl3 at 1 mL min−1 for 30 min at room temperature using a Gilson 305 

HPLC pump. Two syringes were used to inject reagents using a Legato 200 series syringe pump 

by World Precision Instruments. The first syringe was filled with a solution of 2-hydroxy-1,2-

diphenylethyl isobutyrate (0.3 mmol, 1.0 equiv.) and (i-PrCO)2O (0.26 mmol, 0.85 equiv.) in 

CHCl3 (1.5 mL total volume) and the second syringe with i-Pr2NEt (0.26 mmol, 0.85 equiv.) in 

CHCl3 (1.5 mL total volume). Both solutions were injected at 50 μL min−1, mixed in a T-type 

mixing chamber, and passed through the reactor at a combined flow rate of 100 μL min−1. After 

complete addition of the reagents from the syringes, a Gilson 305 HPLC pump was connected, 

and CHCl3 was pumped at 100 μL min−1 for 30 min to ensure elution of the products. A solution 

of 10% MeOH in CHCl3 was then pumped at 200 μL min−1 for 30 min to wash the column and 

avoid cross contamination. The column was then prepared for the next KR by pumping CHCl3 

at 200 μL min−1 for 30 min. The mixture was diluted with CH2Cl2 and washed sequentially with 

HCl (1 M), saturated NaHCO3 and brine. The organic layer was dried (Na2SO4), filtered and 

concentrated to give the crude products. The corresponding monoester and diester were then 

isolated by flash chromatography (80:20 Hexane:EtOAc). 

(1S,2S)-2-Hydroxy-1,2-diphenylethyl isobutyrate (3a): Chiral HPLC analysis Chiralcel 

OD-H (95:5 Hexane:IPA, flow rate 1 mL min−1, 211 nm, 30 °C) tR (1S,2S): 11.9 min, tR (1R,2R): 

17.5 min, 82.19:17.82 er;  

(1R,2R)-1,2-Diphenylethane-1,2-diyl bis(2-methylpropanoate) (4a): Chiral HPLC analysis 
Chiralpak ID (90:10 Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(1R,2R): 12.7 min, 

tR(1S,2S): 15.4 min, 95.20:4.80 er. 

 

General procedure of Kinetic Resolution (±)-1,3-Diols 5 in flow-mode conditions 
A packed bed reactor consisting of a vertically-mounted Omnifit glass chromatography column 

[borosilicate glass; length = 100 mm (70 mm adjustable bed height); internal diameter = 10 

mm; maximum bed volume 5.6 mL], with a glass cooling jacket was loaded with PS-

HyperBTM resin (600 mg; ƒ = 0.89 mmol g−1). The resin was allowed to swell to its maximum 
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volume by pumping 1:1 THF:CHCl3 mixture at 1 mL min−1 for 30 min at RT using a Gilson 

305 HPLC pump. Two syringes were used to inject reagents using a Legato 200 series syringe 

pump by World Precision Instruments. The first syringe was filled with a solution of the 

appropriate diol (0.75 mmol, 1.0 equiv.) and (EtCO)2O (0.79 mmol, 1.05 equiv.) in 1:1 

THF:CHCl3 mixture (7.5 mL total volume) and the second syringe with i-Pr2NEt (0.79 mmol, 

1.05 equiv.) in 1:1 THF:CHCl3 mixture (7.5 mL total volume). Both solutions were injected at 

100 μL min−1, mixed in a T-type mixing chamber, and passed through the reactor at a combined 

flow rate of 200 μL min−1. After complete addition of the reagents from the syringes, a Gilson 

305 HPLC pump was connected, and CHCl3 was pumped at 200 μL min−1 for 30 min to ensure 

elution of the products. A solution of 10% MeOH in 1:1 THF:CHCl3 mixture was then pumped 

at 200 μL min−1 for 30 min to wash the column and avoid cross contamination. The column was 

then prepared for the next KR by pumping 1:1 THF:CHCl3 mixture at 200 μL min−1 for 30 min. 

The mixture was concentrated to remove THF and later diluted with CH2Cl2. So, it was washed 

sequentially with HCl (1 M), saturated NaHCO3 and brine. The organic layer was dried 

(Na2SO4), filtered and concentrated to give the crude products which were purified by column 

chromatography.  

Hydrolysis of diesters and monoesters 
In some instances, it was difficult to find conditions to separate the enantiomers of diesters or 

monoesters by HPLC using a chiral support, and therefore these products were hydrolysed to 

the diol prior to HPLC analysis: LiOH•H2O (3 equiv.) was added to a solution of the diester or 

monoester (1 equiv.) in MeOH (0.3 M) and allowed to stir at 50 °C until completion, based on 

TLC analysis. The mixture was diluted with EtOAc and washed sequentially with HCl (1 M), 

saturated NaHCO3 and brine. The organic layer was dried (Na2SO4), filtered and concentrated 

to give the diol product.  

 

Kinetic Resolution of (±)-(1E,6E)-1,7-diphenylhepta-1,6-diene-3,5-diol ((±)-5a) 

According to the General Procedure, (±)-(1E,6E)-1,7-diphenylhepta-1,6-diene-3,5-diol (210 

mg, 0.75 mmol) and propionic anhydride (101 µL, 0.787 mmol, 1.05 equiv.), in 1:1 CHCl3:THF 

mixture (7.5 mL total volume), and i-Pr2NEt (138 µL, 0.787 mmol, 1.05 equiv.) in 1:1 

CHCl3:THF mixture (7.5 mL total volume) gave crude products that were purified by column 

chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1E,3R,5R,6E)-1,7-diphenylhepta-1,6-diene-3,5-diol (5a) 
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(63 mg, 30%) as a colourless solid with spectroscopic data in accordance with the literature.5 

mp 140−141 °C {Lit.5 149 °C}; [𝛼]𝐷20+25.0 (c 1.0 in CHCl3) {Lit.5 [𝛼]𝐷25 (>99:1 er) +16.2 (c 

0.50, CHCl3)}; Chiral HPLC analysis Chiralpak IC (90:10 Hexane:IPA, flow rate 1.0 mL 

min−1, 211 nm, 30 °C) tR(3S,5S): 12.3 min, tR(3R,5R): 14.0 min, 3.19:96.81 er; 1H NMR (500 

MHz, CDCl3) δ = 7.42 (d, J 7.5 Hz, 4H, ArH), 7.35 (t, J 7.3 Hz, 4H, ArH), 7.27 – 7.23 (m, 2H, 

ArH), 6.68 (d, J 15.7 Hz, 2H, CHAr), 6.33 (dd, J 15.7, 6.2 Hz, 2H, CHCHAr), 4.72 (s, 2H, 

CHOH), 2.57 (d, J 3.9 Hz, 2H, OH), 2.01 (t, J 5.4 Hz, 2H, C(2)H2). 

(1E,3S,5S,6E)-5-hydroxy-1,7-diphenylhepta-1,6-dien-3-yl propionate (6a) 

 
As an inseparable mixture of combined anti and syn diastereoisomers (4:1 dranti:syn) (45 mg, 

18%) as a colourless oil with spectroscopic data in accordance with the literature.5,31 [𝛼]𝐷20 

−21.5 (c 1.0 in CHCl3).  

Data for major diastereoisomer anti-6a in accordance with the literature:5 following hydrolysis 

to (1E,6E)-1,7-diphenylhepta-1,6-diene-3,5-diol and the anti-diastereoisomer was purified 

through crystallization form hot 1:1 Toluene:Hexane: Chiral HPLC analysis Chiralpak IC 

(90:10 Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 12.2 min, tR(3R,5R): 

14.0 min, 64.99:35.01 er; 1H NMR (400 MHz, CDCl3) δ = 7.48 – 7.29 (m, 10H, ArH), 6.66 

(ddd, J 16.0, 6.0, 1.1 Hz, 2H, PhCH=CH), 6.34 – 6.15 (m, 2H, PhCH=CH), 5.82 – 5.71 (m, 1H, 

CHOC(O)Et), 4.43 – 4.28 (m, 1H, CHOH), 2.62 (d, J 3.8 Hz, 1H, OH), 2.43 (q, J 7.5 Hz, 2H, 

CH2CH3), 2.12 – 1.87 (m, 2H, C(2)H2), 1.24 – 1.11 (m, 3H, CH3). 

Data for minor diastereoisomer syn-6a in accordance with the literature:32 1H NMR (400 MHz, 

CDCl3) (selected) δ = 5.73 – 5.59 (m, 1H, CHOC(O)Et), 4.51 – 4.41 (m, 1H, CHOH).  

(1E,3S,5S,6E)-1,7-diphenylhepta-1,6-diene-3,5-diyl dipropionate (7a) 

 
(99 mg, 34%) as a colourless solid with spectroscopic data in accordance with the literature.5 

mp 51−52 °C {Lit.5 56 °C}; [𝛼]𝐷20 −5.0 (c 0.3 in CHCl3) {Lit.5 [𝛼]𝐷25 (98:2 er) −44.1 (c 1.00, 

CHCl3)}; Chiral HPLC analysis Chiralcel OJ-H (85:15 Hexane:IPA, flow rate 1.5 mL min−1, 

211 nm, 30 °C) tR(3R,5R): 9.5 min, tR(3S,5S): 13.4 min, 4.85:95.15 er.; 1H NMR (500 MHz, 

CDCl3) δ = 7.47 – 7.19 (m, 10H, ArH), 6.75 – 6.57 (m, 2H, PhCH=CH), 6.18 (dd, J 15.9, 7.3 

Hz, 2H, PhCH=CH), 5.65−5.51 (m, 2H, CHOC(O)Et), 2.37 (qd, J 7.5, 4.5 Hz, 4H, CH2CH3), 

2.16 (dd, J 7.3, 6.6 Hz, 2H, CH2), 1.16 (t, J 7.6 Hz, 6H, CH3). 
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Kinetic Resolution of (±)-1,3-diphenylpropane-1,3-diol ((±)-5b) 

According to the General Procedure, (±)-1,3-diphenylpropane-1,3-diol (171 mg, 0.75 mmol) 

and propionic anhydride (101 µL, 0.787 mmol, 1.05 equiv.), in 1:1 CHCl3:THF mixture (7.5 

mL total volume), and i-Pr2NEt (138 µL, 0.787 mmol, 1.05 equiv.) in 1:1 CHCl3:THF mixture 

(7.5 mL total volume) gave crude products that were purified by column chromatography (80:20 

to 60:40 Hexane:EtOAc) to give: 

(1R,3R)-1,3-diphenylpropane-1,3-diol (5b) 

 
(60 mg, 35%) as a colourless solid with spectroscopic data in accordance with the literature.5 

mp 141−143 °C {Lit.5 153 °C}; [𝛼]𝐷20 +75.0 (c 0.1 in CHCl3) {Lit.5 [𝛼]𝐷25 (99:1 er) +115.9 (c 

1.0, CHCl3)}; Chiral HPLC analysis Chiralpak ID (90:10 Hexane:IPA, flow rate 1.0 mL 

min−1, 211 nm, 30 °C) tR(3R,5R): 11.4 min, 100:0 er.; 1H NMR (500 MHz, CDCl3) δ = 7.41 – 

7.36 (m, 8H, ArH), 7.33 – 7.29 (m, 2H, ArH), 5.01 (dd, J 6.3, 5.4 Hz, 2H, CHOH), 2.21 (dd, J 

6.2, 5.4 Hz, 2H, C(2)H2). 

(1S,3S)-3-hydroxy-1,3-diphenylpropyl propionate (6b) 

 
As an inseparable mixture of combined anti and syn diastereoisomers (90:10 dranti:syn) (24 mg, 

10%) as a colourless oil. [𝛼]𝐷20  −21.8 (c 0.45 in CHCl3); following hydrolysis to 1,3-

diphenylpropane-1,3-diol Chiral HPLC analysis Chiralpak ID (90:10 Hexane:IPA, flow rate 

1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 11.4 min, tR(3S,5S): 14.6 min, 33.73:66.27 er; IR 

(neat) νmax: 3447 (OH), 1754 (C=O), 1495, 1456, 1350, 1277, 1188, 1063, 1022 cm−1; HRMS 
(ESI): calcd. for C18H20O3Na+ ([M + Na]+): 307.1305; found 307.1299. 

Data for major diastereoisomer anti-6b: 1H NMR (500 MHz, CDCl3) δ = 7.42 – 7.34 (m, 8H, 

ArH), 7.34 – 7.29 (m, 2H, ArH), 6.11 (dd, J 10.3, 3.4 Hz, 1H, CHOC(O)Et), 4.74 (dt, J 9.9, 3.5 

Hz, 1H, CHOH), 2.77 (d, J 3.6 Hz, 1H, OH), 2.43 (qd, J 7.5, 4.4 Hz, 2H, CH2CH3), 2.29 (ddd, 

J 14.6, 10.3, 3.4 Hz, 1H, C(2)H2), 2.17 (ddd, J 14.5, 9.9, 3.4 Hz, 1H, C(2)H2), 1.19 (t, J 7.6 Hz, 

3H, CH3); 13C NMR (126 MHz, CDCl3) δ = 174.0 (CHOC(O)Et), 143.7 (ArC), 140.4 (ArC), 

128.6 (4 × ArCH), 128.0 (ArCH), 127.7 (ArCH), 126.4 (2 × ArCH), 125.8 (2 × ArCH), 73.0 

(CHOC(O)Et), 70.4 (CHOH), 46.6 (C(2)H2), 27.8 (CH2CH3), 9.2 (CH3). 
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Data for minor diastereoisomer syn-6b in accordance with the literature:32 1H NMR (500 MHz, 

CDCl3) (selected) δ = 5.90 (dd, J 7.8, 6.5 Hz, 1H, CHOC(O)Et), 4.65 (dd, J 8.4, 4.8 Hz, 1H, 

CHOH). 

(1S,3S)-1,3-diphenylpropane-1,3-diyl dipropionate (7b) 

 

(105 mg, 39%) as a colourless oil with spectroscopic data in accordance with the literature.5 [𝛼]𝐷20 −89.4 (c 0.4 in CHCl3) {Lit.5 [𝛼]𝐷25 (98:2 er) −48.9 (c 1.0, CHCl3)}; following hydrolysis 

to 1,3-diphenylpropane-1,3-diol Chiral HPLC analysis Chiralpak ID (90:10 Hexane:IPA, flow 

rate 1.0 mL min−1, 211 nm, 30 °C), tR(3R,5R): 11.4 min, tR(3S,5S): 14.5 min, 3.45:96.55 er; 1H 

NMR (500 MHz, CDCl3) δ = 7.39 – 7.29 (m, 10H, ArH), 5.90 (dd, J 7.7, 6.5 Hz, 2H, 

CHOC(O)Et), 2.46 – 2.24 (m, 6H, CH2CH3 and C(2)H2), 1.14 (t, J 7.5 Hz, 6H, CH3). 

 

Kinetic Resolution of (±)-1,3-bis(2-methoxyphenyl)propane-1,3-diol ((±)-5c) 

According to the General Procedure, (±)-1,3-bis(2-methoxyphenyl)propane-1,3-diol (216 mg, 

0.75 mmol) and propionic anhydride (101 µL, 0.787 mmol, 1.05 equiv.), in 1:1 CHCl3:THF 

mixture (7.5 mL total volume), and i-Pr2NEt (138 µL, 0.787 mmol, 1.05 equiv.) in 1:1 

CHCl3:THF mixture (7.5 mL total volume) gave crude products that were purified by column 

chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1R,3R)-1,3-bis(2-methoxyphenyl)propane-1,3-diol (5c) 

 

(85 mg, 39%) as a colourless solid with spectroscopic data in accordance with the literature.5 

mp 106−107 °C {Lit.5 117 °C}; [𝛼]𝐷20 +84.3 (c 1.0 in CHCl3) {Lit.5 [𝛼]𝐷25 (>99:1 er) +121.8 (c 

1.0, CHCl3)}; Chiral HPLC analysis Chiralpak ID (80:20 Hexane:IPA, flow rate 1.0 mL 

min−1, 211 nm, 30 °C) tR(3R,5R): 16.9 min, tR(3S,5S): 21.1 min, 97.50:2.50 er; 1H NMR (400 

MHz, CDCl3) δ = 7.48 – 7.41 (m, 2H, ArH), 7.30 – 7.23 (m, 2H, ArH), 7.00 (td, J 7.5, 1.1 Hz, 

2H, ArH), 6.89 (dd, J 8.2, 1.1 Hz, 2H, ArH), 5.23 (t, J 5.8 Hz, 2H, CHOH), 3.83 (s, 6H, OCH3), 

2.31 (dd, J 6.3, 5.3 Hz, 2H, C(2)H2). 
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(1S,3S)-3-hydroxy-1,3-bis(2-methoxyphenyl)propyl propionate (6c) 

 

As an inseparable mixture of combined anti and syn diastereoisomers (94:6 dranti:syn) (56 mg, 
22%) as a colourless oil. [𝛼]𝐷20 −146.3 (c 0.6 in CHCl3); following hydrolysis to 1,3-bis(2-
methoxyphenyl)propane-1,3-diol Chiral HPLC analysis Chiralpak ID (80:20 Hexane:IPA, 
flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 16.7 min, tR(3S,5S): 20.2 min, 14.77:85.23 

er; IR (neat) νmax: 3450 (OH), 2940; 1732 (C=O), 1490, 1462; 1287; 1242; 1186; 1049; 1028 
cm−1; HRMS (ESI): calcd. for C20H24O5Na+ ([M+Na]+): 367.1516; found 367.1502. 
Data for major diastereoisomer anti-6c: 1H NMR (400 MHz, CDCl3) δ = 7.44 – 7.38 (m, 1H, 
ArH), 7.35 (dd, J 7.6, 1.8 Hz, 1H, ArH), 7.28 – 7.20 (m, 2H, ArH),1.20 (t, J 7.6 Hz, 3H, CH3), 
7.01 − 6.92 (m, 2H, ArH), 6.88 (ddd, J 8.2, 4.4, 1.1 Hz, 2H, ArH), 6.50 (dd, J 9.9, 3.1 Hz, 1H, 
CHOC(O)Et), 5.01 (dd, J 9.4, 3.5 Hz, 1H, CHOH), 3.87 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 
3.20 (d, J 5.8 Hz, 1H, OH), 2.41 (qd, J 7.6, 0.9 Hz, 2H, CH2CH3), 2.11 – 2.35 (m, 2H, C(2)H2); 
13C NMR (126 MHz, CDCl3) δ = 174.3 (CHOC(O)Et), 156.2 (ArC), 156.0 (ArC), 131.9 (ArC), 
129.4 (ArC), 128.7 (ArCH), 128.2 (ArCH), 126.8 (ArCH), 126.2 (ArCH), 120.8 (ArCH), 120.5 
(ArCH), 110.6 (ArCH), 110.3 (ArCH), 68.1 (CHOC(O)Et), 66.8 (CHOH), 55.5 (OCH3), 55.3 
(OCH3), 43.1 (C(2)H2), 27.9 (CH2CH3), 9.3 (CH3). 
Data for minor diastereoisomer syn-6c in accordance with the literature:32 1H NMR (400 MHz, 

CDCl3) (selected) δ = 6.30 – 6.16 (m, 1H, CHOC(O)Et), 4.99 – 4.91 (m, 1H, CHOH).  

(1S,3S)-1,3-bis(2-methoxyphenyl)propane-1,3-diyl dipropionate (7c) 

 

(75 mg, 25%) as a colorless oil with spectroscopic data in accordance with the literature.5 [𝛼]𝐷20 

−48.0 (c 1.0 in CHCl3) {Lit.5 [𝛼]𝐷25 (>99:1 er) −22.8 (c 1.0, CHCl3)}; following hydrolysis to 

1,3-bis(2-methoxyphenyl)propane-1,3-diol Chiral HPLC analysis Chiralpak ID (80:20 

Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 17.1 min, tR(3S,5S): 20.4 min, 

0.46:99.54 er; 1H NMR (400 MHz, CDCl3) δ = 7.31 (dd, J 7.6, 1.8 Hz, 2H, ArH), 7.23 (ddd, J 

8.2, 7.4, 1.8 Hz, 2H, ArH), 6.94 (td, J 7.5, 1.1 Hz, 2, ArH), 6.85 (dd, J 8.2, 1.1 Hz, 2H, ArH), 

6.33 (dd, J 7.3, 5.9 Hz, 2H, CHOC(O)Et), 3.85 (s, 6H, OCH3), 2.39 (qd, J 7.5, 3.2 Hz, 4H, 

CH2CH3), 2.27 (dd, J 7.3, 5.9 Hz, 2H, C(2)H2), 1.18 (t, J 7.6 Hz, 6H, CH3). 
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Kinetic Resolution of (±)-1,3-bis(4-fluorophenyl)propane-1,3-diol ((±)-5d) 

According to the General Procedure, (±)-1,3-bis(4-fluorophenyl)propane-1,3-diol (198 mg, 

0.75 mmol) and propionic anhydride (101 µL, 0.787 mmol, 1.05 equiv.), in 1:1 CHCl3:THF 

mixture (7.5 mL total volume), and i-Pr2NEt (138 µL, 0.787 mmol, 1.05 equiv.) in 1:1 

CHCl3:THF mixture (7.5 mL total volume) gave crude products that were purified by column 

chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1R,3R)-1,3-bis(4-fluorophenyl)propane-1,3-diol (5d) 

 

(65 mg, 32%) as a colourless solid with spectroscopic data in accordance with the literature.5 

mp 115−117 °C {Lit.5 121.5 °C}; [𝛼]𝐷20 +50.6 (c 1.0 in CHCl3) {Lit.5 [𝛼]𝐷25 (>99:1 er) +73.5 

(c 1.0, CHCl3)}; Chiral HPLC analysis Chiralcel OJ-H (80:20 Hexane:IPA, flow rate 1.0 mL 

min−1, 211 nm, 30 °C) tR(3R,5R): 6.4 min, tR(3S,5S): 7.3 min, 99.49:0.51 er; 1H NMR (400 

MHz, CDCl3) δ = 7.39 – 7.31 (m, 4H, ArH), 7.11 – 7.02 (m, 4H, ArH), 4.99 (t, J 5.8 Hz, 2H, 

CHOH), 2.14 (dd, J 6.3, 5.3 Hz, 2H, C(2)H2); 19F NMR (377 MHz, CDCl3) δ = −115.02. 

(1S,3S)-1,3-bis(4-fluorophenyl)-3-hydroxypropyl propionate (6d) 

 

As an inseparable mixture of combined anti and syn diastereoisomers (92:8 dranti:syn) (34 mg, 
14%) as a colourless oil. [𝛼]𝐷20  −5.9 (c 0.45 in CHCl3); following hydrolysis to 1,3-bis(4-
fluorophenyl)propane-1,3-diol Chiral HPLC analysis Chiralcel OJ-H (80:20 Hexane:IPA, 
flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 6.4 min, tR(3S,5S): 7.3 min, 40.40:59.60 er; 
IR (neat) νmax: 3447 (OH), 1732 (C=O), 1605; 1510, 1223; 1186; 1157 cm−1; HRMS (ESI): 
calcd. for C18H18O3F2Na+ ([M+Na]+): 343.1116; found 343.1105. 
Data for major diastereoisomer anti-6d: 1H NMR (400 MHz, CDCl3) δ = 7.42 – 7.31 (m, 4H, 
ArH), 7.11 – 6.99 (m, 4H, ArH), 6.06 (dd, J 10.3, 3.4 Hz, 1H, CHOC(O)Et), 4.71 (dd, J 9.8, 
3.5 Hz, 1H, CHOH), 2.78 (bs, 1H, OH), 2.42 (qd, J 7.5, 3.9 Hz, 2H, CH2CH3), 2.24 (ddd, J 
14.5, 10.2, 3.5 Hz, 1H, C(2)H2), 2.11 (ddd, J 14.5, 9.8, 3.4 Hz, 1H, C(2)H2), 1.18 (t, J 7.6 Hz, 
3H, CH3); 13C NMR (126 MHz, CDCl3) δ = 174.5 (CHOC(O)Et), 163.4 (d, 1JC-F 246.2 Hz 
ArC), 161.3 (d, 1JC-F 246.2 Hz, ArC), 139.3 (d, 4JC-F 3.0 Hz, ArC), 136.1 (d, 4JC-F 3.1 Hz, ArC), 
128.2 (d, 3JC-F 8.2 Hz, 2 × ArCH), 127.4 (d, 3JC-F 8.1 Hz, 2 × ArCH), 115.5 (dd, 2JC-F 16.9 Hz, 
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2 × ArCH), 9.1 (CH3), 115.3 (dd, 2JC-F 16.9 Hz, 2 × ArCH), 72.3 (CHOC(O)Et), 69.7 (CHOH), 
46.6 (C(2)H2), 27.8 (CH2CH3); 19F NMR (377 MHz, CDCl3) δ = −113.90, −114.81.  
Data for minor diastereoisomer syn-6d in accordance with the literature:32 1H NMR (400 MHz, 
CDCl3) (selected) δ = 5.87 (t, J 7.1 Hz, 1H, CHOC(O)Et), 4.60 (dd, J 8.5, 4.8 Hz, 1H, CHOH); 
19F NMR (377 MHz, CDCl3) δ = −113.79, −114.46. 
(1S,3S)-1,3-bis(4-fluorophenyl)propane-1,3-diyl dipropionate (7d) 

 

(113 mg, 40%) as a colourless oil with spectroscopic data in accordance with the literature.5 [𝛼]𝐷20 −66.1 (c 0.6 in CHCl3) {Lit.5 [𝛼]𝐷25 (99:1 er) −68.4 (c 1.0, CHCl3)}; following hydrolysis 

to 1,3-bis(4-fluorophenyl)propane-1,3-diol Chiral HPLC analysis Chiralcel OJ-H (80:20 

Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 6.5 min, tR(3S,5S): 7.4 min, 

6.72:93.28 er; 1H NMR (400 MHz, CDCl3) δ = 7.37 – 7.30 (m, 4H, ArH), 7.08 – 7.00 (m, 4H, 

ArH), 5.88 – 5.79 (m, 2H, CHOC(O)Et), 2.43 – 2.25 (m, 6H, CH2CH3 and C(2)H2), 1.13 (t, J 

7.5 Hz, 6H, CH3); 19F NMR (377 MHz, CDCl3) δ = −113.71. 

 

Kinetic Resolution of (±)-1,5-diphenylpent-4-ene-1,3-diol ((±)-5e) 
According to the General Procedure, (±)-1,5-diphenylpent-4-ene-1,3-diol (191 mg, 0.75 

mmol) and propionic anhydride (101 µL, 0.787 mmol, 1.05 equiv.), in 1:1 CHCl3:THF mixture 

(7.5 mL total volume), and i-Pr2NEt (138 µL, 0.787 mmol, 1.05 equiv.) in 1:1 CHCl3:THF 

mixture (7.5 mL total volume) gave crude products that were purified by column 

chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1R,3R,E)-1,5-diphenylpent-4-ene-1,3-diol (5e) 

 
(60 mg, 32%) as a white solid with spectroscopic data in accordance with the literature.5 mp 

106−107 °C {Lit.5 106 °C}; [𝛼]𝐷20 −13.5 (c 1.0 in CHCl3) {Lit.5 [𝛼]𝐷25 (>99:1 er) −11.8 (c 1.0, 

CHCl3)}; Chiral HPLC analysis Chiralcel OD-H (80:20 Hexane:IPA, flow rate 1.0 mL min−1, 

254 nm, 30 °C) tR(3S,5S): 10.5 min, tR(3R,5R): 17.5 min, 1.91:98.09 er; 1H NMR (400 MHz, 

CDCl3) δ = 7.45 – 7.32 (m, 10H, ArH), 6.66 (dd, J 15.9, 1.4 Hz, 1H, PhCH=CH), 6.34 (dd, J 

15.9, 6.1 Hz, 1H, PhCH=CH), 5.12 (dd, J 8.5, 3.4 Hz, 1H, C(1)HOH), 4.69 – 4.55 (m, 1H, 

C(3)HOH), 2.17 (ddd, J 14.6, 8.5, 3.5 Hz, 1H, C(2)H2), 2.06 (ddd, J 14.5, 7.7, 3.3 Hz, 1H, 

C(2)H2). 
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(3R,5R,E)-5-hydroxy-1,5-diphenylpent-1-en-3-yl propionate (6e’) 

 

(21 mg, 9%) as a pale yellow oil. [𝛼]𝐷20 −5.6 (c 0.25 in CHCl3); following hydrolysis to 1,5-
diphenylpent-4-ene-1,3-diol Chiral HPLC analysis Chiralcel OD-H (80:20 Hexane:IPA, flow 
rate 1.0 mL min−1, 211 nm, 30 °C) tR(3S,5S): 10.4 min, tR(3R,5R): 18.1 min, 40.75:59.25 er; IR 
(neat) νmax: 3447 (OH), 3028, 1732 (C=O), 1494, 1450, 1273, 1186, 1080, 1066 cm−1; 1H NMR 
(400 MHz, CDCl3) δ = 7.44 – 7.29 (m, 10H, ArH), 6.66 (d, J 15.9 Hz, 1H, PhCH=CH), 6.21 
(dd, J 15.9, 7.0 Hz, 1H, PhCH=CH), 5.76 (qd, J 6.8, 1.1 Hz, 1H, CHOC(O)Et), 4.82 – 4.66 (m, 
1H, CHOH), 2.43 (q, J 7.5 Hz, 2H, CH2CH3), 2.25 – 2.05 (m, 2H, C(2)H2), 1.21 (t, J 7.6 Hz, 
3H, CH3); 13C NMR (126 MHz, CDCl3) δ = 174.7 (CHOC(O)Et), 143.7 (ArC), 136.2 (ArC), 
132.4 (PhCH=CH), 128.6 (4 × ArCH), 128.1 (PhCH=CH), 127.7 (ArCH), 127.3 (ArCH), 126.6 
(2 × ArCH), 125.8 (2 × ArCH), 71.9 (CHOC(O)Et), 70.3 (CHOH), 44.6 (C(2)H2), 27.9 
(CH2CH3), 9.2 (CH3); HRMS (ESI): calcd. for C20H22O3Na ([M+Na]+): 333.1461; found 
333.1457. 
(1S,3S,E)-3-hydroxy-1,5-diphenylpent-4-en-1-yl propionate (6e’’) 

 
As an inseparable mixture of combined anti and syn diastereoisomers (89:11 dranti:syn) (14 mg, 

6%) as a pale yellow oil. [𝛼]𝐷20  +23.6 (c 0.25 in CHCl3); following hydrolysis to 1,5-

diphenylpent-4-ene-1,3-diol Chiral HPLC analysis Chiralcel OD-H (80:20 Hexane:IPA, flow 

rate 1.0 mL min−1, 211 nm, 30 °C) tR(3S,5S): 10.5 min, tR(3R,5R): 18.4 min, 56.02:43.98 er; IR 

(neat) νmax: 3429 (OH), 1754 (C=O), 1494, 1450, 1275, 1186, 1080, 1068 cm−1; HRMS (ESI): 

calcd. for C20H22O3Na+ ([M+Na]+): 333.1461; found 333.1459. 

Data for major diastereoisomer anti-6e’’: 1H NMR (500 MHz, CDCl3) δ = 7.43 – 7.36 (m, 8H, 

ArH), 7.36 – 7.30 (m, 2H, ArH), 6.71 – 6.60 (m, 1H, PhCH=CH), 6.30 – 6.21 (m, 1H, 

PhCH=CH), 6.08 (dd, J 10.2, 3.6 Hz, 1H, CHOC(O)Et), 4.39 − 4.30 (m, 1H, CHOH), 2.26 – 

2.17 (m, 1H, OH), 2.43 (qd, J 7.6, 4.9 Hz, 2H, CH2CH3), 2.05 (ddd, J 14.4, 9.5, 3.6 Hz, 1H, 

C(2)H2), 1.17 (t, J 7.5 Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3) δ = 174.6 (CHOC(O)Et), 

140.4 (ArC), 136.6 (ArC), 131.1 (PhCH=CH), 130.4 (PhCH=CH), 128.6 (4 × ArCH), 128.1 

(ArCH), 127.7 (ArCH), 126.5 (2 × ArCH), 126.4 (2 × ArCH), 72.8 (CHOC(O)Et), 68.9 

(CHOH), 44.7 (C(2)H2), 27.8 (CH2CH3), 9.1 (CH3).  
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Data for minor diastereoisomer syn-6e’’: 1H NMR (500 MHz, CDCl3) (selected) δ = 6.56 (d, 

J 16.0 Hz, 1H, PhCH=CH), 6.00 (dd, J 7.7, 6.5 Hz, 1H, CHOC(O)Et), 4.32 – 4.23 (m, 1H, 

CHOH); 13C NMR (126 MHz, CDCl3) (selected) δ = 73.6 (CHOC(O)Et), 70.1 (CHOH). 

(1S,3S,E)-1,5-diphenylpent-4-ene-1,3-diyl dipropionate (7e) 

 
(100 mg, 36%) as a pale yellow oil with spectroscopic data in accordance with the literature.5 [𝛼]𝐷20  −53.2 (c 1.0 in CHCl3) {Lit.5 [𝛼]𝐷25 (98:2 er) −53.12 (c 1.0, CHCl3)}; following 

hydrolysis to 1,5-diphenylpent-4-ene-1,3-diol Chiral HPLC analysis Chiralcel OD-H (80:20 

Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3S,5S): 10.5 min, tR(3R,5R): 18.0 min, 

94.91:5.09 er; 1H NMR (400 MHz, CDCl3) δ = 7.41 – 7.30 (m, 10H, ArH), 6.72 – 6.55 (m, 1H, 

PhCH=CH), 6.15 (dd, J 15.9, 7.3 Hz, 1H, PhCH=CH), 5.90 (dd, J 9.7, 4.5 Hz, 1H, 

C(3)HOC(O)Et), 5.58 (td, J 8.8, 4.7 Hz, 1H, C(1)HOC(O)Et), 2.44 – 2.17 (m, 6H, CH2CH3 and 

C(2)H2), 1.15 (dt, J 15.2, 7.5 Hz, 6H, CH3). 

 

Kinetic Resolution of (±)-1-(4-fluorophenyl)-3-(furan-2-yl)propane-1,3-diol ((±)-5f) 
According to the General Procedure, (±)-1-(4-fluorophenyl)-3-(furan-2-yl)propane-1,3-diol 

(177 mg, 0.75 mmol) and propionic anhydride (101 µL, 0.787 mmol, 1.05 equiv.), in 1:1 

CHCl3:THF mixture (7.5 mL total volume), and i-Pr2NEt (138 µL, 0.787 mmol, 1.05 equiv.) in 

1:1 CHCl3:THF mixture (7.5 mL total volume) gave crude products that were purified by 

column chromatography (80:20 to 60:40 Hexane:EtOAc) to give: 

(1R,3R)-1-(4-fluorophenyl)-3-(furan-2-yl)propane-1,3-diol (5f) 

 

(77 mg, 44%) as a pale yellow solid with spectroscopic data in accordance with the literature.5 

mp 141−144 °C {Lit.5 139 °C}; [𝛼]𝐷20 +29.7 (c 0.5 in CHCl3) {Lit.5 [𝛼]𝐷25 (97:3 er) +7.8 (c 0.5, 

CHCl3)}; Chiral HPLC analysis Chiralcel ID (90:10 Hexane:IPA, flow rate 1.0 mL min−1, 211 

nm, 30 °C) tR(3R,5R): 11.0 min, tR(3S,5S): 12.8 min, 99.73:0.27 er.; 1H NMR (500 MHz, 

CDCl3) δ = 7.41 (dd, J 1.8, 0.9 Hz, 1H, ArH), 7.39 – 7.34 (m, 2H, ArH), 7.09 – 7.04 (m, 2H, 

ArH), 6.37 (dd, J 3.3, 1.8 Hz, 1H, ArH), 6.30 (dt, J 3.3, 0.8 Hz, 1H, ArH), 5.09 – 4.96 (m, 2H, 

C(1)HOH and C(3)HOH), 2.36 – 2.17 (m, 2H, C(2)H2), 2.16 – 2.00 (m, 2H, OH); 19F NMR 

(471 MHz, CDCl3) δ = −115.04. 
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(1S,3S)-1-(4-fluorophenyl)-3-(furan-2-yl)-3-hydroxypropyl propionate (6f’) 

 
As an inseparable mixture of combined anti and syn diastereoisomers (71:29 dranti:syn) (14 mg, 

6%) as a pale yellow oil. [𝛼]𝐷20  −15.7 (c 0.07 in CHCl3); following hydrolysis to 1-(4-

fluorophenyl)-3-(furan-2-yl)propane-1,3-diol Chiral HPLC analysis Chiralcel ID (90:10 

Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 11.1 min, tR(3S,5S): 12.8 min, 

45.34:54.66 er; IR (neat) νmax: 3447 (OH), 2984, 1732 (C=O), 1605, 1510, 1221, 1182, 1157, 

1067, 1013 cm−1; HRMS (ESI): calcd. for C16H17O4FNa+ ([M+Na]+) 315.1009; found 

315.0997. 

Data for major diastereoisomer anti-6f’:1H NMR (500 MHz, CDCl3) δ = 7.41 (dd, J 1.8, 0.9 

Hz, 1H, ArH), 7.38 – 7.32 (m, 2H, ArH), 7.11 − 6.96 (m, 2H, ArH), 6.46 – 6.24 (m, 2H, ArH), 

6.15 (dd, J 10.1, 3.7 Hz, 1H, C(3)HOC(O)Et), 4.69 (dt, J 9.8, 3.6 Hz, 1H, C(1)HOH), 2.49 – 

2.34 (m, 3H, CH2CH3 and C(2)H2), 2.25 (ddd, J 14.4, 9.9, 3.8 Hz, 1H, C(2)H2), 1.18 (t, J 7.6 

Hz, 3H, CH3); 13C NMR (126 MHz, CDCl3) δ = 174.7 (CHOC(O)Et), 161.2 (d, 1JC-F 245.6 Hz, 

ArC), 152.2 (ArC), 142.7 (ArCH), 139.2 (d, 4JC-F 3.0 Hz, ArC), 127.4 (d, 3JC-F 8.1 Hz, 2 × 

ArCH), 115.3 (d, 2JC-F 21.4 Hz, 2 × ArCH), 110.3 (ArCH), 108.5 (ArCH), 69.4 (C(1)HOH), 

65.9 (C(3)HOC(O)Et), 42.5 (C(2)H2), 27.6 (CH2CH3), 9.1 (CH3); 19F NMR (471 MHz, CDCl3) 

δ = −114.90. 

Data for minor diastereoisomer syn-6f’: 1H NMR (500 MHz, CDCl3) (selected) δ = 6.04 (t, J 

7.2 Hz, 1H, C(3)HOC(O)Et), 4.64 (dd, J 8.6, 4.7 Hz, 1H, C(1)HOH); 13C NMR (126 MHz, 

CDCl3) (selected) δ = 71.0 (C(1)HOH), 66.5 (C(3)HOC(O)Et), 45.0 (C(2)H2); 19F NMR (471 

MHz, CDCl3) δ = −114.65. 

(1R,3R)-3-(4-fluorophenyl)-1-(furan-2-yl)-3-hydroxypropyl propionate (6f’’) 

 
As an inseparable mixture of combined anti and syn diastereoisomers (82:18 dranti:syn) (9 mg, 

4%) as a pale yellow oil. [𝛼]𝐷20  +24.5 (c 0.1 in CHCl3); following hydrolysis to 1-(4-

fluorophenyl)-3-(furan-2-yl)propane-1,3-diol Chiral HPLC analysis Chiralcel ID (90:10 

Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 11.1 min, tR(3S,5S): 12.8 min, 

72.97:27.03 er; IR (neat) νmax: 3439 (OH), 1732 (C=O), 1606, 1510, 1223, 1182, 1157, 1080, 
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1065, 1011 cm−1; HRMS (ESI): calcd. for C16H17O4FNa+ ([M+Na]+): 315.1009; found 

315.0995. 

Data for major diastereoisomer anti-6f’’: 1H NMR (500 MHz, CDCl3) δ = 7.40 (dd, J 1.8, 0.8 

Hz, 1H, ArH), 7.38 – 7.33 (m, 2H, ArH), 7.09 – 7.02 (m, 2H, ArH), 6.38 – 6.33 (m, 1H, ArH), 

6.28 (dt, J 3.2, 0.8 Hz, 1H, ArH), 6.04 (dd, J 10.3, 3.6 Hz, 1H, C(3)HOC(O)Et), 4.75 (dt, J 9.2, 

4.2 Hz, 1H, C(1)HOH), 2.70 (d, J 4.9 Hz, 1H, OH), 2.47 – 2.34 (m, 3H, CH2CH3 and C(2)H2), 

2.26 (ddd, J 14.4, 9.7, 3.6 Hz, 1H, C(2)H2), 1.16 (t, J 7.5 Hz, 3H, CH3); 13C NMR (126 MHz, 

CDCl3) δ = 174.4 (CHOC(O)Et), 162.4 (d, 1JC-F 246.6 Hz, ArC), 155.6 (ArC), 142.2 (ArCH), 

136.2 (d, 4JC-F 3.2 Hz, ArC), 128.2 (d, 3JC-F 8.2 Hz 2 ×ArCH), 115.5 (d, 2JC-F 21.5 Hz, 2 

×ArCH), 110.3 (ArCH), 106.2 (ArCH), 72.0 (C(3)HOC(O)Et), 64.0 (C(1)HOH), 42.6 (C(2)H2), 

27.7 (CH2CH3), 9.1 (CH3); 19F NMR (471 MHz, CDCl3) δ = −113.95 

Data for minor diastereoisomer syn-6f’’: 1H NMR (500 MHz, CDCl3) (selected) δ = 5.89 (t, J 

7.2 Hz, 1H, C(3)HOC(O)Et), 4.61 (dd, J 8.3, 5.4 Hz, 1H, C(1)HOH); 13C NMR (selected) (126 

MHz, CDCl3) δ = 72.8 (C(3)HOC(O)Et), 64.9 (C(1)HOH); 19F NMR (471 MHz, CDCl3) δ = 

−113.85. 

(1S,3S)-1-(4-fluorophenyl)-3-(furan-2-yl)propane-1,3-diyl dipropionate (7f) 

 

(82 mg, 32%) as a yellow oil with spectroscopic data in accordance with the literature.5 [𝛼]𝐷20 

−88.8 (c 1.2 in CHCl3) {Lit.5 [𝛼]𝐷25 (98:2 er) −135.3 (c 1.0, CHCl3)}; following hydrolysis to 

1,5-diphenylpent-4-ene-1,3-diol Chiral HPLC analysis Chiralcel ID (90:10 Hexane:IPA, flow 

rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 11.1 min, tR(3S,5S): 12.8 min, 7.98:92.02 er; 1H 
NMR (500 MHz, CDCl3) δ = 7.40 (t, J 1.3 Hz, 1H, ArH), 7.37 – 7.30 (m, 2H, ArH), 7.09 – 

7.01 (m, 2H, ArH), 6.35 (d, J 1.4 Hz, 2H, ArH), 6.03 – 5.93 (m, 1H, C(3)HOC(O)Et), 5.86 – 

5.79 (m, 1H, C(1)HOC(O)Et), 2.57 – 2.44 (m, 2H, C(2)H2), 2.42 – 2.27 (m, 4H, CH2CH3), 1.13 

(q, J 7.5 Hz, 6H, CH3); 19F NMR (471 MHz, CDCl3) δ = −113.79. 

 

Procedure of Kinetic Resolution (±)-6a in flow-mode conditions 

A packed bed reactor consisting of a vertically-mounted Omnifit glass chromatography column 

[borosilicate glass; length = 100 mm (70 mm adjustable bed height); internal diameter = 10 

mm; maximum bed volume 5.6 mL], with a glass cooling jacket was loaded with PS-

HyperBTM resin (600 mg; ƒ = 0.89 mmol g−1). The resin was allowed to swell to its maximum 

volume by pumping 1:1 THF:CHCl3 mixture at 1 μL min−1 for 30 min at RT using a Gilson 305 
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HPLC pump. Two syringes were used to inject reagents using a Legato 200 series syringe pump 

by World Precision Instruments. The first syringe was filled with a solution of (±)-(1E,6E)-5-

hydroxy-1,7-diphenylhepta-1,6-dien-3-yl propionate (0.3 mmol, 1.0 equiv.) and (EtCO)2O 

(0.17 mmol, 0.55 equiv.) in 1:1 THF:CHCl3 mixture (3.0 mL total volume) and the second 

syringe with i-Pr2NEt (0.17 mmol, 0.55 equiv.) in 1:1 THF:CHCl3 mixture (3.0 mL total 

volume). Both solutions were injected at 100 μL min−1, mixed in a T-type mixing chamber, and 

passed through the reactor at a combined flow rate of 200 μL min−1. After complete addition of 

the reagents from the syringes, a Gilson 305 HPLC pump was connected, and CHCl3 was 

pumped at 200 μL min−1 for 30 min to ensure elution of the products. A solution of 10% MeOH 

in 1:1 THF:CHCl3 mixture was then pumped at 200 μL min−1 for 30 min to wash the column 

and avoid cross contamination. The column was then prepared for the next KR by pumping 1:1 

THF:CHCl3 mixture at 200 μL min−1 for 30 min. The mixture was concentrated to remove THF 

and later diluted with CH2Cl2. So, it was washed sequentially with HCl (1 M), saturated 

NaHCO3 and brine. The organic layer was dried (Na2SO4), filtered and concentrated to give the 

crude products. The corresponding monoester and diester were then isolated by flash 

chromatography (90:10 Hexane:EtOAc).  

(1E,3R,5R,6E)-5-hydroxy-1,7-diphenylhepta-1,6-dien-3-yl propionate (6a): Chiral HPLC 
analysis Chiralpak IC (90:10 Hexane:IPA, flow rate 1.0 mL min−1, 211 nm, 30 °C) tR(3R,5R): 

12.2 min, tR(3R,5R): 14.0 min, 19.38:80.62 er;  

(1E,3S,5S,6E)-1,7-diphenylhepta-1,6-diene-3,5-diyl dipropionate (7a): Chiral HPLC 

analysis Chiralcel OJ-H (85:15 Hexane:IPA, flow rate 1.5 mL min−1, 211 nm, 30 °C) tR(3R,5R): 

9.5 min, tR(3S,5S): 13.4 min, 80.11:19.89 er. 
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9. Conclusion 

This thesis describes the application of Lewis base organocatalysts for the development 

of new synthetic routes to access molecules with added-value. Overall, the results obtained are 

summarised below.  

 

At the onset of this work, a deep insight into the oxidative esterification procedure 

promoted by NHC catalysts has been provided. As reported in Chapter 3, the investigation of a 

model glycerol esterification, has permitted the identification of the best performing triazolium 

pre-catalyst which has later been immobilized onto silica and polystyrene supports. The latter 

proved to be more efficient, thus leading to the synthesis of a novel class of MAG-derivatives 

starting from bio-based aldehydes (furfural, 5-hydroxymethylfurfural, citronellal, and vanillin) 

with high conversions and selectivities in batch and flow-mode approaches using the green 

solvent Me-THF (Figure 1). Parallelly, the same study has been extended to the oxidative 

esterification of solketal with a comparable level of efficiency. 

 
Figure 1. Esterification of glycerol and solketal by oxidative NHC-catalysis under heterogeneous batch and flow 

conditions. 

 

Encouraged by these results, the valorisation of renewable chemicals has also been 

extended to HMF to access the valuable bio-based 5-hydroxymethyl-2-furancarboxylic acid 

(HMFCA). In analogy to the above-described work, a polystyrene-supported triazolylidene 

catalyst is capable to promote the sequential oxidative esterification of HMF leading to a key 

oligomeric intermediate, which can be easily elaborated into HMFCA and its ester and amide 

derivatives through a one-pot two-step protocol (Chapter 4, Figure 2). Furthermore, the direct 

conversion under batch and flow-mode conditions of HMF and furfural with suitable 

nucleophiles has also been exploited to expand the set of bio-based chemicals.  
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Figure 2. Aerobic oxidation of 5-hydroxymethylfurfural to 5-hydroxymethyl-2-furancarboxylic acid by 

heterogeneous NHC-catalysis. 

 

The disclosed synthesis of HMF oligomeric intermediate inspired the application of a 

new organocatalytic protocol for the production of polyesters and polyamides as intriguing 

alternative to known polycondensation procedures (Chapter 5 and 6). These novel strategies for 

the synthesis of both polyesters and polyamides relies on the polycondensation of dialdehydes 

and diols or diamine, respectively (Figure 3). In the first case, an effective preparation of a series 

of synthetically relevant bio-based polyesters from furanic monomers, glycerol, and isosorbide 

has been proposed. Additionally, the compatibility of the obtained oligoesters with a subsequent 

NHC-catalysed chain-elongation step to achieve PEs with higher molecular weight has been 

proved as well. Differently, the preparation of PAs required the addition of hexafluoro-2-

proponal (HFIP) as a nucleophilic additive to guarantee the oligomer growth. The mild 

polyamidation conditions (room temperature) together with the simple recovery of both external 

oxidant and HFIP may represent operational advantages of the proposed methodology. 

Furthermore, in this case, a subsequent chain-elongation step to achieve PAs with higher 

molecular weight has been investigated with a positive outcome. Finally, a significant benefit 

of the disclosed iterative amine-to-aldehyde condensation may consist in the utilization of 

readily available dialdehyde monomers including those belonging to the furanic platform, 

allowing an easy access to known and novel bio-based PAs for the development of 

environmentally benign macromolecular materials. 
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Figure 3. Oxidative NHC-catalysis as organocatalytic platform for the synthesis of polyester and polyamide 

oligomers. 

 

In summary, the above reported studies underly the challenging applications of NHC Lewis 

base organocatalysts to create new synthetic opportunities to access molecule with added-value. 

The upgrading of biomass compounds has been deeply investigated along with the research of 

eco-sustainable procedures. For this reason, the choice of heterogeneous catalysts along with 

green solvents under mild conditions emerged crucial for alternative green routes. 

 

The methodology described in Chapter 7 represents the first example of asymmetric N-

acylation strategy based on oxidative NHC-catalysis leading to N3-acylated DHPMs in 

enantioenriched form (Figure 4). Although the enantioselectivity of the process was moderate, 

the use of aldehydes as mild acylating agents appear well-suited for the (stereo)chemical 

decoration of the DHPM nucleus and, in general, for the direct N-acylation of molecules 

containing the ureido functionality. Moreover, the disclosed methodology opened to 

investigations on the kinetic resolution promoted by NHC catalyst based on N-acylation of 

biologically and pharmaceutically interesting molecules. 

 
Figure 4. Enantioselective N-acylation of Biginelli dihydropyrimidines by oxidative NHC-catalysis. 

 

Lastly, in Chapter 8 is reported a new application of Lewis base organocatalysts, a 

polystyrene supported isothiourea, able to promote enantioselective acylations in flow-mode 

conditions. Accordingly, a sequential organocatalytic kinetic resolution of (±)-syn-1,2-diols and 

(±)-anti-1,3-diols has been developed (Figure 5). Excellent results in terms of 
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enantioselectivities and isolated yield have been obtained for both processes. Additionally, the 

reported procedure has been conducted at room temperature making the process operationally 

simple to perform and the use of a flow-mode system makes the overall procedure more 

environmentally sustainable.  

 
Figure 5. Organocatalytic sequantial kinetic resolution of (±)-syn-1,2- and (±)-anti-1,3-diols using solid-

supported isothiourea in flow-mode conditions. 

 

In conclusion, this PhD thesis helps to shed light on new applications of homogeneous 

and heterogeneous Lewis base organocatalysts, broadening the available synthetic routes to 

access added-value molecules thus paving the way for further progress in this field. 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Ai posteri l’ardua sentenza” 

(A. Manzoni, V maggio) 

 



 



20/1/2021 Dichiarazione di conformità con embargo — Dottorati di ricerca

www.unife.it/studenti/dottorato/it/esame/embargo 1/2

Il tuo indirizzo e-mail

brnrnn@unife.it

Oggetto:

Dichiarazione di conformità della tesi di Dottorato

Io sottoscritto Dott. (Cognome e Nome)

Brandolese Arianna

Nato a:

Badia Polesine

Provincia:

Rovigo

Il giorno:

23 giugno 1993

Avendo frequentato il Dottorato di Ricerca in:

Scienze Chimiche

Ciclo di Dottorato

33

Titolo della tesi:

Homogeneous and Heterogeneous Lewis Base Organocatalysis for the synthesis of added-value molecules under
batch and continuous-flow conditions

Titolo della tesi (traduzione):

Organocatalizzatori Basi di Lewis in fase omogenea ed eterogenea per la sintesi di molecole ad alto valore aggiunto
in batch e in flusso continuo

Tutore: Prof. (Cognome e Nome)

Prof. Bortolini Olga

Settore Scientifico Disciplinare (S.S.D.)

CHIM/06

Parole chiave della tesi (max 10):

Lewis Base, N-heterocyclic carbene, Isothioureas, Biomass upgrading

Consapevole, dichiara

CONSAPEVOLE: (1) del fatto che in caso di dichiarazioni mendaci, oltre alle sanzioni previste dal codice penale e
dalle Leggi speciali per l’ipotesi di falsità in atti ed uso di atti falsi, decade fin dall’inizio e senza necessità di alcuna
formalità dai benefici conseguenti al provvedimento emanato sulla base di tali dichiarazioni; (2) dell’obbligo per
l’Università di provvedere al deposito di legge delle tesi di dottorato al fine di assicurarne la conservazione e la
consultabilità da parte di terzi; (3) della procedura adottata dall’Università di Ferrara ove si richiede che la tesi sia
consegnata dal dottorando in 2 copie, di cui una in formato cartaceo e una in formato pdf non modificabile su idonei
supporti (CD-ROM, DVD) secondo le istruzioni pubblicate sul sito : http://www.unife.it/studenti/dottorato alla voce
ESAME FINALE – disposizioni e modulistica; (4) del fatto che l’Università, sulla base dei dati forniti, archivierà e
renderà consultabile in rete il testo completo della tesi di dottorato di cui alla presente dichiarazione attraverso
l’Archivio istituzionale ad accesso aperto “EPRINTS.unife.it” oltre che attraverso i Cataloghi delle Biblioteche
Nazionali Centrali di Roma e Firenze. DICHIARO SOTTO LA MIA RESPONSABILITA': (1) che la copia della tesi
depositata presso l’Università di Ferrara in formato cartaceo è del tutto identica a quella presentata in formato
elettronico (CD-ROM, DVD), a quelle da inviare ai Commissari di esame finale e alla copia che produrrà in seduta
d’esame finale. Di conseguenza va esclusa qualsiasi responsabilità dell’Ateneo stesso per quanto riguarda
eventuali errori, imprecisioni o omissioni nei contenuti della tesi; (2) di prendere atto che la tesi in formato cartaceo






